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FOREWORD 

The Lockheed Miss i l e  and Space Company, Inc. (LMsC) toge ther  with corpora te  

team members and subcont rac tors ,  has completed Task 2, Phase I ,  of t h e  Power 

System Development (PsD-I) p ro j ec t .  This repor t  presents  the r e s u l t s  of an 

eight-month study perfirmed f o r  t he  United S t a t e s  Department of Energy, 

Divis ion of Solar  Energy, under con t r ac t  EG-77-C-03-1568 and cons i s t s  of:  

Conceptual design of a  50-MW(e) Commercial p lan t  s i z e  Power Module 

(CPM) 

Prel iminary design of a  10-MW(e) Modular Applicat ion Power System 

(MAPS 

Prel iminary design of Heat Exchanger Test A r t i c l e s  (HETA) 

The corpora te  team members were: 

Lockheed E lec t ron ic s  Co., (LEC), Houston, TX 

Lockheed Shipbuilding and Construct ion Co., (LSCC), S e a t t l e ,  WA 

The subcontractors  were: $ 

ALRCO Cryogenics, Newport Beach, CA 

Bechtel National Inc. ,  (BNI), San Francisco,  CA 

Fos te r  Wheeler Energy Corporation (FWEC), Livingstone, N J  

Rotoflow Corporation, Los Angeles, CA 

This r epo r t  p resents  a  technica l  desc r ip t ion  of the  closed cycle  ammonia power 

system modules derived f o r  a re ference  sur face  platform i n  an immersed config- 

u r a t i o n  (with two v a r i a t i o n s )  a s  wel l  a s  an a l t e r n a t i v e  power system incor- 

porated i n t o  a  submerged detachable module. 
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LMSC-D '-30248 b' 

The complete report consists of the following volumes: - 

Volume f - preliminary Design Report LMSC D-630248 

Volume I1 - Appendixes: 
Appendix A. System Analysis and Performance (computer 

Runs, Sanoitivity Analysis, Indfvfdual 
. Studies ~tc.) 

Appendix B. System and Component Specs for TA and 10 MW 
Drawings 

Appendix C. General Arrangements Envelope, Flow, Piping, 
Subsystem, Etc.(~tructure Analysis, Stability 
Ai~al~sis) 

Volume I11 - Appendixes: 
Appendix D. System Equipment (~ardware Breakdown, 

Equipment Tables Maintenance and S~~pport 
~quipment ) 

Appendix E. Heat Exchangers Supporting Data 

Appendix F. Sotating Maohincry 

Volume IV - Appendix G. Ammonia Cycle and Auxiliaries 

Volume V - Appendixes: 
Appendix H. Electrical Power 

Appendix I. Control and Instrumentation 

Appendix J. Module Assembly 

Appendix K. Cost Reporting Tables 

iv 
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APPENDIX D 

SYSTEM EQUIPMENT 

CONTENTS 

D l  Hardware Breakdown S t r u c t u r e  

D2 10-MW(e) Hardware L i s t i n g  

D3 L i s t  o f  Support  and Maintenance Equipment, Tools and Spare  P a r t s  

D4 . S a c r i f i c i a l  Anodes 

D 5  M.A.N. Brush 

D6 Alc lad  3004 Data 



APPENDIX' Dl HAEDWARE BREAKDOWN STRUCTURE ' 

POWER SYSTEM HARDWARE RESPONSIBILITIES . 

1. HEAT EXCHANGERS . . 

1.1 . . E v a p o r a t o r  

1 . 2  Condenser  . 

1.3.  M i s t  E x t r a c t o r  (Note 1) 

2 .  SEAWATER SUBSYSTEMS (Pumps & d u c t s  . 
, . Connec t ing  t o  Heat Exchanger)  

2 ,I Warm Water (Note 2) 

. . 

2 .2  Cold Water 

3 .  TURBINE GENERATOR ' 

3.1 T u r b i n e  (With speed' C o n t r o l  and 

- . L u b r i c a t i o n  

3 . 2  G e n e r a t o r  (With Coo l ing )  

4. AMMONIA CYCLE 

4 . 1  Vapor ~ s s e m b l y  ( P i p i n g  &. Valves)  
. . 

4.2 L i q u i d  Assembly 

4 . 2 . 1  Condensa te  ~ u b a s s e m b l y  
. . 

. . 

4 .2 .2  D i s t r i b u t i o n  Subassembly  

. . . , . . 

KEY: Z / N  NOTE 1 I n t e r n a l  t o  
Z = Prime ~ e s ~ o n s i b i l i t ~  . NOTE 2 P a r e n t h e t i c a l  1 i s t T n g s  a r e  p r a c t i c a l  

L = Lockheed Missiles & Space  a l t e r n a t i v e s  ' .. . 
' 

U = Department o f  Energy NOTE 3 ; . V a p o r ' r e c o v e r y ,  v e n t  and p u r g e ,  non con- 
N = R e l a t i o n s h i p  d e n s i b l e  g a s  removal  sys t ems  are i n t e g r a t e d  

P rov ided  by POW& Sys tem 'NOTE 4 Modules  which i n c l u d e  t e s t i n g  as a n  ob jec -  
& Dedica ted  t o  Module t i v e  

. . 
' l = I n t e g r a l  w i t h  Module 

2=Separab le  from Module 
P rov ided  'by  P l a t f o r m  

. . 
.3=Dedicated t o  Module . . . . . 
4=Shared  by  Modules . 

5 = S e r v i c e s  t h e  ~ o d u l e  
. . 

.. 

.. 
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Moc .le Type . 

10. mce) 
i 

'Ammonia Cycle Auxiliaries 

Storage and Fill System 

Unloading System 

Vapor Recovery System (Note 3) 

Vent and Purge 'System (Note 3) 

Noncondensible Gas Removal System 
(Note3) 

A m n i a  Cleanup System 

Leak Detection System (to atr.) 

Leak Detecciofl System (to water) 

Fluid Sampling System (Ammonia 
CouCa111i1~a t Lon) 

CONTROL SYSTEM 

Console and Dispalys. 

Data Processing 

Control Instrumentation 

Cabling and Connectors 

Software 
. 

Communications 

AUXILIARY SYSTEMS 
. . 

Operational Support 

Power Distribution System 

Auxiliary.Power Generation, 
(Standby Power) 

Startup Power 
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Hydraulic Power 

B a l l a s t i n g  and A t t i t u d e  Cont ro l  

Potable Water 

Heating Vent ida t ing  and A i r  Condi- 
t i o n i n g  

' STRUCTURE AND ARRANGEMENT 

S t r u c t u r e  . 
. . 

Personnel Access 
. . 

~ n t e r i a l  artd ~ o n b m a b l e  S torage  

SPECIAL ANCILLARY EQUIRENT 

TEST INSTRUMENTATION (Note 4) 

SUPPLIES 

Ammonia (Anhydrous) 



MW(e) HARDWARE LISTING 

Service 
o r  

Drive 

No. Per  
SMP 

Cnpacity o r  Slze Remark. 

Axlnl 
Propoller 150 rpm Suctlon Bell: 11.4  ft OD 

ShnR Dlnm: 6 in.; 
Materlnl: 31RL Stninlesa 

Steel 

- - 

Warm Seawater 
Pump 

I 20.6-ft long 1 5e ,300 I 

--  - 
Submerged 665 hp, 1,160 rpm Efflclency: 90% 

Thrcc-Phnse, GO Cycle 
Wnrm Senwater 
Pump Motor 

\\'nini Seawater 
Pump Roductlon 
Gear 

Reductlon 

- - 

1T.4 ft l o w  39,000 
In-peller; 
6 . 5  ft clinn 

4 . 1 4  long + 800 
2 . 5 - f t d i m .  . 

- 2,460 

- - 

39 A 5.21 dlnm Dry: 1,052,800 
., ' . 26 ft 7 In. long a[3: 47,500 

DsLance Bchveen S. \V: 76f3.,000 
T~beshcct.  Faccs 
312.38 in. 

31 ft 5.21-In. Dry: 1,124.4d0 
dfnn. ::Il3: 33,259 
26 It 7 in. long 5. \\I: 676, 100 
Dislancc Bctween 
Thesllcc-. Fncea 
312.38 in. 

- Motor Is Submerged With 
Coollng Fins 

Cold Scnwntcr 
System 

Cold Scawater 
P U P  

160,400 gpm at  10.17 ft Efficiency: 88% 
nnd 150 rpm Suction Bell: 9.67 f t  

Shaft Dinm: 6 in. 
hlntcrlal: 316L Stainless 

Siecl 

Axid 
Propoller 

Cold Seawater 
Pump hlotor 

Submerged 

Reductlon 

726 hp, 1,160 rpm I Efficiency: 90% 
Three-Phase. 60 Cycla 

Cold Scnwatw 
Pump Reduction 
C u r  

- - 

- hlotor Is Submerged Wth 
Cooling Elm 

Cold Scawater 
P~unp  hlotol. 
Coollng 

Evaporator Spherlcnl 
Shell, 
Horleontnl 
Tltnnlum 
Tube 

Sphcricnl 
Shell, 
Ilcrleo~~tnl 
Tilaiium 
Tubc 

51,400 Tubes; 
1 in. Nom Dlnm; 
0.028 in. Min. Wdl; 
0.025 In. HI& Fina 
(15 to 20 fpi) 

G4,200 Tubcs; 
1 in. Nom. Dlnm; 
0.028 in. hlin. Wall; 
0.025 in. High Fin 
(15 to 20 fpi) 

S.W. Flow Rate: 1510 cfs 
S. W. Temp. In: 8O'F 
S. W. Temp. Out: 75.17. F 
Deslgn Pressurc: 168 psl 

Co:ulcnser.Sump 
(81tcgral IVIUI 
Conclciiser) 

S.\V. Flow Ratc: 1.312 cfs 
S.\\'. Temp. In: 40'F 
S.W. Temp. Out: 4 5 . N ° F  
Dcsign Pressurc: 168 .psi 

-- 
Evaporator Ammonln 

Distribution 
Pu1np 

1 Struidby 

70 Shnft hp. 1,160 rpm 3 Operating 
(mnx load) 1 Stnndby 

Slnglo-Stagc 
Vertical 
Ceutrlfugal 

Ammonln 
Dlstrlbutlon 
Pump hlotor -- 
Ammonln Conder 
sntc Pump 

Lhnporntor 
Pump Room I 

Condcnacr Three-Shgt 
vcrticnl 
Centrifugal 

5,240 gpm, 241 ft l i e d  2 Opcratlng 
1 Stnndby 

Condensate 3 ft dlnm x 11 ft I. 500 
Pump l lwm vulthout motor 1 (ca.) ' I 
Condensnte 2,000 
Punlp Room 

.A 

Ammonln Conder 
sntc I'ump Llotor 

233 Shaft hp. 1,160 rpm 2 Operating 
(Pnylond) 1 Stmdby 

Induction 



Servlce 
o r  

Drlvo 

Ammonia L i ~ u i d  
DIstributlon 
Systcm 

Ammonla Vnpcr 
System 

Ammonla Con&n- 
sato Sgstcm 

Vnlt 

Ammonla Fllter 

Ammonia Valves 

Ammonla Valves 

Ammonia PlpIng 

No. P e r  
Ship 

7 

3 

3 

2 

4 

4 

2 

2 

1 

1 

1 

3 

3 

1 

5 P 3  

-P 
Strnlner 

Butterny 

Butterfly- 
Ilyd. 
Opernted 
StopCback 

Butterllp- 
Hjd. 
Operated 

Butterlly 

Butter@ 
Hyd. 
OperaM 
Stop-Clrcck 

Butterfly 
H>d. 
Operatod 

Dutturfly- 
Ilyd. 
Operated 

Dutterfly 

Butterfly 
Myd. 
Opcratod 

Carbon 
Steel 

Cnrbon 
Stccl 

Carbon 
Steel 

Carbon 
Stecl 

Cnpaclty o r  S k e  

12-in. Line 

24 in. 

Locatlo, 

Condensate 
and D1strLt.u- 
tlon P u m ~  
Inlets 

CondensntE 
Pump 
Suctioll 

Remarks 
! 

Temporary St&> I 
Strnlners ' 

I 

Condensate Pump 3uclion 
Line , 

Dlmenslona 

12 In. 

18 in. 

24 in. 

12 in. 

_ _ _ _ _ _ _ _  

7 

Weight 
Ob) 

640 

200 

400 

640 

200 

1 

Condensate Pump Condmsats 
Dlschnrge Line Pump 

15 f t  

55 ft  (total) 

15 ft 

180 R 

Condensate Puu,p 
Dlschmge hlulilold 

Dlstributlon Pump 
Suction Llne 

Dlstrlbutvon Pump 
Dlschnrge Llno 

36 In. 

36 In. 

36 in. 

72 In. 

36-In. Schedule 30 
0.625-In. Wall 

24-In. Schedule 20 
0.375-In. Wall 

12-111. Schedule 20 
0.26-in. Wall 

18-In. Schedulc 30 
0.438-In. Wall 

1,900 
- 

1,900 

1,380 

3,600 

1. GOO 

5,300 

500 

15,200 

Dlschnrgo 

Conrlensntz 
h n l p  
Discharge 
hlnnlfold 

, Distrlbutlm 
Pump Sucton 

Distrlbutlm 
Pump 
Dlsch rge  

-- 
IlaIn Vnpor Isolation 
Valve 

Turblne Throttle V d n  

Turbine Eypnss 

Turblne Outlet 

Condensate Pump Sact  on 
Llanlfold 

Condcnsnts Pump IrPet 
Pip~ng 

Condensate Pump 
Discharge Plping 

Condensate Pump 
Discharge hlanifold 

Ammonla 
Vapor Une 

Turblne Mht 

TuldIne In1 t 
MnnlfoM 

Turbine OurJot 

Condensate 
Pump SucH.11 

Contlcnsate 
Pump Inlet 

Condenante 
Pump a t l e t  

Condensate 
Pump 
D ~ s c h v g e  
Xla~r fold 



Sen,tco 
o r  

Drlve 

Ammoma Liquld 
Dlstrrbution 
System 

Uvaporator 
lrngntlon 
System 

Ammonln Vnpor 
Systcm 

Dr CIuser 

- 
Ammonla Storage 
arul Flll System 

Noircondcnsible 
(;as T:cnio\,al 
S) stem 

Dtmalslons 

15 R 

55 f t  

12 ft  

15 f t  

27 ft 

8 4 

90 f t  

155 f t  (tow) 

2E A 

8.5 A dlam 
25 ft  Ngh 

1 ft 10 In. &am 
9 f l  1o11g 

1: In. diam 

1 ft 8 In. &am 
4 ft long 

rb) 

5.800 

$300 

430 

5 l O  

300 

ZOO 

1,900 

:7,5@O 

: 5,000 

Dry: 34,200 ca. 
I'ct: 74.200 a. 

400 

100 

!00 

730 

L.0011 

Unlt 

Ammonln Plping 

Ammonla Piplng 

Ammonia 
Storage 
Tanks 

Ammonln Flll 
E\.nporator 

Flll Superhcnter 

Gns Itemoval 
Conduluer 

Ammonlo 
Compressor 

Seawater Pump 

nW 

Carbon 
Steel 

Carbon 
Steel 

Cnrbon 
Steel 

Cnrbon 
Steel 

Carbon 

Carbon 
Stcol 

Carbon 
Stcel 

Carbon 
S l e d  

Carbon 
Steel 

Cylindrical 

Shell and 
Tube 

Shell and 
Tubo 

Sllell and 
Tube 

Reclpro- 
cntlng 
Pressure  
Criuthcase 

Ce~itrlfugal 

No. Pe r  
Shlp 

1 

4 

4 

1 

2 

2 

8 

2 

1 

4 

1 

1 

1 

2 

2 

Capaclty o r  Slze 

48-In. Schedule 30 
0.75-Ln. Wall 

24-In. Schedule 20 
0.375-In. Wall 

12-In. Schedule 20 
0.25-In. Wall 

16-In. Schedule 20 
0.312-in. Wall 

14-In. Schedule 20 
0.312-In. Wall 

10-In. Schcdulo 20 
0.250-111. \V.111 

8-in. Schedule 20 
0.250-111. Wall 

36-111. Schediilo 30 
0.625-In. Wall 

6 ft  Inlet Dlam 
11 f t  Outlot D ~ a m  
0.50-In. Wnll 

40,000 1b 

1,600,000 B t u h  

82,000 Btu/hr 

850,000 ~ t u / h r  

85 cfm 

600 gpm . 

Remarka 

Dlstrlbutlon Pump Suction 
Ihnlfold 

Dlstrlbutlon Pump Inl& 
Piping 

Dlstrlbutlon Pump Out et 
Plplng 

Dlstrlbutlon Pump OuCet 
Ma~lfold 

Evnporntor Lrrlgntlon 
Dlstributlon Header 

Evaporator Irrlgatlon 
Dlstrlbutlon llenrler 

Evaporator Irrlgntlon 
Dlstrrbutlon Line 

Evnporator Vapor Line 
to Turblne Inlet 

3elnforced With St i f fa-  
e r e  

Dcslgn Pressure: 250- 
PsIg 

Hont Transfer Surface: 
212 fl2 

Heat Trnnsfer Surface: 
44 ft2 

Heat Trunsfer Surface: 
110 it2 
Tul~es  Tltnnlum 
Shcll. Carbon Steel 

Compress. Ratlo: 2:l 
Disch. P ~ c s s u r e :  165 pslg 
Motor hp: 5 

llcntl. 100 It 
hlotor hp: 20 

Locatlon 

Mstrlbutlon 
Pump Suctlon 

Dlstrlbutlon 
Pump Inlet 

Dlstrlbutlon 
Pump 
Outlet 

Dlstrrbutlon 
Pump 
Discharge 
Manllold 

Evaporator 

Evaporator 

Evnporator 

Evaporator 
Outlet; 
Turblne 
hdet 

Turblne 
Exhaust 



Service 
or 

' Drlve 

Ammonla 
Cleanup 
System 

Ammonla 
Drain 
System 

AmmoiiiaVapor 
Rccovcry 
Suh$ystem 

Animonia Vent 
and Purge 
System 

Ammonla Vapor 
System 

M t  

Ammonia 
Evaporator 

Compressor 

Ammonla Pumps 

Seawater Pumps 

Seawater Pump 

Ammonln 
Rccovcry 
Evaporator 

Dlvtillatlon 
Column , . 

Ammonln Column 
Re-lbllcr 

Xn~rnonia 
Collcwtlon 
Tanks 

An~monia 
Transfer 
Purnps 

IIecovey 
Condonscr 

Ammonia 
Recovery 
Compressors 

Vacuum Pump 

Exhauster 

Blower 

Ammo111n 
Separator/ 
Dcn~istcr 

Na Par 
Ehlp 

' L 

5 

: 

I :: 

I 

: 1 

1 

P 

2 

4. 

1 

2 

2 

2 

2 

Type 

Shell and 
Tube Heat 
Exchanger 

Roclpro- 
catlng 
Pressure 
Crankcase 

Centrifugal . 

Ccntrlfugal 

Centrifugal 

Shell and 
Tube lleat 
Exchanger 

Pnclted 
Colunm 

Electrically 
Heated 

Horizontal 
Cyllntlrlcal 

. 

Vertical 
Centrifugal 
Sump- 

Shcll nnd 
Tube 

Recipro- 
cating . 
Pressure 
Crankcases 

Rotatlng 
Cylinder 

Low 
Pressure 
Cent rifugal 

Centrlh~gal 

Location 

' 

Capacity o r  Slze 

Heat Transfer Surfac s: 
2.100 ft2 

1,200 cfm, 175 bp M&r 

2 gpm. 1/2 hr .;. 

3,000 gpm.125 hp Mobr 

260 gprn 10 hp Motor 

lieat Trnaafer Surface: 
120 ft2 

Dlnm: 6 ft 
Length: 6 ft 

100 kW 

Volume: 200 ft3 
Dlam: 5 ft 
Length: 10 ft 

150 bvm 
nlotor hp: 10 

1,750,000 Btu/hr 
Diam: 16 h. 
Length: 0 ft 

75 cfm ' 

Motor hp: 40 

140 cfm 
Motor hp: 10 , 

100,OUO cfm 
Motor hp: 100 

4,800 cfm 

Remarks 

Pressure (Shcll): 250 p ~ i g  
Shell Side: Ammonia 
T~bcsldc: Seawater . 

hle t  Pressure: 56 psla 
D:sch. Pressure: 92 pska 

Smt. Pressure: 66 psla 
Dkch. Prossure: 92 p s h  

Ilead: 100 A 

Head: 100 A 

Pressure (Shell): 250 ps.g 

TI-anlum Inlernnls 

Tlunlum Internnls 

Dinch. Pressure: 250 ps.a 

Discharge Head: 100 ft  

Heat Transfer Surface 
11:: it2 

Compresion Rutlo: 11:l 
Disch. Pressure: 180 psig 

Vwuum Capacity: 1 psln 

SucSlon Pressure: 3 la.H::O 

Dle.:h. Preseure: 15 Ln. H;20 

Interal  to Evaporator 

Dlmenslone Weight 
Ob) 

3,000 

4,200 

100 

1,100 

200 

200 

1.000. 

200 

I 

Evnpontor 

Dry: 3,000 
\\let: 9,500 

350 

200 

1.000 

400 

2,000 

500 





Scl?,lco 
o r  

Drive 

Cldorh~;dion 
System 

Wcigllt 
01,) 

2, GOO 

7,300 

600 

7 50 

9.464 

Unit 

Cl~lorlno 
Gel~erators 
Chloropac 
Unlta 

Locstlon 

- 
. . 

I 

Dimensions 

Gcncrator 
215 in. X 75 ia 
x 20 in. 
Power Supply 
GO in. X GO ln. 
x 60 in. 

Ye. Per '  
3hIp 

2 

Fouling 
Countcr- 
Masurea  

I 

1 

1 

132 

Evaporator 
hlcch:micnl 
Clc:lning 
Systarn 

Conclcnvcr 
h locl~~l ic l l l  
Clcaning 
System 

Evnporator 

Condenser 

1 In. dlnm. x 
2-5/8 in. 

1 In. diam 
X 2-5/8 UI. 

Remarks 

(including Powcr Supply) 
150 k\V Mrrc Capacie  
150 liW in Combinatbn 
With Pv1.A.N. (hlechjcal 
Erush Clcalling) Brush 
%stem 
M r  Cooled Power SLpply 

Type 

Engelhard 
Chloropan 

Heat 69 In. long 
Exchnnger 

CaUrodlc 

1.12.800 Cages 
51.400 Brushes 

1:8,000 Cnges 
&. 000 Brushas 

Rsplaced During ? lea  
Exchanger Rofurblsh- 
m t  

' Capacity o r  Slzs . 

85 Ib/hr Chlorine to Treat 
680K gpm a t  0.5 p p n  

M.A.N. , 

Rrusll 
Cleanlng 

M.A. N. 
B N ~ R  
Cleaning 

Sacrlficinl 
211% Anode 
BTZ-27 . 

Cati~odic 

1-In. OD Brush nnd Cab! 

1-In. OD Bruah and Cage 

5 yr Life 
10 m ~ / f t a  Protection Protcctlon 

. r System 



. . :' 1 . APPENDIX D3 .(. ' ' r 1 '~ .- 

. . 

.LIST OF SUPPORT AND MAINTENANCE EQUIPMENT. TOOLS AND SPARE PARTS , - , . - - - . . - - 
'' '- '- - .. - - . . . . . . . . ---L'- - . 

'/.. 
l b W ( e )  Power System ~ o d u l e  

1. Special  Tools - None 
. . 

2.. . Standard Tools - Coninon. t o o l s  w i l l  be' standard' equipment . . 

3. : Chain F a l l s  - '  4 each., 5 ton  capac i ty ;  2 each, 10 t o n  capac i ty  

4. ~ o i s t  s y s t e m  -' 2 complete s.ets w i t h . 8  ton  h o i s t ,  r a i l s ,  l i f t i n g  harness, - s l i n g s ,  'Bosun cha i r ,  e t c .  . . 

5 .  Trol ley  System - 2 complete s e t s  wi th  8 ton t r o l l e y ,  and r a i l s  i 

6.. J i b  Crane, 5 ton  - 2 s e t s  
, . 

7 ,  : Milling Cutter ,  a i r  dr iven - . f o r  tube c u t t i n g /  plugging. 
. . 

8:. Tube Plugging Set  - Capacity t o  plug 7% of a i l  . tubes 

9 .  Sensors', Cabling and Connectors - 10% o f  each type  i n s t a l l e d  

~ l e c t r o n i c  Pepaiir Parts,  f o r  Major Components - Per:vendo.r (TBD). 

Turbine Power Car t r idge  - One ' ( ~ a d i a l  Only) 

.L.O. F i l t e r s  - 100%~disposab le  type; 5% renewable type  

Beam and L i f t i n g  S l ings  - Heat exchanger handling 
. . 

Support ' c rad les  - 2 - Shipping, ' t e s t i n g  and r e p a i r . ,  ' . 

Valves, U n d e r 3 " S i z e - 5 % o f  each type f i t t e d .  . , 

Gaskets - 50% of  each' type f i t t .ed .  

C i r c u i t  Breakers - '1 f o r  each type f i t t e d  over 250 amps; 4 f o r  each type 
f i t t e d  .under 250 amps. . ' .  

Bearing?--  One complete set f o r  each type and s i z e ,  motor and generator  
f i t t e d  (ABS) 

~ n s t & . m e n t a t i o n ,  and Test  'Gear - One 500V megger . (ABS) . . 

Valve Springs - One s e t . f o r  each governor, and r e l i e f  va lve  (ABS) 

' Pack.ing Gland Seals  -,One set f o r  each packing gland type .and s i t e  (ABS) 

Thrust Pads - 'one set, complete' wi th  spr ings  f o r  each s i z e  t h r u s t  bearing 
a 

Compressor Unloading valves  - One set f o r  each type  f i t t e d  (ABS) 

.Valve Control Elements - One s e t . f o r '  each type f i t t e d  
. 

Contact Relays - 10% of t o t a l  f i t t e d  f o r  each s t a r t e d  type. 

Fan Motors - One complete s e t  f o r  each type f i t t e d  (ABS) 

Pump Rotat ing Assembly,-,One complete set f o r  each type f i t t e d ,  
except l a r g e  ammonia pumps 

. '  - 
. . 

4 



APPENDIX D3 
. . .  . " '  . " - .  ' 

LIST OF SUPPORT AND MAINTENANCE EQUIPFlENT. TOOLS AND SPARE PARTS 

. . 
. . 0..2-J (e) Test A r  titles, . . 

. . 

. . 

1. .  Special Tools - None 

2. Standard TOOIS - h i c o n  toolo w i l l  Lr ~tandardequipment 

3:,. Tube' Plugging s e t ' -  Capacity to  plug 7% of a l l  tubes 

4 .  .Sensors, Cabling and Connectors - 10% of each type ins ta l l ed  

5. Beam and Lifting Slings - For handling 



, . 

! 

i 

D e s c r i p t i o n  . '  -- 
1Al - 13 .8  kV - HEDIUH VOLTACE.SUI~~ICW\R 

1 3 . 8  kV - 580 MIA - Claae  
30 - Co Hi3 - (Vacuum Type) 
H a r i n e  S e r v i c e  H e t a l  Clad Swi t chgea r  

I 1 - 1200 A Incoming Breaker  v i t h  
A u x i l i a r y  Compartment 

I 
1 - 1200 A Outgoing Breaker  w i th  

a n  A u x i l i a r y  Compartment 
1 - 1200 A Feeder  Breaker  . 

1AZ - 4.16 kV - MEDIUM VOLTAGE SWITCIICEAR 
HAIN NODULE SIIITCIICEAR 

4.16 kV - 250 NVA - ,Claea  
. . 

30 - Co Ha - (Vacuum Type) 
H a r i n e  S e r v i c e  H e t a l  Clad Swi t chgea r  1 .  . ' .  

. . 
1 - 1200 A Incoming Br.eaker v i t h  ' . 

A u x i l i a r y  Compartment 
8 - 1200 A Feeder  Breakere  , . . 

W - 4.16 kV - MEDIUM VOLTAGE SUITCHCEAR 
CONSTAtdT SPEED DRIVE SYSTM . 

4.16 kV - 250 VA - Claee  
30 - Co Ha - (Vacuum Type) 
H a r i n e  S e r v i c e  H e t a l  Clad Switchgear  

1 - 1200 A - Incomlng Breakar w i t h  ' ' . . 
A u x i l i a r y  Compartment 

1 3  - 1200 A - Feeder  Breake re  

1A3 - 4.16 kV - HEDIUH VOLTAGE VARIABLE FREQUENCY 
SIJITCIICEAR -. . 

4.16 kV - 250 NVA - C l a s s  
30  - Co lli3 - (Vacuum Type) 
H a r i n e  Type H e t a l  Clad Switchgear  

1 - 1200 A Incoming Breaker  v i t h  
' . A u x i l i a r y  Compartment 

v I 4 - 1200 A Feeder  Breake r s  .. I. 
' 1  

D j  meneione 

System . .  8 ,  . . 
8 ,  

U n i t  W t .  
( l b s . ) .  

i Ttl. W t .  
; (lbs.) 

. * 

72"L .x 109"W. x 111"H . 

. . 

216"L x 109"W x 111" ?I 
" 

, Remarks 

. 

20.200 l b e .  

. 

I '  

31.753 l b e .  
. ' 

. . 

17,250 lbe .  

17,250 lbe .  

, 

7750 l b e .  
4750 l b e .  

7750 l b e . .  
4750 l b e .  

+ .  

Per  S t anda rd8  - 
CC-25s . . . "  
IEEE-45 6 ABS 
Rulee l o c a t e d  I n  p l ' a t f o m  

. '  I 

, . , *  
: :  

I 
I .  

. 
i '  
I 

. i .  

- .  i .  
I 

Per  S m n d a r d e  - " 

CC-259 I 1 %  
IEEE-4S & ABS . 

i : 
Rulee l o c a t e d  i n  unclameif  i e d  * I 
a r e a  I 

Variable .Sped Drive . * 
.. . 

Systen 

108"L x 109"W x 111"B 

\ 

. . .  

108"L x 109:W x 111"lI 

0 

1; Constant Speed Drive i 1 : ' 
! System 

.- . 

7750 lbe .  

4750 l b s .  

7750 l b e .  
4750 l b e .  

t 

, 

I 
f . 

. . 1 : 

! f 
I .  

Per  S t anda rde  - . 
CC-259 1 1 .  
IEEE-45 ! 
ABS Rulee l o c a t e d  i n  urn- . '  I 1 
c l a e e l f i e d  aren 
Variable Speed Drive . a i 



D e s c r i p t i o n  -- - 
1Ah - 4.16 kV - HEDIUH VOLTACE.VARIABLE FREQUENCY 

SWITCllCEAR .. 

. . 4.16 kV - 250. MIA - Claee  

I ' .  

' . 30 - Co H a  - (Vecuum Type) 
H a r i n e  Type H e t a l  Clad S w i t c : ~ g e c r  

.I . . . . . 1 - 1'200, A Incoming Breaker  w i t h  
A u x i l i a r y  Compartment 

4 ' -  1200 A Feeder  B r e a k e r e -  

lA5 - 4.16 kV - HEDXUH VOLTAGE VARIABIO: PREQUEWCY 
SWITCIICEAR 

4.16 kV - 250 MIA - Clase  . 
30 - Co Ha - (Vacuum Type) 

' 

Har ine  Type H e t a l  Clad Swi t chgea r  

1 - 1200 A Incoming Breaker  v l t h  
. A u x i l i a r y  Compartment . , . 

' 3 - 1200 A Feeder  Breakera  . 

1A6 - EXTERNAL POWER SOURCE DISCONNECTW SWITCH 
. . 

. . 
600  A - 5 kV - Loed I n t e r r u p t e r  S d i t c h g e a r  

104 - 480 V - LOAD CENTER 

2000 A - 480 V - 30 - Co ila - . b e d  ~ e n t e t  
' Har fne  Type Swi t chgea r  . 

1 - 2000 A Incoming Breaker  
4 - .LOO A Feeder  Breakare  
8 - 600 A Hoto r  Feeder  Breakem 

i 

I . . 

, . 

O h e n s i o n s  ' 

. . 

. 108"L x 1 0 9 W  x 1 1 1 " U  

U n i t  W t .  
(lbs. ) 

7750 lba .  
4750 l b e .  

. 3.1. W t .  
( l b s . )  

17 ,250  l b a .  

J 

' Remarks 
.- 

. . 

. . - ' ,  . . '  
AS above, ' . 

! 

i 
16,.650 l b s .  

, - .  

1203 l b e .  

6 ,953  l b a .  

. . 

As. above. " 

. . 

. . 

~ i a t f o r m . ~ ~ u i ~ m e n t  P e r  
S tunda rde  - 
CC -259 
IEEE-45 
ADS - Rules  l o c a t e d  i n  
platform. 

P e r - S t a n d a r d a  - 
CC-259 
IEEE-45 
ABS - Rulea l o c a t e d  i n  

, 

u n c l a s e i f i e d  a r e a .  

' . 

1 0 8 ' ' ~  r 109"W x 111"H . 

I 
i 

7750 lba . .  
4750 lba .  

-4150  l b a .  

33"L x  7O'U x 100"H . 

. 
. . 

\ 

102"L ~ ' 6 8 - U  x 90" H 
. . 

- 

. 1200 lb/., 

. 

2004 l b s .  
1650 l b s .  



1'82 - 480 V - HOTOR CONTROL CENTER I ' .  

.- 

I 600 A - 22,000 A S y m e t r i c a l  
Marine Type Hotor Control Center I 
7 - NMA Size  - 1, ' s t a r t e r e  - FVNR 
7 - NDQ Slze - 2, S t a r t e r a  - FVNR 
3 - NDIA S i z e  - 3,  S t e r t e r e  - FVNR 

10 - NPU\ S ize  - 1, S t e r t e r a  - FVB , 

2 - 30 kVA - Trenaformer 
2 - 208Y/120V - NAB - Ponela . . 

(Back t o  beck arrangement) 

1C1 - H A I N  PROCESS CONTROL PANEL ' , . . 

(a )  Hein cont i01  Coneola 
(b) Hain Proceee Control  Panel 

. . 

l D l  - 4 1 6 0 ~  - VARIABLE FREQUENCY PIJIIP DRIVE 

( a )  1 - 2500 IIP - 4160V -.'36 - Co hi3 
' 

Adjueteble Frequency Converter Only 

I (b) 1 - Step Down - I s o l a t i o n  Tcanaformer 
4.16kV - 480V - 30 Co 112. Dry Type. 

(c)  1 - Step Up - I s o l a t i o n  Transforper  
48@ - 4.16kV - 38 - Co HZ. Dry Type. 

( I D 1  - 4160V - VARIABLE .FREQUENCY PUMP DRIVE 

I (a) 1 - '  1600 IIP - 4160V - 36 - Co ila 
Adjueteble Frequency Conver.ter Only 

I (b) 1 - Step Down - I s o l e t i o n  Tranafomer , 

4.16 kV - 480V - 30 - Co HZ. Dry Type. . ' 

(c) 1 - Step Up - I e o l a t i o n  Traneformer 
480V - 4.16 kV - 30 - Co I@. Dry Type. 

I 

..Unit W t .  
Dimensions I--- i l b s .  1 

1200 lbe.  
1200 lbe.  

44,000 l b a ,  

. . 

U,000  l b e ,  

15,000 l b e ,  

25,000 lbe.  

13,500 lbe. 

13.500 lbe .  

I 

! 

T t l .  H t .  
' ( l b s . )  

6,000 ibe.  

~ 1 I .. , 

2600 l i e .  
- .  

74,000 lbe.  

, . 

I '  

I I 

52i.000 lbe .  

Remarks 

' Per Standerde - 
CC-259 
IEEE-45 
ABS - IIulee loca ted  i n  
unclaedf.ied area.  

Power kodule ' b i n  Control  ' 
Room Equipment 

Per StaGdarde - 
CC-259 
IEEE-45 
ADS - Rules i n s t a l l e d  i n  
( b )  (a11 (c) order  l eng th  
wise. Loceted i n  unclae- 
e l f i e d  a rea . '  

I Per Strndarde - 
CG-259 
I EEE-4 5 
ABS - nulea i n e t a l l e d  i n  
(b) (a)  ( c j  order  l eng th  
wioe. Located i n  unclea- 

! s i f i e d  i r e a .  



9 

. . . . 
! 
1 ' . 

. '  tj 
W 
I 

' 

* ,  

1 

1 

j 
I I .  

t : . '  . I " 

D e s c r i p t i o n  ---- 
1D3 - 4160V - VARIABLE FREQUENCY PUMP DRIVE . ,  ' 

( a )  1 - 750 Up - 4160V '- 30 - Cc .Ha . . 
- A d j u a t a b l e  Frequency Zonvert-er On'ly 

. 'Ii : 

. . (b)  1 - S t e p  Down - Iaola , : ion  Trans fo rmer l l  . 
4.16 kV - 480V - 30 - co ea. Dry ~ y p p  

. . 
( c )  1 - S t e p  Up - Isolation. Traneformer  

490V - 4.16 kV - 3 6  - Cq Ha. Dry Type. . . 

1D4 - 480V - 160 I I P  - VARIABLE FREQUENCY PUMP DRIVE . 

( a )  1 - 160 IIP - 480V - 30 - Co t1i3 
A d j u s t a b l e  Frequency Cbnve r t a r  Only 

. . 

(b) 8 - MMA S i z e  - 3 - S t a r t e r a  
20" s e c t i o n  - Arranged Back to Back . , .  . 

- .. 

ID5 - 125V - DC - EMERGENCY POWEL SYSTW 

(a )  1 - 1000 All - 125V - DC - Batze ry  ~ e l l ' e  
and Marine S e r v i c e  B a t t e r y  Recke 

(b)  1 - 150 A - B a t t e r y  Cha rge r  
480d - 30 - Co H a  h p u t  . . 

125V'- DC - Output 

(c) 1 - 1 5  KVA - Regula ted  Powe,r Tranaforlaer 
480V - AC - Inpu t  - l2OV - AC Regula ted  
Output 

( d )  1 - I 5  KVA - 125V. - Dc/- l2OV - AC I n v e r t e r  . 

Uni t  

1D6 - 250V - DC - MERCENCY POWER SYSTM 

(a )  1 - 1000 All - 250V - DC - B a t t e r y  C e l l s  
and H a r i n e  S e r v i c e  E s t t e r y  b c k a  

I 

[b) 1 - 100  A - B a t t e r y  Chacger 
... 480V 30 - Co Ha - Z w u t  . 

250V DC - Output  

. - 

' 

D ~ n . e n s i o n s  
' U n i t  Wt. 

( l b s . ) .  
: . T t l .  W t .  
. ( l b s . ) '  

8O"L x 2 0 " ~ '  x 190'!H ' . . 

I ~ " L  5 5 " ~  x ' 9 0 " ~  

71"L K 55"U x J0"H . 

R e m a r k s  i . 
. . 1 

27,000 l b a .  
' . 

. . 

. 
5.750 l b e .  

3 j000  l b e .  
' 

4,800 Iba .  
. . .  

2,200 

'2,400 lba'. 

6 ,400  l b e .  

1,6L0 l b r ;  

15 ,000 l b a .  

'6400 l b a .  

6 i 0 0  l b a  

Pe r  S t a n d a r d s  - 
CC-259 
IEEE-45 
ABS - Rulee  
I n a t a l l  i n  (b) ( a )  (c) o r d e r  
l eng thwiae .  Located  i n  
u n c l a a a i f l e d  a r e a .  ',' 

Per  S t anda rda  - 
0(;-259. 
IEEE-45 1 . . 
ABS - Rulea 
I n a t a l l  l eng thwiae .  Located  
i n ~ u n c l a a a l f i e d  a r ea .  

. . 

Per  S t anda rda  - 
CC-259 
IEEE-45 . . 
ABS - Rulea 
124V - DC Power 
S u p p l i e s  Power To: . 

o 125V - DC C o n t r o l  
. 125V .- DC Inverter 

System f o r  120V - AC 
Output .  

I 
i 
I 

Per  S t anda rde  - 
IEEE-45 
CC-259 

I 
! + 

ABS - Rulea  I 1 

250V - DC - Power S u p p l i e r  : 
Power To: 

I 
6 ~ u r b i n e  G e n e r a t o r  I.ube/ j 

S e a l  Syetem 
! 

i 

64"L x 2O''U x k0,"ll . . 

4 0 " ~  a. 4D"U x SO"H 
' 

. 1001'L x 1BO"U x 10O"H 
S r a c e  

5O"L x 29"U x 6a"H 

36"L x 30"U x 9G"ll \ 

5 5 " ~  x . 3 3 " ~  % 9 0 " ~  

. . 

18O"L x 18O"U x 100"U 
Space  

30"L x 30"U x 90'H 

i 
,2750 Iba .  

3000 Iba .  
I 

. . .  

2000 l b e .  

6800 Iba .  

2200 l b a .  

2400 Iba .  

46C00 l b s .  

1640 l b r .  



Remarks . . Description 
.-A 

1x1 - UNIT AUXILIARY TRANSFOIUIERS . 
-.J. 

450016000 kVA - AA/FA - 1 5 0 ~ ~  
. 3 -. 1500 kVA - 10 - ~rana fo rmer  

.Delta - Wye - Connection 
13.8 kv - 4.16' kv - 30 - C O , I I ~  ., . 

. . i; ' a - 6 x  - (4500 kVA - Baee) 
Dry-Type Transformer 

. Transformer Include: . 

2 - ~ncoming ~ i n e  sec t ion8  - 2 x 36" Wide ~ d r  
30 Connection 

1x2 - 4.16 kV - GROUNDING TRANSFORMER ' 

25 kVA - 4.16 kV - 1201240V . . 

10 - Dry Type Traneformer and Detection Unit 
.. . 

r i i  . .. 
113 - 13.8 kV - GROUNDING TRANSFOIUIER . 

25 kVA - 13.8 kV - 120/240V . 
10 Dry Type Traneformer and ~ e t e c t i o n  Unit 

. . 

1x4 - 480V - LOAD CENTER TRANSFOIUlER 

1000/1333 kVA - 'AA/FA - 1 5 0 ~ ~  
4.16 kv - 480 ~ 1 2 7 7  - 30 - co na 
Load Center Traneformer 

1x5 - GROUNDING TRANSFORHER 
. . 

5 kVA - 480V - 1201240V - 10 - bry Type, Ground . 
Current Detection Unit 

. 8 .  . I I  . . . 

. . 
1 .  

0 I 

Per Standarda - 
CC-259 ' 

IEEE-43  
ABS - Rulee 
L o c a t d  i n  Unclaaeif ied 
Area . . 

Ground Leakage ~ l t e c t i o n  
Unit an 4.16 kV - Syetem . '  

. . 
. . 

Dimensions 

90"L x 68"W x 96"H 

72"L x 68"W x 901'11 

. . . . 

8 

64"L x 40"W x 102"tI . 

64"L. x 40"W x 102"H 
' 

. i  
. !  

. . 

.Ground Padlt  Generator 
Protect ion.  (Part  of 
Cenerstoc Package.) 

480V - syetem Ground Leakage 
Detection Unit 

I 

~nit'wt. 
(lbs.) 

10,OPO lbe.  

475 lba. 

3,000 lbe.  

. 

3,000 lbs .  

I ~ t l .  ~t 
; (Lbs.) 
I . . .  
I 
I .  

13,55:3 lbt 

. 

1 .  

3,000 lbs 

. 

3,0m l b a  

12,500 lba 

3,OG.O lba  

1ZO"L x 68"U x 96% 

\ 

I 

64"L x 40"W x 102"H 

. . 

2,500 lbe. 

. . 

3,000 Lba. 
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I . .  . . . 
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I 

. , 

I 

I I 
.,.. .-- 

i t u  u - 
! h ,  

. . 

1 

I 

. . 

D e s c r i p t i o n  

. . ID9 - 4160 V 1000 HP V a r i a b l e  Frdquency 
D r i v e  C c n t r o l  

(a) 1000 HP 4160 V 38 - 60 H Z  
W c t i f  i e r / I n v e r t e r  V a r i a b l e  drequency 
C > n t r o l  U n i t  ' ' .! . (b )  i100 KVA Step-Down ~ n s u l a t i o '  Trans-  
former .  4160 V-480 V - 38 - , 6 0  
Dry-Type . !  

( c )  1100 KVA Step-up I n s u l a t i o n  Trans-  
former .  4160 V - 400 V - 3 8  - 60 HZ 
Dry-Type 

1~10 4160 V - 1000 HP V a r i a b l e  Frequency 
D r i v e  C o n t r o l  

l D l l  - 4160 V . -  2500 HP V a r i a b l e  Frequency 
D r i v e  C o n t r o l  

( a )  25110 HP - 4160 V - 38  - 60 H Z  
R e c t i f i e r / I n v e r t e r  - V a r i a b l e  
Frequency C o n t r o l  U n i t  . 

( b )  250'0 kVA Step-Down ' ~ s b l a t o r  Transf i rmer  
41EO V -. 480 V ,  3fl - 60 H Z  Dry-Type 

( c l  25C0 kVA - Step-up I e o l a t i o n  Trane-  
fo rmer  - 4160 V - 480 V - 38 - 60 H Z  
Dry-Type. 

1D12 - 4163 V 12'50 HP V a r i a b l e  Frequency 
D r i v e  C o n t z o l  

( a )  1250 HP 4160 V 38 - 60 H Z '  
R e c t i f i e r / I n v e r t e r  V a r i a b l e  ~ r e q u e n c y  
C o n t r o l  U n i t  

/ 
( b )  150C KVA Step-Down I n s u l a t i o n  Trans-  

f o r n e r .  4160 V - 480 V - 38  - 60 H Z  

.. . 

! 

. . . . 

D i t ~ e n s i o n s  

150"L x 20"il x 90"H 
.: 

. . 

72"L x 55"N x 90nH 

72% x 55"W x 90mH 

. . 

U n i t  W t .  

15 ,000  l b s  

6,000 l b s .  

6,500 i p s  

' T l t .  W t .  

20; 000 l b t  

. . 

I . . 

Same a s  I tem 1D9 

. . 

t 

150nL x 2O"Y x 90"H : 
. . 

72"L x 5'5"W x 90"H 

,, . 
Remarks 

? + . .  

P e r  s t a n d a r d s  
IEEE-45, CG-259 
ABS r u l e s  ., 
I n s  t a l l  l e n g t h w i s e  
(b), ( a ) ,  (c) UV3. 
Loca ted  i n  u n c l a e s i f i e d  
a r e a .  

j 
i 

32,750 l b s  
. .. . 
. . 

. .  . 

. . 

32,750 l b s  

1 . .., 
AS-ablbe. 
:. ,, :%B 

15,.0001be 

6,500 l b a  

Same a s  abover~*-' 
e x c e p t  1AV4 r e p l a c e s  
1AV3 .. i 

! 

: .  ,I i 
P e r  s t a n d a r d s  IEEE-45, 
CG-259, ABS r u l e s .  

I n s t a l l  l e n g t h w i s e  ( b )  , I a 

(a) i ( c )  and (d )  o r d e r .  I 
L m a t e d  i n  u n c l a s s i f i e d  1 
a r e a .  1 ,  

I 
I 
i 

. . 



D e s c r i p t i o n  D,mensions 

l D l 2  - 4160 V 1250 HP ~ a r i a b i e  ~rec juency  
Dr ive  Contro l  (Continued) 

. .. 
:.,! . I ( c )  1500 K V A  s tep-up  I n s u l a t i o n  ~ r a n s -  72"L x 55"W x 90UH 

fornier. '4160 V .- 400 V - 38 - 60 H Z  

I Dry-Type I 
i .  .... . I . 8 

.$ 

I (d) 1200 A - 250 MVA C l a e s  ~ a c u u m l ~ ~ ~ e  I 36"L x 109"W x 1 l l"H 
Marine S e r v i c e  Metal Clad Switchgear 





ALUMINUM - '  in these 

ASARCO OFFSHORE a -  Standard anode sizes listed. Other core ar- 

ANODES rangements and/or shorter anode lengths 
can be supplied in cross-sections shown. 

CORE 
TYPE 

A I 

4 w l - 1  
- 

LC 
b y  - * @ H  

P Y  
f SECT. Y-Y 

B* r\ 
----- 

T '  ---------------- -- 
L Y  I '8" 

C and CT 
------------ --- I - - - , ,  , ,,-,- =- 

1 '6" 
C 

i - b - - - - - x l z  C-CORE-CT TYPE 
' TYPE 8-GUSSETS OPTIONAL - - - . - -  . -  . -  . - * -  - 

- - - -  - 
- . - - - - - -- -- -u- -- - - -  .. -- - . SECT; 2-Z - 

Anode Net Sleel Core . .-- 

- - WxH No. Al Wt. - La LC X Type - - -  Schedule 

A 375 325 695"x61&" 8' 10' - A 2" schedule 80 pipe 
A 875 725 9'/tNx9?4" 8' 10' - A 4" schedule 80 pipe 

8385 -- 325- -  61."x6H" 8' 10' - -  B - 2" schedule 80 pipe- - 
B 910 725 91,4"r91hw 8' 10' - B 4" schedule 80 pipe 

Internal Legs-fJipe 

C 360 325 61h"x6" 8' 7' 5' C . 2mx2"x1/*w angle 2" schedule 80 
C 405 370 61h"x61r(z" 8' 7' 5' C 2-x2"x'/4" angle 2" schedule 80 
CT 840 725 9?4"x81h" 8' 7' 5' CT '7" 4" D. x 51Aw W. 4" schedule 80 

(ST4WF) . . . 

Special anode sizes can be furnished in the cross-sections shown, from 4' L to 8' L 
The following nominal weights/ft can be used for estimating: 

NOTE-DIMENSIONS a WEIGHTS ARE NOMINAL 

AMERICAN SMELTING AND REFINING COMPANY 
FEDERATED METALS DIVISION 
\ *. lradunatk ol 

A m n 8 u n  S ~ n i n g  ma Rehnmg Company 
Cathodic Protection Dep t  

120 Broadway. New York N.Y. 10005 
ORagistmmd tadomark ol 21 2-732-9500 
1 h ~ a 0 l r n i c o . r p . r ~  . D4-1 

. 
Cross-section 
Core Type 

Net wt A l  Ibk l f t  

Bulletin Na L7295-W 

91/2"~81/2" 
"F 4" 0. x 5%" W. 

90.5 

6lh"x6lhN 
2" schedule 80 pipe 

40.6 

61hNx6" 
2"x2"x%* 

40.6 

9lh "x91h " 
4" schedule 80 p i p  

90.5 



8 >p . 
'" .. 

' . BALLAST TANK :" :,: 1: ,.- 

Golronixed 
Steel Rod 

TZ-27: 1.4' I ino s *ao. C ~ t v i r m  f i n  rtinmcwr cost-in gel- 
vanizud steel movnting core. Nominol weight, 27 Ik; current rating. 1 
ampw. 

. TZ-50: Also available. not shown. 2' x T x 4(r; same core (- . or TZ-27. Nominal weight, Ibr; current raticg, 2 amp-yn. 

L , - .  4aoe W' Diomeler M.S. 
Elaaro Galvaniz~d . 

Hi Amp Zinc 

L 3Uj A-A I 

BTZ-50; zS x T x aw. Contains H' dicrneter cost-in ga1voniz.d 
steel mounting core. Nominal weight 50 Ibr; current roting. 2 ampyn. 

BTZ127: AbO available, not shown 1.4' x 1.4' I 48.. Has norninol 
weight of Z Ibs. Core identical to BTZ-50. Current rating, 1 amp-yr. 

Srd. 1' Golvanixed P i p .  

C 

PZ-150: 4* x 4- x 36*. Contains diomeier cost-in galvanized steat PZ-250: 9- r 9. x W. Contains 1. diameter cmt-in gal- pipe care extending 3' beyond ends. This anode con also be made with %' 
ranized pipe core extending 3' beyond each and; alternate size. r x 10' x diameter galvanized tleel rod core. Nominal weight, 150 Ibr; currenl roting, 6 
11'. Nominal weight. 250 Ibt; current rating. 10 a m p y n  rn0-m 

- PZ-50: Y z 2. x 48'. Contoins cast-in *olronized ned rod 
extending 4- beyond each end Notninol weight. 50 Ibr; currem rating 

2 -pycr 

16 Ik.-two IPS corer on 3%' 
cemen (not shown) SECTION A JA 
24 lbs.-h4 IfS cores a 3%- 
centeo (M shown) 



- 
of tubes with bores of 13 mm and 
over. Cages and brushes are avail- 
able for all common tube sizes, both 
me'tric and inch systems. The brush 
wire is titanium - to  withstand 
seawater attack - and ensures a 
brush life of over 10,000 cycles. 
The plastic materials are heat resist- 
ant at temperatures over 100 ' C  
and approved up to 70 OC. 

Fig. 8: The cages are available for 
alternative methods of fastening: 
1. with socket ends for fitting on a 

plain tube projection of about 
10 mm length. 

2. with spigot ends to fit a flush tube 
end which has been re-rolled by 
a special tube expander to give'a 
calibrated bore and a bead 
about 10 mm from the end to 
register with a groove in the spigot. 

3. Where tubes cannot be se-rolled 

component cement. 

The M.A.N. on-load deaning system ' 

for shell-and-tube condensers and . 

A million tubes are already being 
cleaned by this method. 

. A million tubes have been uprated for 
maximum heat transfer. 

- A million tubes have been given a 
' new lease of life, 

. ' For further details please write or 

AMERICAN M . A . N . CORPORATION - A--- 

1 1 1 9 3 6  (212) 221100363340 

WEST COAST 0 f f W -  
50. Qlirnra Stm!. San Francisco. CA 94111 (4i3)- ----- 



APPENDIX D6 

October 25, 1978 

D r .  W. H.  Avery 
D i r e c t o r  of Ocean Energy Program 
Applied Phys i c s  Laboratory 
Johns Hopkins U n i v e r s i t y  
Johns Hopkins Road' 
Lau re l ,  Maryland 20810 

Dear B i l l ,  

At tached a r e  photomicrographs of c r o s s  s e c t i o n s  
from 0.032-inch AlcPad 3004 sl~cel: which has been c~cpoeed 
f o r  18 y e a r s  t o  seawater ,  as a  s h e a t h i n g  f o r  cyp res s  wood 
p i l i n g  nea r  Daytona Beach, F l o r i d a .  

A s  t h e  photographs . show, . the  Alc lad  3004 s h e e t  
has  shown good r e s i s t a n c e  t o  c o r r o s i o n . d u r i n g  t h e  18-year 
exposure  pe r iod .  The d e e p e s t  a t t a c k  observed i s  only 3  m i l s  
(0.003 i n c h e s ) .  The t h i n  7072 c l add ing  a l l o y  l a y e r  i s  
s t i l l  i n t a c t  over  50 p e r c e n t  of t h e  s u r f a c e  exposed t o  sea-  
water .  

The me ta l log raph ic  c r o s s  s e c t i o n s  w e r e  t aken  
from two s ix - inch  squa re s  of  . the  Alc lad  3004 shea th ing .  One 
squa re  had been c u t  from t h e  s h e a t h i n g  a t  a  t i d e  range 
l e v e l ,  i .e .  immersed a t  h igh  t i d e ,  exposed a t ' l o w  t i d e .  
The o t h e r  squa re  was removed from an a r e a  of con t inuous ,  
t o t a l  immersion. The squa re s  were chemica l ly  c leaned  t o  
.remove marine f o u l i n g ,  e tc . .  There was no d i s t i n c t  p i t t i n g ,  
on ly  s l i g h t  e t c h i n g ,  when examined v i s u a l l y .  

This  performance seems t y p i c a l  f o r  Alclad 3004 
i n  s u r f a c e  seawater  exposures .  The marine f o u l i n g  i s  n o t  
harmful.  A s  f a r  a s  t h e  p o s s i b i l i t y  t h a t  p e r i o d i c . c l e a n i n g  
might be a  more s e v e r e  c o n d i t i o n ,  expe r i ence  w i t h  aluminum 
cooking u t e n s i l s  showed . t h i s  n o t  t o ' b e  t h e  case .  U t e n s i l s  
c l eaned  p e r i o d i c a l l y  w i th  s t a i n l e s s  s t e e l  wool o r  p l a s t i c  
b r i l l o  pads ,  had sha l lower  p i t s  t h a n  u t e n s i l s  which w e r e  n o t  
c l eaned  p e r i o d i c a l l y .  

I n  summary, it is ou r  op in ion  t h a t  Alc lad  aluminum 
a l l o y s  such a s ' A l c l a d  3003 and Alc lad  3004 would prov ide  

C E N T E R  F O R  T E C H ' N O L O G Y  
POST OFFICE BOX 877  . PLEASANTON.  CALIFORNIA 9 4 5 6 6 .  P H O N E  1415) 462-1122 



D r .  W. H. Avery -2- October  25, 1978 

s a t i s f a c t o r y  c o r r o s i o n  r e s i s t a n c e  , in  t h e  h e a t  exchanger  s y s t e m s  
f o r  OTEC. W e  hope t h a t  t h e y  w i l l  b e  used i n  t h e  c o n s t r u c t i o n  of  
a t  l e a s t , o n e  of the p i 0 ~ 6 k y p e  u n i t s  so t h a t  d i r e c t l y  applj.ca..hJ.e 
d a t a  can  be  c o l l e c t e d .  

P l e a s e  w r i t e  o r  c a l l  m e  i f  you have q u e s t i o n s .  A t  
your  r e q u e s t ,  I am send ing  a  copy o f  t h i s  l e t t e r  and my 
e a r l i e r  l e t t e r  o f  September 2 9 t h  t.a D r .  Frank LaQue f o r  h i s  
r ev i ew  and f i l e s .  

Very t r u l y  you r s ,  

.TJS/ahb 
At tachments  

T. J, Summerson 
Head, Cor ros ion  S e c t i o n ,  

cc: H .  B. Lockwood, KACC 

F. L. LaQue 

bcc:  J, Rynewicz, Lockheed Space  & M i s s i l e  
T. R. P r i t c h e t t ,  CFT 10  
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Figure 1 

0.032-Inch ALCLAD 3004 SHEATING FOR CYPRESS PILINGS AFTER 18 YEARS SEAWATER IMMERSION -- DAYTONA 
BEACH, FLORIDA 

Total Immersion - Top Section: This sample comes from portion of sheathingthat was continuously 
immersed in seawater. The upper surface was in contact with 
the wood piling. Corrosion is limited to the thi9 7072 alloy 
cladding layer. 

The lower surface was exposed to seawater and was c.~vered with 
marine fouling. Deepest attack is approximately tw3 times the 
cladding thickness, i.e. 3 mils. About 50% of the surface of the 
cross section exposed to seawater szill has some clsdding left. 

Tide Range Immersion - Lower Section: Corrosion on both seawater side (lower surface) and wood 
piling side (upper surface) is confined to the cladding layer. 



50X with  HF - H2S04 e t c h  

!a 7072 cladding layer ,  1 .2  m i l s  

Figure 2 
0.032 Inch ALCLAD 3004 SHEATHING FOR CYPRESS PILING AFTER 18 YEARS OF SEAWATER IMMERSION -- 
DAYTONA BEACH, FLORIDA 

On the  seawater surface (upper surface i n  photos) ,  the  deepest  corrosion i s  only  a b o - ~ t  0.003 i cches  
( 3  m i l s ) .  Much o f  the th in  7072 a l l o y  cladding layer  i s  s t i l l  i n t a c t ,  
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FOREWORD 

The Lockheed Missiles & Space Company, Inc. (LMSC), together with corporate 

team members and subcontractors, has completed a Conceptual Design of 

a Power System for application to the OTEC 100-MW(e) Demonstration Plant. 

This report presents the results of the 5-month study performed for the United 

States Department of Energy under Contract EG77-C-03-1568. 

This report presents a technical description of the configuration used for the 

reference surface platform/ship a s  well a s  a recommended power system in- 

corporated into a submerged detachable module. The Appendixes provide addi- 

tional details and related trade studies supporting these configurations. 

iii 
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Section 1 

INTRODUCTION 

This  report  presents the resul ts  of a concept design study of an Ocean Thermal  Energy 

Conversion (OTEC) power system module performed by Lockheed Missiles & Space 

Company, Inc. ( L M S C ) . ~ ~ ~  the Department of Energy (DOE). The power module includes 

only those basic elements required fo r  a power generating system; i. e.  , the heat ex- 

changers,  turbine generator ,  seawater pumps, ammonia plumbing and pumps, and the 

control system. Platform-related components a r e  not included. 

The major  guidelines under which the study was conducted are: 

The heat exchangers a r e  horizontal shell and tube with heat t ransfer  enhancement 

a t  LMSC's discretion. 

Design temperature difference (AT) between warm and cold water is 40, + 4 -11°F. 

The power module s ize  i s  to be a nominal 25-MW(e) net, but the objective i s  to  

determine 'the s ize of the power plant and i t s  components which will minimize the 

cost of delivered electricity. 

The power system is  modularized such that a complete plant could grow to 100- 

MW(e) net by the addition of more  modules. 

Thir ty  year  design life. (This is interpreted to mean periodic replacement of com- 

ponents if economically feasible. ) 
/ 

The warm seawater subsystem p res su re  drop  i s  10 ft  of water; cold seawater 

subsystem p res su re  drop is 15 ft. These values may be  varied if shown to  be 

technically and economically feasible. 

The working fluid i s  ammonia. 
7 

hr-fta- 'F 
Biofouling heat t ransfer  resis tance i s  not to exceed 0.0005 

BtU 
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9. Plant operability is 90 percent a t  a 60-percent confidence level. 

10. Collfiguratiolls to be evaluated include modules internal to the platform and de- 

tachable modulcs external to the platform. 

In adrli.tion to the 25-R/IW(e) (nominal) power module, LMSC is to  develop conoepts %or 

a 1-MW(e) (nominal) net scaled evaporator and condenser plus a 5-MW(e) (nominal) net 

proof-of-concept plant. The word nominal i s  used to indicate that LMSC is  t o  determine 

the specific s ize of each of these twn test  articles. 

Experimental data on heat transfer resistance due to biofouling, anticipated for  use in 

component selection and sizing, were not generated in time t o  support this project. 

LMSC therefore used a conservative resistance coefficient of 0.0003 in  the study. While 

the DOE experiments may show some variation from the performance projected herein, 

the experimental results a r e  expected to have little impact on the selected concept o r  

the cost estimates. 

In the conduct of this study, LMSC has attempted to perform cost t rades on the more  

costly components of the power module. Performance and cost data were acquired f rom 

component suppliers and specialists in the specific functional items that a re  parts of the 

oonstruction, e. g. , piping costs for the ammonia system were developed by Bechtel 

National, Incorporated (formerly Bechtel Corporation Research and Engineering). Inter - 
polations and extrapolations on cost data were made by LMSC when the data were not 

included in supplier data. 

Subcontractors and their a rea  of study for this study are:  
\ 

Foster Wheeler Energy Corporation -heat exchanger design and construction 

o Bechtel National Incorporated - ammonia cycle and auxiliaries 

o General Electric Company - axial flow turbines 

Rotoflow Corporation - radial inflow turbines 

Lockheed Electronics Company - controls/data acquisition systems 

0 Lockheed Shipbuilding and Construction Company - module assembly 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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The t rade studies conducted during the course of this project were initiated with the 

"best" data available. Therefore,  various hardware o r  performance definitions were 

ilsed as they evolved. The reader  will observe minor inconsistencies in the configura- 

t i o n ( ~ )  of components, power modules, and performance characteristics.  These incon- 

s is tencies ,  however, have negligible effect on the conclusions as presented herein. 

/ 
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Section 2 

SUMMARY 

This section pre'sents the salient findings of the LMSC study. In capsule form, they 
. .. . -. 

are: 
. . 

1. Heat exchangers were found to decrease in cost per unit of power with 

increasing size, For the 50-MW(e) size,  heat exchanger unit kW costs 

were approximately 10 percent less than for the 25-MW(e) size. 

2. Aluminum exchangers were found to be less expensive on a life-cycle basis 

than titanium or  stainless steel. 

3. Ammonia-side enhancement is slightly cost effective; seawater-side 

enhancement appears not to be cost effective. 

4, Controllable-flow pumps a r e  cost effective in sites where there is a 

significant AT variation. Multiple pumps reduce the length of the 

seawater path and improve reliability. 

5, Radial in-flow turbines a r e  lower in cost and provide a higher efficiency 

than the axial flow ,turbines. 

6. Fully integrated power modules externally adaptable to spar-type platforms 

q e  least expensive, lend themselves most readily to scheduled maintenance, 

and require least capital for constructio:l facilities. 

The remainder of this section presents a summary of the trade studies conducted, 

a configuration description of a 25-MW(e) system, and finally a cost summary of the 

25-MW(e) power module. The latter is presented rather than the 50-MW(e) to allow 

direct comparisons with concurrent studies being conducted by others. 

2 -1 
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2.1 TRADE STUDIES 

Trade studies were conducted on heat exchangers, seawater pumps, turbine generators, 

power module construction, and ammonia plumbing a s  a function of heat exchanger s ize 

to determine minimum cost per kilowatt by capacity for the power module. The AT 

used in the basic trade studies was 36O F. Subsequently, the AT was .increased to 40" F 

and the size maintained a t  25-MW(e) to make the results comparable to other. studies 

being conducted concurrently. 

2.1.1 Heat Exchanger 

The heat exchanger trade studies incl.uded: 

0 Size and number of heat exchangers required to provide the 25-&XW(e) 

(nominal) capacity, but also included a set  of 50-MW(e) heat exchangers 

6 i u b e  diameter from 1 to 3 in. 

o Materials of construction, including aluminum, titanium, and stainless steel 

o Depth of immersion from 1 a e o s p h e r e  to 275 f t  below sea  level 

s Cylindrical versus spherical shells 

The results of these trade studies for a nominal 25-MW(e) set  of spherical exchangers 

with plain tubes a r e  summarized in Fig. 2-1, Major heat exchanger cost elements 

a r e  labor and materials; other cost elements such a s  tooling and facillitiei are not in- 

cluded. 

Using 5-MW(e) size exchangers to make up a 25-MW(e) module increases the cost per 

kW by approximately 40 percent over the single heat exchanger. Increasing the heat 

exchanger size to 50-MW(e) decreases the cost by about 10 percent. 

A t  the 36" F AT, ammonia-side enhancement decreases the cost by 3 percent.. Seawater- 

side enhancement alone was found to increase cost. Increasing the AT to 40" F results 

in a cost decrease of 14 percent. 

LOCKHEED MISSILES & SPACE COMPANY. I N C .  
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2.1.2 Seawater Pumps 

Data for the seawater pumps are  relaled L;u the module seawater flow requirements, 

system total pressure losses, and number of pumps installed. The performance data 

with pump failure in either o r  both systems results in module power degradations of 

4 and 9 percent, respectively, with four pumps in each sublsystem. With three pumps 

installed, these performance losses a r e  increased to 9 and 18 percent, respectively, 

as shown in Fig. 2-2. 

Jnformation received from KSB, Hitachi, Mitsubishi, Allis-Chalmers, Worthington, and 

Pleuger indicate that there is little economy of scale in going from a pump sized for 

the four-pump installation to one sized for a three-pump installation. The physical 

in~t.alati.cln i s  laxger. Lur. L l l w  Lhn'uu-pump oonfigwation, primarily m a 15-perceilt 

greater overall length. In addition, a longer transition section is required to provide 

uniform flow at the front face of the heat exchangers. 

Pump performance requirements have been determined for three configurations - a . 

baseline reference with the design requirement of 10 ft  of head loss in the warm water 

subsystem and 15 f t  in the cold water subsystem, an optimized surface module, and 

an optimized submerged module. The warm and cold seawater flow, head, and power 

requirements are presented in Table 2-1. 
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PUMP LOSS I N  ONE 

PUMP LOSS I N  BOTH 
SUBSYSTEMS 

2 3 ,4 

NUMBER OF PUMPS INSTALLED 

Fig. 2-2 Operational Capability With Seawater Pump Loss - Constant 
Flow Pumps 

Table 2-1 

SEAWATER PUMP FLOW RATES AND HEAD REQUIREMENTS 
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Item 

Warm Water Pumps 

Flow (cfs) 

Head (ft) 

Power Required 
(mv) 

Cold Water Pumps 

Flow (cfs) 

Head (ft) 

Power Required 
(mv) 

Configuration 

Baseline 
Reference 

3,590 

10 

4.01 

3,640 

15  

6.13 

Optimized 

Surface 

3,450 

8 

3.10 

3.525 

9.5 

3.75 

Submerged 

3,600 

7.6 

3.04 

3,710 

8 

3.31 - 
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Data for the turbines a r e  related to the physical characteristics, thermodynamic per- 

formance, and cost. The physical dimensions of the axial-flow turbine installation a r e  

approximately 25 -percent greater than the dual radial flow turbine installation. The 

weight of the radial turbine is approximately 75 percent that of the axial turbine in steel. 

An alternative aluminum assembly reduces this to approximately 30 percent. The 

heaviest component to be handled during maintenance is the 90,000-lb upper half of 

the turbine casing for the axial machine and the 32,000-lb generator rotor for the radial 

turbine installation. 

The performance characteristics a r e  considerably different in that the design efficiency 

of t h e  radial  turbine is 87 percent while that of the axial turbine i s  77 percent. The 

effect of this difference on heat exchanger size and ammonia flow requirement is shown 

in table 2-2. While this comparison was done for an unenhanced tube configuration, 

the relative effect should be similar for the baseline configuration. The cost effect has 

not been evaluated in detail but is estimated to be 18 percent. 

As part of this task, cost data were developed for a family of turbine sizes from 5-MW(e) 

net to 25-MW(e) net. The results,  shown in Fig. 2-3, indicate that there is little economy 

of scale for the radial turbine beyond 25-MW(e) net. 'I'here is some economy of scale 

for the axial turbine, but the costs a r e  more than double the costs for  the radial turbine. 
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Table 2-2 

COMPARATIVE TUfiBINE PERFORNIANCE EFFECTS 

RADIAL (ROTOFLOW) w 

Design Efficiency 

Tube No. Required 
- Evaporator 
- Condenser 

Tube Lengths (ft) 
- Evaporator 
- Condenser 

Ammonia Flow (lb/sec) 

Overall Length (ft) 

Overall Height (ft) 

Overall Width (ft) 

Weight (lb) 

0 5 10 I 5  20 25 
UNIT  SIZE [ M W ( ~ ; ]  

Fig. 2-3 Turbine-Generator Unit Cost vs. Size 

Radial 

0.87 

78,014 
77,924 

42.5 
45.7 

1,960 

22 (2 units) 

11.25 

11 

150,000 (2) 
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0.77 

81,915 
81,820 

50.1 
54.2 

2,250 

2 7 

14 

14 

200,000 

Percent 
Difference 

13 

5 
5 

18 
1 Y 

15 

2 3 

24 

27 

33 



2.1.4 Power Module Construction 

This trade study evaluated various methods that could be applied in producing the com- 

pleted end article. Considering the logistics problems, i t  was determined that the 

fabrication, assembly, installation, and final outfitting a r e  best suited to the capabilities 

of a shpyard. 

Configurations evaluated were 

o Baacline Surface l'latform (monolithic and rnuitiple heat exchangers and 

turbines) 

a Supertanker (twenty 5-MW(e), eight 12.5 MW(e) , and four 25-MW(e) heat 

exchangers) 

e Spa- Fower Module (tea 5-MT;V(e) dual modules, four 12.5-M3V(e) dual 

modules, and four 25-MW(e) modules) 

Installations costs, shown in Table 2-3, indicate that a 25-MW(e) power module for the 

submerged configuration is the least costly. As would be expected from the large num- 

ber of components to be handled, the twenty 5-MW(e) installation is the most costly, 

and there is little difference between the supertanker and the baseline surface platform 

costs. 

An estimated schedule for the supertanker and surface platform installation indicated 

that it would require approximately 3 years and 9 months to complete the installation 

and conduct predelivery fests, The schedule for the 25-fV1W(e) modules for a 100-MW(e) 

submerged platform is shown in Fig. 2-4. As indicated, the f i rs t  module would be 

completed in 18 months, with subsequent modules requiring 6 months each for a total 

spa1 of 3 yedrs. 
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Table 2-3 

luu-lvlw.(ej SYSTEM 1T;TSTAZWTION COSTS 

Power Modules Supertankers Surface Platforms 

RfLV(e) System Size - 5 - 12.5 - 2 5 - 5 - 12.5 - 25 Monolithic Multiple 

Uu~Jellsers ~ " 7  300 160  GO 220 17n 19n 230 

Evaporators 270 200 160 250 220 170 190 230 

Generators 100 80 60 150 120 80 100 120 

Turbines SO 60 40 110 90 60 80 100 

Seawater Pumps 600 400 250 470 390 320 340 320 

Condensate Pumps, 
Distribution Pumps, 
Piping and Valves 3,450 2,530 2,000 6,650 5,700 4,650 5,300 6,400 

Foundations (Install) 4,350 3,000 2,500 8,350 7,200 5,850 7,000 8,450 

Foundations (Make) 6,100 4,200 3,500 11,950 10,250 8,480 9,800 11,800 

TOTAL 15,220 10,670 8,670 28,130 24,190 19,780 23,000 - - - -  27,650 

NOTE: Costs in Thousands of Dollars 

CONTRACT AWARD 
I I I I I 1, I I 

I I I I I I I I 
STRUCTURE. DESICX C O M P L E T E  (4)  MODULES 

COMPLETED 
SYS., DESIGXS COMPLETE 

DESICX SYSTEMS ! 1) 
ELECTR LCAL & ELECTROXIC STS., DESIGX 

COMPLETE 
TOOLLKG DESICX, COMPLETE 

FABRICATE SYSTEMS ( 2 )  
i 

Sti BASSEMBLY ! 
i 

INSTALL SYSTEMS ( 2 )  
ASSEMBLY 

I 
I 

TEST PROGRAM 

P I P I S C  & SUPPORT SYS. PREFABRICATIOX 

ELECTRICAL 6; ELECTROXIC PREFABRICA- 

LiiTERFACE TOOLIXG 
T IOX 

FABR ICATIOX COMPLETE 

,-ASSEMBLE STR UCTURAL COMPOXEXTS 

, S"PP0RT SYS. L~STALLATIOX 

ELECTRICAL 6. ELECTRONIC IP\' 4f4b& - 

( I )  EQUIPMEXT ESIGSS, L.4TOUT AXD DWGRAivIh~WTICS ;\\'AILABLE. 
( 2 )  SCHEDCLED p LOXG LE.4D ITEMS TO BE ADVAXCE ORDERED. 

I 

Fig. 2-4 Schedule for 25 -W(e )  &Iodules for Spar Platform 
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2.1.5 Ammonia Plumbing 

Ammonia vapor and condensate plumbing cost trade studies were conducted to evaluate 

the effect of component modularity on ammonia system costs. Three surface configu- 

rations (four 25 -W(e ) ,  eight 12.5-NIW(e), and twenty 5-MW(e) heat exchangers) and 

two ~ubmorgod oonfiprationa (four 36 -MW (c) and hvcnty 5-MW (c) hcat exchangers) 

were evaluated. Costs were obtained for plumbing required to maintain 60 fps in the 

vapor lines and 30 fps in the condensate lines at ammonia flow rates associated with 

design AT'S of 32", 36" , and 40" F. 

The results shown in Fig. 2-5 indicate that the least costly arrangement is for the 

25-MW(e) submerged configuration having four 25-MW(e) heat exchangers. For the 

ship arrangement, the four heat exchanger configuration is more costly than the eight 

heat exchanger arrangement because of the required pipe diameter and wall thickness. 

Special handling equipment is required for lines in excess of 90 in, in diameter, If 

higher flow velocities o r  dual flow piping were used, the four heat exchanger configura- 

tion would be less  expensive. 

The effects of Gapor and condensate velocity changes were evaluated by determining the 

effect of ammonia system pressure loss on heat exchanger size to maintain 25 MW(e). 

The results, shown in Figs. 2-6 and 2-7, indicate that minimum heat exchanger and 

ammonia plumbing costs occur a t  a vapor velocity of 160 fps and a condensate velocity 

of approximately 25 fps. 

2 -10 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



4-25 M W e  SHIP 
8 - 1 2 ~  M W ~  SHlP 

-7 

+--- ----1-- -----+-"---1-----1, 
--4 4-25 MWe SPAR 

~ i ~ .  2-5 Ammonia System Costs (Piping, Valves and pumps) 
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100 140 180 220 
VAPOR 'JELOCITY (FPS) 

Figi 3 -G Effoot of Vapor Volooity, Submorgod Configuration, 
Condensate Velocity = 30 fps 

10 2 0 3 0 40 
CONDENSATE VELOCITY (FPS) 

Fig. 2-7 Effect of Condensate Velocity, Submerged Configuration, 
Vapor Velocity = 160 fps 
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2.1.6 Power System Module Performance Size 

There a r e  indications of reducing the cost of energy as  the size of the power module 

is increased beyond 25 MW(e). Our interpretation of the scope of work did not include 

investigations in all componentry areas beyond 25 W ( e )  o r  a module beyond 25 MW(e). 

The two most significant areas of cost reduction a r e  also the two highest cost areas in 

the power module. These a r e  the heat exchangers and the seawater system. For the 

recommended power system module, the heat exchangers and seawater system account 

for 76 percent of the prototype power module costs and 67 percent of the f irst  produc- 

tion unit. 

It is therefore recommended that the f irst  3 to 4 weeks of Task 2 (the f irst  part of the 

period called Requirements and Guidelines) be used to refine the power system module 

performance size in order to define the most cost-effective power module size. This 

approach would require close coordination with the OTEC Plant Configuration and 

Integration Study Contractors to ensure use of realistic cri teria in the power module 

size evaluation. 

2 -13 
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2 , 2  SYSTEM CHARACTERISTICS 

The following seven tables present the system physical and performance characteristics 

a s  requested by DOE. Each table summarizes three configurations : First ,  the power 

module for the "reference hull is a surface ship/platforml' with a 10-ft head loss in the 

warm water circuit ul' llle power module and a 15-ft head loss in the cold water circuit,  

a s  specified. Second, a power module for the surface ship/platform with the warm and 

cold water head losses optimized on the LMSC computer program. Third, a power 

module for a submerged, external power module adaptable to a spar  type platform, 

In the former two cases the evaporator centerline is a t  45 f t  and the condenser center- 

line at 55 f t  a s  shown in Fig. 2-8. In the latter case, they a r e  at  150 ft and 275 ft, 

respectively (Fig. 2-9). 

