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FOREWORD 

The purpose of the 6th Ocean Thermal Energy Conversion 
(OTEC) Conference, like that of its predecessors, was to pro- 
vide opportunities for information exchange and for discussion 
of the national OTEC program. The latest research and devel- 
opment work, test results; component design information, sys- 
tem integration efforts, and application investigations were 
presented. Not only the technical aspects but also the com- 
mercial, institutional, 1egal;:environmental; and internation- . 
a1 aspects of OTEC implementation were discussed.- 

; The reports of six working groups are featured at the'be- 
ginning of Volume I of these Proceedings. Each working group 
held-intensive discussions of a major subject area of the 
OTEC program.' Every attendee was-&invited to participate in 
.the working group of his or her choice. The reports, prepared 
by the executive committees of the working groups, address 
the technical and/or institutional status of the program; the' 
critical-path activities needed to prepare for and achieve 
pilot plant design, construction and operation at early dates 
with acceptable risk levels; .the pilot plant missions; and , 
further work and actions needed to bring about cost-competi- 
tive, commercial OTEC plants in a timely manner. On the 
whole, the reports are quite positive in tone relative to 
readiness for the pilot plant phase. 

, .The interesting presentations and remarks by the speakers 
at the plenary session, the luncheon,.and the banquet follow 
the working group reports in Volume I. 

Preprints of the majority of the technical papers were 
available in two volumes at the Conference. Some of<the 
papers were represented by abstracts; none had been reviewed. 
Many of the authors included more current material in their 
oral presentations. The preprinted papers were then reviewed. 
(but less formally than for a journal) for acceptability and 
clarity for use in these Proceedings. Although a few papers 
were declined, and two authors defaulted, these Proceedings 
contain, in final form, 95% of the papers that were presented. 
At the Conference we attempted to tape the discussions of the 
papers, and, where possible, the discussion follows each 
paper. The papers are arranged by subject matter into two 
volumes as shown in the Table of Contents. 

The list of the 585 attendees with their addresses.and, in 
most cases, their telephone numbers, is at the end of Volume 
11. The total turnout for the banquet was 600. 



Two important aspects of this Conference were that 27 par- 
ticipating organizations aided us in organizing and publi- 
cizing the Conference, and there were 21 exhLbitors, listed 
on page iv. The exhibits added greatly to the value of the 
meeting for the attendees, the press, and the general public. 
On the evening of the banquet, a reception was hosted by - , 
Rums of Puerto Rico, enjoyed by all. 

Bob Cohen was the Department of Energy contact as sponsor 
for the Conference. He and Bill Richards, Chief of the Ocean 
Systems Branch, and the other program managers in the Branch-- 
Sig Gronich, Bill Sherwood, Lloyd Lewis, Ken Read, and Gene 
Kinelski--aided in the session planning. The conference com- 
mittees and session chairmen are listed on page v. The Steer- 
ing Committee made the planning decisions about the content 
and makeup of the Conference. The Papers Committee reviewed 
the 170 abstracts that were submitted and accepted 125 papers 
for presentation at the Conference. The Session Chairmen and 
Co-Chairmen did fine jobs in running the sessions, and they 
and many of the authors joined the listed Papers Committee in 
reviewing the preprints for use in these Proceedings. The 
Exhibits and Arrangements Committee from APL/JHU headed by 
Bud Francis did an excellent job and were supported by many 
others at APL. Bob Kroll of APL handled the editorial ser- 
vices for both the preprints and these Proceedings, with 
support from many others. To all of these stalwarts I say 
thank you for jobs well donel. 

My sincere thanks for all-around help with the Conference 
also go to Ed MacCutcheon, Consultant. He appeared, and 
worked behind the scenes, in many roles and is now helping 
Bob Scott of Gibbs & Cox, Inc., to organize the 7th Ocean 
Energy Conference, which will be held at the Shoreham Hotel 
in Washington, D.C., June 2-5, 1980. We wish them every 
success. % 

& 

Gordon L. Dugger 
Chairman '" 

6 th OTEC 'Conference 
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.6th OTEC CONFERENCE 
PART.ICIPATING 0RGANIZ.ATIONS . 

The Aluminum Association . , 

American Chemical Society 
Division of Industrial and Engineering 
Chemistry 

.. . 

American Institute of ~eronautics and 
Astronautics 

.American Institute of Chemical Engineers 

American society\ of Mechanical Engineers 

American Oceanic Organization 

American Society of Naval Engineers 

American Society for Testing and Materials . 
Center for Oceans Law and Policy, 

University of Virginia 

U.K. Section German Section 
South African Section Indian Section 
Arab Section . , . . 

Marine Technology Society 

National Association of Corrosion Engineers 

National Energy Resources Organization 

National Ocean Industries Association 

National Science ' Foundation, Division of 
Engineering " 

Shipbuilders Council of America 

The Society of Naval Architects and 
Marine Engineers 

Solar Energy ~ndustries Association 

Electric Power Research Institute Solar ~ n e r ~ ~  Research Institute 

Institute of Electrical and Electronics 
Engineers, Inc./Oceanic Engineering 
Council 

International Association for Hydrogen 
Energy I 

International Solar Energy Society 

ANZ section ~ u t c h  Section 
American Section Belgian Section 
Italian Section Irish Section 
Japanese Section Scandinavian Section 

United Nations.Educational, Scientific 
and Cult.ura1 Organization 

U.S. Coast Guard 
Office of Merchant Marine Safety 

U.S. Department of Commerce 
Maritime Administration 
National Oceanic and Atmospheric 
Administration 

u.S. Navy Department 
Oceanographer of the Navy 

6th OTEC CONFERENCE 
EXHIBITORS 

Alfa-Lava1 Thermal ORI, Inc. 

Advanced Marine Enterprises Offshore Technology Corporation 

Department of Energy . Puerto Rico 

Gibbs & Cox, Inc. Rotoflow Corporation 

General Electric Co. Solar Energy Research Institute 

Global Marine Development, Inc. Solar Ocean Energy ~iaison 

State of Hawaii The Johns Hopkins University, 
Applied Physics Laboratory 

Hydronautics, Inc. 
TRW, Inc. 

Lockheed Ocean systems 
Westinghouse Electric Corporation 

M. Rosenblatt & Son, Inc. 
. .  . Worthington Pump Company 

National Oceanic and Atmospheric 
Administration 



6th OTEC CONFERENCE 
COMMITTEES AND SESSION CHAIRMEN 

STEERING COMMITTEE 

Gordon Dugger, Chairman E. M. MacCutcheon 
Robert Cohen Richards T. Miller 
Phillip Eisenberg Merle Olmsted 
Evans J. Francis Paul D. Ritland 
Robert Hindle David Shapiro 
Raleigh E. Guynes J. Paul Walsh 
Robert B . ' Leamer Byron Washom 

PAPERS COMMITTEE 

Paal Bakstad 
Roderick Barr 
Kenneth Bell - 
Peter Benson 

' Ralph Blevins 
Robeft Cohen 
Paul Curtb 
J. B. Darby, Jr. 
John D. Ditmars 
Robert Douglass 
Gordon Dugger 
Evans J. Francis 
James F. George 
Donald Guild 
~ ~ t e l l l d l l  Hill 
Robert Hindle , 

Eugene H. Kinelski 
T. S. Lee 
Lloyd Lewis 
Brenda Little 
Dan Lott 

Robert E. Mast 
Terence McGuinness 
Maxwell S. McKnight 
John Michel 
Richards T. Miller 
Ralph Mitchell 
Robert L. Molinari 
Frederick Naef . 
J. R. Paulling 
R. J. Pont 
Glenn F. Popper 
Kenneth Read 
Robert Scott 
Wilbur S h e m n ~ d  
Robert E. Stein 
Anthony Thomas 
Rodney D. ~itcoxnb 
J. Paul Walsh 
Laskar Wechsler 
Byron Washom ' 

Pat Wilde 

ARRANGEMENTS A N D  EXHIBITS COMMITTEE 

Evans J. "Bud" Francis, Chairman 
William Buchanan 
Joan Handiboe 
Jacqueline Hentgen 
William Kehoe 
Phillip Lewellen 

SESSION CHAIRMEN A N D  CO-CHAIRMEN 

William H. Avery Robert Molinari 
Paal Bakstad Frederick Naef 
Roderick Barr J. D. Nyhart 
Eugene Barsness William Owens 
Kenneth J. Bell Robert A. Paddock 
Charles Cochran Glenn Popper . 
Robert Cohen T. J. Rabas 
Joseph Darby Kenneth F. Read 
John Ditmars Dennis Richards 
Robert Douglass S. L. Ridgway 
Joseph Draley Norman Sather 
Douglas Evans Richard Scotti 
Evans J. Francis Ben Shelpuk 
James F. George Wilbur Sherwood 
Julio Giannotti Feat Szeto 
Eugene Kinelski Joseph Vadus 
Frank LaQue : Keith Waite 
Lloyd Lewis J. Paul Walsh 
Terence McGuinness . Byron Washom 
John Michel Laskar Wechsler 
Ralph Mitchell Pat Wilde 



THIS PAGE 

A INTENTIONALLY 

LEFT BLANK 



CONTENTS 

VOLUME I 

1. WORKING GROUP REPORTS 

2. PLENARY SESSION AND TALKS 

Welcoming Remarks,   en nett Miller . 
The Need for OTEC, Gerry E. Studds . ' . 
Energy From the Oceans - Lessons from the North Sea, 

John Derrington 

The U.S. Ocean Energy Systems Program, W. E. Richards . . 
Remarks at the 6th OTEC Conference Luncheon, Edwin M. Hood . 
Remarks at the 6th OTEC Conference Luncheon, Charles Matthews 

Keynote Address at the 6th OTEC Conference Luncheon, Charles 
H.S.Eaton . 

Introductory Remarks at the 6th OTEC Conference Banquet, 
Robert Cohen . 

Remarks at the 6th OTEC Conference Banquet, John M. Deutch . 
Keynote Address at the 6th OTEC Conference Banquet, Carlos 

Romero-Barcel6 . 

3. OTEC PROGRAMS OF EUROCEAN, FRANCE, AND JAPAN 

EUROCEAN OTEC Project, Bengt A.P.L. Lachmann 

The French OTEC Program, Philippe Marchand . 
An Overview of the Japanese OTEC Development, ~ a k u ~ a . ~ o m m a  

and Hiroshi Kamogawa 

4. OTHER OCEAN ENERGY SYSTEMS 

Waves,, Salinity Gradients, and Ocean Currents - Alternative 
Energy Sources, Michael E. McCormick . 

5. CLOSED-CYCLE OTEC PLATFORMS 

OTEC Ocean ~ngineerin~ Progress Report, Wilbur G. Sherwood 
and J. Paul Walsh . 

OTEC Goes to Sea (A Review of Mini-OTEC), Lloyd C. Trimble 
and Roger L. Potash . 

An Overview of the OTEC-1 Design, N. A. Svensen . 
Development of a Test Program for OTEC-1, Phil Archbold. 

System Design Considerations for a Floating OTEC Modular 
Experiment Platform, James F. George . 

Conceptual Designs and Costs of OTEC 10/40 MW'Spar Platforms, 
R. J. Scott . 

vii 



Design Considerations on 100 MWe Commercial Scale OTEC Power 
Plant and a 1-MWe Class' Engineering Test Plant, T. Homma, 
H. Kamogawa, S. Nagasaki, H. Uehara, T. Teramoto, and 
T. Kajikawa . 

Station Keeping Subsystem Designs for Modular Experiment OTEC 
Plants, Nedret S. Basar, John C. Daidola, and Richard C. 
Sheffield . 

A Feasibility Study of an OTEC Guyed Tower Concept, Eugene 
H. Pharr . 

Land-Based OTEC Plants - Cold Water Pipe Concepts, John H. . 
Brewer 

6. COLD-WATER PIPES 

Preliminary Designs of Cold-Water Pipes for Barge and Spar- 
Type OTEC Plants, Terence McGuinness, Arthur Griffin, 
and Duane Hove . 

Cold Water Pipe Verification Test, H. L. Donnelly, J. T. 
Sfadter, and R. 0. Weiss . 

Analytical and Experimental Methods for Determining OTEC 
Plant Dynamics and CWP Loads, Roderick A. Barr and 
Virgil E. Johnson, Jr. 

A Limiting Mechanism for the Heave-Induced Mathieu Type 
Instability of a Cold Water.Pipe, Arnold E. Galef . 

Practical Schemes for Reducing Cold Water Pipe Loads, 
William? P. Deuchler, Julio G. Giannotti, and William 
W. Rogalski . 

Development of a Lightweight Concrete for OTEC Cold Water 
Pipes, A. Litvin and A. E. Fiorato . 

~scillations of and Drift Force Acting on an OTEC-CWP 
Structure, S. Nagasaki, M. Nagatsuka, and H. Kobayashi . 

Dynamic Analysis of Cold-Water-Pipe Systems for Ocean Thermal 
Power Generation Plants, Takeshi Yokoyama, Yasumasa Arai, 
and Tashio Katoh . 

Vortex Excited Oscillations of' Marine Structures with Appli- 
cation to the OTEC Cold Water Pipe, Owen M. Griffin 

Current-Wave Coupling and Hydrodynamics, Giulio Venezian 

The Effects of Shear on Vortex Shedding Patterns in High 
Reynolds Number Flow: An Experimental Study, David 
Rooney, Rodney Pelzer, Jon Buck, and John Baxter . 

Development of ocean Current Information Needed to Address the 
Problem of Vortex Shedding on the OTEC Cold-Water Pipe, 
.J. A. Pompa and J. R. Buck . 

7. OTEC POWER TRANSMISSION CABLES 

A Theoretical Study of Technical and .Economical Feasibility ,of 
Bottom Submarine Cables for OTEC Plants, T. F. Garrity 
and A. Morello . 

The Development of Riser Cable Systems for OTEC Plants, C. A. 
Pieroni, R. T. Traut, D. 0. Libby, and T. F. Garrity . 

Load Criteria for OTEC Riser Cable Design, James C. Oliver 
and William K. Jawish 

viii 



8. CLOSED-CYCLE OTEC POWER SYSTEMS 

Preliminary Designs of 10 MWe and 50 MW Power Modnles, 
R. T. Miller, J. J. Ccrtz and S. c8nninghis . 8.1 

Design of a 10 MW (Net) OTEC Power Module Using Vertical 
~ a l l i n ~ - ~ i l m ~ ~ e a t  Exchangers, Paal J. Bakstad and Russell 
0. Pearson 8.2 

Design of a 0.2-MWe(Net), Plate-Type, OTEC Heat Exchanger Test 
Article and a 10-MWe(Net) Power Module, J. W. Denton, P. 
Bakstad, and K. McIlroy . 8.3 

Design of a 10 MW(e) Power System and Heat Exchanger Test 
Articles Using Plate Heat Exchangers, Murray I. ~eitner 
and James W. Connell 8.4 

Optimizing Plant Design for Minimum Cost Per Kilowatt and 
Refrigerant-22 Working Fluid, M. G..Olmsted, M. J. Mann, 
and C. S. Yang . 8.5 

Ocean Thermal Energy Conversion Plant with Freon 22, Haruo 
Uehara, Hisao Kusuda, Masanori Monde, Tsutomu Nakaoka, 
and Shiro Mikazaki . 8.6 

Performance Optimization of an OTEC Turbine, Semon P. Vincent 
and Charles H. Kostors . 8.7 

OTEC System Response and Control Analysis, W. L. Owens . . . 8.8 

Dynamic and Off-Design Analysis of OTEC Closed Cycle Power 
Systems, Arthur W. Westerberg, Shichune Yao, Stephen J. 
Jennings, and William H. Coleman . 8.9 

Steady-State and Dynamic Performance of an OTEC Plant, Myron 
Kayton . 8.10 

Off-Design Performance and Control Considerations for an OTEC 
Plantship, D. Richards, P. J. McEvaddy, and L. L. Perini 8.11 

9. OPENCYCLE OTEC POWER SYSTEMS AND OTEC CYCLE INNOVATIONS 

OTEC 100-MW, Alternate Power Systems Study, Thomas J. Rabas, 
J. Michael Wittig, and Klemens Finsterwalder 

Recent Developments in the Foam OTEC System, Clarence Zener, 
Alberto Molini, Tomlinson Fort, Jr., John Fetkovich, and 
Martin Greenstein . 9.2 

Description and Status Report of a Program to Define Seawater- 
Surfacant Interactions in Relation to the Foam System, 
M. I. Kay . 9.3 

Design of Land-Based, Foasn OTEC Plants for Bottoming Cycles, 
A. E. Molini, M. Santiago, A. Herrera, J. A. Lopez, R. 
Martinez, C. Zener, and T. Fort, Jr. 9.4 

Multiple Staging of the Cold Water in the Open Cycle OTEC 
Systems, ~lberto E. Molini, Clarence Zener, and Tomlinson 
Fort, Jr. 9.5 

The Mist-Transport Cycle: Progress in Economic and Experi- 
mental Studies, A. F. Charwat, R. P. Hammond, and S. L. 
Ridgway . 9.6 

Land-Based Application of an OTEC Open-Cycle Power system, 
F. C. Chen 9.7 

Waste Heat from OTEC Condenser Water to Melt Icebergs for 
Irrigation Water, John M. Randall, Wayne M. Camirand, 
and Earl Hautala . 9.8 



Examination of a Gravity-opposed Heat Pipe for Otec Appli- 
cation, George Peter Wachtell . 9.9 

I 
Thermoelectric OTEC, T. S. Jayadev, D. K. Benson, and M. S. 

Bohn . . . 9.10 

Hybrid OTEC'Air Cycle Avoids Indirect Heat Exchangers, C. E. ' 
Jahnig '. 9.11 

10. OTEC APPLICATIONS, ECONOMICS, AND INTEGRATION - 
Potential for Ocean Thermal Energy Conversion, 'Electric' Power 

: Generation in the Southeast Region, Paul R. Sutherland, 
F. George Arey, Jr., and Donald H. Guild 10.1 

A 'Case Study of OTEC Plant Finanding ,for the Middle'South 
Utilities, B. Jennine Anderson 10.2 

Electric Utility System Planning Studies for OTEC Power 
Integration, Fernando P6rez Bracetti . 10.3 

Financing Under a Tax-Exempt Situation - Key to OTEC Commer- 
cialization? N. Famadas and J. R. Capo . 10.4 

Analysis of Prospects for OTEC Commercialization for Baseload 
Power, Willis E. Jacobsen and Richard N.,Manley . 10.5 

Commercial Ocean Thermal Energy Conversion (OTEC) Plants by 
the Mid-1980'~~ Evans J. Francis, John F. Babbitt, and 
Myron H. Nordquist . 10.6 

Status of Solid Polymer Electrolyte Electrochemical Cell Tech- 
nology for Electrolytic Hydrogen Generation and Fuel Cel.1 
Power Generation, L. 3. Nuttall 10.7 

Large Alkaline Electrolysis Systems for OTEC, William C. 
Kincaide . 10.8 

Integration Issues of OTEC Technology to the American Aluminum 
Industry, M. S. 'Jones, .Jr., K. Sathyanarayana, A. L. 
Markel, and J. E. Snyder, I11 : . , 

10.9 
. . 

OTEC Power for Ocean Minerals, E; H. Harlow . 10.10 

VOLUME I1 

11. CLOSED-CYCLE OTEC HEAT EXCHANGERS 

Performance Tests of 1 MWt Shell-and-Tube and Compact Heat 
Exchangers for OTEC, Anthony Thomas, James J. Lorenz, 
David L. Hillis, David T. Yung, and Norman F. Sather . 11.1 

Core Unit Testing of $he APL/JHU shell-~ess Folded Tube 
Heat Exchangers, James L. Keirsey, John A. Funk, Peter 
P. Pandolfini, and Richard T. Cusick . . 11.2 

1 MW Heat Exchangers for OTEC - Status ~eport, June 1979, 
e ~ .  E. Snyder, 111, M. H. Seidman, A. M. Sprouse, and 

A. L. Yarden . 11.3 

Compact Heat Exchanger Design Progress, J. H. Anderson, Jr. 
and P. B. Pribis 11.4 

Studies on OTEC Power System Characteristics and Enhanced 
Heat Transfer Performance, T. Kajikawa, ,T. Agawa, H. 
Takazawa, M. 'Amano, K. Nishiyama, and T; Homma 11.5 

Flow-Induced Vibration in Shell-and-Tube Heat Exchangers for 
Ocean Thermal Energy Conversion (OTEC), J. J. Lorenz and 
D. Yung . 11.6 



A Summary of Recent Experimental and Analytical OTEC Studies 
at OWL, J. W. Michel . 11.7 

Heat Transfer .Enhancement by Surface Extension in Horizontal 
~niinonia-Film Evaporators, Raul J. Conti . 11.8 

Ammonia Vaporization and condensation Investigations   elated 
to OTEC Heat Exchangers, C. M. Sabin and H. F. Poppendiek 11.9 

The Modeling of Thin Film Heat Exchangers, Shi-chune Yao, 
Arthur: W. Westerberg, and Nien H. Chao . ' 11.10 

Varif lux and ~inned-plate OTEC Heat Exchanger ~ e c h n o l o ~ ~  
Status, D. Wright, W.. Wagner, and J. Shoji . 11.11 

12. MATERIALS, BIOFOULING, AND COUNTERMEASURES 

~io%ouling, Corrosion, and Materials Overview, Eugene H. 
Kinelski . 12.1. 

Qualifying Aluminum and Stainless Alloys for OTEC Heat 
Exchangers, F. L. .LaQue . 12.2 

Use of the New Stainless Alloys for OTEC Heat Exchangers, 
Jack R. Maurer . . .  12.3 

Oxygen, Temperature, and ,pH Effects on Corrosion of Aluminum 
in Seawater, Stephen.C. Dexter 12.4 

' 0  
Interleakage of Ammonia and Seawater in OTEC Heat Exchangers, 

Effects on Corrosion and Scale Formation, C. F. Schrieber, 
W. B. Grimes, and W. F McIlhenny . 12.5 

Review of Corrosion of Steel in Concrete, Aziz Siman, Changiz 
Dehghanian, and Carl E. Locke . 12.6 

The Effects of Biofouling and Corrosion on Heat Transfer 
Measurements, B. E. Liebert, L. R. Berger, H. J. White, 
J. Moore, Wm. McCoy, J. A. Berger, and J. Larsen-Basse . 12.7 

-Experiments on Ultrasonic Cleaning of a Shell-Less Folded- 
Aluminum-Tube, OTEC Heat Exchanger, Peter P. Pandolfihi, 
William H. Avery, ahd Freeman K. Hill . . . 12.8 

The LMSC Biofouling Measurement Device, W. L. Owens 12.9 

Possible Cu-Ni-Clad Steel Material and Abrasive Slurry 
Cleaning System for Plate-Fin-Type OTEC Heat Exchangers, 
Michael J. Mann 12.10' 

Possible Use of the Cathelco System to Control Fouling in OTEC 
Systems, Clifford W. Smith, Barry J. Kirk, and William 
J. Blume ., 12.11 

Fouling Countermeasures - Status of Two Mechanical Cleaning 
Systems and Chlorination, Daniel F. Lott and Susan M. 
Tuovila . . . .  12.12 

, A Biofouling and Corrosion Study of Ocean Thermal Energy 
Conversion (OTEC) Heat Exchanger Candidate Metals, 
Brenda Little, John Morse, George Loeb, and Frank 
~piehler . . . 12.13 

Field.  emo on strati on of Rapid Microfouling in Model Heat Ex- 
changers: Gulf of Mexico, November 1978, V. A. DePalma, 
D. W. Goupil, and C. K. Akers 12; 14 

Microbial Film Development and Associated Energy Losses, J..D. 
Bryers, W. G. Characklis, N. Zelver, and M.' G. Nimmons . 12.15 

¶ 

Ultrasonic Detection of Microbial Slime Films, George Loeb 
. and Jacek Jarzynski . 12.16 



Design for an OTEC Seacoast Test Facility at Ke-Ahole Point, 
Kona, Hawaii, W. Grantz, J. Belvedere, L. Hallanger, E. . 
Noda, and H. White . 12.17 

Design and Construction phase of a Biofouling, Corrosion, and 
Materials Study from a Moored Platform at Punta Tuna, 
Puerto Rico, Donald S. Sasscer, Thomas R. Tosteson, Kund 
B. Pedersen, Ferdinan Rosa, and Fernando L. Benitez 12.18 

13. . THE OTEC RESOURCE: ENVIRONMENT AND S~TING 

OTEC Environmental and Resource Assessment Program, Lloyd F. 
Lewis 13.1 

Ocean Thermal and Current Velocity Data Requirements for 
Design of an OTEC Plant -An Update, Robert L. Molinari. 13.2 

Thermal and Current Data from the Gulf of Mexico and South 
Atlantic Relative to Placement of OTEC Plants, Robert 
L. Molinari . 13.3 

OTEC Data Base and Data Products, James Churgin and Harry 
Iredale . 13.4 

OTEC World Thermal Resource, William A. Wolff, William E. 
Hubert, and Paul M. Wolff 13.5 

Regional-Scale Sea Surf ace ~em~eratur'e Determination from, . 
the Geostationary Environmental tperational Satellite, 
George A. Maul . 13.6 

Large Cold Tongues in the Eastern Gulf of Mexico and Their 
Potential Effect on OTEC, Fred M. Vukovich . . . 13.7 

Use of ~ateilite-~erived Sea Surface Temperatures By 
Cruising OTEC Plants, F. K. Hill and G. L. Dugger 13.8 

Preliminary Results of a Program to Study OTEC Oceanic En- 
vironmental Parameters at Punta Tuna, Puerto Rico, 
Gary C. Goldman and Daniel Pesante . 13.9 

Observations of Water Mass Structure and Variability North of 
St. Croix, U. S. Virgin Islands for OTEC Assessment, 

' Robe,rt S. C. Munier, Thomas N. Lee, and Sherman Chiu . 13.10 

OTEC Physical and Climatic Environmental Impacts, John D. 
Ditmars and Robert A. Paddock . 13.11 

Results of a Near Field Physical Model Study, E. Eric Adams, 
David 3. Fry, and David H. Coxe . . 13.12 

Environmental Impact Assessment for OTEC-1, Linda Sinay- 
Friedman and John Reitzel 13.13 

.. . 

Modeling the Intermediate Field of Ocean Thermal Energy 
Conversion Plant Discharges, Gerhard H. Jirka, Janet M. , 

Jones, and Frank E. Sargent . 13.14 - 

A Whole  asi in Model of the Gulf of Mexico, Alan F. Blumberg 
and George L. Mellor 13.15 

Programmatic Environmental Assessment for Operational OTEC 
Platforms - A Progre9s Report, M. Dale Sands . . 13.16 

Environmental Monitoring and Assessment Program at Potential 
. OTEC Sites , P. Wilde . 13.17 

A Review of the Biological Information Relating to OTEC 
Operation, S. Mack Sullivan . 13.18 

Comparison of Nutrient Data from Four ~otentiai OTEC Sites, 
Mary S. Quinby-Hunt . 13.19 

xii 



Zooplankton from OTEC S i t e s  i n  t h e  Gulf of Mexico and t h e  
Caribbean,  M. L. Commins and A. J. Horen 

Phytoplankton and Biomass D i s t r i b u t i o n  a t  P o t e n t i a l  O T E ~  
S i t e s ,  P. W. Johnson and A. J; Horne . 

1 

The Marine Mammal Fauna of  P o t e n t i a l  OTEC S i t e s  i n  t h e  Gulf 
of  Mexico and Hawaii, Susan F. Payne . 

14. LEGAL AND INSTITUTIONAL 

Legal  Aspects  of  S i t i n g  OTEC P l a n t s  Offshore  t h e  United 
. S t a t e s ,  on t h e  High Seas,  and Offshore  Other Coun t r i e s ,  

J. D. Nyhart . . . .  
Legal  and I n s t i t u t i o n a l  Aspects ,  Ved P. Nanda 

Research i n  OTEC I n s t i t u t i o n a l  and Legal  Ma t t e r s ,  R. Clark  
' T e f f t ,  Ratus L. Kel ly ,  C. Mathews Dick, Jr., and 

Kath leen  M. Stevenson . 
\ 

Lead Agency Des ignat ion  and Proposed Licens ing  Procedures f o r  
Ocean Thermal Energy Conversion F a c i l i t i e s ,  Edward,J.  
Linky 

is .  LIST OF ATTENDEES 

xiii 



1. WORKING GROUP REPORTS , 



THE APPROACH THAT WAS SUGGESTED FOR WORKSHOP SESSIONS 
AND WORKING GROUP REPORTS 

FOREWORD 

The overall chairman for the workshop sessions and the final plenary 
sessions for working group reports at the 6th OTEC Conference was Frederick 
E. Naef of ~ockheed, Washington, D.C. The Executive Committee of each work- 
ing group was asked to meet on Tuesday evening, June 19, to formulate their 
strategy for conducting the workshop sessions on June 21 and 22 and for pre- 
paring their reports. Each chairman was given the "straw man" guidelines 
presented below. 

SUGGESTED APPROACH HYPOTHESIS A AND RELATED QUESTIONS 

The theme of the Sixth OTEC Conference is Hypothesis A 
"Ocean Thermal Energy for the '801s," and one pur- 
pose of the Conference is to establish whether OTEC If adequate resources are allocated, a 10140 
plants can be built and operated in the 80's with MW OTEC pilot plant will be in operation at an e 
state-of-the-art technology. It is suggested that early date.. 
each working group address this theme in its work- 
shop sessions and attempt to respond with a crisp, Related uestions 
definitive report. In this regard, we have pbsed 
three premises and two hypotheses, which are stated 
below with a series of questions related to each 
hypothesis, that may guide the working group toward 
responses to the Conference theme. Discussion of 
additional subjects during the workshop sessions is 
encouraged and is the prerogative of each working 
group chairman. 

The issue is not whether there are knowns 
or unknowns, but whether the risk in each subsystem 
or area is acceptable. If further effort is needed 
to reduce risk to an acceptable level in a given 
area, your task is to recommend the steps and 
critical-path activities that are needed, in your 
judgment, to accomplish an adequate degree of risk 
reduction in a timely manner with a minimum allo- 
cation of resources. This is not an easy task, 
because most technical managers would prefer to 
allocate resources at each level of development 
until there are no risks whatsoever in their areas 
'of responsibility. 

Remember that the report of your working group 
may influence the pace and direction of OTEC devel- 
opment. Your report should feature your group's 
conclusions and recommendations on the course of the 
OTEC program. Please consider each of the questions 
posed under the hypotheses, and if the question is 
relevant to your group's area of specialization, 
answer it in the context of the status and needs in 
your area. 

PREMISES 

1. The scope of the OTEC system is character- 
ized by the OTEC Work Breakdown Structure, 
dated May 1, 1979, as prepared by the Value 
Engineering Company. 

2.  The marginal cost of new incremental fossil 
generating capacity, available for synchro- 
nization with the island utility grids in 
the late 1980s, will be 70 mills1kWh (1980 
dollars). 

3. The market value (purchase price) of ammo- 
nia (FOB New Orleans) in the late 19808, 
will be $280/ton (1980 dollars). 

What is the adequacy of the technology for the 
design, construction, and operation of a pilot 
plant? That is, are there any technical ele- 
ements that consitutute undue risk for a govern- 
mentfunded demonstration? 

2 .  If so, what must be done to make the risk accept- 
able? That is, 

a. What critical-path activities must be com- 
pleted prior to the initiation of design of 
a pilot plant? 

b. What critical-path activities must be com- 
pleted prior to the initiation of construc- 
tion? 

c. What is the earliest operational date that 
can be achieved? 

3. In the context of your working group, what is 
the appropriate mission of a pilot plant? 

4. . What changes in technical emphasis in the 
OTEC program do you recommend for consider- 
tion by Program Management? 

Hypothesis B 

With an appropriate engineering deve1,opment - 

program, OTEC plants will become commerci.ally com- 
petitive in the late 1980s. 

Related Questions 

1. What engineering developments must be achiived 
in order to make OTEC plants cost competitive 
by the late 1980's? 

2.  Do you feel that.hypothesis "B" can be 
achieved? 

3. In what market sector? 



4 .  What changes in technical emphasis' in the 
OTEC program do you recommend for consider- 
ation by program management? 

5. What is the most likely business structure 
(production, ownership, finance, government,. 
etc.) for these first commercial plants? 

6 .  What legislative action is required to achieve 
hypothesis "B"? 

7 .  How and in what stages should the social and 
institutional impacts of commercial OTEC 
plants be examined? 
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OVERALL CONCLUSIONS SUMNARY AND CONCLUSIONS 

Adequate.technologies, in terms of both engi- 
neering methods and functional hardware, exist today 
that can be used to design, construct, outfit, de- 
ploy, and operate OTEC plants. This working group 

: has concluded that a pilot OTEC plant can be built 
within a period of four years from go-ahead and tha.t 
commercial-size OTEC plants can be built by the late 

. 1980s. These goals are readily attainable if de- 
cisive commitments are made by the federal govern- 
ment to realize fully the potential of ocean thermal 
energy as an alternative energy source. 

OBJECTIVES AND HYPOTHESES ADDRESSED 

The objective of this working group was to eval- 
uate the status of key elements of the OTEC ocean 
system. For this study, the ocean system was re- 
stricted to four subsystems: the platform, the , 

cold-water pipe (CWP), stationkeeping, and the elec- 
trical cable. The risks associated with each sub- 
system were assessed. Early reduction of the risks 
will accelerate the advancement of the OTEC program 
from research and development studies to pilot-plant 
explorations of the technical and economic feasi- 
bility of OTEC systems and thence to deployment of 
operational platforms. 

This report is.structured to respond to the 
following two hypotheses proposed by the Conference 
Steering Committee: 

"Hypothesis A. If adequate resources are 
allocated, an OTEC pilot plant will be in 
operation at an early date." 

"Hypothesis B. With an appropriate engi- 
neering development program, OTEC plants 
will become commercially competitive in 
the late 1980s." 

There was also a series of questions included with 
each hypothesis to guide the working group toward 
responses to the conference theme. The hypotheses ' 

were also used by this working group to assess the 
risks associated with each of the ocean subsystems. 

This committee did not obtain complete agree- 
ment on all of its findings. A minority report has 
been added to express these views. 

Response to Hypothesis A 

The OTEC pilot is a subscale prototype 
development and demonstration of a large-scale 
commercial plant. The pilot plant must demonstrate 
at significant scale (a plant size in the range of 
10 to 100 MW ) the potential economic viability of 
the commericgl system. The plant will provide po- 
tential owners, operators, and financial investors 
the necessary assurance that representative low- 
cost electrical power can be supplied reliably at 
marketable costs. The pilot plant will lend the 
impetus to the large-scale commercialization of 
OTEC plants into the southeastern United States grid 
and the use of OTEC electrical power by energy- 

' 

intensive industrial groups in sea-based installa- 
t ions. 

This working group has concluded that the de- 
ployment and operation of the OTEC pilot plants can 
be achieved provided that the following program ele- 
ments are properly implemented: 

1. Technology Development. Acceleration of 
existing DOE and NOAA programs for the 
development and test of key OTEC subsystems 
hardware (for example, CWP and station- 
keeping subsystems). 

2. Integrated Systems Designs. The design 
and analysis of complete OTEC plants that 
demonstrate commercial viability must be 
initiated imniediately. 

- .- .  -. 
Technology development includes the engineer- 

ing design and analysis, and the fabrication, test- 
ing, and check-out required to reduce.risks asso- 
ciated with moving from feasibility studies to real 
systems. Existing DOE/NOAA program elements (as 
proposed for budget request and confidence levels) 
are adequate but require acceleration in specific 
areas. Funding allocated for technology develop- 
ment in FY 80 is of particular importance. It 
does not appear to be adequate to accelerate exist- 
ing technology development and could hinder the 
attainment of the postulated goals. 

The use of existing test platforms, such as 
OTEC-1 and Mini-OTEC, should be vigorously exploited 



by DOE t o  f a c i l i t a t e  t e s t i n g  of ocean subsystems. 
For example, a l t e r n a t i v e  CWPs and e l e c t r i c a l  r i s e r  
cab les  could be designed f o r  t h e  OTEC-1 platforni. 
Tes t ing  of t h e  attachment of a r i s e r  cab le  t o  a 
f l o a t i n g  platform would provide valuable design ver i -  
f i c a t i o n  da ta ,  and so would t e s t  of t h e  cab le  i t s e l f .  

The OTEC Program must 'begin t r a n s i t i o n  from 
component and subsystem technology explora t ion  t o  
complete systems development. In tegra ted  system 
designs represen t  a t o t a l  systems perspect ive,  i . e . ,  
t h e  design of a complete p lan t  responsive t o  a user- 
o r i en t ed  spec i f i c a t i on .  Spec i f ic  opera tor  require- 
ments from e l e c t r i c a l  u t i l i t i e s  o r  energy-intensive 
i n d u s t r i a l  groups must be included i n  t he  in tegra ted  
design. The OTEC Users Council could become an  ef-  
f e c t i v e  form f o r  the  addi t ion  of OTEC operator  re- 
quirements i n t o  t h e  p i l o t  p lan t  systems design spec- 
i f i c a t i o n .  This working group recommends t h a t  DOE 
e s t a b l i s h  a meaningful and vigorous dialogue with 
t h e  OTEC Users Council, energy-intensive-industry 
groups, t h e  f i nanc i a l  community, and o the r  elements 
of t h e  p r i va t e  s ec to r  with an i n t e r e s t  i n  OTEC com- 
merc ia l iza t ion .  

The r i s k s  assoc ia ted  with each p i lo t -p lan t  sub- 
system were assessed f o r  t h e  key phases of develop- 
ment: engineering design and ana ly s i s ,  cons t ruc t ion  
and o u t f i t t i n g ,  and deployment and operat ions.  The 
r i s k s  were assessed assuming t h a t  t h e  in tegra ted  
systems design and trade-off s t ud i e s  have been core 
p le ted .  It  was a l so  assumed t h a t  adequate resources 
would be ava i l ab l e  t o  support t he  design and analy- 
s i s .  The group's f ind ing  a r e  summarized i n  Table 1. 

opera te  t he  p i l o t  p lan t  successful ly.  A no answer 
would imply t h a t  a re levant  technology base does no t  
e x i s t  and t h a t  increased resources should be a l l o -  
ca ted  f o r  add i t i ona l  ana ly s i s  of t h i s  subsystem. 
This committee, a s  shown by Table 1, concluded t h a t  
t h e  r i s k s  assoc ia ted  with normal development of t h e  
ocean subsystems a r e  not  s u f f i c i e n t  t o  delay t h e  
deployment of t h e  p i l o t  p lan t  beyond 1984. 

Response t o  Hypothesis B 

Commercial OTEC p l an t s  w i l l  range i n  s i z e  from 
100 t o  400 MW . They w i l l  o p e r a t e . i n  c l u s t e r s  i n  
t h e  Gulf of ~ g x i c o  i n  a s t a t i ona ry  p l an t  mode f o r  
t h e  production of e l e c t r i c i t y  f o r  u t i l i t i e s  wi th in  
t h e  southeastern reg iona l  s t a t e s  o r  i n  t he  South 
A t l an t i c  i n  a grazing p lan t  mode f o r  t h e  production 
of e l e c t i c i t y  f o r  an energy-intensive product. 
Studies i nd i ca t e  t h a t  both types of p l a n t s  a r e  an 
economic means of producing e l e c t r i c a l  energy. 

Working Group 1 has concluded, that  commercial 
OTEC p l an t s  can be b u i l t  by t he  l a t e  1980s. The 
at tainment  of t h i s  goal is predicted on t h e  assump- 
t i o n  t h a t ,  by 1986, a p i l o t  p l an t  w i l l  have been 
opera t ing  f o r  two years .  Technology development 
programs f o r  the  p i l o t  p l an t  must include t h e  devel- 
opment of l a r g e r  s c a l e  components assoc ia ted  with 
commercial p lan ts .  

The commercial p l an t s  a r e  extensions of t h e  
p i l o t  p lan t .  Therefore, t h e  p i l o t  p l an t  must exh ib i t  
t h e  s i g n i f i c a n t  f e a tu r e s  of t he  commercial p l an t  t o  
al low the  complete ex t rapola t ion  of e x i s t i n g  ocean 
engineering subsystem technologies. 

Table 1 

Assessment of Technology f o r  Ocean 
Subsystems f o r  P i l o t  P l an t s  

The platform, s tat ionkeeping,  and CWP subsystems 
w i l l  be c r i t i c a l  development items. The CWPs f o r  
commercial p l an t s  w i l l  be l a rge r  than those  used f o r  
p i l o t  p l an t s  (250-ft I D  versus 30-f t  ID) and may 
d i f f e r  with respect  t o  configurat ion (one o r  mul t ip le  
p ipes) ,  cons t ruc t ion  ma te r i a l s  (e.g., f iber-rein-  
forced p l a s t i c ,  elastomer, o r  concre te ) ,  and fabr i -  
cat ion.  Deployment techniques may be d i f f e r e n t  from 
the  p i l o t  p lan t  designs. Large capas i ty  s t a t i c  
mooring systems have not  been developed f o r  ve s se l s  
a s  l a r g e  a s  t he  commercial p lan t .  The s t a t i o n k e e p  
ing f o r  t h e  commercial p l an t  w i l l  r equ i r e  t h e  ad-, 
vancement of ex i s t i ng  technologies. Spec i f i c a l l y ,  
a promising concept requi r ing  add i t i ona l  s tudy is  
t h e  use of a dynamic pos i t i on  system t h a t  combines 
e f f l u e n t  seawater propulsion with aux i l i a ry  t h ru s t e r s .  

Phase 

Engineering design 
and ana ly s i s  

Construction and 
o u t f i t t i n g '  

Deployment and 
opera t  ions The r i s k s  assoc ia ted  with each of t h e  commercial 

p l an t  subsvstems were assessed f o r  t h e  key phases of - - 
' ~ormal  developmental and design v e r i f i c a t i o n  t e s t  that of the pilot plant' A 

programs included. summary of t he  group's f ind ings  is presented i n  
Table 2. Technology e x i s t s  ( t o  l e s s e r  ex t en t  than 

Adequate Body of Technology 

b ~ a r g e  scale ocean t e s t i n g  required - estimated a t  t h a t  ava i l ab l e  for - the  p i l o t  p l an t )  t o  provide en- 

one-sixth sca le .  gineering so lu t i ons  f o r  design and ana ly s i s  of t h e  
subsystems. However, t h e  g r ea t e r  s i z e  of t h e  com- 

Plat-  
forms 

yesa 

Yes 

Yes 

requi re  site specific data. (A static system ponents w i l l  n ece s s i t a t e  t h e  development of advanced 

can be designed for  a Puerto Rice type environment.) f ab r i c a t i on  and handling procedures i n  most cases. 

The group's approach was t o  i d e n t i f y  t h e  ele- 
ments of t h e  subsystems t h a t  a r e  considered t o  be 

... high r i s k  because of t h e i r  s t a t e  of development. It 
was spec i f i ed  t ha t  t h e  p i l o t  p l an t  must opera te  i n  
sea  s t a t e  6 (15 t o  22  f t  s i g n i f i c a n t  wave he ights )  
and survive hurr icane sea  s t a t e s .  A yes answer ire 
p l i e s  t h a t  a body of technology e x i s t s  that w i l l  
a l low the  system in t eg ra t i on  cont rac tor  t o  bu i ld  and. 

CWP 

yesasb  

Yes 

Yes 

Advanced handling procedures w i l l  be par t icu-  
l a r l y  important f o r  t h e  CWP. The CWP i n t e r n a l  diam- 
e t e r  w i l l  range from 50 t o  100 f t ,  depending upon 

. t h e  commercial p lan t  s i z e .  Whereas t h e  50-ft diam- 
e t e r  CWPs a r e  wi th in  cur ren t  technologies, t h e  
l a r g e r  diameter pipes w i l l  r equ i r e  s i g n i f i c a n t  de- 
velopment e f f o r t .  Fiber-reinforced p l a s t i c  pipes,  
s t e e l  p ipe  sec t ions ,  and concre te  s t r uc tu r e s  have 
been constructed with diameters of about 30 f t .  The 

Cables 

yesa 

yes 

Yes 

Stat ion-  
keeping 

yesC 

yes 

yes 



Table 2 

Assessment of Technology f o r  Ocean 
Sub'syatems f o r  Commercial P l an t s  

normal development and design v e r i f i c a t i o n  
t e s t  programs. 

Phase 

. ~ n ~ i n e e r i n g  design 
and ana ly s i s  

Construction and 
o u t f i t t i n g  

Deployment and 
operat  ions  

' b ~ e q u i r e s  t h e  development of a l a r g e  s c a l e  capac i ty  
, stat ionkeeping system. 

C Requires add i t i ona l  i nves t i ga t i on  of f ab r i c a t i on  
and deployment of l a r g e  s i z e  components. 

Adequate Body of Technology 

technology f o r  CWP f ab r i c a t i on  and handling e x i s t s ,  
b u t - i t  is not  a s  robust  a s  t h a t  f o r  t h e  smaller  
diameter p ipes  assoc ia ted  with t h e  p i l o t  p lan t .  The 
technology developed f o r  t h e  p i l o t  p lan t  must be 
d i r e c t l y  appl icab le  t o  t h e  commercial 'plant. 

Plat-  
forms 

yesa 

yesC 

yes 

Construction and o u t f i t t i n g  of t h e  platforms 
w i l l  r equ i r e  f a c i l i t i e s  dedicated f o r  OTEC plan ts .  
(For a l a r g e  shipyard, t h i s  does no t  mean t h e  en- 
t i r e  yard, but c l e a r l y  dedicated building pos i t i ons  
and assoc ia ted  support  f a c i l i t i e s . )  The f a c i l i t i e s  
must have.necessary water depth and l a r g e  capaci ty 
handling equipment t o  provide t he  lowest construc- 
t i o n  cos t s .  The cons t ruc t ion  should fol low t h e  
p r i nc ip l e s  and procedures a l ready  es tab l i shed  f o r  
t h e  cons t ruc t ion  of l a r g e  offshore,  concrete ,  o i l -  
production platforms. 

MINORITY REPORT 

CWP 

yesa 

yesC 

yesC 

There e x i s t  deep seawater s t r u c t u r a l  technolo- 
g i e s  ( f o r  example, guyed towers, t ens ion  l e g  p la t -  
forms, and bo t t owf ixed  platforms) being developed 
by t h e  of fshore  o i l  indus t ry  t h a t  should be consid- 
ered f o r  OTEC appl ica t ions .  The technologies could 
provide so lu t i ons  t o  t h e  CWP and e l e c t r i c a l  cab le  
dynamic response and attachments problems assoc ia ted  
wi th  t he  f l o a t i n g  concepts. Inves t iga t ion  of t he  
technologies should proceed i n  p a r a l l e l  with t h a t  
of t h e  p i l o t  p l an t  described f o r  Hypothesis A. 

Addit ional  research  and development should be 
concentrated on platform configurat ions not  being 
s tud ied  by NOAA/DOE. Exist ing NOAA~DOE technology 
development programs a r e  d i r ec t i ng  too  much research  
and development funding towards f l o a t i n g  platforms 
i n  general  and two s p e c i f i c  platform configurat ions 
i n  pa r t i cu l a r :  t h e  JHU/APL barge and t h e  spar  with 
ex t e rna l  heat  exchangers. It has not  been conclu- 
s i v e l y  shown t h a t  these  platforms represen t  t h e  
bes t  platforms f o r  OTEC commercial p l an t s .  

Cables 

yesa 

yes 

yes 

Stat ion-  
keeping 

b 
Yes 

yes' 

Yes 
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IMPROVEMENTS I N  PERFORMANCE W / O R  COST 

Rapid advances have been made i n  t h e  Heat ex- 
changer a r t  f o r  closed-cycle OTEC plan ts .  Several 
d i s t i n c t  p o s s i b i l i t i e s  e x i s t  which may o f f e r  reduced 
c os t .  Test ing programs a r e  planned o r  i n  progress  
t o  eva lua te  these  concepts. Tes t s  a t  t h e  Argonne 
National Laboratory i n  Argonne, I l l i n o i s  (ANL) have 
shown t h a t  enhanced sur faces  may be  used e f f ec t i ve ly  
on t h e  s h e l l  s i d e  (power-fluid s i d e )  of shell-and- 
tube heat  exchangers. Several  innovations have 
been advanced i n  she l l - less  tubular  exchanger de- 
s igns ,  which do not  requi re  t h e  use of an  expensive 
confining s h e l l .  Tests  a t  ANL of a folded-aluminum- 
tube, she l l - l e s s  heat  exchanger wi th  ammonia i n s ide  
t h e  tubes have demonstrated evaporator performance 
exceeding pred ic t ions .  I n  addi t ion ,  exchangers of 
t h e  corrugated p l a t e  type and t he  p la te - f in  type 
with extended sur face  on t he  power-fluid s i d e  prom- 
i s e  high performance. 

BIOFOULING CONTROL AND MATERIAL SELECTION 

Di s t i nc t  progress has been made i n  microfoul- 
i ng  con t ro l  ( see  a l s o  t h e  repor t  of Working Group 
5) .  On-line mechanical cleaning systems (brushes 
and b a l l s )  a r e  leading candidates  f o r  microfouling 
c on t ro l  i n  c i r c u l a r  tubes. Recent t e s t  r e s u l t s  
suggest  t h a t  t h e  water-side fou l ing  f a c t o r  may be 
maintained a t  0.0002 t o  0.0003 h r - f t 2 - O ~ / ~ t u .  How 
ever ,  long-term performance da t a  a r e  needed t o  es- 
t a b l i s h  t h e  required cleaning frequency. Chemical 
and mechanical cleaning a r e  viewed a s  p o s s i b i l i t i e s  
f o r  t h e  corrugated p l a t e  exchanger. Cleaning pos- 
s i b i l i t i e s  a r e  ye t  t o  be evaluated f o r  p l a t e - f i n  
exchangers, which have smooth nonc i rcu la r  channels 
on t h e  water s ide .  

Two p o s s i b i l i t i e s  a r e  being considered f o r  
macrofouling cont ro l :  ch lor ina t ion  and t he  use 
of copper a l l oys  o r  an t i f ou l an t  claddings on t h e  
tube shee t .  I f  necessary, water boxes may be man- 
u a l l y  cleaned. 

Mater ia l  s e l ec t i on  remains a dominant quest ion 
i n  heat  exchanger design. The an t i f ou l an t  copper 
a l l o y s  may not  be compatible with a l l  candidate 
heat-exchanger mater ia l s .  Further  work i s  required 
on t he  con t ro l  of macrofouling. The range of pos- 
s i b l e  hea t  t r a n s f e r  tube ma te r i a l s  has increased.  
I n  addi t ion  t o  t i tanium, severa l  high chrome-moly 
s t a i n l e s s  s t e e l  a l l oys  o f f e r  high corrosion r e s i s -  
tance. Copper-nickel claddings, copper a l l oys ,  and 
s p e c i a l  aluminum claddings have shown promise f o r  
continued corrosion evaluat ion.  Tracle-off s t ud i e s  
have shown t h a t  l e s s  expensive ma te r i a l s ,  of sho r t e r  
l i f e ,  may be economically f e a s ib l e .  However, t h e  
l i f e  of such ma te r i a l s  is ye t  t o  be es tab l i shed .  

DEVELOPMENT EFFORTS NEEDED 

Further  development e f f o r t  i s  needed t o  qua l i f y  
o r  determine: 

David Aronson Pe te r  Pandol f in i  
Torbjorn Berndt Cullen M. Sabin 
Jim Denton , Fred Smith 
Bob Heise Leon Stabinsky 
T. Kajikawa J. Yampolsky 
Kiroshi  Kamogawa Dave Yung . 
James Keirsey 

1. Lower hea t  exchanger mater ia l  cos t s .  

2 .  The requi red  frequency of mechanical tube  
cleaning.  

3. The bene f i t s  and cos t s  of ch lor ina t ion  
wi th in  t h e  limits imposed by environmental 
regula t ion .  

4 .  Cleaning methods f o r  corrugated p l a t e s  o r  
nonc i rcu la r  water channels. 

5. The e f fec t iveness  of brush o r  b a l l  clean- 
ing systems i n  water-side-enhanced tubes.  
Some enhanced waterside su r f ace  geometries 
may be more cleanable than o thers .  

6 .  The ef fec t iveness  of u l t r a son i c  cleaning 
and i ts  a p p l i c a b i l i t y  t o  o ther  heat  ex- 
changer types i n  addi t ion  . to  t h e  folded- 
tube type. 

7. Ve r t i c a l  p b e ,  thin-f i l m  e;aporators under ' 

condit ions of sh ip  motion. 

8. Ammonia-water chemistry requirements versus  
mater ia l  type, and t h e  e f f e c t s  of corrosion 
caused by anrmonia leakage. 

9. Expected hea t  exchanger f a i l u r e  modes. 

Proposals f o r  new heat  exchanger concepts 
should be evaluated by hea t - t ransfer  s p e c i a l i s t s ,  
who may pinpoint  problem a r ea s  and recomend design 
changes required t o  s a t i s f y  OTEC requirements. Heat 
exchanger,development proposals should consciously 
e s t a b l i s h  maintenance plans,  which propose means of 
l e ak  de tec t ion  and r epa i r .  

RFLATIONSHIP TO PILOT-PLANT DESIGN.NEEDS 

Su f f i c i en t  knowledge e x i s t s  today t o  design 
conservat ively based shell-and-tube heat  exchangers 
f o r  p i lo t -p lan t  appl ica t ion .  Such state-of- the-art  
exchangers may use enhanced sur face  geometries on 
t h e  power-fluid s i d e  and presen t ly  defined corrosion- 
r e s i s t a n t  mater ia l s .  However, co s t  goa ls  have t he  
be s t  opportuni ty of being met using lower-cost ma- 
t e r i a l s  and/or new exchanger design concepts t h a t  
a r e  now being t e s t ed  o r  w i l l  be t e s t ed  next  year. 
Although t h e  compact p la te - f in  designs suggest high 
performance, t h e i r  s e r i ous  cons idera t ion  w i l l  re- 
qu i r e  use of cor ros ion- res i s tan t  ma t e r i a l s  and proof 
of  e f f e c t i v e  cleaning methods. By 1981; t h e  choice 
may be broadened t o  o the r  candidate hea t  exchangers 
and mater ia l s .  A t  that time, more than one candi- 
da t e  heat  exchanger design type and lower-cost mate- 
r i a l s  may.exist  a s  d i s t i n c t  p o s s i b i l i t i e s .  There- 
f o r e ,  it may be advisable t o  incorporate  more than 
one heat  exchanger design type i n  t he  p i l o t  p lan t .  
The p i lo t -p lan t  program should v e r i f y  heat  exchanger 
performance, eva lua te  f ou l i ng ' con t ro l ,  and va l i da t e  
a n  operat ion and maintenance p lan  f o r  t h e  heat  ex- 



changers. It should provide a b a s i s  f o r  es tab l i sh-  
ing  hea t  exchanger mater ia l  l i f e .  

RELATIONSHIP TO COMMERCIAL PLANT GOALS 

A commercial-size OTEC p l an t  should use cost- 
e f f e c t i v e  mater ia l s ,  exchanger conf igura t ions ,  and 
enhanced sur faces  where f ea s ib l e .  Considerable 

'.development work remains t o  be completed i f  t h i s  
goal is t o  be met. It is doubtful  t h a t  a l l  neces- 
s a ry  work on concepts t h a t  may prove most cost-  

e f f e c t i v e  f o r  commercial p l an t s  of var ious  types 
(e. g., c ru i s i ng  a%d moored) w i l l  have been com- 
p l e t ed  p r i o r  t o  i n i t i a t i o n  of t h e  p i lo t -p lan t  pro- 
gram. Therefore, we recommend s t r ong  support  of an 
ongoing hea t  exchanger t e s t  and development program. 
The program should be s t r uc tu r ed  such that exchanger 
design concepts, which a r e  shown t o  be e f f e c t i v e ,  
can be i n t eg ra t ed  i n  a commercial-size p lan t  design. 
We a r e  op t im i s t i c  t h a t  hea t  exchangers w i l l  evolve 
t h a t  w i l l  meet co s t  and performance goa ls  f o r  corn- 
mercial  OTEC plan ts .  

DISCUSSION FROM FLOOR 

G. L. Dugger, JHU/APL: I wish t o  r e i n fo r ce  t h e  
working group's s tatements  r e l a t i v e  t o  i n t eg ra t i on  
of hea t  exchangers i n t o  appropr ia te  platform systems.. 
The var ious  candidate hea t  exchangers f o r  both OTEC 
p i l o t  p l an t s  and commercial OTEC p l an t s  should be 
compared on a t o t a l  system b a s i s  no t  only with re- 
gard t o  f e a s i b i l i t y  and pro jec ted  performance but  
a l s o  with regard t o  o v e r a l l  system cos t .  The de- 
t a i l s  of rdquired arrangements and volumes of re- 
quired warm and cold water de l i ve ry  and exhaust 
systems; headers and piping f o r  working f l u i d  sys- 
tems including demisters ,  working f l u i d  surge 
tanks,  clean-up systems, e t c . ;  and t h e  heat-ex- 
changer cleaning system a f f e c t  platform s i z e  and 
buoyancy requirements and t o t a l  system cos t .  C o p  
par i sons  of hea t  exchanger core co s t s  i n  $/kW 
and/or on t h e  b a s i s  of o v e r a l l  hea t  t r a n s f e r  Eo- 
e f f i c i e n t s  (U),can be gross ly  misleading i f  t h i s  
is  not  done. The cos t  goal  is  minimum o v e r a l l  OTEC 
system cos t  i n  $/kW and O&M cos t ,  not  simply maxi- 
mum U o r  minimum cage $/kW . , 

e ,, 

R. Webb, Penn. S t a t e  U: This po in t  was discussed 
i n  our  working group, and it r a i s e s  t h e  quest ion 
of philosophy of t h e  p i l o t  p lan t  - is  it t o  be a 
t e s t  bed, o r  a r e  we asking that it be an  i n t eg ra t ed  
design and that t h e  exchanger designers  be informed 
what kind of package and requirements they have t o  
meet? In my opinion, it should be some of each. 
It should have some add i t i ona l  t h ings  that make 
t e s t i n g  and try-outs  of o ther  t h ings  possible .  It 
a l s o  should show, t o  t h e  ex t en t  poss ib le ,  every- 
th ing  t h a t  would be r e l a t ed  t o  t h e  use of t h a t  hea t  
exchanger system on a commercial p l an t  and what it 
wi l1 , cos t .  Bob Douglass made a good poin t  on t h i s  
s ide :  t h e  p i l o t  p lan t  designers  must consider  w h a t  

needs t o  be demonstrated on t h e  p i l o t  p l an t  from 
t h e  u se r ' s  viewpoint and ge t  h i s  input  on everything 
including what you can do be s t  t o  make s u r e  you a r e  
using t r u e  modular components that can be sca led  up 
t o  permit co s t  ex t rapola t ion  with some confidence. 

R. S c o t t i ,  NOAA: The members of t he  Ocean Engineer- 
ing  Working Group i n  p a r t i c u l a r ,  and perhaps t h e  
r e s t  of t h e  groups, shared t h i s  with you. And we 
have a l o t  of heartburn about t h e  OTEC-1 experiment, 
p r imar i ly  because it is  not  a t o t a l  system. I 
br ing  t h a t  up t o  i l l u s t r a t e  my f u r t h e r  po in t :  i n  
your presen ta t ion ,  t h e  purpose of t h e  p i l o t  p l an t ,  
and a l s o  some of t h e  quest ions a s  t o  where you would 
demonstrate a l t e r n a t e  concepts, l e f t  me a l i t t l e  
confused considering t h e  u l t imate  purpose we under- 
s tand  f o r  t h e  OTEC-1 experiment. Our understanding 
is  t h a t  it is  pr imar i ly  f o r  t e s t i n g  hea t  exchangers, 
whereas we f e e l  that it should have been a t o t a l  
system, i . e . ,  a modular p lan t .  Could you comment 
on that please? 

R. Webb: The working group f e l t  t h a t  any candidate 
exchanger probably should be subjected t o  a t e s t  
comparable t o  what has been done by t h e  Argonne Lab 
using 30-kW core u n i t s  and f r e sh  water. Then t h e  
more promis?ng candidates  should be t e s t e d  i n  repre- 
s e n t a t i v e  seawater environments, and probably they 
were th ink ing  of OTEC-1. Having passed those  two 
t e s t s  and met mater ia l  corrosion .requirements, we 
could consider any heat  exchanger t o  be a candidate 
f o r  p i l o t -p l an t  demonstration. The group d id  no t  
f e e l  t h a t  you should design a f u l l - s ca l e  p l an t  based 
on a candidate hea t  exchanger without having t e s t e d  
on t h e  10/4GMW p i l o t  p lan t  a s i z e  l a r g e r  than t h e  
OTEC-1 w i l l  takE. 
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CLOSED-CYCLE POWER SYSTEMS 

The working group evaluated each closed-cycle 
power system component with regard to risk in its 
performance, cost, and reliability/availability/ ' 
maintainability (R/A/M) focused on the environmental 
issues. The risk categories were defined as: 

Level 1: The technology status is at a point in 
development that allows normal commercial 
warranties by manufacturers of the com- 
ponent. 

Level 2: The technology status leads to a risk 
level that is beyond normal component 
warranties but the risk level is accept- 
able if current programs in the component 
area are pursued vigorously. 

Level 3: The risk level is at a level that requires 
an effort beyond the current level of ac- 
tivity. 

Table 1 presents the consensus ratings of the work- 
ing group. 

Summarizing, the consensus of the group was 
that the conventional closed-cycle power system can 
be built now and that current test programs should 
be pursued vigorously. 

ALTERNATIVE POWER CYCLES 

The four alternative cycles were evaluated as 
to their states of maturity. The criticality of 
technology for various subsystems was then evaluated. 
The following comments address the overall state of 
each concept. 

' 1. Open Cycle. A mature concept that was 
demonstrated by the French in the 1920s. Design 
work has been pursued to the conceptual level. The 
possibility of fresh-water production should be con- 
sidered in economic evaluations. 

2. Hybrid Cycle. At the conceptual level, it 
appears less cost effective than the open cycle al- 
though it also has water production capabilities. 

3. Foam Cycle. Requires proof of scientific 
feasibility with surfactant being the chief problem. 

4. Mist Cycle. Requires proof of scientific 
feasibility. 

Participants 
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5. Criticality Ratings. Table 2 presents the 
criticality of technology for the major subsystems 
of each alternative power cycle. The lowest number 
indicates the greatest criticality to technical suc- 
cess. 

Table 1 

.Risk Levels for Closed-Cycle Components 
(1 is lowest risk or highest confidence level) 

%he reliability and maintainability of all heat 
exchangers are strongly material-dependent. 

b ~ o  long-term data on cleaning are available for 
plate exchangers. 

Subsystem 

Heat exchangers by typea 
Shell-and- tube 
~lateb 
Plate-f in 
Trombone (Folded Tube) 
Tubular-platec 

~urbine-generatord 
Working fluids 
Auxiliaries 
NHg/Freon purge-fill 
NH3 /Freon clean-up 
System dynamics, con- 

trols and instrumen- 
tatione 

Seawater pumpsf 
NH3 freon pumps 
Screens and trash racksg 
Heat-exchanger 

cleaningg 
Internal electrical 

systems 

'~est data are not yet available with ammonia. 

Performance 

1 
1 
1 
1 
2- 
1 
1 
1 
1 
1 

2 
1 
1 
2 

2 

1 

Cost 

1 

1t 
2 
2 
1 

1 

2 
1 

2 

2 

. 1  

d~tress-cqrrosion cracking is the concern in ammonia 
turbines. 

R/A/M 

2- 
1 2  

2 
2 
2 
1+ 

1 2  
1 

1 1  
1 1  

- 
1 

1 1  
3 

2 

1 

e~ontrol concepts vary between concepts and con- 
tractors. 

seawater pump system is strongly platform- 
dependent. 

g~creen and cleaning-system performance are strongly 
dependent on platform design, site selection, and 
heat exchanger design. 



Table 2 

C r i t i c a l i t y  Ratings f o r  Alternative-Cycle 
Components 

. " -- 
AlLtrrnacive Power Cycle C r i t i c a l i t y  ~ k b e r  

I 

Turbine 
F lash  Evaporator 
Deaerat ion  
Hull  Dynamics 
Vacuum Containment 
Di rec t  Contact Condenser 
Conventional Condenser 

(Cold Seawater i n s ide  Tubes, 
Fresh Water ou ts ide)  

Hybrid 

Economically Questionable 

Foam - I 

In summary i t  was proposed t h a t  t h e  development 
of a l t e r n a t i v e  cyc les  should be pursued f o r  poas ib le  
in te rmedia te  range app l i c a t i on  t o  e f f e c t  economic 
improvements over closed-cycle power oyotems. 

INNOVATIVE CYCLES 

Innovative cycles  discussed were t h e  d i r ec t -  
contac t ,  t h e  air-working-fluid, t h e  thermal -e lec t r ic ,  
and t h e  gravity-opposed hea t  pipe. The group thought 
t h a t  innovative power cyc les  should be pursued a s  
long-range research p ro j ec t s  t o  t h e  point  a t  which 
t h e i r  t echnica l  f e a s i b i l i t y  and any po t en t i a l  eco- 
nomic bene f i t s  could be c red ib ly  evaluated. The 
problems of such long-range R&D a s  perceived by t h e  
group a r e  t h e  l a ck  of a c e n t r a l  eva lua t ion  au tho r i t y  
and t h e  d i f f i c u l t y  experienced by u n i v e r s i t i e s  and 
o the r  R&D a c t i v i t i e s  i n  developing coherent programs 
when faced with t h e  usual  short-term funding pat- 
t e rn s  f o r  such programs. The group recommended 
t h a t  a council  of indus t ry ,  un ive r s i t y  and DOE rep- 
r e s en t a t i ve s  be es tab l i shed  t o  eva lua te  innovative 
cyc le  research programs and t o  a s s i s t  i n  t h e  long- 
range d i r e c t i o n  of t h i s  a c t i v i t y .  

Liquid Transport 
Mist Generator Fouling ; 
Deaeration 
Di rec t  Contact Condenser 

Surf a c t an t  
Foam Transport  
Deaerat ion  
Di rec t  Contact Condenser 
Drag 

M i s t  - 

DISCUSSION FROM FLOOR 

1 
2 
2 
3 
4 

G. L. Dugger, JW/APL: I wish t o  r e i n fo r ce  t h e  t h e  working group considers  t h e i r  co s t s  t o  be known 
working group's d e f i n i t i o n  f o r  t h e  c o s t  r a t i n g s  i n  with l e s s  confidence than t h e  c o s t s  of shell-and- 
Table 1: t h e  112 r i s k  l e v e l  r a t i n g  given t o  folded- tube heat  exchangers. We a t  APL a r e  convinced t h a t  
tube and tubular-plate  heat 'exchangers  does not folded-tube, aluminum heat  exchangers w i l l  be among 

-. - mean they a r e  higher  i n  co s t ;  it simply means t h a t  a few types o f f e r i ng  lowest ove ra l l  system cos t .  
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SCOPE OF DELIBERATIONS 

Some i n i t i a l  discussion was devoted t o  inter-: 
pretation o f  the  premises, hypotheses, and questions 
.suggested by Gordon Dugger and Fred Naef, as they 
related t o  t h i s  group. Because o f  the  lack o f  t ime, 
only hypothesis A was discussed. 
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g.  Proximity t o  e l e c t r i c i t y  market in- 
cluding required length o f  undersea 
cable 

h. Proximity t o  other s i t e  uses ( i .e . ,  
shipping lanes and designated mineral 
o i l  exploration regions) 

Hypothesis A. I f  adequate resources are allocated, i. Earthquake potential (primarily for  
a 10/40 MW OTEC pilot  plant w i l l  be i n  operation land-based plants) 
a t  an earl? date. 

2. Biological Impact and Biofouling Concerns 
The group's responses t o  the  questions re lat ive  

t o  t h i s  hypothesis were based on a platform o f  10- , a. Commercial and recreational flshing 
t o  40-MW s i ze  that would be moored near an island grounds 

e and had at  l eas t  a 10-year operational l i f e t i m e .  
The responses are presented i n  the  order that the  b. Fish spawning grounds and migration 
questions were posed. paths 

TECHNICAL ELEMENTS THAT CONSTITUTE A RISK c. Known rare and endangered species 
habitats 

What i s  the  adequacy o f  the  technology for  the  
design, construction, and operation o f  a pilot  plant? d .  Other unique biological habitats or 
That i s ,  are there any technical elements that con- , marine sanct,uaries 
s t i t u t e  undue r i sk  for  a government-funded demonstra- 
t ion? At leas t  the following two general areas w i l l  3. Economic Potential - Realist ic long-term 
const i tu te  r i sks  t o  the  pilot  plant i f  not resolved s i t ing  plan that w i l l  maximize ocean re- 
before completion o f  detailed design for  construc- source potential 

Iden t i f i ca t ion  o f  Optimal Platform Location 

The candidate locations for moored OTEC plants 
must be investigated early through his tor ical  and 
f i e l d  data collection programs i n  order t o  select  
the  optimal location. The concerns t o  be addressed 
i n  evaluating candidate locations are: 

1 .  physical' Concerns 

a. Adequacy o f  the  annual average AT and 
the seasonal variation i n  AT 

b.  Current speeds and directions 

c .  Wave spectra and wave traces 

d .  Frequencies and magnitudes o f  extreme 
weather events 

e. Bottom topography 

f .  V i s i b i l i t y  
- 

Federal and State Permitting cycle 

Based on the  OTEC-1 permit application cycle ,  
there are at  leas t  two federal agencies (EPA, Corps 
o f  Engineers) involved i n  issuing various types o f  
platform permits. The OTEC-1 s i t e  i s  beyond the  
3 mile State jurisdiction,  but log i s t i c  support on 
the  coast may require a permit. The number o f  agen- 
c ies  involved i s  expected t o  be greater with a d e e  
onstration plant because o f  i t s  longer l i f e  time. 

The appropriate regional o f f i c e  o f  the  Environ- 
mental Protection Agency w i l l  require that a point- 
source o u t f a l l  permit be obtained as specif ied under 
the National Pollutant Discharge Elimination System 
( N P D E S ) .  These permits take approximately 6 t o  12 
months t o  obtain and require routiiie e f f l u e n t  moni- 
toring as a condition o f  the  permit. This permit 
i s  required for platform operation. The U . S .  Coast 
Guard wi l l  also be involved i n  issuing a permit for 
a 10- to  40-MWe plant. 

Other Federal agencies or departments that may 
play a role i n  licensing are: 



1. Bureau of Land Management 

2. U.S. Geological Survey 
J .  

3. National Oceanic and Atmospheric Adminis- 
# t r a t i o n  

4. F i sh  and Wild l i fe  Service 

. MEASURES REQUIRED TO REDTJCE RISKS 

What must be done t o  make t h e  r i s k  acceptable? 
That is, 

1. What c r i t i c a l -pa th  a c t i v i t i e s  must be COIL- 

p le ted  p r i o r  t o  t h e  i n i t i a t i o n ' o f  design 
of a p i l o t  p l an t ?  

2. What c r i t i c a l -pa th  a c t i v i t i e s  must be com- 
p le ted  p r i o r  t o  t h e  i n i t i a t i o n  of construc- 
t ion? 

3. What is t he  e a r l i e s t  opera t iona l  da t e  t h a t  
can be achieved? 

The reduct ion of r i s k s  t o  an acceptable leve l .  
w i l l  r equ i r e  t h e  prepara t ion  of an environmental 
assessment (EA) based on t h e  National Environmental 
Policy Act of 1969 and w i l l  be dependent on s i t e -  
s p e c i f i c  oceanographic da t a  a s  wel l  a s  o ther  experi- 
mental s t ud i e s  conducted i n  t h e  f i e l d  and labora tory  
t o  eva lua te  p o t e n t i a l  impacts. These da t a  w i l l  be 
used t o  assess  t h e  p o t e n t i a l  f o r  adverse environmen- 
t a l  impacts r e su l t i ng  from p lan t  op,eration. Sec- 
ondly, t h e  EA/EIS w i l l  provide guidance t o  mi t iga te  
o r  reduce impacts through design modif icat ions.  
Both f i e l d  and labora tory  da t a  w i l l  be used by t he  
regula tory  agencies  i n  s e t t i n g  e f f l u e n t  discharge 
guidel ines.  The working group divided i n t o - t h r e e  
subgroups t o  d i scuss  t h e  key i s sue s  assoc ia ted  with 
platform operat ion.  The person(s)  named i n  each 
subheading l ed  t h a t  subgroup. 

In take  and Discharge (Arthur ~arne t t . / John  Morse) 

The primary i s sue s  r e l a t i v e  t o  i n t akes  a r e  en- 
t rainment ,  impingement, and displacement of organ- 
isms. Lower p r i o r i t y  i s sue s  s p e c i f i c  t o  t h e  cold 
water in take  include t h e  presence of r e ac t i ve  par- 
t i c u l a t e  matter  a s  it may a c t  a s  a sur face  a r ea  f o r  
b a c t e r i a  t o  colonize and increase  o r  a cce l e r a t e  bio- 
foul ing.  The r eac t i ve  matter  may a l s o  absorb t r a c e  
elements from t h e  condenser and be re leased  t o  t h e  
rece iv ing  waters  a f t e r  mechanical cleaning. Another 
i s s u e  is t he  e f f e c t  of f i s h  a t t r a c t i o n  t o  t h e  pipe. 
A t  t h e  warm water in take ,  i t  is important t o  deter-  
mine how t o  dispose of impinged organisms. 

A t  t h e  discharge,  t h e r e  a r e  t h r e e  primary a r ea s  
t o  be evaluated:  

1. Toxici ty 

a. Biocides and o ther  ch lor ina t ion  pro- 
duc ts  

b. Meta l l i c  corrosion products 

c. Var ia t ions  i n  t o x i c i t y  t o  organisms 
of d i f f e r e n t  s i z e s  and l i f e  s tages ,and  
d i f f e r e n t  spec ies  . . 

d. Ef fec t  of temperature on t o x i c i t y  

2. Suspended Load 

a. Inf luence of t h e  discharge on amhient 
dissdlved oxygen concentrati.ons 

b. Material  composition and i t s  u l t imate  
f a t e  i n  t he  environment 

c. At t rac t ion  t o  ma t e r i a l s  a s  a food 
source 

3. Ammonia Leakage Effec ts  - e f f e c t s  caused 
by low, intermediate ,  o r  major l e aks  dur- 
ing normal operat ion and when t h e  flow 
through' the p l an t  is stopped o r  reduced 

Item's of possib-le importance include biostimu- 
l a t i o n ,  f i s h  a t t r a c t i o n  t o  t he  plume, thermal ef-  
f e c t s ,  and carbon dioxide r e l ea se  t o  t he  atmosphere. 
It is important f i r s t  t o  e s t a b l i s h  what i s  known 
and then t o  c l a s s i f y  those  s t ud i e s  t ha t  can be done 
p r i o r  t o  p lan t  operat ion ( t ox i c i t y )  and those  t h a t  
must be done during operat ion ( f i s h  a t t r a c t i o n ,  bio- 
s t imula t ion) .  

Platform Consideration (George Maul/Robert ~ u n i 2 r )  

I n  addi t ion  t o  t he  s i t i n g  concerns noted,  t he  
key platform i s sue s  t o  be evaluated a r e :  

1. At t r ac t i on  

a. Concentration of var ious  t r o p i c  l e v e l s  
around t he  platform 

b. Ef fec t  of l i g h t  on a t t r a c t e d  organisms 

c .  Shape and coa t ing  ma te r i a l  of h u l l  

d. Hull c leaning e f f e c t  on t h e  environment 

2. Accidental r e l e a se s  of s to red  working f l u i d  
o r  ch lor ine  

- 3. Platform hea l t h  and s a f e t y  

Mooring, Transmission Cable, and Shore Support I ssues  
(Charles Bretschneider) 

The mooring f ea tu r e s  of a candidate s i t e  must 
be known i n  order  t o  i den t i f y  t h e  anchoring option.  
It i s  important t o  perform a de t a i l ed  bathymetric 
and geotechnical  survey of t he  anchor l oca t i on  by 
boring, performing sub-bottom p ro f i l i ng ,  and col- 
l e c t i n g  sidescan sonar records. These da ta  used i n  
conjunct ion with information on t h e  suhs t r a t e  prop- 
e r t i e s  a r e  e s s e n t i a l  t o  s e l ec t i ng  t h e  optimal moor- 
ing  loca t ion .  

Wave and sea-s ta te  da ta ,  including d i r e c t i o n a l  
wave spec t ra ,  d i r e c t i ona l  sea  s t a t e ,  wave period and 
frequency, an'd amplitude, a r e  needed t o  de f i ne  t h e  
design l i m i t s  of t he  mooring legs .  .Addi t iona l ly ,  
da ta  on t he  design storm condit ions should be pre- 
pared f o r  each candidate mooring s i t e  from hindcast  
da ta  and meteorological information. It is  impor- 
t a n t  f o r  t h e  pred ic t ion  of extreme wave he ights  and 
period t h a t  wave spec t ra  da t a  and j o i n t  p robab i l i t y  
d i s t r i b u t i o n s  of he ights  and period be co l lec ted .  

The required cab le  information is s im i l a r  t o  
t h a t  required f o r  p ipe l i ne s  and o u t f a l l s  and in- 
cludes s i t e  surveys, borings,  reef  damage assess-  
ment, s u b s t r a t e  proper t ies ,  sea  s t a t e s ,  storm con- 
d i t i o n s ,  and frequency. 



Obviously, not a l l  the  issues,  potential im- 
pacts, or considerations can be resolved prior t o  
the  design or construction o f  an OTEC-10/40 MWe 
platform. In fac t ,  an early s tar t  on design t o  es- 
. tablish probable intake'and discharge characteris- 
t i c s  i s  desirable. However, it w i l l  be prudent t o  
complete the  permit approval cycle prior t o  con- 
struction t o  assure that the  platform, as designed, 
w i l l  be allowed t o  operate. Much can be learned i n  
the  coming years through f i e ld  and laboratory stud- 
i e s ,  OTEC-1, monitoring, and impact assessment 
studies.  

The c r i t i c a l  elements t o  be completed prior t o  
design, construction, and deployment are i l lus trated 
i n  F i g .  1 ,  which indicates at  l eas t , four  years are 
required t o  complete the  studies required prior t o  
operation. 

MISSION OF THE 10/40 MWp PILOT PLANT 

In' the  context o f  t h i s  working group, what i s  
the  appropriate mission o f  a pilot  plant? The 
group's response i s  threefold:  

1. V e r i f y  near-field and far- f ie ld  physical 
models covering the  range o f  s i t e  condi- 
t ions .  The resul ts  o f  these observations 
should be compared t o  resul ts  obtained from 
coastal power plant studies. 

2 .  Collect i n  s i t u  cats on tox ic i t y  o f  the  
discharge t o  phytoplankton, zooplankton, 
micronekton, and f i s h  (larvae,  juvenile, 
adu l t ) .  These data can be extended t o  
food chain dynamics t o  assess the long-term 
e f f e c t s  o f  OTEC operation. 

3. Examine e f f e c t s  result ing from platform 
attraction and platform colonization,, eval- 
uate the  entrainment mortali ty,  and deter- 

mine whether mortali ty can be reduced 
through intake design. Examine the  u t i l i -  
zation by the  biological comunity o f  dis- 
charged materials t o  determine" whether, and 
t o  what ex tent ,  they are being bioaccumu- 
lated.  

PROGRAM CHANGES IN TECHNICAL EMPHASIS 

What changes i n  technical emphasis i n  the  OTEC 
program do you recommend for consideration by Pm- 
gram Management? The group's response i s :  

1. Improve information transfer  and comuni- 
cation between the  OTEC contractors, par- 
t i cu lar ly  between the  engineering and 

' 

oceanographic communities. 

2 .  Select ,  classify,and designate the  s i t e s  
for  OTEC uee in  thermal resource regions. 

3 .  Collect predeployment oceanographic and 
biological data that  w i l l  determine the  
temporal and spatial  var iab i l i t y  o f  the  
si te/region where the  platform w i l l  be 
located. 

4. Standardize oceanographic f i e l d  collection 
techniques and laboratory methods through- 
out the  OTEC program. 

5.  Compare the  shore support f a c i l i t i e s  re- 
quired t o  those available t o  service an 
OTEC 10/40,MWe platform for each candidate 
s i t e .  

6. Prepare a r i s k  assessment model ' for each 
s i t e  that w i l l  evaluate the  sa fe ty  and 
health r i sk  on the  platform as well as t o  
the  adjacent population centers. . 

The accomplishment o f  these environmental and 
s i t i n g  studies w i l l  require s igni f icant  budget al- 
locations. 

--- As required 
A Report(s) milestone 

Fig. 1 Time schedule for environmental studies-hypothesis A. 
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SUMMARY AND CONCLUSIONS INTRODUCTION 

Conclusions Relative t o  the  Pilot  Plant 

The conclusions o f  Working Group 5 with respect 
t o  the  early ,development o f  the' l0140 MWe OTEC p i lo t  
plant are: 

1. There i s  no undue r i sk  i n  the  area o f  mate- 
r i a l s  se lec t ion  for  heat kxchangers, pumps, 
m o n i a  system, platform, or cold water 
pipe. . . 

2. There i s  no undue r i s k  i n  engineering 
cleaning systems t o  maintain a fouling 
resistance o f  R = 0.0002/0.0003 hr - f t2 -  
'F/Btu (or  l e s s f  i n  production-type heat 
exchangers. 

3. The mission o f  t h e  p i lo t  plant i s  t o  v e r i f y  
that  t he  design, material se lec t ion ,  and 

. cleaning methods w i l l  achieve acceptable 
e f f i c i e n c y .  

4 .  There i s  a strong need t o  improve t h e  in te-  
gration between research and engineering 
organizations working i n  the  area o f  bio- . 

. fouling control and measurement, corrosion, 
materials ,  and related aspects o f  heat-ex- 
changer design and performance. There does 
not appear t o  be an overall  plan with spe- 
c i f i c  target  dates t o  qua l i f y  materials and 
cleaning methods. 

5. There should be a central t e s t  f a c i l i t y  
that  integrates a l l  materials? corrosion, 
and b io foul ing  work. 

Conclusions Relative t o  Commercial Plants 

The following engineering developments are re- 
quired t o  make OTEC commercially competitive: 

The Executive Committee met on Tuesday, June 
19, t o  organize the  agenda for the  Working Group 5 
sessions. 'The objectives o f  de f in ing  what areas 
need r i s k  reduction for  ear ly  10140 pilot-plant 
development were outlined as were the  engineering 
developments needed t o  make ~ T E C  commercially com- 
pe t i t i ve  i n  the l a t e  1980's. Each member was asked 
t o  comment on the  Biofouling,  Corrosion, and Mate- 
r i a l s  ( B C M )  Program as they see it and t o  o f f e r  
t he i r  recommendations. The comments/recommendations 
were as follows: 

1. BCM work has been piecemeal and should be 
contracted through one organization so that  
a l l  work would be centralized.  

2.  There i s  a need t o  build small p i lo t  plants 
so that  t he  en t i r e  system can be evaluated. 

3. There do not seem t o  be programmatic goals 
f o r  t he  near or long term. 

4. Biofouling and i t s  control need more e f f o r t .  
Results t o  date are minimal and question- 
able. An overall  plan i s  needed for  bio- 
fouling control evaluation. 

5.  A matrix system for evaluation o f  materials 
and cleaning methods must be designed fo r  
use by management t o  select  materials and 
cleaning methods. 

6. A pr ior i ty  sequence for  t e s t  work must be 
established start ing wi th  the  lowest cost 
material t o  determine what must be done t o  
qua l i f y  or d i squa l i f y  that  material. 

7. Titaniupl should be used as a reference 
standard t o  compare other materials  from 
the. standpoint b f  corrosion, erosion, bio- 
fouling,  and cleaning methods. 

1. A l o r c o s t  heat exchanger material  must .be 8.. A l l  cleaning methods should be tested on 
qual i f ied  through available t e s t  data or t i tanium t o  provide values for  comparison 
through the  generation o f  t h e  data at  the  when t e s t ing  cleaning methods on lower 
above commended centralatest  f a c i l i t y .  cost materials. 

2. The maximum cleaning in terval  required t o  9. The overall  objective i s  t o  combine the  
obtain acceptable b io foul ing  control must lowest cost material with the  most e f f i -  
be determined through at-sea t e s t ing .  cient  cleaning method(s). 

3. Fatigue data for  cold-water-pipe materials 10. Establish a committee from materials per- 
are needed t o  design a 30-year-life system. some1 o f  subcontractors t o  meet periodi- - 
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cal ly  t o  designate desired materialb t e s t  
programs. 

The Executive Committee decided that the  work- 
ing group meeting agenda would include materials for  
heat exchangers, seawater pumps, ammonia systems, 
platform, and cold-water pipe; and biofouling and 
i t s  control. 

DISCUSSION - WORKING GROUP 

Materials 

Heat exchanger materials. I t  was agreed that 
t i tanium and AL-6X stainless s t ee l  were qualif ied 
for  OTEC heat exchangers and no further work i s  
needed for those materials. Other stainless s tee ls  
such as the  26, 28, and 29% chromium alloys having 
2 t o  4% molybdenum and 2% nickel were suggested as 
lower cost equally corrosion resistant materials 
but ,  it was agreed that none o f  these stainless 
s t ee l s  have the production and f i e ld  service ex- 
perience t o  consider them qual i f ied .  I t  was recom- 
mended that F .  L. LaQue compile a l i s t  o f  t e s t s  that 
.would qual i fy  these newer stainless s t ee l s .  

On copper-nickel ( C U - A i )  it was agreed that it 
can not be used for ammonia service based on the  
l a t e s t  t e s t  results  from Dow (Chuck Schrieber) at 
Freeport, Texas, and the  Coast Guard res t r i c t ion  o f  
i t s  use wi th  ammonia. The use o f  copper-nickel-clad 
s t ee l  may o f f e r  a solution t o  the  problem o f  using 
ammonia, but for  the plate-type heat exchanger de- 
signs,  there i s  presently no metal producer who manu- 
factures thin-sheet, Cu-Ni-clad s t ee l .  Clad product 
i s  s ta te  o f  the ar t ,  but widths greater than 24 in .  
may not be readily available because it i s  not a 
product l i n e  o f  any o f  the  metal producers. Copper- 
n ickel  w i l l  microbiofoul but at  a much slower rate 
than other materials. 

The l i f e  o f  aluminum alloys under OTEC condi- 
t ions  o f  frequent mechanical cleaning by M.A.N. 
brushes or Arnertap ba l l s  i s  an unknown that can be 
resolved through the t e s t s  a t  F .  L .  LaQue Corrosion 
Lab, Panama Ci ty ,  and Mini-OTEC. In plate-type heat 
exchangers, the  potential for  crevice corrosion 
makes aluminum a questionable candidate, although 
the  aluminum industry i s  o f  the  opinion that the  
Alclad products, particularly Alclad 3004, should 
provide s u f f i c i e n t  cathodic protection t o  prevent 
crevice corrosion at  the  faying surfaces o f  the  
plate design. Representatives o f  the  aluminum in- 
dustry o f f e red  to.provide material from any phase 
o f  the  OTEC t e s t  program, and they also suggested 
that the  composition o f  Alclad might be altered t o  
increase i t s  l i f e .  I t  was f e l t  that development o f  
an improved cladding f e l l  i n to  the  same category as 
qual i f jcat ion o f  the' high chromium s tainless  s t ee l s ,  
i .e . ,  it i s  the  responsibil i ty o f  the  industry t o  
develop and qual i fy  any material recommended for 
OTEC . 

Seawater pumps. Present-day production sea- 
water pumps are highly re l iable  components, and 
they present l i t t l e  or no r i sk  t o  OTEC.  

Ammonia system combonents. Piping, valves,  
pumps, m d  pressure-vessel materials for handling 
ammonia were considered l o r r i s k  i n  that lorcarbon 
s t ee l  and stainless s tee l  have given excellent ser- 
v i ce  for many decades. The use o f  0.2% water and/or 

s tress  relieving t o  prevent s tress  corrosion crack- 
ing has been well documented as a reliable proce- 
dure t o  control t h i s  problem. 

Platform. The present s ta te  o f  the  art  for de- 
signing and building large o f f shore  platforms o f  
s t ee l  and concrete indicates that t h i s  i s  a very 
low or no r i sk  area for  OTEC.  

Cold-water pipe. Cold-water pipes o f  the  
s izes  required for  the  10140 pilot plant were con- 
sidered a low r i sk  area, but there i s  a question 
i n  the  area o f  pipe joints as t o  whether present 
material candidates can provide acceptable fatigue 
l i f e ,  especially for the  large p i ~ e s ~ r e q u i r e d  for 
commercial plants. I t  was recommended that  l i f e -  
cycle fatigue data o f  the  pipe joint designs be ob- 
tained through tes t ing i n  seawater where such data 
are not available. 

Fouling and Countermeasures 

The recommendations o f  t h e  biofouling session 
o f  the  OTEC Biofouling, Corrosion, and Materials 
Workshop held on January 10, 1979, at  Rosslyn, Vir- 
ginia, were reviewed t o  determine whether these 
recommendations could simply be endorsed by t h i s  
working group as s t i l l  appropriate. The general 
consensus was as follows: . 

1.  Continue t o  monitor t e s t s  for  dissolved or- 
ganic carbon, particulate organic carbon, 
dissolved oxygen, sa l in i t y ,  temperature 
and p H ,  t o t a l  nitrogen and phosphorus, 
heavy metals, and ammonia since these mea- 
surements bear on biofouling a c t i v i t y  and 
are o f  low cost. 

2 .  , Continue film-thickness, ATP, TOC,  and SEM 
( l imi ted)  analyses a t  a l l  t e s t  s i t e s  and ' . 
i n i t i a t e  E.D.S.  and x-ray d i f f r a c t i o n  
analysis o f  biofouling f i lms.  

3. In i t ia te  studies t o  gain understanding o f  
conditioning (or f i r s t )  f i l m .  

4. Standardize specimen preparation and eval- 
uation methods.  Use only millproduct 
f in ishes  (no special surface preparation) 
that wi l l  be purchased for OTEC heat ex- 
changers since high quality surface f in-  
ishes such as polishing, would be cost pro- 
h ib i t i ve  for production uni ts .  

5.  Test the sample materials a t  a l l  locations. 

6. ConductCcontinuous t e s t s  o f  1- t o  2-year 
duration t o  determine the  most cost-effec- 
t i v e  cleaning method for the  lowest cost 
heat exchanger material. 

7 .  Centralize t e s t  work at  one location repre- 
sentative o f  an OTEC s i t e .  

In the  area o f  macrofoiding control,  the  use 
o f  anti fouling paints, anti fouling concrete, 9&10 
copper nickel  cladding, and anti fouling rubber 
sheet (No-Foul) were suggested as control methods 
for structural components such as the  platform and 
seawater p i p i n g .  There i s  adequate experience and 
success wtih these control methods t o  categorize 
macrofouling as a moderate r i sk  over to ta l  plant 
l i f e .  



F. L. LaQue, Consultant: During the discussion 
among. the members of Working Group 5, I wad asked 
to set down my recommendations for criteria and 
tests for qualification of stainless steel alloys 
for OTEC heat exchangers. As stated in my paper, l 
I consider AL-6X and closely related stainless steel 
alloys to be qualified. For new or appreciably dif- 
ferent stainless steels, the following information 
would be desired. 

Essential Properties and Related Tests 

. . ~esistance to intergranular corrosion. Results 
of tests as per ASTM A-262-77 or G28-72. The latter 
is preferred for so-called "nickel-rich" alloys. 

Resistance to stress corrosion cracking. Re- 
sults of tests as per G-30-72, 638-73, or 649-76. 
Resistance to cracking under the extreme conditions 
of exposure to boiling magnesium chloride is not re- 
quired. Resistance to cracking in seawater or NaCl 
solutions at temperatures 230°C would be reassuring 
but is not essential. 

Resistance to and crevice corrosion. 
This is the most critical property for qualifica- 
tion. Accelerated tests appropriabe for preliminary 
screening include ASTM 646-76 and 648-76. Data 
on effects of temperature on incidence of crevice 
corrosion in FeC13 at pH 1, as illustrated by the 
data in Table 6,l and results of tests with im- 
pressed anodic currents to establish a so-called 
"break-through potential" (as in Table 7 I), would 
be useful. The preferred "potentiostat" techniques 
are as per ASTM 63-74 and G-5-72. 

Rcsistance to ammonia. It is expected that 
any of the lron or nickel base alloys likely to be 
proposed for OTEC heat exchangers will have ade- 
quate resistance to corrosion by ammonia and mix- 
tures of ammonia and seawater. Any data that would 
confirm this expectation would be welcomed. 

Resistance to chldrination and chemical clean- 
ing. Available data that would support the candi- 
date alloy's adequate resistance to corrosion by 
seawater treated with the low concentrations.of 
chlorine that might be used in OTEC service would 
be welcomed. Likewise, any available data on re- 
sistance to attack by acids, alkalis, and corrosive ' 

salts that might be used in cleaning systems would 
be of interest. 

Corrosion fatigue. Any available data on 
corrosion fatigue strength in seawater would be of 
interest in connection with the remote possibility 
that excessive vibration could occur and lead to 
corrosion fatigue failure. 

Fretting corrosion. Since vibration could lead 
to fretting corrosion of tube supports, any avail- 
able data on resistance to such damage would be of 
interest. 

Effects of seawater cavitation or extreme flow 
velocity. The use of ultrasonic devices to induce 
cavitation in the seawater to clean OTEC heat ex- 
.changers is being ~nvestigated.~ Any data on resis- 
tance of the alloy to such cavitation or to seawater 
flowing at high velocity would be of interest. 

Metallurgical Details 
Corrosion tests in general. Per ASTM 652-76. 

Information should be provided on the metallur- 
Tests in natural seawater. Alloys qualified gical structural features of the alloy including any 

by screening tests such as described should be undesirable features such as precipitated carbides 
qualified further by exposure to natural, unpol- and phases such as sigma, and how these are avoided 
luted seawater reasonably characteristic of that at by appropriate controls of alloy composition and/or 
potential OTEC sites. Such conditions of exposure heat treatment. 

- would be expected to result in extensive fouling 
by barnacles and other marine organisms that could 
promote pitting of vulnerable alloys. While such 
fouling could not be permitted in OTEC heat ex- 
changers, a demonstration of resistance to pitting 
under fouling organisms would be indicative of re- 
sistance to pitting under deposits of various kinds 
that might be encountered in OTEC service. These 
tests have durations of at least a year and should 
include multiple crevice test specimens as per the 
Anderson technique (Ref. 29 ) . 

Comparison with other alloys. Interpretation 
of results of tests, and particularly accelerated 
and electrochemical tests used for screening, would 
benefit from inclusion in the test of alloys for 
which a relation of the test results to service ex- 
perience has been established. Appropriate alloys 
for such comparisons would be AISI type 316 and 
AL-6X. 

Miscellaneous Data 

Trial and/or Full-Scale Installations 

Results of trial installations in condensers 
or other heat exchangers operating with seawater 
reasonably related to OTEC seawater should be fur- 
nished including characteristics of the water, op- 
erating temperature and range, operating velocity 
range, number and dimensions of the trial tubes, 
duration of the trial and its continuity, any treat- 
ment of the water as by chlorination to control 
fouling, and any mechanical cleaning to remove foul- 
ing. The record also should include the composi- 
tion of other tubes in the trial heat exchanger, 
the material used for tube plates and water boxes, 
and the presence, if any, of anodes used for cath- 
odic protection. Results of the tests should in- 
clude details of the extent, if any, of pitting, 
crevice corrosion, or other forms of attack that may 
have occurred. Records of service and extent of any 
full-scale installations along these same lines 
should be furnished. 

Galvanic behavior. Results of measurements References 
of open-circuit corrosion potentials in seawater 
that would permit placing a candidate alloy in its 1. LaQue, F. L., "Qualifying Aluminum and Stainless 
proper place in a galvanic series, as per Table 7,l Steel for OTEC Heat Exchangers," Proceedings cf , 

should be furnished. this Conference, Vol. 11. 
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2. Pandolfini, P. P. et al., "Experiments in Ultra- 
sonic Cleaning of a Shell-Less, Folded-Aluminum- 
Tube, OTEC Heat Exchanger," Proceedings of this 
Conference, Vol. 11. 

E. Kinelski, DOE: I wish to' congratulate Working 
Group 5 on their deliberations and their report. 
On some of the points made I wish to offer bits of 
information, clarification,,or reassurance, as fol- 
lows : 

1. I concur in conclusions 1 and 2 relative 
to the pilot plant on the basis that sufficient in- 
formation should be obtained between now and the 
time the heat-exchanger and cleaning system designs 
for the first 10140-MW pilot plants are committed 
to construction in FY f982.l The points raised in 
the third paragraph of the materials section regard- 
ing aluminum, will have to be examined carefully 
at that time, with the knowledge that the first 
pilot plant(s) probably will be used less than 10 
years. However, the pilot plant(s) will provide 
further data, if aluminum is used for some or all 
of the heat exchangers, which can be extrapolated 
to estimate the probable life of aluminum for heat 
exchangers on commercial plants. 

2. Regarding conclusion 1 relative to commer- 
cial plants, work toward qualifying aluminum, and 
possibly galvanized steel, is planned. l 

3. Regarding items 1, 3, 5, 7, and 8 in the 
Introduction, the ongoing DOE program is managed by 

one organization - Argonne National Laboratory - and 
is centralized; a DOE Program Plan stating program 
goals should be available by the time these Pro- 
ceedings are issued; our plan for biofoulin control 
evaluation is briefly outlined in my paper;? a pa- 
trix of materials and cleaning methods is included 
in the Program Plan; and titanium will be used as a 
reference standard for both alternative materials 
and cleaning methods. 

4 .  1 do not agree with item 6 in the ~ntrbduc- 
tion; I believe that all four condidate materials - 
Ti, Al, S.S., and Cu-Ni - should be and will be 
evaluated simultaneously until such time as one is 
clearly ruled out. 

Reference 

1. Kinelski, E. H., "Biofouling Corrosion and Mate- 
rials Overview," Proceedings of this Conference, 
Vol. 11. 

J. Rynewicz: The majority of the Executive Commit- 
tee of Working Group 5 has reviewed Mr. Kinelski's 
comments and is heartened by his reassurances but 
still holds that the report correct1y.expressed its 
conclusions and concerns. One exception is a clari- 
fication of Item 1 in the Introduction, to wit: all 
BCM work should, insofar as practical, be contracted , 

to one organization which would perform (or be 
charged with responsibility for) all test work in 
one seacoast test facility. 
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RECOMMENDATIONS b. Amendments t o  t h e  proposed Synfuels 
Legis la t ion  

Af te r  much d iscuss ion  and de l i be r a t i on  t h e  fo l -  
lowing were endorsed by t he  majori ty presen t :  c. Legis la t ion  s p e c i f i c a l l y . d r a f t e d  f o r  

OTEC funding 
1. That DOE, MarAd, NOAA, and t h e  OTEC commun- 

i t y  support t h e  proposed amendments t o  t h e  
Energy Tax-Act t h a t  would provide a supple- 3. That t he  DOE PI 8 1  budge; include speci- 
mental 20% Investment Tax Credi t  f o r  OTEC. f i c  l i n e  item funding provisions f o r :  

2. That t h e  Congress, DOE, MarAd, NOAA, and 
t h e  OTEC comuni ty  recognize and support 
t h e  concept t h a t  f o r  r i s k  averse  i n d u s t r i e s  
an e f f e c t i v e  means of r a i s i n g  c a p i t a l  is  ' . 
through loan guarantees. The poss ib le  
methods of achieving these  a r e :  

a .  Amendments t o  the.Merchant Marine Act 
of 1936 

- 

a. A 10/100 MWe f l o a t i n g  p i l o t  p lan t  with 
cab le  t o  be constructed a s  soon a s  
technica l ly  f e a s i b l e  

b. A 40 MW/125 TPD OTEC ammonia p lan tsh ip  

c. A t e chn i ca l  development plan leading t o  
a 100-200 MW pi1ot:plant i n  t he  Gulf 
of ~ e x i c o  ine1988-1990 

DISCUSSION FROM FLOOR 

D. Hurvey. Brown & Root: How do you propose t o  im- Ocean Energy Council is one way of implementing 
plement t h e  recommendations? somc of t h e  recommendations. We urge a l l  of you 

here  t o  j o in  t h e  Ocean Energy Council. I f  you have 
D. Guild, Stone and Webster: Well, i f  you a r e  ask- no t  received one of t h e  blue p.amphlets, p lease  s ee  
ing  me t o  f i nd  t h e  bucks, I am sor ry ,  I am broke me o r  one of t h e  o ther  people involved. 
today. 

E. Francis. JHU~APL: I j u s t  got  a copy of t he  12- 
B. Douglass, TRW: I noticed t h a t  your group recom- page r e l ea se  on t h e  Presidentls:message es tab l i sh-  
mended a 10/100 MW p i l o t  p lan t  i n  t h e  FY-80181 time ing a new program of emphasis i n i s o l a r  energy. And 
frame,  and a 100-280 MW plan t  i n  t he  Gulf i n  t h e  , , o the r  than t he  f a c t  t h a t  he d id inot  s p e c i f i c a l l y  
l a t e  80's.  I know thatewe have considered s i gn i f  i- mention any s o l a r  energy development programs o r  
can t ly  t he  i n t e r e s t s  of t h e  inves tor  community but any amounts of money f o r  ocean thermal.energy, I 
t o  a l o t  of us here  from the  Engineer Builder  Corn- would l i k e  t o  po in t  ou t  t h a t  t he r e  a r e  only four  
m i t t e e  t h a t  timing would s e e m  t o  imply s i g n i f i c a n t  l i n e s  i n  t h e  whole 12  pages t h a t t o u c h  on OTEC. 
sp ik ing  of t h e  e f f o r t ,  i .e . ,  t h e r e  would be an inten-  "The oceans a r e  another  p o t e n t i a l  source of s o l a r  
s i v e  e f f o r t  on t h e  prototype followed by a long energy. We w i l l  pursue research and development 
period of no a c t i v i t y  on Gulf-based p l a n t s  p r i o r  t o  e f f o r t s  d i rec ted  toward ocean thermal energy conver- 
t h e  i n i t i a t i o n  of t h e  100-200 MWe plant .  Did your s i o n  and o ther  aspec ts  such a s  t h e  use of s a l i n i t y  
group consider  that aspect  of t h e  schedule? grad ien ts ,  waves and ocean currents ."  My quest ion 

is,  is  t he r e  anything we can do t o  ge t  t h e  people 
D. Guild: No, I th ink  you'may have mis in te rpre ted  ' who s t a f f  t he se  papers t o  remember that ocean ther-  
what was on t h e  s l i d e .  We s a i d  t o  include i n  t he  ma1 energy is there?  
FY-80181 budget s p e c i f i c  funding f o r  items 3a and 
3b but a l s o  provide a dynamic p lan  so  t h a t  you can D. Guild: I be l ieve  t he  answer is  yes. You heard 
have i n  place i n  1988-1990 t h e  t h i r d  recommendation. i n  Bennett Mi l l e r ' s  p resen ta t ion  a t  t h e  beginning 

of t h i s  conference t h a t  one of t h e  d i f f i c u l t i e s  
, 

R. Douglass: Could you amend your recommendation t h a t  t h i s  technology has is  e s t ab l i sh ing  c r e d i b i l i t y  
t o  say one o r  some p l an t s  i n  t h e  l a t e  19801s? i n  t h e  minds of government po l icy  makers. To t h e  

ex t en t  t h a t  ind iv idua ls  and organiza t ions  w i l l  t ake  
D. Guild: I can ' t  un i l a t e r a l l y .  It was a group t he  e f f o r t  t o  reach appropr ia te  represen ta t ives  both 
opinion. The quest ion came up about t h e  implemen- i n  t he  executive branch and t h e  congressional  branch 
t a t i o n  of t he se  recomenciat+onsl - . - I had .- - - . a very t o  de l i ve r  t h a t  message, t h e  program w i l l  be helped 

' l im i t ed  amount of time-to speak. I belie* fiZ ove ra l l .  
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2. PLENARY SESSION AND TALKS 



WELCOMING REMARKS 
Bennett Miller 

Program Director for Solar, Geothermal, Electric and Storage Systems 
U.S. Department of  Energy 
Washington, D.  C. 20545 

I am delighted to be here to make a few 
remarks to open this 6th OTEC Conference. 
I want to tell you a little bit about my 
view of OTEC, where I think the technology 
is now, where I think it is going, because 
I do get involved in some of the discus- 
sions at DOE and I do have a fair chance to 
put my two cents in. I hope that my views 
will generate some discussion and that a 
few of you will be able to collar me and 
tell me where I have gone astray, what I 
need to know, and help get me on the right 
path. Last year this group met in Miami. 
Since that time there have been a number of 
very important developments. We have OTEC-1 
'in the shipyard, and within a year we will 
have it at sea. As far as I am concerned, 
OTEC-1 is a key component of the program, 
essential to everything that follows. In 
addition, an industrial consortium and the 
State of Hawaii have put together a s-mall 
version of an at-sea platform--Mini-OTEC. 
That is a very exciting development and is 
another important component in the overall 
OTEC program. 

There have also been a number of advance- 
ments on the scientific front, particularly 
with respect to heat exchanger development, 
biofouling control, undersea cable develop- 
ment, and cold-water pipe dynamics, which 
have put OTEC on a very sound technical 
foundation. 

But there are two problems that continue 
to nag the OTEC program, and I want to talk 
about them, because unless this group under- 
stands them, we will continue to make tech- 
nical progress and essentially never get the 
program off and running. First is the ques- 
tion of credibility of the OTEC option. 
What I mean by that is that those of us who 
were trained in engineering disciplines 
learned that most energy-producing systems 
operate an large temperature differences-- 

500-1000~~. Every degree added or subtrac- 
ted was a dollar lost or gained. When youo 
discuss a system that must operate on a 40 F 
temperature difference, you lose touch with 
people's experience, and they become skepti- 
cal. An anecdote that comes out of my 
personal experience involved Bob Cohen, when 
he got the OTEC program going at the Nation- 
al Science Foundation. He and I served on 
a review team at a University in upstate 
New York which had nothing to do with OTEC. 
I had a great deal of respect for Bob and 
still do, although there was this little 
glitch: on the plane back I asked him what 
he was doing. He said he was working on a 
power system that takes cold water from 
3000-ft depth, pumps it to the top to con- 
dense ammonia, and takes the warm surface 

water to boil ammonia, and produces power. 
I was certain that Bob had flipped. I did 
not say anything to him, but I later told 
some of my colleagues at the Atomic Energy 
Commission. They were sure he had flipped, 
too. And that attitude, I assure you, still 
lives. What people like Bob and you have 
done for me in particular, and I can cite 
countless other examples, is to educate us, 
to convince us that we must rethink the 
conventional wisdom about the effective and 
economic use of a temperature difference to 
produce power. If you go outside your own 
councils, you will get the same incredulity 
that Bob got when he talked to me seven 
years ago. I urge you to get out and tell 
people about OTEC. I do not mean to over- 
sell it; that does not do anybody any good. 
But, in my mind, virtually all of the tech- 
nical components are now proven in terms of 
a viable OTEC system. It does not mean OTEC 
is going to compete instantaneously in the 
market place. But I believe that over the 
past two years we have made a great deal of 
progress, and the technology exists to push 
that progress forward to the point where we 
have a large-scale systems at sea producing 
significant amounts of energy. I urge you 
to try to get that story to people. It 
needs to be told. 

The second problem has to do with the 
product that OTEC systems produce. Funda- 
mentally, they are electricity producers, 
and that is a problem for two reasons. 
Number one is that electricity is not the 
dominant problem in this country right now. 
The real problem is one of transportable 
fuels. This morning, I had to get up at 
4:00 o'clock and sit in a line of cars for 
3 1/2 hours until they opened the gas sta- 
tion and I could get gasoline. We don't 
have an electricity problem. We have a liq- 
uid fuels problem, and it is occupying the 
minds of people. The growth of electricity 
in this country has slowed. Electricity is 
not a product that people are dying to get 
today. However, OTEC has a tremendous advan- 
tage in my mind in that it will produce 
electricity in a region of the country which 
is going to need it most over the next fif- 
teen or twenty years--the Southeast. That 
part of the country has the lowest electri- 
city reserve margin and the fastest electri- 
cal growth, so OTEC fits extremely well into 
that market. Sure, people here will argue 
with me that it has much broader applica- 
ion. I grant you that it does, but .in terms 
of the next 15-20 years, it is my own belief 
that it is an electricity option with a 
localized market. And the word "localized" 
has to be inserted into the presentations 
to people, because just electricity alone 
is not going to get people wildly excited. 



You can produce electricity a lot of.differ- 
ent ways and a lot more economically than 
by OTEC when you consider that it still is 
a technology that has yet to produce on a 
reasonably large scale. 

Those two problems temper some of the 
very positive accomplishments over the past 
year. First, the credibility of using a 

4 0 O ~  temperature difference to produce 
power; second. the nature of the ~roduct 
itself, electricity, because electricity is 
something you can get from lots of differ- 
ent options. I insert those comments here 
because I think this group is the key to 
disabusing people of those two particular 
myths. And you need to get out and tell 
that stpry. 

After the next 15 years or so, anything 
can happen, and we all know that it is dif- 
ficult enough to predict a year ahead or a 
couple of months ahead, so to try to pre- 
dict even fifteen years ahead is presump- 
tious. But that is my view. 

How are we going to get OTEC going? It 
seems to me that we ought to target for 
some near term markets before we try to 
enter big electricity markets. What might 
those be? In my view, the island markets 
make a lot of sense. Hawaii, Puerto Rico, 
Micronesia, all of those island economies 
are essentially dependent exclusively on 
imported fuels. OTEC conceivably could 
make them independent. That would have an 
enormous impact, not in terms of energy 
savings for the United States, but in terms 
of visibility and proof that this technol- 
ogy is here to stay. So our strategy basic- 
ally revolves around the development of 
OTEC for island markets to promote the idea 

. of island independence and use of that 
demonstration and experience as a spring- 

board for cracking the southeastern utility 
market in the 1990s. I have a feeling that 
this program can move more quickly than 
that. The budget has not been generous--I 
understand that--and I do not think it is 
going to be for another year. We are going 
to be in a very tight budget situation for 
1980. I am not telling you anything that 
you do not know. All you have to do is 
read the newspapers. If OTEC-1 is as suc- 
cessful as I believe it will be, and if 
you couple that with the mini-OTEC experi- 
ence that we will get over the next year or 
so, I think that within a year to a year 
and a half this program will be at a point 
where it can make a major claim for mas- 
sive support. 

In the meantime, what we have to do is 
look very hard at the things.that lead to 
that jumping off point, at the kinds of 
things that you are working on. We need to 
keep our eye on the near term, to focus our 
attention there. I know that Bill Richards 
and his .people in the Ocean Systems Program 
will do precisely that. We need to hear 
from you on your views. How close are we 
to the mark?,The Federal Government is not 
a respository of all wisdom. We do not 
pretend to be. We have tp make a number of 
value judgements and take a number of posi- 
tions with respect to policy, and we will 
do that. It will be more or less sensible 
to the extent that we get more or less 
sensible input from you. I urge you to 
think through the program and to take the 
agressive posture that I think has been 
taken in the past. 

I am very, very enthusiastic about OTEC. 
I think that within this next year and one- 
half we are going to see a major change in 
this program. I wish you a good conference. 



THE NEED FOR OTEC 

The Honorable Gerry E. Studds* 

Chairman, Subcommittee on Oceanography 
U. S. House of Representatives 

I welcome t h i s  oppor tun i ty  t o  be he re  
w i th  you b r i e f l y  a t  t h e  beginning o f  your 
6 t h  Annual Conference on Ocean Thermal 
Energy Conversion.. I am n o t  an e x p e r t  on 
OTEC, and I s h a l l  n o t  p r e t end  t o  speak on 
t h e  t e c h n i c a l  and eng inee r ing  m a t t e r s  which 
a r e  t h e  s u b j e c t  o f  many o f  your d e t a i l e d  
pane l s  ove r  t h e  n e x t  few days.  What I do 
want t o  do i s  t o  encourage you i n  your 
e f f o r t s  t o  make OTEC an ope ra , t i ona l  energy 
technology a s  soon a s  p o s s i b l e ,  and t o  l e t  
you know t h a t  t h e r e  a r e  t h o s e  o f  u s  i n  t h e  
Congress of  t h e  United S t a t e s  who appre-  
c i a t e  t h e  work you a r e  doing,  and who w i l l  
do what we can  t o  suppor t  your e f f o r t s .  

A s  a  member o f  Congress, I h e a r  con- 
s t a n t l y  from c o n s t i t u e n t s  who a r e  being 
h u r t  by t h e  c o n t i n u a l l y  r i s i n g  p r i c e  of 
energy,  and who a r e  concerned abou t  t h e  
adequacy of  f u t u r e  energy  s u p p l i e s .  And 
t h e s e  a r e  i n  f a c t  t h i n g s  t o  be s e r i o u s l y  
worr ied  about .  No one  a t  t h i s  p o i n t  needs 
t o  be  t o l d  abou t  s h o r t a g e s  of  g a s o l i n e  o r  
d i e s e l  f u e l .  However, one f a c t  which may 
n o t  be f u l l y  r e a l i z e d  i s  t h a t  t h e  world 
p r i c e  o f  o i l  du r ing  t h e  l a s t  s i x  months has  
r i s e n  a t  an  annua l i zed  r a t e  of  approxi-  
mately 4 0  pe rcen t .  I n  a d d i t i o n ,  t h e r e  i s  
cons ide , rab le  c o n j e c t u r e  t h a t  t h e  o i l  pro- 
ducing c o u n t r i e s  may r a i s e  t h e  p r i c e  s i g -  
n i f i c a n t l y  more du r ing  t h e  nex t  few months. 

What t h e s e  r a g i d l y  r i s i n g  p r i c e s  f o r  ou r  
t r a d i t i o n a l  sou rces  of  energy mean i s  t h a t  
a l t e r n a t i v e  energy t echno log ie s  such a s  , 
OTEC a r e  l i k e l y  t o  become economical ly coin- 
p e t i t i v e  w i th  t r a d i t i o n a l  sou rces  much more 
q u i c k l y  t han  was env i s ioned  even a yea r  o r  
two ago. Thus, it may n o t  be  necessary  t o  
w a i t  u n t i l  a l l  p o s s i b l e  eng inee r ing  and 
r e s e a r c h  improvements have been made t o  
s t a r t  b u i l d i n g  OTEC p l a n t s  which can  
o p e r a t e  a t  a  p r o f i t .  

A s  I looked through t h e  advance program 
f o r  your pane l s  a t  t h i s  conference ,  I was 
impressed by t h e  deg ree  t o  which t h e  work 
on  OTEC i s  be ing  done by s t a t e . a n d  common- 
weal th  governments, and by p r i v a t e . i n d u s -  
t r y .  I am p leased  t o  s e e  t h a t  people  a r e  

n o t  w a i t i n g  f o r  t h e  Fede ra l  Government t o  
supply a l l  t h e  answers,  and t h a t  t hey  a r e  
going o u t  and making inves tments  o f  t ime,  
e f f o r t ,  and s k i l l  t o  de te rmine  some o f  t h e  
answers f o r  themselves.  The f a c t  t h a t  
OTEC technology i s  be ing  developed i n  t h i s  
way bodes we l l  f o r  i t s  speedy t r a n s f e r e n c e  
i n t o  wide commercial a p p l i c a t i o n .  

A s  Chairman of t h e  Subcommittee on 
Oceanography o f  t h e  House Committee on Mer- 
chan t  Marine and F i s h e r i e s ,  I have a  
s p e c i a l  i n t e r e s t  i n  t h e  u s e  of  t h e  oceans 
t o  provide  renewable energy  sou rces .  I 
b e l i e v e  t h a t  OTEC has  an  extremely g r e a t  
p o t e n t i a l  a s  an  energy  technology,  and 
t h a t  i t s  commercial development and wide- . 
sp read  employment w i l l  become a major 
energy sou rce  n o t  o n l y  f o r  t h e  United 
S t a t e s  b u t  many c o u n t r i e s  o f  t h e  world. 

During t h e  n e x t  few months, my Subcom- 
m i t t e e  w i l l  ho ld  h e a r i n g s  on  a l l  methods 
which have been proposed t o  u se  t h e  ocean  
f o r  product ion  of  energy.  I have chosen 
OTEC a s  t h e  s u b j e c t  o f  t h e  f i r s t  hea r ing ,  
which w i l l  be he ld  t h i s  Thursday morning. 
The purpose o f  t h e  h e a r i n g s  w i l l  be t o  
f o s t e r  g r e a t e r  p u b l i c  awareness f o r  t h e  
p o t e n t i a l  u se s  of  t h e  oceans t o  produce 
energy and energy i n t e n s i v e  p roduc t s ,  and 
t o  f i n d  ways i n  which t h e  Congress may 
a s s i s t  t h rouah  l e a i s l a t i o n  t h e  s o l u t i o n  o f  
any i n s t i t u t i o n a l - o r  l e g a l  problems which 
need t o  be  so lved .  A s  you encounter  such 
problems, I hope you w i l l  make u s  aware of  
them and a l s o  o f  any a c t i o n s  which we may 
be a b l e  t o  t a k e  t o  h e l p  s o l v e  them. 

I i n t e n d  t o  do a l l  I can  t o  b r i n g  OTEC 
t o  t h e  a t t e n t i o n  o f  my co l l eagues  i n  t h e  
Congress and of  t h e  g e n e r a l  pub l i c .  I 
u rge  you t o  do a l l  you can t o  make OTEC a 
f u n c t i o n i n g ,  o p e r a t i o n a l  technology a s  
qu i ck ly  a s  p o s s i b l e .  

'* 
Thi s  paper  was p re sen ted  on  Represen ta t i ve  
S tudds '  beha l f  by Richard D. Nor l ing ,  
S t a f f  D i r e c t o r ,  Subcommittee on  Oceano- 
graphy. 



ENERGY FROM THE OCEANS - LESSONS FROM THE NORTH SEA 

by John k i n g t o n  

Sir Robert McAl~ ine  & Sons. London. U.K. 

The United States ana unxtea ungaom have many 
things in common, including a strong dependence on 
oil and gas for their energy supplies, an energy 
price that is probably too low, doubts over an in: 
creasing reliance on nuclear power and, of importance 
to this conference, a fast developing interest in 
harnessing the energy that can be recovered from the 
oceans arising from wave, wind, tide and thermal 
sources. They are also alleged to share a common 
language, a matter on which you may judge as you 
read this paper. 

In 1964 it has bean reported, a leading oil com- 
pany geologist forecast that no resources of oil or 
gas under tha North Sea could be exploited commer- 
cially. That geologist is unnamed - and probably 
now unemployed - for in the last 15 years the U.K. 
has become self-sufficient kn oil and gas, and over 
1.5 mbbd are being produced from the North Sea. Many 
major engineering obstacles have been overcome to 
achieye this, and I shall offer some comment on off- 
shore construction work for OTEC plants based upon 
our experience during this initial period. 

Our operations offshore have been in some of the 
world's most savage environmental conditions (the 
Ekofisk storage platform suffered three storms of 

loo year return period severity in the first 20 
months). Work has been carried out 100 to 150 miles 
from shore in water depths from 300 to 600 ft. It 
has required the building of offshore equipment, in- 
cluding barges, cranes, pipe-laying vessels and tugs 
of ever increaeing size, and the development of ad- 
vanced techniques for deep water drilling, underwater 
piling, heave-conrpensation, equipment for cranes, and 
other devices of considerable sophistication. Over 
100 structures of varying size have been placed in 
the North Sea, and these include some of the largest 
steel structures yet made by man. Concrete gravity 
structures have been huge by any standard, with base 
areas 350 ft square and all up weights ranging around 
500,000 tons, for installation in water depths of 
about 500 ft (Fig. 1). These have been constructed 
initially in basins onshore, and towed out for com- 
pletion in sheltered waters close inshore. They have 
then been towed to a deepwater completion site for 
dunking - i.e. inclination, buoyancy and integrity 
tests - the deck structures and topside engineering 
modules have been added and primary hook-up carried 
out (Fig. 2). The latest mannnath - Statfiord B, has 
vital statistics as follows: 

Water depth 475 ft 
Base area 440 ft x 556 ft (hexagon) 
Deck load 35,000 tons 
Overall weight about 750,000 tons 

Fig. 1 Brent C Platformand the Washington Monument. 

2.3. 

Fig. 2 Cormorant deck showing topside facilities. 

The installation of these huge concrete struc- 
tures has been carried out successfully using fleets 
of tugs with total power output approaching 100,000 
IHP (Fig. 3). They have been placed accurately; in 
spite of doubts expressed during design, the founda- 
tion performance, under the extreme and variable 
weather conditions, has been as,predicted. 

0 

We must conclude that, for bottom founded struc- 
tures, the engineering problem have been satisfac- 





pleted on several devices t o  date, the most promising 
being (a) Sal ter  nodding ducks, (b) Cackerall art3.o;~- 
l a t ed  ra f t s ,  (c) National Engheering Laboratory os- 
c i l l a t i n g  water coltrmb, and (d) Hydraulic Research 
Laboratory rec t i f i e r .  

Fig. 6 Bris tol  University's wave energy dev3ce. 

Although feasible,  present d a i g n s  would supply 
power t o  the National Grid a t  between 10 a d  20 
rimes the cas t  of nuclear power. Sal ter ' s  system 
€not shown) and Cockerell's syewn (Fig. 5) have had 
l/lOth-scale trials and survived storme i n  ekcess of 
farce 10. Zn noornral 1Q f t  waves, for  which the de- 
d c e e  a r e  tuaed, the  eaargy available is about 15 IrW 
per f t  of langth, which can increase to,600 kw/ft 
in extreme storm coziditions. This 40 t o  1 r a t i a  of 
mrking/e*reme conditian, the hi& srructural  cost, 
a d  integration a f  the mechanical and e l e c t r i c a l w r I c  
remain prbblem areas. The c i v i l  ehgineering coet3 
a re  the  major par t  of the budget, and ao tw~ new de- 
Yfces with low mms have been brought info  the pro- 
gramme l a  aearch of a cheaper solution. The Bris tol  
Ilbiverslty submerged cylinder deoice (Fig. 6J shows 
s~me promierr. 

I n  Britain. the  mst a t t r ac t ive  renewable eneF&,?$t 
goarca is t i d a l  power from the Severn Estuary with a 
12.0 r t i d a l  rmge, Tidal power is t o t a l l y  predfct- 
able, can be used~with  known and accepted t a ~ h n o l o g y ~  
and, using the  lessons of Bk3ttl-1 Sea offshore works, 
has been shown t o  be achievable with+* a contract 
schedule of 6 years for  the c i v i l  works with a further 
3 years f o r  completion of the  M & E sugqlies. Can- 
s t ruct ion would c o n s b t  of concrete caTseons, b u i l t  
i n  ghkee inehore basins, and towed t o  a f i t t i n g  out  
f a c i l i t y  f o r  ins ta l l a t ion  of t u r b i n d ,  generators, 
and ewitkhgear. The small caiseon which the Russians -3; . 
built '  a s  a prototype at Kislogubskaya in 1969 (Fig, ' '-'-+. 

7) was 11B".x 60 x 50 f t  i n  eize and weighed 5200 
tong. ' - It was ooncluded t h a t  "the f loat-in -chn%qw 
apene.broad prospects of making t h e w  plants competi- 
tiire with conventioaal plaat." The technique is be- 

%" 
ing used fo r  forwaxd project$o+s on a 5000 MJ Severn 
Barrage, SUE the problem is mainly. po l i t i ca l ,  wl~%ch 
must be c o m n  worldwide f o r  m y  capi ta l  investmeat 
of about 8 b i l l i o n  dollars.  

wr,  -r Kislogubskaya caisson. 

~ r e l i ~ l i n a r y  s tudies  a re  also planned for  the  y e  
of North Sea techniques fo r  undersea coal production. 
In the  U.K., coal miaes extend about 4 a l e e  from t h e  
shore, c o d  q h l t t y  is good and lsbour Sl+$tly produc- 
t ive  but haulage is expensive, and absve all, venti- 
l a t ion  is d i f f t cu l t .  b t i f i c i a l  islande Eor improv- 
ing ventilation, o r  f o r  a couiplete offshore f a c i l i t y  
f o r  coax pzoductlon processirrg a d  export a re  being 
aet%vely c~tudiad and look readi ly  aekieveable, 



perts. 'Bowewer, i n  ref eq*  t b  the use ,+ , p s t p  sea 
eHpartise X kmws gs 9 $entm~coy, &at tl@~M-e!dge 
of what miaplces tg awidT@ prbb@Ly of m e  w&ue 
ehan g a r d l  gud@cq. I et a@&etise t o r  t& fact  
that with 0q.I~ a ,e dwe  a@t&fce of. tU leeclure, 

' s o w  0% r-thh t ~ &  @IS.S. v, f a r  CITE -aresf $6 
oqf&ted: , A : .>.. 

', 
f . r  viable OTEC plant q p w r a ,  

to require so l  o r  q 9  fsffiowing mtar6a: 

1. Suitable a o w ~ c k i o r ? ,  f-aeslitig 

2. Mater2aie ;echqbgy - h91 -9 - celd wakw i&pes 
- &  + .  s, w&e Z L ~ O - ' ~  its e t f w t  on h&t k i n .  ' 

A, . . f 4: ,cold water $ipe i a e $ i l l a t i o ~  

In a l l  of Ew, spin-off from current offshore 
epg@eer&~g pra&$ce ceq be of *he, not ltaaftt of 
wb%ch is the wk&:af &@ly s t m e  t6 bffng, i n  €he 
Iilcdy cone r~ t . o~~&r  'gontsactors ,' w that r@@ hulg 
design msg: be & l y i ~ ~ t e g r a t e d  w5t@ thd  eng&,e&!w 
s y s t e d  a M  the &n&l-bud@ec and bu&ldiog schedt35e 
qptimised. 

The strugtrrra;l QOTP &s not fd-dable wbn con- '1 

sidered againit  .one 6dium s ize  North Sea Platform - . Ge, 'wc/($~o*~ o&ipar$vod 
%I... 

8, - 
Cowrant  'A' an4 ebd eangimering system w~h k b t  3. 
rewired (Fig. 8). The log is t ic  problems of ruatprial L 2 

@upply a re  emall, and prowadad, the pracbm%E& w t e  $1 

are moWati@ed, c?te installat$osa A@ hok-up work a t  
the conetruction siBe cayL be m&Mqcd. It may be su f f i c i ag ,  i f  a cqmerclal is  allowed, 

to  indicate the existence in  Europe of aeveral well- 
= I  - established s i tes ,  a t  least  for  the building of a 

.'t *" that the con*ruct'61t p'wk prototype (Pig. 9). A t  these s i t e s  the necessary dure follows, w & l l  ektablished lacs: capital investment has been made, moorings and other 

,+ au,fl a ;* trw *4f; 
f ac i l i t i e s  are  complete and a ready pool of labour 

. shoree&le &sslrr, '" .' 
i s  available. 

1. r 

3. Tow-our ?$ the t ray to  a mooring deep, 
she3~ered*kateg + close iashara, and 

P'' 

4 s-- &inplet@m o r  the eii&ture add '?kat&dqion 
of the M EI E systeqp a'e ttifa moai@,. 

- .  - ,  
m* e e X ~ t i o u 8 s f  a..eMe with t h k d  eapeb%litWs, 

"adjacent t o  aq area with a.gi established infrastntc- 
$ur&* *.nor ezfay and chasges t o  e- e e t i n g  edviroisi 
m r  cad be b5tterly cogtested by'farZorts pr sure ' 
groups, p r a c t f ~ a l l y  anywhere ia the world t o  ? ay. The 
t- token a firrod construction schedule t o  
obtain the neeas- appgovals should not be under- 
estrplated, and t W  establ$s+t; of the s i t e  facap-  
t i e s  and basin construction should then be complete 
i n  10 to  12,weeljs and ready for work t o  s ta r t .  T h i F  
may well overl&p the i n i t i a l  engineering desfgn and 63 
therefore is  aot c r i t i c a l  t o  the programme. +. ~ t .  

Ftg. 9 Ardyne Point construction faci l i ty .  

L 
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Durability and freedom f i ~  costly mainteee&ce: 
is of p r im  importace in a structure with the re- 
qtt2red l i f e  of an QTEC pbmt, and mp natural prefer- 
*nee fax s eoncrete hull  mag already hava begun to 
a b .  Concrete, e i ther  reinforced or prestressed, 
with a proven record of durability, has always been 
accepted as the natural material fqr  the consf*uction 
of offshpre worb for  reasons of m f ~ t y ,  ecommy. and 
durability and obviates the need for  regular dryi 
docking and survey. Even so, the envfrpnment in 
which the atructfwres remain, throughout their  l ives, 
is permanently host i le  t o  the reinfbning bars and 
post-tenetohing tendons, and the derailed rEeeign m e t  
be mBde with dutability i n  mind. 

Although oansiderdle experience M s t e  of the 
saeiefactory perfoammce of marine structures arid 
concrete ships ~ a s t r u c t e d  without the benefits of 
m d m  WncreEe tachnology, coircern fog the dura- 
b i l l -  has led t o  increased thicknesses of cover to  
the  reinforcement being specified i n  t)le + L e e  of 
the lavarious skip classifying socie&ee and national 
standards. F.I.P. proposals suggest 3 add 4 in, f o r  
passive reinforcesent and post-sfrgseing tendom 
tespeiztively for  sections aver 20-in. thick i n  zones 
auf f ering the greatwe exporsure. SF& ~ l ~ ~ s s i f i c a t i o u  
Society rules propose comparabqe f igukee , but with 
high quality workmaaship, it is possible to  reduce 
these raqufreaents considerably. 

The use of s p & a l  cements t o  resist the attack 
of chemicals pretaeat in seawater has ale0 attracted 
interest,  Mt the  main requirement Ss e densely cow 
pacted conczete, coatainiag go& q w i t y  sggregateq, 

*a m&timwu c$dleat contenf of 600 1blyd3 and a water/ 
cement ra t io  not meed* the ranga,0.40 t o  0.42. 
The w e  of eul&te;~eisiating c-ts has been fmnd 
uaaecesrrary i a f t he  North Sea, and recent work had 
shown that  fhe C U  conggat of tip ce~lept has l i t t l e  
rdlwance ' t o  the durability of hish-~trmgth wncmte. 

this weans l i t t l e  relevan& i n  the structural 
rreotinne noslnally chosen for offehare skructaree. 

TIW select& of &ggregacece. '%r .wncreta aea 
structures &a, af ?woa3,d,d%rabie fmpof&ce i n  the 
deg- not onlg' frorit the vte1~po511-t i& adequate con+ , 
crete  strangtt4 but a lso frh cone$,feq@iau of con- . 
crete  waigw, and careful &t@tic@p to  the tmder-keel 
clearaac'e .during t e o u t  is  essaatia2,. ' 

Concrese strengths obtained: with worth Sea struc- 
t u r n  weri o r i s i d l y  specified i n  the  6000 t o  700Q 
psi  range, but i n  practice, muck higher strengths 
weze achieved. A t  Ardpee Point, average 28-day 
strengths were 98011 ps i  with a standard deviittion of 
530 psi. For work on seabed coz&tainmaats,-dgsigns , 
have been based on l1,000 psi  - three t h e e  the nor- 
mal structural concrete striwgth, and a reduced mate- 
rials bafdty factor is pomible because of the high 
standards of worXaoBnsbip achieved; ,*The use of wery 
high-grade concrete is par t icu la t ' l~  rklevant t o  the 
cold water pipe constructioa, 

of  Me~ico, o r  Brazil do not srsffer the lwft-plas 
wrvoae of the Wrth See, but the stntctura' cannot tua 
before a s t o m  a d  mrc~t be d e e n e d  arcordingJ$, 
EEoweve~, aedaitive part* of the machinery can be in- 
s ta l led  OSI speciauy dafaped foundations, althougk 
the bending forces i n  the cold water pipe assembly 
must be aceur8te.l~ predicted. Work at  Glaegow Uni- 
versity, funded by the British Department of Eaergg, 
hae cdntributed~canaiderably t o  the understanding and 
mathematical aadye3s af: semi-submers&ble hulls of 
novel i F p e *  

The construction and I2osrallathn of the cold 
water pipe appaafs the maze aspect of the OTEC pro- 
pooal, xJhich lies ou tdde  eusrene No~otth Sea teehnol- 
om, Plane for buildiRg the pipe of m c t e t e  ere  
based en two alc9ntaPive proposalcls 

1. S1;Lpfomkng the pipe downward8 Emm me 
floating plat lom* 

2. PlefabrScration onshore and Sloai-odt for  
r s s W l y  and 3oAnttng offshore. 

Thd ~eiipform propoeal 1s favoured from the 
oparatibnal viewpoint, due t o  the hlgh c a t  of any 
&f f shore operation but the 4-ina thfstmesa 0f pipe 
she l l  ana the const~uctional accuracy needed on such 
a delicate structure would require very careful op- 
eza t im and baa weigther could we21 d d a y  the &ark. 

,During ciritstruction, near neutral buoya& would'be 
mahtainad by positively coirtrolJ.ed ballestidg, with 
removable bte-1 diaph-ragm seals i n  the pise, 
Jointing of the pipe would probably be necessary for  
sttuotural reasma, to 'a2low f a  breaks in; the slip- 
fo-g operation and t d  pmvide for  pzestaesrsing 
leagitudi&lly i n  stages, 

'Altezt&tive proposals f o r  prefabrication onshore' 
r a l s e  no new problems, apart f r h  those discueseid 
aboael of wall tkick&ss and tolerances. Jbints 
would need great accuracy and sthl -au lde  would be 
sseaatial. The pipe casting operat* should be 
straightfogitard, although a Iormpf gantry simrllar 
t o  that  xtd&;~o load the 4-in, eptayed cbncrete roo9 
shel ls  for  pmtaratlt (Fig, 4O) 'kuld be n d e d ,  These 

Fig. 10 Cormoraar roof shells. 

zlra developmeat of hul l  design caq now be based 
upon ttec€int expariprental an8 mathematik'wrk t o  l i m i t  
the response uruler the extreme wave cerndltinliel The 
respmree of a cylindrical hull  can be reduced t o  l e s s  
than half by chailging the hu l l  shapes to  resemble a 
semi-submersible, and op t idsa t ion  of the f loa t  de- 
Sign c a  further impmu the smkeepin8 behaviow. 
D P e r a t b 1  s i t e s  mffekarer Bwai;L, mer to  Etm, Gulf 

she l l s  w a r e  48 f t  square Sn plan, 4 in .  thick and 
weighed up to 90 tons each. The tow to the installa- 
t i a n s i t e ,  e i ther  suitably sealad and ballasted or on 
barges, would not ra i se  any new prbblerns. The w e  
af a large pipe laying barge s M a r  t o  those uead 
i n  the North Sea would efmplify the installation, 
but  e pegiod of calm .rmsrher would be esggstial. . 



hull m a  ~eed  &vex at&&- 
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opipion,,. and- ; am a 6ok$actor, an essmt i& part of 
the d e s t ~ i  &;jh&,. y?; J-? ~pul--J # pay% - 
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- 

~n ~ T E C  plant $e &at i n  mat,erial 4 8  l e a w  
d-uds to 4. e w % i q  DWIP." -=I4% 
@he Frigg f f d d  CFfg,,$@. Tirs o ~ $ e t  to* ce de- 
siw, n$ f ~ @ ~ 6 C  .tine w of J ~ A W Y  ~ 7 4  w? it 
wae ,placSQ p s l t 4 o n  q c t l y  164 Pt from.another 

theoretical digfgculties may be t3b-b %heir pwper 
perep'e~tive, a@ t@e ,OTEC plants @ll be ilemonstrated ' 
ae a viable eorsxw of rahewable energy. 
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THE U. S. OCEAN ENERGY SYSTEMS PROGRAM 

W. E. Richards 

D e ~ u n e r g y  
Division of Central Solar Technology 

Washington, D. C. 20585 

'Abstr a'c t 

The oceans store vast amounts of solar 
energy, enough energy to make sizable con- 
tributions to the energy needs of the U.S.., 
as well as those of,other coastal nations. 
For the United States, four ocean-energy 
technologies offer significant promise: 
Ocean Thermal Energy Conversion (OTEC) (us- 
ing heated surface waters), wave power, 
ocean currents, and salinity gradients. An 
overview of the DOE program for these four 
technologies is presented in terms of plans, 
concept descriptions, projected market pene- 
tration, and potential institutional barri- 
ers to implementation. The OTEC program 
vresentlv receives about 95% of the total 

diction and embargo such as islands 
(Hawaii, Puerto Rico, Guam, etc.) 
and the military. 

Perform further component and mate- 
rial research and development direc- 
ted at cost reduction to penetrate 
the U.S. mainland market in the 
1990's. 

Increase the capacity to cost-effec- 
tively distribute energy generated 
at sea to a larger U.S. continental 
area by use of energy-intensive 
products and development of hybrid 
techniques. 

I bcean energy system funds. Up to 2 Quads Encourage and support U.S. indus- 

(2 x 1015 Btu/yr fuel equivalent or approxi- trial technical leadership for domes- 

mately 22 GWe of average OTEC power output) tic and export production and dis- 
tribution. 

is practically achievable by'the year 2000, 
dependent only on the commercialization Maintain close coordination with 
strategy employed after the demonstration ocean-energy R&D programs of other 

. plant. nations. 

1. Policy The Department of Energy is pursuing 
four main technology areas for extracting 

The policy of the Ocean Systems Branch energy from the ocean: 
is to pursue programs to reduce national 
dependence on oil imports and other ex- , Ocean Thermal Energy Conversion 
haustible fuels, in accordance with the (OTEC) 
National Energy Act. 

. Salinity Gradients 
2. Strategy 

Waves 
A three-step strategy in the development 

and implementation of the program is being 
used; the items are: 

Identify the available ocean energy 
resources. 

Assure technical feasibility.and cost 
effectiveness of potential energy ex- 
traction and conversion techniques. 

Develop technology to induce industry 
participation leading to commercial 
use. 

\ 

Currents - 
Figure 1 depicts these areas and indi- 

cates the potential energy impact and the 
general developmental status.. Of the four 
main technology areas, OTEC is the most 
advanced, and a preliminary design for a 
demonstration plant can be reasonably ini- 
tiated in FY 1981, with subsequent con- 
struction and deployment by the end of 
1985. The other three technologies re- 
quire further research, technology, and 
systems-definition efforts to determine 
the more promising candidate systems for 

The ocean energy resources and present commercial-scale conceptual design. la The , energy cost distributions indicate a multi- closed-cycle OTEC system is usually designed pronged program to effect the above strat- 
egy : 

to operate at an annual average temperature 

difference of qreater than 37OF between the 
Focus initially on markets subject warm surface water and the cold water avail- 
to high-cost foreign fuels, inter- able from depths of 2,500 to 4,000 feet. A 



OCEAN SYSTEMS 

(TENS OF QUADS) 
NEAR ECONOMIC 
VlABlLITY 

(TENTHS Of A OUAD) 

thermal resource map has been developed from 
archival surface records and subsurface 

NEEDS SYSTEM DEFINITION 

SALINITY WAVES 

--- 

data.lb Site-specific data are being ob- 
tained from satellite imagery, surveys, and 
site data. The effects on temperature pro- 
files produced by weather and currents at 
specific sites are being investigated. 

LARGE RESOURCE 
(rEns  OF OUAOS) 
NEEDS IMPROVED 
MEMBRANE TECHNOLOGY 

3. System Descriptions 

LIMITED RESOURCE NEAR U.S. 
(OUAM) 
NEEDS VIABLE TECHNOLOGY 

3 . 1 Ocean Thermal' Ene'r'gy 'Co'nve'r's'i'on' ' (OTEC) 

The OTEC concept uses the temperature 
difference between warm surface water (80O~) 
and cold deep water (40°F at 3,000 feet) to 
run a heat engine and to generate electri- 
city. 

A fundamental advantage of OTEC over 
other solar energy systems is the constant 
availability of the resource (day and night, 
all year). The small available temperature 
difference (AT) results in large hardware, 
particularly the heat exchangers. Like, 
other solar energy technologies, OTEC re- 
quires no fuel, so the costs of large hard- 
ware are countered by zero fuel costs. 
OTEC research and development has focused 
mainly on identifying practical ways of re- 
ducing cost. Presently four power cycles 
are under evaluation. Each cycle is be- 
lieved to offer some cost reducing feature. 

Closed Cycle. In the closed cycle a 
working fluid, ammonia (or possibly a 
Freon-type refrigerant) is used in a 
Rankine cycle consisting of an evaporator, 
a turbogenerator, a condenser and a pres- 
surizer (feed pump). Warm surface water 
is pumped into the evaporator where sub- 
cooled ammonia liquid is turned into vapor. 
The exhaust of the turbine is wet ammonia 
vapor. The ammonia is condensed in a sur- 
face condenser which receives its cooling 
water through a deep cold-water pipe. The 
condensed ammonia is pressurized before it 
is again fed into the evaporator. To date, 
the closed cycle with ammonia as the work- 
ing fluid has.been emphasized by the OTEC 
R&D community (e.g., Refs. lc-i). The DOE 

program has been designed (see, e.g., Ref. 
lj) on the assumption that the closed cy- 
cle has the hjghest probability of achieving 
early economic viability. 

0 en C cle. The simple open or Claude 
cyc-forerunner of the closed cycle. 
It derives its name from the attempts of 
Georges Claude to operate an OTEC system 
using sea water as the working fluid. Warm 
sea-water is deaerated and passed into a 
flash evaporation chamber, where a fraction 
of the sea water is converted into low-pres- 
sure steam. The steam is passed through a 
turbine which extracts energy from it and 
then exited into a condenser. The conden- 
sate need not be returned to the evaporator 
as in the case of the closed cycle. Rather, 
if a surface condenser is used, the output 
is desalinated water. Or, if a spray, 
direct-contact condenser is used, the con- 
densate is mixed with the cooling water and 

discharged back into the,ocean. 1s-i 

A variant of the open cycle concept un- 
-, 

der evaluation is the steam lift appr~ach.~ 
In this concept, the power cycle requires a 
hydraulic turbine instead of the vapor tur- 
bine of the Claude cycle. The warm surface 
water is allowed to evaporate in such a way 
that it entraps substantial volumes of water 
with it.  he-condenser is located above the 
evaporator and it receives its cold water 
from the cold-water pipe. Thus, because of 
the pressure gradient created by the tempera- 
ture difference, the vapor-liquid mixture 
rises from the evaporator into the condenser. 

The potential energy of the warm water 
raised to the condenser level can then be 
converted into shaft power through the use 
of a hydraulic turbine located at the 
"same" elevation as the warm water intake. 
By rearranging the components, the plant 
can be submerged or floating. 

Two approaches are being pursued. The 
first requires the addition of a surfactant 

to the warm water to cause foaming.lh The 
foam rises up to a condenser preceded by a 
foam separator. The other relies on 

creating a mist.li In either case, the 
liquid is lifted upward by the.vapor flow. 

H brid C cle. A concept combining the 
c l o E k z + -  the open' cycles, the so-called 
hybrid cycle, has been proposed. In this 
concept, steam is generated by flash 
evaporation as in the Claude cycle. This 
steam then acts as the heat source for a 
"conventional" closed Rankine cycle using 

ammonia or some other working fluid.lg 

3.2 Salinity Gradient 

Theoretically, power from salinity 
gradients can be extracted in several ways. 
The two methods current'ly under study uti- 
lize the energy potential that exists 
across a selective membrane between two 
solutions of different salinity. The first 
method, osmosis, is physical and makes 



d i r e c t  use of t h e  flow t h a t  occurs ac ross  s t u d i e s  on t h e  cold-water ~ i ~ e .  ~ o w e r  sys- 
t h e  membrane t h a t  permits water b u t  no t  tems, e l e c t r i c a l  cab le  systems, and 
sodium, ch lo r ine  o r  o t h e r  ions  t o  pass  mooring a n d ' p o s i t i o n  keeping systems w i l l  
through. Thus two water masses of two 
d i f f e r e n t  s a l i n i t i e s  a r e  required.  Energy 
c o n v e ~ s i o n  is  achieved by allowing t h e  d i f -  
ference  i n  hydros ta t i c  pressure  t o  bu i ld  
(because of t h e  membrane). This d i f f e r e n c e  
i n  pressure  i s  used t o  d r i v e  a  hydroelec- 
t r i c  turbine .  

The second method, e l e c t r o d i a l y s i s ,  is  
chemical and u t i l i z e s  the  e l e c t r i c a l  poten- 
t i a l  produced by combinations of s e l e c t i y e  
membranes t h a t  permits one type of d i s -  
solved s a l t  ion  t o  pass through the  mem- 
brane i n  one d i r e c t i o n  and t h e  o t h e r  i n  
t h e  opposi te  d i r e c t i o n .  Hence, a  "bat-  
t e r y "  can be assembled t h a t  could produce 
e l e c t r i c  power. 

3.3 Waves 

Wave energy systems e x t r a c t  mechanical 
energy from n a t u r a l l y  occurr ing ocean 
waves and conver t  t h i s  energy i n t o  e lec -  
t r i c i t y .  

3.4 Currents 

These systems e x t r a c t  t h e  k i n e t i c  ener- 
gy a v a i l a b l e  i n  t h e  ocean cur ren t  and con- 
v e r t  i t  i n t o  e l e c t r i c i t y  with a  water 
tu rb ine ,  much l i k e  a  windmill. One method 
under study uses a  rim-mounted, large-dia-  
meter, axial-f low hydroturbine. The t u r -  
b ine  would be s l i g h t l y  buoyant, he ld  below 
t h e  ocean surface  by tens ion moorings, and 
faced i n t o  t h e  c u r r e n t  by add i t iona l  
moorings. 

4. OTEC Program Scope 

The Ocean Systems Program funding i s  
p resen t ly  95 percent  OTEC, with 5  percent  
d i r e c t e d  toward a l t e r n a t i v e  energy sources 
such a s  s a l i n i t y  g rad ien t s ,  waves, and 
cur ren t s .  

The OTEC Program c o n s i s t s  of conceptual  
design s t u d i e s ,  development and v e r i f i c a -  
t i o n  of engineering des ign t o o l s ,  t h e  
a c q u i s i t i o n  of d a t a  through experimental 
t e s t  p r o j e c t s  a t  laboratory  and sea-based 
t e s t  f a c i l i t i e s ,  and t h e  r e s o l u t i o n  of 
l e g a l ,  environmental, regula tory ,  and eco- 
nomic i s s u e s  through trade-off  a n a l y s i s ,  

modeling, and indust ry/user  s tud ies .  3-5 

The program includes  the  eva lua t ion  of 
heat-exchanger performance, b iofoul ing 
countermeasures, and environmental conse- 
quences a t  sea  i n  t h e  OTEC-1 t e s t  f a c i l i -  

t y .  lk-m The program i s  focussed on experi-  
mental v e r i f i c a t i o n  of t h e o r e t i c a l  and 
numerical models, addressing p r i n c i p a l  
t echn ica l  unknowns during F Y  1979 and FY 
1980 and w i l l  i n i t i a t e  a  preliminary p i l o t -  
p l a n t  design i n  FY 1981. Conceptual design 
s t u d i e s  have been completed f o r  a  10-MW 
spar  buoy, a  40-MW spar  buoy, a  20-MW 
plant-ship ,  a  moored 40-MW ship ,  a  10-MW 
landbased p l a n t ,  and a  40-MW landbased 
p lan t .  Conceptual and preliminary design 

be completed i n  F Y  1979 and FY 1980.l) 
The major unknowns remaining which a r e  ap- 
p l i c a b l e  t o  t h e  40-MW p i l o t  p l a n t  involve 
the  systems motion and f a t i g u e  e f f e c t s  on 
the  cold-water p ipe  and t h e  e l e c t r i c a l  
cable ,  and heat-exchanger c leaning e f fec -  
Liveness ( see ,  e .  g  . , Refs. In-q) . Reso- 
l u t i o n  of these  unknowns and,demonstrat ion 
of t h e  a b i l i t y  t o  e f f e c t i v e l y  c lean large-  
s c a l e  hea t  exchangers a t  sea  s h a l l  be ac- 
complished i n  F Y  1980, p r i o r  t o  e n t e r i n g  , 
preliminary design. 

5. Scope of t h e  Al te rna t ive  Ocean Program 

The s a l i n i t y - g r a d i e n t  program c o n s i s t s  
of bas ic  and appl ied  research and tech- 
nology development t o  i d e n t i f y  a v a i l a b l e  
ocean energy resources ,  i d e n t i f y  p o t e n t i a l  
energy e x t r a c t i o n  techniques,  a s sess  tech- 
n i c a l  and economic f e a s i b i l i t y ,  and t o  de- 
velop t h e  technology t o  induce indus t ry  
p a r t i c i p a t i o n  leading t o  commercial use. . 
Two technologies  a r e  being pursued: (1) 
osmotic power and (2)  d i a l y t i c  power. 
Through F Y  1979 d i a l y t i c  b a t t e r y  experi-  
ments with a  s t r a t i f i e d  s o l a r  pond w i l l  be 
conducted, Phase I of a  preliminary design 
of a  50-KW osmotic power u n i t  w i l l  be com- 
p le ted ,  and a  c o s t  ana lys i s  based on mathe- 
mat ica l  equations f o r  a  20-MW d i a l y t i c  
power u n i t  have a l ready been completed. 
Preliminary r e s u l t s  on t h e  a v a i l a b l e  and 
e x t r a c t a b l e  resource  a s  we l l  a s  projected 
c o s t s  i n d i c a t e  s a l i n i t y  g rad ien t s  a r e  no t  
a s  economically use fu l  as  t h e  ocean ther-  
mal opt ions .  

The waves program has evaluated a  num- 
ber of wave energy e x t r a c t i o n  techniques 
which have been proposed. Limited model 
t e s t s  have been conducted both a t  sea  and 
i n  t h e  laboratory .  These techniques which 
have been t e s t e d  a r e  i n  the  ca tegor ies  of 
su r face  followers,  pressure-act ivated de- 
v ices  and wave-focusing devices.  The 
B r i t i s h  wave-energy program has repor ted  
preliminary r e s u l t s  which a r e  unfavorable 
t o  t h e  economic p o t e n t i a l  of wave-energy 
devices,  p a r t i c u l a r l y  surface  followers.  
~ h e ' u . S .  program i s  d i r e c t e d  a t  devices  
which can focus t h e  wave energy. 

In  FY 1980, experiments w i l l  have been 
conducted i n  wave tanks  and comparative 
economic assessments w i l l  have been made 
between a l t e r n a t i v e  wave-focusing app- 
roaches. On t h e  b a s i s  of these  r e s u l t s ,  
a  p i l o t  experiment w i l l  be planned and 
i n i t i a t e d  i n  FY 1981. Tests  on a  uniquely 
configured wave tu rb ine  w i l l  be continued; 
it i s  t o  be t e s t e d  i n  FY 1980 a s  p a r t  of 
an i n t e r n a t i o n a l  program with t h e  Japanese, 
English and Canadians. 

Within t h e  U.S. c u r r e n t s  program, a  
l i m i t e d  number of  c u r r e n t  energy extrac-  
t i o n  devices  have been proposed and evalua- 
ted .  These devices  a r e  i n  two bas ic  ca te-  
gor ies :  (1) r o t a r y  and (2)  l i n e a r .  A 
l imi ted  f e a s i b i l i t y  s tudy has been com- 



p l e t e d  on a  r o t a r y  dev ice ,  r e f e r r e d  t o  i n  ( a f t e r  1985) could  pay o f f  e q u i t y  i n  4 t o  
t h e  l i t e r a t u r e  a s  t h e  C o r i o l i s  Turbine.  5  yea r s - - r e tu rn ing  15  t o  20 p e r c e n t  (com- 

pounded) on  t h e  investment .  (See, e.g.,  
I n  FY 1980, a  systems e v a l u a t i o n  s tudy  Refs .  l r- t .)  

w i l l  b e  completed which w i l l  cons ide r  a l l  
c a n d i d a t e  techniques ,  and f u r t h e r  d e s i g n  
o f  t h e  C o r i o l i s  t u r b i n e  w i l l  be conducted. 7. I n s t i t u t i o n a l  B a r r i e r s  f o r  OTEC 

6.  OTEC Market P e n e t r a t i o n  There a r e  s e v e r a l  forms o f  i n s t i t u t i o n a l  
c o n s t r a i n t s  t h a t  might i n h i b i t  t h e  accept -  

The preceding  c o n s i d e r a t i o n s  sugges t  an 
" i s l a n d  s t r a t e g y "  is  an a t t r a c t i v e  o p t i o n  
f o r  OTEC commerc ia l iza t ion ,  whereby r e l a -  
t i v e l y  sma l l  OTEC commercial p l a n t s  can be 
i n t roduced  i n t o  U.S. i s l a n d  markets  a t  an 
e a r l y  da t e - - in  t h e  cou r se  .of t h e  n a t i o n a l  
program of OTEC r e sea rch ,  development and 
demonst ra t ion .  A p r o j e c t i o n  of  t h i s  pos- 
s i b l e  e v o l u t i o n  is  shown a s  an " e n t e r i n g  
wedge" i n  F igu re  2 ,  which i n d i c a t e s ,  on  a  
cumula t ive  b a s i s ,  a  market p e n e t r a t i o n  i n  
t h e  U.S. i s l a n d s  o f  s e v e r a l  g igawa t t s  i n -  
s t a l l e d  by 1995 and about  10 g igawa t t s  by 
2014. 

Th i s  f i g u r e  shows t h e  U.S. Gulf-Coast 
OTEC e l e c t r i c i t y  market  commencing i n  
abou t  1990. Commercial ~ r o d u c t i o n  of  OTEC 

a b i l i t y  and commerc ia l iza t ion  of OTEC. 
These b a r r i e r s  t a k e  t h e  forms of  competi- 
t i v e  o p t i o n s ,  a ccep tab l e  demonst ra t ion ,  
f i n a n c i a l  i n c e n t i v e s ,  r e g u l a t o r y  and l e g a l  

l r - v  f a c t o r s .  The compe t i t i ve  e lements  
have been mentioned above b u t  need f u r t h e r  
re f inement  and updat ing .  The remaining 
p o t e n t i a l  b a r r i e r s  need f u r t h e r  s tudy .  
The OTEC Commercial izat ion A c t i v i t y  P lan  
shown i n  F igu re  3 has  been developed t o  
h e l p  r e s o l v e  and reduce  t h e  impact  o f  t h e  
b a r r i e r s  and t o  de te rmine  t h e  c o s t ,  t a r -  
g e t s ,  f i n a n c i a l - i n c e n t i v e s  r e q u i r e d ,  and 
demonst ra t ion  requi rements .  

OTEC COMMERCIALIZATION ACTIVITY PLAN 

ammonia f o r  f e r t i l i z e r s  cou ld  a l s o  begin  by 
1990. The f i g u r e  f u r t h e r  shows t h e  pos- 
s i b l e  commencement o f  OTEC market pene t ra -  
t i o n  on an i n t e r n a t i o n a l  b a s i s ,  s t a r t i n g  
i n  t h e  1990 ' s .  Such a  "market p u l l "  i n t r o -  
d u c t i o n  of  OTEC technology w i l l  a l l ow  t ime 
f o r  t h e  development of  t h e  submarine e l e c -  
t r i c a l - c a b l e  technology r e q u i r e d  f o r  sub- 
s equen t  OTEC p e n e t r a t i o n  o f  t h e  Gulf-Coast 
market.  The modular i ty  and s i z e  f l e x i b i -  
l i t y  o f  OTEC power p l a n t s  a r e  o t h e r  f a c t o r s  
conducive t o  commencing commerc ia l iza t ion  
through such a n - i s l a n d  s c e n a r i o ,  a long  wi th  
t h e  r e l a t i v e  s i m p l i c i t y  ( l e g a l  and i n s t i -  
t u t i o n a l )  o f  o p e r a t i o n  w i t h i n  t e r r i t o r i a l  
waters .  A l t e r n a t i v e l y ,  s t r o n g  i n t e r e s t  i s  
be ing  shown by ammonia producers  i n  c o s t  
s h a r i n g  i n  t h e  40-MWe p i l o t  p l a n t  t o  demon- 
s t r a t e  t h e  g raz ing  ammonia-plant op t ion .  
Cash-flow s t u d i e s  i n d i c a t e  t h a t  w i th  s u i t -  Fig. 3 The OTEC commercialization activity plan. 
a b l e  f i n a n c i n g ,  OTEC ammonia p l a n t  s h i p s  
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Fig. 2 cumulative OTEC market penetration. 

The OTEC p i l o t - p l a n t  s ize- requi rement  
i s  of  p a r t i c u l a r  importance.  From a  tech-  
n i c a l - f e a s i b i l i t y  and s c a l i n g  s t a n d p o i n t ,  
a  40-MW h u l l  and s h i p  w i th  an i n i t i a l  10- 
MWe g e n e r a t i n g  c a p a c i t y  appea r s  t o  be  
adequate  f o r  i n t r o d u c i n g  t h e  technology.  
The f i n a l  p i l o t - p l a n t  s i z e  w i l l  be  de f ined  
a t  t h e  end o f  FY 1979. That  a  demonstra- 
t i o n  i s  r e q u i r e d  by t h e  u t i l i t y / u s e r  i s  
known today.  

8. OTEC Program Schedule 

The recommended' schedule  f o r  t h i s  pro- 
gram i s  determined by i n d u s t r i a l ,  un iver -  
s i t y ,  and Government c o s t  p r o j e c t i o n s ,  
which show t h a t  u s ing  t o d a y ' s  subsystem 
t echno log ie s ,  OTEC can be  c o s t  compe t i t i ve  
i n  t h e  i s l a n d  environment 5  y e a r s  be fo re  
(1985) a  commercial p ro to type  can be f i e l d -  
ed (1990) w i thou t  c r i s i s  management o r  h igh  
r i s k  o f  c o s t  overrun.  The t o t a l  r e s e a r c h  
and development and sys t ems-acqu i s i t i on  



c o s t s  f o r  e i t h e r  acce le ra ted  o r  dece le ra ted  
programs f a l l  wi th in  t e n  percent  of each 
o t h e r ,  b u t  t h e  opt ions  d i f f e r  s i g n i f i c a n t l y  
i n  r i s k  of c o s t  overrun and amounts of OPEC- 
o i l  d isplaced by t h e  year  2000. It should 
be noted t h a t  al though t h e  Domestic Policy 
Review p r o j e c t s  0.1 Quad (10' Btu/yr, . o r  
3.34 GWt of f u e l  equ iva len t ,  o r  approxi- 

mately 1.1 GWe of OTEC average power out- 

put )  by the  year  2000, up t o  2.0 Quad 
( 2  x 10" Btu/yr = 22 GWe o f  average OTEC 

power output)  by t h e  year  2000 i s  p r a c t i -  
c a l l y  achievable,  dependent only on t h e  
commercialization s t r a t e g y  employed a f t e r  
t h e  demonstration p lan t .  I t  should be 
f u r t h e r  noted t h a t  t h i s  increased con t r i -  
but ion incurs  no inc rease  i n  r i s k .  The 
p r i n c i p a l  commercialization problem i n  OTEC 
i s  one of cash flow. 

The c u r r e n t  budget planning includes  
funding f o r  t h e  design,  const ruct ion,  and 
opera t ion of an OTEC closed-cycle p i l o t  
p l a n t  by FY 85. This p l a n t  i s  v i t a l  t o  t h e  
OTEC program. Without t h e  p i l o t  p l a n t ,  
bui ld ing of demonstration p l a n t s  and sub- 
sequent commercialization a r e  not  l i k e l y .  
There a r e  t h r e e  f a c t o r s  which favor  t h e  in -  
c lus ion  of  a p i l o t  p l a n t  i n  t h e  OTEC sys- 
t e m  a c q u i s i t i o n  s t r a tegy :  

Scal ing from a small  s i z e  (0.2-1 MW) 
t o  demonstration p l a n t  hardware (100- 
400 MW) would inc rease  r i s k  t o  a 
p o i n t  where it could not  be quan t i t a -  
t i v e l y  ca lcu la ted ,  nor i s  l i k e l y  t o  
be r i sked  even by i n d u s t r i a l  venture  
capital--even i f  r e t u r n  on inves t -  
ment were t e n  t o  eleven percent  per  
year.  

A p i l o t  p l a n t  would e s t a b l i s h  t h e  
market c r e d i b i l i t y  of t h e  concept 
among p o t e n t i a l  use r s  and o t h e r  s i g -  
n i f i c a n t  p a r t i c i p a n t s  (e.g.,  banks, 
insurance companies, and venture- 
c a p i t a l  groups).  

A p i l o t  p l a n t  would genera te  p r a c t i -  
c a l  experience i n  p l a n t  opera t ion ; 

and g r i d  i n t e r a c t i o n  phenomena f o r  
p o t e n t i a l  users .  

The sca l ing  f a c t o r  c e n t e r s  on demon- 
s t r a t i n g  t h e  a b i l i t y  t o  maintain an accep- 
t a b l e  l e v e l  of b iofoul ing r e s i s t a n c e  and 
thermal performance of l a r g e  hea t  ex- 
changers with thousands of passages during 
at-sea opera t ion.  The OTEC-1 p lan  includes  
t e s t i n g  of hea t  exchangers a t  t h e  1-MWe 
leve l .  However, t h e  s c a l i n g  of  hea t  ex- 
changers from t h e  small  (0.2-1 MW) OTEC-1 
t e s t  prototype t o  those  s i z e s  required f o r  
a demonstration p l a n t  and eventual  commer- 
c i a l  systems (approximately 200-400 MW) 
must be bridged by a p i l o t  p l a n t  of ap- 
proximately 10 t o  40 MW t o  c e r t i f y  perfor-  
mance. The same reasoning a l s o  app l i e s  t o  
t h e  cold-water p ipe  deployment. 

The second f a c t o r ,  "market c r e d i b i l i t y , "  
follows from t h e  needs t o  demonstrate re-  

l i a b i l i t y ,  su rv ivab i l i ty , ' and  capaci ty  i n  
a re levant-s ized power p lan t .  The proposed 
p i l o t  p l a n t  w i l l  t e s t  a  complete power sys- 
t e m  of t h e  s-e s i z e  and conf igurat ion t h a t  
a small  commercial OTEC p l a n t  might use a s  
i t s  modular bui ld ing block. Cost, perfor-  
mance, and r e l i a b i l i t y  d a t a  on an a c t u a l  
net-power genera t ing p l a n t  can be produced. 
The p i l o t  p l a n t  could provide t h e  informa- 
t i o n  necessary f o r  c a p i t a l  i n v e s t o r s  t o  
p r o j e c t  t h e  economic b e n e f i t s  of  OTEC, in-  
cluding return-on-investment. Cer ta in ly ,  
t h e  two l a r g e s t  cos t -uncer ta in ty  f a c t o r s ,  
i.e., systems-integration c o s t  and O&M 
c o s t ,  qould be est imated with much l e s s  
ignorance. 

F ina l ly ,  t h e  p i l o t  p l a n t  provides t h e  
oppor tuni ty  t o  t r ansmi t  e l e c t r i c i t y  t o  an 
e x i s t i n g  g r id .  This f e a t u r e  w i l l  he lp  t o  
r eso lve  two key i s s u e s  of any new power 
sys tem-- re l i ab i l i ty  and capaci ty  f a c t o r .  
With proper planning,  t h e r e  i s  a reason- 
a b l e  p r o b a b i l i t y  t h a t  some u t i l i t i e s  o r  
p r i v a t e  i n v e s t o r s  would propose t o  t h e  
Government a f i n a n c i a l  p lan  t h a t  reduces 
t h e  t o t a l  Federal  ou t l ay  f o r  t h e  p i l o t  
p lan t .  Strong i n t e r e s t  has a l ready been 
expressed by Puerto Rico, Hawaii, and Guam 
i n  connecting t h e  p i l o t  p l a n t  t o  t h e i r  re-  
spec t ive  u t i l i t y  g r i d s  and i n  incorporat ing 
OTEC i n t o  p l a n t  a c q u i s i t i o n  planning, a s  
we l l  a s  by an ammonia consortium i n  t h e  
intensive-product/grazing-plant mode of 
opera t ion.  . 
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DISCUSSION 

L. Green, J .  Ray McDermott: I t  seems t o  me that W .  Sherwood: To get in to  knots o f  current and wind, 
OTEC i s  putting a great number o f  i t s  eggs i n  one l e t  me re fer  you t o  Lloyd Lewis who has the environ- 
basket by designing things for benign conditions. mental program i n  DOE. I t  i s  our intent that a 
Why aren't you having people design for  hurricanes? structure bu i l t  i n  the ocean has t o  withstand a l l  
The point i s  being able t o  get power t o  the U . S .  the conditions that exis t  there; anything e l se  i s  a 
mainland. loser. 

W .  Richards: Let me r e f e r  your question t o  B i l l  
Sherwood, who manages our ocean engineering program. 

W .  Sherwood: I do not quite understand the question. 
We are designing for the hurricanes i n  the Gul f ,  
Puerto Rico, and the worst 100-year storm conditions 
i n  Hawaii. 

L. Green: I would say a 6-kt current or something -- 
l i k e  that would be a hurricane current. I don't 
believe that cold water pipes are being designed 
that are strong enough t o  withstand a 6-kt current. 
A 6-kt current would be a storm-current for Gulf 
Coast conditions. 

L. Lewis: We have worked out mvironmental studies 
t o  support the design e f f o r t ,  and these studies are 
being updated as more information becomes available, 
but i n  essence, we are designing t o  the combination 
o f  the conditions o f  most probable hurricane, wind, 
wave, and currents. Charlie Bretschneider o f  the  
University o f  Hawaii has been supporting us i n  t h i s  
e f f o r t .  He i s  certainly familiar with conditions 
i n  the Gulf as we41 as i n  the Islands, and we have 
put together, I believe,  a package that represents 
the conditions that would occur, at  most, probably 
i n  a 100-year hurricane. These do include surface 
currents that are, i n  some s i t e s ,  4 k t s  or bet ter .  



Now you have t o  separate the  wind current and the  
orbi ta l  water particle motion under a wave; Charlie 
has been t ry ing  t o  do that .  I think he has been 
re la t i ve l y  success fu l ,  given the  s ta t e  o f  t he  ar t .  
We are,  i n  f a c t ,  projecting most-probable 100-year 
hurricanes. 

L. Green: However, many o f  t he  platform studies 
end wi th  a statement such as ,  " the  mooring system 
rea l l y  has not been looked at ,"  e t c .  Statiotl-keep- 
ing would be a very important part o f  a hurricane 
s i tuat ion .  Structural i n t egr i t y  i s  also important 
part, too. I t  would seem that  current studies are 
leading t o  s i tuat ions  where, a t  b e s t ,  t he  cold h t e r  
pipe would break o f f ;  a t  worst, the whole f l oa te r  
i s  going t o  come ashore. I t  seems t o  me that  we 
are not squarely addressing the  worst-case condi- 
t ions. 

W .  Sherwood:. You mean if we use t h e  guyed tower, we 
w i l l  be f i ne !  [See Pharr's paper on the  subject i n  
t h i s  volume.] I am just kidding you. Seriously,  
t he 'bes t  way t o  beat the  ocean i s  not t o  get ex- 
posed out there i n  the  f i r s t  place, and i f  we can 
build something up from the  ocean bottom, we may 
be be t ter  o f f ;  some day I think we w i l l ,  r ea l l y  I 
do. I don't know i f  we are there yet i n  s i z e  o f  a 
commercial OTEC plant,  but we are gett ing awfully 
close.  A well was dr i l led  qui te  recently t o  4800 
f t ;  the  Cognac Tower and some other structures are 
a t  l eas t  half-way there. I t r u l y  believe that  when 
OTEC i s  a viable industry,  we w i l l  see OTEC plants 
b u i l t  from the  bottom o f  the  ocean bu t ,  i n  the  mean- 
time it i s  our in t en t  t o  design for  t h e  worst hur- 
ricane condition. We have t o  use the  same c r i t e r i a  
that  the  o i l  towers and t h e  ocher structures i n  t h e  
Gulf o f  Mexico use. 
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More than a year ago, Ed MacCutcheon 
invited me to say a few words at this Ple- 
nary Luncheon of the Sixth Conference on 
Ocean Thermal Energy Conversion (OTEC), and 
I have to say that in the meantime I have 
learned much about OTEC. 

In a gathering of experts representing 
a broad spectrum of scientific and engineer- 
ing disciplines, such as this, I would not: 
presume to discuss the technical feasibility 
of ocean thermal energy, but I believe I 
can comment on. the role which ~hipyards~might 
have in bringing the imaginative OTEC con- 
cept to fruition. 

As many of you may know, U.S. ship- 
builders have pioneered almost every tech- 
nologically advanced marine system ever de- 
veloped: offshore drill ships, jack up 
rigs, liquefied natural gas ships, nuclear 
powered ships, concrete barges, submarines 
and semi-submersibles. The capabilities 
.resident.in U.S. shipyards and the U.S. 
marine component industries are equal, in, 
my judgment, to meeting the technical re- 
quirements of OTEC. 

Shipyards are strategically situated 
to build, assemble and launch large, heavy 

structures for use at sea such as envision- 
ed with OTEC concepts. At least five U.S. 
shipyards, to my knowledge, are actively 
interested in this kind of work, as major 
subcontractors. One yard is already com- 
mitted to the conversion of a Navy tanker 
which has been made available to the Depart- 
ment of Energy for the OTEC-1 project. 

Moreover, the financial community has 
experience with financing ship projects 
under the Federal Title XI loan guarantee 
program administered by the U.S. Maritime 
Administration. Drill ships and semi-sub- 
mersible drill rigs have already qualified 
for Title XI financing. The same kind of 
financing for economically feasible OTEC 
vessel projects could,provide a needed stim- 
ulus to accelerate and establish acceptance 
of OTEC as an important energy source. 

With typical American ingenuity, we 
sincerely believe that full scale commer- 
cially viable projects can be put on line 
through government/industry cooperation in 
the near future. And, the U.S. shipyard 
industry wants to be a part of this national 
endeavor. I can assure you, we need the 
work. 
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Good afternoon. I am Charles Matthews, 
President of the National Ocean Industries 
Association, a Washington-based trade assoc- 
iation representing some 400 companies in- 
volved in virtually every aspect of ocean 
resource development. NOIA is pleased to 
co-sponsor this 6th Annual OTEC Conference, 
particularly since several of our members 
are directly involved in various aspects 
of the Conference. Participating members 
include Lockheed, Westinghouse, TRW, Dow, 
Tracor Marine, Tetra Tech, Hydronautics, 
J. Ray McDermott, Teledyne, and Frederic 
R. Harris, Inc. I'm pleased to have this 
opportunity to welcome our members and each 
of the other organizations represented here, 
and I'd also like to take a moment to con- 
gratulate Lockheed and another NOIA member, 
Dillingham Corporation, for their recent 
success in the "mini-OTEC" project in Hawaii. 
Other members I haven't named will almost 
surely be involved in the future development 
of OTEC, since our members include companies 
with proven capabilities in heavy construc- 
tion for ocean applications, shipbuilding 
and modifications, instrumentation, finan- 
cial and management services, and an array 
of other service and support and supply 
functions. 

It goes without saying that one of our 
greatest concerns for the future of the 
nation, and of the world for that matter, is 
the critical need for energy. Sources of 
energy,used most commonly now and in the 
past, while they will continue to be avail- 
able for perhaps many years yet, aren't re- 
newable, and will eventually be exhausted 
or depleted to a degree which will make it 
absolutely necessary to find new sources. 
OTEC is an exciting new technology which 
holds great promise as one source of the 
'energy we will need in the future, particu- 
larly since it is renewable and pollution- 
free. It is very appropriate that emphasis 
is increasingly being placed on development 
.of renewable energy resources such as OTEC 
now, as the need is plainly becoming criti- 
cal. 

The level of attention new energy tech- 
nologies are gaining internationally sug- 
gests to me that attractive new markets are 
beginning to exist for companies with the 
ability to develop those technologies, at 
least if the international commercial cli- 
mate remains suitable. In this regard, we 
have been following with considerable in- 
terest and some trepidation the trend in 
certain international conferences such as 
the U.N. Conference on the Law of the Sea, 
toward the creation of provisions in new 
agreements that may require companies with 
the ability to develop and market advanced 
technologies to give access to those tech- 
nologies rather freely and with only 
limited protections against misuse of pro- 
prietary information and trade secrets. It 
seems likely that the U.N. Conference on 
New and Renewable Sources of Energy planned 
for 1981, among pthers, will include pro- 
visions on technology transfer similar to 
those in current drafts of the law of the 
sea treaty text. I suggest that it may be 
appropriate for the business concerns in- 
volved to look carefully at the implica- 
tions of this trend in international con- 
trol of commercial development, and that 
perhaps our political representatives at 
the relevant international conferences 
should be made aware of the need to give a 
fair and just level of protection to pri- 
vate enterprise in the process of creating 
agreements which will affect much of our 
ability to compete effectively in world 
markets. 

I won't take up too much of your time. 
Thank you for inviting me to be here today, 
and again welcome to Washington and to this 
impqrtant conference. NOIA members will be 
deeply involved in the future of OTEC in 
many ways, and we wholeheartedly endorse the 
efforts all of you are making to achieve 
commercial development of OTEC. We are here 
to support and serve America's ocean in- 
dustries and enjoy the opportunity to get 
better acquainted with the people involved. 
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Good a f t e rnoon ,  Ladies  and Gentlemen. 

I would l i k e  t o  thank you f o r  t h i s  
oppor tun i ty  t o  add re s s  t h e  S i x t h  Annual 
Ocean Thermal Energy Conversion Conference 
t h i s  a f te rnoon.  These annual  OTEC con- 
f e r e n c e s  have proven t o  be a  v a l u a b l e  forum 
f o r  t h e  d i s c u s s i o n  o f  t h e  l a t e s t  develop- 
ments i n  t h e  Department o f  Energy OTEC Pro- 
gram. , 

L 

A s  t h i s  conference  i s  be ing  he ld  t h i s  
week, t h e  United S t a t e s  p u b l i c  i s  being 
made t o  r e a l i z e  t h e  i n c r e a s i n g  s e v e r i t y  o f  
t h e  Na t ion ' s  -- indeed ,  t h e  wor ld ' s  energy 
c r i s i s .  The gas  l i n e s  which s t a r t e d  a  few 
months ago i n  C a l i f o r n i a  have spread  t o  
v a r i o u s  p a r t s  of  t h e  count ry .  The Na t ion ' s  
c a p i t o l  has  been h i t  w i th  p a r t i c u l a r  
s e v e r i t y  t h i s  summer. 

I f  you ask  t h e  average  c i t i z e n  what t h e  
cause of  t h e  s h o r t a g e s  is ,  he w i l l  most 
l i k e l y , p o i n t  a  f i n g e r  of  blame a t  t h e  
I r a n i a n  s i t u a t i o n ,  t h e  o i l  companies, t h e  
government, o r  t h e  OPEC Nations.  I f  blame 
i s  t o  be given f o r  t h e  p r e s e n t  s i t u a t i o n ,  
then  each  and every  c i t i z e n  o f  t h i s  count ry  
should shoulder  some o f  it. 

A few s h o r t  y e a r s  ago we r ece ived  o u r  
f i r s t  c l e a r  warning t h a t  t h e  days of  ap- 
p a r e n t l y  l i m i t l e s s  world pe t ro leum re -  
sou rces  were ove r .  With t h e  Arab O i l  Em- 
bargo and t h e  e s t ab l i shmen t  o f  t h e  OPEC 
C a r t e l ,  t h e  i n d u s t r i a l i z e d  Western World 
found i t s e l f  dependent on a  sma l l  number o f  
o i l  e x p o r t i n g  c o u n t r i e s  f o r  a  l a r g e  pro- 
p o r t i o n  of  i t s  petroleum requi rements .  We 
found o u r s e l v e s  i n  a  p o s i t i o n  o f  having t h e  
world p r i c e  f o r  o i l  being set and l e v e l s  of  
product ion  determined by t h e  OPEC C a r t e l .  

A t  t h e  time of  t h e  o i l  embargo, t h e  
United S t a t e s  was impor t ing  approximately 
one - th i rd  of  i t s  o i l  supply.  S ince  then ,  
o u r  o i l  impor ts  have grown and o u r  annual  
ba lance  o f  payments d e f i c i t  ha s  i nc reased  
t o  a  dangerously h igh  l e v e l .  Now, almost  
s i x  y e a r s  l a t e r  we a r e  impor t ing  over  50% 
o f  o u r  o i l .  The q u e s t i o n  t o  ask i s  n o t  
"Who i s  t o  blame?" -- b u t  r a t h e r  -- "What 
have we done t o  reduce  o u r  dependency on 
f o r e i g n  o i l  and why h a v e n ' t  t h e s e  a c t i o n s  
had any e f f e c t ? "  

c lud ing  t h e  passage  o f  t h e  Na t iona l  Energy 
Act l a s t  f a l l .  Most o f  t h e s e  laws d e a l  
w i th  v a r i o u s  approaches t o  conserv ing  
energy a s  a  means o f  reducing  o u r  o i l  de- 
pendency. C lea r ly ,  we must t a k e  every  
f e a s i b l e  s t e p  we can t o  conserve  energy,  
b u t  t h i s  on ly  buys us  t i m e .  I t  does  l i t t l e  
i n  t h e  way o f  s h i f t i n g  us away from o i l  and 
toward o t h e r  energy sources .  The reason  
t h e r e  has  been no c l e a r l y  i d e n t i f i a b l e  
n a t i o n a l  energy p o l i c y ,  w i th  t h e  excep t ion  
o f  conse rva t ion ,  is  t h a t  t h e r e  has  been no 
n a t i o n a l  consensus on what energy supply 
p o l i c y  t o  pursue.  That  l a c k  o f  consensus 
has  been dangerous ly  coupled wi th  t h e  
d e n i a l  on t h e  p a r t  o f  many t o  even acknow- 
l edge  t h a t , t h e r e  a c t u a l l y  i s  an  energy 
c r i s i s  con f ron t ing  us .  Many i n t e r e s t s ,  
whether t hey  be  p a r o c h i a l  i n t e r e s t ,  s p e c i a l  
i n t e r e s t s ,  o r  environmental  i n t e r e s t s ,  i n -  
f l u e n c e  t h e  c o n s i d e r a t i o n  by Congress o f  
any major  energy  l e g i s l a t i o n  which focuses  
on t h e  supply s i d e  o f  t h e  energy equa t ion .  
A good example o f  t h i s  was t h e  cons idera-  
t i o n  i n  1976 o f  a  major f e d e r a l  l o a n  
gua ran tee  and p r i c e  suppor t  program f o r  
t h e  p roduc t ion  of  s y n t h e t i c  f u e l s .  This  
l e s i s l a t i o n  was de fea t ed  b e f o r e  it e v e r  - - -  

reached  t h e  House F loo r  when t h e  r u l e  f o r  
i ts  c o n s i d e r a t i o n  was d e f e a t e d  by a  s i n g l e  
vote .  Now, t h r e e  y e a r s  l a t e r  t h e  s u b j e c t  
o f  e s t a b l i s h i n g  a  major program f o r  t h e  de- 
velopment o f  s y n t h e t i c  f u e l s  i s  aga in  be ing  
s e r i o u s l y  debated  i n  t h e  h a l l s  o f  Congress. 

Today, t h i s  p i c t u r e  o f  a  l a c k  of  na t ion -  
a l  consensus on energy i s  changing. This  
y e a r ' s  ve ry  r e a l  sho r t ages  o f  g a s o l i n e  and 
t h e  p o s s i b i l i t y  o f  e l e c t r i c a l  brown-outs i n  
some p a r t s  of  t h e  coun t ry  h a s  caused t h e  
American p u b l i c  t o  wake up t o  t h e  f a c t  t h a t  
t h i s  Nation i s  i n  a  d e t e r i o r a t i n g  o i l  sup- 
p l y  c r i s i s .  

For  t h i s  Nation t o  s t e e r  through t h e  
energy s h o r t a g e s  t h a t  t h e  n e x t  decade w i l l  
b r i n g  and t o  p u t  i n  p l a c e  t h e  non-petro- 
leum energy r e sou rces  and t echno log ie s  w e  
need w i l l  r e q u i r e  a  f i r m  commitment on t h e  
p a r t  o f  t h e  c i t i z e n s  o f  t h i s  coun t ry  and 
s t r o n g  p o s i t i v e  l e a d e r s h i p  from t h e  energy 
pol icymakers  i n  Washington, and i n  each and 
eve ry  s t a t e  and l o c a l i t y .  T h i s  commitment 
must e n t a i l  e f f o r t s  t o  conserve  ene rav  

A s  f a r  a s  t h e  Federal 'Government 's  r o l e  wherever p o s s i b l e  and i t  must be =oupied 
is  concerned,  t h e r e  has  been a g r e a t  d e a l  w i th  a  w i l l i n g n e s s  on t h e  p a r t  o f  t h e  
o f  e f f o r t  on t h e  p a r t  o f  t h e  Congress and 'government t o  spend a much g r e a t e r  amount 
on t h e  p a r t  o f  t h e  l a s t  t h r e e  Administra- o f  money on energy r e s e a r c h  and develop- 
t i o n s  t o  respond t o  t h e s e  ques t ions .  ment of  a l l  promising energy t echno log ie s .  
Numerous laws have been passed  ove r  t h e  But u n t i l  t h e s e  new t echno log ie s  a r e  tech-  
l a s t  s i x  y e a r s  d e a l i n g  wi th  energy--in- n i c a l l y  and economical ly v i a b l e , . w e  w i l l  



have t o  r e l y  on energy from coa l ,  nuc lea r ,  
gas  and petroleum. 

I have had t h e  oppor tun i ty  f o r  t h e  p a s t  
3 y e a r s  o f  be ing  a member o f  t h e  s t a f f  of  
t h e  Committee on Science  and Technology. 
I n  1971, t h e  Committee recognized t h e  
p o t e n t i a l  o f  f u t u r e  energy sho r t ages .  I n  
t h a t  y e a r ,  t h e  Committee e s t a b l i s h e d  a Task 
Force on Energy which was c h a i r e d  by Con- 
gressman Mike McCormack of  Washington. The 
Task Force was t h e  f i r s t  .a t tempt on t h e  
p a r t  o f  t h e  Congress t o  thoroughly review 
t h e    at ion's energy p i c t u r e ,  and make con- 
c l u s i o n s  and recommendations on needed '  
Fede ra l  a c t i o n s .  I n  i t s  r e p o r t  Ln 1972, 
t h e  Task Force recognized t h e  p o t e n t i a l  
c o n t r i b u t i o n  t h a t  could be made by renew- 
a b l e  energy sources  when it recommended 
among s i x  o t h e r  key p o i n t s ,  t h a t :  

"Because of  ( s o l a r  energy '  s)  con- 
t i n u o u s  and v i r t u a l l y  inexhaus t -  
i b l e  n a t u r e ,  s o l a r  energy r e sea rch  
and development should r e c e i v e  
g r e a t l y  inc reased  funding. Near- 
t e r m  a p p l i c a t i o n s  of  s o l a r  power 
f o r  household u s e s  seem l i k e l y ,  
and c e n t r a l  s t a t i o n  t e r r e s t r i a l  
s o l a r  power and s a t e l l i t e  s o l a r  
power a r e  a t t r a c t i v e  long-term 
p o s s i b i l i t i e s . "  

A t  t h a t  time, funding f o r  s o l a r  energy 
r e sea rch ,  development and demonst ra t ion  i n  
t h e  Fede ra l  Government was l e s s  t han  $2 
m i l l i o n  p e r  yea r  and s c a t t e r e d  through 
v a r i o u s  Federa l  agenc ie s  ranging from NASA 
t o  t h e  Nat ional  Sc ience  Foundation. 

Ea r ly  i n  1973, t h e  Committee i n i t i a t e d  
t h e  S o l a r  Heating and Cooling Research, 
Development, and Demonstration Act which 
became law i n  1974. I t  e s t a b l i s h e d  t h e  
s o l a r  h e a t i n g  demonst ra t ion  program which 
h a s  been q u i t e  a success ,  and under which 
w e  now have thousands o f  s o l a r  u n i t s  on 
r e s i d e n c e s  f o r  space  hea t ing  and h o t  water .  
The program a l s o  has  hundreds o f  i n d u s t r i a l  
f a c i l i t i e s  and commercial and p u b l i c  
b u i l d i n g s  on s o l a r  energy f o r  p rocess  h e a t ,  
space  h e a t i n g  and h o t  water--and i n  a few 
cases - - so l a r  energy used f o r  cool ing .  

Unfor tunate ly ,  an economically competi- 
t i v e  s o l a r  powered a i r  c o n d i t i o n e r  f o r  i n -  
d i v i d u a l  houses has  n o t  been developed, and 
t h e  s o l a r  cool ing  demonst ra t ion  program i s  
behind schedule.  

One o f  t h e  most encouraging a s p e c t s  o f  
t h e  s o l a r  demonstrat ion program i s  t h a t  it 
h a s  s t imu la t ed  t h e  e s t ab l i shmen t  o f  a 
s t r o n g  s o l a r  h e a t i n g  i n d u s t r y  wi th  s e v e r a l  
hundred i n d u s t r i a l  co rpora t ions  now pro- 
ducing s o l a r  equipment. Even more impor- 
t a n t l y ,  t h e  p r i v a t e  s a l e s  of  s o l a r  c o l l e c -  
t o r s  and r e l a t e d  equipment l a s t  yea r  were 
more than  10 t imes  t h e  amount produced 
through a l l  Federa l  programs combined. 
Th i s  program, when combined wi th  t h e  t a x  
c r e d i t s  on s o l a r  equipment which became 
law l a s t  year ,  has  e s t a b l i s h e d  a s t r o n g  and 
v i a b l e  s o l a r  h e a t i n g  i n d u s t r y .  

The o t h e r - m a j o r  p i e c e  o f  s o l a r  r e s e a r c h  
and development l e g i s l a t i o n  which a l s o  

o r i g i n a t e d  i n  t h e  Science  and Technology 
Committee became law i n  1974, was t h e  S o l a r  
Energy Research, Development and Demonstra- 
t i o n  Act of  1974. This  a c t  brought  to- 
g e t h e r  s o l a r  r e sea rch  a c t i v i t y  from va r ious  
f e d e r a l  agencies ,  e s t a b l i s h i n g  t h e  f e d e r a l  
s o l a r  program a s  we now know it. When t h e  
Energy Research and Development Administra- 
t i o n  was e s t a b l i s h e d  by Congress t h e s e  re-  
s e a r c h  a c t i v i t i e s  were t r a n s f e r r e d  t o  t h e  
new agency. 

Under t h e  d i r e c t i o n  o f  ERDA, and now, 
t h e  Department o f  Energy, s o l a r  r e sea rch  
a c t i v i t y  and funding has  grown astronomi- 
c a l l y .  The Congress has  been in s t rumen ta l  
i n  t h i s  growth. Each yea r  s i n c e  t h e  es-  
tab l i shment  o f  ERDA, Congress has  s i g n i f i -  
c a n t l y  inc reased  funding w e l l  above t h e  
budget  r e q u e s t s  o f  f i r s t ,  a Republican Ad- 
m i n i s t r a t i o n  and now, a Democratic Admini- 
s t r a t i o n .  

The s o l a r  energy .budget  f o r  a l l  s o l a r  
energy r e sea rch  development and demonstra- 
tion--which was r epor t ed  from t h e  House 
Committee on Science  and Technology only  a 
few weeks ago t o t a l s  $544 m i l l i o n ;  wi th  an 
a d d i t i o n a l  $57 m i l l i o n  f o r  b ioconvers ion  
programs--$601 m i l l i o n  i n  a l l .  Of t h i s  
total--$35 m i l l i o n  i s  f o r  t h e  Ocean Ther- 
mal Energy Conversion Program wi th  a f u l l  
a u t h o r i z a t i o n  f o r  t h e  OTEC-1 Tes t  F a c i l i t y .  

This  l e a d s  me t o  t h e  subje 'c t  of  t h e  OTEC 
technology and p.rograms which you a r e  d i s -  
cus s ing  a t  t h i s  annual  conference.  ' 

OTEC i s  one o f  t h e  few s o l a r  energy op- 
t i o n s  t h a t  can produce continuous r a t h e r  
t han  i n t e r m i t t e n t  e l e c t r i c i t y .  The con- 
c e p t  o f  conver t ing  t h e  energy s t o r e d  i n  t h e  
thermal g r a d i e n t s  o f  t r o p i c a l  oceans i n t o  
u s e f u l . e n e r g y  was f i r s t  produced by t h e  
French P h y s i c i s t  dVArsonval  i n  1881 and 
t h e  t e c h n i c a l  f e a s i b i l i t y  of  OTEC was par-  
t i a l l y  demonstrated by Claude i n  1930. 

The Federa l  e f f o r t  on t h e  development on 
OTEC began i n  e a r n e s t  i n  1972 when t h e  fun- 
d ing  f o r  t h i s  a c t i v i t y  was j u s t  $85,000. 
I n  t h e  f i s c a l  yea r  1980 budget  t h i s  f i g u r e  
i s  now $35 m i l l i o n .  To d a t e ,  t h e  f e d e r a l  
government h a s  funded approximately $130 
m i l l i o n  f o r  OTEC. 

What have we g o t t e n  f o r  t h i s  $130 m i l -  
l i o n  investment  t o  d a t e  and where i s  t h e  
DOE OTEC program and t h e  technology going 
i n  t h e  f u t u r e ?  The DOE OTEC program i s  , 

s t i l l  i n  t h e  component des ign  and evalua-  
t i o n  s t age .  Conceptual des igns  f o r  com- 
merc i a l  p l a n t s  have been produced by 
s e v e r a l  o f  t h e  DOE c o n t r a c t o r s .  However, 
no t o t a l  system des ign  has  been c a r r i e d  o u t  
i n  which a l l  t h e  major subsystems have been 
i n t e g r a t e d .  

The r e source  t h a t  OTEC p o t e n t i a l l y  could 
t a p  i s  v a s t .  I f  you look a t  j u s t  t h e  re-  
source  a s s o c i a t e d  wi th  t h e  a p p l i c a t i o n  o f  
OTEC f o r  t h e  o f f - sho re  product ion  o f  e l e c -  
t r i c i t y  which would be t r a n s m i t t e d  t o  shore  
by submarine c a b l e  i n  t h e  Gulf o f  Mexico, 
e s t i m a t e s  range from 200 t o  1,000 g igawat ts  
o f  e l e c t r i c i t y .  There would a l s o  be addi- 
t i o n a l  r e sources  d i r e c t l y  a c c e s s i b l e  t o  



t r o p i c a l  i s l a n d s  such a s  Hawaii, Puer to  poss ib le  r e l e a s e  of C02 from up-welled deep 
Rico and Guam. When you look a t  t h e  appl i -  ocean water. 
c a t i o n  of OTEC f o r  the production of  energy 
in tens ive  products with p l a n t  s i t e  not  There i s  a l s o  uncer ta in ty  about t h e  

p o t e n t i a l  c o s t  of  an OTEC p lan t .  Cost es-  l imi ted  t o  nearby off-shore loca t ions ,  the  timates based upon the most recent design resource becomes almost l i m i t l e s s .  s t u d i e s  genera l ly  ranqe between $1,500 t o  
The Department of Energy has cau t ious ly  $2,500 pe r  k i lowat t  of e l e c t r i c i t y  d e l i -  

es t imated t h a t  t h e r e  w i l l  be opera t iona l ,  vered t o  shore. Reasonable c o s t  of power 
small ,  commerqial s c a l e  OTEC p l a n t s ,  (40 es t ima tes  f a l l  between 30 t o  70 m i l l s  per  
t o  100 Mwe) a s i z e  s u i t a b l e  f o r  i s l a n d  KWh f o r  a commercial OTEC ~ l a n t .  ' 

u t i l i t y  app l i ca t ion ,  i n  the  e a r l y  1990's .  
Also, t h a t  t h e r e  would be commercial l a r g e  
p l a n t s  (250 t o  400 MW,) s u i t a b l e  f o r  United 
S t a t e s '  mainland application i n  the  mid t o  '- 
l a t e  1990's .  OTEC p l a n t s  s u i t a b l e  f o r  the  
onboard production of energy-intensive 
f u e l s ,  chemicals o r  ma te r i a l s  w i l l  a l s o  be 
deployed. 

The OTEC program has been q u i t e  success- 
f u l  i n  addressing t h e  t echn ica l  uncertain- 
t i e s  which have confronted the  program. 
The hea t  exchangers have c o n s t i t u t e d  the  
major source of uncer ta in ty  i n  terms of  
p r o d u c i b i l i t y  of l a r g e  hardware, hea t  
t r a n s f e r  performance and mate r i a l s .  The 
hea t  exchangers a r e  the  most c r i t i c a l  com- 
ponents of t h e  OTEC power system from t h e  
perspect ive  of c o s t  and performance. De- 
pending on which of the  proposed des igns  
u l t ima te ly  g e t s  chosen, the  h e a t  exchangers 
may account f o r  approximately 30% t o  50% of 
the  OTEC p l a n t  c o s t s .  Much progress  has 
been made i n  t h i s  a rea  over the  p a s t  two 
years .  Tes ts  a t  Argonne National Lab on 
the  1 MWt ( o r  30 kWe) hea t  exchanger com- 

ponents of enhanced-surface-shell-and-tube, 
. p l a te - f in ,  and folded-tube types  have con- 
f inned e a r l i e r  s i n g l e  tube data .  Also, 
b iofoul ing r a t e s ,  t h a t  have been measured, 
show t h a t  the  r a t e  is manageable and much 
lower i n  the  open ocean than i n  c o a s t a l  
regions and t h a t  the  r a t e  i s  f a i r l y  s i t e -  . 

independent. I t  has a l s o  been determined 
t h a t  t i tanium and aluminum hea t  exchangers 
can be cleaned with pe r iod ic  brushing. With 
continued t e s t i n g  a t  Argonne, the  seacoast  
t e s t  f a c i l i t y ,  and on t h e  OTEC-1 when it 
becomes opera t iona l  i n  1980, t h e  program 
can pursue more advanced hea t  exchangers 
such a s  a p l a t e  type hea t  exchanger a s . w e l l  
a s  c o l l e c t i n g  d a t a  over a long period of 
time which w i l l  add t o  our understanding 
of t h e  opera t ion of heat  exchangers i n  an 
ocean environment. 

There a r e  severa l  engineering quest ions  ' 

t h a t  s t i l l  must be addressed by t h e  pro- 
gram. Some of these  can be answered i n  
t h e  deployment of the  OTEC-1 t e s t  f a c i l i t y  
next year ,  but  o t h e r s  can only be answered 
by t h e  design and const ruct ion of a 10 MW, 
modular experiment p l a n t  s h i p .  These ques- 
t i o n s  r e l a t e  t o  t h e  deployment, s t r e s s  re-  
l i e f ,  dynamic loading and in terconnect ion 
of t h e  cold water p ipe  and OTEC platform. 
There a r e  a l s o  quest ions  r e l a t i n g  t o  t h e  
mooring of such a l a r g e  platform. 

This l eads  u s  t o  the  next phase i n  the  
program. This next  phase w i l l  be t h e  de- 
s ign and const ruct ion of a t  Least one 10 
MWe modular experiment p lan t .  Present ly ,  
the  DOE program has  t h e  goal  of achieving 
a t echn ica l  and economic demonstration of 
a 10 MWe s c a l e  f a c i l i t y  i n  the  mid-1980's. 

When the  t echn ica l  progress  made by the  
program is  considered wi th  the  remaining 
t echn ica l  engineering and environmental 
ques t ions  which only an opera t ion p i l o t  
p l a n t  of s u f f i c i e n t  s i z e  w i l l  answer, it 
i s  c l e a r  t h a t  we must move ahead i n  t h e  
near f u t u r e  with the  modular experiment. 
Not j u s t  one modular experiment, which DOE 
i s  p resen t ly  considering,  but  two modular 
experimental p i l o t  p lan t s .  One f o r  t h e  
production of e l e c t r i c i t y  t o  be t rans-  
mi t ted  t o  shore and one f o r  t h e  production 
of energy i n t e n s i v e  products.  

I am not  alone i n  t h i s  opinion.  I t  was 
t h e  opinion of  the  research development and 
demonstration panel  of t h e  Domestic Pol icy  
Review of  Solar  Energy t h a t  t h e  " p o t e n t i a l  
of OTEC cannot be denied on the  b a s i s  of  
the  ana lys i s  t h a t  e x i s t s  t o  d a t e  and t h a t  
a. t imely investment i n  a t  l e a s t  one 10 MWe 
modular experiment is  t h e  appropr ia te  ap- 
proach t o  maximize t h e  economic impact of  
OTEC within the  context  of t h e  e n t i r e  s o l a r  
program." The panel aZso s t a t e d  t h a t ,  " I f  
successful ,  the  10 MW, s c a l e  experiments 
w i l l  l ead  t o  commercial OTEC f a c i l i t i e s  
t h a t  d e l i v e r  40 t o  100 MWe baseload e lec-  
t r i c i t y  t o  t r o p i c a l  i s l a n d s  such a s  Hawaii, 
Puerto Rico, and Guam. Delay u n t i l  the  
mid-1980's i n  committing t o  the  f i r s t  10 
MWe modular experiment may l ead  t o  the  d i s -  
s i p a t i o n  of some of t h e  i n d u s t r i a l  tech- 
n i c a l  e x p e r t i s e  t h a t  has  been assembled i n  
t h e  OTEC program." 

The cons t ruc t ion  of two 10 MW, modular 
experiments w i l l  have a s i s n i f i c a n t  bud- 
ge ta ry  impact on t h e  e n t i r e  s o l a r  program. 
The c o s t  e s t ima tes  c a l l  f o r  a t  l e a s t  $100 
mi l l ion  per  modular experiment budgeted 
over a th ree  year  period.  This p o t e n t i a l l y  
w i l l  be t h e  l a r g e s t  undertaking ever  taken 
by t h e  s o l a r  program, bu t  it i s  one t h a t  
should be made t o  a s c e r t a i n  the  t echn ica l  
and economic f e a s i b i l i t y  of l a r g e  s c a l e  
OTEC deployment. I t  w i l l  a l s o  g ive  a c l e a r  
ind ica t ion  a s  t o  t h e  need of f u r t h e r  
f e d e r a l  involvement i n  the  development of 
OTEC technology and how much of a con t r i -  
bution OTEC can make on this Nation's  and 

Environmental i s s u e s  which s t i l l  need t o  the  world ' s  energy so lu t ions .  It w i l l  be 
be addressed a r e  those  r e l a t i n g  t o  t h e  mix- an expensive s t ep ,  b u t  it i s  one t h a t  must 
ing of such l a r g e  q u a n t i t i e s  of ocean water be taken a s  wel l  a s  those t h a t  should be 
of d i f f e r i n g  temperatures. There i s  a l s o  taken i n  t h e  a reas  of energy conservation,  
some quest ion a s  t o  t h e  e f f e c t s  of t h e  syn the t i c  f u e l s  production,  nuclear  power 



development, geotheljnal energy developinent, 
natural  g a s  from unconventional sources  
and t h e  o t h e r  s o l a r  technologies , .  I t  w i l l  
o n l y  be  a f t e r  we have s u c c e s s f u l l y  taken 
many o f  t h e s e  s t e p s  t h a t  we w i l l  beg in  t o  
see s o l u t i n s  t o  our energy problems. 

Thank you. 
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Welcome to this 6th OTEC Conference ban- 
quet. We have tried to choose a cross-sec- 
tion of the OTEC community to be our dis- 
tinguished guests at the head table--in- 
cluding representatives of industries, util- 
ities and other organizations interested in 
OTEC. Unfortunately, Jack Babbitt of the 
ammonia industry could not be here tonight, 
but we do have representatives of the 
aluminum industry, a utility, and some of 
the key organizations that have taken a 
great interest in OTEC power systems and 
plant designs. 

At your right, Dr. Gordon Dugger of 
Applied Physics Lab of Johns Hopkins Uni- 
versity, who organized this conference. 
Next, Eugene Barsness of Westinghouse; 
Mrs. Mary Louise Dugger; Bob Hindle of 
the General Electric Company; Tom Higgins 
of Lockheed Corporation; Louis Wilson of 
Middle South Services; and Bill Richards, 
Chief of DOE'S Ocean Systems Branch. At 
the banquet of the 5th OTEC Conference in 
Miami in February 1978, we were privileged 
to hear Senator Matsunaga of Hawaii. He 
wanted to be with us this evening but could 
not; however, his astute assistant Tak 
Yoshihara, is here to represent him. 

eon--he has been great at enlisting all of 
the participating organizations, which is 
another first for this conference--and Joan 
Worden, who has beautifully handled our 
media relations. Bill Buchanan of APL, 
who also worked on media relations, is not 
here this evening, but his colleague, Phil 
Lewellen, who handled visual and audio ar- 
rangements, is present. Bill Kehoe was re- 
sponsible for hotel arrangements, which 
have been, as far as I am concerned, impecd- 
able. And finally, the secretarial and 
reception personnel, who normally work 
with Gordon and Bud, and have had an ex- 
ceptional load for this conference--Jackie 
Hentgen and Joan Handiboe. 

Next we turn to OTEC pioneers. As the 
institutional memory of this program, I 
will tell you about them briefly. I 
think the first one chronologically is 
Bryn Beorse, who is retired now but still 
working pretty hard at the University of 
California Seawater Conversion Laboratory. 
The work he did on desalinization was quite 
relevant to OTEC, especially to the open 
cycle work, and he is now a consultant to 
the OTEC alternate power systems program 
through the Oak Ridge National Laboratory. 

A person most of you already know, 
I'll skip two individuals [Governor J. Hilbert "Andy" Anderson, was another 

Romero and Dr. Deutch] and introduce my OTEC pioneer in the early 60's, together 
colleague, Jos6 Cortez, who is here as with his son, Jim. They head the company 
personal representative of Dr. Bennett known as Sea Solar Power, Inc. Miller, DOE Proaram Director for Solar, 
~eothe~ma1,~lec~ric and Storage systems 
and Jos6's distinguished wife, Raquel; 
and next, a member of the financial com- 
munity-from Lehman.Brothers, Kuhn, Loeb: 
Neil Eisner. The aluminum industry is 
interested in OTEC as a source of elec- 
tricity to produce aluminum. We have with 
us Capt. Malcolm Jones of Reynolds Metals. 
Next i s  my wife, Carolyn. Mrs. Dugger and 
she have greatly supported the OTEC pro- 
gram. And the. TRW organization is rep- 
resented tonight by Bob Douglass. 

Dr. Gordon Dugger has been a meticulous 
organizer, both for this 6th OTEC Conference 
and for the 3rd OTEC Conference, which was 
held in Houston in 1975, just following the 
Offshore Technology Conference. Along with 
Gordon, I now recognize all the people on 
his team. Bud Francis arranged for the 
exhibits. We've never had exhibits at an 
OTEC Conference before, and, thanks to Bud's 
leadership, this unprecedented and valuable 
addition worked out very well. We have had 
help from two consultants'to APL, Ed 
MacCutcheon, who chaired yesterday's lunch- 

We are also honored to have with us the 
very distinguished scientist and OTEC 
pioneer who brought you the Zener Diode--I 
tell him he has gone from solid state to 
liquid state--Dr. Clarence Zener. Clarence 
was interested in OTEC in the early 60's 
when he was Chief Scientist at Westinghouse 
in Pittsburgh. He later went to Carnegie- 
Mellon University as University Professor, 
and is a real enthusiast for both closed- 
cycle OTEC and some of the advanced open- 
cycle variations. He has had working with 
him, for many of the recent years, Dr. 
Abe Lavi. Abe organized the First OTEC 
Conference held at Carnegie-Mellon six 
years ago this month, and he helped a 
great deal to organize the Fourth and 
Fifth OTEC Conferences in New Orleans and 
Miami, respectively. Abe also dedicated 
two years of his life to working at the 
Department of Energy as Power Systems 
Program Manager. 

One pioneer who is not here tonight is 
Professor Bill Heronemus of the University 
of Massachusetts at Amherst. He and 



Clarence Zener headed the two contractor 
teams studying OTEC systems who were on 
board when I came to the National Science 
Foundation. 

And shortly after the contracts I men- 
tioned began at NSF, Dr.- Bill Avery and 
his colleagues at APL became very active 
in OTEC R&D, concentrating on the energy- 
intensive-product or plant-ship concept, 
especially for manufacturing ammonia. 

The OTEC concept was invented a hundred 
years ago by a Frenchman, d1Arsonval. To 
represent the French government tonight, I 
recognize Philippe Marchand of CNEXO, which 
is the French counterpart of NOAA. 

Bengt Lachmann, who heads a European con- 
sortium of about 10 nations, an industrial 
consortium known as EUROCEAN, which is work- 
ing on OTEC, was at the Conference earlier 
this week. 

We are to have with us a large 
Japanese delegation of about 20 people. 
The senior member of that group I recognize 
now, Dr. Kamogawa. 

Messrs. Marchand, Lachmann, and Kamogawa 
each described their respective OTEC devel- 
opment programs in papers presented yester- 
day morning. In all, we-have 10 nations 
represented here, and we are very pleased 
by that, because the ocean thermal resource 
potential is large enough to serve many 
world energy needs, and the U.S. Department 
of Energy wishes to foster international 
cooperation in developing that resource. 

There are numerous other notable indi- 
viduals present from industry, academia, 
and government agencies. We are also 
pleased that a number of people from 
Capitol Hill have chosen to be with us to- 
night and on other occasions this week. 

There is an experimental OTEC power 
system know as Mini-OTEC which is designed 
to produce 50 kilowatts gross power. It 
was scheduled to be operating now, and we . 
had planned to announce it tonight. It is 
being completely funded by a consortium of 
private industry which includes Lockheed, 

Alfa-Laval, Rotoflow, Dillingham of Hawaii, 
and the State of Hawaii at a cost of about 
$3 million. Well, Mini-OTEC operation is 
delayed about a week, I'm told. We hope 
that those organizations will soon be an- 
nouncing that it's working satisfactorily. 
We wish them success. [Editor's Note: 
Mini-OTEC did begin operation on Aug. 2, 
1979. ] 

Finally, I shall introduce the DOE . 
Program Managers in the OTEC area. Bill 
Richards has already been introduced. Our 
systems integrator, who handles putting 
the technology all together, is Sig Gronich. 
Abe Lavi's successor for power systems is 
Ken Read, who is returning this month to 
the Naval Academy in Annapolis. Bill 
Sherwood manages our ocean engineering and 
naval architecture program. Eugene 
Kinelski handles biofouling, corrosion, 
and materials. Carmine Castellano deals 
with projects such as OTEC-1. Lloyd 
Lewis handles environmental and resource 
assessment. And two excellent examples of 
interdivisional cooperation--members of the 
Electric Energy Systems Division--are Tom 
Garrity, who manages development of sub-' 
marine power cables and electricity trans- 
mission systems, and Jeff Rumbaugh, who 
handles our relationships with electrical 
utility systems and technical integration 
into utility grids. 

Now, by way of introducing the high DOE 
official with us, I note that Washington 
often looks for leadership to the Cambridge, 
Mass. area. Historically, we have a lot of 
people moving into government from Harvard, 
but there is another school in Cambridge. 
At the inception of the Department of 
Energy, our next speaker was called to 
Washington from MIT, where he was Chairman 
of the Chemistry Department. Previous to 
that he had been at Princeton University 
as a professor. He first served DOE in 
the key role of Director of the Office of 
Energy Research. Later, in recognition 
of his talents, he became Assistant 
Secretary for Energy Technology, and then 
was nominated to Congress as Under Secretary 
of Energy. Ladies and gentlemen, Dr. John 
Deutch. 



REMARKS AT THE 6TH OTEC 
CONFERENCE BANQUET 

John M. Deutch 

Under Secretary 
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Washington, D.C. 20585 

It is a great pleasure to be here this 
evening at the 6th Annual OTEC Conference. 
~t is a particularly propitious time be- 
cause the President today dedicated a new 
solar hot water heating system on the 
White House roof and announced a major 
solar energy program that promises to be 
the largest and most ambitious program in 
renewable energy ever seen in this country. 
It will set a course and an example for the 
world. Today he set a goal for the percent-' 
age of our primary energy requirements that' 
will come from renewable energy resources by 
the turn of the century--20 percent. 

Everyone in the Department of Energy, 
and people who have studied energy problems, 
as you all have, will clearly recognize that 
this goal is a most ambitious one, and not 
a very easy one to achieve. It is going to 
require hard work, dedication, and a lot of 
vision from all parts of our society, not 
just the technical community, but also the 
business and financial communities, State 
and local governments, Congress and the Ad- 
ministration. 

That hard work, that dedication, that 
vision are necessary if we're going to be 
truly independent of foreign sources of 
supply. There is no foreign cartel that 
can raise the price of solar energy, turn 
off the sun, or change the wind and the 
seas. Any of you in this room who have 
been in Washington, D.C. for any period 
of time have seen dramatic examples of our 
fragile dependence on overseas resources. 
We have gasoline lines in this town 
stretching around the blocks in every 
neighborhood, and the people.are experi- 
encing major uncertainties with regard to 
their daily life and work habits. It is 
this type of hold on us by foreign energy 
suppliers that we are going to break with 
our program for solar energy and renewable 
energy sources. 

But I know that here I am preaching to 
the choir on this subject. You have been 
working on and discussing OTEC, a most 
important solar technology that is parti- 
cularly well suited to the pursuit of U.S. 
energy independence. Our islands--Puerto 
Rico, Hawaii, and other tropical islands 
under U.S. control--are particularly at- @ tractive for early deployments. The 
potential for OTEC and other renewable re- 

sources for meeting the president's 20% 
goal is to me one of the most exciting 
aspects of our energy research and develop- 
ment efforts. The knowledge that we gain 
from our OTEC programs will contribute to 
our ability to move toward this goal. 

Specifically, OTEC-1 will add substan- 
tially to our knowledge base and confirm 
our ability to maintain low levels of 
biofouling in thousands of sea water pas- 
sages of heat exchangers. This demonstra- 
tion is needed to edtablish.our: ability to 
design, build and operate units which will' 
grow to a commercial scale. With the suc- 
cess of these experiments, we will look 
forward to having the information needed to 
make major new program decisions and to 
undertake detailed engineering design ef- 
forts for experiments large enough to be 
significant to prospective users. 

We do not have a fixed path with respect 
to OTEC development. The Mini-OTEC and 
OTEC-1 experiences will provide scientific 
and engineering knowledge needed for sys- 
tems that produce electricity as well as 
for systems that produce energy-intensive 
chemicals and products. The detailed design 
efforts that we plan to undertake will ex- 
plore these various .concepts. 

All of this brings me to the point that 
the Department is optimistic about the 
future of OTEC. The challenge we now face 
with OTEC, as well as with other forms of 
solar energy, is to bring the technology to 
commercial reality at the lowest possible 
cost while demonstrating to the public its 
viability and'utility in our system. 

I am sure you are not here tonight to 
hear from a chemist. We are all honored to 
have with us a man who, more than anyone 
else, knows how vital it is to achieve ener- 
gy independence; a man who has expressed 
his confidence in'the ability of OTEC to be- 
come a commercial reality. He was mention- 
ing to me here on the podium that Puerto 
Rico burns 60,000 barrels of petroleum per 
day for generating power, in addition to 
that used for transportation. 

Going back to Bob Cohen's remarks, I 
would be remiss as a New Englander if I did 
not point out that the governor was educat- 
ed in New England, I believe Phillips Exe- 
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ter, and not at that other place, but at ed to have him with us, and it's my extreme 
Yale. As a person who has taught at Prince- pleasure to .introduce the fifth elected 
ton and at MIT, Yale is still, to my mind, . governor of Puerto Rico, Governor Carlos 
better than the other place. We're delight- Romero Barcel6. 
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The Honorable Carlos ~ o m e r o - ~ a r c e l b  

Govenzor of Puerto Rico 

Mister Chairman; d i s t i n g u i s h e d  p a r t i c i -  
pan t s  i n  t h e  6 t h  Ocean Thermal Energy son- 
v e r s i o n  (OTEC) Conference; esteemed r ep re -  
s e n t a t i v e s  o f  t h e  f e d e r a l  government; 
honored g u e s t s ;  l a d i e s  and gentlemen: 

Allow me t o  begin  by say ing  how p leased  
I am t o  be  wi th  you t h i s  evening.  A s  pro- 
ponents  o f  r a p i d  development o f  OTEC tech-  
nology, t h e  p a r t i c i p a n t s  i n  t h i s  con- 
f e r e n c e  s t a n d  a t  t h e  f o r e f r o n t  of  ou r  
n a t i o n ' s  c rusade  f o r  energy  independence. 
And i n  t h a t  s p i r i t ,  I am d e l i g h t e d  t o  have 
t h i s  oppor tun i ty  t o  m e e t  w i th  you, and t o  
work a longs ide  you t o  advance o u r  cause .  

~ l t h o u g h  t h e  White House and Congress 
have, f o r  s e v e r a l  y e a r s ,  been t a l k i n g  about  
t h e  need t o  move ahead s w i f t l y  t o  b r i n g  re -  
newable energy r e s o u r c e s  on  l i n e ,  t hey  
have, f o r  t h e  most p a r t ,  been doing  very  
l i t t l e  about  it. I n  t h e  p a s t  few weeks, 
however, t h i s  C a p i t a l  C i t y  has  been a f f l i c -  
t e d  w i th  ' t h e ' f r u s t r a t i o n  and i r r i t a t i o n  of 
long  l i n e s  a t  t h e  g a s o l i n e  pumps. I n  t h a t  
r e s p e c t ,  I b e l i e v e  t h e  t iming  o f  t h i s  con- 
f e r ence  may have been very  f o r t u i t o u s .  We 
have r ea son  t o  hope t h a t  t h e  enormous per-  
s o n a l  inconvenience being exper ienced  by 
almost  everyone i n  t h i s  c i t y  w i l l  s e r v e  t o  
r a l l y  added suppor t  t o  o u r  cause ,  and l end  
a d d i t i o n a l  weight  t o  t h e  arguments set 
f o r t h  by t h e  many d e d i c a t e d  f e d e r a l  o f f i -  
c i a l s  who s h a r e  o u r  concerns.  

For  a t  l e a s t  t h e  remainder of  t h i s  cen- 
t u r y ,  and probably l onge r ,  petroleum i s  
c e r t a i n  t o  remain a v i t a l l y  impor tan t  ener -  
gy r e sou rce .  But it a l s o  seems c e r t a i n  
t h a t  it w i l l  remain expens ive ,  s c a r c e ,  and 
probably s u b j e c t  t o  ups and downs i n  a v a i l -  
a b i l i t y ,  a s  t h e  r e s u l t  o f  worldwide p o l i t i -  
c a l  c i rcumstances .  I f  f o r  t h a t  reason  
a lone ,  every  e f f o r t  must be  made t o  r e p l a c e  
petroleum a s  an energy  r e sou rce  wherever 
f e a s i b l e .  Environmental c o n s i d e r a t i o n s ,  a s  
w e l l  a s  t h e  i n e v i t a b i l i t y  o f  t h e  even tua l  
exhaus t ion  o f  non-renewable r e sou rces ,  
o b l i g e  u s  t o  p l a c e  a very  h igh  p r i o r i t y  on 
c l e a n ,  abundant a l t e r n a t i v e s :  t h e  sun,  t h e  
wind, t h e  s e a ,  biomass,  geothermal .  By t h e  
y e a r  2000, such a l t e r n a t i v e s  can and should 
p rov ide  up t o  seven pe rcen t  o f  United 
S t a t e s  power needs;  by t h e  yea r  2025, they  
may be a b l e  t o  y i e l d  a s  much a s  25 pe rcen t  
of  t h e s e  requi rements .  

There i s  no q u e s t i o n  t h a t  one of  t h e  
l a s t  g r e a t  sou rces  o f  untapped raw energy 
on e a r t h  i s  t h e  oceans.  The i r  t i d e s ,  cur-  
r e n t s ,  waves, s a l i n i t y ,  and tempera ture  
d i f r e r e n c e s  o f f e r  enormous energy poten- 
t i a l .  

Yet a g r e a t  v a r i e t y  of  o t h e r  p o t e n t i a l  
energy sou rces ,  systems,  and t echno log ie s  
a r e  vying  f o r  t h e  p u b l i c  and p r i v a t e  re -  - 

s e a r c h  and development d o l l a r .  A s  a con- 
sequence, it has  been neces sa ry  t o  set 
p r i o r i t i e s .  Among ocean systems,  ocean 
thermal  energy convers ion  t o p s  t h e  p r i o r i t y  
l i s t ,  due t o  t h e  a v a i l a b i l i t y  o f  ample, 
i n e x h a u s t i b l e  r e sou rces ,  and t h e  advanced 
s t a t e  o f  i t s  a t t e n d a n t  technology.  

c u r r e n t s ,  t i d e s ,  and waves a r e  l i m i t e d  
r e sou rces ,  and p r e s e n t l y  l a c k  v i a b l e  tech-  
no log ie s ;  s a l i n i t y  i s  abundant ,  b u t  re- 
q u i r e s  improved technology.  Only OTEC com- 
b i n e s  a n  abundant r e sou rce  wi th  technology 
t h a t  i s  c l o s e  t o  be ing  economical ly v i a b l e .  

The p r i n c i p a l  p r o s p e c t i v e  a p p l i c a t i o n s  
o f  OTEC i n v o l v e  t h e  product ion  of  base  l oad  
e l e c t r i c i t y  and t h e  manufacture of  energy- 
i n t e n s i v e  products  such a s  aluminum, ch lo-  
r i n e ,  methane, and ammonia. I n  a d d i t i o n ,  
OTEC could  be employed i n  t h e  development 
o f  a m a r i c u l t u r e  system. 

Why i s  OTEC e s p e c i a l l y  a t t r a c t i v e  t o  
Pue r to  Rico? The answer i s  many-faceted. 
F i r s t  and foremost ,  i t  can reduce o u r  de- 
pendence on imported petroleum. I n  1978, 
ou r  expend i tu re s  f o r  petroleum and pe t ro -  
leum products  consumed w i t h i n  Pue r to  Rico 
exceeded one b i l l i o n  d o l l a r s  i n  an economy 
whose g r o s s  domest ic  product  came t o  about  
e i g h t  b i l l i o n  d o l l a r s .  We c u r r e n t l y  r e l y  
a lmost  e n t i r e l y  on imported o i l  f o r  e l ec -  
t r i c i t y  gene ra t ion .  I n  1978, o u t  of  t h e  
120-mi l l ion  b a r r e l s  we imported,  w e  con- 
sumed ove r  24-mil l ion b a r r e l s  f o r  t h e  
g e n e r a t i o n  of e l e c t r i c i t y .  I n  t h a t  one 
yea r  a lone ,  t h i s  f u e l  f o r  e l e c t r i c i t y  
genera ton  c o s t  us  more t han  300 m i l l i o n  
d o l l a r s .  Moreover, because t h e  demand f o r  
e l e c t r i c i t y  i n  Pue r to  Rico i s  expec ted  t o  
grow a t  a r a t e  o f  4 t o  5 p e r c e n t  p e r  yea r ,  
t h a t  f u e l  b i l l  could  t o t a l  about  600 m i l -  
l i o n  d o l l a r s  by 1986 (and t h a t  e s t i m a t e  i s  
p r e d i c a t e d  upon t h e  assumption t h a t  c rude  
o i l  p r i c e s  w i l l  r i s e  by only  about  6.5% 
p e r  y e a r )  .* 

Complicating o u r  s i t u a t i o n  f u r t h e r  i s  
t h e  f a c t  t h a t  Pue r to  Rico i s  an i s l a n d :  
t h i s  f o r c e s  us  t o  be 'comple te ly  s e l f - s u f -  
f i c i e n t  i n  t h e  g e n e r a t i o n  of  e l e c t r i c i t y .  
There i s  no way we can  p lug  i n t o  someone 
e l s e ' s  power g r i d  t o  t i d e  us  ove r  i n  emer- 
genc i e s .  On t h e  c o n t r a r y ,  we must have ex- 
c e s s  gene ra t ing  c a p a c i t y  i n  p l a c e  and on  
stand-by a t  a l l  t imes ,  t o  accommodate main- 
tenance ,  unscheduled outages ,  and v a r i a -  
t i o n s  i n  demand. So it i s  t h a t ,  among a l l  
t h e  new sou rces  o f  energy being developed,  
OTEC i s  c l e a r l y  t h e  most promising near -  

* ~ d i t o r ' s  no t e :  OPEC r a i s e d  o i l  p r i c e s  by 
about  50% s h o r t l y  a f t e r  t h e  conference  and 
ano the r  10% i n  t h e  f a l l .  
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term alternative for Puerto Rico, because 
it provides that most precious gift: a 
renewable base load generating capacity. 

The second reason we look with such 
great interest to OTEC is simply that we 
have very few other realistic alternatives 
open to us. Puerto Rico has no known fos- 
sil fuel reserves--no petroleum, no natural 
gas, no coal. Neither do we have harvest- 
able forests, nor any appreciable untapped 
sources of hydroelectric power. What we do 
have going for us, however, is an ideal 
geographic location. The waters around. 
Puerto Rico are especially well-suited to 
the testing of OTEC's potential. 

The temperature difference (AT) between 
the warm surface water and the cool deep 
water in our surrounding seas is about 
22'C. Given the minimum AT of about lS°C 
required for OTEC operations, it is evident 
that Puerto Rico's waters represent one of 
the choice locations on earth for applying 
OTEC technology. Indeed, recent oceano- 
graphic studies have revealed that two pro- 
posed sites for sizable OTEC power plants 
in Puerto Rico--Punta Tuna on our south- 
eastern coast, and Punta Vaca on our off- 
shore island of Vieques--may be unsurpassed 
anywhere as prime OTEC test locations. Not 
only are the temperature differentials ideal 
but they are found within 3 miles of the 
shoreline, with water depths of 3000 to 
4000 feet. OTEC plants on these sites 
would, therefore, require undersea elec- 
trical cables of minimal length, which in 
turn would permit the use of alternating 
current for energy transmission. Clearly, 
then, until such time as direct current 
transmission cables can be developed, con- 
ditions such as those which prevail in 
Puerto Rico are, without doubt, the best 
available in the United States. 

Third, in addition to being the location 
at which an OTEC modular experiment will be 
most economically viable, Puerto Rico is 
also the location where the need for such a 
project is greatest. Our unemployment rate 
has fallen substantially since I took 
office, but it nevertheless remains above 
16 percent of the work force--more than 
twice the,national average. Population per 
square mile is 15 times the national 
average. Per capita income is well below 
that of the poorest of the fifty states. 
To improve the economic well-being of our 
people--and thus to help us contribute our 
full share to the national economy--re- 
quires steadily increasing industrializa- 
tion; and increased industrialization in- 
variably implies increased electricity 
consumption. 

I have already cited the financial hard- 
ships Puerto Rico endures as the result of 
our dependence upon petroleum-based elec- 
tricity generation. In this regard, it is 
especially noteworthy that the likely op- 
timum size of OTEC plants--around 400 mega- 
watts--closely corresponds to the island's 
anticipated incremental base load power re- 
quirements. 

Furthermore, a reliable, reasonably 
priced, local energy source would unques- 
tionably have a positive effect on our 
general economy, as well as on our ability 
to attract and retain energy-intensive in- 
dustry. Indeed, the development of indi- 
genous energy supplies would represent a 
growth industry in itself. And, of course, 
OTEC development would also have a signi- 
ficant multiplier effect, creating thou- 
sands of jobs in other industries. 

Given its highly promising long-term 
potential, where then does the national 
OTEC development program stand today? In 
spite of the indifference and resistance it 
has encountered in some quarters, a great 
deal has been accomplished. Many problems 
of design and application have been over- 
come. The basic technology for OTEC is at 
hand, and its operating principles are 
well-documented. For the most part, the 
remaining engineering challenges involve , 

solutions to problems of scaling-up known - 
construction techniques rather than of 
technical innovation. 

The tests of biofouling rates conducted 
in Hawaii, Puerto Rico, and the U.S. Virgin 
Islands indicate that this will pose no 
major obstacle. Significant strides have 
been made with regard to the configuration 

"and material problems of the heat exchan- 
ger. To be sure, material corrosion re- 
mains a troublesome design problem and 
more work is needed on the difficult prob- 
lems of cold water pipe design, the mooring 
or station keeping of floating platforms, 
and the D.C. cable that will be required 
for higher capacity mainland plants located 
farther from shore. But the progress that 
has been made, through such initiatives as 
OTEC-1 and the Mini-OTEC project, and the 
absence of any major technological draw- 
backs, signal the need to shift emphasis 
once again--to move away from small-mega- 
watt test platforms and to get on with the 
business of building a scalable working 
system that will deliver energy and allow . 
us to gain systems integration and opera- 
tional experience. 

Asa first step in making this shift, 
the Department of Energy is developing 
plans for a pilot plant project. In this 
regard, we feel there are two options which 
merit careful study. 

The first is a small-scale, 40 MW(e) 
platform and cold water pipe, with a 10- 
MW(e) power module, that will provide 
early operational experience with an island 
utility, and offer the potential of pene- 
trating a small but viable market in island 
communities. The United States market for 
a plant of this size, however, would be 
quite limited, because its subsequent 
adaptability to any large utility market 
on the mainland is highly uncertain, es- 
pecially in view of the electric utility 
industry's present skepticism about the 
OTEC concept. 

The second pilot plant option is a 100- 



MW(e) p l a t fo rm and c o l d  wa te r  p i p e  wi th  a  
10-MW(e) power module. Th i s  o p t i o n  has t h e  
p o t e n t i a l  t o  lower t h e  c o s t  o f  gene ra t ion  
and $0 p e n e t r a t e  mainland u t i l i t y  markets  
r e q u i r i n g  t h e  l a r g e  b locks  o f  .power pre-  
s e n t l y  provided by g e n e r a t o r s  employing 
f o s s i l  and n u c l e a r  f u e l s .  

The advantage of t h i s  l a t t e r  o p t i o n  i s  
t h a t  it w i l l  e s t a b l i s h  t e c h n i c a l  and eco- 
nomic v i a b i l i t y  i n  an o p e r a t i n g  environ-  
ment and range  which w i l l  be c l o s e  t o  op- 
timum s i z e ,  wh i l e  a t  t h e  same t ime remain- 
i n g  f l e x i b l e  enough s o  t h a t  i t  can  be 
s c a l e d  down t o  a  s i z e  s u i t a b l e  f o r  s m a l l e r  
i s l a n d  communities. I t  i s  t h i s  approach, 
t hen ,  which w i l l  most e f f e c t i v e l y  s e r v e  t o  
demonstrate  OTEC's  f u l l  p o t e n t i a l :  bo th  i n  
o f f s h o r e  a r e a s  and a s  a v i a b l e  a l t e r n a t i v e  
f o r  t h e  l a r g e  e l e c t r i c  u t i l i t y  market on 
t h e  mainland. 

W e  i n  Pue r to  Rico a r e  convinced t h a t  t h e  
l a r g e r  100-MW ( e )  modular experiment  should,  
a f t e r  c a r e f u l  c o n s i d e r a t i o n  by DOE, be  
chosen a s  t h e  n e x t  s t e p  i n  OTEC develop- 
ment. We a l s o  be l i eve ,  r e g a r d l e s s  of  which 
o p t i o n  i s  s e l e c t e d ,  t h a t  t h e  p i l o t  p l a n t  
p r o j e c t ,  t o  be t r u l y  e f f e c t i v e ,  m u s t  be 
undertaken wi th  t h e  a c t i v e  involvement of  
t h e  u t i l i t y  i n d u s t r y .  Ongoing involvement 
by t h e  u t i l i t i e s  w i l l  en su re  OTEC's 
e a r l i e s t  p o s s i b l e  commercial a p p l i c a t i o n ,  
because once t h e  economic and t e c h n i c a l  
v i a b i l i t y  o f  OTEC-based power g e n e r a t i o n  
has  been demonstrated t o  t h e s e  end-users,  
w e  a r e  con f iden t  t h a t  t hey  w i l l  a t  l a s t  be  
f i r m l y  persuaded t h a t  t h e  t ime has come t o  
f a c t o r  OTEC-based g e n e r a t i o n  i n t o  t h e i r  
f u t u r e  p l ans  and schedules .  

U t i l i t y  involvement w i l l  a l s o  ensu re  
t h a t  t h e  ongoing OTEC program c a r e f u l l y  
t a k e s  i n t o  account ,  a t  every  s t a g e ,  t h e  
needs and requi rements  o f  i ts  end-users .  
A t t e n t i o n  must be g iven  t o  t h e  u t i l i t i e s '  
a c q u i s i t i o n  c r i t e r i a .  An unders tanding  o f  
t h e s e  c r i t e r i a  i s  e s s e n t i a l :  deve lopers  
must comprehend t h e  bases  on which u t i l i -  
t i e s  e v a l u a t e  des igns  and c o s t s .  These 
c o n s i d e r a t i o n s  w i l l  gu ide  t h e  u t i l i t i e s  i n  
de te rmining  whether o r  n o t  t h e y  want t o  
employ OTEC--and, i f  s o ,  which system t o  
select and which "purchase" arrangement  i s  
most app rop r i a t e - - fo r  example, o u t r i g h t  
purchase  of  t h e . f a c i l i t y ,  o r  purchase  o f  
power from a t h i r d  p a r t y ,  which i n  t u r n  
o p e r a t e s  t h e  f a c i l i t y .  

t e n s i v e  o p e r a t i n g  r e s p o n s i b i l i t i e s  w i t h i n  
t h e i r  own u t i l i t i e s ,  t h e i r  r o l e  w i l l  
c e n t e r  on,  f i r s t ,  p rovid ing  adv ice  t o  DOE 
t o  update t h e  OTEC program p lan  from t h e  
u s g r s '  s t a n d p o i n t ,  and,  second, he lp ing  
DOE i n  developing  u s e r s '  a c q u i s i t i o n  cg i -  
t e r i a .  

Formed i n  March 1979, t h e  Council  w i l l  
remain a c t i v e  a t  l e a s t  through mid-1981, 
when t h e  winners  o f  t h e  p re l imina ry  p i l o t  
p l a n t  d e s i g n  compet i t ion  a r e  s e l e c t e d .  The 
Counc i l ' s  l i f e ,  however, could be extended 
on through t h e  demonst ra t ion  phase, w i th  
i t s  members p a r t i c i p a t i n g  a s  obse rve r s  a t  
t h e  h o s t  u t i l i t y .  

I n  t h e  f i n a l  a n a l y s i s ,  though, a l l  t h e  
p o i n t s  I have mentioned--pressing need,  
a v a i l a b l e  technology,  i d e n t i f i a b l e  markets ,  
u s e r  p a r t i c i p a t i o n - - w i l l  n o t  p u t  OTEC i n t o  
t h e  u t i l i t y  g r i d  wi thout  money. Money t o  
c a r r y  t h e  e x i s t i n g  technology forward t o  
commerc ia l iza t ion  and product ion .  

Where w i l l  t h i s  money come from? So 
of ten- - too  o f t e n ,  I f ee l - - t he  s t anda rd  
answer has been " t h e  f e d e r a l  government." 
And indeed t h e  f e d e r a l  government has  i n -  
c r ea sed  i t s  t o t a l  OTEC budget.  I n y s c a l  
yea r  1976, Congress app rop r i a t ed  $8 m i l -  
l i o n ,  and has  s i n c e  i nc reased  t h a t  f i g u r e  
s u b s t a n t i a l l y ,  t o  t h e  p o i n t  where t h e  f i s -  
c a l  1978 a p p r o p r i a t i o n  t o t a l l e d  $35.3 m i l -  
l i o n .  But obv ious ly ,  t h e  f e d e r a l  govern- 
ment cannot  be expected t o  shou lde r  t h e  
e n t i r e  c o s t .  

What t hen  i s  t h e  answer? We i n  Pue r to  
Rico suppor t  t h e  concept  o f  r i sk - sha r ing  
by government and t h e  p r i v a t e  s e c t o r  t o -  
ge the r .  And we f e e l  t h a t  r i sk - sha r ing  
arrangements  should  be  based on t h e  f o l -  
lowing g e n e r a l  p r i n c i p l e s :  - --the p r o v i s i o n  of  s u f f i c i e n t  incen-  

t i v e s  t o  a t t r a c t  t h e  needed p r i v a t e  
c a p i t a l ;  
- - admin i s t r a t i ve  s i m p l i c i t y  and c l a r i t y ,  
s o  t h a t  p r i v a t e  i n v e s t o r s  and t h e  
government know e x a c t l y  what r i s k s  t hey  
w i l l  run ,  and what rewards t hey  can ex- 
p e c t ;  
--a f a i r  and e q u i t a b l e  program, i n  which 
a l l  p a r t i e s  s h a r e  both t h e  downside 
r i s k s  and t h e  ups ide  rewards;  
- - l a t i t u d e  f o r  s t a t e  and f e d e r a l  regu- 
l a t o r y  agencies  t o  approve any needed 
r a t e  i n c r e a s e s ;  

We i n  Pue r to  Rico have a l r e a d y  t aken  
t h e  i n i t i a t i v e  on t h e  n a t i o n a l  l e v e l  t o  g e t  
t h e  u t i l i t i e s  involved  and committed. Our 
i s l a n d ' s  e l e c t r i c i t y  product ion  i s  e n t i r e l y  
i n  t h e  hands of  o u r  government-owned e l ec -  
t r i c  u t i l i t y  company. This  u t i l i t y ,  which 
i n v e s t i g a t e d  t h e  OTEC concept  a s  e a r l y  a s  

--government p a r t i c i p a t i o n  l i m i t e d  t o  
t h e  f i r s t  g e n e r a t i o n  of  product ion-  
s i z e d  p l a n t s  u s ing  new t echno log ie s ;  
--and f i n a l l y ,  p r o v i s i o n  f o r  t h e  with-  
drawal  o f  government p a r t i c i p a t i o n  when 
t h e  r i s k s  have been reduced t o  manage- 
a b l e  l e v e l s .  

1967, has been t h e  l e a d  u t i i i t y  i n  bring-  
i n g  t o g e t h e r  s i x t e e n  prime p o t e n t i a l  u s e r s ,  
t o  form an OTEC U t i l i t y  Users' Council .  
The Counc i l ' s  members r e p r e s e n t  u t i l i t i e s  
i n  Hawaii, Pue r to  Rico, and S t a t e s  i n  t h e  
s o u t h e a s t  and along t h e  Gulf Coast .  These 
u t i l i t i e s ,  t aken  t o g e t h e r ,  s e r v e  18.5% of  
t h e  U.S. popula t ion .  

Because t h e  Counc i l ' s  members have ex- 

F u r t h e r ,  w e  support-- indeed,  advocate-- 
matching f e d e r a l  government r e s e a r c h  and 
development funds w i th  t h o s e  of  i n d u s t r y  
and s t a t e  governments, t o  c a r r y  o u t  energy 
development programs l i k e  OTEC. " P u t t i n g  
your money where your mouth i s "  commits i n -  
d u s t r y  and s t a t e  governments t o  acce l e r a -  
t i n g  acceptance  and commerc ia l iza t ion  by 
t h e  p r i v a t e  s e c t o r  i n  a  way t h a t  " s t and ing  
by and wa i t i ng  f o r  succes s "  never  can. 



With r e s p e c t  t o  OTEC Pue r to  Rico s t a n d s  
ready  t o  e n t e r  i n t o  cos t - sha r ing  a r range-  
ments w i t h  t h e  f e d e r a l  government. I n  
a d d i t i o n  t o  assuming a growing pe rcen tage  
o f  f i n a n c i a l  r e s p o n s i b i l i t y ,  w e  expec t  t o -  
p rov ide  s i te  suppor t  and s e r v i c e s  i n  k ind .  

I n  conc lus ion ,  l e t  m e  say-- in a l l  chau- 
v i n i s t i c  candor-- that  Pue r to  Rico expec t s  
t o  be t h e  s i t e  o f  t h e  n e x t  OTEC p i l o t  
p l a n t .  A f t e r  a l l ,  w e  have t h e  b e s t  test  
s i t e s  and w e  s a t i s f y  all t h e  c r i t e r i a :  

-- r e sou rce  abundance; 
--an i n d u s t r i a l  ba se  capab le  o f  sup- 
p o r t i n g  t h e  development; 
--high consumer c o s t ,  due t o  f o s s i l - f u e l  
use ;  
--high percentage  o f  imported f u e l s ;  
--and e x t e n s i v e  suppor t  from s t a t e  
government . 
We c e r t a i n l y  suppor t  OTEC. W e  took 

t h e  i n i t i a t i v e  i n  forming t h e  Users1 Coun- 
c i l .  W e  p rov ide  an e a r l y  market f o r  t h e  
technology.  We a r e  w i l l i n g  t o  provide  
s u b s t a n t i a l  f i n a n c i a l  suppor t .  And w e  have 
t h e  mechanism, i n  o u r  government-owned 
e l e c t r i c  u t i l i t y .  

What do  w e  need? your moral suppor t .  

A t  t h e  moment, OTEC c o n f r o n t s  a c e r t a i n  
i n e r t i a  i n  Congress--and even w i t h i n  t h e  
Department of  Energy--that might c r i p p l e  
development o f  t h i s  h igh ly  promising energy 
source .  What we must do i s  t o  urge--no, 
t o  i n s i s t - - t h a t  DOE l a y  o u t  a c l e a r  pro- 
gram development pa th .  And t h e n  w e  should 
push them, j u s t  a s  hard  and a s  f a s t  a s  w e  
can,  down t h a t  pa th .  I am convinced t h a t  
w e  should  s t a r t  t h e  OTEC modular exper i -  
ment now. 

Today, Pue r to  Rico i s  f a r  more heav i ly  
dependent upon f e d e r a l  t r a n s f e r  payments 
t han  any o f  u s  would l i k e .  More t han  h a l f  
o u r  popu la t i on  r e c e i v e s  food stamps. Our 
f e r v e n t  goa l ,  a s  a people ,  i s  t o  p u l l  ou r  
f u l l  weight  a s  p roduc t ive  American c i t i - .  
zens.  I f  we a r e  t o  ach i eve  t h a t  goal-- i f  
a l l  o f  our ,able-bodiedlworkers  a r e  t o  be 
g a i n f u l l y  employed--the day must come when 
o u r  i s l a n d  i s  b l e s s e d  wi th  abundant,  
reasonably  p r i c e d  energy.  And we f e e l  ce r -  
t a i n  t h a t  OTEC can be i n s t rumen ta l  i n  
has t en ing  t h e  a r r i v a l  o f  t h a t  day.  

we  need your suppor t .  By suppor t i ng  us ,  
you w i l l  be suppor t i ng  your f u t u r e  and o u r  
n a t i o n ' s  f u t u r e .  

Thank you very  much. 
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A Abstract 

This paper reviews the work that has been per- 
formed by the EUROCEAN OTEC group and the present 
state of development which has resulted in a pro- 
posal for a 10 MWe floating OTEC (ocean thermal 
energy conversion) pilot plant based on the closed 
cycle. The site for the pilot'plant has not been 
decided upon. This proposed programme runs.over a 
period of 5 years and involves about 50 million US 
dollars. Governmental funds are required for this 
programme. The companies cooperating in the EURO- 
CEAN OTEC group are: Alfa-Lava1 (S), Banque Euro- 
pdenne de Credit (B) , Hollandsche Beton Group (NL) , 
Johnson Group (S) , Kockums (S) , Micoperi (I), 
Vattenbyggnadsbyran (S) . ' 

EUROCEAN adds a new dimension to international 
cooperation between industrial.companies. Coopera- 
tion starts long before a project becomes a commer- 
cial operation. The decision to develop a project 
is based on relevant existing knowledge and scienti- 
fic and technological data. Establishing real 
cooperation at such an early stage in the develop- 
ment of a project between companies from different 
countries and involved in different but sometimes 
overlapping fields of activities, is a difficult 
tasl:. Nevertheless, EUROCEAN has demonstrated that 
its basic concept of pooling know-how, resources and 
experience in the marine field is possible and 
practicable. 

Another EUROCEAN grdup has started a feasibility EUROCEAN OTEC Project 
study of an aquaculture plant which is combined with 
a small land-based OTEC plant as the source of cold, The EUROCEAN OTEC work was initiated at a meeting 
nutrient-rich water, and a desalination plant. in Venice on Ocean Energy in March 1976. Nine com- 

panies cooperated in a study which resulted in a 
report in November 1977. 

EUROCEAN is an association of European industrial The report summarized: 
companies from 9 countries: Alfa-Lava1 (S), Banco de , 

I Cost estimates for future floating ~ E C  plants 
Bilbao-Promotora de Recursos Naturales (El, Banque 

of commercial size around 100 firie. 
Europeenne de Credit (B) , Boliden (S) , Compagnie 
Franqaise des Petroles (F), Compagnie GInerale a. total capital cost = 2636 US$/~W 

d'Electricit6/Alsthom-Atlantique (F), L.L.& N. De b: electricity cost = 54 mills/kWh; 

~e~er/~aecon (B), Den norske Creditbank (N), Fiat (I), 11 The rationale for selecting closed cycle as the 
Grlnges (S) , Hollandsche Beton Group (NL) , Johnson main alternative; 
Line-A. Johnson ,& Co. (S) , Kockums (S) , Micoperi (I), 

111 Different forms for utilization of the erlergy Midland Bank Group (GB), Nestle (CH), Pechiney Ugine 
a. 'local energy' = e1.ectricity to shore by Kuhlmann (F), Royal Bos Kalis Westminster Group (NL), 

Royal Volker Stevin (NL), Salgninvest (S), Skandina- cable 
b. 'local energy' to be used on the platform by viska Enskilda Banken (S), Smit International (NL), 

integrating energy intensive industrial Technital (I), Tecnomare (I), Vattenbyggnadsbyran (S) . 
Associate member: National Swedish Board for Tech- processes 

nical Development (STU) (S) . c. 'distant energy' by producing and transport- 
ing energy carriers such as H:: or NH3; 

The purpose of the members is to carefully develop 
tlie ocean resources: energy, living resources, raw 
materials and chemical substances. Technical develop- 
ment work is performed in cooperation by the com- 
panies, aiming at com~ercial operations. 

EUROCEAN's secretariat, with the assistance of 
permanent and ad-hoc advisers and experts, initiates 
and coordinates studies in cooperation with the 
member companies, in order to evaluate the feasibi- 
lity of projects. The secretariat plays a leading 
role in this early stage with,the active participa- 
tion of the personnel of the member companies. 

Members interested in a specific project then form 
a working group and pursue the development work 
towards a commercial operation. 

* Director General 

IV Combination with aquaculture using the artifi- 
cial upwelling or combination with biornass 
production for food, fertilizer or fuel 
purposes. 

A was given at the 5th OTEC Conference in 
liiami Beach in February 1978, which relates the 
findings of. the report. ' 

This report and other available information pro- 
vided the basis for the EUROCEAN member companies' 
decision to continue OTEC development work along the 
lines suggested in the report. The continuation was 
formaliz.ed in an agreement reached in Monaco in 
January 1978, when is was decided that the immediate 
activities were to include detailed planning of the 
technical development of the OTEC system and.the 
obtaining of funds for this development work: Com- 
ponent development was continued,in the meantime by 
some of the member,companies. A January 1979 meeting 
in Brussels led to a 10 MWe pilot plant proposal as 
discussed later. 



Funding of applied development work 

The funding process for this type of development 
work is different in Western Europe from the United 
States although the needs are essentially very 
similar. Funds are made available in the US in 
governmental programmes according to established 
practice. This does not exist in Europe for this 
type and size of development work but can be estab- 
lished on an ad-hoc basis. 

The purpose of the applied development work is to 
decrease the techno-economic uncertainty or risk to 
a level which is acceptably low to the managements 
of the companies in order for them to decide on 
investing in the commercial operation. This deve- 
lopment stage of the industrial process is non- 
bankable. It is however very costly since it invol- 
ves desiqn and manufacture of components, systems 
and ultimately a pilot plant. The process is illus- 
trated in Fiq. 1. 

Fig. I Cost 8 risk relations in development work. 

We have surveyed the different possibilities of 
obtaining funds for this type and size of ddvelop- 
ment work, Table 1, and we have concluded that, for 
this specific project, government funds in the 
countries of the involved member companies are the 
most appropriate. Accordingly, we have started the 
laborious process to obtain such funding. 

Table 1 Survey o f  f i n a n c i n g  i n s t i t u t i o n s  

1. NATI0NP.L INSTITUTIONS 

- government o r  a s p e c i f i c  government agency 
- j o i n t  government cooperat ion 
- p r i v a t e  foundat ions 

2 .  INTERNATIONAL INSTITUTIONS 

A. Intergovernmental o rgan iza t ions  w i t h  wor ld-  
wide membership 
- t h e  vas t  Un i ted  Nat ions f a m i l y  

R . Eegi onal  in tergovernmenta l  organj  z a t i  ons 
- EEC, European Investment Bank, European 

Development fund 
- OECD 
- OPEC 
- A f r i c a n  Development Bank 
- Asian Development Bank 
- Inter-Amer ican Development Bank 

6. Arab f i n a n c i a l  i n s t i t u t i o n s  

OTEC-10 MWe Pilot Plant 

In Brussels in February 1979 the EUROCEAN OTEC 
qxoup was reorganized and it now includes the fol- 
lowing member companies: Alfa-Lava1 (S), Banque 
Europeenne de Credit (B), Hollandsche Beton Group 
(NL) , Johnson Group (S) , Kockums (S) , Micoperi (I), 
Tecnomare (I), Vattenbyggnadsbyran (S) . ' 0  

A decision was taken to work out a proposal for a 
floating OTEC 10-MWe closed cycle pilot plant which 
should be used with the appiications for funds to 
the Dutch, Italian and Swedish governments (written 
in ~prii 1979). 

The purpose of building a pilot plant of this 
size is fourfold: 

1. To test the OTEC system with full-size modules 
and sufficiently large components. 

2. TO verify the cost estimates for the commercial 
plant and thereby reduce or eliminate the 
'safety margins' in the present preliminary cost 
estimates. 

3. To verify the possibilities of future less 
expensive technical solutions for instance for 
materials. 

. . 
4 .  To facilitate future marketing.. . . . < 

Fig. 2 illustrates the forecasted influence of 
the pilot plant on the OTEC electricity cost and 
compares this with the cost of electricity produced 
by an oil fired power plant as a function of the 
price of oil. 

ELECfRlClTY COST AT BUSBAR 

100 MWe first plant without pilot plant4 

100 MW, 10th plant 

O T E C  

POWER PLANT 

1979 (spot market1 

1979 (OPEC p~iosl.Fsb ,/ 
Before energy crisis 

OTEC CAPITAL COST I OIL PRICE 

Fig. 2 Comparison of the trends in electricity 
costs of OTEC electricity and 'electricity from 
oil-fired power plants. 

3. REGIONAL PRIVATE ORGANIZATIONS 

4. IIATIONAL DEVELOPMENT BANKS 

5.  FOUNDATIONS 



The p l a n s  f o r  t h i s  OTEC- .~~  e x i s t  although they The a c t i v i t i e s  a r e  d iv ided  i n t o  two phases 
cannot be f i n a l i z e d  u n t i l  t h e  funding is secured: s t a r t i n g  with s t u d i e s  and t e s t s  which account f o r  
A n  i n d i c a t i o n  of t h e  p l a n s  is given i n  Fig. 3 -  The 1.es.s than 20% of t h e  t o t a l  c o s t s ,  and followed by 
a c t i v i t i e s  extend over  a  5 year  per iod  and t h e  c o s t s  cons t ruc t ion ,  towiltg and i n s t a l l a t i o n ,  s t a r t - u p  and 
a r e  estii:)ated t o  be about  50 illi l l ion U S  d o l l a r s .  ' t e s t i n g ,  p r i o r  t o  opera t ion .  

- .  
,.- - . . . , let year , 2nd year 3rd year , 4th year 5th year 

. . 
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Study and tests phase 
phase 

* - Fig .  3 OTEC-10 a c t i v i t i e s  
,. . s  

The s i t e  s e l e c t i o n  f o r  OTEC-10 has t h e  following 
c r i t e r i a :  minimum temperature d i f f e r e n c e  of 1E0C 
throughout t h e  year  between sur face  water and water 
a t  a  miximum depth of  1000 m ;  minimum d i s t a n c e  t o  
shore f o r  t h e s e  condi t ions ;  favourable  meteo- 
oceanographic condi t ions  (no hur r icane  hazards ) ;  
good a c c e s s i b i l i t y  t o  t h e  region,  f o r  i n s t a n c e  
scheduled f l i g h t s ;  i n d u s t r i a l  a c t i v i t y  i n  t h e  a r e a ,  
i n f r a s t r u c t u r e ;  p o l i t i c a l  s i t u a t i o n  and s t a b i l i t y ;  

market s i t u a t i o n  f o r  e l e c t r i c i t y  and/or o ther  pos- 
s i b l e  products  of  t h e  OTEC systems. A f i r s t  l is t  of 
p o s s i b l e  OTEC s i t q s  has  been compiled and analysed 
on tlle b a s i s  of these  c r i t e r i a  i n  t h e  A t l a n t i c  Ocean 
(Africa and Eas te rn  America), i n  t h e  A n t i l l e s ,  i n  t h e  
P a c i f i c  Ocean (Western America and Oceania ) ,  
Indonesia-Phi l ippines and i n  t h e  Ind ian  Ocean. 
Deeper ana lyses  w i l l  be made before  t h e  a c t u a l  s i t e  
i s  s e l e c t e d .  



DESALINATION 

A R T E M I A  EGGS 

Fig. 4 Block diagram of system combining OTEC, aquaculture 
and desalination. 

Combined Aquacul.~ure/OTEC/Desalination Project 

Another EURaCEAN project is related to the WEC Desalination project, aiming at a commercial aqua- 
project but, from a development point of view, is culture and desalination operation with a small 
an aquaculture project. R decisipn has been taken scale OTEC plant. Fig. 4 shows a preliminary block 
by eight member companies, some of which are parti- diagram for this combined system and Fig. 5 shows a 
cipating in the OTEC project, to perfom a six month possible first step in the development which is an 

feasibility study on a combined Aquaculture/OT~c/ aquaculture pilot plant. 

01 

Y. 

NU 

Phytoplankton l r t c m l a  

PRODUCTION \ : I D  \ 
Fig. 5 Possible first 

culture system. 

PILOT PLANT 

stage using windmill with 
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OTEC report. 



DISCUSSION 

Question: A number of companies from different coun- on the closed cycle, with the plate heat exchangers. 
tries are involved in the EUROCEAN OTEC vrolect. How That narrowed down the total work. - - 
do you manage the cooperation? 

B. Lachmam: We do not have time to discuss the 
very interesting issue of cooperation. Suffice it 
to say that in our case it works. In the specific 
case of the OTEC project it is fairly easy because. 
the companies from one of the countries involved 
(Sweden) have a major part of the systems and con- 
ponents. This makes it easier from a funding point 
of view t q  start establishing one national programme, 
to which can be added other national programmes, in 
this case two more. 

Question: YOU heard Mr. Derrington point out how 
essential it is to have a systems concept in bring- 
ing the whole thing together. I wonder if you would 
comment on that. 

B. Lachmann: You mean a technical system. Very 
early in the study work, during the period between 
early 1976 and 1977, we came to the conclusion that 
the best possibilities, taking into account the tech- 
nology at large but also the specific knowledge with- 
in the companies involved, was to base the system 

. - -  . ... . 
guestion: In the survey of financing institutions 
of which you showed a summary, I noticed OPEC - the 
Organization of the Petroleum Exporting Countries - 
on the list. What would be their interest in fund- 
ing this type of development work?. 

B. Lachmann: We made,this survey together with the 
EUROCEAN bank members. We studied the conditions , 

for financing work of this type which is the noncom- 
mercial part of development work. It is not, for 
instance, what the united Nations call development 
work. Development work to them is building a factory 
in a less developed country. We had an interesting 
discussion with OPEC in Vienna in late 1977, and we 
learned that that source of funds was probably not 
one of the most accessible. There may be possibil- 
ities of attracting oil money from Arab sources but 
these possibilities are very complicated. All in 
all we came to the conclusion that the quickest and 
easiest way to fund the nonbankable development work, 
once the companies have established the industrial 
project, would be to establish corresponding govern- 
ment national programmes in the countries of the 
member companies and then to.arrange an intergovern- 
mental programme $nvolving those specific countries. 
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ABSTRACT 

7 
Ocean Thermal Energy Conversion (OTEC) is a 

French eoacept that: wae first proposed by Arsene 
d'Arsonval, a century ago, His friend and student 
Georges Claude operated the first OTEC plant in Cuba, 
in 1930; the first experimental floating plant, the 
Tunieia, off the coast of Brazcl was a failure. A 
lot of work on the open cycle was done in France for 
the 10 MW Abidjan project in the 1940's and 50's: 
trials on evaporation, deaeration and successful ex- 
periments of a cold water pipe laying method. The 
Abidjan plant was abandoned for political and econom- 
ic reasons - "the cheap oil era. " A similar pkoject 
in Guadeloupe did not succeed. However, there is 
now a new interest in OTEC. A program is under way 
that aims at deploying pilot plant (1 to 10 We) to 
be conducted in three phases: a feasibility study 
(nearly completed), a test components phase (1980 to 
1982). and design and conetruction of a pilot plant 
for testing at a French tropical island (1983 to 
1985). The goal of the $1.8 million feasibility 
study is to explore open andeclosed cycles for a 
shore-based or a floating plgnt. The advantages and 
dieadvantages of the shore-based concept, the diffi- 
cult problem of the cold-water pipe, deaeration in 
open cycle and utilization of French experience in 
construction of large offshore platforma are dis- 
cussed. 

INTRODUCTION 

Ocean Thermal Energy Conversion (OTEC) is one 
of the most attractive forme of renewable energy for 
the future. In this paper, we will begin with a 
brief history of the work done in France. We will 
then prasent our new OTEC program which aims at 
building% a pilot plant in the 1 to 10 W e  range at a 
tropical island before 1985. 

According to the new 200-mile exclusive economic 
zone, about 8% of the areas suitable for OTEC are 
under French jurisdiction. Studies are managed by 
CNEXO (Centre National pour 1'Exploitation des 
Oceans), the Government agency in charge of the OTEC 
program. Firma involved in the program are (a) for 
the open-cycle and floating (or beached) concept: 
the CGE (Compagnie dnkrale d1Electricit6) - Alsthow 
Atlantique - ETPM (Entrepoee Travaux Petroliers Mari- 
times) and (b) for closed-cycle and shore-based con- 
cept: the Empain-Schneider group, particularly the 
three companies SGTE (Socidti Gkdrale de Techniques 
et d'Etudes), Creusot-Loire and Spie Batignolles. 

The OTEC program began at the end of 1978, and 
it is too early to present any concluding remarks on 
the feasibility phase that will end early in 1980. 
Neverthelees, we will discuss somi preliminary re- 

sults on shore-based, open-cycle plants and utiliza- 
tion of the French experience in offshore platforms 
for OTEC. 

FRENCH EXPERIENCE IN OTEC: SOME HISTORY 

In 1934, before sea tests of the first OTEC 
floating plant hmieie off the coast of Brazil, 
Georges Claude was describing his prbject to Brazil- 
ian authorities in the following terma: "the goal 
of this demonstration is essentially to prove that 
the sea could become the cheapest and most formidable 
source of power in the future.'' Now, 50 years later, 
there are still no OTEC plants in operation. What 
have we done in the past? 

The OTEC story began in 1881 when the French 
physicist Arehe d'Areonva1 suggested operating a 
closed-cycle system1. The working fluid, sulfur di- 
oxyde, would be vaporized by the warm (30°C) spring 
of Grenelle in Paris, then condensed by colder river 
water such as that from the Seine River. D1Arsoaval 
noted that many places in the world could provide 
the necessary water temperature difference. He at- 
tested to the possibility of extracting energy from 
the tropical ocean by noting that a heat engine 
could be built to operate on the temperature differ- 
ence between surface and deep seawater. 

The OTEC story continued with Georges Claude, a 
friend and student of d9Arsonval. We can say Claude 
was the first OTEC'er. In March 1926, with Paul . 
Boucherot, he suggested using seawater as the working 
fluid. In some very interes ting papers2* 3. Claude 
enthusiastically described the advantages of the open 
cycle: no huge heat exchangers and a minimization of 
biofouling. He demonstrated his idea 2 years later, 
operating with success a 60-kW open-cycle plant at 
Ougree, along the river Meuse under a difference of 
temperature of 20°C. He concluded that deaeration 
was not a big problem3. 

Two years later, i6 1930, he wed the same 60-kW 
thermal machine in Cub& He was successful in 
achieving two important feats: laying a pipe 2 km 
long and 1.6 m in diameter (it is important to remem- 
ber that sea-work was then in its prehistoric stage); 
and producing 22 kW during 10 days in very bad condi- 
tions: the AT was only 14OC, and only 10% of the 
pumped cold seawater was wed in the plant. More- 
over, the turbine was completely maladjusted. 

Claude concluded that it would be possible in 
the future to produce 500 kW with only 1 m3/s of cold 
deep seawater. 

In 1933, Claude built the first floating OTEC 
plant, transforming the 10,000 tonne cargo-ship, 
Tunisie. He hoped he would have no trouble with sea 



aggression on a ve r t i ca l  suspended pipe. The thermal 
machine was an open-cycle plant,  25 m i n  length and 
8 m i n  diameter, producing 2000 kW on the turbine 
shaf t ;  800 kW were transformed in e l e c t r i c i t y  end 
1200 kW w e r e  used t o  operate a 1200 kW amumnia com- 
pressor... f o r  i c e  making (see Fig. 1). The ship 

Alternator  800 K w  

Ppen cycle p l a n t  
.,Compressor1200 Kw 

.old w a t e r  i n l e t  

D e a e r a t o r  I Ice f a b h c a t ~ o n  

Warm water Inlet 

F l e x ~ b l e  connection H 
Submersible f l o a t  

Cold w a t e r  pipe 650 m long 
0 2.50 m 

Anchorage & 
Fig. 1 Claude's floating OTEC plant, Tunisie. 

m t e r  

Alternator 6000 Kw 

L 128m 1 
Fig. 2 One of the two 3.6.MWe units designed for 

use at Abidjan. 

Fig. 3 l% &id-weter ipi 'for the Abidjan project 
ine'icfble SeOttOrrP. . 

was t o  be  comecCed by a flex2bT.e tube t o  a seud- 
submersible f l o a t  t d  :which 'the 2.5 m diameter pMe f o r  the  falling-f%h. condenser, hence a very low fltbt 

would be  suspended. Claude did not succeed i n  laying m3/s for MJ; __I... , 
the  pipe off  the  Brazil  coast (120 &, ffyom'Rio) be- 

5. M t e r  many ht%ale, eeleation of a r e a l i s t i c  
cause the great heavhg tth *bar$ *Pal~, pipe-lqing A 15&m-long, 2-d-ter ele- 
a s  ghe pipe sBnk, the  ship b i d e  n e d r  produced 
any ice. After t h i s  episode, Claude w e  feinpo'~'ihi1p merit laid in lgS5 with success under 300 Of 

dertpondent, but he M e s  'hot the  tPPo af m&m t o a s w r e n ;  water* 
der; In  1940 he propbaed the  4&& Abidjan project. 
It wae a ver$ daring project ,  Mthottt a cbld-water 
pipe but a ve r t i ca l  w e l l  cokected t o  a subraatine' 
tunnel 4 kra i n  lengthf Very quickly Claude's project  
turned i n t o  a 10*.MW, bpen-cycle, shore-based plant,  
with.kwo u n i t s  of 3.5 W e  n e t  power and a 4 km cold 
water pipe (see Figs. 2 and 3) .  

ThYai ka Chertdtddh 05 the  1951)'s i@ was c lear ly  
demongtzabad t h e  t h e  Ab%djan project  was technfcally 
feas ible  and ampeaitfve. B u t t h e  plant wae new A 

cpnstructed  OF p o l i t f r a l  reasons, After World War 
11, pr io r i ty  was g i v e a t o  nefional energy - hydropow- 
er ,  t i d a l  enerey wit?% the 240-y plant of the  Rance 
es twry ,  and puWr and e l l - f i r ed  power plan-. 

The gov.e-~~~~enti  company, "@-ergie dee Mkfs," cre- 
A s imi lar  shore-bi- plant was studied f o r  . 

In ate in of &idj& project* Guadeloupe (1959 bur mC polp.r not wetftitte 
They have pone a ro t  of work on open-cycle power 
plants  and pipe laying. Ia pafitficular: the@ because of the  v&y law cost-of of-1. 

b 

1. A selection ~f the  best  type of wa'porator French . O m  expierimiqe is very Yroad and .very 

was carried out a f t e r  b a y  trials; old. A l o t  of goad wark was done on open cyele and 
the  shore-baeed concept. : 

2. The Rateau deaerator was very e f f i c i en t  - 
nsumption was l e s s  than 10% of the  groes power' 

TEFi IEFREElCB O T E ~  PROGRAM, 1978 -. The construction of the  8-m-diameter turbin 
was achieved without major problems; In  F r a c e  there is now,a new in te res t  i n  OTEC. 

We ake d i rec t ly  conbdmed with th id  form of clean, 
4. The f i n a l  design of t h e  plant was very good: concentrated, abundant, and renewable energy fo r  our 

compactness, one stage of evaporator, khree stages fuel-dep.endeqt French t roprcal  islaads.  
a 



At present, according to the 200-mile exclusive 
economic zone, about 8% of the w e t  promising tropi- 
cal ocean area for OTEC is under French jurisdiction. 
Most of the French Departments and Overseas Territo- 
ries (DOMITOM), such as at ~6union Island in the In- 
dian Ocean, Martinique and Guadeloupe in the Atlan- 
tic, Polynesia and New Caledonia in the South Pacific, 
are located in the tropical zone. 

Broadly speaking, those islands are completely 
fuel-dependent, and the cost per kWh is very high, 
more than three times the cost in continental France. 
Moreover, there is often a problem of fresh water, 
and open-cycle OTEC looka very attractive for that 
reason - it can produce fresh water. A range of 1 
to over 10 W e  in basic power is well adapted to 
electrical consumption of 10,000 to 100,000 inhabi- 
tants. The major parts of those volcanic islands 
rise steeply from the ocean floor and have steep off- 
shore slopes; consequently, shore-based OTEC plants 
could be used. 

There are many isolated volcanic islands that 
are fuel-dependent, sometimes without fresh water, 
and with modest power needs in comparison with large 
occidental consumption. These facts led to the defi- 
nition of the present French OTEC Program (Table 1). 

Table 1' 

The French OTEC Program .. 

The program will be managed by CNEXO and is aimed at 
operating a pilot OTEC plant in the 1 to 10 MWe 
range. It will be conducted in three phases: 

Title 

Phase I - 
% - 

Feuibil i ty,  
1 to 10 MWa, 
1978 - 1979 

Phase I1 

C4mpomnta, 
1980 - 1982 

Phase I11 

Pilot plant, 
1983 - 1985 

I. A feasibility study comparing closed and 
open cycles in terrestrial or floating configura- 
tione. Scale effects will be studied, and a deci- 
sion on future technical options for the pilot will 
be made in 1980. 

11. Testing of major components such as the 
cold-water pipe, heat exchangers, and deaeration 
process. Exact contents of this phase will be esta- 

Deecription 

Study of four combi- 
nations: opaa 
cycle or closed 
cycle; shore- 
based or floating 

Size effect 

Selection of a tach- 
nology for a pilot 
plant 

Teat of major 
compowllts 

Detailed s i t e  survey 

Demign consrrucfion 
of a ( a m )  We 
pilot plant 

blished at the end of Phase I. A detailed survey of 
' the pilot-plant's site is also planned. It will be 
completed in 1982. 

Budget 

-51.8 M 
213 government 
113 indwtrial 

~ $ 5  to 6 U 

Dependant on 
power level, 
say $20 to 
30 M 

111. Designing and building the pilot plant. 
Exact power, within the 1 to 10 W e  range, will be 

I determined as a conclusion of the first and second 
phases and budgetary possibilities. 

The $1.8 million feasibility study (including a 
40% financial participation of firms selected by 
CN$XO) will end early in 1980. It comprises two ma- 
jor contracts: 

1. Technical and economic feasibility of a 1 
to 10 W e  open-cycle floating (or beached) plant, 
contracted to a group of French industrial firms: 
CGE (Compagnie Gndrale d'~lectricit6) - Alsthom- 
Atlantique and ETPM (Entrepose Travaux Petroliers 
Maritimes). 

2. Technical and economic feasibility of a 1 
to 10 W e  closed-cycle ahore-based plant, contracted 
to Empain-Sclmeider Group, particularly the three 
companies SGTE (sociCt6 ~6n6rale de Techniques et 
dlEtudee), Creusot-Loire and Spie Batignolles. 

In addition, a general review of possible 
French OTEC sites is under way by CNEXO from the 
standpoint of oceanographic and meteorological data 
and future energy needs. These studies have begun, 
but it is too early to present final results. Some 
specific points are noted in the following section. 

SOME PARTIAL RESULTS 

The Shore-Based Concept and the Cold Water Pipe 

The shore-based concept, for powers up to 10 We, 
seems to be attractive for the following reasons: 
(a) no submarine cable and no anchoring problems; (b) 
existing experience in building a shore-based plant; 
(c) easy maintenance and accessibility; and (d) poe- 
sible utilization of the following by-products: 

1. Fresh water (for the open-cycle) is very 
attractive, in some cases more attractive than elec- 
tricity; we estimate that a production of 200 m3 per 
hour in a 5 MWe plant is feasible. 

2. Aquaculture, but there is much,work still 
to be done. Theoretically, deep water is very desir- 
able because it is rich in nutrients and relatively 
germ free. 

3. Use of cold seawater for air conditioning and 
for conservation of agriculture or fishery products. 

The biggest problem is how to lay a cold water 
pipe of 2 to 5 m diameter and 3 km length. Some ma- 
terials are under examination such as concrete with 
resin, iron, aluminium, fiberglass, and polyesters. 
A good material should have mechanical resistance, 
low thermal conductivity, corrosion resistance, and 
no aging. Various pipe laying methods are under ex- 
amination such as those shown in Figs. 4 through 7. 

Seawater Deaeration in Open-Cycle OTEC Plants 

Open-cycle schemes for OTEC have several advan- 
tages over closed-cycle schemes using ammonia. They 
produce desalinated water at nominal cost. This is 



C02, etc. Craces 

TOTAL 13.8 d/lr 

The total may rise to 15 ml/l owing ta di'urnal 
variatian. A 5-MWe plant uses about 30 m3/s of hot 
water. 

For the foregoing dissolved gas contents, th& 
asseciated flow of dry air is about 600 gm/s. If all 
the gas had to be removed, a sievrplate or similar 
deaeration column would be needed upstream of the 
evaporator, and a gas extractor would have to be pro- _- - - _ .  -- .--- vided to blow out the gas into the atmosphere from 

-.. -- - - . * - the pressure within the deaerator of approximately 
.. .- -. -- -- 180 millibars. The power needed to operate the 

sieve-plate column and tha gas extractor would be at 
least 1200 kW, i.e., about one quarter of the total 
power produced by the turbine. 

Georges Claude estimated that only 80% of the 
' 

-. - - -  dissolved gas needs to be removed, but even &f this 
-- - figure were assumed, the power requirement f ~ r  re- 

moving gas would still be about 1 MW. 

Theoretical and experimental resulta relating 
\ to the relatfve rates of heat and mass transfer tend 

to ehow that only about 3% of the gas dissolved in 
Fig. 4 The viaduct method of pipe laying. the hot water will be effectively removed during 

evaporation. 

important because tropical countries, which will be Since the aforepentioned, noncondensable con- 
the first to operate OTEC plants of medium to low tents in no way precludes the use of standard design 
Outputs need water atpleast as much as procedures for the condensets, the noncondensables 

need not be removed prior to evaporation. 
' Surface condenser characteristics permit higher 

rates of heat transfer, and constructian material Compared with the schemes suggested by Claude 
constraints are less stringent. and his successors, this represents a considerable 

saving in initial capital outlay and a considerable 
'Or the efficient designs are increase in overall plant efficiency owing to the 

now available based on comprehensive data collected elimination of dcaerator head loss on the 
previausly in France* The designs the need line and to the large drop in the power needed to 
for heat-transfer surfaces and significantly reduce x eject the noncondensables, 
the head loss along the hot water stream as compared 
with typical head losses of closed-cycle schemes. 

On the negative side, open-cycle turbines have 
to be larger for a given output to acconrmodate the 
greater specific volume of the steam. However, out- 
puts contemplated at present by no meang make turbine 
size prohibitive. 

A major problem is the need for deaeration. Sea- 
water from the warm surface layer is saturated with 
dissolved gas. A typical analysis is as follows: 

Ar, 0.2 ml/l . Fig. 6 The successive connections method of pipe laying. 



which, with a 590,000 tome displacement, was towed 
for 1150 miles. 

Sea Tank Co. from the CGEIAAIETPM OTEC group 
proposes a semisubmersible design, etill under walu- 
ation but very attractive because it is particularly 
easy to build and has a good stability in rough seas 
(Fig. 8). In this design, the evaporator of the 
open-cycle, according to the barometric concept, is 
below the deck, the turbine is in a column, and the 
surface condenser is in the semisubmersible float. 

T U R W  

Fig. 7 The half-rigid pipe laying method (tested 
for Abidjan). 

The net result is that the overall plant effi- 
ciency, defined as net output power divided by gross 
power at the turbine shaft, can exceed that of indi- 
rect, closed-cycle schemes. 

The kinetics of the removal process within the 
evaporator thus appear to be of critical importance. w-v WATER 

This is the reason that the CGE/M/ETPM group decided 
to launch a priority research and development program 
on the problem. 

The program will include: 

1, Investigations into the nucleation state and 
variability of the nuclei and microbubbles present 
in the upper layer of the sea; 

Fig. 8 Arrangement of the principal components of 
2. Laboratory and field determinations of strip- an open-cycle OTEC floating plant of 5 MWe 

ping kinetics in the hot-water stream and in the gross power proposed by Sea Tank Co., from 
evaporator. the CGEIAAIETPM Group. 

Results of the program are expected not only to 
vindicate a particularly attractive direct-cycle OTEC, 
scheme but also to shed some light on the state of 
nucleation of the upper layers of tropical oceans. 

Shore-Based versus Floating Plants 

As prwiously noted, shore-based and floating 
concepts are being studied. At the end of Phase I, 
a comparison will be made to choose the type of im- 
plementation for the pilot plant. 

It could be advantageous to use offshore tech- 
nology for the design of OTEC floating units. French 
experience in concrete platforme is extensive. as 50% 
of the North Sea market has been cornered by French 
companies. 

One of those companies, Sea Tank Co., has built 
three big concrete platforme for the North Sea oil 
fielde (Frigg, Brent, and Cormorant). 

"Cormorant A" in, for instance, a drilling- 
production platform operating in water 150 m in depth, 
with a storage capacity of 1 million barrels and 

CONCLUDING REMARKS 

In conclusion, the French OTEC effort is a con- 
tinuation of our old but useful experience and pri- 
marily involves plants of 1 to 10 W e  adapted to our 
needs in the DOMITOM. We have not eliminated the 
open cycle, which can produce desalinated water, a 
particularly attractive by-product for numerous is- 
lands. No technical choices for the pilot can be 
made before the different options have been carefully 
evaluated. We are convinced the first OTEC market 
will be in fuel-dependant equatorial islands, such 
as our DOMITOM, and it is expected to put French in- 
dustry in a position to propose in the future rel$- 
able small and middle-sized OTEC power plants pro- 
ducing electricity and fresh water. 
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DISCUSSION 

Qu.Ptioa_:. ,+va th&,hen any d t u d i u  lkrlridg OTBC P. Marchand: There is no more limitatfan than on 
i n  the South PapSfic with yo* t e r r i t o r i a l  claimr the closed cycle. In the past, during the studies 
of 200 milea with marine mining, etc.? of the Abidjan Project, people thought tliete was a 

limitation t o  about 10 MW on the s h e  of open-cycle 
P. M e r ~ 3 :  Yes, the idea has bean exploiiad, but plants because of the turbine sise. The recent - y, i 

ture  for  two rearons. Firs t ,  t h r e  is no large OTEC plant, reported a t  th i s  conference, indicates that 
we think such a combinatioada for  the distant fu- Westinghouse investigation of a 100-MW open-cycle, - -  

or  no large mining plant in operation. We have to  a 7O-m-dim. turbiae is feasible now because of the 
demonatrate the two nnw techno10 18s on 5 l a  - availability of new technologies such as helicopter 
scale before combinirrg them., eadb.7 p<- ?:y-~ '" blades i n  new u t e r i a l e .  In o=r viey, a big advab- 

. . ,. tage of the open cycle is a very mu& lower level of 
biofouling than for  closed-cycle plants d k h  their  

Quartion: Is there a limitation o huge heat exchangers. 
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Abstract .7 
Japan seems to be a country which needs OTEC. tual design of OTEC power plants and the evaluation 

The feasibility study of OTEC power development has of technical and economic factors of .the concept as 
started i n  the beginning of the '70s. In these a whole. A s  a f i r s t  step, design work was conduct- 
five years conceptual design of 100 MW power plants ed i n  1974 on a 1.5 MW land based experimental OTUC 
and its evaluations were made. Results show that  power plant. This was followed by a system analy- 
OTEC is technically and economically feasible. EX- sis of a larger ocean-based OTEC power plant. In 
perimental studies on OTEC power cycle, and some the second year (1975), a conceptual design was 
development works have been made, especially on prepared for  an ocean-based demonstration OTEC power 
heat exchangers and platform structures. . Also plant rated a t  100 MW and s i ted  a t  a benign tropical 
studies of application and assessment of OTEC sys- location. The design was based upon the current 
tem were conducted. s tate  of technology with minor technical improve- 

ments, particularly itl the heat exchangers. In the 
Introduction third year (1976), an improved conceptual design of 

a 100 MW OTEC power plant, to  be located a t  the sea 
Energy consumption in  Japan is large, that is naar Japan, was made. This 1ater.design was based 

the second highest level i n  the free world follow- upon advanced technology. The results of the study 
ing the U.S.A., and the il~port rat io amounts to  88% . i n  1975 and 1976 were reported i n  the 5th conference 
of the total  energy consumption because of minor l a s t  year.7 In the following two years (1977 and 
domestic resources. 1978), additional work on the previous year's design 

The land area of Japan is  s m a l l ,  but it is sur- was carried out. -Masas were placed especially on 
rounded by a large expanse of sea, mostly warm, and the optimum design of 100 MW plants, the platfom 
"Kuroshio", one of the largest sea surrents, always structure, and station keeping, a t  the representa- 
brings a large amount of thermal energy f r a t  the tive s i tes ,  structure model experiments in a wave 
tropical zone. Accordingly, energy production f ram flume, and improvements i n  the heat exchangers. 
the sea should be an important goal for  Japan. Results of the studies are' s~naplarized as  follows. 

The study of ocean thermal energy conversion The details of the studies $re being reported by 
(OTEC) i n  Japan was started i n  1970 by the Commit  e other papers i n  this  &ference.1° 
on Investigation of New Power Generation Methods. ?= Dynami~~behavior of the platform for the &sign 
A system concept was presented by Japan to the Fifth study on the 100 MW commercial power plant and 
General Meeting.of the Pacific Basin Economic Coun- platform structure, the locations were limited to 
c i l  i n  New Zealand by one of the authors, ent i t led the coast or  the offshore area of the Japanese 
"pquatorial Marine Industrial Complex", which in- islands, such as Iriomnote, Okinawa and Os& (Paci- 
cludes an OTEC power plant ard subsystems. The com- f i c  ocean side) and Toyama Bay (Japan Sea side),  
plex would not only produce power but would also where direat  power transmission to  the national 
u t i l i ze  the nutrient-rich cold water dischar d from grids is feasible. Not only the sea temperature 
the plant for the production of m r i ~ u l t u r e . ~  A data, oceanographic data includi.ng the wave heights 
conceptual design study of th i s  sxstem was made by and periods, the vertical distributions of currents 
the Leisure Development Center i n  1973. and their  horizontal patterns, but also the average 

To &de the OTEC effort  i n  Japan, the Agency of and 4- wind power of these four s i t e s  were col- 
Industrial Science and Technology (AIST) of the lected. Table 1 shows typical sea state data of 
Ministry of International Trade and Industry (MITI) the offshore area of Osumi island and of Toy- bay. 
established i n  April 1974 a cammitee for investi- The dynamic analysis on the motion of the plat- 
gating the feasibi l i ty  of OTEC a t  the Japan Heat form coupled with the cold water pipe is one of the 
Management Association (JHMA) . The program name important problems i n  order to optimize the OTEC 
"Sunshine Pr6jectN was adopted.3 The project aim plant configuration and iiy anchoring system, and 
was the development of new energy technologies. En t o  design the power cable arrangement. To evaluate 
the same period, experimental research on OTEC was the dynamic characteristics, it is  important to 
started a t  the Electrotechnical Laboratory of AIST 
i n  Tokyo4 and a t  the Science and ~ n ~ i n e e r i n ~  Faculty 
of Saga University i n  Table 1 Characteristics of typical sea s tates  

In industrial circles,  Tokyo Electric Power Ser- (ordinary) around the Japan 
vice Co. (Tl2PSO) has started their  design study of 
land-based OTEC power plants, some what ear l ie r  
than mentioned above, based upon their  expertise i n  
power plant engineering.6 

Conceptual ~ e s i g n  and ~conomic Evaluation 
of OlEC for Japan 

The objectives of the OTEC feasibi l i ty  study by 
the committe i n  JHMA were the evolution of a concep- 
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couple the platform and cold water pipe together 
regardless of which type of connection is to  be 
used i n  the platform-cold water pipe juncture. The 
problem is indeed complicated, however, because of 
non-linearity on the equation of motion for the 
platform coupled to the cmld water pipe. Also 
la te ra l  vibrations due t o  the current should be 
taken into consideration. 

Numerical calculations of the ex** forces 
acting on the s ix  types of platforms were made a t  
the above mentioned four sites.  Table 2 shows an 
example of the results. It shows the maximum ex- 
ternal forces acting on the ship, and the submerged 
disc type platforms a t  ordinary sea s ta tes  on the 
offshore area of O s d  island and Toyama bay respec- 
tively. These calculations were undertaken by Mr. 
Suzuki of Ishikawajima Heavy Industries Co. (ship 
type) and M r .  Ono of Mitsubishi Heavy Industries Co . 

T d r  2 O l m n J a *  and displomndl of dtb l(Wn and Iclknerd typr p b t h l  
bdmaldmm,nuknl ~ b t h l l . d ~ ~ a d l b p R o 8 9  

1 Tvw of ~latfomu* I Ship I suhwqed disc 1 

- .  I 

Draft ( m ~  1 13 1- 55 

FiI MrmimumfSpt.1 and mininunfhb.) of Mk(r aurcrqr d .M 
tmpwhw ot ~~ of O d  bbnd (pacific ooron) 
TbpmWIJ-ua) . 

cold water obtain the maximum busbar output are 
790m i n  O s m d  and 370m i n  Toyama, respectively. 

Unit power cost a t  the busbar in  both s i t e s  
incidentally am~unts to about the aame price of 12 
Yen/kwh (-0 Mills/kwh), because of the effect of 
a lower construction cost being cancelled by the 
effect  of the shorte operating days i n  l b y m  as 
compared with O s d .  8 

Fig. 2 shows an artists' model of the submerged- 
disc type 100 MM OlEC power plant. 

TEPSCO has been engaged i n  design work and engi- 
neering development of land-based cormnercial OTEC 
power plants for several years, through the com- 
pany's investment. They developed a unique cold 
water intake pipe and its deployment technique. 
The out side and in  side walls of th i s  tube are 

8 6 
r CWP lnmknr om wu fat both c a r ,  I lnkb fmtrbrl S O O d  8 ll.am+ glass fiber reinforced polyester containing glass 

OUIY 1 1 ~ 0 t u t ~ a l  1 0 0 m ~ n  all;) micro balloon and polyester.composits in  between 
the two walls. Bulk density of the tube is  0.98 . g/cm3 .9 

(submerged disc type) . An experi- 
mental study of the dynamic behavior Table 3 Major specifications and costs of 
of the platform was undertaken using 100 MN OmC power plant 
a wave flume by Prof. Nagasaki of 
Tokai University and mambers of 
Shimizu Construction Co., which is 

Optimization of the Plant 

show conspicuoosly different be- 
havior as  shown i n  Fig. 1. 
reason seems to be tha t  "Kuroshion 

OMd. heat t r a n ~ h  
icey water flows into it from the 
north. 

atforms carried .out, l o  
th the offshore area of Osumi  

- *. . 
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Application and Assesment of OlEC Systems 

formancq ClC=2600 kaltm2h0c) for ,  R- $&!water heat 
exchart*. 

A systematia st* ceE fiiofording and corqosion 
of OEEC heak extdmget-haar not s ta rwd yet i n  
Japan, Beakwe almo$t a13. the-.&ssj,& bl and nu- 
clear power plants are lomted on the s'ea s ide ,  bio- 

f- studies have been made between power.~cormpan&es 
and the lDanufa~tma. Some of there have been pub- 
lishqd. prostly in The Thenual and Nucleat Powez (a  
mobthly, magazine) . ~,mnclusiod%lh'ich b'generally 
agreed to  is tha$ t i tanium tw are the best 
.against corrosion', errmion and biofouling. $Even 
i f  &by a p  pon@mimatfadl amre by small marine l i f e  
#an comer aWqy Wes, t h i s  c m W a a t i o n  i s  , 

c l e h b  e&@&nabdilsy pex=iodic w-ng wi* %pone 
balf 8,. 

Be@kwe Japanese fkgherme-n are wofxS&d m u t  
the egfect & cooling sea water ( ~ 1  qaPtne lSi*, . 
studi@s are. being undertaken on U s  ef tect by 
fish- ins t i tu t iow and Wvera i t i e s  Including the 
Marine Bcolmgy Wesearch Institute. 

Table 4 Wter program of &eveloffaent 
on CTEC power plant 

Mulaple applicat&orp of O m  Systems have been 
studied iq Japan since the b e g i ~ i n g  of oTEC re- 
search. ABaoDg them, some results of the, studies on 
uranium exploiration by OTEC and the possibility of 
marine biological prbducitivity enhancement were re- 
ported on l a s t  year i n  th i s  conference. 

Bssessm=nt of OmC is being conduc&d by .an 
oceanophy#cs group &n mllaborat3Sn w i t h  ehe marine - biology gmpp Wr the le@elship'af T. Teram.tn 
of Wean Wekftfterch Institute of Tokyo Unimrrsbty. 
'Ihe cove* the behavior of the discharged 
water from the plants and included the behm&or of 
the plum Epm the outlet and the dependens6 on the 
c p r e n t  8 i6a t ion  a$$& velocity. !Che,,lQO MH OTEC 
plant was used i n  the study. Some = g a t s  of the 
envimmmyx-1 studies were also ,reported on l a s t  
year i n  tl@s+ con&rence. 

i .  
, dtizp~ Plans and &helu&bn' - 

Table 4.' s ap F C  puwer planta progrd  pmposed 
by the 2 - t t e e .  m e  a b s e  o 09 the pro- 
gram is  dmady  finished. according to thIa plann. 
The bpes .b pr~ceed  the Phase I step. in- 
k l v i n g  the, long term edgineeeng test under Wle 
r6al. ~cem~$;'%virone~ent. m e  c'bncept was ' desamd  
as the 1 We c-s pgwer system on bijard a barge 
which could be gpplied by an o i l  tanker installed 
w i t h  a cold waWr pipe. This power p l a t  w i l l  use 
ammonia as  a working fluid and be equipped with 
t e s t  fac i l i t i es  to evaluate the environmental ef- 
fects  a d  s tat ion keeping device. t& jar specifica- 
tions on th is  experimental fac i l i ty  are i l luetrated 
i n  Table 5. 

1 Shin-Hatsuden Hoshiki Sogo-chosa Iinkai *port, 
Vol. 1, pp. 115'133, S*. 1971 ( i n  Japanese). 

2 Niroshi RamogBwa, a report for  Natural I(esources 
Developkefit Ooasmittee of the PacifTC Bash  
~ c o n ~ c  Council 5th General Meeting, May 1972, 
f k w  Zealand; also i n  proceedings of Second Inter- 
national Ocean Development Conference, pp. 2110- 
2116, Oct. 1972, Tokyo. 

Table 5 Major spacifications of 1 w 
O'pC experimental fac i l i ty  

xtem 

a n p  elcotrlc * 
)ipt mtplt 

w i h g  ntm 
!-my -- 

. a o l a * ~ t U r e  

QentIty or wtq mter intska 

~vu l t i t y  of mi* mter intake 

'malhCBtingarea0f 
ev&@qeWmdnum*lsof unit 

Tatel -ling &a of conderser 
md5m&m & m i t  

Mobars Of turbine m 
Maaeter and 1- of 
cold mter pip 

F2atfonn 

chn3t~cticn cost 

Specirications 

loo0 IW 

624 IW 

lhmmia 

28-C 

7OC 

12,640 m3/h .' 

10,526 2% 

4.130 m2 1 (plate type) 

4,700 3 I (plate type) 

1 3 6 0 0 ~  

Ma, 1.3 m. Wngth; 500 m 

'hnker 33,2W ton 

3,036 uUlicn yen 



Japan Heat Management Assn., " F e a s i b i l i t y  Study 
on t h e  OTEC", Annual Report  t o  AIST, March 1975, 
1976, 1977, 1978, 1979 ( i n  Japanese)  . 
T. Ka jikawa e t  a l ,  Study on OTEC Power Cycle 
C h a r a c t e r i s t i c s  w i t h  ETL-OTEC-I1 Experimental 
F a c i l i t y ,  Proceedings of  t h e  5 t h  OTEC Confer- 
ence ,  Miami, FL, V-164W-198 (Feb. 1978) i 

H. Uehara e t  a l ,  Model o f  Ocean Thermal Energy 
Conversion P lan t -S i ranu i  3, Proceedings o f  t h e  
5 t h  OTEC Conference, Miami, EL, V-117W-146 
(Feb. 1978) 
T. Tomizuka, Y .  Seya, "Ocean Thermal Power 
P l a n t " ,  The Thermal and Nuclear Power, 24, 
pp.547-552, (June,  1974) ( i n  Japanese) 
Takuya Homma and Hi rosh i  Kamogawa, 03nceptual  
Design and Economic Evaluat ion o f  OTEC Power 
P l a n t s  i n  Japan,  Proceedings o f  t h e  5 t h  OTEC 
Conference, Miami, V-91W-116 . (Feb. 1978) 
T. Homma e t  a l . ,  Design Considerat ions  f o r  a 
100 MW Commercial Sca le  OTEC Power P l a n t  and a 
1 MW Class  Engineer ing T e s t  P l a n t ,  a paper  
p resen ted  t o  t h e  6th OTEC Conference, Washigton 
D.C., June,  1979 
Y .  Seya, Ocean Thermal Power P l a n t ,  The Thermal 
and Nuclear Power, 29, pp.990-1002, (Oct. ,  1978) 
( i n  Japanese) 
S.  Nagasaki e t  a l ,  O s c i l l a t i o n s  o f  t h e  D r i f t -  
f o r c e  on a n  OTEC-CWP S t r u c t u r e ,  a paper  pre-  
s e n t e d  t o  t h e  6 t h  OTEC conference,  Washington 
D.C., June 1979 
S .  S a t o  a t  e l ,  Fac to r s  A f f e c t i n g  Corrosion and 
Foul ing o f  Condenser Tubes o f  Copper Alloys  and 
Titanium i n  Sea Water, The Thermal and Nuclear 
Power, 29, pp. 597-607, (June 1978) 



4. OTHER OCEAN ENERGY SYSTEMS 



WAVES, SALINITY GRADIENTS, AND OCEAN CURRENTS - 
ALTERNATIVE . . .  ENERGY SOURCES 

Dr. h4jchaeleMc!-_f. 

U. S.  Naval Academy 
Annap5liLs~MhrFjiI'and 21 402 

/-' A b s t r a c t  - 
A b r i e f  h i s t o r y  o f  t h r e e  ocean energy programs - 

wave, s a l i n i t y  g rad ien ts  and ocean cur ren ts  - spon- 
sored by the U. S. Department o f  Energy i s  presented. 
I n  a d d i t i o n  t o  d iscuss ing  the  ph i losoph ica l  bas is  
f o r  choosing c e r t a i n  engrgy conversion techniques, 
a  b r i e f  d e s c r i p t i o n  and d iscuss ion of each tech- 
n ique i s  presented. P r e d i c t i o n s  as t o  the  com- 
m e r c i a l i z a t i o n  o f  each technique a re  a l s o  presented. 

I n t r o d u c t i o n  

I n  1975 the Energy Research and Development 
Admin is t ra t ion  (ERDA) was formed t o  study a l l  farms 
o f  energy s t a r t i n g  from the  eva lua t ion  o f .  the  r e -  
source thro.ugh the  energy conversion technology, 
environmental consequences, l e g a l  and p o l  i t i c a l  
f a c t o r s  and f i n a l l y  t o  commerc ia l izat ion.  The 
i n i t i a l  ocean energy e f f o r t  was. i n  ocean thermal 
energy conversion (OTEC) and under the d i r e c t i o n  
o f  Dr. Robert Cohen. Although much i n t e r e s t  was 
shown i n  the energy conversion o f  ocean waves, 
s a l i n i t y  gradients ,  ocean c u r r e n t s  and t i d e s ,  the re  
were no formal programs i n  these areas. I n  mid 
1975, t h e  au thor  j o i n e d  Dr. Cohen on a p a r t - t i m e  
bas is  t o  study these o t h e r  ocean energy op t ions .  

I n  1976 a t i d a l  program was f o r m a l l y  i n i t i a t e d  
and p laced under the  d i r e c t i o n  o f  the  Geothermal 
Branch o f  ERDA. Furthermore, small  s tud ies  were 
i n i t i a t e d  i n  the  areas o f  waves, s a l i n i t y  g rad ien ts  
and ocean cur ren ts .  I n  1978 ERDA was absorbed i n  
the newly c rea ted  Department o f  Energy (DOE), and, 
a f t e r  th ree  years o f  d i r e c t i o n  by the  au thor  on a 
p a r t - t i m e  basis ,  these th ree  a l t e r n a t i v e  ocean 
energy op t ions  were assigned t o  f u l l  - t ime .DOE 
personnel.  

The purpose o f  t h i s  paper i s  t o  descr ibe the 
present  DOE sponsored e f f o r t s  i n  the  energy areas of 
ocean waves, s a l i n i t y  g rad ien ts  and ocean cur ren ts .  
The ph i losoph ica l  and the programat ic  aspects are 
discussed. 

