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FOREWORD 

The annual Active Solar Heating and Cooling Contractors' Rev~ew Meeting is sponsored by the 
Department of Energy under the Office of the Assistant Secretary for Conservation and Renewable Energy. 
This meeting serves as a forum for an exchange of technical information and an updating of program 
strategy and policy for both the participating contractors and the field management offices. 

The active solar heating and cooling development programs are directed by the Active Heating and 
Cooling Division of the Office of Solar Heat Technology. DOE uses the following resources in the 
management and implementation of this program: 

• DOE Operations Offices 

o DOE National Laboratories 

• Nation~l Aeronautics and Space Administratiori (NASA) 

• Solar Energy Research Institute 

• Contractors 

Currently, major emphasis is being placed on the development of reliable, cost effective~ publicly 
I 

acceptable solar heating and cooling systems. Work is also continuing in the area of advanced components, 
subsystems, and materials. For convenience, the papers contained herein are organize~ according to the 
Active Heating and Cooling Division program management structure which includes the following seven 
program elements and five program technology groups: 

Program Elements 

Rankine Solar Cooling Systems 
Absorption Solar Cooling Systems 
Desiccant Solar Cooling Systems 
Solar Heat Pump Systems 
Solar Hot Water Systems 
Special Projects 
Administrative/Management Support 

Technology· Groups 

Solar Collector Technology 
Solar Storage Technology 
.Solar Controls Technology 
Solar Analysis Technology 
Solar Materials Technology 

Due to th.e practical limitation of the time period for this meeting, only selected papers will be 
presented. However, the general progress and status of other active contracts have been summarized in the 
overview papers presented by the session chairmen. These overviews are printed at the beginning of each 
section of the Proceedings and are followed by papers in alphabetical order by name of the contract organi-
zation. 

Finally, i~ is expected that the public release and dissemination of the subject proceedings will lead 
to a better understanding of the status and progress of the DOE Active Solar Heating and Cooling Program. 
Through the exchange of such information, it is anticipated that the widespread application of Active Solar 
Energy Technology will be significantly expedited. 

D~.-ector 
Active Heating & Cooling Division 
Office of Solar Heat Technologies 
Conservation and Renewable Energy 



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



TABLE OF CONTENTS 

FOREWORD 

SECTION I: RANKINE SOLAR COOLING SYSTEMS 

Overview of Active Solar Absorption/Rankine Cooling Program 
Michael Wahlig, Al Hertz, Harry Angerman, Ron Glas, 
Mashuri Warren · 
LAWRENCE BERKELEY LABORATORY 

Development of a High .Temperature Solar Powered Water Chiller 
Richard A.. English · · 
CARRIER CORPORATION, ENERGY SYSTEMS DIVISION 

Solar Heating and Cooling Systems 
Steve Scarborough 
HONEYWELL, INCORPORATED 

Determination of the Thermal Stability of Organic Working 
Fluids Used in Rankine Cycle Systems 

Dean T. Morgan 
THERMO ELECTRON CORPORATION 

Design, Development and Tesdng of a Solar-Powered Turbo­
Compressor Heat Pump System 

F.R. Biancardi, G. Melikian, J.W. Sitler 
UNITED TECHNOLOGIES RESEARtH ~~N1£R AND.HAMILTON 
STANDARD DIVISION 

SECTION 2: ABSORPTION SOLAR COOLING SYSTEMS 

Overview of Active Solar Absorption/Rankine Cooling Program 
Michae1 Wahlig, Al Hertz. Harry Angerman, Ron Glas, 
Mashliri Warren 
LAWRENCE BERKELEY LABORATORY 

• Unitary Solar Heating/Cooling System Package Development 
Richard H. Merrick 
ARKLA INDUSTRIES, INCORPORATED 

111 

1-1 

1-8 

1-11 

1-17 

1-20 

2-1 

2-8 



Air Cooled Absorption Chillers for Solar Cooling Applications 
Wendell J. Bierman, Robert C. Reimann 
CARRIER CORPORATION, ENERGY SYSTEMS DIVISION 

,Water Cooled Absorption Chillers for Solar Cooling Applications 
Wendell J. Bierman, Robert C. Reimann 
CARRIER CORPORATION, ENERGY SYSTEMS DIVISION 

\ 

Development of Solar-Driven Absorption Air-Conditioners 
· Kim Dao, Michael Wahlig, Joseph Rasson 

LAWRENCE BERKELEY LABORATORY 

Determination of Properties of Fluids for Solar Cooling Applications 
Richard Thomas Podoll 
Stanford Research Institute International 

Design of a Solar Energy Cooling System 
Joseph R. Frissora 
SUNMASTER CORPORATION 

Multiple-Effect Absorption Cycle Solar Cooling 
· Gary C. Vliet 

UNIVERSITY OF TEXAS AT AUSTIN 

SECTION 3: DESICCANT SOLAR COOLING SYSTEMS 

National Solar Desiccant Cooling Program 
Dennis R. Schlepp 
SOLAR ENERGY RESEARCH INSTITUTE 

Development of a Solar Desiccant Dehumidifier 
Jean Rousseau 
AIRESEARCH MANUFACTURING'COMPANY 

Heat and Mass Transfer Characteristics of Liquid Desiccant 
Open Flow Collectors 

Byard D. Wood 
ARIZONA STATE UNIVERSITY 

Open Cycle Lithium Chloride (Solar) Cooling 
George o. G. Lof. 
COLORADO STATE UNIVERSITY 

Testing of a Cross-Cooled Solar Powered Desiccant Cooling System. 
Zalman Lavan, Dimitri Gidaspow 
ILLINOIS IN5TITUTE OF TECHNOLOGY 

Solar-Mec®Development Program 
Robert A. Macriss, Jaroslav Wurm, Thomas S. Zawack_i, John A. Kinast 
INSTITUTE OF GAS TECHNOLOGY . 

Heat and Mass Transfer Characteristics of Liquid Desiccant 
Open-Flow Solar Collectors . 

, Philomena G. Grodzka, Suzanne S. Rico 
LOCKHEED-HUNTSVILLt RESEARCH & ENGINEERING CENTER 

Analysis of Solar Desiccant Systems and Concepts 
Robert Barlow 
SOLAR ENERGY RESEARCH INSTITUTE 

Investi9ation of Liquid Desiccant Solar Cool.ing Systems 
Dennis R. Schlepp 
SOLAR ENERGY RESEARCH INSTITUTE 

iv 

2-11 

l 

2-15 

2-19 

2-22 

2-24 

2-26 

3-1 

3-3 

3-6 

3-7 . 

3-10 

3:-13 

3-17 

3-19 

3-22 



SERI Desiccant Laboratory Experiments 
Charles F. Kutscher · 
SOLAR ENERGY RESEARCH INSTITUTE 

Open Cycle Heat Pump and Energy Storage System 
Harry I. Robinson · 
UNIVERSITY OF SOUTH CAROLINA 

Component and·System Evaluation Study of Solar Desiccant Cooling 
John A. Duffie, John W. Mitchell 
UNIVERSITY OF WISCONSIN-MADISON 

Integrated Solar Zeolite.Collector 
Dimiter Ivanov Tchernev 
THE ZEOPOWER COMPANY 

SECTION 4: SOLAR HEAT PUMP SYSTEMS. 

The DOE Solar Assisted Heat Pump Program: Its Evolution 
and Its Potential 

·John W. Andrews 
·.BROOKHAVEN NATIONAL LABORATORY 

Low Cost Solar Flat Plate Collector Development 
William G. Wilhelm 
BROOKHAVEN NATIONAL LABORATORY 

Solar Heat Pump Simulator 
· Mark A. Catan 

BROOKHAVEN NATIONAL LABORATORY 

Multiple Slide Screw Compressor 
Joseph A.L.N. Gagnon 
DUNHAM-BUSH, INCORPORATED 

Development and Analysis of a Ground Coupled Solar Assisted 
Heat Pump System for Residential Application 

Jonathan C. Backlund 
FAFCO, INCORPORATED 

Extension of Phoenix/City of Colorado Spring .Solar Assisted 
Heat Pump Project 

Douglas M. Jardine 
KAMAN SCIENCES CORPORATION 

Ground Coupling and Heat Pump Compatible Solar Collectors 
Jerry M. Alcone 
SCIENCE APPLICATIONS, INCORPORATED 

Heat Pump Demonstration Analysis 
J. Alcone, l. Walker 
SC I ENCE APP LI CATIONS, INCORPORATED 

Low-Cost Heating and Cooling Using a Direct-Expansion Solar 
Collec~or and Heat Pump · 

Victor I. Neeley 
SIGMA RESEARCH, INCORPORATED 

Instrumentation and Monitoring. of the Twin Crown Realty Buildings in 
Uenver, Colorado 

David K. Hays . 
SOLAR ENVIRONMENTAL ENGINEERING COMPANY, INCORPORATED. 

v 

3-23 

3-26 

3-28 

3-31 

4-1 

4-4 

4-7 

4-10 

4-13 

4-16 

4-19 

4-21 

4-24 

4-27 



SECTION 5: ,SOLAR HOT WATER SYSTEMS 

Solar Hot Water Test Program 
A.H. Fanney 
NATIONAL BUREAU OF STANDARDS 

HVAC Market Data Analysis 
C. Robert Coates 
PLANCO, INCORPORATED 

. Assessment of Solar Water Heating Industry 
Robert LeChevalier 
SCIENCE APPLICATIONS, INCORPORATED 

SECTION 6: SPECIAL PROJECTS 

Experimental and Analytical System Studies of a Combined PV/T 
Residential Solar System 

Byard D. Wood 
ARIZONA STATE UNIVERSITY 

Hybrid .Solar Thermal Photovoltaic Systems Demonstration 
Joseph J. Loferski 
BROWN UNIVERSITY 

Studies of Heat Transfer and Wa~er Migration in Soils 
Wynn R. Walker · 
COLORADO STATE UNIVERSITY 

National ~olar Data Network 
Donald M. Roha 
VITRO LABORATORIES 

SECTION 7: ADMINISTRATION/MANAGEMENT SUPPORT 

Solar Cooling Systems Evaluation 
Henry M. Curran 
HITTMAN ASSOCIATES, INCORPORATED 

Technical Support' for the Active.Solar Rankine and Absorption Cooling Program 
Michael Wahlig, Mashuri Warren, Ron Glas 
LAWRENCE BERKELEY LABORATORY . 

Program Support for Active Buildings Division 
Charles A. Bankston 
LOS ALAMOS NATIONAL LABORATORY 

Solar·cooling Studies 
D.K. Anand, R.W. Allen 
UNIVERSITY OF MARYLAND 

System Development 
W.F. Richardson 
NASA/MARSHALL SPACE FLIGHT CENTER. 

vi 

.5-1 

5-4 

5-7 

6-1 

6-4 

'6-7 

~-9 

7-1 

7-3 

7-6 

7-8 

7-11 



Solar Cooling Workshop 
Wallace O. Stephens 
STEPHENS ENGINEERING.COMPANY, INCORPORATED 

IEA Solar Heating and Cooling R&D Program 
Sheil.a B. Bl um 
TPI, INCORPORATED 

SECTION 8: SOLAR COLLECTOR TECHNOLOGV GROUP 

Further Development to Commercialize a Low-Cost Solar Panel 
Timothy K. Muller 
ACUREX CORPORATION 

"The Development of Cost· Effective Devices for Solar Flat Plate Collectors 
Francis. De Winter 
ALTAS CORPORATION 

Development of a Low-Cost, Black-Liquid Solar Collector, Phase II 
D.K. Landstrom, S.G. Talbert~ V.D. McGinniss 
BATTELLE MEMORIAL INSTITUTE 

Engineering Development Studies for Integrated Evacuated CPC Arrays 
Roland Winston, Joseph O'Gallagher 
THE UNIVERSITY OF CHICAGO 

Study of Aluminum Carros-ion in Aluminum Solar Heat Collectors Using 
Aqueous Glycol for Heat Transfer 

Larry L.- Swette, David K. Wong, Franklin H. Cocks 
GINER, INCORPORATED 

7-15 

7-18 

8-1 

8-3 

8-5 

8-8 

8-11 

Collector Research and Development 8-14 
Donald A. Neeper · 
LOS ALAMOS NATIONAL LABORATORY 

Evaluation of Solar Pon~ Performance 8-17 
Layton J. Wittenberg 
MONSANTO RESEARCH CORPORATION 

Low-Cost Mirror Concentrators, Based on Double-Walled, Metallized, Tubular Films 8-20 
Georyt:! L. Ba 11 II I, James L. Schwenrlem11n, James W .- Leffingwe 11 
MONSANTO RESEARCH CORPORATION . 

Fresnel Concentrating Collector 8-22 
William Rogers, David Borton 
RENSSELAER POLYTECHNIC INSTITUTE 

Design of Improved Coating and Construction of an Evacuated Solar Receiver 8-25 
Joseph R. Fressora 
SUNMASTER CORPORATION 

vii 



SECTION 9: SOLAR CONTROLS TECHNO~OGY GROUP 

A study of Control P'roblems in Active Solar Systems 
Peter Herczfeld, Robert Fischl 
DREXEL UNIVER~ITY 

Novel Control Strategies for Solar Systems that Reduce,Electric 
Utility Peak Loads 

Harold G. Lorsch 
FRANKLIN RESEARCH CENTER 

Controls for Solar Heating and Cooling 
Mashuri Warren, Steven Schiller, Michael Wahlig 

· LAWRENCE BERK'ELEY LABORATORY . 

. Model Validation aid Sensitivity Analysis of Solar Collector Loops 
Richard ·L. T. Wolfson 
MIDDLEBURY COLLEGE 

SECTION 10: SOLAR STORAGE TECHNOLOGV GROUP 

• > 

Development of TES Device Using Cross-Linked HOPE 
Roger L. Cole 
ARGONNE NATIONAL LABORATORY 

Testing Latent Heat Storage Unit for Solar Applications 
Yung Sheng Cha, Robert L. Cole · 
ARGONNE NATIONAL LABORATORY 

u~ve I opment, Fabr1cat ion,· and De 1 i very of Three (3) Identi ca 1 Therma 1 
Energy Storage Subsystems 

Fred Ordway 
ARTECH CORPORATION 

Series Parallel Solar Augmented Rock Bed Heat Pump 
Edward F. Sowell · 
CALIFORNIA STATE UNIVERSITY FULLERTON 

Gel Stabilization and Additive Effects on Salt Hydrate PCMS 
Calvin D. MacCracken 
CALMAC MANUFACTURING CORPORATION 

Thermal Storage for Solar Cooling Using Paired Ammoniated Salt Reactions 
Edward Fox 
MARTIN MARIETTA CORPORATION 

The Monitoring of Thermal Stratification of the Storage Tank of the 
Mabel Lee Hall Solar Hot Water System 

Edward E. Anderson 
UNIVERSITY OF NEBRASKA~LINCOLN 

Membrane-Lined Foundation Systems for Liquid Thermal Storage 
Robert J. Youngberg ' 
UNIVERSITY OF NEBRASKA 

viii 

9-1 

9-4 

9-7 

. 9-10 

10-1 

10-4 

10-6 

10-8 

10-10 

10-12 

10-15 

10-17 



SECTION 11: SOLAR ANALYSIS GROUP 

Development of Two Solar Handbooks 
William S. Fleming & Associates, Inc. and Alwin B. Newton 
AMERICAN SOCIETY OF HEATING, REFRIGERATING AND AIR­
CONDITIONING ENGINEERS~ INCORPORATED 

SHAC System'Cost/Performance Analysis, Model Development and Validation, 
and Testing Experience Validation · 

William Duff, Susumi Karaki 
COLORADO STATE UNIVERSITY 

Solar Heating and Cooling of Buildings - System Research, .Development 
and Testing · 

Susumi Karaki, George Lof, William Duff 
COLORADO STATE UNIVERSITY 

Systems Simulation and Economic Analysis for Active Solar Coolin·g 
Mashuri Warren, Michael Wahlig 
LAWRENCE BERKELEY LABORATORY 

·Analysis of Solar Absorption a'ld Rankine Cooling Systems 
Jeffrey Morehouse 
SCIENCE APPLICATIONS, INCORPORATED 

Analysis of Storage Subsystems for Solar Cooling Systems 
Jeffrey Morehouse 
SCIENCE APPLICATIONS, INCORPORATEn 

·BEPS Technical Support 
Patrick Hughes 
SCIENCE APPLICATIONS, INCORPORATED 

General Support to SERI in Systems Analysis 
Jeffrey Morehouse 
SCIENCE APPLICATIONS, INCORPORATED 

' Systems Analysis of Solar Assisted Heat Pump Ground-Coupled Storage 
and Dyal Source Strategies 

Jeffrey Morehouse 
SCIENCE APPLICATIONS, INCORPORATED 

District Heating for Solar Ponds 
Cecile M. Leboeuf 
SOLAR ENERGY.RESEARCH INSTITUTE 

Simulation and Design of Solar Processes 
J.A. Duffie, W.A. Beckman, S.A. Klein, J.W. Mitchell 
UNIVERSITY OF WISCONSIN-MADISON . 

Operation and Maintenance of the MSFC Solar Test Facilities 
William Earl Schultz · 
WYLE LABORATORIES INCORPORATED 

ix 

11-1 

11-3 

11-6 

11-11 

11-14 

11-.15 

11-16 

1'1-18 

11-19 

11-20 

1.1-21 

11-24 



SECTION 12: SOLAR MATERIALS GROUP 

Development of Selective Surfaces 
John L. Cotsworth 
THE BERRY GROUP 

Selective Paint Scale-Up Development 
P.B. Zimmer 

·HONEYWELL, INCORPORATED 

Evaluation of Selective Solar Absorber Surfaces 
Stanley A. Greenberg, Richard A. Osiecki. 
LOCKHEED PALO ALTO RESEARCH LABORATORY 

The Corrosion Resistance of Metallic Solar Absorber Materials· in Range 
of Heat Transfer Fluids · 

Edward F. Smith III 
OLIN-METALS RESEARCH LABORATORY 

Reliability and Maintainability Program 
Anthony Eden · , 
SOLAR ENERGY RESEARCH INSTITUTE 

Solar Collector Studies for Solar Heating and Cooling·Applications 
Bernard Baum 
SPRINGBORN LABORATORIES, INCORPORATED 

Development of Selective Surfaces 
John A. Thornton 
TELIC CORPORATION 

Studies for Predictably Modifying the Optical Constants of Doped Indium 
Oxide Films 

Ronald B. Goldner 
TUFTS UNIVERSITY · 

Improved Solar· Col.lector Sealants . 
· Morris A. Mendelson, Lawrence W. Frost 

WESTINGHOUSE ELECTRIC CORPORATION 

************************************************** 

Index A: Index of Contractors 

x 

12-1 

12-5 

12-7 

12-10 

12-12 

12-15 

12-18 

12-21 

12-24 

A-1 



•• 
•• Ill =

 t: 

I i I •• 
... 

... 
<! 

. 
f 

. 
. ~t 

e 
~
 

" 



Overview of Active Solar Absorption/Rankine Cooling Program' 

Lawrence Berkeley ~aboratory 
University of California 

Berkeley. CA 94720 

Michael Wahl ig. Al Heitz*. Harry Angennan* •. Ron Glas. Mashuri Warren 

OBJECTIVE 

The overall objective of the DOE active solar 
cooling program is to develop the basic solar cool­
; ng technology that industry can draw upon to 
engineer and produce solar cooling systems that 
will canpete favorably with conventional' cooling 
systems. By taking responsibility for the high­
risk early research and dev.el opment stages ·that 
private industry cannot yet justify undertaking, 
DOE w11 l 1 ay the foundation for technically sound 
solar cooling systems that the private sector can 
commercialize when market conditions are suitable~ 

BACKGROUND 

A number of specific major objectives have 
been identi.fied as necessary to achieve the overall 
objective~ To meet these major objectives, a 
number of projects are being supported in both the 
absorption and the Rankine cooling areas. The 
correspondence between the individual projects a.nd 
the major objectives is shown in. Figure 1 for the 
absorption program and in Figure 2 for the Rankine 
program. Brief descriptions of the technical con­
tent of each project are given below in the Techni­
cal Accanplishments section. This paper is an 
update of the review of project activities that was 
reported at the Mach 1980 Annual DOE Active Solar 
Heat 1 ng and Coo 1 i ng Contractors Review Meet i ng[l ]. 
This information covers the period March 1980 to 
May 1981. 

Tltl1 s work "'has been supported by the Assis­
tant Secretary for Conservation and Renewable 
Energy, Office of Solar ApJ>l ications for 
Build1ngs, Active Heating and cool1ng Division 
of the U.S. Dej)artment of Energy under Con-
tract No. W-7405-ENG-48. . 

· * Employees of Keller & Gannonf a subsidiary 
of Lester B. Knight Associates. nc. 
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Figure 1. AbsorptiQn Cooling Program 

CONTRACTORS MAJOR OBJECTIVES 

(1) ARKLA Improve Efficiency 

(1) CARRIER Improve Fabrication Techniques 

(2) CARRIER/SPA Subsystem Integration 

(2) CARRIER/NASA Eliminate Cooling Tower 

(2) CARRI ER/SOLERAS Field Operation Experience 

(4) UNIVERSITY OF TEXAS Advanced Cycle Development 

(1) LBL Advanced ·Materials Research 

(3) SRI Perfonnance Mapping 

(2) CSU 

Figure 2. Rankine Cooling Program 

CONTRACTORS MAJOR OBJECTIVES. 

(5) CARRIER 

Improve Efficiency 
(5) UTRC 

Component Testing 
(6) UTRC/SOLERAS 

Perfonnance Mapp Ing 
(5) U. of PENN 

Advanced Cycle Development 
(5) ET! 

Rel 1ab11 ity Testing 
(5) HONEYWELL 

Field Operation Experience 
(6) HONEYWELL/ SOL ERAS 

~ 
Advanced Material Research 

(7) THERMO ELECTRON' 

SUMMl\RY 

The tasks being perfonned in the absorption., 
and Rankine program areas run the gamut froni basic 
work on fluids to development of chillers and 
chiller canponents, to field and reliability test-
; ng of canpl ete. prototype cooling systems. In the 
absorption program there are three active canponent 
development projects (n, four systems field test 
projects (2), one advanced fluid study project (3), 
and one advanced cycle study project (4) currently 
funded by DOE. In the Rankine program, there are 
five active component development projects (5), two 
system field test projects (6), and one advanced 
fluid study project (7). (The m.mbers in 
parentheses are keyed to the contractors listed in 
Figures 1 and 2.) 

Several of the solar cooling projects are 
managed by NASA/MSFC (Marshall Space Flight Center, 
Huntsville, Alabama): the Carrier/NASA absorption 
projects and the Honeywell Rankine project. The 



Honeywell project is a continuation of the earlier 
NASA/MSFC "404" progran; two other 404 projects, by 
AiResearch and General Electric, have now been can­
pl eted. 

Some of the DOE solar cooling projects 
reported in last year's Overview[l] have also been 
canpleted since then, and several others are in the 
final report stage. Those canpleted are: an ear-

. 1 fer ARKLA absorption project (Contract No. AC03-
76SF-10507, Development of Thi rd-Generation Three 
Ton Lithium Bromide-Water Absorption Chiller), the 
Brookhaven National Laboratory project (Contract 
.No. C-02-0016, Development and Use of a Simulator 
to Test Solar Cooling Subsystems), and the EiC Cor­
poration project (Contract No. AC03-77CS-34537, 
Design of a Solar Air Conditioner Using Solid Phase 

.Absorbent-Chemical Heat Pump). The projects in the 
final report phase are those by Southern Research 
Institute (Contract No. AC03-77CS-31586, Analysis 
of Advanced Conceptual Absorption Chiller Designs) 
and the Institute of Gas Technology (Contract No. 
AC03-77CS-31439, Development of New. Fluids for 
Solar Absorption Cooling). None of these projects 
will be included in the detailed descriptions given 
in the following section. 

Three new projects have been started during 
the past year and wil 1 be repo.rted on here: Deter­
mination of Properties of Fluids for Solar Applica­
tions, by ·SRI International; Fabrication and 
Installation at Field Test Sites of 120-ton and 

. 75-ton Absorption Chillers, by Carrier Corpo~ation 
(NASA/MSFC contracts); and Determination of the 
Thermal Stability of Organic Working Fluids Used in 
Rankine Cyc 1 e Systems, by Thermo Electron. In 
addition, .much of the ongoing systems test work at 
Colorado State University is an i nteqrQl part nf 
the c1i:.'L Ive solar COOiing program and that effort 
will be reported here also. 

A joint US/Saudi Arabian effort has contri­
buted to the development of Rankine and absorption 
solar cooling systems. Four projects have been 
funded by this (SOLERAS) activity,. all to be 
installed and operated in Phoenix, Arizona. Each 
.manufacturer has contributed some private money in 
addition to the 50/50 share by the U.S. and Saudi 
Arabia. Table 1 summarizes these projects. 

Tabl~ 1 
U.S./SAUDI ARABIAlt PROJECTS (SOLF.RAS PROGRAM) 

TYPE SYSTEM COOLING 
CONTRACTOR CYCLE/COLLECTORS CAPACITY (TONS) 

l/TRC RANK! NE/TROUGH TRACK I NG lB 

HONEYWELL RANKINE/EVACUATED TUBE 25 

CARRIER ABSORPTION (llATER COOLED)/TROUGH TRACKING 15 

CARRIER ABSORPTION (AIR. COOLED)/FRESNEL DUAL 10 
TRACKING 

Some technical highlights of the program are 
presented in Table 2. 
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Table 2 
TECHNICAL HIGHLIGHTS 

CONTRACTORS 

o HONEYWELL (RANKINE) 

o l/TRC (RANKINE) 

o U. of TEXAS (ABSORPTION) 

ACCOMPLISlf!EHTS 

Continued successful field operation 
1n Lawrence, Kansas and other locations. 

Prototype unit converted to a Ir coo 1 ed 
operation, wfth successful start-up 
In Phoenix SOLERAS test project • 

Identification of potential for 
substantial technical perfonnance 
fmprov-nts through development and 
use of computer models of doubl•· 
effect absorption chll lers. 

TECHNICAL ACCOMPLISHMENTS 

The individual absorption and Rankine projects 
are identified in this section, along with the main 
features and accanplishments/status of each. 

ABSORPTION PROJECTS 

Contrac~or: ARKLA 

Contract No.: AC03-77CS-34593 

. Project Develop and test unitary 3-ton and 25-
ton LiBr/H2o absorption cooling sys­
tems. Develop and test double effect, 
gas fired auxiliary absorption unit • 

Features: Unitary package; fuel aux; manufactur­
ing study; application and maintenance 
manuals; tooling improvements; lab 
reliability testing. Gas fired double 
effect a!JsurµL lun unit prOV1des highly 
efficient COP (1.0) on non-solar opera­
tion. 

Accomplishments: 

• Two field test·installations have been 
canpleted and performance predictions 
verified. 

• 25-ton unitized packaged chiller has 
been 1 ab tested and prepared for field 
installation scheduled for Building 71 
at Lawrence Berkeley Laboratory. 

• Tooling has been devefoped to produce 
absorber and condenser heat exchangers 
at reduced cost. 

Future Pl ans: 

• Complete design of double effect gas 
fired auxiliary absorption unit; fabri­
cate and test. 

• Assist in field test of 3-ton system at 1 

CSU and 25-ton system at LBL. 

• Complete laboratory reliability testing 
of 3rd generation 3-ton units. 

Contractor: Carrier Corporation 

Contract No.: AC03~77CS-51587 



,... 

Project: Development of air cooled absorption 
chillers. 

Features: Air cooled; 120° C - 130° C input tem­
perature; falling film approach using 
additives; manufacturing study and 
market evaluation. 

Accomplishments: 

• Prototype #1, a lOl<W air cooled uni- . 
tized package chiller has been fabri­
cated; perfonnance testing is in pro­
gress. 

Future Pl ans: 

• Improve design of lOKW absorption. 
chiller;. fabricate and test three lOKW 
units. 

• Design, fabricate and test a 70 KW 
absorption chiller. 

Contractor: Carrier Corporation/SPA · 

Contract No.: AC79-79BP-10467 

Project: Fabricate two 15-ton unitized absorp­
tion chillers and install them at two 
field sites: Dalles, Oregon and Tyler, 
Texas. 

Features: Water cooled, L1Br chillers; packaged; 
on-site testing; personnel training. 

Accomplishments: 

• · Tyl er, Texas and Dalles; Oregon inst.al-
1 at ions have been successfully operated 
for a full cooling season. 

Future Pl ans: 

• The Tyler, Texas installation will con­
tinue to be operated during the swnmer 
of 1981 to obtain additional data on 
field test perfonnance. 

Contractor: Carrier Corporation/NASA 

Contract No.: DEN 8-000005.& DEN 8-000015 

Project: Fabricate one 120-ton absorption unit 
to be installed at Frenchman's Reef, 
V.I. and two 75-ton absorption units to 
be installed at Houston and Las Vegas 
sites. - Field test systems at each 
site. 

Features: Water cooled; LiBr chillers; packagedi 
on-site testing; personnel training. 

Acconipl ishments: 

• Frenchmen's Reef chiller has been 
fabricated and shipped to the site for 
i nstal lat ion. 

·Future Pl ans: 

• Las Vegas and Houston installations are 
planned for completion in 1982. 

Contractor: Carrier Corporation/SOLERAS 

Contract No.:· DE-FC03~80ET 20643 

Project: 

Features: 

Design; fabricate, install, and field 
test two active solar cooling systems 
using absorption chillers. 

~ #_k 15-ton water-cooled absorp­
tTOrfCti1 Iler and trough tracking col­
lectors (Acurex). 

~ #!, 10-ton air-cooled absorption 
cniller and Fresnel dual tracking col­
lectors (E-Systems). 

Accomplishments 
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• The 15-ton water cooled system has been 
installed and operated at Phoenix test 
site. Debugging is presently underway. 

• The 10-ton air cooled system is com­
plete except for final placement of the 
chiller. The absorption unit is under~ 
going extensive lab tests at the Car­
rier facility in Syracuse, N.Y. 

Future Pl ans: 

• Both systems will be field tested and 
the data will be used in the active 
solar cooling program. 

Contractor:. University of Texas at Austin 

Contract No.: DE-AC03-79SF 10540 

Project: Analysis of double effect absorption 
cooling system 

Features: Detennine perfonnance as a function of 
many parameters, including inlet water, 
cooling water and chilled water tem­
peratures, location and size of heat 
exchangers; LiBr/H20 pair. 

Accomplishments: 

• Computer model has been successfully 
developed to simulate operating perfor­
mance . of double-effect absorption 
cycles. 

• Final report has been completed. 

Future Pl ans 

• Apply the computer model developed for 
double-effect absorption chillers to 
investigate control schemes, parasitic 
power requirements, and heat exchanger 
optimization relative to system perfor­
mance. 



, Assist industry in using computer 
model. 

Contractor: Lawrence Berkeley Laboratory 

Contract No.:. W-7405-ENG-48 

Project: Development of advanced-cycle absorp­
tion chillers. 

Features: Air-cooled; internally powered solution 
pump; tube-in-tube heat exchangers; 
single-effec~ chi~ler with 3-ton capa­
city at ·218 F using NH3 /H20; advanced 
cycles with COP increa"Siny with tem­
perature; heat pump operation also. 

Accomplishments: 

• Early testing of single effect chiller 
verified the condenser, generator, 
preheater and recuperative solution 
pump are operating according to design. 

• Design drawings have been completed and 
fabrication is underway for the 
double-effect regenerative absorption 
chiller. · 

Future Pl ans: 

• Detailed testing will conclude on the 
single-effect chiller. 

• Fabrication will be completed, followed 
by testing of the double-effect regen­
erative absorption chiller. 

t Cycle analysic; of the iingle-effoct 
regenerative absorption chiller will 
incorporate the results of the SRI 
measurements of fluids' properties. 

Contractor: SRI International 

Contract No.: D.E-AC03-80CS 30221 

Project: Detennine pressure-volume-temperature 
(P-V-T) data and calorimetric data for 
organic refrig~rant and absorbent· 
fluids and their binary mixtures. 

Features: Conduct a critical survey of thenno­
dynamic data on absorption fluids and 
fluid pairs and measure properties of 
selected fluids and their mixtures. 

Accomplishments: 

• Literature search has been completed 
and findings documented. 

• Experimental measurements of the pro­
perti es of the fluids are underway. 

Future Pl ans: 

t In-depth experiments will be conducted 
and the data will be analyzed on 
selected absorption fluids and fluid 
pairs. 
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Contractor: Colorado State University 

Contract No.: DE-AC03-81CS 30569 

Project: Test and evaluate complete solar cool­
ing systems incorporating absorption 
chillers, both air and liquid cooled, 
using CSU Solar Houses I and III. 

Features: The CSU Solar Houses contain collec­
tors, storage, chillers, pumps, piping 
and controls, all fully instrumented 
for collecting test data. The test 
systems a re scheduled to operate with 
an ARKLA evaporatively cooled 3-ton 
chiller and a Carrier air cooled 3-ton 
chiller. 

Accomplishments: 

, Instrumentation is in place and pro-
grammable controllers are being 
installed in the Solar Houses. 

, Philips Mark I heat pipe evacuated tube 
collectors have been installed and 
operated on Solar House I. · 

1 The ARKLA 3rd generation unit was 
installed in Solar House I and operated 
briefly at the end of the 1980 cooling 
season. 

Future Pl ans: 

• Extensive testing will be done on the. 
ARKLA 3rd generation chiller using 
Solar House I during summer 1981. · 

• Evacuated tube collectors will be 
selected and installed on Solar House 
III during 1981. 

• The Carrier air cooled 3-ton absorption 
chiller will be installed in Solar 
House III and operated during the sum­
mer of 1982. 

Contractor: University of Maryland 

Contract No.: DE AC03~79CS 30204 

Project: 

Features: 

Technical program support and special 
studies. 

General program support 
optimization studies and 
analysis. 

activities; 
parametric 

Accomplishments: 

1 Report on refrigerant/absorbent pairs 
completed. 

, Transient simulation of absorption. 
cycles completed and compared favorably 
to experimental data. 



Project: Development of a superheated steam 
Rarikine turbine. 

Features: Solar'."'boiled water ·at 3QQOF; fuel­
superheated to lOQQOF; 4 stage, 75,000 
RPM radial outflow turbine; nominal 30 
ton. 

Accomplishments: 

• Laboratory testing of turbine has been 
completed successfully•· 

• Final report has been completed. 

Fu.ture Pl ans: 

• Project completed. 

Contractor: Honeywell 

Contract No.: NASB-32093 

Project: Development of Rankine cycle chillers 
and field installation for testing. 

Features: 3-ton and 25-ton Rankine chiller 
design; water-cooled; R-113 power cycle 
loop; R-12 refrigerant cycle loop; 
radial inflow turbine, 40,000 RPM; dou­
ble reduction gear box to 1200 RPM; 
.reciprocating compressor (centrifugal 
compressor optional); motor/generator 
auxiliary. 

Accorri'plishments: 

• Field .test sites continue. to be 
operated su.ccessful ly and monitored. 

e High temperature Rankine unit fabri-
cated and installed at NASA/MSFC. · 

Future Pl ans: 

' 

• Further technology development to 
improve efficiency of chiller and cool-
ing system. · 

• ·Continued· monitoring of operational 
test sites. 

Contractor: Honeywell/SOLERAS 

Contract No.: DF-FE02-80ET 20645 

Project: De!;ign, fabricate, install and field 
· test 25-ton Rankine cycle cooling sys­

tem. 

Features: ·Air-cooled; 300°F; R-113 power cycle 
loop, R-12 refrigerant cycle loop; 
radial inflow turbine, 40,000 RPM; dou­
ble reduction gearbox to 1200 RPM; 
reciprocating .. . compressor~ 
motor/generator auxiliary. 

Accomplishments: 
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•• Components h~ve been fabricated and 
system installed at Phoenix site. 
Operating tests are presently underway. 

Future Plans: 

• Continue field operating tests for two 
cooling seasons. 

Contractor: Thenno Electron Corporation 

Contract No.: DE-AC03-80CS 30220 

Project: Conduct thenn.:il stabil tty tests on 
fluids used in Rankine. cycle systems. 

Features: Five identical dynamic test loop to be 
constructed to test decomposition of 
organic working fluids as a function of 
temperature and the materials fo con­
tact with the fluid. 

Accomplishments: 

• Loop designs are completed and· con­
struction underway. 

• R-11 and R-113 selected as fluids to be 
tested in four of the loops. 

Future Pl ans: 

e Carry out dynamic thermal stability 
tests of fluids in 5 loops. 

· • ·conduct suppl enental capsule tests. 

Contractor: Hittman Associates, Inc. (HAI) 

Contract No.: DE-AC03-79CS 30202 

·Project: Technical program support and special 
studies. 

Features: General program support activities; 
special system, component and economic 
analyses. 

Accomplishments: 

• Thermal storage for solar Rank.ine and 
absorption GOOl ing systems report com­
pleted. 

• Performance test pl ans completed for· 
Rankine and desiccant cooling equip­
ment. 

• Hybrid solar/fossil Rankine cooling 
conceptual study completed and report 
written. 

• High temperature solar cooling topical 
report completed. 

e Preliminary plan for testing of cooling 
system ·control strategies was 
developed. 



1 Simplified cooling design charts 
developed on a regional basis, and com­
pared to detailed simulation. 

1 Parametric studies of· PV/T systems have 
identified performance sensitivities to 
collector area, storage capacity and 
other parameters. 

Future Pl ans 

1 Technical support activities will con­
tinue. 

• The cooling design charts and PVT 
analysis will be completed during the 
next year. 

RANKINE PROJECTS 

Contractor: Carrier Corporation 

Contract No.: DE-AC03-Z7CS 31590 

Project: Development of 25-ton Rankine chiller. 

Features: Air-cooled; R~ll3 in both loops; 290°F; 
20,000 RPM turbine directly driving 
compressor; electric motor shares the · 
1 oad. 

Accompl i sments: 

1 Turbo-compressor assembly has passed 
the air test and is under R-113 test on 
prototype. · 

1 Two stage boiler feed pump has been 
fabricated and successfully tested. 

Future Pl ans: 

1 Operate T/C assembly to design condi­
tions and determine performance map of 
the chiller. 

1 Continue development of chiller to 
include air cooled condensing coils and 
microprocessor based control system .• 

Contractor: United Technologies Research Center 
· (UTRC) 

Contract No.: DE-AC03-77CS 34510. 

Project: Development of 18-ton Rankine heat 
pump. 

Features: Air Cooled; R-11 in both loops; 2900F; 
45 ,000 RPM turbo compressor; fossil 
fuel auxiliary; both heating and cool­
ing operation. 

Accompl .i stunents: 

1 Endurance testing and component assess­
ment has been completed. 

1 Advanced heat pump design has been com"' 
pl eted to improve operating efficiency 
and reduce fabrication cost.. 

Future Pl ans: 
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1 Fabrication and tes.ting of advanced 
heat pump design. ' 

Contractor: United Technologies Research 
Center/SOLERAS 

Contract No.: DE-FC02-80ET 20642 

Project: Design, fabricate, install and field 
test a Rankine cycle solar cooling sys­
tem. 

Features: 18-ton Rankine cycle heat pump; air­
cooled; R-11 in both. loops; 290°F; 
45,000 RPM turbo-compressor; fossil 
fuel auxiliary; trough tracking collec­
tors. 

Accomplishments: 

1 Prptotype unit converted to air-cooled 
operation with successful start-up in 

'Phoenix SOLERAS te_st project. 

Future Pl ans: 

• Fie 1 d testing of SOLE RAS system through 
two cooling seasons. 

Contractor: University of Pennsylvania 

Contract No.: AC03-78ET-20110 

Project:· Deve 1 opment of 20-ton superheated steam 
Rankine chiller. 

Features: Solar-boiled water at 260°F; fuel­
superheated to ll00°F; 5 stage, 15,000 
RPM radial .outflow turbine and rotary 
expander design; stored water flashes 
to steam. 

Accomplishments: 

1 Fabrication of turbine assembly is 
being completed and test loop is under 
construction. 

Future Pl ans: 

• Performance map of turbine will be 
measured using the steam power loop. 

Contractor: Energy Technology, Inc. (ETI) 

Contract No.: AC03-80CS-30214 



Future Pl ans: 

1 Technical support activities and spe;.. 
S-fal studies win continue. 

SYSTEM.ANALYSIS PROJECTS 

Contractor: Science Appl icatioris, Inc. (SAI ). 

Contract No.: XB-0-9145-1 

Project; 

Features: 

. Perfonnance and economic · analyses of · 
absorption and Rankine·cool1ng systems.· 

Devel op computer programs to evaluate 
system . perfonnance and economics for. 
residential and commercial active solar 
cooling .systems; selected cities used. 

Accomplishments: 

1 Completed detailed system modeling of 
25-ton absorption and Rankine chillers. 

• Annual system s imul at ions and economic 
analyses completed for four cities. 

Future Pl ans: . 

• Continued system evaluation for addi­
tional 1 ocations and system configura­
tions. 

In addition to the activities in the above 
contracts, extensive planning efforts are undeniay 
for long-range development efforts in the active 
solar cooling program. An important function for 
this planning effort was the active solar cooling 
workshop attended by representatives from the solar 
and HVAC industry, ·utilities and ·1ocal governnent, 
financial and marketing organizations, and the 

: architecture and engineering fields. The workshop 
concentrated on four major topics: (1) technical, 
(2) financial, (3) codes and st~ndards, and (4) 

·marketing aspects of active solar cooling. The 
response from the 28 attendees provided a data base 
for follow-on presentations that will further con­
tribute to DOE's planning efforts. 

FUTURE ACTIVITIES ·---

From a technical point of view, the Rankine 
and absorption projects have progressed from the 
very early design and development stage to operat­
ing prototypes undergoing perfonnance evaluations. 
Operation of many of the early prototypes have 
identified key areas.of concerns for Rankine units 

· such as optimized system control, bearing design 
and cooling schemes, back-up system alternatives, 
and heat exchanger designs. For the absorption 
systems, concerns are fluid flow design in the 
absorber section, heat exchanger optimizatton, con­
trol functions, and parasitic power reduction. 
Common concerns for both systems are cost reduc­
t ion, collector and storage selection criteria, and· 
fluid stabi 1 i ty at high ternpertures. The future 
activities of the active solar cooling program will 

.address these key concerns. 

In the past year, substantial progress has 
been made identjfying quantitative prqgram !JOals. 
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A method of system analysis has been developed to 
provide values of cost and perfonnance goals, using: 
computer simulation models and results of market 
analysis. This .effort is continuing. 

It is expected that further development in the 
absorption and Rankine cooling technologies will 
ensue as a result of campetitive solicitations for. 
advanced cooling systems and components. In addi­
tion, i,t is planned to conduct systems engineering· 
of developed components leading to design and 
application manuals.that will be available for use 
by A&E fi nns and the HVAC industry• 

REFERENCES 

[l] Michael Wahlig, Al, He'itz, and Barbara Boyce, 
~overview - Absorption/Rankine Solar Cooling Prog- '. 
gram," Proc. Annual DOE Active Solar Heating and . 
Cooling Contractors' Review Meeting, March 26-28, 
l~O. . 

.I 



DEVELOPMENT OF A HIGH TEMPERATURE SOLAR POWERED WATER CHILLER 

ENERGY SYSTEMS DIVISION, CARRIER CORPORATION 

RICHARD A. ENGLISH 

DE-AC-3-77C$31590 

OBJECTIVE 

The objectives of this program are: to develop 
a high temperature solar powered air cooled 25 ton 
chiller utilizing 250 to 300°F solar hot water 
suitable for commercial and multi-family applica­
tions; to study, design and build a prototype 
Rankine powered vapor compression cycle; and to 
deIOOnstrate and evaluate performance through 
steady state and dynamic laboratory testing. 

DESCRIPTION OF WORK 

The design concept chosen as a result of Phase 
I work is a dual loop Rankine power cycle driving 
a Rankine vapor compression cycle. A single 
working fluid, R-113, is used and both loops are 
connected to a common condenser (Figure 1). The 
prime mover is a high speed turbo compressor being 
developed under subcontract by Mechanical Technology 
Inc. This hermetic machine consists of a single 
stage centrifugal compressor driven by a radial 
inflow turbine. An auxiliary motor is mounted on 
the shaft between the turbine and compressor and· 
will be powered by a variable frequency inverter. 
The shaft assembly is supported on gas film 
bearings to P.li.minate oil from the system (Figure 
2). 

The chiller will be an. air cooled outdoor 
packaged uni.t similar to conventional rooftop air 
conditioning equipment. Under design conditions 
of 45"F leaving chilled water, ~5°F l:!lltering 
condenser air and 290°F entering solar w·ater, the 
chiller will produce 25 tons of cooling at a COP 
predicted to be above 0.70 with low parasitic 
power. 

Under Phase II, the de ta.iled design of all 
of the components and the final assembly was 
. completed; preliminary thermal stability tests 
on R-11.3 were carried out successfully. The 
project is now in Phase III. The chiller has 
been built in a water cooled configuration for 
initial turbo machine testing, and has been 
installed and instrumented in a special test 
facility. The turbo machine was built and 
successfully tested on air at MTI. The air tests 
verified the dynamic stability of the rotor running 
on the gas bearings at all speeds up to the design 
speed of 24,000 ·rpm. Initial spin testing now 
underway with R-113 in the solar chiller is 
directed at reproducing the air tests and 
confirming the rotor dynamics predicted for R-113 
(Figure 3). Another aspect of this testing is to 
verify motor/bearing cooling gas flow and the 
resulting cooling effectiveness. At the same 
time, experience with the boiler feed pump and 
its piping design is being gained (Figure 4). 
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When these initial qualification tests are 
completed satisfactorily, performance mapping of 
the turbine and compressor will be undertaken. 
At the same time, a performance evaluation of the 
major heat transfer components and the overall 
cycle can be accomplished. Control strategies will 
also be explored and evaluated. 

The air cooled configuration will then be 
built, controls will be finalized, and tests will 
be run to verify performance of the final chiller 
concept. 

ACCOMPLISHMENTS 

Cycle studies and preliminary turbo machine 
studies were completed under Phase I 
establishing the final conceptual approach 
and anticipated cost/performance. 

The evaluation of .the working fluid thermal 
stability has satisfactorily s.hown that 
R-113 has excellent life potential in an 
oil-free steel boiler at the maximum expected 
temperature, 320°F, for this application. 

The detailed design of the turbo machine and 
the chiller has been compli:!led. 

The turbomachine has been completed and has 
successfully passed its qualification tests 
on air. 

The chiller has been built in the water 
cooled configuration, has been installed in 
a test facility, instrumented and charged. 

A two stage boiler feed pump has been 
developed and successfully tested on R-113 
in a separate loop • 

FUTURE ACTIVITIES 

Initial qualification tests of the turbo 
machine are underway in the chiller test loop 
to evaluate the dynamic behav:i.or. of the turbo 
machine. 

After dynamic testing, the turbo machine 
performance will be mapped over the expected 
operating range and evaluated. 

The chiller performance will be mapped over 
the expected operating range and evaluated. 

The chiller will be converted to the final 
air cooled configuration and performance 
testing will be undertaken to complete the 
scope of work of the original contract. 



Check 
Valve 

Air Cooled Condenaer 

!xp. 
Valve 

FIGURE 1. Air cooled Dual Loop Rankine Driven 
Vapor Compression Cycle. 

FIGURE 2. Carrier/MT! Solar Powered Water Chiller 
Turbo Machine Instrumented for Test. 
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FIGURE 3. Carrier Solar Chiller Water Cooled 
Test Bed. 
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FIGURE 4. Cross Section of .Prototype Boiler 
Feed Pump. 



PUBLICATIONS/REPORTS 

1. Development of a Hi gh Temperature Solar 
Powered Water Chiller, Phase I Technical 
Progress Report f or Period September 1977 
to June 19 78. Volumes I, II, III, and IV. 
R. A. English, SAN-1590-1/314 (1978). 

2. Development of a High Temperature Solar 
Powered Water Chi ller, Phase II Technical 
Progress Repor t f or Period June 1978 to 
March 1979 . Volumes I and II. R. A. ~nglish. 

3. Development of a High Temperature Solar 
Powered Water Chiller, Phase III, Techni.cal 
Progres.s. Report for Period April 1979 to 
September 1979, Volume 1, R. A. English. 

4. Development of a High Temperature Solar 
Powered Water Chiller, Proceedings of DOE 
Active Solar Heating and Cooling Contractors' 
Meeting, March 26-28, 1980, R. A. English, 
CONF 800340 

CONTRACT INFORMATION 

START DATE October 1977 ENDDATE August l98l CONTRACTVALUE $1,842,000 
~-'-"=-''--.::::....!..:....::...::~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Ph.as.e I May 1979 

2. Phase II January 1980 

3. Phase III - Poin t "A" August 1981 

4. 

5. 
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SOLAR HEATING AND COOLING SYSTEMS 

HONEYWELL, INCORPORATED; 1700 WEST HIGHWAY; ROSEVILLE, MINNESOTA 55113 

STEVE SCARBOROUGH 

NAS8-32093 

The NASA Marshall Space Flight Center, 
working in support of the U.S. Department of 
Energy to develop solar heating and cooling 
systems for residential and commercial applica­
tion, entered into a contract in June 1976, with 
Honeywell, Inc., of Minneapolis, Minnesota, to 
design and develop solar systems having high 
performance, low cost, modular application, and 
marketability. Acting as the prime contractor 
responsible for the solar system design, 
Honeywell teamed with Barber-Nichols of Denver, 
Colorado, and Lennox Industries of Dallas, Texas. 

In keeping with the objectives of the solar 
energy development effort, Honeywell was given 
the task of providing solar heating systems for 
residential use and solar heating and cooling 
systems for residential, multi-family, and 
commercial application. This responsibility 
includes the full range of system design, 
fabrication, installation, maintenance, and 
evaluation. 

The major outgrowth of the team design 
effort was two solar energy systems which 
utilize flat plate collectors and are capable 
of both heating and cooling. Similar in opera­
tion, the systems differ principally in their 
size and energy output. The smaller.system, 
designed for home use, is capable of heating 
and producing 3 tons of cooling, while the 
system designed for commercial application 
provides cooling in 25-ton increments in addi­
tion to providing.heat. Further development 
effort resulted in a higher efficiency high­
temperature version of the 25-t.on chill er for 
concentrating collector application and a 
power generation module. The power generation 
module, based on the 25-ton chiller power unit, 
is capable of producing up to 13 KVA. During 
the course of the development effort, other 
major accomplishments included: full qualifica­
tion of the Lennox collector to the Interim 
Performance Criteria; the development of a 
residential energy transport module; the 
development of a high-performance, low-cost 
heat exchanqer; and the development of a 
low-cost coilector support structure and 
headers. Further work was done in the defini­
tion and testing of several system improve­
ments (including an improved centrifugal 
compressor, gear box, and purge system) and the 
study of .power generation. 

As the prime contractor, Honeywell was 
responsible for.the solar system design, over­
all program management, and subcontractor 
coordination. Barber-Nichols developed the 
Rankine-cycle engine used in the 3-ton Rankine­
engine-assisted direct expansion air condi-
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tioner and 25-ton Rankine-engine~assisted water 
chiller. Lennox Industries supplied the HVAC 
products, purge units, collectors and packaged 
the 3-ton Rankine-assisted air conditioner. 
Currently, four 3-ton residential systems, two 
25-ton multi-family or commercial systems, and 
two 50-ton commercial systems are operating in 
the fiel!d. Installation of both the 25-ton 
high-temperature system and the power generation 
module are currently underway. 

The 3-ton and 25-ton solar heating and 
cooling systems are basically similar and include 
the following subsystems: 

Collection Subsystem which consists of 
600~840.square feet (3-ton) or 4,500~5,000 
square feet (25-ton) of water-glycol cooled 
flat-plate collectors. A purge coil unit with 
fin-tube coil and blower is used to dissipate 
excess or unused heat energy from the collectors. 

Storage Subsystem which utilizes 1,000 gallon 
(3-ton) or 3,000--8,000 gallon (25-ton) insulated 
steel tanks. 

Space-Heating Subsystem which employs solar 
heated water through a water-to-air fin-tube coil 

· in a conventional hot air furnace, air handler or 
fin coil blower. 

Domestic Hot Water Preheat Subsystem. 

Energy Transport Subsystem (Residential) 
which contains the pumps, valves~ heat exchanger 
and hydronic specialities in a sturdy and attrac­
tive steel cabinet (32H x 42L x 26W, 550 lbs.). 

Control Subs~stem which consists of the solar 
control panel, building thermostat, temperature 
sensors and valves. Early systems use control 
panels utilizing relay logic and later systems 
use microprocessor-based programmable controllers 
that also provide diagnostics. Small status 
panels mounted on the controller door and near 
the thermostat provide a visual indication of 
system mode and malfunctions. 

Rankine-Cycle Air Conditioner System which 
employs a vapor compression chiller driven by a 
solar-powered Rankine cycle engine. The Rankine­
cycle engine couples to the chiller compressor 
through a double-shafted electric motor that 
furnishes power for cooling when there is 
insufficient solar energy and also serves as an 
electrical generator when there is more solar 
energy than that needed for the cooling require­
ments. 



The general system schematic is shown in the 
attached figure. The Rankine engine cycle is 
similar to the vapor compression cycle, with the 
Rankine being the reverse of the vapor compression. 
Both cycles use halogenated refrigerants for work­
ing fluid; R-113 for the Rankine cycle and R-12 
for the chiller cycle. 

Operation of the Rankine engine can be 
traced by referring to the turnoff valve in the 
schematic. Leaving the valve, the high pressure, 
high-temperature working fluid enters the turbine 
as a vapor. There it expands through the turbine 
wheel where the fluid energy is given up to the 
high-speed wheel. This energy, in turn, is trans­
mitted through the gear box to reduce the speed to 
that suitable for the electric motor and the 
chiller compressor. The vaporized working fluid 
exhausted from the turbine rotor, still containing 
excess energy, is directed into a heat exchanger 
called the regenerator. The other side of the 
regenerator contains the liquid working fluid 
going to the boiler.· The regenerator simply 
passes energy from one part of the cycle to 
another, improving the efficiency of the cycle. 
After the vapor has given up some energy in the 
regenerator, it passes to the condenser where it 
is cooled and converted to a liquid. This is 
accomplished by giving up heat to the cooling 
water furnished by a cooling tower or evaporative 
condenser. The saturated liquid leaves the 
condenser where it is pumped to the liquid side of 
the regenerator, where it receives the energy 
from the turbine exhaust. It then enters the 
boiler where it receives heat from the solar fluid. 
This energy converts it to a high-pressure, 
high-temperature fluid ready to go into the 
turbine. 

The control system for the unit permits it to 
provide the maximum energy output under varying 
conditions. Full rated power is reached BY the 
Rankine-cycle turbine power unit when 195 F. 
solar-heated water is available. However, the 
unit will deliver lesser amgunts of pow0r down to 
an input temperature of 150 . With 195 F. solar­
heated water available, the unit will provide the 
power to drive the air-conditioning compressor to 
full output. The electric motor/generator will 
provide whatever additional power is requir0d 
when the inlet temperature is ·1ess than 195 F. if 
full compressor output is required. 

During periods of ample solar insolation and 
diminished cooling requirements, the excess 
turbine power can be used to overdrive the 
electric motor, thus generating electricity. 
If no cooling requirement is present during 
periods of adequate solar energy, the electro­
magnetic clutch between the motor/generator and 
the compressor can be disengaged to permit direct 
electrical power generation. The generating 
mode requires line voltage and frequency excita­
tion, thus assuring a safe condition if there is 
a general power outage. Without the air­
conditioning compressor engaged, the commercial 
size unit can produce up to 12.8 KW while the 
residential unit can produce up to 1.5 KW, less 
pump and control power. 

During the program, ten solar heating and 
cooling systems were designed, fabricated, 
installed and put into operation at ten different 
sites in nine states. 
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Eight sites were equipped with site data 
acquisition system. In addition, two heating-only 
systems were installed at New Castle, Pennsylvania, 
and William O'Brien, Minnesota. Table 1 is a 
summary of the site characteristics. 

William O'Brien, Minnesota - SFR Heating Site 

This system utilizes 33 collectors (600 square 
feet) to provide solar assisted heating to a gas­
fi red hot air heating system. The· space heat 
energy reqMirements during the test period amounted 
to 73 x 10 Bt~. Over the year, 60 million Btu's 
were collected, 47 million Btu's were delivered to 
storage, 32 million Btu's went to space heating, 
and 7.4 million Btu's were contributed to domestic 
hot water heating. During the best month (August), 
6.8 million Btu's were collected. Analysis of 
daily data indicates that the system is function­
ing satisfactorily with a maximum collector rate 
of 83,000 Btu's per hour and a peak efficiency of 
49 percent. 

New Castle, Pennsylvania - SFR Heating Site 

This system utilizes 28 roof-mounted collec­
tors (500 square feet) to provide solar assisted 
heating in a conventional heat pump and resistive 
heating system through a water-to-air coil mounted 
in the air handling unit. This system also p50-
vides solar preheated DHW. A total of 15 x 10 
Btu was collected over the 5-month test period 
with an average of 35 percent efficiency, with 
total energy load and available energy slightly 
lower than expected. The solar cont5i·buti on 
towards meeting the load was 12 x 10 Btu. This 
was 36 percent of the load, slightly lower than 
the predicted 40 percent. 

Duffield, Virginia - SFR Heating and Cooling 
Site 

This system utilizes 36-roof-mounted collec­
tors (650.square feet) to provide solar assisted 
heating and cooling to an electric forced air 
system. The operational test period started 
November 1, 1979, and ended October 31, 1980. 
The system performed well throughout the 12-month 
test period, keeping the house very comfortable. 
Final processing of the data is in progress. 
Preliminary data for September 1980 indicates 
.an average operational collector efficienc~ of 
36 percent. The system collected 664 x 10 Btu 
during September, of which 1.6 x 10 Btu were 
used for solar cooling. The balance of the 
collected energy was used to heat domestic hq,t 
water and generate electricity and sorr.e was lost. 
Of the space cooling load, 43 percent was 
supplied by solar energy during September 1980. 

Newnan, Georoia - SFRH Heating and Cooling 
Site 

This system utilizes 39 roof-mounted collec­
tors (700 square feet) to provide solar assisted 
heating and cooling to a natural gas-fired 
forced air system. This site is equipped with 
the microprocessor controller. System installa­
tion was completed in October 1980 and the system 
has been operational since that time. During 
January 1981, the system collected 7.1x106 Btu 
with an operational collector efficiency of 
34 percent, and 75 percent of the heating load 
of 6.8 x 106 Btu was met by solar energy. The 
solar heating fraction was higher during February. 



The Rankine-cycle air conditioner was made opera­
tional in mid-April and has been generating power 
and cooling the house since then. 

Lawrenceburg, Tennessee - SFR Heating and 
Cooling Site 

1 This system utilized 30 roof-mounted Daystar 
collectors (630 square feet) to provide solar­
assisted heating and cooling to an electric forced 
air system. The system became opera,tional in 
August 1979. The system operates satisfactorily 
but is not instrumented with a Site Data Acquisi­
tion System for data collector. 

Allaire State Park, New Jersey - SFR Heating 
and Cooling Site 

This system utilizes 40 ground-supported 
Daystar collectors (840 square feet) to provide 
solar assisted heating and cooling to an oil­
fired .forced air system. This system is equipped 
with the programmable microprocessor controller. 
The system became operational in mid-November 
1980. The system has operated well in the heating 
mode and will be operated in the cooling mode for 
the first time this summer. This system does not 
have a Site Data Acquisition System. 

Universit of Kansas, Lawrence, Kansas -
25-Ton MFR ·Heatin an Coolin Multi-Famil 

This system utilizes 252 ground-mounted 
collectors (4,700 square feet) to provide solar 
assisted heating and cooling through a hydronic 
loop to air handlers in twelve apartments. This 
system also has an 8,000 gallon storage tank. 
The system functioned well during the heating and 
cooling seasons. Over the 12-month period 
(December 1978 to December 1979), 489 million 
Btu' s were co 11 ected. Of Uris total , 112 million 
Btu's were delivered to space heating, 88 million 
Btu's were supplied to domestic hot water and 
152 million Btu's were delivered to the Rankine 
engine. The Rankine-engine driven air conditioner 
supplied 25 million Btu's solar cooling and the 
Rankine-driven generator supplied 275 kWhr. 
Honeywell has analyzed information from the SDAS 
to prepare a performance report. On November 10, 
1979, a day chosen for heating season analysis, 
solar energy supplied 2.7 MMBtu's of space heat­
ing, with 78 percent of the solar space heating 
coming from storage and 22 percent from direct 
heating from the collector array. The majority 
of the heating load is seen at night when the 
system is in the heating from storage mode. The 
natural gas savings on this day was 3.9 MMBtu's. 
During a selected cooling season day, July 26, 
1979, solar energy supplied 24 percent of the 
cooling load over the entire day. At peak solar 
conditions, the Rankine engine supplied all of 
the chiller shaft input power and generated 
7.,1 kWh. 

Ocmulgee, Georgia - 25-Ton Commercial Heating 
and Cooling Site 

This system utilizes 280 ground-mounted 
collectors (4,900 square feet) to provide solar­
assisted cooling and heating through hydronic 
air handler5 and air units in the Visitor Center 
at the Ocmulgee National Monument, Macon, Georgia. 
This system has a 4,0QO gallon storage tank and 
provides DHW preheat. The system at this site 
has been fully operational since March 25, 1981. 
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Data is being received and is currently being 
analyzed. 

Carrollton, Texas - 50-Ton Commercial 
. Heating and Cooling Site 

This system utilizes 432 ground-mounted 
collectors (7,800 square feet) to· provide solar 
assisted cooling and heating through hydronic 
air handlers in the Lennox Industries Research 
Laboratory in Carrollton, Texas. This system has 
a 6,000 gallon storage tank. The 50-ton capacity 
is obtained by operating two 25-ton units, either 
in parallel or independently. Analysis of the 
site data is underway. The system provided space 
cooling and generated electricity, although there 
was no heating load during the year-long test 
period. 

Phoenix, Arizona - 50-Ton Commercial Heating 
and Cooling Site 

This system uses 456 roof-mounted collectors 
(8,200 square feet) to provide solar assisted 
heating and cooling for a Salt River Project 
electric power company maintenance and warehouse 
building near Phoenix, Arizona. This system has 
a 2,500 gallon storage tank. A Honeywell designed 
and built microprocessor-based tailorable con­
troller was installed to provide the control logic 
and diagnostics. This installation is the last 
of the solar operational test sites and incorpo­
rates all of the technical developments, innova­
tions, and experience acquired from the previous 
sites. System startup occurred on April 30, 1981. 
Site data is presently being analyzed. The data 
indicates the system is operating within the 
design parameters. 

Other hardware produced includes: 

13 KVA Power Generation Module 

The 13 KVA. power generation module has been 
designed, fabricated, and tested. This unit 
used the "25-Ton" Organic Rankine engine and a 
generator to feed solar-produced air conditioned 
power into the grid. This unit will soon be 
installed at the University of New Mexico in 
Albuquerque using a fi~ld of both flat plate 
and evacuated tube collectors. Operation of 
this system is expected to start in late summer 
1981. 

High-Temperature Rankine-Assisted Chiller 

The high-temperature, 25-ton Rankine-assist­
ed water chiller represents an extension of the 
work that Honeywell, Barber-Nichols Engineering, 
and Lennox have completed on low-temperature, 
25-ton units and on the company funded high­
temperature, 100-ton chiller units used in the 
General Offices system at Honeywell Plaza in 
Minneapolis. This program involved primarily 
a Barber-Nichols' design, fabrication, test and 
delivery of one high-temperature, 25-ton Rankine­
assisted chiller. The unit has been delivered 
and is being installed at the Medical Center at 
NASA Marshall Space Flight Center, near 
Huntsville, Alabama. 

Of particular interest is the study completed 
in December 1980 of solar power generation. The 
report documents a study of light commercial 
solar heating systems with and without solar 



power generation via a Rankine-cycle engine. 
Generally, solar energy costs and system payback 
periods were reduced for mass-produced solar energy 
systems by the addition of solar power generation 
to systems with larger collector array areas 
(3,000 to 7,000 ft.2). The precise collector area 
for which this holds was found to be a function 
of site location and collector type. Overall, 
flat plate solar energy systems were found to be 
more cost effective than evacuated tube system. 

All the development team members, Honeywell, 
Lennox, and.Barber-Nichols, continue to monitor· 
the marketplace for opportunities to commercia·lize 
the hardware, subsystems, and systems deve·l oped 
on the program. At.this time, the flat plate 
collectors are in mass production·at Lennox· and 
are being sold in support of HVAC systems nation­
wide. The solar domestic hot·water heating system 
is a production product with full.marketing sales 
distribution. The basic solar residential heating 
system and its design application are included in. 
the Lennox product offering. The site application 
and component selection are·now being accomplished 
by Lennox distributors. 

The heating and cooling systems involve .the 
more sophisticated Rankine-driven subsystem and 
are not yet in sufficient demand to expand 
marketing and production efforts. However, the 
team members have stated their i·ntentions to 
pursue additional opportunities for the developed 
hardware to increase the sfze of the market, thus 
increasing the sales potential needed to establish 
production tooling and fabrication. 

CONTRACT INFORMATION 

START DATE _ _,7c..r../..:...;76,,__ ___ END OATe--"-9'-'/8:...:l ___ CONTRACTVALUE Prior Years - $7. lM; FY 81 - $500,000 

MILESTONES 
Item: Due date: 

1. 

2. 

3. 

4. 

5. 
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SITE LOCATION 

RESIDENCE WM. O'BRIEN PARK, MN 

RESIDENCE NEW CASTLE_, P.l)j 

RESIDENCE DUFFIELD, VA 

RESIDENCE LAWRENCEBURG, TN 

STUDENT RESIDENCE KANSAS U, KS . 

VISITOR CENTER OCMULGEE NATIO"IAL MONUMENT, 

LENNOX RESEARCH CENTER CARROLL TON, TX: 

RESIDENCE NEWNAN, GA 

RESIDENCE ALLAIRE PARK, ~J 

SALT RIVER PROJECT PHOENIX, AZ 

HEATING LEGEND: H · 
c 
DHW 

COOLING . 
DOMESTIC HOT WATER 

TYPE 
. (SEE LEGEND) 

H/DHW 

H/HDW 

H/C/DHW 

H/C/DHW 

H/C/DHW . 

GA H/C/DHW 

H/C 

H/C/DHW 

H/C/DHW 

H/C 

TABLE 1 - SITE CHARACTERISTICS 

FIELD SIZE A/C SIZE 
(SQUARE FEET) (TONS) 

./ 

600 

500 

650 3 

630 3 

4700 25 

4900 25 

7800 •, 50 

700 3 

840 3 

8200 50 



DETERMINATION OF THE THERMAL STABILITY OF 
ORGANIC WORKING FLUIDS USED IN RANKINE CYCLE SYSTEMS 

Thermo Electron Corporation 

Dr. Dean T. Morgan 

DE-AC03-80CS30220 

OBJECTIVE 

The determination of the rate of decomposition of 
organic working flu ids due to either pyrolytic or 
chemical reaction phenomenon, or both, as a function 
of temperature and the materials in contact with the 
fluid, under dynamic conditions simulating the use of 
the fluid in Rankine engines for solar cooling applica­
tions. 

DESCRIPTION OF WORK 

Several prototype systems for active solar cooling 
have been constructed, based on solar-heated Rankine 
cycle engines utilizing organic working fluids to drive 
air-conditioning equipment. These prototype systems 
use refrigerants, specifically R-11 and R-113, as 
working fluids in the Rank.int: t:ng.int:. In future de­
velopments, other working fluids, particularly those 
with a higher thermal stability than the refrigerants, 
may be used in these systems. 

A program objective is the achievement of high 
performance by operating at design temperatures that 
approach the thermal stability limit of the organic 
working fluids. Achievement of high performance is 
of particular importance for solar Rankine cooling in 
order to reduce the solar collector cost and maximize 
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the economic potential of these systems. At the same 
time, it is also essential that the systems have a long 
life with minimum maintenance requirements for prac­
tical and economic commercial usage. 

For the most part, thermal stability properties of 
the organic working fluids have been obtained from 
prior work as reported in the existing literature, 
based primarily on static capsule testing supplemented 
in some cases by limited capsule testing by the pro­
totype system developers. Now that prototypes of 
several of these Rankine systems have been con­
structed, it is imperative that the long-term thermal 
stabilities of the working fluids be demonstrated. 
For the results to be meaningful, the fluids must be 
tested dynamically for extended periods of time; the 
dynamic loop must reasonably simulate conditions ex­
perienced in real Rankine systems; and the fluids 
must be exposed to the same materials that will be 
encountered in practice. 

In this program, five identical dynamic loops will 
be constructed and used for the long-term testing of 
organic working fluids, of interest for solar Rankine 
cooling, under carefully controlled test conditions. 
The loop-flow-schematic is illustrated in Figure 1 and 
includes all components in an actual Rankine engine 
with the exception of the expander which is replaced 
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by a variable orifice pressure let-down valve to re­
duce the boiler pressure to the condenser pressure. 
The main considerations in the loop design have been: 

• High reliability and. leak-tightness 

• Loop control for long-term stable operation with 
a minimum of attention 

• Key temperature and pressure measurements 

• Materials of construction and loop inventory I 
surface area ratios within the range of actual 
hardware 

An additional design consideration has been capability 
for future testing of high-temperature working fluids 
(up to 750°F boiler outlet temperature) at boiler 
pressures up to 1150 psia, even though the initial 
testing is to be concentrated on low-temperature 
working fluids. 

A key component for long-term operation is the 
pump. Because of its reputation for high reliability, 
as well as the need for a hermetic pump, a LEWA 
Diaphragm Metering Pump (Teflon /carbon diaphragm) 
with maximum flow capability of 17 gph was selected. 
The boiler is electrically heated and used vapor­
phase heat transfer to the boiler tube carrying the 
test fluid (FC- 77 heat transfer fluid for the low­
temperature testing). The boiler tube bundle is 44 
feet of 0. 50 inch o.d. carbon steel tubing arranged 
in a serpentine fashion in the vapor space. The pri­
mary material of construction used throughout the 
loop is carbon steel. An aluminum tube downstream 
of the pressure let-down valve is used to simulate 
the aluminum construction expected in the turbine 
for commercial systems using low-temperature fluids. 
The condenser is water cooled and a liquid reservoir 
is provided to provide fluid inventory for liquid sam­
pling throughout a test. 

Sampling stations are provided for the circulating 
liquid and for vapor above the condenser and samples 
will be taken at periodic intervals for measurement of 
the fluid degradation. Dr. Vernon Reinhold of Har­
vard University will provide the primary fluid /vapor 
chemical analyses using a gas chromatography /mass 
spectrometer. 

Following discussion with the major system devel­
opers, the following recommendations were made for 
the fluids to be tested in the five loops: 

Initial Boile1 
Outlet Test 

Loop Test Temperature 
No. Fluid Lubricant? op 

1 R-11 No 275 
2 R-11 Yes 250 
3 R-113 No 275 
4 R-113 Yes 250 
5 R-114 (tentative) No 300 

R-11 and R-113 are the fluids used by the major sys­
tem developers. R-114 was recommended as a fluid 
wi.th higher thermal .stability than either R-11 or 
R-113. Loop design point conditions for each fluid 
are summarized in Table 1. The estimated loop inter­
nal volume and fluid inventory are summarized in 
Table 2 and other pertinent operating characteristics 
summarized in Table 3. · 

The fluid degradation rate for each test condition 
will be determined for at least three boiler outlet tem­
peratures. The test program will evaluate the penalty 
on temperature limit resulting from use of a lubricant 
in the system. Within the limits of the available test 
time, the effect of trace quantities of Oz and HzO on 
the temperature limit will also be evaluated. The· loop 
testing will be supplemented as required with selected 
capsule tests to aid in interpretation of the loop re­
sults. 

An additional goal of the program will be to pro­
vide guidance to the system developers on the effects 
on the loop of fluid decomposition, in particular for­
mation of noncondensable gases, formation of corro­
sive degradation products, and modification of fluid 
properties (particularly the lubricating oil if used). 
At the conclusion of the testing, each loop will be dis­
assembled and the internal surfaces inspected. Also, 
during the testing, the effectiveness of the dryer 
normally used in refrigeration systems in removing 
corrosive degradation products will be experimentally 
evaluated. While a complete answer to the question of 
an acceptable degradation rate will not result from the 

TABLE 1 

Nomln•I Boiler 

Fluid 
Outlet 

T (°F) P (psia) 

R-11• 300 300.21 

R-113° 300 175.6 

R-11 4 .. 350 304 

•saturated vapor cycle 
••superheated vapor cycle 

V•por Temp . After 
Lat-Down Valve 

(•F) 

230 

270 

320 

•••Liquid •ubcoolins to provide 14. 5 psi NPSH 

, 

Condensing Liquid 
Subcooled 

T (°F) P (psle) To : (°FJ••• 

110 27. 75 70 

136 zo.o 70 

94 41.8 70 

•••"Let-down valve orifice area approximately same for all fluida at duign point 

Ltquld Flow Boller HHt Loads, Btu / hr 
A.ate Elec:.trle11I Ideal Pump 

lb/hr Power Input Vapor Liquid Horsepower 
~ler Condensing 

CPH cc/1111ln (kWo) Subcoollng Subcoollng 

173. 9 14.0 885 5. lZ 17,4E.0 3180 lZ,920 1450 0.037 

118. 8 9. 06 572 ) , 41 ll,620 2544 7,335 1743 0.014 

187 IS . 7 991 5.64 19,240 8135 · 10,008 1097 0.040 

1-18 



current program, an objective is to provide a rational 
and technical basis for use by the system developers 
in selecting an acceptable decomposition rate and 
operating temperature for their particular system. 

TABLE 2 

Internal Fluid Mass (grams) 
Component Volume 

(cm3) R-11 R- 113 R- 114 

Pump 7 ll ll 10 

Accumulator 100 149 157 143 

Line - Pump to Boiler 143 Zl3 ZZ5 Z05 
(5-ft length) 

Particulate Strainer 7 11 11 10 

Boiler Tube (44-ft length) 1Z60 470 liquid 195 liquid 450 liquid 
109 vapor 80 vapor 139 vapor 

Line - Boiler to Z9 3. 4 2. 4 3. 4 
Let-Down Valve 
(1-ft length) 

Line - Let-Down Valve Z9 0. 3 0. z 0. 4 
to Desuperheater 
(1-ft length) 

Desuperheater Z60 z. 6 z. z 4. 3 

Gas Separator 150 1. 6 1. 5 3.1 

Condenser 
Vapor 700 7. 5 7.1 14. 7 
Liquid (Initial) 600 894 94Z 858 

Line - Condenser to Pump zoo Z98 314 Z86 
lndurHne Subcooler 
(7-ft length) 

TOTALS 3485 Zl 70 ZZ48 ZlZ7 

Commercial Dryer - 'V20 cm 3 liquid vol ume (packed with 30 in. 3 of 
Activated Alumina. Zeolite) 

TABLE 3 

R-11 R-113 R-114 

Inventory Fraction in Vapor Generator 0 . Z7 0. Z6 O. ZS 

Inventory Fraction as High Temperature Vapor o. 05Z o. 037 0. 067 

Average Boiler Heat Flux, Btu/hr-ftz 3530 Z350 3890 

Average Refrigerant Liquid Volume/Boiler 
Internal Surface Area, cm3 /ft2 Z94 Z90 300 

TECHNICAL ACCOMPLISHMENTS 

• Discussions with the major system developers 
were held and recommendations for the test pro­
gram developed. 

• The loop design has . been completed and the con­
struction of the first loop is in progress. 

FUTURE ACTIVITIES 

Contract Activities 
The first loop should be assembled by early May 

for checkout and startup. Early operation of this 
loop will permit any required design modifications to 
be incorporated in the remaining four loops prior to 
their construction . The schedule for startup of the 
remaining four loops is: 

Loop No. 

2 
3 
4 
5 

Planned Startup 

September 1, 1981 
October 1, 1981 
October 1, 1981 
November 1, 1981 

Post-Contract Activities 
An appropriate use of the dynamic loops following 

the current contract would be testing of higher­
temperature organic working fluids than the refrig­
erants as well as resolution of any remaining ques­
tions on the low-temperature fluids. 

PUBLICATIONS /REPORTS /REFERENCES 

No publications on the program have been issued 
at present. 

CONTRACT INFORMATION 

START DATE Sept. 30. 1980 END DATE Sept. 30, 1982 CONTRACTVALUE $418 244 
_;ic..=-=.=-.z..:=-=...:~~~~~~~~~~~~ 

MILESTONES 
Hern: 

1. Detailed Test Plan 

2. Summary Reports on Test Results for Each Fluid 

3. Final Report 

4. 

5. 
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Due date; 

January 1981 (m) 

Within 30 D~ys After Completion 
of Tests on That Fluid (p) 

September 30, 1982 
or Within 30 Days of Completion 
of Experimental Program (p) 



DESIGN, DEVELOPMENT AND TESTING OF A SOLAR-POWERED TURBOCOMPRESSOR HEAT PUMP SYSTEM 

RESEARCH CENTER AND HAMILTON STANDARD DIVISION OF UNITED TECHNOLOGIES 

UTRC: F. R. BIANCARDI, G. MELIKIAN; HSD: J. W. SITLER 

DE-AC03-77CS34510 

OBJECT! VE 

United Technologies is currently designing, 
building and conducting laboratory and field tests 
of unique solar-powered heat pumps and solar 
cooling systems sized for multifamily residential 
and light commercial applications. The heat pumps 
and solar chillers are specifically designed to 
operate at moderate peak temperatures and to per­
mit efficient air cooling. The basic design data 
has been developed under prior NSF/ERDA, and DOE­
sponsored programs in which UTRC demonstrated the 
operational feasibility and performance advantages 
of Rankine-cycle solar heating and cooling systems. 

TURBOCOMPRESSOR CONCEPT 

The UTC heat pump (HP) system, shown in 
Fig. 1, incorporates a Rankine-cycle power loop 
in which a centrifugal turbine is used to drive a 
centrifugal compressor in a vapor compression re­
frigeration loop. The thermal energy to the 
power loop is provided at temperatures up to 300 F 
(149 C) by a medium-concentration solar collector 
array. Auxiliary energy for cooling is provided 
by a fossil-fuel-fired furnace. Heating can be 
provided by direct solar, direct furnace, or 
_furnace-driven heat pumping (Fig. 1) of low-temper­
ature solar energy in combination with power loop 
heat recovery. The HP is rated at 18 tons for 
cooling and approximately 500,000 Btu/hr for heating. 
It utilizes low-maintenance air-cooled condensers 
for heat rejection and conventional HVAC design heat 
exchangers and controls. Refrigerant 11, a common 
fluorocarbon is used as the working fluid in both 
the power and cooling loops. 

Heat pump module 

~ 

I : -Exp-
welve --------l_-'=======0 

Return H 

Fig. 1. Heat pump system in heat pump mode. 

DESCRIPTION OF WORK AND SUMMARY 

The first prototype 18-ton solar-powered 
turbocompressor heat pump module has been success­
fully designed, built and tested for more than 250 
hr. in a specially-designed laboratory facility at 
UTRC (see Fig. 2). Operation in both the cooling 
and heat pump mode was demonstrated over a wide 
range of building, climatic, and collector/storage · 
conditions. The design point performance of the 
heat pump in both the cooling and heat pump modes 
has been confirmed, and performance mapping of the 
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module completed. The heat pum_p~_emonstrated . the 
wide operating range possible (using 200 to 300 F 
hot water) and high heat pump mode performance 
levels, such as a COP of 1.4 to 2.5 and 500,000 
Btu/hr capacity. In cooling, a COP of 0.5 to 
0.75 and up to 20 tons was demonstrated. In a 
simulation of operation in an actual building, 
the heat pump smoothly and accurately followed the 
building load for a full day. 

Fig. 2 J:!eat_ pump module in UTRC simulation llit>oratory. 
A.detailed assessment of the individual module 

components was completed and performance, cost and 
reliability improvements were identified. No 
evidence of Rll decomposition or component wear or 
corrosion was found. 

The first UTRC heat pump module was modified and 
installed in a complete UTRC-designed (SOLERAS) 
solar cooling system for field tests in a Phoenix, 
AZ office building. The system installation and 
initial _test results are briefly described herein. 

A second, · advanced, higher performance heat 
pump module has been designed and is currently 
being fabricated at UTRC. This heat pump in­
corporates numerous operating and reliability 
improvements identified during the laboratory 
and field tests. Still higher performance con­
figurations have been designed and are under 
evaluation. 
TECHNICAL ACCOMPLISHMENTS 

-. PERFORMANCE MAPPING. A primary objective of 
the 1980 efforts was to conduct extended testing of 
the unit to establish performance over the entire 
operating range in both the cooling and heat pump 
modes. Utilizing the automatic data acquisition 
facility in the UTRC heat pump laboratory, data 
was recorded for over 2000 data slices taken at 
400 sets of water inlet conditions, simulating 
various collector/storage tank output, ambient 
air and building load conditions. The mapping 
was conducted over vapor generator water inlet 
temperatures from 200 F to 300 F, evaporator 
temperatures from 55 F to 125 F, and condenser in­
let temperatures from 80 F to 125 F. 

Figure 3 shows the measured heat pump mode 
performance and the extremely wide range of out­
put capacities provided by the heat pump. Good 



agreement between test and predicted values ot 
performance and capacity was found for both the 
cooling and heat pump operating modes. 

II. 
0 
0 

r 

Return air temperature "'70 F 

3.0--------------------. 

2.5 

2.0 

Storage water 
temp, F 

200 
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Fig. 3. Measured heat pump mode performance. 

e FULL-DAY SIMULATIONS. The heat pump was 
also run over a range of conditions to simulate 
operation in an actual building. The boundary 
conditions for operating the system in the solar 
cooling mode for an office building located in 
New York were provided by the UTRC-modified 
TRNSYS computer program. The hot water storage 
tank tempe rature was varied from 275 F to 220 F 
representing the continual extraction of energy 
from hot storage. Ambient temperature for the 
day followed a typical pattern with a night low 
of approximately 75 F and a mid-day peak of 
89 F. Typical results of the full-day simula­
tion tests are shown in Fig . 4 where the solar 
cooling mode output profile is compared with the 
TRNSYS predicted building loads. Cooling pro­
duced ranged from 4 to 17 tons and a peak COP of 
of 0.75 was attained. During morning operation 
at lower ambient temperatures, the module output 
exceeded the instantaneous demand. Therefore, 
solar cooling was turned off as room temperature 
was allowed to increase into the allowable range. 
The 1ntegrated water-side cooling output was 96 
percent of that required by the building. The 
pertinent results are s~rmnarized below. 
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Fig. 4. Typical full day system operation. 

e ENDURANCE TESTING AND COMPONENT ASSESSMENTS. 
Sufficient instrumentation was incorporated in the 
heat pump components so that detailed assessments 
of component performance, wear, and durability 
could be made continuously. In addition, bhe 
major module components, i .e., heat exchangers, 
tu~bocompressor and valving were disassembled 
and inspected after the endurance testing was 
completed . After 250 hrs of testing, the turbo­
compressor condition was essentially as "new" 
(Fig. 5) . All of the IJKljnr rnmpnnP.nts were 
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found to be in extremely good condition, except 
for the water-cooled condensers which exper­
ienced water-side fouling due to the use of un­
treated city-water. Chemical tests and visual 
inspection of the Rll working fluid showed no 
sign of decomposition even though much of the 
testing was at elevated temperatures (2?0-290 F). 
This can be attributed to careful material 
selection and elimination of oil from the power 
loop. The data gathered during this testing 
was used as input for the design and fabri­
cation of the advanced heat pump module. 

HOU91ng (outeldl) 

Lead ual Rotor 

Fig. 5. Turbine elements after testin~·-

• SOLERAS SYSTEM. The first lJTRC heat 
pump module was modified for the joint DOE/ 
Saudi Arabian SOLERAS solar cooling field test 
program, in which SERI is the operating agent. 
These modifications included replacement of the 
water-cooled condensers with Rll-to-air con­
densers, addition of a purge unit and unique 
microprocessor control and data acquisition 
systems. · 

In the SOLERAS program, the lJTRC solar 
turbocompressor chiller module provides 
approximately 75 percent of the cooling in 
the headquarters office building of the 
Hamilton Test Systems, located in Phoenix, 
Arizona. 

• Design and Analysis. Extensive 
modeling of the building load, ambient con­
ditions, and system components such as the 
chiller, collectors, storage tanks and 
building fan-coils was used in the design oJ 
the SOLERAS solar cooling system. Tradeoff 
analyses (Fig. 6) were used t~ optimize the 
collector array size (1316 ft net area or 
75 ft~/ton of cooling). Similar analyses were 
used to optimize the cold tank (2000 gal) and 
hot tank (1500 gal) capacities. 
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Fig. 6. Collector area optimization. 



e Fabrication & Installation. The installa­
tion of the parabolic trough collectors on a car­
port at the rear of the HTS headquarters is shown 
in Fig. 7. The chiller is located in a separate 
equipment room in the carport and hot and cold 
tanks are buried. Chilled water is delivered to 
three ceiling-mounted fan-coils. Installation was 
initiated in December 1980 and the entire system 
installation was completed by the end of February, 
1981. 

Fig. 7. UTRC solar cooling installation. 

•Checkout and Acceptance Tests. Highly 
successful component and system checkout tests 
were begun in March and the system was delivering 
up to 20 tons of cooling in -April 1981. Typical 
results obtained during the acceptance tests are 
shown in Fig. 8 over the course of a day. Early in 
the day when tank water levels are about 300 F, the 
UTC system provi4es about 18 to 21 tons of cooling, 
about half of which is stored in the ·Cold tank and 
the remainder delivered to the building fan coils. 
Although the collector continuously collects about 
15 tons (200,000 Btu/hr) of energy, the hot water 
temperature and thus, chiller outout fRlls nff 
during the day. The system COP has varied from 
0.55 to about 0.75. 

e ADVANCED HEAT PUMP DESIGN COMPLETED. UTRC 
and HSD are currently fabricating and assembling 
an advanced solar-powered heat pump module with 
higher cooling mode performance capability and 
lower cost features which were identified as a re­
sult of laboratory and field testing. Another 
unitary-i:leat pump configuration with a cooling mode 

design point COP of 0.8 is also under evaluation 
and optimization. 

Date: 4·1·81 
Condenser saturation temp=100·110F 

• 20 
c: s i 15 

8 10 

5 

13:00 15:00 17:00 
Time of day 

Fig. 8. Solar coolin11 system test performance. 

FUTURE ACT! ~Fl. I:.~ 

•Contract Activities. Module design and 
assembly of the advanced heat pump is continuiny 
under the curren l pr·oyretm prior to subsequent 
laboratory testing in the UTRC facility. Field 
testing of the SOLERAS system will continue for 
two and, possibly, three complete cooling 
seasons. 

• Post Contract Activities. Additional field 
test sites and adaptations of the system concept 
to other sizes and ~pplications are being explore.d. 
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5. Interim Report December 1981 
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Overview of Active Solar Absorption/Rankine Cooling Program~ 

Lawrence .Berke 1 ey Laboratory 
University of California 

Berki?l ey, CA 94 720 

Michael Wahlig, Al Heitz*, Harry Angennan*, Ron Glas, Mashuri Warren 

OBJECTIVE 

The overall objective of the DOE active solar 
·cooling prograr.i is to develop the basic solar cool­
ing technology that industry can dra1~ upon to 
engineer and produce solar cooling systems that 
will canpete favorably with conventional cooling 
systems. By taking responsibility for the high­
risk early research and development stages· that 
private industry cannot. yet justify undertaking, 
DOE will 1 ay the foundation for technically .sound 
solar cooling systems that the private· sector can 
commercialize when market conditions are suitable. 

BACKGROUND 

A number of specific major objectives have 
been identified as necessary to achieve the overall 
objective. To meet these major objectives, a 
number of projects are being supported in both the 
absorption and the Rankine cooling areas. The 

. correspondence between the individual projects and 
the major objectives is shown in Figure 1 for the 
absorption program and in Figure 2 for the Rankine 
program. Brief descriptions of the technical con­
tent of each project are given below in the Techni­
cal Accanplishments section. This. paper is an 
update of the review of project activities that was 
reported at the Mach 1980 Annual DOE Active Solar 
Heating and Cooling Contractors Review Meeting[!]. 
Thh information r:overs the period March 1980 to 
May 1981. 

~ ih1s worK nas been supported by the Assis­
tant Secretary for Conservation and Renewable 
Energ,y, Offir:e of Solar Ap__pl ications for 
Buildings, Active Heating and Cooling Division 
of the U.S. Department of Energy. under Con­
tract No. W-7405-ENG-48. 
* Employees of Keller & Gannonf a sub.sidiary 
ur Lester B. Knight As~or:iates, nc. 

Figure l. Absorpti0n Cooling Program 

CONTP.ACTORS llAJOR OBJECTIVES 

(1) ARKL.A Improve Efficiency 

(1) CARRIER Improve Fabrication Techniques 

(Z) CAP.~IE~/BPA Subsystem Integration 

(Z) CARRIER/NASA Eliminate Cooling Tower. 

(Z) CARR I £R/SOLERAS Field Operation Experience 

(4) UNIVERSITY OF TEXAS Advanced Cycle Development 

(1) LBL Advanced Materials Research 

(3) SRI Perfonnance Happing 

(Z) CSU 

Fi9ure 2. Rankine Cooling Program 

CONTRACTORS llAJOR OBJECTIVES 

(5) CARRIER 

Improve Efficiency 
(5) llTRC 

· Component Testing 
(6) llTRC/SOLERAS. 

Performance Mapping 
(5) U. of PENN 

·Advanced Cycle Development 
(5) ET! 

Rellab111ty Testing 
(5) HONEYWELL 

Field Oper1tton Experl-.nce 

(7) THERMO ELECTRON -------- Advanced Material Research 

SUMMARY 

The tasks being performed i.n the absorption 
and Rankine program areas run the gamut fr001 basic 
work on fluids to development of chillers and 
chiller c001ponents, to field and reliability test­
ing of canpl ete prototype cooling systems. Iri the 
absorption program there are three active canponent 
development projects (1), four systems field test 
projects (2), one advanced fluid study project (3). 
and one advanced cycle study project (4) currently 
funded by OOE. ln the Rank int! µr·ugr·dlll, there ar-c 
five active conponent development projects (5),.two 
system field test projects (6). and one advanced 
fluid study project (7). (The m.anbers in 
parentheses are keyed to the contractors listed in 
Figures 1 and 2.) 
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Several of the solar coo11ng projects are 
managed by NASA/MSFC (Marshall Space Flight Center, 
Huntsville, Alabama): the Carrier/liASA absorption 
projects and the Honeywell Rankine project. The 

I 



Honeywell project is a continuation of the earlier 
NASA/MSFC "404" program; two other 404 projects, by 
AiResearch and General Electric, have now been con­
pleted. 

Some of the DOE solar cooling projects 
reported in last year's Overview[!] have also been 
completed since then, and several others are in the 
final report stage. Those completed are: an ear­
lier ARKLA absorption project (Contract No. AC03-
76SF-10507, Development of Third-Generation. Three 
Ton Lithium Bromide-Water Absorption Chiller), the 
Brookhaven National Laboratory project (Contract 
No. C-02-0016, Development and Use of a Simulator 
to Test· Solar Cooling Subsystems), and the EIC Cor­
poration project (Contract No. AC03-77CS-34537, 
Design of a Solar Air Conditioner Using ·soli'd Phase 
Absorbent-Chemical Heat Pump). The projects in the 
final report phase are those by Southern Research 
institute (Contract No. AC03-77CS-31586, Analysis 
of Advanced Conceptual Absorption Chiller Designs) 
and the Institute of Gas Technology (Contract No. 
AC03-77CS-31439, Development of New Fluids for 
Solar Absorption Cooling). None of these projects 
will be included in the detailed descriptions given 
in the following section. 

Three new projects have been started during 
the past year and will be reported on here: Deter­
mination of Properties of Fluids for Solar Applica­
tions, by SRI International; Fabrication and 
Installation at Field Test Sites of 120-ton and 
75-ton Absorption Chillers, by Carrier Corporation 
(NASA/MSFC contracts); and Detenn.i nation of the 

·Thennal Stability of Organic Working Fluids Used in 
Rankine Cycle Systems, by Thenno Electron. In 
addition, much of the ongoing systems test work at 
Colorado State University is an integral part of 
the active solar cooling program and that effort. 
will be reported here also. 

A joint US/Saudi Arabian effort has contri­
buted to the development of Rankine and absorption 
solar cooling systems.· Four projects have been 
funded by this (SOLERAS) activity, all to be 
installed and operated in Phoenix, Arizona. Each 
manufacturer has contributed some private money in 
·addition to the 50/50 share by the U.S. and Saudi 
Arabia. Table 1 summarizes these projects. 

Table 1 
U.S./SAUDI ARABIAN PROJECTS (SOLERAS PROGRAM) 

TYPE SYSTHI COOLING 
CONTRACTOR CYCLEICOLLECTORS CAPACITY {TONS} 

UTRC RANKINEfTROUGH TRACKING 18 

HONEYWELL RANKINEfEVACUATEO TUBE 25 

CARRIER ABSORPTION (WATER COOLEO)(TROUGH TRACKING 15 

CARRIER ABSORPTION (AIR. COOLED)fFRESNEL DUAL 10 
TRACKING 

Some technical highlights of the program are 
presented in Table 2. 
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Table 2 
TECHNICAL HIGHLIGHTS 

CONTfl!ICTOR~ 

o HONEYWELL (RANKINE) Cont fnued successful field operation 
fn Lawrence. Kansas and other locations. 

o UTRC (RANKINE) Prototype unft converted to afr cooled 
operation, with successful start-up 
in Phoenix SOLERAS test project. 

o U. of TEXAS (ABSORPTION) Identification of potential for 
substantial technfcal perfonnance 
improvements through developn;~nt and 
ase of cor.:ptJter models of double­
effect absorption chillers. 

TECHNICAL ACCOMPLISHMENTS 

The individual absorption and Rankine projects 
are identified in this section, along with the main 
features and accomplishments/status of each. 

ABSORPTION PROJECTS 

Contractor: ARKLA 

Contract No.: AC03-77CS-34593 

Project Develop and test unitary 3-ton and 25-
ton LiBr/H2o absorption cooling sys­
tems. Develop and test double effect, 
gas fired auxiliary absorption unit. 

Features: Unitary package; fuel aux; manuf actur.:. 
ing study; application and maintenance 
manuals; tooling improvements; lab 
reliability testing. Gas fired double 
effect absorption unit provides highly 
efflcfent CUP {1.0) on non-solar opera­
tion. 

Accomplishments: 

1 Two field test installations have been 
completed and perfonnance predictions 
v.eri fi ed. 

1 25-ton unitized packaged chiller has 
been lab tested and prepared for field 
installation scheduled for Building 71 
at Lawrence Berkeley Laboratory, 

1 Tooling has been developed to produce 
absorber and condenser heat exchangers 
at reduced cost. 

Future Pl ans: 

1 Complete design of double effect gas 
fired auxiliary absorption unit; fabri­
cate and test. 

1 Assist in field test of 3-ton system at 
CSU and 25-ton system at LBL. 

1 Complete laboratory reliability testing 
of 3rd generation 3-ton units. 

Contractor: Carrier Corporation· 

Contract No.: AC03-77CS-51587 



Project: Development of air cooled absorption 
chillers. 

Features: Air cooled; 120° C - 130° C input tem­
perature; falling film approach using 
additives; manufacturing study and 
market evaluation. 

Accomplishments: 

• Prototype #1. a lOKW air cooled uni­
tized package chiller has be.en fabri­
cated; perfonnance testing is in pro­
gress. 

Future Pl ans: 

1 Improve design of lOKW absorption 
chiller; fabricate and test three lOKW 
un1ts. 

1 Design. fabricate and test a 70 KW 
absorption chiller.· 

Contractor: Carrier Corporation/BPA 

Contract No.: AC79-79BP-10467 

Project: Fabricate two 15-ton unitized absorp­
tion chillers and install them at two 
field sites: Dalles. Oregon and Tyler, 
Texas. 

Features: Water cooled. LiBr chillers; packaged; 
on-site testing; personnel training. 

Accomplishments: 

1 Tyler. Texas and Dalles. Oregon instal­
lations have been successfully operated 
for a full cooling season. 

Future Pl ans: 

1 The Tyler. Texas installation will con­
tinue to be operated during the summer 
of 1981 to obtain additional data on 
field test performance. 

Contractor: Carrier Corporation/NASA 

Contract No.: DEN 8-000005 & DEN 8-000015 

Project: Fabricate one 120-ton absorption unit 
to be installed at Frenchman's Reef. 
V.I. and two 75-ton absorption units to 
be installed at Houston and Las Vegas 
sit.es. Fi el iJ test syster.is at each 
site. 

Features: Water cooled; LiBr chillers; packaged; 
on-site testing; personnel training. 