In Table A ,  net power is at  the power module bus bar and does not include platform 

zrolatod loosoc~ for powcr conditioning and transmission. 

Tables B through G a r e  self-explanatory. 

2 -14 
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Table A 

MOLIULE POWER 

(a) 0 . 2  mg/l  to 1 . 6  mg/l dosage 

(b) System sized with added heat exchanger pressure  loss .  Cleaning system operated 

by flow reversa l  f o r  15 minutes once a day. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Item 

Turbine Power 

Generator Power [ MW(e) ] 

Warm Water Pumping 
Power [ MW(e)] 

Cold Water Pumping 
Power [NEW(e)] 

Ammonia Feed Pumping 
Power [MW(e)] 

Ammonia Distribution Pumping 
Power [ MW(e)] 

Controls, Hotel, Internal Power 
Loss,  Etc. [&lW(e)] 

Chlorination Power i ivlW(e)]. (a) 

Mechanical Cleaning Power (b) 

Net Power Out [ M W ( e ) ]  

Turbine G r o s s m e t  Power 

Reference 
Baseline 

37.14 

36.59 

4 . 0 1  

6 . 1 3  

0 .81  

0 .20 

0 . 4  

0 . 0 4  to 
0 . 3 2  

25.00 to 
24.72 

1 . 4 9  to 
1 . 5 0  

Surface 

33.07 

32.58 

3 .10 

' 3.75 

0 .61  

0 .18 

0 . 4  

0 . 0 4  to 
0 . 3 2  

24.50 to 
24 .22  

1 . 3 5  to 
1 .36  

Optimized 

Submerged 

33.23 

32.73 

3 .04 

3 .31 

1 .27 

0 .17  

0 . 4  

0 . 0 4  to 
0 .32  

24.50 to 
24 .22  

1.3G to 
1 .37  
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Table B 

ROTATING MACHINERY (PER BASELINE MODCLE OF 25-MW(e) (MET) 

It am Type 

Radial Inflow 

AC 

Axial 

Submerged 

Axial 

Submerged 

Centrifugal 

- 

Centrifugal 

- 

Number 

Turbine and Drffuser 

Generator 

Warm Water Pump 

Warm Water Pump Motor 

RPM 

3,600 

3,600 

100 6 10% 

870 & 10% 

100 10% 

870 i 10% 

- 

1,200 

- 

1,800 

2 

1 
1 

4 

. 4 

Efficiency 

0.86 

0.985 

0.86 

0.90 

0.86 

0.90 

0.90 

0.90 

0.90 

0.90 

Horsepover 

- 

- 

- 

1,500 

- 

2,250 

- 

600 

- 

'i 5 

Comments 

18.57 MW 
each 

Cold Water Pump 

Cold Water Pump Motor 

Ammonia F e e  Pump 

Ammonia F e e  Pump M o t x  

Ammonia Dist-iibution Pump 

Ammonia Distribution Pump 
Motor 

' 4 

j :  4 

3 

1 3 
i 

1 4 

4 



Table  C 

FLOW RATES AND CONDITIONS AT DESIGN POINT OPERATION 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Item Reference 
Baseline 

T U R B I N E S  

Optimized 

Surface 

3.36 x 10 
6 

\ 

137.5 
73.74 
150 
9 9 

95.93 
53.83 
75 
96.5 

Submerged 

3.39 x l o 6  

136.9 
73.49 
150 
9 9 

96 
53.87 
7 5 
96.6 

Flow Rate  (lb/hr) each . 

INLIET 

P r e s s u r e  (psia) 
Tempera ture  (" F)  
Velocity (fps) 
Quality (%) 

OUTLET 

Pressure (psia) 
Tempera ture  (" F) 
Velocity (fps) 
Quality (%) 

3.8 x 10 

136.9 
73.49 
150 
99 

95.94 
53.84 
7 5 
96.5 

P U M P S  

3.36 x l o 6  
110 

3 . 3 6 ~ 1 0  
6 

15 

403,500 
7.6 

416,200 
8 

3.39 x 10' 
52.1 

3 . 3 9 ~ 1 0  
15 

386.700 
8 

395,500 
9.5 

AMMONIA FEED 

Flow Rate  (lb/hr) each 
Pressure R i se  (psia) 

AMMONIA DISTRIBUTION 

Flow Rate  (lb/hr) each 
P r e s s u r e  R i s e  (psia) 

WARM SEAWATER 

Flow Rate  (gpm) each 
P r e s s u r e  Rise  (ft) 

COLD SEAWATER 

Flow Rate  (gpm) each 
P r e s s u r e  R i s e  (ft) 

3.8 x 10 
52.1 

3.8 x 10 
15 

402,600 
10 

408,500 
15 
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T a b l e  D 

HEAT EXCHANGER DESIGN DATA - HORIZONTAL 
SHELL AND TUBE (EVAPORATOR) 

I Item ReCerence 
Baseline 

Numbcr per Rlodule 

'l'hermal Itating (MUtujhr) 

Water Flow Rate (bvin) 

Ammonia Flow Rate (lb/hr) 

Dcoign Prcasutvc (l~sitl)(i') 

Oyuruling Prcssurc (psin) 

Overall Lcngth (ft) 

\\'ator Enhancement 1;nctor 

!\mmonia Enhancement Factor 
(ovcr smooth tube) 

Tohl Wumbcr of Tulsus 

Tube OD (in.) 

Tube \Val1 (in. ) (b) 

T u l ~  Pitch (in. ) 

Tuitc I.;~ytrul 

Opti mizctl 

Tubesheet Diameter (It) 

Effective Tube Length (ft) 

Actual Tube Lcnbeh (ft) 

I'ul-,esl~oet Thicla~css ( i l l .  ) 

Second Tubesheet Thicla~css (in.) 
(if applicable) (e) 

Surfacc 

43 

39 .5  

4 1 . 5  

2 . 5  

2 . 5  

5 

1 

t i .  G 

GO 

3 .  2 

0 .  G5 

AL 5052 

AI. 3083 

r\L 30S3 

A L  5083 

- 
TBD 

75' rl x Cl" tllirl; 

(e) 

95 

99 

Sul)mcryctl I 

.\:umber of Tube Supports 

Tube Support Thiclaless (in. ) 

Tube Support Spacing (It! 

Shell OD (ft) 

Shcll \\'all Thicliness (in.) 

G 

1 

ti. 3 

6 3 . 5  

3 .  2 

\'oicl Fraction 1 0 . 6 3  

'L'ubc !\laterial 

Tubesheet Material 

Shell >,laterial 

Baffle Material 

Cladding Material 

Coating &~a te r i a l s (~ ' )  

n rmis t r r  S i 7 ~  (ft x ft x ft) I 7fi ' rl x Cl" thirli 

Denlister Design Pressure  (psia) 

Design lnlct Quality ( I - )  

Desiyn Outlet Quality ( I ; )  

(a) Burst/Collapse 
(1)) .\lcn.11/3linimun1 
(c) Annular Type 
((1) Sot clefinetl at  this time 
(e) Jlist Estractor inside evaporator shell 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Table  E 

HEAT EXCHANGER DESIGN DATA - HORIZONTAL 
Sfis LE Alyu ;limU-B~ jc uiqD E~\-S;,SN) 

(a) Burst/Collapse 
@) Mean/&Iinimum 
(c) Annular 'I'ype 
(d) Not defined a t  this time 

1Le1r1 

Number per Module 

Thermal Rating (&IBtu/hr) 

Water Flow Rate (gpm) 

Ammonia Flow Rate (lb/hr) 

Design Pressure  (psid)(a) 

Operating Pressure  (psia) 

Overall Length (ft) 

Water Enhancement Factor 

Ammonia Enhancement Factor 
(over smooth tube) 

Total Number of Tubes . 

Tube OD (in.) 

Tube \Val1 (in.)@) 

Tube Pitch (in.) 

Tube Layout 

Tubesheet Diameter (ft) 

Effective Tube Length (ft) 

Actual Tube Length (ft) 

Tubesheet Thickness (in.) 

Second Tubesheet Thickness (in.) 
(if applicable) (C) 

Number of Tube Supports 

Tube Support Thickness (in.) 

Tube Support Spacing (ft) 

Shell OD (ft) 

Shell Wall Thickness (in.) 

Void Fraction 

Tube Material 

Tubesheet Material 

Shell. Material 

Baffle Material 

Cladding Material 

Coating ~ a t e r i a l s ( ~ )  

., 2 -19 
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Reference 
Baseline 

1 

3,845 

1,633,900 

7,597,800 

250/- 

96 

7 6 

1.0 

3.0 

58,700 

1.5 

Optimized 

Surface 

1 

3,430 

1,582,200 

6,776,500 

250/- 

96 

68 

1.0 

3.0 

56,400 

1.5 

0.1025/0.090 0.1025/0.090 0.088/0.075 

1.875 1 1.875 ' 1 1.875 

Equilateral Triangle 

Submerged 

I .  

3,400 

1,664,600 

6,716,450 

96/132 

96 

66 

1.0 

3.0 , 
56,000 

1.5 

43.5 

44  

46 

2.5 

2.5 

6 

1 

6.3 

63.5 

3.2 

0.59 

AL 5052 

AL 5083 

AL 5083 

AL 5083 

- 
TBD 

43 

39.5 

41.5 

2.5 

2.5 

5 

1 

6.6 

60 

3.2 

0.61 

AL 5052 

AL 5083' 

AL 5083 

AL 5083 

- 
TBD . 

43' 

38 

40 

1.5 

1.5 

5 

1 

6.33 

5 9 

2.0 

- 0.61 

AL 5052 

AL 5083 

AL 5083 

AL 5083 

TBD 



Table  F 

HEAT EXCHANGERTHERMALDATA-EVAPORATOR 

(a) Based on tube ID 
@) Across tube bundle radius using Eqs. 6 .13 and 6.13@) of 

HEAT TRANSnlISSION by McAdams. 
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Item 

Water Flow Rate (lb/hr) 

Water Flow Pe r  ~ u b e  (lb/sec) 

Water Velocity Inside Tube (ft/sec) 

Reynolds Number Inside Tube (-) 

Prandtl Number Inside 'rube (-) 

Inlet Water Temperature (O F) 

Outlet Water Temperature (O F) 

Average Water Temperature (" F) 

LMTD (" F) 

Average Tube Wall Surface Temperature (' F) 

Avnl-age Shell Wall Surface Temperature (" F) 

HW (Including Enhancement) (Btu/hr ft2 " F) 
2 

H Fouling (Btu/hr ft " F) 

H Wall (Btu/hr ft2 " F) 
2 

H Ammonia ( B t u h r  ft O F) 

Uo ( B t u h r  ft2 " F ) ( ~ )  

Ammonia Inlet Ternperaturc: (" F) 

Ammonia Outlet Temperature (O F) 

Vapor Quality (Outlet, %j 
M~simum Vapor Velocity (Outlet, ft/sec) 

< 
'l'otal Pressure m o p  of Water (psrcl) 
Total Pressure Drop of Ammonia (psid) @) 

Dlstributlo~l Tubes/I-Ieal TI.UISTIX Tubes 

&Iasimum Feed Rate (lb/ft sec) 

Minimum Feed Rate '(lb/ft sec) 

Design Feed Rate (lb/ft sec) 

Recirculation Ratio (-) 

Maximum Distribution System h P  (psid) 

lteference 
fiaseline 

824 x 10' 

4.38  

7.54 

72496 

6. 0 

83.88 

78.71. 

81.29 

7.19 

74.3 

74.5 

1388 

3333 

9709 

347 5 

709 

53.53 

73.49 

99 

7.0 

3.92 

0.30 

0.01 

0.20 

0.10 

0.15 

0.5 

15 

' 

Surface 

792 X I U ~  

4.27 

7.54 

72424 

ti. 0 

83.88 

79.08 

81.48 

7.42 

74.6 

71.7 

1388 

3333 

9709 

3475 

709 

53.55 

73.74 

99 

7 . 1  

9.96 

0.30 

0 .01 

0.20 

0.10 

0.15 

0 .5  

15 

Optimized 

Submerged 

827 x 10' 
4.57 

7.53 

73970 

G. 0 

83.88 

79.32 

8 i . 5 5  

7.46 

71.8 

7 5 

1382 

3333 

11235 

3400 

711 

53.41 

73.91 

99 

7 . 3  

3.35 

0.32 

0.01 

0.20 

0.10 

0.15 

0.5 

15 - 
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Table G 

HEAT EXCHANGER THERMAL DATA - CONDENSER 

(a) Based on tube ID 
@) Across tube bundle radius using Eqs. 6.13 and 6.13@) of 

Heat Transmission by McAdams . 
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Item 

Water Flow Rate (lb/hr) 

Water Flow Per  Tube (lb/sec) 

Water Velocity Inside Tube (ft/sec) 

Reynolds Number Inside Tube (-) 

Prandtl Number Inside Tube (-) 

Inlet Water Temperature (OF) 

Outlet Water Temperature (' F) 

Average Water Temperature (O F) 

LMTD (" F) 

Average Tube Wall Surface Temperature (' F) 

Average Shell Wall Surface Temperature (' F) 

2 
HW (Including Enhancement) (Btu/hr ft F) 

2 
H Fouling (Btu/hr f t  ' F) 

H Wall (Btu/hr ft2 ' F) 

H Ammonia (Btu/hr ft2 ' F ) ( ~ )  

Uo (Btu/hr ft2 ' F) (a) 

Ammonia M e t  Temperature (" F) 

Ammonia Outlet Temperature (" F) 

Vapor Quality (Inlet, %) 

Maximum Vapor Velocity (Inlet, ft/sec) 

Total Pressure Drop of Water (psid) 

Total Pressure Drop of Ammonia (psid) (b) 

Reference 
Das d ine  

841 x lo6 
3.98. 

6.862 

50723 

10.4 

43.88 

48.77 

46.32 

7.08 

52.8 

56.2 

1086 

3333 

9709 

3475 . 

620 

53.86 

53.50 

96.55 

9.0 

3.277 

0.646 

Surface 

814 x lo6  
4.0 

6.821 

50422 

10.4 

43.88 

48.38 

46.35 

7.35 

52.8 

56.2 

1079 

3333 

9709 

347 5 

618 

53.89 

53.52 

96.55 

9.2 

2.913 

0.672 

Optimized 

Submerged 

856 x l o6  
4.25 

6.9 

52147 

10.4 

43.88 

48.12 

46.00 

7.40 

52.6 

56 

1084 

3333 

11235 

3400 

623 

53.86 

53.35 

96.5 

9.6 

2.808 

0.705 

d 
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2.3 SYSTEM DESCRIPTION 

Figure 2-8 shows a 25-MW(e) power system module of a 100-MW(e) surface platform 

arrangement. The evaporator and condenser a r e  63'. 5 f t  in diameter spherical alumi- 

num shells with 1.50-in. OD aluminum tubes. Power system auxiliary components, 

other than the ammonia cycle pumps, a r e  located in the space designatcd. For sim- 

plicity, the heat exchanger and turbine-generator foundations a r e  not shown. 

Warm surface water for the evaporator is drawn by four seawater pumps through a 

45-ft diameter coated steel duct connected to the platform hull. The pipe centerline 

is 45 f t  below the water surface to  ensure that the inlet remains flooded in all oper- 

ational sea  states and a minimum positive head is maintained on the seawater pumps. 

Seawater discharge from the evaporator is directed through the bottom of the platform, 

Cold water supply to the condenser is drawn from the cold water pipe plenum located 

in the center of the platform. Cold water discharge from the condenser is also ducted 

through the bottom of the platform, with an extended duct to minimize potential for 

recirculation. 

Four single-stage high flow, low head, axial flow pumps provide the water to  each heat 

exchanger. The pumps a r e  clustered into a 45-ft diameter to enhance uniform flow 

distribution to the heat exchangers with minimum duct lengths. The four pumps pro- 

vide maximum reliability, a s  discussed in Section 2.1. 

The ammonia distribution and condensate return pumps a r e  located below the heat ex- 

changers to provide adequate NPSH for the pumps. A spare  pump is provided in each 

assembly to provide high subsystem reliability. 

Figure 2-9 shows a 25-MW(e) module for a 100-MW(e) spar-type platform. The evap- 

orator and condenser heat exchangers a r e  attached to opposite ends of a dry machinery 

space. Seawater pumps : located upstream of the heat exchangers, draw seawater from 

the platform warm and cold water plenums when the module is mated to the platform. 

Access trunks lead from both the platform and the module lower pump room to the 
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-. 
center machinery space. The platform access trunk is large enough to allow passage 

of all piping and electrical cables between the platform and module as well as  equip- 

ment for maintenance. A water-tight cover is fastened to the trunk entrance during 

transit. The pump room access trunk is a passageway large enough for maintenance 

access. 

Tanks a re  attached to both ends of the module for additional buoyancy during transit. 

The bottom buoyancy tank also. serves as  a ballast tank to up-end the module for mating 

to the platform. 

. ... . . - . . - - - . . .. - . . , . - . . - . . . - .- , . . .. . . . -. . - - -. . . - . 

The heat exchangers a re  59-ft diameter spherical aluminum shells with 1.5-in. - 
diameter aluminum tubes. An externally circumferentially grooved tube fabricated.by 

an embossed process or integrally rolled fin with a smooth internal bore was selected 

as the most cost effective tube configuration. No seawater-side enhancement is 

presently included. Biofouling control is accomplished using chlorination and mechani- 

cal brushes daily. Chlorine is injected for 20-minute periods three times per day and 

the brushes (selected for cost and, simplicity) a r e  activated once a day for four passes. 

The machinery space is a ring-stiffened cylindrical shell with hemispherical ends.that 

intersect with the heat exchangers. The machinery space has three levels. The lower 

level, which is also the top of the condenser, provides space for the module bilge pumps 

and the upper termination of the lower pump room access trunk. The mid-level, a 

torispherically shaped deck, supports the turbine-generator and power system auxiliary 

equipment. The torispherical shape supports the machinery in membrane stress and 

does not require vertical supports. The upper level contains the control station, elec- 

trical equipment, and leak detection equipment. 

Other equipment such as the nitrogen purge system, ammonia storage and fi l l ,  and 

crew accommodations a re  located on the platform. . 
- -  -- . - .. . . . . . _ . _ _ _  _ - - -  . .- 
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2.4 AVAILABILITY 

The power system module availability is a function of reliability and maintainability. 

For reliability, the critical component failure rate was estimated at  just under two 

failures per year requiring 3.5 days repair each. This low failure rate is attributable 

to redundancy incorporated into the power cycle. Four critical areas have redundancy: 

Evaporator/condenser tubes 

Seawater system pumps 

Ammonia cycle condensate and distribution pumps 

Ammonia turbines 

The heat exchangers have 7 percent excess tubes and all tubes have a 0.020-in. corro- 

sion allowance to provide at  least a 10-year life with not more than 5 percent of the 

tubes plugged. With failure of one seawater pump, the module power output drops to 

95 percent rated; and with two pumps failed (one per heat exchanger), the power output 

drops to 90 percent of rated. The ammonia cycle condensate pump assembly and the 

distribution pump assembly each incorporate a spare pump. The turbine-generator 

assembly incorporates two turbines. 

Seven levels of maintenance were established based on periodicity and activity duration. 

Level 1 ,  fill and change, occurs weekly; Level 2, adjust and clean, occurs monthly; 

and to Level 6, overhaul and refurbish, which occurs every 36 months. Level 7 is 

special and provides for heat exchanger changeout every 10 years. Maintenance for 

the two power system module configurations with and without Level 7 ranged from 

24.7 to 29.7 days per year average. Using a spare detachable module and performing 

Levels 6 and 7 maintenance at a shipyard reduces the yearly maintenance downtime to 

12.1 days. 
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2.5 COST ANALYSIS 

Tables H and I present power module and heat exchanger cost data for the reference 

baseline ship/platiorm and for the submerged installation. All costs a re  expressed 

in terms of 1977 dollars and an allowance of 30 percent of material and labor cost is 

included for contingency, engineering, and other changes as shown below. 

STRUCTUREOF ALLOWANCE FACTOR 

Contingency ..- . 

Engineering 0.06 
Home Office 0.04 
Contractor's Fee 0.04 

'Total Services 

Owner's Cost and Integrator's Fee 0.04 

Cost Multiplier = 1.10 X 1.14 X 1.04 = 1.30 

Mature industry is  as slimed for all components and construction. While a learning 

curve could have been applied, it is  felt that most "learning curve reductions" will 

occur in the first several plants and no overall learning curve should be applied. 

As seen in Table H , the heat exchangers and seawater pumps account for nearly two- 

thirds of the total power system costs. The turbine and generator account for approxi- 

mately 10 percent of the costs. The three areas have the greatest potential for cost 

reductions based on potential size reductions for the heat exchangers and quantity 

purchases for the rotating machinery. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Table H 

POWER SYSTEM COST SUMMARY 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Item 

Evapor ntor 

C ondens er 

Demister 

Turbine 

Generator 

Seawater System 

Ammonia Feed Pumps 

Ammonia Circulation Pumps 

Ammonia Piping 

Control Systems 
. . 

Cllaaaing Systemu 

Other Auxiliary Systems 

Chlorination 

Equipment Installation 
- 

TOTAL 

--I---, 

Power System 

Prototype 
Unit 

I Reforenoe 
Baseline 

37 5 

428 

7 

83 

57 

260 

7 

10 

2 0 

17 
.A . . . 

23 

114 

34 

9 2 

1,527 

Costs ($/kW) 

First Production 

Submerged 
- 
27 2 

310 

7 

74 

5 1 

260 

7 

10 

14 

17 

z2 

114 

35 

40 

1,233 
- -  

Unit 

Reference 
Baseline 

327 

37 1 

7 

6 2 

50 

200 

6 

9 

17 

15 

3 0 

100 

30 

81 

1,295 
- - 

Submerged 

225 

256 

7 

5 5 

4 5 

200 

6 

9 

12 

15 - 

19 

' 100 

3 1 

35 

1,015 



Table I 

HEAT EXCHANGER COST SUMMARY 
(EVAPORATOR AND CONDENSER) 

(a) Tubes at $O.84/ft basic + $0.44/ft enhancement 
@) Tubes at $0.70/ft. basic + $0.44/ft enhancement 
(c) Includes final structural assembly 
(d) Includes demisters 

T 

First  Production Unit Costs '($/kW) 

Item 

Tubes 

Tubesheets 

Tube Support Plates ' ' 

Waterboxes 

Ammonia Distribution (a) 

Nozzles 

Miscellaneous 

TOTAL : 
L 

Prototype Unit Costs ($/k~) 

Reference 
Baseline' 

Material 

~ 6 ' ~ )  
. 

Reference 
Baseline Submerged 

Material'[ Labor Labor 

71 

Material 

~ 6 ' ~ )  
. . 

.19 
, , 

18 / 

57 , 
8 

7 

1 

1 

44-37 

Submerged 

248@) 

r 11 
I I 

. 

! 14 
0 .  

31 

8 

7 

1 

1 

: 321 

25 j . . 

: I 9  I : : 1 8 ,  . 3 7 .  
I 

;57 1 94 
. I !  

8 16 
r, 

T I  2 i 
' l. 

1 1 2 .  

457 ' 1 248: 

Labor 

101 

'42 1 
1 ! 
! I  

i 60 

123 

2 2 

2 

1 

2 

353 

Material 

248. @) 

1 11 
I 

14 
- - 

3 1 

8 

7 

1 

1 

;32C 

63 

16 

, !  

- .  

i 31' 

36 

16 

2 

1 

2 

167 

Labor 

89 

26 

; 51 
. . 

75 

22 

2 

1 

2 

, . .  268- . i 
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TEST ARTICLES 

2.6.1 Guidelines 

The major guidelines used for development of test article configurations and sizes a r e  

to provide, w i t h  reasonable cost, hardware representative of the 25-IW(e) power 

system which would yield data sufficiently accurate to evaluate the validity and relative 

merits of 25-MW(e) system concepts. Further, the data a r e  to provide confi-. 

dence in (or upgrade) the analytical methods used for predicting performance and cost 

of the power system configuration. 

2.6.2 1-MW(e) Heat Exchangers 

No strong rationale exists to deviate from the 1-MW(e) size and, in fact, the use of 

OTEC-1 as  the test platform for .the 1-MW(e) heat exchangers is the strongest point 

in its favor. Configurations to satisfy the guidelines and scaling included variously 

shaped tube bundles, and additions of ammonia vapor and liquid droplets at  various 

locations within the bundle. 

The selected 1-MW(e) heat exchanger test articles a r e  half-tube bundles divided verti- 

cally along the tube length. The division gives a half which is symmetrical about the 

longitudinal vertical plane. This approach provides all the necessary and sufficient 

data for verification of the liquid distribution, vapor flow, and thermal performance. 

Ih addition , the second half car1 be used fur les t h g  , sl~~~ull;u~mrusly , a dUerwll lube 

. or tube bundle configuration. 

2.6.3 Scaled Power System 

The scaled proof of concept power system is a performance-scaled power system. 

All componentry and subsystems would be configured for performance size in order 

to ensure component compatibility and operation as a system. Selected subsystems 

would not have redundant equipment in order to provide cost savings as the scaled 
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power system is not a life test system. All operational features of the power system 

as  well as  the manufacturing feasibility and functional aspects (startup, shutdown, 

off-design operation control) would be demonstrated. 

The recommended size of the scaled proof of concept power system is 10- to 12-MW(e) 
. . . - . . . 

for the following reasons: 

e Reasonable size to attract attention of potential users 

e Reduce unknown-mknowns of scaling as  the most cost effective size 

is in the range of 25- to 50-MW(e) 

o Reduce:$ /k~ capital investment by DOE 

o Provide basis for validating commercial cost projections 

e Provide reasonably sized component data and system data 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Section 3 

SYSTEM MODELING AND RESULTS 

The basic objective of system modeling is to analytically establish the power system 

component characteristics in order to predict the power system performance at selected 

design and off-design operating conditions. LMSC has developed proprietary computer 

programs which define the power system configuration at particular designconditions 

and determine the off-design performance of the resultant power system. A brief 

description of these programs and the results of their application to the analytical 

efforts a r e  presented in the section. 

It is possible to use the programs to arrive at an lloptimuml' configuration for an as- 

signed set of design parameters. This approach was taken to arrive at the configuration 
- . - -  

designed to provide 25 MW(e) (net) at the'40° F differential temperature specified in the 

Design Requirements. In addition, designs were optimized for differential temperatures 

of 32", 36", and 44" F. Application of the performance data for these various 'configura- 

tions to potential OTEC sites is discussed below, and the results of various trade studies 

a re  presented. 

3.1 POWER SYSTEM ANALYTICAL MODELING 

3.1.1 Approach 

The analytical approach to the selection of an l'optimumll configuration is an iterative 

procedure in that the costs associated with the "minimum unit power costn system a re  

dependent upon the criteria used to arrive at  the configuration, and the criteria them- 

selves may vary as  the selection process continues. For a given set of criteria, such 

as warm and cold water temperatures, material, power system configuration and in- 

cluding platform related items such as cold water pipe length, an l'optimumll configura- 

tion can be established. 

3 -1 
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J 

The configuration optimization program developed by LMSC can be used to determine 

vminimum arean heat exchangers or  "minimum cost1! installation based on synthesized 

cost equations. As real data are developed on the manufacturing and component costs, 

the cost equations are updated and the configurations refined. For conceptual design 

purposes, the present equations are adequate to define optimization trends. 

In order to provide the requisite ?!net power, the power system must be sized to pro- 

vide the parasitic power requirements of the seawater and ammonia condensate pumps 

and other auxiliaries. It is, therefore, necessary to provide programmatic inputs 

that a r e  platform related and site dependent. For example, the length and diameter 

of the cold water pipe and the seawater temperature profile are factors which affect 

the cold seawater pump head requirements. Similarly, the relative location of the 

heat exchangers is a factor in determining the ammonia condensate pump head require- 

ments. 

3.1.2 Optimization Program Output 

The various items discussed above a re  exemplified in the sample Optimization Program 

output shown in Fig. 3-1. The first page presents comments concerning the particular 

run, provides data on the working fluid thermodynamic characteristics a t  various points 

in the cycle and the geometric configuration for the computation of pressure differences 

within the working fluid flow path. For the case shown, the plumbing is sized to provide 

a vapor velocity of 160 ft/sec and a condensate velocity of 39 ft/sec. 

The various stations noted on the first sheet are defined as  folloWS: 

Station Location 

Mist Extractor Inlet (Evaporator Outlet) 
Mist Extractor Outlet 
Turbine Inlet 
Turbine Outlet 
Condenser Met 
Condenser Outlet 
Condensate Pump Inlet 
Condensate Pump Outlet 
Evaporator Inlet 
Evaporator Outlet 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Fig. 3-1 Sample Output From Heat Exchanger Optimization Program 
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The working fluid plumbing, shown on that sheet, is representative of the reference 

surface platform installation. The pipe lengths, bends, and head differentials a re  

adjusted, as  required, for the component orientation as influenced by the selected 

platform. 

The second sheet presents data on the physical characteristics of the l lopt im~edll  heat 

exchangers, the seawater characteristics, including flow rates and temperatures, and 

the various heat transfer coefficients and thermal resistances which determine the 

overall heat transfer coefficient. The magnitude of the total heat flux across the heat 

exchangers is also shown. 

The third sheet presents data on the seawater pump variables. The physical character- 

istics and speed data a re  based on averaging specific diameter and speed data provided 

by three manufacturers. These data a re  informative only to indicate the pump sizes 

required for OTEC power module application. As indicated, the parasitic power re- 

quired for seawater pumping is based on a pump efficiency of 86 percent and a motor 
. . .  efficiency (including reduction gearing) of 90 percent. As vendor data are  received 

for actual pump configurations, these values a re  adjusted as required. . 

The cold water pipe data, presented on the fourth sheet, a r e  included to show the pres- 

sure losses which a re  included in the determination of the cold seawater pump parasitic 

power. The program permits the incorporation of a constant diameter pipe or a seg- 

mented pipe of variable diameter sections. 

The thermodynamic and physical characteristics of the turbine a re  also presented on 

this sheet. The turbine efficiency is based on synthesized data provided for the study . 

conducted under Contract NSF/RANN/SE/GI-C~~~./FR/~~/~. As the design is refined 

in the Preliminary Design task, the design point turbine configuration will be established 

and a guaranteed efficiency value used in the development of the final configuration. 

The flow rate and pressure r ise  for the condensate pumps are  also shown, together with 

the pump and motor efficiencies used in the determination of pump power requirements. 

These computations will be iterated, during the Preliminary Design task, based on the 

actual performance of sel&ted pumps. 
- . 
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3.2 SITE THERMAL RESOURCES 

Environmental data, presented in the OT EC Demonstration Plant Environmental Package, 

includes temperature and current data at five potential OTEC sites. The temperature 

data a re  presented in terms of temperature differences between the surface and various -.---~-. . .--.. ... 
depths throughout the ye&. i Figures 3-2 through 3-6 present the temperature differ- 

- .. - -. . - - . - 
ences between the surface and two depths (2,000 ft 'and 3,280 ft) for the candidate sites 

at New Orleans, Hawaii, Key West, Puerto Nco, and a section of the Atlantic Ocean 

off the coast of Brazil. It is apparent from these figures that the cyclic variation in 

available resource has a significant impact on the annual power output of a selected 

plant. For example, if a plant is sized to provide 25 MW(e) (net) at the 40" F AT, 

and, operated at the New Orleans site, it will be capable of providing 25 MW(e) o r  more 

for less than 4 months. It is  apparent, therefore, that an a priori selection of the de- 

sign AT may not result in the most cost-effective configuration. 

3.3 DESIGN/OFF-DESIGN PERFORMANCE 

The off-design performance sensitivity of a selected design configuration can be deter- 

mined by the two LMSC proprietary computer programs. One program maintains the 

design seawater and ammonia flow rates and determines the net power output a s  a func- 

tion of the thermal resources. The second program varies the seawater and ammonia 

flow rates to maximize the net power output a s  a function of the thermal resources. 

This latter approach permits a trade study to determine the desirability of incorporating 

variable speed pumps to obtain the miuumurn net power at  each operating condition. 

The results of the off-design performance computations a r e  shown in Fig. 3-7. These 

performance curves a r e  based on the off-design characteristics of the radial in-flow 

turbine, and similar curves are in process for the axial flow turbine. The data shown 

in Fig. 3-7 a r e  for configurations designed to provide 25 MW(e) (net) a t  32", 36", 40°, 

and 44°F temperature differences over the AT range of 40" F as specified in the 

Design Requirement. 
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Fig. 3-2 Temperature Differentials Available at  New Orleans Site 

46 I REF: OTEC DEMONSTRATION PLANT - RFP 
ENVIRONMENTAL PACKAGE - JULY 14, 1977 
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Fig. 3-3 Temperature Differentials Available at Hawaii Site 
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Fig. 3-4 Temperature Differentials Available at Key West Site 
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Fig. 3-5 Temperature Differentials Available at Puerto Rico Site 
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Fig. 3-6 Temperature Differentials Available at  Brazil Site 
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Use of these curves is demonstrated in the following examples. Consider the tempera- 

ture profiles shown for New Orleans for the 2,000- and 3,280-ft inlet depths. Assuming 

that the values shown a r e  averages for the month, the total power output for each month 

can be determined. The annual power output of a Power System Module designed to 

provide 25 MW(e) (net) at a AT of 40" F is shown in Table 3- 1 for inlet depths of 2,000 

and 3,280 ft a t  the New Orleans site. These data a r e  based on the optimized flow curve 

of Fig. 3-7. The relative annual power output for various design conditions is shown 

in Table 3-2. Using the 40" F AT design with the inlet a t  2,000 f t  as the baseline, the 

relative power outputs for the other design configurations are as shown. For example, 

increasing the cold water pipe length to 3,280 ft a t  the New Orleans site increases the 

power output by approximately 30 percent. Similarly, using the configuration designed 

for the 36" F AT, the power output is increased by approximately 30 percent with the 

2,000-ft inlet, and approximately 70 percent with the cold water pipe inlet at 3,280 ft. 

Similar data are shown for other design conditions and the other potential sites. 

- 
RFP: OTEC DEMONSTRATION PLANT 

- EI.IVIRON,MENTAL PACKAGE 
JULY 14, 1977 

0 2,000 FT M I N .  ____--------  ----------- - 
- 
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Fig. 3-7 Off-Design Performance of 25-NBW(e) (Net) Module - P d a l  Turbine 



. . .. . . . . 

LMSC -D566744 

Table 3-1 

ANNUAL POWER OUTPUT, NEW ORLEANS (DESIGN AT 40° F) 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Month 

Jan 

Fcb 

Mar 

A P ~  

May 

Jun 

Jul 

Aug 

S ~ P  

Oct 

Nov 

Dec 

- 
TOTAL --- 

Power Output (MWh) 

2,000 ft 

7,142 

3,898 

4,762 

6,048 

9,151 

14,832 

19,344 

18,302 

16,056 

11,904 

9,072 

8,854 

129,365 

3,280 ft 

10,862 

5,376 

6,250 

10,080 

13,169 

18,504 

22,692 

22,320 

19,872 

16,368 

13,320 

13,020 

171,833 



Table 3-2 

RELATIVE ANNUAL POWER OUTPUT 

(a) Temperature data incomplete at 3,280 ft (see Fig. 2-6); 
ratios a re  greater than values shown. 

Site. (Inlet Depth) 

New Orleans (2,000 ft) 
New Orleans (3,280 ft) 

Hawaii (2,000 ft) 

Hawaii (3,280' ft) 

Key West (2,000 ft) 

Key West (3,280 ft) 

Puerto Rico (2,000 ft) 

Puerto Rico (3,280 ft) 

Brazil (2# 000 ft) 
Brazil (3,280 ft) (a) 

3 -14 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Design AT 

32" F 

1.72 

2.13 

1.70 

1.94 

1.78 

2.48 

1.83 

2.76 

1.57 

>l. 69 

36' F 

1.31 

1.69 

1.31 

1.56 

1.33 

2.02 

1.35 

2.27 

1.27 

> 1.4 

40" F 

1.0 

1.33 

1.0 

1.22 

1.0 

1.60 

1.0 

1.81 

1.0 

>1.13 

44' F - 

0.77 

1.03 

0.77 

0.95 

0.76 

1.26 

0.75 

1.43 

0.78 

>O. 9 
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m e s e  d&a, together with the cost data developed during the course of the PSD program, 

are used to determine the configuration which provides the minimum cost power output. 

For example, the desirability of incorporating variable speed seawater and ammonia 

pumps can be evaluated by determining the relative power output from the curves of 

Fig. 3-7. Table 3-3 presents the annual power output for the configuration designed 

for the 40" AT and 2,000-ft cold water inlet with variable seawater and ammonia flow 

and with constant flow. The data shown for the temperature profile a t  New Orleans 

indicate that the use of variable flow pumps increases the power output by approximately 

20 percent. Table 3-4 shows the performance gains that can be realized by optimizing 

the seawater and ammonia flows at  the various sites and with the indicated design condi- 

tions. These data a re  all based on the off-design performance of the radial in-flow 

turbine. In some instances, the data were extrapolated and the performance at  AT'S 

that a r e  more than 8" F from the design condition may not be exact. 

3.4 SELF- SUSTAINING OPERATIONAL CAPABILITY 

The data shown in Table 3-3 indicate that the AT available a t  the New Orleans site during 

the month of February is insufficient to provide any net power output for the constant 

flow configuration designed for the 40" F AT. Accordingly, the off-design computer 

programs were run at lower values of AT available with optimized flow rates. The 

results a r e  shown in Fig. 3-8 for the configuration designed to provide 25 MW(e) at a 

AT of 40°F, and in Fig. 3-9 for the configuration having a design AT of 36" F. It is 

apparent from these results that it is desirable to incorporate variable flow seawater 

and ammonia condensate pumps in order to maximize the operational capabilities of 

the power system module and, consequently, the total plant. 

3.5 SYSTEM EVALUATION CRITERIA 

The development of the final cost curves for the determination of minimum cost of 

power over the life of the system requires the incorporation of all component costs, 

maintenance costs, and economic factors, as well a s  platform costs. Although the 

latter are outside the scope of this program, it is possible to develop "figures of 

merit" or  evaluation criteria which establish trends leading to selection of an optimum 

configuration. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Table 3-3 

ANNUAL POWER OUTPUT, NEW ORLEANS (DESIGN AT 40°F), 
COLD WATER INLET AT 2,000 FT 

(a) AT of 25.2' F indicates less than zero net power 

Month 

J u  

Feb 

Mar 

A P ~  

May 

Jun 

Jul 

Aug 

S ~ P  

Oct 

Nov 

D-? 

TOTAL . - -  

3-16 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Power Output (MWh) 

O p t i u i z d  Flow 

7,142 

.3,898 

4,762 

6,.048 

9,151 

14,832 

19,344 

18,302 

16,056 

11,904 

9,072 

0,054 

129,365 

Constant Flow 

4,315 

- (a) 

360 

2,736 

7,291 

14,616 

19,344 

18,302 

15,984 

11,011 

7,344 

G, 945 

108,148 
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Table 3-4 

RATIO OF  PERFORh'IANCE OPTIMIZED FLOW/FMED FLOW 

(a) Tempera ture  da ta  incomplete at 3,280 f t  (see Fig. 2-6) 

Site (Inlet Depth) 

New Orleans (2,000 ft) 

New Orleans (3,280 ft) 

Hawaii (2,000 ft) 

, Hawaii (3,280 ft) 

Key West (2,000 ft) 

Key West (3,280 ft) 

Puerto Rico (2,000 ft) 

Puer to  Rico (3,280 ft) 

Brazi l  (2,000 ft) (a) 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Design AT 

4-4" F 

1.41 

1.17 

1.16 

1.05 

1.45 

1.06 

1.55 

1.03 

1.05 

40" F 

1.20 

1.07 

1.04 

1.01 

1.16 

1.01 

1.16 

1.01 

1.01 

32" F 

1.08 

1.11 

1.04 

1.09 

1.02 

1.14 

1.01 

1.15 

1.11 

36' F 

1.07 

1.04 

1.01 

1.01 

1.03 

1.03 

1.03 

1.03 

1.02 





TEMPERATURE DIFFERENTIAL.(OF) 6 Q, 
4 

Elig. 3-9 Off-Design Performance for Radial Turbine - 25 MW(e) (Net) Module, Design AT = 36" F . 
rP 
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One "criterionf1 evaluated i s  the cost of the major module components related to the 

annual power output as a function of the design AT. This parameter is site dependent 

as can be seen from the temperature profile data of Fig. 3-2 through 3-6 and the annual 

power data of Tables 3-1 and 3-2. Cost data, have been provided for a series of heat 

exchangers designed for 32", 36", 40°, and 44" F AT using 1.5-in. OD aluminum tubes 

with 0.065-in. -thick walls. Data provided on the cost of families of turbine-generators 

and seawater pumps a r e  used to establish costs for the design conditions .. In the case 

of the turbine-generators, the units a r e  sized for the maximum gross power output 

associated with the thermal resource profiles and the design AT. This ffevaluation 

criterionv is shown in Fig. 3-10 for the New Orleans site for the two cold water inlet 

depths of 2,000 and 3,280 ft. From these curves, in which the lowest value is most 

desirable, it would appear that the lowest design AT is most desirable. However, the 

low AT requires larger heat exchangers and rotating machinery. The heat exchanger 
. . . . - - - . 

--- ..- . , .. -"" .-.- --. --  . - .  - -  - - -  

z 
P 
2 loo 
3 
a > 
Y 

1 

= COST O F  IICAT CXCI.IAtJGERS, TURBOGEIJERATORS. A N D  PUMP5 
ANNUAL POWER OUTPUT 

- 
2,000 FT 

7 

- 

- / /' 3,280 FT 
- 

- / 
I I 80 

32 36 40 44 

DESIGN DIFFERENTIAL TEMPERATURE (OF)  

Fig. 3-10 Module Evaluation Criterion - New Orleans Site 
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volume has a major impact on the platform and should therefore be considered in the 
3 evaluation criterion. With cylindrical sheiis, the 40°F AT desigu vululiir: i s  100,000 ft . 

The incremental heat exchanger volumes from the 40" F design a r e  as  follows: 

Design AT Incremental Volume (ft ) 3 

- -- . . . . . . . . . . - - . . . . . .. . .  - 

Assuming that the cost effect for integrating the additional volume ranges [rum $20 to 

$80 per cubic foot, depending on the type of platform and location of additional volume, 

the effect of incorporating this penalty into the llevaluation criterion" is a s  

shown in Fig. 3-11. It i s  the volume effect and related cost penalty has 

a significant impac& on the "optimum ' l installation. 

= COMPONENT COSTS + VOLUME PENALTY 
ANNUAL POWER OUTPUT 

2.000-FT INLET , 20 I 

- ~ 

3,280-FT INLET -- 

DESIGN DIFFERENTIAL TEMPERATURE (OF) 

Fig. 3-11 Module Plus Volume Evaluation Criterion - New Orleans Site 
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From the results presented above, it i s  evident that a family of OTEC power plants 
must be designed in order to determine the most cost-effective installation for each 

--- - .--,--- . . 

site or annual available AT. 

3-22 
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Section 4 
BASELINE POWER MODULE 

This section presents physical and functional descriptions of the baseline power module. 

and comparisons of this baseline with power module configurations optimized for two 
-. . - -. -. . .. 

alternative platform installations. i he' baseline power module is c.onfigured to provide 
- .  . .. 

25-MW(e) net power output under the following design requirements: 

Design point temperature difference of thermal resource is 40°F with a surface 

water temperature..range of 70" to 85°F. 

A surface platform/ship is used as  the basic reference hull. 

Total pressure drops for the warm and'coldseawater systems are. 10 and 15 

ft of water, respectively. 

In keeping with the requirement to address the "optimum power system design,"' two 

alternative configurations were developed, one for application to a surface vessel and 

the ot'her for a submerged installation. Trade studies in the areas of heat exchanger 

design, materials,  biofouling control, rotating equipment, and module subsystems a re  

' also included. 

Tabulated data on performance and physical characteristics are  presented to permit 

a rapid comparative assessment of the baseline and the optimized configurations. 

. 
LOCKHEED MISSILES & SPACE COMPANY. INC. 
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4.1 LAYOUT DESCRIPTION 

Two power system module arrangements were generated - the baseline or reference 
- ' 

surface platform power system mounted, component by component, within a surface 

platform; and the recommended power system module which is a complete set nf power 

generation componentry mounted in a submersible detachable module attached to a spar 

platform. These two configurations provide comparison and evaluation of internal and 

external modules. 

4.1.1 Baseline Power Module 

The 25-MW(e) power system module arrangement for a 100-MW(e) surface platform/ 

ohip is shown in Fig. 4-1 . Fur simplification, power system auxiliary equipment - 
other t l u  suuuiullia cycle pumps - a re  not shown, but a r e  located in the designated 

space. Foundations and minor mechanical equipment and componentry a re  also not 

shown. 

The subsystems, assemblies, and subassemblies for the power system a re  tabulated 

in Appendix B, Hardware Breakdown Structure. A schematic of the power system is 

also in Appendix B. The estimated ammonia cycle volume is 195,000 ft3, and 375,000 

lb of ammonia are  needed to f i l l  the system for operation. 

The aluminum, spherical-shell heat exchangers, 63.5 ft in diameter, a r e  mounted on 

foundations attached directly to the platform hull struoture. The evaporator centerline 

is 45 ft below the water surface to ensure a totally flooded water supply duct and heat 

exchanger during all operational sea states and a positive head at  the seawater pump 

inlets, The condenser centerline is 53 ft below the water surface to minimize vapor 

piping lengths from the evaporator to the condenser, and to provide the inlet head height 

for the condensate pumps while staying within the 100-ft platform draft. 

The evaporator contains 52,260 1.5-in. diameter 5052 alloy shell-side enhanced tubes 

welded to 2.5-in. -thick outer tubesheets . Flat annular inner tubesheets , of the s a n e  

thickness, with the same OD as the outer tubesheet and a 28-ft ID, a r e  spaced 2 ft inside 8 
LOCKHEED MISSILES & SPACE COMPANY. INC. 
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the  outer tubesheet to take the shell bending loads. The condenser has 58,700 1.5-in, 

tubes of the same alloy and enhancement configuration a s  the evaporator, The tube- 

sheet structure is  also the same, Approximately 50 percent of the tubes in each heat 

exchanger will penetrate the inner annular tubesheet. 

The spherical shell provides internal volume for tube bundle support, pools of liquid 

that act as  sumps (no external sump required), and the mist extractor. A 5-ft depth 

of liquid hk t l ~ e  shell  provide^ o v o l ~ m e  of almost 2,500 cu ft. In addition, lugs a r e  

provided in l l le evaporator sholl for moilnting a 25-ft-diameter mist extractor over 

each vapor exit port. The mist extractor i s  9 in. thick and has four to six liquid trays 
. .- .... . . - . .. . . - .. - . . .  . . .  . -  . 

to drain off collected droplets and return the liquid to the sump. Details of the hook 

and vane lilist extractor and its relative position within the evaporator a r e  shown in 

Fig. 4-2. This type of mist extractor is  in use in natural gas plants, chemical plants, 

and ammonia plants. The shells (3.2-in. -thick), tubesheets, baffles, and tubes for both 

the evaporator and condenser a r e  of the same design to minimize the cost of mmufacturt! 

and assembly. The condenser i s  canted at an angle of approximately 10 deg. During the 

course of the OTEC Heat Exchanger Design and Producibility Study, several references 

were found which indicated an improvement in condensate drainage with small angles of 

inolination. These references are included at the end of Section 4.1. 

- -- --- - - - -- -- - - - - - - - 
I 

Carbon steel piping, coated on the outside, connect the ammonia vapor and liquid com- 

ponats ,  The 6-ft-diameter ammonia vapor pipc designed for 250 psia internal pressure 

conducts the ammonia vapor at a velocity of 160 fps. The liquid ammonia piping, coated 

on the outside, i s  1.5-ft in diameter, and ammonia flows at 30 fps. 

Three condensate pumps, each a t  50-percent system flow capacity (12,500 gpm) , pro- 

vide the flow aid pressurization of the liquid from th.e condenser to the sump in the 

evaporator. Four distribution pumps, each at  33-percent evaporator flow capacity 

(12,500 gpm), distribute the liquid ammonia through two manifolds over the top of the 

tube bundle and one manifold across the tube bundle at  its horizontal mid plane. By 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



LMSC -D566744 

FLOW 

STANDARD VANE 

LEFT VANE 

RIGHT VANE 

Fig. 4-2 Mist Extractor Details 
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providing a 50-percent reflux rate, all seven pumps have the same flow rate and there- 
- - - - - . .- - - 

fore a re  the same except for the drive motor. In addition, by providing a spare pump- 

in both the condensate and the distribution subsystems, the reliability of these sub- 

systems is greatly improved. 

Two radial in-flow turbines, rated at  18.6 MW(e) each,: drive one 37-W(e)  13.8-kV.: 
, 

- - - - . .- . -. . 
generator. The turbines can operate together or  independently. The electrical power : 

. . . - . . - - - - - -. . -- -- - -. - . . -  --... -. 

from the generator is delivered to a platform bus for end item use, and to a trans- 

former for power module usage. The 13. $-kV is controlled and transformed to 4,160 
- - - 

for seawater and cokensate pumps, and 480 to 120 volts for other power system and 

platform purposes. 

The seawater pumps a re  single-stage, axial flow with high volume, low head capacity 

(1000 cfs at 10 to 15 ft). Four pumps a re  mounted in a cluster to provide uniform dis- 

tribution to the heat exchanger in a minimum duct length. All seawater ducting and 

pumps a re  steel, coated by corrosion resistant material compatibility with the' alumi- 

num heat exchangers. (See Appendix C for critical component physical characteristics). 

As the bfofouling mechanisms are  not fully understood, the biofouling countermeasure 

system incorporates two means for combating the fouling. Chlorination is used to kill 

the macro- and micro-organisms, and mechanicalbrushes inside the tubes of the heat 

exchanger a re  used to remove any surface fouling material.  he chlorination i s  injected 

for 20 minutes three times per day upstream of the seawater pumps. The specific dose 

ran? is not known but i s  estimated to he heween 0.2 mg/Q to 1.6 mg/f, Thc bruah 

system is operated twice a day (four brush trips per day) either at one time (15 minute 

cycle) o r  at two different times of the day (7.5 minutes per cycle). 

A nitrogen purge system is used for transit purposes o r  for inerting the ammonia cycle 

prior to maintenance ui uumpu~leuls wlthirm the cycle. A noncondensible gas removal 

system is  employed to remove the traces of nitrogen remaining after transit o r  after 

repair . 
- .  
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4.1.2 Submerged Detachable Power Module 

The 25-MW(e) p w e r  system module arrangement for a 100-MW(e) platform i s  shown in 

Fig. 4-3. The subsystem, assemblies, and subassemblies a r e  tabulated in Appendix B, 

Hardware Breakdown Structure. The system schematic is given in Appendix B. 

The submerged module, in terms of equipment, is very similar to the baseline o r  
, 

reference module. However, component and component mounting details a r e  differ- 

ent. The remaining discussion pertains to these differences. 

The major difference is the method of mounting and housing the power system. equip- - 
ment. The heat exchanger shells a r e  exposed to seawater and the shells of the heat 

exchangers a r e  connected by a dry machinery space. The platform payload weight 

and volume requirements are reduced to a minimum in the submerged configuration.. 

Minimum module water ducting is required and the evaporator is located at the top of : 
the module toward the warm water source; the condenser is placed toward the cold 

water source, minimizing pumping power requirements. 

The estimated ammonia cycle volume is 175,000 ft3, and 360,000 lb of ammonia a r e  

required to fill the system for opeation. 

The aluminum heat exchangers a r e  59 ft in diameter and the shells a r e  75-percent 

exposed to seawater. The evaporator centerline is at a 150-ft depth and the conden- 

s e r  is a t  ai275-ftdepth. . ... - The evaporator contains 50,250 tubes 1.5 in. in diameter, - . . . . - 

and the condenser 56,000 tubes of the same diameter. The condenser is  canted at  an 

angle of approximately 10 deg to take advantage of the improved condensate drainage, 

previously noted, and to provide a downward component to the seawater exit flow. The 

heat exchanger structure i s  the same a s  the baseline except that the shells are reduced 

to 2 in. thick and the minimum tube wall i s  0.075 in. versus 0.102 in. for the baseline. 

The pressure within the shell is balanced by the seawater hydrostatic head. Carbon 

steel pipes a r e  coated externally, and special gaskets and anodes will be used at  alumi- 

num/steel joints in seawater to protect the aluminum against corrosion. 
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Flg. 4-3 25-MW(e) Module General Arrangement 
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The condensate pumps are housed in a dry chamber bclow the condenser. The distribu- 

tion pumps are contained within the chamber betweeii the heat exchaugera. The seawiltcr 

pumps are in their housings which attach to the platform and exit. directly into 43-ft- 

diameter ducts approximately 22 f t  long, and then into the heat exchangers which exhaust 

directly into the ocean. 

. . .  

The nitrogen purge system provides two additional functions in the submerged configura- 

tion. The nitrogen systems pressurize the ammonia cycle volume at dockside and main- 

tain the pressure at  25 * 5 psia until the start of module erection at the platform. 

Secondly, in the event of a tube leak that i ~ ,  to be repaired, nitrogen is  used to pressurize 

the heat exchanger above the hydrostatic seawater pressure level; the bubbles provide 

an indication of which tube is leaking. . 

An access trunk from the platform is provided to the machinery compartment. This 

access trunk contains all piping, cables, and control lines from the platform to the 

' power module. The trunk diameter is large enough to allow passage of the largest 

component part to be taken off the module for repair. The platform end of the access 

trunk has a water-tight coyer to prevent sekwater ingress whenever the module is not 

attached to the platform. 

The machinery space has three levels. The top level contains the electrical equipment 

and the control station. The mid-level is a torispherically shaped deck mounting the 

turbines and generator and power system auxiliary equipment. The lower level, which 

is also the top of the condenser, mounts the module bilge pumps and the upper termina- 
. . .- . . - .. 

I tion of..the access trunk to the condensate pump room. 
- - ,  . . .  . .  . -. 

4.1.3 Alternative Configurations 

The two foregoing power system configurations were selected for detail discussion as 

providing the comparison of internal versus external modules; however, three platform 

configurations were examhed during the course of the study. The three are  presented 

in Appendix B. These three platforms (a barge 370 ft  beam x 700 ft  length with compo- 

nents in a shirtsleeve environment, a ship 178 f t  beam x 1100 ft  long with heat exchangers --. . . . .- - -- .__. . _ ._  _ 
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and seawater pumps immersed in seawater, and a spar platform) were established a s  

being representative of all five generic hull shapes considered a s  potential candidates 

for the Uemomtration Plant (the five were ship type, submersible type, circular barge, 

and semisubmersible with two submerged hulls and spare type). 

. - .  . - . .. . .  . 

The two power aystum modules are not considered as having been optimized to size 

(net power uutput) o r  to plant cost of energy. They do represent the best configurations 

in terms of single versus multiple heat exchangers, heat exchanger material, fouling 

countermeasures, and reliability. 

4.1.4 Power System Module Performance Size 

There a re  indications of reducing the cost of energy as  the size of the power module is 

increased beyond 25 MW(e). Our interpretation of the scope of work did not include 

investigations in dl componentry area8 boyond 25 MCV(e). The two most sigmlicant 

areas of cost reduction a re  also the two highest cost areas in the power module. These 

, a r e  the heat exchangers and the seawater system. For the recommellded power system 

module, the heat exchangers and seawater system account for 76 percent of the proto- 

type power module costs and 67 percent of the first production unit. 

Therefore it is recommended that the first 3 to 4 weeks of   ask 2 (the first part of the 
-. - . . - - . . - 

period called Requirements and Guidelines) be used to refine the power system module 

performance size in order to define the most cost effective power module size. This 

approach would rwuire close coordination with the OTEC F l u 1  Cunfiguratioii and 

Lulegraiion St.11Ay contractors to onoure use of realisLic cri teria in the power module 

sia e evaluation. 

4.1.5 References 

1. Sheynkman and Linetsky , "Hydrodynamics and Heat Transfer by Film Condensa- 
tion of Stationary Stream on an Inclined Tube," Heat Transfer-Soviet Research, 
Vol. 1, No. 3, May 1969 

2. Sheynlanan, Linetsky, and Brodov, "Experimental Investigation of Hydrodynamics 
and Heat Transfer During Condensation of Water Vapor on a Slightly Inclined Tube, " 

---.. 
Fluid Mechanics-Soviet Research, Vol. 3, No. 1, Jan-Feb 1974 

. - .- . .- . . 
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4 . 2  CYCLE PERFORMANCE 

.. .. - . . - . - - - . - - . - . . . . - - - . - . . - . - . - . - . - . - . - . . -. . - - - . . . . . . . -. . - . . - . . . . . - . - 

This subsection presents a description of the baseline configuration cycle performance 

and system size to provide the 25-MW(e) net power output. Comparisons a re  made 
. .. - 

between the baseline configuration and two optimized configurations - one surface and 

one submerged. 

4.2.1 Cycle Optimization 

The Rankine cycle used in the OTEC power system tends to optimize at a regular 

apportionment of the available temperature difference between the heat source and heat 

sink. This apportionment is 25 percent between the heat source and the working fluid, 

50 percent across the energy extraction unit, and the remaining 25 percent is between 

the working fluid and the heat sink. The effect of abs.olute temperature on performance 

is minimal as evidenced by the results of four computer runs made at. a,AT of 40°F with 

heat source temperatures of 70°, 75", 80°, and 85°F. The net power output and the 

I temperature apportionment noted above varied less than 2 percent over the range noted. 

The performance data presented herein used a subsurface temperature profile generated 

for the NSF study, and warm water temperature was 3djusted to provide the design AT 

of 40°F. 
- - .- . . - ... . - . .  . . . . - . . . 

The proprietary optimization program, discussed in Section 3,  computes the perform- 

ance based on a given configuration of warm and cold seawater systems. Therefore, 

in order to arr ive  at a configuration which provides 25-MW(e) net with imposed warm 

and cold seawater pump head requirements of 10 and 15 ft, respectively, it is necessary 

to request an artificial net power output and c arrect for the pump power increment. The 

procedure is to run a ser ies  of artificial settings, make the corrections, plot the results,  

and select an artificial setting which provides the desired net power. Fortuitously, one 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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of the initial series produced a cycle which, when corrected for the incremental pump 

power requirement, provides a net power output of 25 MW(e). The cycle state points, 
heat exchanger configuration, seawater and ammonia flow requirements , and turbine 

gross power output a r e  included in the optimization data presented in Fig. 4-4. 

4,2,2, Refer enoe Performance 

. .-- - -- - - . - . - . - . .  . . - . . . . - 

The procedure used to arrive at  the net power output is  to convert the'turbine power to  

generator power, and then to correct for the seawater and ammonia pump power re-  

quirements; miscellaneous loads for controls, hotel, and internal power losses; and , 
--  j 

varying loads as required for cleaning. The results, shown in Table A,  indicate .- . , 

that the reference configuration provides 24.72 to 25 MW(e) net, depending upon the I 
-,.a 

chlorination power requirement:,. .For co rnp i son ,  Table A includes the results of 

optimization computer runs fur the surface and submerged configurations. The differ- 
' 

ences in net power out a re  attributable to the fact that the sizing routine does not account 

for the misoellancous loads and clearing power requirements or for the reflux portion 

of the ammonia distribution system. The comparative data can be used to indicate that 

a 10-percent increase in the ratio of turbine gross/net power is required for the refer-  

ence configuration relative to the optimized configuration. Resizing the optimized 

configurations has a negligible effect on this comparison. 
- -- - - - -.- --- -- - -- - 
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Table. A 
MODULE POWER. 

(a) 0.2 mg/'l to 1.6 mg/l dosage 

(b) System sized with added heat exchanger pressure loss. Cleaning system operated 

by flow reversal for  15 minutes once a day. 
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Item 

Turbine Power 

Generator Power [ MW(e) ] 

Warm Water Pumping 
Power [ MW(e)l 

Cold Water Pumping 
Power [ MW(e)] 

Ammonia Feed Pumping 
Power [MW(e)] 

Ammonia Distribution Pumping 
Power [ MW(e)] 

Controls, ~ o t e l ,  Internal Power 
Loss, Etc. [MW(e)] 

Chlorination Power [MW(e)](a) . 

Mechanical Cleaning Power, (b) 

Net Power Out [MW(e)] 

Turbine Grossmet  Power 

Reference 
Baselino 

37.14 

36.59 

4.01 , 

6.13 

0.81 

0.20 

0.4 

0.04 to 
0.32 

25.00 to 
24.72 

1.49 to 
1.50 

Surface 

33.07 

32.58 

3.10 

3.75 

0.61 

0.18 

0.4 

0.04 to 
0.32 

24.50 to 
24.22 

1.35 to 
1.36 

Optimized 

Submerged 

33.23 

32.73 

3.04 

3.31 

1.27 

0.17 

0.4 

0.04 to 
0.32 

24.50 to 
24.22 

1.36 to 
1.37 
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4; 3 HEAT EXCHANGER 

The conceptual design of the power system module heat exchangers was accomplished 

using material ,  cost,  and performance trade studies along with supporting activities 

of manufacturing technologies and techniques to arr ive at the final evaporainr and 

condewer configurations. The f irs t  trade study, including evaluatinn nf construstion 

concepts and technologies, conducted by Foster Wheeler Energy Corporation, con- 

sidered va.rinus heat exohangcr configurations alid materials to  a r r ive  a t  relative 

costs for  the material grocllrarurlut and manufacture 01 selected configurations. The 

seuund trade study was the performance and cost evaluation of heat t ransfer  enhance- 

ment techniques. Foster Wheeler assisted in the second trade study to  ensure fabrica- 

bility and assembly of enhanced tube configuratioi~s. 

4.3.1 Conceptual De$ige Conditinna 

The reference design for both heat exchangers (evaporator and condenser) is a hori- 

zontal shell and tube type design using state-of-the-art heat t ransfer  techniques. The 

evaporator uses the irrigated thin-film concept for distributing the ammonia on the 

shell side of the unit. Although the reference design for the relative cost trade study 

.incorporates a smooth heat transfer tube, several shell side enhancement techniques 

were evaluated for impact to the assembly process. 

Conceptual Design Guidelines. The thermal and functional characteristics for the heat 

exchanger nnnfi@;l.l.sationo bnood on the overall requirements of the OTEC wwer s y s t ~ m  

u e  summarized in Tnblc 4 1. Tlle Lhree sizes of heat exchangers correspond to a 
. - -. 

net electrioal output of 5 ,  25, or-50 lMW(e). The heat load is proportio&l to  the 

electrical rating. - -. . . . . . .. - -. . . . - . . - .. . . . . . . . - 

Three material combinations were specified. Tho firot was an all-aluminum heat ex- 

changer with alloy 5052 tubes and alloy 5083 material for the shel l ,  tubesheets , support 

plates, and other parts. The second was commercially pure titanium tubing with a 

titanium cladding on carbon steel for the outer tubesheet and carbon steel  for the 
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Table 4-1 

CONCEPTUAL DESIGN GUIDELINES 

HEAT EXCHANGER SIZES: 5 ,  25, 50 MW(e) 

HEAT EXCHANGER MATERIAL 

5 Tube Tubesheets Shell 
r )  
X - 5052 aluminum 5083 aluminum 5083 aluminum 
A 
m 
m C P  titanium Titanium clad steel Carbon steel 

, o  AL-6X stainless Stainless Carbon steel 
x - 
cn 
cn DESIGN REQUIREMENT - 
r 
6 Design Pressure  - Shell 
UI  

Q' P Shell (Ammonia) Side (psia) (Surface) 

P Shell (Ammonia) Side (ps ia) (Immersed) 
U) 

' P  
w Differential Pressure ,  'Burst, (psid) (Submerged o r  Subsurface) 

2 Differential Pressure ,  Collapse (psid) (Submerged o r  Subsurface) 
t J 
m Heat Load I MW(t)/MW(e)] 

8 Seawater I 

K i 
D Flowrate [ c f s / ~ ~ ( e ) d  
D Inlet Temperature ( F)o 
2 .  
4 Exhaust Temperature ( F) 

- -4mmonia 
2 .  
r, Flowrate [ lb/sec-MW(~)] 

Saturation Temperature ( F) 

Tubing 

Aluminum, Min. Wall (in. ) 
Titanium and Stainless, Min. Wall (in. ) 

Evaporator Condenser 
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- - 
: balance of the material. The third was type AL-6X stainless steel tubes with a solid 

stainless steel outer tubesheet and carbon steel for the balance nf the material. 

Three different design pressures were specified. The 265 psia corresponds to an 

uninsulated ammonia tank on the deck of a ship o r  platform which is heated to 115OF 

and is designated as  a surface heat exchanger. If the heat exchanger is immersed in 

water but is still near the water surface, the hydrostatic head is  low and the 183 psia 
n 

oorrcsponds to a maxiuuui mununla temperature of 85 F with a 10  percent factor on 

pressure. When the heat exchanger is submerged 100 f t  o r  more below the surface, 

the hydrostatic head becomes significant. The two differential pressures in the chart 

correspond to the difference between water and ammonia pressure when the ammonia 

.is (1) at  183 peia (85'~) and (2) a t  15 psia. The condenser and evaporator values a r e  

different. because the condenser io at a lowcr depth than the evapo4~iilur. 

The tubiug mlnlmm wall t h l che s s  was based upon pitting corrosion requirements ~ Q F  

the aluminum and manufacturing handling requirements for the titanium and stainless 

steel. 

Mechanical Design. The conceptual design for the evaporator is shown in Fig. 4-5. 

The condenser design was similar to the evaporator except the ammonia liquid distrihu- 

tion system was omitted and the two hemispherical outlet nozzles were replaced by an 

inlet cone and an ammonia sump. The reference design for the heat exchangers has a 

double tubesheet welded to a rectangular cross -section transition ring. The double 

tubesheet providoo adoq&c otrength for milLiuuuu ~ e l ~ h t . '  The double t he shee t  is 

stabilized by hoiiow stays located ou approximate 24-M. ceaters. The a r ray  and s ize  

of the stays are such that ammonia distribution o r  seawater tubes can be inserted and 

secured. The stay wall thickness will be adequate for the structural loads. The shell 

is welded to the transition ring. The tube support plates are reinforced with a small  

ring which is supported from the shell with stays. The tubes a r e  welded to the outer 

tubesheet; rolled to the inner tubesheet; and have a 1/32-in. clearance at the support 

plate holes. The support plate spacing is a function of the tube diameter. 
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Fig. 4-5 Evaporator Cross-Section 
- - -- . .. 

i With the double tubesheet design, the space between the two tubesheets can be used (1) 
i 

for an ammonia liquid feed preheater a t  one o r  both ends of the evaporator, o r  (2) as 

a nitrogen pressurized seal to prevent ammonia outleakage or  seawater inleakage. An 

alternative approach for preheating the liquid ammonia is to use an exterior manifold 

for the ammonia tubes. The double tubesheet scheme requires development during 

preliminary design to ensure the tube-to-tubesheet joint on the inner tubesheet pro- 

vides a good seal  and proper manifold tube stubs a r e  provided for liquid distribution. 

Thermal/Hydraulic Design. A family of heat exchangers was designed for the cost 

trade study. The flows and temperatures were a s  specified in Table 4-1. The tube- 

side heat transfer coefficient was calculated from the geometry and the water properties. 

The shell-side coefficient is assumed to be 1,000 ~ t u / h r - f t ~ - O ~  based on experimental 

work performed in an LMSC Independent Development Project. A tube-pi tch-to- 

diameter ratio of 1.2 was selected as the minimum acceptable value. A single tube 

bundle diameter was selected for each MW size of heat exchangers because changing 

tube diameter (which varies the number of tubes) has a relatively small effect on water 

velocity. The surface a rea  was calculated, and the active tube bundle length selected 

accordingly. This does not necessarily produce the optimum size heat exchanger for 
. . -. - .- . . .  - 
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each design condition, but it simplified evaluation of relative costs. When the approxi- 

mate s ize ,  material,  and design eonelitions are seleoled, the most cost effective design 

can be found as part of the preliminary design. 

A sensitivity agalysis wa.  perfnrmed fo r  the 25-MW(e) evaporator with 1.6-in. - 
diameter aluminum tubes. For a 95-percent confidence level in performance, the 

surface margin should be 7 .1  percent, which should be a typical allowance for all the 

OTEC tubed heat exchanger designs. This margin was not included in the cost trade 

stildieu because the costs in this trade study a re  on a relative basis. 

Structural Analvsis. A simplified finite element structural analysis using shell ele- 

ments showed a . d e q ~ ~ a t . ~  margin for the configuration uood in thc coot trade study. More 

detailed analysis will be required tor  the design eventually selected using a finite ele- 

ment analysis with continuum elements. The cheaper shell element type of model can 

accurately predict wall thickness except at  the junctions of two components. There-  

fore the tubesheet, ring, and shell thickness can be calculated; but the tubesheet-to- 

ring junction s t resses  cannot be accurately assessed a t  this time. P r io r  experience 

indicates that a satisfactory design can be developed during the preliminary design 

task. The model analyzed is shown in Fig. H-1 and Table H-1 of Appendix H. The 

two-dimetlsional model has about 150 elements which include the shell,  the transition 

ring, two' tubesheets, and the tubes. Thirteen cases were run with different materials 

and configurations for the 25-MW(e) size heat exchangers and 183 psia ammoni i  pres - 
sure.  The results a r e  tabulated in Table H-2 of Appendix H. 

. . 

From these calculations it was concluded that a single 5- to 6-in.-thick aluminum tube- 
. .  . . . -  

sheet would be acceptable, provided that the shell junction is moved in line with the 

tubesheet. This approach would reduce the transition ring size and eliminate the stays 

between the hihesheets plus the 4 ft of inactive tube length between the two sets of 

1ulesheeIs. However, the ttibesheet material cost and drilling time would be increased, 

and the problem of welding tubesheet segments together after drilling would be more  

severe. Therefore, the single aluminum tubesheet is not recommended. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



The double, aluminum tubesheets must be 1-1/2 in. thick for the 183 psia pressure. 

Again, with the lower pressure of the submerged design, the thickness could be re-  

duced. Since all the pressure loading is taken by the outer tubesheet, the shell must 

also be aligned with the outer tubesheet rather  than having the offset which is shown 
. - -. . . . 

in Fig. 4-5. The a rea  between the two tubesheets can be used as  an ammonia plenum 
. - 

in the evaporator o r  could contain a third fluid as a buffer between the water and am- 

monia. However, if this space is  not needed, a large section of the inner tubesheet 

can be eliminated. Only the outer few rows of tubes a r e  required to stiffen the outer 

tubesheet, and the inner tubesheet could be an annulus. This would save material and 

drilling time and would make the tubes active over their full length. 

The double stainless steel tubesheet with 1-in. thickness is feasible based on the 

properties of Nitronic 50 type stainless, although the center of the inner tubesheet 
. . 

can be removed if desired. A single flat 2-l/2-in. -thick stainless tubesheet o r  a 
.. .. . 

1-3/4-in. -thick dished tubesheet are also acceptable. The extra cost of the dished 

tubesheet does not make this design cost effective. Similar results a r e  expected for  

the titanium clad tubesheet. 

4.3.2 Cost Trade Study 

The cost t rade study evaluated the major design variables which were considered for 

the heat exchangers. The trade study was performed in sufficient detail to establish 

the relative costs between the various concepts in order to select a candidate design 

for the preliminary design task. 

Design Variables. Six major design variables were selected as listed below. .In addi- 

tion, several other variables were also evaluated on a more limited basis. The major 

variables were: 

a.  The type of unit which included the evaporator and condenser. The basic 

design was similar.  

b. The location of the unit, which could be an uninsulated heat exchanger on the 

deck of a ship o r  platform, an immersed heat exchanger in the hold of a 

ship where low pressure seawater covers the unit, or  a subsurface heat 
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exchanger where the seawater pressure offsets the ammonia pressure to a 

significant effect. The significance of the location is the pressure differen- 

tial between the ammonia and seawater, which determines the tube and shell 

wall thicknesses. 

c. Three sizes nf heat exchangers were studied assuming a plant cffioicncy to 

onnvilrt the net electrical sutput to a roquirod thormal rating as follows: 

Net Electrical [MW(e)] 5 25 5 0 

Evaporator IMW(t)] 2 2 :I. 1,108 2,216 

Condenser [ MW(t)] 215 1,076 2,152 

d. The shape of the shell was either cylindrical with a transition cone at each 

end or spherical. 

e.  The throe material oombinationo wore all aluminum or  stainless steel 

tubes and tubesheets in a carbon steel shell o r  titanium tubes with a 

titanium clad tubesheet in a carbon steel shell. Two types of carbon steel 

were used for the shell to evaluate a higher cost ,  high-strength material. 

f. The five tube sizes included 1 ,  1-1/2, 2, 2-1/2, and 3 in. outer diameter 

tubes. The tube wall thicknesses varied depending on the tubing material 

u d  Lhe pressure requirements. 

The combinations of variables for the cost trade study a r e  shown in Appendix H, 

Tables H-3 through H-9, which also summarize the cost for most cases. 

In order to visudiee Lhe relalive slxes of the heat exchangers, the first coiumn from 

Tables H-3,  H-4 ,  and H-6 in ~ p ~ e n d i x  H have been drawn to scale in F'ig. 4-6. This 

figure also illustrates how the shell diameter varies which causes the spherical shell 

wall thickness to vary. 

Other variables evaluated on a limited basis were the tube-pitch-to-diameter ratio 

and the hourly labor cost. Lockheed computer optimized configurations for differen- 

tial temperatures of 32O, 36O, 40°, and #OF were also costed. 
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Fig. 4-6 Aluminum Spherical Surface Evaporator 
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Assumptions. The design conditions were provided by Lockheed, but Foster Wheeler 

had to make certaiu assumptions for the heat exchanger design and cost factors. Some 

of the design factors changed slightly as a result of the structural calculations dis- 

cussed above, but the effect on the cost numbers is minimal. - - k . . .- . . 

The design was based on the design evaluated in Lockheed's OTEC Heat Exchanger De- 

sign and Producibilitv Studv , LMSC -D507632. The tubesheets were the double tube - 
sheet design with pipe spacer stays around the tubes on 24-in. centers. The tubesheets 

were each 1-in. thick for all materials. A solid stainless steel outer tubesheet and a 

carbon steel inner tubesheet were used with the stainless steel tubes. A 1/4-in. -thick 

titanium clad on carbon steel plate for the outer tubesheet and carbon steel for the inner 

tubesheet were used wit11 Lht! Lilanium tubes. The transition ring between the shell and 

tubesheets was 4 in. thick and 24 in. long and was made from rolled bas. 

The tubes were welded to the outer tubesheet by an automatic tungsten inert gas (TIG) 

weld. The tubes were mechanically rolled into both tubesheets. All welding for the 

shell,  tubesheets, support plates, transition ring, and their interfaces were assumed 

to be conventional techniques which were gas metal a r c  welding for the aluminum and 

submerged a r c  welding for the steel. 

No external attachment structures were included because the interface with the r e s t  of 

of the module was not defined. The estimate did include all weld wire and the mist  

extractor internals. 

The tube walls were calculated based on pressure conditions and pitting allowance. 

Tube weights and costs were based on the minimum calculated wall thickness and did 

not include a manufacturing tolerance. The aluminum tubing was drawn and the stain- 

less and titanium tubing were rolled and welded. 

The costs were based on a mature industry, which means that a standard heat exchanger 

is being produced in sufficient quantity to minimize the amount of labor. However, it 

was also based on state-of-the-art fabrication techniques and did not take credit for more  

exotic methods which might reduce costs in very large quantity production. 
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The estimates included only material that would go into the heat exchangers. There 

was a material allowance on the plate for shop machining. The weights that are shown 

a r e  required material weights and the finished heat exchanger would be somewhat 

lighter due to tube holes and other machining. The labor was for direct shop labor 

only but did includevan allowance for the required inspections. Labor and overhead 

were priced at $15 per hour which represents the 1977 costs at Foster Wheeler, 

Panama City, facility if the shop is  fully utilized. The costs did.not include any allow- 

ance for tooling o r  engineering. The material costs were obtained from plate o r  tube 

v e ~ d n r s  based on 1977 prices for large quantity orders  and a r e  summarized in 

Appendix H ,  Tables H-13 and H-14. 

Results. The results of the cost  trade study a r e  summarized on Tables H-3 through 

H-9, Appendix H ,  as the cost per MW(t) for each configuration. The conversion from 

MW(t) to MW(e) is shown in the upper right corner of each sheet. 

In order  to better understand the cost factors, the dollar costs have been plotted in 
..... . . . . . . .  - -1 . . .  - . . . .  -- . -- 

, ! Fig. 4-7 for  the aluminum evaporator. The labor costs are essentially the same for  . . . . . . . .  . . - 

DENOTES SURFACE UNIT  . ----- DENOTES SUB-SURFACE UNIT 

T U B E  O.D., IN. 

. - I Fig. 4-7 25-MW(e) Evaporator - Aluminum, Spherical --. - - -  
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the immersed and submerged units and a r e  shown as a single line. The labor is pri- 

marily affected by the number of tubes in the heat cxchmger and is highest for the 

large number of small tubes. The tube costs for the submerged or subsurface evap- 

orator a r e  lower because the tube wall can be reduced as the water pressure increases L 

and balances part of the ammonia pressure. The tube costs a r e  similar  for the 1- and 

1-1/2-in. tubes because the wall thickness is s e t  by a 0.065-in. wall minimum require- 

ment to ensure adequate life with pitting, rather than by pressure requirements. The 

plate costs a r e  also less for the subsurface evaporator due to a thinner shell. The 

"balauue" includes the weld wire and the demister elements. 

For the stainless steel and the titanium evaporators, the labor costs a r e  slightly higher 

and the plate costs a re  lower o r  about the same as for the aluminum unit. However, 

the tube costs are sigiliGuanlly higher and become the controlling cost. This is shown 

in Appendix H , Figs. H-2 and H-3. 