Ocean Wave Energy Conversion 

Ocean waves have e x c i t e d  the imaginat ions o f  many 
i n v e n t i v e  people down through the ages. There are 
numerous patented and referenced attempts t o  harness 
the energy o f  ocean waves dat ing.back t o  the  mid 
19 th  century.  Since very few ideas a re  new, most of 
these energy conversion ideas f a l l  i n t o  n i n e  cate-  
gor ies  l i s t e d  by M. ~ c ~ o r m i c k 5  i n  h i s  1978 paper. 
These are:  

a. Heaving Bodies 
b. P i t c h i n g  o r  R o l l i n g  Bodies 
c. Cav i t y  Resonators 
d. Wave Focusers 
e. Pressure Converters 
f. Surging Bodies 
g. F lapping Bodies 

h. Ro ta t ing  Out r iggers  
i. Combinations o f  the  above 

Categories a. and b. have been the  most popular  
devices used by inventors;  w h i l e  ca tegor ies  e., f., 
9.9 and h. f o l l o w  c l o s e l y .  Cav i t y  resonators have 
r e c e n t l y  come i n t o  vogue p r i m a r i l y  due t o  the  ex- 
c e l l e n t  work o f  Y .  ~ a s u d a ?  See, f o r  example, h i s  
1978 paper. While Masuda concentrated on the  ex- 
per imenta l  aspects, ~ c ~ o r m i  cl!' (1976) concentrated 
on the t h e o r e t i c a l  .aspects. Under the  auspices o f  
the I n t e r n a t i o n a l  Energy Agency (IEA) , Canada, 
I r e l a n d ,  Japan, the Un i ted  Kingdom and the  Un i ted  
States have undertaken a j o i n t  f u l l - s c a l e  wave 
energy conversion program t o  be conducted i n  the  Sea 
o f  Japan i n  1979 and 1980. Both Masuda and 
McCormick a re  d i r e c t l y  i n v o l v e d  i n  t h i s  study. The 
U. S. e f f o r t  i s  be ing  supported by the  DOE. The IEA 
study w i l l  be conducted on a s p e c i a l l y  designed 
f l o a t i n g  body c a l l e d  the "Kaimei", which i s  sketched 
i n  F igure  1. There are th ree  a i r  t u r b i n e s  p o s i t i o n e d  
on the deck o f  Kaimei which have been designed and 
cons t ruc ted  i n  Japan, the  Un i ted  Kingdom and the  
Un i ted  States.  These t u r b i n e s  a re  e x c i t e d  by the 
a i r  motions above the  r i s i n g  and f a l l i n g  o f  the  i n -  
t e r n a l  wa te r  surface as sketched i n  F igure 2. Each 
turbo-generat ing system i s  designed t o  d e l i v e r  an 
average e l e c t r i c a l  power o f  125 KW i n  a sea having 
an average h e i g h t  o f  2m and a p e r i o d  o f  6 seconds. 

The- in ternal  water  column i s  e x c i t e d  by the ex- 
t e r n a l  waves which can be i n  resonance w i t h  the  
c a v i t y .  Th is  resonant frequency value i s  ob ta ined  
from the  equat ion 

where L1 i s  t h e ' s t i l l - w a t e r  l e n g t h  o f  the  i n t e r n a l  
water  column. The i n t e r n a l  water  column can a l s o  be 
e x c i t e d  by the s h i p  motions o f  Kaimei. For  example, 
the heaving frequency o f  Kaimei i s  ob ta ined  from 

where 3 i s  the weight  d e n s i t y  o f  sea water, A i s  
the  water-plane area of Kaimei, m i s  the  mass-f 
Kaimei and i s  t h e  added mass 1- Obviously, the 
opt imal  des$n c o n d i t i o n  i s  oc = oz , o r  the  water  
column l e n g t h  i s  

where i s  the mass dens i t y  of sea water.  B a l l a s t  
can be used t o  a d j u s t  I-, and m i n  equat ion (3) f o r  
op t im iza t ion .  

- 
A second DOE-sponsored e f f o r t  i s  i n  the  area wave *Professor and D i r e c t o r ,  Ocean Engineer ing 
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' FIGURE 2. Sketch o f  t h e  Water Column/Turbine System. 



focus ing  systems. Wave focusing i s  accomplished by 
f o u r  techniques: 

1. Rddiant wave i n t e r a c t i o n .  See F igure  3a. 
2. Fresnel - type focusing. See Figure 3b. 
3. Re f rac t ion .  See Figure 3c. 
4. Channeling. See Figure 3d. 

Radiant wave i n t e r a c t i o r i  occurs when a body 
motion i s  i n  resonance w i t h  the i n c i d e n t  wave. The 
motion may be heaving, p i t c h i n g ,  r o l l i n g  o r  c a v i t y .  
Falnes and Budal2 (1978) have shown t h a t  the wave 
power under a resonant c o n d i t i o n  approaches the 
body from a c r e s t  w i d t h  o f  X/2r as i l l u s t r a t e d  i n  
F igure  3a'. 

Fresnel - type focusing i s  accomplished by p l a c i n g  
a lens  t ype  s t r u c t u r e  i n  the wave causing e i t h e r  
d i f f r a c t i o n  o r  r e f r a c t i o n .  Re fe r r ing  t o  F igure 3b, 
a  submerged p la t fo rm,  shaped l i k e  a lens,  causes, 
the  i n c i d e n t  waves t o  slow down as the waves pass 
over  the  s t r a i g h t  lead ing  edge onto the p la t fo rm.  
When the  waves leave the  plane a t  the curved edge 
they a re  d i r e c t e d  t o  a f o c a l  p o i n t .  Th is  p o i n t  i s  
found by app ly ing  Sne l l  ' s  law: 

where c, i s  the  phase v e l o c i t y  i n  the shal low water  
over  the  p la t fo rm,  i . e .  

h  be ing the depth o f  the  plane o f  the  p la t fo rm,  -1 
and c2 the  phase v e l o c i t y  i n  deep water, i .e. 

T being t h e  wave per iod.  The coa~b ina t ion  o f  equa- - 
t i o n s  ( 4 )  through (6 )  y i e l d s  

iF' s i n  (a,) s i n  (a,) = - 2 * 

where y  = f ( x )  i s  the equat ion o f  t h e  cu rva tu re  o f  
the lee-edge. I f  the  lee-edge i s  a  c i r c u l a r  a r c  o f  
rad ius  R then the  foca l  l eng th ,  E, i-s obta ined from 
the lens  equat ion 

For example, a  6-second wave t r a v e l i n g  over  a p l a t -  
form 5 meters below t h e  s t i l l  water  l e v e l  and having 
a rad ius  o f  100 meters w i l l  focus on a p o i n t  296 
meters f rom the p l a t f o r m ' s  lead ing  edge ( t h e  chord 
o f  the  c i r c l e ) .  Thus, i f  the.centra1 angle o f  the  
arc ,  5 , i s  90°, then the  focused wave energy i s  
f rom a c r e s t  l e n g t h  (chord)  o f  

L = 2R s i n  

A r e f r a c t i o n  wave ene,rgy conversion s tudy 
i s  be ing conducted a t  t h e  Lockheed C a l i f o r n i a  
Company by Mr. Les Wirt. .Re fe r r ing  t o  F igure  3c, 
Mr. Wirt has designed an acoust ica l ly -shaped sub- 
merged dome which causes i n c i d e n t  waves t o  r e f r a c t  
and focus on a v e r t i c a l  a x i s  t u r b i n e  loca ted  a t  the  
cen te r  of the  dome. The wave energy a v a i l a b l e  f o r  
conversion by the  r e f r a c t i n g  device, c a l l e d  DAM-ATOLL, 
comes from a c r e s t  w i d t h  equal t o  the  base diameter 
o f  the'dome. Resul ts  of i n i t i a l  s tud ies  o f  the 
DAM-ATOLL concept are very promising. 

Wave energy focusing by converging channels, as 
sketched i n  F igure 3d, has been suggested by a num- 
ber  o f  i n d i v i d u a l s  i n c l u d i n g  an ex tens ive  experiment- 
a l .  s tudy performed by Bruun and Viggosson (1977).' 
Al though the  technique e f f e c t i v e l y  focuses waves. 
w i t h  a r e s u l t i n g  increase i n  energy i n t e n s i t y .  l t  
appears t o  be f e a s i b l e  o n l y  i n  o r  near the  s u r f  zone 
where the  wave energy i s  r e l a t i v e l y  low. Thus, DOE 
has n o t  sponsored s tud ies  i n  t h i s  area. 

The th ree  B r i t i s h  wave energy convers ion systems 
known as S a l t e r ' s  Ducks, Cockere l 's  Ra f ts  and the 
Russel l  R e c t i f i e r  are being t h e o r e t i c a l l y  s tud ied  
by Professor  C.  C. Mei a t  Massachusetts I n s t i t u t e  
o f  Technology under c o n t r a c t  t o  DOE. It i s  hoped. 
t h a t  the  r e s u l t s  o f  Professor  Mei 's  study w i l l  he lp  
p r e d i c t  the  behavior  and response o f  the B r i t i s h  
systems under r e a l  sea cond i t i ons .  

The reasons f o r  concen t ra t ing  the  U. S. wave 
energy program on bo th  focus ing  systems and the 
c a v i t y  ces.0na.te.r are the f o l l o w i n g :  F i r s t  o f  a l l ,  
the capture o f  wave energy from wi.de expanses of 
c r e s t  l e n g t h  i s  i m p r a c t i c a l .  The costs  o f  l a r g e  
ocean wave energy conversion s t r u c t u r e s  a re  enormous 
and f o r  the most p a r t ,  t h e  wave energy a v a i l a b l e  
does n o t  j u s t i f y  these costs .  Furthermore, l a r g e  
s t r u c t u r e s  c lose  t o  the shore may be env i ronmenta l l y  
unacceptable. Thus, if the wave energy over  a broad 
expanse can be focussed on one energy conver ter ,  t h e  
energy convers ion might.  then be bo th  cos t  e f f e c t i v e  
and environmental l y  benign. Secondly, the idea o f  
having l a r g e  s t r u c t u r e s  undergoing s i g n i f i c a n t  mo- 
t i o n s  w h i l e  moored a t  sea goes aga ins t  the g r a i n  o f  
ocean engineers. We norma l l y  design mooring and 
anchoring systems t o  minimize motions. To design 
otherwise i s  ext remely expensive and, as was con- 
c luded a t  the  Wave Energy Conversion Symposium h e l d  
a t  Heathrow A i r p o r t  (London) i n  November, 1978, i s  
c o s t - i n e f f e c t i v e  w i t h  the B r i t i s h  systems. 

I n  a d d i t i o n ,  DOE i s  sponsoring f o u r  o t h e r  small 
s tud ies  i n  wave energy conversion. Two o f  these 
i n v o l v e  energy conversion techniques i n v o l v i n g  pro-  
t o n i c  conduct ion and p i e z o e l e c t r i c i t y ,  r e s p e c t i v e l y .  
P ro ton ic  conduct ion, be ing s tud ied  by Professor  
Robert Solomon o f  Temple U n i v e r s i t y ,  shows promise 
f o r  t h e  convers ion o f  wave induced k i n e t i c  energy 
i n t o  e l e c t r i c a l  energy. Dr. George T a y l o r  of 
P r ince ton  Resources, Inc. ,  has s t u d i e d  p i e z o e l e c t r i c  
energy conversion associated w i t h  ocean waves; how- 
ever, the  b e s t  p r o j e c t e d  conversion e f f i c i e n c y  i s  
o n l y  1%. Thus, no f u r t h e r  work i s  p r o j e c t e d  i n  t h i s  
area. 

F i n a l l y ,  two s tud ies  are being conducted o f  small  
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a .  Radiant  Wave I n t e r a c t i o n .  b .  Fresnel-Tvoe "Lens" Focus ins .  

c .  DAM-ATOLL Ref rac t ion  Focusinq. d. Focusinq w i t h  a Converqinq Channel. 

FIGURE 3. Four Wave Focusing Schemes. 



heaving systems. The f i r s t  o f  these i s  by James 
Ringrose o f  the Wave Corporat ion o f  Newport, Oregon. 
This  invo lves  an at-sea t e s t  o f  a heaving f l o a t  
w i t h  a la rge  v e r t i c a l  - a x i s  f l e x i b l e - b l a d e  p r o p e l l e r  
a t tached t o  t h e  underside. The second study i s  by 
Dr. L a r r y  S l o t t a  o f  C o r v a l l i s ,  Oregon. Dr. S l o t t a  
i s  per forming an a n a l y t i c a l  study o f  a semi-con- 
s t r a i n e d  f l o a t ,  suggested by M r .  Dedger Jones. 
These l a s t  s tud ies  a re  p r e s e n t l y  underway, and s i g -  
n i f i c a n t  r e s u l t s  have n o t  y e t  been obtained. 

The DAM-ATOLL and c a v i t y  resonance systems have 
an e x c e l l e n t  chance o f  be ing commercial ized on a 
l a r g e  scale by the mid 1980's. We should then see 
a s i g n i f i c a n t  impact on energy suppl ies i n  o u r  
coasta l  reg ions by the  year  2000. 

Sal i n i  t y  Gradient  Energy Conversion 

S a l i n i t y  g rad ien ts  occur  n a t u r a l l y  where f r e s h  
water  r i v e r s  meet e i t h e r  the  oceans o r  the  hypersa- 
l i n e  bodies o f  water  such as the Great S a l t  Lake o r  
the Dead Sea. There are two techniques which can 
be used t o  conver t  the  energy o f  m ix ing  of h igh  
s a l i n e  and low s a l i n e  waters, both i n v o l v i n g  semi - 
permeable membranes. The f i r s t ,  and b e s t  known, i s  
osmosis, w h i l e  the  second i s  reverse e l e c t r o d i a l y s i s .  

I f  a semipermeable membrane separates s a l t  water  
o f  3tiQ/oo(35 p a r t s  p e r  thousand by weight )  s a l i n i t y  
and f r e s h  water  an osmotic pressure g r a d i e n t  o f  23 
atmospheres w i l l  e x i s t  across the membrane. If the  
s a l i n e  s o l u t i o n  i s  sa tu ra ted  (26d)/oo)then the os- 
mot i c  pressure i s  about 370 atmospheres. To conver t  
the  osmotic pressure, the re fo re ,  one s imply  a1 lows 
t h i s  pressure t o  b u i l d  up i n  a d i l u t e d  s a l i n e  so l  u- 
t i o n  and re lease the  p ressur i zed  s o l u t i o n  through a 
hydroturb ine.  To t h i s  end DOE has sponsored I n t e r  
TechnologylSolar,  Inc .  o f  Warrenton, V i r g i n i a  and 
Clarkson Col lege o f  Technology t o  f u r t h e r  s tudy the  
concept. Bend Research o f  Bend, Oregon s tud ied  both 
commercial l y  a v a i l a b l e  and experimental membranes 
w i t h  the o b j e c t i v e  o f  energy conversion. Fo l low ing  
these studies,  DOE i s  now suppor t ing Ebasco, Inc.. , 
t o  per form a systems design o f  a 50 KW osmotic power 
u n i t .  

Reverse e x l e c t r o d i a l y s i s  i s  accomplished by a1 - 
t e r n a t e l y  p l a c i n g  anion-permeable and ca t ion -per -  
meable membranes i n  a b a t t e r y  type o f  con ta iner .  
S a l t  water  i s  then passed between a l t e r n a t e  membrane 
p a i r s  w h i l e  f r e s h  water  separates one p a i r  from 
another. The s a l t ,  which i s  i o n i z e d  i n  s o l u t i o n ,  
looses the sodium ions  t o  the  cation-permeable mem- 
brane and the c h l o r i n e  ions  t o  the anion-permeable 
membrane. The p o s i t i v e  and negat ive charges on the  
respec t i ve  membranes a re  then t r a n s f e r r e d  t o  e lec -  
t rodes l o c a t e d  a t  the ends o f  the membrane stack.  
Thus, the  system then a c t s  as a b a t t e r y .  Under con- 
t r a c t  t o  DOE, Southern Research I n s t i t u t e  undertook 
a parametr ic  s tudy o f  the d i a l y t i c  b a t t e r y ,  w h i l e  
I n t e r  Technology/Solar, Inc . ,  i s  p r e s e n t l y  s tudy ing  
a 100 W model o f  the  b a t t e r y .  

The pr imary problems i n  both o f  these s a l i n i t y  
g r a d i e n t  technologies l i e  i n  th ree  areas: membrane 
technology, pret reatment  o f  feed b r i n e s  and waste 
b r i n e  d isposa l .  I n i t i a l l y ,  most emphasis was p laced 
on membrane technology; however, the emphasis has 
r e c e n t l y  s h i f t e d  t o  the l a t t e r  two areas. Since 
membranes a re  s u b j e c t  t o  a t t a c k  by organisms and 
o t h e r  i m p u r i t i e s  t h e  low s a l i n i t y  so lven t  and the 
h i g h  s a l i n i t y  s o l u t i o n  must be p r e t r e a t e d  before 

e n t e r i n g  the  power systems. I t  has been s t a t e d  
t h a t  t h i s  pret reatment  w i l l  be c r i t i c a l  i n  determin- 
i n g  the  c o s t  o f  the  produced energy. As t o  the 
d isposal  o f  waste b r ines ,  env i  ronmental concerns 
p r o h i b i t  us from dumping the waste b r i n e s  from the  
power p l a n t s .  In terTechnology/Solar ,  Inc. ,  i s  now 
developing a c losed system technique which w i l l  un- 
mix the  waste b r i n c  s o l u t i o n  so t h a t  i t  may be used 
again i n  t h e  p-ower system. The energy requ i red  t o  
unmix i s  supp l ied  by the sun. 

Osmotic pressure conversion has by f a r ,  the 
g r e a t e s t  energy p o t e n t i a l  o f  the  two s a l i n i t y  grad- 
i e n t  energy conversion techniques. The technology 
requ i red  i n  t h i s  energy conversion i s ,  however, i n  
the  f u t u r e .  Furthermore, t h i s  osmotic technique 
requ i res  l a r g e  volumes o f  f r e s h  water  and there fo re ,  
i s  very s i t e  s p e c i f i c .  The reverse e l e c t r o d i a l y t i c  
technology i s  e s s e n t i a l l y  i n  ex is tence.  Although 
the power p o t e n t i a l  o f  t h i s  method i s  much lower  
than t h a t  (of osmosis, reverse e l e c t r o d i a l y s i s  i s  n o t  
s i t e  dependent. Thus, an opera t iona l  50 KW system 
should appear by 1985. 

Ocean Current  Energy Conversion 

The pr imary U. S. resource f o r  ocean c u r r e n t  
energy convers ion i s  the F l o r i d a  Current .  Present ly ,  
DOE i s  suppor t ing  AeroVironment, I n c .  o f  Pasadena, 
C a l i f o r n i a  i n  p r e l i m i n a r y  s tud ies  o f  a l a r g e  ducted 
t u r b i n e  f o r  t h e  purpose o f  ocean c u r r e n t  energy con- 
vers ion.  

The t u r b i n e  i s  designed t o  conver t  75 MW o f  power 
and AeroVironment, Inc. ,  has proposed mooring 132 
o f  these t u r b i n e s  i n  the F l o r i d a  Current  t o  d e l i v e r  
10,000 MW t o  the F l o r i d a  power g r i d .  The t u r b i n e  
blades have a unique design, be ing supported around 
the per iphery  by 1 i q u i  d bearings. 

The problems p r e s e n t l y  be ing s tud ied  a re  associ -  
a t e d  w i t h  the  possi h l  e environmental e f f c c t s ,  hydro- 
e l a s t i c  s t a b i l i t y  o f  the  r o t o r  blades and the moor- 
i n g  and anchoring systems. The p r e l i m i n a r y  r e s u l t s  
o f  the  AeroVironment study a re  most promising. 

Summary 

S t a r t i n g  w i t h  no budget i n  1975, the ( then)  
Energy Research and Development Admin is t ra t ion  (ERDA) 
and now the  Department o f  Energy (DOE) have made 
g r e a t  advances i n  the energy conversion o f  ocean 
waves, s a l i n i t y  g rad ien ts  and ocean cur ren ts .  The 
budget i n  the  present  f i s c a l  year  w e l l  exceeds $1 M. 
Advances made i n  these th ree  areas a l l o w  t h i s  w r i t e r  
t o  p r e d i c t  commerc ia l izat ion technologies i n  these 
areas be fo re  the year  2000. By the f i r s t  quar te r  o f  
the n e x t  century,  the cumulat ive c o n t r i b u t i o n  t o  the  
U. S. energy market should be s i g n i f i c a n t .  
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DISCUSSION 

Quest ion:  I have a simple quest ion on the.Gulf  . 
Stream turbulence: How do you take  ca r e  of torque,  
t h e  r o t a t i o n ?  

M. McCormick: There a r e  mult i -rotors  t r ave l i ng  i n  
both d i r ec t i ons ,  i . e . ,  counter-rotat ing.  The anchor 
system is  composed of two mooring l i n e s  a t  about 45' 
i n  a beam o r i en t a t i on .  I nc iden t a l l y ,  we have j u s t  ' 

received t he  f i n a l  r epo r t  on June 15  t h a t  concerns 
t h e  blade performance and mooring systems. The model 
has been on d isp lay  i n  t he  Gibbs-and-Cox booth. 
There is a l s o  a model of a s ingle-blade tu rb ine ,  
which doesn ' t  have t h e  counter-rotat ing f ea tu r e ,  but 
which ran  very success fu l ly  i n  t h e  David Taylor ': 
Model Basin i n  March 1979. 

Question: Does anyone have any p lans  t o  use  t he  
b r i ne  produced by t h e  leaching of s a l t  domes? 

M. McCormick: No, a c t u a l l y  when we found t h a t  t he r e  
was a plan t o  rep lace  t he  b r i ne  i n  t h e  s a l t  domes by 
petroleum, we, the  t e chn i ca l  community involved with 
s a l i n i t y  gradient  conversion, d id  p ro t e s t .  I n  f a c t ,  
i n  an a r t i c l e  i n  Science about a year  ago by Prof. 
John I saacs ,  i t  was shown tha t -we  were throwing away 
a resource ( t h a t  is ,  t he  br ine)  t h a t  was environ- 
mentally more acceptable,  and of fe red  g r ea t e r  t o t a l  
energy, than the  energy we were s t o r i ng ,  but wisdom 
does no t  always preva i l .  

Question: You mentioned t h a t  t he  Japanese a r e  devel- 
oping a wave machine with mul t ip le  chambers. Do you 
expect mutual i n t e r f e r ence  between t he  var ious  cham- 
be r s ?  

M. McCormick: Yes, I do. I n  a t e s t  t h a t  we r an  l a s t  
year  a t  t h e  Naval Academy, one of my s tudents  t e s t ed  
t h r e e  chambers. We found a reduct ion i n  t h e  energy 
from the  leading t o  t r a i l i n g  chamber. Natural ly,  i f  
you a r e  tak ing  energy out  of t h e  wave a t  one po in t ,  
t h e  remaining energy must be lower. So t h e r e  w i l l  

be a ' r educ t i on  from bow t o  s t e r n  i n  wave power avHil- 
ab le .  What t h e  Japanese a r e  hoping f o r  - and  I don' t  
know whether t h i s  w i l l  be t r u e  - is t h a t  t h e  wave 
energy from the  s i de s  w i l l  recover f a s t  enough so 
t h a t  t he  energy drop from t h e  bow t o  t he  s t e r n  w i l l  
no t  be too s i gn i f i c an t .  Nature r e a l l y  c an ' t  s tand a 
void i n  energy. I f  you have a high energy region 
and a low energy reg ion  i n  t h e  same neighborhood, 
t h e  energy should flow along t he  c r e s t  t o  f i l l  i n  t h e  
void. , 

Question:) Is the r e  any RFP i n  t h e  U.S. on t i d a l  
energy improvements? 

, . 

M. McCormick: Not t h a t  I know of.  There was one a 
few years  ago. I n  1976, because of Congressional 
pressure,  ERDA did  have a t i d a l  energy program under 
t he  geothermal group. The geothermal group then 
sponsored a study by Stone and Webster. A two-volume 
r epo r t  came out  by W. W. Wayne, which is  an exhaus- 
t i v e ,  a u t h o r i t a t i v e  document, t h a t  s e t s  t i d a l  power 
i n  i ts  t r u e  perspect ive.  He found t h a t  t h e  Red 
Chinese have 44 t i d a l  power p l an t s  i n  operat ion and 
have another 80 planned f o r  a t o t a l  power output of 
7500 MW. But he concluded t h a t ,  a s  f a r  a s  we a r e  
concerned, t he  Bay of Fundy is  t he  only t i d a l  re- 
source i n  North America; i t  i s  owned by Canada. The 
Canadian Maritime Provinces do not  need t h a t  much 
power, so it would be so ld  t o  t h e  New England.states .  
It is  up t o  the  Canadians t o  develop t h e  resource 
with our help,  of course, i f  it i s  ever  going t o  be ' 

developed. 

One l a s t  word. The Ocean Systems Branch of t h e .  
Department of Energy has a Program Summary t h a t  sum- 
marizes t h e  ob jec t ives ,  funding, r e s u l t s ,  and s t a t u s  
of a l l  a c t i v e  cont rac t s ,  and t h e  program p lans  f o r  
t h e  var ious  ca tegor ies .  You can ge t  a copy by w r i t -  
ing D r .  Lloyd Lewis of t h e  Ocean Systems Branch. I 
hope t h a t  sometime t h i s  f a l l  we can have a s p e c i a l  
conference on waves, cur ren ts ,  and s a l i n i t y  grad ien ts  
and we may even i n v i t e  t h e  OTEC people t o  it. 
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1. Develop, in the near future, a technology base 
that will make it possible to design, build, 

Recent accomplis deploy, and operate an OTEC system having a 
Program are reviewed, capacity of 40 MWe, and to deliver the output 

i systems from conceptu of the system to an island market. 

1 of the developmen 

The broad objectives of the OTEC program are 
to extract solar energy that has been stored in the 
surface water of the oceans and to deliver that 
energy to the continental United States at a price 
at which the market place is willing.to buy it. To 
achieve this objective, three areas (in an elemen- 
tary sense) are under investigation in the OTEC pro- 
gram: first, the thermodynamic apparatus (power 
system) needed to extract the stored energy from the 
resource, second, the structure that supports and 
contains that apparatus and delivers the resource to 
it (these are the principal areas under the Ocean 
Engineering Program); and third, the means of deliv- 
ering the extracted energy to the consumer. 

Substantial progress has been made toward the 
solutions of the major ocean engineering problems 
that must be solved before an 'OTEC system can be 
designed, constructed, and deployed to produce us- 
able power for a consumer market. This paper des- 
cribes,in broad terms, the total thrust of the Ocean 
Engineering Program so that the purposes of the in- 
dividual elements of that program will be understood, 
Major advances that have been made in the last year 
or so are summarized to illustrate and document the 
continuing developmental process. The interrelation- 
ships ,among the individual advances will be shown, 
as well as the way that these advances fit into a 
coherent engineering development plan. 

2.  Investigate and eliminate any design features 
that would prevent the 40-MWe system from being 
generally accepted as a demonstration of the 
feasibility of building and operating plants 
with an order of magnitude greater output.(a 
commercial plant), thus outlawing any "cute 
trick" that would work at the 40-MWe size, but 
surely not at the 400-MWe size. 

3. Know enough about the possible commercial OTEC 
plants to provide direction to 2 above. 

4. Provide the government with the technical infor- 
mation needed to judge industry's proposals 
for plant designs, performance, and costs. 

5. . Provide industry with demonstrated solutions 
of the 'pacing technical problems that they may 
or may not use, as they see fit, for commercial 

' plants. 

Approach 

The approach taken by the Ocean Engineering 
Program is the traditional one used by development 
engineers consisting of the following steps: 

1. Make a conceptual design of the device (system) 
that wi1.1 perform the desired function. 

2. Identify the subsystems, determine each sub- 
system's performance requirements, and deter- 
mine the interf ace requirements. 

3 .  Describe the system and its performance in ana- 
lytical terms, i.e., model the real world with 
symbols. Use this a ~ Z q t i c a 2  model to describe 
the performance of the subsystem. 

4. Make a preliminary design of the system. 

Objectives and Approach 5.  Build a ~h.ysicat model. of the system it some 
appropriate size (scale) and subject it to an 

Near-Term Objectives excitation (input). Measure the response to see 
if the analytical model does indeed predict the 

An engineering development program must focus response. 
on specific objectives. Therefore, the ocean engi- 
neering work discussed in this paper is based on the 6 .  Test the critical components at some appropriate 
following specific near-term OTEC program objectives: scale under the loads predicted by the analyt- 



i c a l  model and.verified by t h e  phys ica l  model. 

7. Tes t  large-scale or  f u l l - s i z e  c r i t i c a l  sub- 
systems a t  sea. 

During t he  period t r e a t ed  i n  th i s ,paper  (May 
'78 - May '79) ,  work i n  each of !he ca t ego r i e s  out- 
l i ned  above has been proceeding, and some sub- 
systems a r e  f a r t h e r  along tile development pa th  than 
o the r s .  The following sec t ions  show . the s t r u c t u r e  
of t h e  Ocean Engineering Program and how ind iv idua l  
p r o j e c t s  support the  ove ra l l  development plan and 
t h e  OTEC objec t ive .  

P l a t f  orm Designs 

Basel ine Commerical Platform f o r  t h e  Tampa S i t e  

A s  previously s t a t ed ,  t h e  40-MWe plan t  t o  be 
used i n  t he  i s land  market must not  have any charac- 
t e r i s t i c s  t h a t  would make i t  d i f f e r e n t  i n  p r i nc ip l e  
from a 400-MWe commerical p l an t  ( the  evolut ionary 
b l ind  a l l e y ) .  But t o  meet t h i s  requirement, t h e  
major c h a r a c t e r i s t i c s  of commercial p l an t s ,  c a l l ed  
t h e  top  l e v e l  spec i f ica t ion ,  must be known. To 
accomplish t h i s ,  a base l ine  commercial study was 
performed. 

I n  e a r l y  1978, each of' t h r e e  cont rac tors ,  Gibbs 
& Cox, Inc.  (G&C), Morris Rosenblatt & Sons, .Inc. 
(MRS), and Lockheed Miss i les  and Space Co. (LMSC) 
d id  conceptual designs of commercial s i z e  (400 MWe) 
platforms. The r e s u l t s  of those  s t ud i e s  have been 
repor ted  i n  t he  1 i t e r a t u r e . l  The designs pre- 
pared by t h e  t h r ee  cont rac tors  were f o r  d i f f e r e n t  
platform types a t  d i f f e r e n t  s i t e s  having d i f f e r e n t  
design condit ions.  The design study served i ts  pur- 
pose - answering t h e  quest ion "what do commercial 
p l a n t s  having d i f f e r e n t  platform types f o r  d i f f e r e n t  
s i t e s  look l i ke?"  

This  year  J.J.  McMullen & Associates (JJMA); 
conducted an ana ly s i s  of those  t h r ee  s t ud i e s  and 
then  synthesized them i n t o  a base l ine  designa4 To 
focus t h e  work, JJMA was asked t o  answer t he se  ques- 
t i o n s  : 

1. Based on the  information reported by t he  t h r ee  
cont rac tors ,  i f  today we wanted t o  bu i ld  a . 
400-MWe 'plant t o  be moored of f  t he  West Coast 
of F lor ida ,  y h a t  conceptual design should be 
used? 

2. Give t h e  reasons f o r  t h e  choice. 

3. What would it cos t ?  

The method used by McMullen i n  t h e  study was t o :  

1. Iden t i f y  d i f fe rences  i n  approach between t h e  
t h r e e  cont rac tors .  Carry ou t  t rade-offs  o r  
engineering ana lys i s ,  a s  appropr ia te ,  and ' re -  
so lve  these d i f fe rences .  

2. Modify, a s  required,  t h e  OTEC platforms systems 
t o  s u i t  t h e  Tampa s i t e .  ' 

3. I den t i f y  discrepancies  i n  cos t ing  approaches, 
and modify cos t s ,  a s  required,  t o  r e f l e c t  t h e  
above f indings.  

4. Develop eva lua t ion  c r i t e r i a ;  apply t he se  c r i -  
t e r i a  t o  t h e ' d a t a  generated i n  t h i s  study; and 

. s e l e c t  a p re fe r red  concept. 

The same cold water pipe (CWP) material-- l ight-  
weight, re inforced  concrete--and t he  Tampa design 
condit ions were used f o r  a l l  platforms. The p ipe  
ana ly s i s  was done by Hydronautics using t he  NOAA/ 
~ O ~ / p r o g r a m .  The p ipe  was hinged a t  t h e  platform, 
with f l e x i b l e  j o i n t s  every 112 f e e t .  

A l l  o u t f i t t i n g  and subsystems were included with 
t h e  exception of t h e  power and t h e  energy t r a n s f e r  
subsystems. Costs a r e  presented according t o  t he  
work breakdown s t ruc tu r e .  

The f i n a l  ranking is  given i n  Table 1. 

Table 1 Estimated annualized cos t sa  of platforms 
f o r  8-plant, 3200-MWe energy park off  

Tampa, F lor ida  

Cost o r  power G&C LMSC LMSC MRS 

output  ' shipb sh ipC spar  spare 

Capi ta l  c o s t ,  $M/yr 494 430 378 485 

. Operating c o s t ,  $M/yr 121 129 129 118 - - - - 
Tota l ,  $M/yr 615 559 .  507 603 

Net power, MWe 3262 3267 3316 .- . .. . 3286 

Cost, $/kWe/yr 189 171 153 184 

Rela t ive  cos t  1.23 1.12 , 1.00 1.20 

a ~ o r  12% re tu rn  on investment and 20-yr wr i t eo f f .  

b ~ t e e l  sh ip  designed f o r  ex t e rna l  HX. 

'concrete sh ip  designed f o r  ex t e rna l  HX. 

d ~ o n c r e t e  spar  designed f o r  ej t ternal  HX. 

e ~ o n c r e t e  spar  designed f o r  i n t e r n a l  HX. 

The conclusions of t h e  McMullen study a r e :  

1. The most cos t -e f fec t ive  platform f o r  t h e  Tampa 
s i t e  is t he  LMSC concrete  spar .  

2. The cos t s  f o r  an eight-unit  3200 MWe(net) park 
a re :  

Capi ta l  investments $2,818 mi l l i on  
($850/kWe) 

Annual operat ing c o s t s  $129 mi l l i on  

3. The sh ip  is l e s s  a t t r a c t i v e  than t h e  spar  i n  a 
. severe  environment, but is  a v i ab l e  a l t e r n a t i v e  

i n  benign environments. 

4. Compared t o  a spar ,  sh ip  shapes s u f f e r  from 
higher  mooring cos t s ,  higher  deploynent cos ta ,  
and higher CWP cos t s .  

Land-Based P lan t  

One of t h e  ways of solving ocean engineering 
problems is t o  avoid them. A land-based p l an t  would 
avoid a l l  of them except t h e  CWP-problem. Although 
t he r e  a r e  probably many p laces  i n  t he  world where a 
land-based p l an t  is f ea s ib l e ,  Hawaii and Puerto Rico 
a r e  two s i t e s  of i n t e r e s t  t h a t  have deep water c l o se  
enough t o  shore t o  make t he  scheme a t t r a c t i v e .  Con- 
cep tua l  designs of land-based p l an t s ,  a t  Keahole 
Poin t ,  Hawaii and a t  Punta Yeguas, Puerto Rico were 



made by Deep O i l  Technology (DOT) (a subsidiary of 
Fluor Corp.) and the resu l t s  reported i n  Ref. 5. In 
general tenps, the resul ts  indicate: 

1. Building plants similar t o  the OTEC plant on 
the shore is done regularly, and cost estimating 
methods a r e  refined and accurate.. Coastal power 
plants and l iquif ied natural gas terminals a r e  
e y l e e *  

2. Bringing the cold water, the  hot water, and dis- 
charge pipes through the surf z.me and laying 
them i n  shallow water is straightforward, as 
the  techniques have been developed f o r  coastal  
power plants and sewer outfalls.  

3. The major technical problem 4 instal l ing the 
CWP up the slope from the deep aachor a t  the  
3000-ft depth t o  join the pipe l a id  through the 
shallow water. 

Because of the  dif ferent  prof i les  shown in Fig. 
I I 

1, two dffferent CWPs were designed. For Hawaii, I I 
the  pipe i d  concrete,.& is insta l led piece by piece ! : 
up the slope w h i ~ h  is qui te  regular. On the  other Fig 2 OTEC pilot itantship. 
hand, the  slope i n  Puerto, Rico is very sough' and 
steep, so bouyant fiberglass pipe, anchored a t  many 
locations along its length, was designed f o r  use 
here. The f iberglass portion rune f rod the  deep it s tar ted d r l i e r - a n d  has advanced now through pre- 

l i d w r y  desiga, me. resu l t s  of the  design itid]! water intake the end of the eurf have been issued in a report.6 A perspective view 
pipe. The flberglass pipe is coaetrveted ashore, of the ship taken from that report is shown here a s  joined i n t o - ~ n e  piece i n  a harbor, towed t o  the site, Fig, 2., and insta l led in one piece. 

The p r e l w n a r y  design has save& interesting the level Of ec"ess costs are as features. Fir.c, the absents of a shore cable is 
the costs Of these land-badbd plprs are extr-y attract%ve. *r .dl1 be seen la te r ,  the  to be about the aame a s  f o r t h e  f loat ing o p t i w .  r i s e r  cable interact8 wath t h e  moor and cold water 

pipes f d r  plants da~igned t o  deliver power t o  a 
The idea is attractive 'Or app1ic4tiones shore grid. Avow,idance of t h i s  cable redaces the but it does suffer from the  '%lind a l l e ~ ' '  prbblem; compl~itY of .the syst.r pkobla. Second, the 

i*e* 9 it ,@I1 not be the that prcnride absenen9 of a costs. The s h e p i n g  
significant energy t o  the U.S. calculations show tha t  the sh%v can succeesfullv 

r ide  out th= 100-year met- a t -  the site off ~ r & i l  
for  W h  she wag desrlgned. 

The Applied Physics Laboratory Of The Johns t 

Bopkins University has &signed a plantship' that But one cannot get sormethlng f o r  nothing, and 
although it is beyond the  scope of th-ls paper t o  a a ' t ~ t i o e  -red plant* discuss the  costs associated with prodmion,  trans- APL and 'ubcont~actors have continued to ad- por ta t lm,  and -1:keang of a, product, one should be 

vace' the dest@ ' ship that is. but aware that, aIt@ough the ocU. -hmr* probl- 
grazes, and h s t e a d  of s M h g  pwbr ashore through 
a cable, uses the  power generated aboard'to produce a r e  reduced, one aright be trading them f o r  others. 

This is not intended t o  denigrate the  plantship an energy-intensive proddct* which is then shipped concept in any way but merely t o  place the s i tuat ion ashore. The product beiag coq&dered ia ammonia, i n  perspebtive. 
but aluminum, another candidate, is under study. 

Spar Plgtfotm 
The study of the  grazing plantship ie far ther  

along than any of the  other 40-We options because The third  40-MWe conceptual design was produced 
by Gibbe and Cox based on a spar configuration. The 
arrangements a re  shown i n  Fig. 3, and a photo of a 

SEA LEVEL model is shown in Fig. 4. 

The central  cylindrical h u l l  provides the pri- 
mary buoyancy and contains the  power generating 
equipment. External, detachable spar-shaped addules 
contain the heat exchangers, pumps, etc. During 
assembly of the system, the  power modules a r e  towed 
t 6 . t h e  floating platform and attached t o  the  hull. 
The modules can be detached i f  t h i s  becomes desir- 
able for  repair o r  replacement. (As noted ear l ier ,  
t h i s  approach was proposed by LMSC early in 1975.) 

DISTANCE OFFSHORE, 1WO PF 
The platform is  moored through the  CWP, which 

Fig. 1 Bottom profiles of Keahole Point and Punta Yeguas. w i l l  be discussed la ter .  This a r r q e w n t  allows 
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Fig 3 Arrangement of the 4QMWe spar. 

SAWATER SYSTEM 

construction cantinuear As ttm a ra r r  mcreasea, the  
structure is wyed $0 deeper water. After the  st- 
tu re  is completely b u i l t  and outfit ted, it Pe towed 
t o  its operating site. 

The study conciud-ed: (a) up t o  the  460-PIWa size,  
ships andd s ~ a n a  of e i tbe r  steep ciz ccdncrete c b d  
be bui l t ,  (a3 plstfororll with external heat e x c b g e r s  
a r e  easier  t o  bu%ld batcauu Q e y  a r e  sdll&, (c) the  
d y  pract ical  way t o  build 400-We spars with inter- 
nal heat %zselt&&ers is t o  use the  lo%we@an method, 
a c h  requires deep, s h e l t e e d  wnter a s  is  f a d  
in the northwester'n part  of the  If.S.; and (a) ei ther  
40-We concre$e or. s t e e l  OTEC plants.cag be b u i l t  
a t  a number of U.S. sites. 

Fig 4 Model of the 4CkMwe spar configuration. 

the  shore cable t o  be integrated into  the  moor and 
the  OW?, which w i l l  reduce the effects  of the  waves 
and currents on the cable. 

Constructability 

Deep O i l  Technology (DOT) and D e t  Norske Veritas 
(DNV) had a contract t o  eXamiae the f e a s i b i l i t y  of 
constructing the 400-MW platforms tha t  had resulted 
from the ea r l i e r  comnerical platform studies. l 
DOT examined the s t e e l  platforms while DNV examined 
the  concrete platforms. DNV has had extensive exper- 
ience withsthe design and construction of the  very 
large concrete structures that have been insta l led in 
the  North Sea. They a r e  particularly knowledgeable 
about the "Norwegian" method of building, in which 
the  bottom st ructure  is fabricated in a shallow grav- 
ing dock and then floated t o  deep water, where the  

The work on platforma has pfoduced three cbn- 
cepts: the  g q i a g  p l t W d i p ,  thd moored epar, a d  
the land-based plant. The plantship is almost 
t h r o w  preliauinar$ design rind the other two a r e  
ready t o  s t k r t  that phee.  The advantages and die= 
advantages of each have been leaidad, the  pf'blerd~ 
discovered, and the,ongoing work orgaaided t o  solve 
them, & all ba il%seurreed h t p r .  - I, 

, Station Keeping 
5 

%TO contracts f o r  the  conceptual design o f - a  
s ta t ion keep*. &&ispetem have been awarded r e c ~ t l y  
-one t o  M. Rpgenblatt and Sons, Inc. and t h e  other 
t o  Lockheed &ssile and Space Co. The task is to  
design a m o ~  fo r  the  APL bqrge and the  G&C spar a t  
the  Puerto Rico site. Thd x-inal objective of the  
tasks is 'to prodrice preliminary designs with speci- 
f icat ions  and costs of moors f o r  these two platforms. 

The werk tha t  JJl@ dgd in the comnercid base- 
line stud~'showe how senei;t,ive the mooring design, 
and possibLy even the  choice d p%atform, i k  ko the  
environmental conditgoqs given t o  the designers. 
For example, a desggn current of 5 k t  is being used 
f o r  the  Tampa sate. I f  tha t  current is acttmlly 
4.5 k t  instead of 5.0, it w i l l  @ce an enormous 
difference In the design, s ince the  drag forces 
vary as  the  squazr of the c u r r a t  velocity. Goad 

site data are e q e n t i a l ,  statZgtica1 distribut-8 . 
of the  currents; winds, and seQ and t h e i r  directions 
are eaually important because ultimately probabilis- -- ---- 
t i c  d;si& te&iqueC w i l l  have t o  be used t o  quan- 
t i f y  risks. The e f fo r t s  of thg oceanographers t o  
furnish accurate data a r e  being eacouraged and ap- 
plauded. Without a c c u r ~ i e  data, the pla t f  o m  a $ h t  
be underdesigned, which might be f a t a l ,  o r  ovefde- 
signed, which could make the p h u t  noneconomic. 

The Cold Water Pipe 

The CWP is often the element of the OTEC concept 
the "nay sayers" point t o  when they s e t  about proving 
tha t  the OTEC concept is badly flawed. There is no . 
denying tha t  i t ' s  a challenging problem. The 3000-ft 
long, 30-ft diameter pipe required fo r  the 40-We 
plant is excited a t  the top by the wave-knduced 
motions of the platform. It is subjected t o  wave 
forces, t o  both steady and unsteady current-induced 
forces as  well as by the hydrodynamic forces in- 
duced by the internal  water flow. Because of the 
importance of having a design process tha t  w i l l  pro- 
duce a re l iable  pipe, a large effor t  has been devoted 
t o  the  CWP t h i s  year across tha  whole development 
spectrum, from conceptual design t o  at-sea testing, 
which has produced some gratifying results.  



, POWER PLANT VESSEL Feasibi l i ty  and Concept Design 

Two teams, TRW with Global Mafine Development, 
Inc. (GMDI) and Science Applications, Inc. (SAI) 
with Brown and Root Development. Inc. (RRnT),  re- 
ceatly completed the  conceptual phase of a project  
that has the  objective of producing preliminary de- 
signs of cold water pipes f o r  a 10140-We plant. 7 8 

The pipes were designed fo r  two p la t fo rm,  each 
at a di f ferent  s i t e .  The f i r s t  platform is the  G&C 
spar a t  Puerto Rico, and the  second platform is the  
APL plantship 200 miles off  Brazil. 

After examining a very l a rge  number of candi- 
date concepts, each team presented its recommended 
concepts and ranked those concepts i n  order of merit, 
taking in to  account cost, technical r i sk ,  including 
construction and deployment, and operational consid- 
erations.  

After a review of the  conceptual designs, the  
contractors were authorized t o  proceed in to  the  
preliminary design phase fo r  three  designs each. 
The designs C ~ O S M  are: 

SAI-BRDI 

1. Steel  - reinforced t h i n  shel l ,  
2. Fiber-reinfo,rced p las t i c  sandwich, and 
3. Bottom mounted. 

TRW-GMDI 

SEA LEVEL 

SWIVEL 
EL. -2d0' UPPER FLEX JUlN I 

QUICK DISCONNECT 

I F  30'Q C W P WITH BUOYANCY 

15' BALLASTED RISERIBASE I F '  CONNECTOK LINK 

BASE CONNECTOR 7 H 
UNIVERSAL JOINT AT BASE 

GRAVITY BASE 

SEA FLOOR (13  BOTTOM SLOPE) 

1. Fiber-reinforced p las t i c  sandwich construc- 
Fig. 5 General configuration of bottbrn-mounted CWP. 

t ion, 
2. Elastomer - reinforced rubber with r ing 

s t i f fener ,  and 
3. Polyethylene - s ingle  o r  multiple pipes. 

Botton-Mounted Pipe 

A concept study of a bottom-mounted CWP was 
made by Ocean Resources Engineering, Inc. (ORE). 
ORE has experience i n  the\ design and deployment of 
marine r i s e r s  used f o r  d r i l l i n g  in very deep water 
by the  offshore petroleum industry. The design was 
f o r  a 30-ft diameter pipe f o r  a 40-We plant off 
P w r t o  Rico. The material  chosen was s t e e l  "... 
because it is the  material  exclusively being used 
by t h e  petroleum industry in s t ructures  of this type 
and because it has high strength, uniform properties, 
and is eas i ly  fabricated using conanon techniques." 

Figures 5 and 6 show the  concept a s  presented 
i n  the  ORE report.9 The r e s u l t s  of the study can be 
summarized a s  follows: (a) the  bottom-mounted 
buoyant pipe ie within the  state-of-the-art, (b) the 
wall  thickness of the  pipe w i l l  be 1.0 t o  1.5 in., 
so it can be fabricated easily,  and (c) development 
e f f o r t  w i l l  be required fo r  the  s l i p  jo in t  o r  other 
heave compensation tha t  permits the  ship t o  move 
with respect t o  the  pipe and the  f l ex ib le  joints.  

This concept is interes t ing and deserves t o  be 
developed in  greater deta i l .  It o f fe r s  a solution 
t o  the  routing of the  cable. While the  problem of 
s t r e s s  in the pipe is  reduced, the  problem now 
becomes designing the  heavb compensation devices. 

Tensioned Pipe 

Gibbs & Cox i n  the i r  concep tu l  design'of a 
40-We system using a spar configuration, has pre- 

a- CWP TERMINATION 

l-f-w,cAL BOLTED CONNECTION 

LOWER SECTION OF SURFACE 
RISER TELESCOPED INSIDE CWP 

ELEV. -460' 
FLEXIBLE JOINT 

Fig. 6 Upper CWP configuration. 



sented another interesting approach t o  CWP design analytical solutions and available model t e s t s  and 
(see Fig. 7). The pipe serves two functions; it a r e  sui table  fo r  use i n  CWP design s tudies  and de- 
brings cold water t o  the  p k t  and is par t  of the  signs a t  l e a s t  up t o  the p r d h i n a r y  design level." 
moor. The pipe is segmented. Each segment has a 
centra l  hollow pipe element tha t  provides strength In the conceptual CWP design studies previously 
and bouyancp. A t  each end of a segment is a univer- discussed, TRW uBed a time domain solution developed 
sal joint. The outer shell is nonload bearing, and by Galef of TRW which was discussed in Ref. 8. Fig- 
thus can be made of lightweight f lexible  materials. ure 8, taken from that report, shows a comparison 
The water flows in the annulus between the outer of the bending s t resses  in a concrete pipe f o r  the 
s h e l l  and the inner core. The bottom 6f the  pipe is APL ship computed by three different computational 
connected t o  an anchoz by f lexible  linke. The buoy- methods: TRW, NOWDOE, and Paullixfg. The NOAA/DOE 
ancy of the  pipe, and its f lex ib i l i ty ,  appear t o  and Pauling programs a r e  frequency domain program. 
o f fe r  great advantages t o  the deployment process. Figure 9 shows comparisons of the bending s t resses  

f o r  a steel pipe. 
The riser cable can be married t o  the  moor and 

then t o  the  pipe. This design has the  great advan- It is encouragipg, indeed, that the  diffbrent 
tage of integrating the  pipe, cable, and moor. computational methods based on'different analytical 

Analytic and Computational Models 
RMS BENDINQ STRESS (KSI) 

Under contract t o  NOM (for WE), Hydronautics, 0 1 2 s 4 5 
0 CONCRETE PIPE 

Inc. recently issued a f i n a l  report on the procedures 
f o r  computing the s t resses  in cold water pipes under THICKNEW. 1 FOOT 

600 DgNSITY: 86 LWCU. FT. 
environmental and operational conditions.10 It is ' E: ~ O ~ P S I  
ca l led the  NOU/WE Progr*. Liaear methods a r e  
used. The excitations and responses a r e  harmonic, BRAZIL SEAS 

NO CURRENT 
and the response t o  random excitatibns a r e  calculated loo' 

using Rayleigh s ta t i s t i c s .  An earlier study by S A I  = 
f o r  DOE on CWP hydrodynamic loads provided an input 

,500 
t o  t h i s  analysis. a 

The authors conclude that: "The methods a r e  2000 
in generally good agreement with s t a t i c  and dynamic 

ZWO 

3000 

Fig. 8 Comprrrisor, of TRW, NOAAIDOE and Pauling 
CWq model results. 

--- 
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Fig 9 Comparison of TRW NOAAIDOE CWP model results 
Fig. 7 Hinged steel CWP. for 2-in.*steel pipe. 



approaches have given such similar resul ts .  It now The pipe w i l l  be instrumented both during 
remains t o  have the resu l t s  verified by both model deployment and during operation of the plant. The 
and at-sea t e s t s .  de ta i l s  of the instrumentation a r e  yet t o  be colp 

pleted. The resu l t s  of  the measurements w i l l  be 
Preliminary Design important t o  the CWP design procedure. It w i l l  be 

an opportunity t o  compare measured s t ra ins  and de- 
Two CWPs have been.advmced thrpugh preliminary 

design, one f o r  the APL grazing plantship and crne 
f o r  OTEGl (GMDI) . 

The APL plantship pipe is a concrete, pre- 
stressed, segmented pipe. Each segment has a lengfh 
of 50 f t  and a diameter of 30 f t .  The concrete is 
lightweight, having a weight i n  a i r  of 85 lb/ f t3 .  

Two interes t ing features of the design a re  the 
pipe jo ints  and tkie coqnection between the  pipe and 
the  ship. The 'pipe segments a re  joined by an inter- pz:gEL 
locking joint  made by rotating one segment of the 

-..- 
pipe wdth respect t o  its adjoining segment. The EMBEDDED PLATE 

f l e x i b i l i t y  i n  the jo int  is achieved by having the 
lower segment of the  pipe bear on elastomeric mate- CIR~ULARAND 

rial supported by the upper segment (see Fig. 10). 
A watertight s e a l  is provided. The attachment of 
the pipe t o  the ship is accomplished by a spherical 

,BEAR,NOPADS 
bearing surface i n  which the  upper support r ing of 

ssArr, the  pipe seats. ,& the  pipe rota tes  with respect 
ELOO' 

t o  the ship, the r ing s l ides  on the  bearing surface KEELOALATFORH 
(see Fig. 11). ' 

The CWP designed fo r  OTEC-1 by GMDI is a mul- Fig. 11 CWP connection to hull of APL plantship. 

t ip ipe  configuration using three E f t  diameter poly- 
ethylene pipes. The pipe is designed t o  be cas t  off 
from the platform i f  the  sea exceeds Che design con- 
dit ion. The pipe has a buoyant co l l a r  and a weight 
a t  the  bottom tha t  serves a s  an a k h o r  so  tha t  when PRIMARY COLD WATER 

it is cas t  off ,  i t  w i l l  go t o  the bottom and remain PUMP UISCHAROE 

upright. The load of the  anchor i s  taken by eentra l  
cables so thgt the pipes a r e  not subjected t o  tb+t 
load (see Fig. 12). GMDI has had 'experience with 

California coast. 

BQrrOM OF 

SEWRINQ CABLE 
REMOTE RELEASE 

P O L Y E ~ L E N E  PIPE 

INLET SCRESN 

BOTTOM w l a n T  

-- 
OCEANFLOOR 

Fig. 12 CWP subsystem for OTEC-1. 



f lect ions  with predicted values; but, ih addieion, 
it w i l l  furnish resul ts  on a pipe made of material 
with a low modulus of e las t ic i ty .  These materials 
seem t o  be coming into more favor w i t h  designers. . 
For example, the recent TRW and SAI recommenda- 
t ions include low mululus materials. 

- 
Model Test 

A 1/100 scale model of the 400-We spar buoy 
designed by LMSC in the ea r l i e r  comerical  plant 
study was tested in the tank a t  Hydronautics, Inc. 
The t e s t s  were run i n  three irre-ar soas having 
s ignif icant  wave heights of 15, 25, and 35 f t ,  with 
t h e  platform alone and with the'platform with the  
cold water pipe attached. The model was instrumented 
and the results have been compared with the predic- 
t ions  given by the recently developed NOAA/DOE'CWP 
program discussed abwe. The resu l t s  have been re- 
ported by Kowalyshun & Barr i n  Wf. 7. 

meters f o r  measurment of the  incident sea, accelero- 
meters to  measure platform and pipe motion, and 
s t ra in  gauges t o  measure the  resulting s t ra ins  in the 
pipe. 

Data from that aqperiment are_- being reduced 
and compared with t h e  values predicted by the cm- 
puter programs. 

These X-1 t e s t s  have a centra l  ro le  in  the  CWP 
development strategy fo r  several r e a ~ d s :  (a) It 
is the f i r s t  large p$$e experiment desibed '  t o  t e s t  
the  accuracy of the  computer prediction methods; (b) 
a s  w i l l  be seen la te r ,  the  resu l t s  can be used t o  
check the accuracy of the  predictions from the tank 
models; and (c) the  i p e  can be' considered a s  a 1/6 
scale model of the  I 8- W e  cold wa@.r .pipe, Thus, 
the  X-1 experiment t i e s  the  c w t i t e r  p d e l ,  the  tank 
model and cull s ize  pipes together. For a l l  these 
reasons, the  resu l t s  a r e  eagerly awaited. 

Applied Support WD They report that the  measured valtleg of the  
platform motion and the bending moments when compared Research and development studies a re  aimed a t  
with predicted by the NOMIDOE aasweriag specific fundamental questions such as: 
program show good agreement. The motions of the 
platform are  predicted accurately. The bending 1. Measurement of drag and l i f t  coefficients for  
moment predicted a t  one of the  s ta t ions  i e  somewhat 
lower on the  model than the theory predicted. 

-0th and rough cylinders a t  bynblds  numbers 
up t o  108; 

At-Sea Test 2. Investigation of vortex shedding on OTEC pipes; 

A larger CWP was suspended frOm the 3. Investigation of the  hydrodyaamic loads on a DOT X-1 platform (Fig 13) to  measure the  response of coZd k t e r  pipe a t  high Reynolds numbers i n  a 
a large pipe excited by platform rpqtions, waves, and nonuniform current; 
currents and t o  compare the  measured results with 
computer predictions.  he X-1 fa a semisubmersible 4. D e v e l o m t  of lightweight concrete sui tahle  f o r  
vessel displacing 435 tons. The triangular platform the cold water pipe and detemination of its is 120 f t  on each side. characteristics in sea water; 

The platforb was moored in about 1000 f t  of 5. ~ n k s t i g a t i o n  methods of vortex s@?ression on 
water in a slack moor west of Catalina Island off the  cold water pipes; and 
coast of California. A 5-ft-diaaeter =eel pipe, 
having a thickness of 3116 in* was suspended 6.  Prediction of the platform motions for inputs t o  
through the center of the  X-1 platform. The tea t  cable design and t o  the predictions of cable 
configurations allowed the pipe t o  be hinged a t  the motions f a r  fatigue analysis* 
top by means of a universal jo int  o r  fixed a t  the  - - 
top. In  addition, a hinge could be inetalled between Surmnary 
any two of the  pipe sections. 

CWP technology has come a long way id the l a s t  
Instrumentation wa\tcs.-i*s and year. Until recently* it was thought tha t  the  pipe 

would reauire a w a l l  thicliness of senreral feet ,  and 

Fig. 13 DOT X-1 platform. 
t ing the  s t a r t  of the  preliminary design of a 
10/40-MWe plant in October 1980. There is confidence 
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i n  the  t e c & d  w w  tha t  the  technology base 
w i l l  be in e d  to juppbk~ tkat  4estgn.. Conceptual, 
design f l o w  into  preliminary d ~ l ~ ,  which $n turn 
movee ,to at-sea o r  large-scale lab6ratoQ test-. 
The plane f o r  future work on the  subeystcms a re  des- 
cribed br ief ly  in thp next eectionb. - 

- I 

CUP Development 

The tests. on .,the X-1 platform wi&l be extended 
t o  articular&& (mfiltipld hi-9)--CWP tests. 4 scale 
model .of the  X-& platform :and pipe dl1 be mu in a 
wave tank reproducing the  X-1 at-eea experiment. The 
model y i l l  be i n e f i ~ t e , d ,  aZZowing a comparisoe ee 
be made of the  full-scale at-sea results $M the tank 
measurements. When th ie  i s  cmpleted and the  data 
analyzed, the  following informtion will be available 
f o r  the .val&da$ioq, of desigaa: 

1. small e p d e  tank models results, 
2. At-sea t e s t s  of 5-ft-d-ter pipe, 
3. Frequency domain computer modele, and 
4. Time domain c-uter -dele. 

~t is important ' to  note that: the tank models 
is 1/30 scale of the  X-1 pipe and the X-1 model is 
116 scale of the  40-MWe pipe. 

Therefore, the tank model and the  computer model 
w i l l  be used t o  predict the  performance of the f u l l  
scale 40-MWe pipe, and they w i l l  have been validated 

-against the  at-sea tests of the  X-1 pipe. 

Prelimkrary deeisn. Upon completion of the  con- 
ceptual deeigas of the  cold water pipe by TRW & SAI, 

authdrieation grlureid t o  proceed'into p r e l k r y  
design* T h h  h i g n  process w i l l  continue, and &t 
is expected that these pre lb inary  designe w i l l  be 
completed by the end Of th ie  year. 

~aafgoivcilidation. The 'next p h e  of the  on- 
going &sign metbqd validation ~ 1 ~ q a l . l  upon the  
previously described techniques, La. ,  tank models, 
analytical models, and large scale  (about 5-it-diam- 
eter)  modele t o  validate the design8 of cold water 
pipes resulting from the prelhdnary designs being 
carried out by TRW & SAI. It is expected that  a t  
larrst one of the new deeigns w i l l  employ materials - 
mbber, fiberglay,.@ polyethylene -having a low 
e l a s t i c  modulus. 

,' 
The result of thia  validation process w i l l  be 

two validated CWE deelgne, one f a r  the  barge and 
one f o r  the  spar ehown as CWP A and W P  B on Fig. 14. 

Computer-vrosram dwelovment. The programs 
discussed earlier.  i.e.. the # O U W E  Prosram and 
the  P-aalling ~ r o G a m  a r e  ,f requ~ll&domain-~rograms 
tha t  'treat the  cold water ufve a s  a beam and t r e a t  
bofh the  excitation and r&uiting response (strain) 
s t a t i s t i ca l ly .  There is almost unanirnoua agreement 
among experts tha t  theae models a re  adequate fo r  pre- 
liminary design and can be used in comparing designs. 
However, fo r  f i n a l  design, a more exact method is 
desirable. It is intended t o  produce a set of pro- 
gram that  w i l l  treat the pipe aa a s h e l l  and compute 
the  response a s  a function of time. The inputs wi l l  
be multiple loode whose time his tor ies  a re  known. 
These programs w i l l  be made availkble by assembling 
exist- program wherever possible, and will be 



validated by the  use of the  experimental data already t o  conduct tests t o  qualify those components deemed 
available. t o  be c r i t i c a l  i n  each design. The scale  of the  

elements - f u l l  s i z e  o r  smaller - aiill be decided 
Materials. An enormous l i t e r a t u r e  ex i s t s  on the  design by design. As s ta ted above fo r  stationkeep- 

performance of materials i n  sea water. I n  OTEC lng, c r i t i c a l  items from a l l  suheystcune w i l l  be 
applications, in some cases, materials a re  proposed tested. 
t o  be used under conditions where data a re  sparse. 
In  those cases, t e s t s  of the  materials under expected 
operating conditions w i l l  be conductep. An example 
of this is the  work directed by APL t o  characterize 
lightweight concrete in sea water. 

Model tank tests. The plans f o r  the  tank test 
of the  X-1 platform model have already been described. 
I n  addition, tank tests of three  other platform models 
w i l l  be conducted. Models of the plantship w i l l  be 
tes ted in the  grazing mode. The spar platform wi l l  
be tes ted with the di f ferent  cold w a t e r  pipes, re- 
sul t ing from the on-going preliminary designs. 

At-sea t e s t .  The f i n a l  element of the develop 
ment cycle is  the  at-sea tes t ing of the  candidate 
cold water pipe for  the  4Q-MWe application. The de- 
tails of t h i s  a re  yet  t o  bb worked out  because they 
a r e  design specific,  but from the design studies,  
the  tank t e s t  and the  component t e s t s ,  a f i n a l  base- 
line cold water pipe wi l l  emerge. It is planned t o  
run an at-sea t e s t  of parts of tha t  pipe. 

Summary of Plans and Conclusion 

The goal of the Ocean Engineering Program is 
t o  have produced by the  end of 1980, workable solu- 
t ione t o  the  ocean aoglmering probleme that one 
w i l l  encounter when designing, building, deploying, 
and operating a 40-We OTEC plant. The work tha t  
has been done and planned supports tha t  goal by pro- 
viding a technical base of platform designs, cold 
water pipe designs, and moor designs that wi l l  have 
been through the  complete development cycle. The 
computer slmulatione w i l l  have been ver i f ied by 
model test, companent test, and t o  the  extent fund- 
ing permit+ by large-scale at-sea teats .  
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4 .  1 

GOES TO SEA (A REVIEW OF MINI-OTEC) 

Lockneed Ocean Syssterizs 
-0. Box 504 

Abstract 

l i t y  t ha t  can be used a s  a risk-reduction t e s t  
and (4) expand public awareness of the OTEC 

fouling countermeasures f o r  plate-type heat 
-exchangers, (4) evaluate the power system control  
design, ( 5 )  evaluate the amonia  system dynamics, 
and (6)  investigate the releade of trapped gas from 
the deep cold water. The ocean system technical 
objectives are  t o  (1) gain experience i n  the deploy- 
ment and mooring of a cold water pipe, and 
(2) obtain qua l i t a t ive  data on seawater dynamics. 
For several  reasons the technical objectives are  
centered on the power plant ,  ra ther  than on the 

'ocean systems. F i r s t ,  the project  was faced with 
the age-old problem of time versus money; a 
projected f inancia l  commitment had to be se t .  
Second, the projec t  is of r e l a t ive ly  short  duration 
and planned f o r  benign weather t o  avoid a strenuous 

I 

The power system was in s t a l l ed  and the barge out- 
f i t t e d  i n  Honolulu. The barge was towed t o  
Kawaihae, on the island of Hawaii, for  deployment 
along with the cold water pipe, i q  an area 'approxi- 
mately 7,000 f t  offshore from Keahole Point, i n  a 
water depth of 3,050 f t .  Table 1 sumnarizes the  
Mini-OTEC System Components. 

Table 1 

I MINI-OTEC SYSTEM COMPONENTS 

Heat exchanger - Alf a-Lava1 p l a t e  type 
Heat exchanger cleaning - Chlorine; Clean-in-place 

Fig. 1 Ar t i s t s  Concept Mini-OTEC Turbine - Rotoflow rad ia l  in-flow 
Control System Two automatic independ- 

ent  systems 
Introduction Cold water pipe - Polyethylene integrated 

The Mini-OTEC Project  has resulted i n  the world's 
f i r s t  f loa t ing ,  at-sea OTEC plant .  Although it pro- 
duces only 50kWte) (gross) ,  it contains a l l  the 
e s sen t i a l  components required for  a full-scale power 
plant. The four major subsystems are the platform, 
the power plant, the mooring, and the CWP which, i n  
t h i s  case, i s  an in t eg ra l  par t  of the mooring sys- 

B tem. The CWP and mooring system dynamic analysis i s  
t reated i n  t h i s  paper. Current plans are to  conduct 
experiments l a s t ing  s i x  months*, a f t e r  which most of 
the plant w i l l  be turned over to  the S ta t e  of Hawaii. 

, 

with mooring 
Instrumentation - A l l  temperatures, pres- 

sures,  flow ra t e s  
Data acquisi t ion - Mag tape and printout  on 

comnand 
Biofouling t e s t  r i g s  - Separately operable 
Auxiliary parer - 60 kW d iese l  generator 

m e  Mini-OTEC plant  produced net  power on 
2 August 1979. 



MONTHLY DELTA T CONTOUR, *C('F) VS DEPTH, METERS 

Fig. 2 Temperature Prof i le  a t  Keahole Point 

Power System ra tor  t h r o u s  the upper right-hand port. Seawater, 
for the ca-flow conditiod, enters the lowet Ibft-  

The design AT for Mini-OTEC is 36.80~. As h a d  port and is' d is t r ibuted to the off-alternste 
shown i n  Fig. 2, ue expect t o  sus ta in  tha t  AT from plates by tgd g ~ e k e t i n g  araangement,, through the 
'June throagh mi+November, and to  b e  pa r t i a l ly  heat ekchangerv and ouk ' t h r h *  the upper left-hand 
operational t h r o u a  November, and perhaps December. pmf. A c y n t e ~ h a w  erper-t w i l l  be cbnducted by 

reveteing Che i&e% and ouC3et seawater ports. 
4 4  

Heat Exchangers 
Tab1,e 2 

Table 2 presents a design sunmazy of the heat 
exchangers. The heat-exchanger data acquired during 
the experiment are  proprietary to Alfa-Laval. The 
higher ammonia flow ra te  i n  the evaporator is the 
r e s u l t  of a r e l a t ive ly  lw qual i ty  vapor (i.e., 
70 ~ e r c e n t )  expected from the evaporator. The m i s t  
flows in to  the separator, where the gas is freed 
from the liquid. The liquid i s  returned, along with 
the condensate, to  the evaporator. Vapor qual i ty  is 
one of the parameters to be de teh ined  during the  
experiment. Further, since t h i s  i s  the f i r s t  
in-si tu experiment, we have not made an allowance 
for a fouling factor,  but ra ther  w i l l  determiae 
fouling rates a s  a part  of the experiment. The 
plant is designed to  run 24 hours per day, 7 days 
per week. Current t e s t  plans include periodic tear  
down and inspection of plates during the operational 
period. 

MXNI-OTEC ~~~!&B''$KcH&GER DESIGN SUMMARY 

H e a t  Exchangers 

Type 
Surface Axea, f t 2  
Material . 
Themal Load, Btu/sec 
NH3 Flow, lb/sec 
Seawptes FJow, gpa 
Seawater Temp.-in, 9 
Seawater Temp, -ou t, op 
Fouling Factor, Rf 
S.W6 Pressure Drop, ps i  
Quali ty,  X vapor 

coadens~r  
p la te  
4390 
Titanirtib 
2607 
5.1 + 

2700 
42.2 
47 
N/A* 
4.4 
TBD 

~vrrpbtator 
Plate , 

$390 
Titanium 
2693 
11.2 (max) 
2700 ' 

79 
75 
N/A* 
4.4 
TBD 

*No a p r i o r i  fouling factor used a s  a design 
parameter. 

An exploded view of the heat exchanger i s  shown i n  
Fig. 3. Aucnonia enters the lower right-hand port Turbine-Generator 
and i s  distr ibuted equally to the a l ternate  p la tes  
by the gasketing arransment. Note that  the gasket Table 3 presents the turbine-generator 
i n  Plate 1 a t  the amnonia port is open to  all-  design sumnary. The low efficiency i n  the T-G s e t  
l iquid to flow inward. The gaskets are a lso  is unique t o  the small s i ze  of the turbine. For an 
arranged so that  vapor i s  f ree  to  leave the evapo- outpit  of 10 (net) ,  the turbine w i l l  be  



Table 3  

Turbine 

T Y P ~  Rad ia l  In-Flow 
Speed 28,200 rpm 
Enthalpy Drop 17.2 Btu / lb  
Flow 17,830 l b / h r  
Output 100 hp 
E f f i c i e n c y  8  3% 

Generator  

Type ~ ~ n c h r o n o u s / R o t a t i n ~  F i e l d  
3600 Speed, rpm 

Exc i t e r  Shaf t  mounted, b rush less  
Output 50 KW, 0.8 P.F., 120/208v, 60 Hz, 

3 phase 
E f f i c i e n c y ,  % 90 . 
T-G E f f i c i e n c y ,  % 56 . 

d i r e c t l y  connected t o  the  genera to r .  This  e l imi -  
na tes  t h e  gearbox '  and the  roughly 20 pe rcen t  power 
l o s s  a ssoc ia ted  with  the  gearbox. 

F l u i d  Systems 

Figure  4 is a  f l u i d  systems schematic.  The plumb- 
ing  and t h e  componentry a re  c leaned,  p ressure - t es ted  
t o  200 p s i ,  and f i l l e d  with  d ry  n i t rogen ,  purged and 
evacuated p r i o r  t o  f i l l i n g  t h e  system wi th  ammonia. 

The system i s  pumped' down t o  a  vacuum and f i l l e d  
wi th  ammonia from on-board s to rage ,  us ing  t h e  60-KW 
T-G s e t  t o  d r i v e  the  ammonia pumps. The condenser 
and evapora to r  seawater  pumps a r e  s t a r t e d  t o  i n i -  
t i a t e  amnor~ia flow. The bypass va lve  i n  t h e  t u r b i n e  
system i s  p a r t i a l l y  opened '" 'e t  the  beginning of  
amnonia flow and the  ammonia pumps a r e  s t a r t e d  t o  
c i r c u l a t e  t h e  ammonia. As vapor p ressure  b u i l d s ,  
the  tu rb ine  bypass va lve  i s  p a r t i a l l y  c losed and t h e  
t u r b i n e  begins  t o  sp in .  Turbine speed i s  c o n t r o l l e d  
by an i n t e r n a l  speed c o n t r o l  system. The automatic  
t u r b i n e  bypass valve i s  inc luded  i n  t h e  system t o  
permit the  hea t  exchangers t o  opera te  a t  a  cons tan t  
thermal load,  a l lowing the  T-G t o  respond t o  a  
v a r i a b l e  load. A manual s e t  of  the  bypass va lve  is 
included t o  permit s e t t i n g  vapor flow during check- 
o u t  a n d ,  s t a r t u p  procedures.  The manual s e t t i n g  
a l lows vapor flow without  n e c e s s a r i l y  spinning t h e  
tu rb ine .  The s e p a r a t o r ,  loca ted  between t h e  evapo- 
f a t o r  and t h e  t u r b i n e  removes the  l i q u i d  c o n t e n t ,  
which i s  r e tu rned  t o  the  evapora to r  through the  pre- 
h e a t e r .  The condensate i s  mixed wi,th t h e  flow from 
t h e  separa to r .  The p rehea te r  e f fec t ivemess  w i l l  be  
t e s t e d  by varying seawater  flow through i t .  

Control  System 

Two independent c o n t r o l  systems can be  used t o  
c o n t r o l  p lan t  opera t ions .  Both c o n t r o l  systems a r e  
based on a  cons tan t  volume system. The f i r s t  con- 
t r o l  system senses  the  l i q u i d  l e v e l  i n  t h e  s e p a r a t o r  
and commands a  v a r i a b l e  speed pump i n  t h e  s e p a r a t o r  
r e t u r n  l i n e  t o  main ta in  l i q u i d  l e v e l  i n  the  evap- . 
o r a t o r .  The second system, d r iven  by a  l i q u i d  l e v e l  
sensor  i n  t h e  condensate  sump, c o n t r o l s  a  flow v a l v e  

TIGHTENING STUD 

Fig.  3 Exploded View of t h e  P l a t e  Heat Exchanger 
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Fig. 4 Fluid Systems Schematic 

i n  the condensate l i n e  downstream of a  v a r i a b l e  
speed condensate pump. The s e t  po in t s  on the flow 
r a t e s  a r@ manually adjusted.  The c o n t r o l  systems 
a r e  operated by compressed a i r .  

The hypochlori te  generator ,  r e q u i r i n g  20 gpm sea- 
water ,  can' supply v a r i a b l e  amounts of ch lor ine  t o  
both the  evaporator  and the  condenser. I t  is 
expected t h a t  the heat  exchangers w i l l  be opera t ing  
between 0.05- and 1-ppm ch lor ine .  The T-G cool ing  
system has i t s  own oi l -seawater  heat  exchanger. The 
f l u i d  system includes a  f i r e - f i g h t i n g  and ammonia- 
washdown seawater system dr iven  by a  s e p a r a t e  pump. 

Instrumentat ion 

7 CHANNELS 
PRESSURE 7 MEASUREMENIS 

,141 I r 

S CHANNELS 
FLOW RATE S MEASUREMENTS 

~ 0 . 2 %  

DIFFERENTIAL 
. 

PRESSURE 35 MEASUREMENTS 
to.% 

2 CHANNELS 
2 MEASUREMENTS 
*0.2% I I 

POWER 
2 CHANNELS 
2 MEASURFMENTS 
12% 

CnlORlNE 

I . . I PPM 
Figure  5 l i s t s  the  power system ins t rumenta t ion  I 

excluding hea t  exchanger sensors .  Thi r ty - f ive  d i f -  
f e r e n t i a l  pressure measurements a r e  taken on seven Fig.  5 Instrumentat ion 



channels and two ch lor ine  measurements a r e  taken on 
one channel. A l l  o ther  measurements have t h e i r  own 
channels. The d a t a  logger can be commanded f o r  
v i s u a l  d i sp lay  of any s i n g l e  measurement. Both 
magnetic tape and p r i n t o u t  can be commanded o r  
sequenced a t  s e l e c t i v e  time i n t e r v a l s  t o  record da ta  
i n  engineering u n i t s .  

Power Summary 

Table 4 d i sp lays  the  power sumary .  We w i l l  
develop almost a s  much power a s  a  VW engine a t  t h e  
generator  terminals .  However, our goal i s  t o  l ea rn  
how OTEC works, not to  d i s s i p a t e  power. The net  
power w i l l  be consumed by h o t e l  load and flood 
l igh  tu. 

Table 4 

POWER SUMMARY 

nylon nylon with 257,000 l b  t e n s i l e  s t r e n g t h .  The 
l i n e s  a re  at tached t o  a  s t e e l  assembly c o n s i s t i n g  of 
a  45-deg elbow, f l ange ,  and clamp-sleeve f r i c t i o n  
connector. A b a l l a s t  and i n l e t  assemb.1~ ,connector 
i s  a t tached a t  the bottom of the CWP. The 6,000-lb . 
lead b a l l a s t  maintains  the  required i n l e t  depth. 
Seawater flows hor izon ta l ly  through a cage formed by 
a  r i n g  of b o l t s  and then t u r n s  90 deg upward i n t o  
the CWP. These b o l t s  a l s o  serve t o  mount the bal- 
l a s t  t o  the  connector f i t t i n g .  

COLD WATER PUMP 

WARM WATER PUMP 

\ST STAGE AMMONIA FEED PUMP 

2ND STAGE AMMONIA FEED PUMP 

SEPARATOR PUMP NO. 1 

SEPARATOR PUMP N O .  2 
CHLORINE GENERATOR 

OIL COOLER PUMP 

AIR COMPRESSOR 

EMERGENCY OIL PUMP 

TOTAL 

NET USAGE 

Cold Water Pipe 

The CWP, fabr ica ted  of butt-welded 
of high-density polyethylene,  has 
mechanical p roper t i es :  

KW LOADS 

1 Length 
I n s i d e  Diameter 
Outside Diameter 
Weight ( i n  a i r )  
Ultimate Axial Load 
Dynamic F lexura l  Modulus 
Fat igue Strength ( 7 3 0 ~ ,  
105 cyc les )  
S p e c i f i c  Gravity 

NOMINAL 

11.9 

9.4 

1 .0 

5.0 - 
1.0 

3.0 

1 .O 
- 
-.  

32.3 

I 17.3(MIW() 

40-ft sec t ions  
the following 

MAXIMUM 

13.6 

10.7 

1.2 

6.0 

,2.0 

3.0 

3.0 

1.0 

1.0 

3.0 

44.5 

5.5 (MIN) 

2,150, f t  
22.1 i n .  
24.0 i n .  
28.1 I t  
98.2 I t  
140,000 psi, 

1,000 p s i  
0.95 

The CWP with i t s  end assemblies is supported from 
t h e  sur face  buoy. The watch c i r c l e  of the  bottom of 

' t h e  ~ i p e  i s  maintained by the l i n e  t o  the anchor. 
This l i n e  i s  mul t i f i l ament ,  polypropylene p a r a l l a y  
b r a i d ,  1,520 f t  i n  length,  2.7 in .  i n  diameter,  and 
having a  141,000-lb t e n s i l e  s t r e n g t h .  The l i n e  is 
at tached t o  a  swivel below the b a l l a s t  and t o  a  con- 
c r e t e  clump anchor, 10 f t  x 10 f t  x 3 f t ,  and 
30,000 l b  i n  wet weight. A second l i n e ,  a t tached t o  
the  anchor, c o n s i s t s  of a  chain,  swivels ,  and 
8,000 f t  of 6  x 19 galvanized wire rope of 1.5-in. 
diameter.  This l i n e ,  r e s t i n g  on the  s teep  s e a f l o o r  
and secured by a  drag embedment anchor on shore,  

In tegra ted  Cold Water Pipe and Mooring w i l l  prevent s l ippage  of t h e  clump anchor. 

Descript ion of the  mooring system with the  r e s u l t s  
of a  dynamic ana lys i s  performed to provide design 
loads and design v e r i f i c a t i o n  a re  -presented below; 

The mooring system c o n s i s t s  of hawser, sur face  
buoy, hanger, crossover  hose, cold water pipe,  
anchor l i n e ,  anchor, and bottom cable (Fig. 6 ) .  The 
barge has the following c h a r a c t e r i s t i c s :  

Length on Waterline 105 f t  
Beam 33.9 f t  
Draft  4.3 f t  
Operat ing Displacement 268 I t  

The barge, moored a t  the bow t o  the buoy, i s  f r e e  
to  swing about the  buoy. The mooring hawser con- 
sists of a  p a i r  of 30-ft l i n e s  at tached with chain 
t o  por t  and s ta rboard  bow c l e a t s  and leading t o  a  
s i n g l e  34-ft-long hawser. The l i n e s  a r e  2.1 in .  i n  
diameter ,  two-in-one nylon-nylon with t e n s i l e  
s t r e n g t h  of 153,000 lb .  The s i n g l e  l i n e  i s  2.7 in .  
i n  diameter with s t r e n g t h  of 257,000 lb .  Addit ional  
l eng ths  of hawser a re  stowed t o  allow the  barge t o  
be backed 150 f t  from t h e  buoy. 

Y HANGER 

The hawser is shackled t o  the bottom of a  spar  
below the  buoy. The buoy c o n s i s t s  of a  s t e e l  cyl in-  I .- . . . ... . . . 
der  7 f t  i n  diameter and 14 f t  high,  with the  spar  I .. . ... . . .:...,.... '...'* .. . :..+ 
extending the  buoy height  t o  27 f t .  The buoy weighs . . . . .%. 

Y 
I . .  . . 

3,575 l b ,  and the displa$ement, when f u l l y  sub- 
erged, i s  37,500 lb.  Connecting the  mooring buoy 

and CWP upper end, i s  a  p a i r  of 60-ft hanger l i n e s .  Fig. 6 S t a t i c  Equilibrium Configurat ion 
These l i n e s  a r e  2.7 i n .  i n  diameter ,  two-in-one f o r  Mini-OTEC Moor 



Table 5 
SUHMARY OF CWPaOORING RESPONSE 

( a )  A t  R e t r i e v a l  Line for  Case 2. 

Component Variable  

Hawser Tension, l b  

Hanger Tension, l b  

Buoy Surge, f t ,  

Heave, f t  

P i t c h ,  deg . 

Barge Bow Surge, it 

Heave, i t  

Anchor Line Tension, l b  

Crossover Hose . Rotat ion,  deg 

a t  Barge (a)  Tension, lb 

S t r e s s ,  p s i  

Crossover Hose Rotat ion,  deg 

a t  Elbow Tension, l b  

S t r e s s ,  p s i  

Cold Water Pipe Rotat ion,  deg 

a t  Elbow Tension, l b  

, S t r e s s ,  p s i  

Cold Water Pipe Rotat ion,  deg 
a t  215 f t  above i n l e t  Tension, lb 

S t r e s s ,  p s i  

Crossover Hose 

The crossover hose, f i t t e d  t o  the  elbow a t  the CWP 
o u t l e t ,  conducts cold seawater t o  a  surge tank 
s i t u a t e d  below the. barge k e e l ,  8  f t  forward of amid- 
s h i p s .  The barge end of the  hose i s  secured by a  
tensioned l i n e  and connector, providing f o r  r e l e a s e  
and lowering of the  hose i n  high sea s t a t e s .  This  
f l e x i b l e  composite hose c o n s i s t s  of s i x  sec t ions  
bo l ted  together  with o v e r a l l  p r o p e r t i e s  a s  follows: 

Length 
I n s i d e  Diameter 
Outside Diameter 
Weight ( i n  a i r )  
Ultimate Axial Load 

S t r a i g h t  
Curved 

Minimum Bend Radius 
External  Collapse Pressure 

Case 1: 
Operat ional  

Sea S t a t e ,  
Hl I3  = 1.5 i t  

200 i t  
18 i n .  
20.3 in .  
5  I t  

Maximum 

50,684 

69,391 

21.7 

10.7 

102.5 

9.1 

12.2 

21,680 

23 

8,319 

269 

73.6 

6,178 

248 

24.3 

67,033 

1,187 

36.3 

62,832 . 

1,521 

4 

Case 2: 
Stat ionkeeping 

Sea S t a t e ,  
Hl I3  = 24 f t  

Design ~ e r i f  i c a t i o n  

Minimum 

0 

0 

-22.7 

-13.2 

-90 

-10.5 

-12.2 

15,287 

10.6 

-2,483 

-130 

9.6 

-3,819 

- 206 

15.4 

-12,757 

-711 

32.8 

-9,958 

-743 

Maximum 

27,723 

49,509 

16.8 

16.5 

57.3 

14.6 

17.4 

19,592 

114.1 

1,644 

158 

91.1 

9,725 

187 

26.5 

45,433 

938 

34.5 

50,287 

1,276 

The in tegra ted  pipe and mooring system a r e  
designed t o  provide a  continuous supply of cold sea- 
water t o  the  surge tank i n  s e a s  of 15-ft s i g n i f i c a n t  
wave height  and t o  maintain barge s t a t i o n  i n  seas  of 
a t  l e a s t  24 f t .  A s t a t i c  ana lys i s  was conducted t o  
s e l e c t  a  mooring conf igura t ion ,  component lengths,  
and anchor weight t o  r e s i s t  barge drag and prevent 
CWP grounding. 'A dynamic . ana lys i s  of the  system 

Minimum 

0 

7,700 

-18.9 

- 10 

-41.2 

-16.3 

-16.9 

16,007 

36.7 

-624 

l152 

54.2 

-916 

-76 

17.3 

1,393 

-251 

, 32.3 

1,967 

-514. I 

response i n  a  storm was conducted t o  s e l e c t  l i n e  
diameters ,  pipe.and hose wall th ickness ,  buoy depth,  
and opera t iona l  l i m i t s .  

Dynamic Simulation 

A time-domain, dynamic program was developed 
s p e c i f i c a l l y  to  s imulate  the  seaway-induced motions 
and loads of the coupled mooring components i n  t h e  
v e r t i c a l  plane. Barge surge,  heave, and p i t c h  res-  
ponse amplitude and phase opera tors  were obtained i n  
the  frequency domain using s t r i p  theory and were 
assumed t o  be independent of the  mooring. Pipe and 
hose were assumed to respond a s  tensioned beams, and 
were modeled hy f i n i t e  elements with a x i a l ,  l a t e r a l ,  
and r o t a t i o n a l  degrees of freedom a t  both ends of 
each of 20 elements. Small geometric per tu rba t ions  
about the s ta t i c -egui l ib r ium,  catenary conf igura t ion  . 
were assumed. Element extension and v a r i a b l e  ten- 
s ion  were included a s  were , t h e  nonl inear  geometric 
e f f e c t s .  Large s t r a i n  and snap loadings were 
accounted f o r  by nonlinear  modeling of the  hawser, 
hanger, and anchor l ines .  Simulgtion of buoy p i t c h ,  
heave, and surge considered e x t e r n a l  fo rces  and 
moment due t o  hawser and hanger t ens ions ,  l a r g e  
r e l a t i v e  motion between buoy and wave sur face ,  and 
f u l l  submergence of t h e  buoy. 

A t o t a l  of  nine configurat ions was examined i n  t h e  
i t e r a t i v e  process of design and ana lys i s ;  se lec ted  
r e s u l t s  f o r  two cases a re  discussed.  Environmental 



condit ions include 3,000-f t water depth, 2.3-knot 
sur f  ace cur ren t  with exponential  decay t o  0.15 knot 
a t  3,000 f t ,  and 30-Itnot wind spcc'd i n  thc  cur ren t  
plane. The i r r e g u l a r  seaway i n  each case was 
modeled using the  Bretschneider  wave s p e c t r a  with 
s i g n i f i c a n t  wave height  and period of  15 f t ,  
11.2 sec and 24 f t ,  13.4 sec ,  respec t ive ly .  Recur- 
rence i n t e r v a l s  f o r  storms of t h i s  s e v e r i t y  a r e  
estimated a t  1  and 5  years ,  r e s p e c t i v e l y ,  f o r  
Keahole Po in t .  

\ 

/ 

Case 1. Mooring Response i n  Operat ional  Sea S t a t e  

The r e s u l t s ,  sumnarized i n  Table 5,  a re  maxima and 
minima f o r  a  10-min s imulat ion i n  t h i s  sea s t a t e  and 
include the s t a t i c  equi l ibr ium, calm sea  condit ion 
(Fig. 6). The hawser and hanger l i n e s  experience 
s l a c k  load giving s a f e t y  f a c t o r s  on t e n s i l e  s t reng th  
exceeding s i x .  There i s  adequate separa t ion  of 
buoy, barge bow, and elbow a t  t h e  CWP upper end t o  
prevent c o l l i s i o n  of these components. Re la t ive ly  
la rge  buoy p i tch  excursions a re  noted. The anchor 
l i n e  t e n s i l e  excursion i s  small i n  comparison with 
t h a t  of the  hanger a s  a  r e s u l t  of lower spr ing  con- 
s t a n t  and mi t iga t ion  of wave-induced excursions with 
depth. Crossover-hose s t r e s s  d i s t r i b u t i o n  peaks a t  
the barge and elbow. S t r e s s e s  a re  extremes of ten- 
s ion and compression and include a x i a l  and bending 
i n  the ou te r  f i b e r s .  ~ in imum s a f e t y  f a c t o r  on hose 
u l t imate  compressive s t r e s s  i s  2.4 and on CWP y i e l d  
s t r e s s  is 2.1. 

Response of t h i s  conf igura t ion  i n  a  seaway of 
20.3-ft s i g n i f i c a n t  wave height  (not  shown) r e s u l t e d  
i n  l i n e  s a f e t y  f a c t o r s  of l e s s  than . s i x  and wall 
s t r c s o  s a f e t y  f a c t o r  of l e s s  than two, which a r e  
below design c r i t e r i a .  Hanger l i n e  diameter and 
hose wall thickness  were increased with no appre- 
c i a b l e  increase of s a f e t y  f a c t o r s .  The l a r g e r  l i n e  
i s  s t i f f e r ,  con t r ibu t ing  to increased coupling of 
buoy and pipe. The l a r g e r  r e s u l t a n t  t e n s i l e  ex.cur- 
s ions  approximately equal  the  h igher  s t r e n g t h ,  lead- 
ing i n  some cases t o  a  reduct ion i n  s a f e t y  f a c t o r .  
Based on these r e s u l t s ,  t h e  15-ft seaway was 
se lec ted  a s  the  opera t iona l  sea s t a t e .  

SEA SURFACE ELEVATION 

ANCHOR L l N f  TENSION 

I I 
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Fig. 7 Mini-OTEC CWP Mooring Seaway Response 
H i s t o r i e s ,  Case 2 ;  H113 = 24 f t  

Case 2. Mooring Response i n  Stat ionkeeping Sea S t a t e  Acknowledgements 

The a l t e r a t i o n  of the opera t iona l  conf igura t ion  
se lec ted  f o r  s ta t ionkeeping a t  the  s i ' t e  i n  higher  
sea  s t a t e s  c o n s i s t s  of extending the  hawser length,  
and then disconnect ing and lowering the  crossover  
hose v i a  a  r e t r i e v a l  l i n e .  This change decouples 
the crossover  hose and buoy from t h e  barge. 

The e f fec t iveness  of t h i s  change i s  i l l u s t r a t e d  i n  
the  second case,  wherein the  hawser length i s  150 f t  
and r e t r i e v a l  l i n e  i s  258 f t  (Table 5).  I n  t h i s  
higher  sea s t a t e ,  a l l  but one of the  s t r e s s  l e v e l s  
a re  reduced, so t h a t  s a f e t y  f a c t o r s  on pipe and.hose 
a r e  2.5 and g r e a t e r ,  while l i n e  s a f e t y  f a c t o r s  a r e  
6.7 and grea te r .  Reduced buoy motions and nonslack 
hangers a l s o  i n d i c a t e  the e f f e c t i v e n e s s  of increas-  
ing hawser length. Selected time h i s t o r i e s  ' i l l u s -  
t r a t e  5-min. por t ions  of t h i s  s imulat ion (Fig. 7 ) .  
The p l o t s  a re  of dynamic o s c i l l a t i o n  excluding 
s t a t i c  reference values. 

This p r o j e c t ,  conceived more than a  year ago, is 
funded by a  consortium of p a r t i c i p a n t s ,  inc lud ing  
the  S t a t e  of Hawaii, Lockheed Miss i les  6 Space 
Company, Inc.  (LMSC), and Dillingham. Alfa-Lava1 
Energy Systems i s  a  major con t r ibu tor  t o  the proj-  
e c t ,  supplying the  p a i r  of instrumented hea t  
exchangers. The power system was designed by LMSC, 
i n  conjunct ion with Alfa-Laval. Argonne National 
Laboratories  provided courtesy reviews. The hard- 
ware f o r  t h e  power system was procured by LMSC and 
shipped d i r e c t l y  t o  Honolulu, where i t  was assembled 
by LMSC, with Dillingham support .  The Navy barge i s  
on loan t o  DOE f o r  use by the  S t a t e  of Hawaii. 
P a r t i c i p a n t s  i n  t h e  barge o u t f i t t i n g ,  under t h e  
d i r e c t i o n  of Dillingham, were Makai Offshore Engi- 
neering,  Alfred E. Yee and Associates ,  and Ralph'M. 
Parsons. LMSC provided a n a l y t i c a l  support  t o  
Dillingham f o r  the  CWP-Moor. The s imulat ion program 
was developed by LMSC. 



DISCUSSION 

A. Galef. TRW: The f i l m  of deployment suggested T. McGuinness, NOAA: What precautionary measures 
high curva ture  and assoc ia ted  high bending s t r e s s s  were taken t o  minimize property damage i f  t h e  Mini- 
What was t h e  s t r e s s  l eve l ?  Are you sure  t h e  p ipe  OTEC mooring system f a i l s ?  
was not  damaged? 

R. Potash: CWP deployment followed cont ro l led  lower- 
ing of t h e  grav i ty  anchor. The f i l m  showing t h e  CWP 
t r a v e l i n g  below t h e  ocean sur face  was taken with a 
te lephoto  l en s  r e s u l t i n g  i n  a fore-shortened view. 
Hence, t h e  rad ius  of curvature apparent from t h e  
f i l m  is  g r ea t e r  than t he  ac tua l .  To my knowledge, 
t h e  a c t u a l  rad ius  and r e s u l t a n t  bending s t r e s s  were 
no t  measured and a r e  not  known. Sa t i s f ac to ry  per- 
formance of t he  system would i nd i ca t e  t h a t  t h e  pipe 
was not  damaged. 

R. Potash:' An a u x i l i a r y  anchor l eg  is  s tored  on ' t he  
Mini-OTEC barge f o r  use i n  t h e  event of separa t ion  
of t he  barge-from, o r  f a i l u r e  o f ,  t he  primary single-  
anchor l eg ,  s ingle-point  mooring. This aux i l i a ry  
system includes a drag embedment anchor stowed i n  a 
launching rack on t h e  bow. A 1700-ft length of a t -  
tached nylon anchor l i n e  is  stowed i n ' a  rope locker  
on t he  deck and adjacent  t o  t h e  anchor. The anchor 
is held i n  place by a lever .  



AN OVERVIEW OF THE OTEC-1 DESIGN .- 

o The test platform including the primary (propulsion) 
power plant, auxiliary systems and accommodations 
for operating personnel. 

o The OTEC-I plant and its ancillary systems, in- 
cluding cold and warm water circuits. 

The T-2 tanker CHEPACHET is now being modified 
in Portland, Oregon t o  serve as the  OTEC-I platform. o The cold water pipe (CWP) of 2250 f t  length. 
The ammonia power cycle is located in a compartment 
provided by converting three ships centerline cargo tanks. o The mooring or stationkeeping system. 
The cold water pipe system consists of three, 48-in 

ents  brief descriptions of these systems 
a1 and physical interfaces. 

water from a depth nf 775n ft is pumpad through the 
pipe and t h e  OTEC condenser to a dGchkge  mixing tank. \ . 

O T E G l  Test Platform 
Warm surface water is w m ~ e d  from a sumD forward. 
through the plant's evapo;ato; and into the  mixing tank: 
The mixed discharge is then pumped a f t  into the deep 
water (240 f t )  discharge ho*. Power loop water piping 
onboard is a five-ft diamefer s teel  pipe (discharge system: 
six-ft diameter). Ammonia storage and processing equip- 
ment is located on main deck forward and in the OTEC 
compartment. 

The vessel stationkeeping system employs dual, 
rotatable thrusters and a single-point moor. The OTEC-1 
operating site is 14 nmi northwest of Keahole Point, 
Hawaii in  4500 f t  deep water. The seabed at this s i te  
requires a compliant mass moor provided by 262 tons of 
chain. 

The OTEC-I system is being developed by Global 
Marine Development Inc. and its subcontractors, TRW and 
Northwest Marine Iron Works, under Department of Energy 
Contract No. ET-78-C-03-1785. This contract calls for 
Global Marine Development Inc. t o  design and install the 
OTEC-1 test loop on a floating platform and for the  
performance of tests in the vicinity of the Island of 
Hawaii. The OTEC-1 test facility will then operate for 
3% years on station, testing thc initially installed system 
and other heat exchangers, as provided by DOE. 

The OTEC-1 test loop is rated at a nominal lMWe 
power output but will not produce any usable power in 
its present configuration. The facility is being built for 
the  sole purpose of testing scaled, prototype heat.  ex- 
changers and other OTEC equipment, under a variety of 
operating and environmental conditions. Control systems 
will also be studied to develop operating criteria for 
future, full-sized plants. 

The OTEC-1 facility will comprise four different but 
fully integrated systems: 

The T-2 tanker CHEPACHET (TAO-78, Figure 1) was 

as ta te  environments; has ample space for system equip- 

dations; and, her turbo-electric main power plant will 
provide the power necessary for operating all  test systems 
and auxiliary equipment. 

Inactive since 1972, the CHEPACHET recently moved 
to the  shipyard to be  modified for t h e  OTEC-I Program. 
In the course of reactivation, she will retain her ABS 
classification of Maltese Cross AIE and Maltese Cross 
AMS, but her service will be  changed from "Oil Carrier" 
t o  "Ocean Research." She will also be inspected by t h e  
U.S. Coast Guard and issued a Certificate of Inspection 
as a "Miscellaneous Vessel, Research Platform for OTEC-I 
Service." 



V d  Arrangements 

After modification and installation of OTEC-related 
equipment and facilities, the CHEPACHET will proceed 
under her own power to the operating area where she 
will be anchored with a single-point mooring system. The 
propeller drive motor will be secured, and the OTEC 
systems activated (see Figure 2). All DC electrically 
powered equipment will also be activated, together with 
tWo rotatable thrusters. 
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0-62 HZ. 10 PF 
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'WATER PUMPS 

WINCHES & THRUSTERS NEW LOADS 

Figure 2. Electrical One-Line Diagram, 

On station, the midship house will accommodate ten 
Test Director Contractor personnel, while all OTEC 
control functions will be performed from a data acquisi- 
tion and processing control center located in a modified 
40 f t  van behind the midship house on the bridge deck 
level. An additional van, located directly behind the 
control center, will house a biofouling and corrosion 
laboratory. 

The general arrangements of the OTEC-1 vessel a re  
shown in Figs. 3(a), (b), and (c). The most significant 
structural change to the vessel involves the removal of 
two transverse bubheads between the centerline cargo 
tanks to provide a sufficiently large compartment for 
heat exchangers and primary power cycle equipment. 

Addeional space has been provided also for trans- 
formers, SCR drives and motor controls for ammonia, 
cold and warm water pumps, thruster drives, and other 
OTEC equipment. Such equipment has been installed in 
new electrical compartments in centerline tank 9 and on 
the main deck under the midship house. 

The cold water (CW) supply is provided through the 
Cold Water Pipe (CWP) to the  moonpool or primary sump; 
then it is pumped into a secondary sump and from there 
to the ammonia condenser. The warm water (WW) supply 
is pumped to the ammonia evaporator from the warm 
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Figure 3. Views o f  Chepachet with OTEC Equipment Installed. 
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water sump i n  no. 1 starboard cargo tank. Both CW and 
WW are discharged from the two heat exchangers into 
no. 5 port wingtank, and from there the mixed discharge 
is pumped to the deep water discharge (DWD) system, 
located i n  no. 9 port wingtank. These primary water 
circuits are shown i n  Figure 4. 

The thrusters, retractable and fully rotatable i n  
azimuth, are located in  no. 9 starboard and no. 1 port 
tanks i n  nine ft,six-in tunnels extending fhe fu l l  depth 
o f  the vessel through the deck and the bottom shell. A 
total o f  2000 SHP is available for positioning the vessel 
with respect to weather direction (to minimize vessel 
motions) and for maintaining tension i n  the mooring lines. 

The OTEC-I power cycle auxiliary systems (ammonia 
supply and storage, nitrogen inerting gas for system 
purging, and a hypochlorite generator) are al l  located on 
the foredeck over the OTEC compartment. A 4.75 ton 
API designation crane is also provided for resupply 
activities. A similar crane, located forward of the a f t  
house, wil l  handle stores and ships supplies. A rescue 
boat is stored on the starboard side and is handled by a 
separate davit. 

For handling and installing the CWP, two over-the-side 
A-frames have been provided; an A-frame and a fixed 
crane have also been added over the moonpool for use 
during CWP installation and for other tasks. 

A l l  existing ships . service systems are considered 
adequate albeit i n  need of some refurbishment; they w i l l  
be serviced and upgraded to meet present day regulations. 
A larger emergency generator system wi l l  be provided to 
meet the additional needs o f  the OTEC systems. New 
sanitary processing and holding facilit ies w i l l  be added. 

The OTEC-I vessel has been f i t ted with a helicopter 
landing platform over the stem and wi l l  accommodate a 
fully loaded S 6 1  helicopter (50,000 Ibs). 

Safety Aspects 

While the design o f  the OTEC-I vessel is fair ly uncom- 
plicated with respect to marine experience, the OTEC-I 
system working fluid, ammonia, has imposed a few non- 
standard design requirements. The ammonia i n  this case 
is handled both as a gas and as a liquid and is both toxic 
and highly irr i tat ing to human eyes and respiratory sys- 
tems. It is considered explosive and reacts exothermically 
with water. Certain steels may also become br i t t le  when 
cooled by contact with liquid ammonia. For protection 
against these factors, the following safety measures have 
al l  been integrated into the design: 

o The OTEC compartment is fumetight wi th external 
observation platforms and view ports; normal 
access to the compartment is through a pressurized 
airlock. Additional emergency escape exits are 
provided both fore and a f t  i n  the compartment. 

o A separate compartment ventilation system is in- 
stalled with exhaust 20 f t  above the top of the 
midship deck house. The normal capacity o f  this 
system specifies 12 changeslhr (API ~ ~ 5 0 0 )  wi th 
an emergency rate of ventilation of 20 changeslhr 
(52,000 cfm) per USCG rules. This system, shown 
in  Figure 5, has three supply and two exhaust fans; 
the normal compartment pressure w i l l  be slightly 
negative. The airlock airchange rate is 20 
changeslhr. 

o A fresh water deluge system wil l  be provided, using 
160,000 gal of water stored i n  the no. 4 port wing 
tank. Normal deluge discharge rate wi l l  be 2000 
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Figure 5 .  OTEC Compartment Vent i la t ion  

gpm (approximately H gpm per f t 2  of compartment 
deck area) through a nozzle spray system located 
under the main deck. In case of a catastrophic 
failure, the compartment can be flooded three f t  
deep i n  45 minutes. This flooding rate w i l l  be 
sufficient to l imi t  gas generation due to water- 
ammonia exothermic reaction (i.e. compartment 
gas generation is kept within the capacity of the 
ventilation system). The deluge system wi l l  be 
manually initiated and controlled in  response to 
"High Ammonia Concentration" alarm. For local 
spill washdown, the ship's f ire fighting system wi l l  
be used directly. 

I n  general, washdown water and diluted spills wi l l  
be pumped into the discharge tank and directly 

1 overboard i n  harmless concentrations. (In fact, 
any free ammonia w i l l  be converted to nutrient 
and enter the food chain.) 

For general respiratory protection, f i l ter masks w i l l  
be available for all hands aboard. For extended 
use i n  the OTEC compartment, a breathing air 
supply manifold wil l  be provided. Also, i n  'all 
appropriate areas, self-contained breathing appa- 
ratus wil l  be available. 

Before closing-our discussion of the OTEC platform, 
we should dwell brief ly on ships motions and dynamic 
environments. The contract states. [hat thc vessel, the 
power cycle, and al l  onboard equipment w i l l  be fully 
operable i n  seas of 16 f t  significant height waves.. To 
meet these conditions, the design ef for t  considered vessel 
motion very carefully to establish appropriate dynamic 
design criteria. 

The OTEC-I Test Loop 

The major portion of the OTEC-I test loop equipment 
is located i n  the spaces created from centerline tanks 
no. 2, 3, 4, and 5. The general arrangements of major 
equipment i n  these areas are shown i n  Figure 4. 

The OTEC-I faci l i ty wil l  provide a realistic operating 
environment for testing the theory o f  'producing energy 
from the ocean. The seawater systems wil l  also provide 
the opportunity to obtain direct measurements of the 
long-term effects of blofouling on system performance. 
Both evaporator and condenser w i l l  therefore be exten-. 
sively instrumented on a local zone-by-zone basis, as well 
as on an overall basis. Changes in performance due to  
biofouling/cleaning wil l  be measured and compared to 
performance of clean tubes. Different methods for re- 
ducing fouling wil l  be compared, evaluating mechanical 
(scrubbing) action and chemical systems. 

Power Loop Arrangement 

The basic power loop is shown in  Figure 6. The 
average heat exchanger tube fouling factor is expected 
to run from 0.0002 to 0.0005 h r - f t 2 - O ~ / ~ ~ u .  The design 
of this system is based conservatively on the higher value; 
however, with a fouling factor on the order of 0.0002 
hr-ft? - OF/BTU (which is. expected to  be the case), 
approximately 15% less heat exchanger tube area wil l  be 
required to produce the same result. The effectiveness 
o f  the waterside cleaning system will, therefore, have a 
marked effect on heat exchanger cost for a given system; 
note that the heat exhange costs can be expected to run 
as high as 50% of total plant capital costs. 

' 

The condenser is supplied with a nominal CW flow of 
68,000 gpm f tpm a 450 hp pump; the design flow can be 
varied from 90% to 115% of this nominal flow. Similarly, 
the WW supply (600 hp pump) provides a nominal 82,600 
gpm to the evaporator. Al l  CW and WW piping is 60-in 
OD steel piping, K-in thick wall, with .internal epoxy 
coating. The mixed-flow discharge to the deepwater 
discharge (DWD) system requires a 750 hp pump and a 
72-in OD pipe. Al l  pumps are of the vertical propeller 
type, with vertical DC motors (see Figure 4). 
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Figure 6 .  The Basic Power Loop Schematic. 



Both condenser and evaporator are located on a 
foundation flat i n  the OTEC compartment. The condenser 
is located on the port side, approximately 25.5 f t  above 
the ship's baseline; the evaporator is slightly further af t  
on the starboard side and about two f t  higher in elevation. 

Filled with ammonia and water, the condenser and 
evaporator weigh 240,000 Ibs and 430,000 Ibs respectively, 
a fairly hefty load to support in a dynamic environment. 
Despite the 16 f t  significant .sea state requirement, 
however, the dynamic design requirements were met once 
the foundation flat was added to our design. The CW 
and WW circuits also received special attention with 
respect to vessel dynamics. For example, the WW circuit 
represented a horizontal length of nearly 150 f t  in which, 
at any given time, there was nearly 100 tons of water. 
While the vessel wil l  move in six degrees of freedom 
(heave, pitch, roll, yaw, sway, and surge), only heave, 
pitch and surge wil l  have any significant effect on the 
internal hydrodynamics of this configuration. 

Since the vessel in a regular seaway would normally 
react in a sinusoidal manner (with a total period of less 
than ten sec), the inertia of the moving sea water 
suppresses the effects of motion; the "worst case" net 
result was only a 2 2% pressure variation of the evaporator 
WW head - which degraded to 2 1;75% with quartering 
waves. The net effect of this pressure "surge" would be 
negligible on variations of BTU heat exchanger output. 

As an interesting aside, the large surfaces of condenser 
and CW piping exposed to the high humidity tropical air 
will result in a fair amount of condensation. In the OTEC 
compartment, this condition will create the need for drip 
pans for collecting and channeling condensation away from 
maintenance and personnel operating areas and walkways; 
exposed instrumentation must also be designed accord- 
ingly. The total amount of condensation which can be 
expected on high-humidity days is around 300 gallhr. 

Ammonia Systems 

The ammonia system for the initial OTEC-I plant 
configuration is a closed loop, as shown in Figure 6 
schematic. The ammonia liquid enters the evaporator 
and is sprayed onto the WW tube bundles in  two planes. 
Spray headers are located lengthwise above the water 
tubes and also on the horizontal midplane between the 
two tube bundles (where they spray down over only the 
lower bundles). The ammonia which does not evaporate 

drains into a surgetank below the main evaporator shell 
and is recirculated or refluxed back to the top level 
nozzles. The reflux rate is up to four times the 
evaporation mass flow rate. The midplane feed level is 
used only to provide make-up feed to replace the 
evaporated ammonia. 

Approximately 256,000 Ibslhr ammonia vapor exits the 
top of the evaporator at 72' and 133.4 psia. This vapor 
passes through a phase separator which-removes ammonia 
droplets and dries the 3gas. The ammonia vapor then 
passes through the throttling valve, simulating an ammonia 
turbine in  terms of pressure and temperature losses, and 
enters the top of the condenser at approximately 5 5 ' ~  
and 85.8 psia. .The vapor lines are 24-in and 36-in, into 
and from the 10-in throttling valve, respectively; some 
12-in lines are also used. 

The ammonia vapor' then feeds into the top of the 
condenser and flows straight down across the tube bundles. 
The vapors condense and drain into the five zone drain 
pots at 4 8 ' ~  and 88.4 psia, enter the condensate return 
pump, and are pumped into the evaporator at 148.4 psia. 
The cycle is then repeated. 

To operate efficiently, the ammonia power loop 
requires an ammonia support system to receive, process, 
and continually purify ammonia for make-up purposes. 
Since the cycle efficiency decreases approximately 2% 
for each percent of water in the working fluid, the power 
loop requires nearly pure ammonia. 

The ammonia support system is shown in Figure 7. 
Its major components are the rectifying (purification) 
column, the reboiler and condenser, the blowdown and 
surge tanks (all located in the OTEC compartment) and 
three tanks of 4,000 gal capacity each (located on the 
foredeck). 

The rectifying column and reboiler will remove water 
and other contaminants, primarily lubricating oils, from 
the ammonia supplied to the vessel. The system will 
also clean contaminated ammonia stored in the wet 
ammonia and heel storage tanks. The clean (dry) ammonia 
wi l l  be stored in the three ammonia storage tanks. 

Contaminated ammonia in the ammonia loop will con- 
centrate in the evaporator sump and wi l l  be continuously 
bled into the heel storage tank. The ammonia in this 
tank wi l l  be cleaned as needed. 
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Figure 7. Ammonia Suppcrt System. 



During purification, the ammonia (vaporized in the 
reboiler by warm seawater) enters the top of the 
rectifying column and exits as vapor. The vapor is then 
condensed to liquid in the overhead condenser (cooled 
with cool seawater). Most of the clean liquid ammonia 
is pumped into the dry ammonia storage tank and the 

. remainder refluxed back into the rectifying column. 

does cause some damage to the ecological system. In 
other countries, however, continuous, low-level chlor- 
ination (0.02-0.05 ppm residual) has been found effective 
in controlling biofouling organisms. 

For this program, chlorine wil l  be produced from 
seawater. The chlorine generator will, produce sodium 
hypochlorite (NaOCI) and hydrogen gas electrolytically. 
As much as a ton of free chlorine can be produced daily. 
Normal injection rates will he 0.05 ppm; minimum to 
1 ppm maximum will be injected, if required, every eight 
hours to maintain biofouling within acceptable limits, the 
latter as a 15-min injection three times per day. 

Ammonia waste exits from the reboiler with 25% 
water (by weight) and is piped to the ammonia blowdown 
tank. There it separates into volatile products which are 
discharged through OTEC compartment vent ducts during 
normal operations. During a total purge, approximately 
2,900 Ibs will be released in this manner. 

0 

Nitrogen Supply and Purging System 
The hydrogen gas produced as a byproduct will be 

collected and mixed with air, then vented safely to the 
. atmosphere. 

Nitrogen gas will be used as a flushing agent for 
purging the ammonia power loop and for preventing mixing 
inflammable mixtures of ammonia vapor and air. Also, 
following maintenance activities involving opening all or 
part of the ammonia equipment, air and water vapor must 
be removed (purged) from the power loop prior to filling 
it with the ammonia working fluid. Cavities within the 
system wil l  also have to be purged with nitrogen prior 
to maintenance or inspection operations. 

A system designed to remove biofouling mechanically 
by circulating small sponge rubber ("Nerf") balls through 
the heat exchanger tubes will be used separately or in 
conjunction with chlorine. This system, the Amertap 
system, is shown schematically in Figure 9. The balls 
are biodegradable sponge rubber, slightly greater in dia- 
meter than the tubes. They are injected into the CW 
and WW streams ahcad of the heat exchangers and are 
collected after passing through the tubes. Figure 8 shows the nitrogen support subsystem design. 

This system will store liquid nitrogen .at 250 psig. The 
liquid nitrogen flows through a vaporizer and is gasified. 
The converted gas is reduced to the desired pressure and 
distributed, as required. The nitrogen system has been 
sized to accommodate three purges of the ammonia power 
loop. 
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Figure 9. The Amertap Tube Cleaning System. 

The balls are randomly distributed. At any given 
time, about 10% of the tubes are l'scrulrbed" by these 
balls, each pas  providing an average tube cleaning fre- 
quency of about once every ten minutes. The number 
of balls may also be varied to provide different cleaning 
frequencies. I f  stubborn fouling persists, these "NerfI1 
balls may be replaced by abrasive, silicon carbide sporige 
rubber cleaning balls. 

Figure 8. Nitrogen Support System. 

The bressure and liquid level of the storage container 
wi l l  be monitored in  the control center. All low 
temperature components and piping are designed with 
materials suitable for operation a t + - 2 0 0 ~ ~ .  A drip pan 
wil l  be provided to prevent liquid nitrogen or condensed 
air from dripping on deck plates and other steel structures. 
The unit will be refilled by means of a specially designed 
transporter for shuttling liquid nitrogen from onshore 
facilities. 

Note that both CWP intakes and inlet to the WW sump 
will be provided with large mesh screening ( I  in x 4 in); 
finer mesh screens (3116 in x 3h in) are provided ahead 
of the pump suction in both sumps. 

For macrofouling, screens and sumps will be cleaned 
thoroughly with a vacuum cleaner-type tool. Matter 
picked up in this manner may be discharged overboard if 
the quantities are reasonably small (after all, it is part 
of the food chain); otherwise, it will be collected and 
sent ashore for disposal. 

Biofouling Control 

For years, common power plant maintenance in this 
country has relied on intermittent application of relatively 
high doses of chlorine (2-5 ppm residual) to prevent or 
control fouling of intake and discharge systems and heat 
exchangers. While it is undeniably effective, this practice 



Deep Water D i a r g e  System 

The deep water discharge (DWD) system conducts the 
mixed CW/WW outflow from t h e  OTEC-I vessel while 
causing a minimum of harm to  Llle environment. At a 
temperature tha t  is about 20' colder than the  arnbient 
surface water,  this discharge may a f fec t  marine life 
around the  vessel if i t  were discharged near t h e  surface. 
Therefore, the DWD will be deployed t o  conduct the 
discharge plume to  a water depth wherc i t  will mix with 
water of the same density. Since both salinity and 
temperature will be slightly different than t h e  surrounding 
water,  mixing will continue downstream for some distance. 

The discharge water is pumped from wing tank no. 5 
port to  a discharge caisson in wing tank no. 9 port, and 
into the  flexible discharge "hose". The "hose" is manu- 
factured from neoprene-coated, dacron fabric with flanges 
at both ends. The flange-to-flange length of each of t h e  
eight hose sections is 36 ft. Outflow discharge can, 
therefore, be  carried t o  variable depth down t o  
approximately 240 f t  (the bottom of the  caisson is 24 f t  
below the  waterline). 

The hose sections a re  stowed in a rack on the  a f t  
deck and a re  handled by t h e  a f t  pedestal crane during 
installation and removal. To secure these sections during 
transfer, t h e  crane is f i t ted out  with an auxiliary winch 
(operated from the crane cab) for handling the bottom 
of the  hose sections under windy conditions. 

The bottom section of the  DWD is asweighted cylinder 
section of 20,000 Ibs. This weight will stabilize the  hose. 
This cylinder also has 12 orifices or openings in the  side; 
the  bottom end of the  cylinder is closed, providing another 
10,000 Ib. downward force to  further stabilize the  hose. 
The DWD is supported a t  t h e  bottom of the  caisson by 
a gimbal, which permits the hose to  swivel, and a rubber 
bellows to accommodate angular displacement of t h e  hose 
without leaking discharge water into the  surface water. 

The Cold Water Pipe System 

The Cold Water Pipe (CWP) Design hasically consists 
of 7 major elements: 

o GimbalIDiaphragm Assembly 
o Pipe Assembly 
o CWP Instrumentation 
o Material Considerations 
o Model Testing 
o CWP Handling System 
o Manufacturing and Assembly Considerations 

These elements a r e  integrated to  cover t h e  complete 
range of activities associated with deployment (up-ending), 
keelhauling and mating operations, and release and re- 
covery. Figure 10 depicts the overall system a s  installed 
in the  moonpool area. 

Cimbal/Diaphragm Assembly 

The gimballdiaphragm assembly provides a structural 
in terface between the  ship and pipe assembly and isolates 
pitch and roll motions (see Figure 11). The uppermost 
diaphragm subassembly ac t s  a s  t h e  bottom of moonpool 
sump and provides a barrier to  the  warmer external 
surface seawater.  

The integral gimballdiaphragm assembly can be  raised 
out of t h e  water for  transit and for  maintenance 
activities. In the operating position, the diaphragm is 
supported along all four peripheral sides by a support 
s t ructure  attached to  the  enclosing moonpool bulkheads. 

Figure  10. Cold-Water Pipe Assembled with  
Gimbal/Diaphragm System. 
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Figure  11. Gimbal /Diaphragm Assembly. 

Additionally, the  diaphragm lower pedestals f i t  into guide 
clamps on fore and a f t  moonpool bulkheads. An elasto- 
meric gasket, approximately 2-in thick, is used as 
continuous seal around the diaphragm periphery. Vee-type 
pedestal elements, hanging beneath the  diaphragm at the  
fore  and a f t  ends, provide support for the  gimbal roll 
axis bearings. The bearings a re  designed for  the  maximum 
vertical loads of about 430,000 Ibs and longitudinal and 
transverse loads of 80,000 Ibs. The gimbal assembly 
weighs approximately 50,000 Ibs dry weight, 44,000 Ibs 
in operating condition. 



Figure 12. Gimbal Ring Structure. 

An octahedron-shaped weldment (see Figure 12) makes 
up the gimbal ring structure surrounding the inner 
spherical upper socket seal. The gimbal ring transfers 
CWP.loads to the diaphragm support structure and into 
the ship structure proper. The upper spherical socket 
provides a sealed flow path into the primary sump. The 
lower socket area contains the flared entry guide and is 
designed to mate with the pin of the pipe assembly and 
seal off the surrounding warmer water. 

To maintain the CW temperature in the sump, close 
limits on allowable WW leakage has been established; a 
total leakage of one gallon of WW into the sump is 
equivalent to the loss of about 340 BTU's from the CW. 
There are three areas which potentially might leak: 
around the periphery of the diaphragm subassembly, at 
the spherical sockets and between the socket and pin. 
Special seals have been designed for each of these areas, 
and l i t t le leakage is expected. 

Pipe Assembly 

The pipe assembly is designed around three 48-in 
diameter polyethylene pipes for conducting the CW from 
a water depth of approximately 2250 f t  to the OTEC-I 
platform. The pipes are joined at the top with the upper 
transition piece and have individual (but restrained) lower 
transition stabilizer weights. A bottom weight is sup- 
ported below these pipes by three wires (running inside 
each pipe) from the upper transition piece. 

The pipe assembly (Figure 10) is approximately 2500 
f t  long, including bottom weight, when completely ex- 
tended; each continuous polyethylene pipe is 2212 f t  long. 
At the upper end there is a steel cone-shaped "pin" which 
mates with the gimbal socket structure shown in Figure 
11. Around this pin is a buoyant, syntactic foam flotation 
collar. The pin structure supports the bottom stability 
weight through three polyethylene-encased steel cables, 
one cable through each 48-in pipe. The upper pin connects 
thk three polyethylene pipes. At the bottom end of each 
pipe, a steel (ballast weight) collar is supported by a 
standard polyethylene stub joint to form the lower 
transition area. Hanging off the steel ballast collars are 
the coarse grid inlet screens which provide for horizontal 
inlet flow. The bottom stabiliSy weight prevents excessive 
displacement of  the lower end of the pipe, q d  aids in  -- 
keeping the three pipe subassemblies together. 

The upper pin bolts to the top diaphragm plate which, 
in  turn, is connected to each of three upper transition 
joints. For each pipe subassembly, the upper transition 
consists of an internal key, the polyethylene flange, and 
joint bolted "horn". The horn was provided to achieve a 
gradual transfer of load from polyethylene to steel. 
Figure 13 illustrates this design. For even the most 
severe design conditions, maximum stress levels are below 
2000 psi. The rubberized elements provides a relatively 
"soft" bearing area that spreads the loading imposed on 
the polyethylene during high bending moments. 
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Figure 13. Section showi.ng Attachment on Top o f  
Polyethylene Pipe to  the Steel 
Transit ion Piece. 

The pipes are banded together at approximately 20 f t  
intervals. The bands have been designed to provide 
independent axial motion of the three pipes and also to 
act as support for the instrumentation cabling. In the 
interior sector formed by the three pipes, a six-in dia- 
meter polyethylene pipe provides a csnduit for an 
additional, retrievable instrumentation package. 

The polyethylene pipes terminate with the bottom 
ballast weights, tied together to prevent any lateral 
movement between pipes. These weights also counteract 
the pipe buoyancy (density of the polyethylene used is 
0.95). They are cylindrical, closed at the bottom, with 
vertical slits for horizontal inflow of cold water while 
keeping swimming animal l i fe from entering the OTEC-1 
system. 

'The final subassembly is the bottom stability weight 
and associated fixtures and cabling. The primary function 
of the bottom weight is to maintain cable tension to 
l imit bending of the respective pipe subassemblies without 



incurring high axial  loads within the  polyethylene. After 
running through t h e  bot tom of t h e  in take  screens,  t h e  
cables  arc connected to a single,' 300 f t  long bottom 
weight support  cable. ,  The length of th is  cable  precludes 
possible shock impac t  resulting f rom emergency release 
of t h e  CWP and f r e e  fa l l  t o  t h e  seabed floor. 

The weight distribution of the  CWP is a s  follows: 

Dry Wet 
Weight Weight 
(Ib) (Ib) 

Upper Transition and Pin 
Polyethylene Pipe Sections 
Lower Transition Pieces and 

Ballast Weight 
CWP Stabili ty Weight 
Buoyancy Collar 

Total, Detached Weight 
of  t he  CWP 

CWP Instrumentation 

The CWP has  been instrumented t o  determine the  
pos1tlo1.1 ui the pipe with respect to t h e  0TE.C-I vessel 
(bottom displacement and gimbal rotation), t o  evaluate  
t h e  dynamic behavior of t h e  pipe against  analytical  model- 
ing, and for ascertaining t h a t  pipe s t resses  a r e  within the  
s t ructura l  limits of polyethylene. 

The vessel has  a single-point moor. To avoid fouling 
t h e  CWP with t h e  mooring line, i t  is important  t o  maintain 
tension in the  mooring line should wind and current  
subside. While t h e  mooring line tension a larm would 
require action on the  par t  of t he  ship's personnel, t he  
location of t h e  pipe would assist  in positioning t h e  ship. 

The pipe has been designed with the  aid of several, 
qui te  sophisticated computer  programs. While we, and 
many other  experts,  have generated our best analyses t o  
include every mater ia l  consideration and design configur- 
ation into these  programs, t he re  a r e  many technical 
constraints difficult  t o  measure  or define. Therefore,  t o  
evaluate  the  tools we have used t o  evaluate  the  CWP 
design, a confirmation and/or a refinement of our design 
parameters  will b e  necessary for fu ture  pipe designs and 
st'udies. This, of course, will b e  measured in t e rms  of 
realist ically recorded and analyzed 'weather, ocean en- 
vironments, and ship's motions. 

Some instrumentation will also be  used t o  monitor 
stresses in t h e  pipe directly. Such design cr i ter ia  as 
collapse pressures (hoop stresses) r e f l ec t  the  pipe behavior 
with respect t o  t h e  pressure gradient across t h e  thickness 
of  t he  pipe wall. The axial  s t resses  in the  pipe will also 
b e  measured by specially mounted strain gages, along t h e  
length of  all three  pipes. 

A small  fourth pipe will provide a channel for fu ture  
instrumentation systems. Such sys tems would provide a 
flexible capabili ty consisting of inclinometers, acceler- 
ometers ,  or o ther  measuring devices. 

In addition to  the  pipe s t ructure  and material ,  deep 
wa te r  temperature  and pressure a t  t h e  in take  
(ballast/lower transition pieces) are monitored. The 
temperature  is recorded t o  determine "heat" losses in t h e  
pipe; t h e  pressure may be  used to  determine the  elevation 
of  t h e  bot tom of t h e  pipe and h e n c e . t h e  length and 
(loaded) s t r e t ch  of the  pipe under dynamic loading. 

Material  Considerations 

The use of high density polyethylene a s  a s t ructura l  
maLelia1 fo r  a' flexing pipe l ~ n d e r  load represents an  
advance in technology.. The OTEC-I Progra'm will use 
standard but high grade polyethylene sections which a r e  
fusion-bonded in the  field to  make up the  CWP. The 
polyethylene is flexible, reducing ship-induced dynamic 
loads significantly. However, t he  high density poly- 
ethylene has cer ta in  mater ia l  character is t ics  'which make 
i t  behave differently than more "standard" engineering 
materials;  these  must be  fully understood and adhered to. 
The properties of particular concern a r e  a variable 
modulus of elasticity,  and c reep  and i t s  recovery. These 
a r e  significant t o  design in a marine environment due to  
t h e  cyclic nature  of t h e  loading. 

Polyethylene is a viscous e las t ic  mater ia l  for which 
strain is neither proportional t o  stress nor independent 
of  loading time. A typical relationship between s t ra in  
and t ime  is shown in  Figure 14. The e las t ic  strain follows 
Hooke's Law. The retarded s t ra in  (primary creep)  grad- 
ually recovers in t h e  course of t ime, and t h e  viscous 
s t r a in  (secondary creep) is maintained a f t e r  unloading. , 

In this case, t h e  pipe was designed for  strains nominally 
within the  limit of re tarded s t ra in  range: up to  6% with 
a fac to r  of s a fe ty  of t h ree  to  four t o  bring t h e  maximum 
acceptable  s t a t i c  s t ra in  to  IK t o  2%, and the  maximum 
tota l  s t a t i c  and dynamic strain t o  3 t o  4%. 

SECONDARY CREEP € 3  

PRIMARY CREEP € 2  

ELASTIC STRAIN € 1  

1 v 1 .  
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Figure 14. Typ ica l  Polyethylene P r o p e r i t i e s .  

Polyethylene character is t ics  a r e  also sehsit ive t o  tem- 
perature.  Figure 15 shows t h e  yield s t ress  t ime  re- 
lationship as a function of temperature ,  a factor  con- 
sidered in the pipe design because of t h e  wide t empera tu re  
range. Such character is t ics  make i t  difficult  t o  model 
pipe behavior by computer. It should also b e  noted t h a t  
c r e e p  modulus behaves differently in water  than in a i r  
and varies with t ime  as well. 

From all our studies and analyses df the  CWP, we 
have accounted fo r  t h e  d i f ferences  between s t a t i c  and 
dynamic loads. This was especially important when con- 
sidering t h e  nature  of t h e  shor t  t e rm dynamic fo rces  (see . 
,Figure 16). The polyethylene material ,  however, will 
recover induced shor t  term dynamic strains a s  long a s  
the  relaxation periods a r e  sufficiently longer than t h e  
duration of load application. Note t h a t  t h e  two  most  1 



cr i t ical  long-term load cr i ter ia  aie the pressure dif- 
ferential across the  pipe wall at the  upper section and 
the  ballast weight tension a t  the  lower section. 

For collapse pressure differential, the  factor  of safety  
is 3.5 s t a t i c  and 1.4 dynamic. 

l o , - *  l o 2  l o 4  l o 6  
LOADING TIME, HOURS 

F igure  15. Typical  E r ro rs  o f  Y i e l d  Stress vs.  Loading 
Time and Temperature f o r  Polyethylene.  

DURATION OF STRESS, HRS. 
. 

Figure 16. Modulus o f  E l a s t i c i t y  vs.  Load 
App l ica t ion  Time. 

During deployment and up-ending of t h e  pipe, i t  is 
llkely that the pipe will experience some of the highest 
stresses. Figure 17 shows some of the  design con- 
siderations, including the importance of maintaining ten- 
sion in t h e  pipe while i t  is being lowered t o  an upright 
pcsition. However, if stresses induced by vessel and pipe 
motions in waves were coupled with the  steady-state 
bending load, the loading could exceed safe  design limits. 
During deployment, therefore, the  pipe tension will b e  
kept above 10,000 Ibs to  quickly and completely submerge 
the  pipe and alleviate t h e  danger of damage from surface 
waves. 
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F igure 17 .  Forces During Up-Ending CWP Assembly. 

CWP Model Testing 

To determine more precisely the drag coefficient of 
t h e  pipe to  predict the  behavior of the  pipe cluster in 
an ocean current,  the pipe configuration was tested in a 
model tes t  basin. From these tests, some basic hydro- 
dynamic characteristics of the pipe cluster were estab- 
lished: 

o At subcritical Reynolds numbers, the  drag of the  
pipe bundle was roughly equal t o  the  drag of a 
single pipe of the same tota l  diameter (i.e. D = 
96-in full scale). 

The Reynolds Number a t  1.2 kt in sea water for 
t h e  pipe bundle is 1.2 x l o 6 .  For t h e  model 
configuration chosen, only half of this value was 
attained. Above Re = 0.6 x 10" t h e  drag CO- 
efficient was estimated t o  be  0.5 or less. Figure 
18  shows t h e  drag coefficient a s  a function of 
Reynolds Number. 

Figure 18. CWP L a t e r a l  Drag C o e f f i c i e n t .  

o The only stable orientation of the  pipe cluster (with 
respec t  t o  the  current) was found t o  be two pipes 
facing the current with one pipe trailing. Other 



orientations wil l  tend to twist the pipe bundle to 
this stable orientation. . Since current measure- 
ments d l  the 3itc show a classical Ekman Spiral 
to be present, the pipe bundle may twist accord- 
ingly. However since the magnitude of the current 
velocity vector diminishes rapidly with increasing 
water depth, this problem wi l l  be quite minor. 

o Galloping was observed during the tests to have 
more effect on pipe motion than did vortex 
shedding. Neither appear to be of a magnitude of 
any significance' to the pipe design. 

CWP Handling Systerr~ 

The CWP handling system is made up of a moonpool 
crane structure, two over-the-side crane structures, a 
dual winch cable system plus a handling control system 
(see Figure 19). This equipment is used to: 

o Upend the pipe assembly to a vertical attitude; 

o Support the pipe assembly while alongside the ship; 

o Keelhaul the pipe assembly to the moonpool; 

o Mate the pipe assembly within the socket; and, 

o Lower the pipe assembly to the seabed. 

F igure 19. CWP Handl ing System. 

In addition, the equipment can raise the gimballdia- 
phragm subassembly to an above-water transit position 
or to a slightly higher maintenance position. All controls 
and instrumentation necessary to control the pipe handling 
equipment are located at the winch station. 

Figure 20 shows the up-ending of the pipe. As already 
indicated, it is important that there be at least 10,000 
Ib tension in the CWP during this process to avoid high 
bending stresses. During up-ending, the over-the-side 
A-frames or crane structures support the lower transition 
piece (ballast section and the bottom stabilizing weight). 
Having lowered these to the full depth, the lowering lines 
wi l l  be released and retrieved. . The keelhaul line, pre- 
viously "threaded" through moonpool and gimbal to the 
starboard'side of the ship, is attached to the inhaul guide . 
post, and the CWP assembly is lowered until it is beneath 
the moonpool (see Figure 21). 

The keelhaul line is then hauled to raise the CWP and 
let the pin enter the socket (at this time, the socket wil l  
be free to swing to permit the pin entry at the angle of 
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Figure 20. Upending t h e  CWP. 
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Figure 21. Keel haul i n g  Sequence 

the streaming CWP). This operatior1 is monitored by two 
underwater cameras (monitored at the winch control 
station) and supported, as required, by one or two divers. 

The pin is drawn fully into the socket and latched 
with a Regan type latch (see Figure 22). The keelhaul 
line is released, and the CWP is ready for operation. 

u 

Figure 22. Latch ing Sequence. 



During the three months period when the ship is at 
a shipyard for modifications to OTEC equipment and 
general maintenance, the pipe is "stored" on the seabed. 
The pipe is unlatched from the socket and lowered to 
the bottom and released from the lowering line. The 
stablizing weight ac,& as a mass anchor which prevents 
the pipe from moving about, and the buoyancy collar 
gives the CWP assembly buoyancy so it will stand up 
during the period of inactivity. 

When the vessel is re-deployed to the site, she is first 
attached to the moor and then is moved to the CWP 
location (by tug and thruster power). The recall buoy 
(located on the buoyancy collar) is remotely released, and 
the recall messenger line is hauled aboard the ship. The 
re-attachment tool is sent down this line, fastened to the 
keelhaul line, and is latched to the .CWP. The pipe is 
then hauled in the same manner as.above. 

Manufacturing and Assembly considerations 

The CWP System consists of two main hardware areas: 

o The GirnbalfDiaphragm assembly 
o The CWP assembly 

The gimbalfdiaphragm assembly wil l  be installed while 
the ship is in drydock to insure proper f i t  with the ship's 
structures. The gimbalfdiaphragm assembly is a series 
of large weldments and some specialized components. 
The diaphragm subassembly, gimbal ring, and yokefsocket 
subassembly may be built separately, but they must be 
mated at the shipyard. There are some critical, final 
installation dimensional requirements, however, which re- 
quire detail attention such as gimbal bearing alignment 
and manufacturing control of the curved surfaces of the 
socket assembly. 

Some critical' fits and plating tolerances are involved 
with socket and pin assemblies. The latching equipment 
is also somewhat specialized due to the high strength 
steel and requires close tolerances. The gimbal in- 
strumentation (designed into the bearing assemblies) wil l  
also require sophisticated installation techniques. 

The need for achieving proper manufacturing control 
of the polyethylene pipe for the CWP is of particular 
importance. Our vendor, DuPont of Canada, has a good 
record of high quality polyethylene pipe manufacturing 
experience. The DuPont factory will also make up (i.e., 
assemble) the steel transition pieces with the flanged 
polyethylene pipe end sections since they wi l l  require 
clcse-fit tolerances. 

The polyethylene pipe material will be shipped in 60-ft 
sections to the Port of Kawaihae on Hawaii where the 
three, 48-in pipes will be assembled. A graded area, 300 
f t  by 2500 f t  wil l  be required. A portable polyethylene 
bonding or welding machine will fuse the pipe sections 
into three lengths of 21 12 f t  flange-to-flange. The bottom 
stabilizing weight wires are then installed, the top and 
bottom transition pieces assembled to the polyethylene 
pipes, and the CWP instrumentation system installed. 
Approximately three weeks wil l  be required for assembly, 
with two additional weeks required for check-out and 
attachment of instrumentation. 

Final assembly of the 1,074,000 Ib CWP System wil l  
require heavy l i f t  equipment for handling the subassem- 
blies. The CWP will be assembled on carts running on 
a track into the sea for launching. After assembly, the 
pipe ends (with the transition pieces) wil l  be l i f ted onto 
barges for transport to the site; the polyethylene itself 
wil l  float. 

The assembled CWP wil l  be towed to the vessel already 
anchored at the site. The bottom weight and lower 
transition pieces will be attached to the A-frame handling 
wire ropes and lowered. The pinttop transition piece 
with flotation callar will be transported by tug, which 
provides enough tension in the pipe to prevent overbending 
and buckling of the pipe. The limiting seastate for these 
operations is SS4. 

When the pipe has been upended in this manner, the 
keelhauling wire rope line is reaved from the pin through 
the yokefsocket to the moonpool A-frame. The CWP is 
then mated to the socket female guide and latched. The 
pipe is now installed and ready to operate. 

Station Keeping 

The OTEC-I vessel will be anchored northwest of the 
Island of Hawaii i n  4500 f t  of water. Tte specific point 
location of the anchor site is 156 10'10" W and 
19~55'10" N. 

The vessel will be permitted to swing about that point 
in a watch circle of 1% nmi radius. The moor wi l l  be 
required to maintain the vessel on station in winds of 30 
kt, waves of 16 ft. significant height, and an ocean surface 
current of 1.2 kt. 

The OTEC-I vessel will remain on station for nine 
months. For the balance of the 12-month operating cycle, 
she will be moved to a shore facility for maintenance 
and modifications. The CWP wil l  be lowered to the 
seabed where it will remain upright and anchored by the 
bottom stabilizing weight until retrieved. 

The stationkeeping system consists of three parts: 
the thrusters, the act of finding and selecting a suitable 
anchoring place, and the anchoring system. 

Thrusters 

The thrusters will be employed to position the vessel 
with respect to the directions of seas and winds and also 
to provide auxiliary power to back off the mooring system 
in slack weather. During development andfor attachment 
of the CWP, the vessel will also maneuver with the 
thruster system. The thrusters must, therefore, be 
rotatable in azimuth and have variable thrust (propeller 
rpm). Also, to provide as large a turning moment as 
possible, the thrusters are placed in no. 1 cargo tank, 
port and no. 9 wing cargo tank, starboard. This arrange- 
ment provides a turning movement of nearly 10 x 106ft-lb 
at 1000 hp for each thruster - satisfactory for any 
contingency within the weather spectrum described above. 

The thrusters wilb main$ain the heading of the vessel 
into the seas from 0 + 45 to minimize vessel motions. 
It is expected that the thrusters wil l  be used less than 
10% of the time and then only at reduced power. 
Operation of full speed can be expected once or twice 
a season. 

The thrusters are DC variable speed. drive, constant 
pitch propellers, made by Propulsion Systems Inc. The 
thruster/drive/azimuth control package operates within a 
vertical, 9H f t  diameter thruster tunnel. When necessary, 
the entire package can be hoisted up to an upper position 
for stowage during transit or for major maintenance. 
Normal in-service maintenance on the motor drive is 
performed with the thruster in the "down" position. 



The thrusters are operated by joy-sticks from a bridge 
console. Single stick control can be employed t o  control 
single thrusters or both. Thrusters will also be operated 
by an alarm command of "Slack Mooring Load" (i.e., low 
mooring tension) indicating tha t  the  vessel is drifting 
toward the  moor. 

Site Survey and Sektkn 

The initial bottom physical data  available from the  
selected site indicated a sufficient sandy overburden over 
a bedrock which would enable t h e  use of virtually any 
kind of drag embedment anchor. 

I t  was decided &at more site data  would be required, 
and in October 1978 Global Marine Development Inc. 
dispatched t h e  R.V. KANA KEOKI under t h e  leadership 
of Dr. C. E Helsley and J.F. Campbell, from the  Hawaii 
Institute of Geophysics (University of Hawaii] t o  the  site 
t o  verify bathymetry and sedimentary overburden. After 
searching the  entire Kohala Plateau arid the  southern t ip  
of t h e  Island of Hawaii no sedimentation of any conse- 
quence was found. What was found was a fairly hostile 
bottom formed too recently (in geological terms this 
meant 500,000 t o  800,000 years ago, t h e  oldest formation 
t o  the north) for any sedimentation t o  collect. From 
this and four subsequent surveys, using both the  R.V. 
KANA KEOKI and t h e  R.V. NOIII, adequate bathymetric 
data  was finally developed for the site. 

Figure 23 shows the  bathymetry of the  general site 
area. Notice the series of escarpments (scarps) on the  
main area of the Kohala Plateau. These are thought t o  
have been formed by faulting since each terrace is fairly 
f la t  and bears evidence of having been for a short period 
of t ime in the photic zone before t h e  structure lowered 
further into the  sea. A few remnants of small reef 
structures were visualized from seismic records and some 
reef material was brought up from bottom drags. As an 
example of what the Le~r aues look IIKe, Figure 24 shows 
the  escarpment qf such a faulted terrace on the  eastern 
slopes of t h e  Island of Hawaii. 

of Laupapa Pili, a steep, 2500 f t  scarp forms a very 
forbidding rocky and boulderous boundary. Along the 
bottom of this scarp sedimentation w t  had hoped t o  find 
sedimentation, expecting it t o  have migrated down t h e  
slope. Some sedimentation was indeed found here, but 
i t  was too d o s e  t o  the  scarp for t h e  llcomfortfl of the  
CWP which, during periods of ships maintenance a t  a 
shore facility, would be lowered t o  t h e  bottom and parked 
for three months. 

We decided to provide t h e  OTEC-I vessel (and CWP) 
a stand-off cushion from the scarp (and from t h e  800 m 
isobath which represented t h e  lower end of t h e  pipe, with 
a small clearance below t h e  stabilizing weight) and set 
the  distance away from the  800 m isobath to  be  2.5 nmi. 
This took the  site out of the  lit t le sedimentation we did 
find during our surveys. 

The lmwitd-sheartt line is an invisible line between 
'*goodgt and tlbadtl weather. It  swings up and down from 
a line tangent t o  the northern side ~f the Kohala, Mountain 
R ~ g e ,  most of ten crossing t h e  156 10%' longitude around 
20 N. 

As experienced first hand, the Alenuihaha Channel 
between Hawaii and Maui is quite rough. The wavetrain 
which forms north and east  of the Hawaiian Archipelago 
enters this channel like a venturi and heaps the  seas up 
well towards the  southwest. The windshear line is the  
boundary line for these waves (which sometimes can reach 
10 t o  12 f t  on an otherwise rfice day). Since the OTEC-1 

- The bathymetry also shows an area, Laupapa Pili, 
which may have been an old underwater lava lake formed 
from eruptions of the  submarine extension of the  Hualalai 
Rift, shown with a slight northward extension, called PU'U 
Alehe, a 400-ft high volcanic hill. At the  eastern end Figure 24. Faulted Terrace on the Island of Hawaii 



1~&mel will. b-e supparted by- one OK more small boats, thls -a 
is no place to operate. The site selected was, therefwe, , 
as far south of the win* lEne as possible. 

The question remained$ If not sand. what was the 
bottom like a t  the anchoring site? 

We studied the various aa and pahoehoe-type lava 
flows (Figure 2% onshore in the vicinity of the site and 
found great similarity between the land lava flows and 
pictures from the bottom a t  the site. We also compared 
our underwater seismic sedimentation records with traces 
on land (Figure 26) and came t o  the conclusion that  the  
seabed look fairly much like the land formations, Figure 27. Lava Fie Id slmilar t o  seabed Formations 
especially if one would visualize these formations with as Visualized w i t h  Sedimentation. 
sedimentation deposits. 

Fiaure 25. Typical Lava Formation a t  
the Anchoring Site. 

llDllUlffI%T 

. Figure 26. Comparison of Bedrock Prof i l  es 

Figure 2a1 Seiabed Rock Fomtfon, 
1 4  

on Land and on the Ocean Floor. Figure 29. Typical Seabed Rubble Field. 
(The Viewing Field is 10 F t  Wide.) 

For the, selected site, therefore, we determined that  
the seabed formation was fairly flat (hills up to  30 f t  
over 3000 f t  distance) with outcrops and pressure ridges 
6 t o  10 f t  high of exposed, very rough solid lava, pillow 
lava and rocks of all sizes, and a small amount of ' 
sedimentation filling hollows (3 t o  5 f t )  and crevices (to 
20 ft). (See Figs. 27, 28 and 29.) No evidence was found 
that  a bottom current existed. 

@$#& Accordingly, we designed a compliant mass anchor. 

% .! Mooring Sy*m and Anchor Design 
t; -5 

As shown in Figure 30, the mooring system is very 
simple, consisting of a mass moor made from chain. 

The chain is made LID in seven clusters of 37.000 Ibs 
of 2 in chains, each iwroximately 10 f t  long.' TG& Figure 30. OTEC-1 Mooring System. 
chain dus ters  are attached to  a 2 314-in center chain 
which attaches t o  the mooring wire. The breaking The mooring line is a 16-in diameter braided nylon 
strength of 2 314-in stud link chain is 578,000 Ibs. rope (1445 f t  long) attached to  a flounder plate under 

the submerged buoy and to a surface buoy of 15 f t  
The mooring wire is 3860 f t  of 2 718-in wire rope, diameter. Unloaded, this buoy has an initial draft of 2 

encased in polyethylene for corrosion protection and f t  (buoy weight is approximately 10 tons). 
f t  for a maximum mooring load ca  
h an additional 3H f t  of reserve bu 

uoy will be I1 f t  high. 



The hawser or mooring bridle is a 16-in braided nylon 
line, 1000 f t  long. The hawser will have a specific gravity 
of 1.14 so floats will be required to keep i t  'on the 
surface. These floats will be painted or wrapped with 
reflective tape to  affaid visible recognition a t  night to 
avoid small boat damage to the bridle. The mooring buoy ) will be provided with navigational systems as required by 
the U.S. Coast Guard. The bridle has a quick-connect 
attachment to a pelican hook, shackled to a chain, 
fastened to  the vessel and to  the loadcell which alarms 
low or too high mooring loads. 

Since this, to date, is the largest anchor ever deployed, 
detailed analyses have .been made to  insure i ts  safe 
ltdeliverylt to the sea bed 4500 f t  below. 

With the entire sub-sea system stretched out (by tugs 
and barges) on the surface, the chain mass anchor is 
allowed to free fall to the bottom. Impact velocity will 
be approximately 30 fps which should help embedding the 
chain in whatever cracks and sedimentation there is. At 
the end of the descent, the wire rope (bottom attachment 
to the anchor chain) will stop 15 f t  short of making 
contact with the seabed. Once the anchor is deployed, 
the mooring line, surface buoy and bridle is attached with 
diver support. 

The OTEC-I vessel can now be moved to  the site, 
the pipe' towed out, up ended and attached, and the 
OTEC-I system will be ready to operate. 
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DEVELOPMENT OF A TEST PROGRAM FOR OTEC-1 

Phil Archbold . .. 
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Canoga Park, California 91304 
Abstract --- Introduction 

/HELICOPTER DECK 

OTEC-1 i s  an ocean-going, engineering t e s t  
f a c i l i t y  designed t o  t e s t  major integrated systems ' 
with emphasis on heat exchanger performance ,and 
cleaning techniques. The proposed t e s t  program in- 

. cludes evaluation of two s e t s  of shell-and-tube 
heat exchangers and one s'et of plate-type heat ex- 
changers, assessment of the  impact of biofoul ing 
and corrosion in the ocean environment and moni- 
toring of the perf0rmanc.e of . the  cold water pipe. 
The impact of the OTEC system on the surrounding 
environment must be evaluated f o r  compliance with 
Environmental Protection Agency regulations. Base- 
l i n e  heat exchange d a t a . i s  obtained as soon as the 
system i s  operational ,  with the  combined cleaning 
system operating a t  maximum ra te s .  These t e s t s  
are  repeated a t  various stages of the program for  
evaluation of the growth in fouling fi lm res i s -  
tance. r.lore.accurate evaluation of the fouling 
fi lm resistance i s  obtained from experiments per- 
formed on several. modules equipped with Heat 
Transfer Monitor devices. Instrumented tubes with- 
in the tube bundles a re  used t o  evaluate ef fec t ive-  
ness of Amertap and chlorination on tube perfor- . 
mance and to  assess the d is t r ibut ion of the Amertap 

WARM'WATER PUMP 

MIXEDCOLD AND/ 
WARM.WATER DISCHARGE 

WATER 

Part  of the OTEC program goal of stimulating 
the development of commercially viable OTEC tech- 
nology i s  the near-term objective of demonstrating 
the technical and economic f e a s i b i l i t y  of heat ex- 
changers which can be credibly scaled up f o r  appl i -  
cation in commercial offshore and grazing OTEC 
power plants.  The OTEC-1 platform i s  the  vehicle 
selected for  completion of an ear ly  t e s t  program 
w i t h  minimal technical r i sk .  (Figure 1 )  

The selected s i t e ,  Keahole Point, will provide a 
temperature djfference of 400F between surface 
water and water a t  a depth of 2200 feet .1 The 
working f lu id  selected i s  ammonia,since i t s  thermal 
character is t ics  a t  the predicted temperatures a r e  
ideal fo r  the Rankine cycle concept. Selection of 
ammonia, however, d i c t a t e s  tha t  no copper-bearing 
materials be used in the power system loop. Since 
marine ins t a l l a t ions  normally use copper-bearing 
a l loys  and antifouling coatings to inh ib i t  fouling,  
t h i s  r e s t r i c t ion  presents a potential problem fo r  
OTEC and t e s t s  must be performed to  evaluate the 
impact of both microfouling and macrofouling. Most 
of the experience gained with the proposed counter- 
measures systems has been in coastal i n s t a l l a t ions  
and i s  not considered di rec t ly  applicable to deep 
ocean water systems such as  OTEC plants.  Therefore, 
a t e s t  program must be undertaken to  evaluate the 
efficiency of the cleaning system and the a b i l i t y  to  
comply with EPA regulations. 

to obtain data fo r  predicting performance of a , 
la rger  scaled up heat exchanger. 

I .  Figure 1. OTEC-1 Ocean Test F a c i l i t y  



Ins t rumenta t ion  and data a c q u i s i t i o n  s e l e c t i o n  
must be coord inated t o  assure t h e  accuracy needed 
t o  o b t a i n  meaningful t e s t  data. Decis ions must be 
made on the  type  of t e s t s  t o  be performed t o  meet 
the  program o b j e c t i v e s .  The sequence o f  t e s t i n g  
must take  i n t o  account the  p red ic ted  e f f e c t s  o f  
f o u l i n g  and e f f i c i e n c y  o f  t h e  proposed counter-  
measures as they a f fec t  t h e  hea t  t r a n s f e r  exper i -  
ments. 

Several c o n t r a c t o r s  and consu l tan ts  a r e  invo lved  
i n  t h e  des ign and c o n s t r u c t i o n  o f  OTEC-1 and, i n  
o r d e r  t o  meet the s t a t e d  program o b j e c t i v e s ,  t h e i r  
e f f o r t s  must be in tegra ted .  As shown i n  f i g u r e  2, 
the  r e s p o n s i b i l i t y  f o r  c o o r d i n a t i n g  t h i s  e f f o r t  has 
been delegated t o  t h e  Test D i r e c t o r  Contractor  
(TDC) . 

DOE se lec ted  the Energy Technolo'gy Engineer ing 
Center (ETEC) as t h e  Test D i r e c t o r  f o r  the  OTEC-1 
program. ETEC i s  a government owned-contractor 
operated f a c i l i t y  respons ib le  f o r  the  management o f  
the  design and c o n s t r u c t i o n  o f  f a c i l i t i e s  and o f  
fo rma l i zed  programs f o r  t e s t i n g  l a r g e  heat  ex- 
changers, valves, pumps, mechanisms and instrumenta- 
t i o n  i n  suppor t  of the  o v e r a l l  DOE energy program. 

temperature o f  720F and d ischarge pressure o f  
133.4 ps ia .  The hea t ing  f l u i d  i s  800F seawater c i r -  
c u l a t e d  through single-pass tubes a t  a  nominal r a t e  
o f  82,600 gpm. " I n t e r n a l  r e f l u x "  i s  a v a i l a b l e  a t  
r a t e s  f rom 256,000 t o  1,280,000 1 b /h r .  The conden- 
ser  i s  a l s o  a ~ h e l l ~ a n d - t u b e  u n i t  w i t h  400F seawater 4 c i r c u l a t e d  through s ing le-pass p l a i n  t i t a n i u m  tubes 
a t  a  nominal r a t e  o f  68,170 gpm. The condenser i s  
designed t o  condense 265,000 1 b /h r  o f  97.5% qua1 i t y  
ammonia a t  a  pressure o f  86.4 ps ia  and a temperature 
o f  480F. 

Since t h e  o v e r a l l  program schedule es tab l i shes  an 
e i g h t  ( 8 )  month t e s t  program f o r  t h e  1 MWe t e s t  
a r t i c l e s  i t  i s  mandatory t o  make maximum use o f  
system a v a i l a b i l i t y  from the  s t a r t  o f  t e s t i n g .  
F igure  3 presents a t e s t  schedule which i s  t h e  r e -  
s u l t  o f  severa l  meetings w i t h  the  Test  A r t i c l e  
Con t rac to r  and techn ica l  adv iso rs  d u r i n g  which 
p r i o r i t i e s  were es tab l i shed  and t ime cyc les  dcve l -  
oped f o r  t e s t i n g  and c o n f i g u r a t i o n  changes. I n  
e s t a b l i s h i n g  t h e  heat  exchanger t e s t  sequence, t h e  
problem of b i o f o u l i n g  had t o  be considered. An i n -  
v e s t i g a t i o n  by ~ e t k o v i c h 3  e t .  a l .  a t  Keahole P o i n t  
i n d i c a t e d  t h a t  an i n d u c t i o n  p e r i o d  o f  about 4  t o  
8 weeks i s  experienced d u r i n g  which a "cond i t i on ing"  

1 MWe Heat Exchanger Test  Plan 

F i g u r e  2.  O r g a n i z a t i o n a l  I n p u t  t o  OTEC-1 T e s t  P l a n  

The f i r s t  s e t  o f  t e s t  a r t i c l e s  comprises s h e l l -  
and-tube heat  exchangers designed f o r  a  nominal 
du ty  o f  1 MWe (40 M W ~ ) . ~  The evaporator  .is a h o r i -  
zon ta l  s h e l l  and tube u n i t  w i t h  t h e  tube bundle 
s p l i t  h o r i z o n t a l l y  i n t o  two sec t ions .  The upper 
s e c t i o n  o f  the bundle c o n s i s t s  o f  3152 p l a i n  ti- 
tanium tubes and the  lower  h a l f  c o n s i s t s  o f  3152 
h i g h  f l u x  tubes. The bundle i s  housed i n  a 13 ft. 
diameter s h e l l  55 ft. long .  'The u n i t  i s  designed 
t o  d e l i v e r  256,000 1 b /h r  o f  d r y  ammonia vapor a t  a  

(1  MWe T E S T  P E R I O D )  

1 MWe T E S T  A R T I C L E  COLD WATER P I P E  
T E S T  PROGRAM PROGRAM MONITORING PROGRAM 
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l a y e r  forms. A f t e r  t h i s  l a y e r  i s  es tab l i shed  t h e  
f o u l i n g  curve becomes l i n e a r  w i t h  t ime  and t h e  p l a n  
i s  t o  schedule the  countermeasures systems t o  keep 
the  f o u l i n g  res is tance  (Rf) w i t h i n  an acceptable 
range i n  t h i s  l i n e a r  p o r t i o n  o f  t h e  curve. I t was 
genera l l y  agreed by t h e  techn ica l  adv iso rs  t h a t  
base l ine  hea t  exchanger performance data. should be 
obta ined as soon as t h e  system i s  opera t iona l .  
These t e s t s  w i l l  be completed w h i l e  f o u l i n g  i s  
s t i l l  i n  the  i n d u c t i o n  phase and t e s t s  can then be 
performed t o  determine t h e  optimum r e f l u x  r a t i o s  
and t o  develop performance curves f o r  the  heat  

' 

, 



Figure 3. OTEC-1 1 YI4e Test  Program Schedule 

".... . . 
" . . ,. 

exchangers by doing rangeab i l  i , t y  t e s t s  .w i th  va r ious  
water  f l o w r a t e s . .  The r a t e  o f  growth i n  f o u l i n g  r e -  
s i s tance  d u r i n g  t h i s  p e r i o d  w i l l  bem slow 'enough t o  
enable meaningful data t o  be obtained. I f  t h i s  
s e r i e s  o f  t e s t s  i s  completed i n  accordance w i t h  t h e  
schedule, f i g u r e  3, t h e  f o u l i n g  T.ilm r e s i s t a n c e  
c o e f f i c i e n t ,  Rf, i s  expected t o  be s t a b i l i z e d , ,  
under c o n t r o l  o f  t h e  c lean ing .  system, a t  some value 
l e s s  than 0.0005 h r .  - f t Z - o ~ / ~ t u .  Both t h e  Amertap 
system and c h l o r i n a t i o n  w i l l  be opera t ing  f rom t h e  
s t a r t  o f  t h e  t e s t  program w i t h  Amertap o p e r a t i n g  a t  
a  r a t e  o f  1 b a l l  per  tube every f i v e  minutes and a 
c h l o r i n a t i o n  dosage r a t e  o f  0.13 ppm. 

Since t h e  1 MWe system does n o t  i n c l u d e  a t u r -  
b ine,  t h e  demonstrat ion o f  t h e  concept must r e l y  on 
o b t a i n i n g  c r e d i b l e  h e a t  t r a n s f e r  data f o r  colnpari- 
son a g a i n s t  t h e  p r e d i c t e d  performance o f  t h e  h e a t  
exchangers. I n  o rder  t o  achieve t h i s  c r e d i b i l i t y ,  
i t  was agreed a t  a  meeting o f  t h e  t e c h n i c a l  adv i -  
sors t h a t  i t  would be necessary t o  l i m i t  t h e  un- 
c e r t a i n t y  i n  t h e  o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  
"U" t o  6 t o  8%. Tests performed i n  the  ammonia 
l o o p  a t  ANL i n d i c a t e d  t h e  r a n  e o f  accurac ies need- 
ed t o  meet t h i s  program goal . j  A s e n s i t i v i t y  s tudy 
of i n f luence  c o e f f i c i e n t s  showed t h a t  the. va lue o f  
U was l e s s  s e n s i t i v e  t o  f l o w  than t o  temperature. 
F igure 4 shows t h a t  the  temperature accuracy a t  t h e  
readout  has t o  be +0.150F, w h i l e  a f l o w  read ing  
e r r o r  o f  up t o  5% can be t o l e r a t e d  and s t i l l ,  main- 
t a i n  t h e  u n c e r t a i n t y  i n  U w i t h i n  t h e  s t a t e d  l i m i t s .  
Resistance Temperature Detectors  (RTD's) were 
se lec ted  f o r  t h e  temperature measurements and 

m u l t i p a t h  acous t i c  f lowmeters f o r  the  seawater 
f lows.  The o v e r a l l  hea t  t r a n s f e r  c o e f f i c i e n t  U i s  
c a l c u l a t e d  from: 

where Q i s  t h e  heat  duty ,  DTe i s  t h e  l o g  mean tem- 
pera tu re  d i f f e r e n c e  and A. t h e  ou ts ide  sur face area 
o f  t h e  tubes. 

The hea t  d u t y  Q i s  determined f rom t h e  tempera- 
t u r e  change of the  water  passing through the  hea t  
exchanger: 

where m i s  t h e  water f l owra te ,  Cp the  s p e c i f i c  heat  
and T i  and To t h e  average i n l e t  and o u t l e t  water  
temperatures r e s p e c t i v e l y .  

The l o g  mean temperature d i f f e r e n c e  i s  ob ta ined  
from : 

where T! i s  t h e  ammonia temperature. 

By s u b s t i t u t i o n  U can be determined from 



F i g u r e  4 .  S e n s i t i v i t y  o f  U t o  Temperature 
and Flow V a r i a t i o n s  

ERROR I N  FLOW: 
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0 . 1 0  0 . 1 5 '  0 . 2 0  
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which i n d i c a t e s  t h a t  t h e  o v e r a l l  hea t  t r a n s f e r  
c o e f f i c i e n t  depends on the  measured q u a n t i t i e s  m, 
T i ,  To and TI. These parameters w i l l  be recorded 
d u r i n g  i n i t i a l  opera t ion  o f  t h e  1 MWe hea t  ex- 
changers a t  the  f o l l o w i n g  nominal f l o w  c o n d i t i o n s :  

1 Cold water f l o w r a t e  68,170 gpm 
2 Warm water f l o w r a t e  82,600 gpm 
3 Cold water i n l e t  temperature 400F 
4 W a n  water i n l e t  temperature 78-80°F 
5 Ammonia feed t o  evaporator  768,000 1 b/hr.  

S t a r t i n g  w i t h  t h e  evaporator  i n  c o n f i g u r a t i o n  1 
o f  f i g u r e  5 ,  f o r  base1 i n e  t e s t i n g  the  f o l l o w i n g  r e -  
s u l t s  a r e  p red ic ted :  

U Value Btu/hr . - f t2-OF 
Cond i t ion  "Clean" Cond i t ion  Rf = .0002 

Upper Hal f Bundle 465 425 

Lower H a l f  Bundle 7 60 699 

Overa l l  612 562 

Condenser 436 4 36 

1. Mo is tu re  separator  i n l e t  and o u t l e t  pressure 

2. Mo is tu re  separator  temperature 

3. L i q u i d  l e v e l  i n  mo is tu re  separator  d r a i n  

4. L i q u i d  temperature and f l o w r a t e  from the  
separator  d r a i n  . '  

5. Vapor f l o w r a t e  l e a v i n g  t h e  separator .  

Assuming t h a t  t h e  vapor q u a l i t y  l e a v i n g  t h e  
separator  i s  "dry"  and t h a t  t h e  l i q u i d  l e v e l  i s  
mainta ined a u t o m a t i c a l l y  so. t h a t  the re  i s  no change 
i n  s to red  energy, then the  mass f l o w  f rom t h e  
evaporator  can be determined us ing  t h e  mass balance: 
\ 

Me = M1 + Mv 

where 

Me = mass f l o w  from evaporator  

M1 = l i q u i d  mass f l o w  from separator  

Mv = vapor mass f l o w  f rom separator  

The q u a l i t y  o f  t h e  vapor l e a v i n g  t h e  evaporator  w i l l  
be determined from: 

On complet ion o f  the  t e s t  r u n  w i t h  maximum feed 
t o  t h e  top  spray nozz les t h e  r e f l u x  r a t i o  w i l l  be 
reduced i n  increments o f  25% o f  the  nominal feed 
and data taken a f t e r  the  system has s t a b i l i z e d  a t  
each s e t  o f  c o n d i t i o n s .  Feed w i l l  then be supp l ied  
a t  t h e  maximum r a t e  us ing  both t o p  nozzles and mid- 
p lane nozz les.  I t i s  p r e d i c t e d  t h a t  t h e  mid-plane 
feed w i l l  improve performance by p r o v i d i n g  w e t t i n g  
o f  t h e  lower  tubes w i t h  l e s s  l i q u i d  load ing  on t h e  
upper tubes, r e s u l t i n g  i n  more e f f i c i e n t  vapor i -  
z a t i o n  i n  t h e  upper h a l f  bundle. The ammonia feed 
r a t e  w i l l  again be reduced i n  increments w i t h  data 
taken a t  each feed r a t e  f o r  de te rmina t ion  o f  t h e  
optimum r e f l u x  r a t i o .  The m u l t i - p l a n e  feed i s  ex- 
pected t o  improve t h e  optimum r a t i o  f rom an approx i -  
mate va lue o f  2 : l  f o r  t o p  feed on ly ,  t o  t h e  range of 
1.3: l .  

With nominal 1 MWe f l o w r a t e s  re -es tab l  ished, sea- 
water f l o w r a t e s  w i l l  b e  v a r i e d  between 60% and 115% 
o f  nominal f o r  each heat  exchanger. Since t h e  
f o u l i n g  f i l m  res is tance ,  Rf, i s  expected t o  be 
c o n t r o l l e d  by t h e  c lean ing  system, by t h i s  t ime, 
t h e  seawater f l o w r a t e  should be t h e  o n l y  v a r i a b l e  
i n  the  hea t  t r a n s f e r  equat ion and performance curves 
w i l l  be p l o t t e d  f rom the  r e s u l t i n g  data f o r  each 
exchanger. An Rf va lue f o r  the  evaporator  w i l l  be 
determined f rom t h e  data,  u s i n g  the  Wilson p l o t  
technique, and compared t o  t h e  va lue obta ined f rom 
the  ANL modules. 

Once base l ine  data has been obta ined the  ammonia 
feed w i l l  be ad jus ted  t o  p rov ide  t h e  maximum r a t e  
o f  1,280,000 1 bs/hr .  through t h e  t o p  spray nozz les 
on ly .  While t h i s  feed r a t e  w i l l  prec lude "dryout"  
i n  t h e  lower  tubes, the  heavy l i q u i d  l o a d i n g  on the  
upper tubes i s  expected t o  reduce t h e  e f f i c i e n c y  o f  
t h e  evaporator.  Dur ing these r e f l u x  r a t i o  t e s t s  
t h e  fo l lpwi .ng measurements wi  11 be taken t o  enable 
a de te rmina t ion  o f  ammonia q u a l i t y  l e a v i n g  t h e  
evaporator :  

As soon as r a n g e a b i l i t y  t e s t s  have been com- 
p l e t e d  on the  evaporator ,  t h e  c h l o r i n e  dosage w i l l  
be reduced u n t i l  a r e s i d u a l  reading o f  .05 ppm con- 
t inuous i s  obta ined.  

Seawater f l o w  w i l l  be mainta ined a t  a v e l o c i t y  no 
l e s s  than 3 f e e t  pe r  second, t o  min imize t h e  onset  
o f  macrofoul ing on the  waters ide.  The ammonia s i d e  
o f  the  system w i l l  be d ra ined  and purged. Shrouds 
w i l l  be i n s t a l l e d  t o  p rov ide  c o n f i g u r a t i o n  2 o f  



f igure  5. In t h i s  configuration a l l  of the vapor 
produced.must flow in one direction and e x i t  from 
one s ide  of the tube bundle. This r e su l t s  in the 
maximum vapor velocity being doubled over the o r i -  
ginal configuration. The result ing vapor velocity 
d is t r ibut ion i s  identical  t o  tha t  i n  the correspon- 
ing half of a bundle four times as large  as the 
1 MWe bundle. The data obtained from t e s t s  in th i s  
configuration wil'l enable evaluation of an eqhiva- 
l en t  4 MWe uni t  and will provide an opportunity to  
investigate liquid-ammonia entrainment in high 
velocity vapor streams. During t h i s  t e s t  sequence 
the Amertap r a t e  will be changed from 1 ball per 
tube each f ive  minutes t o  1 ball per tube each ten 
minutes. The e f fec t  of th i s  change on the Rf value 
will be continuously monitored. 

Additional shrouds will be added to  provide 
configuration 3b of f igure 5. Pool boiling t e s t s  
will be made using the f u l l  bundle and comparison 
made w i t h  performance in the sprayed mode. Per- 
formance in t h i s  configuration with the upper 
bundle being smooth tubes i s  expected to  be l e s s  
than base1 ine sprayed tube performance. 

During the pool boiling experiments the  chlor i -  
nation system will be operated so tha t  the residual 
r a t e  i s  0.2 ppm f o r  2 hours each 24 hours, unless 
the  Rf value increases in  which case the  operation 
will  rever t  toga residual . r a t e  of .05 ppm contin- 
uous. 

Figure 5 .  Evaporator Configurations 

I I Conf igura t ion  1 I I 
(Base1 i n e )  

TOP FEED ONLY MULTI -PLANE FEED 

C o n f i g u r a t i o n  2 

(Va.por V e l o c i t y )  

... 
C o n f i g u r a t i o n  3 

(Flooded Bundle) 

(a) r tooDro  CNUNCED 
BUNDLE 

The amnonia s ide  will then be drained and purged 
and shrouds ins ta l  1 ed to  provide configuration 3a 
of f igure 5. The lower half bundle will be flooded 
with 1 iquid amnonia t o  demonstrate pool boil ing 
performance. .Based on pool -boil ing tests-  on, an ,. 

D enhanced tube bundle a t  ANL i t  i s  anticipated tha t  
the performance in t h i s  mode will not be s ign i f i -  
cantly l e s s  than in the  sprayed bundle mode.5 

During the course of the 1 MWe t e s t  program 
various combinations of Amertap r a t e  and chlorina- 
t ion dosage ra tes  will be implemented as shown in 
f igure  6. The effectiveness of these counter- 
measures will be assessed from data taken from a 
se r i e s  of instrumented tubes in each heat exchanger 
and from experiments using the ANL modules. 



Figure 6.. Biofoul  ing  Countermeasures 
Schedule 

Countermeasures Tests:  

Ch lo r ina t ion  Residual Rate: 

0 .05 PPM Continuous 

0 . 2  PPM f o r  2 Hrs. each 24 Hrs. 

Amertap Rate: , 

1 Ball /Tube/5 mins. .. 

. . . . . . . 

Figure 7 .  Instrumented Tube Loops 

CHILLER OR 
HEATER 

6 LOOPS 

SEA WATER 
INLET 

LOOPS 4. 

There are several sets  of instrumented tubes, 
figure 7, located in a geometric pattern in each 
heat exchanger. The pattern i s  designed to provide 
an assessment of seawater flow distribution and 
Amertap ball distribution. Each s e t  of tubes con- 
s i s t s  of one clean water closed loop, one tube 
cleaned with Amertap and chlorination, and one ex- 
posed to dhlorination only. Flow and temperature - measurements are made on each tube individually, 

and the Amertap balls are collected and counted. 
The in le t  water temperature to the clean water, 
closed loop, tube i s  automtically controlled to 
duplicate the incoming sea water temperature. Data 
collected from each tube will be reduced for eval- 
uation of the fouling buildup and comparison of the 
effectiveness of the countermeasures. 

A se t  of six ANL biofouling modules will be in- 
stalled in the-OTEC compartment and connected to  



var ious water sources as shown i n  t a b l e  1. Flow- 
r a t e s  through each module w i l l  vary  f rom a nominal 
6 f t l s e c o n d  f o r  normal opera t ion  up t o  12 f t l s e c o n d  
dur ing  Wilson p l o t  runs on each Heat Transfer 
Moni tor  (HTM) device. The f l o w r a t e  w i l l  normal ly  
be mainta ined w i t h i n  1% o f  t h e  f l o w  i n  t h e  associa- 
ted  heat  exchanger tubes. Dur ing Wilson p l o t  runs 
over a t o t a l  range o f  2.5 t o  12 f t l second  t h e  f l o w  
accuracy w i l l  be w i t h i n  1% w i t h  temperature conL 
t r o l l e d  w i t h i n  +O.l°C. Each module c o n s i s t s  o f  a  
heat  t r a n s f e r  mon i to r  dev ice  t o  measure changes i n  
heat  t r a n s f e r  r a t e s ,  a  b i o f o u l i n g  s e c t i o n  and a 
c o r r o s i o n  s e c t i o n  as shown i n  f i g u r e  8. P r i o r  t o  
each 1 MWe t e s t ,  the  HTM devices w i l l  be used t o  
o b t a i n  temperature and f l o w  data from which heat  
t r a n s f e r  c o e f f i c i e n t s  w i l l  be determined u s i n g  
Wilson p l o t s .  The f l o w r a t e  w i l l  then t r a c k  t h e  
f l o w  through the  heat  exchanger tubes w i t h i n  1% and 
data taken w i l l  be analyzed. on a d a i l y  bas is  t o  
mon i to r  change i n  heat  t r a n s f e r  c o e f f i c i e n t s  caused 
by Rf bu i ldup .  Comparing data f rom t h e  d i f f e r e n t  
modules w i l l  p rov ide  an assessment o f  t h e  counter-  
measures e f fec t i veness .  Sample coupons ,w i l l  be r e -  
moved f rom t h e  b i o f o u l i n g  and c o r r o s i o n  sec t ions  o f  
t u b i n g  f o r  c h a r a c t e r i z a t i o n  o f  b i o f o u l i n g  , sca le  
and c o r r o s i o n  f i l m  bu i ldup .  A t  each module take-  
o f f  f rom t h e  main water system,samples w i l l  be 
taken f o r  chemical ana lys is .  

Environmental M o n i t o r i n p  

The environmental mon i to r ing  program inc ludes  
phys ica l ,  chemical, and b i o l o g i c a l  measurements and 
meteoro log ica l  observat ions.6 Current  meter-wave- 
r i d e r  buoys, as shown i n  f i g u r e  9, w i l ' l  be deployed 
t o  record  speed, d i r e c t i o n ,  depth, and temperature 
a t  d i s c r e t e  depths and t o  t r a n s m i t  wave r i d e r  buoy 
i n f o r m a t i o n  v i a  RF data l i n k  t o  a r e c e i v e r  i n -  
s t a l l e d  e i t h e r  on-shore ( i n i t i a l l y )  o r  on t h e  p l a t -  
form ( a f t e r  deployment). The buoy system w i l l  be 
r e t r i e v e d  a minimum o f  every two months t o  c o l l e c t  
the  data. Detachable aufwachs coupons w i l l  be 
at tached t o  each ins t rument  o f  t h e  a r r a y  and each 
buoyancy sphere. These coupons w i l l  be recovered 
and replaced when t h e  a r r a y  i s  serv iced.  The 
p l a t e s  w i l l  be preserved f o r  a n a l y s i s .  

The environmental mon i to r ing  program w i l l  be 
c a r r i e d  o u t  i n  s i x  phases as shown i n  f i g u r e  10. 
Phase I w i l l  be a p reopera t iona l  environmental 
survey w i t h  observat ions taken, be fo re  deployment 
o f  OTEC-1, f rom a c u r r e n t  meter a r r a y .  The meter 
a r r a y  w i l l  be se rv iced  a t  two-month i n t e r v a l s  u n t i l  
t h e  p l a t f o r m  i s  deployed and t h e  data reduced t o  
p rov ide  a f i r s t - o r d e r  assessment o f  t ime and space 
scales o f  mot ion and temperature v a r i a t i o n s  i n  t h e  
v i c i n i t y  o f  t h e  OTEC s i t e .  

TABLE 1 

BIOFOULING MODULE CONDITIONS 

Loca t ion  of Operat ing Amertap Mechanical Chlorination I ' water source Cond i t ion  Cleaning System I 
1 Warm Water "Continuous" - No No 

Before Shutdown Longer Than 
C h l o r i n a t o r  Two Hours 

........ -- ........................ ., 

Track Heat Exchanger No Yes 
A f t e r  Nominal Flow 5% 

o C h l o r i n a t o r  

I1 3 Warm Water Track Heat Exchanger Yes 
A f t e r  Nominal Flow +1% 
C h l o r i n a t o r  

Yes 

. . . . . . . . .  .. .. .... . . . .  . . 

Warm Water At  Track Heat Exchanger Yes Yes 
E x i t  From Nominal Flow 5% 
Evaporator t- 

5 Cold Water Before "Continuous" - No No I ,- 

C h l o r i n a t o r  Shutdown Longer Than 
Two Hours 

6 Cold Water A f t e r  Track Heat Exchanger No 
V) C h l o r i n a t o r  Nominal Flow +1% 
c I . Yes 

-- . -. -...-..-.. ................... - -- .......... -. ..... , ........... , ....................... 

Cold Water A f t e r  Track Heat Exchanger Yes Yes 
C h l o r i n a t o r  Nominal Flow 5% 

.... -- ............... 

Cold Water A t  Track Heat Exchanger Yes 
E x i t  From llominal Flow 5% 
Condenser r. Yes 



Phase I 1  w i l l  p rov ide  data a f t e r  deployment o f  
the  p l a t f o r m  b u t  p r i o r  t o  s t a r t  o f  the t e s t  opera- 
t i o n s .  Two a d d i t i o n a l  inst rument  a r rays  w i l l  be 
deployed t o  form a t r i a n g l e  w i t h  the  p l a t f o r m  l o -  
cated a t  the  cen te r .  Meteoro log ica l  and b i o l o g i c a l  
observat ions w i  11 be made from the. p l  t f o r m  i t s e l f .  
An ins t rumenta t ion  package loca ted  on the  p la t fo rm 
wi 11 measure : 

1)  I n s o l a t i o n  

2 )  Wind v e l o c i t y  (speed and d i r e c t i o n )  

3 )  A i r  temperature (wet and d r y  b u l b )  

4 )  Barometr ic  pressure.  

4 )  Hydrocasts w i l l  be used t o  sample a t  s tan-  
dard oceanographic depths and a t  the  ch lo ro -  
p h y l l  maximum f o r  b i o l o g y  and chemist ry  
t e s t s .  The b i o l o g y  samples s h a l l  be taken 
f o r  b i o l o g i c a l  pigment, ATP and pr imary pro.- 
d u c t i v i t y .  The chemist ry  measurements w i l l  
i n c l u d e  d isso lved  oxygen, pH, n i t r a t e ,  n i  - 
t r i t e ,  ammonia, s i l i c a t e ,  d i sso lved  phos- 
phate, t o t a l  phosphorus, a1 k a l i n i t y ,  POC, 
TOC, r e s i d u a l  ox iden t ,  and t r a c e  meta ls  of 
Cu, A l ,  Fe, T i ,  and Cd. 

I n  a d d i t i o n ,  n e t  tows w i l l . b e  made a t  appro- 
p r i a t e  depths t o  determine populat ions and biomass. 
The tows w i l l  c o n s i s t  o f  su r face  and ob l ique  

Figure 8. ANL Biofoul ing & Corrosion Test Module (ANL) 

B a l l  I n j e c t o r  1" HTM Test  Element 

Supply I 

1" Biofoul ing Test Element m 
1" Corroslon Test  Element 1 

I TO Discharge 

B a l l  Selector  B a l l  Catcher 

WATER FLOW RATE: 6 FT/SEC (16 GPM) NOMINAL; 12  FT/SEC (32 GPM) MAXIMUM 

B i o l o g i c a l  s tudy observat ions w i l l  a l s o  be made p lankton tows, both day and n i g h t ,  and tows f o r  
f rom the  p l a t f o r m  f o r :  micronekton and organisms i n  the  s c a t t e r i n g  layers .  

1 )  H u l l  scrapings A f t e r  the  OTEC-1 t e s t  program has s t a r t e d ,  t h e  

2 )  S e t t i n g  racks environmental mon i to r ing  program w i l l  con t inue  t o  
o b t a i n  data from, and ma in ta in ,  t h e  c u r r e n t  meter- 

3 )  Acoust ics f o r  f i s h  census and s c a t t e r i n g  wave-r ider buoy a r rays ,  record  the  meteoro log ica l  
1  ayer  observat ions,  and c a r r y  o u t  t h e  b imonth ly  c ru ises .  

4 )  Mammalian and b i r d  l i f e .  
I n  a d d i t i o n  t o  these tasks,  t h e  e f f l u e n t  sea water  
~ l u m e  w i l l  be moni tored as t o  i t s  ex ten t .  The 

Also, a  workboat w i l l  be u t i l i z e d  t o  o b t a i n  plume w i l l  a l s o  be moni tored f o r  the  chemical 

a d d i t i o n a l  i n fo rmat ion .  Dur ing environmental measurements made p r i o r  t o  the  s t a r t  o f  the  t e s t  

c r u i s e s  the  f o l l o w i n g  tasks w i l l  be accomplished: o p e r a t i o n  w i t h  an a d d i t i o n a l  measurement made fo r  
the  c h l o r i n e  produced ox idan ts  w i t h i n  the  plume. 

1) Observat ions and data measurements w i l l  be B i o l o g i c a l  samples w i l l  be taken a t  t h e  same p o i n t s  
w i t h i n  the  plume and a de te rmina t ion  made i f  bio -  taken t o  determine wind speed and d i r e c t i o n ,  accumulation of the chlorine produced oxidants is 

a i r  temperature, barometr ic  pressure, c loud  occ,.,rring. Tests will be made to if bio- 
cover, i n s o l a t i o n ,  and r e l a t i v e  humid i ty ,  
no l e s s  than once an hour. s t i m u l a t i o n  i s  occur r ing .  

2 )  The inst rument  a r rays  w i l l  be se rv iced  and When t h e  p l a t f o r m  leaves the  s i t e  a f t e r  t e s t i n g  
the  1 MWe t e s t  a r t i c l e s ,  one c r u i s e  w i l l  be made i n  

data recovered. t h e  reg ion  t o  determine any s i g n i f i c a n t  e f f e c t s  

3)  A p r o f i l i n g  system w i l l  be used t o  measure 
caused by the  presence and opera t ion  o f  OTEC-1. 
The c u r r e n t  meter-wave-r ider buoy a r rays  w i l l  be 

temperature, c o n d u c t i v i t y / s a l i n i t y ,  l i g h t  
t ransmiss ion,  ocean cur ren ts ,  and i r r a d i a n c e .  

mainta ined and a complete s e t  o f  phys ica l ,  chemical 
and b i o l o g i c a l  samples w i l l  be taken. 



A f t e r  deployment o f  the  p l a t f o r m  f o r  t h e  PSD-I t h i s  v e r i f i c a t i o n .  A s e r i e s  o f  LVDT's w i l l  be 
'and PSD-I1 t e s t  program, the  .complete environmental a t tached t o  t h e  CWP i n  the  l o c a t i o n  o f  the pre-  
program descr ibed f o r  the  1 MUe program w i l l  be d i c t e d  maximum s t ress .  A f o u r t h  p i p e  w i l l  be i n -  
repeated . s t a l l e d  down t h e  cen te r  o f  the main th ree-p ipe  

c l u s t e r  and w i l l  be used f o r  the  rest.  o f  the  i n s t r u -  
Cold Water Pipe M o n i t o r i n  mentat ion.  F o r t y  (40) s t r a i n  gages w i l l  be mounted 

on t h i s  i n n e r  p i p e  where the  gages and connect ing ) Although the  Cold Water P ipe '  (CWP)eis n o t  pro-  cables w i l l  be p ro tec ted .  These gages w i l l  a l so  be 
t o t y p i c ,  data can be taken and compared t o  the  mounted a t  l o c a t i o n s  se lec ted  t o  p rov ide  the  bes t  
t h e o r e t i c a l  a n a l y s i s  t o  v e r i f y  t h e  des ign approach. data f o r  v e r i f i c a t i o n  o f  the  a n a l y t i c a l  program 
The p i p e  must be.towed f rom t h e  f a b r i c a t i o r i  s i t e  t o  used i n  design o f  t h e  CWP. They w i l l  a l so  be used 
the  p l a t f o r m  and' w i l l  be sub jec t  t o  wave a c t i o n  as a  cont inuous mon i to r ing  f u n c t i o n  t o  p rov ide  i n -  
d u r i n g  t h i s  per iod .  . Readings w i l l  be taken, from fo rmat ion  on p i p e  deformat idn f o r  use i n  determin-  
the  s t r a i n  gauges mounted on t h e  p ipe,  d u r i n g  the i n g  s a f e  opera t ion  o f  the  system. 
towing opera t ion ,  and analyzed f o r  de te rmina t ion  o f  
the s t resses experienced. As soon as t h e  CWP i s  i n  , A . t r a v e l l i n g  package c o n s i s t i n g  o f  a  d i g i t a l  
p o s i t i o n ,  base l ine  data w i l l  be taken and data w i l l  compass and an accurate inc l inomete r  w i l l  r i d e  on a  
be moni tored throughout  the  program f o r  eva lua t ion  guide r a i l  on the  i n s i d e  o f  the  i n n e r  p ipe  and w i l l  
aga ins t  p r e d i c t e d  performance and f o r  s a f e t y  o f  the  be used t o  determine t h e  angle o f  i n c l i n a t i o n  and 
p i p e  i t s e l f .  (F igure  11) degree o f  t w i s t  a t  any l e v e l  a long the  p ipe  s t r i n g .  

The l o c a t i o n  o f  the end o f  the  p i p e  w i l l  be moni- 
Assumptions made i n  p r e d i c t i n g  t h e  performance to red  us ing  the  acous t i c  beacon mounted on the  p ipe .  

o f  t h e  p i p e  must be v e r i f i e d  and ins t rumenta t ion  The data obta ined w i l l  be used i n  a n a l y s i s  of the  
w i l l  be i n s t a l l e d  i n  l o c a t i o n s  se lec ted  t o  p rov ide  CWP performaiice and w i l l  be used t o  determine when 

t o  j e t i s o n  t h e . p i p e  i n  the  event  o f  adverse condi -  
t i o n s  b u i l d i n g  up. 

. .... . . - . . . . . .- 
Figure 9. Current I leter  Buoy Str ing 
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Figure 10 .  OTEC-1 Environmental I l o n i t o r i n g  Phases 

I 
, 1 9 8 0  1 9 8 1  1 9 8 2  1 9 8 3  

J F M  I AMJ I JAS I ON0 JFM.1 :AMJ I JAS I ON0 JFM I AFlJ I JAS I ON0 . JFM -I AMJ I JAS 1 

PHASE I 1  (PRIOR TO START OF TESTING)  - 2 ADDIT IONAL  CURRENT METER-WAVE R I D E R  BUOYS (3 TOTAL), 
PLATFORFI METEOROLOGY, PLATFORM BIOLOGY, CRUISES 

PHASE 111 (DURIIIG TESTING OF 1 TEST ARTICLES) - ALL DATA COLLECTION SYSTEEIS TO BE USED 
TO MONITOR PHYSICAL , CHEMICAL, B IOLOGICAL ,  AND METEOROLOGICAL PHENOllEFlON BOTH A T  . 
SEA A:ID ON TEST PLATFORM 

. PHASE IV (AFTER TEST PLATFORM HAS 4 MONTHS) - MONITOR CURRENT- 
METER ARRAYS AND CONTINUE 

PHASE v (AFTER PDS'S INSTALLED, TEST PLATFORM MOORED AND TESTING RESUMED) - CONTI:::ED 
MONITORING AS I N  PHASE I11 

PHASE V I  (AFTER TEST PLATFORN LEAVES ' S I T E )  - MONITOR 4REA ENVIRONMENTAL, COLLECT EQUIP f lENTe  
AND I S S U E  F I N A L  REPORT 

F igu re  11. OTEC-1 C o l d  Water. Pipe 
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Underwater inspec t ions  w i l l  be made p e r i o d i c a l l y  
d u r i n g  the t e s t  program or ,  a t  t h e . d i s c r e t i o n  o f  
the Test D i r e c t o r ,  f o r  poss ib le  damage o r  d e t e r i o r a -  
t i o n  o f  the  CWP and i t s  attachments. Dur ing these 
inspect ions,  t h e  c o n d i t i o n  o f  t h e  mooring system 
and the  s h i p ' s  h u l l  w i l l  be examined. 

On complet ion o f  the  1 MWe t e s t  program, t h e  
p l a t f o r m  w i l l  leave t h e  s i t e  and t r a n s i t  t o  a sh ip -  
yard, as y e t  undefined, where t h e  1 MWe t e s t  
a r t i c l e s  w i l l  be removed. The PSD-I and PSD-I1 t e s t  
a r t i c l e s  w i l l  be i n s t a l l e d  and checked-out p r i o r  t o  
r e t u r n  o f  the p l a t f o r m  t o  the  t e s t  s i t e .  Th is  
e f f o r t  i s  scheduled t o  be accomplished i n  a t h r e e  
month per iod .  

Advanced Heat Exchanger Tests 

The ammonia'power loop  w i l l  be mod i f ied  and s e t  
up t o  enable p a r a l l e l  t e s t i n g  o f  the  PSD-I and 
PSD-I1 t e s t  a r t i c l e s .  The PSD-I t e s t  a r t i c l e s  a r e  
modular u n i t s  s i zed  t o  o b t a i n  data f o r  scale-up t o  
t h e . l 0 / 4 0  MWe systems. The heat  exchanger tubes a re  
a1 uminum, t h e  tube-sheets aluminum-clad s t e e l ,  and 
the  s h e l l s  are s t e e l .  A f t e r  complet ing hea t  t rans -  
f e r  t e s t s  t o  v e r i f v  the  a lqor i thms used i n  the  de- 

J 

PSD-I Heat Exchangers (F igure  12) 

Heat ' t ransfer  t e s t s  w i l l  be performed t o  o b t a i n  
base l ine  data f o r  the PSD-I t e s t  a r t i c l e s .  Seawater 
f lowrate,  i n l c t  and o u t l e t  pressures, i n l e t  and o u t -  
l e t  temperatures, ammonia vapor pressure and tem- 
peratures,  and i n l e t  and o u t l e t  d e l t a  temperatures 
w i l l  be recorded and the  data reduced t o  p rov ide  an 
o v e r a l l  heat  t r a n s f e r  coe f f i c ien l ;  U. This data w i l l  
be obta ined w i t h  no r e c i r c u l a t i o n  o f  vapor prov ided.  
The Amertap c lean ing  frequency w i l l  be based on t h e  
experience gained w i t h  t h e  1 MWe t e s t  a r t i c l e s .  
D i s t r i b u t i o n  o f  the  ammonia through t h e  evaporator  
w i l l  be v e r i f i e d  by  measuring the vapor v e l o c i t y  
from each o f  th ree  zones. Pressure drops o f  sea- 
water  and ammonia across t h e  heat  exchangers wi.11 
be measured. A f t e r  de te rmina t ion  t h a t  ammonia d i s -  
t r i b u t i o n  i s  reasonably un i form,  t h e  b lank w i l l  be 
removed from the  vapor r e c i r c u l a t i o n  l i n e  and the  
system p u t  i n t o  o p e r a t i o n  w i t h  nominal s teady-s ta te  
design cond i t i ons .  From t h e  data obta ined the  . 
f o l l o w i n g  hea t  exchanger c a l c u l a t i o n s  w i l l '  be 
v e r i f i e d :  

Log mean temperature d i f f e r e n c e  (T,) : 
t 

s i g n  and es tab l  ish"ing the  countermeasures needed t o  
ma in ta in  the Rf va lue a t  some constant  l e v e l ,  the  ( T ~ - T ~  1 - ( T ~ - T ~ )  

heat  exchangers w i l l  be operated con t inuous ly  f o r  Tm = 

approx imate ly  two years. In ( T ~ - T ~ ) / ( T ~ - T ' )  
where 

The PSD-I1 t e s t  a r t i c l e s  w i l l  be p l a t e - t y p e  heat  
exchanqers. Since these i n s t a l l a t i o n s  a r e  s t i l l  i n  T i  = seawater i n l e t  temperature 
the stage, the  t e s t  program and b i o f o u l i n g  
countermeasures systems a r e  s t i l l  t o  be developed. To = seawater o u t l e t  temperature 

The t e s t  program w i l l  be designed t o  o b t a i n  data f o r  . TI = ammonia vapor temperature. 
eva lua t ion  o f  the comparat ive performance o f  these 
exchangers aga ins t  the convent ional  shel l -and- tube Heat du ty :  

uni. ts.  ' Q = m Cp (T i -To)  

Figure 12. PSD-I Heat Exchanger T e s t  Loop 
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where 

m = seawater f l o w  

Cp = s p e c i f i c  heat - seawater 

Overa l l  heat  t rans fe r  c o e f f i c i e n t  (U) : 

U - Q/Ao Tm ( 3 )  

where A. = o u t s i d e  area o f  tubes. 

Seawater res is tance  (R i  ) : 

0.8 0.4 Nussel t number, Nu = 0.023 Re Pr ( 4 )  

I n s i d e  heat t r a n s f e r  c o e f f i c i e n t  (hi): 

K = c o n d u c t i v i t y  

d i  = i n s i d e  diameter tube, ft 

Ri = l / h i  . Ao/Ai . 

Tube metal res is tance  (h) : 

Tube metal heat  t r a n s f e r  c o e f f i c i e n t  (h,) : 

where 

t = tube th ickness 

K,,, = 119.5 + 0.168 Tm 

where 

Tm = metal temperature 

R, = l / L m  

Foul i n g  res is tance  (Rf) assumed equal t o  zero 
f o r  i n i t i a l  t e s t  runs. 

Overa l l  res is tance :  
\ 

R = 1/U ( 10) 

Outs ide res is tance :  

Ro = R - ( R ~ + R ~ + R ~ )  (11) 

Outs ide heat  t r a n s f e r  c o e f f i c i e n t  (ho )  

h, = l / R o  (12) 

The heat  t r a n s f e r  c o e f f i c i e n t  i s  c a l c u l a t e d  as 
f o l l  ows : 

where 

DTf = Tm (Ro/R) = temperature drop across f i l m .  

Q/Ao = 5723 ( D T ~ ) ' . ~ '  o r  K ( D T ~ ) ' + ~  (14) 

If the  two values o f  ho from equations 12 and 13 
a re  i n  agreement, t h e  a l g o r i t h m  i s  v a l i d a t e d .  I f  
they a r e  n o t  i n  agreement, a d d i t i o n a l  data w i l l  be 
obta ined by va ry ing  t h e  seawater f l o w r a t e  and, 
us ing the Wilson p l o t  technique, b e t t e r  values o f  
K and m w i l l  be determined and equations 13 and 14 
rev ised  according1 y . 

Vapor v e l o c i t y  t e s t s  w i l l  be performed us ing 
the  blower c o n t r o l s  arid t h r o t t l e  va lve  t o  c o n t r o l  
the  f l ow.  The t e s t s  w i l l  s t a r t  w i t h  nominal 
s teady-state design c o n d i t i o n s  and the  vapor ve lo-  
c i t y  w i l l  be v a r i e d  i n t o  an over load r e g i o n  and 
observat ions made o f  f i l m  s t r i p p i n g  and d e f l e c t i o n  
Flow from the  separator  s e c t i o n  w i l l  be measured 
t o  determine t h e  amount o f  ent ra inment  r e s u l t i n g  
from e x i t  v e l o c i t y  skimming. 

Tests w i l l  be performed t o  determine the  o p t i -  
mum ammonia r e f l u x  r a t i o .  By man ipu la t ing  the  
blower c o n t r o l s  and t h r o t t l e  va lve  the ammonia 
feed t o  the  evaporator  w i l l  he increased u n l i l  t he  
l e v e l  i n  the  d r a i n  tank begins t o  r i s e .  The 
ammonia r e c i r c u l a t i o n  pump w i l l  be operated u n t i l  
t he  d r a i n  tank l e v e l  i s  constant .  The ammonia 
feed w i l l  thep be s low ly  increased u n t i l  t he  
evaporator vapor f l o w  stops inc reas ing .  This t e s t  
w i l l  be repeated severa l  t imes t o  determine the 
ammonia r e f l u x  r a t i o .  

A f t e r  establ ish ing.nomina1 opera t ing  cond i t i ons ,  
t e s t s  w i l l  be run  w i t h  t h e  seawater va r ied  from 50% 
t o  150% o f  nominal f l o w  (11,700 gpm) a t  the  eva- 
pora to r ,  i n  10% steps, and determin ing the  heat  
exchange performance a t  each s tep .  The seawater 
f low t o  the,condenser w i l l  be v a r i e d  i n  a s i m i l a r  
manner around the  nominal f l o w r a t e  o f  13,600 gpm 
and heat  exchange performance c a l c u l a t e d  a t  each 
step. 

The heat  exchangers w i l l  then be operated a t  
the nominal design cond i t i ons  and p e r i o d i c  checks 
made on the heat  exchange performance t o  determine 
t h a t  the  f o u l i n g  res is tance  i s  being c o n t r o l l e d  by 
the  countermeasures system o f  c h l o r i n a t i o n  and 
Amertap. The system w i l l  then be s e t  up a t  nominal 
opera t ing  c o n d i t i o n s  and long- term t e s t i n g  i n i -  
t i a t e d .  Heat exchange performance w i l l  be moni- 
to red  on a scheduled bas is  t o  enable d e t e c t i o n  o f  
any change i n  performance caused by co r ros ion ,  
eros ion,  n r  f a i l u r e  o f  the b i o f o u l i n g  c o n t r o l  
system. 

Summary 

While i t  i s  g e n e r a l l y  accepted t h a t  the  p r i n -  
c i p l e  o f  the  OTEC ammonia power p l a n t  i s  techn i -  
c a l l y  f e a s i b l e ,  the re  a re  number o f  p o t e n t i a l  
problems which cou ld  have s i g n i f i c a n t  impact on 
the cconomic v i a h i l i t y  o f  t h i s  source o f  power. 
Numerous i n d i v i d u a l  research programs have beer1 
undertaken t o  answer such quest ions as:  

1. What m a t e r i a l s  can be economical ly used I 

i n  the  c o n s t r u c t i o n  o f  the  p l a n t s  and y e t  
p rov ide  l o n g  term s e r v i c e  i n  the  h o s t i l e  
ocean environment,. , 

2. What w i l l  be the  na tu re  and e x t e n t  o f  t h e  
f o u l i n g  experienced i n  t r o p i c a l  w a t e ~ s ,  
p a r t i c u l a r l y  i n  the  c o l d  water system w i t h  
water  from the  n u t r i e n t  r i c h  depths. 



3. How w i l l  t h e  c o l d  water  p ipe  per form over  
an extended p e r i o d  o f  :time. 

4.  What w i l l  be t h e  impact o f  an OTEC p l a n t  
on the surrounding environment. 

The answers t o  these and o t h e r  quest ions a r e  ' needed f o r  development o f  the  fu tu re  OTEC programs. 
It i s  the  o b j e c t i v e  of t h i s  t e s t  program t o  gather  
data, under ac tua l  OTEC opera t ing  cond i t i ons ,  which 
w i l l  p rov ide  p r a c t i c a l  answers t o  these quest ions. 
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Abstract 
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1 
A base l ine  design of an OTEC modular experiment program being conducted t o  va l ida te  these pre- 

platform has been completed. This design addresses d i c t i ons ,3  (c) concepts f o r  cleaning the u n i t s  
the  grazing option of OTEC power u t i l i z a t i o n ,  where- & during OTEC cycle  operat ion,  and (d) t h e i r  
by a self-propelled platform c ru i se s  a t rop i ca l  cos t  effect iveness.  The se lec t ion  of these heat  
ocean area and uses the OTEC power t o  synthesize exchangers, with t he  ammonia working f l u i d  ins ide  
an energy-intensive product (e.g., ammonia). 4 k ~ ,  , the tubes,  led t o  a modular-partitioned barge-l ike 

$he system in tegra t ion  requirements / s t ruc ture  which accommodates the  gravi ty  flow of 
*n$ design of the  h u l l  and discharge through 
OTEC power system and cold water pipe openings a t  the  keel .  The general arrangement i s  
fo r  acquiring and deploying t h i s  p l a t  shown p i c t o r i a l l y  i n  Fig. 1. 
f i t t e d  with a 10 MWe (net)  OTEC power 
presented. These da t a  a r e  avai lab le  t o  DOE t o  
serve as base l ine  information to  industry i n  sub- Accommodat~ons 

sequent design and construction phases of the  OTEC module I .  

program. 

Introduction 

The e l e c t r i c a l  power generated by an OTEC system 
can be used i n  severa l  ways: (1) A deep-water 
moored platform can transmit baseload power v i a  a 
submarine cable t o  a shore-based u t i l i t y  gr id ;  
(2) a lands-edge o r  shallow-water OTEC plant  (with 
cold water i n l e t  and discharge pipes extending out  
t o  sea) can a l so  provide power t o  the  l oca l  
u t i l i t y  while eliminating mooring and cable cos ts ;  
and (3) a self-propelled surface platform can 
c ru i se  slowly i n  the  t rop i ca l  oceans, where AT i s  
t he  g rea t e s t  and storms are  l e s s  severe, and use 
the OTEC power t o  produce a s torable  energy in-  
tensive product (e.g., anrmonia). The l a t t e r  option 
i s  favored by APL f o r  it permits the  harvest ing of 
the  OTEC resource over vas t  areas of t rop i ca l  and 
subtropical  waters, and i n  amounts t ha t  would have 
a s i  n i f i can t  impact.on the  world's energy short-  
age.f The product ammonia would be used f o r  
f e r t i l i z e r  o r  a s  a hydrogen c a r r i e r  f o r  f u e l  c e l l s  
of e l e c t r i c  u t i l i t y  companies. 

As pa r t  of t he  Department of Energy (DOE) pro- 
gram t o  prepare f o r  the acquis i t ion  of a 10 t o  40- 
MW, (net)  modular experiment platform, APL has pre- 
pared a basel ine engineering design, a t  t he  pre-  
liminary design leve l ,  of an OTEC platform t h a t  i s  
configured t o  demonstrate t he  c r i t i c a l  fea tures  of 
a self-propelled,  c ru is ing  OTEC plantsh ip  .2 This 
e f f o r t  was funded jo in t ly  by DOE and the  Maritime 
Administration, Department of C m e r c e .  The 
pr inc ipa l  fea tures  of the  design a r e  described 
below. 

'Baseline Design 

The plantship design i s  d i c t a t ed  t o  a la rge  
extent  by the  type and arrangement of the  power 
system components, pr inc ipa l ly  the  heat  exchangers. 

B 
I n  t h i s  design t h e  APL type of folded tube, 
aluminum heat  exchangers were selected because of 
(a) t h e i r  predicted performance, (b) the  t e s t  

Condenser 
OTEC wwer 
system machinery. \ ..&\% 

CW pipe (30' ID. 3000' long) 

Fig. 1 OTEC cruising modular experiment platform. 

The power system layout i s  syunuetrical about the  
cold water pipe (CWP) which i s  located near mid- 
ships.  A 10 MWe (net)  power system i s  shown a t  t he  
forward end of the  platform. Four evaporator tube 
bundles a r e  fed by 2 warm water pumps, located i n  
sponsons near t he  corners,  and four condenser tube 
bundles a r e  fed by 2 cold water pumps located in -  
s ide  of the  CWP. The hea t  exchangers a re  m g i -  
folded i n  pa i r s ,  and a r e  connected t o  two 5 MU, 
(ne t )  power systems. The power system machinery, 
including turbo-generators, i s  housed between the  
evaporator and condenser banks. Space and weight 
a l loca t ions  a r e  provided a t  t he  a f t  end of the  
platform f o r  an iden t i ca l  10 MWe (net)  power system; 
a l t e rna t ive ly ,  power systems of another design 

, 

(possibly yielding up to  20 MWe (ne t )  a t  e i t h e r  end 
of the  platform) could be i n s t a l l ed .  

The platform provides accmoda t ions ,  equipment, 
r epa i r  f a c i l i t i e s  and s to re s  t o  support t he  OTEC 
operat ion during e s sen t i a l l y  continuous a t -sea  
tes t ing .  

* Supervisor, OTEC P i l o t  Plant  Section 



t h e  2.5 MWe (ne t )  module shown. The evaporator  
Hull  Design and condenser tubing assemblies and supporting 

s t r uc tu r e s  a r e  i d e n t i c a l ,  s implifying manufacturing 
The platform has a length  of 378 f t ,  a width of and ove ra l l  system design requirements. A 1.25-in 

121  f t  (159 a t  WW pumps), an opera t ing  d r a f t  of 65 hor izonta l  c l e a r  space provided between t he  tube 
f t ,  an  opera t ing  freeboard of 24 f t  (p lus  4 f t  break- rows permit an u l t r a son i c  o r  mechanical c leaner  t o  
water ) ,  and a gross weight of 67,900 long tons  (in- be introduced t o  maintain a low w a t e r s i d e  foul ing 
e lud ing  b a l l a s t ) .  coef f ic ien t . '  Heat exchanger leakage w i l l  r equi re  

Post-tensioned, re inforced  concrete  was se lec ted  removal o f  t he  hea t  exchanger from the  wel l  t o  
a s  t h e  b e s t  ma t e r i a l  f o r  h u l l  cons t ruc t ion ,  due t o .  ga in  access t o  t h e  l i q u i d  and vapor manifolds and 
i t s  compat ib i l i ty  with t he  OTEC aluminum heat  ex- tube ends. These manifold's and connec t io~ls  a r e  
changers and marine environment, long-term d u r a b i l i t y  s u f f i c i e n t l y  l a rge  t o  permit man and t o o l  access 
wi th  minimum inspec t ion  and maintenance, low cos t ,  f o r  t e s t  and plugwelding of leaking tubes a f t e r  
and t he  c a p a b i l i t y  f o r  cons t ruc t ion  i n  e x i s t i n g  fa-  arrrmonia pumpout, purge and ven t i l a t i on .  
c i l i t i e s  i n  t h e  U.S. The use of concrete  f o r  sh ip  
cons t ruc t ion  is  not  nea r l y  a s  common a s  s t e e l ,  but  N H 3  vapor 
t h e  ma t e r i a l  has  performed wel l  i n  t h e  marine envi- from turbi 
ronment. The l a r g e  ARC0 LPG s to r age  barge, b u i l t  
t h r e e  yea r s  ago i n  Tacoma, Washington, is  q u i t e  s i m i -  
l a r  i n  s i e e  t o  t he  proposed OTEC platform. A sh ip  
of  t h i s  s i z e  could be fabr ica ted  i n  a number of U.S. 
yards  i n  t h e  East ,  Gulf and West Coasts; i n  most 
cases  cons t ruc t ion  would proceed i n  s tages  according 
t o  t h e  depth of water ava i lab le .  

The platform has been designed t o  c r u i s e  i n  
t r o p i c a l  waters  of t h e  A t l an t i c  Ocean a t  s i t e  ATL-1 noncondensables 

(So-15OS, 20'-30°W), a prime s i t e  f o r  commercial OTEC 
opera t ions  due t o  t h e  high average AT and l a ck  of 
hurr icanes.  The s i g n i f i c a n t  wave he ight  i n ' t h i s  a r ea  
averages 5.1 f t ,  and it is  est imated t h a t  wave ac t i on  
w i l l  f o r ce  OTEC shutdown ( s i gn i f i c an t  wave height  ex- 
ceeding 18  f t )  no more than one day per year .4 The 
p la t form i s  ba l l a e t ed  with s ea  water t o  submerge the  
h e a t  exchangers during opera t ing  periods;  when a se- 
v e r e  storm develops t h e  seawater pumps a r e  shut  down 
and t h e  b a l l a s t  discharged t o  gain 10  f t  of e x t r a  
freeboard.  I n  t h i s  conf igura t ion  t h e  platform can 
su rv ive  a 100-year r e t u r n  storm whose s i g n i f i c a n t  
wave he ight  i s  29 f t ,  with t h e  maximum expected wave 
he ight  i n  1000 encounters, Hmax = 55 f t .  (Note: 

Seakeeping pred ic t ions  were made using t h e  SCORES, 
CARGO and MIT computer codes, and u t i l i z e  l i n e a r  
s t r i p  theory. Since t h e  length-to-beam r a t i o  of t h i s  ondensate pump 

p la t form is  l e s s  than t he  accepted l i m i t  f o r  t he  ap- seawater out in  we" , 

p l i c a b i l i t y  of s t r i p  theory,  i t  w i l l  be necessary t o  Fig. 2 APL 2.5 MWe (net) condenser module. 
conduct model t e s t s  t o  v a l i d a t e  t h e  seakeeping pre- 
d ic t ions . )  

E l e c t r i c  t h r u s t e r s ,  each r a t ed  a t  2500 HP a r e  I n  t h e  bas ic  power cyc le  warm water i s  pumped t o  

l oca t ed  a t  t h e  corners  of t h e  p la t form beneath the head ponds and flows by g r av i t y  through t he  evap- 
kee l  t o  provide power t o  graze slowly during OTEC Orators ,  and co ld  water i s  pumped up i n  the  co ld  
opera t ion  and t o  maintain heading during severe  water p ipe  and flows by g r av i t y  through t he  con- 

storms. densers  a s  ind ica ted  i n  Fig. 3. Liquid ammonia 
The platform has  been designed f o r  continuous, en t e r s  t he  evaporator i n l e t  manifolds and i s  d i s -  

a t - sea  operat ion with ho t e l  f a c i l i t i e s  f o r  a crew of t r i bu t ed  t o  the  mul t ip le  tubes comprising t he  hea t  
38 p lu s  1 0  t r an s i en t s .  A 60-ton t r ave l i ng  gantry exchangers. From computed hea t  t r a n s f e r  and ammonia 
c rane  w i l l  s e rv i ce  pumps, motors, turbo-generators, Pressures,  evaporation begins i n  t he  f i r s t  o r  second 

e t c .  and i s  used t o  pos i t i on  a spec i a l  framework f o r  hor izonta l  Pass and with each subsequent pass the  
hea t  exchanger l i f t o u t  and r epa i r .  A long-boom ped- Percentage vapor ( qua l i t y )  increases  u n t i l  a t  e x i t  
e s t a l  c rane  is  used for . sea- to-sea  t r a n s f e r  and rou- from the  twenty- f i f th  pass i t  i s  approximately 70 
t i n e  l i f t i n g .  Ample space is  provided onboard f o r  Percent .  From the  evaporator ammonia flows through 
s torage ,  shops and r e p a i r  f a c i l i t i e s .  a l i qu id  separa tor ,  and dry sa tura ted  vapor i s  

supplied t o  t he  turbine.. The separated l i qu id  
ammonia i s  recycled t o  t he  system by a recyc le  pump 

OTEC Power System D e s i ~ n  and i s  mixed with t he  condensed ammonia i n  a pressure  
con t ro l  t ank .  

The APL concept f o r  low-cast aluminum hea t  ex- The ammonia t u rb ine  is  a synchronous 'machine with 
changers i s  i l l u s t r a t e d  i n  Fig. 2. The working nozzle admissio~l  cont ro l  of frequency, with t h e  
f l u i d  is  i n  two-phase flow i n s i d e  the  mul t ipass ,  genera tor  load cont ro l led  t o  match t h e  ava i l ab l e  
3 - i n  O.D. tubes,  and seawater flows over t h e  tubes tu rb ine  power. The annnonia vapor i s  expanded i n  
by g r av i t y  and o u t  t he  bottom of t he  p l an t sh ip .  t he  tu rb ine  and exhausted t o  t he  condensers, and' 
The 7 folded tubes a r e  nes ted  i n  p a r a l l e l  pa ths  condensation occurs  a t  r e l a t i v e l y  constant  pressure 
forming a v e r t i c a l  plane o r  ."elementtt of t he  hea t  and temperature. The condensate i s  pumped from t h e  
exchanger. Forty-one of these  elements comprise condenser sumps by wel l  pumps t o  a pressule con t ro l  



tank where it mixes with t h e  recyc le  l i q u i d  a s  
noted e a r l i e r .  

The OTEC e l e c t r i c a l  system has f u l l  c o n t r o l s  
and instrumentat ion a t  switchgear, switchboards 
and motor c o n t r o l l e r s  t o  accomplish t h e  normal 
opcratirig and equipment p r o t e c t i o n  f i ~ n c t i o n o  r e -  
qu i red .  A l l  u n i t  c o n t r o l s  a r e  connected t o  t h e  
c e n t r a l  control-room console t o  permit one operator 
t o  monitor and c o n t r o l  a l l  system s t a r t u p ,  shutdown 
and loading opera t ions .  OTEC s t a r t u p  i s  accom-. 
p l i shcd  v i a  the  t i e  feeders  from t h e  platform 
t h r u s t e r  bus, with i n i t i a l l y  one cold water pump, 
one warm water  pump, and t h e  ammonia condensate 
and recyc le  pumps s t a r t e d  i n  s e r i e s .  After  m o n i a  
vapor flow i s  e s t a b l i s h e d  by t h e  t u r b i n e  bypass, 
t h e  tu rb ine  genera tor  can be s t a r t e d  and when 
opera t ing  speed and synchronizat ion a r e  a t t a i n e d ,  
t h e  generator  can be connected t o  t h e  bus and can 
assume t h c  loads  v i a  programmed computer con t ro l .  

This  design does not  inc lude  a  product demon- 
s t r a t i o n  p l a n t  o r  any u s e f u l  power u t i l i z a t i o n  
from t h e  OTEC genera tors  o t h e r  than platform and 
t h r u s t e r  load and t h e  OTEC a u x i l i a r y  ( p a r a s i t i c )  
loads.  To a t t a i n  t h e  o b j e c t i v e  of d e m ~ n ~ t r a t i n g  
power genera t ion  and c o n t r o l  c a p a b i l i t y ,  a  water- 
cooled res i s to r -bank  system i s  provided. 

Sea Water Pumps 

The seawater pumps a r e  l a r g e  low-speed, a x i a l -  
flow pumps, whose o v e r a l l  e f f i c i e n c i e s  a r e  
~ .x t remely  impartaul .  The pumps a r e  v e r t i c a l l y  
mounted with t r a n s l a t i o n  from v e r t i c a l  t o  h o r i -  . 
zonta l  flow a t  r e l a t i v e l y  low channel v e l o c i t i e s .  
Pumps of l a r g e r  c a p a c i t i e s  than these  OTEC pumps 
a r e  no t  uncommon, bu t  t h e  dynamic e f f e c t s  and 
o s c i l l a t o r y  loads r e s u l t i n g  from wave a c t i o n  and 
platform motion a r e  unique. It has been assumed 
t h a t  OTEC opera t ions  could cont inue t o  some con- 
d i t i o n  i n  sea  s t a t e  6 where OTEC equipment would 
have t o  shu t  down, e i t h e r  due t o  excessive motions 
o r  t o  a  degradat ion i n  t h e  warm water  resource.  
This  i s  est imated t o  occur no more than one day per  

HX REMOVAL 
FRAME, 

year.4 Although t h e  s e a  water pumps would no t  be  
opera t ing  under t h i s  shutdown condi t ion ,  t h e  
d r iv ing  loads exerted on t h e  pumps w i l l  r e q u i r e  
vane fea ther ing  and s h a f t  lock. 

OTEC Performance 

The gross  power a v a i l a b l e  from an OTEC p l a n t  is  
a s t rong  funct ion of t h e  warm-to-cold water  tem- 
p c r a t u r s  d i f f e r e n c e ,  while  t h e  p l a n t  a u x i l i a r y  o r  
p a r a s i t i c  power, because o f  f ixed  equipment and 
s e a  water  pumping power, i s  no t  a f f e c t e d  propor- 
t i o n a t e l y .  I n  t h e  p resen t  design t h e  n e t  power 
a v a i l a b l e  a t  t h e  busbars  v a r i e s  approximately a s  
8 ~ 2 . 5 ;  thus  i n  t h e  grazing concept t h e  p lan tsh ip  
c r u i s e s  t o  s t a y  wi th in  t h e  regions where t h e  
maximum AT i s  p red ic ted  t o  be  a v a i l a b l e  f o r  maxi.mum 
power genera t ion .  Figure 4 shows est imated power 
genera t ion  throughout t h e  year  f o r  a  se lec ted  s i t e  
(ATL-1) where t h e  k u a l  OTEC p l a n t  outage from 
weather condi t ions  i s  minimized. 

- , .. Faired net power 

,oH -0-, 
/ . '9 0 

Brazil (ATL-1 I 5'-15O S. 20°-30' W. Average AT = 42.g°F 8r site: 

Month 
42.3 43.8 45.0 45.4 43.7 43.9 42.4 43.7 40.3 41.9 40.7 42.0 

Average AT (OF1 (based on NODC historical file data) 

Fig. 4 Predicted power output of cruising modular experiment 
platform with two-5 MWe (net) APL power modules intalled. 

. . 
Fig. 3 Installation of 10 MWe APL power system in modular experiment platform. 



The Ships Service power p lus  t he  thrus ter  power 
requi red . for  grazing f o r  t he  present  platform de- 
sign i s  estimated a t  2 We. However, these r equ i r e  
ments w i l l  not change with increased OTEC plant  
capacity t h a t  may be i n s t a l l e d ,  and they w i l l  not 
increase s ign i f i can t ly  fo r  commercial p lant  s izes ,  
f o r  which they may be equal t o  <1 percent of the  
n e t  power. Power control  and u t i l i z a t i o n  are  
ant ic ipa ted  t o  be well within normal i n d u s t r i a l  
p r ac t i ce  and capab i l i t i e s  f o r  p l an t s  producing 
energy in tens ive  products. The resource i s  ava i l -  
able e s sen t i a l l y  24 hours a day continuously, and 
with generator  loads cont ro l led  t o  match the power 
capabi l i ty  and control  margins required, v i a  
matching the product load,  the  maximum u t i l i z a t i o n  
of t he  thermal resource w i l l  be made.5 

Cold Water Pipe 

A pipe diameter of 30 f t  and a pipe length of 
3000 f t  have been selected t o  provide su f f i c i en t  
cold water fo r  up to  40 MWe of power demonstration. 
The analys is  has been conducted using the  spec ia l  
computer codes ATEC and ROTEC developed by 
~ a u l l i n g . 6  Over 50 computer runs were made t o  
study the  behavior of the CWP, using a parametric 
design approach, and i t  was found t h a t  the e l a s t i c  
proper t ies  of t he  pipe and the  introduction of 
hinges o r  compliant j o i n t s  have a very s ign i f i can t  
e f f e c t  on the induced bending moments, i . e . ,  CWPs 
t h a t  a r e  na tu ra l ly  compliant ( p l a s t i c ,  rubber, e t c  .) 
or  those t h a t  a r e  made compliant by the  introducticn 
of hinges and j o i n t s ' t e n d  t o  reduce mater ia l  
s t r e s s e s .  

Both the  analysis  and deployment s tudies  favored 
the  use of many, shor t  segments of pipe, coupled 
with f l e x i b l e  j o in t s .  Such a concept suggests the  
use of post-tensioned concrete construction fo r  
reasons of mater ia l  compatibi l i ty and res is tance  
t o .  the  marine environment, a s  well  as  low con- 
s t ruc t ion  cos t s  t ha t  would r e s u l t  from simple, 
r e p e t i t i v e  cast ing of  segments. The diameter and 
length (50 f t )  of t h e  segments a r e  s imi lar  t o  
those being designed fo r  the  l a rges t  water i r r i -  
ga t ion  and o u t f a l l  pro jec ts .  ( I t  should be noted 
t h a t  o ther  mater ia l s  and CWP configurat ions are  
under ac t ive  inves t iga t ion  i n  DOE-funded s tudies ,  
and t h a t  t he  r e s u l t s  of these and other CWP develop- 
ment programs could a l t e r  t h i s  judgement.) 

A drawback t o  the  use of conventional s t ruc tu ra l  
concrete,  i s  i t s  densi ty,  about 150 l b s l f t 3 .  For 
t h i s  reason, a  spec ia l ly  formulated lightweight 
concrete weighing approximately 85 l b s l f t 3  has 
been developed fo r  u s e . i n  the  CWP. The i n i t i a l  
t e s t s  of t h i s  mater ia l  i nd i ca t e  an ul t imate com- 
press ive  s t rength  of over 4000 psi .7 Additional 
t e s t s  and development i s  planned, Lncluding the  
f ab r i ca t ion  and t e s t i ng  of a  la rge  (113 t o  114 . 
sca le)  CWP pipe and jo in t  sect ion.  Using the  
lightweight concrete,  each 50 f t  segment w i l l  weigh 
about 135 LT i n  a i r  and about 33 LT i n  sea water. 

The segments a r e  deployed v e r t i c a l l y  through a 
c e n t r a l  well  i n  t h e  platform as shown i n  Fig. 5. 
A jacking r i g ,  s imi lar  t o  those used by the  o f f -  
shore o i l  industry,  w i l l  incrementally lower the  
pipe s t r i n g  a s  the segments a r e  sequential ly 
stacked and locked together with a ro ta t ing  bayo- 
ne t  j o i n t .  This approach t o  CWP design, con- 
s t ruc t ion  and deployment r e s u l t s  i n  a s t ruc ture  
t h a t  i s  i n t r i n s i c a l l y  e f f ec t ive  i n  shedding the  
hydrodynamic forces and u t i l i z e s  proven concepts of 
concrete pipe fabr ica t ion  and offshore construction 
technology. 

\ 

CWP segment i 

Hydraulic 
actuated ---41 n 

Fig. 5 CWP deployment rig. 

Acquisition Cost 

Acquisition cos t  est imates have been made i n  a 
cons is ten t  manner using DOE Work Breakdown Structure 
methodology. The cos t  of system acquis i t ion ,  con- 
s t ruc t ion  and deployment (WBS 3.0) i s  given i n  
Table 1. The cos t  f o r  constructing the  concrete 
h u l l ,  the  l a rges t  s ingle  i t e m ,  was obtained from an 
independent professional  estimator who was retained 
t o  conduct a  step-by-step study of the  construction 
sequence with an itemized l i s t  of a l l  labor and 
mater ia l  cos t s .  Additionally, APL has been for -  
tunate t o  receive informal assessments of con- 
s t ruc t ion  and fabr ica t ion  cos t s  from firms tha t  a re  
not now a pa r t  of the  design team. These i n -  
dependent assessments cover the  concrete h u l l ,  the  
CWP ( l e s s  deployment) and the  fabr ica t ion  of 8 heat  
exchanger modules, which together make up approxi- 
mately half  of t he  acquis i t ion  cos t .  I n  each case 
the  second source est imates were equivalent o r  
lower than cos t s  reported i n  the  tab le .  Therefore, 
i t  i s  believed tha t  the basic cos t s  (not including 
in f l a t i on ,  contingency and p r o f i t )  presented fo r  
fabr ica t ion ,  construction and deployment a re  
r e a l i s t i c , .  and tha t  the  system acquis i t ion  cos t  of 
$71.OM (FY 80 do l l a r s ,  no p r o f i t ' o r  contingency) i s  
accurate f o r  budget and planning purposes. 

Areas of Uncertainty 

Though the  preliminary design has been completed 
i n  su f f i c i en t  d e t a i l  t o  serve a s  a basel ine s e t  of 
da ta  f o r  subsequent d e ~ i g n  and acquis i t ion  e f f o r t ,  
there  a r e  some areas i n  which design d e t a i l s ,  
ana ly t ics ,  performance, o r  mater ia l  cha rac t e r i s t i c s  
a r e  uncertain a t  t h i s  time. These areas a re  d is -  
cussed i n  t he  following sec t ions ,  including the  
current  and proposed e f f o r t s  t o  el iminate t h e  un- 
c e r t a i n t i e s .  



Table 1 Cost Data f o r  Acquisition, Construction This e f f o r t  i s  funded by DOE fo r  FY 79. A f a l l -  
and Deployment of OTEC P i l o t  Plantship back pos i t ion  i s  t o  s e l ec t  an a l t e rna t e  CWP design 

from the  DOE-funded CWP s tudies  underway. 

Work Breakdown Structure - Liphweight Concrete Material .  , 

) 3.1 Platform System $33.4M 
Special lightweight concrete mixes, with 

3.1.1 Hull Structure ( lSs8)  dens i t i e s  of .75 to  85 lb s / f t 3 ,  have exhibited corn- 
3.1.2 Posit ion Control ( 6.7) pressive s t rengths  i n  excess of 4000 ps i .  A more 3.1.3 Platform Support Systems ( complete s e r i e s  of t e s t s ,  including long-term 
3.1.4 Outf i t ,  Furnishings ( 5.6) moisture absorption, creep and fa t igue ,  a r e  re -  
3.1.5 Assembly Support ( OS4) quired t o  ve r i fy  the  s u i t a b i l i t y  of t h i s  concrete 
3.1.6 Seawater Systems (10 MW) ( .3.2) fo r  use i n  the  CWP. This e f f o r t  i s  funded by DOE 

3.3 Cold Water Pipe System 

3.3.1 Pipe 
3.3.2 Screen 
3.3.3 CWP/Hull Transi t ion 

3.5 Power System (10 MW) 

Evaporator System 
Condenser System ~, a 

Ammonia System 
Purge System (N2) 
Generator System 
Auxiliary System 
Instrumentation, Control 
Biofouling, Cleaning 

3.6 Energy Transfer System (Dissipation) 0.4 

3.9 Deployment Services 5.9 

3.9.1 Platform Deployment ( 0.2) 
3.9.2 Power System Deployment ( 0.1) 
3.9.3 CWP Deployment ( 5.6) 

3.10 ~ n d u s t r i a l  F a c i l i t i e s  1.5 

3.11 Engineering and Deta i l  Design 3.3 - 
WBS 3.0 TOTAL $71.0M 

(*) FY 80 do l l a r s ;  no allowatice fo r  contingencies 
o r  p r o f i t  

CWP/Hull Connection 

Analysis indica tes  t h a t  there  w i l l  always be 
pos i t ive  contact  between the  CWP support r ing  and 
t h e  s t a in l e s s  s t e e l  socket of the  h u l l ,  even during 
the 100-year storm a t  ATL-1. The concern l i e s  
with t he  a b i l i t y  t o  fabr ica te  a s t e e l  socket with 
the  required precision and t o  f i t  bearing pads tha t  
w i l l  support the  pipe throughout i t s  l i f e  time. 
This requires a more de ta i led  study of tolerances 
and a mater ia l s  evaluation e f f o r t ,  which a r e  i n -  
cluded i n  the  FY 79 DOE program. A fal l-back 
pos i t ion  i s  t o  replace t h i s  j o i n t  with a more 
cos t ly  gimbal o r  hydraulic support where the  com- 
ponents could be serviced o r  replaced. 

CWP Jo in t s  

The use of many jo in t s  is  fundamental t o  the  
concrete CWP design. There have.been quest ions 
ra ised  as t o  the  s t ruc tu ra l  adequacy of the  j o i n t ,  
i t s  allowable ro ta t ion ,  and the  service l i f e  of the 
bearing pads and sea l s .  These i ssues  need to  be 
addressed with a'more complete s t r u c t u r a l  analysis ,  
followed by la rge  scale (1/3 t o  1/4) model t e s t s .  

f o r  FY 79. A fal l-back posi t ion i s  t he  use of an 
a l t e rna t e  CWP, discussed above, or  the  use of ' 

regular  densi ty concrete with c loser  spaced j o i n t s  
o r  la rger  handling equipment. 

Seawater Management 

The dynamics of the  flow of warm and cold sea- 
water through the  OTEC system, including the i n t e r -  
act ions of the platform motions, passage of sur-  
face waves and pump speed var ia t ions ,  have not been 
adequately addressed. A be t t e r  understandihg of 
t h i s  flow i s  e s sen t i a l  i n  order t o  minimize pumping 
power, properly design and control  the pumps, 
minimize pressure surges i n  the  heat  exchangers and 
upper CWP. and avoid reingest ion of used water i n  
thk warm.;ater intakes.  DOE program plans f o r  FY 
79 include an RFP and cont rac t  award t o  inves t iga te  
the seawater systems. The r e s u l t s  of the i n -  
ves t iga t ions  w i l l  be applied to  t he  modular experi- 
ment design, and design modifications w i l l  be made 
a s  required. 

Heat Exchanger Cleaning 

Small-scale cleaning experiments with u l t r a -  
sonic panels have been encouraging. More work i s  
needed, however, t o  t r a n s l a t e  these t e s t  r e s u l t s  
and the  concept design study of a cleaning system 
i n t o  a workable system t h a t  is  capable of cleaning 
the p i l o t  plantship heat  exchangers on a regular  
bas is .  A t e s t  and development program i s  required 
t o  va l ida te  t h i s  approach. Funds a r e  not cur rent ly  
earmarked fo r  t h i s  a c t i v i t y .  A fal l-back pos i t ion  
i s  a re turn  to  mechanical scrubbers, but much work 
needs to, be done here; a l so .  
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- - - -- -- - DESIGN REQUIREMENTS 7 sbufies of con- 
ceptual igns of 10 andW40 MW Modular 
Application latforms (MAP) of the spar 
configuration The feasibility studies, 
which preceded these designs, evaluated 
trends in spar platform size and con- 
figuration as a function of alternative 
power system components and materials. 
These studies, summarizcd in this doc- 
ument, led to selection of a steel spar 
supporting external vertical heat ex- 
changers as the lowest cost configura- 
tion. The conceptual designs of the 10 
and 40 MW spar concepts selected during 
the early feasibility studies are de- 
scribed, including platform arrangements 
and modularity characteristics. The 
efforts required to integrate the dy- 
namic response of the platform, cold 
water pipe and mooring system are de- 
scribed in detail. Concepts for con- 
struction and deployment are described, 
and estimates are presented for total 
system cost and schedule. 

INTRODUCTION 

This Summary describes studies con- 
ducted by Gibbs & Cox, Inc. and its sub- 
contractors for the U.S. Department of 
Energy, leading to conceptual designs of 
10 and 40 MW OTEC Modular Application 
Platforms (MAP) of the spar configura- 
tion. The spar is one of several op- 
tions being considered by DOE to follow 
OTEC-1, and to demonstrate the feasi- 
bility of generating electrical power 
using OTEC power components in the '10 
and 40 MW size. Other options being 
considered are moored and grazing sur- 
face platforms and land-based plants. 
Design data on these three options will 
be made available as GFE with the Re- 
quest for Proposal for OTEC 10/40 to be 
issued in FY 1980. Further studies of 
the spar are planned to expand the 
current Conceptual Design in areas of 
technical risk. 

The current studies were conducted in 
two phases. Initial feasibility studies 
were performed to trade off variables 
having a major impact on platform size 
and configuration such as heat exchanger 
size and location, and hull materials. 
The results of these trade-offs led to 
Feasibility Study Baselines for both 10 
and 40 MWe sizes. These baselines were 
then expanded and further defined in the 
Conceptual Design phase, along with 
tudies of construction, deployment, 
ost and schedule. The Conceptual 
esign Baseline resulting from this 
-£fort will serve as the basis for 
follow-on studies. 

The Top Level Requirements establish- 
by DOE for these studies included the 
.lowing key elements: 

1. Mission - to demonstrate the tech- 
nical and economic viability of the 
OTEC concept, and form a baseline 
for scalinq up to commercial size. 

2. System life of 30 years. 

3 .  Ability to install 10 MW power sys- 
tem components while at sea. 

4. platform designed to commercial 
standards, and to suit ABS, USCG. 

5. Power system as directed by DOE, 
based on PSD I studies. 

6. Design for the Puerto Rico site. 

7 .  Survive the 100 year storm, both 
with and without the CWP. 

8. Construction in U.S. facilities 
(existinq or modified). 

FEASIBILITY STUDIES ----------- -- 
The Feasibility Studies were con- 

ducted in two phases. The first con- 
sidered the following variables: 

8 2 Plant sizes (10, 40 MWe) as- 
suming steel hull structure. 

e Internal vs external heat ex- 
changers. 

o Horizontal vs vertical heat ex- 
changers. 

s Heat exchanger relative location 
within the platform. 

Phase 2 considered the trade-off between 
steel and reinforced concrete struc- 
tures. 

phase 1 Feasibility Studies --------------------------- 
A family of ten point designs (5 each 

10 and 40 MWe) were investigated during 
Phase 1. The heat exchangers had the 
following characteristics: 

Internal, Length X Operating 
Horizontal Diam, Ft. Weight, Lbs. -------.-- ---- 
Condenser 58 X 37 2,012,000 
Evaporator 36  X 37 1,401,000 



E x t e r n a l ,  Lenqth  X O v e r a t i n s  Tcital  
v e r t i c a l .  ~ i a i ,  ~ t .  w e i g h t ,  Lbs. ~ c q u i s i t i o n  

C o s t  10  M W e  40 M W e  - - 
C o n d e n s e r  30 X 1 5  924,000 
E v a p o r a t o r  30 X 1 5  972,000 

The p o i n t  d e s i g n s  were  s i z e d  based  on 
i n t e r n a l  v o l u m e  a n d  b u o y a n c y  r e q u i r e -  
m e n t s ,  and w e i g h t s  and c o s t s  were e s t i -  
m a t e d  b a s e d  o n  d a t a  e x t r a p o l a t e d  f r o m  
e a r l i e r  p l a t f o r m  s t u d i e s .  The  p l a t f o r m  
i n c o r p o r a t i n g  t h e  l a r g e r  i n t e r n a l ,  h o r i -  
z o n t a l  h e a t  e x c h a n g e r s  w e r e  f o u n d  t o  
d i s p l a c e  a b o u t  t w i c e  a s  much a s  t h o s e  
w i t h  v e r t i c a l  e x t e r n a l  h e a t  e x c h a n g e r s .  
Much o f  t h i s  w e i g h t  w a s  t h e  b a l l a s t  
r e q u i r e d  t o  s u b m e r g e  t h e  l a r g e ,  r e l a -  
t i v e l y  l i g h t  d e n s i t y  s p a r  b o d i e s  t o  
t h e i r  o p e r a t i n g  d r a f t s .  T o t a l  p l a t f o r m  
c o s t s  f o r  t h e s e  d e s i g n s  were i n  t h e  f o l -  
l o w i n g  r a n g e s :  

V e r t i c a l  H/X 
Op t  i o n s :  $32-39M , $57-61M 
H o r i z o n t a l  H / X  
Op t  i o n s :  $43-54M $94M 

T h i s  l e d  t o  s e l e c t i o n  o f  t h e  o p t i o n s  
w i t h  e x t e r n a l  v e r t i c a l  h e a t  e x c h a n g e r s  
a s  b e i n g  optimum f o r  t h e  s p a r  c o n f i g u r -  
a t  i o n ,  based  on 

a Lowest  c o s t  and l i g h t e s t  d i s p l a c e -  
ment .  

o B e t t e r  a c c e s s  t o  h e a t  e x c h a n g e r s  
f o r ,  modular  c h a n g e o u t .  

a More e f f i c i e n t  s e a w a t e r  a n d  am- 
monia  s y s t e m  c o n f i g u r a t i o n s .  

P h a s e  2  F e a s i b i l i t y  S t u d i e s  

D e s i g n s  o f  1 0  a n d  40 M W e  s p a r s  w i t h  
e x t e r n a l ,  v e r t i c a l  h e a t  e x c h a n g e r s  were 
d e v e l o p e d  u s i n g  b o t h  s t ee l  and 160 pound 
p e r  c u b i c  f o o t  r e i n f o r c e d  c o n c r e t e .  The 
c o n c r e t e  h u l l s  w e r e  l a r g e r ,  t o  p r o v i d e  
t h e  n e c e s s a r y  b u o y a n c y  t o  o f f s e t  t h e i r  
a d d e d  w e i g h t .  T h e  w e i g h t  o f  c o n c r e t e  
h u l l  s t r u c t u r e  was be tween 3  and  4  times 
t h a t  o f  t h e  s t e e l  s p a r s .  S t u d i e s  o f  
c o n s t r u c t i o n  a n d  d e p l o y m e n t  i n d i c a t e d  
t h a t  such  o p e r a t i o n s  were f e a s i b l e  f o r  
e i t h e r  o p t i o n ,  t h o u g h  t h e  c o n c r e t e  op -  
t i o n s  r e q u i r e d  m o r e  d e e p w a t e r  work  d u e  
t o  t h e i r  d r a f t s .  

C o s t  s t u d i e s  were b a s e d  on u n i t  s t e e l  
c o s t s  f o r  p r i m a r y  s t r u c t u r e  o f  $2000 p e r  
t o n ,  w i t h  c o r r e s p o n d i n g  c o n c r e t e  c o s t s  
o f  $1100 p e r  c u b i c  y a r d  ( $ 5 7 3  p e r  t o n )  
i n c l u d i n g  f a c i l i t y  r e n t a l .  T h e s e  c o s t s  
r e s u l t e d  i n  v e r y  s i m i l a r  s t r u c t u r a l  
c o s t s  f o r  b o t h  1 0  a n d  40 MWe s p a r s .  
However, t h e  g r e a t e r  s i z e  a n d  w e i g h t  o f  
t h e  c o n c r e t e  s p a r s  r e s u l t e d  i n  a  s i g -  
n i f i c a n t  i n c r e a s e  i n  m o o r i n g  s y s t e m  
c o s t ,  r e s u l t i n g  i n  t o t a l  OTEC S y s t e m  
c o s t s  which m a r g i n a l l y  f a v o r e d  s t e e l :  

S t e e l  $76.1M $155.8M 
C o n c r e t e  $77.6M $163.1M 

B a s e d  o n  t h e s e  s t u d i e s ,  s t e e l  was se- 
l e c t e d  f o r  t h e  f o l l o w i n g  r e a s o n s :  

e S l i g h t  a c q u i s i t i o n  c o s t  a d v a n t a g e  
( l e s s  t h a n  5  p e r c e n t ) .  

e S i m i l a r  o p e r a t i o n a l  c o s t s .  

e E n h a n c e d  m o d u l a r i t y  ( e a s i e r  t o  
mod i fy  s t r u c t u r e ,  i n t e r f a c e  e q u i p m e n t ) .  

s L e s s  r i s k .  

CONCEPTUAL DESIGN 40 MW SPAR 

P l a t f o r m  Arrangemenmtz 

The a r r a n g e m e n t s  and p r i n c i p a l  dimen- 
s i o n s  of t h e  40 MW s p a r  MAP a r e  shown i n  
F i g u r e  1. The c e n t r a l  c y l i n d r i c a l  h u l l  
is t h e  p r i m a r y  s o u r c e  o f  s t a t i c  a n d  re- 
s e r v e  b u o y a n c y  f o r  t h e  s p a r ,  a n d  c o n -  
t a i n s  t h e  4 t u r b o - g e n e r a t o r  s e t s ,  p o w e r  
c o n d i t i o n i n g  e q u i p m e n t  a n d  p o r t i o n s  o f  

. t h e  p l a t f o r m  a u x i l i a r y  e q u i p m e n t .  T h i s  
h u l l  is s u r r o u n d e d  by 8 power modules ,  4  
e a c h  f o r  , e v a p o r a t o r s  and c o n d e n s e r s ,  and 
e a c h  c o n t a i n i n g  t h e  r e q u i r e d  s e a w a t e r  
p u m p s ,  a m m o n i a  s u m p s  a n d  p u m p s ,  a n d  
c h l o r i n a t i o n  equ ipmen t .  The modules  a r e  
d e s i g n e d  a s  m i n i - s p a r s  w h i c h  c a n  b e  
towed t o  t h e  s i t e ,  upended,  l owered  i n t o  
p o s i t i o n  a n d  m a t e d  w i t h  t h e  s p a r  i n  a  
c o n t r o l l e d  b a l l a s t i n g  s e q u e n c e .  T h i s  
modu la r  i n s t a l l a t i o n  c a p a b i l i t y  p e r m i t s  
t h e  m o d u l e s  t o  b e  a d d e d  o r  r e m o v e d  
t h r o u g h o u t  t h e  l i f e  o f  t h e  s y s t e m ,  
e i t h e r  t o  f a c i l i t a t e  t u b e  r e m o v a l  o r  
m a j o r  o v e r h a u l s  a t  s h o r e  f a c i l i t i e s ,  o r  
t o  i n s t a l l  a n d  t e s t  new p o w e r  s y s t e m  
c o n c e p t s .  M o d u l a r i t y  is f u r t h e r  enhanced  
by p r o v i d i n g  a n  a i r l o c k  a t  t h e  m o d u l e -  
h u l l  i n t e r f a c e  s o  t h a t  c r i t i c a l  ammonia  
p i p i n g ,  e l e c t r i c a l  a n d  i n s t r u m e n t a t i o n  
c o n n e c t i o n s  c a n  be made i n  a  s h i r t s l e e v e  
e n v i r o n m e n t .  

T h e  s u r f a c e - p i e r c i n g  c o l u m n  s e r v e s  
b o t h  t o  s u p p o r t  t h e  d e c k h o u s e  a n d  a s  a  
t r u n k  f o r  a c c e s s ,  equ ipmen t  r e m o v a l  a n d  
s u p p o r t  s e r v i c e  r u n s .  The  c o l u m n  h a s  
b o t h  a n  i n n e r  and o u t e r  r i n g  t o  l o c a l i z e  
f l o o d i n g  i n  t h e  e v e n t  .of minor  c o l l i s o n .  

The deckhouse  c o n t a i n s  a l l  h a b i t a b i l -  
i t y  a n d  c o n t r o l  f u n c t i o n s ,  a s  w e l l  a s  
t h e  g e n e r a t o r s ,  s h o p s ,  a n d  h e l i c o p t e r  
f a c i l i t i e s .  H a t c h e s  a r e  p r o v i d e d  o n  
c e n t e r l i n e  f o r  removal  of  e q u i p m e n t  v i a  
a  50 t o n  c r a n e .  

S t r u c t u r e  

The s t r u c t u r e  of t h e  s p a r  h u l l  is o f  
h i g h  s t r e n g t h  s t e e l ,  ASTM A-572 Gr  5 0 ,  



Figure 1 

GENERAL ARRANGEMENTS - 40 MWe 'SPAR 

\COLD WATER PIPE 



Figure 1 (Continued) 

GENERAL ARRANGEMENTS - 40 MWe SPAR 

3rd DECK (TYPICAL) 



and c o n s i s t s  o f '  a  g r i l l a g e  o f  v e r t i c a l  
s t i f f e n e r s  s u p p o r t i n g  p l a t e  p a n e l s  which 
i n  t u r n  a r e  s u p p o r t e d  by d e e p  v e r t i c a l  
webs, r i n g  t r a m e s ,  q u a r t e r i n g  b u l k h e a d s  
and  d e c k s .  High s t r e n g t h  s t e e l  was se- 
l e c t e d  b o t h  t o  r e d u c e  w e i g h t  a n d  c o s t  
f o r  t h e  h i g h l y - l o a d e d  s t r u c t u r e .  The  
c o l u m n  s t r u c t u r e  is c a r r i e d  down i n t o  
t h e  s p a r  h u l l  and t h r o u g h  t h e  d e c k h o u s e  
f o r  s t r e n g t h  and r i g i d i t y ,  a n d  is s t i f -  
f e n e d  by v e r t i c a l  f r a m e s  s u p p o r t e d  by 
g i r t h  r i n g s .  P r i m a r y  s u p p o r t  f o r  t h e  
d e c k h o u s e  is p r o v i d e d  by d e e p  b u l k h e a d s  
t y i n g  i n t o  t h e  c o l u m n .  A l l  s t r u c t u r e  
b e l o w  t h e  w a t e r l i n e  a n d  i n  t h e  s p l a s h  
z o n e  i n c o r p o r a t e s  a d e q u a t e  c o r r o s ' i o n  
a l l o w a n c e s  L o r  a  30 y e a r  l i f e  i n  c o n -  
j u n c t i o n  w i t h  a c t i v e  a n d  p a s s i v e  c o r -  
r o s i o n  c o n t r o l  s y s t e m s .  

Mooring Sys t em 

A number of c o n c e p t s  w e r e  e v a l u a t e d  
f o r  t h e  moor ing s y s t e m  i n c l u d i n g :  

a M u l t i - p o i n t  c o n v e n t i o n a l  c a t e n a r y  
moor 

e T e n s i o n  l e g  moor a t t a c h e d  t o  t h e  
p l a t f o r m  

e T e n s i o n  l e g  moor a t t a c h e d  t o  t h e  
CWP 

P r e l i m i n a r y  s t u d i e s  i n d i c a t e  t h a t  t h e  
l a t t e r  c o n c e p t  is less e x p e n s i v e ,  e a s i e r  
t o  d e p l o y  a n d  c o n t r i b u t e s  t o  r e d u c e d  
p l a t f o r m  and CWP m o t i o n s .  T h i s  c o n c e p t  
a l s o  o f f e r s  t h e  p o s s i b i l i t y  o f  r u n n i n g  , 

t h e  r i ser  c a b l e  u p  t h e  c o m b i n e d  CWP/ 
m o o r i n g  s y s t e m s ,  a n d  is d i s c u . s s e d  i n  
g r e a t e r  d e t a i l  l a t e r .  
W e i g h t s  and S t a b i l i t y  

T a b l e  1 s u m m a r i z e s  t h e  < w e i y h t s  f o r  
b o t h  t h e  1 0  a n d  40 M W e  s p a r s ,  w h i c h  
. i n d i c a t e s  t h a t  t h e  40 M W e  s p a r  r e q u i r e s  
2-1/2 times t h e  w e i g h t  f o r  4  t i m e s  t h e  
p o w e r  o u t p u t .  The  s p a r  is c a p a b l e  o f  
s u r v i v i n g  r u p t u r e  o f  t'he c o l u m n  i n n e r  
a n d  o u t e r  b u l k h e a d s  o r  a n y  h u l l  com- 
p a r t m e n t ,  e v e n  i f  t h e  CWP a n d  m o o r i n g  
s y s t e m  a r e  l o s t .  S i n c e  t h e  CWP/mooring 
s y s t e m  and t h e  h u l l  a t t a c h m e n t  a r e  de -  
s i g n e d  t o  s u r v i v e  t h e  1 0 0  y e a r  s t o r m ,  
t h e  l i k e l i h o o d  of t h i s  happen ing  is v e r y  
r emote .  

P r e l i m i n a r y  p l a t f o r m  m o t i o n s  f o r  t h e  
s p a r  p l a t f o r m  were c a l c u l a t e d  u s i n g  t h e  
P a u l l i n g  c o m p u t e r  s i m u l a t i o n  w i t h  a  
v a r i e t y  of m o o r i n g  s y s t e m  p r e t e n s i o n s ,  
b a s e d  upon t h e  1 0 0  y e a r  s t o r m .  F o r  t h e  
t e n s i o n  l e g  h i n g e d  CWP c o n c e p t  d e s c r i b e d  
b e l o w ,  Yhe s i g n i f i c a n t  ( h i g h e s t  1 / 3 )  
m o t i o n s  w e r e  l i m i t e d  t o  5 d e g r e e s  o f  
a n g u l a r  m o t i o n  a n d  1 0  f e e t  o f  h e a v e .  
The a c c e l e r a t i o n s  c o r r e s p o n d i n g  t o  t h e s e  
m o t i o n s  a r e  less t h a n  0 .02  " g " ,  i n d i c a -  
t i n g  t h a t  t h e  t e n s i o n  l e g  moored s p a r  is 
e s s e n t i a l l y  f r e e  of m o t i o n s  e v e n  i n  t h e  
1 0 0 ,  y e a r  e v e n t .  The s t e a d y - s t a t e  a n g l e  
o f  h e e l  c o r r e s p o n d i n g  t o  t h e  d e s i g n  
w a t c h  c i r c l e  o f  1 0  p e r c e n t  i n  t h e  1 0 0  
y e a r  s t o r m  is a b o u t  5 d e g r e e s .  

T a b l e  1 

WEIGHT SUMMARY FOR 10/40 M W e  MAP SPARS 

DESCRIPTION lOMWe 40 M W e  

P l a t f o r m  Sys tem 
C o l d  Water  P i p e  Sys tem* 
Power Sys t em 
~ n e r g y  ~ r a n s f e r  Sys t em 
Margin  
L i g h t  S h i p  D i s p l a c e m e n t  
Load I t e m s  
F i x e d  B a l l a s t  
S a l t w a t e r  B a l l a s t  
Mooring T e ? , s . i o ~  

T o t a l  O p e r a t i n g  - 
Diswlacemen t  

* ~ o i d  wciter n e u t r a l l y  b u o y a n t - n o t  
i n c l u d e d  i n  l i g h t  s h i p  

**Exc ludes  w a t e r  i n  CWP and d i s c h a r g e  
t u b e s  

Power Sys t em 

.The 40 M W e  power s y s t e m  c o n s i s t s  of  4  
e a c h  c o n d e n s e r s ,  ' e v a p o r a t o r s ,  t u r b a c j e n -  
e r a t o r s  and a s s o c i a t e d  surnps, pumps a n d  
c o n t r o l s ,  based  on t h e  TRW PSD I d e s i g n .  
As n o t e d  e a i l , i e r ,  t h e  c o m p a c t  v e r t i c a l  
s h e l l - a n d L t u b e  h e a t  e x c h a n g e r s  a r e  i n -  
c o r p o r a t e d  i n  t h e  e x t e r n a l  power  mod- 
u l e s , .  above .  t h e  ammonia  s u m p s  a n d  f e e d  
o r .  r e c i r c u l a t i n g  pumps.  T h e  t u r b o g e n -  
e r a t o r s  a r e  l o c a t e d  w i t h i n  t h e  h u l l ,  

, a r r a n g e d  r a d l a l l y  ' a round t h e  c o l u m n ,  t o  
m i n i m i z e  a m m o n i a  v a p o r  r u n s .  P o w e r  
' s u p p o r t  subsys- tems i n c l u d e :  

.a Ammonia s y s t e m  c a p a b l e  o f  s t o r i n g  , t h e  e n t i r e  on-board  i n v e n t q r y  . 
e ' N i t r o g e n  s y s t e m  t o  p u r g e  t h e  gase -  

o u s  ammonia l o o p .  

a M e c h a n i c a l  t u b e  c l e a n i n g  s y s t e m  
(Amer tap  o r  e q u a l ) ,  w i t h  t h e  r e t r i e v a l  
mechanism l o c a t e d  i n  a  s t r u c t u r a l  module 
a t t a c h e d  t o  t h e  b o t t o m  o f  t h e  h e a t  e x -  
c h a n g e r s .  

0 H y p o c h l o r i t e  s y s t e m  f o r  b i o f o u l i t r g  
c o n t r o l  u s i n g  c h l o r i n e .  

The modu la r  a p p r o a c h  p e r m i t s  t u b e  p l u g -  
g i n g  on s i t e  a s  w e l l  a s  removal  f o r  t u b e  
r e p l a c e m e n t  a t  s h o r e  f a c i l i t i e s .  

S e a w a t e r  Sys t em 

The warm w a t e r  modules  i n c o r p o r a t e  a  
s t r a i g h t - t h r o u g h  f l o w ,  s t a r t i n g  a t  t h e  
i n l e t  s c r e e n  l o c a t e d  a b o u t  40 f e e t  be low 
t h e  w a t e r l i n e ,  t h r o u g h  t h e  pump, d i f -  
f u s e r ,  h e a t  e x c h a n g e r ,  t u b e  c l e a n i n g  
module  and f i n a l l y  i n t o  d i s c h a r g e  t u b e s .  
T h e  d i s c h a r g e  t u b e s  c o n s  i s  t o f  r e i n -  
f o r c e d  r u b b e r  p a n e l s  wrapped a r o u n d  a  25 
f o o t  d i a m e t e r  "cage"  of wire r o p e s  s u s -  
pended  between t h e  t u b e  c l e a n i n g  m o d u l e  
a n d  a  r i n g - s h a p e d  c o n c r e t e  w e i g h t  l o c a t -  
e d  330 f e e t  below t h e  s u r f a c e .  



The  c o l d  w a t e r  m o d u l e  d r a w s  w a t e r  
f r o m  t h e  c o l d  w a t e - r  p l e n u m  v i a  f o u r  
l a r g e  p i p e s ,  and d i r e c t s  t h a t  w a t e r  i n t o  
a n  a n n u l a r  r i n g  s u r r o u n d i n g  t h e  pump and 
d i f f u s e r .  The w a t e r  is t h e n  d r a w n  up ,  
m a k e s  a  1 8 0  d e g r e e  t u r n  a n d  g o e s  down 
t h r o u g h  t h e  pump a n d  o t h e r  c o m p o n e n t s  
s i m i l a r  t o  t h e  warm w a t e r  s i d e .  T h i s  
more c i r c u i t o u s  r o u t e  is d i c L a t e d  by t h e  
p h y s i c a l  c o n s t r a i n t s  o f  t h e  a r r a n g e m e n t ,  
p a r t i c u l a r l y  t h e  d e s i r e  t o  l o c a l i z e  t h e  
p i p i n g  i n t e f a c e s  i n  way of t h e  a i r l o c k .  

The  head l o s s e s  t h r o u g h  t h e s e  modules  
a r e  9.2 f e e t  f o r  t h e  warm w a t e r  s i d e  and 
1 0 . 3  f e e t  f o r  t h e  c o l d  w a t e r  s i d e .  Of 
t h i s ,  95  a n d  80 p e r c e n t  o f  t h e  l o s s e s  
r e s p e c t i v e l y  a r e  d u e  t o  t h e  h e a t  e x -  
c h a n g e r s .  

The 10 M W e  s e a w a t e r  pumps a r e  o f  t h e  
l o w  s p e e d  a x i a l  f l o w  p r o p e l l e r  t y p e ,  
d i r e c t  d r i v e n  by AC s y n c h r o n o u s  m o t o r s .  
P r i n c i p a l  c h a r a c t e r i s t i c s  a r e  a s  £01-  ' 

l ows :  

Warm Water  Co ld  Water  

Pump c a p a c i t y ,  
GPM 535,000 492,000 

Pump s p e e d ,  RPM 77 8  4  
Motor  HP 2100 2050 
T o t a l  c o s t ,  $M 1 .23  1.10 

A l t e r n a t e s  s u c h  a s  b u l b  t y p e  a n d  
h i g h  s p e e d  o r  g e a r  d r i v e n  p u m p s  w e r e  
c o n s i d e r e d ,  b u t  t h e  e a s e  of m a i n t e n a n c e  
a n d  h i g h  r e l i a b i l i t y  o f  t h e  l o w  s p e e d ,  
d i r e c t  d r i v e n  p u m p s  were o v e r r i d i n g  
c o n s i d e r a t i o n s .  

A u x i l i a r v  Svs t ems  

An e l e c t r i c a l  l o a d  a n a l y s i s  i n d i c a t e s  
a  t o t a l  s h i p  s e r v i c e  l o a d  o f  7 0 6  K W  f o r  
t h e  p l a t f o r m .  Two 700 KW s h i p  s e r v i c e /  
e m e r g e n c y  g e n e r a t o r s  a r e  p r o v i d e d  f o r  
u s e  d u r i n g  d e p l o y m e n t  a n d  o t h e r  t i m e s  
when t h e  0 T E C . p l a n t '  i s  d o w n .  T o t a l  
e l e c t r i c a l  l o a d ,  i ' n c l u d i n g  s e a w a t e r  
pumps  a n d  OTEC s y s t e m  a u x i l i a r i e s ,  is 
1 5 , 1 2 6  KW c o r r e s p o n d i n g  t o  a  p a r a s i t i c  
l o a d  o f  3 8  p e r c e n t .  S p a c e  a n d  w e i g h t  
r e s e r v a ' t i o n s  a r e  p r o v i d e d  f o r  a  5 0 0 0  K W  
s t a r t - u p  g e n e r a t o r ,  " t h o u g h  s h o r e s  i d e  
power  is p r o p o s e d  a s  t h e  p r i m a r y  means  
o f  p l a n t  s t a r t u p .  

The h e a t i n g ,  v e n t i l a t i o n ,  a i r  c o n d i -  
t i o n i n g ,  f l u i d  and g a s  s y s t e m s  a r e  t y p -  
i c a l  o f  o f f s h o r e  p r a c t i c e ,  w i t h  z e r o  
d i s c h a r g e  o f  p o l ' l u t a n t s  a s  a  r e q u i r e -  
ment .  

Energy T r a n s f e r  Sys t em 

The e l e c t r i c a l  s y s t e m  f o r  c o n d i t i o n -  
i n g  t h e  1 3 . 8  KV p o w e r  g e n e r a t e d  by t h e  
p l a n t  t o  1 3 8  KV a n d  t r a n s m i t t i n g  t h e  
power  t o  s h o r e  c o n s i s t s  of  p r o v e n ,  o f f -  
t h e - s h e l f  c o m p o n e n t s .  F o u r  c a b l e s  ( 3  
a c t i v e ,  o n e  s p a r e )  a r e  e n v i s i o n e d  f o r  

t r a n s m i s s i o n ,  t h o u g h  d e s i g n s  h a v e  n o t  
b e e n  d e v e l o p e d  a s  p a r t  o f  t h i s  s t u d y .  
P r o v i s i o n  h a s  b e e n  made i n  t h e  d e s i g n  
f o r  ' a  c a b l e  o i l  s y s t e m ,  a s s u m i n g  a n  
o i l - f  i l l e d  d e s i g n .  

COLD WATER PIPE - 40 M W e  

A number of o p t i o n s  w e r e  c o n s i d e r e d  
f o r  t h e  40 MWe CWP, b a s e d  o n  a  n o m i n a l  
30 f o o t  d i a m e t e r  and 3000 f o o t  d e p t h  o f  
i . n t a k e .  A l t h o u g h  r i g i d  p i p e s  a p p e a r  
m a r g i n a l l y  f e a s i b l e  f o r  a  s p a r ,  t h e  h i g h  
stress i n d u c e d  by p l a , t f  o r m  mot i o n s  a n d  
v o r t e x  s h e d d i n g  s t r o n g l y  s u g g e s t s  a  
h i n g e d  CWP a s  optimum. A m a j o r  c o n c e r n  
i s  t h e  f e a s i b i l i t y  o f  f a b r i c a t i n g  a n d  
d e p l o y i n g  a  r i g i d  CWP, e i t h e r  f r o m  t h e  
p l a t f o r m  i t s e l f  o r  f r o m  a  s p e c i a l  c o n -  
s t r u c t i o n  p l a t f o r m .  

C a l c u l a t i o n s  i n d i c a t e  t h e  l i k e 1  i h o o d  o f  
c r i t i c a l  r e s o n a n c e s  a t  i n t e r m e d i a t e  
l e n g t h s  d u r i n g  t h e  d e p l o y m e n t  p r o c e s s ,  
which  makes t h e  o n - s i t e  c o n ' s t r u c t i o n  o f  
a  r i g i d  CWP f r o m  m o d u l e s  u n a c c e p t a b l y  
r i s k y .  L i k e w i s e ,  t h e  r i s k s  i n h e r e n t  i n  a  
f l o a t - a n d - f l i p  o p e r a t i o n  of a  30 x  3000  
f o o t  p i p e  a r e  v e r y  h i g h .  

B a s e d  u p o n  t h e s e  c o n s i d e r a t i o n s ,  a  
c o n c e p t  h a s  been d e v e l o p e d  i n c o r p o r a t i n g  
a  h i n g e d ,  n e u t r a l l y  b u o y a n t  CWP c o n -  
s t r u c t e d  o f  s t e e l ,  w i t h  s e g m e n t s  nomi- 
n a l l y  460 f e e t  l o n g .  Each  c o n s i s t s  o f  
a n  i n n e r  t u b e  9-1/2  f e e t  i n  d i a m e t e r  
s e r v i n g  b o t h  a s  a  buoyancy chamber and a  
t e n s i o n - c a r r y i n g  member ,  a n d  a n  o u t e r  
s h e l l  31-1/2  f e e t  i n  d i a m e t e r  f o r m i n g  
t h e  CWP i t s e l f .  

F i g u r e  2  i l l u s t r a t e s  t h e  c o n c e p t .  'The 
o u t e r  s h e l l  c o u l d  j u s t  a s  e a s i l y  be con- 
s t r u c t e d  of f i b e r g l a s s ,  r u b b e r  o r  o t h e r  
l i g h t w e i g h t  m a t e r i a l s ,  which  w i l l  be in-  
v e s t i g a t e d  a t  a  l a t e r  d a t e .  C a s t  s t e e l ,  
o i l - e n c l o s e d  u n i v e r s a l  j o i n t s  a r e  u s e d  
a s  h i n g e s .  

The CWP is c o n n e c t e d  t o  a  s e r i e s  o f  
200  f o o t  h o l l o w  s t e e l  m o o r i n g  l i n k s  
w h i c h  e x t e n d  down t o  a  m u d - f i l l e d  cy -  
l i n d r i c a l  s t e e l  d e a d - w e i g h t  a n c h o r .  
T h i s  s y s t e m  is p r e t e n s i o n e d  t o  7200 t0n.s  
t o  p r e v e n t  s l a c k e n i n g  a s  a  r e s u l t  o f  
p l a t f o r m  mot ions .  

1 0  M W e  SPAR CONCEPTUAL DESIGN , 

P l a t f o r m  Ar rangemen t s  

T h e  a r r a n g e m e n t s  a n d  p r i n c i p a l  d i -  
m e n s i o n s  o f  t h e  1 0  M W e  a r e  i n d i c a t e d  i n  
F i g u r e  ' 3 ,  and a r e  g e n e r a l l y  s i m i l a r  t o  
t h e  40 M W e  s p a r  c o n c e p t  e x c e p t  t h a t  o n l y ,  
2  power  m o d u l c s  a r e  r e q u i . r e d ,  a n d  t h e  
r e d u c e d  number  o f  m a j o r  i n t e r n a l  com- 
p o n e n t s  p e r m i t s  a  r e d u c t i o n  i n  t h e  
n u m b e r  o f  i n t e r n a l  d e c k s  f r o m  5  t o  3 .  
The t o t a l  h u l l  volume of t h e  1 0  M W e  s p a r  
is  a b o u t  h a l f  t h a t  o f  t h e  40. M W e  s p a r ,  
w i t h  a  c o r r e s p o n d i n g  r e d u c t i o n  i n  
d i s p l a c e m e n t  a s  shown i n  T a b l e  1. 
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GENERAL ARRANGEMENTS - 10 MWe SPAR 



The 1 0  M W e  CWP is i d e n t i c a l  i n  con-  
c e p t  to t h e  h i n g e d  s t ee l  b u o y a n t  40 M W e  
CWP, though  t h e  o u t e r  s h e l l  d i a m e t e r  is 
r e d u c e d  t o  1 6 . 7 5  f e e t ,  a n d  t h e  p r e t e n -  
s i o n  is a b o u t  30 p e r c e n t  less  t h a n  t h a t  
f o r  t h e  40 M W e  sys t em.  

T h e  P o w e r  a n d '  S e a w a t e r  S y s t e m s  f o r  
t h e  1 0  M W e  s p a r  a r e  e s s e n t i a l l y  o n e -  
q u a r t e r  o f  t h o s e  d e s c r i b e d  f o r  t h e  40 
M W e  s p a r ,  w i t h  c o l d  and warm w a t e r  mod- . 
u l e s  l o c a t e d  o n  o p p o s i t e  s i d e s  o f  t h e  
s p a r  body. Due to s l i g h t  d i f f e r e n c e s  i n  
d r a g  o f  t h e s e  two modu les ,  s p e c i a l  con-  
s i d e r a t i o n  w i l l  h ave  to be g i v e n  t o  t h e  
t o r s i o n a l  e q u i l i b r i u m  o f  t h e  1 0  M W e  s p a r  
i n  a  wave and c u r r e n t  env i ronmen t .  

The Energy T r a n s f e r  Sys t em f o r  t h e  10  
M W e  s p a r  i n c l u d e s  components  s i m i l a r  t o  
t h o s e  o n  t h e  40 M W e  p l a n t ,  t h o u g h  re- 
duced  i n  c a p a c i t y .  The t o t a l  w e i g h t  o f  
o n - b o a r d  e q u i p m e n t  i s  a b o u t .  2 4 0 , 0 0 0  
pounds  v e r s u s  650,000 p o u n d s  f o r  t h e  40 
M W e  s p a r .  

CONSTRUCTION AND DEPLOYMENT 

E x t e n s i v e  i n v e s t i g a t i o n s  were c o n -  
d u c t e d  t o  e v a l u a t e  t h e  v a r i o u s  m e t h o d s  
o f  c o n s t r u c t i n g  and d e p l o y i n g  t h e  s p a r ,  
CWP/mooring a n d  p o w e r  m o d u l e s .  T h e s e  
s t u d i e s  i n d i c a t e d  t h a t  p r o c e d u r e s  c a n  'be 
d e v e l o p e d  which  a r e  w i t h i n  t h e  s t a t e - o f -  
t h e - a r t  a n d  a t  a n  a c c e p t a b l e  l e v e l  o f  
r i s k .  I n  t h e  deve lopmen t  o f  t h e s e  c o n -  
c e p t s ,  p r i m a r y  c o n s i d e r a t i o n  was g i v e n  
t o  m i n i m i z i n g  o f f s h o r e  work a n d  t h e  i n -  
h e r e n t  r i s k s  a s s o c i a t e d  w i t h  s u c h  o p e r -  
a t i o n s .  R e d u c t i o n  o f  s c h e d u l e  f o r  c r i t -  
i c a l  o p e r a t i o n s  was o f  p a r a m o u n t  i m p o r -  
t a n c e .  

s p a r  

T h e  s p a r  i t s e l f  c a n  be  m o s t  e a s i l y  
c o n s t r u c t e d  i n  a  h o r i z o n t a l  c o n f i g u r a -  
t i o n ,  e i t h e r  i n  a  g r a v i n g  d o c k  o r  a  
t y p i c a l  G u l f  C o a s t  g r o u n d - l e v e l  
l a u n c h w a y  a s  c u r r e n t l y  u s e d  f o r  t h e  
c o n s t r u c t i o n  of l a r g e  j a c k e t  s t r u c t u r e s .  
I n  t h e  f o r m e r  c a s e ,  a u x i l i a r y  b u o y a n c y  
is r e q u i r e d  i n  most  e x i s t i n g  f a c i l i t i e s  
t o  l i m i t  d r a f t  o v e r  t h e  s i l l .  A f t e r  
l a u n c h ,  t h e  s p a r ,  minus  d e c k h o u s e ,  would 
b e  t o w e d  t o  t h e  s i t e  a n d  u p e n d e d  o r  
f l i p p e d  by c o n t r o l l e d  b a l l a s t i n g ,  a f  t e r  
which  t h e  deckhouse  c a n  be i n s t a l l e d  i n  
a  c o n v e n t i o n a l  manner.  I f  a  g round  l e v e l  
f a c i l i t y  is u s e d ,  t h e  s p a r  would be s l i d  
o n t o  a  l a u n c h  b a r g e  f o r  t r a n s p o r t a t i o n  
t o  t h e  s i t e  a n d  l a u n c h i n g .  T h e  h i g h e r  
t o w  s p e e d  o f  t h i s  m e t h o d  o f f s e t s  t h e  
r e n t a l  c o s t  o f  t h e  b a r g e ,  s o  t h a t  t o t a l  
c o s t  is n e a r l y  i d e n t i c a l  t o  t h e  g r a v i n g  
d o c k  method. I n  e i t h e r  c a s e ,  t h e  p o w e r  
modu les  would be  i n s t a l l e d  a f t e r  u p e n d -  
i n g  o f  t h e  s p a r .  

CWP/Mooring Sys t em 

F i g u r e  4  i l l u s t r a t e s  t h e  p r o p o s e d  
o n c e p t ,  which i n v o l v e s  t o w i n g  t h e  p r e -  

a s s e m b l e d  CWP/mooring l i n k  s y s t e m  on t h e  
s u r f a c e  to  t h e  s i t e .  A f t e r  l o w e r i n g  t h e  
a n c h o r  and moor ing l i n k s ,  e a c h  C W r  s e c -  
t i o n  would be  s e q u e n t i a l l y  u p e n d e d  i n  a  
c o n t r o l l e d  o p e r a t i o n ,  u s i n g  a u x i l i a r y  
buoyancy a s  r e q u i r e d .  Due t o  t h e  r e l a -  
t i v e l y  l a r g e  w e i g h t  o f  t h e  a n c h o r  a n d  
moor ing  l i n k s  a  l a r g e  s e m i - s u b m e r s i b l e  
o r  e q u a l  is r e q u i r e d  t o  m a i n t a i n  p o s i -  
t i v e  c o n t r o l  o f  v e r t i c a l  and  h o r i z o n t a l  
p o s i t i o n  d u r i n g  t h i s  o p e r a t i o n .  Af t e r  
t h e  f i n a l  CWP l i n k  is u p e n d e d ,  t h e  a s -  
s embly  would b e  l o w e r e d  i n t o  f i n a l  po-  
s i t i o n ,  f i l l e d  w i t h  mud and b a l l a s t e d  t o  
a  s l i g h t  p o s i t i v e  b u o y a n c y .  T h e  s p a r  
c a n  t h e n  b e  moved  i n t o  p o s i t i o n  a n d  
b a l l a s t e d  down  t o  m a t e  w i t h  t h e  t o p  
s e c t i o n  of t h e  CWP.. T h e  s p a r  c a n  t h e n  
b e  d e b a l l a s t e d  t o  d e v e l o p  t h e  r e q u i r e d  
p r e t e n s i o n  i n  t h e  s y s t e m ,  and a  f l e x i b l e  
s e a l  c a n  be i n s t a l l e d  a t  t h e  i n t e r f a c e .  

A l t e r n a t i v e  c o n c e p t s  a r e  t o  b e  i n -  
v e s t i g a t e d  d u r i n g  s u b s e q u e n t  s t u d i e s  t o  
r e d u c e  t h e  r e q u i r e m e n t s  f o r  t h e  d y n a m i -  
c a l l y  p o s i t i o n e d  p l a t f o r m .  T h e s e  w i l l  
i n c l u d e  a d d i t i o n a l  b u o y a n c y  o r  r e d u c e d  
w e i g h t  o f  t h e  s y s t e m  ( e . g .  f i b e r g l a s s  
CWP o u t e r  p i p e ,  b u o y a n t  m o o r i n g  s y s t e m  
l i n k s )  a n d  f e w e r  l i n k s  t o  r e d u c e  t h e  
number o f  upend ing  o p e r a t i o n s .  

Power Modules 

T h e  p o w e r  m o d u l e s  w i l l  b e  t o w e d ,  
e i t h e r  a f l o a t  o r  on  a  b a r g e ,  t o  t h e  s i t e  
f o r  a t t a c h m e n t  t o  t h e  s p a r .  Each  w i l l  
b e  s u b m e r g e d  by b a l l a s t i n g  i n  a  h o r i -  
z o n t a l  c o n f i g u r a t i o n ,  and l i n k e d  up t o  a  
p o r t a b l e  t r a c k  g u i d e  s y s t e m  o n  t h e  b o d y  
o f  t h e  s p a r .  The  m o d u l e  c a n  t h e n  b e  
r o t a t e d  t o  a  v e r t i c a l  o r i e n t a t i o n  a n d  
l o w e r e d  o n  t h e  g u i d e  s y s t e m  u n t i l  i t  
a l i g n s  w i t h  t h e  a i r l o c k  f o u n d a t i o n /  s e a l  
m e c h a n i s m .  F i n a l l y ,  h y d r a u l i c  l i n k s  
w i l l  ma te  w i t h  t h e  m o d u l e ,  a n d  d r a w  it 
t i g h t  a g a i n s t  t h e  s e a t s  a n d  g a s k e t s .  
A f t e r  l a t c h i n g ,  t h e  a i r l o c k  c a n  b e  
e v a c u a t e d ,  c r e a t i n g  a s h i r t s l e e v e  
e n v i r o n m e n t  f o r  t h e  make-up o f  ammonia ,  
e l e c t r i c a l  a n d  o t h e r  c o n n e c t i o n s .  
F i g u r e  5  i l l u s t r a t e s  t h i s  o p e r a t i o n  

S c h e d u l e  

The e s t i m a t e d  s c h e d u l e  f o r  c o n s t r u c t -  
i n g  a n d  d e p l o y i n g  t h e  4 0  M W e  s p a r  i s  
a b o u t  1 9  m o n t h s  a s  shown  i n  F i g u r e  6 .  
T h e  c o r r e s p o n d i n g  s c h e d u l e  f o r  t h e  1 0  
M W e  s p a r  is a b o u t  4  months  s h o r t e r .  

COST ESTIMATES 

T h e  a s s u m p t i o n s  u s e d  i n  e s t i m a t i n g  
c o s t s  f o r  m a n a g e m e n t ,  p r e l i m i n a r y  d e -  
s i g n ,  and c o n s t r u c t i o n / d e p l o y m e n t  ( i n -  
c l u d i n g  d e t a i l  d e s i g n )  o f  t h e  1 0  a n d  40 
M W e  s p a r s  a r e  summarized a s  f o l l o w s :  

GENERAL 

a A l l  c o s t s  FY 1980 
e No c o s t  m a r g i n s  
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Figure 4 
CWP/MOORING SYSTEM DEVELOPMENT 

Figure 5 
POWER MODULE INSTALLATION 
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s P r o c u r e m e n t  o f  s i n g l e  s y s t e m  t o  
c o m m e r c i a l  s t a n d a r d s  

e Ref i t / m o d e r n i z a t i o n ,  m a j o r  down- 
s t r e a m  o v e r h a u l s  n o t  c o n s i d e r e d  

GENERAL MANAGEMENT 

e I n c l u d e s  o n l y  S y s t e m  I n t e g r a t i o n  
C o n t r a c t o r  P rog ram Management 

e S t a f f  = 8  d u r i n g  d e s i g n / c o n s t r u c -  
t i o n ,  5  d u r i n g  o p e r a t i o n  

DESIGN 

e P r e l i m i n a r y / c o , n t r a c t  d e s i g n  i n -  
c l u d e s  3  c o m p e t i t i v e  e f f o r t s  @ 
$1.5M e a c h .  

e D e t a i l  d e s i g n  i n c l u d e d  i n  C o n -  
s t r u c t  ion/Deployment  be low 

S t r u c t u r e  (HTS)  = $ 2 , 4 1 6  p e r  t o n  
a v e r a g e  
P o s i t i o n  c o n t r o l / C W P  s y s t e m  = 
$ 3 , 5 8  0  p e r  t o n  a v e r a g e  
P l a t f o r m  s u p p o r t  s e r v i c e s  = 

$26 ,308  p e r  t o n  a v e r a g e  
O u t f i t ,  . F u r n i s h i n g s  = $ 2 0 , 8 4 4  p e r  
t o n  a v e r a g e  
M a j o r  e q u i p m e n t  c o s t s  b a s e d  o n  
v e n d o r  d a t a  
Power s y s t e m  @ $22 M/10 MW m o d u l e  
b a s e d  on  DOE i n p u t  ( p l u s  i n s t a l l a -  
t i o n )  
E n e r g y  t r a n s f e r  s y s t e m  @ $ 8 . 0  M 
( 1 0  M W ) ,  $16 .0  M ( 4 0  M W )  b a s e d  on  
DOE i n p u t  ( p l u s  i n s t a l l a t i o n )  
I n d u s t r i a l  F a c i l i t i e s  i n c l u d e s  
a l l o w a n c e  f o r  s p e c i a l  f l o t a t i o n ;  
n o  y a r d  improvemen t s  
D e p l o y m e n t  c o s t s  r e f l e c t  t h e  

s c e n a r i o  d e s c r i b e d  i n  S e c t i o n  7  

T h e  a v e r a g e  $ / t o n  a b o v e  r c s u l t  f r o m  
d i v i d i n g  t h e  t o t a l  c o s t  o f  *a d e t a i l e d ,  
bot tom-up c o s t  e s t i m a t e  by t o t a l  w e i g h t .  

T a b l e  2  summar i zes  t h e  c o s t  e s t i m a t e s  
b a s e d  on t h e  a b o v e  c r i t e r i a ,  which  i n d i -  
c a t e s  a  t o t a l  c o s t  t h r o u g h  dep loymen t  of  
$109M f o r  t h e  1 0  M W e  s p a r  ($10900/KW) 
a n d  $244M f o r  t h e  40  M W e  s p a r  ( $ 6 1 0 0 /  
K W ) .  C o s t  e x c l u s i v e  o f  t h e  P o w e r  a n d  
E n e r g y  T r a n s f e r  S y s t e m s  a r e  $79M a n d  
S140M ($7900/KW and $3500/KW) f o r  1 0  and  
4 0  M W e  p l a t f o r m s  r e s p e c t i v e l y .  T h i s  
i n d i c a t e s  t h a t  t h e  40 MWe p l a n t  i s  m o r e  
t h a n  t w i c e  a s  c o s t - e f f e c t i v e  a s  t h e  1 0  
M W e  p l a n t ,  which  v e r i f i e s  t h e  a n t i c i p a t -  
e d  economy o f  s c a l e  w i t h  OTEC p l a n t s .  

The l e v e l  o f  c o n f i d e n c e  i n  t h e s e  c o s t  
e s t i m a t e s  is d i f f i c u l t  t o  a s s e s s ,  due  t o  
t h e  v a r y i n g  l e v e l  of  d e s i g n  d e v e l o p m e n t  
f o r  t h e  v a r i o u s  s p a r  s u b s y s t e m s .  
Assuming a  maximum r a n g e  of  u n c e r t a i n t y  

. o f  + 5 0 %  a n d  - 2 0 %  f o r  t h e  CWP a n d  
d e p l o y m e n t  c o s t  e l e m e n t s  a n d  l e s s e r  
r a n g e s  f o r  o t h e r  e l e m e n t s ,  a  n e t  r a q n g e  
o f  + 33% t o  - 1 2 %  c a n  be p o s t u l a t e d  f o r  
t h e  t o t a l  c o s t s  i n  T a b l e  2. 

TABLE 2  
CONSTRUCTION/DEPLOYMENT COSTS ($M) 

1 0  M W e  -. 40 M W e  
1 :O Gr l~era l  

Management 
2.0 P r e l i m i n a r y  

D e s i g n  
3 .0  C o n s t r u c t i o n  

D e p l o y i ~ ~ r n t  
4 P l a t f o r m  

S y s t e m  
a CWP Sys .  
e Power 

S y s t e m  
e Energy  

T r a n s f e r  
4 T e s t i n g  
o Deployment 
e D e t a i l  

D e S  i g n  
TOTAL 3.0 

TOTAL 1.0-3.0 

CONCLUSIONS 

P l a t f o r m  

1. A s p a r  i s  a  t e c h n i c a l l y  v i a b l e  
p l a t f o r m  f o r  t h e  OTEC 1 0 / 4 0  MW M o d u l a r  
A p p l i c a t i o n s  P l a t f o r m  m i s s i o n .  A l t h o u g h  
i t  p r e s e n t s  a  number  o f  p r o b l e m s  w h i c h  
m u s t  b e  a d d r e s s e d ,  n o  f a t a l  f l a w s  a r e  
i d e n t i f i e d  a t  t h i s  t i m e .  

2. I t  is f e a s i b l e  t o  i n c o r p o r a t e  r a p i d  
r e f i t  c o n c e p t s  i n t o  a  s p a r  f o r  m o d u l a r  
c h a n g e o u t  o f  h e a t  e x c h a n g e r s  and  r e l a t e d  
Power S y s t e m  components .  

3 .  The  40  M W e  s p a r  is n e a r l y  2 - 1 / 2  
t i m e s  more e f f i c i e n t  v o l u m e t r i c a l l y  t h a n  
t h e  1 0  MWe s p a r .  Both  p l a t f o r m s  r e q u i r e  
e x t e n s i v e  b a l l a s t  f o r  s t a b i l i t y  a n d  
d r a f t  contr .01.  

4.  The  s p a r  c o n f i g u r a t i o n  i s  b e s t  
s u i t e d  t o  t h e  u s e  o f  v e r t i c a l  h e a t  
e x c h a n g e r s .  

5 .  S t e e l  is  m a r g i n a l l y  s u p e r i o r  t o  
c o n c r e t e  f o r  t h i s  a p p l i c a t i o n ,  s i n c e  i t  
p e r m i t s  t h e  u s e  o f  a  s m a l l e r ,  l i g h t e r  
h u l l ,  w i t h  s l i g h t l y  l o w e r  t o t a l  c o s t .  

6 .  The s t a b i l i t y  of t h e  s p a r s  c a n  b e  
m a i n t a i n e d  b o t h  w i t h  and w i t h o u t  t h e  CWP 
a n d  moor ing  s y s t e m  i n t a c t .  H o w e v e r ,  t h e  
s p a r s  a r e  d e s i g n e d  t o  s u r v i v e  t h e  1 0 0  
y e a r  s t o r m  w i t h  t h e  CWP a n d  m o o r i n g s  
a t t a c h e d .  

7 .  S p a r  m o t i o n s  a r e  min ima l .  With t h e  
p r o p o s e d  t e n s i o n  l e g  moor,  v e r t i c a l  a n d  
a n g u l a r  m o t i o n s  a r e  e s s e n t i a l l y  n o n -  
e x i s t a n t ,  w h i l e  h o r i z o n t a l  m o t i o n s  a n d  
r e l a t e d  a c c e l e r a t i o n s  a r e  v e r y  s m a l l .  

8 .  I t  is a n t i c i p a t e d  t h a t  a  r a t h e r  
e x t e n s i v e  a c t i v e '  c a t h o d i c  p r o t e c t i o n  
s y s t e m  w i l l  be r e q u i r e d  t o  p r o t e c t  t h e  
s t ee l  h u l l ,  CWP and  moor ing  s y s t e m s .  



9. The optimum p o s i t i o n  c o n t r o l  s y s t e m  
a p p e a r s  to be a  t e n s i o n  l e g  moor u s i n g  a  
d e a d w e i g h t ' a n c h o r  and h i n g e d  r i g i d  l i n k s  
a t t a c h e d  t o  t h e  CWP. ' 

10 .  P l a t f o r m  s u p p o r t  s y s t e m s  and o u t £  it 
a n d  f u r n i s h i n g s  c a n  be  b a s e d  o n  s t a t e -  
o f - t h e - a r t  t e c h n o l o g y .  

C o l d  W a t e r  P i p e  

1. T h e  c o l d  w a t e r  p i p e  r e m a i n s  t h e  
h i g h e s t  r i s k  e l e m e n t  o f  t h e  OTEC O c e a n  
Energy  program,  though  c u r r e n t  a n d - n e a r -  
term t e c h n o l o g y  is c o n s i d e r e d  a d e q u a t e  
t o  t h e  c h a l l e n g e  of des , ign ing  a  1 0  o r  40 
M W e  p i p e  w i t h  a c c e p t a b l e  r i s k  by 1984.  

2 .  The s tresses i n t r o d u c e d  by v o r t e x  
s h e d d i n g  c r e a t e  a ,  s i g n i f i c a n t .  s t r e s s  
p r o f i l e  which  c a n  h a v e  a  s e v e r e  e f f e c t  
o n  f a t i g u e  l i f  e ,  t h ' o u g h  s u p p r e s s i o n  
t e c h n i q u e s  a r e  c u r r e n t l y  a v a i l a b l e .  

3 .  A h i n g e d  o r  m u l t i - s e c t i o n  p i p e  
o f f e r s  s i g n i f i c a n t  a d v a n t a g e s  n o t  o n l y  
i n  r e d u c i n g  p i p e  b e n d i n g  s t r e s s e s ,  b u t  
t h e  w e a t h e r  window r e q u i r e d  f o r  d e p l o y -  
ment .  The l a t t e r  is t h e  p r i m a r y  f a c t o r  
l e a d i n g  t o  s e l e c t i o n  o f  a  CWP w i t h  t h e  
f o l l o w i n g  c h a r a c t e r i s t i c s  ( s u b j e c t  t o  
f u r t h e r  s t u d y ) :  

e Hinged a t  t h e  p l a t f o r m  a n d  a t  
a p p r o x i m a t e l y  460 f o o t  i n t e r -  
v a l s .  

e H i n g e s  d e s i g n e d  . t o  a . l . 1 0 ~  9 0  
d e g r e e e  r o t a t i o n  o f  e a c h  s e g -  
ment  a s  r e q u i r e d  f o r  d e p l o y -  
men t  i n  a  c o n t r o l l e d  manner.  

o CWP s e g m e n t s  a r e  o f '  s t e e l  con- 
- s t r u c t i o n ,  w i t h  a n  i n n e r  t u b e  

s e r v i n g  b o t h  a s  a  t e n s i o n  mem- 
b e r  a n d  b u o y a n c y  c h a m b e r  t o  
make e a c h  l i n k  n e u t r a l l y  buoy- 
a n t .  

O u t e r  s h e l l  of  s t e e l  t o  s e r v e  
a s  a  c o l d  w a t e r  d u c t .  F i b e r -  
g l a s s ,  r u b b e r  o r  c o n c r e t e  
c o u l d  a l s o  b e  u s e d  f o r  t h i s  
s h e l l  s i n c e  it is s t r u c t u r a l l y  
i n d e p e n d e n t  o f  t h e  i n n e r  t u b e .  

Hinged t o  t h e  u p p e r  end o f  t h e  
m o o r i n g  s y s t e m ,  t o  p r o v i d e  a  
c o n t i n u o u s  t e n s i l e  l o a d  p a t h  
f r o m  t h e  d e a d w e i g h t  a n c h o r  t o  
t h e  s p a r  i t s e l f .  

e U n i v e r s a l  j o i n t s  a t  e a c h  s e g -  
ment  i n t e r f a c e ,  immersed i n  a n  
o i l  b a t h  f o r  l o n g  b e a r i n g  
l i f e .  

4.  F u r t h e r  s t u d y  is r e q u i r e d  t o  o p t i -  
m i z e  s u c h  v a r i a b l e s  a s  s e g m e n t  l e n g t h ,  
o u t e r  s h e l l  m a t e r i a l s ,  j o i n t  d e s i g n  a n d  
i n t e r - s e g m e n t  s e a l i n g .  

Power Svs t em 

1. The  e x t e r n a l  v e r t i c a l  h e a t  e x -  
c h a n g e r s  d e v e l o p e d  by TRW f o r  t h e  Power  
S y s t e m  Development  I (PSD I )  p rogram a r e  
c o n s i d e r e d  o p t i m u m  f o r  t h i s  s p e c i f i c  
a p p l i c a t i o n  r e l a t i v e  t o  o t h e r  PSD I 
c a n d i d a t e s .  

2 .  Modular r emova l  a n d '  i n s t a l l a t i o n  o f  
t h e  Power Sys t em c a n  be a c h i e v e d  by i n -  
c o r p o r a t i n g  t h e  h e a t  e x c h a n g e r s  a n d  r e -  
l a t e d  e q u i p m e n t  i n t o  1 0  M W e  P o w e r  Mod- 
u l e s  which  c a n  b e  f l o a t e d  o u t ,  u p e n d e d  
a n d  s u b m e r g e d  t o  a l i g n  w i t h  m a t c h i n g  
s t r u c t u r e  on  t h e  s p a r .  

3 .  The s p a r  a s  p r e s e n t l y  c o n f i g u r e d  
c a n  a c c o m m o d a t e  b o t h  m e c h a n i c a l  t u b e  
c l e a n e r s  (Amertap  o r  e q u a l )  and c h l o r i n e  
i n j e c t i o n .  

4. A l l  ma jo r  Power  S y s t e m  c o m p o n e n t s  
c a n  b e  r e m o v e d  e i t h e r  w i t h  t h e  p o w e r  
m o d u l e s  or v i a  t h e  c o l u m n  f o r  s e r v i c e  
a s h o r e .  

Energy T r a n s f e r  Sys t em 

1. The  o n - b o a r d  c o m p o n e n t s  o f  t h e  
Energy T r a n s f e r  S y s t e m  c a n  b e  p r o c u r e d  
o f f - t h e - s h e l f .  

2 .  The s p a r  w i t h  i n t e g r a l  CWP/mooring 
s y s t e m  i n  a  t e n s i o n  l e g  c o n £  i g u r a t i o n  
o f f e r s  a n  i d e a l  s o l u t i o n  t o  t h e  r i s e r  
c a b l e  p r o b l e m ,  by p r o v i d i n g  a n  e s s e n -  
t i a l l y  r i g i d  c o n n e c t i o n  b e t w . e e n  t h e  
s e a f l o o r  a n d  a  p l a t f o r m  w i t h  m i n i m u m  
mot i o n s .  

Deployment S e r v i c e s  

1. A  s t e e l  s p a r  o f  e i t h e r  1 0  o r  40  MWe 
s i z e  c a n  be b u i l t  i n  a  number o f  e x i s t -  
i n g  U.S. f a c i l i t i e s  . w i t h  no  r e q u i r e d  
f a c i l i t y  improvement.  

2 .  B o t h  l a u n c h  b a r g e s  o r  f l o a t - o u t  
w i t h  a u x i l i a r y  f l o t a t i o n  a r e  p o s s i b l e  
f o r  t h e  h u l l ,  a n d  a p p e a r  t o  b e  a b o u t  
e q u a l  i n  c o s t .  

3.  CWP d e p l o y m e n t  is s i ~ n p l i f  i e d ,  a n d  
t h e  r i s k s  a r e  g r e a t l y  r e d u c e d ,  by  t h e  
u s e  o f  t h e  h i n g . e d  c o n c e p t  p r o p o s e d .  
O f f s h o r e  work is g r e a t l y  r e d u c e d ,  b o t h  
i n  terms o f  m a n h o u r s  o f  e f f o r t  a n d  
o v e r a l l  s c h e d u l e .  T h i s  i n  t u r n  r e d u c e s  
t h e  r i s k  o f  r u n n i n g  i n t o  b a d  w e a t h e r  
d u r i n g  t h e  dep loymen t  o p e r a t i o n .  

RECOMMENDATIONS 

I n  d e v e l o p i n g  r e c o m m e n d a t  i o n s  f o r  
f u r t h e r  s t u d i e s ,  t h e  f o l l o w i n g  r i s k  
a r e a s  have  been  i d e n t i f i e d :  

1. F a t a l  ' F l a w s  
o None a r e  i d e n t i f i e d  



2. High R i s k  A r e a s  

. e User a c c e p t a n c e  o f  s p a r  cnn-  
c e p t  

B s C o l d  w a t e r  p i p e  d y n a m i c  r e -  
s p o n s e ,  f a t i g u e  l i f e  
P l a t f o r m  s a f e t y  ( f l o o d i n . g ,  

f i r e ,  t o x i c  g a s e s )  
e Riser c a b l e  and i n t e r f a c e  

3 .  . Medium R i s k  A r e a s  

P l a t f o r m  d e s i g n  c r i t e r i a  accep-  
t a b l e  t o  r e g u l a t o r y  a g e n c i e s  

o Non-redundant  moor ing s y s t e m  
s ' . C a t h o d i c  p r o t e c t i o n  o f  h u l l ,  

CWP 
e P l a ' t f o r m ,  CWP dep loymen t  
e Module /p l a t fo rm i n t e r f a c e  
s E n v i r o n m e n t a l  c o n s i d e r a t i o n s  

s t u d i e s  r e c o m m e n d e d  t o  r e d u , c e  t h e s e  
r i s k s  t o  a n  a c c e p t a b l e  l e v e l  a r e  a s '  
f o l l o w s :  

High R i s k  A r e a s  

e Develop 4 0  MWe s u r f a c e  p l a t f o r m  
d e s i g n s  a s  a n  a l t e r n a t i v e  t o  
t h c  o p o r .  

ce ' C o n t i n u e  w i t h  p r o p o s e d  CWP v a l -  
i d a t i o n  p r o g r a m  ( a n a l y s i s ,  
model t e s t s ,  a t - s e a  t e s t s )  d i -  
r e c t e d  t o w a r d  r ecommended  CWP 
c o n c e p t s .  

e C o n d u c t  i n - d e p t h  s t u d i e s  o f  
s t a b i l i t y ,  f i r e  p r o t e c t i o n ,  
d e l u g e  and o t h e r  s a f e t y - r e l a t e d  
s y s t e m s  i n  c o n j u n c t i o n  w i t h  
USCG. 

61 C o n d u c t  p l a t f o r m / r i s e r  c a b l e  
i n t e g r a t i o n  s t u d i e s  t o  i n v e s -  
t i g a t e  s o l u t i o n s  t o  t h e  c a b l e  
p rob lem.  

Medium R i s k    re as' 

e I n i t i a t e  d i a l o g u e  w i t h  ABS, 
USCG a n d  o t h e r  r e g u l a t o r y  
a g e n c i e s  f o r  i n p u t  t o  d e s i g n .  

e E v a l u a t e  - a l t e r n a t i v e  t e n s  i o n  
l e g  c o n c e p t s  t o  r e d u c e  t h e  r i s k  
o f  g r o s s  f a i l u r e .  

Q ' I n v e s t i g a t e  t h e  e f f  e c t i v . e n e s s  
o f  i m p r e s s e d  c u r r e n t  s y s t e m s ,  
a n d  h u l l / h e a t  e x c h a n g e r  com- 
p a t i b i l i t y .  At-sea ,  t e s t i n g  is 
a l s o  recommended. 

e C o n d u c t  i n - d e p t h  s t u d i e s  o f  
p l a t f o r m  a n d  CWP d y n a m i c s  a n d  
s t a b i l i t y  d u r i n g  t h e  l a u n c h /  
dep loymen t  s e q u e n c e ,  b a c k e d  by 
model tests. 

o  B e g i n  i n i t i a l  e n v i r o n m e n t a l  
a s s e s s m e n t  s t u d i e s  i n c l u d i n g  
p1u111r a n a l y s i s .  

e C o n d u c t  s i m i l a r  s t u d i e s  o f  . 
module dep loymen t .  



DESIGN CONSIDERATIONS ON 100-MW, COMMERCIAL SCALE OTEC 
POWER PLANT AND A 1-MWe CLASS ENGINEERING TEST PLANT 

'1'. Homma*, H. Kamogawa*", S. Nagasaki* * *, H. Uehara* * * *, - 
T. ~ e r a m o t o t .  a n m i i k a w a * -  
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Tokyo, Japan - - 
/- Abstract 

The current s ta tus  of the feasibi l i ty  study 
ond~~cted by the OTEC Cormittee i n  Japan is pre- 

Based on the advanced'design of 100-MWe 
OTEC power plant carried out i n  FY 1976 - FY 1977, 
the resul ts  of the power system optimization exam 
ined i n  relation t o  the plant s i t e  conditions are  
discussed. An analysis of the external forces and 
dynamic properties are given for  installation of a 
cold water pipe on a surface-ship-type and a 
submerged-cylindrical-type platform under the 
design c r i te r ia  a t  two representative s i t e s  (Osumi  
and Toyam). . The conceptual design of 1-MWe engi-' 
neering t e s t  fac i l i ty ,  which is the next step i n  
Japan, is  introduced. 