Accomplishments: 

• Frenchmen's Re Pf chill er has been 
fabricated and shipped to the site for 
installation. 
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Future Plans: 

1 Las Vegas and Houston installations are 
planned for c~npletion in 1982. 

Contractor: Carrier Corporation/SOLERAS 

Contract No.: DE-FC03~80ET 20643 

Project: Design. fabricate, install, and field 
test two active solar cooling systems 
using absorption chillers. 

Features: S~st~f!! #1. 15-ton water-cooled absorp­
t 1on chiTler and trough tracking col­
lectors (Acurex). 

System#~, 10-ton air-cooled absorption 
chiller and Fresnel dual tracking col­
lectors (E-Systems). 

Accomplishments 

1 The is-ton water cooled system has been 
installed and operated at Phoenix test 
site. Debugging is presently underway. 

1 The 10-ton air cooled system is com­
plete except for final placement of the 
chiller. The absorption unit is under­
going extensive 1 ab tests at the Car­
rier facility in Syracuse, N.Y. 

Future Pl ans: 

1 Both systems will be field tested and 
the data wil 1 be used in the active 
solar cooling program. 

Contractor; University of Texas at Austin 

Contract No.: DE-AC03-79SF 10540 

Project: Analysis of double effect absorption 
cooling system 

Features: Determine performance as a function of 
many parameters. including inlet water, 
cooling water and chilled water tern,;, 
peratures, 1 ocation and size of heat 
exchangers; LiBr/H2o pair. 

Accomplishments: 

1 Computer model has been successfully. 
developed to simu.l ate operating perfor­
mance of double-effect absorption 
cycles. 

1 Final report has been canpleted. 

Future Pl ans 

1 Apply the computer model developed for 
double-effect absorption chillers to 
investigate control schemes, parasH·ic 
power requjrements, and heat exchanger 
optimization relative. to system perfor­
mance. 



• Assist industry in using computer 
model. 

Contractor: Lawrence Berkeley Laboratory 

Contract No.: W-7405-ENG-48 

Project: Deve 1 opment of advanced-eye 1 e absorp­
tion chillers. 

Features: Air-cooled; internally powered solution 
pump; tube-in-tube heat exchangers; 
single-effec~ chiller with 3-ton capa­
city at 218 F using NH3/H20; advanced 
eye 1 es with COP i ncrea-s i ng with tem­
perature; heat pump operation also. 

Accomplishments: 

• 

• 

Early testing of single effect chiller 
verified the condenser, generator, 
preheater and recuperative solution 
pump are operating according to design. 

Design drawings have been completed and 
fabrication is underway for . the 
double-effect regenerative absorption 
chiller. 

Future Pl ans: 

• Detailed testing will conclude on the 
single-effect chiller. 

• 

• 

Contractor: 

Fabrication will be completed, followed 
by testing of the double-effect regen­
erative absorption chiller. 

' , 
Cycle analysis of the single-effect 
regenerative absorption chiller will 
incorporate the results of the SRI 
measurements of fluids' proper.ties. 

SRI International 

Contract No.: DE-AC03-80CS 30221 

Project: Determine pressure-volume-temperature 
(P-V-T) data and calorimetric data for 
organic refrigerant and absorbent 
fluids and their binary mixtures. 

Features: Conduct a critical survey of therm<r 
dynamic· data on absorption fluids and 
fluid pairs and measure properties of 
selected fluids and their mixtures. 

Accomplishments: 

• Literature search has been c001pl eted 
and findings documented. 

• Experimental measurenents of the pr<r 
perties of the fluids are underway. 

Future Pl ans: 

• In-depth experiments will be conducted 
and· the data will be analyzed, on 
selected absorption fluids and fluid 
pairs. 
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Contractor: Colorado State University 

Contract No.: DE-AC03-81CS 30569 

Project: Test and evaluate conplete solar cool­
ing systems incorporating absorption 
chillers, both air and 1 iquid cooled, 
using CSU Solar Houses I and III. 

Features: The CSU Solar Houses contain collec­
tors, storage, chillers, pumps, piping 
and controls, a l1 fully instrumented 
for collecting test data. The test 
systems are scheduled to operate with 
an ARKLA evaporatively cooled 3-ton 
chiller and a Carrier air cooled 3-ton 
chill er. 

Accomplishments: 

• Instrumentation is in place and pro-
grammable controllers are being 
installed in the Solar Houses. 

• Philips Mark I heat pipe evacuated tube 
collectors have been installed and 
operated on Solar House I. 

e The ARKLA. 3rd generation unit was 
installed in Solar House I and operated 
briefly at the end of the 1980 cooling 
season. 

Future ·p1 ans: 

• 

• 

• 

Extensive testing will be done on the 
ARKLA 3rd generation chiller using 
Solar House I during summer 1981. 

Evacuated tube collectors will be 
selected and installed on Solar House 
III during 1981. 

The Carrier air cooled 3-ton absorption 
chiller will be installed in Solar 
House III and operated during the sum­
mer of 1982. 

Contractor: University of Maryland 

·contract No.: DE AC03-79CS 30204 

Project: Techniical program support and special 
studies. 

Features: General program support activities; 
optim~zation studies and ·parametric 
analy~i s. 

Acc001p 1 i shment s: 

• Report on refrigerant/ absorbe.nt pairs 
completed. 

• Transient· simulation of absorption 
cycles completed and compared favorably 
to experimental data. 



Project: Development of a superheated steam 
Rankine turbine. 

Features: Solar-boiled water at 3QQOf; fuel­
superheated to lOOOOF; 4 stage, 75,000 
RPM radial outfl CM turbine; nominal 30 
ton. 

Accompl i shments: 

• Laboratory testing of turbine has been 
canpl eted, successfully. 

t Final report has been conpleted. 

Future Plans: ,. 
• Project conpl eted. 

Contractor: Honeywell 

Contract No.: NASS-32093 

Project: Development of Rankine cycle chillers 
and field installation for testing. 

-
Features: 3-ton and 25-ton Rankine chiller 

design; water-cooled; R-113 power cycle 
loop; R-12 refrigerant cycle loop; 
radial inflow turbine, 40,000 RPM; dau­
b le reduction gear box to 1200 RPM; 
reciprocating compressor (centrifugal 
conpressor optional); motor/generator 
auxiliary. 

Ac_cOO)_pl ishments: 

• Field test sites continue to be 
operated successfully and monitored. 

• High temperature Rankine unit fabri­
cated and installed at ~ASA/MSFC. 

Future Pl ans: 

• Further technology development to 
improve efficiency of chiller and cool-
ing system. · 

• Continued· monitoring of operational 
test sites. 

Contractor: Honeywell/SOLERAS 

Contract No.: · DF-FE02-80ET 20645 

Project: Design, fclbricatc, i nstal 1 and field 
test 25-ton Rankine cycle cooling sys­
tem. 

Features: Air-cooled; 300°F; R-113 _power cycle 
loop, R-12 refrigerant cycle loop; 
radial inflow turbine, 40,000 RPM; dou­
ble reduction gearbox to 1200 RPM; 
rec1procatiny compressor; 
motor/generator auxiliary. 

Accomplishments: 
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• Components have been fabricated and 
system installed at Phoenix site. 
Operating tests are presently underway. 

Future Pl ans: 

• Continue field operating tests for two 
cooling seasons. 

Contractor: Thermo Electron Corporation 

Contract No,. : DE-AC03-80CS 30220 

Project: Conduct thermal stability tests on 
fluids used in Rankine _cycle systems. 

Features: Five identical dynamic test loop to be 
constructed to test dec001position of 
organic working fluids as· a function of 
temperature and the materials in con­
tact with the fluid. 

Acc001plishments: 

• Loop designs are completed and con­
struction underway. 

• R-11 and R-113 selected as fluids to be 
tested in four of the loops. 

Future Plans: 

.e Carry out dynamic thermal stability 
tests of fluids in 5 loops. 

e Conduct supplemental capsule tests. 

Contractor:. Hittman Associates, .Inc. (HAI) 

Contract No.: DE-AC03-79CS 30202 

Project: Technical program support and special· 
studies. 

Features: General program support. activities; 
!ipecial system, component and econooiic 
analyses. 

Acconplishments: 

• Thermal storage for solar Rankine and 
absorption c;ool f ng systems report cooi­
pl eted. 

• Performance test pl ans completed for 
Rankine and desiccant cooling equip-· 
ment. 

• Hybri_d solar/fossil Rankine cooling 
conceptual study con'lpl eted and report 
written. 

• High temperature solar cooling topical 
report cooipleted. 

• Preliminary plan for testing of cooling 
system control strategies was 
developed. 



• Simplified cooling design charts 
developed on a regional basis, and can­
pared to detailed simulation. 

• Parametric studies of PV/T systems have 
identified performance sensitivities to 
collector area,. storage capacity and 
other parameters. 

Future Pl ans 

• Technical support activities will con­
t inue. 

.• The .cooling design charts and PVT 
analysis wi 11 be canpl eted during the 
next. year. 

RANKINE PROJECTS 

Contractor: Carrier Corporation 

Contract No.: OE-AC03~77CS 31590 

Project: Development of 25-ton Rankine chiller. 

Features: Air-cooled; R-113 in both loops; 290°F; 
20~000 RPM turbine directly driving 
compressor; electric motor shares the 
load. 

Accooiplisments: 

• Turbo-cooipressor assembly has passed 
the air test and is under R-113 test on 
prototype. 

• Two stage boil er feed pump has been 
fabricated and successfully tested. 

Future Pl ans: 

• Operate T/C assembly to design condi­
tions and determine performance map of 
the chiller. 

• Continue development of chiller to 
include air cooled condensing coils and 
microprocessor based control system. 

Contractor: United Technologies Research Center 
(UTRC) 

Contract No.:DE-AC03-77CS 34510 

Project: Development of 18-ton Rankine heat 
pump. 

Features~ Air Cooled; R-11 in both loops; 2900F; 
45,000 RPM turbo cooipressor; fossil 
fuel auxiliary; both heating and cool­
ing operation. 

Accomplishments: 

• Endurance testing and cooiponent assess­
ment has been c001pleted. 
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• Advanced heat pump design has been c001-
pl eted to improve operating efficiency 
and reduce fabrication cost. 

Future Plans: 

• Fabrication and testing of• advanced 
heat pump ~esign. 

Contractor: United Technologies Research 
Center/SOLERAS 

Contract No.: DE-FC02-80ET 20642 

Project: Design, fabricate, install and field 
test a Rankine cycle solar cooling sys­
tem. 

Features: 18-ton Rankine cycle heat pump; air­
cooled; R-11 in both loops; 290oF; 
45,000 RPM turbo-compressor; fossil 
fuel auxiliary; trough tracking collec­
tors. 

Acc001pl ishments: 

• Prototype unit converted to air-cooled 
operation with successful start-up in 
Phoenix SOLERAS test project. 

Future Pl ans: 

• Field testing of SOLERAS system through 
two cooling seasons. 

Contractor: University of Pennsylvania 

Contract No.: AC03-78ET-20110 

Project: Development of 20-ton superhe·ated steam 
Rankine chiller. 

Features: Solar-boiled water at 260°F· fuel­
superheated to ll00°F; 5 stage: 15,000 
RPM radial outflow turbine and rotary 
expander design; stored water flashes 
to steam. 

Acc001plishments: 

• . Fabrication of turbine assembly is 
being c001pl eted and test loop is under 
construction. 

Future Pl ans: 

• Performance map of turbine will. be 
measured using the steam power loop. 

i 

Contractor:. Energy Technology, Inc. (ETI) 

Contract No.: AC03-80CS-30214 



Future Plans: 

1 Technical support activities and spe­
cial studies will continue. 

SYSTEM ANALYSIS PROJECTS 

Contractor: Science Applications, Inc. {SAI) 

Contract No.: XB-0-9145-1 

Project: Perfonnance and economic analyses of 
absorption and Rankine cooling syst~ns. 

Features: Develop computer programs to evaluate 
sys tern perfo nna nee and econorni cs for 
residential and commercial active solar 
cooling systems; selected cities used. 

Accomplishments: 

1 Completed detailed system modeling of 
25-ton absorption and Rankine chillers. 

1 Annual system simulations and economic 
analyses completed for four cities. 

Future Pl ans: 

1 Continued system evaluation for addi­
tional 1 ocations and system configura­
tions. 

In addition to the activities in the above 
contracts, extensive planning efforts are underway 
for 1 ong-range development efforts in the active 
solar cooling program. An important function for 
this planning effort was the active solar cooling 
workshop attended by representatives from the solar 
and HVAC industry, utilities and local government, 
financial and marketing organizations, and the 
architecture and engineering fields. The workshop 
concentrated on four major topics: (1) technical, 
(2) financial, (3) codes and standards, and (4) 
marketing aspects of active solar cooling. The 
response fr001 the 28 attendees provided a data base 
for follow-on presentations that will further con­
tribute to DOE's planning efforts. 

FUTURE ACTIVITIES 

From a technical point of view, the Rankine 
and absorption projects have progressed fr an the 
very early design and <level opment stage to operat­
ing prototypes undergoing perfonnance evaluations. 
Operation of many of the early prototypes have 
identified key areas of concerns for Rankine units 
such as optimized system control, bearing design 
am.I cooling scher.ies, hack-up syste:71 alternatives, 
and heat exchanger designs. For the absorption 
systems, concerns are fluid flow design in the 
absorber section, heat exchanger optimization, con­
t ro 1 functions, and parasitic power reduction. 
Common concerns for both systems are cost reduc­
t ion, collector and storage selection criteria, and 
fluid stability at high tempertures. The future 
a~tivilies of the active solar cooling program will 
address these key corn.:t:r r'1s. 

In the past year, substantial progress has 
been made identifying quantitative program yoah. 

2-7 

A method of system analysis has been developed to 
provide values of cost and perfonnance goals using 
computer simulation models and results of 'market 
analysis. This effort is continuing. 

It is expected that further development in the 
absorption and Rankine cooling technologies will 
ensue as a result of competitive solicitations for 
advanced cooling systems and components. In addi­
tion, it is planned to conduct systems engineering 
of developed components leading to design and 
application manuals that will be available for use 
by A&E firms and the HVAC industry. 

REFERENCES 

[!_] Michael Wahlig, Al, Heitz, and Barbara Boyce, 
~overview - Absorption/Rankine Solar Cooling Prog­
gram?" Proc__,_ Annual DOE ~ctive Solar Heat i_!!9_ and 
Cooling Contractors' Review Meeting, March 26-28, 
1980. 



UNITARY SOLAR HEATING/COOLING SYSTEM PACKAGE DEVELOPMENT 

ARKLA INDUSTRIES INC. 

RICHARD H. MERRICK 

DE-AC03-77CS-34593 

OBJECTIVE 

To develop 3 ton residential and 25 ton com­
mercial unitary solar heating and cooling system 
hardware and software; to develop an evaporatively 
cooled 3 ton lithium bromide water absorption chil­
ler and establish its reliability and manufactura­
bility; to add a double effect, gas fired auxiliary 
mode of operation to the evaporatively cooled chil-
ler creating a dual solar/gas unit. ' 

DESCRIPTION OF WORK 

Applying the unitary system approach to solar 
heating and cooling will reduce hardware installed 
cost and maximize reliability and efficiency. Siz­
ing and installation sofLware keyed to specific 
hardware is more accurate and easier to use in the 
field. 

The evaporatively cooled chiller concept is 
an advance over conventional tower cooled equip­
ment. Elimination of the separate cooling tower 
reduces first cost, installation cost and parasitic 
power. Water scaling and freezing will be managed 
t o achieve a malntenance level approaching that of 
air cooled systems. 

The double effect, gas fired auxiliary mode 
will provide high efficiency (fuel based COP ~ 1) 
during non-solar operation. Solar cooling equip­
ment that matches conventional cooling equipment 
in the non-solar mode can credit all its solar 
operation to energy savings. This feature in­
creases in importance as the solar fraction re­
duces. 

TECHNICAL ACCOMPLISHMENTS 

• Commercialization of a 3 ton solar package has 
been achieved. Two of these systems are oper­
ating in Evansville, a retrofit home for 2 
years and a new home for 3 years. Operation 
has led to system improvements and cost reduc­
tions of this product. 

• An application manual has been prepared covering 
all aspects of a complete solar system for 
heating, cooling and . domestic hot water as 
well as collector array sizing and orientation 
for the PWF-36 unitized package. 

• As a result of operating the collection systems 
at the two houses, a predictive model for the 
amount of actually delivered solar energy has 
evolved, Figure 1. 

2-8 

Figure 1 Deliverable Solar Energy 

• A 25 ton unitized packaged, F~gure 2, has been 
developed anu 8UCcessfully tested. This sys­
tem will be slightly modified prior to field 
testing at the LBL on year-round conditioning 
duty. 

Figure 2 25 Ton Unitized Package 



• Two evaporatively cooled units have been in­
stalled at field sites. One unit has been oper­
ational at the retrofit house as part of the 
PWF-36 unitary package. The other unit was in­
stalled late last summer (1980) at Colorado 
State University at Fort Collins to gain field 
experience in a low wet bulb climate. Figure 3 
is a comparison of the 3 ton evaporatively 
cooled unit and the WF-36 chiller with its re­
quired cooling tower and pump. 

• A reliable vendor developed permanent magne~ 
drive solution pump has been undergoing life 
test and actual operational evaluation as a part 
of the evaporatively cooled field units plus two 
life/ scale test_·chillel.:S in the Arkla lab. 

• A detailed production study has verified the 
manufacturability of the evaporatively cooled 
unit. · 

Figure 3 Three Ton Evaporative Chi_ller vs. Tower Cooled WF36 Chi.Her 

The base a2ea of the evaporatively cooled unit 
is 9.75 ft . The base area 2f the WF-36 plus 
the cooling tower is 15.5 ft • Fewer field pipe 
connections are required. Parasitic power con­
sumption of the evap. cooled unit is 450 watts 
vs about 1000 for the WF-36 with a cooling 
I 11w<:r. Tht! l'"""'L'l itd.c powPr of a double effect 
1..hillcr ehon l rl he lE;!ss than a ~l11gle due 1 11 l ~:'ls 
heat · rt!j.,ction alth011glo a lar~cr solur.iou pump 
motor is required. 

• Operation of the two residential system's chil­
lers has led to lmprovcmcnts jn the commercial 
produc;:L 1..:hillcr, WF3h, esp.,1..:ially contrnls, 
st!a:su11al COP and, potentlally, inetantAneous 
COP at reduced firing temperatures through para­
llel condensing water flow without increasing 
system parasitic power. 

• The 1250 gallon underground storage tank at the 
rt!LLufit house hAR not shown any insulation de­
terioration nvP.r. the 2 years of operation. The 
11ctu;ii l nssP.li fro111 a ll in rceidi:>nrP. tank, :such 
ai> a lni.acmont J nrAt t on, cau add OUbl:l~atrli11l load 
to the chiller equ1valt!11l to an hcn.ir nt ope~­
ating time each day, even in mild weather. 
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• Temporary tooling from the barrel industry has 
been developed, built, and successfully used to 
produce 7 difft!rent corrugated heat transfer 
shells for the evaporatively cooled unit. Fig­
ure 4 shows this equipment set up at Arkla. 

Figure 4 CorrugaLlu!:\ Equipment 



e A thermal analysis of an evaporatively cooled 
double effect cycle has been completed. This 
analysis shows a COP ~ 1 on a fuel basis can 
be. achieved without compromising the .72 COP 
operating in the solar mode, see Figure 5. 

Figure 5 Solar/Gas Chiller Schematic 

• Concepts have been evaluated and the actual de­
sign phas.e of breadboard components is in pro­
cess. The prototype high temperature solution 
heat exchanger is being tested. Fabrication 
of the combination solar generator/2nd effect 
generator/1st effect condenser is underway. 

FUTURE ACTIVITIES 

Marketing the 25 ton commercial package is 
a possibility periding successful results with the 
LBL field test. 

Assuming favorable results from the prelimin­
ary work funded for the double effect solar/gas 
chiller, we are proposing additional funding to 
complete this development . Continuing with life 
and field testing of the existing single effect 
units would also be part of this work. Specifi­
cally, more work must be done to develop a satis­
factory protective coating. Some of the existing 
materials have failed · and others are marginal. 
Although galvanizing can be effective, it is 
relatively expensive. 

PUBLICATIONS/REPORTS/REFERENCES 

Merrick, Richard H., "Unitary Solar Heating/ 
Cooling System Package Development" proceedings of 
3rd annual Solar Heating and Cooling Research and 
Development Branch Contractors' Meeting, Washingt('n 
D. C., September 24 - 27, 1978 p 271 - 275. 

Merrick, Richard H., "Unitary Solar Heating/ 
Cooling System Package Development" proceedings of 
the annual DOE Active Solar Heating and Cooling 
Contractors' Review Meeting, March 26 - 28, 1980, 
p. 2 - 5 to 2 - 8. 

OOIHAACT INt-UHMATION 

START DATE_~0._.6"-/_,_7.._7 ___ END DATE __ l_2.:..../ 8c:...:l:;__ __ CONTRACT VALUE _ __,_$_1,__, 3_0_4.:..,_48_8 _________ _ 

MILESTONES 
Item: 

1. 3 Ton Unitary Package for Solar Heating/Cooling/DHW (with 
natural gas back-up) 

2. Complete Application Manual (Residential) 

3. 25 Ton Packaged System 

4. Two Chillers "Off" temporary mfg. eqmt. 

5. Operational Breadboard Double Effer.t/Solar Unit 
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Due date: 

November, 1977 
(completed) 

March, 1979 
(cuwplt!Lt!d) 

May, 1980 
(completed) 

March, 1981 
(1 unit completed) 

December, 1981 



AIR COOLED ABSORPTION CHILLERS FOR SOLAR COOLING APPLICATIONS 

ENERGY SYSTEMS DIVISION, CARRIER CORPORATION 

DR. WENDELL J. BIERMANN, ROBERT REIMANN 

EG-77-C-03-1587 

OBJECTIVES 

. The purpose of this program is to identify the 
chemical composition of a "best" absorption­
refrigerant system, capable of being air cooled to 
determine those properties of the system necessary 
to design hot water operated, air cooled chilling 
equipment and to design and operate air cooled 
chillers from single family residential sizes into 
the commercial rooftop size range. 

DESCRIPTION OF WORK 

At previous Contractors' meetings we have 
discussed the considerations which led us to the 
selection of a mixture of lithium bromide and 
ethylene glycol as an absorbent, coupled with water 
as a refrigerant. 

Figure 1 shows the pressure-temperature rela­
tionship of this system in the form of a Duhring 
plot. SuperLmposed on this plot is a parallelogram 
showing the approximate limits covered by an air 
cooled absorption cycle at the design point of 
35"C (95°F) air. The absorbent ratio of LiBr:glycol 
was selected as 4.5, roughly optimized for the 
various considerations of vapor pressure, cycle 
pumping rate and heat transfer properties. It will 
be noted that the crystallization line, shown as 
a dashed lLne, is coinfortably removed from the 
region occupied by the cycle. By contrast, the 
crystallization line for lithium bromide cuts very 
close to the working area, inviting a solidified 
system should there be a sudden perturbation of the 
operatLng conditions or should there be some minor 
errors in th.e information. 

'!'his sys Lem lB useful only if it can be 
operated near the equilibrium conditions. Our 
major chemical innovation has been the identifica­
tion of a chemical additive, 1-nonylamine, which 
lowers subcooling in the absorber to about l"C 
from the 15°C range of the simple refrigerant­
absorbent combination. Without this additive the 
gain in crystallization is obviously lost Ln 
increased subcooling. 

For convenience we have coined the term 
"Carrol" to describe a system comprising an 
absorbent of lithium bromide and ethylene glycol in 
a weight ratio of 4.5:1, with water as refrigerant 
and 1-nonylamine as an additive. 

MACHINERY DEVELOPMENT 

At the present writing three chillers have 
been constructed and two of them operated under 
test <.:ouulLiono. The f;irst of these a "br .. ad­
board" type construction, produced- about 7 kW (2 t) 
of cooling at the design point of 110°C (230°F) hot 
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FIGURE 1. Equilibrium Chart for Aqueous Solutions 
of Carrol. For reference purposes, the 
crystallization line for lithium bromide­
water has been superimposed as well as a 
typical cooling cycle path. 

water entering the generator, 35°C ambient air and 
7.2"C (45°F) chilled water to the load at a thermal 
COP of 0.74. The schematic representation of the 
breadboard and subsequent models is shown in Figure 
2. This served to vindicate the basic design 
concepts and refined some of the heat transfer 
coefficient data. 

A second piece of equipment, a first prototype 
si.ngle famj.l,y residential unit, was designed from 
the 'breadboard · data wi,tn . a proj e~ted <.:uulin~ 
·qipacit;y of 10 kW (3 tons). ..This unit is _shown, 
with the sheet .metal case remov~d.. - in. Figure 3. 
When placed in operation iri a laboratory facility 
designed and built especially for the purpose, 
the initial cooling capacity at design conditions 
was about 8.7 kW at a thermal COP of 0.71, 
sustained for about ten days. Unfortunately the 
performance of this equipment soon deteriorated to 
about 6 kW at design conditions as a result of 
heat transfer surface contamination, due at least 
in great part to air leakage. After a series of 
unsuccessful attempts .to resuscitate the prototype, 
the decision was made to abandon the machine and 
move on to the next program step. The first 
prototype experience emphasized to us the 
importance of designing all components with ease 
of leak detection and leak repair a major design 
consideration. 

• 



SCHE-MATIC OF AIR COOLED ABSORPTION CHILLER 
l tiDICATING TEST POINTS AND CONTROL ELEMENTS 
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FIGURE 2. Schemati.c Diagram of Air Cooled 
Absorption Chiller. 

The uexc program step selected was not an 
immediate redesign of the 10 kW prototype but 
rather a move to a larger rooftop solar package 
built around a 35 kW (10 ton) air cooled chiller. 
Funding for this particular step has been supplied 
through the SOLERAS program administered by the 
Solar Energy Research Institute (Contract 
DE-FC02-80-ET20643). Figure 4 shows the 35 kW 
rooftop package which integrates the solar system 
pumps, cont·rols and some data retrieval functions. 

Selection of the larger equipment as the 
successor step to the first residential 10 kW 
prototype was based primarily on the belief that 
the larger size was, in some ways, less of a 
deviation from established designs. These 
considerations will be included in the following 
consideration of the major components of the 
chiller designs. 

Generator· 

In all cases a falling film generator is used, 
based on the very successful application of this 
design in our parallel development of water cooled 
chillers for low temperature application. The 
falling film generator is preferred over the 
submerged tube bundle because it permits counter­
current heat transfer, eliminates submergence 
losses, minimizes the need for superheat to induce 
nucleate boiling and greatly reduces cycling losses 
by eliminating the large quantity of hot solution 
stored in the generator. 
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FIGURE 3. First' 10 kW (3 ton) Prototype Air 
Cooled Solar Absorption Chiller. 

FIGURE 4. View of the 35 kW (10 Ton) Air Cooled 
Solar Absorption Chiller Package 



Distribution of the solution over the tube 
bundles in the 10 kW design was by means of a series 
of weirs which overflowed onto the exterior of the 
generator tubes through capillary drippers. In the 
larger 35 kW package there is sufficient room to use 
spray headers, which has been the basis of all our 
previous experience with the falling film generator. 

Absorber and Condenser 

Both are plate fin coils with one inch copper 
tubes and ten mil aluminum fins, 14 per inch. 
Since the last Contractors' conference report was 
written, the coil parameters were mea~ured by the 
Carrier Research Division and a computer analysis 
made of this application. As a result, the 
condenser coil was redimensioned and recircuited 
and the ai~ velocity through both condenser and 
absorber reduced. This will significantly reduce 
fan power from that required in earlier designs. 

Evapo;rator 

It has been most convenient thus far to work 
with a flash evaporator, in which return chilled 
water is flashed through a no'Zzle in a chamber 
communicating with the absorber. With the 35 kW 
rooftop package, however, we will return to the 
more conventional tube and shell chiller which will 
lessen the likelihood of leaks and will simplify 
the problem of freeze-proofing the .units. 

It is conceptually possible that the ethylene 
glycol component could evaporate in the generator 
and concentrate in the refrigerant loop. This 
does not happen and a steady state concentration of 
glycol in refrigerant of about 5% has regularly 
been observed. 

Fans 

Based on the new requirements for the 
redesigned coils, the Carrier Corporate fan 
selection program was used to make an optimum 
selection of fan motor and blades. The 35 kW 
rooftop unit will use si~ fans with about 215 
watts per ton capacity, compared to about 300. watts 
per ton in the previous designs. 

Solution Heat Exchanger 

The solutinn heat exchanger is a major 
consideration in getting good thermal efficiency. 
Very little head is available on the strong 
solution side, a situation not helpful in 
achieving a high effectiveness ( '1 ~ 0.8). Our 
flat plate design, constructed of a stack of simple 
shapes easily punched from sheet metal, has worked 
out well. 

A small version of the jet purge that Carrier 
uses on its commercial 16JB absorption chiller 
series has given us effective purging of gases 
from leaks and corrosion. The maximum pump head 
in the 35 kW chiller is sufficiently hlgh to 
permit emptying the purge storage tank by pump 
discharge pressure. 
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Controls 

A low refrigerant level sensor protects the 
liquid lubricated refrigerant pump by turning it 
off when refrigerant stores on the solution side. 
In the breadboard and 10 kW prototype versions 
the refrigerant pump served to couple the flash 
evaporator to the external load. This design 
has been replaced by a conventional tube and 
shell chiller in which the evaporator pump is 
used only for internal refrigerant pumping from 
sump to spray header. 

Should overconcentration of t he Carrol 
threaten solidification, this is detected by a 
high refrigerant level sensor which activates a 
Cycle-GuardR solenoid valve which feeds 
refrigerant into the solution pump suction. To 
maintain constant load capacity as ambient 
temperatures increase, it is necessary to increase 
generator temperature by two degrees for each 
degree increase in ambient above the design point 
of 35°C. 

A second solenoid valve will also be intro­
uuced into the 35 kW package and subsequent 
machines which will permit the output of the 
solution pump to be introduced into the suction 
side of the refrigerant pump as a means of 
preventing the refrigerant from freezing during 
winter shutdown. In conjunction with an additional 
level sensor in the refrigerant sump, it can also 
be u~eu to extend machine operation to lower 
ambient temperatures, with minor losses in thermal 
COP. 

TECHNICAL ACCOMPLISHMENTS 

A survey of possible air cooled absorbent­
refrigerant combinations has identified a lithium 
bromide-ethylene glycol-water system, with 
1-nonylamine as an additive, which was a "best" 
system with respect to cost, chemical stability , 
flammability, toxicity and projected development 
time. 

All necessary engineerine design information­
vapor pressure, enthalpy, heat transfer coeffi­
cients, etc., has been measured. 

Component designs have been tested in 10 kW 
(3 ton) breadboard and first prototype configura­
tions. 

A 35 kW (10 ton) roof top solar package has 
been designed and built. 

A test facility for running small alr cooled 
absorption chillers over a variety of controlled 
conditions has been designed and built. 

FUTURE ACTIV!TlES 

'l'he equipment resulting from thi,s program 
are intended as prototypes of products aimed at a 
market still in process of development. With 
this in mind, our Commercial Products Division 
prepared a Fabrication Cost Estimate for a 10 kW 
(3 ton) produc t based on the first prototype 
design. A run of 1000 units would have a 
fabrication cost of $2,400 each. 



Our corporate experience with silllilar products 
has ~losely followed an 80% experience curve in 
projecting cost reductions. Table I shows a 
possible future cost scenario which would be 
consistent with our previous experience in 
developing very similar new products for emerging 
markets. Cost to the consumer will be higher by 
distribution, profit and other business costs. 

Year 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

TABLE I 

Average Fabrication Cost Projection 
3-Ton Absorption Machine · (Air Cooled) 

20% Initial 
Cost Reduction 

Average 
Annual Cumulative Fab. Cost/Unit 

Production Production 1980 Dollars 

100 100 $1,916 
500 600 1,886 

2,000 2,600 1, 782 
6,JOO 8,oOO 1,561 

12,JOO 20,600 1,299 
13,200 33,800 1,111 
14,500 48, 300 992 
16,JOO 64 ,300 905 
17,600 81,900 838 
19, 300 101,200 783 

CONTRACT INFORMATION 

I 

Starting Date: September 30, 1977 
End Date: September 1982 

Total Face Value of Contract: $1,232,880 

Major Deliverables 

1. Survey of absorption-refri gpr,.n.t ~mbinatiuus 
and selection of "'oest" combination. 
Report 6/79. 

2. Properties of ''best" absorbent-refrigerant 
combination and machine component designs. 
Report 5/8L 

3. First Prototype 10 kW Absorption Chiller 
6/80. 

4. Second Prototype 10 kW Absorption Chiller 
(three units), Complete 9/15/81. 

5. 70 kW Absorption Chiller, Complete 12/15/81. 

PUBLICATIONS AND REPORTS 

"Candidate Chemical Systems for Air Cooled 
Solar Powered Absorption Air Conditioner Design." 
Part I - Organic Absorbent Systems; Part II -
Solid Absorbents, High Latent Heat Refrigerants; 
Part III - Lithium Salh with Antifreeze Additives; 
wendell J. Biermann (1978). Parts I and II are 
available from NTIS, Part III release expected 
shortly. 

"Properties of the Carrol System and a 
Machine Designed for Solar Powered, Air-Cooled, 
Absorption Space Cooling," Revised Report 
May 1981. 
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WATER COOLED ABSORPTION CHILLERS FOR SOLAR COOLING APPLICATIONS 

ENERGY SYSTEMS DIVISION, CARRIER CORPORATION 

DR. WENDELL J. BIERMANN, ROBERT C. REIMANN 

OBJECTIVES 

The long term objective of the program which 
has been implemented by the contracts enumerated 
below, was the development of a broad line of 
absorption chillers designed to operate with hot 
fluids at as low a temperature as practical while 
rejecting heat to a stream of water. 

A second objective was to develop a packaging 
concept for solar application in which controls, 
pumps, valves and other system components could be 
factory assembled into a unitary solar module. 

DESCRIPTION OF WORK 

Energy Systems Division, Carrier Corporation, 
has been conducting programs in solar cooling with 
various agencies all of which have been tied 
together with a common group of assumptions and 
goals. One of these assumptions was that of the 
various methods of solar cooling possible, absorp­
tion cooling was the only technology which could 
become commercial on a relatively short time frame. 
Absorption cooling with heat rejection to a water 
stream, as might couple to a cooling tower, 
appeared to warrant the highest priority because of 
the large background of developed technology. This 
program is the subject of the present paper. A 
second program, development of a line of air cooled 
absorption chillers over the resiiential and smaller 
commercial sizes, appeared to be somewhat longer 
in term and our contributions in that area are 
described in a second paper in this Conference 
Proceedings. 

A design point was selected on the basis of 
what might rP.asonably be eXPected from a system 
using good quality flat plate solar collectors. 
Specifically we chose: 

Rating Conditions: 

Hot water 82°C (180°F) and 0.060 1 s-1/kW capacity 
(3.33 gpm/ton (c) ) _1 Cooling water 29°C (85°F) and 0.126 1 s /kW (c) 
(7.00 gpm/ton (c) ) 

Chilled water 7.2°C (45°F) and 0.043 1 s-1/kW (c) 
(2. 40 gpm/ton (c) ) 

Size Range: 

50 - 500 kW (c) (15 - 150 tons) 
Smaller Units to be Contained in Preassembled 
Solar Packages. 

In addition we wanted a basic design which 
wn111cl rP.ta1n a large traction o:f design capaclty 
when the hot water temperature dropped to 65°C 
(150°F), other quantities remaining at the rating 
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condition, and which would have minimum losses 
due to cycling. 

The primary approach which was to be used was 
to increase surface in a fairly conventional tube 
bundle for evaporator, absorber and coaienser 
design, but to increase the number of passes in the 
evaporator and absorber so as to approximate 
counterflow rather than cross flow heat transfer. 
Instead of the submerged tube bundle generator 
normally employed, we elected to use a falling film 
type generator which would reduce approach tempera­
tures by permitting counterflow rather than cross 
flow heat transfer and avoid superheating effects 
associated with nucleate boiling and hydrostatic 
head. By eliminating the storage of the mass of 
solution required to cover the generator tube 
bundle, the heat losses on interrupted operation were 
very greatly reduced. 

Table 1, on the following page, suunnarizes in 
tabular form the contracts and the several agencies 
which have made it possible to carry out the 
individual steps in the overall program. In each 
case, a brief note gives the specific objective of 
that portion of the program and the current status. 

Typical performance data and illustrations of 
the 50 kW (15 ton) solar absorption chillers have 
been given at previous Contractor's meetings and in 
the publication list appended. 

By way of update, three figures are included. 
Figure 1 shows the latest packaged ver~iou of the 
50 kW chiller, presently installed at the BDP 
Distribution Center, Phoenix, Arizona, as part of 
the SOLERAS program. This package includes pumps 
for solar collector, chilled water distribution and 
for induced draft cooling tower, necessary control 
sensors and valves plus all needed control logic 
devices. 

The second figure shows the largest unit thus 
far built in this series, a solar absorption 
chiller designed to produce about 130 tons of 
cooling at the program rating point, and was 
developed under sponsorship of Marshall Space 
Flight Center (NASA). This machine is . semi­
commercial in that it was produced down the same 
assembly line as the standard Carrie~ 'absorption 
chillers. To become fully commercial, it requires 
only enough volume to justify certain special 
tooling and setting in place a complete manufac­
turing plan. 



Major Task 
Number Technical Task Status or Schedule 

1 Design, build, factory test, field Installation completed, Ross Control House 
install in solar system with evacuated (Vancouver, WA) March 1978. Currently 
tube collectors and monitor for one year; operating. 

I a 50 kW (15 ton) solar absorption chiller. Preliminary Final Report submitted 
January 1980. 
Bonneville Power Administration to issue 
final final report about May 1981. 
Funding: Bonneville Power Administration. 
14-03-6280N $848,959 

2 Select new solution and refrigerant pumps Installation completed, Carrier factory in 
for 50 kW (15 ton) package developed in Tyler, Texas, October 1979. Operation 
task Ill. Develop solar package for steam monitored to October 1980. Presently 
as auxiliary energy. Install with flat inoperative due to collector problem. 
plate collectors and operate for one year. Funding: rlonneville Power Administration/ 

DOE DE-AC79-79BP 14067 $375,000 

3 Operate Tyler, Texas installation for Contract anticipated May 1981. To be 
cooling season, 1981. followed by preliminary final report to 

Bonneville Power Administration November 
1981. 
Funding: SERI Contract Pending $15,250 

4 Using the modified 50 kW (15 ton) solar Installation completed April 1980. Year's 
absorption chiller of Task 2, develop operation completed April 1981. Preliminary 
package using electric driven heat pump Final Report, June 1981. 
for auxiliary. Install, using drainable, Funding: Bonneville Power Administration/ 
evacuated tube collectors, at Big Eddy DOE DE-AC79-79BP 14067 $375,000 
Control House, The Dalles, Oregon. 

5 Using absorption chiller design proven in Installation completed April 1981. 
Tasks 2 and 4, develop improved packages. Preliminary Final Report November 1982. 
Install, using tracking concentrating F.unding: SOLERAS, Managed by SERI 
trough collector, BDP Distribution DE-FC02-80ET 20643 
Center, Phoenix, Arizona. Operate $815,000 (including a second installation) 
through two cooling seasons. 

. -·· 
~-

0 Scale up the 50 kW (15 tpn) design to Construction completed March 1981. 
meet needs of Frenchman's Reef Holiday Laboratory tested April 1981. Shipped 
Inn, American Virgin Islands. Under April 1981. Installation a~d field testing 
selected rating conditions, this would will be contracted by NASA, scheduled about 
be about 450 kW (130 tons). Design will June 1981. 
produce over 700 kW (200 tons) at Fwuling: NASA DEN 8-000007 $266,318 
higher temperatures. 

7 Using same design as Task 6, design, Construction completed March 1982. Will 
construct and laboratory test two solar .be installed and field tested under 
absorption chillers of 260 kW (75 ton) separate NASA contract in 1982 at 
capacity at design conditions. University of Houston and University of 

Nevada (Las Vegas). 
Funding: NASA DEN-8-000015 $227,900 

8 Do cost reduction study of ·design in Desirable to improved commercial value. 
50 kW (15 tons) to 150 kW (40 tons) 
range. Build and test one unit to prove 
cost reduced design. 

9 Using design concepts proven in past Logical step for technological advance of 
program, design a solar chiller with two solar cooling. 
stage generator to increase COP. Design 
hot water temperature to be not in excess 
of 115°C (240°F). 

TABLE 1. Summary of Contracts Constituting the Water Cooled Absorption Chiller Program of 
Energy Systems Division, Carrier Corporation. 
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FIGURE 1. Solar Uni tary Package, BDP Distribution 
Center, Phoenix, Ar i zona 

FIGURE 2. Scaled Up Solar Absorption Chiller, 
Frenchman's Reef Holiday Inn, American 
Virgin Islands 

Figure 3 shows the per f ormance of the large 
absorpti.on chiller over a range of hot water 
temperatures. These data result from perf ormance 
testing done in the Engineering Test Laboratory, 
Machinery and Systems Division, Carrier 
Corporation. 

.... 
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FIGURE 3. Capacity of Large Solar Absorption 
Chiller Over a Range of Hot Water 
Temperatures 

TECHNICAL ACCOMPLISHMENTS 

1500 

A low temperature absorption chiller has 
designed, laboratory tested and field tested. 
is suitable for solar, geothermal or energy 
recovery applicati ons. 

been 
It 

The manufacturability of the low temperature 
chiller has been demonstrated on a co~rcial 
production line. 

The low temperature chiller design includes 
15 tons, 75 tons and 130 tons. 

Packaging of the 15 ton size chiller into a 
simple unitary solar package has been done. 

FUTURE ACTIVITIES 

Absorption chillers of this improved design 
are salable items. They are being offered for 
sale, potential customers have expressed interest 
but no actual private sales have been con~uUWlated. 
Cost is a serious obstacle -- capital investment 
is needed to reduce manufacturing cost (tooling, 
fixtures and procedures) but th~ volume of 
production needed to amortize the investment cannot 
be identified, at least not presently for the 
oinglc &tage mach nP , 



PUBLICATIONS 

"Evaluation Report Prototype Energy Retrieval 
System," Submitted to Bonneville Power Adminis tration 
January 19 80 
(Final Report, Contract 14-03-6280N) 

"The Prototype Energy Retrieval and Solar (PERS) 
System," April 1981, by Bob Guddat, Mechanical 
Section, Division of Substation and Control 
Engineering, Bonneville Power Admini stration, 
Portland, Oregon 

"An Absorption Machine for Solar Cooling," 
Dr. Wendell J. Biermann, ASHRAE Symposium Paper 
PH- 79-3 No. 2, ASHRAE Tr ans actions ~. P ar·t I 
(1979) 

CONTRACT INFORMATION 

START DATE~~~~~~- END DATE~~~~~- CONTRACT VALUE~~~~~~~~~--~~~~~~ 

MILESTONES 
Item: Due date: 

1. 

2. 

3. 

4. 

5. 
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DEVELOPMENT OF SOLAR-DRIVEN ABSORPTION AIR-CONDITIONERS 

LAWRENCE BERKELEY LABORATORY 
UNIVERSITY OF CALIFORNIA· 

Kim Dao, Michael Wahli.g; Jos.eph. Ras.s.on 
Contract No. ·\lt-7405-ENG-48 

OBJECTIVE 

The objective of this project is to develop. 
absorption:.cycle refdgeration systems that achieve 
significantly higher seasonal conversion efficien­
cies than is possible using other cooling ap­
proaches. A secondary oo,jective is to avoid the 
necessity for water cooling towers by using air­
cooled condensers and absoroers. 

The quest for higher conversion efficiencies is 
one of the approaches leading toward eventual a­
chievement of cost-effective solar cooling systems. 
by the solar industry. The major cost component of 
a solar cooling system is the collectors; the co·l­
lector area required to satisfy a given load can be 
reduced (lowering costs) as the efficiency of the 
chiller component is increased. 

DESCRIPTION OF WORK. 

A phased plan has been devised to develop an 
advanced high-efficiency absorption chiller that is 
considerably beyond tod'ay's state-of-the-art. This 
is to be achieved throu1gh the design, fabrication, 
testing and evaluation of a series of incrementally 
improved absorption chillers. 

The first phase of this project consisted of 
the partial reconstruction for solar-powered opera­
tion of a conventional gas-fired arrnnonia/water ab­
sorption chiller. This phase was successfully com­
pleted some time ago, 1 and it demonstrated the ca­
pability of our analysis .techniques to predict ac­
curately the performance of single-effect, aosorp­
tion-cycle chillers under operating conditions ap­
propriate for solar-powered operati.on. 

The second pllase includes the design and· fab­
rication of a single-effect arrnnonia/water absorption 
chiller that incorporates several unique design_ 
features: tube-in-tuoe-heat exchangers fa~ high 
effectiveness at reasonable cost, an internally pow­
ered solution pump for reduced parasitic power use, 
and a rectification path for the hot vapor generated 
that also effectively recuperates the heat of the 
vapor. The laboratory test unit has a capacity of 
three tons. This chiller, which represents the 
st~rtinq point for the development of the hiqher 
efficiency uriits in subsequent phases, is currently 
in the test ~nd evaluation stage. 

. The third phase of the project is the develop­
ment of an advanced higher.efficiency cycle, a· 
double-effect regenerative cycle (which we call 
cycle 2R) that adds a unique second stage to the 
chiller developed in phase. two. With the addition. 
of this second stage, the overall chiller efficiency 
increases continuously as a function of the inlet 
temperature from the solar collectors. The basic 
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concept of this 2R cycle was described some time 
ago, 2 and is shown schematically in Figure 1. 
Since then the· design has been completed, and fab­
rication has started. 

The fourth phase takes advantage of the ex­
perience gain~d in previous.phases to develop a 
still higher efficiency chiller, yet one with less 
hardware and thus with the potential for lower cost. 
This chiller is based on a single-effect regenera­
tive cycle (which we call cycle lR). Although the 
basic concept has been described by our group pre­
viously, 3 this chiller is still in an early design 
s:tage. The -success of the cycle -lR chiller depends 
on our experience gained from developing the eye 1 e 
2R chiller and on locating a refrigerant/absorbent 
fluid pai~with ~uitable properties at the higher 
flailing temperatures where arrvnoni a/water perform­
.ance drops off. 

An absorption-cycle air conditioner is essen­
tially a heat pump and, accordingly, can be used 
for heating as well as cooling as long as the re­
frigerant fluid does not freeze in the outdoor coil 
during heating applications. Thus these tech~olo­
gy improvements will also lead to more efficient 
thermally driven heat pumps. 

TECHNICAL ACCOMPLISHMENTS 

~ngle Effect Absorption Chiller 

• The testing, modification, and evaluation of 
the single-effect arrnnonia/water chiller is in 
progress. Initial results show that the con­
denser, generator, preheater, and the recuper­
ative solution pump perform up to expectation. 
Uneven fluid distrioution in the absorber's 
parallel coils and excessive pressure drop 
across the evaporator are problems that still 
need correction. After the necessary modifi-

. cations to decrease the absorber temperature 
and the evaporator press·ure drop, the COP of 
the chiller should be in th~ range of 0.65 -
0.70 at design conditions. 

·• We have had mixed success in developing the 
two internally powered piston circulation 
Pumps; much effort h~s been expended on them. 
The recuperative pump powered by the· returned 
weak aqua-ammonia solution has been successful­
ly. developed; it pumps 1.45 gpm of strong sol­
ution, The make-up pump powered by high pres­
sure arrnnonia vapor did not work reliably be­
cause of vapor absorption by the liquid ever 
present in the pump switching lines. At 
present the make-up pump has been replaced by 
a make-up electric piston pump having an out­
put of 0;85 gpm, for a total circulation of 
2,3 gpm of strong solution. 



Cycle 2R Absorption Chiller 

• The detailed design and· drawings for.the com­
ponents of the 2R chiller have been completed. 

• Fabrication of some components has been com­
pleted, including the boiler, the preheater, the 
recuperator, the generator, the rectifier, and 
the multi-stage pump. 

• All components of the experimental 2R chiller 
are being made of stainless steel to avoid. 
rust problems that .may occur during periods of 
cutting open the chiller for necessary modifi­
cations. 

Cycle lR Absorption Chiller 

• Work on the cycle lR chiller during FY 1980·has 
consisted of computer modeling the cycle for 
design and fluid selection purposes, and de­
vising a method for the calculation of the pro­
perties of the promising pairs from a basic set 
of experimental data. 

• A number of candidate fluid pairs have been 
selected. The basic set of experimental data 
needed to determine the mixture properties of 
these fluids has been specified. After review 
of proposals received, tn response to a com­
petitive solicitation, DOE negotiated a con~ 
tract with SRI International for the collection 
of the basic set of data through a literature 
search followed up with measurement of the as 
yet unmeasured parameters. 

FUTURE ACTIVITIES 

The testing of the single-effect chiller will 
continue. Further improvement of the vapor pump 
will not be pursued; the chiller will be operated 
using the electric make-up pump for the remaining 

· chiller tests. The testing is expected to be com­
pleted and the results published during FY 1981. 

The design and fabrication of the absorber and 
evaporator of the cycle 2R chiller will proceed fol­
lowing analysis of the final results of the testing 
of the single-effect unit; this test information is 
needed to finalize the design of these components. 
Testing of the multi-stage pump is planned to begin 
late in FY 1981. The fabrication of the 2R chiller 
should be completed early in FY 1982, followed by 
testin~ and evaluation throughout the remainder of 

, FY 1982. 

The cycle analysis work on the cycle lR chiller 
will continue during FY 1982 as we continue to re­
duce the theoretical cycle to a practical design. 
The required measurements of the· properties of can­
didate fluids· for the lR cycle should be completed by 
SRI International by the end of FY 1981; we·wifl 
work closely with them to insur~·the maximum util­
ization of the data measured during that project. 
The final lR design and working drawings are expect­
ed to follow during FY 1983. 

REFERENCES 

1. K. Dao, M. Simmons, R. Wolgast, M. Wahlig, 
Performance of an Experimental Solar-Driven Ab~ 
sorption#\1 r ·cond1 honer, [awrence Berkeley Lab­
oratory report LBL-5911, January 1977, 
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2, K. Dao, Conceptual Design of an Advanced Ab­
sorption--c:YCle: The Double-Effect Regenerative 
Absorption Refrigeration Cycle,· Lawrence 
Berkeley Laboratory repqrt LBL-1;!40~ .... s_e.n..tember 
1978. 

3. K. Dao, A New Absorption Cycle: The Single­
Effect Regenerative Absorption Refrigeration. 
~. Lawrence Berkeley Laboratory report 
lBL~6879, February 1978, 
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CONTRACT INFORMATION 

STARTDATE~~7_17_4~~~-ENDDATE~~co_n_t_.~~CONTRACTVALUE~~~$_1_37_2~K~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

1. Single-effect chiller: complete testing and issue report 12/81 

~ Double-effect regenerative chiller: fabrication completed 10/81 

3. Double-effect regenerative chiller: complete testing and issue report 11/84 

4. Single-effect regenerative chiller: design completed 3/85 

5. Single-effect regenerative chiller: complete fabrication, start testing 9/86 
. ,. 
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DETERMINATION OF PROPERTIES OF FLUIDS FOR SOLAR COOLING APPLICATIONS 

SRI INTERNATIONAL 

RICHARD THOMAS PODOLL 

CONTRACT NO. DE-AC03-80CS30221 

OBJECTIVES 

The objectives of this project are to determine 
,.pressure-volume-temperature (l'-V-T). data and calori-

. metric data for organic refrigerant and absorbent 
fluids and their Qinary mixtures· that are accurate 
enough to be used for the design of solar-powered 
cooling engines. 

DESCRIPTION OF WORK 

The Lawrence Berkeley Laboratory has developed 
a concept of a solar-activated advanced absorption 
cycle called the Single Effect· Regenerative Absorp-. 
tion Refrigeration Cycle (Report LBL-6879). The · 
coefficient of performance _(COP) of this cycle 
imp.roves with increasing input temperatures· up to a 
limit imposed by the thermodynamic properti.es of the 
working fluid refrigerant/ absorbent pair.. The COl' 
increases up to an.input temperature of 280°F, for 
example, for the working fluid pai~ ammonia/vater. 
Pairs other than ammonia/water are needed to take. 
advantage of the potenti'al increase in COP with. an 
increase in input temperature above 280°F. The pur-. 
pose of this project i's· to conduct an initial 
comparative study of· a number of . refrigerant/ 
absorbent pairs that show promise of fulfilling this· 
PQt~ntial. 

The fluids to be tested are the following. 

Refrigerants 

Ammonia 

Methylamine 

Ethylamine 

Dichlorofluoromethane 

Difluorochloromethane 

Absorbents 

Ethylene glycol 

1,4-butanediol 

Diethylene glycol 
dimethyl ether . 

N,N-dimethylacetamide 

N,N-dimethylhexanamide 

N,N-dimethyldecanamide 

·'Pie thermodynamic properties to be determined are 
the following. 

Pure Fluids 

• P-V-T data: critical properties, vapor 
pressures, vapor and liquid d~nsities 

• Calorimetric data: specific heats of vapor 
and liquid, enthalpy of vaporization 

Fluid Mixtures (14 binary pairs) 

• P-V-T data: saturation temperatures 

• Calorimetric data: enthalpy of mixing, 
specific heats . 

The work is divided into two tasks. The first 
task is a critical literature survey of thermodynamic 
data on the fluid pairs listed above. The second 
task is to measure those properties of the pure 
fluids and their mixtures that' have not previously 
been measured to the required accuracy. 

These data will be used by LBL (Contract No. 
W-7405-ENG-48) together with thermal stability data 
to determine the most promising pairs for the 
advanced all's-orption cycle. 

TECHNICAL ACCOMPLISHMENTS 

• Most of _the thermodynamic data' on the pure 
refrigerants was found to·the required 
accuracy in the literature. Very litte 
experimental data was found for the absor­
bents and no experimental data was found for 
any of the mixtures. Estimation techniques 
were used to calculate pure fluid properties 
of the abs·orbents but these values are very 
uncertain because of the high polarity and/or 
high molecular weight of the test absorbent 
fluids. Reported and estimated data. are 
discussed and tabulated in the Literature 
Survey [lJ. 

• Experimental work has begun on the pure 
fluids. Because of thermal decomposition 
at 300°C (572°F) or less, the critical 
properties of none of the absorbents may be 
measured, and the remaining properties will 

~ be determined up to the onset of thermal 
decomposition (in the absence of oxygen). 

Future Activities 

• The experimental ~ork on the pure fluids and 
their mixtures will be finished 

• The literat~re and experimental data will be 
tablulated in a Final Report 

References 

1. Podoll, R. Thomas "Literature Survey: 
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Cooling Applications," February 1981. Prepared 
for the U.S. Department of Energy, San Francisco 
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CONTRACT INFORMATION 

START DATE 9/29/80 END DATE 9./30/81 CONTRACT VALUE_...o.$_12_1 ..... · _85_7_----'----------

Item: 

1. Literature Survey ' 

2. Complete experimental measurements 

3. Final Report 

4. 

MILESTONES 
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Due date: 

31 January 1981 

31 August 19.81 

30 September 198 



DESIGN OF A SOLAR ENERGY COOLING SYSTEM 

SUNMASTER CORPORATION, 35 WEST WILLIAM STREET, cORNING, NEW YORK 14830 

JOSEPH R. FRISSORA 

CONTRACT DEN8-000005 

The objective of this project was to design 
and develop a large scale, industrial sized solar 
system which would supply hot water to a large 
modified Carrier Corporation 16JB018 absorption 
chiller. 

The second objective was to demonstrate the 
feasibility and capabilities of.drainable evacu­
ated glass tube solar collector~ in a large 
industrial application. 

The Sunmaster Corporation, Corning, New York, 
entered into a contract with NASA Marshall Space 
Flight Center in January 1979 to design a solar 
system which would provide hot water for the opera­
tion of an existing Carrier 16JB018 absorption 
chiller installed in the Frenchman's Reef Holiday 
Inn Hotel, St. Thomas, U.S. Virgin Islands. 

The Hotel uses two Carrier 16JB018 absorption 
chillers to generate chilled water which is used 
to cool the air in the restaurants, shops, bars, 
and public areas of the Hotel, and additionally, 
to cool fresh desalinated potable water. One 
chiller, designated Chiller No. l, has been 
modifierl tn hP pnwP.red bv hot water, and the 
water can be heated by the solar system and/or by 
a steam heated heat exchanger. The other chiller, 
designated Chiller No. 2, is powered by steam. 
The ·chillers can be utilized separately or together 
to generate the chill water required by the air 
condition1ng loads. 

The solar energy collection system was based 
on the Sunmastertm drainable evacuated glass 
tube solar collector. The Sunmastertm collector 
consists of eight 4-feet long evacuated glass tube 
collectors attached to an insulated supply and 
drain manifold, and mounted to a frame that 
incorporates the unique double cusp reflectors 
designed by the Argonne National Laboratories. 
When mounted with the tubes oriented on a north­
south line and inclined perpendicular to the sun's 
incident rays, the Argonne reflectors concentrate 
the solar radient energy on the inner tubes' 
absorber coating throughout the solar day. 

The design of the solar array was based on 
the orientation of the Hotel, the available roof 
space, and the local annual insolation as calcu­
lated from data acquired in San Juan, Puerto Rico, 
latitude 18° North. The solar array consists of 
956 Sunmastertm collectors for a total of 13,384 
effective square feet collection area. 

When operating, water in the solar collectors 
is heated to a maximum of 240° F. and then piped 
to the first of two 2,500 gallon tanks. The 
first, or upper tank, is designed to maintain an 

· 8-inch deep level of water, and water exceeding 
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that level flows th~ough a connecting line to the 
second and lower 2,500 gallon tank. Water in the 
lower tank is then pumped back and recirculated • 
through the collectors. The 8-inch deep water in 
the upper tank serves as a reservoir from which 
solar heated water is pumped to Chiller No. 1. 
Return water from Chiller No. 1 is pumped back to 
the upper tank where a baffle prevents the return 
water from mixing with the solar heated water 
before it flows to the lower tank and then to 
co 11 ectors. 

An Andover Controls Corporation Sunloggertm 
Solar Controller is used to control the solar 
system and acquire operating data. Temperature 
is sensed in the collectors, tanks, and hot 
water lines to and from the Chiller No. 1 along 
with flow rates, and insolation measurements. 
The microprocessor scans the data and executes 
systems controls which activates pumps and valves, 
thus causing the system to operate to and within 
a set of presilected and programmed parameters. 
The Sunlogger m can also print out real-time· data, 
time-phased hi~torical data, and integrated data 
such as Btu/hour and efficiencies. The Sunloggertm 
system also provides for remote monitoring through 
telepnone coupling. 

The Sunmastertm collector system employs a 
unique drain-back feature whereby all the water 
in the collectors will drain back to the two 
2,500 gallon tanks if there is a power failure 
or when there is insufficient insolation to mer1t 
continued operation as at night or on rainy days. 
This drain-back feature precludes thermal losses 
due to radiation at night or excessive tempera­
tures and pressures in the. collectors when water 
1s trapped in the collectors when power and pumps 
fail. Both tanks are heavily insulated to mini­
mize heat losses. 

During the initial phase of work in 1979, 
the contract was modified to provide for the 
installat'ion of a pilot collector array which 
would confirm the feasibility of the design and 
provide a level of experience useful in fabri­
cating and installing the full scale system. 
This prototype or pilot array was complited in 
June 1979 and consisted of 34 Sunmaster m 
collectors with 476 square feet of collection 
area, a pump, a 250 gallon storage tank, and a 
liquid-to-air heat exchanger, all controlled by 
the Sunloggertm Solar Controller. With the 
exception of the heat exchanger, all components 
were assimilated into the final system. 

Tests were performed on the completed system 
in March 1980. The all day insolation in the 
plane of the collector was 1,852 Btu/square foot, 
37.9 percent of the available insolation was 



·collected, and 84 percent of collected heat was 
delivered to the chiller. 

Except for repairs to the chiller and 
associated equipment and maintenance to ·the solar 
system, the system has been operating since 
installation completion in November 1979 and 
pro'viding solar heated water to the Chiller No. l . 

• 

CONTRACT INFORMATION 

START DATE 1/3/79 END DATE 6/30/81 

Item: 

1. 

2. 

3. 

4. 

5. 

MILESTONES 

Final Design Review 

System Installation Complete 

Complete Maintenance 
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Due date: 

June 1979 

November 1979 

July 1981 



MULTIPLE-EFFECT ABSORPTION CYCLE SOLAR COOLING 

THE UNIVERSITY OF TEXAS AT AUSTIN: CTR. FOR ENERGY STUDIES/DEPT. OF MECH. ENGINEERING 

GARY C. VLIET 

CONTRACT: DE AC03-79SF10540 

OBJECTIVE 

. The purposes of this investigation were: to 
develop a dynamic computer model of the water-
1 ithium bromide double-effect absorption cooling 
cycle; to use the code to assess the effect on 
performance of variations in the cycle's several 
design and operating parameters; and to briefly 
assess the cost of double-effect absorption cooling 
per unit of capacity for varying capacity. The 
work accomplished under this contract is documented 
in the contract final report [l]. 

DESCRIPTION OF WORK 

The absorption cycle is one of the ai-terna­
tives for solar cooling, and the double-effect 
absorption cycle is a competitor to proposed 
Rankine cycle solar cooling systems. While the 
Rankine cycle has the specific advantage of 
mechanical/electrical output, the double-effect 
absorption cycle appears to have a potentially 
better COP when operating purely in the cooling 
mode. The double-effect cycle has been available 
for several years, although there has not been 
signifi~ant interest in it for application to solar 
cooling systems. 

Auh [2] provides an excellent overview of 
absorption cooling. A preliminary assessment of 
the potential of double-effect water-lithium 
bromide absorption systems is presented in [3]. 
The first prototype double-effect unit was devel­
oped by Southwest Research Institute in 1956-58 
under funding from the American Gas Association 
[4,5]. Later, the Iron Fireman Company of 
Cleveland, Ohio, purchased the manufacturing rights 
and began production of the "Iron Fireman" unit in 
1963, a nominal 15-ton, gas-fired unit with a gross 
COP of 0.9 to 1.0 and a net COP of 1.2 to 1.3 near 
design capacity. Only a few units were manufac­
tured and sold, and it is no longer in production. 
In 1973, the Trane Company introduced a line of 
steam-fired double-effect absorption units with 
r,~p~r.ities between 385_and 1,060 tons, and COPs in 
the range of 0.9 to 1.0 near design capacity. The 
Sanyo Company of Japan previously built a line of 
double-effect units; however, the line has been 
discontinued. Ya~aki, also of Japan, has announced 
the introduction of a gas-fired 20-ton unit. 
Although double-effect units have been and still 
are available, they do not appear to have reached 
their performance potential, possibly because they 
were designed during the availability of cheap 
energy. 

The major objectives of this project were to 
develop a fairly comprehensive dynamic computer 
code of the (water-lithium bromide) double-effect 
absorption cooling cycle, and to use the code to 
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• 

investigate the influence of the several design and 
operational variables on the cycle performance 
(coefficient of performance and capacity). 
Ultimately, it is hoped these results and/or the 
computer model would be used by manufacturers for 
optimizing the design of future systems. 

TECHNICAL ACCOMPLISHMENTS 

•A physical model of the (water-lithium bromide) 
double-effect absorption cooling system was 
defined as shown in Figure 1. It includes seven 
(7) heat exchangers in all--including the two 
recovery heat exchangers, two regenerators, 
condenser, evaporator, and absorber--as well as a 
solution pump. The model allowed for either an 
orifice (pressure-driven flow) or a float 
(refrigerant vapor trap) in the refrigerant 
condensate stream between the second generator 
and condenser. 

Figure 1. Schematic of Physical Model 

• A dynamic computer code was developed around the 
above physical model. It includes mass, species, 
and energy balances as well as fluid flow, heat 
tran5fPr, ~nd mass transfer specifications for 
the various components and thermophysical prop­
erty data for the water-lithium bromide system. 
The computer code has been us.ed successfully to 
simulate cycle performance over ranges of the 
several individual design and operational param­
e.ters. 

• The effects on cycle performance (COP and capac­
ity) .were determined for each of the design and 
operational variables, some of which are dis­
cussed briefly below. Most of the results wer 
developed assuming a constant capacity sol utio .. 
pump and a refrigerant vapor .trap (or float) 
between the second generator and condenser. A 
"nominal" design condition was selected (after 



several investigative runs) which resulted in 
reasonably optimal sizes for the various compo­
nents at the nominal condition. The nominal 
condition for a 10-ton system is summarized in 
Table 1. Each of the parameters was then ·varied 
individually as all others were held at their 
nominal values. Table 1 also includes the ranges 
over which each of the parameters was varied. 

Table 1. Nominal Conditions and Parametric Ranges 

Investigated Condition Nom1Ml Condition• Range 

'• Source hot water temperature 280°F 220-320°F 

'c Cool tng water temperature 85°F 50-100°F 

'ch Chilled water temperature 44°F 34-74°F 

•, Source hot water flow rate 5,000 lb/hr 2,000-10,000 lb/hr 

"c Cooling water flow rate 18,000 lb/hr 8,000-28,000 lb/hr 

"ch Ch'1led water f1ow rate 10,000 lb/hr 5,000-15,000 lb/hr 

m(lO) Solution flow rate VOO lb/hr 500-1, 500 1 b/hr 

AGI Area of first generator ~5 ft2 5-105 tt2 

AG2 Area of second genera tor 20 tt2 5-105 tt2 

AC Area of condenser 20 ft2 5-105 ft 2 

AE Area of evaporator 55 tt2 5-105 ft 2 

AA Atta of 0Lso1·be1· GO ft2 5-105 rti 

AHXI Area of first heat e•changer 5 ,.2 0-20 ft 2 

~K2 Area of second heat exchanger 5 ft 2 0-20 ft2 

Pressure drop coefficient between 
o.5.10-6 0-5•10-6 the evaporator and the abs,orber 

Ori flee flow control (varying T1) 220-320°F 

Centrifugal pump I (varying 11) · 220-320°F 

Centrifugal pump II (varying T
1

) 220-J20°F 

Ort rice flow control with 
centl"ifugal pump I (varying T

5
) 220-320°F 

Ortr1ce flow control with 
centrHugat pump 11 (varying T

5
) 220·320°F 

•The nominal condition corresponds to a coo1tng capacity of approximately 10 tons. 

--Figure.2 compares the relative effects on 
performance of float (trap) control and orifice 
control over a range of source hot water temper­
atures (and constant capacity solution pump). 

·1t is seen that use of a vapor trap maintains the 
COP (in particular) at a high level over a wider 
range of source temperatures and also enhances 
capacity (but to a lesser degree) compared to the 
orifice flow design. 
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--Figure 3 shows the combined effects of refrig­
erant flow con.trol and type of pump character- · 
istics on performance. The use of a centrifugal 
pump somewhat further degrades the cycle perform­
ance, but principally at higher source tempera­
tures. The reason is that for a centrifugal pump 
with its varying capacity ·(due to pressure head), 
the solution circulation rate is reduced at 
higher source temperatures. 
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Figure 3. Effect of Centrifugal Pump (Varying Cir­
culation Rate). and Orifice Control on Performance 

--Figure.4 shows the effect on performance of the 
two regenerator heat exchanger areas. Note that 
the capacity is affected somewhat more by the 
area of the first generator than by the second, 
and that COP is not markedly affected by either. 
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Sensitivity data were also obtained for varying 
condenser, evaporator, and absorber areas (not 
presented). Figure 5 shows the effect on per­
formance of the two recovery neat exchangers. 
The capacity is seen to be little affected for 
either heat exchanger; however, ·the COP is sig­
nificantly affected, and about equally by each. 

--Figure 6 shows typical ·curves for performance 
(COP and capacity) for a specified 50°F exit · 
chilled water temperature and varying source and 
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cooling water temperatures. These data are for 
constant solution circulation and float (trap) 
control. The locus of the crystallization condi­
tion is indicated. 
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• Some specific conclusions about optimal system 
design evolve from these results. (a) The trap 
or float control is much preferred to the orifice 
flow design in terms of maintaining high perfonn­
ance over a wide range of source temperatures. 
This capability is particularly important for a 
solar-driven system,.where the source tempera­
tures wil 1 vary considerably. (b) The solution 
~ump characteristic is important, particularly at 
high· source temperatures, with one approaching 
constant displacement preferred. (c) The rela­
tive allocation of heat exchanger area to the 
seven heat exchangers· is .. very· important to cycle 
perfonnance and cost,. since a large .portion of 
the cost of absorption systems is in· heat 
exchange surface. 

• A secondary objective of the study was to assess 
the cost of absorption cycle cooling per unit of 
design capacity. Figure 7 shows a summary of 
data for sing.le- and double-effect units. The 
cost of small tonnage (single-effect systems) 
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Figure 7. Unit Capacity Cost Versus Capacity of 
Water-Lithium Bromide Absorption Systems 

appears excessive, but· it would appear that there 
is merit in considering intermediate capacity 
double-effect systems in the range of 20 to. 100 
tons.. Modularizing, as done by Yazaki, has merit 
in flexibility, but unit cost is high. A compar­
ison of the Trane ·single- and double-effect large 
capacity units is interesting. Their relative 
costs are about equal to their relative COPs. 
Since the increased capital costs of the double­
effect units (over single) are probably consider­
ably less than the incremental collector cost for 
solar systems or li.fe-cycle fuel costs for con­
ventional systems., i:t WQUld appe.qr that the 
double-effect cycle is a viab1e·choice. 

FUTURE ACTIVITIES 

The availability of this dynamic computer code 
for the (water-lithium bromide) absorption cooling 
cycle provides a tool for manufacturing and systems 
analysts to develop more optimal designs. 

It has been proposed that some additional 
effort be put into the computer code to ensure that 
it has the most current thennophysical property 
data, to provide an improved physical model for the 
absorber, and to better document the code. In 
addition, .a more in-depth assessment of the alloca­
tion of heat transfer area ·to the different compo­
nents should be made, and a direct comparison 
between the model's predictions and the performance 
of commercially available unit(s) is needed. It is 
also proposed that the model, results, and advice 
on using or modifying the model be made available 
to interested manufacturing firms. 
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NATIONAL SOLAR DESICCANT COOLING PROGRAM 

Dennis R. Schlepp 
Solar Energy Research Institute 

Golden, Colorado 

ABSTRACT 

This paper presents a brief {)Vervi ew of the 
activities and accomplishments of contractors in 
the Solar Desiccant Cooling Program. The progress 
of SERI's desiccant cooling research program is 
also discussed. 

BACKGROUND 

Research and development efforts in the Solar 
Desiccant Cooling Program are going on in four 
categories: open-cycle solid desiccant adsorption 
systems, open-cycle liquid desiccant adsorption 
systems, open-cycle absorption refrigeration sys­
tems and closed-cycle solid desiccant adsorption 
systems. 

Most of the activity in the past has centered 
on developing the open-cycle solid desiccant 
adsorption systems for residential applications. 
The process used is dehumi difi ca ti on and evapora­
tive cooling to provide comfortable air with solar 
heated air used for regeneration of the desiccant 
for reuse. Both the Institute of Gas Technology 
and Garrett Ai Research have been involved in 
designing, building and testing solid desiccant 
chillers with capacities in the range of 1.5 tons. 
The Illinois Institute of Technology has built a 
cross-cooled desiccant chiller that is presently 
being tested. The University of Wisconsin has 
provided analytical support to this portion of the 
program through the use of a· TRNSYS computer simu-
1 ati on of desiccant chillers, and through a cooper­
ative agreement with the Commonwealth Scientific 
and Industrial Research Organization (CSIRO) in 
Austra 1 i a, they wi 11 be performing 1 aboratory 
experiments with rotary dehumidifiers and heat 
exchangers. 

Interest and activity has incr:eased in inves­
tigating open-cycle absorption refrigeration sys­
tems for commercial appl i cations. Open-cycle 
absorption uni ts are s fmf 1 ar to conventional 
closed-cycle absorption uni ts, but they use water 
as the refrigerant and reject water vapor to the 

. atmosphere in oocn-flow collectors, el iminatfng the 
need for a condenser. Colorado State University 
has been studying the regeneration of lithium 
chloride solutions in packed concentrating towers 
to determine app 1 i ca bi 1 i ty of the process to hot 
air collector systems. Lockheed Missiles and Space 
Co. and Arizona State University will determine. the 
heat and mass transfer rates of lithium chloride 
regeneration on open-flow collectors for hot humid 
climates and hot, dry climates, respectively. All 
of the studies will aid in design of an absorption 
r~fr1qerat1on r.hillP.r in the future. 

Open-cycle liquid desiccant adsorption systems 
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operate on the same principles as the solid desic­
cant systems, but use 1 i quid desiccant sprays for 
dehumidification. The University of South Carolina 
is installing such a chiller in a residence to 
demonstrate the viability of this solar cooling 
system. 

The closed-cycle solid desiccant adsorption 
process has been developed by The Zeopower Company 
for use as a combine.d heating and cooling unit. 
This system, using natural zeolites sealed. in 
vacuum-tight collectors, is able to provide a resi­
dence with air conditioning in summer and heat in 
the winter by using the closed adsorption cycle. 

SERI's in-house research efforts have sup­
ported activities in all areas of the program. 
Computer simulation models of both solid desiccant 
and liquid desiccant systems have been valuable in 
determining areas for performance improvements in 
the open-cycle systems. The desiccant cooling 
research 1 aboratory is providing data on the 
adsorption properties of different desiccants and 
on different desiccant bed configurations. 
Assistance to the contractors in the program in 
technical matters has been provided throughout. 

SUMMARY 

Some of the most significant accomplishments 
of the Solar Desiccant Cool.ing Program have come in 
the area of the residential open-cycle solid desic­
cant chillers. Both the IGT and AiResearch 
machines have been successfully tested in the last 
year, wi tli encouraging performance results. Both 
systems have operated above the predicted levels of 
performance at their rated capacities, with solar 
coefffcfents of performance (COP's) in the range of 
0.5 to 0.6. These tests have demonstrated the 
technical viability of the concept and point toward 
further development efforts and field testing of 
the machines. 

Results obtained from the research in the area 
of open-cycle absorption refrigeration systems also 
show great promise for future development.. Tests 
on prototype regenerators have proven that the re­
qenerati on process takes 'pl ace according to theore­
tical predictions. With the potential for very low 
cost regenerators, these systems have a bright 
future in commercial applications. 

TECHNICAL ACCOMPLISHMENTS 

Institute of Gas Technology 

• IGT's SOLAK-Mt.t: 111 solar cooling systems has 
been successfully tested in the laboratory. 
Test data from the machine have shown COP's in 



the range of 0.5 to 0.6 at design conditions, 
with a capacity of 1.67 tons of cooling. 

• The seasonal simulation model developed by IGT 
as a design tool for the SOLAR-MEG has been 
verified by the experimental results and can 
be used for prediction of system performance 
at off-design conditions. 

Garrett AiResearch Mfg. Co. 

• Design point performance was exceeded by the 
AiResearch chiller (SODAC) in the recirculated 
mode, with an average COP of 0.59 at a capa:­
city of 1.35 tons of cooling, compared with a 
predicted COP of 0.52. Off-design (half-flow) 
performance was also higher than predicted, 
with an actual COP of 0.56 as compared to the 
predicted value of 0.46. 

• Economic analyses were performed using the 
performance data collected in the testing and 
showed that SODAC would have positive present 
value benefits in conjunction with a solar 
heating system. 

Illinois Institute of Technology 

• A mathematical model for laminar fl ow through 
an isothermal dehumidifier was developed and 
fitted to experimental data. 

• A complete one-ton cooling system using two 
cross-cooled dehumidifiers has been installed 
in a test house with air collectors and is 
currently being tested. 

University of Wisconsin/CSIRO 

• System studies by the University of Wisconsin 
have covered many areas of solar desiccant 
cooling. The subjects of these studies have 
included: desiccant property analysis, 
dehumidifier modeling and design, the effect's 
of transient and nonuniform inlet conditions 
on dehumidifier and heat exchanger perfor­
mance. These s tu di es have es tab l i shed perfor­
mance goals and practical limits for solar 
desiccant cooling systems. 

• Experimental .component testing at CSIRO in 
Australia has been performed on rotary heat 
exchangers and will begin soon on rotary 
packed-bed silica gel dehumidifiers. The 
results will be used to improve system designs 
and verify the computer models. 

Colorado StatP. University 

• Experimental work has demonstrated the feasi­
bility of reqenerating lithium chloride solu­
tions in packed towers. Values for the heat 
and mass transfer coeffi c1 en ts have confirmed 
theoretical values established in earlier 
work. These results will aid in design of 
open-cycle absorption chillers for air col­
lector systems. 

Lockheed Missiles and Space Co. 

Preliminary results of regeneration of lithium 
chloride solutions on open-fl ow collectors have 
been obtained using a small prototype collector, 
and have shown the regeneration to occur as pre­
dicted by a model developed at SERI. The full 
size (50 ft x 50 ft) collector will be finished 
in time for experimental work during the summer • 
cooling season. 
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Arizona State University 

• Tests of flow distribution over the fluid film 
co 11 ector have been made to es tab l i sh final 
regenerator design cri~eria. The collector 
will be operative for the summer testing 
period. 

University of South Carolina 

• U of SC has installed a liquid desiccant chil­
l er with open-fl ow glazed regenerators on a 
residence at Pawley' s Island, SC. The system 
using calcium chloride solutions as the desic­
cant, will be operational by June 1 for 
testing through the summer. 

The Zeopower Company 

• The integrated zeo lite collector has been in­
sta ll ed and tested in three sites around the 
country: Nati ck, MA; Golden, CO; and Tucson, 
AZ. The collectors have been performing up to 
the design levels under most conditions. 
Problems with vacuum integity of the collector 
appear to have been solved by design changes. 

SERI 

• A computer simulation model of a solid desic­
cant chiller has been developed and verified 
by experimental data from SERI's desiccant 
research laborato·ry. This model is able to 
pre di ct the performance of desiccant systems 
in both cyl ci cal and once-through confi gura­
ti ons, making it a flexible tool for analysis 
of candidate systems. 

• The desiccant research laboratory is evalu­
ating the dehumi difi ca ti on performance of 
packed beds of silica gel. Other desiccants 
and desiccant bed

1
geometries will be tested in 

co111ing months. 

• A model of the' performance o.f open-cycle 
absorption. refrigeration systems has predicted 
the ability of such a system to provide 
heating as well as cooling, making an inte­
grated system possible for commercial applica­
tions.' 

FUTURE ACTIVITIES 

In the area of open-cycle desiccant systems, 
current plans call for work to develop control 
strategies and equipment, followed by field testing 
of prototype units. Research w111· continue for 
performance improvements through better system 
designs, new or imp roved desiccant materials and 
components such as high efficiency heat exchangers 
and evaporative coolers. It is anticipated that 
these efforts wi 11 increase system COP' s and lower 
system costs. 

As mentioned earlier, researchers in the area 
of liquid desiccants will be working during the 
summer months of 1981 to gather data on regenera­
tion of the liqutd desiccant solutions. The 
results of this work will determine the direction 
of future research and development efforts. Current 
plans call for construction and testing of proto­
type cooling systems to address the operational 
problems that are anticipated. 



DEVELOPMENT OF A SOLAR DESICCANT DEHUMIDIFIER 

AIRESEARCH MANUFACTURING COMPANY 

JEAN ROUSSEAU 

CONTRACT NO. EG-77-C-03-1591 

OBJECTIVE 

The objective of this program is to design 
and develop a 1-1/2-ton solar desiccant air 
conditioner (SODAC) for res i dential application. 

DESCRIPTION OF WORK 

Concept 

A schematic of the system is shown in Figure l; 
the arrangement of the desiccant bed and regenerator 
is depicted in Figure 2. The system, compared with 
competing desiccant system approaches, incorpor­
ates three important features : 

(1) Granular silica gel is used as the desiccant. 

(2) Outside air precools the bed before it enters 
the adsorbing zone; heat removed from this 
portion of the bed is used to preheat the bed 
as it enters the desorbing zone, thus reduc­
ing the solar heat required for desorption. 

(3) The silica gel bed and regenerator are pack­
aged in thin cylindrical drums; this arrange­
ment provides large flow areas and minimum 
bed depth resulting in a small pressure drop. 

The schematic shown in Figure 1 depicts the 
recirculated mode configuration whereby air from 
the conditioned space is processed in the SODAC and 
returned to that space. This configuration was 
found to be more effective over a broader range of 
operating conditions and was selected as baseline. 
Also part of the baseline concept is the use of 
two-speed indoor and outdoor fans; operation at 
h~lf-design flow rates was found to offer signifi­
cant advantages at reduced loads. 

Scope of Work 

The first µhase of the program (completed in 
September 1980) covered a three -year period and 
Wi!S concerned with the design, tabri cat 1 on, drid 
development testing ot the ~UUAL. The Ptld!:>I:! I 
tc:;t pro9ram includer:t (1) rnnfig11ration develop­
ment, (2) design point optimization, and (3) 
limited off-design performance characterization. 
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Figure 1. System Schematic 
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Figure 2. Dehumidifier Cross Section 

The current second phase constitutes a continuation 
of the test program and will result in complete 
performance characterization in the recirculated 
mode at full-flow and half-flow conditions. The 
test program also will include performance testing 
in the alternate ventilated mode, in which outside 
air is processed in the SODAC and used for cooling 
the conditioned space. 

TECHNICAL ACCOMPLISHMENTS 

Technical accomplishments are listed below for 
both phases of the program. Details can be found 
in the publications listed at the end of this 
µaper. 

• The SODAC design has been completed. A photo­
graph of the unit is shown in Figure 3. The 

Figure 3. SODAC Package 



unit was designed for maximum COP within the 
constraints of size and parasitic power usage. 
A summary of the component characteristics is 
presented in Table 1. 

• Preliminary testing has been accomplished. The 
system was instrumented and installed in a con­
trolled atmosphere chamber at the Dunham-Bush 
Harrisonburg facility. Preliminary performance 
runs verified selection of airflow rates and 
drum speeds. 

• The basic configuration of the bed and sealing 
arrangement has been demonstrated. High leakage 
rates around the seals were resolved early in 
the program by partitioning the bed and modify­
ing the seals to overlap the vertical partitions 
within the beds. 

• The performance of all components met or 
exceeded design values. Rework of the desiccant 
bed resulted in a 10 percent sil i ca gel charge 
reduction because of incorporation of partitions 
and stiffening rings. As a result, the nominal 
capacity of the bed was reduced from 1.5 to 1.35 
tons and the process flow rates were reduced by 
the same ratio. 

Table 1. Component Characteristics Sunmary 

Desicc•nt Bed 

8 to 10 mesh silica gel 
Bed ins id e di ameter: 31.3 in. 
Bed acti ve height: 34.7 in. 
Bed thickness: 1.25 in. 
Bed weight (dry): llO lb 
Rotati ng speed: 5 rph 
Worki ng capacity: 3. 1 percent 
Pressure dro p: 0. 63 in. H20 

Airfl ow Rates 

Residence airstream: 850 scfm 
~ r ·eco11a1t1M1ng airstream: 120 scfm 
Outside airstream (without pre-

conditioning air): 830 scfm 
Solar heater a irstream: 455 scfm 

Preconditioning Air 

Manifold arc: 22 . 5 deg 

Regenerator 

24 x 24 x 0.014 in . steel screen 
Matrix inside diameter : 19 . 0 in. 
Matrix active height : 34.5 in . 
Matrix thickness: 1.13 in. 
Matrix weight: 165 lb 
Rotating speed : 20 r pm 
Effectiveness: 90 percent 
Pressure drop: 0 . 19 in. HzO 

Sol ar Heater 

fffPrtiveneH · R'i. partont 
Arc: 86 . 6 deg 
Heating rate : 35,000 Btu/ hr 
Water flow rate: 3600 lb/ hr 
Air pressure drop: 0.04 in. H20 

Mechani ca 1 Ori ve 

Power requirement: 0.1 kw (max.) 

Cooling capacity: 1-1/2 tons (18,000 Btu/hr) nominal 
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• The design-point performance was exceeded. The 
capacity of the machine in the test configura­
tion was predicted to be 16,200 Btu/hr. Table 2 
sunmarizes the experimental data obtained; pre­
dicted data are shown for comparison. Figure 4 
shows design point performance obtained on test. 

• Off-design performance has been obtained. The 
off-design performance of the SODAC was obtained 
over a range of interface conditions defined by 
(1) indoor wet- and dry-bulb temperatures, (2) 
outdoor wet- and dry-bulb temperatures, and (3) 
water (solar heat input) temperature. These data 
are shown in Figure 5 for design air flows and 
also for half~ flow conditions. 

Table 2. Test Performance in Recirculated Mode 

Ex~eri mental Data 

Capacity, Btu/hr 
Coefficient of performance 
Conditioned space air flow, scfm 
Outdoor air fl ow , scfm 
water usage, gal/hr 
Parasitic power (fans. pumps, and 

drive), kw 

Predicted Data 

Capacity, Btu/hr 
Coefficient of performance 
Parasitic power, kw 

Indoor temperatures: 
Outdoor temperatures: 
Water source temperature: 

SUPPLY AIR 
TO REStOEllCE 

62.2°r OB/6 1° F WB '-----' 
3430 LB / HR 

OUTSIDE AIR,__ _ __. 

95. 1°r oe, 75 .3°r we 

ROTARY 
REGENERATQI\ 

Full Flow Half Flow 

16,200 7 ,400 
0. 59 0.56 
760 380 
925 490 
3.9 2.0 
a.a 0.24 

16 ,200 8,000 
o. 52 0.46 
o. 75 

80°F dry bulb, 67°F wet bulb 
95°F dry bulb, 75°F wet bulb 
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Figure 4. Design Point Performance A·9102 
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Figure 5. Test Performance 
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• Correlation of test and computer data is excel­
lent. This is especially so at the full-flow 
conditions (see Figure 6). In general, the 
capacity of the SODAC is as predicted, while the 
COP is higher by about 15 percent. 

·• The economic feasibility of the concept has been 
demonstrated. Economic analyses show that the 
SODAC, when used in conjunction with a solar 
heating system, will result in present value 
benefits over the life of the system. These 
conclusions were reached using realistic data 
for.collector and energy cost. 

CONCLUSIONS 

• SODAC performance and potential ·first cost com­
pares favorably with other solar air condition­
ing concepts for residential applications. 

• Test data validate the basis for the studies 
conducted earlier, showing that SODAC is a 
viable economic option. 
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_Figure 6. Test Performance Compared with 
Computer Prediction 

FUTURE ACTIVITIES 

A second series of tests is in progress to 
characterize the SODAC in the ventilated mode con­
figuration at full-flow and half-flow rates. Con­
currently, analyses are being conducted in an effort 
to increase capacity and COP by moving the parti­
tions within the SODAC, thus increasing the portion 
of the bed exposed to the adsorbing airflow. 

PUBLICATIONS 

First Technical Progress Report, Development of 
a Solar Desiccant Dehumidifier, March 31, 1978, 
SAN-1591-1. 

Second Technical Progress Report, Development of 
a Solar Desiccant Dehumidifier, November 10, 1978, 
SAN-1591-2. 

Third Technical Progress Report, Development of 
a Solar Desiccant Dehumidifier, June 12, 1979, 
SAN-1591-3. 

Phase I Final Summary Report, Development of a 
Solar Desiccant Dehumidifier, September 1980 
(awaiting DOE approval). 

Phase II Technical Progress Report, Development 
of a Solar Desiccant Dehumidifier, March 1981 
(awaiting DOE appr~val). 

Rousseau, J., and K. c. Hwang, Preliminary 
Design of a Solar Desiccant Air Conditioner, paper 
presented at the Third Workshop on the Use of Solar 
Energy for the Cooling of Buildings, San Francisco, 
February 1978. 

Gunderson, M., Development of a Solar Desiccant 
Dehumidifier, paper presented at the Third Annual 
Solar Heating and Cooling Contractors Meeting, 
Washington, D.C., September 1978. 

Rousseau, J., Development of a Solar Desiccant 
Dehumidifier, paper presented.at the annual DOE 
Active Solar Heating and Cooling Contractors Review 
Meeting, Lake Tahoe, March 1980. 

CONTRACT INFORMATION 

STARTDATE_~~Se~p_t_e_m_be_r~l~,_1_9_7_7~~~- ENDDATE __ s_e_p_te_m_b_e_r_l_,~1_98_1~_CONTRACTVALUE __ $_8_14_,_3_2_9~ 

MILESTONES · 
Item: Due date: 

1. Ril!;P.line system test April 30, 1981 

2. SODAC modification May 30, 1981 

3. Updated configuration test July 30, 1981 

4. f Ind l n~port October 1, l 9R1 

5. 
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HEAT.AND' MASS TRANSFER CHARACTERISTICS-Of. LIQUID DESICCANT OPEN FtOW COLtECTORS 

Arizona State University 

Byard D. Wood 

SERI XE-0-9179-2 

OBJECTIVE 

The goa I of th Is project Is to eva I uate the 
technical and economic viability of open flow liquid 
des I ccant co I I actors for use ·In conjunct I on w I th 
solar cooling/dehumidification applications. The 
specif le objective Is to determine the heat and mass 
transfer characteristics for a prototype collector 
In a hot arid climate. 

DESCRIPTION OF WORK 

Open cycle absorption refrigeration Is a method 
of using solar energy for cool Ing that may prove to 
be economlcal ly vi able. A key component of such a 
system Is the collector/regenerator. The collector/ 
regenerator Is an open, flat plate solar collector 
over which the absorbent· flows In a thin fllm. The 
so I ut I on starts at the top of the p I ate as a weak 
absorbent and water vapor Is driven out of the 
solution as It. flows over the col rector. This 
regenerates the so I ut I on so that a strong so I ut I on 
flows off the bottom of the collector. This strong 
solution (desiccant) can then be used to absorb 
water vapor In the absorber, w~en the water vapor 
comes from the evaporation of w~ter In thA 
ovapo; alur. The COol Ing effect comes from this 
evaporation. 

The scope of work for this project Includes the 
design, construction and testing of a 10.7 x 10.7 
meter prototype collector/regenerator. Heat 
transfer and mass transfer rates are to be measured 
for at I east one month dur Ing the Phoen Ix cool Ing 
season. In It I a I tests for the ung I a zed open f I ow 
collector wll I be for a 45 wt% LICl-Water solutlon 

at flow rates of up to 0.60 kg/s. Sal lnlty and 
temperature measurements wl 11 .be made at 1.5 m 
Intervals In the flow direction and 3m Intervals In 
the transverse direction. The heat and mass 
transfer data wl 11 be correlated with the solar/ 
meteorologlcal variables such as ambient wind speed 
and direction, ambient wet and dry bulb temperature 
and lnsolatlon.· 

TECHNICAL ACCOMPLISHMENTS 

o Sea I e mode I test apparatus has prov I ded 
prel lmlnary da.ta on flow distribution and 
surface effects. 

o Final design of prototype collector/. 
regenerator has been completed with 
construction baslcally on schedule. 

o Instrumentation and data analysts has been 
determined. 

FUTURE ACTIVITIES 

Prellmlnary data and analysts su~~~st that the 
col lector/1 ey1::1111::1rator WI I I work. Further develop­
ment Is an'tlclpated to optimize Cperformal)ce/cost 
ratio) collector surface and Inlet flow geometry. 
Th Is work Is Important In the synthes Is of open 
cycle solar absorption cool Ing. 

PARTICIPANTS 

M. Breslauer, G. Buck, D. Siebe, B. Wood 

CONTRACT INFORMATION 

STARTDATE-A.ug. 15, 1980 ENDDATESept. 30, t9fs.1CONTRACTVALUE __ S~l 1~4'*'~9 ... 53..__ _________ _ 

MILESTONES 
Item: Due date: 

1. Collector/Regenerator Design Specifications March 1981 

2. Construction of Prototype Co.I lector june 1981 

3. Testing of Prototype Col lector August 1981 

4. Data Analyses and Evaluatlon September 1981 

5. 
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OPEN CYCLE LITHIUM CHLORIDE (SOLAR)COOLING 

COLORADO STATE UNIVERSITY 

GEORGE 0. G. LOF 

DE-AC03- 79CS30206. 

OBJECTIVE 

The objective of the investigation is the 
experimental determination of evaporation rates and 
the coefficients of heat transfer and mass trans­
fer in ~ p~cked col~mn designed for use in an open 
cycle lithium chloride absorption cooling system 

· operated by solar heated air. 

INTRODUCTION 

The.c?ncept of an open cycle LiCl absorption 
air c?nditioner has been examined as a possible 
solution to the need for a cooling system which 
can be combined with and operated by a solar air 
heating system. Soviet researchers have built 
and operated a 10-ton cooling system based on 
this principle in an apartment building near 
Ashkabad in the USSR [l]. In constrast with con­
ventional absorption refrigeration systems in 
which-both the absorbent and refrigerant circu­
late in a closed cycle, only the absorbent, a 
lithium chloride solution,· is recirculated in 
this open cycle. Water, the refrigerant, is con­
tfnual ly evaporated to the atmosphere, and must 
therefore be continuously added to the cycle. · 
The condenser and generator normally used in a 
conventional closed cycle system are not necessary, 
so there is a substantial reduction in equipment 
requirements. . 

The reconcentration of the lithium chloride 
solution in the Russian air conditioner is ac­
complished by trickling ft across a gently sloping 
black roof which is directly exposed to solar 
rad'lation. The absorbed solar energy, and a hot, 
low humidity atmosphere, permit adequate reconcen­
tration of the solution for return to the absorber. 
In the absorber,_ water vapor from the evaporator 
1s· again absorbed, and the cycle continues. The 
refrtgeration effect is obtained by low tempera­
ture Lless than 5°Cl evaporation of the added 
water. ' 

Thf.s system has been successfully operating 
for l!IOre tlian 5 years. As designed and operated, 
1t has several limitations which prohibit the de­
sign from being utilized in more humid locations. 
Rainfall and high relative humidities cannot be 
tolerated since dilution of the solution and in­
adequate reconcentration would. prevent sati"sfac­
tory operatton. 

rn order to broaden the applicati.on of the 
open cycle system to less arid locations, the 
posstt>i"ltty of reconcentrating the absorbent solu­
tton in a· packed bed (strippi_ng column) by means 
of solar heated air was investigated in a theo­
retical study by Leboeuf and L6f [2] at Colorado 
State University. Figure 1 is a schematic dia­
gram of tile USSR system as modified for use wi-th 
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solar heated air. The roof used for reconcentrat­
ing the LiCl solution in the USSR installation has 
been replaced (theoretically) by a packed column 
through which the LiCl solution trickles counter 
current to a rising stream of solar heated air. 

VACIJIJM PUMP 

REFRIGERANT SOLUTION 
PUMP PUMP 

Figure l.. Schematic of the Open Cycle 
Absorption Air Conditioning System 

HUUllJlfltD 
-AIA 

On the basis of not fully adequate mass trans-
.fer data in the literature, it was found in the 
theoretical analysis that a packed column of con­
venient size should be suitable for reconcentrating 
LiC1 solutions by means of air heated to tempera­
tures of 70°C to 90°C. Packed heights of less than 
one meter and column diameters of about one-half 
f!1eter_were estimated to be sufficient for evaporat­
i:ng about 15 kg of water per hour (roughly equi va­
lent to 3 tons of refrigeration) from LiCl solu-

.1;tons wttl'i" ai'r at temperatures conveniently avail­
able from an efficient flat plate solar air 
collector. 

To substantiate the theoretical analysis, and 
specifically, to verify the mass transfer and heat 
t~ansfer coeffictents assumed fn that analysis, the 
present experi'mental investigation of evaporation 
rates from L i'C1 soluti'ons in a packed column was 
undertaken. Only oy. experimental measurement of 
·mass and neat transfer rates ·fn a well instrumented 
system could the necessary confidence be placed in 
th.e capabi'lity of sucfi equipment to accomplish the 
reconcentrati'ng functi'on. Finally, reliable sizing 
of a packed column for use in a complete solar cool­
i:ng system of tlie open cycle LiCl type requires mass 
transfer data of an·accuracy obtainable only by 
·measurements under condi ti'ons comparable to tho~e 
tnvolved. i'n practtcal operation. 

EXPEIUMENTAL APPARATUS 

Figure 2 shows the experimental system for 
measureme.nt of heat and mass transfer rates under 
vartous condi.tions of operation .. Tile main com­
ponent i~ a packed column shop-fabricated from 
~opper s·lieets. It ts 50 cm in diameter and 1.8 m 
bi:gli. Tile column is provided with piping 



TEMP. RECORDER a 
HUMIDITY MEASUREMENT 

Figure 2. Experimental Apparatus for Measurement 
of Rates of Heat Transfer and Water Vapor Transfer 
in A Stripping Column in Which a Lithium Chloride 
Solution is Being Contacted with Heated Air. 

connections for supplying liquid to the'top of the 
column and withdrawing liquid from the bottom 
section. Air is introduced at the bottom through 
a 30 cm duct. A perforated base plate has been 
provided at the oottom to support the packing of 
1-inch ceramic Raschig rings. The solution is 
distributed uniformly over the packing by means of 
a perforated copper plate located just below the 
liquid entrance in the upper section of the 
column. (Spray nozzles first used for liquid sup­
ply were found unsatisfactory for uniform distri­
bution of the solution over the packing). The 
packed bed height can be varied up to a maximum 
of 75 cm. 