When the costs a r e  added for each tube size and divided by the thermal capacity of the 
I . . 

evaporator, Fig. 4-8 results. For the aluminum evaporator, about a 1-1/2-in. tube 
- - . . . . . -- . , . .  " . . . -  . .. 

is optimum for the surface unit and about 2 .in. for the subsurface unit. With the lower 

material cost for the subsurface evaporator, the minimum cost shifts toward a larger  

tube which has lower labor costs. The stainless steel and titanium evaporators opti- 

mize at  o r  near the point where the wall thickness reaches the minimum value of 0.028 

in. The higher strength HY-80 material was also considered for the subsurface units, 

but the shell design is dependent on the modulus of elasticity rather than the tensile 

strength and the A516 material is more economical. 

The effect of evaporator size is shown in Appendix H, Fig. H-4. There is an economy 
. . . . . .- 

of scale for the larger sizes. 

The subsurface or s~bmerged c;ylin~rical shells requipe stiffening rings around the out- 

side to res is t  the external collapse pressures when the heat exchangers a re  not opera- 

ting with ammonia. While there is no significant difference between spherical and 

cylindrical shell costs, the spherical shell lends itself more readily to structural 

attacluhents to intersecting cylindrical s tructures and provides more internal volume 

.... between the shell and tube bundle. 
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Fig. 4-8 25-MW(e) Evaporator - A~/ss /T~,  Spherical 

The surface condensers a re  more expensive than the evaporators because of more 

required surface area. The submerged condensers a re  a t  a lower elevation than the 

evaporators and have correspondinglythinner shells and tubes, which again shifts the 

minimum cost toward the larger tube diameter. 

The weights of the .aluminum evaporators a re  plotted against tube diameter in Fig. 
. . - . - .. . .. . : 4-9, In s o m e c k e s  where the cost is a weak function of tube diameter, it may be 

. . - . . . . - . - . . - .. . . 

. advantageous to select the smaller tube diameter to save space &d weight on the 
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- - Fig. 4-Q Evaporator - A\luminum, Gpheried - 
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aluminum, spherical evaporator with 1.5-in. tubes, the costs increase 1.3 percent 

for a 1.25 P/D and 3.4 percent for a 1.30 .P/D over that of the 1.20 P/D. 
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Conclusions. The results of the cost trade study can be summarized by discussing the 

relative costs for the different variables. The relative costs are  somewhat sensitive 

to  the other variables, but the trends a re  consistent. 

The cost per MW is  least for the 50-MW(e) heat exchangers, increases 10 to 15 percent 

for the 25-MW(e) size,  and increases 77 percent for the 5-MW(e) size. Thus, based on 

material and labor only, the largest units a r e  more cost effective. If the additional 

tooling and facilities a r e  considered, the 25-MW(e) (or slightly smaller) size may be 

more cost effective for a prototype. Costs .per  MW begin to increase at a more signifi- 

cant rate, below 10 to 15 MW(e). 

The submerged heat exchangers a re  the least expensive followed by a 5- to 6-percent 

cost increase for the immersed units and a 25-percent increase for the uninsulated 

. surface units. 

On a pound per MW basis, the 50-MW(e) heat exchangers a re  the lightest, and 25-MW(e) 
'' a r e  11-percent heavier, and the 5-MW(e) a r e  65- to 75-percent heavier. The aluminum 

heat exchangers a re  the lightest, with the titanium about half again as heavy, and the 

stainless steel about twice as heavy for the same duty. 

The optimum tube diameter is sensitive to the design conditions and the material selec- 

tion. The optimum sizes range from under 1-1/2 in. to 2-1/2 in. diameter. Smaller 

tubes always result in lighter heat exchangers if all other conditions a re  the same. In 

most cases,  the smaller diameter tube designs were penalized on material cost by the 

restriction of minimum wall thickness for the tubing. Since the surface area  is rela- 

tively constant among designs, tubing cost is approximately proportional to diameter 

(and thickness) until the minimum wall requirement is reached. 

The high tensile strength carbon steel was not cost effective and is not recommended. 
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4:3.3 Construction Concepts 

The construction concepts which a re  applicable to the OTEC heat exchangers will de- 
L. 

pend on the heat exchanger material and the module size. Since the selection of these 

variables was riot made until the end nf Task 1, alternative oonotruction cnncepts were 

evaluated, but final selection of conoepts must be made during Task 2 when the pre- 

liminary design is developed. 

A manufactiiring and inspection plan for the aluminum evaporator was prepared as a 

basis for the cost trade study. The fabrication methods' used in this plan a r e  con- 

ventional methods currently in use in the Foster Wheeler shops. Alternative methods 

that may require development and further evaluation a r e  summarized in the cost analy- 

sis comparing v ~ i o u s  methods for performing the same operations as shown in Agpen- 

dix H , Table H-17. These comparisons are  for representative thicknesses of various 

materials. The main purpose of the analysis was to determine (within the confines of 

a particular operation and material) which would be the most economical choice. The 

figures should not be used for estimating since some of the costs a re  dependent on 

other related operations. The limitations in the comments column should also be con- 

sidered. The production and development investment casts a r e  a "ball-park" figure to 

indicate relative levels based on our best judgment. 

When the alternative fabrication methods a re  compared to the methods used for  the csst  

lrade studies, 'there a re  some areas where further cost improvements may be possible. 

For example, if the electron beam welding can be used for the tubesheet and support 

plate seams, the cost can be reduced provided that the equipment investment can be 

justified. 

The cost estimate for drilling holes was based on the single-spindle Lahr drill which is  

limited .to 7-ft material widths. 'r'he Moline multi-spindle drill is about the same cost 

per hole, .but it can handle larger sizes of plate material. The Lahr drill  can drill  a 

stacked se t  of plates that are  12 in. thick while the Moline is restricted to 4 in. thick. 

The individual spindles of the Moline are  power limited and probably can drill only up 
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to.1-1/2 o r  possibly 2-in. -diameter holes. Therefore, the eventual selection of the 

optimum method for drilling the tube holes is dependent on the design of the heat ex- 

changer and the quantity to be produced. The table also shows the cost of drilling holes 

near the weld seams in the tubesheet and tube support plates after the welding operation. 

This cost was not included in the cost trade study. The number of these iudi~idually 

drilled holes is a function of the type of welding process that is used for the seams. 

Again, this illustrates that the cost factors a re  interrelated and a re  difficult to evaluate 

on a separate basis. 
, 

The reference tube-to-tubesheet joining procedure is weld and roll at outer tubesheet 

and roll at inner tubesheet. The GTAW welding is the least expensive process which 

has a proven record for heat exchanger application. Either the roller expansion o r  

kinetic bonding can be combined with the GTAW welding for the same cost. The magne- 

forming procedure has the potential for being less expensive (for the aluminum material), 

but additional development is required to demonstrate the reliability of the joint. 

The initial OTEC heat exchangers would be built in Foster Wheeler's Panama City, 

Florida, facility. The main bay in this plant is 800 ft  long by 100 f t  wide with traveling 
. . . . -- . . - -. . -- 

overhead cranes of 30-, 250-, and 300-ton capacity. The main bay has a height of 50 f t  

under the hook. The cranes service a barge slip which is 150 ft by 70 f t  with 12 f t  of 

water at  mean low tide. The adjacent Port  of Panama City has a 32-ft-deep channel and 

can accommodate large oceangoing barges. in excess of 200 ft by.400 ft. 

The cost trade study has indicated that the largest size heat exchangers are the most 

economic. The limiting factor at Panama City is the lift capacity of 550 tons with the 

two larger cranes combined. This would correspond to about a 12.5-MW(e) aluminum 

heat exchanger , a 6-MW(e) titanium unit, o r  a 5-MW(e) stainless steel unit. 

One method of making larger heat exchangers in the existing facilities would be to tube 

the units in the shipyard that is  assembling the modules. The tubing represents about 

50 percent of the aluminum weight, 40 percent of the stainless weight, and 30 percent 

of the titanium unit weight. The aluminum shell could then represent a 25-MW(e) heat 
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exchanger and would have to be under 50 ft in diameter. However, the shipyard labor 

would probably be higher in both rnahhours and rate per hour. Aleo, the shipyard 

would need to furnish a'housing to protect the tubesheet and tubes during the tube inser- 

tion and welding operations, as well as appropriate staging. Particularly with the 

aluminum material, the moisture must be carefully controlled to ensure sound welds, 

Larger units can also be built at  Panama City by building the shell and tubesheets in 

the shop and performing all the assembly work in an inflatable or other temporary 

building near the Fort facil i l ie~.  The final n i t  could be loaded on a barge by a sea- 
going crane. If a sdficient OTEC market develops, a larger plant can be constructed 

on Foster Wheeler land adjacent to the existing Panama City facility. 

4.3.4 Construction Technology 

'I'he two most critical areas in the construction of the heat exchangers appear to be the 

joining of the tubesheet and support plate segments and the tube-to-tubesheet joint. 
. . 

! Limited development programs were performed in these areas to provide guidelines 

for the preliminary design task. 

Tube-to-Tubesheet Weld Develoment. Weld development tests were performed for ': 

the aluminum and titanium material. Since Foster wheeler has produced many stain- 

less steel heat exchangers, stainless steel development was not necessary a t  this 

time. 

A 5083 aluminum tubesheet was drilled with fourteen 1.008-in. -diameter holes. The 

6-in. -long type 5052 tubes were 1 in. OD by 0.065 in. wall. The tubes were cleaned 
- to remove the oxide and installed in the tubesheet with about 1/16 in. extending beyond 

the tubesheet. The tube ends were flared mechanically, and the tubes welded with an 

automatic TIG torch without addition of filler material. Some of the tubes were ex- 

panded mechanically into the tubesheet, and some were left as welded. Tensile pull 

tests were made plus radiographic examination, dye penetrant inspection, sectioning, 

etching, and examination at 20x magnification. 
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Similar tests were made with 1 in. OD by 0.049 and 0.065 wall titanium tubes. A 1/8- 

in. -thick titanium sheet was bolted to a carbon steel plate for the tubesheet mockup, 

and the weld was made to the titanium plate. 

In general, both the aluminu~n and titanium welds were acceptable based on normal 

ASME code requirements. Test data a re  shown in Appendix H, Table H-16. Either 

material combination appears to be acceptable within the limits of the mechanical 

properties. There were no cracks in any welds before or  after the rolling process. 

Tube -to-Tubesheet Adhesive Tests. An alternative tube-to-tubesheet joining technique 

is adhesive bonding. A survey was conducted of adhesive manufacturers to determine 
t- 

what adhesives would be compatible with water and ammonia. Several candidates were 

recommended for water applications, but no ammonia data could be found. Seven can- 

didate adhesives were selected for screening tests. These materials included Scotchweld 

2214, Scotchweld 1838, Bondmaster M773, Bondmaster M777, Locktite 40, Permalok 

HM 128, and Eccobond 104. 

Lap shear samples were made from 1/16-in. -thick aluminum sheet with about 1-sq-in. 

overlap area. Triplicate samples were made with each adhesive and pulled to estab- 

lish a baseline. Shear s t resses  ranged from 270 to 1,650 psi. Another six samples of 

each were immersed in ammonia. After 30 days, all the specimens were inspected. 

The majority of the adhesives had suffered severe degradation from the ammonia. The 

two Scotchweld 2214 specimens that were intact broke with half the original load, and 

the Bondmaster M773 broke with one-third the load. It was concluded that none of\these 

adhesives was suitable for ammonia, and testing was terminated. 

Electron Beam Welding. Sections of the tubesheets and tube support plates a r e  drilled 

f i rs t ,  and then the sections a re  welded together to form a larger perforated sheet. The 

joining method must not distort either the plate o r  the holes. It is desirable to drill  

the holes as close to the seam as possible to keep the tube bundle as -compact as pos- 

sible. Holes drilled near the seam after welding would be a factor of 100 more expen- 

sive compared to the predrilled holes. 
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One alternative to the gas o r  submerged a r c  welding, which is proposed for the shell,  

would be electron beam welding. Procedures have been developed by Leybold Heraeus 

to electron beam weld up to 1.- o r  1-1/4411. -thick aluminum without using a vacuum. 

A 2-in. -thick plate could be welded from both faces. 

Four 1-18. -thick but33 duminum plates were prepared tor electron beam welding tests. 

Each plate had either 1-1/2-, 2-, 2-1/2-, or  3-in. -diameter holes drilled on a tri- 

angular pitch with a pitch-to-diameter ratio of 1.2 as shown on Fig. H-5 in Appendix H. 

The edges of the holes were 1 in. from one edge and 1/2 in. from the second edge. 

Selected hole diameters were measured, and welded blocks were used to establish 

distances over the seams. 

After the welding parameters were established, the four plates were welded together 

to represent the intersecting weld on a tubesheet. The hole diameters were remeas- 

iired, and the blocks were measured to determine plate shrinkage. 'I'he data a r e  tabu- 

lated in Appendix H , Table ~- .15 .  

4.3.5 Heat Transfer Enhancement 

Of the four constitutents which contribute to the determination of an overall heat trapsfer 

coefficient, two a r e  amenable to enhancement techniques. The fouling resistance and 

wall resistance a r e  not, since the former is dependent upon the efficacy of the counter- 

measure system and the latter is dependent upon tube material and wall thickness. 

The seawater and ammonia film resistances, which a r e  the major factors in deter- 

mining overall resistance, can be reduced through application of heat transfer enhance- 

ment techniques. Heat transfer enhancement reduces the required heat transfer a rea ,  

thereby reducing heat exchanger size. However, enhancement adds to  the cost of 

materials A d  labor, and increases producibility problems. A trade study was made to 

determine the desirability of using enhancement techniques. Figure 4-10 provides the . 
. 

relative influences of seawater and ammonia heat transfer coefficients on the overall 

heat transfer coefficient. 

4-36 
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/ 3. k = 77 BTUIHR FT OF 

4. R~ = 0.0005 (BTU/HR FT? OF)-' 

100 
V,,, FT/SEC 

Fig. 4-10 . Variation of Overall Heat Transfer Coefficient With Tube and Shellaide Heat Transfer Coefficient 
I . . - . ..-..-. . 



Potential enhanc-ement techniques include turbulence promoters and extended surfaces . . 

on the seawatel* side, aucl enhanced surfaces on the working fluid side. The first was 

ruled out for several reasons. The turbulence promotors inoreased seawater pres- 

sure losses and parasitic power in proportion to their effectiveness, thereby partially 

cancelling my benefit, Surface contours which form deep crevices or sharp corners 

invite biofouling and corrosion and makes effectiveness of many fouling countermeasures 

difficult. The remaining seawater side candidates are the longitudinally, ridged type 

of surface or spirally wound tube and the ammonia side candidates are e'ither the porous 

surface or  circumferentially grooved tube. A matrix of the tube config&ations con- 
. --,..---.,---- -,,- ".". -* .". - . -. - . . - -  - - ... - - - . .- . . . - - , . . . . 

i sidered is shown in Table 4-2 along with shell side heat transfer coefficients. 

, . - . - -- -. 
Table 4-2 - - -. - - - - - - . - - 

I PLAIN 1 GROOVED I LlNDE I PLAIN I FLUTED I CORRUGATED I 

SHELL SIDE . 

EVA PORATOR I CONDENSER 

I. 

H = HORIZONTAL TUBING 

V = VERf lCAi..Tl.lBING 

PLAIN 

FLUTED 

CORRUGATED 

SHELL SIDE HEAl TRANSFER COEF (BtulHr ~ t '  "F) 

EVAPORATOR 

PLAIN lOa, 

GROOVED 3000 

LlNDE 4000 

H 

CONDENSER 

PLA l N 700 

FLUTED 7000 

CORRUGATED 1500 

4- 38 
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Typical results for plain tube evaporation heat transfer coefficients for a wide range of 
-. .................. . . .  . . . .  

conditions are sho& in Fig. 4-11. The column tube number refers to a flow rate 
.-.. - -...... 

which would be just sufficient to completely supply a vertical column of tubes of the 

number indicated. The experimental data indicate that over a large number of tubes 

an average heat transfer coefficient of approximately 1,000 Btdhr-ft2-"F may be 

assumed for the gravity flow dominated case. The plain tube was used as the basis for 

. comparing enhancement. 

Tests have produced data on heat transfer coefficients for evaporation of ammonia from 
. . . . .  

, horizontal, circumferentially grooved tubes. Results shown in Fig. 4-11 . . . . . . .  provide _ _  a ._ 

general comparison with the plain tube data obtained previously. Tube shell side en- 

hancement techniques range from a 6 0 4 e g  included angle thread with a pitch of eight 

threads per inch on a 2 -in. aluminum tube to 30 grooves per inch with a depth of 0.025 

iLi. The results indicate an increase in apparent heat transfer coefficient on the order 

of three over the plain tube heat transfer coefficient, and a re  comparable to results 

for the fluted vertical tube. 

The influence of the evaporation heat transfer coefficient on the overall heat transfer 
... . . . . . .  - -  . 

. . .  -7- coefficient for. two conditions of biofouling is shown in Fig. 4-12 as a function of sea- . . . . . . _ _ _ . . . .  _-.-. 

water heat transfer coefficient. Heat exchanger optimization studies generally indicate 

an optimum seawater velocity on the order of 5.5 to 6 ft/sec. This, along with the 

experimentally determined evaporation heat transfer coefficient of 1,000 ~ t d h r - f t ~  -OF, 

establishes a plain tube baseline overall heat transfer coefficient of approximately 367 

Btu/hr-ft2-OF for the maximum allowable biofouling condition. The effect of enhanced 

shell and shell-and-tube-side heat transfer on the overall heat transfer coefficient is  

indicated by Fig. 4-12 . Shell-side enhancement, in general, produces an improve- I 
. .  . . . . . . . . . . . .  

ment in the overall heat transfer coefficient at t he  expense of greater tube cost per 

unit surface area. For seawater side enhancement, an increase in friction factor 

accompanies the increase in heat transfer coefficient along with greater difficulty in 

incorporating most methods of biofouling control. Data available from tests on ex- 

tended surface enhancement for liquids flowing in tubes indicate a one-to-one increase 

in friction factor with heat transfer coefficient. This has the deleterious effect of 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
. - . . . . . . . . . . . .  - .-.. -.- . . . . . . . . . . . . .  . . 
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. - -- ... 

Fig. 4-11' - ~ s ~ e r i m e n t a l  Local Ammonia Evaporation Heat Transfer Coefficient as a 
-, - . .. - Function of Column Tube Number for Horizontal Tubes 
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. . . - .- . - - - - 
i Fig. 4-12 Overall Heat Transfer Coefficient vs. Seawater Heat Transfer Coefficient 

-.- - 
With Ammonia Shell Side Heat Transfer  Coefficient as a Parameter 

increasing the pumping power in almost the same ratio as the increase in friction factor, 

less any overall reduction in tube length due to  an improvement in heat exchanger per- 

formance. The reduction in tube length i s  offset somewhat by the need to produce more 

power to supply the increased seawater pumping power requirement. 

I 
.- . 

The influence of shell-side enhancement tube cost is shown in Fig. 4-13 which shows 

the relationship of the ratio of enhanced tube heat exchanger to unenhanced tube heat 

exchanger costs to enhanced to unenhanced tube cost ratio. The figure indicates, for 

the conditions specified, that if the shell side heat transfer coefficient were doubled 

and the cost of the enhanced tube were less than 50 percent over an unenhanced tube, 

then a heat exchanger cost reduction could be realized. ~ i ~ u r e 4 - 1 4  indicates the - . -  - -. 
same cost type reduction for tube-side enhancement and includes , r7 [(hl/h)/ (fl/f)] - the 

-. 

ratio of enhanced coefficient divided by unenhanced coefficient divided by the ratio of 

a enhanced frictional factor by unenhanced frictional factor). 

4-41 ' 
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2. WALL = 0.072 1 N. 
3. L = 42 FT 
4. hMTERIAL. 5052 AL 
5. RF = 0.0003 
6. NO TUBE s l DE ENHANCEMENT 

" 

1.0 l .5 2.0 
' ' ENHANCED TO UNENHANCEB TUBE COST RATIO . 

Fig. 4-13 1 Influence of Shellaide Enhancement Tube Cost on 25-MW(e) 
- -. Heat Exchanger Cost - Aluminum . 

. . 

. - - .- 
The matrix of tubes .shown in Table 4-2 was evaluated on a cost/producibility/per- 

. - - . . . . - . . - . . . 

foCmance basis. 'l'he trade studies were based on enhanced tube heat transfer coef- 

ficient and related cost and performance data supplied by manufacturers and independent 

research organizations. 

For the Linde surface the following cost data were received: 

"1. The incremental price above the bare tube titanium substrate price varies 

approximately 30 to 40 percent ip the 1-1/2- to 2-in. -diameter range of inter- 

est (for very large quantities as 'required by OTEC). This is considerably 

reduced from May 21, 1976 report. 
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ASSUME hNH3 = 3 m o  B~U/HR F? @F FOR EVAP. 

h 
NH3 

= 7000 B~u/HR F T ~  OF FOR COND. 

2- 2- 

C C  HE^^^  HE^^^ 
'"ES 'HEES 

v =  1.0 n= '0.75 

Fig. 4-14 Cost Relationship Effect of Tubeside Enhancement with Shell-Side 
. . . - .- 

. ---Enhancement 

2. The incremental price for aluminum tubing is  approximately 90 percent of 

the dollar difference for the titanium 'tube in (1). 

3. Base titanium tube wall thiclmess.which will meet code requirements (0.035 

and 0.049 inches, respectively). 

4. As discussed, the performance of High Flux on titanium and aluminum sub- 

strates has been tested and reported to ERDA (see Figure 1A-2 attached). 

This data has been generated in 1977. It should be pointed out that the high 
- . . - . -. . .- . - - . - - . . 

flux coating process variables have been modified considerably since your 
. -. .- 

stainless steel tubes were processed. " 
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Cost interpretation of the above data indicates that the Linde high flux surface is not 

cost effective for either the titanium o r  aluminum tubes. 

Discussions with Alcoa and Reynolds metals indicate the circumfer entially grooved 

tubes can be produced in the 1-1/2- to 2-in. diameters at cost-effective prices. 

Southwest Alloy has a rolled integral fin process which can produce aluminum o r  bi- 

metallic finned tubes in thgl-1/2- to 2-in. -diameter sizes a t  cost-competitive prices. 

Verbal data from the above noted vendors indicate that tube enhancement costs wi-11 

range from $0.25 to $0.50/ft, depending on tube diameter, material, and the specific 

manufacturing process used. This information will be further refined and documented 

during preliminary design. 
- - 

The aluminum circumferentially grooved tube fabricated by an embossed process or 
- - ! 

an integrally rolled fin with a smooth internal bore is  the most cost-efiective tube 

determined. No seawater-side enhancement technique has been included in the recom- 

mended heat exchanger configuration. 
/ 

'\ -. 
4.3. 6 Performance Considerations 

The thermal performance capability of the candidate heat exchanger materials was 

based on overall heat transfer of the tube. Using the material characteristics and 

representative tube wall thicknesses, thermal resistances were established. By selec- 

tion of seawater and ammonia film heat transfer coefficients and fouling factors, the - 
overdl heat trmefer coefficient is  established. There results are  plotted in Fig. 4-15- ' 

against the fouling resistance. The tube material characteristics are  tabulated below. 

Thermal Tube Wall 
Conductivity Thickness 

Material JBtu/hr -ft-O~) (in. ) 

Aluminum 5052 (0) 7 7 

Copper Nickel 90-10 2 6 

Titanium CP 9.5 

U. 088 (mean) 

0.049 

0.034 

Stainless AL-GX 8 0.028 
- . .  . - - . . . - .- . . . . -. . . -. . . . - - - - - -- . - .- . . - . .. . . . . . . . . . . - . . 

- 
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Fig. 4-15 ~nhancement/Material Effects on Overall Heat Transfer 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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The tube material thermal resistance is seen to play as important a part as the fouling 

resistance. At a film coefficient of 1000 for seawater and 3000 for ammonia, aluminum 

tubes with a fouling resistance factor of 0.0004 are  the performance equivalent of stain- 

less steel or  titanium tube at a fouling resistance factor of 0. 0002. It is noted that a 

50-porcenl lncrewe in llitt trtrawlrl;ttf film coeLTiciei~t from 1000 to 1500 with a 3000 

ammonia side at a fouling factor of 0.0003 raises the overall coefficient from approxi- 

mately 580 to 715 -an increase of 23 percent. For this reason, several tube-side 

enhancement techniques are  still under consideration and will be defined early in 

preliminary design. 

4.3.7 Physical Configuration 

Various heat exchanger configurations were established to evaluate physical character- 

istics such as shell disunekr , number of tubes , tube length and bundle diameter, dry 

weight and operating weight. ~ h e s e  physical characteristics were used in evaluating 
- effects of thermal resource AT'S, platform influences, and manufacturing and 

i 
L- handling. 

.. C_- -- -- . - 

A tabulation of six computer optimized designs for 25-MW(e) . net, -- - 36'~ -- . . . AT, . submerged 
. - -- - - - -- - -. - - - - . .- - - - - .. 

heat exchangers is presented in Table 4-3. Weight reduction in the order of 25 . ' 
. - 

percent are  found in going from plain to enhanced tubes: 

In addition, the volumes are  reduced approximately 25 percent. The benefit of weight 

and size reduction is  not only realized in the cost of the heat exchanger but also in the 
. --- - - -- . . . . - . - . . . . 

cost and size of the manufacturing facility, heat exchanger handling, and the platform. 
. .- . - - - . . . . .- ---. 

Using platform partials of $10 to $100 per pound payload or per cubic f o ~ t ' ~ a ~ l o a d ,  en- . - - -. ' - - - 

hancement provides savings of several million dollars. The weight of water in the 

tubes of the heat exchanger i s  reduced by one-third in going to enhanced tubes over 

plain tubes. The material weight effects are  also substantial when comparing aluminum 

to stainless steel or  titanium. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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HEAT EXCHANGER PHYSICAL CHA~ACTERISTICS -  O  FAT, 
SUBMERGED, 25-MW(e) NET 

t 

! 

(a) 10 percent of ahell plus tubesheet/support weight plus 1 percent tube weight. 

Item 

Number of Tubes 

Tube Length (ft) 

Tube Bundle Diam (ft) 

Tubasheet Diam (it) 

Sheil OD (ft) 

Shell Vol. (ft3) 

Shell Thick.(in. ) 

Shell Weight (lb x106) 

Tubesheet/Support Wt (lb x lo6) 

Tube Weight (Ib x lo6) 

Misc (I6 x lo6) 
6 Total Dry Weight (lb x 10 ) 

' 6 Ammonia Weight (lb x 10 ) 
6 Water in Tubes Weight (lb x 10 ) 

6 Displacement (lb x 10 ) 

Aluminum Titanium Aluminum 

Evap 

78,014 

42.0 

44.0 

16.0 

63.8 

117,700 

2.0 

0.261 

0.107 

1.468 

0.037 

1.873 

0.177 

2.424 

7.533 

Plain Tube 

Stainless 

Evap 

73,903 

45.2 

45.2 

47.2 

67.0 

138,000 

1.0 

0.422 

0.241 

1.790 

0.084 

2.537 

0.186 

2.879 

8.832 

Evap 

62,411 

38. 6 

41.0 

43.0 

59.4 

94,000 

2.0 

0.224 

0.106 

1.163 

0.012 

1.505 

0.160 

1.615 

6.016 

Cond 

77,924 

45.0 

44.0 

46.0 

66.0 

132,400 

2.0 

0.287 

0.109 

1.556 

0.055 

2.007 

0.140 

2.571 

8.474 

Evap 

79,023 

45.2 

45.2 

47.2 

67.0 

138,000 

1.0 

0.421 

0.240 

2.454 

0.091 

3.206 

0.189 

2.797 

8.832 

Cond 

82,491 

46.3 

46.3 

48.3 

68.4 

147,000 

1.0 

0.440 

0.227 

1.900 

0.086 

2.653 

0.147 

3.074 

9.408 

Cond 

62,411 

41.8 

41.0 

43.0 

61.8 

107,500 

2.0 

0.250 

0.107 

1.243 

0.048 

1.648 

0.123 

1. '730 

6.880 

Enhanced Tube 

Stainless 

Cond 

82,633 

46.3 

46.3 

'48.3 

68.4 

147,000 

1.0 

0.422 

0.253 

2.718 

0.095 

3.488 

0.147 

3.120 

9.408 

Titanium, 

Evap 

63,027 

41.2 

41.2 

43.2 

61.9 

104,700 

1.0 

0.354 

0.215 

2.031 

0.077 

2.677 

0.171 

2.081 

6.700 

Evap 

63,054 

41.2 

41.2 

43.2 

61.3. 

107,900 

1.0 

0.358 

0.213 

1.423 

0.07'2 

2.066 

0.171 

2.054 

6.905 

,Cond 

66,497 

42. 3 

42.3 

44.3 

62.9 

113,800 

1.0 

0.372 

0.227 

2.174 

0.087 

2.860 

0.129 

2.246 

7.283 

Coed 

66,493 

42.3 

42.3 

44.3 

62.8 

113,300 

1.0 

0.372 

0.223 

1.5U 

0.075 

2.193 

0.129 

2.2M 

7.283 
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The water weight in the aluminum heat exchanger is approximately one-third greater  

thau the dry weight of the heat exchanger in the plain tube but reduces to less than 10 

percent in the enhanced case while for stainless steel the water weight is approximately 

90 percent the dry weight in the unenhanced case and drop to about 65 to 75 percent in 

theknhanced ewe, The ohangc in opr.rn.t.ing (wet) weight is also sml;rstiubidll, 

A tabulation of the physical characteristics of submerged and surface aluminum heat 
. . . .. - 

exchangers optimized at  a AT of 40'3' is  presented in Table 4-4. The main differ- . . . . . .  
ences occur in tube wall thickness and shell thickness. The surface configuration has 

a minimum tube wall of 0.090 in. and the submerged configuration is 0.075 in. Both 

incorporate a 0.020 -in. corrosion allowance. The shell thickness is 2.0 and 3.2 in. 

thick fur llle submeried and surface, yespectively. The dry weights of the surface heat 

exchangers a r e  13 to 14 percent heavier than the submerged units and, when including 

liquids, are about one-third heavier. The major distinction, however, i n  that in the 

surface units the total weight must be supported by the platform while in the submerged 

configuration the heat exchangers provide positive buoyancy. 
i 

4.3.8 Tube Arrangement 

. . 

The arrangement of the heat exchanger tubes can take any one of four patterns when - . -- 

viewed from the open end of a tube. These a re ,  as shownhin Table 4-5, triangular I 
-- 

or  square pitch with major/minor axes oriented vertically o r  horizontally. A brief 

evaluation of these arrangements was conducted using the four parameters given in 

the Table, and as indicated the triangular pitch with the minor axis vertically was 

selected. 

The characteristics of the selected horizontal shell and tube heat exchanger with c i r -  

cumferentially grooved heat transfer enhancement is summarized in Tables D, E , F, G, - . . . . . . . . - -. - 
and 4-4. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Table D 

HEAT EXCHANGER DESIGN DATA - HORIZONTAL 
SHELL AND TUBE (EVAPORATOR) 

Ammonia Enhancement Factor 
(over smooth tube) 

Total Number of Tubes 

Tube OD (in.) 

Tube Wall (in.)@) 

Tube Pitch (in.) 

Tube Layout 

Item 

Number per Module 

Thermal Rating ( M B t u h )  
, , 

Water Flow .Rate (gpm) 

Ammonia Flow Rate (lb/hr) 

Design Pressure  id)(^) . 

Operating .Pressure (psia) 

Overall Length (ft) 

Water Enhancement Factor 

Tubesheet Diameter (ft) 

Effective Tube Length (ft) 

Actual Tube Length (ft) 

Tubesheet Thickness (in. ) 

Second Tubesheet Thickness (in. ) 
(if applicable) (c) 

Number of Tube Supports 

Tube Support Thickness (in. ) 

Tube Support Spacing (ft) 

Shell OD (ft) 

Shell Wall Thickness (in.) 

Void Fraction 
J 

Tube Material 

Tubesheet Material 

Shell Material 

Baffle Material 

Cladding Material 

Coating ~ a t e r i a l s ' ~ )  

Demister Size (ft x ft X ft) 

Demister Design Pressure @sia) 

Design Inlet Quality (%) 

Design Outlet Quality (%) 

Reference 
Baseline 

1 

3,970 

1,610,350 

11,396,700 

250/- 

137 

7 6 

1.0 

AL 5052 

AL 5083 

AL 5083 

AL 5083 
- 

TBD 

3.0 

52,260 

1.5 

0.1025/0.090 

1.875 

2 6 ' d ~ 9 ' ~  thick 

(e) 

Optimized 

AL 5052 . 

AL 5083 

AL 5083 

AL 5083 
- 

, TBD 
I 

Surface 

1 

3,540 

1,546,900 

10,164,750 

250/- 

137 

68 

1.0 

Equilateral Triangle 

3.0 

50,315 

1.5 

0.1025/0.090 

1.875 

25' dX 9" thick 

I (e) 

Submerged 

1 

3,808 

1,615,300 

10,074,700 

127/54 

137 

66 

1.0 

3.0 

50,250 

1.5 

0.088/0.075 

1.875 

43 

38 

40 

1.5 . 

1.5 

5 

1 

6.33 

59 

2.0 

0.65 

AL 5052 

AL 5083 

AL 5083 

AL 5083 
- 

TBD 

25' d x 9v' thick 

(e) 
95 

99 

(a) Burst/Collapse 
@) Mean/Minimum 
(c) Annular Type 
(d) Not defined at this time 
(e) Mist Extractor inside evaporator shell 
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Table E 

HEAT EXCHANGER DESIGN DATA - HORTZONTAL 
SHELL AND TUBE (CONDENSER) 

(a) Burst/Collapse 
@) Mean/Minimum 
(c) Annular Type 
(d) Not defined a t  this time 

Item 

Number per Module 

Thermal Rating @IBtu/hr) 

Water Flow Rate (gpm) 

A m n ~ m ~ i a .  F1t:tw l3nl.e ( l l  I/~II:) 

Design Pressure @sid)(a) 

Operating Pressure (psia) 

Overall Length (ft) 

Water Enhancement Factor 

Ammonia Enhancement Factor 
(over smooth tube) 

Total Number of Tubes 

Tube OD (in. 1 
Tube Wall (in.)@) 

Tube Pitch (in.) 

Tube Layout 

Tubesheet Diameter (ft) 

Effective Tube Length (ft) 

Actual Tube Length (ft) 

Tubesheet Thickness (in.) 

Second Tubesheet Thickness (in.) 
(if applicable) (c) 

Number of Tube Supports 

Tubs fluppo~ t T11io)rues~ (h. ) 

Tube Support Spacing (ft) 

Shell OD (ft) 

Shell Wall Thickness (in.) 

Void Fraction 

Tube Material 

T~ihesheet Mater ia l  

Shell Material 

BaMe Material 

Cladding Material 

Coating Materials(d) 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Reference 
Baseline 

1 

3,845 

1,633,900 

5,597,800 

250/- 

96 

7 6 

1.0 

3.0 

58,700 

1.5 

0.1025/0.090 

1.875 

Optimized 

Surfncc 

1 

3,430 

1,582,200 

6,776,bQu 

250/- 

96 

68 

1.0 

3.0 

56,400 

1,s 

0.1025/0.090 

1.875 

Equilateral Triangle 

Euhmei-gml 

1 

3,400 

1,664,600 

6,'718,460 

96/132 

96 

66 

1.0 

3.0 

56,000 

1.5 

0.088/0.075 

1.875 

43.5 

44 

46 

2.5 

2.5 

6' 

1 

6.3 

63.5 

3.2 

0.59 

AL 5052 

AL 5083 

AL 5083 

AL 5083 
- 

TBD 

43 

39.5 

41.5 

2.5 

2.5 

5 

1 

6.6 

60 

3.2 

0.61 

AL 5052 

AL 6083 

AL 5083 

AL 5083 
- 

TRD 

43 

38 

40 

1.5 

1.5 

5 

1 

6.33 

59 

2.0 

0.61 

AL 5052 

AL 6083 

AL 5083 

AL 5083 
- 

TBD 



Table F 

HEAT EXCHANGER THERMAL DATA - EVAPORATOR 

Item 

Water Flow Rate (lb/hr) 

Water Flow Per Tube (lb/sec) 

Water Velocity Inside Tube (ft/sec) 

Reynolds Number Inside Tube (-) 

Prandtl Number Inside Tube (-) 

Inlet Water Temperature (OF) 

Outlet Water Temperature (OF) 

Average Water Temperature (" F) 

LMTD (" F) 

Average Tube Wall Surface Temperature (" F) 

Average Shell Wall Surface Temperature (O F) 

2 
HW (Including Enhancement) (Btu/hr ft ' F) 

2 
H Fouling (B tuhr  ft " F) 

H Wall (B tubr  ft2 ' F) 
2 

H Ammonia (B tuhr  ft O F) 

Uo (Btu/hr ft2 " F ) ( ~ )  

Ammonia Inlet Temperature (O F) 

Ammonia Outlet Temperature (OF) 

Vapor Quality (Outlet, %) 
Maxi'mum Vapor Velocity (Outlet, ft/sec) 

Total Pressure Drop of Water (psid) 

Total Pressure Drop of Ammonia (psid) @) 

Distribution TubesLHeat-Transfer Tubes 

Maximum Feed Rate (lb/ft sec) 

Minimum Feed Rate (lb/ft sec) 

Design Feed Rate (lb/ft sec) 

~ec i rcula t ion  Ratio (-) 

Maximum Distribution System AP (psid) 

Reference 
Baseline 

Optimized 
- ~ 

Surface I submerged 

(a) Based on tube ID 
@) Across tube bundle radius using Eqs. 6.13 and 6.13@) of 

HEAT TRANSMISSION by McAdams . 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Table G 

-HEAT EXCHANGER THERMAL DATA - CONDENSER 

(a) Based on tube ID 
@) Across tube bundle radius using Eqs. 6.13 and 6.13@) of 

Heat Transmission by McAdams. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Item 

Water Flow Rate (lb/hr) 

Water Flow Pe r  Tubo (lb/oco) 

Watar Velocity 1n.sid.e Tube (ft/sec) 

Reynolds Number Inside Tube (-) 

Prandtl Number Inside Tube (-) 

m e t  Water Temperature (O F) 

Outlet Water 'l'emperature (" F) 

Average Water Temperature (O F) 

T , M m  (OF) 

Average Tube yall Surface Temperature (" F) 

Average Shell Wall Surface Temperature (" F) 

2 
HW (Including Fdxmcement) (Btuhr ft I?) 
H Fouling ( ~ t u / h r  ft2 " F) 

H Wall (Btu/hr ft2 " F). 

H Ammonia ( ~ t u / h r  ft2 

Uo (Btu/hr ft2 F) (a) 

Ammonia Inlet Temperature (' I?) 

Ammonia Outlet ~ e r n p e i - a ~ r e  c F) 
Vapor Quality (Inlet, %) 
Maximum Vapor Velocity (Inlet, ft/sec) 

Totall Pressure Drop of Water (psid) 

Total Pressure Drop of Ammonia (psid) @) 

Reference 
Baseline 

,841 x l o6  
3.08 

G, 802 

50723 

10.4 

43.88 

48.77 

46.32 

7.08 

52.8 

56.2 

1086 

3333 

9709 

347 5 

620 

53.86 

53.50 

96.55 

9.0 

3.277 

0.646 

Surface 

814 x l o 6  
4.0 

6.821 

50422 

10.4 

43.88 

48 .3.8 

46.35 

7.35 

52.8 

56.2 

1079 

3333 

9709 

347 5 

618 

53.89 

53.52 

96.55 

9.2 

2.913 

0.672 

Optimized 

Submerged 

856 x. l o 6  
4.25 

6.9 

52147 

10.4 

43.88 

48.12 

46.00 

7.40 

52.6 

56 ' 

1084 ' 

3333 

11235 

340 0 

623 

,.;j.a6 -- 

53.35 

96.5 

9.6 

2.808 

0.705 
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Table 4-4 

SELECTED HEAT EXCHANGER PHYSICAL PARAMETERS - A,T = 40°F, 25 MW(e) 

(a) 10 percent of shell plus tubesheet/support weight plus 1 percent of tube weight 

Item 

Tube Length (ft) 

Number of Tubes 

Tube Bundle Diam (ft) 
. - - - . - - . - . . - -- - 

Tubesheet .. Diam (ft) . . .  . . .  -- - - - -. - - - 
Shell OD (ft) 

Shell Volume (ft3) 

Shell Thick (in.) 

Shell Weight (lb) 
- -. ...... . . . .  . 

~ ~ b e s h a e t / ~ u ~ ~ o r t  Weight (lb) 
. -  . -- .-- 6 - - .--- . - 
Tube Weight (lb x 10 ) 

Misc. (lb) 

Total Dry Weight (lb x lo6) 
6 

Ammonia Weight (lb x 10 ) 

Water in Tubes (lb x 106) 
6 

Displacement (lb x 10 ) 

Buoyancy (lb x 106) 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
-. - . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  

Submerged Surface 

Evap 

4 0 

50 , 250 

41.0 

43.0 

59.0 

92,604 

2.0 

210,000 

131,000 

0.913 1 
43,6001 

i 1.301  : 
.-.- 

0.156 

1.186 

5.927 

'3.284- 

Evap 

41.5 

50,315 

41.0 

43.0 

60.0 

98,626 

3.2 

365,700 

158,000 

: 1. i 2 9  

: 63,800 
! i 1.718 
/ -. -_ ._ . 

0.160 

1.209 

6.312 
- 

Cond 

40 ' 

56,000 

41.0 

43.0 

59.0 

92,604 

2.0 

210,000 

131,000 

, 1.018 :- 

; 44,600. 

i 1.407 

0.112 

1.321 

5.927 
. - . - . .- . 

3.087 - .- -- . 

C ond 

41.5 

.... 5GI,A00 

41.0 

43.0 

60.0 

98,626 

3:2 

365,700 

158,000 

i 1.258 

65,100 

i 1.849 
.. -- 

0.116 

1.345 

6.312 
- 
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Table 4-5 

TUBE ARRANGEMENTS 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

- -  
, I 

ARRANGEMENT 

PITCH 

PITCH 

SQUARE 
PITCH 8 8 
SQUARE 
PITCH 0, 0-1 -4- 

D 

C 

B 

A 

D 

A 

B 

c '  
-- 

A 

A 

c 

c 

0 

A 

B 

c 

4 

1 

3 

2 RAT I NG: 
A BEST 
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4.. 4 MATERIAL CONSIDERATIONS 

The purpose of this section is to describe the rationale that resulted in the determina- 

tion that aluminum is the optimum material for OTEC heat exchangers. This determina- 

tion was derived through the evaluation of candidate materials characteristics in relation 

to the performance and cost requirements of the power system module. The primary 

material characteristic considerations discussed in this section a re  mechanical and 

thermal properties, corrosion resistance, biofouling, wear resistance, and life-cycle 

costs. 

4.4.1 Material Candidates 

Candidate materials include aluminum alloys 3003, 3004 alclad, and 5052; copper- 

nickel 90-10; stainless steel alloy AL-6X; and commercially pure titanium. These 

materials have been used in various seawater heat exchanger applications with fair to 

excellent performance depending on the operating conditions. All the material candi- 

dates have good producibility in that they have good to excellent welding, forming, and .... 

machining characteristics using conventional production methods. 

4.4.2 Mechanical/Thermal Properties 

The tensile strength and modulus of elasticity of aluminum and copper nickel a re  low- + 
.--. 

but a re  acceptable in relation to OTEC design requirements. For example, a 0.050-in. 

wall aluminum tube will meet the strength requirements. 

AL-6X and titanium have the highest strength and 1.5 to 3 times the modulus of elasticity 

of aluminum, which permits the use of thinner wall (0.029-in.) tubing. . The thinner wall 

compensates for the lower thermal conductivity. Power plant studies have shown that 

even though copper nickel has a higher thermal conductivity than stainless steel, the 

development of its oxide film degrades the copper-nickel heat transfer capability to 

values close to stainless steel and titanium which have an oxide film that is less than 
.. ..... . . .  .. -. . - .  ......... - 

0.0005-in. thick,.   able 4-6 summarizes the key mechanical and thermal properties 
. . . . . . . . . . . . .  . .  . __ .......... _ ... __ ._..._.___........ .- -- . . . . .  - 

of the materials. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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 able 4-6 

MATEWL CHARACTERISTICS 

. . 

4,4,3 Corrooion Roaiotanoo 

The corrosion resistance of the candidate materials was evaluated k o m  the standpoint 

of resistance to (1) general corrosion (uniform), (2) pitting and crevice corrosion, 
( 

(3) stress corrosion cracking, (4) corroston fatigue, and (5) galvanic attack. There is 

a wealth of corrosion test data on the candidate materials (except AL-6X) from test 

specimens and production hardware exposed to surface waters and deep ocean water 

for periods of from 1 to 15 years. 

Thermal 
Conductivity 

(sh/*-n-n F) 

7 7 

110 
9.5 

8.0 

2 6 

The corrosion test data on the candidate materialst resistance to ammonia is extensive 
.-.. 

for aluminum, copper-nickel, and titanium. Although there a r e  limited data on the corro- 
- - ---. - - <. 

sion resistance of AL-6X in ammonia, there are adequate data on steel and stainless 

Material 

Aluminum 5052 (0) 

Alclad 3003 (0) 

Titanium CP 
Stainless AL-6X 

Copper-Nickel 90-10 

steel alloys that, in general, have lower corrosion resistance than AL-6X. These data 

Ultimate 

@ai) 

28,000 

16,000 

50,000 

93,000 

40,000 

Yield 

@oil 

13,000 

6,000 

40,080 
45,000 

15,000 

provide assurance that AL-6X will have excellent resistance to ammonia. 

Aluminum Alloys. Alloys 3003, 3004, and 5052 have been shown to have a general 

(uniform) corrosion rate of less than 0.001-in. per year (1 mpy). Pitting corrosion 

test data show varied results with the 0 temper having that best resistance. Welded 

tubing is the lowest cost material and would normally be in the 0 temper condition and 

therefore should be the design choice. The maximum pit depth after 1 to 2 years has 

E 
(psi x lo6), 

10 

10 

15 
29 

18 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Density 
(lb/ft3) 

170 

170 

281 

500 

558 



been found to be 0.005 to 0.012 in. in surface and deep ocean waters. Operating ex- 

perience on alclad tubing used in seawater-cooled condensers at a California coastal 

oil refinery has shown only one perforation of 0.071-in. wall tube in 14 years. Talble 
. . . - . - - .- - - . -. . 

1-4-7 summarizes corrosion test data from aluminum specimens and operating heat 
.. . 

exchangers . 

The. deep seawater data are.provided for information purposes only. The results a re  

not considered directly applicable to the condensers because the specimens were main- 

tained in static seawater and because the hydrostatic pressure at  the test depth mini- 

mized the volumetric concentration of gases. With seawater velocities of 6 to 7 fps and 

at the actual heat exchanger depths; the tube surfaces will be subjected to near surface 

oxygen concentrations, particularly 'if' the cold water is taken from a sump which is open 

to the atmosphere. 

- .  
Experimental data a r e  required to determine the effect of deep seawater on material 

corrosion at flow velocities and depths representative of the OTEC condenser operation. 

Data from the OTEC-1 facility would be applicable. However, it would be desirable to 

obtain near-term data for application to the module and test article design. 

. . -  -.. .- -- .. -. .. - - -- - -- 

Crevice corrosion of the aluminum alloys does occur with barnacle-type biofouling but 

is no more severe than pitting attack. 

The candidate aluminum alloys a re  immune to stress corrosion cracking in seawater; , 
and although the seawater corrosion fatigue strength of aluminum is quite low, their 

fatigue strength has been well documented at  various stress reversal differences with 

and without cathodic protection. 

Aluminum alloys 'are susceptible to galvanic attack in seawater when coupled to all 

metals and their alloys except magnesium and zinc. An example of this problem would 

be the use of steel for the inlet piping and waterbox components and copper for the inlet 

screens. The solutions to this problem a re  (1) design the seawater system of all alumi- 

num components, (2) electrically insulate the dissimilar materials, o r  (3) coat the 

8 cathodic material (steel) and provide cathodic protection. Long life epoxy coal tar 
-- -. -- - .- .- . . . -. . - -- . .--- .. . .. - - - . . . . .. 

4-57 
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Table 4-7 

ALUMINUM-SEAWATER CORROSION DATA 
- - .. - .- .. . . . . . -. . . . -- - 

Material 

I 

3003 Alclad - H14 2 

r h c e  Seawater 

Max. 

.0.014 in. (pitting) 

0.003 in. (pitting) 
- 

0.008 in. (pitting) 

0.029 in. (pitting) 

0.020 in. (pitting) 

0.006 in, (pi.rn.ng;) 

0.0 12 in. (pittiag) 

O.OlR in. (pi.iking) 

0.091 in. (pitting) 

Min. 

0.0 

0.0 

0.0 

leep Seawater 

7iz-j 
0.0 12 in. (pitting) 

0.000 

0.0 12 in. (pitting) 

0.065 in. (pitting) 

0.0 14 in. (pitting) 

0.000 in. (pitting) 

0.020 in. (pitting) 

0.000 in. (pitting) 

0. flflfl ~h. @lWng) 

0,000 in. (pitting) 

0,000 in. (pitting) 
- 

Data from surface and deep (2,300- to 6,300-ft) seawater corrosion tests performed 
in Florida, the Bahamas, Southern California, Nova Scotia, and South Carolina. 

coatings and 20-year life sacrificial anodes (cathodic protection) offer the best solution 

to this problem when the design requires dissimilar metals. Materials compatibility 

for the heat exchanger material candidates, including effects of the platform materials, 

i s  presented in Table 4-8. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Table 4-8 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

- - . . . -, . . . - - - . , . . , - -, - - - -. ., , -- - . . - - - - - - - . - - . . . . . - - . . .. . .  . . . . .. 

' 

CW Pipe 

Steel 
Aluminum 
Concrete  
~ ~ P / P l a s t i c / R u b b e r  

. Ducting -. 
Steel 
Aluminum 
GRP/Plastic 

, Concrete  
SST 

Screens 

. Cu-Ni (90-10) 
Steel-Galvanized 
Steel-Coated w/A. F. 
SST 

CW Pipe Transition 

Steel 
Aluminum 
Bronze 
Graphite 

Pumps 

Steel 
'SST 
Bronze 
Ni Cas t  Iron 

NC = Not compatible if heat  
Cathodic protection may make  compatible.. 

Copper-Nickel 
90-10 

C 
C 
C - 
C 

NC 
NC 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
, C 

, ' 
_ _ 

 ater rials 
Titanium 

C. P. 

C 
C 
C 
C 

NC 
NC 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

. - .- - 
isolated. ---_ 

" 

Aluminum 
Alloys 

NC 
C 
C 
C 

NC 
C 
C 
C 
C 

NC 
C 
C 
C 

NC 
C 

NC 
c (?) 

NC 
C 

NC 
NC 

- 
exchanger 

Heat Exchanger 

Stainless 
AL-6X 

C 
C 
C 
C 

NC 
NC 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

C 
C 
C 
C 

is not elgeczically 



.. - - . -  

The corrosion resistance of the aluminum alloys to ammonia is excellent as has been 

demonstrated By refrigeration industry experience. Recent laboratory test data on 
. . .  . - 

combinations of ammonia and seawater show little or no corrosion except at  low ammo- 

nia percentages such as  1 to 5 percent. Subsequent field corrosion tests using natural 

seawater under OTEC heat exchanger flow conditions and 70 ppm ammonia have resulted 

in oaly incipient p i t b g  (less than 0.001-in. ). During these field corrosion tests it was c 

found that the small amount of ammonia (70 ppm) caused deposition of a calcareous 

precipitate onto the aluminum tubing wall. The precipitate developed a bond to the 

aluminum but it would appear that frequent cleaning by the MAN brush system (i. e., 

daily) would remove this deposit. Since an ammonia leak detection system will be 

used to locate a leaking tube, it is probable that an ammonia leak would be of short 

duration. 
. - - -- . . . - - - - - - - - - - .- .- . .  - - .  

- . . . . - - - - -.. -. - .-. - 
Copper-Nickel. copper-nickel 90- 10 alloys have been successfully used as a seawater 

heat exchanger material for several decades on naval vessels. In more recent usage 

in coastal power plants, it has experienced failures in 0.035-in. wall tubing in less 

' than 5 years. These failures have, in most cases, been attributed to inlet erosion/ 

corrosion due to poor waterbox design or  downstream fouling on the tube wall. This 

problem is due to the low shear strength of its oxide film, which means the alloy is 

seawater velocity limited. Although the velocities planned for OTEC are within the 

alloy's limit, these velocities a r e  close enough that this problem must be considered 

in the waterbox and duct design of an OTEC plant. 

-- 
-- - - 

, Table 4-9 sukmarizes the seawater'corrosion data for materials other than aluminum 
. - - - - - - - - -... li 

7 gdvanic corrosion bould be caused by copper-nickel heat exchangers should 

atool or aluminum be used iu the components of the seawatetr system. A s  mentioned in 

the previous paragraph on aluminum, this problem can be solved with the use of cathodic 

protection, but cathodic protection would cause the copper nickel tubing to biofoul a t  the 

inlet because its corrosion would be stopped. 

The corrosion of copper-nickel 90-10 by ammonia is dependent on contamination of the - 
ammonia by water and oxygen, with oxygen being the controlling factor. If the ammonia 

system can be kept uncontaminated, the copper-nickel will suffer little or no attack. 
. - . -- .- . - . -- -- -- .- . -- . .. . . . . -. - - -  . . .  - . .  .. . . 8 
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Table 4-9 

SEAWATER CORROSION DATA 

(a) Corrosion rate data of < 1 mpy based on relatively static 
seawater tests. 

-- - . .. ...- - . . - - - . . - . . _. . _ . - ^. _ . . _ _ _  _ __ _ ~- - 

F 

Material 

Cu-Ni (90-10) 

AL-6X 

Ti (CP) 

- . - -. . . -. . -.. - .... - .. -. -. . - - . - .- . - - - - -. - - - 
In summary, copper-nickel 90-10 has a low corrosion rate (less than 0.001-in. per 

year) in seawater and uncontaminated ammonia :, i s  immune to stress corrosion crack- 

Surface Seawater 

< 1 mPY (unif) 

0.000 

0.000 

ing in the same environment ,., and has documented corrosion fatigue strength that can 

Ueep Seawater 

< 1 mpy (unif) (a) 

No Data 

0.000 

be used in design to prevent failure by fatigue. The problem of erosion/corrosion 

must be addressed in the seawater system design. 

Stainless Steel Allov AL-6X. Alloy AL-6X has been used in coastal power plant con- ' 

denser tubing for more than 5 years without a corrosion failure. There i s  no corrosion 

data on the effect of ammonia, but experience with steel and stainless steel alloys in 

ammonia and water-contaminated ammonia provides assurance that AL-6X will be 

immune to corrosion time in these environments. 

- 

Commercially Pure Titanium. Commercially pure titanium is immune to all types of 

corrosion by seawater and ammonia and their combination, based on more than 15 

years of marine and chemical industry experience. 
. - . . . . . . . . . -- . - . . . . . . - . . . . -. . . - - . - - - - - . -- . -. . .- . - ... . . .- . - . - . . - .  . - . - 

A summary of 10-year seawater corrosion performance of the candidate materials is 

given in Table 4-10. Table 4-11 summarizes the ammonia corrosion data. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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- . - - -. - 
Table 4-10 - -- . 

TEN-YEAR CORROSION PERFORMANCE I N  SEAWATER 

N. S. - Not susceptible. 
Based on similar stainless steels. 
Cu-Ni tubing life very dependent on waterbox design and operating velocity. 

Candidate 
Materials 

AL5052 
Alolad 
3003 or  4 

A L - 6 ~ @ )  

Ti 

Cu-Ni 
(90-10) 

-- - -- - - -. - - . - 
Table 4-11 - - . -- - - - -- - -- 

AMMONIA CORROSIQN DATA 

Corrosion 

(a) Corrosion rate based on 10- and 30-day tests. 
(b) Corrosion data based on 6 years of coastal power plant experience. 
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Seawater 
Erosion 

Resistance 

Good 

Excellent 

Excellent 

Fair 

Uniform 

Ni l  

Nil  

Nil 

0.000 to 
0.040 in. (c) 

Ammonia 
in 

Seawater - - - -  - 
(1 to 5% Ammonia) 

--- -- 

1 mpy(a) 

1 to 5 mpy 

000 

UOO 
- -  - - - -- - 

Materials 

Aluminum 

Cu-Ni (90-10) 

AL-6X 

T1 (C.P.) 

Pitting 

0.010 to 
0.060 in. 

N. S. 

N.S. 

20 to30mpy 
0.02 to 
0-03 In. 

Ammonia 

< 5 mpy(a) 

< 1 mpy 
O.OOO(~) 

060 

Seawater 
in 

Ammonia - 
(1 to 5% Water) 

-- -. - 
000 

< 1 mPY 
o.ooo(b) 

000 

Crevice 

0.015 to 
0.070 in, 

N. S. 

N. S. 

N.S. 

, - - - 

Stress 
Cracking 

N.S.(a) 

N.S. 

N.S. 

N. S. 



4.4.4 Biofouling Resistance 

The only candidate material possessing biofouling resistance is the copper-nickel 

9-10 ,alloy which will resist fouling by hard shell organisms such as barnacles but 

will not resist attachment of bacteria in the form of slime layers. 

- - . . . . .  - .. . . . . .  . . . .  . .  

Based on 1976 heat transfer/biofouling tests in Hawaii and the Virgin Islands, it has 
-- .- 

been stated that a slime layer no:.thicker than 0.002-in. can be tolerated on the heat ' 
-- 

transfer surfaces. This implies that all candidate materials will require biofoulhg 

countermeasures to control slime layer development. The use of chlorination and 

mechanical scrubbing at regular intervals would .appear to provide high reliability of 

achieving relatively foul-free heat transfer surfaces. Chlorination at the rate of 0.2 

to 1.6 mg/liter for 20 minutes three times per day will not have adverse corrosion 

effects on any of the candidate materials because of low dosage and short exposuretime. 
. .  . . . . . . . . . . . . . . . . .  ....-......... -. ..... , .............. . .- - .  

4.4.5 Wear Resistance 

...... -. ..... - .............. . . . . . . .  . .- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .- ..... - ... - .. 
Aluminum alloys have poor wear or abrasion resistance to such materials as sand. or  

. marine shell particles. Abrasion by sand in an OTEC plant is very unlikely, but 
a marine shell particles a re  possible if these growths a re  permitted upstream of the 

heat exchangers. For this reason the chlorination system should be located at  the 

seawater inlet to prevent hard shell growth from occurring anywhere upstream of 

the heat exchangers. --.- 

4.4.6 Ammonia C ompatability 

In ammonia vapor and liquid ammonia systems, carbon steel and cast iron are  gener- . 

ally suitable for anhydrous ammonia service. However, some uncertainties exist with I 

air-contaminated anhydrous ammonia and seawater-contaminated ammonia. 

Carbon steel is subject to stress corrosion cracking in air-contaminated anhydrous 

ammonia. It is not likely that the main cycle piping and components will be subjected 

to air contamination except during initial checkout, shutdown for maintenance, and 
.-. . -. -- -. - - 
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restart. Air and nitrogen should be purged from the system by the ammonia through 
, . . . . . . 

the noncondensible vents. However, this stress corrosion cracking cnn he pr evcnted 

by post-weld hcat treatment and thermally stress relieving (at 1,100" F minimum) 

parts containing high residual fabrication stresses. Another method used in ammonia 

systems is to add 0.2 percent water to the ammonia. However, for the OTEC system, 

the addition of seawater to the system through leakag'es is considered a liability for 

thermodynamic reasons and is minimized by a low leakage heat exchanger design. 

Hence post weld thermal s t ress  relieving is recommended for carbon steel piping. 

Seawater concentrations. in the ammonia system can be expected to vary from very low 

levels in the vapor and condensate pipe and the condenser to as high as 5 percent in the 

evaporator.. The corrosion and deposition effects caused by this seawater content are 

not clearly understood at  this time. 
. .. . .. - .- . .- . - .- .. . . .- .. _.. _ ,, - - .-. - - . - -. . - 

. . , . -- - .  
Aluminum alloys are. also suitable for ammonia service, common application hebg in . 

refrigeratinn systems ancl  lorag age tanks. Galvanic attack between steel and aluminum 

(1.: in anhydrous ammonia would not be expected since the conductivity of anhydrous am- 

moniais less than 1 x mhos/cm (values as  low as 1 x 10-"mhos/cm have been 

reported). This is less than one-hundredth that of demineralized water. In laboratory 

tests, it has been shown that if anhydrous ammonia is contaminated with air, pitting 

attack of aluminum coupled to steel is promoted. These same tests indicate that water 

additions may reduce the galvanic attack. However, as discussed above, water addi- 

tions a r e  detrimental to the operation of the ammonia power cycle and, in fact, seawater --: 

contamination may promote galvat@ atlank 

In summary, aluminum and steel are suitable Ior snhyclrous ammonia service provided 

the ammonia is not contaminated with a i r  o r  seawater. Air contamination is expected 

to be minimal with the system purging all noncondensibles during initial checkout. 

Seawater inledcage will be handled by the ammonia, cleanup oyotcm. Cuncenerations 

01 seawater should be extremely small throughout the system except in the evaporator 

and distribution pumps, piping, and valves. The baseline conceptual design approach 

-@ therefore to use carbon - -. . .  steel piping for the ammonia cycle together with the aluminum - - -- . - - . - -- . . . - - - - . . . - 
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heat exchangers. Aluminum piping is still being cnnsidered as an altcmtive.  Fibgr- 
, . . . . - . . -. - - - . -. - . - -- . . . - - . . . . .. 

glass pipe was.considered and rejected because comm~rcially available resins cannot 

withstand ammonia. 

In ordor to withstand galvanic corrosion on the seawater side, a suitable cathodic pro- 

tection system and electrical isolation system design will be incorporated into the pre- 

liminary design using coated carbon steel pipe. The aluminum piping is the fallback 

option. The results from any test programs concerning the effects of seawater and/or 

a i r  contamination will also be factored into the preliminary design materials selection 

effort. 

Copper-nickel is slightly superior to aluminum but would require the same protection. 

. . 
AL-6X and titanium have excellent abrasion resistance and do not require protection. 

- - . . . . - . . - 
!. -- ' . ' 

I 

' 4.4.7 Economic Evaluation of Heat =changer Tubing Materials 

' Comparison of the cost effectiveness of aluminum, stainless steel, and titanium as  

tubing materials requires an intertemporal cost trade study. This is done in this 

: section in terms of equivalent annual cost, using the methodology presented in "The 

/ Cost of Energy From Utility-Owned Solar Electric Systemsn (ERDA/JPL-1012-76/3). 

! Of course, the cost effectiveness of any material depends on its expected lifetime, and 

I this is the most important independent variable in this study. Copper-nickel heat 
1 

I echangers were not included in the cost trade study as adequate data were not gener- 
I : ated in the heat exchanger fabrication study. Other assumptions used in the analysis 

are: 

a. Power module configuration 

a Escalation rate 

a Cost of money 

a Other taxes 

Submerged 

6 percent 

10 percent 

2 percent 

a Insurance 1.5 percent 

a Heat exchanger replacement cost $1,000,000 

a Effective power module downtime 30 days 
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a Heat exchanger material scrap value 

- aluminum l.O$ /lb 

- steel 2$ Ab 

_ _  . __._._ .__ .---- --- -- - .  - ..- ... . - .  - . ,. . -  . -- -- 

While somn of these ssqumptirmw appear to be superficial, it wi l l  be shown later that 

the results of the study are quite insensitive to c h g e s  in them. The study uses the 

submerged power module configuration a s  the cost relationships among heat exchangers 

using the three a l t e h t i v e  tubing materials a r e  essentially the same for all configura- 

tiom. Coot of money and escalation rates were supplied by DOE. A figure of 2 percent, 

typical of utility experience,. has been assumed for property and other taxes. A 1.5- 

percent charge has been used for insurance charges based on a range of 1 to 2 percent 

of insured investment used in previous studies. The $1,000,000 cost of scrapping the 

old heat exchuger and replacing it represents J,MSCts estimate of labor and dock fees 

for a 30-day period at  a graving dock. It is planned that replacement of the heat ex- 

changers would be scheduled at the same time as routine major maintenance activities - - - - - - . - --__-_, _ 
and would require additional downtime for refit at the shipyard. The 30-day downtime 

assumed represents the additional downtime. Finally, the scrap value of aluminum 

and steel has been assumed to be 10 percent of current prices for plate metal. 
- -  - 

. . . . . -- - 
The curves shown in F'fg. 4-16 have been derived on the basis of the assumptions dis- 

.. - . -- - - -. . - - - 
cussed above. They show the equivalent annual cost of aluminum and stainless steel- 
tubed heat exchangers a s  a function of their engineering lifetime. The equivalent- annual 

cost of titanium-tubed units with expected lifetime of 30 years is 110 $/kW(e)-year. 

A l ~ ~ u m - t u b e d  heat mahangers wiJ.J. he more cost effective than titaiiium-tub& wits 
if thei,r lifetime exceeds 8 years, and the breakeven life for stainless-steel-tu&d'heat - .  - 

exchangers is 20 years. The above breakeven lives a r e  referenced to titanium-tubed 

heat exchangers with a 30-year lifetime. Should the lifetime of stainless-steel-tubed 

heat exchangers be also 30 years, the breakeven life required of aluminum-tubed units 

increases to 10 years. 
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Fig. 4-16 Heat Exchanger Annualized Cost

--, A brief sensitivity analysis was conducted to determine the impact on the breakeven\
lives discussed above in terms of changes  in the assumptions. To-this effect, assump-
tions concerning heat exchanger replacement cost, material scrap value, module down-
time, and cost of money and inflation rates were changed separately, and the new break-
even lives were calculated for aluminum- and stainless-steel-tubed heat exchangers
vis-a-vis titanium-tubed units with a 30-year life. The results of the sensitivity anal-
ysis are summarized in Table 4-12. Clearly, breakeven lives are remarkable  ins ensi-
tive to changes in the variables considered; in no case do they change more than 15
percent, while changes in independent variable values range as high as 200 percent.
While this insensitivity may at first sight seem surprising, it is simply the consequence
of heat exchanger costs dominating, since in themselves they are much greater than,
for example, replacement or downtime costs.

'IL
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Table 4-12
BREAKEVEN LIFE SENSITIVITY

Initial New Ss/Ti Al/Ti
Paremeter Breakeven BreakevenValue Value Life (years) Life (years)

Heat Exchanger Replacement
Cost $1M $2M 21.2 8.8

Heat Exchanger Material
i Scrap Value

- Steel 24 /lb 49 Ab 19.7

- Aluminum 104 /lb 204 Ab                -                     7.7
Module Downtime 30 days   90 days 20.5 8.5

Cost of Money 10%          8%
21.2 8.7

Escalation Rate                      6%          5%                                                              -

4.4.8 Material Consideration Summary

An OTEC heat exchanger with Aluminum 5052 alloy tubing 0. 075-in. wall thickness with

or without alclad can provide more than 10 years life with a high reliability (less than
1 percent tube failure due to corrosion). The aluminum heat exchangers with a 10-year      r
life are the most cost effective heat exchangers for the 30-year life power system.   In

addition, the aluminum heat exchangers have the least weight and smallest volume for

a given size of the candidate materials evaluated.

.-

In addition to the drawn aluminum tubing used in the heat exchanger comparison study,
rolled and welded 5052 aluminum tubing is considered a candidate method for reducing
costs of the heat exchangers incorporating heat transfer enhancement surfaces. While
the ASTM standard for rolled and welded 5052 aluminum tubing is not part of the ASME

pressure vessel code, the code allows use of various materials for unfired pressure
vessels when margins and safety factors are incorporated into the design. The neces-

sary analyses, manufacturing development, and tests will be accomplished to ensure
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that formed, rolled, welded, treated 5052 aluminum tubco will provide lhe perforin- 
ance life required. 

Ammonia piping and valves made from carbon steel will be used throughout the system 

for.cost and ammonia compatibility reasons. Carbon steel to aluminum joints will be 

designed to be in a controlled environment wherever possible with isolation and sacri- 

ficial anodes used as required. 
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s 4.s Bruk'UULlNG CONTROL 

The fouling mechanism of greatest concern is from the warm water passing through the 

evaporator. No comparable large-scale experience i s  known to exist, and although 

several scaled tests have been initiated there is a lack of specific data on which to base 

a design. A conservative approach therefore was taken to ensure power module per- 

formance. The application of biofouling control measures should consider the entire 

seawater system. As an example, if no biofouling control measures are applied to the 

platform, the, water ducts in the platform could act a s  a breeding area for the micro- 

organisms (which form the slime layer) and the macro-organisms (visible organisms . . 

such as barnacles, worms, and mussels) that would continuously be released into the 

seawater flow going to the heat exchangers. The use of antifoulant coatings on the plat- 

form and water ducts must also' consider the heat exchanger materials. However, the 

PSD project is concerned only with the power module, and the selected solution is based 

primarily on the power module configuration and operating condition with secondary 

consideration given to the platform. 

.. -.  

4.5.1 Fouling Condition 

The nature and extent of biofouling in the evaporator and condenser is  based on the 

accepted assumptions that the fouling layer is essentially water which has been immo- 

bilized on the heat transfer surface by the micro-organism -structure or  slime layer. -- .. -- . . ._ _ _ _  
A second fouling which can occur under specific conditions is that of corrosion product 

fouling. Such effects, not fully understood today, will be avoided by minimizing leaks., 

following operational procedures defined to minimize fouling, and the use of coatings 

in upstream water ducting. 

The limited test results indicate a 0.002-in. -thick slime layer corresponds to a fouling 

heat transfer resistance factor of about 0.0005 hr-ft2-' F/B~U. The rate of increase of 

heat transfer resistance (slime layer build up) shown in Fig. 4-17 is a function of water 

velocity and tube surface condition. From the data points, slopes have been drawn, and 

for the countermeasure design condition it is assumed that the thermal resistance will 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



THERMAL 
RES I STANCE 30 I- 
H~-F~'-"F 

BTU 

Fig. 4-17 Biofouling Resistance Buildup 

_ _ _  _ .. 
-. 

2 drop no lower than 0.0001 hr-ft2-' F / B ~  and will increase at  the rate of 0.00004 hr-ft - 
. . 

" F/B~U per week. The effect of fouling m. module performance (power module net power - - - - - . - - - . . . . . . - . . . . . . . - - . . - - . - . . . - . - - . - . . . .. . . -- - - - .- ---. --- - . . . , ~. 
output) is shown in Fig. 4-18. From this figure it is found that an increase in the fouling 

resistance factor of one ten thousandth (from 0.0002 to  0.0003 as an example) reduces 

the net power by 1 MW(e). At a cost of power of 4$ /kwh, this increase represents a 

cost of $960/day o r  approximately $350,00O/year. The importance of controlling the 

biofouling layers is demonstrated by the relative thermal performance capability of the 

candidate heat exchanger materials. As an example, with an aluminum heat exchanger 

an increase in the fouling resistance from 0.0001 to 0.0003 for the baseline case (sea- 

water film heat transfer coefficient of 1000 and an ammonia heat transfer coefficient of 

3000) causes an 11 percent reduction in the overall heat transfer coefficient. t 
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Fig. 4-18 Effect of Fouling Factor on Module Performance 

A second type of fouling may also arise from corrosion products. It is possible for 

corrosion products formed at an upstream point in the fluid handling system to be 

deposited on the heat transfer surface. To minimize this form of fouling, proper 

selection of materials for the seawater systems is mandatory. where feasible, 

materials and material coatings wil l  be selected and integrated with the platform 
\ 

studies to. ensure material compatibility. 
. . 

4.5.2 Fouling Countermeasures 

A variety of countermeasures have been proposed to control fouling of OTEC heat 

exchangers. The countermeasures and their application a r e  discussed in the following 

paragraphs. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Chlorination. This is the best known countermeasure with considerable background in 

other marine-related systems . The biofouling problems encountered in condenser tubes 

of seawater-cooled power plants a r e  frequently severe. Of the seawater-cooled power 

plants surveyed in California, Texas, and Florida, chlorination was by far the most 

universal treatment method employed to combat biofouling. The chlorination treatments 

administered varied in frequency and intensity according to the severity of the problem, 

the biological .demand, and the power companyts ability to optimize chlorine treatment. 

Typically, chlorination treatmexits consist of injecting chlorine into the water supply 

until the total residual chlorine concentration at the downstream end of condenser tubes 

is 0.2 to 0.5 ppm for 20 minutes, o r  until free chlorine can be detected at the same point. 

A 30-minute exposure to 0.2 ppm chloramine o r  an instaqtaneous exposure to free chlo- 

rine is considered adequate to kill slime. An example of chlorine treatment (used at 

San Onofre, California, Unit I) is 0.2 ppm total residual chlorine for 20 minutes, three 

times a day. With this treatment, a condensing temperature of 70" F, is normally 

maintainable .. The use of chlorination may pose an environmental problem. An alter- 

(..-. native is a closed-loop chlorination soak cycle. 

Based on available data, three 20-minute periods per day using between 1.0 to 2.5 ppm 

of chlorination with on-board generation of sodium hypochlorite will cost between 

$140,000 to $1,200,000 for equipment and between $18,000 and $152,000 per year for 

operation and maintenance based on 3 kWh/lb chlorine and 4$ /kwh power cost ( 1 2 ~  /lb 

chlorlne ahd y$'/lb chlorine lor G a h l e h c e ) .  - 
- - -- 

Ozonation. Ozonation is less effective than chlorination in reducing slime film. capital 
equipment expense and operating costs a r e  much greater than for chlorination. Power 

consumption required to generate ozone for moderate treatment is five to seven times 

that of chlorine. 

Copper o r  Copper Alloy Tubes, Copper is a known passive antifouling material; but . 
because it is incompatible with anhydrous ammonia, a bimetallic tubing.was costed. 

- . - .. . . . . . . . .  . . . . . .  . . -  

The tubing cost was approximately 75- to 150-percent greaterthan an equivalent diam- * 

.-..-... - -- --- - - - - - - . - . . . . .  -. . . . . .  - .. 

eter single metal smooth tube. 
! '. 8 
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Static Inserts. Inserts in the form of helical wire springs to create a helical flow path 

can provide net benefits in the form of heat transfer enhancement. Use of copper- 

bearing materials for such inserts can provide some antifouling advantages. These 

inserts would be installed in each tube on the basis of a periodic (3 to 5 year) replace- 

ment cycle, and would be used only with compatible heat exchanger materials. A quick 

evaluation of the effectiveness in either controlling or removing biofouling is questionable. 

Dynamic Inserts. This class of device is related to the static insert but has the potential 

for simultaneously accomplishing two additional functions. The configuration consists of 

a twisted flat ribbon slightly narrower than the inside diameter of the tube. The ribbon 

is allowed to rotate freely in reaction to the water flow by means of a retention thrust 

bearing at its upstream end (at the tube entrance). The ribbon, even if neutrally buoy- 

ant, would wear on the tube wall. The ribbon disturbs the wall boundary layer and any 

incipient slime layer once every half revolution. With a 0.002-in. -thick layer giving a 

heat transfer resistance factor of 0.0005 hr-ft2-~ F/Btu, the dynamic insert effective- 

ness is questioned. 

_ Velocily. High water velocity results in fully developed turbulent flow, which is . .. 

characterized by a nearly uniform velocity profile across the tube section. The latter 

creates a high liquid shear stress at  the wall, particularly for smooth surfaces. As 

surfaces become roughened (from corrosion, sedimentary deposits, .or crystalline 

deposits), wall shear stress decreases, and microscopic zones of low velocity become 
' 

focal points for biological attachment and development of a slime layer. The mechanism 

by which water velocity has an antifouling effect is the prevention of the organism from 

stabilizing its position for a sufficient time to secrete an attachment bonding agent. 

It' appears that, to be thoroughly effective, liquid velocity as an antifoulant requires 

the use of a corrosion-resistant tube surface. The use of a periodic high velocity water . 

jet in removing the slime layer incorporates two poor features. It requires compati- 

bility of heat exchanger materials for the erosion/corrosion aspects and the mechaniza- 

tion of such a system with its attendent high power consumption. 

Thermal Shock. Hot-water thermal-shock antifouling techniques a re  widely used for 

t condensers in coastal steam plants. Zn these plants the method involves recirculating 
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part of the cooling water until a temperature of about 120°F is reached and held for a 

about one-half hour. The warmest available heat source for OTEC is 85' E' and to 

apply higher temperatures for even a few minutes in an OTEC plant may require an 

excessive amount of power, Cold thermal shock is an effective biofouling counter- 

measure. This method of cooling the evaporator uses the working fluid (e. g. , ammonia) 

as the coolant. Seawater flow through the evaporator is stopped and the ammonia 

vaporization process continued until all the ammonia remains in a liquid state, having 

equalized the temp&ature of the stationary evaporator intake seawater with that of the 

cold water condenser coolant, i. e., approx. 40" to 45" F. After a suitable time at this 

reduced temperature, the normal flow paths of the working fluid and intake water a r e  

restored and power generation resumed. Ammonia pump power would be taken from 

auxiliary power or another OTEC module. An investigation into the mechanization 

and time durations required for cooling the evaporator deleted this approach. 

MAN Shuttle Brush Tube Cleaning System. This commercial antifouling system is 

proprietary to the American MAN Corporation, It has been widely used for antifouling 

of shell-and-tube refrigeration heat exchangers, and to a lesser extent for seawater- 

cooled steam condenser cleaning. The active element of the system is illustrated in 
.- - - .- - .. - . . - - - -- 
[Fig. 4-19. A small nylon or "RILSAN1' bristle brush is propelled through the tube 

-. . - - - -- . . . . . , . - - . . . . - . .. . . - - . - .  

..: .'C' . , .*, -. ,' 
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- - . - . - - - - . 

Fig. 4-19 'MAN Shuttle Brush Tube Cleaning System 8 
LOCKHEED MISSILES & SPACE COMPANY. INC. 



. . . . . . . .  