Introduction 

Energy consumption in Japan has increased year 
by year, and the import r a t i o  of Japanese energy 
sources reached about 88% recently. 
Therefore, it is  important for  our country t o  
develop alternative energy sources such as  solar, 
geothermal and ocean. 

Ocean t h e m 1  energy is supplied t o  the ocean 
surrounding Japan by "Kuroshio", which is  one of 
the largest currents in  the world. Hence, Japan 
potentially has a large m u n t  of ocean t h e m 1  
erlergy resource. Feasibili ty studies on &em 
Thermal Energy Conversion (OTEC) have been'conduct- 
ed i n  Japan under the "Sunshine Project", which has 
been promoted by the Agency of Industrial Science 
and Technology, MITI. In FY 1974, the OTEC Corrunit- 
tee  was established t o  carry out a feasibi l i ty  
study on OTEC i n  various aspects such as  engineer- 
ing, economics, environmental assessment, and 
energy resources. Since 1974, the OTEC Corrunittee 
has integrated Japanese OTEC research. The resul ts  
presented i n  this paper a re  a y  based on studies 
which the OTEC Cortnnittee conducted in FY 1978. 

Design Considerations for  a 100-We OTEC plant 
Si te  Selection 

Based on oceanographic and atomospheric data, 
the s i t e  must be carefully selected taking into 
account the mutual interacion between the environ- 
ment and OTEC power plant as'well as  socio-economic 

* Electrotechnical Laboratory, MITI ** Tokyo Shibaura Elec . Co . , Ltd. 
*"* Tokai Univ. 
.**** Saga Univ. 
?' Tokyo Univ. 

aspects. Five representative s i t e s  for OTEC power 
plants i n  Japan were evaluated by the OTEC Comnit- 
tee  ; . ( I )  Iriomote island, (2 )  Okinawa island, (3) 
Toyam bay, ( 4 )  Osumi islands, and (5) Izu peninsu- 
la. These s i t e s  wereevaluated with regard t o  
power generation condition, ocean engineering, and 
socio-economics. 

The monthly changes of the temperature differ- 
ence (AT) between the surface and deep water (600, 
800, l O O O m  deep) a t  these s i t e s  were obtained from 
the data accumulated a t  the Japan Oceanographic 
Data Center, Maritime Safety Agency, Ministry of 
?kansportation. In every month the capacity factor 

was determined by the equation fP = O . l ( A  T-ll°C), 
that is, a t  A T = 21°C, y equals 1.0, and a t  
AT = l l ° C ,  9 i s  zero. The mean capacity factors 
were obtained from the average of each monthly 
capacity factor under three cold water intake depth 
as shown i n  Table 1. 

Oceanographic and atomospheric conditions were 
investigated from the viewpoint of installation of 
a m i n e  structure. The following factors were 
considered; (1). maximum wind velocity, (2 )  the 
number of times of appearance of higher waves and 
longer period waves, (3) significant wave height, 
and ( 4 )  the number of times of typhoon. 

The social aopects to be considered; (1) effect 
on the fishing p u n d s ,  (2) effect on ocean route 
and ocean f ie ld  for  f lee t  exercises, and (3) the 
need for  open seas near the minland in connection 
with restr ic t ions on the installation of OTEC power 
plants . 

The following factors were evaluated from the 
viewpoint of the mintenance and fkture power 
d e m d ;  (1) the shortest distance t o  land, (2 )  the 
distance t o  a m j o r  port, and (3) the distance t o  
the nearest airport.  The evaluation from these 
aspects is s m ~ i z e d  in Table 1 for  each represent- 
a t ive OTEC s i t e .  A s  a results,  the s i t e s  offshore 
of Osumi islands (Osumi) and Toyam bay (Toyam) 
were selected as the representative Japanese s i tes .  
The f ive s i t e  locations are  shown i n  Fig. 1. 

Power System Optimization 

Based on the advanced design of a lOO-We(pys) 
OTEC power plant presented a t  the 5th Conference , 
the power system was evaluated relat ive t o  s i t e  
conditions, because the design conditions and the 
cost of the OTEC power plant depend strongly on the 
s i t e .  Therefore, it is necessary t o  optimize the 
power system for  each s i t e .  

Plate-type heat exchangers were adopted in 
expectation of higher heat transfer coefficients 
under the appropriate pressure drop, smaller size, 
and lower cost than the conventional shell-and-tube 



Table 1 Characteristics a t  five representative , type. The evaporator consists of vertical plates 
CYEC s i t e s  in Japan which are  sealed with gaskets t o  each other. The 

warm sea water flows horizontally through the 
0kinawa T~~~~ passages between adjacent plates from the outer 

Condition Parameter Iriornote Osumi shel l .  The working fluid is sprayed from the 
passages over the vert ical  plate, the other side of 

Generating Capacity factor khich is heated by the warm sea w5ter2. The 
0 - '600 0.66 Os49 O.TO 0.G2 condenser is a vertical-plate-type similar t o  the 
0 - 800 0.93 0.75 0.86 0.62 evaporator. The working fluid is vertically 

ccj~ldenscd on the. plate and drained by the drainaged 
0 -1000 1.00 0.90, 0.94 gutters.' Basic experimental data of the heat 

transfer p e r f o m c e  have been obtained with Fron 
Oceanog- Maximum wind 60.9 73.6 78.6 39e6 114.  Based on these data, the overall heat 
raphic velocity (m/s) transfer coefficients, including the fouling factor 

a t  the sea water side were estimated 5000 kcal/m2hoc 
Annual time of 0.22 0.22 7.67 for  the evaporator and 4500 kcal/m2hoc for  the . 
Occurring the wave condenser under the water flow r a t e  of 2 d s  using 
height more than m n i a  as  a working fluid. From the optimization 
7.75 m ( % )  process, the overall heat transfer coefficients for  
Significant wave 14.0 15.0 13-13 8.5 the evaporalor and the condenser were selected t o  
height estimated (m) be 3476 kcal/m2h0c arid 3015 lccal/m2ho~ respectively, 

and the correspording water flow rates  were 0.79 m/s 
Annual times of 41-60 41-60 41-60 21-40 and 0.87 ds, respectively. 
typhoon (~o/year) For the advanced platform design, a submerged 

Social Effect on ocean route no no yes no cylirlclr.ical type was selected for the Osumi s i t e  t o  
or oceanic fleet avoid unacceptably large forces on the platfonrl in 
exercise (yes or no) the stormy season. A surface-ship type, Whicll ha3 

advantages from the viewpoints of both engineering 
Effect On fishing no no . no no and cost, because of the application of baseline 
( ~ e s  or no) shipbuilding technology, was chosen for  the T o y m  
Open sea near the no yes no yes s i t e .  
mainland or not Each of the four 25-We (gross output) power 

modules consists of an axial flow turbine, two 
~eographic shortest distance 10-15 20 20 3-4 evaporators, two condensers, two pumps for the 

to a land (km) working fluid, two pumps for  warm water intake, two 
Distance to the 450 100 200 20-25 pumps for  cold water intake, and auxiliary equip- 
major port (km) ment~.  Optimization analyses were conducted a t  

Electrotechnical Laboratory in cooperation with 
Distance to the 60 30 70 20 industrial firms t o  select the optW.1. ra t io  of the 
nearest airport . construction cost t o  the net power output ( i . e .  ,' 
(km) the gross power output 100-We minus t o t a l  pumping 

power). Cost functions were developed for  an 
evaporator, a condenser, a turbine generator, pumps 
and a cold water pipe. Calculations were carried 
out t o  minimize t o t a l  cost, and the allocations of 
temperature t~ each component and flow velocities 
of the warm and cold water through the heat 
exchangers were determined. 

The design temperatures of w a r n  and cold water 
must be carefully determined by consideration of 
the annual temperature variation of the plant s i t e .  
Under the several assumptions, the optimum design 
in le t  temperatures of warm water a t  Osumi and 
T o y m  were determined as shown in Table 2 .  In the 
Table the optimum design temperature, annual t o t a l  
power output normalized by the base power output a t  
overall temperature difference T = 21°C, and 

Tdble 2 Vptim~un rlesign temperature a t  Osumi and 
Toy an3. 

Cold water Optimum Annual.tota1 Available factor 
depth temperature power output ratio ratio 

28.2OC 600 m '0.452 69.4 % 

800 28.2 0.811 100 

1,000 28.1 0.989 100 
Fig. 1 The representative 

OTEC s i t e  locations 
in Japan 

Toyama 300 

400 



Intake depth rn 

Fig. 2 Cost change with cold water intake depth 
a t  Osumi and Toyam 

available factor are shown for  three cold water 
intake depths. The design temperatures of warm 
water are  2 8 0 ~  and 26OC a t  Osumi  and Toyam, 
respectively. 

The temperature profile a t  Osumi is quite differ- 
ent from that a t  Toyama. For example, a t  500- 

depth the temperature a t  O s u m i  is 9.180~;  a t  Toyam, 
0.35Oc'. The optimum intake depth was determined 
f'rom the trade off between T ( i . e . ,  power output.) 
and cold water pipe cost and f'riction loss (see 
Fig. 2 ) .  The optimum intake depths are  790 m and 
370 m a t  Osumi and Toyam, respectively. 

The optimization analysis showed that  the OTEC 
power plant could deliver net powers a t  busbar of 
'/8.8-me a t  Osumi and 83.1-Me a t  Toyam as  shown 
in Table 3. The m j o r  specifications and costs a re  
sunararized based on the, 1975 and 1976 design 

' resul ts .  In the 1978 design, unit power cost a t  
busbar includes the available factor and capacity 
factor of the plant, so that the costs are  slightly 
higher than the costs of previous designs. The 
estimated OTEC power costs for  baseload power a re  
comparable t o  projected costs for  fossil-fuel 
fFred power plant. 

Corrosion and Biofouling for  OTEC Heat Exchangers 

Cornsion control is a very hportant  problem i n  
the design of OTEC heat exchangers. The'materials 
being.tested a t  the Government Industrial Research 
Inst i tute ,  Chugoku, include titanium, a l w u m -  
brass,hastelloy, copper-nickel alloys and stainless 
s teels .  The t e s t  was begun by measuring the polari- 
zation behavior and the rate  of corrosion of the 
materials i n  a r t i f i c i a l  seawater. It is assumed t o  
extend the t e s t  h m  the general corrosion charac- 
t e r i s t i c s  t o  the localized one, such a s  pitt ing, 
crevice, galvanic, dealloying corrosion, s t ress  
corrosion cracking, both i n  the a r t i f i c i a l  sea 
water and ocean environment. In  addition t o  the 
corrosion problem, the p e r f o m c e  of the heat 
exchangers is  affected not only by corrosion in the 
workhg fluid, namely arranonia, but also by fouling 

Table 3 Major specifications and costs of 100-MW OTEC power plant . . 

1975 design 1976 design 1978 design It ems 
0s-xmi - To- 

Gross power output ; MW 100 100 100 100 

Net power output , MW 73.9 77.2 78.8 83.1 

W.  F.  flow r a t e  , l o 7  kg/h 1.18 1.114 0.99 0.908 

Warm water temp. , O C  28 28 28 26 
8 Intake warm water , 10 kg/h 9.88 9.74 7.82 6.93 

Cold water temp. , O C  7 7 
8 Intake cold water , 10 kg/h 1.01 8.09 

5 2 Evap. heat  t r ans fe r  a rea ,  10 m 3.2 3.11 
un i t  16 8 

5 2 Cond. heat  t r ans fe r  a rea ,  10 m 3.3 3.51 2.94 2.37 
un i t  . 16 8 8 8 

T/G output ,  2 5 2 5 25 25 
4 4 4 4 uni t  

Type of p l a t  form Rect . Submerged Submerged Surface 
barge cyl .  icyl. sh ip  

6 Unit construction cos t ,  10 yen/kw 78.0 64.5 
l o 3  $/kw 3.55 2.93 

Unit power cost  a t  t he  busbar 
, yen/kwh 11.75 9.56 

millslkwh 53.h 43.5 
Power transmission cos t ,  yen/kwh - 

millslkwh - 



k .om i n o r ~ n i c  deposits and organic slimy films. 
Amnonia my cause a corrosion problem when it is 
contaminated with oxygen or  water, and in certain 
cases leads t o  a fracture of materials. 
Biofouling may also promote corrosion of materials 
and degrade the heat transfer coefficient. It is, 
however, generally incompatible t o  invest the 
materials with Lhe suppressive character t o  fouling 
and the protective against corrosion, a decrease of 
corrosion due t o  protective coatings, formation of 
protective layers, application of e lectr ic  current, 
and others, a l l  lead t o  possible fouling even of 
copper and copper base alloys. It i s ,  therefore, 
assumed a t  present that the prevention and remval 
of biofouling is  done by chemical and mechanical 
treatments, but depending on the chemicals and 
means used in the treatment, new coms ion  problem 
w i l l  a r ise .  Although plate-type heat exchangers 
are srrall s ize and have low initial costs, they a re  
d i f f icu l t  t o  keep clean a t  the present stage. 
Therefore, t h i s  type must interrupt its operation 
for  mintenance. On the other hand, the shell-and- 
tube type, which is widely used for  fossil-fuel and 
nuclear power plant condensers can be kept clean 
enough t o  run with some established mechanical means 
such as  rubber balls and brushes. I f  the plate- 
type heat exchanger needs scheduled maintenance 
periods, they w i l l  increase its operating cost and 
decrease its capacity factor. A s  a resul ts ,  i f  the 
plate-type needs mintenance for one 
mnth a year, and by t h i s  time the heat 
transfer coefficient decreases t o  90 % 
of the i n i t i a l  value, the cost per fork  
ance is  -st the same for  both type 
of heat exchangers. In advance of 

tions were selected corresponding t o  plant s i t e s  
mound Japan, because of the large forces that 
might attack the ocean structure in the stormy 
season. A s  mentioned ear l ier ,  the surface ship is 
at t ract ive from the viewpoints of re l iab i l i ty  and 
economics. Both types have been investigated by 
Shimizu Construction Co., Mitusbishi Heavy Industry, 
Ltd., and Ishikawajima-Harim Heavy Industries Co., 
urder the leadershjp of Tokai University. 

For the design study, the characteristicu of sen 
s tates  were selected as  shown in Table 4 as  the 
representative desigp c r i te r ia  in Japan. The 
externdl loads and dynamic properties were calcu- 
lated on two types platform configurations installed 
100-We OTEC power system a t  both s i t e s  (Offshore 
of Osumi  islands and Toyama bay). The s ize and . 
displacements for-both types including the cold 
water and discharged water pipes were specified as  
shown in Table 5. The resultant horizontal force 
was computed for  each type of platform with a cold 
water pipe (CWP) i n  both ordinary and extraordinary 
sea s tates .  In the case of a surface ship type, 
the following calculation procedure was used: 
1) The external forces were analyzed for  various 

directions of wind, wave and current individ- 
ually. 

2) Each external force was divided into the longi- 
tudinal and la te ra l  components i n  terms of ship 
direct ion. 

Table 4 Design c r i t e r i a  of platform a t  both off- 
shore of Osumi islands and Toyam bay 

R&D on enhancement of plate-type , Osumi Toyama 
cleaning technology fo r  plate-type 
heat exchangers should be developed 

Maximum wind velocity and tested under rea l  sea conditions. 60 60 
(mean) , m/s 

Platform Structure and Cold Water Pipe 

Several types of ocean platform 
structures have been evaluated. 
A rectangular barge type was selected 
for  the baseline design by the OTEC 
Committee for  a plant s i t e  in the 
tropical ocean. For the advanced 
design, different platform configura- 

Current velocity , m/s 
Surface 1.74 1.00 
Depth of 50 m 1.08 - 

100 m 1.15 0.30 
140 m 1.15 - 
500 m 0.25 0 

Wave 
Significant wave height, m 13 8.4 
Significant wave period, s 13 13 

Table 5 

Dimensions and 
d1q)lacemcnt of 
surface ship type 
and submerged 
cylindrical type 
design 

Ship type Submerged disc type 

Length , m 230  meter , m 110 

Beam , m 60 

Draft , m 13 -5 5 

One cylindrical pipt for cold water Two cylindrical.pipes for water 
extract ion discharge 

Diameter , m 11.2 8 

Length , m 500 



Table 6 Estimation of external' force and dymmlc properties at Osumi and !byama 
- 

FxCernal forces Dynamic properties 
P 

D S i t e  Sea s t a t e  Force Gurfaqe Submerged p 
ship cylinder ship &linder 

0s umi Extraordinary Wind force ( t  ) 440 163 Surge(m) 2.4 2.5 
sea  s t a t e  Current force ( t )  400 703 *as (~n) 2.3 - 

Wave dr i f i ing  fo rce ( t )  350 405 Heave (PI). 5.0 2.6 
Roll (O) 20.9 - 

Total ( t )  1190 1271 PiOch(O) 4.3 0.1 

Ordinary Wind force ( t )  30 10 Surge (mJ 0.6 0.5 
lea s t a t e  Current force (.t 400 TO3 sway (m) 0.7 - 

Wave dr i f t ing  force(t1 130 82 Heave (m) 1.2 0.6 
Roll ( O )  2.8 - 

~ o t a l  ( t )  560 795 pitch ("1 1.5 o 

Extraordinary 
sea s t a t e  

Wncl force (t) 
Current force (t) 
Wave dr i f t ing  force( t ) 

Total ( t )  . - 

Wind force ( t  ) 
Cmreqti force ( t )  - 
W%ve dr i f t ing  force( t )  

Tot& I t )  

the submerged 1 0 W e  
U E C  power plant i n  
1978 design 

163 surge (m) 
143 - Sway (a). 
169 . -  Heave (in) 

. R o l l  (O) 
474 Pitch ( O h  

10 Surge ( ( m b  

143 -: sway (an) 
82 He&%< (m) 

Roll * to.) 
235 Pitch ( b j  

3 )  !Che celc'&&i)om were conti+& to  o b t * b  
condition that the t&al. l@i9p$tuclTr&Ll fume . '' 
became .the wdmm ~ ' % h  the t o m  l&ezel force 
be- zero. .. , 1- - . . 

Ihe 'muitant I@- icmas Em ha,b ' 
%&3e 6 .  Ihe vchd fori?es are hqgi -&I c t b r a g t w  
season. m t~ case of s ~ - % $ l i m % i & ; & f &  ' 

$hetQfa;L&xemaT f ~ . ~  dWaed1-.* . 
s e w  ggmption of each farce, b&Euiae cxz a m -  
Tical shape. !me clynmtc ~ o ~ s t l e s  were - 

. . 
cdrl+t@ ;A.orn the cmpWer mdBl-. ' *7X@ %wren45 
f m e  dg&m.ttes in %he ortkhaw a% OsW. ' , 

, Ihe &ypr ~wsul-t force. c m  .%km CW lW&? , 

voluap af tJw s u h m p A - e y W a W  type 8s c-: : t o ,  the. ship type bemause of &essit$. far! &&lkqal ' 
, ,ball@ space, In onlw .tutPzWuce Ishe Wal . 

ex@mal,, Wads, there e s t s  tU&W~''w&k &I the 
of power sysbem confQqm&i~n and &t& 
platform. FOP exWp16,+~ &Ugkia&l. , 

outer space was proposed fur a &wb&geA+~WW 
. type ail &own 3x1 Fig, 3 t o  lreduce b% eZternalTme. 

due t o  current. - 

Ihe Qmmic zrPlalysis on the m,tl@n of the p M -  
form connected with the CWP was achieved in th@ . 

Table 7 Ancliuring system specification 

External force Chain Total weight f o r  1 6 5 h  chain Sinker weight ~idker concreke volvnte 



( Couplind with platform ) ( Material ) ( Connection of pipe segment ) ( Bottom edge ) 

P&. 4 Cold water pipe approach 

.- * 

Fixed 

Sub-f ixed 

Flekible 

Hinged 

Separating 

p r e m e r g  stage in order t o  optw!&e the m c  
plank confY.jgmtion and its nmwb'g system an8 to 
cLm?iTy $he desd gn =of the power transmission cable. 
Ib evaJwte the precise dywmlc @wacteristics, it 
i5 propwed as future work 60 inm-te Wlat 
covtpllng the platform and CWP, CWP mter ia l ,  CWP 
connection method anU the state qf bottm part of 
CWP as  shown ItnFig. 4. 

The dcq- of the. anchoring systems based on the 
above rwfhiltant e r t d  loads and baseUne 
anchor- technqlogy presented in '1BbLe 7. In 
the ca&cul,at-ions the holcU@ power coeffi.cient of 
a sinker ma%? of concrete is 0.65 and a W e t y  
fwtcrr is 1.3. 

fmpmtant problem, even though ecological ccnnpensa- 
tion mlght Be expected. 

m c e p t d  Dee- of 1-EaJe w e e r i n g  
Test Facility 

In order t o  d m m t r a t e  proof of the UI'EC 
cmcept, a l-MWe test facil i ty is planned t o  be 
operated a t  sea t o  germate electrical power using 
amnonia as a working fluid under the real sea 
states. The t e s t  objectives are: 
1. Powe?2 system 

a)  Proof of 0 '  power generation concept upling 
real  sea water 

b) M u a t i o n  on the characteristics af the 

F R P  

Rubber 

bncretet~~) 

Rigid 

Flexible 
- - 

Emlronmental Aspects on QTEC Power Plant OPEC power system in cmparison with the 
results of small scale ('IPEC tes t  facil i ty on 

J%rimm+al asBesslaent has land and also theomtical s3mulatlon model 
been conducted by an oceanophysicis$ 
group In collabmtion w l t h  a 
nwxLne bio1cgWt p u p  belonging Table 8 W o r  specification of l-MWe mering %st 
to  the DBC Dcarndttee under the Facility 
leader&$ t o  Tbm Uaivep8ity. 
Sam @B$mWme of sea water I%ems Specification 
temperatwe profile due t o  large 
scale op@qltion of OTEC P a t  Wann water temperature 28% 
might a,ffect meteorolaeji.cal, Cold water temperature 7OC 
oceanic, and biological enrbm- Overdl A T 21°C 
mts. hraporating temperature 22.9OC 

A pre- study as for the Condensation temperature 12.5% 
behavior of cold water discharged !Curbine efficiency 0.6 
plum and+biologlcal effect has Generator efficiency 0.96 
been carried out. In addition t o  Gross power output 1000 Kwe 
the evaluation of the plume Rankine efficiency (net ) 1.98 % 
behavior at the near field, the Evaporator, Heat duty 4.34 x 10; Pallh 
effect of the Coriolis force a t  Area 4.13 x 10 3 
the far field was inpestigat& Pressure 9.58 kglcm abs 
with a basic experlnmt using a Size 4.9 m x 9.$5 mL 
sroall-scab rotatian water bath a t  

K~ 3476 kcal/m h°C 
Ibkyo. University. The results 
M c a t e d  peculiar characteristics Condenser, Heat duty 4.25 x 107kcal/h 
of the m u t i o n  of water by the Area 4.70 x 10%2 

rotation effect qwlktatively. Pressure 6.83 kg/cm2abs 

The water plume did not sf& and Size 5.9 m x 7.J I& 
was kept near the surface by the Kc 3015 kcal/m h°C 

inf l~ence of the rotation. !fhe Working fluid snmtonia flow rate 1.48 x 105 kg/h 
entrahment of nekton by the CW Warm water flow rate 12.640 m3/h 
was estitlrated to  be about 5000 Cold water flow rate 10.526 m3/h 
tons per mnth for a 1 0 0 4 k  Intake & discharge pipe, Warm water 1.20 m 
plant. And the entrainment by the Cold water 1.30 m x 500 mL 
warm water pipe was estimated to  Discharge 1.80 m x 100 
be 70000 tons (wet weight) of Pumping power, Warm water 123 kw 
nekton per mnth based on the data Working fluid 32 kw 
on the vertical distribution of Cold water 221 kw 
nekton3. The entrahment of Net power output 624 kw 
micmneMon and spawn is an 

Free 

Anchoring - 
~teil 

Aluminum 



Fig. 5 Sectional view of l-We Engineering Test Facility 

c )  Evaluation on the performance of evaporator , 

and condenser, in paticular, biofouling and 
corrosion effect ( 

2. Ocean engineering 
a )  Measurement of external force and dynamic 

rsespurise t o  the barge in order t o  get basic 
data for  large scale structure 

b) Measurement of external force and s t ress  on 
the cold water pipe 

c )  @oring t e s t  by the usage of anchoring system 
and thruster alternatively 

3. Ehvironmental assessment 
a)  Evaluation on the behavior of discharged 

plume a t  the near f ie ld  of outlet of dis- 
charged pipe 

b) Evaluation on the biological effect due t o  
the discharged cold water including the 
entrainment effect 

The principal object is  the performance t e s t  of 
heat exchangers. Test barge is  planned t o  be 
applied with a used 32,000 freight tonnage o i l  
tanker, which i s  202 m long, 26.5 m wide, 13.9 m 
deep and 10.4 draf t .  The power system is installed 
i n  the part of 4 central o i l  baths. The specifica- 
tions are shown i n  Table 8. The temperature 
allocation.comes f h m  the resul ts  of optimization 
of 100-We OTEC power plant. The geometric arrange- 
ment i s  shown i n  Fig. 5. Various types of the heat 
exchangers w i l l  be tested t o  obtain design data for  
large-scale OTEC plants. The t e s t  barge w i l l  be 
located, in sequence, a t  several representative 
s i t e s  as described in the previous section. 

quite different.  + 

2. A cost-effectiveness comparison of shell-and- , 
tube type and plate-type heat exchangers 
including the maintenance for  cleaning yielded 
'nearly equal costs for  the two type. It is 
suggested that the development of the cleaning 
method should be the , f i r s t  consideration for  
plate-type heat exchangers. 

3. The externdl forces and dynamic properties were 
evaluated for a surface ship and a submerged 
cylindrical type platform coupled with a cold 
water pipe. Based on these resul ts  the anchor- 
ing system was estimated. 

4 .  In the coese  of the investigation on the 
behavior of plumes, the effect of the Coriolis' 
force was qualitatively clar i f ied by small-scale 

. 

- rotation water bath experiments. 
5. The main emphasis in the next step in OTEC R&D 

act ivi ty  i n  Japan 13 on the construction and 
operation of l-We OTEC t e s t  fac i l i ty  bui l t  on a . 
barge which is a converted o i l  tanker. Various 
types of the heat exchangers w i l l  be tested a t  
several representative s i t e s .  
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STATION KEEPING SUBSYSTEM DESIGNS FOR 
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Various alternative concepts for mooring of the 
SPAR and BAW3E type platform hulls were cmidered, 
evaluated, and the best two concepts far each hull 
were  established. The screening and evaluation 
efforts included ampilation of site e n v i r m t a l  
data and design cri teria,  and the developllent of a 
r e l i a b i l i t y / p e r f o m c e / ~ z a t i o n  mthcdology. * 

A t  the end of the cmceptual design w e  of the 
study, multi-pint spread catenary moorings using 
carrposite wire rop/chain lines were found t o  be 
suitable for positioning both platforms. Also 
applicable t o  the SPAR platfom was a vertical 
tension leg type m r i n g ,  and t o  the BMGE platform 
a single p i n t  moaring w i t h  tension buoy. 

The m u l t i - p i n t  catenary mooring concepts were 
selected as baseline for the next phase, develop- 
mnt of preliminary designs, since they use state- 

Prihcipal Characteristics of the SPAR type 40 MWe 
Platform 

Dimensions, f t .  
Main bodv depth 13 3 
Mainbod; dia. (min.) 100 
Main M y  did.. (over discharge pipes) 196 
Column dia. 35 

Weights, Long Tms 
P l a t f m  System 22691 
Cold Watek P i p  System* (8435) 
Pmer System 4727 
Energy Transfer System 352 

Light Ship Without Margin 
Margin 10% (equipsrlt only) 

Light Ship Displacemnt . 29431 
Load Items 1244 
Fixed Ballast 11500 
Saltwater Ballast 4925 
W r i n g  Tension 7200 

Total W t i n g  Displacement 54300** 
~p 

*Neutrally buoyant cold water pipe not included 
in light ship 

**Excludes water in  CWP and discharge tubes 

*Project Manager 

-Head, Naval Architecture 

Introduction 

The f i r s t  large scale wer generating Ocean 
T h m l  Energy Conversion (OTEC) plant w i l l  be the 
10/40 MWe Mcdular Eqeriment Platform. Current 
DaE plans are t o  construct and deploy such a plant 
by 1984.l This paper presents the results of a 
conceptual design study on Station Keeping Sub- 
systems (SKSS) for two candidate platforms for 
this application. ?he study was performd under 
contract t o  the U. S. Department of Camerce with- 
in the Department of Energy's UI'EC 0cea;l Engi- 
neering Program. 

The platform candidates are a snkmsrqed SPAR 
type hull with outbard heat exchangers and a 
&ace BARGE type hull. Preliminary $.signs on 
both of these platform have been prepared by 
Gibbs Cox, 1nc.2 and Applied Physics Laboratory 
(JHU) ,' respctively. Tables 1 and 2 list the 
principal characteristics of these platforms t o  be 
used as the baseline hulls for SKSS studies. Other 
subsystesrs of the Mafiular OTEC platfom are pres- 
ently being studied by various DaE c tractors, "nj e.g. cold water pipe by d and SAI , riser cable 
by sinplex,6 etc. 

Priar investigations of SKSS for OTEC platforms 
a t  the d e p l y t  s i t e  have beera conducted by 
Westinghause and others, and a canpilation of 
state-of-the-art was prepared by Frederick R. 
Harris, Inc. The present study is linuted to  a 
specific s i te ,  hmta Tuna a t  the south east coast 
of Puerto Rim, and to a primarily moored SKSS 
canfiguration with thrusters, i f  necessary, t o  be 
used as  secondary systens. 

Principal Characteristics of the 10/20 P.We Pilot 
Plantship Hull 

Dinwsions, f t .  
I03 (overall lenqth) 381.5 
IkJL (length of waterline) 378 
Beam ( H u l l )  121 
Beam (Over KW pLmp?s) 159 
Depth t o  Main Deck 77 
Depth t o  Upper Deck 89 
Draft (rn, Hull Only) . . 65 

C d t i o n s  Defining Displacement: 
65-f t draft 
Assumes APL HE'S a t  a l l  wells 
Vessel displacemnt includes 

d i s p l a m t  of HE'S 
CWP in place 

. .  Hull N l y  outfitted for 20 MWe 
operation 

Displacamt 67,901 LT 
Ballast (To 65' WL, 20 MW O_per.) 6,757 LT 



FIGURE '1: Conceptual Design Approach 

In this  study, MR&S has be& assisted by the SKSS Concepts 
f o l l ~ g  subcontra&ors : Table 3 shms the final matrix of SKSS concepts -... . cmsidertwl. It w i l l  be noted that tlw mati-ix con- 

o Oceanics, Inc. sists of tension leg and catenary systems. Rotary 
o John G a d b o i s ,  Consultant moring concepts (turret mooring) were also can- 
o Bryant Erqineering sidered but eliminated £ran the matrix due t o  the 
o Linncnbank International diff icult  problems associated with them. One of 
o Maxine Supply Co. the tension leg concepts has the CWP integrated 
o A. H. Glenn & Associates with the moorirq system. This is the vertical 
o Mlel land I3qineersr Inc. tension moaring with the tension leg inside the 

W. This cancept has been cansidered in  the 
The basic approach consisted of the f o l l ~ ~  matrix, and a cost estimte has been d e v e l m ,  but 

steps: essentially, the decision was made t o  consider in 
detai l  only those concepts which are independent 

o Develop mtrix of a l l  candidate cancepts of the W. It was foreseen that when the plat- 
o ' Adopt & exercise the quasi-static ~PP-C~ CWP, SKSS, & riser cable premary 

t o  the m i n g  system stress analyses designs are a l l  canpleted, mch mare w i l l  be b a ~ n  
o Adopt and exercise a 4 r m r k  reliability, about these subsystem and an integration effort 

prfcmmnce, optimization (RPO) analysis t o  canbine the effects and nquirements into a 
scheme. ~xmpkte s y s W  w i l l  be m - e  ~ i n g f u l  a t  that 

tim2. 
A flaw chart detailing the sequence of analyses 

is given in Figure 1. Deplayrrwt Sites 

The speci f id  r g t m  for t h i s  st.wly is the 
southeast coast of Fuerto Rim. O f  the three p s -  ' 

COMPUTE PLATFORM STATIC 
DRAG FORCES . 

ible OTEC MEP moaring sites in this region, as 
sham in Figure 2,  two are close t o  the Puerto 

I pic0 island shelf and oneis farther offshare in  

ESTABLISH MATRIX  OF 
CANDIDATE SKSS CONCEPTS 

F I N A L I Z E  S I Z E S  OF 

FROM HATRI X 
MAJOR SKSS COMPONENTS 

0 MOORlllG LEG FORCES 
0 ANCHOR REACTION - o CHECKED BY 

0 STATIC  EXCURSION 

OF S T A T I C  EQUIL IBRIUM 

COMPUTE M A x l n u n  REACTION 
FORCES CORRESPONDING TO 
HAXINUM DISPLACEMENTS 

APPROPRIATE SKSS CONCEPT 
EXCURSION I S  A V IABLE CANDIDATE 

COMPARE ALL V IABLE CANDIDATES 
ON THE BASIS  OF BUROEN VARIABLES 

AND ESTIMATED EFFECTlVEllESS - SELECT 2 BEST 



'IIABLE 3 Final Matrix of SKSS Concepts 

L ,.FC "CL. .. - - - - - - - - I ' L ~ C S " L +  . : I : I 
TYPE OF MOORING 

I 8 ILIC Y I R L  IIOPEICHLIH - - - ----I I I 

I A R C I  

I 8 L U  WIRE R O P L I C I U l H l h Y W I  ---- 
( 3  L I H L S  PER L a )  1 x i  I 

SPAR 

( 2  L l S L S  PER L a 1  I " I  
TLtiSIOS LLC "0011SCS i 

I FPITAU (ATESAXI *19illliDS I I 

VERTICAL ( T W S I O N  RODS1 3 LU: 

1:lCLlSED (TE:SIOH RODS) 3 LU: --- 
VERTICAL. SINCLF L a  I N S I D E  -1 

the Virgin Island Basin. ,The £0- would place 
the platform appmximtely 3 miles offshore a t  
4000-5500 f t  w a t e r  depth; the latter, 8.miles off- 
shore a t  about 6000 ft depth. 

Figure 3 slim klle Gottcnl profile a t  t l ~ e  No. 2 
mooring site. 'Ihe envircnmental conditions a t  
the site, both surface wind, wave, current, and 
the &tan  data, were investigated and the 
enviratlnwtal states sham in Table 4 were estab- 

.. - lished for use in the canceptual design analyses. 

HOLWY C n U I D R I W  L I R I  

t SOLID 8*B L W :  

I . I 

Figure 2 :  OTEC X E P  SITES A T  P U E R T O ' R I C O  

. - 

5.8-3 
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FI- 3: Dottam Profile .at: Slte #2 

0 

2 

+I w .  
m 
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I- 
a 
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W 4: hvircmmental states far the Funta Tuna Stress Analyses 
site used in canceptual design 
calculations ' 

n - 

- 

tV3 Significant wave pericd 

Pe Probability of excedance 

--- . - 

i 
3280 ft (1000m) 

-- - 

hu3 / t1,3 WIND i summi pe 
rnTEi ft i ft ; - i   KNOTS ~~ r; % 

! 1 

i 
1 i 2 r d.0 / 10 I i.5 ;38.0 . . j 
2 4 4.7 14 j 1.6 j21.9 

3 ' 6 5.4 17 i 1.6 lY.4 
I 

5 1 10 6.8 i 22 1.7 3.4 

Although a canplete dynamic analysis of the 
' 

mxning system will be perfonttd during the next mse of this study, the great nmker of variables 
ard concepts for the conceptual design phase dict- 
ated a more simplistic procedure. Consequently 
the mure carmon quasi-static analysis procedure was 
adoptel. Basically this cansists of the foll&g 
steps: 

i 
- POINT NO. 3'  

0 canpute the extreme wind, current and wave 
forces for the operational and survival en- 
viromental states. Consider these as . 
static. 

1.8x10-~ 

1.6x10-~ 

1.4~10~~ 

o Canpute the first-order seakeeping motions 
of the vessel. 

hlI3 Significant wave height 

I 

8*+ I 25 

10 35 
o Apply the static loads to a model of the 

mooring systen and cmpte the tensions. 

I 

U** o Add the additional tension due to first 
order motions. 

10.4 

11.7 

11.0 45 

o Capute line reactions and anponent stresses. 

40 , ' 2.1 

80 j 2.6 

I 
94 j 2.7 

Included in the adopted qua=%-static poced.me 
were the mideration of envirmtal conditions, 
factors of safety, wave drift forces, and 
loads. 

* Carrqmding to "Design Operational Sea 
State" 'Table 5 surrmarizes the static lcads on the SPAR 

and EWGE platfom. The amputer results for 
** Correspanding to "Design -erne (or excursion radii, Line tensions, and horizontal 

Survival) Sea State" anchar farces for the m t  prdsing SKSS cqcepts 
are listed in Table 6. F i g w e  4. ad 5 depict 
the most pdsing concepts for the SPAR; Figures 
6 and 7 for the BARC;E. 



5: Static loads on the platfarms for various e n v i r ' m t a l  states ' . 

a) 40 MWe SPAR . 

Reliability, Performance, Optimization (RPO) 

m m  

A t  the conceptual level, the Re0 analysis must 
necessarily be partly qualitative and partly quan- 
titative. The follawing variables were considered: 

I 
. Hs , F ~ d  ! FUrr,t j d r i f t  i 'mmL 

(ft.1 (LT) j ( 1  . i (I;T) ! (LT) (KIPS) 

0 Perfcmralce 
o Reliability 
0 cost 
0 Deployment 
o Maintenance, repair -and replacement 
0 Time schedules 
o Interface with other subsystems 

I 1 I I I 

Perfannance is considered i n  the rnaximUm operat- 
ing and survival conditions only. In the operating 
cadi t ian ,  the plat£& must not exceed an excur- 
s i m  radius equal t o  10 percent of the depth while 
in the survival &tion the allawable leg tension 
must not be excee3ed. Reliability a s s e s m t  is 
qualitative am3 takes into account system redund- 
ancy, past experiience with similar designs, state- 

of-the-art of caqxment devel-t , of 
p s i b l e  modes of failure, and handling during 
deployment and mintenance aperations. Costs have 
been estimated for the SKSS concepts having an op- 
erating condition excursion just neeting or slight- 
ly less than the mxhnnn allamble. Deployment, 
maintenance, repair, r e p l a m t ,  time schedules 
and interface cansiderations have been included in 
the cost estimates as well as qualitative burden 
variables affecting each concept. The average 
annual costs and present 'values for each concept 
were calculated. W l e  7 s h m  a sample cost cal- 
culation for the SPAR 8-leg wire/chain catenary 
moaring concept. The cri teria used in measuring 
the variables i r e  presented in Table 8. 

optimization was inherently perfarmed by pro- 
ceeding through.the design spiral a nmker of 
t i r e s .  

The results of the evaluation t o  determine the 
best concepts are s m i z e d  i n  Table 9 for both 
platform. 



TABLE 6: Ccmputed SKSS r e s u l t s  f o r ' t h e  t w o  platforms 

a )  SPAR (total load a t  survival conditicm: 1338 kips) 

SKSS ' PRETENSION 1 MTEX 1 HORIZONITLL HORIZONPAL EXCURSION ! LINE ThTSIm 
cXNXFT KIPS i DEFTH' : D I S ? N C E T O i  P U U O N  . j  1;T AT .SUlWM& - 

i ET ANCHOR,ET ;ANQIOR,.KIPS,  
I . . 

4 p o i n t  cat : 700 : 5,470 j 7,880 - ( 370 (0) . 1,935 
K!L/CHN legs ! 

4 point cat ' 3000 1 5,470 i 3,382 , 2,004 1 1 6 4 ( 0 )  1 5,100 
SBL legs ! i . !  

I ! 

8 point cat 400 1 5.470 / 7,919 669 i 455(0) 1,065 
WCHN (nylcm) : I / I 

I 

3 point i 276 : 4,650 508 : 2,355 f . 270 (S) i 13;174' 
inclined t ens ion  : , . i 
leg rcloaring 

I I 
i j . .  > .  

3 point 431 j 4,650 1 0 1 1,087 ., 1 450 (S)  ! 4,308 
vertical j TL m ~ a r i n g  

8 point cat 1081 j 5,470 1 7,056 - [ 142 (0) 1 1,513 
WCHN 

i 
I ! 

s i n g l e  t en s ion  12,085 ' 4,650 1 0 ! 1,801 - 1 4 6 0 ( ~ )  I 18,460 
! 

leg (a@) mocaring / : I I 

290 to  j 4,000 8 p o i n t  cat , . 
W(JHN : 480 

- - - - - - 

b)  BARGE ( t o t a l  load at  survival a n d i t i o n :  6393 k ip s )  

6,600 to  440 ' 2 5 5 6 )  650 
14,350 I 

I 

4 point cat 2606 ' 5-,470 ; 4,510 . 1 7,000 i 626 ! 1 12,000 
legs i I 

4 point cat 4000 j 5,470 i 4,510 1 608 
I 

12.100, 
SBL legs ! I 

I 

8 point cat i 555 I 4.000 , , 1,450 iBe l cwLimi t  , 1,820 
3 W C H N m  i I I ,(540 @ , - 
lincs per Icg. 921 1 j , I condi t ion)  ! 

I I 
! 

16 paint cat 1000 6,000 15.362 i 1 1,000 i 338 , 1,740 
! 2 WCHN i ' .I 
i i I i 

4 ,  

lines per leg ! .. . 

I 

8 pint cat 6400 i 5;470 
SBL l e g s  I .  

s i n g l e  buoy 8333 1 4,600 / 
rcloaring w i t h  
3 SBL legs 

I 

and buoy ! 

I 

4,557 3,817 1 . 274 . 9,400 
j 

0 j 4,042 : B e l m L i m i t  . /  12,117 
. / (585 @ su rv iva l  1 

c a d i t i a n )  
' I 

, . 

N o t e :  Allamble excursion r a d i u s  @ opera t ing  ccmdition: 10% of water depth  

CAT: Catenary HCL: Hollaw c y l i n d r i c a l  link 

SBL: So l id  bar link WR: W i r e  rope  CHN: C h a i n  

(0) :' . ,Operating ccoldition (S) : Surviva l  c cnd i t i on  



'IIABl;e 7: Cast calculatians fas: SPAR with 8-leg wire/- atenary 

CASH FLOW CHART N = y e ~ l : ~  After Start-up 

1 P = $17,274,000 
AVERAGE ANNUAL COST . 

P = $17,274,000 i = 0.09 (9%) P = Initial cost 

(CRF)NI1O = 0.1558 
Y = Annual operating Cost 

T = Majm Maintenance Cost at year N 

$4,038,000 (PWF)~=~ = 0.6499 i-InterestRate 

CRF = Capital F&covay Fa- 
'N=7 = $769,000 (PWF)Np7 = 0.547 P W l ? = P r e s e n t ~ F a c t c P r  

AAC ~(171 + 0.1558 X 17,274 + 0.1&8 X 0.6499 X 4,038 + 0.1558 X 0.547 X 764) x lo3 = $3,337,000 

Ihe.tWabest:SISBcXfKq&S*theMplat- Irigctre 5 
fmm are: 

lncar* fcl: the SPAR & the shgle +t.-wcacjng 
f a c ~ ~ ~ ~ t h e l u s e o f ~ b a r  
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TAEW 9: Evalua t ion  and ccnparisons of OTEX: SKSS concepts 

a) SPAR P l a t f m  

8 p o i n t c a t e n a r y  / G E i G G . j  E I E 1 21.4 I (wire rope & I 
chain) ! i ! 

I 

I 
slant i& t e n s i o n  / E F I F-G I F-G I G :  G j 54.4 

( 3  t e n s i o n  rods) i j ! 
v e r t i c a l t e n s i o n  j E j F I G 1 G ; G I  F 1 28;5 

(3  t e n s i o n  rcdsf I : , 
! 1 

I 
! 

vertical t e n s i o n  E i P i P j P ! F 1 G r 3 C . 2  
(1 leg inside : i , . ! 

CWP) i , i I 

(W) 

b) P l a t f m  

SKSS (33XEPT 

P = poor, F = fair, G = gccd, E = excellent 

: * See footnotes. to  Tab le  6 for mooring abbreviations. 

I ; ! 
4 point catenary .F P-F f P-F I ! F ' F (cab le )  i210 

(HCL) I I - P (CWP) j 
i 

4 p o i n t c a t e n a r y  i F G ] P j P-F i G j F (cable) ; l o 7  
! ! - P (CWP) j 

; P i 1 158 
! i 

single buoy m00r- G i F-G G G I E (hull) 66 
i ! - F (cable) j 

j I 
8 pint catenary ! F 

I .  

c h a i n l i n e s  I 1 j I 

I M&R TIME 

per l e g )  
1 6  point c a m  

(2 w h . r o p e /  
cham h e s  
per leg) 

(T)S? 

I I f ! 
F 1 .  G j P-F i G i G j i 1152 

I I I , 
1 ! I i 

I 
I 

I i I 
I I ! 
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A FEASIBILITY STUDY OF AN QTEC GUYED TOWER CONCEPT - 
Eugene 'H: Pharr 

J R a y  M-- C o . ,  I n c .  
R e s ' e ~ l o p m e n t T - i w i $ i o n  

P . O .  B o x  6 0 0 3 5  
New O r l e a n s ,  Louis iana  7 0 1 6 0  - 

Abstract  q 

A bottom-supported, guyed-tower s t r uc tu r e '  may 
provide a  good so lu t i on  f o r  s t a t i ona ry  Ocean 
Thermal Energy Conversion (OTEC) p l an t s  supplying 
e l e c t r i c  power d i r e c t l y  t o  t he  U.S. mainland. 
This approach would avoid some of t h e  problems with 
cold water pipes and e l e c t r i c  r i s e r  c ab l e s  seen 
with f l o a t i n g  OTEC platform designs. A novel 
so lu t i on  f o r  e f f i c i e n t  OTEC f ab r i ca t i on  i s  
suggested, based on our experience i n  designing, 
f ab r i c a t i ng ,  and i n s t a l l i n g  var ious  s t r u c t u r e s  i n  
oceans a l l  over t he  world, one of which is  de- 
signed t o  withstand hurr icane loading i n  over 1000 
f t  of water. The OTEC p l an t  would be supported 
above water by four  double-walled s t e e l  columns 
(one a t  each corner of the.,plant, with appropriate  
cross-bracing) which would a l s o  se rve  a s  t he  cold- 
water pipes. Resu l t s  of t h i s  l imi ted  s tudy in- 
d i c a t e  t h a t  a'guyed-tower OTEC p l an t  would have 
super ior  l i f e  and stat ionkeeping a b i l i t y ,  and t h a t '  
t h e  optimum p l an t  s i z e ,  from a s t r u c t u r a l  support 
s tandpoint ,  would exceed 1000-MWe (ne t ) .  Cost 

opt imizat ion s t ud i e s ,  however, remain t o  be done. 

/- .... 
S o d u c  t i o b  .,','..,.... 

19 /h 

Most people who have shown i n t e r e s t  i n  OTEC 
,,.I,. 

know t h a t  Georges Claude b u i l t  and operated a  - - , a  .--" D l - 3 l  
l s r m  

22-kW ( g r o s s ) - ~ G ~  p l an t  i n  Cuba f i f t y  years  ago. 
Fig. 1 Size progression of offshore oil drilling structures. . 

Some may not know t h a t  o f f shore  o i l  production 
s t a r t e d  a  few years  before  t ha t .  ~ n f i l  recent ly ,  
OTEC was v i r t u a l l y  forgot ten ,  but o f f shore  o i l  
production has undergone massive growth and tech- 
n i c a l  development. Because t h i s  paper depends on 
the  of fshore  o i l  technology, a  b r i e f  review is 
included here. 

Offshore o i l  production had t h e  r e l a t i v e  luxury 
of s tepping gradual ly over f i f t y  years  from 
shallow water t o  deeper water. I n  1909 t h e  f i r s t  
platform s t r u c t u r e  f o r  d r i l l i n g  was b u i l t  a t  Ferry 
Lake i n  Cado Pa r r i sh ,  Louisiana. I n  t h e  1920s t he  
f i r s t  of t h e  over 5000 platforms now i n  Lake 
MaricaLbo, Venezuela wc re .bu i l t .  I n  1955 t h e  
deepest water i n  which a f ixed  s t r u c t u r e  has been 
b u i l t  f o r  o i l  prodauction was 100 f t ;  i n  1965, 285 
f t ;  i n  1975, 474 f t ;  and 1978 we completed a  s t ruc-  
t u r e  f o r  1000 f t .  The l a t t e r  four  s t r uc tu r e s  
(Fig. 1 )  were b u i l t  by McDermott. The f i r s t  and 
four th ,  i n  t he  U.S. Gulf of Mexico, a r e  designed 
t o  withstand severe  hurr icane loading. The 
second is  i n  B r i t i s h  North Sea waters. The t h i rd ,  

on c a p i t a l  investment f o r  r i s k  ventures.  V i r t ua l l y  
every such s t r u c t u r e  has been e s s e n t i a l l y  a  one-of- 
a-kind prototype. 

OTEC plan t  development w i l l  not have t h e  luxury 
of s tepping out  gradual ly.  Water depths i n  excess 
of 3000 f t  could be required t o  opera te  t he  f i r s t  
commercially v i ab l e  OTEC plan t .  For purposes of 
t h i s  study, we have assumed t h a t  t h e  OTEC tech- 
nology w i l l  have been adequately demonstrated p r i o r  
t o  cons t ruc t ion  of t he  f i r s t  major commercial OTEC 
plan t .  Then t he  r e p e t i t i v e  work of cons t ruc t ing  
fu r t he r  OTEC p l an t s  i n  t h e  Gulf of Mexico f o r  de- 
l i v e r y  of power by undersea cab le  t o  t h e  U.S. 
mainland w i l l  give t h e  indus t ry  a  ba s i s  f o r  
j u s t i f y ing  and f inancing new o r  expanded f a c i l i t i e s .  
The i n d u s t r i e s  needed a r e  ava i l ab l e  on t h e  Gulf 
Coast where t he  bulk of the world's demand f o r  o f f -  
shore o i l  production f a c i l i t i e s  has h i s t o r i c a l l y  - 
been. 

i n  the  Santa Barbara Channel off  Cal i forn ia ,  is  The OTEC development technology can be l o g i c a l l y  
designed t o  withstand severe  earthquake loadings combined with t he  of fshore  o i l  development ex- 
a s  wel l  a s  t he  100-year storm. perience t o  y i e ld  very r e l i a b l e  guyed-tower OTEC 

This progression i s  remarkable f o r  t he  advances p lan ts .  
i n  t h e  design technology and cons t ruc t ion  a r t  t h a t  
have been required;  however, t he  progression has O i l  Production Offshore 
been l imi ted  primari ly by economics. Every one of 
the  thousands of o f f shore  s t r u c t u r e s  b u i l t  had t o  The o i l  indus t ry  has o f t en  been symbolized by t h e  
appear t o  be j u s t i f i e d  i n  terms of r a t e  of r e t u rn  d r i l l i n g  der r ick .  Most explora t ion  d r i l l i n g  has 



been done from barges, ships, and the  modern semi- 
submersibles. But dr i l l ing  i s  not o i l  production. 
Most production has been done from bo t tow 
supported structures. One very good reason for 

, t h i s  i s  that  f loating f a c i l i t i e s  can not con- 
tinuously keep s ta t ion year af  t e r  year. In bad 
weather they must cease operations and reballast  
for  survival. When the  worst o f  weather i s  fore- 
cas t ,  they usually s l i p  the i r  moorings and o f t e n  
move away. 

When a single application must bear the ent ire  
capi ta l .  cost  o f  f a c i l i t i e s  and continuous opera- 
t i o n  i s  desirable, bottowsupported structures 
have been used almost without exception. The de- 
sign techniques are well developed a r t s ,  soundly 
based i n  theory and proven i n  application. Con- 
ductor pipes through which both dr i l l ing and p r o -  
duction occur are analogous t o  the cold water pipe 
required for OTEC. For years high-voltagelhigh- 
power submarine e lec t r i c  transmission l ines  have 
been terminated on bottowsupported structures and 
have operated without noteworthy d i f f i c u l t y .  No 
such parallel history o f  success e x i s t s  for  
f loat ing f a c i l i t i e s .  

Structures 3 and 4 i n  F i g .  1 are brute force 
solutions direct ly  extrapolated from a vast  
amount o f  prior ar t .  They o f f e r  a surety and re- 
l i a b i l i t y  superior t o  modern high-risk buildings 
or bridges on which many people stake the i r  l i v e s  
nearly every day. 

The Guyed Tower Concept 

The most promising concept for  deeper water i s  
the guyed-vwer, compliant structure developed 

'pr imari ly  by Exxon Production Research (EPR) i n  
Houston, Texas. Considerable information about 
the  concept and t e s t s  o f  a model i n  300 f t  o f  
water has been published by EPR i n  appropriate 
trade journals. More complete data have. been made 
available by E P R  for nominal fees;  In the  in- 
dustry,  both R 6 D and spec i f i c  application 
studies continue. Construction o f  full-scale p r o  
duction f a c i l i t i e s  using the guyed tower i n  water 
depths o f  1000 f t  t o  3000 f t  seems imminent. 

For an OTEC plant, r e l i a b i l i t y  and dependability 
should be such that power could be sent ashore 
during a hurricane, provided that storm-driven 
turbulence does not eliminate the needed seawater 
temperature d i f f e rence  ( A T ) .  C i t i e s  below sea 
l e v e l ,  l i k e  New Orleans, dependent as they are on 
e l e c t r i c  pumps t o  control flooding, could bene f i t  
from such r e l i a b i l i t y .  

Elimination o f  cold-water-pipe (CWP)  and riser- 
cable problems with a guyed-tower platform was . 
proposed by Dr. W.L. Green o f  our Research and 
Development Division. The author further de- 
veloped that concept and drew heavily on the  ex- 
perience and suggestions o f  other McDermott em- 
ployees. 

The fixed concept also has obvious merit for  
o f f shore  OTEC plants because: 

1 )  There are no CWP structural dynamic problems; 

2 )  There are no d i f f i c u l t i e s  wi th  the trans- 
mission l i n e  or i t s  termination; 

3)  The s ta t ion can operate continuously even 
during the most severe weather; 

i s  practical while operating at  a substantial 
fraction o f  f u l l  capacity; 

5 )  The design l i f e  o f  the  ent ire  system may be 
as long as desired without s igni f icant  outlay for  
structural systems beyond that  required for a 
nominal t e n  or twenty year l i f e ;  

6 )  No new technology with respect t o  structural 
systems design or construction i s  required. Extra- 
polations o f  the ar t  are required using scale 
factors not s ign i f i can t l y  d i f f e r e n t  from those 
already encountered and successfully handled by the 
o f f shore  o i l  industry. 

The concept ( F i g .  2 )  developed for  t h i s  study 
proceeded from the following considerations: 

1 )  The vast  majority o f  the world's o f f shore  o i l  
structures are made o f  s t e e l ,  a highly advantageous 

 structural material, which i s  used for  t h i s  concept. 

2 )  For commercial OTEC application t o  feed 
' e l ec t r i c  parer t o  the  U . S .  mainland the  station i s  
assumed t o  require: a )  operation a t  a fixed s ta t ion 
i n  3500 f t  o f  water, b )  survival o f  hurricane 
loadings with sa fe ty  factors appropriate for a 
manned structure,  and c )  support o f  a 300,000 ton 
payload o f  OTEC and power generation equipment and 
machinery. 

3) The structure i s  designed for the maximum 
single wave i n  the  design storm; t h i s  i s  substan- 
t i a l l y  more severe than design for the  s igni f icant  
wave because fixed structures can not run from 

:.I.: 

Fig.  2 The OTEC guyed tower concept. 

4 )  Programmed maintenance o f  a l l  major system 
components, including the  CWP(s) and pumps, ' 



storms, and the  single wave o f  unusual steepness 
can do much damage. For t h i s  reason we have 
elected to  conform with American Petroleum Insti-  
ture (API) Recommended Practice 2A for the de- 
sign o f  o f f shore  structureo. 

4)  A severe dis tr ibut ion o f  current has been 
assumed for survival conditions. The load- 
governing design i s  current-dominated i f  it i s  
assumed tha t :  

a )  No portion o f  the  system including CWPs, 
r iser  cables, or mooring l ines  i s  expendable under 
survival conditions. 

b)  A smoothly diminished current t o  extreme 
depth i s  present under design storm conditions 
when currents are driven by t ida l  or barometric 
conditions even though wid-driven surface currents 
do not generally extend t o  depth. The design storm 
for the  areas where an OTEC plant could be+located 
t o  supply e l ec t r i c  power t o  the  U.S .  mainland i s  
the  hurricane. Hurricanes are very large baromet- 
r i c  disturbances which can give r i s e  t o  deep 
flowing currents even though the local sea s ta te  
and surface currents over open deep water may be 
l e s s  severe than produced by other storms o f  a 
non-cyclonic nature. Tidal currents also extend to  
considerable depth i n  major portions o f  the Gulf o f  
Mexico, Florida s t r a i t s ,  and portions o f  the  
Southern Atlantic Seaboard. These t ida l  currents 
would be additive t o  barometric driven currents 
depending on the  position o f  the  storm. A slow 
moving storm w i l l  l i k e l y  produce the worst condi- 
t i o n  o f  barometric and t ida l  current i n  coincident 
direction.  

Without rigorous analysis (which should be re- 
served u n t i l  there i s  cause t o  advance the design) 
it can be predicted that structural motion o f  the  
guyed tower probably would be imperceptible (except 
by sophisticated instrumentation) under normal 
operating conditions. 

Study Procedure 

The major columns o f  the tower must have a 
reasonable axial s tress  level  while leaving margin 
for additional f lexural stresses.  Preliminary 
axial s tress  levels  were held t o  about one-fourth 
o f  yield s tress .  Common structural-grade carbon 
s teel  was used for greatest la t i tude i n  fabrication 
and t o  avoid joint design d i f f i c u l t i e s .  Plate 
thickness was limited t o  3 i n .  For adequate 
s t a b i l i t y  o f  tubular column sections having dia- 
meter/wall-thickness rat ios  60, double-wall con- 
struction was assumed. The axial  capacity o f  
s t i f f e n e r  elements was neglected. Employing a 
column s t ee l  such as ASTM A-36 at 9 k s i ,  1852 
l inear f t  o f  3 in .  plate develops the column cross- 
sections. Combinations sa t i s f y ing  t h i s  se t  o f  
requirements would include one 295-ft O.D.  column, 
three 98-ft-O.D. columns, or four 74-ft-O.D. 
columns. By similar development, i f  column axial 
s tress  i s  permitted t o  be as high as 15 k s i ,  these 
outside diameters would be reduced t o  177, 60, and 
44 f t ,  respectively.  

The four-column structure ( F i g .  2) would make 
the  most e f f i c i e n t  use o f  the  structural material 
i n  resist ing flexure. 'Allowing for  5-ft-double- 
wall construction and computing the internal con- 
dui t  area required t o  provide appropriate cold- 
water flows through these legs at  a water ve loci ty  
o f  5 f t / s e c ,  I computed the required leg O.D. as a 
function of  plant s i z e ,  and the consequent struc- 

tural system weight '(which closely re lates  t o  cost )  
increases by l e s s  than direct  proportion t o  plant 
s i ze  as shown i n  Table 1. The weight/plant-parer 
ra t io  decreases from 2.4 tonelkwe for a 100-MWe 

plant t o  0.6 tons/kWe for a 1200-MWe plant. 

Furthermore, the  larger s izes  s e l f  f l oa t  for  tow- 
out i n  a stable condition with a manageable d r a f t ,  
whereas the smaller s izes  would be penalized with 
worse than indicated structural e f f i c i e n c i e s  be- 
cause it would be necessary e i ther  t o  change t o  a 
l e s s  e f f i c i e n t  tripod configuration or provide 
supplementary buoyancy for tow-out s tab i l i t y .  

Table 1. Cold-Water flow rates ( a t  5 - f t / s  ve loc i t y ) ,  
coluom O.D.s,'supporting structure weights, and tow- 
out dra f t s  for guyed-tower OTEC structures 

Plant CW flow, 
s i ze  10' 

f t 3 / s  

50 7.5 
100 15.1 
200 30.2 
400 60.3 
600 90.5 

1200 181.0 

Leg Structure Tow-out 
O.D. ,  weight, d r a f t ,  

f t 10' tons f t ( a )  

3 2 182 32 U 
41 242 31 M 

' 54 330 33 M 
7 2 450 36 S 
8 6 545 37 S 

117 754 41 S 

a )  U = unstable, M = marginal, S = stable 

The maximum s tress  level  during fabrication was 
found by considering the structure i n  various 
stages o f  completion using a reasonable erection 
sequence and considering simultaneous application 
o f  dead weight, construction loads, and hurricane 
force wind load. The maximum s tress  during fabri- 
cation was calculated i n  a f u l l  sag condition with 
the structure assumed t o  be bridging 3500 f t .  The 
survival s tress  condition was calculated using a 
conservative 6 - f t l sec  f u l l  depth current. Approxi- 
mate calculations for  these three cr i t i ca l  condi- 
t ions are shown i n  Table 2. 

Table 2. Appropriate c r i t i ca l  s tress  l e v e l s  ( k s i )  

Plant Maximum Maximum Maximum 
s i ze ,  fabri- ins tal -  100-yr-storm 

cation la t ion  s tress  
stress s tress  

Actual conditions for survival or ins tal la t ion 
would be l e s s  severe than assumed here, hence a 
reduction i n  structural weight could be realized on 
f ina l  design. The fact  that preliminary stress 
levels  for various c r i t i c a l  conditions are manage- 
able indicates tha t :  

1 )  The concept including fabrication and ins tal -  
la t ion  techniques i s  ent ire ly  within the experience 
o f  the established of fshore  construction industry 
and i s  technically feasible.  

2) No s igni f icant  !reason e x i s t s  t o  employ ex- 
pensive falsework i n  fabrication or t o  take on the 
high r i sk  o f f shore  assembly o f  components. 

The study concept was modeled using the  McDer- 
mott marine structures analysis system. Wave force 
and current loading data were generated using arbi- 
trary design storm data appropriate t o  a.severe 
Gulf-of-Mexico hurricane. Precision s ta t i c  and 



dynamic analyses were not performed.since three 
factors made it apparent that the expense was un- 
j u s t i f i e d :  1 )  preliminary calculation by hand in- 
dicated that substantial reductions i n  the  struc- 
tural  weight are in order before rigorous analysis;  
2)  the  natural period o f  the  btructure i n  i t s  fun- 
damental rocking mode i s  so long that  dynamic and 
wave force interaction e f f e c t s  are small; and 3)  
the  steady-state s t a t i c  solution for  current alone 
i s  a good approximation for worst conditions o f  
structural behavior. The tower response i s  pri- 
marily a function o f  the guy system. 

This strength can be exploited t o  advantage t o  per- 
mit the  structure t o  be fabricated on high dry 
ground without waiting for  excaZation. Launchways 
are not required. They could prove t o  be prohibi- 
t i v e l y  expensive even i f  the  adjacent channel i s  
deep enough for launching. When the  structure i s  
substantially complete (even though as much as a 
year's fit out and detai l  work remains) deep 
flooded excavations are made near each end o f  the 
structure t o  about 70 f t .  Piles (if  required) are 
driven i n t o  the  bottom o f  the  excavation and a 
tremie concrete p i le  caplfoundation mat i s  cast i n  
the  bottom o f  the excavation. TWO se ts  o f  cribbing 

Guy systems were from the base falsework are b u i l t  on each foundation, and the perience gained In designs o f  the guyed-tower 'On-  structure i s  brought up t o  clear the ground by alter- 
cept for offshore production and natively jacking on the  se ts  o f  cribbing. Once the  
the  actual ins tal la t ion o f  a 300-ft-water-depth, structure i s  clear o f  the ground, the  ground may be 
guyed tower. Current-induced drag loadings i n  excavated or dredged away. After the  excavation three dimensions and submerged weight O f  and fabrication are complete, the  falsework i s  re- 
the  guy l i n e s  were considered i n  rigorous s t a t i c  moved. This technique can reduce the  construction 
analysis. I t  was ver i f i ed  that current-induced cr i t i ca l  path t o  a minimum time as excavation and 
drag forces on the guy system i t s e l f  are not sig- outfitting are concurrent activities. 
n i f i can t  and that sat is factorv  nuv systems would - - -  - 
r e q ~ i r e ~ w i r e  rope and chain s izes  s l igh t l y  larger 
than available today. An appropriate type o f  wire .. . 

rope o f  10-in. diameter i s  commercially- available , 
a t  the  present time. The larger OTEC plants would 
require wire rope o f  16 t o  20 inch s i ze  for  the 
guy systems t o  re tain  reasonable configurations. 
The wire rope division o f  U . S .  Steel  advised us 
that  t h e  commercial production o f  wire rope i n  such 
s izes  i s  feasible i f  an adequate demand develops. 

An in tent ional ly  non-linear , clumped guy sys tem 
was assumed. The extreme non-linearity contributes 
t o  favorable structural behavior. Unlike taut 
systems, t h i s  allows anchor system t o  avoid being 
subjected t o  u p l i f t  forces. 

Fabrication Concepts 

Since commercial OTEC .plants w i l l  be o f  vast  

Ins tal la t ion Concepts 

The fabrication objective i s  t o  construct,  at  a 
convenient and sheltered location, the ent ire  struc- 
ture and a l l  major mechanical systems as a single 
seaworthy un i t .  When fabrication i s  complete, the  
structure would be floated from the fabrication 
s i t e  and towed to  the ins tal la t ion s i t e .  The re- 
quired channel depth and width would be approxi- 
mately 50 f t  by 1000 f t .  The primary tugs would 
tow the  structure from one end using hawsers o f  
adequate length t o  provide maneuverability and 
e f f e c t i v e  decoupling o f  the  small boats' pitching 
and heaving motions. While i n  confined waters, a 
substantial f l e e t  o f  steering tugs would also be re- 
quired. Preliminary calculations indicate that 
three 13,500 W class sea tugs could make headway 
with the  tow in to  a f u l l  gale. 

s i z e ,  it i s  doubtful that investment i n  sophisti- Prudence and experience dic tate  that the tow 
cated permanent for the production O f  would not be in i t ia ted un t i l  a good weather window 
one OTEC a f t e r  another i s  i n  order. Elaborate dry is forecast. Also, the tow should be rigged to  
dock Or graving dock are justi f ied survive hurricane force conditions as fdrecasts are 
if they produce a structure only once every two or not always re l iable .  
three years. Conversely. thecharacter o f  the  work 
i s  more l i k e  that o f  a vast  onshore process'plant: 
there are vast  numbers o f  identical components i n  a 
single plant, for which the highest practicable 
degree o f  automation and sophistication i s  justi-  
f i e d ,  as well as mobilization o f  considerable con- 
s truct ion capabili ty t o  an appropriate job s i t e .  

Two fabrication concepts have been considered. 
The se lect ion between them i s  probably s i t e  depen- 
dent. For either concept, a s i t e  adjacent t o  an 
adequate channel and downstream o f  a l l  bridges i s  
required. For s i t e s  with stable underlying geology 
such as the Limerock Base i n  South Florida it would 
be practical t o  s t r i p ,  dewater, and excavate an 
area about 700 f t  by 4000 f t  t o  a depth o f  50 f t  
below sea level .  The structure could be fabricated 
i n  the  p i t  with necessary shops on the  adjacent 
high ground. When fabrication i s  complete, the  p i t  
would be flooded t o  f loa t  the  structure and the 
high ground between the  p i t  and channel excavated 
away for egress. Such f a c i l i t i e s  are rarely re- 
used for  the i r  original purpose. More o f t e n  they 
are re t ro f i t t ed  as minor harbors or major marinas. 

The guylines and anchorages would have been in- 
stalled and layed down at the  ins tal la t ion s i t e  
previously. Submarine buoys with sonar transpon- 
ders would be attached t o  the  head end o f  each guy 
l i n e  by a messenger l i n e  adequate t o  raise the  guy. 
A section o f  high strength wire net a t  the  head end 
o f  each guy makes graple recovery practical i n  the* 
event a buoy i s  l o s t .  

The tower structure w i l l  be designed t o  withstand 
the stresses o f  tow i n  severe sea s ta tes  and o f  
being t i l t e d  up t o  a ver t ical  position. Once the  
structure i s  on location favorable weather i s  
forecast ,  the t i l t -up  i s  accomplished by controlled 
flooding o f  the members. The stable ver t ical  posi- 
t ion  i s  reached with the base o f  the structure 
several hundred f ee t  above the sea f loor .  The tower 
i s  positioned by the  tugs and gently lowered t o  the 
sea f loor by continued controlled flooding. The 
structure i s  stable by i t s  buoyancy derived up- 
righting moment. To be stable under design storm 
conditions the base o f  the structure must penetrate 
the sea f loor s u f f i c i e n t l y  for la teral  load capacity 
development. To accomplish t h i s  and t o  insure 

An exists which is more appropriate adequate s a f e t y  factor with respect t o  ver t ical  
when site conditions make dewatering 50 f t  loads, the  structure would be preloaded. To accom- 
e i ther  impractical or unsafe. The structure i s  de- plish preloading the guy system i s  f i r s t  attached to  sfgned t o  span i t s  own length under i t s  own weight. 



the tower and pretensioned. 

The vertical components of the guy 1ine.tensions 
(though large) are not adequate to make a signifi- 
cant contribution to preloadtng. Urge amounts of 
sea water must be taken on in segments of the 
structure which would be dry'for normal operations. 
Flooding of the structure is resumed and the system 
sacrifices the stability derived from buoyancy, 
becoming entirely dependent on the guy system. 
After sufficient preload ballast has been taken on 
and the base of the structure achieves the required. 
sea floor penetration the ballast is dumped and . 
selected portions of the structure are blown and 
returned to atmospheric pressure. Structural in- 
stallation is completed by readjusting guy line 
tensions and removal of protective falsework from 
portions of the super structure. Final instrument 
,installation and electrical hookup can then be made 
prior to commissioning and startup. 

Conclusions and Recommendations 

With respect to structural design, construction, 
and installation, the guyed tower structure is 
feasible as a reliable platform to support OTEC 
operations. No new technology is required for the 
structural design, construction, and installation 
of such a tower. 

For its size alone, an OTEC guyed tower requires 
reasonable extrapolation of present day construc- 
tion arts. .This extrapolation is within the demon- 
strated capacity of the offshore construction in- 
dustry. 

Further work is recommended to refine the esti- 
mated structural stee1,requirement and to integrate 
such data with OTEC process equipment data is re- 

quired. Once this data is available, cost esti- 
mates and meaningful comparisons with other energy 
systems can be made. 
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LAND-BASED OTEC PLANTS - COLD WATER PIPE CONCEPTS 
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A f e a s i b i l i t y  design s tudy of  land-based OTEC 

p l a n t s  has  been completed. I t  concludes t h a t  - 
OTEC power p l a n t s  can be  s i t e d  on land t h a t  is  
ad jacen t  to  deep ocean water ,  with s u f f i c i e n t  
thermal g r a d i e n t ,  and generate  e l e c t r i c  power 
in t h e  1.0 MWe t o  40 MWe rangc. Doth t l ~ a  Keahole 
Po in t ,  Hawaii, and Punta Tuna, Puerto Rico s i t e s  
a r e  accep tab le  candida tes  f o r  t h e s e  p l a n t s .  

The deep water  p o r t i o n  of  t h e  co ld  water  in -  
t ake  p i p e  p r e s e n t s  t h e  most s i g n i f i c a n t  engineer- 
i n g  a s p e c t  of  a land-based OTEC p l a n t .  * 

Presented i s  t h e  r a t i o n a l e  used f o r  s e l e c t i n g  
two d i f f e r e n t  p ipe  m a t e r i a l s  and two d i f f e r e n t  
i n s t a l l a t i o n  methods f o r  two d i f f e r e n t  s e t s  of 
s p e c i f i c  ocean f l o o r  condit ions.  The s e l e c t e d  
p ipe  design and i n s t a l l a t i o n  method a r e  then 
presented.  F i n a l l y  p o t e n t i a l  r i s k  is  discussed 
and a t e s t  program t o  eva lua te  o r  reduce r i s k  is 
o u t l i n e d .  

In t roduc t ion  4 
The v a s t  major i ty  of  OTEC i n v e s t i g a t i o n s  have 

been concerned with power p l a n t s  s i t e d  on var ious  
types of  f l o a t i n g  s t r u c t u r e s .  The power thus  
developed could be  used e i t h e r  i n  t h e  form of  
e l e c t r i c  power suppplied t o  a l and  g r i d  through 
a subsea cab le ,  o r  f o r  a " p l a n t  sh ip"  which would 
d e l i v e r  an energy i n t e n s i v e  product  such a s  
ammonia o r  aluminum. An OTEC power p l a n t  s i t e d  
on land o f f e r s  an a t t r a c t i v e  a l t e r n a t i v e  t o  f l o a t -  
i n g  p l a n t s  f o r  c e r t a i n  a p p l i c a t i o n s  i n  s p e c i f i c  

l q c a t i o n s .  Deep O i l  Technology has completed a 
f e a s i b i l i t y  s tudy f o r  two p l a n t  s i z e s  - 10 MWe 
and 40 MWe, t o  be loca ted  a t  two l o c a t i o n s  - 
Keahole P o i n t ,  Hawaii and Punta Tuna, Puer to  
Rico. This paper  emphasizes t h e  conceputal solu-  
t i o n s  developed i n  t h i s  s tudy t o  t h e  problems of  
co ld  water  p ipe  (CWP) m a t e r i a l s  se . lect ion,  design,  
and i n s t a l l a t i o n  method. Addit ional  s tudy o f  
t h e  land-based co ld  water  p ipe  and prel iminary 
design o f  t h e  10 MWe t o  40 MWe p l a n t  w i l l  
probably be conducted i n  FY 1980. 

The design and i n s t a l l a t i o n  of  t h e  CWP is  t h e  
only unique cons t ruc t ion  aspec t  of  a land-based 
OTEC p l a n t  cons t ruc t ion .  The l a r g e  diameter 
requirements (nominally 30 f e e t  f o r  40 MWe and 
15 f e e t  f o r  10 , W e )  and t h e  depth of  water f o r  
i n s t a l l a t i o n  (3,000 f e e t )  both exceed t h e  demon- 
s t r a t e d  c a p a b i l i t i e s  o f  t h e  o f f shore  p ipe  lay ing  
indus t ry .  However, t h e  design and i n s t a l l a t i o n  
methods presen ted  h e r e  a r e  deemed t o  be  workable, 
involving t h e  minimum extens ion  of e x i s t i n g  
technologies .  These a r e  l a r g e l y  d i c t a t e d  by t h e  
s p e c i f i c  s e a f l o o r  condi t ions  a t  t h e  proposed 
s i t e s .  

Pipe Mater ia l s  S e l e c t i o n  

The s e l e c t i o n  o f  p ipe  design and m a t e r i a l  must 
be  made i n  conjunct ion with considering t h e  in -  
s t a l l a t i o n  method and t h e  r e s u l t i n g  p ipe  s t r e s s e s .  
The most fundamental c a t e g o r i z a t i o n  of  p o s s i b l e  
i n s t a l l a t i o n  methods depends on whether t h e  p ipe  
~ h o u l d  be l ighL (buoyant) o r  heavy ( r e s t i n g  on 
t h e  s e a f l o o r ) .  Thus t h e  candidate  p ipe  m a t e r i a l s  
a r e  grouped i n  t h e s e  two c a t e g o r i e s .  Table 1 
p r e s e n t s  a s h o r t  l ist  of  candidate  p ipe  m a t e r i a l s  
and t h e  es t imated  c o s t  f o r  manufacturing a 
5,800-foot l eng th  of  p i p e  f o r  t h e  two p l a n t  s i z e s .  

Table 1 Comparative Costs  'for Cold Water Pipe Mater ia l s  

MANUFACTURED COST ( 8  1000) 
10 MW P l a n t  40 MW P l a n t  

22 t o  25-Ft. Diameter 30 t o  33-Ft. Diameter 
Candiate  Mater ia l s  Data Source $/Lin F t  Tota l  $ $/Lin F t  Tota l  $ 

Concrete Ameron 1.667 9,670 2.583 14,981 
Heavy 

S t e e l  Kaiser/Fluor 3.505 20,330 5.874 34,070 

F i b e r g l a s s  F i b e r g l a s s  2.640 15,320 4.004 23,230 
Reinforced S t r u c t u r a l  
P l a s t i c  Engineering 

Buoyant 
Rubber Goodyear 6.56 38,050 8.941 51,860 
Coated 
Nylon 



This comparison is  f o r  the deep water, s teeply 
sloped, port ion of the  colt water intake pipe 
only, because i n  the shallow water zones the  pipe 
w i l ' l  be trenched and buried, eliminating any 
advantages of buoyant pipes.  Further the  selec- 
t i on  of pipe materials for  the shallow water zones 
can be based primarily on cos t  comparisons since 
industry has closely re la ted  construction and 
i n s t a l l a t i o n  experience fo r  nuclear p lant  cursling 
water and large sewer ou t fa l l s .  

In  addit ion t o  the four materials  examined 
(concrete, s t e e l ,  f iberglass  reinforced p l a s t i c ,  
and rubber coated nylon) several  other materials  
have been suggested fo r  f loa t ing OTEC p lant  cold 
water pipes.  These include: polyvinyl chloride 
(PVC), corrugated metal culver t ,  and composite 
s t e e l  and concrete pipe. 

Of the four materials examined, concrete was 
found superior for most applications.  It not 
only has the  l e a s t  cos t ,  but  a l so  has excellent  
durabi l i ty  i n  sea water. Industry has experience 
i n  both the manufacture and shallow water in s t a l -  
l a t i o n  of pipe i n  large diameters. Both 18-foot 
and 21-foot diameter prestressed concrete pipes 
a re  currently being constructed. The 18-foot 
diameter pipe is  being ins t a l l ed  offshore f o r  ' 

the  cooling water systems of the  San Onofre 
Nuclear Plant.  

The primary disadvantage of conventional con- 
c re t e  pipe i s  i t s  la rge  weight. This necess i ta tes  
more costly handling equipment during ins t a l l a t ion  
and it imposes large loads on anchor or  foundation 
systems when the pipe i s .  deployed on a steeply 
sloping seafloor.  Lighter weight concrete mixes 
a re  being developed and have been proposed fo r  
use with f loa t ing OTEC plants.  Perhaps t h i s  
technology could be applied t o  land-based OTEC 
plants .  

Amongst the candidate l i g h t  or  buoyant pipe 
materials ,  the choice is  l e s s  obvious. Fiber- 
g lass  Reinforced P l a s t i c  (FRP) pipe was se lec ted  
primarily because it has been used t o  construct 
cylinders of the required OTEC diameters. A 
1,215-foot long section of 24-foot diameter FRP 
pipe was fabricated for  use a s  a chimney l lne r .  
A 34-foot diameter FRP cylinder 80-feet long was 
fabr ica ted  fo r  use a s  a "cross-flow scrubber." 
FRP a l so  has the advantages of excellent  dura- 
b i l i t y  i n  sea  water and ease of transporting raw 
materials  t o  a f i e l d  fabrication f a c i l i t y .  FRP 
disadvantages include r e l a t ive ly  high cos t  (com- 
pared t o  concrete), necessity t o  maintain r ig id  
qual i ty  control  to  assure a uniform product, and 
lack of famil iar i ty  with the material  by con- 
s t ruc t ion  workers. 

Another light-weight (though not buoyant) pipe 
mater ia l  being examined i s  corrugated metal 
culver t .  This material  is  readily available i n  
the required diameters, i s  r e l a t ive ly  inexpensive, 
and has a history of use for  water t ranspor t ,  
even i n  marine environments. I t  i s  shipped i n  
many p la t e  segments t h a t  a re  bolted together on 
the job s i t e .  I t s  disadvantages include a high 
f r i c t i o n  fac tor  and suscep t ib i l i t y  t o  corrosion. 
Although both these problems might be overcome 
:rith su i t ab le  coatings and l i n e r s ,  fur ther  work 

is  needed t o  determine the s t ruc tu ra l  l i m i t s  and 
modes of f a i l u r e  of t h i s  material .  

Ins t a l l a t ion  Methods 

In se lec t ing the bes t  methods t o  i n s t a l l  the 
cold water pipe i n ' t h e  deep water, s teep slope 
zone, several  methods were defined i n  categories 
and p a r t i a l l y  developed conceptually. These 
methods may be categorized with respect  t o  whether 
the pipe is  ins t a l l ed  i n  a single length (see 
~ i g u r e  1) o r  multiple sections (see Figure 2 ) .  
These a re  next separated by whether the  pipe is 
tran:ported t o  i t s  f i n a l  posit ion along the sea- 
f loor  or  on the  surface. The f i n a l  division 
r e l a t e s  t o  whether the  pipe deployment proceeds 
toward the deeper water or  toward the shallow 
water. Defining the  ins t a l l a t ion  options i n  t h i s  
manner provides assurance tha t  a l l  p o s s i b i l i t i e s  
a re  being considered. 

Slngle Length 
Bottan Slope Pull-Out 
Shallow Yater Start 

Surface Pull-Out 
Deep Uater Start 

Surface Pull-Out 

Figure 1 Single Length Pipe Ins t a l l a t ion  Methods 
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Figure 3 Seafloor Prof i le ,  Keahole Point ,  Hawaii 

Figure 2 Multiple Pipe Sections Ins t a l l a t ion  ' 

Methods 

The Puerto Rican s i t e  appears t o  be extremely 
i r regular  and very steep i n  the  deep water por- 
t ion ,  though no deta i led  surveying has been done 
i n  the proposed locations. The average slope 

'beyond the  300-foot water depth is  about 45 de- 
, grees, with some portions exceeding 65 degrees. 

This steep i r regular  slope begins over 5,000 fee t  
from shore (see Figure 4) .  

These ins t a l l a t ion  methods were evaluated to- 
gether with pipe material  and s i t e  preparation 
considerations using a subjective Cost/Technical 
Risk Factor. On t h i s  bas is ,  Method 4 (multiple 
sections,  bottom slope, pull-out. up-slope laying) 
was selected fo r  the concrete pipe sections for  
the Hawaiian S i t e ,  while Method 3 (single length, 
surface pull-out, shallow water start) was 
selected for  the FRP pipe for  the  Puerto Rican 
S i t e .  

The seafloor conditions along a CWP l i n e  route 
great ly  influence pipe design and the  workability 
of an ins t a l l a t ion  method. For the deep water 
port ions of the pipeline route any extensive bed 
preparation was considered t o  be impractical, or  
a t  bes t ,  too expensive. Therefore, the pipe 
design must accommodate essent ia l ly  exis t ing  sea- 
f loor  conditions. These a re  qui te  d i f f e ren t  for  
the two locations studied. 

The Hawaiian s i t e  presents a comparatively 
smooth uniform lava flow (dense, hard basal t )  
with an average slope of 26 degrees i n  the deep 
water portion. This steep slope begins about 
2,500 f e e t  from shore (see Figure 3) .  . 

Figure 4 Seafloor P ro f i l e ,  Punta Tuna, 
Puerto Rico 

The re la t ive ly  uniform and s t ruc tu ra l ly  com- 
petent seafloor i n  Hawaii indicated t h a t  a pipe- 
l i n e  could be ins t a l l ed  t o  r e s t  on the seafloor.  
Since concrete was the l e a s t  cos t ly  of the can- 
didate pipe materials ,  a method for i ts  



i n s t a l l a t i o n  was devised. This method consis ts  
of f i r s t  i n s t a l l ing  a deep water termination 
block anchored t o  the steep seafloor with d r i l l e d  
and cemented pi l ings  (see Figure 5 ) .  The termi- 
nation block would anchor two large  wire rope 
guidelines,  routed back t o  shore along the  pipe- 
l i n e  route. Onshore segments of prestressed con- 
c re t e  pipe would be post-tensioned together i n t o  
100-toot long jo in ts  (see Figure 6) and launched. 
A removable transport  buoyancy module would be 
secured t o  the pipe section.  The pipe section 
would proceed down the  pipeline route guided by 
s l id ing along the guidelines and pa r t i a l ly  
supported by a surface transport  v e s s e l , ( s e e  
Figure 7 ) .  These pipe sections would be succes- 
s ively  joined together by positioning t h e i r  
spherical  mating surfaces (see Figure 8 ) .  A 
pull- in l i n e  would a l so  be rigged t o  the termi- 
nation block to  provide an ax ia l  force, controlled 
from the shore f ront ,  t o  a s s i s t  j o in t  make-up. 
The near shore sections of pipe would be layed 
i n  an excavated trench and backfil led f o r  pro- 
tec t ion from surf zone forces. 

The s teep seafloor i r r e g u l a r i t i e s  and rock 
outcrops present i n  , the  deep waters off  Puerto 
Rico necessitate a d i f f e ren t  CWP design and in- 
s t a l l a t i o n  method. Here it would be advantageous 
; i f  the pipe were buoyant and prevented from 

coming i n  contact with the  seafloor.  Amongst 
the candidate materials  studied,  the  Fiberglass 
Reinforced P las t i c  (FRP) pipe appeared bes t  
su i ted  because of i t s  somewhat lower cos t ,  
re la ted  fabr ica t ion experience i n  the required 
large  diameters, and i t s  durabi l i ty  i n  the  sea. 

The ins t a l l a t ion  method c a l l s  f o r  a deta i led  
bathymetric survey t o  s e l e c t  a preferred pipe- 
l i n e  route and locations (small s t ruc tu ra l ly  com- 
petent  she l f s )  fo r  approximately s i x  deadweight 
anchor clumps. The pipe would be filament wound 
on 60-foot mandrels i n  a bay f ron t  f a c i l i t y .  
Multiple he l ix  angles would be used fo r  both the  
inner and outer walls  of a sandwich pipe wall 
construction. The core between these walls would 
contain a l i g h t  weight f i l l e r  material  t o  increase 
the  pipes buoyancy (see Figure 9 ) .  These sections 
would be welded together and launched i n  approx- 

'imately 800-foot long segments. These segments 
would be joined, with bolted flanges, i n t o  one 
continuous piece approximately 5,000 f e e t  long, 
while f loa t ing . in  an exis t ing  sheltered bay. 

P:.aviously the s i x  deadweight anchors would 
have been landed using a two p a r t  wire l ine .  
Both ends of t h i s  lowering l i n e  would be secured 
t o  a buoy (see Figure 10) .  The s ingle  length of 
FRP would be towed a shor t  distance and secured 
t o  one end of each of the buoy supported ropes. 
The e n t i r e  buoyant pipe would then be pulled 
down to  within 10'0 f e e t  of the steep seafloor 
(see Figure 11). Here the p u l l  down l i n e s  would 
be secured, permanently tethering the  pipe i n  
i t s  operating posit ion (see Figure 12) .  

Potent ia l  Risk Evaluation/Reduction 

Since laying the  CWP is  the only principle 
unproven o r  high r i sk  construction aspect of a 
land-based OTEC plant ,  emphasis should be placed 
on evaluating and reducing its r i s k  elements. 
Since pipe design and ins t a l l a t ion  method are  
qu i t e  s i t e  speci f ic ,  the  design character is t ics  
of the most probable type of s i t e  need t o  be 
defined. Alternatively,  a speci f ic  design and 
ins t a l l a t ion  method could be developed; i ts  
l imi ta t ions ,  calculated,  and then a s i t e  with 
acceptable conditions located. However, early 
establishment of a probable p lant  s i t e ,  or  s i t e s  
where the power generated could be beneficial ly 
introduced in to  the  loca l  power gr id ,  should lead 
t o  the  e a r l i e s t  commercialization of a land-based 
OTEC . 

To evaluate o r  reduce r i s k  pr ior  t o  committing 
t o  f u l l  p lant  construction a t e s t  program should 
be conducted. This should be i n i t i a t e d  with some 
small sca le  qua l i t a t ive  underwater t e s t s .  How- 
ever,  the  most , ins t ruct ive  t e s t ing  of the actual  
in s t a l l a t ion  procedures should be done i n  f u l l  
sca le .  The t e s t ing  could be done on dry .land t o  
reduce costs compared t o  the  expense of offshore 
operation. A land t e r r a i n  typical  of the selected 
offshore t e r r a i n  could be located. The selected 
ins t a l l a t ion  method could be tes ted  and perfected 
using an appropriate shorter  length of pipe or  a 
few jo ints  of pipe. The e f fec t  of buoyancy may 
be simulated on land with a l i gh te r  pipe material  
or  perhaps an overland crane. An appropriately 
designed t e s t  could substant ia l ly  reduce r i s k  i n  
a land-based OTEC plant  as evaluated by the DOE, 
potent ia l  i n s t a l l a t ion  contractors,  and potent ia l  
u t i l i t y  companies. 
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described i n  Reference 1. 
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Abstract 

.m 
In September 1978 the National Oceanic and Atmos- 

pheric Administration (NOAA) awarded parallel 1-yr 
contracts to two industry teams- T=- 

C p ' k  i i ~ ~ .  

Sc ca 
- s i g n  
concepts for cold water pipes (CWP's) for ocean 
thermal energy conversion (OTEC) plants. The inves- 
tigations have covered 4 generic CWP types (rigid 
with flexible joints, compliant, stockade, and bot- 
tom-mounted buoyant), 5 materials (steel, reinforced 
concrete, fiberglass reinforced plastic (FRP), elas- 
tomerlfabric, and polyethylene), and 3 possible 101 
40-MWe pilot plant applications (a barge-type'plant- 
ship cruising in site Atlantic-1 east of Brazil, and 
both barge- and spar-type plants moored off Punta 
Tuna, Puerto Rico with electric cables to shore). 
The pipes were specified to be 30-ft (9-m) 1.D. x 
3280 ft (1000 m) long with 30-yr life. Each team 
devised a costlrisk evaluation methodology and quali 
tatively screened many concepts. Team 1 then stud- 
ied further and rated 16 concepts; Team 2, 10 con- 
cepts. In March 1979, NOAA directed the teams to 
continue work on 3 concepts each: Team 1--FRP-sand- 
wich for the cruising barge, elastomer for the moor- 
ed barge, and multiple polyethylene pipes for the 
moored spar; Team 2--ring-and-stringer reinforced 
steel for the cruising barge, FRP-sandwich for the 
moored barge, and bottom-mounted. ring-and-stringer- 
reinforced steel for the moored spar, respectively. 
Descriptions of these 6 CWP systems and preliminary 
cost estimates including deployment--26, 36, 77, 62, 
26, and 74 million dollars, respectively--are pre- 
sented. 

struction and deployment schemes began with Claude's 
successful deployment of a 6-ft-diam., 1-mi.-long, 
corrugated steel CWP off Cuba in 1929-30. His CWP 
did its job, in that he was able to demonstrate 
power generation by an open-cycle OTEC system, but 

then it was wiped out by a hurricane.' In 1955 a 
French government company, "Energie de Mers," suc- 
cessfully laid and recovered a 500-ft length of a 
6.6-ft-dim. pipe off Abidjan on the Ivory Coast 
of Africa. The pipe comprised 20-ft-long steel sec- 
tions connected by 8-ft-long flexible sections made 
of steel-spring-reinforced rubber. It was designed 
to serve a 3.5-MWe (net), onshore, open-cycle plant, 
which was never completed because it proved uneco- 
nomical when sompared to hydroelectric and oil-fired 
power plants. In the 1960's the Andersons of York, 
Pennsylvania proposed a closed-cycle OTEC plant with 

a steel cWP.' In 1974, the University of Massachu- 
setts propooed an aluminum CWP for a submerged, 

closed-cycle OTEC plant off Miami,   la.^ A bottom- 
mounted, reinforced-conctete pipe for a submerged 
spar platform was suggested by Carnegie-Mellon 

university. ' In 1975, industrial teams investigat- 
ing closed-cycle OTEC plants, headed by Lockheed 
and TRW, proposed a segmented, reinforced-concrete 

CWP for a spar-buoy platform6a and a fiberglass- 
reinforced plastic (FRP) CWP for a cylindrical. 

surface platform,6b respectively. The Andersons 
proposed a stockade concept (a CWP comprising a 
circle of smaller pipes connected by welded 

gussets). 7 

Introduction 2 
The foregoing investigations (plus others) 

Prior OTEC CWP Investigations considered static loads only. Meanwhile, dynamic 
analyses of CWP loads and stresses were being 

The history of OTEC ~ o l d ~ w ~ r - p i p e  (CWP) con- 
' 

. .- formulated. Initial results indicated that con- 

* Crete or steel pipes rigidly connected to the plat- 
Technical Manager, NOAAIOTEC Program, Office of forms would have to be excessively thick, heavy, and 
Ocean Engineering. expensive. Analyses of the benefcts of hinging the 

pipe'at the platform, and of adding compliant joints 
water 'Ipe project bnagers Ocean and at intervals down the pipe, showed large reductions Systems. in dynamic bending stresses and hence in required 

HManager, Applied Mechanics Division. wall thickness and weight. /\ 



In mid-1978 The Johns Hopkins University's 
Applied Physics Laboratory and its subcontractors, 
ABAM Engineers and Tokala Offshore, began an in- 
vestigation to determine the most advantageous 
reinforced-concrete CWP design for cruising, barge- 
type OTEC plants. In addition to employing multiple 
joints, advantages were seen in development of a 
lightweight concrete to reduce loads-(including 

deployment loads) and stresses further. 
10a,b 

Present Investigations 

In September 1978 the National Oceanic and Atmos- 
pheric Administration (NOAA) awarded parallel 1-yr 
contracts to two industry teams, (1) TRW, Inc. 
(prime) and Global Marine Development, Inc. (GMDI) 
and (2) Science Applications, Inc. (SAI, prime) 
and Brown and Root Development, Inc. (BLRDI) to 
develop and compare design concepts for CWP's. 
The investigations have covered 4 generic types 
(A through D in Fig. 1). 5 materials (steel, rein- 

FRP-sandwich for the moored barge, and bottom- 
mounted, ring-and-stringer-reinforced steel for 
the moored spar, respectively (Fig. 2). NOAA 
selected these 6 concepts with the objective of 
supplying a range of baseline design data for the 
pilot plant(s). The following general instruc- 
tions were given to TRW and SAI for all concepts: 

A RIGID WALL WITH FLEXIBLE JOINTS 

CENTER SUPPORT 

HYDRAULIC 

RIGID WALL 

WALL CENTER 
SUPPORTED SUPPORTED 

A 

B COMPLIANT WALL 

FLEXIBLE FLEXIBLE 

1) Mak,e all pipes 1000 m long to facilitate 
comparisons. 

2) Provide fail-safe devices and procedures 
for recovery of pipe. 

3) Detach CWP from platform for routine main- 
tenance in benign seas. 

4) Maintain pipe integral to platform during 
hurricanes. 

D BOTTOM MOUNTED 

FLEXIBLE . 
INTERCONNECT 

PLATFORM 

SELF-BUOYANT 

Fig. 1 Generic types of cold water pipe (CWP) configurations shown in the 
request for proposals (RFP) issued by NOAA. 

forced concrete, fiberglass-reinforced plastic 
(FRP), elastomer/fabric, and polyethylene) and 3 
possible 10140-MWe pilot plant, applications (a 
barge-type plant-ship cruising in site Atlantic-1 
east of Brazil, and both barge- and spar-type plants 
moored off Punta Tuna, Puerto Rico with electric 
cables to shore). The pipes were specified to be 
30-ft (9-m) I.D. x 2500-3280 ft (760-1000 m) long 

\ 
with 30-yr life. Data on material properties, en- 
vironmental design conditions, cost assumptions, 
work breakdown structure, and platform motions 
and configurations were standardized for the two 
teams. 

Each team devised a costlrisk evaluation method- 
ology and qualitatively screened many concepts. 
Team 1 then studied further and rated 16 concepts; 
Team 2, 10 concepts. In March 1979, NOAA directed 
the,teams to continu; work on 3 concepts each: 
Team 1--FRP-sandwich for the cruising barge, elas- 
tomer for the moored barge, and multiple polyethy- 
lene pipes for the moored spar; Team 2--ring-and 
stringer reinforced steel for the cruising barge, 

5) Assess the impact on pipe design of detach- 
ing and maintaining the CWP near station for . 
20-ft-significant-wave conditions. 

6) Define effects of biofouling on the outside 
of the CWP over its length and life and re- 
solve, if necessary, for each CWP concept. . 

7) Formulate a development plan for each con- 
cept including details of the pipe's fabri- 
cation, transportation, deployment, and 
operation. 

8) Conduct a life-cycle-cost analysis from 
design through development and operations 
over a 30-yr life. 

- .  

The methodologies, results and conclusions of 
the TRW/GMDI team are'presented first, followed 
by those of the SAI/B&RDI team. It will be shown 
that two types of CWP's investigated in some 
depth by these teams--FRP sandwich and elastomer-- 
are estimated to have deployed costs in the $26-36 
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Fig. 2 The six CWP.configurations selected by NOAA for the final investigations by the contractors. 

M range. S t e e l  p ipes  c o s t  more, bu t  a  bottom-mount- 
ed conf igura t ion  a t  $74M could prove a t t r a c t i v e  be- 
cause i t  would a l s o  s e r v e  t h e  mooring func t ion  
(worth about $25 M f o r  Puerto Rico o r  Gulf of Mex- 
i c o  s i t e s )  and would a l l e v i a t e  problems wi th  t h e  
r i s e r  c a b l e  of t h e  cable-to-shore t ransmission 
system. 

Work by t h e  TRW~GMDI Team 
\ 

prel iminary Screening of Concepts 11 

many of them e i t h e r  by f ind& a major t e c h n i c a l  
problem o r  a  design/  m a t e r i a l  incompat ib i l i ty  o r  
by comparing two s i m i l a r  concepts  and dec id ing  on 
one. 

The 16 concepts s e l e c t e d  f o r  f u r t h e r  a n a l y s i s  
a r e  shown i n  Fig. 3, arranged by t h e  wal l  types 
suggested i n  t h e  RFP. Because of t h e  promise and/ 
o r  i n t e r e s t  engendered by t h e  FRP, concre te ,  and 
s t e e l  concepts ,  much of TRW's o v e r a l l  e f f o r t  was 
spent  i n  analyzing t h e s e  concepts. Analysis  of 

~ - 
t h e  elastomer CWP's was more d i f f i c u l t  because of 

During the effort  this team t h e  p r o p r i e t a r y  n a t u r e  of t h e  m a t e r i a l  and f a b r i -  
67 'Oncepts from the list Of and c a t i o n  techniques used by t h e  companies assoc ia ted  
types stated in the request for  P ~ ~ P ~ ~ ~ ~  (RFP) plus w i t h  them, but  progress was s t i l l  possible. 
bui l t -up w a l l  types (sandwich, honeycomb, e t c . ) ,  
- o s s i b l e  use  o f - a r t i c u l a t i n g  j o i n t s ,  and i n  some 

& ,  

a s e s  use  of a  c e n t r a l  member t o  support  t h e  weight Ranking of 16 Concepts 
f  t h e  pipe. , These concepts were screened by a  
oard of s e n i o r  t e c h n i c a l  personnel ,  who e l i m i n a t e d .  Figure 4 i l l u s t r a t e s  t h e  methodology employed t o .  . 
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Fig. 3 The 16 pipe concepts selected by the TRWIGMDI team for 
further investigation. 

rank the 16 concepts. Following a technology re- 
TASK I OUTPUT: 

CANDIDATE CONCEPTS 
CONFIGURATIONS 
MATERIALS 
MULL ATTACHMENT 
TECHNIOUES 

view, formulation of system requirements, and gen- 
eration of an evaluation methodology, the analysis 
began. First, hydrodynamic, dynamic-response, and , 

+ structural analyses were performed. l1 Then the CWP- . 
hull joint was investigated, and a fabrication/con- 
struction/installation study and cost/risk analyses 
were conducted. Where necessary, iterations were 
conducted until a self-consistent set of data had 
been developed for each design. Preliminary esti- 
mates of costs for the designs analyzed for the 
Puerto Rico spar and South Atlantic barge applica- 
tions are presented in Fig. 5 in terms of recurring 
fabrication/construction costs, deployment costs, 
and the non-recurring facility and/or tooling costs 
which would be reduced if more than one pipe were to. 
be built. 

f 

TASK I OUTPUT: 

*(OR* APPROACH 
--+ 

CONCEPT 
DESIGN 3, ITERATIONS 

4 The recurring fabrication/construction and de- 
ployment costs for the first two concrete and the 

F A B R I C A T I W ~ W S T R U C T I O N I  
I N S A L C A T I W  TECHNIOUES 

first three FRP types are lowest, in the $16-22 
AND REOUIREYENTS million ranqe. The non-recurring costs estimated 
COST ESTIMATES for the concrete types are considerably higher 

C than those for FRP types. The material costs are 

b 

,J1 
con 
ANALVSIS 

higher for the other types. The ring-stiffened 
steel pipes, with or without 7articulating joints, 
are the most expensive because of the enormous 
amount of steel required to withstand the loads 
imposed on the pipe by the environment and because 
of the high cost of corrosion protection. The 
costs for bottom-mounted pipes are also high be- 
cause of the expenses of the compliant, flexible, 
CWPLhull coupling required. 

Fibre 6 illustrates the risk rating system 
which was applied to each of five areas: wall 
design, joint design, hull attachment, fabrica- 

TAU( i OUIIUT: 

RANKING 
M E T H O W L M Y  

:j 

tion/construction, and deployment. Figure 7 
shows the average risk ratings. On the 1 to 
10 (extreme risk to no risk) scale. none of these 
concepts is rated below 4 because the initial 
screening had eliminated the highest risk concepts, 
and none is rated above 8 at present because there 
is no 30-ft-dim, 3280-ft-long CWP that can be 

SELECTS THREE built in the near, future without some development 
CONCEITS FOR 
PRELIMINIARY DESIGN 

effort. (Some of the required effort is already 

Fig. 4 TRW's methodology for concept selection. under way, and more will be done in 1 9 8 0 . ~ ~ ~ )  The 

6.1 -4 

24J W N C E V l  SELECTION FOR 
PRELIMINARY DESIGN 

W~ESENT 
VALUE COST . 
ESTIMATES 

RATING OF 
R:SK FACTORS ' 

FIGURE-OFYERIT 
AND SENSITIVITY 
ANALYSIS 9 

a 
fABRICATION1 
W N n R U C T l O N l  
INSTALLATION 
n u o v  
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Fig.  5 , TRW's initial compa!isons of  estimated costs through deployment for two platform-site combinations. . 
FRP pipe wi th  a sandwich wall with' balsa wood (br - 
a svntact ic  foam) fo r  the  core material i s  judged 

The top f i v e  are FRPIbalsa sandwich, solid FG, 
cable-reinforced, r ing-s t i f fened elastomer (Good- 

. Fig. 6 The technical risk assessment approach. year Aerospace Corporation type)  and two more F R P  . ,  

6.1-5 

t o  incur the  lowest overall  r i s k ,  followed by the  
s t e e l  pipe without jo in ts  and a cable-reinforced, 
r ing-s t i f fened elastomer pipe. Because o f  t he  30- 

HlOH RlSKlHlOH 
oEvcL-mcorr y r - l i f e  requirement, a l l  concepts requiring art icu- 

A la t ing  jo in ts  .are judged t o  be o f  r e l a t i v e l y  high 
r i s k .  However, uee o f  the  jo in ts  does subs tant ia l ly  

, reduce s tresses  and hence pipe weight. The poly- 
.. ethylene pipes are considered t o  represent higher 

r i s k  than the  FRP pipes because l e s s  i s  known about 
t h e  mechanical properties o f  polyethylene. 

In the  evaluation process, cost and r i s k  rank- 
ings were considered together using varying degrees 
o f  emphasis on one or the  other i n  a vector addi- 
t i o n  scheme (resul tant  vector length when the  vec- 
t o r  o f  a r i s k  parameter'is measured on an abscissa 
scale and the  vector o f  a deployed cost  parameter 
i s  on an ordinate scale.  The bes t  system i s  the  . 

v one wi th  the  shortest  resul tant  vector.)  
LON RlUOUW 

M V E W N T  Table 1 l i s t s  the  t e n  highest ranked concepts. 
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Fig. 7 Results of TRW's evaluation of averaged risks. 
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concepts. The medium-weight concrete (100 lblft 3 
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3 dry density compared to APL's 85 lblft ) and steel 
pipe concepts were ranked eighth and ninth, re- 
spectively. 
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Preliminary designs of the three concepts shown 
in Figs. 2a-c were completed in October 1979. Brief 
descriptions of each concept and its deployment 
scenario follow, then estimated costs are compared. 

TRW/GMDI's FRP/Balsa-Core Pipe (Fig. 2a) 

Fabrication. The fiberglass comprises E-glass 
rovings and a resin matrix, 1:l by volume or 60140 
glasslresin ratio by weight. A 1:l ratio of axial 

Table 1 TRW's ranking of CWP concepts based on 
first unit cost and risk 

(0') ;o + 60' layers is used. The ultimate tensile 
7 strength after 30 years (10 loading cycles) in 

seawater is 20% of the initial value. The compres- 
sive strength degrades very little. The balsa (or 
syntactic foam) core provides the buckling strength 
as well as providing slightly positive buoyancy to 
the pipe. Sections of 60-ft length are made by a) 
wet-winding a 0.79-in-thick inner FRP wall on a' 
horizontal, rotating mandrel, b) laying up a 2-in.- 
thick, end-grain balsa core in panels that are back- 
ed with fiberglass mats having a finish compatible 
with the impregnating resin of the FRP walls, c) 
wet-winding a 0.79-in.-thick FRP outer wall over 
the core and d) wet-winding an FRP stiffening ring, 
essentially semicircular in cross-section and 8 in. 
high, at the midpoint of the 60-ft-long section. 
Upon completion of the section the mandrel is col- 
lapsed inward to release the section (an existing 
technique). 

The sections are then placed in cradles on rail 
cars at the seaside assembly site and are joined 
by adding inner and outer wraps over a 32-in. length, 
with a maximum thickness of 1.0 in. each at the 
joint location. 

Deployment. Mobilization of equipment and 
vessels is done at New Orleans because of the great- 
er certainty of obtaining the required vessels in 
sufficient numbers there. The tugs, barges, and 
work boats are sent to the seaside assembly site 
(Salvador, Brazil), where the upper end of the CWP 
is placed on the fantail of the towlwork boat and 
made fast. The lower end of the CWP is placed on a 
barge which has a lowering winch. Weather predic- 
tion service is contacted, and at the appropriate 
"window" time, the tow begins. 

Design features 

Sandwich wall 

Solid wall 

Cable-reinforced, 
ring-stiffened 
(Goodyear) 

Pultrusions 

Six 12-ft-dim. 
pipes 

Pressurized double 
wall (Bell) 

Seven 12-ft-diam. 
pipes 

Articulated joints 

We1de.d joints 

Sandwich wall 

Material 

FRP/ (balsa) 

FRP 

Elastomer 

FRP 

FRP 

Elastomer 

Polyethylene 

Concrete 

Steel 

FRP 

Rank 

' 1 

2 

3 .  

4 

5 

6 

7 

8 

9 

10 

- 
a 

Category 

Rigid . 

Rigid 

Compliant 

Stockade 

~ u l t i ~ l e ~  

Compliant 

Multiple 

Rigid 

Rigid 

Bottom- 
mounted 

At the deployment site the tow/work boat pulls 
alongside the cruising-barge-type platform. The 
keelhaul lines from the platform are attached to the 
upper end of the CWP, which is placed in the water 
with the load supported by a towing winch on the 
work boat. A cementing hose is attached to the bal- 

Special category considered by TRWIGMDI - not in last collar on the lower end of the CWP, which is 
RFP . on the barge with the lowering winch. The lower end 

6.1-6 



of the CWP is placed in the water and is allowed to 
fill with water, and the bottom of the CWP is lower- 
ed at a rate of 10 ft/min. When the CWP is vertical, 
the lowering cable is released. 

The work boat lowers the CWP to a predetermined 
depth. As strain is taken on the keelhauling cable 
from the platform, the work boat pays out the sup- 
port cable. When the CWP is directly under.the . 
platform, the work boat cable is r4eased. Under- 
water television cameras and divers observe and 
direct the procedure by which the CWP's upper end 
is hauled up through the moonpool, clear of the 
water. The crane on the platform picks up the CWP/ 
hull transition piece and holds it over the upper 
end of the CWP so that the flange can be bolted 
to the transition piece. The CWP is lowered into 
brackets in the hull which accept the upper spider 
assembly, and divers attach the seal structure and 
seal shoes. Then the ballast coLlar is.filled with 
cement, and the cementing hose is detached. The 
support vessels then return to New Orleans. 

Costs. The costs of the FRP pipe are summarized 
in the first column of Table 2. The estimated cost 
through deployment is $25.6#. The additional costs 
during 30 years of operation (shown below the dashed 
line in Table 2) are small, because TRW considers 
this FRP pipe (and the elastomer and polyethylene 
pipes) to be essentially maintenance-free. 

belts are obtained in continuous lengths and will be 
joined longitudinally in 75-ft-long tubular sections 
by vulcanizing at the manufacturer's so the sections 
will have reinforcing cables in the pipe's axial 
direction (Fig. 2b). The cable ends will terminate 
in circumferential steel rings by means of bolted 
swaged eyes, or shackles, or captured swaged balls. 
To the outer pipe wall membrane, circumferential 
stiffener tubes will be attached with through-bolts 
attached to internal steel backing plates. The 
circumferential stiffener tubes will be placed at 
6-ft intervals along the length of the pipe. The 
stiffener tubes have a 7.25-in. O.D. with a 0.25-in. 
wall at the top of the CWP and will vary at cross- 
section intervals down the length of the pipe to a 
5.25-in. O.D., 0.188-in. wall tube at the bottom of 
the pipe. 

Deployment. As in the scenario for the FRP pipe 
deployment, the necessary vessels are mobilized at 
New Orleans and moved to the shore assembly site, 
where the first half (22) of the 75-ft CWP sections 
are loaded onto the transit barge. This barge is 
towed to the deployment site and tied up to the 
barge platform, whose crane off-loads a few CWP sec- 
tions. The transportation barge and tug stand by 
as the barge is used to stow sections during deploy- 
ment. 

The first section of CWP is placed into the de- 
TRWIGMDI's Elastomer CWP Based on the Goodyear ployment structure by the platform crane. The slip- 
Concept (Fig. 2b) jacks are in the up posftion, and the hydraulic rams 

on the slipjack ring are extended to support the CWP 
Fabrication. The compliant wall membrane for the at the upper circumferential ring. The slipjacks 

pipe will be made from 6-ft wide standard conveyor are lowered 75-ft until the hydraulic jacks attach- 
belting modified by the use of a 114-in.-thick neo- ed to the platform hull take the weight of the de- 
prene matrix on both sides of the longitudinal steel ployed section(s) from the slipjack ring. The slip- 
reinforcing cables. The present design uses 112-in.- jacks are raised 75-ft to accept the next section 
diameter cables spaced on 3-in. centers. These of CWP, which is picked up by the platform crane. 

Table 2 Estimated Costs (Millions of 1978 Dollars) for the Final &x ChT Concepts 

Cost Item . 

Acquisition and Deployment 

Elanagement 1.2 1.e 3.5 1.9 1.9 1.9 
Prelim./contract design 2.3 3.3 6.7 3.4 3.4 4.0 
Eng'g des. lconstr'n/deploy't . 22.1 31.2 67.0 56.2 21.0 68.2 

Engineering design 0.4 .0.6 1.3 3.0 3.0 3.0 
Construction facilities 5.1 10.5 10.9 3.1 4.8 3.5 
Construction of: 

Pipe system 10.8 12.6 14.9 24.3 7.9 28.6 
Screen 0.1 0.1 1.2 . 3.8 0.6 1.8 
CWPlhull transition 1.9 2.0 2.7 1.2 '2.5 1.2 
Systems for biofouling 6 

corrosion control 0.0 2.8 0.7 3.0 0.5 3.5 
Mooring, flotation 0.2 0.0 0.2 3.0 N/A 4.5 

Acceptance testing 0.2 0.3 0.7 1.1 0.4 1.2 
Deployment 3.4 - 2.3 - 4.4 - 13.7 - 1.3 - , 20.9 - 

Subtotal, Acquisition 6 Deployment 25.6 36.3 77.2 61.5 26.3 74.1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

System Operation 6 Support 1.2 1.8 3.5 46.0 18.9 60.1 

General 'management 0.1 . 0.2 0.3 1.1 1.1 1.1 
Offshore support 1.1 , 1.6 3.2 28.4 8.0 37.3 
Tests -- -- -- 2.5 2.5 2.5 
Ref it -- -- br2 6.8 9.2 -- 
Disposal -- 5.8 - 0.5 - 10.0 - - -- - -- - 

Life Cycle Cost' 26.8 38.1 80.7 107.5 45.2 134.2 

Team: 
CWP type: 
Platform: 

Site: 
Figure: 

T R W / W I  
FRP, 

Cruising 
barge 
S. Atl. 

2a 

SAIIBLRDI 
Steel. 

Cruising 
barge 
S. Atl. 

2d 

Elastomer, 
Moored 
barge 
P.R. 
2b 

Polyethylene, 
Moored 
spar 

' P.R. 
2c 

FRP, 
Moored 
barge 
P.R. 
2e 

B-M steel, 
Moored 
spar 
P.R. . 
,2f 



The inside doubler plate ring segments are attached 
by a few bolts to hold them in place to the bottom 
of the section to be attached. The crane places 
the section in the deployment structure, and the 
slipjack rams are extended again to support the 
upper-circumferential ring. The slipjacks are 
moved to align the position of the lower end of the 
section to be attached with the deployed section(s) 
of the CWP. The outer doubler plates are added, and 
the two sections of the CWP are joined. After all 
of the bolts are torqued, the air gap formed within 
the doubler ~lates is ~otted with sealant from three 
locations 120' apart. The slipjacks are raised to 
take the weight of the deployed CWP. The lower rams 
are retracted and the slipjacks lower the assembled 
CWP sections 75 ft until, again, the lower rams can 
take the deployed load. 

The foregoing sequence is repeated until the 
total CWP is assembled. The tug then tows the barge 
,back for the second load of CUP sub-assemblies. 
When the total length of the CWP is deployed, the 
CWP/hull transition section is positioned above the 
CWP and is attached to it by the same method that 
was used to attach sections of the CWP. The transi- 
tion with the attached CWP is lowered into brackets 
in the hull which accept the upper spider assembly 
and support the deployed CWP. The spider assemblies 
are attached to the hull, and divers attach the seal 
structures and the seal shoes. The deployment ves- 
sels return to the shore assembly site and thence 
to New Orleans for demobilization. 

Costs. The costs of the elastomer CWP are shown 
in the second column of Table 2. 

TRW/GMDI's Multiple Polyethylene Pipe (Fig. 2c) 

Fabrication and deployment.   he polyethylene 
CWP assembly comprises 7 pipes of 12-ft-diameter, 
each of which is assembled from three section of 
1068-ft length including a 14-ftLlong transition1 
joint section at each end. The wall thicknesses 
are 5.88, 5.5, and 4.88 in., respectively, for the 
top, middle, and bottom sections. These long 
sections are made by fusion-welding together 50-ft- 
long sections which are made by helically winding 
high-strength, extruded polyethylene onto a heated, 
rotating, collapsible mandrel. The substrate also 
is heated externally as the winding is applied. 
The assembly of the pipe is done in a partially 
flooded graving dock. 

The deployment procedure is similar to that for 
the FRP pipe, except that when the towlwork boat 

pulls alongside the spar platform, off the Guay- 
ama, Puerto Rico shore assembly site, the keel-haul 
lines are attached to the transition piece. When 
the CWP has been keel-hauled under the spar, it is 
ralsed up to mate, under water, with the transition 
attached to the platform, with the underwater TV 
and divers watching. 

Costs. The costs of the polyethylene pipe are 
shown in the third column of Table 2. 

Work by the SAIIB6RDI Team 

Screening and Concept Selections 
12 

The flow charts employed for concept selection 
and definition by SAI and B6RDI are shown in Figs. 8 
and 9. In the conceptual design phase, government- 
furnished information-was reviewed and candidate 
baseline concepts were developed in the RFP cate- 
gories. Design studies were initiated to define 
subsystems and perform selected sizing analyses. 
Vendors were contacted to establish inaterial 
properties and costs. Fabrication/construction/ 
installation plans were developed. A qualitative 
screening eliminated unworkable systems and pro- 
cedures. Remaining uncertainties and design issues 
were addressed through design studies until the 
system concept was judged to meet the system re- 
quirements on a best estimate basis. 

The ten concepts remaining after the qualitative 
screening are identified in terms of RFP category 
and subsystem in Table 3. Some subsystems are com- 
mon to each design (e.g., intake screens, not shown 
in the table), while others require variations, de- 
pending on configuration (mooring the platform 
through the CWP) or pipe weight (bearings). (Stock- 
ade pipes were not considered because of the rela- 
tive difficulty of construction and low fatigue 
life.) Finally, detailed information was developed 
for successful candidates, and a quantitative evalu- 
ation was performed. 

Risks were evaluated by applying statistical de- 
cision theory to key parameter uncertainties. Con- 
cept ranking was then done on the basis of the prob- 
ability of meeting technical and cost goals. 

An example of the process is illustrated in Fig. 
10. Nominal cost estimates for each WBS element are 
accompanied by low and high estimates, along with a 
measure of the confidence that these values are not ' 

CONCEPTUAL DESIGN PROCESS - - - - - - - - - - - - - - 1 

REQUIREMENTS 
SURVIVABILITY 
PERFORMANCE 
AVAILABILITY 
SCHEDULE 

CONCEPT DESIGN 
SYNTI-IESIS ANALYSIS .. 

w 
DESIGN UNCER- 
STUDIES ' TAINTY - 

CONCEPT CONCEPT 

CONCEPT RANICING I 
PROCEDURES t 

Fig. 8 SAl's concept selection methodology. 



Fig. 9 SAl's concept definition methodology. 

a~ = h o r i z o n t a l  tow and keel-hauled; V = v e r t i c a l ,  through plat form.  

b ~ u m b e r s  i n d i c a t e  d i f f e r e n t  approaches. 

Table  3 Base l ine  concept a l t e r n a t i v e s  eva lua ted  by SAI/B&RDI 

a1 PIPE STRUCTURE COST ($M) 

Fig. 10 Example analysis 
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exceeded. A probability density function (here, 
Weibull) is fitted to these input data, and a Monte 
Carlo routine is used to sum the.uncertainties. . 
The result is a cumulative probability distribution 
which describes the uncertainty in the cost data 
for a particular CWP concept. Note that the distri- 
bution is skewed with a high probability (0.8) that 
the nominal cost estimate will be exceeded. 

Evaluation Results 

The 10 candidate concepts were first evaluated 
within their respective categories and then the top 
two concepts in each category were evaluated to- 
gether. Top ranked candidates in the rigid wall 
category were .a ring-and-stringer (tee) reinforced' 
steel (hereinafter designated R&SR steel) design 
and a corrugated-wall fiberglass design. In the 
compliant wall category, the favored concepts were. 
a polyethylene design and an elastomer design. . 
Favored candidates in the bottom-mounted buoyant 
category were a slack-moored ERP design and a 
taut-moored R&SR steel design. 

Concepts were ranked in terms of cost through 
deployment (Fig. 11). schedule, and technical 
feasibility (Fig. 12) criteria using the scheme 
previously indicated in Fig. 6. The ranking pro- 

FRP 

cedure was to order the concepts in terms of prob- 
ability of a deployed cost less than $50M, prob- 
ability of having a technical feasibility factor 
greater than 5 (i.c., low risk), and a combined 
probability of meeting these technical and cost 
goals. Results are summarized in Table 4. 

Based on these evaluations, the SAI/B&RDI team a 

was directed by NOAA to prepare preliminary designs 
of the following three designs depicted in Figs. . 

2d-f, briefly described as follows. 

SAI/B&RDI1s Stiffened Steel CWP-(Fig. 2d) 

The stiffened steel CWP is designed to be attach- 
ed to a cruising barge to operate off the coast of 
Brazil. This pipe comprises five vertical segments 
with flexible joints between them. The top segment 
is 700 ft long and the other four are 645 ft long. 
The basic cross section of each segment has a-diam- 
eter of 32.3 feet and an equivalent wall thickness-- 
taking into account the longitudinal and ring stif- 
feners--of 1 in. in the top and bottom segments and 
0.8 in. in the.three middle segments. The overall 
reight (in air) of this design is 14.25 million 
pounds. The pipe will be assembled into approx. 100 
ft sections on shore and transported to the site on 
barges. To deploy it, a derrick will lift the sec- 

0 a BOTTOM 
MOUNTED-SLACK. 5 0.6 

BOTTOM 
MOUNTED-TAUT 

' / ! / STEEL 
FIBERGLASS 
C0RRUGA;TED 

COST ($M) TECHNICAL FEASIBILITY RATING 

Fig. 11 SAl's initial estimates of cost through deployment. Fig. 12 SAl's evaluation of technical feasibility. 

Table 4 Concept ranking by SAT 

a~ = probability of success; T = time required;'TF = technical feasibility (see 
S 
Fig. 6); RhSR = ring-and-stringer reinforced; BM = bottom mounted 

Rank 

1 

2 

3 

4 

5 

6 

b~umbers in parentheses are initial estimated costs through deployment (Fig. 11) 
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Ranking criteriaa 

PS(Cost < $50 M) (TF > 5) PS (TF > 5) PS(Cost < $50 M) PS(T < 48 months) 

Polyethylene (30)~ 

RCSR steel (42) 

FRP-sandwich (38) 

BM-FRP-slack (47) 

Elastomer (55) 

,BM-R&RS steel, 
taut (80) 

RCSR steel . 
Polyethylene 

Elastomer 

BM-R&SR steel, 
taut 

FRP-sandwich 

BM-FRP-slack 

RhSR steel 

FRP-sandwich 

BM-R&SR steel, 
taut 

BM-FRP-slack 

Polyethylene 

Elastomer 

R&SR steel 

FRP-sandwich 

Polyethylene 

BM-FRP-slack 

Elastomer 

BM-R&SR steel, 
taut . 



tions off the transporter barges and align each 
vertically for welding to a previous section sup- , 

ported by a buoyancy tank. This procedure is re- 
peated until the five segments are assembled. Costs 
are shown in the fourth column of Table 2. The esti- 
mated cost through deployment, $61.5M, is somewhat 
greater then the $50M target cost mentioned earlier. 
The estimated additional costs for system operation 
and support over a 30-yr life include substantial 
allowances for corrosion control (cathodic protec- 
tion), inspections and tests, repairs and refitting. 

SAI/B&RDIts FRP Sandwich (FRP) Pipe (Fig. 2e) 

The SAI FRP pipe is designed for attachment to a 
moored barge at the Puerto Rico site., The pipe, 30 
ft in inside diameter, is monolithic. The inner and 
outer filament-reinforced skins, each 112-in. thick, 
are separated by a low-density polyester core with. 
a thickness of 6.5-in. near the top, tapering in 
steps down to 4.5-in'. at the bottom. The structure 
has slightly negative buoyancy. However, if filled 
with a suitable mixture of fresh and salt water, 
the pipe becomes neutrally bouyant for towing to the 
operational site. No bottom weight is required. 
The overall weight of the CWP system (in air) is 
12.2 million pounds. Deployment of this pipe is ini- 
tiated by holding the upper pipe at the platform and 
allowing seawater to enter the pipe bottom slowly. 
The increasing weight causes the pipe to rotate into 
the vertical position. Costs are shown in the fifth 
column of Table 2. 

SAI/B&RDI1s Bottom-Mounted, Stiffened-Steel Pipe 
(Fig. 2f) 

The SAI bottom-mounted CWP system was designed 
for attachment to a spar buoy at the Puerto Rico 
site. This design combines into one structural 
element the CWP function and the mooring function, 
hence it has an additional function when compared 

to the other five CWP designs. The 14.2-million- 
pound, R&SR steel pipe and its deployment are the 
same as previously described for the cruising barge. 
In addition, however, before deployment of the pipe, 
the bottom mount must be installed. Seventeen 2-ft- 
diameter pipe piles, drilled through a template to a 
depth of 200 ft and grouted, must be emplaced. 

Costs for this CWP/mooring system are shown in 
the sixth column of Table 2. Since the mooring 
function could cost $25 M or more if done separate- 
ly, this approach may be a cost-competitive contend- 
er for use on spar platforms. 

Concluding Remarks 

These investigations by the TRWIGMDI and SAII 
B&RDI teams have led to estimated coots through 
deployment for six types of CWP's as summarized in 
Table 5. The costs for FRP types for installation 
on barge-type OTEC platforms by the two teams are 
the lowest and are in good agreement at approxi- 
mately $26M. The elastomer pipe installed on a 
barge is next lowest in cost ($37M). The other 
pipes cost more, but none should be ruled out at 
this stage. Costs of maintenance over the Iife- 
time (herein specified as 30 years) of the pipes' 
use are being estimated and will also have to be 
taken into account by contractors proposing OTEC . 
pilot plants or pilot plantships. While first 
estimates of these costs have also been indicated 
earlier in the lower part of Table 2, they may be 
subject to larger revisions than the acquisition 
and deployment costs upon more thorough investi- 
gation. It should be noted, too, that the useful 
life of any 10- to 40-MWe pilot plant or plantship 
may be only 10 years or so, because larger and 
more cost-effective commercial plants would be ex- 
pected to follow successful pilot demonstrations. 
Such commercial plants will use the relevant cost 
data developed by the pilot operations but may 

Table 5 Summary of features of CWP concepts chosen by 
NOAA for preliminary design 

= horizontal, float and flip; V = vertical, through platform by sections. 

b~osts through deployment; see Table 2. 
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Material/ 
cross-section Category 

Plat- 
form 

Team 1, TRW/GMDI . 
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Barge 
' 
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Barge 

Barge 

Spar 

FRP-sandwich 

Elastomer 

Polyethylene- 
7 pipes 

Team 2, SAI/B&RDI 

Steel-R&SR 

FRP-sandwich 

Steel-R&SR . 

Site 

Rigid 

Compliant 

Compliant 
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with 
joints 
Rigid 
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, 

S. Atl. 
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Rico 
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Rico 
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36 
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Team's 
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Low 
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Med . 

Low 

Low 
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a l s o  bene f i t  from o ther  technology improvements i n  
t h e  course of a decade o r  so. Thus, l e s s  e f f i c i e n t ,  
smal le r  p i l o t  p l an t s  would su r e ly  be phased out  i n  
l e s s  than 30 years .  

It may be noted t h a t  ne i t he r  of t h e  two contrac- 
t o r  teams chose a reinforced-concrete pipe among 
i ts  top candidates .  The primary reasons were per- 7. 
ceived r i s k s  with respec t  t o  a )  any mul t ip le - jo in t  
approach with concrete  and b) use of t h e  l i gh t -  . 

.weight concrete  proposed by APL and ABAM Engineers. 
These aspec ts  and o the r s  a r e  being inves t iga ted  by 8. 
ma t e r i a l  and model t e s t s  i n  t h e  ongoing pro- 

10a-c 
gram. 

The Department of Energy, through NOAA, is  
considering t h e  f ab r i c a t i on  and deployment of a 
113-scale FRP pipe during FY 1980. I n  addi t ion ,  9. 
small  s c a l e  t e s t s  of pipelplatform i n t e r a c t i o n s ,  
and loads  a r e  planned. Thus, t h e  ongoing CWP 
work should provide more information f o r  indus- 
t r i a l  use i n  concept d e f i n i t i o n s  of p i l o t  p l an t s  
i n  t h e  near  fu ture .  

10. ' 
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Abstract 7 
Tests of a 5-ft-dia steel pipe, made up in 20 

ft aectirm~ to total lengths UR to 900 ft, were 
conducted off Santa Cataliaa Island, Ctrllfornicl 
during December 1978 and Jaouary 1979. The pipe 
was supported from Deep Oil Technology's X-1 semi- 
submersible platform by a gimbal joint. The plat- 
form was moored with spring buoys in 1000 ft of 
water. The objootivoe owro to waluato the at-oao 
perrewee of VatlbU# eaafigurktiima B ~ W  to use 
the test rerults to verify or improve the existing 
time donain and frequency domain analysts of cold- 
water pipes for Ocean T h e 4  Energy Conversion 
(OTEC) plants. The configurations tested were: 
platform alone; platform with 120-ft pipe, with 
300-ft pipe, with 500-ft pipe, and with 384-ft 
pipe including a U-joint at 162 ft. The results 
available by mid-July indicated that in general, 
the frrqaimrp ln ra t fnn~  nf thr ~ p r r t r a l  praku Pan 
be predicted well, but the magnitudes of the peak 
values are in poorer agreement. The analyses are 
contiwing and final results will be given in a 
comprehensive report. - 

Introduction I 
An at-sea test of a large diameter pipe was con- 

ducted by Deep Oil Technology, Inc. under contract Figura I Tert Platform "Deep Oil X-t" U d  in Cold Water 
to the Applied Phya&cs Laboratory. The main Pipe* Test 
objectives of the- test were to waluate the per- 
formance of a Large pipe in the open sea and to 
verify computer program used in the design and 
analysis of cold,water pipes for OTEC platforme. 

The test was conducted off the coast of Santa 
Catalina Island, California during December 1978 
and January 1979 using the Deep Oil X-1 platform 
(see Fig. 1). The platform, which is a triangular 
semi-submersible, 120-ft on a side, was moored with 
spring buoys in 1000 feet of water. There was no 
atteapt to pump water through the pipe during the 
test. 

Teet Description 

Platf orm 

The Deep Oil X-1 platform is a fully instrument& 
experimental vessel originally designed as a Tension 
Leg Platform (TLP). It was selected to carry out 

* Senior Engineer, Aetoaautics Division 
** Naval Architect 

these tests because its size is adequate and it is 
thoroughly instwmented to measure directional waws 
as -11 as its m motions. For these tests, the 
Deep Oil X-1 waa anchored in a three point catenary 
moor, similar to a conventional mu&-submersible. 
There were three reasons for this mooring: 1) the 
water required for the tests was much deeper than 
the design depth for the vessel as a TLP, 2) the 
weight of the pipe was higher than what the vessel 
can carry as a TLP, 3) the platiorm moored as a TLP 
is so stable that very emall pipe motions and 
stresses were expected if it is attached to a TLP, 
contrary to the purpose of the tests. The stiff- 
ness of the mooring system was made very low in 
order to assure unrestricted movement of the plat- 
f om. 

The Deep Oil X-1 as configured for these tests 
had the following characteristics. Note that these 



characte+ristics apply to the platf- a b n e  w i ~ M S t  
the pipe. . G 

*. - 
mit: ; ~li f t  
~ i - e e t :  662.5 1- tons 
Heaht  overall: . 6i3 f t  
Length on s idei  , 120 f t  
(&nter*go-Cetlter) 
V B ~ E : ~  m: 33 f €  
Heave ~ u ~ a l & ? 3 ? 1 ~ r  14.5 s$c 
&&%I -8qd P t h ~ h  HaeuraX +eriodsi I;& iaw 

that  effectively restrained the l a t e r a l  motions of 
the pipe a t  the lower level  of the platform. In  
t h i s  way a nearly "built-in" connection was simu- 
lated. 

. FOW' guide tubes were precisely located and 
welded inside each pipe section to  accolnmodate the 
accelerometer pods described in the following 
"*iff". 

J 

I ~ t m m e n t a t i o n  
* -*- -. 

0 ? 
aa' FS*;. the &aft me .fnaintaSrld ak 44 E; w'*-,heigWs were measured with s i x  resistance 

by $.eballa&€$g t%e+pl$tfarm 131 3eQnOuPtS e q d  to wave s t a f f s  that  were located around the periphery 
fie -5-ght of the p5pe taken onboard. c- of the  platform t o  provide a re l iable  means of 

detemuidng the directional sea spectrum a t  the 
gold wat&' Pipe - ' ,  time of recordings. In  addition, a striag of self-  

contained current meters was placed i n  the vicioi ty  
of the  platform t o  record cur*qnt vetocity and 
direcribin a t  various depth* t o  800 f t  durqng the 

Platform motion instruukntation consieted 6f a 

The Cold Water Ptpe wm ia$t?a.mmted with 
accelerotbetere and s t ra in  gages. The a c c e l e r d t e r s  
were mounted i n  pairs  which uksured pipe dccelera- 

i n  the horizontal pl,ana. They were placed i n  
watertight housings (see Fig. 3) with f ive  such 
housings spaced about 70 f e e t  apart  on the armored 

Accelerometer 

AccelerDmeters 

Accelerometer 

Figure 3 Accelerometer Pod Design Used for Measuring - 
Figure 2 P i p  Section Being Assembled During At-Sea Tests Pipe Accelerations 



cable. After the pipe was deployed a string of 
accelerometers could be lowered into position 

, 

through a guide tube rigidly attached to the in- 
side of the pipe. The advantages of this procedure 
were that (1) the accelerometers could be deployed 
after the pipe; (2) the locations of the accelero- 
meters along the pipe could be changed easily; and ' 

(3) as a check on the output, two or mFre accelero- 
. meter strings could be positioned at the same 

levels so their readings could be checked for agree- 
ment. Strain gages were installed on two of the 
20-ft pipe sections and these could be inserted at 
any location along the length of the pipe. 

Data Acquired 

Initially data were collected from the platform 
alone wtth no pipe deployed. Then 300 ft of pipe 
was deployed and additional data were taken from 
the platform and the pipe. For the next phase the 
pipe length was increased to 500 ft and more data 
were collected. During a storm on the.night of 
January 5, 1979 there was a failure in the pipe 
flanges and 400 ft of pipe.was lost along with one ' 

string of accelerometers ,and one of the strain 
gauged sections of pipe. Available data indicate 
that the failure, which was due to inadequate flans 
design,was progressive, involving the loss of three 
shorter pipe lengths (200 ft, 100 ft, and 100 ft) 
over a period of six hours during the storm. Each 
break was near a point of maxinium stress for the 
length involved as predicted by the computer 
analysis. After recovery of the remaining 100 ft 
of pipe the test was continued with 400 ft of pipe 
and two strings of accelerometers. Subsequently 
data were collected for a 384 ft pipe with the U- 
joint at 162 ft and for 300 ft of pipe without a U- 
joint. The test was concluded on January 24, 1979. 

A total of 39 files of data were taken during 
the test period, each file consisting of 17 minutes 
40 seconds worth of 'data taken with a sample rate 
of 2 per second, giving 2120 data points for each 
channel of data on each file. The amount of data 
files collected for each configuration along with 
the range of significant wave heights is summarized 
in Table I. 

Table 1 

Number of data files collected during CWP verification test 

Sig. wave ht. (11) 

Platform alone 

120 11 pipe 

300 ft pipe 

300 11 wlrertraint 

500 f t  pipe 

Data Reduction and Analysis 

384 f t  wlujoint and restraint 

The initial processing for a file of data in- 
volved the generation of twelve "derived" channels 
of data, i.e. the six-degree-of-freedom accelera- 
tions at the center of the platform and the platform 
heave accelerations at the locations of the six 
wave staffs. The recorded data from the ten plat- 

2 

l 2  1 

form accelerometers provided a redundant set of 
measurements which'was used to define the accelera- 
tions at the center of the platform. A computer 
'program was developed which transformed the measured 
platform accelerations at the sensor locations into 
surge, sway, heave, roll, pitch, and yaw accelera- 
tions at the center of the platform and produced 
six added channels of data. Similarly, the plat- 
form heave accelerations at the six wave staff 
locations were calculated and stored in an additimal 
six channels of data. These six channels were used 
to remove platform heave motion from the measured 
wave heights. The twelve derived channels of plat- 
form data were in the same format as the actual 
test data so that they could be processed as part 
of the test data. Consequently, throughout the 
data analysis process the original data and the 
twelve added channels were all treated as though 
they were recorded during the test. 

1 1 4 1 1 '  
384 11 wlu.joint 

39 

An initial evaluation of each data channel in a 
given file was made by computing the basicstatistics 
(e.g. standard deviation, maxima, minima, mean) and 
testing for normality and stationarity. The data 
were also checked for consistency. For example, 
one consistency check was made with the five plat- 
form heave accelerometers. The data from these 
five sensors were compared to ensure that there 
were no contradictions in the readings. 

Periodically during the test, two sets of 
accelerometers were positioned at the same vertical 
station on the pipe, thus providing a redundant set 
of pipe acceleration data. A comparison of the 
measurements of two such accelerometers is given in 
Figure 4. This is a log-log plot of the spectral 
output of two accelerometers 59.6 ft above the U- 
joint during the test of a 384 ft pipe. As can be 
seen in the figure, the agreement between the out- 
put of the two accelerometers is quite good; this 
enhances confidence in the reliability of the 
accelerometer data. 

4 
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Fig. 4 Comparison of output spectra from two 
accelerometers at the same location. 
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Since the wave staffs were mounted to the X-1 
platform the measured wave data included a com- 
ponent due to the heaving of the platform. In order 
to obtain the absolute wave height history it was 
necessary to remove the platform heave component 
from the measured data. This was done using the 
six channels of data giving the platform heaven 
accelerations over the wave staff locations. These 
six acceleration time series were numerically trans- 
formed into Fourier series by a Fast Fourier Trans- 
form subroutine. The acceleration Fourier series 
were then integrated to give heave displacement 
Fourier series. (When the data are in the form of a 
Fourier series the integration amounts to adivision 
of the acceleration series by the square of the 
frequency to produce the displacement series'.) 
Then the wave staff data are transformed into 
Fourier series and the platform heave dispLacement 
is removed. The result is six Fourier series for 
the absal.ute wave heights at the six wave staff 
locations. These Fourier series are then used to 
generate the sea spectrum. Deep Oil Technology 
used the data from the six wave staffs to produce 
directional sea spectra. 

Most of the data analysis was done in the 
frequency domain. For this the power spectra were 
generated using a time series length of 2048points 
with 25 frequency bands taken in a movingaverage. 
The resolution bandwidth was 0.0244. 

Computer Program Comparisons 

Comparisons between measured data and computer 
predictions have been made with Prof. R.Paullingls 
ROTEC program1 which performs a frequency domain 
analysis, and Deep Oil's MRDAP~ program, a tige 
domain program originally developed for thedynamic 
analysis of marine risers. 

Comparisons with ROTEC 
. .- - 

It was necessary to modify the ROTEC program so 
that a direct comparison could be made between the 
test results and the program results. One + 
modification allowed the input sea spectrum to be 
specified pointwise as a function of frequency 
rather than as a Bretschneider spectrum, which is 
the usual input-format for ROTEC. A second 
modification was made to include the gravity com- 
ponent in the predicted cold water pipe accelera- 
tions. During the test, whenever the pipe would 
bend, the accelerometers would tilt out of the 
horizontal plane; this would cause the instruments 
to measure a component of the acceleration due to 
gravity ,in addition to the acceleration of the 
pipe. ROTEC was modified so that it included this 
gravity component. Similarly, the surge and sway 
accelerometers were affected by the pitch and roll 
of the platform, so ROTEC was modified to include 
these effects in its predictions. 

One final modification was made so that ROTEC 
would print the acceleration spectra for the plat- 
f o m  and pipe in addition to the RMS values. 

All comparisons between test results and ROTEC 
predictions were made on the basis of power spectra, 
hence the results presented here will show measured 
and predicted spectra plotted on log-log graphs. 
Comparisons of three different configurations will 
be given: (a) the X-1 platform with no pipe; (b) 
500-ft pipe with no U-joint and no restraint; and 
(c) 384-ft pipe.with a U-joint at 162 ft and no 
restraint. 

Platform Alone. A contour plot showing sea 
spectrum power densities as a function of frequency 
and direction for this file of data is given in 
Figure 5. The corresponding unidirectional spectrun 
is shown in Fig. 6; this was used as input to the 
ROTEC program with all of the sea energy specified 
from the 110' direction, even though there was a 

NOTE: CONTOUR VALUES 
IN UNITS OF 
FT~IHZIRADIAN 
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Fig. 5 Directional sea spectrum for platform-alone case. 
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Fig. 6 Unidirectional sea spectrum for platform-alone case. 
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Fig. 7 Heave acceleration spectra for the platform-alone from 
the test and from ROTEC. 

, 

lower energy peak at 160°. Figure 7 shows the plat- 
form heave acceleration spectrum as measured in the 
test and as predicted by the ROTEC program. The 
ROTEC results follow the shape of the measured 
spectrum well, but the magnitude of the peak value 
is overpredicted. A similar comparison is shown 
in Figure 8 for platform pitch response. The ROTEC 
prediction shows a large spike at about 0.055 Hz 
which indicates a resonant response. However, a 
large response at that frequency does not appear 

10-4s I I I I I  I 
I I 1  

6 
4 PLATFORM ALONE 

30 DEC 78 02:55 

Fig. 8 Pitch acceleration spectra for the platform-alone from 
the test and from ROTEC. 

' 

2- 

in the test data. .As will be seen, this anomaly 
in the ROTEC predictions occurred for other con- 
figurations also. The ROTEC program predicts lifgh 
spectral power 1;vels at about 0.055 Hz, but the 
test data do not show such a response. 

SERIES LENGTH = 2048 
FREQUENCY BANDS AVERAGED = 25 - 

500 Ft Pipe With No U-Joint and No Restraint. 
The directional sea spectrum for this case io shown 
in the contour plot in Figure 9. This was a multi- 
directional spectrum with the low frequency (0.075 
Hz) swells coming from about 180" (bow-on) and 
the high frequency (0.14 Hz) waves coming from 
75' and 110'. Since the ROTEC pr0gram.i~ not 
designed to handle a multidirectional sea spectrum 
it was decided to model this case with two ROTEC 
runs. One had an input spectrum from the 180' 
direction which matched the low frequency portion 
of the measured spectrum and the other case had an 
input spectrum from llOO.which approximated the 
high-frequency part of the measured spectrum. 
These two spectra are shown in comparison to the 
measured sea spectrum in Figure 10. 

10-9 I I I [ I  I I I I  

10-2 2 4 6 8 lo-l 2 4 6 8100 
Frequency, hertz 

The test results for accelerometer station /I2 
(measuring in the surge direction 72 feet from the 
bottom of the pipe) are compared with the ROTEC 
results in Figure 11. Since the input spectrum for 
the 180' case matched the test spectrum best at 
the lower frequencies, comparisons with ROTEC . 
results for this case are made at.the lower 
frequencies; similarly the 110' ROTEC results.are 
compared with test results at the higher frequencies. 
As shown in Figure 11, the ROTEC results generally 
follow the shape of the test results but they dis- 
agree in magnitude. As before, the ROTEC program 
predicts a large spectral peak near 0.055 Hz, but 
the test data do not have such a peak. Figure 12 
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Fig. 9 Directional sea spectrum for 500-ft pipe case. 
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Fig. 10 Unidirectional sea spectrum and ROTEC input 
spectra for 500-ft pipe case.. 
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Fig. 11 Pipe slation No. 2, acceleration spectra from 

test and ROTEC. 

shows the reslflts for pipe accelerometer station 
. 85 in the sway direction. This accelerometer is 

located about 278 ft from-the bottom of the pipe. 
The ROTEC program with a sea spectrum from 180' 
predicts no acceleration in the sway direction, 'so 
only the results for 110' are shown. The program 
results for frequencies above 0.,10 Hz have the 
same general shape as .the test results but the 
'magnitudes do not agree well. However, this could 
be due.to the fact that we are modeling the response 

1 0' 
B I  I  I  I I  I  I  I I  

6 \ 
4 500 FT PIPE 

Frequency, hertz 

Fig. 12 Pipe station No. 5, acceleration spectra in the sway 
direction from test and ROTEC. 

to a multidirectional sea with a unidirectional 
program. 

384 Ft Pipe with U-Joint at 162 Ft From The Top 
of the Pipe and No Restraint. For this case the 
sea was rather unidirectional, coming from 180' 
(bow-on) as shown by the contour plot in Figure 13. 

24 
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Fig. 13 ~irectional sda spectrum for 384 ft pipe case. 



The corresponding unidirectional spectrum is shown 
in Figure 14. This spectrum was used as input to 
the ROTEC program and the resulting platform and 
pipe  acceleration^ wcrc determined. The predicted 
and measured spectra Eor platform pitch are com- 
pared in Figure 15. The agreement is good except 
at the 0.055 Hz frequency where the ROTEC program 
shows a large spectral amplitude which is not in 
the test data. A similar comparison is shown in 
Figure 16 for accelerometer station /I1 which is 
below the U-joint, 218 ft from the U-joint and 4 ft 
from the bottom of the pipe. The large response 

384 F T  PlPE 
13 JAN 79 11:46 

, SERIES LENGTH = 2048 

10-4 
lo-2 ,2 4 6 8 10-1 2 

Frequency, hertz 

Flg. 14 Unidirectional sea spectrum for 384 ft pipe case. 

spike at 0.055 Hz is still present in the ROTEC 
results but not in the test data. In the region 
away from that frequency the ROTEC program pre- 
dicts a peak spectral amplitude which is larger 
than the experimental response. The agreement 
between experimental and predicted data is much 
better for accelerometer station 15 as shown in 
Figure 17. This is located above the U-joint, 277 
ft from the bottom of the pipe. Although the 
ROTEC prediction still has the anomaly in the ' 
response near 0.055 Hz, the agreement is quite 
good at other frequencies. 

Comparison with MRDAP 

MRDAP is a Deep Oil Technology proprietary com- 
puter program for the totally non-linear time- 
domain analysis of petroleum risers in directional 
seas. Because, unlike cold water pipes, petroleum 
risers are normally much smaller than the plat- 
forms to which they are connected, it is usually 
assumed in their analysis that the platform affects 
the riser motions but not vice-versa. This 
assumption is poorly realized in a CWP-platform 
system and should probably not be used in the 
analysis of cold water pipe behavior until its 
effects can be quantified. Although a revision to 
MRDAP that includes the effects of the CWP on the 
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Fig. 15 Platform pitch acceleration spectra from 

test and ROTEC. 
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Fig. 16 Pipe station No. 1, acceleration spectra from 
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test and ROTEC. 

I  I I -  - - 
- - 

ROTEC (180') 

platform response is underway, it has not been com- 
pleted to date. Using the present version of 
MRDAP, comparisons were made for two files: the 
same 500-ft-pipe file used in the ROTEC comparison 
and a file very similar to the one used in the 
384-ft ROTEC comparison. In general agreement is 
not very good, possibly because of the above men- 
tioned assumption. As an example, Figure 18 shows 

. - - -. - - - - -. 
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Fig. 17 Pipe station No. 5, acceleration spectra from 
test and ROTEC. 

the total bending stress spectra for a location 
65 ft from the top of the pipe for the 500-ft case. 
(Note that this figure is plotted on a linear 
scale.) At low frequencies (below 0 - . 9 _ f a d / ~ e c ) ~ -  
-MRDAP results -are very close to the experiment, 
whereas ROTEC still shows the peculiarity at the' 
pitch natural frequency. At higher frequencies, 
MRDAP overpredicts the bending stress consideralily 
but ROTEC underpredicts it. 

Conclusions 

The at-sea test has provided a reliable set of 
data for use in verifying computer programs. These 
data are now being compared with results generated 
by the ROTEC frequency-domain program and the MRDAP 
time-domain program. 

The comparisons between the test data and the 
ROTEC results indicate that, in general, the pro- 
gram does well in predicting the frequency locations 
of the spectral peaks but is less reliable in pre- 
dicting the magnitude of the peak values. The 
ROTEC results show a large spike in the response 
spectra at the platform pitch frequency but this 
is not present in the test results. The influence 
of platform hydrodynamic damping on predicted pipe 
response will be investigated. Some of the differ- 
ences between ROTEC results and test data are un- 
doubtedly due to the fact that ROTEC is based on 
unidirectional sea spectrum whereas the test 
conditions were not unidirectional. 

The MRDAP program does not give good agreement 
with the test results. This program does not 
account for the effects of the cold water pipe on 
the platform, but Deep Oia is modifying the code 
to include these effects. 

The data analysis is continuing in three main 
areas : 

i) more data files are being analyzed and 
compared with the ROTEC program re- 
sults ; 

ii) an effort is underway to determine the 
cause of the anomaly in the ROTEC plat- 
form response spectra; and 

iii) the effect of using a unidirectional 
sea spectrum in making ROTEC predictions 
is being evaluated. 
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Ocean Thermal Energy Conversion (OTEC) p l a n t  
dynamics and CWP loads  and s t r u c t u r a l  des ign  a r e  
among t h e  most important  OTEC technology a r e a s .  
S i g n i f i c a n t  e f f o r t  has  been devoted t o  development 
of  t h e o r e t i c a l  methods f o r  p r e d i c t i n g  CWP/platform 
dynamic motions, loads  and s t r e s s e s .  A wide v a r i e t y  
of computat ional  techniques  have been u s e d , . b u t  t o  
d a t e  few methods have been w e l l  v a l i d a t e d .  Severa l  
s e t s  of l a b o r a t o r y  t e s t s ,  us ing  smal l - sca le  models, 
and one a t - sea  t e s t  wi th  a  l a r g e - s c a l e  model, haye 
been c a r r i e d  ou t  t o  measure dynamic motions and 

e v a l u a t i n g  a v a i l a b l e  methods and f o r  s e l e c t i n g  t h e  
most a p p r o p r i a t e  method(s).  

A Br ie f  His to ry  of_ CWP T h e o r e t i c a l  Analysis  

Rigorous t h e o r e t i c a l  CWP a n a l y s i s  appe&r t o  d a t e  
from about  1976, when a  method f o r  p r e d i c t i n g  t h e  
coupled response of CWP and p la t fo rm t o  ocean waves 
was publ ished ' .  This  method, which t r e a t e d  t h e  CWP 
a s  a  r i g i d  o r  i n e l a s t i c  body, was rep laced ,  by e a r l y  
1977, by v a r i o u s  methods2s4 , which t r e a t e d  t h e  CWP 
a s  an e l a s t i c  beam. 

loads .  Such experiments a r e  complicated by t h e  d i f -  
f i c u l t i e s  i n  c o r r e c t l y  s c a l i n g  a l l  important  phe- Two of t h e s e  methods, developed by HYDRONAUTICS 

nomenas The paper discusses, in some and J.R. ~ a u l l i n g , ~ ' ~ ,  t r e a t e d  t h e  l i n e a r ,  coupled 

important  t h e o r e t i c a l  methods, response of the platform and CWP in the frequency- 

b i l i t i e s  and shortcomings and concludes t h a t  no 
domain. The o t h e r  two methods, developed by F.R. 

method c u r r e n t l y  incorpora tes  Harris and treated the nOn- 

It is concluded that with the l i n e a r ,  uncoupled response of t h e  p la t fo rm and CWP 

s t r u c t e d  CWP models, i t  is p o s s i b l e  t o  s c a l e  most i n  t h e  time-domain. The method developed by H a r r i s  

important  f a c t o r s  even when smal l - sca le  (1150 t o  was subsequent ly  modified t o  i n c l u d e  CWP/platform 

1/100) models a r e  used. coupl ing5.  The f e a t u r e s  of t h e s e  f o u r  methods were 
compared i n  some d e t a i l ,  b u t  w i t h  some e r r o r s ,  i n  

I n t r o d u c t i o n  ~ e f i r e n c e  4 ,  and a l s o  i n  Reference 6 .  Reference 4 

The d i f f i c u l t i e s  i n  des ign ing  and b u i l d i n g  provided d e t a i l e d  comparisons of c a l c u l a t e d  r e s u l t s  

practical cold water pipes (hereafter called CWP) for  f o r  t h e  OTEC-1. These comparisons i n d i c a t e d  s i g n i -  

OTEC p l a n t s  have been recognized f o r  s e v e r a l  y e a r s ,  ficant differences in for  some 

and significant effor t  has been devoted during the s e a  S t a t e s  and wave heading ang les .  Only t h e  HYDRO- 

past two years to developing CWP technology and de- 
NAUTICS r e s u l t s  were compared w i t h  t h e  OTEC-1 model 

sign concepts. This effor t  has identified the re- t e s t  d a t a 7 .  The methods of References  2 and 3 have 

sponse of t h e  OTEC CWP/platform c o n f i g u r a t i o n  t o  been used f o r  a  number of des ign  s t u d i e s .  

ocean wave and c u r r e n t  induced dynamic loads  a s  t h e  
crux of t h e  CWP des ign  problem. Various t h e o r e t i c a l  
methods have been developed f o r  ana lyz ing  CWP dynamic 
response and l a b o r a t o r y  model t e s t s  have been used 
t o . p r e d i c t  CWP behavior  and t o  provide d a t a  f o r  v a l i -  
d a t i n g  t h e o r e t i c a l  methods. 

At-sea t e s t s  of l a r g e  s c a l e  models of OTEC 
p l a n t s  appear t o  be  an a t t r a c t i v e  means f o r  e v a l u a t i n g  
CWP dynamic response and s t r e s s e s ,  b u t  such t e s t  pre- 
s e n t  many problems. The foremost problems a r e  c o s t ,  
t ime and t h e  l a c k  of c o n t r o l  of environment,  p a r t i -  
c u l a r l y  waves. Such Lests ,  when included i n  a n  OTEC 
p l a n t  des ign ,  w i l l  probably be  conducted nea r  t h e  

_end of t h e  des ign  c y c l e  t o  v e r i f y  a  f i n a l  CWP design.  
The OTEC p l a n t  and CWP des igner  must have o t h e r ,  l e s s  
c o s t l y ,  means f o r  use  dur ing  t h e  complete design cy- 
c l e .  To d a t e  t h e o r e t i c a l  methods, sometimes supple- 
mented by smal l - sca le  model t e s t s ,  have been used by 
des igners .  It seems l i k e l y  t h a t  t h f t o r e t i c a l  methods 
and improved l a b o r a t o r y  model t e s t  methods w i l l  re-  
main t h e  primary bases  f o r  des ign .  

This  paper d e s c r i b e s  and e v a l u a t e s  a v a i l a b l e  
t h e o r e t i c a l  and exper imental  methods f o r  ana lyz ing  
CWP dynamic responses .  Some shortcomings of theo- 
r e t i c a l  and smal l - sca le  l a b o r a t o r y  methods a r e  d i s -  
cussed,  wi th  emphasis on exper imental  methods which 
have, t o  d a t e ,  r ece ived  f a r  l e s s  a t t e n t i o n  than theo- 
r e t i c a l  methods. It  i s  in tended  t h a t  t h e  paper pro- 
v i d e  t h e  OTEC des igner  wi th  a  b e t t e r  b a s i s  f o r  
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Today a  number of t h e o r e t i c a l  methods e x i s t  f o r  
a n a l y s i s  of coupled CWP and p la t fo rm response t o  
wave and c u r r e n t  induced loads .  These methods a l l  
t r e a t  t h e  CWP a s  an e l a s t i c  beam. Only t h r e e  of 
t h e s e  methods a r e  now p u b l i c l y  documented. These in-  
c lude  frequency-domain a n a l y s i s  methods developed by 
p a u l l i n g g  , and by HYDRONAUTICSIO : and a  time-domain 
method developed by TRW" . 

The method of p a u l l i n g g  , which ana lyzes  t h e  CWP 
using f i n i t e  element methods, is a  much extended 
v e r s i o n  o f  t h e  e a r l i e r  method of Refereace 3. The 
l a t e s t  v e r s i o n  can t r e a t  mul t i - jo in ted  p i p e s ,  and 
inc ludes  an equ iva len t  l i n e a r i z e d  t r ea tment  of CWP 
hydrodynamic damping and i n t e r a c t i o n  of waves and 
s t e a d y  c u r r e n t .  It can t r e a t  d i r e c t i o n a l  o r  s h o r t  
c r e s t e d  waves a s  w e l l  a s  u n i - d i r e c t i o n a l  waves. Com- 
p u t e r  programs f o r  t h i s  method a r e  n o t  g e n e r a l l y  
a v a i l a b l e .  

The l a t e s t  HYDRONAUTICS MethodsL0, ana lyze  t h e  
CWP using t h e  t r a n s f e r  m a t r i x  method of Ref. 12. 
This  method can t r e a t  mul t i - jo in ted  p i p e s ,  inc ludes  
an equ iva len t  l i n e a r i z e d  t r ea tment  of CWP damping 
and can t r e a t  a r b i t r a r y  d i s t r i b u t i o n s  of s t a t i c  and 
dynamic loads  and mooring at tachments  a long t h e  CWP. 
The method does no t  p r e s e n t l y  t r e a t  d i r e c t i o n a l  
waves o r  wave-current i n t e r a c t i o n s .  Computer pro- ' 

grams and documentation a r e  a v a i l a b l e  t o  q u a l i f i e d  
u s e r s  through NOAA. 

The r e c e n t l y  developed TRW method", uses  a  . 
f i n i t e  d i f f e r e n c e  method f o r  CWP a n a l y s i s .  It can 



t r e a t  m u l t i - j o i n t e d  p i p e s ,  d i r e c t i o n a l  waves and 
wave-current i n t e r a c t i o n s ,  a s  w e l l  a s  a r b i t r a r y  d i s -  
t r i b u t i o n s  of unsteady loads .  Because t h i s  i s  a  non- 
l i n e a r  a n a l y s i s  no approximat ions  a r e  r e q u i r e d  i n  
t h e  t r ea tmen t  of CWP damping o r  wave-current i n t e r -  
a c t i o n s .  Some approximat ion is  r e q u i r e d  f o r  t r e a t -  
ment of p la t fo rm hydrodynamics, however. Computer 
programs a r e  n o t  a v a i l a b l e .  

A Br ie f  H i s t o r y  of CWP Model T e s t s  

The h i s t o r y  of CWP model t e s t s  is even b r i e f e r  
and s p a r s e r  than  t h e  h i s t o r y  of CWP the 'o re t i ca l  ana- 
l y s e s .  T e s t s  t o  d a t e  have been designed t o  p rov ide  
both  q u a n t i t a t i v e  and q u a l i t a t i v e  CWP response  d a t a  
and CWP l o a d s  due t o  waves and c u r r e n t .  These t e s t s  
which have,  wi th  one excep t ion ,  been c a r r i e d  ou t  i n  
l a b o r a t o r i e s ,  have involved bo th  complete CWP/plat- 
form con~f ig i l r a t ions  and s e c t i o n s  of a  CWP. 

The l i m i t e d  use  of l a b o r a t o r y  model t e s t s  is  prob- 
ab ly  due bo th  t o  c o s t  and t o  l i m i t a t i o n s  on a v a i l -  
a b l e  test f a c i l i t i e s .  With a v a i l a b l e  U.S. t e s t  f a -  
c i l i t i e s  such a s  t h o s e  a t  HYDRONAUTICS, Incorpora ted ,  
Of f shore  Technology Corpora t ion  (OTC) and DWTNSRDC 
l i m i t e d  t o  wa te r  dep ths  of 42 t o  30 f e e t ,  small-  
s c a l e  models ( t y p i c a l l y  1 /75  t o  1/100 s c a l e )  of com- 
p l e t e  CWP's must b e  used. The l i m i t a t i o n s  imposed 
by t h e  u s e  o f  such smal l - sca le  models a r e  d i s c u s s e d  
i n  l a t e r  s e c t i o n s .  

Complete CWP/Platform Conf igura t ions  

The e a r l i e s t  known tests of a  complete CWPIplat- 
form c o n f i g u r a t i o n  were Froude s c a l e d  t e s t s  of a  
1 /50 s c a l e  model of a  proposed OTEC-1 c o n f i g u r a t i o n  
us ing  t h e  Hughes Mining Barge a t  HYDRONAUTICS~. T e s t s  
were conducted i n  r e g u l a r  and random waves us ing  two 
CWP models,  one very s t i f f  and one q u i t e  f l e x i b l e .  
Measurements inc luded  p la t fo rm motions and CWP bend- 
ing  moments a t  two p o i n t s  a long  t h e  CWP. These t e s t s  
were in tended  p r i m a r i l y  t o  p rov ide  v a l i d a t i o n  d a t a .  

T e s t s  of a  Kelp farm des ign ,  which uses  a  CWP, 
and of a  model of t h e  Deep O i l  Technology (DOT) X-1  
p l a t fo rm wi th  t h e  proposed t e s t  C W P ' ~ ,  have been ca r -  
r i e d  o u t  by OTC. These t e s t s  involved s e l e c t e d  mea- 
surements  and de te rmina t ion  of motions from photo- 
g r a p h i c  r e c o r d s .  I n  bo th  c a s e s ,  however, t h e  CWP 
model was no t  s t r u c t u r a l l y  s c a l e d  and was not  in -  
s t rumented t o  measure bending moments. 

Recen t ly ,  Froude s c a l e d  t e s t s  of a 1/110 s c a l e  
model of a  proposed 400 MW s p a r  p la t fo rm and CWP 
were conducted a t  HYDRONAUTICS t o  provide v a l i d a t i o n  
d a t a L 4 .  T e s t s  were conducted wi th  one r e l a t i v e l y  
s t i f f  CWP wi th  r i g i d  and p i n  connect ions  t o  t h e  s p a r .  
P la t fo rm motions and CWP bending moments a t  f o u r  
l o c a t i o n s  a long  t h e  CWP were measured f o r  t h r e e  r e -  
p r e s e n t a t i v e  s e a - s t a t e s .  

I n  January of t h i s  y e a r ,  a  f i v e  f o o t  d iamete r ,  
t h i n  (3116 inch)  w a l l  s t e e l  CWP of t h r e e  l e n g t h s  was 
t e s t e d  a t - s e a  us ing  t h e  DOT X - 1  p l a t fo rm '5 .  I n  t h e s e  
t e s t s ,  which were d i r e c t e d  by APL, measurements were 
made of p la t fo rm motions ,  CWP a c c e l e r a t i o n s  and bend- 
i n g  moments and wave and c u r r e n t  c o n d i t i o n s .  Analy- 
sis of t h e  l a r g e  body of t e s t  d a t a  is now i n  pro- 
g r e s s ;  e a r l y  r e s u l t s  appear  promising. The e a r l y  
CWP f a i l u r e s ,  which occur red  under s e v e r e  s e a  con- 
d i t i o n s ,  s e r v e  t o  emphasize t h e  d i f f i c u l t y  of t h e  
CWP des ign  problem. 

T e s t s  of CWP S e c t i o n s  and C i r c u l a r  Cy l inder s  

High Reynolds number d a t a  f o r  CWP l o a d s  and hydro- 
dynamics can be most e a s i l y  ob ta ined  from towing tank 
o r  wind t u n n e l  t e s t s  of c i r c u l a r  c y l i n d e r s  r e p r e s e n t -  
i n g  a  s e c t i o n  of t h e  CWP. While a  r i c h  body of 

c i r c u l a r  c y l i n d e r  t e s t  d a t a  e x i s t ,  a s  desc r ibed  i n  
Ref. 15 ,  t h e s e  d a t a  p rov ide  on ly  p a r t  of t h e  needed 
in fo rmat ion  on CWP load ing .  A s  a  r e s u l t ,  s e v e r a l  
s e t s  of c y l i n d e r  t e s t s  have been c a r r i e d  o u t  t o  pro- 
v i d e  needed CWP l o a d s  d a t a .  

T e s t s  of a  sma l l  c y l i n d e r  a t  Reynolds numbers up 
t o  1 . 3  x l o 6  were c a r r i e d  ou t  by S A I ' ~ ,  a s  a  prepara-  
t i o n  f o r  t e s t s  of a  l a r g e r  model, a t  Reynolds numbers 
up t o  l o 7 .  While t h e s e  l a t t e r  t e s t s  were never  con- 
ducted,  t h e  smal l  model d a t a  a r e  of some i n t e r e s t .  
Ref. 15 c o n t a i n s  an  a n a l y s i s  of t h e s e  and o t h e r  
a v a i l a b l e  d a t a  and p r e s e n t s  some c o n t r o v e r s i a l  con- 
c l u s i o n  about  c o r r e l a t i o n  l e n g t h s  of unsteady,  vor- 
t e x  shedding induced l o a d s  due t o  s t e a d y  flow. 

Wind t u n n e l  t e s t s  of c y l i n d e r s  i n  s t eady  uniform 
and shea red  f lows a t  Reynolds numbers between l o 5  
and l o 6  have been r e c e n t l y  conducted a t  VPI, a l -  
t ho i~gh  t o  d a t e  only  l i m i t e d  r e s u l t s  f o r  t e s t s  i n  uni- 
form f low have been p resen ted17 .  Towing t ank  t e s t s  
of a  s e c t i o n  of a  mul t i -p ipe  CWP d e s i g n  have been 
conducted r e c e n t l y  a t  OTC, b u t  r e s u l t s  a r e  no t  known. 

The t e s t s  of S a r p k a y a L B ,  w h i l e  n o t  r e l a t e d  t o  
OTEC, shou ld  be  noted a s  they p rov ide  unique d a t a  
f o r  c y l i n d e r  and CWP hydrodynamic f o r c e s  f o r  o s c i l -  
l a t o r y  flow and mot ions .  

S t a t u s  of T h e o r e t i c a l  Ana lys i s  Methods 

A s  noted i n  an e a r l i e r  s e c t i o n ,  t h e r e  now e x i s t  a  
number of t h e o r e t i c a l  methods f o r  a n a l y z i n g  t h e  dy- 
namic r e sponse  of OTEC CWP/platform c o n f i g u r a t i o n s .  
Three of t h e s e  methodsg7 lo' l 1  , a r e  s u f f i c i e n t l y  w e l l  
documented t o  a s s e s s  and compare t h e i r  c a p a b i l i t i e s  
and p o t e n t i a l  accuracy.  These methods and t h e i r  
capab i l i t ' i e s  a r e  probably r e p r e s e n t a t i v e  of o t h e r  
a v a i l a b l e  frequency- and time-domain methods. The 
g e n e r a l  agreement of r e s p o n s e t o  waves from t h e  me- 
thods  of Ref. 9 ,  10  and 11 a r e  i l l u s t r a t e d  by 
F igures  1 and 2. 
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FIGURE 1 - COMPARISON OF RESULTS FROM VARIOUS 
METHODS FOR UNJOINTED CONCRETE CWP 
- From Reference 1 1  



RMS BENDING STRESS, KSI 

FIGURE 2 - COMPARISON OF RESULTS FROM TRW AND 
NOAA/ DOE METHOD FOR UNJOINTED 
STEEL CWP - From Reference 1 1  

NOAA/DOE Methods 

These methods, developed by HYDRONAUTICS, are de- 
scribed in detail'' . These are the only methods for 
which computer source decks and detailed User's ma- 
nuals are generally available (through NOAA). 

These 'methods treat the coupled, linear, frequency 
-domain response of a wide variety of CWP and plat- 
form designs to uni-directional, regular and random 
waves and the linear, frequency-domain response of 
the CWP alone to steady and unsteady loads due to 
current, vortex shedding, etc. 

The CWP is treated as an elastic beam, and the 
CWP/platform attachment is characterized by arbitrary 
stiffnesses. The CWP can have attachments to moor- 
ings or to bodies other than the platform. Non- 
linear CWP damping is represented through equivalent 
linearized damping and variation of damping coef- 
ficient along the CWP length. Flow velocity within 
the CWP is considered. A separate program treats 
CWP longitudinal (heave) and torsional dynamics. 

The platform is treated as a rigid.body with fre- 
quency dependent added mass, damping and wave ex- 
citing forces. The programs can compute these plat- 
form hydrodynamic forces for a variety of ship or . 
barge semi-submersible and submarine platforms using 
the method of Ref. 19. Hydrodynamic forces for axi- 
symmetric platforms can be accepted as input. An 
empirical, equivalent linearized platform roll damp- 
ing can also be accepted as input. 

Paulling Methods 

Two distinct methods have been developed by Paul- 
lingg. These methods are incorporated in computer 
.programs ROTEC and SEGPIP for continuous and jointed 
CWPs, respectively. These methods treat the coupled, 
linear, frequency-domain response of a wide variety 
of CWP and platform designs to uni-direction regular 
--aves. The methods are currently being modified to 
nclude treatment of directional waves and inter- 
ctions between waves and steady current velocities. 

The CWP is treated as an elastic beam and the CWP/ 
platform attachment is characterized by a stiffness 

and damping in all degrees of freedom. Non-linear 
CWP damping is represented using equivalent linear- 
ized damping and an automatic iteration scheme for 
damping can be used. Flow velocity inside the CWP 
is nst considcrcd. 1 

The treatment of the platform is very similar to 
the NOAAfDOE methods, although the method of Ref. 20 
is used for semi-submersibles. Paulling has also 
modified the platform program of ~arrison~l, to pro- 
vide direct input to these programs for complex 
platform geometries. 

TRW Method 

This method, which is briefly described", is 
based on marine riser analysis methods. It treats 
the coupled, non-linear, time-domain response of CWP 
and.platform designs to uni-directional, regular and 
irregular waves, to current and to unsteady ChT 
forces due to vortex shedding, etc. It treats inter- 
actions between wave and current velocities. 

The CWP is treated as an elaskic beam and the CWP/ 
platform attachment is characterized by stiffness. 
Quadratic damping with a constant drag coefficient 
is used. Flow velocity within the CWP is considered. 

The platform is assumed to have constant added 
mass and damping forces, which are accepted as 
input and must be generated b> independent methods. 
The assumption of constant hydrodynamic forces might 
cause significant errors for some platforms. 

Comparison of Capabilities 

It is clear from the preceeding descriptions that 
each of the three methods share a number of basic 
features and capabilities, while each method also 
has certain unique features and capabilities. Table 
1 presents a comparison of capabilities of these 
methods in a number of areas considered to be most 
important for typical analyses of CWP/platform dy- 
namic and static responses. 

Table 1 Comparison of Capabilities of Three 
Theoretical Analysis ~ e t h o d s ~  

FcatureICapability NOAAfDOE Paulling TRW 

Loadings 
Uni-directional Waves Yes Yes Yes 
Directional Waves No IP No 
Steady Current Yes IP Yes 
Vortex Shedding Yes No Yes 
Arbitrary Loads Yes No - 
Internal Flow Yes No Yes 

CWP Geometry 
Joints Yes Yes - 
Non-linear Damping AP AP Yes 
Wave/Current Interaction No . IP Yes 
Moorings, etc. Yes NO . Yes 

Platform 
Frequency Dependent Coef. Yes Yes No 
Full CWP Coupling Yes Yes Yes 

a IP denotes work in progress; AP,'approximate 
treatment 

The TRW method enjoys certain actual or potential 
advantages in treatment of non-linearities, wave cur- 
rent interactions and directional waves. It is dis- . . 
advantaged in the treatment of platform hydrodynamics. 
It is likely that the TRW method has a greater com- 
putational costs, although no suitable basis exists 
for comparison of costs with the three methods. 
Validation of Methods 

Considerable differences exist in the state of 



v a l i d a t i o n  of t h e s e  methods. Based on t h e  l i m i t e d  
comparisons of References  10 and 11 and F igures  1 
and 2 i t  is concluded t h a t  t h e  t h r e e  methods a r e  i n  
good agreement f o r  cases  of r e l a t i v e l y  s t i f f  CWP's 
a t t a c h e d  t o  a ba rge- l ike  h u l l  ( t h e  APL barge1' ) , 
o p e r a t i n g  i n  u n i - d i r e c t i o n a l  head waves, whi le  t h e  
NOAAIDOE and Pau l l ing  methods a r e  a l s o  i n  good agree- 
ment f o r  beam s e a s .  

A r a t h e r  ex tens ive  v a l i d a t i o n  e f f o r t  h a s  been 
c a r r i e d  o u t  f o r  t h e  NOAAIDOE  method^'^"^ . Com- 
p a r i s o n  of t h e o r e t i c a l  p r e d i c t i o n  wi th  model t e s t  

have shown g e n e r a l l y  good agreement. This  
is i l l u s t r a t e d  by sample comparisons shown f o r  t h e  
OTEC-1 i n  Figure  3 and f o r  a 400 MW s p a r  des ign  i n  
F igures  4 and 5. P red ic ted  and measured p la t fo rm 
motions a r e  i n  g e n e r a l l y  very good agreement. Pre- 
d i c t e d  and measured CWP bending moments a r e  i n  gene- 
r a l l y  good agreement, a l though some s i g n i f i c a n t  d i f -  
f e r e n c e s  i n  peak bending moments do e x i s t  ( s e e  f o r  
example F igure  5 ) .  Various c a p a b i l i t i e s  of  t h e s e  
methods have a l s o  been .ex tens ive ly  v a l i d a t e d  through 
comparison wi th  a n a l y t i c a l  and independent t h e o r e t i -  
c a l  methods lo . 
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The TRW methods f o r  response t o  waves were va l i -  
dated by comparison with r e s u l t s  from t h e  other pro- 
grams f o r  two non-jointed CWPs attached t o  the  APL 
barge22. Snme other capab i l i t i e s ,  such a s  s t a t i c  
rcsponse t o  current ,  have a l s o  apparently been val i -  
dated, although d e t a i l s  a r e  unknown. 

The Paulling methods have been validated,  t o  date, 
only by the  comparisons shown i n  Figures 1 and 2. 
It is intended tha t  data from the  at-sea tests of 
t he  DOT X-1 platform be used a s  the  primary bas i s  
f o r  va l ida t ing  t h i s  method. 

S ta tus  of Model Test Techniques 

To date  two bas ic  types of CWP model t e s t s  have 
been car r ied  out. Froude scaled models of complete 
CWP/platform designs have been tes ted  i n  waves and/ 
or current ,  and c i r cu la r  cylinders, representing a 
sec t ion  of a CWP, have been tes ted ,  usually i n  a 
steady flow representing a current. These t e s t s  a r e  
qu i t e  d i f f e ren t  but have complementary purposes. 

Tests  of Complete CWP/Platform Configurations 

These tests a r e  designed primarily t o  model t he  
dynamic response of a CWPIplatform configuration t o  
ocean waves and t o  measure platform and CWP motions 
and CWP loads. In  laboratory tests t o  date, p la t -  
form motions, j o in t  loads and CWP bending moments 
have been measured. In the  DOT X-1 at-sea tests CWP 
l a t e r a l  accelerat ions were a l so  measured. The pri-  
mary d i f f i c u l t y  i n  such tests is the  proper sca l ing  
of CWP s t i f f n e s s  and weight o r  tension. 

HYDRONAUTICS has developed methods f o r  building 
CWP models of l a rge  sca l e  r a t i o  with correct  struc- 
t u r a l  s t i f fnes s" .  Figure 6 shows a sec t ion  of an 
8.75 inch diameter, 0.013 inch wall  thickness model 
CWP. This model is b u i l t  of a s ing le  layer  of g lass  
f i b r e  t o  minimize s t i f f n e s s  and uses s p i r a l l y  wound 
g la s s  f i b r e  roving t o  provide adequate buckling 
s t i f fnes s ;  a serious problem with such models is  
bending induced buckling. This model has a low den- 
s i t y  and models an e s sen t i a l ly  na tura l ly  buoyant 
prototype CWP. Special  techniques, a s  described i n  
the  nexi section,  a r e  required t o  sca l e  tension as 
wel l  a s  s t i f fnes s .  nese techniques have not  been 
used t o  date. 

ment f o r  such t e s t s  ex i s t  a t  HYDRONAUTICS, and sever- 
a l  proposals have been made f o r  such tests. 

Tests of Circular  Cylinders 

A s  noted e a r l i e r ,  there e x i s t  a l a rge  body o1 
data  f o r  r i g i d  c i r cu la r  cylinders. While most t e s t s  
have been i n  steady, uniform flow, data do e x i s t  f o r  
tests with ve loci ty  shear1' and for  t e s t s  with os- 
c i l l a t o r y  flow1'. In  addi t ion  some data  e x i s t  f o r  
t e s t s  of f l e x i b l e  cylinders and e l a s t i c a l l y  sup- 
ported cylinders. Reference15 provides a good intro- 
duction t o  these data. While i t  is not possible t o  
discuss these da ta  i n  any de ta i l ,  severa l  aspects of 
the data seem worthy of note. 

Cylinder o sc i l l a to ry  added mass and damping 
forces a r e  dependent on the amplitude of f l u i d  and1 
o r  cylinder motion. The influence of combined steady 
and osc i l l a to ry  flow on these forces is unknown, a s  
t e s t  da ta  do not ex i s t .  Data a r e  badly needed f o r  
small amplitude osc i l l a to ry  motions and fo r  combined 

the  l a t e r a l  beam response. Similar analyses of t he  

FIGURE 6 - SECTION OF GRP CWP MODEL 

steady flow and osc i l l a to ry  flow o r  motion. 

Reference 1 5  concludes, from s u b c r i t i c a l  Reynalds 
number data,  t ha t  with expected ocean current  velo- 
c i t y  shears,  the  corre la t ion  length f o r  vortex shed- 
ding w i l l  be approximately equal t o  the  CWP length, 
and hence t h a t  vortex shedding induced loads can be 
a s ign i f i can t  source of CWP loading unless e f f ec t ive  
vortex supressors a r e  used, This conclusion is  dis-  
puted i n  Reference 11,where a maximum corre la t ion  
length of 10 diameters i s  proposed. While a de- 
f i n a t e  conclusion about corre la t ion  length cannot be 
reached with avai lable  data,  t he  conclusion of Re- 
ference 11 seems much more r e a l i s t i c .  

Required Scaling For Modelling 
CWP Hydroelastic Reaponses 

Hydroelastic Responses 

The types of hydroelast ic response considered 
most important f o r  an OTEC-CWP a r e  l a t e r a l  beam re- 
sponse, l o c a l  s h e l l  response and longitudinal  beam 
response. -Although loca l  s h e l l  response (ovall ing 
and buckling) and the  heave o r  longitudinal  beam re- 
sponse of t he  CWP a r e  ilnportant and subject  t o  
modelling, the  following analysis  is di rec ted  to- 
ward understanding t h e  requirements f o r  modelling 

Because of the  severe l imi ta t ion  imposed by Froude 
~ c a l i n g ,  i t  i s  desirable t o  conduct supplementary, 
forced osc i l l a t ion  t e s t s  of complete CWP models, with 
o r  without steady veloci ty  simulating current .  Such 
tests, and t h e  required model scaling,  a r e  discussed 
i n  the  following section.  While no tests of t h i s  
type have yet  been conducted, capab i l i t i e s  and equip- 

other modes should be car r ied  out. 

Modelling Latera l  Beam Response 

I n  order t o  achieve complete s imi l a r i t y  between a 
model and prototype, it is necessary t h a t  a l l  forces 
have the same proportion i n  model and prototype. 
Since the  CWP l a t e r a l  response is most of ten  consider- 
ed t o  be harmonic f o r  a harmonic input, it is neces- 
sary  t o  examine only the response t o  a s ing le  har- 
monic input t o  determine s imi l a r i t y  requirements. 

Mode Shape and Natural Frequencies. A v e r t i c a l  
beam osc i l l a t ing  sinusoidally with amplitude, Xn, and - 
frequency, w, w i l l  have d i sc re t e  na tu ra l  frequencies 
corresponding t o  d i f f e ren t  mode shapes. The mode 
shapes and na tu ra l  frequencies a r e  determined by the  
end- conditions, t he  non-dimensional s t a t i c  def lec t ion  
response of the  beam ( the  s t i f f n e s s  res is tance  of t he  
beam t o  s t a t i c  l a t e r a l  displacements) and the  mass 
d i s t r ibu t ion  along the  beam. 

The CWP s t i f f n e s s  d i s t r ibu t ion  is  determined by 
the  force required t o  obtain uni t  CWP displacement 
from the v e r t i c a l  a s  r e s i s t ed  by (1) beam r ig id i ty ,  
(2) tension due t o  pipe weight and (3) changing the  
d i rec t ion  of momentum f lux  i n  the  pipe. These s t i f f -  
nesses a t  a prescribed locat ion  along the pipe (z/L) 



w i l l  be propor;ional to  '(1) E I / L ~ ,  (2) W/L, and (3) s a h e d ,  the model diameter cannot be dis tor ted  from 
~ A U ~ I L ,  respectively. The natura l  frequencies a re  geometric S i m i l a H t ~  unless the  model EI and t o t a l  
determined by the r a t i o  of these s t i f fnesses  t o  the wei$ht a re  eorres~r,adfWlP a s t o r t e d .  Such a weight 
mass. Thus the  f i r s t  requirements'for achieving si- dis tor t ion cannot be permitted i n  a combined plat- 
mi lar i ty  between a model and i t s  prototype, whose form-CWP model, so  that a-WP model tes ted with a 
mass dis t r ibut ions  a re  similar along the CWP, are:  P l a t ~ f J ~  cannot have d i m t a r  d is tor t ion* 

Forces. It is ins t ruct ive  t o  examine the dis- - 
placement aqd W q i w t i c  and dynamic fotcbs acting on 

model prototype the CW3 by t r e a t i ~ a  wit lengeh of thg CWP as  a 
swle b p e d  o s c ~ l a t o r  with natura l  frequency w 

tt ' 
(2) LeG us assume tha t  thas simple osc i l l a to r  is i n i t i a l -  

prototype l y  displaced by a constant force (due t o  steady cur- 
rent)  and is excited by the  osci l la tory  displacement, 

pAv2 [* "Lode1 = [ ' "1 prototype 
3 x, eiwt, where - KXo and where Xo is the  displ?ce- 

ment aC eke top af t he  pipe, Figure 7. The coastant 
Clearly the  constant K must be idengical  i n  a l l  K is defined by the  CNP mode shape. - 

three equations so tha t  the d i g t r i b a t i o ~  of libtal la- 
t e r a l  s t i f fness  is similar i n  m d e l  emd .prototype. 
The requirement that the  mass d h t r i b ~ i o n  be simi- 
l a r  may be expresseql as: 

model prototype 

wheze & i s  the sum of p b e  mass, internal. water loass I 
and water added mass per utiit length, i I 

The square of a CWP natura l  frequency with arbi- 
t r a r y  end conditions can &e expressed as: 

A 
( 5 )  

L L 

where, , 1 

b 
is a coefficient of the  nth , and depends 

only en t h e  end conditions. I 
C1, C2, and C,, a r e  coeff ic ients  which depend o d y  , n 

on the  dis t r ibut ion of '  EI, W and pAU2 along the  leng- 
t h  of the CWP and the  mode number, n. Equatfon (3) 
may be rewrit ten as: 

] - ,  (6) 
EI 1 

For exaxeple, for  # simply sitpported beam with uni- STEADY - 
form EI and upward pipe flow and with uniform tension \ .  YCURRENT 
W ( a l l  weight concentrated a t  the  bottom) ; Kl i r ~  

[nmj4 and K2 and K3 a r e  (am)-2. , . 
Thus, i f  the  s t i f fnees  distr iburiops axe .~&-i lar ,  the 
following conditions m u s t  be m e t  t o  W n t a i n  , identi-  FIGURE 7 - DE FIM IT ION SKETCH 
cal proportions between stiZfnesses: 

The steady force per uni t  length due t o  a steady 
'EI = const; ~ A U ~ L ~ / E I  = c o m t  (7) cu r ree r \ i s :  

It is important t o  unde~etand the -e f fec t  of the 
requirement t h a t  the parameter WL~/EI  be equal in 

FA = [+la * ; xo 
model and prototype. I f  the  volume enclosed by the  

(9) 

pipe is assumed t o  have an average density p then where k is  the  beam s t i f f n e s s  (m w ') and 6 is  the  
o n the requirement Of constant w2'" may be written a&: gteady deflection. The ampl3,tudes of the displace- 

ment f w c e  doe ta osc3llatory excitation,  damping -- 
force and i n e t t i a  f o r a e - p a  un i t  length of CWP are,  

(8 )  respectively: 

Fi = C n k  ~ ( u & ) ~  = c ~ ~ P ~  D ( t ) l  % 2 ~ 0 2  (10) 
I f  E1/moL3 i s  constant i n  model and prototype and - 

~ A U ~ L ~ I E I  is negligible,  the r a t i o  of model t o  proto- I; = m 02xo = rn [c]' %2xo (11) 
type natura l  frequency may be obtained from Equation 

(wlm~L)ml(w~moL)p~ If the is ge0metri-2 Since the motion ( i s  harmonic) about the steady 
tally Similar and Froude scaled o r  if (w ) 2 1 ( q , p )  deflection,  6, the t o t a l  force per unit  length is: - n,m 
= L /L then (Tipw - l )*  = (pip, - 1) and the added 

P m' P 
mass coeff ic ients  C and Cm must be  equal. These 

m,m IP  
equations s h w  that  i f  the  frequency is t o  be Froude 



W 
C" PwD + Xo +',;) i] oxow; + [l* 

Complete dynamic s i m i l a r i t y  w i l l  b e  achieved only 
i f  each of t h e  terms i n  b r a c k e t s  i s  i d e n t i c a l  f o r  
model and p ro to type ,  o r  i f :  

- 
cD D xOpw /m = cons t ;  w/wn = cons t  (13) 

For o s c i l l a t o r y  motions t h e  r a t i o  of model f o r c e  
t o  p ro to type  f o r c e  is: 

t h e  r a t i o  of roughness h e i g h t ,  k ,  t o  diameter ,  k/D, 
and t h e  Reynolds number, VD/v, where V is t h e  cur-  
r e n t  v e l o c i t y  and v is  t h e  kinematic. v i s c o s i t y .  For 
s h a l l  s c a l e  models, is approximately  1.25- ( f o r  

(12) c ~ o  

any roughness) w h i l e  f u l l  s c a l e  C, v a r i e s  from 0.6 

It is  n o t  necessa ry  t h a t  tde r a t i o  of model and 
' 

pro to type  s t e a d y  f o r c e  s a t i s f y  equa t ion  (13) ;  i t  
is  only necessa ry  t h a t  t h e  non-dimensional de f l ec -  
t i o n  curve  b e  i d e n t i c a l  i n  model and prototype.  This  
requirement f o r  s i m i l a r  d e f l e c t i o n  curves  w i l l  b e  
s a t i s i f i e d  i f :  

cD0 D ~ ~ V ~ /  m L wn2 = cons t  (15) 

- 
The mass t e r n s  6 and mo = I& depend on t h e  p i p e  

geometry and added mass. Thus f o r  a  p i p e  of e x t e r n a l  
diameter  D and th ickness  t 
- n Pm m = c -p D' = % D' - + c - l+( l -~$) '  - - - 

0 4 w  4 w .  pw m 
Pi pm (16) 
pw Pw 

where 
Pm ' t  2 Pi pm c = -  + c  ( 1 - Z D )  
pw 

m Pw "w 

I f  t h e  average d e n s i t y  of t h e  CWP and i ts i n t e r n a l  
wa te r  is p, t h e  c o e f f i c i e n t  C is: 

' ,  P 

pw = wate r  d e n s i t y  
p  = p i p e  m a t e r i a l  d e n s i t y  

m 
pi = i n t e r n a l  d e n s i t y  (pi = pw i n  t h e  p ro to type)  
- 

C = c y l i n d e r  added mass c o e f f i c i e n t  m 
t = p i p e  w a l l  t h i c k n e s s  
D = p i p e  o u t s i d e  diameter 

S u b s t i t u t i o n  of Equation (16) i n t o ' E q u a t i o n s  (13) 
and (15) g i v e s  t h e  fo l lowing  c o n d i t i o n s  f o r  s i m i l a r -  
i t y :  

D v2/c0 L ~~w~~ = const  (17) 

CD/Co X Xo/D = cons t  

w i t h  t h i s  s i m i l a r i t y ,  Equation (14) becomes: 

Hydrodynamic E f f e c t s .  It is  important  t o  under- 
s t and  t h e  f a c t o r s  t h a t  i n f l u e n c e  t h e  hydrodynamic 
c o e f f i c i e n t s  CDlo ,  CD, and Cm (Cm a f f e c t s  Co). 

Furthermore, s t eady  f low p a s t  a  c y l i n d e r  causes  
p e r i o d i c  v o r t e x  shedding which imposes o s c i l l a t o r y  
f o r c e s  t h a t  must be  taken i n t o  account  i n  modelling 
a  CWP. 

The s t e a d y  d rag  c o e f f i c i e n t  C is dependent on 
D,o 

- 

t o  0.9 f o r  r@.afave roughnesses ofOIO-I t o  
r e s p e c t i v e l y  . 

The o s c i l l a t o r y  drag c o e f f i c i e n t  CD i s  depeadent 

on t h e  o s c i l l a t o r y  Reynolds number, w x  D/V,  where 

x  is  t h e  ampli tude of motion and w i s  t h e  f requency;  

t h e  r e l a t i v e  roughness,  k/D; and t h e  r e l a t i v e  am- 
p l i t u d e  of o s c i l l a t i o n  (xo/D). For t y p i c a l  v a l u e s  

of (k/D) and (x,/D) , Ref. 18  shows t h a t  t h e  v a l u e  - 
of C becomes cons tan t  f o r  Reynolds numbers g r e a t e r  

D 
than about  3  x 10' and t h a t  i t  is sometimes p o s s i b l e  
t o  match model and p ro to type  v a l u e s  o f 'CD by proper- 

l y  s e l e c t i n g  t h e  model roughness.  

The v i r t u a l  mass c o e f f i c i e n t  Cm has  t h e  same type  

of dependence on wxoD/v, k/D, and x / D  a s  does  CD. 

A l l  remarks concerning CD t h e r e f o r e  apply a l s o  t o  

Lm' 
The f requency of v o r t e x  shedding,  f s ,  i s  def ined  

by t h e  S t rouha l  number, S  = f  D/V = wsD/2nV. Re- 

f e r e n c e  1 5  shows t h a t  t h e  S t rouha l  number is approxi- 
mately  0.2 f o r  roughness Reynolds numbers l e s s  than 
50. Hydroe las t i c  s i m i l a r i t y  between model and proto-  
type  can thus  be  achieved,  when v o r t e x  shedding is 
a n  important  f a c t o r ,  only i f  t h e  r a t i o  of  shedding 
frequency t o  n a t u r a l  f requency is  i d e n t i c a l ,  o r  
w /w equa l s  a  cons tan t .  Vortex shedding produces 
s n 

a n  a l t e r n a t i n g  s i d e  o r  l i f t  f b r c e  F whose r o o t  mean 
- s - 

square  v a l u e  is F s = C L w  p Av2/2 where CL is the rms 

l i f t  c o e f f i c i e n t .  The e x i s t e n c e  of t h i s  s i d e  f o r c e  
imposes t h e  requirement t h a t  

- 
CL D v2/co Xo D'w,' = cons tan t  (19) 

Reference 1 8  g i v e s  t h e  v a l u e  of  a s  approximately 

0 . 1  f o r  kV/v < 600 and 0.28 f o r  ~ V / V  > 602. Obvious- 
l y  i f  t h e  v a l u e s  of C D m o ,  CD, Cm, S, and C were 

L -,- 
i d e n t i c a l  i n  model and p ro to type ,  t h e  modelling pro- 
blem would be  g r e a t l y  s i m p l i f i e d .  However, t h i s  is  
n o t  t h e  case ,  bu t  i t  is  p o s s i b l e ,  a s  noted below, t o  
d e v i s e  models which account f o r  a l l  o r  a t  l e a s t  most 
of t h e s e  hydrodynamic e f f e c t s .  

Summary of Model Laws 

The requirements  f o r  s i m i l a r i t y  i n  t h e  l a t e r a l  
h y d r o e l a s t i c  response of CWP models may be  sum- 
marized a s  fol lows:  (1) S i m i l a r  non-dimensional d i s -  
t r i b u t i o n  of ( E I / L ~ ) ,  (W/L) and ( p A u 2 / ~ )  ( s e e  Equa- 
t i o n  10; (2)  S i m i l a r  non-dimensional d i s t r i b u t i o n  of - 
m ( s e e  Equation (2 ) ) ;  (3 )  I d e n t i c a l  v a l u e s  of t h e  
fol lowing non-dimensional parameters  i n  model and 
prototype:  



(4)  The r a t i o  of model t o  p ro to type  o s c i l l a t o r y  f o r -  
c e s  w i l l  then  be: 

Geometr ical ly  S imi la r  Froude Model 

For c a s e s  where t h e  CWP and p la t fo rm models a r e  
t o  be  t e 2 t e d  i n  waves, i t  is  necessary t o  model ac- 
cording t o  t h e  Froude c r i t e r i o n  ( t h a t  i s ,  i d e n t i c a l  
model and p ro to type  a c c e l e r a t i o n s ) .  I f  t h e  model is  
a l s o  neomet r i ca l lv  s i m i l a r .  t h e  Froude c r i t e r i o n  w i l l  - 
be  s a t i s f i e d  i f  E = A E 

C~ 
= CD 

m ' C ~ , m ' C ~ , p '  
- - p'. 0 ,  0 ,P 

' ~ , m  = ' ~ , p '  
and S = S . 

m P  
(22) 

With t h e  proper  choice  of model r e l a t i v e  roughness,  
COsmcan be  made equa l  t o  C For smal l  models of 

0 , ~ '  
t h i n  wal led CWP's w i th  low v a l u e s  of E i t  can be- 

P 
come i m p r a c t i c a l  t o  c o n s t r u c t  a model wi th  E = hE . 

m P  

Reference 15 summarizes a v a i l a b l e  d a t e  f o r  C D.0 '  
These d a t a  i n d i c a t e  t h a t  f o r  Reynolds numbers g r e a t -  
e r  than 2 x lo5, CDo depends on ly  on t h e  r e l a t i v e  

p i p e  roughness and is  approximately  0.75 and 1 .0  f o r  
k/D = and res e c t i v e l y .  For Reynolds P numbers less than 2 x 10 , CD i s  approximately  1.25 

0 

and n o t  g r e a t l y  in f luenced  by t h e  r e l a t i v e  roughness. 
There fo re  i t  is p o s s i b l e  t o  ach ieve  i d e n t i c a l  v a l u e s  
of C and C only i f  t h e  model Reynolds number 

Do,$ :O,P 
exceeds 2 x 10 . 

Figure  8 p r e s e n t s  t h e  t y p i c a l  e f f e c t s  of model 
s c a l e  r a t i o  and roughness 'on t h e  hydrodynamic coef- 
f i c i e n t s  C D ,o ,  CD, Cm, S, and C based on p ro to type  

L 
d iamete r ,  c u r r e n t  v e l o c i t y  and o s c i l l a t o r y  v e l o c i t y  

'3- 

ampli tude of 50 f e e t ,  1 f p s  and 28 f p s ,  r e s p e c t i v e l y .  
F igure  8 i l l u s t r a t e s  t h a t  t h e  v a l u e  of C cannot 

D,o 
,be s imula ted  i n  a Froude model un less  t h e  model s c a l e  
r a t i o  i s  g r e a t e r  than about  1/10.  For a 3000 f e e t  
long p ro to type  CWP, such a l a r g e  s c a l e  w i l l  r e q u i r e  
a f a c i l i t y  of 300 f e e t  depth.  

F igure  8 does show t h a t  by proper  choice  of model 
roughncss it is p o s s i h l e  t o  s e l e c t  model s c a l e  r a t i o s  
much l e s s  than  1110-th t h a t  w i l l  reproduce t h e  f u l l  
s c a l e  v a l u e s  of a l l  c o e f f i c i e n t s  except  CDo. With 

a l a r g e  v a l u e  of k/D = t h e  s m a l l e s t  s c a l e  model 
t h a t  w i l l  p roper ly  s c a l e  CL i n  t h e  model i s  1130th. 

However, Lt is  n o t  necessa ry  t o  e x a c t l y  s imula te  t h e  
v a l u e  of C i n  t h e  model i n  o r d e r  t o  s tudy  t h e  coup- 

L 
l i n g  of t h e  CWP w i t h  shed v o r t i c e s  a s  long a s  t h e  
v a l u e  of S is s imulated and t h e  a c t u a l  v a l u e  of CL 

, 
is  known o r  can be  es t ima ted .  

The deepes t  e x i s t i n g  U.S. f a c i l i t y  t h a t  inc ludes  
wave making c a p a b i l i t y  is t h e  HYDRONAUTICS Ship Model 
Basin  which has  an 11 f e e t  diameter ,  42 f e e t  deep 
s e c t i o n .  For a 3000 f e e t  long CWP, t h e  r e s u l t i n g  
model l eng th  s c a l e  r a t i o  is 1/75.  This  s c a l e  r a t i o  
of X = 1/75 is  i n d i c a t e d  i n  F igure  8. Except f o r  si- 
mulat ing t h e  v a l u e  of CL, F igure  8 shows t h a t  t h e  

s c a l i n g  problems a r e  e s s e g t i a l l y  i d e n t i c a l  f o r  s c a l e  
r a t i o s  between 1 / 7 5  and 1/10.  Thus, a f a c i l i t y  ap- 
proximately  3 t imes a s  l a r g e  as t h e  HSMB w i l l  add 
t h e  c a ~ a b i l i t y  of s imula t ing  t h e  s i d e  f o r c e  c o e f f i -  
c i e n t  CL, b u t  w i l l  s t i l l  n o t  s i m u l a t e  t h e  v a l u e  of 

For a 1/75 model s c a l e  t h e  problems a s s o c i a t e d  
wi th  a geomet r i ca l ly  s i m i l a r  Froude model may b e  
summarized a s  fo l lows :  

o For a f u l l  s c a l e  m a t e r i a l  w i t h  a low e l a s t i c  mo- 
du lus  it w i l l  be  necessa ry  t o  d i s t o r t  th ickness /  

0.01 0.050.1 0.5 1.0 0.01 0.05 0.1 0.5 1.0 0.01 0.050.1 0.51.0 

MODEL SCALE, X = Lm/ Lp X X 

FIGURE 8 - INFLUENCE OF MODEL SCALE RATIO O N  ' 
THE HYDRODYNAMIC COEFFICIENTS FOR 
FROUDE MODEL DEFINED IN TEXT 



diameter  r a t i o  ( o r  u s e  a bu i l t -up  model) whi le  
keeping cons tan t  t h e  b a s i c  parameters  

(EI/pw v2 L ~ )  and (WL~IEX) 

B o It is  n o t  p o s s i b l e  t o  m a i ~ l t a l n  CD cons tan t  i n  
0 

model and p ro to type  i n  a n  u n d i s t o r t e d  Froude 
model, and hence t h e  model s t a t i c  d e f l e c t i o n  w i l l  
be  g r e a t e r  thAn t h e  p ro to type  d e f l c c t i o n .  

o It may be  p o s s i b l e  t o  s e l e c t  a model roughness 
such t h a t  CD is  c o n s t a n t  i n  model and prototype.  

o Eddy shedding caused by o s c i l l a t o r y  motion a lone  
w i l l  probably n o t  g e n e r a l l y  e x i s t  and thus  
(wS/wn) s c a l i n g  may n o t  be important  i n  t h e  
absence of a c u r r e n t .  

o With a c u r r e n t ,  eddy shedding w i l l  be  important .  
The a b i l i t y  t o  ach ieve  i d e n t i c a l  v a l u e s  of  S i n  
t h e  model and p ro to type  by us ing  a p p r o p r i a t e  
roughness is marginal ,  and w i l l  depend on t h e  
p a r t i c u l a r  case. 

o Thus t h e  magnitude of CL and of t h e  o s c i l l a t o r y  

s i d e  f o r c e s  w i l l  b e  about  65 pe rcen t  l e s s  i n  t h e  
model than  i n  f u l l  s c a l e .  

It i s  t h e r e f o r e  n o t  p o s s i b l e  t o  ach ieve  complete 
dynamic s i m i l a r i t y  i n  a geomet r i ca l ly  s i m i l a r  (1:75) 
Froude model i f  a c u r r e n t  i s  presen t .  I n  t h e  ab- 
sence  of a c u r r e n t  t h e  response can g e n e r a l l y  b e  
made s i m i l a r  i f  t h e  e f f e c t  of eddy shedding caused 
by t h e  o s c i l l a t o r y  motion is  n e g l i g i b l e  and i f  t h e  
model p ipe  r e l a t i v e  roughness i s  p roper ly  s e l e c t e d .  
I f  t h e  model S t rouha l  number is t h e  same a s  f u l l  . 
s c a l e ,  t h e  e f f e c t  of  v o r t e x  shedding can be  s t u d i e d  
i n  a Froude model i f  t h e  approximately  50 pe rcen t  
i n c r e a s e  i n  s t a t i c  d e f l e c t i o n  is accep tab le .  

D i s t o r t e d  Models 

The f a c t  t h a t  CD , S, and C a r e  g e n e r a l l y  d i f -  L 
0 

f e r e n t  i n  model and p ro to type  makes i t  impossible  t o  
e x a c t l y  s i m u l a t e  t h e  l a t e r a l  response of t h e  CWP 
when a c u r r e n t  is presen t .  However, i f  t h e  diameter  
of t h e  model and i ts  e x c i t a t i o n  ampli tude a r e  d i s -  
t o r t e d  then  s i m i l a r i t y  can b e  achieved i n  t h e  s t eady  
d e f l e c t i o n  and v o r t e x  shedding frequency,  a l though 
t h e  magnitude of s i d e  f o r c e  w i l l  n o t  be  c o r r e c t l y  
s imulated.  To ach ieve  s i m i l a r i t y  i n  t h e  shedding 
frequency w i t h  c u r r e n t  and o s c i l l a t o r y  e x c i t a t i o n ,  
it is  necessary t h a t :  

(V/w D) s = c o n s t a n t  
n (23) 

(Xo/D) S = cons tan t  ( i f  w/w, i s  c o n s t a n t )  (24) 

S u b s t i t u t i n g  Equat ions  (23) and (24) i n t o  Equa- 
t i o n  (20) l e a d s  t o  t h e  fol lowing requirements  f o r  
t h e  d i s t o r t e d  model: 

It has  been p rev ious ly  noted t h a t  i f  t h e  para- 
meter  (WL~) /EI  is important ,  i t  is no t  p o s s i b l e  t o  
cons ide r  a diameter  d i s t o r t i o n  i f  t h e  model is t o  
be  a t t a c h e d  t o  a p la t fo rm model. However, i f  t h e  
CWP a l o n e  is e x c i t e d  by a mechanical o s c i l l a t o r ,  
d i s t o r t e d  models can and should be  considered.  

O s c i l l a t o r  Models 

Much important  in fo rmat ion  about CWP l a t e r a l  hy- 
d r o e l a s t i c  response can be  ob ta ined  without  t e s t i n g  
a p la t fo rm of  a CWP model i n  waves. A CWP model may 
be  a t t a c h e d  t o  a mechanical o s c i l l a t o r ,  w i t h  proper- 
l y  s imulated a t tachment  end cond i t ions ,  and o s c i l -  
l a t e d  over  a range of f r equenc ies  and ampli tudes  i n  
water  and w i t h  c u r r e n t  and i ts  response recorded.  
O s c i l l a t o r y  f o r c e s  imposed by wave o r b i t a l  v e l o c i t i e s  
a r e  n o t  s imulated,  b u t  a l l  o t h e r  f a c t o r s  i n f l u e n c i n g  
p ipe  response can be s t u d i e d .  Mechanical o s c i l l a t o r s  
can d i r e c t l y  measure in-  and out-of-phase f o r c e s  a t  
t h e  t o p  of t h e  CWP making p o s s i b l e  t h e  s tudy  of CWP 
response and t h e  deduct ion of e f f e c t i v e  v a l u e  of 
CD and Cm. 

When Froude s c a l i n g  is  n o t  imposed, h igher  model 
f r equenc ies  may be  used and t h u s  h igher  v a l u e s  of 
t h e  o s c i l l a t o r y  Reynolds number can be achieved.  
The o s c i l l a t o r  model technique f o r  such a c a s e  is 
o u t l i n e d  below f o r  a model whose l eng th  s c a l e  is 
1/75.  

Keference 1 8  shows t h a t  C; is dependent on ly  on 
r e l a t i v e  roughness and, t o  a s l i g h t  e x t e n t  ampli- 
tude of motion, when t h e  Reynolds numbers i s  g r e a t e r  
than about  3 x l o 5 .  It w i l l  t h e r e f o r e  be  i n s t r u c -  
t i v e  t o  d e v i s e  model tests t h a t  reach a Reynolds 
number of a t  l e a s t  3 x . lo5 f o r  ampli tude r a t i o s  ty- 
p i c a l  of f u l l  s c a l e  CWP's and hence no t  covered by 
Reference 18. For most CWP c o n f i g u r a t i o n s  of in-  
terest, model'Reynolds number w i l l  exceed 3 x 10' 
f o r  a geomet r i ca l ly  s i m i l a r  model i f  w /w is 

n,m n , p  
s e t  e q u a l  t o  L /Lm o r  (1/X) r a t h e r  than  

P ( i / x j t  as 
i n  a Froude scaled 'model .  Since t h e  r e s u l t i n g  model 
and f u l l  ~ c a l c  v e l o c i t y  a r e  i d e n t i c a l ,  such a model 
is c a l l e d  a cons tan t  v e l o c i t y  model. 

Various r e l a t i v e  roughnesses could be used on t h e  
cons tan t  v e l o c i t y  model and t h e  v a l u e s  of CD and C m 
measured by t h e  osc i l l a to r ,mechan i sm f o r  varaous am- 
p l i t u d e s  and f requenc ies .  Such d a t a  obtained on a 
CWP o s c i l l a t i n g  i n  r e a l i s t i c  modes a r e  needed t o  aug- 
ment o r  v e r i f y  a v a i l a b l e  d a t a  such a s  t h a t  of Ref. 
18. 

Model Examples 

I n  o r d e r  to '  i l l u s t r a t e  t h e s e  model l ing techniques  
t h r e e  examples a r e  p resen ted .  I n  t h e  f i r s t  two ex- 
amples a 30 f o o t  diameter  p ro to type  CWP with  0.2 
f o o t  w a l l  th ickness  and 2 x l o 6  p s i  modulus of e l a s -  
t i c i t y  and a model l e n g t h  s c a l e  of 1:75 a r e  assumed. 
I n  t h e  t h i r d ,  t h e  1 :5  s c a l e  r a t i o  CWP t e s t e d  a t - sea  
on t h e  DOT X - 1  p la t fo rm is considered.  

Froude Model. It i s  i m p r a c t i c a l  t o  model t h e  
p ro to type  w i t h  a geomet r i ca l ly  s i m i l a r  model having 
Em = 1/75 E . A bu i l t -up  model wi th  a c e n t r a l  s t r u c -  

P 
t u r a l  s p i n e  is  t h e r e f o r e  assumed. Although t h e  s p i n e  
may be  s o l i d ,  a hollow s p i n e  is assumed t o  be  more 
d e s i r a b l e .  The model O.D. cannot be  d i s t o r t e d  and 
is  thus  0 .4  f e e t  o r  4.8 inches .  I f ' a  model s p i n e  of 
i l a s s  r e i n f o r c e d  p l a s t i c  (E = 2 x l o 6  p s i )  and a 
0.75 inch  diameter  is  assumed a?d i f  a l i g h t  polyur- 
e thane  foam is used t o  a t t a c h  t h e  mass segments s o  
as n o t  t o  a f f e c t  t h e  e f f e c t i v e  model EI (some 



exper ience  is requ i red  t o  determine t h e  a c t u a l  e f -  
f e c t  of t h e  method of mass a t t achement ) ,  t h e  s p i n e  
t h i c k n e s s  is given by 

and hence t h e  s p i n e  w a l l  th ickness  is  0.11 inches .  

The average d e n s i t y  of t h e  complete 4.8 inch  d ia -  
meter  model must be  i d e n t i c a l  t o  t h e  f u l l  s c a l e ,  and 
hence 

I f  t h e  model CWP i s  assumed t o  have hollow, non- 
s t r u c t u r a l  mass segments wi th  o u t s i d e  diameter  D 

m -. 
, and i n s i d e  diameter  0.25 D and t h e  s p e c i f i e d  s p i n e ,  

my 
i t  can be  shown t h a t  mass segment d e n s i t y  r a t i o  
om/pw must be  1.046. The r e s u l t i n g  mass segments 

might be  s e l e c t e d  a s  hard wood wi th  l ead  b a l l a s t  
i n s e r t s .  

Constant  Ve loc i ty  Model, To b e t t e r  unders tand 
t h e  e f f e c t s  of  o s c i l l a t i o n  ampli tude and r e l a t i v e  
roughness on CWP c o e f f i c i e n t s  CD and C i t  i s  de- 

m' 
s i r a b l e  t o  t e s t  a cons tan t  v e l o c i t y  model, i n  which 
(EI), = A'(EI) . 

P 

For t h e  s p e c i f i e d  p ro to type ,  t h e  model ET. can b e  
achieved i n  a n  und i s to r t ed-d iamete r  model by making 
E = E and (t/D), = ( t /D)D.  A 1/75 s c a l e  GRP mo- 

m p '  
d e l  woi ld  have a p r a c t i c a l  i h i c k n e s s  e q u a l  t o  0.036 
inches .  A t h i c k e r  w a l l  of lower modulus o r  a cen- 
t r a l  s p i n e  model could a l s o  b e  considered.  For t h i s  
cons tan t  v e l o c i t y  model t h e  average s p e c i f i c  g r a v i t y  
could be  achieved e i t h e r  by using a c e n t r a l  s t r u c t u r -  
a l  s p i n e  wi th  surrounding mass e lements  o r  by u s i n g  
a weight cha in ,  w i t h i n  t h e  t h i n  w a l l  GRP CWP. Th i s  
weight c h a i n  must be  designed t o  have a n e g l i g i b l e  
e f f e c t  on t h e  bending s t i f f n e s s  of t h e  p i p e  s h e l l .  

S c a l i n g ' o f  X - 1  S t e e l  CWP. The un jo in ted  s t e e l  
CWP t e s t e d  on t h e  DOT X-1 p la t fo rm was s e l e c t e d  t o  
be a 1 / 6  s c a l e  model of a 30 f o o t  diameter ,  3000 
f o o t  long modular p l a n t  CWP. It is i n t e r e s t i n g  t o  
examine how t h i s  3/16 inch  w a l l  th ickness  p i p e  s c a l e s  
t o  a 30 f o o t  diameter  p ro to type ,  us ing Froude s c a l -  
ing  laws.  - 

The s c a l e d  wa l l  t h i c k n e s s  f o r  a s t e e l  p ro to type  
CWP is  6.75 inches  o r  0.56 f e e t ,  and t h e  requ i red  
CWP w a l l  d e n s i t y  i s  4.17 s l u g s  pe r  cubic  f e e t .  Th i s  
d e n s i t y  is much l e s s  than  t h a t  of s t e e l  (15.2) .  The 
model CWP would t h e r e f o r e  correspond t o  a s t e e l  CWP 
w i t h  added buoyancy. A s  a n  example, a 30 f o o t  O.D. 
s t e e l  CWP w i t h  0.56 f o o t  w a l l  th ickness  would re-  
q u i r e  a 20 pound p e r  cub ic  f o o t  foam annulus  with  
an i n s i d e  diameter of 17.5  f e e t  o r  a w a l l  th ickness  
of 6.25 f e e t  (0.56 f e e t  of s t e e l  and 5.69 f e e t  of 
foam). It i s  u n l i k e l y  t h a t  such a l a r g e  q u a n t i t y  o t  
foam would be  used i n  a p ro to type  CWP. 

Conclusions 

The technology a s s o c i a t e d  wi th  t h e o r e t i c a l  and 
exper imenta l  ana lyses  of OTEC CWPs and p la t fo rms  is  
s t i l l  evolving and conclusions  based on c u r r e n t  
s t a t u s ,  a s  desc r ibed  i n  t h i s  paper ,  may soon b e  out-  
dated.  Nonetheless ,  i t  seems a p p r o p r i a t e  t o  t a k e  
n o t e  of s e v e r a l  important  conclusions  t o  be drawn 
from t h i s  c u r r e n t  s t a t u s .  These inc lude :  

1. Avai lab le  t h e o r e t i c a l  methods f o r  c a l c u l a t i n g  t h e  
response of p la t fo rm CWP systems t o  waves appear  t o  
b e  i n  g e n e r a l  agreement; however, v a l i d a t i o n  is i n  
most c a s e s  l i m i t e d .  Many c a p a b i l i t i e s  of t h e  methods 

have rece ived  no v a l i d a t i o n .  Fur the r  v a l i d a t i o n  is 
c l e a r l y  needed. 

2. T e s t s  of t h e  l a r g e s t  s c a l e  r a t i o  (about 1 t o  75) 
p o s s i b l e  i n  e x i s t i n g  l a b o r a t o r y  f a c i l i t i e s  a r e  sub- 
j e c t  t o  va r ious  s c a l e  e f f e c t s .  These s c a l e  e f f e c t s  
a r e  most important  f o r  t e s t s  i n  combined waves and 
c u r r e n t .  For t e s t s  i n  waves a lone ,  o r  f o r  t e s t s  of 
t h e  CWP a lone ,  roughness o r  v e l o c i t y  can b e  ad jus ted  
t o  avoid s e r i o u s  s c a l e  e f f e c t s .  

3. Analysis  of t h e  l a t e r a l  CWP response r e v e a l s  t h a t  
both u n d i s t o r t e d  and d i s t o r t e d  models of C W P f s  
t e s t e d  a t  r e l a t i v e l y  high f requenc ies  should be use- 
f u l  i n  augmenting t h e  r e s u l t s  obtained from conven- 
t i o n a l  smal l  s c a l e  Froude models. 

4. Laboratory f a c i l i t i e s  of s u f f i c i e n t  depth t o  avoid 
a l l  s c a l e  e f f e c t s  do n o t  e x i s t  and hence l a r g e  s c a l e ,  
a t - sea  t e s t s  such a s  t h e  r e c e n t  t e s t s  w i t h  t h e  DOT 
X-1 p la t fo rm a r e  needed t o  v a l i d a t e  l a b o r a t o r y  ex- 
per iments  and t h e o r e t i c a l  methods. Such t e s t s  are 
probably too  expensive t o . b e  used a s  a r e g u l a r  p a r t  
of t h e  des ign  p rocess .  
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A LIMITING MECHANISM FOR THE HEAVE-INDUCED, 
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When the  h u l l  o f  an OTEC p l a n t  i s  subjected t o  . 

heave motion, the  a c c e l e r a t i o n  causes osc i  1  l a t i n g  
tens ion  i n  the  c o l d  water  pipe. I f  t h e  p ipe  has a 
n a t u r a l  bending p e r i o d  c lose  t o ' t w o  t imes t h e  p e r i o d  
o f  heave motion, unstable v i b r a t i o n s  may be I n i t i a -  
ted. For  the  "small  angle" approximation i n  general 
use f o r  c o l d  water  p i p e  s tud ies  those v i b r a t i o n s  
a r e  l i m i t e d  on ly  by damping, and s o l u t i o n s  may show 
excessive s t resses be fo re  a l i m i t  c y c l e  i s  reached. 
Th is  paper shows t h a t  when the  small  angle apprpx i -  
mation i s  r e f i n e d  t o  permi t  second o rder  terms 
(cos 0 # 1 ) an a d d i t i o n a l  source o f  o s c i l l a t i n g  
tens ion  i s  recognized. The a d d i t i o n a l  o s c i  1  l a t i n g  
tens ion  i s  o u t  o f  phase w i t h  the  heave induced com- 
ponent, and counteracts  i t s  d e s t a b i l i z i n g  e f f e c t s  
t o  make t h e  l i m i t  c y c l e  occur  a t ,  u s u a l l y ,  moderate 
s t ress  l e v e l s .  

I n t r o d u c t i o n  

I n  some recen t  response s tud ies  o f  a  p o t e n t i a l  
c o l d  water p ipe  design, us ing  t h e  TRW t ime domain 
program fo r  analys is ,  i t  was noted t h a t  i n  some 
cond i t i ons  the  c a l c u l a t e d  peak s t r e s s  l e v e l s  were 
d i s p r o p o r t i o n a t e l y  s e n s i t i v e  t o  h u l l  motions. This  
e f fec t  was n o t  reproduced i n  frequency domain 
( l i n e a r )  ana lys is  of t h e  design. 

m(x) l o c a l  mass/uni t l e n g t h  
E I ( x )  l o c a l  f l e x u r a l  r i g i d i t y  o f  p i p e  

P(x, t )  l o c a l  instantaneous tens ion  i n  p i p e  
FH(x,t)  l o c a l  hydrodynamic f o r c e / u n i t  l e n g t h  

Provided m, E l ,  P are  independent o f  x, and the 
boundary cond i t i ons  o f  the  p i p e  a re  p in -p in ,  the  
homogeneous p o r t i o n  o f  t h e  equat ion i s  amenable t o  
s o l u t i o n  by separat ion o f  va r iab les ;  the  r e s u l t i n g  
o rd inary  d i f f e r e n t i a l  equat ion f o r  the  t ime p o r t i o n  
o f  Y i s :  

p ( t )  i s  t h e  t ime-var iab le  p o r t i o n  o f  P 
( P  = Po + ~ ( t ) )  

5 i s  t h e  i t h  n a t u r a l  p e r i o d  o f  t h e  p i p e  i n  t h e  
absence o f  p ( t ) ;  

Add i t i ona l  ana lys is  and rev iew was performed i n  
e f f o r t s  t o  v e r i f y  t h e  e f f e c t  and t o  c o r r e c t  t h e  
t ime domain program if t h e  r e s u l t s  proved spurious. 
The rev iew i n d i c a t e d  t h a t  the  apparent d i s p a r i t i e s  E u a t i 0 n  2, i s  recognized as H i l l  ' S  equat ion o r ,  i f  
were n o t  spurious and were the r e s u l t ,  p r i m a r i l y ,  P?t)  i s  a  s inuso id ,  as Math ieu 's  equation. 
of t h e  h igh  l e v e l s  o f  h u l l  heave and r e s u l t a n t  t ime 
v a r i a t i o n  o f  tens ion i n  t h e  p ipe.  This  tens ion  
var ia t ion ,  transforms t h e  normal p i p e  equat ion i n t o  
a genera l ized form o f  Math ieu 's  equat ion whose The r e s t r i c t i o n s  placed i n  the  prev ious paragraph s o l u t i o n  w i l l ,  under some circumstances, be unstable.  0, m, p, EI, and boundary cond i t i ons  would n o t  apply  

t o  r e a l  c o l d  water  p ipes and Equation 1 cannot,  i n  
~ h u s ,  t h e  h igh  s t r e s s  l e v e l s  c a l c u l a t e d  f o r  t h i s  general,  be reduced t o  Math ieu 's  equation. Neverthe- 

c o n d i t i o n  were judged t o  be qua1 i t a t i v e l y  v a l i d .  l ess ,  the  w i d e l y  a v a i l a b l e  s t a b i l i t y  s tud ies  o f  
However, f u r t h e r  rev iew of: the  r e s u l  t s  i n d i  ca t&  Mathieu1 s equation (Reference 2, among many) p rov ide  
t h a t  they were conservat ive because the "small  
angle" approximation used i n  t h e  t ime domain pro- va luable i n s i g h t  t o  poss ib le  p i p e  problems r e s u l t i n g  
gram concealed an a d d i t i o n a l  source o f  tens ion  from tens ion  v a r i a t i o n ,  and war ran t  d iscuss ion  here. 
v a r i a t i o n  which would h a v e . s t a b i l i z i n g  e f f e c t s  i f  
inc luded.  A t ime domain program which does n o t  F igure 1, adapted f rom Reference-3, i s  t h e  w e l l -  
employ small  angle approximations wj 11 be necessary known s t a b i l i t y  diagram of a  system w i t h  v a r i a b l e  
f o r  f u l l  q u a n t i t a t i v e  assessment- e l a s t i c i t y .  The abcissa i s  t h e  r a t i o . o f  a  modal 

frequency, ni , t o  U, t h e  frequency of ~ ( t ) .  The 
Analys is  o r d i n a t e  i s  t h e  abcissa m u l t i p l i e d  by t h e  r o o t  of 

. - t h e  r a t i o  o f  t h e  magnitude of p ( t )  t o  t h e  t o t a l  
The bending equat ion f o r  a  c o l d  water  p i p e  i s ,  as steady modal r e s t o r i n g  force, 

f i r s t  de r i ved  i n  Reference 1: 
2 2 



F igure  1 
Mathieu S t a b i l i t y  Diagram 

The shaded regions i n d i c a t e  t h a t  t h e  s o l u t i o n s  t o  
Math ieu 's  equat ion a re  s tab le ,  w h i l e  the  c l e a r  re -  
gions i n d i c a t e  uns tab le  s o l u t i o n s .  

I t i s  seen t h a t  the re  a re  a l a r g e  range o f  combin- 
a t i o n s  o f  a, Qi, p ( t ) ,  P where unstable s o l u t i o n s  
a r e  p red ic ted .  The most impor tan t  o f  those reg ions  
( impor tant  because o f  t h e i r  breadth, i n d i c a t i n g  t h a t  
the  i n s t a b i l i t y  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  changes 
i n  the  parameters) a r e  those near ni/w = .5, 1  . 
Thus, an i d e a l  p i p e  w i t h  one o f  . i t s  n a t u r a l  pe r iods  
near 16 seconds would, i n  t h e  absence o f  damping, 
i n c u r  unstable,mot ion i f  t h e  tens ion  v a r i e d  even a 
small  amount a t  a  p e r i o d  near 8 seconds o r  16 sec- 
onds. I 

~ & n p i n g  w i l l  ame l io ra te  that:: f i n d i n g  impor tan t l y ,  
so t h a t  even small  amounts o f  damping w i l l  cause 
motions t o  be s t a b l e  f o r  small  v a r i a t i o n s  o f  tens ion,  
such as would be associated w i t h  a s tee l .  p i p e  sub- 
j e c t e d  t o  even severe heave,'or w i t h  a l i g h t e r  wet- 
weight  p i p e  subjected t o  moderate heave. With some 
p ipes being considered, however, ma jo r  tens ion  var-  
i a t i o n s  r e s u l t  f rom even small  heave acce le ra t ions  
and t h e r e  i s  cause f o r  concern i f  t h e  i d e a l i z a t i o n s  
necessary t o  f o r c e  Equation 1 i n t o  the  form o f  
Equation 2 are approx imate ly  j u s t i f i e d .  

- .  

App l i ca t ion  t o  Non-Ideal Pipes 

To i n v e s t i g a t e  t h e  a p p l i c a b i l i t y  of' Math ieu 's  
r e s u l t s  t o  non-uniform pipes w i t h  a p p l i c a b l e  c o l d  
water  p i  pe-appropri  a t e  boundary cond i t i ons  (p in -  
f ree)  TRW r e c e n t l y  ran  a case of a  po lyethelene 
( s l i g h t l y  p o s i t i v e l y  buoyant) p ipe  w i t h  s u f f i c i e n t  
we igh t  a t  the  bot tom t o  h o l d  t h e  p ipe  aga ins t  
small  cu r ren ts .  

The ana lys is  t o o l  used was t h e  TRW HULPIPE pro-  
gram, which i s  a  t ime  domain program developed 
s p e c i f i c a l l y  f o r  a n a l y s i s  o f  c o l d  water  p i p e - h u l l  
coupled motions. The program conta ins severa l  
fea tu res  which cannot be inc luded  i n  the  (necessar i -  
l y  1  i n e a r i z e d )  frequency domain programs t h a t  are, i n  
wide use i n  the  OTEC community, w i t h  t h e  most impor- 
t a n t  such fea tu res  being ve loc i t y -squared  drag and 
t h e  t ime 'vary ing tens ibn  which i s  discussed here. 

6  The p i p e  w i t h  weight  had mass o f  almost 10 1 bs, 
b u t  wet-weight o f  o n l y  30,000 l b s .  Because o f  t h e  
low tens ion,  h igh  mass ( i n c l u d i n g  mass o f  water  
w i t h i n  p i p e  and added mass) and the  low modulus o f  
e l  a s t i c i t y  o f  such a po lye thy lene  p ipe,  p i p e  n a t u r a l  
per iods had very h i g h  modal dens i t y ,  w i t h  th ree  
n a t u r a l  per iods est imated t o  occur between 14.5 sec. 
and 17.8 sec. The p i p e  was subjected t o  heave 
motion a t  a  p e r i o d  o f  8  seconds. Motions were found 
t o  be n e g l i g i b l y  small  f o r  heave ampl i tude o f  2 f t .  
( .04g) b u t  t o  i n d i c a t e  i n s t a b i  1 i t y  l i m i t e d  o n l y  by 
t h e  h i g h  damping associated w i t h  ve loc i ty-squared 
drag and h i g h  v e l o c i t i e s ,  when heave amp1 i t u d e  was 
increased t o  l o f t .  ( i n te rmed ia te  l e v e l s  were n o t  
i n v e s t i g a t e d ) .  The mot ion was p l a i n l y  dominated by 
t h e  16 sec. component, (a. = .5w), w i t h  the o n l y  
8 sec. con ten t  (a. .=  w )  p!-esent be ing of the  o rder  
expected from thelcreat ion o f  harmonics by v e l o c i t y -  
squared drag. 

To remove the  f i n a l  approximation requ i red  t o  
b r i n g  Equation 1 i n t o  the  form o f  Math ieu 's  equation, 
t h e  problem was r u n  again us ing  t h e  h u l l  motions 
associated w i t h  a random sea. For  the  h u l l  and sea 
being considered, the re  was rms heave o f  4.4 ft., 
w i t h  most o f  the  energy concentrated a t  per iods 
between 6 and 10 sec. (F igure  2).  Peak heave accel -  
e r a t i o n s  o f  more than .25g were developed, b u t  the  
heave a c c e l e r a t i o n  was l e s s  than -169 f o r  86% o f  t h e  

. t ime,  and l e s s  than .08g 40% o f  t h e  t ime.  The peak 
motions were found t o  be much lower  than those asso- 
c i a t e d  w i t h  t h e  s i n g l e  component heave motion, b u t  
were approximately t w i c e  as g r e a t  as t h e  c a l  cu l  a t i  ons 
made w i t h  otherwise i d e n t i c a l  cond i t i ons  b u t  no 
heave. Th is  i s  i n t e r p r e t e d  as i n d i c a t i n g  t h a t  
t h e r e  was some i n s t a b i l i t y ,  b u t  i t s  e f f e c t s  were 
l i m i t e d  by ve loc i ty-squared drag a t  a  moderate and 
acceptable l e v e l .  

Concern was n o t  e l i m i n a t e d  by t h i s  q u a n t i t a t i v e  
f i n d i n g ,  because i t  was recognized t h a t  i f  drag 
c o e f f i c i e n t s  were lower  than the  nominal ones 

employed, o r  i f  the  seas o r  h u l l  prov ided more 
heave than the  assumed, o r  if the s i g n i f i c a n t  per- 
i o d  o f  heave a c c e l e r a t i o n  were s l i g h t l y  d i f f e r e n t  
i n  an unfavorable d i r e c t i o n ,  s i g n i f i c a n t l y  h igher  
s t resses cou ld  r e s u l t .  True bounding cond i t i ons  
were sought, and s imul taneously  a rev iew o f  the  
v a l i d i t y  o f  the  TRW HULPIPE,program technique f o r  
i n c l u d i n g  t ime v a r y i n g  tens ion  was i n i t i a t e d .  



r I , I I ,  , , ,  I Equation 3 i s  an approximation to  the solution of :  
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Figure 2 
Heave Spectrum, 16 F t .  Significant Wave 

Calculation and Refined Calculation 
v .  

df Local Tension 
HULPIPE converts Equation 1 to  an implici t  f i n i t e  

difference formulation. P(x,t)  i s  recalculated a t  
each time s t ep ,  and the s t ructura l  coeff ic ients  of 
Equatior~ 1 a re  changed accordingly f o r  the next 
time calculation.  The method of solution was judged 
val id ,  and a t tent ion was shi f ted  to  the calculation 
of P (x , t ) .  

The program calculates .the tension by: 

P ( x , ~ )  = w0 + M ~ . H ( ~ )  (3)  

~ ( t )  instantaneous heave acceleration 

Wo weight a t  bottom 

Mo mass a t  bottom 

pp(s)  local density of pipe material 

pW sea water density 

g acceleration of gravity 

subject to  the boundary coi~dit ion of hull heave 
motion. The approximation i s  an excellent  one pro- 
vided the axial natural periods are  short  in com- 
parison t o  the periods of hull heave motion. For 
the pipe being considered the approximation was 
judged t o  be very s l igh t ly  non-conservative, and 
su f f i c i en t ly  good as t o  not ju s t i fy  a higher order 
solution.  However, i t  was realized tha t  i t  was 
necessary to  reexamine the vali.di t y  of Equation 4. 

Equation 4 and i t s  approximate solution,  Equa- 
tion 3 ,  was derived using the small angle theory 
(sine=e; cose=l) .  t ha t  i s  implici t  in Equation 1 
and tha t  i s  similarly assumed in a l l  current compe- 
t ing cold water pipe programs. The time domain. 
solution of Equation 1 ,  however, was .found t o  be 
yielding osci l la t ing  gimbal angles in the neighbor- 
hood of f .2 rad. For tha t  angle, the s ine  i s  within 
l e s s  than 1% of the angle, and the cosine i s  0.98. 
These r e su l t s  would, i n  most cases, indicate tha t  
adequate accuracy i s  being achieved from small angle . 
approxiinations. Nevertheless, on a long pipe non- 
zero angles r e su l t  in the bottom of the pipe being 
elevated above i t s  s t a t i c  position by: 

For a 2000 f t . .  long pipe with gimbal angles of 
the order of .2 radians, 6 i s  20 f t !  This i s  
greater than the heave motion which induced the 
angle. and i s  in  tha t  sense, a t  l e a s t ,  not a higher_. 
order ef fec t !  

The shortenfng of the (projected) pipe length 
can be taken in to  account by adding t o  the ver t ica l  
(heave) t rans la t ion  impl ic i t  in Equation 3; the 
shortening associated with the cosine of non-zero 
angles : 

where H i s  heave amplitude. 
To make an approximate evaluation of Equation 6 we 
assume tha t  the pipe i s  osc i l la t ing  in a l imi t  
cycle, so tha t  the. previously s t ipula ted  dictum 
against separation of the variables of Equation 1 

' 

has l i t t l e  weight. This permits approximating Y by: 

Y = A sin(kx) s in  ( a t )  (7) 

(Y wi l l ,  usually, a lso  contain a term in sinh(kx).  
The coeff ic ient  of the hyperbolic term i s  inevit-  
ably small, so  tha t  ignoring i t  creates an e r ro r  
only near the end of the pipe. For the e f fec t  
being investigated,  ignoring the sinh(kx) r e su l t s  
in some conservatism. Because of space variat ion 
of tension, Y will a lso  contain terms involving 
Bessel functions, which likewise may be ignored 
with l i t t l e  e r ro r . )  

Differentiat ing Y i n  Equation 7 ,  and replacing 
cos(aY/as) in Equation 6 by i t s  second order 
approximation - 
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a Y a Y 2 c ~ s ( ~ ) = l  - .5(z) = 1 - .5(Ak s inn t  cos ks) 

permits Equation 6 t o  be writ ten as 

2 2  2 2 
X(s) = H+s - .5 A k s inn t  /'~!!os -kc ds . . 

wherein 5 is a durnY-variableoof integration 
The indicated integration may be performed, and the ' 2. 
r e s u l t  d i f ferent ia ted  in time to  y ie ld  the local 
instantaneous ver t ica l  acceleration 

3. 
2 2 2 sin2ks X(S) = H-.5 A sa k cos 2nt ( S  - - (9) 

Calculation of the local instantanears tension can now 
be performed in  the previous (Equation 3) manner, 
provided "H" in Equation 3 i s  replaced by X(s). . 

Provided the l imi t  cycle osc i l l a t ion  of Equa- 
t ion  7 i s  the  r e su l t  of periodic hull motion w i t h  a 
frequency double tha t  of the response frequency 
( f i r s t  Mathieu i n s t a b i l i t y  region; C,I = 2 9 )  the term 
added t o  ii has the same frequency as . H and 
therefore d i rec t ly  reduces i t s  e f f ec t s  in  Equation 3. 

Conclusions and Recommendations 

We claim, now, tha t  the newly recognized term . 
can be a t  l e a s t  as important as the  velocity- 
squared drag in placing 1 imi t s  on the levels  of 
vibration reached in Mathieu (or  Mathieu-type, 
when the governing d i f f e ren t i a l  equation cannot be 
formally reduced t o  Mathieu's Equation) unstable 
vibrations.  Calculations made without -taking t h i s  
e f f e c t  in to  account a re  conservative, and may be 
seriously and misleading1 y conservative. 

Quant i ta t ive  prediction of the 1 imiting amplitude ' 
i s  not permitted by the generally qua l i t a t ive  tech- 
niques and simplifications applied i n  t h i s  work, 
but i t  may reasonably be expected tha t ,  even in the 
absence of damping, l imiting will  occur when: 

Oscil lat ing angles greater  than 0.12 rad. ,  approx; 
imately, may be expected t o  be very rare.  Such 
angles a re  cer ta in ly  not t r i v i a l ,  but the s t resses  
associated with them f o r  the low order mode (n=.5~,1) 
of principal consideration will usually be small. 

In closing,  we urge tha t  exist ing time domain 
programs be modified to  permit accounting fo r  th i s  
ef fec t .  New programs t o  be writ ten should cer ta in ly  
include t h i s  e f f ec t .  
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Abstract 

At the present time, most of the CWP design 
struct efforts, with the exception of the OTEC-1 platform, 

and deploy a co are centered around the OTEC 10140 MWe Modular 
the environpental it will be Applications Platform.Consequently, thebulk of the 
exposed throughout it Present studies proposed schemes for reducing structural loads on 

the CWP have been designed for pipes with diameters 
in the 15-to-30 feet range and a length of 3,000 

onses are feet. In view of this, it is important to keep in 
mind that the schemes for reducing loads as 

a1 barrier described in this paper are tailored to pipes in 
to the entire OTEC concept. the size range indicated. Any intent to extrapolate 

these designs to the larger CWP's needed for the 
The thrust of this paper is twofold. First, a larger OTEC commercial plants could lead to serious 

brief summary of the major environmental loads errors in estimating the effectiveness, construct- 
(e.g., wave,and current induced) is presented along ability, and cost of the load reducing scheme. 
with results of studies conducted during the OTEC 
Commercial Plant Study and the 10140 MWe Modular The intent of this paper is twofold. First, to 
Applications Platform. The second part of the present to the OTEC community some of the ideas for 
paper takes a look at various means of reducing the CWP load reduction currently being pursued in the 
magnitude and/or frequency of the environmental 
loads with a view towards maintaining the CWP 
stresses below the tolerable limits. Included here 
are schemes such as hinges, vortex suppressors, the 
use of protective material coatings, tension moor- 
ing, platform motion stabilization and optimum CWP 
structural design. In each case, the scheme is 
assessed in terms of its effectiveness in reducing 
the loads and stresses and the cost of implementing 

OTEC 10140 MWe Modular Applications design studies. 
Second, to encourage the exchange of information 
between the various organizations involved in 
similar efforts with the aim of arriving at 
practical and cost-effective ways of reducing the 

\ 

CWP technical risks. 

CWP Structural Loads 

it. ) The CWP must be designed to withstand the worst. 
C 

combination of the loads listed below with proper 
Introduction consideration given to the phasing and probabil- 

istic nature of the dynamic loads: 
As the OTEC program moves from the R&D phase, 

through feasibility conceptual and preliminary 1. PRIMARY LOADS 
desi.gn studies to detail and contract design, lead- 
ing to hardware construction and large scale Static - Initial mooring tension (ifapplicable) 
testing, the need for practical engineering becomes - Net weight/buoyancy 
more and more demanding. Perhaps the most - Steady-state current bending loads 
challenging area where design innovation is needed 
is in the design of the cold water pipe. The Dynamic - Wave induced bending loads 
structural integrity of the CWP has been for a long - Wave induced vertical loads 
time one of the key technological risk items in the - Unsteady current induced bending loads 
design, construction and deployment of the OTEC 
platforms. With life requirements of up to 30 years, 2. SECONDARY LOADS 
operating in sites with severe environmental 
loadings due to waves and currents, it is imperative Stacic - Head loss within the pipe 
that the CWP designs incorporate practical schemes - Density difference across the pipe 
for reducing the resultant cyclic and extreme wall 
structural loads. This is not only necessary from - Steady-state current stagnation 
operability and survivability considerations but is pressure 
just as critical to minimize the structural loads 
during the deployment of the CWP. Dynamic - Wave orbital velocity stagnation 

pressure and internal transients , 
Several areas in the design of the CWP offer 

room for improvement regarding structural load Of the above listed loads the dynamic loads due to 
reduction. In fact, over the past three years a waves and currents are the most severe, and thus 
number of studies have been funded by the Department the need for incorporating load reduction schemes 
of Energy aimed at predicting the magnitude of the in the design of-the CWP'. 
structural loads and developing ways for reducing 
them. References (1-6) illustrate some of the In order to select the appropriate load reduction 
findings and recommendations made by the different system, it is necessary to understand first the 
organizations involved in such studies. dynamic characteristics of the CWP. 



CWP Dynamic Response Properties 

All of the previous and current efforts in the 
area of CWP design indicate the criticality of the 
system dynamics relative to CWP loads and responses. 
It is obvious that any system subjected to cyclic 
loading'should be designed such that its natural 
frequency and the frequency of the forcing function 
do not coincide in order to avoid resonance. 
Therefore, 'it is necessary to review the factors 
which affect the frequency and amplitude of both 
the forcing function and the response of the CWP in 
an effort to minimize the loads to be supported by 
the CWP. 

The response of the CWP is dependent on both the 
properties of the CWP itself and the boundary 
conditions acting to restrain or excite the pipe. 

CWP Properties 

The properties of the CWP which affect its 
bending response are the stiffness of the structure 
and the mass of the CWP plus the entrained water. 
The identifiable characteristics of the pipe which 
contribute to these properties of mass and stiff- 
ness in bending are: 

1. Modulus of the material 
2. Mass density of the material 
3. Diameter 
4. Thickness 
5. Length 
6. Displaced weight of pipe structure 
7. Added and entrained mass of right circular 

cylinder of fluid 

Figure 1. Structural Response of the CWP as a 
Function of Stiffness and Natural Mode 

The response of the C:JP can be generalized as 
depicted in Figure (1). In this figure, response to 
a cyclic load, as measured by dynarnlc bending strcse, 
is presented as a function of the pipe stiffness. 
Pipe stiffness is represented as a primary property 
of the pipe although similar plots can be produced 
by systematically varying any one of the ident- 
ifiable characteristics listed above. The localized 
resonant peaks represent pipe stiffness/mass 
combinations which result in coincidence of the 
frequency of the forcing function and one of the 
harmonic natural frequencies of the pipe. 

Since the length and diameter for the 10140 W e  
CWP are defined as 3,000 feet and30 feet or 15 feet 

6.5 

(40 and 10 MW respectively), the only variable 
parameters affecting the dynamic response of the 
pipe are the modulus and density of the material, 
and the equivalent wall thickness of the pipe wall. 

I 

Boundary Conditions 

The boundary conditions affecting the CWF' are 
the hydrodynamic forces and mass of the platform, 
the method of attachment between the platform and 
CWP, and the method of restraint, if any, acting on 
the bottom or at any intermediate point along the 
CWP . 

(a) Hydrodynamic Characteristics of the Plat- 
Form - When a platform is exposed to waves of a 
given frequency, forces are developed whieh, unless 
constrained by a mooring system, result in motion. 
The relationship between these forces and the 
frequency of the waves can be depicted as a 
Response Amplitude Operator (RAO). Inspection of a 
typical motion RAO curve for the platform will show 
that the response of the platform can approach a 
resonance condition. Thus, even if the CWP is 
properly designed to avoid resonance, the natural 
period of the platform must also be tuned to avoid 
the frequency of peak energy, or the platform 
response can be altered by the addition of damping 
(motion stabilization). The first method would 
shift the peak RAP and the second would decrease 
the peak-value. Either approach will result in 
decreased loads to be supported by the CWP. The 
specific application of one or both of these 
methods depends on the geometry of the platform. 
For a spar platform with a small waterplane area 
and underwater symmetry, three degrees of motion 
are redundant and the natural periods of the remain- 
ing motions are long enough to effectively detune 
the platform from any critical sea spectrum. 

(b) Mass of the Platform - Another effect which 
the platform exerts on the response of the pipe 
system is a lowering of the natural frequency by 
increasing the mass. The mass plus added mass of 
the platform is on the same order of magnitude as 
the mass plus the ad'ded mass of the CWP and 
entrained water; therefore, the effect is signif- 
icant. The displacement of the hull is the minimum 
which is consistent with volumetric'andconfiguration 
requirements, and cannot therefore be reduced 
significantly. Similarly, to increase the mass of 
the platform would require a major alteration of the 
existing configuration. The virtual mass of the 
platform cannot therefore be considered to be a 
variable in the relationship of mass, stiffness, and 
natural frequency. 

(c) ~ethod of Attachment of CWP and Platform - 
By addressing all six degrees of freedom (or three 
degrees for the symmetric spar), it is implied that 
all motions of the platform and CWP are coupled. If, 
however, the CWP is allowed to move relative to the 
platform in one or more degrees of freedom, these 
motions become uncoupled and thereby do not affect 
the CWP response. This is the reason for the use of 
a universal or ball joint at the platform-CWP 
interface. Such a mechanism decouples the CWP from 
platform roll and pitch motions. It should, 
however, be noted that a resonant condition in the 
uncoupled degree of freedom should still be avoided 
as any device which allows relative motion (angular 
or linear) must have defined limits past which it . 
is ineffective. 

(d) Mooring System - The remaining boundary 
'conditions affecting the CWP are the constraints 
imposed by a mooring system. Because of the prob- 
lems involved with fatigue loadings and limiting 



motion and a c c e l e r a t i o n  c r i t e r i a  r e l a t e d  t o  t h e  
t r ansmiss ion  r i s e r  c a b l e ,  i t  i s  d e s i r a b l e  t o  main- 
t a i n  p o s i t i v e  c o p t r o l  of t h e  p la t fo rm.  Th i s  can be 
accomplished by a  t ens ion  l e g  mooring systkm a s  
d i scussed  i n  Reference ( 3 ) .  The use nf such a 
system is ,  however, l i m i t e d  t o  p la t fo rms  w i t h  a  
r e l a t i v e l y  smal l  water  plane a r e a  i n  o r d e r  t o  
minimize t h e  v a r i a t i o n  i n  t e n s i l e  f o r c e s  which t h e  
elements of t h e  system must support  a s  waves pass  
t h e  pla t form.  Thus, t h e  s p a r  conf igura t ion  l e n d s  
i t s e l f  w e l l  t o  a  t ens ion  moor. The us& of  t h e  CWP 
a s  an element of t h e  tension-mo,or system p r e s e n t s  
t h e  apparen t  advantage of d e c r e a s i n g . t h e  l e n g t h ,  
and t h e r e f o r e  c o s t ,  of t h e  mooring l i n e s .  Th i s  
sav ings  i n  mooring system c o s t  must b e  t raded o f f  
a g a i n s t  any change i n  t h e  c o s t  of t h e  CWP r e s u l t i n g  
from t h e  inc reased  t e n s i l e  and bending loads .  

The response of t h e  CWP is  s e n s i t i v e  t o  two 
c h a r a c L e r i s t i c s  of t h e  mooring system: t h e  s teady-  
s t a t e  t ens ion  and t h e  system s p r i n g  cons tan t .  The 

,mooring t ens ion  i s  t h e  major c o n t r i b u t i o n  t o  t h e  
des ign  load  which, w i t h  t h e  a l lowable  s t r e s s ,  
determines  t h e  requ i red  c r o s s  s e c t i o n a l  a r e a  of t h e  
system. The system s p r i n g  cons tan t  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  t h i s  c r o s s - s e c t i o n a l  a r e a  and t h e  
element modulus of  e l a s t i c i t y .  The va lues  of t h e  
mooring t ens ion  and t h e  s p r i n g  cons tan t  a r e  the re -  
f o r e  r e l a t e d .  The e f f e c t s  which they have on t h e  
response of t h e  CWP a r e  b a s i c a l l y  two. The l i n e  
s p r i n g  cons tan t  a f f e c t s  t h e  heave response of t h e  
pla t form and hence, t h e  v e r t i c a l  l o a d s  imposed on 
t h c  CWT. The l i n e  t ens ion  a f f e c t s  t h e  n a t u r a l  
frequency of t h e  CWP and hence, t h e  e x t e n t  t o  which 
t h e  CWP response approaches resonance c o n d i t i o n s  i n  
t h e  presence of waves and c u r r e n t s .  

CWP Na tura l  Frequencies  

From t h e  d i s c u s s i o n s  of CWP p r o p e r t i e s  and t h e  
boundary c o n d i t i o n s  i t  becomes c l e a r  t h a t  t h e  f i r s t  
s t e p  i n  p roper ly  tuning t h e  CWP must b e  t h e  
de te rmina t ion  of i t s  n a t u r a l  f r equenc ies .  Severa l  
o p t i o n s  a r e  a v a i l a b l e  f o r  computing t h e  n a t u r a l  
f r equenc ies  of an OTEC co ld  water  p ipe .  Two 
computer s i m i ~ l a t i o n s  which can Le used t o  do t h i s  
a r e  those developed by P a u l l i n g  (Reference 7)  and 
by Bar r ,  e t  a 1  (Reference 8 ) .  However, a  l e s s  
involved and l e s s  expensive way of qu ick ly  es t ima t -  
i n g  t h e  CGJP n a t u r a l  f r equenc ies  i s  presented i n  
References (91, (101, and (11) .  Based on t h i s  work, 
t h e  n a t u r a l  f r equenc ies  w i ,  f o r  a  CWP wi th  l i n e  
t ens ion  T  a c t i n g  a t  t h e  bottom of t h e  p ipe  a r e  
given by: 

l e s s  important  and t h e  s t r u c t u r a l  p r o p e r t i e s  of  t h e  
CWP tend t o  dominate i ts dynamic response.  An 
i n s p e c t i o n  of t h e  a n a l y s i s  g iven  i n  Reference (10) 
demonstra tes  t h a t  t h e  s o l u t i o n  becomes more 
compli i i i t rd  as a  r e s u l t  of t h e  p la t fo rm mass 
coupl ing t h e  modal responses .  

The n a t u r a l  f r equenc ies  of t h e  CWP f o r  t h e  . f i r s t  
and second modes i n c l u d i n g  t h e  e f f e c t s  of l i n e  
t ens ion  T  and plaLIorm mass M is  g iven  by: 

An a lgor i thm f o r  e s t i m a t i n g  t h e  p ipe  n a t u r a l  
f r equenc ies  was developed i n  Reference (11) f o r  t h e  
case  of  a  CWP w i t h  m u l t i p l e  h inges  a long  i ts  leng th .  
The equa t ion  was de r ived  from a  tensioned s t r i n g  
equa t ion  w i t h  i n d i v i d u a l  masses and t h e  n a t u r a l  
frequency equat ion f o r  a  CWP.as p resen ted  i n  
Reference (10) .  The a n a l y s i s  of  Reference (10) was 
modified f o r  no s t r u c t u r a l  r i g i d i t y  and pinned 
boundary cond i t ions .  I t  should be  noted t h a t  t h e  
a n a l y s i s  d i d  no t  t a k e  s t r u c t u r a l  response i n t o  
account ;  t h e r e f o r e ,  t h e  maximum mode occurs  a t  t h e  
number of hinges  on t h e  CWP. The r e s u l t i n g  equat ion 
i s  of t h e  form 

where R = CWP l eng th  
E = m a t e r i a l  modulus of e l a s t i c i t y  
I = CWP moment of i n e r t i a  
S  = w e i g h t l u n i t  l eng th  of p ipe  
m = mass lun i t  l eng th  of p ipe  and 

e n t r a i n e d  water  
T  = mooring l i n e  t ens ion  
i = index corresponding t o  CWP modal 

shape,  i = 1 , 2 , 3  ... e t c .  

The e f f e c t  of t h e  p la t fo rm a t  t h e  top  of t h e  CWP 
is not  included i n  equa t ion  ( 1 ) .  However, i t  may 
Iecome s i g n i f i c a n t  i n  t h a t  i t  adds an i n e r t i a l  term 
to  t h e  equa t ion  of motion. For t h e  t h i r d  and h igher  
nodes of CWP v i b r a t i o n ,  t h e  i n e r t i a l  e f f e c t s  a r e  

where wn = n a t u r a l  frequency i n  rad . / sec .  
M = mass 0 f . a  segment between h inges ,  

inc lud ing  added mass, and t h e  mass 
of  t h e  e n t r a i n e d  water  , 

2 = t o t a l  l e n g t h  of t h e  p ipe  
T  = t e n s i o n  of t h e  mooring p l u s  7/20 of  

, t h e  weight of  t h e  p ipe  i n  water  
(from Reference 12) 

Km = t h e  modal c o e f f i c i e n t  which is  a  
f u n c t i o n  of t h e  number of hinges  and 
t h e  modal ;esponse. Reference (11) 
p r e s e n t s  curves  f o r  e s t i m a t i n g  t h e  
v a l u e  of K,,,. 

Environmental Dynamic Loads 

(a )  Wave Induced Loads - Wave induced loads  
cannot be reduced t o  a  r e g u l a r  s i n u s o i d a l  f o r c e  of a  
s i n g l e  ampli tude and  frequency. Rather ,  each s e a  
s t a t e  a s s o c i a t e d  w i t h  a  s p e c i f i c  geographic  s i t e  
must be represen ted  a s  a  freyuency-energy spectrum. 
Addi t iona l ly ,  t h e  frequency and d u r a t i o n  of 
occurrence of each s e a  s t a t e  a r e  both p r o b a b i l i s t i c  
i n ' n a t u r e .  .Consequent ly ,  t h e  des ign  of any system 
t o  be  exposed t o  such c o n d i t i o n s  must r e f l e c t  t h e  
p r o b a b i l i s t i c  n a t u r e  of t h e  l o a d s  which i t  must 
suppor t .  

For a  given sea  s t a t e ,  t h e  n a t u r a l  frequency 
which t h e  system should be designed t o  avoid. is t h e  
frequency of. peak wave energy. Consider ,  f o r  
example, t h e  design s e a  spectrum f o r  t h e  OTEC 10140 
MWe Spar P la t fo rm t o  be  l o c a t e d  o f f  Punta Tuna, 
Puer to  Rico. Th i s  spectrum w i t h  a  s i g n i f i c a n t  wave 
he igh t  of 44 .2  f e e t  and a  pe r iod  of peak wave 
energy of 13 .8  seconds,  corresponds t o  a  100-year 
event  a t  t h i s  s i t e .  Over t h e  p ro jec ted  30-year 
l i f e  of t h e  p la t fo rm t h i s  event  w i l l  occur  w i t h  a  



probability of .26 (i.e., 1- (1-.01) 3 0 ) .  The 
duration of such conditions, however, are extremely 
short. Furthermore, although the extreme event has 
a greater amount of total energy (i.e., the area 
under the spectral curve) than any other more 
frequently occurring sea state, the corresponding 
frequency of maximum wave energy is lower. Thus, 
if the CWP system is designed such that one of its 
natural frequencies is slightly greater than the 
frequency of maximum wave energy of the hundred- 
year storm, a lower sea state may result in a 
greater response because of the more nearly coin- 
cident forcing and natural frequencies. 

Another related problem concerns the imprecision 
of prediction of characteristics of the design sea 
state. The highly tuned nature of the pipe 
response can be significantly altered by the shift 
of the period of peak wave energy by as little as 
five percent. A recommended approach to address 
this unceztainty is discussed in Reference (3). 

(b) Current Induced Loads - In the presence uf 
certain combinations of configurational and hydro- 
dynamic flow characteristics, the flow around a 
right circular cylinder can be characterized by 
well defined alternate shedding vortices. The 
orderly fashion in which the vortices are shed 
leads to the development of periodic lateral forces. 
If the frequency at which these alternating forces 
occur is near a natural frequency of the pipe, the 
response of the pipe may approach a resonant 
condition. 

The flow characteristics which lead to the 
formation of these alternating vortices occur in 
specific Reynolds number regimes. As indicated in 
Reference (4), the synchronized formation of 
vortices occurs for Reynolds number below 2 x 10' 
and above 3 x lo6. Within these regimes the 
frequency at which the vortices are shed is also 
dependent on Reynolds number. Thus, the occurrence 
and frequency are sensitive to the pipe diameter, 
the fluid velocity, and the fluid viscosity. 

The diameter of the CWP is uniform along its 
length. The viscosity and velocity of the fluid, 
however, vary along the entire length of the CWP. 
This results in Reynolds numbers ranging from 
.74 x lo6 at the bottom of the CWP to 12.5 x lo6 at 
the top. Therefore, the proper conditions for syn- 
chronous shedding exist over the majority of the 
length of the pipe. The analysis of Reference (4) 
shows the variation of current velocity and, hence, 
Reynolds number along the length of the CWP for 
normal and extreme conditions, indicating the 
regions for potential synchronous vortex shedding. 
Within those regions the corresponding Strouhal 
number is taken as between .25 and .31. Thus, the 
potential frequencies of shedding correspond to 
these Strouhal numbers. The resulting periodic 
lateral forces (lift) occur at this frequency, and 
the oscillatory portion of the in-line (drag) force 
occurs at twice this frequency. Reference (4) 
describes a methodology for conversion of this 
profile into a series of dynamic loads each with a 
specific frequency. 

Dynamic Response 

(a) Wave Induced Response - The results of a 
numb&r of simulations conducted for a continuous 
pipe are presented in Reference (4) for variations 
of modulus of elasticity, thickness, diameter, 
mooring tension, and mooring system spring constant. 
The analysis of Reference (4) presents these 
relationships in parametric form. Although these 
results are approximate and require thedetermination 

of additional values to fully define the functional 
relationships, they do demonstrate the sensitivity 
of critical loads in the CWP to key pqrameters which 
arc characteristic of the related systems. 
Additionally, the use of the natural frequency 
relationships presented above can be used to 
determine values of each of the parameters which 
correspond to resonance. In this way the parametric 
data can be related to a local region of the ideal- 
ized curve presented in Figure (1). 

(b) Current Induced Response - The results 
presented in Reference (4) do not reflect an 
accurate simulation of the dynamic response of the 
CWP to current induced unsteady dynamic loads 
because of the unavailability of adequate analytical 
tools at the time of the investigation. However, 
they do provide some understanding of the nature of 
the problem. For a rigid pipe with thicknesses 
within the range investigated, resonant response to 
unsteady lateral forces is likely in the first and 
accond modes of respnnse of the CWP. An overly 
simplified static model for a continuous pipe is 
given in Reference (4). The stresses which result 
from this analysis are presented graphically for 
the normal current loading case as a function of 
wall thickness for 15 to 30 foot diameters. These 
results should only be used to develop an under- 
standing for the potential criticality of the vortex 
shedding loads and the development of design 
methodologies to provide support for these loads. 
They should not be used for design purposes pending 
the availability of,a structural response model for 
combined wave and currents currently under 
devdopment. 

Design Procedures 

(a) Extreme Event Analysis - The CWP must be 
designed to support all of the lnads listed earlier 
for both the yielding and non-yielding criteria. 
The former case considers the probability of 
stressing the entire cross section of the pipe to 
yield thereby forming a plastic hinge. The pipe is 
only considered to be adequate if the probability 
of exceeding the wave induced load which results in 
stressing the entire cross-section to yield is less 
than .001 over the life of the platform. This 
corresponds to a wave height 3.3 times the RMS, 
that is 73.7 feet (double amplitude). The second 
criteria imposes all loads, primary and secondary 
using the RMS dynamic bending stress, and the 
extrcmc current profile and factors of safety of 
1.25, 1.5, and 1.33 for tension, column buckling 
and panel buckling, respectively. These designs 
will be validated after further investigation into 
the response of the CWP to current induced dynamic 
loads. 

(b) Fatigue Analysis - The fatigue analysis 
considers the wave and current induced loads 
discussed previously. Reference (4) presents 
preliminary quantitative results based on a 
simplified static model. As mentioned before, 
these values should not be used for design purposes. 
However, the results based on these estimations. 
demonstrate the significance of the vortex shedding 
loads relative to the fatigue life o.f the structure. 
Additionally, the analysis delllullstrates the 
sensitivity of the fatigue life of the structure to 
the effectiveness of the corrosion protection 
system installed. 

(c) Sensitivity Analysis - Once detailed 
scantlings for the pipe structure are chosen, a 
sensitivity analysis must be performed to clearly 



verify the adequacy of the design for off-design 
characteristics. Since the current forces, if 
applicable, are imposed at the various natural 
frequencies of the pipe, no sensitivity analysis 
is required for the unsteady lift and drag forces. 
For thc wave il~duced loads, minor shifts in period 
of peak wave energy must not cause the pipe to be 
overstressed. 

If stresses resulting from shifts of + 15% of 
the period of peak wave energy are acceptable, the 
additional constrai~~l that the mode of response 
must not change within that range must be satisfied 
to preclude the possibility of resonant response 
within that range. 

To appreciate the behavior of the pipe and its 
sensitivity to the various properties previously 
discussed, parametric relationships between these 
properties and the natural frequencies of the CWP 
are extremely uscful. Tlzr simplified calculations 
using equations (1-3) to estimate the pipe natural 
frequencies provide a cost-effective selection of 
preliminary values for each parameter. This 
approach eliminates the need for conducting 
expensive parametric analysis using one of the 
established CWP dynamics computer simulations 
(References 7 and 8). 

Reduction of CWP Structural Loads 

From the discussion given above, it is evident 
that there are several options available to the 
designer for reducing the magnitude and/or 
frequency of occurrence of the CWP structural loads 
and responses. Basically, the options can be 
grouped into the following categories: 

c Platform design for reduced motions and, 
hence, CWP loads and stresses 

c CWP structural design aimed at properly tuning 
the CWP with respect to the environmental 
dynamic loads 

a Use of motion and load reduction schemes such 
as motion stabilizers, vortex suppressors, 
corrosion protection, double shell design, 
bottom-mounted pipe, use of FRP sandwich 
structures, use of reinforced elastnmers, etc. 

In the next few paragraphs, brief discussions of 
these various alternatives are presented. The 
intent is to summarize the results of analytical 
and design studies which have been conducted so far 
in an attempt to define where we stand today with , 

regard to minimizing CWP structural loads and, 
hence, the resulting impact on technical risk. 

(a) Platform Design - The platform motions 
induced by the waves will exert forces and moments 
on the CWP through the hull/CWP connection. If 
the connection is rigid, then all six degrees of 
Ireedom of platform motion (roll, pitch, yaw, heave, 
sway, and surge) will result in forces and moments 
at the top of the CWP. If, on the other hand, the 
pipe is hinged at the top, then the principal 
forces to be considered are those associated with 
the heave, sway, and surge motions of .the platform. 
However, other motions iuch as roL1, pitch, and 
heave must. still be kept at levels which will avoid 
contact of the upper CWP section with the 
surrounding hull structure and/or result in 
excessive vertical loadings on the CWP. Several 
CWPIhuE1 connection designs have been proposed. 
For example, Figure (2) shows the design developed 
hy Gibbs & Cox, Inc., for the 10 and 40 MWe spar 
latforms. 
he connection begins with a cruciform structure 
uilt from the pipe walls to the lower half of a 
center universal joint. The top of the universal 
joint is connected by a second cruciform structure 

B O l l U M  SHELL 

Figure 2. Hull/CWP Connection for the 10140 MWe 
Modular Applications Spar PlaLform (Ref 3) 

to the bottom shell and 5th deck of the platform. 
The cruciform structure is in line with the 
quartering bulkheads of the platform to provide 
structural continuity. A flexible seal is provided 
to allow + 10 degress of motion while preventing 
mixing of the cold intake and warm surface water. 
The cost of this system is estimated at $0.6 million 
for the 10 MWe CWP and $1.02 million for the 40 m e  
CWP (Reference 3). These costs represent about 5% 
of the total CWP cost. 

Figure (3) shows the design of the ~WP/hull'con- 
nection for the APL Plantship (Paper 5.5 of these 
Proceedings by Jim George). The center of rotation 
of the CWPIplatform connection is located near the 
C.G. of the platform. This minimizes kick loads to 
the pipe and reduces angular response at other 
joints. The 4 pumps are located above the CWP. The 
vanes will be feathered and locked when the OTEC 
plant is shut down during severe storms. The CWP 
rests on a stainless steel support ring which bears 
on a spherical stainless steel plate through teflon- 
coated elastomeric pads. Adequate clearance is pro- 
vided between the CWP and platform support for angu- 
lar motions in a head sea. Other CWPIhull connec- 
tion designs are described in References (5) and (6). 

CWPSEGMENT -. 

LIFTING RlNG GIRDER 
IuPPER POSITION1 

LIFTING RlNG GIRDER 7 

Figure 3. HullICWP Connection for the 
APL Plantship (Reference 13) 
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Pla t fo rm motions and CWP l o a d s  can b e  reduced The magnitude of t h e  mooring t ens ion  w i l l  a f f e c t  
by 1 )  op t imiz ing  t h e  h u l l  c o n f i g u r a t i o n  and weight t h e  p ipe  modal response ( i . e . ,  t h e  n a t u r a l  
d i s t r i b u t i o n  o r  2) us ing  a  motion s t a b i l i z a t i o n  f r e q u e n c i e s ) .  Consequently, a  l i n e  t e n s i o n  must be  
system. E f f e c t s  of  h u l l  c o n f i g u r a t i o n  on motions s e l e c t e d  which p laces  t h e  CWP n a t u r a l  f r equenc ies  
of t h e  p l a t f o r m  i n  t h e  h o r i z o n t a l  p l a n e  and bend- o u t s i d e  t h e  f requenc ies  ( o r  pe r iod)  of peak wave 
i n g  s t r e s s e s  i n  t h e  p i p e  a r e  i l l u s t r a t e d  i n  F igs .  4  energy and/or  c u r r e n t  induced o s c i l l a t o r y  loads  due 
and 5 (from d a t a  i n  Refs .  4,  1 4  and 15) .  The t o  v o r t e x  shedding. T a b l e . ( l )  shows t h e  e f f e c t s  
motions and s t r e s s e s  f o r  a  s p a r ' p l a t f o r m  a r e  much of mooring l i n e  t ens ion  and s t i f f n e s s  on t h e  s p a r  
lower than  f o r  a p l a n t s h i p  when bo th  have r i g i d ,  i heave motions and CWP s t r e s s e s .  These r e s u l t s  
th ick-wal led steel p i p e s  of  15-f t  ( f o r  10-MW i l l u s t r a L e  t h e  s e n s i t i v i t y  of  CWP dynamic bending 
p l a n t s )  o r  30-f t  ( f o r  40-MW p l a n t s )  diamete:. s t r e s s  t o  t h e  mooring l i n e  t e n s i o n .  On t h e  o t h e r  
The es t ima ted  p la t fo rm cost: f o r  t h e  1 0  and 40 MW hand, t h e  l i n e  s t i f f n e s s  i n f l u e n c e s  t h e  CWP v e r t i c a l  
s p a r s  are $21.5 m i l l i o n  and $38.3 m i l l i o n  r e ~ ~ e c - ~  dynamic s t r e s s  and t h e  p la t fo rm heave. 
t i v e l y  (Reference 3). The es t ima ted  p la t fo rm c o s t  
f o r  t h e  APL P l a n t s h i p  is  $32.8 m i l l i o n  (Reference Table  1. Pla t fo rm Heave and CWP Dynamic S t r e s s e s  
20). a s ' a  Funct ion of Mooring Line Tension and 

(b)  CWP s t r u c t u r a l  Design - The s t r u c t u r a l  . Line S t i f f n e s s  (CWP Diameter = 30 f t . ;  
des ign  of  t h e  CWP is perhaps t h e  most e f f e c t i v e  t o o l  CWP Thickness = 0.07 f t . ;  CWP M a t e r i a l  = 

f o r  ma in ta in ing  t h e  CWPstructural  l o a d s  & r e s p o n s e a t  Mild S t e e l ;  CWP Length = 2,800 f t .  
minimum l e v e l s .  As po in ted  uu t  abovc, t h c  response (Reference 4) 
of t h e  CWP is  dependent on bo th  t h e  p r o p e r t i e s  of 
t h e  CWP i t s e l f  and t h e  boundary c o n d i t i o n s  a c t i n g  

- 
t o  r e s t r a i n  o r  e x c i t e  t h e  pipe.  The case  of t h e  
spar/CWP w i t h  a  t ens ion  moor a t  t h e  bottom of  t h e  
CWP i s  a  c l a s s i c a l  example of  t h e  e x t e n t  of  s t r e s s  
r e d u c t i o n  which can b e  achieved by proper  tun ing  of 
t h e  p i p e  mooring system. 

Is. 

A'L P1.AIlTSHIP 

The s t i f f n e s s  of t h e  CWP w i l l  p lay  a  s i g n i f i c a n t  
r o l e  i n  t h e  dynamic response of t h e  p i p e  t o  wave 
and c u r r e n t  loadlng.  F igure  (1)  i l l u s t r a t e d  t h e  
genera l  r e l a t i o n s h i p  of CWP dynamic bending s t r e s s  
t o  p ipe  s t i f f n e s s .  A s  opposed t o  t h e  conclusion 

o 10 20 30 60 which would be  made from s t a t i c  c o n s i d e r a t i o n s ,  
SIGNIFICANT WAVE HEICHT. m. Figure  (1)  i n d i c a t e s  t h a t  t h e  dynamic bending s t r e s s  

- may decrease  o r  i n c r e a s e  w i t h  p ipe  s t i f f n e s s  
F i g u r e  4.  ~ompar iS0n  of S i g n i f i c a n t  Sway ~ * p l i t u d e  depending on where the  e x c i t a t i o n  frequency falls 

v s  Wave Height w i t h  r e s p e c t  t o  any of t h e  p ipe  modal f r equenc ies .  
t h e  10140 MWe 'Spar and the APL P1:ntship These obse rva t ions  a r e  t o  b e  considered a s  being 
(References  14 and 15) of a  p re l iminary  n a t u r e  pending t h e  v a l i d a t i o n  of  

e x i s t i n g  a n a l y t i c a l  t o o l s .  However, they do po in t  
o u t  t h e  need t o  pay very c l o s e  a t t e n t i o n  t o  t h e  
CWP a s  a  dynamic system r a t h e r  than a  s t a t i c  one. 

An e f f e c t i v e  scheme f o r  load  reduc t ion  i n  t h e  
s i ? ruc tu ra l  des ign  of t h e  CWP i s  t h e  use  of 
m u l t i p l e  hinges .  Th i s  approac l~  has  been used i n  t h e  
des ign  of  t h e  APL P l a n t s h i p  concre te  CWP and is 
c u r r e n t l y  being employed i n  t h e  conceptual  design 
of t h e  CWP f o r  t h e  10140 MWe s p a r .  

I n  g e n e r a l ,  c11e i n t r o d u c t i o n  of f l e x i b i l i t y  i n t o  
. t h e  CWP i n  t h e  form of  hinges  dec reases  t h e  s t i f f -  
. n e s s  and thus  t h e  n a t u r a l  frequency of t h e  CWP, 
. Because of t h e  d i s c r e t e  f l e x i b i l i t y  i n h e r e n t  i n  a  

l i n k e d  p ipe ,  t h e  number of degrees  of freedom 
+ ( i . e . .  t h e  h i g h e s t  mode of response poss ib1e)canno t  

exceed t h e  number of i n t e r m e d i a t e  h inges .  I d e a l l y ,  
. . then t h e  CWP should be  designed wi th  an adequate  

Znm rmm 
number of h inges  i n  t h e  system t o  lower t h e  n a t u r a l  

eLXYIw 6r .SS.  ..I 
f requency,  i n  t h e  h i g h e s t  p o s s i b l e  mode, below t h e  
lowest  frequency e x c i t a t i o n  of concern. For 
example, wi th  s i x  hinges  t h e  n a t u r a l  frequency i n  

Figure 5. Compar~son of cw ~~~~~i~ ~ ~ ~ d i ~ ~  stress t h e  f i f t h  mode should b e  l e s s  than t h e  frequency of 

f o r  t h e  APLPlantship & t h e  10140 MWe Spar the lowest 
. .. 
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The concept of a  hinged CWP evolved a s  a  means of 
reducing c o n s t r u c t i o n  and deployment c o s t  and r i s k .  
During t h e  F e a s i b i l i t y  S t u d i e s ,  Reference (16) ,  a  
number.of p ipe  deployment schemes.were eva lua ted ,  
based on r i g i d  pipes .  One of t h e  more promising 
schemes involved c o n s t ~ u c l i n g  che p ipe  on s i t e ,  
us ing t h e  s p a r  a s  a  p la t fo rm f o r  t h e  o p e r a t i o n .  The 
p ipe  would b e  f a b r i c a t e d  from preassembled s e c t i o n s  
and would "grow down" through t h e  c e n t e r  column of 
t h e  s p a r  u n t i l  t h e  d e s i r e d  3,000 f o o t  l e n g t h  was 
achi  w e d .  

Subsequent a n a l y s i s  of dynamic response a s  a  
f u n c t i o n  of  l e n g t h  i n d i c a t e d  t h e  l i k e l i h o o d  of  
resonances  a t  i n t e r m e d i a t e  l e n g t h  r e s u l t i n g  i n  more 
s e v e r e  CWP s t r u c t u r a l  loads  than when f u l l y d e p l o y e d .  
Th i s ,  coupled w i t h  t h e  adverse  e f f e c t s  of p o s s i b l e  
s p a r  motions, and the  need f o r  a l a r g e  weather  
window f o r  t h e  deployment o p e r a t i o n ,  l e d  t o  t h e  
conclusion t h a t  t h i s  scheme would invo lve  unaccept- 
a b l e  r i s k .  Th i s  r e s u l t e d  i n  t h e  concept of a  hinged 
p ipe  which could b e  cons t ruc ted  e n t i r e l y  ashore ,  
f l o a t e d  o u t  t o  t h e  s i t e  and upended a  s e c t i o n  a t  a 
time i n  a  r a p i d  b u t  c o n t r o l l e d  manner. At t h e  same 
t ime,  i t  became apparen t  t h a t  a  v i r t u a l l y  buoyant 
p ipe  would g r e a t l y  enhance t h i s  o p e r a t i o n  a s  w e l l  
a s  r educ ing  CWP l o a d s  and s p a r  buoyancy requirements .  

A s  t h e  des ign  developed, i t  a l s o  became apparen t  
t h a t  t h e  optimum mooring system would be  one which 
involved a t e n s i o n  l e g  moor a t t a c h e d  t o  t h e  bottom 
of t h e  CWP. Thus, evolved t h e  concept of an 
i n t e g r a t e d ,  buoyant CWP/mooring system which could 
be  towed from shore  a s  a ,,anit f o r  i n a t a l l a t i o n  i n  
one cont inuous o p e r a t i o n  wi th  e s s e n t i a l l y  no under- 
water  work. 

It should be  noted t h a t ,  a s  of t h i s  w r i t i n g ,  t h e  
proposed CWP/mooring system concept has  no t  been 
v a l i d a t e d  due t o  t h e  l a c k  of a  proven a n a l y t i c a l  
t o o l  which can p roper ly  model a hinged CWP w i t h  
i n i t i a l  t ens ion .  Design f e a t u r e s  and s t r u c t u r a l  
requirements  have been ex t rapo la ted  from prev ious  
CWP and mooring system des igns ,  backed up by approx- 
imate  c a l c u l a t i o n s  such a s  those  desc r ibed  e a r l i e r  
i n  t h i s  paper.  However, t h e  b a s i c  concept  i s  
considered v a l i d ,  and t h e  s e l e c t e d  s t r u c t u r e  is  
considered conse rva t ive .  Fur the r  s t u d i e s  a r e  
plalir~ed f o r  t h e  nea r  f u t u r e  t o  v a l i d a t e  t h e  b a s i c  
des ign  a s  w e l l  a s  t o  op t imize  t h e  l o c a t i o n  and 
number of  h inges ,  m a t e r i a l s  and o t h e r  f e a t u r e s  of  
t h e  concept .  
The proposed hinged buoyant CWP system is i l l u s t r -  
a t e d  i n  F igure  ( 6 ) .  The system c o n s i s t s  of t h e  ' 
fo l lowing  p r i n c i p a l  elements: 

S i x  (6) CWP hinged s e c t i o n s ,  nominally 4 6 0 f e e t  
long.  The lowest  s e c t i o n  i s  528 f e e t  long and 
i n c o r p o r a t e s  t h e  i n l e t  s c r e e n  a t  a  depth of 
3,000 f e e t  below t h e  su r face .  Each s e c t i o n  is 
n e u t r a l l y  buoyant and c o n s i s t s  of an i n n e r  
tube,  an o u t e r  s h e l l ,  and a  c o l l a r .  
Five (5) hinged mooring l i n k s ,  each 200 f e e t  
long,  suspended below t h e  CWP i n l e t .  
Deadweight anchor.  
Buoyancy t anks  secured t o  t h e  upper CWP s e c t i o n  
t o  suppor t  t h e  weight of  t h e  anchor and mooring 
l i n k s  dur ing  deployment 
CWP/hull i n t e r f a c e .  

Each of t h e s e  e lements  i s  desc r ibed  i n  d e t a i l  i n  
Reference ( 3 ) .  

Figure  (7) shows t h e  r e s u l t s  of t h e  dynamic 
[ n a l y s i s  of t h e  hinged CWP concept us ing  t h e  
' a u l l i n g  program (Reference 7 ) .  For t h e  100-year 
i t o m  cond i t ion  i n  Puer to  Rico  HI/^ = 44 f e e t )  t h e  

F igure  6. Hinged S t e e l  CWP f o r  t h e  40 MWe Modular 
Appl ica t ions  Spar  (Reference 3) 

F igure  7. Dynamic Bending and Axia l  S t r e s s  f o r  t h e  
40 MWe MAP Spar  CWP 

rms wave induced dynamic bending s t r e s s  is about  
1 ,200 p s i .  Th i s  s t r e s s  is f o u r  (4) t imes s m a l l e r  
than t h e  s t r e s s  shown i n  F igure  (5) f o r  a  r i g i d  p ipe  
of  comparable dimensions and m a t e r i a l  a t t a c h e d  t o  a  
s i m i l a r  s p a r  pla t form.  

One of t h e  drawbacks t o  t h e  mult iple-hinge 
concept is i t s  l a c k  of  redundancy. For a  s t andard  
CWP, t h i s  might be  a c c e p t a b l e ,  s i n c e  l o s s  of t h e  
p ipe  would n o t  l e a d  t o  l o s s  of  t h e  pla t form.  I n  t h e  
c a s e  of a  t e n s i o n  l e g  moor, however, f a i l u r e  of  any 
of t h e  h inge  connect ions  o r  o t h e r  p o t e n t i a l  "weak 
l i n k s "  i n  t h e  system could l e a d  t o  l o s s  of t h e  p l a t -  



form if it drifted ashore. Therefore, futurestudies 
will concentrate on developing some type of "fail- . 

safe" concept'or device to permit,controlled failure 
of the CWP/hull.connection in the event of extreme 
overload, with the potential for restoring the 
the connection to its original configuration. 

One possible method for accomplishing this is to 
provide a hydraulic piston at the top of the padeye 
shaft in lieu of the retaining sleeve. If the 
system is pressurized to a level providing an upward 
force equal to the design pretension, equilibrium 
would be established for normal conditions. Under 
extreme overloads a relief valve would immediately 
open spilling hydraulic fluid into a reservoir, 'and 
dropping the shaft to relieve the overload. After 
closing the valve the piston could be pumped up to 
the equilibrium level. This and other concepts will 
be investigated in the near future once the final 
load spectrum for the CWP is established. The 
estimated cost of the CWP incorporating these 
features is $22 million for a 40 W e  spar platform. 

In summary then it is quite obvious that the 
structural design process is in itself a highly 
effective load reduction scheme. When combined with 
an equally effective platform design, the result can 
only be a reduction in the structural loads to be 
experienced by the CWP. Table (2) has been prepared 
as a summary of the role played by the CWP platform 
and mooring system characteristics in the 
structural design process. 

(c) Specific Load Reduction Devices - A third 
group of load reduction schemes involves the use of 
devices or systems which are added to the OTEC plat- 
form or to the CWP in order to alter their response 
to the environmental excitations. Three represent- 
ative schemes which have been looked at during the 
feasibility and conceptual design phases are 
discussed here. These include platform motion 
stabilization systems, CWP vortex suppressors, and 
CWP corrosion protection systems. 

Platform Motion Stabilization Systems 

Conceptual studies on motion stabilization have 
been carried out for the APL Plantship and the 
results are reported in References (17) and (18). 
Since the CWP is attached to the hull via a hinged 
or flexible connection, the impact of angularmotions 
on the CWP loads and stresses in secondary. The 
main loading exerted on the pipe comes from the 
horizontal plane motions of the platform (surge, 
sway, and yaw). Still, a reduction in platform roll, 
pitch and heave are desirable in order to (1) allev- 
iate the CWP deployment operations; (2) avoid 
physical contact of the top of the CWP with the 
surrounding structure at the connection; and (3) 
maintain the vertical loads on the CWP at acceptable 
levels. 

Various types of stabi-lization systems were 
investigated. Active systems such as fin stabilizers 
were eliminated from consideration due to their 
requirement of forward velocity. Though the APL 
grazing plant does operate at a minimal speed, it is 
insufficient for such fins to be effective. In 
considering passive stabilization, bilge kecls, free 
surface (Flume) tanks, U-Tube tanks, and the Sea-Tek 
"Slo-Rol" pneumatic system were investigated for 
roll reduction along with flat plate dampeners for 
pitch reduction. In addition to these systems, a 
variable heading moor was examined for its effect- 
iveness in overall motions reduction. 

Table (3) identifies the stabilization systems 
considered in the APL Plantship studies along with 
their principal dimensions. Figure (8) shows a . 
possible arrangement of free surface passive anti- 
.roll tanks on the APL Plantship.. 

Arrangements for the other anti-roll systems are 
given in Reference (17). 

Figure (9) presents comparisons of roll response 
for the unstabilized and stabilized APL Plantship. 
The roll tanks alone yielded approximately 50% roll 
reduction which is consistent with past experiments 
on other vessels. The bilge keels produced a low 
value of only 10% reduction. Though these keelsare 
comparatively large (185 feet long by 10 feet in 
width), they do not share the hydrodynamic lift 
component which is available to keels fitted onships 
which operate consistently at speeds above 10 knots. 

This hydrodynamic componcnt, unlike the added mass 
and drag components, cannot be utilized by the 
Plantship in its slow-moving grazing or moored modes. 

BULKHEAD ARRANGEMENT 
SHOWING TANK PLAN 

ELEVATION THROUGH H-x AREA snowlffi 
. FREE SURFACEROU TANKS 

Figure 8. Arrangement of Free Surface Roll Tanks for 
the APL Plantship (Reference 17) 

Figure 9. Significant Roll Angle for Stabilized and 
Unstnbilized APL Plantship'vs. Significant 
Wave Height for Beam Seas (Reference 18) 

Combining both the roll tanks and bilge keels 
produced a surprising 60 - 70% reduction of roll 
motions. In examining the possible reasons for this 
high value of roll reduction, it was found that the 
two systems were "tuned" such that the maximum 
dampening action was produced for most sea state 

6.5-8 



Table 2. Role of CWP Platform and Mooring System Characteristics in the Structural Design of the CWP 

Bending Response Vertical Response 

Natliral Natural 
Stiffness Mass Frequency Stiffness Mass Frequency - 

) CWP MATERIAL CHARACTERISTICS 
Modulus of Elasticity 
Mass Density 

CWP CONFIGURATIONAL CHARACTERISTICS 

Diameter D D D D 
Thickness D D D D 
Length T. I I I 
Displaced Weight D D 
Added Mass (horizontal) D ' I  
Added M ~ E C  (vertical) D 1 
Number of Hinges I I 

PLATFORM HYDRODYNAMICS 

' Waterplane Area (2) (2) 
(1) (1) Waterplane Mom. of Inertia 

PLATFORM MASS 

Mass D I 
Added Mass (horizontal) D I 
Added Mass (vertical) D I 

METHOD OFATTACHMENT (1) (1) (2) (2) 
MOORING SYSTEM CHARACTERISTICS (3) 

Initial  ensi ion 
Line Stiffness 

D = Directly related I = Inversely related Blank indicated no effect 

NOTES: 1. If rigid hull/CWP Interface - D 
If free to rotate (roll, pitch) - No effect 

2. If rigid hull/CWP Interface - D 
If heave compensated - No effect 

3. Assuming integrated CWP mooring system 

Table 3. Stabilization System Dimensions for the APL Plantship 

STABILIZATION SYSTEM LENGTH WIDTH WATER DEPTH 

Bilge Keels 185 t 10 --- 
F.S. Wing Wall Roll Tanks 44 121 ' 65 
F. S. Roll Tanks 40 121 30 
U-Tube Roll Tanks 3 8 121 20 
Slo-Rol System 378 10 10 
Pitch Dampeners ' 30 121 --- 
(1) all dimensions in feet 
(2) F.S. = free surface 

conditions. This result is a frequency related 
phenomenon where poor tuning could have resulted in 
only a 40% reduction of motions just as easily. 

The Sea-Tek "Slo-Rol" pneumatic system was 
particularly interesting in light of past results 
with jack-up platforms and drilling barges. Though 
existing installations feature tanks mountedexternal 
to the hull, in an effort to reduce refit cost the 
tanks proposed for the APL Plantship were located in 
le wing walls. Field and model tests indicate 
.vorable results with roll amplitudes reduced from 
I to 70 percent. Due to the dynamic nature of the 

system it was difficult to model the tanks at the 
feasibility design level; however, through 
discussions with the Sea-Tek technical staff, good 
estimates were obtained for rough costing and per- 
formance evaluation. 

With the internal placement of the tanks, the 
tank size must increase relative to an external 
mounting for the same performance. Though there is 
a slight cost penalty for this installation, it must 
be balanced against the addea drag of the external 
installation. Judging from past performance and 
estimates from Sea-Tek, it is expected that the 
"Slo-Rol" pneumatic system will have competitive 



c o s t  and performance r e l a t i v e  t o  s t andard  a n t i - r o l l  
t ank  des igns  using wa te r  a s  t h e  working f l u i d .  

A f l a t  p l a t e  dampener system was,'designed t o  
reduce t h e  p i t c h  motions of t h e  APL P l a n t s h i p .  These 
dampeners c o n s i s t e d  of f l a t  p l a t e s  extending a c r o s s  
bo th  ends of t h e  p la t fo rm a s  shown i n  F i g u r e  (10) .  
Varying s i z e s  were t r i e d  i n  o r d e r  t o  o b t a i n  a  range 
of p i t c h  reduc t ion .  A s  shown i n  F igure  ( l l ) ,  a l l  
dampeners had a  pronounced e f f e c t  on p i t c h  motions. 
A  range of 30 - 60% reduc t ion  i n  p i t c h  ampli tudes  
was achieved with  t h e i r  use. . 

F i g u r e  10.  I l l u s t r a t i o n  of 30' P i t c h  Dampeners 
F i t t e d  t o  APL P l a n t s h i p  (Reference 17) 

W S T M I L I Z E D  

W 

- - 
C 

P. z 

2 0 '  DAWENER 
30' DAEiPENER 

!2 5 0 '  DAMPENER 

: 2 5  

"-- -- 

2 0  4 0  

SIGIlIPIUWT WAVE HEIGHT. R .  

Figure  11. S i g n i f i c a n t  P i t c h  Angle f o r  S t a b i l i z e d  
and Uns tab i l i zed  APL P l a n t s h i p  vs .  
S i g n i f i c a n t  Wavs Height f o r  Head Seas  

A comparison was made of  r o l l  and p i t c h  motions 
f o r  t h e  APL P l a n t s h i p  i n  u n s t a b i l i z e d  and s t a b i l i z e d  
modes a long  w i t h  t h e  motions f o r  a  p ro jec ted  400 MW 
OTEC Commercial P l a n t  of t h e  s h i p l b a r g e  configurat ion.  
The r o l l  motions f o r  t h e  APL P l a n t s h i p  equipped w i t h  
a n t i - r o l l  tanks a r e  l e s s  than  t h o s e  of thecommercial  
P l a n t  up t o  t h e  16-foot  wave h e i g h t .  I n  t h e  extreme 
wave h e i g h t s  of 44.2 f e e t ,  t h e  s t a b i l i z e d  APL P lan t -  
s h i p  on ly  exceeds t h e  Commercial P l a n t  motions by 
2.5 degrees .  The p i t c h  motions f o r  t h e  P l a n t s h i p  
equipped w i t h  t h e  SO-foot p i t c h  dampeners a r e  l e s s  
up t o  t h e  26-foot s i g n i f i c a n t  wave he igh t .  A t  t h e  
44.2 wave h e i g h t  t h e  P l a n t s h i p  va lues  a r e  5 degrees  
g r e a t e r  t h a n  t h e  Commercial P l a n t .  
Regarding r e d u c t i o n s  i n  v e r t i c a l  motions and l o a d s ,  
beginning a t  t h e  20-foot s i g n i f i c a n t  wave h e i g h t ,  
t h e  u n s t a b i l i z e d  p la t fo rm beg ins  t o  exceed O.lg 
a c c e l e r a t i o n s .  Using t h e  s m a l l e s t  s i z e  o f  p i t c h  
dampeners (20-foot l e n g t h )  t h e  O.lg th resho ld  i s  
delayed u n t i l  30-foot s i g n i f i c a n t  wave h e i g h t s  a r e  
encountered.  The 30 and 50 f o o t  l e n g t h  dampeners 
de lay  t h e  exceedance of t h e  same t h r e s h o l d  t o  t h e  
h i g h e r  wave h e i g h t s .  .With some combinations of 

,platform l o c a t i o n  and dampener s i z e ,  t h e  O.lg 
a c c e l e r a t i o n  l e v e l  is n o t  exceeded i n  t h e  range of 
a l l  examined wave h e i g h t s .  

An i n v e s t i g a t i o n  i n t o  s e v e r a l  types  of mooring 
systems f o r  t h e  APL P l a n t s h i p  was a l s o  c a r r i e d  o u t .  
Among t h e  types  were t h e  s t andard  8  p o i n t ,  t u r r e t ,  
s i n g l e  p o i n t ,  and s i n g l e  p o i n t  w i t h  yoke. A l l  
systems except  t h e  8  p o i n t  moor r e q u i r e  t h r u s t e r s  t o  
h e l p  main ta in  s t a t i o n  and heading. I n  s torm 
c o n d i t i o n s  t h e  t h r u s t e r s  w i l l  r e q u i r e  l a r g e  auluuats 
of p a r a s i t i c  power t o  keep t h e  s h i p  i n  t h e  most 
f a v o r a b l e  heading. There fo re ,  t h e  s t andard  8  p o i n t  
moor was s e l e c t e d  a s  t h e  most f e a s i b l e  mooring 
system f o r  t h e  P l a n t s h i p .  

Costs  were developed f o r  each of  t h e  s t a b i l i z -  
a t i o n  systems using F.Y. 1980 d o l l a r s .  S i z e  and 
weight combined w i t h  a p p r o p r i a t e  c o s t  f a c t o r s  
y i e l d e d  t h e  c o n s t r u c t i o n  c o s t s .  A l l  of the . sys tems  
meshed c l o s e l y  w i t h  t h e  p resen t  s t r u c t u r e ,  hence 
concre te  was t h e  p r e f e r r e d  m a t e r i a l  except  f o r  t h e  
i i l g e  k e e l s  which could be  e a s i l y  f i t t e d  i n  e i t h e r  
; t e e 1  o r  concre te .  I n  a l l  c a s e s ,  t h e  t o t a l  system 
c o n s t r u c t i o n  c o s t ' i s  a n t i c i p a t e d  t o  be  under $ 1  
m i l l i o n .  F igures  (12) and (13) p resen t  v a r i a t i o n s  
of  c o s t  w i t h  pe rcen t  p i t c h  and r o l l  r educr lon  f o r  
d i f f e r e n t  s t a b i l i z a t i o n  systems. 

I BILGE KEELS 

1 0  5 0  1 0 0  
PERCENT REDUCTION I N  ROLL KCITION 

Figure  12. V a r i a t i o n  o f  Cost  w i t h  Percen t  P i t c h  Re- 
' d u c t i o n  f o r  Various  S t a b i l i z a t i o n  
Systems (Reference 17) 

/ - 

F i g u r e  13. V a r i a t i o n  of  Cost w i t h  Percen t  Ro l l  Re- 
duc t ion  f o r v a r i o u s  S t a b i l i z a t i o n  Systems 



Vortex Suppressors 

Preliminary investigations into the possible 
effects of vortex shedding on the response of the 
CWP have been reported in Reference (4). These 
stildiec indicate Ll~ac the pipe may experience severc 
cyclic and extreme stresses due to the unsteady 
forces resulting from current induced vortexshedding. 
Reference (4) presents a series of cases where CWP's 
of different materials, wall thicknesses and 
diameters could go Luto lock-on or resonance as a 
result of vortex shedding. Lock-on is expected to 
occur when the vortex shedding frequency is within 
20 - 30% of a CWP natural frequency. Table (4) shows. 
the possible effect of the occurrence of lock-on on 
the fatigue life of the CWP. A cumulative damage 
factor of 1.0 derived from the Palmgren-Miner rule 
implies that the entire life of the structure has 
been used up and hence fatigue failure can occur. It 
can be seen that for the case of a steel CWP 
immersed in seawater or exposed to sea-spray the 
cumulative damage factors are much larger than 1.0. 

Table 4. Summary of CWP Fatigue Analysis Using the 
Palmgren-Miner Rule for 17% Steel; Punta 

'4 Tuna Site, 30 Years (Reference 4) 

/ FT. I sr. I (D I 

I 15' 1 .07 1 2.3 x lo-" 1 '100 1 
1. Steel in seawater or sea-spray 

CUMULATIVE 
DAMAGE DUE 
TO WAVES AND 
CURRENTS. WITH DIAMETER, 

2. Steel in air 

Several vortex suppressor designs have been 
looked at for potential application to OTEC CWP's. 
One system for which experimental data is available 
is the helical strake concept produced by Fathom 
Oceanology, Inc., of Ontario, Canada. However, for 
'CWP's with 15 to 100 feet diameters, Fathom has 
concluded that helical strakes may not be appro- 
priate. These suppressors have been used success- 
fully by the U.S. Coast Guard in reducing vortex 
shedding by 90% on 20-24 inch pylons used as 
supports for navigational aids in San Pablo Bay, 
California (Reference 21). However, in the case of 
the OTEC CWP's they would add 20% to the drag l$ad 
and, at 10% of diameter in height, the strakes would 
not be simple devices to construct. Fathom also 
concluded that articulated fairings to streamline 
large pipes such as OTEC CWP's do not look 
particularly feasible or cost effective. 

WALL 
THICKNESS, 

Fathom's current thoughts favor the use of the . 
rforated shroud concept shown in Figure (14) which 
; been successfully used in smoke stack 

CUMITLATIVE 

TO WAVES ONLY 

applications (Reference 22). In fact, Figure (14) 
compares the-effect of a stack with and without 
shrouds of different dimensions on the maximum 
amplitude of cross wind oscillations. Figure (15) 
compares,the drag coefficient of ctrakes, smooth 
cylinders and shrouds vprsus Rcynolds number. Such 
a shroud could be constructed from a number of 
identical man-handleable modules fitted to standoffs 
pro~ecting from the pipe surface. The standoff 
distance should be on the order nf 0.1 x D (D = 

dian~eter of CWP). At least 10% of the pipe should 
be fitted and the location of the shroud should be 
centered about the point of greatest deflection. 