The column is supported on an elevated plat­
form so the solution can drain by gravity into 
the pump suction connections. 

Air is supplied to the packed column at 
variable rates, temperatures, and humidities from 
a system cons~sting of a cent~ifu~al blower, a 
propane gas air heater, a humidifier, and flow 
meter. The belt driven blower has the capacity 
to deliver air at rates up to 2.83 m3/min (~00 
cfm). The combination of a damper near the col­
umn inlet, g vent following the blower, and several 
motor/blower speed ratios provides adequate air 
flow variation and control. The propane gas 
heater has the capacity to heat air up to 110°C 
(230°F) by varying the fuel flow to the burner by 
a pressure regulator. Air can be humidified to the 
desired inlet condi'tions by the combination of mois­
ture from propane combustion and by direct water 
spray into the air supply duct. 

The local velocity of the airstream at the 
center of the entrance duct is measured by use of 
a pitot tube and micromanometer readable to 0.0025 
cm water gage. This measurement is made at a point 
about 1 m before the entrance to the column~ ·The 
orifice meter was calibrated against the pitot 
tube and used as the operating control meter for 
air flow uniformity. Air temperatures and humidtty 
are measured at the column entrance and exit. 
Copper-constantan thermocouples and a multi-point 
strip chart recorder are used, and humidity measure­
ments are made oy means of a recording dew point 
hygrometer. The air sampling tubes to the hygro­
meter are electrically heated to prevent conaensa­
ti on of mots tu re in the sampll'ng lines. 
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The desiccant solution flow rate is measured 
by visual reading of a calibrated rotameter. 
Temperatures of solutions entering and leaving the 
column are measured by copper constantan thermo­
couples and strip chart recorder. The concentration 
of LiCl in solution is determined by measuring the 
specific gravity of samples to within 0.0001 by 
use of a picnometer. 

EXPERIMENTAL PROCEDURE 

Experimental runs were performed with air in­
let temperatures of 60°C to 105°C (140°F to 
220°F), lithium chloride concentration from 9% to 
35%, and air flow rates from l.OQ to 1.77 m3/min 
(300 to 500 cfm). The liquid flow rate was 
5.67 liters/min (1.5 gallons per minute).· The 
packed bed consists of a 23 cm height of 2.54 
cm (1-inch) Raschig rings. 

After the fan, propane burner, and solution 
pump were ~tarted, the air flow rate was brought 
to the desired value by adjustment of damper and 
vent openings. Liquid flow was observed by 
r~tameter position and regulated by control valve. 
Air temperature was then brought to the proper 
level by adjusting the fuel pressure to the burner. 
Inlet humidity was found to be in a suitable range, 
partly by the moisture from gas combustion, so no 
addi'tional increased water spray was required. 

The lithtum chloride solution was neither 
heated nor cooled, but allowed to reach equili­
()rium temperatures in the liquid circulation 
loop. The strip chart record of liquid and air 
temeeratures and air humidities was continuously 
monrtored, usually for about half an hour, until 
a11 values had stabilized at essentially constant 
levels. A sample of the solution was then drawn 
for subsequent specific gravity measurement, and 
t~e ftnal chart readings were used in the calcula­
tton of heat and mass transfer coefficients. 

RESULTS AND DISCUSSION 

It was found difficult to create a complete 
adiabatic conditon in practtce as assumed in 
theoretical study. There was a considerable loss 
of heat to the atmosphere in spite of insulation 
to the tower. Also it must be noted that experi­
ment~ were conduc~ed fn windy weather and·snowy 
condi:ttons which increase heat 1 asses. Rough 
es-timaVons of heat loss were found to be on the 
order of 19% and corrections were made to the heat 
transfer coefficient for this loss. 

A second possible reason for departure from 
theory is incomplete wetting of packing. It is 
generally difficult to check the degree of wetting. 
Studies have shown that the mass transfer coeffi­
cient is strongly affected by wetting. 

The principal results of the investigation are 
shown in Table 1. Coefficients of heat transfer 
and water vapor transfer measured at two levels of 
atr flow over a range of air temperatures and 
humdities are tabulated. Also listed are the com­
puted values of the heat transfer coefficient 
based on the McAdams I2J empirical relationship: 

fluaH = i. 786 ,0.7l0.07e0.0023(tf) (1) 

also used by Leboe.uf and L6f [3] in the previous 
tlteorettca l study of th.ts process. ln this 
equation, 

tf = tL + (t6+tL)/2. (2) 



Table l. 
A1r Liquid Air Air Air Air Liquid Liqui d 

Fl ow Fl ow I nl e t Outlet In let Out l et In l et Outlet 
Rate Rate Temp. Temp. Humidity Humidity Temp. Temp. 
(cfm) 9pm ' F ' F l b H20t l b H20/ ' F ' F 

lb ai r lb a ir 

426 1.5 146 86 0. 01 268 0. 02 79 80 

426 1.5 228 126 0.016 0. 0249 101 102 

426 1.5 228 124 0.0167 0. 0288 101 102 

426 1.5 228 126 0 . 0175 0. 027 100 100. 5 

342 1.5 186 11 2 0.0120 0.0237 96 97 

342 1. 5 200 132 0 . 0083 0. 0280 110 110 

342 1. 5 178 104 o. 0116 0. 0203 97 98 

342 1. 5 176 108 0 . 0111 0. 0174 102 102 

342 1. 5 188 108 0 . 01 20 0.0220 102 105 

342 1.5 185 11 6 0. 0164 0. 0288 93 94 

Although the McAdams equation is based on experi­
mental measurements with pure water in a column 
packed with 1-inch rings, the degree of agree­
ment with the results of the present work with 
lithium chloride solutions is within expected 
limits. 

The experimental set up is designed to evapor­
ate about 11 lbs/hr of water which is equivalent 
to l ton refrigeration capacity. Results in 
table show that this evaporation rate can be 
practical in packed column. 

TECHNICAL ACCOMPLISHMENTS 

o Coefficients of heat transfer and mass transfer in 
a packed column in which water is vaporized from 
a LiCl solution by heated air have been experi­
mentally detennined. 

o The influences of air flow rate, humidity, and 
temperature on the coefficients of heat transfer 
and mass transfer in a packed column in which 
water is vaporized from a LiCl solution by 
heated air have been experimentally determined. 

o Theoretical predictions of transfer coefficients 
and packed column sizes in an open cycle LiCl 
solar cooling system have been experimentally 
verified. 

o The feasibility of operating an open cycle 
cooling system in which LiCl solutions are con­
centrated in a packed column supplied with solar 
heated air has been established. 

Mean Interface Evaporation Heat Transfer Theoretica l Mass 
Heat Transfer Liquid HIMnidity Rate Coefficient 

Btu/hr sq/ f t ' F Transfer Coeffici ent Concen- l b H20t lbs / hr 
Coefficient lb/ hr ft 3 

t ra tion lb a1r Bt u/ hr sq f t'F s 

9.5 0. 0212 13.6 671 451 2232 

21. 4 0. 0294 16. 6 455 517 1242 

21.4 0. 0339 22 478 517 1384 

22 . 4 0.0318 17 . 7 446 517 1243 

17 . 8 0. 0349 17 .5 388 427 646 

28.2 0. 0321 29 316 448 1607 

27 . 4 0. 0260 13 467 623 844 

27 . 6 o. 0263 9 564 42j 533 

29.5 0 .0236 14 . 9 659 435 1710 

12 o. 0358 18. 5 320 425 930 

FUTURE ACTIVITIES 

Having established the feasibility of con­
centrating LiCl solutions with air from a con­
ventional solar air collector, the design and 
testing of a complete solar cooling system is 
required. Essential to the satisfactory operation 
of this system is the deaeration of the solution in 
the partial vacuum of the absorber-evaporator 
chamber. Continuous or intennittent removal of non 
condensible gas (air) by a vacuum pump is required. 
It is possible that a pre deaeration of the LiCl solu­
tion leaving the packed column will reduce the vacuum 
pumping requirements. In negotiation, therefore, is a 
contract between CSU and DOE to investigate the 
deaeration/vacuum requirements of this sytem, as well 
as a study of possible problems in accumulati"on of 
dissolved salts that are introduced to the system in 
the make up water supply. 

PUBLICATIONS/REPORTS/REFERENCES 

[l] 

[2] 

[3] 

Baum, V.A., Kakabayev, A., and Klyschayeve, C. 
"Technico-Economic Characteristics of Solar 
Units for Cooling Buildings", Third Soviet­
American Seminar (1977). 
McAdams, W.G., Pohlenz, J.B. and St. John, 
R.C. "Transfer of Heat and Mass Between 
Air in a Packed Tower". Chem. Engr. Progress, 
vo1. 45, No . 4, pp. 241-252 (1949). 
Leboeuf, Cecile M. "Solar Driven LiCl Open 
Cycle Absorption Cooling With Packed Bed 
Absorbent Reconcentration", M.S. Thesis, 
Colorado State University, Fort Collins, 
co. 1979. 
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31 May 1981 CONTRACTVALUE 
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TESTING OF A CROSS-COOLED SOLAR POWERED DESICCANT COOLING SYSTEM 

ILLINOIS INSTITUTE OF TECHNOLOGY 

ZALMAN LAVAN AND DIMITRI GIDASPOW 

EG-77-C-01-4042 

OBJECTIVE 

To test a solar powered desiccant cooling 
system using two fixed bed cross-cooled silica gel 
dehumidifiers. The process stream channels are 
lined with silica gel sheets and the bed is cooled 
by air flowing in perpendicular channels. The 
dehumidifiers undergo adsorption, preheating, 
desorption and precooling in a cyclic fashion. 
The cooling capacity of the experimental system is 
one ton at ARI design conditions. The system has 
a high cooling capacity, high COP, low parasitic 
power consumption and requires low regeneration 
tet!)peratures. 

DESCRIPTION OF WORK 

A solar powered cooling system which uses the 
concept of cross-cooling to lower the regeneration 
temperature was developed at IIT. The cross-cooled 
dehumidifier uses silica gel sheets developed at 
IIT ' (l). The equilibrium and sorption dynamics 
were studied and modeled (1-2). A cross-cooled de­
humidifier model was tested and compared to ana­
lytical predictions (3, 4, 5 and 6). Using these 
results, a 1 ton prototype was built and the effect 
of several parameters was studied and is docu­
mented (7, 8). The present paper deals with a 
complete desiccant cooling system consisting of 
two heat exchangers, solar collectors, three 
evaporative coolers and two cross-cooled dehumi­
difiers. Figure 1 shows the two stack mounted 
dehumidifiers complete with electronic air filters, 
dampers and inlet and outlet fittings. 

Figure 1. Dehumidifier Assembly 
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Each of the two dehumidifiers is cyclicly 
switched through four modes: Adsorpt--,--0-n, preheat­
ing, desorption and precooling. Figure 2 shows 
the flow arrangement. Air from the solar house is 
first being dried in the adsorbing dehumidifier 
while a stream of humidified ambient air is passed 
in the cooling channels. The dehumidified air is 
further cooled towards the ambient wet-bulb tem­
perature in a heat exchanger which consists of two 
pebble beds that are periodically cycled. Finally, 
the air is rehumidified as it is passed through 
the flutes of an evaporative cooler. 
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Figure 2. Sorption Mode Flow ~chematic 

A 21 m2 air collector array has been installed 
Lu l1t:!dL il.1111.Jient air for regener11tion of the dc!;iC­
cant. (An electric heater is also available to 
!;i'fnulate the solar input when desired.) ~Pnsible 
heat is recovered in a i::o11ntPrfl nw rPr.11pP.rt1tor. 
During the purging periods (preheating and pre­
cool ing}, the cooling channels of the two units 
arP. connected In ~erlt!~ d11u ~t!11::. iuli: heat from the 
dry hut u11 i L is used to preheat the wet bed in 
IH't:!JJdl'dLio11 l'or the sliosequent sorption µcrluu. 
Four 'four-way' dampers have been designed to 
implement the switching of the process and cross­
cooling streams. The cross leaks between the air 
streams inside the dampers have been found to be 
less than 1%. The system instrumentation includes 
thennocouples, thennopiles; orifice plates and dew 
point hygrometers. A microprocessor based data 
acqu1sit1on system r~ u~cu Lu l.ullel.t, procen and 
store data from the sensors. 

Figure 3 shows the effect of regeneration 
humidity on COP. The three curves represent the 



experimental performance of a single dehumidifier 
prototype, the analytical prediction for the pre­
sent configuration and the predicted performance 
for counterflow periodic operation. It can be 
seen that ·the performance is very sensitive to 
variations in ambient absolute humidity. The 
ambient stream absolute humidity.has a similar 
effect on the cooling capacity as can be seen in 
Figure 4. These tests results show that at ARI 
conditions the unit will have a COP of 0.60 and a 
cooling capacity of 12.25 kJ/kg. 
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For optimum design of dehumidifiers, it is 
necessary to understand the dynamics of sorption. 
The dynamics was studied isothermally for three 
different desiccant sheet thicknesses; 0.076, 
0.152 and 0.318 cm. Typical results at one dimen­
sionless contact time, x, are shown in Figure 5, 
expressed as dimensionless mass transfer coeffi­
cients, ·ca 11 ed Nusse 1t numbers for the channe 1 
and for the sheets·. The channe 1 Nusse 1 t numbers 
are close to the theoretically expected value of 
1.345. The desiccant mass transfer coefficients 
are highly time dependent, casting doubt on the 
validity of standard models used in desiccant 
design. Figure 6 shows typical fluxes of water 
vapor at various dimensionless lengths, x. Note 
the expected motion of a humidity wave. 
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Figure 5. Mass Transfer Coefficient for Three 
Desiccant Sheets 
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Figure 6. · Hurni di ty Sorpti on Rates 

A second law analysis of open cycle desiccant 
cooling systems was carried out in order to deter­
mine their maximum possible cooling performance (9) . 
It was found that the isentropic COP increases as 
the ambient absolute humidity decreases. At ARI 
conditions, this COP is higher than for closed 
cycle systems operating at the same dry bulb 
temperatures. Since cooled dehumidifier systems 
can be regenerated at lower temperature~ than 
adiabatic systems the actual performance of cooled 
systems is closer to the isentropic limit. 



TECHNICAL ACCOMPLISHMENTS 

• A manufacturing process was developed to form 
silica gel material into paper-like sheets. 

• A 15 x 15 x 15 cm cross-cooled silica gel 
dehumidifier model was designed, constructed 
and tested. 

• Sorption isotherms of the silica gel sheets 
were determined in the range of 22-80°C 
for relative humidities between 5% and 95%. 

• The cross-cooled dehumidifier was modeled and 
a complete cooling system using two fixed bed 
dehumidifiers was simulated. 

• A 0.6 x 0.6 x 0.6 m cross-cooled dehumidifier 
prototype has been manufactured and extensively 
tested over a wide range of simulated operating 
conditions. 

• A mathematical model for laminar flow through 
an isothermal dehumidifier considering macro­
micro pore diffusion was developed. The model 
was fitted to transient experimental data. 

• A complete one ton cooling system using two 
cross-cooled dehumidifiers and solar collectors 
has been built and is being tested. The number 
of dampers used to implement the switching of 
the dehumidifiers is four. 

• A second law analysis was applied to open 
cycle desiccant cooling systems, revealing 
their potentials and theoretical limitations. 
The actual performance of cooled desiccant 
systems is closer to the isentropic limit 
than in the case of adiabatic systems. 

ACTIVITIES 

The outdoor cooling system is being tested 
and the performance will be simulated. 

Post-contract activities. A two ton unit 
which wil 1 incorporate design ·modi fi ca ti ens wi 11 
be built and field tested. A two stage high COP 

·(greater than unity) cooling system in which the 
condensing steam of the first stage activates the 
desor.ption of the second stage will be investigated. 
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SOLAR-MEC® DEVELOPMENT PROGRAM 

INSTITUTE OF GAS TECHNOLOGY 

Robert A. Macriss, Jaroslav Wurm, Thomas S. Zawacki and John A. Kinast 

DE-AC03-77CS34495 

OBJECTIVE 

· IGT is currently developing· under contract to 
DOE laboratory performance data, and a seasonal 
performance model based on these data, with a 
redesigned SOLAR-MEC® (System III) residential­
size solar heating/cooling unit, deve1oped un~er 
an earlier phase of this DOE fUnded program. The 
purpose of this overall effort is to complete the 
laboratory development effort, including effective 
control strategy to maximize seasonal heating and 
coolin~ performance, as the first step towards 
potential commercialization of this improved and 
versatile solar-gas residential space conditioning 
system. · 

BACKGROUND 

The SOLAR-MEC is a versatile solar- and solar­
gas-powered space conditioning system that can 
provide an effective combination of environmental 
control· services (space heating and cooling, ' 
ventilation, and humidification/dehumidification), 
under a wide range of climatic conditions and 
buildfng types. As a result of over lU years of 
analytical, experimental ·and field-testing exper~ 
ience with th: SOLAR-MEC system, IGT has recently 
de~eloped.an improved solar- and.solar-gas-powered 
unit (de~ign~ted as System III) of 3-ton capacity, 
the culmination of a 3-year effort supported by · 
the U.S. Department of Energy (DOE). 

The specific cha~acteristics of this improved 
SOLAR-MEC unit (System III) are: 

• Advanced µr·ucess dcGign fe;it.ures that 
incorporate staged reactivation of the 
dryer wheel, and unbalanced flow design 

• 

• 

and operation of the sensible heat exchanger 
to maximize seasonal performance factor (SPF) 
for cooling and to reduce "parasitic" power 
consumption. 

Improvement of the hardware and resultant 
performance and life, through component 
and unit assembly modifications such as 
exr.hanger wheel drives, air seals, heat 
exchanger wheel fabrication, burner and 
fans, and evaporator pad materials. 

Replacement of the desiccant asbestos sub­
strate by a novel, non-asbestos matrix. 

Brief laboratory te~ts with the "improved" 
SOLAR-MEC (System III) unit were performed, towards 
the end of the early DOE-funded µhase·.of this pro­
gram, and the performance obtained demonstrated the 
potential of this improved design. The results of 
thPse tests were presented at the March 1980 Annual 

Review Meeting of DOE~s Active Solar Heating and 
Cooling Contractors in Lake Tahoe, Nevada. The 
objective of the current (on-going) phase of this 
program derives from these preliminary results. 

SUMMARY 

The specific accomplishments of the present 
phase of this program to date are: 

1. Development of detailed laboratory per­
formance data with the improved design 
(System III) unit under a variety of ambient 
and indoor dry and wet bulb temperatures, 
simulating several climatic conditions 
corresponding to a variety of cooling loads. 

2. Development of laboratory data with the unit 
operating in the ventilating (conditioning 
outdoor supply air) and the recirculation 
(conditioning room return air) modes. 
Both solar-on.ly and combined solar-gas 
reactivation of the desiccant wheel were 
tested under these conditions. 

3. Development of a seasonal performance simula­
tion model (based on the above data) that 
can be• used to predict gas, solar and para­
sitic energ~ consumption of the improved unit 
(System III) under given demand load. The 
model can also be used to provide fundamental 
variations in the output of the unit (for 
heating and cooling) with changes in input 
weather conditions of temperature and humidity. 
Alternatively, and for fixed weather conditions 
and level of reactivation temperature, the 
model is capable of predicting delivered 
temperature and humidity of the supply air. 

Details of the data and seasonal model are 
presented in the next section of this report. 

TECHNICAL ACCOMPLISHMENTS 

A schematic of the improved 
III) unit is shown in Figure l. 
design improvements of this unit 
to the original SOLAR-M~C system 
are: · 

SOLAR-MEC (System 
The specific 
(as cpmpared 
configuration) 

• 

• 

• 
• 

Staged reactivation of the desiccant wheel 
to increase cooling coefficient of perfor­
mance (COP) . 

Unbalanced flow ~esign and op~rati~n of the 
heat exchanger wheel to increase cooling 
capacity 

Non-asbestos desiccant wheel matrix, and 

Hardware improvements (seals, fans, drives, 
etc.) to reduce.parasitic power requirements. 



The System III unit underwent intensive 
laboratory testing and evaluation during the 
present phase of the program. For this purpose, 
IGT's SOLAR-MEC test facility was employed after 
modifications to enable firing the unit with 230°F 
(incoming temperature) pressurized water to sim­
ulate the output from advanced concentrated 
collectors. Tests with the unit were carried out 
under low- and high-temperature solar-only f1ring 
and with combined solar-gas firing. Performance 
data obtained relate to unit capacity, COP and 
Solar EER values with the unit operating in the 
"Ventilating" and "Recirculation" modes. Examples 
of the data obtained are presented which show the 
differential performance of the unit under these 
two operating modes and variable input conditions 
of indoor-outdoor temperature and humidity, simu­
lating a range of cooling loads for the unit. 

Tables 1 and 2 summarize the effect of outdoor 
dr 1-bul b temperature on unit performance, at con­
stant ARI indoor conditions of 80°F dry-bulb and 
67°F wet-bulb temperatures. Each of these tables 
also shows the effect of the operating mode (ven­
tilation-recirculation) on performance under these 
conditions.' Table 1 presents results with the unit 
operating under low-temperature solar input for 
desiccant wheel deactivation. This type of input 
corresponds to incoming water temperatu~ of 180°F 
and equivalent average reactivation temperature of 
160°F. The results of Table.l show that ~nder low 
temperature reactivation conditions, recirculation 
fs the preferred mode of operation, resulting in 
average EER values at ARI outdoor conditions 
(95°F dry-bulb and 75°F wet-bulb or 14 parts per 
thousand moisture content of air) of about 18. 
The serious deterioration of the unit's performance 
(under ventilation mode) at high ambient dry-bulb 
temperature (105.6°F) is also noted in Table 1. 

At high-temperature sol~r input (incominy 
water temperature of 230°F, equivalent average 
reactivation temperature of 205°F), as shown in 
Table 2, the recirculation mode is still favored 
although, under both modes, EER values over 20 have 
been achieved, at ARI outdoor conditions. Table 2 
also shows that, under the higher temperature of 
reactivation, the reduction of performance at 
extreme ambient dry-bulb temperature is not as 
severe as in the previous case (Table 1). 

Similar results are obtained for solar-gas in­
put desiccant reactivation (incoming water temper­
ature of l80°F and supplemental gas firing to 
result· in mixed-cup reactivation temperature of 
195°F), as shown by the results of Table 3. Table 4 
summarizes the effect of indoor dry-bulb tempera­
ture on unit performance with high-temperature, 
solar input desiccant reactivation at constant 
ARI outdoor conditions. With regards to preferred 
operating mode, similar conclusions are drawn 
as with results of Tables 2 and 3, i.e., the recir­
culation mode is still favored but EER values over 
20 are achievable when operating with either mode. 

. Another task of this phase of the program 
.was the development of a model for seasonal 
performance simulation, based on the data ob­
tained in the laboratory. For this purpose, the 
data obtained were aggregated in the manner 
presented in Tablesl to 4, in order to provide 
trend-lines of the effect of one variable at a time 
on system performance. 
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TEST 
NO, 

36 

37 

46 

63 

13 

60 

48 

10 

TEST 
..!!!!.!... 
26 

51 

28 
29. 

52 

50 

54 

55 

SYSTEM Ill 

OUTDOOR COOLING 
CONDITIONS 
DB,'I' PPT B

1
tJJ:IR c~;n7~~y COP EER MODE 

75.3 14.3 40900 26900 0.66 24.2 RECIR 

85.0 14.4 40500 23600 0.58 20.0 RECIR 

94.6 14.0 38700 20000 0.52 17.7 RECIR 

105.0 14.0 39000 17300 0.44 15.6 RECIR 

74.8 13.9 41300 19800 0.48 16.6 VENT 

84.9 14.0 36400 16600 0.46 14.6 VENT 

94.8 14.2 34600 13000 0.38 11.l VENT 

105.fi lU, ~ 15000 9900 U.28 8.3 VENT 

TABLE ·l. EFFECT OF OUTDOOR TE.MPERATURE 

WITH LOW-~E~M~~n~~Th869~)A~gJ~RWATER FIRING 
(160"F MIXED-CUP EQUIVALENT REACTIVATION TEMPERATURE) 

AND ARI JNDOOg CONDITIONS 
(80' F DRY-BULB, ]" F WET-BULB) 

OUTDOOR COOLING 
CONDITIONS 
DB,'F PPT B

1
tJJ:IR 

CAPA]ITY 
..!!!!....!!!!_ COP EER MODE 

75.3 14.2 70800 40800 0.58 33.4 RECIR 
85.0 14.2 63900 35500 0.56 30.l REC IR 
95.4 13.9 71200 32500 0.46 27.5 RECIR 

104.6 14.0 63700 29300 0.46 24.8 RECIR 

75.0 14.2 56400 32900 0.58 28.6 VENT 
85.3 14.2 61700 33200 0.54 28.4 VENT 
95.0 14.0 50000 25500 0.51 22.0 VENT 

104.9 14.0 45300 211oe 0.48 17.8 VENT 

.TABLE 2. EFFECT OF OUTDOOR TEMPERATURE 

ITH HIGH-~M~~m~~· c2~o·~~Ds5~R WATER FIRING 
(20g"F MIXED-CUP EQUIVALENT REACTIVATION TEMPERATURE) 

CEO~~D D~e~B~~gc;og7~~New~~~B) 



OUTDOOR COOLING 
TEST CONDITIONS INPJ:ii CAPA]ITY 
NO, DB.'F PPT .lli....!!!!. BTU HR COP EER MODE 

120 74.8 14.0 59300 33900 0.57 28.7 RECIR 

130 85.0 14.l 58800 30500 0.52 26.1 RECIR 

119 94.4 ,14.2 60300 28700 0.48 24.1 RECIR 

129 105.2 14.2 59100 26100 0.44 22.3 RECIR 

112 75.0 14.3 58200 29200 0.50 24.7 VENT 

132 84.8 14.2 57100 27500 0.48 22.9 VENT 

127 94.8 14.l 51800 25000 0.48 20.8 VENT 

131 104.9/ 14.3 50200 21300 0.42 17. 3 VENT 

TABLE 3. EFFECT OF OUTDOOR TEMPERATURE 
ON CAPAC ITV, COP AND EER 

WITH LOW-TEMPERATURE SOLAR WATER FIRING COMBINED WITH 

EQUIVALENT ~~~~ml~~o~0T~~~~~1Ti~E OF 195°F 
<80 • ~NgR~~ ~u~~~og, · ~0:~~ ~~S~~ > 

Least-squares analysis was subsequently used to 
convert the resultant trend lines into polynomial 
forms for ease of manipulation together with weather 
solar, and structural load computer progra~s. to 
derive unit seasonal performance. Figures 2 and 3· 
show typical examples of the trend lines through 
the actual data. Figure 2 presents the variation of 
SOLAR-MEC (System III) unit's delivered air temper­
ature with outdoor dry-bulb temperature, at two 
levels of outdoor humidity, with the unit operated 
-in the ventilation mode at ·low-temperature solar 
input for desiccant reactivation. Equation 1, be-
low, · 

Td = 32.84 + 0.12 To+ 1.35 Ho (1) 

shows analytically the trend-line relationships of 
Figure 2 where -
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t 60 .. 
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Td Delivered Air Temperature, °F 

T
0 

Outdoor Air Temperature, °F 

H0 = Outdoor Air Humidity, ppt 

70 

UUll)WL lluiUldh)' 

A 9.9 ppt 
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figure 2. 

t:OJ'IPA~l!Otl or TUCT 1.'1.1.T• TO HOn!I. r1u;uICTlON, 
VENTILATION KODE, LOV TEMPERATURE, soi.AR UATER 

REGENERATION, AT ARI INDOOR CONDITIONS 

110 
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INDOOR COOLING 
lEST CONDITIONS 

B
1
l:tHTR C~~~7111~Y COP EER MODE NO. ~.! 

31 75,2 10.9 61600 27500 0.45 23.7 RECIR 

28 80.0 11.0 71200 32500 0.46 27 .5 RECl.R 

32 85.0 11.2 57000 34800 0.61 30.0 RECIR 

23 75.1 10.9 54400 23800 0.44 •20.5 VENT 

54 79.7 11.0 50000 25500 0.51 22.0 VENT 

20 84.7 11.0 55700 30200 0.54 27.7 VENT 

TABLE 4, EFFECT OF INDOOR TEJ".PERATURE 

ITH HIGH-~~M~~~:ii~~· (~~O·Ws~~~R WATER FIRING 
(20g.F Ml XED-CUP EQUIVALENT REACT! VATION TEMPERATURE) 

(9~~~ ~~~-~::::~~0,5~~N~~~~~~~Bl ' 

Similarly, Figure 3 presents the variation of 
delivered air humidity with outdoor dry-bulb 
temperature.at identical other conditions, as 
for Figure 2. Equatio~ 2, below 

Hd = 0.9 + 0.49 H
0 

+ (0.089 - 0.00089 H
0 

+ 0.00016 H2) (To - 32) (2) 
0. l .8 

shows analytically the trend-line relationships of 
figure 3 where -

Hd Delivered Air Humidity, ppt 

H
0 

Outdoor Air Humidity, ppt 

Equations 1 and 2 are only valid for low-. 
temperature solar input for desiccant reactivation, 
with the unit operating in the ventilating mode. 
Similar equations have been formulated for all 
other conditions encompassing the data developed 
in the laboratory. 

FUTURE ACTIVITIES 

• Completion of the laboratory testing of the 
SOLAR-MEC (System III) unit and use of the 
data to complete the seasonal performance 
model formulation 

• Improvement of the un1t's seasonal performance 
through the development o.f effective operating 
and control strategy. 
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HEAT AND MASS TRANSFER CHARACTERISTICS OF LIQUID DESICCANT 
OPEN-FLOW SOLAR COLLECTORS 

Lockheed-Huntsville Research & Engineering Center, Huntsville, Alabama 35807 

Philomena G. Grodzka and Suzanne S. Rico 

Contract SERI XE-0-9179-1 

\OBJECTIVE 

The project objective is to accurately deter- . 
mine the heat and mass transfer rates of a lithium 
chloride salt solution flowing as a film across a 
solar-absorbing surface in a hot, humid climate. 
The goals to be accomplished in this project are to 
construct and equip with plumbing a 50 foot by 50 
foot south-facing, slanted test structure; to surface 
this structure with a covering which will maintain 
a continuous, thin-flowing film of lithium chloride 
solution; to instrument the structure to provide 
temperature and concentration data at a number of 
locations on the structure as well as insolation, 
wind and humidity data; to obtain at least 30 days 
of data in the period June throl1gh July 1981; to 
analyze the test results and compare them with the 
results of an analytical model; and to improve the 
model as necessary.. · 

DESCRIPTION OF WORK 

Desiccants provide a means of storing solar 
energy as chemical energy. Such stored energy 
can be utilized for cooling or heating applications. 
Absorption refrigeration is an application that ap­
pears particula,rly promising. Various approaches 
to dehydrating liquid desiccant for absorption re­
frigeration have been pursued by a number of re­
searchers. The open-cycle approach, although 
possessing a number of attractive features, has 
received reiat_ively little study thus far. The pre­
sent study was undertaken to provide perfol'."mance 
data on an open-flow, liquid-desiccant desorber of 
a size sufficient to be relevant for applications 
assessment.' The performance data collected will 
be compared with predictions of an analytical . 
model constructed by R. K. Collier (Ref. 1). 

A small scale .version of the collector was 
built and tested to verify manifolding techniques 
and sample port design. Based on the data ob- . 
tained during this test, a .full scale test structure 
of the general features shown in Figure 1 was con­
structed. The surf.ace covering is asphalt shingles. 
The manifold arrangement for distributing the 
liquid flow evenly at the top of the rciof is shown in 
Figure 2. · Presently 27 sampling ports for obtain­
ing the liquid samples from the roof during a test 
have been equipped with thermocouples and in­
stalled into selected locations on the roof. The 
form of the ports is shown in Figure 3. l'he out­
puts of the temperature sensors, a wind velocim­
eter, insolation and ambient dew point temperature 
measuring equipment are recorded by a data. 
logger. 

Concentrntiono of the hot, conrP.ntrah:d 
lithium chloride samples are determined either 
by refractometry or density measurements. 
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ACCOMPLISHMENTS TO DATE 

• The 50 foot by 50 foot open-flow collector 
structure was constructed, and initial tests 
indicate that the collector performs just as 
predicted. Standard construction techniques 
for houses using tongue-and-groove decking 
provided a sufficiently flat and level roof 
such that the asphalt shingle covering main­
tains a thin, continuous film flow. On a clean, 
dry roof, initial wetting by a concentrated 
lithium chloride solution is facilitated by 
first wetting the roof with water. If resid­
ual lithium chloride remains on the roof, 
i.e., as in the morning after the flow had 
been shut off the preceding evening, initial 
wetting is not required because the humidity 
in Alabama is high enough to keep the roof 
moist during the evening and early morning. 

• Simple methods for determining .the concen­
trations of concentrated lithium chloride 
solutions (refractometry and density) have 
been chosen. Although some further eval­
uations of these methods are in progress, 
they appear quite. reliable. 

• A computer model of the system has been 
constructed and results obtained with it 
compare quite well with preliminary experi­
mental results obtained from both the small 
and full scale collectors. 

FUTURE ACTIVITIES 

The foreseen follow-on effort for the present 
study is to connect an absorption chiller to the 
open-flow, solar desorber, insulate the test struc­
ture building~ and evaluate the performance of the 
system as a total absorption air-conditioning sys­
tem. The possible use of the open-flow collector 
for space heating should also be evaluated. Upon 
successful completion of such an effort, a com­
·mercialization strategy should be implemented. 

REFERENCE 

1. Collier, R. K., "The Analysis and Simulation 
of an Open Cycle Absorption Refrigeration 
System," Solar Energy, Vol. 23, 1979, pp. 
357-366. . 
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Fig. l - Solar Desorber -Structure, East Elevation 

Fig. 2 - Manifold Arrangement 
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Thermocouple 

I 

Fig. 3 - Sample J?ort Arrangement 
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ANALYSIS OF SOLAR DESICCANT SYSTEMS AND CONCEPTS 

Solar Energy Research Institute 

Robert Barlow 

EG-77-C-01-4042 

OBJECTIVES 

The ·1ong term goal of this research effort is to 
develop a general, versatile heat and mass transfer 
computer model to predict the performance of solid 
desiccant systems and to evaluate new concepts and 
new design strategies in solar desiccant cooling •. 
Objectives of current work are:· (l) to· compare packed 
beds and parallel passage geometries and identify 
the most effective designs, (2) to investigate the 
effect of equilibrium sorption properties on system 
performance and identify desirable properties, and 
(3) to evaluate the potential performance of new 
desiccant materials and combinations of existing 
materials. 

CONCEPT 

The Solar Energy Research Institute's (SERI) 
desiccant simulation program (DESSIM) uses an 
entirely new approach to the modeling of the adi­
a~ati~ .adsorption/desorp~ion process that greatly 
simplifies the mathematics of the ·analysis and 
facilitates a better understanding of physical 
behavior of desiccant systems. Previous nonlinear 
models [1;2,3] have used finite difference tech­
niques to solve a set of coupled differential equa­
tions describing the adsorption process. In each 
case a transformation of variables was necessary to 
express the equations in a form convenient for 
numerical solution. These transformations have 
tended to obscure the physics of the problem mak­
ing it more difficult to develop an int~itive 
understanding of the behavior of desiccants. ·In 
contrast, the SERI model performs heat transfer and 
mass transfer calculations in an uncoupled manner 
using simple algebraic equations adapted from the 
theory of heat exchangers. No transformation of 
variables .i5 required, and the model has proven to 
be accurate and relatively. inexpensive to run. 

Because the method is simple, the model can be 
adapted easily to look at different specific prob-
1 ems such as . the effects of using different bed 
geom~tri~s. different desict;ant ·riroperties,. vari­
able inlet air conditi.ons, and various system 
design strateoies. To further facilitate a full 
understanding of the. behavior of desiccants, 
results of the simulation including temperature and 
loading profiles in the bed, as well as outlet air 
conditions, are displayed graphically. · 

!CHNICAL ACCOMPLISHMENTS 

• A new and simple approach to modeling desic­
cant systems has been developed. Computer 
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programs for predicting the performance silica 
gel beds in single-blow situations and in 
cyclically operating desiccant cooling systems 
have been written. 

• The single-blow model has been validated and 
shows excellent agreement with experimental 
data from SER I's desiccant test lab. Graphs 
showing the measured and predicted conditions 
of adsorption process air leaving a packed.bed 
of silica gel are given in the paper in these 
proceedings that describes SERI's desiccant 
lab. Figures 1, 2, and 3 show experimental 
data published by Koh [4] along with the cor­
responding prediction using DESSIM •. 

0 OUTLET AIR TEMPERATURE 
§r-~~,..--~~~~~~-=-:.....:=---. 

c 

Iii 

c 
d-t-~..,~~,....~..,~~"l'-~-,.~~ ...... ~..J 

0 60 360 120 180 2t0 300 t20 
TIME: IMINUTE:Sl 

Figure 1. Measured (O) and Predicted (-) Outlet 
Afr Temperature During Regeneration of 
Silica Gel. · 

• The cooling system simulation program has been 
used to evaluate the- potential gains in cool­
ing capacity and thermal COP that could be 
realized by using a nonhomogeneous desiccant 
bed composed of a series of hypothetical desi­
cc~nts with different adsorption properties. 
This study [5] shows that the system cooling 
capacity could be increased by roughly 10% or 
that the bed thickness could be reduced by 37i 
if the silica 9el were replaced by a staged 
bed with the properties shown in Fig. 4. 
Either strategy would result in a significant 
reduction in the parasitic power requirements· 
of the system. 
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Figure 2. Measured (0) and Predicted (-) Outlet 
Air Hurni di ty Ratio Ou ring Regeneration 
of Silica Gel 
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Silica Gel and Four J1ypothetical Desic­
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The physical phenomena that produce these 
results are displayed most effectively by Fi gs. 5 
and 6. These are psychrometric charts showing the 
con di ti ons of the process air 1 ea vi ng the two des­
iccant beds during cyclic operation. The process 
1 i nes for the two beds trace a 1 most exactly the 
same paths. During both adsorption and regenera­
tion, the outlet air goes through a very rapid 
transient·that lasts only about 40 seconds and runs 
along 1 i nes of nearly constant relative humidity. 
The trajectory of the process curve then changes. 
and outlet air conditions move slowly toward the 
conditions of the inlet air. The major differ­
ence between the staged bed and silica gel is that 
the progress of the outlet air toward the inlet 
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eration -(0), s,Ylllbols at 12 second 
intervals). 

PSYCHROMETRIC CHART 

20 30 10 SO 60 70 BO 90 100 

DRY BULB TE:MPE:RATURE: CCI 

Conditions of Process Air Leaving the 
Staged Bed (s,Ylllbols spaced at 12 second 
intervals) 

I 
condition is much s 1 ower. During adsorption the 
process line terminates at 7i relative humidity 
with silica gel, but reaches only 6i with the 
staged bed, even though the rotation period is 



twice as 1 ong. The same effect is seen during 
regeneration. The reason for this slowing of the 
breakthrough curve can only be that staging 
decreases the length of the effective MTZ (mass 
transfer zone). Thjs is done by matching the prop­
erties of each desiccant stage to the range of 
relative humidities occurring in that section of 
the bed during cyclic operation. The result i~ 
that each desiccant is operating on the steep por­
tion of its capacity curve, and this improves mass 
transfer. 

FUTURE ACTIVITIES 

• DESSIM will be used to evaluate new materials, 
new concepts, and ·new design strategies for 
solar desiccant cooling systems. Simulations 
will help to identify the most promising 
directions for research and development of 
advanced desiccant systems. 

t Mode 1 i ng efforts will be close 1 y coordinated 
with SERI' s experimental program. Laboratory 
data wi 11 .determine the accuracy of the model 
over a wide range of conditions, and the model 
can help to identify the most informative 
experiments to be run. 

) 

• The capabilities of the cooling system simula­
tion program will be expanded to include anal­
ysis of the purge process, experimentally 
determined transfer coefficients for parallel 
passage geometries, and sorption properties of 
molecular sieves and natural zeolites. 
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3. Chi, C. W.; Wasan, D. T. 1970. "Fixed B~d 
Adsorption Drying." AIChE Journal. Vo. 16 
(No. 1): pp. 23-31. 

4. Koh, H. K. 1977. "Study of the Use of Solar 
Energy for the Regeneration of Silica Gel Used 
in Grain Drying." Ph.D. Thesis, Kansas State 
University. University Microfilms Order 
No. 7802410. 

5. Barlow, R.; Collier, K. 1981. "Optimizing the 
Performance of Desiccant Beds for Solar Regene­
rated Cooling." Proceedings of the AS/ISES 
Annual Conference May 1981. NTIS 
SERI/TP-631-1157. 

CONTRACT INFORMATION 

STARTDATE~~~~~~-ENDDATE~~~~~-CONTRACTVALUE~~~~~~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Chi Iler simulation mud~l - Final Report 9/30/81 

2. 

3. 

4. 

5. 

3-21 



INY.ESTIGATION OF LIQUID DESICCANT SOLAR COOLING SYSTEMS 

Solar Energy Research Institute 

Dennis R. Schlepp 

EG-77-C-01-4042 

Objective 

The objectives of this project are to investi­
gate the use of liquid desiccants in solar coolinCJ 
systems; to evaluate the performance of such sys­
tems; and. to es tab 1 i sh design criteria and recom­
mendations for construction of test apparatus. 

Description of Work 

The work to accomplish these objectives falls 
.into two categories: computer si mul ati on and exper­
imental work. The experimental analyses to study 
the open-cycle re<1eneration of lithium chloride 
desiccant solutions and the resulting heat and mass 
transfer characteristics -are being carried on at 
Lockheed Mi ssi 1 e and Space Center in Huntsville, 
Alabama and at Arizona State Univesity in Tempe, 
Arizona, for hot, humid climates and hot,, dry cli­
mates, respectively. Construction and testing of a 
residential liquid ·desiccant system using calcium 
chloride solution is beinq undertaken by the Uni­
versity of South Carolina at Pawley's Island, South· 
Carolina. A study of lithium chloride regeneration 
in packed towers is being done at Co 1 or ado State 
University in Fort Collins, Colorado. Details on 
these projects and the accomplishments of each can 
be found in other technical papers in this summary. 

·The computer simulation work at SERI has con­
centrated on operation of the open-cycle absorption 
refrigeration (OCAR) system. Recent work has 
investigated the use of the OCAR system (Fig. 1) as 
a chemical heat pump for providing both heating and 
cooling. Successful application of the system 
year-round would encourage further development 
because the economics are more favorable. 

Figure 1. OCAR System 

Technical Accomplishments 

o A computer simulation code was written to 
model the operation of the OCAR system under 
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a 11 en vi ronmenta 1 con di tons. This was accom­
plished by including correlations of lithium 
chloride solution physical properties over a 
wide range of temperatures. · 

o The OCAR system was found to operate effec­
tively in winter climates in a heating mode, 
using waste heat. sources as low as 20°C. 
Simulations using weather data in five U.S. 
cities showed that winter climates as severe 
as New York City and Albuquerque, New Mexico 
would still allow open regeneration of the 
desiccant solutions. Table 1 presents the 
solar COP' s (heating output/solar input) for 
each qf the five cities. 

Table 1. OCAR System Perfonlilnce for Five 
U.S. Cities 

City 

Phoenix 
Albuquerque 
Dallas 
Miami 
New York 

Solar COP 

.186 

.161 

.127 

.070 

.058 

• A portion of the system's regenerator can be 
used as an open-flow trickle collector to pro­
vide the thermal energy necessary to make the 
system operate. This can be done, with a soi 
cut in capacity, in the milder winter climates 
effectively. 

This allows the system to .be used as a complete 
heating and cooling unit for commercial 
applications. 

Future Activities 

Based on the results of the experimental 
efforts and the computer simulations, a complete 
open-cycle· absorption system will be built and 
tested. This will allow investigation of the many 
operating problems that are anticipated, such as 
solution contamination and vacuum integrity. 
Research wi 11 al so be extended into use of new or 
improved desiccant solutions. 

Publications 

1. Schlepp, D. and Collier, K., "The Use of An 
Open-Cycle Absorption System ·for Heating and 
Cooling". NTIS, SERI/TP-631-1159, Marc 
1981. Proceedings of the AS/ISES Annua 
Conference May 1981. 



SERI DESICCANT LABORATORY EXPERIMENTS. 

Solar Energy Research Institute 

Charles F. Kutscher 

EG-77-C-01-4042 

OBJECTIVE 

The objectives of the SERI Desiccant Labora- . 
tory are: to validate in-house adsorption computer 
models with experimental data;. to test various con­
cepts in desiccant bed design; and to test various 
desiccant materials. 

DESCRIPTION «F' WORK 

The layout of the test apparatus has changed 
with time to improve the quality of data which can 
be taken. The current confiquration is shown in 
Fig. 1. . . 

The loop is designed so that either adsorption 
or regeneration of a test article can be .p~r­
formed. Two 2.24 kW (3 hp) centrifugal fans cap­
able of supplying up to 40 kg/s (700 SCFM) in 30 m 
(12 in) circular duct are used, one for each direc­
tion. To perform adsorption, fan F-1 is ti1rned ·011 

and butterfly dampers are used to obtain the proper 
fl ow rate. (A stepped cone pulley al so allows fan 
speed to be adjusted.) Inlet room air is heated by 
a 6 kW duct heater to the desired dry bulb tempera­
ture--in a range of 27°-41°C (80°-105°F)--and steam 
from: a 50 kW boiler is injected to achieve the 
desired humidity. The conditioned air is bypassed 
around the test article and exhausted to the out­
side, until proper conditions are met. At that 
time, several shutoff dampers are adjusted to ini­
tiate fl ow through the bed. Adsorption runs are 

- ordinarily made until the bed is saturated, i.e., 
until outlet and inlet conditions are identical. 

To perform regeneration, fan F-2 is . used. 
Room air is he.ated to reqenerati on temperatures--up 
to 150°C (300°Fl--by a 35 kW duct heater. The air 
is bypassed around the test article until proper 
air temperature and fl ow rate are obtained. Ad­
justment of shutoff dampers then i ni ti ates fl ow, 
throuqh the bed. Again, test runs are ordinarily 
made until outlet and inlet conditions converge. 
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Figure 1. SERI Desiccant Test Loop 
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To better control temperatures, SCR control-
1 ers are used on the two duct heaters thus allowing 
the desired temperature to be "dialed in." An SCR 
controller is also used on the boiler heating ele­
ments to maintain a steady steam pressure. 

Temperatures are measured throughout the sys­
tem with exposed junction type T (copper/constan­
tan) thermocouples. Humidity is measured via both 
wet bulb thermocouples and optical condensation dew 
point hygrometers. To ensure well mixed air in 
terms of both temperature and humidity, air mixers 
are used, one after the 35 kW heater and one on 
each side of the test article. Pressure drop 
across the test article is measured with a capaci-

· tance type transducer. Flow rates are measured 
with similar pressure readings taken across ASME 
flow nozzles. 

Originally all of the sensor outputs were fed 
into a Kay Digistrip II .data logger. Recently a 
Hewlett Packard data acquisition system consisting 
of an HP~85 desk top computer and an HP-3479 scan­
ner/digital voltmeter has become operational. This 
systeni not only supplies test parameters in engi­
neering uni ts, but will do psychrometri c conver-
sions and supply graphics. Future.plans are to: 
also take advantage of this system's control poten­
tial to better control steam supply. [Currently 
inlet dew point varies± .15°C (± 27°F).] 

TECHNICAL ACCOMPLISHMENTS 

After construction of the loop was.completed, 
the equipment was operated in a shakedown phase. 
Numerous data runs were performed with a silica gel 
packed bed,· and various changes were made to the 
1 oop to improve data quality. Al though improve­
ments will ·continue to be made, the test apparatus 
is now working well enough to be used to validate 
an in-house computer model, DESIM. (DESIM performs 
uncoupled heat and mass transfer calculatibns usi~g 
simple equations adapted from heat exchanger the­
ory. Published experimental data on silica gel 
properties and transfer coefficients are used in 
cal.culating the properties of a control volume of 
air as it moves through bed segments. See paper by· 
R. Barlow presented at this conference.) 

Figure.·? shows experimental results and com­
puter prediction for the outlet humidity ratio ver­
sus time for a test run with the following 
conditions: 

Inlet Dry Bulb 
Temperature: 

Inlet Dew Point 
Temperature: 

Fl ow Rate: 
Bed Regeneration 

Temperature: 
Bed Diameter: 
Bed Width: 

35°C (95°F) 

20.a0 c (69.4°F) 
.23 ky/s (400 SCFM) 

60°C (140°F) 
.64 m (25 in.) 

.032 m (1.25 in.) 

This shows the so-called· "breakthrough 
curve." Because the packed silica gel bed is thin­
ner than the mass ·tra·nsfer zone (MTZ), .. some mois­
ture begins to break through the downstream end of 
the bed from the start. As the run continues, the 
remaining bed capacity continues to drop, and the 
adsorption wave exits the bed, resulti nq in 
increasing humidity of the exit air. The experi­
mental data points for outlet humidity ratio are 
derived from dew point measurements. Agreement 
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Fig1.ire 2. Outlet Hullidity Ratio vs. Ttme 

with the computer model prediction can be seen to 
be excellent. · 

The outlet air temperature versus time is 
shown in Fig. 3. The difference between predicted 
and experimental values at the beginning is due to 
the bed and duct being cool at the start of the run 
because of a delay between regenera.ti on and adsorp­
tion. As. the adsorption wave leaves the bed, less 
adsorption takes place meaning less heat of adsorp~ 
tion is released with a corresponding decay in out-
1 et dry bulb temperature. Outlet dry bulb eventu­
ally reaches the inlet condition (35°C) once the 
bed capacity has been exhausted. 

0 

g-r-~~~~~~~~~~~~~~~~~~~ 

0 10 20 30 40 50 60 70 
·TIME !MINUTES! 

Figure 3. Outlet Air Ory Bulb Teft!Perature vs. Time 

Figure 4 shows the process 1 i ne on a psychro­
metri c chart (illustrating humidity ratio of the 
outlet air as a function of dry bulb tempera~ 
tu re). Again the leading edge ·of the experiment•' 
curve results from the bed being cool at ti 
start. The air is first heated by the heat ,,. 
adsorption with .some heat going into the bed and 
duct mass before an adiabatic process line is fol­
lowed. The outlet air moves up the straight por..: 
tion of the curve as it rises in moisture content. 
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chrometric Chart 

This dehumidification line differs from a con­
stant enthalpy 1 i ne by the difference between heat 
of condensation and heat of adsorption. (Bed heat 
capacity also affects the slope of the line.) If 
one chooses any point on the line, the air flowing 
through the bed at that time can be considered to 

·move down the dehumidification 1 ine to that point 
which would be the exit condition at that time. 
Figure 4 thus shows how the exit condition moves .!!£_ 
the dehumidification line with time. 

The close aqreement between the DESIM model 
and the experimental data are encouraging and qives 
confidence that both can be useful tools in study-
ing candidate .desiccant beds. · 

FUTURE ACTIVITIES 

The graphs shown in this r~port represent the ' 
first validation attempt of SERI's in-house adsorp­
tion computer model. Further exoerimental runs are 
beinq made with the current test article to extend 
the validation over a wide range of inlet (tempera­
ture/humidity) conditions. A number of variable 
lenqth .30 m (12 in) diameter test sections have 

·already been manufactured, and these will be in­
stalled to test length effects as well as better 
determine the in-situ pressure drop characteristics 
of .the perforated plates which contain the silica 
gel. As testing of the variable length pack beds 
is performed, a channel flow bed will be built, and 
tests will be made to compare its heat and mass 
transfer· and pressure drop characteristics with 
those of the packed beds. 

Further improvements in the laboratory are 
al so planned. These include: control of the steam 
supply valve with the HP-85 computer, and providing 
faster turnaround between regeneration and adsorp­
tion runs. 

REFERENCES 

Kreit~, F. "An Overview of SERI Solar Thermal Re­
search Facilities," Heat Transfer Engineering, 
Vol. 2: No. 2. Oct.-Dec. 1980. 
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OPEN CYCLE CHEMICAL HEAT PUMP AND ENERGY STORAGE SYSTEM 

COASTAL CAROLINA COLLEXiE/UNIVERSITY OF SOUTH CAROLINA ENERGY LABORATORY 

HARRY IRVING ROBISON 

SUBCONTRACT NO. ZE-0-9185-1 UNDER PRIME CONTRACT NO. EXl-77-0-01-4042 

OBJFX;TIVE 

The objective of this project is to speed the 
development of a marketable solar powered chemical 
heat pump that is a technically viable, environ­
mentally acceptable, and economically competitive 
alternative to conventional space heating and 
cooling methods. 

DESCRIPTION QE }[Qfil£ 

Introduction J 
The summer climate of the South Atlantic and 

Gulf Coast regions is hot and humid. The air 
conditioning load is principally one of de­
humidification. As the cooling load exceeds the 
heating load, residential and commercial de­
humidification and cooling are necessary during 
two-thirds of the year. Cooling and dehumidi­
fication are also needed throughout the :Eastern 
seaboard and Great Lakes regions for a shorter 
period each year. Effective cooling equipment 
will allow solar collectors to be used throughout 
the year, thus reducing the pay-back period 
substantially. 

Method 
------:nie Ehergy Laboratory of Coastal Carolina 
College of the University of South Carolina 
proposes to demonstrate over a 30-month period 
an open-cycle chemical heat pump that uses solar 
energy, well water, and a common salt solution to 
provide not only home heating and cooling, but also 
humidity control. 

During the cooling cycle, the device uses well 
water and a salt solution made from vater and 
calcium chloride to cool air to a temperature 
lower than that of the well water. During the 
heating cycle, the concentrated salt solution and 
well water are used to achieve an air temperature 
higher than the well water temperature. In both 
cooling and heating cycles, solar energy is used 
to concentrate the salt solution so that it can be 
used again. For continuous operation of the con­
ditioner, a small, uninsulated tank stores the 
concentrated solution. 

. This liquid desiccant system, which can be 
powered by solar energy~ waste heat, or off-peak 
electricity, which uses water as the refrigerant, 
and which uses no mechanical compressor, no vacuum 
or pressure system, no condenser, no gas-fired 
generator and no large insulated hea~ storage, will 
be used to heat and cool a 2800 foot house. 
Actual operational data will be obtained with two 
different types of desiccant regeneration equipment, 
each operating under various environmental con­
ditions and each under the influence of transient 
as well as steady state insolation conditions. 
Both regenerators use solar energy for power. 
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During the first year, the desiccant solution 
will be regenerated by direct solar radiation in the 
very inexpensive and simple trickle collectol'l-regen­
erator. During the second year of operation, 
inexpensive plastic solar collectors and a modified 
off-the-shelf regenerator will be used for this 
operation. First costs should be competitive with 
conventional vapol'l-compressor heat pumps, and 
operational expenses should be negligible. 

Use of a computer model to simulate operating 
conditions and a full year of operation with each 
regeneration system should allow the var:i,pus 
parameters to be adjusted to achieve maximum pel'l­
f ormance with each system. As no new technology is 
required, immediate commercialization of the heat 
pump should be possible upon completion of the 
optimization process. 

Background 
The analyses of open cycle liquid desiccant. 

cooling systems indicate the possibility of much­
improved cost-effectiveness over presently pro­
posed systems. One important aspect of this 
possible cost-effectiveness is the use of an open 
flow solar collectol'l-regenerator. 

A second advantage of a liquid desiccant 
system is the system's ability to store chemical 
energy in the form of a concentrated brine. This 
storage system can be in a small tank at ambient 
temperature. No insulation is needed. 

A third advantage is the ability to heat as 
well as cool with a liquid desiccant system. True 
heat pump operation can be achieved by extracting 
heat from shallow-well water where this vater is 
available. In other locations, heat can be ex­
tracted from passive storage walls even though 
their temperature is not high enough to heat 
room air directly. 

This research is necessary to actually 
measure the thermodynamic performance of the ope~ 
regenerator operating in conjunction with the 
desiccant conditioner/dehumidifier •. Storage energy 
denoitiea ahould be measured. Operation of an open 
cycle chemical heat pump under actual operating 
conditions has never been demonstrated. 

TEx::HNICAL ACCOMPLISHMENTS 

• A computer model of the roof collector/regen-o 
erator has been developed. 

• Four 30 ft. 2 roof sections have been built and 
used to collect data to verify the computer 
model as well as to obtain data to design the 
collector/regenerators which serve as the south­
facing roof of the research house. 



• Five separate collector systems have been con­
structed as an integral part of the research 
house. 

• The conditioner and necessary plumbing and duct­
work have been installed. 

FUT U~E ACTIVITIES 

One integral part of the test house is an iso­
thermal (81° F) passive collector/storage wall 
consisting of brick columns containing calcium 
chloride hexahydrate latent-heat storage rods. 
Both the regeneration air and the brine can be 
pre-heated in another rooftop system. Analysis of 
work just completed indicates that pre-heating 
should be advantageous. Recent work also indicates 
that the regenerator is more efficient during 
most times of the year when operating with laminar 
air flow than when operating with turbulent flow. 
The three different collector/regenerator sections 
will allow direct comparison of laminar flow and 
turbulent flow. The large brine storage tank 
already installed will o.llow evaluation of the 
possibility of seasonal energy storage as well as 
diurnal storage. 

The research now under way has sho'Wil that the 
regenerator is very sensitive to the vapor pressure 
of the regeneration air. Direct comparison of 
operations using inside and outside air will be 
achieved. Variable fan and pump speeds will allow 
investigation of the effect of air flow rate, air 
flow velocity, solution flow rate and ~olution 
concentration. Additionally, the 60 ft collector/ 
regenerator roof section used during the past ten 
months of research will continue to be used to 
investigate the effect of the following: roof 
surface material, glazing material, and air slot 
dimensions. 

In the southeastern states and particularly in 
Florida, more and more home O'Wilers are taking 
advantage of shallow-well water in water-to-air 
heat pumps. The open cycle chemical heat pump can 
also operate by using well water. A study of the 
availability of this source of energy will be 
undertaken by a co-investigator. Operational and 
environmental problems associated with use of 
ground water will be identified. 
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OBJECTIVES 

The objectives of this work are to develop re­
liable and useful models of the components of solar­
desiccant air conditioning systems, to validate the 
model predictions against experimental results, and 
to use simulation methods to explore and evaluate 
systems. 

DESCRIPTION OF WORK 

The application of solar energy to space and 
water heating is well established, design techniques 
have been developed, and equipment is commercially 
available. The science of solar air conditioning 
is not as advanced, primarily due to the difficulty 
of using a low temperature solar heat source to 
drive a refrigeration cycle. Solar-desiccant air 
.conditioning systems offer the potential of using 
the low temperature heat from a flat plate solar 
collector to·provide cooling. The systems investi­
gated in this study are constructed by arranging 
desiccant dehumidifiers, sensible heat exchangers, 
and evaporative coolers in various configurations. 
The limiting maximum performance of these systems 
is analyzed using thermodynamically ideal system 
components. The actua 1 system performance is' in­
ves ti gated using mathematical models of the "real" 
components by long-term computer simulation methods. 
The simulation methods allow evaluation of system 
performance in terms of component design, system 
configuration, load profile, and geographic loca­
tion. 

Thorough understanding of the system components 
is required to evaluate the potential of solar­
desiccant air conditioning systems, and is gained 
from theoretical, numerical, and experimental 
analyses of the components, particularly the 
desiccant dehumidifier and sensible heat exchanger. 
Mathematical models are used to develop design 
criteria, assess the effect of off-design condi­
tions, and determine limiting theoretical perfor­
mance. A simplified desiccant dehumidifier model 
using an analogy with a sensible heat exchanger, 
is developed for use in long-term simulations. The 
mathematical models are verified by experimental 
tests on a rotary silica gel dehumidifier and a 
rotary sensible heat exchanger. 

TECHNICAL ACCOMPLISHMENTS 

• Desiccant Property Analysis 

Analysis and optimization of desiccant cooling 
systems requires consideration of the therm~­
dynamic properties of the desiccant employed. 
Two mathematical studies have been done in an 
effort to optimize system performance with 
desiccant properties. The first study used 
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sorption isotherms of the five Brunauer classi­
fications, with the heat of sorption equal·to 
the heat of vaporization of water. Prelim­
inary results indicated that the silica gel 
isotherm and the sigmoidal isotherm, corres­
ponding to type 5 in the Brunauer classifica­
tion, were most desirable for air condftioning 
applications. A more detailed investigation 
of six different sigmoidal isotherms showed 
that a silica gel dehumidifier will perform at 
least as well in a cooling system application 
as any of the other desiccants considered. A 
second study investigated the merits of staging 
different desiccants within the dehumidifier. 
Desiccants with sigmoidal isotherms were em­
ployed. The res·ults indicate that, by staging 
desiccants in the dehumidifier, the process 
stream outlet humidity can be reduced to less 
than that obtained using a single component 
device composed of any of the staged materials 
alone. However, for the particular materials 
employed, the system results showed no particu­
lar advantage of the multicomponent dehumidi­
fier over a single component silica gel device. 
Hence, silica gel has been employed as the 
desiccant in all following studies. 

Dehumidifier Modeling and Design (1,2) 

Two different dehumidifier models have been 
developed. A detailed numerical model has 
been developed to describe the coupled and 
nonlinear exchange of heat and water vapor 
.within the dehumidifier. The model assumes 
that the transfer resistance between air flow 
and matrix is represented by overall transfer 
coefficients, comprised of contributions from 
convective transfer resistance in the air and 
diffusional resistance in the solid. The 
latter contribution actually varies throughout 
the matrix at any time. However for heat 
transfer alone, a method by Hausen for ·deter~ 
mining an effective mean of this contribution 
gives accurate prediction of regenerator per-· 
formance. A simplified linear method of de­
humidifier analysis, the analogy method, has 
also been developed [l] which enables perfor­
mance prediction from that of a simi~ar ex­
changer transferring heat alone. The heat and 
vapor exchanger is represented by the super­
position of two exchangers, each operating 
like a heat exchanger driven by a combined 
potential depending on air temperature and 
water vapor content. The applfcation of the 
method gives significant understanding of ex­
changer operation. The method has also been 
extended to retain the essential nonlinearity 
of the heat and mass transfer process, which 
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allows sufficient accuracy in dehumidifier mo­
deling for system simulation. The analogy 
method as currently developed is found ~o sat­
isfactorily predict performance for desiccants 

predictions that the effect of dehumidifier 
transients can be significant, on the order of 
1-2 hours. 

with well behaved properties such as silica t Solar-Desiccant Air Conditionin S stem 
Simulation 3 gel. Curve fits to the relevant properties 

have been developed to facilitate performance 
evaluation. In system studies, the analogy 
method is the only method available for ex-
ploring system options, control strategies, 
and climate effects at reasonable computer 
cost. 

Investigation of dehumidifier design has led 
to the conclusion that packed bed geometries 
are unfeasible. A solar-desiccant air con­
ditioning system will be economically viable 
only if parasitic power requirements are mini­
mized. Parallel flow geometries offer the 
only hope for minimal parasitic power con­
sumption. 

Effects of Transient and Nonuniform Inlet 
Conditions on Dehumidifier and Heat Exchanger· 
Performance (3) 

The response of a rotary dehumidifier or heat 
exchanger exposed to either spatially nonuni­
form inlet conditions or a temporal step change 
in inlet conditions has been investigated. The 
analysis of a regenerator operating under 
steady state conditions exposed to nonuniform 
inlet conditions has led to two major conclu­
sions. For a properly designed rotary heat 
exchanger, inlet condition nonuniformities have 
little effect on performance. However, for a 
properly designed dehumidifier, the nonunifor­
mities can significantly affect pefformance, 
allowing improvement in dehumidifier design. 
Such nonuniformities are currently manifested 
in the form of purge cycles prior to absorption. 
A detailed numerical model has also been de­
veloped to describe the transient response of 
a rotary regenerator. Results show that the 
time for a dehumidifier to reach steady state 
conditions can be significant, often on the 
order of hours. Work is progressing to allow 
prediction of dehumidifier transient response 
using the analogy method. 

Experimental Component Testing 

Experimental verification of heat exchanger and 
d~humidifier mathematical models have been per­
formed in two stages. Experimental tests of 
rotary heat exchanger operating with either 
transient or nonuniform inlet conditions have 
been performed on an existing apparatus at 
CSIRO in Australia. The results ·of the tests 
show good agreement with predictions of the 
models and substantiate conclusions of the 
numerical analyses. Testing of dehumidifiers 
is being performed on a new apparatus, con­
structed specifically for this project. While 
the original plan5 anticipated that a morlifiPrl 
total heat wheel manufactured by the Berner 
Company could be used for dehumidifier tests, 
further numerical and experimental tests 
showed the wheel to be unsatisfactory. A 
packed-bed silica gel dehumidifier has since 
been designed and constructed for testing 
purposes. While the computer controlled data 
acquisition 5y5tcm is being developed, pre­
liminary tests have been performed using fixed 
psychrometer grids and multipoint recorders. 
These preliminary tests concur with numerical 
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The system simulation study has been mainly 
concerned with the interaction of cycle 
configuration and climate, and the theoreti­
cal analysis of thermodynamically ideal sys­
tems. The three configurations studied in 
depth have been the ventilation, recircula­
tion, and Dunkle cycles. The four climates 
were selected to represent a range of temper­
ature and humidity combinations. 

The results of the system simulations showed 
that it is essential to have high effective­
ness system components. Sensible heat ex­
changer effectivenesses of 90% or greater are 
required, and a corresponding value is needed 
for the dehumidifier. With high performance 
components, cycle COPs of 1 to 1.6 were.ob­
tained, depending on climate. The higher 
COPs were obtained in the drier climates 
where the regenerative evaporative cooler 
capabilities could be utilized. Analyses of 
the thermodynamically ideal system perfor­
mance have indicated maximum COPs on the order 
2 to 4. 

The comparison of the performance of the 
different system with high effectiveness 
components showed that the recirculation· 
system performed poorest. The Dunkle cycle 
generally yields a higher COP and capacity 
than the ventilation cycle, but has the 
added complexity of another heat exchanger. 
It appears that the ventilation cycle may 
be the most promising cycle. 

Simulations were performed to evaluate the 
ventilation and Dunkle cycles using solar 
.energy on 1 y for regeneration. For a 11 four 
climates, the system were found to meet a 
large fraction of the air conditioning load. 
The air temperatures obtained with flat-plate 
collectors are sufficient for desiccant 
regeneration. 

The various ways in which desiccant and VAV 
systems for commercial buildings can be com­
bined has been explored. One promising sys­
tem uses a desiccant wheel for moisture re­
moval and an indirect evaporative cooler plus 
vapor compression machine for sensible cool­
ing. Heat rejection from the condenser is 
used to regenerate the desiccant. Using this 
arrangement, the chiller power can be reduced 
to 40%. The performance is almost linearly 
dependent on the ambient wet bulb tempera­
ture with the result that the power required 
over the season will be much lower than that 
at design conditions. These ideas will be 
explored via system simulations 

FUTURE ACTIVITIES 

Given the conclusion that packed-bed geometries 
are unsatisfactory for solar-desiccant air condi­
tioning systems, future work will inc·lude design of 
a suitable parallel passage silica gel dehumidifier. 
The experimental apparatus will be used to test 
such dehumidifiers. Future component analyses will 
investigate extension of the analogy method to 



dehumidifier transient analysis. The feasibility 
of using large cooled desiccant beds for both de­
humidification and energy storage will also be in­
vestigated. ·Future system simulation studies will 
include investigation of solar-desiccant systems in 
commercial applications. 
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OBJECTIVE. 

To design, construct and test an integrated 
solar zeolite collector, capable of providing hot 
water during the day and chilled water at night, 
which will act as one-for-one replacement for ex­
isting hot water solar collectors; to evaluate the 
perfonnance of the integrated solar zeolite col- . 
lector under different climatic conditions in dif­
ferent parts of the U.S.A.; to design,· construct 
and test .1 ow cost zeo lite co 11 ector; to produce a 
design for the integrated solar zeolite collector 
capable of reducing its cost when mass-produced to 
at least one-third of its present cost. 

pESCRIPTION OF WORK 

Zeolites provide a unique opportunity for 
.solar .solid-gas adsorption refrigeration systems 
because of their extremely nonlinear adsorption 
properties. By incorporating the zeolite in the 
solar collector, the overall efficiency of the ad-

· sorption system is increased considerably. Further­
more, all vacuum tight seals and tests are done in 
the factory thereby leaving only regular plumbing 
connections for the construction site. In the years 
preceding this project the feasibility of the con­
cept and the high overall efficiency were demon­
strated using small scale (1 sq.ft.) zeolite panels. 

The work in this project began with the design 
of a full size zeolite collector suitable for mass 
production methods. The optimum zeolite loading was 
detennined to be about 10 lb/ft2, and the best 
natural zeolite for this purpose was detennined to 
be chabazite from Bowie, Arizona. The evaporator/ 
condenser was combined.with the storage container 
and incorporated in the collector design. Two col­
lectors of 16.4 ft2 active area were then con­
structed and tested. The experimental perfonnance 
agreed very closely with the perfonnance predicted 
by a simplified computer simulation. 

Next, .the perfonnance of the integrated solar 
zeolite collector was evaluated under different cli­
mati:c conditions in different parts of the U.S.A. 
For this purpose a sufficient number of operating 
zeolite collectors were constructed and their per­
fonnance tested first at the plant location. After-. 
wards a pair of r.ollectors was installed at each of 
three different site locations: One pair at the 
research l aborator.Y of the Anaconda Copper Company 
in Tucson, Arizona, another pair at the Solar Energy 
Research Institute in Golden, Colorado, and final­
ly a pair at the Zeopower Company in.Natick, Massa­
chusetts. All three sites were instrumented and the 
input and output of the collectors was measured and 
recorded cqntinuously. 

Finally, during the last year of the project, 
the expected cost of the co 11 ector in mass produc­
Uon was i111alyzed in detail and separated into 
labor and material components. The design was then 
modified in order to pennit the reduction of labor 

3-31 

cost in mass production. The possibility of reduc­
tion of material cost was investigated and less ex­
pensive alternatives for copper were considered. 
Accelerated tests were perfonned on different meth­
ods to pro.tect iron and aluminum from corrosion un­
der operational conditions. The use of plastics for 
packaging and glazing was investigated and fi'ber-
gl ass-reinforced epoxy was selected as the container 
material to replace copper. Finally a low cost col­
lector is being constructed and its performance will 
be tested under actual operating conditions. 

TECHNICAL ACCOMPLISHMENTS 
t The design of the full size integrated solar 

zeolite collector was completed on schedule in. 
three months. The best natural zeolite for·the 
·purpose, chabazite from Bowie, Arizona, was 
selected and the optimum zeolite loading .of 
10 lb/ft2 was established both experimentally 
and by computer simulation. 

t. The first full scale solar zeolite collectors 
with integrated condenser/evaporator were con­
structed on time. The active area of the col­
lectors is 25" X 91" or 16.4 ft2 and the size 
of the framed panel is 29" X 95". The collec­
tors were vacuum tested and sealed successfully 
and then painted black and provided with dou­
ble glazing and insulations. 

• The integrated solar zeolite collectors were 
tested under actual operating conditions. For 
this purpose the panels were erected outdoors 
and completely instrumented. On two separate 
occasions data was taken manually, every fif­
teen minutes day and night over a period of 
three consecutive days. The manual data was 
analyzed and compared to the automatically re­
corded input and output data and all equipment 
was carefully calibrated. The actual experi­
mental results were then compared to the theo­
retical predictions made by a computer simula­
tion. This comparison is presented in Fig. 1 

COOUNO • 477BTUllr2DAY -THEORY 

l.Wt.lllU ~ Jlilltflu/"2(1A'T -1.Al'EAlllll.NTAL. 

EFflCIENCY • 11,n THEORY 
EFFlCIENCY • "·'"' EX,EAIMENTAL 

- THEORY 
--- EXl'EAIMENTAL 

Fig. 1 Comparison of Theoretical and Experimental 
Collector.Perfonnance 



(lnd il"!cli.c:at(;!S ~ rem.arkable 1a9reement bet'f,'een. 
1;heQry __ (lnd experi.ment.;qespite .the s1mp~_tfyirig. 
assumptions which had to be made in the linear­
tzed coi:nputer·:rnQdel... ;The :Predi:C:t~d··coql_ing ef:-- ~ 
fi.cfenPY ·of' 18 ;8% ·was, E!as ily ·surpassed '.ilnd . pre­
SE!nt.ly t;otal dai-ly efficiencies of 25 ·to 30% 
are:cQmmQn 1 

• A .s~ffiderit ·.nu~Qe·r: :9t ~ i:ntE!grated: :~qlar: ::zE!cit:lte 
cql lectors .. were _constructed :On -sch~d~l~ Jn· 
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• Two pa i. rs of i.ntegr:a ted zeo 1 i te collectors were 
delivered, 'installed arid i.iistrunieiited at ·0acti of the 'two selected sltes·: ·Tucson:,. :Adiana ancl 
Golden, tciforado.-A.tti1rd pail" ·was '.also· fosfa1-
lE!ci.1and instrumented at tFie plant.in Natick, 
Mass. The site installation and instrumentation 
was. done on schedule -and t.he two-collectors .at 
each slfe were .. prcivided '.wltti .a li'quid" locip:and 
temperaforie s~nsciris. :The; ~ristantan¢qus ,output 
qf a solarimeter was recorded cont;inuously·on 
an· integr~ting recor:der ;i;o~ethefi :w:lth :the ·out­
put of; a Btu meter .connected fo. the ·lfqui.d)oop. 

• Data from the three test sites is being collect­
ed and analyzed continuously. The total overall 
heating and cooling efficiencies of the col­
lectors on sunny days are between 25 and 30%. 
For example, the output vs. input heating curve 
for Tucson, Arizona derived from the February 
1981 data is presented on Fig. 2. For inputs 
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Fig. 2 Heating Output for Tucson, Arizona 
above about 1000 Btu/ft2 day all experimental 
paints fall on a straight line of about 30% of 
total daily collection efficiency. 

• The thermal collection performance of the in­
tegrated zeolite collector·was tested in a 
manner similar to ASHRAE Standard 93-77. The 
results, presented in Fig. 3 indicate a slope 
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~ig. 3 Collector Thermal Per.formance per ASHRAE 9~-77 
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February 1981 
fR (UL) of l Btu/°F ft2hr and an intercept of 
82%. This is an excellent performance by a 
double glazed collector with flat black paint. 
It indicates an absorptivity of 97% for the 
Nextel black velvet paint and a transmission 
of·92% for each layer of low-iron glass. 

• A detailed cost analysis of the present design 
collector was completed on time. It. indicated 
that material and labor costs were about equal 
and about 3 times higher than what·is antici­
pated when the panel.is mass-produced. The de­
sign was then modified to reduce labor costs 
under mass production. 

•· Design changes and studies were completed to 
reduce the material cost of the collector. 
Since the previous analysis has indicated the 
large quantity of copper used (5 lb/ft2) to be 
a major contributor to the material cost, the 
effort was on replacing copper with aluminum, 
whenever good thermal conductivity is re- . 
quired and with iron whenever conductivity was 
not important. Sirice both aluminum and iron 
corrode under normal operational conditions, a 
new effort for corrosion protection was launch-



·ed and is progressing very well. 

• Samples of aluminum coated with HERESITE P-413 
were successfully tested under accelerated con­
ditions for over three months and exhibited ex­
cellent corrosion protection. The same is true 
for iron samples, electrolytically plated with 
0.0003" to 0.0007" thick layers of copper. 

• It was established that fiberglass-reinforced 
epoxy is satisfactory as packaging material. 
One collector was constructed utilizing this 
packaging technique. It is expected that this 
method of packaging will reduce the cost of 
the collector by almost $10/ft2. 

FUTURE ACTIVITIES 

The first full scale residential system util­
izing 'the integrated solar zeolite collector is being 
built with private funds in Denver, Colorado. The 
res.idential building has over 4000 ft2 of floor space 
and it will use 39 zeolite collectors of 640 ft2 net 
coli'ection area. The system is expected to be com­
pleted on time for performance testing during the 
cooling season - summer of 1981. 

The office of the governor of the state of 
Arizona has offered to contribute $50,000 for the 
second full scale system in the U.S.A. which uses 
the zeolite collector. The system will consist of 
60 integrated zeolite collectors with a total col­
lection area of 984 ft2 and will be installed on a 
residence with 4000 to 5000 ft2 floor space. At 
this time final negotiations are being conducted 
with builders, intallers in the Phoenix, Arizona 
area and with the Salt River Water Authority, a 

local utility, to determine the exact location, ow­
nership, etc. of the demonstration house. 

The integrated solar zeolite collector will be 
presented to the public at the ISES Meeting in 
Philadelphia, PA at the end of May 1981. For·this 
purpose, it will be displayed at the exhibit, to-· 
gether with the solar refrigerator, at the booth of 
The Zeopower Company. In addition, a paper describing 
the collector and its performance has been accepted 
and will be presented at the technical meeting at 
Phil,adelphia, PA. 

Test and evaluation samples of the integrated 
zeolite collector have been purchased and delivered 
to places as far as Italy and Japan. Further orders 
for additional sample quantities have been received 
from the Middle East and African countries. It is 
expected that because of higher energy costs abroad, 
the overseas market for the zeolite collector will 
be at least as large as the,U.S. market by 1985. 
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The Use of Zeolites for Solar Cooling, Fifth 
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the International Solar Energy Society, May 1981 
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ABSTRACT 

Progress in the U.S. Department of Energy's 
(DOE) Solar Assisted Heat Pump (SAHP) program is 
described in terms of the progressive modification 
of original assumptions on the basis of accumulating 
experience. The ways in which these modifications 
have led to enhanced system potential are explained. 
A major impetus for progress has been the assimila­
tion and reconciliation of divergent systems analy­
sis results. Technical accomplishments in the pro­
gram to date are described, and needed future 
activities are listed. 

BACKGROUND 

The SAHP program in the United States began in 
1976 at the time of the formation of the United 
States Energy Research and Development Administra~ 
tion, forerunner of the present DOE. The fundamen­
tal idea of the SAHP system is to collect solar 
energy at temperatures too low for direct use in 
space heating, and to use this heat as a thermal / 
source to the evaporator of a heat pump, which pro~ 
cesses the heat to the load at a higher temperature. 
The intent of the concept is to improve the effi~ 
ciencyof both the solar collector and the heat pump 
by operating in the 5 to 40 C temperature range, 
which is low for a solar collector (relative to 
collectors used for direct space heating) but high 
for a heat pump (relative to air-source heat pumps). 
The efficiency of a solar collector increases as its 
operating temperature is lowered, while for a heat 
pump the potential exists for increasing efficiency 
by raising the source temperature. The system con­
cept envisioned at the program's inception rested 
on five fundamental premises. These were: 

1) The special heat pump required for SAHP 
systems could be developed. The SAHP concept re­
quired the redesign of the heat pump to take advan­
tage of these source·temperatures, since currently 
available water-source heat pumps did not achieve 
the continuously rising coefficient of performance 
(COP) with rising source temperature that one would 
expect from the Second Law of Thermodynamics. 

2) The special low-cost SAHP collectors could 
be developed, but collectors intended for higher­
temperature applications were inherently more expen­
sive because of the smaller thermal losses required. 

3) The system would not require significant 
amounts of backup heat. It was. thought that suf­
ficient area of low-cost collectors could be pro­
vided to prevent the heat pump from becoming starved 
for heat from storage under normal operating condi­
tions. 

4) The performance of the system in the cool­
ing mode would be enhanced. This performance 
*Work performed under the auspices of the Active 
Solar Heating and Cooling Division, U.S. Department 
of Energy, Contract No. DE-AC02-76CH00016. 
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improvement was projected on the use of parts of 
the solar system, such as storage, in cooling. 

5) Utility interaction was not a significant 
concern for SAHP systems. 

, Only the first of these assumptions has been 
relatively unambiguously verified. The modifica­
tions which have been required in the remaining 
ones, as a result of work performed in the SAHP 
program, have led to sys terns with enhanced capa-. 
bilities, but they have also led to significant 
changes in the system configurations, as explained 
below. 

In the course of an investigation of solar col­
lector requirements for SAHP systems, a low-cost 
collector was conceived which uses thin-film mate­
rials in both the absorber and glazing. Originally 
intended as a low-temperature collector for use as 
a heat pump source, it soon showed potential as a 
medium-temperature collector capable of direct 
space heating and even desiccant and absorption air ' 
conditioning applications. Such a development has 
to have an impact on system optimization. It re­
required a modification of the second assumption, 
but in a positive way not dreamed possible at the 
beginning of the program. ~ 

System simulation, both at Brookhaven National 
Laboratory (BNL) and elsewhere, showed that the 
third assumption (concerning backup heat require­
ments) was untenable. With a view to avoiding 
thermal starvation of the heat pump under conditions 
of high heating load and low insolation, an in­
vestigation of the ground as an alternative source 
of heat or storage element was begun. It soon be­
came evident that such use of the ground, or 
"ground coupling" could exist on its own, without 
active solar input, and so .the q·uest1on became, 
not "Can ground coupling help a solar assisted heat 
pump system?", but "Can solar help a ground-coupled 
heat pump system?" Such a question, of course, im­
plies economics a9 well as thermal considerations. 
Here too, a development with very favorable implica­
tions has forced a reevaluation of systems. 

In the original system concept cooling was to 
be accomplished by rejection of air-conditioning 
waste heat to storage during the day, with subse­
quent cooling of storage by rejection to the cool 
nighttime ambient via a fan-coil unit. While it is 
possible that this concept may have merit in some 
climates, the emphasis on ground coupling has led 
to consideration of the ground as a heat sink for 
cooling as well as a heat source for heating. Ambi­
ent ground is cooler than ambient air in the surrmer 
time, but ground temperatures are driven up by con­
tinued rejection of heat into a restricted volume. 
Performance improvement does result if the ground 
coupling device is not too small. Another 



possibility under investigation is that collectors 
can be used as rejectors to share the cooling load 
with the ground coupling device. In any case, the 
validity of the fourth assumption is highly depen­
dent on system configuration. 

The fifth assumption has been completely re­
versed and utility interaction is now considered to 
be of very high importance. Considerable work on 
the utility impact of ground coupled systems indi­
cates that the use of ground coupling can improve 
a utility's load factor, whereas resistance backup 
degrades it. This is because with resistance 'back­
up the utility must stand ready to meet the design 
load of the building with electric heat at times 
when solar storage is depleted and the ambient tem­
perature is low. The cost of this standby capacity­
coupled with low electric energy sales to the solar 
residence because of its high efficiency under most 
conditions - results in a high unit price for elec­
tricity to the solar residence if it is not to be 
subsidized by other users. 

With ground coupling, the heat pump can be 
sized to meet the design load of the building at 
the minimum ground source temperature. The point is 
that the ground temperature does not drop suddenly 
with the air temperature during periods of extreme 
cold but maintains a predictable minimum which is 
much warmer than the design minimum air temperature. 
Thus no backup is required and the maximum demand 
on the utility is the design load divided~ the 
minimum heat pump coefficient of performance (COP). 

Each of these developments has had its impact 
on systems thinking, with a resulting sifting of 
system configurations which has yet to run its 
course. The current outlook can however be stated. 
The solar/heat pump system configurations of great­
est promise appear to be the following: 

1) A modest amount of direct-gain passive meets 
about a quarter.of the heating load, supplementing 
a ground-coupled heat pump which supplies the re­
mainder of the heating load, the hot water, and 
cooling. 

2) Active solar energy is combined with ground 
coupling, with long term in-ground storage of heat 
on the order of months up to annual, the ground 
serving to buffer the storage element against ther­
mal starvation at times of high demand and low inso­
lation. Examples of such systems are the Kaman 
Sciences buried-tank system, the FAFCO system with 
buried plastic plates and collector/rejectors, SAHP's 
using a swimming pool as the storage element, the 
BNL ground-coupled ice tank, multi-family ground 
coupled SAHP's with large-volume storage, and heat­
pump-based solar ponds. 

3) Active solar energy is used as input to a heat 
pump in systems which use some means other than 
ground coupling to avoid electric resistance backup. 
Examples of such systems are bivalent SAHP's (fossil 
fuel backup); gas-fired SAHP's; SAHP's for industri­
al process heat (year-round utilization); commercial 
building thermal loop SAHP's; and solar heat-pump­
based community energy systems. 

4) Photovoltaics are used to provide electric 
energy to operate the heat pump. 
These options are listed in order from shortest to 
longest term potential. 

SUMMARY 

Activities in the program can be divided into 
the three major subsystem· areas - heat pump, col­
lector, and storage - and also activities encompass­
ing the entire system. In the heat pump area, the. 
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potential for high heat pump COP's at solar source 
temperatures was demonstrated in the face of con­
siderable initial skepticism; and a marketable pro­
totype heat pump was fabricated which met the pro­
gram goal of a COP of 6 at 90°F entering water 
temperature. In the collector area, a low-cost 
collector design using thin-film polymeric materials 
in both the absorber and glazing was developed, 
fabricated, and tested. In the area of storage, 
four types of in-ground heat exchanger configura­
tions were tested (horizontal pipe coil, vertical 
sealed well, buried tank, and buried plastic plate); 
and a TRNSYS-compatible computer model of in-ground 
heat flow was developed and validated against ex­
perimental data. In the system area, a plethora 
of SAHP system simulations were compared, analyzed 
and synthesized; system analyses of certain ground­
coupled solar heat pump configurations were carried 
out; and cost/performance goals for solar and ground­
coupled heat pump systems were ·1eloped. 

TECHNICAL ACCOMPLISHMENTS 

- Demonstrated High COP Potential. Measure­
ments carried out at BNL as well as at Northrup and 
Lennox have showed that electric powered vapor com­
pression heat pumps can attain impressive COP's at 
high source temperatures. The keys to the attain­
ment of high COP's ·in heat pumps are capacity con­
trol in the compressor(s), a condenser which is 
large relative to the compressor, and an expansion 
device capable of controlling superheat over a wide 
range of mass flow rates. Northrup pioneered the 
use of rotary compressors, which provide a COP edge 
over reciprocating compressors as well as motor 
unloading at high source temperatures. 

- Fabricated High COP Heat Pumps. Northrup 
completed and delivered to BNL for testing a pro­
totype dual-compressor heat pump. The characteris­
tics of this heat pump and the test results are de­
scribed in the accompanying paper on the BNL hard­
ware simulator. Northrup retained a second proto­
type which is currently undergoing system tests. 
Lennox has fabricated a heat pump based on their 
two-speed compressor; this machine is currently 
undergoing testing at Lennox and should be on test 
at BNL by the time these proceedings are published. 
These are both residential-size machines. Dunham­
Bush Incorporated is fabricating a multiple-slide 
screw compressor for commercial-size (~ 25 ton) 
applications with the possibility of later 
downsizing. 

- Designed, Fabricated, and Tested Thin-Film 
Collector Prorotype. A collector concept utilizing 
thin-film polymeric materials in both the absorber 
a_nd gl az fog, bonded to a bent meta 1 frame, was de­
veloped at BNL. Central to the design is a light­
weight, durable, long-life absorber using a laminate 
of aluminum foil and a thin-film polymer. A proto­
type tested at the Florida Solar Energy Center 
showed performance characteristics better than those 
of the average all-metal collector. Further work 
indicates the potential of the collector for appli­
cations up to the 150 to 200°F temperature range, 
including desiccant and absorption air conditioning. 

- Tested Four Types of In-Ground Heat Exchanger. 
Work under the program has been carried out at BNL 
(horizontal pipe coil, vertical sealed well, buried 
tank); E-Tech Incorporated (horizontal pipe coil); 
FAFCO Incorporated (horizontal pipe coil, buried 
plastic plate); Kaman Sciences Corporation (buried 
tank, buried plastic plate); and Oklahoma State 
University (horizontal pipe coil, vertical sealed 



well). Thermal performance and cost data were ob­
tained which were generally consistent. Both winter­
time heat extraction and summertime heat rejection 
were performed, and the appropriateness of various 
configurations for storage was investigated. Con­
tinuing liaison with European ground-coupling work 
has been maintained. 

- Developed and Validated a TRNSYS-Compatible 
Ground Coupling Computer Model. The finite-element 
computer model GROCS was developed at BNL and later 
incorporated into a TRNSYS-compatible subroutine 
package. These programs have been run and compared 
with experimental data at BNL and at other ground­
coupl i ng sites such as Oklahoma State and FAFCO. In. 
addition, approximately 35 copies of the card deck 
and user's manual have been sent upon request to 
laboratories around the world. 

- Compared and Synthesized SAHP Systems Studies. 
Systems analyses performed by BNL, by SAHP contrac­
tors, and by other laboratories under contract to 
DOE gave apparently divergent results and stimulated 
lively debate. Two major areas of agreement have 
been reached which serve to clarify much of this 
controversy: 

1) Electric resistance is a bad backup to SAHP 
systems and must be avoided; 

2) Cost reduction from current standard solar 
technology, both in the collector and in the balance 
of system, is required and must be consistent.with 
maintaining acceptable performance and system life. 

These statements are equally applicable to 
actfve1 solar space heating systems which do not em­
ploy heat pumps. 

- Analyzed Ground-Coupled Solar Heat Pump 
Systems. An analysis of ·ground coupled solar heat 
pump systems which use the ground as source and 
sink but not as storage was carried out at BNL. 
Analyses of the potential of the ground as an active 
storage element for solar energy have been performed 
at BNL, Oklahoma State, and Kaman Sciences. FAFCO 
is carrying out analyses of SAHP systems with empha­
sis on the potential for cooling performance en­
hancement. A set of cost/performance goals for 
solar and ground coupled heat pump systems was de­
veloped at BNL on the basis of payback, cash flow, 
and life-cycle costing . 

FUTURE ACTIVITif:S 

The following activities have been identified 
as integral to the completion of the DOE SAHP pro­
gram . 

1) test prototype heat pumps developed by SAHP 
contractors; 

2) explore means for further COP improvement; 
3) evaluate fuel-fired and absorption heat pumps; 
4) optimize i.ir·!!ftHT!!d ground-coupled heat exchange 

devices; 
5) advance design thin- film collector; 
6) determine need for collector-rejector, and, if 

needed, perform advance design; 
7) perform component field tests of heat pumps 

and co 11 ectors; 
8) complete in-ground storage analysis; 
9) complete assessment of cooling mode impact on 

SAHP system configuration; 
10) optimi ze hot water production; 
11) develop means for balance-of-syste111 \..O!.L 

reduction; 
12) assess non-technical barriers to SAHP system 

prel i ferat ion; 
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13) perform field tests of preferred systems; 
14) develop system design guidelines · and sizing 

tools. 
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UM COST SOLAR FLAT PLATE COLLECTOR DEVELOPMENT * 

BROOKHAVEN NATIONAL LABORATORY 

WILLIAM G. WILHELM 

CONTRACT NO . DE- AC02-76CH00016 

OBJECTIVE 

The project objectives have been to identify 
cost goals for solar energy collectors consistent 
with competitive economic advantage for space heat­
ing systems and to develop solar collector designs 
consistent with these cost goals. 

DESCRIPTION OF WOR K 

The initial part of the work performed over 
the last three years established the need for low­
cost solar collectors as a critical factor in stimu­
lating a solar industry and in promoting a solar 
space heating market in the interest of displacing 
fossil fuel usage. This early analysis placed a 
fairly severe constraint on collector and system 
cost based on considerations of payback and cash 
flow as well as life-cycle costing. Manufacturing 
costs for the collector of "' $11/m2 ($1/ft2) and 
installed costs of "' $55/m2 ($5/ft2) were indicated 
as necessary goals . We were unable to find commer­
cial products with these characteristics. This 
led to an in-house effort to identify solar collec­
tor designs consistent with these goals. 

The work performed over the last two years has 
demonstrated the potential for polymeric material 
in solar collectors . The advantages of these mate­
rials include very low cost, high performance, and 
durability sufficient to provide a life cycle value 
well in excess of initial cost. 

The very low cost of these collectors is de­
rived from a design which permits very thin mate­
rial to be incorporated into the construction of 
the collector. This is assomplished through the 
use of laminate technilogy, high performance poly­
mer film, and a non-pressurized liquid absorber . 
The mass production of this kind of collector is 
expected to yield a factory cost of $13/m2 and pos­
sibly less (see Table 1) . 

The most significant component of the design 
is the absorber heat exchanqer (Fiqure 1) . This 
unique component design differs from conventional 
absorbers by the dramatic reduction in material re­
quired and the method of liquid transport through 
it. Conventional absorbers are of heavy metal con­
struction and require some pressurization to func­
tion. The laminate absorber illustrated is made 
with thin polymer film and aluminum foil for a 
strong water-tight envelope that requires no pres­
surization . The absorber functions in a flow-back 
mode. In operation , water is pumped to the upper 
portion of the absorber and is permitted to flow 
naturally back down through the absorber envelope 

.and piping to storage. 
*Work performed under the auspices of the Active 
Solar Heating and Cooling Division , U.S. Department 
of Energy, Contract No. DE-AC02- 76CH00016. 
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Table 1 
MANUFACTURING COST BREAKDOWN FOR FLUOROPLASTIC FILM 
SOLAR FLAT PLATE COLLECTOR PANEL WITH SINGLE WINDOW 

AND OPTICAL SELECTIVE ABSORBER (3 m2 or 32 ft2 PANEL) 
FRAME (GALVANIZED STEEL) 26 GAUGE , $ 2.40 

4' x 8' @ $0.10/ft 
WINDOW FILM - "TEDLAR PVF" (0.004 in . ) 

@ $0.28/ft2 
ABSORBER 2 - "TEFZEL" (0.001 in.) each 

@ $0.22/ft2) 
2 - ALUMINUM FOIL (0.002 in.) 

each @ $0.028/ft2) 
ABSORBER COATING (SELECTIVE PAINT) 

@ $0 .02/ft2 
LIQUID COUPLING 4 - @ $0.10 
BONDING AND EXTRANEOUS HARo,.JARE (EST.) 
INSULATION (HIGH TEMP . STRUCTURAL FOAM) 
PRODUCTION AND LABOR 

SUBTOTAL 
ADD 15% ADDITIONAL OVERHEAD FOR 

WASTE AND OTHER COSTS 
TOTAL 
OR ($13/m2 ) 

8. 96 

14 .08 

1. 79 

0.64 

0 .40 
0.50 
3.20 
1.10 

$33.0Z 
4.96 

$38.00 
$ 1.19/ft2 

ABSORBER COATING 

BONO LOCATIONS 

Figure 1. Sol ar Absorber, with Laminate Detail 

The polymer film in the lamina t e absorber forms 
the flexible water barrier and the foil contributes 
structural stability and lateral heat transfer . The 
black surface that absorbs the sun's radiation can 
be . printed onto the foil. The total thickness of 
the laminate absorber is 0.15 mm (0.006 in.) and can 
be manufactured for about $5/m2 ( $0. 50/ft2 ). The 
polymer film used in the absorber (Teflon PVF) is 
continuously tolerant to temperatures up to 400°F 
and has very high chemical stability for very long 
life. 

Other design properties which contribute to 
low cost are the use of polymeric film in the col-
1 ector window (Tedlar PVF); the use of monocoque 
contruction in which t he absorber and glazing act 
as stressed "s kins " which add structural strength 
to the fr ame; and the use of high speed manufactur­
ing techniques. Figures 2 and 3 show some details 
of panel construction . 



LIOUll ff.ET MANIF 

ADHESIVE OEFINING CHANllELING 

ABSORBER 
LAMINATE 

POLYMER FILM WINDOW 

Figure 2. Collector Manifolding Detail 

RIGID STRUCTURAL 
INSULATION 

RIGID METAL FRAME 
SECTION 

Figure 3. Exploded view of Panel Construction 

The absorber is designed for rapid fabrication in 
volume using techniques common in the converting in­
dustry (Figure 4) . Completed panels are sufficient­
ly light in weight that 10 m2 (100 ft2) could be 
carried to the roof in a bundle and installed as 
a unit (Figure 5). 

Figure 4. High Speed Production of ~b&orbcr 
4-5 

Figure 5. Installation of Five-Panel Units on Roof 

TECHNICAL ACCOMPLISHMENTS 

• Developed cost goals for the collector which led 
to the rejection of conventional approaches and 
to the exploration of thin-film technology. The 
approach taken in this analysis was to consider 
·reasonable average values for collectable thermal 
energy, acceptable payback periods, and plausible 
fuel cost excalation rates. It was concluded 
that the incremental system cost should not exceed 
about ten times the first year's energy savings. 
This conclusion was supported by later consider­
ation of cash flow and life-cycle costing. 