LMSC -D566744 

by the normal water flow and is captured by a pair of plastic retainer cages, one at  . , 

each end of the tube. After traversing the tube, the brush is  parked in the downstream 

position. The cleaning process requires periodic reversal of the water flow. With the 

., . single-pass heat exchanger, .the reverse flow is implemented by the use af reversible 
. . . . . . . .  . . .  . . . . . . . . . . . . . . .  . . . . . . .  -- 

rotation pump motors. The bristle stiffness can be varied to minimize the potential for 

tube surface erosion. Tests will be conducted to def&e a bristle configuration which 

provides the desired cleaning effectiveness with no attendant erosion problem. 

The MAN configuration will use a female cage which snaps over the end of the heat 

exchanger tube (the heat exchanger tube will extend 3/4-in. past the tubesheet). 

A pressure loss, due to the brush and cages, of 1 ft of water was estimated based on MAN 
. - .  . . 

data. The brush cycle has been established as four passes (based on reversing the pump 

rotation twice), requiring 15 minutes once a day. The brush life has a predicted 5000 
. . .  

pass life giving a 3 year brush/cage life. Equipment and installation is estimated at  . 

$400,000 with a $300,000 per year operating/maintenance cost. 

Amertap. This system is the second major commercially available tube-cleaning sys- 

tem. It is based on a recirculating tube-wall contact element traveling through the tube 
. - - 

and propelled only by the water flow itself as  j-n&cat@ in Fig.4-20. -, 
._________ _ _  __.-.; .- . ....._ ....... . . 

. . .  Fig. 4-20 Amertap Tube Cleaning System 
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Two approaches have been evaluated for the distribution and collection of the Amertap 

balls. The first follows the current power plant approach of random dispersion at  the 

upstream side and screen collection on the downstream side of the heat exchanger. 

This approach wa,s dropped because of the cost for the collector. The second approach 

follows that previously given in the June 1975 OTEC report which uses indexed arms to 

disperse and collect the balls. The arm mechanisms with an estimated 10-year life 

will cost approximately $2,000,000, use 640 balls in the circulation loop, rotate across 

the tubesheet once every 24 hsurs, and feed about three balls to each tube on each rota- 

tion. Each ball will last from 4 to 6 weeks. Replacement cost is estimated at 40 cents 

per ball. This system of course requires development. It is estimated that the total 

cost of equipment is $2,000,000 for 10 years life, plus Wtallation and as  yet undefined 

effect on the heat exchanger structure for 'the indexing and rotating equipment mounting. 

The yearly operational cost is estimated to be $360,000 using a 30-hp rotating arm device, 

a 15-hp ball. rscircul.ation and cleaning system and 1-h/day maintenance. 

I 4.5.3 Fouling Control 
(: .-. 

Because of the lack of specific test data on biofouling rates and countermeasures, we 

have elected to use two systems 'for biofouling control - daily chlorination and MAN 

brush operation. The chlorination is to he injected three times per day 20 minutes 

each, a t  or  very near the seawater inlets to the platform. This will help protect the 

platform ducts a s  well a s  the power module seawater pumps, ducts, and heat exchanger. ' 
.-. . 

The dosage rate and duration will be defined during preliminary design based on bio- 

fouling test results. Dosage estimates a re  from 0.2 mg/l to 1.6 ,mg/l. The MAN 
-- - 
brush- system was selected for cost and simplicity. The exact level of biofouling heat 

. .- - . - . . . . -. 

transfer resistance will be defined in preliminary design based on test results. 
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4.6 ROTATING EQUIPMENT 

This section discusses the rotating machinery required for the operation of the power 

module. A compilation of the related data is presented at  the end of this section following 

th6 format of Tables B and C of the DOE letter dated Jan 6 ,  1978. 

4.6.1 Seawater Pumps 

The sizing' of the seawater pumps and pump motors is dependent on the seawater system 

components as well as the heat exchanger seawater flow rates. The seawater subsystem 

,components which must be considered in the determination of pressure drop include: 

Cold water pipe (platform) 

Inlet plenum (platform) 

Pump installations 

Heat exchangers 

In addition, inlet closure valves will be provided to permit closure of individual pumps. 

These valves will be included as part of the platform seawater subsystems and, if butter- 

fly valves a re  used, the valve pressure drop must be included. 

The seawater pump performance requirements a r e  dependent upon the type of platform 

selected. The optimized installation requires a lower gross generator power due to re -  

duction in ammonia and warm seawater pumping power requirements. The heat ex- 

changers.are slightly longer and the seawater flow rates a r e  slightly less. However, 

the increased length of the total flow path results in higher pressure drops, particularly 

in the cold seawater system. The Design Requirements included approximate pump head 

requirements of 10 ft for the warm seawater subsystem and 15 f t  for the cold seawater 

subsystem. For the power system modules, developed in this conceptual study, the 

flow rates and head requirements a re  as shown in Table 4-13. 

Selection of the number of pumps for each seawater subsystem requires evaluation of 
. . .  . . . . . . .  . . . . . . .  ..  . . . . . . . . . . . .  - - .  -- - - - ... . . .  . . 

I the economic aspects and installation e f fk t s .  Preliminary information received from 

I KSB, Hitachi, Mitsubishi, Allis-Chalmers , Worthington, and Pleuger indicate that - - .- ..... -. - - - -.. - - .- . . -  

LOCKHEED MISSILES & SPACE COMPANY. INC. 
- - -- -- - - 



Table 4-13 

SEAWATER PUMP FLOW RATES AND HEAD REQUIREMENTS 

there is ,little economy of scale in pumps sized to provide 1,000 to 4,000 cfs. The 

installation, therefore, has a major influence on the selection of the number of pumps. 

Two factors to be considered a re  the physical installation and the effect of pump failure 

on performance. 

Item 

- 

Warm W a k r  Pumpo 

Flow (cfs) 

Head (ft) 

Cold Water  Pumps 

Flow (cfs) 

Head (ft) 
- -  

With regard to the latter, the off-design performance program was run at  reduced sea- 

water flow rates corresponding to the loss of a pump in one system and in both systems. 

The results a re  shown in Fig, 4-21. A s  shown, the loss of one pump in either the 
. _. . _ . _ _ _ _  _ __ _ _  _ _ . . . . .=:- < - 
warm or cold subsystem has the same effect on performance. With four pumps instdled, 

a pump loss in one subsystem results in a performance degradation of approximately 

4 percent, and a pump loss in both subsystems results in a performance loss of approxi- 

mately 9 percent. With three pumps installed, these performance losses are  increased 

to 9 percent and 18 percent, respectively. The use of variable flow pumps can reduce 

these losses. The loss of the single pump installation obviously reduces the power 

output'to zero. 
. . 9 .  - - _ ^ _ - - .  - - - -  - - 

Configuration 
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Baseline 
Reference 

Optimized 

Surface Submerged 

3,600 

7 .6  

3,710 

8 
-- 

3,590 

10 

3,640 

16 
. n . . l -  

3,450 

8 

3,635 

9.5 



I PUMP LOSS INONE 
SUBSYSTEM 
- 

PUMP LOSS I N  BOTH 
- / / SUBSYSTEMS 

NUMBER OF PUMPS l NSTALLED 
- - . . . . - . . . . - - . . . . 

Fig. 4-21 Operational Capability With Seawater Pump 
Loss -Constant Flow Pumps - - - 

With regard to the physical installation, use of a single pump would require an impeller 

22 to 24 ft in diameter with a related overall pump assembly length of 75 to 80 ft. A 

two-pump installation would reduce this length to 53 to 57 ft,  but the side-by-side pump -. 

arrangement would require a long transition section to the heat exchanger face. The 

three- and four-pump installations are  shown in Fig. 4-22 to indicate relative size 

effects. The maximum diameter of the pump sized for the four-pump installation per- 
- - - - - - - - - --- -- - 

mits installation of the pumps within the diameter of the heat exchanger front face. The 
------A- - 

overall diameter of the three-pump installation is  greater than the heat exchanger front 
-- -- 

face diameter. In addition, a longer transition section is  required to provide good flow 

distribution at the heat exchanger. The four-pump installation is ,  therefore, recom- 

mended for the 25-MW(e) power system module. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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(. ... 3-PUMP INSTALLATION 4- PUMP I NSTALLAT I O N  
.- . . .. . . - . , -  ....-... -- . 

Fig. 4-22 Seawater Pump Installation for 25-MW(e) Module 

The desirability of incorporating variable flow pumps is dependent upon the thermal 

resource variation (site sensitivity) and the cost for obtaining the flow variation (variable 

speed or  pitch). From the data of Table 3-4, it is seen that performance gain. of 1 per- 

cent or  more cau be realized at a l l  sites and design pmrunotora. In addition, the off- 

design performance data of Fig. 3-8 indicate a significant improvement in self-sufficiency 

with optimized seawater and ammonia flow rates. Data provided by Pleuger Submersible 

Pumps (Appendix 1-1) indicate that 10 percent speed variation can be obtained by varying 

voltage only. Regulation to 20 percent speed can be obtained by maintaining a constant 

voltage/fre&ency ratio using adjustable frequency ac motor speed contrsiril. This 

approach has no impact on the pump costs and the cost of the speed control equipment 

must be evaluated versus the gain in available performance and the desirability of main- 
. . 

taining plant self-sufficiency to the lowest potential temperature differential. A third 

factor to be considered is the ability to increase the speed of the remaining pumps in the 

event of pump failure, thus maximizing power output. 
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Considering all three items, it is recommended that variable flow pumps be incorporated 

into the design ; 

Pump speed control is maintained by appropriate algorithms in the main plant power 
- - - - -- -- -- - 

control system. Based on inputs from the warm and cold seawater temperature sen- 

sors ,  the control adjusts the voltage to the pump motors to predetermined values and 

the net power output is  measured. Perturbations from these predetermined values are 

then performed in a specific pattern to maximize measured net power out of the module. 

For example, the warm water pump speed is  increased by 1 percent and net power out 

measured. If the net power is increased, the cold water pump speed is increased and 
. . .  - . . . . .  

the process repeated until the maximum power is attained. If the power is decreased, the 
. . . . .  - ...... . . 

pump speed is decreased in a similar procedure to maximize power output. 

Appendix 1-1 presents data provided by the companies noted above. Costs, for the four- 

pump configuration ranged from approximately $600,000/pump to $l,840,000/pump. 

The lower value has been used in the cost analysis of Section 5. 

4.6.2 Turbine Generator 
. . . . . . . . .  _ . _ _ . . . . . . . . . . .  . . - - -. . - .- 

. . . . 

The turbine sizes associated with the 25-MW(e) Power System Development effort do 
not provide an a priori selection of the type of turbine best suited for this usage. It 

was .therefore decided to provide subcontracts to  General Electric Company and Rotoflow 

Corporation for conceptual design studies of the axial flow and radial inflow turbines, 

respectively. The requirements of the study were to provide a family of turbine sizes 

to provide 25-MW(e) (net) or  32 to 35 MW(e) (gross) with unit sizes of 5-, 12.5-, and 

25-MW(e) (net). The factors to be considered in evaluating the design include: 

e. Cost 

Efficiency 

Size 

Weight 

Reliability 

Off-design performance 
_ . - . _ ... _ . . . .  ._ . . . . . .  ._ . . . .  
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Mechanical Design Considerations. The turbine subcontractors were requested to 

consider the following items in arriving at their recommended design configurations: 

1800 vs. 3600 rpm (size and weight) 

Materials (ammonia compatibility) 

+ Seal wrwgarneuts (pr~)vmf; cuntambtion) 

Orientation (horizontal vs . vertical) 

Producibility (size limitation) 

Safety (control and shutdown) 

a neliabiliq 

The Rotoflow Corporation recommends the use of 3,600-rpm turbine-generator units. 

This approach requires the use of multiple wheels with the radial inflow turbine having 

four wheels in two cases driving the generator from both ends. The factors used by 

Rotoflow in arriving at thie r,ecommendo,tion are shown in Table 4-14. 
. . . .  

. . . .  - . .- --- -. . . . . . . . . .  

The General Electric Company recommends. use of the 1,800-rpm turbine in order to 
I' 
1. maintain a reasonable bucket height/pitch diameter ratio (less than 0.25) with a dual- 

wheel installation. 

Aluminum and steel have been selected as the materials that a r e  compatible with the 

ammonia. Figures 4-23 and 4-24 show the sizes and weights of the turbines proposed 

Table 4-14 

FACTORS FOR SPEED SELECTION . . . . .  
._ _ _ . r r _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ . . . . . . .  . . _ . . . . . . .  . - .  

. . . . . .  I RBM 1,800 3,600  1 
( I Number of Wheels 1 4 I 

Size (typical) 232 in. 116 in. 

Spare Unit 30,000 lb 12,000 lb 

Lead Time 28 months 21 months 

I 

! 
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1 2 Number of Cases 
. - 

castings cos t  $1 i lo6 : $0.5 x lo6  
Patterns Cost $136,000 $67,000 

Castings Weight 32,000 lb 25,000 lb 



I 
I 

i 

Fig. 4-23 i Outline of Proposed General Electric Turbine 



12.5 MW(e) 3,600 RPM CONFIGURATION 
30,000 LB - ALUM I NUM 
75,000 LB - STEEL 

58" 4- 58" 
CLEARANCE CLEARANCE I- I 

CLEARANCE "' 1 

\*. 

Fig. 4-24 Radial In-Flow Ammonia Turbine 
.n---.-..-...- -.. . . . . . . . . . . . . .  . . . . . .  - - .. - . 

by General Electric and Rotoflow, respectively. The General Electric installation is 

steel while the Rotoflow installation shows weights for both aluminum and steel. The 

materials selected for the aluminum case and wheel installation are shown in Table 

Table 4-15 

MATERIALS 

Cases Cast Aluminum Alloy, C 355 

Wheel K. 01 Aluminum 

Shaft 17-4 P. H. Stainless 

Bearings Babbited Bronze 

Seals Aluminum C355 

. . . . . .  - ........ - ... 
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. . . . . . . . . . . . . . . . . .  - .... . . . . . .  
The seal arrangement proposed by General Electric incorporates a zero leakage, float- 

. 

ing ring concept which has been used successfully for over 35 years and has accumulated 

millions of hours of satisfactory service on hydrogen-cooled generators. Rotoflow pro- 

poses to use a dual labyrinth seal with the volume between the seals pressurized with 

I nitrogen to a value slightly above the working fluid pressure. In either case, c o f l ~ f l -  

nation of the lubricating fluid by the ammonia can be eliminated by selecting a compati- 

i ble fluid such as Mobil ~ l o w r e k  o r  Gargoyle and incorporating a means of separathg 
I 

any entrained ammonia. 

With regard to turbine axis orientation, both subcontractors have indicated a preference 

for the horizontal installation. General Electric has made vertically ,oriented turbine- 

generators in the past and discontinued this approach primarily due to maintenance 

problems. 
.................................... . - . . . .  .. . . . .  . - . -- 

. - -. . 

The size of the turbine hardware is such that the current fabricating, heat treating, 
handling and machinery equipment at both the General Electric Lynn River Works 

. - .. . . . . . . . . . . . . . . . . . . .  - - 
plant and at facilities available to Rotoflow a re  satisfactory for manufacturing the con- 

. . . . 

ceptual designs depicted. 

The control and shutdown of the two designs a re  different in that the radial inflow tur- 

bine incorporates inlet nozzles which act as both the control and emergency shutdown 

systems while the axial flow turbine uses two butterfly values in series, one' for speed 

control and one for emergency shutdown. The control logic is the same for both sys- 

tems. Actual turbine speed, sensed by a permanent xqagnet generator on the rotor and 

related pick-up, is compared with a speed reference and the appropriate signal is given 

to the hydraulic power unit to position the control system. Excessive vibration as well 

as turbine overspeed will actuate the emergency shutdown system. 

The multiple nozzle system for the radial inflow turbine has little inertia and can be 

closed very rapidly. A typical time history of a shutdown due to overspeed is shown 
.......... - .. - ......... - - - -- - - 

-1 
, in Fig. 4-25. An acceleration sensor opens the nozzle actuator vent at 0.025 sec after 

t .- .- .. 
load loss. The system reaction starts to close the nozzles at 0.1 sec with complete 
. - . . - - . .. 
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W 
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8 TIME FROM BREAKER OPENING (SEC) 

Fig, 4-25 Shutdown Capability - Radial Turbine 

closure at 0.3 sec. The overspeed is limited to approximately 17 percent, which is 

well within the overspeed safety limit for the turbine. 

. .. . . .. 

Reliability of the turbine-generator can be evaluated from the data of Table 4-16. 

The General Electric data were obtained from 86 units reporting a total of 3,620,774 

operating hours over the 7 y e a r  period. Reported forced outage hours amounted to 
. - .- 

1 14,899 hours o r  0.4 percent. Of these, 87 percent were due to steam path deposits 
1 

! (50 percent), water ingestion (21 percent) and lube oil supply (16 percent). Since the 

j f irst two are not pertinent to the ammonia system, the outage factor should be reduced , 

-. 

' to approximately 0.1 percent. The Rotoflow data a r e  for approximately 600 units and \ 
the small outage rate is due to the fact that a change-out requires from 4 to 8 hours. It ! 

is anticipated that, on the machine depicted, change-out and system restart  will be 

accomplished in less than 12 hours. - .  .- .- . .- . 

Table 4-16 

TURBINE RELIABILlTY DATA 

I Item I General Electric I Rotoflow I 

Forced Outage Rate I 0.4 percent 
(all causes) I 
Survey Period 

Total Operating Hours 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

. . . . . - . . - .. . 

Octt67-Octf74 

3,620,774 

2 0 y r  

50 x l o6  



~esign/Off Design Performance. The ammonia state points provided to the sub- 

contractors for the design of the turbine-generator family are as shown in Table 4-17. 

The isentropic head available under these conditions is 17.67 ~tu/'lb. Data from 

General Electric indicate that 8,086,000 lb/hr of ammonia are required to provide 

the 32.25-MW(e) gross power associated with the 25-MW(e) (net) design point. This 

indicates that the design point efficiency i s  77 percent as compared with the 87 percent 

efficiency guaranteed for the radial inflow turbine. The effect of this increment in 
! 

efficiency on the heat exchanger size to maintain the 25-MW(e) (net) is shown in Table 

4-18. The incremental cost of the heat exchangers i s  estimated to be 18 to 20 percent. 

In addition, the vapor and condensate lines and the condensate pumps have to be in- 

creased to accommodate the 15 percent increase in ammonia flow. 

Table 4-17 

. . . . . .  . . - . .  

Table 4- 18 

TURBINE DESIGN PARAMETERS 
. .--. . 

COMPARATIVE TURBINE PERFORMANCE EFFECTS 

Item 

Pressure (psis) 
Temperature (OF) 

Quality 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

. . . . .  - .--. . . . . . . . .  .- ....... - -  . -. . - . - . . . . . . .  -. -- 

Inlet 

131.1 

71 

0.99 

Exit 

94.26 

52.9 
- 

Percent 
Difference 

13 

5 

5 

18 

18 
. / ,  

15 

0.77 

81,915 

81,820 

50.1 

54.2 

2,250 

Item 

Design Efficiency 

Tube No. Required 

- Evaporator 

- Condenser 

Tube Lengths 

- Evaporator 

- Condenser 

Ammonia Flow (lb/sec) 

Radial 

0.87 

78,014 

77,924 

42.5 

45.7 

1,960 
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Off-design performance for the radial inflow can be obtained by using the curves of 
. - . . . . . .  . . .  .. . . . - - -  

Fig. 4-26 to obtain horrection factors a s  functions of the off-design ammonia flow 
. . . . . . . . . . . .  . . . .  . - . . . . .  . . - ., . 

ratio and isentropic enthalpy ratio. The equations shown on that figure were incor- 

porated into the off-design computer programs to obtain the results discussed in 

. . . . .  Section 3. The corrwbtiorr factors for the axial fl.ow turbine are proaontod in Fig. 
. . . .  . . - 

4-27. The off-design performance program is  being modified to accept these cor- 
. - . . - . . - , . . - . - . -- - . .  - . . . . . . . . . .  . . . . 

rection factors. 

Turbine-Generator Costs. In developing the costs for the families of turbine-generators, 

the subc'ontractors used combinations of number of wheels and wheel sizes which a r e  
....... - - . -  . ..... . . - . . .  

most cost-effective. The results, shown in Fig. 4-28, indicate a significant difference 
. . -. - . - 

in the axial and radjd turbine-generator costs and trend. Thereis  still considerable 

economy of scale fnr the axial configuration above 25-MW(e) (net). For the radial tur- 

bine, there is little economy of scale above 12.5-MW(e) since the same wheel size is 

used and the reduction in unit cost is due to a slight economy of scale for the generator. 

From a relative cost standpoint, the axial installation is twice a s  costly at the 25-MW(e) 

design condition. 

4.6.3 Ammonia Pumps 

The ammonia condensate system is configured to provide an optimum approach to the 

selection of pump sizes. The primary codemate  system, described in Section 4.7, 

incvrpwates these pumps, each of which can provide 50 percent of the design flow rate. - - -. ..... . . . . . . . . . . .  
/ 

This approach/emures that a'pump failure $11 not cause a reduction in performance. 
, . ." . .-. .- , . -  . . -. . . . . . .  . .  

This system directs the flow from the  cnndmser to the evaporator sump, which pro- 

vides mixing of the cold liquid with the warm residual in the sump. With a design 

evaporator supply rate equal to 1.5 times the turbine design flow rate, three pumps, 

of the same capacity as the primary condensate pumps, can supply the total flow. A 

fourth pump is incorporated into the system to provide redundancy and ensure no per- 

formance degradation in the event of pump failure. As noted in Table B, the motor 

sizes a re  different for the two classes of pumps. The primary condensate pumps have 

to deliver flow against a head of approximately 52 psid while the maximum head re- 
.-- . 

quirement in the distribution system is 15; psid. 
' -  

- :- 
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Fig. 4-26 Off-Design Performance - Radial Turbine 
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, Fig. 4-28 Turbine Generator Unit Cost vs. Size 
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Table B 

ROT-4TIMC. MACHINERY (PER BASELINE MODULE OF 2E-IhW[e) (KET) 

Comments 

18.57 MW 
each 

I. 

Item 

Turbine and Diffuser 

Generator 

Warm Water Pump 

Warm Water Pump Motor 

Cold Water Pump 

Cold Water Pump Motor 

Ammonia ~ e e d  Pump 

Ammonia Feed Pump Motor 

Ammonia Distribution Purr2p 

Ammonia Distribution Pum.p 
Motor 

Number 

2 

1 

4 

4 

4 

4 . 

3 

3 

4 

4 

Type 
; 

Radial Inflow 

AC 

Axial 

Submerged 

Axial. . 

Submerged 

Centrifugal 

- 

Centrifugal 

- 

RPM 

3,600 

3,600 

100 & 10%. 

870 & 10% 

loch 2: 10% 

87Q 2 10% : 
i 
! 

- I 

I 

1,200 

- 

1,8OC. 

Horsepower 

- 

- 
- 

1,500 

- 

2,250 

- 

600 

- 

75 

Efficiency 

0.86 

0.985 

0.86 

' 0.90 

0.86 

0.90' 

0.. 90 

0.90 

0.90 

0.90 



Table C 

FLOW RATES AND CONDITIONS AT DESIGN POINT OPERATION 
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Item Rcf e r  cnc e 
Baseline 

T U R B I N E S  

Optimized 

Flow Rate (lb/hr) each 

INLET 

P r e s s u r e  (psia) 
Temperature (" F) 
Velocity (fps) 
Quality (%) 

OUTLET 

P r e s s u r e  (psia) 
Temperature (" F)  
Velocity (fps) 
Quality (%) 

Surface Submerged 

3.8 x l o 6  

136.9 
73.49 
150 
9 9 

95.94 
53.84 
7 5 
96.5 

P U M P S  

3.39 x l o6  

136.9 
73.49 
150 
9 9 

96 
53.87 
7 5 
96.6 

AMMONIA FEED 

Flow  ate‘ (lb/hr) each 
P r e s s u r e  Rise  (psia) 

AMMONIA DISTRIBUTION 

Flow Rate (lb/hr) each 
P r e s s u r e  Rise  (psia) 

WARM SEAWATER 

Flow Rate (gpm) each 
P r e s s u r e  Rise (ft) 

COLD SEAWATER 

Flow Rate (gpm) each 
P r e s s u r e  Rise  (ft) 

3.36 x l o 6  

137.5 
73.74 
150 
99 

95.93 
53.83 
75 
96.5 

3 . 8 x 1 0 6  
52.1 

3.8 x l o 6  
15  

402,600 
10 

408,500 
15 

3 .39x106  
52.1 

3.39 x l o 6  
15 

386,700 
8 

385,500 
9.5 

3 . 3 6 x 1 0 6  
110 

3.36 x l o 6  
15  

403,800 
7.6 

416,200 
8 



4.7 MODULE SUBSYSTEMS 

This section describes the remainder of the module subsystems and related auxiliaries. 

The ammonia cycle vapor'and liquid plumbing is described and the results of a trade 

study on velocity vs. cost are presented. Descriptions of the ammonia cycle auxiliarf es, 
such as the noncondensible gas removal system and the fluid sampling system, are also 

included, 

Brief descriptions of the corrosion control system, the data acquisition and control sys- 
. .  . .. . .. -. 

tem, safety and emergency systems are also included. 
. . - -- . . -. - . 

4.7.1 Ammonia Cycle 

The ammonia cycle systems and components discussed below include the ammonia vapor 

and condensate systems and the two major ammonia cycle auxiliary systems - the 

ammonia cleanup system and the ammonia storage and transfer system. 
i 

Ammonia 'Vapor and Condensate Systems. The purpose of the ammonia vapor and con- 

densate systems is to provide the necessary piping, valving, and pumps to interconnect 

the major components of the power cycle, i. e. , the condenser, evaporator, and turbine. 

The ammonia vapor system for the 100-MW(e) spar configuration OTEC plant consists - 

of two 60-in. -diameter vapor pipes running down either side of each 25- MW (e) power 
- 

module from the evaporator outlet connections (down.&tream from the mist extractors) 

to the turbine inlet main stop valves. Part of the pipe is exposed to the external sea- 

water environment while. the remainder is contained within the power module and is. 

exposed to atmospheric conditions. The pipe is configured to avoid the formation of 

liquidammonia pockets which could be carried into the turbine and cause damage to the 

turbine blades. The pipe exposed to the s.eawater environment is designed to preclude 

collapse when ammonia evacuation is being performed. Pipe material is carbon steel 

with coating on the outside to minimize corrosion. A cathodic protection system is 

also provided to further minimize corrosion and to provide protection if the coating is 

penetrated. To provide electrical isolation, an insulating flange or  pipe section is 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



provided between the aluminum evaporator and the cabon  steel pipe u d  at the pcnc- 

tration point of the pipe into the power module. Appropriately isolated pipe supports, 

snubbers, and expansion joints are provided to accommodate the cxpeoted static and 

dynamic loads. No valves are included in the vapor system since the main turbine 

stop valves can serve as isolation valves for the evaporator, thereby .avoiding unneces- 
sary 'additional pressure drop. Bypass lines- and control valves a re  provided around 

_. 2 -. . - . --a - . . - -. . 
the turbine for startup purposes. i Refer to .Fig. 4-29 for a schematic r e p r e s e n t a t i o n 7  

-7- -- .......... . 

of the ammonia vapor system. 

The ammonia condensate system consists of the pipe, pumps, and valving required to 

remove the ammonia condensate from the condenser sump and deiiver it to the evapo- 

rator sump and from there to the piping distributioh system within the main ammonia 

evaporator. A 36-in. header from the condenser sump is provided with 14-in. lines 

which supply three one-half capacity, vertical centrifugal multi-stage condensate pumps. 

A sketch of one condensate pump showing estimated outline dimensions is shown in . - 
. . . . . .  . . . . . . . .- . . .  ...... . - -. . - .- . .  .- -. . . .  -. . . . . .  -. - - - - .- 

Fig. 4-30. The pumps a re  provided with butterfly isolation valves and minimum flow 
' 

... . . . . . . . .  .....-. ... .. ... . _ _ . . .  _ ..... _ __.__~._._I.._. - -  .. - - - - - - 
\~ ... recirculation valves and lines. The discharge side isolation valves automatically close 

on' pump trip. A butterfly level control valve is provided in the 20-in. condensate pump 

discharge header to control level in the evaporator sump. Four one-third capacity, 

vertical centrifugal single-stage distribution pumps take suction from the evaporator 

sump and deliver liquid ammonia through 14-in. headers to distribution points in the 

evaporator. These pumps are also provided with butterfly isolation valves. A con- 

denser level controller operates ammonia make-up and/or drain control valves which 

are connected to the central ammonia storage system. The ammonia condensate sys- 

tem pipe is coated carbon steel and is provided with thermal insulation within the power 

module to prevent excessive condensation. Pipe supports, snubbers, and expansion 

joints a r e  provided as necessary to accommodate the expected static and dynamic loads. 

Pipe sizes a r e  based on flows and state points for the design presented in Section 4.1 

above utilizing a design flow rate of 1,970 lb/sec. The ammonia vapor and condensate __ -__  
header velocities a re  160 fps and 30 fps, respectively. 

-. - - . - -- . . - .  .-. - 
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: , Fig. 4-29 Bechtel Schematic Flow Eiagram 
--- - . . 

VENT 



Fig. 4-30 Condensate Pump Outline Dimensions - - .- -. - - - 
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In arriving at this system arrangement and description, a number of trade studies 

were performed and integrated into overall selection criteria. For the ammonia vapor 

and condensate systems, these studies centered mainly on establishing the ammonia 

vapor and condensate piping costs for several plant configurations and also, once a 

conflguratioa was selected, to determhe the optimum ammonia vapor and condensate 

piping size and Bow velocity. This last trade study involved consideration of both 

pipe cost and pressure drop, 

The configuration costing studies included three surfac e-ship, immersed heat exchanger 

configurations (four 25-MW(e), eight 12.5-MW(e)), and twenty 5-MW(e) heat exchangers) 

and two submerged spar configurations (four 25-MW(e) and twenty 5-MW(e) heat ex- 
changers). The surface ship configuration is representative of the reference 

as well as the supertanker installation. Each of these configurations was in turn 

cnsterl a t  thee design thermal gradlent oonditiono (AT = 3 3 V ,  ;1G4F, and 40' F) far 

a total number of 15 configuration cost combinations. These costs a r e  shown in Fig. . - 
. - .  

4-31 for steel piping A d  inblude'the vapor and condensate piping, valves, and con- 
. - . . -. . . . . . . - .- . . . . . - - - - - ---- 

I.. densate pumps but exclude the distribution pumps, piping, and valves. Internal design 

pressures for the pipe varied from a minimum of 0 psia for evacuation conditions to a 

maximum of 250 psig in accordance with OSHA requirements. External pressures 

varied from a minimum of 0 psig for atmospheric conditions to a maximum of 155 psig 

for the maximum submergence condensate pipe. For these configuration studies, 

piping design velocities were held at 60 fps for the vapor lines and 30 fps for the con- 

densate lines. The results show the general trend of lower cost for higher design 

thermal gradient a s  expected, although the slope is not very steep. For the super- 

tanker configurations, the cost is the highest for the twenty 5-MW(e) case because of 

the complex interconnecting piping and valving arrangements required. The eight 

12.5-MW(e) case requires a simpler arrangement and actually results in the lowest 

cost. The even more simple four 25-MW(e) piping shows a slight upturn in cost due 

to the effects of large vapor pipe diameters and wall thicknesses. This effect takes 

place at pipe diameters greater than 90-in. for the design pressures under considera- 

tions. Jf a baseline vapor velocity of 160 fps had been used for the configuration cost- 

ing exercise instead of 60 fps, all pipe sizes would be below 90-in. in diameter and the 

four 25-MW(e) cases would have been the least expensive. 8 
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Fig. 4-31 Ammonia System Costs (Piping, Valves, and Pumps) 
C_______ . --- 
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The four 25 -m(e )  case is the less expensive of the two submerged spar cases con- 

sidered. The four 25-MW(e) submerged spar c a t :  is less expensive than the four 

25-MW(e) ship case because the average length of pipe between evaporator and con- 

denser is greater for the ship arrangements, since in the supertankers, the evapora- 

tors and condensers a re  arranged in common blocla to fncil~itnte seawater flow, re- 
sulting in a greater average distance between an evaporator and its associated . .. 

condenser. 

Whwn it bccame apparent that vapor piping costs could.be reduced significantly by in- 

creasing velocity and reducing diameter, cases were run for the four 25-MW(e) con- 

figuration at 60, 100, 160, and 200 fps. The results of these cases a re  shown in Fig. 
- -- - -- . . - - --. - - - - -- 

/ 4-32. Aluminum pipe is included fnr compari~an &d is sew LU cost approximately -- .- - -------. . -...- - 
twioe ao much a s  ciu'bun steel pipe. Using the ammonia cycle computer optimization 

program, the cost significance of higher velocities including the effeot of pressure 

drop increases in the vapor lines and module component costs, it was determined that 

160 fps was the most cost-effective velocity for the spar considering the cost curves 

shown in Fig. 4-32. Similarly, a cost curie  was produced for the four ~ s - M w ( ~ )  
.. - .. . . - . - . . . . - - - - 

spar configuration for the condensate piping as shown in Fig. 4-33. Computer runs 
. - . . - . . .. . 

of pressure drop penalties show the baseline case of 30 fps to be the most cost effec- 

tive. Computer output data a re  presented in Appendjx A. 

- - 
~ig&es 4-34 and 4-35 show sirnil& curves for the four 2 5 - ~ ( e j  ship confi.guration 

- 

- * -  - - - .  - - - - - - - - - - - - . - - - - 
vapor and condensate pipe costs, respectively. LMSC cycle computer r w  showed 

,the optsimitm vapor and nond.msate velooitico in this case to be 160 and 30 fps, reapec- 

Examination of these results, together with other LMSC and Foster Wheeler parametric 

costing studies, resulted in the selection of the four 25-MW(e) spar configuration as 

the moot oconomicd. Consequently, the baseline plant uses the 60-in, vapor lines and 

14-in. condensate lines at 160 and 30 fps, respectively. 
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0 50 100 150 200 

VAPOR VELOCITY ( FPS ) 

. -- -- - -- -. - 
Fig. 4-32 Ammonia System Vapor Pipe Costs vs . . Velocity (Spar 

. - .- . . - . - - - . Configuration, Four 25-MW(e) , 36" F AT) 
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CONDENSATE VELOCITY (FPS) 

. - - - - - - . . . 

Fig. 4-33 Ammonia System Condensate Pipe Costs vs. Velocity 
-- (Including Valves) (Spar Configuration, Four 25-MW(e), 

36" F AT 
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VAPOR VELOCITY (FPS) 

. . . . . . . 

Fig. - . . 4-34 - . .. - Ammonia System Vapor Pipe Costs vs . Velocity 
(Ship Configuration, Four 25-MW(e), 36" F AT) 
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CONDENSATE VELOCITY (FPS) 

- --- - 
Fig. 4-35 Ammonia System Condensate Pipe Costs vs.  

-' Velocity (Including Valves) (Ship Configuration, 
Four 25-MW(e), 36" F AT) 



Ammonia Subsystem Off -Design Performance. The OTEC power plant, although de- 

signed for a particular difference in temperature between the hot and cold ocean water, 

will be subject to ocean AT'S that vary throughout the year. The design AT will fall 

somewhere between the summer maximum and the winter minimum, depending on how 

the plant design is optimized. At all times, however, the module will be operated to 

obtain the largest available electrical power output. 

The percentage variation in ammonia flow rate during the year is approximately plus . . .  

15 percent and minus 35 percent from the design condition. The condensate pumps will 

operate at a relatively high pump efficiency within this range of flow rates. However, 

since they a re  constant speed pumps, the ammonia flow rate will be controlled by 

throttling with the control valve, which introduces pumping power losses. 

Consequently, the electric motor drivers must be sized for the maximum required 

brake horsepower within the expected range of ammonia flow rates. During turndown 

of the power cycle in wintertime, it may be possible to take one of the half-capacity 

.._ .. condensate pumps out of service to minimize throttling losses. However, subject to 

a more detailed pump curve analysis, the reduction in ammonia flow rate from the. 

design value to the minimum value is probably insufficient to permit this. Four, one- 

third capacity, constant speed pumps may be better suited to turndown pump tripping. 

Variable speed pumps would eliminate throttling losses, but would be more expensive. 

Based on reasonable estimates of maximum and minimum ocean AT'S during the year, 

generator gross power. output can be expected to increase from less than 20 MW(e) in 

winter to more than 40 MW(e) in summer depending upon the selected design AT. To 

allow for this increase, the power conditioning. equipment (consisting of rectifiers, 

transformers, circuit breakers, bus, and cable) must be sized for at least the maxi- 

mum expected electrical power output. 

.- ... - - - . . - - - - - - - - - - - . -. - - -. --- - - - --- . - - -- - -- - - . . - . . - - . .- - - - _ - 
A s  shown in Fig. 4-36, t@e electrical efficiency of the rectification equipment is 

_ . ._ . . . . . . . . . . . . . . . . . . . -  -.. 

relatively high and varies only slightly between 25 percent and 100 percent of the 

design full capacity. 
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PERCENTAGE OF FULL LOAD 

' ~ i ~ . .  4536 " Conversion Efficieiicy of Rectification Equipment vs. -. - 
Percentage of Full Load 

The cooling water system discussed in Section 4.8.2 is the only auxiliary system that 

may be affected by off-design performance of the ammonia power cycle. Many auxiliary 

systems, such a s  the ammonia storage, f i l l  and purge system, and the fire protection 

system, do not operate'on a continuous basis. The operation of other systems is not 

related to the level of power generated by the plant. For example, the flow rate of 
- 

ammonia processed by the distillation column in the ammonia cleanup system is related 
. . .- 

only t i  the rate that seawater leaks into the ammonia system. 

The cooling water system is designed to remove heat rejected by various plant systems. 

Some of these heat rejection loads will vary with the output level of the OTEC plant, 

which is estimated to be about 50-percent less in winter than in summer. Other heat 

rejection loads will remain constant a s  the output level of the plant changes. 

For the constant load systems, the seawater and freshwater flow rates for cooling will 

remain constant at  all times. For the variable heat rejection systems, it may be feasi- 

ble to vary the cooling water flow rates, thereby maintaining constant temperatures in 

these systems as well. Further studies during the preliminary design will examine the 

feasibility of variable cooling water flow rates. 



4.7.2 Module Auxiliary Eubsystcms 

The module auxiliary subsystems discussed below include those subsystems that a re  

not directly within the ammonia cycle but which a re  required for power system opera- 

tion. These a re  the electrical distribution system, the noncondensible gas removal 
...... . . . . . . . . . . . . . . . .  

system, the overpressure - vent .system', the fluid sampling and leak detection system, 
. . . . . . . . . .  

and the seawater pump pressurization system. 
. . 

Electrical Distribution System. A block diagram of the module electrical distribution 

system and the interrelation between the modules and the platform is shown in Fig. 
. . . . . . . . . - . . . .  .......... . . . . . . . . . . . . . .  . . . . -  . . . . .  

4-37. Each module uses a stepdown transformer to provide 4,160-volt power from 
. . .  . . . .  . . . . . . . .  . . . . . . - .  - . - - - . . ....................... - - . . 

the 13,800-volt generated power. Each 4,160-volt bus supplies power to the warm and 

cold seawater pumps, the three ammonia condensate pumps, and the ammonia cleanup 

system. A stepdown transformer reduces the 4,160 volts to 480 volts for use by the 

ammonia distribution pumps, the cleanup system pump, the ammonia transfer pump, 

and the purging system vacuum pump. Additional stepdown transformers reduce the 

voltage to 208/120 for hotel loads, controls, and safety items. ... 

. - -.......... . 
During normal operation at the design condition, each warm water pump requires' 760 

- -  -- 
- kW, each cold water pump requires 825 kW, each ammonia condensate pump requires 

635 kW, and each ammonia distribution pump requires 60 kW. In addition, the. ' 

hotel loads and intermittent equipment operation average to approximately 1,050 kW. 

Internal transmission losses of approximately 78 kW result in a module power output 

to the core of approximately 23,810 kW. As the design matures during the Preliminary 

Design task, the module components will be resized to provide 25 MW(e) module output 

at the busbar. 

Noncondensible Gas Removal. With the use of nitrogen as an inerting gas during transit 

and purging operation, and the procedures described in Section 4.8.1 for maldng the 

transition from an operational mode to a safe access condition, the noncondensible gas 

removal system serves a dual purpose. During the transition phases, the gas mixture 

will be drawn off, a t  an appropriate point in the condenser, and routed to the non- 

condensible gas removal system where the auxiliary condenser will liquefy the ammonia. 
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Dependent upon the transition phase, the ammonia will be returned to storage and the 

nitrogen pressurized for reentry to the evaporator or  vice versa. 

The system for removing noncondensible gases, during normal operation, includes a 

perforated duct for ingesting the gases and routing them out of the condenser and a 
- .  ...- .. 

baffle to prevent impingement of liquid ammonia. This duct is presently located at 
- -. - -- -- - . 

the center of the condenser tube bundle where most of the ammonia vapor will  have 

been liquefied. Data from the Heat Exchanger and Proof-of-Concept test articles will 

be used to determine the optimum location for this duct. 

Overpressure Vent System. The overpressure vent system consists of relief valves 

and ducting incorporated into the evaporator and condenser. The yield design pressure 

for the heat exchangers is 127 psid. The relief valves will be set to crack at 100 psid 

and to flow full at 110 psid. The external pressure sensed by the valve is the local 

hydrostatic pressure. Ammonia vapor flowing through the valve will then bubble ' 
- - - -  .< 

.. .. 

through the seawater prior to entering the atmosphere. 

Fluid Sampling and Leak Detection. As discussed in Section 4.8-1, Ammonia Cleanup 

System, leakage of seawater into the ammonia system can cause drastic thermo- 

dynamic changes in the cycle and reduce the available power output of the ammonia 

turbines. The prim& source of seawater inleakage is expected to be through a de- 

fective tube in the condenser. This defect cannot be readily located. The condenser 

has 56,500 tubes each approximately 40 ft long, submerged to an average depth of 

275 ft, and any leakage occurs into the interior of the shell to which there is no access. 

A fluid sampling system is required to determine the severity of bleakage and the ' - .- - . -  .- 
need for operating the ammonia cleanup system or  for shutdown to detect and plug 

. -  . 

leaking tubes. 

Samples are taken continuously from the condenser and evaporator sumps and passed 

through ion detectors (sodium ion). Contamination levels by seawater will be con- 

tinuously recorded and, at a preset level, the ammonia cleanup system is activated 

and an alarm sounded in the control room. If the contamination level increases to the 

level which is determined to be unacceptable, the system is shut down. 
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Leak detection is accomplished by introducing nitrogen at .pressures above the local 

hydrostatic head and providing visual observation of nitrogen bubbles from the leaking 

tubes. Tubes will be plugged anel operations resumed. 

Senwnter Pump Pod Pressurumn . . Svstem. The warm seawater p u g s  a re  installed 

at an average depth beneath the surface of 150 ft and the cold seawater pumps at an 

average depth of 275 ft. These depths correspond to external pressures on the pods 

of approximately 82 and 137 psia. The pods will have a rotating seal on the large pro- 

peller shaft and static seals on other hull penetrations. A rotating seal of the size 

required is complex and will require maintenance in proportion to the pressure load. 

Pressurizing of the pod interior to offset the external pressure of the sea will relieve 

the s d  ul: aii undesirable pressure diffcrcntinl, In addition, m y  other leakage wilS 

be minimbed. 

The pump pod pressuring system consists of pressure controllers, piping, valves, and 

flow indicators. The system receives its air from the central compressed air system. 

Each module is provided wtth its own system. Compressed air is admitted to each 

group of pump pods by an automatic controller, such that the interior pressure is only 

slightly below the seawater pressure. If maintenance is required, the pump is shut 

down and the pod depressurized. The pods may be depressurized or  pressurized from 

the control room. 

4.7.3 Corrosion 

Corrosion in metallic seawater systems has been a maintenance problem for many 

years. The corrosion is caused by the electrical coupling of dissimilar metals. 

In the OTEC seawater systems, corrosion-resistant metals will be used. Where 

large areas of corrosion-resistant metals a re  coupled to small areas of oarbon steel, 

very high and destructive corrosion rates can occur. This situation may occur due to 

the use of carbon steel for piping, pump pods, pump shafts, intake screens, etc., 

which may be exposed to larger areas of corrosion-resistant metals. Cathodic pro- 

tection is an electrical method of preventing galvanic corrosion, and therefore is 

considered as a means of protecting such submerged components. 
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Design of specific elements of the cathodic protection system will be initiated during 

the preliminary design phase when the power system configuration has been finalized. - .  . - - .  
If carbon steel piping, included in the design, requires an extensive cathodic pro- 

- 

tection system, it may be more economical to install pipe which is less susceptible 

to galvanic action. Alternatively, it may be less expensive to reroute the carbon - 

steel vapor and condensate pipe so that it is never exposed to seawater. 

Coatings will be used to reduce the amount of current required for cathodic protection. 

Heavy localized corrosion may occur at breaks in the coating and the impressed cur- 

rent adjusted to compensate for the exposed areas. 

4.7.4 Data Acquisition and Control System 

The Data Acquisition and Control System (DACS) concept, developed to satisfy the - 

power system module requirements, employs distributed system components and 

intelligence. This concept provides a strategically located control center with com- 

. I \ _ _ _  : munication paths to remote terminal units (RTUs) . The RTUs interface with the 
* 

energy conversion process via .instrumentation sensors and transducers : (Fig. 4-38). ' 
_. .. .. . . - .  , _ . . ... . .. - - - -. - . . -. .- ---- 

By employing programmable (intelligent) RTUs, the concept provides for a reduction 

in the data processing load at the control center (thereby minimizing control system 

costs). Additionally, because independent operational capability is located within - 
each RTU, overall system reliability is enhanced. At each RTU, the concept employs - . 

redundancy, to the level of the interface to individual monitor and control points, with -- 
- - -  - - 

automated intelligent RTU component failover. Figure 4-39 is a funct ioh  schematic - " - -- - - - -- 

of the proposed RTU. 

- ---- - 
The DACS concept employs a redundantly configured control center (see Fig. 4-40) _ _ _ _ -.--.- ---- 
to permit automated failover to provide for the required system reliability. The 

backup computer system additionally allows software enhancing developments and 

optimizing program executions concurr ent with on-going plant energy conversion 

activities. Appendix K of this report discusses control system availability/reliability 

with application to DACS and state-of-the-art equipment. 
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The control center DACS i equipment functionally will acquire operational data to pro- 
--- 

vide for the maintenance of the power system module data base permitting the annun- - .  
. . .- . 

ciation of operational alarms and the generation of module status logs and reports. . - 
The control center additionally will periodically execute optimizing control algorithms 

and provide for the automatic or  manual control of the energy conversion process. 

The operator or  test conductor will communicate with the DACS via. control center 

CRT display/keyboard oomol@s. The DACS concept employs two operator consoles: 

Operations Colasole - the console normally employed for power 

cycle performance monitoring and control 

Testinv Console - the oonsole used to evaluate power system 

components and operational system parameters 

.- .- . . 

Figure 4-41 shows DACS control center communications devices supporting tegt 
- . . - , , . ,  , ., . . -. . . . 

conducto!: input/output and. system logging. 

, ' 

\ .. The DACS test conductor interface will be an interactive dialog between the test con- 

ductor and the DACS. Prompt messages, a s  well as annunciated events, will be dis- 
- - . . - . - - . - . - 

played via the CRT terminal. Figure 4-42 .provides a conceptual CRT utilization 
. ---- -. . . . . . . . - . . 

showing the operntor/DACS dialog zone, an alarm/ad&isory zone, a tabulated data 

zone, and a command input zone. 

The DACS concept, through the use of distributed components, inherently incorporates 

modularity. Ry using independently programmable RTUs, arrd a redundantly con- 

figured control center, the concept offers usage flexibility, which appears desirable, . 

particularly in the developmental stage. The DACS concept provides the capability 

to monitor both analog and discrete status points. The concept system may be imple- 

mented to supervise (monitor and control) in excess of 1,000 points at eight or more 

RTUs. The rnonltor and/or control rate (scan rate) will be program selectable from 

a fraction of a second to virtually any slower scRnning rate. Individual point monitor 

or  control points may be scanned or controlled at individually selected rates. 
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INPUT COMMAND: 'RSI 5-12, START 

ENTER POINT ADMESS 

TIME: 142-1 0:05.:26 

--------------------------------------------- 
WARM WATER PUMP NO; CClLD WATER ,PUMP NO. 

EVAPORATOR N3. CGNDENSER NO. 

TURBINE/GENERATOR iVO. 

FIRE SECURITY 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - -  

SELECTABLE TABJL4R GlSPIAY TO APPEAR IN ZONE 3 INCLUDE: 

FACILITY SUMMARY (ALL INSTRUMENTAL STATIONS) 

REMOTE SBATION SiJMMARY (INDIVIDUAL STATIONS) 

POINT STATUS (ALL POINTS AT REMOTE STATION) 

............................................. 
VA-UE COMMAND STATUS ID DESCRIPTION 

RS1-5-12 STXRB 

- - . . --. -- . . 

Fig. 4-42 .' conceptual CRT Utilization 



The DACS concept system, with redundantly configured hardware and periodically 

activated self-test capabilitg, will support 24-hr/day testing and evaluation activities 
- 

lasting in excess of one year. - - .  - 

In terms of DACS implementation o r  producibility, no major problems are foreseen. 

It is expected that RTU enclosures will be gas-tight and that a l l  system components - 
will be shock mounted both at the base and/or to a bulkhead as required. 

The estimated cost of the 25-MW(e) power module DACS is approximately $750,000 
. - -- . - - . - 

installed. S?or a four-module 100-W(e) plant, the cost is approximately $1, GOO, 000. . 
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4.7.5 Safety 

. - .- . 
An OTEC power system using ammonia as a power cycle fluid must be designed and 

operated in consideration of the particular characteristics of ammonia and their poten- 

tial impact on personnel health and safety. Adherence to the appropriate codes, 

standards and good engineering practices during the design and construction phases - 

will ensure a safe system. It is important to emphasize that rigorous training pro- 

grams for operators a r e  also essential for safety. In addition to being completely 

familiar with ammonia cycle operation and control, operators should also be thoroughly 

aware of the toxic, corrosive, and flammable properties of ammonia. Personnel 
. . .  . . - / must h o w  the location and &e of the &wious pieces of protective' equipment and be 

......................... .................................................. 
instructed in first aid measures. 

The major hzlm.rd associated with ammonia derives from its toxicity. Exposure to 

ammonia vapor concentrations of 700 ppm is limited to 30 minutes. The least detect- 

able odor is 20 ppm. Additional limits a re  given in Table 4-19. 

Experience has shown that ammonia is extremely di£Eicult to ignite and under normal 

conditions is a very stable compound. The flammable limits at atmospheric pressure 

a re  16 to 25 percent by volume of ammonia in air. Ammonia. is olassified by United 

States Department of Transportation and the United States Coast Guard as a non- 

flammable compressed gas for the purpose of transportation. However, despite these 

favorable characteristics, flash £ires and explosions have occurred around ammonia 

~XUUWU ~ u i ~ m a ~ t  and storage W m .  

The USCG will probably have prime regulatory authority over OTEC systems since 

their general responsibilities include: 

"upon the high seas.. ...... 11 

"Administering laws and-promulgating and enforcing regulations for 

promoting safety of life and property, covering all matters not 

specifically delegated by law to some other executive department or 
1 ' reserved to the States.. ....... 
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--. . 
Table 4-19. ..," " . -- 

PHYSIOLOGICAL EFFECTS OF GASEOUS AMMONIA . - A - 
OVER A RANGE OF CONCENTRATIONS(~) 

( a ) ~ a t a  from Manufacturing Chemists l Association Chemical Safety Data 
Sheet, SD-8. - 

Exposure 
Period 

Permissible for 8-hour 
worldng exposure. 

Ordinarily no serious 
effects following infre- 
quent exposures if less 
than one-half hour. 

No exposure permissible. 
May be fatal after one- 
half hour exposure. 

No exposure permissible 
(rapidly fatal). 

* 

Ammonia 
Vapor 
@pm) 

20 

40 

100 

400 

700 

1700 

* 5000 
or  

more 

DOT .and the USC G consider ammonia - as a bulk cargo - dangerous to life. and pro- 

perty. Major points of current regulations are: 

Effect on 
Unprotected Worker 

Least detectable odor 

Some slight eye irritation in a 
few persons 

Noticeable eye and nasal irritation 
after a few minutes exposure 

Severe irritation of throat, nasal 
passage, and upper respiratory 
tract 

Severe eye irritation 

Causes convulsive coughing 

Causes respiratory spasm, 
strangulation, asphyxia 

No copper 

Fittings - tongue and groove with gasket 

Brazing is prohibited 

No threaded joints greater than 2 in. in diameter 
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Minimum container design pressure 250 psi 

water dispersant to be provided - .  . - .. . . - 
. - 

ASME VIII Div 1 pressure vessels .A 

- -  - 
Cannister masks c b e  pro&ded for all personnel 

A state code also may be invoked on the OTEC system if personnel embark from a - 
port of that state a d o r  if their wages are subject to compensation withholding by 

that state. As au exxruple, the California Code covers ammonia plants in some de- 

tail and invokes the Uniform Mechanical Code (essentially identical to ANSI B 9.1) 

and requires pressure vessels per ASME Code and pipkg per ANSI B 31.5, Refrigerant 

Piping;. Other major call outs are: 

NEC Class I electrical installations 

No flame, sparlr producer, or  surface & w e  800QF 

seamless piping not less than Schedule 40 

r Iron or steel, valves rznd fitting0 

No brazing - welding where possible 

No screwed joints greater than 2-in. 

No column gage glasses 

Hose burst pressure 5 x working pressure 

BuMines approved masks 

Machinery room (Class T) shall be: 

- Gas tight 

- Equipped with self-closing cloaures 

- Equipped with remote controls immediately outside 

- Providcd with two exits each not less than 3 ft by 6 R 8 h. 

ANSI K61.1 and CGA G2.1 reiterate most of the foregoing plus: 

Provioion for dispersal with 100 park water per panet amm~llia' 
Vapor dispersion by water spray of fog 

Flex connections rated not less than 250 psig with a safety factor of 4 
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.~ . 

.The foregoing standards and regulations a re  directed at conventional refrigeration 

plants ashore and at marine transport of bulk cargo.ammonia. Such plants and - .  . - .- 
. - .* 

transporation a r e  commonplace. The originating agencies obviously have never had 

to consider a plant such as contemplated for OTEC. Accordingly, the USCG, ABS, 

and any agencies claiming jurisdiction must, of necessity,, undertake what they term 
. -  . 

ttspecial considerationu of the OTEC plant. All agencies make provision for such - 

action in their regulations or  standards. This means they will be guided by existing 

Federal standards as well as those of technical and classification societies and 

industry groups, but will consider and evaluate the design or  unique features of OTEC. 

Therefore, except where an existing standard can be applied without deviation, a 

sound engineering basis must be prepared and documented for every innovative fea- 

ture. Safety margins should approximate those of current standards unless a con- 

vincing case can be made for a deviation. 

Ammonia need pose no undue hazard to the plant or personnel. Safety is enhanced 

by isolation of heat exchanger volumes from manned spaces and isolation of machinery 

spaces. Mechanical machinery spaces will not be regularly manned. For short dura- 

tion tasks such as routine inspections and minor maintenance actions they could be 

entered via..locks. 'and,: if:nec.essary, .. .... in masks and suits. For tasks of longer duration, 

such as major inspections or  .major maintenance with the plant shut down, they will 

be purged to a safe contaminant level. 

Based on a review of codes, standards, and good engineering practices relating to 

the design and use of ammonia facilities with emphasis on safety considerations, some 

preliminary design requirements and guidelines were established for the conceptual 

design phase. These requirements and guidelines fall within the general categories 

of protective measures and equipment, f ire protection, electrical equipment, and 

piping and mechanical equipment. 

Protective measures and equipment include adequate ventilation, well-marked exits, 

and strategically located and clearly marked safety equipment such as  safety showers, 

bubbler eye fountains , protective suits, and breathing apparatus. 
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Ammonia system fire protection is most effectively achieved through the use of water 

spray and dilution combined with adequate ventilation. Carbon dioxide units will be - .  . . .- 
. . .- 

used in areas with electrical equipment. mectrical equipment will generally be 

arranged such that contact with ammonia will not occur, even during accidental leaks 

or  spills. This will be achieved through the use ~ f ~ s e p a r a t e  compartments provided 

with adequate positive pressure ventilation from a source of clean air in conjunction - 

with e£Eective safeguards against ventilation failure. This equipment will be standard 

. nonhazardous rated. Where equipment may encounter flammable ammonia mixtures 

in the event of accidental rupture, electrical equipment and wiring will be in accor- 

dance with National Electrical Code, NFPA 70 (ANSI-CI), for Class 1, Division 2, 

Group D looations and ANSI C 110.1 . 

Pipe and mechanical equipment will be specified and designed in accordance with 

acceptable existing codes and standards applicable to ammonia service. 

.... Other safety related areas which have been identified as requiring special attention 
i \.- during .the preliminary design task are: 

a Location and integrity of the control room 

Secondary containment of major spills including pressurization effects 

Instrumentation and safety interlocks 

+ Emergency power 
+ Requirements for the inert bla-g of gquipment ;md b k a g e  - 

Integrating the power system with a s ea-going platform introduces considerations which 

would not be encountered in a shore installation. The ooean is an extremely variable 

environment and the plant and the platform must survive its vagaries. The power sys- 

tem design must accommodate motions and accelerations imposed by sea conditions. 

The platform must be capable of withstanding sea conditions; conventional marine 

hazards such as collision, loss of buoyancy, loss of stability, and inability to maintain 

position; and, in addition, must be capable of coping with the hazards associated with 

the ammonia cycle; namely, large volumes of ammonia and seawater. 
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In some platform configurations, the large seawater loops will pose potential flooding 

hazards. Sea-valves mP1 require spwlal cullsideration. Matform oubdivision must 
- .  

be such that neither ammonia loops nor seawater-loop casualties will result in uncon- .- 
. - - .  - 

trollable hazards to personnel or  to the buoyancy or  stability of the platform. 

Maintenance in the shipboard environment will require special attention5 principally - -. 

directed to ammonia precautions and the handling of large and heavy equi&nents. 

Obviously, well conceived operating procedures and thorough training of personnel 

for both normal and emergency situations will be required. Timely consideration of 

the foregoing matters and demonstrably sound engineering, planning, and training will  

reduce hazard potential to an acceptable level. 
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4.8 SUPPORTING SUBSYSTEMS 

- .  . - . - 
This section provides descriptions of those subsystems which are incorporated into the . . - . 

the platform and are mutually shared by all modules. These include the ammonia clean- 

up system, the ammonia fill and purge system, the electrical distribution system, the 

stadby puwer ~ystem,  fire protection, slna the cooling water system. - 
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4.8.1 Ammonia Subsystems . - .- 

Ammonia Cleanup System. .-.- The ammonia cleanup system separates seawater contami- 

nant (from condenser or  other inleakage) from the ammonia fluid. This is necessary - 
because contamination by seawater will depress the boiling point pressure of the fluid, 

causing a drop in available pressure differential across the turbine. For example, a 

mixture of 90-percent ammonia and 10-percent water will result in almost 10-psi less 

available pressure differential than would be the case for 100-percent ammonia. Since 

the design pressure differential across the turbine is approximately 40 psi, this pressure 

reduction would result in a significant power loss. In order.to maintain the water con- 

tamination at  a reasonable level when the condenser is leaking, it is necessary to main- 
' 

tain a continuous blowdown from the evaporator~which must be cleaned and returned to 
. . 

the main system. The condenser must be considered as a possible'source of inleakage, 

since the external water pressure is greater than the internal ammonia pressure. Double 

tubesheets can be incorporated in the condenser design to eliminate leaks through the 

tube-tubesheet joint. However, there a r e  56,000 4 0 4  tubes in the unit, and it has been 

stated that the tubes will be the major source of leaks. Leaking tubes will be plugged 

as stated in Section 5.3. 

If the assumption is made that total inleakage in the condenser is 1 gpm, and that the 
-.- .. . . 

maximum permissible concentration of water in the evaporator will be 5 percent 
- - - -  

(discussed below), then a continuous blowdown of 0.16 percent of the total ammonia 

flow will be required. The cleanup system is sized on this basis, resulting in a blow- 

down flow of 10,270 lb/hr. Water concentration increases with vertical distance 

downwards through the evaporator and reaches a maximum at the lowest tubes. Since 

condensate flow into the evaporator sump dilutes this maximum percentage, blowdown 

flow must be taken from an intermediate overflow catch basin, or the line flowing into 

the sump, to minimize cleanup system sizing. 

A number of methods were considered for this separation process including molecular 

sieve or silica bed adsorption beds, freezeout, flash separation, and a distillation 

column. Adsorption beds would normally be the most desirable method. However, 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

- . -. - .. . .- ... . . .- -. . . . -.. - . .. . -  . -. . . ,. . . . . . . . .  



they a r e  not satisfactory in this case since the high affinity between ammonia and water . . 

precludes satisfactory separation. Distillation is considered to be the most desirable of - .  . - .- 
. - 

the three other methods based on experience, performance, and power requirements. 'a . 

P 

A sketch of the distillation-type cleanup system is shown in Fig. 4-43. The blowdown . . 
.- . . . .  

from the evaporator is pumped into the distillation column. The pressure in the column 
, - 

is malntahed high enough so that the resulting vapor may be ducted to the turbine vapor - 
line without further compression. The water that separates out flows into the sea after 

cooling to 100°F. The column is heated by an electric heater which draws power from 

the main generating system. 

In order to determine the optimum cleanup system size, a trade study was conducted 

of column power requirements and power loss in the main turbine. As the blowdown 

flow and distillation column size a re  reduced, the equilibrium maximum water concen- 

tration iu the evapurator f n c r w e s ,  causing a reduction in power output. Although the 

pressure reduction at  the turbine inlet is relatively easy to calculate, there is also a 

pressure reduction in the condenser caused by the water vapor carryover through the 

turbine. This condenser pressure reduction tends to ameliorate the turbine power 
. . .. - 
loss. E'igurk 4-44 shows plots of distillation column power requirements and turbine 

. . . . . . . . 
power loss against equilibrium maximum water concentration in the evaporator. The 

power loss curve is based on computer runs of ammonia water mixtures in the OTEC 

cycle by Dr. Kenneth Starling of the University of Oklahoma. The resultant composite 

curve shows a minimum overall power loss of 3.7 MW(e) (1.46 MW(e) for the column, 

3.24 MW(e) turbine power loss) at 5-percent water concentration. This represents an - 
approfimato 1-Nn;V(o) por module power szivillg~ uver the previous baseline ~ lpescen t  

water concentration design value. 
.- ' - ..---- 

It should be noted that this tradeoff assumes that other effects which may result from 

increased water concentration (e. g., changes in heat transfer coefficient and amount 

of heat transferred) are smnnrlary. 

Ammonia Storage and Transfer System. The OTEC plant will utilize large quantities 

of ammonia in the power systems. Not only will the systems require an initial fill and 

makeup, but there will occasionally be a need to transfer ammonia, pump down and 

- . -. - .  - .. -- - - 
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Fig. 4-43 Ammonia Cleanup System 
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.purge a system, and refill o r  dispose of fluid. For these procedures, an ammonia 

storage fill-and-purge system is required. 

The system consists of a main storage tank, compressors, and the necessary tanks, 
- - -- 

piping, valves, and safety provisions, as  shoiirrii iii: Fig. 4-45. 
. .. . . . - . .  . -  . . -  

- 

The ammonia storage tank is located on the platform or in the core structure I .- - - . .. --. -. -- ! 
section. The tank is designed for a pressure of 250 psig, as required by OSHA 

standards for nonrefrigerated storage of ammonia. The capacity of the tank is 55,000 
6 cu ft, including OSHA ullage requirement, sufficient to hold approximately 1.8 x 10 lb 

of liquid ammonia. Based on 45-sec evaporator and 30-sec condenser sumps, one 
.. . 

25-MW(e) power module requires approximately 360,000 lb of ammonia. Therefore, 

the capacity of the storage tank is sufficient to contain the ammonia inventory of four 

modules plus one spare refill. Operating experience with test articles will probably 

modify this required capacity in later full-scale designs. 

Each power module is provided with a transfer pump capable of pumping liquid ammonia 

from the power system into the tank at the tank's highest pressure. A n  ammonia vapor- 

i ze r  is used when transferring ammonia from.storage into. the system initially when 

throttling to low pressures could otherwise cause extremely low temperatures. The 

compressors are used to compress and liquefy gaseous ammonia when this is neces- 

sary and to evacuate either air o r  ammonia vapor from the system. 

At certain times during operation of the OTEC plant, it wi l l  be necessary to shut down 

and allow w a r h e n  to enter the equipment or piping of the ammonia system for the 

purpose of performing required maintemoe, During these times, part of the ammonia 

system o r  the entire ammonia system must be purged of ammonia and replaced with 

air that is safe for breathing. Air cannot be mixed with ammonia, except at very low 

concentrations, since ammonia in higher concentrations may form flammable or  even 

explosive mixtures. To avoid mixing air and ammonia directly, the ammonia vapor . - 

is replaced with nitrogen before the air is allowed to fill the space. The compressor . . 
: : 

and liquefier are used to compress and liquefy gaseous ammonia, and then the liquid 

ammonia is returned to the storage tank. 

- - 

. . . . .  . - . .. . . - 
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The nitrogen required for the purge operation is stored in a central bank of high- 

pressure (2,400 psig) cylinders. The cylinders discharge into the same piping that 
- .  . - .- 

. - is used for transferring ammonia. Nitrogen is also used to pressurize the space .& 

between the evaporator and condenser double tubesheets, if utilized. The nitrogen 

pressure in this space is maintained slightly higher than that of the ammonia or  the 

seawater to prevent any ammonia outflow o r  seawater inflow. Each module has its - 
own pressurizing system and the module cylinders can be recharged as necessary 

from the central bank of high-pressure cylinders. 

The following procedure is used when a small portion of the ammonia system must be 

isolated for maintenance of a pump or  valve. 

After isolating the volume that is to be purged, 

1. Pump any liquid ammonia into storage. 

2. Evacuate the volume to a pressure of 3 psia while compressing, liquefying, 

and storing the ammonia. 

3. Fill the volume.-with air  at one-atmosphere pressure. 

4. Repeat Steps 2 and 3 and sample mixture for ammonia content. 

5. Evacuate the volume to 3 psia again and vent the mixture of gases a t  the 

discharge of the compressors by bubbling through water. 

6. Fill the volume with air at one-atmosphere pressure. 

7. Circulate fresh air through the volume until measurements indicate that the 

air is safe for breathing. 

8. After completing the required work, evacuate the volume to 3 psia. 

9. Fill the volume with nitrogen at one-atmosphere pressure. 
- -  

10. -. J3epeatsteps 8 and 9 and sample mixture for air content. . - 
11. Open valves in the piping from the ammonia storage tank and vaporize 

ammonia to fill the system to the required pressure. 

12. Transfer liquid ammonia to the condenser sump. 

13. Circulate liquid ammonia through the ammonia system, commence startup 

procedures and resume normal operation. The remaining nitrogen is vented 

from the system through an ammonia trap at  the condenser noncondensibles 

vent. 

. -  - - 
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Residual gases a re  ducted to the sea surface open air by two 12-in. ducts which lead 
.. ... 

from the central machinery space to the open air at the top of the platform structure. 
- .  . - 

. - .- 
.& 

Each duct is provided with a fan at the lower end, which assists in expelling the air 

from the vent duct. 

For the evaporator or condenser, the transition from an active to inert stage, or  vice 
- 

versa, is handled in a different manner. Since access to the internal portion of the 

, heat exchangers is not required when the module is attached to the platform, this 
operation W e s  place a part of system startup or  system shutdown for transit. to 

the refurbishing area. During transit, the system is pressurized with nitrogen at  2 5  

psia. 

The Uldlaliun a d  startup procedure is as fnllnws: 

1. Prior to submergence, evacuate the system to 1 gsin wing equipment on 
board thc support vessel to compress ad sl;rsibila lha dlcugell. 

2. Fill the system with sufficient ammonia to raise the internal pressure to 

60 psia. 

3. Complete the submergence and installation of the module. 

4. Fill the system with the remainder of ammonia required to attain stable 

operation and use the noncondensible gas removal system to remove the 

residual nitrogen. 

  he shutdown and detachment procedure is as follows: 

1. Remove th.e liquid ammonia from the system. 

2. Remove gaseous ammonia tp reduce the system pressure to 60 psia. Use the 

noncondensible gas removal system secondary condenser to liquefy the ammonia 

and return to storage. 

3. Detach the module and raise to surface. 

4. Evacuate the system to 1 psia using the support vessel equipment to liquefy 

and store the ammonia. 

5. Fill with nitrogen to 25 psia for transit. 

4-135 
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Only one common system is used, as all four modules should not require filling or 
- .  . - evacuation at the same time. Typical evacuation time for a portion of one module is .- 

. - * 

about 12 hours. The evacuation time for the entire ammonia system of one module 

would not take longer than 24 hours. 

- 
In arriving at the recommended scheme for ammonia purging of the system, two other 

options were considered and rejected. , These were (1) compression and evacuation 

.and (2) nitrogen purge. 

The compression and evacuation scheme did not use nitrogen as an inerting gas and 
.. . - . . -. . . -. . 

; was dropped since even after evacuation, compression, and storage of most of the 

' ammonia from the system it is not possible to avoid mmmablk ammonia-air mixtures 

, for short periods of time when filling the system with air to perform maintenance or  

to reduce the ammonia quantity to a safe physiological level. Similarly, a flammable 

' condition would be temporarily experienced when filling the system with ammonia 

: after evacuating most of the air. 

: The nitrogen purge scheme, on the other hand, did not use evacuation and compression 

i . but . involved venting of the ammonia to atmospheric pressure-through a flare stack, 

/ repressurizing the volume with nitrogen to dilute the ammonia, and then venting the 

ammonia-nitrogen mixture by bubbling through water. The volume was then flooded 

with air for maintenance and the reverse procedure followed when maintenance is 

complete. This scheme was dropped from consideration since, although flammable 

mixtures are avoided, considerable nitrogen and ammonia are lost on each turnaround 

purge occurrence. In addition to the expense associated with the loss of both nitrogen 

and ammonia, the environmental problems associated with appreciable ammonia re- 

lease were considered unacceptable. The recommended scheme - which involves 

evacuation, compression, and nitrogen purge - is the ;most expensive from a capital 

cost standpoint, but avoids the problems associated with flammable mixtures, appre- 

ciable fluid loss, and environmental impact. 
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4.8.2 Auxiliary Systems 

The auxiliazy systems described in this subsection are  those systems that a re  not 
directly ammonia related, but are considered major auxi1iax-y systems for the OTEC 

power plant. These include the electrical system, standby power system, fire protec- 

tiorl system , and aoolhg wuler rsy stem. 

aec t r ica l  System. An electrical system is provided to interconnect the module gener- 

ators to the.platform rectifiers and to distribute power to the module and platform 

aukaiary electrical equipment. Direct current transmission of electrical pager sys- 
' 

tems are provided from the platform to ensure the safety of the module. In the event . . 

of black startup (no power modules operating), provision is made for  using startup 

power from a source outside the power module. The electrical system is designed to . 

function in four distinct modes of operation: startup, normal, standby, and emergency. 

Startup power is supplied at 13,800 volts into the normal power distribution system and 

is capable of (a) providing the estimated startup power requirement of 230 kW for the 

platform'and a 500 k W  module auxiliary load, plus an ammonia feed pump and circula- 

tion, pump driver power requirement of 740 kW and (b) then sequentially starting two 

1,050-horsepower cold seawater pumps and two 875-horsepower warm seawater pumps. 

The total level of external power required during module startup is 4400 kW. About 

90 percent of the external startup power required is used at 4,160 volts, the remainder 

is used at 480 volts ;and 120 volts. .Startup of the remaining seawater pumps and 

anxil.ia.ries can be accomplished using module-generated power. 

Normal powor is  generated at 13,800 volts and distributed at 4,160 volts, Each power 

module generator is directly connected to a 13,800-volt bus. Generating capacity 

available for rectification is then transmitted to rectifier summing transformers by the 

13,800-volt system. Power consumed by the platform and modules is distributed at 

4,160 volts and 480 volts. A single line diagram of the electrical system is shown in 

Bechtel Drawing 12384-E-1 (Fig. 4-46). 
. .  . - -- 
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; Fig. 4-46' Electrical System Diagram 
. .. . 



. . .  . - - -  

- .- Table 4-20 

POWER PLANT ELECTRIC POWER OUTPUTS 

(Submerged Configuration) 

Item - 
Gross General;ur Oulpul 

Plant Cycle Auxiliaries 

1Mml1d.e Support Systems 

Core Support @stems 

Internal Transmission Losses 

Input to Step-Up Transformers 

Step-Up Transformer and Rectification Losses 

Net Electric Output - of Plant 

(23,334 MW 
per mcrdi.11.e) 

i.. 
During the preliminary design phase, the module will be resized so that the net power 

available for transmission is 100,000 kW. Under maximum thermal gradient conditions, 

the gross generator output is approximately 40,000 kW and the plant net power available 

for transmission is approximately 125,000 kW. 

Standby power is generated at 4,160 volts and distributed at 480 volts into the standby 

power distribution system through two independent connections (one for each . . of . the . 

.two slaudl~y geiierabrs). Total level of power required during standby conditiono, ia 

approximately 930 kW. wstem capability is based on starting and running an addi- 

tional 100-horsepower motor over and above a nominal 830-kW running load without 

dropping the running loads. 

Electrical equipment weight is 1,314,000 lb in the platform plus 98,000 lb per  module. 

Total cable and bus weight is 64,000 lb for a total system weight of 1,770,000 lb. 
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In arriving at the above baseline electrical system approach, several alternatives were 

considered, including operaling thc ocnwater plmp motors at 13.8 kV, operating the 
. s 

generators at 4,160 V, modifying the bus arrangements, reducing the number of trans- - 
4 

formers, etc. However, the baseline ~ p s o a c h  represents the best combination of 

flexihilily , backup capability, and low-cost standard equipment. 

Standh Power System., The OTEC plant will be installed at a considerable distance 

offshore'and will be physically isolated. The generated power will probably be trans- 

mitted via a dc cable to the mainland. It is therefore desirable to have standby power 

on board lo provide auxiliary power during total shutdowns and to provide emergency 
. . . . . . - - - 

services necessary to ensure the safety of the power module and its operating personnel. 
. 

For reliability, standby power is provided in duplicate. 

Two 1-MW(e) diesel generators will be located on the platform. The diesel-generator 

units were selected over gas turbines since they are considered to provide a higher 

level of reliability for standby service. 

Fire Protection. In a large power plant, there is always the possibility of fire involving 

flammable liquids and gases, electrical insulation, etc. In the OTEC plant, the 

ammonia working fluid itself is flammable in the right concentrations. It is therefore 

necessary to incorporate a fire protection system into the overall plant design. As 

discussed in Section 4.7.5, Ammonia Plant Safety, ammonia system fire protection 

is most effectively achieved through the use of water spray and dilution combined with 

adequate ventilation. Carbon dioxide units can be used in non-ammonia related 

equipment areas, particularly for electrical. 

For theC02 extinguishing system, the C02 is stored in a refrigerated storage tank. 

Remote temperature sensors o r  manual control triggers the C02 discharge which is 

automatically. routed to nozzles in the endangered zone.. Discharge duration is auto- 

matically timed to prevent exhaustfng the C02 inventory during a single discharge. 

Whenever the system is activated, an alarm is sounded and an annunoiator in the control . . 

room shows where the sequence was initiated. The release of C02 will automatically 



.. . 
order an evacuation of the space by personnel and will seal the ventilation system. 

Reentry into the space will be made by personnel equipped with breathing apparatus. 

AU other areas on the platform and in the power modules a re  provided with overhead 

spray nozzles connected by piping to the firewater storage tank. Two firewater pumps 

are  provided. The primary pump is driven by nn electric usotur und the backup pump 

is diesel dsiven, Piping is &o provided to the piimp suction fmin a filtered seawater 

intake as a backup water supply. 

C o o l U  Water Skstem. The purpose of the cooling water system is to provide cooling 

for bearings, generators, lubricating oil, a i r  compressors, refrigeration units, a i r  

conditioning systcm, and miscellaneous plant equipment. The system provides fresh- 

water nnnling to power p h t  machinery. A olutied loop is used to isolate the machinery 

cnnlers from the extermdl aeawatel- pressure aad to reduce corrosion in the cooling 

systems. Heat is received from the machinery coolers and rejected tn the seawater in 

a freshwates/seawater h e 3  oxohanger. Duriug lhe Preliml%u.-y Besign Task, the use 

( -- of freshwater/ammonia heat exchangers will be evaluated. The seawater and fresh- 

water are both circulated by pumps which are installed in duplicate. A surge tank is 

installed in the freshwater circuit to allow for expansion and to provide a fixed suction 

head for the pumps. The heat exchanger is a single-pass counterflow unit with a 

divided waterbox at  each end, so that one-half can be cleaned without a complete 

shutdown of the unit. A second redundant unit is provided to improve overall system 

reliability. The surge tank is a 1 ,000-gallun capauity vertical unit complete with 

overflow, suction, discharge and drain connections, and gauge glass and ladder. The 

pumps, heat exchangers, and surge tank collvtitute a Common system to d power 

modules and are located in the central core machinery .space. 

6 
Total heat rejection for the 100-MW(e) plant is estimated to be 13.0 x 10 Btu/hr, 

requiring seawater and freshwater flow rates of 700 gpm and 850 gpm, respectively. 
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4.9 MODULE ASSEMBLY 

. - 
The power system module assembly study delineates various methods that could be c .  

. - .z- 

'Q . 

applied to prociuce the completed end article a t  a major shipyard. It was determined 
- 

that a shipyard is best suited for the structural fabrication, component assembly and 

installation, and final outfitting r ~ u i r e m m t s  inhorsnt with each power system config- 

uration that was considered, particularly in view of the logistics problems and the 

implications of potentially conflicting labor jurisdictions. Waterfront location, shops 

essential to support the production requirements, and every principle craft with clearly 

defined I.abor jurisdiction agreements a re  all found in major U. S. shipyards. And it 

was further determined that a major shipyard would not face m y  rt#luipemants for com- 

pliance with OSHA or  other government regulatory agencies in the production of this 

article other than those associated with ship construction. 