Figure 14. Effect on the Cross Wind 6scillations of 
Shrouds Fitted to a Model Stack (Ref.22) - 

I I I I I I l l  
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Figure 15. Drag Coefficient for an Infinite 
Circular Section Cylinder of Infinite 
Length to Diameter Ratio (Reference 22) 

Detailed design of the shroud concept will depend 
upon the selected pipe,and shroud coefficients must 
be allowed for. Fathom favors the use of thermo- , 

plastics due to their neutral buoyancy and light 
weight in handling. GRP may also be a good candid- 
ate. The design will also be governed by the deploy- 
ment techniques selected, i.e. at what stage does 
one assemble the shroud on the pipe? Cost-effective 

solutions to these problems should emerge from 



des ign  s t u d i e s  and t rade-off  a n a l y s e s  a t  t h e  
a p p r o p r i a t e  t ime. - - 

Another a l t c r n a t i v e  or complementary s o l u t i o n  t o  
t h e  v o r t e x  shedding e x c i t a t i o n  may w e l l  b e  t h e  
segmented p i p e  concept desc r ibed  e a r l i e r .  For a  
segmented p ipe ,  t h e  c r i t i c a l i t y  of v o r t e x  shedding 
may be  e l imina ted  i f  t h e  h i g h e s t  degree  of freedom 
n a t u r a l  f requency i s  l e s s  than  t h e  f requency of t h e  
wors t  f requency e x c i t a t i o n  f o r c e .  For t h e  30-foot 
d iamete r  CWP of  the  40 MW p l a n t ,  a  p e r i o d i c  f o r c e  
w i t h  a  f requency of .014 Hz (pe r iod  of  73.4 seconds) 
r e p r e s e n t s  t h e  lowest  frequency of  e x c i t a t i o n .  I f  
t h e  u s e  of  s i x  hinges  a s  desc r ibed  b e f o r e  r e s u l t s  i n  
a  f i f t h  mode n a t u r a l  frequency o f  l e s s  than  .014 Hz, 
t h e  p i p e  may n o t  be sub jec ted  t o  o s c i l l a t o r y  l i f t  
f o r c e s  . . 

It  must b e  emphasized t h a t ,  a l though  v o r t e x  
shedding may induce s e v e r e  load ings  and s t r e s s e s  on 
t h e  CWP, t h e  problem can be  r e a d i l y  solved through 
proper  des ign  p r a c t i c e .  For y e a r s  t h e  o f f s h o r e  o i l  
and gas  d r i l l i n g  i n d u s t r y  h a s  had t o  d r i l l  i n  a r e a s  
o f  s t r o n g  t i d e s  and . cu r ren t s .  From exper iencega ined  
s o  f a r ,  t h e  i n d u s t r y  appears  t o  be  cons ide r ing  a  
2-kno,t wa te r  flow l i m i t  a s  a  r e s u l t  of v o r t e x  
shedding.  I n  such c a s e s ,  a p p r o p r i a t e  v o r t e x  suppres- 
s o r s  a r e  i n s t a l l e d  on r i s e r s  and o t h e r  s i m i l a r  
s t r u c t u r e s .  At t h e  p r e s e n t  t ime,  t h e r e  e x i s t  widely 
accep ted  des ign  r u l e s  which cover  t h e  v o r t e x  shed- 
d ing  problem. This  is exemplif ied by t h e  Rules  f o r  
t h e  Cons t ruc t ion  and I n s p e c t i o n  of  Offshore  
S t r u c t u r e s  i s sued  by Det Norske V e r i t a s  (Reference 
23).  Thus, t h e  s o l u t i o n  t o  t h e  v o r t e x  shedding 
problem is  w e l l  w i t h i n  t h e  s t a te -o f - the -a r t  and 
should b e  regarded a s  s o  i n  c u r r e n t  and f u t u r e  OTEC 
CWP des ign  e f f o r t s .  

\ 
Corrosion P r o t e c t i o n  

It is  a  well-known f a c t  t h a t  most of  t h e  
s t r u c t u r a l  m a t e r i a l s  used i n  ocean a p p l i c a t i o n s  w i l l  
exper ience  d e t e r i o r a t i o n  due t o  c o r r o s i o n  e f f e c t s .  
T h i s  is  p a r t i c u l a r l y  t r u e  of m a t e r i a l s  such a s  s t e e l  
whose f a t i g u e  l i f e  is  d r a s t i c a l l y  reduced when 
immersed i n  seawater  o r  exposed t o  sea-spray asshown 
i n  t h e  S-N curves  of  F igure  (16) .  The f a t i g u e  
a n a l y s e s  d i scussed  above f o r  t h e  OTEC 10140 MWe s p a r  
p la t fo rm (Reference 4) i n d i c a t e  t h a t  t h e  l i f e  of  t h e  
CWP may s u f f e r  s e v e r e l y  i n  t h e  presence of l a r g e  
c y c l i c  l o a d s  caused by waves and unsteady c u r r e n t  
loading.  An i n s p e c t i o n  of F igure  (16) i n d i c a t e s  
t h a t  a  s o l u t i o n  t o  t h e  problem would be t o  use  some 
type  of an t i - cor ros ion  dev ice  which would s h i f t  t h e  . 
m a t e r i a l  endurance l i m i t  upward. Th i s  could be  done 
v i a  c a t h o d i c  p r o t e c t i o n  and /o r  t h e  use  o f  p r o t e c t i v e  
coa t ings .  I n  e i t h e r  case ,  t h e  n e t  e f f e c t  would be t o  
approach t h e  " in  air" environment and hence, i n c r e a s e  
t h e  a b i l i t y  of t h e  s t r u c t u r a l  m a t e r i a l  t o  wi ths tand  
t h e  long  term f a t i g u e  loads .  Th i s  can b e  e a s i l y  
concluded from t h e  r e s u l t s  p resen ted  i n  Table  (4) 
where t h e  cum~il.ative damage f a c t o r s  f o r  s t e e l  i n  a i r  
a r e  cons ide rab ly  below u n i t y ,  hence implying a  s a f e  
s t r u c t u r e  from a f a t i g u e  s t a n d p o i n t .  A r e c e n t  s tudy  
(Reference 6) i n c l u d e s  b i o / c o r r o s i o n  c o n t r o l  systems 
a s  p a r t  of  t h e  des ign  of  s t e e l  CWP.'s. The system 
invo lves  t h e  use of  c a t h o d i c  p r o t e c t i o n  and t h e  
removal of  b i o f o u l i n g  m a t e r i a l s  from t h e  upper 300 
f e e t  o f  t h e  CWP by a  high p r e s s u r e  j e t .  Such a  
b i o / c o r r o s i o n  c o n t r o l  system i s  es t ima ted  t o  c o s t  
$ 1  t o  1 . 2  m i l l i o n .  It is suggested i n  Reference (6)  
t h a t  t h e  e f f e c t i v e n e s s  of  t h e  ca thod ic  p r o t e c t i o n  
system be checked w i t h i n  a  y e a r  a f t e r  i n s t a l l a t i o n ,  
and a t  l e a s t  annua l ly  t h e r e a f t e r  t o  i n s u r e  adequate  
p r o t e c t i o n .  

Conclusions 

The i d e a s  p resen ted  i n  t h i s  paper f o r  reducing 
t h e  CWP s t r u c t u r a l  loads  r e f l e c t  t h e  r e s u l t s  of 
f e a s i b i l i t y ,  conceptual  and p re l iminary  des ign  
s t u d i e s  which have been conducted f o r  t h e  
Department of  Energy i n  t h e  l a s t  t h r e e  yea rs .  Many 
o t h e r  concepts  have been proposed r e c e n t l y  a s  out-  
l i n e d  i n  References  (5) and ( 6 ) .  These i n c l u d e  t h e  
use  of  FRP Sandwich s t r u c t u r c o ,  bottnm-mounted CWP 
concepts ,  po lye thy lene  mult iple-pipe concepts ,  
r e i n f o r c e d  elas tomer p ipes  and many o t h e r s .  These 
concepts  and t h e i r  r e l a t i v e  merits a r e  d i scussed  i n  
more d e t a i l  i n  s e p a r a t e  papers  being p resen ted  a t  
t h i s  conference.  I n  most c a s e s ,  t h e  u l t i m a t e  
o b j e c t i v e  of  t h e  des ign  is  t o  reduce t h e  s t r u c t u r a l  
load ing  and response of t h e  CWP and hence, t o  
i n c r e a s e  t h e  l e v e l  of  confidence ass igned  t o  t h e  
s t r u c t u r a l  i n t e g r i t y  and long  term s u r v i v a b i l i t y  of 
t h e  OTEC CWP. Th i s  can be  achieved through t h e  
e f f e c t i v e  a p p l i c a t i o n  of p r a c t i c a l  eng ineer ing  
a n a l y s i s  and des ign  v e r i f i c a t i o n  through smal l  and 
l a r g e  s c a l e  t e s t i n g  of  t h e  CWP and i ts  components. 
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Abstract 3000 ft in length. For the pilot plantship that 
will be evaluated prior to full-scale production, 

Development of a lightweight concrete su the CWP has an inner diameter of 30 ft and a length 
for use in cold water pipes of OTEC tropical of 3000 ft. Weight of the CWP is of considerable 
ing plantships is described. Target prop importance because of deployment and ship buoyancy 
for the concrete include a minimum design co problems. Therefore, it was considered essential 
sive strength of 4000 psi and a maximum unit to obtain unit weights significantly lower than 
of 95 pcf. the 110 to 120 pcf range commonly used for struc- 

tural lightweight concrete. 
Numerous trial mixes were prepared and tested to 

evaluate concrete properties obtained with avail- Establishment of target properties for the 
able aggregates., Variables included very light- lightweight concrete to be used in the pipe was an 
weight fine aggregates and newly developed admix- evolutionary process. Initial properties estab- 
tures. Tests were conducted to determine compres- lished by APL included a minimum design compressive 
sive, flexural, and tensile strengths as well as strength of 3000 psi, a modulus of elasticity of 
elastic and, long term deformation characteristics. from 500.000 to 1,000,000 psi, and a unit weight 
Water absorption was investigated under conditions in the 'range of 65 to 70 pcf. As work on materials 
simulating depths up to 3000 ft. evaluation and pipe design progressed it became ap- 

parent that the initial target properties. required 
The investigation led to a lightweight concrete modification to accommodate design of the pipe and 

with an air dry unit weight of 77  pcf and compres- hinges. Target properties were therefore adjusted 
sive strength in excess of 4000 psi. Tests are to include a minimum design compressive strength 
continuing to determine long-term strength, defor- of 4000 psi and a unit weight in the range of 85 
mation, and absorption characteristics, and proper- to 95 pcf. The design unit weight is for the pipe 
ties under combined stress conditions. .in service. Therefore, absorption of seawater by 

the lightweight concrete is included. 
Introduction 

Lightweight concretes can be produced in a range 
This paper describes part of an investigation of unit weights from 15 to 120 ~ c f . l * ~  This com- 

to develop a lightweight concrete cold water pipe pares to normal weight concrete with a unit weight 
(CWP) for, occan thermal rllergy conversion (OTEC) of ahout 145 pcf. A general classification of 
plantships. The investigation is based on require- lightweight aggregates is shown in Fig- 1.' Lower 
ments established by the Johns Hopkins University unit weights indicate lower compressive strengths. 
Applied Physics Laboratory (APL). The OTEC program 
is sponsored by the U.S. Department of Energy. Lightweight aggregate concretes with unit 

weights ranging from 85 to 120 pcf are classified 
The primary objective of research undertaken by as structural concrete. For this classification 

the Portland Cement Association Construction. Tech- 28 day compressive strengths must exceed 2500 psi. 
nology Laboratories (CTL) has been to design a Strengths commonly achieved range from 2500 to 
lightweight concrete suitable for use in the pipe. 6000 psi.ls2 However, it is possible to obtain 
Work on materials evaluation was also conducted at compressive strengths of 6000 to 12,000 psi with 
Concrete Technology Associates, Tacoma, Washington. concretes having unit weights of 105 to 120 pcf.2*3 
Design of the plantship and cold water pipe is 
being conducted by ABAM Engineers Inc., Tacoma, Lightweight concretes with unit weights ranging 
Washington. This paper covers work performed at from 15 to 50 pcf are classified as insulating con- 
CTL. cretes. Compressive strengths for these materials 

range from 100 to, 800 psi.4 They are primarily 
The OTEC mission addressed by ApL employs a used for their high thermal insulating 

floating plant ship that produces energy- intensive characteristics. 
products, such as ammonia, at sea for shipment 
back to the U.S. The plantship's CWP may be as Lightweight aggregate concretes with unit 
large as 60 ft or more in diameter and weights ranging from 50 to 85 pcf are classified 

as fill concretes. Concretes in this range have 
not had widespread use. This is because their 
strengths are not as high as structural light- 
weight concrete, and their insulating characteris- 
tics are not as good as lower densip concretes. 

tPrincipa1 Construction Consultant, Construction \* Guides for fill concrete have been developed.5 
Methods Section However, systematic efforts to upgrade structural 
Manager, Construction Methods Section 



~ r o p e r t i e s  of l ightweight  concretes  i n  t h i s  range 
have not  been reported.  

The primary ob jec t ive  of the  matedials  research 
a t  CTL has been t o  design a  l ightweight  concre te  
wi th in  the weight range c l a s s i f i e d  as  f i l l  con- 
c r e t e ,  but having s t r e n g t h s  comparable t o  s t r u c -  
t u r a l  l ightweight  concrete .  In eva lua t ing  
s t r e n g t h  verslts weight c h a r a c t e r i s t i c s ,  it was 
necessary t o  account f o r  the  f a c t  t h a t  t a r g e t  
p r o p e r t i e s  were f o r  the pipe i n  se rv ice .  There- 
f o r e ,  weight gained by concrete  from water absorp- 
t i o n  under hydroStat ic  pressures  was an important 
cons idera t ion .  

Research Approach 

The bas ic  research approach used t o  o b t a i n  
t a r g e t  p roper t i es  consis ted of the following s teps:  

1. Search for  candidate  mate r ia l s .  
2. Tests  of candidate mate r ia l s .  
3. Detai led t e s t s  of s e l e c t e d  m a t e r i a l s .  

Search f o r  Candidate H a t e r i a l s  

The search for  candidate  mate r ia l s  was intended 
t o  i s o l a t e  those t h a t  would have a  high p r o b a b i l i t y  
of producing the des i red  l ightweight  concrete  with- 
ou t  excess ive  c o s t .  Several approaches were con- 

"@" . These included o p t i o n a l  replacement of 
th  f i n e '  f r a c t i o n  of expanded l i g h t w e i g h t ,  aggre- 
g a t e  p a r t i c l e s  with newly developed very l i g h t -  
weight small s i z e  p a r t i c l e s ,  and use of s p e c i a l  
admixtures. 

Review of previous inves t iga t ions  of s t r u c t u r a l  
l ightweight  concretes  ind ica ted  t h a t  it was essen- 
t i a l  to consider expanded c l a y ,  sha le  o r  s l a t e  
aggregates  t o  ob ta in  the required s t r e n g t h .  How- 
e v e r ,  such m t e r i a l s  .normally produce concrete  i n  
a  higher  weight .range than desired f o r  the cold 
water pipe. Therefore,  a  search was made to loca te  
an aggregate  with a  higher  than normal s t reng th- to -  
weight r a t i o .  

Based on manufacturers '  d a t a  two aggregates  
were se lec ted  f o r  t e s t s .  Available informa t ion  
indicated t h a t  the  use of these aggregates  would 
permit u n i t  weight reduct ions of 15 t o  25% of t h a t  
obtained with most s t r u c t u r a l  l ightweight  aggre- 
ga tes .  To f u r t h e r  reduce u n i t  weight,  cons idera-  
t i o n  was given to replacement of f i n e  aggregate 
p a r t i c l e s  with l i g h t e r  weight mate r ia l s .  

Bulk u n i t  weight of  l ightweight  aggregates  
v a r i e s  with s i z e  of aggregate p a r t i c l e s .  Fine 
f r a c t i o n  p g r t i c l e s  genera l ly  have a  u n i t  weight 25 
to 45% higher  than the  coarse f r a ~ t i o n . ~  There- 
f o r e ,  t e s t s  were made using s p e c i a l  l ightweight  
f i n e s  c o n s i s t i n g  of expanded c l a y s ,  hollow f l y  
ash,  and hollow g l a s s  p a r t i c l e s .  
I 

' I n  add i t ion  to  i n v e s t i g a t i n g  d i f f e r e n t  aggre- 
g a t e s  , various admixtures were considered t o  im-  
prove proper t i es  of the  p l a s t i c  and hardened con- 
c r e t e .  In  general  admixtures were se lec ted  t o  
improve workabi l i ty  and s t r e n g t h ,  and t o  reduce 
absorpt ion.  

Performance of se lec ted  admixtures was evalu- 
a ted  based on t h e i r  e f f e c t s  on fresh and l l a~dened  
concrete  p roper t i es .  Improvements i n  performance 
were a l so  c o r r e l a t e d  with c o s t  of  the concrete  
mixes. Types of admixtures inves t iga ted  included 
a i r -en t ra in ing  agents ,  water reducers ,  superplas-  
t i c i z e r s ,  epoxy emulsions, and l a t e x  emulsions. 

Tests  of  Candidate Mater ia l s  

Once candidate m i t e r i a l s  were se lec ted  t r i a l  
batches were made t o  ob ta in  a  mix design t h a t  would 
meet des i red  u n i t  weight and s t r e n g t h  requirements. 
Data were obtained on proper t i es  of f resh and hard- 
ened concrete .  Proper t i e s  measured included slump, 
a i r  con ten t ,  f resh  u n i t  weight, workabi l i ty ,  com- 
press ive  s t r e n g t h ,  ,and modulus of e l a s  t i c i t y .  

Resul ts  of t e s t s  f o r  a l l  candidate  mate r ia l s  
a r e  summarized i n  Figure 2.  I t  i s  apparent t h a t  

F i g .  1 C l a s s i f i c a t i o n  of L . i g h t w e i g h t  A g g r e g a t e  C o n c r e t e s  ( A f t e r  R e f .  1) 



compressive s t r e n g t h  increased s i g n i f i c a n t l y  with 
increased u n i t  weight.  Based on the  t e s t s  of can- 
d ida te  m a t e r i a l s ,  three mixes were se lec ted  f o r  
d e t a i l e d  t e s t i n g .  These were designated OTEC A, 
OTEC B, and OTEC C. 

I n  t h i s  paper r e s u l t s  a r e  given f o r  t h e  OTEC C 
mix only. Proper t i es  of OTEC C concrete  most 
c l o s e l y  represen t  those es tab l i shed  a s  t a r g e t  
values.  Proper t i es  of  o ther  mixes and a  more 
d e t a i l e d  d e s c r i p t i o n  of the  t e s t  program a r e  given 
e l ~ e w h e r e . ~  

Detai led Tes t s  of Selected Mater ia l s  

The ob jec t ive  of  the d e t a i l e d  t e s t s  was t o  more 
thoroughly def ine  proper t i es  re levan t  t o  the  pro- 
posed use of the c o n c r e t e . ,  Primary .emphasis was 
given t o  s t r e n g t h  and absorp t ion  c h a r a c t e r i s t i c s .  : 

Specimens f o r  d e t a i l e d  t e s t s  were made from four  
s i x  cubic foot  batches. Procedures used for  t e s t s  
of the  f resh  and hardened concrete  a r e  l i s t e d  i n  
Table 1. I n  genera l ,  t e s t s  were i n  accordance with 
procedures of the  American Society f o r  Test ing and 
Mater ials  (ASTM) 

A s tandard t e s t  was not a v a i l a b l e  t o  eva lua te  
water absorpt ion of  concre te  under h y d r o s t a t i c  
pressure.  Therefore,  t h e  following procedure ,was 
adopted. Tests  were made i n  5-in. diameter,  28-in. 
long s t e e l  c y l i n d r i c a l  pressure tanks. Each tank 
held th ree  4x8-in. concrete  cy l inders .  Af te r  
c y l i n d e r s  were i n s e r t e d ,  t h e  tanks were f i l l e d  
with f resh  water.  Hydrostat ic  pressure was appl ied  
using compressed n i t rogen  gas. Pressur iza t ion  and 
depressur iza t ion  was a t  a  r a t e  of approximately 
300 p s i  per hour. 

P r i o r  t o  i n s e r t i o n  i n  t h e  pressure chambers, 
cy l inders  were moist cured f o r  28 days. Using 
t h i s  method t e s t s  were made a t  h y d r o s t a t i c  pres- 
sures  of  700 and 1400 ps i .  These pressures  cor re -  
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spond t o  ocean depths of approximately 1500 and 
3000 f t  , respec t ive ly .  Companion specimens t o  
those i n  the  pressure tanks were a l s o  placed i n  
water a t  atmospheric pressure t o  provide a  r e f e r -  
ence f o r  absorpt ion data. 

Proper t ies  of OTEC Lightweight Concrete 

Mix. proport ions f o r  the  OTEC C l ightweight  con- 
c r e t e  a r e  shown i n  Table 2. The mix cons i s ted  of 
Type I cement, f l y  ash,  L i v l i t e  aggregate ,  water ,  
WRDA, and v i n s o l  r e s i n .  

Type I port land cement used i n  t h e  mix met 
requirements of  ASRl Designation: C150 "Standard 
S p e c i f i c a t i o n  f o r  Port land ~ e m e n t . " ~  In  addi- 
t ion ,  the t r i ca lc ium al iminate  con ten t  of  the 
selecced cement was approximately 7%, an amount 
considered s a t i s f a c t o r y  f o r  use i n  marine environ- 
ment.9 The t r i ca lc ium aluminate content  i s  
r e l a t e d  t o  r e s i s t a n c e  of the concrete  t o  sulphate  
a t t a c k .  Fly ash was used t o  improve s t r e n g t h  and 
sulphate  r e s i s t a n c e  a s  well a s  t o  reduce absorp- 
t i o n  and improve,accelerated cur ing  proper t i es .  

L i v l i t e  aggregate  i s  manufactured by Tombigbee 
Lightweight Aggregate Corporation, Livingston,  
Alabama. L i v l i t e  aggregate  was se lec ted  f o r  i t s  
high strength-to-weight c h a r a c t e r i s t i c s .  It i s  an 
expanded c l a y  with a 518-in. maximum aggregate  
s i z e .  ' Loose u n i t  weights of the  f i n e ,  medium, and 
coarse mate r ia l  were 39, 38, and 32 pcf ,  respec- 
t i v e l y .  Moisture con ten ts  of as-received mate r ia l  
ranged from 6% f o r  the f i n e s ,  t o  0.5% f o r  the 
coarse.  

L i v l i t e  aggregate was se lec ted  based on t e s t s  
conducted i n  t h i s  program. Since it was impossible 
t o  eva lua te  a l l  l ightweight  aggregates ,  i t  i s  pos- 
s i b  l e  t h a t  equivalent  proper t i e s  can be obtained 
using o ther  aggregate sources. 

X X'X 
X x 

X 

X - Series 1 
a - Series 2 
0 - Series 3 

- Series 4  

~ lesu l t s  are  averaqe of 3 - 4x8-in. cylinders 
(7 day mist, 21 day a i r )  

Fresh Unit  Weight, pcf 

? i ~ .  2 S t r eng th  Versus Unit  Weight for Candidate M a t e r i a l s  



Liquid admixtures used i n  the  mix included vin-  
s o l  r e s i n ,  an a i r  e n t r a i n i n n -  agen t ,  and WRDA, a  
water  reducer .  The a i r  e n t r a i n i n g  agen t  was used 
t o  improve workab i l i ty  and t o  dec rease  s e g r e g a t i o n  
and bleeding.  The water  reducer  was used t o  im- 
prove s t r e n g t h  without  reducing workab i l i ty .  

P r o p e r t i e s  of Fresh Concrete 

Slump, a i r  c o n t e n t ,  f r e s h  u n i t  weight ,  and work- 
a b i l i t y  were used t o  e v a l u a t e  p r o p e r t i e s  o f  t h e  
f r e s h  concre te .  Slumps va r ied  from approximately  
2.5 t o  2.9 in .  Air  c o n t e n t s  ranged from 3.5 t o  
5.5%. Fresh u n i t  weights  va r ied  from, 78 t o  8 1  pcf.  

Workabi l i ty  of  the  mix was reasonably good. 
There was no evidence of  segrega t ion  o r  bleeding.  
The concre te  conso l ida ted  s a t i s f a c t o r i l y  under 
e x t e r n a l  v i b r a t i o n .  Limited t e s t s  made us ing  
i n t e r n a l  v i b r a t i o n  i n d i c a t e d  t h a t  t h e  c o n c r e t e  
could be adequately  placed.  The mix tended t o  be 
"harsh" and was not  e a s i l y  f i n i s h e d .  There fo re ,  
i t  i s  not  considered s u i t a b l e  f o r  f l a t  work where 
e x t e n s i v e  f i n i s h i n g  o p e r a t i o n s  a r e  requ i red .  This  
c h a r a c t e r i s t i c ,  however, does n o t  l i m i t  i t s  use i n  
the  pipe.  

V a r i a t i o n s  of  p r o p e r t i e s  of  t h e  f r e s h  mixes 
were s i m i l a r  t o  those commonly ob ta ined  f o r  s t r u c -  
t u r a l  l igh twe igh t  concre te .  

P r o p e r t i e s  of Hardened Concrete 

T e s t s  of  t h e  hardened concre te  were made t o  
determine u n i t  weight ,  s t r e n g t h ,  deformat ion,  
volume change, and absorp t ion .  Several  o f  t h e s e  
t e s t s  a r e  being cont inued t o  determine p r o p e r t i e s  
of  t h e  concre te  over a  one-year per iod.  

TABLE 1 - DETAILED TESTS OF SELECTED MATERIALS 

Appl icable  

Proper ty  Standard (8 )  

Aggregate P r o p e r t i e s  

Slump 

A i r  Content 

Fresh Unit Weight 

Workabi l i ty ,  Bleeding,  e t c .  

Compressive Strength* 

Modulus o f  E l a s t i c i t y *  . 

Flexura l  S t reng th  

S p l i t t i n g  T e n s i l e  Strength* 

Unit Weight, a i r  d r i e d  concre te  

Unit Weight, p ressure  s a t u r a t e d  
concrete* 

Drying Shrinkage* 

Creep* 

ASTM Desig; C33 

ASTM Desig: C143 

ASTM Desig: C173 

ASTM Desig: C138 

Visua l  

ASTM Desig: C39 

ASTM Desig: C469 

ASTM Desig; .C78 

ASTM Desig: C496 

ASTM Desig: C567 

Pressure  Chambers 

ASTM Desig: C157 

ASTM Desig: C512 

S t reng th  and Deformation. Resu l t s  of t e s t s  f o r  
compressive s t r e n g t h ,  modulus of  e l a s  t i c i t y ,  
Poissons r a t i o ,  t e n s i l e  s p l i t t i n g  s t r e n g t h ,  and 
modulus o f  r u p t u r e  a r e  summarized i n  Table 3. A l l  
specimens were mois t  cured a  100% RH and 73F f o r  
7  days. Af te r  7  days specimens were e i t h e r  mois t  
cured o r  a i r  d r i e d .  Moist cured specimens were 
maintained a t  100% and 73F. A i r  d r i e d  specimens 
were maintained a t  50% and 73F. 

Compressive s t r e n g t h s  exceeded 4000 p s i  a t  14 
days f o r  both wet and dry specimens. Values of 
modulus of  e l a s t i c i t y  ranged from 1,130,000 t o  
1,670,000 p s i .  The r e l a t i o n s h i p  between measured 
va lues  of  compressive s t r e n g t h ,  u n i t  weight ,  and 
modulus of  e l a s t i c i t y  was c o n s i s t e n t  wi th  what 
would be expected f o r  l igh twe igh t  aggrega te  
concre tes  .l 

Valucs of Poissons r a t i o  ranged from 0.17 t o  
0.21. These va lues  a r e  c o n s i s t e n t  wi th  ub l i shed  
d a t a  f o r  s t r u c t u r a l  l igh twe igh t  concre tes .  f' 

T e n s i l e  s t r e n g t h  d a t a  i n d i c a t e  t h a t  c u r i n g  con- 
d i t i o n s  had a  s i g n i f i c a n t  e f f e c t .  I n  p a r t i c u l a r ,  
d ry ing  of  the  concre te  reduced t e n s i l e  s t r e n g t h .  
This  would be expected because d i f f e r e n t i a l  sh r ink-  
age s t r e s s e s  a r e  induced as  concre te  d r i e s .  

D i f f e r e n t i a l  sh r inkage  s t r e s s e s  a l s o  changed the  
r e l a t i o n s h i p  between s p l i t t i n g  t e n s i l e  s t r e n g t h ,  a  
measure of  d i r e c t  t ens ion ,  and modulus of r u p t u r e ,  
a  measure o f  t ens ion  i n  the  presence of  a  s t r a i n  
g r a d i e n t .  

For mois t  cured specimens, s p l i t t i n g  t e n s i l e  
s t r e n g t h  was approximately  60% of  the  modulus of  
r u p t u r e .  T e s t s  of  d ry  specimens a t  14 and 28 days 
i n d i c a t e d  s p l i t t i n g  t e n s i l e  s t r e n g t h s  and modulus 
o f  r u p t u r e  va lues  were approximately  equal .  How- 
e v e r ,  f o r  dry specimens t e s t e d  a t  90 days ,  s p l i t -  
t i n g  t e n s i l e  s t r e n g t h s  were approximately  75% of  
the  modulus o f  r u p t u r e .  In  a d d i t i o n ,  magnitude o f  
t h e  t e n s i l e  s t r e n g t h  va lues  inc reased  cons ide rab ly .  
This  may be an i n d i c a t i o n  of  a  r educ t ion  i n  d i f -  
f e r e n t i a l  i n t e r n a l  s t r e s s e s  as  a  r e s u l t  of  more 
uniform moisture  cond i t ions  over  the  longer d ry ing  
per iod.  

TABLE 2  - MIX PROPORTIONS FOR OTEC C* 

Type I Cement 

Fly Ash 

L i v l i t e  Coarse 350 l b  

L i v l i  t e  Medium 416 l b  

Livl i . te  Fine 314 l b  

Water 346 lb  

Vinsol Resin* 44 oz 

"Quant i t ies  per  cub ic  yard 
*Proprie tary product used i n  t h i s  

i n v e s t i g a t i o n .  Equivalent  products  
a r e  a v a i l a b l e  from o t h e r  sources .  

*6x12-in. c y l i n d e r s  
M4x8-in. c y l i n d e r s  



Creep and Shr inkage.  Creep t e s t s  a r e  b e i n g  run  
a t  s t r e s s  l e v e l s  o f ' 1 0 0 0  and 1500 p s i .  R e s u l t s  
o v e r  a  pe r iod  o f  about  f o u r  months i n d i c a t e  t h a t  
c r e e p  w i l l  be  g r e a t e r  t han  t h a t  o f  normal weight  
c o n c r e t e .  

\ 
Absorpt ion .  Absorpt ion  d a t a  a r e  summarized i n  

F i g u r e  3. I n  t h i s  F i g u r e ,  u n i t  weight  o f  t h e  con- 
c r e t e  i s  p l o t t e d  a s  a  f u n c t i o n  o f  t ime f o r  t h r e e  
t e s t  c o n d i t i o n s :  0  p s i  ( a t m o s p h e r i c ) ,  700 p s i  
(1500 f t  d e p t h ) ,  and 1400 p s i  (3000 f t  d e p t h ) .  

Data i n d i c a t e  t h a t  a  s i g n i f i c a n t  p a r t  o f  t h e  
a b s o r p t i o n  t a k e s  p l a c e  w i t h i n  t h e  f i r s t .  month 
a f t e r  h y d r o s t a t i c  p r e s s u r e  i s  a p p l i e d .  I n  add i -  , t i o n ,  t h e r e  i s  a  d i f f e r e n c e  i n  g a i n  o f  u n i t  weight  
depending on t h e  l e v e l  o f  h y d r o s t a t i c  p r e s s u r e .  
Data must be o b t a i n e d  ove r  a  l onge r  pe r iod  b e f o r e  
t h e s e  r e s u l t s  can  be c o n s i d e r e d  c o n c l u s i v e .  

S i m i l a r  t e s t s  on o t h e r  c o n c r e t e s  i n d i c a t e d  t h a t  
a l t hough  mixes had f r e s h  u n i t  we igh t s  t h a t  v a r i e d  
from 68 t o  80 p c f ,  t h e i r  u n i t  w e i g h t s  a f t e r  p r e s -  
s u r i z a t i o n  a t  1400 p s i  were app rox ima te ly  t h e  same. 

C o n s t r u c t i o n  P rocedures  

Mixing, t r a n s p o r t a t i o n ,  and p l a c i n g  p rocedures  
f o r  t h e  OTEC l i g h t w e i g h t  c o n c r e t e  should  be  i n  
acco rdance  wi th  recommended p r a c t i c e s  f o r  s t r u c -  
t u r a l  l i g h t w e i g k t  a g g r e g a t e  c o n c r e t e  .,I* lo 

Ba tch ing ,  Mixing, T r a n s p o r t i n g  and P l a c i n g  

E f f e c t i v e  q u a l i t y  c o n t r o l  p rocedures  f o r  ba tch-  
i n g  and mixing t h e  l i g h t w e i g h t  c o n c r e t e  w i l l  be  
r e q u i r e d  t o  i n s u r e  a  uni form p roduc t .  I n  p a r t i c u -  
l a r  s t r i c t  mon i to r ing  and c o n t r o l  o f  m o i s t u r e  w i l l  
be  r e q u i r e d  t o  o b t a i n  un i fo rm slumps and d e s i r e d  
f r e s h  u n i t  we igh t s .  It i s  recommended t h a t  f r e s h  
u n i t  we igh t ,  a s  w e l l  a s  a i r  c o n t e n t  aria slump, be  
moni tored  a s  p a r t  o f  t h e  q u a l i t y  c o n t r o l  o p e r a t i o n s  
d u r i n g  p roduc t ion .  

TABLE 3  ' -  PROPERTIES 

Although v a r i a t i o n s  i n  g r a d a t i o n  o f  t h e  L i v l i t e  
a g g r e g a t e  used i n  t h i s  p r o j e c t  caused no problems,  
i t  would be  d e s i r a b l e  t o  have  more uni form aggre-  
g a t e *  g r a d a t i o n .  I n s t a l l a t i o n  o f  a  s m a l l  s c r e e n i n g  
sys tem a t  t h e  ba t ch  p l a n t  may be  d e s i r a b l e .  

The l i g h t w e i g h t  c o n c r e t e  shou ld  n o t  r e q u i r e  
s p e c i a l  h a n d l i n g  d u r i n g  t r a n s p o r t i n g  and p l a c i n g .  
However, pumping l i g h t w e i g h t  c o n c r e t e  r e q u i r e s  
s p e c i a l  c o n s i d e r a t i o n .  T h e r e f o r e ,  i f  pumping is  
c o n s i d e r e d  f o r  use  i n  c o n s t r u c t i o n  o f  p i p e  seg-  
ments ,  t r i a l s  shou ld  be made wi th  t h e  OTEC l i g h t -  
weight  c o n c r e t e .  

Because o f  i t s  l i g h t  we igh t ,  r e d u c t i o n  i n  capa- 
c i t y  o f  equipment r e q u i r e d  t o  t r a n s p o r t  c o n c r e t e  
should  be  poss ib le , .  

Cur ing P rocedures  

S p e c i f i c  c o n s t r u c t i o n  p rocedures  f o r  OTEC 'cold  
wa te r  p i p e s  had n o t  been determined when d e t a i l e d  
t e s t s  were i n i t i a t e d .  T h e r e f o r e ,  c u r i n g  c o n d i t i o n s  
were i n v e s t i g a t e d .  T e s t s  b racke ted  p o s s i b l e  c u r i n g  
c o n d i t i o n s  t h a t  might  be used i n  t h e  f i e l d .  Table  
4  c o n t a i n s  d a t a  on e f f e c t s  o f  c u r i n g  c o n d i t i o n s  on 
p r o p e r t i e s  o f  t h e  mix. Cur ing  *cond i t i ons  i n v e s  t i -  
ga t ed  inc luded  use  o f  s team as. we l l  a s  o r d i n a r y  
m o i s t  cu r ing .  

S t e a m ' c u r e d  specimens were ma in t a ined  a t  160F 
f o r  18  . hour s  i n  a  s team c a b i n e t .  They were t h e n  
s t o r e d  i n  l a b o r a t o r y  a i r  a t  73F and 50% RH. Moist  
cu red  specimens w e r e ' s t o r e d  a t  73F and 100% RH. 
I n  a l l  c a s e s ,  a i r  d r y i n g  took p l a c e  a t  73F and 50% 
RH . 

~ e s b l t s  i n d i c = t e  t h a t  t h &  mix is  s u i t a b l e  f o r  
s team c u r i n g . '  Also a c c e l e r a t e d  c u r i n g  u s i n g  h e a t e d  
forms i s  f e a s i b l e .  

Hand1 i n g  and Deployment 

Handl ing and deployment procedurec  f o r  t h e  c o l d  
wa te r  p ipe  must accommodate changes i n  u n i t  weight  

OF HARDENED CONCRETE 

*Air d r i e d  a f t e r  7  d a y s , m o i s t  

P o i s s o n ' s  R a t i o  

T e n s i l e  S p l i t t i n g  
S t r e n g t h ,  p s i  

Modulus o f  Rupture ,  p s i  

325 

4  80 

200 

200 

190 

115 

365 

640 

385 

570 

265 

345 



o f  t h e  concre te  t h a t  occur d u r i n g , c u r i n g ,  s t o r a g e ,  t h a t  occur a s  water. i s  absorbed. This i s  ev iden t  
and P o s i t i o n i n g  of  the  P ipe -  Equipment r equ i re -  from Fig. 3. Tes t s  of absorp t ion  under h y d r o s t a t i c  
ments f o r  handl ing t h e  pipe i n  a i r  w i l l  be reduced pressure are not yet complete. a d d i t i o n a l  d a t a  
by use of l igh twe igh t  concre te  a s  compared t o  nor- a r e  ob ta ined ,  a more complete a n a l y s i s  of e f f e c t s  
ma1 weight concre te .  ' of h y d r o s t a t i c  p ressure  on weight of  t h e  pipe w i l l  

be poss ib le .  
A s  t h e  pipe.  i s  deployed i n  t h e  ocean, considera-  

t i o n  must be given t o  i n c r e a s e s  i n  u n i t  weight 

A - d A - 
IU 

' 00. L 1400 psi  (3000 f t  depth) 
U 
a 

700 psi  (1500 f t  depth) 

OTEC C 
4 x 8 - i n .  cyl i r .ders  

.lJ 
r: 

7 0 -  
4 
01 
Z 

Time, days  

\ 
Hydrostatic. ' U psi  ( a m s p h ~ i c )  
Water 
Pressure - 

Fig .  3 Absorption Data 

a 

TABLE 4 - EFFECT OF CURING CONDITIONS 

.lJ 
.rl 

C, 0 

Cured 
Atnospheric 
: Pressure 

(100% IUI) 

Tens i l e  
S p l i t t i n g ,  

p s i  

-- 

-- 

-- 

385 

190 

265 

Po i sson ' s  
Ra t io  

0.22 

0.19 

0.20 

0.21 

0.21 

0.17 

Modulus 
of Rupture, 

p s i  

-- 

-- 

-- 

570 

115 

34 5 

Curing Condition 

S t e a m e d - 1 D a y  

Steamed - 1 Day 
Dry - 27 Days 

Steamed - 1 Day 
Dry - 89 Days 

Moist Cured 
28 Days 

Moist - 7 Days 
Dry - 21 Days 

Moist - 10 Days ., 
. D r y - 8 0 D a y s  

Compressive 
S t reng th ,  

p s i  

3,910 

4,390 

4,250 , 

4,460 

4,030 

4,300 

Unit 
Weight, 

Pcf 

80.7 

78.4 

77.8 

80.7 

77 .3 

. 76,4 . 

Modulus -of 
E las  t i c i t y ,  

ks i 

1,500 

1,370 

1,300 

1,670 

1,300 
. .  , 

1,130 ' 



Post-Tensioning Deformation c h a r a c t e r i s  t i c s  were e v a l u a t e d  under 
i n s t a n t a n e o u s  and s u s t a i n e d  loads .  

Two a s p e c t s  w i th  r e g a r d ,  t o  pos t - t ens ion ing  need 
s p e c i a l  c o n s i d e r a t i o n .  F i r s t ,  i n i t i a l  d a t a  i i ~ d i -  
c a t e  t h a t  c r e e p  o f  l i g h t w e i g h t  c o n c r e t e  i s  h i g h e r  
than t h a t  f o r  normal weight conc re t e .  Th i s  must 
be  cons ide red  i n  deve lop ing  pos t - t ens ion ing  proce- 
du res .  E f f e c t s  o f  c r e e p  a r e  o f f s e t  t o  some e x t e n t  
because  lower weight  o f  t h e  l i g h t w e i g h t  c o n c r e t e  
p ipe  reduces  pos t - t ens  ion ing  requirements .  

The second a s p e c t  o f  po:t-tensioning t h a t  needs  
a t t e n t i o n  concerns  development o f  anchorage zone 
s t r e s s e s .  S t r e n g t h  d a t a  i n d i c a t e  t h a t  t ens i l e .  r e -  
s i s t a n c e  v a r i e s  a s  t h e  c o n c r e t e  d r i e s .  Th i s  f i n d -  
i n g  needs  t o  be  eva lua ted  s o  t h a t  proper  r e i n f o r c -  
i n g  d e t a i l s  and pos t - t e n s  ion ing  procedures  can be  
used t o  avoid  anchorage c rack ing .  

Marine A p p l i c a t i o n s  

S p e c i f i c  t e s t s  t o  de te rmine  s u i t a b i l i t y  of  
, l i g h t w e i g h t  c o n c r e t e  f o r  use i n  mar ine  environments  

were no t  p a r t  o f  t h e  i n i t i a l  program. However, 
a l l  t e s t s  t o  d a t e  i n d i c a t e  t h a t  p r o p e r t i e s  o f  t h e  
l i g h t w e i g h t  c o n c r e t e  developed f o r  t h e  OTEC program 
a r e  s i m i l a r  t o  those  ' f o r  s t r u c t u r a l  l i g h t w e i g h t  
c o n c r e t e s .  I n v e s t i g a t i o n s  of  u s e  o f  s t r u c t u r a l  
l i g h t w e i g h t  a g g r e g a t e  c o n c r e t e  f o r  mar ine  and o f f -  
s h o r e  a p p l i c a t i o n s  i n d i c a t e  t h a t  such c o n c r e t e s  
a r e  s u i t a b l e  a s  long a s  pro  e r  des ign  and cons t ruc -  
t;on procedures  a r e  u s e d . 9 ~ ~ ~ ~ ~ ~ , ~ ~ * ~ ~  

Informa t i o n  i s  c u r r e n t l y  be ing  developed on t h e  
long term s t r e n g t h ,  de fo rma t ion ,  and a b s o r p t i o n  
c h a r a c t e r i s t i c s  of '  OTEC l i g h t w e i g h t  c o n c r e t e .  I n  
a d d i t i o n ,  t e s t s  w i l l  be conqucted t o  determine 
s t r e n g t h  c h a r a c t e r i s t i c s  under combined s t r e s s  
c o n d i t i o n s  s i m i l a r  t o  those  t h a t  might occur  i n  
t h e  submerged p ipe .  These t e s t s  w i l l  p rovide  d a t a  
f o r  f i n a l  des ign.  

Seve ra l  a s p e c t s  need t o  be  cons ide red  wi th  
r ega rd  t o  long term d u r a b i l i t y  o f  t he  c o n c r e t e  i n  
t h e  mar ine  environment.  Since  t h e  p ipe  remains 
submerged throughout  i t s  l i f e ,  w e t t i n g  and d r y i n g  
c o n d i t i o n s  t h a t  l e a d  t o  bui ld-up o f  c h l o r i d e  ions  
w i l l  n o t  e x i s t .  However, i n  t h e  zone n e a r  t h e  su r -  
f a c e ,  e x t r a  p r e c a u t i o n s  a g a i n s t  c o r r o s i o n  may be  
cons ide red .  P o s s i b l e  p r e c a u t i o n s  i n c l u d e  s p e c i a l  
c o a t i n g s  on c o n c r e t e  o r  r e in fo rcemen t ,  o r  use  of  
h igh  d e n s i t y  c o n c r e t e  n e a r  the  s u r f a c e .  

For s e c t i o n s  o f  p i p e  a t  g r e a t e r  d e p t h s ,  co r ro -  
s i o n  i s  no t  expected t o  be a s  g r e a t  a  problem. 
This  i s  because  t h e  c o n c e n t r a t i o n  of  c h l o r i d e  i o n s  
canno t  exceed t h a t  caused by complete  s a t u r a t i o n .  
Also ,  a v a i l a b i l i t y  o f  oxygen i s  l imi ted .13 

Even though t h e  OTEC c o n c r e t e  has  a  low u n i t  
we igh t ,  i t  has  a  r e l a t i v e l y  h igh  cement c o n t e n t  
and low n e t  r a t i o  of  wa te r  t o  c e m e n t i t i o u s  mate- 
r i a l .  Th i s  i s  r e q u i r e d  f o r  good d u r a b i l i t y .  

Summary and Conclus ions  

An i n v e s t i g a t i o n  was conducted t o  deve lop  a  
l i g h t w e i g h t  c o n c r e t e  f o r  use i n  c o l d  wa te r  p i p e s  
o f  OTEC p l a n t s .  The i n v e s t i g a t i o n  c o n s i s t e d  o f  a  
s e a r c h  f o r  c a n d i d a t e  m a t e r i a l s ,  t e s t s  of  c a n d i d a t e  
m a t e r i a l s ,  and d e t a i l e d  t e s t s  o f  s e l e c t e d  mate- 
r i a l s .  P h y s i c a l  t e s t s  were conducted t o  determine 
compress ive ,  f l e x u r a l ,  and t e n s i l e  s t r e n g t h s .  

An important  c h a r a c t e r i s t i c  d i c t a t e d  by s e r v i c e  
r equ i remen t s  f o r  t h e  p i p e  i s  t h e  tendency o f  hard-  
ened c o n c r e t e  t o  abso rb  wa te r .  This  was i n v e s t i -  
ga t ed  under c o n d i t i o n s  s i m u l a t i n g  dep ths  t o  3000 
f t .  

The i n v e s t i g a t i o n  l e d  t o  development o f  a  
l i g h t w e i g h t  c o n c r e t e  wi th  the  f o l l o w i n g  nominal 
p r o p e r t i e s :  

F resh  Uni t  Weight = 80 pcf 
A i r  Dry Uni t  Weight = 77 pcf 
Uni t  Weight A f t e r  Absorpt ion 

(224 d a y s ,  1400 p s i )  = 97 pcf 
(224 days ,  700 p s i )  = 94 pcf 
(224 days ,  0  p s i )  = 84  pcf 

Compressive S t r e n g t h ,  f; ( 9 0  days )  = 4300 p s i .  

A d d i t i o n a l  mixes wi th  3000 p s i  compress ive  
s t r e n g t h s  and lower u n i t  we igh t s  were a l s o  t e s t e d  
i n  d e t a i l .  T e s t s  a r e  c o n t i n u i n g  t o  determine long 
term s t r e n g t h ,  de fo rma t ion ,  and a b s o r p t i o n  
c h a r a c t e r i s  t i c s .  
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-- 

~h~ symbols used in this s tudy,are  as follows: h u l l ,  a moderate ly  f l e x i b l e  a t tachment  i s  recom- 
-, mended f o r  t h e  ba lance  of  CWP and uniform d i s t r i -  

Abs t rac t  e major OTEC s tudy  has  been ..conducted 
h i n e  P r o j e c t "  promoted by t h e  Agen- 

Th i s  model test d e a l s  w i t h  t h e  o s c i l l a t i o n s  1 science and ~ ~ ~ - , ~ ~ l ~ ~ ~ ,  finistry 
and t h e  d r i f t  f o r c e  a c t i n g  on t h e  s t r u c t u r e  o f  1 Trade and I n d u s t r y  (MITI). A com- 
ocean thermal  energy convers ion p l a n t s  t o  i n v e s  t t e e  f o r  i n v e s t i g a t i n g  OTEC p l a n t s  was es tab-  
g a t e  t h e  e f f e c t  of  t h e  type of  co ld  w a t e r  p i p e  i s h e d  e a r l y  i n  f i s c a l  y e a r  1974 t o  s t a r t  w i t h  
(CWP) and i ts  at tachment  t o  t h e  h u l l .  A r i g i d ,  , des ign ,  environmental  and resource  
semi - f l ex ib le ,  o r  f l e x i b l e  CWP is  connected t o  a development of  OTEC power p l a n t s .  
c i r c u l a r  f l o a t i n g  h u l l  by using a r i g i d ,  un ive r  
j o i n t ,  o r  s l i d e - t y p e  a t tachment .  The o s c i l l a t i o  e conceptual  des ign  of a commercial ~OO-MW, 
and d r i f t  f o r c e  a r e  found t o  b e  g r e a t e r  f o r  t h e  
u n i v e r s a l - j o i n t  and s l ide - type  a t tachments  than S t a r t i n g  w i t h  t h e  1975 des ign  of  a h u l l  of t h e  
f o r  t h e  r i g i d  type .  The f l o a t i g  system wi th  f l e  
i b l e  CWP e x h i b i t e d  s m a l l e r  o s c i l l a t i o n s  and d r i  der type with the experimental 
f o r c e s  than those  w i t h  r i g i d  type. . Although motions i n  waves. The a b i l i t y  t o  
these  r e s u l t s  a r e  i n d i c a t i v e , t h e y  should b e  c a  ions of the h u l l  coupled the 
f u l l y  a p p l i e d  f o r  t h e . a c t u a 1  p ro to type  s t r u c t u r e  CWP is  one o f  t h e  impor tan t  o b j e c t i v e s  of  t h e  OTEC 
s u b j e c t e d  t o  r e a l  environmental  c o n d i t i o n s ,  s i  

Lo: wave l e n g t h  ( = g . ~ ~ / 2 n  ) 
T : wave per iod  
H : i n c i d e n t  wave h e i g h t  
5 : amount of heaving ( twice amplitude) 
€, ' :  amount of su rg ing  ( twice ampli tude)  
5 ' :  amount of su rg ing  ( twice  ampli tude 

measured on t h e  top of  t h e  c e n t e r  p ipe )  
0 : amount of p i t c h i n g  ( twice  ampli tude)  
$I : a f a c t o r  f o r  non-dimensional convers ion 

( =n.H/L, ) 
Fd: d r i f t  f o r c e  
p : f l u i d  d e n s i t y  
g : a c c e l e r a t i o n  of g r a v i t y  

t h i s  s tudy  d e a l s  w i t h  r e g u l a r  waves under l i m i t e d  
o n d i t i o n s  . F u r t h e r  i n v e s t i g a t i o n  is  labOratOryn' needed w i t  l a r g e r  models under more represen ta -  

t i v e  environmental  cond i t ions .  

I n t r o d u c t i o n  

Some examples of  CWP's in t roduced  a r e  a r i g i d  

p i p e  .made of  concrete , '  a f l e x i b l e  p i p e  made of a 
frame covered w i t h  nylon-f iber-re inforced neoprene, 

The dependance of  Japan 's  energy upon imported 
o i l  i s  s o  s u b s t a n t i a l  t o  cause h e r  i n c e s s a n t  anxie- 
t y  over  t h e  economical and p o l i t i c a l  s i t u a t i o n  of  
the,,wprld:It i s ,  t h e r e f o r e ,  e s p e c i a l l y  a m a t t e r  o f  
importance f o r  Japan,  surrounded by t h e  warm cur- 
r e n t s  o f . , the  o c e a n ,  t o  u t i l i z e  ocean thermal  ener-  
gy convers ion (OTEC) p l a n t s .  

A a composite p i p e  made of s t e e l  r i n g s  l i n k e d  w i t h  

Symbols \ v e r t i c a l  ropes  and c i r c u l a r  membranes, e t c .  
With r e s u e c t  t o  t h e  a t tachment  of CWP t n  the 

. .. . . . . . . . . . * 
P r o f e s s o r ,  Department of Ocean C i v i l  Engineer ing.  ** 
Manager, Department of Concrete  Works,Shimizu 
Cons t ruc t ion  Co., Ltd.  ' 

but ion  of  t h e  bending moment over  t h e  l e n g t h  of t h e  

p ipe .4  I n  t h i s  paper ,  CWP's made of  aluminium, 
g lass - re in fo rced  p l a s t i c  (GRP), and concre te  w i t h  
f l e x i b l e  j o i n t s  a r e  d i scussed .  

The a n a l y t i c a l  and exper imental  s t u d i e s  on 
CWP/hull motions and CWP s t r e s s e s  have been con- 
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ducted and a p p l i e d  t o  t h e  des ign .  

The f l e x i b i l i t y  of  t h e  p i p e  i t s e l f  and i t s  a t -  
tachment t o  t h e  h u l l  p l a y  a n  i n f l u e n t i a l  r o l e  i n  
t h e  behavior  of  t h e  s t r u c t u r e .  Although much re- 
s e a r c h  has  been performed, i t  is  necessary a t  t h i s  
s t a g e  of a c t i v i t y  t o  compare t h e  r e p r e s e n t a t i v e  
types  of  CWP's and t h e  a t tachments  t o  t h e  h u l l  i n  
terms of motions o f  t h e  s t r u c t u r e .  For : t h i s  reason, 
t h i s  exper imental  s tudy  has  been performed. 

Experimental D e t a i l s  

Model - .  

A p l a n t  having a 12-m d iamete r ,  500-m long CWP 
f i x e d  t o  a c y l i n d r i c a l  h u l l  of  100-m diameter ,  
31-m h igh ,  was reduced t o  a model wi th  a s c a l e  of  
1:200. Due t o  l i m i t e d  t e s t i n g  f a c i l i t i e s ,  t h e  CWP 
w i t h  t h e  l e n g t h  of  2.5-m (500-m/200) was aga in  
reduced t o  0.6-m by s u i t a b l y  a d j u s t i n g  t h e  weight 
t o  equa te  t h e  p o s i t i o n  of t h e  c e n t e r  of g r a v i t y  
w i t h  t h a t  of  prototype.The p a r t i c u l a r s  a r e  shown 
i n  Fig.1 .  

*** 
Chief Research Engineer,  Department of  Ocean Engi- 
nee r ing ,  Research Laboratory,  Shimizu Cons t ruc t ion  
Co., L td .  



F i g . 1  Model of  OTEC-CWP s t r u c t u r e .  

CWP Attachment Types 

The fol lowing at tachment  types ,  wi th ' :&e i r  sym- 
hol,s a r e  d i scussed  i n  t h i s  s tudy :  

R : Rigid type 
.U : Universa1 , type  f r e e  f o r  p i t c h i n g  
S1: S l i d e  type f r e e  f o r  heav ing .wi th  s p r i n g  coef- 

f i c i e n t  of 5 .0  kg/cm 
S2: S l i d e  type f r e e  f o r  heaving w i t h  s p r i n g  coef- 

f i c i e n t  of 16 .8  kg/cm 
.Figure 2 i l l u s t r a t e s  t h e  l a t t e r  3 types .  

a) U cype b) S1 and S2 . types  
. . 

Fig.2 Types of CWI! a t t achments .  

CWP Types 

The fo l lowing  t h r e e  types  o f  CWP a r e  used: 

R : Rigid'  type made of v i n y l  c h l o r i d e  
F1: Semi-f lexible  type made of v i n y l  c h l o r i d e  a n d '  

rubber  ( s e e  Fig.3)  
F2: F l e x i b l e  type made of rubber  and r e i n f o r c e d  

w i t h  s t e e l  r i n g s  ( s e e  Fig.3)  

The weight o f . t h e  model is  given i n  Table  1. 

Fig .3  The F ( l e f t )  and F 2 ( r i g h t ) *  
1 

types  of CWP's .  

Table  1 Weight of model. . - .- -. . . 

P a r t s  of  model Wcigh t (kg) 

Center  p i p e  1 .7  

C y l i n d r i c a l  h u l l  1 4 . 1  

Attachment of CWP (U) 2.7 

Attachment of  CWP (S1,S2) 2.5 

CWP (R) 13 .8  

CWP (F1) 0 .5  

CWP (F 
2) 0 . 4  

The Experimental  Set-up and Method 

The d e t a i l s  of t h e  wave b a s i n  a r e  shown i n  
Table  2. Wave h e i g h t  and pe r iod  a r e  measured w i t h  
cauac i t ance  wavemeters. 

O s c i l l a t i o n s  of t h e  model i n  t h e  wave b a s i n  a r e  
recorded wi th  3-cpmponent motion measurement appa- 
r a t u s  t o  ob ta in  an~pl-ltude of  hcaving, p i t c h i n g  and 
su rg ing ,  s e p a r a t e l y .  Fundamental c h a r a c t e r i s t i c s  
of o s c i l l a t i o n s  of  t h e  model a r e  measured w i t h  
i n c l i n i n g  t e s t  and damping v i b r a t i o n  t e s t .  

A s  shown i n  Fig.4 ,  a p u l l e y  system w i t h  wi re  
and s p r i n g  is  used t o  make heaving,  p i t c h i n g  and 
su rg ing  o s c i . l l a t i o ~ ~ s  f r e e  and t h c  d r i f t  f o r c e  a c t -  
i n g  i n  t h e  d i r e c t i o n  of wave propagat ion is  mea- 
su red  by coun te rba lanc ing  w i t h  y e i g h t .  



Table  2 Wave b a s i n  c h a r a c t e r i s t i c s .  

Dimensions 
Length 10.75 m 

Width 4.35 m 

Depth 1 .05  m 

Wave g e n e r a t o r  P lunger  type  

Wave a b s o r b e r  Beach 'type 

Pulley Spring s 

Experimental  Cases and Parameters  

The models and d r a f t s  taken i n  t h e  exper iment  
a r e  shown i n  Table  3 .  The numbers (11, (2) and (3) 
. r e f e r  t o  d r a f t  c o n d i t i o n s  , namely, t h e  . f l o a t i n g  . 
s t a t e  w i t h  Cree board ,  t h e  s t a t e  w i t h  t h e  wa te r  up 
t o  t h e  t o p  of t h e  s t r u c t u r e ,  and t h e  submerged 
s t a t e ,  r e s p e c t i v e l y .  

Regular waves wi th  maximum wave h e i g h t  of 8-cm 
(16-m i n  prototype) and wave pe r iod  rang ing  from 
0.4-sec t o  1.7-sec (about 6-sec t o  24-sec i n  pro- 
to type)  a r e  genera ted .  Wave p ropaga t ion  is  f i x e d  
i n  one d i r e c t i o n ;  

R e s u l t s  and Conclusions  

Heaving (Fig .5)  

I n  c a s e  of R type  of CWP and j o i n t  w i t h  d r a f t  
c o n d i t i o n  (11, heaving i s  v e r y  l a r g e  a t  resonance 
and </H approaches  u n i t y  f o r  long p e r i o d  waves. 
I n  o t h e r  words,  a s  t h e  wave p e r i o d  i n c r e a s e s ,  t h e  

, 

body t ends  t o  o s c i l l a t e  w i t h  t h e  same ampli tude a s  
t h a t  o f  i n c i d e n t  wave. A s  t h e  d r a f t  i n c r e a s e s ,  
heaving d e c r e a s e s .  Th i s  i s  probably due t o  t h e  f a c t  
t h a t  t h e  n a t u r a l  p e r i o d  i n  heave becomes, long and 
t h e  eddy and wave format ion cause:a . .no.nl , i t iea ,~  
damping f o r c e  when t h e  h u l l  moves up and down 
around t h e  wa te r  l e v e l .  Accordingly,  even when t h e  
d r a f t  i n c r e a s e s  f o r  d r a f t  c o n d i t i o n  (1)  and t h e  

F ig .4  D r i f t  f o r c e  measuring dev ice .  wave s p l a s h e s  on t h e  top  of h u l l ,  t h e  e f f e c t  s t a t e d  
above h a s  t o  be  cons ide red .  The re sponse ,  t h e r e - .  

Table  3 Cases o f  model t e s t s .  

Free- we igh t t )  Cen te r  o f  GM Na tu ra l  f requency 
Symbol Attachment . CWP board g r a v i t y t t )  Heave P i t c h  

(cm) (kg) (cm) (cm) ( sec )  ( sec )  
- - - - -- - - 

R-(1) Rigid  S t e e l  p i p e  5 30.6 2 8 43 .1  1 .00 1 .20  

R-(2) R ig id  S t e e l  p i p e  0 35.0 2 5 16.5  0.96 1 .48  

R-(3) Rigid  S t e e l  p i p e  -5 36.2 2 5 13.0  9.00 1 .90 

U-(1) U n i v e r s a l  S t e e l  p i p e  5 30.6 2 8 33.8 1 .05 0 .68 
j o i n t  S 

U-(2) Unive r sa l  S t e e l  p i p e  0 35.0 25 6 .9  1 . 0 3  0.70 
j o i n t  

U-(3) U n i v e r s a l  S t e e l  p i p e  -5 36.2 25 4 .7  9.32 2.12 
j o i n t  

S1-(1) S l i d e  1 S t e e l  p i p e  5 30.4 2 8 43.4 1 .05 1.34 

0 S1-(2) S l i d e  1 S t e e l  p i p e  34.8 2 5 16.5 1 .18  1 .40 

S1-(3) S l i d e  1 S t e e l  p i p e  -5 36.0 25 1 3 . 1  9.20 1 .65 

S2-(1) S l i d e  2 ' S t e e l  p i p e  5 30.4 2 8 43.4 1 . 0 1  1 .34 

F1-(1) R ig id  S h o r t  p i p e s  o f  5 1 7 . 3  1 2  23.3 0.96 0.89 
v i n y l  c h l o r i d e  
connected b y .  , 

rubber  coup l ings  

F2-(1) R ig id  Rubber r e i n f o r c e d  5 . 17 .3  1 3  23.4 1.00 0.95 
w i t h  spac ings  o f  
s t e e l  r i n g s  

t )  Th i s  inc ludes  weight  f o r  d r a f t  a d j u s t i n g .  t t ) - ~ e a s u r e d  from t h e  top  o f  t h e  h u l l  
, .  . . . 



f o r e ,  ,depends n o t  on ly  on wave pe r iod  b u t  a l s o  on 
t h e  s p l a s h i n g  c o n d i t i o n s  of t h e  wave,, namely, t h e  
d r a f t  and wave h e i g h t  ( s e e  Fig:5 a ) )  . 

  he' response w i t h  t h e  un ive rsa l - jo in t  . is  grea t -  
. e r  than t h a t  w i t h  r i g i d - j o i n t ,  probably due t o  t h e  
coup l ing  of  heaving and p i t c h i n g  o s c i l l a t i o n s .  

For types  S  and S2 ,  which a l low on ly  heaving,  1 
t h e  s p r i n g s  do no t  have a  c a p a c i t y  f o r  such l a r g e  , 

heaving.  Consequently, they dhow response curves  
s i m i l a r  t o  t h a t  f o r  t h e  r i g i d  type.  The n a t u r a l  pe- 
. r iods  of CWP's supported w i t h  s p r i n g s  i n  t h e . a t -  
.tachments S1 and S2 a r e  0.7-sec and 0.5-sec, re- . . 
s p e c t i v e l y .  But the  peaks a r e  n o t  found around 
. these  p e r i o d s  b u t  r a t h e r  around t h e  n a t u r a l  pe r iod  
of  t h e  model i t s e l f .  

The F  and F  types  w i t h  f l e x i b l e  p ipes  show 
1 2 

responses  s i m i l a r  t o  a.pontoon type of  s t r u c t u r e  
w i t h  l e a s t  coupling t o  o t h e r  modes of  motions. 

Above mentioned types  of  CWP and at tachment  a r e '  
compared i n  Fig.5  b ) .  The u n i v e r s a l - j o i n t  shows 
e s p e c i a l l y  l a r g e  o s c i l l a t i o n  around resonance.pe-  
r i o d ,  and o t h e r  types ,  a lmost  t h e  same resonance 
c h a r a c t e r i s t i c s .  Under normal environmental condi- 
t i o n s  f o r  opera t ion ,  heaving w i l l  be s m a l l e r .  

Ok' 6 10 15 2 0  2 5  
R(1) R(2)  ( Prototype) Tlsec) 

Fig. 5 Heaving c h a r a c t e r i s t i c s  a )  of R type  
(arrows i n d i c a t e  L /D a t  n a t u r a l  
pe r iod)  and b) f o r O d r a f t  cond i t ion  (1). 

1 P i t c h i n g  (Fig.6) 

P i t c h i n g  is  e s p e c i a l l y  l a r g e  f o r  t h e  R . type  of 
CWP and at tachment  around t h e  resonance p e r i o d .  But 
f o r  d r a f t  c o n d i t i o n  ( 2 ) ,  t h e r e  is  some s h i f t  o f  . .  . . . .  . . 

resonance from t h e  n a t u r a l .  p e r i o d .  T h i s ,  is probab ly ,  
due t o  a  non l inea r  damping f o r c e  a s  exp la ined  be- 
. f o r e ,  and/or  t o  some e r r o r  i n  the  measurement. 
Again t h e r e  i s  a  s m a l l  peak i n  t h e  r e g i o n  l e s s  than 
t h e  resonance pe r iod .  This  a l s o  may be  a t t r i b u t e d  
t o  non l inea r  damping ( see  Fig.6  a ) ) .  

For t h e  U j o i n t ,  f o r  bo th  d r a f t  c o n d i t i o n  (1) 
and ( 2 ) ,  t h e  n a t u r a l  pe r iod  i s  smal l  b u t  t h e  res -  
onance p e r i o d  i n  bo th  cases  is much l a r g e r ,  w i t h  
cons ide rab le  o s c i l l a t i o n ,  probably due t o  t h e  cuu- 
p l e d  motions of t h e  CWP and t h e  h u l l .  

S ince  t h e  s p r i n g  systems i n  s l i d e  types  do n o t  
a f f e c t  p i t c h i n g  motion, t h e  resonance curves  f o r  
r i g i d  and s l i d e  types  a r e  s i m i l a r .  But i n  t h e  S7 

- 
c a s e  w i t h  d r a f t  c o n d i t i o n  ( I ) ,  response i n c r e a s e s  
even beyond t h e  resonance p e r i o d .  

I n  F  and F  c a s e s ,  t h e  response i s  g e n e r a l l y  : 
1 2 

smal l ,  and 8/29 does n o t  exceed 2.0 even around 
resonance pe r iod .  These cases  show s m a l l e r  p i t c h i n g  
f o r  a l l  wave pe r iods  than  o t h e r  c a s e s  due t o  t h e  
l i g h t n e s s  o f  t h e  CWP. For d r a f t  c o n d i t i o n  (3) (sub- 
merged s t a t e ) ,  t h e  n a t u r a l  pe r iod  i s  very  long,  
and we r a r e l y  come a c r o s s  such long pe r iod  waves 
i n  n a t u r e .  There is  no f e a r  of resonance i n  t h e  
p ro to type  ( see  Fig.6  b ) )  . 

FI ( I )  

/' 
I  - 

(Prototype T (set) 

10 15 2 0  2 5  

oY' 
7 ,  , * ,  , , 

I  2 3 4 5 6 7 . 8  9 ~ ~ 1 ~  
(Model ) 

Fig.6 P i t c h i n g  c h a r a c t e r i s t i c s  a) of  R type 
'' (arrows i n d i c a t e  L,/D a t  n a t u r a l  

pe r iod)  and b) f o r  d r a f t  c o n d i t i o n  ( 1 ) .  



Surging (Fig.  7) 

For d r a f t  cond i t ion  ( I ) ,  t h e  measuring dev ice  
f o r  su rge  motion is  p laced  on t h e  top of  t h e  c e n t e r  
p i p e .  Accordingly, t o  and f r o  motion d u e t o p i t c h i n g '  
above t h e  c e n t e r  of g r a v i t y  has  t o  be  deducted from 
t h e  measured va lue  t o  g e t  t h e  a c t u a l  v a l u e p f  
su rg ing .  Due t o  t h i s  manipulat ion,  t h e  measurements 
seem t o  be s c a t t e r e d , ' e s p e c i a l l y  i n  case  U ,  where 
t h c  coupled nolions of p ipe  and h u l l  a r e  consider-  

, a b l e ,  and i t , i s  very d i f f i c u l t  t o  a s s e s s  t h e  e x a c t  
amount of p i t c h i n g .  The conclusions  on su rg ing  
c h a r a c t e r i s t i c s  a r e  drawn w i t h  t h e  e r r o r  due t o  t h e  
above reason i n  view. 

I n  R-(1) case ,  t h e r e  i s  one peak of  response 
. a t  L,/D = 3 ,  and t h i s  f a l l s  i n  around L,/D = 6 ,  
'converging then t o  E/H = 1 .0  f o r  long p e r i o d .  The 
response i n  R-(2) case  i s  s m a l l e r  than t h a t  i n  R- 

. ( I )  and i t  is  much smal le r  i n  R-(3) ( see  Fig.7 a ) ) .  
The response curves  f o r ' s l i d e  types  a r e  s i m i l a r  

t o  th0s.e . f o r  t h e  r i g i d  type ,  s i n c e  t h e  h o r i z o n t a l  
movement has  no r e l a t i o n  t o  t h e  s l i d i n g  motion of 
t h e  a t tachment .  

I n  F and F c a s e s ,  t h e  response i s  much ' . 
2 1 

s m a l l e r  than t h a t  i n  o t h e r  c a s e s .  
Figure  7 b) compares su rg ing  motions among 

t h e s e  c a s e s  f o r  d r a f t  cond i t ion  ( 1 ) .  

10 15 2 0  25 
(Prototype) T(sec) 

oL(' i 
9 L 0 ' ~  

(Model 
. . . .  . 

Fig.7 Surging c h a r a c t e r i s t i c s  a)  of R type 
and b) f o r  d r a f t  c o n d i t i o n  ( 1 ) .  

when t h e  pe r iod  is  around 0.5-sec due t o  t h e  
s p l a s h i n g  of waves o n  the  top of t h e  h u l l ,  which 
.causes a  non l inea r  wave f o r c e .  For d r a f t  c o n d i t i o n s  
(2) and ( 3 ) .  t h e  d r i f t  f o r c e  is  s m a l l c r  than f o r  
d r a f t  cond i t ion  ( 1 ) .  The d r i f t  f o r c e  of  t h e  sub- 
merged s t r u c t u f e  is  smal le r  than t h a t  of  t h e  f l o a t -  
, i n g  s t r u c t u r e .  

For t h e  U j o i n t ,  t h e  d r i f t  f o r c e  i s  consider-  
a b l e  around L,/D = 2 f o r  a i l  d r a f t  c o n d i t i o n s ,  
probably due t o  t h e  movement of  t h e  h u l l ,  p a r t i c u -  
l a r l y  t h e  e f f e c t  of  t h e  phase d i f f e r e n c e  between 
heaving and p i t c h i n g  motions. 

I n  t h e  S and S 
1 

c a s e s ,  t h e  d r i f t  f o r c e  remains 

s i m i l a r  t o  case  R excep t  f o r  d r a f t  cond i t ion  (1) ;  - 
near  L,/D = 7, where t h e  d r i f t  f o r c e s  a r e  g r e a t e r  
than t h a t  i n  R type ,  probably due t o  t h e  peak of 
t h e  p i t c h i n g  response e x i s t i n g  nea r  t h i s  v a l u e  
and t h e  phase d i f f e r e n c e  between heaving and p i t c h -  
i n g  o s c i l l a t i o n s .  

On t h e  o t h e r  hand, i n  c a s e s  F and F when f o r  
1 2 

L,/D > 4 ,  t h e r e  i s  no d r i f t  f o r c e .  For smal le r  pe- 
r i o d s ,  t h e  d r i f t  f o r c e  is s m a l l e r  than t h a t  of 
o t h e r  types .  Th i s  phenomenon i s  probably due t o  t h e  
f a c t  t h a t  motions except  heaving a r e  much l e s s  i n  
t h i s  case ,  w i t h  a lmost  t h e  same amount of heaving 
response a s  t h a t  of  o t h e r  types .  ConsequentZy, t h e  

.phase d i f f e r e n c e s  between d i f f e r e n t  modes.of motion 
and t h e  p o s i t i o n  of t h e  c e n t e r  of g r a v i t y  may be  
r e s p o n s i b l e  f o r  t h i s  phenomenon. 

Comparing t h e s e  casks ,  t h e  d r i f t  f o r c e  o f  c a s e  
'.P i s  smal l  f o r  a  wide range of  wave p e r i o d s  and i s  
decreased more f o r  t h e  submerged s t a t e .  On t h e  
o t h e r  hand, t h e  d r i f t  f o r c e  of  case  U i s  always 
l a r g e .  ' 

( Prototype T(sec) 
. . 

D r i f t  Force C h a r a d t e r i s t i c s  (Fig.8)  ow' i 2 3 4 5 6 7 8 9 ~ 0 1 ~  

As shown i n  Fig.8 ,  t h e  d r i f t  f o r c e  i s  n e a r l y  
(Model 

.zero f o r  long pe r iod  waves i n  t h e  R-(1) c a s e .  But F i g . 8  ~ h a r a c t e r j s t i c s  of d r i f t  f o r c e  a )  of 

. f o r  s h o r t  pe r iod  w a v e s , , t h e  d a t a  a r e  s c a t t e r e d  R type and b) f o r  d r a f t  cond i t ion  ( 1 ) .  
I 



Conclusions Acknowledgements 

The conclusions  ob ta ined  i n  t h i s  exper imental  
s tudy  a r e  summarized a s  fol lows:  

1 )  With r e s p e c t  t o  heaving except  t h a t  a t  reso-  
nance, a l l  c a s e s  have a lmost  t h e  same charac te r -  
i s t i c s .  But a t  resonance, heaving is  more i n  case  U 
than t h a t  i n  o t h e r  c a s e s .  There i s  n o t  much d i f -  
f e rence  i n  h u l l  heaving between t h e  r i g i d  and 
f l e x i b l e  types  of CWP. Heaving decreases  a s  t h e  
d r a f t  i n c r e a s e s .  

2) The v a r i a t i o n  of  p i t c h i n g  is  more pronounced 
f o r  d i f f e r e n t  f l e x i b i l i t i e s  of  t h e  CWP than f o r  
d i f f e r e n c e s  i n  t h e  type of attachment. .When t h e  
l i g h t  f l e x i b l e  CWP i s  used, t h e  p i t c h i n g  is  smal le r  
f o r  a wide range of  pe r iods  than those  i n  o t h e r  
c a s e s .  I n  t h e  s'ubmerged s t a t e ,  t h e  n a t u r a l  pe r iod  
i s  too  long  t o  cause resonance i n  n a t u r e .  Th i s  type 
shows, t h e r e f o r e ,  l i t t l e  motion, be ing  e f f e c t i v e  
f o r  o f f s h o r e  s t r u c t u r e s  . 

3) Although an e x a c t  a n a l y s i s  of  t h e  r e s u l t s  i s  
n o t  p o s s i b l e  because of d a t a  s c a t t e r ,  no s p e c i a l  
advantage is  observed i n  any type of a t tachment  
w i t h  r e s p e c t  t o  su rg ing  motion. The l a r g e s t  re- 
sponse is  shown by t h e  r i g i d  CWP; t h e  s m a l l e s t ,  by 
t h e  f l e x i b l e  type. 

4) The d r i f t  f o r c e  is g r e a t e r  f o r  t h e  U j o i n t  than 
f o r  o t h e r  a t tachments .  The d r i f t  f o r c e  f o r  t h e  
flexible.CWP i s  s m a l l e r  than t h a t  of  the  r i g i d  

' t y p e .  The d r i f t  f o r c e  i s  s m a l l e s t  f o r  t h e  sub- 
merged type.  

I n  summary, o s c i l l a t i o n s  and d r i f t  f o r c e s  
a r e  more pronounced f o r  t h e  U j o i n t  than'  i n  o t h e r  
c a s e s  of a r i g i d  CWP. Next comes t h e  s l i d e  a t t a c h -  
ment, t h e  s m a l l e s t  being r i g i d  type .  When t h e  a t -  
tachment is  allowed t o  move, t h e  o s c i l l a t i o n s  and 
the'  d r i f t  f o r c e  i n c r e a s e .  For a l i g h t  f l e x i b l e  
CWP, o s c i l l a t i o n s  and d r i f t  f o r c e  a r e  s m a l l .  

However, i t  is r a t h e r  d i f f i c u l t  t o  r each  def-  
i n i t e  conclusions  f o r  t h e  CWP on t h e  b a s i s  of 
these  exper imental  r e s u l t s .  A s  t h e  s i z e  i n c r e a s e s  
up t o  p ro to type ,  and when moorings a r e  a p p l i e d  un- 
d e r  n a t u r a l  environmental c o n d i t i o n s ,  many unfore- 
seen  f a c t o r s  may come i n t o  p lay ,  and t h e r e  w i l l  be 
a need t o  i n v e s t i g a t e  t h e s e  cases  aga in  i n  more de- 
t a i l ,  w i t h  l a rge -sca le  models, under more represen-  
t a t i v e  n a t u r a l  cond i t ions .  

The a u t h o r s  wish t o  acknowledge t h e  Agency of  
l n d u s t r i a l  Science f o r  clle oppor tun i ty  of  t h i s  s tudy  
and t h e  permission t o  p u b l i s h  t h i s  paper .  The au- . 
t h o r s  a l s o  extend t h e i r  g r a t i t u d e  t o  t h e  Energy. 
Conservation Center  f o r  t h e  promotion of  t h i s  ex- 
per iment .  . 
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DISCUSSION 

T. McGuinness, NOAA: I do n o t  unders tand your con- 
c l u s i o n s .  I f  I look  through your v a r i o u s  curves  
t h e  r e s u l t s  show c o n s i s t e n t l y  t h a t ,  f o r  p i p e s  at- 
tached t o  a p la t fo rm v i a  a u n i v e r s a l  j o i n t ,  t h e  
heave and r o l l  and d r i f t  f o r c e  a m p l i f i c a t i o n s  were 
h i g h e r  than  f o r  a p i p e  r i g i d l y  a t t a c h e d  t o  t h e  
p la t fo rm,  which i n  my mind smacks a g a i n s t  t h e  laws 
of  phys ics .  I d o n ' t  unders tand why t h e  ampl i f i ca -  
t i o n  would b e  h i g h e r  w i t h  a decoupl ing,  a t  l e a s t  
t o  some degree  of freedom by u s e  of  a u n i v e r s a l  
j o i n t  . 
H. Kobayashi: A t  t h i s  p o i n t ,  we a l s o  have some 
doubt and we a r e  tryling t o  do some exper iments  
w i t h  l a r g e r  s c a l e  models. But one t h i n g  I can say  
is  t h a t  when you d e a l  w i t h  a u n i v e r s a l - j o i n t  t y p e  

t h e  motion of t h e  s t r u c t u r e  i t s e l f ,  and a t  t h e  same 
t ime t h a t  of c o l d  wa te r  p ipe ,  should b e  considered.  
This  motion of t h e  p i p e  might cause some l a r g e r  
a m p l i f i c a t i o n s  a t  c e r t a i n  cond i t ions .  But t h i s  
a l s o  i s  i n  doubt ,  and t h e  most i n t e r e s t i n g  cases ,  
which we a r e  going t o  t r y  n e x t ,  a r e  w i t h  a co ld  
wa te r  p i p e  of a f l e x i b l e  m a t e r i a l ,  t h e n  a co ld  
wa te r  p i p e  a t t a c h e d  w i t h  t h a t  coupl ing.  . 

T. McGuinness: May I sugges t  t h a t  t h e r e  has  been a 
s tudy  by Lockheed of  commercial-size p la t fo rms  show- 
ing  t h a t  t h e  problem i s  n o t  s o  much w i t h  t h e  uni- 
v e r s a l  j o i n t  v e r s u s  a r i g i d  connect ion,  r a t h e r  where 
t h e  a t tachment  p o i n t  of  t h e  p i p e  is  r e l a t i v e  t o  t h e  
c e n t e r  of  r o t a t i o n  of t h e  pla t form.  B a s i c a l l y ,  
what you a r e  doing i s  c r e a t i n g  a moment arm i f  you ' 



do not have the pipe attached close to the center 
of rotation of the platform. And varying that dis- 
tance drastically changes the platform pipe coupling 
s i t u a t i o n  vernlin R rml.versa1 joint chgm~e. I sup 
geet that if you consider .further experiments, first 
you should investigate the Lockheed studies, and 
perhaps vary your parameters relative to location of 
those connection points.., I am not a dynamics expert, 

but it seems to me that anytime we talk about dynam- 
ic systems and the modeling systems used, we have to 
understand the dynamic response of a system. It 
would be well to present the data in a undimensional 
form relative to, say, the resonance conditions. , 

Large amplitudes may simply indicate lock-on to a 
natural resonance of the system or nearness to a 
natural resonance of the systeni. 
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Abst rac t  

The dynamic a n a l y s i s  of cold-water i n t a k e  p i p e s  
made of FRP ( f i b e r g l a s s - r e i n f o r c e d  p l a s t i c )  p resen ted  
b z & a  prov ides  t h e  c r i t e r i a  f o r  t h e  s t r u c t u r a l  de- 
s i g n  i n  t h e  s t a b i l i t y  sense.  The mathematical  models 
f o r  bo th  t h e  c a n t i l e v e r  and t h e  simply-supported beam 
a r e  developed, and t h e  approximate t r a n s f e r  f u n c t i o n s  
a r e  ob ta ined  through Laplace t ransforms and Galer- 
k i n ' s  5th-order polynominal f i t t i n g .  The des ign  c r i -  
t e r i a  a r e  ob ta ined  a s  f u n c t i o n s  of s t i f f n e s s ,  f l u i d  
v e l o c i t y ,  m a t e r i a l  p r o p e r t i e s ,  and p i p e  dimensions. 

i n v e s t i g a t i o n s  have been conducted on OTEC during 
t h e  p a s t  f i v e  yea rs .  We have addressed t h e  f e a s i b i l -  
i t y  of us ing  f i b e r g l a s s - r e i n f o r c e d  p l a s t i c  (FRP) a s  
t h e  m a t e r i a l  f o r  t h e  cold-water i n t a k e  p ipes .  The 
requ i red  p r o p e r t i e s  depend on t h e  methods used t o  
i n s t a l l  t h e  CWP and t o  f i x  it. Hence i t  is reason- . 
a b l e  t o  t r e a t  s e p a r a t e l y  t h e  i n v e s t i g a t i o n s  of two 
a s p e c t s :  (a)  r e q u i r e d  p r o p e r t i e s  t o  permit  t h e  
i n s t a l l a t i o n  of t h e  CWP and (b) r equ i red  p r o p e r t i e s  
dur ing  t h e  o p e r a t i o n  of t h e  power p l a n t  inc lud ing  
s t r u c t u r a l  s a f e t y ,  i n s u l a t i o n  a b i l i t y ,  d u r a b i l i t y ,  
and economy. 

Nomenclature' We have developed t h e  s t r u c t u r a l  a n a l y s i s  cover- 
i n g  t h e  fol lowing e x t e r n a l  loads  and have e s t a b l i s h e d  

p Densi ty  of s e a  water ,  1.03 t / m 3 ,  where t t h e  fundamental des ign  c r i t e r i a  f o r  determining t h e  
r e p r e s e n t s  a  m e t r i c  t o n  s t r u c t u r a l  dimensions of FRP p ipes :  , 

pF 
Densi ty  of p ipe  m a t e r i a l  (FRP), 1.1 t/m3 

w Rota t ion  ang le ,  r a d  

Aa 
Sec t ion  a r e a  i n s i d e  p ipe ,  4.15 m2 

AF Sec t ion  a r e a  of p i p e  w a l l ,  0.22 m2 

E Young'smodulus; f o r F R P ,  4.99 x 10' t/m2 

I Moment of i n e r t i a  of p ipe ,  0.15 u4 

u Veloc i ty  of f l u i d  (p is c o n s t a n t )  

L P i p e  l e n g t h ,  m 

C Viscous damping c o e f f i c i e n t  , t.s/m2 

R Dimension of ampli tude 

t t ime,  s 

"0 A ~ P U ~ L ~ / E I  

"1 2 A ~ P U  C/ZEI 

"2 CL~/ZEI I 

z2 (PA, + P#F)EI 

m PA= + P # ~  

I n t r o d u c t i o n  

An Ocean Thermal Energy Conversion (OTEC) system 
u s e s  t h e  temperature  d i f f e r e n c e  between t h e  sea-sur- 
f a c e  temperature  and t h e  deep seawater  temperature  
t o  genera te  power. I n  t h e  Sunshine P r o j e c t ,  promoted 
by t h e  Min i s t ry  of Trade and Indus t ry  of Japan, many 

1. S t a t i c  l o a d s  induced by t h e  c o a s t a l  c u r r e n t ,  
t h e  s t a t i c  water  p ressure ,  t h e  buoyancy, 
e t c .  ; 

2. The dynamic load  imposed by wave tu rbu lence ;  
and 

3. The load  imposed by t h e  i n t e r n a l  f low and 
t h e  impact. 

The s u b j e c t  of t h i s  paper is a  p a r t  of t h e  dy- 
namic s t a b i l i t y  a n a l y s i s  of t h e  s e l f - v i b r a t i o n  t h a t  
would be induced by t h e  seawater  f lowing through t h e  
p i p e ,  whose s t r u c t u r a l  des ign  had been a l r e a d y  com- 
p le ted .  We f i r s t  b u i l t  t h e  mathematical  model of, '  
t h e  beam v i b r a t i o n s  w i t h  two types  of t h e  boundary 
cond i t ions :  ( a )  c a n t i l e v e r s  f o r  f l o a t i n g  OTEC p l a n t s  
(Fig. l a )  and (b) simply-supported beams f o r  onshore  
OTEC p l a n t s  on t r o p i c a l  i s l a n d s  (Fig. l b ) .  

a)  Floating plant b) Fixed onshore plant 

Fig. 1 Types of OTEC plants considered. 

Through t h e  Ga le rk in  method of i n t e g r a l  r e s i d -  
u a l s  wi th  r e s p e c t  t o  t h e  displacement  of t h e  beam1 
and t h e  Laplace t r ans fo rm t o  t ime2 a p p l i e d  t o  t h e  



d i f f e r e n t i a l  equations of  the model, we obtained the 
solution and the transfer functions o f  the  beam i n  a 
compact form, which are approximations i n  the to ta l  
energy sense l i k e  the  buckling model, The Huwitx 
cr i t e r ia  o f  s tab i l i t y3  are also applied t o  the trans- 
f e r  functions,  and the s tab i l i t y  zones o f  the com- 
bination o f  physical parameters are successfully ob- 
tained i n  the form o f  inequalit ies involving the 
s t i f f n e s s ,  EI, scale dimensions, L,D, ve loc i t y ,  V ,  
the densit ies of  the material, p F ,  and the seawater, 
P .  

FRP as the Pipe Material 

Steel pipelines have been commonly used for 
fue l  gas and for petroleum transportation under sea- 
water, o f t e n  as a composite structure with coal tar- 
epoxy or epoxy-polyethylene. I t  was reported by the 
transportation authority i n  the U . S .  that 46% o f  the 
fa i lures  or accidents were caused by c o r r ~ s i o n . ~  A 
potential material for coping with these problems 
i s  Y R P ,  which has been widely investigated i n  recent 
years. FRP has the following basic features: ( a )  
a higher rat io  of  fa i lure  strengthldensity ( s t e e l :  
6.4, FRP: l o ) ,  (b )  anti-corrosiveness, ( c )  insula- 
t ion  a b i l i t y ,  and ( d )  a lower and controllable (vari- 
able) density ( s t e e l :  7.8; F R P :  1.1 t o  1.8). 

Showa Denko K.K., one o f  the leading FRP manu- 
facturers i n  Japan, with the cooperation o f  the 
Tokyo Electric Service Co. ( T E P S C O ) ,  has been con- 
cerned with FRP development. 

Mathematical Models 

A cylindrical CWP i s  subject t o  the la teral  
iner t ia  force posed by the internal seawater flow a t  
constant veloci ty;  i . e . ,  the vibrational displace- 
ment o f  the pipe changes the direction o f  the  vec- 
toral inner flow resulting from the la teral  iner t ia  
force. Furthermore, the  inert ia  force o f  the  inner 
mass of  f lu id  and the Coriolis iner t ia  force,  
caused by the  flowing f lu id  i n  the  moving reference, 
must be considered i n  the s tab i l i t y  problem. 

The free  motion o f  any span o f  the beam i s  
given by a d i f f e r e n t i a l  equation o f  the  following 
type (see Appendix) : 

where rn i s  the mass per unit  length o f  FRP and the 
inner confined f l u i d ,  and C i s  the  viscous damping 
c o e f f i c i e n t .  

The .nondimensional f o m  o f  Eq. 1 i s  

where 

Boundary Conditions 

Case 1 --- Cantilever t ype . ( see  F i g .  2a) 

a t  5 = 1 ,  TI = Am s in  W T ,  a n l a g  = 0 

where Am i s  related t o  the forcing f i c t i o n .  

case 2 --- Simply-supported beam type (see F i g .  2b) 

(J load of F sin d t  

, 
(Y 

22 
fl  

Fig. 2 Notation for the two types shown in Fig .  1 .  

Solutions (Case 1 )  

After obtaining the Laplace transform o f  Eq. 2 
and using the weighting functions, Eqs. 3 and 4 ,  the 
5th-order polynomial solution o f  the Galerkin ap- 
proximation i s  expressed as Eq. 5:  

Weighting functions 

6vl 3 - 45 + c4 
6 0 2  = 4 - 55 + c 5  

- 
n ( 5 , ~ )  = A4(3 - 45 + c 4 )  + A 5 ( 4  - 55 + c 5 )  

+ Am s in  w.r 

where A 4  and A s  are determined from the boundary 
conditions. The solution i n  Laplace space S i s  
expressed as 

( 4  - 55 + c 5 )  + 11 ( 6 )  

,. 
where 

P(S) = 23. 3S4 + (-45. 3a1 + 46.6a2)s3 + (23.3ag 

Stabi l i ty  cr i ter ia3 

The denominator P(S) ( o f  Eq. 6 )  provides a very 
important clue for s tab i l i t y  cr i ter ia .  



:: 
Let us define the roots of P(SI = 0 as Sits. energy method cannot be applied. As for the viscous 

Even if one root among Si has a positive real part, damping coefficients, C, we should take empirical 
the whole system will reach the instability zone values determined by experiments. 
which means induced self-vibration. We use Hurwitz 
Ueterminancs LU define thc otobility zone. Fnr 
brevity, we rewrite Eq. 7 as the following: Tahle 1 Length-velocity solutions 

for C = 0.5 t.s/m 
P = a o ~ 4  + als3 + a2s2 + ajS + at+ (8) 

The Hurwitz criteria ore: 

The beam will remain stable when' all aits in Eq. 8 
and HI, Hg, and H3 are positive. 

Figure 3 and Table 1 present the critical values 
of the combination of pipe length, L, and fluid velo- 
city, v, for the values of FRP properties and pipe 
dimensions given in the Nomenclature. 

L 
(m) 

15 
25 
50 
8 0 
100 
200 
300 
400 
500 
600 
700 
800 

1 1 1 1 1 1 1 1 1 , 1 , 1 1  

a) Case 1 - cantilever - 
- 
7 

( , 1 1 1 1 , 1 , 1 1 1 ( , 1 1 1 1 1  

b) Case 2 - simply supported beam 

V, m/s 

L (m) 
Fig. 3 Upper limits of stability. 

Cantilever 
Case 1 

0.6 
2.5 
3.0 
3.0 
2.5 
2.0 
3.0 
3.0 
3.0 

. 2.5 
2.0 
2.0 

Summary 

Simply Supported 
Beam, Case 2 

0.1 
0.3 
0.5 
0.8 
0.9 
2.0 
1.0 
1.0 
0.8 
0.6 
0.4 
0.4 

The zones of stability for both the cantilever 
and the simply-supported beam representations of FRP 
pipes have been obtained and are powerful tools for 
checking the structural design, which had been done 
previously for other sources of loads such as wave 
forces, current forces, etc. 

The solution presented here is obtained from 
the viewpoint of the total energy, which is differ- 
ent from the usual one that contains the proper fre- 
quencies. 

Acknowledgement 

This study was sponsored bd~okyo Electric Power 
Service Co., and the permission of manager, Mr. Koike, 
is gratefully acknowledged. We also thank Professor 
Masaru Hoshiya, who helped us substantially. 

References 

1. J. J. Connor & C. A. Brebbia, Finite Element 
Techniques for Fluid Flow, Butteworths, 1973. 

2. Clarence R. Wylie, Jr., translation by Taimei 
Tomihisa, Advanced Engineering Mathematics, 
Third edition, Burein Tosho, 1977. 

3 .  Kensuke Hasegawa & Humio Matsumura, "Theory 
of Auto Control," Hirokawa Shoten, 1976. 

4. Seya 'Yutaka, "Ocean Thermal Power Plant, " Tokyo 
Electric Power Service Co., Ltd. 1975. 

5. G. W. Housner. "Bending Vibration of a Pipe Line 
containing ~ l b w i n ~  ~luid," J. Appl. ~ech,- 
ASME, June 1952. 

Appendix 

Fig. A-1 Notation sketch. 

As an element of fluid flows along the pipe it 
has yelocity v tangent to the pipe axis and a veloc- 
ity y=ay/at in a vertical direction. Assuming small 
displacements of the pipe, the x - component of the 
velocity is V, and the y-component is 

If we wish to include external vibrational aY aY 
forces, such as waves, in this model, this kind of y + v y t  = - + v -  at ax 

6.8-3 



The kinetic energy in a length ax o f  the pipe each t ern  may be integrated by parts so as t o  elimi- 
i s  that o f  the pipe plus that o f  the  f l u i d ,  which i s  nate the various derivatives o f  6 y .  

The f i r s t  term on the right side represents the  
k ine t i c  energy o f  the pipe she l l ,  and the second 
represents the k inet ic  energy o f  the f lu id .  The 
s train  energy i n  the  length dx i s ,  according t o  beam 
theory 

Hamilton's principle s tates  that the variation' o f  
t S t 2 ( ~ - v ) d t  i s  equal t o  zero, which for t h i s  prob- 

1 
lem i s  

When t h i s  i s  done, there i s  obtained 

where a l l  the integrated terms have disappeared be- 
cause o f  the boundary conditions. 

Since 6y i s  arbitrary, the only way for the 
integral t o  be zero i s  for the expression i n  paren- 
theses in Eq. (A-6) t o  be identically zero. Equat- 
ing t h i s  t o  zero gives the d i f f e r e n t i a l  equation 

This equation states that the beam i s  acted up- 
Performing the variation gives on by three d i f f e r e n t  iner t ia  forces. The f i r s t  

term represents the inert ia  force associated with the  
change i n  direction of  v , enforced by the curvature J:: ~ : : { ( m  - ~ 1 4 6 ;  + P ( G  + V Y )  ( 6 4  + ~ 6 9 ' )  o f  the beam; that i s ,  the f lu id  experiences an accel- 
eration because it travels along a curved path. The 

(A-5) 
second term i s  the inert ia  force associated with - EIy86y")dxdt = 0 veloci ty  v re lat ive  t o  the pipe while the pipe it- 1 s e l f  has an angular velocity ( a  y ) / ( a t a x )  a t  any 

Since point along i t s  length. The third term represents 
the inert ia  force associated with the ver t ical  accel- 
eration o f  the pipe. As the pipe's action has a a a 6y = - ( 6 ~ ) .  6y' = (6y),6yg' = - damping force,  we add a damping force term t o  Eq. a t  (A-7). This resul ts  i n  the d i f f e r e n t i a l  equation ( 1 ) .  
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Abstract Oscillations In-L ine with the Flow 

Vortex-excited oscillations o f  marine structures result in  
reduced fatigue life, amplified hydrodynamic forces, and sometimes 
lead to structural damage and to premature failure. The cold water. 
pipe o f  an OTEC plant is nominally a b lu r .  flexible cylinder with a 
large aspect ratio ( L I D  = IengthIdiameter). and is likely to be sus- 
ceptible to resonant vortex-excited oscillations. The purpose o f  this 
paper is to survey recent results pertaining to the vortex-excited 
oscillations o f  struciurcs in  general and to consider the application 
o f  these results to the OTEC cold water pipe. These results are 
compared to design methods which have been developed for the 
dynamic analysis o f  marine structures and cable systems. 1 
Introduction 

I t  is often found that unstreamlined, or bluff, structures 
display some form o f  oscillatory instability when exposed to wind or 
current flow past them. One common mechanism for generating 
these resonant, flow-excited oscillations is the organized and 
periodic shedding o f  vortices as the flow separates i n  an alternating 
fashion from opposite sides of a long. bluff body. ,The flow field 
exhibits a dominant periodicity and the body is acted upon by 
time-dependent pressure loads which result i n  steady and unsteady 
drag forces in-line with the flow as well as unsteady l i f t  or side 
forces i n  the cross flow direction. I f  the structure is flexible and 
lightly damped. then resonant oscillations can be excited normal or 
parallel to the incident flow direction. For the more common cross 
flow oscillations. the body and wake have the' same frequency near 
one o f  the natural frequencies o f  the structure, and near the 
Strouhal frequency at which pairs o f  vortices would 'be shed i f  the 
structure were stationary. This phenomenon is commonly termed 
"lock-on." . 

Vortex-excited oscillations o f  marine structures and cables 
result i n  reduced fatigue life. amplified hydrodynamic forces. and 
sometimes lead .to structural damage and to premature failure. 
Flow-excited oscillations very often are a criticai factor i n  the 
design o f  dri l l ing risers and offshore platforms, since these complex 
structures usually have bluff cylindrical elements which are prone to 
vortex shedding i n  an incident current. The cold water pipe o f  an 
OTEC plant is typically a bluff, flexible cylinder with a large bspcct 
ratio ( L I D  = lengthldiameter). and i t  is likely to be susrcptihlc to 
current-induced vortex excitaiion. Thus an understanding ol' thc 
nature o f  the fluid-structure interaction and the rcsult;~nt I l i ~ w -  
induced loads is an important consideration in  the rcli;~hlc t lcsiy~i of 
the OTEC cold water pipe.and its associated mooring and riscr c;~hlc 
systems. 

The purpose o f  this paper is to survey recent results pertilin- 
ing to the vortex-excited. oscillations o f  bluff structures i n  general 
and to consider applications to the OTEC cold water pipe. The phy- 
sical scales o f  the experiments to be discussed range from small- 
--ale laboratory studies to full-scale measurements on marine struc- 

res. These results are compared to design methods which have 
:en developed for the dynamic analysis o f  offshore structures and 
.ble systems. 

I n  the context o f  vortex-induced oscillations one usually 
thinks o f  vibrations lateral to  the incident flow since the shedding 
o f  vortices produces periodic forces which are greater i n  the 
crossflow direction at a frequency near the Strouhal value for vor- 
tices o f  the same sign. The in-line component o f  the periodic 
force, which occurs at twice the Strouhal frequency. is typically an 
order o f  magnitude less than the cross flow component and, i n  
wind. rarely excites the structure due to t k  small density o f  air. 
With the increased utilization o f  lightly-damped bluff structures i n  
water. the likelihood o f ,  in-line oscillatlons has been increased 
because o f  the larger fluid density and because o f  the lower veloci- 
ties at which the vibrations can be initiated. 

Investigations o f  the in-line oscillations o f  bluff cylinders 
began as a result o f  the troublesome and damaging vortex-induced 
oscillations o f  pilings during the construction o f  an oi l  terminal i n  
England during the late 1960's. A description of  the problems 
encountered at the construction site has been given hy Sainsbury 
and K ing  (1) and a discussion o f  subsequent l'ull-sc;~lc experiments 
l o  ascertaill the causes o f  the vibrations has been reported hy Woot- 
ton, Warner. Sainsbury and Cooper (2). 

A cylindrical bluff body is excited into crossllow oscillations 
when the reduced velocity V, - V/./;,D 6' 3.5 to 5 .  This critical 
velocity is the reciprocal o f  the Strouhal number 
(SI  - ,;D/V = 0.20 to 0.27) evaluated at the condition .I; .I;,. 
where .I;, is a natural frequency o f  the hody. In-l ine oscillations 
might be expected to occur at V, = 2.5 sincc tho periodicity i n  the 
drag fluctuations occurs at 2.1;. or twice thc Strouhal frequency. 
Itowever. the in-line oscillations occur over a range V, = 1.5 to 4.0 
and i n  two distinct resonant instability regimes separated by 
~,><2.5. The response i n  each o f  the two regions depends strongly 
on  the non-dimensional parameter 

often called the "reduced damping", which is the product of the log- 
arithmic decrement 6 o f  the structural damping and the ratio o f  the 
mass o f  the structure to the displaced fluid miiss. Typical 
laboratory-scale measurements o f  the dependcncc 01' the in-line 
displacement amplitude upon both V, and k, arc  lotted in Figure 
I. A n  analogous dependence upon k, l'or tlic cross flow displace- 
mcnt amplitude o f  oscillation i n  both air ;~ntl  w;ltcr is well-known 
for a wide variety o f  bluff cylindrical structures. ' I ' l ~c  in-l inc oscilla- 
tions reach displacements o f  only about 0.41) peak-to-peak even at 
very low damping. whereas cross flow amplitudes 111' oscillation are 
known to reach 2 to 3 D  when the damping is small (see Figure 9) .  
7'11c lirst three successive instability regions for both in-line and 
cross l low motions are shown schematically i n  Figure 2. 

. Two distinct flow patterns have been observed for ihe  two 
resonant regions o f  the in-line response. For V, < 2.5 the flow is 
characterized by the shedding o f  two vortices o f  opposing sign from 
opposite sides o f  the cylinder during one motion cycle. while for 
V, > 2.5 a single vortex is shed during each motion cycle and a 



street of alternately rotating vortices is formed downstream of the with k, (model) = 0.30 ;~ntl A ,  (I'ull-scale) = 0.32. Hardwick a'nd 
cylinder. Two such flow regimes had been postulated by Wootton Wootton (6) also obtainctl gootl ;Igreement between model experi- 
e l  al (2) in  trying to explain the appe.arpnce of two in-line instability ments and the lmmingh;~n\ lielil tcst data. 
regions during the full-scale field experiments at Immingham. The 
amplitude and frequency regions over which the in-line vibrations It is important from ;in ;~pl>lication standpoint to note that the 
control the vortex shedding are plotted in Figure 3. tiken from .vortex-excited instability in-line with the flow is initiated at flow 
Griffin and Ramberg (5). The unsteady force coefficients that speed (V/./;,D = 1.2) that is about one-fourfli of  the flow speed 
result from the in-line vibrations have been measured by King, and (V/f,,D = 3.5 to 5) at which the cross flow instability is initiated. 
some typical results are plotted in Figute 4. 

.O. 14 1 I I I Cross Flow Oscillations 

Measurements of the frequencies, displacements and forces 
which result from cross flow oscillations have been obtained by 

0.12 many investigators from experiments both in air and in water. I n  
this section, the most recent of these experiments are summarized. 
Typical measurements for three spring-mounted cylinders in water 

0.10 
are presented in  Figure 6. The results obtained are generally the 
same in both air and water; as the incident flow speed V, or V, as 
in Figure 6, is increased the displacement amplitude first builds up 
to a maximum, after which i t  begins to decrease as the upper limit 

0.08 of the lock-on range bctwccn the vortex and vibration frequencies 
0 
\ 

is approached. For the example in the figure the limits between 
Ix . which the vibration displacements are above their resonant thres- 

hold are given by reduced velocities V, - 5.5 and 7.5. with the 
0.06 maximum amplitude occuring at V, - 6. Dean. Milligan and 

Wootton (81, while studying experimentally the response o f  flexible 
model offshore structures in tlowing water, obtained limits of V, 

0.04 between 4 ;lnd 8 .  with the maximum crossflow response measured 
near k',,,,,l, = 6. This is typical of measurements in  water at all 
Reynolds numbers. 

0.02 The inverse of the reduced velocity V, or the Strouhal 
' number corresponding to the peak vortex-excited displacement is 

plotted as the solid line in Figure 7. adapted from the results o f  

0 
Wootton ( 9 ) .  The large Reynolds numbers are typical of the range 
in which an OTEC cold water pipe might be expected to operate. 

,,, I ~ C ~ L I \ ~ I ~ ( ;  I:or the results in the figure the shedding frequency .I; was locked 
Vr =V/f,O ontt~ the natural frequency , I ; ,  of  the cylinder, and the dashed line 

Figure I. Vortex-excited displacement of ;I llcxihlc ci~t~tl lcvcr i t1  lllc ligurc represents the value o f  St corresponding to the initia- 
(from equilibrium) in  the in-line direction plotted ;~g;~insl tllc rc t iot~ 01' lock-on. The cross flow motions o f  several full-scale 
duced velocity V, = V/,/;,D. The reduced damping ol' tllc slrllrturc cylttttlcrs arc plotted in Figure 8, from the results of Sainsbury and 
is denoted by k,; from King (3). KIII~ (I 1 'I'IIc data were taken from visual observations but they 

FLOW VELOCITY, V 
I:iyure 2. Composite stability diagram for the first three normal modes of a flexible can- 
lilcvcrctl circular cylinder as a funtion o f  the incident water velocity. Both in-line (small dis- 
~>lilcet~tcnt) and cross flow (large displacement) instabilities are shown; from King (4). 

King obtained cxrcl lcn~ ilyrcomcnt between measurements on clearly show the large displacement amplitudes that can be expected 
a 1127-scale model ;~ntl ;I I'IIII-sri~lc marine pile 457 mm (18 in) in water for long flexible cylinders. The Reynolds numbers for the 
diameter which was'cl~i~ri~ctcri,ctl hy a Reynolds number of 6(105). experiments in Figure 8 were somewhat larger than 10'. which 
These experiments are compilrcd in Figure 5. Both cylinders had approaches'th_e range of OTEC applications. Cross flow oscillations 
very nearly the same ccimhini~tion of mass and damping parameters, greater than YID-0.1 were initiated at V, = 3.5 to 4, which agrees 



with the results in Figure 7. These large-amplitude oscillations 
wcrc found to occur even though the current varied in magnitude 
from 2.4 m/s to 0.6 mls  and in horizontal direction by as much as 
40" over the immersed length of the cylinder (18 to 20 m). As 
nc~lrd recently by Dean nnd Wootton ( l o ) ,  full-scalc ddtr uli t l ~ e  
cross flow rcsponse of cylinders are quite lirr~ited because the large- 
amplitude motions usually lead to failure within a few cycles of the 
oscillation. 

Figure 3. Displacement amplitude and frequency ranges over 
which the in-line 'vibrations of a cylinder control the vortex shed- 
ding (lock-on boundaries). The measurements at frequencies near 
twice the Strouhal frequency correspond to Vl f,,D = 2 to 4.4; from 
Griffin and Ramberg (5). 

In the previous section it was seen that the peak in-line dis- 
placement amplitude is a function primarily of a response or 
reduced damping parameter of the form 

This formulation of the reduced damping can be written in the 
analogous form 

when the damping is small and [, = 6 1 2 ~ .  The importance of the 
reduced damping follows directly from resonant force and energy 
balances on the vibrating structure, as shown by Griffin (7) and 
Sarpkaya (12). for example. Moreover, the relation between YMAX 
and k, holds equally well for flexible cylindrical structures with nor- 
mal mode shapes given by $;(z), for the i th  mode. If the cross 
flow displacement (from equilibrium) is written as 

y, = Y $; (z) sin wr 

at each spanwise location z, then the peak displacement is scaled by 
the factor (7) 

Y ~ ~ ~ . ~ ~ x  = Y1i1'2 I Id'i(~)lMAx (4a) 

Experimental data for YEFF as a function of c,/+ are plotted 
in Figure 9. These results encompass a wide range of single 
cylinders of various configurations at Reynolds numbers from 300 
to lo6., The various types of structures represented by the data 
points are given in the figure caption. As a typical example, King 
(4, 13) reported measurements on a flexible cantilever in the fun- 
damental mode. Peak-to-peak djsplacements up t o Z _ t o l A m e t e r s  
were measured for lengthldiameter ratios of 20 to 30. The latter 
are typical of the OTEC cold water pipe. All available experiments 
to date indicate that the limiting unsteady displacement for a flexi- - - -- -. . - -. - - - .. ... - - - 

0.20 
FIRST INSTABILITY REGION IN-LINE 

c'd 

Figure 4. ~ l u c u t a t i n ~  drag coefficient Cj (ForcelKp V2D) plotted against in-line 
displacement amplitude ?ID (from equilibrium), for the fundamental and 
second normal modes of a flexible cantilevered circular cylinder. The circles 
denote the maxima of Cd for a given run; from King (4). 

When Reynolds and Froude number effects are minimal, the 
peak vortex-excited displacement in the cross flow direction can be 
expressed from dimensional analysis as being dependent on three 
quantities, viz. 

Here w,/w, is the ratio of the Strouhal and structural frequencies 
w, = 2 ~ S t  VID and w,, respectively; and [, is the srrucrural damp- 

- '  ing ratio. The parameter + is a mass ratio, defined by 
+ = p ~ ~ 1 8 ~ ~  S12 m, which also results from the normalization of 
the force coefficients in the governing equation of,structural motion 
as shown by Griffin and Koopmann (11) and Sarpkaya (12). 

ble, circular cylindrical structure is about 2 YEFF = 2 to 3. This 
result has been obtained both in air and in water, even though ttie , 
mass ratios of vibrating structures in the two media differ by two 
orders of magnitude. For typical structures vibrating in water the 

2 m 
mass ratio - varies from slightly greater than 2 to about 10; in 

oD2 
air the mas's ratios corresponding to Figure 9 typically vary from 
2m - =  50 to 1000. The maximum unsteady displacement to 

pD2 - -. 
whichagiven  system can be excited is a function of the red;ced 
damping, the product of the mass ratio and the structural log decre- 
ment or damping ratio. Sarpkaya (14) has demonstrated that a 
similar type of dependence between YEFF,MAX and k, or t,/+ is 



obtained for flexible structures vibrating in  periodic flows such as 
ocean waves as well. - 

0.1 5 
[o FULL SCALE RESULTS - 457mm DIA PILE 1 1 

MODEL RESULTS 

n 
\ 

Ix 

0 I .O 1.5 2.0 2.5 3.0 

V, = V / fn  D 

Figure 5. A comparison ol' thc ful l  scale and 1127-scale model 
results for vortcx-excited in-linc oscillations o f  a flexible, can- 
tilevered circular cylinder. The full-scale Reynolds ,number was 
about 6(105) and k ,  = 0.3 for both cases; from King ( 3 ) .  " 

Figure 6. Cross flow-induced displacement amplitude Y/D and fre- 
quency ,I' (scaled by the natural frequency ,I;,) of three circular . 
cylinders in  water. plotted against the reduced velocity V,; from. 
Griffin (7). 

Legend for Data Points 
Glass (1970) 

. L I D  ,I;, (Hz) 2mlpD2 
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When a cylindrical body resonantly vibrates due to vortex 
sheddiog. the periodic motion is accompanied by increased coher- 
ence% of the vortex shedding lenelhwisc along the body and an 
amplification of the unsteady fluid forces: Though a number o f  
measurements of the forces have been made, only recently has 
attention been paid to the mechanisms by which this fluid-structural 
interaction force is generated (15.16); and how results may be 
scaled to large Reynolds numbers (10.17). Further insight into the 
behavior of the unsteady fluid loading due to vortex shedding is 
important to .the designer of offshore structures and cable systems 
from ;I practical standpoint, and from a basic standpoint it is impor- 
I;lnl lo furiher understand the complex nonlinear interactions . 
hclwccn ;I vihri~ting bluff body and its wake. 

'I'hc lluid l'orccs induced on a resonantly vibrating. cylindrical 
slructurc hy vortex shedding have been characterized recently (7. , 

I I) and the various components o f  the total hydrodynamic force . 
arc: 

the exciting force component, by which energy is transferred 
to the structure; 

the ;eactign, or.damping force: which is exactly out-of-phase 
with the structure's velocity; 

thc "added mass' force. which is exactly out-of-phase with 
the structure's acceleration; and 

the m i d  inertia force. 

Thc various comp6nenls can be deduced from the total hydro- 
dynamic forre ;IS mcasurcd. say. by Sarpkaya' CI2) or the various 
romponcnts c i~n he mc;~surcd individually as shown by Griffin and 
Koopmilnn ( I I ) .  

.The excitation component of the total fluid dynamic l i f t  is 
defined as ' 

<'I,E = CI. sin 4 ( 5 )  

and. as just mentioned, is important because it is this component of 
the fluid force system that transfers energy to the structure. A 
number o f  measurements of Cl.E-by various means are plotted in 
Figure 10. and Table 1 describes the various conditions under 
which the experimental results were obtained. Several important 
characteristics of the unsteady lift and pressure forces that accom- 
pany vortex-excited oscillations are clear from the results. First 
there is a maximlrt~i of the exciting force coefficient at a peak-to- 
peak displacement between 0.6 and I diameters for all the cases 
shown in  the figure. Second, the maximum of the force coefficient 
is approximately <',, = 0.5 to 0.6 for all but one case. the sole 
exception being the result at CI,I, = 0.7.5. The coefficient <',,, then 
decreases toward zero in all cases and 1,esults in a limiting effective 
displacement of 2 to 3 diameters. This limit is clearly shown by the 
results at low reduced damping in Figure 9. 

Not only are the uns!eady forces amplified as shown in Figure 
10. but the steady drag loads also are incrcascd substantially as a 
result of vortex-excited oscillations. Sarpkaya (12) has measured 
steady drag coefficients as high as CIJ = 3.1 for a cylinder vibrating 
in water at a displacement o f  2 YM.l.y = 1.7. This represents an 
increase of nearly a factor of 3 from the drag on a stationary 
cylinder: 'i.e. Ch,, = I . I .  'Griffin. Skop'and Ko.opmarin (17) found 
that the drag coefficient 'was increased by as much as a factor of 1.8 
from the stationary cylinder case (.CDo = 0.9) for their experiments 
plotted in Figures 9 and 10. 

. . 
Other' factors also influcncc thc hydrodynamic forces that 

result from vortex-excited oscillations. Among these are surface 
roughne~s'and shear gradients, which have been discussed for sta- 
tionary structures by Hove. Shih and Albano (18). .Sarpkaya 
(Private, communicaiion. 1979) has measured the hydrodyn'amic 
forces on sand-roughened vibrating cylinders and has compared his 
measurements to' comparable experiments with smooth cylinders. 
 some^ typical results for .the rota1 hydrodynamic force coefficient 
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Figure 7. lnversc rcduccd velc~i ty V, ' Tor maximu'm displacement ampli- 
tudes plotted against thc Reynolds number for roughened cylinders. Max- 
imum peak displuccmcnl ; onset of vortex-excited oscillations ---; 
from Wootton ( 9 ) .  

measurements of umplilied hydrodynamic forces due to surface 
l'OOr-'TO 3 rouahness. 

X CANTILEVER RAKE PILE'610mm DIA 
CANTILEVER PLUMB PlLE 610mm DIA (IN THE 

WAKE OF MANY OTHER PILES) + CANTILEVER PLUMB PlLE 610 m m  DlA 
0 CANTILEMR MODE PLUMB PILES 762 mm DIA 

CANTILEVER MODE RAKE PILES y 
762 mm DIA 

The effects o f  velocity gradients are difficult to quantify on 
the basis o f  available evidence. especially for structures which are 
vibrating. However, the sparse information that is available sug- 
gests that a cylindrical structure will vibrate at large displacement 
amplitudes even in  the presence o f  non-uniform flow effects i f  the 
reduced damping is sufficiently small and the critical reduced velo- 
city is exceeded (see Figure 8). 

OTEC Cold Water Pipe Ap~licalions 

i Two primary non-dimensional groups o f  relevant parameters 
must be considered in  assessing the potential severity o f  vortex- 
excited oscillations. 

v 
These are: thc RliDUCED VELOCITY, V, - - 1 .I, D 

Y Y 
2m6 and the REDUCED DAMPING. k ,  - --7 Or I , / P  ' 2 r S f 2 k ,  
P D 

Vrl, crlt 

The latter is e combination of the mass ratio nrlpD2 and the struc- 
Ural  damping ratio (;, or the log decrement 6. Borlr the reduced 
velocity and the reduced damping must be considered in a complete 
assessment. 

The results in the preceding sections suggest criteria for ascer- 
taining the critical incident flow velocities for the onset o f  vortex- 
excited motions. They are: 

I I where V ,,,.,,, - 1.2 for in-line oscillations and V,,,.,,, - 3.5 for cross 
0 

1 2 3 4 5 6 '  ! flow oscillntions at Reynolds numbers greater than about ~(10 ' ) .  in 
V, = V/ fn  D 

the range o f  OTEC applications, c.f. Figure 7. 

Figure 8. Observed cross flow displacement amplitude  ID (from 
equilibrium) plotted aga.inst reduced velocity V, for full-scale 
marine piles; from Sainsbury and King (1). 

C T , ~ , , ~  ere plotted in Figure I I. Substantial increases are apparent 
in  the total hydrodynamic force coefficient for the' rough cylinder. 
Nakamura (19) has measured the steady drag forces and Strouhel 
frequencies on rough circular cylinders at supercritical Reynolds 
numbers, and has observed strong regular vortex shedding at 
Re = 5(10" and above. In. this Reynolds number range the 

. vortex-excited cross flow displacement amplitude o f  a rough 
cylinder increased substantially from the corresponding smooth 
cylinder.experiment. This finding would tend to confirm Sarpkaya's 

An increase in the reduced damping will 'result in smaller 
amplitudes o f  oscillation and at large enough values o f  (;,,Icr or k, 
the motion can be suppressed completely. Reference to Figure 9 
suggests that oscillations are effectively suppressed at (;,,IC1 > 4 or 
k ,  > 16, but cylindrical structures in  water fall well toward the 
left-hand portion o f  the figure. The measurements o f  in-line oscil- 
lations by King (4) haye shown that kortex-excited motions in  that 
direction are effectively suppressed for k ,  > I .  ' The, results 
obtained by Dean, Milligan and Wootton (8) indicate that .the 
reduced damping can increase from ( , I r  - 0.03 to 0.5 (a factor o f  
sixteen) and the peak-to-peak displacement amplitude is decreased 
only from 2  diameters to 1 diameter (a factor o f  two): At the small 
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Figure 9. Maximum vortex-cxc~tctl t.rcl\\ 1l11w tl~r~vlet~cn~cnt amplitude 
2 of circular cylinders. wulcd us III cquatltln 14i1). plc~llcd against the 
rcdurcd dumping (.I@ - ~USI' (2n1l l~l) ' ) .  

Legend for IBatu Pcllnt\ 
Type of cross-section and mnunlin~; mct l~u~c~ Svn~hol 

1:rom Griffin (7): 
Spring-mounted rigid cylinder: air ma0 1W41 
Spring-mounted rigid cylinder; wutcr 

Cuntilevered flexible circular cylinder; all 
0 
A 

Cantileverid flexible circular cylinder; wutcr V O 

Pivoted rigid circular rod: air I IA 

Pivoted rigid circular r d ;  water 

1:rom Dean. Milligan and Wootton (8) :  
Spring-mounted rigid cylinder; water n 
Flexible circular cylinder (/.ID - 72); water u 

I 
mus\ ralltn and strut~tural dumping ratios lhut are typical of light. 
Ilctlhlc \Iructurc\ In water ~ h c  hydrctdynumic toms predominate 
ant1 II I\ ~llIlir.c~ll III ~ctluct. clr \uppress the cwillations by means of 
III.I\\ .118tl ~I.II~I~IIII# CIIIII~III 

VIIIII-~ cthllctl .c~u.~l l i~t~c~n\ sometimes can be reduced and 
\~~ l~ lv tc \u -~ l  hs IIIC ~~l \ l i~ l I ic l~on of cxtcrnal devices that modify the 
Ilclw licltl ~ I ~ I U I  111c strurlurc. llelical fins. porous shrouds and 
\Ircrn~l~ncd lalrlngs have been used with some sumss (20.21 1. but 
In gcncral II IS prcfcrable to design the structure itself to avoid the 
vc~rtcx-cxcitcd oscillations i f  possible. 

I t  is useful to con;,der briefly the vortex shedding characteris- 
' 

tics of a representative OTEC cold water pipe design. As an exam- 
ple the TRW fiberglass p i p  is chosen for convenience. The design 
pjrumctcrs of thc pipe arc given in rcfcrcnce 22 and are listed in 
l'ahlc 2. Thc naturul perictds c~f thc lirst four bending.modes of the 
Ilhs'rgl~~ss pipc arc lislud in l'uhlc 2. Iirom these the in line and 
cross flow crilical velocities can be determined and'the results are 
listed in thc table. A typical OTEC operating condition employed 
in recent Ol'liC studies is the ofishore Brazil region 'grazing' mode 
which yields a flow of I knot (0.51 mls) incident bver the pipe 
lcngth neglecting relative currents. From the critical velocities in  
Tablc 2 i t  is clear that for these conditions the 9.2m (30 ft) diame- 
ter pipe would be in the critical velocity range for in-line oscilla- 
tions in the first two modes and for cross flow oscillations in the 
fundamenlal mode. 

Z y ~ r r ,  MAX 

Figure 10. The excitation component of the lift forcc. equa- The reduced damping of the structure must also be con- 
tion (5). plotted against the vortex-excited cross flow displacement sidered in  order to assess the potential severity of vortex-excited 
2 YEff,,,IIY (peak-to-peak). as in equation (4a). The legend for the oscillations. A thin-walled, water filled circular cylinder with a high 
data points is given in Table I. slenderness ratio (in one OTEC case an L /D  - 83) typically will 



SYMBOL  ID CYLINDER SURFACE CONDITION -- 
0.5 SAND-ROUGHENED, KID = 1 I 100 
0.5 SYOOTH 

0 0.25 SMOOTH 
+ 0.5 SMOOTH 
A '0.25 SMOOTH 
0 0.13 SMOOTH 

Figure I I. Total hydrodynamic force coefficient (FomlHp v'D). Cr..w~x. measured in 
uniferm flow on smooth and rough circular cylinden vibrating in the cross flow dircc- 
lion. plotted apinsl the reduced velocity b',: from Sarpkeye (Private communicnion. 
1979). 

Tablc I .  'I'hc I:rcitin$ l:arccs on Vibrating Bluff Cylinders 
Dcwriplion of thc I)atu in Figure 10 

Table 2. The Effects of Vortex Sheddin$ on an OTEC Cold Water Pipe 
Pipe parameters from rcfcrcncc 22. 

Cylindrical Rkrglass pipe. SOmm thick: 

Diameter - 9.2m; Length- 762111. I.cn$lhll)iumetcr -83 

Invesligllor(s) 

King (1977) 

Vickery end , 

Welkins ( 1964) 

GriBn and 
Koopmann ( 1977) 

Mercier ( 1973) 

Sarpkaya ( 1978) 

llartlen. Baines 
and Currie 4 1968) 

Symbol 

A 

+ 

0 

A 

Medium 

Wulcr 

Water 

& Air 

Air 

Water 

Water 

Air 

'I'ype of cylintlcr 

I:lerihlc 
canlilevcr 

Pivoted 

rigid cylinder 

Spring-mounted 
rigid cylinder 

Rigid cylinder. 
f o m d  
oscillations 

Rigid cylinder. 
f n m d  
oscillations 

I:lcrihlc 
c.i~ntilcvcr 

Mcde of oscil@tion 

L 

Fund. 

2 

3 

4 - 

Cylindcr muterial 

PVC 
PVC 
Aluminum 
Stainless steel 

Bnsv 

Aluminum tubing 

~ t a i n i i  steel 

Aluminum tubing 

Aluminum 

Natural period (sec) 

121.0 

43.2 

21.4 

12.6 

('rilicul veltrily I;, , ,  (rnls) 
1 

VCr,, - Vr,cr,f (Dl  TNAT) 

In-line 

0.092 

0.253 

0.512 

0.854 

Cross flow 

0.265 

0.741 

1.49 

2.54 

v,,,.,,, - 1.2 (in-line); 3.5 (cross flow). 
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1)etermine new stress distributions based upon the new 
stci~dy-state deflection and the superimposed unsteady 
l'orccs, displacements and accelerations due to vortex shed- 
~l inn.  

a Asscas the severity of the augmented stress levels relative to 
l'i~tiguc lifc. critical stresses, elc. 

Prohlcms associated with the. shedding of vortices ofien hi~ve 
heen overlooked in the past in  relation to the design o f  offshore 
structures. largely hcrausc reliable experimental data and design 
methods have been unav;~il;~hlc. Iiowever. the dynamicanalysis of 
underwater structures has hccome increasingly important in  ordcr 
to predict stress tlistrihutions and fatigue life in the ocean 
environment. ' Thcsc I';~ctors ;Ire particularly relevant to the 0TF.C' 
cold water pipc. whirl1 must he designed to survive and operalc in 
the ocean cnvironnicnl ovcr ;I long (20 to 30 years approx.) time 
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This paper h;~s sunin~;~rized the present state-of-knowlcdgc 
relativc to the vortex-cxcitcd oscillations of marine structures. 
Reliable cxl~crimcntal i l i ~ t ; ~  now are in hand for the dynamic 
response ol' and flow-induced I'orccs on model-scale structures, and 
bascd upon thcsc cxpcriments semi-empirical prediction models 
have heen developed ant1 tested. Many of these existin& results 
and design methods arc applicable in  the Reynolds number range 
that characterizes the OTEC cold water pipe. 

Prototype and full-scale test data are essential for the cffecis 
o f  vortex shedding and vortex-excited oscillations to be confidently, 

, included in the design of ocean structures such as steel jacketed 
platforms, marine risers and the OTEC cold water pipe. 
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DISCUSSION 

R; Lyon, Oak Ridge: I n  computing your n a t u r a l  f r e -  
quenc ies ,  you i n c l u d e  t h e  mass of t h e  wa te r  i n s i d e  
t h e  p ipe ;  I wonder i f  you a l s o  i n c l u d e  t h e  e f f e c t  
of t h e  v e l o c i t y  of t h e  wa te r  through t h e  p i p e  - t h e  
mass f low r a t e  through t h e  p i p e ,  which I t h i n k  would 
a f f e c t  t h e  n a t u r a l  f requency q u i t e  d r a s t i c a l l y .  

0 .  G r i f f i n :  None of  t h e  experiments were d o n e . i n  
c o n d i t i o n s  where wa te r  was f lowing through t h e  
p ipe .  That would obviously have t o  be  taken i n t o  
account i n  terms of  OTEC a p p l i c a t i o n s .  

T. McGuinness, NOAA: You have c a l c u l a t e d  t h e  e f f e c t  
on n a t u r a l  f requency of t h e  f l u i d  f lowing i n  t h e  
p i p e  haven ' t  you, Arnold? Can you g i v e  us  some i d e a  
of t h e  magnitude of  t h e  e f f e c t ?  

A. Galef ,  TRW: Yes. The e f f e c t  on n a t u r a l  f r e -  
c i e s  i s  simply t h e  c e n t r i f u g a l  f o r c e ,  and t h a t  i s  
equa l  t o  t h e  mass flow r a t e  m u l t i p l i e d  by t h e  ve l -  
o c i t y  and t h i s  e f f e c t i v e l y  s u b t r a c t s  from t h e  ten- 
s i o n  a t  a l l  p o i n t s .  For t h e  TRW p i p e s  i t  e s s e n t i a l -  
l y  s u b t r a c t s  60,000 pounds of t ens ion .  Depending on 
what t h e  t e n s i o n  wi thou t  t h e  f low r a t e  i s ,  t h e  e f -  
f e c t  i s  l a r g e  o r  smal l .  I f  we had a  couple  of m i l -  
l i o n  pounds of  t e n s i o n ,  it had n e g l i g i b l e  a f f e c t .  
I f  we had 100,000 pounds of t e n s i o n ,  i t  would have 
a  v e r y  b i g  a f f e c t .  The f r i c t i o n a l  f o r c e  e f f e c t  i s  
assumed t o  La smal l  and is  neg lec ted .  

Question: Have you ever  observed,  o t h e r  t h a n  i n  
c a b l e  exper ience ,  t h e  a m p l i f i c a t i o n  f a c t o r s  f o r  
higher-mode i s o l a t i o n s ?  

D .  Hove, SAI: The on ly  exper imental  evidence I have 
ever  seen  on v o r t e x  lock-on i n  a p p l i c a t i o n  is  f o r  
t h e  fundamental mode. I n  f a c t ,  most ly  i n  c a n t i l e v -  
e r  beams. Some smal l - sca le  exper iments  i n  wa te r  
have gone up t o  second mode. The c y l i n d e r  was os- 
c i l l s . t i n g  a t  l a r g e  enough ampli tudes  t h a t  they  were 
a lmost  equa l  t o  t h e  fundamental modes. You would 
g e t  t h e  same type  of f o r c e  a m p l i f i c a t i o n .  We a t -  
tempted t o  do such a n  experiment r e c e n t l y  under 
NOAA's sponsorship,  and it i s  very  d i f f i c u l t  t o  
reach a  second mode wi th  any k ind  of t h i n  w a l l  p ipe.  

Ques t ion :  I n  your work f o r  NOAA, do you i n t e n d  t o  
address  probably t h e  most u n c e r t a i n  ques t ion ,  t h a t  
i s ,  shear-flow lock-on reg ions?  

D. Hove: As f a r  a s  anybody can; t h e r e  i s n ' t  much 
evidence around. 

J .  Vadus, NOAA: With regard  t o  t h e  problem of vor- 
tex shedding i n  t h e  presence o f  t h e  s h e a r  f low o r  
~ e l o c i t y  p r o f i l e  l i k e  we have i n  t y p i c a l  OTEC 
s i t e s ,  t h e  paper a t  t h i s  conference by D r .  Rooney, 
a t  V i r g i n i a  Po ly techn ic  I n s t i t u t e  addresses  t h e  
problem by wind-tunnel measurements. 

J. Coyle, Navy: You have been d i s c u s s i n g  t h e  meas- 
urement of c i rcumstances  i n  which t h c s c  v a r i o u s  
o s c i l l a t i o n s  occur.  Has t h e r e  been any thought 
given t o  des ign ing  a  p i p e  t h a t  would b e  somehow 
tuneab le  s o  t h a t  you could dynamically change i t ,  
perhaps i n f l a t i n g  o r  d e f l a t i n g  p a r t s  of  i t ,  t o  de- 
tune  whatever resonance may occur  due t o  a  change 
i n  ocean c u r r e n t ?  

T. McGuinness: C l e a r l y ,  t h e  p r a c t i c a l  approach 
would b e  t o  des ign  around i t  l i k e  a  f r i e n d  of o u r ' s ,  
Ralph Blev ins  from APL, contends,  and I agree  i t ' s  
a  des ign  problem. However, b e f o r e  you can d e a l  w i t h  
a  des ign  problem, you have t o  have some understand- 
ing  of t h e  phenomenon and t h e  means by which you 
may e l i m i n a t e  it .  I n  terms of tun ing  t h e  p ipe ,  l e t  
me r e l a t e  a  b i t  of  in fo rmat ion  t h a t  was d e l i v e r e d  
t o  me from t h e  o i l  indus t ry .  They g e n e r a l l y  do n o t  
worry t o o  much about shedding because g e n e r a l l y  
they have bottom-mounted s t r u c t u r e s ,  tension- leg 
moored where you can pu t  a  s i g n i f i c a n t  amount of 
t e n s i o n  i n  a  v e r t i c a l  r i s e r  system. Therefore ,  the 
f requenc ies  where they  would lock-on would b e  a  v e r y  
h igh  v e l o c i t y ,  and, i n  f a c t ,  f a i l u r e s  have been not-  
ed when v e l o c i t i e s  go above t h o s e  of t h e  des ign  and 
shedding occurs  a t  f r equenc ies  t h a t  were n o t  pre- 
d i c t e d .  Your p o i n t  is  w e l l  made, and I t h i n k  t h a t  
i s  t h e  approach t h a t  w i l l  win o u t  and is  i n  t h e  
d i r e c t i o n  of t h i s  program - t o  des ign  around t h e  
problem. 

G.  Wachtell ,  F r a n k l i n  Res. Center:  I n  l i n e  w i t h  
t h e  o rev ious  ques t ion ,  1. wonder whether you might - 
wrap a  p r o j e c t i o n  h e l i c a l l y  around t h e  s u r f a c e  t o  
prevent  l a r g e  v o r t i c e s  from be ing  shed p e r i o d i c a l l y .  

T. McGuinness: Our O f f i c e  of Engineering is in-  
volved i n  i s s u i n g  a  s o l i c i t a t i o n ,  w i t h i n  about  two 
months, t o  t e s t  co ld  wa te r  p i p e s  i n  v a r i o u s  con- 
f i g u r a t i o n s .  One phase of t h e  program w i l l  b e  t o  
b u i l d  and t e s t  a  p i p e  about 1 f t  i n . d i a m e t e r  by 100 
f t  long i n  a  s i t u a t i o n  where it would shed and then  
t o  t e s t  v a r i o u s  dev ices  such a s  t h i s  h e l i c a l l y  wound 
vortex-shkdding-suppresser o r  o t h e r s  t o  a s s e s s  t h e i r  
e f f e c t i v e n e s s  i n  c u r r e n t s ,  i n  s h e a r  f lows,  and w i t h  
and without  b i o f o u l i n g .  So, we a r e  ve ry  much going 
i n  t h a t  d i r e c t i o n  and we a p p r e c i a t e  your sugges- 
t ions .  

A. Galef :  I would l i k e  t o  suggest  t h a t  some o f  
t h e  o i l  i n d u s t r y  exper ience  w i t h  what they  t h i n k  is  
v o r t e x  shedding may b e  misleading.  The o i l  indus- 
t r y  r i s e r  w i l l  i n v a r i a b l y  be  of  n o n c i r c u l a r  cross-  
s e c t i o n ,  because you have t h e  k i l l  and choke l i n e s  
running down and you have some k i n d . o f  condu i t  f o r  
them; t h u s  you have t h e  p o t e n t i a l  f o r  ga l lop ing ,  
which is a  l i f t  i n  t h e  d i r e c t i o n  oppos i t e  t o  t h e  
p l a c e  where you expect  i t  t o  go. I t ' s  e f f e c t i v e l y  
a  s t a l l  f l u t t e r  s i t u a t i o n .  I ' y e  run some s e c t i o n s  
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in the Aerojet water tunnel some years ago, and I 
was amazed that such small deviations from circu- 
lar sections could induce galloping. I believe a 
lot of the oil industry experiences that they think 
are vortices are really that instead. 

J. Vadus: Perhaps someone will make a comment. 
We discussed briefly the problem of vortex shedding 
when a cylinder becomes non-symmetrical, noncircu- 
lar. Would anyone like to get up and make a com- 
ment on that? 

comment: Galloping is a problem for noncircular 
sections. Another problem is what people call 
ovalling or breathing-like oscillations, and there 
has been some recent evidence to suggest also that 
they are not vortex-induced either. They come from 
some as yet unknown origin. So that would be an- 
other one of your noncircular sections, hecause the 
pipe is typically deformed when it is ovalling or 
breathing. You have to be careful in terms of 
assessing those, which is essentially what the OTEC 

' 

people are doing in terms of looking at the shell 
model for the pipe. 



CURRENT-WAVE COUPLING AND HYDRODYNAMICS 

Giulio Venezian * - 

The expected fo rces  on the  components o f  t h e  
OTEC p l a t f o r m  and c o l d  water  p i p e  a re  impor tant  i n  , 

determin ing the  proper s t r u c t u r a l  design o f  .these 
elements. The hydrodynamic fo rces  a r i s e  from the 
f l u i d  v e l o c i t y  ad jacent  t o  the  elements. Th is  
v e l o c i t y  f i e l d  i s  determined by the  wave and cur-  
r e n t  environment i n  t h e  v i c i n i t y  o f  the  p la t fo rm.  
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Abstrac t  t h a t  the  h e i g h t  and p e r i o d  g iven a re  those t h a t  
o b t a i n  a t  the  s i t e  and do n o t  have t o  be modi f ied 

The coup l ing  o f  a  h o r i z o n t a l  c u r r e n t  U(y) as would be t h e  case i f  t h e  wave c h a r a c t e r i s t i c s  
having a  v e r t i c a l  g r a d i e n t  w i t h  sur face waves i s  { r e f e r r e d  t o  a  reg ion  where the  c u r r e n t s  a re  absent. 
s tud ied  by two approaches. The f i r s t  uses t h e  non- (see Phillips2 p. 56, for corrections which  
1  i near i r r o t a t i o n a l  theory  o f  waves o f  permanent would apply  i n  such a  case). 

1  Bretschneider  has c a l c u l a t e d  t h e  hur r i cane  
design wind, wave, and c u r r e n t  cond i t i ons  f o r  f o u r  
p o t e n t i a l  OTEC s i t e s :  Keahole Point ,  Hawaii; Punta 
Tuna, Puerto Rico; New Orleans, Louisiana; and the  
West Coast o f  F l o r i d a .  A  summary o f  these r e s u l t s  
appears i n  Appendix A. 

., 

Th is  paper combines the  c u r r e n t  and wave ve lo-  
c i t i e s  obta ined from Bre tschne ider ' s  data t o  

form and ad jus ts  the  r e s u l t i n g  f l o w  f i e l d  t o  ac- 
count f o r  the  cu r ren t .  The second approach i s  a  The wave i s  n o t  assumed t o  be l i n e a r ,  b u t  an 
l i n e a r  p e r t u r b a t i o n  w i t h  t h e  c u r r e n t  regarded as ad-hoc procedure i s  used t o  combine t h e  c u r r e n t  and 
the  bas ic  f low.  Th is  approach can be used t o  aria- wave , v e l o c i t y  f i e l d s .  The procedure i s  based on 
l y z e  waves t h a t  a r e  c o l i n e a r  w i t h  the  c u r r e n t  as the  e f f e c t  o f  superposing a  un i fo rm c u r r e n t  on an 
w e l l  as those t h a t  propagate a t  an angle t o  the  i r r o t a t i o n a l  plane wave. The procedure w i l l  be 
cu r ren t .  j u s t i f i e d  by comparing the  r e s u l t s  w i t h  those ob- 

t a i n e d  us ing  a  l i n e a r  r o t a t i o n a l  theory, which i s  , 
It i s  found t h a t  the  two approaches g i v e  s i m i l a r  d iscussed later. 

r e s u l t s  f o r  small  ampl i tude waves, w i t h  the  l i n e a r  
approach overes t imat ing  the  magnitude o f  the  ve lo-  I n  t h e  absence o f  a  cu r ren t ,  a  plane wave i n  
c i t i e s  a t  l a r g e r  ampli tudes. deep water w i l l  propagate w i t h  a  speed co which i s  

The f i r s t  approach was used t o  c a l c u l a t e  the  a  f u n c t i o n  o f  the  wave number ko and the  wave 

a r r i v e  a t  the  v e l o c i t y  f i e l d  due t o  the  combined 
e f f e c t  o f  cu r ren ts  and waves. 

v e l o c i t y  and a c c e l e r a t i o n  f i e l d s  f o r  the maximum steepness a  = koH/2. Associated w i t h  t h i s  wave 
wave expected a t  f o u r  p o t e n t i a l  OTEC loca t ions .  
The r e s u l t s  a re  presented g r a p h i c a l l y  i n  t h e  form w i l l  be a  v e l o c i t y  f i e l d  descr ibed by i t s  compo- 
o f  curves o f  constant  h o r i z o n t a l  v e l o c i t y  and nents u(x,y,t) ,  v (x ,y , t ) .  I f  t h i s  wave i s  observed 
acce le ra t ion .  These curves can be used t o  f i n d  i n  a  frame o f  re ference moving t o  the  l e f t  w i t h  a  
the  fo rces  on v e r t i c a l  members prov ided t h a t  d i f -  speed U, the  r e s u l t  w i l l  be the same as super- 
f r a c t i o n  e f f e c t s  can be neglected. posing a  un i fo rm c u r r e n t  U  i n  t h e  p o s i t i v e  x  d i r e c -  

\ t i o n .  The p e r i o d  o f  the wave w i l l  be unchanged 
I n t r o d u c t i o n  b u t  the  speed o f  propagat ion r e l a t i v e  t o  t h e  moving 

frame i s  c  = U  + c _  and t h e  wavenumber i s  thus 

Summary o f  the  Method 

The g iven data f o r  a  p a r t i c u l a r  l o c a t i o n  are: 
the  c u r r e n t  U(y) as a  f u n c t i o n  o f  depth, t h e  maxi- 
mum wave h e i g h t  H  and t h e  s i g n i f i c a n t  p e r i o d  TS. 

It w i l l  be assumed here t h a t  t h e  maximum fo rces  on 
the s t r u c t u r e  can be obta ined by c a l c u l a t i n g  t h e  
fo rces  associated w i t h  a  r e g u l a r  p lane wave having 
a  h e i g h t  H and p e r i o d  TS. I t  i s  f u r t h e r  assumed 
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Zn/(U + co)T, o r  k  = koco/(U t co). I f  the  c u r r e n t  

U, the  p e r i o d  TS and the  waveheight H  a r e  given, 

the  speed o f  propagation i s  n o t  immediately known, 
and i t  i s  necessary t o  so lve the  above equations . 

f o r  ko. Once t h i s  i s  determined, the  f l o w  i n  t h e  
presence o f  a  c u r r e n t  i s  g iven by u '  = u(x-Ut,y,t) 
+ U, v '  = v(x-Ut,y,t) .  

For the  case o f  a  un i fo rm cur ren t ,  t h i s  proce- 
dure i s  exact.  I t a l s o ' i s  c o r r e c t  i f  the  wave- 
l e n g t h  i s  s h o r t  compared t o  the depth r e q u i r e d  f o r  
the re  t o  be a  s i g n i f i c a n t  change i n  t h e  cu r ren t ,  
s ince  t h e  f a c t  t h a t  the  c u r r e n t  changes a t  lower  
depths, where the  wave i s  n o t  f e l t ,  would n o t  
a f f e c t  the  propagat ion o f  t h e  wave. 

The procedure adopted here i s  as fo l l ows :  F i r s t ,  
the  sur face va lue o f  the cu r ren t ,  Uc, i s  used i n  , 
determin ing the  wave speed as i f  a  i n i f o r m  c u r r e n t  
Us was involved.  The second s tep  i s  t o  combine 

t h e  ac tua l  c u r r e n t  U(y)  w i t h  the  ve loc ' i ty  f i e l d  
obta ined i n  the  f i r s t  step. We proceed by analogy 
w i t h  the  case o f  a  un i fo rm cur ren t .  Suppose t h a t  
a  c u r r e n t  -c i s  superposed on a  wave o f  wave- 
number k. The n e t  e f f e c t  i s  t o  s top  t h e  wave com- 
p l e t e l y  so t h a t  the  f l o w  i s  then steady. The f l o w  
can then be represented by a  s t reamfunct ion Y  w i t h  
stream1 ines  y ( ~ , x ) .  These streamline? a re  wavy 
l i n e s  o s c i l l a t i n g  about a  mean value y(Y) .  The , 

'assumption made here i s  t h a t  the  h o r i z o n t a l  f l u i d  



v e l o c i t y  u(x,y,t) a t  y  = y ( ~ , x )  i s  augmented by be regarded as g i v i n g  exac t  r e s u l t s .  The wave 
t h e  c u r r e n t  a t  the  mean l o c a t i o n  of t h e  s t reaml ine,  speed c and the steepness a = kH/2 a re  a l s o  found 
t h a t  is, by ~ ( y )  evaluated a t  y  = Y(Y) .  The sub- as func t ions  o f  E. 

s t i t u t i o n  i s  thus 
The steps requ i red  t o  so lve  f o r  the  v e l o c i t y  

u '  = U ( X  - Ust,  Y, t )  t U(T). . ( 1 )  components a re  thus t h e  f o l l o w i n g :  
. - 

I n  t h i s  manner, v e l o c i t y '  and a c c e l e r a t i o n  f i e l d s  
were obta ined f o r  t h e  f o u r  OTEC loca t ions .  

Fur ther  D e t a i l s  o f  the Method 

The theory  of waves of permanent form was g iven 
, by ~ t o k e s ' ' ~ ,  who o u t l i n e d  a method whereby t h e  - 

v a r i a b l e s  o f  i n t e r e s t  cou ld  be expanded i n  a power 
s e r i e s  i n v o l v i n g  a small  parameter. I n  recen t  
years, Stokes' procedure has been formulated i n  a 

# s y s t e m a t i c  way so t h a t  the  p e r t u r b a t i o n  expansjon 
can be c a r r i e d  o u t  by computer. Both schwartz3 
and coke le tb  have presented such computer expan- 
s ions,  u s i n g  Stokes' second fo rmu la t ion  o f  the  
problem i n  which t h e  s p a t i a l  coord inates a r e  taken 
t o  be t h e  independent va r iab les ,  and a re  regarded 
as f u n c t i o n s  o f  the  v e l o c i t y  potent , ia l  and stream- 
func t ion .  Schwartz c a r r i e d  o u t  h i s  expansion us ing  

- t h e  steepness as t h e  expansion parameter. Cokelet  
used a d i f f e r e n t  expansion parameter, which he 
found t o  have b e t t e r  convergence p roper t ies .  Both 
authors acce le ra ted  t h e  convergence o f  the  power 
s e r i e s  by t h e  use o f  Pade approximants,7 t h a t  i s ,  
r a t i o n a l  f r a c t i o n  approximations t o  t h e  power 
se r ies .  

I n  t h e  work, repor ted  here, Coke le t ' s  approach 
was used t o  generate the  c o e f f i c i e n t s  i n  t h e  var-  
i ous  expansions and sums were ex t rapo la ted  by con- 
v e r t i n g  t h e  s e r i e s  i n t o  cont inued f r a c t i o n s ,  a  
method c l o s e l y  r e l a t e d  t o  t h a t  o f  Pade approx i -  
mants. 

For a wave o f  permanent form i n  deep water, as 
seen i n  a frame o f  re fe rence  i n  which the  wave sur-  
face i s  s t a t i o n a r y ,  the  f l o w  i s  s p e c i f i e d  by the  
equat ions 

where X and Y are t h e  coord inates o f  a  p o i n t  and 
cP and Y a r e  t h e  v e l o c i t y  p o t e n t i a l  and streamfunc- 
t i o n  a t  t h a t  po in t ,  w i t h  t h e  f r e e  su r face  a t  Y = 0. 
The parameter E i s  a  parameter which measures t h e  
steepness o f  the  wave, and i n  Coke le t ' s  expansion 
i t  i s  de f ined  by 

where q i s  t h e  v e l o c i t y  o f  the  f l u i d  a t  the  p o i n t  
i n  quest ion,  measured i n  t h e  frame o f  re ference i n  
which the  wave sur face  i s  s t a t i o n a r y .  This  para- 
meter has t h e  p roper ty  t h a t  E + 0 f o r  a  1inear.wave 
and E + 1 f o r  a  wave o f  maximum steepness. 

Cokelet  has g iven a method f o r  expanding the  
F o u r i e r  c o e f f i c i e n t s  i n  powers o f  E, and i n  t h i s  
r e p o r t  an expansion t o  o rder  E~~ was used, which 
combined w i t h  the  cont inued f r a c t i o n  approach can 

1 )  Assuming t h e  f l o w  t o  be t h a t  of a  wave of a  
g iven h e i g h t  H and frequency w on a un i fo rm c u r r e n t  
US .= U(O), the speed o f  t h e  wave r e f e r r e d  t o  a r e s t  
frame i s  

and t h e  steepness i s  

Th is  g ives  a p a i r  o f  equations f o r  t h e  unknowns 
E and k. 

2) Once E i s  known, the Four ie r  c o e f f i c i e n t s  
an(€) can be found and t h e  v e l o c i t y  components can 

be c a l c u l a t e d  as func t ions  o f  @ and Y. 

3)  To f i n d  the  v e l o c i t y  components a t  a  s p e c i f i c  
l o c a t i o n  (Xo, Yo), t h e  p a i r  o f  equations 

must be so lved f o r  O and 1. Th is  can be done by 
means o f  Newton's method. 

4) The c u r r e n t  v e l o c i t y  i s  then added t o  t h e  
wave v e l o c i t y  i n  the  manner descr ibed i n  the -,ere- 
ceding sect ion.  

I n  t h i s  manner, r e s u l t s  were obta ined f o r  t h e  
f o u r  OTEC l o c a t i o n s  and a re  presented g r a p h i c a l l y  
i n  f i g u r e s  1-16. These show the, l i n e s  o f  con- 
s t a n t  u  and constant  au/at ' (ho r i zon ta l  v e l o c i t y  and 
a c c e l e r a t i o n )  f o r  the  f o u r  l o c a t i o n s  w i t h  cu r ren ts  . 
a c t i n g  i n  the  same d i r e c t i o n  as t h e  waves and i n  
oppos i t i on .  

Discuss ion o f  the  Resul ts  

Taking the  Keahole 'po int  r e s u l t s  as an example, 
i t  i s  seen t h a t  when t h e  c u r r e n t  i s  i n  oppos i t i on  
t o  the  wave, the  waves become steeper. Th is  i s  re -  
f l e c t e d  i n  the  s h o r t e r  wavelength, which i s  218.8 
meters when the  cur ren ts  oppose t h e  waves and 243.5 
when they run  i n  the  same d i r e c t i o n .  To assess the  
e f f e c t  o f  wave ampl i tude on the  r e s u l t s ,  these runs 
were repeated w i t h  a waveheight o f  1.51 meters i n -  
stead o f  the 'des ign  h e i g h t  o f  15.1 meters. For 
t h i s  luwer  height ,  the  wavelengths were found t o  be 
208.6 meters and 235.25 meters, respec t i ve ly .  
Since the  speed o f  the wave r e l a t i v e  t o  t h e  c u r r e n t  
increases w i t h  steepness, and s ince  t h e  wavelength 
increases l i n e a r l y  w i t h  t h i s  speed, the  steeper 
wave has t h e  l a r g e r  change. 

The va lue o f  the  parameter E i s  a l s o  a measure 
o f  the  non l inear  effect:. For t h e  Keahole Po in t  
data, E i s  0.515 f o r  c u r r e n t s  i n  oppos i t i on  t o  the  
waves and 0.465 f o r  cu r ren ts  i n  t h e  same d i r e c t i o n .  
The Keahole Po in t  waves a re  the  l e a s t  steep and 
those f o r  t h e  West Coast o f  F l o r i d a  a re  the  
steepest.  



A l t e r n a t i v e  Approach t o  the  Problem 

An a l t e r n a t i v e  fo rmu la t ion  o f  the  problem t h a t  
does n o t  superpose the  c u r r e n t  on an i r r o t a t i o n a l  
wave i s  a l s o  poss ib le .  I n  t h i s  approach t h e  f l o w  
i s  regarded as r o t a t i o n a l ,  s ince  the  c u r r e n t  has 
shear. Th is  type o f  coup l ing  was f i r s t  explored by 
~ a ~ l e i ~ h ~  and ~ a y l o r . ~  

I n  t h i s  formulat ion,  the waves a re  regarded as a 
p e r t u r b a t i o n  on t h e  un i fo rm f low,  and the  l i n e a r  
equations a t  l e a s t  a re  simple. Per tu rb ing  about a  
main stream U(y) ,  the  equations f o r  p lane waves 
t r a v e l l i n g  i n  t h e  x  d i r e c t i o n  are: 

and 

I f  the  s t reamfunct ion $ i s  in t roduced f o r  t h e  com- 
ponents u and v o f  the  f l u i d  v e l o c i t y  r e l a t i v e  t o  
the  stream, the  equations reduce t o  

and if $ i s  a f u n c t i o n  o f  ( x  - c t ) ,  

Simple fo rmu la t ions  a re  a l s o  poss ib le  f o r  waves 
t r a v e l l i n g  i n  a d i r e c t i o n  a t  an angle t o  t h e  cu r -  
r e n t ,  a l though t h e  s i m p l i f i c a t i o n  t h a t  r e s u l t s  
from expressing the  v e l o c i t y  coniponents i r ~  Lenns ' 

o f  the  s t reamfunct ion i s  n o t  poss ib le  i n  t h i s  more 
general case. 

The above equat ion was f i r s t  de r i ved  by 
Rayleigh, and ~ a ~ l o r l O  has discussed two p iece-  
wise 1 i n e a r  current?,  w h i l e  ~ b d u l  lahl' has inves-  
t i g a t e d  t h e  i n t e r a c t i o n  o f  waves w i t h  an exponen- 
t i a l l y  decaying cur ren t .  I n  the  f i r s t  case 
discussed by Tay lo r  the  c u r r e n t  i s  un i fo rm i n  a 
l a y e r  and zero ou ts ide  i t. The U" term i s  thus 
zero w i t h i n  each l a y e r  and the  f l o w  i s  i r r o t a -  
t i o n a l  except f o r  t h e  presence o f  a  vo r tex  sheet 
a t  the  i n t e r f a c e .  I n  T a y l o r ' s  second model the  
c u r r e n t  decreases l i n e a r l y  t o  zero so t h e  f l o w  i s  
r o t a t i o n a l ,  as i t  i s  i n  t h e  case considered by 
Abdul l ah .  

An extens ion o f  T a y l o r ' s  second model was de- 
v i sed  t o  approximate an a r b i t r a r y  cu r ren t :  t h e  
f l u i d  was d i v i d e d  i n t o  an a r b i t r a r y  number o f  
l ayers ,  w i t h  the  c u r r e n t  va ry ing  l i n e a r l y  i n  each 
l a y e r ,  and being continuous from l a y e r  t o  layer .  
The equations o f  mot ion a r e  so lved i n  each l a y e r ,  
and the  pressure and normal v e l o c i t y  a re  made con- 
t i nuous  a t  each in te r face . .  

I n  p r i n c i p l e  t h i s  c a l c u l a t i o n  can a l s o  be done 
f o r  the  non- l i near  case, b u t  i n  p r a c t i c e  t h e  per-  
t u r b a t i o n  procedure i s  very complicated beyond t h e  
second order .  

The l i n e a r  equations o f  t h i s  m u l t i - l a y e r  model 
were so lved numer ica l l y  t o  compare w i t h  the  r e s u l t s  
obta ined by the  method discussed i n  the  preceding 
sect ions.  

Resul ts  and Discuss ion 

The r e s u l t s  obta ined by us ing  t h e  two approaches 
a re  s u r p r i s i n g l y  c lose  cons ider ing  t h a t  t h e  f i r s t  
regards t h e  c u r r e n t  as a small  p e r t u r b a t i o n  on t h e  
wave and t h e  second t h e  wave as a small  per turba-  
t i o n  on t h e  cur ren t .  For the  Keahole P o i n t  data, 
the  second method g ives  wavelengths o f  205.6 and 
233.0 meters f o r  t h e  two cases. These values a r e  
very c lose  t o  those found by the  f i r s t  approach 
when the  waveheight was reduced t o  one t e n t h  o f  i t s  
ac tua l  value. The v e l o c i t i e s  computed us ing  t h e  
second model are somewhat l a r g e r  than those ob- 
t a i n e d  us ing  the f i r s t ,  b u t  when the  values a re  
compared f o r  the  reduced waveheight, the  two ap- 
proaches g i v e  p r a c t i c a l l y  i d e n t i c a l  r e s u l t s .  Thus, 
i t  would appear t h a t  the  f i r s t  approach i s  v a l i -  
dated by i t s  agreement w i t h  the  second method i n  
t h e  regime where t h e  second method would be ex- 
pected t o  be app l i cab le .  

Acknowledgment 

Th is  work was supported by Department o f  Energy 
Contract  No. EY-76-S-03-0235, "Current-Wave 
Coupl ing Pro jec t . "  

References 

1. Bretschneider ,  C.L. (1978) Hurr icane design 
winds, waves and c u r r e n t  c r i t e r i a  f o r  p o t e n t i a l  
OTEC s i t e :  A: Keahole Point ,  Hawaii; B: Punta Tuna, 
Puerto Rico; C: New Orleans, Louis iana;  D: West 
Coast o f  F l o r i d a .  Univ. o f  Hawaii, Lock Laboratory  
TR 78-45. 

2. P h i l l i p s ,  O.M. (1966) The Dynamics o f  t h e  Upper 
Ocean, Cambridge U n i v e r s i t y  Press, 261 pp. 

3. Stokes, G.G. (1849) On the  theory  o f  o s c i l l a t o r y  
waves. Trans. Cambridge P h i l .  Soc. 8, 441-455. 

4. Stokes, G.G. (1880) Supplement t o  a paper on t h e  
theory  o f  o s c i l l a t o r y  waves. Mathematical and 
Physica l  Papers 1, 314-326. 

5. Schwartz, L.W. (1974) Computer extens ion and 
a n a l y t i c  continuation o f  Stokes' expansion f o r  
g r a v i t y  waves. J .  F l u i d  Mech. 62, 553-578. 

6. Cokelet, E.D. (1977) Steep g r a v i t y  waves i n  
water  o f  a r b i t r a r y  un i fo rm depth. P h i l .  Trans. Roy. 
Soc. London A 286, 183-230. 

7. Baker, G.A. J r .  (1975) Essen t ia l s  o f  Pade 
Approximants. Academic Press, New York, 306 pp. 

8. Rayleigh, J.W. (1880) On t h e  s t a b i l i t y ,  o r  
i n s t a b i l i t y ,  o f  c e r t a i n  f l u i d  motions. Proc. 
London Math. Soc. 11, 57-70. 

9. Tay lor ,  G . I .  (1931) E f f e c t  o f  v a r i a t i o n  i n  den- 
s i t y  on t h e  s t a b i l i t y  o f  superposed streams o f  
f l u i d .  Proc. Roy. Soc. London A 132, 499-523. 

10. Tay lor ,  G.I. (1955) The a c t i o n  o f  a  sur face 
c u r r e n t  used as a breakwater. Proc. Roy. Soc. 
London A 231, 466-478. 

11. Abdullah, A.J. (1949) Wave mot ion a t  t h e  sur- 
face o f  a  cu r ren t ,  which has an exponent ia l  
d i s t r i b u t i o n  o f  v o r t i c i t y .  Ann. N.Y. Acad. Sci. 51, 
425-441. 



WAVE HEIGHl  fi.1 METERS 

PERIOD U.7 SECONDS: 

600 . 90'' 120° ' 150° la0 

- 
WAVE HEIGHT. fi.1 IETERS - 
PERIOD 11.7 SECOHDS : 

40 - 

1200 1 5 0 0  ' 180" 
PHASE POSITION RELATIVE TO WAVE CREST (DEGREES) PHASE POSITION RELATIVE TO UAVE CREST (DEGREES) 

LlllES ff CONSTANT HORIZONTAL VELOCITY (MTERS/SEC) LINES OF CONSTANT HORIZONTAL ACCELERATION (METERS/SEC') 

F i g u r e  1 F i g u r e  2 
KEAHOLE POINT, HAWAII OTEC S I T E  

C u r r e n t s  i n  d i r e c t i o n  o f  wave p r o p a g a t i o n  

WAVE HEIGHT 15.1 METERS 1 
PERIOD 11.7 SECONDS: 

WAVE LENGTH 218.8 METERS - 

, so0 90" 1 2 0 0  150' 1 8 0 0  

PHASE POSITICM RELATIVE TO WAVE CREST (DE'GREES) 

L INES OF WNSTAM HORIZOHlAL VELOCITY (MTERS/SEC) 

WAVE HEIGHT 15.1 METERS 
PERIOD 11.7 SECONOS- 

PHASE POSITION RELATIVE TO WAVE CREST (DEGREES) 

LINES OF CONSTANT HORIZOATAL ACCELERATION (n~rrns/s~c') 

F i g u r e  3 F i g u r e  4 
kEAHOLE POINT, HAWAII OTEC S I T E  

C u r r e n t s  i n  d i r e c t i o n  o p p o s i t e  t o  wave p r o p a g a t i o n  

PHASE POSITION RELATIVE TO WAVE CREST (DEGREES) 

LINES OF COllSTAtiT HORIZONTAL VEUICIPI (METERS/SEC) 

- 
WAVE HEIGHT 19.6 METERS - 
PERIOD 13.1 SECONDS : 
WAVELENGTH 308.0 METERS - 

40 - 

PHASE POSITION RELATIVE TO WAVE CREST (DEGREES) 

LINES OF CONSTAliT HORIZONTAL ACCELERATION ( ~ E T E R ~ / S E C ~ )  

F i g u r e  5 F i g u r e  6 
PUNTA TUNA, PUERTO RICO OTEC S I T E  

C u r r e n t s  i n  d i r e c t i o n  o f  wave p r o p a g a t i o n  



-3 

WAVE HEIGHT. 19.6 METERS - 
PERIOD 13, l  SECONDS 
WAVELENGTH 278.7 METERS - 

30° 60° 120° 150'' 180° 
PHASE POSITION RELATIVE TO HAVE CREST (DEGREES) 

LINES OF CONSTANT HORIZONTAL VELOCITY (NETERS/SEC) 

30° . 600 W0 l20" lsoO 180° 
PHASE POSITION RELATIVE TO WAVE CREST '(DEQREES) 

. LINES OF CONSTANT HORIZONTAL ACCELERATION (M'ETERS/SEC') 

PHASE POSITION RELATIVE TO WAVE CREST (DEGREES) . 

. LINES OF CONSTANT HORIZONTAL. VELOCITY (&TERS/~EC) 

F i g u r e  9 
NEW O R L E A N S ,  L O  

C u r r e n t s  i n  d i r e c t i  

PHASE POSITION RELATIVE TO WAVE' CREST (DEGREES) 

L INES OF CONSTANT HORlZONTAL ACCELERATION (METERS/SEC') 

F i g u r e  1 0  
I S I A N A  O T E C  S I T E  
n  o f  wave o r o ~ a q a t i o n  , . -  

WAVE HEIGHT 2211 METERS 
PERIOD 13.9 SECONDS . 
WAVE LENGTH 310.7 METERS 

90° 120° lSOO 1800 

PHASE POSITION RELATIVE TO WAVE CREST (DEGREES) PHASE POSITION RELATIVE TO NAVE CREST (DEQREES) 
LINES OF CONSTANT HORIZONTAL VELOCITY (METERSISEC) LINES OF CONSTANT HORIZONTAL ACCELERATION ( E T E R ~ / ~ E C ~ )  

F i g u r e  11 F i g u r e  1 2  
NEW O R L E A N S ,  L O U I S I A N A  O T E C  S I T E  

C u r r e n t s  i n  d i r e c t i o n  o p p o s i t e  t o  wave p r o p a g a t i o n  



WAVE HEIGHT 18.7 METERS - 
WAVE LENBTH 297.0 METERS 

.90° 1200 l!@ . 1 8 6  

-, 
WAVE HEIGHT 18.7 METERS - 
PERIOO 12.5 SECONDS: 

WAVE LENGTH 297.0 METERS 

w 0  1200 150° 1 8 0 0  

PHASE POSITION RELATIVE vo WAVE CREBT (OEQREES) PHASE POSITION RELATIVE TO WAVE CREST (DEBREES) 

LINES OF WNSTAIIT HORIZOWTAL VEWCIN (NETER~/~EC) LIWES OF CONSTAUT HORIZOMAL ACC€LERATION (MTERS/SEC') 
F i g u r e  1 3  F i g u r e  1 4  

WEST COAST OF FLORIDA OTEC S I T E  
C u r r e n t s  i n  d i r e c t i o n  o f  wave p r o p a g a t i o n  

10 - 
WAVE HEIGHT 18,7 nEraRs  : 
PERIOD 12.5 SECONDS- 

WAVE LENGTH 239.6 METERS ] 
WAVE HEIGHT 18.7 METERS 
PERIOD 12.5 SECONDS: 

WAVE LENGTH 239.6 METERS 

PHABE P o s t T l o n  RELATIVE TO W ~ V E  CREBT (DEGREES) . WSE POSITION RELATIVE TO WAVE CREST (DEGREES) 

LINES OF W6TAHI  HORIZOKIAL VUOClN ( M E ~ R ~ / S E C )  LINES OF CONSTAIIT'HORIZOMAL ACCELERATION (MTERS/SEC') 
F i g u r e  1 5  F i g u r e  1 6  

WEST COAST OF FLORIDA OTEC S I T E  
C u r r e n t s  i n  d i r e c t i o n  o p p o s i t e  t o  wave p r o p a g a t i o n  



APPENDIX A 

100-YEAR DESIGN HURRICANE WAVE CRITERIA 
, FOR POTENTIAL OTEC SITES 

. . 
Department o f '  Ocean Engineering 

U n i v e r s i t y  o f  Hawaii 
2565 The Mal l  

Honolulu, Hawaii 96822 

Abs t rac t  

The 100-year design wind and wave c r i t e r i a  are 
$ = K exp(b(l .@),'-B 1 .($) +cr2+D 1 

given (see Table A-I) and a re  used i n  the  main .. 
sec t ion  o f  the  paper. A non-dimensional hu r r i cane  . (A-4) 

wave model was developed by Bretschneiderl  " and where the va r ious  constants  are:  K = 6.5882, A = 
app l ied  t o  the U.S. standard p r o j e c t  h'urricanes of 0.0161 B .= 0.3692, C = 2.2024 and D = 0.8798, and - . . I n  = Inn . . ... ' -=e -  ' Graham and ~unn'.  We have a l s o  used t h e  hur r i cane  

4 wind equations o f  Myers . We now c a l l  t h i s  method 
the  two-d i rec t ion  s i g n i f i c a n t  wave f o r e c a s t i n g  

5 model, a f t e r  Bretschneider  . The standard p r o j e c t  
hurr icanes have been used t o  determine t h e  100- 
year  hur r i cane  f o r  design c r i t e r i a  f o r  p o t e n t i a l  
OTEC s i t e s  i n  t h e  G u l f  of.Mexico. S i m i l a r l y ,  . 
model hurr icanes have been used f o r  t h e  Keahole 
Po in t ,  Hawaii, and Punta Tuna, Puerto Rico, OTEC 
s i t e s .  Th is  two-d i rec t ion  wave f o r e c a s t i n q  model 

ha's been v e r i f i e d  by Bretschneider  and  ama aye^ - as ' 
cor rec ted  f o r  sca le '  o f  map by Bretschneider ' ,  f o r  
the maximum values o f  t h e  s i g n i f i c a n t  wave heights  
measured a t  s i x  ODGP s t a t i o n s  f o r  Hurr icane ' 
Cani i l le as repor ted  by Cardone, P ierson and Ward. 
(see F igs.  A-1 , A-2 and A-3). 

Constant Wind Speed and Constant Wind D i r e c t i o n  

Constant.Wind Speed a t  an Angle t o  Fetch D i r e c t i o n  
' 

The two-d i rec t ion  s i g n i f i c a n t  wave f o r e c a s t i n g  
r e l a t i o n s  can be obta ined by r e p l a c i n g  t h e  wind 

2 speed squared (U ) i n  the  X-Y  domain w i t h  t h e  co r -  
responding wind s t ress  components p r o p o r t i o n a l  t o  

2 2 UUx. and UU where UUx = U cos 8., UU = U s i n  8 
Y '  Y 

.and 8 = the  angle o f  wind d i r e c t i o n  measured from 
. the x- a x i s .  Th is  l e a d s ' t o  two se ts  o f  complemen- 
t a r y  equations, one s e t  corresponding t o  each o f  
t h e  f o u r  equations g iven above. From these com- 
plementary equations, i t  can be found t h a t  

The bas ic  equations f o r  the  o n e - d i r e c t i o n  s i g -  gH gH. 2 2 ; 2 ; %', where H = Hx2 + H 2 n i f i c a n t  wave f o r e c a s t i n  model , reproduced Fro111 Y (A-6) 
Bretschneider  (1970.1 9793, f o r  constant  wind speed UUx uuY , U 
and d i r e c t i o n  a re  as fo l l ows :  

L 2 

C = & = 1.2 t a n  k 7  ($1 ] (A-2) g2t g2t 2 2 

2 = = , where t4 - + t (A-8) 
""x UU" u2 - t x  y  

and 

Var iab le  Wind Speed and Var iab le  Wind D i r e c t i o n  
t .  = 2  1 
mi n Tin dx (A-3 F i n a l l y  the  above complementary equations, can be 

o p u t  i n t o  d i f f e r e n t i a l  form and by numerical i n t e -  

where H, T, U, F and t are  s i g n i f i c a n t  wave g r a t i o n  means can be used t o  generate wave f i e l d s  

he igh t ,  s i g n i f i c a n t  wave per iod,  t e n  minute aver-  due t o  winds o f  v a r i a b l e  magnitude and v a r i a b l e  

age susta ined wind speed a t  10 meter anemometer d i r e c t i o n .  Th is  method o f  a p p l i c a t i o n  i s  known as 

l e v e l ,  f e t c h  l e n g t h  and wind dura t ion .  the  t w o - d i r e c t i o n  s i g n i f i c a n t  wave f o r e c a s t i n g  
method, and can e a s i l y  be app l ied  t o  hur r i cane  wind 
f i e l d s ,  which do i n  f a c t  c o n s i s t  o f  v a r i a b l e  wind The U.S. Army Corps o f  Engineers Coastal Engi- speed and variable wind direction. 

neer i  ng Research center9,  Shore. P ro tec t ibn .  Manual , 
determined a s o l u t i o n  o f  eq. A-3 as f o l l o w s :  

* Chairman and Professor  
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The Hurr icane Wave Model 

Using t h i s  scheme, Bretschneider  ' developed a 
non-dimensional s t a t i o n a r y  hur r i cane  wave model, 
based on t h e  U.S. Weather Service, Graham and 

. ~ u n n ~  hur r i cane  wind model. Th is  g ives a h u r r i -  
cane wave f i e l d  coupled w i t h  t h e  hur r i cane  wind 
f i e l d .  Any change i n  t h e  wind f i e l d  w i l l  r e s u l t  
i n  a  change i n  the wave f i e l d .  For example, when 
the  hur r i cane  moves forward a t  a  speed, .say 10 t o  
20 knots, t h e r e  w i l l  be a change i n  t h e  wind 
f i e l d .  The winds on 'the r i g h t  s ide  o f  t h e  h u r r i -  
cane w i l l  increase and on the  l e f t  's ide w i l l  de- 
crease. These a re  u s u a l l y  small  c o r r e c t i o n s  i n  
the  wind f i e l d ,  which correspond t o  small cp r rec -  
t i o n s  i n  t h e  wave f i e l d .  Because the  hur r i cane  
moves forward there  w i l l  a l s o  be a change i n  t h e  . 
e f f e c t i v e  f e t c h  leng th ,  which w i l l  cause an addi -  
t i o n a l  small  increase i n  the  wave h e i g h t  on the 
r i g h t  s i d e  o f  the hur r i cane  cen te r  and a corres-  
ponding decrease on t h e  l e f t  s ide. I t  i s  found 
t h a t  t h e  combined incremental change i n  wave 

\ h e i g h t  can be obta ined f rom 

where 

H = t h e  wave h e i g h t  f o r  the  s t a t i o n a r y  h u r r i -  
cane a t  l o c a t i o n  o f  wind speed U 

AH = change i n  wave h e i g h t  d u e . t o  
AU = change i n  wind speed. 

Since AU can be p o s i t i v e  o r  negat ive AH w i l l  be 
accord ing ly  p o s i t i v e  o r  negat ive.  

S i g n i f i c a n t  Wave Hindcasts f o r  Hurr icane Cami l le  

Using the.methods developed by Bre tschne ider ' ,  
we have recons t ruc ted  t h e  hur r i cane  wind and wave 
f i e l d  f o r  Hurr icane Cami l le  (1969), and compared 
the  r e s u l t s  w i t h  t h e  measured s i g n i f i c a n t  wave 
he igh ts  from s i x  ( 6 )  o f f s h o r e  s t a t i o n s  o f  the  
Ocean Data Gather ing Program (ODGP) repor ted  by 
Cardone, Pierson and ward8. F igure  A-1 shows t h e  
pa th  o f  Hurr icane Cami l le  (1969). 

F i g u r e  A-2 shows t h e  recons t ruc ted  (p red ic ted)  
hur r i cane  wind and wave f i e l d s .  A t  the  bottom o f  
F igure  A-2 a r e  shown the  s i x  ODGP wave record ing  
s t a t i o n s .  The hur r i cane  (F ig .  A-2) wave f i e l d  was 
moved across the s i x  ODGP s t a t i o n s  t o  o b t a i n  the  
maximum values of t h e  s i g n i f i c a n t  wave height .  
F igure  A-3 shows a comparison between the  pre-  
d i c t e d  and t h e  measured s i g n i f i c a n t  wave he igh ts  
f o r  t h e  s i x  ODGP s t a t i o n s .  

A p p l i c a t i o n  t o  t h e  100-Year Design 
Wind and Wave C r i t e r i a  

From'the standard p r o j e c t  hu r r i cane  wave c r i -  . - 
t e r i a ,  g iven by Bretschneider2,  we have determined 
the  100-year design hur r i cane  wave c r i t e r i a  f o r  
the  New Orleans and West Coast of F l o r i d a  OTEC. 
s i t e s .  

There a r e  no standard p r o j e c t  hurr icanes a v a i l -  
a b l e  f o r  Keahole Po in t ,  Hawaii, o r  Punta Tuna, 
Puer to Rico. However, we have s t i l l  used t h e  model 
hur r i cane  technique presented i n  the  paper t o  

est imate t h e  100-year hur r i cane  wind and wave c r i -  
t e r i a .  Th is  was done by use o f  l i t e r a t u r e  search 
t o  o b t a i n  reasonable est imates o f  the  th ree  h u r r i -  
cane parameters requi red,  namely: R, t h e  rad ius  o f  
maximum wind; AP, t h e  c e n t r a l  pressure reduc t ion  
f rom normal; and VF  t h e  forward speed. The r e s u l t s  
o f  the  100-year design hur r i cane  parameters f o r  t h e  
f o u r  OTEC s i t e s  and a l s o  f o r  Hurr icane Cami l le  a r e  
g iven  i n  Table A-I.  

For the  d e t e r m i n i s t i c  wave theory  approach, we 
1 4 use Hmax = 1.8 H,, and fo = Ts f o r  maximum 

wave h e i g h t  and wave period, i n  the  de te rmina t ion  
o f  the  hydrodynamic wave pressures. 
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TABLE A-I  ,SUWARY 100-YEAR DESIGN HURRICANE PARAMETERS FOR VARIOUS OTEC SITES 

. FIG. A-1 PATH OF HURRICANE CAMILLE. (1969) THRU SIX MEASURING STATIONS-- 

OF SHELL'S OCEAN DATA GATHERING PROGRAM--IN THE GULF OF MEXICO 

HINOCASTS FOR 
HURRICANE 

(,969) 
s2g0N 
18g0w 

10 

3.1 

10 

0.255 

66 

0.886 
114.93 

101.8 

106.8 

0.0222 

. 6.63 
36.91 

40.62 

12.91 

PARAMETER 

LUCAl IUN 

LATlTUO 
LONGITUgE 
DISTANCE FROM LAND N. MILES 

R. rad ius  o f  max wind (H. mi les)  

AP. inches o f  mercury 

VF, forward speed (knots )  

f, Cor to l  i s  parameter ( r a d l h r )  

K, ( c o e f f t c t e n t )  

kt, ( c o e f f i c i e n t )  

UR = K m.- 0.5 fR ' (knots )  
, 

URs = k UR (knots) 

I us =.uR + 'I vF (knots) 

f R / ~ R  

K'. ( c o e f f i c t e n t )  (Table 11) 

H~ = K' ( f t )  ( a t  r = R) , 

0.5 "F 
( f t )  'I = H R  [;+% ] 

-. 

OCEAII 

K~AI IUL~ YUIN~ 
HAWAII 
19'44 'N 

156'06 'W 
42 .O 

12 

- 1.1 

10 

0.177 

67 

0.796 

69.21 

55.09 

60.09 

.0307 

6.38 
23.18 

27.58 

T, = 0.4 U, tanh ([arc tanh 

THERMAL ENERGY 

PuNIA TUNA 
PUERTO RICO 

17'57 'N 
65'52 'W 
3 .O 

10 

2.19 , 

10 

0.162 

67 

0.813 
98.34 

79.95 

a4;95 

.0165 

6.80 
31.82 

35.92 

12.41 

CONVERS1DI.I (OTEC) 

riEh OHLEANS 
LOUISIANA 

27"59'N 
88°5S'W. 

6 8  

14 

2.34 

11 

0.246 

66 

0.886 
99.24 

87.93 

93.43 

.0347 

6.26 
35.83 

40.17 

13.06 

SITE 

UESI L U A ~ I  
FLORIDA 
26'00 'ti 
84O54 ' W  
4150 

8 

2.56 

10 

0.230 

67 

0.886 
106.3 

94.16 

99.16 

.0173 

6.78 
30.68 

34.02 

11.79 
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Abstract 7 

Model tests were performed in a wind tunnel to 
determine vortex shedding patterns induced around a 
cylinder by spanwise shear in high Re flow. In 
addition, mean and fluctuating surface pressure 
measurements were made at various points along the 
cylinder. The introduction of shear in the upstream 
flow generated two distinct cells of vortex 
frequencies behind the cylinder, similar to the 
pattern observed in low Re flow. Further tests with 
different shear levels and aspect ratios wil l  produce 
valuable information for the design of the Ocean 
Thermal Energy Conversion Plant Cold Water Pipe. 

Introduction 

Vortex shedding has been recognized to be a 
potential source of loading on the Ocean Thermal 
Energy Conversion (OTEC) Plant Cold Water Pipe 
(CWP). In an effort to understand the phenomena of 
the vortex shedding on the CWP, ORI, Inc was 
commissioned by NOAA1s Office of Ocean 
Engineering fo invest-i ate the effects of shear 
vortex shedding in hl& Reynolds number (Re lo? 
flow. Virginia Polytechnic Institute and State 
University (VPI & SU) subcontracted with ORI, Inc. 
to perform the work outlined in the task order. This 
report documents the results and analysis of the 
tests conducted at VPI & SU investigating the 
effects of shear on vortex shedding. 

The primary impact of vortex shedding occurs 
when the eddy shedding frequency (Strouhal 
frequency) of the Karman vortex street is at or near 
the natural frequency of the CWP. In this situation, 
amplification of the pipe motions to near resonant 
levels may occur. This is due to a shifting of or 
"locking-on of the pipe vibrational response to the 
Strouhal frequency. During lock-on, CWP 
vibrational stresses are magnified and the possibility 
of structural damage is increased. 

The existence of vertical shear in ocean 
currents complicates the effects of vortex shedding 
along the CWP. It leads to the presence of discrete 
cells, distributed along the pipe. The relative 
frequencies and phasing of these vortex cells may 
affect the dynamics of the pipe. Therefore, 
knowledge of the effects of shear on vortex shedding 
is essential in design of the OTEC cold water pipe. 

The literature pertaining to the subject of 
vortex shedding from pipes is rapidly increasing. An 
excellent, up-to-date review of work in the field is 
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presented in a paper by ~r i f f inz . '  Of particular 
relevance to the present report are studies of 
interactions'of a sheared flow with stationary and 
vibrating bluff bodies. 

Show and star& showed that a synchronized 
pattern of spanwise shedding frequencies existed, 
the length of which was a function of the flow 
velocity gradient. Further studies performed by 
Maull and young5 verified the existence of distinct 
shedding cells of constant Strouhal frequency. This 
was demonstrated by measuring the power spectral 
density of the eddy-shedding frequency for a bluff 
body model in shear flow. They stated that Itthe 
coherence of the shed vortices requires a constant 
frequency over the lengths." They also investi- . 
gated the boundaries between these cells and found 
9110ngitudinal vortices lying in the free-stream 
direction" which they hypothesized were "due to a 
rolling up of the original distributed vorticity into 

'concentrated trailing vortices at the base." 

~ a v i e s l  measured cell structures in a highly 
sheared flow field for Reynolds numbers up to the 
critical, at which point the eddies became 
indistinct. The effects of endplates and the 
spanwise distribution of vortices were considered by 
Mair and stansby4. They found that long endplates 
produced sharper spectral density peaks of the 
eddy-shedding frequency and more we1 I-def ined cel Is 
of vortices than did short endplates. Through 
further experiments they found that elimination of 
endplates altogether reduced the number of cells 
present and that for fixed endplates the number and 
length of cells were insensitive to variations in shear 
and body aspect ratio. 

Stansby7 investigated the "lock-on" 
characteristics of cylinders in both uniform and 
shear flow for mechanically vibrated (at a specified 
frequency and amplitude) and stationary cylinders in 
a wind tunnel. He noted that, in general, the 
Strouhal number for eddy shedding in vibrating 
cylinders is a function of Reynolds number, shear, 
aspect ratio, cylinder vibration Strauhal number, and 
relative amplitude of vibration. Additionally, he 
observed that cell length increased spanwise as the 
relative amplitude of vibration increased, that 
usually only one of the generated cells would lock on 
to the vibrating frequency, and that peaks in the 
power spectra of adjoining cells became more 
clearly defined. With stationary cylinders in shear 
flow he found that generally, only two end cells 
were produced such that "at any given time each 
cell has a finite length and a single frequency and 
cel Is do not over lap." 

The Reynolds number for flows in Stansbyls 
studies were all below I x 104. Far this regime, he 
computed the range of frequencies for primary 
lock-on in shear flow and developed an empirical 



relationship for determining the spanwise length of 
lock-on cel Is. 

The purpose of this experimental study was to  
investigate the effects of shear. flow on vortex 
shedding for both smooth and rou h circular P cylinders ,with Re on the order of 5 x 10 . The focus 
of the experiments was t o  isolate the effects of 
shear on the spanwise distribution of vortex cells 
and to  determine magnitudes of unsteady pressures 
produced on stationary cylinders. 

Experimental Equipment 

Experiments were conducted in the 6 foot by 6 
foot cross-section Stability Wind Tunnel Faci l i ty 
located in the Aerospace and Ocean Engineering 
Department a t  VPI & SU. A sheared cross-stream 
flow was achieved in the test faci l i ty by means of a 
series of wire screens of non-uniform cross-stream 
distribution, placed upstream of the model (Figure 
I). 

The OTEC cold water pipe was represented by a 
56-inch long, 6-inch diameter aluminum cylinder, 
affixed midway between the floor and ceiling of the 
test section. The cylinder had 1116-inch thick, 
10-inch diameter steel plates attached to both ends 
to  prevent t ip vortices from interferring wi th the 
Karman vortex street, which was the primary object 
of study in  the test program. Both ends of the 
cylinder were 8-inches from the test section wall, 
thus insuring that the wall boundary layer would not 
interfere wi th the free-stream flow around the 
model. 

To obtain a rough pipe, the surface of the 
cylinder was knurled to  a roughness K I D  .001, where 
K is the depth of a roughness element and D is the 
diameter of the cylinder. The purpose of this was 
twofold. First, the maximum Reynolds number 
attainable wi th the smooth 6-inch diameter cylinder 
in  the wind tunnel was approximately 3 x 105. In 
that range, the flow regime behind the cylinder 
exhibited so-called cri t ical characteristics, notably 
a highly turbulent wake wi th weakened vortex 
shedding. It was thought that increasing the 
roughness would have the effect of changing the 
wake pattern to  the transcritical regime, wi th a 
well-defined eddy shedding pattern. Secondly, the 
roughened surface more properly represents the 
condition of a cold water pipe subject to  biofouling 
throughout its lifetime, as noted by Hove et. 01.3. 

The cylinder itself was hollow, permitt ing 
tubing from the pressure-sensing equipment to  be 
fed through the inside and out the endplates to  
recording instruments outside the tunnel. Mean 
surface pressure values were measured through a 
series of three rows of 28 ports of 1116-inch 
diameter. These ports were spaced a t  2-incli 
intervals along the length of the pipe, w i th  each row 
150 apart. Attached to the ports were 1116-inch 
diameter tubes (84 in all) f i t ted to a Scanivalve 
pressure sensing unit. 

In addition, four Kul i te pressure transducers 
(Model CQH 125-5) of 114-inch diameter including 
their plexiglas casings were flush mounted in the 
cylinder. They were located 10, 22, 34, and 
46-inches from the right-hand, or high velocity end 
of the cylinder. They were connected to a Tektronix 
TM 503 Amplifier, so that the output f rom the 
transducers could be differentially amplified, as well 
as filtered to eliminate very high frequency ( 300 

WIND TUNNEL TEST CONFIGURATION 

Cylinder 

End i! Velocity eke". 

Shear 
Generating 
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Hz) noise. Output from the amplifiers was 
channeled into a Tektronix Type 561A oscilloscope 
for visual inspection of instantaneous pressure 
readings. Simultaneously, the signal was fed into an 
rms vol lr i~eter which yielded the RMS value of the 
pressure fluctuations. Finally, the signal could be 
sent to  a machine (discussed in  conjunction wi th 
hot-wire equipment) which produced a power 
spectrum plot of the pressure fluctuations. 

Free-stream turbulence measurements were 
determined from a single hotwire probe connected 
to  a constant temperature linearized anemometer. 

To examine the spectral characteristics of the 
flow behind the cylinder ( in particular, to determine 
the eddy shedding frequency), the linearized, 
fi ltered anemometer signal was processed through a 
Zonic Technical Laboratories, Inc. Multichannel FFT 
Processor. To allow for immediate visual inspection 
of the signal, i t  was simultaneously monitored on an 
oscilloscope. The output, in  the form of a power 
density spectrum (log amplitude versus frequency), 
was plotted on a graphics display terminal. A hard 
copy of the results was obtained by photographing 
the terminal screen wi th a camera mounted on a 
tripod. 

Test Procedures 

Before the effects of high Re shear on vortex 
shedding patterns could be investigated, tests had to 
be performed to determine and establish the desired 
inflow characteristics. Specifically, tests were 
required to  determine the inflow velocity profiles, 
shear characteristics, and to verify that turbulence 
levels would be constant throughout the test 
investigation. The tests conducted to  investigate 
the effects of shear on vortex shedding also 
measured mean pressures, rms, and peak-to-peak 
pressurc fluctuations on the surface of the cylinder. 

Figure 2 gives a typical upstream velocity 
profile of the different tunnel speeds and three sets 
of screens employed in the tests; In these figures, 
the vertical axis shows the normalized velocity 
(UIU,) based on the centerline values of flow (U ) 
is plotted as a function of the spanwise distance fy j  
from the center of the test cylinder as a function of 
i ts  diameter (Dl. These velocity profiles were 
obtained by measuring the stagnation pressure at the 
00 pressure points along the length of the cylinder. 
The cylinder was positioned carefully, insuring that 
the desired pressure port was within -0.250 of the 
direction of oncoming flow. 



A series of upstream screens was employed to 
generate both freestream turbulence and shear. In 
order t o  produce turbulence in al l  the test 
configurations, i t  was necessary to  employ a t  least 
one wire screen. With one screen in place, wi th 
wires of uniform density, no velocity shear was 
generated. With two screens of uneven wire 
distribution, the shear produced was characterized 
by a value of =0.02 and wi th three such screens 
took on a value of 0.03. The shear parameter is 
defined as (D/Uc) du/dy where: D is the test 
cylinder diameter, Uc is the inflow centerline 
velocity, u is inflow velocity a t  any longitudinal 
location, and y is the longitudinal distance from the 
cylinder center. The values of chosen were 
selected to  represent typical ocean shears. 
However, the velocity profiles corresponding to  o f  
0.02 and 0.03 are not markedly different and the 
greatest velocity variation over the length of the 
cylinder is approximately 30% of the centerline 
velocity. 

Once the free-stream flow .velocities were 
determined, measurement of free-stream turbulence 
could be performed. To insure experimental validity 
of the overall investigation i t  was desired to have a 
constant level of turbulence for al l  experimental 
configurations employed. Measurements were made 
of turbulence levels along the length of the cylinder 
as well as vertically above and beneath it. Three 
shear conditions w i th  free-stream centerline 
velocities. of 74, 104 and 117 ft/sec were 
investigated. A typical result, Figure 3, displays the 
level of turbulence for an individual mean velocity 
for the three shear conditions. Measurements were 
also performed one pipe diameter (6-inches) above 
the centerline of the pipe for the centerline wind 
velocity of 104 feetlsecond in al l  three shear 
conditions. This was done to assure that turbulence 
was not variable with elevation within the tunnel. 

The turbulence level for unsheared flow was 
found to  be virtually constant over the length of the 
cylinder a t  a level of approximately 0.25%. The 
addition of shear-generating screens raised the 
turbulence intensities to  about 0.30% for = 0.02 
and 0.35% for = 0.03 in the range of -3.0 y/D 3.0. 
Beyond these points turbulence readings increased 
greatly.to 0.7% and even more. On the high velocity 
iide of the cylinder the turbulence intensity reaches 
I peak near y/D= +4.0. This is a result of the abrupt 
nixing of the unobstructed flow near the wall and 
ihe shear flow through the wires. The high 
turbulence levels on the low velocity side of the 
tunnel are probably the result of a loose wire 

.ing excessively in one of the shear-produc~. 
screens. Neither of these high values is attributablt. 
to  the tunnel wall boundary layer. 

In general, the turbulence levels registered 
were close enough to  one another over the major 
portion of the cylinder to  consider that the flow 
regime fe l t  by the cylinder was the same for all the 
tests conducted. 

Before rough pipe investigations commenced, 
experiments were performed on a smooth pipe 
model, but physical limitations of the wind tunnel 
faci l i ty presented a severe problem. The highest R e  
obtainable placed the flow behind the cylinder in the 
cri t ical regime, where vortex shedding patterns 
were a t  best weakly defined. The results of these 
tests were not very conclusive or specifically 
applicable to  the OTEC cold water pipe. Therefore, 
they are not included in  this report. With' a 
roughened pipe, however, the downstream wake. 
pattern was altered enough to  place the flow behind 
the cylinder in  the transcritical range, where the 
vortices were clearly defined and could be 
measured. 

The f irst tests to  be performed for the 
experimental study in question were the ones to  
conduct an investigation o f  the surface pressure 
distribution on the cylinder. These tests were done 
in order to describe both the pressure distribution 
and to study possible connections between pressure 
fluctuations on the surface and vortex shedding. 
The surface pressure distribution was defined by 
taking mean pressure readings from the pressure 
ports and by measuring the RMS, peak-to-peak, and 
for a limited number of configurations the power 
spectra of the pressure fluctuations by means of the 
Kuli te pressure transducers. (By comparing the 
results of the mean pressure readings to  the range o f  
values for the peak-to-peak readings a cross check 
of the pressure readings was available.) 

Fluctuations were characterized in three ways: 
RMS fluctuation, peak-tepeak distance, and, for a 
limited number of configurations, the power spectra 
of the fluctuations. The transducer signal was fed 
into an RMS volt meter to determine the RMS value 
and monitored on an oscilloscope where the 
peak-to-peak distances were visually estimated. 
Measurements were taken a t  cylinder orientations of 



go, 450, 900, 1350, 2250, 2700, and 3150 relative to  
the upstream flow. These readings were taken for 
flow velocities of 74, 104, and 117 feetisecond a t  
lateral locations o f  y/D equal to  +3, -1, -3 for the 
three shear profiles. A transducer was installed a t  
the location of y/D = +I, but data are not available 
a t  this location because i t  was irreparably damaged 
early in the test program. Measurements were also 
performed on the pressure fluctuations for the flow 
ve loc i t i  of 154 feetfsecond. For these readings the 
transducer signal was sent through an FFT processor 
to  obtain the power spectra of the turbulent 
pressure, which was then compared to spectra from. 
the hot-wire probe. 

The eddy shedding frequency was measured 
using a hot wire probe mounted on a traverse 
located four diameters (24-inches) downstream from 
the cylinder. Readings were taken every 4.7 inches. 
Vertically, the hot wire probe position was varied to 
measure the frequency of shedding where the 
strength of the vortices was greatest. The signal 
from the probe was transmitted to an FFT processor 
which was programmed to sample the signal every 5 
msec and to  average 25 spectra before generating 
the final power spectrum. 

Discussion of Results 

Surface Pressure Characteristics 

Figure 4 presents the distribution of mean 
surface pressure over the circumference of the 
cylinder for the nine test configur- ations 
investigated. The vertical axes of each plot 
indicates the mean pressure in psi for each value 
of consider, while the horizontal axes give the 
circumferential location of the reading as defined on 
Figure 4. The three plots represent centerline 
velocities of 74, 104, and 117 feetfsecond, and 
spanwise positions y;/D = -3.0. 

A few observations can be made about the 
results for. these and other values of y/D where 
measurements were taken. For low velocity 
upstream flow conditions (Uc = 74 ft/sec, Re 2.5 
x 105) the surface pressures generated by &&red 
flow are, in general, greater in  magnitude than for 
unsheared flow. There is a definite asymmetry a t  a 
number of stations. This is largely a result o f  
blockage in the tunnel. For medium velocity 
conditions (Uc = 104 ft/sec, Rec = 3.5 x 105), the 
case shown is representative of most stations, wi th 
l i t t ie  difference in  pressure readings for al l  flow 
profiles. Readings taken close to  either end of the 
cylinder suffered distortion f rom endplate 
influence. The pressure pattern for the hi h 3 velocity case (Uc = 117 ft/sec, Rec= 3.9 x 10 ) 
appears to be entirely independent of upstream 
shear. An, important point to  be noted is that the 
asymmetry that existed a t  lower tunnel speeds was 
no longer present wi th high centerline velocities. 

Figure 5 is a graph of the rms pressure 
fluctuations over the circumference of the cylinder. 
Again, each plot represents a single upstream 
centerline velocity, wi th measurements 
corresponding to y/D = -3.0. This particular value o f  
y/D represented the most extreme examples of 
dependence o f  turbulence on shear levels. Values for 
each shear level are shown together on the three 
graphs. I t  is evident that increased shear caused 
turbulence levels to  increase by two or three times 
relative t o  unsheared values. Maximum turbulence 
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values occurred a t  900 and 2700 on the cylinder 
face, and were registered rms values of about 20% 
of the mean flow. A t  some other values of y/D, the 
turbulent intensities were comparable for al l  shear 
levels, and no discernible relation existed between 
y/D, and relative turbulence levels. However, the 
data shown here suggests that design specifications 
for the CWP should reflect the higher instantaneous 
pressures achievable in a sheared flow. 
Peak-to-peak measurements correlated well wi th 
the rms measurements. 

Eddy Shedding Characteristics 

Spectral characteristics of the downstream flow 
pattern for the low velocity case (Uc = 74 ft/sec of 
Rec = 2.5 x 105) are indicated in Figures 6a and 6b. 
The power spectrum is plotted on a log amplitude 
scale versus frequency for a series of points a t  
different y/D values. Both the two screen and three 
screen case (corresponding to  of 0.02 and 0.03 
respectively) show virtually identi- cal shedding 
patterns. The high velocity end is marked by a 
strong signal a t  31 Hz, which persists beyond the 
midway point. As the probe was moved further to 
the low velocity side, a weaker, broader signal a t  20 



The spectra generated wi th a centerline flow 
velocity of 154 ft/sec are shown in Figures 6e and 
6f. Both figures show definite two cell structures. 
For = 0.02 a peak a t  66 Hz  .exists on the high 
velocity end. I t  persists beyond the midpoint, while 
a second peak a t  61 Hz grows and gradually replaces 
it. The transition region in  which both peaks appear 
occurs over a distance of approximately two 
cylinder diameters, which compares reasonably well 
wi th the findings of Maull and young5. They 
attributed this dual signal to  the probe picking up 
signals from the separate cells, as opposed to the 
existence of an oscillating cell boundary. When 
was changed to 0.03 the experimental findings were 
very similar to  those for = 0.02 but the shedding 
frequencies were .altered slightly; to  valves of 67 
and 59 Hz. 

Hz emerged. The unsheared flow o f  the same 

The spectra of the eddy shedding frequency 
were compared to the spectra of the Kuli te 
transducer readings of pressure fluctuations. The 
spectra for thc ICulite transducer readitigs ul 900 
and 2700 showed a good agreement with the hot wire 
spectral readings for vortex shedding frequency, 
demonstrating that eddy shedding is a chief source 
of such fluctuations. Additionally, spectra of 
upstream turbulence were recorded to determine i f  
edernal inputs such as the propeller blade 
frequency, tunnel vibrations, or instrument noise 
could be the cause of any spectral peaks. No 
dominant peaks appeared in these spectra, so 
external inputs were ruled out as causes of the 
pressure or eddy frequency spectral peaks. 

center line velocity generated a c.onstant spanwise 
22 

shedding frequency of 24 Hz. 

From the spectral analysis performed in.  this 
study, frequencies of vortex shedding were observed 
for the .various velocities and shear conditions. 
Cylinder end effects and unsteady turbulence do not 
occount for the frequency shift which is seen for the 

.flows wi th Rec = 2.5 and 5.2 x 105. Therefore, 
although the two cell structure does not permit 
correlation of cell length and shear, the experiment 
has produced a frequency shift or formation of a 
second cell a t  Rec up to  5.2 x 105 which could only 
be the result of shear flow effects. 

- 4 8 )  = -3.0. UC = 74 Ips. ReC = 390.000 

Conclusions and Recommendations 

7n - 1 I'. ', , 
p = o  fi, 

Figures 6c and 6d depict the spcctra measured 1 \ - - - -p= .02 I \ ) at various points along the length of the cylinder for 
a. centerline flow velocity of 117 ftlsec. A single 
peak a t  about 45 Hz is evident for the two screen 
case. For = 0.03 two peaks were evident. The 
sharper of the two was a t  about 49 Hz  on the high 
velocity end of the cylinder. Near y/D = 2.0 a 
broader peak of 44 or 45 Hz  appeared. The broad 
peak of 44 to 45 Hz  was also evident in the 
associated spectra for unsheared flow. The spectral 
peaks measured for inflow centerline velocities of 
117 ft/sec were less pronounced and disappeared ' . 
considerably further from the endplates than in both \ 

the higher or lower velocity cases. I t  is possible o 

that the change in effective Reynolds number b) = -3.0 
produced in this case placed the flow in the cri t ical 24 - 
regime where vortices are not well defined. 22 - 

The report presented an experimental 
investigations into the effects of vertical shear on 
vortex shedding'patterns for high Reynolds number 
(Re). flow around circular cylinders. This 

phenomenon was explored through tests to  
determine frequencies of the vortices shed by the 
cylinder and the characteristics of pressures on the 
cylinder. From these investigations i t  was 
determined that: 

o Discrete cells of eddies are' 
formed in high Re shear flow, 
but from the data measured, it is 
impossible t o  determine a 
correlation between sheer and 
cell length. 
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o For the aspect ratio studied, the 
eddy shedding phenomenon for 
high Re sheared flow was found 
to. be essentially the same as for 
low Re sheared flow, with two 
distinct correlated eddies 
evident. 

o The mean surface pressure 
distribution an the cylinder is 

' independent of shear in the 
upstream flow, except where 
flow is in a transitional regime. 

o The fluctuations in pressures on 
the surface of the cylinder can 
be as much as twice as high in 
high Re sheared flow than for 
similar unsheared flow, a factor 
which should be considered in 
determining CWP load levels. 

In order to increase the understanding 
of the effects of shear on vortex shedding, the 
following points are recommended for further 
study. 

o The analysis of this study should 
be extended to include a larger 
range of shear parameter, 
particularly for low shears to 
determine the minimum shear 
which produces a two cell eddy 
structure. 

o A smaller cylinder (HID 20) with 
much larger endplates, similar to 
models tested by Mair and 
stansby4 should be examined in 
high Reynolds number flows over 
a wide range of shears so that 
more cells may be observed. 
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o A cylinder subjected to forced 
vibration of varying amplitude, 
similar to models tested by 
stansby7, should be tested at 
high Reynolds numbers in a wide 
range of shears to investigate 
high Reynolds number formula 
for correlation lengths at 
lock-on. 

DISCUSSION 

A .  Galef, TRW: When we saw a c e l l  of approximately D .  Rooney: They were rea l t i ve ly  broad because of 
518 the length of the pipe, what sort  of a current end-plate e f f e c t s  due to  the small lengthldiameter 
range did t h i s  encompass, was it + l o%,  or + 5%? (LID) ra t io .  I would expect the resolution to - - 

improve with a greater L/D. Previous resul ts  by 
D' ROone~:  The current range is 2 15% others showed the cell length to  be 518 of the 
bottom; 518 would be c loser  to + 10%. pipe length a t  subcr i t ica l  Reynolds numbers. We 
A .  Galef: Secondly, without a s ca l e  I couldn't t e l l  bbserved-the same 5/8 value i n  our t e s t s  a t  super- 
whether those peaks were broad-band or narrow-band. c r i t i c a l  Reynolds numbers. 
Which were they?. . 
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put into determination of the dynamic responses of the 
Recent information and experience indicate that pipe to  sea conditions. Two of the most widely known 
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cyclic stresses induced by vortex shedding may be a 
much more cri t ical consideration in cold-water pipe 
(CWP) design . than has previously been assumed. 
Because of this, it wil l  become important to more 
thoroughly define and present operational information 
on ocean currents at potential OTEC sites, in  a 
statistical format similar to the presentation of 
operational wave information. An example of cyclic 
stress calculations on the CWP, based an current 
information contained in  the government furnished 
environmental package, is presented to show the 
inadequacy of this information. A conceptual plan for 
generating statistics on currents, based on hindcasting 
techniques is presented. I t  is shown that adequate 
wind information exists to generate a data base of 
operational currents. The data base is presented in 
terms of joint probability distributions of speed and 
direction as a function of depth, persistence of ' 

currents that would t e d  to  induce cri t ical vortex 
shedding frequencies and the distribution of directional 
coherence with depth. A l l  of the above are of 
importance to the evaluation of the potential severity 
of vortex shedding loads for structural design. Scales 
of vortex correlation length wil l  be considered relative 
to the vertical coherence of current direction and the 
wave lengths of the vibrational modes of the pipe. 
Finally, the authors wil l  present a plan for developing 
statistical information to address these quest ions and 
wil l  discuss the application of this data to  CWP design. 

Fig. I. Physical Relationship of OTEC CWP to  Other 
Large Structures. 

and most frequently exercised analytical tools for the . 
determination of CWP dynamic response are 
NOAAIDOE Dynamic Load and Stress Analysis Model thle 
developed by Hydranautics, Inc., and ROTEC, t e 
finite-element model developed by Dr. J.R. Paulling 1' . 
Both of the above models operate in the 

- frequency-domain and can handle spectrally defined 
wave loads as well as steady and fluctuating current 
loads. A number of other analytical techniques, both 
t ime domain and frequency domain, have been 
developed for application to  specific OTEC design 
cases. Some of these have been r viewed in the past 
by Gilbert Commonwealth ASSOC? and others were 
discussed at the OTEC Cold-Water Pipe Workshop held 
in January 1 979.4 

It is not the purpose of this paper to review or 
evaluate these analysis tools, however. The intent is 
rather to assess the available environmental input data 
provided by the Department of Energy (DOE) in the 
farm of the Standard Environmental Data Package, . 
and consider i ts applicability to  CWP design 
problems. In particular, we are interested in the 
problems of vortex-shedding and other fluctuating 
current loads as they relate to  fatigue analysis and 
other statistically definable phenomena. 

Importance of Vortex-Shedding Loads 

In general, our understanding of the dynamic 
response of large bluff bodies in the oceanic current 
environment is based on a combination of 

Introduction extrapolation from smaller scale phenomena, empirical 
evidence and physical intuition. A structure of the 

Of al l  the major components present in an OTEC size of the OTEC cold-water pipe in many ways dwarfs 
power plant, probably the most crucial from an overall some of the most impressive of engineering structures 
design methodology standpoint is the cold-water pipe (Figure I). In comparison, i t  is two and one-half times 
(CWP). Because of i ts massive size (10-30 m. in. as high as the mammoth Sears Tower in Chicago, and 
diameter and nearly 1000 m. in  length), costs per unit nearly three times as large as the Cognac Dri l l ing 
increase in design strength are enormous and generous Rig. Complicating this situation is the very high 
levels of overdesign would be prohibitively expensive. 1.250 

Countering this is the relative importance of the 
reliability of the CWP to the overall success of the 1 .roo M (3.400 m 
OTEC system. Structural failure of the pipe at any 
time after the initiation of deployment would more 1.000 

than likely result in the ult imate failure of the entire 
OTEC project. The same claims cannot be made far 
most other OTEC components which, by-and-large, ,-- 750 

may be replaced, repaired, and altered even after E 

L deployment. The cold-water pipe wil l  be, in effect, a E 
"one-shot deal." Y 

P 500 
The critical nature of the CWP as already been . . 

demonstrated by the loss of the pipe on the Deep Oil 
X- I, which experienced structural failure during 

250 deployment o f f  Santa Catalina Island i n ' t h e  Pacific 
Ocean in December 1978. 

Due t o  the nature of the problems associated with . 
the CWP design and analysis, significant ef for t  is being 



aspect ratio (lengthldiameter) of proposed CWP 
designs, typically on the order of 100. Bodies of such 
aspect ratio tend to respond in a number of vibrational 
or "strumming" modes (Figure 2). Vibrational 
responses of significant magnitude imply cyclic stress 
reversals. This, in turn, warrants consideration of 
fatigue failure, particularly in the highly corrosive 
marine environment. 

Recent research in the area of vortex induced 
loads applicable to the OTEC CWP has focused on 
problems related to amplified loadings due to "lock-on" 
of the pip vibrational response to the vortex-shedding 
frequency! a d the phenomenology of vortex shedding 2 in shear flows . 

In the case of "lock-on", a vortex-shedding 
frequency near one of the natural vibrational 
frequencies of the pipe will tend to induce sympathetic 
vibrations which will cause significant load 
amplification (Figure 3). As noted previously, 
vibrational responses of significant magnitude wll l 
cause cyclic stress reversals which make consideration 
of fatigue failure an important problem for the design 
engineer. 

Studies of vortex shedding in the type of sheared 
current profiles frequently encountered in the ocean 
have concentrated on the definition of vortex 
correlation lengths (Figure 4) and their relationship to 
the current magnitude profile. 

While these studies are adding a great deal to our 
knowledge of vortex shedding processes and 
consequent structural responses, it must be 
remembered that extrapolation of results from 
laboratory scales up to the size of an ocean structure 

' of unprecedented size 'requires consideration of the 
limitations and caveats associated with such scaling. 

D 
Fig. 2. Response Modes of OTEC Cold-Water Pipe. 

Desiqn Current Information 

All of the above logically leads to consideration of 
the structure and variability of ocean currents. It has 
long been known that ocean currents of significant 
magnitude may exist down to great depths, induced by 
a number of geophysical processes such as: 

.Direct driving by the wind, 
Inertial motion, 
Astronomical tides, 
Geostrophic adjustment. 

All of the above processes can cause currents to 
i 

I vary in magnitude and direction over periods ranging 
from a few hours (tidal or inertial motion) to a few , j! 

I /,\  

MODES O F  VIBRATION OF CWP 

FREQUENCY RATIO FIFN 

Fig. 3. Shift in Apparent Natural Frequency of CWP 
Correspondsing to Sympathetic Vibration Frequency 

of Vortex "lock onv1. 

days or weeks (geostrophical ly driven motion). While 
some of these processes, in particular wind-driven 
flows, lend themselves easily to local mo'delling, others 
cannot be adequately simulated without resorting to 
global mod l ling of cl imatic/oceanic dynamics and 7 interactions . These mesoscale motions account for 
much of the seasonal climatological variability in 
oceanic flows. 

How these interactions. f i t  into the development 
of environmental design criteria for the cold-water 
pipe can best be explored by considering the present 
environmental information distributed by the 
Department of Energy (DOE) to the OTEC community 
and reviewing its application to one design concept 
that has been considered. 

The OTEC design current info mation was 
originally developed by Bretschneideh and more 
recently revised by the Department of ~ n e r ~ ~ ~ .  The 
standard DOE environmental package contains surface 
currents for extreme and operational conditions and 
standard vertical current velocity profiles for four 
potential OTEC plant sites (Table I and Figure 5 
respectively). Detailed referencing to the original 
data sources and prediction methods is contained in 
these two reports and will not be repeated here. 

Of interest is the fact that the operational 
information consists of a single, unidirectional current. 
profile, assumed to be invariant in time for the 
purposes of plant design. For many purposes, such - 

VELOCITY PROFILE 

u 
Fig. 4. Vortex Shedding Cells in a Shear Flow. . 



information is quite satisfactory. It wil l  be shown in 
the succeeding example, however, that this is 
inadequate for CWP design calculations, particular1 y 
as from the standpoint of a cumulative damage fatigue 
analysis under the assumption ot  vortex "lock-on". 

Example of Fatique Analysis Usinq OTEC Current 
Prof I le 

As noted i r l  Hove, et all0, current induced cyclic 
loads are associated with fluctuating l i f t  forces 
perpendicular to the flow oscillating at the frequency 
of vortex shedding, and drag forces in-line with the 
flow, oscillating a t  twice the shedding frequency. This 
effect wil l  be accentuated when "lock-on" occurs; that 
is, when the natural frequency of one of the response 
modes of the pipe "locks-on" to the vortex shedding 
frequency (see Figure 3). 

Giannotti & Buck ~ssoc. '  have performed 
preliminary analyses which indicate that a number of 
pipe configurations wil l  experience "lock-on" in the 
second to f i f t h  structural beam modes for the normal 
(operational) current profile for Punta Tuno. The 
configurations considered included a broad range of 
diameters, wall thicknesses and materials (steel, 
concrete and GRP) for use with the 10 MWe Modular 
Applications Spar Platform. 

A further result of the Giannotti & Buck report is 
that for normal current condition, the stresses 
associoted with the unsteady drag forces can be 
several times larger than the 100-year storm rms wave 

- induced bending stresses. The analysis of t h  se cyclic 
loads followed that proposed by Hove, et. a l lp  with the 
following assumptions: 

the flow is assumed to be correlated over 
the entire length of the CWP, 
the velocities used to  determine the 
shedding frequencies (Strouhal number) ore 
the maximum velocities of the normal and 
extreme velocity profiles, 
the entire pipe wi l l  be excited i f  o local 
vortex shedding frequency falls within 530% 
of a CWP natural modal frequency. 

Of  greatest interest in  this discussion are the 
fatigue analysis procedures used. By applying the 
normal (operational) current profile to their stress 
model, the resultant cyclic drag forces over the entire 
l i fet ime of the structure were determined. This was 
applied to  the Palmgren-Miner theory of cumulative 
damage for fatigue analysisi2. According to  this 
theory, the fraction of useable specimen l i fe consumed 
a t  each load level during a structure's l i fe history can 
be simply summed, and failure con be predicted when 
the sum of fractional damage is equal to  one. The S-N 
curves for steel in air and in salt water are shown in 
Figure 6 .  This curve preserils the number of cycles of 
stress reversal (tension to compression) that can be 
undergone by a material before fatigue failure as a 

VELOCITY RATIO 

Fig. 5. Normalized OTEC Environmental Current 
Profile. 

function of stress magnitude. A structural element 
that undergoes a greater number of stress cycles in i ts 
lifetime than the number indicated in the S-N curve is 
assumed to fail at some t ime shorter than its design 
lifespan. The l i fet ime of the member is indicated by a 
parameter called the "D-factor" (Damage Factor) 
which is the ratio of the number of cycles determined 
to occur over the member's lifespan to  the maximum 
number permissible on the S-N curve. Thus, a 
D-Factor of one or grenter indicates a structural 
element that wil l  probably foil in fatigue prior to i ts 
design lifespan. It is evident that, due to the corrosive 
nature of sea water, a much lower number of stress 
reversals is needed to cause failure in the marine 
environment than in air. 

The results of the fatigue analysis for selected 
CWP designs ar presented in Table 2 (after Giannotti 
& Buck Assoc."). As can be seen from this table, 
cumulative damage, as indicated by the "0-factor" i n  
this table, is much greater than one for o number of 
the cases considered. This would imply failure from 
corrosion fatigue for these cases. In the most extreme 
case, the cumulative damage number of greoter than 
100 implies a total l i fet ime of only 3 months, or less, 
assuming a planned l i fet ime of 30 years. 

Table 1 
Operational and Extreme Surface Current Magnitudes (cm./sec.) 

for Four Potential OTEC S i t e s  

I SITE 
-- - I Vs (Operational) Vs ( ~ x t r e m q  

Keahole Point 
Punta Tuna 
New Orleans 
Florida 
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Definition of ~nviromnental ~ a t a  Needs 

We see, then, from the previous example, that 
indications are that unsteady l i f t  and drag loads due to 
vortex shedding may cause catastrophic failure of the 
CWP within a very small portion of the exqected life- 
time of the structure due to corrosion fatigue. 
Admittedly, the ml idi ty of the preceeding cnalysis is 
qualified by a number of assumptions and 
generolizations relating to the environment and to the 
phenomenon of vortex shedding. But the assumption of 
a steady, unidirectional sheared current profile acting 
continuously throughout the l i fe of the cold-water pipe 
is not the least of these. In order to make the current 
information reach at least the level of completeness of 
the opera- tional wave information presently available 
in the DOE environmental package, and allow it to 
approach the sophistication of the models to which it 
is being applied, the following information is a minimal 
necessity: 

a  tati is tical distribution 'of  currents at various 
depths, 

a Information on directional variation of 
currents with depth, inclding statistical 
distributions. 

For future &velopmental work, in particular, for 
application to the 3-0 thin-shell model presently under 
development, more detailed information of the 
following type will be necessary: 

a ,Persistence data on the occurrence of 
currents likely to induce intensified lift and 
drag due to vortex lock-on, 
Directional persistence information at 
various depths, 

a Directional coherence of the currents as a 
function of depth. 

It con be argued thot such information is presently 
being developed through the OTEC Oceanographic 
Data Collection Programs run by Dr. R. Molinori and 
his associates at Atlantic Oceanographic and Meteoro- 
logical Laboratories (AOML). However, while such 
information will indeed be of great importance in the 
future to model calibration cnd verification, it is not 
presently of sufficient volume or duration to address 
the needs posed herein. To f i l l  these needs, a 
systematic approach combining hindcast analyses, use 
of available measured &ta cmd integration of the 
results of present research programs directed towards 
the better understanding of the vortex-shedding 
phenomenon is called for. As will be shown below, 
sufficient information presently exists as inputs to 
such a methodology that it c m  be accomplished within 
a time frame that is responsive to the needs of the 
OTEC community and can result in more reasonable, 
cost effective design decisions. 

Table 2 
Sumnary o f  CWP Fat igure Analysis Using Palmgren-Miner Rule fo r  1?% Steel, 

Punta Tuna Si te,  30 Year Expected L i f e  
(Af ter  Giannott i  & Buck Associ.11) 

DIAMETER, FT. 

301 

501 

302 

302 

WALL THICK- 
NESS, FT. 

0.07 

0.1 

0.15 

0.07 

0.1 

0.07 

0.15 

CUMULATIVE 
DAMAGE DUE TO 
WAVES ONLY 
(D FACTOR) 

.0047 

.0028 

.0142 

. .016 

.0028 

3.4 x lo -8  

3.99 

CUMULATIVE 
DAMAGE DUE TO 
WAVES AND CUR- 

RENTS, WITH 
LOCK-ON 

(0-FACTOR) 

81.075 

29.81 

9.58 

=. 100 

> 100 

1.3 x 10'~ 

4.1 x 10'~ 



Proposed Approach 

Other than . t h e  presently ongoing NOAA 
Oceanogrophic Data Collection Programs being carried 
out by AOML, the most extensive informational source 
of environment01 rlntn is the National Climotic Ce~itei. ) WCC) i n  Asheville, N.C. It is possible to  obtain long, 
continuous time series of coastal wind records from 
meteorological stations for many locations in  the U.S. 
and its possessions, including the Puerto Rican coast 
and the Hawaiian Islands. Not only do these t imc 
series present an opportunity to obtain meteorological 
forcing information for development of ocean current 
statistics, but they also may provide more reliable 
statistical wind information than that presently 
available in the DOE Environmental Package, which 
'wos developed from the U.S. Navy's Summaries of 
Synoptic Meteorological Observations (SSMO1s) 
util izing thousands of reports of wind speed and 
direction from ships in transit. 

After obtaining this wind information, i t  may be 
applied to o wind-driven current model of the Ekman 
type13; that is, a, single point model of pure wind 
drrft. This model may be either a steady-state model 
such as that developed by Ekmon or one of the more 
complex non-steady state models, such as that 
re ently applied to dri f t ing of spilled oil by Warner, et 
a .  The result of such an analysis wil l  be a time 
series of wind-driven currents with both mognitudes 
and directions specified, at a number of depths. A 
crucial part of the proposed approach is an assessment 
of the relative applicability of steady and non-steady 
state models to the development of operational 
current stotistics for CWP design purposes. 

But, as alreody discussed, the wind-driven 
component of the current is only one of a number of 
constituents generated by a complex group of 
geophysical processes. 

Tidal current information is also reasonably 
straightforwur.d t u  develop. In the absence of actual 
time series of current meter data at the proposed sites 
of sufficient duration to allow tidal harmonic analysis, 
i t  is possible to generate fair ly reliable currents from 
simpleS one-dimensional models and coastal< tide gage 
doto. 

Longer term mesoscale rr~olions, such as inertial 
motions, cannot be adequately predicted without 
resorting to large-scole oceanic/ . climatological 
interactions modelling. It is possible, however, to 
determine annual aveiage or even seasonally averaged 
volues for these currents util izing same 
hydrographic data base used by Bretschneii23 in the 
development of the OTEC Environmental Dota 
Package. 

The information developed above may then be 
combined into an overall current t ime series from 
which. cumulative probabilities of currents and 
persistence of currents of various cri t ical mognitudes 
may be developed for the currents at vorious depths. 
This process is shown schernaticolly in Figure 7, and 
the formats of presentation of the probability 
distribution and the persistence distributions are 
presented in Figures 8 and 9 respectively. 

In Figure 8, the matrix elements would consist of 
frequencies (in percent) of current magnitudes a t  the 
indicated depths. In Figure 9, for the current speeds 
indicated across the horizontal axis and probabilities 
on the vertical oxis, the motrix elements would consist 
of the number of hours over which the current 
magnitude would be less (or greater) than o certain 

lue. This information would be used to  assess the 
k of currents conducive to  vortex "lock-on1' 
rsisting for o period of time long enough for the pipe 
respond. Before' this determination could be made, 
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Fig. 7. Systemotic Development o f  Statistical 
Ocean Current Information. 

- FREQUENCY DISTRIBUTION OF CURRENT SPEEDS 

Fig. 8. Matrix Form of Frequency Distribution of 
Current Speeds. 

PE8SISTEIICF DISTRIBUTION OF CURRENT SPEEDS F4VORIBLE TO VORTEX "LOCK-ON" 

Fig. 9. Matrix Form of Persistence Distribution 
' of Current Speeds. 



however, an assessment is needed both of the current 
magnitudes which would tend to induce "lock-on" and 
more detailed information on vortex correlation 
lengths in sheared flows on oceanic scales. 

Statistical representations of directional 
variations of the current with depth have not yet been 
addressed. As will be discussed below, directional 
variations may be a critical limiting factor with 
respect to vortex correlation lengths and "lock-on" 
phenomena. Further research is needed in the 
determination of maximum levels of directional shear 
that can occur without destroying vortex correlation. 

Some Unresolved Problems 

The current information generated by the 
procedure described above would provide a great deal 
more information to the designers attempting to 
formulate rational CWP design information. A few 
questions on the phenomenology of vortex shedding in 
the actual oceanic environment directly relate to the 
application of this data, however. 

The first of these concerns the response time of 
the pipe to increased vortex excited loads. A body of 
the immense size of the CWP, acting within a highly 
viscous medium, and constrained by structural and 
fluid damping, may not react to vortex "lock-on" in a 
time period short enough to allow full-scale resonant 
structural response. Some qualitative estimate of this 
response time could be developed by application of a 
time-domain model to a number of proposed CWP 
designs. From this, the susceptibility of the pipe to 
the magnified stress levels associated with "lock-on" 
may be at least qualitatively determined. 

Although the question of vortex correlation length 
is being investigated in the. laboratory, a great deal of 
care and consideration should be taken prior to 
attempting to apply the results developed on such 
small scale studies to the ocean environment. 

Finally, serious consideration must be given to 
directional variation in ocean currents as a function of 
depth (Figure 10). I t  is not at all clear, for instance, 
how ihis variation will relate to the length scales of 

CURRENT PROFILE 3-D 
DIRECTION CHANGE WITH DEPTH CWP RESPONSE 

Fig. 10. Response of CWP to Complex Current 
Profile. 

vortex correlation and of structural response modes. 
It could well be, based on physical reasoning, that 
amplified loads induced by vortex "lock-on" will be 
inhibited i f  directional shear increases beyond some 
critical level. Again, more caution in design 
assumptions and further research into the physical 
processes are called for. 

Summary and Conclusions 

It has been shown that the current information in 
the presently available DOE environmental package 
for OTEC design is inadequate from the standpoint of 
cold water pipe design. A t  this point, it is feasible to 
consider developing a statistical basis of information, 
similar to the statistical wave height information in 
the present environmental package. Such information 
would provide an opportunity to assess the potential 
for critical vortex shedding loads in terms of their 
statistical distribution over the lifetime of the 
structure. I t  is also possible to develop persistence 
information from the hindcast analysis descrihd in the 
previous section. This information would provide an 
assessment of the potential for magnified stress levels 
due to "lock-on" action of the vortices. 

In summary, then, i t  is necessary to assess our 
ocean current information needs in terms of certain 
definable temporal and spatial scales of interest. The 
time scales of particular importance are scales over 
which the major variations in currents occur. These 
are: 

Tidal scales, 
Inertial Scales, 
Atmospheric System Scales, 
Scale of response time to CWP system 
"lock-on". 

The spatial scales relate to the scales of 
pipelfluid interaction, such as: 

Vortex correlation length, 
Modal Response wavelength, 
Scales of vertical current shear, 
Scales of vertical directional coherence' of 
the currents. 

Such information can be developed by utilizing 
presently available hindcasting techniques and can, on 
a seasonal basis, provide much more detailed 
environmental input information to CWP designers as 
well a those concerned with deployment and 
maintenance scenarios. 
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DISCUSSION 

D. Evans, ~vans/Hamil ton:  I n  regard t o  t h e  measure- 
ment of c u r r e n t  d a t a  f o r  t h e  OTEC sites, many of you 
heard t h e  paper given yesterday by Bob Molinari  i n  
which t h e  c u r r e n t  measurement program was ou t l ined .  
Generally, t h e r e  a r e  d a t a  being acquired a t  every 
s i t e  a t  t h e  Nobel Bay Area they a r e  ... one year  
d a t a  a t  Tampa, about a h a l f  a year  d a t a  i n  t h e  South 
A t l a n t i c  [and] i f  they r e t r i e v e  t h e  mooring cur ren t  
a r r a y ,  they w i l l  have t h e  ERA da ta .  I agree wi th  
M r .  Pompa t h a t  t h e r e  is  a s c a r c i t y  of d a t a ,  bu t  t h e r e  
is  a program t o  acqui re  it. The environmental d a t a  
package w i l l  r e f l e c t  [ t h e  da ta ]  a s  soon as it is  
acquired and processed. Secondly, we don' t  a n t i c i -  
p a t e  t h a t  design type d a t a  can be obtained and mea- 
sured i n  t h e  time frame of l to 1% years .  This  has  
been provided i n  t h e  p a s t  by D r .  Bert  Snyder. I n  a 
paper given by Dynalysis of Princeton,  they indi-  
ca ted  t h a t  a numerical hydrodynamic model has  been 
s e t  up of t h e  Gulf of Mexico. It is  a very i n t e -  
g ra ted ,  20-layered, sigma type model. They mention 
t h a t  they can f o r c e  t h e  model - using hurricane- 
design-type wind f i e l d s  - and develop t h e  mult i lay-  
ered v e l o c i t y  p r o f i l e  t h a t  would be used f o r  t h e  , 
major d a t a  t h a t  a r e  being acquired a t  t h e  s i t e .  A 
l o t  of t h e  d a t a  a r e  i n  t h e  m i l l  and can b e  generatea 
- i t  is  a quest ion of time. One of t h e  ques t ions  
f o r  M r .  Pompa - one of t h e  t h i n g s  t h a t  people measur- 
i n g  t h e  d a t a  would l i k e  t o  know - is, a t  what f r e -  
quency a r e  d a t a  p a r t i c u l a r l y  needed i n  response t o  
your p a r t i c u l a r  problem of v o r t e x  shedding? A t  
p resen t  t h e  i n t e r v a l  between measurements i s  20 t o  
30 minutes. 

J. Pompa: I d id  no t  q u i t e  understand one th ing  t h a t  
you s a i d .  Did you say t h a t  you & o r  do not expect 
design information t o  come out  of t h a t  program i n  
t h e  next  1 t o  1% years? 

D. Evans: A t  p resen t ,  i t  is not  under c o n t r a c t  - it 
would be an a d d i t i o n a l  work e f f o r t .  

J. Pompa: Addressing f i r s t  t h e  p o i n t s  t h a t  M r .  Evans 
makes about t h e  p resen t  and f u t u r e  a v a i l a b i l i t v  of 
a c t u a l  ocean c u r r e n t  measurements (as  opposed t o  t h e  
h indcas t  information t h a t  I proposed i n  my presenta-  
t i o n ) ,  I mentioned i n  my presen ta t ion  t h a t ,  while  
w e  a r e  aware of t h e  information being generated by 
D r .  Mol inar i ' s  group, t h e  p resen t  needs of t h e  cold 
water p ipe  design teams a r e  immediate and, it seems, 
on a time frame much s h o r t e r  than t h i s  information 
is  being made a v a i l a b l e  t o  t h e  community. Also, t h e  
c u r r e n t  d a t a  derived by t h e  program t h a t  I have pro- 
posed 'herein,  because of t h e  a v a i l a b i l i t y  of longer  
term s t a t i s t i c a l  c l imato log ica l  information,  may 
have g r e a t e r  s t a t i s t i c a l  g e n e r a l i t y  than a year  o r  
2 y e a r s  of data .  As a design information package, 
I f e e l  t h a t  t h e  p resen t  information i s  somewhat def i -  
c i e n t  and should be replaced with something more i n  
keeping with t h e  needs of t h e  CWP design community. 

To address  t h e  ques t ion  about t h e  multi-layered 
modelling e f f o r t s  t h a t  a r e  being undertaken i n  t h e  
Gulf of Mexico, two p o i n t s  need t o  be made. I ' m  
s u r e  t h a t  M r .  Evans is f u l l y  aware t h a t  such models 
a r e  q u i t e  expensive t o  run  and t h a t ,  because of t h i s  
l i m i t a t i o n ,  they do no t  lend themselves t o  t h e  ques- 
t i o n  of long-term s t a t i s t i c a l  information of t h e  
type t h a t  I have described.  Fur ther ,  t h e  importance 
of t h e  informational  needs t h a t  I have described a r e  
no t  re levan t  t o  hur r icane  cur ren t  genera t ion ,  , a  very 
t r a n s i t o r y  phenomenon, but  t o  t h e  long-term opera- 
t i o n a l  c u r r e n t s ,  which may induce continuous c y c l i c  
loads  and cause f a t i g u e  f a i l u r e .  Considering t h e  
planned 30-year l i f e  of t h e  s t r u c t u r e ,  t h i s  is  a 
much more c r i t i c a l  cons idera t ion  than  hur r icane  de- 
s i g n  cur ren ts .  
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Figure 1 indicates the present state of art for 
distance and depth and the specific needs of OTEC 

Abstract 

This theoretical investigation of the technical s. It is seen that much of the distance 
and economical feasibility of submarine cables r'the'l?nger'linke is in waters not deeper than 
necting OTEC (Ocean Thermal Energy Conversion) 0.m (300 feet). Because of the risk of cable 
plants to shore transmission grids began with a 0 trawler nets or ships in 
vey of the state of art in order to select bottom rs, it has been stipulated that the 
cables most suitable to transmit 250 MW per plant. s be buried to a 2.5 m (8 ft) cover 
For the longest links, consideration was given to ter depth is less than 90 m (300 ft). 
transmitting 500 MW per plant and to the feasibility 
of cables converging from 12 (or 6) plants of 250 
(or 500) MW each to an intermediate tie-point from 
which the aggregate power would be transmitted to 
shore by the minimum number of cables. Resulte of 
the first stage of the work enabled DOE to decide 
that solutions involving tie-points should be 
dropped. Moreover, attention was focused on 400-MW 
plants off Tampa, Fla., and New Orleans, La., and on' 
a 100-MW plant off Puerto Rico. The results indi- 
cate that the most suitable bottom cables are: eelf- 

APproach 

A literature survey of existing submarine cable 
installations resulted in the following list of 
cable types : 

High-preeeure.,,..o&l-filled, pipe-type cable (HPOF) 
ccom~reaaed-gas-insulated cables (CGI) 
Extruded-insulation cables ( E l  
Conventional paper-impregnated cables (PI ) 

contained, oil-filled cables at 138-345 kV ac for Self-contained, oil-filled cables (OF ) 
the short transmission links and paper-impregnated 
cables at 5250 kV dc for the long transmission 
links. Attention was also given to laying ope? 
ations, including embedding of cables #herever the 
'water depth is less than 300 ft. A list of critical 
issues which require experimental work in the on- . 

going program is presented. 
.) 

Paper-impregnated, gas-pressure-assisted 
cables (PC 
Synthetic-film-insulated cables ( s )  

Based on the required operating characteristics, 
a set of criteria for consideration in a further 
more refined evaluation was developed. The follow- 
ing basic feasibilities were confirmed: operation 

Introduction at the ac voltages'(~ 138 kV) required for the 
short links, operation at the dc voltages (12 200 

The transmission of power from Ocean Thermal kV) required for the long links, and ability to 
Energy Conversion (OTEC) plants to shore-based grid * and repair when links of exceptional 
facilities requires several significant advances in lengths and water depths are required- 
the state .of.art for submarine cables. Because of 
the unique requirements for the cable suspended Compressed-gas-insulated and synthetic-film- 
from the platform to the ocean floor versus the insulated cables were dropped because they were not 
ability to transmit power over long distances once 

' 
developed as Yet and are not ~articu- 

the cable touches the bottom, the problem was split larly suitable for the OTEC Power levels. -Paper- 
into two parts - riser cables and bottom cables. impregnated, gas-pressure-assisted cables were con- 
This paper covers only the work conducted for the . sidered fer the shallow water Sections of long dc 
bottom cable evaluation. The rdser cable system is links2 but were discarded because, for the con- 
presented in another paper.1 ditions of the representative sites considered, they 

are lees attractive than the simpler conventional 
After completing a literature survey and an paper-impregnated cables. High-pressure, oil-filled, 

assessment of the mechanical cable construction , 
pipe-type cables were also evaluated as an alterna- 

requirements for deep water submarine cables, it tive to self-contained, low-pressure oil-filled 
was tentatively determined that, for the power cables, but were dropped because it was apparent 
levels to be investigated, 345 kV ac and 138 kV ac that the ~Ipe-tYPe cables would require more R6D 
voltages were suitable for 400 MW and 100 MW,re- work without providing any significant technical 
spectively,over the short distances for island or economical advantages. 
applications and 5250 kV dc voltage for 400 MW over. 
longer distances. The representative sites for OTEC, Thus, the moat suitable cable types are: self- 
where the necessary water depth ?f 900 - 1800 m contained, low-pressure, oil-filled (OF) cables 
(3000 - 6000 feet) can be obtained, were selected and extruded-dielectric-insulated (R) cables at 
to be 3.7 km from shore for island applications 138 - 345 kV ac (for Powere lo0 - 400 MW) and 
(as Puerto Rico), and 150 - 280 km from transmission links; and conventional solid, paper- 
shore for U.S. continental sites such as New Orleane impregnated at kV dc long 
and the West Coast of Florida. transmission links. 1 
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Figure 1. State of the art for submarine transmission cables. 

Table 1 summarizes some basic data on the bottom 
cables considered for the various representative 
OTEC sites. No distinction is made for the con- 
ductor cross-section between embedded and nonLburied ' 

portions of the route for the thermal capacity cal- 
culations. As a matter of fact for dc cables, the . 

temperature drop across the insulation is the only 
concern of practical interest, whereas in the case 
of ac cables (which are only used in short links) it 
is not advisable to adopt a reduced conductor cross- 
section for the unburied portion of the cable and 
risk the complexity of introducting a flexible 
factory joint to mate dissimilar cable sections. .In 
addition, one spare cable has been included in all 
the analyses in order to meet a minimum level of 
reliability for a single circuit connection to shore. 
From an electrical point of view, only extruded in- 
sulation cables up to 345 kV ac require R&D work. 
From a mechanical point of view, all candidate 
cables require R&D.because of the exceptional depth 
of laying; in fact, as noted in Figure 1 no power 
submarine cables have been laid in waters deeper 
than 550 m (1800 f t) .3 

The main construction characteristics of all 
cables are given in Table 2; parameters and oper- 
ating data in Table 3; and estimated costs in 
Table 4. These topics will be described in more 
detail in following paragraphs. 

Bottom Cables for Puerto Rico 

The thermal resource for OTEC plants near the 
island of Puerto Rico can be obtained extremely 
close to shore, i.e. within 3.7 km (2mi) corre- 
sponding to a water depth of 1200 m (4000 ft). Con- 

cerning the'seabed for the Puerto Rico site, it was 
assumed to have a regular profile to be composed 
essentially of sand and clay, therefore this site 
offers favorable characteristics from the point of 
view of laying and embedding operations. In actual 
.practice, a complete bottom survey of the selected 
route would be required to ascertain specific soil 
composition and possible abrasion conditions as well 
as an understanding of soil resistivity for ampa- 
city calculations. 

Fade .a: '400 'MW 'Plant 

Coneideration was given first to 230 kV ac 
transmission, but it was not capable of transmitting 
the required.400 MW with a single circuit. There- 
fore, 345 kV ac was chosen for the 400 MW plant. 
At this voltage, two solutions, both involving a 
single cable circuit, are in principle possible: 
self-contained oil-filled (OF) cables, for which 
525 kV ac underground and 400 kV ac eubmarine 
installations already exist; and cross-linked poly- 
ethelene (XLPE) cables, for which important re- 
search work up to 345 kV ac sponsored by the 
Electric Power Research Institute and DOE is in 
progress in u.s.~ 

The XLPE solution is based on the assumption 
that the aforementioned experimental work can be 
concluded successfully not only as far as the 
qualification tests are concerned, but also with 
reference to cable reliability (assessed using , 

Weibull's statitistical criteria) and appropriafely 
to the technology transfer of experimental results 
.to "submarine cables laid in deep waters. According 
to Ref. 4, the insulation wall of an XLPE cable 
operating at 345 kV ac must be 26.2 mm (1.03 in). 



Table 1. Bottom cables suitable for representative OTEC sites 

- 

Power Distance Length to Maximum NO. of kV Case Type Conductor 
MW Ian be buried <epch,m aablesu section, 

I 

km kcmil 

Puerto Rico 400 3.7 1.5 1200 4 345AC a.lOF 1400 
a. 2 XLPE 1250 

100 3.7 1.5 1200 4 138 AC b.1 OF 440 
b.2 EPR 1250 

400 150 110 1200 3 250 DC PI 
I I New Orleans 1400 . 1 

West Coast 
of Floridab 400 275 160 1200. 3 250 DC PI 1400 

a. One circuit will be used with.one cable added as a spare. 

b. The two alternatives for 1800 and 1200 m differ only in the details of the amour. 

Under these high electric stress conditions, it is 
mandatory that the insulation be protected from 
ingress of moisture by applying a hermetic lead 
sheath over the outermost insulation shield. 

Since the OF cables offer high electrical safety 
margins, ~kereas the electrical reliability of XLPE 
cables at 345 kV has still to be assessed, and the 
OF cables can be manufactured without joints, %ere- 
as the industrial technology for 345 kV XLPE cables 
has not yet been established, the OF cables are pre- 
ferred. Although the OF cables are more expensive, 
the cost difference is within the 10% error bend of. 
present estimating ,accuracy. 

Case b. lOOMW Plant 

If only 100 MW must be transmitted, the most 
suitable voltage is 138 kV ac, and the submarine 
cables can be either the OF type or the extruded 
insulation type. In the latter case reference is 
made to ethylene propylene rubber (EPR) cables, 
which are routinely manufactured by deveral cable 
organizations for voltages up to 150 kV ac, in undek 
ground installations and, so far', up to 30 kV in ' 

submarine installations. It is estimated that EPR 
cables can safely operate in submarine installations 
at 138i*kV without addition of a metallic sheath in- 
pervious to water providedthe maximum electric 
stress is maintained lower than 5 kV/m (127 kV/in). 
Here again the ratio between insulation and con- 
ductor diameters is designed to be near the optimum 
value. ' . . 

Since EPR cables cost less than OF cables and 
have acceptable electrical reliability, they are 
attractfve for 100 MW plants. However use of.EPR 
cables is deemed unwise if a prototype 100 MW plant 
at Puerto Rico is considered to be a forerunner of 
commercial plants up to 400.MW capacity. In this 
case it is obviously advisable to use the same cable 
type (OF) as envisaged for the anticipated larger - 
plant in order to obtain invaluable operating 
experience with them. 

'Bottom 'CdGled for 'New'Orleans 

Dye to the long distance involved (150 km), 
only dc cable solutions were considered. Based on 
the plant output of 400 MW, the most suitable trans- 
mission voltage is in the range of +250 kV dc. 

/ 

Since H M C  extruded insulation cables are still 
in an early stage of research, they were not con- 
sidered in the present analysis. In principle, the ' 

problem can be solved by means of conventional . 
paper-impregnated (PI) cables; paper-impregnated, 
,gas-pressure-assisted (PG) cables; or OF cables. 
However, PG cables face important mechanical pro- 
blems in connection with the exceptional depth of 
laying. .Similarly, OF cables encounter significant 
hydraulic.1imitations for the long length required. 
It follows that the most suitable solution, ac- 
cording to.the present state of art, is PI cables. 

'Boftom'Cables For 'West Coast Florida 

\ 
For this representative site the conditions are 

similar to the New Orleans case, but the distance. 
to be covered is much longer (275 km versus 150 km) 
and an alternative is required for maximum water 
depth of 1800 m (6000 ft) in addition to 1200 m 
(4000 ft). Power and voltage being unchanged, the 
dc cablea described in the next-to-last colum of 
Table 2 can be used when the water depth is 1200 m. 
For the alternative concerning 1800 m water depth, 
the cabledimensions must be modified as shown in 
the last column of Table 2. The approximate costs 
of the West Coast Florida link are given in Table 4 
for the 1800 m depth case; the 1200 m case is 
slightly less expensive. 

'Genera1:Corisiderations - Cable Designs 
In the present analysis, it was assumed that the 

mechanical problems due to laying cables in water 
depths up to 1800 m can be solved by applying an 
antitwist amour to each cable consisting of two 
layers of. flat steel wires (with high tensile 
strength) applied with opposite lay directions. 
This type or armouring is undergoing research work 
inside Industrie Pirelli Laboratories independently 
of OTEC applbcations. \ 



. Puerto Rico puerto Rice Puerto Bico Puerto Rico, N.Orleans A.Florida 
345 kV 345 kV 138 kV 138 kV 5250kVdc 2250kVdc 
XLPE O.F. EPR O.F. P.I .  P . I .  

. . . . . . . . . . 
Table .2. .Main . c o n s f ~ c t i ? n g l  : 'ehayacter is t ics  .oP,bottolp:cables . i n  . m a x i < ~ : w a t e ~ , d e e t h . . ~ f  :??00 .m 

400 Mw . ,400 .MW . . . 100 Mw . 100 Mw 400 MW 400 MW 

ASSUMED PARAMETERS 

Embedding depth of cab le ,  m 2.5 
Maximum ambient temperature, C 25 . 
Distance between cable cen te rs  m >10 
Thermal r e s i s t i v i t y  of s o i l ,  0 6 m / ~  0.7 
Thermal r e s i s t i v i t y  of 

d i e l e c t r i c ,  Cm/W 3.5 
Thermal r e s i s t i v i t y  of 

an t icor ros ion  sheath and 4 ' 

j u t e ,  O C ~ / W  

DC qes i s tance  of the con- 
ductor  a t  20°c, ohmlkm 0.0286 

D i e l e c t r i c  l o s s  f a c t o r  ( t g s )  0.0004 
D i e l e c t r i c  r e l a t i v e  

permiss iv i ty  (E) - -- - 2.5 
Capacitance of cab le ,  uF/km 0.14 
Load f a c t o r  1 
Maximum permissable con- 

ductor  temperature, OC 90 

, 4 
. 

OPERATING DATA 

Rated voltage,  kV 
Rated cur ren t ,  A 
Frequency, Hz 
Number of operat ing cables  
Load f a c t o r  
Conductor temperature, .OC 

Conductor l o s se s ,  approx. W/m 
D i e l e c t r i c  losses ,  approx. ~ / m  
Sheath l o s se s ,  approx. W/m 
Armour losses ,  approx. W/m 
Maximum , e l e c t r i c  

s t r e s s  ,. kV/mm 

' EPR ' 

Puerto kit, 

100 PIW 

1250 
30 

25.5 

copper 
EitGEen 

2.5 

l is  . , 

26.5 
. 

.- 
The problem of f l e x i b l e  fac tory  

-. -. 
- PI 

'W. Flo r ida  
400 MW 

i 1 2 0 h  180, - - . . - .- - 
1400 . 

14.3128.4 (oval \  

15.5 

2.75 

OF. I 

Puerto Eico. 
, .  

100 14W . 

440 
2 1 

9.5 

2.2 

. 3  

."ti 

j o i n t s  was con: i t .  i s  necessary t o  wait  f o r  the  re levant  m a n u f a x -  

2.5 . 

, 101195 

89.9 

XLPE 

Euerto. .. 
Rico 

400 PIW 

1400 
30 

26.2 

3.3 

3 

125 

s idered  only -for t he  long l i n k s  of New Orleans and ing  technology t o  be developed. Referr ing t o  the 
West Coast F lor ida .  I n  f a c t ,  the sho r t  l i n k s  f o r  long l i n k s  and t he  e x i s t i n g  manufacturing and i m -  
Puerto Rico do not requi re  f l e x i b l e  j o i n t s  (o ther  pregnat ing tank f a c i l i t i e s , - i t  i s  poss ib le  t o  pro- 
than f o r  r epa i r s )  i f  the  so lu t i on  cons i s t s  of s e l f -  duce fac tory  lengths i n  the  range of 50 km. Exam- 
contained o i l - f i l l e d  cab les ,  whereas f o r  XLPE cables . '  i n ing  Figure 1, i f  one s t a r t s  from 

Table 3. Parameters used and r e su l t i ng  cab le  operat ing r a t i ngs  f o r  each s i t e .  

" .  

Copper conductar:section, kcmil 
diameter, mm 

I n su l a t i on  thickness,  mm 

Lead shea th  thickness,  mm 

Antiwist amour  i n  
two l a y e r s  of f l a t  s t e e l  
n i g h  teiiSll'%trength)-'fires : .- 

th ickness  of each l aye r ,  mm 

O.D. of cable,  mm . 

4 

107/101 

35.2 

OF 

Euerto. Rico, . 

400 PIW . 

1400 
a2.8 

21 

3 

2.5 

115 

Weight ( i n  a i r ) ,  kg/m 

- -. .- 

36.7 1 40.5 , )  i 8 . 2  
. . . 

- 
-. . 



t h e  platform and moves toward shore  f o r  50 Ian, i t  
becomes obvious t h a t  f l e x i b l e  f a c t o r y j o i n t s  w i l l  
not  be  required i n  water  depths i n  excess  of 60 m 
t o  245 m f o r  New Orleans and t h e  West Cogst Florida, 

D respec t ive ly .  However, t h e ~ e  i q  t h e  p o s s i b i l i t v  
t h a t  a r e p a i r  must be c a r r i e d  out  i n  t h e  event of 
cab le  f a i l u r e  i n  waters  deeper than those  mentioned 
above. Considering t h e  twu r o u t e  p r o f i l e s ,  one 
r e a l i z e s  t h a t ,  i f  a spare  cab le  20-25 Ian long i s  
a v a i l a b l e ,  r e p a i r  j o i n t s  can be confined t o  maxi- 
mum depths of only 400 m (1300 f t )  f o r  t h e  New 

..Prleans and Weat .Coast F lor ida  s e e s .  . Rrasent ly.  
f l e x i b l e  r g p a i r  j o i n t s  have been experimental ly  
developed f o r  self-contained o i l - f i l l e d  cab les  f o r  
l ay ing  i n  depths upt t o  400 m. The b a s i c  p r i n c i p l e  
used f o r  t h i s  j o i n t  can be app l ied  t o  t h e  f l e x i b l e  
j o i n t s  f o r  t h e  paper impregnated cab les  contem- 
p l a t e d  f o r  t h e  OTEC p r o j e c t .  However, s u i t a b l e  
experimental t e s t s  w i l l  be  needed t o  demonstrate 
t h i s  po in t .  . 

The problem of opt imizing cab le  dimensions is  
a f f e c t e d  by many f a c t o r s  a t  t h e  time of design. 
I n  a d d i t i o n ,  any increase  i n  c a b l e  s i z e  and weight 
can g ive  r i s e  t o  more d i f f i c u l t  l ay ing  and/or 
recovery operat ions.  It was, however, decided t o  
invest igaJe whether a reduct ion i n  cab le  power 

Table 4. ~ r ~ s m i s s i o n  Costs i n  Mi l l ions  o f '  d o l l a r s  

Cables A sesso- Tran- n s  a l -  T o t a l  
r e  s p o r t  $ a t t o n .  

Puerto Rico 
400 MW, OF 2.3 0.5 0.3 0.9 1.6 5.6 

400 MW, XLPE 2.0 0.4 0.3 0.9 1.6 5.1 

100 MW, OF 1.7 0..2 0.3 0.9 1.6 4.7 

100 MW, EPR 1.0 e0.1 0.3 0.9 1.6 3.8 

New Orleans 
40OMW,PI 38 0 . 1  2 .5  2.5 39 82 

West F lor ida  
400 MW, .PI 70 0.1 2.9 2.7. . . 5 6 . .  132 

. . . . . . . . . . . . - . . -- - - 
l o s s e s  due t o  an increase  of cab le  s i z e  coul'd-re- ' 

' 

s u l t  i n  a more economical.system. This  a n a l y s i s  
made i t  c l e a r  t h a t  with re fe rence  t o  p resen t  l o s s  
eva lua t ton ,  .the'minimtun conductor s i z e  capable of 
s a t i s f y i n g  . t h e '  continuoub .cur ren t  requirements i s  
l ikewise  t h e  optimum choice economically., 

'Genera l 'Cdris iderat idr i s  on Laying and Embedding 

To l a y  cab les  i n  water  depths i n  t h e  range 1200 
-1800 m (4000-6000 f t )  involves major design con- 
s i d e r a t i o n s  f o r  t h e  cab les  and f o r  t h e  s h i p  handling 
and lay ing  equipment. The cab les ,  a s  a l ready  
mentioned, r e q u i r e  a s p e c i a l  a n t i t w i s t  ( torque 
balance) amour .  I n  case of conventional paper 
impregnated i n s u l a t i o n ,  t h e  conductor must be 
s u i t a b l e  oval ized t o  accommodate, along pre- 
f e r e n t i a l  d i r e c t i o n s ,  t h e  volume urpansion due t o  
thermal cycles .  J o i n t s  a r e  p o t e n t i a l l y  weak p o i n t s  
even when f l e x i b l e  and manufactured according t o  
t h e  b e s t  techniques and it i s  e s s e n t i a l  t o  reduce 
t h e i r  number by manufacturing t h e  cab les  i n  t h e  
longest  p o s s i b l e  l eng ths .  ' 

Laying machines s u i t a b l e  f o r  l a r g e  power, cab les  
i n s t a l l e d  i n  water  depths of 1200-1800 m must be 
developed i n  o rder  t o  prevent  damage t o  t h e  

i n s u l a t i o n  due t o  i n s u f f i c i e n t  bending r a d i i ,  exces- 
s i v e  l a t e r a l  p ressures  due t o  t h e  f l e e t i n g  r i n g s ,  
and so  on. 

Bending and t o r s i o n a l  s t r e s s e s  of t h e  cab les  
during lay ing  must remain wi th in  s t i p u l a t e d  design 
limits, t h e r e f o r e  proper choice of a l l  bending and 
c o i l i n g  diameters i s  e s s e n t i a l .  I n  c e r t a i n  c a s e s ,  
r o t a t i n g  platforms may be necessary t o  e l i m i n a t e  
t o r s i o n a l  s t r e s s e s  on t h e  cable .  The pu l leys  on 
which t h e  cab le  pays ou t  must be designed wi th  
excep t iona l ly  l a r g e  diameter ,  and t h e  braking 
equipment of the l ay ing  machine must be capable of 
t ens ions  up t o  70 tons (which i s  two t o  t h r e e  
times higher  than presen t  cab le  l ay ing  systems).  

It  must be borne i n  mind t h a t  ally formation of 
kinks during cab le  l ay ing  and recovery opera t ions  
is  extremely de t r imenta l  t o  t h e  s a f e  opera t ion  of 
any type of paper-impregnated cab le  i n  t h a t  t h e  
paper tape separa t ion  a t  the  sharp bend w i l l  pre- 
c i p i t a t e  an immediate e l e c t r i c a l  f a i l u r e  a s  soon 
a s  vo l tage  i s  appl ied .  In  shallow wate rs ,  the  
problem comes not  from lay ing  out  b u t  from embed- . 
ding opera t ions  and is more an economic than a 
t e c h n i c a l  problem. The leng ths  of cab les  t o  be 
embedded can be except ional  wi th  a maximum i n  the  
range of 470 km f o r  t h e  t h r e e  cab les  (one spare)  
envisaged f o r  West Coast of F lor ida .  A t  p r e s e n t ,  
the  embedding c o s t  i s  extremely high and the  time 
involved i s  very long. With one embedding machine, 
i t  would take years  t o  bury the  cab les  f o r  t h e  West 
F lor ida  s i t e  based on an o p t i m i s t i c  r a t e  of one k i l o -  
meter a day u t i l i z i n g  p r e s e n t l y  a v a i l a b l e  techniques.  
Obviously, i n s t a l l a t i o n  c o s t s  and dura t ion  w i l l  be 
reduced i n  t h e  f u t u r e  because work is  under way i n  
s e v e r a l  count r ies  t o  develop more advanced systems. 
However, an accura te  and p r e c i s e  survey of a l l  pos- 
s i b l e  cab le  rou tes  must be c a r r i e d  out  t o  i d e n t i f y  
p re fkr red  cab le  landings t o  minimize the  impact of ' 

shipping l a n e s  and t rawler  opera t ions  on cab le  dam- 
age. In  any case ,  i t  i s  necessary t h a t  an exac t  
knowledge of t h e  phys ica l  c h a r a c t e r i s t i c s  of t h e  
s e a  bottom be a v a i l a b l e  so  t h a t  the  c o r r e c t  choice 
of embedding procedures can be made. From the  s t a -  
t i s t i c a l  d a t a  on t h e  meterological  condi t ions  of 
the r e p r e s e n t a t i v e  s i t e s  according t o  d i f f e r e n t  
seasons of the  year ,  one can a n t i c i p a t e  t h a t  i n  t h e  
January-May period i t  w i l l ,  i n  p r i n c i p l e ,  be pos- 
s i b l e  t o  ca r ry  out  the  complex lay ing  opera t ions  
such a s  those involved i n  the  OTEC Pro jec t .  

Of course,  i t  w i l l  be  necessary t o  organize i n  
advance a l l  d e t a i l s  of such opera t ions  and t o  , r e l y  
upon accura te  meterological  f o r e c a s t s .  

.& .6iri. . p .  . . . . 
g rogram'for ' t l ie 'Bottom Cable 

From t h e  previous d i scuss ion  it can be seen 
t h a t  t h e  p r i n c i p a l  experimental work t o  be 
c a r r i e d  out  i n  ensuing phases o f . t h e  bottom c a b l e  
a r e  : 

o D e f i n i t i o n  3f t h e  cab le  design d e t a i l s ,  wi th  . 
s p e c i f i c  regard t o  t h e . a n t i t w i s t  a m o u r ,  so  
t h a . . t h e ' . h e a v y  mechanical s t r e s s e s  encountered 

. .dur%ng.lay?ng and.recovery opera t ions  i n  very 
.deep 'waters  can s a f e l y  be  withstood. 



o Development and t e s t  of f l e x i b l e  f a c t o r y  and 
r e p h i r  j a ~ t w ,  mpa t b t .  they Can .meet'.the. l a p  
i n g  and, recovery opera t ions  a t  the ' a rk ic ipa ted .  
water  depths ( l e s s  than 400 m (1300 f e e t ) ) .  ' 

o Establishment of t h e  requirements f o r  t h e  
cab le  l ay ing  and recovery equipment, t ak ing  
i n t o  account t h e  except ional  water  depths,  
t h e  c h a r a c t e r i s t i c s  of cab les  and j o i n t s ,  
e t c .  

o I n v e s t i g a t i o n  of t h e  technological  needs f o r  
recovery and r e p a i r  opera t ions ,  a s ' w e l l  t h e  
design d e t a i l s  of t h e  re levan t  equipmerit. 

o Development of t h e  l ay ing  and recovery pro- 
cedures f o r  t h e  s p p c i a l  j o i n t ' c o n n e c t i n g  
bottom and r i s e r  cab les  ( t h i s  experi-  
mentation is  t o  be c a r r i e d  out j o i n t l y  by 
manufacturere respons ib le  f o r  t h e  two cab les  
and t h e  connecting j o i n t ) .  

A f t e r  t h i s  experimental work has been concluded. 
a s e a  t r i a l  making use of a s u i t a b l e  cab le  l eng th  
inc lud ing  fac tory  and r e p a i r  j o i n t s  w i l l  be de- 
s i r a b l e  i n  o rder  t o  o b t a i n  f u l l  s c a l e  v a r i f i c a t i o n  
of a l l ' a n t i c i p a t e d  opera t ions  and mechanical 
s t r e s s e s .  Of ' course ,  what is s a i d  above a p p l i e s  
t o  t h e  p a r t i c u l a r  c a b l e  and j o i n t s  s e l e c t e d  f o r  
each r e p r e s e n t a t i v e  s i t e  which f o r  a l l  i n t e n t s  and 
purposes can be reduced t o  two cab le  types:  s e l f -  
contained,  o i l - f i l l e d ,  ce l lu lose- insu la ted  cab les  
f o r  a c  and self-contained,  paper-impregnated c a b l e s  
f o r  dc app l ica t ions .  A t  t h i s  s t a g e  of t h e  bottom 
cab le  program, t h e  p r o b a b i l i t y  of success  f o r  t h e  
previously described experimental p lan  appe,srs t o  
be very high. . .. 

Subs ta t ion  Design 

The landing p o i n t s  f o r  t h e  bottom cab les  w i l l  
t e rmina te  i n  shore based e l e c t r i c  s u b s t a t i o n s .  I f  
t h e  u t i l i t y  requirements were such t h a t  t h e  load  
c e n t e r s  were somewhat remote from t h e  s h o r e l i n e ,  
then over  land t ransmission could be i n s t a l l e d  from 
t h e  shore  po in t s  t o  t h e  load regions,  and t h e  sub- 
s t a t i o n  f a c i l i t i e s  placed near  t h e r .  Th is  ad- : 
d i t i o n a l  c o s t  element f o r  g r i d  connecting t rans -  
mission l i n e  f a c i l i t i e s  on land has not  been in-  . 
cluded i n  t h e  var ious  c o s t  es t imates .  The shore 
s u b s t a t i o n  f o r  a c  and dc requirements a r e  wel l  with- 
i n  t h e  p resen t  s t a t e - o f - a r t ,  and appropr ia te  e s t i -  
mated c o s t s  a r e  shown i n  Table 5. 

While it is  t r u e  t h a t  t h e  shore based s u b s t a t i o n  
poses no unique development o r  engineering problems 
t h e  f a c i l i t i e s  l o c a t e d  on t h e  OTEC platform must 
occupy a s  small a volume a s  p r a c t i c a l  s o  a s  t o  
minimize space requirements on t h e  v e s s e l .  For a c  
s u b s t a t i o n  components, minimum volume can be a- 
chieved u t i l i z i n g  compressed SF6 gas i n s u l a t e d  
equipment f o r  buswork; switchgear ,  and instrumen- 
t a t i o n .  The same cannot be s a i d  f o r  t h e  dc con- 
vers ion  equipment however. Compressed gas SF6 
equipment f o r  converter  va lves ,  harmonic f i l t e r s ,  
smoothing r e a c t o r s ,  and dc buswork is  no t  com- 
merc ia l ly  a v a i l a b l e ,  nor  i s  t h i s  equipment l i k e l y  t o  
be  developed i n  t h e  p r i v a t e  s e c t o r  without  some 
government s t imulus t o  o f f s e t  t h e  R&D r i s k s .  Some 
R&D i s  c u r r e n t l y  i n  progress  under sponsorithip by 
t h e  E l e c t r i c  Power Research ~ n s t i t u t e ~ ~ ,  but  t h i s  
a lone w i l l  not be  s u f f i c i e n t  t o  address  a l l  t h e  
major development work t h a t  w i l l  be requ i red .  I n  

a n o t h e k ' r e l ~ t e d ' ~ r e ~ ~ . c o n ~ e n t ~ o n a l . p ~ ~ ~  t r ans -  
formers a r e  o i l  f i l l e d  dev ices  'which 'can pose a 
s i g n i f i c a n t  f i r e  haza'rd i n  a confined area, such a s  
a f l o a t i n g  vesse l .  The environmental ban on poly- 
cborinated biphenyl l i q u i d s  f o r  u s e a a s  nonflammable 
f l u i d s  i n  t ransformers  has  l e f t  a gap because no 
acceptable  s u b s t i t u t e s  have emerged even i f  these  
f l u i d s  could be used i n  t h e  l a r g e  power u n i t s  re- 
qu i red  f o r  commercial OTEC p l a n t s .  A p a r a l l e l  pro- 
j e c t  - employing compressed gas i n s u l a t i o n ,  polymer 
f i l m  s o l i d  i n s u l a t i o n ,  shee t  windings, and s e p a r a t e  
ducted cool ing f o r  power t ransformers  i s  c u r r e n t l y  
i n  t h e  e a r l y  s t a g e s  of R&D(4), but  could s i g n i f i -  
c a n t l y  impact t h e  OTEC program because of i ts in- 
heren t  non-flammability. 

Conclusions 

Based on t h e  a n a l y s i s  c a r r i e d  out  during t h e  
Phase I study f o r  OTEC bottom cab les ,  t h e  following 
conclusions can bc  drawn: 

o From an e l e c t r i c a l  po in t  of view, no major 
t e c h n i c a l  problems e x i s t  i f  use i s  made of 
+250 kV dc paper impregnated cab les  f o r  t h e  - 
long t ransmission l i n k s  i n  t h e  Gulf Coast , 

region and.138-345 kV a c ,  self-contained,  o i l -  
f i l l e d  cab les  f o r  t h e  s h o r t  l i n k s  neededm f o r  
i s l a n d  p l a n t s .  On t h e  con t ra ry ,  important 
R&D work is  required i f ,  f o r  t h e  s h o r t  l i n k s ,  
cross-linked polyethelene cab les  a r e  chosen. 

o From a mechanical po in t  of view, t h e  except- 
i o n a l  depths of l ay ing  r e q u i r e  an extensive 
experimental eva lua t ion  of both cab les  and 
a s s e s s o r i e s , , o f  l ay ing  procedures and equip- 
ment and of recovery.,and r e p a i r  operat ions.  
The p r o b a b i l i t y  of success ,  however, i s  high. 

o The c o s t s  incur red  t o  p r o t e c t  t h e  cab les  from 
e x t e r n a l  damage by means of embedment'are 
h igh ,  a s  wel l  a s  time dura t ion  involved i n  t h e  
b u r i a l  opera t ions .  Although reduct ions a r e  
expected i n  t h e  f u t u r e  a s  a r e s u l t  of develop- 
ment work under way i n  a number of o t h e r  
count r ies ,  it i s  important t h a t  t h e  c a b l e .  

, r o u t e s  be chosen i n  such a way a s  t o  minimize 
t h e  cab le  l eng ths  r e q u i r i n g  pro tec t ion .  
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  able 5. Substation costs' fir. Shore. Connection.Co .Electric.Network 
l r , v - o r k m m  k c ,  . . m- 

Puerto Rico 400 MW Puerto Rico 100 MW 400 MW 400 MW 
A. 345 kV OF B. 345XLPE A. 138 kV OF. B. 138kV PI 250kV DC PI 250kV . . .  . . 'en., n P  

bystem Voltage, kV 138 138 138 138 230 236 1 

I . Landing Portion 
Site Preparation(1) 10 10 8 8 10 10 
Manhole 15 10 12 8 12 12 
Termination Structure 90 90 50 50 (2) (2) 

115 110 70 6 6 2 2 22 

2. Substation Portion 
Circuit Breaker(3) 275 2 75 100 100 N.A. I.A. 1 
Transformer 2000 2000 100 100 N.A. N.A. 
Other ( 4 )  400 37 5 200 17 5 N.A. N.A. 

i 

Equipment(5) N.A. N.A. N.A. N.A. 12,800 12,80C - - - - 125 125 

Subtotal 12,925 12,925 

2790 2760 470 441 12,947 12,947 

I ; Other 
: Maintenance 2%/yr 1.5Xjyr 2%{yr 1.5%/yr 6%/yr 6%/yr 
: IDC 16% 16% 12% 12% 32% 32% 
: Contingency 10% 15% .8% 8% 20% 20% 
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Abstract 7 
The riser cable system of an Ocean Thermal 

Energy Conversion (OTEC) plant links the platform 
to the high-voltage transmission cable on the sea 
bottom. This paper describes the results of the 
Phase I riser cable study and the development 
efforts to be performed during the next 4 years. 
Emphasis is placed on the design considerations 
for a 10-40 MWe riser cable system including 
selection of cable type(s) for manufacture and 
testing, test criteria, production, suspension 
system design concepts and limitations, OTEC 
plantlriser cable interfacing, installation 
planning, and system design considerations. Also 
described are the overall plan and methodology 
for development of reliable riser cable systems 
for the.10-40 W e ,  100 MWe and 400 EMe OTEC 
plants. Key elements of developmental testing 
are discussed in some detail. Specific costs are 
outlined for each of the proposed OTEC plant 
sites. 

Introduction 

The use of solar energy to provide a significant 
percentage of total power generated and supplied 
to shore for transmission through electric utility 
networks appears to be feasible through use of theq 
OTEC concept. Since the Ocean Thermal Energy Con- 
version concept does not depend on diurnal cycles, 
it is the only major means of using solar energy 

' 

without use of a man-made storage system to feed 
directly into a land-based power system. The 
electric power transmission riser cable system 
extending from the plant to the ocean floor is a 

. key part in the OTEC transmission system to shore 
and is the subject of this paper. 

In September, 1977, a Phase I study of the riser 
cable for OTEC was begun. This study was completed 
in January, 1979. A Phase I1 program was started 
on January 31, 1979 and is scheduled to be com- 
pleted in January, 1983. This paper summarizes the 
results of the Phase I study and the first 4 months 
of the Phase I1 contract. For further detail the 
reader is referred to Refs. 1-4. 

comprise a highly reliable link in this first 
application of OTEC power delivery to shore. 

Summary of'Phase I Study Results 

Work under the Phase I study3 identified im- 
portant design considerations relating to OTEC 
riser cable systems generally, and with a con- 
centration on plants for commercial applications. 
These OTEC systems will ultimately have a power 
rating of 400 MW,. Seven major categories of work 
were addressed; each is summarized below. 

Phase I of the Riser Cable Development Program 
served primarily to identify crucial areas of 
design, chiefly for the ultimate, commercial-size 
OTEC systems. This work imposed bounds on the 
types of systems which could be employed for OTEC 
riser applications. 

The major purpose of the Phase I1 program is to 
provide performance criteria for riser cable 
systems to be used for the 10-40 MWe,Modular 
Applications Plant. The riser cable system must 

Conditions Imposed on the System 

The work focused on the identification of OTEC 
environmental characteristics that result in 
unusual requirements for the transmission cable 
riser. The study identified a number of key con- 
siderations. The mechanical loadings and motions 
imposed on OTEC riser cables are some of the 
primary design considerations. Mechanical loadings 
and motions in the cable come from basically four, 
sources, including statics, current drag, strum- 
ming, and forcing by end motions. 

Static tension in the OTEC riser cables may be 
in the range of 15 to 25 tons for cables weighing 
6 to 8 pounds per foot in sea water. Current drag 
can cause the cable to swing and can increase ten- 
sion in the cable by as much as 50% for the cur- 
rents expected at OTEC sites. Strumming may in- 
crease drag by up to a factor of 5. Motions of 
the cable, such as caused by wave action on the 
plant, can result in substantial dynamic tensions 
in the cable, and will be responsible for most of 
the cycles of bending and twisting seen by the 
cable. These can be expected to be the greatest 
contributing factor to mechanical fatigue of the 
cable. 

The growth of marine fouling may increase the 
mechanical loadings with time as sheer weight and 
drag are altered. 

The terminations of the cable are prime loca- 
tionsfor fatigue failure. Mechanical cycling 
causes concentrated loading at these points, there- 
fore, terminations must be designed to limit these 
stresses. 

The forces,.in addition to axial tension, im- 
posed on OTEC riser cables will result in bending 
and twisting of the cable structure. The cable 
will also be subjected to cyclic tension changes. 



The importance of'developing an understanding 
of the complex interactions that will occur on 
OTEC riser cables cannot be overstated. These 
cables will be subjected to the conditions sum- 
marized above in combination with thermal effects 
due to the electrical load and simultaneous sub- 
jection to high voltages that produce high 
electrical stress in the cable dielectric. 
These latter items (electrical stress and thermal 
effects due to the electrical current) are very 
important considerations. In fact, it is not 
mechanical fatigue of cable components that is 
the primary concern in the development of OTEC 
riser cables. Rather, it is the electrical/ 
mechanical "fatigue" of components of the cable 
dielectric and shielding system that is the major 
consideration. Particularly, the phenomena that 
occur at the interfaces of dielectric and shielding 
layers during combined mechanical, thermal and 
electrical stressing are key items. In addition, 
the effect of these combined stresses on the in- 
tegrity of the cable dielectric is a major con- 
sideration. This subject will be discussed more 
in later sections of this paper that deal with 
cable design and testing. 

The environmental considerations for the OTEC 
riser cable system include corrosion and abrasion. 
The growth of marine organisms and/or the chemical 
effects on the outer cable components could lead 
to significant corrosion and are important items 
considered in the design of the cable. Likewise, 
the cable must either be designed to withstand 
abrasion at contact or touchdown points or the 
system must be designed to avoid degradation due 
to abrasion. 

The installation, repair, and recovery of OTEC 
riser cables in 4000 to 6000 feet of water is a 
critical topic addressed in the Phase I study. 
Previously, no high-voltage power cables have been 
layed in depths greater than 1850 feet. The OTEC 
riser cables are expected to be from 3.5 to 6.5 
in. in diameter and weight 6 to 8 lbs./ft. in sea 
water. The laying of submarine power cables is an 
art requiring experienced personnel, special equip- 
ment and vessels, and careful engineering and plan- 
ning. Thus, due to the specialized nature of cable 
laying and the unprecedented nature of the OTEC 
riser installation, this is a key area requiring 
considerable planning. Sea trials may be required 
to perfect installation techniques and special in- 
stallation equipment will be necessary. Tension 
imposed on the cable during installation, repair 
or recovery will likely exceed that occurring 
during normal operations. Bending radius of the 
cable during installation will almost certainly be 
smaller than that occurring during the operating 
life of the cable. 

Suitability of Candidate Cable Systems 

In a previous paper1 we discussed the basic 
characteristics of four primary cable types: 

Compressed-Gas Insulated (CGI) 
Pipe-type High Pressure Oil-Filled (HPOF) 
Self-contained Oil-or Gas-Filled (OF) 
Extruded Dielectric (ED) 

The results of the Phase I study showed that 
only the OF and ED types appeared to be viable 
candidates. The CGI and HPOF types employ a 

large diameter (8 in.) pipe which is either flooded 
with oil or gas. While both of these types are 
viable in land-based stationary systems, they both 
have significant drawbacks for use on OTEC. The 
ability of such systems to withstand the cyclic 
mechanical loading and flexing is doubtful. In 
addition it is evident that a rupture of the pipe 
caused by damage would be disastrous to either 
system in totality and would likely be irreparable. 
Installation of such systems to a moving OTEC 
platform is not considered feasible and would re- 
quire a much more difficult procedure. 

Self-contained oil-filled cables with laminated 
dielectrics are considered to be worthy of further 
evaluation for OTEC. The laminated dielectric may 
be either high grade paper and oil or might possi- 
bly be a synthetic material in oil. Another sim- 
pler version of this basic cable type, the solid- 
paper impregnated cable (without pressure) is a 
suitable candidate for DC systems having voltages 
up to + 266 kVDC but is not considered suitable 
for AC voltages above 69 kV. The self-contained 
oil or gas filled cables have been used success- 
fully in morc traditional submarine cnblc croosingc 
and possess basic capability to withstand operating 
voltages in excess of the 345 kVAC or up to 5 400 
kVDC levels predicted for the 400 MWe commercial 
OTEC plant. All laminated oil or gas-filled cables 
must have a hermetic sheath to prevent any ingress 
of water, since such water entry into the dielec- 
tric system will result in failure. A primary 
unknown concerning self-contained cables is the 
ability of the laminated dielectric system to 
withstand the cyclic loads and motions .of OTEC. 
Significant realignment, creasing or breaking of 
the dielectric tapes in these cables could result 
in electrical failure of the cable. There is no 
substantial data available on electrical/mechanical 
testing of these cables that is directly appli- 
cable. Therefore, it is clear that these cables 
must be carefully evaluated by testing for their 
ability to withstand OTEC conditions. 

Extruded dielectric power cables are considered 
to be worthy of further evaluation for OTEC riser 
cables. These types of cables utilize extruded 
polymeric layers, the primary dielectric polymers 
being cross-liyked polyethylene (XLP) and ethylene 
propylene rubber (EPR). Extruded dielectric cables 
appear to be likely to perform satisfactorily in 
the severe OTEC environment; however, the effects 
of the cyclic loads and motions on these cable 
types is not yet well understood and can only be 
fully evaluated from extensive testing. 

A major difference exists in the experience 
with laminated oil-filled cables versus the ex- 
perience with extruded dielectric cables. Ex- 
truded cables are the new-comers to the extent 
that 15 years ago extruded cables rated higher 
than 35 kV were indeed a rarity. Today, 138 kV 
extruded cables are a commercial product and work 
has been carried out to develop these types of 
cables to 230 kV and 345 kV. These development 
efforts are continuing. Major improvements have 
been made in the past several years to improve the 
ability to supply ultra-clean polymeric compound 
to power cable manufacturers. Significant improve- 
ments have been made through research into the im- 
provement of extruded dielectric compounds and 
understanding of the failure mechanisms has been 
extensively pursued. Improved equipment and 



innovative extruding and curing methods have re- 
sulted in production of extruded dielectric iables 
that are greatly improved over those attempted 10 
to 15 years ago. Considerable work has also been 
carried out in the field of partial discharge 
(corona) detection resulting in improved testing 
procedures and quality control of manufactured 
cables. 

A major design consideration for extruded 
dielectric power cables is the need for a hermetic 
sheath. It is generally accepted that such a 
sheath is desirable and is mandatory if average 
60 Hz voltage stress in the dielectric exceeds - 
about 50 volts per mil. 

Laminated oil-filled cables, as contrasted to , 
extruded cables have a long and excellent history 
of reliable performance in stationary installation. 
This is not to say that failures never occur but 
rather that the record for such cables is a very 
good one. 'In the U.S.A. comparatively little self- 
contained cable is in use but high-pressure- 
laminated oil-filled cable systems constitute 
about 90% of cable systems rated 69 kVAC and 
higher. The use of synthetic tapes for replace- 
ment of cellulose tapes is and has been a subject 
of considerable research. A primary advantage of 
the use of such synthetic tapes is the significant 
reduction of electrical losses in the dielectric. 
The possible use of such constructions for OTEC 
must not be abandoned but it is important to bear 
in mind that the great predominance of experience 
and proven performance has been with oil impreg- 
nated paper tape insulated cables under pressure. 

One of the primary thoughts,concerning the 
selection of riser cables for the OTEC application, 
is the obvious desirability of using state-of-the- 
art designs and solutions wherever possible in 
order to minimize elapsed development time for the 
total project. Failure to use state-of-the-art 
methods, where suitably available, will result in 
a tremendous increase in development time and cost. 
For example, development of a totally new cable 
dielectric component package would typically re- 
quire a research and development effort spanning 
a number of years including a very substantial 
period of developmental testing and prove-out. 
Therefore, the approach is to use either state-of- 
the-art technology or reasonable extensions of the 
SOA for most elements of the riser cable system 
development. However, there is no doubt that some 
design areas will require totally new and innova- 
tive solutions. 

Three of the cable designs that the study has 
shown to be the most suitable candidates for OTEC 
applications are shown in Figures 1, 2 and 3. A 
tabulation of some of the characeteristics of these 
400 MW cable designs is shown in Table 1. 

A major part of the Phase I study dealt with 
assessment of the means of bringing the cable from 
a point on the ocean bottom to the OTEC plant. At 
the time that this initial study was carried out, 
the watch circle limits of excursion for the OTEC 
plant were not.defined and the cable support sys- 
tems that were favored were those that would allow 
the greater amount of plant movement without im- 
posing excessive loads, bending or twisting on the 
cable system. In that context, the most favorable 
system is the subsurface buoy supported cable (see 
Figure 4). The comparison of maximum extremes of 

allowable watch circle and of cable lift-off from 
the ocean bottom are shown in Table 2, for each of 
the 4 primary support system configurations shown 
in Figure 4. The scope of this paper does not 
allow a detailed discussion of this topic and the 
interested reader is referred to Reference 3. In . 
summary, it should be emphasized that as plant 
mooring designs restrain plant watch circles to 
smaller and smaller percentages of water depth 
other support systems concepts, such as the direct 
riser and the cold-water-pipe attachment.may be- 
come possible. However, the design considerations 
of the cable system interferring with the plant and 
the ocean bottom remain key points of concern. 
Attachment and anchoring of the cable system as 
well as installation, repair and recovery consider- 
ations remain dominant design parameters. 

There is little doubt that there will be multi- 
ple riser power cables suspended from each OTEC 

. plant. In the case of AC operation, the minimum 
number is 4 if a spare cable is provided. In the 
case of DC operation, the minimum number is 2. In 
all cases, at least some degree of redundancy must 
be provided. Therefore, a 3-phase AC system should 
have at least one spare cable. A DC system should 
have at least two total cables, thus if one is 
damaged or fails, the other can be designed to 
operate at 50% to 100% of full transmission power. 
Multiple cables are required due to the extremely 
large size of bundled cable configurations and the 
unfeasibility of manufacturing and installing such 
cables in long lengths. Also, it is most desirable 
that cable phases be physically isolated for inde- 
pendent maintenance and repair. Important design 
considerations are also brought into play by the 
use of multiple cables. Cables must not interfere 
with each other or other parts of the OTEC system. 
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Table 1 345 kVAC, 400 Mlje Riser Cable 
Characteristics 

Design No. 

l* 2 * 3* 
- - .  - 

Cable O.D., in. 6.01 8.01 6.24 
Weight in air, lb/ft 18.7 26.3 19.4 
Weight in water, lblft 8.1 7.3 5.8 
Breaking strength, klb 308 310 215 
Modulus, kft 37.7 42.6 37.1 

* Reference Fig. 1, 2 and 3 

Table 2 Comparison of Plant Motion Accommodation 
by Various Support Systems 

(Distances and lengths as per cent of water depth) 

Max. radius Max. length 
Type of Support of a watch lifting off 
System circle bottom 

Limit twisting of the cable to an accept- 
able maximum. 

The motions of the OTEC plant due to changes in 
ocean current velocity will probably be greatcr . 
than the response of the plant to wave action. 
Therefore, final performance criteria for the cable 
support system must be tied to performance criteria 
for the anchor system of the plant. All of the 
criteria listed above are inter-related and must be 
balanced against each other, and against additional 
factors relating to the physical layout of the 
plant and anchor system. 

The riser cables must have both mechanical and 
electrical terminators. The mechanical terminators 
must provide a positive anchoring of the cable to 
the plant in such a way as to resist the forces 
(tension and torque) developed in the cable and 
must control cable bending so as to prevent cable 
damage from excessive bending. It must also pro- 
tect the cable from abrasion from continual move- 
ment with respect to the plant. The electrical 
terminator must control electrical stress gradients 
while transmitting electrical power from the plant 
to the cable. 

-- -- - 

Direct Riser 20% 57% 
Water Pipe Attach- 9% - 34% 
ment 
Mooring-Supported 20% 57% 
Subsurface Buoy 40% 20% 

Preliminary System Requirements 

The cable must be designed to avoid fatigue of 
any individual component, interfaces of components, 
or groups of components. Fatigue in both bending 
and twisting must be considered. The minimum bend 
radius acceptable for the final cable design must 
be established through a physical test program. 
The relationship of mechanical cycling to electri- 
cal life must also be established through extensive 
testing. 

The riser cable suspension system must be de- 
signed to: 

Accept movements of the plant over an 
appropriate range. 

Limit tensions in the cable to an accept- 
able maximum. 

Limit bending of the cable to an accept- 
able minimum bend radius in all planes. 

Avoid slack conditions which could subject 
the cable to hockling. 

Allow appropriate installation of the 
cable on site. 

Avoid damage to the cable from physical 
contact with other objects encountered 
during expected operation or from abrasion 
on the ocean floor. 

The subsea connector, if necessary, between 
riser and bottom cables must be capable of operat- 
ing for the life of the cable system without human 
intervention or assistance. It must carry the 
cable voltage and current without electric failure, 
overheating, or other difficulty while subject to 
hydrostatic pressures of as much as 2700 PSI. 
During installation and possible later retrieval, 
it must withstand the tension, torque and bending. 
The subsea connectors must also transfer and bal- 
ance the torsional characteristics of bottom and 
riser cables. 

The basic electrical requirements for the entire 
OTEC riser cable system involve the areas of die- 
lectric integrity, power transmission capability, 
compatability with bottom cable, electrical loss 
considerations, production test needs, transient 
overvoltage protection, short circuit protection, 
grounding, maintenance, fault location, and water- 
tight integrity. 

The installation requirements include-the use of 
equipment that has capacity for storage and handl- 
ing of these large, heavy and long cables. The 
cable must be controlled during installation at 
tensions of up to 65,000 pounds. 

There are a number of prerequisites to a suc- 
cessful submarine power cable installation. These 
include : 

A thorough bottom survey, including soil 
and sub-battom conditions. 

A pre-plot of the proposed cable route. 

Complete and appropriate fitting out of 
the lay vessel to suit the cable to be 
laid and the operations involved. 

Equipping of necessary support vessels. 

Correct stowage of the cable with end 
preparations and other attachments to 
suit the planned operations. 



Adequate crew training an8 proving 
trials. 

A documented operations plan including 
cable laying procedure, equipment.handling, 
navigation and communications. 

Terminations and Submarine Connections 

A commercial sulphur hexafluoride (SF6) cable 
terminator appears to be a reasonable device on 
which to base a design for the OTEC riser cables. 
It combines relatively small size and enclosed 
construction necessary for installation in confined 
spaces with attendant personnel safety. They are 
available for voltages to 345 kVAC and little or no 
modifications of the electrical termination are 
anticipated for the OTEC system. 

Means to mechanically terminate the riser cable 
strength member and transfer the cable mechanical 
loads to an appropriate part of the OTEC plant 
structure are required. Methods for terminating 
armor wire include a slotted ring to provide an 
abutment to contact individual crimped sleeves on 
each armor wire, or a tapered annular cavity filled 
with structural epoxy into which the armor wires 
pass. Alternatively, various cable grips ran be 
used. For cables with central strength members 
different means of mechanical termination are en- 
visioned such as an electrically-isolated-from- 
ground support located above the electrical term- 
ination. Although the mechanical terminations for 
OTEC riser cables.wil1 be extensions of the present 
SOA, they do not represent formidable de,sign pro-. 
blems . 

The submarine connection could be either a 
cable-to-cable splice or could be a hardware device 
that is basically a specially designed enclosed 
chamber comprising two back-to-back cable. termin: 
ators. The cable splice Ls judged to be,the more, 
desirable concept because of its smaller.size, . 
simpler design, greater ease of handling and much 

, lower anticipated development cost. Either concept 
will require development and particularly due to 
the pressures of up to 2700 PSI and the great 

t ' forces related to depths 0.f installation to which 
it will be subjected, a substantial development 
effort is needed. At any rate, it is undesirable 
to attempt to join two high voltage power cable. 
legs at sea and it is far more desirable to plan 
to join the lengths in the cable factory.. However, 
splices may be necessary for repairs. In the event 
that bottom and riser cables can be of the exact, 
same design, then it is of course most desirable 
to completely avoid such connection by making the 
circuit one continuous manufacturing length. 

Reliability 

The use of OTEC plants to provide baseload power 
to existing power grids on shore requires'extrem6ly 
high availability of the OTEC power generating and 
transmission system. If the transmission cable is 
to be a single circuit, then the reliability of the 
cable must be extremely high to maintain availabil- 
ity of power. Many unknowns associated with riser 
and bottom cable performance in the OTEC environ- 
ments must be determined by thorough development ' 

tests. Although the study of the performance 0.f 
certain cable designs in previously installed 

systems might yield indications of what cable 
designs might be most reliable for OTEC, it is not 
possible to determine what the true rcliilbility 
of such cables would be without these important 
tests. , 

The future studies of cable svstem reliabilitv , 

will indicate the desirable number of spare cables. 
to provide sufficient redundancy for quick restor- 
ation of transmission in the event of a fault in 
the cable system. The absolute minimum would be . 
one spare cable. Both the total reliability of re- 
maining operating cables and the time requirement 
for repair will influence the need for additional 
spare cables. Cost will be a dominant factor in 
the final decisions on planned redundancy. 

From experience with conventional cables and 
with other cable systems in the ocean environment. 
certain factors can be defined which will affect 
riser cable reliability: 

Cable manufacturing technology and 
quality control. 

Inherent ability of the cable degign 
and support system to withstand motions 
and forces in the OTEC environment without 
electrical and/or mechanical failure. 

Splicing technology and reliability. 

Transmission system electrical protection. 

Susceptibility to external damage from 
vessels operating in the area. 

Me'teorological conditions including 
frequency and severity of hurricanes 
and severe storms. 

Seismic activity. 

OTEC plant mooring system re1iabilit.y 
and ability to hold plant movement 
within design limits. 

Experience and ability of handling, 
installation, testing, and operating . 
personnel. 

Suitability of cable handling and in- 
stalling equipment. 

Reparability and maintainability of- 
OTEC riser cable systems. 

. Inherent ability of the cable design 
and support system t~~withstand 
corrosion in the OTEC environment. 

It will be necessary to evaluate many of these 
factors during development testing of the rcser 
cables, and to include these factors in relia- ., 
bility estimates for the cable in service.. Ulti-. 
mately, reliability information must be revised. 
by experience with the first few OTEC plants. . . 



Table 3 .Specific Site Cost Estimates for 400 MW- Riser Cable Systems in Millions of 1976 Dollars 

Cable Other 
Suspensiori Platform Submarine Vessel Vessels 

Site Cable System Hardware Connector (lease) (lease) Total 

+waiia 2.1 1.3 0.4 1.0 4.1 1.0 9.9 
Puerto ~ i c o ~  

b 
2.7 1.6 0.4 1.0 1.4 1.0 8.1 

New Orleans 12.2 7.2 2.2 4.5 4.8 4.5 35.4 
Florida W. Coast . 14.1 8.2 2.2 4.5 4.8 5.1 38.9 
Key Westa 3.3 1.9 0.4 1.0 0.9 1.3 8.8 

a DC plants with 4 single conductor cables 

AC plants with 3 single conductor cables 

Cost Analysis 

The cost of an OTEC riser cable system should be 
approached with the realization that it is a vital 
link in an electrical transmission system. Further, 
it is realized that the choice of basic system con- 
cepts, such as the number of spare cables to be 
provided, is related to the minimum acceptable 
riser cable system redundancy. It is necessary to 
develop accurate reliability figures for all OTEC 
transmission system components'in order to deter- 
mine the most desirable means of providing redun- 
dancy in the transmission system. 

Specific site cost estimates for 400 MW plant 
riser cable systems are shown in Table 3. 

The cost of energy losses in the cable system, 
the cost of maintaining a repair and maintenance 
capability for the cable system, and the cost of a 
dedicated OTEC cable production facility are sub- 
jects that are treated more completely in reference - 

Further Development 

The final task of the Phase I study was the 
definition of gaps existing between presently 
applicable SOA technology for OTEC riser cable sys- 
tems and the technology deemed necessary. The . 
resultant development plan that was created has as 
its prime objective the provision of OTEC riser 
cable system performance criteria to allow ordering 
of such systems by the Department of Energy. There 
are 40 parts to this program plan and they are 
divided into three basic tasks, as discussed in the 
following three subsections. 

A. General System Studies pertains to both the 
1040 MW and 100-400 MW cable developmental plans 
and are to be completed (Figure 5) during the 
first year of the Phase I1 work. These studies 
all relate to the installation of OTEC riser 
cable systems. One necessary study is the 
definition of detailed criteria for hydrographic 
surveys of.potentia1 OTEC sites as related to 
installation of cable systems. Studies of new 
deep water pipe-laying techniques for posslble 
application to riser cable installation are also 
needed. Also, the need for deep-sea cable-lay- 
ing trials must be studied and assessed due to 
the unique and unprecedented installation re- 
quirements for OTEC cables and is also necessary 

B. Development of 10-40 MWe riser cable systems - 
is the immediate primary objective of the pro- 
gram and takes priority. The development ac- 
tivities under Task B are to be dome in the 2- 
year period indicated in Fig. 5 and briefly 
described below. Close interfacing with plant 
and plant mooring designers is planned through- 
out the 10-40 MWe riser cable development. 

Three interrelated parts of the Phase I1 work 
will be started within the first month and will 
provide the basis for design of tests, test 
equipment, and test candidate cable design(s). 
These three parts are the definition of criteria 
for developmental testing, identification of 
10-40 fi.riser cables, and implementation of a 
technical workshop for riser cable test design. 
This workshop will provide a unique opportunity 
for the presentation and discussion of matters 
vitally linked to the research and development 
required to prove-out OTEC riser cables. The 
comprehensive ,testing of riser cable properties 
and responses to mechanical forces is a key to 
the development effort. Figure 6 shows the 
basic relationships between the elements of 
-cable design and testing. 

The design and provision of test facilities 
for 10-40 MW cables is a necessity. The plan , 

calls for completion of manufa'cture of test 
cable(s) to coincide with availability of test 
facilities. The developmental testing of the 
10-40 MW cable(s) will proceed over a period of 
30 weeks to supply early indications and data to 
show the ability of the design(s) to survive in 
the dynamic OTEC environment. Such testing will 
either verify the acceptability of the canadate 
design(s) or will indicate the need for redesign 
or modification. All efforts will be directed 
towards avoiding a second design/manufacturing/ 
test cycle through use of cable design expertise 
to provide a successful first-round riser cable 
design. In spite of this comprehensive approach 
to design, actual testing may reveal the need 
for redesign or modification. While purely mech- 
anical fatigue can be reasonably predicted for 
a given design, using extensions of existing 
technology, the combined effects of mechanical 
motions and forces on the electrical survivabil- 
ity of power cable insulation systems cannot be 
adequately predicted. These effects remain 
unknown and can only be ascertained by means of 
developmental tests. 

in order to plan cable installation. 

7.2-7 



Concurrently with the work described above, 
evaluation of the means of suspending the riser 
cables will proceed based upon provision by 
D.O.E. of semifinal or final plant mooring para- 
meters. Conceptual riser cable suspension sys- 
tem designs will be developed in further detail 
for these more specific plant mooring designs. 
These conceptual designs will go through an 
evaluation and approval cycle with D.O.E. and 
other subsystem contractors. Detailed supension 
system design will then be carried out. 

A detailed installation plan for the 10-40 MW 
riser cable system will be provided to D.O.E. 
and the development of this plan will be carried 
out concurrently with the detailed suspension 
system design. This important installation plan 
will use Phase I study results, input from Task A 
of Phase 11, input from subsytem contractors, in- 
put from D.O.E., and input from industry experts 
and consultants. This document will cover all 
necessary information for deployment, operation, 
repair, and demobilization of 10-40 MW riser 
cable systems. 

The final major output of Task B will be the 
provision of a detailed set of final purchase 
criteria for the complete 10-40 MW riser cable 
system. This document will allow the ordering 
and planning of all necessary parts of the riser 
cable system for the 10-40.W OTEC system. 

YEAR NUMBER 

System Studies - 
10-40 MWe Cable Development 

100-400 MW, Cable Development 

Fig. 5 Phase I1 Development Schedule by Year 

C .  Development of 100-400 MW riser cable systems 
is a longer range objective of the program but is 
very interrelated with the 10-40 development. 
The objective of this task is the provision of 
riser cable performance criteria for 100 MW and 

, 

400 MW OTEC plants. Information must be develop- 
ed to allow ordering of all necessary riser cable 
system components for these systems. The prelim- 
inary study carried out in Phase I has defined 
the many considerations involved with such cables. 
These cables have developed requirements that 
exceed those for the 10-40 MW riser cable system. 
Not only are the voltages for 100-400 MW cables 
higher (in the 138 kV to 345 kV ac and + 250kV 
dc range) but the projected life requirements 
for these cables are to be in the range of 30-40 
years. Cable(s) selected for 10-40 MW testing 
and evaluation may be of the same type as those 
evaluated for 100-400 MW development, but that 
task in itself will not be sufficient to satis- 
factorily predict a 30-40 year cable life at the 
electrical stresses that will occur in extra high 
voltage cable designs. 

There will be many outputs from the previous 
task that will complement the 100-400 MW develop- 
ment and, in some cases, such as the provision of 
test facilities for 100-400 MW cables, the addi- 
tional work required will be a further extension 
of work performed in the preceding (10-40 MW) 
task. Figure 5 shows the schedule for 100-400 MW 
riser cable'development. 

Throughout the 100-400 MW development, close 
technical interfaces with plant, plant mooring, 
and bottom cable designers are planned. These 
will be primarily by means of technical discus- 
sions and presentations. 

The determination of develo~mental test cri- 
teria will be an extension of work performed in 
the preceding task. Provision of additional test 
facllPeieS to accomodate the greater number of 
100-400 MW samples requiring testing will also be 
an early part of this work. 

A survey of existing'manufacturing facilities 
will be carried out concurrently with a detailed 
analysis of the adequacy of existing quality con- 
trol measures used for extra high voltage power 
cables. These will be immediately followed by a 
study of production test requirements for the 
very long cable lengths required for some OTEC 
systems. This latter study may be expected to 
clearly define what steps must be taken to assure 
that cables leaving OTEC cable production facil- 
ities possess the necessary quality to insure ' 
high reliability. The output from these manu- 
facturing state-of-the-art studies will provide 
a major input to a final definition of the OTEC 
cable manufacturing facility. This latter inform- 
ation will be supplied in document form after 
the final cable design(s) for the 100-400 MW sys- 
tems are selected. 

Existing manufacturing facilities (probably 
multiple plants) for sample test lengths of 100- 
400 MW riser cable will be defined and test cable 
manufacturing plans will be formulated. Manufac- 
ture of test lengths of perhaps 1000 to 2000 feet 
of each of 4 to 6 different designs will be car- 
ried out folkowing detailed design of candidate 
cables. 

Fig. 6 Phase I1 Development Plan 



Developmental testing will be performed with 
these samples over a projected 105 week period. 
These tests will provide the basis for prediction 
of mechanical and electrical/mechanica1 fatigue 
life of calldiddLr cable dcoignc. Cable desdps 
initially selected for tesL shall be refined 
during initial design to the greatest extent pos- 
sible in order to reduce the need for redesign 
or modification. 

Reliability studies will be carried out during 
this development. The first data on riser cable 
reliability will begin to become available dur- 
ing the early stages of test and as this effort 
progresses the effect of riser cable reliability 
will be determined. 

The cost studies that will be included in 
many of the parts of this task will be integrated 
into one part and a report document of costs for 
100-400 MW riser cable systems will be presented 
to D.O.E. 