• Invented a thin-film solar absorber suited for 
high-speed continuous-roll manufacture at low 
cost. The absorber comprises two sheets of alu­
minimum-foil/polymeric-material laminate bonded 
together at intervals to form c hann.el s . The two 
surfaces of polymeric material face each other, 
and the water which serves as the heat transfer 
fluid flows between them. The properties of the 
two materials complement one another. The alumi­
num foil provides good lateral heat transfer 
which maintains high efficiency even under incom­
plete wetting of the absorber and which serves to 
prevent localized hot spots. under thermal stagna­
tion. It also provides good dimensional stability . 
The polymeric film component provides good tear 
resistance and serves to protect the aluminum 
from contact with the water, thus preventing 
corrosion. 

• Fabricated and tested several flat-plate panels, 
one of w~ich was independently tested at the 
Florida Solar Energy Center (FSEC). The absorber 
is incorporated into a completed panel comprising 
a light metal frame, the absorber film, the 
glazing film , and rigid back insulation. The two 
films act as stressed skins which add structural 
strength to the frame . Several prototype panels 
have been constructed and tested at Brookhaven 
National Laboratory (BNL), and one has recently 
completed testing at the FSEC (Figures 6 and 7). 

•Met performance goals . The following performance 
goals have been met: 
1. Stagnation tolerance to 2oo0c {400°F); 
2. Efficiency parameters in the FSEC test 

were vertical intercept F'•a equal to 0.75 and 
horizontal intercept <a/UL = 0.66 0F-hr-ft2/Btu 
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(o.12oc-m2/W) . Some modules tested at BNL 
reached 0 .800F-hr-ft2/Btu (o.14oc-m2;w) . 

3. Panel weight 0.5 lb/ft2 (2 .4 kg/m2) . 
4. Efficiency maintained at low liquid mass flaw 

rates of~ 0.025 gal/min/ft2 (0.017 kg/m2-s). 

FUTURE ACTIVITIES 

Figure 6. Collector Performance Test Results 

The measured collector performance is highly 
encouraging. Good wetting and heat transfer have 
been observed. Collectors tested at BNL have shown 
thermal performance sufficient to be applied to ab­
sorption and desiccant air conditioning. Such per­
formance is a strong function of the control of heat 
losses from the solar collector and is limited by 
the upper thermal stagnation temperature which can 
be tolerated by the materials in the absorber. The 
upper temperature limit of these materials has given 
encouragement that, with continued development, the 
collector can be a good match for space cooling as 
well as space heating and hot water applications. 
Such development activity has been proposed. 
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Figure 7. BNL Model "F" Solar Flat Plate Collector 
(This 20 ft2 panel weighs 10 pounds.) 

CONTRACT INFORMATION (FY 1981) 
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3. Fina 1 Report 9/81 
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SOLAR HEAT PUMP SIMULATOR 

BROOKHAVEN NATIONAL LABORATORY 

MARK A. CATAN 

CONTRACT NO. DE-AC02-76CH00016 

OBJECTIVES 

The solar assisted heat pump (SAHP) system's 
potential for energy conservation depends on the 
heat pump's ability to achieve the high coefficient 
of performance (COP) that is possible with the high 
source temperatures which can be supplied by solar 
energy. 

The objectives of the solar heat pump hardware 
simulator project have been threefold: 
1. To demonstrate the possibility of high heat pump 

COP's to an initially skeptical industry; 
2. To explore practical means to realize and en­

hance this high performance potential; 
3. To test prototype heat pumps produced by con­

tractors under the SAHP program. 

DESCRIPTION OF WORK 

The Brookhaven National Laboratory (BNL) solar 
heat pump simulator project was begun in 1977 at the 
inception of the hardware development work by the 
SAHP contractors, Northrup Incorporated and Lennox 
Industries Incorproated. The simulator was utilized 
to provide controlled-temperature sources and sinks 
to an experimental water-to-water laboratory heat 
pump test bed. This combination was used to demon­
strate and explore the potential of the vapor­
compress ion cycle to deliver high COP's at SAHP 
source temperatures. Results from the simulator 
were used in computer simulations of complete sys­
tems performed by BNL, by the SAHP contractors, and 
by others. The Lennox 2-speed compressor was first 
tested at high source temperatures on the BNL simu­
lator. In view of the decision by both contractors 
to construct water-to-air (rather than water-to"' 
water) heat pumps, the BNL simulator was fitted with 
an air-side test loop. The Northrup prototype heat 
pump has been tested under steady-state conditions 
on the BNL simulator, with results reported below. 
Transient testing of the Norhtrup machine, and 
testing of the Lennox two-speed heat pump will fol­
low. In addition to the heat pump testing, a con ... 
current exploration of means for further performance 
improvements is being pursued in concert with 
industry. 

TECHNICAL ACCOMPLISHMENTS 

Constructed and Operated the Heat Pump Hardware 
Simulator. At the same time contracts for the de­
velopment of SAHP's were awarded to Lennox Indus­
tries and Northrup Incorporated, construction of a 
SAHP simulator was undertaken at BNL. The purpose 
of the hardware simulator is to create a realistic 
1:rnvir'onment for the fa!;t and accurate testing of 

*Work performed under the auspices of the Active 
Solar Heating and Cooling Division, U.S. Department 
of Energy, Contract No. DE-AC02-76CH00016. 
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liquid source heat pumps . The simulator is capable 
of: 

- testing heat pumps of up to 8 ton capacity 
- testing liquid-to-water or liquid-to-air heat 

pumps 
- on line data reduction by digital computer 
- simulating source temperatures from -10 to 45 C 

(14 to 113 F) and load temperatures from 10 to 
70 C (50 to 158 F) 

The three subsystems of the SAHP simulator are 
depicted semischematically in Figure 1 as they are 

WATER SOlllCE SIJ!SYSWI llUER LCW> staSYSTEll 

Figure 1. Solar Assisted Heat Pump Hardware 
Simulator 

arr;ingP.~ for the testi-nq of water-to-air heat pumps. 
The Water Source Subsystem and Water Load Subsystem 
alone comprise the simulator as· it was used for 
testing an experimental water- to-water laboratory 
heat pump test bed. The capabil tty for testing 
liqutd~to-air heat pumps was added to the previously 
liquid based heat pump hardware simulator at BNL by 
the construction. of an instrumented duct system 
called the Air Load Subsystem. The Air Load Sub­
system provides for measurement, and control, of 
all conditions pertaining to the air side of the 
heat pump. ln the water.,.to ... air testing mode, the 
Water load Subsystem is used by the Air load Sub­
system to withdraw heat from the heat pump's supply 
air via an air/water coil, at a rate which . is con­
trolled to keep the temperature of the air returned 
to the unit at a constant temperature (usually at 
residential space temperatures of 20 to 21 C (68 
to 70 F). All instrumentation and procedures fol­
low closely the recorrrnendations of ASHRAE.[1] 

Demonstrated the Potential for High COP at Solar 
Source Temperatures. At the same time construction 



of the simulator was begun, construction of a resi­
dential size experimental water-to-water solar heat 
pump was undertaken at ·BNL to be tested with the 
simulator to explore the details of the vapor com­
pression cycle at high source temperatures and es­
tablish performance goals. The Laboratory Model 
Heat Pump employed components and controls which 
allowed it to operate effectively at high source 
temperatures . It used a variable speed compressor, 
heat exchangers that were large relative to the 
compressor, specially selected thermal expansion 
valves, and a receiver. The original open type 
Dunham-Bush compressor was later replaced with a 
Lennox 2-speed hermetic compressor to obtain per­
formance results needed by Lennox Industries in 
their SAHP development effort . The tests of the 
Laboratory Heat Pump demonstrated that very high 
COP's are attainable, exceeding 9 at entering tem­
perature (EWT) of 43 C (110 F), with motor unload­
ing obtained at low speed.[2,3] All components be­
haved well and no detrimental effect to the compres­
sors were noted. 

Tested the Northrup Prototype Solar-Source Heat 
Pump. A prototype SAHP has been delivered by North­
rup Incorporated to BNL as part of a U. S. Department 
of Energy (DOE) sponsored SAHP development contract. 
The prototype has been tested on the BNL SAHP simu­
lator with the recently installed Air Load Subsystem. 

Features of the final Northrup design are: 
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run for thirty minutes after target temperatures 
and flow rates were established. 

Figures 3 and 4 show the Northrup test results 
and the BNL test results in superposition.[4] The 
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- 1-1/2 ton and 2-1/2 ton rotary compressors with 

common suction and discharge lines and separate 
accumulators 

~ 30.0 

- coaxial evaporator with refrigerant in the inner 
line 
the condenser is a three row slanted air-cooled 
coil 

- the expansion device is an electric expansion 
valve 

- Cooling is achieved via a separate water/air 
heat exchanger which receives chilled water frnm 
Liie lil:!at pump, the condenser being cooled by out­
side air. 

The configuration of the Northrup system is depict­
ed in Figure 2. 
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Figure 2. Northrup SAHP System 
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The conditions under which the heat pump was 
tested were staggered to minimize the appearance of 
extraneous trends in the data. Test conditions for 
which Northrup supplied data were duplicated . 
Steady state was ensured by allowing the unit to 
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Figure 3. Heating Capacity vs Flowrate for Four 
Values of Entering Water Temperature 
(EWT) - Northrup and BNL Test Results 

greatest discrepancy between the two heat capacity 
results amounts to less than 10%. The COP data are 
i'n excellent agreement. The contribution of the 
heat pump fan was not included in calculation of 
heating capacity and COP. Fan power requirement 
was approximately 300 watts, water pumping power 
requirement was approximately 150 watts at 30 L/m 
CB gpm) (the latter from measured pressure drop 
and assumed 50% efficiency), 

A nominal goal of a COP of 6 at 32 C (90 F) 
entering water temperature was set for the SAHP 
program contractors. Northrup claimed to have 
reached this goal. The results presented here 
show that this goal has been approximately at­
tained with the prototype. Since the prototype is 
of a design which may be readily manufactured, 
these results are encouraging to the DOE program. 

FUTURE ACTIVITIES 

In order to predict the seasonal performance of 
the Northrup prototype SAHP the unsteady state be­
havior of the unit will be determined via further 
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Figure 4. 
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COP vs Flowrate for Four Values of Enter­
ing Water Temperature (EWT) - Northrup 
and BNL Test Results 

tests on the simulator. The simulator will be mod­
ified so that room air will be drawn into the unit, 
supply air being cooled and vented into the test 
room. This will allow constant temperature air to 
be drawn into the unit during the start up period 
of the heat pump. The data acquisition system 
scanning rate will be increased to increase the 
temporal resolution of the performance data. The 
heat pump will be operated at various cycle rates 
and with various entering water temperatures. The 
benefit of allowing the heat pump fan to run longer 
than the compressor to distribute residual heat in 
the condenser will be assessed. The unsteady state 
test data will then be used in computer simulations 
to determine the performance potential of the 
Northrup SAHP. 

The Lennox prototype SAHP will arrive in mid-
1981. It will be tested in a fashion similar to 
that by which the Northrup was tested. The air load 
subsystem will not be a closed loop because unlike 
the Northrup unit cooling is done in the refrigerant/ 
air coil of the unitary machine requiring air humid­
ity pretreatment and measurement. 

Several manufacturers have been invited to par­
ticipate in a heat pump component optimization study 
whose objective is to identify heat pump components, 
particularly heat exchangers, which promise to make 
further performance improvements possible in prac­
tical water-source heat pumps. There will be two 
parallel paths to this .effort. One will emanate 
from experimental and computer analytical studies 
and be directed toward the detailed characterization 
of total SAHP system performance. The other path 
will be a program of experimental heat pump compo­
nent studies employing the simulator and the ex­
perimental laboratory heat pump to test existing 
and experimental components and control strategies. 
The two programs will share salient results, eventu­
ally leading to a clearer view of what SAHP systems 
are the most capable of exploiting the potential of 
the vapor compression cycle, and the heat pump con­
figurations that are most suited to those systems. 
Eight manufacturers have demonstrated interest in 
this program. They represent a wide range of heat 
exchanger products and several novel approaches to 
linking the heat pump with the solar heat storage 
element have been suggested. · 
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CONTRACT INFORMATION (FY 1981) 

START DATE 10/1/80 END DATE 9/30/81 CONTRACTVALUE __ $~1~7~5~0=0~0'------------

MILESTONES 
Item: Due date: 

1. Determine High COP Potential 3/79 

2. Test 2-speed Compressor in SAHP 4/80 

3. Test Northrup Heat Pump 7/81 

4. Test SAHP He~t Fx~h~ngPrs 9/81 

5. Test Lennox Heat Pump 12/81 
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MULTIPLE SLIDE SCREW COMPRESSOR 

DUNHAM-BUSH, INC. 

JOSEPH A. L. N. GAGNON 

DE-AC03-79CS30035 

OBJECTIVE 

' The objective of this project is to develop 
the best possible compressor for use in Series 
Solar Heat Pump Systems. The compressor must be 
able to operate at extremely high efficiency levels 

-from a compression ratio as low as 1.5 up to a com-
pression ration as high as 6.5. The compressor 
must have the capability to efficiently adjust to 
the widely varying inlet flow requirements as dic­
tated by the operating conditions of the Series 
Solar Heat Pump System. 

DESCRIPTION OF WORK 

In order to commercialize the solar assisted 
heat pump concept, it is necessary to develop high 
compression efficiencies over a wide range of op­
erating conditions. The program is intended to 
demonstrate the potential of advanced concept 
helical screw compressors for that purpose up to a 
maximum of 25-ton heating capacity. 

Presently, there are no compressors on the 
market that can obtain the performance level esti­
mated herein for a two-speed, vapor-injected 25-ton 
helical screw .compressor. 

MALE ROTOR 

Figure 1. Heli cal Screw Rotor Set 

Explanation of Fig. 1. In Fig. 1, compression 
of the vapor is started at the top rear of the dia­
gram and high pressure discharge vapor exits as 
shown in the top front. The· right hand rotor ro­
tates in a counterclockwise fashion, whereas the 
left hand rotor rotates in a clockwise fashion as 
shown on the diagram. 

. Explanation of Fig. 2. To show in detail the 
~ischarge_port ~nd the suc~ion bypass ports, Fig. 2 
is sh?wn ~n a differ~nt or1entation than Fig. 1. 
In this figure, the inlet is at the top right while 
discharge is at the bottom left. The rotors have 
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been left out for the sake of clarity. The central 
valve is the compression ratio slide valve and can 
be moved axially along its axis. If the compres­
sion ratio slide is moved to the right, the dis­
charge port formed by the valve will open to dis­
charge sooner and less compression of the pumped 
gas will take place. If the compression valve is 
moved to the left, the discharge port will open to 
discharge later and more compression of the pumped 
gas will take place. 

BYPASS PORT 
TO INLET 

VAPOR INJECTION 
PORT 

COMPRESSION RATIO 
SLIOE INDEPENDENTLY 

VA~E:TD.:~~:GRGE --+-+--..\ 

CAPACITY SLIDE 

Figure 2. Potential Slide Valve Concept 

Also shown in Fig. 2 is a capacity slide. The 
~ethod ~emonstrated is called suction bypass. That 
is, during part load operation a portion of the gas 
taken in the inlet port is allowed to return back 
to the ~nlet before any appreciable work is expen­
ded on it. If the capacity slide is moved axially 
to the right, the bypass ports will be sealed and 
full capacity operation will result. As the slide 
moves to the left, the bypass ports progressively 
increase in size which progressively reduces the 
compressor capacity. 

Also shown in Fig. 2 is a vapor injection port 
which will allow the near-lcleallTqufif expansfon 
process as shown in Fig. 3. Tn1s port"Wi1T also 
allow the compressor to accept vapor from an evap­
orator that is operating at a higher pressure level 
than that evaporator that is feeding the compressor 
suction. This means that the compressor has the 
ability to accept energy simultaneously from two 
different sources. An example of this would be a 
lower level ground source and a higher level solar 
source. 
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MODERATE PRESSURE 
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Figure 3. Pressure-Enthalpy-Diagram 

Explanation of Fig. 3. Fig: 3 demonstrates 
one.of the advantages of the injection port. In a 
typ1cal pressure enthalpy diagram, condensing takes 
place as shown. In a conventional system the 
conden~ed liq~id then passes through som~ type of 
expans1on d~v1ce before entering the evaporator. 
The convent1onal process is constant enthalpy and 
therefore appears as first a solid and then a 
dashed line on the diagram. Obviously,. a consider­
able a~ount of flash gas is generated during this 
expans1on process and this flash gas must enter the 
evaporator and.accomplishes ~o useful refrigeration 
effect. Yet, ln the convent1onal process, this 
flash gas must_ be compressed all the way from the 
lower evapo~at1ng level up to the condensing level 
thus ~onsum1ng compression energy with no u~eful 
ben_ef1t at all. With the injection port; we can 
allow a process as s~own. The condensed liquid 
from the condenser, instead of being fl ashed all 
the way down t? the evaporating level, is now 
flashed appro~1mately_half way down (cons,idering 
temperature d1fferent1al between condensing and 
evaporating). The flash vapor thus generated. is 
~e~ara~ed an~ injected into the compressor by the 
lnJect10~ sl1de at the appropriate point along the 
compress1on process. The temperature of the re­
maining liquid has now been reduced to thP. pressure 
correspond1ng to the flashing pressure. There are 
two ways to look at the thermodynamic cycle advan­
tages of doing this. As can be seen from the dia­
gram, a considerable increase in refrigeration ef­
fect is seen with the 'near-ideal expansion as com­
pared to the typical expansion. This increase in 
refrigeration effect has bP.en gained at no· addi­
tional mass flow required by the compressor at its 
low pressure intake point. What has occurred is 
that- a moderate amount of flash vapor has been gen­
erated at a moderate pressure as shown in the dia­
gram. This ·flash vapor now enters the compressor 
after compression has already progressed ·s·ignifi­
cant'ly and therefore only lids tu be compre5sed part 
way up to the condensing level. This cycle as 
demonstrated is similar to the flash economizer 
cycle used in most.two-stage centrifugal air con­
ditioning systems. Another way of looking at the, 
cycle from the vantage point of heating is as fol­
lows. A typical cycle would have compressed an 
amount M~ as shown all the way to condensing level. 
The heat1ng effect would then be ML times the 
enthalpy change occurring in the neating conden~ 
·er. The coefficient of performance would be the 
eatl ng effect divided by the compression energy 

,·equirement. With-tfie- near-ideal Tiqu.id expansfon 
process, an increased.mass flow now passes into 
the condenser. The new heating effect is now ML 
plus MM as shown. ·obviously, the energy compres­
sion requirements for the additional mass MM is 

.less than the compression energy requirement.per 
pound for ML· Therefore, it can be seen that the 
heating energy delivered to the condenser compared 
to the compression energy required to deliver it 
is less if we consider the near-ideal liquid ex­
pansion process. This near-ideal liquid expansion 
process is one of the thermodynamic cycle advan­
tages made possible by the utilization of the 
multisljde screw compressor. 
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CONDENSING 
TEMP. 

SHOWN COP VALUES 
BASED ON: 

• Single Level Heat Source 
• Single Level Heat Sink 

Operation with simultaneous earth and 
solar source levels will enhance earth 
cop as solar Input will be at higher 
evaporating temperature. 

20° 40° so· 
EVAPORATING TEMPERATURE 

so°F 

Figure· 4. Estimated Heating COP 

Explana~ion of Fig. 4. Fig. 4 is included to 
show the est1mated heating coefficient of perfor­
mance for evap?rating levels from 20 F throu h aoo 
F. and condens1ng levels from lOOoF through f400F. 

Th~ curve as.drawn considers the suction by­
pass sT1de to.be ln the fully loaded position. 
H?wever, . t.he ~lex i bil i ty all owed by· the compres-
s 1 on rat10 sl1de and the suction bypass slide will 
allow the part load COP to be quite close to the 
full load COP at the same evaporating and condens-
ing levels. · 

\ 
Explanation of Fig. 5. Fig. 5 is included to 

show the part load 70 power. This is the power at 
part load shown as a percent of the power at full 
load. A two-speed motor is utilized as well as 
the suction bypass slide valve. There is no re­
balance of system operating conditions cons1dered 
in these curves. The evaporating and condensing 
temperatures at part load are considered to be 
identical with those at the full load condition. 

The multi~slide screw compressor is a device 
capable of operating at various inlet flows ·and 
any desired cori1pression ratio. The machine is in­
herently reliable; only two rotors· are·employed, 
~oth_sup~orted by anti-friction bearing~. Oil in­
J~ct1on 15 employed and near-isentropic compres­
Sl?n levels are always enj_qyed. In addition to 
~h1s, a secondary or moderate pressure in.take level 
lS allowed thus allowing for the near-ideal liquid 
expansion process as explained, as well as allowing 
for an. additional evaporating sou_rce level higher 



than the primary source level. This allows such 
items to be considered as simultaneous coupling 
with earth and solar sources. The earth source 
obviously would be developing vapor at the lower 
.evaporating level, whereas the solar source would 
be developing vapor at the higher evaporating level~ 
The actual mass flow involved in both streams could. 
be approximately equal or could be widely varying 
as the demand and the sources allow. This simulta­
neous dual source capability would certainly allow 
the low side heat exchangers to be utilized most 
effectively and will avoid overpulling them. The 
potential capacity of such a compressor is signifi­
cantly enhanced through utilization of the basic 
compressor displacement twice. 
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Figure 5. Part Load Performance 

TECHNICAL ACCOMPLISHMENTS 

Development of computer models to simplify 
compressor performance analysis. 
Proving by actual test that the originally de­
veloped concept for compressor capacity control 
was not completely satisfactory from an energy 
reduction ~tandpoint. 
Development of alternate unloading concepts that 
still allow necessary independent variation of 
internal compression ratio. The new concept is 
shown in this paper. . 
Overall simplification of original compressor and 
system concepts, i.e., current approach favors a 
two-speed two-slide machine. 
Generation of predicted performance maps for 
various configurations of compressors. 
Prototype design has been completed yet some 
simplification redesign is now taking place. 

FUTURE ACTIVITIES 

It is expected that various performance estimates 
and experimental results can be used in order to 
provide a basis for synthesis of advanced solar 
systems. A fundamental key to Series Solar Heat 
Pump Systems of the future are the best possible 
compression concepts. It certainly is expected 
that this project will result in the proper de­
velopment of these concepts. As such, commercial­
ization of the various ideas should present no 
problem as the cost levels of the developed 
machines are not expected to be significantly above 
those of less Gapable production type compressors. 
It is expected that it will not be difficult to 
therefore identify the overall cost effectiveness 
of the enhanced performance of the developed 
machines as they relate to Series Solar and other 
Heat Pump Systems. 

CONTRACT INFORMATION 

STARTDATE' Sept; 1979 END DATE Feb. 1982 CONTRACTVALUE~~-$6_2_7_,1_5_1_.~~~~~~~~~ 

MILESTONES 
Item: 

1. Testing of existing research machine, data and analysis 

2. Estimated performance map for 25-ton multislide compressors. 

3. Detail design and drawings for 25-ton multislide compressors and test loop. 

4. Procurement, fabrication and assembly of 25-ton multislide compressors and 
test loop. 

5. Testing of 25-ton multislide compressors, data and analysis. 
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DEVELOPMENT AND ANALYSIS OF A GROUND COUPLED SOLAR ASSISTED 

HEAT PUMP SYSTEM FOR RESIDENTIAL APPLICATION 

FAFCO, INCOR!'.'ORATED 

JONATHAN C. BACKLUND, PRINCIPAL INVESTIGATOR 

CONTRACT NO. DE-AC03-80CS30224 

OBJECTIVE 

The object of this project is to research the 
technical and market feasibility of a novel ground 
coupled solar assisted heat pump system for resi­
dential space conditioning. Specific project goals 
are to experimentally investigate the heat rejec-. 
tion capability of several all polymer solar col­
lector designs, to experimentally and analytically 
investigate the performance of a P.lanar earth heat 
exchanger, to simulate the thermal performance of 
the space heating and cooling system, and to de­
fine a potentially viable market "niche" for such 
a system. 

DESCRIPTION OF WORK 

Combined solar heat pump systems, both series 
and parallel confi§urations, have been studied ex­
tensively.1 2 3 ~ Many researchers have conclud­
ed that such combined systems are not economically . 
viable. today in any form. 

Ground coupling,·the use of the earth as a 
source and sink for the heat pump, has also been 
the subject of study and experimentation. 6 7 8 

When combined with solar heat pump systems, the 
earth provides energy source during periods of in­
sufficient solar collection, ·avoiding electric re­
sistance heat. During the cooling season, the 
earth can be a relatively cool heat sink, allowing 
more efficient cooling than conventional air con­
ditioners or air to air heat pumps, whf°ch must re­
ject heat to a warm ambient. 

The FAFCO program goal is to accomplish space 
conditioning with.a system that may eliminate some 
of the problems inherent in the systems analyzed 
and rejected by other researchers. A significant 
deviation from other studies is the emphasis on ef­
ficient cooling mode operation. Sun belt areas 
could be an attractive market, with much new con­
struction, more available solar for heating, and 
the potential for reducing high cooling energy 
·costs. A second novel feature is the use of .inex­
pensive plastic solar collectors for heating, which 
can ·also operate effectively as nocturnal heat re­
jectors for cooling, A third feature is a unique 
ground coupling geometry to provide COP improve­
ments in both heating and cooling. By using buried 
flat plates, rather .than the more usual serpentine 
pipe coil or buried tank, large heat exchange areas 
can be realized with perhaps lower construction 
cost, less land a~ea, and improved heat exchanger 
performance. It is noteworthy that all equipment 
is used in both heat~ng and. coolin~ operation. 
Figure 1 is a schematic representation of the FAFCO 
GCSAHP system. 

I_. 4-13 
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FLAT PLATE EARTH HEAT 
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FIGURE 1: GROUND COUPLED SOLAR ASSISTED HEAT 
PUMP SYSTEM SCHEMATIC 

TECHNICAL ACCOMPLISHMENTS 

Collector/Rejector Research 

A key element of the.FAFCO GCSAHP system is 
an inexpensive ·solar collector which can also ef­
fectively reject energy at night •. Three candidate 
collector/rejector prototypes have been built and 
tested. Two types of thermal experiments, daytime 
stagnation and nighttime heat rejection, were done 
to establish collector/rejector thermal performance 

The three designs are essentially single 
glazed flat plate solar collectors whose heat loss 
coefficient, UL, is made to increase in the heat 
re.j ection mode. UL is modulated in these collector/ 
rejector designs by 1. varying the spacing between 
glazing· and absorber plate (glazing spacing), 
2. actively removing heated air from the space be­
tween glazing and absorber (forced convection), and 
3. opening several transverse slots in the glazing 
to vent the space between glazing and absorber 
(natural convection). ' 

The results of these collector/rejector per­
formance experiments are shown in Figure 2. It was 
found that both daytime stagnation and nighttime 
heat rejection experiments yielded reasonable and 
consistent values. of the heat loss coefficient, UL. 
From these experiments, the following conclusions 
can be drawn: 

1. The thermal performance of the air flow 
control design is best, the· design is straight 
forward, but it requires electrical power and 
is not failsafe. 

2. Glazing spacing control design gives satis-· 
factory thermal performance, but it is very 
sensitive to small gaps and is a more dif f i~ 
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cult design to execute. 

3. Heat removal by natural convection between 
absorber and glazing is only marginally ef-
fective. 
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FIGURE 2: SUMMARY OF HEAT LOSS FACTORS FOR 
CANDIDATE COLLECTOR/REJECTOR DESIGNS 

GROUND COUPLING 0RESEARCH 

An integral component of the space condition­
ing system is the earth heat exchanger, ·also kriown 
as ground coupling. In the heating mode, the earth 
is a back up source to the heat pump when solar in­
put to·storage is insufficient, avoiding resistance 
heat. In the cooling mode, the earth acts as a 
heat sink for some of the energy rejected by the 
heat pump to storage. Performance improvement over 
air/air heat pumps or air ~on4~tioners is pnRRihlP, 
since the ground is usually cooler than ambient 
when there is a cooling load. 

A common ground coupling geometry is a 1000' 
long 1-1/2" plastic pipe buried at a depth of 3 to 
4 ft. An alternative method is to bury perhap.s 
200 to 300 ft. of 3 ft. wide flat plate heat ex­
changer at the same centerline depth. It may be 
possible to obtain substantially more transient and 
steady energy exchange per unit length of trench, 
due to the much greater surface area of the plate 
in contact with the soil. Reductions in installa­
tion cost and required land area may result. FAFCO 
has designed, constructed, and run a set of ground 
coupling experiments in which the heat exchanger 
performance of pipes and plates has been compared 
directly. Figure 3 is a schematic representation 
of the piping and instrumentation. Figure 4 shows 
experimental results of sequential constant temper­
atures heat extraction experiments. Other field 
experiments have been run to test system transient 
response to cyclic heat extraction and heat injec­
tion. A detailed finite .. element heat transfer 
model has been used to simulate the performance of 
both ground coupling geometries. Agreement with 
the field experiments is excellent. 

System Thermal Analysis 

The thermal performance of the GCSAHP system 
has been simulated in five areas (Fresno, Los An­
geles, Fort Worth, Charleston S.C., and Washington 
D.C.) using the 'l'RNSYS model. Other systems model­
ed were air/afr heat pump, direct solar heating/ 
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FIGURE 4: GROUND HEAT EXTRACTION AT CONSTANT 
FLUID SINK TEMPERATURE 

electric cooling, and an earth/air dual source heat 
pump. Unique features of the TRNSYS modeling are 
the use of the GROCS subroutine for planar ground 
coupling arrays·,· nocturnal rejection via variable 
UL solar collectors, and a high performance water 
source heat pump (solar optimized, rotary compres­
sor) wi.th a desuperheater for dhw heating. 

Annual comparative results for Fresno are given in 
Table 1, below: 

SYS.A SYS.B SYS.C 

HTC.LOAD 56.5 56.5 56.5 
CLG.LOAD. 48.6 48.6 48.6 
HTG.ELEC.(INC.DHW) 39.4 19.3 22.3 
CLG.ELEC. 19.3 18.5 13.5 
FREE ENERGY % 0.44 0.64 0.66 

(ALL UNITS IN 10 6 BTU) 
System Sizing Notes: 

SYS.D 

56.5 
48.6 
21.4 
15.0 
0.65 

A Air to Air Heat Pump: 3 ton Carrier system. 
B Direct Solar-Electric Cool: 540 ft 2 Revere se­

lective surface, Carrier A/C. 
C Dual Source Heat Pump: Fedders Compression Fur­

nace, 260 l.f. plate earth hx. 
D GCSAHP System: Fedders Compression Furnace, 260 

l.f. plate earth hx, 220 ft 2 unglazed collector, 
500 gal. tank. 
House (load): 2,400 ft 2 energy efficient, Ca. 
Title 24. 

TABLE 1: TRNSYS SIMULATION RESULTS 



The TRNSYS results have not as yet been thoroughly 
analyzed. However, preliminary conclusions are 
·that, for the Fresno climate: 

1. The dual source (earth/air) heat pump per­
formance is similar to the GCSAHP system. 

2. Unglazed collector/rejectors perform as 
well as the variable UL collector/rejectors 
modeled (results not snown here). 

3. A high COP heat pump is essential if sig­
nificant energy savings over ·air to air units 
are to be realized. 

4. Ground coupling is an essential element in 
the GCSAHP system, both as a minimum COP baclc­
up in heating, and as a heat sink in climates 
with high cooling loads. 

5. It is difficult to meet the cooling load 
at all times in hot humid areas such as Fort 
Worth with a reasonably sized GCSAHP system. 

COMMERCIALIZATION & MARKETING ANALYSIS 

A possible "market niche" has been defined. 
The proposed GCSAHP system may be cost comp.etitive 
with conventional systems in sunbelt areas where 
cooling and heating loads are about equal. Ade­
quate cost effectiveness is computed using life 
cycle costing and the assumption that the buyer is 
interested in realizing a net positive cash flow 
as soon as possible. 

Key features of the FAFCO marketing study are as 
follows: 

1. A significant customer benefit can be seen 
with cash flow analysis, not necessarily pay­
back. 

2. Tax credits improve the economics substan­
tially. 

3. Heating and cooling loads of similar size 
allow r.easonable system sizing, and allow the 
equipment to be fully utilized all year. The 
dhw load is also satisfied by this system. 
This leads to very good annual energy savings. 

4. Low cost collectors, ground coupling, and 

an advanced heat pump are essential elements. 

5. The heat pump is not included in the sys­
tem cost, .as this item would be purchased at 
a comparable price for centrai air condition­
ing in the new home in any case. 

6. The GCSAHP system i.s most appropriately 
applied to new homes (not retrofit) larger 
(2400 ft 2 ) than average. A key result of the 
marketing analysis to date is that, in Fresno 
the proposed GCSAHP system would have a posi­
tive cash flow in less than five years. 

FUTURE ACTIVITIES 

Research will continue on the flat plate 
ground coupling concept and TRNSYS simulations. 
Given better defined technical input, market re­
search will proceed. 

REFERENCES 

(1) Andrews, J.W., "Heat Pump Impact Upon Solar 
Collector Design and Cost", BNL"."26217. 

(2) Hughes, P.J., et· al., "Comparison of Solar 
Heat Pump Systems to Conventional Methods for Res­
idential Htg., Clg., and Water Htg.", SA!, McLean, 
VA., Volume II, Final Report, April 1980. 

(3) Freeman, T. L. et al. , "Performance of Combin­
ed Solar Heat Pump Systems", Solar Energy 22, (1979). 

(4) Jaster, H., et al., "SARP For the Htg. and Clg. 
of Bldgs.", G.E. Co., Six Month Tech. Report, Con­
tract No. EG-78-C-03-1719, May 1979. 

(5) Skartved.t, G., et al., "Evaluation of Solar 
Collectors for Heat Pump Applications':, DOE Final 
Report, American Heliothermal Co., Aug. 1980. 

(6) Metz, P.D., "Experimental Results From the 
First Year of Operation of the Solar Ground Coup­
ling Research Facility at Brookhaven National Lab­
oratory" mq.-27137. 

(7) Bose, J.E.,.et al., Earth Coupled and SAHP Sy8"' 
terns, Pres.) at the 5th Annual Heat Pump Tech. Conf. 
~t OK. State Univ., April 14-15, 1980. 

(8) Chalmers Univ. qf Tech., "Nordic Symposium on 
Earth Heat Pump Systems", Goteborg, Sweden, Oct. 
15-16, 1979. 

CONTRACT INFORMATION 

START DATE April 24, 1980 END DATE Oct. 31, 1981 CONTRACTVALUE $130,700.00 
~~~~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: 

1. Complete collector/rejector prototype testing 

2. Preliminary system thermal modeling 
E:i.nal TRNSYS modeling 

3. Design & construct ground coupling test 
facility 

4. ~teady stat1:1 awl tr.!ln11ient ground coupUne 
experiments, heat extraction and injection 

5. Final commercialization & marketing analysis 

4-15 

Due date: 

Complete July 1980 

Complete Oct. 1980 
Aug. 1981 

Complete Jan. 1981 

Aug. 1981 

Oct. 1981 



I. 

\ 

---~-X!~.~~~~~-2~-f~Q~~~~f f ~!! _ Q~_fQ~Q~~~Q ·-~~~ !~~~-~Q~~~-~~E~l~~-l!E.~.l X~r-1~-~R_Q.JJC_T_ _._ - -· 

KAMAN SCIENCES CORPORATION 

DOUGLAS M. JARDINE, P.E. 

DE-AC03-79-CS30207 

OBJECTIVE 

. The objectives of this project are to stimulate 
the development of preferred so 1 ar assisted heat 
pump systems; and, to improve the data base for 
these solar assisted heat pump systems. 

DESCRIPTION OF WORK 

The word Phoenix "in the. project refers to the 
name of the system developed on this project. This 
system provides space and water heating and space 
cooling service for a broad range of building types. 
Figure 1 shows the basic system concept where the 
system employs an electric water source heat pump. 

THE HEAT PUMP IS IN SERIES 
BETWEEN THE LOAD AND STORAGE. 
AND BETWEEN THE LOAD AND 
UTILITY. 

THE HEAT PUMP IS IN SERIES 
BETWEEN THE LOAD AND STORAGE, 
AND BETWEEN THE LOAD AND 
UTILITY. 

utility; and, the system must be competitive in 
cost and reliability with other available systems. 

Phoenix systems have been installed in 3 
types of buildings in 3 different climatic loca­
tions and ·operated for 21 months to produce per­
formance data, reliability and availability pro­
files, cost data, prove the annual thermal energy 
storage carry over of the patented volume domi­
nated ground coupled storage device used, and to 
produce hereto for unpublished data on the dy­
namic thermal gradient and moisture migration 
characteristics that occur in the ground around 
the cost-effective type of storage device employed 
in the Phoenix System. The Phoenix System employs 

HOT WATER QHWH 
SUPPLY 

COLDWATER 
SUPPLY 

INTEAFACEDr UTILITY 

OpH ir . 
I 
I 
I 

FIGURE 1 BASIC PHOENIX SYSTEM_ CONCEPT WITH ELECTRIC HEAT PUMP 

The basic criteria that have guided the suc­
cessful development and testing of the Phoenix 
System are that the system must be considered as a 
subsystem to the utility with which it interfaces; 
the system must be compatible with the interfaced 
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off-the-shelf components which have a successful 
commercial history in ·similar applications. 

Three of the systems have been stress tested 
under continuous 1 oad to produce reliability and 

' 



availability data, while the fourth system has been 
operated nonnally in a residential application to 
focus on commercialization aspects of the system in 
two specific utility service areas - Colorado 
Springs and Denver, Colorado. Tests were conducted 
rnploying an electric heat pump, and the design of a 
1atural gas powered heat pump Phoenix System has 

been completed. 

TECHNICAL ACCOMPLISHMENTS 

• 

• 

•• 

.... 
"' 8 

The Phoenix System won the coveted IR-100 award 
for 1980 for being one of 100 most significant 
products developed during the year. 

It has been demonstrated that utility compati­
bility is a separate issue for each different 
utility - they are all very different. The 
Phoenix System is proven as a new capacity and 
fossil fuel substitute when interfaced with 
either a natural gas or an electric utility, 
and such is capable of avoiding significant 
utility marginal costs. 

The cost of energy from the Phoenix System's 
storage is significantly cheaper than the cost 
of energy from natural gas or electricity in 
Colorado Springs and Denver, and the first cost 
of the Phoenix System with an electric heat 
pump after Colorado Tax Credits is lower than 
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first cost of a natural gas furnace and water 
heater for the same load! 

The Phoenix System's availability under normal 
use exceeds 99% and this sytem has reliability 
equal to a natural gas space and water heating 
system. 

The Phoenix System's thermal storage has 
annual carry-over and is an infinite capacity 
heat source and heat sink for the heat pump -
thus eliminating the need for a backup system. 
It has been proven that thermally driven j 
moisture migration occurs in the ground around 
the storage tank which optimizes system per­
formance during the peak heating season. It 
has been proven that a non-cohesive soil 
envelope of proper gradation and at least one 
foot thick around this system's ground coup­
ling storage device is of strategic impor­
tance. It appears that under normal operating 
conditions the majority of the thermal inter­
change with the ground occurs within three 
feet of the storage device, and that under 
extended peak load the thermal gradient moves 
farther out in the soil. 

Figure 2 summarizes the comparison of owning 
and operating costs for an average residential 
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heating customer in Colorado Springs and 
Denver using either a natural gas furnace and 
water heater system or the Phoenix System, and 
shows the electric Phoenix System as most cost­
effective in Denver. 

• Figure 3 shows storage performance at the 
Colorado Springs project over the term of the 
project demonstrating these attributes for this 
storage: 1) Storage supplied heat required for 
first heating season from cold start in fall 
within a temperature range that allowed the 
heat pump to supply full space and water heat­
ing load; 2) Storage absorbed condenser and 
collector heat during cooling season within an 
acceptable temperature range for the heat pump; 
and, 3) the summer stored heat carried over 
into the second heating season and allowed the 
storage to support the heat pump at a signifi­
cantly higher storage temperature during the 
peak heating season load than occurred during 
the first heating s·eason. Thus annual stored 
heat carry-over has been proven. 

FUTURE ACTIVITIES 

The Phoenix System employing an electric heat 
pump is ready to be commercialized for new building 

a , .. 
i 20 

~ 

.. 

and retrofit (where' the existing heating system is 
being replaced as part of an upgrading project) 
applications. The Phoenix System employing the 
natural gas heat pump is ready for prototype test­
ing. 

Pl ans are made to commercialize the Phoenix 
System. Venture capital and the other aids neces­
sary to overcome the institutionalized market that 
must be penetrated are sought. These plans provide 
a market path through traditional HVAC market 
channels for potential users who would like to 
purchase the system, and a second market path is 
defined employing system leases for potential users 
who wish to neither own the system nor be respon­
sible for its maintenance. 

Pl ans are made and funds are sought to com­
plete the prototype testing of the Phoenix System 
employing the natural gas heat pump. 

PUBLICATIONS/REPORTS/REFERENCES 

Jardine, D. M., Jones, D. W., "Phoenix House: 
Solar Assisted Heat Pump Evaluation," Final Report, 
EPRI ER-712, March 1978. . 
Jardine, D. M., Jones, D. w., "E~tension of Phoe­
nix/City of Colorado Springs. Solar Assisted Heat 
Pump Project," Final Report, June 1981, DOE Con­
tract DE-AC03-79-CS30207. 

10 

~1--~~~~~~~~~~~..--'~~~~-,-.,--;~~~~~~~-~~-~~ 
1-"~"~oc____,,•,.~,."°-v~-t--~~-~~""-· ........ ..,,, .. ~ ......... -""-'-~--'--"ov .. .. !?_E~~· --~-~FEB ~~~ APR MAY 

FIGURE 3 CUMULATIVE NET STORAGE BALANCE AND MONTH END STORAGE TEMPERATURE - COLORADO SPRINGS SYSTEM 

CONTRACT INFORMATION 

START DATE _ _..6 .. 12....,5..,_/..._79"---- END DATE __ 6~/2_5..._/8"""'1 __ CONTRACT VALUE 465 939 -----"--'-"'""--'""'"------------

MILESTONES 
Item: Due date: 

1. Final Report June 1981 

2. 

3. 

4. 

5. 

4-18 



Ground Coupling and Heat Pump Compatible Solar Collectors 

Alternate Energy Systems Division, Science Applications, Inc. 

Dr. Jerry M. Alcone 

DE-AC03-80CS30219 

Abstract· 
Thermal storage for various solar heat pump 
systems concepts via ground coupling shows. 
promise in contributing to the economic viability 
of these concepts •. Similarly there is a need 
for collectors that are· expressly suited to solar 
heat pump applications. The effort reported here 
consisted of a survey to identify and document 
existing ground coupling heat transfer analyses and 
simulation codes and to abstract and organize the 
literature in this field. Ground heave, freezing 
and moisture migration models and analyses were 
also investigated. In conjunction with this 
effort the performance and economic characteris­
tics of solar heat pump compatible collectors were 
identified and the existing commercially available 
collectors surveyed to identify promising collec­
tors. Innovative collectors and ground coupling 
concepts were also identified and discussed. 

Objective 
The primary o_bjectives of this effort were to:.· 

Identify and characterize soiar heat pump 
compatibl~ collectors. 
Locate and describe existing analyses~ models 
and simulation programs for in-ground heat 
and moisture transfer as well as ground heave· 
and freezing. 

Approach 
A graduated search of the ground coupling·litera­
ture was made to identify potential information 
sources. First the division's rather extensive 
file on ground coupling analyses and models was 
searched to identify the data that was on hand. 
This search also served to define and refine a 
key word list for use in the more formal compu­
terized 1 iterature search. It al so served to 
help define the information to be gathered and 
to refine the abstracting and reporting formats 
to be used. This was done by abstracting the 

·literature selected from the division's files 
and submitting the abstracts to BNL for review. 
The experience gained during this exercise was · 
used to define a set of selection criteria 
designed to focus the survey on the specific 
infonnation desired by BNL. 
The selection criteria included: 

For experimental literature 
suitability for validation efforts 
data taking time interval 
duration of experiment 
type of data taken 

. tempera t_ure profi 1 es 
· heat flux 

moisture 
climate region 

For analysis literature 
degree of experimental validation 
model type 
applicability to heat pump ground coupling 
complexity of required inputs 

For computer models 
generic type of model 
validation status 

• inputs 
level of documentation 
completeness and 1 evel -of representation 
for a given generic model type 
availability 

In all over 200 papers and reports were identified 
and obtained for final selection evaluation. From 
this initial set we selected 30 reports and 5 
computer programs for indepth assessment. The 
results of which are currently being documented 
in the final report for this project. 
The heat pump compatible collector evaluation 

_proceeded in a similar fashion. The first effort 
was to define.just what was meant by a heat pump 
compatible collector by establishing a set of 
compatbil ity criteria. These criteria as drawn 
from a variety of studies 9f solar heat pump 
systems are shown below: 

4-19 

Collector Compatibility Criterja 
• collector slope < -8 watt/ cm2 
. incremental installed cost < $50/m2 

capable of collecting energy from ambient 
air (desirable) 

Existing compilations of manufacturer's liter­
ature such as the Solar Source Book as well as the 
open literature (ads, brochures) were surveyed 
to obtain literature on promising collectors. 
This information was· then used to determine the 
performance cost characteristics for the various 
collectors. This inf~rmation has been summarized 
for presentation in lhe final project report .. 

Results and Conclusions 
~rounq Coupling 

Adequate models and analyses exist for indepth 
analyses of ground coupling devices. They are 
difficult to use and require expensive 
computer facilities. The simpler models are 
too simple and still hard to use. Ground heave 
and freezing have been analyzed and studied · 
extensively but design analyses and models 
haven't been developed for use by design 
professionals. 

Heat Pump Compatible Collectors 
Few if any truly compatible collectors are · 
on the market. Several innovative collector 
designs are close to being marketed that are 
expressly aimed at the solar heat pump market. 
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Heat Pump Demonstration Analysis 

Alternate Energy Systems Division, Scienc~ Applications, Inc. 

J. Alcone, L. Walker 

Prime EG-77-C-01-4042 

Abstract 
The use of a heat pump in conjunction with solar 
energy collection and storage subsystems appears 
to offer un1que advantages in SHAC system perfor­
mance. Past system studies and some implementa­
tions of this concept have not consistently 
verified the expected advantages. The primary 
weakness· of many of the pr.ior efforts is that they 
failed to recognize the unique characteristics of 
solar heat pump systems. In some cases the 
efforts followed conventional solar design prac­
tices and attempted to either "add-on" a currently 
available conventional heat pump {or some linear 
extrapolation of conventional heat pump perfor­
mance characteristics) or to extrapolate the 
results of a conventional SHAC system study {or 
design) to a heat pump configuration. In other 
cases inappropriate initial assumptions led to 
biased or inconsistent results. In many of the 
designs and studies, design considerations 
arising from the dynamic behavior of the system 
were ignored. A heat pump introduces significant­
ly different operational characteristics into a 
SHAC system and the analysis must include these 
effects. Since many prior studies did not consi­
der the heat pump dynamics as a part of the total 
system, their conclusions and results have been 
rather confusing and often contradictory. 
The effort reported on here-serves to clarify and 
resolve the conclusions of selected prior studies. 
The validity of past analyses was assessed by 
carefully studying the effects of the individual 
study assumptions on the reported results and 
conclusions. Comparisons were also made in a 
careful, consistent manner to results that have 
been observed in the field. 

Objective 
The primary objective of this effort was to 
clarify and resolve the conclusions of selected 
systems studies through comparison with opera­
tional ·data from appropriate experimental /demon­
stration sites. 
A further objective was to identify and evaluate 
those systern components and/or configurations 
that warrant further .analysis and testing in 
order to develop recommendations regarding · 
programmatic needs in the solar heat pump area. 

.Concept/Methodology 
The evaluation of the study results was accom­
plished by carefully studying the effects of the 
as~umptions and design decisions made in the 

lected studies on the conclusions reached in 
ose studies. These conclusions were then com­

µared to results observed in the field in a con­
sistent and methodical manner. 

4-21 

The goal of iden.tifying components or configura­
tions warranting further analysis and testing 
was achieved throughout the project on a cumula­
tive. basis. The results of this effort are based 
on discussions with site personnel, system relia­
bility analyses, experience gained and observa­
tions made in developing system models and exer­
cising simulations 'of the various'' selected con­
figurations. 

The methodology used to accomplish the study 
objectives was to divide the project into several 
subtasks which addressed specific elements of the 
overall scope of effort. These subtasks are 
described below. 

Selection Criteria 
Selection criteria were carefully defined to 
allow only appropriate Solar Heat Pump {SHP) 
configurations and useful sites to be included 
in this study in order to allow a consistent, 
legitimate comparison of operational SHP's and 
analytical models. 
Selection of Operating Systems 
Six operating systems which met the selection 
criteria mentioned above were chosen for this 
effort. In addition to meeting the selection 
criteria these systems were chosen as being 
representative of the generic configurations 
used in the systems studies in order to 
allow consistent comparisons. 
Performance Measures 
In order for this study to provide valid 
results and recommendations, performance 
measures were developed to eliminate conclu­
sions based on a single viewpoint. These 
measures were chosen to allow consistent com­
parison both among the solar heat pump config~ 
urations defined in the Selection Criteria 
Subtask and between those configuration and 
other alternative energy systems. The per­
formance measures were developed to reflect 
economics, energy usage, and societal impact. 
Selection and Evaluation of Systems Studies and 
Selected Operation Systems 
These two subtasks. were performed concurrently 
since the objectives and analysis methods were 
similar. Four major systems studies selected 
by SERI for use in this effort were obtained 
and abstracted. Documentation and performance 
data for selected operating systems was already 
in hand in most cases. The approach to this 
evaluation was to establish certain major 
assumptions which served as a basis for examin­
ing agreements or discrepancies between the 
sites and the studies. TRNSYS models of the 
different generic configurations were developed 



based on several of the actual operating systems. 
These models were exercised extensively to 
investigate the effects of the identified 
assumptions on system performance. 

Summary of Project Conclusions and Recommendations 

Systems Studies Analysis Conclusions 
The major conclusions resulting from the detailed 
analysis of the major assumptions in the systems 
studies and design decisions in the operational 
sites are presented below. 

Valid comparisons between different generic 
solar heat pump configurations can be made in 
systems studies only when the heat pump charac­
teristics are appropriate for each configura­
tion. Some study results are based on the same 
heat pump characteristics for all generic con­
figurations. This yields unrealistic results 
since for proper operation th~heat pump 
characteristics should not be identical for all 
the configurations. 
Heat pump sizing is an important assumption 
which affects conclusions in the systems 
studies. In some cases studies used conven­
tional sizing methods for the parallel config­
urations. This assumption causes the heat 
pump to be undersized in a solar assist config­
uration resulting in use of auxiliary energy 
below the balance point for the heat pump. 
The parallel configuration calls for heat pump 
operation well below the design point for 
current generation heat pumps. Heat pumps 
optimized to a lower balance point for this 
configuration would probably show increased 
system performance. 
Series configured systems were oversized in two 
of the studies. This oversizing results in an 
increased system cost and therefore affects 
the results of these studies. 
The assumption of "current generation" recipro­
cating compressor heat pumps for use in solar 
configurations has an important effect on 
results of any simulations of solar heat pumps. 
This is especially true for series systems 
which operate at higher source temperatures 
and over wider ranges of source temperatures. 
Operational performance from at least one site 
corroborates this effect. 
One study used an "improved" heat pump 
(60-80% of an ideal vapor cycle) and found that 
increased series system performances were 
possible with this heat pump. The conclusion 
was that series systems are penalized using 
current generation heat pumps which cannot acco­
modate the increased mass flows due to higher 
source temperatures in the series configuration. 
This conclusion was corroborated by results of 
experiements performed on the University of 
Tennessee liquid series system. 

Control strategies such as that used in one of 
the studies appear to penalize series systems. 
This

0
strategy limits solar collection above 

33.9 C apparently to correct for the use of 
better than needed collectors and current gener­
ation reciprocating heat pump characteristics. 
Collector and storage sizing assumptions also 
have important effects on study results, parti­
cularly in series s.vstems. Storage and coll ec­
tors must be sized to eliminate heat pump 
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starvation in the series configuration. Con-
trary to conclusions stated in the studies, 
improved series system performance is possible 
with improvement in heat pump COP if collectors 
and storage are resized to accomodate the 
improved heat pump. 

Collector characteristics play an important 
(though generally not addressed) role in system 
performance as simulated in the various studies. 
Collector characteristics need to be "tailored" 
to the particular generic application before 
realistic comparisons can be attempted. Series 
configured systems have potential for lower 
cost collectors due to lower required storage 
temperatures. Unfortunately, none of the 
studies addressed this point adequately. 
The fraction of total load met by non-purchased 
energy is very sensitive to changes in the load/ 
collector area ratio at all values of storage 
size/collector area. 
TRNSVS simulations of the University of Tennes­
see liquid series system using an "improved" 
heat pump (60% of Carnot) indicate the possibil­
ity of an optimum storage size/collector area 
for a given load/collector area ratio in the 
range of .15-2m 3 /m 2 for a water based series 
system. 

A small effect on system performance is indi­
cated from domestic hot water (DHW) draw on 
storage. For a series configuration this may 
slightly increase the possibility of heat pump 
starvation. For the parallel configuration 
reduced storage temperatures increase the poss­
ibility of solar not being able to meet the 
load. Studies have not adequately addressed 
this effect particularly when a heat pump 
desuperheater is used to produce the DHW. 

Systems Studies Recommendations 
Any future studies of solar heat pump systems 
should be based on careful design of an optimum 
system including component characteristics 
other than site, for each generic type. 
A more complete investigation of the design 
space relating storage size/collector area 
ratio to load/collector area ratio is reco11111ended 
for both series and parallel systems. This 
investigation should use generically optimized 
components as well as heat pumps which are 
optimized for the different configurations. 

Care should be taken to include a broader range 
of component characteristics. The range should 
include variations in basic operating principles 
as demonstrated by the use of reciprocating and 
rotary compressors. 
A similar recommendation holds for the collector 
characteristics, i.e., unglazed collectors while 
touted for series systems have actually received 
little attention; freon expansion collectors 
capable of subambient operation were not consi­
dered in the studies while industry is actively 
pursuing designs based on them. 
Thermal storage has also been unnecessarily 
restricted in the prior studies with no attempt 
to identify (except in one case) and character­
ize desirable thermal storage attributes. 



Operating System Recorrrnendations 

As a result of the detailed review of the selected 
operating systems, the site visits, and discussions 
with site personnel, the following recommendations 
are made. 

In regard to experiments/demonstrations in general 
there exists a need for: 

standardized descriptions of the physical system 
more consistent reliability data acquisition 
and documentation 

documentation of design, construction and 
operating experiences as well as any modifica­
tions 
standardized cost reporting (capital and O&M) 
consistent data reporting of the kind that can 
be used to verify design assumptions and vali­
date design or analysis codes 

In specific regard to solar heat pump systems: 
Many of the systems are using modified heat 
pumps operating in off-design circumstances yet 
few have directly measured the performance of 
these heat pumps as they are being operated. 
Some systems use site-built collectors whose 
perfonnance characteristics are not specifically 
known . The effects of collector characteristics 
have been shown to be important and therefore 
should be known. 

Performance/Cost Limitations for Solar Assisted 
Heat Pumps 
Conclusions which resulted from the analyses of the 
systems studies and operational systems addressed 
in this effort were presented. Limitations based 
on performance and/or cost which were discovered 

during this analysis and recommendations for over­
coming them are presented below. 

A major limiting factor for series solar heat 
pump systems and any analyses of them appears 
to be the use of current generatio~ reciproca­
ting compressor heat pumps. Perfonnance analy­
ses of these systems (both in this effort and at 
least one of the systems studies) usf~g "next 
generation" heat pumps has shown greatly improved 
system performance. There are heat pumps cur­
rently on the market (for example, the Fedders 
rotary compressor machine) which should be 
investigated for solar applications . 
For parallel solar heat pump systems the heat 
pump is usually constrained to operate under 
"worst" case conditions due to current generation 
heat pumps be i ng optimized in a way that causes 
heat pump undersizing in many cases. Heat pump 
operation in the parallel configuration is 
usually well below the design operating point 
for current generation heat pumps. Next genera­
tion heat pumps would also help to alleviate this 
pro bl em. 
Collector costs are a major portion of total 
system cost in solar heat pump systems. For the 
parallel system these costs are probably going 
to be invariant in the future. However, for the 
series system this factor is not so limiting. 
The performance of the series concept actually 
degrades relative to that for a parallel system 
as collector performance (and hence . cost) 
increases. Fortunately, the reverse is also 
true. 
Complexity and number of components appears to 
limit marketability of solar heat pumps. 
Simplifications of these systems is possible 
using current technology. A simplified air 
series system which uses low-cost collectors and 
a unique ground-coupled storage system has a 
life-cycle present value cost competitive with 
the conventionally based systems addressed in 
the systems studies. 

CONTRACT INFORMATION 

STARTDATE April 7, 1980 ENDDATE Feb. 28, 198lcONTRACTVALUE $65,994 
~---'--_____:.~~~~~~~~~~~~~ 

MILESTONES 
Item: Du" date: 

1. Subtask Reports 6/9/80, 12/1/80,12/15/80,1/!2/81,1/26/81 

2. Final Report 2/16/81 

3. 

4. 

5. 
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LOW-COST HEATING AND COOLING USING A DIRECT-EXPANSION SOLAR COLLECTOR AND HEAT PUMP 

Sigma Research, Inc. 

Victor I. Neeley 

DE-AC03-79SF10542 

OBJECTIVES 

The two primary goals of this project are: to 
develop a low-cos, lightweight, thermally effi­
cient direct-expansion solar collector with a 
microprocessor-controlled heat pump; and to estab-
1 ish and verify system responses to nonsolar energy 
sources (convection and condensation). Successful 
completion should extend the use of solar energy sys­
tems to a larger segment of the population by de­
creasing purchase and installation costs and in­
creasing operating efficiency in locations where 
this energy source has, heretofore, been considered 
inappropriate or of marginal usefulness. 

DESCRIPTION OF WORK 

The work being perfonned under this contract is 
based in part on prior efforts in the area of solar 
collectors, heat pumps, and heat and mass transfer. 
For example, a working model is in place in Seattle, 
Washington (see Figure 1), and an existing 80-ft2 

solar panel has been modified for tests scheduled in 
this project. Current efforts are extensions and 
refinements of a continuing program in this field. 

In the solar collector/heat pump design under 
investigation, solar energy is absorbed by exposed 
panels and directly vaporizes a refrigerant fluid, 
which is pumped to a high temperature and pressure. 
Then, it is condensed to release the heat that was 
absorbed in the vaporization process. The solar 
panels operate at or below ambient temperature, 
which significantly reduces heat loss to the envi­
ronment and eliminates the need . for glass covers 
and expensive insulation around the collectors. 

This system was specifically designed for geo­
graphical areas where adverse meteorological condi­
tions such as frequent heavy cloud cover or abundant 
rainfall limit the effectiveness of standard flat 
plate solar collectors and restrict the attainment 
of maximum benefits. The improved perfonnance (see 
Figure 2) is due to the fact that the panels contin­
ue to absorb energy by convection, radiation, and 
condensation and provide significant thermal input 
even during periods when insolation is impossible. 
Therefore, this design will be suitable for use in 
regions not normally considered appropriate for 
solar energy collection. 

F1gure 1. Seattle, Washington, Fire Station No. 13 with collector system installed. (Pilot project 
sponsored by Seattle City Light.) 
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Figure 2. Performance comparison between Sigma Multi-Therm Solar Panel and conventional flat plate collec­
tor installations in Seattle, Washington. (Program sponsored by City of Seattle.) 

TECHNICAL ACCOMPLISHMENTS 

• Commercially available or Sigma-owned 
components were used to modify the 
solar panel. These items will allow 
microprocessor control of system. 

• The data acquisition and control sys­
tem was designed for use during veri­
fication and optimization of thermal 
models and laboratory tests. 

• TheY'ITl9.l hydraulic design modifications 
were performed on an existing solar­
assisted heat pump. 

• The isolated signal interface was de­
signed and constructed in-house, and 
the existing solar panel and heat 
pump were recond1tioned before instal­
lation of the modification components. 

• After the unit assembly was completed, 
the system was pumped down and charged 
with refrigerant. Preliminary tests 
were performed under manual and com­
puter control. The system appeared to 
operate satisfactorily. 

During the spring and summer of 1980, unavoid­
able circumstances led to a request for an exten­
sion of the contract expiratiorr date, which is now 
June 30, 1981 . 

FURTHER ACTIVITIES 

l"ully 1:omputerized !;y!;tem opera.tion will be 
tested during the spring 6f 1981. The llldjOr area 
to be investigated is the effectiveness of the 
microprocessor controls for the heat pump. 
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Using a microprocessor to control the heat pump 
should improve the average coefficient of perform­
ance and extend the life of the compressor. The 
microprocessor collects temperature data throughout 
the system and controls the compressor speed to ob­
tain optimum performance. It also controls system 
start-up and reduces the potential for compressor 
damage that might be caused by entrained liquid. 

Despite the fact that these activities have 
been deferred and test results are incomplete, 
plans are being made for post-contract marketing 
and commercialization of the Multi-Therm Solar 
Panel. Demonstrations to date have proved that the 
concept is sound and the system design is efficient. 

Figure 3 is a schematic of a typical installa­
tion. Although the prototype is a viable product 
itself, its commercial appeal would be increased 
greatly if the solar panels can be redesigned so 
that they become an integral part of the structure 
(i.e., as roofing material); if installation and 
connection procedures are refined to gain the ut­
most ease and simplicity; and if a thermal storage 
module is included as part of the system. 

World events and the public's steadily growing 
interest in alternate energy sources--plus the ex­
istence of regions where available solar collector 
systems are not feasible or can offer only minimal 
efficiency--make further development and manufac~ 
ture economically attractive and commercially· fea­
sible. 



Figure 3. Schematic of the major ~omponents of an. inst~lled solar panel/heat pump system. 

CONTRACT INFORMATION 

STARTDATE August 16, 1979 END DATE Jyne 30. 1981 CONTRACTVALUE $96~184.oo 
~~~~~~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Final Report· .· June. 30, · 1981 

2. 
' ' .. 

3 .. 

4 .. 

5. 
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INSTRUMENTATION AND MONITORING OF THE TIHN CRONN REALTY' BUILDrNGS l'N DENVER, COLORADO 

SOLAR ENVIRONMENTAL ENGINEERING COMPANY, INC. 

DAVID K. HAYS 

DE-AC03-79CS~30115 

OBJECTIVE 

The Crown Mani tori ng project has two distinct 
tasks which are of importance to the solar commu­
nity. The first is a performance compari'son of the 
two solar augmented heat pump systems; one of whtch 
is an air collection system with the other being ,a 
liquid collection system. The second task is to 
simulate real-time data filtering, reduction and 
analysis on the data gathered from the two systems. 

PROJECT BACKGROUND 

Solar augmented heat pumps have been the sub­
ject of considerable discussion where the economic 
viability and energy effectiveness is concerned. 
In an effort to provide some answers to the many 
questions, Solar Environmental Engineeri'ng Company 
(SEEC) has been contracted to monitor and evaluate 
the performance of the twin Crown Realty buildings. 

The standard manner in which data i's reduced 
and analyzed is time consuming, requires the trans­
fer of the data on a storage device from the acqui­
sition system to a mai'nframe computer and consider­
able computatibnal expense. It is possible to 
reduce time and expense by processing the data 
onsite in real-time by an acquisition system whkh 
has processing and computational capability. 

Real-time processing necessitates the use of / 
sophisticated algorithms which aan be used to 
filter and process the acquired data. These algo­
rithms are developed with Luenberger observer and 

' Kalman filtering techniques. These ·techniques have 
been employed by the Principal Investigator to · 
pr~rlict future ambient temperatures, filter data 
and observe heat loss coefficients arid heat Cilpa­
citances of building models (Refs. l and 2). 

SUMMARY 

Two 3500 square foot commercial office build­
ings are environmentally conditioned by a system 
of seven solar augmented heat pumps and are iden­
tical in mechanic.al design with the exception of 
the solar collection loop. In one of the build­
ings, the collection loop is an air system while 
the other collection loop is a hydronic system. 
Thus, a direct comparison of an air and a hydronic 
collection system can be made. 

By applying Luenberger observer theory tech­
niques to the data, sensor noise can be filtered 
and actual key parameters may be identified. Some 
examples of these parameters are the building beat 
loss coef"f1c1ent, heat exchanger effectiveness, 
heat pump coefficient of performa11ce and the solar 
heating fraction. In the present application, 
real data will be filtered and observed on a 
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mainframe computer in order to demonstrate the 
worthiness of these techniques. 

TECHNICAL ACCOMPLISHMENTS 

• The two systems have been instrumented so as 
to provide all necessary data for complete system 
and subsystem performance analyses. The performante 
of the two systems will be determined by performing 
standard energy balances on the gathered data. 
Comparisons of the two systems will be made on the 
basis of collector efficiency, energy stored, 
energy utilized and other performance factors 
associated with the two systems. 

• Fi.rst and second order approximations to 
the dynamic systems have been assembled. These 
differential equations are used in the formulation 
of the observers which identify the parameters in 
question. An example of one such differential 
equation is 

d Te ·- qi n .. UA 
<ft - --C- - r (Te - Ta) 

e e 

By monitoring the en~losure temperature (T ) 
and the difference of the enclosure and ambiente 
(Ja) temperature, it is possible to converge on 
approximate values of the heat loss coefficient 
(UA), the heat capacitance of the enclosure (Ce) 
and energy input rates to the system (qin). 

It is aiso .Possible to establish values for 
heat loss coefficients and. energy ba 1 ances on 
thermal storage tanks. All of the appropriate 
equations and necessary software has bel:!n assembled 
for conducting this analysis. 

FUTURE ACTIVITIES 

Contract Activities. It is expected that the 
parameters of interest will be determined by the 
use of observer techniques and that these results 
will compare favorable with the performance results 
obtained in the conventional manner. 

Post Contract Activities. The results of 
this effort can be realized and utilized by all 
sectors of the analysis field. Future efTortt. 
will apply these methods on a real-time basis 
with a dedicated microprocessor based computer. 
The advantages of.applying these techniques on a 
real-time basis are as follows: 

• Reduction of turnaround time of results from 
months to minutes 



• Major reducUon of mass· storage requi'rements. 

• Immediate access to the quantities of inter­
est rather than raw data. 

• Reduction of the cost of data analysis. 

CONTRACT INFORMATION 

Start Date - June 11, 1979 

·End Date - August 31, 1981, Extended from 
December 11, 1980 

Face Value - $78,964 

• Major Milestones 

• Specify and order instrumentation - July, 
1979 (M) 

• Instrumentation Installation - January, 
1980 (M) 

··System parameter identification - July, 
1981 (P) . 

• System performance identification - July, 
1981 (P) 

• Final Report - August 31, 1981 (P)" 

RERERENCES 

1. Hays, D. and Winn, C. B., "The Development of 'an 
Ambient Temperature Observer/Predictor (ATOP) 
for Use With Solar Heating Systems," Proceedings 
of the. International Solar Energy Society., May, 
1979. 

2. Hays, D., Parkinson, B. W. and Winn, C. B., 
"Real-Time Identific~tion nf P~ramQtor~ in 
Bu1ldii'lg Models, 11 Proceedings of the Interna­
tional Solar Energy Society, 1979. 

3. Hays, D. and Jacobs, P. c., Engineering Assess­
ment of the Crown Realty Buildings, Solar En~ 
vironmental Engineering Co. (SEEC), January,. 
1980. 

4. Analytic Sciences Corp.,·Applied Obtimal Esti­
mation, Edited by Arthur Gelb, Cam ridge, 
Massachusetts, M,I.T., Press~ 1974. 
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SOLAR HOT WAT:ER TEST PROGRAM 

NATIONAL BUREAU OF·ST:ANDAROS 

A. H. FANNEY 

DE/AI01-76PR06010 

OBJECT.IVES 

_To as~ist the American Society of Heating, 
Refrigeration and Air-Conditioning Engineers 
(ASHRAE) in the development and validation of a 
standard test procedure for solar domestic hot 
water systems; and to conduct controlled experi­
ments on typical solar domestic hot water (SDHW) 
heaters to determine the extent to which TRNSYS 
F-Chart, and Solcost can accurately predict their 
performance. 

DESCRIPTION OF WORK 

The Steering Committee of the American National 
Sta~dards Institute on Solar Energy Standards 
designated ASHRAE to develop a standard test method 
'.or SDH~ systems. NBS staff members have partic­
ipated in the development of this standard test 
method, ASHRAE Standard 95, for the testing and 
rating of residential SDHW systems. 

Test equipment has been designed and fabri­
cated at NBS in accordance with the standard. 
Three methods were investigated which allowed the 
net thermal output of an irradiated array to be 
duplicated under nonirradiated conditions. The 
first method used an electric heat source only. 
The second method uses a nonirradiated array in 
series with an electric heat source. Electric 
strip heaters attached to the back of nonirradi­
ated absorber plates are employed in the third · 
method. All system components are located indoors 
in a controlled environment, allowing comparisons ' 
of system performance independent of outdoor meteo­
ro l ogi cal conditions and geographical location of 
the laboratory. Tests hdve been conducted to 
determine if the control funct1ons of a system 
tested according to ASHRAE Standard 95 are similar 
to those of a system tested under irradiated con-
ditions. . 

In addition to assisting ASHRAE, NBS has col­
lected experimental data for a second 12-month 
period tn determine the performance of six SDHW 
systems and one conventional ·hot water system. The 
systems tested during the second twelve months are: 

.. Direct, Single-Tank Drain Down System 

• Direct, Double-Tank Drain Down System 

• Indirect, Single-Tank System Us·ing Ethylene 
Glycol With a Wrap Around Heat Exchanger 

• I11direct, Double-Tank System Using Ethylene 
Glycol With a Coil-In-Tank Heat Exchanger 

• Indirect, Double-Tank System Using Evacuated 
Tube Air Collectors and an Air to Water Heat 
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Exchanger 

• Single Tank Direct Thermosyphon System 

• Conventional Electric Hot Water System 

The experimental results will be compared to the 
predictions of computer programs used to predict 
the thermal performance of SDHW systems. 

TECHNICAL ACCOMPLISHMENTS 

• Governing equations required to determine the 
input power supplied to the electric heat source 

. and electr~c:~trip.heaters .have been developed. 
The analysis includes collectors connected in 
series and parallel. 

• Two identical SDHW systems have been fabricated 
which allow the performance of a SDHW system 
using outdoor irradiated collectors to be com­
pared to the performance of a SDHW system in 
which the.irradiated array has been replaced with 
an electric heat source, an electric heat source 
downstream of a nonirradiated array, or a non­
irradiated array with electric strip heaters 
attached to the back of the absorber plates. 

• The SDHW system using irradiated collectors 
operated for four selected days. Using the re­
corded meteorological data for each test day as 
1nput data, the SDHW system using an electric 
heat source duplicated the thermal output of the 
irradiated array· within four percent even on an 
intermittently cloudy day, Fig. 1. 

• SDHW system using irradiated collectors was al­
lowed to operate for two selected days. An elec­
tric heat source downstream of a nonirradiated 
array was used to duplicate the thermal output 
of the irradiated array.' Excellent agreement 
between the thermal output of irradiated array 
and the nonirradiated array with downstream heat 
source, Fig. 2. Control functions indoors almost 
identical to those observed during operation of 
the irradiated system. 

• Electric strip heaters attached to th~ back of 
nonirradiated absorber plates used to duplicate 
the thermal output of irrad1ated collectors. 
Excellent agreement achieved, Fig. 3. 

• Twelve months of experimental data collected for 
six SDHW systems and one conventional hot water 
system. 

f.~JURE ACTIVITIES 

Future work will include expansion of the scope of 
ASHRAE Standard 95, investigation of a standard 
rating day criteria, and experimental investigation 
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of advanced SDHW systems. 

PUBLICATIONS 

Fanney, A.H.; Liu, S. T. , "Comparison of Experimenta 1 
and Computer-Predicted Performance for Six Solar 
Domestic Hot Water Systems", ASHRAE TRANSACTIONS, 
Vol. 86, Part 1, PP. 823-835; New York, N.Y.; 

Fanney, A.H.; Liu, s.T., "Performance of Six Solar 
Domestic Hot Water Systems in the Mid-Atlantic 
Region", PROCEEDINGS OF JHE SECOND ANNUAL SOLAR 
HEATING AND COOLING OPERATIONAL RESULTS CONFERENCE; 
Washington, D.C.;DOE(ll/79} 

ASHRAE(02/80} . 

Fanney, A.H.; Liu, S. T., "Experimental System Per­
formance and Comparison with Computer Predictions 
for Six Solar Domestic Hot Water Systems", PRO­
CEEDINGS OF THE 1979 INTERNATIONAL CONGRESS OF THE 
INTERNATIONAL SOLAR ENERGY SOCIETY; Killeen, Texas; 
ISES(05/79) 

Fanney, A.H.; Liu, S.T., "Test Results on Hot 
Water Systems Show Effects of System Design", SOLAR 
ENGINEERING, PP. 25-29; Dallas, Texas; SEIA(05/80) 

Hill, J.E.; Fanney, A.H., "A Proposed Procedure of 
Testing for Rating Solar Domestic, Hot Water Sys.:. 
terns", ASHRAE TRANSACTIONS, Vol. 86, Part 1, PP. 
805-822; New York, N. Y.; ASHRAE(02/80) 

CONTRACT INFORMATION 

START DATE October 1977 ENDDATE T.B .. _,,D_,_. __ CONTRACTVALUEFY 81 225k Estimated 

MILESTONES 
Item: Due date: 

1. A paper describ'irlg the experimental techniq1,1e of simulating a solar collector February 1981 m 
array by using the actual collectors indoors in series with an auxiliary heat 
source will be submitted to the ASME Journal ·of Solar Energy Engineering 

2. An NBSIR will be published containing the results of the NBS work pertaining to June 1981 p 
the development and validation of ASHRAE Standard 95 

3. A paper describing the second year of the validation experiments for the six September 1981 p 
SDHW systems and the conventional hot water system will be submitted to ASHRAE 
for publir.ation 1n ASHRAC Transactions 

4. 

5. 
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HVAC M1\RKET mTA ANALYSIS 

PIANCO I lNC. 

C. IDBERI' CDATES 

CDNTRACT ID. IE-JlC03-80CS30208 

The specific objectives of this project were 
to design and build a ccmputerized data base fran 
previously oollected HVAC market data; to develop 
oarputer programs for producing strategic reports 
fran the data base; and to assess the market po­
tential for s:>lar HVJ\C products. 

DEs::RIPI'IOO OF IDRK 

)' 
Backgrowd 

HVJIC market data for 1970 through 1979 were 
collected and analyzed during an earlier oontract 
peri~. That work resulted in a market sUIVey re­
port, · and a large volur.e of data giv.:i,ng annual 
shiµtents and, in many cases, shipnent values as a 
function of equipment capacity for virtually all 
statistically significant types of HVJ\C products. 
Shipnents of many HVJ\C products acoording to geo­
graphic distribution and end use are included in 
the oollected data. '!be data are in the fonn of 
inlividual annual files fran a nunber of different 
sources, and are in a wide variety of formats. 

HVAC Data Base 

One part of this project was to ccmputerize 
the above HVJIC data files and generate a canpre­
hensive data base that can be readily updated. The 
data base is to be used in further analysis of the 
HVPC market and in assessing the market potential 
of solar HVJIC products. 

Because of the large anount of data and the 
nature of the differences, editing to make the 
Source files uniform in oontent and format was not 
feasible. Therefore, the first step was to design 
a flexible data enooding system capable of accc:mno­
dating all of the variations. The encoding system 
was a~lied to each file; key files were entered on 
oarputer media; am the data base was assembled and 
validated. 

Carq?uter Programs 

canputer programs were developed for rear­
ranging, aggregating, and analyzing selected files 
in the data base to produce several fundamental 
types of reports. One of the principal reports 
gives the breakdc:Mn of the annual shipnents, ca­
pacity shipped, and shipnent value for a specified 
HVPC product (or oanbination of prod.lets) ac­
cording to capacity. A related report gives 
a historical analysis in whidl total shipnents, 
total _capacity shipped, and total shipnent value 
by year are assembled and listed for specified 
products. 
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Other fundamental reports incltrle market 
growth trends (average annual CXJll)()unded growth 
rates between selected years); product oost analy­
sis (equipnent oost per unit capacity) ; am in­
stalled stock inventory (cmmulative units shipped 
less attrition); all by individual product or oan­
binations of products. 

'!he develcprent of canputer programs for gen­
erating these rerorts involved the design of cxm­
IID!'l :ro~tines for searching the data base for 
arbitrarily selected product types, time periods, 
e·::c. Inclividualized routines were required for 
clata interpolation, regrouping, aggregation, con­
version, analysis and printing. 

The HVAC data base and the canputer programs 
are described2in the final report for this oon­
tract period. 

Solar Air Conditioning Market Assessrent 

The assessoont of the market potential for 
solar HVJ\C products focused on delineation of the 
oonditions under which solar air conditioning 
(h::>th residential and CX111Mt:ci.nl) oould OOo::.are a 
viable canpetitor in the HVAC marketplace. An 
econanic l!Ddel for calculating return on investnent 
(OOI) for the additional initial oost of s:>lar 
sY'stems oc:rnpa.red to oonventional systans \o.aS de­
veloped for this purpose. 

All significant factors oontributing to 
initial costs and operating costs were identified 
and assessed in detennin.iJ 19 the ror for solar 
relative to oonventional HVAC systems. This in­
volved defining and analyzing nunerous scenarios 
including various oanbinations of capital oosts, 
fuel oost escalation rates, inflation rates, pur­
chase dates, government econanic incentives, etc. 
'!be sensitivity of ror to each paraneter was first 
investigated, and plausible cx.mbinations which 
showed potential for yielding a favorable ror 
(ass\1ned to be 20%) were then analyzed in l!Dre 
detail. 

The results were expressed in terms of design­
to-oost 90als which, if met during the 1985-1990 
tine-frame, should lead to significant levels of 
market penetration (as nany as 500,000 systems 
per year) by SJlar air oonditioning by the end of 
this century. '!he market history of the heat punp 
was analyzed and used as a precedent for fore­
casting solar air oonditioning market penetration. 

The solar air oonditioning market as~sment 
is described in detail in a topical report. 



TroiNICAL .ACDJMPLISHMf.Nl'S 

• A'flexible data encoding systan capable of 
accx:.mrodating a wide variety of HVAC market 
data files was developed and applied to 
oonstruct a ccrrputerized data base. The 
data base oontains over 350 individual files 
(i.e., shiprent data on one product for one 
year) 00\lering the period 1970-1979. These 
files give the annual shipments of 37 kinds 
of HVAC products such as boilers, furnaces, 
heat pumps and different types of air oon­
ditioners, all as a flmction of capacity. 

• canputer programs were developed for pre­
paring selected fundamental reports f:can 
the data base. Key reports include ship­
irents of individual or cx:mbined products 
as a furx:tion of capacity and as a function 
of time; market grCMth rates, product cost 
analysis; and installed stock inventory. 

• An eoonanic mcx1el was developed for para­
metric analysis of return on investinent 
(IDI) for solar air oondi tioning and heat-

. ing. The nodel was used to calculate IDI 
for both residential and oomnercial solar 
systems for a wide variety of scenarios 
involving initial oost, fuel oost escala­
tion, inflation, purchase date, cpvernment 
eoonanic iocentives, etc. It was found that 
IDI is quite sensitive to JtDst of these 
factors; that current solar HVAC systan 
prices are too high to make their purchase 
eoonanically attractive; and that the expi­
ration of federal energy tax credits may 
negate any cost .inprovanents made by the . 
end of 1985. Fig. 1 shows the sensitivity 
of IDI to fuel cost escalation and inflation 
rates for 1985 purchase of a hypothetical 
3-ton residential system oosting $10,100. 

• Solar air crinditioning design-to-oost goals' 
were established based on the assunpti.on 
that a 20-percent IDI on the additional 
initial cost relative to oonventional HVAC 
systems would be eoonanically attractive. 
Fig. 2 shows the allowable incremental oost 
for a naninal 3-ton residential.systan as a 
function of purchase date and reference 
cawentional systan. Fig. 3 shows oorres­
ponding infomiation for a nan.iM l 25-ton 
cx:mnercial systan. rnc·renental oost based 
upon current actual costs are.generally 
a factor of three higher than the goals 
shown in Figs. 2 and 3. It is noted that 
the effect of the federal energy tax credit 
(not included in Fig. 2) is to increase 
the allowable incremental invesbnent.for 
residential s::>lar systems by as much as 
$4,000 t.h.i.'Ough the end of 1985. 

FUTURE ACl'IVITIES 

Planoo, Inc. reccmrends that future activities 
stamri.ng fran this project include updating the 
data base with 1980 HVAC shiprent data now avail­
able. The U{Xlated data should be analyzed to 
identify the impact of energy oonservation and re­
duced housing constroction on the current makeup 
an.r;l Q:"ends of the HVAC market, and an the future 
market for solar air oorrlitioning. 
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It is further reccmnended that the IDI roodel 
be U{Xlated to acoount for the impact of improved 
oonventional HVAC equiprent efficiency and· re­
duced building loads on the eoonanics of solar 
air oonditioning. Updated design-to-cost cpals 
for solar HVAC should be developed for a wider 
range of energy price escalation scenarios in­
cluding precipitous price increases. 

REFEREN::ES 

1. "Survey of the HVAC Market," Planco, Inc., 
August 1980. 

2. "Data Base and Software for HVAC Market 
Analysis," Planco, '.Inc., March 1981. 
(preliminary draft) 

3. "Assessnent of Active Solar Air Conditioning; 
1980-2000," Planoo, Inc., January 1981. 
(preliminary draft) 
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Relative to Heat Pump Given 1985 
Purchase Date and Existing Federal 
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CONTRACT INFORMATION 

20% Naniilal ROI an CO'mercial Solar 
Cooling and Heating Systan (169,000,00Q 
mu Cooling and 94,000,000 B1'U Heating 
Annually) with 10% Inflation, CXlNAES A 
Fuel Price Escalation, and No Tax 
Credits 