4.9.1 Basis and Conditions 

Configurations Reviewed. The 100-MW(e) power systems which were reviewed from 
. . . . . - -. -. . - . . - - - - - - - - - . - - - 

the'standpoint of 'construction, installation, facilities, and costs a r e  as  follows: 

3 0 0 4  x 750-ft Surface Platform 25-MW(e) size Monolithic Heat Exchangers 

300-ft x 7 5 0 4  Surface Platform 12.5-MW(e) size Heat Exchangers 

8 175-ft x 1,120-ft Supertankers consisting of: 

- Twenty 5.-MW(e) size heat exchanger sets 
- Eight 12.5-MW(e) size heat exchanger seta 

- Four 25-MW(e) size heat exchanger sets 

Power modules for spar platform were a s  follows: 

Ten 5-MW(e) power modules with 2 sets of heat exchangers each 

Four 12.5-MW(e) (Dual) power modules with 2 sets of heat exchangers each 

Four 25-MW(e) power modules with 1 set of heat exchangers 

The 5-MW(e) test article in a T2 tanker was also reviewed. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

, - - -- . .. . .  .. . - -. - 



Basis of Study. This study evaluated the above configurations for assembly and cost 
. . 

comparisons, establishment of construction approaches, the identification of potential 
- .  . - .- 

problems inherent with the installation of equipment~, and to make recommendations . . .& . 

of methods and facilities to support the installation and construction. This study did 

not include costs and problems associated with outfitting. While the installation of 
small equipment, auxiliaries, accommodations, and outfitting comtitutes much of the 

final construction costs, it wag difficult in the oonceptua.1 design sage to establish with 

any degree of certainty their costs and potential problems. Eventually these systems 

will affect producibility and maintenance; therefore, they will be considered in the pre- 

liminary design whcn more adequate defiffition exists. 

4 .9 .2  Facility Requirements for Installation 

Handling Req~.rirements. Studies of the various power system configurations indicated 

that the first consideration for their installation and assembly must be the handling of 

heavy lifts. The heat exchanger8 comprise the maximum weight and size lifts of all 

\ 
components in all systems under study. Approximate weights of the various heat ex- 

- 
changers a r e  indicated in Table 4-21 '. .- ..-. - 

__ _... _..- *---.- ' 

Table 4-21 - .. .. --.. . . 

HEAT EXCHANGER WEIGHTS 
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Heat Exchanger 
Configuration 

---. 

25-MW(e) (Surface) 

25-MW(e) (Submerged) 

12.5-MW (e) (Surface) 

12.5-MW(e) (Submcrgecl) 

5- MW(e) (Surface) 

5-MW(e) (Submerged) 

Approximate Weight (tons) 

Condenser Evaporator. 

Al. Alloy 

1100 

1000 

700 

640 

310 

280 

Stainleas 

2100 

1650 

1320 

1050 

590 

510 

Al. Alloy 

1050 

900 

660 

570 

290 

260 

TiL?.niurn 
" .* 

1830 

1550 

1160 

990 

530 

450 

Titamurn 

1750 

1400 

1100 

8 90 

500 

430 

- -- ..$. 

Staideso 

2200 

1830 

1390 

1170 

640 

530 



' .- Surface Platforms and Supertankers. Various a1ternativ.e~ for installing the heavy 

components into surface platforms and supertankers are .as follows: 
- .  . -- 

Graving dock with overhead gantries, since whirley-type cranes fall far . - .- 

short of the h e a v  lift requiremwts 
Gantry loading facility where components could be lifted from seagoing 

barges and positioned in hull of ship or  platform ' 

Stiff-leg o r  shear-leg at a pier where loads could be lifted from seagoing 

barges and positioned in hull of ship o r  platform 

0 .  Barge cranes with a spreader beam between the cranes lifting from each 

side u1 seagoing barge then moving out the seagoing barge while bringing , 

in the ship or  surface platform 

Pier-Side Installation. Foundations for the components determined by their weight 

would be installed at pier side o r  by the foregoing heavy lift means. Piping, valves, 

and other light equipment would be installed pier side. The major concern, however, 

is the extreme reach required to install equipment pier side in a surface platform 

with a 300-ft beam and a supertanker with a 176-ft beam. 

Power Modules Installation. The power modules for a spar platform have approxi- 

mately 10 percent less heat exchanger weight and present far less problem in the 

reach of the lift during assembly. If one were to consider the power. modules assem- 

bled pier side on a 100-ft beam barge the maximum reach from the pier for lifts would 

be 50 f t  a s  compared to 88 ft for a supertanker and 150 f t  for the 300-ft beam surface 

platform. Furthermore, in the case of the surface platform and supertanker, clear- 

ance over the side of the hull is required, necessitating elevation of cranes to clear 

the hull. In the case of a gantry over a graving dock, the crane must clear the super- 

structure of the ship. 

4.9.3 =sting Facilities 

United States Shipyards. An investigation of U. S. shipyards disclosed that the maxi- 

mum handling capacity was that of General Dynamics Corporation, Quincy Shipbuilding 

Division. A 1,200-ton Goliath Crane - the largest in the western hemisphere - has 
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been installed for transferring spherical LNG tanks from the barge on which they are 

'delivered to LNG ships. Their largest dock (936 ft  by 143 ft) is not large enough for 
- .  . -- 

the supertanker under study. . . .- 

The second largest handling capacity is located at Newport News Shipbuilding and Dry 

Dock Company. A 300-metric-ton (992-ton) Gantry Crane services their number 12 

buildLllg dock. 'l'his dock is I, 600 f t  long and 240 ft  breadth at entrance, which is large 

enough for the supertanker under consideration; however, the handling capability falls 

about 10 percent short of the lightest 25-MW(~) size heat exchangers. (Refer to Table 

Bethlehem Steel Company at Sparrows Point, Maryland, was the only other U. S. facility 

capable of dry docking the supertanker, but their handling is limited to 200 tons. 

U. S. major dry docks and handling is givon in Table 4-22. 

---  - - -. - - -- . 

Table 4-22 
. -. - . . ,  . . .  

MAJOR SHIPBUILDING AND REPAIR DOCKS - UNITED STATES, 
300,000 DWT TONS OR OVER 

(a) Fall below minimum for 176-ft beam of supertanker. 

Length 
(ft ) 

1,600 

1,200 

1,200 

1,152 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

. . . . . . . . . .. 

Breadth 

-- 
250 

200 

1 2 0 ( ~ )  

157(~) 

Draft 
cfQ 
- -  

33 

28 

42 

53 

Weight 
DWT 

(Tons) 

600,000 

400,000 

500,000 

500,000 

Service 

P-. 

One990-ton 
crane 

Two 100-ton 
cranes 

Not Known 

Five 50-tow 
cranes 

Owner 

- - - -  - 

NewportNcws 
Shipbuilding and 
Dry  Dock 
Company 

Bethlehem Steel 
Company 

U. S. Navy 

U. S. Navy 

Location 

NewportNews, Va. 

Sparrows Pt. ,. Md. 

Boston, Mass. 

Rremsrton, Wash. 
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Other U. S. shipyards with single lift handling in excess of 200-tons are: 

Sun Shipbuilding and Dry Dock Company, one 800-ton barge crane 

and three 250-ton gantry cranes 

Avondale Shipyard, Inc. , one 600-ton barge crane 

Alabama Dry Dock and Shipbuilding Company, one 275-ton 

Goliath Bridge Crane 

Marathon LeTourneau Company, Gulf Marine Division, one 

250-ton gantry crane 

.- - - -. . . -. . - . . . - ..- . _. _ -- ..... __ _ _  _ _ _ _  _ _ _ . . - . . . . - - . . - . -- .. 
Figure 4-47 is a layout of'the Newport News Shipbuilding and Dry Dock~Companyla 

. -. -. . _ . . - - .. - . - . . -. . -. - - - - - - - - 
dock and crane facility. It was determined that this facility is the most favorable for 

the supertanker installation. Note that the 900-metric-ton gantry crane spans the 

final assembly area, a barge unloading area, and the large graving dock. 

Commercial Barge Cranes. Due to the limited crane capacities of shipyards, an 

investigation was made into commercial barge cranes available for subcontract. 

Although barge cranes capable of handling about 3,000 tons have been built, they a re  

for special application on northern oil exploration and production platforms and unless 

some unique agreement could be reached with the owners they would not be available 

for normal commercial use. Barge cranes that were available showed an absence of 

ample capacity for the 25-MW(e) size heat exchangers. Various barge .cranes, capa- 
. -. 

cities, owners, and location a re  indicated in Table 4-23. 
- . -- 

Fig. 4-47 Dock and Crane Facility 
. . .  
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. . . . . . . - 
Table 4-23 

-, .- .. . .- .. . . . _ _  
AVAILABLE BARGE CRANES 

Cap. Over Distance From Cap. 
Location Owner Stern Stern to Hook Revolving 

(tons) (ft) (tons) 
* - - 

w- - 
Seattle Manson C onstruotion 400 55 300 

S . F . Bay Area Smith-Rice 410 65 325 

Los Angeles Crowley Maritime 38 5 60 275 

Lou Angeles U. S. Navy 385 54 230 

Houston Brown and Root 550 72 390 

Houston Brown and Root 350 67 230 

gqaw Lift Specialists. Further search for heavy lift capabilities lead to considera- 

tion of heavy lift specialists, such as the firms that handle nuclear reactors and oil 

platform modules for the Alaska North Slope. Rigging International with headquarters 

in Oakland, California, was contacted. They currently have a 1,5504011 twin luffing 

derrick at Pinto Island, Mobile, Alabama. This facility was designed and constructed 

to install LNG tanks in large LNG ships under a contract with Kaiser Aluminum and 

Chemical Sales Corporation. 

Another facility, owned by Rigghg International, is a 660-ton stiff-leg at Longview, 

W;tsrbgton. This facility o w  lift 600 tons 90 ft frum pier side. 

EhPpyx-d Yacllltles In Jap&li. For information purposes a tabulation of building docks 
. . . - -. - 

and repair docks in Jnpnn along withcrime capacities is presented in ~ables-4-24'  . . 

- - . - -. . - . . . - - - - - .. . - . . . - . . . . . - - - - -- - -. - - .- . - . . . . . -. .- .. -. - -  

: I and 4-25. It appears that the only graving dock in the world capable of handling the 
. . __. _ _ _ .- - - - . .. -- -. . -  - . - 

3 0 0 4  beam of the surface platform is. in Japan. Although handling facilities in 

Japanese shipyards in general are much better than in the United States, they still 

fall short of the heavy lift requirements. The best handling in Japan's docks would 

indicate 800 tons and several at 600 tons. 
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Table . 4-24 _ 
-, MAJOR SHDBUTLDUC; L)UCKS - JAPAN, 300,000 DWT TOMS OR OVER 

- .  - 
. - 
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Length 
(ft) 

3,248 

2,657 

1,667 

1,230 

1,131 

1,837 

1,640 

1,362 

1,312 

1,312 

1,181 

Breadth 
(fi) 

328 

301 

' ' 262 

183 

213 

262 

246 

246 

236 

180 

197 

Draft 
(fi) 

38 

46 

27 

38 

20 

41 

39 

30 

28 

25 

25 

Weight 

(FZ) 
Not Ltd. 

500,000 

500,000 

500,000 

300,000 

500,000 

600,000 

500,000 . 

500,000 

300,000 

300,000 

Service 

Two 300-ton 
cranes 

Two 400-ton 
cranes 
One. lOl)-tfin 
crane 

Two 200-ton 
cranes 
Two 50-ton 
cranes 

Two 300-ton 
cranes 

Two 150-ton 
cranes 

Two 300 -ton 
cranes 
Three 30- 
ton cranes 

Two 300-ton 
cranes 
Two 100-ton 
cranes 

Two 300-ton 
cranes 
Three 150- 
ton cranes 

Two 300-ton 
cranes 
One40-ton 
crane 

Three 200- 
ton cranes 

Two 250- 
ton cranes 

Owner 

Mitsubishi Heavy 
Industrial, Ltd. 

Ishikawajima - Harima 
Heavy Industrial 
Corngay, Ltd. 

Lshikawajima - Harima 
Heavy Industrial 
Company, Ltd. 

Mitsubishi Heavy 
Industrial, Ltd . 
Ishikawajima - Harima 
Heavy Industrial 
Company, Ltd. 

Sumitomo Shipbuilding 
and Machinery Company , 
Ltd. 

Nippon Kokan 

Kawasaki Heavy 
Industrial, Ltd. 

Mitsui Shipbuilding and 
Engineering Company, 
Ltd. ' 

Hitachi Shipbuilding and. 
Engineering Company , 
Ltd. 

Hakodate Dock Company, 
Ltd. 

Location 

Koyagi 

Chita 

Kure 

Nagasaki 

Kure 

Oppama 

Tsu 

Sakaide 

Chiba 

Osaka 

Hakodate 



Table 4-25 _ _ _  - - . - . . - 

MAJOR SHIP REPAIR DOCKS - JAPAN, 300,000 DWT TONS OR OVER 

. -- -- 
4.9.4 Proposed Facility Concepts - i 

... ... _- _ _  - .  - ,  .. ... . . . . 

.. . - - . - -- 
Graving Dock and Gantry Crane Facilities. 'Figures 4-48 and 4-49 depict' a graving : 

. . . . . .. . .. - 

dock facility with a gantry crane over the dock for the supertanker under study. Wing 

Length 
(ft 

1,312 

1,493 

walls extend the gantry coverage beyond the miter gates allowin; the gantry to remove 

loads from a barge and transfer to the ship. Capacities are approximate; actual caps- 
- ,. - .  . - *. -.- 

cities required under this study are those shown imTable 4-21 for the various heat - 
. - - .- - - . .. . . . - . , . -. . - . - . , , -. 

exchangers. This concept is the most practical for the lowest installation costs of the 

Breadth 
('I 

328 

203 

Weight 
DWT 

(Tons) 

500,000 

400,000 

500,000 

300,000 

600,000 

supertanker configurations, and would also provide the lowest installation costs for the 

Owner 

Mitsubishi Heavy 
Industrial, Ltd. 

Hitachi Shipbuilding and 
Engineering Company , 
Ltd. 
Kawasaki Heavy 
Industrial, Ltd. 

Kawasaki Heavy 
Industrial, Ltd . 
Nippon Kokan 

Draft 
(ft) 

40 

25 

1,450 223 

1, a33 283 

1,230 246 

Service 

Two 300-ton 
cranes 

One 120-ton 
crane 

Two 200-ton 
cranes 

Two 150-ton 
cranes 

Two 250-ton 
cranes 

3 0 0 4  beam surface platform; however, it would be too expensive and impractical to 

Location 

Nagasaki 

Osaka 

Sakaide 

Sakaide 

Tsw 

34 

27 

46 

build such a facility due to the enormous span of the gantry crane (approximately 425- 

to 4 5 0 4  span). 

Stiff-Leg or  Luffing Derrick. Due to the extreme beam (300 ft) of the surface platform, 

the only concept determined feasible for the handling of the heavy lifts is a stif€-leg o r  
. - 

luffing derrick crane. Due to the back stays, l&g and lifting is the only capable 

movement of the load. Heavy components would be lifted from a seagoing barge t 
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GANTRY 

. . . -- 

1 
. - - .  

200 F r  
SUPER TANKER 1 . - 

Fig. 4-48 . . Graving .- Dock Facility (Plan) 

SUPER TANKER 

L 

- .- . . . - -- -. - - . 
Fig. 4-49.- Graving Dock Facility (Elevation) 

- 
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positioned at pier side, then the barge moved out and the platform shifted into exact 

longitudinal pdsition ... The load can now be lowered into the hull and positioned trans- 
- .  . .. 

versely. Light lifts during outfitting would be handled by whirley-type cranes, although - - _ - .  . 

few facilities could handle lifts to the center of the platform (150 ft from pier side). 

The stiff-leg is also considered a means for the supertanker installation. Illustration 

of the stiff-,-leg i s  shown iu Fig. 4-60. ; 

Graving Dock or  Building Wars for Power Modules. ' Figure 4-51 depicts a plan of 
_-  __  _ - .  - 

either a graving dock or  building ways for construction of a 25-MW(e) power module. 

The graving dooB would be mare effective fur M s W t i o n  than the building ways. The 

graving dock also has the capability to inload a power module for repair or  refurbish- 

ment. Another concept having the inload capability is a flat or near flat building way 

with track 4 wheel launch onto a sloping ramp. This, however, would he somewhat 

M T P  : 
300' x 750' SURFACE PLATrORM 
Oe / 7 6 ' x  //20' SUPERTANKER - 

/SO0 TON 

306' OR /76 ' 
/ 

AEAM OF HULL 
(SEE NOTE) 

. . 

. - - . 
Fig. 4-50 100-MW(e) Surface Platform Heavy Lift Facility 
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ALTERNATE CONCEPT : .SHIPWAY IN PLACE OF GRAVING DOCK 

Fig. 4-51 Graving Dock Facility (Power Module) 
. - . --. .- .--A. 

_ ._ . _ . _.-_ - . . - .. . - . .  - -. 

more cumbersome and costly in receiving barge loads of heavy components, re- 
. . . . . -  - 

quiring an extremely long gantry extension seaside to unload the barge. 

Conceptual Facilitv for Power Modules. Perhaps the most effective facility for the 
. . . -. . . -- 

power modules would be similar to the concept iIlustrated in Fig. 4-52. This concept . , 
. .  . . - . . . - . - -. - . .. . -- - 

has the advantage of working undercover with the exception of the heavy lift transfers 

by the stiff-leg. Production could be made more efficient by adding slips and shop 

barges. .Two slips could be built side by side using a common center column line for 

overhead support of bridge cranes. Water in the slip could be relatively shallow and 

the barge allowed to bottom out during low tide. Movements could be scheduled during 

high tide. The barge would be made floodable for the launching or receiving of a power 

module. The stiff-leg should be built to handle the largest lift proposed. Fabrications 

from shops or slabs would be moved to the loading pad at  the rear  of the slip where the 

shop bridge crane could move outside, pick up the load, and move it into the shop assem- 

bly area. The shop crane capacity should be designed capable of handling all lifts re- 

ceived by railroad cars o r  trucks, a s  well as yard capacity. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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-. - used to guard against load concentration. Transfers of loads without cranes i s  normally 

'accomplished by hydra'dic jacking. Methods for the actual movements must be deter- 
- .  . - 

mined and developed for the specific item being moved and the facilities available a t  a 
.- 

. - .- . - .  
definite location, 

4.9.5 Costs for Facility Handling Concepts 

-... -. ..... - . -- . - .... - .. . 

Acquisition costs of crane handling facilities a r e  shown ini . -. Fig. . 4-53. This . .  graph i s  -. .. 

based on a stiff-leg capable of reaching the load capacity at 120 ft from a pier, and on 

a gantry crane that would span a 220-ft-wide dock and lifting a 'capacity load on center. 

Cost figures to develop these curves were received from Rigging International for the 

stiff-leg, and Paceco for the gantry over dock. 

4.9.6 Installation Cost Comparisons 

100-MW(e) installation costs estimates are given in ,Table 4-26. In order to have a 
. . . . . . . .  - ... -. .... - - . 

better cost comparison of the various configurations, installation of equipment in the 

surface platforms and supertankers was limited to those 'components that are evident 

in the power modules, including piping and.valves. 

- 

..** ,.." 
. .*** - Gantry O v e r  Dock 

I I I 

I I 

MILLION DOLLARS 
0 2 4 b 8 10 12 14 16 . 18 20 22 
.. - . - .  

Fig. 4-53. Acquisition Cost of Crane Handling Facilities - . 
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MW(e) S y d e m  Size 

Condensers 

Evaporatozs 

Generators 

Turbines 
; ii I 

t ' P  Y 
Seawater Pumps 

Condensate Pumps, 
Distribution pumps, 

. . 

m Piping and Valves 

8 
x Foundations (Ins tall) 
D 
D Foul~dations (Make) 
z 

Table 4-26 

100-MW(e) SYSTEM INSTALLATION COSTS 

Power T11odules Supertankers 

- 
Z TOTAL 15,220 10,670 8,670 28,180 24,190 19,780 
P 

NOTE: Coats in Thousands ~f Dollars 

Surface Platforms 

Monolithic Multiple 

190 230 

190 2 30 

100 . 120 

8 0 100 

340 320 



The basis of the costs indicated in Table 4.9-6 a re  

8 Mature industry 

A 100-MW(e) system 

Labor, burdens, including profits at $20 per hour . 

8 Aluminum alloy tubed heat exchangers 

8 Costs for labor only, except foundations (make) (material included) 

Engineering and detail working drawings furnished by others 

No structure labor or  materials included 

Best judgment factors 

4.9.7 5-MW(e) Test Article in T2 Tanker 

Construction Plan. The sequences and construction approach for this installation 

would be similar to construction plans outlined in Section 4.9.9. 

Installation and Handling. The major problem confronting the installation is the 

handling of the condenser at  approximately 310 tons and the evaporator at 290 tons. 

Due to the fact that this is a test article,' it is assumed that it would be a onetime 

installation; consequently, the approach is to accomplish the handling without modi- 

fications of facilities. 

One method would be to prepare the ship with foundations ready to accept the heat 

exchangers and then move to a facility where lifting capabilities exist, such as the 

660-ton shear-leg at Longview, Washington. There the transfers from a seagoing 

barge to the ship could be made. 

Another method would be to use two floating cranes with a spreader beam between them 

and the transfer lifts could be accomplished at a shipyard finger pier. Lifts of other 
- . -  -. 

equipment that may be beyond pier-side handling 1imi.b cbuld be loaded by a single _ . -....-...-.-.-- --- 
crane barge. 

Much of the final fit-out could be handled at pier side, which is a minimum cost 

t ;:. approach for a shipyard. 
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Dry docking the complete ship with system installed would require approximately a 
9,000-ton dry dock, which is  available at most U. S. ports. . - 

4.9.8 Installation Schedules 

12.5-MW(e) Units for 100-MW(e) Supertanker. Th% configuration was chosen to be 

representative of surface concepts. A conceptual schedule indicating 3- 3/4-years 
. - . . . . .- 

completion is illustrated in Fig. 4-54. / 
, 

CONTRACT AWARD I I I I I 
I I I I I 

DESICIJ SYSTEMS ( 1) SYSTEMS (VAC.. PURGE, GLAND EXH., 
ETC.)  

ELECTRICAL/ELECTRONIC SYSTEMS 

. /-FOUNDATIONS PREFABRICATED 

PIPING SYS. PREFABRICATED 
SYSTEMS (2)1 1 &UPPORT SYSTEMS PREFABRICATED 

& 
r FOUNDATIONS INSTALLED 

TEST PROGRAM 

LECT. SYSTEMS INSTALLED 

r TEST PROGRAM COMPLETE 

ESIGNS, LAYOUT & DIAGRAMMATICS AVAILABLE. .... 
ONG LEAD ITEMS TO BE ADVANCE ORDERED, 

- .. - . -- - - - --- - , 

Fig. 4-54 Schedule for 12.5-MW(e) Units for 100-MW(e) Super Tanker - - - . - - - - -. - - . . 
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25-W(e)  Power Modules for 100-W(e) Spar Platform. A conceptual schedule indi- 
cating 3 years to complete four power modules is illustrated in Fig. 4-55. 

. - 

Basis of Schedule. Schedules are based on one-time installations at 'one facility. 
Schedules also require support in adtrance ordering of long lead items. 
. - . . .. .- .- 

CONTRACT AWARD 
I I I I I I I I I I 1 
I I I I I I I I I 

TRUCTURE, DESIGN COMPLETE (h) MODULES- 
COMPLETED 

PIPING & SUPPORT SYS., DESIGNS COMPLETE 
DESIGN,SYSTEMS (1)  

ELECTRICAL & ELECTRONIC SYS., DESIGN 
COMPLETE 

INTERFACE TOOLING DESIGN, COMPLETE 

FABRICATE SYSTEMS (2) 
SUBASSEMBLY 

INSTALL SYSTEMS (2) 
ASSEMBLY 

T E S T  PROGRAM 

PIPING & SUPPORT SYS. PREFABRICATION 

ELECTRICAL & ELECTRONIC PREFABRICA- 
INTERFACE TOOLING 

TION 

FABR ICATION C O M P L E T E  

COMPONENTS 
I . . 

INSTALL MAJOR COMPONENTS . 

SYS. INSTALLATION 

ELECTRICAL & ELECTRONIC IN%"&&- 

TEST PROGRAM 

MODULE 1 DELIVERY 
(MODULES 2, 3 & 4 - 6 MO. 

DIFFERENTIAL EACH) 

ESIGNS. LAYOUT AND DIAGRAMMATICS AVAILABLE. 
ONG LEAD ITEMS TO BE ADVANCE ORDERED. 

_, __ - . . . . . -. . . ... . . - - 
Fig. 4-55 Schedule for 25-MW(e) Modules for Spar Platform . .. .. . - - .-- 

. . 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

. . . .. . 



LMSC -D566744 

4.9.9 Construction Plans 

- .  
The construction plans that are considered to be most favorable with the system con- . . - .  

cepts are outlined below with areas of major impact mentioned in each. 

3u~ertaukw1- ur Surface Platforw. Of major consideration in the construction of a 

supertanker o r  surface platform power system is the structural analysis, from which 

it will be determined the size and number of access areas for loading of major com- 

ponents. A loading plan will be derived to prevent excessive concentrated or eccentric 

loads in the structure as assembly progresses. 

Effective design will yield a minimum of internal structure that must be provided to 

support major and minor components ,. and allow a maximum of modular-type assem- 

blies a d  prefabrications that will expedite nssombly . 

Construction planning must integrate the structural analysis, design, loading plan, 

and schedule of prefabrications to permit the effective construction of these vessels 

as displayed in the following assembly sequence. . 

Supertanker or  Surface Platform Assembly Sequence. 

a. Structurally analyze and design equipment supports and added struc.ture 

b. Plan construction and preplan manufacturing. 

c. Fabricate modular foundations, structure, and supports. 

di Oequeutially iuskill access openlags as rc?qmred for direct load of major 

uumpnents. Due to structure removal for the direct loading of major 

components, specific areas of the ship may require major system and 

component installation completion to permit replacement of structure 

required to carry loads generated by the placement of other major com- 

ponents in other areas. 

e. Sequence install additional structure and foundations and secure. 

f. Prefabricate piping systems. 

g.. Install piping components or  equipment that will be restricted due to 

ship's structure o r  major components and secure. 
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h. Install and secure major components in accordance with loading plan. 

i. Perform uuudestructivo tests as  rquired. 

j . Install electrical and support systems to completion. 
k. Test systems (dock trials). 

Power Module Assemblies. Interface connectxom that w i l l  connect to the central spar - 

must be controlled on all power modules to permit interchangability. To accomplish 

this, interface tooling must be designed and utilized to control placement of all the 

spar connections. 

Cohstruction planning to control distortion and tolerances begins with design. Emphasis 

must be placed on welding joint design and production welding sequence. Good joint 

design has the effect of minimizing weld deposits and distortion and expedites production. 

Welding sequence tends to have ,the adverse effect, but is essential in minimizing dis- 

tortion. 

In the case of the power module structure, modular construction planning appears the 

best approach. Structure, along with component foundations, constructed to maximum 

size or  weight (within the limits of lifting capabilities) would be fabricated. Interior 

piping and equipment would also be incorporated in the assemblies, with make-up piping 

installed after assemblies a r e  fitted and welded together, as  indicated in the following 

assembly sequence. 

Power Module Assembly Sequence. The sequence is as follows: 

a. Plan design and construction. 

b. Fabricate support structure. 
. - . .- 

c. Fabricate . .  . 'bottom-half . ... " subassemblies. 

d. Laydown, fit, and weldout bottom-half subassemblies until bottom-half 

structure is complete. 

e. Fit and assemble make-up piping, valves, etc. , in bottom assembly. 

f. Set major components with interface tooling and secure. 

g. Install top-half modules in sequence that best suits distortion control and 

provides maximum access .to interior. 

LOCKHEED MISSILES & S P A C E  COMPANY.  INC. 



h. Fit and weldout top-half assemblies to structure closure. 
I 

. i. Assemble make-up piping and valve assemblies to structure closure. 

j. Nondestr~~ctive test as rcquired. 
k. Install exterior piping and fittings. 

1. Test systems as required. 

m. Remove interface tooling and finish. 
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Section 5 

COST ANALYSIS 

LMSC -D566744 

. - 
This section on Cost Analysis discusses a variety of issues bearing directly on the 

cost of energy from OTEC power plants. Section 5.1 presents capital cost estimates 

of the various components included in the baseline and alternative selected power 

system configurations. Since heat exchangers a r e  the major cost componmt in the 

overall power system estimate, a detailed heat exchanger cost breakdown is presented 

in Section 5.2. Recurrent operating and maintenance cost estimates a re  not discussed 

in this report, as relevant data a re  not yet complete. System availability and reliability 

considerations a re  addressed in Section 5.3. Finally, some areas of potential power 

cost reductions a r e  discussed in Section 5.4. 

.......... .... 
! 5'. 1 POWER SYSTEM COMPONENT COSTS 

.. . . . . . . . . . .  . . . .  - -. . . -  ! 
".. .- 

This section presents a summary of OTEC power system costs with all costs expressed: 

in terms of 1977 dollars. A combined allowance of 30 percent of material and labor 

cost is included in the estimates, comprising separate allowances for contingency, 

engineering and home office charges, contractor and integrator fees, and owner costs 

(Table 5-1). While the cost of installing OTEC equipment on board various platforms 

has been estimated, the cost of the required foundations is not included here because -- 
. . . . .  . . . . .  . . . . . . . .  . .  - . . . . . . . . .  . . - - - -- - 

it is felt that this is more properly regarded as a component of platform, rather than 

power system, costs; consequently, it is included in the platform cost estimates pre- 

sented in the following subsection. ...................................................... ............................ --. ........ - ....... - . -- ... .- ....... - , - . 

Table H presents a listing of power system component costs for prototype and pro- 

duction 25-MW(e) power systems. No tooling or facility costs have been included in 
. .- . .... -- ....... ...... - . . . . . . . . . . . . . . .  . -  - 

the production unit cost estimates because these costs assume the existence of an 

OTEC industry. No labor learning is assumed to have taken place and consequently 
. . ;  

the production unit cost estimates presented should be interpreted as being applicable 

specifically to the first production units. 
. .... - .. -. .. - ... - .... -. - .... -- -- - .... - .. -- - -- -. -- -- .... - . -. - -. . . . .  - . . . . . . . . . . . . .  . 
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Table 5-1 

STRUCTURE OF PRODUCTION UNIT COST ESTIMATES 

Material and Labor (Including Overhead) 1.00 

Contingency 

Eagineeriug 

Home Office 
I 

Contractor Fees 
--- -- 0.04/ - -. 
TOTAL SERVICES 0.14 ' 

. -. .... -. 
Owner Costs 'smd Integrator Fees 0.04 

Overall Multiplier to be Applied to Material 
and Labor = 1.10 x 1.14 x 1.04 = 1.30 

" The costliest components of the power system a r e  the two heat exchangers, whose cost 
. - -. . . . . . . .  . . . . . .  - . .  - - . - - ... - 

. structure is discussed in Section 5.2; however, it might be noted that the baseline con- 

figuration heat exchangers a r e  approximately 30-percent costlier than those of the sub- 

merged configuration. The seawater system is the next costliest item; nearly 85 percent 

of its cost i s  accounted for by the seawater pumps. The cost of this system is the same 
- .- . . . . . . . . .  

for both configurations because the,lower baseline flow requirements are compensated 
. - - - . . -- 

by its greater head loss. The cost of seawater pumps is somewhat higher than antici- 

pated by LMSC on the basis of previous studies. However, on the basis of several 

quotes from large pump manufacturers, the cost given in the table appears to be cor- - 
rect. Heat exchangers and seawater systems jointly account for roughly two thirds of - .  

. . . . . .  total power system costs; the next iargest cost items are turbogenerators and the -; 

various auxiliary systems, accounting for another 25 percent of total cost. The cost 

of turbogenerators i s  roughly 10 percent higher for the baseline, a s  parasitic power 

consumption is  almost double that of the selected configuration. The cost of auxiliary 

systems is approximately the same for both configurations. It should be noted that the 

costs assigned in Table H to "Other Auxiliary Systemstt have been estimated provision- 

ally on the basis of earlier LMSC studies. A more accurate estimate will be produced -. 
- .-. - ..... -- .-........................ . . . .  

during the preliminary design task. The last item listed in the table, equipment 
. .  - ... . . - . . . . .  . . - -. .- . - - 

installation, is more than double for the baseline configuration than for the one recom- 

mended. This is a direct consequence of the two different layout philosophies involved: 
-. . - - - - - -- - - . - - . - .  

-. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

... 



- .  . - 
Table H . - 4 

POWER SYSTEM ,CWl '  SUMMARY 
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Item 

Evaporator 

Condenser 

Demister 

Turbine 

Generator 

Seawater System 

Ammonia Feed Pumps 

Ammonia Circulation Pumps 

Ammonia Piping 

Control Systems 

Cleaning Systems 

Other Auxiliary Systems 

Chlorination 

Equipment Installation 

FIRST COST TOTAL 

Heat Exchangers Replacement 
(10-Year HE Life) 

Heat Exchangers Replacement 
(15-Year HE Life) 

- Life Cost Total 
(10-Year HE Life) 

Life Cost Total 
(15-Year HE Lift) 

Power System 

Prototype 
Unit 

Reference 
B a s e h e  

375 

428 

7 

8 3 

Costs ($/kW) 

First  Production 

272 

310 

7 

74 

Unit 

Reference 
Baseline 

327 

37 1 

7 

62 

50 

200 

6 

9 

17 

15 

20 

100 

30 

8 1 

1,295 

823 

405 

2,118 

1,700 

Suhmargd 

225 

256 

7 

55 

45 

200 

6 

9 

12 

15 

19 

100 

3 1 

35 

1,015 

570 

28 0 

1,585 

1,295 

5 1 

260 57 1 260 

7 

10 

20 

17 

2 3 

114 

34 

92 

1,527 

823 

405 

2,350 

1,932 

7 

10 

14 

17 

22 

114 

35 

40 

1,233 

570 

280 

1,803 

1,513 



the - baseline configuration fits power system componentry into a predetermined hull 
- . . . - - . . .- . . ... . . ... . .- . . . .  . 

shape, while in the submerged configuration-the hull is designed around the OTEC power 
. .  . . . .  , . . - 

system components. Total first costs for the first production power system of the . . - .  
. - 

recommended configuration a re  slightly more than $1,00O/kW, while those of the 

baseline configuration approach $1,30O/kW. A prototype system is  expected to be 

about 20-percent costlier; approximately half of this ditference is accounted for by 

prototype allowances higher than those indicated in Table 5-1 for contingency, 

( services, and fees. . - . - . -. - - -- - . - - - - 

The selected heat exchanger material is aluminum, and the costs given in Table H 

reflect this material choice. The operational life of the aluminum heat exchangers 

envisaged is likely to fall short of the required 30-year life of the power system, and 

consequently they probably will have to be replaced at  some point. LMSCfs studies 

indicate that heat exchanger operational life will range from 10 to 15 years. The 
. . - .  

present costs of replacing heat exchangers on 10- and 15-year cycles a re  also shown 
: E -  mu, -- , - - .- 

in Table H, as are  the resulting total capital costs over the life of the power system 

The present costs shown for heat exchanger replacement assume no cost reduction 

beyond the first production unit and a re  thus likely to be somewhat conservative. 

Present worthing of future disbursements is based on a cost of money of 10 percent, 

and a 6-percent cost escalation rate; both provided by DOE. 

The two power system configurations discussed in this report impose considerably 

M e r e n t  requirements on the platform portion of the total OTEC plant. Since platform 

design in sufficient detail for cost estimating purposes is beyond the scope of the Power 

System Development study, it is only possible to discuss the approach to be taken in 

evaluating total OT EC plant costs. 

As indicated in Section 3.5, the effects of module component size and weight on the 

platform size and associated costs a re  important criteria in determining the optimum 

plant size and related design parameters. The cost per unit volume or per unit weight 

must be developed by the OTEC Platform Configuration and Integration Study contractors 
. i. . . 

in order to accomplish this optimization. In addition, the modules discussed in this 

report incorporate the seawater pumps and related structure; their costs are included 8 
5-4 
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. - - . ,.. .. . . .  .. .. - .. . ... .- - .. . 
in the Cost Summary of Table H. Care should be taken'to'ensurethat these costs a r e  - 

not duplicated- in considering the optimum combination of platform and power system- 
- .  . - . -. 

module. . - - .  
- .  

5.2 HEAT EXCHANGER COST DATA 
\ . -  . 

Table I gives a breakdown of the baseline and selected heat exchangersf costs including 

evaporator, condenser, and demister . Material costs represent roughly two-thirds 

of the first production unit's total cost, and a somewhat smaller proportion of the proto- 

type unit's. Tubing material by itself accounts for roughly one-half of total cost in all 

cases. The cost of inserting and securing the tubes is  the second largest cost item, 

and the largest among labor costs. Other cost components of some importance a re  

associated with the waterboxes, tubesheets, tube supports, and shell erection and final 

.assembly. Material costs a re  assumed to be similar for prototype and production units, 

while labor costs have been estimated separately for both cases. I .  comparing labor 

costs for the prototype and production units, it  is of interest to note that the cost of shell 

erection has the greatest reduction upon entering production. This reflects the use of . 
=.. 

assembly and welding fixtures designed specifically for repeated use and ease of manu- 

facturing rather than the single-purpose, least-cost tooling envisaged for prototype units. 
A s  already mentioned, heat exchangers of the submerged configuration a re  considerably : 

less expensive than those designed for baseline conditions. The.source of approximately 

half of the cost differential is to be found in the lower material requirements of the sub- 

merged configuration, which is designed for significantly lower differential pressure - 
regimes than those found in surface operation. This is also a major cause of the differ- : 

ences in labor costs between the two configurations because the thicker shell and t u b e  

sheets of the baseline configuration require greater labor inputs to erect, perforate, 

and assemble. In addition, the baseline configuration heat exchanger is inherently the 

larger of the two because it must provide sufficient power to supply the greater parasitic 

-- power requirements of the seawater pumps while still yielding a net output of 25 'MW(e). 
- . . . - - - .- . . - . - . - - . . . - .. - 
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Table I 

HEAT EXCHANGER COST SUMMARY 
(EVAPORATOR AND CONDENSER) 

(a) Tubes at $O.84/ft basic + $0,44/ft enhancement 
(b) Tubes at $O.70/ft basic .+ $0.44/ft enhancement 
(c) Includes final structural assembly 
(d) Includes demisters 

Item 

Tubes 

Tubesheets 

Tube Support Plates 

Waterboxes 

(dl Ammonia Distribution 

Nozzles 

Miscellaneous 

TOTAL 

Prototype Unit Costs ($/kVi) First  Production Unit Costs ($/kW) 

Reference 
Baseline 

t e a  

346(a) 

19 

18 

57 

8 

7 

1 

1 

457 

Labor 

101 

4 2 

60 

. I23  

22 

2 

1 

2 

353 

Submerged Reference 
Baseline 

Material 

248@) 

11 

14 . 

31 

8 

7 

1 

1 

32 1 
I. 

Submerged 

W e r i a l  

248@) 

E 1 

14 

51 

8 

7 

1 

1 

321 

Labor 

63 

I6  

3 1 

36 

16 

2 

1 

2 

167 

' Labor 

71 

25 

37 

94 

16 

2 

1 

2 

248 

Labor Material 

89 346 (a) 

2 6 i 9 

i 
51 

,75 

22 

2 

1 

2 

268 

18 

57 

8 

7 

1 

1 

457 



5.3 AVAILABILITY AND RELIABILITY ANALYSIS 

. - 
The definition of the power system module reliability and maintainability characteristics - : - A - 

provides the estimates for module availability. Reliability and maintainability a re  dis- 

cussed separately and summarized in terms of power system -module availability. 

. . ~ - .- - .- -- -- - - - . -- . - - - .. 

The reliability of the power system is the probability that the power system will per- 

form its intended function for the defined period of time under specified conditions. i 
The basic factors associated with reliability therefore are (1) the operating cycle con- 1 

I ditions , (2) the output capability, (3) operating time, and (4) environmental and support ! 

functions. 

Base loading is applied to the operating cycle - the power system. operates continuously 

at the maximum possible output based on available warm/cold-water AT. If the oper- 

ating cycle is changed to on-off operation o r  if pressures a re  caused to fluctuate drasti- 

cally within short time spans, then the reliability will be lower because the conditions - 

will violate the base loading concept. 

The output capability of the power system is a direct function of the avpab le  AT and 

therefore dependent on seasonal, site, and platform conditions. Power system energy ' 

output below a stated nominal value is a reliability problem only when the factors be- - 
yond the control of the power system a r e  within stated limits for nominal power system 

operation and the power system does not perform to its stated limits. 

.- . . - . - -- -- - -. . - .- . -. - . . - . . . . - 
The longer a system operates, the more opportunity it has for failure. Thus its reli- 

ability decreases with time. The design life goal requirement of 6,000 hours per year 

for a 25-MW(e) power system modulexan be equated to 17.12 MW(e) for 8,760 hours 

per year (365 days at 24 hours per day) on a MW(e)/year basis o r  a 28.54-MW(e) module 

: at 5,256 operating hours per year (60 percent duty cycle of 8,760 hours). See Fig. 5-1 

for operating time and module size to obtain 150,000 MW-hr per year (25-MW(e) output . . .  . - . . 
I at 6,000 hours per year). . - . . - .. . . -.-. . - - - . - . . . . . - - - . - . . . 
- - . . . - - - - - . - . . .- - - "  , 

- ,  
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100% DUTY CYCLE I N  HOURS PER YEAR FOR 
150,000 MW-HR EQUIVALENCY 

MODULE SIZE 

For the power module to provide its output at a stated level, the conditions which allow 

the power system to function properly must be maintained. In this context platform 

functions such as water supply at given rates,  temperatures, and pressures must be 

realized as well as limits on the platform motions such as pitch, roll, and heave. In 

addition, the support functions such as preventive or scheduled maintenance schemes 

a r e  to be followed. 

The requirement of plant availability, llOperability (i. e., actual operational timel + 

required operational timc) ohall bc 00 poroont at a 60 peroent oonfidence levelf1 is 

interpreted to be based on the 6,000 hours per year operation allowing periodic re- 

placement of components and maintenance during the remaining 2,760 hours per year. 

To,demonstrate the 90-percent operability with a 60-percent confidence statistically 

would require a total of nine tests (nine sets of power system equipment), each operating 

for the 6,000 hr without a failure. Failure in these tests could be interpreted to be 
-. _ _ _  _ , 

power output below prescribed limits. . - 
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The 30-year design life is interpreted to mean that the power system module shall sur- 

vive a wearout service life of 30 years economically, with reasonable periodic replace- 
- .  . - 

ment of components. A t  a point in time when a reasonable maintenance schedule can . - - .  

no longer keep a component operating, the item has reached its useful life (wearout has 

occurred). Reliability does not account for wearout nor does it account for the early 

failures covered by defects in the manufacturing processes or poor quality (these failures 

a re  noted 'as llinfant mortality1'). 

.. - - - -- -- - -- - - -- . . - - - - . . . - .- - . - - -- - - - - - - . . . . - - . . . . . -, . . , . . . .. . . . . - . . - .. .- . . .. ... ..- - --- 
Reliability then is the random failure of a component during its useful life period A d  ' 

I 

can be caused by factors such as corrosion, biofouling, fatigue, and operating insta- 

bilities. The function of reliability is the failure rate - the instantaneous rate at which 

devices/components fail. The failure rate, A, (in terms.of failure per year or 

1,000,000 hours) is related to the probability of successful operation for. t hours I i . -.- _ _  . _ . _ 
.- .. . . 

R = e  -At 

and to the Mean-Time-Between-Failures (MTBF) by 

- -  _ _ _ _  . .- . - . . . 

The MTBF is not wearout life. Further, once a device/component fails, a finite time 

period is required to perform the repair (Mean-Time-To-Repair - MTTR) . 
Redundancy has been incorporated into the power system to ensure pmviding a high- 

reliability power module. Four critical areas have redundant equipment: 

e Evaporator/condenser - tubes 

e Seawater system - pump 

e Ammonia cycle - condensate and distribution pumps 

m Turbine/generator - turbine 
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. . . . .  . . . . . . . . . . . .  - -. 
As stated in the section on heat exchangers, the evaporator and condenser design in- 

corporates approximately 7 percent excess tubes to provide margin for uncertainties o r  
- .  . - tolerances in tube wall thickness and material properties. The percent excess tubes . - .- 

will be speoifically defined during preliminary design when the tolerances for  parts of' 

the heat exchanger are established. - .  . 

The selected seawater pump configuration has eight identical pumps, four for each 

heat exchanger. One strong rationale for this selection was the redundancy provided. 
. . . . . . . . .  . . . . . . . .  ........ 
On seven-pump operation, a power module net power output drops to appro&mately 

95 percent, md with six pumps operating (three operating on each heat exchanger) 

the module output is approximately 90 percent of normal. 

In the ammonia cycle, three 50-percent capacity pumps a re  used for the condensate 
----.-.-.= - - - - - - - -- - 

pumping (two will pmvide 100-percent flow); and in the ammonia distribution system at 
the evaporator, four 33-percent capacity pumps are provided (three will provide 100 

percent ammonia flow to the evaporator). This redundancy of pumps ensures essen- 

tially uninterrupted flow capability in the ammonia liquid system. Because of the 50- 

percent reflux rate in the evaporator, all seven of the pumps have the same flow 

capacity and therefore will be the same, thus minimizing spare parts and maintenance 

procedures. 

As the cost of the selected radial inflow turbine showed little saving in going from 12.5- 

MW(e) to 25-MW(e) size, two 12.5-MW(e) turbines were selected for the power system 

module. This turbine redundancy virtually ensures power output from the module at 

all times e v a  though it be half rated power. 

The power system critical component MTBF and MTTR estimates are  in Table 5-2. 

These values have been assembled based on vendor data; subcontractor supplied data; 

Electric Power Research Institute Reports; Edison Electric Institute Reports; and 

Mechanical Design and Systems &dbook, McGraw-Hill, M. A. Rathbart ,,. Editor-in- 

Chief,. - . .  . . . . . . . .  
. - . . 
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Table 5-2 

POWER MODULE CFUTICAL COMPONENT FAILURE RATES 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

- -  . . .- . - . . - . . . . - 

MTTR 
a) 

3 
10 
3 

3 
10 
3 

3 

4 

4 
3 

4 
3 

2 
3 

3 
2 

Item 

Evaporator 

- Tube 
- Shell - Tubesheet, BaMes, 

Support 

Condenser 

- Tube - Shell - Tubesheet, Ba.ffles, 
Support 

Turbine 

Generator 

Ammonia Vapor 

- Piping 
- Valves/Controls 

Ammonia Liquid 

- Piping - Valves /C ontrols 

Seawater 

- Warm 
- Cold 

Subsystems 

- Ammonia 
- Electrical 
- Corrosion 
- Controls 
- Biofouling 

Structure 

MTBF 
b r )  

10 
20 
15 

10 
20 
15 

6 

10 

40 
10 

40 
10 

8 
6 

10 
15 

Failure Rate 
(faiSuse/yr) 

0.100 
0.050 
0.067 

0.100 
0.050 
0.067 

0.167 

0.100 

0.025 
0.100 

0.025 
0.100 

0.125 
0.067 

0.100 
0.067 

10 
20 
6 

50 

0.100 1 5 
0.050 
0.167 

0.020 - - 
1.645 

1 
1 

10 



The best estimate of critical power system module equipment MTBF is 222 days. For 

the failure, approximately 3.5 day3 will be required for repair, during which the power 

module will not be operating. The heat exchanger tube failure rate is based on 95 per- 

cent of the tubes surviving to the tenth year (5 percent of the tubes will be plugged) and 

the prevantive maintenance procedures at level 4 (minor repair/replace) , accomplished 

every G monl2u will aacount for the downtime for plugging. The biofouling failure rate 

is basad on cleaning system failure (loss of brush or brush failure), which will be re- 

paired at the same time as the tube failure. 

5.3.2 Maintenance 

The two maintenance schemes of importance are: 

+ Preverntivc or ooheddesl' maintenance carried out to keep the equipment in a 

aatiofaotory operational condition by proyiding systematic cleaning, adjust- 

ment, replacement, and refurbishment of components before they a r e  expected 

to fail. 

Repair maintenance carried out on a. nonscheduled basis to restore a component 

to a satisfactory condition by providing immediate correction of a failure after 

it has occurred. 

The emphasis here is on the first category as the second category has been discussed 

in the reliability section. 

Sevm levals of m&te.pance are plamed and the estimated impact on performance is 

as follows: 

LEVEL 1 - Fill/change weekly/l day duration/no power reduction 

LEVEL 2 - Adjust/clean monthly/2 days duration/90% power for 12 hours 

LEVEL 3 - ~djust/change 3 months/3 days duration/ 0 power 24 hours 

75% power 10 houro 

90% power 12 hours 

LEVEL 4 - Minor repair/replace 6 months/5 days duration/ 0 power 3 days 

75% power 1 day 
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a LEVEL 5 - ~ e ~ a i r / r e p l a c e ,  .refit 12 months/l0 'days duration/ 0 power 5 days 

75% power 2 days - .  . - 
. - 

a LEVEL 6 - ~verhaul/refurbish 36 months/50 days on-board/O power 50 days 

60 clays ofP-board/O power 60 days 

a LEVEL 7 - Heat exchanger change out 10 years/90 days/O power 90 days 

The activities for maintenance are arranged such that when Level 2 is accomplished 

Level 1 is also accomplished and when Level 3 is accomplished Levels 2 and 1 a r e  

also accomplished. This carries through such that Level 6 accomplishes all activities 

through Level 1. 

Two variations to the levels of maintenance were briefly investigated. The first con- 
. -. 

cerned an automated power system module (unattended) with Level 1 maintenance - - 
-- - - -. .. . . - - . . . - . . - . . - -. . . - . . -. . - . . . 

deleted and Level 2 accomplishing all necessary maintenance activities. The second 

.is the method of accomplishment of Maintenance Level 6 at  the platform o r  at  a ship- 

yard and includes the use of a spare detachable power system module. 

The automated operation approach impacts the power output of the power system and 

the operational costs (manpower) and controls (transmission of signals signifying a 

! parameter out of a prescribed limit). At the present time the impact to the power ' - . . - .--.-- - - .- -- -- - - _ _  
I system output is not lmown because the response time for a crew to arrive at  the 

and perform corrective action is uuhown. The operational cost savings were 

not estimated because a plant operational crew was not established. 

The accomplishment of all preventive maintenance activities on-board the platform 

requires each module to be out of service approximately 740 days in a 30-year period 
-- - 

(24.7 days per year) with 30-year life heat exchangers. For on-board platform change- 1 
.. - --. -- 

out of heat exchangers .(or retubing) every 10 years and adding 30 days each time for 

the activity, the preventive maintenance is approximately 800 days (26.7 days per 

For the case where a module is detached and returned to a shipyard for overhaul a d  

t refurbishment with a 30-year heat exchanger, the preventive maintenance time is 830 
- -- - .. . - . - .. - . . . . .. . . . . - . . . . . - -. . . . . . . . . - - . - . .. . . . . . .- - . - 
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days (using 10 days transit time every 3 years) o r  27.7 days per year average. For 

a 10-year heat exchanger, the total time is 890 days o r  29.7 days per year. Finally, 
- .  

. - 

with a spare detachable module and an 8-day changeout period (from shutdown of the . - - 
: on-plant module to full operating capability of its replacement), the preventive main- 

tenance time per power system module is reduced to 362 days (12.1 days per year 
i average). 

- - - -- - -- .- - - --- -. - - . - .. - . . . . . - . . - . . . . . - . . - .. . 

The variation in preventive maintenance time for the first  four modes is small - 25 

days/year on-board activities with a 30-year heat exchanger, 27 days/year for on- 

board activities with a 10-year heat exchanger, 28 days/year for a detachable module 

with 30-year life heat exchangers, and 30 days/year for detachable module with 10- 
- -  - - 
yeax life hiat exuhangers. Tho uoncept of a spare detachable module, however, 

reduces the preventive maintenance time significantly - to less than half of the 

others (12.1 days/year) . 

Lf yearly power output is the dominant criterion for power system configuration 

selection, a detachable power module is the choice. For the four variations discussed, 

the detachable module presents a savings, at $O.O4/kWh, over the 30-year span of 

$9.1 million for on-board maintenance with 30-year heat exchangers; $10.5 milion 
for on-board"maintenance with 10-year heat exchangers; $11.2 million for detachable 

power module with 30-~ear  life heat exchangers; and $12.7 million for detachable 

power module with 10-year life heat exchangers. These costs do not include manpower 

ur support equipment td accomplish the maintenance modes on-board, at shipyard, o r  

far transit between. 
- -. . . - -- - .. ,,. ' = . , L . . ,  ".-. ..-.,a. . .- 

5.3.3 Availability 

The power system module availability exceeds the required 6,000 hr/yr operation design 

life goal. With critical component redundancy, the estimated equipment failure rate 

and the use of a spare detachable module concept, the maximum down time is about 

18 days per year. On an 8,760 hr/year basis, this module provides approximately 

8,325 hr/year operation or  95 percent of the time. The availability estimates, includ- 

ing maintenance and failure rate, are: 
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Overhaul 
Location 

5.4 POTENTIAL FOR COST REDUCTION 

As is the cake with any developing technology, the greatest reduction in OTEC costs .- 

Heat Exchanger 
Life (yr) 

i 
I 

- -- .......... - ..................... . . . . . . . . . . . .  -- - -- . - 
are likely to result frdm advances ih related technologies which are,  by their very . ., 

30 

10 

30 

10 
- 

On-Board 

On-Board 

Shipyard 

Shipyard 

Shipya.rd/Spar e 

q nature, extremely difficult to forecast. Consequently, the discussion below focuses on 

Downtime 
&/yr) 

. selected potential cost reduction areas where cost improvements can be expected to 
I 

Time/Y ear 
Operating 

(%) 

7 36 

784 

808 

856 

434 

! materialize through further development along the lines currently comtemplated by the 
.......... - . . . .  -- . -. ... - . - 

i . . . . . . .  . - . .  - - ....... - -. 
I DOE Program Plan, but does not attempt to evaluate the impact ~ ~ ' O T E C  costs of 

91.6 

91.1 

90.8 

90.2 

95. O ]  ----. 

progress in related fields. 

.. . - - .. -. ....................................... 

, Perhaps the most obvious source of cost reductions is provided by the economies of 

scale available in the manufacture of various OTEC components, particularly heat 

exchangers, turbine s, and seawater pumps. While 25-MW(e) power systems already 

capture very significant economies of scale, they do not by any means exhaust them. 

Preliminary studies indicate that doubling heat exchanger size would result in a reduc- 

tion of ,approximately 10 percent. in their cost per kilowatt. Economies of scale of 

similar magnitude appear to be available in turbine manufacture. The situation re- 

garding seawater pump costs is somewhat less clear, . but various' quotes received, in 

the course of this study, tend to support the data presented in Deep Water Pipe, Pump, 

and Mooring Study Ocean Thermal Energy Conversion Program .(00-2642-3), which 
. . . . . . . . . . .  

suggests the presence of significant economies of scale in large pump manufacture. 

. - - - - --- . -. - - - -- - . - . - . . . . . . . .  . . . . . . . .  -. ... - -.- - 
Within heat exchanger manufacture, several improvements on current manufacturing ! 
techniques suggest themselves as likely sources of cost reductions. Some of these 

- - 
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developmental techniques a re  discussed in Section 4. Two other manufstcturing tech- 

niques deserving mention .in this context a re  high-speed machining (instead of drilling) 
- .  

of tubesheet and baffle holes, and explosive welding of tubes to tubesheets. Research . - + .  

in both areas is being carried out at LMSC under separate Independent Development 

programs. It might be noted that tubing material and iabor costs represent the single 
major cost components in their respective categories. Tubing material being the 

largest single cost element in heat exchanger costs, it is perhaps reasonable to expect 

further cost reductions to arise from development of more cost-effective forms of 

heat transfer enhancement. As currently envisaged, the process of inserting tubes 
and attaching them to the tubesheets is essentially a manual operation involving up to 

ten operators at a time; this is an obvious area for methods improvement and manu- 
-. ,-.--.-----,+% .-* ,...- ... . . 

facturing automation. Before leaving the subject of heat exchanger cost reduction 

potential, it should be stressed that this study has been limited to tube-and-shell heat : 
exchanger concepts. It is possible that other types of heat exchangers, such as the 

panel type, will result ultimately in lower costs for OTEC applications. 

Seawater pump costs are  to a great extent driven by the cost of aluminum-bronze impel- 

lers. This suggests that substituting a less expensive material (such as  mild steel) for 

aluminum-bronze might result in significant savings. However, the impeller itself 
.. . . . - . - . - . . - - . . . . ..,, -- .. . . , . . - . . . .. 

would then require protection from direct contact with the seawater; a neoprene or  - - . . - . .. - - . . - . . - - - . . . . . - . . . . - -- - - . . - - . -. . - . - . . - . . - - - -- - - -- -- - -- - - -. . - - - - .- - .- -. -- 
epoxy coating might be applied to provide such protection. While this approach to 

Impeller design is apparently beyond the current state of the art, its promise for 

reducing the cost of OTEC power systems renders its development desirable. 

Large-scale biofouling control systems are  likely to experience improvement as  a 

result of OTEC technology development. As already noted, it is quite difficult to 

forecast the direction such advances will take. However, in this particular case it 

m . ~ y  he su.rmised that decreases in cast and increases in cleaning efficiency will result 

from the development of special-purpose systems, designed from the outset for the 

scale and environmental conditions characteristic of OTEC applications. By contrast, 

currently envisaged biofouling control systems are direct extrapolations of systems 

designed for quite different conditions and their estimated cost is almost certain to 

overstate cost levels achievable by specialized designs. 
-- .. - . .. 
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It should be stressed again that the production unit costs, given in Table H, a r e  appli- 

cable only to the first production unit and consequently do not take into account .any. 
- .  . - 

cost reductions arising from labor learning. While the various components of an . - - .  
- . 

OTEC power system a r e  likely to experience different labor learning rates, previous 

LMSC studies suggest that an experience curve slope of 0.93 is probably appropriate 

for the OTEC plant a s  a whole. As a result of the labor efficiency improvements im- . - 

plied by such a curve, the cost of the 25th OTEC power system would be expected to 

be roughly 10 percent lower than the first unit cost given in Table H. 
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Section 6 

TEST ARTICLES 

. - 

The test articles for Power System Development a re  the proof of concept (5-MW(e) 

nominal) power system scaled to the design of the 25-MW(e) module and the 1-MW(e) 

size heat exchangers (evaporator and condenser subsystems) which a re  representative , 
of the heat exchangers of the 25-MW(e) power system design. These test articles a re  

inte&ed.to provide a scaled approach to the development of the 25-MW(e) power system 

modules' for the 100-MW(e) OTEC Demonstration Plant. 

. . . . 
. -- 

This section presents the guidelines followed in deriving the test article configurations 

and sizes and'their recommended configurations and sizes. 

6.1 GUIDELINES 

The major.guidelines used for development of test article configurations and sizes a re  

to provide, within reasonable cost, hardware representative of the 25-MW(e) power 

system which would yield data sufficiently accurate to evaluate the validity and relative 

merits of 25-MW(e) power system concepts. Further, the data a r e  to provide confidence 
- . .  . -  . . - 

in (or upgrade) the analytical methods used for predicting performance and cost of the 

power system configuration. 

In the 1-MW(e) heat exchangers, the major concern is understanding the performance 

of both the evaporator and the condenser. Performance includes heat transfer rates 

as well as  effects of vapor velocities, fluid distribution, and the seawater environment. 

The primary purpose of the 1-MW(e) evaporator and condenser test series is to deter- 

mine the tube bundle heat transfer characteristics of selected tubes and tube arrange- 

ments under actual OTEC operating conditions. Mechanical effects of tube-to-tubesheet 

joint, support structure, tube vibration, etc., a r e  not the major objectives in the 1-MW.(e) . 

teot articlc ease because these p a m e t e r s  can be resolved in design by known methods 

8. or Ladependent tests. 
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I .  the 5-MW(e) (nominal)' scaled power system, the performance of selected components 

and the verification of component interactions as a system, the verification of predicted . - 

physical phenomena, and the demonstration of the feasibility of selected manufacturing . - 

processes a r e  paramount. 

The 5-MW(e) scaled proof of'concept power system will lead to the first technical 

demonstration of the OTEC concept that is representative of a power system module. 

It is essential that the selection of component. sizes and ratings for this nominal 5-MW(e) 

power plant be sufficient to demonstrate manufacturing ftksibility of the 25-MW(e) power 

plant. The size of the primary components of. the power plant (i. a., heat o~cohangers, 

seawater pumps, and turbines) will be adequate to demonstrate technical as well as  

manufacturing maturity of the industrial sector with regard to fabricating components 

for the power system. The technical and engineering data generated by successful 

operation of the 5-MW(e) power plant at sea will be available as  the basis for design 

and construction of the 25-MW(e) commercial demonstration plant. 

6.2 SCALING 

Verification of thermal design, fluid dynamics, strUctural hllegtity, and produoibility 

depends on groper application of scaling laws, derived in general through dimen3ional 

analysis and experirne~llal currelatiom, The justificatinn for the use of models or  

subscale components to substantiate a design is basically an ecvnomic one because it 

is generally less costly to build and test models of large power system components 

than to rely entirely on design caloulalirsns. In ordor to obtain cnmplete similariw 

between the subscale component and. the prototype, it is necessary that geometric, 

Idnematic, and dynamic similarity be maintained. Geometric similarity is u l l d e d  

by maintaining the ratios between corresponding lengths in the subscale component as  

in the prototype. Kinematic siruila-ity requiret: hat the samc rntioe of fluid vP;loci@ 

and acceleration exist between the subscale and prototype component. This is achieved 

by maintaining dynamic similarity, which requires that all independent force ratios be 

the same, which in turn ia nocompl ish~ for viscous forces by maintaining the same 

Reynolds number in the model as  the prototype. The ratio of inertial to gravity forces 
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- .  
is given by the Froude number, while the ratio of inertial to surface forces is given by 

the Weber number. In most cases it is not necessary to maintain all of the force ratios 
- .  . - 

the same and, generally, all but one or two can be omitted. . - - .  
.. - 

Heat Exchangers. Scaling of the heat exchangers will present the greatest difficulty 

because maintaining kinematic similarity will be difficult for the tube bundle diameters 

that a re  much less than the full-scale diameter. Assuming that the predominant forces 

in vapor-liquid entrainment a re  viscous, dynamic similarity will be primarily dependent 

on maintaining the same Reynolds number in the subscale test as that for the prototype. 

The relationship for Reynolds number as  a function of tube bundle diameter can be shown 

to be given by: 

where is the average overall heat transfer coefficient, ATLM is the log mean 

temperature difference, h is the latent heat of vaporization, p is the viscosity, P is 
.- 

the pitch-diameter ratio, and DB is the tube bundle diameter. In order to maintain 

the same Reynolds number in the subscale heat exchanger tests with a smaller tube 

bundle diameter, it generally will be necessary to' increase the log mean temperature 

difference or decrease the pitch diameter ratio. Scaling of the liquid film will not be 

as critical because the shell-side heat transfer coefficient is- relatively independent of 

flow rate for the evaporator as well as  the condenser. 

The variation of vapor velocity to heat exchanger power level size and tube diameter 

is shown in. Fig. 6-1 for an.unenhanced tube installation. With a 1.5-in. -diameter tube 

at 25-MW(e) size, a 6-fps vapor velocity exists at  the outer row of tubes. For the same 

velocity in a 5-MW(e) size evaporator, the tube diameter would be about 0.67 in,, and 

at 1-MW(e), 0.30  in. in diameter. POF a 2-in. -diameter tube, the velocity is 4.3 fps, 

and the corresponding equal velocity tubes for 5-MW(e) and 1-MW(e) heat exchanger 

power.leve1 sizes a r e  0.91 and 0.40 in., respectively. A cross plot of Fig. 6-1 is 

shown in Fig. 6-2 where the vapor velocity is a function of the bunclle radiuo (or puwer 

8 lever size) for various tube diameters. 
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.HEAT EXCHANGER TUBE DIAMETER (IN.) . . 

Fig. 6-1 Maximum Evaporator Vapor Velocity 

BUNDLE RADIUS (FT) 

Fig. 6-2 Vapor Velocity as a Function of Bundle Radius 
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R)4Y- 
,J 

The effect of vapor velocity on ammonia droplet displacement i s  shown in Fig. 6-3. 

Three different droplet diameters for the vapor velocities. up to 10 fps a r e  shown. - .  . - 
. - - 

The vertical spacing between the lower surface of the upper tube and the upper surface 

of the lower tube for a 1.5-in. -diameter tube is 0.30 in. for a tube-pitch-to-tube- 

diameter ratio (P/D) of 1.2 and 0.375 in. for P/D = 1.25. For a 2-in. diameter, the 

values a r e  0.40 and 0.50 in., respectively. The effect on overall heat exchangers 

performance of droplet displacement is not precisely known and must be verified 

through tests. 

The heat exchanger variables classified a s  the (1) SAME for both scale model and 

prototype, (2) PROPORTIONAL TO POWER LEVEL, o r  (3) a s  INDEPENDENT 

variables are: 

1. SAME / 

a Ammonia velocity at  outer row of tubes 

,a Water velocity through tubes 

a Ammonia density a t  outer row of tubes 

a Water density through tubes 

a Tube-pitch-to-tube-outer-diameter ratio 

a Log mean temperature difference 

a Overall heat transfer coefficient 

a Tube wall thickness 

2. PROPORTIONAL TO POWER LEVEL 

a Heat load 

a Ammonia flow rate 

a Water flow rate 

3. INDEPENDENT 

Tube outer diameter 

a Tube bundle diameter 

a Active tube length 

The numerical relationship..of key parameters i s  summarized in Table 6-1 for the 

recommended evaporator sizes. 
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Table 6-1 

SCALE FACTORS FOR TEST ARTICLE CONFIGURATIONS 
(EVAPORATOR) 

Parameter 

Power, M I MW(e) net 1 

Tube Wall, t (in.) 

Tube Diameter, d (in.) 

Tube Pitch, P (in. ) 

Tube Bundle Diam., D (ft) 

Active Tube Length, L (ft) 

Number of Tubes, N 

Scale Factor 

- 

- 

d x =?< (d-zt),, t 2 tx 

px = (dx/d25) P25 

Dx = (dx/d2,) D25 

L = (Mx d25/M25 dx) L25 X 

N = N25 X 

Parameter Value 

2 5 5 1 

0.088 0.088 0.088 

1.500 0.768 0.441 

1.875 0.960 0.551 

41.00 21.00 12.05 

38.00 14.84 5.17 

50,250 50,250 50,250 



Rotating Machinery. Scaling laws and relationships for the various pumps and turbines 
- .  . - a r e  well developed and no difficulty is  expected for these subscale power system com- . . 4 

ponents. The basic relationships arising from sirnilxi* considerations are specifi,~ 

speed and specific diameter, with Reynolds number having a second order influence. 

In addition, scale effects must be considered when the relative roughness of the model 

and prototype inner surfaces differ by an appreciable amount. For subscale testing at 

the same head and similarity parameters of specific speed and diameter as  the proto- 

type, the followilsg relationships between rot;iti~ir;il speed and power, and between 
diameter and power, a r e  obtained: 

These relationships a re  shown as  a function of the net electrical power in Fig. 6-4. 

The relationship for Reynolds number, given by uM = u (D /D ) , which would 
P M P  

3 .6 9 
I I I 

10 
NET POWER, MWe 

Fig. 6-4 Turbine and Seawater Pump Diameter and Speed as a Function of Power 
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- - . . . , . .  . . . - - . .. - - . . . - - - -. . - -- - -. . - . .. 
require either a change in fluid kinematic viscosity or  full-scale tests to scale the I 

viscous forces. Subscale test results for the 5-MW(e) power system.should yield 

excellent performance data for design of the 25-MW(e) turbine and pumps as  the .. . . - 
. - 

scale factor does not go below approximately 0.2 (see Fig. 6-5). This value is - .  

somewhat arbitrary and represents a general minimum in use within the industry. 

There a r e  additional requirements imposed on the condensate .and distribution pumps 

in order to preclude cavitation. 
- . - ... . . . . . . . - - .- - - - - - .. . - . - - .. . . . . - . - -. . . . . . . . . . . . 

- MOODY EQUATION 
--- MODIFIED MOODY EQUATION 

GERMAN D l  N 1944 . 

' SCALE FACTOR -DM - 
D 

Fig. 6-5 Full-Scale Pump Efficiency From Model Pump Data 

6.3  1-MW(e) HEAT EXCHANGERS 

The data of Table 6- 1 indicate that the number of tubes in scaIed heat exchangers 

should be the same as the full-scale article and the tube diameter reduced to main- 
tain identical bundle periphery ammonia vapor velocity. Since the effect of vapor 

velocity on fluid flow and tube vibration can be evaluated with an array of tubes under 

laboratory conditions, i t  ia oonsidered more meaningfill tn evaluate production 
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techniques and long-term effects on material and performance in the OTEC environment. 

In addition, the thermodynamic performance can be compared with the predicted per- 

formance in order to provide confidence in the analytical methods o r  to indicate areas - .  . - 
. - 4 

of deficiencies in the analyses. 

The objectives of the tests to be conducted on the 1-MW(e) nominal sized heat exchangers - 
therefore would be to provide sufficient data to verify the predicted hydraulic and thermo- 

dynamic performance, to verify the structural integrity and fabrication methods, and to 

determine long-term effects of foufing and corrosion. The results of these tests should 

provide the confidence to proceed with the scaled proof-of-concept power system. It i s  

therefore desirable to provide the largest scale model compatible with resources available. 

The thermodynamic resources are a s  specified in the OTEC-1 RFP. Previous studies 
.- . 

have indicated that the condenser requirements a re  more critical. Considering that the 
a 

nominal flow rate through the cold water system is 68,000 gpm, the condenser configur- 

ation can be established a s  follows: The condenser seawater velocity in the tubes opti- 

mizes at approximately 6.1 fps. For an anticipated operating life of 4 years, a tube wall 

thickness of 0.058 in. is adequate for an aluminum tube. The condenser could incorpor- 

ate approximately 7,900 tubes, 0.875 in. OD, or approximately 5,825 tubes, 1 in. OD. 

The tube bundle diameter is 12 ft  for the 0.875 in. tube and 11.8 ft for the 1-in. tube. 

The tube configuration should allow determination of the effects of external stimuli, such 

as vessel motion o r  vibration induced by rotating machinery. Additionally, the heat 

exchanger tube length does not have to be restricted by a requirement to provide a 

specified thermal flux. The tube length should thereIore be such that two support 

bafiles can be incorporated at the appropriate position to provide simulation of the tube 

sections which are rigidly supported at  the tubesheet and one tube section which is 

supported only at the baffles. The distance between baffles and between the tubesheet 

should be such that the dynamic response characteristics of the tubes are equivalent 

to those of the full-scale tube. An estimate of the length can be obtained by maintaining 

the ratio of unsupported length to tube diameter the same as for the full-soale unit. 

From the data of Table E, this ratio varies from 50.3 to 52.7 for the units shown. 

Based on the latter value, the heat exchangers would be 13.2 ft  long for the 1-in. tube 

and 11.5 f t  long for the 0.875-in. tube. 
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An  alternative approach, which doubles the simulation scale of the test article, is to 

use one-half of the heat exchanger for the installation of the selected number of tubes 

and to install a'bulkhead on the vertical centerline. The unused portion of the heat 

exchanger can be separated by a pressure balanced thin sheet bulkhead to prevent 

crossflow. With this approach, the .diameter of the condenser tube bundle will be 

17 ft  for the 0.875-in. tube and 16.7 f t  for the 1-in. tube. . 

A similar approach can be taken for sizing the evaporator considering the warm water 

flow rate of 60,000 gpm. The optimization program data indicate that the evaporator 

seawater velocity optimizes at a value of approximately 7.5 fps. . The evaporator would 

thus incorporate approximately 5,750 tubes, 0.875 in. OD, or  4,240 tubes, 1 in. OD. 

The tube lengths are the. same a s  for the condenser, and the tube bundle diameters a re  

10.25 f t  for the 0.875-in. tubes and 10 ft for the 1-in. tubes. For the configuration 

that uses one-half of the heat exchanger for tube installation, the equivalent bundle 

diameter is 14.5 ft  for the 0.875-in. tube and 14.2 ft for the 1-in. tube. 

Cost trade studies will be accomplished during the preliminary design task. The' 

recommended heat exchanger test articles will be based on the results of thege studies. 

-- . - -- - - _- . . . __ _ . _ . __ _ __ 
6.4 5-MW(e) SCALED POWER SYSTEM 

The scaled proof of concept power system is  a performance-scaled power system. 

All componentry and subsystems would be configured for performance size in order 

to ensure component compatibility and operation a s  a system. Selected subsystems 

would not have redundant equipment in order to provide cost savings as  the scaled 

power system is not a life test system. The seawater pump, ammonia liquid (conden- 

sate and distribution) pumps, and turbine would not have component redundancy as  in 

the 25-MW(e) module. All operational features of the power system as  well as  the 

manufacturing feasibility and functional aspects ( s h u p ,  shutdown, off-design opera- 

Lion control) would be demonstrated. 
-- --- - - - - -- - - - .- -- . - . . 
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The recommended size of the scaled proof of concept power system is 10- to 12-MW(e) 

for the following reasons : 

Reasonable size to attract attention of potential users 

Reduce unlmown-unknowns of scaling as the most cost effective size 

is in the range - of 25- to 50-MW(e) 

  educe $ / k ~  ' capital investment by DOE 

Provide basis for validating commercial cost projections 

Provide reasonably sized component data and system data 

An option to the 10- to 12-MW(e) size power system is a 5-MW(e) size which is con- 
' 

sidered a s  a lower. limit in size in deriving valid test data. The size would provide 

sufficient data to allow the verification of the analytical techniques used in predicting 
-. . 

operation and performance. This size would dilute the ability to reduce the unknown- 

unknowns. 
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Appendix A 

SYSTEM ANALYSIS -- . .  _ 

This appendix contains additional details of the analytical data used in the development 

of the design performance data and the trade studies presented.in Sections 3 and 4 of 

the main body of the report. The data a re  presented in two sections, as .follows: 

A- 1 Design Performance Data 

A- 2 Trade Study Data 
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Appendix A-1 

DESIGN PERFORMANCE DATA 

This section presents the data from the LMSC developed proprietary optimization 

program which defines an optimum configuration at  specific design conditions. The 

on-design conditions were 32", 36", 40" and 44" F AT, with the systems sized to 

provide 25-MW(e) net. Each set of data (Figs. A-1 through A-4) consists of four 

sheets which present the cycle state points, the heat exchanger physical and thermo- 

dynamic characteristics, rotating machinery requirements, and a description of the 
. . 

cold water pipe assumed for the determination of cold water pump head requirements. 
.... 

. .. .: 

The various stations are  shown schematically on the ammonia cycle diagram in Fig. 

A-5 

The heat exchanger configurations - shown in terms of number of tubes, tube length, 
.. . 

tube diameter, and spacing ratio - were used by Foster-Wheeler to develop cost data 

used in the trade studies discussed in Section A-2. 
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. .  . . . . . . . .  ... . . . . . . . . . . . . . . .  . . -- .- - 
OPTIHI Z E  ON AREA. THE OPTIIIIZAT I,ON VARI'AELES'-'AREI 

1 2  - ~ORKIIIG FLUID T E ~ ~ P E H A T U H E  EYTERING THE TURBINE 
r1007 .2 .  ~ ~ O A K ~ N G - . . E L . I ~ I D . ~ A ~ ~ . - E L ~ ' ~ - . R A T E ~ H R P U . G K _ L H E - ~ . U R ~ I N E  - 
SWVELD - SEA WATER VELOCITY .IHROIJGlt THE UOlLER 7U.BES 
SUVELC - SEA WATER VEL3ClTY IHROlJGH THE, C o ~ D h t l s E R  TUBES 

......... . . . .. . .. -... .... ..... . . . . .  W N S  FOR O I L L  CUTLER - SEPT 1977  - .  . . . . . . . . . . . .  - - - - - - -- - - .- - - - - 
T k I S  R l l l J  I S  FOR THE ~ F - f l H  POkfEH 5,YSTEH 'OEVE~.OP~ 'EN~ dORK 
SERIES A T  FORTY 9 I b t  !2 mOEGt~EE LELTA TENPERAT~RES - ALSO g 4  DEGREES 

-NC., DEnlSTEP_-- FQIILJNG_'-~CT ~!~S_..4A_E-n,.01)D1111f~U.E~11LCFfS-LcZ 
EXPorJENTT USED 114 KAY5 EOUATION I S  0.17 
TEtlPERATURE PROFILE SOCTH OF HAWAII ,  N, LAT, 10 DEG, ! 

&I 9 baa 16 IZLcrb70 5 '  1 1 8 , r i l  L l Q U l D  AT AWERAGE BOILER PRESSURE , 

............. . .  . ...... .. . . . ......... 9 a ,99000 62 1.66 . r92!2 - - - 

- ... - . -. .. - - ... - .. - - - .. - -- 
GENERATOR EFF. : ,985 
DEYISTER AACYFLOW M A S S  A A T E  r W,OO L ~ S ~ C  

... .. ..... . .  .. R A ~ I K I I ~ E  C V C L ~ E  EFF. o . 5 6  ........... . - -. .... . . . . . . . . . . . . . . .  . . . . . . . .  - - - .- - - - 
C ~ H N O T  C V C L E  EFF. t . o m 5 3 1  
E F F I C I E N C Y  HAT10 a .841'428 

* * * * a  WORKING F L U 1 0  PLUHRIIIG , . . . . . . . . . . . . . . .  