The design of the riser cable suspension sysA 
tem(s) will be finalized and detailed concurrent- 
ly with the development of the cables. Defini- 
tion of plant mooring and plant layout will 
allow.detailed design of the riser cable suspen- 
sion system to the point of providing the neces- 
sary criteria for ordering purposes. 

Plant cable terminations, both electrical and 
mechanical, will be fully defined after candi- 
date cable designs are resolved. Development 
requirements will be included in this effort. 

The development of a submarine connection for 
joining riser and bottom cables will be carried 
out in conjunction with the riser cable sample 
manufacture and test. This capability is neces- 
ary in order to join riser and bottom cables. 

An overall operational plan for installation 
of 100 MW and 400 MW riser cable systems will be 
prepared subsequent to formalizing of OTEC plaat 
siting and configuration and the definition of 
candidate cable and suspension system designs. 
This plan will be an effective working document 
for installation through mobilization of manpower 
and equipment, sea trial, installation, final 
tests, contingency repair procedures and demobil- 
ization. 

Comprehensive criteria will be developed for 
manufacture of riser cables. Preparation of the 
performance criteria will commence following " 
final design definition of cable type as deter- 
mined from analysis of electrical and physical 
test data on cable'samples. The criteria will 
be based on data obtained during production of 
test cables and from a systematic investigation 
of current industry practice in materials procure- 
ment, process control and effective quality con- 
trol techniques. 

Designs and requirements for riser cable, sub- 
sea connections, plant terminations, cable sup- 
port and mooring system, and installation cri- 
teria shall form the basis for an integrated 
riser cable system performance criteria final re- 
ort. This report will be completed as the final 
tep in Phase I1 and this will allow procurement 
f all components for a full scale riser cable 
,ystem in the 100 MW-400 MW range. 

Phase I1 Riser Cab.le Development Results 

It is the purpose of this part of the paper to 
provide the reader with an overview of work carried 
~ I I E  during the first four months of the Phase I1 
development prngram which began on January 31, 1979. 
The last section of this part will describe priori- 
ty actions to be carried out in the immediate future. 
The following were major areas of activity during 
this period. 

Definition of Test Criteria for 10-40 MW OTEC Riser 
Cables 

This key work has identified ;he specific tests 
to be performed. The need for a series of basically 
mechanical tests on OTEC riser cables has been de- 
fi.ned in a progression from screening tests that 
are least costly and time consuming to more advai~ced 
and complex tests that combine various test param- 
eters for simultaneous evaluation. More advanced 
mechanical tests must be.performed with mechanical 
terminations that are of the same design as those 
envisioned for the actual cable system. Also, some 
basic tests are as follows: 

Tension 
Torque 
Bending 
Voltage 
Electrical load current 

In addition, crushing and hydrostatic tests, and 
abrasion and corrosion tests will be performed. The 
variables will be evaluated for various cable de- 
signs in step-wise fashion in order to attempt to 
isolate cause and effect. The sequence of testing 
may be as follows: 

Tension 

Bending without tension 

Twist without tension 

Cyclic tension 

Cyclic tension and forced twisting 

Cyclic tension and bending 

Cyclic tension, bending and forced twisting 

Cyclic tension, bending and forced twisting 
combined with electrical load current and 
vol.t.age. (step-by-step introduction of var- 
iables for isolation of cause and effect) 

Cable candidates that enter the 'final series of 
tests and certain earlier tests shall be tested for 
basic electrical characteristics and inherent elec- 
trical withstand capability on AC, impulse, and DC. 
This shall provide control data for comparison with 
lengths that complete the test series. 

Rate sensitivity is an important consideration in 
test design. The test must be designed to accurate- 
ly duplicate performance in actual service. Care 
must be exercised in planning the tests so as not to 
make the test unrealistically severe or, on.another 
extreme, to mask out true effects by unrealistic 
increase in frequency of cycling. At the same time, 
it is desirable to accelerate the testing as much as 
possible without invalidating the results. 



There is no doubt that some special mechanical 
, 

'test equipment will be needed. In order to mini- 
mize the equipment and still obtain the level of un- 
derstanding needed from the test program. results we 
are in the process of setting the priority of the 
tests. From the total number and variety of tests 
that would ideally be performed, if cost and time 
were not the very real constraints that they are, 
the study is now focusing on defining the most iml ' 

portant tests to be performed, and the sequence of 
performance. 

The tests may be grouped in the following broad 
categories: 

"Simple" mechanical tests with only 
one variable. 

Mechanical tests dith two or more 
variables . 
Model tests in the ocean environment 
and in the laboratory 

Electrical characteristic tests 

Combined electrical/mechanica1 
tests with two to five variables 

Design of 10-40 MW Canditate OTEC Riser Cables 

Based on the results of the Phase I 400 MW cable 
study, it is clear that downward extrapolations 
of the 400 MW laminated dielectric and extruded di- 
electric designs are suitable for the lower output 
systems. However, there are some basic approaches 
to the design that first had to be determined. It 
is possible to carry the 10 to 40 MW power levels 
with cables rated as low as 35 kV AC. It is even 
possible, within the constraints of sheer cable size 
and manufacturinglhandling capability, to design a 
35 kV AC three-conductor single cable (see Fig. 7) 
that theoretically will perform for load levels of 
as much 40 MW. The desirability of using this 
approach is subject to two basic considerations: 

Such a cable would be about 6.5" in dia- 
meter and would weigh about 4.5 lbs. per 
foot. While conceptually possible, such 
a cable is subject to greater manufactur- 
ing risks and much greater difficulty in 
joining the phases of such a cable, 
should a factory splice be necessary. 

A three-conductor single cable would not 
be representative of later commercial- 
scale cable designs that will necessarily 
be single conductor cables. The mechan- 
ical behavior of such a cable is undoubt- 
edly much different. 

What this means is that the results of a develop- 
mental program for 3 conductor 35 kV AC (40 MW) 
cables would have limited relevance to later single 
conductor 138 kV to 345 kV.AC(100-400 MW) cable 
development. It does not appear economically desir- 
able to obtain extensive test results that apply 
only to the 10-40 MW plants and not to later commer- 
cial size plants. Therefore we have made the assump- 
tion that cables used for the 10-40 MW plants will 
in fact be the same cable designs proposed for the 
100 MW commercial plants. It is anticipated then 
that the results of tests on 100 MW cables will also 
be applicable to later cables for 400 MW plants, 

vhile not totally eliminating the need for addition- 
.a1 testing. Therefore, the design efforts have 
focused on both 35 kV AC three conductor designs 
and 138 kV AC single conductor designs with the em- 
phasis on the latter. The preliminary 10-40 MW 
cable candidates have been designed and Table 4 . 
summarizes some of the characteristics. The con- 
struction of designs 2, 3, and 4 is similar (scaled- 
down) to that shown earlier in Figures 1, 2 and 3. 

Impreg. Double 
Hyten Nylon 

HDPE Jacketed 
Galv. Steel Armor 

XLPE Insulation 

Fig. 7 Three-Conductor 
Torque-Balanced OTEC 
Riser Cable 

Table 4 Summary of Preliminary 10140 MWe 
Riser Cable Design Characteristics 

Design  NO.^ 

O.D., in. 6.6 4.7 3.9 3.8 
Weight in air, lb/ft 17.5 11.3 8.1 8.5 
Weight in sea water,lb/ft 4.6 4.8 3.8 3.5 
Breaking strength, klb 308 285 225 206 
Cable modulus, kft 67 59.6 59 59.6 

a 111: 3 conductor, 35 kV 
#2: Single conductor. 138 kV, extruded 
113: Single conductor, 138 kV, lamiuated 
P4: Single conductor, 138 kV, extruded with 

center strength member 

Riser Cable Workshop 

On May 22 and 23, 1979, a technical workshop was 
held in Portsmouth, N.H. to address key areas of the 
design, testing and mathematical analysis of OTEC 
riser cable systems. This workshop brought together 
some 55 technical experts in the fields of power 
cable degign, ocean engineering, cable testing, 
mathematical analysis, materials, corrosion, instal- 



lation of ocean cables and other fields.. The work- 
shop yielded many valuable inputs to the OTEC riser 
cable development program. 

The results of this workshop are now being con- 
densed into a report that will be used directly in 
the further work. 

Study of Riser Cable System Constraints Imposed by 
Tentative OTEC Plant and Plant Mooring Designs 

This s~udy has recently been focused upon the 
possible use of riser cable attachment to the cold 
water pipe (CWP) of a 10-40 MW OTEC plant restrain- 
ed within a watch circle radius equal to 10% of 
water depth. The study has also looked in more de- 
tail into the implications for the cable of using a 
number of variations of support systems ,in various 
combinations with possible means of mooring the 
plant. The mooring system approach has not yet been 
resolved by the government thus'making final choice 
of preferred riser cable support systems not pos- 
sible until some later date. 

Other areas of activity in the program during the 
first four months of Phase I1 will be mentioned here 
but not described due to limitation of space. De- 
finition of criteria for cable route hydrographic 
surveys for potential OTEC sites has been an active 
project as has been a study of new deep-water pipe- 
laying technology as applicable to OTEC riser 
cables. The search for test facilities that have 
some or all of the requirements for the OTEC riser 
cable testing was begun during the first month of 
Phase I1 and is an active part of the study. Tech- 
nical meetings with other 10-40 MW system designers 
have been carried out and will continue to be pur- 
sued. Work hasbeen performed on conceptual design 
of the 10-40 MW plant riser cable system. 

The above is intended to provihe the reader with 
an overview of the Phase I1 work carried out to 
date. Due to the obvious space limitations we are 
unable to treat these areas in greater depth here. 

Future Phase I1 Development Priorities 

In the immediate few months ahead work will focus 
on performing initial mechnaical tests on power 
cables to begin to produce test results to increase 
the understanding of mechanical phenomena in cables 
and to determine the validity of some mathematical 
predictions. This first level of testing will be 
performed on specially-obtained scaled down model 
cables that shall be instrumented to provide mea- 
surement capability. This effort will also serve to 
refine some of the testing techniques. 

Concurrently, many other parts of the program 
will continue to progress. Foremost among these 
will be the 10-40 MW riser cable development tasks 
including final definition of cable test criteria 
and plan, final design of cable candidates, design 
and manufacture of special test equipment, arrange- 
ment for test facilities, test cable manufacture, 
initial testing, and design of the 10-40 MW riser 
cable system. Another area of development that will 
be pursued is the possibility of suspending an in- 
strumented model OTEC riser cable from an ocean test 
platform and obtaining some early experimental data 
on motions and mechanical performance of the cable. 
This data would be used to determine validity of 
mathematical predictions. 

Conclusion 

The key considerations and results of past stud- 
ies of the OTEC riser cable system have been summar- 
ized in the foregoing discussions. In summary, it 
may be said that the technology has not yet pro- 
gressed'to the point where it can be said that a 
given cable system design will positively perform 
reliably as an OTEC riser. Only through test- 
length production of these specially designed cables 
followed by extensive developmental testing can 
viable cable candidates be truly determined. Pre- 
viously, no high voltage power cable has ever.been 
required to extend to more than 45% of the 4000 foot 
depths planned nor have high voltage power cables 
been operated in a dynamic surrounding.that even 
comes close to the severity of the OTEC environment. 
As in the past, it is anticipated that through con- 
certed effort, specially designed systems can be 
thoroughly evaluated, modified as needed based on 
test results, and finally proven viable. For the 
OTEC riser cable system we believe this to be true. 
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Abstract f-7 

The use of probability of failure as a criterion platform-motion induced 
for design requires a definition of failure. Fail- (subsurface) wave force 
ure may result from exceeding either the "ultimate" flow-induced vibration 
strength of the cable or fatigue limits in tension, unsteady currents 

.The practical success of the Offshore Thermal 
Energy Conversion Plant rests with its ability to 
transfer power to where it is needed. The OTEC 
electrical riser cable is a critical element in the 
power transmission system. Consequently, satisfac- 
tory design of the riser cable has become one of 
the key technological issues in the OTEC Program. 
Particular emphasis must be placed on the riser 
cable design because the dynamic conditions and 
hostile environment to which it is subjected are 
unique and unprecedented for any insulated high 
voltage power transmission system. 

bending, or torsion. Cyclical loadings, as well as 
extreme lifetime values must be considered in the 
definition of the cable's load history. Flow 
induced structural vibrations are particularly 
critical to the fatigue aspects of load prediction, 
and methods of vibration prevention or reduction 
have an important bearing on the problem. 

It is*not intended to minimize the value of the 
conventional empirical methods used in electro- 
mechanical cable design which have served the 
designers and manufacturers well through the years. 
However, there is an obvious need for a fully 

Modern approaches to engineering design empha- rational approach to riser cable design in light of 
size the need for a rational and sc hasis on the unprecedented nature of 
mination of the loads that a struct 
ence. This paper proposes a method for the 
definition of the extreme values and fatigue The procedures described in this paper are con- . 
loading spectra which the cable wil plicable to any riser cable configura- 
its lifetime. er, the catenary configuration as 

proposed by SIMPLEX Wire and Cable Company has been 
, 

Introduction used as the "baseline" configuration. Some approxi- 
mate calculations have been included, and are based 

The requirements for transmission of electrical on a sample case with the following particulars: 
power from an OTEC platform demand bold extrapola- 
tions be made from the accumulated experience in Cable Type: 345 KVAC armored self-contained 
high voltage electromechanical cables. To this end, Platform: APL OTEC Plantship 
the pragmatic rules formulated from past successes 
and failures cannot always be used with a suffi- Length of Catenary: 10,000 ft 
ciently high level of confidence, particularly when Cable Wet Weight: 8.1 lbs/ft 
the requirements for new design strongly departs Cable Dry Weight: 18.7 lbs/ft 
from the proven capabilities of the old design. In Cable Outside Diameter: 6.01 inches 
such a case, the new design must evolve from Breaking Strength: 308,000 lbs 
explicit and justifiable rationale. Sometimes Plantship Location: Puerto Rico 
referred to as "rational design," this concept Cable Attachment Point: Centerline/bow/keel 
involves the complete determination of all loads on Distance between Plant and 
the basis of scientific rather than empirical pro- Subsurface buoy: 
cedures, so that uncertainties can be reduced to a Case 1A 8,000 ft 
minimum. Case 1B 4,000 ft 

Extreme Conditions: "100-year storm" 
This procedure aiso assumes that the response of 

the cable can be accurately determined and that Additionally, consideration is given primarily 
large factors of safety or "factors of ignorance" to tensile type loads. The procedure is equally 
can be avoided. Instead of ensuring that a simple appropriate for torsional, bending, or combined 
calculated design stress is below the ultimate loads. 
strength of the cable by an.arbitrary factor of 
safety, an attempt is made to predict the demand Sources of Loading on the Riser Cable 

. . of all loads acting on the structure and the capa- 
bility of the structure to withstand the load with- The loads to which the riser cable will be sub- 
out failure. This-report deals only with the jected can be classified within two broad categor- 
demand, or loading, on the riser cable. ies--steady and unsteady. Steady loads result from: 

The random nature of both seaway-induced and cable weight and buoyancy 
flow-induced loads on the cable requires a proba- steady current 
bilistic approach. Such an approach is consistent hydrostatic pressure and ocean temperature 
with the "probability of failure" criterion inher- gradient 
ent to rational design. Furthermore, this procedure configuration , 
is particularly responsive to the cost and risk 
perspectives of OTEC Project Management. Unsteady loads include: 



internal waves 
thermal stresses 
dynamic "snap" loads 

Other factors that may impact on the loading 
conditions are: 

creep . , 
corrosion 
abrasion and chafing 
fishbite 
marine organisms 

To get a general idea of the forces involved, 
some preliminary calculations were performed. 
There are several areas for which no "numbers" are 
available and which require further attention or 
data from current studies. These areas are noted. 

Static Tensions. Determination of static ten- 
sions is based on catenary equations. The first 
step is to determine the coordinates of the cate- 
nary and its angle with the horizontal. This is 
accomplished using the well known equation for a 
catenary: 

= cosh - 1 

where x and y are the coordinates using the lowest 
point on the half-catenary as the origin; and a is 
the catenary parameter.which is found by solving 
the following transcendental equation for a: 

where s is'the length of half the cable; and x is 
half the distance between the platform and the buoy. 

The angle of any point on the cable with refer- 
ence to the horizontal is: 

Yn+l-Yn 
tan a = - . . and solve for a. (3) 

Xn+l-xn 

This coordinate system is then transformed to a 
platform-referenced coordinate system. The cate- 
nary parameters are 3383 and 784 for Case'lA and 
1B respectively. The' static tension in the cable 
results from net forces of cable weight, buoyancy, 
and configuration geometry. The static tension can 
be calculated at any point along the catenary using 
the following equation: 

T = a w cosh X ('1) 

where w = lb/ft (wet weight) 
T is in lbs. 

The point of greatest static tension on'. the cable 
is at the platform attachment point. For Case lA, 
T = 48,895 lbs; and for Case lB, T = 40,954 lbs. 

Steady Current. Reference 1 estimates that the 
increase in tension due to current will not exceed 
50% of the static tension. This should'be a con- 
servatively high assumption, assuming no localized 
flow induced vibration. Thus, the tension would be 
on the order of 25,000 lbs or less. 

Hydrostatic Pressure. At 4,000 ft, the cable 
will experience about 1,800 psi. 

Installed Loads.   he induced stresses and resid- 
ual stresses that result from cable manufacture, 
handling, and installation are presently unknown 
and difficult to determine. Installation loads are 
necessary to determine because they may be the 
extreme lifetime loads. 

Platform Induced Motions. Reference 2 determjned 
significant absolute accelerations for the APL 
Plantship for various sea conditions and locations. 

' 

Depending on the attachment point of the riser 
cable, acceleration and the induced forces can vary 

A representative case has the 

Type ok Seas - Head, 0.0 knots 
significant Height - 29 feet 
Distan'ce from Amidships - 100 feet 
n i s t a n r . ~  from Canterline - O feet 

Conservatively assuming 50% of the cable's mass is 
accelerated, the dynamic significant force at the 
terminal would be about 17,166 lbs. The highest 
expected amplitude in 100 excursions would be 
26,000 Xbs and in 1,000 excursions would be 32,000 
lbs. 

Wave Induced Loads. If the cable is not con- 
nected to the plant near the keel or lower drafts, 
then it may experience substantial wave impact loads 
near the sea surface. These have not been computed 
for this report, but the significance of this load 
source'is important for near-surface terminations. 

Flow Induced vibrations. Preliminary investiga- 
tions of the vortex-induced structural vibrations 
of the OTEC Riser Cable are described in Reference 
3. Strumming oscillations lead to a virtual 
increase in the drag coefficient of the cable 
resulting in higher tensile loading. Early fatigue 
failure can result from the accelerated cyclic load- 
ing. Actual probabilities, magnitude, and frequen- 
cies associated with strumming remain to be deter- 
mined. The catastrophic effects of strumming on 
cable terminations and end fittings have been 
emphasized in many published papers and articles. 

Unsteady Currents. These currents can be 
"blocked" into stationary processes and will be 
applied using long-term conditional probabilities. 
The force magnitudes, however, will be no greater 
than steady currents. 

Internal Waves. Little analysis has been per- 
formed. Their contribution is presently assumed 
negligible. 

 herma mall^ Induced Stresses from Electrical Load 
Cycling. Few calculations have been fierformed in 
this area. The temperatures can be calculated by 
the cable designer for the various candidate 
designs. The significance of this factor is not 
presently known. 

Snap Loads. High wave heights can cause the 
platform to impart to the cahle instantaneous varra- 
tions in tension. Kinkinglhockling can r.esult in 
th.e effectively "slack" portions of the cable. The 
cable is designed against kinking/hockling as much 
as possible. However, high impulse loadings from 
the platform in larger sea states may be significant 
and could result in terminal loadings exceeding. 
50,000 lbs. 



Time-Dependent Mechanical Deformation. Although 
rate of strain may be low, deformations in cable 
materials, particularly the strength members, may 
rrsulL ill a co~~dilion where the electrical compon- 
ents are subject to load-bearing conditions. 
There are no known high-voltage configurations 
where very long lengths of self-supported cable 
must operate for an extended period under rela- . 
tively high forces. This is an area that has 
received very little attention. Further analysis ' 
and investigation is imperative. 

\ 

Chafing and Abrasion. The adverse effects of 
chafing and abrasion should be precluded by effec- 
tive design of the subsurface buoy and seabottom 
"touch-down" area. 

Corrosion. corrosive effects on the type of 
materials used for the fittings and strength 
member are'known. The disasterous impact of sea 
water on fatigue properties of metals emphasize 
that corrosion in any form cannot be tolerated. 

Marine Organisms. Definitive information ' 
relating to bio-fouling is necessary to determine 
impact on cable weight, cable displacement, cable 
drag coefficients, sheddfng frequencies, natural 
frequencies, jacket deterioration, and heat 
transfer. 

Determination of Long-Term Distributions 
For Each Load Source 

Reference 4 summarizes and applies the efforts 
of the last two decades toward "rational" struc- 
tural design. The basis of this work is that all 
major components of the demand on the structure 
(as well as those of its capability) are random to 
some extent. Within this context, the objective 
on the demand or load side of the problem is the 
synthesis of a "long-term" probability density 
function of loading. For proper application to 
the riser cable problem, the sources of loading 
discussed previously will be reduced and classi- 
fied according to Table 1. 

Table 1. Sources of Loading 

bility density of the total load (L ), f ( ~  ) say, 
t t concerns the synthesis of the joint long-term 

density of the six load components and the random 
variables of which they are functions: 

Load Source 

etc. are the sets of random variables 
where defining R19Rl?s t e 1 ong-term environment and operation, 
and the marginal joint density of L . . . L is 

6 found by integrating out, the R's. $0 some extent, 
all components of loading are in some way influ- 
enced by all environmental and operational param- 
eters. Thus, the ideal problem of determining the 
marginal density of all L's becomes one of unman- 
ageable dimensions. The simplification of this 
synthesis problem requires further analysis. For 
the purposes of this presentation, the problem 
can be made tractable by reasonable engineering 
arguments. Before confronting the synthesis prob- 
lem, the determination of the long term probability 
density functions for each load will be discussed. 

L1 

L2 

L3 

L4 

L5 

L6 

£(Random Variables) 

Static Tension {L 1- 

static tension 

platform motions 

current drag 

flow induced 
vibration 

waves 

radial-type 

R1 

R2 

K; 

R4 

R5 

R6 

Reference 1 recommends that the platform must 
remain between 4,000 and 8,000 feet from the sub- 
surface buoy. Although the type of the station 
'keeping system has not yet been chosen, certain 
assumptions will be-made which should generally 
apply to any station keeping system. It will be 
assumed that there is a 0.001 probability of going 
out of this recommended watch circle on one side 
or the other (total probability = 0.002). It will 
also be assumed that the platforms position will 
be normally distributed with a mean value of 6,000 
feet from the buoy. Based on the .001 exceedance 
probabilities, the distance between the mean and 
the watch circle limits is 3.090, or O = 647.25 
feet. The long term probability distribution 
representing the relative location of the plaht 
and subsurface buoy is: 

plant-buoy separa- 
tion distance cable 
weight and buoyancy 

sea state, heading 

current profile, 
currentfcable angle 

f(R1. R2, R3) 

sea state, heading, 
cable attachment 
location 

electrical load- 
thermal hydrostatic 
pressure 

This distribution is shown in Figure 1. 

PROBABILITY DENKIT2 NOWIAL DISTRIBUTION 
FUNCTIOEi for PLANT- 
R l l n Y  SEPARATTON 0. 

mean = 6000 ft . 
a = 647.25 Et. 

Each of the load sources enumerated is consid-' 
ered to be a function of other random variables 
which define the long-term environment and opera- Figure 1: Probability Density Function for Pldut- 
tional characteristics of the OTEC system. Thus, Buoy Se.paration Distance. 
the problem of synthesis of the long-term proba- 
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The s t a t i c  t e n s i o n  (L ) a t  t h e  cab le -p lan t  con- 1 

n e c t i o n  i s  a  f u n c t i o n  of t h e  plant-buoy s e p a r a t i o n  
d i s t a n c e .  Equat ions  (2)  and ( 4 )  a r e  e v a l u a t e d  f o r  
v a r i o u s  d i s t a n c e s .  A curve ,  T ( x ) ,  can be  developed 
r e p r e s e n t i n g  t h e  s t a t i c  t e n s i o n  a s  a  f u n c t i o n  of  
d i s t a n c e .  The re fo re ,  t h e  long-term p r o b a b i l i t y  
d e n s i t y  f u n c t i o n  ( p . d . f . )  f o r  s t a t i c  t e n s i o n  is: 

Th i s  long  term p . d . f .  i s  exempl i f i ed  i n  F i g u r e  2. 

b 

0 . 5  - P r o b a b i l i t y  Dens i ty  Funct ion f o r  
S t a t i c  Tension.  

0 . 3  - 

- 0 . 2  - 
4 
J - 
w 

41000 l b s .  49000 l b s .  
STATIC TENSILE LOAP 

_I 

For  each s e a  s t a t e  s ,  and f o r  each head ing ,  $, 
t h e  r e sponse  spect rum and c h a r a c t e r i s t i c - s t a t i s t i c a l  
v a l u e s  of t h e  p l a t f o r m  a r e  c a l c u l a t e d  by t h e  pro- 
gram. . I d e a l l y ,  a  3-dimensional a n a l y t i c a l  c a b l e  
model can be  used t o  compute l o a d s .  Otherwise ,  t h e  
l o a d  on t h e  c a b l e  t e r m i n a t i o n  can b e  computed u s i n g  
b a s i c  p r i n c i p l e s .  The motion r e sponse  spect rum is  
conver t ed  t o  a n  a c c e l e r a t i o n  r e sponse  spect rum,  
t ransformed t o  t h e  c o o r d i n o t c s  of t h e  cab le -p lan t  . 
connect ion.  Knowing t h e  v e r t i c a l  a c c e l e r a t i o n  
r e sponse ,  t h e  load  can b e  c a l c u l a t e d  on t h e  c a b l e  
end. From t h e s e  c a l c u l a t i o n s ,  a  c h a r a c t e r i s t i c  
v a l u e  f o r  wave induced dynamic l o a d i n g  i s  o b t a i n e d  
f o r  each c a s e .  The shor t - t e rm p r o b a b i l i t y  d e n s i t y  
f u n c t i o n  can be  d e s c r i b e d  by a  Rayle igh d i s t r i b u t i m .  
T h i s  d i s t r i b u t i o n  h a s  been found by many i n v e s t i g a -  
t o r s  t o  r e p r e s e n t  observed shor t - t e rm d i s t r i b u t i o n s  
of  wave h e i g h t s  and r e l a t e d  phenomena, such a s  s h i p  
mot ions .  The re fo re ,  

De te rmina t ion  of n  is  made from t h e  fo rmula t ion :  
s$ 

F i g u r e  2. P r o b a b i l i t y  Dens i ty  Func t ion  f o r  From t h e  shor t - t e rm r e s p o n s e  s p e c t r a  c a l c u l a t e d  
S t a t i c  Tension.  (Sample) by t h e  mot ions  program t h e  a r e a  (m ) and second 

moment (m2) can b e  determined.  
0 

Wave Induced Load { L ~ L  . The we igh t ing  f a c t o r s  f o r  t h e  s e a  c o n d i t i o n s  a r e  - - 
o b t a i n e d  from environmental  d a t a  s p e c i f i c a l l y  pre- 

If t h e  p r o b a b i l i t y  of a g iven  wave induced l o a d  pared for  the OTEC sites (Reference 5 ) .  Table 2  
a t  a  s e a  s t a t e  s, a t  a  head ing  $, is  f  ( x ) ,  t hen  l ists t h e  p e r t i n e n t  d a t a  f o r  P u e r t o  Rico.  
t h e  p r o b a b i l i t y  d e n s i t y  f u n c t i o n  a p p l i z t b l e  t o  t h e  
long  term response  can be w r i t t e n  a s  f o l l o w s :  

where f  = p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  a  
S9 shor t - t e rm response  f o r  g iven  s and 

$ 
n  = a v e r a g e  number of r e sponses  p e r  " u n i t  t ime of  shor t - t e rm response  

= a r e a  under  shor t - t e rm response  
(mo)s$ sDectrum 

= second moment of sho r t - t e rm response  
(m2)s$ spect rum 

ps = weigh t ing  f a c t o r  f o r  s e a  c o n d i t i o n  
pJI = weigh t ing  f a c t o r  f o r  heading t o  

waves i n  a  g iven  s e a  

The t o t a l  number of r e s p o n s e s  expected i n  t h e  l i f e -  
t ime of a  mar ine  sys tem due t o  wave mot ions  becomes: 

where T  i s  t h e  t o t a l  exposure  t ime  t o  t h e  s e a .  

Necessary  i n f o r m a t i o n  f o r  Equat ion (7 )  must be  
d e r i v e d  from a n a l y s i s  of t h e  p l a t f o r m  motion i n  
i r r e g u l a r  s e a s  f o r  each s e a  s t a t e  and heading t o  be  
cons ide red .  There  a r e  s e v e r a l  computer programs Tab le  2  
used f o r  t h i s  purpose .  The s p e c t r a l  f o r m u l a t i o n  
p r e s e n t l y  be ing  a p p l i e d  t o  t h e  OTEC s t u d i e s  was The we igh t ing  f a c t o r s  f o r  t h e  head ihgs  i n t o  t h e  
developed by Bre t schne ide r :  s e a s  must be  e s t i m a t e d  pending b e t t e r  d a t a .  The 

d i s t r i b u t i o n  of head ings  can be  g r e a t l y  a f f e c t e d  by 
5 f -4 

-5  -#,(fo) t h e  type  of  s t a t i o n  keeping sys tems and o p e r a t i o n a l  
~ ( f )  = S  1:) I f e - '  e  (8) d e c i s i o n s  made by t h e  p l a n t ' s  mas te r  ( i . e . ,  "keep 



t h e  bow headed i n t o  t h e  s e a s  i n  waves g r e a t e r  t h a n  
b f t . " ) .  A t y p i c a l  assumpt ion made is  t h a t  t h e r e  
is a n  equa l  p r o b a b i l i t y  f o r  a l l  head ings .  For com- 
p u t a t i o n a l  pu rposes ,  t h e  head ings  a r e  g e n e r a l l y  

B grouped, a s  shown i n  F i g u r e  3. 

I2  REGIONS OF 

LOADS bNALYSS 

I 
Q (FOLLOWING SEAS1 

F i g u r e  3. Assumed d i s t r i b u t i o n  o f  sh ip  heading t o  
wave direct ion .  

Cur ren t  Induced Drag I L ~  

A s i g n i f i c a n t  amount of  c u r r e n t  d a t a  f o r  OTEC 
d e s i g n  is  con ta ined  i n  Reference 5. The d e s i g n  
c u r r e n t s  i n c l u d e  g e o s t r o p h i c  and t i d e  c u r r e n t  i n  
phase  and added t o  t h e  Eckman wind c u r r e n t  f o r  each 
s e a  s t a t e .  Two d e s i g n  c u r r e n t  c a s e s  a r e  g iven  f o r  
each s e a  s t a t e :  1 )  The s u r f a c e  wind c u r r e n t  i n  
l i n e  wi th  t h e  g e o s t r o p h i c  c u r r e n t ;  and,  2 )  The 
s u r f a c e  wind c u r r e n t  r o t a t e d  90° coun te rc lockwise  
wi th  t h e  g e o s t r o p h i c  c u r r e n t .  Obviously ,  t h e s e  a r e  
on ly  two of an  i n f i n i t e  number of  p o s s i b i l i t i e s ,  
s i n c e  t h e  wind and s e a  s t a t e  can b e  of any d i r e c -  
t i o n .  For d e s i g n  purposes ,  a  s e t  of  d e s i g n  c u r r e n t  
p r o f i l e s  could  b e  fo rmula ted  which d e s c r i b e  a l l  
s i g n i f i c a n t  c u r r e n t  c o n d i t i o n s .  For example, e i g h t  
s p e c i f i c  c u r r e n t  p r o f i l e s ,  each w i t h  i ts own f r e -  
quency of  occur rence ,  should  b e  developed..  Thus, ' 

c u r r e n t  l o a d s  can  be  a p p l i e d  i n  t h e  same f a s h i o n  
a s  t h e  wave loads .  F i g u r e  4 i l l u s t r a t e s  t h i s  
c l a s s i f i c a t i o n  t echn ique .  

Over a  shor t - t e rm occur rence  of a  p a r t i c u l a r  cur-  
r e n t  p r o f i l e ,  t h e  c a b l e  r e sponse  and induced load  
w i l l  b e  s t e a d y ,  assuming no f low induced v i b r a t i o n  
' i s  i n i t i a t e d .  The a n g l e  between t h e  v e r t i c a l  
p l a n e  ex tend ing  through t h e  p l a t f o r m  and buoy and 
a  c h a r a c t e r i s t i c  d i r e c t i o n  a s s o c i a t e d  w i t h  t h e  
c u r r e n t  p r o f i l e  must a l s o  b e  cons ide red .  Thus, 
t h e  long-term p r o b a b i l i t y  d i s t r i b u t i o n  f o r  c u r r e n t  
induced l o a d  on t h e  c a b l e  is w r i t t e n :  

F i g u r e  4 .  Sample of Design Cur ren t  P r o f i l e  
C l a s s i f i c a t i o ~  Scheme 

t k m a g n i t u d e  and d i r e c t i o n  of  t h e  c u r r e n t  change 
w i t h  dep th ,  and t h e  c a b l e  no l o n g e r  hangs w i t h i n  a  
p lane .  There  a r e  a  number of 3-dimensional ana ly -  
t i c a l  c a b l e  models (References  6,  7 ,  8) w i t h  which 
t o  a t t a c k  t h e  problem. However, none have y e t  been 
comprehensively  a p p l i e d  t o  t h e  r i s e r  c a b l e  conf igu-  
r a t i o n .  Reference 1 proposes  an  approach t o  
de te rmine  i n c r e a s e d  t e n s i o n  due t o  a  c u r r e n t  perpen- 
d i c u l a r  t o  t h e  p l a n e  of t h e  c a t e n a r y ,  and i n d i c a t e s  
t h a t  t h e  i n c r e a s e  i n  t e n s i o n  w i l l  n o t  exceed 50% 
of t h e  s t a t i c  t e n s i o n .  T h i s  is  c o n s e r v a t i v e l y  h igh  
and shou ld  n o t  be  used i n  t h e  r a t i o n a l  d e t e r m i n a t i o n  
of c u r r e n t  induced loads .  When t h e  c u r r e n t  i s  more 
n e a r l y  p a r a l l e l  t o  t h e  c a t e n a r y  p l a n e ,  R e L q e n c e  1 
i n d i c a t e s  t h a t  t h e  i n c r e a s e d  t e n s i o n  is  compara- 
t i v e l y  l e s s  than  t h a t  w i t h  t h e  p e r p e n d i c u l a r  a s p e c t .  
I n  keeping wi th  t h e  r a t i o n a l  approach proposed i n  
t h i s  pape r ,  a  comprehensive a n a l y t i c a l  c a b l e  model 
should  b e  used t o  de te rmine  t h e  i n c r e a s e d  t e n s i o n  
due t o  each c u r r e n t  c a s e  f * ( x ) .  F i g u r e  5 i l l u s -  
t r a t e s  t h e  p . d . f .  i n  t h e  long  term of L 

3 '  

where pc = weigh t ing  f a c t o r  f o r  c u r r e n t  p r o f i l e  
pa = weigh t ing  f a c t o r  f o r  a n g l e  between 

c a t e n a r y  and c u r r e n t  d i r e c t i o n  ' 

p  = b i o f o u l i n g  we igh t ing  f a c t o r  
f,(xP = i n c r e a s e d  load  a t  c a b l e  t e r m i n a t i o n  

w i t h  a  p a r t i c u l a r  c u r r e n t  p r o f i l e  c ,  
and a n g l e  a, and b i o f o u l i n g ,  b .  

F i g u r e  5. Long Term P r o b a b i l i t y  Densi ty  

m 
cl - 
'44 

Cur ren t  Induced Tension 

i 

T h e . c a l c u l a t i o n  of f ,(x) is  compl icated by t h e  
f a c t  t h a t  w i th  a  p a r t i c u l a r  d e s i g n  c u r r e n t  p r o f i l e ,  

.7.3-5 

I 

Funct ion f o r  Cur ren t  Induced Loads 



Flow Induced Vibra t ion  {L,. - 
It has  been found (Reference 3) t h a t  t h e  shed- 

d ing  f requenc ies  a long t h e  r i s e r  c a b l e  correspond 
t o  t h e  4 t h  thruug5 30th modal f r equenc ies  of  t h e  
cab le .  Shedding frequency is a  f u n c t i o n  of c a b l e  
diameter  and normal c u r r e n t  v e l o c i t y :  

S = S t r o u h a l  Numbef (0 .21 f o r  r i s e r  
c a b l e )  

f  = Shedding frequency 
us = Normal c u r r e n t  v e l o c i t y  
$ = Cable diameter  

S e v e r a l  approaches t o  computing t h e  n a t u r a l  f r e -  
quencies  of t h e  c a b l e  a r e  d i scussed  i n  Reference 3. 
Shedding f requenc ies  and n a t u r a l  f r equenc ies  have 
been computed f o r  t h e  r i s e r  c a b l e  f o r  t h e  fo l lowing  
case:  

- normal c u r r e n t  p r o f i l e  f o r  Puer to  Rico 
- 8,000 f e e t  s e p a r a t i o n  d i s t a n c e  between 

p la t fo rm and subsur face  buoy 
- c u r r e n t  d i r e c t i o n  pe rpend icu la r  t o  

c a t e n a r y  p l a n e  

F igure  6 c l e a r l y  i n d i c a t e s  t h a t  v a r i o u s  v o r t e x  
shedding f requenc ies  a long  t h e  c a b l e  a r e  c l o s e  t o  
many of t h e  n a t u r a l  f r equenc ies ,  p a r t i c u l a r l y  
when a  lock- in  band of 30-50% on each s i d e  of each 
f  i s  considered.  

c a b l e  may o s c i l l a t e  a t  d i f f e r e n t  d i s c r e t e  f r e -  
quencies .  

0.45 

G r i f f e n ,  e t .  a l .  (References 9 ,  10,  11)  has  
e x t e n s i v e l y  i n v e s t i g a t e d  vortex-induced s t r u c t u r a l  
v i b r a t i o n s  of c a b l e s  and provides  a  g r e a t  d e a l  of 
i n s i g h t  i n t o  t h e  problem. Unfor tunately ,  some 
unique q u a l i t i e s  of t h e  r i s e r  c a b l e  sub-system com- 
p l i c a t e  t h e  r a t i o n a l  a n a l y s i s  of a n  a l r e a d y  
extremely complex phenomena. The r i s e r  c a b l e  
problem d e p a r t s  from c a b l e  experiments f o r  which 
d a t a  has  been ga the red  i n  s e v e r a l  ways: 

- 
\ 

The flow is no t  uniform--it  v a r i e s  tremen- 
dously i n  magnitude and d i r e c t i o n  a long  t h e  
cab le .  
The r i s e r  c a b l e  diameter  is up t o  s i x  t imes 
l a r g e r  than exper imental  cab les .  
The r i s e r  c a b l e  possesses  g r e a t e r  s t r u c t u r a l  
damping than  exper imental  c a b l e s .  

.a The a x i s  of t h e  c a b l e  v a r i e s  from being 
pe rpend icu la r  t o  t h e  f low t o  being p a r a l l e l .  

It is  not  uncommon f o r  t h e  v o r t e x  shedding t o  . 
e x c i t e  t h e  c a b l e  i n  ve ry  h igh  modes, 1.e. .  27 o r  
28- For lower modes, response is  pure  ( v i b r a t i o n  
i n  one mode on ly ) .  However, a t  h igher  modes of 
v i b r a t i o n ,  s e v e r a l  modes p a r t i c i p a t e  i n  t h e  
response.  L i t t l e  is known about  t h i s  kind of 
behavior.  Because de te rmina t ion  of t h e  f requency 
o f  v i b r a t i o n  is p a r t i c u l a r l y  important  i n  t h e  
f a t i g u e  a n a l y s i s ,  f u r t h e r  i n v e s t i g a t i o n  is requ i red .  

I ; 2 0.40 - 

The strumming ph+omena a s  a p p l i e d  t o  t h e  r i s e r  
c a b l e  problem is re4a ted  t o  many v a r i a b l e s :  

j I 
rn 
-5 0.35 
m 

! 
.a 

5 0.30 

d D = c a b l e  iameter  
6 = c a b l e  s t r u c t u r a l  damping. 
L = c a b l e  l e n g t h  
d  = plant-buoy s e p a r a t i o n  d i s t a n c e  

C = c u r r e n t  p r o f i l e  
= a n g l e  between c a b l e  and c u r r e n t  

S? = s e a  s t a t e  
JI? = pla t fo rm heading i n t o  s e a s  

J. I 

\ 

\ - 
\ 23 

\ 
ZZ 

- 21 
The f a c t  t h a t  t h e  l a s t  f i v e  e lements  of t h i s  

list a r e  random v a r i a b l e s ,  r ep resen ted  by some 
p r o b a b i l i t y  d i s t r i b u t i o n ,  s u g g e s t s  t h a t  t h e  strum- 
ming e f f e c t  on c a b l e  load ing  can a l s o  be  approached 
i n  a  p r o b a b i l i s t i c  manner. To account f o r  flow- 
induced v i b r a t i o n  e f f e c t s  on t h e  v i r t u a l  i n c r e a s e  
of c u r r e n t  d rag ,  Equation (11) must be modified: 

where pd,pc,pa,p ,pJI a r e  t h e  weight ing f a c t o r s  
f o r  plant-guoy d i s t a n c e ,  c u r r e n t  p r o f i l e ,  
cu r ren t -cab le  ang le ,  s e a  s t a t e ,  and p l a t -  
form heading,  r e s p e c t i v e l y  

1 \ 20 

19 - 
E 0.25- 
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17 - 
16 

\ 
12 

11 
10 

0.10 - 
\ 

4 

f,(x) - short - term p r o b a b i l i t y  d i s t r i b u t i o n  
of inc reased  t e n s i o n  due t o  current 
and d rag  i n c r e a s e  due t o  strumming. 

0.05 

The de te rmina t ion  of f ,(x) is  complex and t h e  
n a t u r e  of f,(x) is  no t  known. However, a s  impl ied 

Flgun 6.  Colpsrison o f  r, and rn by t h e  n o t a t i o n ,  i t  seems a p p r o p r i a t e  t h a t  f*(x)  
is  n o t  a  s i n g l e  va lue ,  i . e . ,  45,000 l b s ,  b u t  r a t h e r  
has  a  p r o b a b i l i t y  d i s t r i b u t i o n .  Th i s  seems par t i cu -  

At which o f - t h e s e  f requenc ies  o r  a  combination l a r l y  t r u e  i n  l i g h t  of t h e  random n a t u r e  of many of 

of f r e q u e n c i e s  w i l l  t h e  r i s e r  c a b l e  a c t u a l l y  v ib ra te  the imp0rtant 

is n o t  known a t  t h i s  time. Various s e c t i o n s  of t h e  

- \ 
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The pr imary e f f e c t  on t o t a l  l o a d i n g  from strum- 
ming r e s u l t s  from i n c r e a s e  i n  c u r r e n t  d r a g .  The 
secondary  e f f e c t  i s  f l u c t u a t i o n  due  t o  t h e  v i b r a -  
t i o n s .  Although t h e s e  h i g h e r  f requency load  
changes  a r e  o r d e r s  o f  magni tude  l e s s  t h a n  t h e  
c u r r e n t  d r a g ,  k a t i g u e  c o n s i d e r a t i o n s  r e q u i r e  
t h a t  L  must be  accounted  f o r :  4 

where n* = predominent v i b r a t i o n  f r equency  (hz)  . 

f o r  a  p a r t i c u l a r  sho r t - t e rm c a s e  
€,,(&) = s h o r t  te rm p r o b a b i l i t y  d i s t r i b u t i o n  . 

v  of augmented t e n s i o n  due t o  v i b r a t o r y  
d i sp l acemen t s  

A d r a s t i c  s i m p l i f i c a t i o n  t o  t h i s  p r o c e s s  can  be  : 
made i E  strumming s u p p r e s s i o n  t echn iques  a r e  
a p p l i e d  t o  t h e  problem. Re fe rence  1 2  i n v e s t i g a t e d  
t h r e e  methods of strumming s u p p r e s s i o n .  The f i r s t  
method u t i l i z e s  a  t r a i l i n g  edge f a i r i n g  which . 
i n t e r f e r e s  w i t h  t h e  v o r t e x  i n t e r a c r i o n  i n  t h e  n e a r  
wake a n d ' d i s r u p t s . t h e  v o r t e x  fo rma t ion  l e n g t h .  
The second method uti l izes  a  h e l i c a l l y  wrapped 
f a i r i n g  o r  r i d g e  which t ends  t o  b r e a k  up t h e  
spanwise  cohe rence  of v o r t i c e s  by c a u s i n g  a  v a r i -  
a b l e  l o c a t i o n  o f  t h e  s e p a r a t i o n  p o i n t .  The f a i r -  
i n g s  r e f e r r e d  t o  can be  p u t  i n  f i v e  c a t e g o r i e s :  
f r i n g e  (bunched t u f t s  of s t r a n d s  of f l e x i b l e  
m a t e r i a l ) ;  h a i r  ( i n d i v i d u a l  s t r a n d s  of f l e x i b l e  
m a t e r i a l ) ;  r i b b o n s ;  r i d g e s ;  and, a i r f o i l  shaped 
modules.  The m a t e r i a l s  used f o r  t h e  f r i n g e ,  h a i r ,  
and r i b b o n  f a i r i n g s  a r e  u s u a l l y  ny lon ,  polypro-  
py lene ,  po lyu re thane , ,  o r  p o l y v i n y l  c h l o r i d e .  The 
t h i r d  method is  des igned  t o  s u p p r e s s  t h e  r e g u l a r  
p e r i o d i c i t y  of t h e  v o r t e x  fo rma t ion  by p l a c i n g  a  
p e r f o r a t e d  c y l i n d e r ,  o r  sh roud  around a  p l a i n  
c y l i n d e r  ( c a b l e ) .  

Each of t h e  t h r e e  d e v i c e s  s u c c e s s f u l l y  r educe  o r  
p reven t  strumming v i b r a t i o n .  Two o t h e r  c r i t e r i o n  
must be  c o n s i d e r e d ,  however. The d e v i c e  must work 
i n  s p i t e  o f  t h e  l a r g e  v a r i a n c e  i n  f l ow d i r e c t i o n s  
and i n c i d e n t  a n g l e s  a s s o c i a t e d  wi th  t h e  r i s e r  
c a b l e  problem. A l so ,  s i n c e  p e r i o d i c  r e t r i e v a l  of 
t h e  c a b l e  i s  n o t  e n v i s i o n e d ,  t h e  d e v i c e  should  
be  maintenance  f r e e .  The f i r s t  c r i t e r i a  e l i m i -  
n a t e s  t r a i k i n g  edge f a i r i n g s  a s  c a n d i d a t e s .  . For 
t h e  second r e a s o n ,  a s  w e l l  a s  h i g h e r  a c q u i s i t i o n  
c o s t s ,  t h e  a i r f o i l  shaped modules a r e  n o t  recom- 
mended. Consequent ly ,  t h e  h e l i c a l l y  wrapped 
r i d g e s  o r  s t y a k e s ,  and p e r f o r a t e d  sh rouds  a r e  t h e  
l e a d i n g  c a n d i d a t e s  L o r  strumming s u p p r e s s i o n .  
Both have advan tages  and d i s a d v a n t a g e s  w i t h  r e s p e t  
t o  each o t h e r .  The advan tage  of t h e  s h r o u d  ove r  
t h e  s t r a k e  is  lower  d rag .  The advan tage  of t h e  
s t r a k e  o v e r  t h e  shroud is  lower c o s t ,  e a s i e r  con- 
s t r u c t i o n  and deployment ,  and lower  maintenance .  
S t a b i l i t y  has  been o b t a i n e d  by p l a c i n g  t h e s e  a n t i -  
s t rumming.devices  a t  t h e  t op  25% i?o J S ~  61 rhe 
c y l i n d e r ,  a?d i n  t h e  r e g i o n  o f  t h e  an t i -nodes .  

T e s t s  h a v e , b e e n  performed on h e l i c a l l y  wrapped , , 

f a i r i n g s  a t  s e v e r a l  l o c a t i o n s .  R e s u l t s  from 
Gene ra l  E l e c t r i c ,  U .  S. Navy, Massachuse t t s  I n s t i -  
t u t e  of Technology, Naval Undersea C e n t e r ,  N a t i m l  
P h y s i c a l  Labora to ry ,  and Woods Hole Oceanographic 
I n s t i t u t e ' s h o w  reduced strumming b u t  i n c r e a s e d  
d r a g  f o r  v a r i o u s  c o n f i g u r a t i o n s .  The i n c r e a s e  i n  
d r a g  is  on t h e  o r d e r  of 50 - 100%. Pa rame te r s  
v a r i e d  i n  t h e s e  t e s t s  i n c l u d e  number of r i d g e s ,  

p i t c h  t o  d i a m e t e r  r a t i o ,  f a i r i n g  h e i g h t  t o  diame- 
t e r  r a t i o ,  f a i r i n g  type ,  a n g l e  of a t t a c k ,  and 

, Reynolds number. T y p i c a l  c u r v e s  of pe 'rcent 
strumming r e d u c t i o n  f o r  v a r i o u s  p i t c h  t o  d i a m e t e r  

. r a t i o s  a r e  shown i n  F i g u r e  7. - 

d/D= S t r a k e  Height  t o  Diameter  
R a t i o  

0 10 20 40 

I Pitch-To-Diameter R s t i o  I 

It is s e e n  t h a t p i t c h  t o  d i a m e t e r  r a t i o  i n  t h e  . 

a r e a  of 1 5  seems t o  b e  t h e  optimum des ign .  F i g u r e  
8 shows p i t c h . t o  d i a m e t e r  r a t i o  p l o t t e d  a g a i n s t  
f a i r i n g  h e i g h t  t o  d i a m e t e r  r a t i o  f o r  t e s t s  which 
reduced s t rumming,by 90 p e r c e n t  o r  g r e a t e r .  T h i s  
g i v e s  a n  i d e a  o f  t h e  f a i r i n g  h e i g h t s  i nvo lved .  
Sharp-edged r e c t a n g u l a r  s t r a k e s  have  shown t o  be  
more e f f e c t i v e  t han  c i r c u l a r  o r  rounded s e c t i o n  
s t r a k e s .  

P e r f o r a t e d  sh rouds  f i t t e d  around a  c y l i n d e r  and 
s e p a r a t e d  by a  gap have  been i n v e s t i g a t e d  and 
have  shown t o  be  e f f e c t i v e  a g a i n s t  r e g u l a r  v o r t e x  
shedd ing .  N e i t h e r  t h e  gap w i d t h  n o r  t h e  open-area 
r a t i o  seem t o  be  c r i t i c a l  i n  r educ ing  strumming, 
b u t  t h e  b e s t  r e s u l t s  have  shown t h a t  a  gap wid th  
o f  .12D and a n  open-area r a t i o  between 20% and 36% 
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a r e  t h e  most e f f e c t i v e .  .. Determinat ion of Extreme Loads 

Should t h e  r i s e r  c a b l e  be  designed wi th  dev ices  
t o  p reven t  strumming then t h e  de te rmina t ion  of t h e  
long-term d i s t r i b u t i o n  of v i b r a t i o n  inc reased  cur- 
r e n t  induced loads  p(L l ~ ~ )  can be dispensed with .  

. The comparat ively  simp$!er Equation (11) can be 
used. 

Wave Induced Loads {L ) 
5- 

Depending on t h e  method and l o c a t i o n  of mechan- 
i c a l  t e rmina t ion  a t  t h e  pla t form,  t h e  riser c a b l e  ' 

w i l l  exper ience i n e r t i a l  and d rag  f o r c e s  f rom.the 
o s c i l l a t o r y  flow of t h e  seaway. I f  the  s e l e c t e d  
p lan t -cab le  c o n f i g u r a t i o n  r e s u l t s  i n  wave induced 
load ing  on t h e  cab le ,  t h e  r e s u l t a n t  f o r c e s  can be  
handled p r o b a b i l i s t i c a l l y :  

where = weight ing f a c t o r  f o r  sea  s t a t e  :; = ang le  between seaway and ca tenary  
p lane  

n, = average number of responses  pe r  
u n i t . t i m e  of s h o r t  term response 

f  ,(x) = s h o r t  term response p.d.f.  f o r  
given s e a  s t a t e  and ang le  of  
inc idence  

I f  t h e  c a b l e  a t tachment  method and l o c a t i o n  a r e  
known, f* (x )  can be  determined us ing  procedures  
d e t a i l e d  i n  numerous r e f e r e n c e s  (13, 14, 15) .  

Rad ia l  Forces  {L,) " 

V a r i a t i o n s  i n  t h e  temperature  of t h e  c a b l e  
a s s o c i a t e d  wi th  t h e  t r ansmiss ion  of e l e c t r i c a l  
power cause v a r i a t i o n s  i n  t h e  i n t e r n a l  s t r e s s  of 
t h e  c a b l e  mic ro-s t ruc tu re .  The e f f e c t  of t h i s  
type  of load ing  is s t r i c t l y  w i t h i n  t h e  domain of 
t h e  c a b l e  des igner  and s h a l l  n o t  be  d i scussed  
he re .  However, t h i s  mechanical loading can be  
desc r ibed  a s  a  f u n c t i o n  of t h e  e l e c t r i c a l  loading,  
which i n  t u r n  can be desc r ibed  by some.form of 
p r o b a b i l i t y  d i s t r i b u t i o n  o r  weight ing f a c t o r s .  

Another source of r ad ia l - type  load ing  i s  hydro- 
s t a t i c  p ressure .  Th i s  is a  f u n c t i o n  of depth,  and 
t h e  lowest  po in t  on t h e  catenar.y can r i s e  and f a l l  
between 2,000 - 4,500 f e e t .  

These types  of f o r c e s  a r e  no t  predominant and 
may o r  may n o t  be  important  t o  extreme load  o r  
c y c l i c  load ing  c r i t e r i o n .  I n  any case ,  a  proba- 
b i l i t y  d e n s i t y  f u n c t i o n  can be  developed f o r  each. 

Appl ica t ion  t o  Design 

The c a b l e  des igner  is  concerned with  t h e  d i f f e r -  
e n t  ways t h a t  t h e  s t r u c t u r e  can s u f f e r  damage o r  
f a i l .  Two types  of damage a r e  of p a r t i c u l a r  i n t e r -  
e s t :  1 )  Exceedance of  an u l t i m a t e  s t r e n g t h  l i m i t  
t h a t  i n i t i a t e s  e l e c t r i c a l  o r  mechanical f a i l u r e ;  
and, 2) F a i l u r e  due t o  c y c l i c  f a t i g u e .  To pre- 
c l u d e  t h e  f i r s t  mo,de of f a i l u r e ,  t h e  c a b l e  designer 
must know t h e  maximum extreme load t o  which t h e  
c a b l e  w i l l  be sub jec ted  i n  i ts  l i f e t i m e .  To pre- 
ven t  f a t i g u e  f a i l u r e ,  t h e  des igner  must have a  
load  h i s t o r y  f o r  t h e  c a b l e ' s  l i f e t i m e ,  i . e . ,  
number of c y c l e s  f o r  each l e v e l  of s t r e s s .  

Ochi (Ref. 16) has  demonstrated t h a t  t h e  compu- 
t a t i o n s  f o r  extreme v a l u e  f o r  des ign  considerat ions  
es t ima ted  from t h e  long term p r e d i c t i o n  method 
a g r e e s  wi th  t h a t  e s t ima ted  from t h e  s h o r t  term 
p r e d i c t i o n  method. The e s t i m a t i o n  procedure of 
t h e  extreme v a l u e s  through t h e  s h o r t  term predic-  
t i o n  approach, however, is extremely s imple  i n  
comparison w!'th t h a t  throngh t h e  .long term approach. 
Therefore ,  t h e  s h o r t  term approach w i l l  be  used 
he re .  

Determinat ion of extreme v a l u e  f o r  des ign  must 
t a k e  i n t o  account  a l l  s e a  s e v e r i t i e s ,  a l l  v a r i e t i e s  
of wave s p e c t r a l  shapes ,  headings t o  waves, e t c . ,  
expected i n  t h e  OTEC p l a t f o r m ' s  l i f e t i m e ,  weighted 
by t h e  f requency of occurrence.  Addi t iona l ly ,  t h e  
concept of a  r i s k  pa ramete r ,  a, i s  used. The 
r i s k  parameter r e p r e s e n t s  t h e  p r o b a b i l i t y  t h a t  t h e  
extreme response i n  a  given s e a  w i l l  exceed t h e  
es t ima ted  des ign  load .  The s e l e c t i o n  of t h e  va lue  
of t h e . r i s k  p a r a m e t e r .  i s  a t  t h e  d i s c r e t i o n  of t h e  
des igner .  It has  been suggested t h a t  a  v a l u e  of 
a = 0.001 i s  a p p r o p r i a t e  f o r  OTEC r e l a t e d  system 
des igns .  

By t ak ing  t h e s e  v a r i o u s  f a c t o r s  which a f f e c t  
t h e  magnitude of extreme responses  i n t o  considera-  
t i o n ,  t h e  p robab le  extreme v a l u e  and t h e  des ign  
extreme v a l u e  f o r  a  s e a  of s p e c i f i e d  s e v e r i t y  can 
be  eva lua ted  by t h e  fol lowing formulas:  

Probable  extreme v a l u e  (ampli tude) :  

Design extreme v a l u e  (amplitude) : 

where T = l o n g e s t  d u r a t i o n  of s p e c i f i e d  s e a  i n  
hours  

m = a r e a  under response spectrum m i  = 2nd moment of response spectrum 
a = r i s k  parameter 
k  = number of encounters  wi th  a  s p e c i f i e d  . 

s e a  i n  s h i p ' s  (o r  marine s t r u c t u r e ' s )  
l i f e t i m e  

F igure  9 i l l u s t r a t e s  t h e  a p p l i c a t i o n  of t h i s  
approach. The maximum v a l u e  is connected wi th  t h e  
"100-year" s torm,  t h e  s i g n i f i c a n t  h e i g h t  of which 
is  H = 44.2  f e e t . .  Th i s  v a l u e  r e s u l t s  from loads  
causzd by p la t fo rm motions. To t h i s  va lue ,  des ign  
extreme v a l u e s  f o r  each of t h e  o t h e r  loading sources 
must be  c a l c u l a t e d .  The long term p r o b a b i l i t y  d i s -  
t r i b u t i o n s  f ( x )  determined f o r  each load source  
a r e  transformed i n t o  cumulat ive  d i s t r i b u t i o n s ,  
F(X), where 

F(X) = f ( ~ ) d X .  (18) 
min 

I f  we have s e l e c t e d  a  r i s k  parameter ,  a = 0.001 
f o r  example, then t h e  des ign  extreme, v a l u e  (X) f o r  
t h a t  load source  w i l l  be  t h e  v a l u e  corresponding 
t o  F(X) = (1-a) = 0.999. I n  t h i s  manner, t h e  



des ign  extreme v a l u e  can b e  c a l c u l a t e d  t ak ing  i n t o  
account a l l  load  sources .  

10 29 30 40 50 

S i g n i f i c a n t  Wave Height ( f t )  

Figure  9. Extreme Values f o r  Various Sea S e v e r i t i e s .  

Cyc l i c  Loading His to ry  

Assuming t h a t  t h e  long term p r o b a b i l i t y  d e n s i t y  
f u n c t i o n  has  been determined f o r  each demand 
source  on t h e  cab le ,  t h e  problem remains t o  com- 
b i n e  t h e  l o a d s  i n  a  r a t i o n a l  manner. A t  t h e  
p resen t  t ime, t h e r e  is  no g e n e r a l l y  accepted way 
t o  s y n t e h s i z e  a l l  t h e  i n d i v i d u a l  p . d . f . ' s ,  par- 
t i c u l a r l y  cons ide r ing  t h e  dimensions of t h e  prob- 
lem. I d e a l l y ,  t o  develop a  j o i n t  long-term p .d . f .  
from a l l  t h e  i n d i v i d u a l  f u n c t i o n s  would r e q u i r e  
knowledge of t h e  inter-dependency of a l l  t h e  
random v a r i a b l e s .  Th i s  has  n o t  been at tempted 
i n  l i e u  of a  more f e a s i b l e  approach t o  t h e  problem. 

S ince  t h e  p la t fo rm motion is  t h e  predominent 
source of load ing ,  i ts  long term p.d . f .  w i l l  be 
used a s  t h e  "basel ine" .  F igure  1 0  shows t h e  long 
term p.d.f.  f o r  p la t fo rm motions loading { L ~ ] .  ' 
Since t h e  t o t a l  number of r e sponses ,  n, can be  
obtained from Equation ( 7 a ) ,  t h e  number of c y c l e s  
of v a r i o u s  load ings  necessa ry  f o r  e v a l u a t i n g  
p o s s i b l e  f a t i g u e  f a i l u r e  of t h e  c a b l e  can r e a d i l y  
be eva lua ted  from F igure  10. The c y c l i c  loading 
curve which r e s u l t s  appears  i n  F igure  11. 
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Induced Loading. 

The problem t h a t  remains is  t o  determine by how 
much t h i s  curve should be  moved v e r t i c ~ l l y  t o  
account f o r  t h e  a d d i t i o n a l  loads  from o t h e r  sources. 
One op t ion  is t o  use  t h e  des ign  extreme v a l u e  f o r  
each load source ,  determined us ing  a = 0.001 f o r  
example. The use  of t h i s  va lue ,  however, would 
be  u n r e a l i s t i c a l l y  conse rva t ive ,  s i n c e  i t  assumes 
t h a t  added t o  each and every response,  over  a  
l i f e t i m e ,  i s  t h e  sum of t h e  extreme v a l u e s  f o r  a l l  
o t h e r  load ing  sources .  A more r e a l i s t i c  approach 
would be t o  use  t h e  va lue  f o r  which h a l f  of a l l  
responses  would be  g r e a t e r ,  and ha l f  would be  l e s s .  
I n  terms of t h e  cumulat ive  d i s t r i b u t i o n s ,  t h i s  
v a l u e  i s  a s s o c i a t e d  with  F(X) = 0.5. This  approach 
would seem a p p r o p r i a t e  cons ide r ing  t h e  number of 
responses  i n  a  20-year p la t fo rm l i f e  w i l l  be on 
t h e  o r d e r  of 10' - 10' c y c l e s .  With such a  l a r g e  
sample, t h e  combined {F(x) = 0.51 load c y c l e  curve 
would c l o s e l y  f i t  t o  a n  histogram of t h e . a c t u a 1  
load h i s t o r y .  Th i s  procedure  is dep ic ted  i n  
F igure  12 on t h e  fol lowing page. 

This  approach provides . the  c a b l e  des igner  wi th  
a cyc l i c - load ing  curve with  which t o  c a r r y  o u t  
f a t i g u e  des ign  procedures .  Reference 17 o u t l i n e s  
a  methodology f o r  r i s e r  c a b l e  f a t i g u e  des ign .  

Summary and Conclusions 

Th i s  paper  p r e s e n t s  a  method t o  determine load- 
i n g  c r i t e r i o n  f o r  t h e  c a b l e  des igner .  The proced- 
u r e  emphasizes t h e  " r a t i o n a l "  approach and proposes 
a  methodology t h a t  is  c o n s i s t e n t  wi th  modern 
des ign  p r a c t i c e s  f o r  s t r u c t u r e s  t h a t  o p e r a t e  i n  
t h e  marine environment. Conclusions de r ived  from 
t h e  r e s u l t s  of t h e  p r e s e n t  s tudy  a r e  summarized i n  
t h e  fo!lowing: 

1. Basic  techniques  a r e  now a v a i l a b l e  f o r  making 
r a t i o n a l  c a l c u l a t i o n s  i n  p r o b a b i l i t y  terms of 
most of t h e  loads  a c t i n g  on t h e  r i s e r  c a b l e ,  
inc lud ing :  

s t a t i c  t e n s i o n  * 

. p l a t f o r m  motion induced 
c u r r e n t  d rag  
wave f o r c e s  
r a d i a l  l o a d s  ( h y d r o s t a t i c  p r e s s u r e ,  
thermal  s t r e s s e s )  

: igure  10.  Long Term P r o b a b i l i t y  Densi ty  Function Fur the r  development is  needed f o r  t h e  ca lcu la -  
of Plat fornl  Motion Loading f ( L  ) .  2 t i o n  of flow induced loads .  



Figure 12. Scheme for Com't.i::.:.!:g Loads for 

Long Term Cyclic Load Values from Combined Cyclic 
Loading from + each source for = Loading from 
Plat form-Motions which F(T.)= 0.5  all sources 

3. 
2. Input data for the calculation of loads on the 

ricer cable is incomplete. 

a. Definition of the station keeping system 
is required for a rational determination 
of the p. d. f . for .static tension loads. 

b. Definition of the type of cable termina- 
tion device (i.e., fixed, swivel, etc.) 
and the location of the termination on the 
platform is required to determine platform 
motion induced loading. 

c. Definition of operational guidelines and 
restraints is required because it impacts 
on every source of loading, i.e., will 
the platform attempt to always maintain 
a certain heading in relation to seas, 
currents, subsurface buoy, etc.? Will 
the cable be disconnected in higher 
sea states? 

d. A definition of a set of design current 
profiles and their frequency of occurrence 
for the selected site is needed. 

e. The flow induced vibration problem must 
be confronted. If comprehensive analysis 
of the cable and en~i~onment prove that 
strumming is a significant problem, then 
a suppression device must be selected. 

. These decisions impact on determination 
of current induced loading, and have a 
second order effect on platform motion 
loadings. 

f. Micro-analysis of the cable composite 
will determine if the radial compression 
forces from'hydrostatic pressure, as well 
as thermally-induced stress variations 
are significant. 
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As the questions about station keeping systems, 
termination methods, etc., are answered, the data 
required for the application of the procedures 
proposed in this paper cin be rapidly developed. 
Finally, attention must be given to the definition 
of an acceptably low limit for probability of 

. failure. . , 
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8. CLOSED-CYCLE OTEC POWER SYSTEMS 



PRELIMINARY DESIGNS OF 10 MW, and 50 MW, POWER MODULES 

42+. R. T .  Miller, USN ( R e t . ) ,  Nirval Arcbitekt .and Engineer 
\ /- 

FIGURE I 
PRIMARY POWER SCHEMA TIC 
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J.  J .  Gertz, Westinghouse Electric Corporation, Steam ~ d ~ b i n 6 ~ e n e r a t o r  Technical operation; Div. ) ------ 
S. Cunn ingh is ,  . ~ibbs , .an /d  *hi?, 

Abst rac t  

The r e s u l t s  o f  p r e l i m i n a r y  des ign s tud ies  o f  a 
c losed  c y c l e  10 MWe modular experiment power sys- 
tem and the  r e l a t e d  commercial s i z e  50 MWe power 
system module a r e  presented. I n d i c a t i o n s  a re  t h a t  
the  major  equipment design goals  can be met and 
t h a t  both the 10 MWe and 50 MWe modules can be 
b u i l t  i n  e x i s t i n g  f a c i l i t i e s  w i t h  the  e x i s t i n g  
technology. Both hea t  exchangers and r o t a t i n g  equip- 
ment a re  scaled l o g i c a l l y  f rom 10 MWe modular 
experiment s i z e  t o  50 MWe modules s u i t a b l e  f o r  com- 
merc ia l  p l a n t s  i n  t h e  400 MWe range. Features i n -  
c lude  h a l f  s ize, double speed t u r b i n e s  f o r  the  10 
MWe modular experiment, modular tube bundles which 
a re  i d e n t i c a l  f o r  a l l  power l e v e l s ,  and a low l o s s  
t u r b i n e  c o n t r o l  system. 

Each power module c o n s i s t s  o f  an evaporator,  a 
turbo-generator,  a condenser and assoc ia ted  aux- 
i l i a r y  equipment. They can be arranged i n  a v a r i e t y  
o f  ways t o  f i t  a l t e r n a t i v e  h u l l  c o n f i g u r a t i o n s .  
Heat exchanger s h e l l s  can be arranged t o  p rov ide  a 
p o r t i o n  o f  p l a t f o r m  bouyancy. I 1  l u s t r a t i v e  p l a n t  
arrangements have been developed t o  min imize pres-  
sure losses i n  sea water and amnonia loops. 

I 

Cap i ta l  c o s t  has been op t im ized  f o r  t h e  50 MWe 
module s ize.  T i tan ium was se lec ted  as the  most ec- 
onomical m a t e r i a l  c u r r e n t l y  a v a i l a b l e  f o r  a 30 year  
p l a n t  l i f e .  I f  an aluminum a l l o y  can be developed 
t o  q u a l i f y  f o r  equal se rv ice  l i f e  i n  s a l t  water, i t  
w i l l  be the  most c o s t  e f f e c t i v e  m a t e r i a l .  - 

I n t r o d u c t i o n  

-2es igns  discussed'in t h i s  paper were developed by 
the  Power Generat ion D i v i s i o n s  o f  the Westinghouse 
E l e c t r i c  Corporat ion under c o n t r a c t  t o  the  D i v i s i o n  
o f  So la r  Techno1 ogy, Department o f  Energy. West- 
inghouse was supported i n  i t s  work by Carnegie- 
Mel lon U n i v e r s i t y  i n  the  areas o f  advanced heat  
exchanger technology and c o n t r o l  system dynamic 
model ing; by Union Carbide Corporat ion a1 so i n  the  
area o f  heat  ezchanger technology and w i t h  tube 
enhancement techniques; by Middle South Services, 
Inc .  i n  the areas o f  e l e c t r i c  u t i l i t y  p r a c t i c e s  and 
opera t ing  procedures; by Dr. A. E: Berg les w i t h  
tube enhancement techniques; and by Gibbs and H i l l  
Inc. w i t h  t o t a l  power p l a n t  i n t e q r a t i o n .  

The 50 MWe power system module p r e l i m i n a r y  de- 
s i g n  i s  a development o f  conceptual designs made 
by Westinghouse o f  a 100 MWe demonstrat ion OTEC 
power p l a n t , i n  a sh ip- type p l a t f o l m .  Cost s t u d i e s  
o f  t h e  conceptual designs showed t h a t  minimum t o t a l  
system (power p l a n t  p l u s  p l a t f o r m )  c o s t  would be 
achieved w i t h  50 MWe power system modules. Each 
module i s  an independent system c o n s i s t i n g  of one 
evaporator,  one t u r b i n e  and generator,  one con- 
denser and associated p i p i n g  and a u x i l i a r i e s .  ' 

The 1 0  MWe modular a p p l i c a t i o n  OTEC power system 
i s  s i z e d  i n  accordance w i t h  terms o f  the  DOE con- 

I t r a c t .  Heat exchangers f o r  the  10 MWe system ex- 
a c t l y  model those o f  a 50 MWe power system module 
because t h e  tube bundles o r  modules a r e  thermo- 
dynamical ly  and s t r u c t u r a l l y  equ iva len t  t o  those 
o f  t h e  l a r g e r  p l a n t .  The t u r b i n e  and generator  f o r  
the  10 MWe system are  one-hal f  s ize,  q u a r t e r  power, 
double speed vers ions  o f  c o s t  opt imized 40 MWe 
u n i t s .  A modest e x t r a p o l a t i o n  f rom t h a t  s i z e  leads 

The 10 MWe modular a p p l i c a t i o n  OTEC power sys- t o  u n i t s  f o r  c o s t  opt imized 50 MWe power system 
tem and 50 MWe OTEC power system module p r e l i m i n a r y  modules. * 



System Design 

The OTEC power cycle schematic arrangement 
shown in Figure 1 has been basic to the study of 
system configurations since early in the conceptual 
design phase, with the exception of choice of control 
val ves. The valve arrangement shown was selected 
f inal ly  . for  the prel iminary design a f te r  detailed 
study of system control dynamics as discussed 
l a t e r  in this  paper. The evaporator tube bundles, 
moisture separators and liquid storage are a l l  in- 
tegrally contained in the evaporator shell ; and 
the condenser tube bundles and hotwell storage are 
similarly contained in the condenser she1 1 as dis- 
cussed la te r .  

Liquid amnonia i s  supplied to the evaporator as 
a mix of condensate from the condenser hotwell and 
reci rcul ated 1 iquid from the evaporator 1 iquid 
storage. Amnonia vapor, which may contain as much 
as 10% liquid as i t  comes from the evaporator tube 
bundles, flows through moisture separators from 
which i t  passes to the turbine with less  than 0.1% 
moisture. Exhaust vapor flows directly from the 
turbine discharge diffuser into the condenser. TO 
minimize pressure losses there are no series con- 
t rol  valves in the turbine i n l e t  piping. Vapor 
flow to the turbine i s  controlled by diverting i t  
through turbine bypass valves and by liquid feed 
and recycle flow valves. 
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FIGURE 3 

Many design parameters affect  the performance 
and cost of an OTEC plant. Some are strongly in- 
terdependent and must be optimized together. These 
include module size,temperature drop allocations 
between heat exchangers and turbine, water vel- 
oci t ies  in heat exchanger tubes, tube diameters 
and type of enhancement, heat exchanger dimensions, 
and platform dimensions. A computer-based optimi - 
zation program was developed and exercised to 
determine optimum ( leas t  cost) combinations of the 
interacting parameters. 

Figure 2 i l lus t ra tes  the logic employed in the 
economic optimization studies. The central cost 
optimization program, made u p  of sub-system design, 
thermal performance and cost models, used pattern 
search techniques to  find values of continuous 
system variables which would resul t  in the lowest 

MODULE COST VS. SYSTEM VARIABLES 
cost power module for  a given s e t  of discontinuous 
variables. Specific optimum designs were further 
qua1 ified by assessments of technology constraints, 
and power plant adaptibil i ty  to  reasonable platform 
or  hull configurations, producibil i t y ,  and oper- 
abi l i ty .  

The continuous varlables addressed were evap- 
orator and condenser tube-side water velocity, sea- 
water out let  temperature, and amnonia sate ation 
temperature. Figure 3 i l lustrates  a typical s e t  of 
module cost data vs. continuous system variables. 

Discontinuous variables addressed we:- evap- 
orator and condenser tube diameter,  ater rial and 
enhancement, the number of evaporator an: conden- 
ser shells per module, and net module power output. 
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FIGURE 4 
MODULE AND HULL COST 

3 

Seventeen types o f  proven tube entiancement tech- 
niques along the  a v a i l a b l e  range (1 t o  2 inches) o f  

Flows (lo6 Ibm/hr) 
Ammonia 
Cold Seawater 
Warm Seawater 

Temperatures ( O F )  

Warm Seawater Inlet 
Warm Seawater Outlet 
Evaporator Saturation 
Turbine Inlet 
Turbine Outlet 
Condenser Saturation 
Cold Seawater Outlet 
Cold Seawater Inlet 

Performance 
Turbine Efficiency 
Seawater Pump Efficiencies 
Ammonia Pump Efficiencies 
Condenser Effectiveness 
Evaporator Effectiveness 

Power (MWe) 
TurbinoIGenerator Gross 
Cold Seawater Pump 
Warm Seawater Pump 
Ammonia Feed Pump 
Ammonia Recycle Pump 
Chlorination 
Estimated Hotel Load. 

Net Power Output 
, 

Table 1 
POWER MODULE COMPARISON 

3000 tube diameters were s tud ied.  L inde High-Flux 
coa t ing  on the o u t s i d e  o f  t h e  evaporator  tubes w i t h  
p l a i n  i n s i d e  sur faces and p la in -sur faced  condcnscr 

) tubes were shown t o  be t h e  m s t  cos t  e f f e c t i v e  con- 
b i n a t i o n .  One evaporator  and one condenser per  
module a l s o  proved t o  be the  l e a s t  c o s t  approach. 
There was a s l i g h t  decrease i n  power module c o s t  
p e r  kw as module s i z e  increased from 50 MWe t o  2000. 
100 MWe. However, associated c o s t  o f  a  su r face  s h i p  € .  p l a t f o r m  reached a minimum w i t h  25 MWe modules. As Y 

\ shown i n  F igure 4 the  r e s u l t i n g  c o s t  p e r  kw f o r  the  
V, 

t o t a l  system appears t o  min imize a t  50 MWe per  I- - .  
module. Hence t h a t  s i z e  was se lec ted  as the  base- V) 

l i n e  f o r  subsequent s tud ies .  Table 1 l i s t s  some o f  g 
t h e  p r i n c i p a l  opera t ing  parameters der i ved  f rom 

' the  o p t i m i z a t i o n  program. 
1 0 0 0  

4 0 M W  

11.8 
921 
1190 

80.00 
74.54 
70.35 
70.05 
50.15 
50.06 
46.89 
40.00 

.799 

.680 

.750 

.685 

.566 

54.09 
6.74 
5.31 
1.14 
0.27 
0.63 
0.0 
40-00 

l O M W  

2.99 
263 
305 

80.00 
74.57 
70.50 
70.20 
49.09 
49.00 
46.13 
40.00 

.790 

.670 

.750 

.681 

.572 

14.42 
2.30 
1.52 
0.28 
0.05 
0.17 
0.10 - 
10.00 

F l u i d  hand1 i n g  t o  min imize pressure losses was 
a major  concern i n  developing system arrangements. 
This  a p p l i e d  bo th  t o  the ammonia working f l u i d  and 
t o  the  warm and c o l d  sea water.  For  instance,  i t  
has been est imated t h a t  as l i t t l e  as a 1 p s i  i n -  
crease i n  sea water  pressure drop would cause a 
3% increase i n  t o t a l  p l a n t  cost .  Therefore par -  
t i c u l a r  care .was exerc ised i n  the  design o f  sea 
water passages t o  ensure low f l o w  v e l o c i t i e s  and 
t o  min imize changes i n  f l o w  d i r e c t i o n .  

5 0 M W  

14.8 
1300 
1500 

80.00 
74.51 
70.25 
69.95 
49.59 
49.50 
46.17 
40.00 

,800 
,680 
.750 
,647 
.564 

70.01 
10.05 
6.65 
1.49 
0.11 
1.21 
0.50 
50.00 

F igure  5 and F igure  6 i l l u s t r a t e  the  10  MWe 
modular a p p l i c a t i o n  OTEC power system i n s t a l l e d  i n  
a barge-type surface p la t fo rm.  P r i n c i p a l  fea tu res  

0 

1 N+H,":::: 
6.25 12.5 25 50 100 

MODULE SIZE (MWe) 

* = MINIMUM 

are : 
. A l i n e a r  arrangement o f  c o l d  water  d ischarge 

plenum, condenser, c o l d  water  ent rance plenum, 

\ :; 

. 

w a n  water  ent rance plenum, evaporator,  and 
w a n  water  d ischarge plenum. 

. Turbine-generator mounted d i r e c t l y  above the  
condenser f o r  t h e  s h o r t e s t  p r a c t i c a l  vapor d i s -  
charge path comnensurate w i t h  adequate ex- 
haust d i f f u s i o n .  . R e l a t i v e l y  s h o r t  d i r e c t  runs f o r  a l l  ammonia 
vapor and l i q u i d  p ip ing .  . D i r e c t  i n t r o d u c t i o n  o f  warm water  i n t o  the  
evaporator  and c o l d  wa te r  i n t o  t h e  condenser, 
and compact d ischarge plenums d i r e c t l y  over  
t h e  seawater pumps. . Below h u l l  l o c a t i o n  o f  the  seawater c i r -  
c u l  a t i o n  pumps, t h e i r  d i f f u s e r s ,  and the  
ammonia r e c i r c u l a t i o n  and feed pumps; p rov ides  . 
s u f f i c i e n t  suc t ion  head and minimizes v o l -  
umet r i c  requirements w h i l e  meeting a l l  s p a t i a l  
c o n s t r a i n t s .  . Prov is ion  o f  a  removable bulkhead between the  
c o l d  water  and w a n  wate r  ent rance plenums so 

FIGURE 5 
10 MWo POWER SYSTEM PROF11 E 

- 
A 

/,MODULE 
& HULL 

MODULE ' 
ONLY 



t h a t  t h e i r  combined length  provides' adequate 
p u l l  -out space f o r  the longer condenser tube 
bundles wi thout  exacting an unnecessary vo l -  
umetric penalty on the design. . Provisions o f  unobstructed v e r t i c a l  access from 
the gantry crane t o  a l l  major components and 
a u x i l i a r y  elements which requ i re  l i f t i n g  ser- 
vices during i n i t i a l  i n s t a l l a t i o n  o r  during 
rou t i ne  o r  emergency maintenance. 

. Provis ion o f  gates o r  temporary closure cap- 
a b i l i t y  a t  a l l  h u l l  openings. 

It should be noted t h a t  the "ba l l as t "  o r  wing 
tanks are no t  essent ia l  t o  the volumetric require-  
ments o f  the power p lan t .  They are needed t o  pro- 
v ide adequate s t a b i l i t y  i n  a surface p la t fo rm con- 
f i gu red  f o r  a s ing le  power module. 

1 I. 

FIGURE 6 
10 MWe POWER SYSTEM 

SECTION ELEVATION 

I..)....(_...I 

0  2 0 4 0 6 0  
SCALE - FT. 

FIGURE 8 
50 MWe OTEC MODULE, 

STACKED CONFIGURA TION 
The "back t o  back" conf igura t ion  o f  Figure 7 

reverses the 10 MWe module arrangement. Sea water 
plenums are a t  the ends and discharge plenums are. 
i n  the middle of ' the module. It was designed for  
surface ship-type ,platforms. Figure 9 shows two 
back-to-back modules i n  a quarter  o f  a 400 MWe 
ship-type p la t fo rm o f  approximately the s ize  and 
conf igura t ion  proposed i n  the conceptual designs 
developed by Gibbs and Cox. 

SECTIONS 1-1 & 2-2 1 620'- ----I 

Figure 7 an'd Figure 8 i l l u s t r a t e  two of sev- 
e r a l  arrangement conf igurat ions o f  50 We OTEC 
power modules which were developed t o  accomodate 
a v a r i e t y  o f  po ten t i a l  400 MWe comnercial OTEC 
p l a n t  p la t fo rm concepts. 

FIGURE 7 
50 MWe OTEC MODUL E 

"BACK TO BACK CONFIGURA TION 
FIGURE 9 

400 MWe SHIP- TYPE PL A TFORM 

114 PLAN 
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FIGURE 10 
400 MWe SPAR PL A TFORM 

DWL 
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TURBINE TURBINE 
INLET VALVES ONLY INLET + BYPASS VALVES 

(HIGH FLOW 
RESISTANCE TYPE) 

0 @ 

TURBINE BYPASS AND NO TURBINE VALVES 
LIQUID FLOW LIQUID FLOW . 

CONTROL VALVES CONTROL ONLY 
(LOW FLOW 

RESISTANCE TYPE) 
FIGURE 12 

CANDIDA TE CONTROL 
CONFIGURA TIONS 

The "stacked" configuration of Figure 8 was matters of major concern: Figure 11 indicates the 
designed f o r  semi-submersible and spar platforms. response of the 10 MWe turbine to a load drop and 
Figure 10 shows stacked modules on a 400 MWe spar the degree of overspeed control exercised by 
platform s imi lar  to tha t  proposed by Lockheed. d i f f e ren t  combinations of valve operation. Design 

studies of four proposed valve configurations f o r  
Sys tem Operation controll ing the plant  were made. The candidate 

configurations are  shown in Figure 12. Response 
The OTEC power modules are  designed to  operate character is t ics  of the plant  under each control con- 

between a warm seawater temperature of 80°F and a ' f iguration were determined f o r  a variety of operat- 
cold seawater temperature of 40°F. Biofouling i s  ing s i tua t ions  through the exercise of a dynamic 
assumed t o  be contro lable  to a thermal resistance computer model. Operations evaluated included: h of 0.00025 BTUIHr-Ft - O F .  Studies of the e f fec t s  . I n i t i a l  purging of a i r  and N2 
of off-design character is t ics  indicate tha t  the . On-line purging of non-condensible gases 
plant  will  experience a 30% drop in net  power out- . System s tar t -up 
put f o r  each 5OF drop in available AT . I t  wil l  . Synchronization t o  an e l ec t r i ca l  gr id  
experience a 10% drop in net  power output f o r  each . Turbine speed and load control 
doubl ing of foul ing resistance.  . Condenser and evapora-tor hotwell 1 iquid level 

control 
Dynamic response of the system t o  changes in . On-line valve tes t ing  

load character is t ics ,  and in valve se t t ings  were . Emersencv t r i p  response 

7600 
100% OVERSPEED 

7200 - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - 
STABILIZES AT 7500 RPM 
OR 109% 

DESIGN LIMIT 50% OVERSPEED 

ACT AND PUMPS SHUT OFF 

ACT AND PUMPS SHUT OFF 
0 10 20 30 (40 50 
ELAPSED TIME. SECONDS LIQUID VALVES + 4 BYPASS VALVES 

ELAPSED TIME. SECONDS ACT AND PUMPS SHUT OFF 

FIGURE 1 1 , 
10 M We TURBINE 0 VERSPEED PROTECTION 



. System shut-down 

. Purging NH3 from the system 

I t  was determined t h a t  system (C) using turbine 
by-pass valves and l iquid flow control valves would 
give the bes t  control over a l l  normal and emergency 
operating conditions. 

Amnonia storage i s  provided in four deck-mounted 
tanks of su f f i c i en t  capacity to take the en t i r e  
amnonia power cycle charge plus a reasonable re-  
serve f o r  make-up. During a shut-down mode o r  a 
maintenance cycle amonia i s  pumped from the poker 
cycle back in to  the storage tanks using both the 
ammonia feed .pump and the amnonia recirculation 
pump. Vapor i s  removed and sent  t o  storage by a 
compressor. During normal operation impurities a re  
removed from the amnonia by a system consist ing of 
a pressure tank, a compressor, and a d i s t i l l a t e  
column. 

Nitrogen i s  used t o  purge the amnonia power sys- 
tem pr lor  to the introduction of amnonia, and 
again a f t e r  amnonia has been removed p r lo r  to main- 
tenance operations. A cryogenic storage system has 
been selected a s  the l e a s t  expensive method of 
hand1 ing the nitrogen. 

TUBE BUNDLE (APPROX. 275 
ACTIVE TUBE VANESITIERI . - - . . - - . - - - 

4-105" Dl& VAPOR LENGTH 
OUTLET NOZZLES 

(WP.) 
\ ,, .,, \ 51 v VANE HEIGHT/ 

. -- - 
4.125" THK. (MIN.) 

Primary fouling control will  be achieved with a 
chlorination system. Back-up control will  be wi t h  
an AMERTAP mechanical cleaning system. 

Major Components 

Heat exchangers tha t  are  economical to  build, 
e f f i c i e n t  i n  operation and readi ly  produceable are 
key to the successful development of OTEC power 
plants.  The heat exchangers developed in these con- 
ceptual and preliminary design studies meet those 
three c r i t e r i a .  Building economy and produceabil i t y  
were obtained through the modular tube bundle app- 
roach. Maximum operating ef f ic iency was ensured 
through detailed evaluation and trade-off studies 
of a l l  known surface treatments f o r  heat exchange 
enhancement over a range of tube diameters. Prin- 
cipal character is t ics  of 10 MWe, 40 MWe and 50 MWe 
condensers and evaporators a re  l i s t e d  in Table 2. 

Figure 13 i l l u s t r a t e s  the arrangement of a 50 
MWe evaporator. Figure 15 shows a 50 MWe condenser. 
Each heat exchanger contains fourteen 12.5-foot x 
12.5-foot modular tube bundles with approximate1 y 
1000 1-inch diameter titanium tubes each. Tube 
bundles fo r  the evaporator are  36 f e e t  long. Those 
fo r  the condenser a re  53 f e e t  long. The 10 MWe 
heat exchanqers contain three tube bundles each 

DISTRIBUTION 
CHAMBER 2 - 62" VAPOR OUTLET 

- - 

FIGURE 13 
EVA PORA TOR. 50 MWe 

CONDENSER 

SECTION " A A  
TRAY DRAIN NOZZLE 

Tube Velocity, tVs 
h (water), BTUIhr-ft2-OF 
h (foul), BTU/~I~-R~-OF 
h (metal), B T U / ~ ~ - R ~ - O F  
h (ammonia), B T U / ~ ~ - R ~ - ~ F  
H.T Coeff., BTU/~~-R'-OF 
L.M.T.D., OF 
Surface Area, R2 
Tube O.D. inches 
Tubes 
Bundles 
Bundle Length, R 
Tubeside Press Drop, PSI 
Amertap Press Drop, PSI 

FIGURE 14 
EVA PORA TOR (10 M We) 

EVAPORATOR 

Table 2 
HEA T EXCHANGER COMPARISON 

8.1-6 



20'0" DIA VAPOR INLET - 12m 
TUBE BUNDLE /IMPINGEMENT 1 

BAFFl 
8" DlA SLOTTED 

8'. 
70" DIA DRAIN 

FIGURE 15 

-E ?I BUNDLE 

51 '-7" 

LENGTH 

CONDENSER, 50 MWe 

w i t h  identical cross sectional character is t ics  
to  those of the 50 MWe units .  The 10 MWe i s  i l l -  
ustrated in Figure 14; the condenser i s  i 11 ustrated 
i n  Figure 16. 

The re la t ive ly  small s i ze  of each tube bundle 
permits the use of thinner tube sheets ,  and a l l  
production operations to  take place in exis t ing  
heat exchanger manufacturing f a c i l i t i e s  with the i r  
automated, ganged d r i l l i n g  and tube assembly ma- 
chines. The large number of standardized par ts  
(tube sheets,  tube support p la tes ,  boxes, r a i l s ,  
tubes, s t i f f ene r s ,  e t c . )  wi 11 permit l o t  production 
even f o r  a small number of heat exchangers with 
at tendant manufacturing cos t  savings. Tube bundles 
will be r a i l  -shippable to  the power plant  assembly 
f a c i l i t y .  A t  t ha t  location the she l l s  and support- 
ing grids of I-beams and r a i l s  can be fabricated 
using standard ship construction techniques. Fig- 
ure 17 i s  a conceptual i l l u s t r a t i o n  of assembly 
procedures which could be followed. 

Each tube. bundle i s  a completely independent 
u n i t .  In the evaporator, l iquid  i s  d is t r ibuted to 
a bundle by an integral  covered and perforated tray.  

SECTION "A-A 
FIGURE 16 

CONDENSER (10 MWd 
The cover permits pressurization to  equalize flow 
to  a l l  perforations and ensures against  sloshing 
and splash-over as a r e s u l t  of platform motion. 
Perforations are  sized and located to ensure u n i -  
form 1 iqui d d is t r ibut ion to  the evaporator tubes. 
Excess 1 iquid i s  collected i n  drain trays attached 
to  each tube bundle and piped to  a l iquid  storage 
area i n  the lower portion of the shel l  where i t  i s  
held to  meet recirculation flow demand. Ammonia 
vapor flows from the tube bundles t o  moisture sep- 
a ra to r  vanes a lso  contained within the evaporator 
shell  and thence through four ou t l e t  nozzles to  
the main ammonia vapor l i n e  and the turbine. Each 
condenser tube bundle i s  independently vented.They k 

have attached drain t rays ,as  do the evaporator bundles, 
which are piped to  the condensate hot-well located in 
the lower portion of the condenser she l l .  There con- 
densate i s  stored to  meet ammonia feed demands.' 

Bundle positioning i n  the she l l s  i s  designed to 
maintain low enough vapor flow veloci t ies  t o  m i n -  
imize pressure loss ,  t o  prevent damage to  heat ex- 
changer in ternals ,  and to  minimize re-entrainment 
and carry-over of l iquid  droplets in the evapor- 
a tor .  Tube support p la tes  in the bundles prevent 

55 TON BOOM CRANE 
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GAS FIRED HEAT 

. TREATING OVEN 

I 
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FIGURE 17 
CONDENSER-EVA PORA TOR A SSEMBL Y 



flow-induced tube vibration with i t s  potential f o r  
tube damage. 

Figure 18 shows a longitudinal section through 
the 50 MWe turbine. I t  has a double flow config- 
uration w i t h  a single reaction stage a t  each end. 
The turbine f o r  the 10 MWe modular application 
plant has a s imi lar  configuration. I t ' s  length, 
however, i s  135 inches a s  compared w i t h  the  50 MWe 
turbine length of 311 inches. Figure 19 i l l u s -  
t r a t e s  the 10 MWe (Net) generator. 

Vapor enters  the 50 MWe turbine through two 
62-inch diameter pipes i n  the turbine cylinder 
cover. The vapor exhausts through a 135-inch by 
140-inch rectangular opening i n  the  base. The 
over-a1 1 cylinder and support cunf iguration and 
rotor and blade s t ructura l  and aerodynamic de- 
signs are  very s imi lar  t o  large  low pressure cen- NOTE: INLET & EXHAUST SIZE BASED ON 
t r a l  s ta t ion  steam turbines. Therefore, design GAS VELOCITY OF 90 FTISEC. 
d e t a i l s  have been based upon Westinghouse's vast  
experience i n  designing such units .  

The ro tor  has a f l ex ib le  shaf t  design w i t h  two 
integral  blade discs.  Cr i t ica l  speeds have been 
calculated,  taking into account bearing o i l  film 
damping and bearing pedestal s t i f f n e s s ,  to ensure 
tha t  c r i t i c a l  speeds are  outs ide ' the  range of 
10% below to 10% above running speed. 

To ensure zero a i r  leaksje into the turbine o r  
ammonia leakage t o  the atmosphere, hydraulic- 
type gland seals  have been designed. Each gland FIGURE I8 
seal r ing contains two o i l  lubricated babbitted 
steel  r ings designed as a i r  side and vapor side 

LONGITUDINAL SECTION 
seals .  The sea l s  a re  supplied by hydraulic loops. OTEC TURBINE 50 hfw@ N f l  

NUMBER OF ROTOR BLADES = 6 
NUMBER OF STATOR BLADES = 11. 

Table 3 
OTEC SEA WA TER PUMP DIFFUSER 

DESIGN CONFIGURA TION 

8.1 -8 

APPLICATION 

50 MWe MODULE 

10 MWe MODULE 
WARM WATER 

10 MWe MODULE 
COLD WATER 

CAPACITY 

Q 
(m3Is) 

100 

37.6 

32.3 

HEAD 

H 
(m) 

3.5 

2.7 

4.7 

SPEED 

N 
(rprn) 

55 

60 

98 

POWER 

P 
(KW) 

4650 

1267 

1911 

EFFICIENCY 

r\' 
(%I 

76 

80.6 

80.6 

CASING 
DIA. 

0 
'(m) 

4.90 

3.43 

2.76 

POD 
DIA. 

d 
(m) 

2.91 

2.30 

1.85 

LENGTH 
OVERALL 

L 
(m) 

26.3 

19.6 

18.9 

POD 
LENGTH 

t 
lm) 

11.6 

17.1 

14.6 

EXIT 
DIA. 

Dc 
(m) 

8.00 

4.89 

4.52 
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14.5 MW 0.80 PF 3PH 60 HZ 3000 RPM 
TWO BEARING ENCLOSED AIR COOLED TURBINE 
GENERATOR USED WITH SEPARATE STATIC EXCITER 

FIGURE 19 
1 ONGITUDINAL SECTION 

10.5,MWe (Net) GENERA TOR 

The a i r  s ide  loop  i s  vented t o  atmosphere. The 
vapor s ide  loop  i s  p ressur i zed  and c losed.  Back- 
up s t a t i c  seals  and s t a t i c  seal p i s tons  have been 
designed t o  ensure aga ins t  amnonia leakage d u r i n g  
shut-do~n. .The design i s  based upon r o t a t i n g  o i l  
seals  used f o r  many years on l a r g e  hydrogen- 
cooled generators. 

Seawater pump c o n f i g u r a t i o n s  f o r  bo th  t h e  10 MWe 
and 50 MWe power p l a n t s  combine an a x i a l  f l o w  
i m p e l l e r  d i r e c t  coupled t o  a low speed synchronous 
motor i n  an i n t e g r a l  p ressur i zed  pod design. Pump 
speed c o n t r o l  w i l l  be prov ided by a remote s o l i d -  
s t a t e  v a r i a b l e  speed c o n t r o l  system. Th is  system 
uses so l  i d - s t a t e  techniques t o  va ry  motor  f i e l d  
frequency t o  c o n t r o l  speed. Flow r a t e ,  pumping 
head and ~ r i n c i o a l  dimensions o f  warm and c o l d  water 
pumps p r ' b o t h  b l a n t s  a r e  shown i n  Table 3. The 
37.6 m /se a t  2.7 m head warm water requirements, 5 and 32.3 m /sec a t  4.7 m head c o l d  water  r e q u i r e -  
ments o f  the  10 MWe p l a  t can be met by one pump 9 i n  each loop. Ths 178 m /sec a t  3.5 m head warm 
water, and 173 m /sec a t  approx imate ly  3.5 m head 
c o l d  water requirgment o f  the  50 MWe p l a n t  w i l l  be 
met by f o u r  100 m /sec pumps, two each f o r  t h e  
warm and c o l d  water  loops r e s p e c t i v e l y .  A1 though 
such pumps are ve ry  l a r g e ,  propel ler - type.  pumps of 
comparable s i z e  have been constructed.  The pod con- 
f i g u r a t i o n  i s  becoming i n c r e a s i n g l y  favored i n  
European h y d r o - e l e c t r i c  p l a n t  designs. To ma in ta in  
optimum o v e r - a l l  pump e f f i c i e n c i e s ,  l ong  d ischarge 

) d i f f u s e r s .  are inc luded.  These 1 i m i t  d ischarge 
v e l o c i t i e s  t o  values l e s s  than 2 mlsec. 

The a m n i a  feed and r e c i r c u l a t i o n  pumps f o r  
the  10 MWe modular appl i c a t f o n  power p l a n t  a re  
standard i n d u s t r i a l  v e r t i c a l  t u r b i n e  type. Motor 

1 

d r i v e  f o r  the  pumps w i l l  be l o c a t e d  45 fee t  above 
the  i m p e l l e r .  The pumps w i l l  be l o c a t e d  below t h e  
h u l l  t o  p rov ide  adequate s u c t i o n  head. The l i n e  
s h a f t  i s  l o c a t e d  i n  sec t ions  o f  f l anged  column 
p i p e  which suppor t  the  s h a f t  and serve as the  
pump d ischarge 1 ine.  Pumps o f  t h i s  t ype  w i t h  50- 
foo t  o r  longer  l i n e  shafts a re  comnon i n  indus t ry .  
One manufacturer r e p o r t s  hav ing f a b r i c a t e d  severa l  
w i t h  l i n e  s h a f t s  on t h e  o rder  of 450 f e e t  long. 
The amnonia feed pump f o r  the  10  MWe p l a n t  w i l l  
have a 600 hp, 3  phase, 60 cyc le,  6900 V d r i v e  
motor. The r e c i r c u l a t i o n  pump w i l l  be powered by 
a 70 hp, 3  phase, 60 cyc le,  480 V motor. 

Con t ro l  valves f o r  the  amnonia power loops 
c o n s i s t  o f  vapor ( t u r b i n e )  by-pass valves, and 
1 i q u i d  feed and r e c i r c u l a t i o n  valves. Requirements 
f o r  s i ze ,  f l o w  capaci ty ,  and response t ime were 
determined by  system s teady-s ta te  and dynamic 
ana lys is .  P l  ug-type va lves were se lec ted  as b e s t  
p r o v i d i n g  the  r e q u i r e d  p o s i t i v e  c o n t r o l  response 
and f a s t  ac t ion .  They a l s o  have good v i b r a t i o n  
r e s i s t a n c e  and p r o v i d e  p o s i t i v e  s e a l i n g  aga ins t  
leakage o f  t h e  process f l u i d  t o  t h e  atmosphere. 

Dump o r  by-pass valves a re  p a r t i c u l a r l y  c r i t i c a l .  
To ensure aga ins t  exceeding tu rb ine-genera to r  over-  
speed 1 i m i t s '  they must be f a i l - s a f e ,  and must have 
a f u l l  opening response t ime o f  l e s s  than 5 m i l l i -  
seconds. Th is  speed must be designed i n t o  20- inch 
diameter va lves f o r  the 10  MWe p l a n t  and 32-inch 
diameter va lves f o r  the  50 MWe module. 

Suppor t ing a u x i l i a r y  systems f o r  which spec- 
i f i c a t i o n s  have been developed f o r  the  10 MWe 
modular appl i c a t i o n  OTEC p l a n t  i n c l u d e  a c i r c u l a t i n g  
sea wate r  and component c o o l i n g  wa te r  (CCW) system, 
a compressed a i r  system, a s ta r t -up ls tandby  d i e s e l  
generator  system, and an a u x i l i a r y  o r  " s h i p ' s  s e r -  
v i ce"  e l e c t r i c a l  d i s t r i b u t i o n  system. The c i r -  
c u l a t i o n  water  system w i l l  supply  approx imate ly  
9700 gpm o f  40°F w a t e r t o  one of two sea water/  
f r e s h  wate r  hea t  exchangers as w e l l  as t o  t h e  
c h l o r i n a t i o n  system and a screen wash boos te r  pump. 
Approximately 5000 gpm o f  80°F sea wate r  i s  r e -  . 
q u i r e d  t o  t h e  second CCW h e a t  exchanger., De- 
m i n e r a l i z e d  ( f r e s h )  CCW w i l l  be s u p p l i e d  f rom t h e  
two h e a t  exchangers a t  45OF and 75OF r e s p e c t i v e l y  
f o r  amnonia s torage tank c o o l i n g  and f o r  com- 
ponent c o o l i n g  water .  The compressed a i r  system 
w i l l  supply  s t a r t - u p  f o r  t h e  d i e s e l  generator,  
seal  a i r  f o r  t h e  warm and c o l d  sea wate r  c i r -  
c u l a t i o n  pumps, and s e r v i c e  and inst rument  a i r  
throughout  the  p l a n t .  

A 4700 kw d iese l  generator  w i l l  f u r n i s h  stand-by 
and system s t a r t - u p  power. The s e t  w i l l  be s k i d -  
mounted w i t h  p r i n c i p a l  engine a u x i l i a r i e s .  The 
engine w i l l  be a Vee-type turbo-charged, f o u r  s t r o k e  
c y c l e  d i e s e l  designed f o r  automat ic  s t a r t  on r e c e i p t  
of a  remote s i g n a l ,  and can be f u l l y  loaded w i t h i n  
10 seconds. Fuel o i l  s torage f a c i l i t i e s  s u f f i c i e n t  
f o r  170 hours opera t ion  w i l l  be suppl ied.  The 
a u x i l i a r y  e l e c t r i c a l  power c o n d i t i o n i n g  and d i s -  
t r i b u t i o n  system w i l l  take 6900 V, 3  phase, 60 Hz 
power and d i s t r i b u t e  i t  t o  va r ious  s h i p ' s  s e r v i c e  
systems. These i n c l u d e  a 480 V, 3  phase, 60 c y c l e  
d i s t r i b u t i o n  system; a 110 V , s i n g l e  phase, 60 
c y c l e  u n i n t e r r u p t i b l e  power supply  system, and a 
1201208 V, 3  phase, 4  w i r e  l i g h t i n g  system. 



, 2500 ALUMINUM a l l o y  were ava i lab le  and tube cost  was based soley 
on the s t r i p  cost  from the m i l l ,  e.g. no f a b r i c -  $, EPLACEMENT a t i o n  costs f o r  forming the s t r i p  i n t o  tubes were 

% included, the minfmum power module costs shown would 

B preva i l .  This i n  ef fect  shows the f l o o r  below which 
i t  i s  u n l i k e l y  t h a t  closed cyc le  OTEC power modules 

u lo00 can be driven. 
A 

3 500 To obta in  t o t a l  power system costs, other fac- 

0 
t o r s  such as platform, co ld  water pipe, mooring, . 

6.25 12.5 25 50 100 
and e l e c t r i c a l  transmission system costs t o  a g r i d  

AS ST RIP COST must be added. Table 4 ind ica tes  packing factors 
MODULE SIZE MW and estimated costs f o r  p lat forms which were dev- 

eloped i n  the course o f  these studies. S ign i f i cant  
reductions were achieved from the conceptual design 

FIGURE 20 
POWER MODULE COSTS 

Cost Estimates 

Figure 20 shows the  estimated cost  i n  $/.kw o f  
OTEC power modules as a function o f  module s i ze  
(MWe). A major d r i v i n g  func t ion  i s  the cost  o f  the 
heat exchangers which i n  t u rn  i s  most s t rong ly  
i n f  1 uenced by 'the cos t  o f  tube materi a1 . Avai 1 able 
aluminum tube a l l oys  would have t o  be replaced a t  
l e a s t  once (and possib ly twice) i n  the assumed 
30-year operational l i f e  o f  an OTEC plant ,  hence 
show the highest  cost. I f  a 30-year l i f e  aluminum 

10 MW Close Cycle 

50 MW Closed Cycle Module 

Table 4 
PL A TFORM PACKING 

FACTOR AN0 COST OA TA SUMMARY 

resu l t s .  It also appears t h a t  re in forced and post: 
tensioned concrete construct ion w i l l  o f f e r  s i g -  
n i f i c a n t  savings over s tee l  f o r  OTEC platforms. 

Conclusions 

The resu l t s  o f  the prel iminary design studies 
reported i n  t h i s  paper i nd i ca te  t h a t  the power 
system modules f o r  an OTEC power p lan t  can be de- 
signed and constructed using proven technology and 
a t  a cost  t h a t  appears.competitive w i t h  other a l -  
te rnat f  ve energy plants.  

DISCUSSION 
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W. Howerton: What k ind  of a  c l e a n i n g  system a r e  
you proposing? 

R. M i l l e r :  We a r e  u s i n g  c h l o r i n e  a s  t h e  major 
method; c h l o r i n e  i n j e c t i o n  and Amertap a s  a backup, 
and I unders tand t h a t  t h e r e  is a  c h l o r i n e  exper i -  
ment going on now o u t  a t  P e a r l  Harbor f o r  t h e  Navy 
by t h e  p r i n c i p a l  manufacturer  of  c h l o r i n a t o r s  i n  
t h e  S t a t e s ,  Eberhard. They have been i n j e c t i n g  
i t  i n t o  a  submarine condenser s i n c e  January (5 
months). The i n j e c t i o n  r a t e  is  w e l l  under the 
requirements  o f  t h e  env i ronmenta l i s t s ,  and ap- 
p a r e n t l y  i t  h a s  been ho ld ing  t h e  f o u l i n g , t o  very 
low l e v e l s .  

Ques t ion :  Is any c o n s i d e r a t i o n  given t o  t a k i n g  
t h e  h e a t  exchangers o u t  f o r  c l e a n i n g  one a t  a  time? 

by - ~ e s t i G h o u s e  E l e c t r i c  Corporation 
Power Generation Div is ions 
Lester, Pennsylvania 

R. M i l l e r :  We would p r e f e r  n o t  t o ,  because of t h e  
down time and t h e  l o s s  t o  a  g r i d .  It may become 
n e c e s s a r y . p e r i o d i c a l l y ,  b u t  I b e l i e v e  t h a t  t h e  
c h l o r i n e  p l u s  t h e  Amertap system w i l l  c o n t r o l  
f o u l i n g  between r e g u l a r  overhaul  pe r iods .  There 
w i l l ,  undoubtedly, be  a  down t ime f o r  r o u t i n e  
maintenance a s  t h e r e  always is i n  a  power p l a n t . .  

R. Lyon, Oak Ridge: S ince  your f u e l  c o s t s  a r e  
e s s e n t i a l l y  zero i n  t h i s  system,  and t h e  c o s t  of 
o p e r a t i o n  i s  n o t  a  f u n c t i o n  of your power produc- 
t i o n ,  I wondered i f ,  a s  a  p o s s i b l e  a l t e r n a t i v e  t o  
c o n t r o l  of  vapor f low,  you had considered dumping 
power through r e s i s t o r s  r a t h e r  than  c o n t r o l l i n g  
t h e  vapor when your load  drops o f f ?  . . 

R. M i l l e r :  I s u s p e c t  t h a t  t h e  r e s i s t o r  banks t h a t  



you would need t o  hand le  t h a t  emergency would be  
o f  s i g n i f i c a n t  s i z e  and c o s t  themselves ,  and I 
t h i n k  t h e  v a l v e  s o l u t i o n  i s  probably t h e  more 
economical.  However, we d i d  n o t  ' look a t  r e s i s t o r  
banks. I 

K.  Kead: With r ega rd  t o  t h e  f i r s t  q u e s t i o n  asked 
by B i l l  Howerton, f o r  t h e  10- and t h e  50-MW sys-  

tems, t h e  c l e a n i n g  system i s ,  indeed ,  c h l o r i n e  
backed up by Amertap, b u t  t o  p lay  i t  s a f e  on 
OTEC-1; t h e  t e s t  artjc le  w i l l  u se  Amertap backed 

' u p  by c h l o r i n e .  Another p o i n t  wi th  r ega rd  t o  
t h a t  t e s t  a r t i c l e  is  t h a t ,  a l though  t h e  d e s i g n  
work of Westinghouse shows t h a t  t i t a n i u m  i s  t h e  
p r e f e r r e d  m a t e r i a l  f o r  t h e  10- and 50-MW systems . 

(because i t  i s ,  a t  t h i c  p o i n t ,  u n l i k e l y  t h a t  
aluminum w i l l  l a s t  t h i r t y  y e a r s ,  and t h e r e f o r e  
would have t o  be  r e p l a c e d ) ,  Westinghouse, i n '  
order tu ~llilke a c o n t r i b u t i o n  co t h e  o v e r a l l  
program's e v a l u a t i o n  o f  aluminum, h a s  c o n t r a c t e d  
t o  provide a n  aluminum t e s t  a r t i c l e  f o r  OTEC-1. ' 



DESIGN OF A 10-MWe(NET) OTEC POWER MODULE 
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Abstract The evaporator and condenser achieve overall 
heat transfer coefficients of about 900 and 800 Btul 

The 10-MWe(net) OTEC power m" hr-ft2-OF, respectively, based on experimental data 
taken at Carnegie-Mellon University (CMU) and the 

team led by TRW during Phase I Of the Depar Oak Ridge National Laboratory. For minimum risk, Enera's "OTEC Power system Develo titanium was selected for the tubes based upon its 
Advanced, High Performance Heat Tr expected long life in a seawater environment. Fab- 
(PSD-I) program. The PSD-I power rication of titaniuni into the desired flute config- 
vertical, falling film, shell-and- uration has been verified using an upsettinglrolling 
changers with titanium tubes with inum tubes can easily be incorporated 
ing fluid on the shell side. The heat ex if aluminum is qualified3a for this 
are externally mounted, immersed in seawa 

- evaporator achieves an overall heat transfer co- 
efficient (U) of about 900 Btulhr-ft2-OF, and the The-design includes'a unique open top which 

a about 800 Btu1hr-ft2-0F. es the water box construction, reduces cost, ' 
fO-nce these heat exchangers s access to the waterside of the tubes for 
imental data taken at Carnegie-Mellon Un tive tube cleaning and repair. Per DOE 
the oak ~ i d ~ e  ~ational Laboratory. The Power System direction, the heat exchangers are externally 
offers a compact arrangement integrated within Sur- mounted and immers,ed in seawater.  his results in 
face-coupled (e.g., barge) and surface decoupled a savings of containment hull volume at the expense 
(e.g*, . War type) hullss No -jar technical of a more hostile environment as compared to internal 
lems were unsolved. mounting . 

Introduction 
The piping is configured with long radius ells 

The lo-M'e(net) OTEC power module preliminary to minimize pressure drops and parasititc power 
design discussed in this paper was developed by a losses and has welded joints to minimize ammonia 
team led by TRW from August 1977 to October 1978 ' leaks. The small ammonia and nitrogen makeup, let- 
under Contract EG-77-C-03-1570 to DOE as part of down, and vent piping does not impact the system 
DOE'S PSD-I program. The heat exchanger concept arrangement and has been omitted for clarity. Space 
selected exploited vertical-tube, falling-film-ammonia has been provided for turbine removal for mainte- 
film on the shell side and longitudinal flutes that nance. 
enhance heat transfer. lS2 Figure 1 shows the ar- 
rangement of the main components including the ex- The heat exchangers are attached to the hull 
ternally mounted heat exchangers (inmersed in sea- with coffer dams for makeup of through hull 
water), the tube cleaning machine on top of the piping fittings. Flexible couplings are provided 
heat exchangers, the turbinelgenerator and ammonia On both sides of the through-hull interf aces to 
piping, and pumps. The arrangement is compact, yet provide for f abrfcation alignment and relief of dif- 
provides for space and access for maintenance and ferential movements between the hull and power sys- 
repair. tem components. Open troughs are used for cold and 

warm water distribution to eliminate water hammer 
NBE CLEANER. effects inherent in closed systems, decouple water- 

RBINEIGENERATOR side hydraulics, minimize cavitation potential, and 
eliminate the requirement for expensive water-side 
valves and piping. 

The warm and cold water pumps are shown in 
,,,, Fig. 2 for a 40-MWe reference hull. The cold water 

is pumped out of a common moon pool, and the warm - water is pumped directly from the open sea,(note 
WNOEN that screens are not shown). The pumps maintain a 

water level in the open water boxes of approximately 
:,Ray 10 ft above calm sea level. The water then flows 

through the heat exchangers by gravity. The steady- 
state water level in the moon pool will be 5 to 6 ft 

AUXILIARIES below calm sea level. This head elevation difference 
(drawdown) is sufficient to overcome density head 
(3 ft), friction, and other losses. 

PUMPS *Staff Manager, Ocean and Energy Systems 
tSenior Staff Engineer, Hardware and Integration 

. Figure 1. 10 MWe Power System Module Operation 
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Figure 2. 40 MWe Platform 

The turbine is a four-stage, double-flow, axial 
machine with an efficiency of 89.6% (versus 852 as- 
sumed for system sizing). The proposed control sys- 
tem includes variable nozzles (variable stator vanes) 
for the first stage to provide for increased power 
developed at off-design cond'itions compared 'to fixed 
nozzles. The ammonia subsystem provides three func- 
tions: storage, conditioning, and recovery. A 
unique feature of this subsystem is that warm sea- 
water is used in the rectification column reboiler 
which recovers dry ammonia from the wet heel. This 
saves energy as compared to using electrical power. 
Ammonia is recovered from all major components of the 
power loop whenever practicable. 

Table 1. Heat Exchanger Subsystem 

Table 2. Water (Hydraulic) Subsystem 

Tube Length - Total (ft) 
Tube Outer Diameter, (in) 
Tube Wall Thickness (in) 
Enhancement Ratio, Geometric 
(I/D) 

Number of Tubes 
Shell Diameter (ID) (ft) 
Tubeside Water Velocity 
(f tlsec) 

Tubeside Pressure Drop (PSI) 
Water Inlet. Temperature (OF) 
Water. Outlet Temperature (OF) 
Ammonia Temperature (OF).. 
LMTD (OF) 
Thermal Duty (MBthuIhr) 
Overall Heat Transfer 
Coef f . (Btulhr) 

The following critical interfaces between the 
power system module and ship systems were identified 
and described by interface drawings: containment 
dimensions, hull penetrations and interfacing pipe 
materials, installed power system module weights, 
water trough duct connections, and immersed heat ex- 
changerlhull attachments. Ship services to be pro- 
vided by ship system auxiliaries include 50,000 CFM 
ventilation air to the power module equipment and 
NH3/N2 support systems rooms, 15,000 CFM ventilation 
air to electrical, equipment room, air conditioning 
(2 tons of refrigeration) for the control room, 
lighting for the control room (100 ft candles; for 
the equipment areas, 80 ft candles), fire protection Table 3. Ammonia Cycle 
system, and 100-psig, dry, filtered shop air. 

Major System Characteristics 

Evaporator 

29.83 
1.00 
0.031 

1.4611.50 
42,667 
26.25 

6.61 
4.12 
80 
74.1 
70 
6.62' 
1543 

896 

Major physical and functional characteristics 
of the 10 MWe power module are shown in process flow 
diagrams, piping and instrumentation diagrams, ar- 
rangement drawings, and piping/support drawings pre- 
pared for  DOE^. Major characteristics are summarized 
below in Tables 1 through 4 for 

Condenser 

29.83 
1.00 
0.026 

1.4611.50 
43,883 
27.08 

5.82 
3.61 
40 
46.2 
50 
6.41 
1495 

796 

e Heat exchangers 
e Water supply and return 
e Ammonia power cycle 
e Power budget. 



Table 4. Power Budget* 1900 p AR - 1.0 

*Based on assumed efficiencies 
(85% turbine efficiency) 

Design Optimization 

During the conceptual design phase, tradeoff 
studies were conducted to determine an optimum power 
module size. These tradeoff studies, described in 
the design report l ,  involved considerations of heat 
exchanger manufacturability, containment hull size 
versus cost, and packaging. TRW's recommended con- 
figuration was a 12.5 MWe power module consisting 
of two 6.25 MWe submodules driving a common genera- 
tor. 

.. .. - .. S - 
1300 I 1 I I I 
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TUBE DIAMETER DW (INCHES) 

Figure 3. Direct Cost of 10 MWe Prototype Versus 
Tube Diameter and Water Side Area 
Enhancement Ratio, Ar. 

The tube diameter and enhancement ratio have a 
strong impact on the optimum tube length. The tube 
length increases proportionally with tube diameter 
and decreases with increasing enhancement ratio. 
For tube diameters.of approximately 1 in., the opti- 
mum tube length ranges from 25 to 50 ft, depending 
on the area ratio. For tube diameters of approxi- 
mately 2 in., the optimum length ranges from 40 to 
80 ft. Considering cost impact on the power system 
and other factors such as arrangement, draft, and 
heat exchanger performance versus risk (possible 
performance degradation due to ammonia-side Reynolds 
number effects), we selected a nominally 1 in. OD 
tube with 36 flutes with an actual enhancement ratio 
of 1.46 (area ratio). 

The total length of the evaporator and condenser 
tubes was configured to be equal, approximately 30 
ft long. This simplifies the topolbgy of the design 

9 directed TRW to changa the and does not penalize cos t significantly 
rat in^. of the Dower module to 10 MWe and to immerse ' 
the heat exchangers in seawater (external to the 
hull). 

The major characteristics of the design, which 
evolved as a result of the reoptimization, are sum- 
marized above. Besides power module size and the 
general heat exchanger concept, the main tradeoff 
parameters include functional parameters, such as 
seawater flow rates and temperature allocations, 
physical parameters, such as heat exchanger tube 
geometry, and degree of water side enhancement (by 
longitudinal flutes). A computer program was devel- 
oped for design optimization. Some results are 
described in the subsequent paragraphs. 

Figure 3 shows the direct cost of a production 
power module versus tube diameter for three water- 
side enhancement ratios. The structurally required 
tube thickness is essentially proportional to tube 
diameter; however, for tube diameters less than 1 
in. OD, the thickness was assumed constant dictated 
by forming constraints rather than strength. The 
figure demonstrates that approximately 1 in. OD is 
the optimum tube diameter, and that a water-side en- 
hancement ratio of 1.5 is more cost effective than 
smooth tubes and the more extreme (and more difficult 
tube to clean)' area ratio of 2.0. In all cases the 
ammonia-side enhancement ratio was kept equal to 
1.5 as recommended by Dr. Rothfus of CMU. 

System Operation and Control 

~igure 4. shows a simplified schematic of the 10 
MWe power module and the ammonia support subsystems. 
Note that redundant pumps and storage tanks are not 
shown. The power loop is a conventional Rankine 
cycle loop with ammonia recirculation in the evapor- 
ator. 

TREAlWENT 
s w  

Figure 4. Power Module Schematic 

The cold water trough is filled passively from 
the sea as water is pumped into the condenser. The 
cold-water and warm-water pumps run at constant 
speed, so motor-starters are satisfactory for control. 
No control is provided on water flow because of the 
large surge power requirements. The possibility of 



smoothing out heave-induced ammonia flow fluctuations 
by varying pump speed (though the power consumption 
is expected to be excessive) and of reducing exter- 
nal startup power requirements by varying pump speed 
remains to be investigated. 

A fraction of the ammonia flow is continuously 
removed at the heel of the power loop and stored in 
a wet-ammonia tank. The ammonia is then fed to a 
purification column. Dry ammonia from the column 
is transferred to a storage tank from which it is 
pumped into the condenser sump. All controllers are 
located on the local control panel near the ammonia 
treatment plant. Four of them, required during nor- 
mal plant operation, have remote set points in the 
PSD-1 control room: 

Feed rate of wet ammonia from the heel of 
the power loop 

o Feed rate of wet ammonia to the purification 
column 

e Reflux rate in the purification column 

Pumping rate to the condensate pump. 

The ammonia treatment plant is monitored from 
the PSD-I control room and can be tripped by the 
operator, either from the local control panel or 
from the PSD-I control room. An ammonia plant trip 
isolates each piece of equipment from the others, 
without immediately affecting he power cycle. If 
the tripped state persists, the power cycle will 
eventually have to shut down. 

The controls for the ammonia power cycle are 
shown in Fig. 4. The condensate feed pump's speed 
is controlled by the level in the evaporator sump, 
resulting in an average speed proportional.to flow 
rate in the turbine. An on-off controller is not 
used because of the small volume of the tank rela- 
tive to the flow rate and the consequent need for 
tight control. The ammonia recirculation pump oper- 
ates at constant speed. Flow is controlled by a 
throttle valve that regulates coarse power output. 
It is operated either manually or from the digital . 
computer. . 

A second liquid-side design option was consid- 
ered, in which the condensate feed pump and the 
recirculation pump both feed the evaporator header 
in parallel. The evaporator sump level would be con- 
trolled by the recirculation valve, and the condenser 
sump pump would be controlled by the makeup valve. 
This second option may be somewhat less expensive 
than the chosen design because it requires a smaller 
evaporator sump and smaller recirculation pumps. 
However, it is subject to flow instabilities be- 
tween the parallel pumps and requires a third valve 
to control gross'power output. The chosen design 
is also simpler from a control viewpoint. 

The turbine control actuator is a set of vari- 
able nozzles with a common controller. During start- 
up, it is used for speed control; after synchroniza- 
tion, it is controlled for maximum net power output, 
either manually or by a hunting program in the cen- 
tral computer. When the generator is connected to 
an infinite grid, its speed is locked at 1800 rpm and 
a "wide-open valves" policy produces maximum power. 
If the generator were connected to an isolated grid, 
the variable nozzles would provide speed control, 
using inputs of shaft speed to the digital computer. 

Discussions of full power versus part power 
operation, system dynamics, and off-design point per- 
formance appear in a companion gaper presented at 
this conference by Dr. ~ a ~ t o n . ~  

Materials 

The materials and processes for the power mod- 
ule components and awiiiary equipment were selected 
with the objective of satisfying the 30-year design 
life through an optimum repair/replacement/mainte- 
nance program. In selecting specific materials, 
the following guidelines were used: 

All selected materials must have a reason- 
able delivery (availability) and be fabri- 
cable by methods currently available to 
the industry. 

Ammonia-side materials must conform to OSHA 
Standard 1910.111, "Storage and Handling of 
Anhydrous Anunonia," and the proposed amend- 
ments to the standard published in the Em- 
ployment Safety and Health Guides, Number 
259, 7 March 1976. 

The pressure-containing portions of the heat 
exchangers must conform to the applicable 
portions of the ASME pressure vessel codes 

' (Sections 11, V, and VII; Division 1 and IX). 

The selected materials and processes must 
meet the applicable structural and thermal 
requirements of the power system. 

Materials and fluids in contact must be com- 
patible. 

Recommended design materials for the heat ex- 
erchanger system are shown in Table 5. Basically, 
steel or corrosion resistant steel (CRES) is used 
for ammonia system components. Steel or CRES, 
aluminum bronze, or glass fiber reinforced plastic 
are used for water system components. 

Table 5. Recommended Design Materials 

As expected for any marine system, periodic 
maintenance and repair is planned for the power mod- 
ule. For the heat exchanger, the prime areas of 
concern are the coated surfaces of the water box and 



shell. If the coating is damaged or fails by some 
mechanism, then corrosion of the steel substrate can 
occur. Periodic inspection and repair of the coat- 
ings will prevent unacceptable corrosive attack. 
If the cathodic protection system provided by the 
hull designer is inadequate, galvanic attack at the 
cofferdam, supports, and connections and/or blister- 
ing of protective coatings can occur. Again, peri- 
odic inspection and repair will be required to assure 
structural integrity. Any failure of the tubes will 
be detected by the ammonia leak detection system. 
Individual tubes will be plugged to prevent further 
leakage. 

The ammonia and water system components will 
' be maintained .following-standard shipboard practices. 
Replacement of seals, wear parts, and maintenance at 
coatings are routine. 

Heat Exchanger Design 

Our heat exchangers are characterized by high 
performance by geometric enhancement on both the 
shell (ammonia) and tube (water) side. Mechanically, 
these heat exchangers are of conventional shell and 
tube construction, and no fabrication problems are 
anticipated. 

The design uses theoretical and experimental " 

data available for vertical tube, falling film heat 
transfer, principally test data and analysis by Car- 
negie-Mellon University (CMU) and Oak Ridge National 
Laboratory (ORNL). The projected performance of 
evaporator and condenser was substantiated by test 
.data from Argonne National Laboratory (ANL). 

Key features of the design can be summarized 
as follows: 

a Vertical orientation 

. - Performance"sca1e-up is simplified. 
-Provides an opportunity for a unique clean- 

ing approach through the open head design. 
I 

- Performance is relatively insensitive to 
platform motions. 

a Tube surface enhancements (Fluting) 

- Ammonia-side heat transfer coefficient is 
. significantly improved through falling film 

concept (h approaching 10,000 ~tu/hr-ft~-OF), 

- Water-side benefits are equal to the in- 
creased area ratio (i.e., enhanced area to 
equivalent smooth area). 

- Performance-to-cost of enhanced-to-smooth 
tubes favors enhanced tubes. 

a Thennal/hydraulic performance 

Design Description 

The design of the 10 MWe evaporator and condenser 
is illustrated in Figs. 5 and 6, while its major char- 
acteristics are shown in Table 1. 
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Figure 5 .  10 MWe Condenser Features 
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Figure 6. 10 MWe Evaporator Features 

The heat exchangers incorporate fixed tube- - Insensitive seawater maldistributions' sheets and eccentric nonremovable tube bundles with 
the enhanced surface titanium tubes hydraulically - Insensitive to ammonia maldistributions. expanded into carbon steel tubesheets with titanium 
cladding; the remainder of the units are all of car- - Low sensitivity to platform roll, pitch, bon steel construction. 

and heave. 
Protective nonmetallic coatings will be applied 

a Long life and high corrosion resistance of to the water box. The tubesheets will be titanium 
titanium tubes in seawater. clad to inhibit corrosion and to permit tube-to- 



tubesheet welding. The inlet water box is an open 
channel type header to permit in situ mechanical 
cleaning. The water enters via a rectangular inlet 
nozzle to improve water-side distribution. Rod 
bundles, located at the vapor entrance in the con- 
denser and at the liquid ammonia entrance in the 
evaporator distribution chamber,, break and disperse 
the entering fluid and prevent impingement damage 
to the tubes. 

The heat exchangers are immersed in seawater 
up to the level of the top tubesheet and are attached 
to the side of the floating platform by means of 
welded brackets. Design and construction includes 
the consideration of the requirements and limitations 
of transportation, barge loading for transportation 
to the platform, raising vertically for attachment, 
inservice loading due to operation, and Sea State 
9 accelerations. 

As illustrated in Figs. 5 and 6, the evaporator 
and condenser embody essentially identical bundles.of 
vertical fluted tubes. The tubes are fluted to en- 
hance heat transfer and offer significant perform- 
ancefcost advantages. The tube bundle is constrained 
within the heat exchanger shell by two fixed tube- . 
sheets and by tube support baffle plates spaced at 
4.5 ft intervals for the evaporator (4.8 ft for the 
condenser) between the fixed tubesheets. These tube 
support plates are designed to provide mechanical 
tube support without disrupting the falling film of 
ammonia on the tube exterior. 

The design and performance projections of our 
heat exchanger design are predicated on the assump- 
tion that any one tube performs identically to any 
of the other 43,000 tubes in the bundle. Although 
single vertical fluted tube performance data are 
available, there are no similar comprehensive data 
on vertical bundles of significant size. However, 
this assumption regarding our heat exchanger design 
can be satisfied provided the following thermal 
hydraulic design considerations are met: 

The tube bundle shell-side pressure drop 
in minimal, so that the evaporationfconden- 
sation pressures (and temperatures) are 
uniform throughout the tube bundle. 

The liquid anrmonia is uniformly metered 
over each tube in the evaporator to ensure 
uniform and optimal heat transfer. 

The ammonia vapor velocities over the tubes 
are limited so that the falling film on the 
tube exterior is not adversely affected, 
e.g., sheared-off or otherwise altered in 
configuration. 

e Noncondensibles are readily extracted.from 
the condenser. 

Each of the above considerations is embodied 
in the design of our heat exchangers as discussed 
in the design report2 and in a companion paper by 
Mssrs. Denton and ~ u k u n a ~ a , ~ ~  presented at this 
con£ erence. 

Biofouling Control 

Biofouling control is accomplished by a combi- 
nation of brush cleaning and chlorination. The im- 
portance of maintaining biofouling control is ex- 
pressed by the sensitivity of net power (Pnet) to 
the fouling factor Rf: 

AP 
- =  ARf 

-0.070 7 
Net Rf 

The design goal is a fouling factor of RfO = 0.0001 
hr-f t2-O~/~tu. A fouling factor of 0.0005 results 
in a net power degradation of 28%. The design foul- 
ing factor will be achieved by a combination of con- 
tinuous chlorine injection and periodic tube clean- 
ing. Trade011 studies remit1 to be performend to 
establish optimimum, power output versus cleaning 
frequency and chlorine content. The levels assumed 
below for preliminary sizing of these subsystems 
should then be adjusted accordingly. 

Based on an estimated tube cleaner subsystem 
cost of about $600,000, the resulting cost per kilo- 
watt hour of approximately 1 to 2 mils makes this 
subsystem extremely cost effective. Parasitic power 
losses for tube cleaner operation (estimated at less 
than 10 horsepower) are negligible. 

Tube Cleaner 

The tube cleaner subsystem removes contamination 
from the inner surfaces of the evaporator and con- 
denser tubes. Experience with commercial seawater 
exchangers indicates that the specified fouling 
factor can be maintained by brushing each tube ap- 
proximately once per week with relatively light bris- 
tle pressure. To clean two exchangers in 1 week, 
allowing time for maintenancefrepair or increased 
duty cycle and to minimize he positioning problems, 
a multiple brush (95 brushes) head is used. With the 
anticipated stroke times, a single exchanger can be 
cleaned in a 12-hour shift. 

The tube cleaner can perform the cleaning'func- 
tion while the head exchangers are operating without 
noticeably reducing the number of active tubes. Only 
those tubes being cleaned are out-of-service during 
their cleaning cycle. The cleaning device cleans 
the entire inner surface of each tube and will not 
mar, scratch, or degrade the inner surface of the 
tubes, the tubesheets, or the tube-to-tubesheet 
joints. It consists of three major components: 

1. A cleaning head with multiple cleaning 
devices (brushes) 

2. A positioner which moves the cleaning head 
to progressively clean selected groups of 
tubes 

3. A controller/recorder to command the posi- 
tioner to its various positions and to 
operate the head through its cleaning cycle. 

A perspective drawing of the tube cleaner is 
shown in Fig. 7. A positioner sits on a square bed 
called the X-Y positioner frame. This frame rests 

.on top of the heat exchanger water boxftube cleaner 
support structure. The positioner moves the clean- 
ing head in the X,Y, and Z directions by means of 
air motors through a rack and pinion drive. 

The tube cleaner head is a 32-ft long cylinder 
with a hexagonal cross section. The cleaning head 
employs individual double action pistions to drive 
the brushes through the heat exchanger tubes. The 
pistons are fluid driven from a common manifold 
source of low pressure. This permits individual 
brushes to "dead head" against the tubesheet where 
there are no tubes or plugged tubes. After cleaning 
95 tubes, the head is repositioned before cleaning 
the next set of 95 tubes. The pattern is indicated 
in Fig. 8 which shows the tubesheet overlayed with 
the cleaning sequence; 



Rotat ing Machinery 

.Rotating machinery includes a . t u rb ine  generator  
and state-of-the-,art ammonia and seawater pumps. 
The se lec ted  t u rb ine  design w i l l  be reviewed below. 

Turbine Generator 

The preliminary design e f f o r t s  f o r  t h e  t u rb ine  
generator  concentrated on t h e  tu rb ine .  No turb ine  
(or  expander) using ammonia a s  t h e  motive f l u i d  is  
known t o  e x i s t ,  whereas the  generator  w i l l  be an of f -  
the-shelf design. The main ob jec t ives  of t h e  pre- 
l iminary tu rb ine  design work were: 

a Selec t  t he  optimdum type of tu rb ine  - a x i a l  
flow o r  r a d i a l  inflow 

A ,  , . -  - -  . 
Figure.7. Tube c 1 e . a ~ ~ ~  Selec t  t h e  optimum flow path - s i n g l e  o r  

. .. - -  double flow 

Figure 8. 10 MWe Evaporator Cleaning Sequence 

The func t ion  of t h e  ch lor ine  is  t o  de t e r  micro- 
organisms from adhering t o  heat ,exchanger sur faces  
and t o  i n h i b i t  t h e i r  growth. Continuous low chlor i -  
na t i on  (0.02 t o  0.05 ppm) wel l  below acceptable sea- 
water contamination l e v e l s  has proven an e f f e c t i v e  
de t e r r e n t  f o r  mussels i n  coa s t a l  and e s tua r i ne  in- 
s t a l l a t i o n s .  A ch lo r i na t i on  dose ,of  0.05 ppm was 
se lec ted  f o r  t h i s  appl ica t ion .  

Se lec t  t he  optimum number of s t age s  - s i n g l e  , 

or mul t ip le  . - * 

+ 

Evaluate c r i t i c a l  a r ea s  t o  a d e p t )  t h a t  
provides technica l  and economic c r e d i b i l i t y  

Arrive a t  a co s t  es t imate  f o r  d e t a i l  design,  
development, and f ab r i c a t i on .  

The bulk of t h e  prel iminary design work was , 

done by t he  E l l i o t t  Company, a d iv i s i on  of t he  Car- 
r i e r  Corporation, under subcontract  with TRW. A 
separa te  paper by M r .  Vincent of TRW and M r .  Kostors 
of ~ l l i o t t ~ ~ ,  descr ibes  t h i s  work i n  d e t a i l .  Only 
t h e  conclusions a r e  summarized here:  

Although an ammonia t u rb ine  has no t  been 
b u i l t , . i t s  design is wel l  wi th in  t h e  s t a t e  I 

of t h e  a r t ,  and f ab r i c a t i on  can be done wich 
ex i s t i ng  shop techinques and f a c i l i t i e s .  

! 

The optimum design f o r  10 MWe n e t  power.re- 
covery is a four -s ta te  a x i a l  double flow tur -  
bine running a t  1800 rpm connected t o  a four- 
pole synchronous generator .  

Variable nozzles  f o r  t he  f i r s t  expander - 
s t age  a r e  j u s t i f i e d  f o r  off-design condit ions,  
f o r  matching t h e  expander t o  p a r t i c u l a r  s i t e  
condit ions,  and f o r  high frequency cont ro l .  .. 

e Blade stress,and frequencies  a r e  mechanically 
sa fe .  

The c h lo r i na to r  cons i s t s  o f+two s epa ra t e  u n i t s ,  
a power supply and a ch lor ine  generator. The power 
supply takes  480 VAC, 3-phase 60 Hz power and con- 
v e r t s  it t o , d c  power a s  required by t h e  ch lor ine  
generator .  

' 

The ch lor ine  generator  e l e c t ro lyze s  a seawater 
stream producing sodium hypochlori te  (NaOC1) which 
remains i n  so lu t ion .  The ch lor ine  generator  u n i t  
housing contains a seawater pump, e l e c t r o l y t i c  c e l l s ,  
a ch lor ine  concentrat ion sensor  t h a t  r egu l a t e s  t he  

-power input ,  a means of s a f e l y  disposing of t he  hy- 
drogen generated i n  t he  e l e c t r o l y t i c  process,  and 
t h e  required piping and valves.  

A commercially d i s t r i b u t e d  ch lo r i na to r  capable 
of supplying 30 l b / h r  equiva len t  ch lor ine  has.been 
se lec ted .  For i ts  operat ion,  a . u n i t  of t h i s  s i z e  
r equ i r e s  from 40 t o  120 gpm of seawater. I f  t h i s  
water is a t  about 80°F, t he  power consumed i n  gener- 
a t i n g  ch lor ine  ranges up t o  2.5 kW h r / l b  of ch lor ine .  

C r i t i c a l  speeds a r e  s a f e l y  away from the  
operat ing speed. 

S t r e s s  corrosion cracking i nves t i ga t i ons  
should be authorized a t  t h e  e a r l i e s t  poss ib le  
d a t e  t o  ensure t h a t  ma t e r i a l  s e l ec t i ons  and 
c e r t a i n  design f ea tu r e s  a r e  s u i t a b l e  before 
f u r t h e r  t u rb ine  design work i s  done. 

' Plant  Ava i l ab i l i t y  

The a v a i l a b i l i t y  of t he  10 MWe power module f o r  
a 30-year period was assessed by Monte Carlo 'simula- 
t ion .  The ana ly s i s  took i n t o  account both scheduled 
outages f o r  preventive maintenance and unscheduled 
outages. It a l s o  simulated buildup of a s e rv i ce  
queue when s eve ra l  p a r t s  wear out wi th in  a shor t  
time of each other .  Figure 9 shows t he  r e l i a b i l i t y  
model of t h e  power cycle.  A s  a f i r s t  approximation, 
t reatment  p l an t  f a i l u r e s  cannot cause power outages 
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for Failure Repair Expectations 

MTTR 3.33DAYS MTTR 3.33DAYS MTTR 3.33DAVS MTTR 0 .UDAVS M l T R  0.58 DAYS M R R  0.48DAYS 

2 

- 

' because the power cycle can operate for at least a Cost Estimates \ 
day without the treatment plant. Thus, the figure 
shows the power cycle components whose failure dis- Table 7 gives cost estimates for all the major 
ables the plant. Single-point-failure components subsystems and components of the power system for 
are drawn in series; redundant components are drawn prototype and production systems. Installation 
in parallel. costs and indirect costs (engineering services 

, and home off ice services) are included. The major 
cost elements are the titanium tubed heat exchangers. 

""3 
PUMPMOTOR RECIRCULATloN 

The results of the analysis are summarized in NO heat exchanger replacement is planned, corrosion 
Table 6. The average availability is 0.906 for 30 and provisions in-service tube plug- 
years. Due to statistical variability, the annual ging are in the design' 
average ranges from 0.88 to 0.93. Thirteen to 22 
unscheduled outages are expected each year, causing Conclusions 

- 

unscheduled downtime of 13 to 30 days annually. 
Startup reliability ranges from 0.97 to 0.99. The The results of the design study reviewed in 

availability and startup reliability predictions this paper show that OTEC plants with heat ex- 

for' the baseline design meet the DOE goals. changers employing vertical fluted titanium tubes 
in a conventional shell-and-tube configuration are 

' 3 

-. 

technically feasible and require no exiension of 
the state of the art. Plans for detailed design 

 able 6. Summary Results of Availability Analysis and construction are available. The heat exchangers 
for 30 Years. are the major cost leverage item. Methods o f  re- 

ducing these costs are presently being pursued in 
the PSD-I1 projects employing plate type exchangers. 
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Table 7. Power Plant Cost Breakdown Summary* 
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DESIGN OF A 0.2-MWe (NET), PLATE-TYPE, OTEC HEAT EXCHANGER 
TEST ARTICLE AND A 10-MWe (NET) POWER MODULE 

Arl T 
J .  W. Denton and P. Bahtad - 

TR W ,  Inc. 
Defense and' Space Systems Group 
~ e d o n d o  ~ e a c h ,  California 90278 

Union Carbide/Linde Division 
Tonnuanda, New York 14150 

This paper summarizes results on the 
preliminary design, projected performance, 
and costs of 10-MWe (net) power modules, and 

I on the preliminary design of 0. 2-MWe test 

I 
articles made of full-scale panels of the 
novel, plate-type heat exchangers. 
W- in --+f - 
y" . U .  s 

The heat ex- 
changers are made of either a low cost, 
Alclad aluminum alloy (A1 3004 clad with 
A1 7072 on the seawater side) or a super 
stainless steel comparable to Allegheny 6X. 
In either case a porous-type surface enhance- 
ment is used on the ammonia side. The heat 
exchanger plates are corrugated to form 
circular water flow passages, operationally 
accessible for cleaning, and ammonia pas- 
sages with performance similar to conven- 
tional thermosiphon reboiler technology. 
The pi.ates are assembled into 0.625-me 

\ 
modules which are then assembled into 4 
rows of 4 each, i.e., 4 are in series 
with respect to the seawater flow. This 
arrangement yields the lowest cost for 
10-MWe power modules. Present-values cost 

\ estimates for 30-yr life indicate that aluminum heat exchangers at $367/kWe with 

15-yr life (i.e., replaced once) would 
cost slightly less than stainless steel h xchangers at $642/kWe. An automated, 

rush-type cleaning system used once a week, 
continuous chlorination at 0.05 

m concentration, is expected to keep the 

resistance at 0.0003 hr-ft2-~F'/~tu. 

Phase I of the U.S. Department of Energy's 
(DOE'S) Power System ~eveioument 11 (PSD 11) 
program, October 1978 through June 1979, had 
the following scope: 

cation and checkout of the test heat 
exchangers and installation and oper- 
ational support on an ocean-based, 
government-furnished test facility 
(OTEC 1). References 1 and 2 describe 
OTEC 1. 

Relative to item ( 3 1 ,  the Phase I1 plan as 
defined by DOE guidance of 3 April 1979 ad- 
dressed the following areas. 

a) Conceptual and preliminary design of 
a 10-Mw (net) closed-cycle, ammonia 
power system module for a floating 
OTEC demonstration plant. 

b) Design, fabrication, and delivery of 
test article heat exchangers representative 
of the power system design. 

c) Design, fabrication, and delivery of 
any special ancillary equipment required 
for handling, delivery, field fabrication/ 
installation, and operation of the test 
hardware on OTEC 1. 

d) Participation and support of the OTEC 
1 Systems Interface Control Working Group 
and Test Planning and Instrumentation Work- 
ing Group. 

e) Provision for manufacturer's repre- 
sentative support during three years of 
OTEC 1 operations. 

This paper summarizes the results of TRW's 
Phase I work on PSD 11. Further details are 
given in Ref. 2. The power system design is 
based on enhanced-plate-type heat exchangers 
(Figs. 1 and 2) to minimize the capital cost 
by coupling relatively efficient power con- 
version with existing mass-production tech- . 
niques. It offers a competitively attrac- 
tive power generation system for either a 
cruising OTEC plantship or an offshore OTEC 
plant connected to a utility grid. 

1) Conceptual and preliminary design of a Aluminum, due to its low initial cost, 
10-mTe (net) power using ease of fabrication and general availability, 
less, aluminum heat exchangers. wqs the proposed material for this project. 

  lie Phase I design, therefore, has been 
2) .Conceptual and preliminary design of specifically oriented toward a power system 

.2-MW (net) and condens- (Fig. 1) capable of being operated, main- 
er test articles representative of tained and repaired using aluminum heat ex- 

h the full-size exchanqers. 1 * 
changers. ~ a ~ u e * ~  has projected the heat ' 3) Preparation of Phase-11 plan exchangers made from Alclad aluminum alloys 

for detail design, development, fabri- (e.g., A1 3004 clad with A1 7072) will last 
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(preliminary design) (conceptual) 
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Fig. 1 Assembly and general arrangement concepts for OTEC 
power system employing the TRWILinde concept for 
plate-type heat exchangers. 

ten years or longer in a seawater environ- 
ment if appropriate anti-corrosion protec-lc 
tion is incorporated in the design. LaQue 
notes that aluminum industry representatives 
believe that Alclad aluminum should be 
credited with a longer life, and we believe 
that a 15-yr projection is warranted. How- 
ever, the need for further qualification 
tests for aluminum led us to investigate 
alternative materials. The results pre- 
sented herein indicate that equally viable, 
enhanced-plate-type heat exchangers can be 
fabricated from any one of several stainless 
steels typified by Allegheny 6X. Cost com- 
parisons are presented on a present-value,. 
30-yr-life basis. 

several tasks for this project and those 
of TRW's PSD I project using vertical-tube, 

f alling-film heat transfer techniquesld were 
similar, and the PSD I results have been 
employed wherever possible. In particular, 
the PSD I work was drawn upon to estimate 
the.additiona1 capital and operating costs 

Fig. 2 The 20- and 40-MWe (net) concepts for arrangements 
of the power modules in the OTEC pilot plantship hull. 

for complete OTEC systems and hence to 
show the potential for attractive onboard 
power generation costs. 

Technical Approach 

The objective has been to design a power 
system which has low capital ($/kWe) and 

power generation (mills/kWh) costs. The 10- 
MWe (net) power module design task primarily 

required matching the performance of the 
main power unit elements to the unique char- 
acteristics of the heat exchangers consider- 
ing the need to package the power module 
efficiently into the candidate hull (Fig. 2). 
As our design is based on aluminum of 15- 
year life, emphasis was put on designing 
methods to repair and/or replace heat ex- 
changers (the design requirement is for a 
30-yr-life power system). Modularization of' 
the heat exchangers to achieve maximum pro- 
duction cost benefits also allows flexibility 
for startup/shutdown and maintenance activi- 
ties. 

The 0.2-MWe heat exchanger test articles 

are portions of the hll-scale units (Fig. 3). 
The test articles would be built using proto- 
type tooling and fixtures; the resulting 
hardware would confirm the fabricability and 
performance of the 10-Mw mod.ule . Conceptual 
test plans and instrumen%ation for the tests 

on OTEC 1 have been com~leted. 
2 

The 0.2-MWe and 10-MWe systems have been ,( 
designed and analyzed wi;h the aid of com- 



Front elevation Side elevation 
Dimensions are in feet., 

Fig. 3 Comparison of 0.2-MWe test article with full-scale, 
0.625-MWe (net) modules. 

puter programs which permit both design and 
off-design performance evaluations includ- 
ing effects of seawater temperature differ- 
ences, seawater and ammonia flow and pres- 
sure drop variations, fouling and overall 
heat transfer, and hence availability. A 
gross power of 13.87 MWe must be generated 

tci give a 10-MWe .net output at the design 

point AT of 4 2 O ~  as discussed later. 

The potential safety hazards of testing 
0.2-MW- heat exchangers and operating a 10- 

Major Deqign Results 

10-MW, Heat Exchanger Concepts 

The major effort of this preliminary 
design project addressed the selection of 
heat exchanger designs which are thermally 
and hydraulically efficient and capable of 
mass production technology in order to meet 
the DOE cost goal of less than $700/kWe. 

The selected design is based on corrugated 
panels with porous, sintered-metal-type 
enhancements (UCC/Linde "HiFlux" proprie- 
tary process) on the ammonia side. These 
panels are assembled and joined into com- 
pact modules of 0.625 We (net) each (Figs. 

1 and 4) which are producible by current 
manufacturins techniques. The modules are 
further assembled with four in series with 
respect to the horizontal seawater flow (for 
near optimum thermal resource utilization) 
as shown by Figs. 1 and 5. This 2.5-MWe 

subassembly is easily handled onboard the 
OTEC ship and can be isolated from the power 
loop when maintenance or repair is required 
(Fig. 5); it also can be disassembled to 
modules, if required, since mechanical seal- 
ing between modules is accomplished with a 
pressurized seal similar in concept to a 
bicycle tire (Fig. 6) . 

c 

me power module have 'been identified2 for A significant feature of the evaporator 
module is the incorporation of an internal 

possible use by ship systems contractors to liquid return (see the downcomers in Fig. 4). 
establish safety requirements for the PSD  he liquid accumulates from the primary 
11 systems. Preventive maintenance and phase separation provided by the semicylin-. 
scheduled downtimes are built into the drical dome structure (Figs. 4 and 5) . 
design to assure System availability. Start- Liquid flows internally to troughs which 
up considerations are included to assure drain to the eleven downcomers in each mod- 
starting reliability. The designs take into ule. (These downcomers are blocked struc- 
account the environmental considerations re- tures in the condenser modules, so that the 
lated to the mechanical cleaning of fouled manufacturing pieces and processes remain 
heat exchanger tubes, chlorination, metal- essentially unchanged.) The physical para- 
lit elements, and release of working fluid. meters for the aluminum heat exchanger mod- 

ules are listed in Table 1. 
Two significant technical alterqatives 

affected the progress of the preliminary 
design and resulting conclusions: 

1) The space allocation in the specified 
hull for the 10-MWe (net) power module was 
initially understood to be the full aft half 
of the DOE pilot plantship as. shown at top 
left in Fig. 2. TBe result is a power sys- 
tem consisting of four evaporator and four 
condenser module subassemblies on a single 
elevation. In December 1979 DOE requested 
that the PSD I1 contractors also address 
the packaging of 10 MWe into one-half of the 

after half of the pilot plantship. This re- 
Y quest Was been responded to at a conceptual 
level as shown at top right in Fig. 2. This 
concept has two evaporator and two condenser 
module subassemblies on different elevations. 
A limited evaluation has verified the physi- 
cal capability to install a power module Panels of 3 0 0 4 0  clad with 7072 aluminum 
with a plan area less than required by the or Allegheny 6X or equivalent stainless steel 
)asic design. 

2) As noted earlier, the alternative use Fig. 4 Cut-away view showing semi-cylindrical dome and 
~f AL-6X stainless steel for the heat ex- downcomer for liquid ammonia that is separated 
changers has also been addressed. from vapor by the dome. 
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Fig. 5 Side view of 2.5 MWe (net) module assembly, for 
evaporator, NH3 f.lows upward; for condenser, 
downward. 

Fig. 6 Detail of inflatable inter-unit seal. 

Table 1 Dimensions of Aluminum 0.625-MWe (Net) 

Modules (Dimensions of 0.2-MWe Test  A r t i c l e s  

That D i f f e r  Are Shown i n  Parentheses)  

Active panels/module 204 (56) 
Panel  h t . ,  hea t  t r an s f e r , .  f t  8.5 
Panel  s t r u c t u r a l  h t . ,  f t  9.0 
Panel  width, f t  2 4.0 
Heat t r a n s f e r  a rea lpane l ,  f t 75.3 
Water passageslpanel  100 
Passage diameter, in .  0.75 
Base metal  (3004) thickness,  i n .  0.050 
Cladding (7072), i n .  0.01 (0.005) 
Panel  ho l e  p i t ch ,  in .  1.019 
Panel  dens i ty ,  numberlft 14.4 
~owncomers/Module 11 (3) 
Upper and lower header diam, f t  4 
Upper header nozzle (evap. o u t l e t ,  

cond. i n l e t )  diam., f t  2 (1.17) 
Veloci ty,  f t l s e c  3 2 

Lower header nozzle (evap. o u t l e t ,  
cond. i n l e t )  d i m . ,  f t  0.5 (0.33) 
Veloci ty,  f t l s e c  6.0 (4.0) 

Alternative Heat Exchanger Materials 

A s  previously-noted, assessment of pos- 
sible alternative materials led to the con- 
clusion that an alloy siniilar to AL-6X is 
an economically viable alternative to Al- 
clad aluminum. Any of the family of stain- 
less steel alloys to the right of the curve 
in Fig. 7 is acceptable. These alloys have 
neither the environmental concerns of cop- 
per-nickel nor the high cost of titanium 
and are fully compatible with the ammonia 
working fluid. Our present judgment is 
that one of these alloys would offer lower 
risk than aluminum as the best heat-exchanger 
material for near-term, 10-MWe power modules. 

Heat Exchanger Performance 

A close coupling of the mechanical design 
and thermal/hydraulic performance is re- 
quired to assure optimum, cost-effective 
design. The basic structural design re- 
sults in configurations which are thermally 
efficient and capable of analysis using. 
vertical thermosiphon reboiler technology. 

Ammonia-side enhancement (Linde's HiFlux) 
is used for both the evaporator and con- 
denser, and the performance estimates are 
based on test data taken by Union Carbide 
for pool boiling on titanium tubes and 

Wrightsville Beach 

pH ave. 8 
T ave. 1 04' F 
Dissolved 
Oxygen ave. 3 ppm 
Salinity ave: 29000 ppm 
Velocitv ' 1 ft/s 

RA-333 
(45 Ni-25 Cr-3 Mo) 

A 2RE69 (nom) 
CARP = ? 20Cb-3 ? 

- - 
28 Cr-4 Mo 

26-1s \ s Trent sea-cure 
5 26 26 Cr;3 Mt-2 Ni - 

0 - 1  2 3 4. 5 6 7 
~o lybdenuk  contgnt ((wt %) 

Fig. 7 Crevice-corrosion boundary between stainless a1lo~s.6 
This figure differs from LaQue's Fig. 24 in that 
compositions have been added by Crucible Steel Corp. 
and UCCILinde. 



2000 L 1 I I 1  I 1 
0.2 0.4 0.6 0.8 1 .O 2.0 4.0 

Temperature difference, bulk fluid to wall (OF) 

40 000- 

hl 
C-' C 

.F 20 000 . 
2 

m' 
? 
m : 10000 
.: 8000 
3 
L 

g 6000 
X 
3 - 

4000 
m 
w 
I 

Fig. 8 Thin-film ammonia evaporator and condenser 
performance from UCCILinde data. 
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spray boiling on aluminum tubes, which yield- 
ed the evaporate-r line shown in Fig. 8 and 
the .condenser line for a single tube shown 
in Fig. 8. The experimental curve'for load- 
ing in the condenser is compared with 
Nusselt's line in Fig. 9. Due to fabri- 
cation and cleaning considerations, water- 
side enhancement is not presently included. 

Using the aforementioned data and evalu- 
ating the modules in series, the perform- 
ance of module subassemblies has been pro- 
jected. Table 2 presents the results for 
aluminum heat exchangers. 

I 

Biofouling Control 

The specified requirement for biofouling 
control is to maintain the average fouling 

Constant heat flux = 5 000 Btulhr f t2 

h single tube = 4 720 Btulhr ft2 O F  

-- - -- 
---7---- --------, - 

Nusselt correlation 

h/ho = ~ 3 1 4  - (N-I) 314 

N = number of tube from top of bundle 
I 

100 200 . 300 400 
/ .- 
C 
m - Ammonia loading (Iblhr-ft2) , - 

LL 
Fig. 9 Effect of tube loading on local condensing coefficients 

per UCCILinde experiments. 

sages are smooth and circular and fully 
accessible for in-situ cleaning. The design 
of the brush system (Fig. 10) is based upon 
conventional condenser tube cleaning con- 
cepts. The largely automated system indexes 
and locates a cleaning head containing 120 
brushes which are driven horizontally through 
the tubes in push-pull strokes. In operation 
the cleaning head is submerged in the sea- 
water inlet trough., and its use does not af- 
fect the remainder of the tubes in the module, 
hence it does not appreciably affect the 
module output. However, the length of the 
cleaning head requires the seawater inlet 
trough to be wider than the heat exchanger 
subassembly. The chlorination is through 
application of chl~ropac~at an annualized 
cost of approximately 0.5 mill/kWh. The 
projected combined performance of these 
countermeasures is based primarily upon the 
DOE funded biofouling experiments at St. 

Croix and Keahole Point. le 

2 resistance Rf below 0.0005 (OF-hr-ft /Btu) . Heat Exchanger Costs 

The solution is to employ mechanical Detailed cost analyses based on an annual brushes Once a week with a low production rate of 100 Mwe (160 units each rate of chlorination (0.05 ppm) to maintain 
Rf at 0.0003 (average). The seawater pas- of the estimated installed costs for alumi- 

Table 2 Character is t ics f o r  4 Aluminum Modules i n  Series 
(Seawater Flqw through the Subassembly) 

Evaporator Modules Condenser Modules 
Performance Parameters No. 1 No. 2 No. 3 No. 4 No. 1 No. 2 No. 3 No. 4 

0 
Water o u t l e t  temp., F 
Module LMTD, OF 

Avg. qua l i t y ,  e x i t  o f  panels 
Ammonia AP i n  panels, p s i  

Avg. U, ~ t u l h r - f  t220< 
ha range, B t u l h r - f t  - F 

6 
Heat duty/module, 10 Btu lhr  
Re la t ive  perfomance/avg. 

* ~ a s e d  on waterside area'  



Table 3 Specific Costs ($/kWe Net Power, March 1979 

Fig. 10 Automated push-pull brush cleaning concept. 

30-year plant life 
10% interest rate ( I )  
7% inflation 
costs include 14.4% for - 
shipping and installation Stainless 

O 
5 

I r 

10 O 15 2 0  25 30 
Heat exchanger life, years 

Dollars) of Aluminum and ' Stainless Steel Heat Ex- 
changers Based on Annual Production of 160 Modules 
Each of Evaporators and Condensers (100-MWe Net 
Plant Requirement) 

A1 S.S. 

Direct material' 114.9 244.1 
Direct labor 28.9 36.7 
Indirect material '0.8 0.8 
Indirect labor 11.4 i3.2 
Other sefvices and expenses 19.2 19.8 
Manufacturing staff 

Sub-To tal 184.3 324.7 

Contingency 10% 

Total 202.7 389.7 

Warranty Expense at 2% 4.1 . 7.8 
Product Overhead at 17% 34.4 - 66.2 

Sub-Total 241.2 463.7 

~e~reciation Expense 4.7 6.4 
Return on Investment at' 20% 19.4 29.4 

Cost - 265.3 499.5 

Enhancement Charges 55.0 - 61.2 

Total Cost, $/kWe 320.3 560.7 

($/ft2> (6.52) (10.25) 
Freight & Instal'n at 14.4% 46.1 80.7 
Installed cost, $/kWp 366.4 641.4 

Table 4 Present Value ($/kWe) of Aluminum Heat 

Exchangers Having Lifetimes of 5-30 Years for a 
Power Plant Designed for 30 Years (March 1979 
Dollars) 

Life Present value Present cycle 
Yr worth factor cost $lkWe 10 yr 15 yr 

10 0.758 278 289 - - 
l5. 0.660 242 252 - 252 
20 0.575 211 219 219 - 
2 5 0.501 184 191 - 5 - 
30 0.436 160 166 - - 

Total Present Value 875 619 

a Replacement cost is 1.04 times first cost. 

First cost includes shipping to New Orleans 
and installation. This is also present value 
ff H.E. lasts 30 yr. 

Fig. 11 Present value vs. life for 10-MW, heat exchangers. 
' 

10-MWe Power System Design and System Costs 

num and stainless steel heat exchanger The 10-MWe (net) power system designed 
modules shown by Table 3. Evaluation of 
present-value costs for the aluminum heat for packaging within the aft half of the 
exchangers as a function of life (see DOE specified plantship.(Fig. 1 and top 
Table 4) results in the conclusion that , left in Fig. 2) consists of a basic power 
either aluminum with a 15-year life (TRW's loop (heat exchangers, turbine-generator 
projection) or stainless steel with a and pumps) and support subsystems. The 
30-yr life will satisfy the DOE goal for optimization analysis, which evaluates 
:he heat exchangers to cost less than $700 heat exchanger performance characteristics 

and cost, options for installations (i.e., er kilowatt (Fig. 11). 



number of modules in series) and gross/net 
power outputs indicate that a gross power 
output of 13.87 MWe will yield the 10 MWe 

Table 7 Characteristics of 1.0-MWe (Net) 
Power Module 

Parameter Evaporator Condenser net required by DOE using aluminum heat. 
exchangers. The power budget. (Table 5 )  
shows that the major system parasitic power 
use is for seawater pumps, allocated at 
3.17 MW,. Similar results occur for a 

Water Side 

Velocity, fps 
Inlet temperature, OF 
Outlet  temperature,'^ 
A V ~ .  hw, ~tU/hr-ft~-O~ 

- 

power system using stainless steel heat 
exchangers except that the gross power out- 
put is increased slightly because of slight- 
ly lower heat transfer efficiency and a con- 
sequent increase in the number of heat ex- 
changer tubes per panel. 

Pressure drop, psid 
Volumetric.flow rate, gpm 
Mass flow rate, lblsec 
Duct size (ID based on 6 
fps), ft 
Total pressure drop, ft 
Pump power, me 

The turbine and phase separator parameters' 
and the efficiencies estimated for the major 
power system components are shown in Table 6. 
The resulting characteristics of the 10-MWe Shaft horsepower, BHP 
(net) power module using the aiuminum heat 
exchangers and the optimization program are 
shown in Table 7. The heat transfer coeffi- 
cients and LMTD's in Table 7 are the average 
values for the total system that correspond 
to the individual module values shown in ' 

Table 2. The resulting power system cost 
estimates based on 100-MWels worth of pro- 

Ammonia Side 

Inlet T, OFIP, psia 
Outlet, T,'FIP, psia 
Pressure drop, psid 

Overall 

Heat transfer area, ft 2* 

Thermgl duty, MBTUIhr 
m, F 
U, ~tulhr-f t2-OF* 

duction annually are shown in Table 8. It 
can be expected that when production levels 

~ - * - 
Referrred to water side 

Table 5 Power Budget - 10-MWe Power Module . 

Table 8 Initial Costs ($/kW , March 1979 Dollars) 
for 10-MW (Net) Power systegs with Aluminum Heat 
~xchan~erg. (Costs That Differ with Stainless Steel 
Heat Exchangers Are Shown in Parentheses) 

Parameter Power, MW- 

Gross power 13.87 
Warm water pumps -1.21 
Cold water pumps -1.96 . 
Ammonia feed pump -0.24 
Hotel load (per 10 We) -0.11 

=*--- Prod'n 
P l L U L  

Prototype Prod'n 100 me 
Item 

lo me 10 me * 
per yr Chlorination, 'mechanical 

cleaning, control & 
' support subsystems -0.35 

Heat exchangers 763 (1337) 455 (796) 367 (642) ' 

Phase separators 9 8 5 
Turbine generator 328 253 214 
Ammonia feed pumps 25 2 3 13 
Ammonia piping 140 127 85 

222 200 126 
, 

Ammonia valves 
Control systems 80 74 55 
Chlorination sys. 21 19 11 
Mech. cleaning sys. 92 81 19 
Electrical equip. 39 3 5 24 
Ammonia supp. sys. 208 112 7 2 
Seawater pumps 340 (357) 310 (326) 217 (228) 

Parasitic power 

Net power 10.00 

Table 6 Turbine and Phase Separator Parameters and 
Component Efficiencies, 10-MWp (Net) Power Module 

Turbine parameter 
0 Inlet T, g/P, psia 

Outlet T, F/P, psia 
Enthalpy drop, ~tullb 
Mass flow rate, lblsec 

Value 
72.01133.4 
51.6192.0 
18.6 
764 

Totals 2267 (2858) 1697 (2054) 1208 (1494) 
* 
160 each of evaporators and condensers, which means 
that 320 H.E. modules are produced. 

3 Vol. flow inlout, ft Isec 
Quality inlout, % 

Phase separator inlet, OFlpsia 
Quality inlout, % 

reach several thousand W e t s ,  use of some- 

what larger turbines, generators and pumps, 
and learning-curve and technology improve- 
ments will reduce these costs sharply. 

Efficiencies 
Turbine x generator 
Seawater pumps x drive 
Ammonia pump x drive Figure 12 shows the effect of the number 

of aluminum HE modules in series on the 
power module life-cycle cost, and the reason 
a 4-module subassembly was chosen. 

Plant, net powerlevap. 
thermal duty 
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Fig. 12 Cost versus number of modules in series 
(production articles). 

Table 9 Fixed Charge Rate Percentages Based on 
Assumption of 7% Inflation Rate on Labor and 
Materials 

Public Priv. Priv. TRW 
Util. Util. Corp. Anal. 

Return 8.0 10.0 14.0 10.5 
Income Tax 0.0 4.0 4.0 2.0 
Depreciation 1.8 1.5 1.5 0.9 
Ad Valorem Tax 0.0 2.25 2.25 1.5 
G&A Expenses 1.25 1.25 1.25 1.0 
Insurance 0.25 0.25 0.20 0.6 

Total 11.25% 19.20% 23.2% 16.5% 

Priv. corp. (FCR = 0.232) 

20 - - 
I - Aluminum 
T Stainless I 

H.E. 
0 1 I I I 
5 10 15 20 25 30 

Heat exchanger life (yr) 

Fig. 13 Power generation costs. 

Table 11 Variation of Key Power-Loop Performance 
Parameters with Season . 

Parameter Winter Nom. Summer 
- -- -- 

Warm water temp., OF* 78 82 8 5 

Cold water temp,'F* 40 4 0 4 0 
Gross power, 11.3 13.9 15.9 

Net power, *e 
7.4 10.0 12.0 

Ammonia system 

Flow rate, lb/set 706 764 808 

Evap.  temp.,'^ 68.9 72.3 74.8 

Cond.  temp.,'^ 50.7 51.5 52.1 

Evap. pres., psia 126.4 134.0 140.0 
Cond. press., psia 90.4 91.8 92.9 

Table 10 System Life Cycle Cost.and Power Evap. U, Btu/hr-f t2-'~' 814 820 824 
Generation Cost (March 1979 Dollars) Cond. U, Btu/hr-ft2-OFt 623 623 623 

Present Turbine efficiency, % 88.5 89.0 88.8 
Present value, .,. 

H.E. value, total Power cost, mills/kWh "constant flow rate of warm and cold water 
Life, H.E. Cost system Pub. Priv. Priv. 

Slkw $/kW ~til. Util. Corp. 
'Based-on water side area 

Yr 

Aluminum able ocean temperature difference, as it 
10 875 1716 28.5 45.8 54.5 might vary with season in tropical ocean 
15 619 1460 24.8 39.6 47.0 sites, are shown in Table 11. 
30 . 361 1208 21.2 33.4 39.9 . - 

Alternative Configuration 
Stainless steel 

'For the Table 8 costs and the various 
fixed-charge rates shown in Table 9, the re- 
sulting power generation costs are shown in 
Table 10 and Fig. 13. 

Finally, the variations of net power out- 
put and key loop parameters with the avail- 

A stacked heat exchanger packaging con- 
figuration (see top right part of Fig. 2) 
for 'the power system has also been evalu- 
ated to allow greater flexibility of power 
system-to-ship integration design. This 
option, although not optimum, indicates 
that the power system can, conceptual~y, be 
packaged in a space taking approximately.50 
percent of the plan area currently used for 
the design (i.e., using only one-half of 
the aft half of the DOE plantship). The re- 



sult would be approximately 25% reduction in of several of stainless steel alloys (simi- 
platform cost per kW, at 40-MW- size, or lar to Alleqheny.6X) will result in a 30- 

5 e 

6-7% in overall pilot plantship cost. year cost compa;able to that for aluminum. 
The high degree of modularization inherent 

Other System Factors 

In addition to the aforementioned sum- - -~ 

marized results, the following perform- 
ance and design factors, as specified by 
DOE, have been evaluated: reliability, 
availability, and maintainability; in- 
strumentation and control design; system 
safety, regulatory requirements and en- 
vironmental impact assessments; auxiliary 
equipment desisns: manufacturabilitv as- 
ses&ents; rotating machinery tradeA studies 

and net energy analyses .' The proposed 
0.2-MW* IIE installations on OTEC-1 includ- - 
ing water boxes and cleaning heads are 
sketched in Fig. 14. The parallel TRW 
work on turbine design and power system 
control considerations are presented in 
Refs. If and lg, respectively. 
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Fig. 14 General arrangement of 0.2-MWe heat exchangers, 
waterboxes and support hardware. 

Concluding Remarks 

The TRW/Linde PSD I1 preliminary work 
that we have briefly summarized here re- 
sulted in a novel OTEC heat exchanger con- 
cept which offers potential to meet the re- 
quirement for a 30-year life-cycle cost 
below the desired limit of $700/kWe (in 

early 1979 dollars) set by DOE for these 
critical power system elements. Alclad 
aluminum can be expected to survive in a 
seawater environment for at least 10 years 
and, when adequately maintained and re- 

) paired, will have a useful life in excess 
of 15 years. The heat exchangers also can 
be fabricated in alternative materials; any 

in plate-type heat exchangers provides 
packaging options as to hull confiqurations 
and results in high availability/maintain- 
ability for the power system. Although 
overall OTEC plantship (or moored plant) 
design and cost estimates were beyond the 

scope of our PSD I workld and this PSD I1 
work, we are confident from our prior work 
and our recent work on the cold water pipe 9 

that no technical breakthroughs are re- 
quired in order for OTEC to deliver an en- 
vironmentally safe, inflation proof, re- 
newable source of baseload energy and/or . 

energy.-intensive products. lhr4 at poten- 
tially competitive costs compared to con- 
ventional systems. 
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DISCUSSION . 
I 

J .  Keirsey,  JHU/APL: Would you p l e a s e  comment on 
p o s s i b l e  problems a s s o c i a t e d  w i t h  t h e  ammonia loop 
i n  t h e  TRW v e r t i c a l  s t a c k i n g  opt ion;  The d i f d e r -  
ence  i n  e l e v a t i o n  would r e s u l t  i n  d i f f e r e n t  ammonia 
s a t u r a t i o n  temperatures  a t  t h e  evapora to r  i n l e t .  

J .  Denton: We have n o t  looked a t  t h a t  i n  d e t a i l ,  
I have t o  admit.  We have looked i n  some d e t a i l  a t  
t h e  manifolding on t h e  l iqudd  ammonia s i d e ,  because 
t h e r e  i s  a  p o t e n t i a l  f o r  ammonia s l o s h i n g .  The 
c h a r a c t e r i s t i c  f r equenc ies  f o r  s l o s h i n g  o f  ammonia 
a r e  cons ide rab ly  h i g h e r  than t h e  r o l l  frequency of  
t h e  s h i p ,  hence we a r e  n o t  concerned about ammonia ' 

s l o s h i n g .  But the  worst  t h i n g  t h a t  could happen 
is  t h a t  you would have t o  do s o m e . t h r o t t l i n g  and 
would have some p e n a l t y  on t h e  pumping power on t h e  
ammonia s i d e .  We a r e  more concerned about the  wa te r  
s i d e ,  b u t  t h a t ;  I t h i n k ,  i s  n o t  unique t o  t h i s  con- 
c e p t .  Water s l o s h i n g ,  o r  wa te r  hammer, o r  wa te r  
l e v e l  f l u c t u a t i o n  i n  an open system i s  probably a  
concern f o r  almost any kind o f  OTEC p l a n t  des ign .  
The r e p o r t  of our  p roposa l  f o r  t h e  n e x t  phase i s  
now be ing  e v a l u a t e d ,  and t h e  design. p a r t  should be 
a v a i l a b l e  t o  you soon. 

. . .  

Quest ion:  It is  a  res i s t ance-weld ,  which has t8 
p e n e t r a t e  through one p l a t e .  

D. Richards ,  JHU/APL: You had one curve t h a t  i n d i -  
c a t e d  t h e  number of  modules, from two up t o  e i g h t  
modules. As you i n c r e a s e ' t h e  number of modules, 
your c lean ing  brush mechanism, which had t o  have an 
e q u i v a l e n t  o r  g r e a t e r  l e n g t h ,  would g e t  longer .  
There fo re ,  would i t  b e  p r a c t i c a l  t o  go beyond your  
p r e s e n t  four-s.tack modules? Is t h a t  a  major f a c t o r  
t h a t  could come i n t o  a  p l a n t  packaging arrangement? 
Might i t  be  even b e t t e r  t o  dec rease  i t  t o  t h r e e ?  

J. Denton: Yes, I t h i n k  t h a t  i s  a  v a l i d  p o i n t .  The 
a n a l y s i s  shown d i d  n o t  t a k e  i n t o  account  t h a t  it 
could be  more d i f f i c u l t ,  o r  maybe imposs ib le ,  t o  go 
beyond a  c e r t a i n  l e n g t h  i n  t h e  flow passage d i r e c -  
t i o n ,  i n  terms of t h e  b rush  l e n g t h .  On PSD-1, t h e  
e f f e c t i v e  tube l e n g t h  i s  about  30 f t ,  and t h e  b rush  
l e n g t h  i s  about 33 o r  34 f t .  On t h e  o t h e r  hand, 
where you have a  v e r t i c a l  des ign ,  you might n o t  have 
t h e  problem you have i n  t h e  h o r i z o n t a l  design.  You - 
might have some a d d i t i o n a l  problems i n  t h e  l a t t e r  
i f  you go more than about 16 o r  17 f t .  
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Abstract platform has been proposed a s  a p i l o t  plantship a s  
shown in Fig. 1. The vessel  could incorporate a 

A s igni f icant  portion of the  cost  of an Ocean 
Thermal Energy Conversion (OTEC) plant  is a t t r i -  
butable t o  the  power system, and the  major portion 
of t h i s  cos t  is associated with the  heat exchangers. 
The objectives of the Power System Development 
(PSD)-I1 program a re  t o  design a 10-MJ(e) power 
system u t i l i z i n g  shell- less heat exchangers and 
capable of being incorporated in to  the  grazing 
plantship proposed by The Johns Hopkins Univer- 
s i t y ' s  Applied Physics Laboratory, and t o  design, 
develop, fabricate,  checkout and provide ins ta l -  . 
l a t i o n  and operation support f o r  a s e t  of heat ex- 
changer t e s t  a r t i c l e s  f o r  tes t ing  on the  OTEC-1 
platform. In  the type of p l a t e  heat exchanger 
selected,  titanium pla tes  stamped in to  chevron 
patterns a r e  gasketed and clamped face t o  face by 
b o l t s  between a frame p la t e  and a pressure plate.  
For the  PSD-I1 0.2- and 10-N(e) systems, cross- 
flow of the  seawater would be used, with ve r t i ca l  
flow of the  ammonia (upward fo r  the  evaporators, 
downward f o r  the condensers). Assembly and . 
arrangement concepts f o r  both an integrated ap- 
proach and a more modular approach a re  described 
i n  some deta i l .  

10-N(e) Applied Physics Laboratory power system . 
i n  the forward half and two a l ternat ive  10-MW(e) . 

power systems i n  the  a f t e r  half .  The space a l lo-  

YI 
llt 

Fig. 1 Reference pilot plantship. 

Introduction , 
-'I, cated fo r  the  power system proposed by LBbC is 

shown i n  Fig. 2. During the preliminary design 
The Power System Development (PSD)-I program task, d i rec t ion was received t o  u t i l i z e  one half 

was concerned with shell-and-tube heat exchangers of the  a f t e r  half of the  platform fo r  the power 
since they were considered t o  be more state-of-the- system installation. 
art than shell- less heat exchangers which r e t a in  
the working f lu id  withfn well-defined channels or  
ducts and, therefore, do not require an encompas- a91 @O*IC SlSlIw SnARlD ~S~-!!KO:!O SCSIL* - 

C -.-- 
10vr.r SVICII - l r 10 #A*#. 

sing shel l .  This ef fec t  should reduce the required 
platform volume and reduce overa l l  OTEC plant cost. sjU4 *.a,, A.rlP . SPACL 1m 
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1V.POUrO. - This paper presents the . r e su l t s  of the  Phase I 

portion of the Power System Development (PSD)-I1 
program accomplished by Lockheed Missiles and Space 
Co. (LMSC) under DOE Contract ET-78-C-01-3407. 
The basic objectives of t h i s  portion of the  program 
were t o  derive a conceptual and preliminary design 
of a l&MW(e) pdwer system compatible with a pre- 
scribed platform t o  provide a preliminary design 
of heat exchanger t e s t  a r t i c l e s  sized t o  provide 
1/50 the  thermal ra t ing  of t h e  power system heat 
exchanger. The conceptual design task was accom- 'OLDtD 1 " I  
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DOhD 
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plished with the  understanding that one half of -0NMNStD 
uGnULLS .? 

t he  platform would be avai lable  fo r  the  l&Hd(e) 
power system ins ta l la t ion .  Fig. 2 Allocated spaces-OTEC reference. 

The Applied Physics Laboratory of The Johne 
Hopkine University has proposed use 'of a grazing 
plantship which u t i l i z e s  the  power generated by the  'i)eSiRn Requirements 
OTEC p%er system i n  an energy intensive manufac- The proposed use of the reference Surface plat- 
turing process. ADlmonia and hydrogen a r e  two form is in a grazing mode i n  the  Atlantic Ocean off 
potent ia l  products for  such a plant. A 10/40 MW(e) the coast  of Brazil.  ha design point thermal re- 
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sources a r e  82OF surface water and 40°F deep ocean 
.water. This 42OF AT i s  the  annual median tempera- 
t u r e  over t he  ant ic ipa ted  grazing loca l e  and is 
used t o  s i z e  the  compact p l a t e  type heat  exchangers. 
'The design requirements a r e  l i s t e d  i n  Table 1. 

Table 1 Design Requirements 

Ocean AT -- 42OF (+3OF, -lO°F) 

;Power system containment - Surface platform (Figs. 
: 1 and 2 ) .  

Heat exchangers -- "Shell-less" construction 

Design s i z e  -- 10-W(e) ne t  a t  bus bar a f t e r  ac- 
counting f o r  pa ra s i t i c  power and 112.5 MJ 

. hote l  load 

Design l i f e  - Major'componente, 30 years 
8,000 hr /yr  operation 
1,000 s t a r t l e t o p  cycles 

Ammonia vapor and seawater pressure drops -- Deter- 
mined by most cost-effect ive power system con- 
f igura t ion  

Working f l u i d  -- To be selected by contractor  

Materials  -- Compatible with ocean environment and 
working f lu id  

B io fou l ip~ ,  fac tor  -- 2 0.0005 hr-f t * - ' ~ / ~ t u  

Table 2 Functional Requirements . . .  

Control system -- Optimize power output fo r  de- 
s ign  and off-design operat ion 

Handling and i n s t a l l a t i o n  -- Define features,  
spec i a l  equipment 

Startup/shutdown - Power requirements and 
sequences 

Safety --,,,Appropriate government and indus t r i a l  
codes "* 

Maintenance - Provisions f o r  e f f i c i e n t  main- 
tenance during downtime 

Avai labi l i ty  -- Operability: 90% a t  60% confi- 
dence; s t a r tup  r e l i a b i l i t y :  95% a t  60% confi- 
dence 

Power usage -- Par t  load, load shedding, s t a r tup  

In ter faces  -- Compatible with OTEC-1 and OTEC-10 

The working f l u i d  and heat exchanger material  
were se lec ted  on t h e  bas is  of t r ade  s tud ie s  which 
indicated t h a t  anrmonia and titanium, respectively,  
a r e  t h e  bes t  choices fo r  the  Alfa-Lava1 plate-type 
heat  exchangers. Titanium a l so  is appropriate f o r  
t h e  i n i t i a l  applicat ion because of its proven 
ef fec t iveness  i n  seawater. As other  materials  a r e  
qual i f ied  f o r  OTEC usage, they w i l l  be evaluated 
from a cost-effect ive standpoint. 

Functional Requirements 

The power system a l s o  must be designed t o  meet 
c e r t a i n  functional  requirements. Previous paver 

. system s tud ie s  indicated tha t  t he  seawater and 
q n i a  flow r a t e s  should be varied a s  functions of 

' the avai lab le  thermal resource. The cont ro l  eye- 
' tem should therefore be designed t o  optimize t he  

power output a t  a l l  operat ing conditions. The 
funct ional  requirements t o  b,.e considered i n  t h e  

. design and operat ion of t he  10-W(e) power system 

and the heat exchanger t e s t  a r t i c l e s  a r e  presented 
i n  Table 2. 

The P l a t e  Heat Exchanger 

The basic concept of the  p l a t e  heat  exchanger 
(PD)  was developed 40 years ago i n  response t o  t he  
need f o r  so lu t ions  t o  thermal problems not amenable 
t o  s h e l l  and tube applicat ion.  The PHE comprises a 
pack of gasketed metal heat- transfer  p l a t e s  clamped 
face  t o  face  by b o l t s  between a frame p l a t e  and a 
pressure p la te .  The hea t , t r ane fe r  p l a t e s  a r e  sus- 
pended between two horizontal  carrying bare and a r e  
compressed agains t  the  s ta t ionary  frame p l a t e  by 
the movable pressure p l a t e  which is a l s o  suspended 
from the  upper carrying bar (Fig. 3). 

The configuration of gaskets  and separately gas- 
keted corner po r t s  routes the  two media through 
a l t e r n a t e  i n t e rp l a t e  channele i n  crose-flow o r  i n  
p a r a l l e l  groups (Fig. 4). The space between the  
po r t  gasket and t h e  body gasket is open t o  t he  sur- 
rounding atmosphere. The r i s k  of intermixing of 
t he  two media is therefore considerably reduced, 
s ince  leakage across  one gasket w i l l  flow out  t o  - 

RUBBER PACKING. dx 
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Fig. 3 Exploded view of basic heat exchanger. 
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Fig. 4 Current production plate technology. 
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t h e  surrounding atmosphere through t h e  ven t  space.  
This  f e a t u r e  pe rmi t s  easy  l o c a t i o n  and r e p a i r  of 
l e a k i n g  gaske t s .  The p r i n c i p l e  of t h e  PHE a l s o  
a l lows  combining v a r i o u s  p l a t e  p a t t e r n s  f o r  a n  in-  
tended du ty  by use  of a n  e f f e c t i v e  thermal  l e n g t h ,  

8  = (ti - t o ) / A t m  

where: t and t a r e  t h e  i n l e t  and o u t l e t  tem- 
i 

p e r a t u r e s  i n  a  primary channel ,  and A t m  i s  t h e  log- 

a r i t h m i c  mean temperature  d i f f e r e n c e  between p r i -  
mary and secondary channels .  High- and low-8 
p l a t e s  have been developed, and t h e s e  a r e  combined 
a s  r equ i red  f o r  t h e  thermal  duty.  

Current  and Fu tu re  Produc t ion  P l a t e  Technology 

The pa ra l l e l - f low p l a t e s  i n  Fig. 4  r e p r e s e n t  t h e  
c u r r e n t  s t a n d a r d  p l a t e s .  The chevron p a t t e r n  
pressed i n t o  t h e  p l a t e  determines  t h e  8  v a l u e  of  
t h e  p l a t e .  The p a t t e r n  shown has  a n  i n t e r m e d i a t e  
8. The h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  a r e  such 
t h a t  a  low-8 p l a t e ,  which h a s  a  l a r g e  ang le ,  i s  
more a p p l i c a b l e  t o  t h e  OTEC conf igura t ion .  

The s t andard  p a r a l l e l  f low arrangement has  been 
used i n  a  number of  s ingle-phase coo l ing  and 
h e a t i n g  a p p l i c a t i o n s .  For t h e  two-phase f low re- 
qu i red  i n  t h e  OTEC power cyc le ,  t h e  c o n f i g u r a t i o n  
shown r e p r e s e n t s  t h e  evapora t ion  process .  Liquid 
ammonia e n t e r s  a t  t h e  bottom, and ammonia vapor ( a t  
some q u a l i t y  l e s s  than  1 )  e x i t s  a t  t h e  top.  The 
seawater  f low e n t e r s  a t  t h e  top. As i n d i c a t e d  by 
t h e  arrows, t h i s  is  a  counterf low arrangement.  For 
condenser use ,  ammonia vapor would e n t e r  a t  t h e  
t o p  w i t h  t h e  condensate  f lowing o u t  t h e  bottom i n  a  
cd-flow arrangement.  This  c o n f i g u r a t i o n  i s  incor-  
pora ted  i n t o  t h e  Mini-OTEC h e a t  exchangers .la 

The c u r r e n t  p roduc t ion  p l a t e  can  a l s o  b e  used i n  
a c ross f low c o n f i g u r a t i o n  a s  shown i n  Fig. 4; t h e  
seawater  f low is  a t  r i g h t  a n g l e s  t o  t h e  ammonia 
flow. The evapora to r  arrangement is  a s  shown, 
whereas t h e  ammonia f low p a t h  i s  reversed  f o r  t h e  
condenser.  

. Optimizat ion of p l a t e  des ign  f o r  two-phase f low 
r e q u i r e s  modi f i ca t ion  t o  t h e  i n l e t  and o u t l e t  p o r t s  
t o  accommodate t h e  l a r g e  d i f f e r e n c e  between l i q u i d  
and vapor  ammonia spec i f i c -vo lume.  F igure  5  i n d i -  
cates a n  approach t h a t  could b e  t aken  f o r  t h e  OTEC 
optimized p l a t e s .  For p a r a l l e l  flow, a  p o r t i o n  of 
t h e  gaske t  is  removed on each s i d e ,  a l lowing  sea- 
wa te r  t o  e n t e r .  The gaske t  is removed from t h e  
base  of  t h e  p l a t e  which serves a s  t h e  e x i t .  For 
c ross f low,  t h e  gaske t  is removed from bo th  s i d e s  a s  
was done t o  p rov ide  c ross f low i n  t h e  c u r r e n t  p r o - ,  
d u c t i o n  p l a t e  conf igura t ion .  

Recommended P l a t e s  f o r  PSD-I1 Appl ica t ion  

The PHE performance d a t a  i n d i c a t e  t h a t  t h e  c ross -  
flow c o n f i g u r a t i o n  i s  more c o s t  e f f e c t i v e  than  t h e  
p a r a l l e l  f low c o n f i g u r a t i o n .  The g r o s s  power re- 
qu i red  is 0.56 MW(e) less, and t h e  h e a t  exchangers 
r e q u i r e  20 pe rcen t  fewer p l a t e s .  The recommended 
10-MW(e) h e a t  exchanger p l a t e  c o n f i g u r a t i o n  i s  
shown i n  t h e  l e f t  hand p o r t i o n  of Fig. 6. 

The h e a t  exchanger t e s t  a r t i c l e s  a r e  requ i red  t o  
p rov ide  d a t a  which are d i r e c t l y  a p p l i c a b l e  t o  t h e  
10-MW(e) power system. The a n t i c i p a t e d  schedu le  
f o r  f a b r i c a t i o n  and d e l i v e r y  of t h e  t e s t  a r t i c l e s  
p rec ludes  t h e  u s e  of t h e  advanced technology p l a t e s .  
Appl icab le  d a t a  can be  ob ta ined  by us ing  t h e  l a r g e s t  
c u r r e n t  p roduc t ion  p l a t e s ,  model AL35, modified f o r  

10 MWi,) POWER MODULE PHE'S 0.2 MW(e) TEST ART1CI.F PHE'S 

CROSSFLOW ADVANCED PIATE CROSSFLOW MODEL A U 5  PLATE 

Fig. 6 Recommended plates for PSD-II OTEC application. 

t h e  c ross f low c o n f i g u r a t i o n  a s  shown i n  t h e  r i g h t  
hand p o r t i o n  of Fig. 6. The gaske t  is  modified t o  
p rov ide  seawater  c ross f low w i t h  t h e  added gaske t ing  
t o  prevent  seawater  f low i n t o  r e g i o n s  where s tagna-  
t i o n  and f o u l i n g  could occur.  

10-MW(e) Power System Heat Exchangers 

Using t h e  d a t a  syn thes ized  f o r  t h e  advanced p l a t e ,  
t h e  h e a t  exchangers f o r  t h e  10-MW(e) power system 
a r e  a s  dep ic ted  i n  Fig. 7. Appl ica t ion  of t h e  Alfa- 
Lava1 d e s i g n  op t imiza t ion  program r e s u l t  i n  a  con- 
f i g u r a t i o n  which requ i red  4  pe rcen t  more p l a t e s  i n  
t h e  evapora to r  than  i n  t h e  condenser.  Resu l t s  from 
off-design performance computation i n d i c a t e d  t h a t  
t h e  u s e  of  equa l  a r e a s  i n  t h e  evapora to r  and con- 
dense r  imposed a minor performance pena l ty .  The 
system was t h e r e f o r e  r e s i z e d  t o  p rov ide  10-MW(e) 
u t i l i z i n g  i d e n t i c a l  h e a t  exchanger modules i n  t h e  
evapora to r  and condenser subsystems. 

A t r a d e  s tudy  conducted by Alfa-Lava1 i n d i c a t e d  
t h a t  t h e  ins ta l - l ed  c o s t  inc reased  l i n e a r l y  wi th  
number of h e a t  exchanger modules w i t h  a  s l o p e  of 
0.625 pe rcen t .  This  change i s  due t o  t h e  inc reased  
number of end p l a t e s  and inc reased  manifolding re- 
qu i red .  The lower l i m i t  t o  t h e  number of modules 
i s  def ined  by t h e  maximum number of p l a t e s  which can 
be  incorpora ted  i n t o  a  s i n g l e  module. Alfa-Laval 's 
exper ience  i n d i c a t e s  t h a t  t h e  u s e  of more than  1200 
p l a t e s  pe r  module could r e s u l t  i n  m a l d i s t r i b u t i o n  of 
t h e  working f l u i d .  S ince  8480 p l a t e s  a r e  requ i red ,  
t h e  u s e  of seven modules would be  marginal  and e i g h t  
would b e  more d e s i r a b l e .  The s e l e c t e d  p re l iminary  
des ign  c o n f i g u r a t i o n  shown i n  Fig. 7 c o n s i s t s  of 
e igh t ,modules  i n  each h e a t  exchanger subsystem, w i t h  

F'Ah'AIIII Illl\'i (:HOSSILUIL each module i n c o r p o r a t i n g  1060 p l a t e s .  The number 
of p l a t e s  i s  f i v e  pe rcen t  g r e a t e r  t h a n  t h e  t h e o r e t i -  

Fig. 5 Future production plate technology. c a l  v a l u e  t o  a l l o w  f o r  v a r i a t i o n s  i n  p l a t e  w a l l  
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SUMMARY OF 10-MW(e) 
PHE ASSEMBLY 

PnYS'CAL ' EVAP. COND. CWRACT. 

NO.  FRAMES . 8 9 

NO.  PLATES 8 . a  8,480 

DRY W I G H T  (10) 411,378 411,378 

OPERAIING - 9.6 -10.1 
BVOYANCY 
(TONS) . 
VOL OF PHE 
ENV~LOPES (F?) 11,865 1 1 , M  

Fig. 7 10-MW (e) heat exchanger plate pack, 

th ickness  and t o  provide preheat ing,  i f  required.  
The corresponding 0.2-MW(e) des ign  is  shown i n  Fig. 
8. 

lo-W(e)  Power System Design 

A s  noted above, t h e  Conceptual Design por t ion  o f  
the*Phase I program was accomplished wi th  t h e  prem- 
i s e  t h a t  t h e  re fe rence  platform would be designed 
f o r  20-MW(e) n e t  power output .  I n  t h i s  arrangement, 
t h e  a f t e r  h a l f  of t h e  v e s s e l  was a v a i l a b l e  f o r  t h e  
PSD-I1 power system. Four h e a t  exchanger modules 
were i n s t a l l e d  i n  each wel l  wi th  vapor and l i q u i d  
manifolding loca ted  on t h e ' c e n t e r l i n e  of  t h e  vesse l .  
This  arrangement was no t  vo lumet r ica l ly  e f f i c i e n t  
s i n c e  it u t i l i z e d  only approximately one-third of  
th.e a v a i l a b l e  well  volume. 

shutdown of t h e  remainder o f  t h e  h e a t  exchanger 
subsystem. A s i m i l a r  arrangement i s  u t i l i z e d  f o r  
t h e  condenser subsystem and t h e  only d i f f e r e n c e  i s  
the  o r i e n t a t i o n  of  t h e  modules. .The evaporator  
modules a r e  o r i e n t e d  wi th  t h e  i n l e t  and e x i t  faces 
a thwar t sh ip  while  t h e  condenser faces  a r e  p a r a l l e l  
t o  t h e  v e s s e l  c e n t e r l i n e .  

Two approaches were taken f o r  t h e  design of  t h e  
lo-MW(e) power system. The I n t e g r a t e d  Arrangement 
assumes t h a t  t h e  power system design and t h e  p l a t -  
form design a r e  i n t e g r a t e d  through a working group 
t o  ensure incorpora t ion  of  a l l  i n t e r f a c e  requ i re -  
ments. The Modular Arrangement assumes t h a t  t h e  
v e s s e l  is  designed a s  a separa te  e n t i t y  wi th  t h e  
proviso t h a t  wel l  dimensions a r e  adequate f o r  power 
system i n s t a l l a t i o n .  

The .Preliminary Design por t ion  o f  t h e  program 
I n t e g r a t e d  Configurat ion 

was t h e r e f o r e  accomplished u t i l i z i n g  one h a l f  o f  The genera l  arrangement of  t h e  10-MW(e) i n t e -  
t h e  a f t e r  h a l f  of  t h e  platform. A l l  e i g h t  evapor- g ra ted  conf igura t ion  i s  shown i n  Fig. 9 .  The 
a t o r  h e a t  exchanger modules a r e  i n s t a l l e d  i n  one i n s t a l l e d  power system occupies a space  envelope 
w e l l  us ing  v e r t i c a l l y  s tacked pa i r s .  Each p a i r  i s  on t h e  re fe rence  platform o f  113.5 f t  f o r e  and a f t  
loca ted  i n  a s e p a r a t e  compartment t o  permit c lean-  and 60.5 f t  from c e n t e r l i n e  t o  outboard o f  t h e  
i n g  and per iod ic  refurbishment without  r e q u i r i n g  torque box. The condenser wel l  dimensions a r e  30 

Fig. 8 Heat exchanger test article design. 

8.4-4 

SUMMARY O F  0.2-MW(e) PHE 
TEST ARTICLES 

PHYSICAL 
CHARACTERIS. 

NUMBER OF 
PLATES 

DRY WEIGHT 
(LB: 

VOLUME OF 
PHE ENVELOPE 
( F T ~ )  

EVAPORATOR 

21.J 

27469 

359 

CONDENSER 

210 

27469 

359 



f t  long by 38.5 f t  across. The evaporator well is  p s i  a t  the design flow rate.  I n  order t o  meet t h i s  
similar  t o  the condenser but rotated 90 deg t o  design requirement, the vapor piping pressure lose  
allow for  d i r e c t  seawater i n l e t  from the warm water must, therefore,  b'e equal t o  o r  l e s s  than 0.8 psi. 
pump. A machinery space is located between the The piping pressure lo s s  is  a function of length-to- 
well and ~ l a t f o r m  center l ine  bulkhead. diameter r a t i o  and velocity which, i n  turn, i s  a l so  

Eight condensers and eight  evaporators are  
arranged i n  ve r t i ca l ly  stacked pai rs  and divided 
in to  compartments by water-tight par t i t ions  t o  
allow iso la t ion  from the r e s t  of the heat exchanger 
subsystems for cleaning, maintenance o r  removal. 
Piping t o  and from the heat exchangers penetrates 
the water-tight well bulkheads t o  pumps inside the 

a function of diameter. In  addition, bends and 
f i t t i n g s  can be equated t o  equivalent LID. An i t e r -  
a t i v e  procedure was used t o  determine the diameter 
which r e s u l t s  i n  a l i n e  lose of l e s s  than 0.7 psi. 
This approach was used t o  allow fo r  the incorpora- 
;tion of standard 'diameter pipe Sizes i n  the  
ins ta l la t ion .  

machinery spice. Flexible pipe joint; perform two The turbine-generator i s  oriented i n  the fore and 
functions: reduce in the short, 'O"- af t  direction to  minimize complexity and re- 
pled pipes tha t  m y  occur a s  a r e s u l t  of r e l a t ive  duce gyroscopic loads on the,bearings.  The conden- 
PHE-bulkhead motion, and (2) compensate for any sa t e ,  evaporator feed, and CIP pumps are  located i n  
misalignment tha t  may occur a f t e r  ins ta l la t ion . .  the pump room below the 32 f t  elevation t o  ensure 
 he heat exchangers a re  side-mounted on the par t i -  adequate pump suction head. An access hatch of 9 by 
tion water to the load* due 9 f t  is provided i n  each deck t o  allow i n s t a l l a t i o n  
t o  the pressure drop across the m, to  bear d i rec t -  of equipment i n  the machinery space. An individual 
l y  on the waterbox. access hatch, 18 by 35 f t ,  i s  provided for the 

The a m n i a  vapor piping is sized t o  meet the re- brbine-generator ins ta l la t ion .  A fume-tight, poai- 

quirement tha t  "the amnia vapor pr&ssure drop with- t i ve ly  vent i la ted  s t a i m e l l  extends from the turbine- 
i n  each heat exchanger power modute ( inclusive of generator deck t o  the pump room t o  provide mainten- 
manifolding) sha l l  not exgeed 2 percent of the vapor ance personnel acceaes and t o  ac t  88 an am~ia-vapOr-  
pressure difference a t  82 P i n  the evaporator and a t  f ree  escape route i n  the event of any accidental 
4 0 ' ~  i n  the condenser." On t h i s  basis ,  the allowable s p i l l - o r  leaks. Decks w i l l  be required a t  the 
system pressure drop i s  1.7 psi. The design-point 32.13-, 45- and 61-ft levels,  i n  addit ion t o  p a r t i a l  
performance indicates t ha t  the a m n i a  vapor pree- decks i n  between, for  auxi l ia ry  system equipment 
sure lo s s  i n  the evaporator i s  0.6 p s i  and the mounting. Because of the potent ia l ly  hazardous lo-  
pressure gain i n  the condenser is  0.2 psi. The sep- cation,  a l l  motors i n  the machinery space a r e  ex- 
a ra to r  specification limits the pressure drop t o  0.5 plosion proof and a l l  e l ec t r i ca l  power conditioning 

CONDEN:FR', W t l  l 
Y 'O.AOI,,IUEUTS 
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Fig. 9 Integrated arrangement. 



equipment such a s  switchgear, t ransformers ,  e t c . ,  
is loca ted  i n  the torque box s t r u c t u r e  above ' the  
main deck i n  a  p o s i t i v e l y  v e n t i l a t e d  room. This per- 
m i t s  i s o l a t i o n  from any explosion hazard without  t h e  
n e c e s s i t y  of  providing inord ina te ly  long e l e c t r i c a l  
c a b l e  runs.  

Modular Configurat ion 

An a l t e r n a t e  approach, t h e  modular conf igura t ion ,  
was based on t h e  assumption t h a t  minimum i n t e g r a t i o n  
coord ina t ion  would be a v a i l a b l e  during the  platform 
design.  C r i t e r i a  used i n  t h e  design of the  modular 
conf igura t ion  were t h a t  a l l  hea t  exchanger waterboxes, 
supports  and compartmentation s t r u c t u r e  would be 
supported from the main deck and t h e r e  would be no 
piping pen t ra t ions  i n  the v e r t i c a l  wel l  bulkheads. 

The h e a t  exchanger and waterbox arrangement within 
t h e  w e l l s ,  the  a u x i l i a r y  systems and the e l e c t r i c a l  
power condit ioning equipment arrangement e x t e r n a l  t o  
the w e l l s ,  a r e  s i m i l a r  t o  those of t h e  integrated 
conf igura t ion .  The ammonia vapor and l i q u i d  system, 
and t h e  h e a t  exchanger clean-in-place (CIP) system 
r e q u i r e  v e r t i c a l  r i s e r s  and downcomers wi th in  the  
wel l s .  The impact of these  c r i t e r i a  l ed  t o  the  
n e c e s s i t y  of having: 

Well support  s t r u c t u r e  attachment i n t e r f a c e s  a t  
t h e  main deck bordering each wel l ,  a  support  
edge along the torque box a t  the  main deck, and 
i n d e n t a t i o n  of  t h e  torque box s t r u c t u r e  

Pads embedded i n  t h e  concre te  w e l l  t o  absorb 
wel l  s t r u c t u r e  bear ing  loads  

A change i n  wel l  dimensions from 40 f t  by 30 f t  
t o  : 

Evaporator Well Condenser Well 

Athwartship 35.3 f t  36 f t  

Longitudinal  36 f t  33.3 f t  

The machinery space length was kept  a t  50 f t ,  
b u t  t h e  width was reduced t o  36 f t  t o  conform 
t o  t h e  w e l l  dimensions 

Deep w e l l  a m n i a  condensate and CIP pumps i n  
t h e  w e l l s ,  plus  separa tor  d r a i n  pumps t o  r e t u r n  
t h e  separa tor  l i q u i d  d r a i n s  and t h e  l i q u i d  run- 
back from the  v e r t i c a l  runs of  t h e  evaporator  
vapor piping 

Addi t iona l  cor ros ion  p r o t e c t i o n  f o r  t h e  h e a t  ex- 
changer support s t r u c t u r e  

The condenser and evaporator  wel l  arrangements a r e  
s i m i l a r  t o  t h e  i n t e g r a t e d  conf igura t ion  i n  which t h e  
hea t  exchangers a r e  s i d e  mounted t o  t h e  wel l  s t r u c -  
t u r e  water  boxes, and t h e  h e a t  exchangers a r e  com- 
partmented i n  p a i r s .  The seawater e n t e r s  through a n  
opening i n  t h e  s t r u c t u r e ,  t r a v e l s  v e r t i c a l l y  down- 
ward t o  t h e  h e a t  exchangers, ac ross  t h e  h e a t  
exchangers, and e x i t s  through openings i n  t h e  bottom. 
Each compartment can be  i s o l a t e d  from t h e  o t h e r s  by 
a n  i n l e t  s l u i c e  g a t e  and by a  h y d r a u l i c a l l y  ac tua ted  
c l o s u r e  g a t e  loca ted  a t  the  compartment bottom. 

The h e a t  exchanger support  s t r u c t u r e  is  a  welded 
s t e e l  s t r u c t u r e  bo l ted  t o  a  s t e e l  bearing pad around 
t h e  perimeter  o f  t h e  well .  Each s t r u c t u r e ,  weightng 
approx.imately 500 LT empty of  h e a t  exchangers, piping,  
and pumps, can be  i n s t a l l e d  i n  one o f  t h r e e  ways: 

Continuously f a b r i c a t e d  while  being lowered 
from t h e  main deck 

Preassembled i n  modules and welded toge ther  a s  
each module is  lowered from the  w e l l  

Preassembled a s  a  completely f a b r i c a t e d  s t r u c -  

t u r e  - then lowered e i t h e r  by a  c rane  o r  a  jack- 
down system 

The f i r s t  two methods al low t h e  wel l  s t r u c t u r e  t o  
be  i n s t a l l e d  e i t h e r  dockside o r  on s t a t i o n  where ma- 
t e r i a l  and/or modules can be t ranspor ted  t o  t h e  s i t e  
and t h e  a v a i l a b l e  platform handling systems can low? 
e r  the  s t r u c t u r e  i n t o  place. Because t h e  500 LT . 
s t r u c t u r e  weight would r e q u i r e  handling equipment be- 
yond the  capac i ty  of t h a t  on the  platform, t h e  t h i r d  
method could be accomplished e i t h e r  dockside, using 
land-based c rane  f a c i l i t i e s  a r  on s i t e ,  us ing  high- 
capac i ty  f l o a t i n g  c rane  barges,  such a s  GOLIATH II 
o r  SUN 800 o r  o thers .  

The ammonia condensate pumps a r e  deep wel l  pumps 
i n  45-in.-OD p r e s s u r e - r e s i s t a n t  cans t h a t  se rve  a l s o  
a s  sumps. The pump cans a r e  a n  i n t e g r a l  p a r t  o f  t h e  
w e l l  s t r u c t u r e  a t  t h e  junc ture  o f  t h e  wel l  p a r t i t i o n s  
and wel l  frame. The cans a r e  evacuated by means of  
a  j e t  pump a t  t h e  base of  t h e  can. Any r e s i d u a l  
a m n i a  t h a t  cannot be removed by the  j e t  pump i s  re -  
moved by t h e  ammonia unloading system vacuum pumps. 
The can volume i s  then purged p r i o r  t o  pump removal. 
One CIP pump i s  loca ted  i n  each well .  Manifolding 
al lows t h e  pumps t o  dewater ind iv idua l  compartments, 
f i l l  and c i r c u l a t e  CIP oo lu t ion  through t h e  h e a t  
exchangers i n  an oppos i te  d i r e c t i o n  t o  normal sea-  
water  flow, and then r e t u r n  the  CIP s o l u t i o n  t o  
holding tanks. The r e s i d u a l  CIP s o l u t i o n ,  approxi- 
mately 6 percent  o f  compartment seawater volume, i s  
f i r s t  d i l u t e d  with seawater by opening p o r t s  i n  the  
i n l e t  s l u i c e  g a t e  p r i o r  t o  r e l e a s i n g  s o l u t i o n  i n t o  
t h e  ocean. I f  removing a l l  r e s i d u a 1 , s o l u t i o n  i s  r e -  
quired f o r  maintenance, a  small por tab le  pump can be 
lowered i n t o  t h e  wel l  and a l l  r e s i d u a l  water  pumped 
overboard. 

To minimize vapor piping l o s s e s  and make a v a i l -  
a b l e  more space i n  the  machinery a r e a ,  the  l i q u i d  
s e p a r a t o r s  a r e  i n s t a l l e d  i n  t h e  evaporator  well .  
This ' r e s u l t s  i n  a  small inc rease  i n  wel l  length t o  
accommodate the  h e a t  exchanger i n s t a l l a t i o n  and r e -  
moval envelope. The drainage from the  l i q u i d  sepa- 
r a t o r s  and any l i q u i d  run back from t h e  v e r t i c a l  
evaporator  vapor pipe i s  pumped v i a  deep wel l  sepa- 
r a t o r  d r a i n  pumps t o  t h e  ammonia supply r e s e r v o i r .  

To ba'lance heat-exchanger seawater flows, t h e  
w e l l  s t r u c t u r e  on t h e  i n l e t  s i d e  of t h e  hea t  ex- 
changers is  shaped t o  provide a  cons tan t  seawater 
v e l o c i t y .  This arrangement a l s o  permits  heav ie r  
s t r u c t u r e  a t  t h e  base of t h e  compartments. Non- 
s t r u c t u r a l  t a i r i n g s  a r e  i n s t a l l e d  on t h e  discharge 
s i d e  of t h e  waterbox t o  c r e a t e  an equiva len t  back 
pressure and balance t h e  pressure  drop across  t h e  
upper and lower h e a t  exchangers. 

Heat Exchanger Tes t  A r t i c l e s  

The 0.2-MW(e) h e a t  exchangers a r e  designed t o  
s imula te  t h e  10-MW(e) power system arrangement from 
thermodynamic and f l u i d  dy~laluic s tandpoin t s .  Slnce 
the  modif icat ion of t h e  Model AL35 p l a t e s  (Fig. 6) 
reduces t h e  e f f e c t i v e  p l a t e  h e a t  t r a n s f e r  a r e a ,  t h e  
:number of p l a t e s  required is g r e a t e r  than 1/50 t h e  
number of p l a t e s  i n  t h e  10-MW(e) power system. The 
r e s u l t a n t  conf igura t ion  is shown i n  Fig. 8; 

To provide t h e s e a w a t e r  s i d e  crossf low on board 
t h e  OTEC-1 t e s t  f a c i l i t y ,  t h e  h e a t  exchangers must 
be enclosed i n  waterboxes. An exploded view of the  
waterbox arrangement i s  shown i n  Fig.  10. The 
waterbox i s  designed t o  mate with t h e  2-f t -dia .  
seawater piping on board OTEC-1 and with t h e  clean- 
in-place system t h a t  is  used p e r i o d i c a l l y  t o  
supplement the  use of c h l o r i n e  a s  a  biofoill- '  



countermeasure. An a r t i s t ' s  rendi t ion  of the  t e s t  
hardware i n s t a l l e d  i n  OTEC-1 is shown.in Fig. 11. 

.The hea t  exchangers a r e  i n s t a l l e d  on t he  machinery 
' f l a t  a t  the  21 foo t  l eve l .  The ammonia pumps, sump! 
and preheater ,  and t he  pumps and s t o r age  tank f o r  

b t h e  clean-in-place so lu t i on  a r e  mounted on a foun- 
da t i on  f l o o r  above t h e  double bottom.' 

Fig. 11 OTEC-1 hardware installation. 
, 

Fig. 10 Exploded view of waterbox arrangement. proposed by Alfa-Laval. Use of t h i s  gener ic  type 
of heat  exchanger is presen t ly  being demonstrated 

The objec t ives  of t he  t e s t  program a r e  (1) t o  
eva lua te  t he  thermodynamic and f l u i d  dynamic per- 
formance of t h e  hea t  exchangers; (2) t o  determine 
t h e  b iofoul ing  c h a r a c t e r i s t i c s  and eva lua te  t he  
e f fec t iveness  of t h e  b iofoul ing  countermeasures; and 
(3) t o  eva lua te  t he  long-term performance from 
ma te r i a l s  and maintenance s tandpoints .  A p a r t  of 
t h e  Phase I1 e f f o r t  is  r e l a t e d  t o  t he  f i p a l i z a t i o n  
of t h e  t e s t  plan. 

Concluding Remarks 

on Mini-OTEC. The hea t  exchanger t e s t  a r t i c l e s  a r e  
s ized  t o  provide 1150th t h e  thermal f l u x  of t h e  
10-MW(e) power system hea t  exchanger. The t e s t  
a r t i c l e s  and r e l a t ed  hardware a r e  designed t o  be 
compatible wi th .  t h e  O T C - 1  test, f a c i l i t y .  A c o w  
panian paper y Ovens addresses.systcm rcsponse 
and cont ro l .  1k 
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OPTIMIZING PLANT DESIGN FOR MINIMUM COST PER KILOWATT 
WITH REFRIGERANT-22 WORKING FLUID 

Fifteen fluid properties were identified and 
then.prioritized according to OTEC program impact. 
Weighting factor points were assigned to these 
characteristics as shown in Table 2. In this quasi- 
objective comparison ammonia did not finish near the 
top, because it has some serious shortcomings: tip 
speed is too high for a single-stage turbine; its 

M. G .  Olmsted, M. J .  Mann, and C. S. Yang 

Schenectady, New Yovk 

Abstract Table 1 

Comparison of ammonia and freon characteristics. 
A rationale for the selection and use of Refrig- 

erant-22 as the Ocean Thermal Energy Conversion FLUID PROPERTIES FREON.22 - AMMONIA - 
(OTEC) working fluid and the basic logic and re 
of a power system design optimization and off-d 317 BTUWR.FT~.OF 1702 BTUIHR.FT~.OF 
analysis for a 0. 2-We, plate-type, OTEC heat ex- 

CYCLE 
540 BTUWR.FT~.~F 1 4 ~ )  BTUIHR.FT~.~F 

3.15% 3.21% 

the warm and cold seawater pumps and the boiler feed 
pump(s) as indicated in Fig. 1. Turbine driven 
pumps improve the overall plant e£ficiency and pro- 
vide better control during off-design conditions. 
A comparison of the turbine-driven pump system with 
a motor-driven pump system demonstrated that the 
former would lower the plant cost by 7%. 

changer and a 10-MWe power module are presented. 
The results based on thermal performance indicate 
that a system using R-22 will cost only 10% more 
than one using ammonia when both systems have en- 
hanced surfaces on the fluid side of the heat ex- 

corrosive characteristics limit materials available Flat-plate, cross-flow, "shell-less" heat ex- 
for the heat exchangers: it is not soluble in oil. -, 

VAPOR PRESSURE AT 52"~ tmps~o 02.7 PSIG 
VAPOR PRESSURE AT ~ P F  142 PSIO lnd PSIG 
TURBINE SIZE (25 MWJ 

WHEEL DIAMETER 168 IN 981 IN 
TIP SPEED 176 FPS 698 FPS 

thus leaving open tie possibility of the oil foul: changers are used.' Seawater will flow horizon- 

NO YES 
changers. However, even this small dif E:::::: :: ErER YES NO 
disappear when operational systems are built. CORROSIVITY NO YES 

FLAMMABILITY NO YES 
Introduction TOXICITY NO . YES 

ENVIRONMENTAL EFFECTS NO YES 
SAFETY ASPECTS NO YES 

The design of an OTEC power module with flate- 
plate, cross-flow heat exchangers must address a 
very large number of variables. A computer program ing heat transfer surfaces; but it is "luble in 

' 

for power system (module) design optimization and water leaving separate the work- 

off-design analysis was developed by General Elec- ing any seawater that leaks in' Leakage 

tric and Sea Solar Power during Phase I of the De- either seawater into ammonia Or 

partment of Energy's OTEC Power System Develop-. seawater leads to calcareous scale deposits. There 

ment (PSD) I1 program. Sea Solar Power, founded by is an concern about corrosion product 
the Andersons, has long advocated the use of a film development related to oil. Ammonia is toxic, 

hydrocarbon or a Freon-type refrigerant as an OTEC humans and aquatic life, and it is flam- 
mable. In summary, ammonia offers excellent heat . 

working fluid,ls2 whereas others have advocated transfer capabilities, but this advantage is offset 
3a-c ammonia. The computer program is designed to by concerns' 

find minimum power system cost. It incorporates ex- 
isting Freon and ammonia property programs, power From the ratings in Table 2, R-22 emerged as a 

system performance programs, heat exchanger design leading contender. ~lthough R-22's theoretical heat 

programs, and cost minimization programs. transfer characteristics are much lower than ammon- 
ia's, Ganic & Wu found that with enhanced heat trans- 

Selection of  ofk king Fluid fer.surfaces, the coefficients become very close. 
4 

R-22 permits a much lower turbine tip speed, is not 
Initially, some 17 fluids were evaluated and then corrosive or flammable, and requires no particular 

reduced to seven prime contenders: R-311114, R-121 handling precautions. It is soluble in oil, avoiding 
31, R-500, R-22, isobutane, ammonia, and propane. hydrocarbon deposition, and can be readily separat- 
The Specialty freons are azeotropic mixtures manu- ed from seawater. Although some fluorcarbons have 
factured to obtain specific performance character- been of concern in ozone degradation, R-22 repre- 
istics. Efforts were directed to development of a sents no environmental problems in this regard. 
holistic approach to working fluid selection that 
would take into account various properties in addi- System Description 
tion to efficiency of heat transfer. Although cer- 
tain supporting system costs and requirements can The system used for the preliminary design de- 
be'developed to compare relative costs of ammonia velopment consists of a basic Rankine cycle which 
versus freon, it is difficult if not impossible to uses warm (surface) seawater to boil the working 
quantify health risks or material handling problems. fluid, fxpands the vapor through a turbine, and then 
Table 1 compares various properties of Freon-22 condenses it using cold seawater from a 3000 ft 
(or R-22) and ammonia. depth. The design uses auxiliary turbines to drive 



Table 2 .  

Working fluid evaluations. 

.. . -- . 

PROPANE 
POINTS 

110 

85 

65 

24 
75 

25 

65 

25 ' 

65 

50. 

. . 

NO. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

R-22 
POINTS 

80 

120 

60 . 

80 

60 

75 

75 

70 

65 

\ 50 

ISOBUTANE 
POINTS 

. 90 

65 

- 100 

40 

70 

25 

65 

25 

65 

50 

CHARACTERISTICS 

HEAT TRANSFER 
COEFFICIENTS FOR 

BOILING UNIT 
CONDENSING UNlT 

TURBINE SIZE 
WHEEL DIAMETER 
WHEEL TIP SPEED 

VAPOR PRESSURE AT 
5Z°F FOR 

CONDENSER DEPTH 
7Z°F FOR 

BOILER DEPTH 

PUMPING POWER 

CYCLE EFFICIENCY 
(ACTUAL) 

ENVIRONMENTAL 
EFFECTS 

CORROSION ACTION 
ON MATERIALS 

SAFETY ASPECTS 

CORROSIVENESS IN 
WATER 

TOXICITY 

FACTOR 
POINTS 

200 

120 

100 

80 

. 80 

75 

75 

70 

65 

50 

AMMON lA  
POINTS 

200 

85 

70 

50 

80 

20 

20 

20 

20 

10 

R-311114 
POINTS 

70 

65 

90 

' 80 

65 

70 

. 65 

70 

65 

50 

R-12/31 
POINTS 

55 

95 

85 

80 

65 

70 

65 

70 

65 

50 

R-500 
POINTS 

60 

90 

75 

8 6  

65 

70 

65 

70 

65 

50 



tally through channels making a single pass from 
one end to the other. Alternate vertical, 2-ft- 
high channels separated from the water by the "flat 
plates" contain the working fluid. In the evapor- 
ator, the working fluid floods the verti.c,al chan- 
nels. Nucleate "pool" holling occurs on the fluid 
side plate walls. The vapor bubbles rise to the 
tops of the channels where a low-velocity separat- 
or or demister separates the vapor and liquid. The 
vapor is then directed to the main and/or auxiliary 
turbines for expansion. In the condenser, the 
working fluid condenses on the vertical channel 
walls and drains to the bottom where it is collec- 
ted and taken away by the condensate feed pump. 

Subroutines in the Computer Program 

The heat exchanger sub'routines calculate the 
water-side heat transfer coefficients based on one 

, 
of several correlations (Diessler, Colburn, Popov, 
etc.). Alternate water-side fouling factors or 
correlations can also be used. Enhancement of the 
fluid-side coefficients is not extensively documen- ' 

ted for freon and is therefore the subject of a 
separate test program and paper. After the coeffi- 
cients have been calculated, the subroutine calcu- 
lates the heat transfer area requried, the length 
and the width of the units, and water-side pressure 

2 
drops. An input unit cost ($/ft ) then yields a 
total cost of the heat exchanger units. 

The performance subroutine is based on a pro- 

gram presented by ~belson.' Changes to the logic 
were required to incorporate the turbine-driven , 

pump features, to delete the separate demister, 
and to account for piping pressure drops. The 
subroutine uses component unit costs, turbine 
efficiencic3,~evaporator outlet Lemperature, and 
the relative elevations of equipment as input data 
and then determines fluid properties at each state 
point, load for each component, minimum pipe 
sizes, piping pressure drops, Carnot, Rankine and 
plant efficiencies, and the cost of each major 
component. 

There:are two subroutines which can be used to 
calculate the fluid properties: one based on 
curve fits for freon and ammonia, and the Univer- 

sity of Utah "Freon Properties ~rogram."~ Another 
program based on ASHRAE calculation procedures 
(used by Sea Solar Power) is available but is not 
presently incorporated into the optimization pro- 
gram. 

Two minimization programs are incorporated into 
the program, one based on a heuristic direct - 
search approach,' and one called "MAXOPT" which is 
on the General Electric TIP0 time share computer. 
Use of both programs permits an independent check 
of validity. 

Dr. Mos teller's program7 uses a direct-search 
minimization algorithm which consists of global 
and local search strategies. Direct-search al- 
gorithms do not require derivatives; only function 
values. 

The "MAXOPT" Fortran program maximizes an un- 
constrained multivarihte function. Derivatives 
are not required. This program consists of two 
simple maximizing codes, LOGIC1 and LOGIC2, both 
written as subroutines, and an analysis program 
which calculates Lhe value of the response.func- 
tion and issues a call to one of the subroutines. 
Both strategies are'simple hill-climbers: LOGIC1 
implements an optimum gradient technique when 
used in MODE = 1 or a steepest ascent method when 
MODE = 0. The program is dimensioned for 10 
adjustable parameters. For the present use it 
was necessary to modify the "MAXOPT" program 
slightly to have it find the minimum ($/kW) value 
in lieu of the maximum. 

The logic of the program is shown in Fig. 2. 
Typical input data and results are shown in 
Table 3. The input data and initial data and 
initial conditions for each of the variables are 
used by the heat exchanger, fluid properties and 
system performance subroutines to establish the 
initial design conditions and component sizing , ' 

data. Input unit costs are used with the calcu- 
lated sizes to provide the component costs, which 
with the support system costs, are totaled to 
determine total plant cost and $/kW for the plant. 
.This procedure is repeated with new sets of vari- 
able numbers until the minimum cost design is 
found, then the off-design subroutine can be ac- 
tivated. 

INPUT INITIAL CONDITION 

CALCULATECOMPONENT 
AND SYSTEM 
DESIGN POINTS . 

COMPONENT COSTS 

CALCULATE PLANT 
TOTAL COSTS 

RESPONSE 
CONDITION FUNCTION 

4 
Fig. 2 Optimization program logic. 

Parametric Analysis 

In general, these methods are successful in Typical sensitivity analysis is shown in Figs. 
locating a small neighborhood containing the 3-6. 
minimum and are attractive since the exact mini- 
mum is not needed and computer time and storage Figure 3 shows water velocity heat exchanger . 
can be saved by eliminating derivative computa- versus fluid side coefficients (enhancement) for 
t ions. the evaporator and condenser with R-22 and ammonia. 



Table 3 

Typical input parameters and results. 

Evap. Cond. 

Input Parameters, HX System 
, Core material Cu-Ni Cu-NI 

Conductivity of core mt., Btu/hr-ft2-'F/ft 35 35 
Heat transfer coeff. function (W) (Dysler) 1.00 1.00 
Heat transfer coeff. function (F) 2500 3500 
Fouling factor (water side), hr-ft2-OFIB~U 0.0003 0.0003 
Fin factor 3.500 4.251 
HX core plate thickness, in. 0.050 0.050 
Water passage shape Rect . Rect. 
Passage height (water side), in. 0.500 0.500 
Passage width (water side), in. 0.375 0.375 
Passage width-lfluid .side), in. 0.188. .0.188 
End spacer thickness (W pass), in. 0.500 0.500 . 
Spacer thickness (W passA, in. . 0.050 0.050 
Water temp. (entrance) .. F 82.0 40.0 
Cost of heating area, $/ft2 15 15 
Cost of aux. turbine. $/kW 350 350 

Results. HX System. 
Fluid temperature (4 6 6), OF 71.0 50.26 
Seawater velocity, ft/sec 4 3.715 
Temperature diff. across HX. OF 3.255 5.241 
Log mean temp. diff, OF 8.937 7.329 
hw. water side, Btulhr-ft2-OF 1209 819.5 

hf, fluid side; ~tu/hr-ft~-'F 2500 3500 

h p, preheating section. Btu/hr-f t2-OF f 
1000 

Preheating area. Zft2. , 11432 
Boiling area, ft 195528 
Total HX area, ft 206960 291074 
Heating area/net kW, ft /kWe 20.696 29.107 
U, overall coeff. 607.5 519.5. 
Number of water passages 5167 3181 
Length of HX, ft 7.96 17.3 
Width of HX, ft 285 175.6 
AP across HX (water), ft 2.12 6.34 
Heating area cost, $K 2155 2884 
HX a w .  equip. cost, $K 348 2229 
Total cost of HX. $K 2504 5113 
Heating area cost, $/kW 215.5 288.4 

' Main Aux . 
Turbine Turbine 

Cycle Analysis 
Turbine efficiency 8.90 0.80 
Genrator efficiency 0.97 
Costlturbine kW 250 350 
Pump efficiency 0.85 0.85 

Results. Cycle Analysis . Entropy 

Spec. vol. ' Btu 
State Press. Trp' Enthalpy - 

ft3/lbm Btu/lbm lbm-OR Quai- = psia F i t y  

Flow rate, 

lo6 lb /hr . 

Main turbine load 
Cond. turbine load 
Boil. turbine load 
Pump turbine load 
A w .  turbine load 
Condenser load 
Boiler load 
Feedwater pump HP 
Warm water 
Cold water 
Carnot cycle eff. 
Rankine cycle eff. 
Plant efficiency 
Cost of main TB 
Cost of a w .  TB 
Total cost out~ut 

35.58 MBtu/hr 
2.21 MBcu/hr 
1.23 MBtu/hr 

185 MBtu/hr 
5.29 MBtu/hr 

1108.3 MBtu/hr 
1145.4 

' 726 H.P. 
729,200 G.P.M. 
438,200 G.P.M. 

3.87 % 
3.11 4, 
2.98 % 

$261/kW 
$54.3/kW 

$1041/kW 



WATER SIDE VELOCITY 
vs 

FLUID SlDE COEFFICIENT 

'NORMALIZED PLANT COSTS 
v S 

ENHANCEMENT FACTOR 

\ 

, YEARLY OUTPUT PROFILE 

4 - 

MONTH 

Fig. 5 Monthly variation of plant output. 
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Fig. 6 Effects of enchancement and fouling factor'on heat 
exchanger and plant costs. 

, This f i g u r e  does no t  n e c e s s a r i l y  represen t  a r e a l  
p l a n t  s i n c e  t h e  condenser and evaporator  c o e f f i -  
c i e n t s  were s e t  equal  t o  each o ther .  The d i f f e r e n c e  
between t h e  condenser and evaporator  v e l o c i t i e s  can 
be  a t t r i b u t e d  t o  t h e  f a c t  t h a t  a c o s t  func t ion  f o r  

I l l 1  , t h e  cold water  p ipe  is  included i n  t h e  Program- 
1 2 3 4 5 6 7 8 9 10 11 I 2  13 An increased v e l o c i t y  i n  t h e  condenser w i l l  r e s u l t  

ENHANCEMENT FACTOR 
i n  a smal le r  diameter ( i . e . ,  cheaper) cold water  
p ipe  than would r e s u l t  i f  equ iva len t  v e l o c i t i e s  

Fig. 4 Effect of fluid-side surface enhancement on plant cost. were used. It can be  concluded from t h i s  evalu- 
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ation that the velocities in the heat exchangers 
should be between 2 and 4 ftfsec for either R-22 

\ or ammonia assuming that there is no water side . 
. enhancement factor. 

Figure 4 shows normalized plant cost vs en- 
hancement factor for the fluid side of the heat 
exchangers. G.E. and S.S.P. consider that the 
flammability, toxic, corrosive, etc. concerns 
with 'ammonia vs R-22 will ultimately result in 
more.expensive auxiliary systems and turbines 
for an ammonia plant. This figure does not re- 
flect this difference, but rather assumes that 

-r all systems and equipment will have the same . 
base unit costs. As can be seen, enhancing sur- 
faces for an ammonia system results in less than 
a 12% reduction in plant costs, whereas for the 
R-22 system a 70% reduction could be achieved. 
There is less than a 10% difference between the 
minimum cost points. 

Figures 6 and 7 show additional sensitivity 
results. 

Off-Design Performance 

The off-design subroutine uses the system 
design specified by the optimization program and 
applies monthly temperature difference data. A 
typical result is shown in Fig. 5. 

Conclusions 

The following general conclusions can be drawn 
based on the data presented. 

1) Refrigerant 22 should continue to be con- 
sidered as a viable alternate to ammonia 
as an OTEC working fluid. 

. 2) An OTEC power system design which uses en- 
hanced fluid-side surfaces on the heat ex- 
changers and ammonia as the working fluid 
could result in only a 12% reduction in 

, plant cost when compared with the unen- 
hanced case, whereas a 70% reduction in 
plant costs could result for R-22. 

3) The performance results indicate that the 
optimized R-22 power system will cost 10% 
more than the optimized ammonia power sys- 
tem, but this small differential may dis- 
appear when a detailed design is done which 
takes into account the health, safety, cor- 
rosion and environmental concerns of using 
ammonia. 
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DISCUSSION 
Paper 4A-5, Olmsted 

M. Olmsted: The enhancement factor is the ratio of 
the coefficient that we expect divided by the 
smooth plate coefficient. In some of the testing 
we have measured factors of 6 to 7 over a plate 
for freon. I think Union Carbide's surface yielded 
a factor of 3 or 4 for ammonia in some of the ANL 
testing. 

Question: In one figure you showed the effect of 
enhancement factor on relative costs. How did you 

arrive at the values of cost per enhancement factor 
or ratio per enhancement factor being 0.67 for 
ammonia and 0.25 for freon? What are the differen- 
ces that cause that? 
M. Olmsted: That was based on a bid that we re- 
ceived from a commercial applier of enhancements, 
who said that.the cost would be' a certain number of 
dollars, and we would get a certain performance, 
and the same costs would apply whether it was an 
ammonia or a freon unit. I agree that this may not 
be the best way to use that parameter, but it was 
the best we had to use at the time. 



gues t ion :  Do you assume t h a t  t h e  wate rs ide  c o e f f i -  
c i e n t  i s  cons tan t  while  enhancing t h e  ammonia? 

M. Olmsted: The water-side c o e f f i c i e n t  v a r i e s  with 

Y he  v e l o c i t y ,  which is t h e  f r e e  f l o a t i n g  v a r i a b l e  
n t h e  program. A s  t h e  enhancement goes up (and t h e  

c o e f f i c i e n t s  go up), t h e  optimum v e l o c i t y  on t h e  
water  s i d e  tends t o  go up. 

Quest ion:  So you a r e  t r y i n g  - t o  optimize both s i d e s ,  
. n o t  j u s t  t h e  working f l u i d  s i d e ?  

M. Olmsted: Yes. 

R. Lyon, ORNL: I n  your comparison of t h e  environ- 
mental e f f e c t s  of t h e  freon a s  opposed t o  t h e  am- 
monia, d id  you take  i n t o  account t h e  p o s s i b l e  ef-  
f e c t s  on t h e  ozone l a y e r  of t h e  freon? 

M. Olmsted: The f reon  t h a t  we s e l e c t e d ,  R-22, has  
a  r e l a t i v e l y  small  e f f e c t  on t h e  ozone l a y e r  com- 
pared t o  t h e  f reons  t h a t  a r e  going t o  be  taken of f  
t h e  market,  such a s  R-12 o r  R-114. We can not  put 
i n  a  c o s t  f o r  t h e  l a t t e r  i n  our  comparison, because 
they a r e  going t o  be  taken o f f  t h e  market because 
of t h e  ozone l a y e r .  

R. Lyon: You showed a l a r g e  environmental impact 
f a c t o r  f o r  ammonia. I assume t h a t  e f f e c t  is  because 
i t  i s  re leased  i n t o  t h e  ocean. Is t h a t  c o r r e c t ?  
What is t h e  a c t u a l  e f f e c t ?  

M. Olmsted: I ' m  not  sure .  Mike Mann... 

M. Mann: Bas ica l ly ,  ammonia is  t o x i c  i n  t h e  a c u t e  
o r  t h e  short- term type of r e l e a s e .  When you look a t  
t h e  long t e r m , . a v o n i a  w i l l  add a  n u t r i e n t  f a c t o r  t o  
t h e  ocean, and t h e r e  w i l l  not  be  much degradat ion of 
t h e  l o c a l  a rea .  But we a r e  looking mostly a t  t h e  
s h o r t  term, ca tas t rophic - re lease  e f f e c t s .  
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p i h e  per{ I t  is i m p o r t a n t  t o  d e v e l o p  t h e  h i g h  e f -  
Ocean Thermal  Energy Convers ion  p  n t s  f i c i e n t  h e a t  exchanger  and  choose  t h e  work- 

u s i n g  Freon  22 a s  t h e  working f l u i d  i n g  f l u i d  w e l l  s u i t e d  f o r  OTEC p l a n t  i n  
new p l a t e  t y p e  h e a t  exchanger  is used a s  o r d e r  t o  o p e r a t e  OTEC p l a n t  i n  p r a c t i c e .  
t h e  e v a p o r a t o r  and t h e  condenser  i n  t h i s  
p l a n t .  The o v e r a l l  h e a t  t r a n s f e r  c o e f f i -  Working f l u i d s  f o r  OTEC p l a n t  h a v e  a l -  
c i e n t  o f  t h i s  p l a t e  t y p e  e v a p o r a t o r  is a b o u t  r e a d y  been p roposed .  'Zener1, ~ a v i 2 ,  Daug- 
3000 kcal /m2hoc f o r  Freon 22 f o r  t h e  c a s e  l o u s  , T r i m b l e  e t  a 1 4 ,  Dugger e t  al!, and 
th .a t  t h e  v e l o c i t y  of  warm w a t e r  i s  1 . 2  m / s ,  J apanese  OTEC commit tee6 recommend Ammonia 
and t h e  i n l e t  t e m p e r a t u r e  o f  warm w a t e r  is a s  t h e  most s u i t a b l e  working f l u i d .  Ander- 
2 8 ' ~ .  The o v e r a l l  h e a t  t r a n s f e r  c o e f f i  - son7  recommendes Freon  21/31. Goss e t  a18 
c i e n t  o f  t h i s  p l a t e  t y p e  c o n d e n s e r  is a b o u t  recommend Propane.  It  i s  presumably thoug l l t  
1500 kcal /m2hoc w i t h  Freon  22 f o r  t h e  c a s e  t h a t  Ammonia i s  s u p e r i o r  t o  o t h e r  working 
t h a t  t h e  v e l o c i t y  o f  warm w a t e r  is 1.0 m / s  f l u i d s  i n  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s  a s  
and t h e  i n  t t e m p e r a t u r e  o f  c o l d  wa te r  is  w e l l  a s  thermo-dynamic p r o p e r t i e s  and t h a t  
8.5OC. d imens ions  of  h e a t  exchanger  and t u r b i n e  

On t h p s i s  o f  t h e s e  r e s u l t s ,  t h e  de: f o r  Amnonia c y c l e  i s  s m a l l e r  t h a n  t h o s e  of  
s i g n  f o r  25 MW OTEC p l a n t  module wi th  o t h e r  f l u i d s .  But Ammonia h a s  t h e  f o l l o t 7 i n g  
Freon  22 is conduc ted  and is compared w i t h  weak p o i n t s ;  
t h a t  o f p n i a .  ( 1 1  a t t a c k  copper  

[2 ]  e x p l o s i v e  
Nomenclature  [31 po i sonous  - C o n s i d e r i n g  t h a t  Freon 22 h a s  n o t  t h e  

U O v e r a l l  h e a t  t r a n s f e r  ( k c a l / m 2 h ~ ~ )  above m e n t i o n e d  weak p o i n t s ,  we choose  Freon 
c o e f f i c i e n t  22 a s  o n e  o f  working f l u i d s  s u i t a b l e  f o r  

G Mass f l o w  r a t e  ( t / h )  ' OTEC p l a n t .  
C p  S p e c i f i c  h e a t  (kca l /kg°C)  
T Temperature  ("c)  The v a r i o u s  h e a t . e x c h a n g e r s  f o r  OTEChave 
A t m  L o g a r i t h m i c  mean temper- [OC) been p roposed  and tests o f  t h e s e  exchangers  

a t u r e  d i f f e r e n c e  . a r e  r u n  under  t h e  c o n d i t i o n s  o f  s m a l l  t e m -  
A Heat  t r a n s f e r  a r e a  ( m 2  p e r a t u r e  d i f f e r e n c e s .  Hea t  t r a n s f e r  c o e f -  
P  P r e s s u r e  - ( a t a )  f i c i e n t s  o f  t h e  d o u b l e  f l u t e d  t u b e s  recom- 
A Heat  c o n d u c t i v e l y  (kcal/mh°C) mended b Rothfus  and ~ e u m a n ~  and Rothfus  
P D e n s i t y  (kg/m3) and LavirO a r e  measured f o r  each o f  Freon 
lJ V i s c o s i t y  (k / m s )  9 11 and Ammonia. One o f  a u t h o r s 1 1  measures  
v Kinemat ic  v i s c o c i t y  ( m  /s) ' c o n d e n s a t i o n  h e a t  t r a n s f e r  c o e f f i c i e n t s  on 
0 S u r f a c e  t e n s i o n  ( N / m )  v e r t i c a l  f l u t e d  t u k s  f o r  F reon  11 and 113. 
L L a t e n t  h e a t  ( k c a l / k g )  Combs and ~ u r ~ h ~ l ~  measure  c o n d e n s a t i o n h e a t  

t r a n s f e r  c o e f f i c i e n t s  on  v e r t i c a l  f l u t e d  
S u b s c r i p t  t u b e s  f o r  Ammonia. 

I I n l e t  Lorenz e t  a113,  0wensl4 ,  ~ o n t i l 5 ,  Czikk 
0 O u t l e t  e t  a l l 6  and S a b i n  and poppendick17 e x p e r i -  
H Warm Water ment on h o r i z o n t a l  t h i n  f i l m  e v a p o r a t o r s .  
C Cold Water S a t h e r  e t  a118 and s n y d e r 1 9  t e s t  on 1 M W t  
L L i q u i d  Water OTEC h e a t  exchanger  wi th  Ammonia. Ka j ikawa 
V . . Vapor e t  a120 and a u t h o r s 2 1  t e s t  on 100 K W t  h e a t  

exchanger  w i t h  Freon 1.14. ~ u t h o r s 2 2  p r o p o s e  
* t h e  c o n c e p t  o f  t h e  p l a t e  t y p e  condenser  and 
A s s o c i a t e  P r o f e s s o r  e v a p o r a t o r  f o r  OTEC p l a n t  and r e p o r t  t h e  * * 
P r o f e s s o r  e x p e r i m e n t a l  r e s u l t s  o f  t h e  h e a t  t r a n s f e r  

*** c o e f f i c i e n t s  on t h e  s m a l l  s t y l e  o f  h e a t  
A s s o c i a t e  P r o f e s s o r  exchangers .  ****  
R e s  earci i  A s s  i s t a n t  

t ~ r a d u a t e  S t u d e n t  



I n  t h i s  p a p e r ,  we r e p o r t  t h e  r e s u l t s  o f  
t h e  pe r fo rmance  o f  p l a t e  t y p e  h e a t  exchanger  
f o r  100KWt.OTEC p l a n t  and o f  t h e  c o n c e p t u a l  
d e s i g n  f o r  25MW Module u s i n g  Freon  22 a s  
working f l u i d .  

T h i s  work i s  s p o n s o r e d  by S u n s h i n e  P r o -  
j e c t  i n  AIST, MITI and GRANT i n  Aid f o r  
S c i e n t i f i c  Research (B 246081) i n  MESC. 

Flow r a t e s .  o f  c o l d  and warm w a t e r  a r e  
measured by the .  r o t a m e t e r .  Flow r a t e s  o f  
c o n d e n s a t e  and .Freon f e d  by t h e  Freon  pump 
are measured by t h e  m a g n e t i c  f l o w  m e t e r s .  

* \  I 

E x p e r i m e n t a l  F a c i l i t y  
, <,\ . 

Layout  o f  System -- . 

The p r e s s u r e s  a t  t h e  m a r k @  i n  F i g .  1 
are measured Ly t h e  p r e s s u r e  gauge.  

  he t e m p e r a t u r e s  a t  t h e  mark i n  F i g .  1 
are measured by t h e  the rmocouples .  

The l o o p s  o f  c i r c u l a t i n g  Freon 22 used E v a p o r a t o r  
a s  t h e  work ing  f l u i d ,  warm w a t e r  and c o l d  
w a t e r  a r e  shown s c h e m a t i c a l l y  i n  F i g .  1 .  
F i ~ u r e  2  shows a  p i c t u r e  o f t h e  S h i r a n u i  V. 

The v a p o r  i s  g e n e r a t e d  i n  t h e  p l a t e  t y p e  
e v a p o r a t o r  and t h e n  t h e  vapor  flowing o u t  
o f  a  main c o n d e n s e r  and a n  a u x i l i a r y  con- 
d e n s e r  i s  condensed t h e r e  and i s  r e t u r n e d  
t o  a  Freon  t a n k .  The l i q u i d  i n ,  t h e  Freon  
t a n k  i s  pumped t o  e v a p o r a t o r  by a  Freon  , 

pump. A b o i l e r  i s  used  t o  keep  warm w a t e r  
a t  a  c o n s t a n t  t e m p e r a t u r e  ( 25 t o  35 OC, 
f 0 . 1  OC ) .  Cold w a t e r  i s  k e p t  a t  a  con- 
s t a n t  t e m p e r a t u r e  ( 5 t o  10  O C  * 0 . 1  OC ) 
by means o f  a  r e f r e g i r a t o r .  The a u x i l i a r y  
c o n d e n s e r " m a d e  o f  s t a i n l e s s  s teel  i s  v e r -  
t i c a l  s h e l l  and t u b e  t y p e .  

The r e s p e c t i v e  t e m p e r a t u r e  o f  v a p o r ,  
c o n d e n s a t e ,  i n l e t  and o u t l e t  i s  measured 
by t h e  the rmocouples  c o n n e c t e d  w i t h  a  d i -  
g i t a l  v o l t m e t e r  i n  o r d e r  t o  measure  t h e  
v o l t a g e  d i f f e r e n c e  o f  them. 

S h e l l  and  p l a t e  t y p e  e v a p o r a t o r  used  i n  
t h i s  p l a n t  i s  made by Hisaka  Work Co. i n  
J a p a n .  F i g u r e  3  shows a  p i c t u r e  o f  a 
s u r f a c e  o f  t h e  p l a t e  t y p e  e v a p o r a t o r .  The 
s u r f a c e  made o f  T i t a n i u m  i s  c o a t e d  w i t h  
Aluminium powders t o  i n c r e a s e  h e a t  . 
t r a n s f e r ,  r a t e .  

The d imens ions  o f  t h e  p l a t e  o f  t h i s  
e v a p o r a t o r  a r e  1255 mm i n  l e n g t h ,  415 mm 
i n  w i d t h  and  0 .8  mm i n  t h i c k n e s s .  

F i g u r e  4 shows a  s k e t c h  o f  s h e l l  and 
p l a t e  t y p e  e v a p o r a t o r .  

F i g u r e  5  shows f l o w  p a s s a g e s  o f  warm 
w a t e r  and Freon  22. 

I 
Freon t i  rculat ion Pump 

F i g .  1 Layout o f  sys tem. .  



P i .  2 Picture of airand -Y. . , 



Fig. 5 Flow passage if $ 9 ~  vee r  and 
Freon 23. .. 

, 

'.. a Condenser I 

S h e l l  and p l a t e  ,type condenseW udgd i n  
t h i s  p l a n t  i s  ma*, by   is aka WQ* c$$ .Ltd. 
i n  Japan. F i g m e  &, shows a @~%yre .?% . 
p l a t e s .  The f lut$' .a& W$ as & 
t h e  su r face  of p r a t e  en&=-ces the cdndw- 
s a t i o n  hea t  t r w s f u r  c6efSic ient .  . ."' 

The dimensions f .t@e p l a t e  of this 
condenser a@ 125, 9 dn , in l eng th ,  U 5  i n  
width and 0.8 mm i n  t3ickriess. .. - 

Figure 7 shows a sketch of s h e l l  and 
tube condenser. - -  . 

Experimental. Result  

Experilqgmts a r e  run "f od' t h e  following 
condi:gions ; 
i n l e t  teqpe5a ' tye  of oold water 6 t o  9 O C  
i w l e t  temperat9re of warm water  25 t o  30 OC 
ve loq i ty  oS cold  w q p r  0.5 t o  1.3 m/s  
v e l ~ e i t y  of warn water 0.5 t o  1.3 m / s .  . 

Eva=q;i*$r I 

+. me b v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t s  
of eyaporator a r e  defined a s  foLlows; 

" %bibd .X $bows warm water f low rate, 
w 6 b  w e r  iaLet  tempwature,  l i q u i d  i n l e t  
temperature, log  mean &m@zrature d i f f e r -  

7 =car warn wgtee vel6c&Y!y, h e a t  tspsfer 
.sate, and overall h&w' t r @ s f e r  c s e f i i -  
c+-t. For the case, fh&,..&e ve loc i ty  of 
warm -water i s  1 - 2  a#ibahc S n l e t  temper- 
a tu re -  of warm w*@r is P C  (82.4 OF) t h e  
o v e r a l l  &&at t r a f e r  c o e f f i c i e n t  is a b u t  
3Q00 kcal/m2h0C (600' ~ t u / f t ~ h ~ ~ )  . 

. Fig. 6 P i c t u r e  o f  h e a t  t r a n s f e r  $?ba;tes 
Freon 22. 

8.6-4 

Fig. 7 Sketch of condenser. 



Condenser 

The overall heat transfer coefficients 
of condenser are defined as follows; 

Table 2 shows cold water flow rate, 
cold water inlet temperature, vapor inlet 
temperature,log-mean temperature differ- 
ence, cold water velocity, heat transfer 
rate, overall heat transfer coefficient. 

For the case that the velocity of cold 
water i-s 1.0 m/s and the inlet temperature 
bf cold water is 8. 5°C,overall heat trans- 
fer coefficient is 1500 kcal/m2hoc (300 Btu 
/ft2h"~). 

Conceptual Design of 25 MW OTEC Plant 

* 
Figure 8 shows the Rankine efficiency 

of OTEC plant using Freon 22 as the work- 
ing fluid and also shows the Rankine effi- 
ciency using Ammonia in order to compare 
with that of Freon 22:As shown in Fig. 8 
Rankine efficiency of Freon 22 cycle is 
almost the same as that of Ammonia cycle. 
The cycle efficiency is about 3.5 persent 
for the case electric generator efficiency 
is 96 persent, the inlet and the outlet 
v,apor temperature of turbine are 22.5 OC 
and 12.2 OC, respectively. 

Characteristics of Freon 22 

Table 3 shows characteristics of the two 
working fluids of Freon 22 and Ammonia. It is 
clear that Ammonia is superior to Freon 22 
in heat transfer as well as thermo-dynamic 
properties. But Freon 22 is selected as the 
working fluid in this plant because wet vapor 
of Ammonia is not only incompatible with co- 
pper but also is apt to explode. 

Table 1 Performance of Evaporator 

Warm Water Warm Water Liquid Inlet Log-Mean Warm Water Heat Transfer Overall Heat 
 low Rate Inlet Temperature Temperature Velocfty Rate Trans f er 

Temperature Difference Coefficient 
(t/h) ("C) ("C) ("C) (m/s ) lo4 (kcalyhl . (kcal/m2h0c) 

Cold Water 
Flow Rate 

Table 2 Performance of Condenser 

Cold Water Vapor Inlet 
Inlet Temperature 
Temperature 

("C) ("C) 

Log-Mean Cold Water 
Temperature Volocity 
Difference 

(.PC) Cm/s 1' 

6.57 1.43 
6.11 1.43 
6.31 1.43 
5.61 1.25 
5.57 1.25 
5.77 1.25 
6.29 0.95 
6.32 0.95 

Heat Trans f er 
Rate 

Overall Heat 
Transfer 
Coefficient: 
(kcal/mZh 'C) 
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F i g .  8 Rankine e f f i c i e n c y .  

T a b l e  3  Comparison o f  Thermo-dynamic 
P r o p e r t i e s  

I t e m  U n i t  Ammonia Freon 22 

O C 
a t a  

kcal/mh OC 

kg/m3 

kg/ms 
-m2/s 

kcal /kg°C 

kg/m3 

kg/ms 

m 2 / s  

N/m 

kca l /kg  

Dimens i o n s  o f  T u r b i n e  

T a b l e  4  shows. d imensiol ls  o f  Ammonia 
t u r b i n e  and t u r b i n e  o f  F reon  22 f o r  OTEC 
p l a n t .  5  T u r b i n e  o f  F reon  22 is l a r g e r  
t h a n  Ammonia t u r b i n e .  

T d l e  4 . Comparison o f  Dimensions o f  T u r b i n e  

I t e m  U n i t  Freon22 Ammonia 

 low R a t e  kg/h 1 . 2 5 ~ 1 0 ~  2 . 0 0 ~ 1 0 ~  

Blade H e i g h t  m 370 140 
w i t h  Double 
Flow 

R o t a t i o n a l  rpm 1800 1800 
Speed 

I n l e t  O C 2  4 2  4  
Tempera tu re  

Out l e t  O C 9  9  
Tempera tu re  

Outpu t  MW 2  5  2  5 
Power 

C h a r a c t r i s t i c s  o f  P l a t e  Type Heat 
Exchanger f o r  25 MW Outpu t  Module 

T a b l e  5  shows a n  e s t i m a t i o n  o f  t h e  
c h a r a c t e r i s t i c s  o f  t h e  p l a t e - t y p e  evap- 
o r a t o r  f o r  t h e  25 MW module u s i n g  Freon  
22. The t a b l e  a l s o  shows a n  e s t i m a t i o n  
o f  t h e  c h a r a c t e r i s t i c s  o f  Ammonia t o  com- 
p a r e  w i t h  Freon  22. A s  f o r  t h e  m a t e r i a l  
o f  t h e  h e a t  e x c h a n g e r  p l a t e ,  Aluminum- 
b r a s s  i s  u s e d  f o r  F reon  22, and  T i t a n i u m  
i s  u s e d  for Ammonia. 

T a b l e  5 Comparison o f  S p e c i f i c a t i o n s  o f  
E v a p o r a t o r  f o r  25MW Output  Module 

I t e m  ' U n i t  F reon  22 Ammonia 

Warn Water Temperature a t  l n l e t  
Warm Water Tempera tu re  a t  O u t l e t  
Vapor Tempera tu re  a t  O u t l e t  
N a t e r i a l  of S u r f a c e  P l a t e  
Logar i thmic  Mean Tempera tu re  

D i f f e r e n c e  
L i q u i d  Flow Rate 
Heat T r a n s f e r  R a t e  
O v e r a l l  Heat T r a n s f e r  C o e f f i c i e n t  
Heat  T a a n s f e r  Area 
Warm Water Flow R a t e  
Warm Water . V e l o c i t y  
Water Head Loss 

/ 

, 2 8  2  8 
, .24.62 24.5  

22.50 22 .9  
Aluminum Brass  T i t a n i u m  



T a b l e  6 Comparison o f  ~ p e c i f i c a t i o n k  o f  
Condenser  f o r  25 MW Outpu t  Module 

I t e m  U n i t  F reon  22 Ammonia 

) c o l d  Water Tempera tu re  a t  Inlet O ,-. 7.0 7.0 
Cold Water Tempera tu re  a t  O u t l e t  O P .  11 .28  11.1 

0 

Vapor Tempera tu re  a t  I n l e t  C 12.20 1 2 . 5  
M a t e r i a l  o f  S u r f a c e  P l a t e  Aluminum Brass  T i t a n i u m  
L o g a r i t h m i c  Mean Tempera tu re  

OC D i f f e r e n c e  2.47 3.0 

Vapor Flow R a t e  kg/h 1.39x1b7 1.39x106 
Heat  T r a n s f e r  R a t e  k c a l / h  6.36x108 3. 9 6 x 1 0 ~  
O v e r a l l  Heat T r a n s f e r  C o e f f i c i e n t  kcal/m2h"c 1480 30 15  
Heat T r a n s f e r  Area m2 1 . 7 4 ~ 1 0 5  4.3  5x104 
Cold Water Flow R a t e  
Cold Water V e l o c i t y  
Water Head Loss  

The s u r f a c e  area o f  Freon  22 e v a p o r a t o r  2. The new p l a t e  t y p e  h e a t  exchanger  i s  

i s  two t'imes as l a r g e  as t h a t  o f  Ammonia us.ed a s  t h e  e v a p o r a t o r  and c 'ondenser i n  

e v a D o r a t o r .  T a b l e  6 shows t h e  e s t i m a t i o n  this plant .  
o f  -the c h a r a c t e r i s t i c s  o f  c o n d e n s e r  f o r  t h e  
same module. The s u r f a c e  area o f  Freon  22 
c o n d e n s e r  i s  f o u r  t i m e s  a s  l a r g e  a s  t h a t  
o f  Ammonia condenser .  T a b l e  7 shows t h e . .  , 

t o t a l  c o s t  o f  t h e  p l a t e  u s e d  i n  t h e  evapo- 
r a t o r .  T a b l e  8 shows t h e  t o t a l  c o s t  o f  
t h e  p l a t e  u s e d  i n  c o n d e n s e r .  I t  is found 

3. The o v e r a l l  h e a t  t r a n s f e r  c o e f f i -  
c i e n t  o f  t h i s  p l a t e  t y p e  e v a p o r a t o r  i s  
a b o u t  3000 kcal /m2hoc f o r  F reon .  22 ' f o r  t h e  
c a s e  t h a t  . t h e  v e l o c i t y  o f  warm w a t e r  i s  
1.2  m / s  ;. arid t h e  : i n l e t  . t e m p e r a t u r e  o f  w r i n  
wa te r  is 2g°C. 

t h a t -  t h e  t o t a l  c o s t  o f  p l a t e  a d o p t e d  Freon. 
22 c y c l e  i s  l o w e r  t h a n  t h a t  f o r  Ammonia 4. The o v e r a l l  h e a t  t r a n s f e r  c o e f f i -  
c y c l e .  But now w e  c a n  n o t  estimate t h e  c i e n , t  o f  t h i s  p l a t e  t y p e  c o n d e n s e r  i s  abou t  

t o t a l  c o s t  o f  F reon  22 OTEC sys tem.  1500 kcal /m2h0c f o r  Freon 22 , f o r  t h e  c a s e  
t h a t  t h e  v e l o c i t y  o f  warm water is 1 .0  m / s  
and t h e  i n l e t  , t e m p e r a t u r e  o f  c o l d  w a t e r  

Conclus  i o n s  is  8.5OC. 

5. 0i t h e  b a s i s  o f '  t h e s e  r e s u l t s ,  t h e  
1. T e s t s  a r e  r u n  t o  g r a s p  t h e  c h a r a c -  d e s i g n  f o r  25 Ih OTEC p l a n t  module . w i t h  teristics o f  100 K W t  OTEC p l a n t  u s i n g  Freon 22 is c o n d u c t e d  and is  compared with. 

F reon  22 a s  t h e  working f l u i d .  t h a t  o f  Ammonia. 

T a b l e  7 Comparison of  M a t e r i a l  Cost o f .  
p l a t e  of  E v a p o r a t o r  for 2 5 ~ ~  output . T a b l e  8 Comparison o f  M a t e r i a l  C o s t  o f  
Module Condenser  f o r  25MW Output  Module 

U L 3 . l  U n i t  Freon22 ~mmoni* Item U n i t  Freon22 Ammonia 

S u r f a c e  Area m2 7 . 4 ~ 1 0 ~  3.9x104 S u r f a c e  Area m2 12.  8 x 1 0 ~  4 . - 4 x 1 0 ~  

M a t e r i a l  Aluminum T i  M a t e r i a l  , Aluminum T i  
b l a s s  b r a s s  

D e n s i t y  kg/m3 8410 4540 Dens i t y  kg/m3 8410 4540 

Thickness  mm 0 .8  0 .8  . T h i c k n e s s  mm 0'. 8 0 . 8  

M a t e r i a l  kg 4 . 9 8 ~ 1 0 ~  1 . 4 ~ 1 0 ~  kg 8 . 6 1 ~ 1 0 ~  1 . 5 4 ~ 1 0 ~  
Weight Weight 
( P l a t e  Only) ( P l a t e  Only)  

U n i t  P r i c e  yen/kg 650 4.000 U n i t  P r i c e  yen/kg 650 4000 
( o f  M a t e r i a l )  

) T o t a l  Cos t  yen 3 . 2 4 ~ 1 0 ~  ' 

( P l a t e  Only)  5'7x108 T o t a l  C o s t  Yen 5 . 6 ~ 1 0 ~  6 . 2 ~ 1 0 ~  
( P l a t e  Only)  
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DISCUSSION 

D. Lyon, ORNL: In the comparison of your costs of 
the heat exchanger, you chose 0.8 mm for the thickness 

. in  both cases. Are the mechanical properties differ- 
ent enough between titanium and brass so that perhaps 
the optimum thicknesses would have been different? 

H. Uehara: The optimum thickenesses of plates for 
titanium and aluminum w i l l  be different, but we have 
not performed that calculation yet.  

M.  Leitner, Lockheed: Your las t  figure also showed 
that the cost for the aluminupbrass heat exchanger 
was considerably l e s s  than that of titanium, but did 
you consider that the titanium heat exchanger w i l l  
l a s t  for 30 years? How long did you consider that 
the aluminum-brass would las t ,  from a corrosion or 
erosion standpotnt? 

H. Uehara: About 16 years. 
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Abstract (flow, temperature, pressure, and quality) were specified for an 
OTEC power system corresponding t o  this power level. 

The need for an ammonia turbine with maximized efficiency 
over the expected range of operation was determined during Table 1. Requirements 
OTEC 10 M W ~  net power systkm optimization studies. It was 
d.etermined that for every extra KW produced it was worth 
expending $1,000 in plant cost. Specific application of 
state-of-the-art hardware designs were used to  assure that the 
efficiencies determined were realizable. The turbine aero- 
dynamic design considered axial flow and radial inflow turbines, 
single and double flow designs, and xariations in the number of 
stages and base diameters. Consideration was given t o  the 
turbine-generator control scheme and specific areas of the 
turbine mechanical design such as the blades, seals and bearings. 
The optimum design is a four-stage axial flow double flow tur- 
bine directly connected to  a four pole 60  hertz synchronous 
generator. The efficiency of the double-flow, four stage design 
is more than two percent higher than a one-stage, single flow 
design with diffuser. This is due to  the latter's inherent very 
high exit velocity. Additional optinlally desig~led stages can 
more efficiently recover this energy than a diffuser. Variable 
nozzles for the first stage are utilized for power maximization 
at  off-nominal conditions: 

Introduction 

The OTEC ammonia turbine generator is one of the critical 
elements of the OTEC power system. Its energy conversion 
efficiency and the efficacy of design, considering the unique 
use of ammonia as a working fluid will have a major effect 
on the overall system-performance. Also, a complete ammonia 
turbine, including the mechanical aspects, has never been 
designed for OTEC service. To  arrive at  a manufacturable aero- 
dynamic design requires specific: hardware design studies t o  
examine system efficiencies and the feasibility of implementa- 
tion. The key question t o  be addressed is 

What efficiency can be obtained utilizing realistic blade 
geometries and other mechanical design features? 

This paper reports on the results of a study t o  examine the 
feasibility of developing an OTEC ammonia turbine-generator 
that will operate efficiently, economically and safely, using 
state-of-the-art hardware designs and materials. Particular 
emphasis is 011 llle optimization of the turbine aerodynamic . 
efficiency and off-nominal operating conditions. A summary ' 

of other results are given, including: 

Control design 

Key realistic mechanical design features 

Applicability of scaling over the potential OTEC turbine 
generator power range. 

The study was focused on specific solutions t o  identified 
nominal conditions. The turbine generator requirements used 
nre shown in Table 1; Table 2 gives the design point criteria. 
A nominal 14.0 MWe gross power output from a synchronous 
50 Hz electric generator was chosen for the study. The nomi- 
nal, minimum, and maximum ammonia operating conditions 

Output. 14 .0  We* (grnrs)  a t  60 Hz (synchronous speed) 

Nomlnal input ,  803.2 I b l s e c  saturated  amnonia vapor a t  7 1 ' ~ .  
50 F o u t l e t  s t a t e  

Turbine f lange t o  f lange e f f i c i e n c y  g r e a t e r  than 85 percent 

Generator e f f ic iency  g r e a t e r  than 97 percent 
Provision for  Power peaklng contro l  dur ing  input  v a r i a t l o n  

Use o f  e x i s t i n g  technology 

30-year l i f e  

Base load duty cyc le  

* ~ a s e d  upon t h e  assumed e f f i c i e n c i e s  of 85 percent f o r  t h e  turb ine  
and 97 perceAt for  the  generator and p a r a s l t i c  loads.  

Table 2. Design Point Criteria 

I n l e t  Condrtions (Tota l )  

Ammnia mass flow. Iblsec 

Amnonia temperature. O F  

h n i a  pressure, psia 

Amnonia q u a l i t y .  percent* 

A m n i a  vo lum flow. 
acfs*' 

Minimum r l w  
11ominal 

(U inter )  Flow 

Maximum 
Flow . 

( S m r )  

888 

73.0 

135.7 

> 9 9 . 0  

1.951 

Variation 
(Approx. ) 

( t )  

10 

5 

6 

5 

Gmss Generator Power 

We*** 11.4 20 

'Saturated conditions 
"Estimated assumlng I 0 0  percent vapor 

"'Estimated assuming constant eff iciency wi th  variations 
.- . -. . - - . . .- . - - - - 

PlantITurbine Optimization 

The requirements for the OTEC turbine were developed 
during a preliminary design study which had as its objective the 
overall optimization of the OTEC plant. The early system 
design assumed a turbine efficiency of 85 percent at  design 
conditions. Since gross output of a given plant is directly pro- 
portional to  turbine efficiency, simple calculations are suffi- 
cient to determine the sensitivity of net power and cost of 
delivered energy to  actually achieved turbine efficiency. Figure 
1 shows the inherent assumptions and results of the calcula- 
tions. A 3 point change in turbine efficiency from 85 to  88% 

*Assistant Project Manager, OTEC-I 

tSenior Development Engineer 



results in a 3.6 percent increase in gross power, and a five , 
percent increase in net power developed. 

Figure 1. Sensitivity of Net Power and Energy Cost t o  Turbine 
Efficiency 

A cost analysis, using an OTEC computer model of a lOMWe 
net plant to optimize designs for three different turbine effi- 
ciencies (80, 85 and 90 percent), provides additional insight 
into the importance of turbine efficiency. The model was run 
with a fixed best exchanger design, optimized with respect to  
number of tubes and seawater flow rates. The results are indi- 
cated in Table 3. Using a turbine efficiency of 85 percent as a 
base, it is demonstrated that each efficiency point change in 
turbine performance is worth approximately 17 dollars per 
kilowatt of net plant output. Therefore, it is cost effective to  
pay up to $170,000 for a 10MWe net plant to  increase the tur- 
bine efficiency one percentage point. One KW increase in 
gross turbine output is worth approximately $1,000 in addi- 
tional capital expenditure; 

Table 3. Cost Versus Turbine Efficiency 

Turbine 
E f  f .  , Percent 

Off design behavior is also an important consideration. 
Because the plant and turbine-generator are optimized at the 
nominal conditions, fixed flow turbine nozzles would not be 
able to pass all of the flow for the off-design "summer" condi- 
tions (see Figure 2). This is due t o  the unique characteristic of 
OTEC whereby the higher warm seawater temperature causes an 
increase in unit energy level and also generates more ammonia 
vapor mass flow. Similarly, "winter" operation, at  the mini- 
mum seawater temperature, causes the mass flow rate and 
evaporator pressure to  drop below the level where fixed flow 
turbine nozzles can maintain design efficiency levels. There- 
fore, consideration of variable turbine inlet geometry, which 
would accommodate the changes in mass flow rate and available 
energy, is most desirable. 

93 = 17.4 $/kW/% Slope a t  85%- . 

There are three options available 'for reducing the power 
output of the plant; turbine throttle (or variable inlet nozzles), 
turbine bypass, and evaporator recirculation rate control. 

- .  

Net 
Power, 

W e  

. 

A turbine with variable inlet nozzles can be used both to  
modulate and optimize power and would have a high frequency 
response. Therefore, a plant control mechanization is suggested 
in which large changes in power could be accomplished with an 
evaporator recirculation flow control and small perturbations 
controlled by the turbine inlet nozzles. 

Figure 2. Plant Output Variation ~ i t h ' ~ v a i l a b l e  A T  

140 t 
127.5 A 

Cost Model 
Prototype, 

$ / k ~  

OVERALL dT.OF 

C o s t  Sens. 
$1 kW 

€8 €8 70 72 74 76 78 60 82 84 08 WARMWATER 
TEMPERATURE. OF 
IT, - UPFl  

The operation of an OTEC plant a t  reduced power for a given 
set of pressure-temperature conditions does not result in a 
saving of consumable resources in contrast to  conventional 
power plants. For this reason, the interest in part-power opera- 
tion is primarily that of control and how it may be obtained; 
efficiency at  reduced output is not important. 

Turbine Aerodynamic Design 

The primary consideration in the aerodynamic design of the 
turbine is to achieve an optimum performance level with manu- 
facturable state-of-the-art technology. As indicated above, the 
turbine efficiency is of  vital importance in the overall cycle per- 
formance, consequently extreme care must be taken to obtain 
the optimum performance, consistent with mechanical design 
limitations. The elimination of a speed decreasinglincreasing 
gear with about 2 percent losses would appear to  have definite 
advantages; and indeed this is true as will be seen later. 

Figure 3 shows turbine designs with three stages of expan- 
sion using real blades. The three base diameters are 27 inches, 
3 1 inches, and 40  inches. The latter base diameter maximizes 
the three stage design efficiency at  1800 RPM. All efficiencv 

Figure 3. Three Stage Double Flow Designs, Real Blades 
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curves have been normalized to  the efficiency of a double flow 
four stages axial turbine operating at  1800 RPM. Higher peak 
efficiencies can be obtained by going to  higher shaft speeds and 

' smaller base diameters. In this event, a gear would have to  be 
used and a two prrcvnt gPar !ass w n ~ ~ l r l  he inr.11rrerI Since the 
improvement is not two percent, the best performance can be ) obtained from the 40 inch base diameter design. This particular 
design has much lower efficiency compared to  the four and five 
stage designs because of decreasing LID ratios, where L is the 
blade length and D is the mean diameter of the blade annulus. 
This peak normalized efficiency is ' .978, which means this 
design will produce 2.2 percent less gross power than the four 
stage design. This works out to  be approximately 330 kilo- 
watts*, The 330 KW, valued at  $330,000, can be obtained by. 
adding a fourth,stage at the cost of approximately $100,000. 
For this reason, the three stage design is not cost optimized. 

Figure 4 shows four stage, double flow designs on.  three 
different base diameters. The smallest base diameter peaks at 
the highest efficiency, but at  a speed other than 1800 RPM or 
3600 RPM. The 31 inch base diameter design is at the peak 
efficiency when operating at  1800 RPM. No other synchronous 
speed is in the proper range to  appear on these velocity ratio 
curves. Figure 5 presents similar information for five stage 
designs, with the 27 inch b ~ " ' & h a i i i i i ~ - g i v i n g  .the highest 
efficiency when operating at  1800 RPM, although it exceeds 
the L/D limits. Figure 6 is a plot.of normalized efficiency 
versus velocity ratio for all of the 3 1 inch base diameter double 
flow turbine designs. 

Figure 4. Four Stage Double Flow Designs, Real Blades 
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A five stage, double flow design does offer better perform- 
ance than a four stage double flow design, but caution must be 
exercised about the value of this small improvement. The 27 
inch base diameter design peaks at nearly one percent better 
performance, at the same shaft speed as the four stage design. 
But from the L/D curve, Figure 7, we can see that this design 
has blades that violate LID limits, making this design unfeasible. 
The 31 inch base diameter design is also better than the four 
stage design, but there are two problems. First, the maximum 
LID ratio for the five stage design on a 3 1 inch base diameter is 
slightly higher than the accepted limit for this blade. This 
would necessitate a new, untested blade to be used. The second 
problem concerns practicality. The five stage design is about 
three-tenths of one percent better in efficiency, equivalent to 
about 50 KW, but the cost of adding a fifth stage to both ends 
of the double flow design would be approximately $100,000. 
This figure, compared to the $50,000 worth of additional 
power produced makes the five stage design cost inefficient. 
Also, using a four stage design having a shorter bearing span 
than the five stage design, helps avoid critical speed problems. 

Figure 5. Five Stage Double Flow Designs, Real Blades 
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T,,., = 7CP F 
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.9 0 
.3 J .5 .6 .7 B .3 

VELOCITY RATIO UICo 

4 STAGE 
3 STAGE 

2 STAGE 

Figure 6 .  Double Flow Designs, 3 1 Inch Base Diameter, Real 
Blades 
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From. the data presented in the foregoing figures, severs! 
conclusions can be reached. I )  Four stages are the minimum 
economic number of stages to  provide peak efficiency. 2) 
A 31 inch base diameter provides the best efficiency for a four 
stage, double flow design when operating at  1800 RPM and 
when limited to  the blade profile LID limit shown in Figure 
7 .  3) A five stage design yields better efficiency than the 
four stage design, but when the constraints of this system are 
applied (LID ratios, 1800 RPM speed, using a gear for non- 
synchronous operation) the gain is so small that the cost of  
adding the fifth ,stage would be higher than the benefit of the 
additional power. 

TN= 128.8 PSIA 
TIN = 70'~ 
FX= 89.2 PSIA 

So far we have only considered double flow designs since 
they eliminate any high thrust bearing losses. Bearings for , 

single flow designs can be quite large since it is accepted prac- 
tice not to  load thrust bearings over 250 psi, and preferably t o  
keep the loading below 200 psi. 

*Approximately 15 MWe is the nominal power output ror speciz 
fied conditions at  optimized efficiency. 



Figure 7. Maximum LID Vs. Base Diameter, Real Blades 

L = BLADE LENGTH 
M - MEAN DIAMETER 

Figure 8 compares a double flow and a single flow design. 
The single flow design is under some constraints discussed 
below which limit efficiency to 1.6 percent less than the 
double flow. The thrust bearing produces a large loss, but 
another loss is introduced by having to run at a synchronous 
speed of 1200 RPM. In peaking the velocity ratio of the 
single flow design for 1200 RPM operation, the base diameter 
has been increased and LID ratios have gone down. This also 
contributes to the lower efficiency. Measures could be taken 
to  reduce the thrust loading, such as balance holes, but an 
added performance penalty would result. . 

Figure 8. F O ; ~  Stage Designs, Real Blades 
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Also considered is a single stage, single flow design shown in 
Figure 9. An important part of this design is the diffuser, which 
is the only means of recovering some of the substantial amount 
of exhaust kinetic energy that would otherwise be wasted. For 
this reason, efficiency curves for a range of diffuser pressure 
recovery factors have been included in this figure. The highest 
value for the pressure recovery factor, 0.7 is based on the maxi- 
mum area ratio possible, that is, the diffuser exit area identical 
to  the condenser inlet flange area. This area ratio produces a 
diffuser length well over 40  feet for the optimum recovery 
factor. With this type of diffuser, an overhung design would 
be nessary, with the bearing compartment being designed into 
the inlet side of the hirbine. The probability of obtaining a 
pressure recovery factor of 0.7 is considered to  be very small, 
even wjth such a design. 

As noted on Figure 9, the base diameter is 31 inches, which 
produces an LID ratio of 0.33. Since it is considered impossible 
to  successfully use a shroud with the LID ratio being so high, 
these efficiency curves 1.eIlec1 the difference between four- 
stage, double flow and the one-stage, single flow designs. The 
normalized efficiency of the one-stage, single flow design is 
more than two percent lower than the preferred design, indi- - 
cating that additional stages d o  a better job of converting 
energy t o  power than a diffuser. Other disadvantages of the 
one-stage, single-flow design include the difficult inlet case 
design and the requirement of more exotic blade materials t o  
handle the higher stresses. 

- The final topic under consideration in the optimization study 
is that of using radial inflow turbines. Many different types of 
systems for radial inflow turbines are possible, but state-of-the- 
art technology limits the choice. No wheel diameter over 52 
inches was considered, since this is approximately the largest 
radial inflow wheel size design now. being considered. Since 

'radial inflow tllrhines normally have a high energy trnnsfcr pcr 
stage, only single stagc dcsigns were studied fo~. lllis low heat 
drop application. For the nominal conditions given, a synchru- 
nous speed of 3600 RPM gives the best range of velocity ratios 
for the wheel diameters studied (see Figure 10). The only 

Figure 9. single' Stage, Single Flow Designs, Idealized Blades, 
Base Diameters = 3 1 In. 
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Figure 10. Four-Flow, Radial Inflow Designs 

= 128.8 PSlA 

T,N = 70° F 

q x =  89.2 PSlA 

- CONSTANT WHEEL DlA. 
----CONSTANT SPEED 

N=36CO RPM 

.8 51 I 
.3 4 . 5  .6 .7 .8 .9 

VELOCITY RATIO UIC, 



design choice open'is the number of ways the flow must be Figure 1 1. Proposed Control Schematic 
divided. For one-half the total mass flow through a single 
wheel, the inlet blade heights get large, and the.exducer outside . 

dianieter approaches the wheel tip diameter. This results in an 
inipractical design for high efficiency. 

I 

Co~lsiJering Ll~ese facts, four-flow (flow divided between four 
parallel wheels), single stage radial inflow turbines of various 

, 

wheel diameters and running at  various speeds were analyzed. 
Minimum angles were assumed at  stator and rotor exits t o  BYPASS 

maximize efficiency. The results are shown in Figure 10. . LOAD CONTROL 
Notice that the 46 inch wheel produces the peak efficiency for 
synchronous operation, and that this point is less than-2 per- 
cent lower than the peak efficiency for nonsynchronous opera- 
tion, making a gear-driven generator unattractive. All perform- . 
ance levels are considerably lower than those obtained with the 
optimuni axial flow designs. Therefore, a radial-inflow design is 
undesirable for this application. . 

Considering the above factors, the double flow axial flow 
turbine with four stages of expansion when operating at  1800 
RPM is the optimum aerodynamic design. 

Turbine-Generator Control Scheme 

Control of the turbine-generator covers the three basic phases 
of start-up/shutdown, steady state, and emergency trip. This 
system is rather unique due to  the characteristics of this pro- 
cess, the requirement to limit the generator output, and the 
requirement to maximize turbine output at any steady state 
condition. A simplified block schematic of the proposed 
control system is shown in Figure 11. 

The requirement to maximize power at  any steady state 
condition dictates a power maximizing type of control, which 
is only possible if variable nozzles are provided and the genera- 
tor is base loaded. The control would be as follows: 

The generator is first lbcked into synchronous speed with the 
speed control. The load control then actuates the variable 
noz'zles a predetermined amount at  pre set time intervals. 
Initially, there is no movement of the variable nozzles until the 
dead band of the control is exceeded. When the variable nozzle 
position changes, the load control will sense the increase (or 
decrease) in power output and will continue to  move the 
nozzles or reverse its r~ioliur~ to drive the power in an increasing 
direction. This is a slow response activity compared to the 
speed control. 

The dead band, proportional band and reset on the speed 
setting must be adjusted and tuned on site t o  match the 
response of the system. 

Using the calculated blade stresses and material properties, 
a Modified Goodman can be constructed as shown in. Figure 
12. For this particular blade the Goodman Factor is 3.3. From 
historical data, it has been found that blades with Goodman 
Factors of 2.5 and larger will not experience failures due t o  
these stresses for this type of staging. 

Figure 12. Ammonia Turbine Goodman Diagram 

4 TI4 ROW GOODhjAN FACTOR FOR 
AlSl TYPE 433 MATERIAL ANNEALED 
STRESS CONCFNTRATICJN FACTCJH:1.667 
OIRECT TENSILE S T R E S S = ~ ~ S S  PSI 
GAS BENCING STRESS,= 5566 PSI 
TClTAL STEADY STATE STRESS = 
8821 PSI 
ALLOWABLE ALTERNATING STRESS = 

\ 1 8 , 5 m  PSI 
G.F. :13,5e)C)I 5566 = 3.32 

--o ----- - 
The above control scheme appears to  be practical, although 

there are no  known applications of this kind. 0 i 
0 10 2 0  3 0  4 0  5 0  

If the generator output exceeds its rating, a load limiter will AL.TEFINATING SI'HESS-K PSI 

decrease the variable nozzle setting, thereby reducing the mass 
flow to the'expander based on the heat source characteristics. 
Thus, the power input to  the generator will be reduced. The 
load limiter signal could be a part of the load control and will 
override the maximization of power signal , to  the variable 
nozzles. 

, The rotating blades should be designed so that their natural 
Turbine Mechanical Design frequency exceed the low multiples of the operating speed and 

d o  not coincide with the nozzle passing frequency. Since the 
  he rotating element is the critical item in any .piece of fundamental natural frequencies of the rotating blades range 

rotating equipment. Consequently, the designer is compelled from 8 to 11 times the operating speed, no blade vibratory 
to  insure that the design of  the blading is both adequate and ' 

are anticipated, 
practical from a mechanical viewpoint and at  the same time 
keep a watchful eye on optimizing the aerodynamic perform- The operating speed is between the first and second lateral 
ante. The proposed expander design has attained these critical speeds resulting in a flexible shaft design, which is 
objectives. common practice in machine design. This approach increases 

performance and provides increased reliability with improved 
,411 four rotor blades were analyzed, but the fourth row has maintenance accessibility compared to  a stiff shaft design 

the highest stresses and lowest frequency. where the operating speed is below the first critical speed. 

8.7-5 .- 
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Spherically seated 1@1/2 inci  diameter by 7 inch wide , 
cylindrical journal bearings provide the required stiffness and 
a 55 square inch thrust bearing absorbs the axial forces of 
the rotor. 

A highly refined contact type face seal with shutdown 
features and a proven record of performance in process gas 
compressor installations should be used for this application, 
where leakage of toxic ammonia to the atmosphere must be 
eliminated. 

Scaleability 

The optimized turbine can be scaled upwards. One way of 
increasing the power output of the train is simply to  double the 
capacity of the generator, double end it, and put duplicate 
turbines at each end ,of the generator. The controls for such a 
train become more comolicated. 

Table 4 shows various scaled arrangements of' the optimized 
15 MWe turbine-generator. 

Table 4. Scaled Turbine-Generators 

Another approach is to scale the optimized turbine designed 
for I800 RPM to other synchronous speeds, 1200 RPM and 
900 RPM. , This 'is done by holding the velocity ratio (U/Co, 
mean blade speed divided by isenlrupic velocity) constant, 
holding the blade L/D ratio constant, and varying the base 
diameter. The base diametei increases by the inverse ratio of 
the synchronous speeds (1 8001 1200, for example). The capa- 
city and the gross power output increase by the square of this 
ratio. a Once again, scaled duplicate turbines could be coupled to 
a double-ended generator to double the capacity of the train. 

By accepting a nonsynchronous speed turbine, the optimized 
turbine can be scaled to any desired gross power output. How- 
ever, gearing will have to be used to drive the generator at  
synchronous speed. This is undesirable because gears reduce 
the power at the generator coupling by about 2 percent, in- 
increase the size of the oil facilities, and are a frequent source 
of maintenance problems. 

Remarks 

Base Design 

Two I5 MWe 
Turbines 

Two 33.75 
MWe Turbines 

Two 60 MWe 
Turbines 

Gear Rtquired 

Gear Required 
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An ammonia turbine has been designed using high perform- ' 
ance state-of-the-art hardware. It was found that four stages 
of blading is the minimum economic number to provide peak 
efficiency for the OTEC design conditions. The performance 
level of the double-flow axial-flow four-stage turbine exceeded 
the performance level of other single-flow axial and radial 
inflow turbines for the same operating conditions. 

A unique control scheme has been devised to contin~~ously 
optimize the power generated by the generator. 

The mechanical design is conservative for this service. Special 
provisions to insure positive sealing of the toxic anlmonia vapor 
have been incorporated into the design. Materials of construc- 
tion, blade stresses, blade frequencies, rotor lateral critical 
speeds, bearings and seals have all been investigated. 

DISCUSSION 

. Ques t ion :  I n  your  a e f i n i t i o n  of  mean b l a d e  speed,  
do you u s e  t h e  a r i t h m e t i c  mean between t i p  and hub, 
o r  t h e  mean-area d i ame te r ,  o r  what? 

C. Kos to r s :  We u s e  t h e  a r i t h m e t i c  mean d iame te r  . 
between t h e  hub and t h e  t i p , a n d  s i n c e  i t  is a 
' m u l t i s t a g e  u n i t ,  we u s e  t h e n  t h e  s q u a r e  r o o t  of t h e  
sum o f  t h e  s q u a r e s  t o  g e t  e f f e c t i v e  v a l u e  f o r  t h e  
machine.  Something e l s e  t h a t  I do n o t  t h i n k  i s  i n  
t h e  r e p o r t  i s  t h a t  i f  you look  a t  t h i s  machine 
d e s i g n  on a b a s i s  of a d i f f e r e n t  parameter  t h a n  

l o s s  v e l o c i t y  r a t i o ,  t h a t  be ing  s p e c i f i c  speed,  
t h e s e  s t a g e s  a r e  running a t  a s p e c i f i c  speed of  ap- 
p tox ima te ly  120,  125. , 
Quest ion:  Did you t a k e  secondary l o s s e s  i n t o  ac- 
count?  . 

C. Kos to r s :  Yes, we cons ide red  p r o f i l e ,  l eakage ,  
d i s k ,  i n l e t ,  and exhaus t  l o s s e s  u s i n g  t h e  p r e s s u r e  
l o s s  c o r f e l a t i o n s .  
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ABSTRACT SUBSCRIPTS 

An ana lys i s  i s  presented f o r  OTEC system response 
and cont ro l .  Two b a s i c  opera t iona l  modes a r e  con- 
s idered  c o n s i s t i n g  of constant  and v a r i a b l e  flow' 
seawater pumps. Variable  flow seawater pumps 
allow opt imizat ion of the OTEC thermal cyc le  s t a t e  
p o i n t s  f o r  maximization of net generated power. 
Constant , f low pumps are  cheaper and s impler ,  but  
do not permit d i r e c t  c o n t r o l  over the evaporator  
and condenser operat ing temperatures. A system of 
non-linear d i f f e r e n t i a l  equat ions represen t ing  t h e  
b a s i c  elements of a  constant  seawater flow OTEC 
plant  has been formulated f o r  computer so lu t ion .  
Typical  response curves a r e  presented for  pres- 
s u r e s ,  temperatures, mass flow r a t e s ,  and gener- 
a t o r  speed for  the  Mini-OTEC p lan t  scheduled f o r  
opera t ion  l a t e r  t h i s  year .  

Bypass valve 
Turbine overspeed valve 
Turbine c o n t r o l  valve 
Vapor l i n e  
Bypass 
Condenser 
Evaporator 
Genera t o r  
Liquid f i lm o r  turbine-generator  losses  
Overspeed 
P l a t e  
Vapor l i n e  . 
R t o  C 
Separator  or s a t u r a t i o n  
S t o  B 
Seawa ber 

T Turbine or tube 
NOMENCLATURE 

Area 
Constant 
Turbine-genera t o r  l o s s  c o e f f i c i e n t  
Spec i f ic  hea t  
G r a v i t a t i o n a l  constant  
General t r a n s f e r  funct ion or  pump head 
Moment of I n e r t i a  
Valve gain 
Torque 
Mass 
Mass raLe 
Turbine-generator speed r a t i o  
Pressure 
Set  pressure 
Heat r a t e  
Gas constant  
Laplace t ransformation v a r i a b l e  
Temperature 
Time 
Thermal conductance 
Step funct ion 
Veloci ty 
Valve displacement o r  vapor qf ial i ty  
Compressibi l i ty  f a c t o r  

INTRODUCTION 

The design of an OTEC system is genera l ly  based on. 
s teady-state  opera t ing  condit ions which do not 
provide an i n s i g h t  i n t o  the  dynamic charac- 
t e r i s t i c s  of the  system. Analysis of system s t a -  
b i l i t y  along with response t o  changes i n  opera t ing  
condi t ions ,  such a s  e l e c t r i c a l  load,  requ i res  t h e  
development of a  mathematical model which w i l l  
provide an adequate s imulat ion of t r a n s i e n t  re- 
sponse. The p r i n c i p a l  elements t o  be considered 
a r e  genera l ly  the  hea t  exchangers and t h e  
turbine-generator  although t h i s  depends 'on  t h e  
p a r t i c u l a r  OTEC system under cons idera t ion . .  The 
b a s i c  procedure followed i n  t h e  present  s o l u t i o n  
i s  t o  assume lumped condi t ions  f o r  l i n e  and' hea t  
exchanger vapor volumes and hea t  exchanger temper- 
a t u r e s .  Using t h i s  assumption, the appropr ia te  
time d e r i v a t i v e s  a re  w r i t t e n  for  the various sys- 
tem elements and solved simultaneously t o  provide 
the i n t e r a c t i o n  between the  various components 
when subjected to  chnngcs ' in  the  important f  a rc ing  
func t ions  such a s  generator  load and seawater flow 
or temperature v a r i a t i o n s .  

GREEK THERMAL CYCLE CONTROL - 
Condensation c o e f f i c i e n t  
I s e n t r o p i c  enthalpy d i f fe rence  
Turbine thermal e f f i c i e n c y  
Turbine speed r a t i o  cor rec t ion  f a c t o r  
Heat of vapor iza t ion  
Time a t  which w = wos 
Genera t o r  speed 
Generator s e t  speed 

The bas ic  requirement of the OTEC thermal cycle  
con t ro l  scheme i s  t o  provide s t a b l e  regu la t ion  of 
flow r a t e s ,  pressures ,  and turbine speed or load 
throughout the f u l l  range of operat ing condi t ions  ~ 

including instantaneous load loss .  This e n t a i l s  
regu la t ion  of vapor and. l i q u i d  working f l u i d  flow 
r a t e s  and, i n  some cases ,  seawater flow r a t e s  f o r  
var ious seawater temperatures and generator  loads. 
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Fig .  1 Flow Schematic 

F i g u r e  1  shows a  flow diagram f o r  a  p l a t e  h e a t  
exchanger  OTEC cyc le .  With t h i s  ar rangement ,  i t  
i s  p o s s i b l e  t o  use  independent  c o n t r o l  f o r  t h e  
vapor  and l i q u i d  flow r a t e s  a l lowing  a  s imple r  and 
more s t a b l e  flow c o n t r o l  technique.  ~ i q u i d '  f low 
c o n t r o l  i s  l i m i t e d  t o  t h e  condensate  and evap- 
o r a t o r  pumps. The condensate  pump i s  r e g u l a t e d .  t o  
m a i n t a i n  the  l i q u i d  l e v e l  i n  t h e  condensa te  sump 
between p resc r ibed  l e v e l s  t o  ensu re  t h e  r e q u i r e d  
NPSH and non-flooding of t h e  condenser .  The p l a t e  
e v a p o r a t o r  i s  des igned t o  o p e r a t e  a t  maximum r a t e d  

EVAPORATOR 

l oad  wi th  any excess  vapor  be ing  d i v e r t e d  through 
t h e  bypass l i n e  shown i n  F ig .  1. P r o v i s i o n  f o r  
c o n s t a n t  l i q u i d  flow t o  t h e  e v a p o r a t o r  can b e s t  be  
ma in ta ined  wi th  a  p o s i t i v e  d isplacement  pump which 
w i l l  be i n s e n s i t i v e  t o  p r e s s u r e  f l u c t u a t i o n s .  
Th i s  w i l l  e l i m i n a t e  'any need f o r  feedback c o n t r o l  
of  t h e  evapora to r  pump and p o s s i b l e  l i q u i d  f low 
s t a b i l i t y  problems. ' T h i s .  type  of e v a p o r a t o r  f eed  
i s  made p o s s i b l e  by s i z i n g  t h e  r e s e r v o i r ,  shown i n  
F i g .  1 ,  t o  permit  s u f f i c i e n t  s t o r a g e  t o  accom- 
modate system flow v a r i a t i o n s  from t h e  condensa te  
pump, and vapor - l iqu id  s e p a r a t o r .  

Decoupling of the  working f l u i d  l i q u i d  and vapor  
flow c o n t r o l  p rov ides  g r e a t e r  s t a b i l i t y  wi th  a  
s impler  c o n t r o l  system. The b a s i c  requirement  o f  
t h e  vapor c o n t r o l  sys tem i s  t o  p rov ide  s t a b l e  
e l e c t r i c  power g e n e r a t i o n  a t  cyc le  s t a t e  p o i n t s  
which have been s e l e c t e d  t o  op t imize  n e t  power 
g e n e r a t i o n  or  p rov ide  p l a n t  s h i p  power r e q u i r e -  
ments.  For t h e  system of F ig .  1 ,  t h i s  i s  provided 
by a p p r o p r i a t e  r e g u l a t i o n  of  t h e  t u r b i n e  and vapor  
bypass va lves .  

Two a p p l i c a t i o n s  c u r r e n t l y  envisaged f o r  OTEC a r e  
t h e  p l a n t  s h i p  and t h e  base-loaded system t i e d  i n  
wi th  a  shore - s ide  power g r i d .  The cho ice  of  sea- 
water  flow c o n t r o l  f o r  e i t h e r  a p p l i c a t i o n  has  been  
shown t o  be  dependent on t h e  type of h e a t  ex- 
changers  and the  y e a r l y  seawa te r  AT v a r i a -  
t i o n . l y 2  The cho ice  of  s eawa te r  f low c o n t r o l  
f o r  a  p a r t i c u l a r  p l a n t  and l o c a t i o n  g e n e r a l l y  
invo lves  a  c o s t  t r a d e o f f  between inc reased  pump 
c o s t s  v e r s u s  the  i n c r e a s e  i n  n e t  power f o r  o f f -  
d e s i g n  o p e r a t i o n .  Cur ren t  r e s u l t s  f o r  h o r i z o n t a l  
s h e l l  and tube  h e a t  exchangers  i n d i c a t e  t h a t  sea-  
water  flow c o n t r o l  should  be cons ide red  f o r  a  sea-  

TURBINE-GENERATOR 

CONDENSER 

J p; . 
F i g .  2  OTEC System Analogue w i t h  Seawater Pump Con t ro l  



water AT v a r i a t i o n  i n  excess of approximately pressure.  The a c t u a l  evaporat ion r a t e  is obtained 
4O or  50F.l Prel iminary r e s u l t s  f o r  a  p l a t e  from Eq. (11) which requires  a  knowledge of the  
heat  exchanger OTEC system i n d i c a t e  an working f l u i d  evaporat ion c o e f f i c i e n t  and vapor- 
i n s i g n i f i c a n t  advantage f o r  seawater flow c o n t r o l  . l i q u i d  sur face  akea. The same general  obser- 
over a  f a i r l y  wide rallgr of AT (320 to .vat ions apply t o  the condenser por t ion  of the  
46081.2 analogue shown i n  ~ i g .  2. 

A system analogue for  a  base loaded plant  with 
seawater flow cont ro l  i s  shown i n  Fig. 2 .  Such an 
arrangement allows optimum nct  power generat ion 
f o r  a l l  condit ions of seawater temperatures, foul-  
ing ,  and e l e c t r i c a l  load. The analogue is t y p i c a l  
of  a  s h e l l  and tube heat  exchanger OTEC p lan t  
where the  various lumped hea t  exchanger tempera- 
t u r e s  a re  obtained from an energy summation while 
the various system , p r e s s u r e s  a r e  obtained from a 
sumnation of mass r a t e s .  The s e t  p ressures  f o r  
the evaporator and condenser a re  obtained from an 
in - l ine  computer program which uses cold and warm 
seawater temperatures along with o ther  opera t ing  
condit ions to  generate  the  optimum pressures  and 
generator  load. The evaporat ion and condensation 
r a t e s  a re  con t ro l led  through the e f f e c t  of sea- 
water v e l o c i t y  on the seawater hea t  t r a n s f e r  
c o e f f i c i e n t .  A reduct ion i n  evaporator  pressure 
below -the optimum s e t  pressure would r e s u l t  i n  an 
increase  i n  the warm seawater pump speed or  blade 
p i tch  t o  produce an increase  i n  the  seawater flow 
and higher  evaporator tube-side v e l o c i t i e s .  The 
response of the seawater v e l o c i t y  would depend on 
the  pump c o n t r o l l e r  gain along with the i n e r t i a l  
e f f e c t s  of the seawater flow passages. The e f f e c t  
of the h igher  seawater v e l o c i t y  i s  to  increase  the  
working f l u i d  l i q u i d  f i lm temperature on the  evap- 
o ra tor  tubes and thereby increase  the s a t u r a t i o n  

Figure 3 shows a c o n t r o l  and system response ana- 
logue f o r  a  p l a t e  heat  exchanger OTEC p lan t .  I n  
t h i s  system, with unregulated (constant  flow) sea- 
water pumps, vapor flow cont ro l  is provided by 
c o n t r o l l i n g  the vapor bypass valve t o  maintain the  
des i red  tu rb ine  i n l e t  p ressure ,  PB. A simpli-  
f i e d  evaporator  analogue has been shown a s  t h e  
dynamic c h a r a c t e r i s t i c s  of the p l a t e  type evap- 
o r a t o r  a re  .not completely understood a t  the  pre- 
sen t  time. The p l a t e  type condenser has been 
assumed to be s imi la r  t o  the  s h e l l  and tube i n  
terms of lumped p la te  and l i q u i d  film temperatures 
a s  well a s  vapor volume. 