STARTDATE August 15, 1980 END DATE.March 20, 1981CONTRACTVALUE $106,157 
~~~~~~~~~~~~~~~-

MILESTONES 
Item: Due date.:· 

1. Topi.cal Report January 1981 

2. Fmal Report March 1981 

3. 

4. 

5. 
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ASSESSMENT OF SOLAR WATER HEATING INDUSTRY 

SCIENCE APPLICATIONS, INCORPORATED 

ROBERT LECHEVALIER 

DE-AC03-80CS30217 

OBJECTIVE 

To determine the technical feasibility and com­
mercial potential of solar water heating products 
being supplied to the marketplace. 

DESCRIPTION OF WORK 

Data were compiled and used to establish the 
technology readiness and the industry's capabilities 
to implement the solar water heating technology 
into the anticipated market place. 

The performance, reliability and economics 
were determined for all identified commercially 
available solar water heaters. A comparative 
analysis with conventional water heaters was made 
to assess the economic competitiveness of solar 
water heating. 

TECHNICAL ACCOMPLISHMENTS 

• An adequate supply of packaged solar hot water 
systems are currently available. These systems 
look and act like the conventional competition. 
The best products are available in most metro­
politan areas. The product suppliers recognize 
the importance of matching the design to the 
marketplace and therefore are currently sup­
plying six different generic configurations. 

• Solar hot water systems are maturing very rapidly, 
and are performing well, with remarkably few · 
problems. The leading problems that do exist 
are related to installation, improper materials 
selection, and design inadequacies. The products 
are protected with adequate warranties. 

• Most of the designs should perform quite ade­
quately when matched to the climatic environment. 
The home-owner can expect solar energy to pro­
vide 60 to 80% of the hot water with these 
systems. Some of the systems being sold 
will not perform to the levels claimed as 
they have.been erroneously represented, . 
usually due to an over-optimistic collector 
performance prediction. 

• Solar hot water economics have improved sub­
stantially as the utility costs have continued 
to escalate and federal and state governments 
have introduced incentive programs. Solar hot 
water systems compete very favorably against 
most electric utility rates and are now 
beginning to compete with gas water heaters. 

e The solar not water industry contains a suf­
ficient number of larg~ and small business 
enterprises,. producing we 11 designed and 
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documented products. Five of the top twelve 
manufacturers were previously involved in the 
water and HVAC industries and had the necessary 
distribution outlets for a successful conunercial 
venture. 

• Solar hot water systems are well matched to 
the best market environments. They compete most 
favorably as a replacement for the electrical 
water heater in single-family° residences in the 
high radiation environments of the southern 
and western states. 

FUTURE ACTIVITIES 

Actions which the government could support to 
accelerate the conunercialization of this hot water 
technology and provide a better product to the 
consumer are as follows: 

• Crea.te a materials information center which could 
be made available to manufacturers. The informa­
tion center could also conduct special tests for 
the smaller manufacturers •. 

• Promote quality systems through government spon­
sored systems test programs, such as RCS, 
Federal Buildings Program, Military Purchases 
Programs, and other federal purchases. 

•Support improved and simplified data collection 
on installed systems to identify systems' perfor­
mance and reliability. This information could 
be useful in rating systems. 

• Provide industry with support for installer 
training programs to be operated .and taught by 
manufacturers. 

•Continue existing tax credit programs at their 
current levels to insure the rapid introduction 
of solar water heating into-tne residential 
sector. 

PUBLICATIONS/REPORTS/REFERENCES 

Com~arison of Conventional and Solar Water 
Heating roducts 'and Industries 'SA! Report, 'July 
11, 1980. 

Assessment of Conunercial Readiness of Solar 
Water Heating, paper presented at ASME SSEA 
meeting, Reno, Nevada, May 1, 1981. 

,· 
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·EXPERIMENTAL AND ANALYTICAL SYSTEM SlUDIES OF A 1COl'IBINED PV/T RESIDENTIAL SOLAR SYSTEM . 

Arizona -State University. 

~yard D. Wood 

DE-AC-03-79CS-30203 

OBJECTIVE 

The goa I of th Is research Is to he Ip eva I uate 
the comm ere I a I v I ab I I I ty of comb I ned p hotovo I ta I c/ 
thermal CPV/Tl 'solar systems using concentrator 
col I actors. Spec If le goa Is are: to def lne . and 
categorize potential PV/T concentrator collector 
systems, to do computer simulation analyses of PV/T 
systems for I ndustr I a I proce.ss heat, absorpt I on 
space cool Ing, space heating and domestic hot water 
app I lcatlons, to compare PV/T concentrator systems 
with side-by-side solar thermal Conly) and PV Conly) 
systems, to measure.both the electrical and thermal 
performance of PV/T prototype concentrator 
collectors, and to evaluate appropriate methods of 
testing PV/T concentrator collectors. 

DESCRIPTION OF WORK 

This project combines both analytical and 
experimental studies aimed at assessing the role of 
concentrating PV/T collectors. The broad and fund­
amenta I nature of the work Is a resu It of a major 
rescoplng In mlnd-1980 of the original contract 
cohsumated In mid 1979. Prior to that time, the 
project·concerned oni'y an assessment of PV/T for use 
In res I dent I a I. absorpt I on systems. The pub I I cat I on 
I 1st below Includes references to documents 
comp I eted under the or I g Ina I scope of work; on I y 
work under the new scope of work w 11 I be d I scussed 
here. 

Under the new scope of work, th Is project w 11 I 
attempt to determ I ne when PV/T co 11 actors have an 
advantage over s I de-by-s I de PV arrays and therma I 
collectors. Analytical work ls being done using the· 
TRNSYS compatl b I e PV/I' computtir code:; developed at 
Arizona State University. The collector being used 
as a basel lne In the model Ing ls the E-System's 
prototype PV/T concen:trator deve I oped for the 
Dallas-Fort Worth CDFWl Airport PROA program. 

In ·comparing combined versus side-by-side 
collectors, costs and energy production must be 
con:;ldered. A relatively simple but useful concept 
for comb In Ing costs and energy pr.oduct I un ls through 
the level lzed cost methodology. Figure _1 shows the 
results for annual TRNSYS simulations using .an Inlet 
temperature of 40 C. The s0 I Id I Ines are for 
Phoenix, AZ, TMY data and the dashed curves are for 
Madison, WI, TMY data. Each I lne·1s for a different 
PV /T co I I ector cap I ta I cost.· 

To use . th Is I nformat I on cons Ider the foll ow Ing 
~xample· for Phoenix. Suppose that a thermal Conly) 
:o i I ector produced 1900 kW ht of energy at an In I et 
temperature of 40 C and could be Installed at a cost 
of $200/sq. m of aperture. This ls E-.System's 
est I mate and w 11 I be referred to as a Base I I ne 
Therm<!!I cese ($0.105/kWht/ yr, -
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Suppose a I so that the PV/T co 11 ector cou Id be 
lnstal led for $300/sq. m CE-System's estimate). 
Entering Fig. 1 on the vertical axis at $0.105/kWht/ 
yr, proceed Ing hor I zonta 11 y unt 11 Intersect Ing the 
$300 Comb I ned Col I ector Cost curve and then 
proceed Ing downward, shows· that when PV on I y array 
costs are above $0 .60/kWh0 / yr, stand a I one systems 
are unattractive·. That ls, It ls more economical to 
I nsta 11 the PV/T system rather than s I de-by-s I de 
units under these conditions. 

FI gure 2 was constructed to re I ate costs for 
thermal only collectors as a function of combined 
CPV/Tl collector costs for PV Conly) array costs of 
$0.70/Wp and $2.70/Wp• Further simulations are 
be Ing conducted to I ook at the sens It Iv I ty of the 
results to Cal the thermal conductance between the 
cells and the coolant fluid. Cbl the collector loss 
coefficient and mode of tracking, and (cl the energy 
values. 

A technique ls being developed for co.I lapsing 
the data shown In FI gure 1 for Phoen Ix and Mad I son 
onto a single family of curves val Id for any city 
location. This has been done for flat-plate thermal 
collectors as shown In Figure 3 In which monthly 
col I ectl on eff le I encl es or month I y ·utl I lzab 11 ltl es 
are correlated with collector Input variables that 
are common1y used In thermal test procedures I.e., 
co I I ector In I et temperature, mean month I y amb I ent 
temperature, and the LI u and Jordan c I earness 
factor. Figure 3 provides an easily Interpreted and 
qu I ck to use performance map that covers a w I de 
variety of operatlonal conditions. This method, In 
g_enera I, g Ives good resu I ts compared to I ong terin 
hourly slmulatlon. 

The experimental part of this work Involves 
measurei11e1)ts on a prntotype PV/T concentrating 
co I I actor to est ab I I sh a f I rst hand work Ing 
knowledge of such collectors. This test program 
will also confirm the analytlcal model Ing discussed 
prevlously. Participants In this phase of the 
program are also working with national groups 
establ lshlng standards for PV/T collector testing. 

l'ECHN I CAL ACCOMPL I SI IMENTS 

• Development of general lzed cost comparisons for 
comparing PV/T to sld~-by-slde solar converters. 
This methodology ls demonstrated In the 
Description of Work above. The methodology does 
not re I y on the often made assumpt'i on of "the 
thermal output ls assumed to have a value 1/3 
that of the ele~trlcal output." 

• A new formu I at I on of the ut 11 I zab 11 I ty concept. 
of Whl 11 ler, Liu and Jordan, cmd Klein has been 
developed. This new approach ls useful In 
predicting the monthly thermal gains of a 



thermal Conly) collector operating with a fixed 
Inlet fluid temperature. This formulation 
rel les on knowledge of only a very minimum of 
s I te dependent data. The method Is usefu I In 
the cost methodo I ogy ment I oned above when 
comparing PV/T with side-by-side units. 

• Severa I potent I a I uses of PV/T col I actors are 
be Ing stud I ed In deta 11 • These Inc I ude 
dewaterlng of crude off, boiler feed water 
heating, and hospital uses. 

• Team members are working on national committees 
formu I at Ing standards for test Ing PV/T 
collectors. Responslbl I ltles have ranged from 
overall standards development, generally, to 
deve I opment of methods of data presentat Ions, 
speclflcal ly. Figures 4 and 5 demonstrate the 
methods of data presentat I on as they are 
currently envisioned. 

FUTURE ACTIVITIES 

Contract activity will end on or about July 31, 
1981. A final report will be Issued shortly 
thereafter, describing the details and findings 
of the program under the expanded scope of work. 

PUBLICATIONS/REPORTS/REFERENCES 

"Exp er I manta I and Ana I yt I ca I System Stud I es of a 
Combined Thermal-Photovoltaic Resldentlal Solar 
System" ASU Report ERC-R-80029 CD raft, 1980) • 

"Res I dent I a I So I ar Absorpt I on Ch 111 er Therm a I 
.Dynamics" ASU Report ERC-R-81013 March 1981. 

"Design and Val ldatlon of a Thermal Simulator for 
So I ar System Performance Test Ing" ASU Report 
ERC-R-80031, May 1981. 

"A New Look at Long Term Col I actor Performance and 
Ut 11 I zab 11 I ty" ASU Report ERC-R-81015, Apr n 1981 • 

PARTICIPANTS 

D. L. Evans, U. Gurdal, K. Janzen, R. Lenhart, T. T. 
Rule and B. D. Wood. 
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Figure 1. Co~t comparison curves for E-Systems 
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Figure 4. Proposed correlation for reporting the 
therma I ef f I c I ency data for a con­
centrator PV/T collector. 

Figure 5. Proposed correlation for reporting the 
electrical efficiency data for a 
concentrator PV/T collector. 

CONTRACT INFORMATION 

START DATE Jul Y l, 1980 END DATEA.ugust 15,.--1.2§,~0NTRACTVALUE _ _,$._.1_..9""4~,0..,2-.:4...._ __________ _ 

MILESTONES 
Item: Due date: 

1. Define and cat egori ze PV/T concentrator August 1981 

2. Modified TRNSYS systems simulations August 1981 

3. Cost comparisons of PV/T collectors August 1981 

4. Modify ASU collector test fa~ll lty to tost PV/T r.nncentrator collectors August 1981 

5. Determine appropriate test methods for PV/T concentrator collectors August 1981 
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HYBRID SOLAR THERMAL PHOTOVOLTAIC SYSTEMS DEMONSTRATION 

Division of Engineering, Brown University, Providence, Rhode Island 02912 

Joseph J. Loferski 

DE-AC03-79-CS30205 

OBJECTIVE 

The objective of the contract is to produce a 
conceptual design of a combined photovoltaic/ther­
mal (PV/T) solar energy system utilizing a heat 
pump for space conditioning intended for a single 
family residence; to design, construct and test 
PV/T panels for this application; to generate a 
computer model to simulate the performance of the 
system; to evaluate the economic potential of the 
PV/T system;to design a building into which the PV/T 
system will be incorporated; t .o construct the build­
ing an<l the PV/T system; to monitor its performance 
and to compare the performance with predictions 
based on a model of the system. 

DESCRIPTION OF WORK 

Analysis of solar ene_rgy conversion systems for 
individual residential applications have shown that 
in certain geographic areas like the Northeast and 
Midwest, systems based on combined photovoltaic/ 
thermal (PV/T) collectors have an economic advant­
age over separate PV and separate thermal collectors, 
First generation PV/T collectors were fabricated by 
ARCO and Spectrolabs; their perform11nrP w"~ 'i!Vnlua 
Leu by the group at MIT--Lincoln Labs and the re ­
sults reported by Hendrie.CZ) The resulting n vs. 
6T characteristics indicated poor thermal perform­
ance, which makes those panels of questionable use­
fullness for use in PV/T systems. One of the goals 
of the work reported here is to des ign, construct 
and evaluate the performance of what we call second 
generation air cooled collectors in which substantial 
design changes have been incorporated with a view 
toward improving their performance. To accomplish 
this goal; the deficiencies of first generation 
collectors wen~ identified. The design was modi­
fied to suppress or eliminate these deficiencies. 
The n. vs. 6.T characteristics of the ARCO and Spectro­
lab collectors have an intercept on the n vs. 6T 
axis whi_ch ls in the 0 .40"" to 0. 46 range whereas good 
thermal-only collectors have intercepts in the 0.55 
to 0.70 range(see Fig. 1). 

We chose to focus our attention on collectors, 
like the Spectrolab model, which use air as the heat 
transf.el! fluid and in which the light receiving 
surface of the cells is bonded to a pane of glass. 
The glass serves as a rigid superstrate which pro­
tects the cells against f~acture from flexure. In 
such a PV/T design, the glass plate with the cells 
bonded to it beeomes the absorber plate of the ther~ 

mal part of the collector. The objective of good 
design is to reduce losses from this plate and to 
incorporate changes which lead to a large heat trans­
fer coefficient from the underside of the "absorber 
plate", i.e. from the PV cells, to the air. It is 
important that the difference between the tempera-
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ure of the cells and of the air flowing past the cells 
be minimized since if the cells are hotter than the 
air stream, their efficiency as PV cells decreases 
without benefit to the thermal performance of the 
collector. We concluded that the main reasons for 
the poor thermal performance of the first genera­
tion PV/T air collectors was excessive thermal 
resistance between the cell/absorber surface and 
the air stream. This would cause the cells to run 
hot and 'reduce their PV performance. In addition, 
we condluded that the low value of the intercept on 
the n vs. 6T characteristic was attributable to the 
lower absorptivity of the glass/cell "absorber 
plate" of the PV /T collector as compared to the ab­
sorptivity of the "black" metal absorber plates 
used in conventional flat plate collectors. Based 
on this analysis, we concluded that the thermal per­
formance of the PV/T collectors could be signifi­
cantly improved over that of the first generation 
collectors by modifications in surface absorptivity 
of the cells and by .increasing the heat transfer 
coefficient between the cells and the air stream. 

It was decided at the beginning of the project 
that except for the PV/T panels (which were not 
available commercially), all the other r.omponPnB 
.i.11 Lite system would be ·11off the shelf" i terns since 
the whole PV/T system is intended for commerciali­
zation when the price of photovoltaic cells drops 
to the levels envisioned by the DOE PV price goals 
for the mid 1980's. The electricity produce<l by 
the PV cells will be interfaced with the electrical 
utility through a synchronous inverter. This 
electrical energy will be used mainly for space 
conditioning; most of it will be used to run a con­
ventional heat pump. However, a portion will supply 
the distributed electrical load of the building. 
There will be no on-site electrical energy storage 
system. The thermal energy provided by the collector 
will be used to heat the building through a standard 
air heating solar thermal configuration . A rock 
storage bin will be incorporated in the sys­
tem. Figure 2 is a schematic representation of our 
system. The building we have designed is of uncon­
ventional construction. It will be prefabricated 
from framed sandwich panels consisting of two ply­
wood sheets enclosing a foam insulator interior. The 
exterior surfaces of the panels can be finished with 
fiberglass or aluminum sheets, gypsum board, hard­
wood panels, etc. The foam type, density and thick­
ness are selected to achieve a desirable balance of 
structural, thermal and acoustical properties. The 
building will be consigned to Brown University for 
the duration of the project by its manufacturer, 
Goldmark Industries of Newburg, N.Y. The floor 
area will be 1200 ft2; the roof is of A frame con­
struction, an optimum angle having been chosen after 
modeling of the performance of the building in Rhode 
Island. 



During the first phase of the project much of 
the effort was devoted to developing a computer 
model which would satisfactorily simulate the per­
formance of PV/T panels and of the whole system. 
By combining computer programs from the University 
>f Wisconsin (.TRNSYS - A Transient Simulation Pro­
:ram), Arizona State University (PV/T collector and 
inverter simulation routines), and Brown University 
(system controller and heat pump simulation routines), 
it has been possible to build a computer model that 
can simulate our complex, multi-mode PV/T system 
(shown schematically in Fig. 1) and that can accept 
frequent changes in the system's configuration or 
control scheme. 

A computer model of a baseline all-electric 
heat pump residence was also written and used to 
provide a basis for comparison over the full test 
year. This baseline simulation, together with 
simulations of various configuration of the PV /T­
heat pump system formed the basis for choosing the 
size of various components and for optimizing the 
control strategy. 

An important question about any energy system 
is its economic viability. In the case of the PV/T 
system under consideration, it is first necessary to 
determine the amount of electrical and thermal energy 
produced by the system and to determine its econo­
mic value. The simulation program described above 
provided this information. The next step is to 
determine the cost of the system components,installa­
tion costs and ma"intainance costs. Having collected 
this information, we then computed the return on an 
investment in PV/T and thermal only systems added 
!O the building. Various reasonable assumptions 
about the inflation rate, the discount rate,interest 
rate, tax credits, tax savings, etc . were made and 
cash flow projections for the assumed twenty year 
life of the system were made. 

Finally, aomponents for the system have been 
ordered. A construction schedule has been set up 
and work nn implementing the system has begun. 

The project has attracted financial support 
($50,000 for 1981) from the New England Electric 
System (.NEES), the parent company of the local 
electric utility. The value of the building being 
consigned to the project by Goldmark Industries is 
about $40,000. Other industrial organizations are 
expected to participate in the project by donating 
or consigning other equipment needed in the system. 

TECHNICAL ACCOMPLISHEMENTS 

A "second generation" PV/T panel was designed 
and constructed. Tests at the University of Conn 
Connecticut have shown that the. performance of this 
panel is significantly better than that of the 
Spectrolab and .ARCO panels which comprised the first 
generation PV/T panels. The performance improvement 
resulted from two factors . The first was an increas e 
in the absorptance of the cells .by recourse to tex­
tureed cells covered by an anti-reflection coating 
and to blackening of the metal grid contacts on the 
front of the cell. The second was an increase in 
the heat transfer coefficient by narrowing the air 
+1ow channel under the cells or by attaching f i ns 
o the backs of the cells. The test panel consisted 

.. f two sections. In one of Lht:l1l,heat tran!;fcr was 
increased by attaching fins to the cells as shown 
in Fig. 3; in the other half of the collector, heat 

6-5 

transfer was increased by decreasing the channel 
width to 0.30" as shown in Fig. 4. Figure 5 is a 
plot of the overall (thermal plus electrical) effi­
ciency n vs. x (i.e. 6T/I) for this two section 
collecto~. As is evident from this figure, the 
performance of both the finned and narrow channel 
(labeled "plain" in the figure) is substantially 
superior to the performance of the first generation 
PV/T collectors (Fig. 1). 

A flexible "streamlined" computer simulation 
model for the complete PV/T system was developed. 
It allows for exploration of fourteen modes of 
operation of the system. A weather tape for Rhode 
Island was fed into the program. It was found that 
the PV/T system would provide about 65% of the 
total energy needs of the building. About one half 
of the energy is thermal; the other half is electri­
cal. Of the electrical energy, about one half is 
produced at a time when it can be used in the 
building, the other half is returned to the utility. 
With reasonable assumptions about utility payback 
rates, the ~tility bill of the inhabitants of the 
building wiould be about 45% of what it would have 
been in the absence of the PV/T system. 

The economic value of the PV/T system was cal­
culated by comparing the savings on energy associa­
ted with the presence of the PV/T system on the 
building to the cost of the system. For this 
analysis, it was assumed that the system has a life 
of twenty years. Reasonable assumptions about 
possible inflation rates, escalation rates in the 
real price of energy, interest rates, discount rate, 
tax credits and tax deductions were incorporated 
into the model. It was found that a homeowner pur­
chasing the PV/T system would have a return on his 
investment ranging between 10% and 20% over the 
twenty year period, depending on which combination 
of assumptions about the inflation rates, etc. in­
volved is used. The PV/T system has a rate of 
return which is almost twice as large as the rate 
of return on a thermal-only system serving this 
building. A crucial assumption in the economic 
analysis is that the DOE p·rice goal for PV cells in 
1986 will be reached. 

An innovative prefa.bricated building using 
construction materials and practices which may be 
prevalent in the mid 80's has been designed. 

We have identified components' needed for the 
system like the synchronous inverter, heat pump, 
etc. and have plac~d nrrlP.rs for most of them. 

We have attracted significant financial support 
from the local electric utility and from the build­
ing fabricator. 

FUTURE ACTIVITIES 

We are proceeding with construction of the 
system which should be completed by September, 1981. 
We shall then monitor the performance of the system 
for at least two years. We have attracted as parti­
cipants in this project an innovative design firm 
REDE, Incorporated; a potential fabricator of a 
complete building with a PV/T system incorporated 
(Goldmark lndustries); the local utility which is 
interested in participating in monitoring the per­
formance of the system in. anticipation ·that such 
buildings may appear in its. territory during the 
next d~ca.rlP., a.nd a, potential consortium fui' the fab­
rication of the PV/T panels. The project has al­
ready served as a source of one Master of Science 



thesis and can be expected to attract other students 
interested in solar energy systems. 

PUBLICATIONS/REPORTS/REFERENCES 

1. We submitted a Draft Copy of the Final Re-
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port on Phase I of the project to DOE in February, 
1981. 

2. A paper describing the PV/T collector de­
sign, fabrication and testing is being presented 
at the Fifteenth IEEE Photovoltaic Specialists 
Conference in Orlando, Florida on May 15, 1981. 
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CONTRACT INFORMATION 

STARTDATE __ 7~/~l~/~7~9 __ _ END DATE __ 9....:./_3_0:..._/ 8_1_ CONTRACT VALUE _____ __,$_4:..._4_9 !...:' 9_9...:::1...:.... _oo:___ - --

MILESTONES 
Item: Due date: 

1. Final Report October 31, 1981 

2. Two PV/T test panels October 31, 1981 

3. 

4. 

5. 
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STUDIES OF HEAT TRANSFER AND WATER MIGRATION IN SOILS 

COLORADO STATE UNIVERSITY 

WYNN R. WALKER 

DE-Afo2-79cs30139 

OBJECTIVE 

The primary objective of this project was to 
investigate the· thermal properties of partially sat­
urated soil which may be located around or in buried 
heat reservoirs or pipes .. Four specific objectives 
were outlined: to model soil thermal conductivity in 
relation to mineralogical composition, water content, 
and bulk density; to study drying rates around warm 
surfaces; to investigate the water vapor permeabil­
ity of possible buried reservoi.r materials; and to 
evaluate heat exchange characferistics of buried 
pipes. 

DESCRIPTION OF WORK 

The thermal regime of partially saturated soils 
is an important design and operational parameter for 
solar energy. heat storage and heat pump assisted sys­
tems. A moist sand has a thermal conductivity of 
more than an order of magnitude greater than a dry 
clay soil. To maximize the efficiency of buried 
heat ·reservoirs, the conductivity of surrounding 
soil should be minimized by maintaining it in a dry 
aggregated form. This project involved first a ser­
ies of laboratory studiss aimed at providing an ac­
curate predictive model of soil thermal conductivity. 
A small reservoir consisting of a buried soil mass 
enclosed in a sealed plastic bag was constructed to 
evaluate the thermal storage efficiency of such sys­
tems. The movement of. soil moisture away from the 
reservoir as wel 1 as from coils of plastic he.at ex­
change piping within the reservoir was studied in 
1 aboratory soi 1 co 1 umns. . The reservoir concept, i 1-
1 us trated in Fig .. 1, was heated and cooled to devel­
op basic operational data. The results were then 
extrapolated to a 880 cubic meter reservoir which 
could be coupled via a heat pump to.a solar collec­
tor system to provide hot wmter and ~pace heating 
to a residential sized bufldlng. A fin•l phase of 
the work involved a complex finite element simula­
tion of heat and moisture movements away from heated 
surfaces. 

TECHNICAL ACCOMPLISHMENTS 

"A computational procedure was developed and veri­
fied for predicting the thermal i:;o11du.:.tivity of a 
partially saturated soil having variable water 
contents, mineralogical composition· and bulk den­
sities. A summary of the results, shown in Fig. 2, 
include four soi ls: (1) a bentonite clay (90% clay 
and silt, 10% sand); a sandy clay loam (46% clay 
and s i 1 t, 54% sand); a clay loam (.66% clay· and 
silt, 34% sand); and a'loamy sand (.12% clay and 
silt, 88% sand). The accuracy of the model cover-

. i ng these soi 1 s, a wide range of densities, a 
moisture content and tP.mperature was within ;!:_11%. 
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Fig. l. 11 l°ustration of the field heat storage 
reservoir using insitu soil materials. 

"The extrapolation of the prototype heat° storage 
reservoir using insltu soi 1 mate~lals to a full 
scale instal la.tion coupled to a solar. hot water 
and space heating system improved the solar func­
tion of the system from 0.58 to 0.84. The small 
r~servoir actually studied experienced heat losses 
of 1.6% of th~ stc;>red heat per day at maximum tern-· 
perature. 

·wat.er vapor permeabilities of various materials 
that .could be used to enclose buried sol 1 heat 
storage reservoirs were measured. Table 1 pre­
sents a summary of these results. 

"A detailed finite element model of heat and water. 
movement away from heated surfaces In a soil was 
formulated and tested. Two cases were modeled:· 
(.1) one-dimensional flux near plane surfaces; and 
(2) cyl.indrical flux around pipes. An 11 lustra­
tion of the predictive capability. Is given for one 
plane flow CdSe in Fig. J. 
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TABLE I. WATER TRANSPORTATION CHARACTERISTICS 
OF POSSIBLE THERMAL RESERVOIR BARRIER 
MATERIALS. 

Material Temp. Water Transmission 
oc 

(,gm day -1 m-2) 

Polyethylene Plastic 
10 mi I low density 80 200 

50 55 
20 10 

20 mi I l0w density 80 110 
6 mi I medium density 80 70 
4 mil high density 80 60 
.J.. ml i r11 gn a~ns i tY au 2.!)U 

20 mi I Hypalon 80 70 
45 mi I Butyl Rubber 80 20 
50 mm Polyurethane Foam 20 10 
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Fig. 3. Predicted and measured heat flux through 
a cross-section in the Solar Village soil 
column. 

FUTURE ACTIVITIES 

The research has been completed and the final 
repor:t has been submitted to the Department of En­
ergy. No further studies are anticipated. Results 
of this project will be written into ~apers and sub­
mitted to one or.more professional journals. 

' 
PUBLICATIONS/REPORTS/REFERENCES 

Walker, W •. R., J. D. Sabey and D. R. Hampton. 
1981. Studies of Heat Transfer and Water Migration 
in Soi Is. Final Project Report, Available from the 
DQf Technical Information Center. 

CONTRACT INFORMATION 

START DATE May L 1979 ENDDATE Sept. 30. 198a:;ONTRACTVALUE $60 000 
-~~~~---------~~--"-

MILESTONES 
Item: Due date: 

1. 
see technical accomplishments 

2. 

3. 

4. 

5. 
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NATIONAL SOLAR DATA NETWORK 

VITRO LABORATORIES DIVISION, AUTOMATION INDUSTRIES, INC. 

DONALD M. ROHA 

DE-AC01-79CS30027 

OBJECTIVE 

The objective of the National Solar Data Net­
work (NSDN) is to assist in the development of 
solar technologies by providing data and informa­
tion on: (1) the effectiveness of specific systems 
around the country, (2) the effectiveness of par­
ticular solar technologies, (3) areas of potential 
improvement in system and component effectiveness, 
and (4) the effectiveness of new technologies under 
development for solar applications in actual oper­
ating environments. 

DESCRIPTION OF WORK 

The NSDN effort encompasses the selection of 
sites to be incorporated into the network and the 
development of analysis procedures to evaluate 
solar system performance. Solar sites are located 
throughout the United States and include commer­
cial, residential and industrial applications. 
Active domestic hot water, space heating, space 
cooling, and passive systems are evaluated. In 
addition to DOE funded sites, the DOE/NASA Opera­
tional Test Site Program and privately funded sites 
are included. Design of the instrumentation system 

· to collect data from the sites, as well as calibra­
tion, operation, and maintenance of the instrumen­
tation is accomplished. Data reduction, analysis 
and reporting of the solar performance is a major 
activity. Reports describe the performance of 
systems, ~ompare various applications, and discuss 
the effectiveness of particular technologies. 
Technical papers are presented at professional/ 
solar conferences to disseminate the solar develop­
ment status. 

TEGHNICAL ACCOMPLISHMENTS 

The 1980-1981 time period involved a signifi­
cant transition of the NSDN program. Two major 
facets of the program were emphasized: (1) upgrad­
ing of the NSDN data collection, analysis, report­
ing and dissemination of information, and (2) 
restructuring of the program to support the new DOE 
goals of evaluating the developmental status of 
solar systems and identifying those attributes of 
installed systems and components which are limiting 
the development of solar technology applications. 

. Upgrading NSDN 
The Vitro staff developed new.analysis tech­

niques as a result of its own studies and from in­
puts from the user community including site owners, 
designers, universities, DOE, Argonne National Lab­
~ratory (ANL), Department of Housing and Urban 
levelopment (HIHl), National Bureau of Standards 
;NBS), and NSDN Advisory Board. A Solar E.nergy 
Analysis Guide was developed to assure standard 
analysis procedures. Concentrated efforts were . ' 6-9 

applied to the maintenance of site instrumentation, 
resulting in nearly tripling the number of sites in 
reporting status. Vitro assumed from other agen­
cies direct responsibility for maintenance and re­
pair actions for site instrumentation, thereby 
shortening the time to restore a site to reporting 
status. 

A repretoire of report types was implemented 
to meet the needs of the solar communities. The 
Monthly Performance Report was enlarged to include 
interpreted information and.graphics to present the 
energy flows. The Solar Bulletin, a concise per­
formance summary, was initiated to reach a greatly 
expanded list of potential solar users. Seasonal 
or annual reports were provided for a significant 
number of sites. Major documents were issued which 
compared the performance of solar systems within 
each of the major applications: space.heating, 
domestic hot water, space cooling, and passive 
systems. An "Overview Report", summarizing the 
solar design and installation experiences, has been 
issued in draft form for review. Over thirty Tech­
nical Papers have been submitted, including many to 
conferences sponsored by ASME, ISES, ASHRAE, 
National Association of Home Builders (NAHB), and 
passive solar groups. In addition, En~ironmental 
Data Reports and National Solar Data Program Per­
formance Results (3 volumes) have been issued. 

In order to expand awareness of the solar 
results, the NSDN Exhibit was displayed at eight 
conferences with a total attendance of approximate­
ly 55,000 people. Samples of NSDN reports were 
mailed to 700 state energy organizations, univer­
sities and colleges, publications, and regional 
energy groups. 

Restructuring of the NSDN Program 
The current sites in the NSDN were reviewed to 

determine their ability to contribute conti-nui ng, 
useful information on the effectiveness of solar 
systems. Approximately 50% of the sites were ter­
minated as having already provided the needed in­
formation or being unlikely to provide additional 
information due to poor design, component instal­
lation or application features. Simultaneously, 
new site selection criteria were developed to sup­
port DOE solar goals. Recommendations for private­
ly funded sites were solicited from state energy · 
offices, RSEC's, utilities, manufacturers, solar 
experts and governmental agencies. Over 600 recom­
mendations were reviewed and approximately 40 sites 
were recommended to DOE for incorporation into the 
NSDN. These sites were selected to provide infor-
111a ti on on sys tern!:: utilizing new tech no l ogi es and 
operational techniques as installed and operated in 
the user environment. A new system was developed 
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to shorten the fonner one year period required to 
instrument a new site to less than four months. 

A Draft Program Plan has been developed by DOE 
to provide guidance and review of the NSDN effort. 
Due to funding. reductions, the number of sites in 
the network has been decreased. 

The NSDN also assumed responsibilities in sup­
porting other programs. 'The Operational Test Site 
(OTS) Program managed by Marshall Space Flight Gen-

. ter was supported by the NSDN. The "Class A" pas­
sive program also utilizes the NSDN. Cooperative 
agreements with the National Association of Home 
Builders, Niagara-Mohaw~ Electric Power, Long 
Island Light Company, and a southern California 
utility have provided for interchange of infonna­
tion needs. 

Through these reports and technical papers, 
Vitro has been able to identify the critical fea­
tures of successful solar system design, instal­
lation, and operation as well as provide insight 
into areas needing further development. 

FUTURE ACTIVITIES 

Emphasis is placed upon evaluating the perfor­
mance of solar technologies as incorporated in 
actual settings. Increased interpretation of re­
s~lts and cross comparisons of system and applica­
tions will be provided. The development status of 
specific technologies will be reported. An aggres­
sive program of communicating the results will be 
provided through reports, technical papers, 

mailings, and exhibits. The NSDN program will con­
tinue ta add sites representing new technologies 
and will drop sites which will not produce further 
useful infonnation. The NSDN will be used to col­
lect information in the reliability and maintain­
ability area, in the corrosion effects area, and 
in the development and validation of lower cost/ 
short term monitoring techniques. 

PUBLICATIONS 

Comparative Reports: 
Perfonnance of Active Solar Space Heating 

Systems, SOLAR/0025-80/42, 1979-1980 
Heating Season. 

Perfonnance of Active Solar Domestic Hot Water 
Systems, SOLAR/0024-80/41, 1979-1980 Season. 

Perfonnance of Active Solar Space Cooling 
Systems, SOLAR/0023-81/40, 1980 Cooling 
Season. 

Perfonnance of Passive Solar Space Heating 
Systems, SOLAR/0022-81/39, 1979-1980 Heating 
Season. 

Solar Design and Installation Experience: An Over­
view of Results from the National Solar Data Net­
work, SOLAR/0009-81/37. 

The above reports, along with a listing of all 
NSDN reports (Availability of Solar Energy Reports 
from the National Solar Data Program, SOLAR/0020-
81 /43) may be obtained by writing: U.S. Department 
of Energy, Technical Infonnation Center, P.O. Box 
62, Oak Ridge, Tennessee 37830. 

CONTRACT INFORMATION 

. START DATE October ], 1979 END DATE Sept. 30. 1982:coNTRACTVALUE $18,340,810 
~~~""-'-'~~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Develop solar analysis procedures, operate NSDN, issue required reports. Current 

2. Incorporate twenty-two (22) new solar sites into the NSDN 09/30/81 

3. Issue fifty-five (55) Seasonal (annual) Perfonnance Reports. 09/30/82 

4. Prepare and present twenty (20) papers at conferences. 09/30/82 

5. Issue four (4) Comparative Perfonnance Reports. 09/30/82 

6-10 



•• 
tilt 

I • • 



SOLAR COOLING SYSTEMS EVALUATION 

HITTMAN ASSOCIATES, .INC. 

HENRY M. CURRAN 

DE-AC03-79CS-30202 

OBJECTIVE 

The project objective is to provide assistance 
to Lawrence Berkeley Laboratory in the monitoring 
and evaluation of DOE solar cooling contracts, and 
to perform related research activities. 

DESCRIPTION OF WORK 

. · Contract activities include site visits, re­
view of contractor reports, assistance to contrac­
tors in development of equipment test programs, 
evaluation of unsolicited proposals, preparation 
·of topical reports in support of solar cooling 
developments, and assistance to LBL in development 
of the Solar Cooling Program. 

TECHNICAL ACCOMPLISHMENTS 

• A paper on thermal storage for solar Rankine 
and absorption cooling was presented at the 
DOE Solar Energy Storage Options Workshop [11. 
This paper provides an overview of the use of 
sensible and latent hot side and cold side ther­
mal energy storage units in solar cooling sys­
tems.· Summary data on 17 solar cooling projects 
are included. 

• A paper on the DOE solar cooling program 
activities was published [2]. This is an over­
view of the solar cooling technologies being 
developed under DOE sponsorship. 

• A paper on thermal energy storage criteria was 
presented at the Seventh Energy Technology 
Conference [3]. 

•The use of organic.working fluids in Rankine 
engines was surveyed and the results documented 
in a report [4]. This report provides a compi­
lation of data on the use of organic.working · 
fluids in operational Rankine engines in ·the 
U.S.A. and other countries. Primary emphasis 
is placed on the maximum temperatures, and on 
the identification of thermal instability and 
chemical reaction problems related to these 
temperatures. Data are presented for 2,150 
operational Rankin~ engines from 20 different 
manufacturers and using 16 different working 
fluids. A procedure for dynamic stability 
testing of organic working fluids was prepared 
in connection with this work. 

- fterformance test plans were developed for 
ankine and desiccant cooling equipment. 

•Technical input was provided to the'DOE solar 
cooling corrrnercialization readiness assessment. 
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• A presentation on future prospects for solar 
systems was made in a panel discussion of 
"Solar Energy for the Second Century" at the. 
ASME Century 2 Solar Energy Conference, San 
Francisco. August 1980. 

• A study on the use of thermal energy s.torage 
· in solar cooling systems was completed [5]. 

This report is a follow-on effort to an earlier 
study [6] prepared under another contract. This 
report concentrates on design requirements of 
therma.1 storage subsystems for active solar. 
cooling systems. It includes an overview of 
solar cooling technologies, collector subsys­
tems, thermal energy storage subsystems and 
configurations, and thermodynamic and heat 
transfer considerations. 

• Technical assistance was provided to LBL and 
DOE on the development of a multi-year Solar 
Cooling Program. 

• A study on the hybrid solar/fossil Rankine 
cooling concept was prepared [7]. A paper 
based on this study. is to be presented.at the . 
16th ·IECEC [8]. Thts paper provides a technical 
and economic review of the hybrid .solar/fossil 
solar cooling concept in which a dual energy in­
put Rankine engine is used to drive a vapor com­
pression chiller. In the Rankine engine a solar 
energy input is used to evaporate the water · 
working fluid and fossil fuel is used to super­
heat the steam. The concept is found to provide 
a higher coefficient of performance than an or­
ganic Rankine chiller, and to require ~bout one­
half ·as much solar collector area. The economic 
analysis _indicates that the hybrid concept· 
would lose its advantage over the organic Rankine 
chiller when and if the necessary conditions for 
widespread market penetration of solar coo11ng 
systems actually occur - i.e., higher fossil fuel 
costs and lower solar collector costs. 

•A preliminary plan for experimental testing of 
control strategies for solar cooling systems 
was developed [9]. Factors related to the en­
vironmental control of buildings are discussed, 
including the structural shel'I, the HVAC .system, 
the control system, and human factors •. The 
testing gf eantrol strategies is considered with 
respect tfo modeling and computer simulation and 
experimel'ltal. testing of instal 1.ed equipment. 

• A topical report was prepared· on high-tempera­
ture solar cooling systems .[10]. A paper based 
on this work is to be presented at the ASHRAE 
meeting in Houston, January 1982. This study 
examine~ the feasibility of extendin!J 1.ipward 
from the present level of about 150 C the input· 
temperature of thermally-activated solar cooling 
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systems. Because of i,nherent temperature 
limitations for solar absorption and desiccant 
systems, the primary consideration is with 
respect to solar Rankine cooling. There 
appear to be no significant technical obstacles 
to the design of Rankine chillers with input 
temperatures up to the 500 to 600 C range, and 
a substantial technological base exists • 
Using existing technology a 500·C Rankine chiller 
could be expected to have a design point COP 
about 1.3 to 1.4 times as large as that of )50 C 
chillers currently being developed. Specialized 
design might raise this ratio to abo~t ~.6. 
There ·are no existing or proposed building code 
provisions which would limit the temperature, 
other than safety limitations inherent in the ma­
terials. Most jurisdictions could be expected 
to require licensed stationary engi~eers. A.gen­
eral estimate indicates some potential for high­
temperature systems to be somewhat less costly 
than low-temperature systems. 

•As of.May l9Bl the principal investigator had 
participated in 19 site visits to DOE contractor 
solar cooling projects, and had reviewed 28 
contractor topical and final project reports 
and 11 unsolic.ited proposals. 

•A computer listing by key-words of solar energy 
and related documents has been established. 
As of May 1981, approximately 1000 documents 
had been listed. 

FUTURE ACTIVITIES 

The previous types of activities will be 
continued. A study of on-site solar thermal elec­
tric power generation is currently in progress 
(May 1981). 

PUBLICATIONS/ REPORTS/ REFERENCES 

1. H.M. Curran and s. Heibein, "Thermal Storage 
for Solar Rankine and Absorption Cooling 
Systems," Proceedings of Solar Energy Stor­
age Options Workshop, San Antonio, Texas, 
March 1979. 

2. W. Schol ten and H. M. Curran, "Solar Cooling 
Update," Solar Age, Vol. 4, No. 8, June 
1979. 

3. J. DeVri es, "Thermal Energy Storage Criteria," 
Proceedings of Seventh Energy Technology 
Conference, Washington, D.C., March 1980. 

4. H.M. Curran, "The Use of Organic Working 
Fluids in Rankine Engines," report submitted 
to LBL, September 1979, and presented at the 
15th Intersociety Energy Conversion En­
gineering Conference, Seattle, Washington, 
August 1980. To be published in Journal of 
Energy, May-June 1981. 

5. H.M. Curran and J. DeVries, "Options for 
Thermal Energy Storage in Solar Cooling Sys­
tems," topical report submitted to LBL and 
ANL, September 1980, revised May 1981. 

6. Lee, C., L. Taylor, J. DeVries, ands. Heibein, 
"Solar Applications of Thermal Energy Storage," 
report prepared for U.S. Department of Energy, 
January 1979. · 

7. H.M. Curran, "Evaluation of Hybrid Solar/Fos­
sil Rankine Cooling Concept," topical report 
submitted to LBL, November .1980, revised 
March 1981. 

8. H.M. Curran, "Solar/Fossil Rankine Cooling," 
Proceedings of 16th Intersociety Energy 
Conversion Engineering Conference, Atlanta, 
Georgia, August 1981. 

9. H.M; Curran, "Experimental Testing of Con­
trol Strategies for Solar Cooling Systems," 
draft topical report submitted to LBL, 
February 1981. 

10. 11.M. Cuua11, "H iyh Temµl:!l'dlUl't:! 3u1dr Cuol 1ng 
Systems," draft topical report submitted to 
LBL, March 1981. 
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TECHNICAL SUPPORT FOR THE ACTIVE SOLAR AA.NKINE AND ABSORPTION COOLING PROGRAM* 

LAWRENCE BERKELEY LABORATORY 
UNIVERSITY OF CALIFORNIA 

Michael Wahlig, Mashuri Warren, Ron Glas 

Contract No. W-7405-ENG-48 

OBJECTIVE 

To provide technical support for the Rankine 
and absorption elements of the active solar cooling 
program. 

DESCRIPTION OF WORK 

The technical support activities provide as­
sistance in the active solar cooling program area to 
the DOE San Francisco Operations Office (SAN) Con­
servation and Solar Division and to the DOE Head­
quarters (HQ) Active Heating and Cooling Division, 
Office of Solar Applications for Buildings. These 
activities include program planning, technical moni­
toring and evaluation of ongoing projects, including 
site visits and review of progress reports, co­
ordination of review of unsolicited proposals, as­
sistance in the preparation and evaluation of res­
ponses to program solicitations, and coordination of 
related activities by other organizations. 

TECHNICAL ACCOMPLISHMENTS 

The following are representative of the program 
planning activities that took place over the past 
fiscal year: · 

1 Preparation of first and second drafts' of 
multiyear Program Plans for Rankine and Ab­
sorption Solar Cooling Systems. 

1 Writing of a "white paper'' on solar cooling 
technologies, as input to the DOE's five­
year planning exercise.· 

1 Preparation of documents for DOE/HQ on solar 
cooling's potential to achieve eventual 
market penetration and on the DOE solar 
cooling program's role in accomplishing this. 

1 Participation in major planning meetings for 
the Active· Solar Heating and Cooling Program 
at 'DOE/HQ and DOE/SAN. 

Some of the major technical monitoring and 
evaluation activities over the past fiscal yeilr in~ 
elude: 

1 Conduction of, and participation in, 21 
site visits and project reviews covering 

· * This work has been supported by the Assistant 
Secretary for Conservation and Renewable Energy, 
Office of Solar Applications for Buildings, Active 
Heating and Cooling Division of the U.S. Depart­
ment of Energy under Contract No. W-7405-ENG-48. 
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14 different DOE contractors; review of 7 
final reports and phase reports; assistance 
to DOE/SAN in specifying the Statements of 
Work for follow-on efforts by several of 
these contractor~. 

• Initiation of a contract with SERI for LBL 
· to provide technical monitoring of five 

u.s.-saudi. (.SOLERAS) solar cooling projects. 

• Preparation and sending to DOE/SAN of month­
ly summary reports on all the DOE solar 
cooling projects; preparation and sending 
to DOE/HQ of several reports on solar cool­
ing R&D program accomplishments and status. 

During the past fiscal year, LBL conducted the 
review of nine unsolicited proposals. For each 
proposal, the comments of all the reviewers were 
sU1TDTiarized and sent to DOE along with a recommend­
ation for action. 

LBL assisted DOE/SAN in preparing and evalu­
ating responses to an RFP.on the Determination of 
Properties of Fluids for Solar Cooling Applications. 

LBL staff have engaged in a number of co­
ordination activities related to.the active solar 
cooling program, including: 

1 Coordination with NASA/MSFC (Manned Space 
Flight Center in Huntsville, Ala.) on the 
status and future priorities of the solar 
·cooling projects that they are managing for 
DOE. 

1 Coordination with Oak Ridge National Lab- · 
oratory coricernin~ the cooling projects 
(for which they are technical monitors) 
that make use of waste heat sources~ 

1 Coordination with the Gas Research Institute 
on cooling and heat pump programs and pro­
jects of mutual interest, especially solar­
powered cooling appl'ications using gas 
auxiliary energy, 

1 Assistance to the American Samoa Energy 
Office with their plans for using large­
scale solar cooling systems as.a solution 
to one of their major energy problems, the 
scarcity and high-cost of diesel fuel. 

1 Coordination of the utilization of the LBL 
Building 71 Federal Buildings Solar Demon­
stration Project as a field test installa­
tion for a new 25-ton packaged absorption 
chiller recently developed by Arkla as part 
of the DOE solar cooling R&D program. 



FUTURE ACTIVITIES 

It is expected that similar types of technical 
support activities to those described above will 
continue in the future. Completion of the new act~ 
ive solar coolfog1multiyear plan should occur, 
followed by its implementation, largely through·the 
preparation and issuance of new solicitations. The 
cost and performance goals for the program should be 
refined, and used to establish priorities for sup~ 
plying the R&D activities, Unsolicited.proposal 
reviews will continue to be carried out as received, 
Site visits will·be conducted· for all appropriate 
active ·cooling contractors, and progress and topical 
reports will be reviewed. Finally, the critical 
coordination activities with other organizations 
involved with similar programs will ·continue to be 
pursued diligently. 
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PROGRAM SUPPORT FOR ACTIVE BUILDINGS DIVISION 
"SYSTEM DEVELOPMENT BRANCH, OFFICE OF SOLAR APPLICATIONS FOR BUILDINGS* 

LOS ALAMOS NATIONAL LABORATORY 

CHARLES A. BANKSTON 

W-7504-ENG-36 

ABSTRACT 

Program support work performed by Los Alamos 
National Laboratory for the Department of Energy, 
Office of Solar Applications for Buildings, Divi­
sion of Active Heating and Cooling is described. 
Background information and accomplishments are 
included. 

OBJECTIVE 

This program provides technical management 
support and contract monitoring for the Systems 
Development Branch, Division of Active Heating 
and Cooling, Office of Solar Applications for 
Buildings, Department of Energy, in the areas of 
collectors for solar-assisted heat pumps, col­
lectors for Rankine and absorption cooling, and 
materials used in these collectors. As of 
October 1980, there were 28 such projects requir­
ing contract monitoring and technical management. 

The primary responsibility involves the con­
tinuous and close monitoring and evaluation of the 
technical activities of DOE contractors. This 
includes review of all their reports and publica­
tions, site vis its, technical prngr.eet; ~v1.1luation 
and redirection, contract modifications, analyses 
of contractor time schedules and goals, and the 
coordination of these projects with the overall 
solar heating and cooling program. 

Other responsibilities include assisting with 
the preparation of solicitations of new proposals 
(RFPs and PRDAs); the review and evaluation of 
new proposals, both solicited and unsolicited; 
review of statements of work for new contracts; 
short- and long-term overall program planning; and 
the promotion of exchange of information between 
contractors, government agencies, other national 
laboratories, and industry and university groups 
involved in solar energy work. 

These responsibilities apply to the areas of 
collectors and materials for solar-assisted h'eat 
pumps, for Rankine cooling, and for absorption 
cooling. 

BACKGROUND 

This program support is a continuing effort 
that began in 1975 when Los Alamos conducted an 
assessment of solar heating and cooling technology 
and, on the basis of that assessment, prepared 
the first draft of the National Program Plan for 
Research and Development in Solar Heating and 
Cooling for Buildings, Agriculture and Industrial 
Applications, DOE/CS-0008. ·The Laberatory's role 

in implementing the R&D Plan and supporting the 
resulting program has been a major one involving 
primary responsibility for the collector and 
materials R&D and supporting responsibility for 
systems analysis and AIPH programs. As a result 
of reorganization and restructuring of the Office 
of Solar Applications, the collector R&D program 
is now imbedded in the various programs' of the 
Systems Development Branch. 

TECHNICAL ACCOMPLISHMENTS 

Programs supported by the technical staff at 
the Laboratory have now reached a mature level. 
The collector program, which was largely 
implemented in FY-77 through a series of four 
solicitations, has involved as many as 96 
projects for which Los Alamos had technical 
monitoring responsibility. The program 
currently involves 39 active projects. Not all 
of these projects can be monitored on the funding 
of this proposal, which is primarily oriented 
toward providing technical support for collectors 
for Rankine, absorption, and heat pump systems. 
Many development projects have already been 
completed, but many important results from study 
and research proj~tts are just beginning to 
surface. The nature of the support work now 
concentrates on review and evaluation of 
accomplishments and utilization of results. 

SUPPORT ACTIVITIES SINCE OCTOBER 1, 1980 

• 

• 

• 

• 

• 

Major Contractor Reports Re~iewed. We 
reviewed four semiannual reports, six draft 
final reports, and six final reports. 

Site Visits. Our technical monitors made 
nine site visits to review the projects, 
assess accomplishments, and help guide future 
work. 

Project Reviews. We conducted evaluations 
and reviews of six·projects. 

Coordination Activities. We participated in 
the work of two committees, the Solar Optical 
Materials Program Activity Committee and the 
American Society for Testing and Materials 
Committee on Materials Performance, whose 
purpose is the improvement of materials for 
solar applications. 

New Projects. We wrote Statements.of Work 
and Justifications for Noncompetitive 
Procurement for two unsolicited proposals 
that we had recommended for funding. These 
new projects started work in February 1981. 

*Work performed under the auspices of the US Department of Energy, Office of Solar Applications for 
Buildings. 
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SOLAR COOLING STUDIES 

University of Maryland 

D.K. An~nd, R.W. Allen 

Contract DE-AC03-79CS30204 

OBJECTIVE 

This contract provides technical support to 
DOE and conducts in-house research in solar 
cooling. The objectives of the.research are: 

• To conduct transient studies of the 
Li-Br absorption cycle; 

• To develop a simplified cooling design 
chart; and 

• To study photovoltaic/thermal cooling/ 
heating systems. 

DESCRIPTION OF WORK 

Transient Simulation 
A lithium-bromide/water absorption 

·machine consists of a generator, a condenser, 
an evaporator, an absorber, a pump, and a 
solution heat exchanger interposed between 
the absorber and the generator. Heat exchanger 
components of such a machine are usually 
manufactured in the shell-and-tube configuration. 
Large absorption machines are equipped with spray 
headers in the absorber and evaporator components, 
whereas residential-sized units are usually 
equipped with drip headers in the absorber and 
evaporator components.· One intermediate-sized 
conmercial machine utilizes a drip header in 
the generator so as to provide liquid-film 
boiling instead of pool boiling of the solution. 
The present transient modeling effort is based 
on a residential machine with a pool boiling 
generator and· drip headers in the absorber and 
evaporator components. 

The simulation of the transient behavior 
of the absorption cycle provides information 
on the transient response both during the start­
up phase and during the shut-off period. The 
simulation model incorporates such influencing 
factors as the thermodynamic properties of the 
working fluid, the absorbent, the heat-transfer 
configuration of different components of the 
chiller and related physical data. The time 
constants of different components are controlled 
by a set of key parameters that have been identi­
fied in this study. The results show a variable 
but at times significant amount of time delay 
before the chiller capacity gets close to its 
steady-state value. The model is intended to 
provide an insight into the mechanism of build­
up to steady state performance. By recognizing 
the significant factors contributing to transient 
degradation, steps can be taken to reduce such 
degradation. The evaluation of the residual · 
capacity in the shut-off period will yield more 
realistic estimates of chiller COP for a chiller 
satisfying dynamic space cooling load. 
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Simplified Cooling Design 
Predictions of the performance of solar cool­

ing systems on a long term basis have been generally 
obtained through the use of detailed simulation 
programs. However, use of these programs becomes 
expensive for design purposes; in addition, not 
all designers have access to computers that can 
handle detailed simulations. An alternative 
approach is a simplified cooling design corre­
lation similar to the f-chart method for heating 
designs which was based on a direct correlation 
of the results from detailed simulation runs. 

Analysis of a solar cooling system on a 
long-term basis has shown that the solar cooling 
fraction can be correlated in terms of two dimen­
sionless parameters which.incorporate the long­
term average of values of the insolation, 
ambient temperature, cooling load, the long-
term collector parameters and the chiller COP. 
In the present work, regional solar cooling 
fraction charts have been .constructed using the 
two derived dimensionless parameters. The 
simplified cooling design chart method is validated 
by direct comparison of systems performance 
predictions with detailed system simulation 
results. 

Photovoltaic/Thermal Analysis 
The purpose of the photovoltaic/thermal work 

is to simulate and compare under varying operating 
conditions the thermal and electrical performance 
of a combined PV/T solar collector-series heat 
pump system when applied to the heating and cooling 
of a building. Design parameters of importance 
are the collector area, flow rate, performance 
parameters, orientation; electrical and thermal 
storage size; control temperatures.for direct 
and heat pump heating; and location dependent 
weather and building energy loads. A detailed 
computer simulation program is developed incor­
porating performance models for the solar collec­
tor, storage components, heat pump~ electrical 
power conditioning equipment, and service system 
simulations for Washington, DC, Madison, WI 
and Phoenix, AZ. The critical design parame.ters 
are isolated and broad guidelines developed for 
system design and optimization. Results are 
based on a comparison of long-term performance 
indices including electrical and thermal solar 
fractions, collector efficiencies and component 
COP's. 

The second part of this work develops a 
general design procedure for the PV/T collector­
series heat pump system that may be used to 
estimate the monthly solar fractions for a given 
load. 

TECHNICAL ACCOMPLISHMENTS 



The technical accomplishments are presented 
· for each of the above studies. For transient 

simulation of Li-Br absorption cycles, they are: 

• The individual components have been 
mathematically formulated· and simulated 
on the computer.- These simulations 
indicate that the si gni fi cant t.ime 

. constants a"re" in the natural convection 
phase of the boiler, condenser hot well 
and in the wetting of evaporator tubes. 

• Simulation of the total cycle·gives 
results that· are comparable to experi­
mental data from BNL and Arizona State 
University (See Figs. l and 2). 

For the simplified cooling design for residential 
systems the major accomplishments ·are: 

• The simplified design charts can be 
developed for solar cooling provided 
they are done on a regional·basis for 
minimjzing error. It 1s found that 
four distinct regions are necessary for 
the simplified design charts (See Fig. 3). 

The errors between the simplified charts 
and detailed simulation are less than 5% 
( See Fi g. 4) • 

For the photovoltaic/thermal system the technical 
accomplishments can be summarized as follows:. 

• The electrical and thermal storage 
capacities as well as the collector 
flowrate are found to have only a small 
effect on the long-term performance of 
the PV/T collector-heat pump system over 
a wide range of values of practical 
interest. 

From point of view of maximizing photo­
voltaic output, expensive collector 

thermal designs ~ith low heat loss 
coefficients and employing multiple 
glazing·s are not justified. 

• The long term system performance is 
found to drop off rapidly at small 
collector areas. because 'starvation' of the 
heat pump evaporator results in poor 
utilization of the ·series heat pump 
capability. Large collector areas, how­
ever, lead to elevated storage tempera-

. ture and degraded collector efficiencies, 
because the system tends to be thermally 
oversized a lot of the time. The optimum 
system size can be determined by examining 
system costs, fuel savings and other 
economic factors. 

FUTURE ACTIVITIES 

In addition to the technical support to DOE, 
it is anticipated that the cooling design charts 
and photovoltaic/thermal analysis will be completed 
during the next year. 

PUBLICATIONS 

1. Venkateswaran, S.R. and Anand, D.K., "A 
De-slgn Procedure for Conii>ine.d Photovoltaic/ 

,Thermal Solar Collector - Heat Pump Systems,"· 
ISES Conference, Phoenix, Arizona, May 1980. 

2. Anand, D.K., Allen; R.W. and Kumar, B., 
"Transient Simulation of Absorption Machines," 
ASME/DOE System Simulation Conference, Reno, 
Nevada, April 1981. 

· 3. Anand, D.K., Kumar, B, and Allen, R;W., 
"Simplified. Cooling Design Charts," ISES 
Conference, Philadelphia, Pennsylvania, May 
1981. 

4. Anand, D.K., Kumar, B. and Allen, R.W., 
"Regional Simplified Solar Cooling Design 
Charts~" lntersociety Energy .conversion 
Engineering Conference, Atlanta, Georgia, 
August 1981. 

Results of Chiller Simulation 
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SYSTEM DEVELOPMENT 

NASA/MSFC 

DEVELOPMENT in SUPPORT of DEMONSTRATION 

In 1974, the NASA was asked to undertake the 
"Development in Supp,ort.of Demonstration" portion 
of the National Pro9ram. The. Marshall Space 
Flight Center (MSFC) .was assigned the develop­
ment of marketable heating, cooling and water 
heating systems for use in the Demonstration 
Program. The term "marketable" meant to ensure 
design approaches with supporting drawings that 
would allow the hardware to be manufactured ac­
cording to "mass production" knowledge and tech­
niques. 

The schedule for this development task call­
ed for delivery of heating systems that met pro­
totype requirements by mid 1977. The combined 
heating and cooling system delivery milestone 
was mid 1979. These dates were consistent with 
the terms of the legislative acts which initi­
ated the Program. The sihedule took into account 
the state-of-the-industry at the time and the 
best trade between the accomplishments envision­
ed versus the cost of accelerating the develop­
ment of a solar industry. 

The technical approach to the Development . 
Program was based on the technology status and 
the overall focus was for system development. 
All of the necessary intermediate steps of sys­
tem criteria, standards, analysis, testing; and 
evaluation were employed to bring the variety 
of technology available into integrated systems. 
A procurement strategy was developed to bring in­
to the Program a good representation of the na­
tional im.lu:;try both to a:;:;css and to stim1.ilatP. 
solar capabilities. 

The Program was introduced with briefings 
to industry followed by requests for proposals. 
A total of 88 proposals were received. A sum­
mary of the types and numbers of contracts a­
warded and systems to be delivered and tested at 
Operational Test Sites is shown in Figure 1. 

N/A 

N/A 
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The Program is being accomplished essential­
ly as planned with some modification in the high 
cost, large system deliveries. The decision to 
reduce numbers of systems to be delivered, in­
stalled, tested, and evaluated resulted from tech- .. ,. 
nical and budgetary considerations. Certain 
large, heating-only systems would not produce 
new information commensurate with system costs 
and were traded for several technical improve­
ments indicated after the development was under 
way. 



OPERATIONAL TEST SITES 

System Operational Test Sites were chosen 
from among local, state or federal government 
buildings and were representative of the several 
regions of the nation. They were fully instru­
mented to provide for· performance analysis1and 
system "health"· ·monitoring. Test periods were 
through one operational season, nominally one 
year. Summary information for the systems de-
1 ivered for installation are shown in Figure 2. 
The wide range of ·sizes, types, and locations is 
indicated. The collector area is indicative of 
the capacity of the solar system. Two systems, 
one at Clear Lake, Texas and one at Las Vegas, 
Nevada, are being refurbished using 75 Ton 
Carrier absorption chillers. The test periods 
for these sites will conclude in 1983. 

The Honeywell/Stillwater site is an example 
of a system and site for which the data indicates 
that performance is as predicted. This confirms 
the ability to project load conditions and solar 
performance. The General Electric/Normal site 
also is indicative of this capability for space 
and water heating systems. 

The air systems, particularly those develop­
ed ·by" the sma·ller companies, generally perform 
much below that expected because of leakage, 
poorer heat transfer, and other system inefficien­
cies. Water heating contribution is often con­
siderably off deiign because of errors in pre­
dicted use rates (Eleam/Tempe). The lessons to 
be learned are often a unique combination of in­
fluences at each test site. 

PROGRAM REPORTING 

An integral part of the Program was the pro­
vision of information on development work ac­
complished .to all interested elements of industry, 
business and other agencies through submission 
of reports to the DOE Technical Information Cen-

, ter. These reports include information on con­
tractor progress, systems design, systems de­
velopment, technical studies, installation de­
sign, performance analysis, and related data of 
use to National Program participants. 

At the end of April, 1981, 302 reports had 
been prepared. Many final performance reports 
are yet to be completed since the site tests 
are still in progress. A list of these reports 
is sunmarized in Figure 3 below. 
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REPORTS TO TECHNICAL INFORMATION CENTER 

PRELIMINARY DESIGN PACKAGES 23 
QUARTERLY REPORTS 76 
FINAL DESIGN PACKAGES 21 
INSTALLATION PACKAGES 23 
DESIGN DATA BROCHURE 10 
TEST REPORTS 67 
FINAL REPORTS 55 
TECHNICAL REPORTS 27 

Figure 3 

PROGRAM EFFECTIVITY 

Most milestones for the Program have been 
met and objectives achieved. Several· key de­
velopments have been accomplished and valuable 
lessons learned from Program experiences. Of 
the original 35 Program contractors, 32 have 
mature hardware engineered for production. Nine 
collector manufacturers have supplied hardware, 
brought to maturity under this development, to 
the National Demonstration Program. All of the 
system developers, with one exception, have · 
marketable systems ready.to commit to volume 
production with conventional market stimulation 
and logistic support. 

Some of the outstanding developments ac­
complished during the Program were: 

• 

• 

• 
• 
• 

Three approaches to Rankine cycle 
solar cooling subsystems 

An integrated single-fluid 
motorized turbocompressor 
An integrated motorized ex­
pander/compressor 
A geared turbine/motor-com­
pressor with clutch 

Spec i a·l i zed hea 1; .exchangers, con­
densers, evaporators, regenerators, 
demi.sters·, expansion valves, and 
pumps for solar/Rankine refrigerant 
loops 

Programmable microprocessor system 
contro 11 ers 

Evacuated tube collector manufactur­
ing 

Collector analysis and test tech­
niques 



SITE SUMMARY CHART 
0733-81 

SITE TYPE COLLECTOR OPERATIONAL DESIGN PERCENT 
RFP/CONTRACTOR LOCATION BLDG AREA DATE SOLAR CONTRIBUTiON 

SO. FT. 

Hlc/HW 

404 
Al RESEARCH e CLEAR LAKE, TX COMM 13,020 - 100/43195 

• LAS VEGAS, NV COMM 9,500 -- 89/47192 

GENERAL ELECTRIC e FT. MEADE, MD SF 384 4n9 "l9f /44 
e NORMAL, IL SF 320 3178 21/ /58 
e DALLAS, TX SF 336 6179 64158/64 

• MILWAUKEE, WI COMM 1,392 6179 '15/ /60 

• SPOKANE, WA COMM 4.800 6178 18/ /87 

• MUSCLE SHOALS, AL COMM 1,536 -
• MURPHY, NC COMM 1,536 -

HONEYWELL e NEW CASTLE, PA SP 504 ens 46/ /Iii> 
e STILLWATER, MN SF 594 11n1 45/ /47 

e LAWRENCE, KS MF 4,536 9nB 50/40/W7 

e OCMULGEE, GA COMM 5,040 en9 72/82/98 

e CARROLL TON, TX COMM 7,776 en9 80/49192 
e LAWRENCEBURG, TN COMM 630 en9 f!Dnotf!D 

• DUFFIELD, VA SF 648 9n9 61/47/80 

• ALLAIRE, NJ SF - 56199/56 

• NEWNAN, GA' SF 646 -
• PHOENIX, AZ COMM 8,208 4/81 89/16/ 

• MSFC,AL COMM 3,306 9/81 '19/43 

406 • ALBUQUERQUE, NM COMM 4,938 7/81 13KVA 

IBM M HUNTSVILLE, AL COMM 720 1om 58/ /57 
M CARLSBAD, NM SF 400 ens 70/ /70 
e TOGUS,ME SF 100 1on1 I 156 
e GLENDO.WY SF 300 1one 46/ /80 

~ 
M CLINTON, MS COMM 240 9ns '35/ 163 

COLT e YOSEMITE, CA COMM 980 ens 52/ I 
e PUEBLO.CO COMM 583 4ns 'JIJ/ I 

CONTEMPORARY SYS .. NEWNAN.GA SF 400 4n9 
M MANCHESTER, NH SF 1,630 1na 92/ 158 

COPPER DEVELOPMENT • TUSCON.AZ SF 1,923 an1 
ELCAM e TEMPE.AZ SF 64 en1 I /15 

e SAN DIEGO, CA SF 64 5ne I /85 
FERN ENGINEERING .. LANSINO,MI SF 240 1on1 46/ /4B 

;ee TUNKHANNOCK, PA SF 180 11n1 37/ /37 
SOLAR ENG. AND MFG. • LOXAHATCHEE, FL SF BO em I /90 • MACON, GA SF 80 an1 I /80 
SOLAR ENG. AND EQUIP. .. EL RENO, OK SF 1,070 2/1B 60/ I 

IN LINCOLN, NB SF 490 1zn1 60/ I 
$1U .t.RnN IN!:. .. !>l,IFFIELD, VA SF 420 7179 51/ /48 .. AKRON, OH SF 546 11118 Z/ 1T£ 
WORMSER SCIENTIFIC • COLUMBIA. SC MF 266 2/18 
SUNMASTER • ST. THOMAS, VI COMM 111711 

LEGEND: 
SF - SINGLE FAMILY DWELLING 

COMM - COMMERCIAL BUILDING 

MF 
1 

- MULTH'AMILY OW!LLINO 

• - LIOU.ID MEDIUM .. -AIR MEDIUM \ 
H/CIHW - HEATING/COOLING/HOT ¥WATER 

Figure 2 
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• 
• 

System analysis techniques 

Installation cost reduction • 

Many valuable lessons have been learned at 
the detail level during the Development Program. 
Numerous practical detai.ls were immediately ob­
vious, others were more insidious. Many were 
discovered when manifested as problems. Collec­
tors experienced corrosion, leakage, thermal 
buckling, condensation, outgassing, header 
thermal expansion, freezing, galvanic action, and 
deterioration of performance. Storage systems 
experienced problems with flow tunneling, heat 
leakage and corrosion. Material compatibiljty 
studies and tests throughout the Program helped 
to prevent or alleviate problems arising from 
the large number of system materials in com­
bination and the environment. Many of the lessons 
of larger scope relate to the systems installation 
criteria. Solarization of many buildings is im­
practical and each installation must be properly 
assessed to achieve optimum and effective per­
formance. 

CONCLUSIONS and RECOMMENDATIONS 

Several conclusions and related recommen­
dations can be drawn from the experiences of the 
Program: 

• Solar heating and cooling of buildings 
has been significantly advanced by 
Federal efforts to accelerate the de­
velopment of the industry. Many areas 
of the business and industry structure 
have been stimulated: The Program has 
involved a multi pl ic.ity of agencies 
and hardware developers/manufacturers 

1 The standards development and testing 
agencies haVP. advanr.PO thPSP. ArPA~ intn 
a state comparable to conventional 

·heating and cooling equipment 

• The societal interfaces at the Opera­
tional Test Sites have given ex­
perience with local legal considera­
tions, building codes, and user re­
sponses 

• 

• 

• 

• 

CONTRACT INFORMATION 

The quality and quantity of data re­
quired to evaluate the performance 
and economic viability of systems 
have been determined and systems 
analysis procedures have been refined 
for effective feedback 

A separation can now be made of those 
items that will hold or gain momen­
tum, those that need more develop­
ment, and those that do not appear 
promising 

The next logical step for systems 
that qualify is an engineering field 
testing of several production units. 
Among the qualification requirements, 
after successful completion of de­
velopment prototype testin"g, are 
evidence of cost effectiveness in mass 
production, significant energy dis­
placement compared to conventional 
systems, acceptable reliability, 
simplified installation requirements, 
acceptable maintenance features 
and projected low operating and 
maintenance cost factors 

Those areas. for which further de­
velopment work is indicated are more 
clearly evident and project costs 
and schedules can be more defined. 
A new wave of technology advancement 
has been made in the interim and can 
be incorporated to overcome prob-
1 ems that were not resolved in this 
development cycle .. 

STARTDATE~~~~~~-ENDDATE~~~~~-CONTRACTVALUE~~~~~~~~~~~~~~~-

MILESTONES 
Item: Due date: 

· 1. 

2. 

3. 

4. 

5. 
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SOLAR COOLING WORKSHOP 

STEPHENS ENGINEERING CO. 

Wallace O. Stephens 

DE-AC03-80SF11447 (SB 3-4-0-B(a)BO-C-2169) 

OBJECTIVE 

To obtain industrial and other.outside interest 
group input into the DOE Solar Cooling Research and 
Development Program; to provide a free interchange 
of ideas; and to provide DOE with background infor­
mation necessary to help establish a program con­
sistent with goals of the administration. 

DESCRIPTION OF WORK 

The cooling workshop involved representatives 
from the solar cooling industry, utilities, finan­
cial institutions, architect and engineering firms, 
and other organizations able to influence the 
implementation of solar cooling systems in the 
United States. 

The format of the workshop centered around the 
use of small groups, in which each group discussed 
i~ detail each topical area. 

Prior to the small group discussions an over­
view of the subject matter of the session was given. 
Four topical areas were discussed: 

• Technical factors; 
• Regulatory and implementation factors; 
• Financial factors; and, 
• Marketing factors. 

After the overview speakers provided the background, 
the workshop divided into four (4) small groups. 
Each group then discussed, according to that group's 
priorities, the various 1ssues related to that topic. 
Group discussions were ·guided by facilitators pro­
vided by Stephens Engineering Company and Planning 
a.nd Management Associates. At the end of the de­
tailed discussion period each group elected a spokes­
person· to present that group's findings to the 
entire workshop. 

At the conclusion of each topic's small group 
presentations, areas of agreement and disagreement 
among the groups were noted and a short general 
discussion of the total f1ndings occurred. At the 
conclusion of the workshop, the total program was 
discussed and a prioritization of issues, agreements 
and disagreements was made. 
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TECHNICAL ACCOMPLiSHMENTS 

The group was in general agreement that the 
appropriate role for DOE was to support.work 
in the areas of high risk research and development. 
Additional appropriate government roles were to 
support recognized industrial societies to accele­
rate the development of standards for solar energy 
systems and to serve as an information clearing 
house for the solar industry. 

More specific recommendations were made con­
cerning each of the four topical areas. The 
topics, with areas of agreement and disagreement, 
are briefly discussed below: 

I. TECHNICAL FACTORS 
A. Significant Areas of Agreem~nt 

1. For discussion and planning purposes 
there should be a consistency between the 
terminology used by industry and the govern­
ment. Cooling machines for residential 
application in the 1.5 to 6.0 ton range and 
small commercial applications in the 7.5-50. 
ton range should be referred to as "unitary" 
systems. Commercial machines of 60 tons and 
up should be refer.red to as "built-up" 
machines. 

2. In general, the coefficient of per­
formance (COP) is a good measure of perfor­
mance. However, the COP should be based on 
seasonal system performance and there should 
be a method of determining seasonal COP 
which allows for a comparison between com­
peting systP.ms, e.g. heat pumps, vapor com­
pression, absorption, Rankine and.desiccant 
systems. Another, and sometimes preferred, 
measure of performance is the seasonal effi­
ciency ratio (SER). 

3. Research is needed to: develop air 
cooling (vs. water cooling) for smaller sys­
tems; minimize parasitic losses; improve con­
trol strategies; conduct fluid research; and 
develop desiccant systems, high temperature 
cooling machines, low cost collectors which 
can operate effectively at high temperatures, 
and data to provide design and training 
manuals. 

B. Significant Areas of Disagreement 

1. There will be no major breakthrough 
in cooling machine technology. Major cost 
reductions must come from other components of 
solar cooling system. 



TECHNICAL ACCOMPLISHMENTS (continued) 

II. REGULATORY AND IMPLEMENTATION FACTORS 

A. Significant Areas of Agreement 

1 .. There is a multiplicity of codes and 
standards which are currently a barrier to 
the sale and installation of solar systems of 
any kind. Recommendations were made to 
examine existing codes before instituting new 
codes and to simplify and eliminate unneces­
sary codes. 

2. The government role should be to pro­
vide financial support (e.g. travel) for in­
dustry participation to existing organizations 
to support their development of codes and 
standards and to support NBS research in the 
development of the data necessary to write 
standards. Also, the government should serve 
as ·a major info.rmation source, particularly 
to develop and maintafo a single compendium 
of information on codes, standards, certifi­
cation.s, regulations and other issues affect­
ing active solar cooling systems. 

3. The industry role is the consensus 
development of necessary codes and standards. 

4. Local governments should pattern their 
code.s after the national moc!el. 

5. In general, the workshop group was 
opposed to mandating utility financing of 
solar applications. However, utilities should 
not be prevented from financing such instal­
lations if it is in their best interests. 

6. Toxic refrigerants and high tempera­
ture dev~ces should not be a major concern 
since existing codes adequately address these 
risks. 

7. High tempenature solar systems are not 
appropriate for residential application. 

B. Significant Areas of Disagreement 

None 

III. FINANCIAL FACTORS 

A. Significant Areas of General Agreement 

1 •. The economics of solar cooling sys~ 
terns are not well analyzed as yet. 

2. There must be a considerable regional 
bias in the economic analysis because each 
system is site specific and application spe­
cific. 

3. Economic analysis should be business­
oriented (e.g. "cash flow" vs. "payback"). 

4. Federal financial incentives must be 
perceived by suppliers as stable and relative­
ly longer term than they are presently. Tax 
credits were the consensus favorite of all 
financial incentive measures. 
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5. Some incentive~ for builders, manu­
facturers, and non-profit organizations need 
to be developed, such as low interest loans. 

B. Significant Areas of Disagreement 

None. 

IV. MARKETING FACTORS 

A. Significant Areas of Agreement 

1. Active solar cooling systems should 
profit from research done in waste heat 
recovery systems. 

2. There are specific areas and applica­
tions wherein solar systems can be competitive 
today. The difficulty is in determining the 
special market niches for early penetration. 

3. The market consistently changes; there­
fore, the market analysis requirement'is a 
continuing one. 

· 4. Cost and performance goals are needed 
for the total system. The component cost 
goals can then be determined. . 

5. The buyer cash flow analysis is a 
better method than payback and return on 
investment. 

6. Industry must follow.established mar­
ket patterns to reach target groups and needs 
to concentrate sufficient resources on market 
targets in order to get the volume of sales 
desired. 

7. There is no government role in the 
marketing area. 

B. Significant Areas of Disagreement 

None. 

FUTURE ACTIVITIES 

No post-contract activities are contemplated. 

PUBLICATIONS/REPORTS/REFERENCES 

Workshop report 



'· 

' 

... 

CONTRACT INFORMATION . 