STATION P I P E  DIOM P I P E  VEL OVN PRES . P I P E  LENGTH HEAD F R l b  DP TURN DP GRAV DP TOT OP @ 
( F ! I S E <  I ................ . .  ? 1 ..--..,(PSI I 1 9 5 1 1 - . ( ? . S l . l  3.h <<;,;-.-.-.-----. !F?.!--.-..i-. 

C] 

* * * * t * * * * * * * * * * * * * * I I * ~ * * w * ~ * * ~ * ~ e ~ ~ * * * ~ * * * * n * n ~ n ~ ~ * * n ~ e * ~ * * * * * t ~ t * * ~ * * n a a e ~ ~ ~ ~ e a * ~ * m ~ a ~ n ~ n ~ ~ * n n ~ ~ g ~ ~ ~ ~ n ~ ~ ~ ~ ~ ~ * ~ e  
1 - 2  10.957 5 5  . 1 5 0  ,,lhn I ~ ( ~ . n u o  - 9 0 . o  ,009 , U ~ Z  -, 205 = B Z I Q  m 

t; 
3-'4 1 2 a 5 1 5  55 ‘. 350 s 107 30.00n -10.0 ,002 r OOU -9068 - t ~ b b  Q) 

b, 

5.6 1 .55Z ?IJ.UOPI l r 7 8 2  2 ~ ~ 1 1 ~ ~  - 2 0 , O  ' t 1 4 5  r OOO -5,r108 - 5 ,  Ob 3 
7 - 8  1 .3S2 9 u t d n r l  1 * 7 8 2  11 IIO 0 0 0  ZYOaO 3 6 752  l r  115 69.B92 

P 
t l . 3 7 9  

- 1 0  * ! ? ! 3 ? - - .  0 * 2 , ! I u U . .  9.)...... 0 t 0 0 0  . 0 0 0 9  . -  n00.U- 
2 

Fig. A-1 Optimization Program Output for AT = 32OF 



NWIBER..OF .-TUBES- QSH66-8bU9- 
TL9E P I T C I  I a20  I .Z0 
IiEAT EXCHdNGER TU0E 0.0. (111) 1 mSUO l..'iOO 
HEAT EXCHQNGEH TUBE..lHICKNESS..-( I N )  .lJ580 ... ,0580 . ... . 
TLRE LEPiG.TH [ F T )  50.295 '45.97'1 
Tb0E MATERIAL C U O I I C T I V I T V  (DTU/HH~BTmF)  77.0 7 7 a 0  
- 

S E 4  HATER TEMP. I N  I F )  '411875 .75.875 
. ...... . . .  . SEa HATER TEMP. OUT PFJ -, . -  '47.497 72,357 

TLBE SEA ~ A T E H  UELOC:TY ( F P S ) .  . 5m201  5,381 
HEfiT EXCHANGER SEA HATER PRESSUHE DROP ( P S F I  279.124 273aO99 

- S E r \ .  -WATER ,PREssLRE D!PP E N H A N C E B E C r l O R  -l.# Qu~l- I ,000. 
S E A  WATEP FLOH KATE ~ L B / S E C J  112018 ,  14 1528)0,79 
SEA H4TEP FLOH IIATE i c F S )  5189.2'4 5922m17 
S E A  WATER REVNOL.DS l ib .  TliRU TUBES-- . - -  0 ... 55060.  ... . . . .  .. 
S E A  WATEF DENSITY (L811/FT** ' ))  6 4 e 1 1 6  6).892- 

.- -- - -. - 
A V G ,  HEAT TRANSFER C~EFFICIENT OASED ON I.D. r 6 7 .  419, BTU/HRISO FT  
S E A  HATER S I D E  HEAT IIRAIISFEH COEFF 1ClENTS 850. 1 0 0 6  r USING KAY5 €0, 
SEA WATER HEAT TRANSFER ENHANCEHEN1 F4CT0.9. I aOUO .... L .. 1.000 ... : -. . . . . . . . . . . . . . . . . . . . . .  
HCRKING F L U I D  HEAT TRANSFER COEFFICIEt IT l (100. 1 0 0 0  0 

FCULING IESISTAI ICE (HH-SO FT-F/MTU) a 000 7 0 0  ,000100  
T\DE k6LL .RESISTAtlCE (HR-SO - F - T . : F ~ - u ~ , ~ ~ . ! N ~ P .  -. ,OU00bU 
LCqG HE411 TEHP.' DIFFEREIICE ( F )  5.737 5.77'1 
N l U l S  ,6113 6 0 9  '1 

. . . . . .  EFFECT IvE l iESS . . . . .  : ,468 1 . a'4562 . --.. . -  -. 

TLRE CORE DIAHETER [ F T )  r (8a67 49.46 
-RPT IO..OC-TULIE FLOY .~RSA. -TO - S H E L L E L F L ~ W ~ R E A  ..53b2 .. ..5 162 

TCTAL HEAT FLOH ACRCSS (DTU/ScCI  I 127092  1 l q b 8 1 2 .  

TUBE SURFACE AREA ( S O  F T )  RASE0 Oh MEAN D l .  1 8 1 2 b l l a  . 171 l 19Oe TOTAL a3>2 '400 l .  
TL8E - SURFACE . AREA,, [SO . F T / N E T - K W ) , ,  YASEEQNfiIJAfi 01 , .  1 ? e 5  . - . 6? !7  .--- TOTAL-!L.-.~ 4 1 eU- 

Fig. A-1 (Cont.) 



. . .  . . . . .  - - - - .- . -. -- - -- - .-... - .- - -. . - -- . .  . . . . .  - --.. - - .  - . .- . . . . . . . . . . . . . . . .  -. .... - . . . . .  - . .  . . . . . . . .  .- 
*****  ' SEA HATER PUMP-VA~ IAULES CONDENSER EVAPORATOR 

-NCYBER - O F - . P U H P . S . - P E R H E ~ ~ C M A N G E . H  .rc- t1 

FLOH R A T E  PER PUMP (CF 'S )  12q1,  1 3 8 1  I 
FLOw R I T E  PER PUflP (GPW) 582273,  61916'12e 
SLH OF PRESSURE. LOSSES, 4CROSS..-SmY L.ELQY.. PATH. .(PSFJ 1 3 8  17 271,  I .......... 

6 P L ~ P  HEAD ( F T )  5,281 Y 0279 

6 -C(!qSENSUS. o E S l  GF(.-.O~-Jt1IzEE-N1\N!JFF~LLN_R.EEfl5- 
x 
I ThE CONoEllSCA PUMP SPECIF IC  SPEED AN0 S P E C I F I C  DIAMETER ARE F I X E D  FROM VOHW B A S ~ S ~ E  DATA, 

m T h l S  VIELUS A OlAHETER A t 0  SPEED FOR THE COIIDEIYSE'R PUIIPS, 
m 7C.E R O I L E ~  PUHP D ~ A ~ ~ E T ~ R  I S  SET EOUAL T0;THE .CmClLNSER PU!~P..D:~AHETER WHICH V[ELD$ 4 S P E C I F I C  OIAHETER FOR. .TnE.BOILER.  PuHC--. 
0 ' The O o l L E l l .  PUllP SPEED 2110 S P E C I F I C  SPEED ARE UHrhrOHN, 

PUflP S P E C I F l C  SPEED . :RPf l *SoRl (CFSI /FT* * ,753 ,  z 727aO - ----. plJIlP SPEC I F  I( SPEED : R P U ~ S O R ! . ! G P ~ ! ) / F T ? ? ~ ~ ~ ~ J ~ . - ~ ~ ~ ~ ~  1 m 9  - 
UI . SPECIF l C  SPEED ( O l l l E ~ S I O l l L t S S  USING HAU/SEC 1 5 0 6 q  

UI F o ~ ~ o w l t l G  SE.O WATER PUtW *AII IABLES ARE ONLY USE0 FOR OUTPUT I H F O R H A T ~ O N  n ... .... . .. .... . ................. - - - . - .-- .- .- .......... .-. .. .- - .- - . . . . . . . .  - -. . . .  -. - . - - - - .- 
' ~ l i f l ~  OIAHETER ~ F T J  l l . U O  
PLHP SPEEO (RPH) 

1'1 moo 
10 .1  188 

~ E ~ L E C X R . L C ~ L - ~ ~ Y ~ G O U U ~ E H L & W  1 l.~M.? 2.694- 

Fig. A-1 (Cont.) 



........ .............. 
**i;,* " COLD 'WA'IER PIPE. V A A  I A ~ L E S  TOP 

1 
A,H.-P~PE-I.D ..-. CF-11 b l a o  42.0- 

. * C.Y, P I P E  )EPTH ( F t )  -5Lt5a0 -2045  a U 
C.M, P I P E  SEA WATER VELOCITY ( F P S )  . I a6b5 3 a 7'16 

.. .-CaY 8 P I P E  3EYtIOLDS 110.. 7.18.373!ta 10775600a.  
I tb0, OF Cad. P I P E  ~ S E C T I O ~ I S  10 

N O *  OF POHER HODULES I 
-s r ~ r . 1  C-!4EAD_OF. c o ~ o . .  ~AT.SR(P.SL) 5.3 c0 

SUM OF CaMa P I P E  PRESSURE LOSSES ( P S F )  59.3 

' A 
i m 

***&* TURBINE VAHIABLES . . m 
j 0 -- - ~ ; H o ~ s " T u R ~ ~  ~ ~ ~ - P ' o w ~ ~ - o ~ T P ~ o ~ u ~ ~ ~ s  32 a 7 1 7 I IH 
1 K NCa OF TUf iBINES I - 
' U 1  FLOW RATE AT TURQIt IE EXt (AUST- / .TUHBl iqE 6808,.77 .CFS 

U) - TOTAL M A S S  FLOH RATU rHnOUGtf THE I U R ~ ~ N E ( S ) .  i ? z O ~ a O )  LB/SEC 
r H E 1  TURBl*.iE EFF I C  IENCY a879 
m -?AR! IEIE W K - .  --.-.- I Y a 93LB.T.ULLB m 1SENa TURhINE HORK 15.973 BTU/LO 

Q' a lRCO 4 x ' I r L  FLOH -. . . . . . . . . . . . .  .......... . ..... ........... 
m I 

4 . .SPEC:FlC SPEED 9 1,570 RPM*SORT ( CFS /~~*r ,75 
0 
D 

SPEC i F l C  SPEED , ? l o  DIMENSIONLESS USING RaD/SEQ 

n SPEC :F IC-DlAHETER ~.I~(.Z!LF.L?F.T?.?-~~~.~/SQ~.~CIS) 
m S P E C I F I C  DIAMETEN 3,782  DIMENSIONLESS . 

D R Y  S F F l C I E ~ 1 C Y  a 9 0 2  
h 

.................... ; -. -. 
FCLLOh I PIG TURUl l lE  vAdi ABLE'S-ARE 'ONLV"USED'-F~~R -OUTPU~'"'INFORIII\~ I d t i  

g T~IRBINE S?EED l l l l b e  RPn 
0 ." TLRB1N.E. D1AI lETER . J.1 a . I . O _ . . U  
B -. 

z REYNOLDS i4UMRER ,380+09 

? ROTOR T I P  SPEED 7 5 9 e ~ 8  F T / S E C  
FLnw COEFFIC IENT . . . . . . . . .  a2280 DlMENslONLESS USING RPH . . . .  - HEAO COEFFIC IENT ab9q1 DlHENSIOt lLESS 

Z VELOCITY H A T 1 0  e8C9 DlHENSIONLESS 
? - S t 9 . U T l . ~ ~ G - . Y E L o C l T - Y ~ . 9 . ~ a  31-.F_f/ .SEC .--- 

-NO ... .QF.  CC.YDEHS~LESUBPS - Z 
. PbHP EFF. ,900 

PUMP MOTCR E F F a  9 9 0 0  
PLHP wonk ,sau e t u / ~ s  
ISEN. PUPzP UOHK .522  BTU/LB  
UASS-FLO\ !  RATE 1 put!a I 1 o 6 . 4 1  L ~ / S E C  

- VOLUME FLOH. RATE ./-.p:?!!f! .-.---.-.. 28a!632 C F s  -. Fig. A-1 (Collt.) PLMP HIEAD 109a0'42 P S I  



7A *.***~F~O~~-(MW.LN~T-POUGIROUTPUT-****L--HORK~ING-FLU~D-A~HONII~--*****--  
U W D E N - T  161 c ~ : . 1 0 1 ~ 4 6 3 L P - ~ a ~ ~ 8 ~ ~  

,, 

O P T l f l l  LE ON AREA. THE: OPT1111 ZAT 1.oN VARIABLES I R E  I 
1 2  - WLRKIIIG FLUIID TEMPEEATLhE EWTERIYG THE TURB1,NE 

- HOOT.. - . - U O R ~ I N G - . F L U I D - M A S ~  .FLOW -RATE.-THHOU2H-.-THE- TuR~IN- 
SWVELR - SEA WATE.R VELOCITY IHRO'JGH THE BOILER TQBES 
SWVELC - SEA WPTE\R VELOCI.TY IHRO!JGti THE C3NDLWS'ER TUBES 

. .  . . .  RLNS FOR U l L L  CUTLEH - SEPT 1'977 - . . I \  

TI -15 RUN I S  FOR THE . 2 S - M t l  POhER SVSTEH DEVELOPVENT W O R K  
. . 

SERIES AT FORTY ( I b c  1 2  -DEGREE OECTA TEIIPERA'TbRES - ALSO 4'4 DEGREES 
- V C .  OEVI STE.9-0. F.OULll4G IFlirCT0iiS.-ARE Oa.OI)rl3 . - I U B L P - I . I C U ~ ~ ~ -  

5. EXPONENTT USED 1% KAY5 EOUATIOh 15 9.17 
TEMPERhTUHE PROFILE SOUTH OF k ~ w b l l c  No LAT. 10 DEGm 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  I) 
X 
I . % 

m 
m SIATJYN Y E H P E R A T U R E C R E S S U R F O Y & L I ~ . - B I . H A L E V - D ~ S I : U L -  
o (DEGREES F )  ( P S I A I  ( B T U / L O  I ~ ~ E C U - , F T  I 

* * * * * * i * * * * * . * ~ * * * * * * * * * * * * * * i ~ ~ i * * ~ e * * * * * * * * * * * * i * * * * i * * * * * * * * * * * * * * * a * * * * * * * * ~ ~ ~ * * * * * * * * * * * *  
K U 70.93 130. 9 0 9  ,99000 .... . . . . .  4 2 4  a 17 . . .  rm%'l'i? - 
m 0 1  T'O .9 3 130.909 C 1 2 I a 5 8 1  L 1 4 , J I O  hT AVERAGE OEHISTCR PRESSURC; 
m - I 'f,Q . 9 3 130. 9 0 9  .99000 ,62'4 e I 7  ,!44 4 1, 
r 2 7 :  af l3  131..133. ..9 8 9 9 7  62'4 1-7 ,INS 5.11 
m 3 5 , ~ .  Oo 9'4.255 a,QC;722 b o a  . 67 .133 12 
U1 rC 52.91, 9'4. 3 2 7  o,9672 1 60d .  6 7  - 3 3  15 

.... ......... . . . . . . . . . .  ............... 
IP '15 . . 52.62 9 1. 7 5 0  t.-  100.dlt3 .LIQUID hf .AVERAGE CONDENSER PRESSURE 

? S 52.29 9 1 . l 7 9  *OCOUO 100.48 . 18+8886  
UI 00 6 52 .29  9 8 0 2 E 2  r OCOOO IOOa'iB 1 8 * @ 8 d C  

J 7 52a.35. 2 1 . 3 . 0 6 U ~ O C O O L I O . l  .U8- . '18rB85F 
8 52.35 I r ( l . r (O2 ..OI1000 101.08 1 8 . ~ 8 8 5 5  

O 
m 8 9 71 .(i'4 1 3 1 a 1 5 6  C 121 .7 f l I  C IOUIO hf  .AVcFAGE BOILER PRESSURE 

... .......... ................................ .. 9 . , . . . . . . . . . . . . .  70.93 130.909 a9P000  6 2 9 0  I 7  .,%'4'4l 

8 ,  
P --- 
TI GEMERATOR EFF. . 9 8 5  . . 

D 
Z 

O E ~ l S T E l l  UACKFLOH MASS R I T E  o me00 LB/SEC . 
. -  . RANKINE CYCLE EFF. t . U 2 8 4 0 1 . ~  .---....-- 

? CARNOT CYCLE EFF. 3 0 n 1 3 9 1 P  
- .  EFFICIENCY HATIO a . 8?99  15 
Z P --- - 
r, 

STATION P I P E D f A H  P I P E V E L  E Y ~ P R E S  P1PE.LENGTH HEAD FR!C OP TDRY DP GRAV DP TOT OP' 
T . ~ E ~ . / 5 E C J - ~ , l P . 5 . !  1 - .  ' . . ( E J . J - L  PS I . I . . L P . S I  1. 1.P.S U:PS U- 

* * * * * * * * * * * * * * * i * * * * 1 * ~ ~ * * ~ * * 1 ) * ' 1 * * * * * * 1 * * * * * * * * * * * * * * * * b k * * * h * * i * * * * * * * * * * * * * * ~ * * * * * * * t * * * * ~ ~ ¶ * * * * * * * * * * * * . * ~ * * * * * ~ t * * *  

1-2 1n.nq9 55.3SU ~ 1 ' 4 7  I lo;nun -90.0 0 0 1 0  , 049  0 . 2 7 8  - 2 2 4  
.- 1-'+ I 1  a697 55.150 I I 3 1 ~ 0 0 0 0  -30 .0  . . 0 0 0 2  e UOO -.obQ -eO67 

5 - 6  1 .'466 ,U.?lnU 1 .777  2-3eOUll -20.0 369  , UOU -5,hUI -‘irU3i? 
. 7 -8  1 e b b 6  3U. 000 1 .777  3lcl.OUll 2'1000 5,715 1~111 bSm0lO 7 1  abC8 

P . , - O - . O  .US.P Y~..I~o . I-I!!.~. .? . O U O ~ I )  . ~ o a . . , u a o _ ~  o o o . . ~ ~ ~  

Fig A-2 Optimization Program Output for AT = 36OF 



. . . - .  . . . .  
* * * a *  HEAT .ExCI1AS(GER 'VARIABLES CONDENSER EVAPORATOR 

-NcHBER-oF-.II.uREs - 7-7924.-80 14. 
TL8E P I T C H  ' I ,20 I , Z I )  
HEAT ExCHAi'IGER fUaE 0.0, (111)  1 .500 l m s O U  
H E A T  EXCHALJGER TUBE TI. ICKNESS i IN I . -. .. -. - .:.......... ,0580 . . . . . . .  ,0580 . . . . . . . .  
TLRE LEMGT.4 ~ F T )  4 5 e 0 0 3  QZ.039 
TCRE M A T E A ~ A L  cONOUCTlVlTY (BTU/HH-FT-F) . . 7 7 e 0  77.0 

SEA HATER fEHP, I t 4  ( F I  43,875 79.875 
SEA HATER TEMP, OUT ( F l  . . . . . . . . .  4 7 . 5 t I  76,231 ........ 
TLBE SEA ~ T E R  V E L O C I ~ Y  ~ F P s )  5,641 5,831 
H E A T  EXCHANGER S E A  HA-ER PRESSUHE DROP ( P S F ~  297.9 30  2 9 8  , 7 8 9  

.SEA H P  TES-.PRESSURE-. DPO? - E I I H A N C E B E N L F . A C T . O R I . r n  flu--- I e 0 0 0 .  
SEA WATER CLOU HATE l e B / S E C )  2 9 4 5 1  I e  I S  1014 ' i7 .77 
SEA WATER lFLOH HATE ( 'cFS)  b 5 9 l  .96 4 7 5 2  m 7U 
SEA WATER REYNOLCS.II0, THRU TUBES . . .  1 1 4 5 6 1 ~  59894 .  
SEA MAT i R  1DEtJSl Tr' (LBH/FT** ) I  6 4  a 136  61,847 ' 

---- 
uVG., HEPT TRANSFER C O E F F ~ C ~ E N T  BASED ON 1.D. 4ZOm U S 5  m BTU/HR-So F T  ? SEA WAVER S IDE M A T  TRPIlSfER COEFFICIENTS 9 0 9  m 1095  m U S l w  KAY5 EOm 

.... . .. -.. . .. . ... (D SEA WATER HEAT TRANSFER EIIHANCEMEIUT FACTOR -.-... I .OUO 1,000 --  - .- 
HCRY ING F L U I D  HECT T R A ~ ~ S F E R  (OEFF1Cl t l JT  I UOU. IOUOm 
FCULING RESISTANCE (HH-SO FT-F/OTU) . mU003UO m00030U 

*OUOUbU ..TCR'€ ~ ~ L L - R E S I S T ~ ! ~ C E - . - [ ~ ~ ~ ~ + S O - F . T . ~ E I . L I . T U I . U ~ ~ ~ ~ ( ~  
L O G  HEPN IEI IP,  UIFFER;3NCE I F )  6.761 6.057 , 

, t I l U I S  ,5378 ,531q  
EFFECTIVEIIESS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  '9 159 ,QIZZ 

!O.. O O Q  
,918 ,493 

ASSUMED D ~ ~ I S T E R  PRESSURE DIIOP ( P S I  I ,000 

TLgE CORE OIAIIETER ( F t )  43m07 r(1,OO 
..RAT IO..CF.. TUUE .F.LOW-AMA.. T O . . S H E L ~ - . L O W ~ R E ~ + S ~ ~ ~  ,5362  - 

TCTAL HEAT FLOW &CROSS (BTU/SEC) l O U l  139. . I 0 3 0 4 9  1 l 
T O T A L  H E A T  FLOW  CROSS ( M H )  1 0 s s . r s r a  1 0 8 7 ~ ~ 2 7 6  

TLBE SURFlCE AREA is4  F T )  BASED ON NEAN 01, 1 3 2 3 8 8 1 1 ~  1237969m T O T A L  ~ 2 5 6 ( 8 + 9 .  
. _TLRE...SURE.~CE , A P E ~ . - . ( S G - P . T / . N E T . - K H J - B I ~ ~ O N ~ A ~ L [ L L ~  _ 5..Ln . . .  . 9 . f  Q . I . . 4 L U O Z & ,  

Fig. A-2 (Cont.) 



. - . . . - . . . . . , . - 
* a * * *  SEA ,WATER PUMP V A R I A B L E S  CONDENSER EVAPORATOR 

-. NCHBER ...o F-PUMPS ..PER-HEAT.-ExCHANW I, - I( 
FLOW R 4 T E  PER PUMP ( C F S )  I l r 0 .  - .  

bI86m 
F L O U  R A T E  PER Puf lP (GPH) 5 1 5 2 5 9  a 51lE90a 
S C M  OF PRESSUHE LOSSES ACROSS S,W. FLOW P A T H  ( ? S F )  1 5 5 . 8  .. i?'?B.a . .  - . . . . . . . . . . . . - . - . . - . . . .- . . . - . .. . - . - . . . . 
PLHP HEAD ( F T )  5 . 5 9 8  4 0 b a U ,  

-CCYSENSUS -DES 1611 -OF_ .... THREE-RANUFACTURERS .--- 
T c E  cONDE~ISER PUMP SPEC IF I C  SPEED AND S P E C I F I C  .D, IAM~TER~'HE F 1 XED F R O ~  4QHW @ASEL.SNE D A T A ~  

' T ~ I S  YIELDS 4 OIAIIETEH AH0 SPEED F O R  T.HE CONDENSER r u n p s *  
T ~ E  B O I L E R  PUIlP DIAPE~ER I S  SET EQUAL TO THE CChOENIER PUHP D l A n E T E R  H H I C H  Y I E L D S  A SPECIFIC DIAH'ETER FOR THE B O I L E R  PUHP - 
T b E  8OIL .EH PUMP SPEED A l l 0  S P E C I F I C  SPEED ARE UE;K;NOWu. 

PUl lP  S P E C I F I C  SPEED C R P M * S Q R I I C F S ) / F T * ~ ~ ~ ~ I ,  7 2 7 . 0  
. P L I I ~ P . . S P E C I L l C  ..SPEED CRPU*SQRI ( G P ' l )  / F T ? * S ~ ~ O L - I . ~ ~ U  I.,.?.- 

S P E C I F I C  SPEED ~ D I H ~ N S I O I ~ L L S I  U S I N G  A A D / S E C I  5 a be 
. PUflP S P E C I F I C  OIIMEYER C F T * F ~ * * ~ ~ ~ / S O R T ( C F S ) I  a 5 V 7 0  ,'lTlsl 

Pl lMP SPECIFIC D I h H E 7 E R  C F T + F I + * , ~ ~ / S O R T I G P P ~  I :. . 0 2 5 8  ... .. . .. . .oZY 1 
S D E C K F I C  D l A l I E T E R  ( O I M E N S I O H L E S S I  1.303 0 e 2 2 T '  
PUMP E F F I C I E l i C Y  , 8 6 0  . 8 6 0  

? ~!UMP-!UTO.P--.EEE I C IEIiCY-- a 9 0 9  a 9OU.- 

P 
o F C L L O ~ l l i G  SEA M A l E R  PUHP VARIABLES ARE ONLY USED$ FOR OUTPUT I N F O R H A T ~ O N  

. - . . . . - .. . . - . . , . . . , . - . -. .- . . . . - . - - . . . - - - . . . . . , 
i r L t l P  D I A M E T E R  ~ F T )  12.08 I L r o 8  
PLHP SPEED (RPM)  7?..565V 

IP.LHf!-. E L E C I R I C A I a H m R E O U L H E ~ E I U . I H Y I ? .  0b--z ,.qgn- 

Fig. A-2 (Cont.) 



. . . . . . . . . .  
* a * * *  COLD WATER P I P E  VARIABLES 

. . 

TOP BOTTOH 

-C.W,PIPE-1 .Or - i€ . t )  - 6 3 9 0  -U2.0-- 
CeHe P I P E  REPTH ( F T J  05 '45  e 0  -20 l tSaO 
CeH. P I P E  SEA WATER VELOCITY  ( F P S )  1.473 3 e 3 I V  

. . .  . . . . .  ........... . . .  ! Caw*  P I P E  SEYNOLOS NO. b 3 5 6 8 9 ' 4 e  9 5 3 5 3 4  1 1  
1 0  NCe  OF C.W. P I P E  SECT ID I IS .  

NO, OF PDJER MODULES I 

: 5 3 l A . T  1CIHEAC.-OF-COLD-..WATER-(.PSEL..  .5 3  a 0 
SLM 'OF CeJ.  P I P E  PRESSUHE LOSSES 1PSF:I  57.9 

n 

--------- --- 
GROS,S TUROI t IE  POWER OUTPUT OF I TURBINES 32,236 HH 
t(0 e. OF TURB 1  NES I 
FLO#  RAZE .LT TUROBtlE EXIIAUST / TUUBINE . . .  ...,.. 591(7.u5 CFS .... 
TOTAL MASS FLOW RdTE TMROUGII THE I U R B I N E ( S )  197u.OU LB /SEC . 
WET TURBlr i :  E F F I C l E N C Y  e 8 7 7  

-7 LSBINE-.UU~K- 1 -SeS06 -BTUCLB 
I S E I J e  TUROBNE WORK 17 ,674  BTU/LB  

A I R L O  A X I A L  F L O a  . . . . . . .  - ' .  ...... ...... - -. .. - - . - ... - - 
S P E C I F I C  SPEED 9 1 , 5 7 0  UPM*SQRT(CFS) /F t * * ,75  
S P E C I F I C  SPEED . T I 0  DIMENSIONLESS US ING RAD/SEC 

S C E C . I E . I C - D . I h L I E I L R  1 . ~ ~ . O . I - T ~ F . . T ~ ~ B ~ . ~ / S Q R L ~ C L S ~ ~  
SPEC IF I C  0  IhMETER 3 .382 DIMENSIONLESS 
ORV W F I C I E N C Y  r 9 0 2  

- -. .- - - . . - . . -. . - . - - - - - -- . . . . . . . . . . . . . . . . . . . . .  ....... ........... .... - - . .  . .  . 
FCLLOW I t I G  TURB l  l lE  V A R ~ A B L E S  ARE ONLY USED FOR OUTPUT I ~ ~ F O R M A T I O N  
T L q B I N E  SFEEO 1SOMa RPM 
38 I Y E 9  LA!IE J E T 1  O . , l - lAT  

REYNOLDS liUl1BER a 3 7  1  t U 9  
ACTOR T I P  SPEED , 7 9 8  , q 8  F T / S E C  

... FLOW COEFF I  C I E W  ..... : --. ... a 2 2 8 8  DINENSIONLESS US ING RPfl.-.-.--. 
H E I D  C O E F F I C I E N T  , 6 9 4 1  D I f lENS IONLESS 
V E L O C I T Y  E A T 1 0  * 9 q 9  DIMENSIONLESS 

A P C U T  LtlG--!ELOC.lJYY 9-4 0  .-1-9- F-T L S E  L 

. 8 

-Y0..9EIP.IIQJ3~AJF PYHPc 2 
PLMP EFF,  , 9 0 0  
P C ~ P  HOTOH EFF, e9OU 
PLMP W9RK: , a 6 0 7  BTU/LO 
I S E N *  P U W  UORK e 5 4 6  B T U / L B  
M b j S  FLOW RATE I PUMP 9 8 5 e 0 U . L f l / S E C  

._.YCLgYE. F . W H - R A . T E J - - l ? U H P d . S  ,.I288 CF.5- 
Pl.;lo HEAD 114 ,949  PSI Fig. A-2 (Cont.) 



.-a .. .F. '-- \ 
I 

, . 
a * * * *  : f i ,000 ( ; i d )  YET POHER OUTPUT r e * * *  ~ 0 8 6 1 1 5 .  F L U I D  AHHONIP * * * * *  qUY 1 0 E N T l ~ . l C A T l O N  0'1 r E 0  1 7  1 9 1 1 1 1 t  

t '.. _ . 

-._ . 

opr  I*! Z E  o ~ ~ ~ i i i ~ . '  THE O P T I Y I Z ~ T I O N V ~ R I A B L E S  A ~ C I  
1 2  - d3RKING F L U I D  TE ' lPERblJRE EvlTERIIJG T I E I  1 J R B I Y E  
MDOT - #()qKING F L U I D  ' l iss F L O d  R ~ T E  T iR31JSi i  f i E  K I JRB INE~  
SdVELB  - SEA HATER VELOCITY THROJGH T4E R 3 I l E A  TUt3E'S ' 

SdVELC SEA WATER YEl.OCllY TdROJGH T H E : < ~ Y > ~ I Y S E R  TUBES , 

.. 1.dl.s ... HUH ..I S- - f .O9 -~HL25~Y) l -~3Hf )U .~~~ f l - .PE .YELO?YE?1 .~ -~~EK-  . ~ -  - 

A L U ~ I W ~ H  TUBES 
N 3  DEt ' l lSfER F3UL:ING F h C f O ? S  AaE 0 ~ 0 0 0 1  TJEE* P I T C H  1 s  I m Z  
SURFACE 3ES IGN - 5 8  9 IL.  f U B C S  
N E d  EXPOYEYT USE3 I N  K A Y 5  E Q L J A T l ) d ( e l 7 )  
1 4 1 s  GaOJP t i 4 5  F3RTYrDEGRfE .  3ELTO rEf laERATUPEl  

1LnU t! B.IJ~~El.LE_S.QUZ~rr.~V&-LAI.L_L33 E L  

S T h T I O Y  TEt lPERA3JSC PRESSURE 3,JbLJ t Y ENTdALPV DENS.lTY 
(DEGREES F: IPSJ6 .1  . ( B T U / L B I  (U /CU*FT  l 

r ; i - ~ * r * * * ~ ~ * e * * f i  ~ ~ ~ ~ ~ . t _ ~ * - ~ ~ * * * * * * ~ ~ ~ . ~ ~ ? ~ . ~ . _ * ~ * ~ ~ . ~ ~ ~ ~ . ~ . . ~ . ~ . t * * * * * * ~ ~ ~ . * ~ ~ r + ~ * . ~ ~ r _ ~ . * ? p r ~  * + * e r r  
0 -7 ?US 7 3 a 9 9 '  133aOBY.  , 9 9 0 0 0  b 2 4 e 7 D  ' e q b 7 5  
O I 73.Q9 1 3 5 e 0 8 9  E 1 2 5 e 0 8 1  L J Q U I O  OT ~ V E R A G E ~  OEHISTER PRESSURE - .  - - 
I de.,,.L\w 7 3. Q ' ~ , ~ . ~ u L I Q @  b29.7D c l b 1 9  
2 : rub I -  7'4109 1 3 3 1 3 1 8  , 9 8 9 9 1  eqbf3)  bZYe7O 
3 t v v b  but  5'1097'  -4 5r I 8 0  e9b' iBl  6 0 7 e b 7  e l 3 8 6  
rr : a d  ;, S u 3 1  '9.5% Z'tB: a 9 5 9 6 2  6 0 7 8 6 7  2 813-09 
r 5 5 3 0 7 1  '95', 7 0 3  [ 1 0 2 a 0 b 1  L J Q U I O  4 1  bvERA6E.  CONpENSER PRESSURE: 

GENERATOR CFF*  O e 9 8 5  
.OEr!l S . T E R . . B ~ C K E L O ~ ~ ~ S S _ ~ R I ! I . ~ : ~ ~ P ~ ~ L S E C ~  -. - - 
Rd'JKIUEt  CICLE OFF. P ,0111385 
CbRN31  CVCLE. E F F r  % oO37Yhb  
EFFICIENCYRATID - . o l e  I r r  

* ; r r ! r r r r * r r t r t * ; r r ~ t * r * ~ ~ * ~ ) ~ * ~ t * e ~ r ~ r ( ~ * ~ r * r ~ * r r ~ * * * * * * * * ~ ~ * * * * * * ~ r * * * * * * * * * * * * * * ~ * n * * * * * a n e * * * a ~ * * . ~ * . * * * * * ~ * b * * * * * * * * * * * *  
I - . P r . 3 ~ ~ . 5 5 . e . 3 . S . u . I _ T T _ _ _ l J - I i . 3 3 3  ~?.O.LD- 0 1 1 . r O Y b r . r Z I S  
3 - 4  1 3 0  9 1 9  5 5 e  1 5 0  o l l h  33 "  3 3 0  *39e 0 e 0 0 2  a 0 0 0  0.07 I w e  Ob9 

' ...s - b 1.388 3 0 1 0 0 0  7  Z310333 -2OeO e 3 9 3  @OD0 . -5  e 0 0 0  
I 0 8 1 1 8 8  3Da 000 3.772 1 l l J U O 2 9 0 1 D b l  1.111 b J a . 7 1 8  7 I r 9 Y I  
3.0 9 0 3 1 0  5 5 o 3 S B  . I 5 5  2 e 3 2 9  a 0 e 0 0 0  e 0 3 0  e.000 e 0 0 0  

I 

Fig. A-3 Optimization Progr%m Output for AT = 40" F 



* * * a *  H E A T  f X C Y 4 N G f R  V A R l i B L E S  CONDENSER EVAPORATOR 

SEA N4TEP t E H P ,  &JEl- 4  3b-8 15- 81 ,815  
.$!A . . !??~ .&?t -Y lL~~U. l l -  ( F.,- - .  ' 4 i ebSY-  -8.O';Z 7 T .  
TJRE S E A  ~ ~ I E R - Y L L ~ U - L Y S P S I  6 . 0 7 ~  JI.~-I . O L  
H E A l  EXCi4.YGER SEA W A X E R  P?ESSlJRfI DROsl ( P S F ) '  3 2 G - 1 1 6  t q V . 3 1 6  
S f 4  L A T E ?  P R _ U u R E  DROP ENi4YCE?1fNT F4CTOR L a g 0 0  -1 a9.00 - 

~ € 4  n 4 ~ L a  CLON A ~ T E  ILB/SEC.I 2 5 2 2 7 9 a 7 6  2 1 1 9 9 0 1  1 0  

4 V G .  HEAT TRANSFER C O i F F l C l E Y T  B4SED 3 N  1.00 4 7 1 c  465, BTUldR-SO CT 
SEA d4TEQ S IDE HEAT T94NSFER COEFFICIENTS I 967,: I ISYe USlYG K A Y 5  EO, 

r. . S E c .  . ~~ .TE~ . - !E ,~L .TRAYSFER .€N?P'JCEI?ENL-,E(LC!.PR 1 eOOO 1 , 0 0 0 -  " d 3 a K l Y G  F L J I D  4E4T TRAVSFLR CDEFFI ICIE 'J I  . 1 0 0 0 1  I 0 0 0 1  
F 3 L L l t r G  RhSIST4YCE ( M - S O  F T * F / B f U )  e 000300 .  e 0 0 0 3 0 0  

%-sU?E D X P ! _ b U R L  E S.L!f!E9P.3P.P-Sll 1 0 ,QQD 
hSSU'IE0 l J l E R N b L  V4PC.R PRESSURE. )ROPS(PS l )  e 8 7 8  ,468 
4 S S U Y E O  Oirl STER P R E S S U R E  D R a P ( P S 1 )  , 000  

TUBE S ~ R I ? A ( E .  A Q E ~  ( 5 9  F T I  B A S E D  ?N H E W  01, 9 9 4 5 6 b 4  04508Se  1 3 1 4 ~  ~ 1 9 1 9 6 5 1 e  
TUBE SURFACE AQEA ( 5 3  F T / N f T - K d )  BASE% ON Y E A N  61.. .... 3 9 . 0  . 3 7 . 0  f 3 T A t  = 1.1. b 

~ i g .  A-3 (Cont.) 



r r r r r  ZS.000 f W I  YET POUER OUTPUT re*** uOPI([Y'J. ~ L L ~ I D  ~ t f ~ o ~ f 4  r r e c c  RUY I D E ~ l l O Y  01 TEB 1 7  1 9 1 1 3 1 1  

. I  

--- . . - - - - . -- - . - - - 
* b k * *  SEA gPTER PUHP 'iAR14BLES CCNDENSER LVPPOR4TOR 

FcuqefR OCI PUMPS PER HEI~T E X C ~ A Y G E R  Y Y 
r L O l l  RATE, PER PU'lP ( C F ' j )  987, 1 O lY,  
T L D ~  R ~ T E ~  P E R  P U ~ P  (GP'I) Y Y I Z P P ,  ~ ~ 1 ~ 6 0 .  

-.SU" DF PRESSURE: LOSSES. ACROSS-Sa.d;1L3.H.9AT.FE-.LPSP3--. . '165.1 2 9 4  ,Y. -  -- 
I- PUqP HEAD I F T )  6,007 b e 6 1 9  
0 
0 Corc'jENs . F. E '~AYIIFOC~IJREQS 
X TdE ( O Y ~ ' ~ F I (  SPEC31 AND Sf'EClFf ( J l 4 l E l E R  ARE F l X E O  FROM YOUY B A S E U N &  D1TL, 
I THIS  YIELOS A 31AtlETER A N D  SPEED FOR 1HE COI2L'4SLS PUYPS, 
m 
m -l.nF-001 LEU.-eVfl!?-PI A ~ E I E R - I . S  ... S E ~ - . E O V A L I O T . ~ ~ L . . - C . ~ . Y ~ E Y ~ E _ ~ _ P Y . ~ P ~ ~ . A ~ . U . ~ L C H _ Y ~ ~ E L D E P E L ~ L L C _ D J . I C I L ~ L S ~ . ~ I H ~ L B Q ~ . ~ ~  
0 TdE BOILER F u n @  SPEC0 AND S P E C I F I C  SPSED ARE U V t r J d N ,  

PUMP S P E C I F I C  SPEED R R P ~ * S 3 ? T ( C F S I / F T * ~ ; 7 5 1 ~  727,O 
3 - P ~ ~ ~ P E E L L L ~ ~ E L U I W ~ ~ Y  F f * ' L  7 % I d 9 0  1 - 9  

, U) 
SPEC,IF EC S P E C 0  (DIYEwSIONLESS USING RAOiSEC,) 5 r b Y  

U) - PUHP S F E C I F I C  DIh'lETLR C F T ~ F T * * ~ Z S / S O R T ~ C : ~ I I  , 5 9 7 0  ,Y9OI 
r PUr!q, S F E C  1 F.1 C-P.1 L'lE tL_R . CF:?'!R?f 1.251 ~ Q B I ' A L G . ~ ~ . ~ . L . ~ . D ~ ~ B  rOZ11-  

. m S P E C I F I C  3 1  4 f l E l E R  ( D l  ' l E H S I 1 ~ L E S S )  1 ,  303 I e l b 7  
U) PUMP EFFICIENCY ,860 ,860 

Pur l?  l z .109  EFFUl iENCY ,900  .900 
IP ? 
" ' z  POLL3d ING SEA Y A T E R  PUYP VARIABLES ARE1 ONLY VStO.  FOR: OUTPUT 1YFORHATlON 
0 -- 
D PUYP OIP'IETER I F T )  lOm9b I O e 9 b  ' 

0 PUvp SPEED (RP'l) 88,9693 
m PUY? ELE(T9 lCAI  POdER REQLI1REHE.YT ( M U )  2.659 2.- ' 

0 
0 
3 
71 
D 
z 
5 - 
z 
9 

Fig. A-3 (Cont.) 



*****  C 3 L 3 , W A l E R  P I P E  V A R I A B L E S  TOP 0 0 7 1 0 ' 1  

x a d a  P I P E o  8I.D. ~ F T ]  4 1 . 0  
- 5 V 9 e 0  

.uLe, 
:.H* P I P E 1  3CPT'i ( F T )  r Z O Y S e 0  , 

(,U, P I P E 1  SEA WATER V E L O C I T Y  IPPS')  l eZbZ 2e.819  
.Cew,-..PIpE-..9EYN3LOS. . Y O , -  % y ~ ~ C I ! j n 8 1 4 b J 2 . L -  
NO, OF C e M e  P I P E   SECTIONS . I 0  
NO. 9 F  P 2 a R  M 3 0 l R E S  I 
r r h r ~ c  n;au OF C O L O  H ~ T E R  IFSF) 5 2 . 9  
S,Uq OF Cede P I P E  PRESSURE. LOSSES ( P S F )  5 6 9 5  

a * * * *  T J F B I Y E  V L R l  A B L E 5  . 
GROSS TURGIYE POllER OUTPUT OF1 I TURBINES l l , b 5 9  Mi4 
V 3 e  OF T J R B I Y E S  I 

I L 4 L R 4 T . f t A T l . 2 . R ~ I Y E - F I X H h V 4 I I U I I B . I N 2 2 3 J - P - C ~ 5 - -  
T 3 T A L :  YASS CLOM 4 4 l E  TYROUGH THE T U R I B I N E ( S )  I T b l , b l  L B / S E C .  
H E 7  T U R B l Y E l  E F F I E I E N C V  ,8158 

JURHlNE AOaK 17.311 B T U / L B  
1 S E N e  T U R B I Y E  WORK IP,UU.I  B T U / L B  

S &ic.a-s ~ 1 . 4 ~  I... F.LW 
I S P E C I F I C  SPEED 

I-' 
9 1 ,573  R P H * S O R T ~ C F S ) / F ~ * * , ~ ~ '  

UI S P E C I F I C  SPEED , 7 1 3  o I M E N S I O V L E S S  U S I N G  RPD/$EC.  
S P E C I F I C  9 l b H E T E R  I , Y 2 3  F T * F T * * ~ Z S I S Q R T ( C F S ~  
S P E C B F l C  ~IuIETER 3,192 O I ~ E N S I O Y L E S S  
DRY E F F l C l E N C V  , 9 0 2  

--- 
F O L L O d I N t  T U R B l N E l  V A R I A B L E S  ARE1 3 N L Y  J L E D  t 0 R B 3 J T ? J T  I N F O R H A T I O N  
T U F ~ ~ I N E .  WEED I ~ I Z I  R P H  
T U q B I N E  3 1  4 Y t T E R .  . 9 .23  FT 
REYNOL3S i N J ~ B E R  ,15 .1+39 
R 3 3 0 R  T I P  SPEE3 8 3 7 e 4 5  F.T/SEC 

- F L 3 *  COEWICIEYT, 2 2 0 9  , 3 1 ~ E ~ S ~ O ~ L E S S . . U S I N C . - B L L  
,HEAD C 3 E F , F I C I E Y T  , 5 9 4  1 D I 4 E N S I O U L E S S  

, 8 4 9  O I H E N S I O Y L E S S  . V E L O C I T V  R 4 T l O  
s P 3 ~ l l 1 V G  V E L O C I I V  9 8 5 %  7 2  F T / S E C  

YO. OF C O N ~ E N S ~ T E I  PU'lPS' 2 
P U Y P  EFF. , 9 0 0  
P c ~ P  f l 3 T 3 R  EFF, 9 0 0  
p~l.'p...~oR<:. -...-i-- - ,.!aL B.TU/LB- 
I S E Y ,  PUqP H O R I  ,573 B T U / L B  
VQS5 F L O d  RATE PUHP ' 8 8 U e 8 0  L B / S E C  
V ~ ~ J J ~ E  F L O ~  RAT:  / P U ~ P  -. ---. 2 Z ! b 3 l 5  CFS 
P u ~ P  HEA)  Izue332 Fig. A-3 (Cont.) 



. . . . . . .  - - *  - . . . .  -. . . .  . . .  
0 ~ ~ 1 ~ 1  Z E . O N  AHEA. THE O ' P T I H ~ ~ . A T ~ ~ N  VARIABLES APE, 

12  - I~ORKIIIC FLUID TEHPERATu~E E'ITERING THE TURBINE 
2 O O T _ r - W O R K ! N G - F L U ~ D - f l 4 S S - F . L U H 4 A f  L f  HHOUG~-THE-TURBINE---------------- 

SUVELfl - SEA HATER VELOCl'TY YHROUGH THE DOlLER TUBES 
SWVELC 0 SEA WATER VELOCITY ;HRO1IGIi THE CONDENSER, TUBES 

RLtIS FOR 8 I L L  CUTLER - SEPT I977  . .  -. . . . .  - . . . .  - - - 
Tk IS  RUN I S  FOR THE 25-Hu POUIER SYSTEH DEVELOPPENT WORK 
SERIES AT FORTY t 36, 7 2  -DEGREE bELT4 TEIIPERAYURES ALSO '4'4 DEGREES 

-!dc -DEl!1 STER_r-EQ!JU NG - F ' A C T O H S . . . A R E ~ .  
EXPONENT7 USED I N  KAY5 EOUATION 1s 0.17 
TEHPERATUHE PROFILE SOUTH OF rQhhAlI, 14, LAT. 10 DE6. 

- 
m 
m S T T I L I Q N ~ E f l P E '  A f  USE---PRESSU!!.E O V A L J . ~ ~ N T H A L P ~ E . J S J . I . Y .  
0 IDEGH'iES F )  , (PSIA)  (BTU/LB I I M/;:~-FT 1 

***r*sir*iri*ri*r*r***~*******~*im*a**~**ee**~******eei*****e******a*~~n*a*~***n*~*****n** 
....... 3 . . . . . .  U . . . . . . .  ..... 769 82 l V ' i e 9 9 ~  a 99300 . 625. L7 . . - .  . a'4898 . - . -. - - 

U) 0 l 7 b r 8 2  144.990 C (28.111 l . 1 ~ ~ 1 ~  4.r AVEADGE OEHlsTfiR PRESSUR;" 
U) - I 76.82 (4'4e990 *99  300 6251 17 0'4898 
r 2 - 7 i e . 9 2  L!Se23S .9.8 3 117 625.17-b9Ub 
m 3 55.00 98.055 6 96?68 brlb.79 01458 
U) rC 55.09 98, I 2 5  ,96266 606.79 +14bO 

... .. . . . . . . .  . I t 5  .. 5Lc.73 97.569 - t I01.121 LIQUID AT )AVERAGE CONDENSER PRESSURE 
R , $  5 54.41 970015  .003UO l02e88 . 18,7828 

G b 5'4e'41 101 a990 .00600 lil2.88 30e87828 

J Q, .7 5 4 0 4 9 . L 2 7 . 5 6 0  .000110 101.54---.38*7798 
8 541.49 ISSe'4Zl eOUilUO 1l11.54 10*,7798 

0 8 9 76.9 1 lY5.206 
m C 128.913 LIQUID AT .AVERAGE BOILER PRESSURE 

......... 9 7b.82 I V Y  a990  *990OO.. ..... -- 625. 17 .............. *!'I898 . . . . . .  
0 
0 
K . .. -- .L -. -- 
71 GENERATOR EFFe a e985 
D DEHISTER BACXFLOU MASS RATE 0 m r O O  L B I S E C  
Z RANKINE CYCLE EFPe I ,u3'l?bq:-- -..-.... ........................ . . . . . . . . . . . . . . . . . . . . . . . . . .  . .  .... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  -< C A R N O T  CYCLE EPP*  3 r040619  

EFFICIENCY R A T I O  : a 836262 - 

STATION .PIPE OIAH PIPE VEL O Y N  PRES PIPE .LENGTH HEAD FRlC DP TURN DP GRhV DP rot DP El 
----- * ...-- -- . 1FT 1.-  .-..,-,..,-:- (Ff/SEC 1 I - F  - 1  .-....(P 5 1 1  IPS1 1. -.iC51) l'.SL.) 0 
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Fig. A-4 Optimization Program Output for AT = 44" F 
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Appendix A-2 . - * 

TRADE STUDY DATA 

Section 4.7 of the main report presents data on the cost of ammonia system vapor and 

condensate plumbing for the submerged (spar) configuration and surface (ship) config- 

uration. Optimization runs were made with vapor velocities of 55, 100, 160, and 200 

fps with a constant condensate velocity of 30 fps for the configuration designed for 

36" F AT to coincide with the piping cost data that were developed for flow rates at 

that design condition. 

Cost data for the heat exchangers and ammonia plumbing were developed on an incre- 

mental basis from a baseline configuration that has plumbing sized for a vapor velocity 

of 55 fps . All heat exchangers incorporated the same number of tubes, and the varia- 

tions in ammonia system pressure drop resulted in variations in overall heat exchanger 

, - tube lengths. The cost increments were based on data provided by Foster-Wheeler, 
which indicated that the slope of the incremental cost curve versus tube length has a 

value of approximately 2/3. The equation used to develop the incremental heat 

exchanger cost data is 

A cost = 2 ( - I) x base cost 
' L ~ ~ ~  

Optimization runs were also made to .determine the effect of condensate velocity at a 

fixed vapor velocity of 160 fps . 
The data used in this comparison a r e  shown in Tables A-1 through A-3 and the results 

a re  shown in Figs. A-5 and A-6 for the submerged configuration for variations in vapor 

and condensate velocity, respectively, and Fig. A-7 for variations in vapor velocity 

for the shipboard configuration. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



Table A-1 

EFFECT OF VAPOR VELOCITY SUBMERGED CONFIGURATION, 
CONDENSATE VELOCITY = 30 FPS 

A-22 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Item 
Vapor Velocity (fps) 

200 

46.41 

43.29 

178.63 

203.97' 

14.591 

397.19 

160 

4s. 78 

42.82 

177.02 

202.48 

16.08 

395.58 

5 5 1,1)1) . 
-7 .. 

45.22 

42.27 

175.56 

200.76 

19.81 

396,13 

Condenser Tilhe Length (ft) 

Evaporator Tube Length (ft) 

Condenser Cost ($/kW) 

Evaporator Cost ($/kW) 

Pipe Cost ($/kW) 

TOTAL ($/kW) 

46.0 

42.03 

175.00 

200.00 

23.98 

398.98 



Table A-2 

EFFECT OF CONDENSATE VELOCITY SUBMERGED CONFIGURATION 
VAPOR VELOCITY = 160 FPS . . 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

1 

Item 

Condenser Tube Length (ft) : 

Evaporator Tube Length (ft) 

Condenser Cost ($/kW) 

Evaporator Cost ($/kW) 

Pipe Cost ($/kW) 

TOTAL ($/kW) 

Condensate Velocity (fps) 

30 

45.78 

42.82 

177.02 

202.48 

... . .  16:08, 

395 .,58 

10 

. - .  

f::'-i 45.80 

42.43 

177.06 

201.24 

20.78 

399.08 

20 

45.69 

42.65 

176.79 

201.96 

16-98 

395.73 



Table A-3 

LMSC -D566744 

EFFECT OF VAPOR VELOCITP' SURFACE CONFIGURATIOI? 
. - CONDENSATE VELOCITY = 30 FPS 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

Ilem 

Condenser Tube Length (ft) 

Evaporator Tube Length (ft) . 

Condenser Cost ($/kW) 

Evaporator c o s t  ($/kW) 

Pipe Cost ($/kW) 

TOTAL ($/kW) 

Vapor Velocity (fps) 

5 5 

45.44 

42.48 

176.14 

201.41 

58.70 

436.25 

160 

46.72 

43.37 

179.46 

204.24 

28.70 

412.4 

100 

45.67 

42.86 

176.73 

202.63 

39.50 

418.86 

200 

47.43: 

44.24 

. 181.28 

207.01 

25.00 

413.29 
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LMSC -D566744 

VAPOR VELOCITY (FPS) 

Fig. A-5 Effect of Vapor Velocity, Submerged Configuration, 
Condensate Velocity = 30 fps 

CONDENSATE VELOCITY (FPS) 

Pig. A-6 Effect of Cudensate Velocity, Submerged Confipration, 
Vapor Velocity = 160 fps 



VAPOR VELOCITY (FPS) 

Fig. A-7 Effect of Vapor Velocity, Surface Configuration, 
Condensate Velocity = 30 fps 

LOCKHEED M4SSILES & SPACE COMPANY. INC. 

- 



- 

LMSC -D566744 

Appendix B 

GENERAL ARRANGEMENTS 

The power system module configurations derived in the Power System Development , 

project and the original concepts a re  contained in this appendix. 

Part A contains the two derived configurations - the surface platform (reference 

baseline) and the detachable external module. 

. . . . . . . . . . . . . - - - - - - 
Part B provides the 25-MW(e) and the 5-MW(e) power system schematics. 

Part C contains the hardware breakdown structure for the power system module. 

This listing i s  applicable to both the surface and the submerged modules. 

Part D contains the nine arrangements used in many of the trade studies. These 

arrangements a re  for three platforms each containing three sizes and multiples of 
! 

heat exchangers to provide 100 MW(e). The arrangement sketches a re  for five 

5-MW(e) , two 12.5-MW(e) , and one 25-MW(e) heat exchanger sizes and the three 

platforms a re  barge/ship (surface platform), supertanker (immersed heat exchangers), ; 

and the spar. 
. . . . . -  - - .  . .  -. .--. . . - -. . . - 
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Fig, B-1 25-B$W@) Po~qr Jystern Module for 100-MW(e) Surface Platform 
<+<d $ q l + y &  
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rig. B-4 25-W(a) System Schematic 



PART C 

HARDWARE BREAKDOWN STRUCTURE 

1. POWER CYCLE 
1.1 Evaporator 

Pressure Shell 
Transition Ring Assembly 
Tubesheets 
Tubes 
Tube Support Sheet 
Tube Support Sheet Structure 
Vapor Port Rings (Adapter/Cone) 
Mounting M e n e r s  
Liquid Distribution Assembly 

1.2 Condenser 

Pressure Shell 
Transition Ring Assembly 
Tubesheets 
Tubes 
Tube Support Sheet 
Tube Support Sheet Structure 
DifEuser Port Rings (Adapter/Cone) 
Mounting Stiffeners 
Impingement Plate 
Noncondensible Gas Removal Assembly 
Sump Assembly 

1.3.1 Turbine/Generator 
1.3.2 DifEuser 
1.3.3 Ammonia Flow Control 
1.3.4 S p o o d C m ~ o ~  

1.4 Ammonia Vapor Assembly 

1.4.1 Mist Extractor 
1.4.2 Piping 

1.5 Ammonia Liquid Assembly 

1.5.1 Condensate Pumps 
1.5.2 Condensate Pump Isolation Valves 
1.5.3 Condasah Cnntral Valve 
1.5.4 Distribution Pumps 
1.5.5 Distribution Pump Isolation Valves 
1 - 5.6 Distribul;ion Pump Control Valves 
1.5.7 Fill/Drain Valve(s) 
1.5.8 Liquid Piping 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



PART C LMSC -D566744 

SEAWATER SYBSYSTEMS 

2.1 W a r m  Water 

2.1.1 Seawater Pump Assemblies 
2.1.2 Pump Housings and Foundations 
2.1.3 Inlet Assemblies 
2.1.4 Outlet Assemblies 

2.2 Cold Water 

2.1.1 Seawater Pump Assemblies 
2.1 . 2 Pump Housings and Foundations 
2.1.3 I h l e t A a a w d U e ~  
2.1.4 Uutl& AsJsedliecl 

AUXILIARY SYSTEMS 

3.1 Power Cycle 

3.1.1 Ammonia Cleanup (Dryer) 
3.1.2 Ammonia Analysis 
3.1.3 Ammonia Leak Detection 
3.1.4 Ammonia Storage, Fill, and Purge 
3.1.5 Overpressure Vent Assembly 
3.1. 6 Noncondensible Gas Removal 

3.2 Operation Support 

3.2.1 Auxiliary Power Generation (Standby Power) 
3.2.2 Electric& Power T7istrif#ztim 
3.2.3 Turbine/Generator Lubrication 
3.2.4 CSenerator/~~-au#eyrmer Cooling 

3.3 Ancillary Subsystems 

3.3.1 Nitrogen Purge/Pressurization System 
3.3.2 Vacuumsystem 
3.3.3 Compressed Air 
3.3.4 Hydraulic Power 
3.3,5 Rallasting aud Attildu Control 
3.3.6 Fresh Water 

3.4 Fouling Countermeasures 

OPERATIONAL CON'I'KOL SYSTEM 
4.1 Cycle Control Station 

4.2 Control Data Processor and Processing Equipment 

4, 3 Cycle Operatar 'er Cornale 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



PART C 

4.3.1 Indicators 
4.3.2 Displays 
4.3.3 Controllers 
4.3.4 Switches 
4.3.5 Enclosure 
4.3.6 Data ~isplay/Recorders 

4.4 Cycle Operator Communications 

4.5 Control Data Instrumentation 

4.6 CablingandConnectors 

4.7 J Boxes, Penetrators , Conduit 

4.8 Equipment Environmental Control 

4.8.1 Cooling 
4.8.2 Humidity Control 

5. DATA ACQUISlTION AND CONTROL SYSTEM 

5.1 Test Operators Console 

5.1.1 Input Controls (Generalized and Dedicated) 
5.1.2 Output Displays (Generalized and Dedicated) 

5.2 Computer 

5.3 Test Data, Recorder 

5.4 Signal Processing Equipment 

5.5 Test Operator's Communications 

5.6 Diagnostic Data Instrumentation 

5.7 Equipment Environmental Control 

6. SAFETY AND EMERGENCY SYSTEMS 

6,l Sensors and Alarms (fire, ammonia, flood, toxic conditions, damage) 

6.2 Fire Suppression 

6.3 Equipment Deluge 

6.4 Personnel Washdown 

6.5 Emergency Breathing 

6.6 Damage Control 

6.7 Emergency Power 

6.8 Emergency Lighting and Communications 

6.9 Protective Clothing 

6.10 Safety Line, Harnesses, Hoists 

6.11 First Aid (Kits, Stretchers, Baskets) 



PART C 

7. PERSONNEL ACCOMMODATIONS AND OUTFITTING/FURNISHINGS 

7.3 Walkways, Ladders, W s ,  Handholds 

7.4 Shield and Guards 
7.5 Doors and Hatches 

7.6 Materiel and Clonsumables Storage 

7.6.1 Gemeral 
7.6.2 ffaz;dous 

7.7 Food, Water, and Waste Disposal 

7.8 Cantrol Room Furnishings 
- 

7.8.1 Workstation 
7.8.2 Technical Data Storage 

7.9 Equipment Handling 

8. STRUCTURE 

8.2 I n t e r c o n n ~ g  Structure (External Module) 

8.3 Me~hanical Attachmmts 

9. SPECIAL SUPPORT EQUIPMENT 

9.2.1 Checkout Test - Operational 
9.2.2 CheckoutTest-TestData 
9.2.3 Cheokotrt C&lw 
9.2.4 Auxiliary Power and Lights 
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Fig. B-9 Supertanker Eight 12.5-MW(e) Heat Exchanger Concept 
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Fig. B-11 Spar Platform Twenty 5-MW(e) Heat Exchanger Concept 



Fig. B-12 Spar Platform Ei@t 12.6-MW(e) Heat Exchange? Concept 



Fig. B-13 Spar Platform Four 25-W(e) Heat Exchanger Concept 



Appendix C 

SYSTEM EQUIPMENT . 

This appendix presents a listing of the major components required for operation of the 

power system including auxiliary system components which are s e e d  with or located 

on the platform. As indicated, some pertinent data will be determined duringthe 

Preliminary Design task. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
- . .. .. - - . . . . . . . . - . . . -. . - . . . . .. . . . . . . . . . . . . . - .  



n lahle - C-1 

PLATFORIM AND POWER SYSTEM MAJOR EQUIPMENT 

Component 

Evaporator 

Condenser 

I 

Turbine 

Generator 
\ 

Condensate Pumps 

Distribution Pumps 

Comn:.ents 

Surface/Baseline 'Platform 
0.  102 in. Tube \irzll Thickness 

. . 

, Submerged Coufiyuration 
0.088 in. Tube \Val1 Thic lness  
(Positive Buoyanq Fully Submerged) 

Snrface/Baseline Platform 
0.. 102 in. Tube \n11 Thic lness  

Submerged Configuration 
0.088-in. Tube \Call Thic lness  
(Positive Buoyancy Fully Submerged) 

Syeel 
Aluminum 

S:eel 

37-MW(e) Generator , Self-contained 
Cooling and Lubccation System 

37-MW(e) Generc%r, Self-contained 
Cooling and Lubrication System 

Baseline Platform 3,800,000 Ib/hr 
.,at 52.1 psi , 500-hp Motor 

&bn~erged  Platfc.rm 3,360,000 Ib/hr 
/ at 110 psi, 825-lq~ Motor 

Baseline Platform 3,800,000 lb,%r 

3escription 

Alcminmm Spericnl Shell 
w/1.50* in. OD Alumi.~um 
Tubing 

Alurninem Spericnl Shell 
w/L. 505 in. 03 A l u n i ~ u m  
TuMng 

Roiafloiv liadizl Inflow Turbine 

o r  

G e c e r d  Electric Asia. Flow 
Turbine 

Rotofloiv, 13,900 Vi.ltj 
1800 Amps, 60 IIz 

o r  

G m e r d  Electric 
13,900 Volts, 1800 :Amps, 60 Hz . 

T \ w - S b g c  Centrifugaj 

Tw3-Shge Cent r i fqa :  

Dimensions 

G3.5 ft OD 
Effective Tube 
k n g t h  44 f t  

59 ft OD ' 

Ufective Tube 
length 38 ft 

63.5 it OD 
Effective Tube 
Length 41  f1 

53 It OD 
Effective Tube 
Length 38 ft 

7 . 5 f t x l l . 2 5 f t x 9 . 7 f t  

27 ft x 14 ft x 14 ft 

23.8 ft x 11.1 ft x 11.1 ft 

19 ft x 12 f t  x 12 tt 

23.5 ft Length 
x G ft Width 
Plus Motor 

23.5 ft Length 

N c m k r  

I. 

1 

0 

L 

L 

0 

3 

4 

Weight (Ib) 

1,656,000 

1,297,500 (Dry). 

(2,998,000) - 
1 ,G56.000 

1,297,500 (Dry) 

75,00O(Each! 
30,000 (Eachp 

200,000 

179,000 

203,000 

23,000 (Eachr 

211,000 ( E a c b  ' 
> G ft \\'idth 
Plus Motor 

at 15 ps i ,  100-hp Motor 

Submerged Platfcarm 3,360,000 Ib/hr  
at 15 ps i .  100 hp. Motor 



Table C-1 (Cont.) 

Component 

Seavater Pumps 

Ammonia Cleanup System 

Ammonia Storage System 

0ve:pressure 'Vent 

Non-:ondensibls Gas 
Removal System , 

Stadby Power System 

Electrical Power 
Distribution System 

Equ-pment Cooling 

Nitrogen Purge 

FouEing Countermeasures 

Description 

Single-Stage, Asia1 Flow 

Vertical PressJre  Vessel 
w/Pump 

Storage Trullc .#/Pump and 
Compressor 

Safety Relief 'lalve 

Secondary Ccndenser and 
Compressor With Vent 

Diesel-Gencrators , 
1-kIW(e) Power Total 

See Appendix F-1 

Seawater- Fresh Water 
Cooling System 

40 Nitrogen Bottles Plus 
Piping and Prassure 
Reducing Valve 

Numbcr 

8 

1 

1 

2 

1 

2 

Weight (lb) 

260,000 (Each) 

11,500 

2,000,000 
35,000 

51.000 (Each) . . 

20,000 

8,000 

Dimensions 

11 ft Diam. Impeller 
Inlet/Outlet 16 ft Diam. 
Overall Lcngth, 45 ft 

Column 3 It Diam. 
30 ft Height 

Storage Tank 55,000 
cu ft 
Miscellaneous Equip. 

Gin .  Pipe Size 

T BD 

Comments 
\ 

875-hp Motor Each 
Submerged ac Motor w/ 
Speed Control by Voltage 
Regulation 

Baseline Platform Cold Water 
Pumps 1,050-hp Motors (4) 

Platform Mounted: 1.46-MW(e) 
Power Required, 100-MW(e) 
System 

Platform Mounted 
100-RIW(e) System 

Platform Mo~+ted 100-MW(e) 
System 

Platform Mounted 

Platform Mounted 
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LMSC -D566744 

Appendix D 

AMMONIA SYSTEM MATERLAL CONSIDERATIONS 

This appendix contains the results of a study made by Beyhtel National, Inc. , on the 

compatibility of materials with the ammonia system. A survey of land-based and 

shipboard installations was undertaken and the results are included. 

\ 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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In t roduct ion  

Bechtel w a s  requested t o  provide a b r i e f  review of t he  m a t e r i a l s  being 

proposed by Lockheed Miss i les  and Space Company (LMSC) f o r  t he  Ocean 

Thermal Energy Conversion (OTEC) u n i t .  

Conclusions 

I n  ammonia vapor and l i q u i d  ammonia systems, carbon s t e e l  and c a s t  

i r o n  a r e  gene ra l ly su i t ab l e  f o r  anhydrous ammonia se rv i ce .  However, 

some u n c e r t a i n t i e s  e x i s t  wi th  a i r  contaminated anhydrous ammonia and 

seawater. contaminated, ammonia. I n  order  t o  prevent  s t r e s s  co r ros ion  

cracking of the  carbon s t e e l  components, we recommend t h a t  t he  welds 

and p a r t s  conta in ing  high r e s i d u a l  s t r e s s e s  be h e a t  t r e a t e d  t o  r e l i e v e  

those s t r e s s e s .  Aluminum a l l o y s  a r e  a l s o  s u i t a b l e  f o r  anhydrous ammonia 

se rv i ce .  It is  recommended t h a t  test prograas be conducted t o  de t e r -  

mine the  e f f e c t  of seawater inleakage on ma te r i a l  s e l e c t i o n ,  inc luding  

cons idera t ion  of aluminum .and s t e e l  s epa ra t e ly  and aluminum-steel 

couples.  I n s u f f i c i e n t  piping s e r v i c e  experience is  p re sen t ly  ava i l -  

a b l e , t o  a l low u s  t o  provide a n  es t imate  of whether aluminum a l l o y s  

w i l l  provide the  required r e l i a b i l i t y  i n  t he  seawater systems. Very 

l i t t l e  co r ros ion  r a t e  d a t a  d i r e c t l y  app l i cab le  t o  the  OTEC system a r e  

ava i l ab l e .  A t e s t  program which uses  t he  proposed a l l o y s  and s e r v i c e  

condi t ions  i n  t he  proposed l o c a t i o n s  is recommended. Alclad 5052 a l l o y  

should be considered. I n  o rde r  t o  minimize in t e rg ranu la r  a t t a c k ,  t h e  

5083 a l l o y  components should be spec i f i ed  wi th  an  HI16 o r  HI17 temper. 



Materials Proposed by LMSC (25 MWe system) 

Condenser: 

Shell 

Tubes 

Tubcshcct 

Tube supports 

Evaporator: 

Shell 

Tubes 

Tubesheet 

Service Conditions (25 MlVe system) 

Condenser: 

Shell side 
. . 

Design life 

Design temperature 

Fluid circulated 
Temperature, in 
Temperature, out 
OperaLi~~g pressure 
Velocity 

Evaporntor : 

Design life 

Design temperature 

Fluid circulated 
Temperature, in 
'I'emperature, out 
Operating pressure 
Velocity 

5083-H321 aluminum alloy 

5052 H32 aluminum alloy 
(2% in. dia. x 0.058 in. wall) 

5003-11321 a1Lurri11Lun alluy 

aluminum 

5083-H321 aluminum alloy 

505.2-H32 al.l.lmi ni~m n 11-oy 
Z l i  l n .  51 Cl,lj!;?( in. wall 

5083-H321 alloy 

30 years 

40-100 F 

Shell side Tube side 

ammonia seawater 
52.81 F 43.38 F 
52.45 F 45.91 F 
79.59 ps ig  

5 ft/sec 

30 years 

a.mmania 
52.50 F 
70.18 F 
124.7 psig 

Tube side 

seawater 
79.75 F 
76.84 F 



Discussion 

1. Ammonia vapor and l iqu id  q o n i a  systems: 

In ammonia vapor and l iqu id  ammonia systems, carbon s t e e l  and c a s t  i ron  

a r e  general ly s u i t a b l e  f o r  anhydrous ammonia service .  However, some 

uncer t a in t i e s  e x i s t  with a i r  contaminated anhydrous ammonia and seawater 

contaminated ammonia. 
- .. 

- .. 
Carbon s t e e l  is  subject  t o  s t r e s s  corrosion cracking i n  air-contaminated 

anhydrous ammonia. I t  is not l i k e l y  t h a t  t h e  main cycle piping and com- 

ponents w i l l  be subjected t o  a i r  contamination except during i n i t i a l  

s t a r tup ,  shutdown f o r  mainten.ance and r e s t a r t . .  A i r  and ni trogen should 

be purged from t h e  system by the  ammonia through the  condenser non-con- 

densable vents .  However, t h i s  s t r e s s  corrosion cracking can be prevented 

by post  weld heat treatment and thermally s t r e s s  r e l i ev ing  ( a t  l l O O F  

minimum) p a r t s  containing high ' res idual  f ab r i ca t ion  s t r e s s e s .  Another . . .- 

method used i n  ammonia systems is  t o  add 0.2% water t o  the  ammonia. 

However, f o r  the  OTEC system the  addi t ion  of  seawater t o  t h e  system 

through leakages i s  considered a l i a b i l i t y  for ,  thermodynamic reasons and 

i s  minimized by a low leakage condenser design. Hence post  weld heat  

treatment and thermal s t r e s s  r e l i ev ing  i s  recommended f o r  carbon s t e e l  

piping. 

Seawater concentrations i n  t h e  ammonia system can be expected t o  vary 

from very low leve l s  i n  the  vapor and condensate pipe and the  condenser 

t o  a s  high a s  5% i n  the  evaporator.  The corrosion and deposi t ion 

e f f e c t s  caused by t h i s  seawater content a r e  not c l e a r l y  understood a t  

t h i s  time. I t  is recommended t h a t  t e s t  programs be conducted t o  de ter -  

mine t h e  e f f e c t  of seawater inleakage on mater ia l  se l ec t ion .  

Aluminum a l loys  a r e  a l s o  s u i t a b l e  f o r  ammonia service ,  common applica-  

t i o n  being i n  r e f r i g e r a t i o n  systems and s torage  tanks ( r e f .  1 ) .  Gal- 

vanic a t t a c k  between s t e e l  and aluminum i n  anhydrous ammonia would not 

be expected since t h e  cnnrl i~ct ivi ty of anhydr~us  ammonia is l e s s  than 

1 x mhos/cm (values a s  low a s  1 x 10-l1 mhos/cm have been reported 

( r e f .  21)) which i s  l e s s  than one-hundreth t h a t  of demineralized water. 

In laboratory t e s t s ,  it has been shown t h a t  i f  anhydrous ammonia is  

contaminated with a i r ,  p i t t i n g  a t t a c k  o t  aluminuirl coupled t o  s t e e l  i s  

promoted ( r e f .  25). These same t e s t s  ind ica te  t h a t  water addi t ions  may 

reduce the  galvanic a t t ack .  However, as discussed above, water addi- 

t i o n s  a r e  detr imental  t o  the  operat ion of the  OTEC cycle and, i n  f a c t ,  



seawater contamination may promote galvanic attack. Any seawater in- 

leakage test program should therefore consider corrosion effects on 

aluminum-steel couples. 

In summary, aluminum and steel are suitable for anhydrous ammonia ser- 

vice provided the ammonia is not contaniinated with air or seawater. 

Air contamination is expected to be minimal with the system purging 

all non-condensibles after startup. Seawater inleakage will be handled 

by the ammonia cleanup system. Concentrations of seawater should be 

extremely small throughout the system except in the evaporator and 

distribution pumps, piping and, valves. The baseline conceptual design 

approach is therefore to use carbon steel piping together with the 

aiuminum heat exchangers. Aluminum piping is still being considered 

as a more expensive alternate. Fiberglass pipe was considered and - - .  

rejected because commercially available resins cannot.withstand ammonia. 

In order to withstand galvanic corrosion on the seawater side, a suit- 

able cathodic protection system and electrical isolation system design 

will be incorporated into the preliminary design using coated carbon 

steel pipe. If this proves to be too unwieldy or expensive, the alumi- 

num piping option will be exercised. The resuits from any test programs 

concerning the effects of seawater and/or air contamination will also be 

factored into the preliminary design materials selection effort. 



2. Seawater systems: 

Aluminum alloys have been proposed by LMSC for the evaporator and condenser 

in the seawater system - 5052-H32 for the tubes and 5083-H321 for the shell 
and tubesheet. Piping and pump materiais apparently ha;.e nct yet bees 

proposed. 

-. . .. 
Since the design life of the system is. thirty years, r e tub ing  

during the lifetime may make the OTEC system uneconomical (ref. 2). 

F~irthermore, seawater contamination of the ammonia adversely affects its 

fluid characteristics and ultimately results in a significant power loss. 

Inleakage also necessitates the operation of the ammonia cleanup system 

which may consume a significant percentage of the available OTEC power. 

In short, very high reliability is required in the heat exchangers. 

- .- 
It is possible that aluminum alloys, and particularly aluminum alloy tubes. 

- 

that have not been aluminum clad (alclad) will not provide sufficient 

reliability. Recent reports have indicated that aluminum alloys may be. 

suitable in desalination plants (refs. 3-7). However, the seawater 

. used in desalination plants is adjusted to a nonscaling condition (pH. 

adjustment) and the oxygen generally is Icontrolled between 10 and 50 ppb. 

This water treatment can have a profound effect on the corrosion resistance 

of aluminum. A slightly acidic pH of 6.0 to 6.5 appears to be the optimum 

for aluminum when all factors of pitting and general corrosion are 

considered (ref. 6). Reference 6 also states that the presence of 100 ppb 

. or more dissolved oxygen in concentrated seawater brine increases the 

pitting and general corrosion susceptibility of aluminum. Conversely, 

deep water immersion tests indicate a lower rate of penetration should be 

expected as the oxygen concentration is increased, e.g.,from 0.5 to 5 ppm 

(ref. 10 and Figure 1). Other reports indicate that pitting is not of 

concern at pH 7 and above (ref. 20). It should be noted that aluminum 

alloys are not being used in commercial desalination plants. 

Much of the aluminum in seawater corrosion data is based on simple immersion 

tests. Since fouling does occur on the samples during these tests and since 

there is little or no velocity component, these test results are not 

directly relevant to the OTEC system environment. Table I summarizes 

corrosion rate data for 5052, 5083 and similar aluminum alloys. Uniform 

corrosion rates ~ere~generally less than 0.5 mpy and decreased with time. 

Maximum pit depths ranged up to 55 mils after 10 years for alloy 5083, 

29 mils after 1 year for alloy 5052 and 131 mils after 10 years for 



Ocean Depth 

d 

Average Pit Depth, mils 

Figure 1. Relationship between Average Pit Depths of Aluminum-Magnesium 
Alloys (5000 series) and Oxygen Concentration of Seawater (ref. 13). 



Ta' I - - 
Corrosion Rates of Aluminum Alloys 

Immersed in Seawater 

1 year Wrightsville 
Beach, NC 20.9 

2 years Wrightsville 
Beach, NC 18.9 

5 years Wrightsville 
Beach, NC 7.0 

10 years Wrightsville 
Beach, NC 24.0 

10 years Wrightsville 
Beach, NC 131.0 

1 year 
2 years: 
5 years 
10 year.s 

Reference 

Harbor Island, NC 
Harbor Island, NC 
Harbor Island, NC 
Harbor Island, NC 

1 year 
2 years 
5 years 
10 years 

Uniform 
Corrosion, mils Alloy 

Halifax, N.S. 
Halifax, R.S.  
Halifax, h.S. 
Halifax, K.S. 

Max. Total I 

Corrosion, mils 
' 

Locat ion 
' Time of 
Exposure 

1 year 
2 year5 
5 years 
10 years 

Pit Depth, mils 
Max. Avg. 

Esquimalt, B.C. 
Esquimalt , B. C . 
Esquimalt, B.C. 
Esquimalt , B. C. 

10 years Brixham, England 

Pt. Mugu, CA 1.6 years 

Miami, FL 
Miami, FL 

1 year 
2 years 

5 years 
10 years 

... 