Turbine c o n t r o l  i s  e f fec ted  by sensing generator  
speed and regula t ing  the tu rb ine  flow r a t e  t o  
match the generator  torque requirement. 
Turbine-generator overspeed through load l o s s  o r  
o ther  causes is accommodated by a  f a s t  response 
valve arranged i n  s e r i e s  with the  tu rb ine  c o n t r o l  
valve. Exceeding a  p rese t  l eve l !  uO8, causes 
ac tua t ion  of the'  overspeed valve,  whlch i n t e r r u p t s  
vapor flow t o  the turbine.  

Many v a r i a t i o n s  of the two analogues shown i n  
Figs. 2 and 3 a r e  poss ib le  depending on t h e  p a r t i -  ' 

c u l a r  condit ions.  The s u i t a b i l i t y  of the var ious  
assumptions can, u l t i m a t e l y ,  only be assessed by 
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Fig. 3 OTEC System Analogue , fo r  P l a t e  Heat Exchangers (Mini-OTEC) 



comparison o f  p r e d i c t e d  sys t em re sponse  and con- 
t r o l  s t a b i l i t y  w i t h  a c t u a l  OTEC p l a n t  d a t a .  Such 
an  o p p o r t u n i t y  e x i s t s  w i t h  Mini-OTEC which is 
schedu led  t o  beg in  o p e r a t i o n  dur ing,  t h e  summer o f  
1979. The analogue o f  F i g .  3  is based on t h e  
Mini-OTEC des ign  and t h e  f o l l o w i n g  mathemat ica l  
t r e a t m e n t  and computer r e s u l t s  r e p r e s e n t  an  
a t t e m p t  t o  a s s e s s  t h e  Mini-OTEC sys tem re sponse .  

SYSTEM OF EQUATIONS 

The sys t em o f  n o n l i n e a r  d i f f e r e n t i a l  e q u a t i o n s  
used t o  s i m u l a t e  t h e  Mini-OTEC p l a n t  a r e  b a s i c a l l y  
t h o s e  i n d i c a t e d  i n  t h e  analogue o f  Fig .  3. The 
f o u r  sys tem p r e s s u r e s  a r e  o b t a i n e d  from t h e  con- 
t i n u i t y  e q u a t i o n  wh i l e  t h e  energy e q u a t i o n  i s  used 
t o  c a l c u l a t e  t h e  lumped condenser  p l a t e  and l i q u i d  

' f i l m  t empera tu re s .  The t u r b i n e  bypass  and c o n t r o l  
v a l v e  p o s i t i o n s  a r e  o b t a i n e d  from second o r d e r  
d i f f e r e n t i a l  e q u a t i o n s  w i t h  t h e  e r r o r  s i g n a l s  a s  
f o r c i n g  f u n c t i o n s .  The t u r b i n e - g e n e r a t o r  over-  
speed -va lve  p o s i t i o n  i s  a l s o  o b t a i n e d  from a  
second o r d e r  d i f f e r e n t i a l  e q u a t i o n  w i t h  a  s t e p  
f u n c t i o n  which i s  t r i g g e r e d  by t h e  t u r b i n e  speed 
exceed ing  some p rede te rmined  va lue .  The d i f f e r -  
e n t i a l  e q u a t i o n  o f  mot ion f o r  t h e  t u r b i n e -  
g e n e r a t o r  is o b t a i n e d  from a  summation o f  t o r q u e s .  

P r e s s u r e  

Temperature 

C o n t r o l  Valve P o s i t i o n  

Turbine-Genera tor  Speed 

Compress ib le  flow was assumed f o r  t h e  l i n e  and 
t u r b i n e  mass r a t e s  f o r  Eqs. ( 1 )  through ( 4 ) .  The 
condenser  mass r a t e  was c a l c u l a t e d  u s i n g  t h e  Knud- 
s e n  e q u a t i o n  a s  i n d i c a t e d  s c h e m a t i c a l l y  i n  F i g .  3. 

The v a r i o u s  h e a t  r a t e s  used i n  Eq. ( 5 )  and (6 )  
were c a l c u l a t e d  i n  t h e  manner shown i n  F ig .  3. 
The f i l m  t h i c k n e s s  used t o  c a l c u l a t e  t h e  working 
f l u i d  mass i n  Eq. ( 6 )  was assumed t o  be  , c o n s t a n t  
a s  was t h e  condensa t ion  h e a t  t r a n s f e r  c o e f f i c i e n t .  

Tu rb ine  to rque  was c a l c u l a t e d  from t h e  fo l lowing  
e x p r e s s i o n  where t h e  i s e n t r o p i c  e n t h a l p y  d i f -  
f e r e n c e  was based on t h e  p r e s s u r e s  PB and PR. 

Turb ine  thermal  e f f i c i e n c y ,  E ,  i s  a  f u n c t i o n  o f  
f low r a t e  and q i s  a  c o r r e c t i o n  f a c t o r  dependent 
on t h e  t u r b i n e  speed r a t i o .  The d i f f e r e n c e  
between t u r b i n e  , t o rque  and t h e  t o r q u e s  due t o  
gene ra  t o r  e l e c t r i c a l  l oad  and windage p l u s  mechan- 
i c a l  l o s s e s  de t e rmines  t h e  r a t e  o f  change o f  
t u r b i n e - g e n e r a t o r  speed.  The e l e c t r i c a l  l oad  i s  
a r b i t r a r i l y  s p e c i f i e d  a s  a  t ime  dependent  i n p u t  i n  
t h e  p r e s e n t  s o l u t i o n  and g e n e r a t o r  t o rque  i s  pro- 
p o r t i o n a l  t o  load d iv ided  by speed.  The t o r q u e  
r e s u l t i n g  from windage and mechanica l  l o s s e s  h a s  
been assumed t o  be  p r o p o r t i o n a l  t o  t h e  squa re  o f  
t h e  speed.  

The t ime  dependent f low a r e a s  f o r  t h e  t u r b i n e  con- 
t r o l ,  bypass ,  and overspeed v a l v e s  have been  
assumed t o  be  f u n c t i o n s  o f  c o n t r o l l e r  p o s i t i o n  a s  
i n d i c a t e d  i n  F ig .  3. T.he t u r b i n e  c o n t r o l  and 
overspeed v a l v e s  f o r  , Mini-OTEC have a  l i n e a r  
v a r i a t i o n  wh i l e  t h e  bypass  va lve  a r e a  h a s '  an  "S" 
shaped v a r i a t i o n  w i t h  c o n t r o l l e r  p o s i t i o n .  

RESULTS 

The p reced ing  e q u a t i o n s  were programmed f o r  so lu -  
t i o n  u s i n g  des ign  v a l u e s  from Mini-OTEC, which i s  
a  smal l  OTEC p l a n t  scheduled  f o r  o p e r a t i o n  o f f  
Keahole P t . ,  ~ a w a i i . 3  The d e s i g n  c o n s i s t s  of a 
c lo sed - loop  Rankine c y c l e  u s i n g  .ammonia f o r  a  
working f l u i d  w i th  p l a t e - t y p e  h e a t  exchangers .  
The sys tem has  been s i z e d  t o  produce  app rox ima te ly  
50 kW g r o s s  f o r  t h e  d e s i g n  and o p e r a t i n g  condi-  
t i o n s  shown i n  Tab le  1.  . 

d2x1 dX1 F i g u r e  4a  i l l u s t r a t e s  speed ,  mass r a t e ,  and p re s -  

2 + a l d t =  K1 (PB - P i )  ( 7 )  s u r e  response  f o r  a two-stage ramp g e n e r a t o r  load-  
d t  i ng .  The f i r s t  t e n  seconds  r e p r e s e n t  a  z e r o  e l e c -  

t r i c a l  1 oad a1 t h o i ~ e h  t h e  t ~ r r h i n e  1 oad due t o  wind- 

d2x2 
age  and mechanica l  l o s s e s ,  i s  20 kW. The i n i t i a l  

- dX2 
+ a  - = K 2  U ( t  - 7 )  

(8 )  f l u c t u a t i o n s  shown r e s u l t  from i n i t i a l  c o n d i t i o n s  
2  2  d t  such a s  condenser  p r e s s u r e  and t u r b i n e  and bypass  

d t  va lve  openings  which d i d  not  correspond t o  
s t e a d y - s t a t e  v a l u e s .  S t e a d y - s t a t e  h a s  been 

d2x3 approx ima te ly  e s t a b l i s h e d  a f t e r  10 seconds  a t  
- + a  dX3 - K3 (u - q )  

2  3 d t -  
( 9 )  which t ime t h e  e l e c t r i c a l  load was i n c r e a s e d ,  

d t  l i n e a r l y ,  f o r  10 seconds  t o  50 p e r c e n t  of t h e  



Tab le  1  MINI-OTEC DATA AND CONDITIONS 

r a t e d  va lue .  Th i s  produced a  sag  i n  g e n e r a t o r  
speed and an i n c r e a s e  i n  t h e  t u r b i n e  v a l v e  opening 
and mass . r a t e  a long  wi th  a  co r re spond ing  dec rease  
i n  bypass l i n e  mass r a t e .  The t u r b i n e  and a y p a s s  
c o n t r o l  v a l v e s  have a  s a t u r a t e d  c o n t r o l l e r  re-  
sponse t ime of  approximately  one second f o r  f u l l  
t r a v e l .  The g e n e r a t o r  load i s  f u r t h e r  inc reased  
between 30 and 40 seconds t o  100 p e r c e n t  of t h e  
r a t e d  load which is 50 kW. Th i s  produces a  fu r -  
t h e r  i n c r e a s e  i n  t u r b i n e  va lve  opening and mass 
r a t e  wi th  an a t t e n d a n t  dec rease  i n  bypass l i n e  
flow. The second load i n c r e a s e  appea r s  t o  have 

.induced some i n s t a b i l i t y  i n  t h e  system and t h e  
g e n e r a t o r  speed f l u c t u a t i o n s  a r e  on the  o rde r  o f  6  
t o ,  7 pe rcen t .  During one of  t h e s e  o s c i l l a t i o n s ,  
t h e  t u r b i n e  mass r a t e  exceeds  t h e  evapora t ion  r a t e  
and a t  42 seconds  the  bypass va lve  c l o s e s  com- 
p l e t e l y  wh i l e  a t t empt ing  t o  s u s t a i n  a  s e p a r a t o r  
p r e s s u r e  of  130 p s i a .  

COND 

2700 

833 

852 

o 

2 

388 

. 4390 

39 

HEAT TRANSFER 

Q (GPM) 
SW 

h sw (BTU/HR-FT~-OF) 

h ~ ~ 3  (BTU/HR-FT~-OF) 

R~ (BTU/HR-FT~-OF)-~ 

%(BTU/HR-FT~-OF)-' 

u (BTU/HR-FT~-OF) 

A ( F T ~ )  

Tsw (OF) 

COMPONENT 
VOLUME 

EVAPORATOR 

SEPARATOR 

LI NE-B 

CONDENSER 

At 50 seconds t h e  e l e c t r i c a l  load i s  i n s t an -  
t aneous ly  dumped s imula t ing  t h e  opening of  a  c i r -  
c u i t  b reake r .  This  r e s u l t s  i n  an  immediate 
i n c r e a s e  i n  g e n e r a t o r  speed beyond t h e  t u r b i n e  
c o n t r o l l e r ' s  c a p a b i l i t y  t o  l i m i t  t he  maximum speed 

EVA P 

2700 

988 

573 

3x10-4  

2 

307 

4390 

80 

t o  a  s a f e  va lue .  The overspeed t r i p  h a s  been s e t  
t o  b e g i n  s h u t t i n g  t h e  overspeed valve  when t h e  
speed exceeds  10 p e r c e n t ,  o r  3960 rpm. The over- 
speed va lve  has  a  s a t u r a t e d  c l o s u r e  t ime o f  
0.5 seconds  which r e s u l t s  i n  t h e  maximum speed 

. be ing  l i m i t e d  t o  21 p e r c e n t  of  o p e r a t i n g  speed. 
The e f f e c t  o f  t h e  overspeed v a l v e  c l o s u r e  i s  a l s o  
shown i n  t h e  t u r b i n e  mass r a t e  which i s  e s sen -  
t i a l l y  ze ro ,  1.5 seconds  a f t e r  t h e  load was 
dumped. The t u r b i n e  c o n t r o l l e r  i n i t i a l l y  r e a c t e d  
t o  t h e  overspeed by s t a r t i n g  t o  c l o s e  u n t i l  t h e  
speed dropped below t h e  s e t  p o i n t  a t  which t ime i t  
began t o  open t o  coun te r  t h e  d imin i sh ing  g e n e r a t o r  

. speed. 

LENGTH 
(FT) 

- 
12 

11 

13 

- 

Sudden i n t e r r u p t i o n  of f low t o  t h e  t u r b i n e  causes  
t h e  s e p a r a t o r  p r e s s u r e  t o  i n c r e a s e  s i n c e  t h e  
bypass va lve  cannot r e a c t  f a s t  enough t o  m a i n t a i n  
t h e -  s e t  p r e s s u r e  o f  130 p s i a .  Th i s  r e s u l t s  i n  
f a i r l y  l a r g e  fluctuations of  bypass l i n e  flow r a t e  
and s e p a r a t o r  p r e s s u r e  which damp o u t  w i th  t ime.  
The o s c i l l a t i o n s  cou ld  be e l i m i n a t e d  by an over-  

DIA 
(FT) 

- 

2 

0.5 

0.33 

- 

r i d e  on t h e  bypass valve  c o n t r o l l e r  t r i g g e r e d  by 
t h e  overspeed t r i p ,  o r  by u s i n g  the  p r e s s u r e  down- 
s t ream from t h e  t u r b i n e  overspeed va lve  f o r  t h e  
bypass va lve  c o n t r o l l e r .  

VAP. VOL. 
(FT3) 

20 

20 

3.2 

20 

The condenser p r e s s u r e ,  f o r  t h e  p r e s e n t  c o n t r o l  
scheme, i s  not a c t i v e l y  c o n t r o l l e d  b u t  f l o a t s  a t  
t h e  va lue  which r e s u l t s  i n  a  vapor flow r a t e  e q u a l  
t o  t h e  thermal  p o t e n t i a l  f o r  condensa t ion .  The 
r e sponse  o f  t h e  p r e s s u r e  t o  flow p e r t u r b a t i o n s  i s  
f a i r l y  r a p i d  due t o  t h e  smal l  t ime c o n s t a n t s  
(- 1  second)  a s s o c i a t e d  wi th  t h e  thermal  r e sponse  
of  t h e  p l a t e  and ammonia l i q u i d  f i lm.  Data f o r  
t h e  condensat ion c o e f f i c i e n t  f o r  ammonia i n  
Eq. (11)  could  not be  found and a  va lue  o f  0.04 
f o r  wa te r  was used. The p r e s s u r e  drop i n  Eq. (11 )  
was l e s s  t h a n  0.1 p s i  f o r  t h e  p r e s e n t  c o n d i t i o n s ,  
and t h e  p o s s i b l e  e r r o r  a s s o c i a t e d  wi th  t h e  l a c k  of  
knowledge o f  c r i s  f e l t  t o  be sma l l .  The r e l a -  
t i v e l y  smal l  p r e s s u r e  d rop  r e s u l t s ,  p r i m a r i l y ,  
from t h e  l a r g e  p l a t e  condensing a r e a  o f  
4390 f t 2 .  There i s  a  s l i g h t  dec rease  i n  t h e  
condenser  p regsu re  a s  load i s  a p p l i e d  due t o  t h e  
approximately  2 pe rcen t  r e d u c t i o n  i n  h e a t  load.  
The s l i g h t  i n c r e a s e  i n  average p r e s s u r e  a f t e r  
50 seconds r e s u l t s  from t h e  i n c r e a s e  i n  h e a t  load 
a s  we l l  a s  a  smal l  change i n  t h e  average evap- 
o r a t i o n  r a t e  r e s u l t i n g  from t h e  s e p a r a t o r  p r e s s u r e  
o s c i l l a t i o n s .  I n c l u s i o n  of  a  thermal  model f o r  
t he  evapora to r  would probably  reduce t h e  amount of  
s e p a r a t o r  p r e s s u r e  f l u c t u a t i o n  and i n c r e a s e  t h e  
damping, a l though modeling of  t h e  evapora to r  f low 
under t h e s e  c o n d i t i o n s  would be  ex t r eme ly  
d i f f i c u l t .  

The g e n e r a t o r  speed shown i n  F ig .  4a e x h i b i t e d  
f a i r l y  l a r g e  f l u c t u a t i o n s  be tween .  30 and 
50 seconds and appeared t o  be marg ina l ly  s t a b l e .  
An i n d i c a t i o n  of  t h e  i n f l u e n c e  of t u r b i n e  con- 
t r o l l e r  g a i n  was ob ta ined  wi th  a  second run  w i t h  
h a l f  t h e  g a i n  o f  t h e  f i r s t .  The r e s u l t s  a r e  shown 
i n  F i g .  4b f o r  a  con t inuous  ramp g e n e r a t o r  load ing  
between 10 and 30 seconds .  The sag  i n  speed a t  
t h e  beg inn ing  o f  t h e  load i n c r e a s e  i s  s l i g h t l y  
l a r g e r  than  t h a t  f o r  Fig .  4a  a s  a  r e s u l t  of  t h e  
lower g a i n  s e t t i n g .  I n  g e n e r a l ,  t h e  g e n e r a t o r  
speed o s c i l l a t i o n s  Have been s i g n i f i c a n t l y  reduced 
a long  wi th  a  more s t a b l e  t u r b i n e  mass r a t e .  

F igu re  5  shows t h e  g e n e r a l  r e l a t i o n s h i p  between 
t u r b i n e  c o n t r o l l e r  g a i n ,  s t a b i l i t y ,  and tu rb ine -  
g e n e r a t o r  p e r i o d  of  o s c i l l a t i o n  f o r  t h e  p r e s e n t  
c o n d i t i o n s .  Reference t o  F igs .  4a and 4b i n d i -  
c a t e s  a  bypass mass r a t e  pe r iod  o f  o s c i l l a t i o n  on 
t h e  o r d e r  of 2  s e c .  Th i s  a l s o  appea r s  t o  be  
approximately  t h e .  l i m i t i n g  value  of  t u r b i n e -  
g e n e r a t o r  per iod wi th  i n c r e a s i n g  t u r b i n e  con- 
t r o l l e r  g a i n  shown i n  Fig .  5. A  p o s s i b l e  con- 
c l u s i o n  might be t h a t  t u rb ine -gene ra to r  s t a b i l i t y  
i n c r e a s e s  wi th  i n c r e a s i n g  r a t i o  o f  t u rb ine -  
g e n e r a t o r  t o  bypass f low o s c i l l a t i o n  p e r i o d .  
F igure  5  a l s o  i n d i c a t e s  t h a t ,  f o r  t h e  p r e s e n t  con- 
d i t i o n s ,  t h i s  r a t i o  must be l a r g e r  ' than approxi-  
mate ly  two t o  produce s t a b l e  o p e r a t i o n .  F i n a l  
choice  of  t h e  t u r b i n e - c o n t r o l l e r  g a i n  s e t t i n g  must 
b e  based on a  c o n s i d e r a t i o n  of g e n e r a t o r  speed 
s t a b i l i t y  a s  wel l  a s  t h e  maximum speed r e d u c t i o n  
which can be  t o l e r a t e d  wi th  a  p r e s c r i b e d  g e n e r a t o r  
1 oading r a t e  . 
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a. Turbine Cont ro l le r  Gain 0.0088 .Ft / rad-sec b. Turbine Cont ro l le r  Gain 0.0044 Ft/rad-sec 

Fig.  4 Computer Solut ions f o r  Mini-OTEC,Ramp Loading and Instantaneous Load 
Loss f o r  Two Values of Turbine Cont ro l le r  Gain 
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of the  Mini-OTEC system. Synchronous operat ion or  
p a r a l l e l  DC operat ion would requ i re  a d i f f e r e n t  
c o n t r o l  scheme and consi 'deration of the dynamic 
character  i s t i c s  of the e l e c t r i c a l  c i r c u i t .  The 
b a s i c  i n t e n t  of t h e  present  e f f o r t  i s  t o  provide a 
dynamic model f o r  the  thermal-f luid-mechanical 
aspec t s  of an OTEC p lan t .  Based on the  computer 
s o l l ~ t i o n s  f o r  Mini-OTEC shown i n  Figs. 4a and 4b, 
i t  is f e l t  t h a t  the present  method ,of fe rs  a f a i r l y  
simple, and e f f e c t i v e  means of s imulat ing OTEC 
p lan t  response. 
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DISCUSSION 
1 

D. Richards, JHUIAPL: Do you anticipate any dynamic influence of the seawater heat-transfer coefficient 
problems from wave and heave-induced seawater flow on the overall heat-transfer coefficient. The ana- 
variation and variation of ammonia flow at wave logue shown in Fig. 2 of the paper would require ' 
periods correspollding to system time constants? the input of variable head in the pump-control heat- 

W. Owens, Lockheed: The influence of waves and exchanger seawater velocity portions to assess the 

heave can be important through their effort on sea- Of waves and heave. This be an im- 

water flow as noted by Mr. Richards. Vari- portant consideration in the 'ystem 

able seawater flow manifests itself as a variation stability determination depending on the relative 

in working fluid condensation and evaporation rate; Of the various system 'Onstants and amount 

the relative magnitude of which is dependent on the and period Of pump-head variation* . 
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7 ABSTRACT 

An advanced OTEC closed Rankine cycle was formu- 
la ted  and analyzed via power system analytical  sim- 
ulation programs developed by Wes tinghouse and Car- 
negie Mellon U n i ~ e r s i t y ~ w r k 0 . E .  L- 

Since cycle uniqueness precluded 
se lec t ions  based on experi'ence, 1 eas t  cos t  op t i -  / mization a1 gorithms involving pattern search tech- 
niques were used to verify tha t  anhydrous ammonia 
i s  the most sui table  working f l u i d  and tha t  the par- 
t i cu la r  configuration selected .provided maximum 
power cyc.le efficiency.  A high1 y favorable net  .en- 
ergy balance was achieved and individual components 
(Evaporator, Moisture Separator, Turbine, Generator, 
Exciter, Condenser and Seawater Pumps) w i t h  a min- 
i m u m  lo s s ,  novel control system possessing the re-  
qu i s i t e  f l e x i b i l i t y ,  s t a b i l i t y  and a v a i l a b i l i t y  were 
developed. A unique power plant  configuration was 
developed in response to contract  specifications.  
Dynamic and off-design conditions (s tar t -up,  shut- 
down, par t  load, overload, varying seawater temper- 
a tures ,  and varying l eve l s  o'f biofouling) were sim- 
ulated on the  OTEC power plant  and were extensively 
analyzed with the aforementioned computer' programs 
to  demonstrate system t rans tent  response, working 
f lu id  inventory t ransfers ,  dpd to determine the un- 
ique specifications of the balance of plant. Thus, 
requirements f o r  heat exchanger hotwell capaci t ies ,  

. 1 iquid amnonia pump cha rac te r i s t i c s ,  connecting 
pipe s izes ,  valve speci f ica t ions ,  storage capacit ies;  
condenser venting loops, e t c r  were a1 1 analyt ica l ly  

\ 
determined. Finally, .  requirements, f o r  auxil i.ary 
power f o r  s tar t -up,  purging, emergencies, shut-down, 
e t c .  were determined f o r  t h i s  complete power cycle- 
especially w i t h  a view towards i t  being i n  a ship 
type hull .  

1. INTRODUCTION 

Background 

The extraction of useful e l ec t r i ca l  power from 
the tropical  ocean thermal gradient between the 80°F 
surface and the 40°F depths requires a solution of 
the technical problem of  exploit ing t h i s  very small 
thermal difference. 

This novel cycle precluded optimization decisions 
based on experience and led to the application of a 

* Net Energy Balance r e su l t s  when more energy i s  
produced by the plant  than i s  used in i t s  con- 
s t ruct ion.  

system approach to the design of a complete power 
cycle wherein system optimization studies resulted 
in the se lec t ion of the  ideal closed cycle design 
parameters. 

The closed cycle operates by using warm surface . 

seawater to  vaporize a m n i a  in an evaporator. This 
vapor i s  then expanded through a turbine and con- 
densed in a condenser which i s  cooled with cold 
water pumped from the ocean depths of approximately 
3,000 fee t .  The d i r e c t  coup1 ed turbine generator 
del ivers  e l e c t r i c  power. A simple schematic dia-  . 
gram of t h i s  power system i s  shown i n  Figure 1 .  
While t h i s  h is tor ica l  solution1 ~2 was avail able,  
i t  remained to  determine optimum cycle and indi -  
vidual equipment design parameters to  make the 
concept economically a t t r a c t i v e  w i t h  a highly 
favorable* net .energy balance. 

The mass flow ra t e s  of working f lu id  a s  well a s  
seawater i n  both the warm and cold water loops a r e  
qui te  large  f o r  the e l ec t r i ca l  power output as com- 
pared to a conventional foss i l  o r  nuclear plant. The 
OTEC plant a m n i a  flow ra t e  i s  approximately 23 
times the  steam flow ra t e  of a nuclear plant and 45 
times the steam flow ra t e  of a foss i l  plant. These 
flow ra t e s  pose a considerable challenge fo r  the 
e f f i c i e n t  design of the major equipment components. 

1 OTEC closed Rankine cycles have a u"ique"'ess 
deriving principally from the low energy availabil  i ty 
of the ocean which requires the handling of very F 
la rge  volumetric working f lu id  and seawater flows. 

ELECTRICAL 

SEAWATER 

L-* PUMP 

:ig. 1 Schematic diag~am of elementary OTEC 
power system. 



Control System Requirements 1. Design Optimization Program, OTOPT, designs the 
lowest cost OTEC Power Svstem within the con- 

The inherently low efficiency of the closed cycle s t ra in t s  of specified w& and cold seawater in- 
i s  a direct  result  of the aforementioned low en- l e t  temperatures, biofouling resistance, and 
thalpy drop of the working fluid as i t  i s  expanded module net power output. 
through the turbine and the large quantity of en- 
ergy required to power seawater pumps. Efforts to 2. The Steady State Flowsheeting Program, OSAP-1, 
minimize the power cycle pressure losses resulted calculates the steady s ta te  thermal performance 
in elimination of the conventional control valve and turbine mechanical performance of a spec- 
preceeding the turbine in favor of a valved par- ified power system a t  design and off-design 
a l le l  by-pass loop. A schematic diagram of this  conditions, such as would occur with variations 
arrangement i s  shown in Figure 2. Thus the conven- in the warm and/or cold seawater in le t  temper- 
tional turbine-generator rotor overspeed control atures: 
problem has been further aggravated by the indirect 
arrangement of control valves as well as a more se- 3. The Dynamic Simulation Program, ODSP-3, cal- 
vere rat io  of working fluid mass flow rates to tur- culates the transient thermal response and tur- 
bine-generator rotor mass. An additional complication bine mechanical response of a specified power 
arises from the selection of a porous heat transfer system, i n i t i a l l y  a t  design load, to  changes 
enhancement on the outer surface of the evaporator in thermal conditions. Such changes would be 

. tubes which results in more trapped liquid and more caused by seawater temperature variation or 
entrained energy in the evaporator. This larger en- during load lowering o r  shedding, resulting 
trained energy with i t s  relatively long decay time in transient flows and/or emergency t r ips .  , 

presents a particular problem for  system safety a t  
time of load rejection. The turbine by-pass valves are This se t  of computer programs proved to be an 
capable of being fu l l  closed t o  fu l l  opened i n  a quar- important design tool which determined the size 
te r  of a second to divert vapor flow around the of system components to meet control response re- 
turbine directly to the condenser, while the 1 iquid quirements and accomnodated system flow transients, 
a m n i a  feed valves to the evaporator are capable of performed design tradeoff studies of the system 
being quickly closed to interrupt vapor production. variables, verified the s t a t i c  and transients re- 
These valves, acting together, l imit turbine-gen- sponse characteristics of the system, and insured 
erator overspeed. Sudden interruption of vapor pro- that individual components interacted and func- 
duction by electrical shutoff of the 1 iquid a m n i a  tioned as an integrated control system. 
feed pumps provides redundant overspeed protection. 

Base1 ine Power Module & D.O.E. Contract ~equirements 
Westinqhouse - Carnegie Mellon Computer Programs 

The solution to this  transient control problem 
was achieved by Westinghouse and Carnegie Mellon 
University through the development and application 
of a dynamic simulation. This i s  one of three com- 
prehensive analytic system simulation programs dev- 
eloped to investigate and cost optimize the OTEC 
closed cycle power system and i t s  equipment com- 
ponents. The various computer programs which are 
the subject of this paper are  briefly described as: 
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Fig. 2 Schematic diagram of OTEC system with 
turbine by-pass valves. 

The OTOPT program, in addition to other design 
decisions discussed, indicated power plant cost per 
kilowatt, for the surface ship type platform, con- 
tinued to decrease with increasing module size be- 
yond 100 MWe per module. However, platform cost per 
kilowatt reached a minimum value a t  25 MWe per module 
size because of the significant increase in hull 
depth required to accomnodate the optimum heat ex- 
changer diameters of 1 arger modules. Consequently, 
total 'system (power plant plus platform) cost showed 
a minimum value with 50 MWe modules. Subsequently, 
emphasis was shifted to a 10 MWe Modular Application 
Power System under Contract Number EG-77-C-03-1569 
for  the Division of Solar Energy of the Department 
of Energy. The work presented herein was performed 
under this contract. The control system and con- 
cepts described are for the 10 MWe system, b u t  are 
component-for-component directly scalable to the 
50 MWe cost optimized comnercial application power 
system. 

Turbine Design Considerations 

The turbine design has a strong influence on the 
overall system. Turbine efficiency directly affects 
the net power output and therefore has considerable 
influence on the specifications of a l l  other com- 
ponents in the system, and thus strongly affects 
cost per unit of power output. 

The turbine pressure rat io  i s  suited to a single 
stage of axial flow reaction blading. The blading 
design selected in response to  a specification for 
a base-loaded turbine i s  one that  results in peak 
efficiency a t  the base-loaded oint and somewhat 
diminished efficiency a t  (near! off -design oper- 
ation. 



Control System Design 

The design o f  the  cont ro l  system f o r  both the 10 
MWe Modular App l ica t ion  and the 50 MWe Demonstration 
Plant  under both steady-state and t rans ient  oper- ) at ing  condi t ions was preceded by analysis o f  steady- 
s ta te  performance a t  part- load, of f  -design seawater 
temperature condit ions, var ia t ions  i n  b io fou l  ing  
levels,  t rans ient  performance a t  overspeed, s t a r t -  
up, shut-down, synchronization t o  an e l e c t r i c a l  
gr id,  and loading changes. Use was made o f  these 
various computer programs i n  support ing design and 
ana l y t i ca l  studies. Results of these studies were 
used t o  produce the cont ro l  hardware and software 
designs and re la ted  product design speci f icat ions.  
System operat ion a t  p a r t  load, system operation a t  
overload and e f f e c t  o f  biofoul i n g  resistance on 
e l e c t r i c a l  output are discussed i n  de ta i l .  

2. OTEC COMPUTER MODELS - OTOPT, ODSP-3 and OSAP 

Cost Optimization Program OTOPT 

Program OTOPT determines the lowest cap i t a l  cos t  
OTEC power system. The main const ra in ts  o f  t h i s  
Westinghouse program are the warm and co ld  seawater 
i n l e t  temperatures and a she l l  -and-tube conf igur-  
a t i on  f o r  both the evaporator and condenser. A l l  
other thermodynamic and mechanical parameters are 
manipulated by the program t o  a r r i v e  a t  a parametric 
combination y i e l d i n g  the lowest cost  system. This 
modular computer model contains these sections - 
Main opt imiza t ion  program, p lan t  heat balance sub- 
rout ine,  design subroutines f o r  each component, and 
p r i c i n g  subroutines f o r  major components. The mod- 
u l  a r  approach was chosen t o  f a c i  1 i t a t e  algor i thm 
improvements. 

Optimization Method 

The cost  and performance o f  the power system are 
functions of independent system var iables.  The num- 
ber of system var iables i s  determined by the equa- 
t i ons  used i n  the heat balance and design calcula-  
t ions .  I f  the mathematical model consists o f  E 
equations and U-unknowns, there are (U-E) system 
var iables.  While the number o f  system var iables can 
be calculated using t h i s  method, the i d e n t i t y  o f  the 
system var iables i s  s t i l l  open t o  judgment. For 
example, the seawater pressure drop may be ca l cu la t -  
ed from the tube ve loc i t y ,  o r  the ve loc i t y  may be 

calculated from the pressure drop. The opt imizat ion 
would y i e l d  the same r e s u l t  regardless of which sys- 
tem var iab les  were chosen, so the choice depends on 
the order i n  which the equations are solved. 

The system var iables used i n  the opt imiza t ion  o f  
the OTEC power module are o f  two types: continuous 
and discontinuous. Continuous var iables are those 
such as temperatures and ve loc i t i es  which can vary 
i n f i n i t e s i m a l l y  over the range to  be studied. Dis- 
continuous var iables are var iables such as tube d i  - 
ameter, tube mater ia l  and the type o f  tube enhance- 
ment which e x i s t  only as d i sc re te  a l te rnat ives .  
The opt imizat ion technique was used t o  optimize 
the continuous var iables f o r  each combination o f  
discontinuous variables. 

Calculat ion Sequence 

The ca l cu la t i on  sequence for  the heat balance 
and design equations begins w i t h  the thermodynamic 
propert ies of the condensate leav ing the condenser. 
The pressure drop between the condenser and the 
amnonia feed pump i s  ca lcu la ted t o  determine the 
entrance pressure t o  the pump. The next  se t  o f  ca l -  
cul  at ions determine the thermal spec i f i ca t i ons  f o r  
the evaporator, a f t e r  which the evaporator i s  de- 
signed. The remainder o f  the heat balance equa- 
t i ons  are solved as needed t o  provide informat ion 
fo r  the design o f  the separator, the amnonia dra in  
tank, the ammonia feed pump, and the ammonia re -  
cyc le  pump. The l a s t  three items o f  the amnonia 
cyc le  t o  be designed are the turbine,  the condenser, 
and the la rge co ld  water p ipe which br ings  the deep, 
co ld  water up t o  the condenser. 

Af ter  the two heat exchangers have been designed, 
the seawater pressure drops through the tubes o f  
the heat exchangers are calculated. 

The seawater pressure drop i n  the co ld  water p ipe 
i s  added t o  the tubeside pressure drops i n  the con- 
denser, a f t e r  which the co ld  and warm seawater pumps 
are designed. When the components have been design- 
ed and t h e i r  associated p a r a s i t i c  losses have been 
calculated, the net  power output  o f  the power module 
i s  determined by subt rac t ing  the power requirements 
o f  the ammonia pumps, seawater pumps, and c h l o r i -  
na t ion  system from the gross power output  o f  the 
turbine. I f  the ne t  power output  d i f f e r s  from the 
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Fig. 3 10 MWe modular application temperature 
differentials, evaporator and condenser. 



specified output power, the cycle mass flow rate  
i s  adjusted and the entire calculation sequence i s  
repeated. 

Various types of cost estimates were used for the 
components depending on the availability of data. 
These included a single estimate, a factored e s t i -  
mate, a factored estimate with the capacity expo- 
nent, a summation of labor and material costs with 
an administrative cost multiplier, a curve f i t  
through a range of supplier cost estimates, and 
price 1 i s t  data. 

OTEC Modeling Aspects of ODSP-3 and OSAP 

In th i s  section the characteristics of the models 
developed a t  Carnegie-Mellon University to describe 
the transient and steady s ta te  behavior of the com- 
ponents within the OTEC plant are described. Two 
programing systems, ODSP-3 and OSAP, which use 
these models to effect  a dynamic simulation of an 
OTEC plant and an off-design steady -state calcul- 
ation, respective1 y are discussed. 

Figure 2 i l lus t ra tes  a particular OTEC plant con- 
figuration as an aid in following this  description. 

Component Modelinq Aspects 

Figure 2 shows that  this OTEC plant configuration 
can be modeled by considering models for the fol-  
lowing components: mixing unit ,  stream sp l i t t ing  
unit, pipe segment (pipe1 ine) ,  pump, valve, turbine- 
generator, evaporator, condenser and moisture sep- 
arator. The general characteristics of each of 
these units as modeled for  use in the simulation 
system ODSP-3 and OSAP, are as follows: 

The model of the sp l i t t e r  i s  the simplest of all  
the components in the system. A mass balance i s  
required among the incoming and outgoing flows. 
The thermodynamic s tate  of each stream i s  identical. 
For the mixer, an enthalpy balance i s  required in 
addition to  the mass balance. 

The model of a pipe segment considers flow res- 
istance and transport lag in the pipe. The fluid 
in the pipeline i s  assumed to be isothermal and 
incompressible. The pressure drop i s  calculated 
using Darcy's Law fo r  fluid fr ic t ion with a cor- 
rection for  head change due to  an elevation dif-  
ference between i t s  in le t  and exit .  Equivalent 
length i s  included to account for the frictional 
loss due to bends and f i t t ings .  The flow delay 
time for a pipe segment in a transient simulation 
i s  calculated from an integral equation which 
equates the integrated flow during the delay time 
to the total volume of the specific pipe1 ine. 

The valves are modeled ut i l iz ing a valve co-ef- 
f ic ient .  The moisture separator i s  also considered 
as a flow resistance b u t  with a volume which can- 
not be neglected. The pump models include simple 
mass balances and energy balances. The adiabatic 
temperature r i se  in the pump considers a f r ic -  
tional heating component and a flow work component. 
The pump characteristic curv.e i s  supplied by the 
user and gives fluid pressure increase by the pump 
versus fluid flow rate .  

The model for the turbine generator includes 
calculation of the input energy or potential for  
the speed change ini t ia ted by a 1 oad dump from the 

design point. Firs t ,  the energy balance a t  steady 
s ta te  (design) conditions i s  obtained according to 
the requirement for  the rate  of energy converted 
by the turbine to  electrical power generated plus 
loss (generally f r ic t ion) .  In the steady s ta te ,  
with the turbine generator locked into the u t i l i ty  
system a t  synchronous speed, the load change i s  
calculated corresponding to a given control change 
in the turbine flow and pressure ratio. After a 
load dump, the turbine energy balance i s  modified 
to  change the kinetic energy involved in altering 
the speed of the turbine generator. The dependence 
of turbine and generator losses on rotational speed 
and the performance equations of the turbine were 
included in the model. The turbine mass flow rate  
was modeled by use of the Stodola Ellipse Law and 
went into the model for  turbine thermodynamic po- 
wer. This turbine power model consisted of expres- 
sions in terms of speed, pressure ra t io  and in le t  
temperature. 

The models for the condensers and evaporators are 
complicated. A lumped system i s  considered in their 
dynamic modeling. Only one horizontal tube i s  con- 
sidered in the modeling. Transient heat balances 
are formulated for  the water, the tube, the amnonia 
liquid on the tube and the vapor in the vessel, and 
f inal ly  for the liquid in the hotwell. 

The transient water heat balance considers the 
heat transfer to the tube and the incoming and out- 
going enthalpies of water. To approximate the dy- 
namic behavior, the t ransi t  times for  the water 
are introduced as a time delay. The transient enth- 
alpy balance for the amnonia 1 iquid on the tube and 
the amnonia vapor in the vessel considers the heat 
transfer from tube to vapor, liquid feed onto the 
tube and draining to the hotwell , evaporation from 
the hotwell, and the vapor leaving the vessel. 

Mass balances are a1 so formulated separately to 
describe the holdup for the vapor, the liquid 
amnonia on the tube, and liquid in the hotwell. 
Additionally, the s tate  equation for the vapor tem- 
perature i s  written with the assumption that the 
vapor in the condenser i s  in the saturated s tate  
and that i t  follows the ideal gas law. 

In general, this  model can be applied to both 
the condenser and the evaporator. Specific con- 
siderations are that the condenser does not have 
liquid feed onto the tube and no vapor leaves the 
vessel. On the other hand, no vapor comes into the 
evaporator. Under normal operating conditions the 
evaporator will have a m n i a  transport from the 
1 iquid film to vapor in the vessel ; this transport 
will be a negative quantity for the condenser. 

The liquid i n  the hotwell will flash when the 
vessel pressure becomes lower than the saturation 
pressure of the hotwell liquid. Also, a t  reduced 
load conditions, the evaporator may operate a t  a 
low recirculation rate and the tube may experience 
partial or complete dry-out as well as during tran- 
sients.  Since the exact relationship between the 
heat transfer and film flow during partial dryout 
i s  not available in the open l i t e ra ture ,  only com- 
plete dry-out i s  modeled. 

The present model i s  1 imited by the assumption 
that the tube bundle in the thin film heat ex- 
changer i s  considered as a single lumped tube. In 
practice, this lumped approach i s  good for a trans- 



i e n t  where the  ammonia 1  i q u i d  feed r a t e  v a r i e s  
s low ly  w i t h  time. For t h i s  case the  c h a r a c t e r i s t i c  
t ime of t h e  feeding t r a n s i e n t  i s  l o n g e r  than the  
t ime o f  t h e  l i q u i d  f l o w i n g  f rom t h e  t o p  o f  t h e  bun- 
dl 'e t o  i t s  bottom. On t h e  o t h e r  hand, when a  severe 
1  i q u i d  feed r a t c  t r a n s i e n t  occurs,  the  re1 i a b i l  i t y  
of t h e  lumped approach w i l l  be reduced unless an 
appropr ia te  1  i q u i d  f l o w  delay t ime  i s  inc luded.  
(Th is  de lay t ime i s  being inc luded  i n  a  m o d i f i e d  

, model f o r  t h e  dynamic s i m u l a t i o n  o f  the OTEC system 
c u r r e n t l y  be ing developed a t  Carnegie-Mellon Uni -  
v e r s i t y ) .  

The ODSP-3 Program 

Th is  s e c t i o n  o u t l i n e s  the  bas ic  fea tu res  o f  t h e  
dynamic s i m u l a t i o n  system developed a t  Carnegie- 
Me l lon  U n i v e r s i t y ,  (C.M.U.) t o  s imu la te  t h e  perform- 
ance o f  t h e  proposed Westinghouse OTEC module. 

Because o f  t h e  very s h o r t  t ime  a l lowed to develop 
ODSP-3, i t  was w r i t t e n  s p e c i f i c a l l y  to so lve  the  
OTEC p l a n t  shown i n  F igure  2. F u l l  advantage was 
therefore taken o f  t h e  p a r t i c u l a r  s t r u c t u r e  o f  the 
a lgebra ic  equat ions which a r e  so lved  i n  two steps. 
t o t a l  p l a n t  model i s  a  c o l l e c t i o n  o f  dynamic and 
a lgebra ic  equat ions which a r e  so lved i n  two steps. 
F i r s t  an i n i t i a l  s teady-state f o r  the  p l a n t  i s  es- 
t a b l i s h e d  t o  o b t a i n  t h e  des ign pressures and tem- 
pera tu res  of the  a m n i a  and t h e  areas o f  t h e  anml- 
on ia c o n t r o l  va lves c o n s i s t e n t  w i t h  the  design po in t .  
Th is  i n v o l v e s  s imul taneously  s a t i s f y i n g  t h e  dynamic 
equat ions w i t h  a l l  t ime d e r i v a t i v e s  s e t  t o  zero, the 
a1 gebra ic  equat ions and t h e  r e q u i r e d  user  s p e c i f i  - 
ca t ions .  Once an i n i t i a l  s teady-state was estab-  
l i s h e d  the  dynamic s i m u l a t i o n  began. Needed here 
were s p e c i f i c a t i o n s  f o r  t h e  i n p u t  " independent".  
v a r i a b l e s  versus time.. These v a r i a b l e s  permi t ted  t h e  
p e r t u r b a t i o n  o f  t h e  p l a n t .  

The model developed i s  appl i c a b l e  t o  a  number The s t r u c t u r e  o f  ODSP-3 i s  r i g i d .  The user  has 
of p a r t i c u l a r  cases of i n t e r e s t ,  p r e d i c t i n g  system v i r t u a l l y  no a l t e r n a t i v e s  i n  which v a r i a b l e s  he 
respo'nse t o  t h e  f o l l o w i n g  types o f  c o n t r o l  a c t i o n :  must s p e c i f y  t o  e f f e c t  a  s imu la t ion .  Th is  r i g i d i t y  

i s  obv ious ly  a  disadvantage, b u t  i t  permi t ted  ODSP- . Opening the bypass va lve  i n  response t o  a  3,a ve ry  e f f i c i e n t  program i n  terms o f  computer 
severe r e d u c t i o n  i n  e l e c t r i c a l  l o a d  on t h e  t ime,to be developed q u i c k l y .  S o l u t i o n  a lgor i thms 
generator.  ( r a p i d  response) were determined f o r  t h e  150 o r  so simultaneous non- 

1  i n e a r  a1 gebra ic  equat ions model ing t h e  steady- . Clos ing  o f f  o f  t h e  l i q u i d  f l o w i n g  f rom t h e  s ta te ,  which r e q u i r e d  guessing and converg ing sim- 
condenser back t o  the  evaporator,  pumping u l  taneously  o n l y  th ree  v a r i a b l e s  i n  one l a r g e  i t -  
i t  i n s t e a d  o u t  of t h e  system t o  a  l i q u i d  e r a t i o n  loop.  The 140 o r  so a l g e b r a i c  c o n s t r a i n t s  ' 
ammonia s torage f a c i l i t y .  ( i n v e n t o r y  c o n t r o l )  were solved d u r i n g  t h e  dynamic s imu la t ion ,  by 

guessing and converg ing o n l y  5 v a r i a b l e s  i n  two non- 
. A combinat ion of these ac t ions .  over lapp ing  i t e r a t i o n  loops, one loop  w i t h  two i t- 

e r a t i o n  v a r i a b l e s  and t h e  o t h e r  w i t h  three.  Special  
. Contro l  o f  t h e  t u r b i n e  speed by manip- a lgor i thms a v a i l a b l e  i n  t h e  1  i t e r a t u r e  on " t e a r i n g "  

u l a t i o n  o f  t h e  bypass va lve  (h igh  f r e -  methods were used f o r  t h e  s o l u t i o n  o f  t h e  s imul -  
quency response t o  hun t ing ) .  taneous n o n l i n e a r  a l g e b r a i c  equat ions t o  f i n d  these 

s o l u t i o n  procedures; then a  Harwel l  l i b r a r y  sub- 
. Contro l  o f  t h e  t u r b i n e  by c o n t r o l l i n g  the  r o u t i n e  ( V A ~ ~ A D )  was employed t o  e f fec t  t h e  conver- 

i n l e t  f l o w  o f  amnonia onto the  e v a ~ o r a t o r  gence of these i t e r a t i o n  loops. 
tubes. Here t h e  f low would be l e s s '  than 
the  evaporator  i s  capable o f  evaporat ing 
so there  i s  no over f low o f  excess ammonia 
o f f  t h e  tubes and thus no r e c i n u l a t i o n  
o f  the  excess amnonia. Th is  mode i s  f o r  
s t a r t u p  and p a r t  l o a d  s i t u a t i o n s .  

. Sinusoidal  man ipu la t ion  o f  t h e  va lves  to 
prov ide  frequency response in fo rmat ion .  
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Fig. 4 Temperature effect on performance. 

VA05AD i s  a  s o p h i s t i c a t e d  numerical r o u t i n e  which 
can so lve  t h e  problem 

Min 
x1,x2,"'xn j = l  

When n=m the  r o u t i n e  w i l l  a d j u s t  n  xi v a r i a b l e  values 
to d r i v e  n  e r r o r  f u n c t i o n s  f .  t o  zero (as t h a t  would 
be the  minimum o f  J 

To i n t e g r a t e  t h e  s e t  o f  o r d i n a r y  d i f f e r e n t i a l  equ- 
a t ions ,  the  IBM S c i e n t i f i c  Subrout ine l i b r a r y  p ro -  
gram DHPCG was used. I t i s  a  Hamming-Predictor1 
Cor rec to r  i n t e g r a t i o n  package f o r  numer ica l l y  i n -  
t e g r a t i n g  se ts  o f  f i r s t  o rder  o r d i n a r y  d i f f e r e n t i a l  
equat ions (ODE'S) from an i n i t i a l  s t a r t i n g  con- 
d i t i o n .  The equat ions a re  o f  t h e  form 

x (0) = x0 , g iven  
i i 



dxi 
- = fi(xl , x ~ , " ' x  n  , z . ( x ~ , x ~ , - - . x ~ , u ~ ( ~ )  J 1. User e s t a b l i s h e s  t h e  p l a n t  s t r u c t u r e  t o  analyze 

. d t  and develops an OSAP model f o r  it. , 

A user  w r i t t e n  r o u t i n e  i s  c a l l e d  by DHPCG, re- 
peatedly, t o  evaluate t h e l f . ( x  ,x2,.--x ,t) f o r  
values o f  xl ,x2; ..xn and t 'subpl  l e d  

r 
Because t h e  model i s  r e a l l y  a  m i x t u r e  o f  f o u r -  

teen ODE'S and about 140 non l inear  a l g e b r a i c  
equations, t h e  ac tua l  form o f  t h e  model i s  

dxi - = fj(~1,~2,"'Xn,Z1,Z2,~~~Zm,u1,u2,...ur,t) 
d t  

... s u b j e c t  t o  g. (x  I ,x 2 ,"' Xn,Z1 , Zm,ul ' a  . 'ur) = 0 

where i=1,2,"'n, j=1,2,...m 

The v a r i a b l e s  z  t o  z  a re  a l g e b r a i c  v a r i a b l e s  
whose values a r e  h b t a i n ~ d  by s o l v i n g  t h e  m non- 
1 i n e a r  a l g e b r a i c  equations g .=0, j=1,2,.. .m. Thus 
they a r e  funct ions o f  t h e  s t d t e  v a r i a b l e s  x .  and 
the  independent va r iab les  u . Time dependent v a l -  
ues f o r  t h e  v a r i a b l e s  u subp l ied  by t h e  user  a re  
t h e  mechanism by which k d is tu rbance  i s  descr ibed 
f o r  t h e  process. An example i s  the  e l e c t r i c a l  l o a d  
on t h e  t u r b i n e  which may be decreased a b r u p t l y .  
Thus t h e  v a r i a b l e s  u a c t  o n l y  as t ime  vary ing  
parameters t o  t h e  &s ta ted  problem i n  t h e  d e s i r e d  
c-- z-.- ntonee. 

It i s  necessary t o  so lve  a s e t  o f  about 140 sim- 
u l  taneous non l inear  a l g e b r a i c  equat ions each t ime 
DHPCG requests  values f o r  the  fi func t ion  as i t  i s  
. i n t e g r a t i n g  t h e  equations. Th is  i s  accompl i s ~ e d  
e f f i c i e n t 1  y  us ing t h e  t e a r i n g  concepts t o  f i n d  t h e  
c o r r e c t  i t e r a t i o n  v a r i a b l e  toge ther  w i t h  t h e  Harwel l  
l i b r a r y  r o u t i n e  VA05AD t o  converge t h e  s e t  o f  140 
simultaneous n o n l i n e a r  a l g e b r a i c  equations. 

TABLE I 

OSAP-1 U n i t  Module L i s t  

1. Simple Stream S p l i t t e r  

2. Mixer  Un i t ,  . l i q u i d  streams 
Mixer  U n i t ,  vapor streams 

3. Valve, l i q u i d  stream 
Valve , vapor streams - Mo is tu re  Separator (Modeled as a Valve) 

4 Pump 

5. Pipe, laminar  f l ow,  l i q u i d  stream 
Pipe, laminar  f low,  vapor stream 
Pipe, t u r b u l e n t  f l ow,  1 i q u i d  stream 
Pipe, t u r b u l e n t  f l ow,  vapor stream 

- - 
6. Turb ine 

7. Evaporator and Condenser 

V 

To e s t a b l i s h  the  equipment s i zes  needed f o r  
g iven a m o n i a  f l ows  and g iven t u r b i n e  design 
c h a r a c t e r i s t i c s ,  s e l e c t  the  flows as given, 
s e l e c t  t h e  t u r b i n e  design c h a r a c t e r i s t i c s  as 
g iven  and l e t  t h e  system c a l c u l a t e  some o f  the  
s i zes  f o r  var ious p ieces o f  equipment (such 
as number o f  tubes i n  the  evaporator  and con- 
denser u n i t s ,  va lve  t h r o a t  areas, e tc . ) .  The 
user  s p e c i f i e s  e l e v a t i o n ,  diameter,  l eng th ,  
e tc . ,  f o r  a l l  p i p e l i n e s ;  v a l v e  constants  f o r  
a l l  valves; tube leng ths  and diameters, etc., 
f o r  t h i s  run. OSAP i s  used t o  so lve t h e  model. 

The OSAP Program 3. To determine t h e  e f f e c t  o f  c l o s i n g  o f f  a  f r a -  
c t i o n  of t h e  tubes i n  t h e  evaporator  on t h e  

OSAP i s  a f l owshee t ing  program prepared by  CMU steady s t a t e  behavior  of t h e  p l a n t ,  t h e  user 
f o r  ana lyz ing  the  steady s t a t e  behavior  o f  an OTEC spec i f i es  and f i x e s  t h e  number o f  tubes i n  
p l a n t  such as t h a t  shown i n  F igure  2. OSAP i s  a mod- t h e  evaporator  ( a  q u a n t i t y  c a l c u l a t e d  i n  the 
u l a r  f l owshee t ing  program based on t h e  same m d e l -  f i r s t  analys is ,  b u t  i s  now t o  be g iven) .  A 
i n g  equat ions as used i n  the  ODSP-3 program. Any v a r i a b l e  previous1 y des ignated as an i n p u t  
OTEC p l a n t  can be analyzed which can be modeled ( i .e.,  g iven)  must be re leased t o  a l l o w  OSAP 
by i n t e r c o n n e c t i n g  t h e  component m d u l  es 1 i sted  i n  t o  c a l c u l a t e  a va lue f o r  i t .  Se lec t  the  arrmonia 
Tab1 e 1. f l o w  r a t e  through t h e  t u r b i n e  and run  OSAP t o  

analyze t h e  p lan t .  
OSAP i s  an unusual f l owshee t ing  program because, 

p rov ided  t h e  choice o f  i n p u t  v a r i a b l e s  i s  l e g i t -  4. To c a l c u l a t e  the va lve  constants  which r e -  
imate, t h e  user  can s e l e c t  any s e t  o f  v a r i a b l e s  t o  su l  t f rom s p e c i f i c a t i o n  o f  the  va lve  t h r o a t  
p rov ide  p r e s p e c i f  i e d  values. OSAP w i l l  then s e t  up areas. ( f i x e d  as i n p u t s ) ,  re lease  f o r  each 
and execute a u t o m a t i c a l l y  a  program which w i l l  c a l -  va lve  the  va lve  constants  t o  be ca lcu la ted .  
c u l a t e  values f o r  a l l  t h e  remain ing var iab les .  I n  
an a b s t r a c t  sense, OSAP considers t h e  problem t o  be 5. Etc. 
one o f  s o l v i n g  n non l inear  a l g e b r a i c  equat ions i n  , 
m (m>n) va r iab les .  Thus m-n v a r i a b l e s  must have 
t h e i r  values p r e s p e c i f  i e d  by the  user, l e a v i n g  OSAP Thus, w i t h  r e l a t i v e  ease, a  whole hos t  of c a l -  
t o  s o l v e  t h e  n n o n l i n e a r  a l g e b r a i c  equat ions f o r  the  c u l a t i o n s  a re  poss ib le ,  a l l o w i n g  the  user t o  do 
remain ing n v a r i a b l e  values. These n equat ions must, "design" c a l c u l a t i o n s  ( f i x  t h e  f lows and ca lcu -  
n o t  be " s i n g u l a r "  i n  the  remain ing n v a r i a b l e s  l e f t  l a t e  e uipment s i zes )  o r  "performance" c a l c u l a -  
f o r  s o l u t i o n ,  b u t  t h i s  i s  v i r t u a l l y  t h e  o n l y  r e s -  t i o n s  ? f i x  the  equipment s i z e s  and c a l c u l a t e  f lows,  
t r i c t i o n p l a c e d o n t h e u s e r ' s c h o i c e o f v a r i a b l e s  T 1 s a n d P ' s , e t c . ) . A l s o , i f a b a s e l i n e i s f i r s t  
t o  s p e c i f y  . ca lcu la ted ,  then parametr ic  s e n s i t i v i t y  a n a l f l i s  

Th is  means the user  cou ld  employ t h e  f o l l o w i n g  i s  e a s i l y  accomplished. Thus a user  can u s u a l l y  s e t  
p lan  t o  analyze the  steady s t a t e  behavior  o f  an up a sequence o f  c a l c u l a t i o n s  which w i l l  n o t  cause 
OTEC p l a n t .  (Refer t o  F i g u r e  2).  the  r e s u l t i n g  problems t o  be "s ingu la r . "  

\ 8.9-6 



OSAP i s  based'on t h e  Newton-Raphson i t e r a t i o n  
technique t o  so lve  t h e  simultaneous nonl i n e a r  
a lgebra ic  equat ions which model a  p l a n t .  The New- 
ton-Raphson technique es tab l i shes  a t  each i t e r a t i o n  
a 1 i n e a r  model which approximates a1 1 the  equations 
around the  c u r r e n t  guessed s o l u t i o n .  The l i n e a r  
model i s  so lved f o r  t h e  values o f  t h e  v a r i a b l e s  
o f  t h e  l i n e a r  equations t o  make them s imu l tan-  
eously  have zero e r r o r .  These v a r i a b l e  values be- 
come t h e  nex t  guess, and, if the i n i t i a l  values 
are c lose  enough to the  s o l u t i o n ,  convergence t o  
very h igh  accuracy i s  accomplished i n  7 t o  12 
i t e r a t i o n s .  

To s e t  up t h e  l i n e a r i z e d  models f o r  an a r -  
b i  t r a r i l y  con f igu red  f l  owsheet r e q u i r e s  a modular 

. program design i n  which t h e  equat ion c o e f f i c i e n t s  
,and e r r o r s  are generated separa te ly  f o r  each com- 

ponent. The execu t i ve  r o u t i n e  c o l l e c t s  these and 
removes the  c o n t r i b u t i o n s  f rom t h e  p r e s p e c i f i e d  
v a r i a b l e s  when i t  se ts  up t h e  complete problem. I t 
then submits t h e  l i n e a r i z e d  equat ions f o r  each 
i t e r a t i o n  t o  a sparse m a t r i x  package (Harwe l l ' s  
MA28 package) f o r  s o l u t i o n .  

The program a ids  t h e  user  by hav ing the  f o l -  
l ow ing  features:  

1. Only a small  subset o f  t h e  t o t a l  o f  problem 
v a r i a b l e s  need be 'given i n i t i a l  guesses. 
The r e s t  a r e  guessed a u t o m a t i c a l l y  . However, 
any v a r i a b l e  may be g iven  an i n i t i a l  guess 
by the user  which over r ides  t h a t  determined 
by t h e  program. 

2. I n t e r n a l  v a r i a b l e  sca l  i n g  and equat ion 
s c a l i n g  a re  a u t o m a t i c a l l y  performed t o  r e -  
f l e c t  appropr ia te  eng ineer ing  accuracies. 
Th is  s c a l i n g  a ids  the  convergence char- 
a c t e r i s t i c s  o f  the  program w i t h o u t  t h e  
u s e r ' s  knowledge o f  it. 

3. In te rmed ia te  p r i n t o u t s  can be requested t o  
a l l o w  t h e  user  t o  t r a c k  convergence. 

4. A r e r u n  may be performed w i t h  i n i t i a l  va r -  
i a b l e  values f o r  t h e  r e r u n  be ing  based on 
those f rom the  prev ious run. A s i g n i f i c a n t  
r e d u c t i o n  i n  t h e  number q f  i t e r a t i o n s  f r e -  
quent l  y  occurs. 

5. A sledge harmer convergence method based on 
a v a r i a t i o n  o f  so -ca l led  " c o n t i n u a t i o n  
methods" i s  Incorpora ted  and u s u a l l y  can 
force convergence, even if slow ly ,  i f  the 
Newton-Raphson method i s  f a i l  i ng .  

BIOFOULING RESISTANCE HR-FT~-OF IBTU 

Fig. 5 Biofouling effect on performance. 

The model f o r  t h e  p l 'ant  i n  F igure 1 generated 
157 nonl i n e a r  a l g e b r a i c  equat ions i n  21 5 va r iab les .  
F i f t y - e i g h t  v a r i a b l e s  were then s p e c i f i e d  (most ly  
equipment dimensions), reducing t h e  problem t o  
157 equat ions i n  157 unknowns. SAP converged these 
equat ions i n  17 i t e r a t i o n s  ( 1 0 9  accuracy) from an 
i n i t i a l  guess which d i d  n o t  r e f l e c t  "knowing the 
s o l u t i o n "  b e f o r e  s t a r t i n g .  A r e r u n  i n  which a 
s l i g h t l y  d i f f e r e n t  s e t  o f  58 v a r i a b l e  values were 
f i x e d  converged i n  4 i t e r a t i o n s .  Most o t h e r  runs 
gave convergence u s u a l l y  w i t h  7 t o  12 i t e r a t i o n s .  
Reruns were t y p i c a l l y  much f a s t e r ,  as i l l u s t r a t e d  
by t h e  above example. 

3. APPLICATION OF PROGRAM RESULTS TO COMPONENT DESIGN 

Contro l  System Design 

Fo l low ing  t h e  s e l e c t i o n  o f  the  p r e f e r r e d  con- 
f i g u r a t i o n  (Fig.2) w i t h  t u r b i n e  bypass va lves f o r  
p l a n t  e f f i c i e n c y  reasons, use was made o f  the  va r -  
ious computer programs t o  e f f e c t  t h e  des ign phase 
o f  t h e  OTEC Closed Cycle Power System Contro ls .  The 
o b j e c t i v e  was t o  op t im ize  the  system as a whole, 
r a t h e r  than t o  assemble a s e t  o f  components, each 
o f  which was designed on an i n d i v i d u a l  convent ional  
bas is ,  as would t y p i c a l l y  be supp1ie.d by a vendor. 
The c o n t r o l  hardware and sof tware designs and r e l -  
a ted  p roduc t  design s p e c i f i c a t i o n s  were obta ined 
as a r e s u l t  o f  o p t i m i z a t i o n  and steady-state and 
t r a n s i e n t  syn thes is  and a n a l y s i s .  Use was made o f  
these var ious  programs i n  suppor t ing  computer 
s tud ies .  

Heat Exchanger Modular Design 

The evaporator  and condenser were designed f o r  
op t im ized  power system performance a t  t h e  design 
p o i n t  by cons ider ing  such requirements and t rade-  
o f f s  as 

. T y p e o f  working f l u i d  

. Type o f  tube m a t e r i a l ,  diameter and w a l l  
th ickness f o r  evaporator  and condenser . Considerat ion o f  tube c o r r o s i o n  and e ros ion  
r a t e s  . E f f e c t i v e  tube sur face  area, a long w i t h  pos- 
s i b l e  use o f  severa l  d i f f e r e n t  types of en- 
hancement on ID o r  OD i n  t h e  evaporator  and 
condenser ' . Tube spacing geometry f o r  e f f i c i e n c y  o f  vapor 
paths i n  the  evaporator  and condenser f o r  
optimum heat  t r a n s f e r  . I n t e g r a l  h o t w e l l s  f o r  t h e  evaporator  and f o r  
the  condenser 

. Evaporator and condenser seawater f low v e l -  
o c i  t y  f o r  c o n t r o l  1 4  pressure drop 

. Permiss ib le  l e v e l s  o f  b i o f o u l i n g  on th.e evap- 
o r a t o r  and on t h e  condenser hea t  t r a n s f e r  su r -  
faces . Choice o f  seawater on tube s i d e  and working 
f l u i d  on s h e l l  s i d e  and heat  t r a n s f e r  modes 
(nuc lea te  b o i l i n g  i n  evaporator)  

, Evaporator r e c i r c u l a t i o n  arrangements f o r  o p t i -  
mum l i q u i d  l o a d i n g  on tubes . Condenser ven t ing  procedures . Turb ine exhaust f l ows  and bypass. f l ows  t o  con- 
denser ( b a f f l e  arrangement) . Heat exchanger design, spacing o f  tube sup- 
p o r t s ,  e tc .  t o  prec lude f a t i g u e  load ing  o f  
tubes by  f l o w  e x c i t a t i o n  



Steady-State Analyses 

Steady-state analyses were performed (1 ) t o  
map t h e  p a r t  l o a d  and over load  c h a r a c t e r i s t i c s  o f  
t h e  OTEC c losed  power cyc le ,  (2)  t o  p r e d i c t  t h e  
e f fec t  on power ou tpu t  of v a r i a t i o n s  i n  seawater 
temperature d i f f e r e n c e ,  and (3) t o  c a l c u l a t e  t h e  
e f f e c t  o f  v a r y i n g  amounts o f  b i o f o u l i n g  upon t h e  
power ou tpu t .  

T rans ien t  Analyses 

Trans ien t  analyses were performed t o  s i z e  and 
otherwise des ign a  number of c losed power c y c l e  
components. The evaporator  and condenser ho twe l l s  
were s i zed  f o r  working f l u i d  i n v e n t o r y  t r a n s f e r s  
w i t h  emptying and fill i n g  d u r i n g  severe t r a n s i e n t s ,  
such as emergency t r i p s  o f  the  tu rb ine ,  f o l l o w i n g  
f u l l  l o a d  r e j e c t i o n .  The r2quirements f o r  t u r b i n e  
and generator  t o  w i ths tand  overspeed c o n d i t i o n s  were 
d e r i v e d  f rom the  same emergency t r i p  s tud ies.  Con- 
trol o f  overspeeds under these c o n d i t i o n s  was i n -  
ves t i g a t e d  by  t r a n s i e n t  performance s tud ies  o f  r e -  
sponses t o  t r i p s  w i t h  d i f f e r e n t  bypass va lve  areas, 
i n c l u d i n g  a  f a u l t  t r e e  ana lys is .  Th is  f a u l t  t r e e  
a n a l y s i s  cons is ted  o f  c a l c u l a t i o n s  of maximum over-  
speeds a f t e r  t u r b i n e  t r i p  f o l l o w i n g  f u l l  l oad  r e -  
j e c t i o n ,  f o r  va r ious  combinat ions o f  f a i l u r e s  t o  
a c t  by feed va lves and bypass valves. I n  the  OTEC 
schematic diagram of F i g u r e  2, the re  a r e  a c t u a l l y  
f o u r  va lves i n  p a r a l l e l  f o r  the  t u r b i n e  bypass, 
f o r  the feed f l o w  t o  t h e  evaporator,  and f o r  t h e  
evaporator  r e c y c l e  f l ow.  Th is  fau l  t t r e e  a n a l y s i s  
shows t h a t  the  maximum overspeed reached does n o t  
s i g n i f i c a n t l y  change u n t i l  t h r e e  o f  the f o u r  by-  
pass va lve  f a i l  t o  a c t  (see sec t ion ,  Backup Over- 
speed p r o t e c t i o n ) .  Fur ther  increases i n  f l o w  area 
have n e g l i g i b l e  e f f e c t  on t u r b i n e  f low r a t e .  For 
t h i s  c o n f i g u r a t i o n ,  t h e  bypass va lve  s i z e s  were 
se lec ted  t o  p rov ide  t h i s  a d d i t i o n a l  overspeed 
p r o t e c t i o n  c h a r a c t e r i s t i c .  To ta l  wide open f l o w  
area o f  va lves was s ized  t o  bypass 70%-75% o f  the 
t o t a l  vapor f l o w  from the  evaporator  a t  110% o f  
r a t e d  f l o w .  I n  F igure  10, t u r b i n e  f l o w  and bypass 
f low r a t e s  a re  shown as a  f u n c t i o n  o f  t o t a l  wide 
open f l o w  area o f  the  bypass valves. Flows a r e  
p l o t t e d  as a  percentage of t o t a l  vapor f l o w  r a t e  
fmm the  evaporator.  

L i q u i d  pumps and va lves were s i zed  t o  p rov ide  
margins f o r  feed f low and evaporator  r e c y c l e  f l o w '  
o f  t h e  work ing f l u i d .  L i q u i d  p ipes were overs ized 
t o  p rov ide  low v e l o c i t i e s  of t h e  work ing f l u i d  
(5  f t / s e c  a t  design c o n d i t i o n s )  t o  p rov ide  excep- 
t i o n a l l y  low f l o w  losses.  L i q u i d  va lves were o f  
t h e  same s i z e  as t h e i r  assoc ia ted  pipes. With tur.- 
b i n e  i n l e t  va lves d iscarded t o  min imize f l o w  losses,  
vapor p ipes f rom the evaporator  t o  the  t u r b i n e  
were g r e a t l y  overs ized t o  p rov ide  low v e l o c i t i e s  o f  
t h e  vapor (40 f t / s e c  a t  design c g n d i t i o n s )  and 
hence t o  c r e a t e  o n l y  e x c e p t i o n a l l y  low f l o w  losses.  
A1 so, g r e a t  ca re  was taken t o  design the seawater 
passages f o r  low v e l o c i t y  and few changes i n  d i r -  
e c t i o n  t o  min imize f l o w  losses. 

Valve T e s t i n p  

To i n s u r e  the  r e l i a b i l i t y  o f  t h e  c o n t r o l  system 
valves t o  respond q u i c k l y  when c a l l e d  upon, p e r i -  
od ic  t e s t i n g  o f  each o f  these f l o w  c o n t r o l  va lves 
should be done w h i l e  the  system i s  i n  operat ion.  
The number of c o n t r o l  valves i n  p a r a l l e l  depends 
upon t h e  va lve  t e s t i n g  requirements, e.g., i f  four  
l i q u i d  feed valves a re  used t o  pass f l o w  through 

t h e  t u r b i n e  and one o f  the va lves i s  c losed dur ing  
t e s t i n g ,  approx imate ly  25% of r a t e d  f l o w  would 
be i n t e r r u p t e d .  It i s  est imated t h a t  t h e r e  would 
s t i l l  be s u f f i c i e n t  e l e c t r i c a l  o u t p u t  t o  supply 
a u x i l  i a r y  power requirements w i t h o u t  reducing the  
e l e c t r i c a l  l oad  t o  zero. I f  f o u r  bypass va lves a re  
used, about 60% o f  r a t e d  t u r b i n e  f l o w  i s  main- 
t a i n e d  when one bypass va lve  i s  opened f o r  t e s t i n g  
(See F igure  10). I t i s  est imated t h a t  the re  would 
s t i l l  be s u f f i c i e n t  e l e c t r i c a l  o u t p u t  t o  supply 
aux i  1  i a r y  power requi ren~ents,  w i t h o u t  reducing the 
e l e c t r i c a l  l o a d  t o  zero. 

Off-Design Performance 

S i g n i f i c a n t  impacts on performance would r e s u l t  
fmm v a r i a t i o n s .  i n  seawater temperature and f o u l -  
i n g  o f  h e a t  exchangers. Lesser e f f e c t s  would r e -  
s u l  t f m m  par t - load  and load-cyc l  i n g  operat ions.  

The e f f e c t  o f  nbn-condensibl e  con ten t  i n  the  
a m n i a  can be overpowering a t  a  ve ry  low l e v e l .  
Th is  s e n s i t i v e  i tem w i l l  be c o n t r o l l e d  w i t h  our  
condenser ven t ing  approach, thereby lessen ing  
t h e  e f f e c t s  o f  non-condensibles i n  t h e  amnonia 
upon power c y c l e  performance. 
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Fig. 6 Part load performance of 10 MWe evaporator, 
10 MWe modular equipment. 

As warm seawater temperature va r ies ,  s a t u r a t i o n  
temperature and pressure change apprec iab ly  i n  
the  evaporator,  b u t  o n l y  t o  a  s l i g h t  e x t e n t  i n  the 
condenser. The temperature d i f f e r e n t i a l  which may 
be obta ined between the  evaporator  and the con- 
denser i s  shown f o r  var ious water c o n d i t i o n s  i n  
F igure  3. The e f f e c t  o f  b i o f o u l i n g  res is tance  o f  
the evaporator  and o f  the condenser, when the  warm 
temperature i s  a t  the  design p o i n t  o f  80°F, and 
the  e f f e c t  o f  warm water temperature when the b i o -  
f o  l i n g  i s  a t  the design amount o f  0.0002646 h r -  
ftq-OF/BTU a r e  g iven  i n  these f igu res .  
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Fig. 7 10 MWe turbine speed characteristics. 

Th is  temperature d i f f e r e n t i a l  i s  p l o t t e d  i n  
these two f i g u r e s  aga ins t  t h e  percen t  t u r b i n e  i n -  
l e t  f l o w  f o r  va r ious  values o f  b i o f o u l i n g  r e -  
s i s tance  a t  des ign warm seawater temperature, and 
f o r  va r ious  va lues o f  warm seawater temperature 
a t  cons tan t  des ign b i o f o u l i n g  res is tance .  Super- 
imposed on these curves i s  t h e  t u r b i n e  charac te r -  
i s t i c ;  t h e  i n t e r s e c t i o n  o f  t h e  evaporator-con- 
denser curves and t h e  t u r b i n e  c h a r a c t e r i s t i c  y i e l d s  
t h e  f l o w  o b t a i n a b l e  versus b i o f o u l  i n g  r e s i s t a n c e  
and a g a i n s t  seawater temperature, r e s p e c t i v e l y .  
The changes i n  feed  f l o w  t o  t h e  t u r b i n e  a r e  con- 
t r o l l e d  w i t h  t h e  feed f l o w  c o n t r o l  va lve  u n t i l  t h e  
feed pump head corresponds t o  t h e  r e q u i r e d  f low.  

Temperature D i f fe rences  

V a r i a t i o n s  o f  t h e  temperature d i  f feFence between 
warm sur face  seawater and c o l d  deep seawater impact 
h e a v i l y  on performance. F igure  4 shows an approx- 
imate 4% v a r i a t i o n  o f  n e t  power p e r  1°F v a r i a t i o n  
near  t h e  des ign temperature d i f f e r e n c e  o f  40°F. 

The number o f  evaporator  tubes t h a t  should be 
wet depends upon t h e  f l o w  t o  be evaporated t o  t h e  
t u r b i n e ,  t h e  d i f f e r e n c e  between t h e  warm wate r  
temperature and the  evaporator  s a t u r a t i o n  temper- 
a ture,  and upon t h e  amount o f  b i o f o u l i n g  res is tance .  
The changes i n  number o f  tubes t o  be wet means a 
corresponding change i n  r e c i r c u l a t i o n  f l o w  t o  t h e  
evaporator.  The r e c i r c u l a t i o n  f l o w  c o n t r o l  va lve  i s  
t h e r e f o r e  modulated u n t i l  t h e  r e c i r c u l a t i o n  pump 
head corresponds t o  t h e  r e c i r c u l a t i o n  f l o w  r e q u i r e d  
fa keep j u s t  enough tubes wet  t o  evaporate t h e  nec- 
essary vapor f l o w  t o  the  t u r b i n e  under t h e  s p e c i f i c  
c o n d i t i o n s  of warm seawater temperature and o f  b i o -  
f o u l  ing.  

From the  f low ob ta inab le  t o  t h e  t u r b i n e  under 
these cond i t i ons ,  t h e  t u r b i n e  power o u t p u t  may be 
read f rom F igure  6. 

The n e t  power o u t p u t  i s  then p l o t t e d  aga ins t  
warm seawater temperature a t  des ign b i o f o u l i n g  
cond i t i ons  o f  the  evaporator  and condenser i n  F ig -  
u r e  4. 

) * 2 m i l s  = 0.002 inches 

** Turb ine pressure r a t i o  = i n l e t  pressure/exhaust 
pressure 

Foul i n q  

The e f f e c t  o f  f o u l i n g  on power ou tpu t  i s  ex- 
pected t o  be l e s s  severe than temperature d i f -  
ference v a r i a t i o n s ,  s ince  f o u l  i n g  c o n t r o l  methods 
w i l l  be u t i l i z e d .  

A t  t h e  i n i t i a l  o r  c l e a n  c o n d i t i o n ,  incremental 
f o u l i n g  has a l a r g e r  percentage e f f e c t  than  a t  the  
deslgn p o i n t  o f  0.0002646 h r - f t * - " ~ / ~ ~ ~ ;  the re  i s  a 
tendency f o r  t h e  e f f e c t  o f  f o u l i n g  t o  l e v e l  o f f  
(F igure  5).  Th is  model considers o n l y  the  increase 
i n  heat  t r a n s f e r  r e s i s t a n c e  due t o  f o u l i n g  (which 
i s  t h e  major  parameter i n  t h i n  s l ime  f i l m s  o f  2 m i l s *  
o r  l e s s ) ,  and i t  does n o t  cons ider  the  e f f e c t  o f  
increased f l u i d  f r i c t i o n a l  r e s i s t a n c e  o r  w a l l  d i a -  
meter decreases. When the  l a t t e r  parameters a re  
considered, the  s lope  o f  t h e  curve w i l l  become more 
nega t i ve  beyond t h e  design p o i n t  than the  present  
model est imates. 

System Operat ing a t  P a r t  Load and Overload 

System opera t ion  a t  p a r t  l o a d  i s  accomplished 
by r e d u c t i o n  o f  feed f l o w  t o  the  evaporator.  Th is  
i s  accomplished by c l o s i n g  down t h e  feed f l o w  con- 
t r o l  va lve  (F igure  2) u n t i l  t he  feed pump head cor -  
responds t o  t h e  r e q u i r e d  f low.  I n  F igure  6 the f l o w  
needed w i t h  t u r b i n e  bypass c losed  i s  g iven  versus 
t h e  gross and n e t  o u t p u t  power f o r  t h e  module. A 
gross power o f  zero i s  reached a t  about 40% f low,  and 
a n e t  power o f  zero i s  reached a t  about 65% f l o w  
w i t h  the s i n g l e  stage, opposed f l o w  r e a c t i o n  tu rb ine .  
I n  t h i s  a p p l i c a t i o n ,  gross power i s  e l e c t r i c  power 
a t  t h e  generator  te rm ina ls  and n e t  power i s  the  po- 
wer t o  t h e  bus a f t e r  deduct ing power f o r  d r i v i n g  
a u x i l  i a r i e s .  

Load g r e a t e r  than f u l l  l o a d  may be accomplished, 
i f  the  seawater temperature d i f f e r e n c e  exceeds 40°F. 
For  the  o f f - d e s i g n  case o f  e leva ted  temperature o f  
warm seawater, t u r b i n e  power may be increased above 
design as evaporator  o u t p u t  i s  increased by i n -  
creas ing feed f l o w  and/or r e c y c l e  r a t i o .  A power 
l i m i t  i s  imposed by  t h e  feed pump c h a r a c t e r i s t i c  
o f  110% f l o w  w i t h  t h e  feed f l o w  c o n t r o l  va lve  wide 
open. When above 105% feed f low,  t h e  t u r b i n e  po- 
wer increases o n l y  w i t h  f l o w  because o f  the  l i m i t  
l oad  ef fect ,  where increased t u r b i n e  pressure 
r a t i o * *  no longer  c o n t r i b u t e s  t o  any increase i n  
t u r b i n e  Dower. Th is  i s  because t u r b i n e  b l a d i n g  
geometry has been op t im ized  a t  t h e  design p o i n t  
(40°F t o  condenser and 80°F t o  evaporator) .  These 
nozzles (passages between adjacent  blades) are 
f l o w  l i m i t i n g  a t  mass f l o w s  i n  excess o f  the design 
p o i n t ,  b u t  a re  n o t  a s tep  f u n c t i o n .  



Dynamic Response Only L i q u i d  Valves Ac t  

Analyses o f  dynamic responses o f  the  OTEC power 
system t o  f a s t  ac t ions  o f  t h e  c o n t r o l  va lves were 
conducted. One dynamic response was t h e  power-loop- 
t o - v a l  ve mot ion f o r  t u r b i  ne-generator overs peed 
p r o t e c t i o n ,  f o l l o w i n g  an e l e c t r i c a l  l o a d  dump a t  
r a t e d  t u r b i n e  f l o w  and load  cond i t i ons .  Another 
dynamic response was t h e  power loop  response t o  a  
small  s tep  i n  t u r b i n e  bypass va lve  area f rom f u l l y  
c losed  t o  s l i g h t l y  open a t  r a t e d  t u r b i n e  f l o w  con- 
d i  t i o n s .  

Turb ine Overspeed C h a r a c t e r i s t i c s  

When a  t u r b i n e  i s  used t o  d r i v e  an e l e c t r i c a l  
generator ,  t u r b i n e  overspeed p r o t e c t i o n  becomes 
an impor tan t  design cons idera t ion .  Wi th an e l e c -  
t r i c a l  load,  most ma l func t ions  o f  t h e  e l e c t r i c a l  
system w i l l  q u i c k l y  d isconnect  the  generator  t o  
p r o t e c t  t h e  system. Th is  sudden i n t e r r u p t i o n  o f  
t u r b i n e  l o a d  r e s u l t s  i n  t u r b i n e  overspeed. 

The f o l l o w i n g  overspeed c h a r a c t e r i s t i c s  a r e  
based on computer system s imu la t ions .  

F igure  7 shows t u r b i n e  speed versus elapsed 
t ime f o l l o w i n g  an e l e c t r i c a l  l o a d  dump a t  maxi- 
mum r a t e d  t u r b i n e  f l o w  c o n d i t i o n s .  Before t h e  
t r i p ,  the  t u r b i n e  bypass va lves are c losed and 
the  l i q u i d  ammonia feed and r e c i r c u l a t i n g  f l o w  
valves i n t o  the  evaporator  a re  open. Three r e -  
sponses t o  assumed a c t i o n s  taken f o l l o w i n g  t h e  
l o s s  of e l e c t r i c a l  l oad  are shown as f o l l o w s :  

a. No Valves Act  
Turb ine speed q u i c k l y  acce le ra tes  t o  a  1  eve1 
j u s t  below 100% overspeed i n  approx imate ly  
30 seconds -- e v e n t u a l l y  s t a b i l i z i n g  a t  
109% overspeed. The l i m i t i n g  50% overspeed 
l e v e l  i s  reached i n  approx imate ly  5  sec- 
onds. Therefore, r a p i d  s igna l  response and 
fas t -ac t ing  va lves a re  r e q u i r e d  t o  p rov ide  
adequate t u r b i n e  overspeed p r o t e c t i o n .  

b. Only Turb ine Bypass Valves A c t  

When the  t u r b i n e  reaches approx imate ly  8-10% 
overspeed (0.5 second), o n l y  the bypass* 
va lves are t r i p p e d  t o  t h e i r  f u l l  -open pos- 
i t i o n s .  Turbine speed acce le ra tes  t o  approx- 
i m a t e l y  90% overspeed before s t a b i l i z i n g .  

When the  t u r b i n e  reaches approx imate ly  8-10% 
overspeed (0.5 second), o n l y  the  1  i q u i d  
feed* and r e c i r c u l a t i n g *  f l o w  valves 
a re  t r i p p e d  closed. Turb ine speed acce le r -  
a tes  t o  approximate1 y  60% overs peed. With 
vapor p roduc t ion  stopped, pressure d i f f e r -  
e n t i a l  between evaporator  and condenser 
decays, reducing t u r b i n e  speed. 

Turb ine Overspeed P r o t e c t i o n  

F igure  8 shows curves o f  t u r b i n e  speed versus 
elapsed t ime f o r  t h e  normal t r i p  opera t ion  and f o r  
t h e  redundant t r i p  operat ions.  

From t h e  p rev ious  overspeed c h a r a c t e r i s t i c s ,  i t  
was shown t h a t  n e i t h e r  t h e  bypass va lves a c t i n g  
a lone n o r  the  l i q u i d  va lves a c t i n g  a lone were cap- 
a b l e  o f  p reven t ing  excess overspeed. However, by 
t r i p p i n g  a l l  va lves together ,  t h i s  design l i m i -  
t a t i o n  can be met. 

Normal Overspeed T r i p  

I n  t h e  normal overspeed t r i p  s i t u a t i o n ,  the t r i p  
s igna l  i s  s imul taneously  g iven t o  the  f o u r  bypass 
va lves t o  open, and t o  t h e  l i q u i d  feed and r e c i r -  
c u l a t i n g  va lves t o  c lose .  Redundancy i n  i n t e r r u p -  
t i n g  t h e  l i q u i d  f l o w  i n t o  t h e  evaporator  i s  pro-  
v ided by a lso  e l e c t r i c a l l y  s h u t t i n g  o f f  t h e  evap- 
o r a t o r  l i q u i d  feed and r e c i r c u l a t i o n  pumps. 

The bot tom curve o f  F i g u r e  8 shows t h i s  simula- 
ted  operat ion.  A l l  va lves a re  t r i p p e d  when the  
t u r b i n e  reaches 8 t o  10% overspeed (0.5 sec. e lap-  
sed t ime) .  Th is  t r i p  opera t ion  1  im i  t s  t u r b i n e  
speed t o  approximatel y 40% overspeed, we! 1 be1 ow 
the  design l i m i t a t i o n  o f  50%. 

*Westinghouse designed bypass va l  ve t r i p  f rom f u l l  
c losed t o  f u l l  open i n  a  q u a r t e r  o f  a  second 
a f t e r  an a d d i t i o n a l  quar te r  second t o  sense t r i p  
c o n d i t i o n  and d l  spatch connnand f u n c t i o n .  L i k e -  
wise t h e  l i q u i d  feed and r e c i r c u l a t i n g  f l o w  
valves t r i p  f rom f u l l  open t o  f u l l  c losed  i n  
the same q u a r t e r  second. 

S AT 7500 RPM 
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Fig. 8 10 MWe turbine overspeed protection. 
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Fig. 9 1 0  MWe transient system response to opening 
step function of bypass valves flow area from 
0 to 88.9 square inches. 

Fig. 10 10  MWe turbine flow characteristics vs total 
wide open flow area of bypass valves. 

Backup Overspeed P r o t e c t i o n  

The r e s u l t s  o f  a  f a u l t  t r e e  a n a l y s i s  t o  d e t e r -  o f  the  evaporator  j u s t  below t h e  maximum vapor p ro -  
mine t h e  e f f e c t  on overspeed margins, i f  combin- duc t ion  c a p a b i l i t y  o f  t h e  evaporator,  t h e  c losed 
a t i o n s  o f  bypass va lves f a i l  t o  respond t o  t h e  t r i p  bypass va lves a re  stepped open from a t o t a l  f l o w  
s igna l ,  a r e  a1 so shown i n  F igure  8. area o f  0  t o  88 square inches. 

I f  t h r e e  o f  the  f o u r  bypass va lves f a i l  t o  ac t ,  
t u r b i n e  speed would reach a maximum value o f  45% 
overspeed, s t i l l  below t h e  design l i m i t  o f  50%. I n  
f i g u r e  7 i t  was shown t h a t  i f  a l l  bypass va lves 
f a i l  t o  a c t  ( o n l y  l i q u i d  va lves a c t ) ,  t u r b i n e  speed 
would reach a maximum overspeed o f  60%. Th is  i s  
above t h e  design l i m i t a t i o n  o f  50% overspeed, b u t  
s t i l l  w i t h i n  the  mechanical s a f e t y  margins used t o  
e s t a b l i s h  t h i s  design 1 i m i t a t i o n .  

Th is  f a u l t  t r e e  a n a l y s i s  shows t h a t  the maximum 
overspeed reached does n o t  s i g n i f i c a n t l y  change 
u n t i l  t h r e e  o f  t h e  f o u r  bypass va lves f a i l  t o  ac t .  
Th is  i s  c h a r a c t e r i s t i c  o f  the  p a r a l l e l  f low paths 
fo,rmed by t h e  t u r b i n e  and bypass va lves.  As t h e  
t o t a l  wide open f l o w  area o f  t h e  bypass va lves i s  
increased, t h e  e f f e c t  on t o t a l  f low res is tance  ap- 
proaches a constant  minimum value. Fur ther  i n -  
crease i n  f l o w  area has n e g l i g i b l e  e f f e c t  on t u r -  
b ine  f l o w  r a t e .  For t h i s  c o n f i g u r a t i o n ,  the  bypass 
va lve  s i zes  were se lec ted  t o  p rov ide  t h i s  a d d i t i o n -  
a l  overspeed p r o t e c t i o n  c h a r a c t e r i s t i c .  

T rans ien t  System Response C h a r a c t e r i s t i c s  

F igure  9 i l l u s t r a t e s  t h e  t r a n s i e n t  system r e -  
sponse c h a r a c t e r i s t i c s  t o  an opening s tep  f u n c t i o n  
o f  the bypass valves. Wi th t h e  vapor f low r a t e  o u t  

The s tep  f u n c t i o n  was a r b i t r a r i l y  chosen t o  
i l l u s t r a t e  system response. Actual  t ime  response 
i s  a  f u n c t i o n  o f  both t h e  magnitude and r a t e  o f  
change i n  va lve  p o s i t i o n .  

From F igure  9 i t  i s  apparent t h a t  t h e  f o l l o w i n g  
s i g n i f i c a n t  e f f e c t s  occur  when t h e  system s t a b i l -  
i z e s  f o l l o w i n g  the  t r a n s i e n t  s tep  func t ion :  

. Turb ine i n l e t  pressure and temperature l e v e l s  
decrease 

. Tota l  mass f l o w  r a t e  of vapor o u t  o f  the  
evaporator  r e t u r n s  t o  i t s  i n i t i a l  value, 
b u t  t h e  vo lumet r i c  f l o w  increases and energy 
f low r a t e  (BTU/sec) decreases 

. Pressure drop across t u r b i n e  decreases 

. Mass f l o w  r a t e  through the  t u r b i n e  decreases 

Turb ine load,  which i s  a  f u n c t i o n  o f  b o t h  mass 
f low r a t e  and i n l e t  pressure and temperature con- 
d i t i o n s ,  decays. 

I n  F i g u r e  10  i s  a  p l o t  o f  t u r b i n e  f l o w  char -  
a c t e r i s t i c s  versus bypass va lve  area used i n  . the 
s imu la t ions .  



Evaporator and Condenser Hotwel l  Storage Capac i t i es  

A t  s t a b i l i z e d  design f l o w  cond i t i ons ,  t h e  maxi - 
mum l i q u i d  amnonia feed f l o w  r a t e  i n t o  the  evap- 
o r a t o r  i s  equal t o  t h e  des ign vapor f l o w  r a t i n g  
f o r  the  t u r b i n e .  The change i n  l i q u i d  inven- 
t o r i e s  i n  t h e  evaporator  and condenser ho twe l l s  
d u r i n g  t r a n s i e n t s  i s  a  f u n c t i o n  o f  the  d i f f e r -  
ences between the  l i q u i d  and vapor f l o w  r a t e s  i n  
these vessels and the  f l o w  response c a p a b i l i t i e s  
o f  the  c o n t r o l l i n g  valves. Therefore, s i z i n g  
c r i t e r i a  f o r  the  l i q u i d  s torage c a p a c i t i e s  o f  t h e  
ho twe l l  s  i s  re ferenced t o  minutes o f  d u r a t i o n  a t  
r a t e d  t u r b i n e  f low.  

Dur ing t r a n s i e n t  cond i t i ons ,  t r a n s f e r  o f  1  i q u i d  
h o t w e l l  i n v e n t o r i e s  between t h e  evaporator  and 
condenser ho twe l l s  w i l l  occur  i n  response t o  
v a r y i n g  pressure, temperature, and f l o w  condi t- 
ions .  I n  general,  l i q u i d  s torage c a p a c i t i e s  a r e  
s i z e d  t o  accomodate these t r a n s i e n t s  c o n d i t i o n s  
and a re  based on the  c a p a b i l i t y  o f  the  l i q u i d  con- 
t r o l  va lves t o  respond t o  these t r a n s i e n t  c o n d i t -  
i ons  and ma in ta in  s t a b l e  ho twe l l  l e v e l s .  

Auxi 1  i a r y  Power Requi rements 

Once having designed the  power system compon- 
en ts  t o  requirements e s t a b l i s h e d  from c a l c u l a -  
t i o n  r e s u l t s ,  cons idera t ion  was g iven  t o  a u x i l -  
i a r y  power requirements f o r  the  var ious operat -  
i ons  which a re  necessary w h i l e  the  turb ine-gen-  
e r a t o r  i s  n o t  supply ing power. F u l l  and s u f f i c -  
i e n t  a u x i l i a r y  power must be a v a i l a b l e  f o r  nec- 
essary operat ions when t u r b i n e  f l o w  i s  l e s s  than 
65% o f  ra ted ,  which i s  the  p o i n t  where system 
power i s  expected t o  become zero. This  power may be 
supp l ied  e i t h e r  by an a u x i l i a r y  d i e s e l - d r i v e n  
e l e c t r i c a l  generator,  o r ,  i f  a v a i l a b l e ,  f rom the  
e l e c t r i c a l  g r i d  t o  which the  OTEC power p l a n t  i s  
t i e d .  

These e s s e n t i a l  opera t ions  r e q u i r i n g  aux i  1  - 
i a r y  power i n c l u d e  (1)  the  i n i t i a l  pu rg ing  o f  a i r  
f rom the c y c l e  by n i t r o g e n  and then e x p e l l i n g  the,  
n i t r o g e n  by the ammonia before s t a r t - u p  and (2) 
the  i n i t i a l  a c c e l e r a t i o n  o f  seawater pumps and 
then the  pumping o f  c o l d  and warm seawater and o f  
the  working f l u i d  and o f  l u b r i c a t i n g  o i l  d u r i n g  
the  s t a r t - u p  o f  the tu rb ine ,  and a l s o  d u r i n g  
synchron iza t ion  t o  the e l e c t r i c a l  g r i d .  Also i n -  
c l  uded a r e  (3 )  the same pumping func t ions  d u r i n g  
normal o r  emergency shutdown o f  the turb ine-gen-  
e r a t o r  and (4 )  purg ing  o f  amnonia f rom the  system 
w i t h  n i t r o g e n  a f t e r  shutdown o f  the  p l a n t .  

4. CONCLUSIONS AND RECOMMENDATIONS 

The use o f  OTOPT t o  a r r i v e  a t  a  c o s t  op t im ized  
c losed  c y c l e  power system was a  h i g h l y  success- 
f u l  e f f o r t .  As more p r e c i s e  a n a l y t i c  expressions 
f o r  the  performance c h a r a c t e r i s t i c s  o f  t h e  major  
c y c l e  components a r e  developed from the recom- 
mended a d d i t i o n a l  a n a l y t i c  and/or experimental 
OTEC re1 a ted  research, a d d i t i o n a l  exerc ise  of the  
OTOPT program w i l l  promote improvements i n  the 
base1 i n e  opt imized c losed  c y c l e .  

.Likewise, the use o f  the o f f - d e s i g n  and dy- 
namic s imu la t ions  revealed s e n s i t i v e  design i n -  
fo rmat ion  on the OTEC Closed Cycle c o n f i g u r a t i o n  
se lec ted  (Refer F igure  2) .  The n e t  power o u t p u t  
f rom the  generator  was 120% o f  design a t  maximum 
t u r b i n e  f l o w  capabi l  i t y  o f  110% o f  design w i t h  

85OF warm seawater. Th is  r e s u l t  was ob ta ined  from 
a  s e n s i t i v i t y  a n a l y s i s  which i n d i c a t e d  a  4% n e t  
power v a r i a t i o n  f o r  1  OF v a r i a t i o n  o f  warm sea- 
water.  

These s tud ies  a l s o  revea led  t h a t  w i t h  design 
l e v e l s  o f  f o u l i n g  and c o l d  seawater temperature 
constant  a t  40°F the power system would reach zero 
n e t  e l e c t r i c a l  o u t p u t  as the  warm seawater temp- 
e r a t u r e  drops from the  design p o i n t  o f  80°F 
t o  a  va lue between 6Z°F and 63OF. A t  t h a t  p o i n t  a  
d e c i s i o n  would be r e q u i r e d  as t o  t h e  a d v i s a b i l i t y  
o f  c o n t i n u i n g  t o  operate. Th is  a l s o  says some- 
t h i n g  as t o  the  geographic p o s i t i o n i n g  o f  these 
p lan ts .  

V a r i a t i o n s  i n  b i o f o u l i n g  analyzed near the  
design p o i n t  i nd 'ca ted  a  4% v a r i a t i o n  o f  n e t  power h f o r  0.0001 HR-FT -OF 1 BTU v a r i a t i o n  o f  fou l ing .  
These s e n s i t i v i t y  a n a l y s i s  r e s u l t s  p rov ide  the  
l o g i c a l  base f o r  d i r e c t i n g  a d d i t i o n a l  OTEC ana- 
l y s i s  t o  the most c o s t  e f f e c t i v e  areas. 

The ODSP-3 dynamic s i m u l a t i o n  prov ided working 
f l u i d  inven to ry  cons idera t ions  t o  s i z e  ho twe l l s ,  
s torage tanks, pump c h a r a c t e r i s t i c s  and p i p e  areas 
This  a l lowed another  l e v e l  o f  p r e c i s i o n  i n  f u r t h e r  
dynamic s imu la t ion  o f  t h e  e n t i r e  Closed Cycle. 

" 

Overspeed t r a n s i e n t  s tud ies  were used t o  d iscern  
a  s p e c i f i c a t i o n  f o r  the by-pass c o n t r o l  valves. 
Th is  was o f  s t r a t e g i c  importance t o  the  c y c l e  
c o s t  and design manpower s t u d i e s  because i t  r e -  
vealed a  va lve  design s p e c i f i c a t i o n  f o r  such a  r a p i d  
responding va lve  as t o  prec lude commercial a v a i l  - 
a b i l i t y . ,  I n  o t h e r  words,,large, custom designed 
r a p i d  a c t i n g  valves w i t h  a  30 year  l i f e  a re  r e -  
qu i  red.  The dynamic s i m u l a t i o n  a l  so determined the 
number and s i z e  o f  va lves i n  a  p a r a l l e l  s e r i e s  
network t o  p rov ide  the  a b i l i t y  t o  t e s t  (exerc ise )  
c o n t r o l  valves o n - l i n e  f o r  RAM (Re1 i a b i l i  t y ,  Ava i l  - 
a b i l i t y ,  Ma in ta inab i1 i ty )con t rac t  requirements. 

The dynamic s i m u l a t i o n  a l s o  prov ided design i n -  
fo rmat ion  f o r  s ta r t -up ,  synchronizat ion,  load-  
change, l o a d  dump and shut-down modes o f  the  system. 

The successful deployment o f  c losed  c y c l e  am- 
monia p l a n t s  i s  d i r e c t l y  dependent on design i n -  
fo rmat ion  der i ved  from the  dynamic ( t r a n s i e n t )  and 
s t a t i c  (o f f -des ign)  c a l c u l a t i o n  programs. There- 
fo re ,  the pr ime recommendation i s  f o r  a d d i t i o n a l  
work i n  t h e  areas o f  r e a l i s t i c  model ing o f  system 
and subsystem component performance., Improvements 
i n  t h e  funct ions descr ib ing  t u r b i n e  performance, 
generator  losses, evaporator  and condenser heat 
t r a n s f e r  c h a r a c t e r i s t i c s  as a  f u n c t i o n  o f  f i l m  
th ickness,  enhancement and l i q u i d  v e l o c i t y  a re  a l l  
d e s i r a b l e  inpu ts .  Evaporator performance re1 ated 
t o  the  ou ts ide  tube sur face enhancement r e q u i r e -  
ments f o r  l i q u i d  l o a d i n g  i s  an a d d i t i o n a l  area 
r e q u i r i n g  v e r i f i c a t i o n .  

Developments i n  the  f u t u r e  cou ld  s u b s t a n t i a l l y  
lower  OTEC Closed Cycle p l a n t  cos ts  through i n -  
nova t i ve  design and t h e  qua1 i f i c a t i o n  o f  l e s s  
cost1 y  m a t e r i a l s  than a re  c u r r e n t l y  spec i f i ed .  
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~ o d e l  Description 

The objectives of the computer simulations of 
TRW1s designs for the OTEC PSD-I and PSD-I1 
plants were: 1) determine the steady-state per -  
formance of the plants at nominal and off-nominal 
conditions; 2) design the steady-state control 
system; and 3) determine the dynamic power 
response caused by ship's heave..  The simulations 
were constructed of modules that modelled the heat 
exchangers, turbine, ammonia pumps, water 
pumps, pipes, valves, and fittings in the steady- 
state, using a relaxation method. A simpler 
dynamic program was written, considering only the 
oscillatory heave motion of the ship and those plant 
variables affected by ship motion, using numerical 
integration. The results led to a quantitative 
understanding of the off -nominal system perform- 
ance. Control mechanizations were developed for 
each plant that permit optimum full-power oper- 
ation and economical part-power throttling of the 
plant. After being validated by small- scale test  
data and being updated to reflect new design infor- 
mation, the simulation models will be used to 
predict the performance of larger  plants. 

\ Introduction 

Steady-state mathematical models were written 
for the OTEC PSD-I and PSD-I1 plants designed by 
TRW.1. 21 3 Both simulations analyze the power 
output as a function of the states 01 the water loops 
and the ammonia loop. The principal difference 
between the PSD-I and PSD-I1 plants is  that the 
former uses parallel-flow, falling-film heat 
exchangers whereas the latter uses cross-flow, 
plate-type heat exchangers. A simple dynamic 
model was writtcn that analyzes the transient 
response of the PSD-I plant. 

, The objectives of the steady-state simulations 
were a s  follows: 

1.  Determine the steady-state performance of 
the plant at nominal and off -nominal conditions. 

2. Design the steady-state control system. 
The model calculated the response of the plant to 
actuator manipulations (valves and pumps). 

3 .  Determine the dynamic power response 
caused by ship heave. 

The simulation results were also used to deter- 
mine operating policy andto make design de,cisions, 
such a s  the need for variable speed water and 
ammonia pumps, the economic frequency of tube 
cleaning, and the static characteristics of the con- 
t ro l  valves. The plant response to actuator manip- 
ulations determines the steady-state control law.. 
Steady-state control is  needed to: 1 )  maintain max- 
imum power as ocean temperatures and fouling 

' 

factors change and 2) maintain reduced power 
during start-up and programmed load reductions. 
There is no need to  optimize anything a t  reduced 
power since there would be no saving in :onsumable 
resources. * 
Member of the Senior Staff. 

The steady -state model includes simulations of 
al l  major system elements, organized into sub- 
routines that can be individually modified. A 
relaxation algorithm determines the steady-.state 
flows and temperatures given thk dimensions and 
other variables. The simulation was written for 
time-shared usage on remote terminals of TRW1s 
Cyber 174. 

The inputs a r e  power-plant dimensions (such a s  
diameters,  heights of pipe center lines, the 
number of pipe bends in each run), pump speeds, 
valve settings, and inlet water temperatures and 
water flow rates. There a r e  two output options: 

1 .  The production format is used for routine 
printout and shows key power outputs, temper- 
atures, pressures,  flow rates, and speeds. 

2. The debug format prints al l  system states 
and i s  used during the program checkout. 

The ammonia pumps and water pumps a r e  mod- 
elled by polynomial fits to their headlflow-rate/ 
efficiency/speed characteristics.  Because specific 
vendor choices had not yet been made, typicalpumps 
were used. The ammonia turbine model was taken 
from one created at the University of Massachusetts 
with funding from the National Science Foundation. 
It models the power output, exit enthalpy, exit tem- 
perature, and exit pressure as  a function of mass 
flow rate and inlet temperature. The turbine 
models for PSD-I and PSD-I1 were sized to deliver 
maximum efficiency under the nominal flow con- 
ditions for each plant. The heat-exchanger models 
were different in PSD-I and PSD-11. The PSD-I 
heat exchangers a r e  falling-film, parallel-flow 
units in which the ammonia flows down the exterior 
of the fluted tubes and evaporates o r  condenses. 
Each tube i s  modelled a s  ten axial segments, each 
one having uniform properties. For  each segment, 
the film thickness, evaporation rate and water 
temperature a r e  computed. The thermal and mass - 
flow continuity equatibns a r e  written among adja- 
cent segments. All tubes a r e  assumed to be identi- 
cal and the shell space is assumed to be at uniform 
pressure,  thereby neglecting cross-flow effects 
within the heat exchanger. The water-side heat 
transfer coefficient is proportional to (mass -flow- 
ratelo. 8, (diameter)-la 8 and to a polynomial in 
(temperature)2 that represents the water proper- 
ties.  The ammonia-side heat-transfer coefficient 
is  modelled a s  a polynomial in  (temperature) and 
a s  a function of (Reynolds number). The heat ex- 
changer model was developed a t  Carnegie-Mellon 
University and is  consistent with data taken on 
falling film heat exchangers a t  Carnegie-Mellon by 
Professor R .  ~ o t h f u s .  The PSD-I1 plant uses ' 

cross-flow heat exchangers in which water flows 
horizontally through tubes while vertically-flowing 
ammonia condenses or  evaporates. The PSD-I 
evaporator and condenser were single units where- 
a s  the PSD-I1 evaporator and condenser a r e  each 
divided into four removable subassemblies for ease 
of repair. The PSD-I1 model used a log-mean- 
temperature-difference fit based on a segmented 



model run a t  Union Carbide's Linde Division based Table 1 Nominal conditions for OTEC 
on their test  data with similar heat exchangers. power systems. 

The pressure drops in al l  pipes were computed, 
includinglossesinbends,valveso,fittings,and ' 

orifice plates. The PSD-LI piping is considerably 
more  complicated than is  the PSD -I piping. Height 
differences among all  the elements of the system 
were modelled in the piping. Heat t ransfer  from 
the near-room temperature pipes to the environ- 
ment was neglected. The steady-state model 
achieves 170 accuracy in power, 0.370 accuracy in 
flow rate, 0.370 accuracy in pressure,  and 0. i °F  
accuracy in .temperature. 

An approximate dynamic analysis, whose e r r o r  
is  approximately 1070, estimates the response of 
the PSD-I system to ship heave. The dynamic 
model consists of a hydraulic model, which calcu- ' 
lates the water-flow velocities in the tubes, and an 
ammonia-loop model which computes the power 
output versus time. There i s  no feedback f rom the 
ammonia-loop model to the water-loop model. Only 
gross power output is  computed because the pump 
power fluctuations were not modelled. The hy- 
draulic model includes flow rate  and inertia of the 
water in cold water, warm water,  and discharge 
pipes, and in the heat exchanger tubes. It models 
the changing water height in the troughs and the 
resulting head on the heat exchanger tubes. It 
includes the head-flow characteristics of the water 
pumps. Its output i s  velocity versus time in the 
heat exchanger tube, which is input to the ammonia- 
loop model. In that model, the heat exchangers 
a r e  modelled a s  thousands of thermodynamically 
identical tubes. Each tube is  divided into 10 axial 
segments, as  in the steady -state model, except 
that heat storage in the metal i s  included. Heat 
t ransfer  and mass -flow differential equations a r e  
written for each segment that include evaporation/ 
condensation in each segment and transfers  to other 
segments. The transit  t ime of water flow in the 
tubes i s  included. On the liquid ammonia side, the 
model includes sump volumes and pump head-flow- 
rate  curves. The model includes the volume of the 
shell-space and turbine inlet piping, which atten- 
uates power surges. Other plant time-constants 
were analyzed separately and found to be less  than 
5 seconds. The heave-induced oscillations a r e  far  
slower than the power -line frequency; therefore, 
the turbine was assumed to be locked to the power 
grid during heave -induced oscillations and not to 
have any dynamic behavior. 

Tne model was verified for several hand- 
calculated cases and was .checked against a design 
optimization model that only considered nominal 
performance. 

Results 

The nominal system states for the two OTEC 
power plants a r e  shown in Table 1: the output 
power, sea-water temperatures, water flow rates, 
ammonia temperatures, and ammonia flow rates .  
Nominal turbine efficiency i s  8970 in both cases.  
The PSD-11 plant has higher water flow rates and 
lower heat-transfer coefficients, partly because it 
has smooth tubes, whereas the PSD-I tubes a r e  
fluted on both sides. The nominal fouling factor of 
PSD-I1 was higher because its heat exchangers a r e  
made of aluminum and a re  harder  to clean than the 
titanium heat exchangers of PSD-I. The difference 
between the evaporator and condenser temperature 

PARAMETER UNITS PSD-I PSD-I1 

POWER OUTPUT 
GROSS MWe 14.6 13.9 
NET MWe 10.5 10.0 . SEA-WATER TEMPERATURE 
WARM OF BO 82 
COLD OF 40 40 

WATER FLOW RATE 
EVAPORATOR LB/SEC 76,400 102.500 
CONDENSER LB/SEC 70,500 96.900 

HEAT EXCHANGER 
MATERIAL 
AREA EVAPORATOR 
AREA: CONDENSER 
U EVAPORATOR 
U: CONDENSER 

TITANIUM ALUMINUM 
260.000 246.000 
295.000 246.000 
896 820 
796 623 

AMMONIA TEMPERATURE 
EVAPORATOR 70.0 72.3 
CONDENSER 50.0 51.5 

HEAT ADDED IN  EVAPORATOR BTU/SEC 430,000 410,000 . AMMONIA FLOW RATE LB/SEC 
THROUGH TURBINE 

is  20°F for both plants. The PSD-I ammonia flpw 
rate i s  somewhat higher, and that plant delivers 570 
higher power. 

Figure 1 shows the gross and net power output 
for both plants a s  a function of cold-water inlet 
temperature and as  a function of warm-water inlet 
temperature. Both curves a r e  linear over the 
temperature ranges of interest, specified by the 
Department of Energy (DOE). The PSD-I curves 
lie, above the PSD-I1 curves because of the lower 
fouling factor and higher heat transfer rate. 
Figure 2 shows the seasonal power profile for the 
PSD-11 plant, based on the DOE-furnished warm- 
water temperature profile from January through 
December at a typical site. In al l  cases, the 
bottom-water temperature is  assumed to be 40 F. 
Because of the linearity of power output with 
temperature, the annual mean output power (10 
MWe) is  the same as the instantaneps output 
power a t  the mean temperature (82 F) .  

Figure 3 shows the power output versus fouling 
factor for the two plants. Fo r  any given fouling 
factor, the PSD-I1 curves lie above the PSD-I 
curves since PSD-I1 was scaled to deliver 10 MWe 
a t  a larger  fouling factor than that for PSD-I. The 
fouling factor curves a r e  virtually linear a s  a 
function of warm-water and cold-water fouling. 
The following equations relate net power output 
(PN), warm water temperature (TW), and fouling 
factor (RFW and RFC) to an accuracy of 0.02 MWe. 

I) PSD-I 

MWe 

MWe 
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Fig. 2 Seasonal power profile for  PSD-11. 
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Fig. 3 Power output ve rsus  fouling. 
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Fig. 1 Power output ve rsus  water temperature.  

The PSD-U. nominal fouling factor,  0.0003 
f t 2 - h r - O ~ - ~ ~ ~ - ~ ,  i s  th ree  t imes that of PSD-I 
because the aluminum tubing is  ha rder  to clean, 
because of the dead spaces between the individual 
heat exchangers, and because of the larger  degree 
of conservatism adopted in the PSD-U. design. 

Figure 4 shows the effect on PSD-I1 of varying 
warm-and cold-water flow rates .  The curves were  
used to determine the best water flow rates  and to 
decide if variable-speed water pumps a r e  econom- 
ical.  Notice that, at  a warm-water  temperature  of 
85OF, the cold-water flow rate  i s  correct ly  
chosen a t  the peak power point. At 82OF, a slight 

power increase would be achieved if the flow ra te  
were lowered 5,000 lblsec .  At 78OF. a fur ther  
increase would be obtained by lowering the water  
flow rate  10,000 lb l sec .  On an  annual basis ,  an  
average increase of 0.1 MWe would resul t  if the 
cold-water flow were lowered 5,000 lblsec .  As fo r  
the warm-water flow rates ,  represented by the 21 
parabolas in Figure  4, peak power output i s  
reached a t  the nominal warm-water flow rate; 
within 0.01 MWe, no mat ter  what the water 
temperature  o r  cold-water flow rate .  

Table 2 shows the effect of 'removing one of the 
four heat  exchanger subassemblies.  When a sub- 
assembly i s  removed, the gap is  blocked-off, the 
ammonia flow rate  to it i s  shut-off, and the water  
pumps _continue to operate a t  constant speed. The 
water  trough levels r i s e  until a new equilibrium i s  
established a t  which the higher level in the troughs 
forces  water  through the tubes a t  a higher ra te  than 
before.  Table 2 shows that with one failure in 
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Fig. 4 Water flow effects on power (T - 40°F). C - 

Table 2 Plant conditions with failed heat exchanger. 

NO REMOVAL OF SUBASSEMBLY 
PARAMETER. : $ ~ ~ ~ 4 ~ ,  EVAPORATOR CONDENSER BOTH 

REMOVED REMOVED REMOVED . WATER FLOW RATE 
WARM L B  SEC 102.5W 89.900 102.Y10 89.900 
coLD.~LB/SEc 96.900 96.900 88.900 8 8 . W  

AMMONIA TEMPERATURE 
EVAPORATOR OF R. 3 70.6 72.4 70.8 
CONDENSER. b~ 51.5 51.1 53.7 53.2 

AMMONIA FLOW RATE. LB/SEC 764 735 753 7-25 . TURBINE EFFICIENCY. % 89 89 89 89 
WATER PUMPING POWER 

WARM. MWB 1.21 1.34 1.21 1.34 
COLD. MWe 1.96 1.96 ' 2.13 2.13 . . NET POWER OUTPUT. MWs 10.0 8.60 8.26 7. W 

either the evaporator o r  condenser (removing 2570 
of the evaporator o r  condenser a r e a ) ,  the power 

, output drops between 14% and 1770. Lf one 
evaporator and one condenser a r e  removed 
simultaneously, the power output drops 3070. The 
effects a r e  nearly additive. 

Figure  5 shows the resul ts  of the dynamic 
analysis.  The lower curve on the right shows .the 
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Fig. 5 Asymmetric power oscillations of PSD-I 
caused by heave. 

water  height in the cold water  trough a s  the ship 
heaves.  The height in a ca lm sea is 5 feet below 
s e a  level, because the cold-water pump continually 
removes water  f rpm the trough into the condenser 
header .  When the ship heaves (*lo. 7 ft at  16.2 
second period in sea state 6 )  the water height 
oscillates *1.2 ft a t  the heave frequency. The 
upper curves on the right of Figure 5 show the 
water  levels in the evaporator header and con- 
denser.  In the absence of heave, the water level 
in the headers  i s  10 feet above sea  level, driving 
the water downward through the ver t ical  water 
tubes and discharge pipe. As the ship heaves,  the 
header  leveis in th,e evaporator and condenser vary 
*1.1 foot. It was found that the waler in the 3000- 
foot cold-water pipe has  a nearly constant flow ra te  
in  inertial  space so the relative velocity between 
water  and tubes var ies  *4 f t /sec  a s  the ship moves 
up and down on the water column. However, the 
flowing water in the 300-foot discharge pipe i s  
substantially accelerated .by the changing hydraulic 
head so i ts velocity relative to  the tubes var ies  
only *1.4 f t / sec .  These velocity variations with 
t ime cause a varying heat t ransfer  ra te .  

The gross power output i s  shown a t  the left. of 
Figure  5. The power output in a calm s e a  i s  14.6 
MWe. As the ship heaves,  the power output 
oscillates,  reaching a peak of 16 MWe and a min- 
imum of 12.6 MWe in sea  state 6. Because the 
oscillation is  asymmetr ic ,  the mean power output . 

i s  reduced f rom 14.6 MWe to 14.2 MWe. Of 
course ,  in ca lmer  seas ,  the ship's heave would be 
much smal le r  and the variations would drop. 
if the OTEC plant were  connected to an 
"infinite grid",  that has a large amount of gen- 
erating capacity, the plant owner wn~ild probably . 
accept the t ime variations in power (utilities a r e  
learning to accept many unsteady power generating 
sources ,  such a s  windmills, tidal plants and solar  
plants).  On the other hand, if the OTEC plant 
were  an isolated plant (for example one of several  
smal l  plants on an  island), a control systerrl woulcl 
be designed to attenuate the oscillations to a level 
acceptable by the owner. The oscillations could 
be attenuated by controlling to their minimums, 
which would result  in a fur ther  loss of average 
power output of approximately 1.6 MWe in sea  
s ta te  6. The oscillations could also be attenuated 
with less  loss of average power output by increasing 



the volume of the  heat exchangers,  thereby storing 
the oscillatory energy. That solution was deemed 
expensive and impractical in the confined space of 
the OTEC ship. 

B Oscilla.ti.nns of power output in response to  ship 
heave a r e  believed to be characteristic of allOTEC 
designs. Their prediction requires more  analysis 
and experiment. 

Several  steady-state control laws were  analyzed 
for the PSD-I and PSD-I1 plants. Since no con- 
sumable fuels a r e  used, the control strategy is  to 
generate a s  much power a s  possible during full-. 
power operation and, when part-power operation 
i s  requested, to control the reduced power 
inexpensively. . The selected control actuators and 
set-point control laws a r e  shown in Table 3 .  Of 

Table 3 OTEC control law. 

ACTUATOR PSO-1 PSO-I1 - - 
RECIRCULATION PUMP FIXED-SPEED NONE . REClRCULATION.THR0TTLE IIT,-T,. DESIRE0 POWER1 NONE 

FEE0 PUMP EVAPORATOR SUMP LEVEL f(Tw-T,. DESIRED POWER1 . BYPASS VALVE TRIP (ITw-T,. DESIRED POWER1 . TURBINE THROTTLE TRIP TRIP 

TURBINE NOZZLES MAXIMUM POWER MAXIMUM POWER 

WATER PUMP SPEED NO CONTROL . NO CONTROL 

the seven actuator: available for  control, four will 
be actively manipulated to set  the power level and 
turbine speed. This simulation analyzed their  
sensitivity and interactions in the steady - state.  
The dynamic control law was not considered in  
this ear ly  phase of design. It i s  expected that . 
frequency-sensitive f i l ters  will be designed analyt- 
ically and will be adjusted experimentally during 
plant installation and checkout. 

The power output of both plants is. controlled by 
the ammonia feed ra te ,  a t  and near  fdl-power ,  and 
by the turbine bypass during s tar t -up.  The PSD-I 
ammonia feed i s  controlled with a valve a t  the out- 
put of a constant-speed recirculation pump. The 
PSD-I1 feed i s  controlled by a variable-speed feed 
pump. Those devices were selected because of 
simulations of constant-speed pumps and valves on 
one hand versus.variable-speed pumps on the other.  
Figure 6 shows the net power output of PSD-I1 a s  

660 700 740 780 820 860 
AMMONIA PUMP SPEED. RPM 

Fig. 6 Variation of net power output with pump 
speed and bypass valve, PSD-11. 

the feed-pump's speed changes. Pump speeds of 
600 r p m  to 880 rpm cover the full operating range. 
However, the sensitivity of power output to pump 
speed i s  50 kW/rpm. Thus, if s tar t -up i s  required 

a t  several  kilowatts because of limited power 
available to the, water  pumps, the by-pass control 
shown in Figure 6 will a lso be need.ed. Bypass 
control i s  expected to  result  in more  rapid 
response than is  feed-rate  control. 

When the plants a r e  connected to an  infinite 
grid,  the operator i s  expected to se t  a l l  valves for  
maximum power; the grid will maintain the turbine 
in synchronism a n d t h e  turbine nozzles will be 
varied s,lowly, by computer, to hunt for  the con- 
dition of instantaneous maximum power. On the 
other hand, when either OTEC plant i s  connected 
to  an isolated grid, the variable turbine nozzles 
will be used to synchronize the turbine and to 
maintain i ts  speed..  To reduce power, the oper-  
a to r  o r  the control computer selects a suitable 
combination of ammonia feed - ra te  and turbine 
bypass. 

A turbine t r i p  valve, close to the turbine inlet, 
i s  used to reduce turbine-speed overshoot follow- 
ing a load disconnect. The power loss caused by 
the p r e s s u r e  drop ac ross  a wide-open t r i p  valve 
was found to  be l ess  than 0.05 MWe. The added 
losses4( i f  any) that would resul t  f rom a se r ies  
turbine throttle valve (instead of a t r i p  valve) a r e  
avoided by using feed ra te  and bypass for control. 

Future Work 

Modelling activities will continue a s  the plant 
designs improve. The following desired improve- 
ments have already been identified for the  steady- 
s ta te  model. 

1. Improve the heat-exchanger model for 
PSD-11, modelling each of the 16 subassemblies 
separately.  

2. Improve the heat  exchanger models, to 
include c ross  -flow and to model off-nomi,~?al heat 
t r ans fe r  m o r e  exactly. 

3 .  Improve the integrated simulation to oper-  
a te  a t  large bypass. 

4. Add water  pump efficiency as  a function ,of 
pump flow conditions and speed. 

5. Replace the single stage NSF turbine model 
with a multi-stage model. 

6; Revise the subsystem numerical data based 
on OTEC-1 tes t s ,  laboratory t es t s ,  and sea-going 
tes t s ,  ra ther  than on analytical predictions . 

The dynamic heave model should a l so  be im-  
proved. It should include the water  pumping power 
a s  a function of flow conditions and additional' 
ammonia .system lags that may have been omitted 
f r o m  the present model. The model should b e ,  
validated with t es t  data a s  soon a s  possible by 
observing heaving troughs and long pipes a t  sea.  

A t r ip  overshoot model was not included at this 
t ime because t r i p  overshoots a r e  common to a l l  
power plants'and a r e  not unique to OTEC. The u s e  
of a turbine t r i p  valve close to the turbine inlet 
reduces the importance of such an analysis. At . 
la ter  stages of the PSD-I and PSD-LI designs, when 
details a r e  f i rmer ,  an ahalytical model could be 
constructed that predicts turbine t r i p  overshoot in  
the  presence of a load disconnect. . . 



Event- t iming models  and  sma l l -pe r tu rba t ion  ' 

c o n t r o l - s y s t e m  models  m a y  a l s o  be  cons t ruc ted  in 
l a t e r  phases .  The  event - t iming mode l  wi l l  be  
des igned t o  e s t ima te  t he  t i m e  between events  dur ing  
s t a r t u p  and shutdown, t i m e s  tha t  could a l te rna t ive ly  
be  de t e rmined  dur ing  the  ins ta l la t ion  and s t a r t - u p  
p r o c e d u r e s .  The  sma l l -pe r tu rba t ion  mode l  wi l l  
ana ly t ica l ly  de t e rmine  t h e  c h a r a c t e r i s t i c s  of t he  
f i l t e r s  tha t  a r e  needed in  t h e  con t ro l  loops.  Such 
f i l te rs '  could a l te rna t ive ly  be  des igned empi r i ca l ly  
dur ing  plant s t a r t -up .  The  d e  -coupling of mult iple 
m e a s u r e m e n t s  into t he  mul t ip le  ac tua to r s  f o r  s e t -  
point  con t ro l  i s  de termined f r o m  the  s t eady- s t a t e  
dynamic  model .  

Models  a r e  r ega rded  a s  the  p r inc ipa l  tool  to 
ex t r apo la t e  OTEC des igns  f r o m  s m a l l  p lants  to 
l a r g e  p lants .  
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DISCUSSION 

question: Did you include biofouling i n  t he  calcu- there  probably w i l l  be considerably l e s s  heave ef- 
l a t i o n s  of t he  var iable  speed pumps where you varied f e c t ,  and hence smaller power o sc i l l a t i ons  than you 
the  water flow ra t e s?  indica te .  

M. Kayton: No. We looked a t  those curves a t  f ixed 

biofouling numbers of 0.0001 t o  0.0003 hr-f t2-OFIB~U. 
We could have run another whole p i c tu re  l i k e  t h a t  
f o r  each of several  biofouling coe f f i c i en t s  and run 
an economic average over biofouling knowing o r  a t  
l e a s t  guessing a t  what r a t e  t he  biofouling would 
bui ld  up, and a t  what biofouling number we would 
clean i t  and s t a r t  a l l  over again. We did not do 
t h a t .  We j u s t  ran the  curves f o r  t he  two averages, 
0.0001 and 0.0003. 

D. Richards, APL: The response + 10% would indica te  
t h a t  your system i s  reac t ing  d i r e c t l y  t o  t h e  heave. 
I suppose t h i s  was with t h i s  spec i f i c  platform, 
which would indica te  t h a t  t he  platform was heaving 
very s ign i f i can t ly .  

M. Kayton: Yes. We used the  DOE-provided heave 
amplitude and period f o r  t he  platform. Not being 
Naval a r ch i t ec t s ,  we went through a l o t  of soul  
searching on what t he  heave motion of the  platform 
should be, and, i n  t h e  end, we used the  numbers 
furnished by DOE: + 11 f t  roughly, i n  sea s t a t e  6. 

D. Richards: Well, i n  r e l a t i ng  t o  heave, I am very 
in t e r e s t ed ,  because we a r e  saying the  maximum oper- 
a t i ng  heave of the APL platform i s  + 2 f t .  The 
heave e f f e c t  on the cold water pumps w i l l  be re- 
duced by the  suction pool arrangement. 

G. Dugger, APL: The point  t h a t  Dennis i s  making is 
t h a t  on the  APL platform, which is  the  one prescribed 
f o r  5- o r  10-MWe, PSD-I1 powermodule analyses,  

Question, Lockheed: I n  respect  t o  t he  s e n s i t i v i t y  
t o  flow r a t e s  of warm and cold water -we compared 
our cases with your PSD-I s tud i e s  on the  s e n s i t i v i t y ,  
and we found general ly t h a t  we were i n  agreement, I 
think you looked a t  a much l a rge r  range of sea s t a t e  
va r i a t i on  and warm water temperature than we did.  
Would you comment'further on your analys is  t o  see  
whether a variable-speed pump would be cos t  effec- 
t i ve?  

M. Kayton: For t he  purpose of t he  economic analy- 
s i s ,  we looked a t  the  cos t  of the  control  system 
f o r  the  motor driving the  pump, and somebody j u s t  
got a standard cont ro l  system out of the  catalog 
and a variable-frequency contfol  scheme of some 
s o r t  t o  vary the motor speed. He sa id ,  how much 
w i l l  t ha t  cos t?  From these  numbers, I calculated 
fo r  him how much average power output over t he  
year would be i f  he control led the  speed t o  follow 
the optimum function of water temperature, and the  
answer is  you don' t  save enough power t o  pay f o r  t he  
capi ta l ized  cost  of t he  pump and the  va r i ab l e  pump 
speed cont ro ls ,  e i t h e r  cold-water pump control ,  
warm-water pump cont ro l ,  o r  both. None of those 
three  options pays f o r  i t s e l f  i n  our opinion. How- 
ever, one time a t  which you might need va r i ab l e  
speed is  a t  s ta r t -up ,  depending on how you work the  
p lant ,  and t h a t  i s  the  subject  of a whole chapter 
on i n  our write-up. You might need a variable-speed 
water pump j u s t  t o  ge t  t he  plant  s t a r t ed ;  you might 
not. You do not need i t  i n  the  steady s t a t e ,  and I 
do not think i t  i s  economically a t t r a c t i v e .  
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Abstract - 
An Ocean Thermal Energy Conversion (OTEC) plant 

d l 1  have to operate over a range of temperature 
differences due to seasonal variations. A computer 
simulation program has been developed for the 

' closed Rankine cycle system including a detailed 
simulation of the two-phase-flow, folded-tube heat 
exchangers being developed by APL. For a specified 
heat exchanger geometry, and with algorithms 
to represent turbine performance and the various 
fluid dynamic losses and elevation effects in the 
system, the program can be used to determine the 
ammonia and seawater flow rates which yield maximum 
net power for design-point seawater temperatures. 
Having found a geometry which satisfies other 
constraints related to integration with the plant- 
ship hull to achieve minimum system cost while 
including reasonable physical arrangements for 
handling the heat exchangers, etc., the program 
can be used to compute off-design performance. It 
is also desired to determine the best method of 
controlling the system to achieve the best perfor- 
mance at the off-design conditions, again without 
making choices that lead to unnecessary or excessive 
cost for the turbine, the seawater pumps, or the 
ancillary equipment. The limited work to date has 
been directed to the requirements for a cruising 
10140-MWe pilot plantship. It indicates that a 
variable-admission turbine and an evaporator-inlet- 
flow control will give a suitable basic system. In 
.the concept described for demonstrating only 
the basic power plant's performance in the cruising 
mode, switched resistor banks would be used to 
dissipate the generated.power. 

n 

LC\ Introduction 

The development of a 10140 MWe pilot plantship 
has as a primary objective the demonstration of 
OTEC power generation. Important supplemental 
objectives include the attainment of specific data 
on equipment sensitivities, off-design performance, 
and related dynamic effects and control require- 
ments. To develop some insight into these issues 
an analytical performance program has been develop- 
ed which computes the heat transfer and flow 
characteristics of the APL folded-tube heat ex- 
changers and power system that has been designed 
for use on cruising OTEC plantships. While the 
development of the computer program was intended 
to optimize the system design by varying the system 
geometries and attendant losses including auxiliary 
power requirements, it has also permitted computa- 
tion and assessment of off-design performance and 
has provided an insight into overall control 
requirements. - 

) This paper describes the design of the power 
system and its sensitivities to variations in 
operating parameters. 

It must be noted that the power system perfor- 
mance reported herein was based upon a pilot plant 
conceived as a 10120 MWe(net) power demonstration 
plant utilizing resistor banks for load dissipa- 
tion, and that preliminary evaporator test data 
on the folded-tube heat exchangerla indicate 
significantly better performance than predicted 
here and in Refs. lb, 2 and 3. 

Power and Control Systems 

Power System Design 

The APL OTEC power system utilizes a closed 
Rankine thermodynamic cycle with anhydrous ammonia 
as the working fluid. The thermal driving 
potential is developed from warm surface water and 
cold deep water pumped up via the cold water pipe. 
System design is modular, based upon a 5-MWe power 
module consisting of two evaporators, two condensers, 
a turbogenerator, a cold water pump, a warm water 
pump, and ancillary equipment. The heat exchanger 
design is the APL folded-tube shell-less concept. 

The power cycle is depicted in Fig. 1 with the 
essential instrumentation and controls required 
for pilot plant evaluation. For design-point 
operation, warm water at 82.3OF is pumped to head 
ponds over the evaporators and then flows by 
gravity through the evaporators. Cold water at 
39.3'F is pumped (by pumps mounted above the cold 
water pipe) to head ponds above the condensers 
and flows through them by gravity. Liquid ammonia 
is admitted to the evaporator inlet manifolds at 
the bottom of the evaporators at 57°F and is 
distributed to the multiple tubes comprising the 
heat exchanger. Available test data indicate that 
the flow will be stable with equal distribution 
among tubes.la 

From computed heat transfer and ammonia pressures, 
evaporation will begin in the first or second 
horizontal pass and with each subsequent pass the 
ammonia temperature and percentage vapor (quality) 
increases until at exit from the twenty-fifth pass 
the vapor quality is approximately 70 percent at 
69.a0F. 

From the evaporator, the wet vapor flows to a 
separator where the liquid is removed. The separated 
liquid ammonia is recycled to the system via a re- 
cycle pump, mixing with the condensed ammonia in 
the pressure control tank. 

The ammonia turbine is s synchronous machine 
with nozzle inlet vanes controlling frequency, and 
with generator load controlled to match the avail- 
able turbine power. The turbine trip and bypass 
valves shown are necessary in that admission control 
design is not required to have shut-off capability, 
and the bypass can incorporate a step load change 
and startup/shutdown control function as well as 
permitting cycle tests and checkout prior to power 
generation load calibration and rotating equipment 
checkout. 

After expansion in the turbine the ammonia vapor 
is exhausted to the condenser inlet manifolds at 
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Fig. 1 Basic 5 MWe (net) power module cycle. 



50.Z°F. The condensate  flows from t h e  manifolds  
t o  sumps c o n t a i n i n g  "well" type  pumps which pump 
i t  t o  t h e  p r e s s u r e  c o n t r o l  t ank  where i t  mixes 
wi th  t h e  r e c y c l e  l i q u i d  be fo re  p a s s i n g  t o  t h e  
evapora to r s  t o  r e p e a t  t h e  cyc le .  The l i q u i d  l e v e l  
i n  tLe condenser manifolds  i s  c o n t r o l l e d  t o  main- 
t a i n  a  p o s i t i v e  pump s u c t i o n  head t o  p reven t  
c a v i t a t i o n  and t o  p rov ide  f o r  removal of non- 
condensable  gases .  

The p r e s s u r e  c o n t r o l  t ank ,  b e s i d e s  a c t i n g  a s  a  
mixing t ank  f o r  the condensate  and r e c y c l e  l i q u i d s  
a l s o  a c t s  a s  a  s u r g e  t ank  t o  absorb s l i g h t  l i q u i d  
volume changes wi th  changing system o p e r a t i n g  
cond i t ions .  Except ing s t e p  load changes o r  equip- 
ment shutdown, system o p e r a t i n g  c o n d i t i o n s  w i l l  
change s o  s lowly t h a t  a  s m a l l  accumulator  volume 
w i l l  s u f f i c e ,  and w i l l  provide a  s i g n a l  t o  t r a n s f e r  
ammonia from t h e  system t o  s t o r a g e  o r  admit ammonia 
from s t o r a g e .  The p r e s s u r e  c o n t r o l  t a n k ' s  n i t r o g e n  
charge w i l l  be determined from t h e  system o p e r a t i n g  
c o n d i t i o n s  and w i l l  p rov ide  t h e  c o a r s e  c o n t r o l  on 
evapora to r  i n l e t  p r e s s u r e .  The evapora to r  i n l e t  
c o n t r o l  v a l v e  w i l l  p rov ide  t h e  f i n e  c o n t r o l  of 
evapora to r  i n l e t  p r e s s u r e  and flow. I n  t h e  even t  
of load o r  equipment f a i l u r e ,  a  system shutdown 
would occur  and system p r e s s u r e s  would e q u i l i b r a t e .  

The seawate r  pumps r e q u i r e d  a r e  of l a r g e  
c a p a c i t i e s  and low heads ,  l e a d i n g  t o  l o ~ ~ s p e e d ,  
ax ia l - f low des igns .  Water flow v a r i a t i o n  can occur  
from dynamic i n l e t  head v a r i a t i o n s  a t  t h e  pumps due 
t o  wave a c t i o n  and p l a t f o r m  motion. For t h e  warm 
water  pumps, t h e  primary f a c t o r s  a r e  t h e  r e l a t i v e  
s e a  p r e s s u r e s  and evapora to r  pond l e v e l  change wi th  
wa te r  f low r a t e  a t  t h e  s h i p s  s t a t i o n  l o c a t i o n ,  wh i l e  
t h e  co ld  wa te r  pumps a r e  p r i m a r i l y  a f f e c t e d  by 
p l a t f o r m  heave r e l a t i v e  t o  t h e  co ld  wa te r  p i p e  
c o n t e n t s .  The s e a  s t a t e  t r a n s f e r  f u n c t i o n  c a l c u l a t -  
ed f o r  t h e  p i l o t  p l a n t  i n d i c a t e s  t h a t  p l a t f o r m  
mot ion .wi l1  n o t  be  s i g n i f i c a n t  except  above s e a  
s t a t e  5; however, o p e r a t i n g  load  o s c i l l a t i o n s  may 
r e q u i r e  v a r i a b l e  p i t c h  vane c o n t r o l s  and s e v e r e  s e a  
. s t a t e s  may n e c e s s i t a t e  b l a d e , f e a t h e r i n g  w i t h  s h a f t  
lock ing .  

The OTEC e l e c t r i c a l  system h a s  f u l l  c o n t r o l s  and 
i n s t r u m e n t a t i o n  a t  swf tchgear ,  swi tchboards  and 
motor c o n t r o l l e r s  t o  accomplish t h e  normal o p e r a t i n g  
and equipment p r o t e c t i o n  f u n c t i o n s  r e q u i r e d .  A l l  
u n i t  c o n t r o l s  a r e  connected t o  t h e  c e n t r a l  c o n t r o l -  
room conso le  t o  permit  one o p e r a t o r . t o  moni tor  and 
c o n t r o l  a l l  sys tem s t a r t u p ,  shutdown and l o a d i n g  

- o p e r a t i o n s .  
OTEC s t a r t u p  is  accomplished v i a  t h e  t i e  f e e d e r s  

from t h e  p l a t f o r m  t h r u s t e r  bus ,  wi th  i n i t i a l l y  one 
co ld  wa te r  pump, one warm water  pump, and t h e  
ammonia condensate  and r e c y c l e  pumps s t a r t e d  i n  
s e r i e s .  The maximum (5-MW module) OTEC-startup 
load i s  approximately  2.8 MW, assuming seawater  
pump i n r u s h  c u r r e n t  i s  l i m i t e d  t o  <2 .3  t imes f u l l -  
l oad  c u r r e n t ;  w e l l  w i t h i n  t h e  p l a t f o r m ' s  t o t a l  
d i e s e l  g e n e r a t o r  c a p a b i l i t i e s .  A f t e r  ammonia vapor 
f low is e s t a b l i s h e d  by t h e  t u r b i n e  bypass ,  t h e  
t u r b i n e  g e n e r a t o r  can be  s t a r t e d  and when o p e r a t i n g  
speed and synchron iza t ion  a r e  a t t a i n e d ,  t h e  
genera to r  can b e  connected t o  t h e  bus and can assume 
t h e  loads  v i a  programmed computer c o n t r o l .  

Th i s  p re l imina ry  d e s i g n  of t h e  OTEC p i l o t  p l a n t  
does no t  i n c l u d e  a  product  demonstra t ion p l a n t  o r  
any u s e f u l  power u t i l i z a t i o n  from t h e  OTEC g e n e r a t o r s  
o t h e r  than  p1atfor.m and t h r u s t e r  load  and t h e  OTEC 

. a u x i l i a r y  ( p a r a s i t i c )  l o a d s .  To 3 t t a i n  t h e  p i l o t -  
p l a n t  o b j e c t i v e  of demonstra t ing power g e n e r a t i o n  
and c o n t r o l  c a p a b i l i t y ,  a  water-cooled r e s i s t o r -  
bank system is  provided which can absorb  l o a d s  up 
t o  1 0  MW. When t h e  power system g e n e r a t e s  up t o  

12  MW,(net) i n  February (warmest s u r f a c e  wa te r  a t  
ATL 1 )  t h e  t h r u s t e r s  a t  112 knot  and s h i p s  s e r v i c e  
power w i l l  absorb t h e  excess .  Add i t iona l  r e s i s t o r  
banks can  b e  added t o  i n c r e a s e  t h e  d i s s i p a t i o n  
c a p a b i l i t y ,  i f  a d d i t i o n a l  power systems a r e  added. 

Power Cycle Performance Program 

A performance program h a s  been developed t o  
ana lyze  t h e  performance of the platform-integrated 
OTEC power p l a n t  sys tem wi th  t h e  APL h e a t  exchanger.  
The c u r r e n t  program is based l a r g e l y  on t h e  code 
desc r ibed  i n  Ref.  4 wi th  a  major change i n  t h e  
s o l u t i o n  a lgor i thm:  t h e  p r i o r  code developed t h e  
r e q u i r e d  geometry of t h e  h e a t  exchangers  t o  a t t a i n  
a  s p e c i f i e d  n e t  power o u t p u t ,  whereas t h e  c u r r e n t  
code determines  t h e  n e t  power ou tpu t  based on a  
s p e c i f i e d  geometry. Th i s  new approach a l s o  i s  
b e t t e r  s u i t e d  t o  t h e  de te rmina t ion  o f  o f f -des ign  
performance of t h e  OTEC power p l a n t  and t o  t h e  
i n v e s t i g a t i o n  of r e l a t e d  b o n t r o l  sys tem requ i re -  
ments. 

I n  developing t h e  computer code, t h e  primary 
g o a l  was t o  have t h e  program a p p l i c a b l e  t o  
i n v e s t i g a t e  geometr ic  changes i n  t h e  OTEC p l a n t .  
Toward t h i s  end a  h igh  degree  of g e n e r a l i t y  h a s  
been i n c o r p o r a t e d  and an  a t t empt  has  been made t o  
account  f o r  a l l  t h e  i d e n t i f i a b l e  l o s s e s .  Some of 
t h e  f e a t u r e s  of t h e  program a r e :  

P rov i s ion  f o r  l o s s e s  i n  p i p i n g ,  e x t e r n a l  t o  
t h e  evapora to r  and condenser modules, v i a  
dynamic head l o s s  c o e f f i c i e n t s .  
P ropu l s ion  power e s t i m a t e s  have been made a  
f u n c t i o n  of d rag  c o e f f i c i e n t s  and a r e a s  of 
t h e  s h i p  and p i p e  wi th  an i n p u t  p ropu l s ion  
p l a n t  e f f i c i e n c y .  
The head l o s s  f o r  a  s p e c i f i e d  p i p e  dep th  
h a s  been made a  f u n c t i o n  of a  t y p i c a l  d e n s i t y  
p r o f i l e .  
Seawater and ammonia p r o p e r t i e s  have been 
r e v i s e d  t o  c u r r e n t l y  accepted v a l u e s .  
P r o v i s i o n  f o r  machinery ( e . g . ,  t u r b i n e ,  
s e p a r a t o r ,  manifolds ,  e t c . )  e l e v a t i o n  changes 
on t h e  c y c l e  performance have been incorpo-  
r a t e d .  

F igure  2  shows t h e  23 s t a t i o n s  t h a t  have 
been des igna ted  around t h e  c y c l e  where t h e  s t a t e  
v a r i a b l e s  a r e  de f ined .  The program r e q u i r e s  some 
125 i n p u t  v a r i a b l e s  t h a t  d e s c r i b e  t h e  power p l a n t  
geometry'and key o p e r a t i n g  c o n d i t i o n s .  The t u r b i n e  
i s  e n t e r e d  a s  a  f ixed-speed,  cons tan t -a rea  dev ice  
t h a t  c o n t r o l s  mass flow i n  t h e  c y c l e  based on 
c o n t i n u i t y  c o n s i d e r a t i o n s ,  and t h e  s o l u t i o n  a lgo-  
r i thm proceeds  a s  fo l lows :  t h e  p r e s s u r e s  upstream 
and downstrcam of t h e  t u r b i r ~ e  a r e  e s t ima ted  and 
t h e  mass f low through t h e  t u r b i n e  i s  then  computed 
and t h e  t u r b i n e  exhaus t  i s  a d j u s t e d  t o  y i e l d  a  
f u l l y  condensed s t a t e  w i t h i n  t h e  l a s t  2% of t h e  
l e n g t h  of t h e  condenser tubes .  The ammonia pump 
p r e s s u r e  r a t i o  is es t ima ted  a s  i s  t h e  s t a t e  of t h e  
r e c i r c u l a t e d  f l u i d .  The evapora to r  i n l e t  p r e s s u r e  
i s  then a d j u s t e d - t o  y i e l d  t h e  d e s i r e d  evapora to r  
e x i t  q u a l i t y  and t u r b i n e  mass flow. The a lgor i thm 
proceeds  around t h e  c y c l e  u n t i l  t h e  p r e s s u r e s  
upstream and downstream of  t h e  t u r b i n e  and t h e  mass 
f low converge. The h o t  and co ld  wa te r  l i n e a r  
temperature  p r o f i l e  i s  a d j u s t e d  w i t h i n  each i t e r a -  
t i o n  based on t h e  amount of h e a t  t r a n s f e r r e d  i n  
t h e  h e a t  exchanger modules. The computer code i s  
w r i t t e n  i n  PLI1 f o r  t h e  IBM-360191 and r e q u i r e s  
130K b i t s  of s t o r a g e .  

The major des ign-point  c o n d i t i o n s ,  i n c l u d i n g  t h e  
seawate r  f lows t o  t h e  evapora to r s  and condensers  



X = 99.99% 
NH3 vapor I NH3, X =97% I 

Fig. 2 Schematic of OTEC plant described for computer code. 

Table I 

OTEC 10MW pilot plant off-design operating characteristics 
Cold water temperature = 39.2OF 

Warm water temperature, OF 84.2 82.2 76.2 71.2 
Turbine-ger~eralor power, MW 15.28 13.76 . 9.49 6.14 
Warm water flow, K Ibls 92 92 92 92 
Cold water flow, K Ibls 95 95 95 95 
Sea water pumps power, MW 2.856 2.856 2.856 .2.856 
Ammonia pump (4) power, - 0.438 0.408 0.286 0.216 
MW 
Aux. power, MW 0.155 0.1 51 0.144 0.1 35, 
Net electrical power, MW 11.831 10.345 , 6.206 ~:, 2.933, , .:. 
Ammonia flow (Ibis) 

thru evaporator (4) 1262 1241 3032 . , . , "  9.17 , . .. 
thru turbines (2) 886. 850 731 610 

Evaporator exit quality, % , 70.2 68.5 70.8 66.5 
Turbine 

inlet, pressure psia 129.7 125.9 114.6 106.0 
' inlet temperature, OF 70.4 68.7 63.5 59.2 

efficiency, % 88.0 88.0 87.6 82.8 
exit pressure psia 90.0 ' 89.3 87.1 85.0 
exit temperature, O F  5U.5 50.0 48.8 47.5 
exit quality, % 97.4 97.6 98.1 98.6 

Weight of ammonia, K Ibs 
in evaporabcrrs (4) 339 345 346 370 
in condensers (4) 236 236 236 238 

which a r e  k e p t  f i x e d ,  a r e  l i s t e d  i n  Table  1. The P l a a t  C o n t r o l  
d e s i g n  v a l u e  of warm w a t e r  t empera tu re  i n  Tab le  1 
i s  82.2'~.  The o f f -des ign  performance a t  each  of  The h i g h  l e v e l  o p e r a t i n g  l o g i c  is  i l l u s t r a t e d  
t h r e e  o t h e r  warm w a t e r  t empera tu res  i s  a l s o  shown i n  F ig .  3 which d e p i c t s  t h e  i n t e r a c t i o n s  o f  t h e  
and i s  d i s c u s s e d  l a t e r  i n  connec t ion  w i t h  F ig .  5 .  v a r i o u s  component c o n t r o l  u n i t s .  A turbine-power 
Again,  t h e s e  v a l u e s  a r e  s u b j e c t  t o  r e -op t imiza t ion  p r o f i l e r  r e c e i v e s  a pr imary s i g n a l  from a s o f t w a r e  
a s  a r e s u l t  of g r e a t e r  expe r imen ta l  performance of  program based  on t h e  warm and c o l d  w a t e r  tempera- 
t h e  h e a t  exchangers .  t u r e s ,  i n d i c a t i n g  the t h e o r e t i c a l  power p o s s i b l e  and . 
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Fig. 3 Signal-flow diagram for turbinegenerator controls. 

computes the power available from the ammonia flow 
and turbine inlet and outlet temperatures and 
pressures. The computer seeks to optimize the - -  - 
power available via iterative inte'raction with a 
pressure program estimator, described below, to attain 
the maximum evaporator performance. An output signal 
indicating available turbine powe= is transmitted to 
an auto-demand-load-control computer which compares 
the available power with the generator load and'- 
maximizes the generator loading to the extent 
possible. This computer is required not only to ' 
perform as a basic load-control device, but also to 
balance the loads between the generators on line, 
and through the individual generator sections to 
provide turbine-generator supervisory control and 
load-change anticipation. The generator'load is 
provided by resistor banks and by bus ties to the 
thrusters; thuo the functional load-control require- 
ment includes summation of individual turbine 
power vs. generator loads, and switching of resistor 
load banks with compensating modulation of thruster 
power to preset thruster'power control limits. Co- 
ordinated control interlocks are required with the 
platform diesel generatois control to provide for - 

startup and load assumption by the OTEC generators, 
and diesel generator startup and load assumption 
on OTEC plant shutdown. 

Additional load-control functions that may be 
beneficial or necessary upon detailed system 
dynamics analysis are: variation of generator 
voltage by up to (as much as) f 5%, which would 
vary the resistor bank load by up to (as much as) 
f 10%; and turbine bypass valve modulation on a 
large load drop. A turbine.admission control 
anticipation feature is assumed to be a requirement 

to control operation of the turbine shutoff and 
bypass valves on startup and shutdown and is to be 
coordinated by the turbine-generator designer and 
controls manufacturer. The turbine-frequency- 
governor control would, as in normal practice, trip 
the shutoff and open the bypass valves on an over- 
speed condition of approximately 10 percent. The 
turbine-generator controls can be adaptations of 
presently available commercial mini-computers and 
auto-demand-load controllers to the specific 
requirements of the pilot-plant power module. 

Figure 4 is a block diagram of the signal flow 
and processing to control the power system volume, 
flow and pressure control as discussed above. The 
overall system pressure and flow controls are not 
anticipated to require fast response or to respond 
to significant high-rate load swings, due to the 
long system flow and thermal lag times, and as, 
discussed in the ammonia power cycle, excepting 
turbine step-load change or load loss which must be 
met by turbine-generator control response, the 
system dynamics are inherently mild due to the heat 
exchangers' pressure sensitivities. As shown from. 
the system sensitivity study, turbine admission 
control operation affecting both vapor flow and 
evaporator exit pressure will react to change the 
evaporator exit quality directly and the total exit 
flow rate to a lesser extent. The evaporator-inlet- 
flow-control valve will respond, within any antici-, 
pated dynamic response requirement, to control the 
system flow to the optimum requirement at the new 
condition. Design of the overall control system as 
proposed will require complete dynamic modeling 
including the turbine-generator characteristics and 
computed flow time constants and heat-exchanger data 
from large-scale tests. 



Signal processing 

I TG conrrol 
Vapor I I I 

program - computer 

Condensate 

' 
, k1II I,") 

Fig. 4 Signal flow for flow metering, yolume, and pressure control. 

In addition to the primary volume, pressure, 
and flow-control parameters furnished by the flow 
meters, summation of the signals will provide data 
indicating the ammonia weight in evaporators and 
condensers, total system content, and rates of 
change. In addition, within assumed flow meter 
tolerances and bandwidths, recorded time observation 
of relative drift can be used for indication of 
ammonia leakage. 

Off Design Conditions 
, 

Power System Performance 

Estimates have been made of the power system 
performance both at nominal and off-nominal condi- 
tions, and of the system control requirements using 
the performance model of the OTEC power system de- 
scribed above. The off-nominal performance varia- 
tions included variations in hot and cold water 

, temperatures as well as variations in the ammonia 
system. 

The gross power available from the OTEC plant is 
a strong function of the warm-to-cold water temper- 
ature difference (AT), while the parasitic power, 
because of fixed equipment size and fixed sea- 
water pumping power, is not affected proportionately. 
In the present design the net power available at 
the busbars varies approximat_ely as  AT^.^; thus, in 
the grazing concept the plantship cruises to stay 
within the regions where the maximum AT is predicted 
to be available for maximum p-ower generation. The 
variations of gross and net power output with AT 
are shown in Fig. 5. Figure 6 shows estimated net 
power generation throughout the year for the 
Atlantic-1 siting area east of Brazil where the 
annual average AT has been predicted to be near 
43'F and where OTEC plant outage from weather 
conditions is minimized. 

The ships service power plus the thruster power 
required for grazing for the present platform de- 
sign is estimated at 2 MWe, which would reduce the 
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Fig. 5 OTEC 10-MWe (net) pilot plant estimated power 
versus AT. Note that ,the improved performance 
measured in the tests of the evaporator at ANL 
indicate substantial improvements over this 
performance. 
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Fig. 6 Predicted power output of cruising modular experiment 
platform with two 5-MWe (net) power modules. 

net total platform power available. However, these 
requirements will not increase significantly with 
greater OTEC installed capacities, and for commer- 
cial plants may be < 1 percent of the net power. 

Power control and utilization are anticipated 
to be well within normal industrial practice and 
capabilities for plants producing energy intensive; 
products. With generator loads controlled to match 
the power capability and control margins required, 
via matching the product load, the maximum 
utilization of the thermal resource will be made. 

Sensitivity Studies 

An initial step in the design of the process 
control system is to develop a regulatory control 
subsystem to maintain system operation at a desired 
set point. Commonly in the design of conventional 
boiler-turbine power plants, the nonlinear equations 
describing the plant, if known, are linearized to 
yield a model valid for small-perturbation analysis. 
Alternatively, suitable dynamic models can be 
developed for a plant from fitting a model structure 
to experimental data. Data from test programs 
including the recent data for the APL heat exchanger 
will be incorporated into the development of these 
empirical models as they become available. 

Information on major system sensitivities is use- 
ful in establishing the requirements for set-point 
regulations and assists in establishing system 
stability. To estimate these sensitivities, the 
evaporator module and the condenser module used in 
the complete heat engine computer simulation were 
used separately and subjected to perturbations in 
their major input quantities. Each perturbation 
represented a 5% shift from the established set 
point value for that parameter while holding the 
other parameters fixed. The results can be used 
to establish sensitivity coefficients suitable for 
a first-cut, steady-state analysis, and the results 
are presented below. 

Turbine flow rate (ft) 'response to step changes 
in evaporator inlet flow (Gel, inlet pressure (Pe) 
and inlet water temperature (Tw) was evaluated 
(Table 2). Note that the condenser flow rate fc 
is equal to Gt, and the mass quality of the evapo- 
rator exit flow is irt/te. A pronounced sensitivity 
to Pe is seen: for f 5% variations in Pe(with Ge 
and T,, kep: constant), the average change in Gt 
s roughly + 30% (total enthalpy changes by + 30%). 
or comparison, f 5% changes in be produce + 3% 
hanges in Gt. Approximately the same values for 
ressure and mass flow sensitivity coefficients 

are seen at two other water temperatures (81.2OF 

Table 2 Sensitivities of Turbine Flow Rate (Gt, 
lblsec) To Evaporator Exit Flow Parameters 

Turbine flow L a L r ,  Ot, 
Thw 1 GTe in, for evap. inlet Fe, psia 
OF lblsec 121.9 128.32 134.74 

82. 2a 594 567.0 420.3 296.7 
625a 577.0 436.2a 310.4 
657 591.4 444.9 314.1 

81.2 594 510.8 368.3 249.5 
625a 522.5 385.6 262.5 
657 538.7 394.2 269.4 

83.2 594 b 475.2 297.0 
625a b 487.5 350.0 
657 643.9 505.9 361.9 

Pe , fie in, G T ~  for ~ h ~ ,  OF 

psia lblsec 
81.2 82.2 83.2 

128. 32a 594 368.3 420.3 475.2 
625 385.6 436.2a 487.5 
652 394.2 444.9 505.9 

a Design-point value 

Quality of 100% occurs at lower evap. inlet flow; 
simulation model non-convergent. 

and 83.2'F). The responses to positive and negative 
perturbations are approximately equal and linear 
(see Fig. 7). 

The lower part of Table 2 shows that 1°F changes 
in T,, cause inverse changes of 12-13% in ht. Over- 
all the evaporator is quite sensitive to pressure 
and water temperature variations. The control 
system must be designed to minimize or damp any 
d.isturbances in these parameters. 

Fig. 7 Evaporator characteristics-effects of 5% variations in 
inlet flow (we) and pressure (Pein), and 1°F variations 

in inlet water temperature (Tww)on turbine flow rate. 



Since the key constraint in condenser operation 
is to maintain complete condensation, condenser 
performance was evaluated in terms of exit quality 
Xc (Fig. 8). Nominal parameter values at the 
established condenser set point were PC = 89.26 
psi, Gc = 432 lblsec, Tcw = 39.2OFS and inlet 
quality = 0.9764. A 5% drop in pressure from its 
nominal set point value while holding mass flow 
and inlet quality constant caused X to shift from 
0 to 21.4% as shown by the middle lfne in the 
left part of Fig. 8(b). This strong dependence 
on pressure was exhibited throughout the results 
at various cold water temperatures and mass flow 
rates. The relationship of pressure to mass flow. 
to produce zero exit quality in the 25th pass is 
shown in Fig. 8(a) for each of three inlet temper- 
atures. An overall observation is small perturba- 
tions in PC, Tcw and Gc cause large changes in 
condenser response. 

These data are used in establishing part of 
a preliminary control system representation with 
the overall control system hierarchical in organiza- 
tion, in which the lowest level acts as a regulatory 
subsystem to maintain operations at set points 
selected by the higher level of control based on 
exogeneous conditions. Nominal mass flow rates and 
pressures are established for evaporator and con- 
denser; independent control loops are used to 
maintain component operation at these values. The 
condenser loop monitors condensate level at the 
outlet, with the turbine back pressure determined 
by the cold water temperature and optimum turbine 
mass flow. Regulation of the evaporator operations 
is accomplished by monitoring liquid flows out of 
the evaporator and the condenser to maintain 
entrance pressure to the evaporator. Simplified 

representations of component dynamics are based 
on the sensitivity data using the sensitivity 
coefficients as the gains in first-order lag models 
correlating steady-state output to step changes 
in each inlet parameter. 

Control Considerations 

General Description and Requirements 

The two major functions of the pilot-plant 
control and instrumentation systems proposed herein 
are 1) to control and optimize the OTEC power 
generation for demonstration purposes, and 2) to 
obtain system sensitivity and critical control param- 
eter data as functions of input-output values, 
including perturbations from sea-state and platform 
motions, seawater-flow dynamics, and load variations. 
Hence, systems capable of in-place "tailoring" or 
change in parameter correlation and control output 
signal level including response time are required. 
Control of specific systems should.be implemented 
through software in mini-computer controls, with 
critical hardwired controls to override in the case 
of rotating equipment. Optimization during power 
demonstration operation may also necessitate 
modification of such items as control valves and 
hardwired circuits, but a dominant "fall-safe" 
priority must be maintained throughout. 

All of the instruments, control valves, etc. 
needed are commercially available. Excepting local 
equipment-mounted instrumentation and specifically 
required data for singular equipment design develop- 
ment, it is estimated that approximately 220 sensors 
are necessary per 5-MW power module. It is proposed 

a) CONDITIONS FOR WHICH Xc = 0 IN 25TH PASS 

b) EFFECTS OF AMMONIA INLET PRESSURE AND FLOW RATE 
AND COLD WATER TEMPERATURE ON EXIT QUALITY Xc 

Fig. 8 Condenser parameter sensitivities. 



that readout of these data be provided, via a central Because of the volume of the ponds the head perturbation 
computer, both by printout and alpha-numeric CRT time is much longer than the wave frequency and hence 
display. In addition, digital readout displays this effect should be minimal in comparison with 
will be provided on the console mimic diagram. combined heave and sea-wave pressure at depth. at 
Selluuru also are required for ancillary equipment the relative platform station. The variation of sea- 
including the power dissipation system. Continuous water velocity over the heat exchanger will perturb 
high quality recording is not necessary for these the overall heat transfer rate, and in combination 
ancillary requirements; however, continuous monitor- with the acceleration pressures will induce a dynamic 
ing recording will be required for some measurements. oscillation of evaporator and condenser pressures 

For each 5-MW power module, alarm annunciation and flow rates at frequencies related to the wave 
will be necessary for approximately 250 points not periods. 
centrally indicated or recorded, including bearing Dynamic modeling for the control system design 
temperatures, vibration frequency and amplitude, discussed below must include these sea-state effects 
oil pressures, pump and fan failures, high coolant including the sea-water-pump-motor-loads oscilla- 
temperatures, etc. Another 200 alarms will be tion, and will require data from required warm and 
needed for ancillary and support equipment. These cold water system dynamics analysis. The relative 
conditions will be reported through the computer phase of evaporator and condenser perturbations 
printout and CRT display in the OTEC control room, and pump loads with the possible excursion extremes 
with remote alarm and indication of critical may necessitate specific damping in the turbine 
functions in designated hotel areas including hazard control system, with generator load limiting to 
alarms to the platform bridge and engine room. provide a control margin. Thruster power modulation 

To meet the control and data-output requirements for generator load compensation, as previously 
described, the OTEC operational control is centraliz- discussed, is not intended and should not be 
ed and a separate data recording-analysis and utilized in this mode, and a control interface 
computer room is located in the hotel area. With device is required in the thruster tie. The pro- 
digital instruments and control switches combined posed pressure and flow control system is not seen 
with OTEC systems mimic diagram panels, up to as being significantly affected at the probable 
four power-module control and monitoring systems limiting sea-state conditions and would appear to 
can be located in the control room, together with meet any control requirements, and in addition 
ancillary system and alarms for which the space should have compensatory damping capabilities 
requirements can be reduced with computer printout- on the evaporator. 
CRT display, with repeater alarm and printout in The limiting sea state 6C has been taken as 
the recorder-computer room. that where the thermal resource of the mixed layers 

The control room proposed is a prefabricated, is degraded, significant platform motion starts, 
modularized design with all display and monitoring deck wetness becomes a factor, and deballasting 
data transmitted from local signal-converter would be required on worsening weather. Shut- 
encoders for sensor groupings. All data and Control downs due to worse weather should average less than 
signals can thus be made via low-voltage protected 45 hours per year at the proposed Atlantic-1 site. 
circuits simplifying transmission, identification, The wave lengths and frequencies at this condition 
hazard protection, and possible modifications or may not be the most severe for control-system design, 
change. and detailed system modeling may show that dynamic 

Data recording, signals, or a minimum 60 continu- effects and required control response may be more 
ous concurrent channels per power module, can be critical at lesser sea states. Further investigation 
transmitted to the recorder-computer room via is needed to determine whether automatic draft and 
converters and multi-channel shielded cables, where trim controls will be necessary for management of pond 
with suitable selection switching and recording levels and seawater pumping power if significant 
equipment the data can be taped for later printout changes in consumables or product load can occur, as 
and analysis. While 60 data channels appear the will be the case in a commercial plantship. 
minimum simultaneously required per module, a 
capability of at least 180 simultaneous data sets System Control 
should be possible for comparative evaluation of 
alternate power module designs or modifications The control system configuration will be organiz- 
under identical operating conditions. ed in a hierarchical manner in order to accomodate 

the highly nonlinear and interactive nature of the 
Sea State and Platform Motions heat engine components as well as the need to 

achieve optimum performance in responding to a 
The control requirements discussed above consider range of operating conditions. The control system 

only the "steady state" (calm sea) input vs. turbine will perform the following tasks: 
generator loads. Additional control considerations 1. Operating Set Point Definition. 
include the possible perturbations from the sea 2. Operating Set Point Regulation. 
state and resulting platform motions with associated 3. Transient Control Between Set Points. 
water flow dynamics. In general, the platform 4. Start UpIShut Down. 
motions up to the anticipated shutdown sea state 5. Failure Mode. 
6C are not anticipated to have any significant effect The basic strategy underlying the control system 
on the ammonia cycle or on particular equipment per organization is to distribute the control functions 
se. Maximum operating accelerations on the evaporatoldown to the subsystem level, effectively isolating - 
downcomer or condenser riser could produce pressure interactions between components in the nominal mode 
oscillations of 5 + 0.5 psi at 4.9 seconds peak-to- of set point regulation. Individual component 
peak (half the wave period) at the evaporator inlet controllers such as condensate sump level control, 
or consensate-pump discharge, and water flow rates evaporator inlet flow control and generator load 
through the heat exchangers can vary, primarily as control operate locally to maintain set point 
a function of the relative sea pressure at the heat- conditions. Supervisory control establishes set 
exchanger exit but also due to pond head variation points for the entire system. The primary control 
as a function of seawater pump flow variations. parameters are the ammonia flow rate and pressure 



and generator load setting, which are determined 
from the current exogeneous conditions such as the 
hot and cold water temperatures. Changes in 
environmental conditions will require the determi- 
nation of a new set point- and a "state profile" 
to be tracked during the set point transition to 
insure a graceful system adjustment. . 

The initial design effort has been directed 
toward identifying the requirements f& set point 
regulation. This effort has resulted in the 
definition of a control system appropriate for set 
point control in a stable environment and sensitivity 
studies were used to identify the key parameters for 
measurement and control. 
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A b s t r a c t  through a small  turbo-generator  t o  produce e l e c t r i c  
power and i s  condensed i n  another l a r g e  heat  ex- 

Conceptual design s tud ies  were funded by DOE i n  changer, the  ammonia condenser, where t h e  c o o l i n g  
FY78 f o r  th ree  a l t e r n a t e  OTEC power systems: the  medium i s  t h e  c o l d  sea water. The amnonia con- 
open c y c l e  w i t h  a su r face  condenser, t h e  open c y c l e  densate i s  then pumped back t o  the  ammonia evap- 
w i t h  a d i r e c t  c o n t a c t  condenser, and t h e  h y b r i d  o r a t o r  complet ing t h e  c losed loop. Both conceptual 
cyc le .  The major  r e s u l t s  o f  these s tud ies  a r e  as and p r e l i m i n a r y 4  s t u d i e s  sponsored by the  U.S. 
f o l l o w s :  Department o f  Energy have been completed and com- 

ponent heat  exchanger t e s t i n g  i s  i n  progress. 

lower  c a p i t a l  c o s t  than the  ammonia 
c losed  c y c l e  OTEC power s y s t e m j d  

he h y b r i d  power system i s  n o t  c o s t  
4 4 f e c  ti ve . 

The steam t u r b i n e  has been t h e  major  concern and 
a p r e v i o u s l y  s t a t e d  o b j e c t i o n  t o  the open c y c l e  
systems. The adopt ion o f  he l i cop te r -b lade  tech-  
nology coupled w i t h  ex tens ive  steam t u r b i n e  exper- 
ience e s s e n t i a l l y  e l i m i n a t e d  a l l  t h e  f e a s i b i l i t y  
and c o s t  concerns o f  t h e  t u r b i n e .  The l a r g e  quan- 
t i t y  o f  a i r  which must be removed from the  system 
i s  adequately handled w i t h  h i q h  e f f i c i e n c y  a x i a l  
compressors. The analyses r e q u i r e d  t o  design the  
condensers a r e  complex because o f  t h e  l a r g e  a i r  
q u a n t i t i e s  b u t  they a r e  n o t  o u t s i d e  t h e  scope of 
e x i s t i n g  technology and computer c a p a b i l i t y .  Ex- 
i s t i n g  mu1 t i s t a g e  f l a s h  evaporator  s a l i n e  water  
convers ion technology i s  the  bas is  f o r  the  open 
c y c l e  f l a s h  chamber design. The r e s u l t i n g  power 
module designs a r e  s i n g l e  vacuum housings con- 
t a i n i n g  a1 1 the components. 

-' 

The open c y c l e  uses t h e  ocean water as the  
work ing f l u i d .  A p o r t i o n  o f  the  warm sea water i s  
evaporated ( f l ashed)  i n  a low pressure chamber. The 
r e s u l t i n g  steam i s  then expanded through a very 
l a r g e  tu rb ine .  The e x i t i n g  steam f rom t h e  t u r b i n e  
i s  condensed e i t h e r  by d i r e c t  m i x i n  w i t h  the  c o l d  
sea water ( d i r e c t  con tac t  condenser! o r  i n  a heat  
exchanger s i m i l a r  t o  the  c losed c y c l e  a m n i a  
condenser. The l a t t e r  o p t i o n  permi ts  t h e  p roduc t ion  
o f  po tab le  water. The open c y c l e  type was employed 
b r i e f l y  by bo th  Claude and Howe t o  demonstrate the  
OTEC concept f e a s i b i l i t y .  The f i r s t  conceptual 
s tud ies5~6 .7  o f  t h i s  c y c l e  type, sponsored by DOE, 
were o f  a  p r e l i m i n a r y  na tu re  and were n o t  i n  the  
same d e t a i l  as t h e  c losed c y c l e  conceptual studies. 

The h y b r i d  c y c l e  . is a  b lend o f  b o t h  t h e  open and 
c losed cyc les.  Warm sea water i s  f lashed t o  gen- 
e r a t e  vapor. Th is  vapor r a t h e r  than t h e  warm sea 
water  i s  t h e  heat  source f o r  a  c losed  amnonia cyc le.  
No prev ious d e t a i l e d  h y b r i d  c y c l e  conceptual s tudy 
has, t o  our  knowledge, ever  been completed. 

I n t r o d u c t i o n  The purpose o f  t h i s  paper i s  t o  present  an over-  
view o f  the  r e s u l t s  o f  a  recen t  conceptual design 

I n  1881, Jacques dlArsonval f i r s t  suggested study8 o f  t h e  two open c y c l e  and the  h y b r i d  c y c l e  
t h a t  a  steam 'thermal engine c o u l d  be operated by power module types. The l e v e l  o f  a n a l y s i s  was sim- 
us ing  the  temperature d i f f e r e n c e  between t h e  sur-  i l a r  t o  t h a t  o f  t h e  c losed  c y c l e  conceptual e f f o r t s  
face  water o f  t h e  t r o p i c a l  ocean and the  deep water and v a l i d  c o s t  comparisons are t h e r e f o r e  poss ib le .  
i n  these regions.  George  laude el demonstrated the  Another ve ry  p r e l i m i n a r y  s tudy o f  t h i s  nature9 has 
techn ica l  f e a s i b i l i t y  o f  t h i s  Ocean Thermal Energy been completed b u t  n o t  i n  t h e  same d e t a i l .  

h Conversion (OTEC) concept on a l i m  t e d  sca le  i n  
1930 a t  Matanzas Bay i n  Cuba. Howe f u r t h e r  sub- The c o s t  f i g u r e s  used f o r  a1 1 c y c l e  comparisons 
s t a n t i a t e d  the f e a s i b i l i t y  w i t h  a l a n d  based p l a n t .  a r e  t h e  sumnation o f  the  power module and p lat form 
The l o n g  term c o s t  e f f e c t i v e n e s s  o f  comnercial c a p i t a l  cos t .  The cos ts  o f  t h e  c o l d  water  pipe, 
sca le  OTEC power systems has n o t  as y e t  been mooring and c a b l i n g  a re  n o t  inc luded.  The p lat form 
thoroughly  s tud ied  o r  demonstrated. i s  an i n t e g r a l  p a r t  o f  t h e  power module components 

f o r  the  open cyc les.  As a r e s u l t ,  t h i s  c o s t  must 
There a r e  th ree  p o s s i b l e  OTEC power system cyc les  be added t o  t h e  sumnation o f  a l l  power module com- 

which can be employed f o r  comnercial power pro-  ponent cos ts  t o  o b t a i n  a v a l i d  comparison. Also 
duct ion;  the  closed, open and hybr id .  The c losed t h e  comparison c o s t  f i g u r e s  a r e  i n i t i a l  c a p i t a l  c o s t s  
c y c l e  uses anhydrous amnonia as the  working f l u i d .  r a t h e r  than l i f e  c y c l e  t o s t s .  Th is  approach- i s  l e s s  
Heat . from t h e  warm sea water i s  t r a n s f e r r e d  i n  a quest ionable because t h e  issues o f  esca la t ion ,  
l a r g e  heat  exchanger (amnonia evaporator)  t o  the  I n t e r e s t ,  deprec ia t ion ,  maintenance cost ,  p l a n t  
l i q u i d  amnonia and vapor i s  generated a t  approx- a v a i l a b i l i t y ,  e tc .  need n o t  be addressed. A cap- 
imate ly  125 ps ia .  The amnonia vapor i s  expanded i t a l  c o s t  comparison i s  f u r t h e r  j u s t i f i e d  because 



there i s  no fuel cost. 

This paper i s  divided into four parts. In the 
f i r s t  part, the computer cost optimization model 
descriptions are presented. In the second part, the 
major problems associated with each cycle are re- 
viewed. The solutions to the open cycle feasi- 
bil i t y  and cost problems are then discussed, fol- 
lowed by the power module and platform capital cost .  
comparison. 

Cost Optimization Models 

Computer cost optimization programs were de- . 
. veloped for  the closed cycle, the open cycle with 

a surface condenser, and the hybrid cycle. A sim- 
i l  a r  model was not developed for the open cycle 
with a direct  contact condenser; however, a reason- 
able estimate i s  possible because of the close 
similari-ty between the open cycle options. 

Cost optimization programs contain the following 
parts : . plant heat balance subroutine 

. component design subroutines 

. major component pricing subroutines 

. main optimization program 

. output subroutine 

Each of these parts will be briefly discussed; 
however, more detailed descriptions are presented 
elsewherel0,3,8. The plant heat balance f i r s t  de- 
termines a l l  the flows consistent with the spec- 
ified constraints such as warm and cold seawater 
in le t  temperatures and system varfables such as the 
turbine in le t  and out let  temperatures and exchanger 
outlet temperatures. 

The component design subroutines then determine 
the specifications required to obtain their cost . 
such as exchanger tube lengths, number of modules 
and the parasitic power losses such as seawater 
and working fluid pressure drops. After the com- 
pletion of the plant heat balance and component 

'.design phases, the net power output i s  determined 
by subtracting the parasitic power requirements 
from the gross power output of the turbine-generator. 
The flow through the turbine i s  varied by the pro- 
gram to obtain the desired net power. I 

The power module and platform capital cost i s  
then obtained by summing the individual component 
costs. Various types of cost estimates were used for  
the components depending on the availability . o f  
data. These include a single estimate, a factored 
estimate, a factored estimate with the capacity ex- 
ponent, a sumnation of .labor and m.ateria1 costs with 
anadminis trat ivecos tmul t ip l i er ,acurvef i t  , 
through a range of supplier cost estimates, and 
price l i s t  data. Table 1 depicts the type of cost 
estimating used for each of the components of the 
power modules. A more detailed breakdown of the heat 
exchanger cost algorithms i s  presented in Table 2. 

This modular approach was selected because The optimization technique'chosen was the pat- 
algorithm improvement i s  more easily accomplished tern search method. This method does not require 
and because different individuals can simultaneously specific types of equations and i s  we1 1 suited for  
contribute. 

Table 1 

Component cost models. 

Component 

Heat Exchangers 
Internals 
She1 1 
Tubes 

Sea Pumps 
Condensate Pumps 
NH3 Turbine 
Steam Turbine 
Generator 
Chlorination 
Control s 
Auxi 1 iaries 

Constant 
C=a 

Factored 
C=bQ 

NOTE: C =Cos t  
C1 = Reference Cost 
Q = Characteristic Capacity of Component 
Q1 = Reference Capacity . 

Capacity 
Exponent . 
C=C, (Q/Q, Ie  

Labor 
& 

Materials 
C=f (L+M) 

Suppl i e r  
Data 
Range 

Supplier 
Price 
List 



Table 2 

Heat exchanger cost algorithms. 

Major const ruct ion mate r ia l s  usage. 

C. Steel 
A1 umi num 

Tube 
Tubepl a t e  

Tube Support P la te  
Bundle Assembly 

~ u b e p l i i e  Support 
L a t t i c e  Structure 

In te rna l  L a t t i c e  
Structure 

C. Steel o r  
A1 uminum A1 umi num A1 umi num 

2)A miscellaneous mater ia l  charge o f  5% i s  added. 
3) Some representat ive mater ia l  costs are: 

C.S. P la te  .23 $/Pound 
Al .  P la te  .95 $/Pound 
C.S. S t ruc tu ra l  .32 $/Pound 
Al.  Bronze 2.0 $/Pound 
A1 . St ruc tu ra l  1.50 $/Pound 

Notes : ' 
1 ) M a t e r i a l  Cost i s  based on weight o f  mater ia l  ordered 

n o t  f i n i s h e d  weight. 

- 
Mate r ia l  

$/Foot 
$/Square Foot of 

Tubepl a te  
$/Pound 

$/Foot of 
St ructure . 

$/Foot o f  
St ructure 

. . 
d i v e r s e  v a r i e t i e s  o f  thermodynamic, cos t  and design 
data incorpora ted  i n  t h e  o p t i m i z a t i o n  models. I n  
t h e  p a t t e r n  search method, an a r b i t r a r y  va lue i s  
assumed - fo r  each o f  the  system var iab les ,  and t h e  
c o s t  and power o u t p u t  o f  the  module a re  c a l c u l a t e d  
us ing  those values. Fo l low ing  t h i s  c a l c u l a t i o n ,  each 
o f  t h e  v a r i a b l e s ,  one a t  a  .time, i s  s l i g h t l y ,  changed. 
The power module i s  redesigned, i n  the  search f o r  
a  l e s s  c o s t l y  system. A f t e r  a l l  o f  t h e  system v a r -  
i a b l e s  have been tested,  t h e  systenl v a r i a b l e  which 
c o n t r i b u t e d  t o  t h e  lowes t  c o s t  power module i s  
changed f rom i t s  prev ious va lue t o  the  new value. 
The e n t i r e  procedure i s  repeated u n t i l  a1 1  p e r -  
t u r b a t i o n s  o f  a l l  system v a r i a b l e s  r e s u l t  i n  more 
c o s t l y  power, modules. This  s i t u a t i o n  e x i s t s  when an' 
optimum m d u l  e  has been obtained. 

Labor 

$/Foot 
$/Hole L Constant 

$/Hole 
$/Tube Support Platc 

p lus Constant 
( i n c l  udes tube t o  
tube sheet welding) 
$/Foot o f  St ructure 
. 

$/Foot o f  St ructure 

Since re fe rence  has a l ready  been made t o  system 
v a r i a b l e s  and w i l l  con t inue  throughout t h i s  paper, 
f u r t h e r  d iscuss ion  i s  i n  order .  The c o s t  and per-  
formance o f  t h e  power system are  f u n c t i o n s  o f  i n -  
dependent system var iab les .  The number of system 
v a r i a b l e s  i s  determined by  t h e  equat ions used i n  
t h e  heat  balance and design c a l c u l a t i o n s .  I f  t h e  
mathematical model c o n s i s t s  o f  E  equat ions and U 
unknowns, t h e r e  a r e  U-E system var iab les .  While 
t h e  number o f  system v a r i a b l e s  can be c a l c u l a t e d  
us ing  t h i s  method, t h e  i d e n t i t y  o f  t h e  system var -  
i a b l e s  i s  s t i l l  open t o  judgment on t h e  p a r t  o f  the  
ana lys t .  For  example, the  seawater pressure drop 
may be c a l c u l a t e d  f rom t h e  tube v e l o c i t y ,  o r  the  
v e l o c i t y  may be c a l c u l a t e d  f rom t h e  pressure drop. 
The o p t i m i z a t i o n  would y i e l d  the  same r e s u l t  r e -  
gard less of which system v a r i a b l e s  were chosen, so 
t h e  choice depends on t h e  o rder  i n  which t h e  
equations a r e  solved. 

The system v a r i a b l e s  used i n  t h e  o p t i m i z a t i o n  o f  
the  OTEC power modules a r e  o f  two types: cont inuous 
and d iscont inuous.  Continuous v a r i a b l e s  a r e  those 
such as temperatures and v e l o c i t i e s  which can vary 
i n f i n i t e s i m a l l y  over  t h e  range t o  be s tud ied .  Discon- 
t inuous v a r i a b l e s  a re  v a r i a b l e s  such as tube diameter,  
tube m a t e r i a l  and t h e  type  o f  tube enhancement 
which e x i s t s  o n l y  as d i s c r e t e  a l t e r n a t i v e s .  The 
o p t i m i z a t i o n  technique was used t o  op t im ize  the  
cont inuous v a r i a b l e s  f o r  each combinat ion o f  d i s -  
cont inuous var iab les .  

The r e s u l t i n g  c a p i t a l  c o s t  f i g u r e s  obta ined ' w i t h  t h e  c o s t  o p t i m i z a t i o n  programs a re  fa r  i r e  r e -  

l i a b l e  than those p r e v i o u s l y  ob ta ined  w i t h  assumed 
system va l  ues and simp1 i f i e d  component c o s t i n g  
techniques such as $ / f t 2  f o r  t h e  exchangers. It i s  
impor tan t  t o  s t r e s s  t h a t  t h e  closed, open and 
h y b r i d  c y c l e  c o s t  o p t i m i z a t i o n  programs used i d e n t -  
i c a l  component design and c o s t  subrou,tines when 
a p p l i c a b l e  i n  o rder  t o  i n s u r e  a  v a l i d  comparison. 

Known Cycle Problems 

Table 3  l i s t s  t h e  major  problems o r  ob jec t ions  
of the  f o u r  power cyc les .  I d e a l l y ,  a  c o s t  a n a l y s i s  
i s  r e q u i r e d  t o  assess t h e  s i g n i f i c a n c e  o f  each. For 
the  f i r s t  two, however, t h e  c o s t  va lue would be 
very. a r b i t r a r y  and.would be debatable u n t i l  t h e  
i n c i d e n t s  a c t u a l l y  occured. Therefore, the  env i ron-  
mental and hazard cons idera t ions  w i l l  n o t  be con- 
s ide red  i n  t h e  f i n a l  c o s t  comparison. The water  p ro -  
duc t ion  capability o f  t h e  open c y c l e  a l s o  i s  n o t  
considered i n  t h e  c o s t  comparison o f  t h e  f o u r  cyc les.  
The p o t e n t i a l  c o s t  improvement o f  t h i s  c a p a b i l i t y  i s  
addressed a t  the  end o f  t h i s  paper. 

Heat exchanger f o u l  i n g  can be adequate1 y  hand1 ed 
i n  t h e  c o s t  eva lua t ion  by  s i m p l y  i n c l u d i n g  t h e  
c o s t  o f  c h l o r i n a t i o n  and a d d i t i o n a l  pressure drop 
due t o  mechanical c lean fng  devices. The heat  ex- 

Table 3 

Known cycle problems. 

Problems 

1. E n v i r o n m e n t a l ~ o l l  u t i o r  
2. F i re  and explosion 
3. No water p roduc t ion  
4. P o t e n t i a l  warm water  

fou l ing 
5. Potent ial  cold water 

fou l ing 
6. Large heat exchangers 
7. Large vapor turbine 
8. Low energy level  turbine 
9. Large amounts o f  

non-condensible gases 

CYCLE TYPE 
Closed 

Yes 
Yes 
Yes 

Yes 

Yes 
Yes 
No 
No 

No 

Hybrid 

Yes 
Yes 
No 

No 

Yes 
Yes 
No 
No 

Yes 

Open 
Surface 
:ondenser 

No 
No 
No 

No 

Yes 
Yes 
Yes 
Yes 

Yes 

Direct 
Contact 

No 
No 
Yes 

No 

No 
Yes 
Yes 
Yes 

Yes 



changers f o r  the  open cyc les  ( f l a s h  evaporator,  su r -  
face  condenser o r  d i r e c t  con tac t  condenser) a r e  
n o t  u s u a l l y  considered as l a r g e  b u t ,  they indeed 
a r e  la rge .  The volumes a r e  always l a r g e r  than the  
l a r g e s t  c u r r e n t  power p l a n t  su r face  condenser. The 
f l a s h  evaporator. and d i r e c t  c o n t a c t  condensers do 
have a  lower  c o s t  p e r  u n i t  volume when compared t o  
t h e  tube exchangers. The major  problems o f  t h e  open 
cyc les  a re  the  l a r g e  t u r b i n e s  w i t h  a  low energy 
l e v e l  o r  pressure drop and t h e  d i s s o l v e d  gases l i b -  
e ra ted  by t h e  f l a s h i n g  warm seawater. The reason 
most o f t e n  g iven f o r  t h e  i n i t i a l  r e j e c t i o n  o f  t h e  
open c y c l e  was t h e  p r o h i b i t i v e  s i z e  o f  t h e  steam 
t u r b i n e .  The statement was even madel l  t h a t  no 
p r a c t i c a l  proposal would consider  a  s i n g l e  t u r b i n e  
f o r  a  100 MWe p l a n t  because o f  t h e  t u r b i n e  b lade  
t i p  diameter being i n  t h e  150 ft. range. The t u r -  
b i n e  and a i r  removal s o l u t i o n s  w i l l  be discussed a t  
1  ength . 

Open Cycle Turb ine S o l u t i o n  

The major  design problem o f  t h e  massive t u r b i n e  
s i z e  was so lved through t h e  i n t r o d u c t i o n  of com- 
p o s i t e  f i b e r g l a s s  b l a d i n g  and a  ho l low f a b r i c a t e d  
d isc .  The s o l u t i o n s  t o  t h e  low energy and r e s u l t i n g  
f l o w  d i s t r i b u t i o n  problem were ob ta ined  through the  
use o f  a  s i n g l e  v e r t i c a l  a x i a l  f l o w  tu rb ine .  These 
unique combinat ion o f  t u r b i n e  concepts g r e a t l y  
enhanced the  economic compet i t iveness o f  t h e  
open cyc le.  The op t im ized  open c y c l e  t u r b i n e  
e f f i c i e n c y  and c o s t  a re  81 .l% and 184 $/KW r e -  
s p e c t i  v e l  y .  

Steam tu rb ines  us ing  convent ional  a l l o y  s t e e l  
blades w i t h  leng ths  g rea te r  than t h r e e  o r  f o u r  
f e e t  have n o t  been p r a c t i c a l  p r i m a r i l y  due t o  
weight  and the  r e s u l t i n g  h i g h  c e n t r i f u g a l  forces.  
By employing composite b lade  technology, which 
has been developed f o r  h e l i c o p t e r  blades, g r e a t e r  
leng ths  may be considered due t o  t h e  h i g h  s t r e n g t h  
t o  weight  r a t i o s  o f  composite m a t e r i a l s  such as 
f i be rg lass .  The Boeing V e r t o l  Company, as a  sub- 
con t rac to r ,  has conceptual 1  y  designed t u r b i n e  
b l a d i n g  as l o n g  as 40 f e e t  and they have been shown 
t o  be economical ly  a t t r a c t i v e .  The modi f i c a t i o n s  
needed t o  a l l o w  a p p l i c a t i o n  i n  t h e  open c y c l e  steam 
t u r b i n e  environment were i n v e s t i g a t e d  and p resen t  no 
apparent f e a s i b i l  i t y  concern. 

The t y p i c a l  d i s c  i n  a  modern steam t u r b i n e  i s  o f  
p r o f i l e d  o r  equal s t r e s s  geometry and fo rged  con- 
s t r u c t i o n .  The u n a v a i l a b i l i t y  o f  f o r g i n g s  i n  t h e  
l a r g e  diameters necessary f o r  an open c y c l e  t u r b i n e  
r e q u i r e d  cons idera t ion  o f  a  new d i s c  f a b r i c a t i o n  
technique. The hol low f a b r i c a t e d  d isc ,  r e s u l t i n g  
from c o n s i d e r a t i o n  o f  new f a b r i c a t i o n  techniques, i n -  
creased the  a l lowab le  diameters o f  the  open c y c l e  
t u r b i n e .  The p o t e n t i a l  e x i s t s  f o r  even l a r g e r  d i s c  
diameters through t h e  use o f  a  spider-spoked d isc .  

The approach t o  determine t h i s  optimum (i .e.,  a 
minimum c o s t  power system) tu rb ine-genera to r  was a  
combined design and c o s t  model capable o f  ana lyz ing  
t h e  t radeo f fs  encountered when u s i n g  d i f f e r e n t  con- 
cepts, mate r ia l s ,  and f a b r i c a t i o n  techniques. The 
deslgn model performs t h e  phys ica l  s i z i n g  o f  t h e  
tu rb ine-genera to r  f o r  a  g iven  e f f i c i e n c y  and l o a d  
requi rement  by per forming t h e  thermodynamic and 
mechanical design c a l c u l a t i o n s .  The c o s t  model com- 
putes t h e  major p a r t s  and assembly cos ts  and then 
adds them t o  a r r i v e  a t  t h e  o v e r a l l  u n i t  cos t .  The 
optimum tu rb ine-genera to r  i s  determined through the 
computer c o s t  opt imi .zat ion program. 

GROSS POWER - MW 

Fig. 1 Turbine tip diameter. 

The design o f  t h e  t u r b i n e  i s  accomplished by 
performing t h e  appropr ia te  thermodynamic and mech- 
a n i c a l  c a l c u l a t i o n s .  F i r s t ,  the  boundaries o f  t h e  
t u r b i n e  f l o w  f i e l d  and t u r b i n e  speed a r e  estab- 
l i s h e d  t o  meet t h e  r e q u i r e d  load  and e f f i c i e n c y .  
The c a l c u l a t i o n  procedure used i s  a  one-dimensional , 
ax isymnet r i c  method t h a t  considers t h e  mean stream 
surface f l o w  t o  be represen ta t i ve  o f  the  f l o w  every- 
where a long a  blade. An a d d i t i o n a l  c a l c u l a t i o n ,  
us ing  a  s i m p l i f i e d  r a d i a l  e q u i l i b r i u m  approach, i s  
performed t o  assure good performance.over t h e  en- 
t i r e  l e n g t h  o f  t h e  r o t a t i n g  blade. 

Mechanical adequacy i s  assured by s i z i n g  t h e  
i n d i v i d u a l  t u r b i n e  p a r t s  t o  have acceptable s t r e s s  
l e v e l s  based on Westinghouse t u r b i n e  experience and 
Boeing Ver to l  he1 i c o p t e r  experience. 

A  parametr ic  study o f  Westinghouse a i r - c o o l e d  
and hydrogen cooled generators served as t h e  
bas is  f o r  the  generator  design. The e n t i r e  span 
f o r  t h e  generator  product  l i n e  was used t o  es- 
t a b l i s h  t h e  data from which t h e  appropr ia te  gen- 
e r a t o r  was se lected.  

Turb ine cos ts  are computed on an i n d i v i d u a l  p a r t  
o r  assembly o p e r a t i o n  bas is  us ing  appropr ia te  cos- 
t i n g  techniques f o r  the  p a r t  o r  assembly opera t ion  
being considered. The lumped parameter model used i n  
prev ious i n v e s t i g a t i o n s  was avoided due t o  the  
d i f f l c u l  t y  o f  determin ing a  comnon c o s t i n g  method t h a t  
i s  v a l i d  i n  t h i s  uncomnon range o f  i n t e r e s t .  The 
l o n g  t u r b i n e  blades have a  s t rong  i n f l u e n c e  on t h e  
c o s t  n o t  o n l y  because o f  t h e  b lades b u t  a l s o  be- 
cause o f  t h e  e f f e c t  o f  t h e i r  c e n t r i f u g a l  l oad ings  
on the  d isc.  The b lade m a t e r i a l  a1 t e r n a t i v e s  s e l -  
ected f o r  a n a l y s i s  were s t e e l  , t i tan ium,  composite 
f i b e r g l  ass and epoxy. 

F igure  1  shows t h e  range o f  t u r b i n e  t i p  diameters 
t h a t  have been found . to  be c o s t  e f f e c t i v e  designs. 
The computed tu rb ine-genera to r  cos ts  associated wi t h  
va r ious  t u r b i n e  e f f i c i e n c i e s  a r e  shown i n  F igure 
2 .  Note t h a t  the t u r b i n e  c o s t  I s  about 150 $/KW gross 
f o r  the  e n t i r e  l o a d  range.This c o s t  does n o t  inc lude  
t h e  t u r b i n e  containment o r ' s h e l l  c o s t  s i n c e  i t  i s  
considered as p a r t  of t h e  p l a t f o r m  cos t .  These 
r e s u l t s  show t h a t  t h e  t u r b i n e  design problems a re  
surmountable a t  an economical ly  a t t r a c t i v e  cost .  
Also shown a re  t h e  t u r b i n e  c o s t  p r e d i c t i o n s  ob- 
t a i n e d  f rom prev ious i n v e s t i g a t i o n s  (s  he1 1  n o t  
inc luded) .  The s u b s t a n t i a l  disagreement between 
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Fig. 2 Total turbine-generator and power 
conditioning equipment cost. 

these studies was the .esult of a lumped parameter 
approach for  the entire turbine cost. The very 
large turbine cost suggested by Gilbert Common- 
weal th9 distorted their OTEC cycle cost comparison. 

Interfacing of the turbine to the flash evaporator 
and condenser must be accomplished with minimal pre- 
sure drop and'maximum uniformity of flow because of 
the low energy level available for the turbine. Un- 
necessary pressure drop (energy loss) can not be 
tolerated in any individual component o r  connecting 
piping or  passages. The concept of a single vertical 
turbine allows the power system to be disposed radially 
around the turbine to provide excellent flow dis- 
tribution. The arrangement serves to reduce the pres- 
sure ' loss  caused by turning the flow a t  the turbine 
in le t  and permits a full  arc of admission. These 
features a,re i l lustrated in Figure 3. I t  i s  inter- 
esting to note that both the French Company, Energie 
de Mers, and Howe designed their open cycle power 
plants with a single vertical turbine, an annular 
flash evaporator surrounding the turbine and the con- 
denser below the turbine. Note th'at the power module 
design i s  a sing1 e vacuum housing containing a l l  the 
components. 

Air Removal Solution 

Since dissolved noncondensible gases such as 
oxygen, nitrogen and carbon dioxide are present in 
seawater, some of these gases will be liberated 
when the warm seawater enters a component under . C: 

vacuum such as the flash evaporator. Additionally, 1 .. 
a i r  leakage occurs a t  machinery shaft seals and 
by diffusion through the containment walls. In or- 
der to maintain system vacuum and performance, 
provisions must be made to remove these gases. 

Fig. 3 100 MWe open cycle OTEC plant cross section. 



For the open cycle with surface condense'r and 
for  the hybrid cycle, conventional shell  and tube 
condensers a re  used. The gases in the  cold sea- 
water will remafn i n  solution slnce the cold sea- 
water i s  always contained in closed'pressurized 
conduits. For'these two cycle types, only the 

- gases in the warn seawater and the a i r  leakage 
must be removed. For the open cycle- with a d i r ec t  
contact condenser, the gases l iberated by the cold 
seawater must a1 so be removed. The amount of gases. 
expressed In parts per mlllion dissolved In both 
the warm seawater (80°F) and cold seawater (40°F) 
are presented in Table 4 along with the values in 
previous open cycle investigations. A1 though there 
i s  favorable agreement in a1 1 the s tudies ,  the 
amount of oxygen and nitrogen dissolved In the sea- 
water i s  somewhat dependent on local environmental 
conditions such as biological ac t iv i ty .  There are no 
data which actually es tabl ish  which gases e x i s t  
o r  to  what extent they e x i s t  in the cold deep sea- 
water. Most investigators assumed that  the gas content 
was that  of the surface water, but a t  a reduced temp- 
erature.  

A basic mechanism fo r  promoting gas l ibera t ion 
from seawater i s  f lashing.  Flashing has been suc- 
cessfully used to deaerate seawater feed in de- 
salination plants. An assumption made in t h i s  ope. 
cycle analysis i s  t ha t  a l l  the gases are 1 iberated 
in the f lash chamber. assumption could be 
overly conservative because the flashing process 
i s  not identical t o  tha t  used in sal ine water con- 
version plants.  The low temperature level and 
small flash-down encountered in the open cycle 
f lash chanber probably will  not produce a large !n- 
stantaneous population of bubbles which provide 
the in ter fac ia l  area fo r  the desorption of the d i s -  
solved gases. There i s  no current ju s t i f i ca t ion ,  
however, t o  assume other than complete desorption 
In the f lash evaporator even though an argument 
can be introduced6 which counters t h i s  conserva- 
t i ve  position. 

The noncondensible gas removal system, regard- 
less  of the type, Increases the power module cost  
and increases the paras i t ic  power requirements. The 
result ing cost  optlmlzed a i r  removal system con- 
ta ins  four stages of large high efficiency axial 
compressors with intermediate aftercondensers. All 
the gases are removed a t  the condenser since pre- 
deaeration was not found to be cos t  ef fec t ive .  The 
cost  of a l l  the equipment i s  170 $/KW. 

Compressors 

Large axial flow compressors were chosen to 
contlnuously remove the gases since f o r  large s izes .  
axial compressors are  the most ef f ic ient12 and are  
almost equivalent in capital  cost  to rotary pos- 
I t i v e  displacement types. The compressor efficiency 
a t  a l l  pressure levels was 86%. The optimum number 
of compressors was four with an average compression 
r a t io  of about 3.25. The cos t  was 1.6 $/CM fo r  the 
large  units  or  f i r s t  stage compressors (900,000 
CFM/unit) and up to about 10 $/CFM for the highest 
pressure and smallest compressor. 

Table 4 

Seawater solubility of ai;, PPM. 

Table 5 

INVESTIGATOR 

westinghouse8 

Colorado School of l4ines7 

University of Massachusetts 

~ ~ d r o n a u t i c s ~  

Gil bert Commonweal t h 9  

Compressor cost summary. 

1 
SEA WATER 

Type Key: A = Axial ; C = Centrifugal 

WARM 

17.2 

16.6 

21.6 

2 5 

20 

ITEM 

1 s t  Compressor 
Auxiliaries 
Totals 

2nd Compressor 
Auxil i a r i e s  
Totals 

3rd Compressor 
Auxil i a r i e s  
Totals 

4th Compressor 
Auxil iari-es 
Totals 

Instrumentation 

Grand Totals 

COLD 

25.6 

23.7 

25 

20 

1 .788x1 o6 CFM 5 . 3 6 4 ~ 1 0 ~  CM 

No. 

2 

1 

1 

1 

N O .  

6 

1 

1 

1 

CFM 

894,000 

204.000 

49,410 

14,400 

CFM 

894,000 

612,000 

148,200 

43,200 

Type 

A 

A 

A 

C 

Type 

A 

A 

A 

A 

$ 
CFM 

1.45 

1.608 

2.45 

3.02 

4.04, 

6.09 

22.5 

24.2 

2.512 

$ 

1.45 

1.608 

1.80 

2.37 

3.71 . 

5.76 

6.94 

9.28 

2.302 

$ 

2,600,000 
275,000 

2,875,000 

500,000 
11 7.000 
617',000 

200.000 
101,000 
301.000 

324,800 
24,000 

348,800 

350,000 

4,491,800 

$ 

7.800,OOO 
825,000 

8,625,000 

. 1.100,000 
351,000 

1,451 ,000, 

550,000 
303,000 
853,000 

300,000 
101 ,000 
401,000 

1,050,000 

12,380,000 



Table 5 conta ins a c o s t  sumnary based on i n -  
format ion suppl ied by the  Westinghouse Marine D iv -  
i s i o n ,  a manufacturer o f  l a r g e  a x i a l  and c e n t r i  - 
fuga l  compressors. Three po in ts  are wor th no t ing :  

. The $/CFM decreases w i t h  inc reas ing  
capaci ty  to about 900,000 CFM. 

. The a u x i l i a r i e s  become a sma l le r  por-  
t i o n  o f  the  t o t a l  c o s t  as the  CFM i n -  
creases. 

. Except f o r  small  s izes,  c e n t r i f u g a l  
compressors a r e  more expensive. 

condenser, thus reducing the vo lumetr ic  f l o w  r a t e  
(CFM) t o  the downstream compressors. The h igh  
temperature d i f fe rence  needed f o r  the  heat  and mass 
t r a n s f e r  i s  generated by the preceding compressor 
where t y p i c a l  o u t l e t  temperatures a re  i n  the 200°F 
t o  250°F range due t o  the  compression o f  the gases. 
The r e s u l t i n g  temperature d i f f e r e n c e  ranges f rom 
about 160°F t o  210°F when the c o l d  seawater a t  40°F 
I s  used as the  c o o l i n g  medium. T y p i c a l l y ,  the para- 
s f t i c  power and c o s t  a r e  reduced by a f a c t o r  o f  2 
and 1.5 r e s p e c t i v e l y  through the  use of a f t e r -  
condensers. Table 6 presents a power and cos t  * 

breakdown f o r  the  a i r  removal system. Noteworthy 
a r e  the  fo l low ing :  

Th is  t a b l e  shows t h a t  the i-ncremental c o s t  i s  i n -  . The steam flows and i n l e t  CM t o  each 
deed s i z e  dependent, a p o i n t  n o t  s t r o n g l y  empha- successive s tage i s  s u b s t a n t i a l l y  r e -  
s i zed  i n  prev ious s tudies.  duced due t o  the vent  condensers. 

I t i s  i n t e r e s t i n g  t o  note t h a t  Claude's s o l u t i o n  
t o  the  a i r  removal problem a lso  was h igh  e f f i c i e n c y  
compressors. Colorado School o f  Mines considered 
a p o s i t i v e  displacement l o b e  type (Roots) i n  t h e i r  
study; the maximum e f f i c i e n c y  was 89% and the  cos t  
was about 1.3 $/CFM. The U n i v e r s i t y  o f  Massachusetts 
a lso  considered compressors w i t h  an e f f i c i e n c y  ass- 
umed t o  be 85% a t  a l l  pressure l e v e l s ,  b u t  the  type 
and cos t  were n o t  addressed. 

A device c a l  l e d  an inges to r ,  deaera to r l3J4  has 
been proposed f o r  the  removal of the gases. A f te r  
a p r e l i m i n a r y  eva lua t ion  o f  t h i s  device, our  con- 
c l u s i o n  i s  t h a t  i t  i s  n o t  s u i t a b l e  f o r  t h i s  app- . 
l i c a t i o n .  

Aftercondensers 

Most o f  the  previous open c y c l e  s tud ies  i n c l u d i n g  
another inves t i g a t i o n 1 5  conc lus ive ly  demonstrated 
the  need f o r  aftercondensers o r  vent condensers 
loca ted  between the compressor stages. Vapor i n  
the  steam-ai r mix tu re  i s  removed by the  a f t e r -  

. The heat  exchanger costs  a re  a small 
p o r t i o n  o f  , t h e  t o t a l  cost .  

. The addi t l o n a l  pumping power in t roduced 
by the  exchangers i s  small .  

. The f i r s t  vent  condenser i s  very 1 arge 
and comparable i n  s i z e  t o  a t y p i c a l  
power p l a n t  su r face  condenser. 
L 

The sur face  area o f  the  aftercondensers can b e s t  
be obta ined by I n t w i s e  c a l c u l a t i o n s  us ing t h e  
Col burn -~ougen l  c l 7  method. I t i s  impor tant  t o  r e -  
a l i z e  t h a t  the  vapor i s  h i g h l y  superheated a t  the  
entrance o f  these exchangers. The computer a l g o r i t h m  
which performed these heat  t r a n s f e r  and a lso  pres-  
sure drop c a l c u l a t i o n s  i s  r a t h e r  leng thy  and r e  
qu i red  a subs tan t ia l  computer run  t ime. However, a 
simp1 i f i e d  s e n s i t i v i t y  ana lys is  i s  presented i n  
Figures 4 and 5 which shows t h a t  the vent  condenser 
o v e r a l l  heat  t rans fe r  c o e f f i c i e n t ,  pressure drop 
and approach temperature do n o t  impact s t r o n g l y  on 
the  a i r  removal system power consumption and cost.  

Table 6 

Air removal power and cost. 

A i r  Flow = 54,688. LB/HR 
S.team Flow = 164,065 LB/HR 

= . I49 PSIA E x i t  Pres. 
Cold Hz0 Temp. = 40.0F 
WarmHzOFlow = 2,947,000.000 LB/HR 
Comp. Type = Ax ia l  
Steam/Air Rat io  = 3.0 
Pressure Drop - Vent Condenser = 10.0% 
Approach Temp. - Vent Condenser =.10.0 F 
Overa l l  Heat Transfer Coef. = 50. BTU/(HR-F-FT') 

No. No. A f t e r  Power Required Equipment Costs 
Stages Condensers To ta l  Comp. Exch. Total,  Compressors Exchangers 

4. 3. 8.82 8.65 .17 16,974,748 14,762,424 2,212,325 
d. 

Stage Temp. Pres. Steam Comp. Exch. Exch. Sea Temp. CFM Pres . 
I n  I n  I n  Power Power . Area Water Out Out 
(F) (PSIA) (LB/HR) (MW) (MW) (FT2) (LB/HR) F (PSIA) 

1. 39.51 .15 164065. 4.96 0.15 278409. ,1019156. 209.25 6597308 .47 
2. 50.00 .42 20724. 1.56 0.02 31239. 88309. 255.63 655584. 1.48 
3. 50.00 1.33 4641. 1.11 0.00 6398. 17319. 264.66 146802. 4.66 
4. 50.00 4.20 1347. 1.02 0.00 0. 0. 267.67 42599 14.70 

.- 



Fig. 4 Vent condenser sensitivity study. 

Table 6 was based on an o v e r a l l  hea t  t rans fe r  a second a i r  removal system must e x i s t  a t  the con- 
c o e f f i c i e n t  o f  50 BTu/(HR-FO-FTZ), on a 10 percent  denser t o  remove t h e  gases n o t  l i b e r a t e d  i n  the  
pressure drop and on an approach temperature d i f -  deaerator  and the  a i  r 1 eakage i n t o  the  sys tem. 
ference o f  10°F. The po in tw ise  Colburn-Hougen c a l -  
c u l a t i o n  method p rev ious ly  discussed was used t o  There was no prev ious study t o  our  knowledge t o  
s u b s t a n t l a t e  t h e  magnitude o f  these th ree  q u a n t i t i e s .  show t h a t  pre-deaerat ion i s  indeed cos t  e f fect ive.  

A packed deaerator  was se lec ted  t o  i n v e s t i g a t e  t h i s  
Pre-deaera t i o n  t r a d e o f f  f o r  the  f o l l o w i n g  reasons : 

The sur face  condenser o v e r a l l  heat  t r a n s f e r  
c o e f f i c i e n t s  measured by Howe2 were about 200 BTU/ 
(HR-FO-FT~) o r  1 ess. Typica l  su r face  condenser heat  
t r a n s f e r  c o e f f i c i e n t s  f o r  comparable cond i t i ons  a r e  
l a r g e r  by about a f a c t o r  o f  1.5 to 2. Howe con- 
c luded t h a t  the e f f e c t  o f  the  a i r  was respons ib le  f o r  
the  poor condenser performance and reconinended t h a t  
t h e  a i r  be removed p r i o r  t o  condensation. I n t e r -  
e s t i n g l y ,  Claude had previous1 y recognized t h i s  
problem and recomnended t h a t  a l a r g e  p o r t i o n  o f  
these'gases be removed i n  a deaerator .  Pre-deaera-' 
t i o n  was an i n t e g r a l  p a r t  o f  two o t h e r  open c y c l e  
s t u d i e s 5 ~ 7 .  Most o f  the gases i n  the  warm seawater 
can be removed by one o r  more deaerators l o c a t e d  
upstream o f  t h e  f l ash  evaporator.  The remaining 
gases p lus  t h e  a i r  leakage w i l l  pass through the 
system along w i t h  the steam and must be removed 
con t inuous ly  from t h e  condensers o r '  amnonia evap- 
o r a t o r .  For  the open c y c l e  w i t h  the d i r e c t  con tac t  
condenser, deaerators can a l s o  be used be fo re  the  
condenser i n  the  c o l d  water loops. 

Pre-deaerat i  on a1 so he1 d promise because the 
gases a re  removed f rom a h igher  i n i t i a l  ressure 
l e v e l  (2.13 ps ia  was r e c o m n d e d  by Claude!. As a 
resu l  t, 1 ess compressor power i s  requ i red  because 
o f  t h e  reduced pressure r a t i o .  Pre-deaerat ion, 
however, does in t roduce  a d d i t i o n a l  costs  and par-  
a s i t i c  .power losses. Regardless o f  t h e  deaerator  
type (packed, spray o r  t h i n  f i l m ) ,  pressure_ drop o r  
f r e e  f a l l  r e s u l t s  i n  a power l o s s  s i m i l a r  t o  the 
tube s i d e  pressure drop i n  any heat  exchanger. Also 

. Most comnon f o r  vacuum deaerat ion app- 
1 i c a t i o n s .  

. Adequate t e s t  data.  

. Lowest pressure drop. 

. Lowest cos t ,  i n  general 

The p a r t i c u l a r  packing type se lec ted  was two- 
i n c h  ceramic r ings ,  s ince l a r g e  s i z e  permi ts  the  use 
o f  a l a r g e  l i q u i d  mass v e l o c i t y .  The i tems which 
c o n t r i b u t e  t o  t h e  total deaerator  h e i g h t  i n  add- 
i t i o n  t o  the packing are t h e  1 i q u i d  distributor, 
packing supports,. ho twe l l  , charher separators and 
gas c o l l e c t i o n  areas. The deaerator  i n t e r n a l s ,  neg- 
l e c t i n g  t h e  packing, make a s i z a b l e  c o n t r i b u t i o n  t o  
the deaerator  parasitic power l o s s  because they 
in t roduce  a f i x e d  h e i g h t  o f  about f i v e  fee t .  . 

F igure 6 presents the  deaerator  s e n s i t i v i t y  re- 
s u l t s .  Observe t h a t  pre-deaerat ion i s  n o t  cos t  
effective regard1 ess o f .  t h e  pressure 1 eve1 nor  
e f fec t i veness .  'It i s  i n t e r e s t i n g  t o  note t h a t  the 
pressure l e v e l  f o r  t h e  s i n g l e  stage deaerator s e l -  
ected by Claude i s  i d e n t i c a l  t o  the  optimum value 
i n  t h i s  f i g u r e  o r  about 2 psia. The main reason why 
pre-deaerat ion i s  n o t  c o s t  e f f e c t i v e  i s  the para- 
s i t i c  pumping power l o s s  o f  the  deaerator  i t s e l f .  
Pre-deaerat ion does reduce the  a i r  removal system 
p a r a s i t i c  power and condenser cost .  
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PARAMETER - 

This p resen ta t ion  does n o t  conc lus ive ly  prove 
tha t '  pre-deaerat ion i s  n o t  c o s t  e f f e c t i v e .  Other 
packings e x i s t  which a re  both cheaper ( / F T ~ )  and t a1 low a h igher  mass v e l o c i t y  (1 bm/HR-FT ). However, 
they were n o t  considered because the  performance 
data o r  HTU-l iquid r a t e  design curves were n o t  
ava i lab le .  Other types o f  deaerators cou ld  be em- 
ployed; i n  p a r t i c u l a r ,  t r a y  types which minimize 
the  warm seawater pressure drop. Again, however, no 
t e s t  data o r  p r e d i c t i o n  techniques a re  a v a i l a b l e  
f o r  these opera t ing  cond i t i ons .  An impor tant  f a c t  
n o t  considered i n  t h i s  cos t  ana lys is  i s  the  e f fec t  
o f  the  deaerator on t h e  p l a t f o r m  cost .  Even if a 
cos t  e f f e c t i v e  deaerator type o r  i n t e r n a l  packing 
i s  discovered, the c o s t  advantage w i l l  be l e s s  w i t h  
the h u l l  cons idera t ion  because o f  a d d i t i o n a l  en- 
c losure  m a t e r i a l s  and space f o r  the  second com- 
pressor t r a i n  s ince  a i r  removal equipment must be 
i n s t a l l e d  a t  the condenser regard less o f  the amount 
and type o f  pre-deaerat ion. 

c , .-VENT, CONDENSER APPROACH 
E w  I 

I 
L I 

I 
I 

Surface Condenser 

The sur face condenser, w i t h  o r  w i thou t  pre- 
deaerat ion, i s  n o t  the t y p i c a l  sur face condenser 
encountered i n  nuc lear  o r  f o s s i l  power p l a n t s  mainly 
because o f  t h e  l a r g e  amount o f  noncondensible gases 
which en te r  the u n i t .  Even if 90% of the a i r  were 
removed by pre-deaerat ion, t h e  i n l e t  steam-ai r 
r a t i o  would be about an o rder  o f  magnitude lower 
than t h a t  comnonly experienced I n  comnercial power 
p l a n t  condensers. Add i t i ona l  reasons f o r  t h i s  d i s -  
p a r i t y  a re  t h e  low pressure l e v e l  and the small 
temperature d i f f e r e n c e  between t h e  i n . l e t  vapor and 
c o l d  seawater. The low pressure l e v e l  o r  deep vac- 
uum imp l ies  t h a t  the s h e l l - s i d e  pressure drop im- 
pacts  s t r o n g l y  on the  condenser performance. 

J 

The Colburn-Hougen method, which was p rev ious ly  
discussed i n  r e l a t i o n  t o  t h e  aftercondensers was 
used t o  account f o r  the  area increase due t o  the  
noncondensi bles. A Westinghouse computer ~ r o g r a m l g  
was used t o  develop design curves o f  pressure 'drop 
versus the condenser s a t u r a t i o n  temperature, pe r -  
centage o f  the  tube sheet area occupied by tubes, 
and the steam lane widths. These r e s u l t s ,  shown i n  
F igure 7, demonstrate t h a t  sur face condensers can 
be designed t o  perform a t  these low pressure l e v e l s  
b u t  the percent  occupied i s  lower  and the steam 
lanes are l a r g e r  than conventional power p l a n t  sur-  
face condensers. The combined area increase due t o  
the noncondensibles and pressure drop i s  presented 
i n  F igure 8. Observe t h a t  the  a d d i t i o n a l  area r e -  
q u i r e d  increases w i t h  a reduc t ion  o f  the  i n l e t  and 
e x i t  steam-air r a t i o s .  A t  the basel ine cond i t i on ,  
the no-gas heat  t r a n s f e r  c o e f f i c i e n t  (nonconden- 
s i b l e  gases and pressure drop neglected) was 556 
BTU/(HRZF-FT~). The o v e r a l l  heat  t r a n s f e r  c o e f f  i c -  . 
i e n t  con i d e r i n g  these two ef fects  was 366 BTU/ (HR-OF-nS) . Th is  value i s  subs tan t ia l  1 y h igher  

$1650, 
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Y l W .  
NO DEAERATOR IN SYSTEM 

2 
1000~ 2 4 6 8 10 12 

DEAERATOR PRESSURE LEVEL, psia 

Fig. 6 Deaerator cost sensitivity study-open 
cycle with surface condenser option. 
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Fig. 7 Saturation temperature depression 
due to bundle pressure drop. 

than the value obtained by Howe (200 B T U / H R ~ F - F T ~ )  
fo r  two reasons. Howe used plain tubes and a shell  
and tube heat exchanger. The cost  optimized design 
used Korodense LPB enhanced tubing and a surface 
condenser which minimizes the adverse impact of 
the shell-side pressure drop. 

The condenser rat ing analysis which considered 
both the noncondensibles and the pressure drop 
was pointwi se rather than overall and resulted in 
a step change in complexity. The analysis could be 
even fur ther  refined to improve the accuracy since 
the technology ex i s t s  and computer capabil i ty pre- 
sents no par t icular  constraint .  

the open cycle and hybrid cycle r e su l t s  are  for a 
conceptual level study whereas the closed cycle 
resul ts  are  fo r  a prel iminary level study. 

The e x i t  steam-air r a t io  from the condenser (a 
bp system variable) has a very strong impact on the 

a i r  removal system power and cost  and ultimately 60 
W 

on the power module and platform capital  cost .  The @ 

variat ion of the capital cost  with the condenser a 
e x i t  steam-air r a t io  i s  shown in Figure 9.  For , 

50 
large e x i t  steam-air ra t ios ,  the compressor costs 0 
and combined paras i t ic  power a re  the dominant con- z 
t r ibut ions  to the to ta l  cost .  A minimum steam-air . 4 40 

r a t io  ex i s t s ;  however, to reach th i s  value the K 
condenser surface area would approach in f in i ty .  

. 

Note tha t  a very sharp optimum exis ts  very close : 
a 30 W 

t o  the minimum value of 2.75. The minimum and op- 0 
timum steam-air r a t i o  are related to the i n l e t  

a 
20 

condenser temperature, condenser pressure drop and =) other condenser system variables. V) 

The heat exchanger tube materials and enhance- 
ments which yielded the optimum cost  were d i f -  
ferent  f o r  each cycle. For the closed cycle, the 
tube material was titanium and no internal en- 
hancement was cost  effective.  The Linde high flux 
surface was used on the outside of the evaporator 
tubes. For the open cycle, the tube material was 90- 
10 CU-Ni and the surface condenser enhancement was 
Korodense LPD. The open cycle condenser defines 
the ex i t  geometry of the turbine d i f fuser ,  and thus 
influ.ences the efficiency of the turbine and the 
power system. The shorter  enhanced tubes allow a 
shorter  d i f fuser  and a more compact plant. whereas 
the longer plain tubes require e i the r  a longer d i f -  
fuser or a decrease in diffuser recovery, result ing 
in higher cos t  and/or poorer performance. In con- 
t r a s t ,  the geometry of the closed cycle condenser 
has no e f fec t  on turbine performance. 

Table 7 shows tha t  the steam turbine cost i s  
about f ive  times the cost  of the amnonia turbine 
but ye t  not a prohibitively high value. Also note 
tha t  the a i r  removal system, which i s  principally 
the compressors, i s  the third most costly i  tem iy 
the power module. The platform in the open cycle i s  
the most costly item because of i t s  multifunctional 
nature (component containment, seaworthy platform, 
interface or  piping between components). More d - 
t a i l s  of the platform are presented el sewhere89T8. 
I t  i s  apparent tha t  the major problems of the open 
cycle OTEC power module, the large s i z e  and low 
available energy turbine and the a i r  ,removal system. 
are indeed adequately resolved. 

More uncertainty does cx i s t  in the open cycle 
module and platform capital  cost  prediction. How- 
ever, the possibil i  ty also ex i s t s  fo r  further cost  
improvements. Table 8 ident i f ies  the major contr i -  
butions to both. 

The greates t  uncertainty regarding the power 
system i s  the thermal nonequilibrium in the f lash 
evaporator. When a compressed or saturated l iquid 
enters a chamber a t  a pressure where the saturation 

Cost Comparison 

CONDITIONS:- 
INLET TEMP. = 54OF 
COOLANT TEMP. = 40°F 
NO GAS U = 600 BTU/(HR-OF-Flz) 
APPROACH VELOCITY = 50 FTISEC 

EXIT 

RATIO 
10 

2OF DEPRESSION IN SATURATION TEMP. 

1. 
100 200 300 400 

INLET STEAMIAIR RATIO 

Table 7 shows tha t  the open cycle and closed Fig. 8 Effect of noncondensibles and pressure 
drop on the condenser surface area. 

cycle are  comparable in capital  cos t  and the 
hybrid i s  substantial ly higher. Not a l l  items shown 
are d i rec t ly  comparable and a re  identif ied with 
footnotes. Another difference to be noted i s  tha t  



Table 7 

OTEC 100 MWe net module open cycle 
cost comparison (1977 $/KW). 

Mechanical Cleaning ** C h l o r i n a t i o n  i n  Condenser *** C h l o r i n a t f o n  i n  Condenser & Evaporator 

. -- . .. -. 

Flash Evaporator 
Shel l  6 Tube Evaporator 
L iqu idIVapor  Separator 
Surface Condenser 6 Hotwel l  
Retubi ng (Present Value) 
A i r  Removal Vent Condenser 

Heat Exchanger Subtota l  

Turbine 
Generator Excf t e r  
Seawater Pumps 
Condensate Pump 
Recycle Pump 
A i r  Removal Equipment 

Rotat fng Equipment Subtota l  

P ip ing  and Valves 
Operat ing Control  Sys tem 
Foul i n g  Contro l  Sys tem 
A u x f l i a r i e s ,  Power Cond i t ion ing  

Mod111 e lnvestment. 

P la t fo rm Inc lud ing  Dock and 
Construct ion 

Module & P la t fo rm To ta l  

temperature i s  l e s s  than the i n l e t  temperature. 
f l a s h i n g  occurs. Thermodynamic p r i n c i p l e s  s t a t e  t h a t  
the remaining l i q u i d  w i l l  e x i t  the lower  pressure 
chamber a t  the  corresponding s a t u r a t i o n  temperature. 
Conventional thermodynamics i s  based on e q u i l  i b r i u m  
cond i t i ons ;  i n  o t h e r  words, the  l i q u i d  must have an 
i n f i n i t e l y  long  residence t ime i n  the low pressure Table 8 

chamber. The res idence t ime i n  an actual  f l a s h  evap- Uncertainties and cost imgtovements of 
o r a t o r ,  however, i s  f i x e d  by the  s i z e  of the  chamber open cycle module and platforms. 
and the  v e l o c i t y  a t  which t h e  l i q u i d  i s  moving. The 
thermal nonequ i l i b r ium i s  def ined as the d i f ference 
between the b r i n e  e x i t  temperature and the e q u i l -  
i b r i u m  o r  s a t u r a t i o n  temperature i n  the  chamber. A 
nonequ i l i b r ium temperature d i f f e r e n c e  of l.O°F was 
assumed t o  be an a t t a i n a b l e  va lue because o f  t h e  low 
b r i n e  depth (9.1 i n ) . a n d  long  stage leng th  (77.8 f t )  
even though the temperature l e v e l  i s  about 20°F 
lower  than t h a t  experienced i n  m u l t i s t a g e  f l a s h  
evaporator  s a l i n e  water  conversion p lan ts .  A surface 
evaporat ion a n a l y t i c a l  thermal nonequ i l i b r ium model 
was p r e d i c t i n g  values much l e s s  than 1 .O°F and i s  the  
bas is  f o r  t h i s  assumption. A review o f  the  e x i s t i n g  
emp i r i ca l  thermal nonequi l  i b r i u m  methods20 and t h e i r  
appl i c a b i l  i ty21 d i d  n o t  reso lve  t h i s  u n c e r t a i n t y  
because no t e s t  data e x i s t e d  f o r  the  open c y c l e  OTEC 
cond i t i ons .  Very r e l i a b l e  data can be obta ined a t  
the low temperature l e v e l s  and l a r g e  f l o w  r a t e s  w i t h  
o n l y  a modest expenditure because the  measuring tech- 
niques are developed and a sca le  model can be em- 

ployed. 

OPEN 
CYCLE 

44.30 - 
( i n  Evap) 

295.09 ' 

94.51 
22.51 

456.41 

184.08 
33.93 

110.61 
1.84 
- 

151.19 
481.65 

7.50 
*48.09 

42.41 
1036,06 

490.00 
1526.06. 

C(MP0NENT 

FLASH EVAPORATOR 
Thermal Nonequilibrium 
Reduced Diameter 

(Higher A P Mesh) 
Desorpt ion (Amount 

o f  A i r  Liberated 
i n  Flashlng Process) 

TURBINE 
Fiberglass Blades and 

Fabricated Di sc Welding 
Concrete Stator Blades 

DIRECT CONTACT CONDENSER 
A I R  REMOVAL SYSTEM 

A i r  Dissolved i n  Seawater 
System Optimization 

HYBRID 
CYCLE 

580.20 
35.48 

699.34 
0 

19.46 
1334.48 

69.22 
40.43 

121.40 
6.48 
6.58 

130.73 
374.84 

20.34 
15.00 

**14.92 
57.20 

1845.28 

388.00 
2 7 x 3  

C L O S ~ D  
CYCLE 

480.91 
34.93 

534.31 
0 
0 

1050.15 

36.31 
29.54 
93.00 
4.21 
1.98 

165.04 

6.34 
15.00 

***34.37 
53.19 

1324.09 

391 .OO lmm 

UNCERTAINTIES 
CAPlTAL COST 
INCREASE .)/KW 

0-400 

0-250 

0-50 
0-100 

I M P R ~ ~ : ~ E N T S  

0-100 

0 -80 

0-70 
0-250 

0-50 . 
0-100 



The low pressure cond i t i ons  t h a t  e x i s t  i n  the 
open c y c l e  t u r b i n e  may cause a  small  percentage o f  
uncured ing red ien ts  t o  be outgassed from the epoxy 
mat r i x .  The e f f e c t ,  i f  any, o f  t h i s  outgassing can 
be determined from a  t e s t  under s imulated con- 
d i  t i o n s .  Add i t i ona l  t u r b i n e  r e l a t e d  u n c e r t a i n t i e s  
are b lade tun ing  a t  low RPM and f a b r i c a t e d  d i s c  
welding techniques. 

Other u n c e r t a i n t i e s  a r e  the  magnitudes of the 
d isso lved  a i r  i n  the  warm and c o l d  seawater and 
minor d e t a i l s  of var ious component design and cos t  
a1 g o r i  thms. 

The g r e a t e s t  poss ib le  c o s t  improvement i s  ob- 
ta ined  w i t h  the  d i r e c t  con tac t  condenser. A  p re -  
l i m i n a r y  ana lys is8  demonstrated t h a t  t h i s  condenser 
can be pos i t i oned  between the c o l d  water p ipe  and 

0 2 4  6 8 1 0  the  f l a s h  evaporator and e s s e n t i a l l y  a t  t h e  same 

CONDENSER EXIT 
e l e v a t i o n  as the  f lash  evaporator.  The barometr ic  
l e v e l  p r i n c i p l e  i s  again used t o  reduce the c o l d  

STEAM-AIR RATIO water pumping power. It i s  apparent, then, t h a t  
the p l a t f o r m  diameters are about equ iva len t  f o r  

Fig. 9 Effect of condenser exit steam-air ratio on b o t h  condenser opt ions b u t  the  p l a t f o r m  h e i g h t  and 
capital cost. volume a r e  s u b s t a n t i a l l y  reduced w i t h  the  

d i r e c t  con tac t  condenser. The c o l d  water pumping 
power f o r  both open c y c l e  opt ior ls are about the  
same b u t  the a i r  removal equipment cos t  and para-  
s i t i c  power are l a r g e r  w i t h  the d i r e c t  con tac t  
condenser opt ion.  A c o s t  o p t i m i z a t i o n  program 
con ta in ing  d e t a i l e d  c o s t  and design a1 g o r i  thms f o r  
the d i r e c t  con tac t  condenser has n o t  been dev- 
eloped so a  more accurate c o s t  comparison i s  n o t  

The second g rea tes t  group of u n c e r t a i n t i e s  are currently possible. 
t u r b i n e  re1  ated. Erosion, mechanical p roper ty  changes 
and outgass ing have been i d e n t i f i e d  as poss jb le  

- 

techn ica l  r i s k s  f o r  the  composite b lad ing.  The e x i s -  
tence o f  mois ture d r o p l e t s  i n  the  t u r b i n e  b lade  path 
may necess i ta te  the  use o f  e ros ion  p r o t e c t i o n  f o r  
the  composite b lad ing .  Fur ther  s tud ies  i n t o  the  
actual  p r e d i c t i o n  o f  where condensation w i l l  occur 
I n  the  b lade  path w i l l  determine whether p r o t e c t i o n  
i s  needed. I f  p r o t e c t i o n  i s  deemed necessary, t e s t s  
t o  determine the bes t  method o f  e ros ion  ~ r o t e c t i o n  

There a r e  o t h e r  poss ib le  c o s t  improvements which 
are a t t a i n a b l e  due t o  system ana lys is  e f f o r t s ,  i n  
p a r t i c u l a r  on the a i r  removal system. Mate r ia l  
changes such as a  concrete t u r b i n e  s t a t o r  b lad ing  
lead  d i r e c t l y  t o  a  cos t  improvement. The exact  
magnitude o f  t h e  o ther  c o s t  improvements can on ly  
be determined a f t e r  bas ic  t e s t  r e s u l t s  are ob- 
t a i  ned . 

should be conducted. Table 9 compares t h e  c o s t  t o  own and operate 
th ree  OTEC p l a n t  types: closed, open, and open w i t h  

The change i n  mechanical p roper t ies  of composite water production. Note the dramatic impact the 
b l a d i n g  due t o  mois ture absorpt ion should be inves-  water Droduction oDtion to the OTEC con- 
t i ga ted .  I f  t h e  moisture present  under open c y c l e  cept.  A value o f  $2.5011000 gal .  was used t o  com- 
cond i t i ons  causes any change i n  t h e  composite pu te  the c o s t  sav ing obta inable by s e l l i n g  the  
s t r u c t u r e ,  t h i s  t e s t  can determine the  e f f e c t  on water. This va lue  may be low i n  areas where s a l i n e  
composite b lade 1 f fe .  New b i n d e r  m a t e r i a l  may a lso  water p lan ts  a r e  located.  The w r i t e r s  r e a l i z e  t h a t  
be developed and tested.  

Table 9 

Cost to own and operate OTEC power plants. 

PLANT TYPE 

P lan t  Size, (MW) 
, P l a n t  Cost, (BIKW) 
Completed P l a n t  Cost ($/KW),1.5 M u l t i p l i e r  
Cap i ta l  Recovery Rate 
Operat ion and Maintenance, (mi 11 IKW-HR) 
Fuel Cost, ( m i l  ls1KW-HR) 
By Product,  ( m i l l  s1KW-HR) 2.5 811000 gal  . 
Cost t o  own and operate,($/KW) 

A v a i l a b i l i t y  of 1  

OTEC CYCLE TYPE 
OPEN CYCLE 
AND WATER 

100 
1525 
2300 

.17 
3.0 

0  
39.0 

445 

CLOSED 
CYCLE 

100 
1715 
2575 

.17 
3.0 

0  - 
2730 

OPEN 
CYCLE 

100 
1525 
2 300 

.17 
3.0 

0  

2450 



some o r  a l l  o f  the economic assumptions can be 
argued, b u t  an ind ispu tab le  f a c t  i s  t h a t  the  open 
cyc le  w i t h  water product ion w i l l  always be the  
cos t  winner regard1 ess how t h e  numbers a re  compared. 

Conclusion ' This paper sumnarizes the r e s u l t s  o f  c o r t  r t u d i e s  
f o r  the  open and h y b r i d  OTEC cyc les and presents a 
cos t  comparison between these cyc les and the  pre-  
v i o u s l y  analyzed closed cyc le .  The impor tant  con- 
c lus ions  are t h a t  the  open cyc le  OTEC power modules 
are indeed feas ib le  and cos t  e f f e c t i v e  b u t  t h a t  
the h y b r i d  cyc le  i s  no t .  The major problem o f  the 
open cyc les,  the l a r g e  steam t u r b i n e  cos t ,  was 
solved w i t h  f i b e r g l a s s  blades and a f a b r i c a t e d  d i s c .  
Another o f t e n  mentioned o b j e c t i o n  t o  the  open cyc le,  
the removal o f  the  d isso lved  gases i n  the  seawater, 
was addressed and resolved by the  use of h igh  e f f i c -  
iency compressors, in termediate aftercondensers and 

no pre-deaerat ion. The open cyc les have o ther  ad- 
vantages n o t  considered i n  t h i s  c o s t  comparison such 
as reduced b i o f o u l i n g  and cor ros ion  and the c o m r -  
c ia1  p o t e n t i a l  of water product ion.  The h i s t o r i a n s  
of OTEC development w i l l  recognize t h a t  many of the 
concepts presented here in  have been p rev ious ly  i n -  
troduced. A s i n g l e  v e r t i c a l  t u r b i n e  surrounded by an 
annular f l a s h  evaporator  w i t h i n  a re in forced conc- 
r e t e  containment was suggested i n  t h i s  s tudy and i n  
almost a1 1 p r i o r  s tud ies.  High e f f i c i e n c y  compressors 
w i t h  in te rmed ia te  aftercondensers were u s u a l l y  recom- 
mended f o r  the  a i r  removal system. 
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DISCUSSION 

D r .  Mol in i ,  CMU: The noncondensib le  gases  a r e  be ing  three-dimensional  a n a l y s i s  computer program is  
d i s c h a r g e d  t o  t he -a tmosphe re .  That  means you a r e  r e q u i r e d  t o  perform t h i s  c a l c u l a t i o n .  
d e a e r a t i n g  t h e  w a t e r  and then  r e t u r n i n g  i t  t o  t h e  
ocean .  Do you expec t  t h a t  t h e  r e d u c t i o n  i n  t h e  Ques t ion :  You a r e  p ropos ing  t o  t a k e  a l l  t h e  non- 
oxygen c o n t e n t  w i l l  b e  cons ide red  a  p o l l u t i o n  condens ib l e s  a l l  t h e  way through t o  t h e  condenser  
problem? b e f o r e  you g e t  r i d  o f  them. 

T. Rabas: No. 

D r .  Mol in i :  Table 6 shows t h e  a i r  removal 'power 
and c o s t  where you d i s c h a r g e  t h e  noncondensib les  
t o  t h e  atmosphere w i t h  f o u r  s t a g e s  of compression: 
I n  t h e  c o s t ,  d i d  you c o n s i d e r  r e t u r n i n g  t h e  gases  
t o  t h e i r  barometr ic .  l e g  o f  t h e  r e t u r n  wa te r  from 
t h e  f l a s h  e v a p o r a t o r ?  You would be  r e t u r n i n g  
them o r  d i s c h a r g i n g  them t o  a  lower p r e s s u r e  which 
would e l i m i n a t e  s t a g e s  3  and 4  and thereby reduce  
t h e  c o s t .  

T. Rabas: We d i d  n o t  c o n s i d e r  d i s c h a r g i n g  t h e  non- 
c o n d e n s i b l e s  i n t o  t h e  f l a s h e d  warm seawa te r .  ( A f t e r  
t h e  q u e s t i o n  and answer p e r i o d ,  D r .  Mol in i  and I 
f u r t h e r  d i s c u s s e d  t h i s  ques t ion . .  D r .  Mo l in i  is  
indeed  c o r r e c t .  A compress ion d e v i c e  of t h i s  t y p e  
is  c a l l e d  a n  i n g e s t o r  and was t e s t e d  a t  P a l o  Seco, 
P u e r t o  Rico w i t h  t h e  c o n t r o l l e d  f l a s h  e v a p o r a t i o n  
sys tem.  T h i s  compression d e v i c e  is  p a t e n t e d ,  and 
some problems could  p o s s i b l y  a r i s e  i n  a d a p t i n g  i t  
t o  t h e  OTEC open-cycle  concep t . )  

D r .  Mol in i :  I n  Tab le  9 ,  you show t h e  completed 
p l a n t  c o s t  i n  d o l l a r s  pe r  k i l o w a t t .  For t h e  c l o s e d  
c y c l e ,  you show $2575, and f o r  t h e  open c y c l e  you 
show $2300. My q u e s t i o n  is  r e l a t e d  t o  t h e  f a c t  
t h a t  you show bo th  t h e  open c y c l e  and open c y c l e  
w i t h  w a t e r  p r o d u c t i o n  a t  t h e  same c o s t .  

T. Rabas: The completed open-cycle p l a n t  c o s t  is  
i d e n t i c a l  w i t h  o r  w i t h o u t  w a t e r  p roduc t ion .  The 
d i f f e r e n c e  on ly  o c c u r s  when you c o n s i d e r  t h e  oper- 
a t i o n ,  maintenance ,  and wa te r  p roduc t ion  c o s t s .  
The wa te r  p roduc t ion  c o s t  b e n e f i t s  were  conve r t ed  
t o  a  c a p t a l  c o s t  framework ( c o s t  t o  own and oper- 
a t e )  w i t h  a n  assumed a v a i l a b i l i t y  f a c t o r  and capi -  
t a l  c o s t  r ecove ry  r a t e  which a r e  i n d i c a t e d  i n  t h e  
t a b l e .  The c o s t s  t o  own and o p e r a t e  t h e  open- 
c y c l e  power modules w i t h  and w i t h o u t  wa te r  pro- 
d u c t i o n  on t h e  bot tom l i n e  a r e  n o t  i d e n t i c a l .  The 
wa te r  p roduc t ion  o p t i o n  of  t h e  open c y c l e  makes 
i t  a n  economic winner  r e g a r d l e s s  of t h e  assumed 
v a l u e s  of a v a i l a b i l i t y ,  r ecove ry  r a t e ,  and wa te r  
s e t t i n g  p r i c e .  

Q u e s t i o n ,  Gene ra l  E l e c t r i c :  How do you e n v i s i o n  
c o n t r o l l i n g  t h e  s t e a m - a i r  r a t i o  t h a t  is  shown t o  
be  s o  c r i t i c a l .  Is t h e  r a t i o  a  w e l l  d e f i n e d  t h i n g  
f o r  a  g iven  des ign?  

T. Rabas:  The condenser  is  s i z e d  t o  o b t a i n  t h e  
e x i s t i n g  s t e a m - a i r  r a t i o ,  and i n  p r i n c i p l e  i t  is 
w e l l  d e f i n e d .  The a i r  e n t e r i n g  t h e  condenser  is  
f i x e d  by t h e  warm seawa te r  f low which c o n t a i n s  
abou t  20 ppm of l i b e r a t e d  O2 and N 

2 '  

Q u e s t i o n :  The p re sence  of  noncondensib les  them- 
s e l v e s  a f f e c t  t h e  condensing p r o c e s s .  

T. Rabas: Yes,  t h a t  i s  why F i g .  8 shows t h a t  t h e  
condenser  a r e a  must be  i n c r e a s e d  by abou t  30 t o  40%. 
You have t o  c o n s i d e r  b o t h  t h e  noncondensib les  and 
t h e  p r e s s u r e  drop of  t h e  vapor .  Also.  I thought  
t h a t  I made t h e  p o i n t  t h a t  a  ve ry  s o p h i s t i c a t e d  

T. Rabas: Yes. A t  f i r s t ,  we thought  t h a t  pre- 
d e a e r a t i o n  would be  t h e  way t o  go b u t  d i scove red  
t h a t  i t  was n o t  c o s t  e f f e c t i v e .  The major r ea son  
was t h e  added p a r a s i t i c  pumping power i n  t h e  warm 
seawa te r  l oop .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  
many peop le  i n i t i a l l y  thought  t h a t  enhanced h e a t  
exchanger  s u r f a c e s  would be  c o s t  e f f e c t i v e .  How- 
e v e r ,  i t  has  b e e n . c o n c l u s i v e l y  e s t a b l i s h e d  t h a t  
enhanced s h e l l  and tube  h e a t  exchangers  - and i n  
p a r t i c u l a r  ID enhancements - a r e  n o t  c o s t  e f f e c t i v e  
because  of  t h e  p a r a s i t i c  pumpirrg power. OTEC power 
p l a n t s  a r e  ve ry  pressure-drop s e n s i t i v e .  

Q u e s t i o n :  What f r a c t i o n  of  t h e  t o t a l  a i r  came from 
a i r  l eakage  through t h e  e n c l o s u r e ?  

T. Rabas: We assumed an  a i r  i n l e a k a g e  v a l u e  of 4000 
lbmlh r .  The HE1 s t a n d a r d s  o f  commercial  power p l a n t  
s u r f a c e  condensers  show t h a t  t h e  l a r g e s t  a i r  i n l e a k a g e  
is  abou t  3000 lbmlh r .  The assumed v a l u e  f o r  t h e  
OTEC condenser  i s  probably  c o n s e r v a t i v e  and a l s o  
has  a  ve ry  s m a l l  i n f l u e n c e  because  60,000 lbmlhr  of 
a i r  a r e  e n t e r i n g  t h e  power sys tem w i t h  t h e  warm 
seawa te r .  

Q u e s t i o n :  What is  t h e  open c y c l e ?  Is t h a t  w i th  a  
s u r f a c e  condenser  o r  w i t h  a  d i r e c t  c o n t a c t  con- 
d e n s e r ?  

T. Rabas: With a l l  open-cycle OTEC power sys tems,  
t h e  working f l u i d  i s  s team gene ra t ed  i n  t h e  f l a s h  
e v a p o r a t o r .  E i t h e r  a  s u r f a c e  o r  d i r e c t  c o n t a c t  
condenser  can  be  used wi th  a n  open-cycle power 
module. Throughout t h i s  e n t i r e  p r e s e n t a t i o n ,  t h e  
d i r e c t  c o n t a c t  condenser  o p t i o n  was n o t  add res sed  
because  I t h i n k  i t  i s  a  t r u e  s t a t e m e n t  t h a t  t h e  
s t a t e  of t h e  a r t  of  d i r e c t  c o n t a c t  condensa t ion  
i s  f a r  t e h i n d  t h a t  o f  l a r g e  power p l a n t  s u r f a c e  
condensers .  As a  r e s u l t  we d i d  n o t  thoroughly  
i n v e s t i g a t e  t h e  d i r e c t  c o n t a c t  condenser  i n  t h i s  
s t u d y ;  however, we hope t o  do s o  i n  t h e  f u t u r e .  

Q u e s t i o n ,  Univ. Texas:  I t h i n k  you a c c e p t  t h e  con- 
c e p t  t h a t  i n  t h e  c a s e  of mixed p roduc t ion  of bo th  
wa te r  and energy t h a t  two p roduc t s  a r e  competing 
f o r  t h e  AT o r  a v a i l a b l e  t empera tu re  d i f f e r e n c e .  
I wondered i f  you d i d  any kind of a l t e r a t i o n  of 
o p t i m i z a t i o n  i n  between t h e  r a t i o  of f r e s h  wa te r  
p roduc t ion  and energy p roduc t i cn?  

T. Rabas: We a r e  n e g o t i a t i n g  w i t h  MarAd t o  s tudy  
open-cycle w a t e r  p l a n t s .  The power produced w i l l  
o n l y  be  t h a t  r e q u i r e d  f o r  t h e  a u x i l i a r i e s .  We 
a r e  i n  t h e  p o s i t i o n  t o  c o s t  op t imize  t h e  sys tem 
c o n s i d e r i n g  j u s t  wa te r  p roduc t ion  bu t  have n o t  a s  
y e t  done s o .  

Q u e s t i o n ,  Univ.  Texas: I t h i n k  t h a t  i f  you opt -  
imize  your  power sys tem c o n s i d e r i n g  wa te r  a s  t h e  
major p roduc t ,  you w i l l  probably  r each  t h e  con- 
c l u s i o n  t h a t  i t  i s  economical ly  more v l u a b l e  
t han  power. 

T. Rabas: T h i s  has  s o  f a r  a l s o  been ou r  b e l i e f .  



Quest ion:  What information did you use t o  deter-  R. Bowles: ( Inaudible  Question) 
mine the a i r  leakage through concrete? 

T. Rabas: Tests  conducted i n  our laboratory was . 
the  input  i n  the  study. I do not have the t e s t  
r e s u l t s  with me, but they a r e  indeed t e s t  r e s u l t s  
and not  assumptions. The a i r  leakage is very low ' 

o r  about 200 lbm/hr f o r  a  100 MW p l a n t .  Coatings - a r e  a l s o  a v a i l a b l e  which w i l l  even dramatical ly  
reduce t h i s  value but were.not considered because 
of the a d d i t i o n a l  cos t .  . 

R. Bowles, Flor ida Power Corp.: W i l l  p a r t i a l  re-  
moval of a i r  by predeaerat ion change the  economic 
p ic ture?  

T. Rabas: Figure 6  shows the power module and plat-  
form c o s t  f o r  a sjng1.e deaerator  opera t ing  a t  var i-  
ous pressure l e v e l s  and .e f fec t ivenesses .  The e f fec- '  
t iveness  is defined a s  the  r a t i o  of the  a i r  removed 
t o  the  t o t a l  amount which is  t h e o r e t i c a l l y  possible .  
Since the e f fec t iveness  values used i n  Fig.  6 a r e  
always l e s s  than unity. only p a r t i a l  removal of the .  
a i r  by predeaerat ion was considered. Figure.6 
shows t h a t ,  r egard less  of the quant i ty  removed and 
the  pressure l e v e l ,  predeaerat ion is  not cos t  e f -  
f e c t i v e .  The main reason why predeaerat ion is  not 
c o s t  e f f e c t i v e  is  the  a d d i t i o n a l  p a r a s i t i c  pumping 
power introduced by the  deaerator .  I f  deaerator  
types were developed which introduce a  s u b s t a n t i a l l y  
lower pressure drop, predeaerat ion could possibly 
be cos t  e f f e c t i v e .  

T. Rabas: Figure 8 shows t h a t  the condenser c o s t  
can be reduced i f  the  i n l e t  and not exSt s team/air  
r a t i o  is  increased.  I f  the i n l e t  s teamla i r  r a t i o  
i s  increased ,  l e s s  a i r  is  en te r ing  the condenser. 
Figure 8 shows t h a t  the  condenser c o s t  increases  
with the  e x i t  teamlair  r a t i o .  Figure 9 conclu- 
s i v e l y  shows t h a t  an optimum exit s teamla i r  r a t i o  
e x i s t s  a t  a value of about 3. For l a r g e r  e x i t  
s t eamla i r  r a t i o s ,  the  a i r  removal c o s t  and power 
dominated the  power module cost: For lower values,  . 
the  condenser c o s t  dominates the t o t a l  cos t .  A s  
previously s t a t e d ,  the  condenser e x i t  s teamla i r  
r a t i o  i s  cont ro l led  by the  s i z e  of the  condenser 
and the  a i r  inleakage is known r a t h e r  than an 
unknown quant i ty .  

Question. Frankl in Research Center: (Inaudible) 

T. Kabas: The c o s t  comparison which considers  the , 

production of desa l ina ted  water is  presented in. 
Table 9 r a t h e r  than Table 7. Since the r e s u l t s  
presented here in  were t h e , - r e s u l t  of a  DOE funded 
cont rac t  f o r  OTEC power systems comparison, con- 
s i d e r i n g  water production was ou ts ide  the scope 

. o f  the con t rac t .  That is why the production of 
desa l ina ted  water was not considered i n  the c o s t  
comparison,presentat ion of Table 7. 
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Abstract 

In the foam open cycle OTEC system warm water 
literally lifts itself several hundred feet. In 
preliminary experiments the foam behavior seemed to 
depend in a capricious manner upon the temperature 
of the incoeng water, the pressure of the spray 
condenser, and the foam mass flow, rate. Through a 
combination of analysis and experiment we have de- 
veloped an equation which governs the steady state 
rise of a foam column. This equation correstly pre- 
dicts the effects upon the foam behavior of all con- 
trollable parameters. These parameters include, in 
addition to these mentioned above, the diameter and 
height of the foam column. We show that foam gen- 
erated in an appropriate manner flows laminarly 
rather than turbulently, and has a well defined drag 
function. This drag fkction decreases as the in: - 
verse square of the column diameter. 

Introduction 

DuPi*g the past yea. carnegie-~ellon University 
has made yeat strides in its Foam Open Cycle OTEC 
system. 1,. In order that everyone may understand 
the significance of our progress, I shall review 
briefly the essential features of the foam system. 

The purpose of foaming the warm surface water is 
to transform it into a binary phase of finely dis- 
persed liquid and vapor. This finely dispersed - 
state has an extremely high ratio of surface area 
per gram of water. Evaporation therefore proceeds 
under essentially isentropic conditions. As a 
consequence, a drop in temperature follows a vertic- 
al path in the T-S diagram, as shown in Fig. 1. The 
enthalpy AH released in a drop from temperature A to 
C is therefore the area of the ABC triangle. 

A =I& AT2 

Fig. I .  T y p i u ~ l  tcmper3lurc-cntra,p! (T-S) dia- 
g u m .  

A finely dispersed foam has a second important 
property. Each element of vapor is entrapped within 
a.liquid polyhedron cage. As the vapor expands 
through further evaporation, the entrapping liquid 
cage follows this expansion. The liquid thus neces- 
sarily follows the motion of the expanding vapor. 

As an example, suppose the expandi,ng foam is con- 
fined to a vertical cylinder. The foam can then 
only expand if it rises. The more it expands, the 
higher will it rise, and the lower will its temper- 
atujre drop. By the timebits temperature has dropped 
from 25 to S°C, Eq. (1) tells us that it will have 
reached 960 feet. . 

With sufficient ingenuity 'we should be able to 
make practical use of this property of foamed warm 
water to raise itself to a great height. At least 
in principle we can construct a power plant by pro- 
viding (1) a foam generator, (2) a foam breaker, (3) . 
a cold water spray which removes the vapor freed 
from its foam cage by the foam breaker, as well as 
removing the noncondensibles, (4) a tall feedstock 
into which the freed liquid follows and eventually 
passes through a hydraulic turbine-generator, (5) an 
economically viable surfactant. A possible arrange- 
ment of these components into an OTEC system is 
illustrated in Fig. 2. 

Fig. 2. Schematic diagram o f a  loam SSPP dc- 
signed lo gcncratc a h>drostalic wdtcr head. The 
transi~ion bc~wccn ~ h c  pure liquid and thc liq- 
uid-vapor mixture (foam) in the uarm xdwalcr 
inrakc at ZS°C rakes placc at A .  This p i n t  is at 
about 30 lccl (9 m)  ahore sea levcl. The loam 
breaker at Cscpdratcs [he liquid lrom Ihc vapor 
in thc foam. A1 B thc vupor is condensed by 
lhcrmal conuct with deep ocedn walcr at 5'C. 
The liquid i, channclcd down the ccntral pipe 
through a standard hydr~ulic turbine a1 Ihc bol- 
tom. The height of the water head abuvc A is 
represented h!. Zi. Points .4. B. and C corrc- 
spond lo lhosc simildrly labclcd in Fig. I .  

We hav&been intrigued by the possibility of con- 
verting the concepts envisioned in Fig. 2 into a 
practical reality. We have systematically first 
studied those features qf our concept which appeared 
the most problematic. You are not to interpret our 
ignoring other features as being unaware of their 
problems. Nor are you to interpret our preoccupa- 
tion with the dome concept of Fig.'2 as indicating 
we believe this concept will ultimately be the most 
practical embodiment of the foam concept. Rather, 



we at Carnegie-Mellon University feel that our par- 
ticular talents are more profitably spent in devel- 
oping the dome concept than in developing alterna- 
tive concepts. One such concept is the conversion 
of the enthalpy released by the warm water directly 
into kinetic energy, and from thence via a turbine 
into electrical power. 

The foam OTEC system and the mist OTEC system 
being developed by Ridgeway have identical ther- 
modynamic properties. The two have, however quite 
different technical problems. 

Foam Making and Foam Breaking 

Since foam making and' foam breaking initially 
seemed to be the.most difficult functions to per- 
form, they were singled out,for intensive investi- 
gation. In solving these two problems we found it 
necessary to enlarge our understanding of the dy- 
namics of a foam column. 

These two problems could not be solved separately. 
Obviously we could not learn how to break the foam 
rapidly without learning to make it rapidly. Equal- 
ly clear, it was impossible to learn how to gene- 
rate the foam rapidly without knowing how to rapidly 
eliminate it from our system. 

The locations of the foam generator and foam 
breaker in our system *re indicated in Fig. 3. 

L ,  - - - - I  Barometric 

t legs 

Foam generator 

Fig. 3 Laboratory Foam Sys.tem 

The details of the current foam generator are given 
in Fig. 4. Both warm water (%2S0C) and air are in- 
jected into the bottom of our 4" diameter column. 
The air is injected via a forest of some 1200 capil- 
lary tubes. These capillary tubes extend upward 
from an air chamber through a water chamber into the 
bottom of our foam column. We provide a fairly wide 
clearance for these capillaries in passing through 
the top partition of the water chamber. An upward 
flow of water thereby surrounds the upper part of 
each capillary tube. This water flow allows each 
tube to generate bubbles at a rate .of at least 30 
per sec. The capillaries have an 8 mil bore, a 0.1" 

spacing . The ratio of bore to spacing is such 
that if the capillaries ejected bubbles in synchro- 
nism, the bubbles would form a close packed lattice 
of spherical bubbles. 

---I ;!I4::' water bore 

chamber - 
" air ' chamber 

Fig. 4 Foam generator 1200 capillary tubes in 4" 
diameter chamber. 

Independent valves control the warm water input 
and the air input. Although these are controlled 
independently, we obtain the steadiest operation if 
the water input and the air input are closely cor- 
related to one another by the control curve of Fig. 
5. This control curve is close to the curve which 
corresponds to a 26% of.water volumetric input, a 
74% of air volumetric (at the vapor pressure of 
2S°C water) input. 

After trying many foam breaking system& with only 
partial success, we have finally found a completely 
successful system. An alcohol simply drips into a 
downward bend of the surfactant column, as illus- 
trated in Fig. 3. A couple of drops per second is 
sufficient to disperse a foam raising 1.5 gallons 
of water a minute. Pentanol or hexanol work equally 
well. No attempt has so far been made to obtain an 
optimal dispersion of the alcohol. 

The concept back of our foam breaker was to hit 
the foam with a fine alcohol aerosol spray. As an 
alcohol particle would hit a cell wall, its spread- 
ing action would burst the wall. Such .spreading 
action would of course be a manifestation of the 

. 1  . 2  . 3  .4 .5 

Flow G.P.M 

Fig. 5 Control curve for air input to foam 
generator. Dashed line represents theoretical 
3:l volumetric ra.tio for close packed spherical 
bubbles 



Maragoni effect. To our surprise, physical contact 
of the alcohol with the foam does not appear neces- 
sary. The foam appears to burst merely through 
bombardment of the alcohol vapor. 

Our foam breaking system gave us an additional 
bonus. We had anticipated having to send the broken 
foam through special equipment to separate the 
liquid from the vapor. However, the broken foam 
segregates into such large aggregates of water that 
Lhe water offers no impediment to the sideway flow 
of vapor into a parallel tube acting as a cold water 
spray condenser. 

The foam column joins the foam generator with the 
foam breaker plus cold water spray. These three 
components form an intimately related system. With 
proper use, this system can produce a wide range of 
foam which starts as large polygonal cells. Under 
all conditions the natured foam at the tou uf the 
column has a polygonal structure. We have been able 
to acquire this ability of controlling the foam 
structure only after obtaining an understanding of 
the basic equations which govern the rise of the 
foam column. An understanding of these basic 
equations has given us the additional bonus of 
being able to develop scale-up laws to be applied 
to larger foam systems. I.shall now briefly 
review the basic equations of a foam column, as 
well as point out the general properties of their 
solution, and finally shall show that the observed 
properties indeed conform to theory. 

Governing Equation and its Solutions 

The governing equations for the'rise of a foam 
column may be expressed most succinctly in terms of 
the Bernoulli function Eq. (2). If no losses were , .  

present,.this function would remain constant for an 
element of mass as it rises in the column. In the 
presence of wall losses, the Bernoulli function of 
an element of mass decreases as the mass rises ac- 
cording to Eq. (3), where T is the retarding wall 
shear stress. The literature gives us no informa- 
tion about T for our foam. As a start we assumed it 
either obeys the sLa11dard turbulenr friction law for 
a homogeneous fluid, Eq. (4a) or the laminar flow 
law Eq. (4b). Because of the conservation of the 
mass flux density M, as expressed by Eq. (S), both 
expressions for T depend in the same way upon the 
density p, and hence upon the temperature. 

In writilig Eq. (4a) and (Jb), we 'at least tenta- 
tively assume that T is independent of cell size. 
Then our governing ,?quation (3) has only one depen- 
dent variable, AT, and one independent variable, Z. 
Recognizingthat p is represented with high accuracy 
by Eq. (6) over our range of interest, and that in 
our range of interest 1/2 V' 'is small compared to 
AH, our governing Eq. (3) may be written simply as 
Eq. (7). 

The solutions to Eq. (7) are given by Fig. 6 for 
a set of drag parameters A covering our range of 
interest. The lowest curve, for A = 0, is of course 
just the curve of AT versus Z for a foam column 
rising quasi-statically. These curves vividly dis- 
play the influence of the drag coefficient. 

Fig. 6 Family of Solutions to Eq. 7 satisfying the 
the boundary condition AT = 0 @ Z = 0 .  
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Fig. 7 Family of, solutions to Eq. (7) 
satisfying the boundary condition 
AT = 8 O C  @ Z = 9 meters. 



A l l  t h e  cu rves  o f  F ig .  6 a r e  drawn t o ' s a t i s f y  
t h e  s imple  boundary c o n d i t i o n  t h a t  AT be z e r o  a t  
t h e  bottom of  t h e  foam column. We can a l s o  con- 
s t r u c t  a f ami ly  of  s o l u t i o n s  t o  Eq. (7)  which s a t -  
i s f y  t h e  boundary c o n d i t i o n s  t h a t  AT have a s p e c i -  
f i e d  v a l u e  a t  t h e  t o p  of  t h e  column. F ig .  7 g i v e s  
such a f ami ly  o f . s o l u t i o n s .  T h i s  f ami ly  r e p r e s e n t s  
t h e  s o l u t i o n s  t o  t h e  boundary c o n d i t i o n  AT = 8OC a t  
Z = 9 me te r s .  No f u r t h e r  c a l c u l a z i o n s  a r e  r e q u i r e d  
t o  o b t a i n  such a f ami ly  of  s o l u t i o n s .  Our govern- 
i n g  Eq. (7)  c o n t a i n s  Z on ly  a s  t h e  d i f f e r e n t i a l  dZ. 
Hence any s o l u t i o n  remains a s o l u t i o n  a f t e r  it i s  
s h i f t e d  h o r i z o n t a l l y  by an a r b i t r a r y  amount. Thus. 
t h e  s o l u t i o n  f o r  A = 0.0008 i n  F i g .  7 i s  i d e n t i c a l  
t o  t h e  s o l u t i o n  f o r  t h e  same A given i n  F ig .  6 ,  
s a v e  f o r  a s h i f t  t o  t h e  l e f t  by 5 .5  me te r s .  ' 

I n t e r p r e t a t i o n  o f  Experimental Data 

Appropr i a t e  boundary c o n d i t i o n s  

The bulk  of  ou r  exper iments  have c o n s i s t e d  i n  
measuring t h e  t empera tu re  a t  v a r i o u s  p o r t s  a long  
t h e  column, t h e  temperature  o f  t h e  i n p u t  wa te r  and 
t h e  mass f l u x  be ing  h e l d  c o n s t a n t .  P l o t s  were made 
o f  AT vs  Z ,  where AT r e p r e s e n t s  t h e  d rop  i n  temp- 
e r a t u r e  o f  t h e  foam a t  Z below t h e  t empera tu re  of 
t h e  incoming warm wa te r .  Should we compare such 
exper imenta l  cu rves  wi th  t h e  t h e o r e t i c a l  cu rves  of 
F ig .  6 ' o r  of  F ig .  7? 

An unambiguous answer t o  t h i s  q u e s t i o n  comes by 
assembl ing a s e t  of cu rves  taken under s i m i l a r  con- 
d i t i o n s  s a v e  f o r  t h e  mass f low r a t e .  Such a f ami ly  
o f  c u r v e s m n v e r g e  t  ward a common p o i n t  i n  t h e  
upper r i g h t  hand c o r n e r  o f  t h e  diagram, a s  i n  F ig .  7. 
None o f  t h e  exper imenta l  d a t a  a c t u a l l y  reached t h i s  
common p o i n t  because  t h e  last measurement was a 
coup le  o f  f e e t  b e f o r e  t h e  foam b r e a k e r .  

The above c o r r e l a t i o n  demonstra tes  t h a t  t h e  t o p  
foam tempera tu re  i s  determined p r i m a r i l y  by t h e  co ld  
wa te r  s p r a y ,  r a t h e r  than  t h e  bottom foam tempera tu re  
be ing  determined by t h e  temperature  o f  t h e  incoming 
warm wa te r .  One cannot  speak of  t h e  s p r a y  tempera- 
t u r e  i t s e l f ,  s i n c e  t h e  t empera tu re  w i t h i n  a s p r a y  
d r o p l e t  i s  lower than t h a t  i n  ' t he  surrounding vapor .  
One can however speak o f  t h e  s p r a y  p r e s s u r e ,  s i n c e  
t h i s  i s  e s s e n t i a l l y  c o n s t a n t  throughout  t h e  s p r a y  
chamber. The p r e s s u r e  w i t h i n  t h e  s p r a y  must a l s o  
equa l  t h e  f i n a l  p r e s s u r e  w i t h i n  t h e  foam. But wi th in  
t h e  foam, t h e  p r e s s u r e  a t  any p o s i t i o n  i s  equa l  t o  
t h e  vapor  p r e s s u r e  a t  t h a t  p o s i t i o n .  The c o n d i t i o n s  
w i t h i n  t h e  s p r a y  chamber must t h e r e f o r e  determine 

, t h e  t o p  foam tempera tu re .  

Super h e a t e d  incoming warm wa te r  

Once we a c c e p t  t h a t  t h e  t o p  foam tempera tu re  is  
determined by t h e  sp ray  condenser ,  we must r ecogn ize  
t h a t  f o r  some c o n d i t i o n s ,  a s  f o r  A = .0008 i n  F ig .7 ,  
AT i s  p o s i t i v e  a t  t h e  bottom o f  t h e  foam. I n  such 
c a s e s  t h e  f i r s t  l a y e r  of  bubbles  i n  t h e  foam column . 
is  c o l d e r  than  t h e  warm water  which l i e s  below. How 
is  t h i s  p o s s i b l e ?  Puzz l ing  through t h e  answers t o  
t h i s  appa ren t  paradox has  g iven us  t h e  c l u e  t o  those  
f a c t o r s  which determine t h e  foam s t r u c t u r e .  

A f i n i t e  AT a t  t h e  bottom o f  t h e  foam i m p l i e s  
t h a t  t h e  p r e s s u r e  of  t h e  foam i s  l e s s  than  t h e  s a t u -  
r a t i o n  p r e s s u r e  of  t h e  warm wa te r .  Once we recog-  
n i zed  t h i s  i m p l i c a t i o n ,  we ins t rumented t h e  column 
t o  measure t h e  p r e s s u r e  a t  t h e  c a p i l l a r y  t i p s .  The 
measurements a r e  r e p o r t e d  a s  F ig .  8 .  We s e e  t h a t  
under t h e  c o n s t r a i n t s  o f  t h e s e  measurements, t h e  
p r e s s u r e  l i e s  below t h e  water  s a t u r a t i o n  p r e s s u r e  
a s  t h e  mass flow r a t e  f a l l s  below s 0 . 2 5  grams/cml 
s e c .  A t  a  f low r a t e  of  0 .1 ,  t h e  p r e s s u r e  l i e s  11 
mm Hg below s a t u r a t i o n  p r e s s u r e .  The incoming water  
is  thus  10°C superheated' .  Such a supe rhea t  has  a 
profound e f f e c t  upon t h e  foam s t r u c t u r e .  A s  an i n -  
c i p i e n t  bubble  expands on t h e  t i p  of  a c a p i l l a r y  
tube ,  i t  l i t e r a l l y  explodes  u n t i l  c o n s t r a i n e d  by 
ne ighbor ing  exploding bubb les .  An a t t empt  i s  made 
i n  F ig .  9 t o  r e p r e s e n t  t h e  bottom l a y e r  of  bubb les .  
A t h i n  t r a n s i t i o n  l a y e r  s e p a r a t e s  t h e s e  bubbles  
from t h e  warm u p r i s i n g  wa te r  below. Th i s  t h i n  
t r a n s i t i o n  l a y e r  c o n s i s t s  o f  an  eve r  widening temp- 
e r a t u r e  g r a d i e n t .  S imul taneously  t h e  s u r f a c e  o f  t h e  
water  is  r i s i r ~ g ,  arid f i l l a l l y  b reaks  away fx0111 Ll~e 
c a p i l l a r y  t i p s .  A f r e s h  s e t  o f  bubbles  immediately 
explodes  from t h e  c a p i l l a r y  t i p s .  Water i s  o f  
cour se  ent rapped i n  t h e  edges where t h e  new bubbles  . . 

meet.  

L, - 
Fig .  8 Dependence of supe rhea t  of  incoming 

warm water  vapor b l .  

Super p r e s s u r i z e d  incoming warm water  

R e f c r r i n g  aga in  t o  F i g . 7  , we r e c a l l  t h a t  a s  t h e  
d r a g  c o e f f i c i e n t  i s  r a i s e d ,  a s  e . g .  by a r i s e  i n  
mass flow r a t e ,  a AT vs  z cu rve  g e t s  s t e e p e r ,  and 
e v e n t u a l l y  r eaches  a ze ro  AT a t  a p o s i t i v e  va lue  of  
z .  Such behav io r  would imply t h a t  t h e  foam r i s e s  i n  
t h e  lower p a r t  o f  t h e  column wi thou t  a d rop  i n  temp- 
e r a t u r e .  I s  t h i s  p h y s i c a l l y  p o s s i b l e ?  

I t  is concep tua l ly  p o s s i b l e ,  b u t  only  i f  a i r  i s  
p r e s e n t .  Hypothes ize  a foam whose bubbles  c o n t a i n  
on ly  a i r .  Such a foam would r i s e ,  and wi thout  an  
obse rvab le  d e c r e a s e  i n  t empera tu re .  Such a foam 
wou,ld o p e r a t e  a s  a s imple  a i r  l i f t  pump. Once t h e  



foam attains such a level at which the pressure is 
lower than its vapor pressure, the foam could lift A %  2 % e o.112(T250C -Tint) (9) 

2 
itself without the assistance of any air. P (Tint 

In a real foam both air and water vapor are 
present. A dotailed analysis then shnws +hat %he A - 0.010 i, T~~~ = 2s0c 
curves for a drag coefficient grcatcr than k start (10) 

cr off with the slope 
A % 1/D2 

d In T - -  
(11) 

dz - g/p.Vo, 

rather than with, a zero slope. Here po is atmos- 
pheric pressure, Vo is the volume of the injected 
air per gram of water, referred to atmospheric 
pressure. Our observations are consistent with this 
equation. 

'Chin transition layer of water 
separating foam from super heated 
warm water input. 

V) = I 1 I : I 1 1 

k 
w 
er T 2 Capillary tubes ejecting air 

Fig. 9 Bottom of foam when the controls 
arc in superheated range 

Effect of temperature of incoming warm water 

We now know we must correlate our experimental 
data with the family of theoretical curves in Fig. 7, 
rather than in Fig. 6. We next examine to what con- 
clusions this correlation leads. Suppose we change 
the temperature of the incoming warm water. An anal- 
ysis of the derivation of the governing equation (7) 
shows that the drag coefficient decreases as we in- 
crease the incoming water temperature. The predicted 
relation of Eq. (8) is completely verified. A rise 
in incoming temperature by 10°C decreases A by a 
factor of 1/3, a decrease by 10°C increases A by a 
factor of 3. 

Laminar Vs turbulent flow 

.An exhaustive study of the effect of mass flow 
rate i~ upon the drag coefficient shows that A is 
proportional to 8 ,  Eq. (9). This proportionality 
is consistent'only with laminar flow. Turbulent 
flow would give a quadratic dependence. From the 
derivation of Eq. (7) we conclude that laminar flow 
implies that the drag coefficient is inversely pro- 
portiona.1 to the square of the column diameter, at 
1,east for moderate increases in D. Going from 4" to 
1' diameter will therefore reduce the drag coeffic- 
ient by %1/9. Upon combining (9) - (11) we obtain 
(12), giving A as a function of Tint, D, and m. 

2 A in ullits of ("C) / cm \ I 

2 k in units of gram / cm sec 

Control Surfaee 

In Fig. 6 we have sketched a family of solutions 
of the equation governing foam flow, Eq. (7), for a 
range of drag coefficient A .  We have learned how, 
by appropriate horizontal shifting, to transform 
these solutions of Fig. 6 into solutions which con- 
form to the boundary condition of a usual experiment. 
Here we know beforehand the difference'AT of incom- 
ing warm water and existing foam temperature, as 
well as the column height Z. An illustration is 
given in Fig. 7 of this transformation for the par- 
ticular case 

AT = 8'C 
Z = 9 meters 

For each particular case a critical value Acr of the 
drag parameter A exists such that the associated 
curve remains unchanged'by the above transformation. 
As' a reminder that ACT is determined by the param- 
eters AT and Z, we write 

We now distinguish between two types of foam. In 
the polygonal (p) type, the foam has polygonal cells 
from the very first layer. In the spherical (s) 
type, the bottom of the column has primarily spheri- 
cal cells. All the cells, save possibly those at 
the surface, become polygonal only some distance up 
the column. The following surface determines which 
type of foam is generated 

A(!,D, 25'~ - Tin,) = Acr (AT, Z) . (13) 

A given by (12) 
if A < Acr, we have P foam (14) 

if A > Acr , we have S foam (15) 

The preceding discussion of Eq. (7)implicitly 
neglected the contribution of injected air to the 
entropy released by the rising foam. The surface 
(13) will be influenced by injected air. We are at 
present developing techniques for greatly reducing 
this air injection. We anticipate this development 
will bring Eq. (13) into still better agreement with 
observations. 

Surfactant Requirements 

Minimum surfactant concentration 

In order to calculate the minimum required sur- 
factant concentration, we must first understand why 
a surfactant is required. Consider an element of a 



vertical wall. Under steady state conditions, all 
external forces acting upon an element of a vertical 
wall must exactly balance. Gravity is of course 
acting upon every element of volume. Since the 
pressure within the vertical wall must everywhere 
equal the gas pressure on either side, no pressure 
gradient can exist to balance the downward pull of 

, 

gravity. The only remaining possible force is a 
gradient in surface tension. But the surface ten- 
sion of pure water is constant. A surfactant is 
required to enable the surface to have a variable 
surface tension.. In this section we find the sur- 
face concentration of surfactant molecules necessary 
to counteract gravity. 

In order to simplify our calculation, we shall 
replace the actual polygonal cell by a spherical 
cell. By equating the tangential component of the 
gravity pull to the gradient in the surface pressure 
n due to the surfactant molecules, we obtain (16). 
The solution of this force balance equation is 
given by (17). and by Fig. 10. The average of ll, 
(la), is that average surface pressure required to 
balance gravity. At the low surface surfactant 
concentrations we are interested in,the surface 
concentration I' and surface pressure are related 
by (19). When all the surfactant is on the surface, 
this average surface concentration is related to the 
original volume,concentration by (20). Upon multi- 
plying (la), (19), (20) together, we obtain an 
expression for C, (21). 

6 
% j (Mol.Wt.) 010 ppm j 

We now estimate the numerical value of C. For 
this purpose we shall take Octanol as a typical sur- 
factant, with Mol. Wt. of 130, specific gravity of 
0.82. We shall also take 2 em for the final cell 
diameter, representing a typical 1,000 ,fold volume 
expansion. Substitution of the cgs values 

P (water) = 1 

S = 980 

N = 6.02 x 10 23 

Estimated surfactant Cost 
The foam power system will be a serious compet- 

itor to the closed cycle system for OTEC only if 
the surfactant cost is reasonable. In order to 
estimate this cost, we must make assumptions regard- 
ing (1) work obtained per unit of warm water input, 
(2) concentration of surfactant. (3) cost of sur- 
factant per unit quantity. Since the estimated cost 
of surfactant per unit work is a product of these 
three factors, one may readily see the effect upon 
cost of,any other set of assumptions. 

1 gram of warm water input generates 1 joule 
of work. 

A 20°C drop in temperature of the warm water 
input would give 2.87 joules as a maximum, a lS°C 
drop in temperature would give 1.6 joules. 1.0 
joules seems a conservative estimate. 

(2) We assume 
3 p m  of surfactant is required in the warm 

water input. 
We calculated that 4ppm would be required for 

fresh water. It is generally believed that sea 
water is more foamable than fresh water. The 
assumption of Sppm for ocean water therefore seems . . 
conservative. 

(3) We assume 
The surfactant cost will be $12/barrel. 

In the absence of better estimates, we take 
the cost of surfactants to be identical to that of 
petroleum. 

These three assumptions lead directly to the 
following conclusion: 

The surfactant cost will be 2 mils/kwhr. 

Surface slippage 
From Fig. 11 we see that the bottom of a cell 

interior hzs a high surfactant concentration, whereas 
the further side of the cell wall, which is the top 
interior of the cell below,' has a small surfactant 
concentration. This existence of surfaces of high 
and low surfactant concentration separated only by 
a thin wall, will give rise to a downward drift of 
surfactant molecules, with a corresponding downward 
motion of the interior surfaces. The surface inter- 
ior thus acquires a slip velocity with respect to 
the individual cells. 

We obtain the slip velocity vs from the five 
independent Eqs. (22) - (26). Eq. (22) equates the 
downward flux of surface surfactant molecules 
across the equator of a cell interior, to the out- 
ward diffusive flux across the lower half of the 
cell wall. Eq. (23) gives the foam density p in 

gives C > 4.0 ppm 



terms of the d/w ratio. Eq. (24) states the con- 
stancy of the mass flux along a column of constant 
cross section. Eq. (25) expresses the constant 4 
ratio between the surface surfactant concentration 
and the volume concentration in equilibrium with the 1 
surface. This relation is valid at the lower con- . . 

centrations'we are concerned with.Eq. (26) is de- 
rived from (17). These five equations. lead directly 
to (27). This equation tells us that 

VS << V only if h >> pw~/2h 
, 

In cgs units - 
Pw = 1 

i ='I 

-5 D = 1 0  * 
J 

We have 

vS<< v only if A >> 3 lo-'. . .I 

' 

We present Table I to illustrate how the aliphatic 
alcohols are more effective in retarding surface 
slip the longer their carbon chain.. 

Table I - - 
i'octanol 

1 4 x 

Alcohol I/ Butanol 
h(in cm) 4 x I .  I 

4 

1 1  
, 

Fig. 11. Illustration of surfactant distribution 
1 . 2  - . . in a foam, and of its concentration, gradient across 

the foam walls. .Numbers are surface concentration - - in arbitrary units. 
8 . , 

C 
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DESCRIPTION AND STATUS REPORT OF A PROGRAM TO DEFINE 
SEAWATER-SURFACTANT INTERACTIONS IN RELATION TO THE FOAM SYSTEM 

Ccvtter fbr Z,lergy and E~virunvnellt Research 

-- - 

A b s t r a c t  

I The scope o f  a  p r o j e c t  t o  i n v e s t i s a t e '  
s u r f a c t a n t - s e a  w a t e r  i n t e r a c t i o n s  w i t i  t h e  
o b j e c t i v e  o f  m i n i m i z i n g  q u a n t i t i e s  o f  
s u r f a c e  a c t i v e  m a t e r i a l s  i s  d e s c r i b e d .  The 
second phase o f  t h e  p r o j e c t  i s  a  d e t e r m i n a -  
t i o n  o f  t h e  s u r f a c e  t e n s i o n  v a r i a b i l i t y  o f  
t h e  u p p e r  l a y e r s  o f  sea wa te r .  The f i r s t  
s u r f a c e  t e n s i o n  measurements showed some 
sample v a r i a b i l i t y  a t  t h e  10 m e t e r  l e v e l .  
T h i s  was. n o t e d  i n  two d i f f e r e n t  t y p e s  o f  
measurements and i s  p r o b a b l y  due t o  " b i o -  
l o g i c a l  p r o d u c t s " .  The foam g e n e r a t o r  has 
r u n  f o r  s e v e r a l  hours ,  i n c l u d i n g  one sea 
w a t e r r v n .  

Nomenc la tu re  

= S u r f a c e  t e n s i o n  o f  component 1. 
= S u r f a c e  tens5on  
= ( y o - y )  = f i l m  p r e s s u r e  

S u p e r s c r i p t  d e n o t i n g  su r face .  
C o n c e n t r a t i o n  i n  m o l e s / l i t e r  o r  
moles/cm3 ( m a i n t a i n  cons i s t , ency )  

Gas C o n s t a n t  
A b s o l u t e  Tempera tu re  
Gihbs f u n c t i o n .  I n  t h i s  case, f r e e  
e n e r g y  bf d e s o r p t i o n  o f  t h e  s u r f a c t a n t  
i n t o  t h e  s o l u t i o n .  
S t a b i l i t y  t i m e  i n  sec.  

I n t r o d u c t i o n  

The p rob lems  t h a t  we a r e  a d d r e s s i n g  a r e :  
Yhat  i s  t h e  v a r i a b i l i t y  o f  sea s u r f a c e  
t e n s i o n ?  How w i l l  t h a t  va r i ab i . 1  i t y  a f f e c t  
foam t r a n s p o r t ,  and can sea w a t e r  e f f i c i e n t -  
l y  s u p p o r t  f oaming?  Uha t  i s  t h e  l e a s t  
amount and l e a s t  e x p e n s i v e  s u r f a c e  a c t i v e  
a g e n t  t h a t  can be used i n  a  Foam P l a n t ?  

As i s  w e l l  known, s u r f a c e  t e n s i o n  may 
be exp ressed  as f r e e  e n e r g y  p e r  u n i t  a rea .  
The chemica l  p o t e n t i a l  o r  p a r t i a l  m o l a r  
f r e e  e n e r g y  d e f i n e s  t h e  e q u i l i b r i u m  d i s t r i -  
b u t i o n  o f  s p e c i e s  i n  t h e  system. Thus, as 
t h e  hyd rodynamic  f o r c e s  change t h e  shape 
of  t h e  su r face ,  t h e  response  o f  t h e  s u r f a c e  
t h r o u g h  t h e  Young-Laplace e q u a t i o n  w i l l  
cause s u r f a c e  t e n s i o n  and s u r f a c t a n t  ad- 
s o r p t i o n  g r a d i e n t s  w h i c h  can l e a d  t o  f r e e  
e n e r g y  d r i v e n  mass f l o w s .  

The chemica l  p o t e n t i a l  i n  t h e  s u r f a c e 1  
i s  a  s i m p l e  f u n c t i o n  o f  mo le  f r a c t i o n  and 
f i l m  p r e s s u r e ,  7 .  T h i s  s u r f a c e  p o t e n t i a l  
may be equa ted  t o  w e l l  known b u l k  chemica l  
p o t e n t i a l s  t o  o b t a i n  e q u i l i b r i u m  d i s t r i b u -  
t i o n s .  I n  essence,  i n h o m o g e n e i t i e s  i n  
c h e m i c a l  p o t e n t i a l  w i l l  t e n d  t o  v a n i s h  w i t h  

Rates ,  however,  w i  11 be c r i t i c a l  . 
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These w i l l  be l i m i t e d  by  d i f f u s i o n  c o e f -  
f i c i e n t s  and a c t i v a t i o n  e n e r g i e s .  

The p r o b l e m  w i l l  be t o  make c e r t a i n  
t h a t  t h e  c o r r e c t  c o n c e n t r a t i o n  o f  s u r f a c t -  
a n t  i s  a v a i l a b l e  on t h e  foam c e l l  s u r f a c e  
a t  a l l  t i m e s .  A  10' d r o p  i n  w a t e r - w a t e r  
vapo r  f o r  a  ~ e c k 2  c y c l e  l e a d s  t o  a  1000 
f o l d  i n c r e a s e  i n  s p e c i f i c  volume o f  t h e  
system. I f  t h e  number o f  c e l l  s  does -no t  
change, t h e  s u r f a c e  a r e a  w i l l  i n c r e a s e  b y  
a  f a c t o r  of  100. The s o l u t i o n  volume w i l l  
n o t  change. 

A t  t h e  t o p  o f  t h e  column ~ e n e r 3  has 
e s t i m a t e d  t h a t  t h e  f u l l y  expanded foam 
w i l l  need an a d s o r p t i o n  o f  10-4  moles  p e r  
l i t e r  o f  s o l u t i o n  be low.  U s i n g  t h e  foam 
column e s t i m a t e d  b u b b l e  d i m e n s i o n s  and t h e  
above expans ion ,  we e s t i m a t e  t h a t  a  

. o b j e c t i v e  s h o u l d  be 1 1 0 - 1 1  mol er/cmB: 1; 
we compress t e  f i l m  t h  ough, wo o r d e r s  o f  $ m a g n i t u d e  1 0 - I  moles/cmE (17A / s u r f a c t a n t  
m o l e c u l e ;  A  s o l i d  f i l m )  wou ld  be found.  
S u r f a c e s  b e g i n  t o  sag r a t e  a t  abou t  3  x  Y 10-10 mol es/cm2 (50 A  ) .  I n  e x p a n d i n g  t h e  
foam one does n o t  wan t  t o  have t o  b r e a k  
Van d e r  Waals bonds i . e .  t h e  h i g h e s t  ad- 
s o r e b i o n  wanted s h o u l d  p r o b a b l y  be a b o u t .  
10' . I t  wou ld  be d e s i r a b l e  t o  s t a y  i n  
t h e  i d e a l  gas range  i f  p o s s i b l e .  

The above g u i d e l i n e s  i n d i c a t e  t h a t '  a  
f a i r l y  s o l u b l e  s u r f a c t a n t  may be needed. 
The d i s t r i b u t i o n  o f  s u r f a c t a n t  between t h e  
b u l k  and s u r f a c e  i s  a p p r o x i m a t e d  by: 

C S  = C exp AGIRT 

The f ee ene rgy  o f  d e s o r p t i o n  may be 
e s t i m a t e d l  f r o m  e x i s t i n g  d a t a  f o r  many 
t y p e s  o f  compounds. A G  i n c r e a s e s  1  i n e a r l  y  
w i t h  t h e  number o f  ca rbon  atoms. 

The ma in  d i f f e r e n c e  between t h i s  sys tem 
and many foam a p p l i c a t i o n s  i s  t h a t  h e r e  
t h e  s u r f a c e  mus t  s e r i o . u s l y  d e p l e t e  t h e  
s o l u t i o n  i f  q u a n t i t i e s  of  s u r f a c t a n t  a r e  
t o  r e m a i n  i n  an economic range.  

Sea Water 

On g o i n g  t o  sea w a t e r ,  we f i n d  r e p o r t s  
o f  l o w e r e d  s u r f a c e  t e n s i o n  i n  b i o l o g i c a l l y  
a c t i v e  r e g i o n s  ( K e l p  beds f o r  example) .  
The re  a r e  f u r t h e r  r e p o r t s 5  o f  t h e  d e v e l o p -  
ment o f  f a t t y  a c i d - l i k e  f i l m  p r e s s u r e s  f r o m  
s t a n d i n g  o r  spa rged  open sea wa te r .  I n  t h e  
foam sys tem one w i l l  s t a r t  w i t h  w a t e r  l a y e r s  
o f  pe rhaps  1001.1 and dec rease  t o  abou t  ~I.I 
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b y  z e n e r 5  i n d i c a t e  t h a t  t o  o b t a i n  c o n t i n u -  
ous  e x p a n s i o n  o f  foam we m u s t  l i m i t  foam 
f l o w .  Maximum f l o w  r a t e s  a t  w h i c h  Beck 
c y c l e  c o n d i t i o n s  c a n  be m a i n t a i n e d  w i l l  be 
e s t i m a t e d  a t  a  g i v e n  AT and  t h e n  t h e  minimum 
c o n c e n t t a l i o n  n e c e s s a r y  t o  s u p p o r t  s u c h  
foam f l o w  w i l l  b e  m e a s u r e d .  The c o l u m n  
has  o p e r a t e d  i n  a  s t e a d y  s t a t e ' m o d e  
f o r  s e v e r a l  h o u r s .  The c o n d e n s e r  s y s t e m  
w i l l  be m o d i f i e d  t o  b e t t e r  c o n t r o l  AT. 

We have  a l s o  made t h e  f i r s t  OTEC s i t e  
m e a s u r e m e n t s .  D a t a  f o r  s a m p l e s  f r o m  t h e  
V i e q u e s  and  P u n t a  Tuna s i t e s  a r e  g i v e n  i n  
T a b l e  1. 

Sea ~ a t e r  Foam S t a b i l i t y  

To o b t a i n  i m m e d i a t e ,  on  b o a r d  m e a s u r e -  
m e n t s ,  t h e  b u b b l e  h e i g h t  o f  sea  w a t e r  i n  a  
t u b e  was m e a s u r e d  a t  g i v e n  n i t r o g e n  f l o w  
r a t e s .  

Sea W a t e r  V a r i a b i l i t y  E x p e r i m e n t s  
t = B u b b l e  v o l u m e  = k  H e i g h t  o f  Foam 

We have  c ' a r r i e d  o u t  i n i t i a l  e x p e r i m e n t s  A i r  v o l  ume/sec .  r a t e  
o n  t h e  p r e s e r v , a t i o n  and  h a n d l i n g  o f  s e a  
w a t e r .  We were  a b l e  t o  make i n i t i a l  
m e a s u r e m e n t s  w 6 t h i n  a b o u t  t w o  h o u r s  o f  
c o l l e c t i o n .  We!, see  no  change  i n  w a t e r  f o r  
a b o u t  24 h o u r s .  .. T e n s i o n  t h e n  becomes t-i~ne 
v a r i a b l e  ( t h e  sc' ,ale o f  m i n u t e s )  w i t h ,  
h o w e v e r ,  f r e s h  s h r f a c e s  s t i l l  s h o w i n g  h i g h  
r e a d i n g s  f o r  anot,:her p e r i o d .  I n i t i a l  
w a t e r  was c o l l e c t ' e d  f r o m  t h e  CEER d o c k  
( h i g h e s t  s a l i n i t y ) :  and  a b o u t  t w o  m i l e s  
i n t o  t h e  b a y ,  u n f o r t u n a t e l y  i n  a  r i v e r  
p l u m e  ( l o w  s a l i n i t y ) .  

Samples  c o l l e c t e d  and  m e a s u r e d  a t  sea  show- 
e d  t h a t  sea  w a t e r  g i v e s  t i m e s  o f  u n d e r  o r  
a b o u t  0 . 5  s e c .  a s ' o p p o s e d  t o  <0 .2  s e c .  f o r  
l a b o r a t o r y  d i s t i l l e d  w a t e r  and  0 . 8  s e c .  f o r  
o l d  b a y  w a t e r .  R e s u l t s  a r e  shown i n  T a b l e  
2. We do  n o t  e x p e c t  much h e l p  f r o m '  
o r g a n i c s  i n  t h e  s e a .  One s a m p l e ,  h o w e v e r ,  
d i d  show a  50% h i g h e r  s t a b i l i t y  w h i c h  
c o r r e s p o n d e d  t o  t h e  l o w  a n d  v a r i a b l e  r e a d -  
i n g  i n  T a b l e  1. 

Samples  .were c o o l e d  d u r i n g  t r a n s p o r t ,  V i e q u e s  w a t e r  was m e a s u r e d  
1 clay af t . cr  c n , l l e r t i o n r  P u n t a  Tun3 P d a y s .  The s y ~ l ~ l r i r l  9 g i v e s  d e v i -  
a t i o n  f r o m  t h e .  a v e r a g e  o f  2  r e a d i n g s .  From c a l l i b r a t i o n  a t t e m p t s ,  
t h e  m e t h o d  p r o b a b l y  has an  e r r o r  o f  a b o u t  0.2 d y n e l c m .  

( S u r f a c e  E n t r o p y ) S  = - L!Y- = 0 . 1 4 4  d y n e l c m  f o r  c l e a n  sea w a t e r 7  
d  T  

~ ( 5 )  g i v e s  u n d i s t u r b e d  s u r f a c e  t e n s i o n  change  a f t e r  5  m i n .  A l l  
m e a s u r e m e n t s  were  made w i t h  w a t e r  t h a t  was p e r m i t t e d  t o  s t a n d  f o r  2 0  m i n . .  
Then  t h e  s u r f a c e  was s w e p t  c l e a n  and  m e a s u r e m e n t s  made on  t h e  c l e a n e d  
s u r f a c e .  

D a t a  a r e  c o r r e c t e d  t o  20°C. T e m p e r a t u r e  m e a s u r e m e n t s  w e r e  made 
u s i n g  a  v e r y  s m a l l  r e s p o n s i v e  t h e r m o c o u p l e .  
T  v a r i e d  f r o m  2 0  t o  21nC. 

P u n t a  Tuna D e p t h  i n  m e t e r s  V i e q u e s  
Y; ~ ( 5 )  Y ;  ~ ( 5 )  

7 4 . 0 9  + 0;  - 0 . 8 1  ( 2  pm) it 74.17 + 0 ;  - 0 . 1 9  ( 1 1  am) 
72.62 + .93;  -2.2 ( 3  pm) 7 4 . 0 0  5 . 0 8 ;  - 0 . 3 3  ( 4  pin). 
74.14 5 .09;  0  ( 1 0  am) 2  5  7 4 . 0 8 5 . 1 0 ;  0  ( l p m )  

N o t e :  R e a d i n g s  w e r e  t a k e n  on  4 / 2 3  a t  g i v e n  ' t i m e .  

More e x t e n s i v e  m e a s u r e m e n t s  f r o m  d u p l i c a t e  c a s t s  a t  0 ,  l o ,  20 ,  30, 50 m e t e r s  d e p t h  o f f  
P u n t a  Tuna and  V i e q u e s  d u r i n g  t h e  June  c r u i s e  g a v e  a b o u t  7 4 . 1  d y n e s / c m  w i t h  l i t t l e  
v a r i a b i l i t y  o v e r  a  t h r e e  week p e r i o d .  We c o n c l u d e  t h a t t h e  s u r f a c e  t e n s i o n  o f  c l e a n  
open  o c e a n  w a t e r  does  n o t  change  much and  does  n o t  show 'much  v a r i a b i l i t y .  The 
c o m p a r i s o n  w i t h  n e a r  s h o r e  m e a s u r e m e n t s  i n d i c a t e s  t h a t  we s h o u l d  t r y  t o  b r i n g  
w a t e r  i n  f r o m  deep  s i t e s  t o  a v o i d  l a n d  g e n e r a t e d  c o n t a m i n a n t s .  



T a b l e  2  Foam S t a b i l i t y  i n  S e c o n d s  

A i r  V e l o c i t i e s  w e r e  b e t w e e n  7 5 0  a n d  1 4 0 0  m l l m i n . ,  P  = 1 . 0 4  A tm. .  
T  % 3 0 Q C .  L o w e r  f l o w  r a t c :  d i d  n o t  c a u s e  c o m p l e t e  l i q u i d  s u r f a c e  
c o v e r a g e .  

DEPTH PUNTA TUNA VIEQUES 

APRIL  JUNE APRIL  JUNE 

0  M e t e r s  . 5 0  . 4 4  . 4 1  . 5 0  . 4 5  . 4 3  
1 0  . 5 0  . 4 3  . 4 1  . 4 7  . 5 0  . 4 3  
2  0  . 4 1  . 4 1  . 4 5  . 4 3  

* T h i s  s a m p l e  c o r r e s p o n d s  t o  l o w  s u r f a c e  t e n s i o n  s a m p l e  i n  T a b l e  1. 

B i o l o g i s t s  h a v e  s u g g e s t e d  t h a t  p l a n k -  
t o n  m i g r a t i o n  o r  b i o l o g i c a l  g e l a t i n o u s  
p l a n k t o n i c  a n i m a l s  t r a p p e d  i n  t h e  s a m p l e r  
c o u l d  h a v e  c a u s e d  t h e  a n o m a l o u s  m e a s u r e m e n t .  
M u l t i p l e  c a s t s  w e r e  wade i n  J u n e .  T h e s e  
d i d  n o t  show a n y  h i g h  s t a b i l i t y  t i m e s  o r  
l o w  s u r f a c e  t e n s i o n .  

O u r  p r e l i m i n a r y  d a t a  i n d i c a t e s  t h a t  i t  
w o u l d  b e  f e a s a b l e  t o  s e t  u p  a  r u g g e d  
t e n s i o m e t e r  ( w e  h a v e  a  R o s a n o  t h a t  seems 
f a i r l y  r e l i a b l e . )  o n  s h o r e  an.d g o  o u t  a n d  
o b t a i n  w a t e r  t h a t  i s  n e e d e d  s i n c e  t h e  w a t e r  
seems t o  r e t a i n  i t s  t e n s i o n  f o r  o v e r  a  d a y .  

C h o i c e  o f  S u r f a c t a n t s  

S u r f a c t a n t s  h a v e  h y d r o p h i l l i c  h e a d s  
w i t h  h y d r o p h o b i c  t a i l s .  T h e  t a i l  m u s t  b e  
l o n g  e n o u g h  t o  k e e p  m o s t  a t o m s  t h a t  a r r i v e  
i n  t h e  s u r f a c e  (OGICH2 = 6 0 0  o r  7 0 0  c a l l  
m o l ) .  T h e  a p p r o a c h  w i l l  b e  t o  v a r y  t a i . 1  
l e n g t h  f o r  v a r i o u s  a l c o h o l s  a n d  o x y e t h y l e n e  
a l c o h o l s  R(0-CH2.CH2)OH.  I t  i s  l i k e l y  t h a t  
n o n  i o n i c s  w i l l .  b e  l e a s t  a f f e c t e d  b y  s e a  
w a t e r .  Once  a n  i d e a  o f  o p t i m u m  s t r a i g h t  
c h a i n  l e n g t h  i s  f o u n d  a n d  t h e  n e e d e d  h e a d  
g r o u p  i s ,  d e t e r m i n e d  o n e  may l o o k  a t  t h e  
e c o n o m i c s  o f  o t h e r  t y p e s  o f  g r o u p s .  

T h e  s o l u b i l i t y  a n d  d i f f u s i o n  r e q u i r e -  
m e n t s  b o t h  seem t o  p o i n t  t o  s h o r t  g r o u p s  
b u t ,  C5 t o  C7 a l c o h o l s  a r e ,  a t  l e a s t  a t  
h i g h  c o n c e n t r a t i o n ,  a n t i f o a m i n g  a g e n t s .  I t  
may b e  t h a t  s m a l l  a m o u n t s  o f  s u r f a c t a n t  
c o u l d  b e  a d d e d  t o  a  b u b b l e  s u r f a c e  w i t h  a  
r e l a t i v e l y  s m a l l  a l c o h o l  i n  t h e  s o l u t i o n .  
A p p r o a c h e s  s u c h  a s  t h i s  w i l l ,  h o w e v e r ,  h a v e  
t o  b e  m o r e  q u a n t i t a t i v e l y  e x a m i n e d .  