STARTDATE October 1, 1980 ENDDATE June 30, 1981CONTRACTVALUE $73,968" 
~~~~~~~~~~~~~~~ 

\ 

MILESTONES 
Item: Major Del i ve_rab l es Due date: 

1. Workshop ' May 1981 

2. Workshop Report June 198_1 

3. { 

4. 

5. 
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IEA SOLAR HEATING AND COOLING R&D PROGRAM 

TPI, l~CORPORATED 

SHEILA B. BLUM 

DE-AC03-80CS30512 

BACKGROUND 

In 1977, the U.S. joined with. fourteen other 
countries* and the Commission of the European Com­
munities to establish a cooperative solar heating 
and cooling R&D program under the International 
Energy Agency (IEA). This was one of a number of 
cooperative R&D programs formed by IEA countries in 
promising energy technologies such as biomass, 
geothermal, wind power, coal technology, etc. 

The following areas were agreed upon for joint 
efforts in solar heating and cooling: 

• System Performance 
• Component R&D Information Exchange 
• Collector Testing 
• Insolation and Related Meteorological 

Information 
• Evacuated Tubular Collector Systems 
• Central Solar Heating Systems with 

Seasonal Storage 

There are currently six tasks. (projects) underway 
in the above areas,· and one completed task. All 
are task-sharing as opposed to cost-sharing efforts. 
The work is outlined in an Implementing Agreement 
signed by the Participants. 

The overall program is managed by an Executive 
Corrmittee, composed of-one member from each Con­
tracting Party, which meets semi-annually to review 
progress and accomplishments, approve new work 
plans and resolve problems: The U.S. representative 
to the Executive Committei is Fred Morse, Director 
of the Office of Solar Applications for Buildings. 
The implementation and day-to-day .operation of each 
task is the responsibility of a lead organization, 
or Operating Agent, which acts on behalf of the 
other Task Participants and reports regularly to 
the Executive Cammi ttee .· The Executive Cammi ttee 
is responsible to the IEA Committee on R&D and · 
submits annual progress reports on each task. 

TPI, Inc. has responsibility for tasks such as 
preparing status reports on the international work, 
organizing meetings, drafting project descriptions, 
supporting the Executive Committee and coordinating 
the work of the various U.S. participants. 

DESCRIPTION OF TASKS 

Task I. Investigation of the Performance of Solar 
Heating and Cooling Systems 

The Participants in Task I have collaborated 
to improve the prediction, measurements and 

*Austria, Belgium, Canada, Denmark, Germany, 
Greece, Italy, Japan, The Netherlands, New Zealand 
Spain, Sweden, Switzerland, United Kingdom. 
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reporting of solar heating and cooling system per­
formance and in assessing the issue of system 
optimization. 

Two reports on measurement and reporting guide-
1 ines have been published: The first, "Data 
Requirements and Thermal Performance Evaluation 
Procedures for Sol a r Heating and Cooling Sys terns," 
was based on the NBS 76-1137 document. The second, 
"Reporting Format for Thermal Performance of Solar 
Heating and Cooling Systems in Buildings," assures 
completeness of reporting and uniformity of pre­
sentation that facilitate comparability and 
interpretation of data. 

In the modeling and simulation studies, each 
participating organization applied its computer 
code to model the performance of a liquid and an 
air heating system. Good agreement in performance 
prediction was obtained among the eight different 
simulation programs employed. This work was fol­
lowed up by two validation studies (DHW and heat­
ing/cooling) comparing predicted performance to 
measured data. Final reports have been completed 
on the modeling and validation activities. A 
special validation experts meeting was held in July 
1981 to assess the state-of-the-art, to identify 
obstacle5 to accurate system performance prediction, 
and to formulate recommendations on improving 
performance prediction capability. 

A late addition to Task I was a project 
designed to enhance the understanding of the inte­
gration of conservation and solar techniques (both 
active and passive) in solar-assisted low energy 
dwellings (SALEDs). The Participants have agreed 
to transfer the SALED work to a new IEA Passive and 
Hybrid Low Energy Buildings Task now being 
organized. 

Operating Agent: Technical University of Denmark 
U.S. Participants: J. Hedstrom (LANL)--U.S. Lead, 

T. Freeman (Altas), W. Kennish (TPI), 
R. Rittelmann (BHKR) 

Duration: January 1, 1977 to December 31, 1981 

Task II. Coordination of Research and Development 
.on Solar Heating and Cooling Components 

The objective of Task II has been the sharing 
of information among the participating countries on 
national plans for component R&D and on government­
sponsored component R&D projects. This has been 
carried out through discussions at annual meetings 
and the publication of a summary of R&D plans and 
a compilation of R&D project summaries. Periodic 
reviews of national programs have enabled members 
to track the status, change in scope, funding, 
strategies, etc. and to note opportunities for 
closer cooperation. R&D Project Summaries allow 
researchers to become aware of R&D work of 



interest that is underway in other IEA countries. 

Task II has recently expanded its scope to in­
clude system R&D. Furthermore, a subtask has been 
added dealing with operating experiences with solar 
heating and cooling systems and components. A sur­
vey will be compiled covering size of the solar 
energy industry, technical problems in installation 
and maintenance, training and education for instal­
lers, possibilities for cost reduction, etc. 

Operating Agent: Agency of Industrial Science and 
Technology, Japan 

U.S. Participants: F. Morse (DOE)--U.S. lead, 
W. Shertz (ANL) 

Duration: January 1, 1977 to June 30, 1984 

Task III. Performance Testing of Solar Collectors 

Task III has dealt with the critical area of 
collector testing and performance test procedures 
in particular. Focussing first on thermal per­
formance, the experts applied the ASHRAE 93-77 
(U.S.) and BSE (FRG) test procedures to two differ­
ent commercially-available liquid heating flat 
plate collectors. The final report on this round 
robin test work, in which sixteen laboratories 
from twelve countries participated, concluded that 
both procedures are applicable and effective for 
determining thermal performance. 

A second stage of round robin work is now in 
progress, involving evacuated tubular collectors. 
The objective is to determine what modifications to 
the ASHRAE and BSE test methods are required for 
this type of collector. Two subgroups are also 
looking at related subjects: 1) reference heat 
source for calorimetric calibration and 2) all-day 
collector performance. 

Discrepancies in pyranometer measurements, 
which came to the attention of the IEA researchers 
during the round robin activity, pointed out the 
need for better understanding of pyranometer mea­
surements and calibration. Accordingly, a joint 
Task Ill/Task V subproject was established which 
undertook two pyranometer comparison testing 
experiments in Davos, Switzerland during 1980 and 
1981. The purpose of these tests and related 
expert meetings was to establish the state-of-the­
art in pyranometer measurements and determine ways 
to improve the accuracy of pyranometers by better 
understanding of the instruments' performance 
characteristics. 

Another area being studied is collector 
reliability and durability testing. A report will 
be published this year on, "Design and Operational 
Deficiencies of Flat Plate Collector Systems under 
Operating Conditions." Additionally, twelve 
absorber plates, utilizing va~ious materials and 
coatings, will be tested by the Participants 
employing accelerated aging methods. 

The final area of Task III collaboration con­
cerns solar simulators. A report surveying solar 
simulator test facilities was distributed in 1980. 
Further testing is planned to investigate the 
potential of solar simulators for indoor collector 
thermal performance evaluation. 

Operating Agent: Kernforschungsanlage-Ji.il ich, 
Feneral Republic of Germany . 

U.S. Participants: Kent Reed (NBS)--U.S. lead, 
W. Dokos ( DSET) 

Duration: January 1, 197l to December 31, 1982 
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Task IV. Development of an Insolation Handbook 
and Instrument Package 

Task IV focussed on obtaining improved ba~ic 
information for the design of solar heating.and 
cooling systems .through a better understanding of 

1insolation and related meteorological data and 
through improved te~hniques for the measurement 
of such data. 

A handbook entitled, "Meteoro 1 ogi ca 1 Mea~ure­
ments and Data Handling for So.lar Energy Applica­
tions" was. prepared and published, with chapters 
contributed by many eminent experts who partici­
pated in this task. The document is intended to 
familiarize the solar scientist with insolation 
data requirements and measurement techniques and 
also to enhance the meteorologist's understanding 
of the needs of the solar community. 

The second major activity involved.t~e c?m­
pilation of design and performance specifications 
for a low-cost, portable instrumentation package 
capable of measuring insola~ion and related.weather 
data at a variety of potential and actual sit~s. 
for solar system installations. Seve~al p~rtici-
pati ng countries built prototype machines in ·· 
accordance with specifications and then cond~cted 
a joint testing of the instruments to determine 
the validity of the guidelines. The results were 
reported in another Task report. 

Task IV was completed in December 1979. 

Operating Agent: U.S. Department of Energy 
U.S. Participants: Michael Riches (DOE)--U.S. 

. lead, G. Carter (Univ. of Alabama), 
E. Flowers (NOAA) 

Task v. Use of Existing Meteorological Information 
for Solar Energy Applications 

Task V seeks to improve the availability of 
existing meteorological data and to support the 
effective collection and presentation of such 
data for the solar community. 

To accomplish these objectives, the IEA mem­
bers have undertaken the joint preparation of four 
documents. Two have recently been completed--~ 
compilation of sources for relevant meteoro.logical 
data and a report containing recommendations for 
meteorological networks. The remaining reports 
are.nearing completion. One is a ha~dbook.on 
solar radiation estimation methods, including 
modeling and validation,. and the other provides a 
uniform format for data presentation. 

A new program of work has been identified a~d 
will be implemented shortly: 1) small-scale vari­
ability of solar radiation, 2) survey of user re­
quirements of solar radiation da~a in real tim~ 
and forecasting and 3) cross validat1on of radia­
tion estimation methods. Furthermore, the 
pyranometer work, previously a ,joint Task I II/IV 
ad hoc activity, will become a formal part of the 
meteorological project. 

Operating Agent:. Swedish Meteorological and 
Hydrological Institute 

U.S. Participants: Michael Riches (DOE)--U.S. 
lead, E. Flowers (NOAA),. T. Stoeffel (SERI) 

Dura ti on: January l, 1977 to December 31, 1981 



Task VI. Performance of Solar Heating, Cooling 
and Hot Water Systems Using Evacuated Collectors 

The objective of this task is to study a range 
of evacuated tubular collector systems, report on 
their performance, and jointly evaluate the results. 
The eight participating installations cover a 
variety of applications--including heating, heating 
and cooling, and industrial process heat--and a 
variety of climates. Thus, the information gen­
erated under Task VI will greatly enlarge the data 
base on evacuated collector system performance. 

A unique and important feature of this project 
has been required commonality in project instru­
mentation, data collection, and reporting. For 
example, each project must provide the equivalent 
of a full-time data engineer. Another standard 
requirement calls for the use of the IEA system 
performance reporting format for preparation of the 
annual performance report on each system. Partic­
ipants have found that adoption of a mandatory 
common reporting structure has greatly enhanced 
exchange of results. 

Final reports on the U.S., German and Japanese 
installations will be completed at the end of 1981. 
When the system reports on the remaining installa­
tions are finished, a summary report will be 
prepared. 

Operating Agent: U.S. Department of Energy 
U.S. Participants: W. Duff (CSU)--U.S. and Task 

Lead, C. Bankston (ANL), G. LHf (CSU) 
Duration: October 1, 1979 to December 31, 1985 

Task VII. Central Solar Heating Plants with 
Seasonal Storage 

The purpose of this project is to determine 
the technical feasibility and cost-effectiveness of 
seasonal storage for large-scale solar district 
heating systems. Since the design and construction 
of such systems is a very costly undertaking, con­
siderable savings can be realized by the collabora­
tive assessment of the merits of various large­
scale system configurations and their suitability 
for particular climatic regions. 

The members of this Task are carrying out a 
closely coordinated series of activities culminat­
ing in the preparation of detailed site-specific 
system designs. In the systems analysis work, com­
puter models are being developed which are suitable 
for performance simulation and parametric optimiza­
tion of large seasonal storage solar heating 
systems. Under the guidance of lead countries, 
the Participants are investigating the collector, 
storage and heat distribution subsystems. They are 
looking at state-of-the-art of the technologies, 
cost data, and performance information to help 
determine the most technically feasible and cost­
effective components and concepts. The findings 
of these subtask groups will be provided as input 
to the system optimization activity. 

Utilizing the recommended computer codes and 
the system and subsystem optimized parameters, the 
Participants will develop preliminary site 
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specific designs followed by detailed system de­
signs. Naturally, many countries will proceed 
with the actual construction of a large-scale 
solar heating system. 

Operating Agent: Swedish Council for Building 
Research 

U.S. Participants: A. Michaels (ANL)--U.S. lead, 
C. Bankston (LANL), F. Baylin (SERI), A. Davis 
(ANL) 

Duration: February 1, 1980 - January 31, 1984 

POSS IBLE NE.W PROJECTS 

The IEA Participants have expressed their 
desire to undertake new cooperative projects in 
promising areas as some of the tasks are completed. 
A new task is currently being planned· in Passive 
and Active Solar Low Energy Buildings. As present­
ly envisioned, this task--which should be underway 
in the fall of 1981--will consist of modeling, per­
formance measurement, and design methods activities 
plus a design and construction phase. 

Also under discussion presently are possible 
projects in solar retrofit, solar-assisted heat 
pumps, DHW system performance, and air heating sys­
tems.. It may be that some of the future coopera­
tive efforts may be established on a less formal, 
shorter-term basis than the existing tasks. In­
corporating new work as a subtask of an existing 
project is another approach that might be utilized. 

INTEGRATION WITH U.S. ACTIVITIES 

DOE has attempted to maintain a strong link be­
tween the IEA program and related U.S. solar heating 
and cooling work. The United States played an act­
ive role in the formation of the IEA program and U.S. 
representatives supported the selection of projects 
which were aligned with the needs of the U.S. R&D 
program. Key experts from the U.S. research com­
munity have been involved in the IEA projects and 
have reported on the progress and results of the 
cooperation to fellow members of the research 
corrmunity. 

Attempts have also been made to inform and 
involve the U.S. solar industry and to assess 
whether the international work takes account of 
industry needs and interests. For example, special 
meetings were held with key industry representa­
tives to discuss the issue of international collec­
tor testing work and solar standards. An industry 
expert has also participated regularly in the Task 
III working group. Similarly, evacuated tubular 
collector manufacturers have been invited to 
Task VI meetings. 

Through its involvement in the IEA, the DOE 
has, at a relatively low cost, participated in 
cooperative projects which complement and support 
its R&D program. The collaboration has also pro­
vided access to foreign technical expertise and 
enabled U.S. researchers to monitor potentially 
significant technical developments in other 
countries. 



CONTRACT INFORMATION 

START DATE Sept. 30, 1980 END DATE Sept. 30, 1982coNTRACTVALUE_=$2=-4=8_._.4_,_,8:_:4 __________ _ 

Item: 

1. International Program Review Meeting 

2.. I EA Executive Committee Meetings 

a IEA Workshop on National Programs at 
!SES/Brighton, U.K. 

4. Edit Annual IEA Task Reports 

5. Reports on IEA Validation Work 

MILESTONES 
Due date:. 

Oct. 1981 (P) 

Oct. 1980 (M), Apr. 1981 (M), Oct. 1981 (P), May i982 (P) 
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Aug. 1981 (M) 

Dec. ·1980 (M), Dec~ 19~1 (P) 

May 1980 (M), Oct. 1980 (M),.Dec .. 1981 (P.) 
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FURTHER DEVELOPMENT TO COMMERCIALIZE A LOW-COST SOLAR PANEL 
.. 

Acurex Corporation -- Alternate Energy Division 

Timothy K. Muller 

Contract No. DE-AC04-79AL12032 

OBJECTIVE 

The objective of this program is to develop a 
liquid-heating, nonconcentrating, thin-film 
collector to be cost-effective and suitable for 
rapid commercialization. The primary applications 
for the collector will be space and water heating 
at temperatures in the 120°F to 1600F range. 
Specific goals of the current contract are to 
implement a materials testing and evaluation 
effort of suitable thin-film plastic materials, 
to continue development of adhesive lamination and 
thermal bonding techniques of these thin-film 
materials, to fabricate and test a full-scale 
prototype panel, and to continue development of 
high-speed manufacturing processes for fabrication 
of the above-mentioned panel. 

DESCRIPTION .OF WORK 

Acurex Corporation has been working with the 
low-cost solar panel concept for over 5 years and 
is currently working on the extension of a con­
tract from the Solar Heating and Cooling Research 
and Development Branch of DOE to develop and com­
mercialize a low-cost thin-film plastic solar 
panel. The purpose of the initial contract was 
to fabricate and test a full-scale prototype LCSP 
absorber structure. Design activity included 
refinement of the flow configuration through the 

Figure l. Low-Cost Solar Panel Prototype 
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panel and selection of a suitable thin-film mate­
rial. Fabrication methods were manual screen 
printing and template adhesive lamination of 
Hytrel film and dielectric heat sealing of 
urethane-coated nylon fabric. Testing was per­
formed on the full-scale prototype panel to char­
acterize inflation, flow pattern, and thermal per­
formance. A manufacturing assessment was included 
in the project to evaluate the manufacturing 
methods and costs necessary to commercially market 
the LCSP. 

The current extension of the LCSP program is 
intended to continue development of the LCSP con­
cept toward commercialization as a viable con­
sumer product. A more extensive materials test­
ing and evaluation effort has been implemented 
with the support of Springborn Laboratories Inc., 
of Enborn, Connecticut. Two thin-film plastics 
presently appear to be the most promising materi­
als for use on the LCSP. These materials are 
polyurethane for low-temperature applications and 
polybutene for high-temperature applications. 
Hytrel and nylon are being considered as backup . 
materials. Springborn Labs will also investigate 
the possible use of thermoset materials for the 
LCSP. 

Technical activity in absorber structure 
development has included investigation of 



film stock production, absorber structure fabrica­
tion, and prototype testing to verify structural 
performance. Completion of the current contract 
requires testing of a high-temperature prototype 
panel. 

TECHNICAL ACCOMPLISHMENTS 

• Initial funding for this project resulted 
in the fabrication and testing of a low­
cost solar panel prototype. Testing was 
performed to study flow distribution, 
panel inflation, and structural integrity. 
The successful fabrication of this proto­
type panel provided the basis for further 
funding to commercialize the LCSP concept. 

• A materials screening effort was per­
formed on over 60 different thin-film 
thermoplastics to find the most desirable 
materials for use on the LCSP. Results 
of this screening suggest the use of 
polyurethane for low- temperature appli­
cations and polybutene for high-temper­
ature applications. Backup materials are 
Hytrel and nylon. Selection criteria in­
cluded cost, availability, peel strength, 
UV resistance, water vapor transmission 
rate, and ease of fabrication. 

• An investigation of fabrication techniques 
has resulted in the best method of fabri­
cation for the LCSP. The high- temperature 
prototype panel will be heat sealed on a 
commercial 50 kW heat sealing machine. 
Tests run with chemical additives intend­
ed to enhance the heat sealing properties 
of the plastic film stock have indicated 
that high carbon black or nitrite rubber 
content may decrease dielectric sealing 
times. 

• Studies by Acurex have indicated that the 
best method of film stock fabricaton is 
adhesive lamination of the plastic film 
to the reinforcing fabric. In this 
process the plastic film is initially 
blown or flat cast and then laminated to 
the reinforcing fabric in a second 
operation. 

FUTURE ACTIVITIES 

Full-scale, glazed panels are currently being 
fabricated and will be tested for high-temperature 
operation of up to 160°F. Market survey studies 
indicate that the LCSP concept can compete in the 
identified service applications of pool and dom­
estic hot water heating and for industrial process 
heat. Acurex is committed to participation in the 
commercialization of this concept and will be 
exploring the various alternatives with others 
from the solar heating and heat transfer product 
industries at the conclusion of this contract. 

CONTRACT INFORMATION 

STARTDATE Sept. 28, 1979eNDDATESept. l, 198lcoNTRACTVALUE $344,778 
~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

1. Results of material screening tests August 1981 

2. Results of investigation into fabrication techniques for the LCSP August 1981 

3. 

4. 

5. 
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"THE DEVELOPMENT OF COST EFFECTIVE DEVICES FOR SOLAR FLAT PLATE COLLECTORS" 

ALTAS CORPORATION 

FRANCIS DE WINTER 

DE-AC04-80AL13101 

OBJECTIVE 

The objective of the project is to develop and 
test an analytic model of the risk of hail damage 
to flat plate solar collectors. The ultimate use 
of such a model is to assign hail risk factors for 
various locations in the country and incorporate 
these in determination of the incremental life­
cycle cost due to hail damage for different collec­
tor designs. 

DESCRIPTION OF WORK 

The incidence of hailstone damage to flat plate 
collectors imposes an additional cost in the main­
tenance of a collector system. To determine the 
risk of hail damage, we have established a statis­
tical computer model based on four probability re­
lationships: the frequency of haildays in a given 
location, the distribution of hail size, the distri­
bution of areal density (total stones falling per 
square meter), and the probability of damage to a 
collector given that a stone of a "Certain size falls. 

Preliminary analysis thus far indicates that 
the first three of these distributions are independ­
ent, but may, however, be highly variable geographi­
cally. In other words, one would need to have spe­
cific hail data for a location in order to use the 
hail risk model. Large sets of hail data gathered 
over several years must be available to provide a 
reasonable basis for the accurate application of our 
model. Only two major sets of hail data currently 
exist--one from the Illinois State Water Survey and 
one from the Colorado National Hail Research Experi­
ment. These data represent a portion of the Midwest 
in and around Illinois, and a section of Colorado 
located against the Rocky Mountains. 

Hail risk factors can be generated by the use 
of our computer model. These factors combined with 
a life-cycle cost analysis of a collector system 
provide a value of the incremental life-cycle cost 
due to hail damage. However, the most important 
aspect in deriving these costs is adequate represen~ 
tation of the four probability functions already 
described. Of these four, a sufficient data base 
exists only for hailday frequency. 

A sensitivity analysis of the computer model is 
also being undertaken. Results from this work 
should indicate which input parameters are the most 
critical for a proper analysis of hail risk. 

TECHNICAL ACCOMPLISHMENTS 

Our computer model has been revi~etl tu accommodate 
a broad range of sets of input parameters. Risk 
is geographically specific. Input parameters 
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include: the mean and variance of the frequency 
of haildays per year; the hail size and areal dis­
tribution parameters; the mean and standard devi­
ation of the normal curve representing impact 
energy required to break a collector glazing; wind 
velocity; geographic location; and collector ori­
entation, exposed .area, and years of operation. 

I Given the results from the hail risk model an 
economic methodology has been devised to calculate 
the incremental life-cycle cost due to hail damage. 
Tables of these costs which correspond to a given 
set of parameters will be provided. Inflation and 
discount rates are included. 

FUTURE ACTIVITIES 

Because of the paucity of impact damage restst­
ance data for various types of co 11 ectors, a fo 11 ow­
on study may be useful for application of our .model 
to many different types of collector glazing. This 
would be a systematic set of tmpact tests on a rep­
resentative set of collector glazings. A method of 
manufacturing artificial hail would need to be 
developed. 

Insurance companies may be interested in our 
hail risk results, applying our model for the pur­
pose of creattng actuarial tables. 

PUBLICATIONS/REPORTS/REFERENCE~ 

I "A Statistical Model for Assessing the Risk of 
Hail Damage to Any Ground Installation," by 
Michael Cox and Peter Armstrong, Altas Corporation, 
U.S. DOE Technical Report, C~ntract No. EM-78-C-
04-4291, September 1980. 

I "Need for and Eva l uati'on of Hail Protecti'on De­
vices for Solar Plat Plate Collectors," Pinal 
Report, by Michael Cox, Peter Armstrong, and 
Francis de Winter, Altas Corporati'on, U.S. DOE 
Contract No. EM~78-C-04-4291, March 1980. 



CONTRACT INFORMATION 

STARTDATE August 12. 1980 ENDDATE Sept. 11, 198lcONTRACTVALUE $99,000 ------ -

MILESTONES 
Item: Due date: 

1. Final Report September 11 , 1981 

2. 

3. 

4. 

5. 
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DEVELOPMENT OF A LOW-COST, BLACK-LIQUID SOLAR COLLECTOR, PHASE II 

BATTELLE MEMORIAL INSTITUTE, COLUMBUS LABORATORIES 

D. KARL LANDSTROM- PRINCIPAL INVESTIGATOR, S.G. TALBERT AND V . D. McGINNISS -TASK LEADERS 

CONTRACT DE-AC04-79CS30171 

OBJECTIVE 

The primary objective of the Phase II program 
was to evaluate several candidate plastic materials 
and solar-collector designs suitable for black 
liquid use prior to specific development for commer­
cial entry. Secondary objectives were: to obtain 
sufficient data to design a full-scale black-liquid 
collector for comrnercial application; to work 
closely with a company willing to commercialize 
black-liquid plastic collectors; to recomrnend suit­
able plastics, designs, and applications which will 
allow long life and good performance; to investigate 
overall system performance for variations in design, 
materials and specific uses; to monitor and incor­
porate improved black liquids; and to test suitable 
plastics and collector designs under realistic and 
accelerated conditions. 

DESCRIPTION OF WORK 

This project was an attempt to define the 
black-liquid concept when applied to solar-collector 
designs and determine the specific advantages and 
disadvantages of the concept when compared to con­
ventional collectors. The prime advantage has been 
identified as the projected low cost resulting from 
the essentially one-piece, extruded-type plastic 
construction, which eliminates much of the labor 
inherent in manufacturing conventional metal and 
glass collectors. 

The background of this work has been extensive­
ly covered in the publications cited at the end of 
this paper,and this project has proved that the 
black-liquid collector can operate as theoretically 
projected and can be built to have an efficiency 
curve closely matching that for a conventional, 
single-glazed collector. Stagnation problems can 
be minimized by the use of a drain-back system, 
since the empty collector does not absorb appreci­
able solar energy and will remain cool. This 
feature can also contribute to extended service 
life, since stagnation conditions should never be 
experienced under normal operation. 

This Phase II program was conducted to provide 
additional information about the long-term durabil­
ity of plastic, black-liquid collectors through 
exposure/operation of collectors under Vdryirig 
experimental conditions and environments. Consid~ 
erable information has been obtained on the 
weatherability of candidate plastics and a deter­
mination of some of the major long-term performance 
requirements that will be necessary for collectors 
constructed from polymeric materials. 

TECHNICAL ACCOMPLISHMENTS 

• It has been determined that the black-liquid 
collector has several potential advantages over 
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conventional flat-plate collectors for specific 
applications. Some of the demonstrated interde­
pendent advantages are : 

• Lower cost 
•Lighter weight 
• Higher strength 
• Minimal stagnation problems 
• Low shipping cost 
• Less corrosion 
• Comparable efficiency 
•Application versatility 
• Minimal freezing problems 
• No metals required. 

As a result of this project, some areas of poten­
tial risk have also been identified: 

• Overall life of polymeric materials 
•Temperature limitations 
• Water/polymeric reactions 
•Stress limitations of collector assembly 
• Polymeric materials costs 
• UV stability/protection. 

•One important accomplishment of this program has 
been the collection of available data about long~ 
term materials problems that are associated with 
plastic materials in solar applications (see pub­
lications list). Certain polymeric materials 
have been shown to exhibit long life under solar 
exposure; however, conditions existing or required 
for use in solar collectors are generally not 
directly applicable to most test data and the 
materials must be investigated under actual col­
lector operating conditions to be realistic. 
This is a vast area of research, and this program 
has considered only certain candidate polymeric 
materials most suitable for direct application to 
solar collectors at this time. 

•Outdoor Solar-Collector Test Facilities. Fig: l 
is a photograph of an outdoor solar-collector test 
facility located in Columbus, Ohio. An identical 
unit was also built for use in Phoenix, Arizona, 
to provide two different areas of solar exposure. 
Columbus provides a relatively cloudy environment 
and freeze-thaw conditions, while Phoenix has a 
maximum of solar insolation and high ambient tem­
peratures. 

Fig. 2 is a schematic flow diagram of the outdoor 
solar-collector test facility and is constructed 
to allow four basic modes of operation for evalu­
ating various combination of black liquids and 
solar collectors: 

• Typical daily temperature cycle, representa­
tive of a domestic solar w~ter heater 

• Constant low temperature operation, represen­
tative of a swimming pool heater or heat-pump 



-

application 
• Constant high temperature operation, repre­

·sentative of process-heating or home-heating 
applications 

• Stagnation temperature operation, for achiev­
ing maximum temperature and possible destruc­
tive testing. 

Fig. 3 is a close-up view of one of the black-
1 iquid collectors constructed for the outdoor 
test facility at Columbus, Ohio. It consists of 
an acrylic extruded panel and tubular acrylic 
headers containing flow distribution orifices which 
are cemented across both ends of the panel. This 
type of construction was tested both with and 
without an additional acrylic cover to detennine 
operating characteristics over long periods for 
both a glazed and an unglazed black-liquid collec­
tor. Daily efficiency data for this type of col­
lector under varying amounts of solar insolation 
are presented in Figs. 4 and 5. 

•Another important result from this program was the 
determination that conventional antifreeze addi­
tives such as glycol solutions will attack the 
candidate polymers and accelerate stress cracking. 
Also, the use of brines such as calcium chloride 
tended to interfere with the suspension of the 
carbon black particles in the black liquid . Al­
though the collector can be operated in a drain­
back mode to minimize freezing problems, it was 
also determined that the alternative wetting and 
drying of the polymers from this mode of opera­
tion will promote stress cracking. 

• In order for the black-liquid system to develop 
in the consumer market, it must appeal to the 
typical consumer. Cost effectiveness is a criti­
cal issue. Using an FCHART computer analysis 
(developed by ·the Solar Energy Laboratory at the 
University of Wisconsin) for a typical black-
1 iquid system, the projected potential savings 
and payback periods for both residential and 
commercial domestic hot water (DHW) systems at 
two locations are given in Table 1. This analysis 
assumes that the total installed system cost is 
$2,000 for the residential system (based on an 
installed cost for the collector of $12.50 per 
square foot), and $31 ,325 for the optimized com­
mercial system for a 100-room motel, and an elec­
tricity cost of 6¢/kWhr escalating at 12 percent 
per year. The net savings represent the cost 
difference between an electric only DHW system 
and the electric backup cost with a solar system. 
Maintenance and insurance costs were added to the 
solar system. Tax credits currently existing at 
the two locations were also incorporated into the 
analysis. The payback period was calculated from 
the yearly net cash flows, and represents the 
time required to balance fuel cost savings with 
the net system cost. 

•Conclusions. The black liquid concept has been 
developed to the point where commercial applica­
tion is now possible and the economics of the 
system make it a viable candidate for considera­
tion in future solar systems .. Additional research 
in areas of polymeric protectjon, enhancement of 
collector lifetime, and suitable antifreeze sol­
utions are still necessary, but these areas 
presently seem technical achievable when applied 
as specific goals for improvement of existing 
polymeric materials and black liquids. 
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TABLE 1 
PROJECTED POTENTIAL SAVINGS AND 

PAYBACK PERIODS FOR RESIDENTIAL AND COMMERCIAL 
BLACK-LIQUID SOLAR SYSTEM 

Residential (5 .89 m2) 
Conmer. 
(103 m2) 

Phoenix San Diego Phoenix 
Sale price $2,000 $2,000 $31,325 
Federal tax credit 800 BOO 7.831 
State tax credit 700 300 0 
Net cost 500 900 23,494 
Net savings in 

e 1 ectri city 
cost over 10 yrs $3,940 $3, 113 $43,379 

Number of yea rs 
required for 
payback 2.10 4. 21 6. 73 

FUTURE ACTIVITIES 

It is presently planned to investigate areas 
of possible conniercialization for the black-liquid 
concept, not only for conventional solar collector 
uses, but for other uses such as greenhouse design 
where the unique properties of the black-liquid ' 
system may be used to advantage. Currently, one 
manufacturer. has plans for eventual marketing of a 
black-liquid collector and there is considerable 
interest being expressed from other manufacturers 
both in this country and in foreign countri·es. 

PUBLICATIONS/REPORTS 

O. K. Landstrom, S.G. Talbert, G.H. Stickford, Jr., 
R.D. Fischer, and R.E. Hess, "Development of a Low­
T~mperature, Low-Cost Black-Liquid Solar Collector", 
F1nal Report, Contract No. EG-77-C-04-4097, Report 
No. AL0-4097-1, U.S. Department of Energy Solar 
Hea~ing and Cooling. Research and Developm~nt Branch, 
Off1ce of Conservation and Solar Applications, 
October, 1978.* (*Available through NTIS) 

D:K. Landstrom, G.H. Stickford, Jr., S.G. Talbert, 
and R.E. Hess, "Development of a Low-Temperature 
Low-sost Solar.Collector Using a Black-Liquid Co~­
cept .• Procee~1ngs of the 1978 Annual Meeting, 
Ame~1can Sect1on of the International Solar Energy 
Soc1ety, Inc., Denver, CO., Volume 2.1, 228-233, 
August 28-31, 1978. 

D.K. ~andstrom, S.G. Talbert, and G.H. Stickford, 
Jr., Development of a Low-Temperature Low-Cost 
Blac~-Liquid Solar Collector", 3rd Ann~al Solar ' 
Heat1ng and 1 Cooli~g Research and Development Branch 
Contractors Meet1ng, Washington, O.C., September 
24, 27. 1978. 

P,.K. Landstrom, S.G. Talbert, and V.D. McGinniss, 
~ev~lopment of a Low-Temperature, Low-Cost, Black­

L1qu1d Solar Collector, Phase II", Battelle report 
presented at Annual DOE Active Solar Heating and 
Cooling Contractors' Review Meeting, Lake Tahoe, 
NV, March 1980. 

P,.K. Landstrom, S.G. Talbert, and V.D. McGinniss, 
~ev~lopment of a Low-Temperature, Low-Cost, Black­

L 1qu1d Solar Collector, Phase Il", Semi-Annual 
Report, September 1, 1979-February 29, 1980, U.S. 
Department of Energy Report No. AL0-30171-1 March 
20, 1980. * • 

V.D . McGinniss, F.A. Sliemers, D.K. Landstrom, and 
S.G. Talbert, "Compendium of Infonnation on Identi­
fication and Testing of Materials for Plastic Solar 
Therma 1 Collectors", U.S. Department of Energy Re­
port No. UOE/CS/30171-1, July 31, 1980. * 
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FIGURE 2. SCHEMATIC OF OUTDOOR SOLAR COLLECTOR 
TEST FACILITY 

FIGURE l. OUTDOOR SOLAR COLLECTOR TEST FACILITY 
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FIGURE 3. CLOSE-UP OF EXTRUDED 
COLLECTOR AND MANIFOLD 

FIGURE 4. BLACK-LIQUID COLLECTOR 
PERFORMANCE WITH COVER 

FIGURE 5. BLACK LIQUID COLLECTOR 
PERFORMANCE UNGLAZED 

CONTRACT INFORMATION 

STARTDATE l September 1979ENDDATE 31 July 1981 CONTRACTVALUE $149,202 
----------------~ 

Item: 
MILESTONES 

Paper prP~PntPd at DOE Active Solar Heating and Coolin~ Contractors 
Review Meeting 

2. Semi-Annual Report September l , 1979 - February 29, 1980 

3. Literature Survey on Materials for Plastic Collectors 

~ Semi-Annual Report March 1, 1980 - August 31, 1980 

5. Final Report, Phase II, Draft 
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Due date: 

March 1980 m 

March 1980 m 

July 1980 m 

September 1980 m 

July 1981 m 



ENGINEERING DEVELOPMENT STUDIES FOR INTEGRATED EVACUATED CPC ARRAYS 

THE UNIVERSITY OF CHICAGO 

ROLAND WINSTON & JOSEPH O'GALLAGHER 

DE-AC04-81AL16223 

ABSTRACT 

A substantial improvement in op ti cal effkiehcy 
over contemporary external reflector evacuated tube 
collectors can be achieved by integrating the re­
flector surface into the outer glass envelope. We 
describe the design, fabrication and preliminary 
test results for a prototype collector based on this 
concept. Efficiencies above 40% up to nearly 300°C 
may be achieved. This study is concerned with the 
evaluation of practical problems associated with the 
use of arrays of such collectors in a variety of ap­
plications. Projections of long term energy deliv­
ery show that these stationary collectors are com­
petitive with line focus tracking concentrators. 

l. OBJECT! VE 

The objective of this research is to determine 
how the glass tubular evacuated CPC collector can be 
most effectively utilized for mid-temperature (100-
3000C) applications. Industrial process heat and 
Rankine cycle chiller systems for residential space 
cooling are emphasized. Specific problems to be 
addressed include minimization of thermal and fric­
tional parasitic array losses and stagnation 
jil ul~l.LiUll. 

2. BACKGROUND 

A substantial improvement in optical efficiency 
over contemporary evacuated tube collectors, both in 
initial value and its stability over a relatively 
long lifetime can be achieved by integrating a con­
centrating reflecting surface of the nonimaging CPC 
typel into the vacuum enclosure itself by shapi2g 
the outer glass envelope to the desired profile as 
illustrated in Fig. l. The performance gain is a 
consequence of two obvious advantages of the inte­
grated design. 

~ -FORH£D 

GLAS S 

Fig. l Cross sec ti on of integrated design s ug­
ges ted in Ref. 2. 

A. Since the reflector surfaces are in vacuum, 
high quality front surface mirrors (silver or alu­
minum with reflectances p = 0.91-0.96) can be used 
instead of anodized aluminum sheet metal or thin 
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film reflectors (p = 0.80-0.85) typical of the ex­
ternal reflector designs. 

B. The integrated design eliminates the need 
for an external cover glass and the effects of ex­
posure of the reflector surfaces to the elements. 

Clearly the lifetime of such reflecting sur­
faces in vacuum can be expected to be essentially 
indefinite as long as the integrity of the enclo­
sure is maintained. 

3. DESIGN DETAILS 

The basic design of the concentrating tube is 
shown in Fig. 2 in both cross section (2a) a,nd side 
views (2b). The concentrator profile curve is an 
extended cusp type cpc3 matched to a circular ab­
sorber cross section of diameter 9.5 mm (0.375 in.) 
and allows a gap of 1.9 mm (0.075 in.) for thermal 
isolation and mechanical clearance. The design ac­
ceptance angle is ±35° to permit stationary opera­
tion with no tilt adjustments. The geometric con­
centration is l.6X corresponding to a collecting 
aperture 4.9 cm (2.0 in.) in width. The outer 
qla.ss envelope w11c; fnrrrArl froQl a standard 57 mmO.D. 
tube of borosilicate (Pyrex(RJ) glass which has an 
original I.D. of 52 mm. The reflector surface is a 
thin layer of vacuum deposited silver. 

The Integrated Function CPC Calleclar Tube 

~a· o.o. Steel Tube 

1.7 X CPC P,alile curve 
CJOP •0.o75" 

~
Bor•• Gltllf 

,__--Active Length 93 cm----~1 _ tfm-­
bellow~ 5.--~-,.l---~--• ..,.. .. -N-t --.---- c· 

------Vacuum Insulated Length 114cm------

t--------Overall length 119cm--------

Fig. 2 Schematic illustration of prototype design: 
a) cross section profile, b) side view (not to 
scale). 

The absorber tubes are 9.5 mm (3/8 in.) O.D. 
type 304 stainless steel with a wall thickness of 
0.9 mm (0.035 in.). A selective surface is pro­
vided by vacuum deposition of a multilayer stack. 
Special features of the mechanical design include: 

A. doubled-ended unidirectional flow-through 
confi' gurati on, 



B. copper glass-to-metal "housekeeper" seals, 

C. meta 1 be 11 ows to a 11 ow for di fferenti a 1 ex­
pansion between the absorber and glass tube, 

D. barium getter to preserve long lifetimes 
>r vacuum (<lo-6 torr.). 

Because of the length taken up by bellows, 
seals and the getter, the active length is limited 
to 93 cm (36.6 in.) and the relative effect of the 
end losses is more important in the prototype de­
sign than would be the case for a length optimized 
for production (probably ~6 ft.). 

4. PERFORMANCE 

The optical and thermal performance parameters 
for the integrated CPC tube are listed in Table 1. 
The predicted heat loss QL has been parameterized 
according to the form 

4 4 
QL = UmAl(T-Ta) + cre*A2(T -Ta ) (1) 

where Ai and A2 are the net active aperture and ab­
sorber areas, respectively, cr is Stefan-Sol tzman 
constant, and T and Ta are the collector average 
temperature and ambient temperature,respectively. 
The effect of conduction losses from the manifold 
and ends is included by introducing the linear mani­
fold heat loss coefficient U and the effective 
emittance per unit active coTlector area e* (in­
creased above the actual value to include radiative 
losses from inactive portions of the absorber tube 
length). If the optical efficiency relative to 
total insolation I0 is n0 , the instantaneous effi­
ciency can be represented by 

where c = Al/A2. 
1 ...... 1 ,.....,... or CPC Cou.acToti T• 

D11 1M ""''°"" 6oM. ~ 
c-.... ... 

CollcafMTIOI UTIO I.IX l.6X 
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°"''~~ 
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lmCTIYl •"-'Cfutt 1<0.1) 0.17 o.gg ! .m 
""""• U111 ( U (AWUAMD CM.l ! 9 ) 0. 06 .05 • . l (U T.) 

~Ma <-> Q.15 MS-0.81 
Ol>TICAL l•P ICIOICY 

'111 (w1n11• acc:ll'TMCI ...U:) 0. 71 
. 'Jo httUTl "l TO roTN..• ) 0.6!· 

fltfllW.. Pul'OMMICI 
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•Alllltllll 1111 , IS tJ.l TOW.I l llM' 

•l'llumto I Y IC. RltD AT ~ llATIOllAL l.A.IO'I ATOll'Y , 

Values listed in Table 1 characterize the pro­
totype panel for the prototype tubes shown in 
Fig. 2b while the values listed under "design goal" 
are for tubes with an active length of 6 feet and 
the same inactive length per end as the prototypes. 
Predicted instantaneous performance based on Eq. 2 
for the design goal is shown in Fig. 3 as well as 
-- estimate for the prototype panel based on mea-

red subcomponent performance. Shown for compari­
~vn is a shaded region representing the p~rformance 
of contemporary evacuated tube co 11 ectors4. 
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Fig. 3 Predicted efficiency curves for integrated 
CPC collector tube compared with contemporary evac­
uated collectors and a very good double glazed flat 
plate. ' 

5. POTENTIAL APPLICATIONS 

The instantaneous performance curves shown in 
Fig. 3 show efficiencies relative to total insola­
tion greater than 40% across the full range from 
ambient temperautre to nearly 300°C. This can be 
achieved with a totally s ta ti ona ry co 11 ector sys tern 
comprised of an array of integrated function tubes. 
This temperature and performance range makes it 
truly an all purpose solar collector with applica­
tions for space heating and cooling, industrial 
process heat, irrigation pumping and low tempera­
ture electrical power generation. The features 
will be particularly advantageous in climates char­
acterized by a large diffuse component since this 
concentrator collects more than half the available 
di'ffuse. Using the recently developed model de­
veloped by Rabl5 for predicting comparative energy 
collection, the annual performance projection for 
this · collector and for a good East-West aligned 
tracking trough have been determined and are 
plotted for the relevant temperature range in 
Fig. 4. Results for two locations, Boston and 
Albuquerque are shown . As can be seen the output 
from the integrated concentrating tube exceeds 
that for the trough up to temperatures of 260°C-
3000C. This is because the extra diffuse radiation 
available to the CPC in both cl i mates compensates 
for its sl i ghtly greater the rmal losses. The rela­
tive improvement is most dramatic in the north­
eastern climate. 

6. APPLICATIONS STUDIES 

We are investigating specific issues .asso­
ciated with the deployment of arrays of integrated 
f unction CPC tubes and their inte r face with other 
mid-temperature systems. The activities are 
divided into the following areas : 

A. array development, 

B. manifold optimization and interconnect 
strategy, 

C. applications development, and 

D. performance analysis and projections. 



to assist us with thi.s portion of our investigation 
which has a strong engineering component, we are 
collaborating with the solar energy group of the 
Illinois Institute of Technology, MMAE Department. 
Results, conclusions and reconmendations based on 
these studies will be presented. 

Comporative Annual 
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Fig. 4 Calculated annual energy delivery for an 
integrated CPC and an East-West aligned tracking 
parabolic trough using the method of Ref. 5. 

REFERENCES 

1. W. T. Welford and R. Winston, Optics of Non­
imaginf Concentrators, Academic Press, New 
York ( 978). 

2. John D. Garrison, "Optimization of a Fixed 
Solar Thermal Collector", Solar Energy 23, 
93 (1979). -

3. R. Winston, "Ideal Flux Concentrators with 
Reflector Gaps", Applied Optics 17, 1668 
(1978). -

4. 8. J. Graham, "A Survey and Evaluation of Cur­
rent Design <>f Evacuated Co 11 ectors", 
Final Technical Report for U.S. Department of 
Energy Contract No . DE-AC02-79CS05350 
(September 1979). 

5. A. Rabl, "Yearly Average Performance of the 
Principal Collection Types", SERI Technical 
Re.port TR-631-716 (January 1981). 

CONTRACT INFORMATION 

STARTDATE Jan. 19, 1981 ENDDATE Jan. 18,1982 CONTRACTVALUE $74,242 
---------------~ 

MILESTONES 
Item: Due date: 

1. Semi-Annual Technical Progress Report 7-18-81 p 

2. Semi-Annual Technical Progress Report 1-18-82 p 

3. Fina 1 Techni ca 1 Report 1-18-82 p 

4. 

5. 

8-10 



STUDY OF ALUMINUM CORROSION IN ALUMINUM SOLAR HEAT COLLECTORS USING AQUEOUS GLYCOL FOR HEAT TRANSFER 

GINER, INC . 

LARRY L. SWETTE, DAV.ID K. WONG, FRANKLIN H. COCKS 

DE-AC04-79CS31072 

OBJECTIVE 

The goal of this program was to establish the 
conditions for successful operation of aluminum 
solar heat collector panels with aqueous glycol 
heat transfer fluids for periods of up to 20 years. 
Within this goal the experimental objectives were 
to determine the effect of extended elevated temp­
erature exposure (1300 - 1sooc) on the pH and 
corrosiveness of aqueous glycol solutions; to 
determine the critical pitting potential of aluminum 
in the presence of chloride ion in aqueous glycol 
solution; to determine the effectiveness of inhibi­
tor formulas in preventing aluminum corrosion; and 
to determine the effectiveness of zinc powder in 
protecting aluminum under corrosive conditions 
beyond the norma 1 range of. inhibitor effectiveness. 

DESCRIPTION OF WORK 

Pure aluminum (1100 series) and the Mn alloys 
(3000 series), were investigated for· corrosion 
susceptibility in aqueous ethylene and propylene 
glycols under a variety of ·temperature, flow, con­
tamination and inhibitor conditions. Conventional 
weight-loss methods were used to determine corrosion 
rates. In addition, polarization resistance meas­
urements were used to determine overall corrosion 
rates using the Stern-Geary equation:1-4 

(1) 

in which: 

icorr =corrosion current density (A/cm2) 
ea• ac = slopes of logarithmic local anodic and 

cathodic polarization curves (V/decade) 
aaa/(aa +ac) = 0.16 for eth.vlene glycol and 0.07 

for propylene glycol 
~E/~i = measured potential/measured current 

density at low polarization (ohms/cm2) 

The corrosion rates were then determined by convert­
ing icorr to mils/year (e.g., icorr x 4.1 x 10s). 

The pitting corrosion damage was assessed by 
measuring pit density and maximum pit depth. The 
pit growth constant, k, was determined by the cube 
root law: 5 -

D = kt 113 (2) 

where D is the measured pit depth in microns and t 
is the-exposure time, in days. Pitting analysis 
was done by quantitative metallographic examination. 
These results were extrapolated from laboratory 
samples to working system surfaces by the following 
equation:G 

(3) 
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where .P. is the maximum probable pit depth to be 
found on the surface of such a working system, k 
and 1 are as defined in Eq. (2), fi is the working 
system/laboratory sample surface area ratio, and a 
is an empirical parameter derived by dividing an -
exposed sample surface into N equal sections and 
measuring minimum and maximum pit depths; then 

(4) 

The typical value of.! was determined to be ~o.14. 

Corrmonly encountered contaminants that can 
accelerate corrosion are c1-, Fe3+ and cu2+; 
corrosion effects of these contaminants were exam­
·ined at a typical concentration of 200 ppm. 

Pure and contaminated glycol solutions with 
and without inhibitor were thermally degraded by 
heating in pressure vessels to 1000, 1400 and 19ooc 
for up to 6000 hours. Aluminum corrosion rates 
were then measured in these solutions. 

The critical pitting potential of 1100 series 
aluminum was determined for uninhibited aqueous 
ethylene and progylene glycols over the temperature 
range 25° to 100 C and a chloride ion concentration 
range of 10-4M to 1.0M, using a potentiostatic step 
technique.7 

Corrosion inhibitor formulations, both commer­
cially available coolants as well as laboratory 
preparations based on conmercial formulas, were 
evaluated for effectiveness in protecting aluminum 
by using weight-loss, linear polarization measure­
ments and pitting analysis techniques. 

Finally, the use of zinc powder as a floating 
sacrificial anode was evaluated both in terms of 
effectiveness in preventing pitting under extremely 
aggressive conditions and in terms of the approxi­
mate zinc consumption rates. Electrochemical 
corrosion parameters were measured followed by 
high temperature testing in laboratory scale 
circulators. 

TECHNICAL ACCOMPLISHMENTS 

•Aluminum is marginally corrosion resistant in 
uninhibited glycol solutions of high ~ 
under moderate temperature conditions (below 
ioooc, no stagnation). 

• Corrmon contaminants c1-, Fe3+, cu2+, accelerate 
corrosion substantially in uninhibited glycol 
solutions; chloride and copper ions, in 
particular, induce severe pitting. 

• tthylene glycol solutions are, in general, 
somewhat more corrosive than propylene glycol 



solutions, and corrosiveness increases with 
increasing water dilution. 

• Both ethylene and propylene glycol solutions, 
inhibited and uninhibited , become increasingly 
acidic in direct proportion to temperature 
(above 100°c) and exposure time. 

• After 2000 to 3000 hours at 140°c, glycol 
solutions without inhibitors show pH values of 
less than 5; such solutions are highly corros­
ive to aluminum, (one mil Al foil samples 
pitted through in one week). 

• Standard automotive coolant inhi·bitor was 
found to provide better corrosion protection 
for aluminum than currently available inhibitor 
solutions specifically marketed for solar 
thermal application. 

• Inhibited ethylene and propylene glycols aged 
at 1oooc did not degrade below pH 8 after 6000 
hours, with or without c1 - , cu 2+ and Fe3+ 
contaminants present . Aluminum exposed to such 
solutions was still satisfactorily protected 
by the inhibitor. 

• The inhibitor formulation was increasingly less 
effective at temperatures above 1oooc . 

•At 14ooc, inhibited glycols were degraded below 
pH 8 within 3000 hours; aluminum corrosion rose 
to a rate of 1 mpy in such solutions. The 
presence of c1-, cu2+, and Fe3+ accelerated pH 
drop at 140°c, as well as aluminum corrosion 
in subsequent testing, particularly pitting 
attack . 

•The critical pitting potential, Ep, of alum­
inum in 50% aqueous glycol solutions was 
found to obey the following relationship: 

EP = E~ + s loq c1- (5) 

in which E0 and S are temperature dependent 
constants .P 

• The critical pitting potential of aluminum was 
found to become more negative with increasing 
temperature and with increasing chloride ion 
concentration. For example, at 10-4M c1-, Ep 
vs. SHE shifts from -280mV at 25°C to -380mV 
at 100°c in 50% aqueous ethylene glycol; and 
at 1oooc, Ep shifts from -380mV at 10-4M c1-
to -590mV at 10-1M c1-. 

• Zinc metal in contact with aluminum was found 
to prevent pitting corrosion under conditions 
beyond the normal range of inhibitor effect­
iveness (e.g. at 130° - 140°c in the presence 
of c1-). · 

• Zinc powder effectively scavenges heavy metal 
ions like Fe3+ and Cu2+ from solution. 

•Zinc exhibits a more negative potential than 
aluminum in uninhibited glycol solutions; thus 
zinc powder in contact with aluminum can lower 
the potential below the critical pitting 
potential of aluminum . 

• The zinc/aluminum potential relationship is pH 
dependent; in inhibited glycols (pH 10-11), 
aluminum is slightly more negative than zinc, 
but without effect on corrosion (i.e., the 
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inhibitor is still functional). 

• In laboratory circulator tests at 130° - 15o0c, 
10 micron zinc powder was found to prevent or 
substantially reduce pitting attack of chloride 
containing glycol solutions, with and without 
inhibitor, for 900-1600 hours of continuous 
operation (maximum test durations). For 
example : 

a) In 85% propylene glycol with 200 ppm Gl­
and 2 wt% Zn powder, but without inhibitor, 
no pitting was observed after ~1500 hours 
of exposure at 150°c (N2 atmos.). 

b) In 85% ethylene glycol with inhibitor, 
200 ppm c1- and 2 wt% Zn powder, no 
pitting was observed after 1600 hours at 
1250 - 150°c (air atmos.). 

c) In 50% propylene glycol (pressurized 
system) with inhibitor, 200 ppm of c1-, 
Fe3+ and cu2+, and 3 wt% Zn powder, the 
maximum pit depth observed was 8µ after 
900 hours of operation at 140° - 150°c . 
Using Eq. (3) above, the maximum probable 
pit depth in 20 years would be 8-10 mils. 
For the same system wjtnout Zn after 900 
hours at 150°c (stagnant), the maximum 
pit depth was 22µ, equivalent to 20-25 
mils in ·20 years. Zinc powder replenish­
ment would probably be necessary on an 
annual or bi-annual basis. 

FUTURE ACTIVITIES 

Current contract was completed March 31, 1981. 
C011111ercial interest in the results of this work is 
being explored. 
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COLLECTOR RESEARCH AND DEVELOPMENT* 

LOS ALAMOS NATIONAL LABORATORY 

DONALD A. NEEPER 

W-7504 - ENG-36 

ABSTRACT 

Current so lar collector res earch of the Los 
Alamos National Laboratory is described. The 
documen t i s divi ded into three sections dealing 
with the three aspects of the program: reli­
ability and main tainability, optical materials, 
and evacuat ed tube collector t esting . 

I . RELIAB ILITY AND MAINTAINABILITY (John Avery) 

OBJECTIVE 

The objective o f this work is to provide 
meaningful and use f ul solar reliability and 
maintai nability inf ormation on corrosion of 
metal l i c components of solar collectors and the 
performance of va r ious heattransfer fluids. 

DESCRIPTION OF WORK 

This task involves generation of both labora­
tory and field data regarding corrosion and fluids 
of in t eres t to act i ve solar applications. The 
real-time field data collected by Los Alamos will 
be us ed to va lida t e the results of existing and 
continuing DOE- funded research and development 
projects. A subsequent report will supply needed 
i nformation on fluid and hardware lifetimes. 

The labora t ory data generated by Olin Corpora­
t i on under DOE Contract DE-AC04-81AL16222, consist 
of sc r een i ng t ests on more than 150 metal/fluid 

Fig. 1. Removable corrosion coupons 

combinations: Cu, Al, steel, galvanic couples and 
solder joints, with various waters, glycols, and 
aqueous heat-transfer fluids. 

The field data come from field sites specially 
instrumented to obtain data relevant to corrosion. 
Corrosion coupons and fluids will be withdrawn 
every 6 months and evaluated. Figures 1-3 show 
the collector array and corrosion coupons to be 
studied at the Los Alamos National Laboratory's 
newly constructed Support Facility. 

FUTURE ACTIVITIES 

Fluid and hardware lifetime data will be 
supplied to the private sector as the information 
becomes available. 

MAJOR MILESTONE 

State-of-the-art report on corrosion. 

II. OPTICAL MATERIALS (Stanley Moore) 

OBJECTIVE 

The objectives of the optical materials 
investigation include operation of a high­
altitude, materials exposure facility; inves­
tigation of chemical conversion coatings for 
passive or low-temperature selective surface 
a pplications; and determination of collector 
materials durability and reliability. 

Fig . 2 . Location of corrosion coupon rack 

*Work performed unde r t he auspices of the US Department of Energy, Office of Solar Applications for 
Buildings. 8- 14 



Fig. 3. Location of manifold in solar 
installation plumbing 

DESCRIPTION OF WORK 

A high-altitude exposure facility complements 
the environmental regional testing in desert con­
trol and industrial environments. Both develop­
mental and counnercially available glazings, re­
flectors, and absorber materials are being tested 
at this facility. Types and rates of degradation 
will be determined. 

Chemical conversion coatings offer the prom­
ise of providing inexpensive selective absorbers 
for low-temperature and passive applications. A 
general study has been undertaken to determine 
prospect ive coatings followed by detailed optimi­
zation and environmental testing. 

TECHNICAL ACCOMPLISHMENTS 

o The high altitude exposure facility has been 
completed, instrumented, and is operational. 
The first round of Solar Energy Research 
Instilule/Desert Sunshine Exposure Tests 
(SERI/DSET) counnercially available materials 
is on test. Developmental materials are 
being installed. 

o Chemical conversion solutions and substrate 
materials consisting of aluminum, zinc, 
cadmium, copper, stainless, galvalume and 
aluminized nylon have been procured. Screen­
ing samples of aluminum and copper nave been 
prepared, and optical evaluation is under way. 

o A 5-year stagnation test on black chrome 
selective absorber collectors has been 
completed. Optical evaluation has shown no 
degradation in either solar absorptance or 
emittance. 

o A status report covering the progress of the 
DOE programs on painted coatings has been 
completed and is being publ.i.sl1ed. 

o Anti-reflectance-trea.ted glass, etched by 
Honeywell/Nor-Ell, Inc., is undergoing 
outdoor exposure tes Ling. Neither the AFG 
Solatex nor the CE Heliotherm has shown any 
loss in transmittance after exposures of 10 
months and 5 months, respectively. 

FUTURE ACTIVITIES 

Topical reports covering the ·detailed results 
of the black chrome and absorber paint durability 
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evaluations will be published and made available 
for commercial evaluation and use. 

PUBLICATIONS/REPORTS/REFERENCES 

S. K. Reisfeld and D. A. Neeper, "Solar Energy 
Research at Los Alamos: April 1, 1980 -
September 30, 1980, Los Alamos National 
Laboratory Report LA-8782-PR. 

III. EVACUATED TUBE COLLECTOR TESTING (John 
Krall) 

OBJECTIVE 

The objective of this work is to test and 
evaluate the use of heat pipes configured in 
evacuated tube solar collectors. 

DESCRIPTION OF WORK 

Two evacuated tube collector modules were 
tested. One module employs heat pipe absorbers 
desig~ed and built by Thermacore, Inc., under DOE 
Contract DE-AC04-77CS34099. The 5/16-in. steel 
heat pipes with the trimethylborate working fluid 
replaces the hairpin absorber of the standard 
General Electric evacuated tube collector. The 
heat pipes are brazed to the standard two-piece 
copper fin. The second module is a standard, 
8-tube 1 parabolic cusp reflector, General 
Electric TC-100 collector. 

The initial test objective was to duplicate 
and analyze apparent sporadic behavior of the 
heat pipe collector observed by General 
Electric. The sporadic behavior could not be 
duplicated, and we concluded that it resulted 
from the testing arrangement at the General 
Electric facility. The evacuated tube modules 
were tested side by side in parallel test loops 
using 100% glycol as the loop working fluid. 
Since the efficiency data were generated 
utilizing 100% glycol, the presented results 
should be used only for comparison and not for 
absolute efficiency dala. Figures 4-6 show 
performance test data. 

Both collector modules were also stagnated, 
and a brief study of oxidation of the copper 
absorber fin was conducted for comparison with 
observations of corrosion in collectors in the 
field. One collector was tested with the copper 
absorber fins removed to determine the worst 
case, i.e., the copper absorber fins had corroded 
completely away. Observed oxidation after two 
days of stagnation revealed that loose scale 
(Cu20 or CuO) 1-mil thick had developed on a 
previously cleaned area on the copper fins and 
the general appearance of the majority of tubes 
was that of loose curled-up scale of a larger 
magnitude than that observed prior to the two-day 
stagnation. Tt is P.Xpected that because of the 
lower stagnation temperatures of the heat pipe 
collector, oxidation rates on the copper fins 
will be decreased. 

Thermacore's latest copper heat pipes with 
water as the working fluid are currently being 
tested and evaluated, and the results will be 
compared to Thermar.ore's steel-trimethylborate 
heat pipes. 

Additionally, Phillips' evacuated tube heat pipe 
collector is being tested and evaluated. 



TECHNICAL ACCOMPLISHMENTS 

o The GE-TC-100 evacuated tube collector config­
ured with heat pipes (Fig . 4) was shown to 
have an efficiency comparable to that of the 
standard GE-TC-100 (Fig. 5) in the normal 
operating range. 
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Fig. 4. GE-TC-100 evacuated tube collector 
configured with Thermacore heat pipes. 
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Fig. S. Standard GE-TC-100 evacuated tube 
collector 
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Stagnation temperatures of the GE-TC-100 
evacuated tube collector configur.ed with heat 
pipes are lower than stagnation temperatures 
of the standard GE-TC-100. Our tests under 
300 Btu/ft2 insolation at an ambient tem­
perature near 80°F showed that the fin in 
the standard GE-TC-100 reached a temperature 
of 742°F. The heat pipe absorber fins 
remained considerably cooler. The range of 
temperatures on the heat pipe fins was 
430-700oF. 

The removal of the heat conducting fins 
reduced the efficiency of the heat pipe, 
evacuated tube collector by 14% (Fig. 6). 
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Fig. 6. GE-TC-100 evacuated tube collector with 
fins removed 

FUTURE ACTIVITIES 

Thermacore's new copper heat pipe with water 
as the working fluid will be evaluated and com­
pare<:! to thP stl'Pl h<>~t pipo \Jith trim.::.tl1yluuu1LI:! 
as the working fluid. The Phillips evacuated 
tube collector configured with copper heat pipes 
and isobutane as the working fluid will be tested 
and evaluated. 
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EVALUATION OF SOLAR POND PERFORMANCE 

MONSANTO RESEARCH CORPORATION 

LAYTON J. WITTENBERG 

DE-AC04-76-DP00053 

OBJECTIVE 

This project is directed toward data collection 
and evaluation of the thennal performance and oper­
ational characteristics of the largest, operational, 
salt-gradient solar pond in the United States; to 
gain firsthand experience regarding the maintenance, 
adjustments and repairs required of a large, opera­
tional solar pond facility; and to provide technical 
consultation regarding the operation and the optimi­
zation of the pond perfonnance. 

DESCRIPTION OF WORK 

This project required the installation of appro­
priate instrumentation, and the collection and eval­
uation of ·data on the perfonnance of the large solar 

pond located in Miamisburg, Ohio. This task re­
quired, also, firsthand observation and technical 
consultation with the operator of the pond regarding 
the construction, operation and maintenance required 
of this large facility. 

During 1978 the City of Miamisburg constructed 
a large, salt-gradient solar pond as part of its 
community park development project. The thermal 
energy stored in the pond is being used to heat an 
outdoor swiT1111ing pool in the suT1111er and an adjacent 
recreational building during part of the winter 
(see Fig. 1). This solar ~ond, which occupies an 
area of 2020 m2 (22,000 ft ), was designed from ex­
perience obtained at smaller research ponds located 
at Ohio State University and the University of New 
Mexico, and similar ponds operated in Israel. 

Figure 1. The Miamisburg solar pond (center) is used to heat the outdoor swiTITiling pool (right) during the 
SUT1111er and the adjacent recreational building for part of the winter. 
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The solar pond combines low-cost solar energy 
collection with the annual storage of low-tempera­
ture heat. The installation cost to the city for 
this pond was $70,000. The cost of this type of 
combined solar collector and heat storage system is, 
therefore, only $35/m2 ($3.20/ft 2

). Because the 
pond is an annual storage system, it may require 
two to three years to reach a steady-state condition 
at which time it is projected to deliver annually 
300,000 kWH (1 billion BTU) of heat. If the cost 
of the pond is depreciated over 15 years, the cost 
of this heat will be only 3.2¢/kWH ($9.45/million 
BTU). 

TECHNICAL ACCOMPLISHMENTS 

• During July, August, and September 1979, use­
ful heat (40,000 kWH, 136 million BTU) was withdrawn 
for the first time from the solar pond to maintain 
the outdoor swi11111ing pool at approximately 80°F. 

• Instrumentation was installed and tested 
to measure the total solar insolation, the solar 
radiation penetration into the water, air tempera­
ture, and temperatures at numerous depths and loca­
tions in the water and in the earth beneath the 
pond. All of these sensors are automatically read 
and recorded on a pre-determined schedule by the 
use of a small computer. During 1980, an automated 
conductivity probe was added to scan the salt con­
centration at all levels in the pond. Also, the 
automated data collection system was updated and 
made fully operational. 

• A simple, heat-flow model based upon the 
University research ponds was constructed and 
tested by comparison of the observed with the pre­
dicted temperatures for the storage layer during 
each month of 1979. The predicted values were in 
good agreement with the observed values except for 
March when a large amount of heat was probably lost 
to groundwater. Based upon this model, the pond is 
predicted to deliver 300,000 kWH/yr (1 billion BTU/ 
yr) of heat when it has reached a steady-state con­
dition. 

• Water quality was determined frequently by 
measurements of salinity and acidity on samples ex­
tracted from various depths of the pond. Copper 
sulfate, in the 1-2 ppm concentration range, served 
successfully as an algaecide; however, the acidity 
of the water had to be readjusted several times dur­
ing the year with hydrochloric acid to maintain a 
pH of 6 so that the copper sulfate remained in 
solution. · 

• Corrosion of the solder joints of the copper 
tube heat exchanger caused by the hot, concentrated 
saline solutions became severe. All of the original 
solder joints, composed of 95% tin-5% antimony, were 
subsequently refabricated with a brazing alloy of 
high silver content. 

• Corrosion of the base of the copper-tube 
heat exchanger i11111ersed in the storage layer became 
severe when a differential electrochemical cell was 
inadvertently formed. This heat exchanger was re­
moved from the pond. 

• A tube-in-shell heat exchanger is being in­
stalled external to the pond. The hot brine will 
be pumped from the pond through the heat exchanger 
and returned to the pond. 

• Several seam failures have occurred in the 
plastic liner and some of the brine has leaked from 
the pond. These faulty seams have been successfully 
repaired underwater without the need to completely 
drain the pond. 

• The pond was reconstructed during 1980 with 
the addition of more salt and the reformation of 
the gradient zone. The pond will be available for 
heating the swi11111ing pool water by the summer of 
1981. 

FUTURE ACTIVITIES 

No current plans exist for marketing/co11111er­
cialization of this system. The cost and perfor­
mance information derived from this project has 
been given wide circulation. This information will 
provide engineering data for design and construc­
tion of future ponds planned in the U. S. For 
low-temperature process heat and certain types of 
co11111unity development projects, such ponds have 
the potential for displacing significant amounts 
of fossil fuels. Based upon such interest and 
need, a more formal marketing/industrial informa­
tion strategy may be proposed, if a National fsolar 
Pond Development Plan is implemented. 
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LOW-COST MIRROR CONCENTRATORS, BASED ON DOUBLE-WALLED, METALLIZED, TUBULAR FILMS 

MONSANTO RESEARCH CORPORATION 

GEORGE L. BALL III, JAMES L. SCHWENDEMAN, AND JAMES W. LEFFINGWELL 

DE-AC04-78AL04227 

OBJECTIVE 

The purpose of this work was to develop an 
innovative nontracking cylindrical mirror concen­
trator of about 3X concentration ratio that uti­
lizes inflation for shape generation and film . type 
plastic materials and processes to minimize cost. 
Low cost was to be emphasized over performance. 

DESCRIPTION OF WORK 

The practicality of extending previous con­
centrator designs to make available a cost-effec­
tive, durable, inflatable cylindrical (tubular) 
concentrator was examined. Previous tubular col­
lectors have been made using polyester-type mater­
ials - aluminized for reflectors and clear for 
covers. These expensive materials require stabil­
ization against ultraviolet (UV) light to prevent 
degradation from solar exposure, and the long-term 
optical properties of the reflectorized film are 
not certain. 

Low-cost, durable, reflective aluminum foil­
plastic film laminates were evaluated as an al­
ternative to relatively expensive aluminized poly­
ester-type reflectors. These materials were used 
to build a truncated cylindrical designed unit 
which eliminates about 40% of both the cover and 
reflective surfaces of conventional cylindrical 
collectors. This innovative design resulted in a 
type of construction which greatly facilitated the 
assembly of the mirror/window to the collector, 
reduced wind resistance, and makes more efficient 
use of land area. A prototype unit shown in the 
figure was fabricated in 1979 and was tested out­
doors with the expected thermal output. 

TECHNICAL ACCOMPLISHMENTS 

• A commercially available aluminum foil/poly­
ester laminate (Lamotape) was selected as the 
mirror material for its cost-effectiveness, 
good reflectance and mechanical properties. 
The foil/polyester mirror is bonded to 4-mil 
black PVC film to improve its outdoor dura­
bility. 

• Window material was fabricated from clear 
XP1029 stabilized, 4-mil PVC film laminated 
to ~5-mil polyester (Mylar) film. This type 
of laminate gave adequate strength, a good de­
gree of flexibility, and good light trans­
mission. Exposed to intense UV radiation in 
a test chamber, the film containing XP1029, 
after becoming pale yellow within 24 hours of 
exposure (0.4 year), did not change markedly 
in color within 557 hours (9.6 equivalent 
years exposure). More important, the film did 
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~ot stiffen during this exposure and was st~ ll 
capable of being deployed by inflation using 
air pressure. 

A concentrator design made up of two cylindri­
cal segments joined along their longitudinal 
edge was developed. This design reduces the 
cover and mirror area by about 40% without un­
due sacrifice in reflective capability and can 
result in a savings of about 22% in land use. 

The absorber tube is the principal structural 
member of the concentrator, supporting the 
entire concentrator and providing the base for 
the end plates and transverse support which 
fixes the dimension and shape of the concen­
trator . 

The sides of the concentrator are closed by use 
of side rails and sealing strips. Side rails 
are supported by end plates and a transverse 
support. The concentrator is symetrical. 

The design permits easy assembly of the mirror 
and window material to a collector without 
disturbing the structure of the collector or 
disconnecting the heat transfer fluid plumbing. 

An inner insulation sleeve made of commercially 
available fluorinated ethylene/propylene co­
polymer is mounted on the absorber tube. The 
absorber tube is coated with state-of-the-art 
selective coating . 

Outdoor testing of the efficiency of the con­
centrator around a black chrome absorber was 
conducted in August 1980. Thermal efficiencies 
at inlet temperatures of 35 to 60°C ranged 
from 30 to 15%, respectively. 

15 month outdoor exposure of the concentrator 
had no apparent effect on its performance. 



FUTURE ACTIVITIES 

No additional work is planned. 
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FRESNEL CONCENTRATING COLLECTOR 

Rensselaer Polytechnic Institute 

INTRODUCTION 

William Rogers 
David Borton 

DE-FG04-80AL13121 

During the oil embargo of 1973-74, the 
Northeastern part of our country was shown 
to be particularly vulnerable to shortages 
of fossil fuels which, for the most part, 
were coming from overseas sources. Other 
energy technologies had to be found. To 
displace fuels in many applications, 
though, alternative energy sources had to 
be able to deliver high quality energy 
reliably. Therefore, even though the direct 
sunlight available in the Northeast may 
only total one half that available in the 
sunniest region of our country, there 
appeared to be a real potential for cost 
effective solar hardware even seven years 
ago. The energy user who could diversify 
into alternative energy sources could 
reduce the impact of sudden fuel price 
increases and also reduce the risks of 
having to shutdown operations because of a 
lack of sufficient heat, process steam or 
conventional cooling. 

The two major hurdles we had to 
overcome before we could begin an extensive 
effort to produce active alternative energy 
equipment were: 

1. To provide solar energy even during 
the harsh cold weather for which the 
northeast is infamous, and 

2. To provide this alternative energy 
at a price competitive with traditional 
fuels. 

With energy consumption increasing 
worldwide we believed that, in a reasonable 
amount of time, prices of traditional fuels 
would increase sufficiently to make focused 
solar energy a viable alternative. 

Concentrating the sun allows heat 
losses to be minimized once the energy has 
been captured. Therefore, even sunlight 
during the winter months could be utilized. 
With the sun's energy being reflected from 
864 square feet of mirrored surface onto a 
few square feet of heat transfer material, 
subzero temperatures become less of a 
factor in useful energy production. 

Although focusing the sun overcame our 
first perceived hurdle without difficulty, 
it tended to amplify the effects of the 
second hurdle. Any complexity added to 
solar energy equipment increases the 
already large front-end costs associated 
with equipment which gathers significant 
quantities of low density energy. Our 
research efforts over the last seven years, 
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for the most part, were directed towards 
the need to develop mechanical and 
procedural methods for reducing hardware 
costs. See figure 1. 

HARDWARE DESIGN 

Major goals which directed our efforts 
in engineering cost effective designs for 
concentrating solar energy were: 

1. The minimization of 
weight of the solar energy 
equipment,while utilizing 
materials; 

the overall 
collection 

inexpensive 

2. The simplification of components 
and optimization of the number of different 
parts along with the manufacturing 
procedures needed to produce them; 

3. The embodiment of designs which can 
be readily shipped, rapidly assembled and 
optically aligned, easily tested and 
quickly repaired by available labor; and 

4. The incorporation of features and 
components which augment reliable, safe and 
durable operation. 

Minimizing the weight of the collector 
prescribed the implementation of two 
concepts: 

1. The distribution of 
wind and gravity loading on the 
and 

forces from 
equipment, 

2. The use of a Fresnel concept. 

Distributing the forces of wind and gravity 
over many parts allows lightweight 
components to be adequate for bearing the 
six tons of force anticipated from a 90 mph 
wind. The Fresnel concept is complementary 
to the concept of distri~uted loading. 
Eight thin one foot square mirror tiles 
treated for outdoor use have been supported 
by lightweight aluminum stressed-skin 
support panels which are pivoted on their 
centers of gravity to produce the motion 
necessary for elevation tracking. Using the 
Fresnel mirror concept and distributed 
loading permits wind to pass through the 
collector structure when the mirrored 
columns are positioned to "feather" in the 
wind like open Venetian blinds. The small 
surface area of each column allows common 
materials and construction techniques to 
meet the demands on these parts for 
stability and durability. Consequently, 
material weight is minimized and the 
corresponding cost associated with material 
quantity avoided. 



The simplification of components and 
their material manufacturing processes was 
aided by several iterations of design, and 
construction of several generations of 
prototype equipment. Our current designs 
use large numbers of identical parts. 
Because the demands for strength in any one 
of these parts is small, exotic materials 
are avoided. During the installation of 
equipment at a site, special erection 
equipment is usually unnecessary due to the 
manageable size of individual parts. We 
found these choices in design promoting our 
goals for reducing the overall installed 
cost of equipment. 

The embodiment of practical aspects of 
design which provide the packer, shipper, 

_site erection crew and operator with items 
which make their jobs easy, promotes 
acceptance of the technology and 
enhancesits cost/benefit ratio. 

We have found that by incorporating 
operational schemes, such as keeping the 
reflector surface upside down except during 
operation, limits reflector exposure to 
dust, ice, snow and vandals and enhances 
safety. Upon loss of power or occurence of 
other stow parameters, the unit returns the 
mirrors to this inverted position "over the 
top" so that the intense focused radiation 
at no time comes below the receiver. The 
design of other components and software 
subroutines incorporates this kind of 
failsafe orientation. We have found that 
"add on" safety packages are seldom as 
reliable, and have an undesirable "add on" 
cost. 

Although developing the objectives for 
our goals demanded more common sense than 
any other resource, the technical 
capabilities of Rensselaer Polytechnic 
Institute, the organization within which we 
performed our research, were essential to 
every stage of finalizing and testing 
component designs. With the right 
combination of simplicity and complexity, 
we believe we have achieved a. design for 
collecting solar energy which is compatible 
with the special needs of our region of 
this country. 

SYSTEM TESTING 

Based on the preliminary work and 
receiver heat transfer analysis, two 
receiver designs were selected for 
manufacture and testing. The first was a 
conically wound copper monotube boiler with 
30 degree cone half angle, and the second, 
a steam unit heater employing steel tubes 
with aluminum fins. (See Figs. 2 & 3). 

Solar energy input was determined by 
an Eppley normal incidence pyrheliometer 
with a 5 1/2 degree aperture which had be7n 
recently calibrated by the Atmospheric 
Sciences Research Center in Albany, N.Y. 
This was coupled to a strip chart Lecorder 
which provined a record of instantaneous 
insolation readings. Integrated values 
corresponding to the discrete time periods 

for collector output measurements are 
utilized to calculate collector 
efficiencies throughout the day. 

Output was determined by measurement 
of the quantity of water converted to steam 
and the pressure of the saturated steam 
transferred to the RPI steam system. System 
efficiency figures include losses from 120 
feet of insulated steam line. Water flow 
was calculated by two methods: 1) by a 
Badger Recordall Flowmeter and 2) by 
measurement of lost weight from the boiler 
feed tank. The test fluid loop is 
illustrated in Figure 4 • Note that steam 
condensate is returned to the boiler feed 
tank from the steam trap. In the test of 
the fin tube boiler, the variation of 
efficiencies to some extent are a function 
of water source. That is, part of the time 
water is fed directly to the boiler from 
the city water supply at 60F. When 
sufficient condensate accumulated in the 
feed tank, the water source was switched to 
the feed tank at >lSOF. 

The results of performance testing of 
these boilers are presented in Figures 5 
and 6 The fin tube boiler exhibited an 
average daily efficiency of 57%. The 
conical monotube boiler had an average 
daily efficiency of 68% and a peak 
efficiency of 79%. The graph of the test 
results indicates the dependence of 
efficiency on solar conditions. The 
collector has an effective aperture much 
less than the pyrheliometer. Thus the 
pyrheliometer accepts a greater amount of 
circumsolar radiation. 

Significant improvements in 
performance can be expected when the 
department store mirror tiles are replaced 
by thin low iron glass mirrors with 10% 
better reflectivity. Also, the forming of 
the curves of the reflector columns to more 
precise tolerances are now possible which 
will result in an additional improvement in 
performance. The fin tube boiler had very 
wide fins between and in front of the fluid 
tubes, which contributed to enhanced 
convective losses. The use of copper fins 
would improve the performance of this type 
of receiver. 

CONCLUSION 

This advanced point focusing solar 
technology has demonstrated potential for 
near term commercialization as an effective 
renewable energy technology. The unique 
pesi_gn features combine to P!Oduce a 
highly-efficient, low cost, safe, 
adaptable, durable system which is ·simple 
to manufacture, install and maintain. 
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Fig. 1 80 sq . m. Collector Fig. 2 Copper Monotube Receiver 

m 
d 

" 

RVERRGE EFFICIENCY VS TIME 
250 F STEml OUTPUT. SEPT. 8, 1900 

EFFICIENCY 

----- INPUT 

--- " OUTrUT 
" 

~>---+~-+-~+--__.-~-+-~-+-~..._-+~-o- . ...__-+~-+-~+---__.~-+-~-+-~>----+-~---· 8 
:ii.DO 10.00 11.00 12.00 13.DD 14.00 IS.00 16.00 17.00 18.00 - d 

TIME HOURS is.w 

Fig. 5 Monotube Performance 

CONTRACT INFORMATION 

STARTDATE~-6~/l~/_8_0~~~ ENDDATE~9_/_30_/_8_D~~CONTRACTVALUE~_$_2_1_,_68_D_.~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Final Technical Repor t Oct. 30, 1980 

2. 

3. 

4. 

5. 

8-24 



DESIGN OF IMPROVED COATING AND CONSTRUCTION OF AN EVACUATED SOLAR RECEIVER 

SUNMASTER CORPORATION, 35 W. WILLIAM STREET, CORNING, NEW YORK 14830 

JOSEPH R. FRISSORA 

DEN8-000008 

OBJECTIVE 

The objective of this project was to design 
and fabricate a 1 ow-cost improved evacuated. glass 
tube solar collector whic~ uses a special coated 
nickel-based foil as the solar energy absorber. 

The secondary objective was to develop manu­
facturing procedures and processes for the 
improved evacuated glass tube collector. 

DESCRIPTION OF WORK 

The Sunmaster Corporation, Corning, New York, 
entered into a contract with NASA Marshall Space 
Flight Center in March 1980 for the "Design of 
Improved Coating and Construction of an Evacuated 
5olar Receiver." 

· The Sunmaster Cotgoration has developed and 
:narkets the Sunmaster solar collector which 
consists of eight evacuated glass tube solar 
collectors attached to insulated supply and drain 
lines, and mounted to special double cusp reflec­
tors designed by the Argonne National Laboratories. 
The evacuated glass tube collectors are 4-feet 
long and are comprised of two concentric glass 
tubes sealed together at each end with a vacuum 

· between the tubes. The outside circumference of 
the inner tube has a vacuum deposited coating which 
serves ~s the solar energy absorber. A smaller 
diameter tube is inserted most of the length of 
the inner tube and the assembled tube is mounted 
to the supply and drain .manifold. During opera­
tions, water is pumped up the inner tube where it 
is heated by the heat absorber by the absorber 
surface. When the heated water reaches the level 
of the top of the small insert tube, it overflows 

·over and down through the inserted tube to the 
·drain line in the manifold and then to storage 

tanks or the load. 

·The Sunmastertm Solar Collectors have been 
installed in many sites for various sites for 
various applications, and hav~ successfully demon­
strated a high degree of reliability, ·efficiency, 
and effectiveness. The experiences accumulated in 
fabricating, marketing, installing, and operating 
these collectors led to the conclusion that signi­
ficant improvements in performance and efficien­
cies as well as lowered costs could be achieved 
by improving the solar absorber and its fabri­
cation, and by increasing the effective solar 

· absorpticin area. 

The vacuuin depus·i l'ion of the absorber coating 
on the inner glass tube of the co 11 ector is a very 
expensive and complex procedure. The effort to 
develop an inexpensive low-cost absorber led the 
Suru11d:>ter Corporation to select a thin nickel-hac;ed 1 

I 
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foil surfaced on one side with a highly absorptive 
coating and on the reverse with a highly emmissive 
coating. In initial corifigurations~ the foil was 
wrapped around the inner tube, emmissive coating 
adjacent to tube, and constrained to the tube 
by spring clamps. After evacuating the volume 
between tubes and testing for solar energy collec­
tion efficiencies, it was determined that the lack 
of a continuous contact between foil and glass tube 
degraded the transfer of thermal energy from foil 
to tube significantly below acceptable limits. 
consequently, subsequent efforts were based on 
bonding the foil to the glass tube to insure con­
tinuous conductive thermal energy transfer between 
absorber foil and tube. Development of bonds, 
assembly techniques,. and optimum combinations of 
baking and evacuating the tubes to assure proper 
vacuum is continuing. 

·The Sunmastertm solar collector has an effec­
tive solar absorption area of 14 square feet using 
the 4-feet long collector tubes. The Sunmaster 
Corporation developed a 6-feet long tube which 
when substituted for the 4-feet long tubes and 
mounted to the existing insulated supply and drain 
manifold will increase the effective ·absorption 
area by approximately 57 percent or 22 square feet. 
By using the existing Sunmastertm solar collector 
manifold and support structure, substantial 
increases in energy absorbed and efficiencies are 
achieved with no increase in thermal losses 
due to the nonproductive insulated manifold 
or support structure. The anticipated increase 
in costs for the 6-feet long collector versus: 
the 4-feet long collector are minor, and the 
longer collector will be able to deliver signi­
ficantly more Btu for each dollar spent than 
the shorter co.11 ector. Additionally, the 1 onger 
collector will be capable of delivering more 

.Btu than the shorter collectors when installed 
on equal sized collector field areas as on a 
limited area rooftop. 

The Sunmaster Corporation intends to 
continue development of the nickel-based foil 
absorber, and to apply the absorber tu tht! 
6-feet long collector tubes with the objective 
of marketing a highly effective and low cost 
solar energy collection system. 

( 
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A STUDY OF CONTROL PROBLEMS IN ACTIVE SOLAR SYSTEMS 

DREXEL UNIVERSITY 

PETER HERCZFELD and ROBERT FISCHL 

Contract #AS02-77CS34512 

OBJECTIVE 

The purpose of this study was to develop 
control models and simulation techniques that cor­
rectly describe the llehavior of the controller, 
including cycling and other forms of instabilities. 
The model was utilized to analyze the sensitivity 
of controller performance to various system para­
meters and control strategies. The control models 
and simulation techniques were experimentally 
validated. 

DESCRIPTION OF WORK 

Extensive. studies of the active. solar demo­
stration program indicate that a large fraction of 
system failures are directly attributable to 
control malfunctions. These control related· pro­
blems lead to poor collection efficiencies, com­
ponent damage and as a result tend to erode consumer 
confidence in active solar appli~ations. In order 
to understand and eventually eliminate undesired 
controller actions, it is necessary to develop . 
analysis· and design techniques which account for 
uncertaintities in the system o~eration (i.e., 
deviation from ideal conditions). These uncertai~ 
ties may include stochastic climatic conditfons, 
sensor tolerances, time delays and other phenomena. 
To understand the affect of these non-ideal condi­
tions on the controller i.t is imperative to develop 
accurate contra 1 models which "track" con troll er 
action during potential malfunctions. 

In control studies the accuracy and the validity 
of techniques involved cannot be·over emphasized. 
The computer simulations must be carefully verified 
to eliminate computational errors and the resµlts 
of the computer simulations must be validated 
against carefully executed experimentation. 

In our work we emphasized the reliability as 
well as the efficiency· of the controller and con­
centrated on the accuracy of the models, .. verification 
of the simulation and validation of results. 

TECHNICAL ACCOMPLISHMENTS 

Modeling 

The collector of the active solar ene.rgy system 
was modeled consisting of component models (Ind 
interface models. The modeling yielded an analytic 
description of the temperature. 

Components Mode 1 s The following components 
were modeled: collector, transport piping heat 
exchanger and storage. 

The most important component of the active 
~ular energy system in terms of control is the col­
lector itself. To account for time delays associ­
ated with the collector capacitance and to be able 

to relate sensor position to controller performa~ce 
a distributed parameter collector model was considered 
[l]. A closed form analytic solution was f?und for 
the distributed parameter collector [2], which 
11 tracks 11 the co 11 ector performance with great 

·accuracy, A closed form analytic solution was also 
obtained for the transport piping which was also 
modeled as a distributed parameter system. The . 
analytic solution of the heat ex~ha~ger problem is 
in progress, For the, storage existing mode 1 s 
were utilized. 

Interface Models Since the thermal time­
constants and driving functions for each component 
differs, and under no flow condition one obta~ns a 
discontinuity in the spatial temperature profile 
around the loop at the boundaries between the com: 
ponents. In reality, however; under stagnant condi­
tions, the temperature and its first derivativ: . 
across the boundaries are smooth and the transition 
(oi1'boundary) region extends spatia~ly into .t~e 
component. In order to reflect this transition· 
mathematically, the temperature T(;) across the 
boundary region .Q.~; ~ 1 is modeled by a t~ird 
order polynomial: 
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where 

3 
T(;) = l 

j=O 

a0 = T(O) 
a1 = T'(O) = dT/d; evaluated at ;go 
a2 = 3[T(l)-T(O)] - [T'(l)+2T'(O)] 
a = [T'(l)+T'(O)] - 2[T(l)-T(O)] 

3 

( 1 ) 

Note that ;=O represent the points considered 
to be the start of the boundary region in the inlet 
component. Similarly, ;=l is a point in the outlet 
component which represents the end of the boundary. 

Computer Simulation Model & Verification 

Most simulation models of real or natural 
processes have limitations and constraints. These 
limitations and constraints affect the model's 
ability to accurately represent the natural process. 
The method (or philosophy) of the simulation now 
becomes the major contributor to the accuracy of 
·the model. The basis for the simulation are the 
analytic solutions discussed above. Here, modeling 
of the solar collector is accomplished by first 
solving the basic differential equation analytically 
and then prograll111iing the resultant solution on the 
computer. This approach reduces or eliminates 
truncation and integration errors which usually 
arise as a result of having the computer solve the 
partial differential equation directly. Such errors 
can be particularly significant during switching · 
from stagnant to flow conditions and thus lead to an 
im;orrect simul;;1.tion, 



A variety of tests were performed to evaluate 
the adequacy of the simulation model. These tests 
consisted of parametric studies in which different 
forcing functions (such as radiation inten~ity) and 
initial conditions were applied under stat1c (no 
fluid flow) and dynamic (fluid flow) conditions. 
Some of these tests were discussed in a recent 
paper [ 3 ] In general we concluded t~a~ the com­
puter simulation even under severe cond1t1ons 
produces an error considerably below 1%. 
Parametric Sensitivity Analysis 

In order to establish the tradeoff between the 
energy collected, Jl, and pump cycling, J2 it is 
necessary to establ1sh the dependence of these 
performance indices on the various system and control 
parameters. This was established via a parametric 
study in which a set of parameters are varied. 
These are: 
Control Parameters: 

aToff=Toff-Ts - pump turn-off set-point (°C) 

aT =T -T - pump turn-on set-point (°C) on on s 
m - fluid flow rate (kg/hr) 

System Parameters: 

Ttc - system dynamic time constant 

Tfc - system static time constant 

Climatic Parameters: 

I0 - peak solar insolation (kj/m2-hr) 

aT =(T -T ) = storage to ambient temperature 
sa s a difference (°C) 

The sensitivity of the system performance (J1 
and J2) was investigated by systematically varying 
each parameter about a base line system. 

Based on the parametric sensitivity analysis the 
following statements can be made: 

* The most important parameter in terms o! bo~h 
energy collection and reduction of cycl1ng JS the 
turn-offset point, 6Toff• Th~s.should be se~ . 
as low as possible (usually 11m1ted by paras1t1c 
pump losses). 

* The flow rate. for the on/off controller. should 
be reasonably high for good collection efficiency. 

where 

(4) 

Sensors Location 

From the above discussion it is seen that the 
selection of control set points aT0n and 6Toff is 
crucial to the performance of the controller. The 
question arises what effect the sensor location 
may have on the actual measurement of these set 
points and hence on the operation of controller. In 
theory the collector outlet temperature is sensed 
at the top of th.e collector, which represents the 
highest temperature in the collector if boundary 
effects are ignored. However if the boundary 
between the collector and the storage (or piping) is 
accounted for then one will have a non-uniform 
temperature profile at the top of the collector. 
We have simulated the performance of the controller 
for a number of different sensor locations. The 
results indicate that the optimal sensor location 
is at the beginning· (i.e., upstream) of the boundary 
region. If the sensor is located downstream from 
this point then the system turns on at a later time. 
thus reducing the useful energy gain. Note that 
this is equivalent to raising the turn on set point 
6Ton· If however, the sensor is located up-stream 
from the optimal position then the collector area 
wil appear smaller than it actually is. This will 
cause cycling and a reduction in the energy collec~ 
tion. 
Experimental Validation 

Experiments designed to validate the control 
studies were performed at the Middlebury College 
Test facility. 

Experimental Setup The Middlebury College 
Solar Controls Test Facility comprises of a pair 
of identical solar hot water systems designed for 
flexibility in the implementation and analysis of 
control strategies. The systems are provided with 
numerous sensors and solenoid valves, with monitor­
ing and control performed by a minicomputer (DEC 
PDP ll-V03). Control and monitoring routines 
have been linked into the computer's BASIC language, 
so that control strategies and data acquisition 
schemes may be programmed simply and changed readily. 
The computer's floppy disk unit permits storage of 
substantial amounts of data. The actual system 
used in the validation is depicted in Figure l 
showing sensor locations. 

* The t~rn o~ set point, 6!on• can be set hi~h with- Experiments The set.of experiments performed 
out s1gnif1cantly affect1ng energy collect1on ~can be classified into two categories. First, 
while markedly reducing pump cycling. - experiments were performed to obtain data on the 

control set Point Selection :sTC collector thermal time constants, Tc• and transit 

The sensitivity analysis presented above. 
gives valuable insight into the performance of a 
co 11 ector controlled by an on/off contro 11 er wh.i ch 
can be exploited to derive practical expressions 
for selecting the set point 6Ton in t.erms nf t\Tuff 
so as to reduce the chance of cycling without 
greatly affecting the energy collection. The 
analytic solution was used to derive a condition 
for the selection of aT0 n and 6Toff (4]. The 
results for a clear sky condition are: 

aToff = P(~)/m (2) 

where0 P(~). is the pumping power to maintain flow 
rate m. and 

times, Ttc• These are needed for the simulation 
modeling studies and to provide accurate measurement 
of the collector capacitance. Next a set of 
experiments was performed to study the system 
performance under different control strategies, 
such a$ different set point.~ ~nrl rlifferent sensor 
locations. 

A typical result of the thermal time constant 
measurement is shown in Fig. 2 which depicts the 
change in collector temperature measured by sensor 
#S21 (see Fig. l) as a result of covering and un­
covering the collector with a non-transparent platE 
The transit-time, T , represents the results of 
turning the pump-ont~nd observing the time delay in 
temperature readings between sensors Sl7 and S22 as 
shown in Fig. 3. Similar measurements were made on 

9
_2 the transport piping. 



The results of a typical control study is . 
shown in Fig. 4. It shows the temperat~re profile 
when the pump cycles on and off due to ~mproper 
setting of the on/off controller set.points.for the 
· articular mass flow rate and solar insolation. 

The primary goal of this study is to validate. 
the performance of ·the simulation model when the 
pump cycles. A detailed comparison ·~etween t~e 
simulation and experimental results 1s shown 1n 
Figure 4, which compares the temperature .measured 
experimentally at sensor S21 to that computed 
using the measured system time constants. No~e 
that the model predicts this temperature profile 
under pump cycling very accurately. 

FUTURE ACTIVITIES 

. A proposal extending the present work has been 
suanitted ·to DOE~ The continuation work would 
utilize tne·eresent results and would emphasize 
the reliahthty problem of controllers. 
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NOVEL CONTROL STRATEGIES FOR SOLAR SYSTEMS THAT REDUCE ELECTRIC UTILITY PEAK LOADS 

Franklin Research Center 

Dr. Harold G. Lorsch 

DE AC-0377 ET. 20085. 

ABSTRACT 

Novel control systems and strategies were de­
veloped which reduce electric utility load peaks re­
sulting from back-up demands of solar systems. 
Utility costs and homeowner costs were added in 
order to determine the lowest total cost systems 
which are "optimum" from the societal point of view. 

METHODOLOGY 

Since electrical tariffs do not always reflect 
costs of service, it was deemed desirable to elimin­
ate the effects of tariffs from the study. The home­
owner/utility system was therefore considered as a 
unit, and "internal" payments within this system 
{i.e., payments between homeowner and utility) were. 
ignored. The external costs incurred by this system 
are (1) the utility's cost to serve the homeowner 
and (2) the cost to the homeowner of installing {and 
maintaining) the equipment in his house. The system 
which minimizes the sum of these costs is the opti­
mum system for society as a whole. As will he shown 
later, it was not always possible to ascertain the 
true costs of service for all the utilities investi­
gated. In those cases, recently introduced time-of­
day tariffs were used, after adjustments, as indica­
tors of the actual cost of service. 

A typical single-family suburban home expected 
to be built throughout the 1980-1990 period was de­
fined. Hour-by-hour energy consumption calculations 
were performed for this house equipped with conven­
tional and solar heating and cooling systems with 
and without off-peak thermal storage for three loca­
tions: Philadelphia, PA, Daytona Beach, FL, and San 
Diego, CA. The results were checked against consump­
tion measurements; where necessary, the analysis was 
modified to have the results agree with measured 
values. 

At each of the three locations, solar systems 
were analyzed that are suitable for the local cli­
mate. The conventional comparison systems were those 
frequently encountered in the respective utility 
service territories. This permitted a check of the 
analysis by measured data. 

UTILITY COST COMPONENTS 

Cost data were obtained from the Philadelphia 
Electric Company {PECo) for the Philadelphia house, 
from the Florida Power Corporation {FPC) for the 
Daytona Beach house, and from the San Diego Gas and 
Electric Company {SDGE) for the San Diego house. 
Although Daytona Beach is not within the FPC service 
territory, its climate is representative of the cli­
mate in the shore areas of that territory. Since 
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extensive weather and solar radiation data do not 
exist for any other location within the FPC terri­
tory, the data for Daytona Beach were therefore used. 

Demand related costs pertain to the capital 
cost of constructing a utility generation, trans­
mission, and distribution system. Energy costs are 
essentially fuel costs. A differential cost between 
off-peak and on-peak energy of 0.5¢/kWh was used for 
PECo. Cost escalation rates were provided by PECo. 

The demand related costs for FPC and SDGE were 
calculated based on the utilities' installed capa­
city costs for 1980, 1985, and 1995 using a capital 
recovery factor of 0.15. The cost components were 
escalated 8.7 percent per year for FPC and 8.0 per­
cent per year for SDGE. 

OWNING AND OPERATING COSTS 

Installed costs were determined for the systems 
analyzed using manufacturer and contractor data. 
Equipment costs were escalated at an annual rate of 
5 percent from 1980 to 1990. Annual costs were cal­
culated assuming that these costs are repaid by the 
homeowner over 20 y&ars at an annual interest rate 
of 12% on the unpaid balance. This results in a 
capital recovery factor of 0.134. 

RESULTS AND CONCLUSIONS 

The resuJts of the performance and cost calcu­
lations for the three locations are shown in Tables 
1 through 6. 

• The addition to a solar system of a separate stor­
age device that is electrically charged during off­
peak hours is beneficial in many cases. Combining 
solar and off-peak storage in a single container is 
practical in highly stratified devices only, such 
as tall cylindrical tanks or rock beds. 
• The air~to-air heat pump is the most economical of 
all combined space heating/cooling systems investi­
gated. 
• Adding off-peak electrical storage to a solar 
water heater decreases utility .cost to serve but in­
creases total cost. 
• At no location investigated is solar heating cost 
competitive with electric resistance heating through 
the end of the century. The utilities cost to serve 
solar systems is less than the cost to serve resist­
ance heating systems; however, the high capital cost 
of the solar systems makes their total cost higher 
than that of electric resistance systems. 
• Adding off-peak storage to a solar space heating 
system increases energy consumption 9% to 27% at the 
locations studied although reducing the cost to 
serve those systems. Overall costs increase or de­
crease depending on location. 



Table 1. Annual Costs for Space and Water Heating in Daytona Beach, FL 

Resi$tance 
Sp.Jee 
Heating 

Conventional Resi~tanc~ Conventio~al Solar Water 
3oiar Space Water. Solar Water Heating w/ 

Conswnption and Cost Data 

Annual Consum'pti on, kWh 7797 

1980 Installed Cost, $ 2269 
Demand Related Costs,$ 703.18 
Metedng Cost, $ 0 
Energy-Related Costs, $ 754.36 
Subtotal Cost to Serve, $ 1457.54 
Homeowners Loan Repayment, $ 245. 01 

TOTAL ANNUAL COST (1985), $ 1703 

TOTAL ANNUAL COST (1995), $ 3854 

Heating Heating 

6734 

7523 
?03.18 

0 
652.26 

1355.44 
l 011. 09 
2367 

4769 

3486 

360 
31. 3? 

0 
404.13 
435.45 
48.38 

484 

1082 

Heating Off-Peak Storage 

1489 

2459 
10. 96 

0 
172. 11 
183.07 
330.49 
514 

960 

1534 
' 

2499 

0 
36.42 
70.04 

l 06.46 
335.87 
442 

?89 

Table 2. Annual Costs for Air Conditioning in Daytona Beach, FL 

Consumption and Cost Data 

Resistance Space Heating, 
Conventional Air 

Conditioning 

Solar Space· Heating, 
Solar Space H~ating, Solar Air Conditionin~ 

Solar Air Conditioning w/Off-Peak Hot Storage 

~nnual Consumption, kWh 7797 15231 16003 
1980 Ins ta 11 ed Cost, $ 2269 28908 33296 
Jerr~nd Related Costs, $ 703.18 9.40 9.40 
'letering Cost, $ 0 0 36.42 
:nergy Related Costs, $ 754.36 1394.19 893.58 
iuhtotal Cost to Serve, $ 1457. 54 1403.59 939.40 
io~eowners Loan Repayment, s 245. 01 3885.24 4474.9~ ---
roTAL ANNUAL COST. (1985). $ 1703 5289 5414 
TOTAL ANNUAL COST (1995), $ 3854 9562 9399 

Table 3. Annual Costs for Space and Water Heating in San Diego, CA 

Consumption and Cost Data 

Annual Consumption.kWh 
1980 Installed Cost, $ 
Demand Related Costs, $ 
Energy Xelated Costs, S 
Subtotal Cost to Serve, $ 

Homeowners Loan Repayment, $ 
TOTAL ANNUAL COST ( l 985) , $ 
TOTAL ANNUAL COST .(1995), $ 

Resistance 
Space 

. Heating 

4316 
1823 

199.50 
325.46 
524. 96 

245. 01 

770. 
1532. 

Resistance 
Space 

Heating 
w/Off­

Pe11k Storage 

4743 

4391 
12. 60 

257 .18 
269.78 

590.15 

860. 
1544. 

Resistance 
.space and 

Wat.er 
Heating 

8213 
2182 

291.90 
689.G8 
980.98 

293.26 

1274. 

2595. 

Conventional 
Sol a;· Space 
and Water 
Heating 

3238 

8015 
273.00 
283.69 
556.69 

l 077. 22 

1634. 

2956. 

Soliir SpacE: 
and Hater 
Heating 
w/Off-

Pea k Storage · 

4413 
9980 

12. 60 
264. 16 
276.76 

1341.31 ---
1618. 

2782. 

Table 4. Annual Costs for Air Conditioning in San Diego, CA 

Consumption and Cost Data 

Annual Consumption, kWh 
1980 Installed Cost, $ 

Demand Related Costs, $ 
Energy Related Costs, $ 
Subtotal Cost to Serve, $ 

Homeo\-mers Loan Repayment, 
TOlAL AllNUAL COST ( 1985) , $ 

TOTAL ANNUAL COST (1995), $ 

Resistance Space Heating, 
Conventional Air• 

Conditioning 

4316 

1823 

199.50 
3211.46 
524.96 

$ . 245. 01 

770. 

1532. 
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Solar Space Heating, 
Solar Space Heating, Solar Air Conditioni~: 

S6lar Air Conditioning w/Off-Peak Hot Stora;; 

l 279 1954 

17203 20433 

12.60 T~.60 
125.80 120.99 
138.40 133. 59 

2312.08 2746.20 ---
2450. 2880. 

4065. 4762. 



Table 5. Annual Costs for Space Heating in Philadelphia, PA 
'iol ar ,,ss is ted 

Solar With Ouc;l Source 
Separat'! Ccn·1entional Heat ru1•1p 

Resistance Conventional Off-Peak Mr-to-Air w/Direct 
C.ost Uutu Heating Sola~ l~attrg Storage (2 Tnnk~: !~~~ t !'t::r.p 5o1Jr Mc~ting 

Su~total Cost'to Serve. S 
Hom•:-m·mers. Loan Repayment, $ 

fOTl\l Ml':UT1l COST (1985j ,0 S 

Subtotal Cost to Serve, S 
!lcrneowners Loan Repayment, $ 

iOT Al. MIUUl\l COST ( 1995), S 

1176.28 
258.39 

1435. 

2159.89 
422.82 

2583. 

960.19 
2307.00 

3267. 

1829.00 
3776.10 

5605. 

765.85 800.1)2 742. S4 
2855.00 324.25 2787.00 

3621. 117.5. 3529. 

1390.83 1546. ~2 1457.68 
46e9.4S 503.59 4560.64 
6080. 20!;1. 60Hl. 

Table 6. Annual Costs for Air Conditioning in Philadelphia, PA 

Cost Uata 

Subtotal Cost to Serve, $ 
lfo111eowne1·s Loan Repayment, $ 

i"OTAL f\tlNUAL COST (1985), $ 

Subtotal. Cost to Serve, $ 
Homeowners Loan Repaymeht, $ 

TOTAL ANNUAL COST (1995), $ 

Resistance Heating, 
Conventional Air 

Conditioning 

1176. 28 
258.39 

1435. 

2168.98 
422.82 

2592. 

• Solar assisted heat pumps have lower energy con~ 
sumption and lower cost to serve but higher total 
costs than solar space heating systems with electric 
resistance back-up. The addition of off-peak stor­
age to solar assisted or conventional heat pumps is 
not cost effective. 
• Solar heating combined with solar absorption air 
conditioning is not competitive with conventional 
electric heating and air conditioning. Off-peak 
storage increases energy consumption by 20% to 35%, 
but decreases the cost to serve considerably. Over­
al 1 costs are decreased in unfavorable solar cli­
mates and increased in favorable climates. 

RE ~f-~fil:I?.. 

(1) Lorsch, H.G. et al., "Implications of Residential 
Solar Space Conditioning on Electric Utilities," 
Franklin Institute Research Laboratories, Report 
F-C4209, 1976. 

Conventional 
Solar Heating, 

Solar Air 
Conditioning 

1303.69 
3745.00 

5049. 0 

3169.54 
6129.58 
9299. 

Solar Heating w/Off-
Peak Storage, Solar 
A/C w/Off-Peak Cold 
Storage (2 Tanks) 

641.57 
4712.00 

5354. 

1104.99 
7711. 33 
8816. 

Solar Heating 
w/Off-Peak 

Storaq(:, Solar 
A/C w/Off-PNk 
Hot Storage 

(2 Tanks) 

640.94 
4271.00 

4912. 

1123.59 
6985.41\ 

8109. 
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CONTROLS FOR SOLAR HEATING AND COOLING* 
LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

Mashuri Warren, Steven Schiller, Michael Wahlig 
Contract No. W-7405-ENG-48 

OBJECTIVES 

The LBL solar controls progran has three pri n­
c i pal objectives: To use the LBL test facility to 
evaluate experimentally the relative perfonnance of 
different solar heating control strategies for a 
variety of input meteorological conditions and out­
put load demands; to analyse problems 1n the con­
trol of active solar systems that effect system 
perfonnance and reliability and carry out theoreti­
cal studies of collector and load loop perfonnance 
in support of the experimental work; and to perfonn 
technical support activities as part of the Depart­
ment of Energy (DOE) solar heating and cooling R&D 
progran. Program support tasks include progran 
planning, preparation and evaluation of solicita­
tions, proposal reviews, and technical monitoring 
of DOE solar contracts. 

DESCRIPTION OF WORK 

The experimental test facility was constructed 
to evaluate the operation and perfonnance of active 
hydronic solar energy system control strategies and 
equipment. The facility consists of a collector 
loop heat input simulator, a storage tank, a load 
loop air channel with fan coil, an auxiliary 
heater, and associated pLDllps and valves. Only the 
apparent temperature of the collector and the load 
demand thennostat condition are simulated, enabling 
control strategy and equipment comparisons based on 
identical meteorological and load conditiyn~. 3 4he 
facility is described in detail elsewhere • • • • 

This year the experimental test facility was 
operated to simulate a specific residential solar 
assisted heating system for several days, using 
both simulated weather and typical meteorological 
year (TMY) weather and insolation data for Madison, 
Wisconsin in January. The resi den ti al building 
loads are calculated using incident insolation, 
a 1 ong with the TRNSYS and are used as inputs, to 
drive the experimental system simulation. Early in 
the year a nL011ber of four hour and one day experi­
ments were repeated to verify operation and energy 
balance of the collector loop and of the load loop 
separately. At the end of the year a nL111ber of two 
day experiments using TMY year data were run. 

The perfonnance of a solar system during a 
particular day is dependent on the insolation, 
ambient temperature (which detennines collector 
losses and building load), and the system's perfor­
mance during the previous day as indicated by the 
starting storage tank temperature. A knowledge of 
what will happen on the next day is also important 
to measure the utilization of energy collected on a 
particular day. The weather and insolation pat­
terns for January in Madison and hourly storage 
tank temperatures predicted by TRNSYS for January 
were examined to detennine categories such as high 
amount of insolation, low ambient temperatures, and 

·-his work has been supj)orted by the Assistant 
cretary for Conservation and Renewable Ener­

r- • Off1ce of Solar Applications for Build-
1ngs, Active Heating and Cooling Division, of 
the U.S. Department of Energy under Contract 
No. W-7405-ENG-48. 
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poor previous day. Two pairs of days were chosen 
for detailed test facility simulation: a "bad-good" 
series and a "good-bad" series. 

Perfonnance indicators, used for evaluating 
solar systems, include: collection efficiency, sys­
tem thennal efficiency, solar coefficient of per­
fonnance, system overall efficiency, and solar 
fraction. In addition, the change in storage tank 
temperature indicates the extent to which available 
solar energy is taken from or added to the storage 
tank over a given period. 

Test Faci 1 i ty Results 

Experiments were run using simulated meteoro­
logical and load inputs to evaluate experimental 
repeatabi 1 i ty and verify system energy balances. 
Experiments also compared two control strategies: a 
storage-coupled heating mode and a direct collector 
to load heating mode. In the storage-coupled heat­
; ng niode, collectors heat the storage tank and 
energy is drawn from storage to heat the 1 oad when 
available and needed: With the direct heating mode, 
the collectors can supply heat to the load without 
going thrqugh the storage tank. The direct heating 
mode requires additional piping, valves, and con­
trol. 

Table I shows results from test facility 
experiments. The quantities used in the tables are 
defined as follows: building load (QLOAD), auxili­
ary energy for 1 oad ( QAUX), the natural gas usage 
(GAS), solar energy delivered to the load (QSOLAR­
LOAD), insolation onto the collector (QI), col­
lected energy (QC), predicted collected energy 
(QCtn>. stor~ge tark losses (SLOSS), load loop pip­
; ng ·1 osses l CLOSS , collector 1 oop piping losses 
(CLOSS), parasitic energy used (PARA), average 
storage tank temperature ( T tank) stored energy 
(QS), and change in stored energy (bQS). 

Table I shows typical one day sL111maries for a 
cold January day in Madison, Wisconsin with good 
insolation. The 24 hour system energy balance is 
within 2 i, i ndi ca ting good accounting of energy 
flows in the collector and 1 oad 1 oops and in the 
storage tank. This energy accounting is done 
minute by minute as the experiment progresses. 
Energy flow quantities are calculated from measured 
temperatures and fl ow rates. Energy 1 osses are 
calculated from measured fluid and room tempera­
tures and experimentally estimated 1 oss coeffi­
cients. The parasitic and auxiliary gas consLlllp­
tion are measured with standard utility meters 
interfaced to the experiment instrumentation. 

Test days were run twice for each of two dif­
ferent control strategies: direct heating and 
storage-coupled heating. The different runs show 
excellent agreement in the load demand, QLOAD, the 
total energy inputs to the system, Qin, the total 
energy output from the system, Qout, and the energy 
balance, Q. The energy loss tenns, SLOSS, LLOSS, 
and CLOSS also agree well from run to run. How­
ever, there is some variation from run to run in 
the auxiliary energy usage, QAUX, in the change in 
stored energy, DQS, and in the contribution to the 
load from solar, QSOLAR-LOAD. This variation is of 
the order of 25 MJ over the day and represents less 



Table I. Comparison of Test Faclll~ Runs with TRNSYS Sl•ulatlon for 
January 18 In Madison, Wisc., a cold weather ~ with good 
lnsolatlon. 

Quant!~ Units Run 7 Run 11 Run 8 Run 12 TRNSYS 

Strategy Direct Direct Storage Storage Serles 

Time ( hr D-24 D-24 0-24 D-24 408-432 

T•bav? oc -10· -10 -10 -10 -10 
lnl tla T tank oc 31.1 31.5 31.1 31.6 31.2 
Final Ttank oc 32.5 33.3 32.3 32.4 36.4 
Change Ttank oc 1.4 1.8 1.2 0.8 5.2 

DQStank ~ 24.7 32.8 21.0 14.6 94.7 
SLOSS ~ 27.6 27.4 27.4 25.6 35.4 
QLOAD ~ 517.8 517 .9 517 ,g 517 .3 514.6 

.LLOSS ~ 38.6 38.5 36.0 32.1 24.2 
QAUX ~ 234.5 248.0 230.5 204.9 268.3 
QI ~ 831.0 831.0 832.1 831.5 831.4 
QC th ~ 410.7 401.1 424.0 428.5 421.8 
QC ~ 390.7 388.7 386.8 412.5 421.9 
CLOSS ~ 12.4 11.8 11.8 11.2 15.6 
PARA ~ 32.7 30.9 33.4 31.9 
Qin ~ 600.5 603.9 5g6.3 602.8 595.5 
Qout ~ 5g6.4 595.6 5g3.1 586.2 589.8 

Balance (llQ) ~ 4.1 8.3 3.2 16.6 5.7 
Balance (S) 0.1 1.4 0.5 2.8 o.g7 
QSOLAR-LOAD ~ 321.g 308.4 323.4 344.5 270.5 
Solar to load s 62 60 62 67 53 

than 5 i of the total energy fl ow during the day 
which was the accuracy goal for measuring energy 

· flows 1 n the test faci 1 i ty. 

Comparison of Test F aci 1 i ty Results with TRNSYS 

To assist in evaluating the results obtained 
from the test facility, TRNSYS simulations are run · 
for the same test days. The TRNSYS sfmul atfon was 
started on January 1 at 1 AM, using TMY weather 
data, with a storage tank temperature of 20 °c, and 
run continuously for the entire month. Initial 
average storage tank temperatures and time depen­
dent building loads, as detennined by TRNSYS for a 
given period, were then used for the experiments. 

The test facility 'operating strategy uses an 
auxiliary heater to boost the temperature of the 
water to the fan coil as 1 ong as the return water 
temperature is not greater than the storage tank . 
bottom temperature. Existing TRNSYS modes for 
parallel and series auxiliary heating do not model 
this operation. The parallel mode unrealistically 
draws the storage tank down to room temperature, 
thus underestimating the auxiliary energy consump­
tion. The series auxiliary heating mode of TRNSYS 
draws the storage tank temperature down until ·the 
storage can no longer satisfy the building heating 
requirements. It then switches to an auxiliary only 
mode. This is closer/to typical control action and 
is used to model the test facility. For identical 
conditions in Madison the TRNSYS parallel auxiliary 
mode used only 9424 MJ of auxiliary energy while 
the TRNSYS series auxiliary mode required 11060 MJ 
of auxiliary energy to meet the January heating 
1 oad. 

" lab le 1 compares energy flows predicted by 
TRNSYS with the direct heating and the storage­
coupl ed heating modes run on the test facility. The 
solar energy collected, (QCth), as predicted by the 
test facility simulation Hottel-Whillier-Bliss·col­
lector model, agrees well with the TRNSYS simula­
tion for clear days with good insolation, although 
in the direct heating mode the collector loop tends 
to be on for a slightly shorter time. For both 
modes, the pseudocollector boiler system delivers 
slightly less energy (QC) than predicted. This may 
be due to a 1 imitation in the boil er output con-
trol. · 

Differences between the TRNSYS simulation and 
the test facility direct and storage strategies 

indicated in Table I include: the change in stored 
energy; the load loop piping losses; tne load han­
dled by solar; and the auxiliary energy. As 
expected, the test facility boost mode of operation 
increases the system perfonnance slightly by using 
the stored solar energy at slightly lower tempera­
tures than the TRNSYS series mode. 

The energy input to the system for the TRNS' 
and test facility runs, Qin, (energy from the col­
lectors, from auxiliary, and from storage) agrees 
very well, as does the energy output, Qout (energy 
to the 1 oad and a 11 1 osses). The overall energy 
balance is quite good for all of the 24 hour runs. 
The only discrepancy of note is the solar contribu­
tion to the load which varied an average of about 
1oi. Parasitic energy for the control valves, 
pumps, and fans is not accounted for in the TRNSYS 
simulation. 

Comparison of Storage Coupled and.Direct Heating 

A series of experiments was conducted using 
both direct heating and storage-coupled heating 
modes using real weather and insolation data for 
two January days in Madison, Wisconsin. Table II 
indicates the difference in the perfonnance between 
the two strategies for these two days. Solar coef­
ficient of perfonnace (SCOP) is the ratio of the 
solar energy ut111zed by the load to the parasitic 
energy required to run the solar system. Solar 
fraction is the ratio of the solar energy utilized 
by the load to the total load. As 1ndicated in the 
table, no significant difference exists between the 
control strategies for these days. Both modes of 
test facility operation utilize greater energy from 
storage than predicted by the TRNSYS simulation, as 
indicated by the storage tank temperature change. 
To detennine long tenn comparisons, more testing 
would be required. 

Table II. Comparison of two-day runs oftest facil­
ity for direct heating and storage coupled heating 
modes for identical building load and meteorologi­
cal conditions ( January 18-19 in Madison, Wisc.). 
TRNSYS results are included for comparison. 

-----------------------------~----------------------------------------Quantit;y Direct Direct. Storage Storage TRNSYS 
Run 7 Run 11 Run 8 Run 12 

QC/QI Collection efficiency 35.5 36.3 37.7 40.3 43.4 

gSOLAR-LOAD 
QI Thennal efficiency 39.0 42.0 42.0 46.1 37.6 

gSOLAR-LOAD 
PARA SCOP 7.3 8.3 7.4 8.8. 

gsoLAR-LOAD 
QLOAD Solar fraction 45.3 48.7 48.8 53.5 43.4 

t.Ttank Storage change (OC) -4.8 -6.4 -5.4 -7.2 -1.0 

----------------------------------------------------------------------
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Theoretical Studies to Support Experimental Program 

During FY 1980 work was5".rpleted on modeling 
of collector loop dynamics • • A model of a 
residential building, a fan coil heat-delivery sys­
tem, and a bimetal thennostat to simulate the 
effects of heat input on room air dynamics, has 
been applied to examine the building thennal 
behavior in response to h7at input from an actf··­
sol ar space heating system • 

The effects of the variable storage tank tem­
perature, of outdoor temperatures, and of fan co11 
sizes on the cycling rate, on the on~time and off-



time of a heating cycle, on roan air temperature 
swing, and on offset of the average air temperature 
from the setpoint (droop) are determined by com­
puter simulation. Heat input is provided directly 
to the air as, for example, when a heating fan coil 
is turned on. · 

For given conditions of outdoor temperature, 
anticipation, and thermostat setpoints, the storage 
tank temperature has a direct effect on swing as 
shown in Fi gur·e· 1. The droop, the offset of aver­
age room temperature from the setpoint, also 
depends on the amount of thermostat anticipation 
and on the heat delivery duty cycle. The higher 
the storage tank temperature, the 1 arger is the 
swing in room temperature and the sma 11 er is the 
droop. Results indicate that to maintain room tem­
peratures within comfort limits by minimizing both 
swing and droop, a hydronic solar space heating 
system requires a control system that adjusts ant1-
ci pa ti on and setpoi nts in relation to the outdoor 
and the storage tank temperatures. This will 
require more than a simple on-off bimetal thermos­
tat. 

INFLUENCE OF STORAGE TEMPERATURE ON SWING 
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8 
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XBL 8011-7564 

Figure 1. Solar storage tank temperatue influences 
room air temperature swing. As the storage tank 
temperature decreases, the swing decreases for a 
given outside temperature. 

Technical Support Activities 

This past year the 1 aboratory has been 
actively involved in proposal review and contract 
monitoring for the Controls Element of the DOE 
solar heating and cooling R & D program. Activi­
ties have included coordination with SERI, conduct­
ing project reviews, and reviewing the reports of 
DOE controls contractors. 

TECHNICAL ACCOMPLISHMENTS 

• 

Several two d~ "typical d~" experiments were 
run on the test facility using TMY weather 
data. 
Comparison of test facility results shows poor 
agreement with TRNSYS simulation in the paral­
lel auxiliary mode, but good agreement in the 
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series auxiliary mode. The test facility 
operates in a series boost mode. 

• Sol !lr heating system operation with two dif­
ferent operating strategies were run:· direct 
collector to load heating and,storage-coupled 
heating. No significant improvement in system 
performance was found for the direct heating 
strategy.· 

• Simulation analysis of the interaction of the 
solar heating system with the building load 
and thermostat was completed and presented. 
The analysis indicates that, using a conven­
tional room thermostat, large temperature 
swings can be expected when the storage tank 
is charged to a high temperature. 

FUTURE ACTIVITIES 

The experimental test facility work has been 
concluded. 
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.MODEL VALIDATiON AND SENSITIVITY ANALYSIS OF SOLAR COLLECTOR LOOPS 
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OBJECTIVE 

The objective of this project is the use of the 
Middlebury-College solar energy test facility for 
direct experimental testing of theoretical solar 
collector loop models developed at Drexel Univer­
sity. This joint effort is intended to bring 
clearer understanding of the dynamic effects of· 
control cycling on the operation of all compo­
nents of the solar collector loop. 

DESCRIPTION OF WORK 

The Middlebury solar test facility comprises 
a pair of identical solar collector systems which 
are heavily instrumented and interfaced to a mini­
computer. The computer provides both data acqui­
sition and control, so that control strategies 
may be modified through software changes. The 
facility has been described in detail elsewhere. 1 

A simplified diagram of the configuration used in 
the present project. is shown in Figure 1. Use of 
the Middlebury system in this work involved·a 
series of short term studies (typically 5 to 30 
minutes) of the operation of a sin~le collector 
1oop with different control set points. On/Off 
control was used throughout. Data from these 
experiments were supplied to the Drexel Univer­
sity group for comparison with 'their theoretical 
models. Prior to the actual experiment, a series 
of collector loop tests was made, including .step 
response and collector bypass tests, to determine 
time constants, heat capacities, and other system 
parameters. 

TECHNICAL ACCOMPLISHMENTS 

The major technical effort on this project 
involved modification of the Middlebury facility 
to make possible collector.param~ter measurement 
and short time resolution studies required for 
comparison with the· Drexel models. To this end 
the following instrumentation was added: 

1. Seven additional temperature sensors on the 
collector plate, permitting detailed spatial 
resolution of the plate temperature profile 
under dynamic operating conditions. 

2. Accurate turbine flowmeters (Flow Technology 
Omniflow), conditioned for computer data 
acquisition. 
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3. Pump power monitors. 

4. Bypass piping and valving allowing rapid 
switching of circulating water from a collector 
bypass loop to a hot, stagnant collector, 
allowing determination of temperature profile 
as a function of time as the slug of cold water 
moves through the collector. 

5. A simple· collector cover which could be re­
moved rapidly to permit measurement of 
collector response to a step function in 
insolation. 

6. Modification of ADC inputs to permit more 
accurate differential temperature measure-
ments. · 

In addition to these hardware improvements, 
considerable effort. was expended devel.opi ng soft­
ware for monitoring, control, and plotting of 
results from parameter measurements and exper­
imental runs. 

This work was accomplished between May 15 and 
July 30, IY80, with actual experimental runs 
occurring in late July. Members of the Drexel 
group visited Middlebury during some of the ex­
periments, resulting in valuable interaction be­
tween the experimental and theoretical groups. 
Results of this collaborative effort are described 
in two publications. 2 3 

FUTURE ACTIVITIES 

Contract activities are complete. In the 
future we may explore the possibility of using 
the Middlebury facility for experimental tests of 
proportional control strategies. 
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Figure 1: System Configuration, for 
Present Experiments 
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DEVELOPMENT OF TES DEVICE USING CROSS-LINKED HDPE* 

Argonne National Laboratory 

Roger L •. Cole 

49507 

OBJECTIVE 

The objective of this project is to develop a 
prototype latent~heat storage device for solar­
powered cooling ap~lications using cross-linked 
high-density polyethylene (HDPE) as a storage 
medium. 

DESCRIPTION OF WORK 

Cross-linked HDPE was developed by Monsanto 
Research Corporation under DOE Contract No. EY-76-C-
05-5159 for use as a thermal storage material. Its 
melting point of 130°c suggests using it as hot­
side storage for absorption chillers, and it pro­
vides approximately 40-46 cal/g thermal storage. 
Because of molecular cross linking, the HDPE does 
not flow when it melts, but retains its shape with 
only a slight tendency for individual pellets to 
stick together at points of contact. According to 
Monsanto [ l] HDPE can be prod·uced cheaply and in 
large quantity from sources other than petroleum or 
natural gas. 

Other DOE-sponsored projects have produced 
chillers operating on absorption, Rankine, and 
desiccant cycles as well as vacuum-tube, CPC, and 
parabolic trough collectors capable of supplying 
heat at · the required temperatures. The. result of 
this project will be an advanced prototype storage 
unit capable of coupling these high-performance 
collectors and chillers together. 

A general system configuration has been defined 
and the prototype storage unit will be designed and 
fabricated accordingly. The prototype storage unit 
will be tested in cooperation with Oak Ridge Nation­
al Laboratory using the test procedures developed by 
ANI. undlir proj11c:t number /1.9506. In additio11, cost 
estimates for the storage unit will be prepared. 

TECHNICAL ACCOMPLISHMENTS 

t The general system configuration has been defined 
as 3-ton residential absorption chiller. At least 
one such chiller is commercially available, and 
others are i11 tht! prototype stage. The 3-ton 
size was chosen· because of the availability of 
chillers of that size and the size limitations of 
existing test· loops. The storage unit will 
operate the chiller for six-hours at a COP of 
0.7. A collector area sufficient to fully 
charge the storage during a sunny day is assumed, 

*work supported by the Active Solar Heating and 
Cooling ·Division, Offir.P. n,f Solar Applications for 
Buildings, U.S. Department of Energy, Contract No. 
W-31-109-ENG-38. 
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t Two . prototype storage units have been designed. 
The first will use 100% ethylene glycol as its 
heat-transfer fluid and will operate at atmos­
pheric pressure plus 3.4 kPa (0.5 psig) overpres­
sure of nitrogen to exclude oxygen and minimize 
corrosion. In mild climates the ethylene glycol 
can be used directly in the solar collectors, but 
in colder climates a heat exchanger is required 
because ethylene glycol freezes at -12oc (lOOF). 

The second prototype will be designed for 0.41 
MPa (60 psi) press.ure per ASME Pressure Vessel 
Code, Section VIII. Although the pressure vessel 
wil 1 cost more than the unpressurized tank" it 
can use a variety of heat transfer fluids includ­
ing water, heat exchangers can be avoided by 
using a mixture of ethylene glycol and water, and 
a nitrogen blanket will not be necessary. 

The prototype will provide the 325 M.J (308000 
BTU) of storage required .to operate the chiller 
for six hours. This requires a 2160 R. (570 gal) 
t.ank which is approximately 1.2 m (4 ft) diameter 
by 2.0 m (6.5 ft) high as shown in Figure 1. 
Insulation requirements were calculated on an 
economic basis [2] for four cities. Thicknesses 
of fiberglass are: Ft. Worth 42 cm (16.5 in), 
Washington 45 cm ( 17. 6 in), Phoenix 49 cm (19.4 
in), and Miami 60 cm (23.6 in). Although these 
amounts of insulation seem large they are justi­
fied because solar energy is a relatively expen­
sive form of heat and the temperature difference 
between the HDPE and the ambient is large. A 42 
cm insulation thickness has been selected for the 
prototype. The insulation will be covered with a 
weathertight aluminum enclosure. 

t Installed cost of the HDPE thermal storage system 
has been estimated using the prototype as a basis 
[3,4]. costs ate summarized in Table 1. Total 
costs are $12.99/M.J ($13,687/MBtu) for the pres­
surized tank and $ 7. 2 7 /M.J ( $ 7660/MBtu) for the 
unpressurized tank. These costs are at the upper 
and lower ends of the range of commercially­
available latent-heat storage units, but the heat 
stored at 130°c is a much higher quality than 
the heat stored in the commercially-avail~ble 
units. 

I Performance of the prototype will be measured 
using the test procedures being developed under 
project number 49506 as a basis. The initial 
part of the testing will be done at ANL. Testing 
will be completed in FY 1982 in cooperation with 
ORNL. 

FUTURE ACTIVITIES 

ANL has submitted a proposal ·to investigate 
improvements on the technology discussed in this 



paper. In.particular, the use of latent-heat 
transfer fluids (such as steam) and investigation 
of polypropylene as a latent-heat storage material 
have been proposed. A latent-heat transfer fluid 
cou.ld substantially reduce the thermodynamic losses 
caused by the use of sensible heat transfer fluids. 
Polipropylene melts at a higher temperture than 
HDPE melts at and could couple effectively with the 
Rankine-cycle chillers that are under development. 

ANL will continue its participation in ASHRAE 
Committee 94.l activities. The committee is 
developing standards for testing latent heat storage 
systems. 
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TABLE 1. ESTIMATED INSTALLED COSTS 

Item 

2160 JI. pres­
sure vessel, 
glass lined 

2160 JI. tank, 
nonpressure, 
unlined 

Interior 
coating for 
tank 

1456 kg HDPE 
@ $0.64/kg· 

650 JI., 50% 
ethylene 
glycol @. 
$0.29/R. 

650 JI.. 100% 
ethylene 
glycol @ 
$0.58/JI. 

tank install­
ation 

42 cm fiber­
glass, in­
stalled 

0.60 mm 
aluminum 
cover, 
installed, 
unpainted 

thermostat 

totals 

for 60 cm 
fiberglass 
insulation add 

Cost, $, 
Pressur­
ized Tank 

2315.80 

928. 87 

187.48 

254.00 

164.53 

337.67 

35.00 

$4223.35 

240. 74 

Cost, $, 
Unpressur­
ized Tank 

168. 86 

10.0.00. 

928. 87 

374. 96 

254.00 

1.64. 53 

337.67 

35.00 

$2363.89 

240. 74 
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Figure 1. Half Section Through HDPE Storage Unit 
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TESTING LATENT HEAT STORAGE UNIT FOR SOLAR APPLICATIONS* 

Argonne National Laboratory 

Yung Sheng Cha and Roger L. Cole 

49506 

OBJECTIVE 

To develop a procedure ~or testing low and 
medium temperature latent-heat storage (LHS) 
units; and to coordinate· the testing of the LHS 
units. 

DESCRIPTION OF WORK 

The ASHRAE Standard 94-77, Reference 1, was 
developed for testing sensible and latent· heat 
thermal energy storage devices based on thermal 
performance. During its three years of application, 
experience has shown that the ASHRAE standard did 
not yield reliable results when applied to latent 
heat thermal energy storage (LHTES) units. There-: 
fore, a close review of the ASHRAE standard was 
made to identify the problem areas and resolve their 
shortcomings. Most of the problems of the ASHRAE 
standard lie in defining the test parameters and 
their calculation methods and in heat loss test 
procedures. The source of these problems arises 
from combining the test procedures of sensible heat 
and latent heat thermal" energy storage units into a 
single format. 

A draft test procedure was developed at ANL. 
In this test procedure, maJor ettorts were made to 
resolve the shortcomings of the ASHRAE standard and 
to emphasize the sections which contain the problem 
areas. This preliminary test procedure will be 
verified carefully, cir improved, by· the results of 
the bench-scale tests at ANL and the subsequent 
full-scale tests at ORNL. 

A total of ten LHS manufacturers were contacted 
to acquire technical information about their ·pro­
ducts, and a review of these LHS units was con­
ducted. The Heatbank unit of Calmac Manufacturing 
Corporation was se lee ted and procured for· the 
bench-scale test at ANL. 

An uncertainty analysis., based on reference 2, 
of the experimental parameters was carried out to 
identify the critical parameters for the testing 
of the LHS units. 

TECHNICAL ACCOMPLISHMENTS 

e . Developed a preliminary test procedure ·for 
comparing the performances of latent heat thermal 
energy storage (LHTES) units on equal terms 
regard~ess of the type and size of each unit. 
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•· Reviewed commercially available LHS units; 
selected and procured a LHS unit (Heatbank of 
Calmac Manufacturer Corporation) for the bench­
scale testing at ANL. 

e Performed uncertainty analysis of the experiment­
al parameters to identify the critical parameters 
for the testing of a· LHS.unit. 

FUTURE ACTIVITIES 

Bench-scale tests of the Calmac LHS unit will 
be conducted. The results of these tests and 
that of the full scale tests at ORNL will be 
used to verify and improve the preliminary test 
procedure developed by ANL. A final version of 
the test procedure will be. issued at the conclu­
sion of this project. This procedure will be 
suitable for testing low and medium temperature 
LHS units. 

PUBLICATIONS 

Yu . Lwin, "Preliminary Test Procedure for Testing 
Latent Heat Thermal Energy Storage Unit for Solar 
Applications" 1 available upon request fr"om Office 
of Solar Applications, Building 362, Argonne Na­
tional Labortory, 9700 South Cass Avenue, Argonne, 
Illinois 60439. 

REi;"ERENCES 

1. "M~thods of Testing Thermal Storage Devices 
Based on Thermal Performance", ASHRAE Standard 

. 94-77, American Society of Heating, Refriger­
ating, and Air-<::onditioning Engineerings, Inc., 
New York, NY (1977). 

2. "Standard Measurement Guide, Engineering Analysis 
of Experimental Data", ASHRAE Standard 41.5-75, 
American Society of Heating, Refrigerating, and 
Air-Conditioning Engineers, Inc., New York, NY 
(1976). 

* Work supP.orted by, the Active Solar Heating and 
Cooling Division, Office of Solar Applications 
for Buildings, U.S. Department of Energy, Con~ 
tract No. W-31-109-ENG-38. 

• 
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CONTRACT INFORMATION 

STARTDATE~8~/_s_o~~~~ENDDATE~1_0_/_82~~~CONTRACTVALUE~~-$_2S_O_K~~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Analyze test mechod8 am! outline test procedure (m) 1/81 

' 

2. B1:!111.:h-,;;.oale experimcnto (p) . 1/81 

3. Write preliminary test procedure (m) 3/81 

4. Evaluate test results (p) 3/82 

5. Revise.and publish test procedure (p) 5/82 
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• DEVELOPMENT, FABRICATION, AND DELIVERY OF THREE (3) IDENTICA~ THERMAL ENERGY STORAGE SUBSYSTEMS 

ARTECH CORP. 

DR. FRED ORDWAY 

NAS8-32254 

OBJECTIVES 

To develop a practical thermal energy star.age 
module, for installation in air circulating .. 
systems, based on the use of salt hydrate mixtures 
as phase change materials; to fabricate, test, and 
de 1 i ver three prototypes. · 

DESCRIPTION OF WORK 

A self-contained therma 1 energy storage module 
was developed for incorporation in solar heating 
systems using circulating air for heat transfer. 
The modules are based on permanently sealed con­
tainers made of high-density polyethylene, which· 
can be filled with any of the.well known salt 
hydrate m1xtures used for thermal energy (heat or 
coolness) storage. Each container is two feet 
square and three inches high; a stack of eight 
containers forms a module two feet high. Other 
standard modules are four and six feet high. 

In the module (trade marked TESmodTM), each 
container is independently supported by a modular 
frame element. The structure is so designed that 
it can be lifted from the top, rolled on a base 
equipped with casters; or disassembled into parts 
that can be lifted by one person. 

The modules are designed for use in a chamber 
or duct carrying a horizontal air flow, the con­
tainers being ribbed on their top and bottom 
surfaces for air passage and ~eat transfer. By 
appropriately selecting the size, number, and 
arrangement of TESmods, the designer can tailor 
the storage assembly to the system requirements 
for capacity, heat transfer rate, and external 
dimensions. Any suitable encl9~yre mav be used. 

· Development of the TESmod design required 
compromises between cost of filling and sealing, 
wh1ch calls for a large container, and the maxi­
mum weight that an average person can handle 
alone; between the heat transfer rate, which calls 
for a large con~ainer surface, and the limitations 
of the molding process and cost of the poly­
ethylene resin; and between the strength and 
rigidity of the supporting frame and the cost and 
weight of the assembly. 

The final design was developed through 
several lengthy iterations, using production 
processes ·best suited to pr·ototype and small 
quantity production, owing to budgetary con­
straints. It is suitable for large-scale 
production, however, with little or no modifica­
tion. 

/ 
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To perform the tests required by the pro­
gram, a circulating air test loop providing flow 
rates up to 1000 cubic feet per minute was con­
structed, its design and instrumentation 
conforming to the requirements of ASHRAE Standard 
94-77. The three 2-ft TESmods, arranged in 
series, were tested by the ASHRAE test procedure, 
in which the storage capacity is evaluated over 
a limited period at the beginning of the charge 
or discharge cycle, and the total storage capacity 
was also determined by integration over the 
entire cycle. Testing was performed with TESmods 
whose containers were filled with ARTECH TES-90™, 
a proprietary salt hydrate mixture containing 
about 80 percent sodium sulfate decahydrate. 

The characteristics of the assembly under 
test were as follows: 

Dimensions: 72 in. long (in direction of air 
flow), 24 in. wide, 28-3/4 in. high (in­
cluding casters, but without lifting frame) 

Weight: 1460 lb. 

Weight of TES-90: 1080 1 b. 

The tests were performed after the assembly 
had completed 30 full charge-discharge cycles. 
The temperature change prescribed for the transi­
tion between charging and discharging was 63°F. 
The following results were obtained: 

Test at 500-cfm air flow 

Pressure drop across assembly: 0.048 in. 
of water 

ASHRAE test duration: 4 hr. 

Charge cycle 

Heat absorbed: 55,100 Btu 
Heat transfer rate: 13,800 Btu/hr 

Discharge cycle 

Heat released: 42,400 Btu 
Heat transfer'rate: 10,600 Btu/hr 

Total heat absorbed: 80,900 Btu 

Total heat released: 81,600 Btu 



Test at 1000-cfm air flow 

Pressure drop across assembly: 0.18 in. 
of water 

ASHRAE test duration: 2 hr. 

Charge cycle 

Heat absorbed: 41,700 Btu 
Heat transfer·rate: 20,800 Btu/hr 

Discharge cycle 

Heat released: 35,300 Btu 
Heat transfer·rate: 17,6p0 Btu/hr 

Total heat absorbed: 76,700 Btu 

Total heat released: 6g,400 Btu 

TECHNICAL ACCOMPLISHMENTS 

• Development of a practical thermal energy 
storage module based on the heat of fusion of 
salt hydrate mixtures, suitable for installa­
tion in air circulating systems either as a 
unit, with heavy equipment, or by hand. 

• Characterization of the module's performance 
in an instrumented test loop according to 
ASHRAE Standard 94-77. 

FUTURE ACTIVITIES 

Arrangements will be made for several demon­
stration installations, whose performance in 
working domestic solar heating systems will be 
monitored through at least one heating season. 

PUBLICATIONS/REPORTS/REFERENCES 

Quarterly progress reports to sponsor. 

CONTRACT INFORMATION 

START DATE 9/30/76 END DATE 9/30/80 CONTRACT VALUE $151 , 306. 
~~~~~~~~~~'---~~~~~ 

MILESTONES 
Item: Due date: 

1. Deliverables: Three thermal energy storage modules 9/30/80 (m) 

2. 