Brixham, England 
Brixham, England 

368 days Key West, FL 



Table I [continued) 

.5 years 
1 year 
1 .year 
.2 years 
5 years 
10 years 
1 year 
2 years 
5 years 
10 years 
1 year 
2 years 
5 years 
10 years 
1 year 
2 years 
1 year 
8.3 yrs. 
2 years 
1 year 
1 year 
1 year 
2 years 
2 years 
3 years 
3 years 
5 years 
5 years 

Port Hueneme, CA Incipient 
Port Hueneme, CA 5.0 
Harbor Island, NC 0 
Harbor Island, NC 0 
Harbor Island, NC 0 
Harbor Island, NC 0 
Halifax, N . S . ,  5.0 
Halifax, N.S. 20.0 
Halifax, N.S. 6 .0  
Halifax, N.S. 12.0 
Esquimalt, B.C. 16.0 

6.0 Esquimalt, B.C. 
Esquimalt, B.C. 0 
Esquimalt,. B.C. 5 
Freeport, TX 3 
Cape Beale, B.C. 0 
Galiano 0 
Pensacola, F L  . 1.4 
Corpus Christi, TX 14 
Miami, FL 2 9 
Miami, FL 14.5 
Miami, FL 2.9 
Miami, F L  1.3 
Miami, F L  2.5 
Miami, F L  1 . 2  
Miami, F L  3.4 
Miami, F L  1.4 
Miami, FL ' 8.4 

I - 
Max. Total 
Corrosion, -mils Reference Locat ion 

Pit Depth, mils 
Max. Avg. 

j1 Time of Uniform 
Corrosion, mils Alloy Exposure 



Table I. (continued) 

3003 alclad 2 years Harbor Isl~nd, NC 12.0 

30G3 alclad 2years Halifax, N.S. 13.0 

30C3 alclad 2 ysars Esquimalt, B.C. 13.0 

Alclad 14 years Los Angeles, CA 91 mils* 

*Seawater cooled surface condenser at Union Oil Refinery 
contained 0.083 inch aluminum tubes clad with 8 mils 
Al-clad that were installed in 1960. To date, only one 
leak has been recorded and that was in 1974. 

Max. Total 
Corrosion, mils 

Uniform 
Corrosion, mils Reference 

Pit Depth, mils 
Max. Avg. Alloy 

Time of 
Exposure Locatic-n 



alloy 5456. . All rates decreased with time. If these data'are repre.- 

sentative, it is possible. the tube walls would experience a few perforations 

within ten to fifteen years. Corrosion rates in the OTEC system may differ 

from those in Table I because of velocity, oxygen concentration, tube wall 

condition and tube cleaning methods. Note the generally higher pitting . .. 

rateE for alloy 5052 iiiuncrsed i l l  deep seawaf er ('l'able 11) compared to 

those immersed- in surface seawater. 

The proposed 5 to 6 ft/sec tube velocity should lead to lower pitting 

rates than thosc obtained in SLagrlant or low velocity seawater. The 

oxygen concentration can significantly affect t h e  Fit depth as shown in 

Figure 1. Fouling products were allowed to occur on the immersed samples 

and, depending on the i'1a~ur.g gf prodiict., these may have enhanced or hindered 

pitting rates. (Note the tube perforations which occurred under barnacles - -  ' 

reported in Table IV) . Clean tubes must be maintained, in the OTEC system. 

The various methods of maintaining clean tubes, Amertap, Mann system, etc., 

may affect the protective aluminum oxide film and thus the corrosion rates. 

Due to the above uncertainties, we recommend that a corrosion test program 

be performed on the aluminum alloys of interest under the proposed service 

conditions. Ideally, the tests should be performed at the proposed 

OTEC system locations and should study the effect of velocity, tube 

cleaning methods, etc. Since the pitting rates in aluminum alloys do 

decrease significantly with time, a one to two year test program should 

provide a conservative estimate of material performance. 

The consensus of several cognizant 'industry representatives was that alclad 

aluminum alloys shnllld be used for the tubing material (refs. 15-17). 

A seawater cooled steam surface condenser has an excellent service record 

at Union Oil's Los Angeles refinery (ref. 14). Alclad aluminum tubes 

were installed in this heat exchanger in 1960. In 1974, one leaking tube 

was removed. Four other tubes were removed for inspection at that time. 

Isolated, shallow (0.001 inch) pits were observed in the cladding and no 

attack was observed on the base metal. Alloy 3003 tubes clad with alloy 7072 

have also provided ten years of satisfactory service in the seawater cooled 

lube oil'cooler on the freighter, Alcoa Clipper (ref. 20). Data in Tables I11 

and V through also indicate that very good performance can be obtained 



Corrosion Rates of Aluminum Alloys 
Immersed in Deep Seawater (ref. 25) 

Time 
(years) 

0.5 
0.5 
0.5 
0.5 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 

3.0 
0.3 
0.3 
2.0 
2.0 

1.0 
1.0. 

Uniform 
Corrosion 
.Rate, mpy 

1.8 
---- 
<o. 1- 
0.09 
0.4 

Max. Pit 
Depth 
(mils) 

0 
Uniform 

12 
2 6 
0 

Few 
Incip. 

12 

Avg. Pit ' ' 

Depth 
(mils) 

Crevice 
Depth 
(mi 1 s) . . 

. Location 

Port Hueneme, CA 

Reference 

12, 13, 26 

A1 loy 

5052-0 
5052-H3Z 
5052-H34 
5052-H3; 
5052-0 
5052-M32 
51352-H3L 
5052 

5052-H32 
5052-H32 
5052-H32 
5052-H32 

u 5052-0 
I 5052-0 

I-' 
w 5052-0 

5052-H34 
5052-H34 

5'052-0 
5052-H32 

DZpth; ft. 

2340 
2340 
2340 
2370 
2370 
2370 
2370 
2370 

4200 
4200 
4200 
4200 

5300 
5640 
5640 
5640 
5640 

6780 
6780 

65 (PR) 
0 
0 
------- 
2 0 
0 
34 

Port Hueneme, CA 

Port Hueneme, CA 

Tongue-of -the- 
Ocean, Bahamas 

65 (PR) 
65 (PR) 
0 
65 (PR) 
0 

0 
0 

Severe 
65 (PR) 

Port Hueneme, CA 

62 (PR) 
0 



T ~ b l e  I1 (continued) 

Time 
A 1  loy  Depth, f t .  (years) 

Alc. 3003-HI2 2340 0 . 5  

Alc. 3003 2340 0 - 5  
Alc. 3003-HI2 2370 1 . 0  
Alc. 3003 2370 1 . 0  

Alc. 
Alc. 

A 1  c . 
Alc. 
Alc. 
Alc. 

u Alc. 
I g Alc. 

Alc. 

Uniform 
Corrosion 
Rate, mpy 

2.2 

kax. P i t  Avg. P i t  
Depth , Depth 
(mils) (mils) 

0 
18 

Inc ip .  
0 

13 
0 
0 

13  
0 

Crevice 
Depth 

(mils)  

13 

0 
15 

0 

% Clad 
Consumed 

.,arge a rea  

General 
20% 
60% 

18% 
Large a rea  

General 
Large a rea  

---------- 
asenera1 
18% 
General 
General 

---------- 
General 

Locat ion  ':Ref. 

Port  Hueneme, CA 12,13,26 

Port  Hueneme, CA 12,13,26 
Port  Hueneme, CA 12,13,26 
Port  Hueneme, CA 1 2 , 1 7  76 

Port  Hueneme, CA 12,13,26 
Port  Hueneme, CA 12,13,26 

Port  Hueneme, CA 12,13,26 
Port  Hueneme, CA 12,13,26 

Port Hueneme, CA 12,13,26 
Port Hueneme, CA 12,13,26 
Port Hueneme, CA 12,13,26 
Port  Hueneme, CA 12,13,26 
Port Hueneme, CA 12,13,26 

Port Hueneme, CA 12,13,26 
Port  Hueneme, CA 12,13,26 



TAB 111 . . 
I .. - . . . . . . .  ...... - - - - - - . . . . .  . . .  .. . . 

S. S . .  a C O A  CLIPPER 
. . 

. . . . . . .  

SHIPBOARD HEAT EXCHANGER - 3/4'" OD x .064" "WALL . . 
ALCLAD (INSIDE 7072)  3003-H14 (ref. 

O r i g i n a l  
C l a d d i n g  

Thickness (1) 
% - I n,c h 

. . .  . . .  . . . . , '  . 3 . . . . . . .  . ' . . . . . . .  . .:.; . . Maximum " ..' . ' . . . ....... . . 
. . . . . . .  . . , .  . '. . . 

. . . . ' " . .  . . .  . .  . . :: Remain ing  
. . . .  
. . ,  . . . . . . .  . ' c l a d d i n g  , , , , C l a d d i n g  . . .  Mnximum .. f '  

. . . .  . . . .  Consumed. T h i c k n e s s  P e n e t r a t i o n  of ! 
S h e l l  Tubes  ' ,: , Years % . . . :  Inch . . . . .  C o r e  - I n c h  ! 

. . . . . . 
. . . .  - . . .  Lube  O i l ,  S e a w a t e r  . ' 1 . ' .  . . .  , i . . .: . 0100  . . '  . . . .  

N o n d e t e c t e d  
. . . . . .  

' '. . . . 
' -  : . . . .  '.5 . .  ; ,: .. :'. . . . . .  . . .  . 1 6  .0104  Lube O i l  - ' . S e a w a t e r  : . . 

.---. '  ond detect el , I  
. . . . . . . .  . . 

. . . . . . 
. . .  , . ,  . . .  . . . .  , . . .  . . .  . . .  

. . . . . . . ' . . . . . .  . .  1 0 . ' :  .Lube  O i l  : S e a w a t e r  . 2.7 . : .. . . 

. . 

N o n d e t e c t e d  . 1 
. . . . .  . . .  . . .  ' .  8 . . . . .  . # 

... . . .  . . . . .  .. 1 6  .0104  Lube . O i  1 S e a w a t e r  ' 4 .  - :.  : . ' O l O O  N o n d e t e c t e d  ' i 
, . '  . . . . .  . . . . . . .:. . 

. < . . . . .  . . . .  . . . ;  1 6  -0104  Lube  011 4 - .0070. i S e a w a t e r  : . . . . . .  ond detected , 

1 6  . 0104  ~ u b e '  O i l  
t 

. .! 

N o n d e t e c t e d  
. . " .  ' . . 

16  , 0 1 0 4  Lube  O i l  . S e a w a t e r  7 . '  
5 3 .  ,; . :,:.:, , . . 0107  . 

P N o n d e t e c t e d  
U, . . . . .  . . . . 

Lube  O i l  . . . ' .  S e c w a t e r  8 , . : .. 9 0 .  - ,: . 0050  ' . ,  , 022 '  
4 

8 .0052  . . . . . . 

. . . . 

9 1 6  .0104 Lube  O i l  .: S e a w a t e r  . '  . . . 
. . 

. . . . 
. .:. , 

. . . : . .  ....:.. . .  1 6  .0104 Lube  O i l  . : .  . . . S e a w a t e r  . . .  1 0  : . . . .  . . 76, . .. . .., .. ..:' 0102  . . .  
. . . .  . . 

N o n d e t e c t e ~  .. '  
, . . . . . . . . .  . .  , . . . . . . .  . . 

. . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . .  . . * .  . . 
. . .  

. . 3 . .  

. . . . . . . .  
. . 

. . .  . . . . .  
. . . . ,. , , , . ' .  :.- .,:. ' . .  . . 

. . .  . . 
. . .  

. . :: . ,: . . . !  
. . 

. . . . . . . . . . . .  
. . , . . . 

. . .  
. . . . 

. . .  
. . 

Note: (1) Nominal t h i c k n e a s  : % i s  of t u b e  wall t h i c k k s s .  :. . . . . . .  : : . ' . "  . . '  ' . ' i 



Tube 
Alloy 

Max. P i t  
Months * Depth ; 
Tested Inches 

TABLE IV 
. . - . - .  . - .- .. _ _. _ _ _  __ ,_ _ _  _, 

OSW - TEST BED PLANT., FREEPORT, TEXAS 
HEAT REJECT EXCHANGER E-21 . .  

. . RAW SEA WATER AT l l O ° F  I N  TUBES fief:. 27)  
. . . . . . 

. . .  . . 
. . Avg, P i t  . . 

Depth . . 
. .  , 

2 . . . .  Ir-c hes P i t s / I n .  / .  Remarks 
/ 

0 0 Exce l l en t  ccmdition 6; 0 .:.. 

6. .049- - . . .C30 . . .01 . "  
. . 

, F.erforati0.n ,and p i t s  under 
barnacles '. . 

6 ,049 ' . . . . . - .  : .a30 . . ; 0 1 . '  P e r f o r a t i o n  and p i t s  under i 
. . . .  barnacles  
. . 

6 . . , , ' .045 . '. ' . .  , .a30 ' .01 P e r f o r a t i o n  and p i t s  under I i 
barnacles  

. . . " . . . . . . . . .  . . .  
. . 

. . .  1 2  0 0 , 0 . ' .  
. . Ekce l l en t  cond i t ion  

1 2  ,020 ---- ---- . ' .  . One ,deep p i t  
0 . . 

. I 
I 

1 2  0 ' 0 .  . . Dccel lent  cond i t ion  
.049 ,020 0 '  : : . . Perf ,ora t ion  and p i t s  under 12 . . I 

. , . . . . .  ':'. barnac les  ! 
. . .  
, .  , 

. . . . i 
. . 

I 
. . . ' .  

Source: ' ~ e s a l i n a t i o n  Mate r i a l s  Manual prepared by Dow Zhernical Co:npany for : :  1 
NOSW, 1975-May. On page 4-108 of t h e  d a t a  sourze i t  i s  repor ted  t h a t  1 

i 
'. B tubes  removed a f t e r  t h s  f i r s t  6 months showei no p i t t i n g .  P i t t i n g  . t 

. . I 

t h a t  developed on t h e  replacement tubes  and th2' kr.j.:jinal. .' tubes  : 

occurred during t h e  l a s t  6 months of t e s t . .  . , 
i 

. . . 'i 
. . ! . . . . .  . . .  . .: . . . . . . , .  . . . . . . . .  . . . .  . . .  . . .:.. . . . . .  . . . . . . . . . . .  . . . . .  

. . 
_ . '  . . .  . . . . .- . . . . .  . . . .  , . . 

. . .  . . . . 
._. ' .  . . . . . . ' I 

: . .  
. . . . . . . . , . . . 

. .  1. 
. . . .  - . . !. 

. . . . 
. . .  . . . .  . . ; d  . . . . . . I  

, . . . .  . . . . . . .  .- . . .  , ' . . . . . . . . .  . - :, . . . . . . .  . . 
. . . . . .  . . . . . . . . . .  : ' . . -  

I I 
i.. 

. . . . . . .  . . .  . . . . . . . . . . . . . . .  . .  5 . . . . .  ',. . I '  . ' .> : . . ,  . .  . . 
. . .  . . . . . . . . . .  . . , :  .: . . . . 

. . .  . . . . . . . . . . :  . . .  . . . . ' I 
. . . . .  . . .  . . . . . . . .  

I; 
. 2. . . . . . .  . . . .  . . . .  . . . . . .  . . . .  . . .  . . . .  

. : .  . 
. . . ' .  . . .  .. . . . . . . . . .  ... . . - .:' " .- , ' .  ". . . .  

! 
. . . . . . 

. _  . . . . . .  . . , 
. . . . . .  

, . ; ( _  .:.. .:_ . . . x . . 
. . .  

, 8 

. . ' . : . . . ( . ,  . . ,. I( . . . . . . . . I. . . 



i CONDENSER WITH 3/4" OD x .065" WALL ALCLAD (INSIDE - 7072 )  3903-Hl4 t ' . ' . .  
. . i '  ' 

1 TUBES ( r e f .  . 2 7 )  '.. : 
. . . . .  . . . .  

. . . . .  . . . . .  . . . . . . . .  . . . .  . . . . . . . .  . . .  . . 
. . .  . : , . . . . . .  . . . . . . . . . . .  . . . . .  . . . . . . . . . .  . . . . . . . . . . . . .  . . .  

. . . . . : .  . . . . . . . .  . . .  , _. ! ' 
. : .  . 

. . . . . . . . . . . .  . . . .  . . . .  . . . .  . . . . . . .  : ' .  . .:. , . 
. . . . . .  Maximum 

. . . . . .  . . . , claddins I ,, ; : . . :, . . . . .  .Measured 
Service ' .  . . . . ' .  Consumed . ;: . . . . . . .  . . .  

. . 
. . ' .  Penetration ' 

. . . . .  Shell Tube , Years . . . .  : . .  % .  . . .  . . .  . . . . .  . . . . .  
Inches 

. . . . .  . . .  . . : . . . . . . .  ... . . 
. . . .  Steam Baltimore  arbor ' , :  . . . 2 : ' . . ' . .  16 ' . . . . . . . . . .  : . . . .  . . . .  ' ' .006 , . 

. . . . . . .  . . . . .  . . . .  Water , ' . a ,  . . . . . .  . . . . 
. . . . .  4: , 

. . 11 , ;: ,, ' . .  . . . . 
. . .  

..008 
, :. . . . . . 

. . . .  : 2 9  : .:;::: '::. . . . . . .  . 6 :. , .  . . .009 
. . . . . . .  . . . .  ' .  . . . .  . . a,. '.. ' ' ' 

. . . . . - : . / _  . . 
. 8 .  66.: ' . ' , ;  . . "  '. 

. . .  .009 



. . 

TABLE VI 
- .. 

FREEPORT TEXAS, CONDENSER, ALCLAD (INSIDE 7072) 3003 AND 
N3NCLA3 3003 TUBES 3/4" OD x , 0 6 5 "  WALL (ref- 

. . 
. . . . 

... . . . ~ Maximum 
. . .  . . .  , . : Measured. . . . . 

. - S e r v i c e  Tube . . . . . .  P e n e t r a t i o n  
Tubes Years ' , . Alloy . . S h e l l  . . Inch 

. . . . 

Steam 

Steam 

Seawater . . 

Seawater ' .  . . . 

A . l c .  3003 . . '.: ' . ' Cladding Not Per f  orated. 1. 
; i. 

. I :  

. i :  . . 
: :  

. f i. 
. I . 

. 1 :  

i i' 
, i 
: \ 
: :. 
: 2 

: 1 
, s  2 .  

! : 
'. ? 
: ,. 
: 

' i i .  1 '  
1 



. . 

TABLE VII 
. . -. . -. .. . _ _ ,  . . , . 

. . 
TEXAS ' CITY, TEXAS . ' .  ' 

, . . CONDENSER - UCLAD (INSIDE 7072) 3003 AND NONCLAD 3003 TUBES . 

3/4" OD x .06511 WALL. (ref.  27) 

. . . . . . 
S e r v i c e  . . '  ' . 

S h e l l  Tubes Years . .  

,S team 

. . .Tube . . .  . . .  . . 

A l l o y .  : .  . '. Remarks 

1 .1/4 . . . :  . A l c .  3003 : .  . S,ca t te red  p i t s  l i m i t e d  
. . . . t o  c l a d d i n g  

: .  . . .. ... . . . .  
. . 

s c a t t e r e d  s m a l l  p i t s  

A l c .  30'03 Broad sha l low p i t s  - 
cladding p r o t e c t i n g  

. . .  . . . 

3003 s c a t t e r e d  small p i t s  
. . 9 .  

. . . . 
deeper  t h a n  a t  1 1 / 4  

. . . . .  . . 
. . . .. y e a r s  

. , . . ,  
, , 

. . . :. . . >. . . 
. . . . 



. . 
' TP.BLE VIII . . ! .  . . :  . . . . . ....... ...... .. ...... ........... - . . . . . . .  -. -- - -. .. 

3 '  ' . , . , .  
. . . . . . 

' ALUMINUM DESALINATION UNIT, ABOARD THE ALCOA SEA PROBE . . 

CONDENSER AND EVAPOPATOR TUBED WITH 5/8It OD x .065It HALL ALCLAD (BOT3 SIDES 7 0 7 2 )  
. . 3003-H14 TUBES ( r e f  28) . . 

, . 

: .  . . 
. . . . 

Condenser . 
. . . .  . . . . . . . .  . :  . . . .  , . .  

. . 
. . . . . . . .  . . . . .  .- . 

. . . .  , . .  _. I . .  . . . . . . . .  . .  . . .  . . ' .: :. . _ . . '  
' ' . :. . . . . 

S h e l l  5454-H34 aluminum . . . .  

Tubes 5/fIt1 CD x . 0651t  w a l l .  a l c l a d  (both s i d e s  7 0 7 2 )  3003-El4 
Water box - s t z e l  coated i n t e r n a l l y  w i t h  . Debecate . ....... .....:.. :...: . .  . . 

I 

. . 
. . .  Serv ice  . . :  

Raw sea water  i n  tubes  (small barnacles formed).  : :  
. . 

. . 
. . Condensate i n  s he l l . ,  . ' ! ' ..: 

. . 
7 years  - Yo problems due t o .  co r ros ion  . ' . .  . . .  . .  , . . . 

. . . . : ! . , #". . . . . .  

Evaporator. :: 
. . . .  

. . . . . . . . . . .  . . . . . . .  , I. 
. . .  . . . . .  . . . . .  . . . - .  . . .  

. . 
. . 

S h e l l  5454-H34 aluminum, ' . . .  . . ,  

Tubes 5/8" C3 x . 0 6 5 "  w a l l  a l c l a d  (both  s i d e s  7072)3003-1114' 
Tube s h e e t  - Alclad !both s i d e s  70?2,) 6061-T6,  1''' t h i c k  
Water box - s t s e l  coated i n t e r n a l l y  with Debecate . . 

Service  . . . . 

. . .  Engine j acke t  water  i n  tubes  . . . .  . 

. . . . . .  
Hot sea  water  evaporat ing i n  s h e l l  . ' . . . . :  . . '  
7 yea r s  - . n o  cor ros ion  problem . . 

. .  , .. 
..*: ,, . ' . . .  . . . . .  . . . .  

. . . . . . . .  
. . . . . . 

. . .: . . . . .  



. . . . . . . .  .*".:,' .. ..:-' ....... '"Y.:, . .....**,. * ., .rr,,e,e -*; -.l - .- - . - , 

. . . . . . : . .  _ . , , :  I '. 
Y=- 

. . 
. .  

4 
I TP IX . . . . i. 

. .  - . . . . . . . . . . . . . . . . . . .  .. .... , . 
. . 1 .  

LUBE. OIL ' COOLER - PORT ARTHUR, TEXAS . :(ref. . . 27) . : . [. 
:: b! 

. , 
. . . . 

. . .  . . .  ... Tubes ' .  - Alclad (Inside 7072) 3003-H14 ' .  , . ' : 

. . . . . . . . . .  
. . . . . . . . .  

. . 
' :  . . . .  . . . . . .  . . .  . . . . . . . .  

.. j:; 
. . .  . . . . . . . . . . 

Coolant - ~rackish Water in ~ u b e s :  ..: . . . . . . . .  . . . . . . . . .  . . . . . . . . .  
. .  I": 

. . . . .  . . f 
. . 

3' ; 
Service - . After 5-6 years 'about 50% of cladding consumed, but no penetration 

, - I .  1 
. of the 3003 core. . The coo1er:remained in service.. 

, . . . . . . . .  
. . .  . . ,  . . . . . .  . . .  . , 

. . .  . . .  , . . . . . . . . . .  . . .  . . . . .  . . . . . . . .  . . . . . . . .  . . 
I . . .  . . . . 

, . .  
. . .  . . . . . . . > 

. . . . 
. . . . .  . . . . . . . .  . . 

. . . . .  
. . . . . . . . . .  . . . . .  . . . - . . . . .  . . . . 

. . . , 
. . . . . . . . .  

. . .  . . 8 . .  . . .  
. . . . -  , ,I::' 

, . . . . . i t - 
. . 

. . . . 1: . . . . 

. . .  . . .  . . . . . . . _ . .  . . .  . . .  
. , . . .  . . .  . . . , I  

. . ? 
. . . . . . ! . . 

: . . . . . .  
t 

i e 
. : .. . .  . . . . . . 

. . .  : . . . . .  . . . . . . . . 
. . . .  . , . . . . . . . . . . . . . .  . . . , 

' i 
. . . . . '  . 

. . . . .  . . '. . 
. . 

. . . . .  

i 
. . .  . . . . .  . . . .  . . . . .  . . . . . . .  . . . .  . . . . . . .  . . . . 

. . .  
. . 

I 
. . .  . . . . . . .  , . . . .  . . .  

.. ( . . . I  . . . . . . . .  . . . . . . . . . . .  . . .  . . .  . . 
. . .  . . .  : . . . . . . .  . . . . . .  . . .  

! 
. . . . 

. . .  
. . . . . . 

. . . . . . . . . . . . . . . .  . . '. . (  . . ' 2 . : .  . . . . . . . . . , .  . . . 
. . .  

;. . . . 
. . .  . . .  , . 

. . . .  . . . . . . . .  . . . . . . . I , ". , . . . . .  . . . , . . . . .  . . . . . . .  . . .  : , . : . , . . . . . .  , . . .  . . . . . . .  . . 

, . 1 '  
. . . . . . .  . . .  . . .  . . '  . . . . .  . . . . . . .  . . . . . . .  , . . 

' . . : . ,  : .  . . .  . . . . .  
. . 

. . . . .  . . 
. . . . . . . . . .  . . 

' . , . : .  : 

I' 
. .: , . . . . . 

. i  . . . . . .  . . , . . . .  

. .  I 
.. , . . . . . 

4 . . .  
. , ,  .. : . . . . . . .  . . . . . . . .  I .  

: . 
. . . . . 8 .  . . . . . . . . . . . . .  . . . . . .  . .  , 

, : ,  . . . .  . . .  . : : . .  . .: . . .  , . . .... . . . . . . I . . . . . ' (  . . , :  . . . .  . . . . . .  . . ... . . *;.., . . . . . . . 

I. 
. . . . . , .  

. . . .  . . . . . . .  . . 
. . . .  

. ,, . 
. .: '. . . . . 



. -. . . .. . . .  .. . TABLE X - - - - --- - -, .- - 
. . 

AMMONIA. CONDENSER - LAKE CHARLES, LPk lref. 27)  
, . . .  . . . . .  . . . . 

. . . ' . '  . . . .  . . . . . . .  . . . . . .  :. . . . . . . . .  . . .  . : .  . . . .  . . . . :  . . .  . . . . .  ... . . .  . . .  . . .  . . . . . . .  . . .  . . .  . . . . . . .  - .  . ..,.; . . .  
, .. 

. . . . . :  . . . . . . . .  .. -... . . : .  . . 

Tubes ' - Alclad (inside 7072) 3003-~14 , . ' .  " .  ;' . ., . . 
. . 

. . . . . . . . .  . . . .  . . . . .  . . . :  . . . .: 
. . . . . . .  . . .  . . 

. . . .  . . 
. . coolant - B r a c k i s h  w a t e r  ' i n  tubes , ' . , , .. . , . . . . .  . . . .  . . .  

. . .  . . .  . . .  
. 1 . .  

: . . 

service . - So exanination or t r o u b l e  reported i n . 4 . '  Condenser 
: : . .  . . . . .  . . 

. ,. . : . . . .  ! , . . , . '  . . . . 
. . . . . . . . .  remained i n  service .  . . . . .  . . . . .  . . . . . .  

. . . . .  
: . . . 
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TAI XI . I 

-. -. - - - - - - - ... . . . .  ... .... . ... .. . .  . . . .  .- - .- - -. - -- - . . . . 
. . ! 

ALCLAD ALUMINUM TUBES I N  BALTIC SEA WATER AT STUDSVIK, AB' ATOMENERGI 1 
RESEARCH STATION (ref- 27) . 

i 
! 
! 

i 

Composition of  . . 

B a l t i c  Sea WaCer a t  Studsvik ' . ., 

. . Tube A l l o y s .  . . .  Remarks 

Chloride 
S u l f a t e  
Calciun 
Sodium 
Magnesium 
oxygen 
Hydrogen S u l f i d e  
Ammonia 
PH 

3970 mg/'l . : 
550mg/l. :  . : .: 
72 mg/l :: 

2450 mgjl  . . ' .  . 

79 mg/l 
8-14 mgjl ' . 

< 0.1 mg/l 
Not Detected 
7.8 

. . .' . 
: ", SIS 4212, ~1 Si 1 Mg (6351) , , ' ' . . . .  . . l o % .  c ladding  removed by . .  

:. 
.' Clad i n s i d e  with Al-Zn 1 (7072)' .,'. e ros ion  .- corros ion .  Pene- 

. . . . . . , t r a t i o n  no deeper tt-an . $1 
SIS 4212, A 1  ~ i '  1 Mg (6351) . , :  - 1 4 0  ~m (.005518) 
Clad i n s i d e  with A 1  99.99 . .'. . . .  . . 

. . . . . .  
. '  - . 50-601 cladding removed by 

. . .  . . . . erosion-corrosion.  Penetra- 
', ~ i m e  10,000 h r s .  (13.7 mas.) . '. : : - . . . . .  

. . .  
! t i o n  no deeper than 2 0 0 .  m 
(. 0079" 1 . . 

Veloci ty  2.5 m/sec (8.2 '  f t / s e c . )  : .  : 
. . . . 

.. Temperature 5 0 0 ~ '  (122OF) ': ' . 
. . 

. . . . . . 
. . . . . . . . . . .  

. . . . .  . . . . 
I .. 

u . . 
I . . .  . . 

L Q .  . . .  . . . . .  
. . W . . . . .  Concluded t h a t  a t  5Q°C (122OF) v e l o c i t y  of 2.5 m/sec (8.2' f t /sec.)  t o o  high f o r  aluminum ,:.. 

. . t ubes  t e s t e d .  Fur ther  ' s t a t e d  t h a t  h e a t  exchangers containing..aluminum. tubes  c l a d  i n s i d e  r 
with A1 Zn 1 (7072) have opera ted  problem-free i n  ."Studsvik-water" a t  a maximum ,I . 
temperature of 20°C (680F)- and w a t r  v e l o c i t i e s  o f .  less than  '2.5 m/sec (8.2 f t / s e c )  f o r  

. . .  more than 15 years .  . . . . . . . .  . . .  
. . . . . . .  . . . . . . 

. . .  . . 
. . . . 

Ref: "Corrosion Tes t s  i n  ~ a l t i c  Seawater on Heat Exchanger:Tubes of  Various , . .  
. . M e t a l l i c  Mater ia ls"  ,. Henlcikson and Knutsson.. . . 

I '  
a .  



with alclad tubes. On the other hand, other alclad tubes at Union Oil 

failed in three months possibly because the cladding had not been 

applied properly (refs. 18, 19). 

Alloy 7072 cladding was developed primarily for application in natural 

waters. Alcoa test work has shown that this alloy may be too active in . . 

seawater, particularly for deep sea applications (ref. 25). We concur 

with their recornmendationithat a need exists to develop an alclad aluminum 

alloy especially for deep sea exposures. 

We also suggest that the HI16 or HI17 temper be considered for the 5083 

t~~besheets and shells to prevent intergranular corrosion i n  the weld 

areas (ref. 17). Furthermore, if the seawater is contaminated with 

heavy metal ions, such as copper, aluminum alloys will fail rapidly. 
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Appendix E 

AMMONIA CYCLE 

This appendix includes supplemental details on the components incorporated into the 

ammonia cycle subsystems. These details are supplied in three separate sections, 

as follows:. 

E -1 Ammonia Vapor and Condensate. Systems 

E -2 Ammonia Cleanup System 

E -3 Ammonia Storage, Fill, and Purge. System 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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APPENDIX E-1 

AMMOM A' VAPOR AND CONDENSATE SYSTEMS 

. PUFPOSE 
A 

The purpose .of t h e  ammonia vapor and condensate systems is  t o  - . 

provide t h e  necessary piping, valving and pmps t o  in terconnect  

the  major components of t h e  OTEC power cycle ,  i, e, t h e  condenser, 

evaporator and turbine,  

DESCRIPTION 

The ammonia vapor system f o r  the 100 M W  spar  conf igura t ion  OTEC 
, 

p l a n t  c o n s i s t s  o f '  one 51" diameter 'vapor pipe running down each 

s ide  of the  25 MWe power module from t h e  evaporator o u t l e t  

connections t o  t h e  turb ine  i n l e t  main s t o p  ~ l v e s ,  Par t  of t h e  

pipe i s  exposed t o  t h e  e x t e r n a l  seawater environment and t h e  

remainder i s  contained wi th in  t h e  power module and i s  exposed t o  

ambient. i n t e r n a l  conditions,  The pipe i s  configured t o  avoid t h e  
- 

formation of l i q u i d  ammonia pockets which could be c a r r i e d  i n t o  

t h e  t u r b i n e  . i n  s l u g s  and cause; damge t o  the  turb ine  blades, The 

pipe . exposed t o  t h e  seawater environment i s  provided with 

ex te rna l  s t i f f e n i n g  r i n g s  t o  preclude c o l l a p s e  when ammonia 

evacuation is being performed, Pipe mater ia l  i s  carbon s t e e l  

coated on .the o u t s i d e .  t o  minimize corrosion,.  A ca thodic  

pro tec t ion  system w i l l  a l s o  be .  provided t o  minimize corrosion,  

TO provide electrica 1. i s o l a t i o n ,  a n  i n s u l a t i n g  f lange  o r  pipe 

sec t ion  i s  provided between t h e  aluminum evaporator and the  

carbon s t e e l  pipe and a t  t h e  penet ra t ion  poin t  of t h e  pipe i n t o  



t h e  power module. Appropriately i s o l a t e d  pipe supports,  snubbers 

and expansion j o i n t s  a r e  provided t o  accommodate t h e  expected 

s t a t i c  and dynamic loads. N O  va ives  a r e .  included i n  t h e  vapor 

system s ince  t h e  main tu rb ine  s t o p  valves can serve  a s  i n s o l a t i o n  
. .. 

.. ... 
valves  f o r  t h e  evaporator,  thereby avoiding unnecessary 

a d d i t i o n a l  pressure  drop. A bypass l i n e  and con t ro l  va lve  a r e  

provided around t h e  . t u rb ine  f o r .  s t a r t u p  , purposes, Refer  t o  

Bechtel  Drawings 12384-M-1 and 12384-P-1 frir t h e  schematia 

r ep re  s e n t a t i o n  and arrangement, r e spec t ive ly ,  of  t h e  ammonia 

vapor pipe. 

The ammonia condensate system c o n s i s t s  of the  appropr ia te  piping, 

pumps and valving requi red  t o  remove the  ammonia condensate from 

t h e  condenser sump and d e l i v e r  it t o  t h e  evaporator sump and from 

t h e r e  t o  t h e  p ip ing  d i s t r i b u t i o n  system and spray nozzles  within 

the  main ammonia evaporator. A 36" suc t ion  l i n e  provided to 

three, one- ha l f  capaci ty ,  v e r t i c a l  c e n t r i f  uqal condensate pumps. 

The pumps a r e  provided with b u t t e r f l y  i s o l a t i o n  valves and 

mininium f low r e c i r c u l a t i o n  valves,  A b u t t e r f l y  l e v e l  c o n t r o l  

va lve  is provided i n  the 20" condensate pump discharge ' header 

connected t o  ' t h e  evaporator  sump, This valve c o n t r o l s  l e v e l  i n  

the e v a w r a t o r  sump. Pour one-third capaci ty  d i s t r i b u t i o n  pumps. 

t a k e  s u c t i o n  from t h e  evaporator  sump and d e l i v e r  l i q u i d  ammonia 

through 14" headers . to  d i s t r i b u t i o n  poin ts  i n  t h e  evaporator. 

These pumps a r e  provided with B u t t e r f l y  i s o l a t i o n  valves. A 

condenser l e v e l  c o n t r o l l e r  ope ra tes  ammonia makeup and/or reject 

c o n t r o l  valves w h i c h  a r e  connected- t o  t h e  c e n t r a l  ammonia s to rage  

system, The pipe .is coated carbon s t e e l  and is  insu la ted  within 



I 

t h e  power module t o  prevent  excessive condensation, Outside t h e  

power module, t h e  pipe is e l e c t r i c a l l y  i s o l a t e d  to  prevent 

corrosion, Pipe supports,  snubbers and expansion j0int.s a r e  - 

provided a s  necessary t o  accommodate t h e  expected s t a t i c  and 
- .  

dynamic loads, Pipe s i z e s  are based on flows and s t a t e  po in t s  

f o r  LMSC Computer Run I d e n t i f i c a t i o n  26 September 1977, 12:48:3 

(hT = 360F) and ammonia vapor and condensate header v e l o c i t i e s  of 

160 i p s  and 30 fps ,  respect ive ly .  

TABLE 1 

AMMONIA CYCLE PARAMETERS - DESIGN CONDITIONS (360F AT) 

Evaporator Turbine Condenser 
Discharge Entrance 'Discharge 

pressure,  
p s i a  

Te mpe,ra t ure , 
OF 

Enthalpy , 
Btu/lb 

Density, 
l b / f t J .  

Q u a l i t y ,  X 

Flow, lb/sec ' 



EQUIPMENT 

. Pumps: 

Condensate Dis t r ibu t ion  
Pumps Pumps 

Number Required: 

Fluid: 

Temperature, OF: 

Suct ion Pressure,  
psia:  

Discharge Pressure, 
psia:  

Flow (gpm) (per  pump) : 

3 4 

- Anhydrous Ammonia ( l iqu id )  - 
52 ' 7 1  

Suct ion S t a . t i c  Head : 20 20 

Estimated H P  (pe r  pump) : 79 0 7 5 

Electrical, 3 phase 
v o l t a  r 4,160 

Mot or Type : - Class  1,  D i v a  2, Group D - 
Material:  -, Carbon steel, i r o n  with SS t r i m  - 
Seals: - mechanical - 

Control  Valve ( 1 required/module) : 

iype : But te r f ly ,  c o n t r o l  and shutof f  

Operator: O i l  hydraulic with remote s i g n a l  

shutoff  Ap, 
psia:  Maximum 2 6 0  

Normal opera t ing  
pressure,  psia:  193 



Material: 

Features: 

Piping (per module) : 

Steel:,  SS t r i m  

S t a t i c  elastomer sea l ing  r i n g  o r  
i n f l a t a b l e  elastomer (T r ing)  s e a l  f o r  
minimum leakage 

Vapor: 

Main Mpor  l i n e s  - 511@ diameter, 0.56"-wall, coated 
carbon steel, 300 fee t ,  

Condens ate: - .- .. 

14" diameter, 0,375n w a l l ,  coated carbon steel, 250 f e e t  

20" diameter, 0,375@8 w a l l ,  coated carbon s t e e l ,  300 f e e t  

3619 diameter, 0.518 wall ,  coated carbon s t e e l ,  55 f e e t  

Valves: 

6 - 14" But ter f ly ,  carbon s t e e l  with SS trim, elastomer 
s e a l  f o r  minimum leakage, To be complete with o i l -  
hydraul ic  o r  motor operators ,  



WEIGHTS 

Ammonia condensate pipe 

A ~ r u r ~ u r ~ i c i  vdpoi' gige 

Ammonia (condensate) 

Ammonia (vapor) 

Condensate pimp 

Dis tr ibut ion  pump 

Vapor l i n e  expansion jo in t s  

Condensate. l ine expansion jo in t s  

Control va lve  

A p p r o x i  mate Weiqht i n  Pounds 

14°8 Butterf ly  va lves  

I I ,  000  (each) 

2,000 (each) 

1,000+ (each) 

1,200 

800 (each) 



APPENDIX E-2 

AMMONIA CLEANUP SYSTEM 

The ammonia cleanup system separa tes  seawater contaminant (from 

condenser in-leakage) from t h e  ammonia f l u i d ,  T h i s  i s  necessary 

because contamination by seawater w i l l  a f f e c t  the  f l u i d  charac- 

t e r i s t i c s  s o  t h a t  a v a i l a b l e  pressure  drop across  t h e  t u r b i n e  i s  

reduced, For example, . a mixture . of 90% ammonia and 10% water 

w i l l  r e s u l t  i n  4 p s i  l e s s  a v a i l a b l e  pressure d i f f e r e n t i a l  . . than 

would be the case  f o r  100% ammonia, Since t h e  design pressure 

d i f f e rence  across  t h e  t u r b i n e .  is approximately 40 p s i ,  this . 

reduct ion would r e s u l t  i n  a s i g n i f i c a n t  power loss ,  I n  order .  t o  

maintain t h e  water contamination a t  a reasonable l e v e l  when the  

condenser is leaking, it is necessary t o  maintain a continuous 

blowdown from t h e  evaporator which must be cleaned and returned 

t o  t h e  main system, 

DESCR'IPTION 

The condenser must be considered as  a source of poss ib le  i n -  

leakage, s ince  i ts ex te rna l  w a t e r  p ressure  is g r e a t e r  by some 

60 p s i  than  t h e  i n t e r n a l  ammonia pressure, Double tube  s h e e t s  

have been incorporated i n  t h e  condenser .design t o  e l imina te  l eaks  

through the  tube sheet,  However, t h e r e  are 56,500 40'-foot tubes  

i n  t h e  un i t ,  and i t ' i s  reasonable t o  suppose t h a t  t h e r e  may be a 

few leakers. 



I f  t h e  assumption is made t h a t  t o t a l  in-leakage i n  t h e  condenser 

is 1 gpm, and t h a t  t h e  maximum permissible  concentrat ion of water 

. . i n  t h e  evapora tor  w i l l  be 5%. t hen  a continuous blowdown of 0,16% 
-. 

of t h e  t o t a l  ammonia f low w i l l  be required, . The cleanup system 

is sized on t h i s  basis, r e s u l t i n g  f n a Ljlowdown flow of 10,270 .. % 

A number of methods were considered f o r  t h i s  sepa ra t ion  process 

inc lud ing  molecular s i e v e ,  o r  s i l i c a  g e l  adsorpt ion  beds, 

f reezeout ,  f l a s h  separa t ion  and a d i s t i l l a t i o n  column, Adsorp- 
- .. .- 

t i o n  beds would normally be t h e  m o s t  d e s i r a b l e  method, However, 

they  are not  s a t i s f a c t o r y  i n  t h i s  case  s ince  the  high a f f i n i t y  

b e t w e n  ammonia and water precludes s a t i s f a c t o r y  separation, 

D i s t i l l a t i o n  is considered t o  be the most d e s i r a b l e  o f  t h e  t h r e e  

o t h e r  methods based on experience,  performance and power requi re-  

ments. A sketch of  a d i s t i l l a t i o n  type ammonia cleanup system is  

shown i n  SK- 1 238 4- 7,  

The blowdown from t h e  evaporator  sump i s  pumped i n t o  t h e  dis-  

k i l l a t i o n  column, The pressur-e i r i  tile column i s  maintained high 

enough s o  t h a t  t h e  r e s u l t i n g  vapor may be ducted t o  t h e  t u r b i n e  

vapor l i n e  without f u r t h e r  compression, The water which is  

separa ted  ou t  flows i n t o  the  sea a f t e r  cool ing t o  100 F, 

The column is heated by a n  e l e c t r i c  h e a t e r  which draws i ts power 

from the  main genera t ing  system, 



A.MMONIA CLEANUP. SYSTEM 
S K  - 12384 - 7 .  R E V .  1  D E C . 2 9 , 1 9 7 7  

10,060 LBIHR 
100 % N H 3  VAPOR 

- *  - 
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I 2 
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10,270 LBIHR 
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AMMONIA 
CLEANUP 3'-0" OIA. x 30'-0" 
COLUMN 

138 PSlA 740F. 
140 PSlA ELECTRICAL 4 . 9 8 ~ 1 0 ~  BTU/YR 

HEATING COIL 1460 KW 

AMMONIA PUMP - 
* 

f 
-- 

33 GPM BHP COOLOOWN HEAT EXCHANGER 
2.4 KW 60 M BTUIHR 

v TO SEA 
1000F. 



EQUIPMENT 

Pump - Ammonia t o  Column (1 required/module) : 

Fluid: anhydrous ammonia with 5% 
(maximum) water 

I n l e t  pressure-,  p s i a  : 138 

Out le t  pressure,  psia: 200 

Temperature, O F :  74 

Spec i iae  gravity: 0.62 

Flow, gpm: 33 

Estimated HP: 3 

E l e c t r i c a l :  460 v o l t ,  3 phase,"60 c y c l e  

Features  : Pump s h a l l  be complete wi th  a 
Class  1, Division 2, Group D 
motor, mounted and a l igned on a 
c a s t  i r o n  base, Mechanical seals 
a r e  t o  be used. 

Mat.eri aj.: Mfr- std. f o r  amm~nia s e r v i c e  

D i s t i l l a t i o n  Column (1 required/modulA: 

Fluid: ammonia and seawater 

~pprox imatb  s i z e  : 39 diameter by 30, v e r t i c a l ,  0.5m 
wall thickness 

Design pressure,  psig: 250 

Temperature , O F :  370 

Heater: 

Features: 

1460 kW, 4160 V, 60 cycle,  
3 phase 

V e r t i c a l l y  mounted complete with 
supports, 10,270 Ib/hr safety 
valve,  dra in ,  4" supply and 6" 
discharge pipe f langes  and two 
manholes, 



Pipinq (per module) : 

.Feed Pipe: 30 f t ,  of . s td ,  w t ,  4" pipe,  w i t h  4 - 900 elbows, 
one 200 l b  g a t e  valve. 

Discharge Pipe: 30 f t  of s td ,  w t ,  61' pipe,  wi th  4 - 900 
elbows, one 200 l b  g a t e  valve,  

WEIGHTS 

Approximate Weiqht i n  Pounds 

Pump, Ammonia t o  Column 20 0 

Pipe, feed 500 - 

Pipe, discharge 800 

D i s t i l l a t i o n  Column 10,000 

LOCATION 

The ammonia cleanup system is located i n  each power module mach- 

i n e r y  space. \ 





APPENDIX E-3 

AMMONIA STORAGE, FILL AND PURGE SYSTEM 

PURPOSE 

The OTEC plant will utilize large quantities of ammonia in the power systems. 

Not only will the systems require an initial fill and makeup, but there will 

occasionally be a need to transfer ammonia, pump down and. purge a system, refill, 

or dispose of fluid. For these procedures, an ammonia storage, fill, and 

purge system' is required. 

DESCRIPTION 

The system consists of a main storage tank, compressors, and the necessary 

tanks-, piping, valves and safety provisions, as shown in drawing SK- 12384- 9. 

An ammonia transfer pump is included in each power module. Operation of this 

system is described in Section 4.8.1 of the main body of the report. 

Only one common system is used, as all four modules should not require filling 

or evacuation at the same time. Typical evacuation time for a portion of one 

module is about 12 hours. The evacuation time for the entire ammonia system 

of one module would not take longer than 24 hours. 

EQUIPMENT • 

Compressors (12 stages requiredlplant): 

Service: Comgreqs and condense anhydrous ammonia gas , 

0 
Suction temperature, F: 52 to 74 



Suc t ion  p r e s s u r e ,  
p s i a :  3 t o  1 7 0  

Discharge  p r e s s u r e ,  
p s i a :  170 

Q u a n t i t y ,  cfm: 1500 max 

Es t imated  HP: 135 t o t a l  f o r  12 s t a g e s  

D r i v e r s  : C l a s s  1 ,  D i v i s i o n  2 ,  Group D elec- 
trical motors for first 9 stages, 
ammonia expanders  f o r  l a s t  t h r e e  
s t a g e s  

Ammonia t r a n s f e r  pumps . (1 required/module) : 

Service:  

F lu id :  

Temperature,  OF: 

Density: 

Suc t ion  p r e s s u r e ,  
pc i s :  

Discharge p re s su re ,  
p s i a :  . 

Flow, gpm: 

S t a t i c  head,  fk: 

Est imated  HP: 

Mater ia l s :  

Features :  

Liquid ammonia t r a n s £  er  

Anhydrous l i q u i d  ammonia 

from 52 t o  7 4  

39 lb /cu it 

4G0 V, 6 0  c y c l e ,  3 phase, ac, c l a s s  1, 
Div is ion  2 ,  Group D mobox with ~hu tduwn  
h e a t e r  

Mfr, s t d ,  f o r  l i q u i d  anhydrous 
ammonia 

Mechanical s e a l ,  Pump t o  be 
assembled and a l i g n e d  on r i g i d  base 
w i t h  gauges and l eakof f  connect ion-  



Ammonia S to raqe  Tank (1 required/plantL:  

Type: C y l i n d r i c a l  

Design p re s su re ,  250 
p s i g  

S torage  temperature ,  70 
F 

S i z e ,  r a d i u s ,  f t  30 

S t o r a g e  volume, 55,000 ( inc lud ing  15% u l l a g e  per 
cu, f t ,  OSHA requirements)  - 

Purqe Fans (2 r equ i r ed /p l an t )  : 

Service:. ven t ing  of noxious gases  and n i t r o g e n  

Type : in -duc t  t y p e  p r o p e l l e r  f a n s  

Capacity: 1000 SCFM each 

Pressure:  10" H20 d i s c h a r g e  

Supply: 

Electrical: 

ambient a i r  a t  700F, 90% humidity 

460 V,  60 cyc l e ,  3 phase,  exp los ion  
proof motor 

Estimated HP: 5 

Discharqe Ducts ( 2  r equ i r ed /p l an t )  : 

Ligh t  gauge, 12'' diameter  s teel ,  f i b e r g l a s s ,  o r  o t h e r  s u i t a b l e  

ma te r i a l .  Maximum pressure  . i s  10" H20. Length, 250 it each, 



C e n t r a l  Ni t roqen S t o r a q e  Cy l inde r s  (1 set r e q u i r e d / p l a n t )  : 

4 0 h igh p r e s s u r e  c y l i n d e r s  complete wi th  rack ,  manifold,  va l v i n g  

and p r e s s u r e  r e d u c e r s ,  Each p re s su re  reducer  w i l l  be capable  of 

10 SCFM a t  20 p s i a  d i s c h a r g e  pressure .  

Module Ni t roqen  S t o r a q e  C y l i n d e r s  ( 4  sets r equ i r ed /p l an t )  : 

10 h i g h  p r e s s u r e  c y l i n d e r s ,  comple te ' .  w i t h  rack ,  manifold,  

va lv ing ,  and p r e s s u r e  reducers ,  Each p r e s s u r e  r e d u c e r  w i l l  be 
-.. - 

c a p a b l e  of 10  SCFM a t  150 p s i a  d i s c h a r g e  pressure ,  

PIPING AND VALVES 

The pip ing  r e q u i r e d  is t h a t  necessary  t o  connec t  t h e  c e n t r a l  

s t o r a g e  bank t o  each module, Add i t i ona l  p ip ing  is ar ranged  s o  

t h a t  e i t h e r  air or ammonia can be evacuated from a l l  major equip- 

ment and p i p i n q  segments. This  same p ip ing  i s  used f o r  f i l l i n g  < 

t h e  volume wi th  n i t r o g e n  o r  a i r ,  

~mmonia t r a n s f e r :  s t d ,  wt.  steel', 3" s i z e ,  300 f t ,  
250 p s i g  r a t i n g  

Evacnatian and std, w t .  stct l ,  1 O W r  sizp, 1501) St., 
f i l l  piping:  35 va lves ,  250 p s i g  r a t i n g  

H i g h  p r e s s u r e  
Ni t rogen p ip ing  : 

3/8iv s t a i n l e s s  s t e e l  t ub ing ,  1600 f t ,  

Low p r e s s u r e  S t d ,  w t  s t e e l ,  3,' s i z e ,  50 f t ,  
Ni t rogen  piping:  1 0  p s i g  r a t i n g  



The es t imated weight i n  pounds f o r  f h e  components a r e :  

Ammonia s t o r a g e  2.0 x 106 

Nitrogen s t o r a g e  8000 

I Ammonia t r a n s f e r  pump 6000 (each) 

Compressors 20,000 

Piping,  . t o t a l  4,400 

Fans (each o f  2) 

Vent d u c t s  

LO CAT ION 

\ 
The ammonia s t o r a g e ,  f i l l ,  and purge equipment w i l l  be i n s t a l l e d  

i n  t he  machinery space  i n  t h e  c e n t r a l  core ,  The d i s c h a r g e  d u c t s  

a r e  i n s t a l l e d  one a t  each s i d e  of t h e  c e n t r a l  hig.h rise s e c t i o n ,  

extending from t h e  c e n t r a l  machinery space t o  t h e  open a i r  above 

t h e  sea  surface .  Cne f a n  is i n s t a l l e d  a t  t h e  f o o t  of  each  duct.  

Each module w i l l  have i t s  own ammonia t r a n s f e r  pump and n i t r o g e n  

p r e s s u r i z i n g  system. Ni t rogen  c y l i n d e r s  w i l l  be racked a g a i n s t  

t he  wall. Add i t i ona l  c y l i n d e r s  w i l l  be  s t o r e d  i n  t h e  c e n t r a l  

s t r u c t u r e .  
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Appendix F 

AUXILIARY SUBSYSTEMS . 

This appendix inoludes supplemental details on several auxiliary subsystems which are  

not considered as integral subsystems within the power module cycle. These subsystems 

a re  required for module operation and the details a r e  presented in three separate sections, 

as follows: 

F-1 Electrical System 

F-2 Fluid sampling 

F-3 Seawater. Pump Pod Press.urizing System 

LOCKHEED MISSILES & SPACE COMPANY; INC. 
. .. -. . -I - _ . _ _ _ _  _. ._  . .. . _ .. __. , _ _ _ _  _ . _ _ _ _ _ _  .. _ _ _  ,. . . _ .. .. 
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APPENDIX F- 1 

/ 
ELECTRICAL SYSTEM 

PURPOSE 

An e l e c t r i c a l  system i s  provided t o  in te rconnect  t h e  module genera tors  t o  

t he  c o r e  r e c t i f i e r s  and t o  d i s t r i b u t e  power t o  t h e  module and c o r e  a u x i l i a r y  

e l e c t r i c a l  equipment. Di rec t  c u r r e n t  t ransmission of  e l e c t r i c a l  power t o  

shore i s  by o t h e r s .  Standby and emergency e l e c t r i c a l  power systems a r e  

provided t o  ensure t h e  s a f e t y  of t h e  OTEC p lan t .  I n  t h e  event of a b lack  

s t a r t - u p  (no power modules ope ra t ing ) ,  provis ion is  made f o r  u t i l i z i n g  

s t a r t - u p  power from an  ou t s ide  source. 

DISCRIPTION 

The e l e c t r i c a l  system i s  designed t o  func t ion  i n  four  d i s t i n c t  modes of 

operat ion:  

o S t a r t  - up 

o Normal 

o Standby 

o Emergency 

A block diagram of t h e  e l e c t r i c a l '  system showing s t a r t - u p ,  normal, standby and 

emergency power systems i s  shown i n  Figure 4.8-4 and a d e s c r i p t i o n  of system 

opera t ion  is presented i n  Sec t ion  4.8.2 of t h e  main r epor t .  D e t a i l s  of t h e  

system hardware a r e  presented below: 



CABLE AND BUS 

480 v o l t  power cable: 

No. of Ci rcu i t s  Wire Size 

38 3812 

18 3f4 

6 3 f  2 I0 

4 3n41o 

10 . - - 
14 3-500 mcm 

4160 v o l t  cable:.  

3#4/0 AWG 

3-500 mcm 

Ci rcu i t  
L e n ~ t h  ( f t )  

Conduit 
s i z e  ( in)  

Total 
Circui t  
Feet 

13,800 v o l t  cable: 

1800 feee, 2000 A 

345,009 V Q I ~  bus: 

400 f ee t ,  150 A 

EQUIPMENT 

Refer t o  table  that follows t h i s  sectinn. 

WEIGHTS 

E lec t r i c a l  equipment weight i s  1,314,000 l b  i n  the core plus 98,000 l b  per 

module. 



Cable and bus weights 'are as follows: 

480 vo l t  cable 

4160 vo l t  cable 

13,800 vo l t  cable 

13,800 vo,lt bus 

345,000 vo l t  bus 

Total cable and bus: 

Pounds 

Total Weight (Electrical equipment, cables 

and buses) : 



CORE ELECTRICAL EQUIPMENT 

Equipment and Rating 

a) At each Core t o  Module Encrance ( 4  Entrances: 

3 Suming Tran3formers, 10,900 KVA, 1-phase 
tw3 winding, 13,800 to 345,000 volts 

1 Metalclad Switchgear, 13,800 Volts, +phase 
550 MVA clasa indoor type consisting of: 

Dimensions Unit Weight Total Weight 
(ft) (lbs) (lbs) 

1 ea ACB, 2000 Amp, main generator type 
1 ACB, 2000 Amp, Feeder type 
2 ACB, 1200 Amp, Feeder type 

3 Harmonic Filcer Banks 20L x 10W x 8H 5,200 

3 Auxiliary Tran~formers, 1-phase, 2500/2875 KVA 5L x 3W x 5H 23,000 
13,800 to 2,400 Volts for13,800-410G/2402 
volt module power supply 

b) At Rectifier 

8 Rectifier Assemblies, each 15,625 KW for 
345,000 volt ac to 250,000 volt dc RectiEiar 

9 dc reactors 

4 pf correction breakers 
\ 

4 pf correction banks: 

6 dc circuit breakers 

17 dc disconnect 2 transfer switches 



CORE ELECTRICAL EQUIPMENT ( ~ o n t  ' d . ) 

Equipment and $sting 
Dimensions Unit Weight Total Weight 

(ft) (lbs) (lbs) 

c) At Central Core Equipment Area 

2 Transformers, 3-phase, 300 KVA, 13,800 to 4L x 2.5W x 4H 1,500 '3,000 
480 Volts, dry type 

1 Motor Control Center (MCC), 480 Volt 
3-phasz, 600 Amp bus, Amp 
momentary consisting of: 

2 ea ACB, COO Amp, 480 Volt main 
type:, metal enclosed 

4 ea size 4 combination starter 
1 ea size 3 combination starter 
3 ea size 2 combination starter 
6 ea size L combination starter 

1 Motor Control Center (MCG) same type as 
above consisting of: 

2 ea ACB 600 Amp, 480 volt main type, metal 
encl~sed 

6 ea size 4 combination starter 
4 ea size 2 combination starter 
2 ea feeder top circuit breakers 

2 Load Centers with 3-1600 Amp 6 1-600 Amp 
Breakers 

d )  At Central Core Control Room 30L x 10W x 10H 
(room space) 

1 Inverter, 25 KVA, 120 Volt ac, 1000 Amp - 
hour battery pack 



CORE ELECTEICAL EQUIPMENT (Cont 'd . )  

E q u i ~ m e n t  an,5 Ra t ing  

e )  On each of  four h v e l s . ( 2 .  5. 8 .  11) 

D.imensions u n i t  h e i g h t  'Lotal Weight 
( f t )  ( l b s )  ( l b s )  

1 Transformer ,  3-phase ,  15 KVA, 480-120/208 J o l t s ,  3L x 2W x 3H 
for l i g h t i n g  ard u t i l i c i e ~ .  

£1 On t a p  l e v e l  .. 

1 Transformer ,  3-?base, 5,000 KVA, sh ip-vol tage  12L x 8W x 9.5 H 
(4160V assumed) t o  13,880 V o l t s  

MODULE ELECTF-ICAL EQUIPPlENT 

I n  each Module ( f o u r  Modulea) 

1 Metalc lad  Swltchgzar ,  4160 Vol t ,  25O1NLA CLass, 45L x 7 W  x ' 8 ~  20,000 
c o n s i s t i n g  of 

1 ea ACB, 3000 amp, Main Type 
13 e a  ACB, 1200 amp, Motor Feeder Type 
1 e a  ACB, 1200 Amp, Transformer Feeder  Typz 

1 Transformer ,  3-phase ,  250 KVA, 4160 to 4.30 V o l t ,  5L x 2W x 4 H  1,500 
d r y  type  

2 Motor Cont ro l  Center  (MCC) assembl ies ,  480 V o l t ,  
22,000 s h o r t - c i r c u i t  Amp, c o n s i s t i n g  o t  

1 e a  s i z e  3 oom- ina at ion s t a r t e r  
2 e a  s i z e  2 com.~ ina t ion  s t a r t e r  
6 ea  s i z e  1 combination s t a r t e r  
3 e a  f e e d e r  t a p  c i r c u i t  b r e a k e r  



I X U I D  SAMPLING 

. .. 

- : 
Fluid sampling w i l l  be requi red  t o  a s c e r t a i n  t h e  cond i t ion .o f  the  

ammonia working , f l u i d ,  especia  l l y  when contamination with 

seawater i-s suspected, High contamination l e v e l s  w i l l  .be 

alarmed, r e s u l t i n g . i n . o p e r a t i o n  of the  leak de tec t ion  system and 

t h e  ammonia cleanup system, 
4' 

DESCRIPTION 

Samples w i l l  be taken continuously a t  the r a t e  of 1 gpm from t h e  

condenser sump and t h e  evaporator  sump, They w i l l  be passed 

through ion  d e t e c t o r s  (sodium ion)  and recorders ,  which w i l l  

i n d i c a t e  contaminat ion of t h e  ammonia by seawater. 

The ammonia w i l l  flaw under pressure t o  the  instruments,  and w i l l  

be pumped back i n t o  t h e  system. 

Ion Detectors (2 resuired/rnodule) : 

Flu id: anhydous ammonia, with max. of 
5% of seawater 

Flow: 1 gPm 

Pressure: 

Temperature : 

138 gs ia  max- 

7'40F, 53OF 



Features  : 

Pumps ( 2  required/module) : 

Fluid  : 

Sample cell  must be sea led  
a g a i n s t  pressure. Units 
t o .  be complete with means 
f o r  c a l i b r a t i o n  and recorders  

Anhydous ammonia with maximum 
of 5% seawater 

I n l e t  pressure: 138 psia,  and 95 p s i a  

~&,4h&-~e  pzessuse; 158 psia 

\Temperature: 7Q°F and 530F 

Quanti ty:  1 gPm 

Type: chemical feed, diaphragm 

Elec t r i ca l :  Open d r i p  proof motors, 110 V, 
60 cycle,  s i n g l e  phase 

The  weights of components i n  the  Fluid Sampling System a r e  

negl ig ib le .  

F lu id  Sampling equipment is  located near  t h e  condenser sump and 

evaporat ion sump of each module, 



APPENDIX F- 3 

SEAWATER PUMP POD PRESSURIZING SYSTEM 

PURPOSE 

The w a r m  seawater pumps a r e  i n s t a l l e d  a t  an average depth beneath 

t h e  su r face  of 150 it, and the  cold  seawater pumps a t  an average 

depth of 275 it, These depths correspond t o  ex te rna l  pressures  

on the pods of approximately 8 2  and 155 psia ,  The pods w i l l  have ' 

a r o t a t i n g  s e a l  on t h e  l a r g e .  p rope l l e r  s h a f t ,  and s t a t i c .  s e a l s  on 
- -. .- 

h u l l  penet ra t ions ,  A r o t a t i n g  - sea l  of the  s i z e  requi red .  is 

complex and w i l l  r equ i re  maintenance i n  preportion t o  the  

pressure load, Pressur iz ing  of the  pod i n t e r i o r  t o  o f f s e t  t h e  

ex te rna l  pressure of t h e  sea w i l l  r e l i e v e  t h e  s e a l  of an undesir-  

a b l e  pressure  d i f f e r e n t i a l ,  I n  addi t ion ,  any o ther  leakage w i l l  

be minimized, 

DESCRIPTION 

The pump pod pressur iz ing  system c o n s i s t s  of pressure con t ro l -  

l e r s ,  piping, valves and flow ind ica to r s ,  The system rece ives  

its a i r  from t h e  c e n t r a l  compressed a i r  system, 

Each module is provided wi th  its own system, t o  handle 4 warm and 

4 cold seawater pumps, Compressed a i r  is admitted t o  each group 

of yuo~p pods by an automatic c o n t r o l l e r ,  so that t h e  interior 

pressure is only  s l i g h t l y  below t h e  seawater pressure. The warm 

seawater pumps, being above the  cold  seawater pumps, w i l l  r equi re  



l e s s  pressure  than  t h e  l a t t e r ,  Pressure c o n t r o l l e r s  are adjusted 

manually as required.  

When t h e  pumps a r e  opera t ing  the  pods w i l l  normally be 
. .. 

-.: 
pressurized,  If maintenance is required,  t h e  pump is s h u t  down, 

and t h e  pod d e p r e s s u r i z e d ,  Norma1 r e p a i r s  o r  inspect ion  may 

then '  be performed. The pods may be depressurized o r  pressurized.  

from t h e  power module c o n t r o l -  r o o m ,  

EQUIPMENT 

Pressure  reducers  (hish pressure)  (4 required/plant)  : 

Service : Regulation of a i r  pressure to  pump 
pods 

I n l e t  pressure : 300 paia  

Out le t  pressure: ad jus tab le  from 125 p s i a  t o  175 p s i a  

Capacity: 106 SCFM 
1 

Pressure reducers  (law pressure) ( 4  required/plant l :  

as above, except  

Out l e t  pressure  : a d j u s t a b l e  from 50 p s i a  t o  75 psia  

PIPES AND VALVING 

The same p ip ing  w i l l  be  used f o r  ~ x e s s u r i z i n g  a s  f o r  depressur- 

i z i n g ,  An est imated 1500 f t .  of la 150 psig piping and 36 valves 

w i l l  be required,  , 



WEIGHTS 

Estimated Pounds 

P r e s s u r e  reducers 
(each of 8) 

Pipe .and valving 

LOCATION 

The pipe to  each pump pod w i l l  be lead from a valved manifold i n  
. . 

each power module. . . - - .- 
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Appenclix G 

DACS AVAILABILlTY ANALYSIS 

G. 1. INTRODUCTION - - 

The reliability of the proposed power module Data Acquisition gsd Control System 

(DACS) may be discussed in terms of its projected availability, i. e. , the probability 

that it will be operational a t  a given time. Availability is defined in terms of the 

statistical mean time between failures (MTBF) and the mean time t o  repair (MTTR) - d .- 

as: 

A = MTBF 
MTBF + MTTR 

Individual MTBF, MTRR, and associated availability figures obtained from manufaC- 

turer experience data for the units which taken together will comprise the DACS are  

shown in ~ a b l e ' ~ 1 .  The MTBF data shown has been derated by approximately 10 

percent for an ocean vessel installation; the derated MTBF will be employed even 

though it is expected that the equipment will be operated in a protected environment. 

The MTTR data shown reflects the availability of a full complement of spare parts 

and competent systems repair technicians. Additionally the MTTR data includes time 

for trouble call response as well as the time necessary to return the failed unit to 

operational status or  to make the appropriate unit replacement(s). 

G. 2 : SYSTEM AVAILABILITY REQUIREMENT - . - -- . - -, . 

The anticipated duration of tests to be conducted for the power system "proof-of-conceptff 

system is 6,000 hours. It is therefore required that the DACS be capable of an overall 

"mean time between failuren in excess of 6,000 hours. 
) 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



Table G-1 

COMPONENT RELIABILITY DATA 

~ . . 3  DACS CONFIGURATIONAL CONSIDERATIONS 

Spwm Campanent 

Operator Console 

Peripheral Switch 

Cornputor, Momory , 
and Logio Syatema 

Private Mass Memory 

Shared Mass Memory 

CPU/CPU Link 

Line Printer 

Console Printer 

Card Reader 

Magnetic Tape Unit 

Data Comm. I/F 

Comm. Ckts. and I/F 

Remote Term. Units 

A DACS system may be configured which functionally will provide the required data 

acquisition, recording, and control capability. The selected system configuration 

will provide the required capability with a predictable statistical reliability dependent, 

generally, upon the amount o r  degree of redundancy incorporated in the implemented 

system configurations. The employment of redundant system components on a full or  

partial basis usually affords the ability to expand system operations in a useful manner. 

For computer systems, this expansion frequently permits software development, 

scientific analysis program execution, and/or perhaps a management report genera- 

tion activity to proceed concurrent with supervisory control and .surveillance activities. 

This mode of utilization of the redundantly configured computer. systems equipment 

LOCKHEED MISSILES & '  SPACE COMPANY. INC. 

R/TTRF 
W) 

3,200 

24 , o m  

2 ,  %UU 

14,000 

14,000 

40,000 

2,000 

2,000 

1,000 

34,000 

6,500 

35,000 

5,800 

WI"n3 
(hr) 

2.1 

2 .  1 

4. U 

4.5 

4.5 

2.1 

2. 1 

2.1 

2.1 

2.5 

2.5 

2.1 

2.1 
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may be termed ttduplexingtt~ of redundant system components. Where the redundant 

system components are receiving all system inputs .and exercising all data processing - .  

capabilities necessary to provide required system outputs, the mode of utilization may . .. 
- - 

be termed l1dual tracking. l t  In the "dual trackingtt mode, no additional data processing 

operations may be achieved. The following tabulations of system configuration features 

shows the relative merits of the various DACS configurations considered. 

1. Single System 

Advantage: Least expensive 

Disadvantage: Operations terminate with single point system failures. 

No significant background data processing capability. 

2. Partial Redundancy (Duplexed CPU with switched Front-End &d 

Data Base Storage) .- 
Advantage: More reliable than single string system. 

Useful processing in back-up C P U  and available peripherals. 

Disadvantage: Single point failures can still terminate supervisory and control 

operations. Reliability limited by single point elements of system. 

3. Full System Redundancy 

A. Dual (Operation Tracking) System 

Advantage: Maximum reliability - single point failures will not terminate 

operations. 

Immediate failover. 

Disadvantage: Costly - but only slightly more than No. 2 above. 

Backup machine not available for useful data processing. 

B. Duplexed  on-~racking) System 

Advantage: Maximum Reliability - single point failures will not terminate 

operations. 
Rapid failover (not immediate, surveillance scan required by 

backup system). 

Backup machine available for useful data processing tasks. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



Disadvantage: Costly - but only slightly more than No. 2 above. 

Failover requires scan to establish power system awareness. 

. .. 

Availability computation for the single versus dual system configuration (see attached - .  

computation) shows a very significant increase in the mean-time-to-failure expectation 

for the dually configured system. For the partially redundant system, the overall 

system availability is dependent upon single point failure and, as such, can be no 

more reliable than the component(s) where single point failures may occur. 

Where life support systems a r e  involved and/or where the loss of data may result 

with catastrophic failures, the dual configuration operated in the lftr.acldngfl mode - ... .. 

appears necessary. For data acquisition and control applications, such as DACS, 

where operational state data is acquired at  lower acquisition rates, 'the "duplexedlf 

operational mode is usually employed. Upon failure by one computer system, auto- 
4 

matic failover is implemented sach that within a relatively few seconds full surveil- 
- 

lance and control is established by the backup machine. During normal operations, the , .-.. 
backup computer system may be employed to ac~om~lish 'useful  data processing work. i. 

- . . . . . . 
G. 4 SYSTEM AVAILABILITY COMPUTATION -- 

For purposes of comparison, statistical system availability has been computed for a 

DACS with and without critical system component redundancy. Tab1e.G-2 shows the. 

computational results for all DACS component system parts. 

If the failure of any single unit is determined to constitute a system failure, then the 

composite, or overall system availability is computed as the product of the individual 

system component availabilities . 

when two functionally redundant (not necessarily identical) components exist in a sys- 

tem such that the failure of only one of the two components does not constitute a system 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



.- - .. . .I' . . .  . . 

Table IG-2 I '. . -.-. 

DACS AVAILABILITY COMPUTATION 
-. . 

Won Critical Element 

System Element 

Operator Console 

Peripheral Switch 

Computer , Memory, Etc . 
Private Mass Memory 

CPU/CPU Link 

Line Printer 

Console Printer * 
Card Reader * 
Magnetic Tape Unit* 

Data Comm. I/F 

Comm. Ckts. and I/F 

Remote Terminal Unit 

failure, then the overall system availability is computed as: 
I 

- . -- 
With individual DACS system component availabilities, Table~G-2 also shows overall 

Overall System Availability: 

Without Redundancy: 0.99450361 

With Redundancy: 0.9998544 
i 

Availability 

system availability with and without critical. system component redundancy . 

W/O Redundancy 

0.99934418 
- 

0.99818511 

0.99967867 
- 

0.99895110 

0.99895110 

0.9979044 

0.99992647 

0 .'99961553 

0.99940000 

0.99963806 

LOCKHEED MISSILES & SPACE COMPANY. INC. 

With Redundancy 

0.9999996 

0.9999125 

0.9999967 

0.9999999 

0.9999475 

0.9999989 
- 
- 
- 

0.9999998 

0.9999997 

0.9999999 



G, 5- DEC USSION OF ANALYTICAL RESULTS ...... 

The results of the statistical analysis .show the redundantly configured system to be . .. 
- .- 

enhanced, in the reliability sense, by a factor of about 36. In terms of Ifmean time 

between failurev, the results imply* a decrease in failure rate from one failure per 

each 0.6 month period (for the nonredmdant system) to one failure per each 1.8 year 

period. (MTTR is assumed to be 2.5 hours). 

. - - - . . - 
G. 6 RECOMMENDATIONS AND CONCLUSIONS 
. . . - -- , . 

Based upontheforegoinganalysis, the OTEC 6,000-hr test requirement, andthe oppor- - - -- 

tunity for useful background computer processing**, it is recommended that the DACS 

be configured with critical component redundancy for employment in a duplexed (non- 

tracking) operational mode. 

*The reader is cautioned to keep in mind that these results a r e  based upon average 
failure and time to repair data - worst case results a r e  not incorporated ! 

*%eluding software development, scientific analysis program execution, and possible 
management report generation. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 



Appendix H 

HEAT EXCHANGER SUPPORTING DATA 

SUMMARY 

This  Appendix p re sen t s  d e t a i l e d  f i g u r e s  and t a b l e s  t o  support  t h e  h e a t  ex- 

changer design,  c o s t  t r ade  s t u d i e s  and cons t ruc t ion  technology which a r e  d i s -  

cussed i n  Sec t ion  3.1.1 of t h e  main volume. 

I .- .. 

The two-dimensional computer model conf igura t ion  is  described and t h e  s t r e s s e s  

and loads  from the  13 rdns  a r e  tabula ted  f o r  t h e  key areas .  
. . 

The m a t e r i a l s  and o v e r a l l  dimensions a r e  tabula ted  f o r  t h e  360 evapora tors  and 

condensers which w e r e  s i zed  f o r  t h e  c o s t  t r a d e  s t u d i e s .  The c o s t s  per  M W t  a r e  . 

included i n  t h e  same t a b l e s  f o r  about  one-third of t h e . u n i t s  which were c o s t  

es t imated.  A second s e t  of t a b l e s  shows t h e  weight and c o s t  by major catego- 

r i e s  f o r  120 designs.  The c o s t  per  square  f o o t  f o r  p l a t e  m a t e r i a l  and t h e  

maximum a v a i l a b l e , p l a t e s  s i z e s  a r e  t abu la t ed  f o r  d i f f e r e n t  m a t e r i a l s  and thick-  

nesses .  Tubing c o s t  is  tabula ted  f o r  a v a r i e t y  of ma te r i a l s ,  tube  diameter 

and tube wa l l  thickness .  Three a d d i t i o n a l  c o s t  curves a r e  included t o  supple- 

ment those  found i n  t h e  main t e x t .  

The r e s u l t s  of t h e  e l e c t r o n  beam welding t e s t  and t h e  tube-to-tubesheet welding 

development program a r e  summarized. 

The c o s t  comparisons f o r  a l t e r n a t i v e  f a b r i c a t i o n  methods a r e  tabula ted  and 

comments o f f e red  concerning t h e  a p p l i c a b i l i t y  of t h e  va r ious  methods t o  t h e  

hea t  exchanger cons t ruc t ion .  



CONTENTS 

F i g u r e  P a g e  

T a b l e  

FIXED TUBESHEET MODE'L, 

COSTS VS. TUBE OD, TITANIUM 

COSTS VS. TUBE OD, STAINLESS 

COST AND WEIGHT VS. SIZE 

TEST FLATE -Pol l -  ELECTRON .BEAM WELDIETC, - - - 

FIXED TUBESHEET MODEL DESCRIPTION 

FIXED TUBESHEET ANALYSIS SUMMARY 

SIZE & COST SUMMARY, 5 MWe EVAPORATOR 

SIZE & COST S.UMMARY, 2 5  MWe EVAPORATOR 

SIZE & COST SulfMARY, 25 me EVAPORATOR 

SIZE & COST SUblMARY, 5 MWe CONDENSER 

SIZE & COST SUMMARY, 2 5  MWe CONDENSER 

SIZE & COST SUMMARY, 50 p e  CONDENSER 

WEIGHT & COST BREAKDOWN, ALUMINUM 

WEIGHT & COST BREAKDOWN, TITANIUM 

WEIGHT & COST BREAKDOWN, STAINLESS 

PLATE SIZE & COST. 

TUBING COST 

ELECTRON BEAM WELDING TEST DATA 

TUBE-TO-TUBESHEET WELDING DATA 

COST COMPARISONS FOR ALTERNATE FABRICATION METHODS 



FIGURE H-1 

SPHER. RAD. 

AXIS OF 

4 E -  

FIXED TUBESHEET MODEL 



FIXFD TUBESHEET MODEL DESCRIPTION 

*Added Extra Stays  i n  &.tennost Perforated Region 
**4407" Radius. SpLerically P lahe i  Tubesheet 

CASE 

NO. 

1 

2 

3 

4 

5 

6 

T 

8 

5* 

10 

I1  

12** 

13 

- 

S h e l l  

Mater ia l  

5083-0 AL 
(98-209) 

Y 
SA-516 
GR.60 

t 

Ring 

Mater ia l  

5083-0 AL 
(EB-209) 

Y 
SA-516 
GR.60 

I 

%besheet 

Mater ia l  

5383-0 At 
(56-209) 

I 

$ 

I 
"itronic 

H03EL GEOMETRY 

FIGURE 

G 

- 
- 

- 
- 

I 

0 

0 

426 

426 

426 

426 

- 

- 

0 

DIHENSIONS, 

D 

10.438 

10.438 

10.438 

0 

12.0 

12.0 

12.0 

12.0 

12.0 

12.0 

C 

8 

12 

8 

8 

8 

4 

4 

4 

4 

4 

A 

6.0 

6.0 

6.0 

6.0 

1.0 

1.0 

1.5 

1.5 

1.5 

1.5 

11.864 

12.15 

12.0 

4 

4 

4 

B 

647 

543 

647 

647 

643 

643 

645 

64; 

64: 

I 

64T 

2.5 

1.75 

" = 
'i"'au SB-241. 

v 

2.5'*011 x 
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- 
- 

- 
- 

24 

24 

24 
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24 

24 

H-1) 

H 

401.0 

401.0 

401.0 

401.0 

419.31 

419.31 

419.31 

419.31 

419.31 

419.31 

643 

: 653 

(REF. 