T h e .  DOE O c e a n  S y s t e m s  B r a n c h  s u p p o r t e d  
t h e  a b o v e  w o r k  t h r o u g h  t h e  ORNL E n e r g y  
D i v i s i o n ,  Low T e m p e r a t u r e  H e a t  B r a n c h .  

A c k n o w l e d q e m e n t  

I w o u l d  l i k e  t o  t h a n k  P r o f .  C. Z e n e r  
a n d  T .  F o r t  f o r  a i d  a n d  . e n c o u r a g e m e n t .  

T h e  t o w e r  was b u i l t  a n d  o p e r a t e d  b y  
M r .  A l v a r o  B r u s i  who h a s  b e e n  i n d i s p e n s a -  
b l e .  S u r f a c e  t e n s i o n  m e a s u r e m e n t s  w e r e  
c a r r i e d  o u t  b y  M r .  J o s 6  L d p e z  M e r c e d ,  
T e c h n i c a l  A s s i s t a n c e  was l e n t  b y  M r .  G.  
B e n i t e z  a n d  E. M o r a l e s .  M r .  T .  M o r g a n  
c a r r i e d  o u t  t h e  o n b o a r d  m e a s u r e m e n t s .  
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DISCUSSION 

Q u e s t i o n :  Regarding t h e  concern ,  r a i s e d  by D r .  
Ridgway, t h a t  i n  a  pi.pe of l a r g e  d i ame te r ,  t h e  w a l l  
s h e a r  f o r c e s  may n o t  be  s u f f i c i e n t  t o  p reven t  t h e  
foam from f a l l i n g  on one s i d e  o f  t h e  p i p e  w h i l e  
r i s i n g  on t h e  o t h e r  s i d e ,  I would l i k e  t o  a s k  t h e  
fo l lowing  q u e s t i o n s :  ( a )  Is t h e r e , a n y  t h e o r e t i c a l .  
r eason  t o  b e l i e v e  t h a t  an  i n s t a b i l i t y  of t h a t  k ind 
w i l l  n o t  occur?  (b)  Would a n  expe r imen ta l  t e s t  of 
t h i s  p o s s i b i l i t y  be f e a s i b l e ?  ( c )  I f  i n s t a b i l i t y  
occur s  f o r  s q u a r e  d u c t s  of s i d e  < S,  could  you 
s u p p r e s s  the  i n s t a b i l i t y  by d i v i d i n g  t h e  l a r g e  . 
p i p e  c r o s s  s e c t i o n  i n t o  a  number of s q u a r e  d u c t s  
of  s i d e  < S?  That  might r e q u i r e  t h a t  a n  en- 
t r a n c e  flow r e s i s t a n c e  be  provided f o r  each d u c t ,  

t o  ensu re  t h a t  eve ry  d u c t  has  upward f low.  

M. I. Kay: At low mass t r a n s p o r t  r a c e s  l e s s  than 
abou t  0 .05 gpm,we do . see  such a  flow p a t t e r n ,  
e s p e c i a l l y ,  I b e l i e v e ,  when AT is n o t  t oo  high.  
As t h e  f low r a t e  r i s e s ,  we s t i l l  s e e  some d i f f e r -  
ence  i n  f low,  i . e . ,  t r u e  c y l i n d r i c a l  symmetry does 
n o t  e x i s t ,  b u t  no down flow. I cannot  answer (c)  
a t  t h i s  t ime. I a l s o  n o t e  t h a t  t he  runs  which I 
am d e s c r i b i n g  were c a r r i e d ' o u t  i n  J u l y  1979. These 
r e s u l t s  occur red  w i t h  s u r f a c t a n t  c o n c e n t r a t i o n s  
of  500 t o  1000 ppm. F u r t h e r  seawater  seems t o  
s t i f f e n  neodol  foams and may a l l e v i a t e  t h e  prob- 
l e m ' i f  indeed t h e r e  is  one a t  f a s t e r  f lows.  
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A b s t r a c t  

Open c y c l e  Ocean Thermal Energy Conver- 
s i o n  (OTEC) t echno logy  Sugges t s  new con- 
c e p t s  f o r  t h e  embodiment of  commercia l ly  
f e a s i b l e  bot toming p r o c e s s e s  t o  r e c o v e r  
energy from, and s i m u l t a n e o u s l y  minimize 
t h e  env i ronmenta l  impact  o f ,  h o t  i n d u s t r i a l  
e f f l u e n t s . P r e p a r a t o r y  t o  d e m o n s t r a t i n g  a  
Foam Energy Recovery Open Cycle System 
(FEROCS) at a 1 MW - 1 0  MW s c a l e ,  a  s t r u c -  
t u r a l  d e s i g n  was i n i t i a t e d  f o r  a  u n i t  
3 8 0  f t .  h i g h  v i s u a l i z e d  as a n  i n v e r t e d ,  v e r t -  
i c a l ,  r e i n f o r c e d  c o n c r e t e  U t u b e  o f  3 6  f t .  
I .  D.  w i t h  w a l l s  11 i n .  t h i c k .  The s t r u c -  
t u r e  i s  f e a s i b l e  based on p r e s e n t  con- 
s t r u c t i o n  p r a c t i c e s  w i t h  r e i n f o r c e d  con- 
c r e t e  i n  P u e r t o  Rlco. It  would c o s t  ap-  
p rox imate ly  $1.4 MM and consume 3 , 8 0 0  yds3  
o f  c o n c r e t e  and 8 6 0  t o n s  o f  r e i n f o r c i n g  
s t e e l .  To a c c e l e r a t e  t h e  d e m o n s t r a t i o n  o f  
FEROCS, i t  i s  proposed t o  u t i l l z o  a r t i -  
f i c i a l l y  c r e a t e d  t e m p e r a t u r e  d i f f e r e n c e s  
t h a t  can be r e a d i l y  o b t a i n e d  between indus -  
t r i a l  the rmal  e f f l u e n t s ,  f o r  example f l u e  
g a s e s  a t  250°F from f o s s i l  f u e l  f i r e d  
s team g e n e r a t i n g  p l a n t s ,  a s  t h e  h e a t  s o u r c e  
and ambient  a i r  a s  t h e  h e a t  s i n k .  The con- 
c e p t  i s  p r e s e n t e d  i n c l u d i n g  u s e  o f  d i f -  
f e r e n t  scrubbing-working f l u i d s .  

I n t r o d u c t i o n  

The t echno logy  b e i n g  deve loped  f o r  
open c y c l e  OTEC sys tems  open new f i e l d s  f o r  
t h e  embodiment o f  commercia l ly  f e a s i b l e  
p r o c e s s e s  t o  r e c o v e r  e l e c t r i c  energy and  
s i m u l t a n e o u s l y  minimize t h e  env i ronmenta l  
impact  o f  ho t  f l u e  g a s e s  from f o s s i l  f u e l  
f i r e d  f u r n a c e s .  The approach  would make 
t h e i r  p o l l u t i o n  abatement  more economi- 
c a l l y  a t t r a c t i v e  y i e l d i n g   clean,^ low- 
j&?m~erature" flue 
t 
P r o f e s s o r  o f  Chemical E n g i n e e r i n g  a l s o  

V i s i t i n g  P r o f e s s o r  o f  Chemical E n g i n e e r i n g  
a t  Carnegie-Mellon U n i v e r s i t y ,  1 9 7 8 - 7 9 .  
* 
U n i v e r s i t y  P r o f e s s o r .  

* * 
P r o f e s s o r  and Head, Chemical E n g i n e e r i n g  

Department. 
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P m f e s s o r  and Head, C i v i l  E n g i n e e r i n g  
Iepar tment  . 
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Licensed S t r u c t u r a l  E n g i n e e r s ,  San J u a n ,  
P u e r t o  Rico  

g a s e s  wh i l e  r ecove r ing  a s i g n i f i c a n t  p o r t i o n  o f  
t h e i r  thcrmal  energy as e l e c t r i c i t y .  The e a s e  
wi th  which t h e  embodiment o f  t h e  i d e a  appea r s  t o  
be a p p l i c a b l e  would open f o r  use  lower q u a l i t y  
f o s s i l  f u e l s  e  . g. , t hose  o f  h i g h e r  a sh  and 
h i g h e r  s u l f u r  c o n t e n t ,  w i thou t  f e a r  o f  t h e  
a i r  p o l l u t i o n  caused by t h e i r  f l u e  g a s e s .  A r e l a -  
t i v e l y  s imple  scrubbing s t e p  i n  p r o p e r l y  modified, 
commercially ava i l ab le '  scrubbing towers  ~ o u i d  
c l e a n  and coo l  t h e  g a s e s ,  y i e l d i n g  a h o t  l i q u i d  
which a f t e r  p rope r  c l e a n i n g  would s e r v e  a s  t h e  
working f l u i d  f o r  open c y c l e  systems u s i n g  ambient 
a i r  a s  t h e  h e a t  s i n k .  

The Foam O T E C ~  sys t em makes t e s t i n g  o f  t h i s  
concept  p o s s i b l e .  The concept  could  be  a p p l i c a b l e  
j u s t  a s  we l l  i n  a foam tower t o  r a i s e  t h e  poten-  
t i a l  ene rey  o f  t h e  scrubbing f l u i d  o r  i n  a con- 
ve rgen t -d i  ve rgen t  nozz le  t o  i n c r e a s e  t h e  k i n e t i c  
ene rgy  o f  t h e  foam t o  move a wa te r  wheel t h a t  
would d r i v e  a g e n e r a t o r .  

Con t ra ry  t o  t h e  OTEC scheme which v i s u a l i z e s  
us ing  t h e  ocean s u r f a c e  wa te r s  a s  t h e  h e a t  sou rce  
and t h e  ocean deep wa te r s  a s  t h e  h e a t  s i n k ,  t h e  
approach d e s c r i b e d  h e r e  v i s u a l i z e s  u t i l i z i n g  t h e  
h o t  f l u e  gases  from f o s s i l  f u e l  f i r e d  fu rnaces  
and o t h e r  i n d u s t r i a l  thermal  e f f l u e n t s  a s  t h e  h e a t  
sou rce  and a tmospher ic  a i r  a s  t n e  h e a t  s i n k  by t h e  
use  o f  j u d i c i o u s l y  s e l e c t e d  scrubbing f l u i d s  wi th  
p r e s e n t l y  kriown d i r e c t  c o n t a c t  s c rubb ing  and h e a t  
t r a n s f e r  technology.  

A p o t e n t i a l  s c rubb ing  f l u i d  cou ld  be p l a i n  wa te r ,  
b u t  h i g h e r - b o i l i n g  o r g a n i c  l i q u i d s  o r  o i l s  w i l l  
p robab ly  pe rmi t  h ighe r  energy r ecove ry  r a t e s .  
Glycols  o r  o t h e r  h igh -bo i l ing  l i q u i d s  l i k e  s i l i -  
cone o i l s  and h igh  b o i l i n g  p l a s t i z i c e r s  might 
s e r v e  t h e  purpose  j u s t  a s  we l l  i f  n o t  b e t t e r  t han  
wa te r  i n  t h e  p resence  o f  sma l l  amounts o f  water  
t o  h e l p  t h e  foaming, c o o l i n g  tower o p e r a t i o n s  and 
t h e  s e p a r a t i o n  o f  t h e  p!lases. Because o f  t h e  
n a t u r e  o f  t h e  scrubbing open-cycle  working f l u i d s  
be ing  cons ide red ,and  t h e  temperature  l e v e l s  o f  t h e  
p r o c e s s  i n  a d d i t i o n  t o  t h e  f o r e i g n  m a t t e r  t h a t  
t h e  f l u i d s  w i l l  t end  t o  accumulate ,  it i s  doub t fu l  
t h a t  i t  w i l l  be necessa ry  t o  u s e  a non-condensable 
gas  and d e t e r g e n t s  t o  h e l p  g e n e r a t e  t h e  foam neces -  
s a r y  t o  couple  t h e  vapour and l i q u i d  phases  espe-  
c i a l l y  i n  convergent  d i v e r g e n t  n o z z l e s .  

F i g u r e  1 shows t h e  embodiment o f  t h e  
p r o c e s s .  

Desc r ip t ion  o f  t h e  P rocess  

The fo l lowing  d e s c r i p t i o n  r e f e r s  mainly  t o  t h e  
r ecove ry  o f  energy from h o t  f l u e  g a s e s .  The con- 
c e p t  i s  e q u a l l y  a p p l i c a b l e  t o  o t h e r  thermal  e f f l u -  
e n t s .  The p r i n c i p a l  change would be i n  Un i t  I ,  



F i g .  1 Open c y c l e  t o  r e c o v e r  energy  from 
h o t  flue g a s e s  and  t o  minimize t h e i r  
impac t  upon t h e  environment .  

where t h e  waste energy i s  t r a n s f e r r e d ,  p re fe rab ly  
by d i r e c t  con tac t ,  t o  the  open cycle  scrubbing- 
working f l u i d  . 
Unit I 

A scrubbing/cool ing tower where t h e  hot  f l u e  . 
gases F01 w i l l  be scrubbed of  s o l i d  p a r t i c l e s ,  
s u l f u r  and NOx compounds and cooled t o  approxi- 
mately 95°F - 1 0 0 " ~ .  The temperature of F01 w i l l  
range upward from approximately 250°F depending 
upon the  amount of s u l f u r  i n  t h e  f u e l .  Higher 
s u l f u r  con ten ts  w i l l  c a l l  f o r  higher  F01 tempera- 
t u r e s  t o  prevent  corrosion of t h e  p rehea te rs  and 
econol~ izers  of  the f o s s i l  f u e l  f i r e d  furnaces be- 
cause o f  condensation of  H SO and H2S04. F10 Z 3 w i l l  l eave  t h e  tower a t  95 F - 100°F llcleansed o f  
s u l f u r ,  NO, compounds and s o l i d  p a r t i c l e s "  con- 
t a i n i n g  some water and a small amount of organic 
scrubbing l i q u i d .  The scrubbing agent  F61, p l a i n  
water o r  h igher -bo i l ing  l i q u i d s  of t h e  most ther -  
mally s t a b l e  kinds, w i l l  e n t e r  the  top of Unit 1 . 
i n  a fashion counter-current  t o  the  f l u e  gases 
and c o l l e c t  a t  the tower bas in  a s  a l i q u i d  a t  
212°F i f  water ,  o r  higher  temperatures i f  higher  
bo i l ing  f l u i d s  a r e  used. The flow F12 w i l l  con- 
t a i n  the  s o l i d  p a r t i c l e s ,  H2SO3, H2S04 and some 
o f  t h e  NO, compounds. F061 and F054 w i l l  be make 
up s treams.  

d e n s i t y  o f  vapor  s o  t h e  s i z e  o f  t h e  equip-  
ment w i l l  be g r e a t l y  reduced from t h e  l a r g e  
d i a m e t e r s  b e i n g  c o n s i d e r e d  a t  p r e s e n t  f o r  
t h e  Claude-Westinghouse OTEC S ~ s t e m . 2 ~ 3  
T h i s  t echno logy  i s  a v a i l a b l e .  

Uni t  4 

A d i r e c t  c o n t a c t  s p r a y  condenser  o p e r a t -  
i n g  a t  95OF - 100°F b a r o m e t r i c  l e g .  

Uni t  5  

A c o o l i n g  tower  t o  s e r v e  a s  h e a t  s i n k .  
F  0  w i l l  l e a v e  a t  95OF - 100°F s a t u r a t e d  
w?th w a t e r  and minute  amounts o f  t h e  h igh-  
b o i l i n g  working f l u i d  u s e d .  F  w i l l  be 
a i r .  F4  w i l l  be c o o l e d  by tR2 e v a p o r a t i o n  
o f  t h e  w z t e r .  

Energy Recovery P o t e n t i a l  

Case 1 

B a s i s .  Low s u l f u r  c o n t e n t  l i q u i d  f o s s i l  
f u e l  f i r e d  steam g e n e r a t i n g  p l a n t  o f  W W .  

Steam c y c l e  and t u r b i n e  e f f i c i e n c y  o f  37%.  
B o i l e r  e f f i c i e n c y  o f  8 6 % .  
F l u e  g a s e s  a t  2 8 0 ° ~ .  
Thermal energy  c o n t e n t  o f  F01. 

500 1 
E O 1  = - - 0.14) = 220 MW Heat 

0.37 '0.86 ' 
Heat t r a n s f e r r e d  t o  F61 at Uni t  1 when 

u s l n g  a  "high b o i l i n g "  s c r u b b i n g  f l u i d , t o  
be used a s  an open c y c l e  working f l u i d .  

(assuming t h e  Cp o f  
= 145.4 MW Heat t h e  g a s e s  remain 

e s s e n t i a l l y  
c o n s t a n t )  

Which means: 
% t r a n s f e r r e d  = 66% 

Assuming t h a t  3% o f  t h e  working f l u i d  i s  
" l o s t "  w i t h  e f f l u e n t  F20. 

Energy a v a i l a b l e  i n  F2? 

Unit 2 E  = 1 4 1  MW Heat 
2  3 

A system used t o  t r e a t  F12 t o  remove t h e  s u l f u r  Tpp3' 2 8 0 ' ~ ;  T F 4 ~ "  95OF 
compounds, s o l i d  p a r t i c l e s  and poss ib ly  NOx com- 
pounds by sedimentation, f i l t r a t i o n  o r  a combina- 
t i o n  with o t h e r  procedures. F20 could be t r e a t e d  
t o  recover  t h e  high temperature scrubbing f l u i d s .  

= E r e l e a s e d  , C, n2/2~, 

Unit 3 
E f f c y c l e  

Ega ined  c p h ~  
This  u n i t  could be a foam tower t o  u t i l i z e  t h e  

enthalpy re leased  from F23 t o  r a i s e  the  l i q u i d ,  
= A = 0 . 1 2 5  

2 ( 7 4 0 )  
thereby increas ing  i t s  p o t e n t i a l  energy. The 
r a i s e d  l i q u i d  i s  used t o  d r i v e  the  water wheel -  recover^ of 50% o f  c y c l e  i s  an 
Unit 6 t o  move an e l e c t r i c  genera tor .  Unit 3 e x t r e m e l y  c o n s e r v a t i v e  v a l u e .  
could a l s o  be a convergent-divergent nozzle t o  E 
"flash" t h e  working f l u i d  i n t o  a foam and u t i l i z e  r e c o v e r e d  = (141)(0.125)(0.50) = 8 
the enthalpy re leased  from F23 t o  a c c e l e r a t e  t h e  
foam and increase  i t s  k i n e t i c  energy, which could 
be u s e d , t o  d r i v e  t h e  water wheel-generator, Unit 
6 .  The foam d e n s i t y  i s  much higher  than the  



which i s  e q u i v a l e n t  t o  a  r e c o v e r y  o f  4 %  o f  
t h e  f l u e  g a s  was te  ene rgy  o r  a  1 . 8 %  i n -  
c r e a s e  i n  t h e  o v e r - a l l  g e n e r a t i n g  capa-  
c i t y  o f  t h e  power p l a n t .  

The r e s u l t s  become more a t t r a c t i v e  i n  
t h e  c a s e  o f  power p l a n t s  b u r n i n g  c o a l  as 
Case 2  shows. 

Case 2  

B a s i s .  Coal  f i r e d  s t eam g e n e r a t i n g  
power p l a n t  o f  1000 M W .  

Steam c y c l e  and t u r b i n e  e f f i c i e n c y  o f  37% 
B o i l e r  e f f i c i e n c y  o f  8 0 % .  
F l u e  g a s e s  a t  500°F. 

T o t a l  ene rgy  c o n t e n t  o f  FO1 

1000 ,x 1 
EO1 = - (0.20) = 675 KW Heat 0.37 . 

Heat t r a n s f e r r e d  t o  F61 a t  Uni t  1. 
(500 - 9 5 )  = 546.75 MW Heat E12 = 6758  7 

% t r a n s f e r r e d  = 81% 

Energy ava i l ab1 .e  i n  F23 . ,  

E23 = 531 MW Heat 

TF23 = 2 8 0 ' ~  ; T 9 5 0 ~  
F45 

Assuming a  r e c o v e r y  o f  50% c y c l e ,  

f o r  a  r e c o v e r y  e q u i v a l e n t  t o  4 .9%.~  o f  t h e  
f l u e  g a s  was te  ene rgy  o r  a  3.3% i n c r e a s e  
i n  t h e  o v e r - a l l  g e n e r a t i n g  c a p a c i t y  o f  t h e  
power p l a n t .  These r e s u l t s  ~ o a l t  L-. sb- 
t a i l l e d  w i t h  a scr3fi!)tlrlg-caea cyc'le workirig 
f l u i d  wit:? a th? i .na l  1 i ln i .ca t ion o? 220'F' 
t h a t  l i r n i t s  t h e  c y c l e  e f f L c i e n t ; r  t o  i l l . l % .  
Using a f l u i d  t t u r m a l l y  s t a b l e  :~t 50C3F 
( 2 G g ° C )  xou ld  have 8. vvex.9 ;nark&:-3 e e r l l c  ton 
t ? ~ e  c y c l c  e f f i c i e n c y  arlc! p o s s l t i l y  upon t h e  
p o ~ c n n t  of t h e  was te  ene rgy  rez.sver%ed. I n  
s u c h  a  c a s e :  

Tor a recaveray equ i ; a l en t  t o  8 .  3 1 ot' t;i~s 
f l u s  gas was te  ene rgy  o r  !,.G$ in - r sase  I n  
the o v e r - a l l  

garerating capac i ty  of  t h e  power' p l a n t .  This  
would,most probably make t h e  po l lu t ion  abatement 
o f  the  f l u e  gases more economically a t t r a c t i v e .  
Also, i t  would open f o r  use the  lower q u a l i t y  
f o s s i l  f u e l s ,  those with higher s u l f u r  and ash 
contents ,  with l e s s  f e a r ' o f  t h e  impact o f  t h e i r  
hot f l u e  gases upon t h e  environment. ' 

Table 1 gives an idea  of  t h e  economics i n -  
volved, e s p e c i a l l y  i n  Puerto Rico. 

Table 1 Order o f  magnitude of  venture 
economics when a p p l i e d  t o  , f l u e  g a s e s  o f  
a 5 0 0  M W thermoelec tr ic  power p l a n t .  

Investment/kw Investment c o s t  of  $* sa les**  

$ b h  .hr . h r  . 

* I n t e r e s t  and f inance- re la ted  f a c t o r s  : $2 x lo-'/ 
h r  - $ invested.  

**In Puerto Rico a t  $.07/kwh. 

The r e s u l t s  made it highly d e s i r a b l e  t o  ob ta in  
a c o s t  es t imate  of the  s t r u c t u r e  required t o  ap- 
p ly  t h e  technology o f  t h e  Foam OTEC systeml a s  a 
bottoming cyc le  f o r  a f o s s i l  f u e l  f i r e d  steam , 

generat ing power p l a n t .  Since a l l  the  experimen- 
t a l  work u n t i l  now has d e a l t  with converting 
t h e  enthalpy re leased  during t h e  con t ro l led  
f lash ing  operat ion i n t o  p o t e n t i a l  energy it was 
deemed most proper t o  ob ta in  the  c o s t  es t imate  
f o r  a foam tower. 

A second study w i l l  be done soon t o  ob ta in  a 
c o s t  es t imate  of  t h e  s t r u c t u r e  required t o  ap- 
p l y  t h e  technology o f  t h e  Foam OTEC system t o  
t h e  recovery o f  energy from low grade sources 
y i a  convergent-divergent nozzles .  

Design o f  t h e  Foalli Tower 

The design of  the  foam tower was i n i t i a t e d  a s  
a s t e p  prepara tory  t o  demonstrating the  Foam OTEC 
system i n  Puerto Rico a t  a s c a l e  of  1 MW. The 
size-up o f  t h e  s t r u c t u r e  was based on i n i t i a l  
experimental r e s u l t s 3  which ind ica ted  a power 
generat ing d e n s i t y  o r  capac i ty  o f  1 KW per  square 
f o o t  of foam generat ing c ross -sec t iona l  a rea  when 
operated a t  temperature d i f fe rences  of  % 12OC be- 
tween t h e  foam generator  and t h e  condenser. A t  
these  condi t ions  t h e  foam would r i s e  % 340 f t  
where it would be broken and separated i n t o  i t s  
vapor and l i q u i d  phases. The vapor would con- 
t i n u e  down t o  t h e  condenser and t h e  l i q u i d  t o  a 
surge tank from which i t  would go t o  a water t u r -  
bine t o  d r i v e  an e l e c t r i c  generator .  In August 
1976 it was r e a l i z e d  t h a t  t h e  supply of  t h e  cold 



deep ocean water was years  i n  the  f u t u r e .  This 
r e a l i z a t i o n  d i c t a t e d  the need f o r  a r t i f i c i a l l y  
c rea ted  temperature d i f fe rences  r e a d i l y  ob ta in-  
a b l e  i n  t h e  i s land ,  a t  the  required water flow 
r a t e s .  These requirements f ixed t h e  s i t e  near  
one o f  t h e  l i q u i d  f o s s i l - f u e l  f i r e d  steam gener- 
a t i n g  p l a n t s  by t h e  ocean. Such a  s i t e  would 
provide process steam and ambient ocean water t o  
c r e a t e  t h e  temperature d i f fe rences  needed. 

S i n c e  t h e  u n i t  was t o  be the  t a l l e s t  r e i n -  \ 

forced concrete  s t r u c t u r e  i n  t h e  i s l a n d ,  t h e  
design was t o  incorporate  a l l  s a f e t y  f a c t o r s ,  
e s p e c i a l l y  seismic s t r e s s e s .  Fig. 2 ,  Fig. 3  and, 
Fig. 4 amply j u s t i f y  t h i s  design c r i t e r i a .  

F i g u r e  2 shows t h e  t o p o g r a  hy o f  t h e  
o c e a n  f l o o r  around P u e r t o  R lcoe  showing 
t h e  i s l a n d  t o  be  t h e  c r e s t  o f  a  v e r y  s t e e p  
moun ta in  more t h a n  5000 m e t e r s  h i g h .  

F i g u r e  3 shows t h e  l o c a t i o n  o f  e a r t h -  
quakes. '  r e l a t i v e ,  t o  P u e r t o  Rico.  

F i g u r e  4 shows t h e  f r e q u e n c y  o f  
e a r t h q u a k e s  t h a t  have a f f e c t e d  P u e r t o  Rico 
s i n c e  1915 .  

In essence, t h e  u n i t  cons i s ted  of  a  s t r u c t u r e  
380 f t  high v i sua l ized  a s  an inver ted ,  v e r t i c a l ,  
r e in forced  concrete  U tube of  36 f t .  I .  D. and 
walls  11 in. th ick .  A water s to rage  tank (surge 
tank) with a  capac i ty  of .\. 60,000 g a l s .  was l o -  
cated a t  the  top between the  two v e r t i c a l c y -  
l i n d e r s  a t  a  height  of 333 f t  from ground leve.1. 
Fig. 5 shows the e leva t ion  of t h e  Foam Tower. 

F i g .  3 Map o f  e p i c e n t e r s  f o r  San Juan  



- Magnitude < 5.3 - Hagnl tude 2 5.3 

Fig .  4 Frequency o f  earthquakes w i t h i n  
200 miles of Puerto Rlco. 

zr 

Fig. 5 Foam l'ower 

The s t r u c t u r e  i s  f e a s i b l e  based on presen t  con- 
s t ruc t ion .  p r a c t i c e s  with re in forced  concrete  i n  
Puerto Rico and would c o s t  approximately $1.44 MM, 
consume 3,800 yds.3 o f  concrete  and 860 tons of  
re in forc ing  s t e e l  f o r  a cons t ruc t ion  cos t  of 
?. $372/yd3 of concrete  and a c a p i t a l  investment 

-Water of ?. $1440/KW. The high investment per  u n i t  of 
Tank power i s  a r e f l e c t i o n  o f  the  heavy reinforcement 

required t o  withstand the  seismic s t r e s s e s  and 
t h e  low power d e n s i t y  achieved from t h e  low AT 
of OTEC which we were i n i t i a l l y  t r y i n g  t o  simu- 
l a t e .  But, t h e  app l ica t ion  o f  the  con t ro l led  
foam f lash ing  concept t o  t h e  recovery of waste 
energy, o r  from f l u e  gases,  would be done a t  
much l a r g e r  AT which w i l l  r e s u l t  i n  a marked in -  
crease o f  the power generated p e r  u n i t  c ross  
sec t iona l  a r e a  fo r ,  foam generat ion.  This w i l l  
most probably place t h e  investment/KW a t  a very 
a t t r a c t i v e  leve l  i n  Table 1. 

Summary 

Ap2lication of the  open cyc le  OTEC technology 
t o  the recovery of  energy from poor thermal 
sources appears t o  be f e a s i b l e .  The concept pro- 
posed i n  t h i s  r e p o r t  would: 

Permit the use of the cheaper f u e l s  with- 
out  f e a r  of  the  environmental impact 
o f  t h e i r  f l u e  gases. 

F a c i l i t a t e  p o l l u t i o n  abatement of  t h e  f l u e  
gases from f o s s i l  f u e l  f i r e d  furnaces.  

Eliminate t h e  need f o r  expensive, l ined ,  
t a l l  smoke s t a c k s .  

b Result i n  t h e  recovery of a t  l e a s t  5% o f  
t h e  energy presen t ly  l o s t  i n  f l u e  gases 
ar,d/or augment t h e  power output of steam- 
e l e c t r i c  generat ing s t a t i o n s  by a t  l e a s t  
2 % .  

b Recover a l a r g e  amount of energy from poor 
thermal sources. 



Convergent-divergent nozzles  appear t o  be 
more d e s i r a b l e  than foam tower f o r  the con t ro l led  
foam f l a s h i n g  of the scrubbing-open cyc le  working 
f l u i d s  because of  t h e  much higher  i n i t i a l  tempera- 
t u r e s  than o r i g i n a l l y  envisioned f o r  the  Foam 
OTEC system demonstration. 
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MULTIPLE STAGING O F  THE COLD WATER 
IN THE OPEN CYCLE OTEC SYSTEMS 
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Pittsburgh, Pennsylvania 1521 3 

Abst rac t  

using the  coo l ing  water  of an open-cy- 
c l e  Ocean Thermal Energy Conversion (OTEC) 
system i n  a  mul t ip le -s tage  fash ion  r e s u l t s  
i n  i t s  most e f f e c t i v e  u t i l i z a t i o n .  Such use 
i n c r e a s e s  by 2-1/3 t imes  t h e  power produc- 
t i o n  c a p a b i l i t y  p e r  u n i t  mass of  co ld  
water ,  t hus  reducing  t h e  c o s t  o f  t h e  most 
expensive s i n g l e  i tem of  an o r i g i n a l  i n -  
s t a l l a t i o n .  La t e r  s t a g e s  could  u t i l i z e  t h e  
e f f l u e n t  from previous ly  i n s t a l l e d  s t a g e s .  
Also, t h e  warmed e f f l u e n t  from t h e  l a s t  
s t a g e  could be u t i l i z e d  t o  e n r i c h  t h e  nu- 
t r i e n t  va lue  and C02 abso rp t ion  capac i ty  
o f  t h e  ocean waters  near  t h e  su r f ace .  A 
form of t h e  " s ix - t en th  f a c t o r  r u l e "  was 
used t o  e s t ima te  t h e  c o s t  of  mul t ip le -  
s t age  i n s t a l l a t i o n s  us ing  a s  a  b a s i s  t h e  
c o s t  of  t h e  i n i t i a l  u n i t .  Resu l t s  a r e  pre-  
sen ted  r e l a t i n g  t h e  c o s t  o f  t h e  i n i t i a l  
co ld  watep oupply sysLem,numDer of  s t a g e s ,  
and power output  p e r  u n i t  mass of o r i g i n a l  
c o l d  water a t  cons t an t  c o s t  p e r  u n i t  o f  
power. 

In t roduc t ion  

Presen t ly  envisioned OmC systems propose t o  
use warm ocean sur face  waters  a t  approximately 
2 5 ' ~  a s  the hea t  source and cold deep ocean waters 
a t  approximately ~ O C  a s  the h e a t  s i n k  achigving a 
temperature d i f fe rence  of approximately 20 C t o  
d r ive  a h e a t  engine. The h e a t  source i s  r e a d i l y  
ava i lab le  a t  a low c o s t .  The expensive i s  
the h e a t  s i n k  or  the cold water.  Nevertheless ,  
when discussing such systems, re fe rence  i s  almost 
always made t o  the energy recovered per  u n i t  mass 
of  warm water ,  the low c o s t  i tem; apparent ly tak- 
ing  the a v a i l a b i l i t y  of the cold deep ocean water 
f o r  granted.  The cold deep ocean water ( t h e  ex- 
pensive item) i s  used on a "once through" b a s i s ,  
r e tu rn ing  the  r e s u l t i n g  e f f l u e n t s  t o  ocean depths 
a t  temperatures corresponding t o  the  temperature of 
the e f f l u e n t s  t o  reduce poss ib le  thermal p o l l u t i o n .  
The temperature of the deep 'cold water i s  r a i s e d  by 
approximately 1 0 ' ~  before re tu rn ing  i t  t o  the  
ocean. 

This r e p o r t  shows t h a t  using the  cold water on a 
"once through" b a s i s ,  i s  no t  the  most e f f e c t i v e  way 
of  u t i l i z i n g  the  h e a t  s i n k .  Using the cooling wa- 
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t e r  o f  t h e  OTEC system i n  a  m u l t i p l e  s t a g e  
fash ion  g ives  b e t t e r  r e s u l t s  e s p e c i a l l y  
f o r  open cyc l e  OTEC systems. S tag ing  in -  
c r e a s e s  by 2 -V3  t imes t he  power produc- 
t i o n  c a p a b i l i t i e s  of  t h e  open cyc l e  OTEC 
system pe r  u n i t  o f  co ld  water  a t  t h e  same 
c o s t  per  u n i t  o f  power, t h u s  g r e a t l y  
reducing  t h e  c o s t  of one o f  t h e  most ex- 
pensive subsystems of  an o r i g i n a l  open 
cyc le  OTEC i n s t a l l a t i o n ,  t h e  cold-water 
supply subsystem. 

I n  a d d i t i o n  t o  i n c r e a s i n g  t h e  power 
product ion per  u n i t  mass o f  cold water ,  
s t a g i n g  t h e  hea t ing  of  t h e  co ld  water  i n  
mu l t i p l e  u n i t s  i n  s e r i e s  should permit  
r e t u r n i n g  t h e  e f f l u e n t  from t h e  f i n a l  u n i t  
n e a r e r  t h e  su r f ace  and t o  e n r i c h  t h e  
n u t r i e n t  va;Sue of t . h ~  surfsoe wabers. 

We a r e  aware a l s o  o f  t h e  concern ex- 
i s t i n g  about  s t e a d i l y  i n c r e a s i n g  CO 
l e v e l s  i n  t h e  atmosphere and !he eff'ect 
t h a t  OTEC might have upon i t .  The poten- 
t i a l  greenhouse e f f e c t  should be mini- 
mized s i n c e  s t a g i n g  the  h e a t i n g  of t h e  
c o l d  water  w i l l  r e q u i r e  l e s s  co ld  deep 
ocean water f o r  t h e  same t o t a l  energy 
recovered.  

Nomenclature 

% = warm water input ,  mass flow r a t e  

 AT^ = change i n  temperature of warm water input  

mc = cold water input ,  mass flow r a t e  

ATc = change i n  temperature of cold water input  

W = work = enthalpy re leased  by warm water 

Cp 
= s p e c i f i c  hea t  of warm and cold waters  

m i x =  r e s u l t a n t  e f f l u e n t ,  mass flow r a t e  

Th 
= o r i g i n a l  temperature of warm water 

Tc = o r i g i n a l  temperature of cold water 

Tm = r e s u l t a n t  temperature of e f f l u e n t  

C .  = t o t a l .  c o s t  o f  what can be included 
CW a s  t h e  o r i g i n a l  cold water  system. 

Advantage of S t a g i n g  

Staging of the closed cycle  OTEC systems' over- 
a l l  AT increases  the power output  by 2.7 per  
cen t .2  Our proposal could increase  the power ou t -  
pu t  of the open cycle  system more than 200 per  
cen t  by s tag ing  the use of the cold.water  a t  the 
optimum increase  of the cold water temperature per  
s tage  (ATc/stage), t o  y i e l d  the maximum amount of 



W 
po&er p e r  u n i t  mass of cold water ,  maximum I(m'> 

c 1 
A s i m i l a r  proposa l  f o r  Rankyne. y c l e  power 
p l a n t s  was made by Van Hemlryck from 
thermodynamic cons ide ra t i cns .  We r e l a t e  
t h e  c o s t  o f  t h e  i n i t i a l  co ld  water  supply 
system, number of  s t a g e s  and power output  
p e r  u n l t  mass of o r i g i n a l  c o l d  water  a t  
cons t an t  c o s t  per u n l t  o f  power. 

Theore t ica l ly ,  an i n f i n i t e  number of s tages  y i e l d s  
a t o t a l  power four  times l a r g e r  than a s i n g l e  "once 
through1' u n i t  operat ing a t  the optimum AT . Five 
s tages ,  a s  proposed here ,  y i e l d  2.36 timeg the 
power. The optimum number of s tages  depends upon 
the r e l i a b i l i t y  of the c o s t  scale-up f a c t o r s  when 
adding u n i t s .  

The embodiment of t h i s  concept should advance 
the open cyc le  OTEC system concept. I t  should make 
land based i n s t a l l a t i o n s  much more economically a t -  
t r a c t i v e  because of the  r e a d i l y  a v a i l a b l e  space for  
subsequent u n i t s  a t  s i t e s  where the  ocean bottom 
slopes very s t e e p l y  from' the  shore;  i . e .  i n  Puerto 
Rico. 

Est imating t h e  c o s t  of the  i n i t i a l  cold water 
system has a very high element of r i s k  when going 
deeper than 500 f t  and i t  must be based on a ~ 1 1 ~ -  

ressf i l l  p i p e l i n e  placement on the f i r s t  attempc. 
Blas on a guaranteed i n s t a l l a t i o n  f o r  cne o r i g i n a l  
cold water system w i l l  be perhaps more than 5 t i m e s  
the c o s t  of any es t imate  t h a t  can be made a t  the 
p resen t  t i m 3  f o r  the  c o s t  of the i n i t i a l  cold wa- 
t e r  system. 

Cons t ra in t s  Imposed Upon the  Concept of Mult is tag-  
ing  the  U t i l i z a t i o n  of the Cold Water 

1. The AT / s tage  must y i e l d  the maximum t o t a l  
C .. 

p-r, 1 ( 2 ) maximum per  u n i t  mass of  so ld  
c: 

water regard l&s  of whether a "once through" 
s tage  o r  s e r i e s  of s t a g e s  use the o r i g i n a l  
"once through" cold water supply. 

2. The flow of the o r i g i n a l  "once through". cold 
water supply remains constant  f o r  one or  f o r  
mul t i s tages  a t  the optimum  stage t o  y i e l d  

. . 

the maximum LC*). 
3. The u n i t  c o s t  of ;fie t o t a l  power generated can- 

not  be higher  with the  mul t i s tages  i n  s e r i e s  
than t h e  c o s t  with the "once throughm o r i g i n a l  
i n s t a l l a t i o n .  . . 

4.  An exponent of 0.8 was used t o  s c a l e  the  c o s t  
o f  the s tage  under cons idera t ion  using the  f o l -  
lowing as  a b a s i s  : 
a )  The t o t a l  o v e r a l l  c o s t  o f  the previously i n -  

s t a l l e d  s tages  l e s s  the t o t a l  c o s t  of  the 
co ld  water supply system ( a s  def ined) .  

b)  The o v e r a l l  capac i ty  of t h e  previously i n -  
s t a l l e d  s tages  i n  terms of  sum of flows of 
cool  and hot  water f o r  which they were de- 
signed and f a b r i c a t e d .  

. c )  The o v e r a l l  capac i ty  of the s tage  under con- 
s i d e r a t i o n  i n  terms of the  sum of the flows 

, of cool and ho t  water f o r  which i t  i s  
designed. 

5 .  The dec i s ion  on whether t o  add another s tage  t o  
the  i n s t a l l a t i o n  i s  made based upon: 
a )  The c o s t  of the cold water supply system ex- 

pressed a s  a f r a c t i o n  of the o v e r a l l  t o t a l  
c o s t  of a l l  the  s t a g e s .  

b)  The c o s t  per  u n i t  of t o t a l  power must not 
exceed the c o s t  of the power obtained from 
the  previous u n i t s .  

6 .  The o v e r a l l  c o s t  of the o r i g i n a l  "once through" 
s tage  i s  defined a s :  

(Total  cos t )  = (Total  c a s t  of the i n s t a l l a -  
t ion)  minus ( t h e  t o t a l  c o s t  of 
what can be included a s  the 
o r i g i n a l  cold water supply 
system = C ) plus  C 

cb- CW 

= 1 + Ccw . 
A s  shown i n  F ig .  1, from the F i r s t  Law of Ther- 

modynamics there i s  obtained 

For a r e v e r s i b l e  f l ash ing :  4 

Therefore, 2 
(ATFA' 

- -=  
5. % A T ,  + mcATc . 

For u n i t  mh , 
ATh  AT,)^ ' 

= - - - -  ATc 2 T$Tc . 

I h'ARh1 SURFACE 

WATER INPUT Th=250C 

COLD D E E P  
-' me% = %: + 'Bc' 
WATER INPUT TeT : T~ + ATc 

C 
Per: 

Fig .  1. Foam, OlYC System Based on the "Once 
Through" Cold Water Use 

Table 1 Rela t ive  E f f e c t s  Upon m -  

% off  .. 
-ATh (AT )' neglect ing work 

-AT,, ATc - term 
ATc 2 \ATc c 

S< PC 



The r e s u l t s  of Table 1 show that  the second term on 
the r igh t  side of ~ q .  (4) has such a small e f f ec t  
upon the value of .m a t  A < ~ O O C  t ha t  i t  i s  ne- 
glected i n  the foll$wing 

. . 

Combining (2) and (5) :  

- Since A$, = T e , T h  - (Tc+ ATc) - TI; , . (7).  

then, k = " 2 

Th 
[(Tc- Th) ATc+ (ATc) ] '. (8) 

. C 

Therefore - T~,- Tc - 25-5 ,,oC . 
2 ATc 

For maximum energy recovery pe r ,un i t  mass of cold 
deep ocean water, the increase i n  temperature from 
the cold water input to  the ef f luent  temperature 
should be ,LOOT: f n r  n ('once throughw ias la l lac ion  
for a maximum W/m = 0.702 Joules/gram of cold deep 
ocean water. c 1 

Figure 2 shows the embodiment of the multiple 
- staging of the cold water i n  the open cycle OTEC 

sys terns. 

h e  flow ra t e  of cold, deep ocean water remains a t  
the same value as for the or ig inal  single "once 
through" stage . 

~ i g u r e 3 a  shows the optimum AT /stage a t  which 
the i n s t a l l a t i o n  must be operates t o  achieve the 

maximum 1 ( 3 )  from th; i n s t a l l a t ion .  
m - 

1 
> 

Figure3b shows the maximum obtainable power per 
uni t  mass of cold deep ocean r a t e r  as a function of 
number of stages when the in s t a l l a t ion  is  operated 
a t  the optimum AT /stage and holdingmclconstant a t  
the or ig inal  "oncg through" uni t  level .  

F i g u r e  3c shows when i t  i s  w o r t h  econom- 
i c a l l y  t o  a d d  t h e  u n i t  u n d e r  c o n s i d e r a t i o n .  

T a b l e  2 shows t h e  sample  c a l c u l a t i o n s  t o  
d e t e r m i n e  when i t  Is w o r t h w h i l e  t o  add t h e  
g t a g e  u n d e r  c o n s i d e r a t 1 o n ; i n  t h i s  c a s e , t h e  
s e c o n d  s t a g e .  

Table 2 Staging the Cold Water Two Times An the 
Foam OTEC System ATp/Stage = 6.85 C 

L 

0.8 e m .  % o f  t o t a l  
. . cost  of the 

1 0.5209 1 0.632 1 + Ccw two stage . 2 1.654 1.521 0.460 1.477 in s t a l l a t ion  

1.092 2.477 + Ccw 39.64 

Total cost 
Total Joules 

Total Cost of "Once Through1' Stage 1 - 
Power Production of "Once Throughl1 Stage 1 

= =  + Ccw 1.4245 + 1 . k 4 5  cCw = cons tant  
0.702 

3.175 '8 
Cost of Stage 2 = 1 ( )  = 1.447 

L C  Total cost  of 2-stage i n s t a l l a t i o n  = 2.447 + Ccw 

1 1.424 + 1.424 cCw = 2.u7+Cc~ = 2.241M.916 Ccw 
1.092 

Fig. 2. Multiple Staging of the Cold Water i n  the 
Open Cycle OTEC System 0.817 - 1.607 Ccw = - - 

0.509 
For Stage n: 

= 39.64% o f  t o t a l  cos t  

o f  t h e  en t i r e  two satage i n s t a l l a t i on .  Thus  
we can s a y  t h a t 8  

w, andm,,will vary from the f i r s t  stage to  stage 
n - - - - 

"nla depending upon the optimum  stage dictated 
w It i s  w o r t h  w h i l e  ,to i n s t a l l  s t a g e  2 If 

for maximum I(<,? for the in s t a l l a t ion  of Iono1 Ccw i s  >0 .40  o f  t h e  t o t a l  cos t  o f  t h e  two- 

s tages .  The s t age i  w i l l  increase i n  s ize  and the i r  Stage installation' 
cost must be scaled up t o  determine i f  i t  i s  worth- 
while to  add another stage.  The "six-tenth fac tor  
rule"5 was used based on the t o t a l  cost  and capac- 
i t y  of the previously in s t a l l ed  uni ts  but using an 
exponent of 0.8 to  be on the conservative s ide .  



Staging the o v e r a l l  temperature d i f fe rence  of 
thc open cycle  0TE.C systems i n  f i v e  s t e p s ,  a t  the 

optimum (fl ;s tage)  t o  o b t a i n  the maximum 1 f ' k )  
\ m 

inc reases  by 2-113 times the t o t a l  power c i 
production c a p a b i l i t y  per u n i t  mass of cold water 
a t  the  same c o s t l u n i t  of power of a "once 
through" i n s  t a l l a t i o n .  
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THE MIST-TRANSPORT CYCLE: 
PROGRESS IN ECONOMIC AND EXPERIMENTAL STUDIES 

An experimental mist-tube facility is 
undergoing initial test at UCLA as des- Fig. 1 Conceptual design of 10 MWe (net) 
cribed later. The successful development mist-llow power plant. 

4, F. Charwat 
! .  

L l & r . m t u  Cu 1 (fmt ia 
Los Ahgt.!es, California 9 0 0 2 4  

R. P. Hammond and S. L. Ridgway 
C R & D ~ & o c i o t e s  

Post Office B o x  9695  
Marinu del R e y ,  Culifori~ia 90291  

Abstract 

liminary design and cost analysis of an inexpensive mist-generator nozzle , 

EC power plant utilizing the mist plate has been an important part of this 
transport cycle has been conducted. effort. The data from the facility will 
trary choices for the expected lift tube permit more accurate estimates of lift- 
losses were made; other losses estimated 
from conservative engineering practice. 
The plant cost is lift efficiency insensi- 
tive, and is of the order of $1500/kW. An 
experimental facility has been constructed 
by UCLA for the purpose of studying the 
essential fluid dynamics of the mist gener- 
ation and mist transport process--a 3-ft- 
diameter, 24-ft-tall, vertical-flow, two- 
phase tunnel with supplies of vacuum, and 
warm and cold water. An orifice-plate mist' 
generator is at the bottom, and a vapor 
condenser is at the top. The equipment 
shakedown phase is nearing completion, and 
data collection is beginning. 

Introduction -- 

tube operation modes and indicate limiting 
values of design variables. 

<The mist-transport process for Ocean 
thermal energy has been described in detail 
in other papers [1,21. In brief, the plant 
(shown in Figure l), consists of a vertical 
cylindrical hull about 200 meters deep and 
extending 10 meters or more above the sur- 
face. The hull contains an evacuatcd ver- 
tical channel in which the mist lifting 
process takes place. Warm surface water is 
filtered and dropped through a penstock to 
the lower part of the hull, where energy is 
extracted by a hydraulic turbine and the 
water passes in fine jets into the evacu- 
ated lift tube. The jets break up upon 
entrance into uniform small droplets and 
about one percent of the water evaporates. 
The vapor flows rapidly to a contact con- 
denser at the top of the tube which is 
supplied with cold water from the depths. 
The moving vapor lifts the mist droplets by 
aerodynamic drag and both vapor and mist 
mix with.the cold water stream for return 
to the sea at a convenient level. 

The process is unique 6mong open cycle 
concepts in that it requsres no separation 
of phases at any point, and lends itself 
naturally to a spar-buoy type hull-form 
which is extremely seaworthy and forms an 
ideal, heave-free support for the long cold 
water pipe. 



Thermodynamic and engineering analysis 
of the process has been particularly fruit- 
ful in showing that the efficiency of the 
basic lifting process is not a sensitive 
factor in overall performance or in cost. 
This characteristic permits a preliminary 
design of a sea-going plant to be under- 
taken with some confidence that later exper- 
imental data will not invalidate it. The 
current design concept is shown in Figure 1 
and the first cost estimdte is shown in 
Table 3. 

Plant Design Considerations 

The problem of designing an economical 
power plant revolves around the question of 
where the losses in the thermodynamic cycle 
are allowed to fall. Some losses may be 
unavoidably substantial, others may be re- 
duced by spending more money. Once the 
loss picture is understood, the design 
parameters can be chosen to minimize the 
plant cost. 

Lift Tube Losses 

There are three major losses in the lift 
tube. The first is the flashdown loss, 
which is an essential part of the mist gen- 

Pumping losses. The arrangement of the 
mist-flow process eliminates the need for a 
warm-water pump. Filter and penstock losses 
are subtracted from the turbine inlet head. 
For the cold water, friction in the long in- 
take pipe and the head lost in the condenser 
spray nozzles must be provided by a pump. 
The relative flow of cold to warm water is 
a crucial design factor which determines, on 
the one hand, the condensate temperature and 
hence the available lift, and on the other 
hand, the size and cost of pumps and conden- 
ser. It is likely that direct drive from 
the turbine shaft will be preferable to 
motor drive for the cold water pump. 

Vacuum pumps must be provided to remove 
non-condensible gases from the lift tube. 
The energy lost can be estimated from expe- 
rience in the operation of sea-water desali- 
nization evaporators. 

Turbine-generator losses. The perfor- 
mance of hydraulic turbines and senerators 
suitable for a mist-flow plant is well- 
understood and its cost and efficiency can 
be accurately predicted from current hydro- 
power practice, with overall efficiency in 
the 85-90 percent range. 

eration process. ~ased on analyses of the Summary of Mist Flow Plant Losses 
reauirements for a stable vertical mist- 
transport, a baseline specific volume of 
370 cm3/gr has been chosen at the start to 
keep the droplets separated. The flashing 
takes place irreversibly at constant en- 
thalpy, using the sensible heat stored in 
the water. The equivalent lift loss is 
equal to 11.5 meters (a temperature drop of 
4.0°C) . 

Second is the slip loss. The droplets 
are lifted by the drag work of the moving 
vapor. The work done by the vapor is the 
force it exerts on the droplets times the 
distance the vapor moves. The work done on 
the droplets is this force times the dis- 
tance the droplets move, and the difference 
of these two works is the slip loss. This 
loss is the one that we have the most dif- 
ficulty estimating at present. 

Third is the exit loss. The flow must 
leave the lift tube and enter the condenser 
at f2.nite velocity. Accepting an exit loss 
has two benefits, first that the size of 
the structure can be reduced, and second, 
that the flow may prove to be more stable. 

Minor losses include turbulence loss and 
rain-out loss which results from non-uni- 
formities in droplet size, permitting some 
droplets to grow by accretion to a size 
which cannot be lifted. 

Mechanical Losses 

. Filtering loss. To protect the orifices 
in the mist generator, the warm water taken 
into the plant must be filtered. The cold 
water stream requires only trash screens. 
Head loss in filters can be reduced by 
using larger areas and low velocities, for 
which an economic optimization must be made. 

Table 1 gives calculated and estimated 
losses for an overall plant design used 
later in this report for cost estimating 
purposes. It must be noted that important 
trade-offs between capital cost and effi- 
ciency'have been only approximated in this 
design. The detailed work leading up to 
the parameters chosen i s  outlined in Refer- 
ence 5. It is shown there that the cooling 
water flow must be at least three times the 
warm water flow, since total water flow 
reached a minimum at about this mix for a 
fixed net power output. The study also 
showed that high lift-tube efficiency is 
not a prerequisite for a successful mist- 
flow plant, since the lower specific vol- 
umes and vertical heights of a low-lift 
plant produce construction savings which 
tend to offset the greater water throughput 
required. Even with modest lift-tube effi- 
ciencies which can almost surely be attained, 
the mist tube process extracts several times 
as much energy from a ton of warm water as 
other OTEC processes. For example, Che 
Lockheed ammonia cycle requires 2.9 tons/sec 
per MW of net electric output which is to be 
compared to 1.3 tons/sec per MW for the 
present cycle. 

The analysis to date indicates a large 
degree of flexibility in the design of the 
system. In the next section of this paper 
a brief summary is given of the preliminary 
cost estimates which have been made using 
the system parameters given in Table 1. 

Projected Cost Estimates 

Since much of the equipment required in 
a mist flow plant is standard in the hydro- 
power industry, and the basic hull struc- 
ture is stable, inherently seaworthy and 



simple to construct, preliminary cost esti- 
mates can be undertaken with reasonable 
confidence. The plant design upon which is 
based the cost estimates for a small demon- 
stration plant producing 10,000 kW is shown 
in Figure 1, and Table 2. The cost break- ) down is given in Table 3, assuming that the 
cost of the slip forms and tooling is spread 
over ten identical units. The net cost 
comes in at a little over $1,50O/kW in 1980 
dollars. The cost of transmitting the power 
to shore or of converting it to a portable 
product is not included in th.is total nor 
are development or research costs and first- 
of-a-kind extras. 

Table 1 Summary of Losses Expected 
in Mist Flow Process 

The following data are based on a mist-flow 
plant using 25OC warm water, 5OC cold water, 
and 10°C mixed outlet temperature. (Cold/ 
warm flow 3:l.l 

Theoretical Lift Height (meters) 164 

Lift-Tube Losses (meters) 

Flashdown Loss 
Slip Loss 
Exit Loss 

Mechanical Losses 

Filter and Deaerator Losses 10.0 
Cold Water Pumping Losses 20.0 
Turbine-Generator Losses - 10.0 

-40 .0  - -  - - - 
Net output (meters) 79.3 

Table 2 Reference Characteristics 
of 10 MWe Mist Flow 
Ocean Thermal Plant 

Hull Diameter at Surface (m) 60 
Depth at Juncturg of Hull to 
Cold Water Conduit (m) 200 

Displacement (metric tons) 189,000 
Freeboard to Upper Deck Level (m) 25 
Structure Weight (metric tons) 50,000 
Equipment Weight (metric tons) 10,000 
Ballast (metric tons) 129,000 
Warm Water Intake Flow (tons/sec) 13 
Filter Area (In2) 130 
Cold Water Intake Flow (tons/sec) 39 
Cold Water Conduit Diameter (m) 7 
Cold Conduit Depth (neutral 

buoyancy pipe) (m) 1,500 
Pumping Load (HWe) 2.5 
Housekeeping Electric Load (MWe) 1.0 
Turbine-Generator Gross Rating 

( m e )  14 
Net Output (MWe) 10 

The UCLA Experimental Facility 

The experimental mist-transport tube, being 
completed at the School of Engineering at 
UCLA, is seven meters (23 feet) long and 

) 0.9 m (35 inches) in diameter. It is 8 to 
10 times shorter than the projected proto- 

type. Therefore, it can be expected to 
yield only preliminary answers with regard 
to problems which depend on the residence 
time of the mistfin the flow, such as drop 
coalescence, and the development and growth 
of instabilities. The mist generation 
process--the uniform atomization, and the 
thermal and dynamic equilibration of the 
two-phase flow can be fully studied in the 
space available. The characteristic length 
for approach to thermal equilibrium between 
droplet and vapor is estimated to be of the 
order of 0.3 meters; dynamic equilibrium 
will be reached within 0 to 5 meters, de- 
pending on the water injection velocity 
relative to that of the fully developed 
flow (a function of the quality of the mist, 
i.e., the mist-tube pressure and the water 
temperature). The facility can be used to 
a certain extent to simulate any section of 
the transport process by adjusting the simu- 
lated thermal driving potential. It will 
hopefully yield significant results regard- 
ing the behavior of density nonuniformities 
and velocity wakes produced at the atomizer/ 
injector. On completion of the current pro- 
gram, the mist transport tube length will 
hopefully be extended to 25 meters. 

Table 3 Preliminary Cost Breakdown 
10,000 kW Mist Flow Unit 

$ Millions 

Major Structures: 5.26 
Basic Hull Structure3 

18,800 m3 @ $200/m 3.76 
Cold Water Intake 

1000 meters @ $1500/m 1.50 

Process Structures: 1.47 
Mist Generator Plate & Support .85 
Condenser Structure, Piping, 
Nozzles .62 

Machinery: 
Hydraslip Turbine, Tailpipe & 

Control; 14,000 kW @ $3O/k~ 
Alternator & Accessories 

11, 500 kW @ $37/kW 
Cold Water Pump 

2500 kW @ $30/kW 
Deaerator Vacuum Pumps 
Auxiliary Power Generators 

500 kW @ $225/kW 
Cranes and Eleva.tors 

Miscellaneous Equipment: 
Hull Fittings, Valves, Ballast 
Pumps, Safety Gear 

Filters, Valves, and Controls 
Wiring, Communications Equip., 

Control Equipment, Lighting 
Crew Quarters, Facilities, 

and Equipment 
Ballast; 40,000 tons @ $8/ton, 

Installed 

Total Direct Cost 

Tooling & Forms (share of 10 units) 1.20 
Contingencies @ 10% .92 
Indirect Costs @ 20% - 1.84 

Total Construction Cost 13.19 

Interest During Construction @ 15% 1. 98 - 
Project Cost 15 -17 



Overall views of the facility are- shown 
in Figures 2 and 3, which also identify the 
major components. To reduce the cost of 
the experwental facfiLty, fhe. tq,pts wiJl , 
be run with the thermodynam~cs transposed 
to a higher tenperatwe level. City water 
(about 2b°C) is dsed as coolant in the .con- 
tact cpndenser. Part of the condensate is 
rehea%ed to a maximum of 70°C by the #earn 
heater qnd re-injected. The m a ~ ~ b . u m  injec- 
tiop capability ie 154 G p l ;  the,inaximum 
cooling water flow ?+gc is 400 GPMi_  

into a drain. Each module consists of par- 
allel simple, end-supported beams 0.050 
inch thick and 1.25 inches deep. These 
strips are bolted together on 3-inch centers 
and separated by 0.156-inch washers. Thc 
orifice diaphragm is copper-brazed is a 
hydrogen atmosphere to the top of the beam 
matrix. The overall active area of the 
injector is 711 square inches (4587 square 
cm) . All the components are made of type 
304 stainless steel. 

Fig. 3 Top portion of Mist Lift Tube. 
Last section of tube shown swung Out. 
1. vacuum line 
2. condenser % 

6 

,' 

3. accumulator tank 
4. lift tml action (swung out) 
5. tube section support column. 

The orifice plate is a sheet of 0.01-inch 
thick stainless steel perforated by electron- 

Fig. 2 Lower portion of Mist Lift Tube. beam punching (The Farrel Company, Ansonia, 
1. surge tank Connecticut) with a matrix of holes having 
2. lift tube section (4-ft long) an inlet diameter of 0.15 mm and exit diam- 
3. heater eter of 0.1 mm ( .004 inches) . A microphoto- 

graph of the exit of one orifice is shown in 
Figure 5. The cylindrical jets of water 
issuing from the orifices break up due to 
Rayleigh instability; Figure 6 shows the 

The Injector phenomenon for a sample row of orifices used 
in prelbinary experiments. The diameter of 

A functional sketch og the inje~tor ,is drops produced by this process is theoreti- 
shown in Figure 4. The water is admitted cally 1.89 times the jet diameter. Two 
to a square stagnation chamber, 32 s 32 typical histograms of actual droplet size 
inches in section and 3 inches deep, through is shown in Figwe 7. 
a distribution manifold. This section is 
thermally insulated from the base; the'Cnlet The available theory and experimental 
piping is plastic to prevent heat losses. data on critical flow out of orifices and 

short nozzles [ 4 ] ,  as well as our own exper- 
  he current design calls for six receang- imentation, indicates that for as large a 

ular injector modules, each in an indepen- degree of subcooling as in the present case, 
dent frame. These modules are bolted internal. phase change will not limit the 
together, and efflux channels are formed discharge rate; it is only significantly 



Fig. 6 Photograph of j e t  breakup. 

J L The development of a successful  p r a c t i -  
' c a l  i n j e c t o r  required considerable e f f o r t  

and severa l  t r i a l s ,  mostly r e l a t e a  t o  t h e  
- 34: - A b . >  bonding of t h e  o r i f i c e  p l a t e  t o  t h e  support .  * + ; Y . . '  " $ 2  ' - " ' - 7  

- r - PI ,, % The problem of a l igning t h e  o f i f i c e s  and 
' . '  , - A .  4 .  >. ICY*- 1 0  f l o w  channels t o  qiven to le rances  i n  manu- 

fac tu r ing  was solced i n  t h e  following scheme. 
The dens i ty  of o r i f i c e s  is made l a r g e r ,  
allowing f o r  a c e r t a i n  number of o r i f i c e s  
t o  f a l l  over t h e  support s t r i p s .  The rows 
of o r i f i c e s  a r e  o r i en ted  a t  an angle t o  t h e  
s t r i p s ,  s o  t h a t  t h e  project ion o f  t h e i r  
spacing on a l i n e  normal t o  t h e  s t r i p s  is 
equal t o  t h e  th ickness  of  t h e  s t r i p s .  It 
can be shown t h a t  under these  condi t ions  
t h e  t o t a l  number of o r i f i c e s  f a l l i n g  on the 
s t r i p  is i ~ d e p e n d e n t  of t h e i r  s t r a i g h t n e s s ,  
and i n s e n s i t i v e  t o  t h e  pos i t ion  of the  o r i -  
f i c e  p l a t e  on the  support frame. 

The Condenser 

The condenser c o n s i s t s  of two s tages .  
The f i r s t  s t age  a l s o  plays the  important 
r o l e  of a water-drop c o l l e c t o r .  The prob- 
lem is t o  prevent cen t r i fuga l  phase-separa- 
t i o n  of t h e  m i s t  during t h e  turning a t  the  
e x i t ,  which would y i e l d  a growing water f i lm 
on surfaces  fac ing the  up-stream a rea  of the 
tube  and s i g n i f i c a n t  water fal l-back i n t o  it. 
This problem was solved by t e r m i n a t i n q t h e  
mis t - t ranspor t  tube by an inver ted  conlcal  
sheet  of water generated by the  spreading of 
a downward-directed a x i a l  i e t  t o  a properly 
shaped flow-inverting cup .- This is- shown in 
operat ion i n  Figure 8. The drops impinging 
on t h i s  sheet  of water a r e  absorbed by it 

Big. 5 ~io~apkdtrogragh p'f kF@foal 
.orliefee a%&%. , 

and c a r r i e d  outward by i t s  r a d i a l  momentum. 
Vapor a l s o  condenses on t h e  sheet  so  t h a t  it  
a c t s  a s  a near lv  ~ e r f e c t  sink f o r  t h e  two- 
phase flow d i rec ted  aga ins t  it. The angle 
of  t h e  water cone, the  th ickness  of t h e  shee t ,  



and the velocity of the water in it are 
design variqbles which $an be adjusted to 
optimiae its function and,its stability; -- 
they are discussed in a project repost [ 3 ] .  

TEMPERATURE: 22.2% 

MEAN: 6.93 x lo4 in. 

STANDARD DEVIATION: 1.20 

JET VELOCITY: 12.42 m/#c 
n 

DROP DIAMETER (10-3 in.) 

TEMPERATURE: ~S'C 

MEAN: 6.36 x lo3 in. 

STANDARD DEVIATION: 1.10 

DROP DIAMETER in.) 

Mist-tube condenser - "water bell". 

Fig. 8 Side view of the water bell. 
A conical sheet of water centered 
at the axis of the mist tube serves 
as a fluid "turning vane". Drop- 
lets in the up-flowing mist which 
tend to centrifuge out as the mist 
is turned into the condenser are 
collected on the water-bell she+t 
and carried out of the tube without 
disturbance to the flow. 

Based on such studies, the ratio of the 
mass flow of coolant water in the sheet to 
that of the mist of approximately one was 
selected. A second stage of contact cool- 
ing consists of an array of spray nozzles; 
the maximum total rate of coolant flow in 
the condenser is three times the rate of 
mist flow. , , 

Instrumentation 

The mist tube is provided with'six-inch 
access and viewing windows at opposite diam- 
eters every four feet. A traversing mechan- 
ism is available to survey the flow along 
the entire diameter of the tube at any sec- 
tion. In addition, the entire circuit is 
fitted with pressure and temperature (therm- 
istor) probes recording the system operation 
continuously on a strip-chart recorder. 

Diagnostic measurements in two-phase 
flow are difficult and require sophisticated 
instrumentation coupled with careful analy- 
sis. Two types of measurements are being 
prepared for the early phases of the testing. 

Measurements of pressure and/or tempera- 
ture gradients along the flow. The problem 
here is one of accuracy. The pressure vari- 
ation in the short section of the mist- 
transport process is of the order of 0.02 psi 
(1 mrn of mercury column). The corresponding 
change in temperature (the mist can be 

Fig. 7 Histograms of diameters o d assumed to be locally in thermodynamic equi- 
formed from water jets from . 04 inch librium) is of the order of 1°C. Instru- 
diameter orifices. The ordinate gives ments capable of this kind of accuracy are 
the number of drops in each size cate- available; differential pressures will be 
gory I measured with a capacitance-type transducer 



(Setra Model 239) which has a full-scale 
sensitivity of 0.1 psi. Differential 
temperatures will be measured with preci- 
sion thermistor bridges. 

A special instrument is being developed 
to simultanesouly measure mist density and 
mist velocity, which we call the spin decay 
anemometer. It consists of a pair of short 
cylinders (1.5 cm.long and 1.2 cm in diam- 
eter) made. to spin about the axis of the 
pair. This "dumbbell" is mounted on the 
shaft of a miniature magnetic clutch which 
is driven by a permanent magnet motor when 
engaged. The axial nacelle containing this 
machinery is about two centimeters in diam- 
eter; the radius to the center'of the cyl- 
inders is 4 cm. 

The dumbbell is spun up to 5000 rpm and 
disengaged. The history of the decay of 
the spin-rate contains information neces- 
sary to determine the velocity and the 
density of the particles in the mist separ- 
ately. 

In early May the experimental facility 
was complete and in operational status for 
shakedown and calibration of instruments. 
Preliminary data taking will proceed to 
some extent concurrently. It is expected 
that some adju~tmont and modifioation of 
the system may be required during the 
experimental program to accommodate new 
objectives. This may include changes in 
the internal profile of the lift tube by 
adding contour adapters to the inner wall. 
Improvement of diagnostic instruments will 
be a continuing effort. Most of the basic 
installation will be utilized in the much 
taller version which'will follow. 

In September stable vertical mist trans- 
port for times as long as a minute was 
achieved. Quantitative data is hoped for 
soon. 
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A b s t r a c t  The hea t  reject .ed f rom thermal power p l a n t s  i s  7 u s u a l l v  a t  a temoerature i n  t h e  100°F t o  12U°F 
Ocean Thermal Energy Conversion (OTEC) power- 

component technology may be a p p l i e d  t o  many land-  
based, low- temperature  hea t  resources i n c l u d i n g  
r e j e c t e d  hea t  f rom thermal p l a n t s  and f e d e r a l  
nuc lea r  f a c i l i t i e s ,  as w e l l  as f reshwater  thermo- 
c l i n e s .  Fo r  u t i l i z i n g  r e j e c t e d  hea t  f rom l a r g e  
thermal power p l a n t s  where OTEC-range c o l d  water  
i s  economica l ly  a v d i l a b l e ,  t t  seems t o  be more 
c o s t - e f f e c t i v e  t o  app ly  OTEC open-cyc le  steam t u r -  
b i n e  technology f o r  a d d i t i o n a l  t u r b i n e  stages f o r  
t h e  conven t i ona l  thermal power p l a n t  c y c l e  r a t h e r  
t h a n  t o  add a separate  bot toming c y c l e  system. 
For  u t i l i z i n g  r e j e c t e d  hea t  f rom f e d e r a l  nuc lea r  
f a c i l i t i e s ,  t h e  open-cyc le  power system has i t s  
advantage because i t  does n o t  need i s o l a t i o n  heat  
exchangers t o  avo id  c ross  con tamina t i on  between 
t h e  work ing f l u i d  and t h e  h o t  wa te r  supp ly .  A 
s imp le  thermal performance model and t h e  thermal 
a n a l y s i s  o f  a conceptua l  r e j e c t e d  heat  open-cycle 
power system cor responding t o  t h e  b i n a r y  c y c l e  
system s t u d i e s  by Exxon f o r  t h e  Oak Ridge Gaseous 
D i f f u s i o n  P l a n t  a r e  presented.  Re jec ted hea t  open- 
c y c l e  power systems may ope ra te  a t  a h i g h e r  thermo- 
dynamic s t a t e  than OTEC systems and a r e  c l o s e r  t o  
e x i s t i n g  s t a t e - o f - t h e - a r t  technology.  Thus, such 
systems may serve as i n t e r m e d i a t e  s teps toward t h e  
development o f  OTEC open-cyc le  power components 
and subsystems. 

I n t r o d u c t i o n  
7 

Ocean Thermal Energy Conversion (OTEC) i s  a low- 
temperature  hea t  u t i l i z a t i o n  technology.  I t  may 
be a p p l i c a b l e  t o  many land-based, low- temperature  
hea t  resources, bes ides ocean thermal g r a d i e n t s .  
I n  t h e  rev iew  o f  t h e  OTEC program w i t h i n  ERDA (now 
DOE) i n  August 1977, one o f  t h e  recommendations f o r  
t h e  program made by t h e  Mar ine Board o f  t h e  Na t ion -  
a l  Research Counc i l1  was t o  "Consider t h e  u t i l i z a -  
t i o n  o f  shore-based r e j e c t e d  hea t  sources as t h e  
f i r s t  s tep  f o r  long- term e v a l u a t i o n  o f  OTEC compo- 
nents  and subsystems." I n  v iew o f  t h e  r a p i d  prog- 
ress  i n  OTEC technology, t h e  prospects  o f  employing 
t h e  open-cyc le  technology i n  land-based, low- 
temperature hea t  resources w i l l  be exp lored.  

Among t h e  d i f f e r e n t  k i n d s  o f  land-based low- 
temperature  hea t  resources,  o n l y  t h e  r e j e c t e d  hea t  
f rom l a r g e  thermal power p l a n t s  and f e d e r a l  nuc lea r  
f a c i l i t i e s  may have a s u f f i c i e n t  q u a n t i t y  o f  low- 
grade hea t  f o r  s i g n i f i c a n t  power generat ion.  The 
thermal energy s t o r e d  i n  f reshwa te r  thermocl ines 
e x i s i t n g  i n  h y d r o e l e c t r i c  dams and l akes  has a l s o  
been p o i n t  o u t 2  as a p o s s i b l e  area i n  which OTEC 
technology may be a p p l i e d .  

range ;hat correkponds t o  a power p l a n t  condenser 
pressure o f  3 t o  3.5 i n .  Hg. There seems t o  be no 
technology b a r r i e r  t o  t h e  des ign  and o p e r a t i o n  o f  
a thermal power p l a n t  w i t h  a condenser pressure o f  
1 i n .  Hg t h a t  w i l l  y i e l d  a r e j e c t e d  hea t  tempera- 
t u r e  o f  80°F, a t  most. Thermal power p l a n t s  w i t h  
a des ign  condenser p ressu re  o f  1 i n .  Hg can be 
found i n  o p e r a t i o n  i n  n o r t h e r n  s ta tes ;  many o f  t h e  
power p l a n t s  t h a t  cannot  be designed t o  ope ra te  a t  
t h i s  condenser pressure a r e  ma in l y  l i m i t e d  by t h e  
economica l ly  ava i  l ab1  e c o l d  water  sources (hea t  
s i n k s )  o r  i n s t i t u t i o n a l  c o n s t r a i n t s .  

Almost a l l  t h e  OTEC power c y c l e  concepts may be 
employed f o r  f reshwa te r  t he rmoc l i ne  power genera- 
t i o n  and as bot toming c y c l e s  f o r  t h e  r e j e c t e d  heat  
f rom thermal power p l a n t s ,  i f  c o l d  water  i s  econom- 
i c a l l y  a v a i l a b l e .  Large thermal power p l a n t s  use 
water  as work ing f l u i d .  I ns tead  o f  employing a 
bot toming c y c l e  us ing  a d i f f e r e n t  work ing f l u i d  
such as NH3, i t  would seem t o  be more e f f e c t i v e  f o r  
a power p l a n t  t o  app ly  OTEC open-cyc le  steam t u r -  
b i n e  technology f o r  a d d i t i o n a l  t u r b i n e  stages. The 
a d d i t o n a l  v e r y  low pressure (VLP) t u r b i n e  s tages 
w i l l  produce power f rom t h e  f u r t h e r  expansion o f  
t h e  100°F range steam t o  t h a t  o f  t h e  OTEC condenser 
p ressu re  and temperature  range. App ly ing  OTEC open- 
c y c l e  t u r b i n e  technology as an i n t e g r a l  p a r t  o f  a 
thermal power p l a n t  where OTEC-range c o l d  water  i s  
economica l ly  a v a i l a b e  w i l l  r e s u l t  i n  g r e a t e r  c o s t  
sav ings than  bo t tom ing -cyc le  op t i ons ,  because i t  
does n o t  r e q u i r e  an evaporator  hea t  exchanger f o r  
t h e  secondary work ing f l u i d .  

The f e d e r a l  nuc lea r  f a c i l i t i e s  a r e  l a r g e  e l e c -  
t r i c i t y  users,  and 90% o f  t h e  used e l e c t r i . c i t y  i s  
r e j e c t e d  i n  t h e  form o f  h o t  water  around 140°F t o  
150°F. These r e j e c t e d  hea t  resources,  as summa- 
r i z e d  i n  Tab le  1, have been s u b j e c t  o f  may f e a -  
s i b i l i t y  s t u d i e s 3 * ' +  i n c l u d i n g  a g r o - i n d u s t r i a l  com- 
p lexes,  d i s t r i c t  space hea t i ng  systems, e l e c t r i c  
power generat ion,  and temperature  augmentat ion f o r  
process heat .  A b i n a r y  ( c losed )  c y c l e  system f o r  
power g e n e r a t i o n  was analyzed by Exxon f o r  t h e  
poss4b le  a p p l i c a t i o n  a t  t h e  Oak Ridge Gascous D i f -  
f u s i o n  P l a n t  (ORGDP) . A cor responding OTEC open- 
c y c l e  power system f o r  t h e  r e j e c t e d  hea t  source 
w i l l  be assessed. 

Tab le  1 Summary o f  Heat Resource a t  t h e  Gaseous 
D i f f u s i o n  P l a n t s  

Heat Maximum Maximum 
S i t e  A v a i l a b l e  Flow Temperature 

(MW) (9pm) (OF) - 
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Exxon Binary (Closed) Cycle Analysis Table 2 Exxon Closed-Cycle Power System Design. 

A rejected heat u t i l i z a t i o n  study on the ORGDP 
s i t e  was conducted by the Exxon Nuclear Co., under 
a contract  with the Department of Energy. Elect r ic  
power production from the temperature difference 
between the ORGDP rejected heat streams and the 
available ambient heat sinks ( i . e . ,  the a i r  and 
the Clinch ~ i v e r )  were analyzed. In the study, 
40,000 gpm of 140°F water from one of the mechanical 
d r a f t  cooling towers was the heat source of a 
closed-cycle power system. A Rankine cycle design 
program developed by Mechancal Technology Inc. 
(MTI)* was employed in  the power system design 
analyses. Many d i f f e ren t  working f lu ids  were 
analyzed f o r  power generation. Since the operating 
pressure of the evaporator in a closed-cycle power 
system i s  above atmospheric pressure and s igni f -  
icant ly  higher than tha t  of the  ORGDP cooling water, 
i so la t ion  heat exchangers a r e  required to prevent 
working f lu id  leakage in to  the GDP cooling water 
loop and to  protect  the  GDP equipment. The iso- 
l a t ion  heat exchangers will reduce the available 
heat source temperature by 3°F and impose addi- 
t ional  equipment capi ta l  cos t  and operating power 
losses.  Two heat sinks were considered, a once- 
through cooling system with available cooling water 
from the Clinch River a t  60°F, and a wet cooling 
tower system with a design ambient wet bulb tem- 
perature a t  55OF. The conceptual plant  layout was 
defined in  which the t i e - in  to  the GDP f o r  hot 
water supply and return required 3200 f t  of 54-in. 
pipe each f o r  the hot water supply and return 
systems. The length of the once-through cooling 
water loop i s  3000 f t  with a topographic hydraulic 
head of 35 f t ,  and the length of the  wet tower 
cooling water loop i s  1000 f t  with an additional 
tower head requirement o f  41 f t .  

A screening analysis to determine the r e l a t ive  
power system costs f o r  binary working f lu ids  with 
d i f f e ren t  water condensing temperatures (cooling 
options) was performed. I t  was found tha t  the 
plant  cos t  of an ammonia closed-cycle plant  with 
no isola t ion loop was about one-half the cos t  of a 
corresponding 6-113 power plant. The cos t  of the  
ammonia closed-cycle plant would be t r ip led  when 
the i sola t ion  heat exchanger loop was added. 

The binary cycle R-113 power system with no iso- 
la t ion  loop was the  base-line design of the  Exxon 
study. The design parameters of the  base-line 
binary cycle system with both cooling options a r e  
presented in Table 2. 

Thermodynamic Process of An Open Cycle 

An open-cycle power system comprises a f lash 
evaporator, vapor expansion turbine and generator, 
steam condenser, noncondensi.lbes removing equipment, 
and deaerator (Fig. 1 ) . A thermodynamic temperature- 
entropy (T-S) diagram of the open cycle i s  shown in  
Fig. 2 where the numerals a r e  the thermodynamic 
s t a t e s  which correspond to  those shown in Fig. 1. 
Comparing with Fig. 1 ,  s t a t e  1 in Fig 2 i s  the warm 
seawater a t  the heat-source temperature, about 80°F. 
The warm seawater a t  atmospheric pressure flows to  
the i n l e t  of a deaerator a t  s t a t e  2 where the pres- 
sure i s  suddenly reduced to  a value s l igh t ly  above 
the saturated vapor pressure a t  the corresponding 
temperature. The majority of the dissolved gas may 
be released due-to the sudden pressure drop. The 

Cool ing Mode 
Once- 

through 

Warm water loop 

Flow ra t e ,  gp; 
In l e t  temp., F 
P.ipe diam, f t  - 
Pipe length, f t  
Evaporator surfac 

area,  lo5 f t 2  
Paras i t ic  power, 

Working f lu id  
Vapor temp., O F  

Condensate temp., O F  

Power output, kW 
Paras i t ic  power, kW 

Cold-water loop 

Flow r a t e ,  gpm 
I n l e t  temp., O F  

Exit temp., O F  

Pipe diam., f t  
Pipe length, f t  
Wet bulb temp., O F  

Condenser surface 
area,  105 f t 2  
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Net power cycle, % 
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Wet cool i ng 
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'~rom Clinch River. 

b~rom cool i ng tower. 
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Fig. 1 Schematic of an open-cycle OTEC power 
system. 

*Subcontractpby Exxon. 
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F i g .  2 A t y p i c a l  open-cyc le  T-S diagram. 

vapor r e l e a s e  i n  t h e  deae ra to r  w i l l  be m in im ized  
because t h e  p ressu re  i n  t h e  deae ra to r  i s  k e p t  above 
s a t u r a t e d  vapor pressure .  The deaera ted seawater 
t hen  f l o w s  i n t o  t h e  f l a s h  evapo ra to r  a t  s t a t e  2 
where ambient p ressu re  i s  dropped t o  t h e  s a t u r a t e d  
vapor  p ressu re  e q u i v a l e n t  t o  t h e  o u t l e t  steam tem- 
pe ra tu re ;  t h i s  p ressu re  d rop  i s  t h e  d r i v i n g  f o r c e  
f o r  evapo ra t i on .  A  s l i g h t  amount o f  wo rk ing  f l u i d  
i s  f l a s h e d  i n t o  steam w i t h  f lashdown temperature  
d r o p  co r respond ing  t o  t h e  vapor l a t e n t ' h e a t  r e q u i r e -  
ment. The b u l k  thermodynamic s t a t e  i n  t h e  f l a s h  
evapo ra to r  i s  rep resen ted  by s t a t e  p o i n t  3 i n  
F i g .  2. The vapor phase o f  t h e  wo rk ing  f l u i d  a t  
s t a t e  3 w i t h  a  mass f l o w  r a t c  o f  xm (where i i s  
t h e  t o t i l  warm seawater mass f l ow  r a t e  apd- x  i.s 
t h e  vapor mass f r a c t i o n )  expands i n  a  t u r b i n e  where 
t h e  thermal  energy i s  conve r ted  i n t o  mechanical  
work.  The s l i g h t l y  concen t ra ted  seawater w i t h  a  
mass f l o w  r a t e  o f  ( 1  - x ) i  a t  s t a t e  3f i s  pumped 
back t o  t h e  ocean a t  s t a t e  7 where i t s  temperature  
i s  l ower  t han  t h e  i n l e t  warm seawater temperature .  
T h i s  temperature  d i f f e r e n c e  i s  the , " f lashdown"  o f  
a  f l a s h  evapo ra to r .  The t u r b i n e  exhaust  a t  s t a t e  4 
i s  condensed by g i v i n g  up hea t  t o  t h e  c o l d  seawater 
and ends up a t  s t a t e  5 as s a t u r a t e d  condensate be- 
f o r e  i t  i s  pumped back t o  t h e  su r round ings  a t  
s t a t e  6. The condensate i n  a  s u r f a c e  condenser i s  
f r e s h  wa te r  t h a t  can be u t i l i z e d  as a  by -p roduc t  
of  an  open-cyc le  OTEC power p l a n t .  I f  t h e  conden- 
s a t e  i s  p u t  back i n t o  t h e  ocean, i t  w i l l  e v e n t u a l l y  
be mixed w i t h  t h e  seawater and t r a v e l  a l ong  t h e  
process pa t t i  f rom s t a t e  6 and 7 t o  s t a t e  1  t h rough  
a  n a t u r a l  c o n v e c t i o n  mechanism o r i g i n a t e d  f rom t h e  
a b s o r p t i o n  o f  s o l a r  thermal  energy by t h e  e a r t h ' s  
atmosphere and t h e  oceans. 

Thermal Performance M o d e l i n g  

To i n v e s t i g a t e  t h e  p rope r  thermal des ign  o f  an 
open-cyc le  power system, a  s imp le  thermal p e r f o r -  
mance model i s  de r i ved .  I t  i s  a p p l i e d  t o  t h e  
ranges o f  o p e r a t i n g  c o n d i t i o n s  t h a t  have been 
e s t a b l i s h e d  by r e c e n t  open-cyc le  s t u d i e s .  The 
open-cycl  e  thermal  performance may be measured by 
t h e  n e t  power o u t p u t  d i v i d e d  by t h e  condenser hea t  
t r a n s f e r  sur face area,= and i t  i s  dependent on t h e  
des ign  o f  t h e  condenser, system p a r a s i t i c  l osses ,  
as w e l l  as t h e  des ign  o f  o t h e r  system components. 
The system temperature  and mass f l o w  d i s t r i b u t i o n  

. -- - 

i n  an open c y c l e  c o n s i s t i n g  o f  t h e  f l a s h ' e v a p o r a t o r ,  
t u r b i n e / g e n e r a t o r ,  and s u r f a c e  condenser . . i s  shown 
i n  F i g .  3,.. 
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F i g .  3 System temperature  ( T )  and mass f l ow  
(i) d i s t r i b u t i o n .  

Combining t h e  hea t  and mass ba lance i n  t h e  f l a s h  
evapo ra to r  and t h e  t u r b i n e ,  n e g l e c t i n g  t h e  smal l  
s e n s i b l e  h e a t  e f f e c t  i n . t h e  steam p roduc t i on ,  t h e  
r a t e s  o f  hea t  t r a n s f e r  and work p r o d u c t i o n  i n  t h e  
power system may be expressed as6 

Pg 
= CT Qin ( 1  - Tc/Ts),  

Q o u t  = Q i n  - Pg '  

and 

i n  wh ich  iH i s  t h e  warm wa te r  mass f l o w  r a t e ;  TH, 
warm wa te r  i n l e t  temperature ;  Tw, warm wa te r  e x i t  
temperature ;  T" and T c ,  steam and 'steam condensing 
temperatures;  cp, s p e c i f i c  heat ;  n ~ ,  t u r b i n e  
e f f i c i e n c y ;  P,, n e t  power; P  , gross power; PcwS, 
Pwsw, and Pmisc. p a r a s i t i c  p%wer l o s s  i n  c o l d  
and warm wa te r  l oops  and m isce l l aneous  equipment, 
r e s p e c t i v e l y .  

. . 
The log-mean temperature  des ign  approach7 i s  

employed t o  d e s c r i b e  t h e  s u r f a c e  condenser i n  wh ich  
t h e  c o l d  wa te r  mass f l o w  r a t e  and hea t  t r a n s f e r  
area can be r e l a t e d  t o  condenser wa te r  temperature  
r i s e ,  t ube  wa te r  v e l o c i t y  (V ) ,  tube l n e g t h  ( L ) ,  
t ube  s i ze ,  c o l d  wa te r  i n l e t  temperature  ( T c i ) ,  
f lashdown temperature  and wa te r  wa te r  temperature  
and mass f l o w  r a t e .  

The opt imal ' thermodynamic  s t a t e  o f  an  open-cyc le  
system can be d e r i v e d  by  max imiz ing an o b j e c t i v e  
f u n c t i o n  d e f i n e d  as t h e  n e t  power o u t p u t  d i v i d e d  
by t h e  condenser hea t  t r a n s f e r  area ( i  .e., Pn/A). 
Fo r  g i v e n  seawater h y d r a u l i c s ,  m isce l l aneous  equ ip-  
ment h y d r a u l i c  l osses ,  and condenser tube s i z e ,  t h e  
o b j e c t i v e  f u n c t i o n  w i l l  be dependent upon TH, Tw, 
Tc, T  i? V, and L. A n a l y t i c a l  r e p r e s e n t a t i o n s  can 
be ob ta ined  f o r  t h e  maximum o f  t h e  o b j e c t i v e  func-  
t i o n ;  however, t h e  f u n c t i o n  va lues  o f  t h e  optimum 
s t a t e  w i l l  have be so l ved  n u m e r i c a l l y .  

I n  o p t i m a l  performance model ing ,  d i f f e r e n t  
o b j e c t i v e  f u n c t i o n s  and o p t i m i z a t i o n  schemes may 
l e a d  t p  d i f f e r e n t ' o p t i m u m  s t a t e s .  Besides o p t i -  
m i z a t i o n  o f  t h e  n e t  power p e r  u n i t  hea t  t r a n s f e r  
area, a  s e q u e n t i a l  o p t i m i z a t i o n  scheme was employed 



by Dunn8 i n  a s tudy o f  OTEC systems. The sequen- 
t i a l  scheme maximizes t h e  g ross  power o u t p u t  f i r s t  
f o l l o w e d  by t h e  o p t i m i z a t i o n  o f  t h e  n e t  power p e r  
u n i t  hea t  t r a n s f e r  area.  

The s i m p l e  thermal performance model d e r i v e d  
above i s  a p p l i e d  t o  an open-cyc le  power system 
d e s i g n  w i t h  r e l e v a n t  parameters app rox ima te l y  
co r respond ing  t o  one case o f  t h e  r e c e n t  system 
s t u d i e s  i n  wh ich  hH = 758,000 l b / s ,  TH = 80°F, 
T c i  = 40°F, p = 64 l b / f t 3 ,  c = 1 Btu/ lb/OF, 
t u r b i n e  e f f i c i e n c y  = 0.81, pemp e f f i c i e n c y  = 0.7, 
h y d r a u l i c  l o s s e s  i n  warm seawater l o o p  = 9.7 ft, 
i n  c o l d  seawater l o o p  o t h e r  t h a n  tube  bund le  = 
3.9 ft, and i n  m isce l l aneous  equipment = 9.0 ft, 
and smooth condenser t ube  o f  1 1 /8  i n .  BWG 17 i s  
employed. Among t h e  many unknowns which t h e  
o b j e c t i v e  f u n c t i o n s  depend upon, t h e  t ube  l e n g t h  
( L )  i s  l i m i t e d  by t h e  dimensions o f  t h e  t u r b i n e  
exhaust  area f o r  p rope r  system i n t e g r a t i ~ n . ~  A 
tube  l e n g t h  o f  45 f t  i s  chosen i n  t h i s  case. 
Under t h e  above s p e c i f i e d  c o n d i t i o n s ,  t h e  o p t i m a l  
thermal  performances o f  t h e  power system d e r i v e d  
f rom two d i f f e r e n t  o p t i m i z a t i o n  schemes a r e  
p resen ted  i n  Tab le  3 ' a n d  t h e i r  t r a j e c t o r i e s  i n  
p o l i c y  space a r e  d e p i c t e d  i n  F i g .  4. Each o f  t h e  
c l o s e d  con tou rs  i n  t h e  f i g u r e  rep resen ts  a c o n s t a n t  
v a l u e  o f  t h e  n e t  power p e r  u n i t  h e a t  t r a n s f e r  area.  
The peak o f  these con tou rs  cor responds t o  t h e  
optimum s t a t e  where t h e  n e t  power p e r  u n i t  hea t  
t r a n s f e r  area i s  maximized; i . e . ,  t h e  Case 1 i n  
Tab le  3. App l y i ng  t h e  sequen t i a l  o p t i m i z a t i o n  t o  
t h e  same system, t h e  max im iza t i on  of  t h e  g ross  
power i n t r o d u c e s  an e x t r a  c o n s t r a i n t  wh ich  l i m i t s  
t h e  movement o f  t h e  o p t i m i z a t i o n  o f  t h e  o b j e c t i v e  
f u n c t i o n  (Pn/A) i n  t h e  p o l i c y  space a long  t h e  
d o t t e d  c u r v e  i n  F i g .  4. 

Tab le  3 Thermal Performance Model i n g  R e s u l t s  

Parameter . Case 1 Case 2 

Condenser t ube  wa te r  
v e l o c i t y ,  f ps 

Power, MW 
Gross 
Net  

Mass f l o w  r a t e  
Warm seawater, l o 5  l b / s  
Steam, l o 3  l b / s  
Co ld  seawater, l o 5  l b / s  

Temperature, OF 
Warm seawater i n l e t  
Warm seawater e x i t  
Steam 
Condensate 
Co ld  seawater e x i t  
Co ld  seawater i n l e t  

Condenser su r face  
area, 106 f t 2  

Net  power c y c l e  
e f f i c i e n c y ,  % 

' w 

F i g .  4 T r a j e c t o r i e s  o f  o b j e c t i v e  f u n c t i o n s  
i n  p o l i c y  space. 

The g ross  power reaches a maximum va lue  a t  eve ry  
p o i n t  on t h e  d o t t e d  c u r v e  when i t  i s  be ing  approach- 
ed b o t h  h o r i z o n t a l l y  and v e r t i c a l l y  i n  t h e  p o l i c y  
space. T h i s  d o t t e d  c u r v e  c u t s  th rough t h e  i s o -  
p l e t h s  of  Pn/A, b u t  does n o t  pass t h e  peak p o i n t .  
The o p t i m i z a t i o n  of  Pn/A i n  t h e  sequen t i a l  scheme 
leads  t o  a d i f f e r e n t  optimum s t a t e  as shown i n  
F i g .  4, and t h e  va lues  of  t h e  s t a t e  v a r i a b l e s  a r e  
t a b u l a t e d  i n  Case 2 of  Tab le  3. 

Re jec ted  Heat  Open-Cycle Appl i c a t i o n  

The m a j o r  power components of  an  open-cyc le  
power system a r e  opera ted a t  s o f t  vacuum env i ron -  
ment.  The a p p l i c a t i o n  o f  t h e  OTEC open-cyc le  con- 
c e p t  t o  ORGDP r e j e c t e d  hea t  sources w i l l  r e s u l t  i n  
a s i m p l i f i e d  t i e - i n  system. Any leakage i n  t h e  
warm water  supp l y  system w i l l  proceed f rom t h e  GDP 
c o o l i n g  wa te r  l o o p  toward t h e  open-cyc le  power 
system. S ince  t h e  open-cyc le  wo rk ing  f l u i d  i s  
warm water ,  any w a t e r  leakage w i l l  n o t  l i k e l y  cause 
concern  o f  l i q u i d  c ross  con tam ina t i on .  The e l i m i -  
n a t i o n  o f  i s o l a t i o n  hea t  exchangers i n  t h e  warm 
wa te r  supp l y  l o o p  w i l l  n o t  o n l y  reduce c a p i t a l  i n -  
vestment b u t  a l s o  improve power p l a n t  thermal  
e f f i c i e n c y .  

74 66.4 
54 . 54 To i n v e s t i g a t e  t h e  p o s s i b l e  thermal  des ign  o f  a 

4 6 46 re jec ted-he 'a t ,  open-cyc le  power system, t h e  same 

40 40 thermal  performance model i s  a p p l i e d  i n  t h e  ORGDP 
case s t u d i e d  by Exxon. The l o c a t i o n  o f  t h e  p ro -  
posed power system, t h e  assoc ia ted  wa te r  supp ly  

2.29 5.55 and d i scha rge  systems, warm wa te r  f l ow  r a t e ,  hea t  
source and s i n k  temperatures ,  and c o o l i n g  o p t i o n s  
o f  t h e  Exxon base l i n e  c l o s e d - c y c l e  d e s i g n  a r e  

1.85 1.11 adopted. The conceptua l  thermal  des ign  o f  l and -  
based ORGDP open-cyc le  power systems w i t h  b o t h  
c o o l i n g  o p t i o n s  a r e  presented i n  Tab le  4. For  
t h e  same hea t  source c o n d i t i o n s ,  t h e  open-cyc le  
power system w i l l  gene ra te  about  t h e  same amount 
o f  n e t  e l e c t r i c i t y  as t h e  c l o s e d - c y c l e  system. 



Table  4 Thermal Design o f  Land-Based a p p l i e d  t o  o t h e r  t ypes  o f  low- temperature  hea t  - 
Open-Cycle Power System resou rces .  For  u t i l i z i n g  r e j e c t e d  hea t  f rom l a r g e  

thermal  power p l a n t s ,  a p p l y i n g  t h e  open-cycl  e steam 
. t u r b i n e  techno logy f o r  a d d i t i o n a l  v e r y  low-pressure  

A p p l i c a t i o n :  ORGDP Re jec ted  Heat U t i l i z a t i o n  t u r b i n e  s tages as an i n t e g r a l  p a r t  o f  t h e  thermal  

Cool i ng Mode Once- Wet Coo l i ng  power p l a n t  would appear t o  be more c o s t - e f f e c t i v e  
Through Tower t han  a sepa ra te  bot toming c y c l e  system, where OTEC 

range c o l d  wa te r  i s  economica l l y  a v a i l a b l e .  

Parameter For  u t i  1 i z i n q  r e j e c t e d  hea t  f o r  power g e n e r a t i o n  

Mass Flow Rate 
Warm water ,  l b / s  
Warm water ,  gpm 
Steam, l b / s  
Coo l i ng  water ,  l b / s  
Coo l i ng  water ,  gpm 

Temperature, OF 
Warm w a t e r  i n l e t  
Warm wa te r  e x i t  
Steam 
Condensate 
C o o l i n g  wa te r  e x i t  
Coo l i ng  wa te r  i n l e t  

Su r face  Condenser 
Tube s i z e  (BWG 20), 

i n .  OD 
Tube l eng th ,  f t  
Sur face  area, f t 2  
Tube wa te r  

v e l o c i t y ,  f p s  

Power, MW 
Gross o u t p u t  6.1 3.9 
Warm wa te r  l o o p  -0.56 -0.56 
Coo l i ng  wa te r  l o o p  -0.94 -0.57 
Cool i ng tower  0 -0.52 
Mi s c e l  laneous -0.22 -0.22 
Net  o u t p u t  4.41 2.01 

E f f i c i e n c y ,  % 
Tu rb ine /gene ra to r  8 1 81 
New power c y c l e  4.7 2.4 

Condenser s u r f a c e  
a rea /ne t  power, ft2/kW 14.9 18.0 

B 

However, due t o  t h e  h i g h e r  hea t  t r a n s f e r  c o e f f i c i e n t  
between steam and wa te r  t h a t  can be ach ieved i n  t h e  
s u r f a c e  condenser t h a n  t h a t  between R-113 and water ,  
t h e  h e a t  t r a n s f e r  a rea  r e q u i r e d  i n  an open-cyc le  
system i s  c o n s i d e r a b l y  l e s s  t han  t h e  co r respond ing  
c l o s e d - c y c l e  system. Cost  es t ima tes  o f  t h e  ma jo r  
power components of  t h e  land-based open-cyc le  sys- 
tem have n o t  been made. S ince  t h e  c o s t  e s t i m a t e  o f  
an  OTEC open-.cycle power system i s  ccmparable t o  
t h a t  of  t h e  c l o s e d - c y c l e  system, and t h e  land-based, 
open-cyc le  steam t u r b i n e  o p e r a t i n g  c o n d i t i o n s  i s  i n  
t h e  range of  low-pressure  t u r b i n e  techno logy,  t h e  
c o s t  e s t i m a t e  of  t h e  land-based, open-cyc le  system 
shou ld  be comparable t o  o r  p o s s i b l y  l e s s  than Exxon's 
e s t i m a t e  of  t h e  ammonia c l o s e d - c y c l e  system w i t h o u t  
t h e  i s o l a t i o n  h e a t  exchanger, wh ich  was about  one- 
h a l f  t h e  c o s t  of  i t s  b a s e - l i n e  R-113 power system 
des ign.  

Conc lus ions 

Development of  OTEC power system techno logy,  ) though p r i m a r i l y  f o r  t h e  u t i  1 i z a t i o n  o f  renewable 
ocean thermal  resources,  c o u l d  conce i vab l y  be 

f rom f e d e r a l  nuc lea r  f a c i l i t i e s ,  t h e  o p e n ~ c y c l e  has 
an advantage s i n c e  i t  does n o t  need i s o l a t i o n  hea t  
exchangers t o  a v o i d  c ross  con tam jna t i on  o f  GDP 
c o o l i n g  wa te r .  A conceptua l  thermal a n a l y s i s  o f  
such open-cyc le  power system i s  presented.  An open- 
c y c l e  power system u t i l i z i n g  140°F r e j e c t e d  hea t  
f r o m  f e d e r a l  n u c l e a r  f a c i l i t i e s  may n o t  be econom- 
i c a l l y  c o m p e t i t i v e ,  p r e s e n t l y ,  if t h e  system c o s t  
i s  one -ha l f  o f  t h e  Exxon b a s e - l i n e  des ign  w i t h  wet-  
c o o l i n g  tower o p t i o n .  Never the less ,  i t  does l o o k  
p rom is ing  i f  r q j e c t e d  resou rce  i s  made a v a i l a b l e  a t  
150°F. Land-based, open-cyc le  power systems u t i l i z -  
i n g  r e j e c t e d  heat ,  though t h e y  may be o p e r a t i n g  a t  
a h i g h e r  thermodynamic s t a t e  than OTEC systems, may 
se rve  as i n t e r m e d i a t e  s teps  i n  t h e  techno logy e x t r a p -  
o l a t i o n  toward a " low- temperature"  OTEC techno logy.  
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Towing i c e b e r g s  t o  a r i d  r eg ions  t o  provide  inex- 
pens ive  i r r i g a t i o n  wa te r  would h e l p  c u l t i v a t e  much 
of t h e  w o r l d ' s  120,000,000 h e c t a r e s  of p o t e n t i a l l y  
a r a b l e  d e s e r t ,  a l l e v i a t i n g  f u t u r e  food problems. 
However, i t  m y  he more c o s t l y  t o  melt  t h c  i c e b e r g  
once i t  r eaches  i t s  d e s t i n a t i o n  t h a n  t o  tow i t  from 
A n t a r c t i c a .  Using warmed condenser  wa te r  from 
OTEC power p l a n t s  t o  melt  i c e b e r g s  and then  r e c i r -  
c u l a t i n g  some of t h e  c o l d  melt  wa te r  t o  t h e  OTEC 
condense r s  would g r e a t l y  enhance i c e b e r g  m e l t i n g  
r a t e s  and,  because  t h e  melt  wa te r  would be c o l d e r  
t h a n  deep ocean wa te r ,  i n c r e a s e  OTEC e f f i c i e n c y .  
The c o l d  w a t e r  p ipe  of conven t iona l  OTEC i n s t a l -  
l a t i o n s  cou ld  be e l i m i n a t e d .  S e v e r a l  p o s s i b l e  
OTEC-Iceberg coup le s  a r e  d e s c r i b e d ,  employing 
e i t h e r  open o r  c l o s e d  c y c l e  OTEC systems. An. open 
c y c l e  sys tem us ing  d i r e c t - c o n t a c t  condensa t ion  of 
water  vapor w i th  c o l d ,  f r e s h  i c e b e r g  melt  wa te r  i s  
p r e f e r r e d ,  f o r  such a  system cou ld  produce up t o  
30% more f r e s h  water  t han  i s  con ta ined  i n  t h e  
i cebe rg .  I c e  me l t i ng  r a t e s  and wa te r  and power 
p roduc t ion  r a t e s  a r e  c a l c u l a t e d  f o r  s u i t a b l e  OTEC- 
I c e b e r g  couples .  P r o s p e c t i v e  g l o b a l  a r e a s  f o r  such 
sys tems a r e  pointed  out .  - 

I n t r o d u c t i o n  

The most p roduc t ive  a g r i c u l t u r a l  r e g i o n s  t e n d  
t o  be a r i d  r e g i o n s  t h a t  o b t a i n  t h e i r  a g r i c u l t u r a l  
water  from humid r eg ions .  They a r e  r i c h  i n  s o l a r  
ene rgy ,  and t h e i r  s o i l s  a r e  r i c h  i n  n u t r i e n t s .  
I nc rcnsed  i r r i g a t i o n  i s  neces sa ry  L u  s i g n i f i c a n t l y  

' ex t end  crop ac reage  and t o  make p o s s i b l e  t h e  f u l l  
s c a l e  u s e  of technology i n  f a rming ,  a l l  needed t o  
g r e a t l y  expand wor ld  p roduc t ion  of c rops  f o r  food ,  
f i b e r ,  and energy.  It h a s  been e s t i m a t e d  t h a t  once 
w a t e r  demand exceeds 20% of t h e  annua l  s u r f a c e  
flow i n  any given a r e a ,  water  supply  becomes t h e  
a b s o l u t e  l i m i t i n g  f a c t o r  f o r  economic development. 1  

It h a s  a l s o  been e s t i m a t e d  t h a t  by t h e  y e a r  2000, 
t h e  world p o p u l a t i o n  w i l l  r e q u i r e  abou t  25% of t h e  
annua l  r u n o f f ;  t h e  world i s  i n  d e s p e r a t e  need of 
supplementary s o u r c e s  of f r e s h  water .  

C u r r e n t l y ,  l e s s  t han  3% of t h e  wor ld ' s  a n n u a l  
r i v e r  wa te r  runoff  i s  used t o  i r r i g a t e  abou t  160 
m i l l i o n  h e c t a r e s ,  about  12% of c u r r e n t l y  c u l t i v a t e d  
l a n d  but only  5% of t h e  3.2 b i l l i  n  h e c t a r e s  con- 
s i d e r e d  t o  be p o t e n t i a l l y  a r ab le . '  The u s e  of 
r i v e r  wa te r  f o r  i r r i g a t i o n  i s  l i m i t e d  by i t s  uneven 
d i s t r i b u t i o n .  South A m r i c a ,  w i th  l e s s  t h a n  15% of 
t h e  w o r l d ' s  l a n d ,  p rov ides  a  t h i r d  of t h e  r u n o f f ,  
wh i l e  Southwest A s i a ,  North A f r i c a ,  Mexico, South- 
west  United S t a t e s ,  tempera te  South  America, and 
A u s t r a l i a ,  w i th  25% of t h e  w o r l d ' s  l a n d ,  accoun t  
f o r  l e s s  t han  5% of t h e  runof f .2  T r a n s p o r t i n g  
runoff water  g r e a t  d i s t a n c e s  t o  a g r i c u l t u r a l  
a r e a s  ( n  e r b a s i n  t r a n s f e r )  may c o s t  a s  much a s  
$85/t.mf,' a  p roh ib  r i v e  p r i c e  compared t o  e s t i -  
mates  of $10-25/k.m' f o r  t h e  h i g h e s t  economic p r i c e  
f o r  i r r i g a t i o n  water .  4 

I c e b e r g  towing has  been proposed a s  a  way of 
p rov id ing  .cheap wa te r  f o r  a r i d  r e g i o n s ,  but t h e  
problems of me l t i ng  t h e  i c e b e r g  and d e l i v e r i n g  t h e  
water  once t h e  i c e b e r g  has  reached i t s  d e s t i n a t i o n  
a r e  fo rmidab le .  The me l t i ng  o p e r a t i o n  r e q u i r e s  up 
t o  2000 t imes  t h e  energy ( a s  he t )  r e q u i r e d  t o  tow 

I t h e  i c e b e r g  t o  i t s  des t ina t ion . '  The economics of 
t h e  me l t i ng  o p e r a t i o n  w i l l  p robably  be t h e  most 
s i g n i f i c a n t  f a c t o r  i n  t h e  d e t e r m i n a t i o n  of t h e  
f i n a l  c o s t  of i c e b e r g  melt  water  t o  t h e  u s e r .  

U t i l i z a t i o n  of a  p o r t i o n  of t h e  enormous quan- 
t i t y  of waste  h e a t  c o n t a i n e d  i n  warmed condenser  
wa te r  from a n  OTEC f a c i l i t y  could  h e l p  s o l v e  t h e  
i c e b e r g  me l t i ng  problem. S i n c e  OTEC o p e r a t e s  on  
s m a l l  t empera tu re  d i f f e r e n c e s  (15-25"C), i t  has  a  
Rankine Cycle e f f i c i e n c y  of l e s s  t h a n  l o % ,  and 
a c t u a l  g f f i c i e n c i e s  a r e  expected  t o  run between 2% 
and 3%. I n  s p i t e  of low e f f i c i e n c i e s '  of OTEC, t h e  
p o t e n i t a l  h a s  been e s t i m a t e d  t o  be a s  g r e a t  a s  40 
b i l l i o n  MW(e), p rov id ing  many s o u r c e s  of was t e  h e a t  
f o r  i c e b e r g  me l t i ng .  

I f  t h e  huge amounts of was t e  h e a t  from t h e  low- 
e f f i c i e n c y  OTEC power p l a n t  cou ld  be used t o  me l t  
i c e b e r g s  and t h e  i c e b e r g  melt  wa te r  used a s  a  h e a t  
s i n k  f o r  t h e  OTEC p l a n t ,  s e v e r a l  advantages  b e s i d e s  
i nexpens ive  i c e b e r g  me l t i ng  cou ld  acc rue .  F l o a t i n g  
OTEC p l a n t s  could  be l o c a t e d  c l o s e r  t o  s h o r e  and i n  
r e g i o n s  where a c c e s s  t o  s u f f i c i e n t l y  c o l d  w a t e r  
would n o t  o the rwi se  be a v a i l a b l e  o r  would on ly  be 
a v a i l a b l e  w i t h  a  very long  expens ive  c o l d  w a t e r  
p ipe .  Using i c e b e r g  wa te r  ( a t  c l o s e  t o  0°C) a s  a  
h e a t  s i n k  i n s t e a d  of c o l d  s e a  wa te r  a t  5-10°C cou ld  
i n c r e a s e  t h e  t empera tu re  d i f f e r e n c e  i n  t h e  working 
c y c l e  and t h u s  i n c r e a s e  t h e  p l a n t  e f f i c i e n c y .  
A l t e r n a t e l y ,  employing t h e  same t empera tu re  d i f f e r -  
ences  a s  i n  a  conven t iona l  OTEC p l a n t ,  t h e  range of 
OTEC i n s t a l l a t i o n s  cou ld  be extended t o  r e g i o n s  of 
t h e  e a r t h  where s u r f a c e  wa te r  t empera tu re s  would 
no t  normal ly  be s u f f i c i e n t l y  h igh  t o  provide  tem- 
p e r a t u r e  d i f f e r e n c e s  s u f f i c i e n t  f o r  economic OTEC 
o p e r a t i o n s .  

The purpose  of t h i s  paper  i s  t o  b r i e f l y  review 
t h e  i c e b e r g  towing and OTEC p roposa l s  and a t  l e a s t  
p a r t i a l l y  examine t h e  p o t e n t i a l  and f e a s i b i l i t y  of 
t h e  Iceberg-OTEC Couple t o  meet t h e  need f o r  i r r i -  
g a t i o n  wa te r  and t h e  consequent  need f o r  power and 
f e r t i l i z e r .  

I cebe rgs  

H i s to ry  of t h e  i c e b e r g  p roposa l  and e x t e n t  
of t h e  r e s o u r c e  

Annual world i c e b e r g  y i e l d  is  e s t i m a t e d  a t  1200 
.km3 of f r e s h  wa te r ,*  a l t hough  t h e  t o t a l  i c e b e r g  ac- 
cumulat ion  is  abou t  s i x  t imes  t h i s  q u a n t i t y ,  co r r e -  
i c e b e r g  i s  about  s i x  t imes  t h i s  q u a n t i t y ,  c o r r e -  
sponding t o  a n  ave rage  i c e b e r g  l i f e  of abou t  s i x  
yea r s .8  The annua l  A n t a r t i c  i c e b e r g  y i e l d ,  i f  i t  

* T h i s  compares w i t h  a n  e s t i m a t e d  t o t a l  annua l  
wor ld  r i v e r  wa te r  runoff  of 38.8 x  1113 krn3.l 



were  d e l i v e r e d  and used f o r  a g r i c u l t u r a l  w a t e r ,  
would p rov ide  s u f f i c i e n t  water  t~ i r r i g a t e  about  
9 . 1 ~ ~  h e c t a r e s ,  about  4 a  of t h e  a r e a  p r e s e n t l y  
i r r i g a t e d . 9  E x p l o i t a t i o n  of j u s t  10% of t h e  annua l  
y i e l d  would have 3n economic impact of over  $10 
b i l l i o n  annua l ly .  

The f i r s t  s e r i o u s  p roposa l  f o r  i c e b e r g  t r a n s p o r t  
and u t i l i z a t i o n  was w r i t t e n  i n  1954 but no t  pub- 
l i s h e d *  t h e  i d e a  was l a t e r  publi'shed i n  popu la r  
f o r m . l b ' l l  Subsequent ly ,  r e s e a r c h e r s  w i t h  t h e  
U. S. Army Cold Regions Research and Eng inee r ing  
Labora to ry  found t h e  i d e a  t o  be "...highly 
a t t r a c t i v e  f o r  s e l e c t e d  l o c a t i o n s  i n  t h e  Sou the rn  
Hemisphere." I t  was c a l c u l a t e d  t h a t  i c e b e r g  melt  . 
wate r  cou ld  be  d e l i v e r e d  and d i s t r i b u t e d  t o  

3  A u s t r a l i a  o r  C h i l e  f o r  l e s s  t han  $8/k0m (1973) 
w i th  on ly  1 5  t 25% of t h i s  c o s t  a c t u a l l y  a p p l i e d  
t o  towing. l 2 > l 3  It h a s  a l s o  been e s t i m a t e d  t h a t  
a n  i c e b e r g  t r a i n  c  u ld  d e l i v  r wa te r  t o  C a l i f o r n i a  3 f o r  around $24/kmm o r  l e s s .  T h i s  i s  w i t h i n  e s t i -  
mates of economic l i m i t s  on t h e  c o s t s  of i r r i g a t i o n  
wa te r .  I n  1969,  i t  was e s t i m a t e d  t h a t  i t  was un- 
l i k e l y  t h a t  i r r i g a t i o n  water  cou ld  a t t a i n  a  va lue  
g r e a t e r  t han  $24.3/k.'m3! f o r  l a r g e  s c a l e  i r r i -  
g a t i o n . 3  On t h e  o t h e r  hand, t r a n s f e t r i n g  runof f  
wa te r  l a r g e  d i s t a n c e s  t o  a r i d  a r e a s  ( i n t e r b a s i n  
t r a n s f e r )  cou ld  c o s t  a s  much a s  $ 1 0 0 / k ' m ~ . ~ ~  

During 1973 and 1974,  numerous pape r s  and 
r e p o r t s  d e a l t  w i th  v a r i o u s  a s  e c t s  of t h e  i c e b e r g  
towi, proposal .*  3 9 8 * 1 2 * 1 3 3 1 P - 1 a  A French con- 

* A l l  s e r i o u s  i c e b e r g  towing p r o p o s a l s  advoca te  
towing of A n t a r c t i c  i c e b e r g s  on ly .  A r c t i c  i c e -  
be rgs  a r e  u s u a l l y  s m a l l ,  i r r e g u l a r  i n  shape ,  and 
e x h i b i t  a  d i s t r e s s i n g  tendency t o  t u r n  ove r  and 
break up. A n t a r c t i c  i c e b e r g s  a r e  u s u a l l y  t a b u l a r  
i n  form. That i s ,  they  have f l a t  t o p s ,  hav ing  
broken o f f  from l a r g e  i c e  s h e l v e s  which ex t end  , 

many m i l e s  over  t h e  ocean,  and t h e i r  s u r f a c e s  a r e  
u s u a l l y  q u i t e  l a r g e  compared t o  t h e i r  depths .  
Thus,  t hey  a r e  q u i t e  s t a b l e  i n  comparison t o  
A r c t i c  i cebe rgs .  I f  some c a r e  i s  t aken  t o  s e l e c t  
A n t a r c t i c  i c e b e r g s  which have l a r g e  l e n g t h  and 
w i d t h  compared t o  dep th ,  t h e r e  shou ld  be l i t t l e  
danger  of t h e  i c e b e r g  t u r n i n g  over .  

- 

Dai ly  wa te r  p roduc t ion  

s u l t i n g  f i r m  h$s groposed towing a  s m a l l  i c e b e r g  
(7.5-13.5 x  10 m of i c e )  12 ,000  Km t o  Jeddah,  
Saudi  ~ r a b i a . ~  They proposed t h a t  t h e  s i d e s  and 
bottom of t h e  i c e b e r g  be i n s u l a t e d  wi th  a  huge 
"blanket" t o  p reven t  convec t jvn  h e a t  t r a n s f e r ,  and 
t h a t  t h e  t op  of t h e  i c e b e r g  be p r o t e c t e d  wi th  a  
l a k e  of me l twa te r ,  where 80%.of the \  s u n ' s  h e a t  
would be u t i l i z e d  i n  e v a p o r a t i o n ,  g r e a t l y  r educ ing  
t h e  r a t e  of me l t i ng  of t h e  unde r ly ing  s u r f a c e .  The 
"blanket"  su r round ing  t h e  i c e b e r g  would no t  have t o  
be w a t e r t i g h t  t o  be e f f e c t i v e ,  f o r  t h e  purpose of 
such a  p r o t e c t i v e  cove r ing  would on ly  be Lo l i m i t  
convec t ive  h e a t  t r a n s f e r  by p rov id ing  a  s t a g n a n t  
l a y e r  of water  next  t o  t h e  i c e b e r g  a s  t h e  i c e b e r g  
moved through t h e  water .  The "blanket"  cou ld  j u s t  
be ove r l app ing  l a y e r s  of p l a s t i c .  The i r  c a l c u l a t e d  
economics f o r  towing i c e b e r g s  a r e  shown i n  Tab le  1. 

The me l t i ng  problem 

S ince  even t h e  d e s e r t  sun of Saudi  Arabia  would 
o n l y  melt  i c e  t o  a  dep th  of 1 0  m/yr,  i nexpens ive  
a l t e r n a t i v e  methods must be found t o  melt  a  b e r g  
i n  a  r ea sonab le  t ime. A number of methods have been 
proposed,  a l t hough  none has  been s t u d i e d  i n  d e t a i l .  

Ab la t ive  h e a t  t r a n s f e r  through d i r e c t  h e a t  
exchange w i t h  ambient s e a  wa te r .  Examples i n c l u d e  

Table  1  E s t i m a t e s  of I c e b e r g  Del ivery  Costs** 

Inves tment  f o r :  
Lceoerg wa te r  
D e s a l i n a t i o n  p l a n t s  

pumping chopped i c e  and melt  through p i p e s  immersed 
i n  warm s e a  wa te r  c u r r e n t s  o r  dumping s l i c e s  i n t o  
sha l low membrane barges  w i th  l a r g e  bottom a r e a s  and 
u s i n g  wave and t i d a l  a  t i o n  t o  s t i r  up g r e a t e r  con- 
v e c t i v e  h e a t  t r a n s f e r .  S 

I n d i r e c t  h e a t  t r a n s f e r  w i t h  a i r .  l n c l u d e s  
sp ray ing -wa te r  from a  pool on top  of t h e  i c e b e r g  t o  
i n c r e a s e  i t s  t empera tu re  and melt  ice . '  

Low grade  waste  h e a t  from c o s t a l  e l e c t r i c  power 
p l a n t s .  I n c l u d e s  p u l v e r i z i n g  i c e  and pumping t h e  
s l u r r y  t o  t h e  p l a n t ,  o r  running warm waste  water  t o  
t h e  i cebe rg .  

Using t h e  h e a t  s i n k  c a p a c i t y  of a n  i c e b e r g  t o  
c o o l  a  warm f l u i d  whose h e a t  would o the rwi se  be 
wasted ,  u s i n g  t h e  h e a t  t o  melt  i c e ,  might be t h e  
cheapes t  method f o r  me l t i ng  a n  i cebe rg .  Condenser 
wa te r  from a  shore-based conven t iona l  f o s s i l  f u e l  
o r  nuc l ea r  power p l a n t  cou ld  be used ,  but conven- 

3  Cost  t o  d e l i v e r  wa te r  ( a s  i c e )  ( cen t s /m  of w a t e r )  

I c e b e r g  S i z e  

To Aden 
[Cost  of s l i c i n g ]  
To Jeddah 

Exper imenta l  Large Medium 

S l i c i n g  c o s t  a s  X of t o t a l  

* M = m i l l i o n  
**  Data  from C I C E R O ~  (Cen t r e  d l I n f o r m a t i q u e  ~ommerc iAle  b Economique 6 Recherche O p e r a t i o n e l l e )  

70.3% 66.4% 40.84X 



t i o n a l  power p l a n t s  a r e  s o  much more e f f i c i e n t  t h a n  
OTEC power p l a n t s  t h a t  t h e  q u a n t i t y  of w a s t e  h e a t  
a v a i l a b l e  p e r  u n i t  of power produced  would be much 
less t h a t  w i t h  a n  OTEC f a c i l i t y .  A huge power 
p l a n t  complex of 1 0 , 0 0 0  MW P )  c  p a c i C y  would bc b 3 6 r e q u i r e d  t o  m e l t  1.23 x  1 0  k'm ( 1 0  a c r e  f e e t )  
of  w a t e r e q u i v a l e n t  i c e  i n  one  y e a r . 3  As a n  added 
c o s t ,  t h e  warm c o n d e n s e r  w a t e r  t o  m e l t  t h e  i c e b e r g  
would have t o  be pumped f rom s h o r e  t o  t h e  i c e b e r g .  

Most r e c e n t  i n t e r e s t  i n  OTEC h a s  been i n  t h e  
"c losed"  c y c l e ,  where t h e  work ing  f l u i d  (ammonia o r  
c h l o r i n a t e d  a n d / o r  f l u o r i n a t e d  h y d r o c a r b o n s )  i s  
h e a t e d  t h r o u g h  h e a t .  exchange  w i t h  warm s u r f a c e  s e a  
w a t e r .  A f t e r  e x p a n s i o n  t h r o u g h  a  t u r b i n e ,  t h e  
vapor  i s  condensed  i n  a  h e a t  e x c h a n g e r  w i t h  c o l d  
s e a  w a t e r .  The h e a t  e x c h a n g e r s  a r e  p a t t e r n e d  a f t e r  
t h e  compact  p l a t e  t y p e  d e v e l o p e d  p r i m a r i l y  f o r  
a e r o n a u t i c a l  r e q u i r e m e n t s  i n  t h e  l a t e  1 9 4 0 ' s .  

Today,  c l o s e d  c y c l e  OTEC h a s  advanced beyond 
p u r e l y  t h e o r e t i c a l  s t u d i e s ,  and  a  p i l o t  p l a n t  of 
1 0  MW(e) c a p a c i t y  s h o u l d  be o p e r a t i n g  by 1980 w i t h  
commerc ia l  p l a n t s  dep loyed  i n  t h e  mid 1 9 8 0 ' s . ' ~ ~ ~ ~  

Al though t h e  c l o s e d  c y c l e  OTEC s y s t e m  i s  s u i t -  
a b l e  f o r  u s e  i n  a  s y s t e m  t o  m e l t  i c e b e r g s ,  t h e  open  
c y c l e  OTEC s y s t e m ,  w i t h  i t s  working  f l u i d  b e i n g  
w a t e r  v a p o r  g e n e r a t e d  d i r e c t l y  f rom warm s e a  w a t e r ,  
s h o u l d  be  p a r t i c u l a r l y  f a v o r a b l e  f o r  t h e  OTEC- 
I c e b e r g  c o u p l e  proposed  h e r e .  The w a t e r  v a p o r  
work ing  f l u i d  of t h e  open c y c l e  c a n  be condensed  
and c o l l e c t e d  a s  f r e s h  w a t e r  t o  supplement  t h e  
f r e s h  w a t e r  produced from m e l t i n g  t h e  i c e b e r g .  

Des ign  problems a s s o c i a t e d  w i t h  t h e  open  c y c l e  
a p p r o a c h  t o  OTEC have  c a u s e d  i t  t o  be  n e g l e c t e d  i n  
c o m p a r i s o n  d i t h  t h e  a t t e n t i o n  and f i n a n c i a l  s u p p o r t  
g i v e n  t o  c l o s e d  c y c l e  OTEC. Open c y c l e  i s  
b a s i c a l l y  s i m p l e r  t h a n  c l o s e d  c y c l e ,  a l t h o u g h  t h e  
s t e a m  t u r b i n e  and s t e a m  p a s s a g e s  become v e r y  l a r g e  
by c o n v e n t i o n a l ,  s t a n d a r d s ,  and  a  s o f t  vacuum of 
15-23 mm of m r c u r y  must be m a i n t a i n e d .  A 1 0 0  
W ( e )  open  c y c l e  p l a n t  c o u l d  r e q u i r e  a  7 8  f t .  
d i a m e t e r  s t e a m  t u r b i n e .  However, f a n s  o n  c o o l i n g  
t o w e r s  have  t h e s e  d i m e n s i o n s ,  and  r e c e n t  innova-  
t i o n s  would r e d u c e  t h e  t u r b i n e  s i z e  r e q u i r e d S 2 '  

S i n c e  1951 ,  t h e  Sea W a t e r  C o n v e r s i o n  L a b o r a t o r y  
of t h e  U n i v e r s i t y  of C a l i f o r n i a  h a s  been i n v e s t i -  
g a t i n g  open c y c l e  s y s t e m s  f o r  power a n d  w a t e r  
p r o d u c t i o n  from low e n e r g y  s o u r c e s  s u c h  a s  s u n  
warmed w a t e r s  and  i n d u s t r i a l  w a s t e  h e a t .  I n  1955 ,  
t h e y  b u i l t  and  o p e r a t e d  a  d u a l - p u r p o s e  power /water  
p l a n t  u s i n g  a  m e t a l  s u r f a c e  c o n d e n s e r  and c a p a b l e  
of p r o d u c i n g  450  Kg/hr of s t e a m  from s e a  w a t e r  when 
o p e r a t i n g  o n  a  3'C t e m p e r a t u r e  d r o p  d u r i n g  f l a s h  
e v a p o r a t i o n . 2 2  

W i t h  t h e  open  c y c l e  i t  i s  p o s s i b l e  t o  u s e  t h e  
more e f f i c i e n t  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  (e .g.  
Daromet r ic  c o n a e n s e r s )  w n i c ~ ~  e i i m i n a t e t i  t h e  utit! of 
e x p e n s i v e  h e a t  t r a n s f e r  s u r f a c e s  and t h e i r  i n h e r e n t  
s u r f a c e  f o u l i n g  problems.  I f  t h e  c o n d e n s i n g  f l u i d  
was c o l d  s e a  w a t e r ,  s u c h  s y s t e m s  would n o t  p r o d u c e  
f r e s h  w a t e r ,  b u t  d i r e c t  c o n t a c t  h e a t  t r a n s f e r  would 
r e d u c e  c a p i t a l  c o s t s  a b o u t  152.23 I f  t h e  con- 
d e n s i n g  f l u i d  was c o l d  f r e s h  w a t e r ,  a s  i s  u s e d  i n  
t h e  v a p o r  r e  a t  s y s t e m  of m u l t i  s t a g e  f l a s h  
e ~ a p o r a t i o n , ~ '  f r e s h  w a t e r  c o u l d  be produced  a s  
c o n d e n s a t e .  

I n  1975 ,  a n  a n a l y s i s  of a  1 0 0  MW(e) ( N e t )  o p e n  
c y c l e  s y s t e m  was c a r r i e d  o u t  by H y d r o n a u t i c s  
T 7 c o r p o r a t e d  of The s y s t e m  which was 

~ a l y z e d  u s e d  w a t e r  t u r b i n e s  on  t h e  e v a p o r a t i o n  a n d  
~ n d e n s a t i o n  s i d e  of t h e  v a p o r  t u r b i n e  t o  min imize  

pumping l o s s e s .  F a l l i n g  f i l m  f l a s h  e v a p o r a t i o n  was 
s u g g e s t e d  and  a  f a l l i n g  f i l m  f o r  t h e  c o n d e n s e r  s i d e  
t o  min imize  s p r a y  c a r r y - o v e r  and  a i r  b u i l d  up. 
H y d r o n a u t i c s  c o n c l u d e d  t h i t  t h e ,  open c y c l e  s o l a r  
s e a  power p l a n t  was b o t h  t e c h n i c a l l y  a n d  ecnnnmi- 
c a l l y  f e a s i b l e  and  t h a t  t h e  c o l d  w a t e r  p i p e ,  n o t  
t h e  l a r g e  l o w - p r e s s u r e  v a p o r  t u r b i n e s  and  v a p o r  
p a s s a g e s ,  would be t h e  major  c o s t  i t e m .  The f i n a l  
e s t i m a t e  f o r  c a p i t a l  c o s t s  was $450/kw. 

The low Railkine c y c l e  e f f i c i e n c y  of  OTEC would 
p r o v i d e  l a r g e  q u a n t i t i e s  of w a s t e  h e a t  p e r  u n i t  of 
power produced;  i t  would r e q u i r e  a  much s m a l l e r  
OTEC power p l a n t  t o  m e l t  t h e  same amount of  i c e  a s  
a  more e f f i c i e n t  f o s s i l  f u e l  o r  n u c l e a r  power . 
p l a n t .  I n  f a c t ,  a  283  Mute) OTEC p l a n t  s h o u l d  b e  
c a p a b l e  of m e l t i n g  t h e  same amount of i c e  a s  a  
1 0 , 0 0 0  MW(e) f o s s i l  f u e l  o r  n u c l e a r  p l a n t .  ' 

OTEC-Iceberg Couple 

I n  t h e  proposed  s y s t e m ,  f r e s h  c o l d  i c e b e r g  m e l t  
w a t e r  is  pumped t o  t h e  OTEC p l a n t  f o r  u s e  a s  con- 
d e n s e r  w a t e r  r e p l a c i n g  c o l d  w a t e r  drawn f rom o c e a n  
d e p t h s .  Warmed c o n d e n s e r  w a t e r  f rom a  c l o s e d  c y c l e  
p l a n t  o r  c o n d e n s e r  w a t e r  p l u s  c o n d e n s a t e  f rom a n  
open c y c l e  p l a n t  ( a t  a  t e m p e r a t u r e  of a b o u t  6°C) i s  
pumped back o v e r  t h e  i c e b e r g  t o  mel t  more i c e  and  
be c o o l e d  a g a i n .  F i g u r e s  1  a n d  2  show how t h i s  
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Fig .  1  Closed  c y c l e  OTEC-Iceberg Couple  u s i n g  
f l o w i n g  l a k e .  
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F i g .  2  Upen c y c l e  U' l 'Lc-lceber~ Couple  u s i n b  
f l o w i n g  l a k e .  . 
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Fig.  3 OTEC-Iceberg Couple u s ing  i n s u l a t i n g  
shroud.  

might  be accomplished u s i n g  a  " lake"  on top  of 
t h e  b e r g  wi th  c l o s e d  and open c y c l e  sys tems,  
r e s p e c t i v e l y .  A t  t h e  f a r  end of t h e  berg ,  p a r t  of 
t h e  water  i s  pumped back t o  t he ,  OTEC condense r s ,  
and p a r t  i s  s e n t  t o  s h o r e  a s  i r r i g a t i o n  o r  urban 
f r e s h  wa te r .  Th i s  scheme would e l i m i n a t e  t h e  huge,  
c o s t l y ,  and troublesome c o l d  wa te r  p ipe .  

An a l t e r n a t i v e  p roposa l  i s  t o  r e c y c l e  t h e  con- 
d e n s e r  wa te r  under t h e  q u i l t e d  shroud proposed t o  

. p r o t e c t  t h e  i c e b e r g  from c o n v e c t i v e  h e a t  t r a n s f e r  
d u r i n g  t r a n s p o r t  (F ig .  3 ) .  For  convenience ,  on ly  

a  c l o s e d  c y c l e  OTEC system i s  shown i n  t h i s  a l t e r -  
n a t i v e ,  but  a n  open c y c l e  system cou ld  be used 
e q u a l l y  a s  we l l .  The condenser  water  i s  i n t r o -  
duced a t  a  p o i n t  under t h e  I cehe rg .  The warm wa te r  
f lows a long  t h e  underside of t h e  i c e b e r g ,  me l t i ng  
i c e  and being coo led ,  and t h e  cooled  wa te r  i s  
pumped out  from t h e  o t h e r  s i d e  of t h e  be rg  f o r  
r e c i r c u l a t i o n  and a s  consumable f r e s h  wa te r .  For 
t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  a  w a t e r t i g h t  shroud 
would be p r e f e r a b l e  t o  a  s i m p l e r  p r o t e c t i v e  shroud 
s u i t a b l e  f o r  i n s u l a t i o n  d u r i n g  towing. 

The former  p l an  has  a  p o s s i b l e  advantage  i n  
t h a t  t h e  water  is  p r i m r i l y  melted from t h e  t o p  .of 
t h e  i c e b e r g ,  which a t  t h e  beginning might be 30-50 
meters  above t h e  ocean s u r f a c e .  The p o t e n t i a l  
energy a v a i l a b l e  t o  he lp  pump wa te r  t o  s h o r e  i s  
t h e o r e t i c a l l y  e q u i v a l e n t  t o  one o r  two pe rcen t  of 
t h e  t o t a l  power a v a i l a b l e  from t h e  OTEC i n s t a l -  
l a t i o n .  

S ince  t h e  c o l d  wa te r  t aken  from a  me l t i ng  
i c e b e r g  i s  c o l d e r  t han  water  t aken  fro111 ocean 
depctls, e f f i c i e n t  u se  of OTEC i u s c a l l a t i o r ~ s  u ig l r t  
be  expanded t o  i n c l u d e  more tempera te  ocean a r e a s  
w i t h  c o o l e r  s u r f a c e  wa te r  t empera tu re s  t han  
t r o p i c a l  a r e a s  p r e s e n t l y  be ing  cons ide red .  
F i g u r e  4  shows t h e  w o r l d ' s  a r i d  r e g i o n s  w i t h  ar rows ' 

i n d i c a t i n g  some of t h e  p o t e n t i a l  s i t e s  f o r  OTEC- 
I c e b e r g  Couples based on t h e  need f o r  wa te r  p l u s  
annua l  minimum s u r f a c e  water  t empera tu re s  and 
r e q u i r e d  w a t e r  dep th  t o  f l o a t  a n  i c e b e r g  c l o s e  t o  
s h o r e .  

An i c e b e r g  c o n t a i n i n g  lo9  m3 of i c e  i s  
cons ide red  economical ly  f e a s i b l e  t o  tow. I n  a .  
p r a c t i c a l  p roces s  such a n  i c e b e r g  would be melted 
w i t h i n  one t o  two years .  Can such c o n d i t i o n s  be 
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4 -  rotential OTEC- 
Iceberg rites 

Fig .  4  World's  Ar id  Lands w i t h  P o t e n t i a l  OTEC-Iceberg S i t e s . *  

*Made f r o m , a  map of a r i d  l a n d s  found i n  G .  F. White ( e d ) ,  The F u t u r e  o f  Arid Lands, Pub. No. 43,  AAAS, 
Washington, D.C., 1956 and World A t l a s  o f  Sea S u r f a c e  Temperatures ,  Hydrographic O f f i c e ,  U.S. Navy, second 

' 

e d i t i o n ,  1944, p l u s  mi sce l l aneous  n a v i g a t i o n a l  c h a r t s .  Arrows ( p o t e n t i a l  s i t e s )  a r e  l o c a t e d  n e a r  a r i d  
r e g i o n s  where w a t e r  t empera tu re  does  n o t  f a l l  below 19  C and wa te r  dep th  i s  a t  l e a s t  250 me te r s  w i t h i n  1 0  ' 

m i l e s  of sho re .  



met, even t h e o r e t i c a l l y ,  by f lowing OTEC condenser  
water  over  t h e  t o p  of t h e  i c e b e r g  t o  melt  i c e ?  

Assume t h e  fo l lowing :  
I cebe rg  d imensions :  1 km wide x  5  km 

long  x  200 m deep. 
Condenspr water  t o  OTEC i n s t a l l a ~ l o r l :  

(!'1000 m3/scc ( v e l o c i t y  = 1 mlsec)  
o u t l e t  t empera tu re  of condenser  water  t o  

i c e b e r g  ( t  ) :  6°C 
Depth of "lake' '  a t  water  t akeo f f  po in t :  

1 meter 
h'o e x t e r n a l  i n p u t  of h e a t  t o  t h e  i cebe rg .  

Turbu len t  f low g r e a t l y  enhances  h e a t  t r a n s f e r  
r a t e s .  For f low o £  water  over  a  f l a t  p l a n e ,  
t u r b u l e n t  f low beg ins  a t  Re = 2.7 x  10 , and 
f low bec m s complete ly  t u r b u l e n t  above Re = 
3.7 x Def ine  Re a s  LVp/v, where 
L = l e n g t h  of p lane  over  which f l u i d  fl-ows, 
V = v e l o c i t y ,  p = d e n s i t y ,  p = v i s c o s i t y .  For t h e  
above c o n d i t i o n s ,  f low becomes complete ly  t u r b u l e n t  
a t  5.6 meters  from t h e  wa te r  i n l e t ,  and t h e  l amina r  
r e g i o n  can be ignored .  

The head (F )  needed t o  produce a  v e l o c i t y  of 
1 m/sec a t  t h e  end of t h e  i c e b e r g  can be found from 
t h e  Fanning equa t ion :27  

i n s t a l l a t i o n  i s  t h e  same a s  t h e  h e a t  a v a i l a b l e  t o  
melt  i c e ,  9.08 x  10' J / s ,  assuming no change i n  t h e  
t empera tu re  of t h e  water  from i c e b e r g  t o  condense r  
o r  from condenser  back t o  t h e  i cebe rg .  The t o t a l  
energy a v a i l a b l e  i s  then'  9080 Mw. For a n  OTEC 
e f f i c i e n c y  of about  2%,  t h e  a c t ~ t a l  power o u t p u t  
o b t a i n a b l e  from a n  OTEC p l a n t ,  u s i n g  t h e  c o o l i n g  
w a t e r  r a t e s  and t empera tu re s  g iven  i n  t h i s  paper  . . 
is  182 Mkl(e). Although t h e  e f f i c i e n c y  o f  t h e  
iceberg-OTEC coup le  w i l l  he  somewhat h i g h e r  t han  ' 

f o r  a  t y p i c a l  OTEC p l a n t  because  of lower  r e j e c t i o n  
t empera tu re s  f o r  t h e  c o u p l e ,  t h e  v e r y  c o n s e r v a t i v e  
f i g u r e  o f  2% w i l l  be  used t o  p reven t  p o s s i b i l i t i e s  
of exxage ra t ion .  

Based on des ign  a n a l y s e s  from t h e  Sea Water 
~ o n v e r s i b n  ~ a b o r a t o r y  of t h e  U n i v e r s i t y  of 
, C a l i f o r n i a , 2 3  a n  open-cycle OTEC p l a n t  p r  ducing S 1 0  W ( e )  n e t  power could  produce 36,000 m /day of 
condensate .  A m d u l a r  182 MW(e) open c y c l e  power 
p l a n t  w i t h  t h e  same condensa t e  t o  power r a t i o  of 
t h e  1 0  M W ( ~  p l a n t  would augment t h e  d a i l y  . 3 2,210,000 m of f r e s h  melt  wa te r  w i t h  655,200 m3 . 
of condensa t e  g i v i n g  a  t o t a l  of 2,865,200 m3 
(2320 a c  f t )  of f r e s h  wa te r  9 o r  abou t  30% more 
f r e s h  wa te r  t h a n  t h e  c l o s e d  c y c l e  p l a n t .  

Ac tua l  h e a t  i n p u t  from s o l a r  r a d i a t i o n  and s u r -  
rounding warm ocean wa te r  would melt  t h e  i c e b e r g  

( I )  f a s t e r  t han  c a l c u l a t e d  above and compl i ca t e  t h e  . 

where f  i s  t h e  Fanning f r i c t i o n  f a c t o r ;  D = 4S/P, 
o r  f o u r  t imes  t h e  h y d r a u l i c  r a j i u s *  S  = c r o s s  sec-  
t i o n a l  a r e a  of f l u i d  f low = 1 0  cm ; and P = wet t ed  
p e r i m e t e r  = l o 5  cm. From t h e  above v a l u e s  of S  and 
P ,  D = 400 m. The co r r e spond ing  Reynolds number 
i s  2.5 x lo', and f  = o . 0 0 2 5 . ~ ~  From e q u a t i o n  1 ,  
F = b.034 m. ' i ' l~us,  a d e p t h  of i a k r  aL t h e  i n p u t  o r  
1.63 me te r s  would be s u f f i c i e n t  t o  produce a  
v e l o c i t y  of 1 m/sec a t  a  dep th  of 1 'meter a t  t h e  
end cf t h e  i c e b e r g ,  5000 me te r s  away. 

The h e a t  t r a n s f e r  f a c t o r  ( j )  i s  defined2'  a s :  

2 / 3  2 / 3  
j = ( ~ / C ~ V P )  ( cpv /k )  = StPr . (2 )  

where St  = S t a n t o n  number, Pr  = P r a n d t l  number, 
k  = t he rma l  c o n d u c t i v i t y ,  cp  = s p e c i f i c  h e a t ,  
h  = h e a t  t r a n s f e r  c o e f f i c i e n t .  

S ince ,  St = (S )  ( t l  - t2)/Atm (A) ( 3 )  

where t2 = t empera tu re  of wa te r  l e a v i n g  sys tem;  
Atn = mean t empera tu re  d i f f e r e n c e  a c r o s s  t h e  f i l m ;  
and A = s u r f a c e  a r e a  over  which f l u i d  lows. For 
w a t e r  a t  abou t  5.C. Pr  = 11.0,  and P r 2 j 3  = 4.95. 
For c o n d i t i o n s  a t  t h e  c h i l l e d  wate.r end of t h e  : 
i c e b e r g ,  Re = 3.29 x  10' and j = 4.50 x  10-4.28 
For  A t m  = ( t l  - t w ) / 2  + ( t 2  - t ) / 2 ,  where tw = 
t empera tu re  of t h e  we t t ed  w a l l  y i c e  a t  O°C), 
t 2  = 3.83"C. Thus, t h e  t empera tu re  o f ,  t h e  wa te r  t o  
be pumped back t o  t h e  OTEC condense r s  i s  3.83OC. 
and t h e  t o t a l  h e a t  f low (Q) from t h e  condenser  
w a t e r  t o  t h e  i c e b e r g  i s  9.08 g 10': J /S .  The h e a t  
of f u s i o n  of i c e  is  30.1 x 10 .J/m3, so  t h e  me l t i ng  
r a t e  i s  30.1 m3 of i c e / s e c ,  and f o r  a  t o t a l  i c e b e r g  
volume of 10' m3, t h e  time r e q u i r e d  t o  melt  t h e  
i c e b e r g  i s  e s t i r m t e d  t o  be 1.05 yea r s .  The d a i l y  - 
produc t ion  of wa te r  from i c e b e r g  me l t i ng  f o r  a g r i -  
c u l t u r a l  o r  o t h e r  u s e  would be 2,210,000 m3 (1792 
acre- f  t ) .  

For t h e  assumed r a t e  of f l ow of r e c i r c u l a t e d  
condenser  wa te r ,  t h e  q u a n t i t y  of h e a t  which i s  
removed from condensing working f l u i d  i n  t h e  OTEC 

s i t u a t i o n .  However, based on t h e  a b  ve  e s t i m a t e s ,  3 t h e  annua l  i c e b e r g  y i e l d  of 1.2 x  10 of wa te r  
r e p r e s e n t s  a  p o t e n t i a l  power y i e l d  of 2.5 x 1012 
kw-hr per  year .  A c l o s e d  c y c l e  182 W ( e )  OTEC- 
I c e b e r g  Couple would a n  u a l l y  supp ly  $20 m i l l i o n  i n  
f r e s h  w a t e r ,  a t  $25/k.mY, and $32 m i l l i o n  i n  power 
a t  $O.OZ/Kw-hr. The open c y c l e  182 MW(e) coup le  
would supp ly  $26 m i l l i o n  i n  wa te r  and $32 m i l l i o n  
i n  power annua l ly .  The p o t e n t i a l  f o r  t h e  simul- 
t a n e o u s 2 r o d u c t i o n  of i nexpens ive  f e r t i l i z e r  
ammonia which cou ld  be i n  t h e  wa te r  shou ld  make 
f u r t h e r  s t u d y  of such a  scheme f o r  t h e  a g r i c u l t u r a l  
development of a r i d  c o a s t a l  r e g i o n s  even more 
compel l ing .  

Although much more s t u d y  i s  r e q u i r e d  i n  t h e  a r e a  
of env i ronmen ta l  e f f e c t s ,  i t  should  be p o i n t e d  o u t  
t h a t  t h e  t o t a l  mass of t h e  s e a  i c e  t h a t  forms eve ry  
y e a r  i s  abou t  t e n . t i m e s  t h e  mass of i c e b e r g s .  The 
modera t ing  i n f l u e n c e  of s e a  i c e  on t h e  c l i m a t e  
( t o g e t h e r  w i th  t h a t  of t h e  c o n t i n e n t a l  i c e c a p )  
dominates  ove r  t h a t  of i c e b e r g s  s o  t h a t  l i t t l e  
c l i m a t i c  e f f e c t  would be expected  even wi th  t h e  
removal of t o t a l  annua l  i c q b e r g  y i e l d .  

- .  The l o c a l  env i ronmen ta l  e f f e c t s  a t  t h e  OTEC- 
I c e b e r g  me l t i ng  s i t e  would. r eq ,u i r e  d e t a i l e d  inves-  . 
t i g a t i o n  f o r  each . s p e c i f i c  proposed s i t e ,  but t h e  
modif i c a t i o n  of t h e  mar ine  environment shou ld  be no 
worse t han  could  be expected  from a  sma l l  change i n  
l a t i t u d e .  Loca l  f o g  s t a t i s t i c s  might  be a l t e r e d  
~ o m e w h a t . ~  A r e d u c t i o n  of t h e  ocean s u r f a c e  tem- 
p e r a t u r e  i n  v i c i n i t y  of t h e  i c e b e r g  would a c t u a l l y  
b r i n g  about  a  g r e a t e r  a b s o r p t i o n  of s o l a r  ene rgy ,  
s i n c e  t h e  r a t e  of r e r a d i a t i o n  of energy i s  a  
f u n c t i o n  of t empera tu re  t o  t h e  f o u r t h  power. 

Conclus ion 

The e n g i n e e r i n g  d i f f i c u l t i e s  of pumping 1000 
m3/sec of wa te r  o n t o  one end of a n  i c e b e r g ,  forming 
a  5  x lo6  m3 l a k e  on t h e  i c e b e r g ,  and pumping t h e  
water  o f f  t h e  o t h e r  end wh i l e  t h e  berg  i s  me l t i ng  
a r e  formidable .  I t  i s  p o s s i b l e  t h a t  o t h e r  water-  
i c e  c o n t a c t  schemes f o r  t h e  iceberg-OTEC Couple 
would be s u p e r i o r ,  b u t  t h e  b a s i c  concep t  may have . 
v i r t u e s  t h a t  o u t s h i n e  o t h e r  me l t i ng  proposals '  f o r  
many s i t e  l o c a t i o n s .  Some of t h e  b e n e f i t s  s e e n  ' 
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DISCUSSION 

R. Lyon, Oak Ridge: Your concept is intriguing 
because it points up what many people have already 
realized, that OTEC not only uses the warm water 
on the surface, but what may be more important, it 
"mines" cold water from a depth of 3000 ft or so as 
the heat sink. I made a little calculation some 
time ago that indicated that the availability of 

' . warm, equatorial water, with respect to the cold 
water in an OTEC plant, is of the order 980 ft-lb/lb 
of cold water. Rut a pound of ice has an availabil- 
ity of about 11000 or 12000 ft-lb/lb, so you could 
lift that water a couple of miles, and I have often 
wondered whether anybody had looked at the possi- 
bility of using that energy for moving an iceberg as 
well. as generating power at the iceberg's end-use 
site. 

J. Randall: There have been a lot of schemes dev- 
eloped for moving the iceberg, of which the most 
common one is to pull it with a big tugboat. There 
have also been schemes for using the temperature 

shown by P. Marchand at this conference, you know 
that a lot of work is required to put the CWP on 
boats and go through many operations to deploy it 
where the cold water is. Your concept avoids the 
need for a long CWP, and I can imagine that you 
could even use an OTEC plant, which would be more 
like a ship or tug without the 1.nng CWP, to move the 
iceberg once it gets into equatorial waters. 

G. Wachtell, Franklin Research Institute: I noticed 
that you use 2 to 3% as the OTEC thermal efficiency. 
.Won't the efficiency be much higher with such a low 
rejection temperature? 

J. Randfl1.1: It probably would be somewhat higher; 
the degree of improvement would depend on what the 
reference OTEC plant's cold water temperature was. 
Apparently the cold water temperature may vary from 

4 to 8'~ for conventional OTEC plants depending on 
the OTEC plant site and pipe length. 

difference between surface water as the heat source 
note: .The effect could be very signifi- and cold air as the heat sink at a site such as cant. The net power output varies with the avail- 

Alaska. able ocean AT to a power near 2.5. For a site nor- 

R. Lyon: Yes, I know that people have investigated kally having a 22'~ AT, a 4'~ increase to 26'~ would 
increase the plant efficiency and output by a fae- various concepts, but your concept does emphasize 

that OTEC is reallv mininn the cold water. and the tor of (26/22)2'5 = 1.52. or 52%. A tv~ical overall . . 
cold water pipe (Ckrp) is ;hat we will spend a lot of plant thermal~efficiency70f 2.4% would be increased 
the money on. If you saw the French movie just to 3.7X.J 
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Replacement of the cold-water pipe (CWP) of a 
closed-cycle ocean thermal energy conversion (OTEC) 
plant by a "gravity opposed heat pipe" (GOHP) is 
considered. The GOHP condenser is placed at what ' 
would have been the CWP inlet depth. The power 
cycle rejects heat to the GOHP evaporator. The 
GOHP working fluid (ammonia) vapor from the evap- 
orator flows down to the same depth to entrain the 
condensate and lift it through a pipe to a separat- 
or. The liquid from the separator is returned to 
the evaporator, and the vapor flows down a third 
pipe to the deep condenser. In an alternative 
configuration, three possible locations for the 
power turbine are considered. It is concluded 
that an OTEC plant using the GOHP concept is not 
as good as one using the usual CWP. However, the 
concept may still be of interest for other appli- 
cations in shallower water. 

Introduction 
Y 

Ocean Thermal Energy Conversion (OTEC) plants 
use the temperature difference between warm surface 
water and cold water pumped from 2000-4000 ft depth 
to drive a heat engine. For a typical OTEC closed- 
cycle plant with a 3000-ft-long cold water pipe 
(CWP), the power required to pump the cold water to 
the surface (overcomin~ CWP wall frictinn 'and the 
density change head) is equal to about 4% of the 

gross power or 5% of the net power produced.t The 
"gravity-opposed heat pipe" (GOHP) concept consider- 
ed here was intended to eliminate that cold-water 
lifting loss by replacing the CWP with two working- 
fluid (ammonia) vapor downflow pipes and a 50% qual- 
ity mist upflow pipe as sketched in Fig. 1. The 
reviews and appended Discussion of the earlier form 
of this paper as it was presented at the 6;h OTEC 

L 
Conference have indicated that this approach would 
be inferior to the CWP in performance and cost. This 
amended paper is presented for the record with the 
thought that some variation of the concept may merit 

The.idea reported here is an outgrowth of work sup- 
ported by the Systems Development Branch of Conserva- 
tion and Solar Applications. Department of Energy, 
concerned with self pumping schemes for solar collec- 
tors. ** 
Principal Scientist. 

t~udghd by the difference between cold- and warm- 
water pumping power in, e.g., Refs.,la and lb. 
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Fig. 1 Schematic diagram of the concept. 

consideration for other systems involving smaller 
water depths. 

In the GOHP concept (Fig. 1) ammonia vapor from 
the evaporator flows down to entrain the liquid from ' 
the condenser and lift it to the separator, from 
which the liquid is returned by gravity (or a pump 
placed at point C) to the evaporator. The vapor 
from the separator flows down to the deep-water con- 
denser and then through a condensate trap to the 
entrainment point. 



Table 1 

Properties of Saturated Ammonia 

Condenser, 50°F Evaporator, 70°F 
Property I.iquid Vapor Liquid Vapor 

P, psia 89.2 128.8 

The GOHP may be used in either of two ways: 

1. Heat rejected by the condenser of a con-. 
ventional open or closed OTEC power cycle located 
near the ocean surface may be transported to the 
deep-water condenser, where it is rejected to the 
cold ocean water. The "warm waterwein Fig. 1 then 
represents the heat rejected from the power cycle. 
This way of using the GOHP is the basis for the 
name, "gravity opposed heat pipe." Because there 
is a temperature difference of about lo°F.between 
the cold water and the ammonia in the deep-water 
condenser, there is a loss in power cycle effi- 
ciency that is not compensated by the reduction 
in cold water pumping power. This method of using 
the GOHP is therefore inferior to the use of the 
usual CWP. 

2. The GOHP can be used as' the power cycle 
itself by placing a liquid turbine at C or a vapor 
turbine at A or B in Fig. 1. As for a conventional 
OTEC plant with warm and cold seawater temperatures 

of Tww = 80°F and Tcw = 40°F, the evaporator will 

operate at 70% and the condenser at 50°F. 

Nomenclature 

f = friction factor 

g = gravitational acceleration, 32.2 ft/secL 

H = turbine head, it of ammonia liquid or 
vapor 

H = reversible Carnot cycle head = hQv J nC = 
28,800ft 

hkv = latent heat of vaporization of ammonia, 

509 Btu/lb at 70°F 

J = mechanical equivalent of heat, 778 it-lb/ 
Btu 

nC = ideal Carnot cycle efficiency, (TW - 
Tcw) /Tw = 0.0741 

nHX = fraction of (Tw - Tcw) remaining after 
accounting for driving AT'S for heat 
exchange in the evaporator and condenser; 
nHX 2 0.5 

nR = Rankine cycle efficiency = nHX"GnmiscnC; 

r-1~2 0.4 nC for conventional OTEC plant 

"misc = factor to take into accoun't the ammonia 
pump work and various piping.losses with- 
in the closed cycle: a 0.95 "misc - 

"net 
= net thermal efficiency = rlR nwp 

0.024 - 
for conventional OTEC plant 

, qTG = efficiency of turbine-generator 2 0.84 

q = fraction of gross power remaining after 
WP accounting for cold- and warm-water pump- 

ing; for conventional OTEC plant TI % 

0.8 wp - 

u = viscosity lb-sec/ft 
2 

p = density, lb/ft 3 

a = ammonia surface tension, lb/ft 

Subscripts 

8, m, v = liquid, mist flow, and vapor 

Lifting of Condensate 

Refore addressing effects of turbine location at 
point A, B or C, let us consider the requirements 
for lifting the condensate from the entrainment 
point in Fig. 1 to the separator. All of the con- 
densate must be lifted; otherwise, a progressive 
net loss of liquid from the evaporator would even- 
tually cause it to run dry. The flow regime of in- 
terest here is two-phase mist-annular flow, in 
which some liquid is carried upward as mist drop- 
lets by the vapor stream and some liquid forms a 
film on the pipe wall. To be sure that all liquid 
is eventually carried up, two requirements have to 
be met: 

1. All liquid carried in the vapor stream must 
be in the form.of droplets having a terminal vel- 
ocity of falling, relative to the vapor, that is 
less than the vapor velocity V. 

2. All liquid present in the liquid film on the 
pipe wall must either (a) move upward as a result 
of shear stress at the interface between liquid 
'film and vapor, or (b) enter the vapor stream. 

LID = lengthldiameter ratio With small volumetric liquid loading and 

P = ammonia saturation pressure, psia 

V = vapor velocity, ft/sec 

pQ >> p ,.the criterion for lifting the mist drop- 
v 

lets is (Ref. 3, Eq. 12.40, page 385): 

4 
T' Tww = absolute temperatures of cold and warm (1) 
cw, 

wate?, assumed to be 500'~ (40'~) and For this vapor velocity, drops that are large 
540'~ (80°F), respectively enough to fall with a velocity higher than V rela- 



tive to the vapor are unstable and break into smal- 
ler droplets as a result of shear forces. Conse- 
quently, no drops can long remain with a net down- 
ward velocity. For ammonia at 5o0F (Table 1). V 
must exceed 1.03 ftlsec. Thus, a rather low veloc- 
ity is sufficient to carry up the mist droplets, 
meeting the first requirement. 

An approach to meeting the second requirenent is 
to have V high enough to ensure complete entrainment 
of the film, leading to homogeneous mist flow rather 
than mist-annular flow. For low liquid volumetric 
loadings, substantial entrainment occurs when (Ref. 
3, Eq. 12.43, page 390 and Fig. 12.10, page 393):. 

For ammonia at 50°F this leads to V = 82 ftlsec. 
To estimate the friction factor f, suitable average 
properties for a homogeneous mist flow may be as- 
sumed (Ref. 4). This leads to f 2 0.008 for Rey- 

nolds numbers of the order 4 x 10'. In a pipe of 
length L and diameter D, the resulting friction 
pressure drop is 

2 
Ap = f (LID) pm V /2g = 0.508 LID (psf) (3) 

where the mixture density is p = 2pv = 0.608 m 
lb/ft3 at 50'~. 

For a 40 MWe plant, assuming an efficiency of 
2.4%. the mass flow rate of ammonia is 3107 lb/sec. 
At 50°F with V = 82 ft/sec, the pipe diameter is 
12.6 ft. The pressure drop, with L = 3000 ft, is 
121 psf or 0.84 psi in accordance with Eq. (3). 

The pressure drop due to the acceleration of con- 
densate as it joins the vapor stream at the entrain- 
ment point is the increase in momentum flow per 
unit cross section. Since the average density of 
the dispersed condensate after entrainment is equal 
to the vapor density, pv, the pressure drop due to 

entrainment is p vLlg = 63.5 psf or 0.44 psi. 

The vapor down-flow ducts may have cross-section- 
al areas similar to that of the mist lift pipe. 
If these vapor ducts are annuli, concentric with 
the central pipe that carries the mist, sized so 
that the sum of their f.iictional pressure drops 
equals that of the central mist lift pipe, then, 
neglecting wall thickness, the inner annulus has 
an outer meter of 19.0 ft and the outer annulus 
has an outer diameter of 25.5 ft. Of course, the 
OD of the outer pipe must be much more than this, 
in order to support the severe compressive load 
imposed by-the sea water at 3000 ft depth. The 
OD will be comparable td that of a cold water 
pipe for a 40-MWe OTEC plant, and the duct system 

will cost more than the CWP it would replace. 

Irreversible effects include pipe friction, 
momentum exchange due to entrainment, and slip flow 
in the mist lift pipe. Apart from such effects, 
flowin the ducts is reversible (assuming local 
thermodynamic equilibrium between vapor and droplets 
in the mist lift pipe). Consequently, in the ab- 
sence of a turbine at A, B, or C, the temperatures 
in the evaporator and condenser must be equal, if 
irreversibilities may be neglected. Since the 
vapor is saturated in the evaporator and conden- 
ser, the pressures must also be equal. It follows 

that to first order, the gravity effects (pressure 
variations due to elevation differences) cancel out. 
This may be seen in Fig. 1 if we neglect varia- 
tions in pv due to the pressure variations result- 

ing from elevation differences. Starting at the 
evaporator, the pressure is increased by p L at the 

v 
entrainment point, decreased by 2 pvL in going from 

the entrainment point to the separator, and in- 
creased by p L in going from the separator to the v 
condenser. 

The effect of slip may be estimated by noting 
that the droplet velocity in the mist lift pipe 
is 82 - 1.03 ft/sec. This raises the mean liquid 
density from p, = pv (no slip) to p, = 1.013 pv. 

Therefore, pm is increased by 0.013 pv, causing 

an increase in the pressure drop in the mist lift 
pipe of 0.01 psi. The sum of the frictional, momen- 
tum exchange, and slip flow irreversible pressure 
drops is 2.1 psi. There are certainly other losses 
in addition to these. For example, there is a 
pressure drop in the separator, and there is an 
irreversible exchange of heat between the vapor and 
the liquid at the entrainment point. It is prob- 
ably quite optimistic to estimate that the total 
pressure difference due to all the irreversible 
effects is as little as 2.5 psi. 

Comparison to Conventional OTEC System 

As noted in the Introduction, the power, req.uire- 
ment for lifting the cold water through a conven- 
tional CUP is approximately 4% of the gross power 
output. The pressure drop through the turbine 
corresponding to evaporation at 70°F and condensa- 
tion at 50°F is approximately 39.6 psi (based on 
the corresponding saturation pressures). Thus, the 
2.5 psi loss optimistically estimated above for the 
GOHP system represents a reduction in gross power 
by 6%, so that there is a small net penalty in 
performance in using the GOHP. 

To complete the picture, let us consider the 
differences due to ammonia power turbine location 
at point A, B, or C in Fig. 1. If the turbine is 
placed at A, the condenser and separator operate 
at 50°F, the Evaporator opergtes at 70°F and the 
turbine at 70 F inlet and 50 F outlet temperatures. 
Thus the vapor in both down-flow pipes is at 5o0F, 
and all of the calculations in the preceding section 
apply. The liquid can be made to flow from the 
separator to the evaporator by elevating it to 146 
ft above the evaporator to provide the 39.6 psi 
pressure drop that is to be taken through the tur- 
bine, plus additional smaller elevation increments 
to provide for the pressure drop through the evap- 
orator and the connecting plumbing. The net power 
output will be further reduced because of the ad- 
ditional height of the vapor lift pipe, but this is 
a tradeoff with the ammonia pump in the conventional 
OTEC system (which also could be used here at C in- 
stead of elevating the separator). 

If the turbine is located at B, everything will 
be similar to the preceding case except that the 
vapor in the downcomer from the evaporator will be 
at 70°F and 129 psia at the top of the left vapor 
duct, and the pressure will increase by p L = v 
0.433(3000) = 1299 psf = 9.0 psi. With a 0.4 psi 
friction loss, the net pressure rise is 8.6 psi to 
the bottom of the duct. The condenser will be 
elevated 178 ft above the entrainment point to 



deliver liquid to it at this same pressure. Thus, 
liguid at 50'~ will be entrained by "vapor at 
70 F. Thus, with the turbine at 8 ,  the irre- 
versible exchange of heat is especially severe. 

If the power turbine is placed at point C in 
Fig. 1, it is a liquid turbine. Its head H is 
the difference in elevation between the liquid 
levels in the separator and evaporator (neglect- 
ing the small piping losses). If the reversible 
cycle work in ft-lbs/lb is HC, corresponding to the 

Carnot cycle efficiency nC, then 

which is not feasible. 

Concluding Remarks 

These calculati6ns indicate that use of the GOHP 
concept confers no advantage over the conventional 
OTEC plant with a CWP. This is true whether the 
GOHP is used simply as a heat pipe or as the power 
cycle. Its cost will also be greater due to the 
cost of the three pipes that would replace the CWP 
and due to the increased costs of building and main- 
taining the'condenser and the cold water pump which 
would be located at approximately 3000-ft depth. 
Perhaps the GOHP concept will warrant consideration 

for other kinds of undersea processing plants 
located at shallower depths. . 
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DISCUSSION 

D. Aronson, Consultant: The author is to be com- 
mended for offering still another alternative to 
the many already proposed for utilizing the temp- 
erature differences between warm surface ocean 
waters and the deep waters. One of the problems 
in the development of a practical heat-power system 
is that of designing a cost-effective means of re- 
jecting heat to the cold water located about 0.9 km 
below the surface. Most proposals have been based 
on pumping the water from the depths to the surface 
or close to it. The diffigulty is associated with 
the great length of the pipe and its extremely large 
diameter. The large diameter is called for to pro- 
.vide sufficient flow area for the flow of water. 
The amount of heat to be rejected is enormous, yet 
the allowable temperature change of the water which 
serves as heat sink is in the order of 1.5' to 3'~ 
(3' to. 6'~). 

The basic idea of the author's concept is to 
avoid the need for elevating this tremendous amount 
of water. Instead, the condensible vapor, probably 
ammonia, would be sent down to the ocean depth, 
there to be condensed into liquid, which would then 
be pumped to the surface. The volumes involved are 
a small fraction of those for the case of cooling 
water being pumped to the surface. 

There are at least four major problems associ- 
ated with this system. They may have solutions 
and certainly deserve consideration. The problems 
are: 

1. The design of a surface condenser of high 
reliability to operate with the cooling 
water at a pressure about 1200 psi higher 
than that of the condensing vapor. 

2. The design of water circulating pumps to 
operate at the depth of 0.9 km. 

3. The design of a pumping system for returning 
condensate to the boilers located close to 
the surface. 

4. The construction of leak-tight piping for 
the vapors going down to the condenser and 
the liquid boiler feed being pumped back up. 

There is an interesting phenomenon which is not 
, 

a problem but should be recognized as a change in 
cycle characterisitcs. The turbine exhaust will be 
at a considerably lower pressure than with systems 
having condensation take place close to the turbine. 
The high column of vapor will compress adiabatical- 
ly, so that the pressure at the condenser will be 
appreciably greater than at the surface. The extra 
work obtained from the turbine, then goes to pump- 
ing the condensate from the lower depth to the sur- 
face. 

Thc problems may all have suiiable solutions. 
The circulating pumps could be driven by submers- 
ible electric motors or by hydraulic motors with 
a suitable fluid pumped at the surface power plant. 
A similar pump or set of pumps could be used for 
pumping the condensate from the condenser up to the 
boiler close to the surface. 

Instead of a pump of conventional design, the 
author proposes a novel scheme which he entitles a 
"gravity opposed heat pipe." The actual proposal 
does not match the title. The system described is 
actually a vapor lift pump. Such pumps are often 
advantageous when the complexity of a mechanical 
pump is not justified. In general, the work in- 



volved i s  s m a l l ,  s o  t h a t  d e s p i t e  t h e  low e f f i c i e n c y  
of t h e  vapor  l i f t ,  i t  o f f e r s  a  p r a c t i c a l  s o l u t i o n .  

f n  t h e  p a s t ,  when s u i t a b l e  mechanical p a p s  were 
not a v a i l a b l e  f o r  pumping l i q u i d s  from c o n s i d e r a b l e  
d e p t h s ,  t h e  vapor l i f t  pump was some,times used de- 
s p i t e  t h e  low e f f i c i e n c y .  S p e c i a l  c o n d i t i o n s  may 
a l s o  f a v o r  vapor  l i f t ,  a s  f o r  example, t h e  Frasch 
p rocess  which m e l t s  s u l f u r  i n  s i t u ,  t hen  f o r c e s  
t h e  molten m a t e r i a l  up a s  a  mul t i -phase ,  mul t i -  
component f l u i d .  

Such s p e c i a l  c o n s i d e r a t i o n s  a r e  n o t  a p p l i c a b l e  
t o  t h e  p r e s e n t  c a s e  where e f f i c i e n c y  i s  a  c r u c i a l  
m a t t e r ,  and t h e  pump head is  i n  t h e  o r d e r  of 0 .9  
Ian. The use  of a  vapor l i f t  pump would r e s u l t  i n  
t h e  e n t i r e  heat-power c y c l e  f a i l i n g  t o  produce n e t  
power. F u r t h e r ,  i t  should  b e  noted t h a t  t h e  n a t u r e  
of t h e  system d e f e a t s  t h e  r eason  f o r  u s i n g  i t .  The 
l a r g e  volume f low of t h e  pumping gas  going down, 
and then  r e t u r n i n g  a s  a  two-phase s t r eam,  would r e -  
q u i r e  a  major i n c r e a s e  i n  t h e  s i z e  of t h e  v e r t i c a l  
f : lu id  hand l ing  column(s) a s  compared t o  a  conven- 
e.ional OTEC co ld  wa te r  p ipe .  

O v e r a l l ,  i f  o t h e r  condensate  pumping means a r e  
cons ide red ,  t hen  t h e  reviewer  f e e l s  t h a t  cons ide ra -  
t i o n  should  b e  given t o  t h e  a l t e r n a t i v e  of condens- 
i n g  t h e  vapor  a t  t h e  ocean dep th .  Study may show 
t h a t . i t  i s  n o t  j u s t i f i e d ,  b u t  t h e  e x e r c i s e  would, 
a t  l e a s t ,  r e s o l v e  t h e  q u e s t i o n .  

The " g r a v i t y  opposed h e a t  pipe" may have o t h e r  
a p p l i c a t i o n s ,  b u t  t h e  d i s c u s s o r  i s  convinced t h a t  
i t  is  no t  j u s t i f i e d  a s  a  replacement f o r  a  mech- 
a n i c a l  pump i n  t h e  a p p l i c a t i o n  sugges ted .  

G .  P. Wachte l l :  M r .  Aronson's d i s c u s s i o n  i s  g r e a t l y  
a p p r e c i a t e d .  The a u t h o r  a g r e e s  w i t h  a l l  of  M r .  
Aronson's comments excep t  h i s  e x p e c t a t i o n  t h a t  t h e  
i n e f f i c i e n c y  of a  vapor  l i f t  pump would r e s u l t  i n  
t h e  e n t i r e  h e a t  power c y c l e  f a i l i n g  t o  produce n e t  
power. That e x p e c t a t i o n  a r i s e s  because  of t h e  l a r g e  
pumping head, on t h e  o r d e r  of  0.9 km. It should  b e  
remembered, however, t h a t  t h e  f l u i d  be ing  l i f t e d  
has  a  much lower d e n s i t y  than  l i q u i d  ammonia, s i n c e  
h a l f  i t s  mass is  vapor .  

M r .  Aronson q u e s t i o n s  t h e  use  of t h e  t i t l e ,  
"Gravi ty  Opposed Heat Pipe" because  t h e  system 
a c t u a l l y  desc r ibed  i s  a  vapor  l i f t  pump. The t i t l e ,  
however, r e f e r s  t o  i t s  f u n c t i o n ,  n o t  t o  i t s  mechan- 
i s m .  Indeed,  i t s  mechanism i n c o r p o r a t e s  a  vapor  
l i f t  pump. But i t s  f u n c t i o n  i s  t h e  same a s  t h a t  
g e n e r a l l y  se rved  by h e a t  p i p e s ;  namely, t o  t r a n s f e r  
h e a t  from one end t o  t h e  o t h e r  i n  a way t h a t  i n -  
vo lves  no mechanical  moving p a r t s  and is e n t i r e l y  
p a s s i v e  a s  f a r  a s  t h e  u s e r  i s  concerned. 

It has  t o  b e  admi t t ed  t h a t  t h e  g r a v i t y  opposed 
h e a t  p i p e  r e q u i r e s  a  t o t a l  c r o s s  s e c t i o n  a r e a  su f -  
f i c i e n t  f o r  t h r e e  vapor s t r eams ,  two of them flow- 
i n g  down and one c a r r y i n g  t h e  condensate  up, and 
t h a t  on ly  about  70% t h i s  t o t a l  c r o s s  s e c t i o n  a r e a  
is  needed i f  t h e  condensa te  is  r e t u r n e d  by means of  
a  mechanical  pump, a s  suggested by Mr. Aronson. I t  
should  b e  no ted  t h a t  t h e  pump has  t o  d e l i v e r  a  head 
e q u a l  t o  L ,  about  3000 f t .  Poss ib ly  more than  one 
pump would have t o  be  used i n  s e r i e s .  

M r .  Aronson s u g g e s t s  v a r i o u s  ar rangements  f o r  
supp ly ing  power f o r  t h e  c i r c u l a t i n g  pumps needed 
f o r  t h e  submerged ammonia condenser and f o r  r e t u r n -  
i n g  condensate  t o  t h e  b o i l e r .  I n  a d d i t i o n ,  one may 
cons ide r  u s i n g  a  vapor  t u r b i n e  l o c a t e d  n e a r  t h e  
condenser .  Th i s  t u r b i n e  would be  s i z e d  t o  supply  

p r a c t i c a l l y  a l l  of t h e  p a r a s i t i c  power a s s o c i a t e d  
w i t h  t h e  g r a v i t y  opposed h e a t  p i p e  ( o r  pumped 
condensate  a l t e r n a t i v e )  system, s o  t h a t  t h e  t u r b i n e  
nea r  t h e  ocean s u r f a c e  produces  e s s e n t i a l l y  on ly  
u s e f u l  power. 

Replacing t h e  OTEC co ld  wa te r  p i p e  i s  e v i d e n t l y  
an  i n a p p r o p r i a t e  a p p l i c a t i o n  f o r  t h e  g r a v i t y  op- 
posed h e a t  p i p e ,  a l though  a t  f i r s t  g l ance  i t  ap- 
peared t o  be  an  i d e a l  a p p l i c a t i o n .  There  may be  
o t h e r ,  more a p p r o p r i a t e  a p p l i c a t i o n s  t o  ocean engi- 
nee r ing ,  however, f o r  a  p a s s i v e  d e v i c e  t h a t  t r a n s -  
p o r t s  h e a t  downward through a  d i s t a n c e  of many 
f e e t ;  f o r  example, i n  sys tems s t a t i o n e d  on t h e  s e a  
f l o o r  a t  a  much sha l lower  dep th  of up t o  a  few 
hundred f e e t .  

W.  Shippen and G .  L.  Dugger, JHUIAPL: The o b j e c t i v e  
of t h i s  proposed arrangement is t o  save  t h e  pumping 
power r e q u i r e d  t o  r a i s e  t h e  co ld  wa te r  up t o  t h e  
wa te r  s u r f a c e ,  which f o r  e x i s t i n g  OTEC power sys tem 
d e s i g n s  r e p r e s e n t s  abou t  5% of t h e  n e t  power o r  4% 
of t h e  g r o s s  power. To accomplish t h i s ,  t h e  c o l d  
wa te r  p i p e  i s  r e p l a c e d  by two down-flow vapor p i p e s  
and one r e t u r n  f low p i p e  of t h e  same 3000-ft  l e n g t h .  
For 10-MWe power modules t h e  vapor  p i p e s  a r e  about  

6 f t  i n  d i ame te r  t o  keep t h e  f r i c t i o n  l o s s  down, 
whereas t h e  cold-water  p i p e s  be ing  des igned f o r  40- 
MW p i l o t  p l a n t s  a r e  30 f t  i n  d i ame te r .  The addi-  

t i o n a l  l e n g t h  of t h e  h e a t  p i p e  tubes  would i n c r e a s e  
t h e  vapor  p i p e  d i ame te r  r e q u i r e d  t o  a t  l e a s t  7 f t  
f o r  10  MWe o r  14  f t  f o r  40 MWe g i v i n g  a  t o t a l  c i r -  

cumference of n x  14 x  3  = 132 f t  compared t o  ll x  
30 = 94 f t  f o r  t h e  c o l d  wa te r  p ipe .  Moreover t h e  
w a l l s  would be t h i c k e r  because  of t h e  l a r g e  c o l l a p s e  
o r  buck l ing  load  imposed by t h e  l a r g e  h y d r o s t a t i c  
e x t e r n a l  p r e s s u r e  compared t o  t h e  i n t e r n a l  p r e s s u r e  
of ammonia vapor .  Thus, t h e r e  would b e  a  p r e d i c t -  
a b l y  g r e a t e r  c o s t  f o r  t h e  vapor  tubes  v s  t h e  c o l d  
wa te r  p ipe .  

From t h e  power p roduc t ion  s t a n d p o i n t ,  t h e  vapor  
l i f t  pumping would r e q u i r e  a  h igh  vapor  v e l o c i t y  a t  
t h e  "entra inment  po in t "  i n  o r d e r  t o  b reak  up t h e  
l i q u i d  which would g e n e r a t e  a  h igh  back p r e s s u r e  i n  
l i n e  A. I f  t h e  t u r b i n e  is  a t  p o i n t  A, t h i s  back 
p r e s s u r e  p l u s  t h e  f r i c t i o n  l o s s  would r educe  t h e  
a v a i l a b l e  t u r b i n e  p r e s s u r e  r a t i o .  The l o s s  i n  t u r -  
b i n e  power o u t p u t  would exceed t h e  4% saved by 
removing t h e  CWP. There  a r e  a l s o  t h e  obvious  d i s -  
advantages  ( i n c r e a s e d  c a p i t a l  c o s t  and g r e a t l y  in-  
c reased  c o s t s  of maintenance,  c l e a n i n g ,  o r  r e p a i r )  
o r  p l a c i n g  t h e  condenser  and co ld  wa te r  pump a t  
maximum dep th .  

It a l s o  appeared from t h e  p r e p r i n t  t h a t  t h e  au- 
t h o r  had n e g l e c t e d  t h e  d r i v i n g  AT'S r e q u i r e d  be- 
tween seawa te r  and working f l u i d  i n  t h e  h e a t  ex- 
changers ;  i . e . ,  i f  a  4 0 ' ~  ocean AT is a v a i l a b l e ,  
2 0 ' ~  o r  more of t h i s  AT w i l l  b e  used f o r  t h e  h e a t  
exchangers  and on ly  2 0 ' ~  o r  l e s s  w i l l  b e  l e f t  f o r  
t h e  OTEC power t u r b i n e .  [This  p o i n t  has  been r ec -  
ognized i n  t h e  p r e s e n t  amended pape r . ]  

G .  P.  Wachte l l :  The comments by Messrs.  Shippen 
and Dugger a r e  c e r t a i n l y  a p p r e c i a t e d .  The p r e s e n t  
amended t e x t  r e f l e c t s  many of  t h e  p o i n t s  made by 
them, b u t  I would l i k e  t o  r e p l y  t o  t h e  p o i n t  re-  
ga rd ing  en t r a inmen t  l o s s e s .  The v e l o c i t y  needed 
t o  e n t r a i n  t h e  condensa te  and b reak  up t h e  l i q u i d  
i s  on ly  t h a t  r e q u i r e d  f o r  f l u i d i z a t i o n ,  1 .03  f t l s e c ,  
g iven by Eq. ( 1 ) .  Thus, t h e  82 f t l s e c  v e l o c i t y  
t h a t  r e s u l t s  i n  e n t r a i n i n g  any l i q u i d  f i l m  on t h e  
p i p e  w a l l  i s  more t h a n  adequa te  t o  b reak  up t h e  
l i q u i d  e n t e r i n g  a t  t h e  en t r a inmen t  p o i n t .  
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Abstract 
Introduction 

A novel thermoelectric OTEC concept is proposed 
and compared with the ammonia closed-cycle designs. 
The thermoelectric OTEC is a much simpler system 
which uses no working fluid and therefore requires 
no pressure vessel, working fluid pumps nor turbo- 
generator. These components are replaced by power 
modules which are simply compact heat exchangers 
integrated with thermoelectric generators. The 
thermoelectric OTEC offers several potential 
advantages including: simpler and more easily 
mass-produced components; higher reliability 
system performance through the use of a high 
level of redundancy and long-lived, solid-state 
thermoelectric generators; greater safety for 
crew and environment by elimination of the pres- 
surized working fluid; and the possibility of 
achieving comparable system costs. 

These comparisons are discussed and plans for 
future work are presented in the paper. 

*The Solar Energy Research Institute is funded by 
the C.S. Department of Energy under Contract No. 
EG-77-C-01-4042. 
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A. Schematic Closed Cycle OTEC 

Over the past few decades, the art and science 
of thermoelectric energy conversion has gradually 
evolved to a high level of performance. Thermo- 
electric generation has become the preferred 
method for producing electric power where reliabi- 
lity and maintenance-free operation are essential. 
Radioisotope heated thermoelectric generators 
power orbiting satellites, remote radio transmit- 
ters, space probes (Pioneers 10 and 11 and Viking 
Mars Landers) deep sea sonar sounding bouys, G. 
Fossil fueled thermoelectric generators provide 
reliable cathodic corrosion protection for remote 
pipelines, bridges, g.; and large scale indus- 
trial thermoelectric copling is becoming a commer- 
cial reality in France. 

The objective of an extensive thermoelectrics 
R&D program during the 1960's was to develop ma- 
terials and systems which were competitive with 
the steam turbogenerator. Although this goal was 
never met and thermoelectric research suffered 
a decline, it is important to recognize thatthermo- 
electrics were judged by a comparison with steam 
turbines in the temperature range where steam is 
most efficient and economical. For much lower 
temperature hea,t sources steam turbines are.much 

Warm Sea 
Water 

4 

Heat Exchanger1 
Thermoelectric 
Generator 

Electric 
'power out 

cold' sea 
Water 

B. Schematic Thermoelectric OTEC 

Fig. 1 Comparison of system schematic designs for closed cycle OTEC and 
thermoelectric OTEC. 



less efficient and uneconomical; and mass produced 
thermoelectric generators can compete very favor- 
ably. 

The two major reservations about thermoelectric 
devices during the 1960's were degradation of the 
materials and bonds under high temperature thermal 
cycling and electrical contact resistance. These 
problems do not exist at low temperatures such 
as are encountered in the thermoelec'tric OTEC. 
Low temperature thermoelectric devices have 
exhibited 35 year mean-time-between-failures. 2 

New materials now being developed by the 
thermoelectrics industry exhibit energy conver- 
sion efficiencies far superior to presently 
available thermoelectric materials. These new 
materials may represent a major improvement in 
thermoelectric technology and may offer the pos- 
sibility for numerous new applications. The 
thermoelectric OTEC is one such new application 
that has been proposed by the authors and which I is now undergoing preliminary evaluation at SERI. 

Discussion 

Basic Principles 

The thermoelectric OTEC is a simple system 
which uses a thin layer solid-state generator 
rather than a working fluid. Consequently, no 
evaporator, condensor, working fluid pump, 
pressure vessel or turbogenerator are required 
(Fig. 1). A compact heat exchanger is used to 
transmit heat through the thermoelectric genera- 
tor. 

Thermoelectric generation makes use of a 
bulk phenomenon--the Seebeck effect (the same 
phenomenon that makes a thermocouple operate). 
A temperature gradient across any material tends 
to drive charge carriers from the,hot side to . 

. the cold side and produce a voltage, V, which 
is proportional to the temperature difference, 
AT. The proportionality constant, the Seebeck 
coefficient, is a characteristic of theiinatarial: 

For most metal's, a is quite small, a few micro- 
volts per degree; but specially designed semi- 
conductor thermoelectric alloys produce several 
hundred microvolts per degree Kelvin. Using such 
materials, thermal energy can be converted to 
electrical energy at about 20 percent of the 
maximum (Carnot) theoretical efficiency. 

Efficient thermoelectric materials exhibit a 
high Seebeck coefficient, a, high electrical 
conductivity, 0, and low thermal conductivity, 
k. A figurc of merit, 

is a good indicator of a thermoelectric mate- 
rial's performance. 

The efficiency of electric power. generation, 
n ,  is a fraction K of the Carnot limiting effi- 
ciency q Carnot and depends on Z approximately as 

where TAV = (Tcold + That) 12, the average tem- 
perature of the thermoelectric generator. At. 
a given T the efficiency is roughly propor- 
tional toAV;he figure of merit, Z .  

Figure 2 shows how Z varies with temperature 
for the mo t common commercial thermoelectric 3 
materials. Special alloys of bismuth, 
antimony, tellurium, and selenium now used in 
the thermoelectric coolin industry have Z ' 

values as high as 3.5~10-5 at room temperature. 
New alloys of bismuth, antimony and tellurium, 
which are under development by the industry, 
have recently exhibited reproducible values of 
Z = 6x10-~~-1. Such materials could provide a 
conversion efficiency as high as 30% of the Carnot 
limit. In a thermoelectric OTEC, the use of such 
an advanced material could produce a gross con- 
version efficiency of 2% - an efficiency of 213 
that of the clused cycle ammonia OTEC. Other new 
materials such as amorphous semiconductors and or- 
ganic semiconductors also have promise for achiev- 
ing high thermoelectric energy conversion efficiency 
in the OTEC temperature range. 

Fig. 2. Figure ol merit of P-type thermoelectric alloys.' 
2.0 

I. ~ b .  2. Figure of merit of N-type thermoelectric alloys. I 
. o  I 1 
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Heat Exchanger and The rmoe lec t r i c  Gene ra to r  

The t h e r m o e l e c t r i c  OTEC concept  pe rmi t s  t h e  
u se  of a  p a r t i c u l a r l y  s imp le .  d e s i g n  f o r  t h e  , 
power module wliich serves but11 a s  h e a t  exchanger  
and e l e c t r i c  power g e n e r a t o r .  F i g u r e  3  shows a  ' 
p r e l i m i n a r y  d e s i g n  concep t  f o r  such a  module 
which would produce abou t  30 kWe ( n e t )  i n  

;an OTEC w i t h  AT = Z G O K . ~  I f  advanced thermo- 
e l e c t r i c  m a t e r i a l s  were u sed ,  t h e  n e t  o u t p u t  from 
t h e  module could  be  i n c r e a s e d  by abou t  50%. A 
400 MWe ( n e t )  p l a n t  would u s e  about  20,000 such  
modules.  The power module is  b a s i c a l l y  a  com- 
p a c t  h e a t  exchanger  of p a r a l l e l  p l a t e  o r  p l a t e  
and f i n  d e s i g n  wi th  t h e  t h e r m o e l e c t r i c  g e n e r a t o r s  
sandwiched between t h e  f l ow channe l s  a s  showh. 
The m a t e r i a l  o f  c h o i c e  i n  t h e  h e a t  exchanger  is  
a  coppe r -n i cke l  a l l o y  which can p rov ide  s e v e r a l  
advantages :  

o  e x c e l l e c n t  r e s i s t a n c e  t o  b i o f o u l i n g ,  
o  low c o r r o s i o n  r a t e  ( l e s s  t han  2.5x10-' mIyr 

o r  1MPY),5 
o  h igh thermal  c o n d u c t i v i t y ,  
o  h igh . e l e c t ' r i c a l  c o n d u c t i v i t y ,  and 
o easy  f a b r i c a t i o n .  

Unl ike  t h e  c lo sed -cyc le  OTEC d e s i g n s ,  t h e  thermo- 
e l e c t r i c  OTEC is  f o r g i v i n g .  For example,  a  co r ro -  
s i o n  p i t  which would s h u t  down an ammonia OTEC 
module (because  of concern  f o r  a c c e l e r a t e d  c o r r o -  
s i o n  and /o r  s c a l i n g )  would on ly  damage a  s m a l l  
number of t h e r m o e l e c t r i c  e l emen t s ,  but  would noL 

d imin i sh  t h e  power o u t p u t  from t h e  a f f e c t e d  power 
fi~odule p e r c e p t i b l y  and would n o t  r e q u i r e  r e p a i r .  
One of t h e  consequences o f  t h i s  f o r g i v i n g  d e s i g n  
is  t h a t  on ly  minimal c o r r o s i o n  t o l e r a n c e s  need be  
used i n  t h e  h e a t  exchanger .  ' 

The t h e r m o e l e c t r i c  g e n e r a t o r  d e v i c e  is a  nove l  
d e s i z n  which makes u s e  of t h i c k  f i l m  technology 
a l r e a d y  w e l l  developed i n  t h e  e l e c t r o n i c s  i n d u s t r y .  
The t h e r m o e l e c t r i c  m a t e r i a l  could  be  d e p o s i t e d  on 
t h e  copper  b a s e  a s  a  p a s t e  by l i g h o g r a p h i c  tech-  
n iques ,  f i r e d  i n  p l a c e  t o  form a  d u r a b l e  c o a t i n g ,  
a  s u i t a b l e  p o t t a n t  added t o  f i l l  t h e  i n t e r s t i c e s ;  
and f i n a l l y  t h e  cover  p l a t e  could  be  s o l d e r e d  i n  
p l a c e .  A l l  o f  t h e s e  s t e p s  a r e  amenable t o  au to -  
mat ion.  

The t h e r m o e l e c t r i c  g e n e r a t o r  des ign  is  p a r t i -  
c u l a r l y  s imp le  because  on ly  a  s i n g l e  t ype  ( t h a t  
is  e i t h e r  n-type o r  p-type) semiconductor  need 
be  used.  Each t h e r m o e l e c t r i c  g e n e r a t o r  d e v i c e  
w i l l  t hen  c o n s i s t  o f  many i d e n t i c a l  thermoelec- 
t r i c  e l emen t s  connected  i n  p a r a l l e l ;  and t h e s e  
d e v i c e s  i n  t u r n  w i l l  b e  i n t e r c o n n e c t e d  i n  s e r i e s  
t o  p ro ivde  a  h igh  c u r r e n t ,  low v o l t a g e  power 
module. Modules can  be  s u i t a b l y  i n s u l a t e d  from 
each o t h e r  and connected  i n  s e r i e s - p a r a l l e l  
a r r a y s  a s  needed t o  produce t h e  d e s i r e d  sys tem 
c u r r e n t  and v o l t a g e  o u t p u t  .4 

Fig. 3 A preliminary power module design is based on a parallel plate 
cross-flow heat exchanger in which the thermoelectric generator 
devices (TGD)  are sandwiched between the plates. The TGD and 
the heat exchanger are well suited to automated mass-production. 



The p a r t i c . u l a r l y  s imp le  d e s i g n  of t h e  thermo- 
e l e c t r i c  power modules s u g g e s t s  t h a t  they may be  
s u i t a b l e  f o r  l a r g e  s c a l e  automated mass-produc- 
t i o n .  T h i s  p o s s i b i l i t y  is  i n  c o n t r a s t  t o  t h e  
t u b e  i n  s h e l l  h e a t  exchangers  f o r  c l o s e d  c y c l e  
OTEC which r e q u i r e  expens ive ,  l a b o r  i n t e n s i v e  
assembly .  

Environment and S a f e t y  

The ammonia c lo sed -cyc le  OTEC poses  s e v e r a l  
s a f e t y  and environmenta l  r i s k s  t h a t  would n o t  be  
p r e s e n t  w i t h  t h e  u s e  of a  t h e r m o e l e c t r i c  OTEC. 
Sma l l ,  c h r o n i c  l e a k s  of ammonia may pose  a  h e a l t h  
haza rd  t o  t h e  o p e r a t i n g  crew a s  w e l l  a s  c a u s i n g  
a c c e l e r a t e d  c o r r o s i o n  and s c a l i n g  of t h e  h e a t  
exchange r s .  Larger  l e a k s ,  which would r e l e a s e  
l a r g e  q u a n t i t i e s  o f  ammonia b e f o r e  they could  
be  r e p a i r e d  would be  a  s e r i o u s  h e a l t h  h a z a r d ,  a  
p o t e n t i a l  f i r e  and exp los ion  haza rd ,  and have  
s e r i o u s  impacts  on ne ighbor ing  mar ine  l i f e ,  
( p a r t i c u l a r l y  i n  combinat ion  wi th  h y p o c h l o r i t e  
used t o  c o n t r o l  b i o f o u l i n g ) .  

The t h e r m o e l e c t r i c  OTEC would have none of t h e  
arndmhJniahazards; b u t  i t s  u s e  of copper  a l l o y  h e a t  
exchangers  would s i g n i f i c a n t l y  r a i s e  t h e  copper  
and n i c k e l  i o n  c o n c e n t r a t i o n  n e a r  t h e  OTEC. These 
i o n s  a r e  harmful  t o  c e r t a i n  mo l lusks .  However, a  
s t u d y  of t h e  problem has  shown t h a t  t h e  copper  
and n i c k e l  i o n  c o n c e n t r a t i o n s  would probably  
n o t  exceed t h e  EPA s t a n d a r d s  f o r  mar ine  wa te r  
q u a l i t y  .6 

  eat Exchanger Design 

To de t e rmine  t h e  performance which cou ld  be  
expec ted  from a  t h e r m o e l e c t r i c  OTEC sys tem,  a  
p r e l i m i n a r y  performance a n a l y s i s  was made of a  
s i m p l i f i e d  des ign .  Inc luded i n  t h e  d e s i g n  e f f o r t  
was development o f  a n  e x p r e s s i o n  f o r  e l e c t r i c a l  
power o u t p u t  per  u n i t  b a s e  a r e a  of t h e  h e a t  
exchange r ,  s e l e c t i o n  of t h e  c o r r e c t  t h i c k n e s s  o f  
t h e r m o e l e c t r i c  m a t e r i a l ,  c a l c u l a t i o n  of p a r a s i t i c  
l o s s e s ,  and min imiza t ion  of c o s t s  f o r  a  g i v e n  
p l a n t  o u t p u t  power. 

The h e a t  exchanger cons ide red  h a s  p a r a l l e l  
f low channe l s  of r e c t a n g u l a r  c r o s s  s e c t i o n  
( F i g .  3  6 4 ) .  Cold wa te r  and h o t  wa te r  a r e  
pumped through a l t e r n a t e  f low channe l s  w i t h  
t h e r m o e l e c t r i c  m a t e r i a l  sandwiched between t h e  
channe l s .  

The power o u t p u t  o f  t h e  t h e r m o e l e c t r i c  module 
p e r  u n i t  a r e a  may be  w r i t t e n *  

The h e a t  t r a n s f e r r e d  from t h e  h o t  f l u i d  t o  t h e  
co ld  f l u i d  is 

The power o u t p u t  may be  exp res sed  i n  te rms of t h e  
v a r i o u s  t he rma l  r e s i s t a n c e s  (Eq. 3). by r e p l a c i n g  
T and Th i n  Eq. 4  and r e w r i t i n g  i t  a s :  e 

Since  t h e  t empera tu re  d i f f e r e n c e s  a r e  s m a l l ,  

. := I  - 'cold < < I  ( 7 )  
That 

Equat ion  5 caq be  l i n e a r i z e d  t o  g i v e  
T  

p" = ho t  
2 

R t e ( l  + 2Rf/Rte) (8) 

The l o c a l  e l e c t r i c  power g e n e r a t i o n  P" may be  
maximized by a d j u s t i n g  t h e  t he rma l  r e g i s t a n c e  
of t h e  t h e r m o e l e c t r i c  t o  R = 2Rf, g i v i n g  t e  

The power d e n s i t y  P" is a  f u n c t i o n  o f  d i s t a n c e  
a l o n g  t h e  f low d i r g c t i o n  w i t h i n  t h e  passage  
(That and Tcold va ry  i n  t h e  f low d i r e c t i o n )  and 

must be  i n t e g r a t e d  a l o n g  t h e  f low l e n g t h  t o  
de t e rmine  power o u t p u t  per  f low channe l .  T h i s  
c a l c u l a t i o n  i s  s i m i l a r  t o  de t e rmin ing  h e a t  ex- 
changer  e f f e c t i v e n e s s  a s  a  f u n c t i o n  of NTU (num- 
b e r  of t r a n s f e r  u n i t s )  f o r  a  g iven  f low c o n f i g u r a -  
t i o n  [ i ' ] .  However, s i n c e  PL i s  p r o p o r t i o n a l  t o  
t h e  s q u a r e  of t h e  t empera tu re  d i f f e r e n c e ,  t h e  
c a l c u l a t i o n  of power g e n e r a t i o n  pe r  f low pas sage  
must be  c a r r i e d  o u t  f o r  each f low c o n f i g u r a t i o n ;  
and t h e  r e s u l t s  of h e a t  exchanger  e f f e c t i v e n e s s  
c a l c u l a t i o n s  a r e  n o t  u s e f u l .  The power genera-  
t i o n  c a l c u l a t i o n  was done f o r  a  p a r a l l e l  f low 
and a  c o u n t e r  f l ow arrangement ,  and t h e  r e s u l t s  
show t h a t  NTU f o r  power g e n e r a t i o n  i s  f o u r  t imes  
t h a t  f o r  h e a t  t r a n s f e r .  T h e r e f o r e  t h e  number of 
g e n e r a t i o n  u n i t s  NGU can  be  d e f i n e d  a s  

4ULW L 
NGU = - - c m GC R b  (10) 

P  P  f 

I n  a d d i t i o n ,  f o r  s m a l l  v a l u e s  of NGU (%I) t h e  
flow c o n f i g u r a t i o n  i s  n o t  impor t an t  i n  de termin-  
i n g  t h e  power g e n e r a t i o n  pe r  f low channe l  and 
t h e  change i n  f l u i d  t empera tu re s  i s  s m a l l .  

t t t c  

hot + I 

b 
J- 

/ Thermoelectric 

cold + 
Insulation 

*Nomenclature is  d e f i n e d  i n  che Appendix. 
Fig. 4 Detail of heat exchanger/thermoelectric generator 

configuration. 



For N C ~  << 1 t h e  power g e n e r a t i o n  o f  a  f l ow  The o p t i m i z a t i o n  p rocedu re  f o r  a  n e t  400 MW 
channe l  is  . y i e l d s  : 

b u t  a s  NGU i n c r e a s e s ,  t h e  power g e n e r a t i o n  of 
t h e  channe l  p e r  u n i t  channe l  l e n g t h  d e c r e a s e s  a s  
[ ~ - ~ X ~ ( - Z N G U ) ]  / Z N G U .  I n  g e n e r a l  we found t h a t  
f o r  NGU c0 .7  t h i s  e x p r e s s i o n  was v a l i d  f o r  
p a r a l l e l  f low o r  c o u n t e r f l o w  h e a t  exchange r s ,  
and we e x p e c t  i t  w i l l  be  v a l i d  f o r  most o t h e r  
f low a r r angemen t s .  

The power g e n e r a t e d  by t h e  channe l  is g iven  by 

0.95 r k 2 ~ h o t  WL 
PC = 

8Kf (12) 

1-exp (-2NGU) 
where r = 2NGU (13) 

The f a c t o r  0 .95  a c c o u n t s  f o r  a n  expected  5% 
l o s s  due t o  e l e c t r i c a l  c o n t a c t  r e s i s t a n c e  a t  t h e  
h e a t  exchanger/thermoelectric j u n c t i o n .  

Pumping t h e  f l u i d  through t h e  f low channe l  
r e q u i r e s  pumping power [8] : 

I f  t h e  c o l d  w a t e r  p i p e  f e e d s  N/2 h e a t  exchanger  
c h a n n e l s ,  a  pumping power P  w i l l  b e  r e q u i r e d :  

P  

3  
Lc  (CbIM/2; + P = £  - GbWN + minor (15) 

d c  2 0 2 g c ~ p  C P 4  l o s s e s  

The f i r s t  te rm i n  Eq. 14 is  t h e  f r i c t i o n a l  l o s s ,  
w h i l e  t h e  second term is  t h e  work r e q u i r e d  t o  
pump t h e  c o l d  w a t e r  up a g a i n s t  t h e  d e n s i t y  
g r a d i e n t .  

The c o l d  wat r p i p e  Reynolds numbers a r e  on  8 t h e  o r d e r  of  1 0  , and we may assume f u l l y  t u r -  
b u l e n t  f l ow .  Assuming a  d i m e n s i o n l e s s  roughness  
f o r  a  c o l d  wa te r  p i p e  of  0 .0003 g i v e s  f  = 0.015. 
The d e n s i t y  g r a d i e n t  te rm was d e r i v e d  byPneg lec t -  
i n g  c o m p r e s s i b i l i t y  and s a l i n i t y  e f f e c t s  and 
by assuming a  l i n e a r  dens iLy p r o f i l e  w i t h  d e p t h .  
Minor l o s s e s  r e f e r  t o  l o s s e s  i n  channe l  i n l e t s  
o r  o u t l e t s .  

b  = 1 . 4 3  cm 
2  

G = 70 g/cm s 
L = 9 .31  m (NGU = 0.5)  
tte= 0.66 mm 

d = 41.7 m 

Required  a r e a  o f  h e a t  exchanger  p l a t e  = 

27.6 x  lo6  m2  

Requi red  f l ow  r a t e  (ho t  p l u s  c o l d )  = 
6 1 4 . 8  x  1 0  k g / s  

Cost  E s t i m a t e s  

The economics o f  t h e  t h e r m o e l e c t r i c  m a t e r i a l s  
p r e s e n t l y  cons ide red  f o r  OTEC b e n e f i t  from 
two f a c t o r s .  The e l emen t s  i nvo lved  ( p r i m a r i l y  
b ismuth  and t e l l u r i u m )  a r e  byp roduc t s  of l e a d ,  
gol'd, and copee r  p r o c e s s i n g  and a r e  a v a i l a b l e  
i n  abundance.  

S i n c e  t h e  6 i n i n g  c o s t s  and most of  t h e  p roces s -  
i n g  c o s t s  a r e  borne  by t h e  pr imary  p r o d u c t s ,  t h e  
byproduct  c o s t s  a r e  de t e rmined  by t h e  c o s t s  o f  
c a p i t a l  equipment ,  o p e r a t i o n ,  and maintenance  of  
t h e  byproduct  s e p a r a t i o n  and p u r i f i c a t i o n  pro- 
c e s s .  At p r e s e n t ,  t h e s e  c o s t s  must b e  r ecove red  
w i t h  t h e  s a l e  of  a  r e l a t i v e l y  s m a l l  volume of  
byp roduc t .  As l a r g e r  q u a n t i t i e s  a r e  demanded, 
p r o d u c t i o n  equipment can  b e  s c a l e d  up ,  i t s  
e f f i c i e n c y  improved and i t s  c o s t s  s p r e a d  o v e r  
a  l a r g e r  volume of byp roduc t .  The r e s u l t  of  
t h i s  s i t u a t i o n  is  a n  i n v e r t e d  shpply-demand 
c u r v e .  The g r e a t e r  t h e  demand, t h e  lower  t h e  
u n i t  c o s t s .  

I n f o r m a t i o n  o b t a i n e d  from a  ma jo r  p roduce r  o f  
b ismuth  and t e l l u r i u m  i n d i c a t e s  a  v e r y  s u b s t a n t i a l  
r e d  c t i o n  i n  m a t e r i a l  c o s t s  a s  t h e  demand i n c r e a s -  
es.' The f o l l o w i n g  t r e n d  is  p r e d i c t e d  f o r  t h e  
p r i c e  of Bi,Te,: 

' d n i t  c o s t  
Demand (1979 d o l l a r s  p e r  pound) 

The c o n c e p t u a l  d e s i g n  f o r  a  t h e r m o e l e c t r i c  OTEC 
is n o t  y e t  w e l l  enough developed t o  j u s t i f y  any 
a t t e m p t  t o  make d e t a i l e d  c o s t  e s t i m a t e s .  However, 
i t  is p o s s i b l e  t o  make a n  o r d e r  of  magni tude  
e s t i m a t e  of  t h e  sy s t em c o s t s  f o r  compar ison  with 
c l o s e d  c y c l e  sys tem e s t i m a t e s .  

Assuming t h e  pumping power c a n  be  s u p p l i e d  Two major  subsys tems probably  accoun t  f o r  most 

w i t h  e f f i c i e n t y  'I , t h e  n e t  power o u t p u t  of a  o f  t h e  t h e r m o e l e c t r i c  OTEC--the power modules ' 

p l a n t  c o n s i s t i n g  8 f  N channe l s  is  ( h e a t  exchanger ,  t h e r m o e l e c t r i c  g e n e r a t o r  com- 
b i n a t i o n )  and t h e  s e a w a t e r  pumps. With automated  

Po = NPc - - (p  + NPhx) 
mass p r o d u c t i o n ,  t h e  power modules shou ld  'approach 

'IP abou t  1 .35  t imes  t h e  c o s t s  of  t h e  m a t e r i a l s  r e -  

We have n e g l e c t e d  power r e q u i r e d  t o  pump t h e  q u i r e d .  Seawater  pumps f o r  OTEC have  been survey-  

warm wa te r  t o  t h e  h e a t  exchanger  i n l e t .  ed and a n  a l g o r i t h g , d f a e l o p e d  r e l a t i n g  c o s t  t o  
pumping c a p a c i t y :  

D iv id ing  Eq. 1 5  by SNWL, we f i n d  t h e  n e t  Cos t  p e r  u n i t  c a p a c i t y  313 Q-0'616 (17) 
o u t p u t  power p e r  u n i t  h e a t  exchanger  p l a t e  a r e a :  

3 
where Q i s  m / s e c  of  s e a w a t e r  and c o  ts a r e  g i v e n  

k = 0.433 w/cmOc 
3 

i n  thousands  of  (1979) d o l l a r s  p e r  m / s e c  c a p a c i t y .  
P U t i l i z i n g  t h e s e  s i m p l i f y i n g  a s sumpt ions ,  t h e  app rox i -  

mate c o s t s  a r e  e s t i m a t e d  a s  f o l l o w s .  



The t h e r m o e l e c t r i c  g e n e r a t o r  f o r  t h e  400MWe ( n e t )  
p l a n t  d i s c u s  ed i n  t h e  p reced ing  s e c t i o n  produces  i 
abou t  30 W/m n e t  power. . '$h5.power module s u r f a c e  
a r e a  r e q u i r e d  is 1 . 3 8  x  1 0  m . The masses o f  t h e  
r e q u i r e d  m a t e r i a l s  a r e  e s t i m a t e d  a s  t h e  p roduc t  of 
t h e i r  d e n s i t y  and t h i c k n e s s  t imes  t h e  t o t a l  h e a t  ' 

exchanger  a r e a  ( 4 ) :  

o  f low channe l  p l a t e s  of 90 copper-10 
n i c k e l  a l l o y  w i t h  t h i c k n e s s  0.508 X 1 0 - ~ r n  

. 

(0 .02 i n . )  and d e n s i t y  8900 ~ g - m - ~  - 3 (8 .9  g-cm 7 )  : mass = 8900 x  0.508 x  1 0 - ~ x -  , 
6 6  1 .38  x 1 0  x 2 = 1 2 5 x  1 0  Kg ( 2 7 6 x  1 0 l b ) .  

o  t h e r m o e l e c t r i c  d e v i s e  p l a t e  o f  copper  w i t h  '. . 
thickness 0 .13  x  1g3 m (0.005 2 .) and -9 d e n s i t y  8900 Kg-m (8 .9  g-cm 7 ) :  mass = 
8 9 0 0 x ~ . 1 3 x 1 0 ~ 3 g 1 . 3 8 x 1 0  x 2 ' =  .. 
32 x  1 0  Kg(71 X 1 0  1 6 ) .  

o  t h e r m o e l e c t r i c  m a t e r i a l  c o v e r i n g  0 . 3  of t h 3  
, s u r f a c e  a r e a  and a  t h i c k n e s s  of 0.66 x  1 0  

( .026 i n . )  and d g g s i t y  7700 ~ ~ - m - ~  (7 .7  g-,=;-') : 
mass = .66 x  1 0  x67700 x  0 . 3  x  1 .38 x  1 0  = f2 
2 1  x  1 0  Kg (46 x  1 0  l b . ) .  

Two f low channe l  p l a t e s  and two t h e r m o e l e c t r i c  ' 

d e v i c e  p l a t e s  a r e  r e q u i r e d  f o r  each u n i t  o f  
power module a r e a .  M a t e r i a l s  r equ i r emen t s  and 
c o s t  e s t i m a t e s  a r e  summarized i n  Tab le  I .  

The s e a  wa te r  pumping c a p a c i t y  f o r  OOMWe- 8 9 ( n e t )  t h e r m o e l e c t r i c  OTEC is  1 .48  x  1 0  m Is.  
I n  t h e  i n t e r e s t  of i n c r e a s e d  r e l i a b i l i t y  through 
a  h i g h  l e v e l  of redundancy, i t  may be  d e s i r a b l e  

3  t o  u s e  74 l a r g e  pumps of 200 m Is c a p a c i t y  each 
r a t h e r  t h a n  a  s m a l l e r  number o f  even l a r g e r  capa- 
c i t y  pumps even though t h e  c o s t s  a r e . p r o j e c t e d  
t o  b f d e s s  i f  s p e c i a l ,  ve ry  l a r g e  pumps a r e  
u s e d .  The a l g o r i t h m  gEq .. 17)  y i e l d s '  a  
c o s t  e s t i m a t e  of $2 .4  x  1 0  6per  pump f o r  a  
t o t a l  pump c o s t  of $178 x  10 o r  $444/kWe 
( n e t )  e l e c t r i c  power o u t p u t .  

I t  i s  impor t an t  t o  n o t e  how s e n s i t i v e  t h e  
, t h e r m o e l e c t r i c  OTEC c o s t s  a r e  t o  t h e r m o e l e c t r i c  
conve r s ion  e f f i c i e n c y ;  The power d e n s i t y  
a c h i e v e a b l e  i s  p r o p o r t i o n a l  t o  t h e  312 power of 
t h e  conve r s ion  e f f i c i e n c y !  (Equat ion  17 )  ; s o  
t h a t  i f  t h e  advanced m a t e r i a l s  now under develop-  . 
ment were  used i n  t h e s e  e s t i m a t e s  i n s t e a d  of 
c u r r e n t .  commercial  t h e r m o e l e c t r i c  m a t e r i a l s ,  
a l l  of t h e  c o s t s  would be  m u l t i p l i  d  by a  f a c t o r  
( e f f i c i e n c y  o l d l e f  f  i c i e n c y  new) 3  p2 

which e q u a l s  (0 .20 ~ a r n o t l 0 . 3  ~ a r n o t ) ~ / ' =  .54 .  ' 

Thus, t h e  s u c c e s s f u l  development of t h e  new,, 
more e f f i c i e n t  t h e r m o e l e c t r i c  m a t e r i a l s  w i l l  
have a  s t r o n g  impact  on t h e  economic v i a b i l i t y  
'of t h i s  concep t .  S i m i l a r l y ,  t h e  development of 
a  more c o r r o s i o n . r e s i s t a n t  copper  a l l o y  f o r  t h e  
h e a t  exchanger cou ld  r educe  m a t e r i a l s  r e q u i r e -  
ments and c o s t s  d r a m a t i c a l l y .  The c a p i t a l  
c o s t  e s t i m a t e s  a r e  summarized i n  comparison w i t h  
c l o s e d  c y c l e  e s t i m a t e s  i n  Tab le  11. The g r e a t e r  
s i m i p l i c i t y .  and r e l i a b i l i t y  of t h e  t h e r m o e l e c t r i c  
OTEC shou ld  have a  f a v o r a b l e  i n f l u e n c e  on t h e  
l i f e  c y c l e  cos ts - - fewer  replacments  o r  major 
r e p a i r s  of r o t a t i n g  machinery ,  l e s s  c o s t l y  
h i n f o u l i n g  c o n t r o l  mcasures ,  l a r g e r  a v a i l -  
a b i l i t y  f a c t o r ;  e t c .  These  improvements may 
o f f s e t  i n i t i a l  c a p i t a l  c o s t  d i s advan tages .  

P o t e n t i a l  Market P e n e t r a t i o n  

The p r e l i m i n a r y  n a t u r e  of t h e  c o s t  e s t i m a t e s  
f o r  t h e r m o e l e c t r i c  OTEC do n o t  war ran t  a  d e t a i l -  
ed market p e n e t r a t i o n  s tudy  a t  p r e s e n t .  However, 
i t  i s  p o s s i b l e  t o  e s t i m a t e  t h e  r e l a t i v e  impact \ 
of reduced OTEC c a p t t a l  c o s t s  on i t s  p robab le  
market p e n e t r a t i o n .  

' The MITRE sys tem f o r  P r o j e c t i n g  t h e  U t i j i z a -  
t i o n .  of Renewable Resources (SPURR Model) 
was used t o  compete OTEC b a s e  load  power sys tems 
w i t h  v a r i o u s  c a p i t a l  c o s t s  a g a i n s t  c o n v e n t i o n a l  
power s o u r c e s  and o t h e r  s o l a r  o p t i o n s .  The 
market was l i m i t e d  t o  t h e  s o u t h e r n  US; and OTEC 
s i t e s  were  l i m i t e d  t o  t h e  Culf  of Mexico. .  

TABLE I SUMMARY OF POWER MODULE MATERIALS REQUIREMENTS AND COSTS FOR 
A 400 MWe (NET) THERMOELECTRIC OTEC 

M a t e r i a l  Required 

6  Un i t  c o s t a  To ta  Cost  
Component- (10 kg) ( l o 6  l b )  ($ /kg)  (10  b $)  

Heat exchanger  channe l  p l a t e s  '.: 125 2  7.5 2.2 275 
(90 copper  - 1 0  n i c k e l  a l l o y )  

... .. .. . '. 
Thermoe lec t r i c  d e v i c e  . 32 70 1 . 8  5  7  
(copp.er p l a t e s )  . . . ,, . 

T h e r m o e , l e c r r i c m a t e r i a l  . 
( a l l o y e d  Bi2Te3) 

~ b t a i  m a t e r i a l s  c o s t  = 387 

T o t a l  m a t e r i a l s  c o s t , x  1 .35  = f a b r i c a t e d  power module c o s t s  = 522 

Cost  per  kW n e t  power = $1306 . e  . . . , .  

a ~ o s t s  e s t i l a t e d  irom c u r r e n t  (197%) =ornmodity p r i c e s  f o r  e l e c t r o l y t i c  copper 
($0 .75 / lb )  and n i c k e l  ( $ 2 . 2 0 / l b ) ' w i t h  1 .10 m u l t i p l i e r . t o  cover  a l l o y  pro- 
c e s s i n g  [12]. 
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Conclusions 

The concept of a thermoelectric OTEC offers , 
many potential advantages in simplicity, re- 
liability and safety. Its economic competitive- 
ness appears to depend on successful develop- 
ment of new thermoelectric materials and power 
module designs. The potential for decreased OTEC 
costs and increased market penetration are pro- 
mis ing . 

Ongoing SERI research will include continued 
evaluation of newly developed thermoelectric 
materials and exploratory research which is 
designed to discover additional thermoelectrics 
among new classes of materials such as amorphous 
and organic semiconductors. Thermoelectric 
device design and fabrication R6D is also being 
pursued. Further analysis of the thermoelectric 
and other potential solar applications will be 
made as developments warrant. 
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' Nomenclature 

A - cross-sectional area of thermoelectric 
material 

Ac - cross-sectional area of heat exchanger 
passage = bW 

A - cr ss sectional area of cold water pipe = 9 -. 
adc/& 

b -, height of heat exchanger flow passage . . 

C - fluid (water) specific heat 
P 

dc - diameter of cold water pipe 

f - friction factor in cold water pipe 
P 

fhx - friction factor in heat exchanger flow 
passage 

G - mass flow rate in, the heat exchanger 
flow passage I. bW 

gc - acceleration of, gravity 

h - heat transfer coefficient at fluidlheat 
exchanger interface 

I - electrical currenc in thermoelectric 
device 

Y Year 

Fig. 5 The market penetration of ocean thermal electric systems bated on thg 
results of a simulation model (14). 



. . 
K - efficiency of thermoelectric material as Rf - thermal resistance from the fluid to the 

fraction of Carnot efficiency . thermoelectric material (including plate 
resistance and fouling) 

kte - thermal conductivity of thermoelectric 
material Rte - thermal resistance of the thermoclectric 

material including Peltier resistance 

keff- 
effective thermal conductivity of thermo- 
electric material Re - Reynolds number in heat exchanger flow 

passage 
k - thermal conductivity of the heat exchanger 

, plate material t - thickness of heat exchanger plate 

II - length of thermoelectric material in an . tte - thickness of thermoelectric material 
elementary device 

TQ - cold junction temperature of the thermo- 
L - length of heat exchanger flow passage in electric 

flow direction 
. . .  Th - hoc junction temperature of the thermo- 

LC - length of cold water pipe electric 

m - mass flow rate in heat exchanger flow That- temperature of the hot fluid 
passage . . 

Tcold- temperature of the cold fluid 
m - total mass flow rate of cold water 

U - thermal conductance from the hot fluid 
N - total number of flow passages in the heat to the cold fluid 

exchanger 
. . . .  . .. V - voltage generated by an elementary 

NGU - number of generation units thermoelectric device 

Pi - local electrical power generation pcr unit W - width of heat exchanger flow Passage 
base area of heat exchanger 

a - Seebeck coefficient of the thermo- 
PC - electrical power generated by a.flow channel electric material 

phx - power required to. pump fluid .through a 6 - fraction of area covered by thermoelectric 
flow passage material 

P - power required to pump fluid through the r - heat exchanger effectiveness parameter 
cold water pipe (Ea .  12) 

. . . . . . . . . - . ... . . .  . . . 
Po - net elec~rical power produced by the system u - electrical conductivity of thermoelectric 

material 
Pg - maximum value of P (wrt G) per unit 

heat exchanger plate area 
E - Carnot efficiency 

Pr - fluid Prandtl number , -. 

q - heat flux in therhoelectrid-device 
.. . . . .  

qh - heat transferred -per unit area from hot 
fluid to cold fluid: ,, . . .. . 

n - efficiency of water pumps 
P 

p - fluid viscosity 

p - f:luid density 

" .  . . 
R - electrical resistance of thermoelectric AD - p(Tcold) -. pOhot) 

device ' 
. .  . 

. 
, . DISCUSSION 

Question: If the efficiency.'~~ 30% or so., how .doe>,.." g.,Q,u.estion~ @e,;thermoelectric OTEC requires much more 
that compare with a Rankine-Eycle?" . ' ' , . . "  - . '  wgter than a'closed-cycle ammonia design. So I am 

puzzled by the comparable cost estimates. 
D. Benson: The efficiency of a thermoelectric OTEC 
is estimated to be 20 to 30% of the maximum Carnot , D. Benson: You are correct, the thermoelectric OTEC 
efficiency, which is about 6.,7% fora AT 'of.20Q. .' . .  would require as.much ad two times the seawater that 
Therefore, the maximum net conversion efficiency an ammonia closed-cycle OTEC needs. This increased 
would be.in the range of 1 to 2%. which is somewhat pumping requirement was accounted for in the perfom 
less than an ammonia Rankine cycle can achieve. ance and cost calculations. The reason that the 



costs seem to balance out is that the heat exchanger 
and the rest of the thermoelectric OTEC system are so 
much simpler and are amenable to mass production. 
The real costs therefore, boil down to materials costs 
multiplied by some factor ( 1.35) to account for the 
fabrication costs. We have new thermoelectric mate- 
rials under development at SERI (and under subcontract 
with the thermoelectric device manufacturing industry) 
that appear to have 50% higher conversion efficiency. 
If such improved materials were used, then the size 
of the heat exchanger, the pumps, and the volume of 
water that has to be pumped would be reduced by a 
factor of two. 

R. Lyon: A lot of people have looked at thermo- 
electric methods of getting power. When I have done 
this, I have run into the limitations of parasitic 
heat loss due to direct heat transfer through the 
thermoelectric material, a heat transfer which is 
parallel with the Seebeck effect. Making the thermo- 
electric device thicker decreases the parasitic heat 
loss; but also increases the electrical resistance. 
It seems that you are limited by the Wiedermann-Franz 
relationship between electrical and thermal conduc- 
tivities. Does this relationship apply in your de- 
sign? 

D.  enso on: There is a heat loss through the thermo- 
electric material that limits the energy conversion 
efficiency. This loss was accounted for in the per- 
formance analysis. The Wiedermann-Franz ratio, L, 
expresses a relationship between temperature, T, elec- 
trical conductivity, o, and thermal conductivity, k 

L = -  - constant 
-8 2 oC-2 ( - 2 t 0 5 ~ 1 0  v for most materials). 

This ratio is closely related to the thermoelectric 
figure of' merit, 2. In fact, the thermoelectric 
energy conversion efficient k is roughly proportional 
to ZT where 

The reason that the Wiedemann-Franz "law" does not 
inherently limit thermoelectric conversion efficiency 
to the low values obtained 30 years agu w i t 1 1  metal 
thermopiles is that the Seebeck coefficient, a, in 
semiconductors can be an orde; of magnitude greater 
than in metals (e.g., 220 pV/ C for Bi2Te3 rersus 
3 IIV/OC for copper). 



HYBRID OTEC AIR CYCLE AVOIDS INDIRECT HEAT EXCHANGERS 

Abstract 

With the objective of making OTEC even more promise so it was explored in depth. Success de- 
attractive, alternatives were evaluated which pended on solving several design problems to get more 
would avoid the need for indirect heat exchangers. useful net work output per mole of gas and to decrease 
One such system was found that gives large sav- equipment size, as covered in the subsequent discus- 
ings in investment using air as the working fluid. sions. 
The air is alternately warmed and cooled by dir- 
ect contact with water to produce useful work Basic Principle 
from t:~: expansion and contraction. The paper de- 
scribes methods to decrease buoyancy and size o f ,  The air cycle avoids indircct cxchangcrs by 
equipment, as by increasing the compression beyond 
that caused by the temperature change alone. contacted with warm and then cold water to cause 

expansion and contraction. First, a simplified 
NO water pumps are used since changes in pres- 

sure within the system produce the desired water principle of operation, before looking at a specific 
flow. The system is especially well suited to design. 
combinations with industrial manufacturing and 
with aquaculture. Air is confined in a cylinder as shown in 

Figure 1. Starting with the piston on the left, 
Based on a conceptual design the air cycle the air on the left side is cold while the air to 

system makes electric power for 2.9C/kWh compared the right of the piston is warm. Warm water is now 
to 3.9C/kWh by conventional technology burning introduced on the lefthand side to warm up the air 
coal. A cost of about 3.4C/kWh is estimated for while cold water is added on the righthand side, 
advanced coal systems now in the development Stage 
or for OTEC using indirect exchangers. A present reversing the warm and cold water flows moves the 
w o r t h o f o v e r $ 6 0 0 m i l l i o n i s c a  ated foronly Y piston back to the left. It will be seen that use- 
2000MW of capacity based on estima ed savings for ful work can be produced from each cycle. 
the air cycle design over advanced coal power 
plants. 

J - 
Introduction 

OTEC has shown attractive costs compared to 
conventional power generation, with little devel- 
opment risk and with less adverse environmental 
effects. However, OTEC is competing with a moving 
target sirice savings of abut 20% dre prrclicled 
for advanced energy systems such as fluid bed 
combustion, combined cycles,,etc. using coal 
(1). OTEC is still. on the early part of the learn- 
ing curve and it is timely to look for innovative 
improvements. A first place to look is at ex- 
changers since they account for over half of the 
investment and are subject to fouling, leaks and 
corrosion. Some improvement has already been made 
by avoiding shell-and-tube designs and by using 
aluminum construction (2). 

A lower OTEC plant investment is the key 
to lower power cost, since the costs are primarily 
related to investment. OTEC has no operating cost 
for fuel; therefore efficiency and parasitic loss- 
es are secondary factors except as they affect in- 
vestment. Low investment implies smaller equip- 
ment size, a convenient measure of which is buoy- 
ancy or displacement. 

open cycle systems are still considered pro- 
mising and avoid indirect exchangers, but the 
equipment is large because of the low vapor pres- 
sure of water. An alternative is direct contact 
of warm water with a fluid to vaporize it but no 
suitable fluid could be found. For example, pro- 
pane is too soluble in water. Direct contact with 
a working fluid such as air was found to have great 

' drains I 

Figure 1. 
Hybrid Principle 

For OTEC this simple system has a volume change 
of only 6% so the equipment size and buoyancy are 
excessive. Gas volume can be decreased by raising 
the pressure to say 10 atmospheres, corresponding 
to a depth of 330 feet. Further improvement is 
needed and is achieved by forcing the piston to 
move over a greater stroke than that caused by 
the change in temperature. This requires that work 
be put in but the net result is a large increase in 
net work output per mole of gas and a corresponding 
decrease in equipment size. A flywheel can be used 
to store energy and return it as needed. Net work 
output can be taken from the flywheel or some of the 
high pressure air can be depressured through a 
turbine. 

Water pumps are not needed as the changes in 
pressure are used to induce the required water flows. 
Parasitic work for pumping water is not saved and is 
a major parasitic loss. Thus, if the water falls 
through 10 feet of air there will be correspondingly , 
less net work output. 



Good contac t ing  i s  needed between water and 
a i r  f o r  c l o s e  temperature c o n t r o l  and is pro- 
vided by a spongelike packing t h a t  f i l l s  t h e .  
cy l inder .  The packing i s  a foamed p l a s t i c  t h a t  
i s  r e s i l i e n t  so a s  t o  accommodate t h e  volume 
changes. Good temperature contr0.1 is achieved 
with t h e  wetted packing. The a rea  f o r  h e a t  
t r a n s f e r  is  comparable t o  t h a t  provided with 
i n d i r e c t  exchangers; however, t h e  p l a s t i c  sur-  
face  is  much cheaper and a fou l ing  f i lm does 
no t  i n t e r f e r e  with heat  t r a n s f e r  from t h e  gas 
t o  t h e  surface. Sprays could be p ic tured  in -  
s t e a d  of t h e  packing f o r  contact ing using a .  
r o t a t i n g  d i s c  atomizer i n s t e a d  of pressure . 
atomizing sprays,  bu t  t h e  packing is pre- 
f e r r e d  t o  assure adequate sur face  while min- 
imizing pressure  l o s s  on t h e  water. Buoyancy 
i s  decreased by going t o  higher  opera t ing  pres-  
s u r e  l e v e l s  but  a i r  s o l u b i l i t y  increases  a t  
t h e  same time and can be a s e r i o u s  d e b i t  above 
10-20 atmospkeres. There a r e  ways t o  over- 
come t h e  problem so  t h a t  t h e  hybrid p l a n t  
can be loca ted  on t h e  ocean f l o o r  a t  say 
3000 f e e t  depth and operate  a t  an equivalent  
pressure.  

Conceptual Design 

There a r e  many ways t o  apply t h e  bas ic  
p r i n c i p l e  t o  OTEC des igns  depending on t h e  
methods se lec ted  f o r  contact ing with tempera- 
t u r e  c o n t r o l  and t h e  type of work s to rage  used. 
Also, t h e r e  i s  t h e  choice of l o c a t i n g  a t  t h e  
ocean sur face ,  a t  mid-depth o r  on t h e  bottom 
where t h e  opera t ing  pressure  might be 100 
atmospheres. Only a few a l t e r n a t i v e s  have 
been screened and a conceptual design has 
been made of  one t h a t  looks a t t r a c t i v e .  I t  
i s  based on a mid-depth locat ion,  (300-600 f t . )  

The design is  shown i n  Figure 2 and t h e  
d e s c r i p t i o n  w i l l  apply only t o  t h a t  p a r t  of  
t h e  cy l inder  t o  t h e  r i g h t  of t h e  p i s t o n  s ince  
t h e  p a r t  on the  l e f t  opera tes  i n  a s i m i l a r  
manner except  f o r  timing. Operation is  s i m -  
i l a r  t o  t h e  Figure 1 descr ip t ion  bu t  modified 
t o  handle t h e  water flows with minimum com- 
p l i c a t i o n  and energy losses .  Cold water flow 
i s  s t ra igh t forward  a s  it i s  always introduced 
when t h e  cy l inder  p ressure  is  a t  10 atm. which 
is  t h e  same a s  ambient pressure.  Warm water 

Warm 

i s  needed a t  20 atm. but pumping i s  avoided by 
using a warm water rese rvo i r .  The rese rvo i r  is 
f i l l e d  a t  a time when the  e n t i r e  system i s  a t  10 
atm. p ressure  and t h e  displaced a i r  is  returned 
t o  the  cy l inder .  A t  the  same time cold water is 
flowed over t h e  packing within t h e  cy l inder  t o  
cool it, while t h e  water discharge tank is  being 
emptied. 

The system i s  now ready f o r  t h e  compression 
s t roke .  The water valves a r e  closed o f f  and t h e  
p i s t o n  moved t o  t h e  r i g h t ,  r a i s i n g  t h e  pressure t o  
20 atm. Since t h e  warm water r e s e r v o i r  i s  f u l l  
and connected t o  t h e  cy l inder  by a balance l i n e  
it is  pressurized with no s i g n i f i c a n t  energy con- 
sumption. 

/ 

A t  t h e  end of t h e  compression s t roke  t h e  
p i s ton  is stopped while the  packing within the  
cy l inder  i s  wannnd np. To dn t.hi.s, valves a r e  
opened t o  flow warm water from t h e  r e s e r v o i r  
over t h e  packing and i n t o  t h e  water discharge 
tank. Good s tag ing  is needed t o  minimize t h e  
water consumption. When t h e  warm r e s e r v o i r  i s  
emptied it becomes f i l l e d  with a i r .  In o rder  
t o  g e t  maximum work out  of t h i s  a i r  i n  t h e  sub- 
sequent expansion it is kept warm by a spongelike 
packing t h a t  f i l l s  t h e  rese rvo i r .  

A flywheel 'is used t o  absorb power during 
t h e  f i r s t  p a r t  of t h e  expansion from 20 atm. and 
r e t u r n  power during t h e  l a s t  p a r t  of t h e  expan- 
s ion s t roke .  The s t roke  and t h e  n e t  power out-  
put  a r e  threby g r e a t l y  increased.  I t  w i l l  be 
seen t h a t  t h e  flywheel could be replaced by a 
f r e e  p i s ton  which would accomplish t h e  des i red  
r e s u l t .  -. . 

The design b a s i s  used i n  making t h e  concep- 
t u a l  design i s  summarized'below: 

Warm water F 
Cold water F. 
A i r  temp. expansion OF 

A i r  temp. compression OF 

Cycles per  hour 
Pressure @ 75 F. max.'atm. 
Pressure @ 75 F. min. atm. 
Water head l o s s  f t .  
Sponge packing lb/cu. f t .  

Cold 

I warm 

Drain Drain 

Figure 2. 

Conceptual Design 



In calculating water flow rate a temperature 
change of 5 F. was used on the work of compres- 
sion or expansion and 25 F. on the sensible heat 
changes, plus a 20% safety factor. 

Derivation of the work output is given 
below along with the parasitic losses: 

Btu/mol air 
Expansion work 738.0 
compression work 696.6 - 

41.4 

Losses: 
warm water 3.6 
cold water 3.4 
mechanical 4.8 
air replacement - 3.5 

15.3 

Net output 26.1 

Head loss of 15 feet on the water includes 7 
ft., for packing height, 1.5 ft. on entrance and 
discharge tanks plus 1 ft. each for risers, vel- 
ocity head and flowpath, leaving 2 ft. for imbal- 
ance, etc. Part or all of the power used to 
replace air lost due to solubility in the water ' 

may be offset by C02 released when the cold water 
is depressured. 

It is of interest that a 1 rrw pilot opera- 
tion could use 10 tanks 7 ft. diameter by 21 ft. 
long with a piston stroke of 7 ft. Water flow 
would be about 100 cubic feet/second of cold water. 

A brief comparison versus designs using in- 
direct exchangers is shown in Table 1. The im- 
portant differences are eliminating the exchangers 
and the large decrease in buoyancy. Plastic con- 
struction can be used wherever desired and is not 
limited by heat transfer. Water flow rates are 
lower for the air-cycle. 

Table 1. Comparison of Designs. 

Lockheed Air-Cycle 

Area of exchangers, 
sq. ft. /kW 150 79 none 

Water temperature change,F 2-3 3.8-4.4 4.4 
Cold water flow CFS/MW 400 131 100 
Buoyancy, Tons/kW 1.9 2.1 0.5 

Investment, $/kW 

Cost Comparisons 

Economics of OTEC need to be compared to 
alt.ernati.ves, especially coal which may have to 
supply our energy growth in the next 10-20 years. 
Fortunately a very extensive study was recently 
completed for the government to evaluate advanc- 
ed energy systems using coal (1). This Energy 
Conversion Alternatives Study (ECAS) uses a 
carefully defined basis and ground rules to 
compare a conventional furnace versus combined 
cycles, fluid bed combustion, fuel cells, MHD 
and topping and bottoming cycles. It provides 
a sound basis for evaluations. Investments in- 
clude escalation and interest during construc- 
tion. The original ECAS numbers were modified 
somewhat in view of subsequent studies (3). 

For OTEC the base case was estimated by 
Lockheed and TRW (4, 5) and adjusted for in- 
flation. Table 2 compares investment and cost 
of electricity (C.O.E.). A conventional coal 
furnace with limestone scrubbing of the flue 
gas-has an investment of $725/kW and a C.O.E. 
of 38.7 mills/kwh. The next column allows for 
improvements such as combined cycles and fluid 
bed combustion that are expected to save 15-20% 
as a result of ongoing R&D. The next column 
for oil-fired gas turbine with steam bottoming 
represents the cost of electricity today at 
island locations, or the cost for peaking at 
a mainland power plant. 

The OTEC base case uses titanium tubes 
in standard shell and tube exchangers and is 
costly, but competitive today with oil-fired 
systems now used to supply electricity at island 
locations. Considerable saving is shown in the 
next column using aluminum instead of titanium 
and by avoiding the conventional shell type con- 
struction. Cost of the exchangers is cut from 
$lO/sq. ft. to $4/sq. ft. The C.O.E. of 34.8 
mills/kWh is attractive versus conventional tech- 
nology but about a standoff with advanced coal 
systems. 

The air-cycle case is shown in the last 
column. It is appreciably better as would be 
expected because of the smaller equipment and 
lower buoyancy. Investment is about the same 
as a conventional furnace but fuel cost is 
eliminated. There are good prospects for fur- 
ther savings especially by modifying the piston- 
flywheel arrangement and by designing for shorter 
cycles. 

Table 2. Comparison of Costs (1979 dollars) 

Coal Advanced Oil Fired OTEC Cases 
Furnace Coal Gas Turbine Base Improved , Air-cycle 

Cost of Electricity, mills/kWh 
Capital charges 22.9 19.0 14.2 47.4 28.5 23.7 

Operating & Maint. 5.1 4.2 3.2 10.5 6.3 5.2 

9.6 10.7 - 48.8 
- - - - Fuel - - - 

38.7 32.8 66.2 57.9 34.8 28.9 



Further details of the economics and cost basis 
are given in Table 3. The 100 MW plants uses 120 
FRP tanks 90 f t. long, including- 30 ft. of length 
designed to accommodate the fLywhee1 system. Air 
working fluid occupies 60 ft. of length at 15 ft. 
diameter and the piston stroke is 20 ft. Addition- 
al volume is provided for the electrical sub-system 
using a turbine/generator driven by air withdrawn 
at a high pressure part of the cycle and returned 
to tailks when they are at a low pressure point in 
the cycle. The number of tanks is such that 
steady output is achieved on the turbine/generator. 
Extra tank systems have been included so that sey- 
era1 can be taken out of service for cleaning or 
maintenance without incurring a service factor 
debt. No process development contingency is 
included in any of the cases since the study is 
intended to define potential savings for an 
innovative system and the related incentive 
for R&D efforts. 

It should be noted that the economics 
in Table 2 are based on 65% load factor as is 
representative of a land based public utility. 
However, for an OTEC industrial application the 
plant availability should be 90% or more which 
will decrease the C.O.E. by a factor of 0.7 
versus the numbers in Table 2, compared to a 
factor of 0.8 for the conventional coal fired 
furnace. 

Environmental 

Outlook 

Savings projected for the hybrid system 
were used to calculate present worth. For a 
single lOOOMW plant the saving is $2OM/year 
over advanced coal systems giving a present 
worth of more than $300M. It is clear that 
greatly increased effort is warranted on OTEC 
as one of the m s t  promising ways to use solar 
energy. OTEC effectively solves two difficult 
problems on solar power: first, the high cost 
of collectors, and second, the need for stor- 
age at night and on cloudy days. 

Integration with industrial manufacturing 
is promising in that OTEC supplies power, cool- 
ing water and shipping facilities. With suit- 
able land locations becoming more difficult to 
obtain, it offers an attractive alternative. 

The air-cycle design shows potential sav- 
ings and is especially suited for combinati~ns 
with mariculture: which can be worth more than 
the electric power. In addition, further study 
of combinations using solar collectors may show 
that the warm ocean water source can be dis- 
pensed with so that OTEC becomes applicable in 
many more locations, such as California. Locat- 
ing the plant on the ocean bottom would allow 
operating at high air pressure to increase 
power output when incorporating design changes 
of offset increased air solubility. 

Environmental aspects deserve special 
mention. OTEC avoids the environmental con- 
cerns or costs related to mining, air pollu- 
tion, C02 bui'ldup in the atmosphere as well 
as the disposal of coal ash and waste from 
flue gas scrubbing. Available studies have 
shown no appreciable adverse environmental 
effects for OTEC. 

Table 3. Economic Basis 

Inflation rate 6.5%, Interest 10%/yr. 
Load factor 65%, Capital charges 18%/yr. on investment 
Operating and Maintenance (O&M) 4%/yr. on investment. 
Coal cost $1.10/M BTU and oil $5/M BTU HHV. 
1979 dollars with escalation and interest during construction. 

Plant Investment Details 
Subsystem $/kw Installed Remarks 

Tanks 
Flywheel 
Piston 
Valves 
Packing 
CW pipe 
Ballast 
Turbine-Generato? 
Inst. & Controls 
Electrical 
Shops & Quarters 
Mooring 
other 
Contingency 

1 in. thick FRP at $3/lb. 
$15/kW energy input 
Estimate 
Incl. 440 lid type water valves 
Foam plastic 2 lb/CF,at $l/lb. 
3000 ft. at $3000/ftA installed 
Concrete at $50/ton 
Literature x 1.5 installed 
Representative plant 
Comparable power plant 
10% of basic displacement & equipment 
Representative literature 
5% of preceding 
20% of subsystem costs 
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DISCUSSION 

G. Wachtell, Franklin Institute: You mentioned oxy- 
gen as a means of transpor'ting energy for manufactur- 
ing. Could you elaborate? 

C. Jahnig: An oxygen plant requires air at roughly 
a 100 lb/in2.. ' OTEC can supply air at this pressure, 
which is passed through a drier and then through an 
expansion turbine, followed by air fractionation to 
separate oxygen and nitrogen. This way bypasses 
electric power generation, whereas the usual oxygen 
plant has an electric drive on'the air compressor. 
OTEC can use ocean energy to compress the air. 

G. Wachtell: Would that comment apply to any OTEC 
plant? 

C. Jahnig: Yes and no. The usual OTEC plant gener- 
ates shaft power that can drive an air compressor 
instead of making electric power. However, the air- 
cycle system can be used to replace an air compressor. 
By having several systems in series, air can be.com- 
pressed to 100 psig without having gone through an 
air compressor or shaft power. 

Question: How large would the equipment be? 

C. Jahnig: A 10-MW plant would require 10 vessels, 
7 ft in diameter by 21 ft long. The displacement 
of these cylinders would be smaller than that of the 
ammonia heat exchangers in a conventional OTEC plant. 
And if the construction materials are fiberglass re- 
itiforced plastic,and concrete, hopefully it can be ' 

cheaper. The equipment volume is less, and it should 
cost less per cubic foot than metal systems. 

R. Lyon, Oak Ridge: Playbe I missed the P;inciple of 
this, but it sort of takes me back to th& Newcornen 
engine days, where Watt says you donlt,have to con- 
dense in the cylinder, you can condende outside, and 
it leads me to think that perhaps what you have is 
a form of Brayton cycle. Is that correct? 

C. Jahnig: The simplistic operation is just iso- 
thermal expansion and cooling. Efficiency is equal 
to a Brayton cycle but the operation is more like a 
Carnot cycle. The simplistic operation requires 
equipment which is 10 times too big, but by forcing 
the piston to move over a greater distance than the 
temperature would'cause it to; this is what allows 
reducing the equipment size to make a practical 
system. 

D. Aaronson: I can see the system moving one stroke, 
I can't see how net work is produced. You have a 
momentary expansion and then, so far as I can see, 
you are stuck there. 

C. Jahnig: I think I can answer that. Start with 
the piston stationary with warm air on one side and 
-cold air on'the other and in equilibrium. Now re- 
verse the temperatures, and where it was warm before 
make it cold, and where it was cold before make it 
warm. Periodically reversing the warm and cold water 
flows is going to force the piston to move back and 
forth in cycles, and in doing so it will produce 
work. Another way of looking at it is to compare - 
the isothermal work of compression versus expansion. 
The expansion work is RT In compression ratio. The 
compression work is the, same thing, RT In compression 
ratio, so the net work is R times the AT times the 
compression ratio, and you can calculate your net 
work from that. We cannot increase the AT to in- 
crease the net work, but we can increase the com- 
~ression ratio. That is the trick here. You in- 
crease the compression ratio, take the same AT, and 
you get 5 or 10 times as much work per pound of gas. 

G. Wachtell: The spongelike packing keeps the ex- 
pansion and compressions approximately isothermal. 
A true Carnot cycle and its theoretical efficiency 
could be approached if adiabatic steps can be in- 
cluded in the final part of the expansion and com- 
pression strokes. Is this feasible? 

C. Jahnig: Yes, it is feasible with proper design. 
Picture the cylinder with no packing, using simple 
water sprays for temperature control. Now, simply 
shutting off the sprays changes the operation from 
isothermal to adiabatic at the desired points in 
the cycle. 

G. Wachtell: Doesn't heating and cooling of the 
packing and cylinder walls increase the water con- 
sumption and parasitic losses? 

C. Jahnig: This loss is significant and is allowed 
for in the design and economics. The packing pro- 
vides good staging to maximize temperature change 
on the water used during sensible heat changes. 
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f--- Abstract 

This paper is based upon the r e s u l t s  of the 
recently epmpleted U. S. Department of Energy 
funded "Solitheasb Regional Assessment Study ." 
The study evaluated the operating charac ter i s t ics  
and probable cos ts  of dispersed and cen t r a l  s t a t i o n  
s o l a r  e l e c t r i c  paver generation optioxis through 
the year 2000 in the  Southeastern United States.  
Ocean Thermal Energy Conversion (OTEC) was 

I 
" X  

evaluated ih d e t a i l  using the system char+-. 
t e r i s t i c s  of t he  Florida Power & U&t. Company 
(FPL) together with a resonable, although 
hypothetical ,  22 year generation expansion pl&. 
A computer analysis  of system generation costs  
using conventional f o s s i l  and nuclear generation 
was used a s  a b a s i s  fo r  comparison with a system 
i n  which a small percentage of coal-fired 
capacity was replaced by OTEC capacity suf- 
f i c i e n t  t o  maintain the same degree of system 
r e l i a b i l i t y .  From t h i s  ana lys is  a break-even 
capital.  i nves tmn t  (value t o  the u t i l i t y )  f o r  
OTEC was determined and compared t o  a range of 
estimated OTEC cos ts  from previous studies.  
Sens i t iv i ty  of the  break-even value t o  assump- 
t i ons  regarding forced outage r a t e s  and f u e l  
esca la t ion  r a t e s  was a l s o  studied. The r e su l t s  
presented kclls show tha t ,  i n  comparison t o  
o ther  renewable energy sources available fo r  
cen t r a l  s t a t i o n  @ewer generataon i n  t he  Southeast, 
OTEC holds t h e  g rea t e s t  promise. 

Introduction 

The information presented i n  t h i s  paper 
is abstracted from a much broader study e n t i t l e d  
"The Southeast Regional Assessment Study" l ftmded 
by the Department of Energy (DOE) under contract  
No. EG - 77 -C -06 - 1018 and j u s t  recently 
completed. The Southeast Study was an aesesment of 

tSen io r  Pro jec t  Coordinator 
Research and Development 

*Supervisor, Systems Planning Group 

**Project Manager 

245 Summer Street 
Boston, Massachusetts 02107 

opportunit ies f o r  s o l a r  e l e c t r i c  power generation 
i n  the Southeastern United S t a t e s  through the 
year 2000. For cent ra l  s t a t i o n  power generation 
it evaluated wind, s o l a r  thermal, ocean thermal 
energy conversion (OTEC), photovoltaic, so l a r  
thermal hybrid, and wood biomass. While not 
important t o  t h i s  paper, the  Southeast Study 
a l so  incLuded dispersed user applicat ions of wind, 
photovoltaics, and so lh r  t o t a l  energy systems. 

Par t ic ipants  i n  the study were ten e l e c t r i c  
u t i l i t i e s ,  two indus t r i a l  organizations, a uni- 
vers i ty ,  a s t a t e  s o l a r  energy center ,  a research 
i n s t i t u t e ,  and Stone & Webster Engineering 
Corporation, .an architect-engineer. A unique 
fea ture  of the  study was t h a t  i t  a l s o  included 
a four member Consumer Advisory Panel and a 
S ta t e  Government Advisory Panel made up of 
representat ives from each of the ten s t a t e s  i n  
the region plus the Commonwealth of Puerto Rico. 
Of the t e n  u t i l i t y  par t ic ipants ,  three were 
chosen a s  representat ives of the region's s o l a r  
cha rac t e r i s t i c s  fo r  modeling t h e i r  systems with 
cen t r a l  s t a t i o n  s o l a r  generating plants .  These 
were B a l t i m r e  G a s  & Elec t r i c  Company (BG&E), 
Tennessee Valley Authority (TVA) , and Florida 
Power & Eight Company, (FPL). Solar  thermal 
cen t r a l  receiver p lants  were modeled on a l l  three 
u t i l i t i e s ,  photovoltaic p lants  on BG6E and FPL, 
and r e t r o f i t  hybrid and OTEC plants  were modeled 
only on the FPL system. 

OTEC E lec t r i c  Power Generation 

OTEC derives i t s  energy from the temperature 
differences beeween cold water from great  ocean 
depths and the warm surface waters t h a t  occur in 
t ropica l  and semitropical climates. It is the 
act ion of the  sun i n  heating the surface waters 
t ha t  makes OTEC pa r t  of the  broad spectrum of 
s o l a r  technologies. OTEC plants  use a working 
f lu id ,  such a s  ammonia, tha t  w i l l  b o i l  a t  temper- 
a tu re s  s l i g h t l y  below the ocean surface water tem- 
peratures and be l i q u i f i e d  s l i g h t l y  above the tem- 
perature of the  cold water brought from the  ocean 
depths. OZEC's energy is  derived from di rec t ing  
the  vapor of the working f l u i d  through a turbine 
t ha t  i s  connected to an e l e c t r i c  generator. The 
exhaust vapor from the  turbine is then l i q u i f i e d  
i n  a condenser. Tfie condensed working f l u i d  is 
then pumped to  a vaporizer where t he  cycle begins 
again. 



'Turbine genelriapr? cons is t  of': ' m o p i a -  
powere& t b i n e s  per module, each rated a t  32 MW 
shkf t  pipier.'. Each turbine dr ives  an  1,800 m a ,  

:Y.13 : kn- 'mis t ' s  c m e p t i q n o f  a - 
400 MV cent ra l  s t a t i o n  is shown in Figure 1. 

OTEC, unlike other sofar  teclirwl&g~@ such a s  e s l a r  
thermal, wind, ,or photovoltaic, derivesf  i ts gneggy 
from a resource tha t  i s  potent ia l ly  a k i f a p l e  aV 
a l l  times. For t h i s  reason, QTEC &ppea~scs-$@;&thve ' 
prom4se a s  an economic a l t e rna t ive  t o  otker conven- 
t ional  f ~ m s  of s l eck r i c  p ~ w ~ r  generation f o r  base 
load use. 

. Z 

The OTEG plant  coneept used for co'tt@=at&e 
e*aYaluBtY@ns i n  t h i s  etrudg was based a -4WY We 
s t a t i o n  moor,& i n  the Gulf of Fiexisa*l!&@jf% from 
the w e s t  coast  ~f Florida ohere a 3 8 O ~  (81 C) 
water d i f f e r e n t i e l  temperature was a v a w b l e .  
Nominal p lant  ra t ing  was 405 W. The glaht *as 
eqslipped with r e c t i f i e r s  t o  can*& the  ac  genera- . 
t i on  t o  b ipolar -dc  a t  a$vpxoximately 300 kV. Invertex 
equipment was p l P c ~ 8  on&hore t o  convex!$ the & 
power back t o  ac  fo r  norm#l"dispatch. . W t a t  loss'e$ 
f e r  ac-dcdc  conversigns.antl* 1% cable abises  a t  " : 
f u l l  power output were eatgaated a t  2%'SfWe, resul t -  
ing  i n  a ne t  generatian f o r  dhpirtzh o%3BO We. 

, . .  

'Be p lapt  platform ctin'sdik0s 6f 9 Wtgesshapk$4, 
semisubers ib le  hul l  of  reiwtforced c o d z e t e  a t h  , 

815 f t  (244 a )  length, 340 ft (I04 a)- 'kew, 18D'ft 
(55 m) d ra f t .  Displacement is 415 ,a00 tons 
(421,640 metric tons). A tiro-point @$&toring . 

?system is used a t  an  a&sumed moo-ring depth of 
4,600 ft (1,406" a). '  The cold water pipe i s  sllspenderl' 
prestressed c m r e t e  p i p s  3,300 f t  (.l,@$Q m). long; . 
18 i n .  (0.5 ma) thick walls;  129 f t  (39' m) I D  ( a t  , - 

the  top) with i l m i b l e  j o i s b .  

The esthfmtertl cap i t a l  c+&s of the  p l a t  (1978 . 
do l l a r s )  rah$ed fmm $1,500 t o  $2,608 per ina.ta1led 
kW and were b a d  PQ 6he tine-huadreth p lant  i'a' 'a . t -  

Table 1 C a ~ i t a E  gos t  Eatimate,for 100 PIW Q n , C  Ge~rat3qg e l a n t  >* ,, 
I > 

I 197%'$/kW 
F i r s t  Plant  100& Plant  
~LowIHigh) (LowJHigh) - Basis 

Platform 

Cold Water Pkpe 

Heat Exchangers 

Fluid Transfer Subsystem 2131450 

Turbine Generator 

A w i l i a - ~ y  Systems 

Mooring 

Cable 

D0E/3fitreZ ' 

~ 0 E l M i t r d  (141.0 m i  
o f f  Tampa, assumes . 
3,040 HW plant  coarplex) 

Deployment 

Total  Direct Cost 

Indi rec ts  

Total Plant  Cost 

Owner's Cost 

5% s f  Direct Cost 

2.5% of 'Plant Cost 

10.5% - 6% (escalat ion) 
applied t o  40% of 
24-month construction 
period 

Rounded Off 



s e r i e s  of l i k e  p l a n t s ,  mass produced f o r  c o s t  
e f f i c i e n c i e s .  The range i n  c o s t s  i s  based on 
o p t i m i s t i c / p e s s i m i s t i c  sp read  f o r  t h e  d i f f e r e n t  
p l a n t  components found i n  DOE s t u d i e s 2  performed by 
o t h e r  c o n t r a c t o r s .  The wide range o f  v a l u e s  a r e  
due t o  t h e  c u a s i d e r a b l e  u n c e r t a i n t y  of a  new t ech -  
nology.  The b a s i s  o f  t h i s  c o s t  e s t i m a t e  i s  shown 
i n  Tab le  1 .  

F u l l  p l a n t  o u t p u t  i s  a v a i l a b l e  when t h e  ; a t e r  
tem e r a t u r c  d i f f e r e n t i a l  i s  i n  exces s  o f  38 F  8 (21 C).  Temperature d i f f e r e n c e s  l e s s  t han  3 8 ' ~  
w i l l  d e c r e a s e  p l a n t  o u t p u t  roughly  by t h e  tempera- 
t u r e  squared (Pne t  = Pgross  x  ( ~ a c t u a l l ~ r a t e d ) ~  -. 
P l o s s ) .  Data ob ta ined  from ~ e t r a t e c h ~  i n d i c a t e  
monthly ave rage  t empera tu re  d i f f e r e n t i a l s  i n  exces s  
o f  t h e  r a t e d  3 8 ' ~  f o r  a l l  months excep t  Febguary 
and March, d u r i n g  which i t  i s  reduced t o  37 F  
( 2 0 . 6 ~ ~ )  i n  F ~ h r u a r y  and 3 6 . 7 5 ' ~  ( 2 0 . 4 ' ~ )  i n  March. 

The reduced o u t p u t  f o r  l e s s  t han  op t ima l  tempera- 
t u r e  d i f f e r e n t i a l  was s imu la t ed  by a d j u s t i n g  t h e  
number o f  days o f  ma.intenance t o  o b t a i n  a  reduced 
a v a i l a b i l i t y  r a t h e r  t han  a  d e r a t e d  o u t p u t .  The 
normal p l a n t  expected  down t ime f o r  maintenance i s  
8  d a y s l y r  based on e s t i m a t e s  by MITRE.* S i n c e  l e s s  
t han  f u l l  p l a n t  o u t p u t  o c c u r s  i n  February  and 
March, maintenance  was scheduled  f o r  t h i s  p e r i o d  
and i n c r e a s e d  t o  12 d a y s l y r .  

Convent ional  P l a n t  Cos t s  and Economics ~ s s u m ~ t i o n s  

Convent ional  c o a l  f u e l  p l a n t  c a p i t a l  c o s t s  and 
economic assumpt ions  f o r  t h e  FP&L sys tem a r e  g iven 
i n  Table  2 .  

Table  2  ~ c o n o m i c  Assumptions Used f o r  C a l c u l a t i n g  
Value o f  S o l a r  E l e c t r i c  F a c i l i t i e s  t o  FP&L 

C a p i t a l  Cost  o f  Convent ional  Coal 808/kW 
P l a n t  Capac i ty  (1978 $ i n c l u d i n g  
owner ' s  c o s t s  and IDC) 

Coal Fue l  C o s t s ,  1978 $ 

Coal P l a n t  ObM C o s t s ,  1978 $ 8.00/kW-yr 

Discount  R a t e ,  % 9.37 

I n f l a t i o n  Rate  f o r  C a p i t a l  6 . 0  , 
C o s t s ,  % 

I n f l a t i o n  Rate  f o r  Fue l  C o s t s ,  % 6 . 0  

Assumed Genera l  I n f l a t i o n  R a t e ,  % 6 . 0  

Leve l i zed  Annual C a p i t a l  Cost  18 .92 
F a c t o r ,  % 

For  t h e  y e a r  2000, FP&L has  p r o j e c t e d  t h a t  t h e i r  
i n s t a l l e d  g e n e r a t i n g  c a p a c i t y  would be  approximate ly  
h a l f  o i l - f i r e d  u n i t s  and a  q u a r t e r  each of c o a l  and 
n u c l e a r .  I t  must be recognized t h a t  u t i l i t y  genera-  
t i o n  p l ann ing  i s  a  dynamic p r o c e s s  and s u b j e c t  t o  
change due p r i m a r i l y  t o  f l u c t u a t i o n s  i n  l oad  growth,  
p l u s  new f i n a n c i a l ,  env i ronmen ta l ,  and r e g u l a t o r y  
c o n s t r a i n t s .  

Table  3  p r e s e n t s ,  f o r  t h e  y e a r  2000, t h e  p r o j e c t e d  
g e n e r a t i n g  mixes of t h e  FP&L sys tem f o r  t h e  b a s e  
c a s e  conven t iona l  g e n e r a t i o n  expansion p l a n .  Th i s  
t a b l e  shows t h e  p r o p o r t i o n s  and c o s t s  o f  t o t a l  
energy s u p p l i e d  by o i l ,  c o a l ,  and n u c l e a r  f u e l s .  

For t h e  FPL System, f h e ' t o t a l  e s t i m a t e d  g e n e r a t i n g  
c a p a c i t y  i n  t h e  y e a r  2000 i s  22,883 MW. 

Table  3  P r o j e c t e d  Gene ra t ing  Mix f o r  Convent ional  
Expansion P l a n  f o r  Year 2000 on FPhT. System 

Energy Average Fuel  
F u e l  Supp l i ed ,  % Cost.  Mills/kh% 

Coa 1 36 .0  52 .9  

Nuclear 

T o t a l  System 100.0 41 .2  

Methodology For  Computation of Value of OTEC P l a n t  

The f i r s t  commercial OTEC c e n t r a l  s t a t i o n s  a r e  
n o t  expec ted  t o  be  a v a i l a b l e  u n t i l  t h e  1990s and 
w i l l  have sma l l  impact on u t i l i t y  economics b e f o r e  
t h e  y e a r  2000. For  t h i s  r ea son ,  g e n e r a t i o n  c o s t i n g  . 
s t u d i e s  focused on t h e  s i n g l e  y e a r  2000, w i t h  
adjustments-made t o  i n c l u d e  t h e  e f f e c t s  o f  f u e l  
c o s t  e s c a l a t i o n  t o  t h e  y e a r  2020. 

The p roduc t ion  c o s t i n g  model used t o  de t e rmine  
t h e  economic v a l u e  of OTEC uses  t h e  Booth-Baler iaux 
s i m u l a t i o n ,  which i s  widely  accep ted  f o r  sys tem 
p lann ing  s t u d i e s .  I n  t h i s  method, fo rced  ou tages  
and planned maintenance c y c l e s  a r e  s imu la t ed  by 
d e c r e a s i n g  t h e  a v a i l a b i l i t y  o f  t h e  p l a n t .  I n  
g e n e r a l ,  t h i s  i s  a good s i m u l a t i o n  f o r  OTEC s i n c e  
fo rced  ou tages  and maintenance w i l l  p r i m a r i l y  
i nvo lve  complete p l a n t  shutdown. F a i l u r e s  such a s  
co ld  wa te r  p i p e  b r e a k ,  underwater  t r a n s m i s s i o n  
c a b l e  f a i l u r e ,  o r  mooring f a i l u r e s  r e s u l t i n g  from 
ocean s to rms  could  cause  ou tages  of long d u r a t i o n .  

The v a l u e  o f  OTEC c e n t r a l  s t a t i o n  can be  a t t r i -  
bu t ed  t o  t h r e e  components - c a p a c i t y  replacement  
v a l u e ,  f u e l  replacement  v a l u e ,  acd exces s  o p e r a t i o n  
and ~ e a i n t e n a n c e  (OW) c o s t s .  

Capac i ty  replacement  v a l u e  r e s u l t s  from t h e  reduc- 
t i o n  i n  t h e  s i z e  o r  number of conven t iona l  u n i t s  
when OTEC u n i t s  a r e  added t o  an expansion p l a n .  
R e l i a b i l i t y  i s  used a s  t h e  b a s i s  t o  de t e rmine  t h e  
capaci ty . rep1acement  v a l u e .  

The r e l i a b i l i t y  o f  a  sys tem i s  measured i n  terms 
of "Loss of Load Hours" (LOLH), which r e p r e s e n t  t h e  
number of hours  i n  a  y e a r  t h a t  s imu l t aneous  ou tages  
of g e n e r a t i n g  c a p a c i t y  w i l l  exceed t h e  i n s t a l l e d  
r\eserve. By adding OTEC c a p a c i t y  t o  a  conven t iona l  
g e n e r a t i n g  expansion p l a n ,  t h e  sys tem r e l i a b i l i t y  
improves,  r educ ing  t h e  LOLH. Then, removing j u s t  
enough conven t iona l  g e n e r a t i o n  w i l l  r e s u l t  i n  
o b t a i n i n g  t h e  same r e l i a b i l i t y ,  o r  LOLH, a s s o c i a t e d  
w i t h  t h e  conven t iona l  p l a n .  The inves tmen t  i n  t h i s  
conven t iona l  c a p a c i t y  r ep l aced  by OTEC i s  d e f i n e d  
a s  t h e  c a p a c i t y  replacement  va lue  o f  t h e  OTEC 
c a p a c i t y  added.  The sav ings  i n  c a p i t a l  c o s t s  of 
t h i s  d i s p l a c e d  c a p a c i t y  i s  c a l c u l a t e d  based on an 
e s t i m a t e d  $808/kw i n  1978 d o l l a r s .  

S i n c e  t h e  c o a l  f u e l  c o s t s  a r e  3 . 5  t imes  g r e a t e r  
t han  n u c l e a r  f u e l  c o s t s  f o r  t h e  FP&L sys tem,  i t  was 
assumed t h a t  OTEC would r e p l a c e  c o a l - f u e l e d  u n i t s  
p lanned f o r  c o n s t r u c t i o n  i n  t h e  1990s .  As a  r e s u l t ,  
t h e  f u e l  c o s t  s i m u l a t i o n s  show t h a t  a  l a r g e  p a r t  o f  
t h e ' f u e l  r ep l aced  i s  c o a l .  A s m a l l e r  p o r t i o n  of 



t h e  f u e l  s av ings  is  a t t r i b u t a b l e  t o  t h e  reduced 
o p e r a t i o n  of o i l - f u e l e d  e x i s t i n g  c a p a c i t y .  

The f u e l  replacement  v a l u e  o f  OTEC f a c i l i t i e s  i s  
p r i m a r i l y  t h e  s av ing  i n  t h e  c o s t  o f  f u e l  t h a t  would 
have been consumed i n  t h e  c o a l  p l a n t  t h a t  was 
r ep l aced  by OTEC f a c i l i t i e s .  There  a l s o  a r e  sma l l  
s a v i n g s  i n  f u e l  burned i n  o t h e r  c o a l  and o i l  p l a n t s .  
The f u e l  c o s t  e s c a l a t i o n  r a t e  i s  used t o  compute a  
l e v e l i z e d  f u e l  s a v i n g s  f o r  t h e  p e r i o d  2000-2020. 
The l e v e l i z e d  f u e l  s a v i n g s  r e p r e s e n t s  t h e  f u e l  
s a v i n g s  f o r  t h e  y e a r  2000, e s c a l a t e d  each y e a r  f o r  
20 y r ,  d i s coun ted  t o  t h e  y e a r  2000, and made i n t o  
a  l e v e l i z e d  uniform s a v i n g s .  Th i s  i n  e f f e c t  accoun t s  
f o r  t h e  end e f f e c t s  o f  20 y r  o f  f u e l  e s c a l a t i o n .  . 
,Dividing t h e  l e v e l i z e d  f u e l  s a v i n g s  by t h e  f i x e d  
charge  r a t e  p rov ides  a  c a p i t a l i z e d  v a l u e  o f  f u e l  
s av ings  i n  t h e  y e a r  2000. 

OM c o s t s  f o r  OTEC s t a t i o n s  a r e  expec ted  t o  be  
g r e a t e r  t han  f o r  conven t iona l  f a c i l i t i e s .  O&M 
c o s t s  f o r  conven t iona l  f a c i l i t i e s  were e s t i m a t e d  a s  
1  p e r c e n t  o f  t h e  conven t iona l  c a p i t a l  c o s t ,  which 
f o r  a  c o a l  p l a n t  is  approx ima te ly  $8/kw/yr i n  1978 
d o l l a r s .  OTEC OM c o s t s  were e s t i m a t e d  t o  be  1  
113 p e r c e n t  o f  c a p i t a l  c o s t  o r  $35/kw/yr i n  1978 
d o l l a r s .  The annual  O&M p e n a l t y  f o r  OTEC i s  o b t a i n e d  
by s u b t r a c t i n g  t h e  OM c o s t  o f  t h e  r ep l aced  conven- 
t i o n a l  c a p a c i t y  from t h e  OTEC p l a n t  OW. Th i s  
annual  OM p e n a l t y  is then  d i v i d e d  by t h e  f i x e d  
r a t e  t o  produce a  c a p i t a l i z e d  O&M p e n a l t y .  

O v e r a l l  p l a n t  a v a i l a b i l i t y  o f  OTEC i s  p r e d i c t e d  
t o  be  a s  h igh  a s  90 p e r c e n t  by T R W ~  and  MITRE.^ 
This  co r r e sponds  t o  a  fo rced  ou tage  r a t e  o f  n e a r l y  
10 p e r c e n t .  A major u n c e r t a i n t y  o f  OTEC i s  t h e  
a v a i l a b i l i t y  of power d e l i v e r e d  t o  t h e  a c  sys tem .5 
a s h o r e .  To account  f o r  t h i s  u n c e r t a i n t y ,  v a r i o u s  5 6 7 8 9 
fo rced  ou tage  r a t e s  i n  t h e  range o f  10-40 p e r c e n t  FUEL ESCALATION - '10 
were s imu la t ed  t o  de t e rmine  t h e i r  e f f e c t  on t h e  
break-even inves tmen t .  F i g .  2 M u l t i p l i e r  t o  C o r r e c t  S o l a r  Breakeven 

Inves tment  f o r  Changes i n  F u e l  E s c a l a t i o n  Ra te  
(1980 t o  2000) on FPL System 

# 

Value o f  an OTEC P l a n t  t o  FP&L 

Based on t h e  a n a l y s i s  methodology d e s c r i b e d  
above, t h e  break-even v a l u e  ( o r  t h e  amount o f  
capi. ta1 inves tment  t h a t  would be  j u s t i f i e d  t o  b reak  

. even w i t h  a , c o a l - f i r e d  p l a n t )  f o r  s e v e r a l  d i f f e r e n t  
f u e l  e s c a l a t i o n  r a t e s  and s e v e r a l  d i f f e r e n t  fo rced  
ou tage  r a t e s  i s  g iven  i n  Table  4  f o r  a  p e n e t r a t i o n  
o f  5 p e r c e n t  (OTEC p l a n t s  compris ing  5 p e r c e n t  o f  
t h e  sys tem g e n e r a t i n g  c a p a c i t y ) .  Computations were 
a l s o  made f o r  OTEC p e n e t r a t i o n s  o f  10 p e r c e n t ,  b u t  
t h e  d i f f e r e n c e s  i n  break-even v a l u e  were l e s s  t h a n  
1  p e r c e n t  and a r e  no t  o f  any consequence.  

Table  4  Break-even Value o f  OTEC P l a n t s ,  1978 $/kW 

Rate o f  Fuel  Forced Outage Ra te ,  % 
E s c a l a t i o n ,  % 10 20 30 40 

Break-even c o s t s  a r e  a l s o  s i g n i f i c a n t l y  a f f e c t e d  
by t h e  c o s t  o f  competing conven t iona l  f u e l s  and 
o t h e r  economic f a c t o r s  s p e c i f i c  t o  an  i n d i v i d u a l  
u t i l i t y .  Low f i x e d  cha rge  r a t e s ,  which a r e  more 
f r e q u e n t l y  found i n  p u b l i c l y  owned u t i l i t y  sys tems 
due t o  t h e i r  lower o r  n o n e x i s t e n t  t a x e s  and t h e i r  
a b i l i t y  t o  borrow c a p i t a l  a t  lower i n t e r e s t  r a t e s ,  
pe rmi t  h i g h e r  c a p i t a l  i nves tmen t s  t o  a c h i e v e  break-  
even.  High f u e l  c o s t s  pe rmi t  h i g h e r  f u e l  c r e d i t s  
t o  o f f s e t  t h e  h igh  OTEC c a p i t a l  c o s t s .  P u e r t o  Rico 
would be  an  example where b o t h  o f  t h e s e  cons ide ra -  
t i o n s  would f a v o r  OTEC. Hawaii would be  an  example 
where h igh  f u e l  c o s t s ' w o u l d  p l a y  a  major r o l e .  

The r e l a t i v e l y  h igh a l l o w a b l e  i nves tmen t s  t o  
a c h i e v e  t h e  break-even shown i n  Table  4  r e s u l t  
p r i m a r i l y  from t h e  h igh  c a p a c i t y  f a c t o r  of t h e  OTEC 
p l a n t .  With a  s chedu led  downtime f o r  p r e v e n t a t i v e  
maintenance  o f  8 days  p e r  y e a r  and a  fo rced  ou tage  
of 10 p e r c e n t ,  t h e  c a p a c i t y  f a c t o r  is  87  p e r c e n t .  
I n c r e a s i n g  t h e  f o r c e d  ou tage  t o  3 0 p e r c e n t  r e s u l t s  
i n  a  c a p a c i t y  f a c t o r  o f  68 p e r c e n t  and a  lower 
a l l o w a b l e  i nves tmen t .  

OTEC i s  e s s e n t i a l l y  a  " f r e e  f u e l "  sou rce  o f  F i g u r e  3 shows g r a p h i c a l l y  t h e  r e l a t i v e  v a l u e  o f  
ene rgy .  E s c a l a t i o n  r a t e s  o f  conven t iona l  f u e l s  a l l  OTEC p l a n t s  on t h e  FP&L s y s t e m . t o  t h e  h igh  and 
w i l l  have a  d rama t i c  e f f e c t  on t h e  break-even low range c a p i t a l  c o s t  e s t i m a t e s  f o r  t h e  p l a n t  i n  
inves tment  o f  OTEC a s  shown i n  F i g u r e  2 .  The 1978 d o l l a r s .  Based on t h e  a n a l y s i s  f o r  t h e  FPbL 
break-even inves tment  o f  OTEC f o r  a  f u e l  e s c a l a t i o n  sys t em,  i t  appea r s  t h a t  mature  d e s i g n  OTEC p l a n t s  
r a t e  o f  9  112 p e r c e n t  i s  tw ice  t h e  break-even could  be  a  v i a b l e  economic o p t i o n  f o r  c e r t a i n  
inves tment  w i th  a  f u e l  e s c a l a t i o n  o f  6 p e r c e n t .  e l e c t r i c  u t i l i t i e s  i n  t h e  S o u t h e a s t  by t h e  y e a r  
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F i g .  3 Comparison 0 6  Cos t  and Value o f  OTEC 
C e n t r a l  S t a t i o n s  On FPbL System 

2000, based on c u r r e n t  DOE program g o a h .  The key 
f a c t o r s  t o  making OTEC a  v i a b l e  u t i l i t y  o p t i o n  a r e :  

o  Achieving o r  reducing t h e  c u r r e n t  c a p i t a l  
c o s t  g o a l s  

o  Ob ta in ing  a  h i g h l y  r e l i a b l e  OTEC p l a n t  
t h a t  w i l l  have a  low. fo rced  ou tage  r a t e  

o  E s c a l a t i o n  o f  f o s s i l  f u e l s  above g e n e r a l  
i n f l a t i o n  r a t e  

.o Minimizing O&M c o s t s  

o  Demonst ra t ion  of l a r g e - s c a l e  OTEC p l a n t s  
a s  soon a s  p o s s i b l e  

C ~ ~ ~ p a r i s o n  o f  OTEC w i t h  Other  S o l a r  E l e c t r i c  C e n t r a l  
S t a t i o n  Opt ions  f o r  FPbL 

OTEC i s  on ly  one o f  s e v e r a l  t ypes  o f  s o l a r  
e l e c t r i c  g e n e r a t i n g  p l a n t s  modeled i n  t h e  S o u t h e a s t  
Regional  Assessment Study on t h e  FPbL sys tem.  The 
o t h e r  s o l a r  e l e c t r i c  p l a n t s  s t u d i e d ,  u s i n g  t h e  same 
methodology d e s c r i b e d  above, were s o l a r  t he rma l  
' ( c e n t r a l  r e c e i v e r ) ,  p l ~ o t o v o l c a i c ,  wood biomass,  
r e t r o f i t  h y b r i d ,  and new h y b r i d .  Hybrid p l a n t s  u se  
a  c e n t r a l  r e c e i v e r  s o l a r  c o l l e c t o r  i n  con junc t ion  
w i t h  a  conven t iona l  f o s s i l - f u e l - f i r e d  b o i l e r  so.  
t h a t  t h e  e l e c t r i c  o u t p u t  o f  t h e  p l a n t  i s  a v a i l a b l e  
by combustion o f  f o s s i l  f u e l s  when t h e  s o l a r  p o r t i o n  
o f  t h e  p l a n t  i s  n o t  i n  o p e r a t i o n .  The fo l lowing  
t a b l e  i n d i c a t e s  t h e  r e l a t i v e  v a l u e  0.f t h e  s e v e r a l  
s o l a r  c e n t r a l  s t a t i o n  o p t i o n s .  

As can be  s e e n  above,  none o f  t h e  s o l a r  e l e c t r i c  
c e n t r a l  s t a t i o n  o p t i o n s  i n d i c a t e  t h e  chance of 
a c h i e v i n g  t h e  economic break-even t h a t  OTEC shows. 
I t  i s  c l e a r  t h a t  i f  t h e  Sou theas t  r eg ion  i s  t o  have 
a  s o l a r  e l e c t r j c  c e n t r a l  s t a t i o n  o p t i o n  a v a i l a b l e  
t o  i t ,  h igh  p r i o r i t y , s h o u l d  be  g iven  t o  a c h i e v i n g  
t h e  DOE c o s t  and r e l i a b i l i t y  g o a l s  f o r  OTEC i n  a s  
e x p e d i e n t  a  manner a s  p o s s i b l e .  

. . 
Table  5 '  Summary Comparison o f  Cost  and Value of S o l a r  C e n t r a l  S t a t i o n s  

1978 $/kW 
( f o r  y e a r  2000) 

Value. a t .  Value a L  
Mature P l a n t  6% Fue l  10% Fue l  

. . P l a n t  Type. , , Cos t s (1 )  ~ s c a l a t i o A 1 2 )  E s c a l a t i o n ( 2 )  
, . 

. C e n t r a l  S t a t i o n  ' 
e .  

' I ,  

S o l a r  Thermal . , . 2,000-2,500 350 830 . , 
(6 h r  s t o r a g e )  

. . 
P h o t o v o l t a i c  1 ,300-1 ,700 . 390 820 . , 

. ) . . ! . I  

s R e t r o f i t  Hybrid , 900,- 1 ,300 (50)  330 . a ,  

New Hybrid , Not ,Es t imated 520 510 

' OTEC' . ( l a  i o r c e d  1,400-2,600 ' 1,340 3 ,180 
outa:ge, r a t e )  . . '  ! .  

'OTEC (30% forced 
, ou tage  r .a te) ,  , 

Notes:  1 .  Assumes DOE c o s t  ,goals  f o r  development o f  s o l a r  components 
a r e  ach ieved .  

, I 

2: Fue l  i n f l a t i o n  r a t e s  i n c l u d e  6  p e r c e n t  g e n e r a l  i n f l a t i o n ; ,  
10 p e r c e n t  f u e l  e s c a l a t i o n  i s  e q u i v a l e n t  t o  4  p e r c e n t  . 
g r e a t e r  !than g e n e r a l  i n f l a t i o n .  

. . 
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DISCUSSION 

guestion: Mr. Sutherland should clarify whether, if 
OTEC displaces oil consuming power plants, it has in 
fact replaced oil that would otherwise have been con- 
sumed to produce the same electrical energy. 

P. Sutherland: In the Southeast Regional Assess- 
ment Study, we assumed that OTEC units would take 
the place of planned new generation. Since no new 
oil generation is permitted (except for peaking 
units) under the Powerplant and Industrial Fuel Use 
Act of 1978, then OTEC cannot be assumed to dis- 
place new oil fired generation. 

P. Sutherland: We have a contract with IMC now to 
buy uranium from them. 

G. Dugge.r: My other question is: Why do you think 
the outage rate will ber20%?. 

P. Sutherland: Because the outage rate on conven- 
tional power plants is more than that. 

G. Dugger: I would suggest that your home refrig- 
erator is very reliable, and we believe OTEC plants 
will be, too. We think that 10% is a good figure; 
it mav be less than that. 

It is possible that OTEC could be used to re- 
place prematurely retired existing oil fired units. P. Sutherland: We'd be glad to see one operate at 

In that case the value of OTEC in terms of capacity that reliability level. 

credits would be reduced to zero since the required 
capacity was already available from the existing oil 
unit. However, the reduction in capacity credit 
would be offset by an increase in the value of fuel 
displacement. This case was not specifically con- 
sidered in the study so the net effect is uncertain. 
However, it is obvious that chis alternative would 
increase the financing requirements on the utility 
over and above the already capital intensive case 
considered in the Southeast Study. 

G. Dugger, APL: First I want to congratulate you on 
the paper as a whole. Of course we are happy to see 
that OTEC comes out better than the other solar op- 
tion. I have a couple of questions though. How can 
you justify the 15.1 mills/kWh for nuclear power in 
the year 2000? 

P. Sutherland: We're talking about fuel costs there, 
and the inflation assumption is just 6%/yr, equal to 
general inflation. 

G. Dugger: Is that realistic considering that ura- 
nium also is a diminishing resource? 

P. Sutherland: In fact our system planning people 
assume a decreasing real cost of uranium due to 
things like uranium mining from phosphate mines as 
a by-product and ne.w ~iranium discoveries in Australia 
and things like that. So, we think that is a realis- 
tic assumption. 

G. Dugger: That is interesting because I looked at 
uranium from phosphate ores in Florida when I was 
working for IMC in 1954, and it did not look very 
promising then. 

G. Dugger: One final'short thing, you said that the 
utilities would not be interested in working with a 
captain of a plant. I have seen in newspapers re- 
cently the suggestion that that is exactly what the 
nuclear plants need - to put a captain in charge who 
knows what's going on, is responsible, and can run 
the plant. 

R. Cohen: Why are we talking about ,fuel costs - 
aren't we talking about newly installed capacity? 
Why don't you throw in the capital costs as well as 
the fuel costs? 

D..Guild: The capital costs for coal (shown in Table 
2) and OTEC (shown in Fig. 3) were included in the 
analysis but were not shown in Table 3 for simplicity. 

Question: In your OTEC transmission costs, are you 
assuming a redundant cable? Or a sea return? 

D. Guild: Costs are'based upon a 3000 MW plant com- 
plex with six pairs of paper-impregnated bipolar 
(k300 kV) cable with a seawater return. I think it 
is important to keep a study like this in perspective. 
The different forced outage rates we had were to show 
what the sensitivity of the econuu~lcs would be to 
forced outage rates. If an OTEC plant can achieve 
lo%, that will be great. The utilities will be lining 
up to buy' OTEC plants after you show them that they 
work. Whether the outage rate is LO, 20, or 30% 
really doesn't make much difference. If you can 
achieve a good forced outage rate by designing a re- 
liable plant, you will have a going cnncern. 

R. Cohen: I congratulate you also. I think that's 
an excellent study, very broad-minded in most respects. 
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A b s t r a c t  .7 
T h i s  paper p r e s e n t s  t h e  r e s u l t s  t o  d a t e  o f  a  g e n e r a t i o n  i n c l u d i n g  OTEC and i t s  i n n o v a t i v e  

c a s e  s t u d y  of. Ocean Thermal Energy Conversion (OTEC) approaches  t o  t h e  many f i n a n c i a l  p r ~ b l e m s  f a c i n g  
f o r  Middle South  U t i l i t i e s ,  I nc .  (MSU), u t i l i t i e s  i n  g e n e r a l .  Descr ibed h e r e i n  a r e  t h e  

an i n v e s t  r  owned p u b l i c  u t i l i t y  ho ld ing  company Middle South System, i t s  f i n a n c i n g  r equ i r emen t s  and 
wi th  1 O O f d t  o f  t h e  common s t o c k  of Arkansas methods ( i n c l u d i n g  how they  would r e l a t e  t o  OTEC), 
Power and L i g h t ,  Arkansas-Missouri  Power Company, and b a r r i e r s  and i n c e n t i v e s  t o  t h e  i n t e g r a t i o n  of 
Lou i s i ana  Power and L i g h t ,  M i s s i s s i p p i  Power and OTEC w i t h i n  t h e  Middle South  System. 
L i g h t ,  and New O r l e a r ~ s  P u b l i c  S e r v i c e ,  I n c .  Se l ec -  
t i o n  of MSU f o r  t h i s  s t u d y  is  a p p r o p r i a t e  because  Middle South U t i l i t i e s ,  I nc .  is  a n  i n v e s t o r -  ' 

of i t s  p rox imi ty  t o  p o t e n t i a l  OTEC s i t e s  i n  t h e  owned p u b l i c  u t i l i t y  ho ld ing  company which owns 100 
Gulf of Mexico, i t s  i n t e r e s t  i n  n o n - t r a d i t i o n a l  p e r c e n t  of t h e  common s t o c k  of f i v e  o p e r a t i n g  
forms o f ,  e l e c t r i c i t y  g e n e r a t i o n ,  i t s  c a p a c i t y  companies:  
a d d i t i o n  o u t l o o k ,  and i t s  i n n o v a t i v e  s o l u t i o n s  t o  
t h e  many f i n a n c i a l  problems p l agu ing  a l l  u t i l i t i e s  1. Arkansas Power and L i g h t  Company (AP&L), 
t h e s e  days .  MSU h a s  formed Xiddle  r e g u l a t e d  by t h e  Arkansas and Tennessee  P u b l i c  
South Energy t o  f i n a n c e  and own l a r g e ,  c a p i t a l -  S e r v i c e  Commissions; 
i n t e n s i v e ,  base load u n i t s  t- f o r  . t h e  
System, -relieving t h e  i n d i v i d u a l  o p e r a t i n g  2 .  Arkansas-Missouri  Power Company (ARK-MO), 
companiLs o f  t h e  p r e s s u r e s  a s s o c i a t e d  w i t h  f i n a n c i n e  r e g u l a t e d  by t h e  Arkansas and t h e  Mis sour i  P u b l i c  
t h e s e  programs on t h e i r  own. 'Ptre-study h a s  l e d  & S e r v i c e  Commissions i . . -incentives de- 

i n b i l i t y  o f  f i n a n c i n g  3.  Lou i s i ana  Power and L igh t  (LP&L), r e g u l a t e d  
w i l l  n o t  speed OTEC i n t e g r a t i o n  u n t i l  t h e  MSU by t h e  Lou i s i ana  P u b l i c  S e r v i c e  Commission; 
System i s  a s s u r e d  of OTEC t e c h n i c a l  performance 
and c o s t s .  Once t h e  System d e c i d e s  t h a t  OTEC per-  4 .  M i s s i s s i p p i  Power and L igh t  (MP&L), r e g u l a t e d  
formance and c o s t s  j u s t i f y  OTEC i n t e g r a t i o n ,  f i n -  by t h e  M i s s i s s i p p i  P u b l i c  S e r v i c e  Commission; and 
anc ing  w i l l  be no more d i f f i c u l t  t o  o b t a i n  f o r  OTEC 
than  f o r  t h e  r e s t  o f  i t s  c o n s t r u c t i o n  program a s  5. New Or leans  P u b l i c  S e r v i c e ,  Inc .  (NOPSI), 
l ong  a s  t h e r e  is s a f f i c i e n t  l e a d  t ime t o  i nco rpo r -  r e g u l a t e d  by t h e  New Or leans  C i t y  Counci l .  
a t e  OTEC i n t o  i ts g e n e r a t i o n  and f i n a n c i n g  p l a n s .  

financing i n c e n t i v e s  The two o t h e r  p r i n c i p a l  s u b s i d i a r i e s  a r e :  
w i l l  be  needed on ly  t o  t h e  e x t e n t  n e c e s s a r y  t o  
make t h e  f i r s t  few OTEC p l a n t s  cos t - compe t i t i ve  1 .  Middle South S e r v i c e s  (MSS), a  s e r v i c e  
w i th  n u c l e a r  and c o a l  p l a n t s ,  i n c l u d i n g  cons ide r -  company; and 
a t i o n  o f  such p o t e n t i a l  b e n e f i c i a l  f a c t o r s  a s  
s h o r t e r  c o n s t r u c t i o n  t imes  and fewer environmenta l  2. Middle South Energy, Inc .  (MSE), which pro-. 
problems w i t h  OTEC p l a n t s .  v i d e s  f i n a n c i n g  and ownership  of c e r t a i n  base load 

h- p w g e c i a l  f i n a n c i n g  a r r ange -  g e n e r a t i n g  u n i t s  w i t h i n  t h e  System and is  r e g u l a t e d  
ments may be  r e q u i r e d  Tb i nduce  t h e  u t i l i t y  t o  by t h e  F e d e r a l  Energy Regula tory  Commission a s  a r e  
purchase  t h e  demons t r a t i on  p l a n t  once i t s  r e l i -  t h e  who le sa l e  s a l e s  of each of t h e  s u b s i d i a r i e s .  
a b i l i t y  i s  proven. 

System F u e l s ,  I n c . ,  s u b s i d i a r y  of AP&L, LP&L, 
I n t r o d u c t i o n  MP&L, and NOPSI, is  r e s p o n s i b l e  f o r  f u e l s  procure-  

T h i s  pHper p r e s e n t s  t h e  r e s u l t s  t o  d a t e  o f  a  ment,  t r a n s p o r t ,  s t o r a g e  and hand l ing ,  and gas  and 

case study of  OTEC financing fo r  the ~ ~ d , j l ~  sou th  uranium e x p l o r a t i o n  f o r  t h e  System. The Assncia ted  

U t i l i t i e s ,  I nc .  ,(MSU). T h i s  work 2s  b e i n g  done Na tu ra l  Gas Company is  a  g a s  d i s t r i b u t i o n  s u b s i d i a r y  

under the sponsorship of the Department of  E ~ ~ ~ ~ ~ ,  of ARK-EIO. The name Middle South U t i l i t i e s  System 

Div i s ion  of C e n t r a l  S o l a r  Technology, a s  p a r t  of r e f e r s  t o  each of t h e  companies d e s c r i b e d  above i n  

t h e  c o n t r a c t  ET-78-C-02-5092 e n t i t l e d  "Study of a d d i t i o n  t o  Middle South U t i l i t i e s ,  I nc .  
- - 

I n t e g r a t i o n  I s s u e s  t o  R e a l i z e  OTEC Market Po ten t i a l ! '  
S e l e c t i o n  o f  MSU f o r  t h i s  s t u d y  was a p p r o p r i a t e  n o t  
on ly  because  o f  i t s  p rox imi ty  t o  p o t e n t i a l  OTEC 
s i t e s  i n  t h e  Gulf of Mexico b u t  a l s o  because  o f  i t s  
i n t e r e s t  i n  a l t e r n a t i v e  methods of e l e c t r i c i t y  

* 
Economist, S p e c i a l  P r o j e c t s  

Membership i n  t h e  System is advantageous  f o r  t h e  
o p e r a t i n g  companies s i n c e  t h e  System e n j o y s  a  d i v e r -  
s i t y  of l oad  which is  no t  a v a i l a b l e  t o  t h e  companies 
i n d i v i d u a l l y .  In  a d d i t i o n ,  t h e  System can b u i l d  
l a r g e r ,  more e f f i c i e n t  p l a n t s  and t a k e  advantage  of 
economies of s c a l e  i n  management and f i n a n c i n g .  
F i n a l l y ,  i f  an  o p e r a t i n g  company e x p e r i e n c e s  
d i f f i c u l t y ,  t h e  f i n a n c i a l  community w i l l  be  more 
r e c e p t i v e  t o  r e q u e s t s  f o r  f i n a n c i n g  when t h e  company 
i s  under t h e  umbrel la  of t h e  ho ld ing  company.' 



Table 1. Pro jec t ions  o f  c a p a c i t y  and 
generat ion mix o f  t h e  MSU System. 

F i g u r e  1 .  MSU s e a s o n a l  demand 
p a t t e r n  and OTEC s e a s o n a l  power 
r a t i o .  

O p e r a t i n g  C h a r a c t e r i s t i c s  

- The power l o a d  f o r  t h e  System p e a k s  i n  t h e  
summer w i t h  a  summer t o  w i n t e r  peak  l o a d  r a t i o  of  
1 . 4 : l .  The 1978 summer peak  demand f o r  t h e  System 
was 10 .7  GW. The l o a d  i s  l a r g e l y  made up of  
i n d u s t r i a l  c u s t o m e r s ,  who a c c o u n t e d  f o r  o v e r  40  p e r -  
c e n t  o f  e n e r g y  s a l e s . i n  1977. R e s i d e n t i a l  c u s t o m e r s  
made u p  o n e - t h i r d  o f  t h e  l o a d ,  and commerc ia l  and 
o t h e r  u s e r s  t h e  r e m a i n d e r .  The System h a s  a  no- 
c o s t  s h a r i n g  a r r a n g e m e n t ,  e x t e n d i n g  t h r o u g h  t h e  
y e a r  2000,  w i t h  TVA i n  which TVA p r o v i d e s  power t o  
h e l p  HSU meet  i t s  summer peak  and MSU s u p p l i e s  
e a u i v a l e n t  amounts of. power t o  h e l p  TVA meet  i t s  
w i n t e r  peak .  I n  1977 ,' 592 GWh were  exchanged u n d e r  
t h i s  a r r a n g e m e n t  and s a l e s  by t h e  System t o  o u t s i d e  
u t i l i t i e s  amounted t o  6289 GWh. 

The System a p p e a r s  t o  b e  c o m p a t i b l e  i n  a t  l e a s t  
two r e s p e c t s  w i t h  t h e  u s e  o f  a n  OTEC p l a n t .  F i r s t ,  
a s  F i g u r e  1  shows,  i t s  s e a s o n a l  demand p a t t e r n 7  is  
s i m i l a r  t o  t h e  s e a s o n a l  power p o t e n t i a l  o f  a n  OTEC 
p l a n t :  which was d e t e r m i n e d 2  a s  a  f u n c t i o n  of  
m o n t h l y  OTEC t e m p e r a t u r e - d i f f e r e n c e  ( s u r f a c e  w a t e r  
t e m p e r a t u r e  minus t e m p e r a t u r e  a t  100-m.depth) d a t a 3 .  
The OTEC power p o t e n t i a l  ( o r  power r a t i o )  is  
d e f i n e d  f o r  a  s p e c i f i c  u n i t . a s  t h e  r a t i o  o f  t h e  
maximum m o n t h l y  o u t p u t  c a p a b i l i t y  t o  t h e  d e s i g n e d  
maximum o u t p u t  of t h e  u n i t .  Second,  t h e  System i s  
a  s u i t a b l e  c a n d i d a t e  f o r  t h e  i n t e g r a t i o n  of  one  o r  
more OTEC p l a n t s  b e c a u s e  of i t s  p r o j e c t e d  growth  
i n  c a p a c i t y  (Table  1 ) .  T h i s  e s t i m a t e  is b a s e d  upon 

. a n  e s t i m a t e d  a v e r a g e  growth  i n  peak  l o a d  of  6 . 1  
p e r c e n t  p e r  y e a r  thr .ough 1.994, and 4 . 8  p e r c e n t  
t h r o u g h  2005. The e s t i m a t e s  o f  g rowth  u n t i l  1994 
w e r e  made by MSU a n d  e s t i m a t e s  f o r  1995-2005 were  
made by G e n e r a l  Electric-TEMPO, assuming  a  1 6  p e r -  
c e n t  r e s e r v e  m a r g i n .  

The g e n e r a t i o n  mix ( T a b l e  1 )  of t h e  System is  
a n t i c i p a t e d  t o  s h i f t  c o n s i d e r a b l y  o v e r  t h e  n e x t  
18 y e a r s  from g a s  and o i l  t o  n u c l e a r  and c o a l - f i r e d  

; c a p a c i t y .  The MSU System i s  a l s o  work ing  w i t h  
: t h e  F e d e r a l  Government t o  s t u d y  t h e  f e a s i b i l i t y  
of  compressed  a i r  e n e r g y  s t o r a g e .  E x c e s s  o f f - p e a k  
e n e r g y  ( s u c h  a s  t h a t  which c o u l d  b e  g e n e r a t e d  by 
a n  OTEC) wquld be  used  t o  pump a i r  i n t o  underground 
s a l t  domes which a r e  numerous i n  t h e  S y s t e m ' s  

s e r v i c e  a r e a .  A d e c i s i o n  w i l l  be  made i n  1980 
a f t e r  c u ~ ~ ~ p l e t i o n  of  t h e  d e s i g n  p r o j e c t  o n  w h e t h e r  
t o  go ahead  w i t h  t h e  deve lopment  o f  a  p i l o t  com- 
p r e s s e d  a i r  s t o r a g e  p l a n t .  

System F i n a n c i n g  R e q u i r e m e n t s  and P r o c e d u r e s  

Generat i  on Mix 
% 

Gas Nuclear  Oil Coal 

43 11 46 0 

7 26* 20 47 
-- - - -- - - 

Year 

1978 

1995 

2005 

C o n s t r u c t i o n  e x p e n d i t u r e s  f o r  a d d i t i o n s  t o  t h e  
S y s t e m ' s  f a c i l i t i e s ,  1977-83, a r e  shown i n  T a b l e  2 .  
System e s t i m a t e s  f o r  r e q u i r e d  c a p i t a l  e x p e n d i t u r e s  
f o r  t h e  1984-88 p e r i o d  show no  s i g n i f i c a n t  d e p a r -  
t u r e s  from t h i s  t r e n d  o f  upward growth  a l t h o u g h  t h e  
r a t e  of  i n c r e a s e  is  l i k e l y  t o  b e  l e s s  t h a n  t h a t  
o v e r  t h e  1982-83 p e r i o d .  F i n a n c i n g  s t r a t e g i e s  f o r  
MSU a r e  d i s c u s s e d . , i n  t h e  f o l l o w i n g  s u b s e c t i o n s  w i t h  
r e s p e c t  t o  two m a j o r  components:  d e t e r m i n a t i o n  of 
a s s e t  o w n e r s h i p  and s e l e c t i o n  of  a p p r o p r i a t e  
f i n a n c i n g  methods .  

I n s t a l l e d  

Capacity (GW) 

12 

34 

54 

T a b l e  2 .  Recent  and  p r o j e c t e d  n e a r - f u t u r e  
c a p i t a l  e x p e n d i t u r e s  by t h e  MSU Sys tem 

( M i l l i o n s  o f  c u r r e n t  d o l l a r s )  

D e t e r m i n a t i o n  of  A s s e t  Ownership 

Year 

$ 

I n  l a r g e  p a r t ,  MSU a d d i t i o n s  t o  g e n e r a t i n g  
c a p a c i t y  a r e - o p e r a t e d  and owned by t h e  o p e r a t i n g  
company e x p e r i e n c i n g  t h e  l o a d  growth . ,  T h e r e  a r e ,  - 
however ,  a t  l e a s t  two e x c e p t i o n s  t o  t h i s  po l ic*y:  

1977 1978 1979 1980 1981 1982 1983 

692 901  9 1 1  948  830  1019 1568 

1 .  I f  a n  o p e r a t i n g  company i s  l o c a t e d  i n  a  
g e o g r a p h i c  a r e a  g i v i n g  i t  a  c l e a r  c o s t  a d v a n t a g e  i n  
g e n e r a t i n g  e l e c t r i c i t y  by a  c e r t a i n  t e c h n i q u e ,  t h a t  
company w i l l  own p l a n t s  of t h a t  t y p e  and ~ $ 1 1  t o  
t h e  o t h e r  c o m p a n i e s ' i n  t h e  System. Examples of  
t h i s  wvuld b e  t h e  p r e s e n c e  of a  r i c h  c o a l  f i e l d  o r  
h y d r o  p o t e n t i a l  i n  a  company's  s e r v i c e  a r e a .  For 
example ,  i n  t h e  p a s t ,  L o u i s i a n a  h a s  had a v a i l a b l e  
r e l a t i v e l y  low c o s t  g a s .  I n  t h e  l o n g  r u n ,  however,  
a n  o p e r a t i n g  company would n o t  own c a p a c i t y  
e x c e e d i n g  i ts  own r e q u i r e m e n t s .  