3. 

4. 

5. 
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SERIES PARALLEL SOLAR AUGMENTED ROCK BED HEAT PUMP 

CALIFORNIA STATE UNIVERSITY FULLERTON 

EDWARD F. SOWELL 

EN78- 7-01-4697 

OBJECTIVES 

The objectiyes of this work were to establish 
the feasibility and cost-effectiveness of the 
Series-Parallel solar-augmented rock bed heat pump 
system. · 

DESCRIPTION OF WORK 

This contract dealt with a system representing 
an alternate arrangement of the components in an 

· air-type, heat pump augmented solar heating system. 
In this system, referred to a·s Series-Parallel, the 
heat pump coils are at opposite ends of the rock 
bed, Fig. 1, allowing heating and cooling of the 
air entering and leaving the bed. This allows a 
number of unique modes of operation, some of which 
allow off-peak use of the necessary utility power. 
Cooling modes are also available, including off-

-peak cooling-effect stora9e, night cooling, and 
free cooling (economizing). The system finds 
applications principally in single-family resi­
dences. 

RH- RESISTANCE 
HEATER r---+-J--

C - COMPRESS R 

Figure 1.' Series-Parallel System 

The study examined the performance of this 
system at three locations (Sacramento, Albuquerque, 
and New York) by means of a simulation model. 
Seasona I heating and cooling performance factors of. 
about 3 were obtained for Albuquerque for the sys­
tem integrated into a 200m2 residence. Design 
integration studies suggest an installed cost of 
approximately $28,000 above a conventional heat 
pump system using commercially available component~ 
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This high cost is largely due to solar hardware, 
although system complexity also adds. Availability 
.of low-cost air type collectors may make the system 
attractive. ' 

The study also addressed the general problem 
of predictive control necessary whenever off-peak 
storage is employed. 

TECHNICAL ACCOMPLISHMENTS 

• A computer model of the system was developed 
using TRNSYS. 

• Several new TRNSYS subroutines were developed, 
including a convolution-principle rock bed 
model, and a heat pump model. 

• Cases were executed for Sacramento, Al buquer­
que, and New York. Performance data is shown 
in Table 1. 

Annual 
COPH1 Annual 

COPC1 Case Location Heating Cooling 
GJ GJ 

Sl Sacramento 73.33 l .687 18.68 3.326 
S2 Sacramento 73.57 1. 940 18.66 3.077 
S3 Sacramento 74.05 l .459 17. 72 4.933 
Al Albuquerque 89.23 1.845 22.98 3.182 _, 

A2 Albuquerque 89.93 3.020 22;84 3.006 
A3 Albuquerque 90.23 ·3.331 24.06 3. 321 
Nl New York 107.6 1.560 7.83 2.108 
N2 New York 108.5 l .561 7 .82 2.263 

Note: Seasonal values. Frequently called SPF. 

Table l. Summary of Predicted Performance 

• Design integration was performed for a single-
family residence. 

• Life Cycle Cost estimates were developed a~ 
shown in Table 2. 



Heat 
Pump 

Electrical Energy Costs $15,206 
Investment Costs 5,895 

~ Maintenance 620 

Total Life Cycle Cost $21 • 721 

.Cost per delivered GJ 6.42 
($/GJ) 

Table 2. Life Cycle Costs (30 Years) 
Albuquerque 

Series-
Parallel 

$11,125 
33,896 

620 

$45,641 

13.49 

• Conclusions drawn from the study are that 
while the concept is technically feasible, it 
is not economically viable. Although the best 
Albuquerque case indicates a 28% reduction in 
energy r~lative to a high-performance heat 
pump, the cost is about $28,000 greater; life­
cycle cost is over twice that of the stand­
alone heat pump. This is due largely to the 
solar collectors. Load shifting capabilities 
are present, but the currently available 
utility rate structures do not offset the high 
equipment cost. 

FUTURE ACTIVITIES 

Further work on this concept should focus on 
cost reduction and identification of optimum site 
selection. There is a strong possibility that a 
liquid-type system would be less expensive and 
more compact. The contract has been completed and 
there is no current activity. 

PUBLICATIONS 

• Sowell, E. F. and P. W. Othmer, "Series­
Parallel Solar Augmented Rock-Bed Heat Pump", 
Technical Progress Report, C00-4697-1, 31 
July 1978. 

• Sowell, E. F. and P. W. Othmer, "Series 
Parallel Solar Augmented Rock-Bed Heat Pump", 
Final Report, C00-4697-2, 31 December 1979. 

• Sowell, E. F. et al, "Series-Parallel Solar 
Augmented Rock-Bed Heat Pump - Convolution 
Model of Rock Bed", C00-4697-3, 31 December 
1979. 

• Sowell, E. F. and R. L. Curry, "A Convolu­
tion Model of Rock Bed Thermal Storage 
Units", Solar Energy, Vol. 24, pp. 441-449, 
1980 

CONTRACT INFORMATION 

START DATE 1 Feb 1978 ENDDATE 31 Dec 1980 CONTRACTVALUE $95,000 
~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

1. Model Deve 1 op men t 30 Oct 78 

2. Subsystem Performance Mapping 31 Mar 79 

3. Sensitivity Analysis 31 Dec 80 

~ Design and Integration 31 Dec 80 

5. 
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GEL STABILIZATION AND ADDITIVE EFFECTS ON SALT HYDRATE PCMS 

CALMAC MANUFACTURING CORPORATION 

CALVIN D. MACCRACKEN 

86X-70522V 

OBJECTIVE 

Calmac's objectives under this contract will be 
to evaluate a gelling agent, developed by Caler, 
Ltd. of England, (1) as a means of preventing 
stratification in sodium thiosulfate pentahydrate 
and Glauber salt eutectic phase change materials; 
to determine techniques for the field filling and 
to develop repair procedures for systems incorpo­
rating the Caler gel; to study the effects of 
ethylene glycol and glycerin on the thermal per­
formance of sodium thiosulfate pentahydrate and 
Glauber salt eutectic PCM; and to evaluate the ef­
fect of pH modification ·on sodium thiosulfate penta­
hydrate, specifically with regard to subcooling 
behavior. 

DESCRIPTION OF WORK 

Calmac Manufacturing, through previous research, 
has gained extensive experience with the properties 
and performance of sodium thiosulfate pentahydrate. 
In fact, Calmac was successful in designing a com­
mercially available thermal storage system, with 
consistently repeatable high performance, through 
the use of a stirring apparatus to prevent strati­
fication. (Fig. 1) However, the development of a 
stabilizing gelling agent offers many benefits. 
The cost of a stirring mechanism with associated 
wiring and controls would be eliminated. The 
absence of a mechanism within the storage tank re­
duces the possibility of system malfunction. Para­
sitic power requirements, although minimal, would 
be eliminated. Distortion of the heat exchanger 
due to buoyant forces would be controlled . Also, 
a gel could be used for those PCMs where a stirring 
pump is not successful, such as Glauber's salt and 
its eutectics. For this purpose, a eutectic of 
Glauber's salt, developed by Calmac, with a fusion 
point of 45°F (7.2°C) will also be tested with the 
Caler gel. ( 2) • 

Because of developments including the use of 
additives to modify the .fusion point and other 
thermal properties of PCMs, (3) we will also study 
the effects of ethylene glycol and glycerin, spe­
cifically with regard to fusion point, latent heat 
capacity, stratification and type, rate and size of 
crystal growth. Also, acidic and basic pH ranges 
will be induced in sodium thiosulfate pentahydrate 
to determine the effects on thermal performance 
and subcooling. · 

All initial testing will be performed in 2-gal­
lon containers with internal plastic tube heat ex­
changers which are, basically, miniature duplicates 
of Calmac's 360-gallon commercial units. (Fig. 2) 
As much testing as possible, regarding the effect 
of additives, will be done concurrently with the 
evaluation of the Caler gel. If the performance 
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of the gel is less than optimal, we will hopefully 
be able to apply what we learn, concerning the 
additives, to improve the gel-PCM performance. 

After the best possible thermal response of 
the gel system has been obtained in 2-gallon units, 
testing will then proceed to evaluation of 90-gal­
lon units. 

Figure 2, CALMAC flexible plastic tube heat ex­
changer. 

The Calor gel is described as a "water-insolu­
able hydrogel formed from a water soluble synthetic 
polymer having pendant carboxylic or sulphonic acid 
groups cross-linked with rations of a polyvalent 
metal (for example , aluminum or magnesium)" (1). 
Because this cross-linking process is fairly rapid 
(15-30 minutes) and transforms the gel from a 
pumpable liquid to a gel uf :;emi-solid consistency , 
difficulties in field filling, mixing and repair 
of these systems is anticipated. The appropriate. 
techniques necessary to circumvent these obstacles 
will be evaluated at the time testing in 90-gallon 
units is begun. 

TECHNICAL ACCOMPLISHMENTS 

Because we are in the initial weeks of our 
investigation, our efforts have been directed 
toward modification of our present testing equip­
ment and refinement of our experimental procedures 
for the specific needs of this contract. 

Initial observations indicate the expansion of 
the gel during, the cross-linking process may induce 
excessive stress in the storage vessel . However, 
a number of proposed solutions to this problem are 
already under consideration. 



FUTllRf. ACTTVTTTf.S 

Calmac is, of course, a manufacturing concern. 
Although a comprehensive cost analysis of the TES 
system under inve~tigation is not included in our 

statement of work, we are committed to the concept 
of phase change energy storage and would incorpo­
rate all viable techniques in the marketing of our 
already expanding line of thermal energy storage 
systems. 

l40"F CYCt.ING QN 

THERMOSTAT 

(._, "\' 

120°F 

100°F 

8D°F 

ACTUAL DISCHARGE/CHARGE CURVE 

4300 LBS SODIUM THIOSULFATE PENTAHYDRATE 

41! DIA. TANK 411 HIGH' 42 rt' SALT' 7fl
3
HEAT EXCHANGE AND PUMP 

SALT 61.4%, WATER 3B.6%, 160 WATT INTERNAL PUMP, 250 WAT T HEATER 

5000 WATT CHARGING HEATER 

COOLED BY AMBIENT AIR FINNED COIL 

WORK DONE UNDER DOE CONTRACT 
EM- 78-C-02- 4698 

C/ll.JHCE 

CHARGE DISCHARGE 

WATER FL.OW 9.0 
PRES. DROP 3.0 

8 .2 •3PM 
2. 5 PSI 

HE/IT FLOW 387,500 412,500 BTU 
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·cOOL:ING · 
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v 
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· coouNG 

Figure 1, Typical Charge-Discharge Curve for STP with internal stirring mechanism 

PUBLICATIONS/REPORTS/REFERENCES 

1. Peter J.C. Kent and John K. R. Page, U. S. Patent 4,209,413, June 24, 1980 (Calor Group Ltd., England) 

2. Donald E. Truelock, Federal Republic of Germany Patent Application, 2,844 , BlO, October 12, 1978 
(Kay Laboratories, Inc ., San Diego , California) 

3, Calmac Manufacturing Corporation , Bulk Storage in PCM, Englewood, New Jersey, 1980 

CONTnACT INrOnMATION 

STARTDATE Aprill , 1981 END DATE March 1, 1982 CQNTRACTVALUE $90,207 .00 
~~-'-~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

I. Summary ot Gelling Agent Evaluation August 1, 1981 

2. Report on Field-mixing/filling Qnd RcpQir Techniques Oc LuLtH' l, 1981 

3. Report on Experimental Results of Additive Effects November 1, 1981 

4. Report on the Effects of pH Modification on ~p December 30, 1981 

5. final Pr·oj ect Repor·t January 31, 1982 
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Thermal Storage for Solar Cooling 
Using Paired Ammoniated Salt Reactions 

Martin Marietta Corporation 

DE-AC02-78CS34700 

Edward Fox 

July 1978 to July 1981 

OBJECTIVE 

The objectives of this program were: demon­
strate concept feasibility using subscale system 
testing of both liquid and solid salts; deter­
mine compatibility of construction materials 
with the candidate ammoniates; select the opti­
mum combination of ammoniates for residential 
conceptual design; and demonstrate system per­
formance by testing a full-scale unit. 

DESCRIPTION OF WORK 

The reversible energy storage system studied 
in this program uses the heat of reaction of 
ammoniated salts to convert thermal energy to 
chemical energy that can be reclaimed. Atmnonia 
gas is exothermally absorbed at one temperature 
to provide heating and endothermally released by 
adding solar heat, condensed, and then is re­
evaporated to provide cooling. A schematic of 
the residential system, in the cooling mode is 
shown in Figure 1. It operates similarly to an 
ammonia absorption refrigeration unit, except 
the unit contains sufficient absorber to be used 
for thermal storage. It also operates in a 
batch mode rather than continuously. The upper 
halt ot the tigure shows the charge mode and the 
lower half shows the discharge mode. 

Heat Source 

,-
llO"F 
250 psla 

35"F 

40°F 

t 
Low Temperature 
llea t Source 

Figur<1 l Fl.ow Diagram f or NHf'NH3N03 •JNH3 Heating Conditions 

Air Hea ter 

Ai r Flow 

If the system is used in the heating mode, 
heat is supplied to both high temperature reac­
tors to charge the system. The ammoniate dis­
sociates endothermally releasing ammonia gas 
that is condensed and stored as a liquid in the 
NH3 tank. 
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In the cooling mode, he'at is supplied to 
discharge one reactor at a time, while the other 
is used to absorb the ammonia that has been used 
for cooling. To cool a building, liquid ammonia 
flows th rough the ex pans ion va 1 ve to an ev ap­
ora tor where it cools air. It is absorbed in 
the other high temperature reactor and the ex­
cess heat is rejected to the outside atmosphere. 

The subscale tests were conducted in a 5,000 
Btu capacity system using both liquid and solid 
ammoniates. The tests showed heat transfer 
coefficients were 1 Btu/h-ft2-oF for solids 
and 50 Btu/h-ft2-0F for liquids. Density of 
the liquids was three times that of solids, and 
the reaction rates for liquids were an order of 
magnitude greater than for solids. Conse­
quently emphasis was shifted to liquid ammon­
iates for the residential system because these 
properties resulted in smaller, more efficient 
designs. To support residential system design 
activities, corrosion compatibility tests on 
various construction materials were conducted in 
parallel to the subscale testing. 

An engineering test system was then designed 
using ammonium nitrate and ammonia, instead of a 
pair at ammoniated salts, because this combin­
ation was predicted to be most cost effective. 
The full-scale system had a total storage cap-

. acity of 600,000 Btu. Design difficulties were 
encountered in operation of the high pressure/ 
high temperature rotating seal for the high tem­
perature reactor. The rotating seal w~s re­
quired to seal around the stirrer shaft which is 
needed in the liquid reactors. Also, a problem 
was encountered with corrosion of the welds in 
the heat exchanger. Inadvertantly, weld rods 
were used that contained a small amount of 
copper, which is very reactive in the ammoniate 
of ammonium nitrate. A limited number of tests 
were run due to the fiihri.c'ltion problems but 
from the data a COP of 1.2 for heating and 0.7 
for cooling were predicted. 

TECHNICAL ACCOMPLISHMENTS 

Subscale reactors with a 5 ,000 Btu storage 
capacity and 1,000 Btu/hr heat transfer rates 
were used to test the ammoniates. Experimental 
test results showed heat transfer coefficients 
of 1 Btu/h-ft2-oF with the solid ammoniate 
systems and coefficients of 50 Btu/h-ft2-0F 
with liquid ammoniates. A summary of the re­
sults is shown in Tables 1 and 2 for solid and 
liquid ammoniates respectively. 



TabZe 1 
Subsaal,e Test Resul,ts - SoZid Ammoniates · 

Calcium Chloride 

Internal recirculation 
moniation by lS to 20% 
above 76 SCFM,. but 
ammoniation. 

increases deam­
for an~ flowrate 

does not improve 

Exhibits steady drop in NH3 
with time during either phase 
large temperature gradients. 

flowrate 
due to 

Heat rate drops to about 1/2 the design 
value during a 6-h test run. 

The already large heat exchanger would 
have to be doubled to be sized for the 
worst-case conditions that occur at· the 
end of the run. 

·Manganese Chloride 

No change in reaction rates were noted at 
any blower speed due to the nonporous 
nature of MnCl2•6NH3. 

NH3 flowrate drops to 50% after only 3 
h. 

Overall heat transfer coefficient ranges 
from 0.3 to 1.2 Btu/h-ft2-0F (6.8 
W/m2-oc) · rather than the anticipated 
5-10 Btu/h-ft2-0F .(28-57 W/m2-oc). · 

Due to low heat .transfer rates, deammon­
iation only went to 60%. completion and 
ammoniation to only 90%·completion. 

Tabie 2 
Subsaal,e Test Resuits - Liquid Ammoniates 

Requires stirring during ammoniation but no 
improvement in uptake was found going from 
430 to 870 rpm. 

Design ammoniation rates of 1.36 lbm/h with 
a ~T of about 200F were verified.· 

A design limit .of 50% maximum and 10% mini­
mum was set on the solids mass (NH4Gl2) 
concentration in the slurry. 

Overall heat transfer coefficients 
betweert 40 tu 45 Dtu/h-ft2-0F. 

were 

Heat transfer rates of 700 to 800 Btu/h were 
measiired. 

The rate of heat tra~sfer and not the reac-· 
tion kinetics limits the reaction within the 
specified concentration limits. 
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Corrosion tests were conducted on the fol­
lowing potential construction materials: 304L 
and 306L stainless steel, 5083 aluminum alloy, 
A-36 structural carbon steel; Teflon (TFE); 
Polyvinyl chloride (PVC); and a fiberglass-epoxy 
composite. .The material specimens were exposed 
to the ammoniates at projected operating pres­
.sures and temperatures for 8 months and then 
were visually inspected to determine ·the effect 
of the ammoniate on the specimen. The results 
of the corrosion test program are summarized in 
Tables 3 and 4 for solid and liquid ammoniates 
respectively. 

Tab7,e 3 Corrosion Testing of Sol,'f,d Ammoniatea 

Metal test specimens that underwent .visible 
corrosion in general di.splayed significant. 
weight changes as well as corrosion product 
formation. 

Nonmetal specimens that did not disintegrate 
(PVC) or de laminate (fiberglass), did not· 
reveal any gross mechanical property changes 
in density and tensile strength. 

CaCl2/CaCl2·6NH3 was generally 
benign and MnCl2/MnCl2•6NH3 the 
aggressive medium tested. 

most 
most 

Stainless steel samples were found to be 
most resistive metals, 5083 Al and A36 car­
bon steel most susceptible. 

Teflon displayed excellent resistance in 
tested environments. Two nonmetals, PVC 
fiberglass are unacceptable in MnCl2 
MgCl2 anhydrous and ammoniated 
systems. 

Tabie 4 Liquid Ammoniates Corrosion Testing 

304L stainless steel is not appreciably 
corroded by NH4Cl • 3NH3 or NH4N03•3NH3 

all 
and 
and 

salt' 

after 8 months some corrosion was found with 
NH4SCN•2NH3. 

A-36 carbon steel is not suitable for use 
with any liquid ammoniate, however surface 
treatments offer increased corrosion resis­
tance. 

5052 aluminum is suitable only for use with 
NH4N03•3NH3, the other two liquid 
ammoniates caused appreciable corrosion. 



Prototype residential conceptual designs 
were completed for solid and liquid ammoniate 
systems and the cost data showed solid systems 
were 10 times more costly than liquid systems. 
For this reason liquid ammoniates were con­
sidered. After testing of the various ammon­
iated salts individually and in pairs, it was 
found that the combination of an ammoniated 
salt, ammonium nitrate, and ammonia gas was the 
simplest ·system with the highest predicted p.eT.:.. 
formance capability for heating and coo~ing. 
Preliminary cost estimates for the components of 

'the system shown in Figure 1 are listed in Table 
5. 

Table 5 Reactor Cost Est-imates 

High Temperature Reactors 

Capacity 
.. Tank Volume 

Weight-NH4N03•3NH3 
Cost of Salt, 1360 lb 
Cost of Ammonia 

250,000 Btu (Madison) 
300 gal 

Cost of Heat Exchanger 
· Cost of Tank 

Total Cost of Two Reactors 

Low Temperature Reactor 
I 

·weight of Ammonia 
Tank Volume 
Cost of Ammonia 
Cost of Tank 
Cost of Heat Exchanger 
Total Reactor 

Total Cosi: 
(Reactors and Chemicals) 

2,230 lb 
$ 65 
$ 50 
$ 160 
$ 600 

$1,750 

798 lb 
165 gal 

$ 100 
$ 330 
$ 200 
$630 

$2 ,380 

Along· with the costs of the chemicals .and 
reactors, the following needs to be added to 
achieve a total system cost. 

High-Temperature 
Reactor Stirrer (2) 
Evaporating Condens.er 
Circulating Pump (2) 
Controls 
Valves 
- lin. Solenoid (12) 
- 1/2 Manual 
- Expansion Valve 
- 1 in. Check (5) 
Dampers and Motors 
Blowers (2) 
Heating Coil 
Cooling Coil 

, Total Cost 
(Components) 

Total System Cost 

(4) 

Unit 
Price 

$250 $ 

120 

90 

17 
70 

140 

(Minus Cost of Solar Collectors) 

Costs Are in 1981 Dollars 

Total 
Price 

500 
990 
240 
330 

1,080 
35 
50 
85 

280 
280 
555 
425 

$4,850 

$7,230 

10-14 

Prototype Tests Plans were reduced because 
of the previously mentioned design problems in 
weld areas. However, sufficient data was ob­
tained to predict a reactor performance for both 
ammoniation and deammoniation order. 

These limited data pointed to a COP of 1.2 
. for heating and O. 7 for cooling could be ob­
tained in this system. These performance cap-· 
abilities compared favorably' to other chemical 
heat pump systems. The corrosion problems and· 
the mechanical seal problems that were encoun­
tered can be readily solved by use of different 
construction materials and different rotating 
shaft seals such as magnetic couplings, each of 
which will raise the initial cost but perhaps 
decrease the long-term layout. 

, FUTURE ACTIVITIES 

Recommended future act1v1tes for the ammon­
iated salt chemical heat pump systems should be 
focused on improved heat transfer coefficients 
for solid ammoniates and

0

improved corrosion pro­
tection for an A-36 Carbon Steel System. 

PUBLICATIONS/REPORTS/REFERENCES 

1. 

?. 

Thermal Storage for Solar 
Paired Ammoniated Salts. 
July 1979 and Final Report 
Corporation, July 1981. 

Cooling Using 
Interim Report 
Martin Marietta 

w, R.. Hao.9, F. A. Jaeger, '1'. J. Giordano,: 
Ammoniated Salt Heat Pump, 2nd International. 
Conference on Alte.rnative Energy Sources, 
Miami, Florida. 

3. Jaeger, F. A. and Hall, C. A., Ammoniated 
Salt Heat Pump/Thermal Storage System, 
International Seminar on Thermochemical 
Energy Storage, Stockholm, Sweden, January 
1980. 

CONTRACT INFORMATION 

Start Date 5/15/78; End Date 7/30/81 
Contract Value i427,553; 
Milestones: 

Interim Report 
Final Report 

June 1979 
July 1981 



THE MONITORING OF THERMAL STRATIFICATION OF THE STORAGE TANK OF THE MABEL LEE HALL SOLAR HOT WATER SYSTEM 

UNIVERSITY OF NEBRASKA-LINCOLN 

EDWARD E. ANDERSON 

DE - AC02 - 79CS30247 

OBJECTIVE 

The principal objective of this project was to 
obtain temperature data in a large liquid solar 
storage tank.to be used for the verification of 
numerical thermal stratification models. Testing 
was to be conducted under a variety of operating 
conditions including charg~ng, discharging and 
simultaneous ·charging-discharging. Two methods of 
charging were included in the testing; one tech­
nique involved an internal heat exchanger while the 
second techntque circulated the storage water. · 
Heat removal ·was accomplished with an internal heat 
exchanger. Finally, test data were to have suffi­
cient spatial and temporal resolution for numer~cal 
model verification. 

DESCRIPTION OF WORK 

,The Mabel Lee Hall solar facility was designed 
to preheat the hot water required by one of the 
physical education buildings located on the 
Univ~rsity of Nebraska-Lincoln Campus. This large 
system uses two different collector types; a 
liquid collector system employing "Rol-Bond" panels 
and an air collector of the volume type. Both· 
systems have 1750 square feet of aperture with 
identical glazing and service the same storage 
tank. 

Storage consists of a 32'xl6' {interior) 
reinforced concrete block structure lined with 3". 
of expanded polystyrene insulation· and a PVC pre­
seamed liner. This tank was filled with 32,000 
gallons of water to a depth of 8'10". ·Water from 
the liquid collector is circulated through an 
interna'I heat exchanger located near the bottom of 
the tank. This exchanger is fabricated from 
copper tubing and is uniformly distributed over 
the tank floor area. A similar internal heat 
exchanger near the top of the tank preheats the 
water supply to Mabel Lee Hall. An external air 

. to liquid heat exchanger is used for the air 
collector. Storage water is uniformly extracted 
from the bottom of the tank to supply this heat 
exchanger. Following heating, the storage water 
is uniformly reinjected back into the tank near 
the top. Thi S· dP.s i gn permits a variety of 
operating conditions. 

By using two different flowrates in the three 
storage heat exchange circuits, a total of four­
teen different combinations of charging and dis­
charging were possible. Tests of two days dura­
tion were conducted for each of these combinations 
to assess the effect of charqe and discharge 
upon stratification. 
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Thirty-five thermocouples were placed in the 
storage tanks. These were located just above and 
below the internal heat exchangers and tank mid­
depth in arrays of five thermocouples. The arrays 
were placed in the storage tank in a manner consis­
tent with a numerical model. An additional array 
was placed in the ground outside the tank to 
monitor wall heat losses. Additional instrumenta­
tion consi~ting of flowrates, inlet and outlet 
temperature was used for each of the three storage 
streams to monitor the heat transfer rates. 

All data were monitored with a data acquisi­
tion system. This system was programmed to 
sample each data point once every fifteen minutes 
during a test. This time increment was selected· 
to provide ample temporal resolution for any 
numerical. model. 

TECHNICAL ACCOMPLISHMENTS 

• A total of fourteen tests have been completed. 
Each test involved a different storage charging 
and discharging as illustrated in Table I. 

• Appropriate temperature and flowrate data were 
obtained every fifteen minutes during each two 
day test. Over the entire program, over 54,000 
indfvidual pieces of data were obtained. 

• . All the data have been reported to DOE Argonne 
National Laboratories in a series of Interim 
Reports. These data have been put into a form 
suitable for checking aginst numerical models 
generated by the contracting agency or othe.rs. 

FUTURE ACTIVITIES 

The project bas been completed and all work 
reported to DOE. In view of the nature of the 
project, no additional work is contemplated. A 
summary final report is under preparation . 

( 



TABLE I. Schedule of Charge-Discharge Tests Conducted 

Charging with Liquid Collector Charging with Air Collector 
Discharge No Charge Low Flowrate 

Low Flowrate * * 
High Flowrate * * 
No Discharge * 

REPORTS 

E. E. Anderson,· "Description of System, Instrumen­
tation and Testing Procedures," Interim Report 
#1, August 15, 1980 (Available from ANL) 

E.E. Anderson, "Results of the Air Collector 
Charging Tests," Interim Report #2, September l , 
1980 (Available from ANL) 

E.E. Anderson. "Results of Storage Discharge 
Tests," Interim Report #3, October l , 1980 
(Available from ANL) 

E.E. Anderson. "Results of Liquid Collector 
Charging Tests," Interim Report #4, November 15, 
1980 (Available from ANL) · 

E. E. Anderson, "Results of Li quid Collector and 
Discharging Tests," Interim Report #5, 
December 20, 1980 (Available from ANL) 

E.E. Anderson, "Results of Air Collector and 
Discharging Tests," Interim Report #6, 
January 8, 1981 (Available from ANL) 

High Flowrate 

* 

* 

* 

CONTRACT INFORMATION 

Low Fl owra te High Flowrate 

* * 

* * 

* * 

STARTOATE Sept. 15. 1979 ENOOATE.Sept. 30, 198CCONTRACTVALUE $23,573 
___._~'-=--"'----~~~~~~~~~~~ 

. MILESTONES 
Item: Due date: 

1 .. Complete set of test data, due as they become available. · 

2. Summary Final Report, September 30, 1980. 

3. 

4. 

5. 
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MEMBRANE-LINED FOUNDATION SYSTEMS FOR LIQUID THERMAL STORAGE 

UNIVERSITY OF NEBRASKA 

Robert J. Youngberg 

DE-AC03-80CS30227 

OBJECTIVE 

The objectives of this project are to complete 
development of baseline membrane-lined storage sys­
tems, including selection of preferred membrane 
materials and domestic water preheater configura­
tions, and to begin technol.ogy transfer.efforts. 

DESCRIPTION OF WORK 

Membrane-lined liquid thermal storage systems 
promise lower costs and easier installation than 
conventional steel or fiberglass tanks. A·project 
to investigate and further develop membrane storage 
systems was begun fn May, 1978, at the University 
of Nebraska-Lincoln, with funding from the Research 
and Development Branch, Office of Solar Applica­
tion, USDOE (1). The membrane-lined storage alter­
native being investigated and further developed fn 
this project has the potential advantages of reduc­
ing corrosion problems, simplifying access problems 
common to prefabricated tanks, facilitating instal­
lation of domestic water preheaters and other heat 
exchangers, and reducing cost. 

One of the primary objectives of this project 
is to determine the preferred liner material for 
membrane-lined storage systems. Materials under 
examination are 30 ~fl EPDM, 20 mil PVC, and 4 mil 
crosslaminated polyethylene. Two six-cell test 
containers hav.e been constructed, 11 ned with the 
candidate membrane materials, and filled to a depth 
of 10" with water. Duplicate cells are maintained 
at 160 deg. F and 200 deg. F. Membrane design life 
is assessed by subjeding candidate materials to 
elongation, seam, and patch tests. Domestic water 
preheaters are also being tested to determine a 
preferred combfndtion of configuration, location. 
and support method. 

r----r.:=.o,r:,~·.~0;;1:0 w1 

,----112• COX PLYWD. 

~~~~~~;~~~~~~=·• CONC. &LAii I R•111 BATT lllBUL 
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IK~ES---- MEMBRANE LillBft 

IMl!I--- e• .auoaoARo 111suL 

XNr--- a' STYROFOAM INBUL 

,,--~l:j--:-- r llUDBOARD INSUL 

_J-1~~;;m~~mm~1=:=-- ,. STYROFOAM 1118UL 
14 llTL. FAST!lllRll 
(I BID! (I/BIOi) 

a• TA11P10 &AND 

UNDllRSLAB •poAMWALL • TANK 
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To evaluate the cost and feasibility of und~r 
slab storage units, a "foamwall" tank was construc­
ted fn cooperation with Trident Energy Systems, 
Inc. of Davis, CA. The 860 gallon tank, which uses 
foam for structural wall support, is detailed fn 
Figure 1. 

Design and construction of the wood frame 
basement corner storage unit was performed. This 
1400 gallon system consists of two 2x6 frame walls 
and utilizes common walls of the existing basement 
to create a cost effective configuration (See Fig­
ure 2). Three different piping configurations are 
to be tested at various flow rates to determine the 
effect of sensible heat dfstrf butfon in the unit. 
An engineering field test will be conducted to mon­
itor the first year performance of the system. 

FIO. 2 

r:-":'-'." ........ WOODPRAMI! BASBllBNT 
CORN•R 8TORAQB UNIT 

The final emphasis of the project will go to 
determination of the most appropriate method for 
intro~uction of the membrane-lined storage system 
conce.pt to the solar h1dustry. Input will be so­
licited from a broad spectrum of participants in 
the solar field to identify the preferred method. 
Construction manuals are to be prepared .and work­
shops conducted to disseminate the developed in­
formation. 

TECHNICAL ACCOMPLISHMENTS 

•Membrane test cells have L>~en constructed and 
short-term.hot water exposure tests have been com­
pleted, the l~n day tests are half completed,. and 
the 540 day tests are in their sixth month. 

•Elongation testing has been completed on mem­
brane samples exposed for 7 and 30 days. The data 
is inconclusive. 

•Construction and a summary of costs have been 
comp 1 ctcd for an unders Tab foamwa 11 tank. It was 
determined that the "foamwall" tank would not sup­
port the structural loads imposed by the floor and 



a bearing wall spanning the tank. A cost analysis 
indicates that poured concrete walls would have been 
a preferred alternative. No further testing will be 
performed on the "foamwall" tank under this contract. 

FIG. 3a 
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•Three domestic water preheating heat exchanger 
configurations have been fabricated and tested. 
Designed to be easily supported along the sidewall 
of membr~ne tanks, they were made from 46' lengths 
of 5/8" finned tubing manufactured by Wolverine. Di 
of VOP, Inc. (Fig. 3) These were tested in the 
"foamwall" tank at 3 GPM flow rates, with and witt.­
out a circulating pump running, to determine the 
effect of mixing. Efficiency was calculated from 
the total heat transferred to a fixed volume of 
water and was based on drawing water directly from 
the tank. It was found that measured preheater per­
formance is best characterized by calculating "U" 
valu~s as opposed to reporting performance in terms 
of a heat exchanger effectiveness factor (E). This. 
is because the value ofE is highly dependent on 
the degree of stratification in the storage tank • 
See Table I. 

TABLE I 
Material 160°F 200°F 

7 Dax 30 Dax 7 Dax 30 Dax 
EPDM +4.4% -8.5% -10.3% -23.0% 
PVC +6 .1 -4.7 - 9.4 -10.3 
PE -4.8 - 0 - :..1a.4 N/A 

eDesign development of the woodframe basement cor­
ner storage unit was completed. A field test unit 
was constructed. Installation process decumenta­
tion and cost evaluation was completed. 

e Piping in flow and out flow testing for two pip­
ing arrangements was completed. Scheme I piping 
(Fig. 4a) and Scheme II piping (Fig. 4b) were tes­
ted at three different flow rates. The Scheme I 

COLLECTOR 

. __...---TANK ____________ ....... __ ,, 
I ,.,,,.' I 
I ,...-

_..- I 
o I WARM AIR 

I 

.... 
HEAT EXCHANGER 

8CHBMB :C PIPING ARRANQBMBNT 

COLLECTOR 

HEAT EXCHANGER 

8CHBMB2r PIPING ARRANQl!MBNT 

WARM AIR 

piping charge graph plots the differential between 
the average tank temperature (Ttank) and (Tin), the 
collector inlet temperature, as a function of time 
(Fig. 5a). The Scheme I piping discharge graph 
shows the differential between the tank supply tern-
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perature to the load (TsuP.ply) and the average tank 
temperature (Ttank) as a function of time (Fig. Sb). 
Comparative test charging of Scheme II piping is 
shown in Fig. 6a and Scheme II discharge is shown 
in Fig. 6b. The sensible heat storage perfonnance 
is improved by the greater temperature ·strati fi ca­
tion developed by the Scheme II piping. Scheme III 
piping tests (see Fig. 7) are underway. 

SCHEME Dr PIPING ARRANGEMENTS 

FUTURE ACTIVITIES 

The wood frame basement corner unit shall be 
tested for reliability and overall operation when 
coupled with an active collector system for a year 
including an assessment of storage heat loss rate. 

Alternative technology transfer paths will be 
evaluated to determine the most appropriate method. 
to co111111ercialize the membrane-lined storage system 
concept. Installation manuals will be prepared 
for use in the technology transfer effort. Work­
shops will be conducted to train attendees in the 
design and construction techniques involved. 

REFERENCES 

1) BOURNE, RICHARD C., "Membrane-Lined Foundation 
Systems for Liquid Thermal Storage" Proceedings of 
Third Annual Solar Heating and Cooling Research 
and Development Branch Contractors' Meeting, 
Washington, D.C., S~ptember 1978 . 

CONTRACT INFORMATION 

START DATE~8-_l~-"""8.::..0 ____ END DATE 7-31-82 CONTRACTVALUE_~$_2_35~·~9_50 __________ _ 

MILESTONES 
Item: 

1. Annual Report 8-1-81 (p) 

2. 500 Copies of Installation Manuals (p) 

3. Topical Report on Workshop attendance and participation (p) 

4 .. Final Technical Report containing drawings, t_est results, specifications, technolo"gy 
transfer results, etc. (p) 

5. 

10-19 

Due date: 

8-1-81 

2-1-82 

7-1-82 

7-31-82 
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DEVELOPMENT OF TWO SOLAR HANDBOOKS 

AMERICAN SOCIET:f OF HEATING, REFRIGERATING AND AIR-CONDITIONING ENGINEERS, INC. 

WILLIAMS. FLEMING & ASSOCIATES, INC. AND ALWIN B. NEWTON 

SERI #XH-9-8265-1 UNDER DOE CONTRACT #EG-77-c~ol-4042 

OBJECTIVE 

This project has the objective of developing a 
Solar Domestic and Service Hot Water Manual and to 
develop a Solar Collector Performance Manual. 

PROJECT DESCRIPTION 

Solar Domestic and Service Hot Water Manual 
A revi·ew .. nf varil>ous e:itis.t±ng domes.tic"hot 

water design and installation handbooks was 
performed to determine if an existing handbook is 
adequate for widespread ·use in the HVAC industry. 
The review included the HUD Solar Domestic Hot 
Water Handbook developed by AIA/RC and the HUD DHW 
Installation Guidelines Handbook. 

As a result of this review, the determination 
of the necessity to further develop a solar hot 
water handbook was made. This handbook will 
attempt to provide all needed information for the 
design, control, sizing, economics, installation, 
testing, operation, and maintenance of ·directly 
and indirectly heated, circulating and non­
circulating service hot water systems for domestic 
and commercial applications.' 

Solar Collector Performance Manual 
ASHRAE Standard 93-77, "Methods of Testing to 

Determine the Thermal Performance of Solar 
Collectors", provides testing methods for deter­
mining the ther.Wal performance of solar energy 
collector modules which heat fluids for use. in 
thermal systems. ASHRAE committee members deter­
mined that there exists a need for a manual which 
would cover the uses of the information generated 
from tests under ASHRAE Standard 93-77. As a 
reau~t, we hopP. that this handbook will provide 
guidelines for the use of ASHRAE Standard Y3-77 
for the design and installation members of the 
solar collector industry. 

TECHNICAL ACCOMPLISHMENTS 

Solar Domestic and Service Hot Water Manual 
In an effort to provide a means which will 

a~~l6t market developmP.nt of cost effective 
renewable energy sources the manual was written 
to accomplish the following: 

·Provide a concise "how to" approach to 
making systems work and to be used as a 
·comprehensive "design/installation" tool. 

·Address all professionals who .are involved 
in design, installation, and operation of 
solar domestic and service hot water 
heating systems, i.e.: 

-architects 
-builders 
-contractors 
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-design engineers 
-plant operating engineers · 

"Provide a manual to the design profession 
that equally addresses energy effectiveness 
and economic value during installation, 
operation, and maintainence. 

"Provide a manual to the builder and the 
contracting and service profession' that 
equally addresses factors which effect 
technical quality, energy effectiveness» 
and economic value during design. 

"Because the document integrates all 
professionals' technical awareness, a 
system of checks and balances will occur 
which is rare within the construction 
industry. With improper design, the 
builder or contractor may address the A/E 
and with improper installation the A/E 
may address the builder/contractor by 
utilizing the same reference manual. 

"Provide a manual that documents one method 
to determine energy and cost effectiveness 
of solar domestic and service hot water 
that is published by ASHRAE (a professional 
organization that is well known for 
professional and industrial solar energy 
regulations and standards). 

"Integrate all elements of design into one 
manual in a manner which will reduce design 
time, cost of professional service(s), and 
result in greater cost effectiveness. 

"Provide a manual which allows effective 
marketing of goods and service~ wlilch io 
written and distributed by an organ1·zation 
and individuals without preference to 
specific markets of solar products, 
systems, or services. Such a manual will 
relieve any consumer of questions con­
cerning quality and validity of solar 
domestic and service hot water systems 
estim~tP.d to pe cost effective. 

Solar Collector Performance Manual 
The Solar Collector Performance Manual 

provides clear directions and examples of the 
use of the results of ASHRAE Standard 93-77 
tests in predicting the performance of solar 
collectors on any type of building heating 
and/or cooling job in any location •. 

The Manual shows methodology for calculating 
the performance· of collector arrays for any 
location at any time of year, .<md acc<;>unts ·for 
the normal losses in piping and storage or the. 
effects of row shadin~ in arrays. The net 



useful solar input is indicated with greater 
accuracy than has usually been the case previously. 

Methodology is provided for reducing the 
8760 hour/year calculations used in many programs 
with large computers to a 12 day per year method of 
calculation based on defined typical days, one for 
each month. The resulting calculations with hand 
calculators of the programmable type are shown to 
agree with the calculations made by large computers. 

The program structure and listings are given 
for both the progranunable hand calculators and for 
small interactive computers such as the TRS-80. 

Examples of calculations are given by three 
methods - hand calculation, programmable hand 
calculators, and interactive computers. The choice 
of examples is consistent throughout the Manual 
for ease in comparison. 

FUTURE ACTIVITIES 

Solar Domestic and Service Hot Water Manual 
This manual is intended to stimulate solar 

utilization by providing system designers and 
installers with the information required to design 
solar domestic and service hot water heating systems 
which are technologically correct and cost 
effective. These solar systems are the most 
frequently installed, readily available, and easily 
understood of today's solar applications. This 
manual will demonstrate that stand-alone solar 
domestic and service hot water heating systems, 
systems that do not provide space heating, are 
practical today for most parts of this country. 
Domestic water is primarily for human use, i.e. 
food preparation, personal hygiene, and washing 
(clothing, dishes, etc.). ASHRAE plans to 
publish and sell this manual. 

Solar Collector Performance Manual 
ASHRAE plans to publish the Manual for use 

of all classes of solar designers and installers. 
We believe this is the fir~t hroRrl-ba~~d manuol Lu 
ohow huw t:he output of ASHRAE Standard 93-77 can 
be used to provide better and more effective designs 
for all classes of solar heating and/or cooling 
applications. 

Several other handbooks or manuals are planned 
for early development, and the Solar Collector 
Performance Manual will be· a useful source on which 
these new manuals can draw, thus simplifying their 
individual content. 

ASHRAE is considering training sessions at 
strategic areas in the U.S., or internationally, 
which will use the Manual as a source document and 
will result in ever wider acceptance and under­
standing of solar systems. 

CONTRACT INFORMATION 

$82,801 STARTDATE F@i:uary 15. 19.S~NDDATE July 1, 1981 CONTRACTVALUE 
~~~~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

1. Camera-ready copy of the Solar Domestic and Service Hot Water Manual. July 1, 1981 

2. Camera-ready copy of. the Solar Collector Performance Manual. July 1, i981 

3. 

4. 

5. 
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SHAG SYSTEM COST/PERFORMANCE ANALYSIS, MODEL DEVELOPMENT AND VALIDATION, AND TESTING EXPERIENCE VALIDATION 

SOLAR ENERGY.APPLICATIONS LABORATORY, COLORADO STATE UNIVERSITY 

WILLIAM DUFF, SUSUMU KARAKI 

EG-77-C-01-4042 (XI-9113-1) 

OBJECTIVE 

Objectives are to perform validation studies 
of F-Chart and TRNSYS using CSU Solar House data 
from present and earlier tested systems, to use the 
results to guide improvement in systems operation 
and data collection and to develop documentation 
of the data base of measured systems perfonilance; 
to implement initial development of a fast-running 
modular (TRNSYS-type) simulation for use· in studies 
such as cost/performance analyses and to carry out 
software/software validation studies of this model 
with TRNSYS; to use the validated models to ~~ke 
performance predictions for CSU systems in differ­
ent climatic regions of tlie country to determine 
relative cost/performance, ;to :compare the tested 
systems with conventional systems, to develop cost/ 
performance goals and to determine the most effec­
tive way to use the models to identify possible 
cost reductions· and performance increases and for 
·determining the technological requirements to meet 
those goals; and to provide comprehensive analysis 
and reporting of tfie experiences. of operating the 
CSU Solar Houses including significant findings, 
lessons learned, and problems encountered duri'ng 
all _phases of design, installation, instrumentation, 
data collection and data analysi's. 

DESCRIPTION OF WORK - GENERAL 

Many different configurations for residential 
SHAG systems are under development and have been 
installed. Comparative studies should be per­
formed to determine those configurations which 
can attain the most favorable cost/performance 
in various regions of the country. It fs a-lso 
desirable to compare SHAG systems with conventional 
systems to obtain cost/performance goals and to 
net~rmine the technological improvements needed 
to approach or meet those goals. 

Testing and performance-monitoring· of SHAG 
systems designed for residential use is taking 
place at a number of installations. Systems per­
formance data obtained from these testing sites 
should be used in .validation studies of SHAG. simu­
lations and design codes to indicate needed improve­
ments of the systems and/or the models. In addition. 
the experience gained during system testing should 
be communicated to the solar industry so that it 
can benefit from s·ignificant findings, lessons 
1 earned, and pro.b 1 ems encountered. 

CSU has been testing and monitoring the per­
fonnance of residential SHAG systems for the 
past seven years. The CSU data base provides 
- 1ng-term high quality performance data from a 

.riety of state-of-the-art system configurations 
wn i.ch can be util ·i zed in cost/performance and 
validation studies. A documentation of the exper­
iences of operating the CSU Solar Houses will p~o­
vide invaluable informati'on to the solar col111lunity. 

ll-~ 

" 

.,work performed during the subcontract period 
cons1.sts of four tasks. These tasks include (1) 
SHAC systems model validation activities using CSU 
Solar Hou~e dat~ (2) ~evelopment of a fast-running 
SHAC detarled s1mulat1on, (3) analyses of the cost/ 
perfarmance which the CSU Solar House systems would 
ol'itai.n i'n different climatic regi'ons of the country 
and (4)_ documentatton of the testing experience of 
tti:e CSU Solar House systems. 

DESCRIPTION OF WORK - MODEL VALIDATION 

. . 'l1odel val i'dati'on acti'vities are being performed 
1.ndw1:dually for Solar House l and Solar House II. 
Prectse tnfonnatton on the capacitances, fl ow rates, 
ii.nd so fortn., of eacli system of interest was ob­
_tq_i_ned. A heattng data set was obtained and a 
cooll")lg data set ts bei'ng built up. Refined vali­
datton metti:odologtes were developed. The methodo­
logtes dtffered somewhat for the two houses. 

Component TRNSVS models for heating were set 
up and component TRNSYS models for cooling are being 
put together .. 'Most T~NSYS heatin~ model components 
ba:Ve Been valtdated wl'th the heating data set. The 
rerna i.n tng TRNSYS heat tng mode 1 s and the coo 1 i ng 

111ode.ls· ·are currently oei'ng validated. 

TECHNICAL ACCOMPLISHMENTS - MODEL VALIDATION 

o Component TRNSYS models of all SHI! heating com­
ponents have been validated and a SHII load 
model ti:as been validated. 

o Component TRNSVS models of all SHI heating compo­
nents· have been validated. The SHII validated 
1oad model was used in conjunction with these 
models to accomplish otlier tasks in this research. 

DESCRlPTION OP WORK - PAST RUNNING SIMULATION 

An initi:a l lieating season version of the fast 
runn\ng s·tmulatton model was developed and debugged. 
Tlie. tnttta 1 verston was tfien tested with a pre 1 imi­
nary set of analyttc function coefficients and this 
-ve.rston reftned. A heating data base from three 
ge.ograpti~i.~ regions was then curve fit to determine 
·coeffi.'ci:e.nts for the analytic function data base re­
qui:red for the model. Software to software valida­
tton runs· were made wi'th Botti the new model and 
TRNSYS as shown oelow. 

TMY WEATHER ~--"-----_ _,,, 1 FUNCTION 
DATA -, DATA 

TRNSYS 
TMY 

COMPARISON 



TECHNICAL ACCOMPLISHMENTS - FAST RUNNING SIMULATION 

o A simulation program for solar heating, cooling 
and hot water systems using event incremented 
time-steps has been developed. Event incrementing 
is made possible through the use of analytic func­
tions for data input. This approach yields a sub­
stantially compressed data representation and al­
lows direct analytic solutions for the system of 
non-linear differential equations over long time­
steps. These time-steps do not occur at fixed tn­
terval s .' but instead are determined by events such 
as collector pump turn-on time, domestic hot water 
withdrawal, or a switch from solar to auxiliary 
usage. 

o As can be seen below resulting accuracies of this 
program are comparable to those obtained from 
short time-step TRNSYS type programs while computer 
times are greatly reduced and much of the detail 
in the performance results is retained. Running 
time reductions of 20 to 50 times over TRNSYS runs 
with comparable accuracies have been achieved. 

problems encountered were listed. Significant les­
sons learned were then identified. A synopsis of 
operating experiences and lessons learned was prepared 
and used to construct a report on testing experiences. 
The draft report was reviewed by SERI and approvec" 

I TECHNICAL ACCOMPLISHMENTS - TESTING EXPERIENCE 
DOCUMENTATION 

o A report documenting SHI, II and III operating 
experiences has been prepared. The report should 
be very helpful for designers and manufacturers of 
solar equipment, installers of solar equipment, 
those who maintatn solar equipment as well as 
some individual home owners. 

FUTURE ACTIVITIES 

As a research facility, the Solar Energy Appli­
cation Laboratory does not have any plans for the 
marketing or commercialization of products of this 
research. However, manufacturers and marketers of 
solar equipment and other researchers can utilize 
the outputs of this research. 

Heating Season Performance Madison, Days 1-90, 274-365 

Incident Solar 
Solar Collected 

TRNSYS, TMY 91.95 47.33 

TRNSYS, Cosine 95.17 48.86 

DAYS IM 95. 17 49.70 

l TRNSYSf TMY 
- D11:Ys M .034 .048 

1 - TRNSYS 1 Cosine 
DAYS IM 0. .017 

All quantities in Gagajoules 

DESCRIPTION OF WORK - COST/PERFORMANCE ANALYSIS 

Meetings were held with SERl to set up guide-
1 ines on how a cost performance analysis was to 
be conducted and to determine the directions for 
follow on studies. A study outline was developed 
which included cities used, load models used, 
economic assumptions to be made and so forth and 
this outline was finalized with SERI. This out­
line was then used as a basis for performing cost/ 
performance analyses for CSU systems. 

TECHNICAL ACCOMPLISHMENTS - COST PERFORMANCE ANALYSIS 

o Cost/performance sensitivity analyses were run 
using validated heating season component models 
from SHI and SHII. The maximum capital cost 
that the solar energy system could have in or­
der to compete with conventional energy was 
computed for three different cost/performance 
measures. Sample results for the sensitivity 
of one of the parameters, down payment fraction, 
is given below. . 

DESCRIPTION OF WORK·- TESTING EXPERIENCE DOCUMENTATION 

Previous technical SEAL reports were reviewed, 
all log records for systems tests were reviewed, 
significant results were itemized and specific 

Total Sola·r to Storage Solar Solar 
Heating Heat1.ng Loss to Dumped 

Load Load DHW 

90.36 40.21 2.079 5.577 .2640 

90.32 41.43 2.123 5.683 .2065 

90.19 42.41 2.192 6.277 .2122 

-.002 .052 .052 .111 -.244 

.001 .023 .03l .097 .027 

The fast running simulation continues to be 
used as a planning and anRlytir. t~nl Rt thP 1,h 
and is available to other researchers. A solar 
assisted heat pump component has been added to the 
model. Other components will be added as these 
components are used in SHI, II or III. 

The cost/perfonnance computer analysis and 
graphics routines are available to perfonn other 

·analyses. Validated TRNSYS models of SHI and II 
components are available to other-researchers. 
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An operating experiences document ts availa­
ble to manufacturers, installers and other 
interested persons 

PUBLICATIONS 

Duff, W.S., G.J. Favard and K.R. Den Braven. 
"Development of a Day-by-Day Sfmulatfon of Solar 
Systems," Proceedings of the ASME Solar Energy 
Division's Third Annual Systems Simulation and 
Economic Analysis/Solar Heating and Cooling 
Operational Results Conference, Reno, Nevada, 
Apri 1 , 1981 • 

Karaki, s. "Design and Installation Consideratio 
for SHAC Systems Based on Systems Developed and 
Evaluated at the Solar Energy Applications 
Laboratory," January 1981. 
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SOLAR HEATING AND COOLING OF BUILDINGS - SYSTEMS RESEARCH, DEVELOPMENT AND TESTING 

SOLAR ENERGY APPLICATIONS LABORATORY, COLORADO STATE UNIVERSITY 
II 

SUSUMU KARAKI, GEORGE LOF, WILLIAM DUFF 

DE-AC03-81CS30569 

OBJECTIVES 

To develop and evaluate solar heating systems 
of liquid and air types employing flat plate and 
evacuated tubular solar collectors; to develop and 
evaluate solar cooling systems using absorption 
chillers, both liquid and air cooled; to design, 
install and evaluate heat pump systems in a solar 
assisted mode using air-to-air and water-to-air 
configurations; to support the Department of 
Energy as Operating Agents in Task VI of the IEA 
Solar Heating and Cooling Program; to analyze 
operational data obtained from long-term, continu­
ous monitoring of systems. 

DESCRIPTION OF WORK 

Four solar heating· and cooling systems are 
operational in three solar houses at Colorado 
State University. Two liquid systems are in Solar 
House I, an air system is in Solar House II, and 
another liquid system in Solar House III. One of 
the liquid systems in Solar House I utilizes 
evacuated tubular collectors, and the other is 
supplied with heat from a corrmercial flat plate 
collector. The system in House II employs a flat 
plate collector of the air typP. ~nd Hou£e III ha~ 
been heated and cooled by energy from another com­
mercial liquid collector. An evacuated tube collec­
tor of a different type is planned for use in House 
III during 1981. These systems are being used to 
test, develop and analyze the performance of various 
solar heating and cooling configurations, using 
absorption chillers, solar assisted heat pumps, 
stratified storage and optimal control strategies 
as appropriate. 

SOLAR HOUSE I 

DESCRIPTION OF WORK 

The projects in Solar House I involve the 
Philips Mark I heat-pipe evacuated tube collectors, 
optimally controlled off-peak auxiliary system, 
the third generation Arkla chiller, stratified 
liquid storage. and a Northrup £Olar a~~i~ted heat 
pump. From continuous data collection, computer 
models are being developed so observed performance 
can be extrapolated to other conditions. 

. 
The Arkla chiller unit combines in one pack­

age the chiller with the cooling tower to substan­
tially reduce electric power required to operate 
fans and pumps, making a more compact unit and one 
perhaps more acceptable to consumers. Testing of 
the cooling system will begin in June, 1981, using 
the Philips collectors and a pressurized water 
storage tank outside the conditioned space. Until 
then, the collectors are being used in a closed­
loop anti-free.ze mode with the prefabricated Bally 
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storage tank, incorporating stratification devices, 
and an off-peak auxiliary heating system employing 
a programmable observer-predictor controller. 
Data are being used to validate TRNSYS and day-by­
day simulation models for performance prediction 
in other geographical regions. A domestic hot 
wate~ system is included in both the heating and 
cooling system. A Northrup water-to-air solar 
assisted heat pump will be installed for the 1981-
82 heating season, and a simulation model will be 
developed and validated using the performance data 
collected •. The heat pump will provide auxiliary 
space heating when the storage temperature is too 
low. 

TECHNICAL ACCOMPLISHMENTS 

• The data aquisition system in Solar House I 
has reliably provided high quality data with good 
continuity. A real time diagnostic program has 
been implemented on the mini computer in the data 
system thus providing the capability to quickly 
detect instrument failures and other system prob­
lems. Redundant instrumentation for measurement of 
all important quantities has also contributed to 
inrrP<1sed roliability. The qual'lty and continuity 
of data taken in Solar House I has increased sub~ 
stantially over previous years. The continuous 
acquisition of high quality data over periods of 
one month and longer is necessary for the valida­
tion of compµter models. 

• Computer models of recent systems in Solar 
House I are being developed and compared to obser­
ved performance. When the models have been refined 
to the point that computer prediction compares well 
with measured performance ("validated"), the models 
are used to produce seasonal performance data from 
shorter data sets, to compare performance with 
other systems and in other climates, and to aid in 
the design of future systems. The program, TRNSYS, 
has been validated in this way for several systems. 
A new program, DAYSIM, has been developed and vali­
dated as a part of this task and promises to great­
ly reduce computer 1,;u~Ls of s1mulation whi1e main­
taining accuracy comparable to TRNSYS. 

• A micro processor based optimal controller has 
been installed and tested as part of the off-peak 
auxiliary system. ·The ambient temperature observer­
predictor (ATOP) algorithm has been implemented in 
order to predict energy needs for future periods. 
The ATOP algorithm has been found to be inferior to 
the previous very simple control for off-peak 
charging. More sophisticated control strategies 
are being investigated to determine under what 
circumstances the micro processor based system 
might be justified. 

• The Philips Mark I heat pipe evacuated tubular 



collector was installed in July 1980 and has opera­
ted reliably with both water and ethylene-glycol/ 
water solution as circulating fluids. Since the 
circulating fluid flows only through the headers 
(heat is transferred from the absorber plate to the· 
header by the heat pipe) the pressure drop for this 
:ollector is low and energy required to run a 
:ollector pump is only about one percent of total 

energy collected. ·The performance of this collector 
is comparable to the Corning evacu~ted tubular 
collector previously tested here. 

• The storage tank to be used in the system for 
the sun:mer of 1981 is a steel pressure vessel with 
six inches of sprayed on urethane foam insulation 
and is· located outside the conditioned space. The 
installation of this tank treats several problems 
that have been observed in the two prior cooling 
seasons during which the Bally modular sectiona~ 

.storage container was used. The maximum allowable 
·temperature of the Bally tank has been 92°C, near 
the boiling point of water in Fort Collins (94 .. 5°C). 
With the increased pressure which should occur in 
the new tank at high temperatures, the boiling 
point should increase, permitting a higher maximum 
stora~e temperature. Since the minimum operating 

Absorption 
Water 

...-+---t Chiller with 
Integral 
Cooling Tower 
(Outdoors) 

House 

Return Air 

Solar/ Auxiliary 
Valve 

Aux-_ __._ ___ iliary 

Elec­
tric 
Boiler 

temperature of the Arkla chiller is estimated to 
be 80°C, any increase in the maximum storage· 
temperature· cari significantly increase the storage 
capacity of the system. Another limiting factor 
in the Bally tank has been concern about possible 
damage to the waterpro_of 1 itier at high temperatures. 

An additional disadvantage of the Bally 
tank at high ·temperatures is that all penetra­
tions are through the top. Suction is required to 
draw water from the tank through the top cover, 
and when that water is near the boiling point the 
reduced pressure in the pipe resulting from this 
suction can be enough to allow the water to flash 
into steam within the pipe. Penetrations are 
through the side of the new tank, so the supply 
to the pump is always under some pressure. 

• The Arkla "third generation" absorption chiller 
was installed during August of-1980. During Sep­
tember 1980 this machine was closely monitored and 
some performance deficiencies were observed. Based 
on the data collected in 1980, engineers at Arkla 
have recommended modifications to correct these 
problems in the 1981 cooling season. 

Cold Water 
From Main 

Heat 
Storage 

Heat Pipe Evacuated 
Tubular Collector 

Figure 1. Solar House I Heating and Cooling SyS"tem With Evacuated Tube Collectors 

See Figure 4, third page, for a chart of COP of the Northrup heat pump. 

SOLAR HOUSE II 

DESCRIPTION OF WORK 

The air system in Solar House II has been 
adapted for the solar assisted air-to~air heat .pump 
operation, utilizing rock storage to deliver warm 
air to the evaporator coil when the storage tem-

rature is too low for direct space heating. The 
lporator coil is especially designed for this use 

with a larger accurator (expansion valve) than 
would normally be used. A variable speed blower 
has been installed for optimum heat exchange at the 
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evaporator coil"while avoiding the possibility of 
over-pressuring the system at the warmer tempera­
ture. Data will be analyzed especially with regard 
to· temperature profiles within the rock storage and 
the recovery of storage temperature. 

"TECHNlCAL ACCOMPLISHMENTS 

• The cold charged storage was insufficient to 
carry the house cooling load through the "peak" 
power period during hot days; days in the mid 9U's 
or above, despite the increase in storage volume 
over the previous years. data for cold charging. 



The limiting factor became the heat pump capacity 
over the defined off peak period. 

• The ratio of peak power rate to off peak power 
rate did decrease slightly with the larger rock 
volume as did the overall COP of the heat pump 
during the cold charge. With the previous rock 
storage the break even ratio for power rates was 
1.71 and it has now gone down slightly to 1.65 with 
the newer and larger storage box. 

• The use of a selectable speed blower and 
"smart" controller in the solar storage strategy 
results in an improvement in performance over t~e 
single speed blower and control strategy. A complete 
seasonal simulation based on the data obtained 
shows a 55% solar fraction with the 4 speed blower 
used, against 47% for the single speed blower. 
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Figure 2. Comparison of Multi-Speed and Single­
Speed Blowers, by Simulation - Solar 
House III 

• With the solar assisted air to air heat pump 
system in operation, COP for the heat pump was 
improved ranging from a high of 2.6 to a low of 
2.0. The COP is very sensitive to correct refri­
gerant charge and "accurator" (expansion value) 
sizing at the evaporator coil and considerable time 

·has been spent attempting to set up the system. 

• The solar assisted air to air heat pump results 
in unusual stratification temperature zones in rock 
storage. Alternating between storing heat and 
then, in effect cold charging, has produced thermo­
clines in storage that may cause control strategy 
problems. The net result on overall performance is 
not known nor is it known yet how well storage will 

.rebound from a depressed temperature resulting from 
heat pump use. 

See Figure 3 for a plot of the COP of the solar· 
assisted air-to-air heat pump against a change in 
evaporator orifice size. 11-8 
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Figure 3. COP.of Solar Assisted Air-to-Air Heat 
Pump With Change in Accurator Size 

SOLAR HOUSE III 

DESCRIPTION OF WORK 

Evacuated tube collectors will be installed on 
Solar House III this summer in preparation for the 
installation of the Carrier air-cooled absorption 
chiller. Evacuated tube collectors are necessary 
to provide the 110°C firing temperature of the 
chiller. The chiller is not expected to be deli­
vered before August, 1981. Detailed computer 
simulation studies are being conducted to determine 
the optimum design of the system. This will be the 
first installation of the new Carrier chiller in an 
operating solar system, and studies will be made of 
installation design characteristics. 

TECHNICAL ACCOMPLISHMENTS 

• Activity on this project will not begin until 
June, 1981. 

INTERNATIONAL ENEB@Y AG.ENCY 

DESCRIPTION OF WORK 

The cooperative efforts of participants in the 
IEA Task VI project should result in more effective 
international communication and understanding of 
the performance of evacuated tube collectors in 
solar heating, cooling and hot water systems. 
Participants in the Netherlands, Japan, the U.S., 
West Germany, Switzerland, Sweden, Canada and the 
United Kingdom study, document and compare the 
performance characteristics of such collectors in 
different systems and climates. The leadership of 
the Solar Energy Applications Laboratory is directed 
toward a required commonality in data collection 
and reporting, data from a comprehensive variety of 
installation types, collectors and other components, 
acceptance of some similarities in installation 
types and collectors and interaction with other IEA 
tasks. As a result, each participant will have as 
easy access to and gain as much information from 
each of the Task-VI installations as if all instal­
lations were part of his national program. Perform­
ance comparisons will be made and reported which 
would be difficult or impractical with separate 
non-coordinated projects. 

Each participant in this task is responsible 
for the operation and analysis of at least one 
evacuated collector solar heating and/or cooli _ 
system. Tables I and II show the Task VI parti­
cipants and their installations and the evacuated 
collectors used in each installation. 



Table 1. 
IEA Task VI Participants and Their Installations. 

Netherlands 

West Gennanr 

Sw!tmland 

PARTICIPANTS 

Solar House of the Eindhoven University of Technology 
Single Family Residence - .Heating and DHW 

Sanyo Osaka Solar House 
Single Family Residence - Heating. Cooling and DHW 

Colorado State University Solar House I 
Single Family Residence - Heattng .• Cooling and DHW 

Solarhaus Freiburg 
·Twelve Unit Apartment - Heating and DHW 

Geneva SOLARCAD Otstr1ct Heating System Project 
D1str1ct Heating 

· The Knlvsta District Heating Project 
District Heating 

Mountain Spring Bottle Washing Facilities Solar Project 
Industrial Process Heat - Bottle Washing 

United Kingdom 
Solar Test Installation at Bracknell. England 
Collection System with Simulator for OHW Load 

Corning 

Philips MKIV 

Philips MKI 

Sanyo 

General Electric 

Owens-Illinois 

Swiss Evacuated 
flat Plate · 

x 
x 

x x 
x x 
x 2 

x 

2 

x x x 
x 

x 
I 2 x 

2 

1. Solartech Version 2. Under·Consideration 

TECHNICAL ACCOMPLISHMENTS 

• Three Task VI meetings have been held on: 
October 3-5, 1979 in Fort Collins, 
Colorado, USA 
April 22-24, 1980 in Stuttgart and 
Freiburg, West Germany 
December 2-5, 1980 in Kobe and Osaka, 
Japan 

• A small working group meeting on Task VI 
internal reporting structure was held on September 
28-0ctober 2, 1980 in Pingree Park, Colorado, USA. 
The next Task VI meeting is scheduled for August 
17-19,.1981 in London, England. 

FUTURE ACTIVITIES 
Qf_THE SOLAR ENERGY APPLICATIONS LABORATORY 

As a research facility, the Solar Energy 
.. pplications Laboratory does not have any plan·s for 
the marketing or cOinmercialization of the· equipment 
or systems involved in this project. Equipment 
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manufacturers may make marketing or development 
plans based on the data collection and analysis 
from these systems. · 

The established functioning solar heating and 
cooling systems of the three solar houses provide. 
an opportunity for ongoing research into all 
configurations of system design.· Opportunities are 
especially abundant for the study of controller 
design and validation of computer simulations. 
Future activities are planned to include research 
in these areas, as well as equipment operation and 

. system design not yet determined. 
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Identification Techniques," .San Diego, SSEA. 

10. Duff, W.S. (1981), "Annual Progress Report", 
IEA Task VI, January. 

CONTRACT INFORMATION 

START DATE 1 February 1981 END DATE 31 Jan. 1982 CONTRACT VALUE $580,_000 
-~~~~~~~~~~~~~-

MILESTONES 
·Item: Duedate: · 

1. Monthly Reports 15th 

2. Final Report for each Task 28 Feb. 1982 

3. System Development Proposal Plan for 1981-83 31 Jan. 1982 

4. 

5. 
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SYSTEMS SIMULATION AND ECONOMIC ANALYSIS FOR ACTIVE SOLAR COOLING* 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

Mashuri Warren, Michael Wahlig 

Contract No. W-7405-ENG-48 

OBJECTIVES 

The LBL system simulation and economic 
analysis program has four principal objectives: 

• ·To perfonn economic analysis to establish 
cost/perfonnance goals for active solar 
cooling/heating systems. 

• To review and to perfonn analysis using TRNSYS 
a.rid other simulation codes for evaluation of 
active solar space cooling and heating sys­
tems. 

• To provide a library for chiller, storage, and 
other component models developed for TRNSYS 
for solar cooling applications. 

• To provide limited technical support as part 
of the Department of Energy ·solar cooling and 
heating R & D .Program. Program support tasks 
include progran planning, preparation and 
evaluation of solicitations, proposal review, 
and technical monitoring of system simulation 
and economic analysis contracts. 

DESCRIPTION OF WORK ---
The attainment of reasonable market penetra­

tion of active solar cooling systems, beginning 
with introduction of commercial units in the late 
1980's and continuing through the 1990's, can be 
related to meeting certain cost goals for these 
systems. A principal objective of the work at LBL 
has been to develop a- methodology to establish 
realistic cost goals for active solar 
cooling/heating systems, and to establish prelim­
inary cost goals.for representative solar air con­
ditioning systems. 

In general, air conditioning demands are 
expected to grow significantly over the next 20 
years, driven by PoPUlation shifts to the "sun 
belt" regions of the country. It is estimated that 
over 9Qi Of the new construction in this region 
will have central air conditioning. Energy conser­
vation .and passive cool fng measures are expected to 
reduce significantly the sensible cooling and heat­
ing loads. However, the substantial latent (i.e., 

*ih1s work has been supported by the Assistant 
Secretary forConservat1on andRenewable Ener-
gy, Office of Solar Applications for Build-
1ngs~ Active Heatingand CoolingDivision, of 
the u. S. Department of Energy under Cun tract 
No. W-7405-ENG-48. 
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hunidity) coo.ling loads in all buildings· and inter­
nal heat gains in commercial buildings will remain 
and will require the use of mechanical cooling sys­
tems. 

Economic Performance Goals. Certain cost and 
economic perfonnance goals must be achieved by the 
solar industry before market demand will rise to a 
level that will produce the· desired market penetra­
tion. Marketing studies[l] indicate that for heat­
ing and air conditioning products the relationship 
between market penetration and p~back period is as, 
shown in Figure 1. The payback period, the ni.anber 
of years for the undiscounted fuel cost sav·ings to 
equal the incremental cost to produce those sav­
ings, is related to a real return on investment. 
Postulating market penetration goals per year 
necessary to achieve 2oi annual penetration by the 
year 2000, the corresponding p~back and return on 
investment goals as a function of year of purchase 
have been calculated and are shown in Figure 2. 

0 5 10 15 20 

Payback period (yrs) 
XBLll2-a68 

Figure 1. Market potential as a function of p~­
back period. 

Thermal Performance Analysis. Annual system simu­
lations of the thennai perfonnance of active solar 
Rankine and absorption cooling/heating systems have 
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Figure 2. Payback goal and real return on invest­
ment (ROI) goal as a function of year·of purchase 
tg__reach a 2oi market penetration in the year 2000. 

been conducted by SAi using TRNSYS.[2,3] These cal­
culations have been carried out for residential 
solar cooling/heating systems in four cities (Fort 
Worth, Phoenix, Miami. and Washington~ D·.C.) and 
for commercial solar cooling-only systems in three 
cities (Fort Worth, Phoenix, and Miami) which are 
representative of the cooling market. Three types 
of systems were evaluated: residential 3 ton 
absorption (ARKLA), commercial 25 ton absorption 
(A~LA), and commercial 25 ton Rankine 
(AiResearch). 

Incremental Solar ~{stem Cost Goals. It is assumed 
that a solar coo ng or coo1Tri97fieating system is 
cost-effective when the incremental solar system 
cost is equal to (or less than) the present value 
of the energy savings. The present value over the 
1 i fe of the system ( lU y~ars J of the fue 1 .saved by 
an active solar system has been calculated and is a 
function of the fuel escalation rates and the 
expected real return on investment. Details of the 
analysis are presented elsewhere. [4,5]. 

Combining these calculations of the incremental 
solar system cost as a function of real return on 
investment with the real return on investment goals 
as a function of year (as contained in Figure 2), 
incremental system cost goals as a function of year 
have been generated for residential solar­
cooling/heating systems and are displayed Figure 3. 
Similar analysis has been perfonned for commercial 
solar cooling systems. 

Subsystem Costs. The total solar cooling system 
cost goa1s--ror-different locations can, in turn, be 
subdivided into subsystem cost and perfonnance 
goals. It is anticipated that the major reductions 
in subsystem costs will be achieved by technical 
improvements in subsystem perfonnance (e.g •• 
increased chiller efficiency resulting in reduced 
collector subsystem arra,y size), by volume produc­
tion economies, and by improved packaging that will 
reduce system engineering and installation costs, 
Preliminary subsystem cost estimates for a residen­
tial system are shown in Figure 4. These values 
are based on estimates of current subsystem costs 
plus expectations for subsystem cost and perfor­
mance improvements. Similar analyses have been 
done for commercial absorption and Rankine systems. 
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Figure 3. Incremental solar system cost goals· 
(1980$) as a function of year of purchase for a 3 
ton residential cooling/heating system without tax 
credits assuming a 2oi market penetration by the 
year 2000. 
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Figure 4. Preliminary solar system cost projec­
tions for a 3 ton residential absorption . cooling, 
heating, and hot water system, showing breakdown 
into subsystem costs. 

Collector Array Costs. The collector arra,y is one 
of the major cos"t"l'tens of any active solar cooling 
system. The key to cost effective cooling systems 
is reducing the collector arra,y costs. For 
residential systems with less that about 50 m2 
(500 ft2) of collector, the collectors are mounted 
directly on the roof, and no support structure is 
usually needed. For commercial systems a support 
structure is needed. 

For the high temperature, high COP future 
scenario, either evacuated tubes with reflectors or 
cylindrical trough collectors will likely be used. 
Collector manufacturing costs of $14/ftZ have been 
projected[6] for evacuated tube concentrating col-· 
lectors. A key to low cost collectors is the use 
of light weight and inexpensive materials. The Low 



Cost Collector Program has recently projected[7] 
the manufacturing cost of a linear trough collector 
wfth a light-weight reflector and iron pipe 
absorber at $6-8/ft2. 

iit may be possible to achieve system and sub­
system cost goals. using current chiller technology, 
with a COP of 0.7 and operating temperatures below 
2000F, if very low cost, (about $6/ft2) good per­
fonnance collectors can be developed. "Good perfor­
mance" fn this context means an efficiency of 
about 40t to soi at a typical absorption chiller 
drfvfng temperature of about 185°F. Work underway 
at Brookhaven National Laboratory[8] is directed 
toward the development of solar collectors that may 
meet these cost and perfonnance requirements. A 
recent evaluation of the potential for cost reduc­
tion indicates that wfth automation and a produc­
tion volume of greater than 200,000 panels per year 
fn a single facili1;y, the cost of evacuated tube 
collectors can be reduced to $6.50/ftZ.[9] 

Sul'llllary 

A consistent methodology has been developed by 
which· general solar cooling market capture goals 
have been translated into specfffc cost and perfor­
mance goals for solar coolf.ng systems and subsys­
tems. Preliminary results indicate that realistic 
cost/perfonnance goals can be established for 
active solar cooling systems and that, with aggres­
sive development, these goals can be reached by the 
year 2000. As the technology develops, tax fncen­
tfves will be required to bridge the gap between 
the actual costs and the cost goals, so that the 
scenario of an ever increasing share of market 
penetration can be maintained over the 1986 to 2000 
tfme period. 

It must be emphasized that the actual numbers 
used so far -- although the best numbers available 
at thfs 'time -- are nonetheless still prelfmfnary. 
Efforts are currently underway to acquire better 
estimates of the market penetration vs. p~back 
relatfonshfp, better estimates of cost and perfor­
mance projections, and more realistic systems 
analysis models ·of the thermal perfonnance of the 
cooling systems. 

Finally, this methodology for establishing 
cost goals and developing cost and perfonnance 
improvement pathways to reach those goals is not 
lfm1ted to active solar cooling applications. Tt 
could equally well be used for other technologies 
such as passive.cooling and heating. 

TECHNICAL ACCOMPLISHMENTS 

• 
• 

Developed preliminary cost/ perfonnance goals 
for active solar cooling/heating systems. 

Produced a· background report describing metho­
dology for developing cost/perfonnance goals. 

• Worked with other contractors perfonnfng sys­
tems analysis work to characterize realistic 
buildings and active solar cooling systems for 
simulation. 

FUTURE ACTIVITIES 

Continue to work with other systems analysis 
contractors in developing realistic models uf 
active solar cooling systems. 

Continue to develop inhouse capabilities for 
systems simulation and economic analysis for active 

solar cooling. 

Develop a library of chiller, storage, and 
other component models developed for TRNSYS for 
solar cooling applfcatfons. 

Refine the calculation of cost goals and cost 
projections for active solar cooling systems, using 
better estimates of market penetration curves and 
better estimates of subsystem cost and perfonnance 
improvements. 

REFERENCES 

[l] Gary L. L fl ian and Paul E. Johnston, "A Market 
Assessment for Active Solar Heating and Cool­
ing Products, Category B: A Survey of Decision 
Makers in the HVAC Market Place," OR/MS Dialo­
gue, Inc., Final Report DO/CS/30209-T2, Sep­
tember 1980. 

[2] P. L. Versteeg en and J. H. Morehouse, "A Ther­
mal And Economic Comparative Analysis of 
Absorption and Rankine Solar Cooling Systems 
for Commercf al Buildings-," Draft Final Report 
May 1979. 

[3] P. J. Hughes, et. al., "Evalu'ation of Thermal 
Storage Concepts for Solar Cooling Applica­
tions", Science Appl icatfons, Inc., Ff nal 
Report, January 1981. 

[4] Mashurf L. Warren and Michael Wahl ig, "Metho­
dology to Detennine Cost and Performance Goals 
for Active Solar Cooling Systems," To be 
presented at the ASME Winter Meeting, 15-20 
November 1981, Washington, DC. LBL-12343, July 
1981. ' 

[5] Mashurf L. Warren and Michael Wahl ig, "Cost 
and Performance Goal Methodology for Active 
Solar Cooling Systems," LBL-12753, July 1981. 

[6] "3x Compound Parabolf c Concentratf ng ( CPC) 
Solar Energy Collector," Chamberlain Manufac­
turf ng Corporation, Final Technical Report 
DOE/CS/04239-Tl, April 1980. 

[7] Barry Butler, SERI. Private Connnunfcation. 
[8] Bill Wilhelm, Brookhaven National Laboratory. 

Private Connnunication. 
[9] A.S. Jacobsen and P.O. Ackerman, "Cost Reduc­

tion Projections for Active Solar Systems," 
Proc. AS/ISES 1981 Annual Meeting, Philadel­
phia, PA, pp. 1291-1300. 

CONTRACT INFORMATION 

·Period of Contract: 
Funding FY81: 
Total of contract: 
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Begin 10-80 • End continuing • 
$1U0k. 
$100k. 



ANALYSIS OF SOLAR ABSORPTION AND RANKINE COOLING SYSTEMS 

SCI ENCE APPLICATIONS, INCORPORATED 

JEFFREY MOREHOUSE 

SERI-XB-0-9145-1 

OBJECTIVE 

To analyze the performance and economics of 
state-of-the-art absorption and Rankine systems 
on a comparative basis with conventional systems. 

DESCRIPTION OF WORK 

SAI has previou$1Y done a preliminary anal­
ysis comparing absorption and Rankine systems. 
This study is an extension that will analyze 
residential and cowvnercial sizes of both tech-· 
nologies, on a performance and cost basis, 
against competing conventional systems in order 
to both assess their status and help formulate 
program goals. As part of this task, updated 
cooling systems simulation models will be de­
veloped and baseline thermodynamic studies will 
be performed. 

TECHNICAL ACCOMPLISHMENTS 

o TRNSYS - compatible models were developed for 
a wet cooling tower, CALMAC latent storage 
tank, ARKLA 25 ton absorption chiller, Honey­
well 195°F design point 25 ton Rankine chiller, 
and Honeywell 300°F design point 25 ton Rankine 
chiller. · 

o Development of a methodology capable of evalu­
ating developmental residential and collllll1erc1al 
solar powered chillers for the purpose of deter­
mining the cost/performance status with respect 
to stated goals of the systems· incorporating 
them. 

' 

o Evaluation of systems designed around three 25 
ton devel opmenta 1 chi 11 ers: the ARKLA absorption, 
the Honeywell 195°F design point Rankine, and 
the Honeywell 300°F design point Rankine. 

FUTURE ACTIVITIES 

o Evaluations of systems designed around other 
solar powered chillers under development by the 
active solar cooling program will continue. 

PUBLICATIONS/REPORTS/REFERENCES 

o Methodology and Conffguratfons for the Analysis 
of Solar Absorption and Rankine Cooling Systems, 
Science Applications, Inc •.• Task 5 Report (April 
1981). . 

o Component Model Documentation, Science Applica­
tions, Inc., Task 3 Reoort (April 1981). 

CONTRACT INFORMATION 

STARTOATE~~l~Olw8~0'---~~-ENOOATE~......_.7/u8ul~~-CONTRACTVALUE __ $~24~2~;~00w0..__~~~~~~~~~~-

MILESTONES 
Item: Due date: 

1. Task 3 Report Apr11 1981 

2. Task 5 Report April 1981 

3. Industry Briefing Report July 1981 

4. Final Report July 1981 

5. 
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ANALYSIS OF STORAGE SUBSYSTEMS FOR SOLAR COOLING SYSTEMS 

SCIENCE APPLICATIONS, INCORPORATED 

JEFFREY MOREHOUSE 

SERI-XI-0-9083-1 

. OBJECTIVE 

To analyze storage for solar cooJing appli­
cations and perform various trade-off studies. 

DESCRIPTION OF WORK 

The tradeoff s of performance and cost 
between hot-side and cold-side storage and between 
sensible and phase-change storage and between single 
and multiple stage storage were examined. This was 

. done by establishing baseline systems (absorption 
.and Rankine) for residential and commercial applica­
tions, modeling these systems, and pe'rtormi ng 
comparative analyses of the various storage confi­
gurations within these systems. These analysis 
were made for the following four locations: Miami, 
Phoenix, Fort Worth and Washington, D.C. 

TECHNICAL ACCOMPLISHMENTS 

The following conclusions were drawn from this 
study: 

• The solar systems investigated have considerable 
energy savings potential, as high as 72% on a 
primary energy basis, depending on location, 
storage option and system type. 

• Solar cooling systems are most cost effective in 
Phoenix, followed by Miami, Fort Worth and Wash-
ington, o.c. · 

• The choice of storage option for an absorption 
cooling system is important since system thermal 
performance can vary by up to 15% and the life­
cycle cost can differ by 20% between the various 
storage types. 

•.It is difficult to draw strong conclusions con­
cerning Rankine machines and storage options 
simply because the variations shown for the 
modeled machine are slight. 

•Vapor compression. cooling machines are tough 
competition presently for solar cooling, and 
future conventional chillers will be· even more 
competitive. Deve 1 opment of Rankine chi 11 ers 
will aid the development of improved vapor com­
pression machines, thus negating much of the 
Rankine improvement. 

•· Of a 11 of the storage options investigated, co 1 d­
s i de latent storage appears most promising. 

•Multiple tank sensible storage can be eliminated 
· from further programmatic c.onsfderat1on. 
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•Because of the dominant role of parasitic power 
requirements, solar Rankine systems should be 
designed to generate electricity when possible 
to drive their own parasitics, provide sell-back 
to utilities, and/or meet other onsite electrical 
needs. A technology of this type could operate 
using industrial waste heat as well as solar 
energy, and thus have more diverse market op­
portunities. 

FUTURE ACTIVITIES 

The following recommendatons are offered 
for future modeling activities: 

1. Develop an improved model for phase change 
storage 

2. Simulate system· performance for various types 
of collectors and control schemes 

3. Develop models for other chillers and simulate· 
performance of systems containing these chil­
lers. 

4. Perform further systems modeling using building 
temperature level control simulation, and 
develop the models necessary to do so. This 
will provide information concerning the system/ 
stora.ge interaction with the building load. 

PUBLICATION/REPORTS/REFERENCES 

1. "Evaluation of Thermal Storage Concepts for 
Solar Cooling Applications,", Draft Final Report, 
Science. Applications, Inc •• Mclean, VA, January 
1981. 

2. "Thermal and Economic Assessment of Solar Cool­
ing Systems for Small Commercial Buildings", 
paper presented at ASME.SSEA meeting. Reno, 
Nevada, May 1, 1981. 

CONTRACT INfORMATIQN 

Period-of Contract: 
Funding, FY 81: 
Milestones: 

Start, 04/80; end, 03/81 
$202 ,000 . 
Final Report, June 198L 



BEPS TECHNICAL SUPPORT 

SCIENCE APPLICATIONS, INCORPORATED 

PATRICK HUGHES 

5ERI-XP-9-8292-1 

OBJECTIVE 

To provide ongoing support to DOE and the Solar 
Energy Research Institute in the solar analysis 
effort's co~tribution to the ffnal rule for the 
Building Energy Performance St~ndards (BEPS) program. 

DESCRIPTION OF WORK 

. This work consisted of technical a~d management 
support, integration of BEPS·activities, and devel­
opment of design tools for BEPS. Specific activi-
ties included: · 

o Development of an· Alternate Evaluation Technique 
(AET) approval process; · 

o Comparison analysis of Typ.ical Reference Year 
(TRY), Typical Meteorological Year (TMY), and 
Typcial Weather Year for Energy Calcul~tions 
(WYEC) data to determine their effects on the 
BEPS rule and the impact of using solar energy 
to meet BEPS; 

o Continued testing of DOE-2.1 Component Based 
Simulator (CBS); and, · 

o Development of a Manual of Recommended Practice 
(MORP) to lend guidance as to combining passive 
and active solar designs with appropriate con-· 
servation measures to meet the standards. 

TECHNICAL ACCOMPLISHMENTS 

o Developed TR~ Weather Data Interface for DEROB 

o Developed Modified DEROB Computer Code for BEPS 

o Modified the DOE-2.1 Weather Packer to Read TMY· 
Weather Data 

o Supported testing of Component Based Simulator 
for DOE-2 .1. 

o Developed a Draft ·Alternate Evaluation Technique 
Approval Process . 

o Developed Tw~ Calculation Methodologies for a 
Manual of Recommended Practice · 

FUTURE ACTIVITIES 

No further activities are anticipated at this 
time. · 
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PUBLICATIONS/REPORTS/REFERENCES 

1. Standard Evaluation Technique technical support 
document to the BEPS Notice of Proposed Rule­
making, November 1979. 

2. BEPS Addendum to the TRNSYS Manual, November 
1979. 

3. BEPS.Addendum to the DEROB Manuals, November 
1979. 

4. Draft Alternate Evaluation Technique Approval 
Process, August 1980. 

5. Draft Manual of Recommended Practice, August 
1980. 

6. Status Report on the Recommended Comparison of 
TRY, TMY and WYEC Weather Data Sets, August 1980. 

7. A Review of the Building Regulatory Process and 
its Supporting Documents, August 1980. 

8. "The Us~ of Energy Analysis for Performance Path 
Compliance to Building Energy Performance Stan­
dards", paper presented at Third World Energy 
Engineering Conference Atlanta, Georgia, October, 
1980 • . . 



CONTRACT INFORMATION 

STARTDATE __ 0_6/_7_9 ___ ENDDATE 09/80 CONTRACTVALUE _ __:$~4~9~2~,o~o~o~.----------

MILESTONES 
Item: 

1. Standard Evalution Technique Technical Support 
Document 

2.BEPS Addendum to TRNSYS Manual 

3.BEPS Addendum to DEROB Manuals 

4.Report on Testing of the Component Based Simulator 

5. 
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Due date: 

November 1979 

November 1979 

November 1979 

March 1980 



GENERAL SUPPORT TO SERI IN SYSTEMS ANALYSIS 

SCIENCE APPLICATIONS, INCORPORATED 

JEFFREY MOREHOUSE 

SERI-XI-8283-1 

OBJECTIVE 

To provide technical support to the Solar 
Energy Research Institute (SERI) for the Systems 
Analysis and Testing Program. 

I 
DESCRIPTION OF WORK 

Primary work was related to the prepara~ion 
of material for the SERI Standard Assumptions and 
Methods manual. This contract also included general 
technical support to SERI to attend planning meet­
ings, System Simulation and Economic Analysis 
(SS/EA) working group meetings,· and technical 
conferences. 

TEC~NICAL ACCOMP-LISHMENTS 

o Completion and rev.f'sion of reports on comparative 
analysis tasks; 

o Development of standard commercial building 
cooling load tapes; and, 

o Provision of information to SERI in support of a 
Standard Assumptions Manual. 

t-"UIUIU. Al:llVITIES 

Follow-on activities have· occurred under 
separate contracts that are reported on separately 
in this publication. · 

PUBLICATIONS/REPORTS/REFERENCES 

l.· ·Ey~lyat1on of tbe "Typjcal Meteorologfc;:al 
Years'' for.Solar.Heating and cooling Systems 
Studies. .SAI Final Report, August,. 1979. 

2. A TRNSYS Compatible. Standardized Load Model 
for Residential System Studies, SAI Final 
Report, October, 1979. 

3. Standard Assumptions and Methods for Solar 
Heating and.Cooling slstems Analyses, SERI/ 
TR-351-402, January, 980~ 

CONTRACT INFORMATION 

STARTDATE_..;0:....:4.:..../7:....:9;.__ ___ END DATE __ 0_4~/8_0 __ CONTRACTVALUE $140 000, 
~--'-~~.=..::..!'---~~~~-'---~~~-

Item: 

1. Typical Meteorological Year Report 
Revision 

2. Revised Heat Pump Report 

3. Revised Coo 1 i ng Report 

4. Cooling Load Tape 

5. Report on Standard· Load Model 

. MILESTONES 
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Due date: 

September 1979 

October 1979 

October 1979 

October 1979 

January 1980 



SYSTEMS ANALYS.IS Of SOLAR ASSlStED HEAT PUMP GROUND­
'. COUPLED STORAGE AND DUAL SOURCE STRATEGIES 

SCIENCE APPLICATIONS, INCORPORATED 
JEFFREY MOREHOUSE . 

SERI-XP-8288-1 

OBJECTIVE 

- To evaluate the performance and economic 
advantages to solar assisted heat pumps (SAHP) 
of ground-coupled storage and dual-source strate­
gies. 

· DESCRIPTION OF WORK 

· The study performed an analysis of ground­
-coupled stand-alone and series configured solar­
assisted liquid-to-air heat pump systems for 
residences. The year-round thermal performance of 
these systems for space heating, space cooling, 
and water heating was determined by simulation and 
was compared against the performance of non-ground­
coupled solar heat pump systems as well as conven­
tional heating and cooling systems in three geo­
graphic locations: Washington, D.C., Fort Worth, 
Texas, and Madison, Wisconsin. Sensitivity anal­
yses were performed on egineering and economic 
parameters that influence the cost-effectiveness 
of the systems. 

TECHNICAL ACCOMPLISHMENTS 

The following conclusions were drawn from the· 
results of the study. 

o Wi~hout tax credits a· combined solar/ground­
coupled heat pump system for space heating and 
cooling is not cost competitive with conventional 
systems. The sensitivity analyses did not iden­
tify any parameter variations that wou.1 d render 
the combined solar/ ground-coupled heat pump 
system cost competitive with conventional s1stems. 

o For ground coupled systems, better performance 
is obtained with buried tanks than with buried 
pipes. 

FUTURE ACTIVITIES . 

The following recommendations were made for 
future ground-coupled heat pump development activi~ 
ties: 

I , 

1. Buried tanks should be given higher program 
priority than buried pipes. An attempt should 
be made to relate optimum buried tank storage 
size' to tank geometry and climate. 

2. The soil properties of each location should be 
experimentally measured. 

3. Other storage configurations, particularly 
thermal wells, should be studied to determine 
if they would improve the thermal and economic 
performance of ground-coupled solar h·eat pump 
systems over buried tanks. 

PUBLICATIONS/REPORTS/REFERENCES 

1. Parametric Sensitivity Study for Solar 
.Assisted Heat Pumps, SAI. Draft Final Report, 
March, 1980. 

2. Comparison of Ground-Coupled Solar Heat Pump 
Systems to Conventional Systems for Residential 
Heating, Cooling and Water Heating, SAI Final 
Report, February, 1981. 

CONTRACT INFORMATION 

STARTDATE_...:l:.:O:L../7'-'9'---- ENDDATE 03/80 CONTRACTVALUE_~$~1~09~·~00~0~,----------

MILESTONES 
Item: Due date: 

1. Dual Source Report November 1979 

2. Ground-Coupled Sµrvey November 1979 

3. Sensitivity Ana 1.ys is Report March 1980 

4. Ground-Coupled Report March 1980 

5. 
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DISTRICT HEATING FOR SOLAR PONDS 

SOLAR ENERGY RESEARCH INSTITUTE 

CECILE M. LEBOEUF 

EG-77-C-01-4042 

OBJECTIVE 

The objectives of this project were: 

I to validate the SERI in-house solar pond sim­
ulation code with actual measured solar pond 
data 

I to use this code in analyzing the technical 
feasibility of district heating ?.nd cooling 
with solar ponds 

• to assess the economic feasibiiity of solar 
ponds for-district heating of new housing 

I to design a solar pond/district heating sys­
tem which might be a "blueprint" for communi­
ties conside.ring applications for new neigh­
borhoods 

DESCRIPTION OF WORK 

The first part of this project involved acquisition 
of operating data from the Miamisburg solar pond, 
for use in a performance·prediction verification 
exercise with the SERI in-house solar pond model. 
Once the code was verified, it was used to produce 
a series of sizing ·and sensitivity analyses for ap­
plication to district heating and cooling. Two lo­
cations were examined, and parametric studies of 
neighborhood size, pond supply temperature, and 
pond geometry were examined. Space heating, space 
cooling, and domestic hot water (DHW) suppl,V scen­
arios were explo.red. Components for both the solar 
pond and distribution subsystems were sized and 
costed. Finally, with completed technical designs, 
the overall system costs and delivered energy costs 
were projected for the solar pond/district heating 
system. 

TECHNICAL ACCOMPLISHMENTS 

• District heating, cooling, and DHW supply with 
energy from a solar pond were shown to be tech­
nf ca 11 y feasible. Opt.imum pond geometries were 
defined for Fort Worth, Texas, and Washington, 
DC, including analysis of trade-offs fn pond 
temperature, community size, and pond geometry. 

• Costs for the solar pond and distribution system, 
amortized over 20 years and assuming an 18%·fixed 
charge rate, result. in delivered energy costs of 
$16 to $28/Mbtu, depending on the location and 
the price paid for the salt (which can vary con­
siderably). These projected costs compare fa­
vorably with projections of delivered energy 
costs for fl at pl ate co 11 ectors used in DHW and 
space heating applications. 

• A solar pond/district heating system which sui-­
plies 100% of the load of a residential' community 
without ~uxiliary was shown to be an economically 
viable alternative. 
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Henderson, J. , Leboeuf, C .M. "SOLPOND- A Simulation 
Program for Salinity Gradient Solar Ponds";; (1980) 
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Leboeuf, C.M.,et al. "Solar Ponds for District Heat­
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SIMULATION AND DESIGN OF SOLAR PROCESSES 

UNIVERSITY OF WISCONSIN-MADISON 

JOHN A. DUFFIE, WILLIAM A. BECKMAN, SANFORD A. KLEIN AND JOHN W. MITCHELL 

XK-0-9101-1 

OBJECTIVE 

The objectives of this work are to increase the 
utility of the TRNSYS simulation program, to extend 
the library of TRNSYS components and system analysis 
capabilities, and to improve the utility of FCHART 
programs by developing capability to design new 
kinds of systems not covered by FCHART 3. 

DESCRIPTION OF WORK 

Simulations are powerful tools in research and 
development, in design of large systems, and in de­
velopment of simplified methods for design of stan­
dard systems. Thus, further TRNSYS development be­
gins with the identification of a .system or appl i ca­
tion that has not been (adequately) studied. The 
appropriate component models are programmed and ex­
ercised in system studies. These system studies are 
the vehicle by which TRNSYS component subroutines 
are checked and entered into the library. These 
studies also indicate the need to improve existing 
component models and how the executive routines 
can be improved to increase utility and decrease sim­
ulation costs. 

.Numerical experiments (simulations) have been 
·used ~s the basis for development of simplified de­
sign methods such as f-chart. The computer program 
FCHART 3 uses the f-chart method which covers stan-· 
dard liquid-and-air-based space heating systems and 
DHW systems. Using simulation results, new methods 
(based on util izabil ity ·concepts) have been developed 
for predicting the long-term performance of 
systems using a variety of collectors, storage 
devices, energy transfer subsystems; energy 
delivery s1.1hc;yst.ems and auxiliar.Y devices. 
These methods have been programmed into a more 
versatile design program, FCHART 4.0. 

Both TRNSYS and FCHART developments depend on 
adequate methods of processing available solar 
radiation data. Thus we hav~ used new and.detailed 
data to study such topics as the distribution of 
beam and diffuse radiation, the calculation of 
monthly average radiation on inclined surfaces and 
the calculation of monthly utilizability functions. 

TECHN 1 CAL_ ACCOMPLISHMENTS 

This contract includes a diversity of activities 
under the two major topics outlined above. Techni­
cal accomplishments are described in the references 
indicated. Highlights can be summarized as follows: 

• Estimation of Hourly, Daily and Monthly Diffuse 
'Fractions (1,2 ,3). 

Relationships for estimating the beam and 
diffuse components of hourly, daily and monthly-
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average global radiation have been developed 
from a set of recent hourly pyrheliometer and 

· pyranometer data recorded at four U.S. loca­
tions. The large variance of the hourly data 
from the hourly diffuse correlations is shown 
to be the result of clouds and the effect of 
not considering this variance on TRNSYS simu­
lation results is shown to be negligible for 
the systems considered. The seasonally de­
pendent daily diffuse correlation is used 
along with the generalized kT distributions 
of Liu and Jordan to derive a seasonally 
dependent monthly-average correlation. 

1 TRNSYSll.l (6) 

TRNSYS Version 11.1, released in April, 1981,. 
includes two new components, enhanced versions 
of several older components, an improved algo­
rithm for the solution of differential equa­
tions and a new library of contributor­

·supported components. 

The new components consist of an economic pro­
cessor and a microprocessor based controller 
The economic processor can be used to calculate 
life cycle costs and savings associated with 
system ownership and operation based on a one· 
year sim·ulation. The microprocessor controller 
component incorporates.five double-ended 
c~mparators with hysteresis, a 12 mode look-up 
table and 18 control signal outputs as well 
as sev~ral other features which make it useful 
for simulating·systems which use complex 
control strategies. 

Several other components have been modified to 
extend their range of application. These in­
clude the TYPE 1 collector which has been 
modified to ~llow the simulation of any number· 
of identical collectors connected in series. 
In addition, a new mode, MODE 6, has been 
added. This mode allows the modeHr:ig of 
collectors based on test results which include 
2-axis incident angle modifier data. This 
is suitable for the modeling of evacuated tube 
and other types of collectors which are 
optically non-symmetric.. The radiation pro­
cessor, TYPE 16, has been modified to allow 
specification of an arbitrary orientation 
of the rotational axis for single axis track­
ers. 

Many of the components which use differential 
equations have been modified to allow analytic 
solutions of those equations. These include 
the TYPE 4 tank, the TYPE 10 pebble bed, the 
TYPE 12 MODE 2 degree-hour house, the TYPE 19 
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MODE 2 room model and the TYPE 22 combined air 
collector-storage subsystem. The use of ana­
lytic rather than numerical solutions signi­
ficantly increases the speed of TRNSYS. 

Version 11.l includes a new experimental li­
brary of user-contributed and supported compo­
nents that have been contributed by users out­
side the Laboratory. The first components to 
be included in this library are a set of four 
routines that can be used to simulate thermal­
photovoltaic and photovoltaic only systems 
(from ASU). 

Calculation of Monthly-Average Radiation on 
ln~lined Surfaces (7) 

An analt.tical method was developed for esti­
mating R,. the ratio of the long-term monthly­
average daily radiation on an inclined surface 
to that on a horizontal surface. This method 
differs from the Liu and Jordan {l) method in 
the manner in which the beam radiation compo­
nent is determined. The method is applicable 
for surfaces of any orientation. R values 
calculated in this manner and by the Liu and 
Jordan method have been compared with inte­
grated hourly calculations for 23 years in 
Madison, WI, Albuquerque, NM, and Miami, FL; 
the comparisons show that the new method agrees 
more closely with the integrated hourly calcu­
lations, especially for surfaces facing east 
or west of south. · 

Calculation of Avera e Collector 0 eratin Time 
and Parasitic Ener Re uirements 8 

The monthly-average daily utilizability radia­
tion, IT, is the average daily total insolati~n 
above a specified critical level, Ic,_during 
the hours of collector operation. U can be 
eAµr·ess~d as 

1 month 
U = N fy (IT-le) dt 

where N is the number of days in.thP. month, Ir 
is the radiation (per unit area) inr.idP.nt on 
the plane of the collector aperture, and y is 
a collector control function defined such that 
it is l if the collector fluid circulation pump 
is operating, and 0 otherwise. IT is the pro­
duct of Hr, the monthly-average daily radiation 
on the collector surface, and ~. the fraction 
of this radiation which is above the critical 
level. The average daily number of hours of 
solar collector operation, t, is the time inte­
gral of the collector on/off control function 
for a month divided by the number of days in 
the month. An estimate for t can be obtained 
by evaluating the derivative of IT with respect 
lo Ic at the monthly-average critical level, 
Ic. From Equation {l), · 

_ 1 month dU 
t = - f y dt = - {-) 

N die I 
c 

Values of t calculate from this equation have 
been compared to t values obtained by numeri­
cally integrating the control function over 
monthly periods with quarter-hour time st~s. 
The standard deviation of 8400 values oft so 
calculated from values calculated by numerical 
integration of radiation data for a wide range 
of critical levels, collector slopes, latitudes, 
and monthly clearness indices, is 0.47 hours. 
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I DesiJn Method for Solar Hot Water Systems 
9, , 0 . 

The ~.f-chart method, originally developed for 
closed-loop solar solar energy systems, has 
been shown to be applicable to open-loop sys­
tems as well. This method can be used to esti­
mate the thermal performance of solar energy 
systems for domestic water or industrial pro­
cessing heating, with either flat-plate or 
concentrating solar collectors. In a related 
effort, analytical equations have been devised 
for the Liu and Jordan generalized hourly ut111-
zabil ity curves. These utilizability curves 
are useful for estimating the solar energy 
contribution to IPH processes having little or 
no thermal storage. 

FCHART 4.0 (11) 

FCHART 4.0 was completed and its distribution 
started in 1980. It is an interactive program 
for analysis and design of active solar and 
heat pump heating systems. Active solar sys­
tems may be visualized as shown below. 

IC 11 t. J~ Tra~sfe ·istorag3+ Deliver jLoadj 
. 0 ec 0 J'"Dev1ce Device 

Collected solar energy is transferred to stor­
age. A delivery device supplies this energy 
to the load, with auxiliary energy meeting any 
additional energy requirement. FCHART 4.0 
allows several options for system types, the 
components comprising each system, and the 
analysis to be performed. 

·System Types 
Space Heatina 
Combined Space & Water 

DomeEti' Water Heating 
Closed-Loop Process 

Heating Heating 
Comtonent and Analysis Options 
Col ectors 

Flat-plate 
Compound Parabolic Coni:eutralurs 

(fixed aperture) I Liquid 
Imaging Collectors Based 

(l- or ~-axis tracing) Systems Only 
Collector-Storage Transfer 

Heat Exchanget Air Duct Leaks 
Pipe or Duct Heat Losses 

Storage Device 
Liquid Tank { 
Rock Bed Air based space 
Phase-Change Material heating only 

Storage-Load Del1'very Device 
Heat Exchanger Liquid based systems onlv 
Heat Pump · ··· · 

Load Calculation Methods 
Space Heating lUser-supplied monthly loads, 

· UA-degree day) 
Water Heating 

Based upon usage, set temperature, and mains 
temperature (includes auxiliary tank losses) 
Process Heating 
User-Supplied Monthly Loads 

Auxiliary Device 
Conventional Fuel (Gas, Elec. or Oil) 
Ambient-source Heat Pump {Space Heating only) 

Economics 
Life-Cycle Purchase and Operating Costs 
Comparisons Between Alternatives 
Optimization of Any One System Parameter 



A stand-alone ambient source heat pump for 
space heating systems can be considered by 
specifying a load and an auxiliary only. For 
all systems, system performanc~ is estimated at 
monthly time intervals, using equipment charac­
teristics and weather data. Data are included 
with the program for 240 locations in North 
America. 

FUTURE ACTIVITIES 

A proposal for the continuation of this work 
and .for continuing TRNSYS and FCHART user services, 
at reduced levels, is pending. This·work provides 
tools that are in widespreaq use by systein develop­
ers!, designers, architects, and process engineer.s· 
in the development and· sale~ of their product~ 
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OPERATION AND MAINTENANCE OF THE MSFC SOLAR TEST FACILITIES 

WYLE LABORATORIES INCORPORATED 
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ABSTRACT 

Wyle Laboratories has been actively involved in 
Marshall Space Flight Center (MSFC) solar programs 
for several years. Currect activities include the 
operation and maintenance of the MSFC Sola·r Test 
Facilities, including 6000 square feet of collector 
test bed, a solar demonstration and training center, 
a large scale terrestrial solar simulator and in­
formation management. The following activities are 
intended to be representative of current projects, 
but are not all inclusive. 

TRACKING CONCENTRATOR 

For most flat plate solar collectors, normal oper­
ating temperatures are under 200°F for solar heat­
ing/cooling, domestic hot water and swimming pool 
heating. For industrial process heat, the typical 
flat plate will not meet the requirement due to 
their high heat loss at high operating temperatures·. 
Therefore, concentrating collectors with low heat 
loss are usually a cost-effective choice. 

At MSFC, a 25 ton Rankine cooling unit, designed to 
use solar energy as the heat source, is soon to be 
installed. An array of parabolic trough solar con­
centrating collectors will be utilized to meet the. 
required load. A test program was conduct.ed to de­
termine the collector array performance and number 
of collector modules required for the operation. 

A four-module collector array was installed at the 
MSFC Solar Test Facility. The array was mounted 
horizontally in a north-south orientation, for best 
cooling application, tracking the sun from east to 
west. The modules have a metalized acrylic film 
FEK 244 on the parabolic contoured aluminum mirror 
surface to reflect the solar radiation onto a black 
chrome plated steel receiver which is covered by 
a stagnant air annulus pyrex glass tubing to re­
duce convective heat losses. 

The collector array was tested following the ASHRAE 
Standard 93-77, Method of Testing to Determine the 
Thermal Performance of Solar Collectors, test pro­
cedures using Therminol 44 as the heat transfer 
fluid. Figure 1 is a schematic of the high temp­
erature fluid supply loop, designed and fabricated 
at the Solar Test Facility to maintain a constant 
collector inlet temperature and to remove the heat 
gained through a specially designed tube-in-tube 
heat exchanger. Figure 2 presents the results of 
the time constant test. For the four-module array, 
the time constant was approximately 1 minute. Fig­
ure 3 presents the results of the instantaneous 
thermal efficiency test. The inlet temperature was 
controlled for steady-state conditions ranging.from 
140oF to· 2700F in order to obtain the thermal ef­
ficiency curve; however, the Rankine unit will be 

operated at 
fit for the 

approximately 300°F. The first order 
test points is: 

T T 
ave - a 

Idir 
'1= .592 - .115 

where T 
ave 

Ta 

Idir 

Average fluid temperature 

Ambient temperature 

Direct solar radiation 

(1) 

Al though not required by ASHRAE 9 3-77, a test to 
determine the effect of off-axis 'tracking was con­
ducted. The test was .conducted by manually moving 
the collector array 15 minutes ahead of the sun, 
then turning off the tracking system such that the 
collector array was stationary. This approach al­
lows the sun to move from out of focus to focus and 
then out of focus again. The inlet and outlet 
temperatures were monitored to determine the thermal 
efficiency. Figure 4 shows the results of these 
tests occurring at different times of the day. The 
results indicate that if the collector.tracking sys­
tem was off by 1 degree (4 minutes of solar move­
ment) , the efficiency will drop as much as 20% of 
its peak efficiency. 

Figure 5 presents the parahol:i.c trough collector 
performance under an all-day test on a clear, win­
ter day. Both the direct solar radiation and the 
thermal efficiency based :on direct radiation at an 
inlet temperature held to a constant at 270°F are 
plotted. Dips were found for both radiation and 
thermal efficiency curves due to the fac·i: that the 
collector array being mounted horizontally in a 
north-south orientation creates the maximum inci­
dent angle to the collector at solar noon, as the 
sun moves east to west. 

In conclusion, the parabolic trouqh collector i:ihould 
effectively supply the required energy for the Ran­
kine unit. 

BTU METER TESTING 

An alternate method of monitoring solar hot water 
system performance is -.using BTU meters. The. method 
eliminates the required temperature and flow con­
version equipment, which are generally expensive 
and require manpower to reduce the data. A BTU 
meter is a combination of flow and temperature 
measurement with an electronic circuit to accumu­
late the total energy gain or consumption for a 
system. 

Before the BTU meters are installed in a system, 
they should be tested to verify the manufacturer's 
claimed accuracy. A calibration loop was set up at 
MSFC Solar Test Facility such that flow rates and 
temperature ranges can be kept steady for the test 
period. The percentage error generally decreases ~ 

.'\·1 ... 2 
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with increasing fl'ow rate and temperature differ­
ential. Some of the BTU meters are programinable so 
that heat transfer fluids,· other than water, can be 
used or different types of: flow sensors can·be in-

:alled if the output of the .sensor is known. 

After laboratory bEi°nch tests, two of. the BTU meters 
were chosen to be installed· in a solar hot water 
system for field testing. The result of this field 
test indicated that the accuracy of the BTU meters 
agree very well with the bench tests. 

Results of the test program prompted the following 
conclusions. In order t6 choose the most appropri­
ate BTU meter, one should consider the guide listed 
below: 

• Determine the range of flow rate ·and tempera­
ture. 

• Type of heat transfer fluid used in the 
system. 

e Differential temperature range of high and 
low temperature lines. 

• Pressure drop introduced by the flow sensor. 
• BTU meter output requirements (gallon count), 

BTU count, temperature display, etc). 
• BTU meter power supply requirement. 
• The ability to interchange temperature or 

flow sensors with the BTU meter electronic 
control/display. 

• Price. 

RADIATION STUDY 

The efficiency of a solar collecting system is pro­
Portional to its incoming solar energy. Therefore, 
the prediction of the availability .and quantity of 
radi~tion on the collector surface is extremely 
i.mportant to an .engineer, designer, or researcher 
for their system design, evaluations, or perform­
ance simulations. 

·There are many weather stations in the United 
States; however: at most of them, only total solar 
radiation on a horizontal surface, is recorded. 
This is the case for NOAA (Nationai Oceanic and 
Atrrospher~c Administration) , which publishes a 
rronthly sununary of solar radiation.data for several 
sites. To convert these hourly data from a hori­
zontal surface to the collector tilt plane is a 
State-of-the-Art Science. Numerous authors have 
presented their methods, among them, Lui & Jordan's 
method is the most widely used. Tu a.l,l.l,lly Liu & 

Jordan's technique, one must know the total and 
diffused solar radiation on the horizontal plane. 
Unfortunately, the diffused solar radiation on the 
horizontal plane is rarely available. In addition, 
determination of the diffused radiation using a 
shadow band requires periodic adjustment of the 
altitude angle and additional equipment (pyrano­
meter, recorder). 

One of the purposes of a project at the MSFC Solar 
'l'P.st. Facility is to investiq~te ~ m~thod to convert 
solar radiation from the horizontal to the ti.J.t 
plane knowing only the total solar radiation. This 
algorithm will then be utilized in the evaluation 
of system designs. Solar r?diation has been re­
corded at two-minute intervals for 10-12 hours, de­
-~nding on the season. On a fixed surface, hori-

)ntal total and tilt total (45 degrees) and on a 
.. r;icki.ng plnne, direct, total and diffuioed radia­
tion are measured. The.se hourly data are tabulated 
rronthl.y. · The data will be utilized for comparison 
with weather data by ASHRAE, NOAA, ASHMET, and 
SOLRAD for purposes of algorithrit evaluation. 
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Figure 6 shows a' typical clear day where TOT (totalJ, 
NIP (direct normal) ,•and DIF (diffuse) were meas­
ured in the tracking piane and HOR and 45T were the 
total radiation on the horizontal surface and 45 
degree tilt surfaces, respectively. 

Liu & Jordan's equation to convert from the hori­
zontal surface to a tilt surface is given below: 

cos (} + D cos 2 s p . 2 s 
GT = (GH - DH) sin a H 2 + GH s:m 2 (1) 

where GT Global radiation on tilt surface. 

GH Global radiation on horizontal surface. 

DH Diffused radiation on horizontal sur-
face. 

(} Solar incident angle. 

a Solar altitude angle. 

s surface tilt angle. 

P= Ground reflectan.ce. 

It is obvious that G
0 

and D must be known since 
they are on the righ~ hand ~ide of the equation to 
determine the unknown, G , the radiation on the 
tilt surface. An algorithm has been developed and 
is currently being validated, which determines the 
diffused fraction for each hour, based on total 
horizontal only. Then, equation (1) can be used to 
convert the horizontal radiation to any tilt sur­
face. Using the data obtained at MSFC, the March 
and April, 1981, data were evaluated; the results 
are shown in Figure 7. For the range of solar 
radiation from 5 to 340 BTU/hr-ft2 , i.e., all types 
of days (clear, partly cloudy, and cloudy days), 
the deviation from measured value is within +10 
BTU/hr-ft2. Despite its good results, rrore data 
will be evaluated for refinement of the technique 
to reduce some of the scattering and to determine 
the applicability to all geographical locations. 
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Development of Selective Surfaces 

The Berry Group 

John L. Cotsworth 

DE-AS04-78CS34293 

OBJECTIVE 

The objectives of the work are to develop 
improved techniques of producing selective 
surfaces on stainless steel, aluminum and 
copper; to test several of these surfaces 
under conditions of ultraviolet radiation, heat 
and humidity and to investigate feasibility of 
large scale production of the selective surfaces. 

DESCRIPTION OF WORK 

The importance of a selective coating in 
medium and high temperature solar collectors 
has been recognized during the last four 
years. The coating must be durable, offering 
20 years life under a wide range of atmospheric 
conditions and stagnation temperatures of 
about 4500F. The absorber materials must, 
likewise, withstand internal corrosion from 
liquids. Both the absorber material and its 
coating must be cost effective and durable 
in service. 

The commonly used absorber materials are 
stainless steel, aluminum and copper. Stainless 
steel offers the advantages of easier fabrication, 
excellent corrosion resistance, stability at 
higher temperatures and somewhat lower cost 
in thin gauge strip. The disadvantage is its 
lower thermal conductance which makes it 
impractical for the tube-in sheet type design 
and its lower electrical conductance which 
makes it difficult to electroplate. At present, 
two selective coatings on stainless steel are 
commercially available, the one being the 
coating produced by dipping 444 stainless 
steel in hot sodium dichromate solutionl and 
the other hP.ing 11 color produced hy 11 propriet11ry 
proccss.2 

Aluminum strip nt twice the thickness of · 
copper achieves equal conductivity for fintube 
type absorbers and is less · costly per square 
foot than copper. HowevP.r, 5P.lectivP. 1Jo11t.ing9 
like black chromium or hl1wk nlekel <!1111110L 
Q<) gjrqctlV CillGctrodeposited on aluminum. An 
intermeui11te ti·eatment like double zincating 
followed by copper strike is required. This 
multi-stage operation increases the cost of 
the coatina. Nickel impregnation into anodized 
aluminum ~eems to be a cost effective selective 
surface on aluminum3. But its. durability 
under humidity is questionable. An overcoating 
is required

4 
which however increases the 

i · ivity. 

1V1wulayer coatings on aluminum could be 
produced by vapor deposition5 or by sputtering6 

but at present these are limited to be applied on 
thin foils only. 

Copper with its higher thermal conductivity and 
electrical conductance is best suited for solar appli­
cations. Electrodeposition on copper is easier, 
so also its fabrication. Copper tubes can be soldered, 
welded or brazed to copper fins. Copper oxide 
selective coating7 is not durable. Black nickel 
coatings failed under humidity testings. Black 
chrome on 0.1 to 0.2 mil nickel plated on copper 
has been tested and found to be more durable under 
humidity and temperatures up to 450°F. Thicker 
intermediate coatings of nickel have indicated improved 
durability, but the substrate used was carbon steel. 
There is a necessity to test its durability on copper. 

In order to find durable, cost effective coatings 
on the above three materials, it is decided to develop 
an accelerated testing procedure to carefully examine 
several commercially available selective and non­
selective coatings under conditions normally 
experienced by a solar collector in service. Some 
of the chosen coatings have only been produced 
in the laboratory with the idea being to determine 
their feasibility for large scale production. 

The testing procedure consisted pf simultaneous 
exposures of the selective and non-selective coatings 
to solar . irradiance and thermal cycling between 
450+350F and 200+25op. The test box is shown in 
Fig:-1. 
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After 78 cycles and 21 ,851 Langleys of exposure, 
the coatings which did not show any deterioration 
were further exposed to solar irradiance of 8:1 con­
centration up to 156,270 Langleys. The maximum 
temperature was 4500F. At the same time thermal 
cycling test was continued to 161 cycles and 42,307 
Langleys. The results of the tests are given in 
Tables 1 & 2. 

Some of the coupons were also tested under natural 
weathering condiOons in a box for a period of two 
years and the optical properties were measured at 
six month intervals9. 

TECHNICAL ACCOMPLISHMENTS: 

1. Most of the selective coatings did not change 
in emissivity when tested under thermal cycling 
conditions. The maximum decrease in absorptance 
was 15% in the case of Black Zinc on Steel. 
The other selective coatings showed a maximum 
of 7% decrease in absorptance. Black chrome 
plated did not show significant deterioration. 
Black Nickel on the other hand deteriorated when 
exposed under natural weathering conditions 
including humidity. 

2. Most of the non-selective coatings did not show 
any decrease in the absorptance value. However, 
physical damage such as peeling, discoloration, 
pitting, rusting and scratching occurred in the 
tests performed. 

3. The accelerated test developed in this program 
gave us a quick insight into the durability of 
the coatings. The total duration of the test 
was not more than two months. Simultaneous 
exposure to thermal cycling and solar irradiance 
was performed for the first time tin this program. 

4. Black Chrome, when plated under commercial 
plating conditions, exhibits a powdery substance, 
called "soot", which is essentially chromic oxide 
(Cr20!l) and under these conditions hues of black, 
blue a1ld red are commonly obtained when the 
plating temperature is varied. These different 
colors are due to different particle sizes of the 
chrome metal and chromic and chromic oxide. 
Plating should be conducted at lower temperatures 
to obtain black color. The optical properties 
of Black Chrome of different hues did not change 
significantly when exposed to natural weathering 
for a period of 24 months. Similar results were 
obtained when tested under thermal cycling and 
solar irradiance. However, some users tend to 
reject black chrome with different hues purely 
for cosmetic reasons. Results of this study 
indicates that black chrome need not be black 
to possess good optical properties and durability. 
It is therefore recommended that, for the benefit 
of average users of "black chrome," who do not 
have optical property measuring instruments, · 
the finish henceforth be referred to as "Solar 
Selective Chrome." This suggested simple change 
in nomenclature also discriminates between chrome 
with low emissivity and thick surface of electro­
plated Black Chrome of high emissivity which 
are widely used for decorative applications. 

5. Continuous electrodeposition of black chrome 
on nickel plated copper is successfully being 
accomplished. The cost of processing is proving 
in commercial practice to be less than that of 
batch plating. 
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6. Nickel-impregnated-anodized aluminum appears 
to be an ideal selective coating for aluminum. 
The absorptivity of .92 and emissivity of .12 
can be achieved in commercial production. Its 
humidity resistance can be increased by applying 
a thin Silicone resin overcoating with emittance 
increasing from .12 to .19. The application is 
limited however to stagnation temperatures of 
about 3500F. 

7. Correlation of the optical properties betw~en 
D & S alpha and emissometers INTEC alpha and 
ambient emissometers and a reflectometer has 
been determined. The results are given in Table 
3. 

FUTURE ACTMTIES 

Selecting a suitable overcoat for black chrome and 
other selective surfaces. 
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63 -do- Cu Dark grey 94.5 .84 92.6 .96 92.0 .92 
58 Polyester· Al Dark grey 92.5 .95 90.5 .95 88.0 .92. 
61 Alkyd Carbon Cu , Dark grey 94.5 .89 95.0 .90 97.0 .91 94.5 .94 
64 Waterbase Inorganic Al Pitting 93.5 .84 95.0 .86 95.0 .96 
65 -do- Cu Cracks 93.5 .84 95.0 .87 96.0 .92 94.5 .94 
66 -do- S** Rust spots 93.5 .84 95.0 .83 94.5 .92 
40 Epoxy Enamel Al Pitting 92.5 .78 87.5 .68 94.5 .93 
47 Baked .Enamel Al J:.>itting 95.0 .86 91.5 .90 91.0 .92 
46 Vinyl based Enamel Al Dark grey 92.5 .92 93.8 .87 96.0 .85 93.0 .89 
51 Silicone Carbon Black Al Dark grey 96.0 .94 93.8 .93 95.0 .88 94.0 .88 
60 Fluoropolymer S** No change 90.5 .79 92.6 .89 87.0 .94 92.0 .88 
36 Iron Oxide S** Rust Spots 90.0 .49 83.4 .60 86.0 .82 92.0 .88 
37 / Al. Oxide Al No change 93.0 .79 87.9 .84 89.0 .92 92.0 .90 
34 Ai:iodized Al -do- 93.0 .68 87.9 .88 91.0 .90 
52 Inorganic S** -do- 88.5 .90 86.6 .84 85.0 .89 
54 Inorganic S** -do- 92.5 .90 93.8 .90 94.0 .89 

* Exposed to EMMA after 21,851 ly and 78 Cycles --...__ 

** Steel 

TABLE 3 
Comearison of absoretance and emittance· measurement 

International · Integrating 
Technology D~uic~s ;, Gier-Dunkle Sphere 
Corpo. Services Co. Inst. Reflectometer 

Model 2150 Ale ha tometer MS-251 -
Solar Reflectometer 

ABSORPTANCE r X-O. 0/ x-.o.s X -.OJf 

Model #2158 Emissometer DB-100 
Infrared Reflectomete1· .,. 

EMITTANCE a- 't- .02,. 0 -.oir - - ~ 

CONTRACT INFORMATION 

STARTDATE~9_12_5_1_78~~~-ENDDATE~4_1_3 o_l_8_l~~CONTRACTVALUE~_41_4_8_,o_4_9~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

1. 

2. 

3. 

4. 

5. 
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TABLE 1 
Accelerated Testing: of Coueons 

Selective Coatings 

Under- Sub- Initial 21,761 ly 156,170 ly* 41,361 ly 
Code Coating: layer strate Readings 73 C;tcles Under-Emma 161 C;tcles 

o( E. ~ (. rA [. ~ E. 
1 Bl. Cr. Cu 94.0 .OS S4.5 .04 Failed 
3 Bl. Cr. Ni Cu 96.5 .10 95.5 .OS 95.0 .OS 

Black hue 
5 Bl. Cr. Ni Cu 95.5 .06 96.5 .09 96.5 .09 

Blue hue 
69 Bl. Cr. Ni Cu 94.5 .11 96.0 .09 96.0 .OS 97.f) .09 
76 Bl. Cr. Ni Cu 97.0 .15. 96.0 .06 95.0 .10 96.0 .06 
77 Bl. Cr. Ni Cu 96.0 .14 95.5 .12 96.0 .07 96.0 .09 
7S Bl. Cr. Ni Cu 96.0 .lS 95.0 :19 95.0 .13 96.0 .20 
S5 Bl. Cr. Ni Cu 9S.O .05 95.0 .OS 95.0 .10 95.0 .09 
S6 Bl. Cr. Ni Cu 9S.O .lS 96.0 .15 96.0 .10 96.0 .10 
7 Bl. Cr. Zn Al 94.5 .12 92.5 .lS 93.5 .25 
24 Bl. Cr. Zn Al 9S.O .15 92.0 .09 93.5 .11 
19 Bl. Cr. Zn/Ni/Cu Al 94.5 .OS 94.0 .OS 95.0 .11 93.0 .13 
33 Bl. Cr. Ni Al 95.0 .09 92.6 .05 93.0 .10 
75 Bl. Cr. Ni/Cr Al 97.0 .14 95.0 .11 96.0 .17 95.0 .07 
25 Bl. Cr. Cr Al 94.0 .20 93.5 .20 93.0 .23 
35 Bl. Cr. Ni 95.5 .09 95.0 .OS 95.0 .07 95.0 .20 
30 Bl. Ni Cu 92.0 .04 S7.0 .02 Failed . 
22 Bl. Ni Ni 97.0 .06 97.0 .06 . 96.0 .06 97.0 .06 
lS Ni A** Al 93.5 .04 90.5 .OS 92.0 .20 
2S CuO Cu S9.0 .2S 76.5 .16 Failed 
29 CuO Cu 94.0 .13 SS.5 .09 Failed 
17 Conv. SS 91.0 .24 ss.o .lS ss.o .lS 
26 Cbnv. SS S6.0 .15 S2.5 .14 S3.0 .lS 
20 coo Zn cs 90.5 .12 S4.5 .12 so.o .64 
21 Zno Zn cs 91.5 .12 S4.5 .10 S6.0 .11 
74 A** SS 93.5 .09 ss.o .10 S5.0 .13 
27 M*** Al 96.0 .07 94.5 .05 95.0 .09 96.0 .07 
79 AMA Cu 9S.O .13 95.0 .13 S9.0 .31 96.0. .26 
S2 AMA Al 97.0 .09 90.0 .04 92.0 .12 90.0 .10 
S4 AMA SS 9S.5 .05 95.5 .15 S4.0 .61 95.0 .21 
91 Bl. Cr. Ni r.11 ~7.0 .06 oa.o .11 06.0 .10 
S9 Ni A** Al 94.0 .13 95.0 .14 92.0 .16 
90 Ni A** Al 97.0 .11 96.0 .12 . 95.0 .10 
lSA Ni A** Al 95.0 .12 95.0 .15 94.0 .26 
S7 CuO Cu Cu 93.0 .10 90.0 .16 S6.0 .14 
SS CuO Cu cs 93.0 .10 90.0 .15 ss.o .15 

• Exposure at DSET after 21,762 ly and 73 Cycles 
Bl. Cr. --- Black Chrome 
Bl. Ni. Black Nickel 
A** ---- Anodized 
M*** Multilayer 
SS ----- Stainless Steel 
cs Carbon Steel 

TABLE 2 
Accelerated Testing of Coueons 

Non-Selective Coatings including a Selective Paint 
'\ 

Visu.al 
Sub- Appearance Initial ' 21,S51 ly 156,270 ly* 42,307 ly 

Code Coating strate After Exposure Readings 7S Cycles of Emma 161 C;tcles 

~ E ,( £, tA £ ,A" ( 
45 Si/F-6331 Al Dark Grey; scrafohes 93.5 .04~: 90.5 .OS 93.0 .15 91.0 .15 
31 Fluoropolymer binder 

with special pigment Al -do- 93.0 .3S 93.5 .39 92.0 .43 
32 -do- Cu -do- 92.5 .39 94.5 .39 - 93.0 .43 
41 Nextel Cu Peel-off 94.0 .93 95.0. .90 97.0 .91 97.0 .90 
50 Nextel-SCS20S Al Edge peeling 97.0 .94 96.5 .91 96.0 .95 96.0 .90 
4S Silicone modified paint Al Micro cracks 94.0 .59 95.0 .62 94.5 .62 
49 -do- Cu -do- 94.0 .49 93.S .6S S7.0 .70 94.5 .61 
56 Baked Paint Al Dark grey• 92.5 .90 93.7 .92 92.0 .S7 
57 _Epoxy Al Dark grey 92.5 .S4 93.7 .90 S9.0 .91 
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SELECTIVE PAINT SCALE-UP DEVELOPMENT 

HONEYWELL, AVIONICS DIVISION 

PAUL B. ZIMMER 

DE~AC04-78CS14287 

OBJECTIVE 

The program objectives are 
to demonstrate large scale pro­
ducibility of a low cost, durable, 
thickness sensitive selective 
paint (TSSP) coating for flat 
plate solar collector panels and 
to optimize the optical prope~ties 
of the thickness insensitive 
selective paint (TISP) coating. 

DESCRIPTION OF·WORK 

The TSSP coatings require 
precise control of film thickness 
on low emittance.substrates to 

. achieve solar selectivity. These 
coatings produced for DOE (Ref. 1) 
offer hi9h selectivity Ca., = 0.92/ 
E = 0.10), lOW material C0St 
(1¢/ft2), good durability (20 year 
simulated exposure in a weathero­
meter) and high thermal stability 
(4500). 

Current development emphasizes 
large scale application techniques 
such as dip coating, electrostatic 
spraying, roll coating and printing 
to demonstrate production feasi­
bility while maintaining all the · 
properties of the coating from 
laboratory.size batches and appli­
cation techniques. Also investi­
gated are various manufacturing 
techniqµes for the coating and 
development of a sular Lape. 

The TISP coatings developed 
under a previous DOE program (Ref. 2) 
showed an a = 0.90 and e of 0.31. 
This was ac~ieved by incorporating 
aluminum pigment in the paint system. 
TISP coatings can be applied to any 
surface, including non-metallic 
substrates. The current program 
emphasizes the optimization and 
repeatability of the optical 
properties with a goal of achieving 
°s = 0.90 and E = o.·15, While TISP 
coatings are insensitive to thick­
ness, they are sensitive to appli­
cation techniques, thus character­
ization and engineering of the basic 

12-5 

optical. properties of the coating 
is under investigation. A computer 
program that takes coating surface 
finish and coating scattering into 
account will be used to help optimize 
the properties. 

TECHNICAL ACCOMPLISHMENTS 

Thickness Sensitive Selective Paint (TSSP) 

• Use of a low index coating (Dupont 
FEP Teflon) over the TSSP coatinq to 
reduce surface reflectance signifi­
cantly increasing solar absorptance 
by 3-4% while holding the increase in 
emittance to 3-4% . 

• Harshaw pigment was found to be 
equivalent to the Ferro pigment 
but causes gelling of certain binders. 
It has high solar absorptance, IR 
transparency, low refractive index, 
thermal stability and is easily 
processed into a paint coating. 

• Preliminary coating scale-up tests 
on the foil substrate have shown that 
the optical properties of the selec­
tive paint can be maintained under . 
production conditions. 

• SCR controlled IR ovens have been 
tested that will allow high speed, 
high temperature cure rates thus 
eliminating slow production web speeds 
and long oven cure times .. 

• A study of the effect of pigment 
volume concentration (PVC) and particle 
~ize on shelf life has provided 
coating solution stability information. 

• Large scale paint manufacturing 
techniques have produced TSSP 
coatings that exhibit optical properties 
comparable to those achieved with 
small laboratory batches. 

Jhitkries_~_ J.nserisitive Selective Paint (TISP) 

• A binder material has been identified 
for the thickness insensitive paint 
that will cure under ambient conditions 
yet.has the thermal stability necessary 
for flat plate solar collectors and 



passi~e solar ~pplications .. 
This binder is compatable with 
the pigment systems, exhibits 
good solution stability and has 
proven weather durability. 

• Low emitting leafing and non­
leafing metal.pigments were 
identified that are compatible 
with the TISP coating systems. 

• Various metallic pigments were 
studied with respect to par­
ticle size range, and materials 
identified that exhibited the 
best optical properties .. 

FUTURE ACTIVITIES 

Thickriess Sensitive ~elective Paint (TSSP) 

Post contract plans for commercial­
ization are under ·consideration. Li cen­
si ng of the patentable features of.the 
coating to solar collector manufacturers 
is being considered. 

Scale-up production of 10,000 
sq. ft. of coated aluminum foil along 
with 10.- 3ft x 6 ft aluminum test 
panels will be made. 

The environmental durability and 
material performance will be tes.ted 
under both accelerated and outdoor 
conditions. 

Develop an adhesive system for 
the TSSP coated aluminum foil that 
is able to withstand the stagnation 
temperature (4500F) of a flat plate 
collector with no outgassing or 
blistering. 

Jhickness Insensitive Selective Paint (TISP) 

The optical properties will be 
optimized with the goal of achieving 
as= 0.9 and E = 0.15. 

Work wi 11 . be done to decrease the 
dependance of the coating performance 
on the method of application. This 
is a major problem with TISP coatings 
and will be emphasized. 

Preliminary testing'will be done 
for passive solar system requirements. 
Items to be studied are ease of 
application by spray, brush and roller 
over various substrates. 

Experimental work wiil continue 
on the environmental effects and 
durability of the coating as they 
relate to material performance. 

REFERENCES 

l. R.J.H. Lin and P·.B. Zimmer, "Opti­
mization of Coatings. for Flat Plate 
Solar Collectors", Final Report for 
ERDA under Contract No. 
EY-76-C~02-2900, July 1977. 

2. W.D. McKelvey, P.B. Zimmer, R.J.H. 
Lin, "Solar Selective Paint Coating 
Development", Final Report for DOE 
under Contract No. DE-AC04-78CS14287, 
December 1979. 
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EVALUATION OF SELECTIVE SOLAR ABSORBER SURFACES 

LOCKHEED PALO ALTO RESEARCH LABORATORY 

STANLEY A. GREENBERGt AND RIOlARD A. OSIECKI 

DE-AC04-78CS 15361 

. In recent years the interest in solar energy 
and its associated technology has increased greatly. 
One of the expressions of interest is the relatively 
large number of surface finishes which are being 
used or developed for use as selective solar ab­
sorbers in solar collectors. These surface finishes 
vary from paints to electrochemically deposited 
coatings to evaporated and sputtered films. Con­
current,with the use or development of these surface 
finishes is the need to develop test methods to 
accelerate the in-use degradation of the finishes 
which is apparent primarily as the decrease in the 
solar absorptance of the finish. If an effective 
accelerated test method could be found, the devel­
opment of new long-term finishes would be accelerated 
and the selection of an optimum long-tenn finish of 
those currently available would be eased. The study 
reported herein is an effort to determine such a 
means of accelerated testing. 

The study is divided into two phases. Phase I · 
was the sampling and limited environmental exposure 
of a large number of current and developmental 
selective absorber surface finishes. Phase II, 
currently in progress, is the extended environment­
al ·exposure of surface finishes chosen from those 
of Phase I and the subsequent analysis of the de­
graded (environmentally exposed) and non-degraded 
finishes in an effort to determine the degradation 
mechanisms operative in the coatings. 

The surface finishes studied in Phase I are 
listed in Table I. Samples·of each were obtained 
from the listed suppliers in mid-to-late 1979 and 
exposed to the following environments: 

1. Humidity: . 95% relative humidity at 30°c for 
30 days. 

2. Thermal Cycling: -4o0 c to+ 12o0 c, 60 cycles. 
3. Ultraviolet Irradiation: 12,000 equivalent 

sun hoHrs (at ~ sun uv illumination operates 
at 120 C. 

4A. Humidity: same as 1. 
4B. Thermal Cycling: sam0 as 2. 
5. Temperature Soak: 250 C for 200 hours. 

One. set of samples was exposed to environments 
1, 2 and 3 sequentially and then split with half 
the set being exposed to environments 4A and the 
other half being exposed to environment 4B. A 
second set of samples was exposed to environment 5 
only. The solar absorptance and near-normal emit­
tance of the samples were determined and after each 
environmental exposure. 

The spectral reflectance of the surface fin­
ishes in Phase I was determined with a Cary 14 
and, later, Cary 17, spectrophotometer in the wave­
length range 0.3 µm to 1.8 µm. The total spectral 
reflectance for Air Mass (AM) 2 in this wavelength 

tcurrent Address: Aerojet ElectroSystems, Azusa.ea. 
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TABLE I. SURFACE FINISHES TESTED IN PHASE I 

1. Surface Finish: BLACK CHROME 

2. 

3. 

4. 

5. 

Substrates: Copper, Aluminum, Stainless 
Steel, Mild Steel 

Vendors: Olympic Plating Industries,Inc. 

Surface Finish: 

Vendor: 

Surface Finish: 

Vendors: 

Surface Finish: 

Vendor: 

Surface Finish: 

Vendors: 

Canton, Ohio. 
Highland Plating Company, 
Los Angeles, Ca. 
The Harshaw Chemical Company, 
Cleveland, Ohio 
(Mild Steel only) 

BLACK CHROME on nickel plated, 
copper. 

Berry Solar Products 
(Solarstrip), Edison, N.J. 

NICKEL-CHROMIUM OXIDE on 
nickel°.foil. 

Ergenics (Maxorb),Waldwick,N.J. 

CHROMATE CONVERSION 

State Industries, Inc., 
Ashland City, Tennessee. 

EVAPORATED COATINGS/ 
SPUTTERED COATINGS 

Optical Coating Lab., Inc. 
Santa Rosa, Ca. ( Evap. Coatings) 
Telic Corp., Santa Monica, 
Ca. (Sputtered Coatings). 

6. Surface Finish: PAINTS, thickness sensitive 
d11<l 11011-St:!rrsitive, silicone. 
and urethane based. 

Vendors: Honeywell, Systems and Research 
Center, Minneapolis, Mfon. 

7. Surface Finish: COPPER OXIDE on copper on mild 
steel . 

Vendors: American Heliothermal,Denver,Co. 

range was determined using a 20 point integration 
grid. This wavelength range was used because of 
equipment limitations at the start of the study. In 
Phase II the solar absorptance will be determined by 
a 20 point integration grid for AM l .5 and the full 
solar energy spectrum. The new means of integration 
results in an apparent solar absorptance between 
0.01 and 0.03 lower than that determined by the old 
method. The near nonnal emittance is determined 
with a Gier-Dunkle DB-100 reflectometer. 



Space limitations preclude the possibility of 
presenting all the data obtained in Phase I so only 
the optical properties of three of the surface fin­
ishes after various environmental exposures will be 
given. One finish exhibits optical property degrad­
ation typical of most of the samples and the other 
two exhibit the observed deviations from this typi­
cal behavior. The optical property degradation of 
all the surface finishes as a function of environ­
mental exposure is available in reference 1. 

Table II lists the change in optical proper­
ties of the Highland Plating Black Chrome finish on 
copper as a function of exposure to the various en­
vironments. This surface finish behavior was 
typical of·most of the surface finishes studied. 
The solar absorptance decreased by approximately 
0.03 while the emittance remained unchanged or de­
creased slightly. It should be noted that the 
change induced by the temperature soak induced 
changes comparable to those induced by the s equen­
ti al environmental exposures, while the humidity 
exposure had the greatest effect of the sequential 
tests. 

cycling and ultraviolet irradiation appear to have 
little influence on the degradation of the finishes. 
For this reason, the extended environmental exposure 
used in Phase II was chosen to be high humidity and 
relatively high temperature. · 

Phase II of this study is the exposure of 
selected surface finish0s (see Table IV) to 95% 
relative humidity at 90 C for l ,000 and 5,000 hours. 
The six finishes which show the greatest change in 
optical properties because of this exposure will be 
analyzed by scanning electron microscope, auger 
spectroscopy, secondary ion mass spectroscopy and 
other appropriate means. 

The g9als of these analyses are to determine 
the changes which have occurred in the finishes 
because of the environmental exposure and the sub­
sequent attempt to define the degradation mechanisms 
operative in the finishes. The samples of Phase II 
are currently in environmental exposure. It is 
anticipated that all the analytical work will be com­
pleted by the end of 1981 with a final report shortly 
thereafter. 

TABLE II. THE OPTICAL PROPERTIES OF HIGHLAND BLACK CHROME ON COPPER AFTER 
EXPOSURE TO VARIOUS ENVIRONMENTS 

Opt1ca1 Properties 
After Exposure to Environments* 

Sample Initial l* 1,2 1,2,3 1,2,3,4A l ,2, 3,4B 5 
a e: a e: a e: a e: a e: a e: a e: 

1 .962 .130 .963 .132 .952 .127 .932 .116 .926 .119 
2 .949 .120 .950 .118 .941 .107 .924 .094 .923 .094 
3 .964 .134 . 932 . 111 
* Environments are as indicated in the 3rd paragraph of this paper. 

'TABLE III. THE OPTICAL PROPERTIES OF THE CHROMATE CONVERSION AND COPPER OXIDE 
SURFACE FINISHES AFTER EXPOSURE TO VARIOUS ENVIRONMENTS . 

Optical Properties 
Ar Ler Exµu~ure Lu the Fulluwi11y E11viru1oner'rl~ 

Sample Initial l* 1,2 l ,2 ,3 l,2,3,4A l ,2 ,3,4B 
a 3 a e: a e: a e: a 3 a e: 

Chromate • 
Conversion 
l .830 .131 .816 .145 .800 .153 . 760 .175 . 771 .174 
2 .837 .136 .812 .145 .800 .159 .756 .171 .754 .168 

5 
a e: 

3 .834 .133 .782 .159 
Copper 
Oxide 
l .835 .131 .774 .179 .763 .186 .684 .153 .662 .184 
2 .828 .129 .732 .177 .723 .183 .673 .156 .679 .158 
3 .832 .134 . 745 .163 
*Environments are as indicated in third paragraph of this paper. 

Table III shows the optical properties of the 
State Industries Chromate Conversion surface finish 
and the American Heliothermal copper oxide/copper 
on mild steel coating. These two finishes showed 
the greatest changes in the optical properties of 
those tested. The solar absorptance of the chromate 
coating decreased from approximately 0.05 to 0.09, 
while that of the copper oxide coating decreased by. 
between 0 .10 and O .18. The emittance of both in­
creased by about 0.04. Once ·again, the temperature 
soak induced changes comparable to those induced by 
the multiple environment exposure and the humidity 
exposure had the greatest effect of the multiple 
environment exposures. 

The most severe degradation in selective 
solar absorber finishes was incurred by high humid­
ity and high temperature environments. Thermal 
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TABLE IV. FINISHES BEING TESTED IN PHASE II 

1. Black Chrome on aluminum by Olympic Plating. 
2. Black Chrome on copper by Olympic Plating. 
3. Black Chrome on copper by Highland Plating. 
4. Black Chrome on nickel plated copper by 

Berry Solar Products. 
5. Copper Oxide/Copper on mild steel by American 

Hel iothermal. 
6. Nickel-Chromium Oxide on nickel foil by 

Ergenics (Maxorb) 
7. Chromate Conversion Coating by State Industries 
8. Thickness Sensitive, Silicone based paint by 

Honeywell . 
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THE CORROSION RESISTANCE OF METALLIC SOLAR 
ABSORBER MATERIALS IN RANGE OF HEAT TRANSFER FLUIDS 

OLIN-METALS RESEARCH LABORATORY 

EDWARD F, SMITH III 

DE-AC04-81AL16222 

OBJECTIVES 

The objectives of this program are to gener­
ate long-term corrosion data applicable specifi­
cally to solar collectors; to test conunercially 
available heat transfer liquids with a variety of 
alloys currently used in solar absorbers; to 
establish the susceptibility of these metals to 
various forms of corrosive attack in each of the 
liquids; and to establish a correlation between 
laboratory corrosion data and the corrosive attack 
found in actual solar· collectors. 

DESCRIPTION OF WORK 

The experimental program is divided into two 
areas.. The initial part of the program will uti­
lize an Olin developed test procedure to evaluate 
the corrosion compatibility of four alloys with a 
wide variety of conunercially available heat 
transfer liquids. The metals to be used in this 
program are 1100 aluminum, 1010 low carbon steel, 
122 copper and 444 stainless steel. In addition, 
the program will examine the extent of galvanic 
corrosion between the following couples: 1010 
steel and 444 stainless steel, 1010 steel and 122 
copper, and 122 copper and 444 stainless steel. 

A six month exposure period will be utilized 
in this initial laboratory screening test. Sample 
withdrawals will occur at one, two, three and six 
months. In addition to recording the weight loss, 
all samples will be thoroughly examined for evi­
dence of localized attack. The experimental equip­
ment allows simultaneous testing of up to twenty 
different liquids. During the initial test, all 
four alloys will be contained in the same test cell. 
The following manufacturers are supplying either 
test liquids or additives for this program: Nutek, 
Nalco, Dow Chemical, Union Carbide, Olin, Sunworks, 
Bray Oil, Monsanto, Dow Corning, Sherman Williams 
and Climax Molybdenum. Additional heat transfer 
liquids will be evaluated as space becomes avail­
able. 

In addition to the six month screening test, 
the program will also use a limited number of 
actual solar collectors to examine potential cor­
rosion problems. The absorbers in these collectors 
will be fabricated from the four alloys used in 
the laboratory test. The test fluids will be 
selected from those which provided adequate corro­
sion protection in the laboratory test. The roof 
mounted collectors will be tested for at least one 
year. Data generated from periodic examination of 

· .the metals and fluids used in the collector tests 
will be compared to similar data from the labora­
tory test. 

TECHNICAL ACCOMPLISHMENTS 

This program was initiated in the first quarter 
of 1981 with the actual experimental program begin­
ning in the second quarter. As of the submission 
date for this paper, no technical data is available. 

FUTURE ACTIVITIES 

The data generated from this program will doc­
ument the corrosion susceptibility of absorber 
materials with a wide range of cominercially avail­
able heat transfer liquids. This information can 
be used by various segments of the solar industry 
(designers, installers, manufacturers, architects, 
etc.) to avoid specific conditions which favor cor­
rosion related failures. Efforts in this area 
should improve the reliability and maintainability 
of metallic components used in solar energy systems. 
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RELIABILITY AND MAINTAINABILITY PROGRAM 

SOLAR ENERGY RESEARCH INSTITUTE 

ANTHONY EDEN 

EG-77-C-01-4042 

OBJECTIVE 

The objective of this program at the Solar Energy 
Research Institute (SERI) is to accelerate the adoption of 
active solar energy systems in building applications by 
improving the reliability and maintainability (R&M) of 
installed systems. The project is designed to accomplish 
this by providing the latest information from research 
and development to groups with R&M concerns; by assist­
ing the indlstry in improving R&M; by assisting in design, 
manufacture, installation, and maintenance of reliable 
and d.trable systems; and by assisting in the development 
of codes and standards. 

DESCRIPTION OF WORK 

SERI has the lead managerial role in executing the 
Program Plan for Reliability and Maintainability in Active 
Solar Heating and Cooling Systems (DOE/CS/36010-0 l; 
Oct. 1980). As such, SERI developed a plan for attaining 
the objectives of the DOE program, concentrating on 
mlar domestic hot water (SDHW) and space heating sys­
tems. 

dhr, Inc., as a subcontractor, assessed the current 
state of R&M. This assessment illustrates the effects of 
existing programs in the Federal Government, universities, 
and indlstry. The subcontractor performed an R&M lit­
erature search and evaluated existing mlar R&D activities 
fer R&M application. Finally, they evaluated existing 
training, manufacturers, and design manuals for R&M 
content and quality. The National Solar Data Network 
(NSDN) program was reviewed to ascertain whether its 
present data and analysis are useful for R&M research. 
SERI proposed modifications of the data gathering system 
at selected sites. 

SERI recognizes a need to be able to assess the 
reliability of systems in the field and to troubleshoot 
failed systems. The Field Ass~ssment Coordinating Team 
(FACT) concept was developeCI. The FACT can go to a 
demonstration site and determine the performance of the 
system in a one- or two-day period. If a failure has been 
reperted, the FACT may take samples of materials for 
research in to the causes; The concept will apply first to 
SDHW and subsequently expand to space heating. 

Much of the emphasis in the R&M· Program is on 
materials research and development and R&M analysis. 
This portion of the program involves the coordinated 
efforts of SERI, Argonne National Laberatories (ANL), 
and Los Alamos National Laboratory. A laboratory 
method was developed for analyzing R&M data and prob­
lems encountered in the field. Using this method, causes 
of problems are discovered and mlutions are developed to 
prevent material failures. The development of formats 
for data and field data requirements allows a unified 
approach to R&M information. The R&M libraries of 
ANL and the National Bureau of Standards (NBS) were 
examined fer inclusion in a central library at SERI. · The 
NSDN databanks were also evaluated for R&M data. SERI 

researchers then prepared the output of the materials 
effort for transfer to the indlstry. ANL also participated 
through the development of the SDHW guidelines hand­
book, fluid corrosion test loops, atmospheric corrosion 
experiments, and site examinations and failure analysis. 

Workshops held at SERI and the four regional mlar 
energy centers (RSECs) brought together R&M experts 
from indlstry, the national laboratories, national agen­
cies, and universities to discuss the problems encountered 
in the field and to help SERI plan the program to solve 
them. Materials experts spent two clays discussing prob­
lems and their mlutions. The four regional R&M work­
shops gathered together manufacturers, installers, and 
designers for direct contact with the beneficiaries of the 
program. They discussed industry's requirements and 
offered suggestions for SERl's program and ANL's SDHW 
guidelines handbook. A product of these .meetings was 
the lndlstry Directory, a listing of the R&M experts in 
the different regions to enable less experienced members 
of indlstry to find guidance. 

Continued assessment and improvement of the tech­
nical training courses and manuals will enhance informa­
tion transfer to industry. The R&M Quarterly Bulletin, 
instituted in response to suggestions by workshop atten­
dees, provides direct contact with industry. It allows 
dissemination of current field data, analysis results,. 
information, meeting schedules, laberatory findings, 
expert opinions, and R&.M program status to the indlstry. 

The SERI Quality Assurance and Standards Branch 
is developing codes and standards and the R&M program 
supperts that activity through close coordination and 
assistance in developing draft standards or supplying data 
to the staff. The National Bureau of Standards works 
closely with SERI, supplying data and information from 
their R&M library and sharing their expertise. Members 
of the R&M group help local officials develop models for 
state legislatures to consider in the mlar energy applica-
tions fteld. · · - · 

SERI was requested to assist DOE/SAN in monitor­
ing the demonstration sites of the Western Region in a 
technical management role. DOE Headquarters a1so 
requested SERI technical monitoring of the sites formerly 
monitored by NASA. This activity allows the R&M pro­
gram to gain experience in field evaluation and to apply 
its expertise to actual system problems. The lessons 
learn~ are then relayed to indlstry through the Quarterly 
Bulletin. Fourteen western sites and two national ones 
were under SERI technical management by April 1981. 

TECHNICAL ACCOMPLISHMENTS 

• R&M kickoff meeting. Experts from indlstry, national 
laberatories, national agencies, and universities gath­
ered at SERI to offer their views on the program; its 
approach, goals, and objectives; and the best ways to 
impact the indlstry. 
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• Materials workshop. The experts in the materials 
res.earch and development field gathered at SERI for a.. 
two-clay intensive workshop to discuss the status· of 
materials in s:>lar energy systems and components and 
to guide the development of the reliability R&D effort. 

• Four RSEC regjonal R&M Workshops. Manufacturers, 
designers, and installers gathered in each region to dis­
cuss their needs and requirements and to review the 
ANL SDHW guidelines handbook. 

• Development of a corrosion sensor for collector sys­
tems. Rockwell Science Corporation studied corrosion 

·sensors to determine the most effective way to moni­
tor the corrosivity of a s:>lar collector system fluid. A 
monitor resembling a fuse was then developed and 
tested. 

• Assessment of current R&M conditions. Upon comple­
tion of a subcontract with dhr, hie.; SERI cons:>lidated 
the results and published an assessment of R&M for 
SDHW and space heating systems. 

• R&M Quarterly Bulletin. The first issue of this news­
letter prese11t~ the findings of the R&M progrAm to 
industry in a concise and timely manner. 

• Development and test of the Field Assessment Coordi­
nating Team (FACT) concept in the field environment. 
This team was sent to SDHW sites to compare recorded 
data with cla ta gathered by their nonintrusive, per table 
equipment and to evaluate the field procedures. 

• Evaluation of inexpensive thermogrophic equipment for 
use by the FACT. The least expensive thermography 
techniques in use today were applied to typical solar 
collector array systems to ascertain their effectiveness 
in system analysis and fault detection during reliability 

·evaluations and as a future maintenance tool. 

• Performance of fluid corrosion and atmospheric cor­
rosion research. A fluid test loop was operated to 
explore the corrosion characteristics of selected fluid 

·and metal combinations under the operating conditions 
of a solar energy system. Samples of collector 
absorbers were exposed at demonstration sites to 
determine their deterioration characteristics in 
different field environments. 

• Determination of the characteristics of typical solar 
collector parameters during system failure. This activ­
ity determined the least amount of monitoring required 
to wam the owner/operator of failure of a s:>lar collec­
tor array. 

• Modification of the NSDN to gather R&M data 
directly. The site data acquisition system was 
modified at selected NSDN SDHW sites to allow the 
gathering of reliability statistics and data for analysis 
of the performance and durability of current technol­
ogy systems and applications. 

• Development of the R&M library. A central library, 
consoliilitli11~ lliuse of NDS, ANL, and NSDN, wn& set 
up in the SERI computer to allow the technical com­
munity access to the data gatt)ered by the program in 
pAst And present efforts. This data and information 
may then be used to make informed decisions on sys­
tem configurations, component selection, material 
design, and maintenance schedules. 

• Development of R&M analysis methodology. The SERI 
Materials· Branch developed a method for evaluating 

· reliability from gathered samples of materials and 
system components IJ!'Uught into a laboratory from the 
field. · The re·searchers outlined the actions of an 
assessment team in the field examining a failed system 
to discover. the cause of the failure. Postmortem lab­
v1'illlA.'Y analysis techniquc3 were nloo developed. · 
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FUTURE ACTIVITIES 

SERI has developed a multiyear plan for DOE in the 
R&M area, expanding the FY 1981 effort in SDHW into 
solar heating and cooling (SHAC). The FACT will be 
expanded iflto SHAC and the commercial possibilities will 
be demonstrated by the use of inexpensive equipment, 
new techniques, new procedures, and technical personnel. 
Reliability R&D will continue to examine current tech­
nology, especially in SHAC. The fluid and atmospheric 
corrosion tests will result in improved understanding of 
the deterioration mechanisms of materials under tl')e typ­
ical operating conditions of s:>lar energy systems. The 
R&M Quarterly Bulletin will continue to relay the find­
ings of the R&M program and others to industry so that 
past mistakes can be avoided through technology trans­
fer. Continued scrutiny of controls and related problems 
will aid the development of more reliable systems and 
fault detection possibilities. The codes and standards 
activities will continue ·to be supported s:> that consensus 
committees and coding officials will have the most cur­
rent information available to them. 

PUB LlCA TIONS 

• Assessment of R&M Status (SERI) 

• R&M Quarterly Bulletin (SERI) 

• Reliability Research ·and Development Methodology 
(SERI) 

• SERI R&M Program Final Report, FY 1981 (SERI) 

• Ine ensive Therm ra hie Techni ues fot· Determinin 
Reliable Solar Collector Array Performance SERI 

• R&M Ind.lstry Directory (SERI) 

• DOE/SAN Demonstration Sites Quarterly Reports 
(SERI) 

• Reliability and Materials Design Guidelines for Solar 
Domestic Hot Water Systems (ANL/SDP-9) 



/ 

CONTRACT INFORMATION 

START DATE 1 Oct.1980 END DATE 30 Sept • .1981 CONTRACTVALUE_$_1.:....,2_9_;3,,_0_oo ______ __,. ___ _ 

MILESTONES 
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1. RSEC R&M Workshops; March 1981 

2. Assessment of R&M Status, April 1981 

3. Reliability R&M Methodology, June 1981 

4. R&M Quarterly Bulletin (No. 1), September 1981 

5. SERI R&M Program Final Report, FY 1981; Sep­
tember. 198 1 
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SOLAR COLLECTOR STUDIES FOR 

SOLAR HEATING AND COOLING APPLICATIONS 

SPRINGBORN LABORATORIES, INC. 

BERNARD BAUM, Ph.D. 

CONTRACT DE-AC04-78CS35359 

OBJECTIVE 

The project objectives are: to evalu­
ate weather-resistant, low-cost glazing and 
housing materials that will have a life­
time of up to twenty years under varying 
stress and high (300°F) temperature; to 
~~r~en surfarp ~tchini proce~ses and anti­
reflective coatings to reduce reflection 
losses and increase transmission of plastic 
glazing: to develop coatings and films for 
UV protection of plastics. 

DESCRIPTION OF WORK 

A nonglass glazing (or housing) and 
surface coating must withstand many years 
of outdoor weathering in a terrestrial 
environment. As new structural materials, 
plastics offer attractive opportunities for 
outdoor use. Like most organic materials, 
however, they are reactive to atmospheric 
oxygen, moisture, and light. Thus, in 
extended outdoor use they gradually deter­
iorate .by discoloration, loss of gloss, 
crazing, chalking, erosion, cracking, em­
brittlement, and loss of strength and ex­
tensibility. 

The problems of weathering are compli­
cated because of the multiplicity of condi­
tions which may be imposed. Conditions of 
exposure, the nature of the plastic and its 
formulation, and the performance require­
ments are all interrelated and must be con­
sidered in choosing a material for an 
application. · 

Since an ultraviolet absorber in the 
interior of the ~olymer m~y still permit 
attack on the polymer, it is desirable to 
apply a surface coating containing a hi~h 
concenrratio~ of ultraviolet absorber in a 
coating binder such as acrylic, which is 
relatively stable to weathering, to mini­
wize attack on the polymer matrix and 
enhance long term stability. 

An alternate approach to meet the pro-
·posed objectives of 20 year service life 
is the development of stable films con­
taining UV absorbers capable of protect­
ing the polymer sub~trate under adverse 
environmental conditions. 

The plastic glazing must have minimum 
reflectivity to allow the maximum percent­
age of solar energy to pass through to the 
collector. One way of achieving this is 
through use of an AR coating applied to 
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the glazing surface. 

TECHNICAL ACCOMPLISHMENTS 

Accelerated aging techniques were 
employed in a preselection process to 
optimize the probability of selecting 
canaidate materials for in depth evalu­
ation. Representative samples of the 
following generic classes of materials­
fluorocarb on, acrylic, polyarylate, UV 
stabilized polycarbonate and UV stabi­
lized crosslinked ethylene vinyl acetate 
copolymer - have shown little, if any 
deterioration after eight months on the 
EMMAQUA in Arizona. Thermoplastic poly- _ 
esters, including UV impregnated materi­
als, are degraded. (Table I) 

The following potential housing 
materials have evidenced no significant 
change in properties after one year's 
exposure on the Weather-Ometer: (FRP) 
Fiberglass-reinforced UV stabilized 

polyester and carbon black filled, 
peroxide crosslinked high density poly­
elhylene. (Table II) 

Several candidate fluorocarbon 
and thermoset polyester glazing materi­
als have withstood long term aging at 
150°C (simulating stagnation temper­
ature) without significant change. 

Acrylic coating systems con­
taining UV absorbers have.been developed 
to protect collector glazings. Three 
glazings - polycarbonate, acrylic homo­
polymer and glass scrim reinforced, 
peroxide crosslinked ethylene vinyl 
acetate copolymer ~ have been coated 
with these systems and are being sub­
jected to accelerated weatheri,ng as well 
as EMMAQl.JA exposure. (Table III) 

Methods of bonding UV screening 
polymer films to several polymer glaz­
ings have been developed. Under exteri­
or exposure polyvinyl fluoride film 
containing a UV absorber is promising as 
a means of protecting a less stable 
polymeric glazing substrate. Specific 
fluorocarbon films laminated as a top 
layer over peroxide crosslinked ethylene 
vinyl acetate copolymer shows little if 
any degradation after four months in the 
Weather-Ometer. (Table IV) 



Magnesium fluoride antireflective 
coating increased the light transmission 
characteristics of several plastic sheets. 

FUTURE ACTIVITIES/PUBLI~ATIONS 

This program has provided a selection 
of materials for solar collector glazings 
which under laboratory as well as actual 
service conditions have demonstrated 
successful performance. It has also 
provided a methodology for accelerated 
laboratory screening as well as correla­
ting field and laboratory results. The 
results of this program should assist 
manufacturers of solar collectors in 
selecting the optimum polymeric materials 
for their specific applications and in 
~eveloping lower cost glazing composites 
that would have long outdoor life. Tech­
nical presentations and publications will 
be prepared to provide a transfer of tech­
nology to the private sector. 

TABLE I 

WEATHER RESISTANT(!) 
POLYMERIC GLAZINGS 

Material 

Tedlar 400-XRB160SE 
PFA 

Chemical Nature 

Fluorocarbon 
Fluorocarbon 
Fluorocarbon 
Thermoset Polyester 
Thermoset Polyester 
Polycarbonate 
Acrylic 
Polyester/Acrylic 

Halar 500 
Filon 558 
Sunlite Premium II 
Tuffak CM-2 
Plexiglass V-811 
Flexigard 7410 

EVA 
Laminate 

Crosslinked Ethyl­
ene Vinyl Acetate 
Copolymer 

(1) Eight months under EMMAQUA 

TABLE II 

WEATHER RESISTANT(!) 
POLYMERIC HOUSING MATERIALS 

Fiberglass Reinforced, U.V. 
Stabilized Polyester Sheet 

Carbon Black Filled, Crosslinked 
High Density Polyethylene 

(1) One year in the Weather-Ometer 
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TABLE III 

ACRYLIC COATINGS - UV STABILIZATION SYSTEMS 

Substrates 

Polycarbonate 
Acrylic 
Crosslinked EVA 

UV Absorbers 

Benzophenone 

Benzotriazole 
Oxalic-Anilide 

Acrylic Coatings 

Latex - Thermoset 
Solvent - Thermoset 

Solvent-· Thermoplastic 

Antiox·idants 

Distearylthiodipro-
pionate 

Hindered Phenolic 
Isocyanurate 
Phosphite 

TABLE IV 

PROMISING LAMINATES AFTER 

FOUR MONTHS IN THE WEATHER-OMETER 

Substrate Cover Film Adhesive 

EVA(l) Tedlar . · ·Lupersol 101 <2> 
100-XRB160SE(J) 

EVA Halar 
500(4) 

Lupersol 101 

(1) Peroxide cro~slinked ethylene Vinyl 
acetate copolymer 

(2) Peroxide 
(3) Polyvinyl fluoride 
(4) Ethylene/chlo~otrifluoroethylene 



CONTRACT INFORMATION 

START DATE October 1978 END DATE August 1981 CONTRACT VALUE $177 535 
~~~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

1. Complete i;heet weathering exposure 

2. Evaluate crit i cal properties 

3. Complete EMMAQUA exposure 

4. Develop UV protective coatings 

5. Complete weathering of coated glazings 
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DEVELOPMENT OF SELECTIVE SURFACES . 

TELIC CORPORATION 

Dr. JOHN A. THORNTON 

DE-AC04-80AL13116 

OBJECTIVE 

The goal of this program is to develop the 
materials and technology for producing inexpensive 
and durable solar selective coatings in a contin­
uous or semicontinuous mode on plates or metal 
strips, by means of pla~ar magnetron sputtering. 
An important adjunct to this goal is the prepara­
tion of continuously coated strip to be provided 
to interested manufacturers for the fabrication of 
collectors and tested in the field by firms working 
in the solar industry. 

DESCRIPTION OF WORK 

In a previous program metal/oxide layered coat­
ings of the Al203-Mo-Al203 (AMA) type, with hemi­
spherical absorptances (Ot) of "'0.95 and room tem­
perature emittances ( €) of "'0. 07, were deposited 
onto Mo-coated stainless steel flat plates and 
tubes by sputtering, (1) Cylindrical-post and cy­
lindrical-hollow magnetron sputtering sources were 
used. An Al 2o3 diffusion barrier was used between 
the stainless steel and the Mo low emittance base 
layer. Coatings were deposited with thP A12n3 
layers formed by direct rf sputtering from alumina 
targets and by reactive sputtering from Al targets. 
The AMA coatings with direct rf sputtered Al203 
layers appeared to be stable (no change in ()( after 
-vlO hrs of testing) to SS0°c in air and to 700°C 
in vacuum. By contrast, similar coatings ·with Al203 
layers formed by reactive sputtering were stable to 
about 300°c in air and to about 400°C in vacuum. 
The feasibility of continuously coating metal strip 
was demonstrated. 

Planar magnetron sputtering sources of the 
type shown in Fig. 1 are particularly attractive 
for coating flat plates and strip in a continuous 
or semicontinuous manner. Sputtering occurs from 
the cathode surface region underneath the loop of 
magnetically confined plasma. The magnetron sources 
can be scaled to long lengths (several m). The 
emission of sputtered flux is uniform along the 
length. Strip or plates are generally, passed ih 
front of the sources in a direction perpendicular 
to the long axis of the plasma loop. Several 
sources can be placed in series to deposit multi­
layer coatings or to build up coating thickness. 
Large in-line planar magnetron coating facilities 
are used, for example, to coat (2m x 3.Sm) sheets 
of architectural glass at production volumes up to 
about 106 m2/yr. (2) 

EXBCURRENT 

FIG. 1 Schematic illustration of planar magnetron 
sputtering source. 

The present program addresses the application 
of planar magnetron sputtering for the continuous 
or semicontinuous deposition of AMA type coatings 
onto plates or metal strip. It recognizes the 
potential importance of reactive sputtering (which 
is less costly to scale to large coating facilities) 
as a method for depositing low cost coatin~~ of hill:h 
optical quality for medium temperature collectors, 
as well as coatings with rf sputtered Al203 for 
higher temperature applications. Thus work on the 
project is being carried out in four basic areas. 

One task is to investigate materials other than 
Mo for the metal layer, in order to achieve improved 
thermal stability in air. Materials for use with 
both reactive and rf-sputtered Al203 are being exa­
mined. The objective is to find materials that 
yield increased lifetimes under hot oxidizing con­
ditions up to S00-600°c and at lower temperatures 
(lQQOC) in wat·er. Previous work has examined the 
stability of various dielectric-metal-dielectric 
coatings for high temperature applications in vacuum, 
but not in air, (3) In a preliminary evaluation on 
the present program Cr, Ni, and Pt have been select­
ed for examination along with additional work using 
Mo ; The apparatus shown in Fig, 2, which incorpor­
ates a multi-substrate holder with three planar 
magnetron sputtering sources, is being used for the 
basic material studies. Figure 3 shows the hemi­
spherical spectral reflectance of an Al203-Cr-Al203 
coating on a Cr-base layer with reactively sputtered 
Al203 layers. Coatings of this tube were st11ble in 
five-day humidity tests at 9S°C and . 95% relative humi 
dity, but degrade<l . at ·300-3so0 c in air. AJ:20'.rCr• 
Al2o3 coatings, with direct rf-sputtered Al203 layers, 
appear to be stable to higher temperatures (at least 
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450°c) as was the case for the Mo coatings. Figure 
4 shows the spectral reflectance for an Alz03-Pt­
Alz03 coating with rf sputtered Alz03 layers. Coat­
ings of this type have yielded 0< = O. 93 and € (20) • 
n.08 and were stable in the humidity test and in air 

p to 600°c. (4) Pt/A12o3 coatings show promise for 
~chieving high thermal stability, with reactive 
sputtered Al 2o3 • (5) 

,LAHAR MAGNETRON 
PUTTERING SOURCES 

8'\JTIEft 
CLE AH I NO 
ELECTROOE 

Cr TARGET 

FIG. 2 Experimental apparatus used to test new 
materials. 
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A second objective is to investigate methods 
for improving the performance of planar magnetron 
sputtering sources when driven by rf methods for 
the purpose of sputtering Alz03. The objective of 
this task is to demonstrate deposition rates (500 
R/min or more) that would facilitate continuous pro­
cessing. Deposition rates of about 150 R/min have 
been achieved. However, problems of target cracking 
have been encountered at high power levels. Work is 
continuing. 

A similar objective is to investigate methods 
for increasing the rate of aluminum oxide reactive 
sputtering. The objective of this task is to demon­
strate rates of 2000 R/min (3.33 nm/s) or more. The 
problem encountered in reactive sputtering is that 
increasing the rate of Oz injection to a value suf­
ficient to cause a stoichiometric Alz03 coating to 
form on the substrates, also causes an oxide layer 
to form on the cathode. The development of such a 
poisoned cathode causes a sharp decrease in deposi­
tion rate. Experiments are being conducted using 
the apparatus configuration shown in Fig. 5, which 
attempts to separate the sputtering process from 
the substrate reactions and therefore to avoid, 
cathode poisoning under conditions where stoichio­
metric coatings are deposited. Deposition rates of 
about 1000 R/min have been achieved, but the coat­
ings are non-stoichiometric. 

REACTIVE GAS 
INJECTION 

PLANAR MAGNETRON 
Al TARGET 

SNll&O 

FIG. 5 Experimental configuration used for reactive 
"rnttPring st11niP.s. 

A final task will investigate the continuous 
deposition of AMA type coating onto moving strip by 
means of the sinrultaneous operation of three planar 
magnetron sputtering sources. The apparatus that 
has been designed for this task is shown in Fig. 6. 
The apparatus ·is designed to coat 6 inch wide strip 
up to about 200 feet in length. An important aspect 
of this task is to provide coated copper or aluminum 
strip to interested manufacturers for fabrication 
into collectors and testing. 

TECHNICAL ACCOMPLISHMENTS 

eAn experimental apparatus (Fig. 2), which com­
.bines a heatable substrate holder with three 
planar magnetron sputtering sources and provisions 
for substrate sputter cleaning, has been designed 
and fabricated for use in testing new material 



combinations (4). 

eAn experimental apparatus (Fig. 6), which will 
permit the continuous deposition of AMA type coat­
ings onto moving strip by means of the simultan­
eous operation of three planar magnetron sputter­
ing sources, has been designed and is under con­
struction. 

eAMA type coatings with high absorptances ( lX ..v 

O. 95) and low emittances (€."'0.1) have been demon­
strated for both Cr (Fig. 3) and Pt (Fig. 4) M­
layers. The effectiveness of Mo M-layers was 
demonstrated in previous work. Coatings with 
thin (-5 nm) Pt/Al203 M-layers show promise as a 
configuration that might provide high thermal 
stability with low-cost reactive sputtered Al203 
layers. 

FIG. 6 

A'203 
REACTIVE 
SPUTTERING 
STATION 

Al203 
REACTIVE 
SPUTTERING 
STATION 

SPUTTER 
CLEANING 
n~cTR9DE 

STRIP (Al , Cu) 
150mmWIDE 

Apparatus for continuous coating of strip. 

FUTURE ACTIVITIES 

ContTact activities. Progress during the first 
few months of the project was delayed by the avail­
ability of equipment. Work is now proceeding. A 
no-cost contract time extension will be requested 
to recover time lost in the early delays. 

Post-Contract activities 

Sputtering offers the potential for providing 
stable high quality selective surfaces which can be 
deposited at low costs when production volumes are 
high. The present program is designed to answer 
critical questions concerning the required appara­
tus configurations and therefore the needed capital 
investments. Future plans call for interacting 
with commercial suppliers to identify those cases 
where the projected production requirements will 
justify large scale deposition of low cost sputter­
ed coat in gs. 
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STUDIES FOR PREDICTABLY MODIFYING THE OPTICAL CONSTANTS OF DOPED INDIUM OXIDE FILMS 

TUFTS UNIVERSITY, DEPARTMENT OF ELECTRICAL ENGINEERING, MEDFORD, MA 02155 

PROFESSOR RONALD B, GOLDNER 

DE-AC04-7.&CS35307 

OBJECTIVE 

Correlate the wavelength dependence of the 
optical constants of polycrystalline films of 
doped indium oxide with ·structure, composition, and 
thermal history, and arrive at a useful.model of 
the electromagnetic behavior of doped.indium oxide 
so that one could predictably modify its optical 
constants and those of related metal oxides. 

BACKGROUND 

Generally, photothermal absorbers and photo­
voltaic cells are fabricated from substances (e.g., 
Si) with a relatively high solar spectrum refrac­
tive index (e.g., nSi - 3 to 4). Consequently, 
there is a need for an antireflection (AR) coating 
to minimize the considerable reflection loss (e.g., 
RSi - 35%). Furthermore, to prevent loss of heat 
by radiation in the thermal infrared it is 
necessary to have high purity, defect free, (and 
therefore costly),material to ~void free charge 
carrier absorption - or emission, per Kirchhoff's 
radiation law. At Tufts [1,2], it was shown that· 
a tin-doped indium oxide coating is a good candi­
date for providing both AR properties as well as 
high thermal infrared reflection (TIRR)[Ref. l]. 
Additionally, it was shown that the properties of 
such a coating were relatively independent of 
coating thickness, of angle of incidence of radia­
tion, and of temperature (for T <. 500°C). Finally, 
such a coating could also serve as a transparent 
electrode for photovoltaic solar cells. · Several 
questions rem~ined: (1) to what practical extent 
could one modify, by composition changes (doping), 
the solar spectrum optical constants of such 
coatings and still maintain the high TIRR, allowing 
one to fabricate a graded index coating with nearly 
ideal AR/Tll<l<.; (2) could onl:! achll:!Vli! compositiuu 
changes by an economical spray pyrolysis process; 
(3) would stoichiometry changes (by oxidation or 
reduction) drastically alter the optical constants; 
and (4) could one arrive at a model(s) sufficien­
tly useful to enable one to predic.t the effects on 
the optical constants of composition changes? It 
was the objective of this project to answer these 
questions. 

SUMMARY 

The studies have demonstrated that composi­
tion changes, and particularly cation doping, 
could be achieved. This has been accomplished 
for 9 dopants by a simple and economic spray 
pyrolysis·process. the refractive index at 633 nm 
wavelength (n633) can be modified by such doping -
~633 changes of $ 5% occur for dopant concentra­
tions $ 20 mole percent (the size and sign of the 
change being a function of the dopant). Oxidation 
and reduction anneals likewise result in modifica­
tions in n633 • 
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Two very useful optical measurement techniques 
have been developed to precisely and sensitively 
measure the relatively small changes in refractive 
index, as well as to otherwise optically evaluate 
the films; and two useful phenomenological models 
have been developed to understand the effects of· 
composition changes. 

TECHNICAL ACCOMPl..TSHMF.NTS 

e Cation dopants (Al, B, Bi, Cd, Fe, Sb, Sh, Zn, 
Zr) can be incorporated into indium oxide coatings 
by a simple and economic spray pyroly.sis technique. 
Concentrations ~ 25 mole percent have been readily 
achieved by this technique. 

• n633 has been modified by cation doping by 
spray pyrolysis, with. the largest changes occurring 
for bismuth doping (2o'% Bi+ 6n633 := -+-0.11), and 
for boron doping (16% B + 6n6 33 = -0.11). 

TABLE 1 

",C,::IEL fl PRilllCTl~iS NID CC:-'71.iHSC::S 

~(),"IA:;f l :;~~.;"" \ OO?AHT j~•ILISnE~~\cr:o ~'iASURED 

I~' ! cc::mHAATIC,: ! OXIDE \ g~~~~T "DIO "DIO 

::c DC?~" I· .. i 1.,01 I 1.10 1 2.10 2.03-2.JO 

al• i 0.16 ! 820; j L'G 
11.97 

J.~9 
I ! 0.7ll 1 • I 1.6 LS 

I 
i 

h". I 0.20 IF<2~ 12.se I 2.22 2.12-2.11 

a,.>· i 0.20 1 812~ 1 i.s1 I 2.18 2.21 

111•· I o.zo /s'i~ I 2.C3J I 2.011 2.08·2.125 ' . 

1••'' I 0.20 1•·2~ : l.£:5 I 2.00 2.061-2.075 

IS•'' IO.JO Is: ei 
: 2.113 I 2.09 2.1!2 

I ' ! • ! 0.15 ·! I 2.os l.7 

l z~~· ! 0.01 I z, Di 'z.:1 I 2.IC 2.05 

lc,2• I 0.20 (D 0 ! l.'I I 2.19 2.07 

\al·.s,.2• i 0.10.0.10 ·: I 2.02 2.0 

i : c.so.0.10 · j l.6E l.8• 

~f' I o.2!1 lo 0 11.w I 2.111 I 1.98 I 

e · n633 has been found to be insensitive to 
oxidation or reduction anneals, for temperatures 
$ 450°C and for anneal times $ 100 mins. For 
times~ 2 hours, however, changes.in n633 of approx­
imately 10% or larger are observed, for anneal 
temperatures 400-450°C. Such changes are revers­
ible: a decrease caused by a reduction anneal can 
be reversed by an ox~d~tion anneal, restoring the 
original n6 33• 

e A very precise and sensitive refractive index 
·measurement technique, the prism-coupled optical 
waveguide technique [4] has been developed. 

e A very precise· and sensitive reflec.tion vs. 
angle. mea51.• r.em1m t technique, the B•ews ter-Abeles 
technique [S] has been developed for spatially 
mapping the refractive index. 



e Two different local polarizability models 
have been developed and both yield good fits to the 
n633 data. Model A estimates the polarizability of 
-a composite oxide by weighting the polarizabilities 
of each oxide molecule according to the percentage 
of each, using the Clausius-Mosotti relationship 
[6]; Model B estimates the polarizability of a 
composite oxide by weighting the polarizability of 
each constituent ion both according to the rela­
tive percentages of each ion as well as by the 
relative local electric fields at each site, 
Model B has been useful for estimating the polar­
izabilities of the 9 cation dopants studied, and 
for estimating the relative local fields in the 
dopant cation oxides. 

CATION DOPED CASE: 

~~: ~)= 47TN 
-3-

n Refractive Index. 

l/N Volume per "Molecule". (~) 3 

A. 
1 1 

= Polarizab.ility of. Molecule. 
-~o ecu e ( ) 0 3 e.g., of In2o3 (A) 

W Combined stoichiometry and local electric 
C field weighting factor at catiai.site. 

0 3 
AC Polarizability of cation.(Al 

Table ·2. !i•id•·I t: 1.11lim1th·1J of CtJlbr1 h.olhrizubilhies ( .... 
0

) and loc.'.ll field \.'eirhtins 

J',:u:turs (w
0

) in Dopant Oxides Obuined from Refractive Index (n
010

) !ieasure­

ments of Doped Indium Oxide (DIO) Film. Oxygen Polarizability, 

G: + 

n 

nl 

n2 
x 

1 - x 

ao -i.s <~>JC.a>. 

Measured DIO Published Oxygen Est, 31"eported 
0

010 
Lattice Average Weishting o

0
(A) Cation 

Dopant (:!:. .OOS) Const (A) Dopant rr dopant Factor v0 (lbb Pol!r~zab. 
Cation Concen-

Oxide 1n Dopant VD 
Dopant tration (633 nm) (:!:. .oos. oxide 

·Oxide 
vork) Q

0
(A) 

UNDOPEt - - - 2.09 10.10 In
2
o

3 - - - 3 0.56 6.SCc) 
In20J 

6.S 

Cd2+ 0.20 2.07 10.13 CdO 2.49 1 0.69 s. 7 0.8-4.59 

Zn2+ 0.20 1.98 - - - ZnO 1.97 l 0.84 1.59 1. 7-3. 28 

Ail+ 0.20 2.01 10.09 A1203 1.65 1. 33Cbl 0.56 3.02 0.05-3. 83 

Sbl+ 0.20 2.08 10.18 Sb203 2.09 3 1.18 6.14 6. 74 

Bil+ 0.20 2.21 10.18 81203 2.44 3 o. 79 11.4 4.8 

83+ 0.20 1.99 9.99 8203 1.46 l.95(b) 0.56 2.11 0.003-1.59 

Fel+ 0.20 2.12 10.01 Fe
2
o

3 
2.88 3 0.53 8.07 - - -

Sn4+ 0.15 2.08 10.12 Sn02 2.03 2 0.26 ~.02 

zr4+ 0.04 2.07 10.11 Zr02 2.18 2 0.79 2.48 0.37 

±-01 

(•) the reported valuea for a • o.s to J.2 (A) 3 • 
0 • 3 

(b) To avoid n~gative valuu of v 0 , yet retain a
0 

• l.S (A) , ve ~ that vD vu the 
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2
o

3 
(0.56), and computed v

0 
for u 2o3 

and e 2o3• ?bia could have been 
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iD these tvo oxidea. 

0 • 3 
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POLARIZABILITY MODEL A 

~ x(n2 - 1) (n2 _ J -~-- + (1 - X) -f-
2 n

1 
+ 2 n2 + 2 

(1) 

Comb"ined stoichiometry and local electrfc 
field weighting factor at anion sit~. 

Polarizability of anion. (A) 3 

Polarizability of cation dopant. cA) 3 

Fractional mole concentration of cation 
dopant (= [dopant]/{(dopant]+[cation]}). 

refractive index of composite 

.. refractive index of component 

refractive index of component 

fractional mole concentration 
component 1. 

fractional mole concentration 
component 2. 

POLARIZABILITY MODEL B 

system. 

1. 

2. 

of 

of 

• A characteristic matrix program has been 
developed to predict reflection or· transmission as 
a function of angie and wavelength, and is partic­
ularly useful for antireflection and heat mirror 
coatings. 

POST CONTRACT ACTIVITIES 

UNDOPED CASE: (2) 
1. Attempts will be made to use the prism 
coupled optical waveguide technique to measure th1 
extinction coefficients of thin films and to 
extend the measurement capability to films of 
arbitrarily small thickness. 

~2 - 1\ 07TN\..__ ( 47TN) . 
\~ )= \.-3-} Molecule= -3- W~c 
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2. Attempts will be m~de to establish and evalu­
ate two different techniques for detertnining 



arbitrary optical constants profiles. 

3. Attempts will be made to spray deposit thick, 
highly te~tured DIO films and determine the appli­
cability of such films as selective absorbers. 

2. 
3. 
4. 

5. 

6. 

7. 

8. 
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IMPROVED SOLAR COLLECTOR SEALANTS 

WESTINGHOUSE ELECTRIC CORPORATION 

MORRIS A. MENDELSOHN, LAWRENCE W. FROST 

DE-AC04-78CS15362 

OBJECTIVE 

To study properties of several possible solar 
collector sealants, and choose the best candidates; 
to study the effects of breathing in flat-plate 
thermal solar collectors; to improve long term 
performance of best candidates by chemical modifi­
cations and by reformulation. 

DESCRIPTION OF WORK 

This investigation has two phases. In Phase 
1, data were collect·e9 from manufacturers and from 
the technical literature on the endurance of Class 
PS (preformed seals and gaskets) and Class SC 
(sealing compounds) elastomers under service condi-

" tions. Environmental stresses evaluated experi­
mentally were: elevated temperature, moisture, 
ultraviolet light, ozone and oxygen, and fungus. 
Compression set, tensile properties, hardness and 
weight loss (condensable volatiles) were chosen as 
the major criteria of thermal stability. The 
effects of design, fabrication, materials, sealing 
techniques, and absorber plate coatings on the 
durability of solar collectors were also investi­
gated. Phase 2, which started in Oct., 1980, 
includes a synthetic program to improve the proper­
ties of the best materials chosen in Phase 1, by 
modifying their chemical structures. The search for 
and testing of new elastomeric candidates as they 
are offered by suppliers, is continuing, with 
emphasis on cost effectiveness. 

TECHNICAL ACCOMPLISHMENTS 

I An extensive literature survey followed by labo­
ratory screening tests was used to select Class 
PS (preformed rubber seals) and Class SC (sealing 
compounds or caulks) elastomers for laboratory 
testing of their performance under .the harsh en­
environment of a thermal solar collector cell. 

I Although none of the PS elastomers tested was 
found to be entirely satisfactory, a fluorocarbon 
(Viton) displayed the best durability and thermal 
stability overall. The silicones were second 
best. The fluorocarbons exhibit excessive low 
temperature compression set, which could be a 
serious problem in areas having cold winters. 
The silicones show poor resistance to compression 
set on thermal aging. The fluorocarbon is much 
better in this respect, but still has undesirably 
high values. 

I The polyacrylate and acrylic copolymers and one 
of the ethylene-propylene terpolymers· (EPDM -
Nordel) were the best of the intermediate temper­
ature elastomers. Except for resistance to com­
pression set, these materials were inferior to 
the silicones in thermal stability. The other 
EPDM .compounds and butyl rubber were considerably 
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inferior to these three compositions. Figure 1 
shows compression set aging data. 

I The only Class SC compositions which retained· 
moderate physical integrity on thermal aging were 
the silicones. Studies showed that the Class SC 
elastomers generate considerably more volatiles 
(and condensables) during thermal aging than do 
the Class PS elastomer·s. 

I Five collectors, which had been in service at 
three different locations, were examined with 
regard to their design and quality of fabrica­
tion. A typical solar collector design is shown 
in Fig. 2-. Problems observed consisted of corro­
sion, glaze deposits, and degradation of sealants 
and absorber plate coatings. Only one of the 
collectors appeared to be in very good corldition. 

I Synthetic modifications of silicones and fluoro­
elastomers, involving bulky substituents, occa­
sional rigid linkages, interpenetrating networks 
of other polymers, and use of unconventional 
crosslinking methods, are being explored in order 
to decrease siloxane bond interchange and fluoro­
carbon chain crystallization, thought to be the 
cause of excessive compression set and emission 
of condensable volatiles. Siloxane diamines and 
diphenols have been synthesized for use as f luo­
roelastomer crosslinkers and chain·separators. 

I The elastomers listed in Table 1 (all different 
or improved versions of those evaluated in Phase 
1 of this project) were acquired at the beginning 
of Phase 2. They were tested for tensile 
strength, modulus, elongation, hot and cold com­
pression sets, volatiles, and hardness change, 
according to the proper AS'.l:M methods. Only three 
of the materials failed any test, and that was 
low temperature compression set. These results 
show that the industry has independen.tly upgraded 
the pertinent properties of the materials 
designed for solar collector use. 

FUTURE ACTIVITIES 

Develop sealants which exhibit improved long 
term stability. This is exemplified by low com­
pression set, low volatile loss and high retention 
of original·physical properties on prolonged expo­
sure to the environmental conditions encountered 
by the collector. 
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IAB1.U 
. SOLAR COLLECTOR MATERIALS 

POLYkER SEAL MATERIAL 
J.I1I! pAU IlU GBAQfi SUPPi lfB 

1 EPD" ~s v1sTALON qoq ExxON Co. 
2. NoRDEL 1070 DuPONT Co. 
3 EPSYN 4506 COPOLYMER Co, 
4 EPCAR 545 B.F. GooDR_ICH 

5 EPCAR 585 
6 ROYALENE 580HT UNIROVAL 
7 ACRYLIC CYANACRYL R AMERICAN CYANAMID 

8 HYCAR 4054 B.F. GOODRICH 
9 ETHYLENE ACRYUC VAMAC B-124 DuPONT 

10 FLUOROELASTOllERS VITON AHV 
11 FLUOREL 2179 31'1 Co 
12 SILICONE TuFEL SE-845 GE 
13 SE-7603U 
14 SE-3715U 
15 SC 1576LV 
16 160-3-381 
17 PS SILASTIC ]q7U nuw Cuftntn\I 

18 SILASTIC 745U 
19 SC ms 
20 mo 
2.1 795 
2.2 738 
23 SllS951 SllS Co. 
24 PS SWS7162U 
25 CHLOROBUTYL 1066 ExxON 

CONTRACT INFORMATION 

STAFITDATE Sept. 25, 1978 END DATE May 31, 1982 CONTRACT VALUE $368,631 
~~~~~~~~~~~~~~~~ 

MILESTONES 
Item: Due date: 

' 1. _m - Final Report, _First Phase (Sept. 1978-Dec. 1979-). Dec. 1979 

2. p - Semi-annual Report, Second Phase (Sept. 1980-May 1982-). May 1981 

3. 

'4 • 

. 6. 
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