. 2 .  Because  of  t h e  growing  f i n a n c i n g  r e q u i r e -  
m e n t s  a s s o c i a t e d  w i t h  ( a ) . n e w  c a p i t a l - i n t e n s i v e  
t e c h n o l o g i e s  and ( b )  t h e  i n c r e a s e d  minimum e f f i -  
c i e n t  s i z e  o f  b a s e l o a d  p l a n t s ,  a n  o p e r a t i n g  company 
may . f i n d  b o t h  i t s  a n t i c i p a t e d  l o a d  growth  and 



f i n a n c i n g  c a p a b i l i t y  u n a b l e  t o  s u p p o r t  s u c h  p l a n t s .  
I n  t h i s  e v e n t ,  Middle  S o u t h  Energy (MSE) c a n  own 
t h e  p l a n t  and a l l o w  t h e  company i n  t h e  most  econo- 
m i c a l  s e r v i c e  a r e a  t o  b e  t h e  o p e r a t o r .  F o r  example ,  
MSE is  now b u i l d i n g  two 1250 MW n u c l e a r  p l a n t s  a t  
t h e  Grand Gulf  N u c l e a r  S t a t i o n  i n  t h e  MPCL a r e a .  
The new e l e c t r i c i t y  w i l l  b e  s o l d  t o  t h e  members o f  
t h e  System o n  some m u t u a l l y  a g r e e d  upon a p p o r t i u n -  
ment and a t  r a t e s  3 c t  by t h e  F e d e r a l  Energy Regula-  
t o r y  Commission (PERC). I t  h a s  n o t  y e t  b e e n  
d e t e r m i n e d  w h e t h e r  t h e  a l l o c a t i o n  w i l l  b e  o n  a n  
a n n u a l  b a s i s  o r  on  a s o n e - t i m e  f i x e d  b l o c k  b a s i s .  

The o p e r a t i n g  companies  a r e  a l s o  e n t e r i n g  i n t o  
j o i n t  o w n e r s h i p  a r r a n g e m e n t s  w i t h  m u n i c i p a l i t i e s  
and c o o p e r a t i v e s  who h a v e  b e e n  t h e i r  c u s t o m e r s .  
T h i s  a i d s  t h e  f i n a n c i a l  c o n d i t i o n  o f  t h e  o p e r a t i n g  
company i n  t h a t  ( a )  t h e y  c a n  b u i l d  l a r g e r ,  more 
e f f i c i e n t  p l a n t s ,  ( b )  t h e y  c a n  meet t h e i r  o b l i g a t i o n  
t o  t h e i r  c u s t o m e r s  ( t h e  c o o p e r a t i v e s  and t h e  munic i -  
p a l s )  by s e l l i n g  p l a n t  c a p a c i t y  i n s t e a d  o f  e l e c t r i -  
c i t y ,  and  ( c )  t h e  c a p a c i . t y  owned by m u n i c i p a l i t i e s  
and c o o p e r a t i v e s  r e p r e s e n t s  f i n a n c i n g  r e q u i r e m e n t s  
which  t h e  System d o e s  n o t  h a v e  t o  m e e t .  A r k a n s a s  
Power and L i g h t  h o l d s  a  60  p e r c e n t  i n t e r e s t  and a  
r u r a l  e l e c t r i c  c o o p e r a t i v e  and m u n i c i p a l  e l e c t r i c  
company h o l d s  a  40  p e r c e n t  i n t e r e s t  i n  two 700-MW 
c o a l  p l a n t s  a t  t h e  Whi te  B l u f f  g e n e r a t i n g  s t a t i o n .  
T h i s  same g r o u p  h a s  e n t e r e d  i n t o  a  s i m i l a r  60-40 
s h a r i n g  a r r a n g e m e n t  f o r  t h e  c o n s t r u c t i o n  o f  two 
o t h e r  700-MW u n i t s  n e a r  Newark, A r k a n s a s .  

I n  t h e  c a s e  o f  OTEC p l a n t  a d d i t i o n s ,  a s p e c t s  of  
b o t h  e x c e p t i o n s  ( 1 )  and ( 2 )  a b o v e  would b e  p r e s e n t .  
Because  o f  p r o x i m i t y  t o  a n  OTEC Gulf  s i t e  o f f  New 
O r l e a n s ,  LPbL would b e  t h e  l i k e l y  o p e r a t o r  o f  t h e  
OTEC p l a n t ,  and t h e  t r a n s m i s s i o n  l i n e s  would r u n  
a s h o r e  i n t o  LPCL's s e r v i c e  a r e a .  However, b e c a u s e  
( a )  t h e  p l a n t  would b e  b a s e l o a d e d  and v e r y  c a p i t a l  
i n t e n s i v e ,  ( b )  i t  i s  i n  t h e  S y s t e m ' s  i n t e r e s t  t o  
u t i l i z e  new methods  of  e l e c t r i c i t y  g e n e r a t i o n  
and ( c )  LPCL i s  n o t  i n  f i n a n c i a l  h e a l t h ,  MSE mighc 
own t h e  p l a n t .  

The i m p o r t a n t  p o i n t  i s  t h a t  t h e  Sys tem i s  
d e v e l o p i n g  u n i q u e  methods  o f  p l a n t  o w n e r s h i p  which 
overcome some o f  t h e  f i n a n c i n g  problems e x p e r i e n c e d  
by s i n g l e  o p e r a t i n g  companies .  T h e s e  methods  
s h o u l d  p l a y  a n  i m p o r t a n t  r o l e  i n  s u p p o r t i n g  t h e  
i n L e g r a t i o n  o f  OTEC p l a n t s  i n t o  t h e  MSU System. 

F i n a n c i n g  Methods 

Once o w n e r s h i p  o f  t h e  d e s i r e d  f a c i l i t y  i s  d e t e r -  
mined ,  t h e r e  a r e  s e v e r a l  methods  which  t h e  owner 
c a n  u s e  t o  o b t a i n  t h e  needed f i n a n c i n g :  s h o r t - t e r m  
bank  l o a n s ,  bonds ,  p r e f e r r e d  and common s t o c k ,  
l e a s i n g ,  and c o n s t r u c t i o n  f i n a n c i n g .  The c o n s o l i -  
d a t e d  c a p i t a l i z a t i o n  r a t i o s  f o r  t h e  MSU System i n  
December 1978 were  long- te rm d e b t ,  59 .9  p e r c e n t ;  
p r e f e r r c d  s ~ o c k ,  7 .8  p e r c e n t ;  and common e q u i t y ,  
32.3 p e r c e n t .  

S h o r t - t e r m  bank  l o a n s  a r e  used  o n  a n  i n t e r i m  
b a s i s  by a l l  members o f  t h e  System a s  r e q u i r e d  u p  
t o  a  c h a r t e r - s p e c i f i e d  l i m i t  o f  5 p e r c e n t  o f  d e b t .  
At some p o i n t ,  however ,  t h e  s h o r t - t e r m  d e b t  i s  
c o n v e r t e d  t o  long- te rm f i n a n c i n g .  The most  common 
form o f  long- te rm d e b t  f i n a n c i n g  u s e d  by t h e  Sys tem 
is  f i r s t  m o r t g a g e  bonds .  These  may b e  i n  t h e  name 
o f  any  of  t h e  o p e r a t i n g  companies  o r  Middle  S o u t h  
Energy d e p e n d i n g  upon t h e  o w n e r s h i p  o f  t h e  equip;  

) ment.  Under h o s t  c i r c u m s t a n c e s ,  bond i s s u e s  of  

u t i l i t y  h o l d i n g  companies  a r e  by SEC r u l e  made 
p u b l i c l y  and c o m p e t i t i v e l y .  A s i z a b l e  e x c e p t i o n  
was made i n  t h e  c a s e  o f  MSE, t h e  newly c r e a t e d  
g e n e r a t i n g  s u b s i d i a r y ,  when i t  i s s u e d  bonds t o  
f i n a n c e  i t s  n u c l e a r  p l a n t s .  S i n c e  i t  was a  new , 

company w i t h  no e a r n i n g s ,  i t  r e q u i r e d  S p e c i a l  
t r e a t m e n t  i l l  I ts d e a l i n g s  w i t h  t h e  f i n a n c i a l  com- 
m u n i t y .  T h e r e t o r e ,  i t  was g r a n t e d  a n  e x e m p t i o n  t o  
t h e  r u l e  and s o l d  p r i v a t e l y  $400 m i l l i o n  i n  f i r s t  
m o r t g a g e  bonds  t o  1 5  i n s u r a n c e  companies .  Once ,  
however,  i t s  second p l a n t  b e g i n s  o p e r a t i o n ,  MSE 
w i l l  b e  r e q u i r e d  t o  p l a c e  bonds c o m p e t i t i v e l y .  

P r e f e r r e d  s t o c k  is  c u r r e n t l y  i s s u e d  by e a c h  
o p e r a t i n g  company and w i l l  be  i s s u e d  by HSE when 
i t s  two p l a n t s  g o  on  l i n e .  Common s t o c k ,  however,  
c a n  be  i s s u e d  p u b l i c l y  o n l y  i n  t h e  name of t h e  
h o l d i n g  company. The h o l d i n g  company, i n  t u r n ,  
buys  a l l  o f  t h e  common s t o c k  o f  t h e  o p e r a t i n g  
companies  and Middle  S o u t h  Energy .  

A l l  o f  t h e  o p e r a t i n g  companies  and MSE may 
e n g a g e  i n  l e a s i n g , *  which c a n  be  a d v a n t a g e o u s  f o r  
s e v e r a l  r e a s o n s .  

1 .  The System c a n  u t i l i z e  a s s e t s  w i t h  h i g h  
r a t e s  of  o b s o l e s c e n c e  w i t h o u t  h a v i n g  t o  own them. 

2 .  For  a n  o p e r a t i n g  company i n  poor  f i n a n c i a l  
c o n d i t i o n ,  l e a s i n g  may b e  t h e  o n l y  way t o  g a i n  t h e  
s e r v i c e s  o f  a  needed  p i e c e  o f  c a p i t a l  equipment .  

3. Because  MSU h a s  l i tL le  t a x a b l e  income, i t  
may b e  a d v a n t a g e o u s  f o r  i t  t o  l e a s e  equipment  from 
a  company which  i s  a b l e  t o  u s e  t h e  t a x  a d v a n t a g e s  
( s u c h  a s  t h e  I n v e s t m e n t  Tax C r e d i t )  o f  o w n e r s h i p .  
I n  r e t u r n  t h e  i m p l i c i t  " i n t e r e s t "  t e r m s  of  t h e  
l e a s e  may b e  b e t t e r  t h a n  t h e y  would b e  w i t h  normal  
f i n a n c i n g  . 

Reasons  1,  2 ,  and 3 above  f o r  l e a s i n g  a r e  n o t  r e l e -  
v a n t  i n  t h e  c a s e  of  a  u t i l i t y  i n  s t r o n g  f i n a n c i a l  
h e a l t h  which w i l l  h a v e  no  t r o u b l e  o b t a i n i n g  
f i n a n c i n g  a t  r a t e s  lower** t h a n  t h a t  p a i d  by most  
o t h e r  f i r m s .  T h e r e f o r e ,  i t  is  u n l i k e l y  t h a t  a  
l e a s i n g  f i r m  c o u l d  o f f e r  a n  i m p l i c i t  r e n t a l  c o s t  
which  would b e  c o m p e t i t i v e .  Moreover,  a  h e a l t h y  
u t i l i t y  w i l l  u s u a l l y  owe a  s i z a b l e  sum i n  t a x e s  a n d ,  
t h e r e f o r e ,  w i l l  be  a b l e  t o  u t i l i z e  a l l  of  t h e  
a v a i l a b l e  t a x  p r e f e r e n c e s .  

The MSU System d o e s  engage  i n  l e a s i n g .  For  
example ,  i t  h o l d s  s i m p l e  l e a s e s  on  i t s  n u c l e a r  f u e l ,  
and  b a r g e s  and t u g s  a r e  l e a s e d  by System F u e l s .  
C u r r e n t l y  underway i s  t h e  s t u d y  by MSU of t h e  p o s s i -  
b i l i t y  of t h e  l e v e r a g e d  l e a s i n g  of  l o c a l  c a r s ,  c o a l  
h a n d l i n g  e q u i p m e n t ,  and g e n e r a t i n g  e q u i p m e n t .  

* 
L e a s i n g  may b e  a  s i m p l e  f o r m w h e r e i n  t h e  "owner" 
o f  t h e  equipment  bor rows  a l l  of  t h e  c o s t  of  t h e  
e q u i p m e n t .  However, f o r  t h e  "owner" t o  b e  a l l o w e d  
t a x  p r i v i l e g e s  by t h e  IRS, h e  must  h o l d  a  minimum 
e q u i t y  i n t e r e s t  i n  t h e  e q u i p m e n t .  

* * 
Long-term d e b t  i s  t h e  c h e a p e s t  form of f i n a n c i n g .  
S i n c e  u t i l i t i e s  a r e  a b l e  t o  u s e  t h i s  method more 
t h a n  a r e  o t h e r  f i r m s ,  t h e i r  w e i g h t e d  c o s t  o f  
c a p i t a l  is  l o w e r  T h i s  a d v a n t a g e  is  g r e a t e r  when 
t h e  u t i l i t y  i s  h e a l t h y  and h a s  h i g h l y  r a t e d  bonds .  
For  example ,  t h e  a v e r a g e  u t i l i t y  c o s t s  of  c a p i t a l  
used  by EPRI i n  t h e i r  a n a l y s e s  a r e  long- te rm d e b t ,  
8  p e r c e n t ;  p r e f e r r e d  s t o c k ,  8 . 5  p e r c e n t ;  and 
common s t o c k ,  14 p e r c e n t .  



I n  summary, l e a s i n g  i s  used by t h e  System a s  an  
economical method of o b t a i n i n g  t h e  s e r v i c e s  of 
c e r t a i n  a s s e t s ,  g iven  t h e  System's  c u r r e n t  f i n a n c i a l  
p o s i t i o n .  T h i s  method, however, w i l l  become l e s s  
c o m p e t i t i v e  w i t h  o t h e r  f i n a n c i n g  t echn iques  a s  t h e  
System's  f i n a n c i a l  h e a l t h  improves.  

A new f i n a n c i n g  t echn ique  be ing  cons ide red  by 
t h e  System i s  a  form of c o n s t r u c t i o n  f i n a n c i n g .  
Under t h i s  ar rangement ,  a  t h i r d  p a r t y  w i l l  s e t  up a  
temporary t r u s t  f o r  t h e  d u r a t i o n  o f  t h e  p r o j e c t .  
Funding i n  t h e  form of d e b t  would come from l a r g e  
f i n a n c i a l  i n s t i t u t i o n s  such  a s  banks on t h e  b a s i s  
of t h e  v a l u e  of t h e  a s s e t .  The advantage  t o  t h e  
System of such a  t echn ique  is  t h a t  mortgage f i n a n -  
c i n g  is avo ided .  

It i s  c o n c e i v a b l e  t h a t  OTEC p l a n t s  could  'be 
f i nanced  u s i n g  any of t h e  t echn iques  d e s c r i b e d  
above. According t o  a  r e p r e s e n t a t i v e  of t h e  
System, once t h e  t e c h n i c a l  performance and c o s t  
c o m p e t i t i v e n e s s  uf t h e  OTEC p l a n t  i s  demons t r a t ed ,  
t h e  Sys t em ' s  f i n a n c i n g  of t h e  p l a n t  could  be  done 
u i i n g  c o n v e n t i o n a l  methods and s o u r c e s .  The 
System i s  a l r e a d y  d e a l i n g  w i t h  t h e  problems invo lved  
i n  f i n a n c i n g  c a p i t a l - i n t e n s i v e  p r o j e c t s .  However, 
c h a r a c t e r i s t i c s  of OTEC may make p o s s i b l e  t h e  u s e  
o f  a l t e r n a t i v e  methods which would overcome problems 
common t o  t h e  f i n a n c i n g  of a l l  major u t i l i t y  c a p i t a l  
e x p e n d i t u r e s .  

For example, a  major problem faced by a  r e g u l a t e d  
u t i l i t y  (such a s  MSU) is t h a t  c a r r y i n g  c o s t s  p r i o r  
t o  p l a n t  o p e r a t i o n  canno t  be  c o l l e c t e d  a t  t h e  t ime  
t h e  expenses  a r e  i n c u r r e d .  I n s t e a d ,  t h e s e  c h a r g e s  
a r e  c a p i t a l i z e d ,  t h u s  added t o  t o t a l  c a p i t a l  expen- 
d i t u r e s  on t h e  p l a n t  and amort ized  ove r  t h e  l i f e  
of t h e  p l a n t .  Th i s  p rocedure  can  c r e a t e  s e v e r e  
ca sh  f low problems, e s p e c i a l l y  w i t h  c a p i t a l  i n t e n -  
s i v e  t e c h n o l o g i e s  having long  c o n s t r u c t i o n  t i m e s .  
Although c a p i t a l  i n t e n s i v e ,  OTEC p l a n t s  have two 
c h a r a c t e r i s t i c s  which would a m e l i o r a t e  t h i s  problem 
t o  some e x t e n t .  F i r s t  of a l l ,  a n  OTEC p l a n t  is  
expec ted  t o  have a  r e l a t i v e l y  s h o r t  b u i l d  s c h e d u l e ,  
such a s  two t o  t h r e e  y e a r s .  The re fo re ,  t h e  t ime  
w i l l  be  reduced p r i o r  t o  which f i n a n c i n g  c o s t s  can  
be  r ecove red .  Second, t h e  OTEC p l a n t ,  b e i n g  por- 
t a b l e ,  cou ld  be c o n s t r u c t e d  by a  non-regula ted  
t h i r d  p a r t y .  The p l a n t  would be  moved t o  t h e  
System's  OTEC s i t e  and s o l d  t o  t h e  System j u s t  
p r i o r  t o  o p e r a t i o n .  A l l  a c q u i s i t i o n  c o s t s ,  which 
would of c o u r s e  i n c l u d e  f i n a n c i n g  c o s t  d u r i n g  con- 
s t r u c t i o n ,  could  t h e n  be  p l aced  i n  t h e  r a t e  b a s e  
immedia te ly .  The System would the reby  r e d u c e  i t s  
c a s h  f low problems a s s o c i a t e d  w i t h  f i n a n c i n g  con- 
s t r u c t i o n  programs p r i o r  t o  p l a n t  o p e r a t i o n .  

F a c t o r s  A f f e c t i n g  MSU's F i n a n c i a l  Cond i t i on  

The System must o p e r a t e  w i t h i n  a  c l i m a t e  p lagued 
by problems common t o  many u t i l i t i e s .  These  prob- 
lems c o n t r i b u t e  t o  h igh  c o s t s ,  low e a r n i n g s ,  and 
u n s a t i s f a c t o r y   deb^ coverage  r a t i o s ,  which i n  t u r n  
l e a d  t o  even h ighe r  f i n a n c i n g  c o s t s .  Envlronmcnta.1 
e x p e n d i t u r e s  have r a i s e d  c o s t s  w i thou t  producing 
more e l e c t r i c i t y .  I n f l a t i o n  has  had a  g r e a t  impact 
on t h e  o p e r a t i n g  and c a p i t a l  c o s t s  of t h e  System. 
I n  f a c t ,  t h e  e s c a l a t i o n  of t h e  p r i c e s  of cons t ruc -  
t i o n - r e l a t e d  goods and s e r v i c e s  used by t h e  u t i l i t y  
h a s  been g r e a t e r  t han  i n c r e a s e s  i n  t h e  Consumer 
P r i c e  Index .1  The c o s t  o f  new money h a s  doubled  
i n  r e c e n t  y e a r s .  Fue l  p r i c e  i n c r e a s e s  have 
a d v e r s e l y  impacted t h e  System, and f i n a l l y ,  t h e  
p u b l i c ' s  l a c k  of unde r s t and ing  o f  t h e  u t i l i t i e s '  

economic environment has  p laced t h e  u t i l i t y  i n  a n  
a d v e r s a r y ' s  p o s i t i o n  wi th  r e s p e c t  t o  i t s  cus tomers .  
An MSU o f f i c i a l  commented t h a t  t h e  p u b l i c  and regu- 
l a t o r y  r e sponse  t o  t h e  Three  Mile  I s l a n d  mishap may 
r e s u l t  i n  a n  u l t r a - c o n s e r v a t i v e  back la sh  by t h e  
u t i l i t y  i n d u s t r y .  That i s ,  t h e  i n d u s t r y  may a s k  
"why t a k e  r i s k s  t o  c u t  c o s t s ? "  When t h e  r i s k  works 
o u t ,  t h e  cus tomers  b e n e f i t  from lower e l e c t r i c i t y  
p r i c e s  w h i l e  t h e  s t o c k h o l d e r s  can  g e t  no more 
than  t h e  r e g u l a t e d  r a t e  of r e t u r n .  On t h e  o t h e r  
hand, i f  t h e  r i s k  d o e s n ' t  work, t h e  cus tomers  d o n ' t  
want t o  pay and t h e  r e g u l a t o r y  comm~ss ion  d o e s n ' t  
want t o  make them. There  is  no i n c e n t i v e ,  t h e r e -  
f o r e ,  f o r  t h e  u t i l i t y  management and t h e  s tock -  
h o l d e r s  t o  t a k e  r i s k s .  I f  t h i s  a t t i t u d e  does  become 
widespread i n  t h e  i n d u s t r y ,  t hen  u t i l i t i e s  may be  
even s lower  t han  a n t i c i p a t e d  i n  i n t e g r a t i n g  OTEC. 

The System a l s o  is  a t  a  d i sadvan tage  r e l a t i v e  
t o  t h e  r e s t  of t h e  i n d u s t r y  because  of t h e  r egu la -  
t o r y  c l i m a t e  (ranked below ave rage  by Value L i n e ) ,  
which is p a r t i c u l a r l y  poor i n  Lou i s i ana .  The LP&L 
1977 Annual Report  r e f e r s  t o  " the  un favorab le  
r e g u l a t o r y  c l i m a t e "  and t h e  " u n r e a l i s t i c  a t t i t u d e  
of most me~nbers of t h e  Commission." These p a r t i -  
c u l a r l y  s t r o n g  f e e l i n g s  come i n  t h e  wake of a  long 
s e r i e s  of h e a r i n g s  b e f o r e  t h e  Lou i s i ana  P u b l i c  
S e r v i c e  Commission. Out of a  $54 m i l l i o n  r a t e  
i n c r e a s e  r e q u e s t e d ,  o n l y  $5 m i l l i o n  was g r a n t e d .  
On a p p e a l  t o  t h e  d i s t r i c t  c o u r t ,  a n  a d d i t i o n a l  
$9 m i l l i o n  i n  r a t e s  was g r a n t e d .  Th i s  l a c k  of r a t e  
r e l i e f  i s  r e s p o n s i b l e  i n  p a r t  f o r  LP&LWs worsening 
d e b t  cove rage  r a t i o  ( t h e  r a t i o  of n e t  income b e f o r e  
payment of i n t e r e s t  and income t a x e s  t o  i n t e r e s t  
o b l i g a t i o n s ) .  Without s u f f i c i e n t  r a t e  r e l i e f  t o  
make t h e  a c q u i s i t i o n  of o u t s i d e  f i n a n c i n g  p o s s i b l e ,  
LP&L may be  unab le  t o  complete  i t s  c o n s t r u c t i o n  
program on schedu le .  

A  Scena r io  f o r  t h e  I n t e g r a t i o n  of 
OTEC P l a n t s  by MSU 

At l e a s t  f o u r  c r i t e r i a  must be  met b e f o r e  MSU 
comple t e ly  i n t e g r a t e s  OTEC p l a n t s :  

1.  A  p l a n t  of s u f f i c i e n t  s i z e  (+500MW) must 
be  demonst ra ted  i n  t h e  Gulf w a t e r s  f o r  a  s u i t a b l e  
pe r iod  of t ime t o  prove  t e c h n i c a l  performance 
i n c l u d i n g  r e s o u r c e  r e l i a b i l i t y ,  t h e  performance of 
t h e  c a b l e ,  and t h e  d u r a b i l i t y  of t h e  co ld  wa te r  
p i p e  d u r i n g  s to rms .  

2. C o n s t r u c t i o n ,  o p e r a t i n g  and maintenance  
c o s t s  f o r  commerc i a l s i zed  p l a n t s  must be  known 
w i t h i n  a  r e a s o n a b l e  r ange  of c e r t a i n t y .  

3 .  The OTEC p l a n t  must be  c o m p e t i t i v e  w i th  
o t h e r  base load o p t i o n s  such a s  c o a l ;  and 

6 .  There  must b e  OTEC f i n a n c i n g  a v a i l a b l e  a t  
a  c o s t  c o m p e t i t i v e  w i t h  f i n a n c i n g  c o s t s  f o r  o t h e r  
t y p e s  of g e n e r a t i n g  c a p a c i t y .  

Tab le  3 o u t l i n e s  a n  OTEC i n t e g r a t i o n  s c e n a r i o  
f o r  MSU under which t h e  government and MSU p l a c e  a  
cos t -shared commercial  s i z e d  OTEC u n i t  i n  MSLl w a t e r s  
i n  1995. Ownership of t h e  p l a n t  cou ld  be  tu rned  
ove r  t o  MSU through a  g ran t - to - loan  conve r s ion  p l a n  
(1) once t e c h n i c a l  and economic c h a r a c t e r i s t i c s  o f  
t h e  p l a n t  a r e  known and c o m p e t i t i v e  on t h e  s u b s i -  
d i zed  b a s i s  (w i th  t h e  government 's  s h a r e  d e c r e a s i n g  
f o r  subspquent  p l a n t s  a s  p l a n t  c o s t s  d e c r e a s e  due  
t o  l e a r n i n g  cu rve  b e n e f i t s  and t e c h n o l o g i c a l  
improvements) and (2) a f t e r  t h e  neces sa ry  l e a d  t ime  



f o r  i n c l u s i o n  i n  t h e  g e n e r a t i o n  and f i n a n c i a l  p l a n  
h a s  passed.  

Table  3. S c e n a r i o  f o r  OTEC i n t r o d u c t i o n  

b 
i n t o  MSU System 

1987-1990 Design and c o n s t r l l c t i o n  of commercial  
UTEC under  Government Purchase  Order 

1990 S t a r t  c o n s t r u c t i o n  of s e v e r a l  commer- 
c i a l  u n i t s  under Government Purchase  
Order 

1995 D e l i v e r  f i r s t  OTEC 100 t o  MSU under  
g r a n t  t o  l oan  conve r s ion  p l a n  

2003-2005 D e l i v e r  a d d i t i o n a l  u n i t s  t o  MSU 

For example,  i f  i t  is  assumed t h a t  t h e  r e q u i r e d  
demons t r a t i on  p e r i o d  i s  t h r e e  y e a r s ,  t hen  t h e  soon- 
e s t  t h e  demons t r a t i on  p l a n t  can b e  inc luded  i n  MSU's 
g e n e r a t i o n  and f i n a n c i a l  p l a n s  is 1998. For t h e  
demons t r a t i on  p l a n t ,  i n c l u s i o n  i n  t h e  g e n e r a t i o n  
p l a n  i s  n o t  c r i t i c a l  s i n c e  t h e  System is  s o  l a r g e  
i t  could  abso rb  t h e  a d d i t i o n a l  e l e c t r i c i t y  w i th  
l i t t l e  impact on t h e  System. It is  ve ry  i m p o r t a n t ,  
however, t h a t  t h e  demons t r a t i on  u n i t  be  i nco rpo ra t ed  
i n t o  t h e  f i n a n c i a l  p l a n  i f  ownership  i s  t o  be  t r a n s -  
f e r r e d  from t h e  government t o  t h e  u t i l i t y .  

An example is  given h e r e  t o  show why t h e  u t i l i t y  
would n o t  purchase  t h e  demons t r a t i on  p l a n t  immedi- 
a t e l y  a f t e r  t h e  r e q u i r e d  demons t r a t i on  p e r i o d  (and 
b e f o r e  i n c l u s i o n  i n  t h e  f i n a n c i a l  p l a n ) .  I t  i s  
assumed t h a t  t h e  demons t r a t i on  i s  a  100 MW u n i t  t h a t  
is  proven t e c h n i c a l l y  by 1998. A t  t h a t  t ime  t h e  
government o f f e r s  t h e  p l a n t  t o  t h e  u t i l i t y  a t  a  com- 
p e t i t i v e  c o s t  o f  $200 m i l l i o n *  (1978 d o l l a r s ) .  I f  
t h i s  f i n a n c i n g  requirement  is compared t o  p r o j e c t e d  
t o t a l  MSU f i n a n c i n g  r equ i r emen t s  i n  1998 of $1.31 
b i l l i o n  (1978 d o l l a r s ) , * *  then  t h e  OTEC purchase  
would i n c r e a s e  t l l e i r  f i n a n c i n g  r equ i r emen t s  by 15 
p e r c e n t  i n  t h a t  y e a r .  Such an  e x p e n d i t u r e  would be  
ha rd  f o r  t h e  u t i l i t y  t o  j u s t i f y  bo th  i n t e r n a l l y  and 
w i t h  t h e  r e g u l a t o r y  commissions. I t  i s  u n l i k e l y  
t h a t  s u f f i c i e n t  f i n a n c i n g  could  be  r a i s e d  on such 
s h o r t  n o t i c e ,  and even i f  i t  cou ld ,  i t  i s  even more 
u n l i k e l y  t h a t  t h e  r e g u l a t o r y  commission would a l l o w  
t h e  c o s t  o f  c a p a c i t y  n o t  r e q u i r e d  a t  t h a t  t ime  by 
t h e  System t o  be  inc luded  i n  t h e  r a t e  b a s e . 1  I f ,  
however, t h e  g r a n t  t o  l o a n  conve r s ion  could  be  de- 
l ayed  f i v e  y e a r s ,  t hen  t h e  System cou ld  p o s s i b l y  
i n c o r p o r a t e  t h e  OTEC p l a n t  i n t o  i t s  f i n a n c i a l  p l a n  
and ownership could  be  t r a n s f e r r e d  i n  2002. 

I f  MSU's p r o j e c t e d  load  growth is pe rce ived  i n  
1998 (when t h e  demons t r a t i on  i s  completed) a s  

* 
Based upon in fo rma t ion  i n  memo e n t i t l e d  "OTEC 
C o n t r a c t o r s  on Market I n t e g r a t i o n  I s s u e s "  r e -  
ce ived  from Department of Energy, 30 >lay 1979. 

* * 
Assumes an  8  p e r c e n t  nominal r a t e  of growth 
o f  c o n s t r u c t i o n  e x p e n d i t u r e s  p e r  y e a r  a f t e r  
1978 and a  6 p e r c e n t  r a t e  of g e n e r a l  i n f l a -  
t i o n .  T h i s  e s t i m a t e  was made e n t i r e l y  fo,r 
purposes  of t h e  example and is n o t  s anc t ioned  
by t h e  Middle South  System. 

s u f f i c i e n t  and i f  t h e  OTECs a r e  c o m p e t i t i v e , *  t hen  
MSU would p l a c e  a d d i t i o n a l  OTEC p l a n t s  i n  i ts gen- 
e r a t i o n  p l a n  f o r  t h e  2005 t o  2008 pe r iod .  The f i n -  
anc ing  f o r  t h e s e  p lants** could  come from t h e  u t i -  
l i t y ' s  own s o u r c e s  (e .g .  , c o n s t r u c t i o n  t r u s t s )  o r  
i t  could  come from f e d e r a l l y  gua ran teed  l o a n s .  
However, even though f e d e r a l l y  guaranLeed l o a n s  a r e  
e a s i e r  f o r  t h e  u t i l i t y  t o  a d m i n i s t e r  t han  a r e  con- 
s t r u c t i o n  t r u s t s ,  t h e  former may r e p r e s e n t  more 
government c o n t r o l  t han  t h e  u t i l i t y  is  w i l l i n g  t o  
accep t .  At t h i s  t ime,  one  cannot  p r e d i c t  which 
method w i l l  appea r  b e s t  t o  t h e  u t i l i t y  i n  1938. 

Summary 

The major  conc lus ions  of t h i s  paper  can be 
summarized: 

I n c e n t i v e s  des igned t o  i n c r e a s e  t h e  a v a i l -  
a b i l i t y  of f i t l anc ing  w i l l  n o t  speed OTEC 
i n t e g r a t i o n  u n t i l  t h e  MSU System i s  a s s u r e d  
of OTEC t e c h n i c a l  performance and c o s t s .  

Once t h e  System d e c i d e s  t h a t  OTEC p e r f o r -  
mance and c o s t s  j u s t i f y  OTEC i n t e g r a t i o n  
f i n a n c i n g  w i l l  be  no more d i f f i c u l t  t o  
o b t a i n  f o r  OTEC than  f o r  t h e  r e s t . o f  i t s  
c o n s t r u c t i o n  program a s  l ong  a s  t h e r e  is  
s u f f i c i e n t  l e a d  t ime  t o  i n c o r p o r a t e  OTEC 
i n t o  i t s  g e n e r a t i o n  and f i n a n c i a l  p l an .  
Under t h e s e  c i r cums tances ,  f i nanc ing ,  i n -  
c e n t i v e s  w i l l  be  needed on ly  t o  t h e  e x t e n t  
n e c e s s a r y  t o  make t h e  f i r s t  few OTEC p l a n t s  
cos t - compe t i t i ve  w i t h  n u c l e a r  and c o a l  
p l a n t s .  

I f  s u f f i c i e n t  l e a d  t ime cannot  be g i v e n ,  
s p e c i a l  f i n a n c i n g  ar rangements  may be  
r e q u i r e d  t o  i nduce  t h e  u t i l i t y  t o  purchase  
t h e  demons t r a t i on  p l a n t  once i t s  r e l i -  
a b i l i t y  is proven. 

* ~ a ~  r e q u i r e  government subs idy .  

*'1t is assumed t h a t  t h e s e  p l a n t s  a r e  b u i l t  under 
government purchase  o r d e r .  T h e r e f o r e ,  o r d i n a r y  
f i r s t  mortgage f i n a n c i n g  cannot  be  used s i n c e  (1)  
t h e  t o t a l  is  to?  l a r g e  t o  be  r a i s e d  a l l  i n  one yea r  
by t h i s  means and (2)  s i n c e  t h e  p l a n t  is n o t  be ing  
b u i l t  by t h e  u t i l i t y  t h e r e  cannot  be g r a d u a l  f i n -  
a n c i n g  because  t h e  u t i l i t y  has  no e q u i t y  u n t i l  i t  
t a k e s  posses s ion .  I f  t h e  u t i l i t y  b u i l t  t h e  p l a n t s ,  
t h e  t h r e e  t o  f o u r  yea r  l e a d  t ime would be  .adequate 
f o r  conven t iona l  f i n a n c i n g  methods. 
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A b s t r a c t  

w i h e  p l a n  d e v e l o p e d  t o  rit:: ( P R \ ! R A )  z o ~ e t h e r  v i t h  
u n d e r t a k e  a generation e x p a n s i o n  s t u d y  a s s u n i n  t h e  C o l l e g e  o f  E n . i n e e r i n g  
a v a i l a b i l i t y  o f  commerc ia l  OTEC p l a n t s  a s   ell o f  t h e , U n i v e r s i t v  o f  P u e r t o  Rico _ ( I I P R )  
n o r e  c o n v e n t i o n a l  c o a l ,  o i l , ,  and n u c l e a r  o p t i o  per formed a n  e n g i n e e r i n g  s t u d y  f o r  t h e  l o c a t i o n  
F o u r  major  a r e a s  o f  s t u d y  a r e  d i s c u s s e d :  o f  a n  OTEC power p l a n t  a  few m i l e s  t o  t h e  e a s t  o f  

g e n e r a t i o n  Sys tem,  E l e c t r i c a l  Sys tem,  L i c e n s i n g  t h e  i s l a n d .  The work was not  f o l l o w c d  f u r t h e r  i n  
and E n v i r o n m e n t a l .  The a p p r o a c h  t o  g e n e r a t i o n  t h o s e  y e a r s  o f  p l e n t i f u l  o i l  a t  low p r i c e s ,  b u t  
e x p a n s i o n  is b a s e d  on a  s y s t e m  p l a n n i n g  method it  produced  component s i z e s  and i d e n t i f i e d  t h e  
us i r lg  r e l i a b i l i t y  c r i t e r i a  complemented.  w i t h  working f l u i d  f o r  a  s u i t a b l e  thermodynamic OTEC 
a n a l y s e s  o f  r e s e r v e  r e q u i r e m e n t s .  Sys tem r e l i -  c y c l e .  I n  1 9 7 5  we f o r m e d  a n  i n t e r -  
a b i l i t y  c a l c u l a t i o n s  a r e  based  on f r e q u e n c y  and cgency  commit tee  t o  promote  p a r t i c i p a t i o n  o f  
d u r a t i o n  methods .  The f o l l o w i n g  d e l i v e r a b l e s  P u e r t o  R i c o  i n  s o l a r  e n e r g y  d e v e l o p m e n t ,  a n d  
were r e q u e s t e d  i n  t h e  p l a n :  a l t e r n a t i v e  g e n e r a -  OTEC was among t h e  p r i o r i t y  i t e m s  o f  t h a t  commit- 
t i o n  e x p a n s i o n  schemes ,  r e l i a b i l i t y  e v a l u a t i o n ,  t e e ,  which d e v e l o p e d  'a good s o u r c e  o f  i n f o r m a t i o n  
e n e r g y  p r o d u c t i o n  c o s t s ,  and OTEC break-even  on o u r  p o t e n t i a l  s i t e s  and i n d u s t r i a l  c a p a b i l i t y  
r e q u i r e m e n t s .  The e l e c t r i c a l  s y s t e m  p o r t i o n  is t o  s u p p o r t  a n  OTEC p r o j e c t .  A t  a b o u t  t h e  same 
p lanned  t o  d e p a r t  from assumed i n t e r c o n n e c t i o n s  t i m e ,  t h e  N a t i o n a ?  S c i e n c e  F o u n d a t i o n  s p o n s o r e d  a 
o f  t h e  added g e n e r a t i o n  c a p a c i t y  a t  t h r e e  o p t i o n a l  sic_e study that was undertaken by t h e  ~~~i~~ 

, s i t e s .  D e t e r m i n a t i o n  o f  c o s t s  f o r  v a r i o u s  v o l -  S c i e n c e  L a b o r a t o r y  o f  t h e  C o l l e g e  o f  E n g i n e e r i n g  
t a g e s ,  c a p a c i t i e s ,  and maximum r e l i a b i l i t y  c a b l e  o f  t h e  UPR a t  a  l o c a t i o n  a few miles s o u t h  o f  
c o n f i g u r a t i o n s  a r e  p r i n c i p a l  i t e m s  o f  t h i s  por-  T u n t a  Tuna on t h e  s o u t h e ~ s t  c o a s t  o f  t h e  i s l a n d .  
t i o n  o f  t h e  p l a n .  The a p p r o a c h  to  l i c e n s i n g  
i n c l u d e s  a s t u d y  o f  F e d e r a l  and l o c a l  l aws  The c r e a t i o n  i n  1977 ( s p o n s o r e d  by DOE) of  t h e  
r e l a t e d  t o  t h e  l i c e n s i n g  p r o c e s s  o f  a  s t a t i o n a r y  C e n t e r  f o r  Energy  and E n v i r o n m e n t a l  R e s e a r c h  
s e a  f l o a t i n g  f a c i l i t y .  The r o l e  o f  a l l  r e g u l a -  (CEER) o f  t h e  UPR added  much t o  t h e  o n g o i n g  OTEC 
t o r y  a g e n c i e s  w i l l  b e  d i s c u s s e d  and d e f i n e d  u s i n g  e f f o r t .  S i n c e  i ts b e g i n n i n g ,  t h e  CEER h a s  p l a c e d  
i n f o r m a t i o n  t o  be  o b t a i n e d  t h r o u g h  s p e c i f i c  f i r s t  p r i o r i t y  i n  OTFC r e s c a r c h  and a t  p r e s e n t  is 
i n q u i r i e s .  The d e s i g n  o f  t h e  e n v i r o n m e n t a l  s t u d y  p a r t i c i p a t i n g  i n  o c e a n o g r a p h y ,  e c o l o g y  and b i o -  
was f o c u s e d  on t h e  phenomena o f  t h e  OTEC p l a t f o r m  f o u l i n g  s t u d i e s  a t  P u n t a  Tuna and  on l a b o r a t o r y  
a t t r a c t i o n  on t h e  p e l a g i c  o r g a n i s m s .  T h i s  s t u d y ,  s t u d i e s  o f  s u r f a c t a n t s  f o r  t h e  advanced  FOAM OTEC 
t o  be  c o n d u c t e d  by t h e  C e n t e r  f o r  Energy and c o n c e p t .  An OTEC i n t e r a g e n c y  c o m m i t t e e  was 
E n v i r o n m e n t a l  R e s e a r c h  o f  t h e  U n i v e r s i t y  o f  c r e a t e d  i n  1977 and r e - s t r u c t u r e d  i n  1978 by t h e  
P u e r t o  R i c o ,  s t e m s  from t h e  known f a c t  t h a t  b i g  O f f i c e  o f  Energy o f  t h e  Governor  o f  P u e r t o  Rico .  
p l a t f o r m s  moored on h i g h  s e a s  w i l l  a t t r a c t  g r e a t  T h i s  conuni t tee  h a s  been i n s t r u m e n t a l  i n  d e v e l o ~ i n e  a  
q u a n t i t i e s  o f  f i s h  and p e l a g i c  o r g a n i s m s  and w i l l  v i g o r o u s  s t r a t e g y  u l d  a n  i n t e g r a t e d  e f f o r t  i n  
enhance  t h e i r  r e p r o d u c t i o n .  T u e r t o  R i c o  t o  ~ r o m o t e  a d v a n c e m e n t  o f  OTEC 

t e c h n o l o g y  w i t h  t h e  o b j e c t i v e  o f  making it 
f e a s i b l e  i n  t h e  s h o r t e s t  t i m e  p o s s i b l e .  - v m  

-+ f~a-  
. . .  

T h e . p r e s e n t  s y s t e m  p l a n n i n g  s t u d y  i s  
n o t  u n l q u e .  F l o r i d a  P o w e r  C o m p a n y  w i l l  

I n t r o d u c t i o n  b e  work ing  on s i m i l a r  o r  complementary  s u b j e c t s  
a t  t h e  same t i m e  u n d e r  a n o t h e r  DOE c o n t r a c t  

The proposed  s t u d y  came o u t  o f  t h e  p r o b a b l e  a d d r e s s i n g  t h e  G u l f - b a s e d  u t i l i t i e s .  I n  
r e a l i z a t i o n  by DOE t h a t  OTEC t e c h n o l o g y  h a s  o u r  c a s e ,  L h e  r e s u l t s  w i l l  b e  m o r e  v a l u a b l e  
matured  t o  t h e  p o i n t  where  i t  was t i m e  t o  a t t e m p t  f o r  t h e  i s l a n d s .  
i ts a d d i t i o n ,  a t  l e a s t  i n  t h e o r y ,  i n t o  t h e  
g e n e r a t i o n  mix o f  t h e  e l e c t r i c  power u t i l i t i e s .  
A c c o r d i n g l y ,  RFP No. ET-78-R-02-0019, " E l e c t r i c  G e n e r a l  P l a n  
U t i l i t y  P l a ~ i n g  S t u d i e s  f o r  OTEC Power 
I n t e g r a t i o n , "  was i s s u e d  i n  t h e  summer o f  1978.  

T h e  p l a n  i s  t o  c o n d u c t  a  s t a n d a r d  
g e n e r a t i o n  e x p a n s i o n  s t u d y  e m p h a s i z i n g  

As a  r e s u l t  o f  t h i s  a t t e m p t ,  a  v a l u a b l e  s o u r c e  o f  t h e  r e s u l t s  o f  a 
o f  O T E C  a g a i n s t  i n f o r m a t i o n  f o r  t h e  e l e c t r i c  u t i l i t i e s  and f o r  t h e  o t h e r  a l t e r n a t i v e s .  c o a l .  o i l ,  and n u c l e a r  

t h e  advancement o f  t h e  OTEC c o m m e r c i a l i z a t i o n  
e f f o r t  i n  DOE is e x p e c t e d  t o  be  d e v e l o p e d .  p o w e r  p l a n t s .  O u r  b a s e l i n e  s y s t e m  i s  t h e  

i n t e g r a t e d  n e t w o r k  o f  P u e r t o  R l c o  ( F i g .  1 ) .  

The p a r t i c i p a t i o n  o f  P u e r t o  Rico  i n  OTEC 
p r o m o t i n g  a c t i v i t i e s  is  n c t  new. I n  1867 ,  Unique a s p e c t s  o f  OTEC w i l l  b e 0 i d e n t i f i e d  
' e ! ~ p , i n e e r s  P r o m  t h e  P u e r t o  R i c o  G J h t c r  u s i n g  d a t a  r e a d i l y  a v a i l a b l e  o r  t o  be  r e q u e s t e d  

* S u p e r v i s o r ,  Envi ronment  y d  Energy 
S t u d i e s  Depar tment  



from DOE. Such i t e m s  a s  t h e  m a t h e m a t i ~ ~ l  model S i n c e  t h e  l i c e n s i n g  o f  t h e  OTEC f a c i l i t y  is 
f o r  t h e  s i m u l a t i o n  o f  t h e  v a p o r - t u r b i n e  sy s t em 

' 

new t o  t h e  e x i s t i n g  l aws  and r e g u l a t i o n s ,  recom- 
and t h e  g e n e r a t o r  and its e x c i t a t i o n  sy s t em a r e  mendat ions  w i l l  b e  made on how t o  r educe  t h e  time 
r e q u i r e d  f o r  t h e  e l e c t r i c  sy s t em p l a n n i n g  s t u d y .  and c o s t  r equ i r emen t s  f o r  t h e  l i c e n s i n g  t a s k .  
O t h e r  d a t a  r e q u i r e d  i n c l u d e s  power c a b l e  c o s t  and Three  s i t e s  w i l l ,  b e  c o n s i d e r e d  t o  e s t a b l i s h  t h e  
r e l i a b i l i t y ,  main tenance  c o s t s ,  o p e r a t i o n a l  r e g u l a t o r y  r e q u i r e m e n t s  ( F i g . 2 ) .  One o f  t h e  
c o s t s ,  sy s t em a v a i l a b i l i t y ,  power consumpt ion  by s i t e s  w i l l  b e  few m i l e s  away from Punta  Tuna on 
a u x i l i a r i e s  and o t h e r  a s p e c t s  t h a t  may a r i s e  t h e  s o u t h e a s t  c o r n e r  o f  t h e  i s l a n d ;  t h e  3econd 
d u r i n g  t h e  s t u d y .  one w i l l  b e  s o u t h  o f  C u a y a n i l l a  on t h e  s o u t h  

\ 
L E G E N D :  

1 1 5 ~ ~  S Y S T E M  TRPINSF. UPRPITlN6 

2301(V S I S T E ~  ZBKV'SUBY4RINE C48LE 

1 1 

Fig .  1 E l e c t r i c a l  Sys tem of P u e r t o  Rico  

PUERTO RlCO 
VIEQUES . 

TEMPERATURE (OCI \ 

Kni 

0 50 100 
I 

I 
1 

n 30 

M I L E S  

T H E R M A L  RESOURCE lCol 

Fig .  2 P o t e n t i a l  OTEC S i t e s  



c o a s t ;  and t h e  t h i r d  w i l l  be  P u n t a  Bor inquen  on 
t h e  n o r t h w e s t  c o r n e r .  The s t u d y  w i l l  a d d r e s s  t h e  
impact  o f  t h e  m a r i t i m e  l a w s  on t h e  l i c e n s i n g  p r o -  
c e d u r e  a t  t h e  l o c a t i o n  most l i k e l y  t o  be  a f f e c t e d  

I n  p e r f o r m i n g  t h e s e  t a s k s ,  PRIJRA 
w i l l  d r a w  u p o n  i t s  i n t e r n a l  r e s o u r c e s ,  
b o t h  m a n p o w e r  a n d  c n m p u t c r  p r o g ~ a n ~ s ,  a s  
w e l l  a s  t h e  r e s o u r c e s  o f  a  s u b c o n t r a c t o r :  
who w i l l  p e r f o r m  t h e  e n v i r o n m e n t a l  s t u d i e s  
r e l a t e d  t o  a  p l a t f o r m  o f f  P u n t a  T u n a .  T h e  
P u n t a  T u n a  s i t e  w a s  s e l e c t e d  a s  t h e  m o s t  
l i k e l y  f o r  t h e  c o n s t r ~ ~ c t i n n  o f  a n  OTEC 
f a c i l i t y .  F o r  E v a l u a t i n g  t h e  e c o n o m i c  , 

a s p e c t s  o f  g e n e r a t i o n  . a l t e r n a t i v e s ,  we w i l l  
u s e  t h e  PRONOD 111 P r o d u c t i o n  C o s t i n g  
C o m p u t e r  P f o d e l . f r o m  E n e r g y  M a n a e e m e n t  
A s s o c i a ' t e s ,  I n c .  

T h e  g e n e r a l  a p p r o a c h  i s  t o  d e v e l o p  
e c o n o m i c  a n d  t e c h n i c a l  s c e n a r i o s  f o r  OTEC 
d e v e l o p m e n t  i n  t h e  1 9 8 5  t o  2 0 0 0  t i m e  f r a m e  
..I. , , . , c h , v i l l  ; k c  u s e d  t o  d e t e r m i n e  p r o e r a m s  

a n d  i n c e n t i v e s  t h a t  w i l l  b e  r e c o m m e n d e d  
' t o  i n c r e a s e  t h e  c o m p e t i t i v e  p o s i t i o n  o f  
OTEC. T h i s  a p p r o a c h  c o n s i s t s  o f  t h e  
f o l l o w i n g  m a j o r  s t e p s :  

Update t h e  p r e s e n t  l o a d  demand m o d e l s .  

Update t h e  g e n e r a t i o n  e x p a n s i o n  p a t t e r n  and 
power s y s t e m  d e l i v e r y  network assuming  con- 
v e n t i o n a l  power s o u r c e s  o p t i o n s .  

D e t e r m i n e  what  i n f o r m a t i o n  is needed t o  
e v a l u a t e  OTEC f o r  f u t u r e  g e n e r a t i o n  
c a p a c i t y .  

O b t a i n  from DOE o r  its s u b c o n t r a c t o r s ,  o r  
o t h e r w i s e  e s t i m a t e  OTEC e v a l u a t i o n  param- 
e t e r s  t o  comp1et.e an e x p a n s i o n  and network  
s t u d y .  

P e r f o r m  a  s e n s i t i v i t y  a n a l y s i s  on t h e  OTEC 
e v a l u a t i o n  p a r a m e t e r  s o  t h a t  v a r i o u s  
s c e n a r i o s  f o r  t h e  s u c c e s s f u l  dep loyment  o f  

. OTEC i n  t h e  1985 t o  2000 t i m e  p e r i o d  can 
b e  d e s c r i b e d ,  and recommend programs and 
i n c e n t i v e s  which c o u l d  be  implemented t o  
g i v e  a  s t i m u l u s  t o  t h e  s u c c e s s f u l  dep loy-  
ment o f  OTEC f o r  t h e  e l e c t r i c  power gene- 
r a t i o n  i n  t h e  l a t t e r  y e a r s  o f  t h i s  c e n t u r y .  

G e n e r a t i o n  Sys tem 

G e n e r a l  D e s c r i p t i o n  

T h i s  t a s k  was d e s i g n e d  t o  e v a l u a t e  OTEC p l a n t s  
i n  t h e  overa1.1 g e n e r a t i o n  s y s t e m  p l a n n i n g  c o n c e p t  
o f  a n  e l e c t r i c  u t i l i t y .  It c o n s i s t s  o f  t t i r e e  
m a j o r  s u b - t a s k s :  l o a d  f o r e c a s t i n g ,  s t u d y  o f  
e x p a n s i o n  a l t e r n a t i v e s ,  and economic e v a l u a t i o n  
o f  t h e  a l t e r n a t i v e s .  

Load f o r e c a s t s .  Load f o r e c a s t s  a r e  per formed 
p e r i o d i c a l l y  i n  PRWRA. They a r e  per formed by t h e  
F o r e c a s t i n g  and R a t e  S t u d i e s  Depar tment  a p p l y i n g  
e c c n o m e t r i c  t e c h n i q u e s  t o  t h e  e c o n o m e t r i c  i n d i c a -  
t o r s  o f  t h e  i s l a n d .  These  i n d i c a t o r s  a r e  pro- 
v i d e d  by t h e  P u e r t o  Rico  P l a n n i n g  Board.  T a b l e  1  
shows t h e  r e s u l t s  o f  a  r e c e n t  l o a d  f o r e c a s t  s t u d y .  
The a v e r a g e  e x p e c t e d  growth  i n  peak demand is 
a b o u t  3.6% a n n u a l l y .  T h i s  t a b l e  p r o v i d e s  t h e  

i n i t i a l  s e t  o f  i n f o r m a t i o n  f o r  t h e  s t u d y  o f  
e x p a n s i o n  a l t e r n a t i v e s .  

Genera  t i o n  
(kwh i n  Yedl' Peak 

F i s c a l  Year m i l l i o n s )  ( M W )  % I n c r e a s e  

S t u d y  o f  e x p a n s i o n  a l t e r n a t i v e s .  T r a d i t i o n -  
a l l y ,  PRVItA had r e l i e d  on s t r i c t  r e l i a b i l i t y  
c r i t e r i a  f o r  d e t e r m i n i n g  t h e  g e n e r a t i n g  c a p a c i t y  
n e e d s .  S i n c e  t h a t  c r i t e r i a  seemed t o  o v e r b u i l d  
t h e  s y s t e m ,  i t  was d e c i d e d  t o  complement t h e  
r e l i a b i l i t y  a n a l y s i s  w i t h  an a n a l y s i s  o f  t h e  
r e s e r v e  r e q u i r e m e n t s .  The R e n e r a t i n ~  c a p a c i t v  on 
r e s e r v e  is  r e q u i r e d  t o :  

1. P e r m i t  m a i n t e n a n c e  t o  t h e  g e n e r a t i n g  u n i t s  

2. Account f o r  t h e  f o r c e d  o u t a g e  o f  u n i t s  

3. Account f o r  t h e  p a r t i a l  o u t a g e s  ( u n i t s  on 
l i m i t a t i o n )  

4.  P r o v i d e  an a d d i t i o n a l  r e s e r v e  f o r  
a b s o r b i n g  v a r i a t i o n s  i n  any  o f  t h e  a b o v e  
i tems 

T h e r e f o r e ,  t o  d e t e r m i n e  t h e  need f o r  new 
g e n e r a t i n g  c a p a c i . t y  u s i n g  t h i s  appr.oach,  a l l  t h a t  
h a s  t o  be  done is t o  add t h e  r e s e r v e  r e q u i r e m e n t s  
t o  t h e  peak demand and compare t h i s  f i g u r e  w i t h  
t h e  i n s t a l l e d  g e n e r a t i n g  c a p a c i t y .  \!henever t h e  
i n s t a l l e d  c a p a c i t y  is l e s s  t h a n  t h e  peak demand 
p l u s  r e s e r v e ,  new c a p a c i t y  must  b e  p r o v i d e d .  On 
F i g .  3 we p r e s e n t  t h e  g e n e r a t i o n  c a p a c i t y  r e q u i r c -  
ments  t o  y e a r  2000.  N o t i c e  t h a t  a t o t a l  o f  1950 
MW o f  g e n e r a t i n g  c a p a c i t y  w i l l  have t o  be  added .  
T h i s  a d d i t i o n a l  c a p a c i t y  m i g h t  b e  s u p p l i e d  w i t h  
OTEC P l a n t s .  F i g u r e  4 p r e s e n t s  t h e  p r o j e c t e d  capa- 
c i t y  a d d i t i o n s  t o  y e a r  2000. 

Us ing  t h i s  r e q u i r e d  r e s e r v e  methodology  i n  
c o n j u n c t i o n  w i t h  a  r e l i a b i l i t y  a n a l y s i s ,  v a r i o u s  
g e n e r a t i c n  schcrnes a x  developed a n d  a r e  
e v a l u a t e d  i n  t e r m s  o f  p r o d u c t i o n  c o s t s .  

Economic e v a l u a t i o n  o f  a l t e r n a t i v e s .  F o r  t h e  
p r o d u c t i o n  c o s t s  e v a l u a t i o n  we w i l l  b e  u s i n g  t h e  
PROMOD I11 p r o d u c t i o n  c o s t i n g  computer  p rogram o f  
Energy Management A s s o c i a t e s ,  I n c .  PROMOD I11 is  
a  w i d e l y  a c c e p t e d  computer  program f o r  r e l i a b i l -  
i t y  a n a l y s e s ,  g e n e r a t i o n  p l a n n i n g  and f u e l  
b u d g e t i n g .  Some f e a t u r e s  o f  t h e  program a r e :  

R e l i a b i l i t y  o n l y  o p t i o n .  



a Reliability e q u a l i z a t i o n  model  which  
d e t e r m i n e s  t h e  c a p a c i t y  r e q u i r e d  ( e i t h e r  a s  
a p u r c h a s e ,  s a l e ,  o r  d e f e r r a l )  t o  a c h i e v e  
a n  a n n u a l  r e l i a b i l i t y  o b j e c t i v e .  

a G e n e r a l i z e d  s t a r t u p  p r i o r i t y  and u r i i t  
minimum shutdown t i m e .  model. 

P r o b a b i l i s t i c  m u l t i - a r e a  model which 
r e c o g n i z e s  t r a n s m i s s i o n  l i m i t a t i o n s  and 
l o a d  d i v e r s i t y  be tween  a r e a s .  

a Hour ly  c h r o n o l o g i c a l  r e l i a b i l i t y ,  m a r g i n a l  
c o s t ,  and a v e r a g e  c o s t  model t o  p e r f o r m  
t ime-of-day r a t e  d e s i g n  s t u d i e s .  

a E x p l i c i t  r e p r e s e n t a t i o n  o f  e n e r g y  l i m i t e d  
r e s o u r c e s  s u c h  as h y d r o ,  s o l a r ,  n u c l e a r ,  
and OTEC g e n e r a t i o n .  

Expec ted  s u r p i u s  e n e r g y  and c o s t  f o r  e a c h  
g e n e r a t i n g  u n i t  by s u b p e r i o d .  

Load management e x t e n s i o n s .  

E l e c t r i c a l  Sys tem 

G e n e r a l  D e s c r i p t i o n  

L - - - - - - - - - - - - - - - - - - - 
LlMlTdTlo~s 

- 

T h i s  t a s k  was d e s i g n e d  t o  e v a l u a t e  t h e  e f f e c t  
o f  OTEC p l a n t s  on t h e  p e r f o r m a n c e  o f  t h e  e l e c t r i -  
c a l  s y s t e m  and t o  compare t h i s  c a s e  w i t h  more 
c o n v e n t i o n a l  g e n e r a t i o n  p l a n t s  l i k e  c o a l ,  o i l ,  
and n u c l e a r .  I t  c o n s i s t s  o f  t h r e e  s u b t a s k s :  

i 
economic e v a l u a t i o n  o f  c a b l e  a l t e r n a t i v e s ,  l o a d  
f l o w  a n a l y s e s , , a n d  s h o r t  c i r c u i t  and s t a b i l i t y  
s t u d i e s .  These  s t u d i e s  r e q u i r e  t h a t  t h e  e l e c t r i -  
c a l  s y s t e m  b c  d ivkded  by a r e a s  as shown i n  F i g .  
5 .  Most o f  t h e  OTEC p l a n t  p a r a m e t e r s  r e q u i r e d  f o r  
t h i s  t a s k  w i l l  b e  o b t a i n e d  from W E  and t h e  
dynamic s i m u l a t i o n  models  b e i n g  deve loped  a t  t h e  
M a s s a c h u s e t t s  I n s t i t u t e  o f  Technology .  

UNITS 
OUT 
OF 

SERVICE 

PEAK 

Economic e v a l u a t i o n  o f  c a b l e  a l t e r n a t i v e s .  
P r e l i m i n a r y  d e s i g n s  o f  i n t e r c o n n e c t i o n s  0-f, t h e  
OTEC p l a n t  w i l l  b e  r e q u i r e d  a t  l e a s t  a t  t h r e e  
p o t e n t i a l  s i t e s .  From t h e s e  d e s i g n s ,  estimates 
o f  a l t e r n a t i v e  c a b l e  v o l t a g e s  and c a p a c i t i e s  a r e  
p r e q a r e d .  These  i r ~ c l u d e .  c a b l e  c o n f i  g u r a t i o n s  t o  
p r o v i d e  redundancy and d e s i r e d  r e l i a b i l i t y ,  and a  
s e n s i t i v i t y  a n a l y s i s  t o  s t u d y  assumed o u t a g e  r a t e  
and r e p a i r  t i m e .  S i m i l a r  a n a l y s e s  w i l l  be  p e r -  
formed f o r  t h e  c o n v e n t i o n a l  power p l a n t s .  
F i n a l l y ,  t h e  OTEC c a s e  w i l l  b e  compared w i t h  
t h e s e  c o n v e n t i o n a l  c a s e s .  

INSTALLED CAPACITY - 

DEMAND 

- 

Load f l o w  a n a r y s e s .  Load f low a n a l y s e s  w i l l  
p r o v i d e  t h e  d a t a  r e q u i r e d  t o  e v a l u a t e  t h e  i m p a c t  
o f  t h e  new p l a n t s  on t h e  p r o j e c t e d  s y s t e m  up t o  
y e a r  2000 .  T h r e e  b a s e  y e a r s  w i l l  b e  s t u d i e d  
a c c o r d i n g  t o  t h e  e s t a b l i s h e d  p l a n .  N e c e s s a r y  
s y s t e m  improvements ,  p r e f e r r e d  v o l t a g e  l e v e l s  f o r  
t h e  i n t e r c o n n e c t i o n  o f  t h e .  new u n i t s ,  and econo- 
mic i m p a c t  w i l l  b e  d e t e r m i n e d .  Once more,  t h e  
p l a n  was p r e p a r e d  t o  compare OTEC w i t h  o t h e r  
g e n e r a t i o n  a l t e r n a t i v e s .  

S h o r t  c i r c u i t  and  s t a b i l i t y  s t u d i e s .  These  
s t u d i e s  a r e  performed t o  d e t e r m i n e  t h e  b e h a v i o r  

78.79 79.80 80.81 81.82 82.83 83.84 84.85 85.86 and c h a r a c t e r i s t i c s  o f  t h e  m o d i f i e d  e l e c t r i c a l  

- 

FISCAL V E A R  

F i g .  3 PRWM's G e n e r a t i o n  C a p a c i t y  
Requi rements  

- 

s y s t e m  ( w i t h  t h e  a d d i t i o n  o f  t h e  OTEC p l a n t )  
u n d e r  p a r t i c u l a r  s h o r t  c i r c u i t  c o n d i t i o n s .  Two 
b a s i c  d i s t u r b a n c e s  a r e  a n a l y z e d :  a s h o r t  c i r c u i t  
o r  f a u l t  i n  a  c r i t i c a l  e l e m e n t  o f  t h e  s y s t e m ,  and 
t h e  t r i p - o u t  o f  a  g e n e r a t i n g  u n i t  o r  b l o c k .  The 
s h o r t  c i r c u i t  c a u s e s  a n g u l a r  d i s p l a c e m e n t  between 
t h e  r o t o r s  ( F i g .  6) o f  t h e  g e n e r a t o r s  and even- 
t u a l  v o l t a g e  and power f l o w  i n s t a b i l i t y .  A t  
p r e s e n t ,  i n s t a b i l i t y  is n o t  a  p roblem i n  t h e  
e l e c t r i c a l  s y s t e m  o f  P u e r t o  R i c o  b e c a u s e  t h e  
c r i t i c a l  c l e a r i n g  t ime o f  a  3-phase f a u l t  i n  t h e  
230 K V  t r a n s m i s s i o n  s y s t e m  is 0 .20  s e c o n d s .  We 
do n o t  f o r e s e e  p a r t i c u l a r  p roblems w i t h  t h e ' a d d i -  
t i o n  o f  an OTEC p l a n t ,  b u t  t h e  s t u d y  w i l l  b e  c a r -  
r i e d  o v e r  f o r  a l l  t h e  a l - t e r n a t i v e s  i n  o r d e r  t o  
f i n d  o u t  t h e  d i f f e r e n c e s  among them. 

A. The p l a n  calls f o r  a  c l o s e  l o o k  i n t o  t h e  .rob- 

- 

lem o f  k s r ~ e ~ . a t o r  t r i p - o u t s .  T h i s  is one o f  t h e  
.major problems o f  o u r  e l e c t r i c a l  s y s t e n ~  a t  p r e -  

5000 -1 , , , I  s e n t  b e c a u s e  t h e  l a t e s t  a d d i t i o n s  a r e  t o o  l a r g e  
( 4 5 0  MW - u n i t s )  i n  compar i son  w i t h  t h e  peak  demand 

4WO . (2000  MW peak demand..). L a r g e  amounts o f  l o a d  
s h e d d i n g  a r e  t h u s  r e q u i r e d  on e a c h  t r i p - o u t .  
T h i s  i n  t u r n  r e q u i r e s  l a r g e  amounts o f  r e s e r v e  

80.81 85.86 9081 95% 

: FISCAL VEAR 2" g e n e r a t i o n  f rom p e a k i n g  u n i t s  t h a t  have t h e  
'I' *' - 

h i g h e s t  g e n e r a t i o n  c o s t s .  I f  t e c h n i c a l  r e a s o n s  
F i g .  4 E x p e c t e d  Sys tem C a p a c i t y  d i c t a t e  modular  c o n s t r u c t i o n  f o r  OTEC p l a n t s ,  

t o  Year  2000 t h e n  t h e  p r o b a b i l i t y  o f  t o t a l  p l a n t  t r i p - o u t  w i l l  

- - - 



NOTE: FOR CONVENIENCE SOME INTERMEOIATE 
STATIONS ARE NOT SHOWN. 

NORTH CENTRAL AREA 

GENERATION 0 

LOAD 161 MW 

- MW Flow 

METROPOLITAN AREA 

GENERATION 519MW 1 

LOAO 166MW 

+ MVAR Flow 

Fig.  5 Main Generation-Load Areas and Transmission Links - PRWRA System 
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be small and load shedding and reserve capaci ty 
requirements w i l l  be g r e a t l y  reduced. 

Another use of  shor t  c i r c u i t  ana lys i s  w i l l  be 
t o  determine Lhe i n t e r r u p t j n g  duty of  c i r c u i t  
breakers  near t h e  OTEC loca t ion  under s h o r t  c i r -  
c u i t  of the p l a n t ' s  major e l e c t r i c a l  components. 
Checks w i l l  be made of t h e  momentary duty of  
breakers  while considering shor t  c i r c u i t s  a t  the 
OTEC pump motors and a l s o  of t h e  t r a n s i e n t  over- 
vo l tages  on the submarine cab le  r e s u l t i n g  from 
l i n e -  to-ground f a u l t s  and switching surees .  

Other phenomena l i k e  the cold s ta r t -up  
performance of the b ig  OTEC plant  motors w i l l  be 
s t u d i e d .  Given the e l e c t r i c a l  c h a r a c t e r i s t i c s  of 
plant  transformers and motors a s  well a s  speed- 
torque curves,  the s t a r t i n g  cur ren t ,  vol tage drop 
a t  motor terminals ,  and acce le ra t ing  torque w i l l  
be analyzed. 

Licensing 

The study of l i cens ing  i s sues  from the  stand- 
point of  the e l e c t r i c  u t i l i t y  w i l l  r equ i re  simu- 
l a t i o n  of  an ac tua l  case of l i cense  app l ica t ion  
f o r  an OTEC f a c i l i t y .  Applicable regu la t ions  
w i l l  be overviewed and i n q u i r i e s  to  the  regula- 
to ry  agencies  w i l l  be performed. 

We have estimated t h a t  no l e s s  than nine (9) 
Federal and local. agencies w i l l  have t o  be con- 
t ac ted  t o  br ing some l i g h t  i n t o  these  i s sues .  
These agencies  a r e :  

- Army Corps of  Engineers 
- Environmental Protect ion Agency 
- Coast Guard 
- Federal Aviation Administration 
- Puerto Rico Environmental Q u a l i t y  Board 
- Puerto Rico Department of Natural Resources 
- Puerto Rico Planning Board 
- U.S. Maritime Administration 
- U.S. Navy 

One important question t o  answer w i l l  be which 
one of  these  agencies w i l l  be w i l l i n g  and capable 
of  assuming the r o l e  of lead agency. This w i l l  
be t h e  agency t h a t  w i l l  i s sue  the  environmental 
impact statement based on the responses of  a l l  
concerned p a r t i e s  t o  our environmental,  r epor t .  

Some of  the documents t h a t  we foresee t h a t  
w i l l  be needed f o r  an OTEC plant  located within 
t h e  th ree  ( 3 )  mile  l i m i t  include: 

- Permit app l ica t ion  f o r  t h e  i n s t a l l a t i o n  and 
operation of  f a c i l i t i e s  i n  navigable waters. 

- National Po l lu tan t  Discharge Elimination 
System Permit fo r  discharge of p o l l u t a n t s  
i n t o  navigable waters. 

- Application f o r  p r iva te  a i d s  t o  navigat ion.  

- FAA appl ica t ion  f o r  a  determination t h a t  
c e r t a i n  s t r u c t u r e s  w i l l  not be a  hazard t o  
a i r  navigation. 

- Environmental Report 

To t h i s  list we w i l l  have t o  add the  f a m i l i a r  
list of documents t h a t  a r e  normally required f o r  
ground i n s t a l l a t i o n s  ( f o r  the  ground support 
f a c i l i t i e s ) .  

The f i n a l  pro'duct of  t h i s  t ask  w i l l  include 
among other  th ings  a  represen ta t ive  c r i t i c a l  path 
matrix of  the l i cens ing  , even ts ,  a  char t  of the . 
organizat ional  s t r u c t u r e  recomnended to undertake 
the  l i cens ing  e f f o r t ,  an est imate of time and 
c o s t s  involved, and r e c o w  endat ions to  reduce 
these time and cos t s .  

Environmental 

General Description 

S tud ies  and v i sua l  observat ions i n d i c a t e  t h a t  
t h e  presence of  offshore f l o a t i n g  or anchored 
s t r u c t u r e s  tend t o  a t t r a c t  f i s h  and o ther  marine 
l i f e .  The congregation of marine l i f e  around an 
a r t i f i c i a l  s t r u c t u r e  se rves  many needs, such a s  
p ro tec t ion  and a v a i l a b i l i t y  of food. Not only is 
marine l i f e  a t t r a c t e d  t o  a r t i f i c i a l  s t r u c t u r e s ,  
but t h i s  a t t r a c t i o n  is enhanced i f  t h e r e  e x i s t s  a  
l i g h t  source a t  night .  An offshore,  moored OTEC 
platform w i l l  a c t ,  i n  t h e  pe lag ic  waters where it 
is found, a s  an a r t i f i c i a l  s t r u c t u r e  which can 
a t t r a c t  and cause t o  congregate various pe lag ic  
organisms. These organisms a r e  normally found i n  
low concentrat ions i n  pe lag ic  waters ,  but an 
a r t i f i c i a l  s t r u c t u r e  is expected t o  enhance t h e i r  
concentrat ion.  

Information is not read i ly  a v a i l a b l e  a s  t o  the 
types and numbers of organisms t h a t  would congre- 
g a t e  around an a r t i f i c i a l  s t r u c t u r e  located i n  
very deep water such a s  an OTEC platform i n  t h e  
Caribbean. It is t h i s  question t h a t  t h i s  p ro jec t  
a t tempts  t o  answer f o r  t h e  benchmark OTEC s i t e  
o f f  Punta Tuna, Puerto Rico. 

In  Puerto Rico, most of  the  c o w e r c i a l  f i s h i n g  
is done i n  shallow near-shore, s h e l f  area because 
of the  higher concentrat ion of  f i s h  and t h e  lower 
cos t  of harvest . .  The i s land  she l f  is l imi ted ,  so  
t h e r e  is only a  small f i s h i n g  area around the  
coas t .  The constant  harvest  of these f i s h e r i e s  
leads t o  a  deplet ion of  the  ava i lab le  f i s h  and 
s h e l l f i s h  i n  these waters. The i n s t a l l a t i o n  of 
an OTEC plant  i n  the  deep oceanic a reas  of  Puerto 
Rico could be a  g r e a t  a t t r a c t i n g  force  f o r  the 
pelagic  organisms. (This ,  i n  t u r n ,  could expand 
the  " f i sh ing  grounds" a v a i l a b l e  t o  the commercial 
fisherman). 

Scope and Object ives 

The scope of  t h i s  program is t o  evaluate  the  
changes i n  t h e  oceanic pelagic  population caused 
by the i n s t a l l a t i o n  of  an offshore OTEC s t r u c t u r e  
s i t u a t e d  southeast  of  Punta Tuna, Puerto Rico. 
The f i n a l  product w i l l  h a  a  report  summarizing 
the  data  and recowending adequate act ions t o  
f o l l ~ w .  The ob jec t ives  a re :  

8 Collect  a l l  available l i t e r a l u r e  p e r t i n e n t  
t o  the concentrat ion of  pe lag ic  organisms 
around an a r t i f i c i a l  o f f shore  s t r u c t u r e  i n  . 
the  Caribbean Sea South of  Puerto Rico. 

8 Evaluate the  change i n  the  pelagic  organism 
concentrat ion and spec ies  composition with . 
time a t  t h e  Punta Tuna OTEC s i t e  during t h e  
presence of a  mooring buoy alone,  then a  
biofoul ing research vesse l ,  and compare 
these r e s u l t s  with a  nearby cont ro l  area.  



Relat ion with Other Pro jec t s  

This p r o j e c t  r e l a t e s  very c lose ly  with the  
ongoing oceanographic program, "Measurements of  

B 
Oceanic V a r i a b i l i t y  Relatable  t o  an "OTEC" 
i n s t a l l a t i o n  a t  Punta Tuna, Puerto Rico", i n  t h a t  
much of the hydrographic information needed i n  
t h i s  proposed yragram s h a i l  be co l lec ted  during 
the bimotiLhly c r u i s e s  of  the Oceanic V a r i a b i l i t y  
Program. Also, t h e  Marine Ecology Division of 
CEER is t o  become involved i n  b io log ica l  and 
ecological  evaluat ion of the  e n t i r e  Punta Tuna 
a r e a ,  heginning October. 1979. Data from both 
these re la ted  p r o j e c t s  s h a l l  supplement t h i s  
s tudy.  
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A b s t r a c t  7 
Among a l l  potent ial  s i t e s  within U. S. f l a g  j u r i s -  \ be  a b l e  t o  p r o v e  t h a t  P. R. is t h e  s i t e  tha t  could 

diction, P u e r t o  Rico  p o s e s  v e r y  i n t e r e s t i n g  c h a r -  p r o v i d e  t h e  h ighes t  ROI f o r  p r i v a t e  i n v e s t o r s  i n  
a c t e r i s t i c s  i n  t e r m s  of p rov id ing  t a x  incen t ives  I t h e  in i t i a l  O T E C  c o m m e r c i a l  plants .  T h i s  p a p e r ,  
f o r  O T E C  j?ommercial izat ion.  T h e  i s land  is not thus,  only e x p l o r e s  t h e  g e n e r a l  s c e n a r i o s ,  a n d  
a  s ta te ,  th ; s  not sub jec t  t o  f e d e r a l  tax. T h i s  s p e -  po in t s  out t h e  m o s t  p r o m i s i n g  c o m i i n a t i o n s ,  ba-  
cia1 s i tua t ion  could  wurk t o  t h e  advantage  of I s e d  on t h e  background  p r e s e n t e d .  
OTEC if exploi ted adequately.  -- 

-4ite-specific incen t ive  s c e n a r i o s  t h a t  could T h e  o v e r r i d i n g  a s s u m p t i o n  which s e t s  t h e  s t a g e  
b e  c o n s t r u c t e d  f o r  i n v e s t m e n t s  in O T E C  i n s t a l l a -  f o r  t h e  s i t e - s p e c i f i c  ana lys i s  in  t h a t  a n y  in i t i a l  * 

An a n a l y s i s  of r e q u i r e d  organ iza t iona l  I c o m m e r c i a l i z a t i o n  m u s t  p rov ide  two t y p e s  of r i s k  
t o  t a k e  advantage  of both loca l  a s  well def lat ing incen t ives ;  a  s h o r t - t e r m ,  cap i ta l i za t ion  

I a s  f e d e r a l  t a x  incen t ives  i s  p r e s e n t e d .  T h e  s c e -  I incen t ive  ( s u c h  a s  the  Inves tment  T a x  C r e d i t )  a n d  
n a r i o s  depicted include commonweal th  - p r i v a t e  - long t e r m  o p e r a t i n g  incen t ives  ( such  a s  t a x - f r e e  
f e d e r a l  co-ownersh ip  poss ib i l i t i es .  income) .  T h e  s c e n a r i o s  u n d e r  cons idera t ion  a l s o  

a s s u m e  t h a t  in  o r d e r  t o  s p e e d  up c o m m e r c i a l i z a -  
t ion v e r y  Limited c h a n g e s  t o  p r e s e n t  l ega l  t a x  
l a w s  should be  contemplated.  Our  p r e l i m i n a r y  

P a s t  r i s e a r c h  r e l a t e d  t o  OTEC C o m m e r c i a l i z a -  r e s u l t s  point  t o  t h e  f a c t  t h a t  a t  l e a s t  i n  t h e  t a x  
tion I s s u e s ,  p a r t i c u l a r l y  in  t h e  a r e a s  of t a x  i n -  a r e a  t h i s  second  a s s u m p t i o n  could  pi-ove valid. 
cen t ives  and f inancing h a v e  explored  a  n u m b e r  of It  a l s o  s e e m s  f a i r l y  c l e a r  a t  th i s  point i n  our  
g e n e r a l  a l t e r n a t e  s c h e m e s  involving p r i v a t e  - f e -  work  t h a t  o rgan iza t iona l  s t r u c t u r e s ,  a s  well a s  
d e r a l  poss ib i l i t i es .  Very  l i t t l e  de ta i led  work  h a s  incen t ive  r e q u i r e m e n t s  wil l  v a r y  f r o m  in i t i a l  
been done on s i t e - s p e c i f i c  i s s u e s  which could i m -  c o m m e r c i a l i z a t i o n  s t a g e s ,  a s  i n v e s t m e n t  u n c e r -  
p r o v e  i n v e s t m e n t  poss ib i l i t i es .  t a i n t i e s  (and a s s o c i a t e d '  r i s k s )  a r e  reduced.  

Among a l l  t h e  po ten t ia l  s i t e s  within t h e  U. S. 
flag ju r i sd ic t ion ,  P u e r t o  Rico,  due  t o  t h e  l ega l  
re la t ion  t o  t h e  U. S. a s  a n  un incorpora ted  t e r r i -  
t o r y  (Commonwealth),  could p r o v i d e  v e r y  p r o m i s -  
ing s h o r t -  r u n ,  a s  well a s  long r u n  a t t a c t i o n  t o  
po ten t ia l  i n v e s t o r s .  T h i s  s p e c i a l  s i tua t ion  m a y  
be t o  t h e  advantage  of t h e  in i t i a l  c o m m e r c i a l i z a -  
tion dec i s ions .  

T h i s  p a p e r  f i r s t  p r e s e n t s  a  background  of t h e  
legal ,  tax,  and  ju r i sd ic t ion  i s s u e s  tha t  affect  
(both p o s i t i v e  a n d  negat ive)  i n v e s t m e n t  p o s s i b i l -  
i t i e s  f o r  t h e  P u e r t o  Rico  Site. ' 

R e s e a r c h  i s  s t i l l  underway  a s  t o  p o s s i b l e  r e -  
q u i r e d  organ iza t iona l  s t r u c t u r e s  t h a t  cou ld  m a x -  
i m i z e  ROI g iven  t h e  p r e s e n t  s i t e - s p e c i f i c  t a x  
c h a r a c t e r i s t i c s .  It  is expec ted  t h a t  the  r e s u l t s  of 
our  ongoing cash- f low/f inanc ia l  s i m u l a t i o n s  will  

::: P r e p a r e d ,  in p a r t ,  u n d e r  DOE C o n t r a c t  E T -  
78-C-02-  5093 

+ L e g a l  Counse l  

T h e  L e g a l  F r a m e w o r k  

A v e r y  b r i e f  descr ip t ion  and  h i s t o r y  of t h e  l e -  
g a l  f r a n ~ s w o r k  on which t h e  r e l a t i o n s h i p  be tween  
the. U. S. and P u e r t o  Rico  h a s  been  b a s e d  i s  a p -  
p r o p i a t e  a t  t h i s  t i m e ,  a s  a  m a t t e r  of background,  
t o  s e t  t h e  s t a g e  f o r  t h e  d i s c u s s i o n  on p o s s i b l e  
O T E C  c o m m e r c i a l i z a t i o n  s c e n a r i o s .  

T h e  T r e a t y  of P a r i s  s igned  in D e c e m b e r  10, 
1898 e s t a b l i s h e d  t h e  p r e s e n c e  of the  U. S. in  
P u e r t o  Rico,  when Spain ceded  t h e  t e r r i t o r y .  
The c iv i l  g o v e r n m e n t  w a s  e s t a b l i s h e d  by  t h e  1900 
O r g a n i c  A c t  of P u e r t o  Rico,  known a s  t h e  " F o r a -  
k e r  Act. 

T h e  F o r a k e r  A c t  c r e a t e d  a  loca l  government  
with p o w e r  t o  l e g i s l a t e  on a l l  c iv i l  a n d  c r i m i n a l  
m a t t e r s  u n d e r  a  g o v e r n o r  appoin ted  by  the  P r e -  
s iden t  of t h e  United S ta tes .  A s  t h i s  government  
was  c r e a t e d  by  t h e  United S t a t e s  C o n g r e s s ,  who 
had  p o w e r  t o  a m e n d  o r  r e p e a l  t h e  Act ,  P u e r t o  
R i c o  b e c a m e  a t e r r i t o r y  of t h e  United S t a t e s  not 
o r g a n i z e d 3  a n d  not  i n c o r p o r e d ,  and a s  s u c h  w a s  
s u b j e c t  t o  t h e  F e d e r a l  p o w e r s  e x e r c i s e d  p u r s u a n t  
t o  t h e  t e r r i t o r i a l  c l a u s e  of t h e  Const i tut ion of t h e  



United S ta tes .  

Sec t ion  8 of t h e  F o r a k e r  A c t  p rov ided  tha t :  
" T h e  l a w s  a n d  o r d i n a n c e s  of P u e r t o  Rico  now i n  
f o r c e  sha l l  cont inue i n  ful l  f o r c e  and effect,  ex- 
c e p t  a s  a l t e r e d ,  amended ,  o r  modif ied h e r e i n a f -  
t e r ,  o r  a s  a l t e r e d  o r  modif ied by  m i l i t a r y  o r d e r s  
and  d e c r e e s  i n  f o r c e  when th i s  A c t  s h a l l  t a k e  e f -  
fec t ,  and  s o  f a r  a s  t h e  s a m e  a r e  not i n c o n s i s t e n t  
o r  i n  conf l ic t  with the s t a t u t o r y  l a w s  of t h e  United 
S t a t e s  not l o c a l l y  inapplicable ,  o r  t h e  p r o v i s i o n s  
h e r e o f ,  un t i l  a l t e r e d ,  a m e n d e d ,  o r  r e p e a l e d  by  
t h e  l e g i s l a t i v e  a u t h o r i t y  h e r e i n a f t e r  p rov ided  f o r  
~ u e r t o  R i c o  o r  by Act  of C o n g r e s s  of t h e  United 
S t a t e s . "  At  t h a t  da te  w a s  appl icab le  t o  P u e r t o  
R i c o  t h e  Spanish  law of P o r t s  of M a y  7, 1880, 
which had b e e n  extended t o  t h e  i s l a n d  b y  Royal  
O r d e r  of F e b r u a r y  5, 1868. 

T h e  Spanish  Law of M i n e s  w a s  a l s o  app l icab le  
t o  P u e r t o  Rico,  and  v e r y  recent1 y i t s  a p p l i c a b i l -  
i t y  w a s  r e a f f i r m e d  by  t h e  United S t a t e s  C o u r t  of 
A p p e a l s  f o r  t h e  F i r s t  Ci rcu i t .  

T h e  J o n e s  A c t  was  e n a c t e d  by t h e  United S t a t e s  
C o n g r e s s  on M a r c h  2, 1917. T h e  Jones  A c t  
g r a n t e d  United S ta tes  c i t i z e n s h i p  t o  t h e  people  of 
P u e r t o  Rico. It  a l s o  g r a n t e d  addi t iona l  p o w e r s  
t o  t h e  i n s u l a r  government .  It  c r e a t e d  t h e  L e g i s  - 
l a t u r e  of P u e r t o  Rico  al though t h e  C o n g r e s s  of t h e  
United S t a t e s  r e s e r v e d  t h e  p o w e r  and  a u t h o r i t y  t o  
annul  a n y  law. The  Jones  A c t  g r a n t e d  P u e r t o  
R i c o  ful l  p o w e r  of loca l  se l f  d e t e r m i n a t i o n ,  with 
a n  au tonomy s i m i l a r  of t h e  S t a t e s  a n d  i n c o r p o -  
ra ted ,  t e r r i t o r i e s ,  a s  extensiv-e a s  t h o s e  e x e r -  
c i s e d  by t h e  s t a t e  legislature. l o  

T h e  po l i t i ca l  re la t ion  of P u e r t o  Rico  with t h e  
United S t a t e s  w a s  r e s t r u c t u r e d  by  t h e  F e d e r a l  
Re la t ions  A c t  which m a d e  p o s s i b l e  t h e  c r e a t i o n  of 
t h e  Commonweal th  of P u e r t o  Rico,  

T h i s  A c t  fu l ly  recognized  t h e  p r i n c i p l e  of goven- 
m e n t  b y  c o n s e n t  f o r  t h e  Commonweal th  of P u e r t o  
R i c o  t h a t  w a s  p r o c l a i m e d  on J u l y  25, 1952. 

F r o m  t h a t  d a t e  on, P u e r t o  R i c o  b e c a m e  t h e  first 
au tonomous  const i tut ional  Commonweal th  volun- 
t a r i l y  a s s o c i a t e d  with t h e  United S ta tes .  

S ta tus  a n d  L e g a l  R e g i m e  i n  P u e r t o  R i c o  

S t a t u s  of Commonwealth.  B e f o r e  the  e n a c t m e n t  
of P u b l i c  Law.600  t h e  po l i t i ca l  s t a t u s  of P u e r t o  
R i c o  w a s  unmis takab ly  a colony of t h e  United 
S ta tes .  B y  t h e  ra t i f i ca l ion  of T r c a t y  of Pa.ri .s,  
P u e r t o  R i c o  b e c a m e  a t e r r i t o r y  of t h e  United 
S t a t e s  al though not a n  o r g a n i z e d  t e r r i t o r y  i n  t h e  
t echnica l  s e n s e  of t h e  word. l 2  A s  s u c h  i t  w a s  
t r e a t e d  a s  a n  u n i n c o r p o r a t e d  t e r r i t o r y  a n d g o v e r n -  
ed  by t h e  t e r r i t o r i a l  c l a u s e  i n  t h e  Const i tut ion of 
t h e  United S ta tes .  

" T h e  C o n g r e s s  s h a l l  h a v e  p o w e r  t o  d i s p o s e  of 

and m a k e  a l l  needful r u l e s  and  regula t ions  r e s -  
pec t ing  t h e  t e r r i t o r y  o r  o t h e r  p r o p e r t y  belong- 
ing t o  the  United S t a t e s ;  a n d  nothing in t h i s  
Const i tut ion sha l l  be s o  c o n s t r u e d  a s  t o  p r e -  
judice a n y  c l a i m s  of t h e  United S ta tes ,  o r  of 
a n y  p a r t i c u l a r  State. " 

Under  th i s  c l a u s e  t h e  C o n g r e s s  had  ful l  power  
t o  m a k e  a l l  n e c e s s a r y  r u l e s  a n d  regula t ions  and 
a u t h o r i t y  t o  l eg i s la te  f o r  P u e r t o  Rico  beyond t h e  
l i m i t s  f ixed by t h e  "Const i tut iont1 with r e s p e c t  t o  
t h e  S t a t e s .  A f t e r  P u b l i c  L a w  boo,  t h e  P u e r t o  
R i c o  F e d e r a l  Re la t ions  Act,and t h e  p r o c l a m a t i o n  
of t h e  Const i tut ion of t h e  Commonweal th  of P u e r t o  
Rico, t h e  po l i t i ca l  s t a t u s  of P u e r t o  Rico  changed 
and  b e c a m e  a Commonwealth.  A s  s u c h  t h e  new 
s t a t u s  is unique b e c a u s e  i t  b e c a m e  the  f i r s t  s e l f  go-  
vern ing  t e r r i t o r y  vo lun ta r i ly  a s s o c i a t e d  t o  t h e  
United S t a t e s  b y  m e a n s  of a c o m p a c t ,  which a s  
you m a y  know,is an a g r e e m e n t  c o m p r i s i n g  con-  
vent ions between na t ions  of s o v e r e i g n  s t a t e s .  l 3  
T h i s  i m p l i e s  t h a t  i t  is a n  obl igat ion not un i la te ra l ly  
revocable  by t h e  convening p a r t i e s .  T h e  C o n s t i -  
tu t ion  of t h e  Commonweal th  of P u e r t o  R i c o  o r g a -  
n ized  t h e  government  of t h e  Commonweal th  of 
P u e r t o  Rico  i n  a republ ican  f o r m  a n d  e s t a b l i s h e d  
i t s  l eg i s la t ive ,  judicial  and execu t ive  b r a n c h e s  
with po l i t i ca l  a u t h o r i t y  extending t o  t h e  I s l a n d  of 
P u e r t o  Rico  a n d  t o  t h e  a d j a c e n t  i s l a n d s  within i t s  
ju r i sd ic t ion .  

T h e  examina t ion  of t h e  F e d e r a l  Re la t ions  A c t  
r e v e a l s  t h e  s t r u c t u r e  of t h e  po l i t i ca l  a n d  l e g a l  r e -  
l a t ions  of P u e r t o  R i c o  a n d  the  United S ta tes .  

" T h e  r igh ts ,  p r i v i l e g e s  a n d  l n m u n i t i e s  of c i t i -  
zens. of t h e  United S t a t e s  s h a l l  b e  r e s p e c t e d ,  
in  P u e r t o  Rico. .  . l 6  

". . . No e x p o r t  d u t i e s  s h a l l  b e  l ev ied  o r  co l lec ted  
on e x p o r t s  f r o m  P u e r t o  Rico, but t a x e s  a n d  a s -  
s e s m e n t s  on p r o p e r t y , ,  i n c o m e  t a x e s ,  i n t e r n a l  
r e v e n u e  and  l i c e n s e  f e e s ,  and  r o y a l t i e s  f o r  
f r a n c h i s e s ,  p r i v i l e g e s ,  a n d  c o n c e s s i o n s  m a y  
b e  i m p o s e d  f o r  t h e  p u r p o s e s  of t h e  i n s u l a r  a n d  
munic ipa l  g o v e r n m e n t s ,  respec t ive ly ,  a s  m a y  
be  prov ided  a n d  defined by t h e  L e g i s l a t u r e  of 
P u e r t o  Rico. .  . . " l 7  

". . . A l l  c i t i z e n s  of P u e r t o  Ric.0. . . a n d  a l l  na t ives  
of P u e r t o  Rico  who w e r e  t e m p o r a r i l y  a b s e n t  
f r o m  t h a t  i s land . .  . a r e  h e r e b y  d e c l a r e d  a n d  
s h a l l  be  d e e m e d  a n d  h e l d  t o  be ,  c i t inens  of t h e  
United S ta tes . .  . . "18 

A11 p r o p e r t y  a c q u i r e d  i n  P u e r t o  Rico by t h e  
United S t a t e s  u n d e r  t h e  c e s s i o n  in Spain t h e  T r e a t y  
of P a r i s  w a s  p l a c e d  u n d e r  t h e  c o n t r o l  of t h e  go-  
v e r n m e n t  of P u e r t o  Rico,  t o  b e  a d m i n i s t e r e d  f o r  
t h e  benef i t s  of the people. l 9  T h e  h a r b o r  a r e a s  
and  navigable s t r e a m s  a n d  bodies  of w a t e r  a n d  s u b -  
m e r g e d  land  a r o u n d  the  i s l a n d  of P u e r t o  R i c o  not 
r e s e r v e d  by  t h e  United S t a t e s  f o r  publ ic  p u r p o s e s  
w a s  p l a c e d  u n d e r  t h e  c o n t r o l  of t h e  g o v e r n m e n t  of 



Puerto  Rico. 20 

The statutory laws of the United States not local- 
ly inapplicable shall be enforceable in Puerto Rico 
a s  in the  United States, except the internal revenue 
laws. 2 1  The Interstate Commerce Act does not np-  
ply tu Puer to  ~ i c o .  22 

Constitution of the United States and Constitution 
of Puer to  Rico. The applicability of the Consti- 

tution of the United States and of the Constitution 
of the Commonwealth of Puer to  Rico t o  benefit a 
citizen i s  dependent upon the residence of the citizen 
As soon a s  Puer to  Rico became a t e r r i to ry  of the 
United States in 1898, the issue of what constitu- 
tional restrictions the United States Con r e s s  had 
in the treatment of i t s  ter r i tor ies  arose.') In 1901 
the United States Supreme Court concluded that the 
Treaty of P a r i s  did not provide for  the incorpora- 
tion of Puer to  Rico to the United States t e r r i to ry  
but left Congress to decide Puer to  Ricols status 
and a s  Congress had not acted to that date, Puer to  
Rico was an unincorporated terr i tory .  The United 
States Constitution applies fully t o  the incorporated 
t e r r i to ry  but only the fundamental provisions of 
the Constitution apply to an unincorporated t e r r i -  

' 

tory  such a s  "the general prohibition.. . . i n  favor 
of the l iberty and property of the citizen which a r e  
an absolute denial of authority.. . . t o  particular 
actsI1. 24 

Applicability of Federal Laws. The question of 
the applicability of Federal  Statutes in Puer to  Ri- 
co i s  a mat ter  that brings about some uncertainty 
in some a r e a s  because of the drafting of Section 9 
of the Federal Relations Act which states:  

"That the statutory laws of the United States not 
locally inapplicable, except a s  hereinbefore or  
hereinafter otherwise provided, shall have the 
same force and effect in Puer to  Rico a s  in the 
United States, cxcept the Internal-revenue laus: 
Provided, however, that hereafter a l l  taxes 
collected under the internal-revenue laws of the 
United States on a r t i c l es  produced in Puer to  
Rico and transported to the United States or 
consumed in the Island shall be covered into 
the Treasury  of Puer to  Rico". 

This clause i s  identical to  Section 9 of the 
Jones ~ c t  ( 1 9 1 7 ) ~ ~  and almost the same  a s  Section 
14 of the Foraker  Act, (1900). 26 

The phrase  "not locally inapplicable" has p ro-  
voked many uncertainties a s  t o  the applicability of 
many Federal laws. The phrase  was most impor-  
tant in the Foraker  and Jones Act but i t  became 
relatively unimportant a s  the Federal  Relation Act 
was enacted. It has been interpreted that Section 9 
exempts Puer to  Rico f rom the application of Fede- 
ra l  laws unless the United States Congress makes 
them expressly applicable to Puer to  Rico. 27  

Even when a stat;te doks not state clearly that 
it i s  applicable to Puer to  Rico it has been held that 

the congressional intent and the character  and the 
a im of the Act i s  the ratio "decidendiI1. 

Federal  taxes in Puer to  Rico. Section 9 of the 
Federal  Relations Act, quoted above, clearly p r o  
vides Illat the internal revenue laws do not apply 
to Puer to  Rico. For  federal  tax purposes, co r -  
porations which a r e  organized under the laws of 
Puer to  Rico a r e  foreign corporations. 

Section 9 applies to  residents of Puer to  Rico 
and corporations registered and operating under 
the provisions of the Law of Corporations of the 
Commonwealth of Puer to  Rico, who shall pay 
taxes to the government of Puer to  Rico unless 
exempt. 28 

If these induviduals or  corporations do any busi. 
ness within the United States they will be subject 
to pay tax in the United States a s  foreign corpora- 
tions a t  a rate of 30%. 29 and for such payments 
they will have a tax credit  in Puer to  Rico. 

Doing Business in Puer to  Rico 

There  a r e  a t  least  three  basic ways by means 
of which business operations can be done in 
Puer to  Rico resulting in tax savings: 

1. The Western Hemisphere Trade Corporation 
2. Puer to  Rico Corporation 
3. United States possession corporation 

(1) A "Western Hemisphere Trade Corporation" 
means a domestic corporation a l l  of whose husi- 
n r s s  (other .than incidental purchases) i s  done in 
any country in North, Central or  South America or  
in the West Indies,. . . . of which 95% or more of 
i ts  gross  income for three years  i s  derived f rom 
sources without the United States and 90% or more 
of i t s  gross  income for the same period was de- 
rived from the active conduct t rade or business. 30 

Before 1976 these corporations were  allowed a 
deduction in computing taxable income amounting 
t o  a maximum of 14% less  than the ordinary corpora- 
tion rate. 31 The.Tax Reform Act of 1976 provided 
for the phase out of the 14% differential, reducing 
i t ' to  11% for  1976, 8% for  1977, 5% in  1979 and no 
deduction a t  all af ter  1980. 

(2) A corporation organized under the  laws of t h e  
Commonwealth of Puer to  Rico that does  not en- 
gage o r  do business within the United Sta tes  does  
not pay taxes  to the United States but i f  "engaged 
in t r ade  o r  business within the United States", 32  
it g ross  income i s  taxed a t  a ra te  of 30% as a 
foreign corporation connected with United States 

business. 33 Such corporation will be  subject to  pay 
taxes in Puer to  Rico unless exempt. 

( 3 )  A, United States possession corporation, herein-  
a f t e r  named a 936 corporation, is a United Sta tes  
domestic corporation which elects the application 
of Section 936 of Internal Revenue Code which "ab 
initio" provides: 



"Allowance of C r e d i t  

(1)  In g e n e r a l .  Except  p s  p r o v i d e d  i n  p a r a g r a p h  
(2), in  t h e  c a s e  of a  d o m e s t i c  c o r p o r a t i o n  which 
e l e c t s  t h e  app l ica t ion  of t h i s  sec t ion ,  t h e r e  sha.1 l 
be  a l lowed a s  a  c r e d i t  a g a i n s t  t h e  t a x  i m p o s e d  b y  
t h i s  c h a p t e r  a n  amount  e q u a l  t o  t h e  p o r t i o n  of t h e  
t a x  which is a t t r i b u t a b l e  t o  t a x a b l e  i n c o m e ,  f r o m  
s o u r c e s  without  t h e  United S t a t e s ,  f r o m  t h e  a c t i v e  
conduct  of a  t r a d e  o r  b u s i n e s s  within a  p o s s e s s i o n  
of t h e  United S ta tes ,  and f r o m  qual i f ied p o s s c s s i o n  
s o u r c e  inves tment  income,  if t h e  condit ions of b3.h 
s u b p a r a g r a p h  (A) and  s u b p a r a g r a p h  (B) a r e  s a t i s -  
fied: 

(A) 3 - y e a r  P e r i o d .  If 80% o r  m o r e  of t h e  g r o s s  
inc'ome of s u c h  d o m e s t i c  c o r p o r a t i o n  f o r  t h e  3- 
y e a r  p e r i o d  i m m e d i a t e l y  p r e c e d i n g  t h e  c l o s e  of the 
t a x a b l e  y e a r  ( o r  f o r  s u c h  p a r t  of s u c h  p e r i o d  i m -  
m e d i a t e l y  p r e c e d i n g  the  c l o s e  of s u c h  t a x a b l e  y e a r  
a s  m a y  b e  appl icab le )  w a s  d e r i v e d  f r o m  s o u r c e s  
within a  p o s s e s s i o n  of t h e  United S t a t e s  ( d e t e r -  
mined  without r e g a r d  t o  Sect ion 904(f) ;  a n d  

(B) T r a d e  o r  bus iness .  If 50% o r  m o r e  of t h e  gross 
i n c o m e  of s u c h  d o m e s t i c  c o r p o r a t i o n  f o r  s u c h  p e -  
r i o d  o r  such  p a r t  t h e r e o f  w a s  d e r i v e d  f r o m  t h e , a c -  
t i v e  conduct  of a  t r a d e  o r  b u s i n e s s  within a  posses -  
s ion  of t h e  United S ta tes .  " 34 

T h i s  s e c t i o n  p e r m i t s  a  l0Oq0 t ax  exempt ion  to a  
d o m e s t i c  c o r p o r a t i o n  if a l l  of i t s  g r o s s  i n c o m e  i s  
d e r i v e d  a s  p rov ided  i n  t h e  sect ion.  F o r  t h e  p u r -  
p o s e s  of th i s  sec t ion :  

" T h e  t e r m  p o s s e s s i o n  of t h e  United S t a t e s  in-  
c l u d e s  the  C o m m o n u ~ e a l t h  of P u e r t o  R i c o  b u t  d o e s  

not inc lude  Virgin I s l a n d s  of t h e  United States ."  

A 936 c o r p o r a t i o n  wil l  p a y  F e d e r a l  T a x e s  f o r  
the  d iv idends  r e p a t r i a t e d  b e f o r e  10 y e a r s  have  
e lapsed .  

C o r p o r a t i o n s  u n d e r  Sect ion 936 a r e  not a l l o w e d  
c r e d i t s  a g a i n s t  Sec t ion  56 m i n i m u m  t a x e s ,  Sect ion 
531 a c c u m u l a t e d  t a x  on e a r n i n g  s e c t i o n  541, hold- 
ing company  t a x  n o r  s e c t i o n  1351 on r e c o v e r i e s  of 
fo re ign .expropia t ion  laws.  DISC ( D o m e s t i c  I n t e r -  
nat ional  S a l e s  C o r p o r a t i o n )  o r  f o r m e r  DISC corpo-  ' 

r a t i o n s  . a s  defined under  I n t e r n a l  Revenue Code, 
Sec t ion  992 (a) a r e  ine l ig ib le  f o r  t h e  c r e d i t  p r o v i -  
ded by Sect ion 936. 

I n v e s t m e n t  T a x  Cred i t .  T h e  I n t e r n a l  Revenue 
Code a l l o w s  a n  i n v e s t m e n t  t a x  c r e d i t  in  c e r t a i n  
d e p r e c i a b l e  p r o p e r t i e s .  Although t h e  i n v e s t m e n t  
t a x  c r e d i t  does  not app ly  t o  p r o p e r t y  which is used  
p r e d o m i n a n t l y  ou ts ide  of t h e  United S ta tes ,  a n  
O T E C  o p e r a t i o n  i n  P u e r t o  R i c o  m a y  qualify u n d e r  
s o m e  of t h e  exemptions.  T h e  i n v e s t m e n t  t a x  c r e -  
dit  a l lowed  by t h e  I n t e r n a l  Revenue Code, Sect ion 
38 i s  app l icab le  to: 'I1Any p r o p e r t y  (o ther  than  a  
v e s s e 1 , o r  a n  a i r c r a f t )  of a  United S t a t e s  p e r s o n  . 
which i s  used  i n  i n t e r n a t i o n a l  o r  t e r r i t o r i a l  w a t e r s  
within t h e  n o r t h e r n  p o r t i o n  of t h e  W e s t e r  H e m i s -  

p h e r e  f o r  t h e  p u r p o s e  of exp lor ing  f o r ,  developitlg 
removing ,  o r  t r a n s p o r t i n g  r e s o u r c e  f r o m  ocean  
w a t e r s  o r  d e p o s i t s  u n d e r  such  w a t e r s .  

F o r  p u r p o s e s  of C l a u s e  (X) ,  t h e  t e r m  "northern 
p o r t i o n  of t h e  W e s t e r n  Hemispha1:e" m c a n s  t h e  
a r e a  lying w e s t  of t h e  30th. m e r i d i a n  w e s t  of . 
Greenwich ,  e a s t  of t h e  In te rna t iona l  da te l ine ,  and  
n o r t h  of t h e  Equa tor ,  but not including a n y  f o r e -  
ign 'country which i s  a  c o u n t r y  of South A m e r i c a .  

T h e  amount  of t h e  c r e d i t  a l lowed by S e c t i u ~ ~  38 
i s  t h e  s u m  of t h e  r e g u l a r  p e r c e n t a g e ,  t h e  e n e r g y  
p e r c e n t a g e ,  and  t h e  E S O P  p e r c e n t a g e  a d j u s t e d  for  
t h e  c r e d i t  c a r r y  o v e r  and  c a r r y  backs.  

T h e  r e g u l a r  p e r c e n t a g e  i s  10% a n d  the  e n e r g y  
p e r c e n t a g e  is a l s o  1 0 7 ~  with r e s p e c t  t o  the  p e r i o d  
beginning on October  1st .  1978 and  ending on 
D e c e m b e r  31st. 1982. The ESOP p e r c e n t a g e  i s  
lve with r e s p e c t  t u  the p e r i o d  beginning J a n u a r y  
21, 1975, and  ending on D e c e m b e r  31, 1983 and 
a n  addi t iona l  p e r c e n t a g e  not i n  e x c e s s  of 112 of 
1% with r e s p e c t  t o  t h e  p e r i o d  beginning on Janualy 
1, 1977, and ending on  D e c e m b e r  31, 1983. A s  
a n  OTEC opera t ion  r e m o v e s  t h e  hea t  r e s o u r c e  
f r o m  t h e  ocean wate r ,  i t  c a n  be  a s s u m e d  t h a t  i t  i s  
a  qual i f ied opera t ion  under  IRC, Sec. 38 (2) (B) 
(x), a n d  a s  s u c h  en joys  a n  i n v e s t m e n t  t a x  c r e d i t  
s l igh t ly  o v e r  20% unti l  Dec. '31, 1982 and  of 
10% a f t e r  t h a t  da te .  

P u e r t o  Rico  I n d u s t r i a l  Incen t ives  A c t  of 1978 

T h e  1946 P u e r t o  Rico  Indus t r ia l  Incen t ives  A c t  
was  a m e n d e d  by  t h e  1978 I n d u s t r i a l  Incen t ives  Act 
of P u e r t o  Rico, La'w #26 of June  2, 1978. 

T h e  A c t  p r o v i d e s  f o r  the  g ran t ing  of p a r t i a l  t a x  
exempt ion  t o  qual i fying manufac tur ing  and s e r v i c e  , 
i n d u s t r i e s  doing b u s i n e s s  i n  P u e r t o  Rico. T h e  e x -  
empt ion  c a n  be a s  high a s  9 0 7 ~  on t h e  f i r s t  f ive  
y e a r s  and c a n  extend up t o  twenty f ive  y e a r s ,  d e -  
pending upon t h e  locat ion within P u e r t o  Rico  of 
t h e  exempted  b u s i n e s s .  T o  enjoy i t s  benefi ts  a n  
appl ica t ion  h a s  t o  be  filed i n  t h e  T a x  Exempt ion  
Off ice ,  c r e a t e d  by  the  A c t ,  which i s  a t -  
t a c h e d  t o  the  Office of t h e  G o v e r n o r  of P u e r t o  
Ric o. 

Although O T E C  i s  not spec i f ica l ly  qual i f ied by 
the  Act ,  i t  c a n  be  unders tood  t o  b e  included i n  t h e  
wide s c o p e  of t h e  definition of a  m a n u f a c t u r e  p r o -  
duct. Cons ider ing  t h a t  O T E C  would cont r ibu te  
s ignif icant ly t o  t h e  re l i e f  of  P u e r t o  R i c o l s  e n e r g y  
c r i s i s  and  t h e r e b y  t o  the  i n d u s t r i a l  development  
a s  a  whole, i t  c a n  be  expec ted ,  a l though  d i s c r e -  
t iona l ly  .of th'e G o v e r n o r  of P u e r t o  Rico,  t h a t  t ax  
exempt ion  would b e  g r a n t e d  t o  OTEC i n  P u e r t o  
Rico, T h e  Act  p r o v i d e s  tha t  a  manufac tur ing  ex-  
e m p t e d  b u s i n e s s  will  enjoy p a r t i a l  t a x  exempt ion  
cover ing  i t s  net  i n c o m e  d e r i v e d  f r o m  opera t ions  
i n  exempted  a c t i v i t i e s ,  h e r e i n a f t e r  r e f e r  a s  t o  
I n d u s t r i a l  Development  Income,  in  bhe following 
p e r  cen tages  : 



Years Percentage i s  a member of a n  exempted business, shall  be 
exempt f rom income tax in the same proportion, 

1 through 5 90% total or  partial, in which the industrial develop- 

6 through 10 75% , . ment income i s  exempt f rom taxes in accordance ' 11 through L O  
with the Act if made f rom the industria.1 rlevelop- 

55% mcnt income accumulated after the payment of 
21 through 25 50$ the tax, if any, imposed by this Act of the Income 

Tax Act of 1954. a s  amended, but only if a l l  of 
Additional benefits a r e  provided by the Act a s  the following requirements a r e  complied with: 

follows: 
1.. Only an amount not t o  exceed 50% of the af-  

1. When the Industrial Development Income for  t e r  tax net income for  the year  of distribution i s  
any given year i s  l e s s  than $500, 000, the f i rs t  paid. 
$100,000 can be excluded in computing the portion . , 

' 

of the Industrial Development Income which i s  not 
exempted from taxation; 

2. The Manufacturing Exempted Business can 
deduct f rom its ~ n d u s t r i a l  Development Income 
5% of i t s  production payroll, up to  an amount not 
in excess of 50% of i t s  Industrial Development In- 
come. For  this purpose the production payroll 
will be considered to include sa la r i es  paid to per- 
sonnel directly involved in the exempted activity. 

2. Commencing not later than ninety (90) days 
af ter  the date of filing of the corresponding in- 
come tax re turn for each taxable year,  the ex- 
empt ed business shall .place, invest and maintain, 
for  a fixed t e r m  of not l e s s  than five (5) years,  
not l e s s  than fifty percent (507~) of i t s  net indus- 
t r i a l  development income for each year  af ter  the 
payment of the taxes  provided by law, in a qual- 
ified activity covered by the provisions of the Act 
or  in the payment of the principal balance of any 
debt incurred by the exempted business for the 

This benefit i s  available to all  Manufacturing acquisition of property devoted to industrial  de- 
Exempted Businesses except those that elect to velopment and /or  the acquisition of property t o  
choose the $100, 000 exclusion aforementioned. be devoted to industrial  rlevelopmcnt. At the 

termination of the period of investment of such 
Tn case  of a group of corporations o r  pa r tne r -  accumulated earnings a s  provided in this clause, 

ships exe~nptcd businesses which a r e  controlled by the exempted business may continue to  accumu- 
50% o r  more  of the equity, the $100, 000 exclusion late the same in accordance with law or distri-  
i s  applicable a s  a totality within the component bute them at  l a t e r  dates subject to the credit  
group of controlled businesses o r  said group has the provided by this  subsection. 
option to prorate  the exclusion. 

The Act a lso  provides for  the exemption of 
Commonwealth and municipal taxes on all  pro-  
per t ies  utilized by the exemption business in the 
activity, hereinafter refer a s  to  Industrial De- 
velopment Property.  

The tax exemption on the Industrial Develop- 
ment Proper ty  i s  the same percentagewise and 
in t ime a s  the exemption granted to  the Industrial 
Development Income. The exempted business can 
exclude f rom the taxable value of the property, on 
a yearly basis, the f i rs t  $100, 000 of the assesed  
value of i t s  Industrial Development Property,  and 
such exclusion i s  applicable within a component 
group of controlled businesses eithcr a s  a totality 
or  prorated, a t  the option of the group. Exempted 
businesses a r e  totally exempt f rom license fees. 
excise or  other municipal taxes for  the duration 
of the exemption. The Act exempts f rom all  pro-  
perty taxes the intangible personal proper t ies  of 
the nature of patent, production licence or t r ade-  
mark or  t radename utilized in the activities ex- 
empted. 

Distribution of Dividends 

The distribution of dividends o r  profits by a 
orporation or  partnership that i s  an exempted 

business, or  by a corporation or partnership that 

3. The remaining fifty percent (50% of the net 
income for each year  a f t e r  the payment of the 
other taxes provided by law) may be distmbuted 
subject to the credit  provided in this subsection 
during the succeeding years,  in annual amounts 
not g rea te r  than ten percent (107~ of the total of 
such income for  each of the succeeding years) .  
The amounts that a r e  available annually may be 
accumulated in accordance with law and distributed 
a t  subsequent dates. 

The exempt industry has  three ( 3 )  choices in dea- 
ling with repatriation of accumulated earnings. The 
f i r s t  choice i s  to withdraw their earnings f rom 
Puer to  Rico a t  any time and pay a tollgate tax of 
1070. The second choice i s  to take 5070 of any gi- 
ven y e a i s  earnings and invest them in the firm's 
own additional plants and equipment o r  repayments 
of principals of the f i r m ' s  plants o r  equipment debt 
and/or in local designated investments, such a s  
Puer to  Rico Bonds, bank savings certificaFes and 
participation in constructions loans for  a pe'riod of 
five years.  They can repatriate the remaining 50% 
of the total profits a t  1070 per  year  for the next five 
years with a reduced tollgate charge of only 5%. 
~ e ' ~ i n i n ~  on the sixth year  they can a leo withdraw 
the locally invested 50% earnings a t  a reduced toll- 
gate charge of 5%. The third alternative i s  to liqui- 

' date their  operations a t  the end of the tax exempt 
period and repatriate any par t  of their accumulated 



ea rn ings  that was  invested in accordance with the 
, second a l ternat ive  above, a t  a tollgate of 4%. 

Flexible Depreciation. The Act a l s o  provides that 
p rope r ty  acquired  and in use  by the tax paye r  that 
i3 operatk.g under the benefits of the Indust r ia l  
Incentives Act can not enjoy the benefits of flexible 
deprecia t ion a s  long a t  i t  opera tes  under the indus- 
t r i a l  incentive p rogram,  

The flexible depreciation provisions al lows the 
tax  p a y e r  to deprecia te  a qualifying property,  in 
any year,  totally, part ial ly o r  not depreciated and 
provided that the depreciation deduction shal l  not 
exceed 50% of the net  benefit determing without 
sa id  deduction of the bitviness o r  commercia l  ac t i -  
vi ty in which the depreciated proper ty  i s  used. The 
A c t  a l s o  provides that once the benefits of the In- 
dus t r i a l  Incentive Act  a r e  terminated the business  
can  apply in full  the flexible depreciation provisions. 

Taxing and the I s sues  of Coastal  Waters  Jurisdiction 

At  the p resen t  the United States recognizes 3 
m i l e s  of t e r r i to r i a l  wa te r s  and maintains the policy 
that  the b rea th  of t e r r i to r i a l  s ea  i s  to be that clai-  
m e d  by the coastal  s t a t e s  up to a maximum of three  
mi le s .  Beyond the seaward l imi t  of the t e r r i to r i a l  
s e a  a specia l  contiguous zone is recognized by in- 
ternational  law. 

Within the in ternal  wa te r s  the s t a t e s  have exclu- 
s ive  and absolute jurisdiction with respect  to a l l  
activities, the same  in the upland. This  i s  the loca- 
tion w h e r e  a n  OTEC instalat ion i s  subject  to mini-  
m a l  l ega l  iss.ues. Within the t e r r i to r i a l  s e a  the 
coas ta l  s t a t e s  have a n  a lmos t  absolute jurisdiction 
and have full control  of a l l  activit ies.  Within the  
t e r r i t o r i a l  s e a  the control  of the coas ta l  s t a t e  is 
a l m o s t  the s a m e ,  within i t s  t e r r i to ry .  

right (under Spanish ru le)  of three  leagues (that is ,  
10. 35 miles)  and a s  such hbs the t i t le  to and right 
to exploit r e sources  within these l imits.  

The position of the  U. S. Fede ra l  Government i s  
that, although P. R. was not specifically granted 
even a t h r e e  mi le  jurisdiction, de-facto it has a 
right of domain to only i t s  zone, but h a s  no title 
to the resources .  

F o r  purposes  of our  financial analysis,  i t  i s  
a s sumed  that the th ree  mi le  limit theory will 
prevail .  But in no way does this assumption i m -  
ply that the au thor s  fee l  that  such a l imi t  i s  o r  i s  not 
co r rec t .  Such decision i s  s t r ic t ly  up to  the U. S. 
Cour ts  or  to  Congress to  define. 

Potential  Scenar io  

It i s  evident that an  OTEC off-shore instal la-  
tion in Puer to  Rico could take  advantage of Sec- 
tion 936 of the IRS code a s  well a s  the local In- 
dus t r ia l  Incentives Act. But some questions r e -  
main  unanswered: 

1. Could U. S. investors a l s o  u s e  the  Investmellt 
Tax Credit  ? 

2. If the plant i s  within the present  "de-facto" 
t e r r i to r i a l  waters  of Pue r to  Rico (3 mile 
l imi t )  a r e  t h e r e  different tax  considerations 
vis a vis being outside the limit. 

3. Is lease- leaverage  advantageous a t  th is  s i t e?  

4. Could the local  utility undertake the invest-  
ment in a commercia l  plant by i t se l f?  

5. How i s  ROI affected by using (or  not using) 
combined t ax  incentives ? 

Although no s ta te  can subject  any p a r t  of the high 
sea  to i t s  sovereignity, any s t a t e  m a y  regulate such 

6. Finally, could the  use  of only a tax-incen- 
t ive  s t ra tegy a s s u r e  init ial  commercialization.  

ac t iv i t ies  there  if the ins tallation h a s  been regis te-  
red, l icensed o r  o therwise  authorized by the States, 

Let  u s  at tempt to answer  each question a s  best 
o r  by the applicability of laws and regulations which we can, with the l imited analys is  done to date. 
a r e  applicable to the ci t izens where ever  they may  be. 

In 1953 the Congress  enacted the Submerged Land The ITC Issue 

Act which i s  applicable to a l l  lands f r o m  the l ine of 
mean  high tide and seaward to a l ine th ree  geogra-  At present ,  it s eems  that the only way an 

phical  m i l e s  distant  f r o m  the coas t  line of each OTEC investment in Puer to  Rico could avail  i t -  

state. This Act  granted . . . title and ownership se l f  of the  Investment Tax Credit  incentive i s  if 

of the land navigable waters within the bow- a number of conditions a r e  satisfied.  The f i rs t ,  

d a r i e s  of the respect ive  s t a t e s  and to the natura l  that the credi t  be, obviously, used against  fede- 

r e s o u r c e s  within such lands and waters ,  and the r a l  taxed income. Second, that  the  investment 
becomes qualified under Section X (38)  a s  resource  

right and power to manage, administer ,  lease,  de- recovery  investment. Third,  that  i t  forgoes  the 
velop and use  the sa id  lands and natural  r e sources  possibility of financing. 
a l l  in accordance  with the applicable s t a t e  law ..." 

The ITC incentive could he a very cr i t ica l  
Although the Act intended to s top the continuing short  t e r m  at t rac t ion due tu the high initial capi-  

l i t igation,i t  provided that "nothing in this section is talization requirements  of an OTEC plant. A 
t o  b e  construed a s  questioning o r  any in manner  p r e -  trade-off  analys is  i s  required  in the  c a s e  of a 
judicing the existence of any s ta te  seaward boundary plant-ship al ternative vis a vis the moored plat-  
beyong th ree  geographical  mi l e s  if i t  was  s o  provi-  f o r m  due to  the  possible financing advantage t h r u  
aed  by i t s  constitution o r  laws p r i o r  to o r  a t  the MA RA D. 
t ime  such state becamc: mt.r.ll>c,r of the union, o r  

Jurisdiction for  Tax Incentives 
if i t  has  been here tofore  approved by Congress." 

The p resen t  position of the ~ o v e r n m e n t  ol P u e r -  The Present  t e r r i to r i a l  jurisdiction of P u e r t o  
to Rico i s  that the Island had a previously adquired 

10.4-6 . 



R i c o  i s  not c l e a r l y  defined one. On the o n e  hand 
the Is land,  due  to C o n g r e s s i o n a l  o v e r s i g h t  w a s  not 
included in the  defini t ion of the  s t a t e ' s  r ight  t o  a 
t h r e e  m i l e  l imi t .  The  L e g i s l a t u r e  of P u e r t o  R i c o  
a m m e n d e d  the  Law of Mines  in  June ,  1979 ex ten-  
ding i t s  j u r i s d i c t i o n  on  the caastal sl .~hmcrgicl  
ldnds  up  to a l i m i t  of 10. 35 m i l e s .  B a s e d  on the 
a v a i l a b l e  documenta t ion  i t  i s  ev iden t  that  the  E x -  
ecu t ive  Branchof  the f e d e r a l  g o v e r n m e n t  i s  wil l ing 
only to  a m e n d  the o v e r s i g h t  and,  thus is a t  p r e -  
s e n t  accep t ing  a "de-facto" l h r e e  m i l e  l imi t .  A 
t h i r d  l i n e  of a r g u m e n t  e x i s t s  t h a t  defends a 200 
m i l e  l i m i t  f o r  the I s land .  . O u r  opinion i s  that  i n  
the long r u n  the 10. 35 l i m i t  wi l l  p reva i l ,  but  a f t e r  
a long fight through the  f e d e r a l  c o u r t s  o r  t h r u  Con- 
g r e s s i o n a l  act ion.  

T h e  s i tua t ion  wil l  c r e a t e  add i t iona l  u n c e r t a i n -  
' t i c s  t o  ari OTEC i n v e s t o r ,  p a r t i c u l a r l y  if the  
p lan t  is  loca ted  within t h e  t h r e e  t o  10. 35 unde-  
f ined zone. 

A t  p r e s e n t ,  i n v e s t m e n t  ou ts ide  t h e  t h r e e  m i l e  
zone  could  b e  d i squa l i f i ed  f o r  p u r p o s e  of Sec t ion  
936 t a x  incent ive.  Should t h e  10. 35 zone  p r e v a i l  
i t  could, on the  o t h e r  hand, i m p l y  disqual i fying 
ITC incen t ives  on f e d e r a l l y  t axed  income.  

T h u s ,  a n y  i n v e s t m e n t  s c e n a r i o  p r o p o s e d  wil l  
have  t o  c o n s i d e r  t h e  uncer ta in ty  of f u t u r e  qua l i -  
f i ca t ion  a s  a funct ion of ju r i sd ic t ion .  

L e a v e  r a g e  L e a s i n g  

L e a v e r a g e d  leas ing  s e e m s  t o  b e  a n  a t t r a c t i v e  
m e c h a n i s m  f o r  s ind ica ted  i n v e s t m e n t s  s c e n a r i o s  
due t o  t h e  t a x  a d v a n t a g e s  i t  p r o v i d e s  i n  t e r m s  of 
p a s s - t h r u s  of t a x  deduct ions.  T h i s  t y p e  of f inan-  
c i a l  i n s t r u m e n t  could be  a t t r a c t i v e  u n d e r  s i m i l a r  
condit ions a s  t h o s e  p r e s e n t e d  f o r  t h e  ITC. 

Utility P a r t i c i p a t i o n  

Up t o  t h i s  point t h e  dis,cussion h a s  ignored  t h e  
par t i c ipa t ion  of t h e  p r i m e  po ten t ia l  u s e s  of t h e  
OTEC e l e c t r i c  output,  t h e  P. R. Water  R e s o u r c e s  
Authori ty ,  and, i n  t u r n ,  h a s  c o n c e n t r a t e d  on t h e  
a t t r a c t i v e n e s s  of t a x  incen t ives  f o r  p r i v a t e  i n -  
v e s t o r s .  B a s e d  on t h e  w o r k  done s o  f a r  i n  t e r m s  
of in tegra t ion  i s s u e s  f o r  c o m m e r c i a l i z a t i o n  i t  i s  
qu i te  p l a u s i b l e  tha t  a n  O T E C  c o m m e r c i a l  i n s t a l -  
l a t ion  cannot  be  f inanced  by t h c  l o c a l  ut i l i ty  g iven  
t h e  high cap i ta l i za t ion  r e q u i r e m e n t s  f o r  i t .  Thus ,  
t h e  loca l  p a r t i c i p a t i o n  m u s t  b e  b a s e d  on  s c e n a r i m  
of c o -  o w n e r s h i p  o r  mixed  i n v e s t m e n t  s ind ica tes .  

Ongoing work  a t  CTA i s  c o n c e r n e d  with s i m u -  
la t ing different  p r i v a t e - f e d e r a l - l o c a l  i n v e s t m e n t  
s c e n a r i o s  with p a r t i c u l a r  e m p h a s i s  on t a x  m e -  
c h a n i s m s .  Although, b a s e d  on t h e  p a r t i a l  r e s u l t s  
t h a t  have  been  p r o d u c e d  s o  f a r  a t ax- incen t ive  
s t r a t e g y  a lone  wil l  not b e  suf f ic ien t  without p o s -  
; ible  expendi tu re  incen t ives  f o r  t h e  in i t i a l  c o m -  
n e  rc ia l i za t ion  s t a g e s .  

m o s t  p r o m i s i n g  s c e n a r i o  c l a s s  i s  what we  a r e  
ca l l ing  "hybrid organizations,".  A hybr id  o r g a n i -  
za t ion  is one in which  p r i v a t e - l o c a l - f e d e r a l  
rol'es d i f fe r  t o  t y p e  of O T E C  plant  s y s t e m  i n  or-: 
d e r  tn take odv&~l ldge  of d i f fe ren t  t a x  s i tua t ions  
a n d  d i f fe ren t  ju r i sd ic t ions .  Within t h i s  c l a s s  
t h e  following i s  a n  example :  

1. P l a t f o r m  - c l a s s i f i e d  a s  a v e s s e l  fo r  p u r -  
p o s e s  of MARAD financing,  owned by a 
U. S. based  c o r p o r a t i o n .  

2. P o w e r  P l a n t ,  including Cold Water  P i p e  - 
owned by  a d i f fe ren t  U. S. b a s e d  c o r p o r a -  
t ion,  which u s e s  i t s  i n v e s t m e n t  f o r  I T C  
p u r p o s e s .  N e e d l e s s  t o  say,  t h e  p l a t f o r m  
would b e  loca ted  o u t s i d e  t h e  t h r e e  m i l e  l imi t .  

P o w e r  g e n e r a t e d  would be  s o l d  t o  a s e r v i c e  
o r  "qualified" manufac tur ing  company  b a -  
s e d  i n  P u e r t o  Rico, who would own t h e  po-  
w e r  cable .  T h i s  company  wil l  qual i fy f o r  
936 a n d  loca l  incen t ives .  

3. S h o r e  F a c i l i t y  - could  b e  a joint-ownership 
organ iza t ion  with p o s s i b l e  loca l  ut i l i ty  f i -  
nancing (or  co-f inancing)  p u r c h a s i n g  t h e  
p o w e r  f r o m  t h e  p r i v a t e  o rgan iza t ions .  

Var ious  o ther  hybr id  o r g a n i z a t i o n s  a r e  being 
a n a l y z e d  with vary ing  d e g r e e s  of ownersh ips  t o  
d e t e r m i n e  which would be  a t t r a c t i v e  both f r o m  
a t a x  a s  wel l  a s  f r o m  f inancing standpoint.  

Conc lus ions  

Although o u r  i n t e g r a t i o n  a n a l y s i s  is s t i l l  un- 
derway ,  p a r t i a l  r e s u l t s  point  t o  t h e  f a c t  t h a t  t h e  
P u e r t o  Rico  s i t e  could be  v e r y  a t t r a c t i v e  f r o m  a 
p r i v a t e  i n v e s t o r s  point  of view b e c a u s k  it a l l o w s  
f o r  reduc t ion  of both s h o r t ,  a s  wel l  a s  l o n g - t e r m  
r i s k s  t h r u  ex i s t ing  t a x  incen t ives  p r o g r a m s .  But 
a t a x  i n c e n t i v e - s t r a t e g y  a l o n e  wi l l  not b e  suffi- 
c ien t  t o  a t t r a c t  i n v e s t m e n t  without p o s s i b l e  e x -  
p e n d i t u r e  incen t ives  ( g r a n t s  and /or  subs id ies ) .  

T h e  explora t ion  of p r i v a t e - f e d e r a l - l o c a l  r o l e s  
is i m p o r t a n t  f o r  t h e  P. R. c a s e  given t h e  f a c t  
t h a t  a s o l e  f inancing s t r a t e g y  by t h e  u t i l i ty  would 
not b e  feas ib le ,  a t  l e a s t  within t h e  next  decade .  

R e s e a r c h  i s  t i l l  a t  a mid-point ,  t h u s  a c t u a l  
c a s h  flow p i c t u r e s  wil l  be  ava i lab le ,  a long  with 
spec i f ic  s c e n a r i o  recommendat ions ,  f u r t h e r  down 
the  line. 

R e f e r e n c e s  

1. T r e a t y  of P a r i s ,  30 Stat.  (1899 T. S. No. 343); 
L a w s  of P u e r t o  R i c o  Annotated,  T i t l e  1, Do- 
c u m e n t o s  His t6r icos .  Vol. 1, Equi ty  P u b l i s h -  
ing  Corpora t ion ,  Oxford,  New H a m p s h i r e  
1965, Pag .  17; Documents  on  t h e  Cons t i tu t io -  
na l  H i s t o r y  of P u e r t o  Rico,  Pag .  47. 

T y p i c a l  Scenar io .  An e x a m p l e  of one of t h e  



2. F o r a k e r  Act  of A p r i l  12, 1900, Cap.  191, 31 
Stat.  77;  T i t l e  48 U. S. Code,  T i t l e  1 L a w s  of 
P u e r t o  R i c o  Annotated Sec.  8 (ILPRA. Sec.  8), 
Equi ty  Publ i sh ing  Corpora t ion ,  Oxford,  New 
H a m p s h i r e ,  1965. 

3. De L i m a  Vs. Bidwel, 182 U. S. 1 (1 901). 

23. Leibowitz ,  A r n o l d  H. ,  T h e  Appl icab i l i ty  of 
F e d e r a l  L a w  t o  t h e  Commonweal th  of P u e r t o  
Rico,  Revis ta  J u r i d i c a  d e  la Univers idad  de  
P u e r t o  Rico. 

24. Ownes Vs. Bidwell,  182 U.S. 244, 294. 

25. S e e  foo tno te  n u m b e r  7. 
4. Downes Vs. Bidwel, 182 U. S. 244 (1901). 

26. S e e  footnote n u m b e r  4. 
5. R u b b e r t  A r m o s t r o n g  Vs. C o m m o n w e a l t h  of  

P u e r t o  Rico,  97 D P R  573, 608 (1969) (Dec i -  
s i o n e s  d e  P u e r t o  Rico,  Vol. 97, Equity P u -  
b l i sh ing  Corpora t ion ,  Oxford,  New H a m p s h i r e  
1970, pp. 573, 608). 

6. J o s e  RaGl PagAn T o r r e s  et. a l . ,  Vs. P e d r o  
N e g r 6 n  Ramos ,  e t .  a l . ,  No. 77-1453, 1978, 
Vs. C o u r t  of Appea ls  f o r  t h e  F i r s t  Ci rcu i t .  

7. J o n e s  Act ,  39 Stat .  951, M a r c h  2, 1917; 48 
USC ; 1 LPRA 1 et. seq .  

8. Ibid Sec t ion  5. 

9. Ibid Sec t ion  25. 34. 

10. ~ u e r t o  R i c o  Vs. T h e  She l l  Co. (P. R.) ,  
L i m i t e d ,  et. a l .  302 U. S. 253 (1937). 

11. P u b l i c  L.aw 600 of J u l y  3, 1950, 6.4 Stat .  314; 
48 U.S. C. ; Documentos  H i s t 6 r i c o s  d e  
P u e r t o  Rico,  L e y e s  d e  ~ u e r t o  Rico  Anotadas ,  
T i t u l o  1, Equity Publ i sh ing  C o r p . ,  Oxford, 
New H a m p s h i r e ,  1965. 

12. L i m a  Vs. Bidwel, 182 U.S. 1 (1901). 

13. A r t i c l e  IV, Sect.  3, C l a u s e  2, U.S. Cons t i tu -  
tion. 

14. Black  L a w  Dic t ionary ,  Wes t  Publ i sh ing  Co. ,  
St. P a u l ,  Minnesota ,  F o u r t h  Edit ion.  

15. Const i tut ion of t h e  C o m m o n w e a l t h  of P u e r t o  
Rico,  L a w s  of P u e r t o  Rico  Annotated,  Equity 
Publ i sh ing  Corp . ,  New H a m p s h i r e ,  T i t l e  1, 
Sec.  1 & 2 A r t .  1. 

16. Sec t ion  2'of F e d e r a l  Relat ion Act ,  4 8  U. S. C. 

17. Ibid Sect ion 3. \ 

27. Leibowitz ,  A r n o l d  H. M o r e n o  Rios  Vs. U. S. , 
256 2d 68,  74 (1st.  C i r .  1958) N a r c o t i c  Drugs 
I m p o r t  & E x p o r t  A c t ) ;  Nuchel l  Vs. Rubio, 139 
F. Supp. 379 (D. P. R. 1956) ( F a i r  L a b o r  
S t a n d a r d s  A c t ) ,  U. S ;  Vs. Rios  140 F. Supp. 
376, 381 (D.P .  R. 1956). 

28. 13 L P R A  3011-3015. 

29. I n t e r n a l  Revenue Code 1954, Sect ion 881 (a).  

30. IRC Sect ion 9 12. 

31: .IRC Sect ion 922. 

32. I n t e r n a l  Revenue Code,  1945 Sec t ion  864  (c) ,  
(1) (A). 

33. I n t e r n a l  Revenue  Code,  1954 Sect ion 882 (a ) ,  
(1). 

34. I n t e r n a l  Revenue  Code 936 (a) .  

. . 

18. Ibid Sect ion 5. 

19. Ibid Sect ion 7. 

20. Ibid Sect ion 8. 

2 1. Ibid Sect ion 9. 

22. Ibid Sect ion 38. 



ANALYSIS OF PROSPECTS FOR OTEC 
COMMERCIALIZATION FOR BASELOAD POWER 

Willis E. Jacobsen * and Richard, J.. . Man 
C 

Metrck Divisiun 
The MITRE Corporation 
~ c ~ e ( a n ,  Virginia 221 02 

A b s t r a c t  7 

t o  two d e c a d e s  from now p r e s e n t s  s e r i o u s  r a m i f i c a -  
t i o n s ,  e s p e c i a l l y  s h o u l d . n u c l e a r  p l a n t  d i lemmas  n o t  
be  r e s o l v e d  and s h o u l d  t e c h n o l o g i c a l  s o l u t i o n s  f o r  
r e d u c i n g  m i n i n g  and combus t ion  problems a s s o c i a t e d  
w i t h  o p e r a t i o n  of  c o a l - f u e l e d  power p l a n t s  n o t  b e  
e x p e d i t e d .  

R e q u i r e m e n t s  f o r  s t i m u l a t i n p ,  c o m m e r c i a l i z a t i o n  . F o r  OTEC t o  p e n e t r a t e  t h e  b a s e l o a d  g e n e r a t i n g  
of Ocean Thermal E l e c t r i c  C o n v e r s i o n  (OTEC) s y s t e m s  ~ a r k e t  i t  must  p o s s e s s  a d v a n t a g e s  o v e r  n u c l e a r  
f o r  o f f s h o r e  g e n e r a t i o n  of b a s e l o a d  e l e c t r i c  t e c h n o l o g y ,  f l u i d i z e d  bed c o a l  combus t ion  and  
power a r e  i d e n t i f i e d  and ana lyzed .*  C o m m e r ~ i a l i -  p o s s i b l y  c e r t a i n  advanced  t e c h n o l o g i e s  s u c h  a s  b i o -  
z a t i o n  p o t e n t i a l  was d e t e r m i n e d  i n  a  model which mass combus t ion  t h r o u g h o u t  t h e  S o u t h e a s t .  At 
p r o j e c t s  c o m p e t i t i v e  economics  of  r e g i o n a l  t o d a y ' s  e n e r g y  p r i c e s ,  OTEC c a n  n o t  y e t  compete 
power-producing s y s t e m s  and e s t i m a t e s  m a r k e t  e n t r y  w i t h  c o n v e n t i o n a l  means of  g e n e r a t i n g - b a s e l o a d  
and r a t e s  of  commerc ia l  b u i l d u p .  The i n v e s t i g a t i o n  power;  however,  when f u e l  p r i c e s  e s c a l a t e  t o  s e v e -  
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Sys tems  A n a l y s i s  

r e s u l t e d  i n  major  f i n d i n g s  and c o n c l u s i o n s  a s  
f o l l o w s :  (1.) OTEC c o u l d  make a  s i g n i f i c a n t  c o n t r i -  
b u t i o n  t o w a r d s  s a t i s f y i n g  f u t u r e  b a s e l o a d  e l e c t r i c  
demand . r e q u i r e m e n t s  i n  t h e  s o u t h e a s t  U.S . ;  
(2 )  OTEC marke t  p'erformance c o u l d  be  even  b e t t e r  
i f  major  d e s i g n  c o n c e p t s  were t o  e v o l v e  t h a t  
r e s u l t e d  i n  lower  c o s t s  o r  improved s y s t e m  p e r f o r -  
mance; ( 3 )  development  of f i r s t  c o m m e r c i a l - s c a l e  
OTEC p l a n t s  a t  f a v o r a b l e  s i t e s  o f f  U.S. e q u a t o r i a l  
i s l a n d s - - e . g . ,  Hawai i  and P u e r t o  Rico--could s e r v e  
a s  U.S. main land  marke t  s p r i n g b o a r d s :  t h i s  a n t i c i -  
p a t e d  r e s u l t  is  based  on s u c h  p l a n t s  p r o v i d i n g  
e a r l y  m a n u f a c t u r i n g  and o p e r a t i n g  e x p e r i e n c e  t h a t  
would push ahead  OTEC power s y s t e m  i n t r o d u c t i o n  t o  
t h e  s o u t h e a s t  U.S. m a r k e t  from t h e  l a t e  1 9 9 0 ' s  by 
s e v e r a l  y e a r s  and s t i m u l a t e  r a t e s  o f . s u b s e q u e n t  
commerc ia l  b u i l d u p ;  ( 4 )  no f u n d a m e n t a l  t e c h n i c a l  
o b s t a c l e s  were  i d e n t i f i e d  which would s e v e r e l y  
r e s t r a i n  a c h i e v e m e n t  of OTEC c o m m e r c i a l i z a t i o n - -  
p r i n c i p a l  c h a l l e n g e s  c e n t e r  now on p r o d u c t i o n  and  
i n t e g r a t i o n  o f  l o n g - l i f e  m a r i n e  components which  
s u r p a s s  t h e  s c a l e  o f  p r e s e n t  o f f s h o r e  s t r u c t u r e s .  
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r a l  times c u r r e n t  v a l u e s  ( i n  t o d a y ' s  d o l l a r s )  and 
s t a n d a r d i z e d l i m p r o v e d  mass p r o d u c t i o n  t e c h n i q u e s  
r e d u c e  OTEC c a p i t a l  c o s t s  s u b s t a n t i a l l y ,  t h e  
t e c h n o l o g y  h a s  p r o m i s e  of  compet ing  i n  t h e  u t i l i t y  
m a r k e t .  I n  a d d i t i o n  t o  OTEC s y s t e m  c a p i t a l  c o s t s ,  
o t h e r  i m p o r t a n t  v a r i a b l e s  i n  t h e  c o s t  e q u a t i o n  
i n c l u d e  c o s t  of  dep loyment  as w e l l  a s  o p e r a t i n g  and 

' m a i n t e n z n c e  c o s t s . ,  T h e s e  c o s t s  a r e  ~ o v e r n e d  bv 
s i te  c o n d i t i o n s  i n c l u d i n g ,  s p e c i f i c a l l y ,  t h e  d e p t h  
o f  t h e  ocean  a t  the p r o p o s e d  p l a n t / c o m p l e x  s i te ,  
o c e a n  t e m p e r a t u r e  d i f f e r e n t i a l s ,  l e n g t h  of  power 
t r a n s m i s s i o n  c a b l e  f rom p l a t f o r m  t o  s h o r e ,  d e s i g n  
e n v i r o n m e n t  (wave, wind and  c u r r e n t  c o n d i t i o n s ) ,  
and  a v a i l a b i 1 i t y : o f  f a b r i c a t i o n  f a c i l i t i e s  t o  
h a n d l e  c o n s t r u c t i o n ' o f  t h e s e  l a r g e  m a r i n e  
s t r u c t u r e s .  

Any means by which  OTECfs economic p o s t u r e  c a n  
b e  improved would b e  e x p e c t e d  t o  p e r m i t  s u c h  
commerc ia l  s y s t e m s  t o  e n t e r  t h e  m a r k e t  a t  a n , e a r l i -  
e r  d a t e  and would p r o v i d e  l e v e r a g e  f o r  i n c r e a s i n g  
t h e  r e s u l t i n g  p e n e t r a t i o n  and b e n e f i t s .  Once OTEC 

' 

i n s t a l l a t i o n s  a r e  implemented and  a n  i n d u s t r y  i s  

**Based p r i n c i p a l l y  on r e s u l t s  of a  s t u d y  f o r  t h e  
Depar tment  of Energy,  C e n t r a l  S o l a r  T e c h n o l o g i e s ,  
C o n t r a c t  ET-78-C-01-2854 ( J a n u a r y  1 9 7 9 ) .  

fo rmed,  e f f e c t s  o f  c u m u l a t i v e  e x p e r i e n c e  of  t h e  
l a r g e  o c e a n  s y s ~ e m  c o n s t r u c t i o n  and o p e r a t i o n  w i l l  
b e  f e l t .  E f f e c t s  o f  p r o d u c t i o n  and,  o p e r a t i o n a l  

I n t r o d u c t i o n  b u i l d u p  a r e  w e l l  documented i n  new i n d u s t r i e s ,  and 
s h o u l d  s u c h  t r e n d s  a p p l y  a s  w e l l  t o  OTEC, e a r l y  

U.S. e l e c t r i c  e n e r g y  demand is  p r o j e c t e d  t o  s y s t e m  c o s t s  would b e  e x p e c t e d  t o  d e c l i n e  s u b s t a n -  

c o n t i n u e  growing  a t  s u b s t a n t i a l  a n n u a l  r a t e s .  t i a l l y .  

E l e c t r i c a l  demand is  c u r r e n t l y  i n c r e a s i n g  a b o u t  
s i x  p e r c e n t  p e r  y e a r  and t h i s  g rowth  is e x p e c t e d  Approach 

t o  d e c l i n e  t o  l e s s  t h a n  t h r e e  p e r c e n t  p e r  annum 
by 2020. S a t i s f y i n g  r e g i o n a l  e l e c t r i c a l  demand o n e  Market 

The a n a l y t i c a l  t n o l  u t i l i z e d . i n  OTEC m a r k e t  
s i m u l a t i o n  s t u d i e s  was t h e  SPURR model--System for.  
p r o j e c t i n g  t h e  U t i l i z a t i o n  of  Renewable R e s o u r c e s .  2 

I n  t h e  model ,  p r o j e c t i o n s  of  y e a r l y  i n c r e m e n t a l  
b a s e l o a d  e l e c t r i c a l  demands,  r e g i o n - b y - r e g i o n ,  a r e  
s u c c e s s i v e l y  s a t i s f i e d  by compet ing  b a s e l o a d  gene- 
r a t i n g  t e c h n o l o g i e s - - e i t h e r  i n d i v i d u a l  p l a n t s  o r  a 
m i x t u r e  of b a s e l o a d  f a c i l i t i e s .  The u t i l i t y ' s  
l ? t c i s i o n  t o  c h o o s e  a  c e r t a i n  t y p e  of  t e c h n o l o g y  t o  
s a t i s f y  demand p r o j e c t i o n s  was modeled u s i n g  t h e  
p r o b a b i l i t y  of  e n e r g y  c o s t  a s  a  p r i m a r y  f i g u r e  of 
m e r i t .  . ~ h i . s  p a r a m e t e r  a g g r e g a t e s  a l l  t h e  f i n a n c i a l  
components of a t e c h n o l o g y  and a l l o w s  a  b a s i c  
compar i son  of !!I? c o s t  m e r i t s  among t e c h n o l o g i e s  



competing f o r  t h e  same a p p l i c a t i o n . ,  

. 4 s soc i a t ed  w i t h  each technology c a n d i d a t e  a r e  
p r o j e c t i o n s  of expected  r anges  of energy c o s t s ,  
c h a r a c t e r i z e d  by minimal,  maximal and modal val .ues.  
The p r o b a b i l i t y  t h a t  t h e  energy c o s t s  f a l l  between 
t h e  two ext remes  is  u n i t y ,  and t h e  c o s t  having t h e  
h i g h e s t  f r equencp  f u n c t i o n ,  of c o u r s e ,  co r r e sponds  
w i t h  t h e  modal. A t r i a n g u l a r  p r o b a b i l i t y  d e n s i t y  
d i s t r i b u t i o n  is formula ted  wherein t h e  modal v a l u e  
is  d e r i v e d  t o  f o r c e  t h e  a r e a  under t h e  d i s t r i b u t i o n  
t o  u n i t y .  I n  F igu re  1 q e  shown t h e  p r o j e c t e d  
l e v e l i z e d  busbar  c o s t s  of t h r e e  c a n d i d a t e  base load  
sys tems v e r s u s  t he  p r o b a b i l i t y  d i s t r i b u t i o n s  of 
t h e s e  c o s t s .  I n  t h e  p a r t i c u l a r  f u t u r e  yea r  i l l u s -  
t r a t e d  (2010) (and averaged f o r  t h e  s o u t h e a s t  
r c , ~ o n s ) ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n s  of c o s t s  
f o r  advanced n u c l e a r  power g e n e r a t i o n  and t h e  
s p e c i f i e d  OTEC i n c e n t i v e  s c e n a r i o  a r e  n e a r l y  
e q u i v a l e n t ;  on the  o t h e r  hand, t h e  d isplacement  of 
t h e  p r o b a b i l i t y  d i e s t r i b u t i o n  cu rve  f o r  an  atmos- 
p h e r i c  I l u id i zcd -bed  p l a n t  toward a  s l i g h t l y  
n ighe r  c o s t  regime, would i n d i c a t e  t h a t  t h e  
advanced c o a l  combustion p l a n t  probably  competes 
l e s s  f a v o r a b l y  i n  t h e  s p e c i f i c  f u t u r e  t ime frame. 
The p r o b a b i l i t y  t h a t  any base load e l e c t r i c a l  gene- 
r a t i n g  technology w i l l  have a  l e s s e r  energy c o s t  

.'than a n o t h e r  i s  c a l c u l a t e d  and t h e  market demands 
f o r  energy a r e  s a t i s f i e d  by t h e  system wi th  t h e  
g r e a t e s t  p r o b a b i l i t y  of l e a s t  c o s t ,  w i t h i n  any con- 
s t r z i n t s  such a s  ocean thermal  r e s q u r c e  l i a i t a t i o n s .  

OTEC Commercia l iza t ion  S t i m u l i  

A  number o f  F e d e r a l  i ncen t ives - - f inanc ia l*  a s  
w e l l  a s  p o l i c v  a c t i v i t i e s  and measures--hold 

r a t e s ) ,  i n t e r e s t  s u b s i d i e s ,  gua ran teed  e l e c t r i c a l  
r a t e s ,  i n s u r a n c e  a g a i n s t  market  l o s s e s ,  l o w - i n t e r e s t  
l o a n s ,  g u a r a n t e e s  of m a t e r i a l s  a v a i l a b i l i t y  through 
s t r a t e g i c  s t o c k p i l i n g ,  o r  o u t r i g h t  government f i -  
nancing and ownership  of OTEC p l a n t s  ( a s  is  t h e  
c a s e  f o r  some l a r g e ,  mu l t i -pu rpose  h y d r o e l e c t r i c  
p l a n t s ) .  

I n s t i t u t i o n a l ,  l e g a l  and r e g u l a t o r v  i n c e n t i v e s .  
T h i s  c l a s s  o f  p o l i c y  o p t i o n s  i s  a  s o u r c e  of much 
concern  t o  p o t e n t i a l  d e v e l o p e r s  and u s e r s  of a:iv 
major new technology,  and p o s s i b l e . u n c e r t a i n t i e s  
cou ld  s e v e r e l y  de l ay  commercial  devcloprnent of 
OTEC were t h e s e  g e n e r a l l y  n o n t e c h n i c a l  i s s u e s  n o t  
add res sed  and r e s o l v e d .  They r ange  from t h e  cur-  
r e n t l y  cha l l enged  need f o r  r e p e t i t i v e  and d e t a i l e d  
env i ronmen ta l  impact s t a t e m e n t s  t o  v a r i o u s  OTEC 
c l a s s i f i c a t i o n ,  p e r m i t t i n g  and l i c e n s i n g  r e q u i r e -  
ments w i t h i n  t h e  r e g u l a t o r y  and l e g i s l a t i v e  domain. 

With modera te  l e v e l s  of OTEC developmenta l  
s u p p o r t ,  ocean the rma l  technology could  prove  t o  be  
a v i a b l e  midterm complement t o  base load energy 
supp ly  i n  r e g i o n s  bordered by w a t e r s  posses s ing  
adequa te  t empera tu re  d i f f e r e n c e s .  

S c e n a r i o s  f o r  Market P e n e t r a t i o n  Ana lys i s  

Three b a s i c  s e t s  of f u t u r e  i n c e n t i v e s  were 
e s t a b l i s h e d  a s  r e p r e s e n t a t i v e  f o r  modeling r e s u l -  
t a n t  impacts  on OTEC market p e n e t r a t i o n  and growth 
p o t e n t i a l  i n  t h e  s o u t h e a s t e r n  U.S. A f o u r t h  and 
v e r y  h igh - l eve rage  s c e n a r i o  was a l s o  examined t o  
de t e rmine  i t s  e f f e c t s  on subsequent  mainland market 
p e n e t r a t i o n  and growth--the so -ca l l ed  " I s l and  
S t r a t egy . "  

promise  f o r  s p u r r i n g  development,  cdmmercial  i n t r o -  
d u c t i o n  and a c c e l e r a t e d  erowth of OTEC ene rev  Scena r io  1, termed t h e  "Na t iona l  Energy P lan  

u 

o r o d u c t i o n .  (NEP)", con ta ined  t h e  assumpt ion t h a t  a  10-percent 
inves tment  t a x  c r e d i t  (ITC) above t h a t  normal ly  
a l lowed t o  i n d u s t r i e s  and u t i l i t i e s  be  made a v a i l -  

Economic i n c e n t i v e s .  Wi l l i ngness  of p o t e n t i a l  a b l e  t o  OTEC d e v e l o p e r s .  

OTEC d e v e l o p e r s  t o  proceed w i l l  g e n e r a l l y  be  based 
on (1)  t h e i r  p e r c e p t i o n s  of t e c h n i c a l  u n c e r t a i n t i e s  
and ( 2 )  t ime  c o n s t a n t s  i n  r e a l i z i n g  a  payoff on 
t h e i r  i nves tmen t s .  " referent ia l  a p p l i c a t i o n  of 
c e r t a i n  economic i n c e n t i v e s  t o  OTEC could  be  e f f e c -  
t i v e  i n  s t i m u l a t i n g  OTEC development and accep tance .  -- 
Among t h e  v a r i o u s  t ypes  of p o s s i b l e  t a x  i n c e n t i v e s  
a r e :  inves tment  t a x  c r e d i t s ;  p a r t i a l  defrayment  of Note: U.S. Average i n  Year 2010 
R&D expenses ;  t a x  deduc t ion  f o r  income; t a x  d e f e r r a l  
of t a x a b l e  income; and deduc t ions  f o r  un insu red  
b u s i n e s s  l o s s e s ,  a c c e l e r a t e d  d e p r e c i a t i o n  and 
i n t e r e s t  cha rges .  The inves tment  t a x  c r e d i t s  (ITC) 
c u s t o m a r i l y  have t h e  h i g h e s t  l e v e r a g e  of a l l  t h e  
t a x  b e n e f i t s .  E s p e c i a l l y  w i t h  OTEC's h i g h , c a p i t a l  
c o s t s  and r e l a t i v e l y  low O&M (no f u e l  c o s t s ) ,  
r e d u c t i o n s  i n  f ront -end o u t l a y s  p?oduce s i g n i f i c a n t  
r e d u c t i o n s  i n  busbar  c o s t s  of power. 

Expend i tu re  i n c e n t i v e s ,  f i nanced  through 

i Advanced ,, f , !,,'\, 1 a u t h o r i z e d  budget a l l o c c t i o n s ,  i n c l u d e  v a r i o u s  Nuclear 
s h i p  f i n a n c i n g  programs (should  OTEC q u a l i f y  a s  7' \ 1 

" v e s s e l s " ) ,  g r a n t s ,  l oan  g u a r a n t i e s ,  ( t o  p rov ide  
\ 

\ 
I 

' d i r e c t  l ower - r i sk  fund ing  a t  f a v o r a b l e  i n t e r e s t  
2 1) 4 0 60 

F l i l l s  (1976) Pe r  Kilowatt-Hour 

*In  modeling of government i n c e n t i v e s ,  r anges  of 
i nves tmen t  t a x  c r e d i t  s u b s i d i e s  were s e l e c t e d  a s  F ig .  1 P r o b a b i l i t y  d i s t r i b u t i o n  of p r o j e c t e d  
s u r r o g a t e s  f o r  any type  of f i n a n c i a l  i n c e n t i v e s  base load energy c o s t s  f o r  u t i l i t y  market a l lo- :  
( e . g . ,  l oan  g u a r a n t i e s ,  d i r e c t  g r a n t s ,  c o s t -  c a t i o n .  
s h a r i n g ,  e t c . )  a l l  impact ing  l i f e  c y c l e  c o s t s  t o  
co r r e spond ing  deg rees .  . 



Scenario 2, the  "NEP plus provision f o r  
Accelerated Market Acceptance (AMA)," in  add i t ion  
t o  t h e  advantages of t h e  previously described ITC, 
would make a v a i l a b l e  important p lan t  operator  in for -  
mation and p a r t i c i p a t o r y  experience from e a r l y  
(precommercial) operat ions of OTEC p i l o t  p l a n t s .  
The r e s u l t  of t h i s  rneasurc would be a re laxa t ion  of 
market pene t ra t ion  c o n s t r a i n t s  (namely, an S-shaped 
market acceptance l i m i t i n g  curve i n  the  SPURR model) 
t o  reduce the s h o r t e s t  time allowed t o  capture a  
given l e v e l  of the  incremental e l e c t r i c  market by 
50 percent .  

Scenario 3, implementation of the  "NEP plus  t h e  
AMA plus a  graduated ITC," adds t o  Scenario 2 an 
addi t iona l  10 percent ITC i n  the  OTEC market en t ry  
year ,  such f a c t o r  dec l in ing  l i n e a r l y  t o  zero i n  
year 2010. This combination of incen t ives  exerted 

Table 1 Generic OTEC System 

REISFORCED COSCRETE HUI.1. . POIJER S Y S T E i  - C W S E D  CYCLE 

- A T I O S I A  WORKING F L l ' l D  

- TITAX!IM HFAT EXCIWBGERS (NO REPLACDIEST OVER L I F E T I V E )  

- FUUR LOO W e  NET WWER nODULESIPLA:.7 . C E L L C U R .  R U 0 B E R I Z D  W L O S  COLD WATER P I P E  

A RANGE O F  S I T E S  . S T A T I C  X W R I S C  S Y S T W  . PLAST A V A I L A B I L I T Y  I S  0 . 9  

the  g r e a t e s t  leverage i n  the commercialization of 
OTEC . 

The minimal incen t ive  under the  i s land  s t r a t e g y  
( t h i s  supplemental incen t ive  beine assumed a s  i m ~ l e -  - .  - 
mented with each of the  th ree  bas ic  scenar ios ) ,  was 
provision f o r  100 MGle of OTEC i s land  precommercial 
capaci ty.  Such capac i ty ,  i n  add i t ion  t o  f a c i l i t a t -  
ing the  assumed acce le ra ted  market acceptance l e v e l s  
judged achievable i n  Scenarios  2 and 3,  would reduce 
engineering c o s t s ,  through cumulative manufacturing 
experience appl icab le  t o  a l l  th ree  scenarios .  

The extremely favorable  aspec t s  of t r o p i c a l  
' i s l and  . s i t i n g s 8  which could s t imula te  buildup of 
e a r l i e s t  OTEC capaci ty (with subsequent b e n e f i t s  t o  
mainland market pene t ra t ion)  include:  i s land  OTEC 
p l a n t s  would rep lace  e l e c t r i c a l  generat ing u n i t s  
burning expensive imported o i l  obtained from unre- 
l i a b l e  sources;  good thermal d i f fe rences  can be 
tapped a t  r e l a t i v e l y  s h o r t  d i s tances  o f f shore ,  thus 
c r e a t i n g  advantages such a s  good thermal e f f i c i e n -  
c i e s ,  shor t  t ransmission cable  runs,  and operat ions 
i n  somewhat protected waters; OTEC modules would 
provide a  p o t e n t i a l  f o r  u t i l i t i e s  t o  add small power 
increments (with any s i n g l e  add i t ion  supplying a  

. r e l a t i v e l y  small f r a c t i o n  of t h e i r  t o t a l  i n s t a l l e d  

company6,7) provided i n i t i a l  c o s t  est imates  f o r  AC 
and DC transmission networks, t i e  po in t s ,  and 
power conversion components. 

The ranges of OTEC system c o s t s ,  i n  tu rn ,  were 
updated t o  account f o r  s p e c i f i c  platform, power, 
and energy t r a n s f e r  systems** deployed a t  th ree  
p o t e n t i a l  southeast  U.S. s i t e s :  (1) off  Miami, 
(2) mid-Gulf (off shore New Orl.eans/Mobile/and . 
Brownsville) and (3) off  the  F lor ida  West Coast. 
Resul tant  c o s t s  i n  1976 d o l l a r s  per ki lowatt  f o r  
t h e  f i r s t  production OTEC systems were a s  follows: 

Transmission Engineering 
S i t e  Distance Cost - ... . 

(Miami 28 s t a t .  m i .  $2550/lrl 

Mid-Gulf 93 2520 

Florida W. Coast 161 2630 

c a p a c i t y ) - a s  cur ren t  o i l - f i r e d  p l a n t s  a r e  phased The expected, o r  modal, 1976 c o s t  of t h e  f i r s t  
out o r  a s  e l e c t r i c a l  demand r i s e s ;  and l o c a l  accept- production OTEC system was estimated to  be about 
a b i l i t y  and favorable  f i n a n c i a l  incen t ives  appear $2570 per ki lowatt .  
prevalent .  

OTEC Costs and Performance C h a r a c t e r i s t i c s  

Ranges of engineering costs* and l e v e l s  of 
expected p lan t  performance were determined f o r  
400 MWe p l a n t s  (power del ivered ashore) s i t e d  i n  
t h e  Gulf of Mexico and off t h e  eas te rn  coas t  of 
Florida.  Table I'conveys the  c h a r a c t e r i s t i c s  of 
the  generic  ocean thermal p lan t .  

Ranges of OTEC power system c o s t s  were determined 
from the  work of the  power system design cont rac tors  
(Lockheed Miss i les  and Space.Company (LMSC), TRW 
and Westinghouse Corporation). Costs f o r  power 
systems of various module s i z e s ,  d e s i m s .  and 
mate r ia l s  were summarized by  MITRE.^ A c o s t  sum'- 

Var ia t ions  i n  system c o s t s  about the  modal 
va lue  were next considered i n  t h e  context  of 
poss ib le  v a r i a t i o n s  i n  system performance. The 
s e n s i t i v i t y  of such i n t e r a c t i o n s  hinges on the  f a c t  
t h a t  cos t  and performance toge ther  con t r ibu te  t o  
energy cos t  (mi l l s  per kilowatt-hour).  P lan t  capa- 
c i t y  factor-- the r a t i o  of t h e  t o t a l  energy expected 
t o  be de l ivered  ashore per year t o  t h a t  which the  
d a n t  would continuously produce and d e l i v e r  ashore 
a t  i t s  r a t e d  capacity--is t h e  measure of performance. 
' T o t a l  annual energy de l ivered  ashore is inf luenced 
by time-variant ocean thermal temperature d i f f e r -  
ences a s  wel l  a s  by p lan t  a v a i l a b i l i t y .  

mary by Doty ~ k s o c i a t e e , ~  which presented platform 
system cos t '  e s t imates  derived by t h e  system con- *Costs assoc ia ted  with cons t ruc t ion  and deployment 

t r a c t o r s  (Gibbs & Cox, Incorporated,  LMSC and of the  OTEC system, assuming instantaneous aystem 

M. Rosenblatt  & Sons) provided cos t ing  gu ide l ines  . a v a i l a b i l i t y .  

f o r  the  bulk of t h e  OTEC system. ~ r e i i i i n a r ~  
inves t iga t ions  of t h e  platform-to-shore t ransmission **Including effects water depth; Ocean 

system ( t h e  bottom cable,  by t h e  P i r e l l i  company,5 c u r r e n t ,  and wave condi t ions ;  transmission d i s tance ;  

and the  r i s e r  cab le ,  by t h e  Simplex Wire and Cable and annual p r o f i l e s  of ocean thermal d i f fe rence .  



Factors which could create a more favorable 
cost-uerformance ra t i o  include: imurovements i n  
conceptual'designs and/or fabrication techniques 
for  such major components as plat forms,  heat 

Table 2 Potential OTEC CONUS Market Penetration 

exchangers, cold water pipes, mooring'subsystems, 
by 2020 (GWe) 

transmission subsystems; o r ,  more favorable ocean 
thermal resources. Factors which could degrade 
cost-performance character i s t ics  include: required 
h u l l  shape complexi t ies;  extreme mooring environ- 
ments; delays and cost overruns during construct ion; 
reduced turbine e f f i c i e n c i e s  due t o  lower-than-anti- 
cipated ocean temperature d i f f e r e n c e s  or b io fou l ing ;  
reduced longev i t ies  o f  seawater systems due t o  
corrosion. Consideration o f  these fac tors  resulted 
i n  a cost-performance range about the  modal value 
estimated as  +40 percent and -20 percent, or a 
range i n  1976 dollars o f  $2056/kW t o  $3598/kW for  
the  f i r s t  400 MWe uni t  produced and a range o f  from 
$1400/kW t o  $2450/kW fo r  the ul t imate plant. E f -  
: £ e c f s  o f  learning,  i . e . ,  the cumulative design 
'improvements and production experience, were 
assumed bene f i c ia l l y  t o  cause the  engineering cos t s ,  
modal, maximum, and minimum, t o  decrease as shown 
i n  Figure 2. 

0 s o  n 0 10 20 30 4 o so 60 

GWe OF INSTALLED OTEC POWER 

F i g .  2 Engineering cost reduction resu l t ing  from 
experience. 

Results  

Market Penetration and Impacts o f  Precommercial 
Capacity 

The potential  penetration o f  OTEC i n  the 
baseload e l ec t r i c  market o f  the  southeast United 
S ta tes  has been estimated with the SPURR model 
for each o f  the three incent ive  scenarios just  
described. Table 2 shows the  cumulative OTEC 
potential  i n  the continental  United S ta tes  ( C O N U S )  
by t he  year 2020. Potential  penetration under 
three l e v e l s  o f  incent ives  and up t o  400 W e  o f  
island capacity are shown for  two possible market 
entry dates.  

Market potential  for  OTEC i s  seen t o  increase 
with increasing l e v e l s  o f  incentive from Scenario 1 
through Scenario 3 .  Market potential e s s e n t i a l l y  
doubles from Scenario 1 t o  Scenario 2.  Both have 
the same l eve l  o f  tax  c r e d i t ,  but Scenario 2 incor- 
porates added a c t i v i t i e s  such as user education and 
hands-on experience programs t o  help reduce market' 
resis tance and develop accelerated market accept- 
ance. Under Scenario 3 ,  t he  addit ion o f  another 
incremental tax credi t  basically  doubles market 
performance beyond that  o f  Scenario 2. 

'Jnder Scenarios 1 and 2 ,  i s land ,capaci ty  i s  seen 
t o  have a great e f f e c t  on ul t imate market potential .  
Island capacity o f  between 750 and 1,000 W e  serves 
t o  increase the  OTEC market potential by e f f e c t i v e l y  
lowering the  capital  cost o f  t he  f i r s t  mainland 
plant through the  e f f e c t s  o f  experience. At a lower 
i n i t i a l  cos t ,  OTEC technology can enter the  CONUS 
baseload market a t  an ear l ier  date and then compete 
more vigorously with t he  other baseload a l ternat ives .  
Under Scenarios 1 and 2 and low l e v e l s  o f  island 
capacity ,  market potentials  for  OTEC remain v i r t u -  
a l l y  unchanged fo r  CONUS market entry in the year 
1995 or 2000. Beyond 750 MWe o f  island capacity ,  
OTEC could have greater potential i f  it entered the  
market in 1995 rather than 2000. This  i s  a resu l t  
o f  an ear l ier  competitive posture for  OTEC and a 
longer period t o  capture a commensurately larger 
share o f  t he  market. 

E.xpected OTEC Market Penetration 

OTEC's U . S .  baseload market potential wi th in  a 
~ i v e n  scenario i s  not only dependent on the  l e ve l  
o f  island capacity ins ta l led  prior t o  the CONUS 
mnrket 'entry date but a l so  on the actual entry 
date i t s e l f :  I f  each market buildup potential  
under the three scenarios,  as shown i n  Table 2 ,  has 
a probability associated wi th  i t ,  the  potentials  
can be aggregated and an expected value o f  OTEC 
market penetration estimated. 
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e n t r y  i n  1995 and 2000 was e s t ima ted .  These v a l u e s  
were combined w i t h  e s t i m a t e s  of p r o b a b i l i t y  asso-  
c i a t e d  wi th  market bu i ldup  p o t e n t i a l s  r e s u l t i n g  
from v a r i o u s  l e v e l s  of  i s l a n d  c a p a c i f y .  

Table  3  p r e s e n t s  t h e  p r o j e c t e d  v a l u e s  of 
expected OTEC baseload market p e n e t r a t i o n  by 2020 
i n  t e r n s  of bo th  c a p a c i t y  and e q u i v a l e n t  o i l  energy 
( inpu t  t o  steam power p l a n t )  d i s p l a c e d  pe r  yea r  f o r  
each of t h e  t h r e e  s c e n a r i o s .  The t o t a l  baseload 
OTEC c a p a c i t i e s  i n  y e a r  2020 (Table  3 ) ,  r e s u l t e d  
from m u l t i p l y i n g  cs t i rnated market p e n e t r a t i o n  
p o t e n t i a l s  by f a c t o r s ,  a s  d e s c r i b e d ,  expres s ing  
e x p e c t a t i o n s  t h a t  OTEC w i l l  meet scheduled,develop-  
ment w i t h i n  each s c e n a r i o . 1  

Table  3  Expected OTEC Market P e n e t r a t i o n  by 2020 

- ~~ - 

Capaci ty  i n  Energy Displaced 
P lace  (G1Je) (QuadsIYr) 

Scena r io  1 

Scena r io  2 

Scena r io  3  

OTEC and t h e  Competit ion 

OTEC busbar  energy c o s t s  compete f avorab ly  wi th  
those  of o t h e r  t echno log ies .  As shown i n  Table  4. 
OTEC busbar  c o s t s  a t  U.S. i s l a n d  s i t e s  a r e  p ro jec t ed  

t o  be  below t h e  range e x p e c t e d , f o r  o i l - f i r e d  p l a n t s  . 
by 2000; ( a l s o ,  compe t i t i ve  OTEC c o s t s  should  b e  
cons ide rab ly  below t h o s e  of o i l - f i r e d  p l a n t s  by 
2020). U l t ima te  mainland OTEC p l a n t s  a r e  p r o j e c t e d  
t o  p rov ide  power f.or about  t h e  same busbar  c o s t s  a s  
advanced n u c l e a r  power p l a n t s  and f o r  somewhat l e s s  
than  coal  i n  2020, depending on i n c e n t i v e  s c e n a r i o  
and geograph ica l  r eg ion?  

OTEC Net B e n e f i t s  

I f  OTEC i s  s u c c e s s f u l l y  developed and p e n e t r a t e s  
t h e  base load  e l e c t r i c  market of t h e  U.S., t hen  
e l e c t r i c  power gene ra t ed  by OTEC systems could  have 
a s s o c i a t e d  n e t  b e n e f i t s  when compared t o  o t h e r  base- 
load a l t e r n a t i v e s .  The n e t  b e n e f i t s  t o  t h e  n a t i o n  
can be e s t ima ted  a s  t h e  d i f f e r e n c e  i n  t h e  c o s t  of 
ene rgy .gene ra t ed  by OTEC and t h a t  gene ra t ed  bv 
o t h e r  sys tems,  l e s s  t h e  F e d e r a l  developmental ex- 
p e n d i t u r e s  r e q u i r e d  t o  b r i n g  OTEC t o  i ts expected 
l e v e l  of market p e n e t r a t i o n .  

In Table  5 ,  OTEC systems a r e  p r o j e c t e d  
cumula t ive ly  t o  d i s p l a c e  from 11 t o  43 end-use 
quads of e l e c t r i c i t y  (30 t o  116 e q u i v a l e n t  quads of 
primary energy)  i n  t h e  y e a r s  from 2000 t o  2020, 
depending on s c e n a r i o .  When t h e  c o s t  of t h i s  
energy is  compared t o  t h a t  of an  expected mix of 
n u c l e a r  and c o a l  t echno log ies ,  t h i s  amount of OTEC 
energy could  r e s u l t  i n  a  n e t  r e d u c t i o n  of t h e  

*Such p r o b a b i l i t y  h i n g e s  on judgmental e x p e c t a t i o n s  
of  a c h i e v i n e  s u c c e s s  by t a r q e t  d a t e s  v e r s u s  ~ o s s i -  
h l e  programmatic s l i p o a g e s .  . 

 he a p p l i c a b l e  s o u t h e a s t e r n  U.S. census  r e g i o n s  
a r e  t h e  SATL (South A t l a n t i c ) ,  ESCL (Eas te rn  South 
C e n t r a l ) ,  and. WSCL (Vestern .  Sou.t'_h: c e n t r a l ) .  

Table  4 OTEC and t h e  Compet i t ion 

COAL HEAT RATE = 7,800 - 10,000 BTUIkWh 
OIL HEAT RATE - 7,500 - 9,220 BTU/kWh 

100 ?nJc of p r e c o m e r c i a l  c a p a c i t y  

CO?PETITIVE COST 
OF ELECTRICITY 

(1976 Mills/kWh) 

50.6 - 102.5 

69.3 - 143.4 

32.9 - 60.2 
50.0 - 68.5 

32.4 - 59.3 
46.7 - 64.0 

32'8 - 59.8 

CONPETITION 

- . . - . - - . - - - - 
OIL 

OIL 

NUCLEAR 
COAL 

NUCLEAR 
COAL 

NUCLEAR 

I LOCATION DATE 

C G Z  I 42.6 - 5B.8 

U.S.ISLAND 

U.S. ISLAND 

S. ATLANTIC 
REGION 

E. S. CENTRAL 
REGION 

OTEC COST OF ELECTRICITY (1) 
(1976 MillsIkWh) 

- - - . - .. - - . . . 

2000 

2020 

2020 

2020 

SCENARIO 1 

43.0 - 75.6 

29.3 - 51.4 

34.1 - 59.1 

36.7 - 63.6 

33.2 - 66.1 

SCENARIO 2 

---- 

---- 

33.0 - 57.2 

35.5 - 61.5 

37.0 - 64.0 

SCENARIO 3 

---- 

---- 
- 

32.7 - 56.6 

35.2 - 60.9 

36.6 - 63.4 



n a t i o n a l  e l e c t r i c  b i l l  ( t o  both  consumers and 
qovernment) of from 6 b i l l i o n  d o l l a r s  t o  34 b i l l i o n  
d o l l a r s  by 2020, and an  expected benef i t - to-Federal  
c o s t  r a t i o  of from 2 : l  t o  3 : l .  

Table  5  OTEC Cumulative Net B e n e f i t s  i n  t h e  
Sou theas t  U.S. by Year 2020 

(1 )  S i l l i o n s  of 1976 d o l l a r s  

I n  a d d i t i o n  t o  t h e  b e n e f i t s  expected from OTEC 
i n  t h e  c o n t i n e n t a l  U.S. a f t e r  2000, OTEC could 
p rov ide  s i g n i f i c a n t  b e n e f i t s  b e f o r e  2000 i n  U.S. 
i s l a n d s  where p resen t  c a p a c i t y  is o i l - f i r e d .  A 
d e t a i l e d  a n a l y s i s  of t h e  i s l a n d  energy market h a s  
n o t  been performed, b u t  a  range of i n s t a l l e d  i s l a n d  
c a p a c i t y  h a s  been checked i n  p re l imina ry  evalua-  
t i o n s  t o  e s t i m a t e  a  r ange  f o r  t h e  l e v e l  of b e n e f i t s  
t h a t  may a c c r u e  from i s l a n d  OTEC deployment p r i o r  

t o  2000. I s l a n d  n e t  b e n e f i t s  (Table 6) r ange  from 
0.3 b i l l i o n  d o l l a r s  t o  about  3.7 b i l l i o n  d o l l a r s .  
through 2000 and have a s s o c i a t e d  n e t  benef i t - to -  
F e d e r a l  c o s t  r a t i o s  of from 0.75: l  t o  about  2 .6 : l .  

Tab le  6  OTEC I s l a n d  S t r a t e g y  P o t e n t i a l  Net 
B e n e f i t s  by Year 2000 

" I s l and  S t ra t egy"  i s  seen t o  p rov ide  l eve rage  f o r  
u l t i m a t e  OTEC market p e n e t r a t i o n ,  p a r t i c u l a r l y  when 
executed i n  con junc t ion  w i t h  I n c e n t i v e  Scenar ios  
1 and 2. 

C.zEk 
100 w e  

OTEC market performance has  been es t ima ted  f o r  
t h e  g e n e r i c  OTEC system desc r ibed  e a r l i e r .  How- 
eve r ,  enhanced market p e n e t r a t i o n  and inc reased  n e t  
b e n e f i t s  can be  r e a l i z e d  i f  t h e  system l i f e  c y c l e  
c o s t  were t o  b e  reduced and lo r  t h e  system ou tpu t  
inc reased .  Improvements i n  des ign  concepts  f o r  
both  ocean systems and power systems o r  d i scovery  
of r e g i o n s  of h igh thermal g r a d i e n t ,  f o r  example, 
could he lp  t o  f u r t h e r  improve the.commercia1 pos- 
tur;  of OTEC baseload e l e c t r i c  genera t ing  
technology. 

Conclusions 

CUUULATIVE MERCY 
DISPLACED BY 

2030 

0 . 1  Q 

P r i n c i p a l  f i n d i n g s  of t h i s  i n v e s t i g a t i o n  may be 
summarized a s  fol lows:  

OTEC has  a  p o t e n t i a l  t o  make a s i g n i f i c a n t  
c o n t r i b u t i o n  toward saLi s fy ing  f u t u r e  base- 
load e l e c t r i c  demand requirements  i n  t h e  
sou theas t  U.S.; l a r g e - s c a l e  OTEC e l e c t r i c  
plants--design c a p a c i t i e s  of 400 MWe, power 
d e l i v e r e d  ashore--should ach ieve  South- 
e a s t e r n  market e n t r y  about  1995. 

FEDERAL EXPESSE 

s . 4  lo9 

OTEC market performance could be  even 
b e t t e r  i f  major concepts  were t o  evolve 
t h a t  r e s u l t e d  i n  lower eng inee r ing  c o s t s  
o r  improved system performance. 

A market spr ingboard e f f e c t  may be 
p red ica ted  on es t ab l i shment  of a  modest 
l e v e l  of OTEC e a r l y  precommercial c a p a c i t y  
(about 750 MWe) o f f  U.S. e q u a t o r i a l  i s l a n d s  
( i .  e . ,  " I s l and  Stra tegy")  ; t h e  a n t i c i p a t e d  
e f f e c t s  would i n c l u d e  inducement of ea r ly -  
t o  mid-1990 market c n t r y  i n  t h e  sou theas t  
U.S. and a c c e l e r a t e d  commercial bui ldup 
of OTEC c a p a c i t y  i n  U.S. mainland e l e c t r i c  
g r i d s .  

NET BESEFIT 

5 . 3  lo9 
No fundamental t e c h n i c a l  o b s t a c l e s  which 
would r e s t r a i n  achievement of OTEC commer- 
c i a l i z a t i o n  were i d e n t i f i e d  ; major remaining 
cha l l enges  c e n t e r  upon t h e  des ign ,  i n t e g r a -  
t i o n ,  c o n s t r u c t i o n ,  and deployment of some 
of t h e  wor ld ' s  l a r g e s t  ocean s t r u c t u r e s .  

SET BESCFIT- 
TO-FEDERAL 

COST BY 2000 

0 . 7 5 : 1  

OTEC technology h a s  been p r o j e c t e d  t o  be  capab le  
of p rov id ing  s i g n i f i c a n t  amounts of e l e c t r i c a l  
energy t o  t h e  s o u t h e a s t e r n  U.S. and of providing 
s u b s t a n t i a l  b e n e f i t s  t o  t h e  n a t i o n  about  t h e  t u r n  
of t h e  c e n t u r y  and t h e r e a f t e r .  Severa l  p o s s i b l e  
i n c e n t i v e  mechanisms t h a t  could enhance OTEC per- 
formance have been i d e n t i f i e d .  Two l e v e l s  of 
f i n a n c i a l  i n c e n t i v e s  and a n  i n s t i t u t i o n a l  i n c e n t i v e  
were modeled i n  an energy market s imula t ion  t h a t  
p r o j e c t s  t h e  market performance of s e v e r a l  base- 
load electricity-generating.alternatives. 

4000  W e  

The g r e a t e r  t h e  i n c e n t i v e  l e v e l ,  t h e  b e t t e r  OTEC 
technology h a s  been seen t o  perform a s  measured by 
bu i ldup  of commercial c a p a c i t y  i n  CONUS. I n  addi-  
t i o n  t o  d i r e c t  i n c e n t i v e s ,  t h e  p lan  known a s  t h e  
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DISCUSSION 

guestion: Does your model include regulatory risks? 

R. Manley: To my knowledge nobody has been able di- 
rectly to quantify regulatory risks. However, if 
regulatory burdens or delays can.be related to fi- 
nancial risks, any resultant additional engineering 
?nd financing costs would comprise conventional in- 
put parameters of the SPURR model. 

Question: Do you have any feeling for the obviously 
severe impact on the cost of electricity if a utility 
had to shut down a nuclear plant, like Three-Mile 
Island, for a long period, maybe permanently? Where 
would you.plug that into your model? 

R. Manley: Costs of nuclear plant shutdown could be 
plugged into.the model by reducing the selected capa- 

city factor of the plant. Additionally, we could 
assume that the plant might shut down prematurely, 
perhaps after five years of its useful life and then 
calculate energy costs based on the estimated shorter 
useful lifetime. Other expenses that will elevate 
busbar costs of power would be associated with re- 
quired purchase of more expensive bulk'replacement 
power from other utilities in a grid .(plus possible 
wheeling charges), costs of generating power from 
marginal, standby units, and costs from incurred lia- 
bilities, cleanup operations, and possible plant de- 
commissioning. Or, you could assign probabilities to 
various levels of risks and come up with resultant 
nuclear system costs. Increases in nuclear energy 
costs would make OTEC a good deal less expensive 
than this competing alternative for baseload power 
generation. 
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Abstract ? 
Basis for Negotiated Contracts 

Ocean Thermal Energy Conversion (OTEC) promises 
to become a major new energy source which will be 
low in cost, environmentally clean, safe, renewable 
and reliable. The ocean area where the temperature 
difference exceeds 40°F (2Z°C) includes 22 million 
square nautical miles of tropical oceans, enough 
to provide 9 x 1013 kWh/year of OTEC busbar electric 
power, or 40 times that generated in the United 

I 
States in 1977. Considerable progress in component 
development and pilot plant designs has been made 
in the past 18 months. Construction of an OTEC 
pilot-demonstration plantship of 40 ~w,(net) 
nominal size producing 43,000 tonslyear of ammonia 
on board, and of a comparably-sized OTEC pilot 
plant delivering electric power ashore by under- 
sea cable to an island such as Puerto Rico or 
Hawaii have been proposed by industry and local 
governments for deployment in 1983.or 1984. These 
schedules appear reasonable to implement. Success- 
ful operation of these pilot plants could be 
followed by deployment of commercial-size plants 1 

starting by 1987 if a national commitment of 
large funding is made to achieve an early abate- 
ment of U.S. dependence on foreign oil. Since 
our commercialization task was funded jointly by 
the Department of Energy and the U.S. Maritime 
Administration with directions to emphasize OTEC- f 
produced ammonia, this paper addresses the OTEC 
ammonia option. 

Introduction 

Yhe OTEC Resource 

The OTEC resource for plantships cruising on 
the high seas n ar the equator is enormous as 
shown by Fig. lEa and Table 1. The contours +n 
Fig. 1 show that the areas where ocean tempera- 
ture differences (AT'S) are equal to or greater 
than 22'~ (40'~) amount to some 22 million square 
nautical miles, enough to provide 9 x 1013 .kWh/yr 

F OTEC busbar power. It should be noted that 
ren higher annual average AT'S can be obtained 
cruising at 0.4 knot average speed within 

zlected siting areas. lb 

A survey of ship constructions since 1970 
that have received Maritime Administration 
support2 shows that with only one exception. 
the contracts were negotiated with industry 
and were not placed in response to a government 
RFP. In these negotiated contracts a perceived 
need by industry ied to a ship design that 
would fulfill the industry performance require- 
ment at a cost and schedule that were judged 
to be acceptable for the commercial application. 
This method of contracting insures that industry 
gets what it wants at the price it is willing 
to pay; whereas the government competitive bid 
route requires general specifications to avoid 
preference to any potential bidder, and 
government restrictions on procedures, time 
scales, construction methods, construccfon 
sites, and materials. These restrictions 
inevitably lead to program delays, irrelevant 
requirements, diffuse objectives, and much 
higher cost. - It appears, therefore, that if the United 
States is to benefit from commercial OTEC ammonia 
plantships by the mid-1980's, industry must pro- 
pose and the Government must be prepared to accept 
reasonable cost-sharing proposals to build and 
operatenspecific industry-based designs for the 
OTEC plantship. A baseline OTEC pilot plantship 
and workable components have now been designedlc, 
and within the planned immediate OTEC program, 
will be tested. This is not necessarily an optimum 
design, but it is projected to be low in cost and 
competitive in performance. It is now time to let 
industry come forward with proposals for detailed 
design and construction plans tailored to their 
facilities--at their own expense. It is now time 
for the Government to help fund acceptable plans 
and get on with construction of pilot plants to 
demonstrate OTEC performance and attainable costs. 

Within the commercialization schedule we propose, 
it is our opinion that the Government will get the 
most for its money, the interests of the American 
people will be served, design and construction will 
be effectively done under near-commercial practice,. 
and the pressing need for energy will begin to be 



(a)' 

Fig. 1 The thermal resource for OTEC plantships. AT(OC) between surface and 
1,000 meter depth. 

Table 1 The thermal resource for OTEC plantships. 

OCEAN AREA SUITABLE FOR OTEC PLANTSHIPS = 22 MILLION SQ. (NAVT.) MI. 
(AT GREATER T H A N  40°F) 

ESTIMATED MINIMUM OPERATING AREA PER 325 M W  PLANTSHIP = 750 SQ. MI. 

.'. TOTAL OTEC POWER GENERATION POTENTIAL IS 

30,000 x 325 M W  = 10,000 GW = 9 x 1013 KWHIYEAR 

IN COMPARISON, THE U.S. TOTAL ELECTRIC POWER GENERATION IN 1977 WAS 

2.2 x 10' K W H  O R  2.3% O F  THE OTEC POTENTIAL 

- - 

met--all within the next few years. We understand who were most qualified by prior experience and 
that the Department of Energy's five-year OTEC related commercial construction to make realistic 
development plan will provide for cost-sharing calculations, as noted in Table 1-1 of Ref. 3. 
initiatives, but as of this writing, details The costs were developed for a specific construction 
have not been released. design and a specific deployment scenario. They 

are supported, where appropriate, with vendor 
Estimated Costs of a Pilot Plantship 

Costs for constructl,on and deployment of a 40-MWe 
OTEC-ammonia pilot plantship (plantship is a term 
used for a self-propelled vessel with a process 
plant on board) have been estimated in FY 80 dollars 
using as a base the costs reported in Refs. lc , 

and 3. These costs were developed by the industry 
members of the preliminary engineering design team 

quotes and independent consultant estimates. This 
does not mean that they accurately present the 
actual costs of construction by another builder; 
it does mean that they are representative of the 
magnitude of cost to build the OTEC-ammonia ' 

pilot plant. 
Table 2 gives our construction and deployment 

cost estimates, in FY 80 dollars, for the 40-MWe 
(net) pilot plantship and commercial OTEC-ammonia 



! Table 2 OTEC cost (price) data 1980 dollars. 

plantships. No baseline design has been done for 
the commercial-sized ships. These costs are extrapo- 
lated from the pilot plantship3 and other studies4 
and include estimates of economies from larger- . 
sized components and modest learning curve experi&ce 
They are consequently of lower confidence level than 
the 40-MW costs. 

CONSTRUCTION 
A N D  DEPLOYMENT 
COST 

S KW 

TOTAL 

A N N U A L  
OPERATIONS A N 0  
SUPPORT COST 1 SIKW 

TOTAL 

The estimated costs are shown first in dollars 
per kilowatt and then in millions of dollars. They 
depend strongly on both size and site. The self- 
propelled, cruising 'pilot plantship, which seeks 
the largest temperature differences in Atlantic or 
Pacific equatorial waters and produces ammonia on- 
board, is the lowest in cost; an off-shore U.S. 
Gulf of Mexico OTEC pilot plant cables the electric- 
ity to shore from a distance,of 125 miles or more, 
and has the highest construction and deployment cost. 
In Puerto Rico and Hawaii the cable needs to be 
only a few kilometers in length and can carry A.C., 
power. Therefore, the transmission costs are much ' 

lower. . 
Because the costs of the baseline pilot plant- 

ship hull and the APT, baseline-design heat exchang- 
ers are both substantial, additional fabrication 
cost-estimating work was undertaken in these two 
areas. We worked with qualified bidders not a 
part of the initial design team to get additional 
estimates. The additional hull estimate obtain- 
ed was essentially the same cost as that provided 
by ABAM Engineers, Inc. The additional heat ex- 
changer cost estimate was 15% or $1.2 million less 
than that obtained from The Trane Company. 
Subsequent design requirements review and test 
results, available after the cost estimates were 
made, indicate that further reductions in cost 
should be forthcoming with the next APL-design 
power system optimization. Costs of the elec- 
trolysis plant (based on the General Ele.ctric 
Company's solid polymer electrolyte (SPE) cellsld) 
and other process equipment are based on data 
provided by designers and vendors as given in Ref. 
4 and updated to 1980 dollars. 

Potential Cost-Sharing Team Makeups 

A cost-sharing proposal for design and con- 
struction of the OTEC-ammonia plantship could take 
many forms. As one example, we have postulated 
the following team which we believe could be 
practical. 

- 40.MW PILOT PLANT.SHIP 

Consortium of Ammonia-Producer and Utility Companies 

325.MW FIRST 
COML4ERCIAL 

ATLANTIC  
OR PACIFIC 
' GnAi l lUG 

43°F 

1698 , 

S532M 

14 

s 4 . G  

A consortium would be formed for the purpose of 
owning and operating the' OTEC-ammonia pilot plant- 
ship, selling the ammonia product, and implementing 
a program for use of ammonia to produce electric 
power from hydrogen-chlorine or hydrogen-oxygen 
fuel cells. It would include a process plant 
design and construction firm such as Pullman 
Kellogg, Horst-Uhde, etc. Motivation for the 
amonia-producer companies and utility companies 
is based on several factors including the decreas- 
ing availability of low-cost natural gas for 
feedstock and process heat, a very real concern 
that 25% to 50% of U.S. vital nitrogen fertilizer 
supplies will be imported in the 1990's unless 
something is done, need for environmentally 
acceptable, low-cost power, and profit potential. 
Table 3 shows projected cash flow for the design 
and construction period and three years operation 
of a 40-MWe OTEC-ammonia pilot plant, equipped to 
produce 43,000 short tons per year of ammonia. 
Based on the assumptions made, a consortium of 
ammonia producers could be expected to provide 
about $24 million in equity and debt cash for ' 

cost-sharing. In addition, there is significant 
potential for cost-sharing through the pledged 
use of ammonia carrier ships, port facilities, 
storage and transport facilities, sales organi- 
zations and fuel cell research and development. 
The cash and cost-sharing potential from private 
companies for the uneconomical, first-of-a-kind 
40 MWe pilot plantship would be greatly increased 
for the firsc commercial-sized OTEC plantship 
to an estimated 50% or more. 

325.MW 5th-6th 
COMMERCIAL 

ATLANTIC  
OR PACIFIC 

GRAZING 

43'F 

1208 - 
S393P1 

13 

s 4 . A  

ATLANTIC  
OR PACIFIC 
GRAZING 

AT 43'F 

3086 

S124M 

98 

s3 .9M 

State and City Government 

PUERTO 
R lCO 

AT 4 0 . 3 " ~  

3851 

S154M 

6 0  

sz .4M 

HAWAI I  

AT  38 S°F 

4297 

S172M 

6 5  

s2.6M 

The projected jobs impact of OTEC plantship 
construction is very significant for large de- 
pressed city areas where most major U.S. shipyards , 

are located. Using a rough estimate that' $63,000 
in shipyard revenues indicates one shipyard worker- 
year, we estimate that the pilot plantship would 
provide employment for 1,000 workers for two years, 
and the 25-35 commercial OTEC-ammonia plantships 
that could be built in the 1980's and 1990's4 

GULF O F  
MEXICO 

AT 4OCr 

4451 

S178f i  

60  

sz.4Fn 

would provide 150,000 to 210,000 worker-years of 
shipyard employment, corresponding to several tens 
of thousands of permanent new jobs in the second 



Table 3 Cash flow projection for 40-MW, OTEC-ammonia pilot plantship. . 

PRIVATE FUNDS RECOVERED BY CASH FLOW: 4.3 YEARS 

9.YEAR N E T  PROFlTlEQUlTY COMPOUNDED: 16% 

PLANT INVESTMENT: $124 i  NH3 SELLING PRICE, 1983 START-UP: $230/S. TON 

PRIVATE FUNDS: 75% DEBT AT 8% 7% PER YEAR INFLATION: PRICE AND COSTS 
ACCELERATED DEPRECIATION, 20% I.T.C. 

decade and beyond. To this number would be years of OTEC development are strong indicators 
added the jobs generated by component, equipment that some builder cost-sharing poten.tia1 exists. 
and materials fabricators and support industries. 
Selected State and City Government officials Design, Construction and Deployment Team 
have indicated that they are motivated by the 
potential for this new industrial employment with- The builder team, as a minimum, will include 
in their borders. We estimate that State and City one or more organizations with capabilities for 
cost-sharing (which could include urban development hull construction, heat exchanger fabrication, 
grants) could be up to $30 million. We recommend cold water pipe construction and deployment, 
that the Federal Government actively encourage process plant construction, and installation and 
this type of participation. outfitting expertise. The number of companies 

in the builder team will be determined in part by 
Federal Government the power system and platform designs selected, 

and in part by performance guarantee requirements. 
The national need to solve our energy problems Although several of the OTEC heat exchanger 

combined with the economics and risks of the designsle-g show good promise and might be 
earliest OTEC plants indicate that the Federal substituted for the ALL baseline design if more 
Government will be the largest financial contributor cost-effective or lower cost, we have postulated 
to construction and deployment of the first OTEC a design team based on the baseline plantship 
pilot demonstration plantship. We estimate that and heat exchanger designs. For these we have 
the Federal contribution will need to be near $100 both cost and performance data.lcSh 
million in constant 1980 dollars. These funds In the postulated design team there are four 
should be included in the FY 81, FY 82 and FY 83 principal builder companies: a marine concrete 
budgets. This would require cost-sharing proposals hull construction firm, a major shipyard for out- 
to be known to the Department of Energy by the fitting and equipment installation, a concrete 
end of 1979. It is our opinion that this early construction company for cold water pipe fab~i- 
timing can be met. cation and deployment, and a process plant 

design and construction firm. While it is not 
Builder Team yet fully defined, it appears that the folded- 

tube heat exchanger, or an alternative design, 
There is little doubt that the builder tcom can be fabricated at the shipyard or bought from 

which does a successful design, construction and one of several qualified suppliers--depending on 
deployment of the OTEC-ammonia pilot plantship 'costs and price. It is also not determined 
will be in a favored position for follow-on contracts whether the team will be qualified to success- 
to build many of the 25-35 projected plantships in fully perform the OTEC system integration tasks. 
the 1980's and 1990's. This profit potential should If not, a large system integrator company should 
provide incentive for cost-sharing participation. form or be added to the team. This matter co111d be 
We have made no estimate of the dollar potential clarified within the next few months, but can 
this could involve. However, the more than $2 be expected to vary between different builder teams 
million of estimated private contributions to the depending on the qualifications of the participants. 
"Mini-OTEC" commissioned in May 19791d and the One critical element of the postulated builder 
significant private contributions made by other team is that they have the confidence of the cost- 
potential builder companies during the past five sharing team. This is brought about by a combina- 

10.6-4 

YEAR 

1980 

1981 

1982 

START-UP 

1984 

1985 

1986 
- 
- 

PRIVATE 
CAPITAL 
OUTLAY 

$2G 

$10E 

$12E 

- 
- 

CASH 
OPERATING 
COSTS 

0.1 

0.6 

1.4 

4.1 

3.9 

3.7 
- 
- 

SALES 
$230 + 

INFLATION 

9.9 

10.6 

11.3 
- 
- 

NET 
CASH 
FLOW 

0.3 

1.4 

1 .O 

4.4 

4.7 

5.1 
- 
- 



tion of management, technical qualifications, 
demonstrated performance and perhaps subjective 
intangibles. 

Technological Readiness 

With expected progress, the technnlogy will 
Lt! ready to meet our projected schedule. Plal~r~ed 
rests are: a 113-linear-scale test of a light- 
weight-concretelj cold water pipe section with a 
flexible bearing pad connection; test of the 
3-tube, full-scale core unit of the folded-tube , 
heat exchangerlh as a condenser, tests for 9-12 
months of an element of the heat exchanger and an 
acoustic cleaning unitli in ocean water and tests 
of a 1130th scale model of the pilot plantship 
in a wave model basin to verify the analyses of 
platform motion and seakeeping. It is assumed 
that DOE will fund these tests in a timely manner 
consistent with the schedule recommended herein. 

The estimated $70-$100 million (1980 dollars) 
funding needed in the FY 81, FY 82, and N 83 
budgets as the Government's share of a 40-MIJe 
OTEC-ammonia pilot plant is in addition to OTEC 
funding for such off-shore OTEC pilot plants 
and OTEC research and development as are other- 
wise justified. 

Recommended Government I n c e n t i ~  

Merchant Marine Act, 1936 

We have assumed the Merchant Marine Act 
mortgage guarantee and subsidy programs (Title 
XI, O.D.S., C.D.S.) will be applicable where 
needed for OTEC plantships commencing with the 
first pilot demonstration plantship. 

Title XI mortgage guarantee makes available 
long term financing for vessels at interest 
rates competitive with quality industrial and 
utility loans and removes the need for the 
lender to look at factors other than the return 
on his money. Several ammonia-producer companies 
have experien,ce using Title XI financing. Our 
discussions with ammonia producers indicate that 
cost-sharing will be forthcoming only if Title 
XI is available. The conditions otherwise 
imposed by financial institutions and the 
educational program otherwise necessary to 
obtain commitments of funds, when no prior 
operating OTEC-ammonia ships exist, pose essen- 
tially insurmountable barriers. The Maritime 
Administration has not made it clear whether 
Title XI will or will not apply. Instead, they 
have reserved the decision for individual 
proposals and have made public their reservations 
against OTEC coverage. Therefore, we believe 
that an amendment to the Merchant tlarine Act is 
needed to clearly include OTEC. Ne have assumed 
the amendment will be enacted consistent with our 
projected schedule. 

We have discussed with officials of the Elaritime 
Administration and other Government agencies 
possible elements of a Congressional bill which 
would facilitate Government support of OTEC 
comercialization. The following are possible 
items which could be covered in such a bill as 
qualifications for loan guarantees: 

OTEC vessels, designed to lessen depen- 
dence of the U.S. on foreign energy supplies, 
regardless of cargo status or operation between 
ports or a particular service, route or line; 

OTEC vessels engaged in production of 
energy, energy products and/or vessels transporting 
the products of American flag OTEC vessels; and 

A waiver of the economic criteria of 
Title XI for up to five OTEC pilot projects, if 
sufficient performapce guarantee or payment is 
provided by DOE ?nd/or private industry to reduce 
the risk of loss to a level the Secretary of 
Commerce determines to be reasonahl~ taking into 
account U.S. energy needs and the bcnefits Lo the 
American merchant fleet. 

You will recall that Table 2 showed larger 
operating costs for self-propelled "grazing" OTEC 
plantships in equatorial waters than were shown 
for moored plants. These higher costs stem from 
U.S. Coast Guard manning requirements developed 
for faster moving vessels, and by Federal require- 
ments developed for all American crews. To 
compensate for these higher costs and allow American 
flag OTEC plantships to be competitive with foreign 
operated OTEC plants, we recommend the Merchant 
Marine Act be amended to include OTEC vessels under 
the Operating Differential Subsidy (O.D.S.), 
including the first pilot plantship. For similar 
reasons, we recommend consideration of Construction 
Differential Subsidy (C.D.S.) for commercial OTEC 
plantships. 

Energy Tax Act, 1978 

We have assumed that the Energy Tax Act will 
be amended' to allow a 20% or 30% Investment Tax 
Credit (ITC) for OTEC plantships in their entirety. 
The purpose of the Act is to encourage the develop- 
ment of renewable energy sources which would 
reduce U.S. dependence on lmported oil and natural 
gas and to conserve non-renewable domestic oil 
and gas supplies. Clearly this purpose would 
be served by early implementation of OTEC plant- 
ships.' OTEC was excluded by the Act for reasons 
that are no longer valid; 25-35 commercial OTEC- 
ammonia plantships in the 1980's and 1990's 
would conserve 330 billion cubic feet of domestic 
natural gas per year for,other uses, would support 
reasonable cost gasahol, and would have a favorable 
balance of payments impact of about $1 billion 
per year (1980 dollars) relative to importing 
LNG. OTEC electric power cabled to shore in the 
islands would reduce oil imports. OTFC power 
cabled ashore to Southeast F.S. utility grids 
or produced anywhere in the U.S. by dissociating 
ammonia to power fuel cells could have an even 
greater impact on U.S. energy supplies before 
the year ?OOC. We recommend that the accelerated 
Investment Tax Credit for OTEC be provided in a 
timely manner consistent with our proposed 
schedule. This would encourage and allow more 
favorable cost-sharing proposals, even for the 
first OTEC ammonia pilot plantshi'p. 

Concluding Remarks 

In summary, we have discussed needed Government 
actions to ensure commercial operation of ocean 
thermal energy conversion plantships producing 
ammonia starting with deployment 1986-'87. 
The first requirement is support of a 40-EflJ OTEC 
ammonia cost-shared pilot plantship with 
demonstration detailed design starting in N 80. 
OTEC plants cabled to shore off U.S. islands 
should be supported on the same time scale. We 
have recommended that construction contracts 
should be negotiated, based on receipt of specific 

*via fertilizer (for corn and wheat fields) made 
from OTEC ammonia. 



p r o p o s a l s  t o  p rove  OTEC c a p a b i l i t y  t o  meet a  d e f i n e d  
i n d u s t r i a l  need.  OTEC c o s t s  e s t i m a t e s ,  based  on  
i n d u s t r y  e x p e r i e n c e ,  a r e  a t t r a c t i v e .  We have 
p o s t u l a t e d  workable  OTEC c o s t - s h a r i n g  and b u i l d e r  
teams.  

The Government a c t i o n s  which a p p e a r  n e c e s s a r y  
t o  make 1987 f i r s t  commercial  p l a n t s  f e a s i b l e  
a r e  l i s t e d  below. We b e l i e v e  t h e y  a r e  r e a s o n a b l e  
and w e l l  j u s t i f i e d  by t h e  p r o g r e s s  on  OTEC made 
t o  d a t e  and t h e  g r e a t  p o t e n t i a l  o f  t h e  ocean 
t he rma l  r e s o u r c e  t o  s o l v e  U.S. ene rgy  problems.  

The needed a c t i o n  items a r e :  
1. C o n t i n u a t i o n  o f  DOE p l a n s  f o r  nea r -  

te rm tests. 
2. Adequate fund ing  f o r  t h e  OTEC ammonia 

p i l o t  p l a n t s h i p  o f  $2-10 m i l l i o n  i n  
FY 80  and $100 m i l l i o n  i n  FY 81-83. 
Th i s  i s  i n  a d d i t i o n  t o  o t h e r  OTEC 
fund ing  and i s  j u s t i f i e d  by t h e  
p o t e n t i a l  o f  OTEC t o  become a  major  
s u p p l i e r  of  U.S. ene rgy  needs .  

3. DOE encouragement o f  c o s t - s h a r i n g  
c o n s t r u c t i o n .  

4 .  Amendment o f  t h e  Merchant Marine Ac t ,  
1936 t o  i n c l u d e  OTEC p l a n t s h i p s .  

5 .  Amendment o f  t h e  t a x  laws t o  p r o v i d e  
up t o  30% ITC f o r  OTEC. 

The above a c t i o n  i t e m s  a r e  b e l i e v e d  by t h e  
a u t h o r s  t o  be  a  modest demand f o r  t h e  b e n e f i t s  
e x p e c t e d :  nea r - t e rm ,  c l e a n  s a f e  ene rgy  a t  low 
c o s t ,  p l e n t i f u l  low c o s t  f e r t i l i z e r  f o r  food 2. 
and g a s a h o l ,  and t e n s  of  thousands  o f  permanent 
new j o b s  i n  d e p r e s s e d  c o r e  c i t y  . a r e a s .  
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DISCUSSION 

Ques t ion :  Do you assume a  change i n  t h e  T i t l e  X I  s o r t  of  government f i n a n c i n g .  Has any p r o p o s a l  been 
t a x  s t r u c t u r e  t o  i n c l u d e  OTEC p l u s  a  2 5 1  i nves tmen t  pu t  forward  t o  c o n s i d e r  OTEC under  a  TVA a u t h o r i t y  
t a x  c r e d i t ?  o r  BPA a u t h o r i t y ?  

E. F r a n c i s :  The b a s i s  on which we c a l c u l a t e d  t h e  E. F r a n c i s :  I t h i n k  t h a t  t h e r e  was a  s t u d y  under- 

amount of money t h a t  would b e  a t t a i n a b l e  from ammo- taken by where T e f f t s  and made a 
n i a  p roduce r  companies d i d  s p e c i f i c a l l y  i n c l u d e  p r o p o s a l  a l o n g  t h o s e  g e n e r a l  l i n e s .  I d o n ' t  know 

T i t l e  X I  f i n a n c i n g ,  w i thou t  whicll x e  t h i n k  t h a t  OTEC whether the thing was received in Or  what 
c o m e r c i a l i z a t i o n  will be v e r y  d i f f i c u l t .  We a l s o  publication distribution was of  it. I 
c o n s i d e r e d  a  75% d e b t .  25% e a u i t s  r a t i o  w i t h o u t  d o n ' t  have  a  copy of  t h e  s t udy .  . , 

which we t h i n k  i t  w i l l  be i m p o s s i b l e  t o  g e t  c o s t  Ques t i on :  You mentioned c o m p e t i t i v e  p r i c e s .  How 
s h a r i n g  fru111 t h e  ammonia companies. I t  a l s o  in-  does  t h a t  compare? k%at a r e  t h e  p r i c e s  i n  c e n t s  
c l u d e d  a  20;; i nves tmen t  t a x  c r e d i t  s i m i l a r  t o  t h a t  per kilowatt hour? 
i n  t h e  a c t  f o r  o t h e r  s o l a r  equipment.  

E. F r a n c i s :  I n  t h e  ph ra seo logy  I am u s i n g  - i n  com- 
. J. Bryan,  Gif  f o r d - H i l l  & Co. : ~ v e r ~ t h i n ~  we've p e t i t i v e  p r i c e s  i n  1980 d o l l a r s  - w e  a r e  u s i n g  40 

hea rd  a s  f a r  a s  proposa1.s on  f i n a n c i n g  i n c l u d e  some t o  55 miles/kWh, a lmost  p r e c i s e l y  t h e  same numbers 



that are in an EPRI report that was published about is a sales price FOB New Orleans of S230Iton. We 
a year ago, which, for a comparable time period and use this only as a representative example. We 
also 1980 dollars, ranged from something like 35 to played other games with a lot of other scenarios; 
55 or 60 miles/kh'h. The number that we used, if the one that Jack Babbitt presented, to the Ferti- 

D 
we're talking 1983 implementation of an OTEC-ammonia lizer Institute at their Greenbriar annual meeting 
plant, to produce ammonia to sell on the fertilizer in June 1979, was $190 for the 1983 implementation, 
market in order to get the $24 million cost sharing, but we also used a 30X investment tax credit. 



*STATUS OF SOLID POLYMER ELECTROLYTE ELECTROCHEMICAL CELL 
TECHNOLOGY FOR ELECTROLYTIC HYDROGEN GENERATION 

AND FUEL CELL POWER GENERATION 
L J .  Nuttall .-. 

Gej~eral hlectrrc ~ ; n ' ~ a n y  
50 a 1;ordh~zm Road 

i s  Wilpingtor~, ;.G-- .Massachusetts 01 88 7 . -  - -  k '  -, 
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Abwract f loor space reqtrirements. It a lso  oECe3ts a )dteVb- 
t i a l l y  s i g n i f t c a t  savings i n  capiral  costs 

'Ehe possible use of hydrogen as art energy ~ec-tar 
is being considered for some af the possible Ocean I 

T h ~ s l ~ a l  Energy: Conversion (WE) scenari6m. This 
requires tm eff ic ient  means of producing *e bydm- 
gen f r m  e lec t r i ca l  p k r  oa Lmrd the OTBC plat-  
f o w ,  and a lso  for converting it back t o  elect:rical 
energy a t  the other ead of the  dis t r ibut ion net- 
work. Undez a program spansored i n  part by DOE a& 
some of the e l ec t r i c  and gas u t i l i t i e s ,  General 
Elect r ic  is developing a new sol id  polymer electro- 
ly te  (SBE) water e lect rolys is  technology which of- 
f e r s  a potential  ef f fc imey of 85-90% and capi ta l  
costs i n  the range of $100JKW. This paper b r i e f ly  
describes the teanology and the c ~ r d n t  s t a tus  of 
the program re la t ive  to  a planned 5-MW dearonstra- 
tiun plant which i s  expected t o  be empPleted i n  
1983. The SPE technology ha@ alga been s t u d i d  for - 

use i n  a hydrogenfhalogen regenerative fue l  c e l l  
system fo r  energy storage. A concept presented 

'&is 8aaa-e technolagy may also represent a pram- 
is ing means f ~ r  generatfig o l e c r f c a l  power from 
the refomed m w i a  a t  the  other a d  of the die- 
t r i b u t i m  network. Tke 83% c e l l s  h#e demst-ra ted 
excellent efficiencies md l i f e  hydr08mf 
oxfrgen fuel  c e l l ,  and even great= eEficienclp 
&auld be powlble by fncorporating an inte-rmgdfate 
H2/C12 couple. 

Solid Folgmer Electrolyte Pilectrolvais Technology 

The sol id  polymer e lect rolyte  is  a s o l M  p l a s s i c .  
ma te r id  which-has %on exchange characterXstici t h a t  
&e i&&igh.'ly conrmductive t o  hyqragen ions. ThPr 
particular material-that  is used.rfor the current 
e b c t r o l ~ ~ i s  c e l l s  is an analogue of TFE tefbon t o  
which sulfonic acid groups have been linked. This 
p las t i c  sheet is the only e l e c t r o l ~ t ~  required, 

for  adapting t h i s  approach to a PC-0 W / Q ~  fuel there a* no free acidrfc 01. c a l l ~ t l ~ .  l iquids,  and 
c e l l  by combinin$ it with 8 cata lyt ic  prm-ess for . d Y  l iquid used ifl the  System is dis t f l led  water. 
c a v e r t i n g  El into Hq and B20. Far such r systemErm, 
fuel  c e l l  ef f ic iencies  i n  the  range of 70-80% l t l s ~  A typical  "cel l ,  shown schematically i n  FOgure 1. 
be feasible.  employs 'a shees of the  polymeric material  kfppqsi-, 

mately 10 mils thick. A th in  catalyst  fix- fa 
pressed, on each f ~ c a - o f  chi$ sheet tio far& the  anodti 

InttRduction and cathede elec$rodes. - Si.l)c@ the ele5aroly?te is  
solid., t hq  elec+rodes do not have t o  pekfum any 

The conversion of ocean t h e m 1  energy t o  e lect r i -  s t ructura l  OX conEainment fufictims. ~ o n s q u e n t l y ,  
c d  power rapresents a prodsing 8ieans for  supple- they a r e  very S ~ W ~ Y  desilgned f o r  the  sole  function 
meriting the nations energy fsm the ultimate renew- af providdfig SuffiC-ient ca ta ly t i c  a c t f v i * ~  t o  

achieve desired per%~rmanci? levels. able resaurce, solar Beat. One of the major 
questions being addressed i n  ccm$idegSng tha dme3- 

SDUO POLYMER ~ L E G T R O L ~ E  opment of t h i s  resource, however, is that  of the best  
way t o  u t i l i z e  the resultant power i n  view of its 
re la t ive ly  rempte location from-thd power demand 
centers. One poss ibi l i ty  that  has beaa qui te  
extensively studied by the Applied Physics Laborator)l 
af Johns Hopkins University1 is t o  use the  power t o  
produce annnoniia on board the OTEC plant ship, which 
c m  then be used t o  supply par t  of the needs of the , 
f e r t i l i z e r  producers around the  world, and thus f r ee  
up the natural  gas aind o i l  now used t o  produce the  
ammonia f o r  t h i s  industry. 

X 
rn" 7 -6 -----2% 

Alternatively, the armaoaia ratght a lso  be consid- 
ered as  an energy ca r r i e r  in casea where the  need 
f o r  e l e c t r i c  power may be overridimg. T t  can be 
readily reformed t o  release the  hgrdzagen f ~ r  use iib 
a fuel  c e l l  t o  provide e lec t r i c  power at, or mn- 
aanient t o  the lbad centers. 

In either case, the intermediate product is hydro- 
gen, which can be prduced frolll the e l ec t r i ca l  power 
by the e lect rolys is  of water. The advanced solid 
polymer electrolyte water electrolysis technolow 
under development a t  the General Elect r ic  Comptmy i$ 
especially promising fo r  t h i s  type of application Fig. 1 SPE Electrolysis C e l l  Schematic 

) because of its high cQn'(rersion efficiency and m a l l  
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Fig. 4 58 MW-SPE Water Electrolysis Plant 

On the basis of the study results, the goals &bs - the electrolysis development program were eseabliehed 
aa follows: 

Overall System '~ff3cieuc~ ' 85-90% 
System Capital Cost $lOO/KW 

(Battery Limits) 
Scale-Up ~ M W I W O  

System 

Technology Development 

The efficiency goal for this program requires a 
low cell operating voltagb, and t M  cost goal - requires a high operating current density as well as 
a low manufacturing cost. The key advantage of the 
SPE cells is the superior performance which makes 

00 Cell Electrolysis Module for the high current density possible at a low cell 
Submarine Life Support voltage. Figure 5 shows the current SPE electrolyzer 



Fig. 5 Ccmparative Water Electrol-is 
Perf ormance 

pes.fomnce compared with tha t  0% c o b n t i o n a l  alka- 
, l i n e  wits and a lso  shows the  impraved performancz 

wtrich is expected t o  be.achidved by the completion 
of t h i s  program. The design current density fo r  
most of the applications of t h i s  technology is 
around 1000 arnps/ft2. 

The other objective of the prosram is  t o  reduce 
the manufacturing cost of the SPE c e l l s  for  cornner- 
c ia1 application by a factor of about 14:l from the  
cost of those used i n  the space and submarine 
systems. 

To date,  the technohgy develepwnt program has 
resulted i n  significant progresp t w a t d  thesp goals. 
Compar;qd with a 1975 baseline technology .of $202/~W, 
projected costs for  the production electrolyzer 
based on currently identified materials and tech- I 

n iqu t :~  is  a b u t  $IS/= o r  80% pf the  cost reduction 
required t o  m e e t  the  1983 goal. The primarg cost 
reductions have been i n  the arkas of curr.ent collec- 
to r s  and cata lyt ic  electrodes. 

Molded carbon current collectors are  a major 
r e su l t  of the technology development program. The 
function of the current collector is to: 

Provide the flow f i e lds  f o r  the water and 
oxygen on the anode (oxygen) s ide  and f o r  
the water a d  hydrageq.on the cathode 
(hydrogen) side. 

e Separate the oxygen and hydrogen aides* 

9 Provide f o r  -the conduotion of e l ec t r i c i ty  
froni one cell. t o  the  next. 

The collector i e  molded from a udxture of carbon 
and res in  which incorparates an in-situ formed 
titanium f o i l  shield on the  anode side t2a prevent 
corrosion. Small laboratory-sized collectors have 
accumulated over.12,000 hours of operacionel evalua- 
t ion t o  dam. Figure 6 shows large-sized molded 

) Collectors with 2-112 f t 2  active area. 

~ i g .  6 Molded Current Collector 2 112 Ft 2 
Active Area 

A major advantage of the molded collector is tbe 
eUmination of costly s i l icone rubber gaskets. The 
Solid hlpmer Electrolyte i t s e l f  a c t s  as a gasket , 
between t h e  sealing surfaces of the collector.  
GasketZess sealing has been demonstrated up t o  500 
p s i  gn laboratory-sized ce l l s ,  and, i n  a p r e v i w  
prototype hardware program, up to  400 ps i  on a 120 ! 
c e l l  stack. 

Catalytic electrode development has involved the  
ident i f ica t ion of a ternary oxygen evolutiotl cata- 
l y s t  which offers  both reduced cost and improved 
performance i r ~  cdmpatison t o  the current state-of- 
the-art f o r  aerospace systems. 

Figure 7 shows the  cost reduction and performance 
improvements of 'these new cata lys ts  demonstrated in  .A 

,operational ce l ls .  Effort is contQdng i n  both 
data base tes t ing of currently Identified catalyst  
systems, and identification of additional catalyst  
sys tms.  

110 

PERFORMANCE GOAL 

%. 

0 1 1 l L t l l ~ ~ ~  
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Figb 7 Anode catalyst  Bevel~pment 



The ca&lysg id&ntif.icetions shown on t h i s  
fig&e a re  merely G.E. desihqtionlg. w e  catalyst  
cornpasition@ are  cbnsidered propr$e8pyr 

' m e  resul ts  of reduet iwe ' in  wf@a3,ygt loading t o  
effect  a coet *rovemeat wlth.min-hpact on , 

c e l l  perforihance hiwe also been encouraging. Tech- 
niques for  reducing both anode apd cathode loadings. 
up t o  93% Mve igentified atid s h m  feasible. 

HI& & ~ a t q - ~ o p e f g t i o n  (e* i)o 3-1 a e r s '  
ad~atagee '&i &pererat%l?g pf f ielancp .apd &cgnmts f o r  , 

, about one hak .aE che %mrwemi?nk .f&ede&s me& the 

Fi'gure 9 shows one of the many %&h&e end multi- 
c e l l  mopules of. 2 1/2 ft2 a e l l s  which have been . 
tested during tM lagt 6 mntbs.  Large c e l l  per- 
formance, ednrparable to '%asslisel' l aho~a tory  c e l l .  
prfemwnce, has been demonstrated a s  shorn, i n  
Figure 10. Xntti+ t e ~ t i n ~ - k o n c e u t ~ ~ e ~ ~ - i ~  sea&&-+ 
and f luid  distribution, and present e f fo r t s  a re  
aimed a t  increaeing the nmber of c e l l s  i n  the 
module. A 50 W '  (500 SCFH lip) module dl soon be + 

on t e s t  and passembly 0 f . a  syetem t o  acequodate a 
200 KW 62500 SCFH I$> module has started.  . 

~ e e x  perf"&c9 shown Figit=* 6. Over 5W0 haarc'@ 
ham .bean 4eeonsframd, .to. dgte +d SQOP t~sgm. cprbMs . ., 
c c l i e ~ t o r  cainpoaents and ME&.LO~@, E,20*, 

being kva&paf e f d  "t assess . a d k t a g e s  %n ccost, and ' , 
p e z f o ~ c e .  m e  -on@ 120 t6 an e t a I y  

.stab& (@id d b  Jaag-X$ged)- material under *$ex 
elglciroZy&rs o p e i r a a ~  e d i t  i&s. ADp. a l t e q a t i v e  
&&ran= aan~idered  viable muat have equi.v%lent Yfa 

extensively evaluated, but demonstrated insufficient ., ' 
-operational s t a b i l i t y  Bs be c~aoidered as a.viable 

a % ~ ~ a & i v e .  The search ias, cther alternat2ves is 
continu&ng. 

Scale-Up . . - 7  

C 

'Ihp cell scule-ttp program is proceedlrrg i n  paral- 
l e l  wlth the t e e b l o g y  deve1opmetl.t program; The * .  -. ,, , .  - -, , . ,  - cell &cale-up-\&e1 plambed i n  tsaQ steps :' developme@g. % . v c . ,  , , . I .  . - .  q 

of a 2 1 / 2 . d  actlfa, @rea cell, which etar ted in; 
1977, follawed by a 1Q *t2.&ell  develnpmpnt. whichsf . -&i. :6 . I ) , A  j-/&.?t2\ . aectrolyzey , Cell Moduie 
has bcim in i t i a t ed  t h i s  ye&. + . 5 .o r  , -- . - -  . . ,. I 

\ ,-l . , . E : ' :  . 3 

F i p r e  8 show* one of the 2 1/2 -5.r2'elecp8olytF - ' :: - ,  
a* electrode assemblies which, i n  eonjunctikn wikh7 ': . , a .  - -, , .  
a molded carbop current oolleceor Ohown i n  Rigu& 
6) and auitable anode andcathpde -pert*, form b" 
ttfpolar ce l l .  The c e l l s  are. assambled between . 
pnwmatically loaded end plate* t o  i o n  an' e l c r r c 2 -  
y$is moduleA .- . -  I . * > .  9 , *, 



As hardware development progresses, field instal- 
lation of small prototype system will be initiated. 

Projected Production Cost 

The calculated system cost from the 1975 58 W 
system study was $82/KW, broken down as follm: 

Electrolysis Module $14/KW 
Power Conversion and control 4 3. 
Ancillary camponents 16 
Installation 9 - 

At the'present state of technology the estimated 
production cost of a 58 MW electrolysis module is 
approximately $45/KW compared to the $14/KW projec- 
tion. 

The program goal of $100/KW allowed for some 
difficulties in achieving all of the calculated cost 
bogies, and, with today's technology, it appears 
that the capital cost for a 58 KW system could be 
approximately $118/#W compared with the $100/KW 
goal. 

For smaller installations the cost per KW for the 
electrolysis system will increase. Figure 12 also 
show$ the estimated cost as a function of the capac- 
ity of the system for lower capacity units. 

SPE Fuel Cell Status 

Current development effort on SPE hydrogen/oxygen 
fuel cells is directed toward future space pover 
applications, and significant advancements in per- 
formance have been made as shown on Figure 11. Even 
so, however, the highest practical efficiency for a 
H2/02 fuel cell is probably going to be in the range 
of 50%. Combining this with a 85-903 efficient 
electrolyzer in the overall energy system wuld 
result in an electric-to-electric effici- jn the 
range of 4P45X, excluding the losses associated 
with the production, transport and reforming of the 
amonia. 

&ring 1976-1978, G.E. conducted some studies 
and feasibility testing fa' the Brookhavan National 
Laboratory regarding the use of chlorine or bromine 
instead of oxygen in a regenerative fuel cell to 
achieve higher efficiencies in electrical energy 
storage applications. The results of this effort 
showed that electric-to-electric efficiencies in 
the range of 70-80% are possible, and that the 
technology currently exists to develop such a system. 

The performance demonstrated in the preliminary 
feasibility tests ie shown in Figure 12. Approxi- 
mately 75% voltage efficiency was achieved at a 
current density of 300 amps/ft2 with both H2/C12 and 
with H2/Br2. It is estimated that, with a moderate 
program for cell optimization, this level of effi- 
ciency could be extended out to 500-600 ASF as shown 
on Figure 13. The laboratory sized cells used for 
this testing were an adaptation of the design being 
developed for co~rmercial HC1 electrolysis applica- 
tions under a privately funded development program. 
Such electrolysis cells have demonstrated thousands 
of hours of stable performance and life to date. 
Figure 14 shows a large scale module of this type of 
test. 
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Fig. 12 Lkwnatrated SPE Regenerative Fuel Cell 
Performance 

In order to take advantage of this higher effi- 
ciency in an OTEC energy system, however, it would 
be necessary to transport the chlorine (or bromine) 
to the load center, as well as the ~rmnonia (hydro- 
gen), and then transport the resulting acid back to 
the OTEC plant. 

As a canpromise, the possibility of conbining a 
?12C12 fuel cell with the Kclchlor (or Deacon) pro- 
cess to recover the chlorine from HC1 is be* can- 
sidered. Such a system, shorn schaticcrlly in 
Figure 15, could theoretically approach the high 
efficiency of the R2/C12 fuel cell without having 
to transport the chlorine of HCl. In effect, the 
Kelchlor process would become a rdax cycle in an 
werall Hz102 fuel cell system. The reactions 
would be as follmm: 

b Fig. 11 Fuel Cell Performance History 



Fuel Cell? H2 + C ~ ~ , - L H C ~  . I 
I 

.Rkdox: 2HC1 + 112 Oil- C12 + H20 , 

Overall: ' . IE2 + 142 0; -Llic W20 
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The Kelchlor process is cata lyt ic  ah3 under the  
proper conitgtions, prksbds  &taneou$'ly w3thout 
any net enekgy. I-+ $the th& w e  reqoirament Pbr* 
pumps 'ihd other m c i l l a f i e e .  H&wer, a pyelimi- 
nary apaljrsie* i&dicatQ thatl'%e energy required 
concentrafe the HC1 from ffie l ed1  producd:'in thew 
fuel  c e l l  t o  that required, by the  Kef~hZbr prwes 
may be hufffkent  t o  offset  mucfi%if the gain 
result ing froin thk higher fuel' c b l l  efficieaey. A 
more detailed study is reqUred t o  fu l ly  assess the 
technical and economic potential  for  such a system. 



LARGE ALKALINE ELECTROLYSIS SYSTEMS FOR OTEC 
William C. Kincaide * - 

Energy Systems 
1 1  0 West Tirnonium Road 

Timoniurn Maryland 21 093 - 
Abstract 

The degree to which electrolytic hydrogen can be 
exnected to mnkc a nieai~irwlul oontnbukion to fulure sce- 

Tropical siting of Ocean Thermal Energy Conversion 
(OTEC) plants where the variations in winds, waves, and 
currents a r e  small and where the available temperature 
differences a re  much higher essentially precludes the 
direct transport of electrical power to land. Of the alter- 
nate approaches for transporting OTEC energy to land, 

nakos  will depend to a great extent on how nlllt-11 generat 
iag uusB can he reduoed. A signifiu11111 reduction wiU only 
be achicvod througl~ a combination of improved operating 
efficiency and a reduction in capital investment costs. 

based on hydrogen and a desire to scale up, Teledyne 
Energy Systems initiated a program to: (1) develop 
larger systems, and (2) improve system efficiencies. 

Technology Scale-Up 

In the past, there has been little incentive on the part 
of' i r ~ r l l ~ s t q f  tQ irnpvova t l s s  el'flwlcfiey 61 alhahlt! ~ l ~ t r 0 l -  
ysis systems, because of the artifically low cost of fossil 
fuels. At 60 to 70%, the process is already highly effi- 
cient h3r cornparioon to JIIUS~ other rndustrial processes. 
In 197.7, however, with the enthusiasm for an economy 

several involve the production of hydrogen, via water The company funded effort to scale-up the commer- 
electrolysis. Teledyne Energy Systems is presently man- cia1 technology from the Kilowatt range (HS) to the Mega- 

Figure 1. HP Prototype System 

10.81 

ufacturing two series of alkaline electrolysis systems 
specifically tailored for the specialty gas market. The 
h r ~ e s t  unit in production produces 420 standard cubic 
feet per hour (50 lb per day) at pressures up to 100 psig. 
Special high pressure systems have been developed that 
generate gas directly at  pressures up to 3000 psig, how- 
ever these high pressure systems have proven to be very 
expensive. To meet the requirements of large users, 
Teledyne Energy Systems is now developing a commercial 
electrolysis system capable of producing several hmdred 
pounds of hydrogen a day. Althoiagh thig system is also 
bcing designed for specialty process gas applications, the 
system is large enough to satisfy OTEC applications up to 
several hundred megawatts. This paper discusses the 
optimization of large alkaline electrolytic hydrogen plants 
to minimize product cost, specifically the influence of 
operating pressure, since the transport of hydrogen or  i ts  
products involves high pressures. 

watt range (HP) involves an increase in active nrca of 
eight-fold, i. e. , one square foot to 8 square feet. 

A prototype version of the plant was tested early 
last year (Fig. 1). The prototype consists of a module 
with four full size cells and a complete set  of subsystems. 
This first generation module utilized "state-of-art" HS 
concepts, i. e., asbestos separators and nickel screen 
electrodes. Total thickness of the four cells is about 
one-inch o r  one-quarter of an inch per cell. The mas- 
sive looking positive endplate (with lifting lugs) is actu- 
ally one-inch thick stainless steel plate stiffened by 12 
inch "I" beams. This rigidity is necessary to insure 
the large seals have a uniform sealing load applied and 
to insure that the asbestos electrode separators a re  
uniformly compressed. The negative endplate (hidden) 
i s  identical to the positive, except for the two fluid inlet 
and two fluid outlet connections. To the right of the 

d module is the I]-C. conversion equipment made up of a 
Introduction choke and a water cooled rectifier/SCR package for each 

of the three phases. The power supply is capable of 
Hydrogen has been produced commercially by the delivering up to 2500 amperes at 10 volts D.C. To the 

electrolysis of water since the turn of the century, shortly left is the system control panel. All critical system 
after it was first  put to practice. Sales however have been functions are  monitored and controlled from this location, 
confined for the most part to the small high-purity-gas including electrolytic temperatures, system pressure, 
market, due to the high cost of electricity relative to differential pressure, pump loading, module current, 
natural gas and oil. The only situations where large elec- module voltage, and gas contamination. Integral to this 
trolysis plants could be justified, in the past, were those control and.monnitoring =heme a r e  thc system salety 
where the cost of electricity was exceptionally low ax with circuits for automatic shutdown in the event of a system 
hydroelectric installations. The market for electrolytic abnormality. The electrolyte/gas separating tanks and 
hydrogen has been expanding recently because of the rela- handlingglumbing is located above the module. These 
tive r ise in the costs of gas and oil with respect to elec- tanks ruk horizontally, to provide more fluid surface 
tricity. Although this expansion is still taking place in the area for better gmbubble separatior 
con~modity gas market, it is probable that electrolytic 
hydrogen will begin to find application in selected energy 
storage and transportation schemes. The mnre immcdi- 
ate energy market possibilities are  likely to occur in con- 
junction with the renewable resources, i. e., direct solar, 
wind, geothermal, and, of course, ocean thermal energy 
conversion. 
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E;arlisr snalyr~es iadlwtecl .that  OF large low prm'- 

s u m  p la t s ,  i was ecmomieally prrldant to develop a 
cell Wth Uze large& crnvas sedional arm possible, with 
a square codigu~ati011 ku minimize waste, since mast 
cell materials are purchased as 48-inch wide skeet stoak, 
As a msUZt, a pmb$aia cell was desi@M P a t  was f a r  
fe& square pith an active area of $ppmimabl$8-1$4 
square k t ,  Figure B .shews one of the ce l l  frames bebg 
mamdaotured, W e  these pmtatype c d l  frames were: 
aP  individually machi;ned out of glasa f i U d  polgrpropyi 
lene, It is intended to use molded frames in the final 
plant design; a necessary element in the design of 5 low 
cost, high productiok module. Figure 3 shows the m m e  
stack assembled and ready to be covered witb the wga- 
tive endplate. The larger center cutout area is the active 
ce3l area. The manifold ports, two for the hydmgea sids 
inlet and outlet, and two for the oxygen side inlet and nut- 
let, are at each corner, 

primarQ= toward the devdopmgnt Crf elwtqda with 
greatw catalytic: a b i w  'and the raising of prwess 
tmpePWreS fm the &=sent 8Q "C range to I%$ -42 ox 
%boxre. FQwe 4: @(ly S ~ Q W S  the 1979 prfomzance p ~ ~ i e e -  ' 
tiens. Tbe u@w curve @haws the general per&manes 
bvrA of the HS ekuipme3St aurrenBg beiw- sold. The 
in%ermediate curve reflects the performance predi- , , . - 
far  the first  IEP, type piaat, rta. 80 'C, b%E ai%h improved 
electracks. Goal& far the advanced h$gh temperahre 
.smtwm are shown as a banti, where the upper bmadazy 
mpwsients tEre expectad rf@rmrrece at 125 'C. m v e  
126 .C; pmbablg in the a% of J6QaC, it was aad'rjrt511 is 
expected that cqrrosim problefm will  strid ta seriously 
idfluence tbe system cost ,and trsefyl life, nxakng#&r 
kmpe~oltuqg less coat effMve. (Tfils uWe% &Wit is 
yet; to be established. ) ' ?  

0. 

Fie;ure 2. H P  J3meOtypa 641 Frame M 9 n u t a c l u ~  . 
Figure 4. 1979 Performance Update 

Figure 3. HP Prototype Pibdule Assembly 

The protdype plant was operated for about 50 hours 
dud% which the rig was shaken d w  and the first ccll 
design was evaluated. The cell is now being re-designed 
to improve producibiiity and to correct for higher than 
expected current bsses .  

A key to smcessful operation above 100qC for extaded 
periuelu i& 11115 i&nWieatim a£ an pl~~f,rM@ amgratpr to 
take the place of asbestos. In UT5, Brmkhaven National 
Labora to~w (BNZJ, under the auspkes of the Department 
of Enetgy, bwan t~ support the T d e m  effort to InrpPWe 
Lhe efificriwy of a l h h e  system, bp b & n g  a modest 
program ka evaluate ~csveral8ermop~ast~e pal,y.mers as 
~prtsnible slibskitutes for aakrwto~, After an initial screen- 
ing of five candidates, oi whCb W b  sltuvocnl ylwmioa, t& 
program was re-oriented to#rrd the building of @n en@- 
neering test rig. that would allow the evaluatian of advanced 
separators and e l i ~ ~ t ~ d ~  ia a System wp;resmtatTve of 
indu~tzL1 equ5pment. A# ti r@ul% the Oost rfg s b w  b~ 
,Wig;. B.w@ com l&d irt 1976. Dubbed ARIES far  Applied P Be~ggrc3h Ind~$ rrial Elecl%~lywa S&YyL&tm, Ule s;ystcm in n 
complete gas generating. sgstem, wpabk of operating auto- 
matically for extended p e r i d ,  -ailowing studtes ~f mate- 
rials mi"rosim problems and cell voltage as et frrnclon d 
mred density, temperature, p ~ a s s u ~ e ,  and $$me, The 
system is d e 6 i g ~ d  to test a fim call biwlar stack at 
temperatures up ta 150*C, aurrent densities up to 2500 
~ / g m ~ ~ \ @ n d  p ra su rm ut, fo bf)O psig'. . 



Figure 5. ARIES 

The dashed curve shown in Fig. 4 illustrates the 
performance of the best anode and cathode combination 
tested to date. Cathode development has proceeded 
pretty much a s  expected. The best cathode tested to 
date is a proprietary Teledyne Electrolcatalyst-electrode, 
C-110. The best anode tested is cobalt nickel oxide on a 
nickel substrate by Tseung (2) however, none of the anodes 
evaluated so  far  have lived up to expectations. Even the 
cobalt nickel oxide anode does not appear to be cost effec- 
tive, when compared to the performance of present com- 
mercial anodes. 

This work will be continued for the balance of this 
fiscal year. Additional components will be evaluated a s  
they are  identified and a module made up with the best 
cathode and a teflon bonded nickel anode will be tested 
for  up to 3000 hours at 125°C to determine stability. 
Company funded work will continue to be directed toward 
electrode optimization and separator development, with 
particular emphasis on the anode and separator. 

Analytical Work 

For the past several years, Teledyne has been devel- 
oping and expanding a computer program to predict the 
cost of hydrogen for various electrol sis plant configura- 
tions. The original 1913 prdgram (3fwas relatively 
& n ~ l e .  witten amimrl state-of-thc ar t  qquipnzciil. I.rr 
~uamine tho g ~ n o m l  cffoct of idpitilul UIIIJ uperaung C W t v  
on the cost of hydrogen. E'igure G illustrates the trade- 
off which results. The first  factor, capital, tends to 
push the design current density to the highest possible 
level, a t  the expense of lower operating efficiencies. 
The cost of electricity tends to ~ u s h  in the other direc- 
tion. Basic alkaline cell materials historically cost less 
than SPE materials. Conseauentlv. alkaline svstems 
always.optimize out at c u r r k t  density levels signsic- 
antly lower than SPE systems, (500 ma/cm2 versus 
1000 ma/cm2). 

Since high pressures a r e  generally desirable for 
storage, mcont work haa Leac~ ur.le~~lt?cl LOWSIP~ attempt- 
ing to evaluate thc cost impact of operating at higher 
pressures versus the cost of exlcrnal compression. Un- 
fortunately thgt nortian sf ISIV 1llylEl.wrn is r~till b o w  dc 
veioped ar~d data is not available for presentation here. 

I COST OF- CAPITAL- - COST OF POWER 
DOM INATE5 DOMINATES 

CURRENT DENSITY, ASF 

Figure 6. System Cost Optimization 

-' - an additional task to be undertaken as  a part of 
the Bhu contract, the program will be further expanded 
to allow evaluation of the advanced separator and elec- 
trode options and the influence of higher temperature 
operations. This work will begin in October and should 
be completed by January of next year. 

Projections for OTEC Plants 

Although a hydrogen economy is not going to develop 
to the extent predicted by Gregory@) in 1973, hydrogen 
will be used extensively in the future to compliment the 
other clean and versatile secondary energy carrier: 
electricity. First  applications will probably be in con- 
junction with renewable resources, and deep water - 
tropical OTEC would be an excellent demonstration 
forum. 

In late 1975, Teledyne Energy Systems provided the 
Applied Physics Laboratory (APL)with conceptual data on 
a 100 MWe hydrogen plant for a 1980 OTEC demonstra- 
tion ship. The configuration suggested at that time con- 
sisted of six 16.13 MWe unit plants as shown in the f irst  
column of Table 1. In this case, each unit plant was made 
up of five 3.2 MWe buiIding block modules, where a build- 
ing block module is defined as the largest module that can 
practically be built. In 1975, this was considered to be a 
module with five hundred 8.25 square foot cells similar 
to that shown in Fig. 7. The modules seen here a r e  each 

@ 
Figure 7. HP System (ArMst1s Concept) 



about 4 x 4 feet square by 12 feet long. A 100 MWe pl&& 
with 30 of these modules and auxiliaries would occupy 
roughly 4000 sqitare feet. 

Recently, APL has proposed a 40 MWe dernoawtra- 
tion sflip for the 1983-4 time &?@me and Teledyne 
again been asked to provfde an fnpue* and althaqh some 
progress has hwn made since 1975, it is difficult to se'e 
how an advanow mu1timegeg~&t alkaline system with 
si@ficant impm@s,,'~otrl4 be ready by 1S83/84, ' . . . a  . I  , 
*out 3 saubsantial herease-h sapport. A modelst pro- , gdereaees ' :<I 

gram haa been r h t l y  s~bnSWkd to the DOE that Calls 
for the d m l o p m t  of d a@ra~ry:ed high perfoqmmce 
buildhg b1mk m-le withhi l a t  time frame. Fhker, 
the program could be aceelarafed to make a 40 W e  unit 
available. , I -  

Tab10 1 1WS OTEC Input 2. bas&, &, ~ & a ~ ,  A. C. Cr. ,' LIA Pot&n'tiostati~ ' 
Pulse of Ozqrgen Ewalwkbn of Teflon Bmded 

' . b: ~ S c e W G o g l s  . Nickel Cobalt Oxide Elmtm@a, Procepd@ga 

B y $ ' -  . . $.-: - 1980/@4 Vbl. h i e @ ,  'f7-6, 414-a4, d e  E l e c ~ ~ ~ & i c z $  
~~~, NJ, 1978. < t  i. I i_j,?i : *  

w mt&ie'~~.oa~?ai& ., ~0,000 ' i o , O a o ~  w.c. . . 8CPR : S%OOo . . and C. F. Williams, "f?&ip& gf . 
~ ~ $ c L E Z " E E ~ p m t r g h  ~ ~ a a r o i y s i a ,  It  uscm, 

~ m ~ r n  I;erm&e ' 5 9 ~  - ic~m 1973. 

- &ti$@ ~ ~ & ~ , l t ?  ' . 8~4% k&.%5 . 
$7 k& -* • b $06. , ; 4. G ~ w o ~ , . R .  K., ' b e  %amgem ~ e o e m a ~ i l t  fxWV5& i $%km%@-~ /o~?  I,- - * !- &&tai%f% l%%iaFhn, V. BSB* q. I, pa. k3*4 ,L 

January 1973. Ml;i. 
Vt' ' Si i  l *  . .,I ' 5. W. H. Aver$, et rrl. , 'I ExeeuWe Bummary - m f -  j- 

time anzl Con8tmctlon Aspects of Ocean Themd 
%a " ClBXly@w,i~ OTEC) Plant ships, ?.&PL/JHU 

SR 70-111, April 1976. 
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attractive option. 'year only about four man 
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A b s t r a c t  

The t e c h n i c a l  and economic f a c t o r s  a s s o c i a t e d  
w i t h  u t i l i z a t i o n  o f  OTEC c n c r g y  by t h e  aluminum 
i n d u s t r y  a r e  examined .  Three  s c e n a r i o s  a r e  con- 
s i d e r e d :  ( a )  o p e r a t i o n  o f  a n  aluminum r e d u c t i o n  
p l a n t  on  s h o r e  f e d  e n e r g y  from t h e  OTEC p l a t f o r m  
by c a b l e  o r  p i p e l i n e ;  ( b )  o p e r a t i o n  o f  a  s h o r e -  
b a s e d  r e d u c t i o n  p l a n t  powered w i t h  OTEC e n e r g y  
d e l i v e r e d  by means o f  e n e r g y  b r i d g e s ;  and ( c )  a n  
OTEC/aluminum p l a n t s h i p  o p e r a t i n g  a t  s e a  i n  a  
g r a z i n g  mode. 

The c o n v e n t i o n a l  H a l l  r e d u c t i o n  p r o c e s s  f o r  con- 
v e r t i n g  a l u m i n a  (A1203) t o  p u r e  aluminum m e t a l  i s  
c o n s i r l e r ~ r l  a $  t h e  b a a e l i r i o  c d s r .  W ~ r i r a l  +horn 

1 -%- 1 'W 

s  

A l t e r n a t e  r e d u c t i o n  p r o c e s s e s  which may b c  l e s s  
s u s c e p t i b l e  t o  c e l l  mot ion  i n  t h e  f l o a t i n g  e n v i r o n -  
ment a r c  b e i n g  e x a m i n e d .  These i n c l u d e  t h e  aluminum 
c h l o r i d e  s m e l t i n g  p r o c e s s  and t h e  d r a i n e d  c a t h o d e  
H a l l  c e l l .  

. . 
One i m p o r t a n t  t e c h n i c a l  i s s u e  f o r  t h e  f l o a t i n g  

r e d u c t i o n  p l a n t  i s  t h e  r e c o v e r y  o f  w a s t e  h e a t  from 
t h e  p r o c e s s  c e l l s  and t h e  u s e  o f  t h i s  h e a t  i n  a  
thermodynamic c y c l e  t o  g e n e r a t e  a d d i t i o n a l  e l e c t r i -  
c a l  e n e r g y ,  u s i n g  w a t e r  from t h e  OTEC p l a n t  c o l d  
w a t e r  p i p e  f o r  c o n d e n s a t i o n  o f  t h e  s e c o n d a r y  working  
f l u i d .  

T~IL: o v e r a l l  g o a l  o f  t l ~ e  s t u d y  i s  t o  d e t e r m i n e  t h e  
c o n d i t i o n s  under  which aluminum can  be produced  * 

/ 
c o m p c t i t i v c l y  u s l n g  OTEC-derived e n e r g y ,  and t o  pro-  
v i d e  an a s s e s s m e n t  o f  t h e  r i s k s  a s s o c i a t e d  w i t h  such  
a  v e n t u r e .  

aluminum m e t a l  is a b o u t  8 . 0  kwhr o f  e l e c t r i c a l  
e n e r g y .  The noil-communist wor ld  p r o d u c t i o n  o f  
aluminum i s  a b o u t  11 m i l l i o n  t o n s  p e r  y e a r  ( 1 9 7 8 )  
and i s  e x p e c t e d  t o  grow a t  a  r a t e  o f  between 6 t o  
8% p e r  y e a r  f o r  t h e  n e x t  d e c a d e .  T h i s  p r o j e c t e d  
i n c r e a s e  i n  a l u m i n a  r e d u c t i o n  c a p a c i t y  w i l l  r e q u i r e  
between 1000 MW and  2000 MW o f  new e l e c t r i c a l  
g e n e r a t i o n  c a p a c i t y  p e r  y e a r  i f  t h i s  g rowth  r a t e  
i s  t o  be m a i n t a i n e d .  The u s e  o f  OTEC e n e r g y  t o  
p r o v i d e  some o f  t h e  a d . d i t i o n a l . c a p a c i t y  r e q u i r e d  
f o r  t h e  aluminum i n d u s t r y  c o u l d  have  a  s i g n i f i c a n t  
impac t  on t h e  w o r l d ' s  e n e r g y  economy. 

The o b j e c t i v e  o f  ' t h i s  s t u d y  i s  t o  examine t h e  
t e c h n i c a l  and  economic f e a s i b i l i t y  o f  u s i n g  OTEC 
e n e r g y  f o r  t h e  commerc ia l  p r o d u c t i o n  o f  aluminum 
m e t a l .  

Background 

The p r o d u c t i o n  o f  aluminum from b a u x i t e ,  i t s  
p r i m a r y  o r e ,  i n v o l v e s  s e v e r a l  e n e r g y  i n t e n s i v e  
s t e p s .  Most o f  t h e  w o r l d ' s  aluminum m e t a l  i s  pro- 
duced by a  combinat , ion o f  t h e  Bayer p r o c e s s  and t h e  
H a l l  p r o c e s s ,  a l t h o u g h  t h e r e  a r e  o t h e r  p r o c e s s e s  
b e i n g  a c t i v e l y  i n v e s t i g a t e d .  I n  t h e  Bayer  p r o c e s s ,  
a lu l l l i r~a  (A1203) i s  c h e m i c a l l y  s e p a r a t e d  f rom baux- 
i t e ,  which i s  g e n e r a l l y  a  m i x t u r e  o f  aluminum, 
s i l i c o n ,  i r o n ,  and  t i t a n i u m  o x i d e s .  I n  t h e  H a l l  
p r o c e s s ,  t h e  a l u m i n a  i s  d i s s o l v e d  i n  c r y o l i t e ,  t h e n  
e l e c t r o l y t i c a l l y  r e d u c e d  i n  t h e  p r e s e n c e  o f  c a r b o n  
t o  form aluminum m e t a l  and c a r b o n  o x i d e s ,  which a r e  
v e n t e d  t o  t h e  a t m o s p h e r e .  

T r a d i t i o n a l l y  i n  t h e  U n i t e d  S t a t e s ,  t h e  Bayer  
p r o c e s s  and c a l c i n i z a t i o n  a r e  c a r r i e d  o u t  i n  r e g i o n s .  
c l o s e  t o  t h e  b a u x i t e  s u p p l y  where low c o s t  t h e r m a l  
e n e r g y  ( n a t u r a l  g a s )  i s  a v a i l a b l e ,  and  most  o f  t h e  
a l u m i n a  i s  s h i p p e d  t o  r e g i o n s  w i t h  low c o s t  e l e c -  
t r i c a l  e n e r g y  ( h y d r o e l e c t r i c )  where t h e  H a l l  pro-  
c e s s  i s  c a r r i e d  o u t .  The e l e c t r i c a l  e n e r g y  
r e q u i r e m e n t s  o f  t h e  r e d u c t i o n  p r o c e s s  s u g g e s t  t h a t  
i t  may be  a  c a n d i d a t e  f o r  OTEC c o m m e r c i a l i z a t i o n .  

S e v e r a l  a u t h o r s  have  s u g g e s t e d  t h a t  o n e  p o t e n t i a l  OTEC U t i l i z a t i o n  Modes, 

method €,or e c o n o m i c a l l y  u s i n g  OTEC e n e r g y  i s  i n  t h e  
~ r o d u c t i o n  o f  aluminum m e t a l  from a lumina  .l'$ The T h e r e  a r e  t h r e e  p o t e n t i a l  ways i n  which OTEC 
i n d u s t r y - a v e r a g e  e l e c t r i c a l  e n e r g y  consumpt ion  f o r  e n e r g y  can  be  used  by t h e  aluminum i n d u s t r y  where 
t h e  r e d u c t i o n  o f  1 . 8 9  lbm o f  a l u m i n a  t o  one lbm o f  t h e  most o b v i o u s  a p p l i c a t i o n  i s   ower ring a  reduc-  

t i o n  p l a n t .  The f i r s t  i s  t o  h a v e  t h e  OTEC power 
p l a n t  moored a t  s e a  j u s t  o f f  t h e  c o a s t  i n  d e e p  

$2 

T h i s  work i s  s p o n s o r e d  by t h e  U .  S .  Department o f  w a t e r ,  s e n d i n g  t h e  e n e r g y  t o  s h o r e  by means o f  ) Energy ,  C o n t r a c t  No. EX-18-C-02-5091. c a b l e s  o r  p i p e l i n e s .  T h i s  e n e r g y  would t h e n  be 



used i n  a  r e d u c t i o n  p l a n t  o r  o t h e r  f a c i l i t y  a t  o r  
n e a r  t he  s h o r e  l i n e .  The second method i s  t o > s e n d  
t h e  energy a sho re  by means o f  an "energy br idge . ' I3  
I n  t h i s  c a s e ,  some i n t e r m e d i a t e  chemical such a s  
hydrogen i s  produced on the  OTEC p1aLfor111 u s i n g  
t h e  g e n e r a t e d  e l e c t r i c a l  power and i s  then t r a n s -  
p o r t e d  t o  a  s h o r e  s i t e  where t h e  chemical energy 
i s  t ransformed back i n t o  e l e c t r i c a l  ene rgy .  The 
t h i r d  method i s  t o  pu t  t he  r e d u c t i o n  p l a n t  on a  
f l o a t i n g  p l a t f o r m  i n t e g r a t e d  wi th  t h e  OTEC power 
p l a n t ,  and o p e r a t e  a t  s ea  i n  t hose  r eg ions  w i t h  
t h e  h i g h e s t  thermodynamic p o t e n t i a l  ( l a r g e s t  tem- 
p e r a t u r e  d i f f e r e n c e ) .  I n  t h e - f i r s t  two a p p l i c a t i o n s  
where t h e  r e d u c t i o n  p l a n t  i s  l o c a t e d  on t h e  s h o r e ,  
t h e  OTEC p l a n t  must compete w i th  o t h e r  sou rces  o f  
e l e c t r i c a l  power which may be a v a i l a b l e .  

The f l o a t i n g  OTEC/aluminum p l a n t  h a s  t he  g r e a t -  
e s t  p o t e n t i a l  f o r  a c h i e v i n g  t h e  lowest  energy c o s t s  
inasmuch a s  t h e  c a p i t a l  c o s t  o f  ,the OTEC power 
p l a n t  v a r i e s  a s   AT)-^. The re fo re ,  l o c a t i n g  
t h e  OTEC/aluminum p l a n t s  i n  t hose  a r e a s  of t h e  
ocean which have t h e  h i g h e s t  tempera ture  d i f f e r e n -  
t i a l  shou ld  l e a d  t o  t h e  lowest  energy c o s t s .  Such 
p l a n t s  have been desc r ibed  i n  OTEC l i t e r a t u r e  a s  
"graz ing"  p l a n t s  and p r e f e r r e d  s i t e s  i n  t h e  equa- 
t o r i a l  A t l a n t i c  and P a c i f i c  r e g i o n s  have been 
i d e n t i f i e d .  I n  terms o f  t h e  aluminum i n d u s t r y ,  
t h e  thermal  r e s o u r c e  a v a i l a b l e  i n  t h e s e  e q u a t o r i a l  
r e g i o n s  i s  ve ry  l a r g e .  There a r e  roughly  50 m i l -  
l i o n  s q u a r e  mi l e s  (120 x  l o 6  km2) o f  ocean s u r f a c e  
where t h e  dep th  i s  g r e a t e r  than 1000 m  and t h e  
monthly average  d i f f e r e n c e  i n  t empera tu re  between 
t h e  s u r f a c e  and the  1000 m dep th  i s  g r e a t e r  than 
2O0C. 

For t h o s e  o p t i o n s  where t h e  H a l l  p roces s  reduc- 
t i o n  p l a n t  i s  on t h e  s h o r e ,  i t  should  be noted  t h a t  
t h e  e l e c t r o l y t i c  p r o c e s s e s  use  h igh ampe,rage, low 
v o l t a g e ,  d i r e c t  c u r r e n t ;  ' t y p i c a l l y ,  100,000 t o  
250,000 amperes a t  a  few hundred v o l t s .  T h e r e f o r e ,  
any o f  t h e  energy t r a n s p o r t a t i o n  sys tems which 
r e s u l t  i n  d i r e c t  c u r r e n t  a t  t h e  v o l t a g e  and imped- 
ance l e v e l s  r e q u i r e d  by t h e  r e d u c t i o n  p roces s  
shou ld  be more compe t i t i ve  i n  te rms o f  c a p i t a l  c o s t  
and e f f i c i e n c y .  T h i s  means t h a t  e l e c t r o c h e m i c a l  
sys tems such a s  f u e l  c e l l s  o r  b a t t e r i e s  would be  
t h e  p r e f e r r e d  sys tems f o r   ower ring t h e  shore-based 
r e d u c t i o n  p l a n t  w i th  energy from t h e  OTEC p la t fo rm.  

For t h e  f l o a t i n g  OTEC/aluminum p l a n t s h i p ,  i t  i s  
a n t i c i p a t e d  t h a t  t h e  e l e c t r i c a l  power would be  gen- 
e r a t e d  a s  d i r e c t  c u r r e n t ,  presumably u s i n g  a c y c l i c  
g e n e r a t o r s .  I t  i s  a l s o  a n t i c i p a t e d  t h a t  low c a p i t a l  
c o s t  s t andby  g e n e r a t i o n  c a p a c i t y ,  presumably gas  
t u r b i n e  powered;would be provided t o  a l l o w  the  
r e d u c t i o n  p l a n t  t o  be s h u t  down i n  an o r d e r l y  
f a s h i o n  i n  c a s e  o f  a  fo rced  outage  of t h e  OTEC 
power sys tem,  o r  f o r  use i n  t h e  even t  o f  n a t u r a l  
phenomenon such a s  a  s torm which might reduce  t h e  
OTEC g e n e r a t i o n  c a p a c i l i t y .  . Since  t h e  r e d u c t i o n  
p l a n t  o p e r a t e s  c o n t i n u o u s l y  f o r  365 days pe r  y e a r ,  
w i th  a  l oad  f a c t o r  which approaches  u n i t y ,  s p a r e  
OTEC g e n e r a t i n g  c a p a c i t y  must be provided t o  i n s u r e  
t h a t  name p l a t e  e l e c t r i c a l  c a p a c i t y  i s  a v a i l a b l e  a t  
a l l  t imes ,  such a s  when t h e  OTEC e l e c t r i c a l  genera- 
t i o n  equipment i s  down f o r  r o u t i n e  r e p a i r s  o r  
maintenance  o r  when h e a t  t r a n s f e r  s u r f a c e s  a r e  
b e i n g  c l e a n e d ,  e t c .  While i t  may be p o s s i b l e  t o  
have a  sho r t - t e rm turndown o f  t he  power t o  t h e  OTEC 
r e d u c t i o n  p l a n t ,  economics f avo r  h igh  u t i l i z a t i o n  
o f  t h e  c a p i t a l  i n t e n s i v e  f a c i l i t i e s .  

Candidate  Reduction P roces ses  

P rev ious  s t u d i e s  1 ' 2  have assumed t h a t  o p e r a t i o n  
o f  t h e  OTEC/aluminum p l a n t s h i p  would invo lve  t h e  
r educ t ion  o f  alumina t o  aluminum us ing  the  conven- 
t i o n a l  Ha l l  c e l l .  The c e l l  c o n s i s t s  o f  a  carbon 
l i n e d  ca thode and a  consumable carbon anode. 
Alumina d i s s o l v e d  i n  c r y o l i t e  i s  p laced i n  t h e  
c a v i t y  formed by t h e  ca thode and an e l e c t r i c a l  
c u r r e n t  i s  passed from the  ca thode t o  t h e  anode, 
p r o d i c i n g  carbon ox ide  gases  a t  t he  anode s u r f a c e  
which bubble o r f .  The aluminum metal i s  depos i t ed  
on t h e  ca thode and forms a  pool  o f  meta l  ( c a l l e d  a  
pad) on the  ca thode where i t  c o l l e c t s  u n t i l  i t  i s  
p e r i o d i c a l l y  removed. One o f  t h e  major t e c h n i c a l  
problems a s s o c i a t e d  wi th  t h e  use o f  a  conven t iona l  
H a l l  c e l l  i n  a  f l o a t i n g  p l a n t  environment i s  t h a t  
p l a t fo rm motion may cause  t h e  molten meta l  pad t o  
move s o  a s  t o  c o n t a c t  t he  anode, s h o r t i n g  t h e  anode 
t o  t he  ca thode .  Once the  s h o r t  has  formed; a  mag- 
n e t i c  pinch e f f e c t  ho lds  t h e  l i q u i d  meta l  i n  con- 
t a c t  w i th  t h e  anode. Continued o p e r a t i o n  wi th  an 
anode-cathode s h o r t  r educes  t h e  c e l l  e f f i c i e n c y .  

There a r e  two o p t i o n s  for .overcoming t h i s  prob- 
lem. The f i r s t  i s  t o  s t a b i l i z e  e i t h e r  t h e  p l a t fo rm 
o r  t h e  c e l l ,  and t h e  o t h e r  i s  t o  use  ano the r  reduc- 
t i o n  p roces s  which i s  more t o l e r a n t  o f  motion.  

Seve ra l  methods o f  s t a b i l i z i n g  the  c e l l s  o r  t he  
p l a t f o r m  have been s t u d i e d .  Mechanical  s t a b i l i z a -  
t i o n  o f  t h e  c e l l s  a g a i n s t  r o l l i n g ,  p i t c h i n g ,  and 
heaving motion would be an  ex t r eme ly  d i f f i c u l t  
mechanica l  problem made doubly d i f f i c u l t  because  
o f  t h e  problems a s s o c i a t e d  wi th  p rov id ing  f l e x i b l e  
connec to r s  f o r  t h e  f r a c t i o n a l  mega-ampere bus b a r s  
which connect  each c e l l .  There may be  a s  many a s  
200 c e l l s  t o  be s t a b i l i z e d  on a  g iven p l a n t s h i p .  
There a r e  s e v e r a l  methods a v a i l a b l e  f o r  s t a b i l i z i n g  
t h e  p l a t f o n n  from p i t c h  and r o l l .  However, s t u d i e s  
show t h a t  even i f  t h e  c e l l  o r  t he  p l a t f o r m  could be 
s t a b i l i z e d  a g a i n s t  p i t c h  and r o l l ,  t h e  H a l l  c e l l  
would s t i l l  be s u s c e p t i b l e  t o  s h o r t i n g  through 
heaving motion.  I t  was found t h a t  dynamic methods 
f o r  s t a b i l i z i n g  f l o a t i n g  p l a t fo rms  a g a i n s t  p i t c h  
and r o l l  g e n e r a l l y  r e s u l t  i n  i n c r e a s e d  heaving o f  
t h e  p l a t f o r m .  

For t h i s  r e a s o n ,  one i s  l e d  t o  t h e  conc lus ion  
t h a t  o t h e r  r e d u c t i o n  p roces ses  may be more s u i t a b l e  
f o r  use i n  t h e  OTEC p l a n t s h i p  environment .  A l t e r -  
n a t e  p roces ses  which may be commercially a v a i l a b l e  
w i t h i n  t h e  time frame t h a t  OTEC i s  commercialized 
a r e  : 

1 .  H a l l  c e l l  w i th  d ra ined  ca thode .  

2.  Aluminum c h l o r i d e  s m e l t i n g  p r o c e s s .  

The d ra ined  ca thode H a l l  c e l l  which has  pre- 
v i o u s l y  been d e s c r i b e d  i n  t h e  p a t e n t  l i t e r a t u r e 5  
i s  s i m i l a r  t o  t h e  conven t iona l  H a l l  c e l l ,  w i th  t h e  
excep t ion  t h a t  a s p e c i a l  c a t h o d i c  m a t e r i a l  w e t t a b l e  
by molten aluminum cove r s  t h e  carbon- l ined bottom 
o f  t he  c e l l .  T h i s  means t h a t  a  me ta l  pad i s  n o t  
r e q u i r e d ,  so  t h a t  t h e  molten meta l  can be d ra ined  
from t h e  a r e a  between t h e  e l e c t r o d e s  a s  i t  i s  pro- 
duced.  The absence  of a  meta l  pad i m p l i e s  t h a t  
c h i s  Lype o f  c e l l  should  be much l e s s  s ~ l s c e p t i b l e  
t o  s h o r t i n g  a s  a  r e s u l t  o f  mot ion,  e i t h e r  hor izon-  
t a l l y  o r  v e r t i c a l l y .  



In the aluminum chloride smelting process, alum 
ina is converted to aluminum trichloride by 
reacting A1203 with C12 in the presence of carbon,6 
releasing carbon oxides. A bipolar reduction cell 
is used to reduce the aluminum trichloride to 
chlorine gas and moltea aluminum.' The chlorine is 
recovered and recycled. This process has three 
advantages for OTEC application: (a) the bipolar 
cells should be much more tolerant to platform 
motion; (b) they are reported to be more efficient 
in the use of energy; and (c) the bipolar nature 
of the electrodes means that they can be stacked 
one above the other to reduce the floor area 
required for the reduction process on the floating 
platform which is an important consideration for 
the OTEC/aluminum plantship application. It is 
contemplated that the conversion of alumina to 
alumicum trichloride would be accomplished on shore, 
that the A1C13 would be transported by ship to the 
OTEC/aluminum plantship for reduction, and that 
the chlorine would be recovered and transported 
back to the shore base. 

OTEC/Aluminum Plantship System Configurations -. 

As an example of the possible synergism between 
OTEC and aluminum production, the probable config- 
uration of an iutegratcd OTEC/aluminum plantship 
using the conventional Hali process is examined. 
As previously detailed, the conventional Hall pro- 
cess may not be suitable directly fcr use in a 
floating reduction plant because of the cell 
shorting problems due to motion. However', since 
the drained cathode cell technology is similar to 
the conventional Hall cel1,'it is worthwhile to 
examine the application of conventional technology 
to the OTEC environment to establish a cost and 
technology baseline which industry decision makers 
understand, and then present the other alternatives 
as perturbations to this baseline. 

For this application, we will consider the 
aluminum production process divided into distinct 
phases shown in Figure 1. The floating plantsl~ip, 
which contains the OTEC power subsystem, is sup- 
ported by a land base which provides the materials 
and personnel to support the floating reduction 
plant. Operations such as anode manufacture, cell 
.refurbishment, etc., are carried out at the shore 
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Fig. 1 OTEC/Aluminum Production Mode'l 

support base. The shore based functions include 
the ~rovision of alumina, although the conversion 
of bauxite to alumina may or may not be done at 
the plantship support base. For the purpose of 
our studies, we have assumed that alumina was avsil- 
able from commercial sources. A transportation 
system brings the raw materials to the floating 
plantship and provides the required logistic sup- 
port for the combined reduction plant and the OTEC 
power plant. Another transportation system is 
provided to take the product metal to shore loca- 
tions for fabrication into commercial products. 
It is assumed that the product.wil1 be ingots of 
99.5% pure metal. The cost of producing 99.5% 
pure metal in ingot form is generally the recognized 
benchmark for evaluation of new investment in 
capacity. 

At this point, we have assumed that the OTEC 
power system and the reduction plant will be 
integrated into one hull. The reason for making 
this assumption is that the Hall reduction process 
is relatively inefficient. Only about 40% of the 
electrical energy is used in the reduction reaction 
and about 6m of the input energy appears as heat 
in the cell which must be dissipated to the 
environment. Since this heat is potentially avail- 
.able at temperatures of up to 300°c, it appears 
desirable to install energy recovery equipment on 
the Hall cells to recover this heat and to use it 
in a secondary thermodynamic cycle to generate 
additional electrical power. Assuming that 80% 
of the waste heat could be recovered, and that a 
Rankine cycle rejecting the heat to 4'~ water 
brought up through the cold water pipe could 
achieve 65% efficiency, it is estimated that about 
15% of the waste heat could be recovered as usable 
electricity. This may compensate for the additional 
OTEC generating capacity which must be provided to 
meet the 100% load factor requirement,-but with 
lower cost generating equipment. The requirement 
for this secondary thermodynamic cycle to have the 
4OC water from the cold water pipe provides a 
reason for the aluminum reduction plant and the 
OTEC power plant to be integrated on the same hull; 
however, it may be found that having the two systems 
on separate hulls may provide operational flexibil- 
ity which would overcome the thermodynamic penalty 
of using the warm surface water to cool the con- 
densers of the secondary thermodynamic cycle. 

As a basis for analysis, we have assumed that 
the baseline plantship would have a production 
capacity of 70,000 metric tons per year of aluminum 
metal which would require about 120 MUe of generat- 
ing capacity. This size was chosen 30 representa- 
cive of a single potline of 160 to 180.Hall cells, 
which is more or less the industry's building 
block for expansion. This annual capacity cor- 
responds to an aluminum output mass flow of 2.2 
kglsec. ' 

Based on this mass flow, a number of parametric 
studies have been performed varying the following 
parameters: .(a) hull configuration; (b) reduction 
plant configuration; and (c) hull construction 
materials. 

Parametric studies yet to be completed cover: 

1. Hall cell anode current density variation 

2. The presence or absence of a heat recovery 
cycle. 



3. Other  c a n d i d a t e  r e d u c t i o n  p r o c e s s e s  

I .  Changes i n  t h e  b a s e l i n e  p l a n t  mass flow o r  
annual  c a p a c i t y .  

Table  1  g i v e s  d a t a  on t h e  b a s e l i n e  p l a n t s h i p  
where t h e  h u l l  c o n f i g u r a t i o n  and r e d u c t i o n  p l a n t  
c o n f i g u r a t i o n  were v a r i e d .  I n  Concepts 1  and 2 ,  
t h e  h u l l  c o n f i g u r a t i o n  i s  a  r e c t a n g u l a r  ba rge ;  i n  
Concepts  3 and 4 ,  t h e  h u l l  c o n f i g u r a t i o n  i s  a  
semisubmers ib le  wi th  t h e  r e d u c t i o n  p l a n t  on t h e  
p l a t f o r m ;  wh i l e  Concept 5  i s  a  c i r c u l a r  ba rge  
d e s i g n .  Concepts 1  and 3 a r e  f o r  a  s i n g l e  deck 
r e d u c t i o n  p l a n t ,  wh i l e  Concepts 2 ,  4 ,  and 5  a r e  
f o r  a  double  deck r e d u c t i o n  p l a n t .  For  a l l  c a s e s ,  
t h e  r e d u c t i o n  p l a n t  anode c u r r e n t  d e n s i t y  was 
assumed 7 . 0  k ~ / m ~ .  Under t h e s e  assumpt ions ,  t h e  
h u l l  c o s t  i s  t h e  major  f i g u r e  o f  m e r i t  on which 
t o  r a t e  t h e  v a r i o u s  o p t i o n s  s i n c e  t h e  c o s t  o f  t h e  
OTEC power sys tem and t h e  r e d u c t i o n  p l a n t  com- 
ponents  a r e  t h e  same. F igu re  2 sllows an a r t i s t ' s  
concep t ion  o f  t h e  s i n g l e  deck r e d u c t i o n  p l a n t  on . 
a  semisubmers ib le  h u l l ,  Concept 3. 

For t h e  p l a n t  l a y o u t s  examined, one immediate 
c o n c l u s i o n  i s  t h a t ,  when u s i n g  t h e  H a l l  p r o c e s s ,  
t h e  r e d u c t i o n  p l a n t  c h a r a c t e r i s t i c s  complete ly  
dominate t h e  p h y s i c a l  s i z e  o f  t h e  h u l l ,  w i th  t h e  
OTEC power sys tem r e p r e s e n t i n g  on ly  a  minor f r ac -  
t i o n  o f  t h e  h u l l  s p a c e .  When comparing the  s i n g l e  
deck v e r s u s  t h e  double  deck c o n f i g u r a t i o n s ,  t h e  
double  deck c o n f i g u r a t i o n  shows about  a  25% lower 
c o s t .  However, p l a n t  o p e r a t o r s ,  f e a r f u l  o f  t h e  
consequences  o f  c e l l  bottom "burn through,"  
p r e f e r  t h e  s i n g l e  deck.  

F i g .  2 S i n g l e  Deck Reduction P l a n t  on 
S ~ m i s u b m r r s i b l e  Hull  

Reinforced c o n c r e t e  h u l l s  appea r  t o  have a  c o s t  
advantage  ove r  s t e e l  h u l l s ,  i n  a d d i t i o n . t o  a  poten- 
t i a l  freedom from t h e  p r o b l e ~ ~ l s  of c i r c u l a t i n g  
c u r r e n t s  when t h e  magnet ic  f i e l d s  a s s o c i a t e d  wi th  
t he  f r a c t i o n a l  mega-ampere c u r r e n t s  i n  t h e  H a l l  
p roces s  a r e  changed. Th i s  w i l l  r e q u i r e  c a r e  i n  ' 

c o n s t r u c t i o n  t o  i n s u r e  t h a t  t h e  s t e e l  r e i n f o r c i n g  
b a r s  i n  t h e  a p p r o p r i a t e  s e c t i o n s  o f  t h e  c o n c r e t e  
h u l l s  do n o t  p rov idc  con t inuous  pa ths  f o r  c i r c u -  
l a t i n g  c u r r e n t s .  

From Table  1  i t  may be s e e n  t h a t  t h e  semisub- 
m e r s i b l e  h u l l  de s ign  c e s i l l t s  i n  a lmost  a  f a c t o r  o f  
two i n c r e a s e  2n t h e  p i t c h ,  heave ,  and r o l l  pe r iod  
o f  t h e  p l a t f o r m .  Th i s  i n c r e a s c  i n  p e r i o d ,  when 
compared wi th  t h e  des ign  h u r r i c a n e  wave s p e c t r a  

Table 1  Summary C h a r a c t e r i s t i c s  o f  70,000 FIT/Yr OTEC/Alumi~lum P l a ~ l t s l i i p s ~ U s i n g  
Ha l l  Process  Reduction C e l l s  wi th  Anode Cur ren t  Density of 7 . 0  kA/m 

P r i n c i p a l  Dimensions 

Length ( f t )  
B r e a d t h  ( f t )  
Depth t o  Mn Uk ( f t )  
Transv .  Lower Hul l  (LxBxH) 
Longl.  Lower H u l l s  (Lx!~xH) 
V e r t i c b l  Columns (LxBxH) 

(LXBXH) 

O p e r a t i n g  C o n d i t i o n s  

D r a f t  ( f t )  
Displacement ( I t )  
Fixed B a l l a s t  ( c y )  
V e r t .  Center  o f  G r a v i t y  ( f t )  
V e r t .  Center  o f  Buoyancy ( f t )  
T r a n s v .  M e t a c e n t r i c  H e i g h t (  f t )  
Longl .  t l e t a c e n t r i c  .Height ( f t )  
Transv .  Gyradius  ( f t )  
Longl .  Gyradius  ( f t )  
R o l l  P e r i o d  ( s e c )  
P i t c h  P e r i o d  ( s e c )  
Heave P e r i o d  ( s e c )  

CONCEPT u1 CONCEPT U2 

S i n g l e  Dk. Doubld Dk. 
Barge Barge 

1 , 0 0 0  714 
440 440 
90 90 
None Xone 
None None 

' None None 

S t a b i l i t y  

Required T r a n s v .  M e t a c e n t r i c  H e i g h t ( f t )  
Required Longl .  M e t a c c n t r i c  H e i g h t  ( f t )  
Dynamical S t a b i l i t y  T r a n s v .  
Dynamical S t a b i l i t y  Longl .  

56 .0  
436,096 ' 

None 
44 .06  
28.49 
303.93  
811.2 
176.0 
214.0  
1 1 . 2  
8 . 3 3  
8 . 0  

2 .16  
1 . 7 1  
20L Ft-Ueg 
209 Ft-Deg 

CONCEPT 1 3  

S i n g l e  Dk. 
Semisub 

900 
L40 
212 

( 1 ) - 2 0 0 x 4 4 0 ~ 8 2  
( 4 ) - 3 0 0 x 1 0 0 ~ 5 2  
(2)-2oox1oox1oo 
( 8 ) - 7 5 x 7 5 ~ 1 3 0  

1 3 2 . 0  
506,971 
None 
8 7 . 5 6  
53 .51  
53 .58  
194.97  
1 5 2 . 0  
201 .o  
2 3 . 0  
1 6 . 0  
16 .O 

CONCEPT 84 

Double Dk. 
Semisub 

480 
440 
212 

( 1 ) - 2 0 0 ~ 4 4 0 x 8 2  
( 4 ) - 1 4 0 x 1 0 0 ~ 5 2  
(2)-2oox1oox1oo 
( 4 ) - 7 0 x 7 5 ~ 1 3 0  

CONCEPT #5 

C i r c u l a r  
Barge 

Diameter - 
430 f t  

H e i g h t  - 
182 f t  t o  
s t o r a g e  deck  

1 3 2 . 0  
357,028 
None 
97 .07  
54 .93  
4 6 . 3 9  
37.09 
147.0  
8 8 . 0  
2 4 . 0  
16 .0  
1 5 . 8  

2 .05  
1 . 9 9  
6 . 1  
4 . 9 6  

H u l l  Cost 

A l l  S t e e l  ( H i l l i o n s )  288.3 203.9 279 215.9  
C o n c r e t e / S t e e l  ( H i l l i o n s )  229.6 186.6 244.3  195.8  230.63  



for deep water, which peaks with a period of about 
13 to 14 sec, predicts a marked degree of platform 
stabilization for the semisubmersible when corn 
pared to the rectangular barge hull configuration. 
The circular platform periods are between the rec' 
tangular barge platform and the semisubmersible 
platform. blc may note LllaL Lhe projected cost 
differential between the rectangular barge hull 
and the semisubmersible hull is about 5%. It may 
be possible that this small difference in hull cost 
may be made up by the continued production of a 
plant on the stabilized platform, if it can operate 
at full capacity during any weather. The greater 
stability of the semisubmersible platform will 
favor safety in the molten metal operations such 
as casting which occur after the reduction process. 

Inasmuch as the cost of the hull to support'the 
floating reduction plant and the OTEC power system 
is 3 major element of the overall system C O E ~ ,  it 
appears appropriate to utilize techniques which 
can reduce the physical size of the reduction plant. 
These include increasing the anode current density, 
which will reduce the number of cells required for 
a given annual production, and hence the weight 
and volume of the reduction plant (but at the 
expense of energy efficiency), or using other pro- 
cesses such as the aluminum chloride smelting 
process, which due to the nature of the bipolar 
cells can be arranged to require substantially less 
floor area, and consequently a much smaller sized 
hull. 

investigations suggest that other reduction pro- 
cesses such as the aluminum chloride smelting 
process which are more energy efficient and which 
can be made .much more compact and lesb susceptible 
to difficulties due to platform motion are more 
favorable for the floating OTEC/reductinn' plant. 
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DISCUSSION 

J. Coyle, Navy: Speaking as a metallurgist, I gather 
you don't do ,the calcining on the OTEC platform, you 
do that on the beach as part of the processing be- 
fore the stuff is sent out. Since that uses natural 
gas, perhaps it's not as large a fraction of the 
total energy requirement. Playbe there isn't too 
much of an economy, but perhaps one could obtain 
gases, or at least enough for calcining on board. 
One could presumably rotate your muds back to the 
beach in the same ships used to carry the bauxite 

to the platform. 

M. Jones: That is one option. The calcining energy 
is about 3% of the energy that is required for the 
project, and it could be done on the plantship. The 
thing that mitigates against it is that it's done in 
kilns that are several hundred feet long, and when 
you're paying $650/ft2 for real estate at sea, that 
doesn't seem to be the kind of apparatus you want 
to have. 
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Abstract 

The similarity between large floating The effect of these constraints ' 

platforms in the deep ocean for recovery depends upon the location of processing, 
of metallic nodules and large at sea, and 
for Ocean Thermal Energy conversion leads the method of processing. 
to the possibility of combining the two 
into a single f1.nating structure. Not Some preprocessing at sea may be 
only does ocean mining require a huge economically attractive. The nodules 
vessel far from shore, it also requires , would be transported to land sites in 
power in substantial blocks, both for the form of intermediate products, such' 
recovery and for partial processing of as: 
nodules. In fact, since the by-products 
of processing include toxic wastes, and pregnant liquors 
since these wastes are preferably disposed impure, miGed metal precipitates . 
of far from sources of potable drinking 
water, there is good reason to consider The production of highly concentrated 
the economic and ecological feasibility metallic phase products at sea has been 
of complete processing at sea. By this assumed to be not practical, based upon 
means, the volume of materials that must the expectation of excessive ship motions, 
be transported to or from the plant could expensive power generation and lack of 
be minimized and the wastes could be fresh water. 
returned to remote deep-ocean seabeds, 
whence the nodules came. The increased Of the several methods developed by 
power demands would there be met by OTEC, the four major mining companies for 
if a suitable double-purpose vessel can extracting metals from seabed nodules, 
be devised. Tlie tol~offirrrg pdr- all have one fata.1 drawback. They leave 

behind effluents that are toxic. The 
reason is simple. The metals are so 
inextricably bound into the nodule matrix 
that powerful chemical solvents must be 
used, which after precipitation of the 
iron, nickel, copper and manganese, must 

Rising interest in the commercial be, in part, wasted. 
development of deep ocean deposits uf 
manganese nodules, and the improvement of The disposal of a mixture of solid 
techniques for recovering them and ex- and liquid toxic waters virtually elimi- 
tracting and refining their several nates plant sites on the continental land 
metallic components has led to technical masses because of the certain danger of 
studies of processing, as well as the contaminating groundwater. Water looms 
legal and marine aspects of harvesting as the final limit to the population of 
them. the human race on planet Earth, and 

groundwater is the largest water resource. 
Recent studies have indicated several It must be protected. 

constraints on manganese nodule pro- 
cessing. These constraints fall in four. Lined reservoirs or impounding basins 
categories: have been considered as a means of pre- 

venting toxic fluids, leached out of 
1. ~vailability of low cost electrical solid wastes, from mixing with groundwater. 

power ; There are plastic liners today that are 
2. Availability of desalinized water; almost completely impervious and insoluble 
3. Transporting vast amounts of to the Eluid effluents from nodule pro- 

nodules from remote areas with cessing. But none of them can be proven 
less than 3% of the nodules' safe against perforation. ("Pond Liners, 
weight being converted into Anyone") , by Ralph W. Woodley, The 
finished products; Military Engineer, Vol. 70, No. 458, 

4. Disposal of toxic solid and liquid ~~~~~b~~ - ~~~~~b~~ 1978. ~~d it is a 
wastes. 



characteristic of laminar seepage through 
porous media that flow can be kept small 
only if openings are zero. The smallest 
rip or cut or imperfect joint or seal 
between sheets or mylar, or other liner, 
would destroy the effec.tiveness of the 
seepage barrier. 

Accordingly, there is only one sector 
of the earth suitable for disposal of 
this kind of effluent, and that is the 
oceans whence the nodules came. The 
recycling must be done in two components - 
the fluids by dilution and mixing with 
the vast volumes of sea water, and the 
solids by deposition directly on the'sea- 
bed, their original environment, where 
leaching gradients are infinitely smaller 
than on land. 

This paper is directed toward the need 
for a maximum recycling at sea, using 
natural ocean thermal gradients to power 
the nodule collection and processing, and 
minimizing the environmental changes that 
would result from harvesting a vast 
metallic resource. 

Nodule Processing 

Previous studies, "Descriptions of 
Manganese Nodule Processing Activities for 
Environmental Studies", U.S. Department of 
Commerce, NOAA Office of Marine Minerals, 
August 1977 have shown that substantial 
blocks of power are needed for harvesting 
and processing of nodules. For example, 
a four-metal plant (manganese, copper, 
nickel and cobalt), collecting a million 
tons of nodules a year would require 70 
to 100 megawatts of electrical power 
just for preprocessing. It would generate 
over 1,200,000 tons of wastes, half liquid. 

To furnish this power; there are only 
two practical fuel alternatives: fossil 
fuel, transported to the plant by tanker 
(oil or gasoline) or bulk carrier (coal); 
or OTEC, ocean thermal energy conversion, 
making use of the natural characteristics 
of the water column in the areas of the 
ocean where the nodules exist. Depending 
on the process used, even preprocessing 
would require transportation and transfer 
to the plant of up to 2700 tons of fuel 
oil per day. 

The preprocessing alternatives so far 
studied have been predicated on the 
assumption that plant motions at sea would 
preclude direct production of marketable 
metals. The penalties of this assumption 
include rehandling of nodules, raffinates, 
pregnant liquor, reagents and water, as 
well as fuel, some of. them toxic and 
dangerous (chlorine, ammonia, propane, 

butane and sulfuric acid). Splitting the 
sequence of operations, some at sea, some 
on land, then some at sea, eliminates 
energy saving and multiplies cleaning 
operations in the process. The quantities 
of materials to be transported and re- 
handled are very large, any delay in any 
shipment being a breakdown in the smooth 
sequence of flow. Weather and varying 
sea states, as well as Murphy's Law for 
ship and material handling, would surely 
produce many such breakdowns. 

All of these uncertainties would be 
eliminated if the processing were accom- 
plished on a stable ocean platform, whose 
large size, small waterplane and specific 
design would reduce downtime to intervals 
during the most severe storms. Ship 
motions would be within acceptable toler- 
ance for mixer-settler units, particularly 
if coalescers are used. Pitch, roll and 
yaw can be reduced to very small angles. 
Surge and sway would be tolerable, and 
heave is not critical to such operations. 

This type of design would be enhanced 
by the increase of mass accompanying 
large quantities of circulating water 
inherent in the OTEC power cycle. 

Similarities With OTEC 

Increasing government support for ocean 
thermal energy conversion (OTEC) leads to 
the potential opportunity of combining 
these two technologies. To study the 
feasibility of plants that might perform 
both functions, one must keep in mind 
the similarities and differences between 
recovery of thermal as compared with deep 
ocean mineral resources. 

The common characteristics shared by 
the two concepts are striking: 

1. Both need very deep ocean sites - 
the mining plant because that is 
where the nodules are found, and 
the OTEC because sufficient temper- 
ature differential between upper 
and lower water strata occurs 
only in deep water; 

2. Both are most practical only at 
tropical or subtropical ocean sites, 
which are those ocean areas that 
have both warm surface water, cold 
bottom water and nodules; 

3. Both are generally remote from 
major centers of population and 
require sea transportation to 
carry their output to consumers; 



Because of the remote, deep-ocean 
sites exposed.to large waves, both 
types of plants face the economic 
burden of very high capital costs 
which can only be amortized over 
a number of years of operations; 

Operating and maintenance crews 
must function far from supply bases; 

Energy conservation is key to both 
plants - one because it must 
produce more energy than it con- 
sumes, and the other, because its 
use of energy must subtract from 
the net value of its products; 

7. Freedom from motion at sea is 
highly desirable for both plants, 
so that very large size would be 
an advantage in ironing out the 
irregular nature of a floating 
support. 

By combining the needs of both types 
of plants, anet benefit can be achieved 
with respect to most of these common 
characteristics and requirements. Con- 
ceptual design of a hypothetical floating 
plant is a process in which knowledge of 
existing or past floating designs is 
cl~al~l~eled lnto rhe needs and purposes of 
a new function. This is innovation 
tempered by experience. Intuitive judge- 
ment is derived from technology transfer, 
applying learning about special purpose 
floating craft other than ships, which 
are designed only for movement from shore 
to shore, whereas plants for these pur- 
poses must be designed for slow but 
constant movement far from shore. 

A Dual Purpose Concept 

One conceptual design is portrayed in 
the following sketches. However, further 
study is needed so that information will 
be available for presentation to industry ,. 
and to government agencies, setting forth 
technical data and cost estimates for 
the concept, both construction operating 
and maintenance costs, along with esti- 
mates of input and output of materials. 

The concept envisages a large semi- 
submersible, probably catamaran vessel. 

' A  long, deep cold water pipe at the bow 
would feed probably cold water to one side 
of the catamaran, which would contain a 
number of condensers of an ammonia OTEC 
system. A parallel intake of surface 
water would feed the evaporators of the 
OTEC system, all pumps being in line and 
below sea surface in order to assure low- 
head operation. The separate discharges . 
of the two circulating systems would 
force water astern, providing propulsion 
force. However, the cold water discharge, 
curved downward, would return the slightly 
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Fig. 1 OTEC mining vessel. 

warmed water to elevations in the sea's 
thermocline near the natural depths 
corresponding to the temperature, and the 
warm water discharge, curved downward 
much less, and equipped with a rudder for 
steering, would return the slightly 
colled surface water to depths matching 
its respective temperature. This design 
would thus minimize environmental effects 
of the system. 

The dimensions of the structure, and 
the small water plane of the semi-sub- 
mersible in normal operating position, 
would provide good stability and low 
response to heave, pitch and roll in any 
sea. Relative differential heave between 
the cold water pipe and the plant should 
be small. The cold water pipe would be 
of honeycomb structure and would be 
ballasted to provide small vertical forces 
at the swivels in a calm sea. The water 
plane of t.he pipe would be about 2,820 
feet2, and the plant 3,760 feet2. 

Plant Operation 

With the entire circulating water 
system below sea level, the head against 
which either large pump must work to move 
water at around seven feet/second will be 
at all times limited to the fraction 
losses in the pipes and in the heat ex- 
changers. This will minimize starting 
and eliminate siphoning problems. . 
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Fig. 2 Cross-section of hull. 

Accessibility for removal and replace- 
ment of each heat exchanger is provided 
in the concept by reducing the draft in 
favorable weather by deballasting to a 
draft that exposes the Access Deck. 
Hatches in it would permit access to each 
heat exchange unit, which would be lifted 
to the Access Deck, and loaded onto a 
maintenance barge, at the same time 
replaced with a spare unit. 

The swiveling catamaran configuration 
allows considerable pitching with respect 
to the angle of inclination of the cold 
water pipe, which may incline as the 
vessel moves ahead in response to the 
jet propulsion from the discharges of 
cold and warm water. Rolling would 
cause bending of the articulated, rubber- 
jointed section of the pipe just below 
the swivels. 

Such a configuration would tend to 
move forward to pinwheel around the 
cold water pipe, because of the latter's 
large resistance to horizontal movement. 
However, a hydraulic lift nodule recovery 
pipe, dragged from the stern of the 
vessel, would move the center of resist- 
ance abaft the center of propulsion and 
assure a relatively straight course, 
controlled by the rudder as desired. 
Such a course would be programmed so 
that the nodule recovery sled, dragged 
along the seabed would traverse those 
areas where nodules of suitable size and 
density are known to exist. Hydraulic 
recovery moves the nodules up the pipe, 
after screens on the sled eliminate silt 
and clay. 

Arrangement 

The plant would provide sufficient hull 
and deck space for processing facilities 
such as tanks, piping, generators, tur- 
bines, hotel quarters, transshipment 
berths, cranes and related equipment for 
a virtually self-sufficient operation. 
The input would come almost entirely from 
the sea and the output would be partially 
or fully processed materials of use in 
commercial applications, minimizing both 
the quantities to be transshipped and the 
land-based processing and disposal of 
superfluous end-products. On the deck 
there will be nearly three acres of 
surface, with a like amount available on 
the top deck for nodule processing and 
separation of metals. A barge berth on 
the port side provides transportation of 
metal to mainland markets. The waste 
would be returned to'the sea floor, near- 
est whence they originated, thus reducing 
environmental effects to a minimum,,par- 
tlcularly those effects that might. be 
detrimental to mankind. The dimensions 
of the plant, along with its'semi-sub- 
mersible design will so reduce response 
to wave action as to provide a stable. 
platform for the nodule processing. 

Recommended Program +. 

The closed cycle OTEC mi'ning plant 
could be investigated by the steps out- 
lined below. 
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u Fig. 3 Plan-section. 

Preliminary Design For .Vessel 

1. Compile existing infofmation on 
construction cost, operating and 
maintenance costs of nodule mining 
systems with land based processing; 
assume impervious ponding of toxic 
waste discharge at a remote land 
site; 
Determine major criteria which 
vessel must satisfy; determine 
OTEC equipment requirement; assume 
a cold water inlet and discharge 
configuration; assume a warm water 
inlet and discharge configuration; 
detgrmine mining and metalurgical 
equipment requirement; determine 
preliminary vessel structural 
requirements and vessel weight, 
carrying capacity and draft during 
operating and maintenance modes. 

3. Determine vessel characteristics 
and performance against parameters 
such as surface waves of various 
sea states, surface current, sub- 
surface current and wind; determine 
vessel motion in three specific 
sea states and determine probably 
maximum operational sea state and 
expected operational hours per year 
at a given sea site; 

4. Determine construction, operating 
and maintenance costs. Preliminary 
study indicates that such a plant 
could be built in conventional 
shipyards and other existing sites, 
and that the operation is feasible. 
The economics however, combining 
the capital costs of OTEC with 
mining vessels, need further study. 
The inherent advantages of reduced 
environmental effects and enhanced 
applicability of the OTEC principle 
should result in.benefits. 

Definition of Industrial 
Application 

Mining: Analyze the feasibility of the 
vessel as a vehicle for nodule mining; 
determine probable propulsion, drag and 
capacity. 

Metalurgical: Select a metalurgical 
process and demonstrate the feasibility 
of the vessel as a practical processing 
plant platform. 

Ammonia Production: Review the 
feasibility and practicality of including 
ammonia production facilities on board 
the vessel. 

Other Sea-Site Industrial Applications: 
Review the feasibility of utilizing the 
vessel for industrial applications, other 
than mining or in combination with mining, 
such as fertilizer production, hydrogen 
production of fish processing. 

Economic and Environmental Analysis 

Compare the economics of sea-site 
plants to land-based plants; nature and 
quantities of effluents; probable costs 
and environmental effects; siting 
constraints. 

Consideration of Open Cycle Plant 

Review differences required in plant 
configuration for open-cycle plant; show 
schematic comparison of fluid flow 
requirements and a probable modification 
of external structure; evaluate effect 
of these differences on plant cost. ' 

Describe the benefits and uses of fresh 
water condensate discharge, its applica- 
tion to nodule processing, dilution of 
effluents and crew requirements. 

Concluding Remarks 

The program outlined above would yield 
a potential solution for the numerous 
economic and environmental factors that 
affect commercial viability of ocean min- 
ing. At the same time, a practical use 
may be found for the conversion of ocean 
thermal energy at its very source - in 
the deep tropical oceans, far from land. 



DISCUSSION , 

Quest ion:  'Have you extended your th ink ing  t o  t h e  
f l o a t i n g  c i t y . c o n c e p t ?  I f  an OTEC p l a n t  were p a r t  
of a f l o a t i n g  c i t y ,  producing energy- intensive  pro- 
d u c t s  on t h e  si te - ammonia o r  hydrogen o r  whatever 
else they  can make from OTEC e l e c t r i c i t y  - how would 
t h i s  a f f e c t  t h e  OTEC e l e c t r i c i t y  economics? 

E. Harlow: Bas ica l ly  you a r e  expounding upon John 
Craven 's  i d e a  of t h e  f l o a t i n g  c i t y  and matching 
wi th  OTEC. Roughly t h e  s u p e r s t r u c t u r e  excluding t h e  
cold-water p ipe  of an  OTEC is approximately  10  t o  
15% of  t h e  c o s t  of an  OTEC. I f  you d e f e r r e d  t h e  c o s t  , 

of t h e  s u p e r s t r u c t u r e  of t h e  c i t y  away,.from t h e  power 
p roduc t ion ,  and charge it a s  r e a l  e s t a t e  t o  people  
l i v i n g  on t h e  f l o a t i n g  c i t y ,  you could by t h i s  book- 
keeping reduce t h e  power c o s t s  by about  15% of t h e  
OTEC c a p i t a l  c o s t s  t h a t  I have shown. You would 

have f u r t h e r  sav ings ,  compared t o  t h e  OTEC cable- 
to-shore op t ion ,  by no t  having a t r ansmiss ion  c a b l e  
t o  worry about  a s  a c a p i t a l  c o s t .  There would a l s o  
be a sav ing  of power because t h e r e  would n o t  be  
energy l o s s e s  due t o  t h a t  t r ansmiss ion  system. 

Ques t ion :  Are you proposing t o  use  any new e l e c t r i -  
c a l  p rocesses  t h a t  have somehow been adapted t o  your 
p a r t i c u l a r  mining s i t u a t i o n ?  

E. Harlow: No, t h i s  concept h a s  been developed w i t h  
t h e  i d e a  of us ing  p r e s e n t  technology..  But, of course ,  
each of t h e  mining companies and combinations of 
companies t h a t  a r e  s tudy ing  t h i s  s u b j e c t  have some 
in fo rmat ion  t h a t  they do n o t  d ivu lge  t o  t h e  pub l i c .  
Th i s  concept  is  based on what is known about t h o s e  
p rocesses  a s  de r ived  from p u b l i c a t i o n s  a v a i l a b l e  from 
NOAA. 
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