F 

- 
- 

- 

- 

1 .-I 

'1.0 

1.0 

1 5  

1.5 

1.5 

- 

- 

24 

I 

4.0 

4.0 

5.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

4.0 

419.94 

420.0 

420.0 

- 

- 
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2.625 
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R ~ X E O  TUBESHEET ANALYSIS slllj.&wy 

DESCRIPTION 

4 

5 

6 

7 

8 

*Allowable Load Given is  t h e  Euler  C r i t i c a l  Buckling Load Based on a Suppor t  P l a t e  Spac ing  o f  8'-6" (102") 

Bending S t r e s s  
a t  Ring J u n c t i o n  

Bending S t r e s s  
i n  S p h e r i c a l  
S h e l l  

Bending S t r e s s  
a t  Ring J u n c t i o n  

15,899 

27,900 

13,700 

16,050 

- 
- - 

Bending S t r e s s  - - 
i n  Outermost 
P e r f o r a t e d  Region - 1 - 
Maximum Load on 3,967 
Outermost Tubes 

(Lbs. ) 6,922 

Maximlm S t r e s s  on  829 829 
C e n t r a l  Tubes 

(Lbs .) 6,300 6.300 

15,704 

27,900 

13,381 

16,050 

- 

- 
- 
- 

-3,176 

-6,922 

781 

6,300 

9,822 

27.900 

10,920 

16,050 

- 

- 

- 
- 

-4,232 

-6,922 

865 

6,300 

12,244 

27,900 

14,206 

16,050 

- 
27,900 

29,148 

36.000 

-3,350 

-6,922 

870 

6.300 

66.682 

27.900 

15.892 

16,050 

10,478 

32,100 

24,796 

36,000 

-2,791 

-6,922 

830 

6.300 

58,907 

32.100 

15,814 

16,050 

11,066 

32,100 

18,216 

36,000 

-3.936 

-6,922 

823 

6,300 

56,437 

32,100 

15,677 

16,050 

12,550 

32,100 

21,574 

36,000 

-3,927 

-6,922 

789 

6,300 

55,760 

32,100 

15.626 

16.050 

12,459 

32,100 

28,308 

36,000 

-4,012 

-6,922 

798 

6,300 

50,296 

32,100 

15,547 

16,050 

18,846 

32,100 

5.076 , 

36,000 

-3,475 

-6,922 

838 

6.300 

46,142 

32,100 

15,561 

16,050 

4.346 

- 
- 
- 

-3,782 

1,585 

22,500 

48,073 

60,000 

23,110 

30,000 

- 

- 
- 
- 

-3,391 

-20,591-20,591-20,591 

1,641 

22,500 

60.000 

33.546 

84,900 

-3,144 

1,648 

22,500 

66,973 

60,000 

2t.992 

30,000 

- 

84.384 

60,000 

24,544 

30,000 

111.614 



Evaporntor/Condeuner Evaporator Sine StiWe- 221 MUt 



P l a t f o r m / h d u l e  I IMMERSED I . ' IMMERSED I SUBHERCED I SUBMERGED I 

No. o f  Water Tubee I 244.664 
Tube OD. i n .  I n 

No. of Water Tubes I 27.185 
Tube OD. i n .  - ,-. 

>.U 
Tube Wall, i n .  ,125. .074 .063 .I25 .074 .063 .lo8 .067 .057 .I08 

06 7 05 1 
Act ive  Length, f t .  50.11 61.56 61.93 I50.11 61.56 61.93 49.94 60.33 60.67 49.94 60.33 
COfJtlnWt.  S 6D.67- 

6440 18121 14550 6352 18035 14465 5351 ,16767 13519 5402 16893 13645 



Evaporator/Condenser Evaporator Sipe 25MWe=1108 EtWt 

I N o .  o f  Uater Tmbes ! I 
Tube OD, i n .  
Tube Uall, i n .  
Act ive  1.engtl1, Pt  . 
Cost lfflJt, $ 

no. o f  Hater 4bba3 
Cube OD, i n .  
Tube Wall, i n .  
Act ive  Lengt l~ .  f t .  
L o s t m t *  S - 

L-,7 ." 
1 . 0  

I 

I 

27.185 
3 . 0  

--. 

C128 
16.56 
18381 

- 

328 
16.90 
11197 

,067 
6D.33 

,16014 

,028 
16.56 
11+18 

.028 , 

16.90 
11234 

.057 
h0.67 
12766 

.067 
60 .33  
16180 

.057 
60.67 
12932 



Evaporator/Condensar Evaporator I 

No. of Water Tubes 62.157 
- ~ u b e  OD, i n .  2.5 
Tube Wall, i n .  .I10 .062 .053 .110 .062 .053 ,090 .055 .048 1 .090 .055 .048 
Active  I.ength, f t .  47.80 57.78 58.15 47.80 57.78 58.15 47.57 '56.49 57.04 47.57 56.49 57.05 

- c o 8 t l w t ,  S 
J 

5115 13986 4215 1 
No. of Water Tubes 43.164 
Tube OD. i n .  3.0 
Tube Wall, in. .125 ,074 .063 .I25 .074 .063 .lo8 .067 .057 .lo8 .067 .057 
Active  Length, f t .  58.44 72.71 73.15 158.44 72.71 73.15 58.17 71.15 71.54' 58.17 71.15 7 1 . 3  
c o * t l q .  $ 5828 16686 4863 , 



No. o f  Water h b m  
Tube OD, i n .  
habe U a l l ,  in .  
Act ive  Length, f t .  
CoetlFWt, $ 

10.643 
3 . 0  

, 1 2 5  
33.02 

.074 
45.14 

-063 
45 .41  

..12,5 
35.02 

.074 
4 5 - 1 4  

.063 
45-42  

.O65 
39.25 

, 0 5 1  
43.36 

i 

-042 
43.42 

.065 

39.25 
.051 

43.36 

04 2 

43.42 



Evaporetor/Condeneer Condenser S i z e  25 WJe=1076 MIJt 

P la tEom/Madule  SUBMERGED 

Sphere /Cyl inder  SPIIERE CYLINDER SPHERE 

I 

No. o f  U e t e r  l 'ubee I 
T,tl,a nn i n  

257,541 . n - - - - - - , -. . . - I 1.u  
Tube Wnll ,  i n .  - I .065 1 . 0 2 8  -065 1 .028 1 .028 .065 1 .028 I .O28 I .065 1 .028 1 .028 
A c g i v e - L e n ~ t h .  f t .  - - ( 15.921 17.57 1 17.88 1 15.92 1 17.57 1 17.881 15.92 1 17.57 117.88 115.92 1 17.57 1 17.88 

1 I c o s t  /tlut. $ 7200 1 12277 1 12103 1 I I 17ons I 1 2 2 1 2  l lnnbl  I 
No. o f  Muter Tubee 114.463 
Tube OD. In. 1 < ---- -- , --.- *.a 

Tuhe Wel l ,  i n .  - .065 .037 .032 .065 .037 .032 .065 .028 .028 .065 .028 028 , 

Act ive  Length,  f t .  25.05 27.93 28.11 25.05 27.93 28.1125.05 27.29 27.76 25.05 27.29 27.76 
b 8 t l w t ,  $ 5248 11813 9346 Tn7 1 9 7 9 ~ 1  ~ b 1 3  

No. of  Water Tubee I 64,385 
Tube OD. i n .  I 

I 

Tube Wal l ,  i n .  . I 1 0  .062 .053 . I 1 0  .062 .053 .065 .043 .035 .065 ' .043 .035 ' 
A c l  e f t .  44.07 51.71 52.05 44.07 51.71 52.05 44.02 49.30 49.27 44.02 49.30 49.27 ' 

5932 16577 13078 4298 11660 8942 

No. oC Water Tubee 28.616 
Tube OD, i n .  . 3.0 
Tuhe Wall. i n .  -125 .074 .063 . I25  ,074 .063 .065 .051 .042 .065 .051 

0 4 2 -  
~ 

Act ive  Length,  f t .  54.00 64.81 65.22 
5 4 . 0 0  64.81 65.22 53.75 61.24 61.26 53.75 61.24 61.26 ( J " ' t l ~ t ,  $ - --. 6879 19709 15799 4464 , 13519 10417 



Evepotetor/Condeneer Condenser . :Sire 50 We- 2lS2 9't 

S k l l  Tl~ickness ,  l a .  4.115, 2,6213.75 4.875 2.4/3.0 1.625 
Tubeeheet Thicknee*, i n .  L 1 1 1 1 1 1 1 1 1  1 1 1 
Outer Tube L4mir, f t .  67.15 

' Tube OD, in .  2.5 
Tube Wall, in .  . I10 ,062 .053 .:la .062 .053 .065 .043 1 .t135 .065 .041 .035 
Active t e o ~ t h .  Pt 5C.59 60.04 60.42 50 59 60.04 60.42 50.35 56.92 1 56.85 50.35 56.92 56.85 

'CostIHWt, S 



TABLE H-10 

Evaporator. 5 We, ~iuminum. Surface. spherical' (221 MWt) 

1 
Tube. Dia.. in. 1 1 112 2 2. 1/2 3 . . 

95.765 130,152 171,756 235,671 322,910 
Tubes 316.299 298,236 380,060 487.325 553,068 

156,985 156,985 156.985 156,985 156,985 ' Balance 
Total 569,049 585,373 708,801 879,981 1,032,963 

Cost - 
Labor @ $15.00 $1,579,245 $ 800,505 $ 530.055 $ 410,8.95 $ 350,730 
Tub* 625,938 603,334 769,541 954,768 1,152,865 
Plate 265,388 301,494. 345,178 412,289 503,890 
M t e r  31,800 31.800 31,800. 31.800 31,800 . 
Weld Wire 2 736 3 721 4 914 6 741 9 235 
Total $2,505,107 $r,740,854 $1,6811488 $1,8161493 $2,0481520 

Evaporator. 5 We. Aluminum. Submerged, Spherical (221 MWt) 

40.012 50,576 71,936 112,925 139.271 
Tubae 316,299 298,236 322,438 398.979 477.606 
Balance 156.985 156,985 156.985 156.985 156,985 
Total 513,296 505,797 551.359 . 668,889 773,862 

Cost - 
Labor @ $15.00 $1,578,045 $ 797,505 $ 526,500 $ 406,395 $ 345,000 
Tubas 625,938 603,334 710,676 811,738 1,030,066 
Plate 206,847 217,939 240,367 283,406 311,069 
Desiater 31,800 ' 31,800 31,800 31,800 31.800 
Weld Wire 2 052 2 790 3 686 5 055 6 926 
T o u l  $2,444:682 $1,513:029 $1,538:394 $1,7241861 

Evaporator. 25 We, flumiam. Surface. S~herical  (1108 Wt) 

Weight 
Shall 393,196 501.402 658,222 852,836 1,138,515 
Tubes 1,139,642 1,093,394 1,409,536 1,821,805 2,075,653 
Balance ..5.20.255 520,255 520.235 
Total 2,115,051 5,588,013 3,194,896 3.734.423 

Cost - 
Labor @ $15.00 $4,178,910 $2,087,655 $1,361,385 $1'.037.280 $ 871.320 
Tube8 2,255,293 2,211,944 2,854,009 3,569.287 4,326,675 
Plate 959,124 1,072,740 1,237,401 1,441,745 1,741,709 
Damister 159,000 159,000 159,000 159,000 159,000 
Wald Wire 12.896 16.450 21,597 27,976 37.348 
Total $7,565.223 $5,547,789 $5,633.392 $6,235,288 $7,136,052 



TABLE H-10 (continued) 

Evaporator. 25 W e .  Aluminum. Surface. Cylindrical (1108 'Wt) 

1 1 &/a  Tube. Dia.. in. 7. -uL 3 

Weight 
S h d l  320,001 474,378 633,717 799,133 967,866 
Tub- 1,139.642 1,093,394 1,409,536 1,821,805 2.075.653 
BrlPncs 520,255 520,255 520.255 520,255 520.255 
Total 1,979,898 2,088,027 2,563,508 3,141,193 3,563,774 

Wdd Wlre 19,344 24.675 32,396 41.964 56.022 
Total , .$7,516,896 .$5,555,809 i $5,655,451 ; $6,240,798 / $7,038,504 

Evaporator, 25 We, Aluminum. Submefged, spherical (1108 M W t )  

Tubas 
Balance 
Total 

Cost - 
Labor @ $15.00 $4,177.910 $2.085.655 $1,358,385 ' $1,034,280 $ 867,320 
T S i 6  2,255.293 2,211,944 2,628,766 3,023,309 3,855.695 
Plats 713,753 76i.425 81y.458 90G.2q0 1,018.60~ 
D&tsr 159.000 159,000 159,000 159.000 159,000 
weld .Wire 9.673 12,338 16 138 20.983 ' 011 
Total $7,315,628 65,230,362 $5,143,855 05.9:::634 

Evaporator. 25 We. Aluminum, Submerged. Cyliudrlcal (1108 MWt) 

'L'uBea 
Balance 
Total 

%t ( $13.00 $4,106,720 $2,138,650 $1,435,545 $1,139,250 $1.001.100 
Tuhaa 2,255,293 2.211.944 2,628,766 3,023,309 3.855.695 
Plat. 661.250 725,787 791, (150 863.138 936,048 
D.mister 159,000 159,000 159.000 159,000 159.000 
Wald Wire 10,872 14.536 19,395 25.378 33.605 
Total $7,293,135 $5,249,907 $5,034,156 $5,210.071 $5,985,448 

6.582 4,738 4,563 4,702 5.402 
S/Wt 



TABLE H-10 (continued) 

. .. 
Evaporator. 5 0 . W e .  Aluminum. Surface. Spherical (2216 L W ~ )  . . 

1 1 1 / 2  Tuba. Dia.. in.  2 2 1 / 2  3 

736.359 , 922,326 1,179,463 1,562,367 1,969,250 
Tub.e 2,058,583 1,986,196 2,571,254 3,331.847 3,801,442 
Balance 1,080,655 1.080.655 1.080.655 1,080,655 1,080,655 
Total 3,875,597 3,989,177 4,831,372 5,954,869 6,851,347 

Cost - 
k b o t  @ $15.00 $ 6,732,450 $ 3,378,810 $ 2,209,455 $.1.685,100 $ 1,406,280 
Tub88 4,073,826 4,018,090 5,206,240 6,527,767 7,924,061 
P h f a  1,907,865 2,103,130 2,373.124 2,754,173 3,202.400 
-tar 318,000 318,000 318.000 318,000 318,000 
Wold Wire 24,236 30,384 38.869 50.809 64.883 
Tocal $13,056,377 $ 9,848,414 $10,145,688 $11,335,849 $12,915,624 

Evaporator, 50 Me, Aluminum, Submer~ed, Spherical (2216 W t l  

Weight 
Shell  299,087 377.763 488,560 625,781 796,330 
Tubas 2,058,583 . 1,986,196 2,173,374 2,714,082 3,270.286 
Ute 1,080,655 1,080,655 1,080.655 1,080,655 1,080,655 
Total 3,438,325 3,444,614 3,742,589 4,420.518 5,147.271 

Coat - 
Labor @ $15.00 $ 6,715,450 $ 3,363,810 $ 2,185,455 $ 1,670,100 $ 1,386,280 
Tub- 4,073,826 4,018,090 .4,790.261 5,521,900 7,053,126 
Plata 1,448,729 1,531,339 1,647,676 1,791.758 1;907,834 
Dcmister 318,000 318,000 318,000 318,000 318,000 
Weld Wire 18,177 22,788 29,152 38,107 48,662 
Total $12,574,182 $ 9,254,027 $ 8,970,544 $ 9.339.865 $10,776.902 



TABLE H-10 (continued) 

~ond&ser,  25 MWe, ~iuminum, Surface, Spherical  (1076 MWt) 

Tube. Dia.. In. 1 1 1/2 2 2 112 3 

Weight 
She l l  393.196 501.402 658,222 852,836 1,138,515 
Tubes 1,228,825 1,192,019 1.542.893 1,997,716 2,281.491 
Balance 562.585 562,585 562.585 562.585 562.585 
Total 2,184,606 2,256,006 2.763.700 3,413,117 3,982,591 

'sliws 
L,J,,,= $~S.QIJ $4,298,760 $2,10z,s2u Q l , j ~ , 3 5 0  $ 948,310 3 uen.ws 
%baa 2,431,780 2,411,463 ~.li4,OLb 3,913,939 J.755.742 
Plate 1,003,570 1,117,186 1,281,847 1,486.192 1,786,155 
h d s t e r  - - - - - 
Wdd Wire 12,896 16,450 21.597 27,976 37.348 
To- $7,747,006 $5,647,619 $5,766,822 $6,426,411 $7,402,220 

Condenser ,  25 MWe, Aluminum, Submerged, Spherical  (1076 MWt) - . - - . - - - - -. - - - - . - -. . - - -. - - - - - - - . . . . - - - . . - . -- - - - - - 

223,413 296,607 389,836 511,546 696.994 
Tubes . 1,228,825 1.192,'019 1,179,830 1,179,317 1,181,257 
Balance 540,385 540,385 540,385 540.385 540.385 
Total 1,992,623 2,029,011 2,110,051 2,231,248 2,418,636 

met: - 
l & o r @ $ l 5 . 0 0  $4,297,760 $2,100,520 .$1.336,350 $ YY5.3Lu $ 818,975 
Tubas 2,431,18U 2,411,483 2 ,490 ,929  2,503,909 2,656,875 
Plate 801,988 878,842 976,732 1,104,528 1,299,248 
Demister * - - - 
Weld Wire 9,672 1 6 1 9 8  ...*- 20 982 28 011 
Tota l  $7,541,200 $4.820:059 $4.624:809 m. 



TABLE H-11 

Evaporator. 5 We.  Titanium, Surf ace. Spher i ca l  (221 MWt) 

Tube. Dia.. in. 1 ll/Z 2 . 2 112 

186,844 262,339 367,627 520,910 
Tubasheets (2) 86.835 86.835 86.835 ' 86,835 
Tubes 245,291 309,745 409,577 526.068 
Balance 342,610 342,610 342.610 342,610 
T o t a l  , 861,580 1,001,529 1,206,649 1.476.423 

Cost - 
Lnbor @ $15.00 $1,853,164 $ 940,864 $ 624,544 $ 486,600 
Tubas 1,711,333 2,162,492 2.796.283 3,595,849 
Tubasheeta (2) 354,026 354,026 354,026 354,026 
Plate 98,478 112,520 132,104 160,615 
D a m i s t a r  
Wrld Wire 
To td 

$ /MWt 18.585 16,560 18,091 21.198 
Evaporator. 25 m e ,  Titanium. Surface, Spher ical  (1108 MWt) 

730,694 978,470 1,392.887 1,980;837 
Tubesheets (2) 214,540 214,540 214,540 214,540 
Tubas . 895,305 1,159,594 1,560,750 2,032.857 
Balance , 1,170,869 1,170.869 1,170,869 1,170,869 
T o t a l  3,011,408 3,523,473 4,339,046 5,399,103 

Coet - 
Labor @ $15.00 $ 4,903,732 $ 2,453,697 $ 1,604,063 $ 1,228,395 $ 1,041,930 
Tubes 6,246,314 8,095,732 10,656,615 13,879,801 17,054d963 
Tubesheets (2) 874,679 874,679 874.679 874,679 874.679 

P l a t e  353,690 399.777 476,858 586,217 757,935 
Dendater 159,000 159,000 159,000 159,000 159,000 

. Wald Wire . 176,845 178,299 180,729 184,183 189,602 
T o t a l  $12,714,260 $12,161,183 $13,951,943 $16,912,f l  S20 ,0 ,78 ,m 

$ / W t  11,475 10,976 12,592 15,263 18,121 

Evaporator, 25 m e ,  Titanium, Surface, Cvl indr ical  (1108 MWt) 

Weight 
Shell 638,780 958,443 1,321,864 1,726,357 2,142,566 
Tubes hee t s  (2) 214,540 214,540 214.540 214,540 214,540 . 
Tuben 895,305 1,159.594 1,560,750 2,032,557 2,500,478 
Balaace 1.170.869 1,170,869 1,170,869 1,170,369 1,170,869 
To ta l  2.919.494 3,503,446 4,268.023 5,138,623 6.028,L53 

Cost - 
t o & r @ S l 5 . 0 0  $4 ,915 ,425$2 ,469 ,345  $1,626,330 $1,260,060 $1,088,355 
Tubes 6,246,314 8,095,732 10,656,615 13,879,801 17,054,963 
Tubasheets (2) 874,679 874,679 874,679 874,679 874,679 
elate 336.595 396,052 463,648 697,761 616,299 
Demister 159,000 159,000 IS9 ..OOO '159,000 159,000 
Vald Wire 176.845 170 a 1 8 0 a  184.183 189,602 
T o t a l  $12.708.858 $12,173,107 $13,961,001 $17,055,484 $19,982,898 



TABLE H-11 (continued) 

Evaporator, 25 We, Titanium. Submerxed. Spherical (1108 MWt) 

Tube. Dia.. Fn. 1 1 1 1 2  2 2 1 / 2  3 .  

.~ - 
Tubasheets (2) 214;540 214;540 214;540 214;540 214,540 
Tubas 
B l l a D c e  
Total 

Cost 
=ws @ $13.00 8 4,887,255 $ 1,432,055 J 1,572,525 S l.182.480 $ 973.905 

T U h 8  6.24b.314 7,388,333 9, f i9?.P76 11,015,918 1 5 , 1 5 9 , ~ l l  
hrbuhde9 (25 ' 07&i873 874,679 R7Lifi79 874.679 874,679 
P l a u  268,487 287.843 313,662 348,827 406.167 
Dsmister 
V e l d  W i r e  
Total 

9- 11,381 10,214 11.552 13.-326 16.014 
Evaporator. 25 We, Titanium, Submerped, Cylindrical (1108 MWtL - 

246,703 387.698 542,472 716.827 896,922 
Tubasheets (2) 214,540 214,540 214,540 214,540 214.540 
Tubas 895.305 1,056,633 1.417.578 1.769.039 2,221.544 

Cost 
-.%.I,. 

Labor @ $15.00 $ 4,933,170 9 2,507,655 0 13681,550 $ 1,336,305 S 1,179.270 
' S U M  6+246,31/1 7,388,333 9,697,276 12,024,018 15,152,211 
Tubaaheets (2) 874,679 874,699 874.b79 874,679 874.679 
PLaea 267,66R . 289.893 318,681 351,111 384,609 
Daaiarer 159.000 159,000 159.000 159.000 154,000 
W e l d  W i r e  174,554 115,554 176,000 176,554 177.55L 
Total $12,651,385 $11,395,114 $12,904,186 $14,921,667 $17,927,323 

$/We 11.418 10,284 11,646 13,467 16,180 
Evaporator. 50 We, Titanium. Surface, Spherical (2216 W t )  

urn4 ~ h t  
Shall 1,386,371 1 , 8 1 3 , . ~ i j  2,302,011 3,603,866 5,187,356 
Tubesheets (2) 391, b33 391,633 391, GI3 391,633 391. ;677 
Tubas 1,624,571 2,213,323 2,875.408 3,762,222 4,643,682 
B d a n c e  2,371,094 2,371,894 2,371,894 2.3.7_1,@4 2.371,&92 
Toed 5,774,469 6,790,123 8,140.946 10,129,615 12,594,365 

Cost - 
bbu C $15.00 $ 7.966.126 $ 3,986,036 $ 2,605,812 $ 1,995,528 $ 1,692.615 
Tubas 11,394,215 14,824,020 19,631,111 2>,687,444 31 ,fi77,076 
Masheets  (2) 1,596,b88 1,596,688 1,596,688 1,596,688 1.596.688 
Plate 699.037 778.441 906,546 1,111,491 1,405,983 
Demister 
Weld Wire 
Toea1 



TABLE H-11 (continued) 

Condenser.  25 W e .  T i t i n i u m .  S u r f a c e .  S ~ h e r i c a l  (1076 MWt) 

Tube, D l a . .  in. 1 1 112  2 2 1 / 2  3 ' .  

730,694 978,470 1,392,887 1,980,837 2,904,048 
T u b a s h e e t s  ( 2 )  , 214,540 214,540 214,540 214,540 214,540 
Tubas 963.018 1.252.556 1,686,050 2,192,067 2,691,456 
B a l a n c e  1,242.558 1,242.558 1,242,558 1.242.558 1,242,558 
T o t a l  ' 3,150,810 3,697.124 4,536,035 5,630,002 3,052,602 

C o s t  - 
m r  @ $15.00 $ 5,073,105 $ 2,500,125 $ 1,607,265 $ 1,211,745 $ 1,014;300 
Tub.. 6,718,729 8,744,744 11,511,070 14,966,841 18,357.567 
W h e a t s  (2)  874,679 874,679 874,679 874,679 874,679 
Plate .  367,025 413,111 490,193 599,551 771,269 

V d d  Wire 176,845 178.299 180.729 184.183 189.602 
T o t a l  $13,210,383 $12,710,958 $14,663,936 $17,836,999 $21,207,417 

Condenser.  25 Me. Ti tan ium.  S u b m e r ~ e d .  S p h e r i c a l  (1076 MWt) 

372,337 499.300 700,250 989,212 1,370,421 
T u b e a h e e t s  ( 2 )  214,540 2 14,540 214,540 214,540 214,540 
Tubes 963.018 929.060 1.129.799 1.454.609 1.758.905 - -- -- , . . . . . 

Ba1auc.e 1.2421558 1,242;558 1,242,558 1,242,558 1,242,558 
T o t a l  2,792.453 2.885;458 3,287,147 3,900.919 4,586,424 

C o s t  - 
Labor. @ $15.00 $ 5,072,105 $ 2,498,125 $ 1.6c4.265 $ 1,208,745 $ 1,010,300 
Tubes . 6,718,729 - 6,661,861 7,764,664 9,870,717 11,998,064 
T u b e s h e e t s  (2) 874,679 874.679 874,679 874,679 874,679 
P l a t e  300,370 323,986 361,362 415,109 486.014 
Damiatar - - - - - 
V d d  Wire 174,554 175,554 176,000 176,554 177,55& 
T o t a l  $13,140,437 $10,534,205 $10,780,870 $12,545,804 $14,546,611 



TABLE H-12 

Evaporator. 25 We. Stainless. Surface. Spherical (1108 Hut) 

Tuba. Dia.. in. 1 1 112 2 2 1/2 3 

Waf phC . 
Shall 
Tubesheets (2) 
Tubes 1,636,111 1,812,544 2.417;374 3,082;106 3,848;087 
Balauca 1,170,869 1,170,869 1,170,869 1,170,869 1,170,869 
Total 3,759,559 4,183.768. 5,203,415 6,455,697 8,144,889 

Cost - 
, Labor @ $15.00 $ 4,656.184 $ 2,341,321 $ 1.539.213 9 1,105,360 $ 1,010.97! 

Tub08 6,681,040 6,293,794 8,394,688 10,975,304 13,720.77L 
Tub.sheoU (2) 415,369 115,369 415.369 415,369 415.369 
Plat% 353 ,h9n 399.777 476,858 586,217 757,933 . 
D a t a ?  159.000 159,000 159,000 15Y.UUU 139.000 
Wald Wira 45.115 46,569 48,999 52.453 57,872 
Total $12,510,447 $ 9,655,830 $11,034,127 $13,373,703 .$16,121.900 

Evaporator, 25 m e ,  Stainless, Surface, Cylindrical (1108 Wt) 

638,780 958,443 1,321,864 1,720.357 2,142,566 
Tubasheets (2) 221,885 221,885 221.885 221.885 221,885 
Tub- 1,636,111 1,812,544 2,417,774 3,082,106 3,848,087 
Bdanca 1 170 869 1 170 869 1 170 869 1 170 869 1 170 869 
Total 4:163:741 5: 1321392 6:195:217 7:383:407 

Coe t - 
Labor @ $15.00 $ 4,667,865 $ 2,356,965 $ 1,561,470 $ 1,502,025 $ 1,057,395 
Tub- 6,881.090 6,293,794 8,394,688 10,975,304 13,720.77L 
' ~ ~ b ~ h e e r s  (2) Ll5,769 415.369 415,369 415,369 415,365 
Plate 336,595 396,052 463,648 531,768 GIG. 237 
D d t e r  159,000 159,000 159,000 159,000 159,000 
Weld Wire 45 115 69 48 999 :2 453 57 87? 
Totd 1 , 3 0 4  9 9 ~ 0 4 3 : l ? *  'm $16,026:709 

Evaporator, 25 MW. Stainless, Submerged. Spherical (1108 M W t )  

Weight 
Shall 272,610 376,676 515,489 704.543 1,012,827 
Tubaskeats (2) 221,885 221.885 221,885 221.885 221,885 
T ~ b m  1,b3ClALl !;5h5,405 2,158,871 2,799,111 3,415,279 
Bdance 1,170,869 1,170.869 1,170.869 1,170.8bY 1,170.869 
To e d  3,301,475 3,334,R75 4.067.114 4,896,408 5,820,860 

Cost -..- 
Labor @ S15.UO $ 4,639,695 $ 2,319,675 $ 1,507,665 $ 1,139,445 $ 942,945 
Tubrs 6,881,090 5,435,199 7,899,562 9.972.680 12,174,812 
Tubwheats (2) 413,369 415,369 415,169 425,369 615,369 
Plate 268.487 287,843 313,663 348,827 406,167 
Demfs ter 159.000 159.000 159.000 159.000 159.000 
Weld Wire 
Total 



TABLE H-12 (continued) 

Evaporator. 25 MWe. Stainless .  Submerged, Cylindrical (1108 MWt) 

Tube. Dia.. in. 1 1 1/2 2 2 1 / 2  3 .  

246,703 387,698 542.472 716,827 896,922 
Tubasheets (2) 221,885 221.885 221,885 221.885 221.885 
Tubes 1,636,111 1,565,405 2,158;871 2.799;111 3,415;279 
Balance 1,170,869 1,170,869 1,170,869 1,170.869 1.170.869 . 
Total 3,275.568 3,345,857 4,094,097 4,908,692 5,704.955 

Cost - 
-or @ $15.00 $ 4,685,610 $ 2.395.275 $ 1,617.690 $ 1,293,230 $ 1,148,310 
Tubu 6,881,090 5,435,199 7,899,562 9,972,680 12,174,812 
Tubuheets (2) 415,369 415,369 415,369 415,369 415.369 
Platm 263,668 289,893 318,681 351,111 3 8 4 6 0 9  
D d s t e r  159,000 159,000 159.000 159.000 159:ooo 
Wdd Wire 
Total 

$/PIPlt 11.234 7,886 9,435 11; 043 12,932 
Condenser. 25 M e ,  Stainless .  Surface. Spherical (1076 HWt) , 

730.694 978,470 1,392.887 1,980.837 2,904.048 
Tubesheets (2) 221,885 221.885 221.885 221.885 ' 221.885 . . 
Tubas 1,755.311 1,957,909 2,612,341 3,324,786 4,143,287 
Balance 1,242.558 1,242.558 1,242.558 1,242,558 1,242,558 
To eal 3,950,448 4,400.822 5,469,671 6,770,066 8,511,778 

Cost - 
Labor@$15 . . 00  $4,813,380 $2,382,330 $1,539,360 $1 ,166 ,760$  981,990 
Tubes 7,382.413 6,798,553 9,070,234 11,837,831 14,773,340 
Tubasheets (2) 415,369 '415,369 415,369 415,369 415.369 
Plate 367,025 413,111 490,193 599,551 771,269 
Dendster - - - - 
Vedd Wire 45,115 46,569 48.999 52,453 57,872 
Total $13,023,302 $10,055,932 $11,564,155 $14,071,964 $16,999,840 

Condenser. 25 MWe. Stainless .  Submerged, Spherical (1076 MWt) 

372,337 ,4'19,300 700,250 Y8Y.212 1,370,421 
Tubesheets (2) 221.885 221.885 221,885 221,885 221,885 
Tubas 1,755,311 1,694,732 1,673,979 2,127,179 2,604.432 
Brlance 1,242.558 1,242,558 1,242,558 1,242,558 1.242.558 
Total , 3,592,091 3,658,475 3,838,672 4,580,834 5,439.296 

Cost - 
Labor @ $15.00 $ 4,812,380 $ 2,380,330 $ 1,536.360 $ 1,163,760 $ 977,990 
Tub- 7,382,413 5,884,709 6,126,762 7,575,048 9,271,778 
Tubasheets (2) 415,369 415.369 415,369 415,969 415,369 
~ h t a  300,370 323,986 . 361,362 415,109 486,014 
Demhter - - - - - -- 

Weld Wire 45,115 46.569 48,999 52,453 57,872 
Total $12,955,647 $ 9,050.963 $ 8,488,852 $ 9,621,739 $11,209,023 



TABLE H-13 

PLATE SIZE AND COST 

C. 0 .  Carlson 

Lukens 

Lukens 

Material 

Steel 904L 

b 

Nitronic 50 

Steel HY80 

Aluminum 5083 

Thickness 

3/4" 
1 " 

2" 
3" 
4" 
5" 
6" 

3 / 4" 
1" . 
2 " 
311 

4" 
5" 
6" 

3/4" 
1 " 
2" 
3" 
4 " 
5" 
6" 

3/4" 
1 " 
2" 
3" 
4" 
5" 
6" 

3/4" 
1 " 
2" 

4" 
5" 
6" 

Note: 904L steel was not used in cost estimate. 



TABLE H-14 

TUBING COST 

Vendor M a t e r i a l  

Aalegheny Ludlum S t a i n l e s s  AL-6X 
(welded) 

Timet 
(welded) 

Aluminum 5052 

Titanium 

Tube OD 

1 " 
1 1/2" 

Tube Wall  

.028" 

.032" 

.028" 

.042" 

.038" 

.028" . 

.053" 

.048" 

.035" 

.028" 

.063" 

.05711 

.042" 

.028" 

.065" 

.065" 

.085" 

.072" 

.065" 

.llO1' 

.0901' 

.065" 

.125" 
. . 108" 
.065" 

.028" 

.037" 

.034" 

.028" 

.049" 

.045" 

.03411 

.02811 

.062" 

.055" 

.043" 

.028" 



Timet (cont'd.)  
(welded) 

Wolverine 
(seamleas) 

TABLE H-14 (continued) 

.- 

Titanium 

Titanium 

Note: Wolverine titanium was not used i n  cost  ea t inate .  
- ind ica tes  vendor cannot supply t t ~ l n  s i z e .  

Tube Well - .- 



FIGURE H-2 

25 MWe EVAPORATOR - TITANIUM. SPHERICAL 



FIGURE H-3 

25 MWe EVAPORATOR - STAINLESS, SPHERICAL 

12 DENOTES SURFACE UNIT -- ----- DENOTES SUB-SURFACE UNIT 

10 

8 

6 

i i 
TUBE 0.0.. IN. 



FIGURE H-4 

SURFACE EVAPORATOR - AL / TI ,  SPHERICAL .. 





TABLE H-15 ELECTRON BEAM WELDING TEST DATA 

HOLE DLAMETER, I N .  

Hole No. 

11 
12 
13 
14 
2 1 
22 
23 
2 4 
3 1 
32 
33 
34 
35 
41 . 
42 
43 
4 4 

Gage Blocks 
l a  - 3a 
lb  - 3b 
2a - 4a 
2b - 4b 
l b  - 2a 
3b - 4a 

Before Welding Af t e r  Welding 

A B 

Note: A = along 3 f t  long a x i s  

B = along 2 ft long a x i s  



TABLE H-16 TUBE-TO-TUBESHEET WELDING DATA 

Aluminum Tubes, SB-210, Alloy 5052, Temper H32, 31,000 p s i  

Hole & 
Tube No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Hole 
I . D .  

1.014 
1.011 
1.013 
1.016 
1.OU 
1.012 
1.012 
1.010 
1.010 
1.014 
i. 015 
1.UPZ 
1.021 
1.013 

Tube Tube 
O.D. Wall - - 
0.999 .065 
.1.000 -065 
0.999 .066 

Tube 
I . D .  

.869 

.868 

.869 
i 867 
.869 
,869 
.869 
.868 
i863 , 

,868 
868 

,868 
.867 
.868 

Exp ' d 
I . D .  

.914 
, .896 

.904 

.895 

. a 903 
.905 

,906 
.900 

P u l l  Out 
P.S.I.  

21,477 
25,667 
*30,906 
21,477 
20,953 
23,577 
*30,906 
20,429 
23,577 
29,334 
15,715 
20,429 
28,810 
*30,906 

Comments on 
Rol l ing  Length 

112" Beyond T.S. 
1 / 4" Beyond T . S . 

112" Beyond T.S. 
Across Weld 

112" Beyond T.S. 
114" Beyond T. S. 

112" Beyond T.S. 
Across Weld 

Titanium Tubes, SB-338, Ti  Grade 2, 50,000 p s i  

Hole & Hole Tube Tube Tube Exp'd P u l l o u t  Comments on 
Tube No. I . D .  O.D. Wall I . D .  I .D. P .S .I. Roll ing Length - - - -.. 

112" Beyond T .S. 
114" Beyond T.S. 

112" Beyond T.S. 
Across Weld 

112" Beyond T.S. 
114" Beyond T.S. 

112" Beyond T.S. 
Across Weld 

* Frac tu re  i n  tube ,  a l l  o the r  f r a c t u r e s  i n  weld 
**Tube end plug weld f r a c t u r e d  be fo re  tubesheet  weld 



O p e r a t i o n  

C u t t i n g  and Edge 
P r e p a r a t i o n  
S t r a i g h t  6 
Contour  Cuts  

C u t t i n g  and .Edge 
P r e p a r a t i o n  
S t r a i g h t  d 
Contour Cuts  

Welding Seaiis 
and Nozzles  

S i z e  L i m i t s  
S i z e  

M a t e r i a l  T h i c k n e s s  L x W  

Aluin iac .  3" 12 '  x 22'  
12 '  x 22 '  
12 '  Width 
12 '  w i d t h  - 

SteeA.  2" 12' x 22'  
12 '  x 22'  
1 2 '  x 22 '  
12 '  Width - 

A l u n f n ~  3" ' 22 '  and  
70' C i r c l e  

P r o c e s s  

P1asc.a Cut  
A b r a s i v e  Cut  
S h e a r  1" ?!asi-un 
E h c h i n e  Edge P r e p s .  
L a s e r  C u t  
Band S I ~ L -  Cut: 
C i r c u l i a r  Sa,... Cut  

F l a r e  C u t  
P l a s x a  Cut 
A b r a s i v e  Cut  
S h e a r  
L a s e r  Cu t  

Welding  Seams S t e e l  2" 22 '  and SAW ( ~ ( i b  Arc)  
and  Nozzles  70' C i r c l e  F l u x  C(;re 

Manual ( N o z z l e s )  

Welding T u b e s h e e t  A l u ~ A n ~  1" 2 7 ' L o n g  . GPlA\*! (MI G ) 
and Suppor t  P l a t e s  54 '  Long E. B.  v e l d i n g  

Welding T u b e s h e e t  S t e e l  
and  Suppor t  P l a t e s  

1" 27 '  Gong 
54'. Long 

SAW ( ~ ; b  Arc)  
E. B. \ ? e l d i n g  

Forming Segments A l u r n i n c  and 3" ' 12 '  x 22'  Crimp and R o l l  
S t e e l  2" 12 '  x 22 '  P r e s s / C ) i e  Forming 

12 '  x 22'  Exp los i . ve  Forming 
H y d r a u 1 . i ~  Forming 

TABLE H-17 COST COMPARISONS FOR ALTERNATE FABRIC.ATIO?: METHODS 

Produc -  I n s p e c  t i o n  
t i o n  Need Rework O v e r a l l  
C o s t  X X C o s t  . -. I n v e s  tmeri t 

S /Foo t I n s o .  - $ / F o o t  R e f .  $ / F o o t  $ / F o o t  P r o d u c t i o n  Development - Comments 

.02 .44 S175K 

.02 . . 9 0  4  OK 

. 01  .22 6  OK 

.04 1.44 1  OOK 

.07  .81 - 
-02 . 8 6  1 OK . 03 1 .08  - 5 K 

8 . 3 3  
15 .87  

* 33 .33  

, 5.00 
1 . 5 0  .. 
1 . 5 0  

.50  

P e r  
Segment 

120.00  
62.50. 
75.00 - 

.41  
- 7 9  

1 .67  

. 2 5  
-15 

.07  

. 0 5  

P e r  
Segment.  

6 .00  
3 .17  
3.75 - 

.83  
1 .59  
3 .33  

.5@ 

.75  

.15  

. 25  

P e r  
Segment 

3 . 6 0  
1 .90  
2 .25  
- .  

P e r  
Segment 

Minor  D r e s s i n g  R e q u i r e d  
F o r  S q u a r e  Edges L - i t h o u t  ? l a c h i n i n g  
To 1" T h i c k  On ly  
"J" Grooves  P o s s i b l e  
Not Reconmended 
Smal.1, C u t s  On ly  
S m a l l  C u t s  Only  

Minor D r e s s i n g  R e q u i r e d  
Minor  D r e s s i n g  R e q u i r e d  
S q u a r e  Cut  No X a c h i n i n g  
To 1" T h i c k n e s s  On ly  
Not Reconmended 

30  P a s s e s  @ ' 20m./min. 

2 0  P a s s e s  @ 18" /n in .  

1 5  P a s s e s  @ 18" /n in .  
1 P a s s ,  Machined Edges  

6 P a s s e s  @ 2411/min. 
1 P a s s ,  Machined Edges 

$ 1 5 / h r .  f o r  c y l i n d e r s  On ly  
$ 5 0 / h r .  

$500K $ l 5 / h r .  Development R e q u i r e d  
$ l 5 / h r . .  Not Recommended 
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Appendix I 

ROTATING MACHINERY 

This appendix presents additional data on the power module rotating machinery. The 

material is presented in two subsections, as follows : 

1 1  , Seawater Pumps 

1-2 Turbine-Generators 

I- 1 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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Appendix 1-1 

SEAWATER PUMPS 

This section presents a copy of the specification submitted to the various vendors to 

obtain data on a family of pumps for application to the Power System Development 

project. Copies of the replies received from KSB, Hitachi, Mitsubishi, Allis-Chalmers, 

Worthington, and Pleuger are included for information purposes. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
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POWER SYSTEM DEVELOPMENT 

POWER SYSTEM CIRCULATING WATER PUMPS SPECIFICATION 

Preliminary Performance 
Description 

Prepare 
M. I.. LeitAer 

APPROVED : 
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OTEC POWER SYSTEM CIRCULATING WATER PUMPS SPECIFICATION 

BACKGROUND : 

The power System Development P ro j ec t  has ,  a s  i t s  bas i c  o b j e c t i v e ,  t h e  

des ign  of a  25 MWe (nominal) power system module t o  be  u t i l i z e d  i n  t h e  \ 

development of a 100 W e  P lan t  and t h e  design .of a 5 MWe sca led  cyc le  

p l an t .  Severa l  cand ida t e  platforms a r e  included i n  t h e  s tudy which 

r e s u l t  i n  modules which may be  ca tegor ized  a s  "surfacet t  o r  "submerged" 

and t h e  des ign  va lues  f o r  component s i z i n g  a r e  d i f f e r e n t .  P a r t  of t h e  

module t r a d e  s t u d i e s  w i l l  inc lude  t h e  e f f e c t  of t hese  d i f f e r e n c e s  on 

component c o s t s  and s i z e s .  

GENERAL : 

The OTEC power c y c l e  i s  supp l i ed  wi th  warm and co ld  water  v i a  s ea  water  

pumps. The conf igu ra t ion  c o n s i s t s  of a  module of 4 s e a  water  pumps 

mounted i n  p a r a l l e l .  There i s  one pump module each f o r  t h e  evaporator  

and condenser.  Because the  seawater p re s su re  and flow requirements - .  a r e  

n e a r l y  i d e n t i c a l ,  s e a  water  pumps modules w i l l  b e  designed f o r  t h e  more 

a t r i n g c n t  requirement f o r  the condenser. A small e f f i c i e n c y  penal ty  

w i l l  be  incur red  on t h e  evaporator  pump module because of t h i s  design 

philosophy. 

A t r a d e  s tudy  w i l l  b e  undertaken on t h e  r e l a t i v e  mer i t s  of v a r i a b l e  

p i tch- f ixed  rpm, f ixed  p i t ch -va r i ab l e  rpm and f ixed  p i tch- f ixed  rpm. 

P a r t  of t h e  t r a d e  s tudy  w i l l  cons ider  a  requirement f o r  ob ta in ing  r eve r se  

flow equal  t o  o r  g r e a t e r  than 40 percent  of t h e  design forward flow. A 

performance map f o r  eva lua t ing  of f -des ign  condi t ions  i s  des i red .  

The pump s h a l l  ope ra t e  wi th  t h e  r o t a t i n g  s h a f t  ho r i zon ta l .  The bear ing  . 

system s h a l l  be designed t o  al low t r a n s p o r t  a t  s e a  i n  the v e r t i c a l  

pos i t i on .  The pumps s h a l l  be a x i a l  flow wi th  a  s t reamlined "pod" a s  

i nd ica t ed  i n  Sketch CWP-1. The pump pod s h a l l  inc lude  a  d r i v e  motor, 

reduct ion  gea r ,  necessary .accessor ies ,  and it s h a l l  c a r r y  the  impel le r .  
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The pump pod w i l l  be  ho r i zon ta l ly  mounted on s t r u t s  i n  a pump shroud 

having an i n l e t  bellmouth s e c t i o n  and an o u t l e t  d i f f u s e r  s ec t ion .  

S t ra ighten ing  vanes s h a l l  be pa r t  of t h e  pod/shroud assembly and may 

double a s  pod mounting s t r u t s .  Ex te r io r  water  pressure  may vary from 

300 f e e t  t o  40 f e e t .  . The i n t e r i o r '  of t h e  pod w i l l  b e  pressurized t o  

prevent leakage. Dynamic s e a l s  a t  t he  propel lor  s h a f t  and s t a t i c  s e a l s  

a t  any o t h e r  pod p e n e t r a t i o n s . s h a l 1  prevent in- leakage wi th  the  head of 

water  ex t e rna l  t o  t h e  pod .as  given above. 

PUMP DESIGN PARAMETERS: 

Design parameters a r e  tabula ted  i n  Table I f o r  t h e  5 and 25 MW(e) n e t  

power output  cyc l e  p l an t .  Included i n  t h e  Table i s  a l i s t  of des i r ed  

phys ica l  c h a r a c t e r i s t i c s  and performance da t a .  

, SCOPE OF SUPPLY: 

Each warm and co ld  c i r c u l a t i n g  water  pump package s h a l l  include:  

pump pod with impel le r ,  d r i v e  motor, reduct ion  gea r ,  bear ings ,  l ub r i ca -  

t i o n  system, and s e a l s ;  pump shroud wi th  i n l e t  bellmouth s e c t i o n ,  o u t l e t  

d i f f u s e r  s e c t i o n ,  i n l e t  s t r a ingh ten ing  vanes, o u t l e t  guide vanes, and 

pod mounting s t r u t s .  

MATERIALS : 

The pump impellors  s h a l l  b e  of c a s t  s t e e l  wi th  any epoxy o r  o t h e r  synthe- 

t i c  coa t ing .  f o r  water  s e rv i ce .  Other pump m a t e r i a l s  s h a l l  be  of a 

m a t e r i a l  s u i t a b l e  f o r  seawater ' service.  

SAFETY : 

Each pump and motor s h a l l  have adequate "bui l t - in"  ins t rumenta t ion  t o  
, 

preclude t h e  poss ib i l i , t y  of pump o r  motor l o s s  due t o  such f a c t o r s . a s  

bearing o r  gear  f a i l u r e  o r  motor winding burn-out. The i n c i p i e n t  warning 

of problems of t h i s  na tu re  should permit rap id  shutdown (automatic o r  

manual) t o  prevent major equipment damage. 
1-7 . 
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TABLE I 

Parameter 

Number of Pumps 

Design Flow (cfs) 

Head (ft) 

Power ,Supply 

PUMP DESIGN AND.PERFORMANCE PARAMETER 

(Surf ace) (Surface) (Submerged) 

DATA REQUIRED 

Pump Design Efficiency 

Overall Design Efficiency (Pump, Gear.& Motor) 

Design Power Required 

Pump Dimension (See Sketch ) 

A - Impeller Diameter 
B - Pod Diameter 
C - Pod Length 
D - Diffuser Outlet Diameter 
E - Bellmouth 1nlef Diameter 
F - Overall Length 

Estimated Weight 

NFSH or Submergence.Required 





KSB TECHNICAL SALES CORPORATION ' 

L ' 1  I 

1 HUNTINGTON QUADRANGLE, HUNTINGTON STATION, NEW YORK 11 746 PHONE (51 6) 293-7878 TELEX 14 31 11 

REPLY TO: 2555 E. CHAPMAN AVE. - SUITE 500 NOV. 1 8 ,  1977 FULLERTON, CALIF. 92631 

PHONE: (714) 871-3200 

Lockheed Missiles E Space , 

Co. I n c .  

1111 Lockheed Way 

Sunnyvale ,  C a l i f .  94 088 
A t t n .  M r .  B. J e a n  B a r t e l ,  
S u b c o n t r a c t  A d m h i s t r a t o r  

R e . :  Reques t  f o r  I n f o r m a t i o n  - Seawate r  Pumps 
Assembl ies  - 
Your # 50-43/7902 
o u r  TSC-LA 02/145/77 ' 

Gentlemen: 

We c o n f i r m  t h e  r e c e i p t  of  y o u r  l e t t e r  d a t e d  O c t .  11, 1977.  Some o f  
t h e  q u e s t i o n s  ment ioned h e r e i n ,  we have  a l r e a d y  d i s c u s s e d  w i t h  M r .  M .  
L e i t n e r  on Nov. 14  and 15.  I n  t h e  f o l l o w i n g ,  we summarize t h e  r e q u e s t e d  
i n f o r m a t i o n .  

Design Flow CFS 
Pump Model PUZ 
TDH FT 
Pump s t a g e  
e f f i c i e n c y  % 
Pump e f f i c i e n c y  % 
o v e r a l l  e f f i c .  % 
Motor r a t i n g  KW 
.Pump speed  RPM 
M o t o ~  speed  RPM 
NPSHR a t  c e n t e r l i n e  
s h a f t  FT 
Pump w e i g h t  LBS 
Motor w e i g h t  LBS 

... Gear w e i g h t  LiiS 
'Uni.t  prLce  f o r  pumps $ 
U n i t  p r i c e  f o r  motor  
and g e a r  $ 

Above p r i c e s  are e s t i m a t e d ,  f o b  German s e a p o r t ,  s eawor thy  c r a t e d  f o r  
d e l i v e r y  by t h e  end of  1979.  



KSB TECHNICAL SALES CORPORATION 

Lockheed Missiles E Space 
Co. I n c .  
Sunnyvale ,  C a l i f .  9 4  088 

Dimensions: P l s .  r e f e r  t o  your  drawing on page PSD-2.1 of 
you r  RFQ . 

Design Flow: ' 650  812 1000 

A l l  d imensions  a r e  i n  i n c h e s .  

The d e l i v e r y  of  any s i z e  and number of pumps w i l l  b e  approx.  75 weeks. 
, 

We t r u s t  t h a t  t h i s  i n fo rma t ion  w i l l  answer your  q u e s t i o n s .  

We conf i rm o u r  c o n t i n u e d  i n t e r e s t  i n  t h i s  p r o j e c t  and ask you t o  cor 
s u l t  us i f  f u r t h e r  d a t a  a r e  needed. 

Thank you f o r  t h i s . o p p o r t u n i t y  t o  be a t  your  s e r v i c e -  

Very, t r u l y  yours.,  
1. ../I 

Hans R.  Niemes 
Western Regional  S a l e s  Manager 



RE: SEAWATER PUMP ASSEMBLIES 
WITH REFERENCE T O  YOUR LETTER NO. 50-43/7902 DATED 
OCTOBER 11, 1977, WE ARE PLEASED T O  INFORM Y O U  AS FOLLOWS, 
A A )  TECHNICAL D A T A  

650 CFS PUMP 8 1 2  CFS PUMP , 1000 CFS PUMP 
-----..--i.w ---.-----.-- ------.----ow 

PUMP DESIGN EFF 86.2 , '  ' 86 .5 '  86 .2 .  
MOTOR EFF . 93.8 , 94 02 9307 . . 

GEAR BOX EFF 97.0 97  .O 97.0 
OVERALL EFF 7 8  -4 79.0 78.3 
REQ POWER (KV) 65 6 815  60 5 
DIMENSION A 2 4 3 0  ' 271 0 3240  

B 2 3 0 0  2500 2700 
C 8200  9304 8400  
D 2 8 0 0  3 120 $470 

4340 E 3890  5 180 
F \ 9500 10600 10800 

PUMP WT t TON) 72 9 6  120 
IN WT (TON) 13  15 12.5 
G O B O X  WT ( T O N )  4 05 6 8 0 5  
NPSH R E Q  (MI 8 .2 8.2 7 .4 
MOTOR ( K W )  78 0 970 720 
MOTOR POLES 10 10 10 
PUMP SPEED (RPM) 132 118 88 

BB) PRI CE INCLUDNG PUMP, GEAR A N D  INDUCTION MOTOR : ON 
FOB SUNNYVALE ( D U T Y  PAID) IN US DOLLARS 

ITEM DESCRIPTION QTY UNIT T 0 1  AL 
1 650 CFS PUMP 1 70 7 ,950 707,950 
2 812 CFS PUMP 4 903,900 3 , 6 1 5 , 6 0 0  
3 1000 CFS PUMP 4 -  1 ,098,240 4 ,392 ,960  --.---.---..-- w--o-----...--w.-.---.--.w---.- 

G R A N D  TOTAL FOB SUNNYVALE USD 8 , 7 1 6 , 5 1 0  

CC)  REMARKS 
1 )  PRICES QUOTED ARE SUBJECT TO PRICE VARIATION 
A N D  VALID UNTIL FEBRUARY I ,  1978. A N D  THEY 
ARE BASED ON FOB LOCKHEED MISSILES A N D  
SPACE COMPANY, INC ., SUNNYVALE, CALIF,, USD., 
INCLUDING OCEAN FREIGHT, INSURANCE, IMPORT DUTY, 
CUSTOM CLEARANCE A N D  I NLAND TRANSPORTATION. 
2) DELIVERY 
SHIPMENT IN TERMS OF FOB Y O K O H A M A ,  JAPAN 
WILL B E  VADE WITHIN 13 MONTHS AFTER RECEIPT OF ORDER. 
3) TECHNI CAL COMMENTS 
IHE PUNPS QUOTED ARE OF FIXED BLADE- CONSTANT 
SPEED TYPE. 
WE WOULD LIKE TO SUBMIT ADDITIONAL QUOTATION 
FOR FIXED BLADE-VARIABLE SPEED PUNPS A N D  
VARIABLE PITCH BLADE-FIXED SPEED PUMPS LATER 

BEST REOARDS 
YA MAMOTO HITACHI AMERICA LTD 

In59 EST 



VU I HFOflASTER 1-0 1534 GI93 14 1 1 / I  0/77 
I L X  PI1 TSUBIS B SF0 

0 1  S A M  FRAHCISCO CALIF 11/10/77 
TUX 9103399221 LMSC SV CAL . 

ATTR: PRS. JEAN BARTEL. SUBCONTRACT A D M I  IdISTRATOR, 
DEVELOPNEWT PROGRANS WnTERI ALS 
SUBJECT8 COMPOSITE OTEC PROGR AN- REQUEST FOR I NFORMATIOW 

SEAWATER PUMP ASSEMBLIES 
FILE NO. 50-4317902 
I #  RESPONSE TO YOUR OCTOBER 11, 1977 RFI WE ARE PLEASED. T O  SUBMIT 
OUR BUDGETARY ESTIMATE FOR YOUR CONSIDERATI OH. 
111,  PRICE: 

I TEff DESCRI PT I O l  

I • SEAWATER CIRCULATI NQ PUMP L 
FOR 5 OllW PLANT (SURFACE) 

2 ,  DITTO FOR 25 MU PLANT (SURFACE) 4 

3. DITTO FOR 25 MU PLANT (SUBNERGED) 4 

TOTAL 

222, TERNS OF PAYMENT: 
. 100 PCT AT SHIPMENT 

333, TERMS OF DELIVERY: FOB JAPANESE PORT ' 

444, TINE OF QELIVERYS F08 25 (25)  NONTHS 
AFTER RCPI OF P/O 

555, VALIDITY: UNTIL DEC - 3 1 ,  1977 

TOTAL PRICE ' 

(FOB JAPAN). - 
YEN 629,000 0 0 0 '  : 

t 6 2 9 , 0 0 i , 0 0 0 ~  . ,, 

2,663,200,000 
(2,665,200,000) 
3,294,500 000 
(3 ,294  806 000) 
c , ~ e g , i o o  600 
~ 6 , 5 s s , o o ~ , o o o ~  

666, REMARKS 
(1)  ABOVE PRICE IIUCLUDES NOTOR kND REDUCTION GEAR AS WELL 
(2) ABOVE PRICES OF ITEfl 2/3 HHAVE BEER ESTINATED ONE THE. 

ASSUMPTION THAT WE RCV BLANKET ORDER FOR 4 SETS EACH, 
UNDER OUR IRANSNXTTAL. SF-G-1312 OF NOV. 7, 1977, WE HAD FORWARDE 
ME SUPPORTING SPECS,/DATA FOR OUR BUDGETARY ESTIMATE, I F  THERE 
ARE A N Y  QUESTIOHS OR COMMENTS, PLEASE FEEL FREE TO CONTACT US. 

. .. 

REGhRDS, .I , . 
BILL TAMAKA (34-534.) . . 

~ITSUBIWX SF0 . . . . . 
'C . 

1247 EST 

LMSC S V  'CAL 
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PROPOSAL SPECIFICATION . . 

SEAWATER P U M P  

FOR 

Ocean Thermal  Energy Conversion 

(OTEC) P r o g r a m  

OCT. 1977 

I- I /" 
MlTSUBlSHl HEAVY IN5USTRIES. LTD. 

I 



36. E-1949-1  

OTEC - SEAWATER CIRCULATING' PUMP 

MlTSUBlSHl HEAVY INDUSTRIES. LTD. 
f \ 

5 M l V  
(Surface)  

1 

650 

10 

VERTICAL SHAFT 
AXIAL FLOW 

VARIABLE PITCH 

108 

590 

7SU 

I 

OUTPUT OF TEST PLANT 

NUMBER OF PUMPS 

DESIGN FLOW ( c f s )  

HEAD (ft) 

PUMP TYPE 
. . 

TYPE OF IMPELLER 

PUMP SPEED Crpm) 

25 
(Surface)  

4 

812 

1 U. 

____T, 

96.5 - 
-. - - . -- 

940 
53 

MW 
(Submerged) 

4 

1000 

6 

v 

d 

5 9 

390 

6YU 

SPEED (rpm) 

UU.IakJUqI* (tW) 

/ 

r = : ,  
4 

e 
E? - 
$ 
X 

2 
a 
a 
4 

I 
V,  CYCLE, PHASE 

TYPE 

REDUCING RATIO 

PUMP (t) 

MOTOR ( t)  

GEAR (t) 

TOTAL (t)  

4160 V,  60 Hz, 3-PHASE 

PLANETARY GEAR 

5.46 

170 

9 

6 

135 

d 

6.11 

140 . 

12 
I 

/ .. 

. . 6.61 

2n0 

14 

1 
7 I 7 

I 
f 

159 i 221 
1 
j 
I I 
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MlTSUBlSHl HEAVY INDUSTRIES. LTD. 
I \ 

- 
> 

640 
(MOTOR IN-PUT) 

' 5 

12.2 

9.8 

53.5 

2 2 

20 

56 

- 
v 

865 
(MOTOR IN-PUT) 

8 

9.6 

7.9 

43.5 

17 

16 . 

4 6 

C 

2 ' 
n 
z . 
4 

W 

PUMP DESIGN EFF . (%. 

OVERALL DESIGNING 
EFF . (P,G8M) (%) 

DESIGN POlJER 
REQUI RED (kW) 

85.6 

79 

69 3 
(MOTOR IN-PUT) 

8 

8.6 

6.9 

36.5 

15 

14 

39 

NPSH req. (ft) 

n 
w .  

Z 
0, 
cn 
Z 
W 
ZZ 
H 
n 

X 
0 
P: 
a 

A- IMPELLER DIA. 

B-POD DIA. 

C-POD LENGTH 

D-DIFFUSER OUTLET 
DIA. 

E-BELLMOUTH INLET 
DIA. 

F-OVERALL LENGTH 





MILWAUKEE. WISCONSIN 53201 

December 5 ,  1977 

Lockheed Missles & Space Company, Inc. 
1111 Lockheed Way 
Sunnyvale, C a l i f o r n i a  94088 

Attention:  Ms. B. Jean Bar te l ,  Subcontract Administrator  
Development Programs Material  

SUBJECT: OTEC CONTRACT NUMBER EG-77-C-03-1568 
YOUR REFERENCE FILE NO. 50-43/7902 . 
OUR REFERENCE 108E1086A 

Dear Ms. Bar te l  : 

We r e f e r  t o  your l e t t e r  o f  October 11, 1977 and your t e l e x  o f  
November 17, 1977, concerning sea  water pumps f o r  OTEC Power 
System Development. A t  t h i s  time, we a r e  p leased  t o  submit 
prel iminary information.  

Although we have been bu i ld ing  pumps f o r  over  one hundred yea r s ,  
we have n o t  had t h e  occasion t o  design and b u i l d  t h e  exact  "bulb * 

type" arrangement i n  which you a r e  i n t e r e s t e d .  From the  s tandpoint  
o f  hydraul ic  des ign,  we have however, p rev ious ly  b u i l t  many pumps 
within t h e  s p e c i f i c  speed range of  your requirement and our 
prel iminary s e l e c t i o n s  a r e  based on e x i s t i n g  designs.  

Eventually, when pump requirements inc luding capaci ty ,  head, range 
o f  opera t ion ,  e t c . ,  have been f i rmly  f i x e d ,  we would recommend t h e  
cons t ruct ion  and complete t e s t i n g  o f  a  model pump t o  obta in  optirmun 
performance. The one time c o s t  f o r  such a  model t e s t  and inc luding 
mechanical cons ide ra t ions  o f  a  bulb type  arrangement would be 
approximately $300,000. The r e s u l t i n g  model design would be "stepped 
up" t o  meet t h e  t h r e e  d i f f e r e n t  pump r a t i n g  requirements. I t  would 
amount t o  t h e  same s p e c i f i c  speed design,  b u t  t h r e e  d i f f e r e n t  physica l  
s i z e s .  

We a t t a c h  our  t a b u l a t i o n  of pre l iminary  s p e c i f i c a t i o n s  f o r  t h e  t h r e e  
d i f f e r e n t  r a t i n g s .  This  t a b u l a t i o n  inc ludes  performance d a t a ,  and 
very prel iminary p r i c i n g .  In  add i t ion ,  we a r e  a t t a c h i n g  copies  of 
your inquiry  sketch  on which we have i n d i c a t e d .  pre l iminary  dimensions, 
w e i ~ h t s ,  and o t h e r  t e c h n i c a l  d a t a  you reques ted .  

We have ind ica ted  86% r a t e d  pump e f f i c i e n c y  i n  each case. This  is  a  
very conservat ive  f i g u r e  and we would c e r t a i n l y  design f o r  s e v e r a l  
po in t s  higher.  

Proper pump m a t e r i a l s  f o r  handling s e a s  water ,  is o f  course a  s e r i o u s  
considerat ion.  In  t h i s  ins t ances ,  we have f i g u r e d  on us ing 316 s t a i n -  
l e s s  s t e e l  f o r  a l l  wetted p a r t s .  Other m a t e r i a l s ,  such a s ,  n i c k e l  
aluminum bornze, N i - r e s i s t ,  mollel, e t c . ,  might be considered. We 
do not  recommend t h e  use o f  epoxy coated carbon s t e e l .  
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M s .  B. Jean Bar te l  
December 5, 1977 
Page 2 

The pwnp motors f o r  t h i s  bulb type arrangement, should of course, be 
a s  small  a s  p o s s i b l e .  Working with our  Motor Divis ion ,  we fo resee  
t h e  u s e  o f  1800 RPM water  cooled induction motors. I n . o u r  perform- 
ance d a t a ,  w e  have used 94% motor e f f i c i ency ;  which i s  again,  very 
conservat ive .  

Obviously, we w i l l  need t o  u t i l i z e  a reduct ion  gea r  between t h e  high 
speed motor and t h e  low speed pump. Undoubtedly, we would use  a 
"epicyclic" gear t o  o b t a i n  shaft c o n c e n t r i c i t y  and m i m i m u m  physical  
s i z e .  Again, o u r  d a t a  inc ludes  94% gear e f f i c i e n c y  which should be 
conservat ive .  Gear information was obtained from t h e  Phi ladelphia  
Gear Corporat ion and it seems t h e r c  a r c  not  many concerns making 
s u i t a b l e  e p i c y c l i c  g e a r s  i n  t h e  USA. We a r e  i n  touch wi th  severa l  
European concerns where t h i s  type of  gearing is commonly used and 
we w i l l  p a s s  along t o  you any important information we may receive .  

Time t o  accomplish model t e s t i n g  mentioned above, would be from 16 
t o  20 months. A f t e r  completion of  the  model work, we a n t i c i p a t e  a 
time requirement o f  20 months t o  bu i ld  t h e  first proto type  pump. 
Therea f t e r ,  we should be  ab le  t o  complete one pump a week t o  meet 
your requirements o f  f i v e  s e t s  o r  f o r t y  pumps p e r  year .  

Hopefully, t h i s  p re l iminary  information w i l l  be  o f  he lp  t o  you and 
we would be  happy t o  provide any add i t iona l  d a t a  you might need. 

I n d u s t r i a l  Pump 
Custom Pump Uivision 

S W g r  
attachment 

cc: M r .  J. L. B e r t o l i ,  San Francisco Sa les  O f f i c e  (W) 
555 C a l i f o r n i a  S t r e e t  
B a k  of  America Center ,  S u i t e  4730 
San Francisco ,  Ca l i fo rn ia  91776 
(206) 883-4000 
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CUSTOM PUMP DIVISION 

PRELIMINARY Pump Specii'icofion 

LOCKHEED PIISSILES & SPACE COMPANY DECJ31BER 5,  '1977 For ....................................................................................................................... - Dote ...................... -------------------- 
EG-77-C-03-1568 108ElOSGA Your No ......................................................... Our No ......................................... Fadory No .......................... ------------ 

25Pfll - COLD 
EIGHT (81 
CONDENSER 

AX[K = 10.251 
192" 

Item NO.. ............................... 
Number of Units. ....................... 
Service.. ................................ 
Liquid .................................. 
hlodcl ................................. . 
Slze (Suctlon 

..................... Type of Pump.. 
hlaterials of Construction. ...........:.... 
IMPELLER DIANETER 
Stufiing Box Arrangement.. ............... 

I . . . . . . . . . . .  . . 
Suction Hcad (ft). ....................... I I 

96" I l0Svt  11 34" 
PACKING ! I 

. 3nse Plate. Fabricated Steel.. ............. 
Coupling Type. ......................... 
Ccpoclty-U. S. Gprn ...... .Water. 
Discharge Head (ft) ....................... 

Friction Hcad (ft). ....................... 
Total Head (ft) ...........:. Water 

............ NPSH (it).  ' Required 
Speed (Rprn). .......................... 

....... Rotntiori (Viewed from Drive End). 
Pun~piilg Temperature ( O F ) .  .............. 

.................. Specific Grarity a t  P. T.. 
Viscosity a t  P. T. (SSU) .................. 

................ % Solids or % Consistency. 
Max. Sphere Impeller will pass. ........... 

.. Pump Efflciency %. .Water 
ilral<c I4crsepower.. ................... 

............ Driver Hp Required a t  R ~ t i n g  
Driver Hp Required for Non Overloading.. . 
Phase-Cycle-Voltage 
Type A?otor or other Driver.. ............. 
Frame Alotor or other Driver.. ............ 

5 FnV 
~ V O  (21 
EVAP./COND. 
SEA IVATER 
AX(K=7.32) . 
156" 
A X I A L  FLOW 
"SPECIAL" 

Curve No.. ............................. I 

25bflV-\VARkl 
EIGHT (81 
EVAPORATOR 

AX(K = 8.18) 
174" 

, 291,720 (650 CFSI 

Bulletin.. ............................... I 

364,450 (812 CFS1 ' 
.: 7 

448.800 (1 000 CFSI 
. . .  ;*. :I. 

:.. : .  

Specification Shee t . .  .................... 
....... Prcli~ninary Dinlension Print :...... ; 

.. Pump, Ra.w nnd Coupling. 
.................. 

....... Complete Unit EACH. 
...................... Pump Frame Size.. \ I 

Puxnp, Drrse and Coupling.. S 9 5 5 J 7 5 . 0 0  $ 2  -00 
.-. 

*Shipping Schedules are not effective until receipt of complete specifications ond required approvals at the factory. 

Please return one copy with your order. 
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1 ?5.  

c ~ a 4 o .  7 7 5 ~ 1 0  

. ........ *Shipment (weeks). . FIRST. UNIT. 
SPECIFIC SPEED (N-) 

EACH Driver. 
80 I I 
14696 1 14709 114854 

SKETCH-- 

18-0 

SUCTION SPEC.- SPEED (S-) 8000 8006 7868 
a 

764 



TYPICAL . . SEA .WATER CIF.CULATING P W  
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CUSTOM PUMP DIVISION 

PRELIMINARY Pump Specifkotion 

LOCKMEED MISSILES & SPACE COblPANY DECEPIBER 5 ,  1977 For ........................... ........................................................................................ . .  Daie ........................................-----. 

EG-77-C-03-1568 I08E1086A Your No..: ...................................................... Our No ........................................... Factory No ......................................... 

.................................. Service 
Liquid .................................: 
Alodcl ................................. 
Size (Suctlon 
Type of Pump..  ..................... . , 

Materials of Construction.. ............... 

3.ue Plate, Fabricated Steel. ........'...... 
CoupGngTypc .......................... 
Ccpoclty-U. S. Gpm ...... .Water, 
Discharge Head (ft). ..................... 
Suction Head (ft). ....................... 
Friction Head (ft). ......... ; .............. 
Total Head (ft) ............ .Water 

.......... IU'PSH (ft). ;. 
.......................... Speed (Rpm). 

Rotation (Viewed from Drive End). ....... 
Pumping Temperature (OF). .............. 

.................. Specific Gravity a t  P. T.. 
Viscosity a t  P. T. (SSU) .................. 

.............. % Solids or % Consistency.. 
........... Max. Sphere Impeller will pass. 

Pump Efflcir ncy %. .. .Water . 

arakc I+crsepawer. .  ..................: 
Driver Hp Required a t  Rating. ........ , .. 
Driver Hp Ticquired for Non Overloading.. . 
Phase-Cycle-Voltage 
Type hqolor or other Driver.. ............. 
Franlc Motor or other Driver.. ..... : ...... 

............................. Curve No.. 
Bulletin ................................. 
Speciiicotlon Shce t  ..................... 

...... Complete Unit MCH.. 
Pump Frame Size. ....................... 

....... *Shiprner~t (weeks). .FIRST. UNIT.. 
SPECIFIC SPEED (N-) 14696 14709  . 14854 
SUCTION SPEC. SPEED.(S-)  8000 8006 7868 

a 

*Shipping Schcdules ore not effective until receipt of complele s ecificolions ond required opprovols at the focto~.  
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y. . v. .. 
WORTHINGTON PUMP CORPORATION (U.S.A.) 
901 Snealh Lane. San Bruno. California 94066 / Telephone (415)  871-6455 

Lockheed t4i s s i l  es and Space Company 1nc. 
1111 Lockheed Way . . 

Sunnyvale CA 94088 

Attention: Mrs. ~ e a n  Bartel 

Subject: Request fo r  Information - 
Seawater Pump Assemblies 

Reference: (A)  LMSC, RFI 50-40/.BJBf004, dtd Jan. 19, 1977 
(B)  LMSC, RFQ No. BJB:2476, dtd June' 24, 1977 
(C) Prime Contract No. EG-77-C-03-1568 . 

Dear Mrs. Bartel : 

In accordance w i t h  your subject request fo r  information for  
pumping equipment on the OTEC-1 and Power System Development 
project, \;orthington is pleased to  o f fe r  the preliminary i n -  
formation requested for  your review. The attached l e t t e r  
from Mr. W. C.  Krutzsch a t  our Engineered Pump Division 
references the conversation with your Mr. M. I .  Leitner and 
T. M. Robieart regarding th i s  RFI. 

Attached you w i  11 find Tab1 e I including information requested 
under the heading "Pump Design and Performance Parameter". The 
information includes physical charac ter i s t ics  and cost  estimates 
of pumps required fo r  the 5 MKe and 25 KWe power module. 

We t r u s t  th'e information included in the  attached l e t t e r  is 
suff icient  f o r  your evaluation. Should there be any further  
questions, please do not hes i ta te  to  contact me a t  (415) 
871-6455. 

Sincerely , 

UORTHINGTON PUEIP CORPORATION (U . s .A. ) 

Dmnc 4 .Cett-h 
Duane A. Gettriian, P. E. 
Dis t r ic t  Sales Manager 
San Francisco Sales Office 

DAG: i h 
Attach 

1-25. 
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Dare October 20. 1977 

SUBJECT - - 

OTEC Pumps 
Lockheed 

Division Quotation No. - 
TO D. Gettman San Francisco I S. 0. Quototion No. 

NOW locolion S. 0. Order No. 
1 Works Order No. 

I FROM , W. C. Krutzsch Harrison - 13 Invoice NO. 

~ o m e  locolion If Quototion Requested, It Is To Be: 
C. H. Thaw Mountainside 1 FINAL 0 ESTIMATING 

COPIES TO&.T-S sik Mountainside 
REPLY REQUIRED BY B. Neumann Mountainside 

A. Agostinelli Harrison - 13 
J; P. Fenlas Harrison - 32 

. i J.F.C. Valontin . Harrison-32 
P. P. Gold Wasl~ington - 3. 0. 

. W.H. F rase r  Harrison - 13 

Subsequent to our visit of 10/6/77 to Lockheed I received a telephone 
call from M. I. Leitner, Senior Staff ~ n g i n e e r ,  who had been unable 
to  be present during our meeting. The purpose of this call was to ask 
if I would be in a position to provide him with a minimal amount of 
preliminary information for pumps which might ultimately be required 
for  the 5MWe demonstration plant and the 25MWe prototype modules, 
in accordance with their preliminary specification PSD-2.1 which, you 
may recall, was unofficially handed to us during our visit, but stamped 
"Not Released". In addition, he advised that he expected to be at 
Foster-Wheeler in Livingston on 10/17, and i f  t ime allowed, would like 
to  stop at  Harrison while ii.1 'the area. 

I agreed to furnish the information requested, but was unable to get it 
together before 10/17, when he arrived in Harrison together with 
C. M. Robidart, who was,present at our meeting in California. Some 
of this material was compiled while these two gentlemen w e r e  here at 
that time, and I have now worked up the balance of it, and have put i t  
all together in the form of Table I attached. Mr. Leitner indicated 
that this should be transmitted to him through J. Bartel, and I would 
like to request that you furnish to her  not 0x11~ Table I, but a copy of 
this letter as well, because of the limitations expressed herein re-  
garding the values shown in the Table. 

All the information provided must be considered as  approsimate, and 
as having been furnished gratuitously for preliminary estimating pur- 
poses only. Costs shown a r e  not to be construed as  



The dimensions tabulated have been based on pumps having in all cases 
a design specific speed of approximately 13,000, and for the conditions 
of service shown, a r e  probably accurate within plus or minus 3%. 
Note, however, that they do not include the suction bell, discharge con- 
duit, or drive trains or supports therefor. These additional components 
will add considerably to the overall dimensions, but by proportioning them 
reasonably in scale with the impeller and diffuser, some estimate of 
overall size could be arrived at. 

Weights have been based on previous estimates prepared for pumps of 
similar specific speeds, and factored up or down in accordance with antic- 
ipated size ratios. They a r e  considerably less accurate than the dimen- 
sions, probably no better than plus or minus 200/c, and a re  probably on 
the high side for the three small pumps and on the low side for the two 
large ones. Again, they pertain essentially to the impeller, diffuser, and 
pump shaft and bearings contained within the impeller and diffuser envelope, 
Addition of the remaining components required for a complete pumping unit 
would undoubtedly at least double the weights shown. 

Costs have also been estimated from previous jobs, but because of uncdr- 
. tainties associated with diff erencesin materials of construction and esca- 

lation over periods ranging from 5 to 15 years, a r e  even less  accurate than 
the weights, probably no better than plus or minus 50%. These figures per- 
tain to the same items as the weights, and as in that case, addition of the 
components not included in these figures would at least double the c'osts 
shown. 

This i s  intended only as a partial response to Lockheed's preliminary spec- 
ification, based on the specific request made to m e  by Mr. Leitner. At 
such time as  Lockheed officially releases i ts  specification, we will then 
consider what additional information we can provide at that time. 



TABLE I 

Number of Pumps 

Design Flow (cfs) 

Head (ft) 

Impeller Dia.' (in. ) 

RPM 

Combined Length of 
Impeller & Diffuser (in. ) 

Estimated Weight (000 lbs. ) 

Estimated Cost (600 $) 

5 MWe 25MWe 
/Surface) (Surface) (Submerged) 

Note: All values above are approximate and are subject 

to limitations stated in my letter attached. 

I\'. C. Krutzsch 
10-20-77 



213274 P L E  D 
TELEX-NO. 3172/77 - 

- -  . Gic a ,' :!:; 9 7 7  

DECEMBER 8, 1977 

ATTN, MRS. B,J, B A R T E L  

REF.: OTEC SEAWATER PUMP - F I L E  NO. 59-43/7902 AND 50-43/7967 
OUR PROJECT OP 64 ( U S )  

WE REFER TO OUR T E L E X  NO. 3158/77 OF DECEMBER 8TH,  1977. FOR 
THE THREE D I F F E R E N T  PUMP TYPES WE HAVE CALCULATED THE ROM 
P R I C E S  BASED ON A D E L I V E R Y  END 1978. YOU WILL UNDERSTAND T H A T  
I T  I S  NEARLY I M P O S S I B L E  TO G I V E  P R I C E S  FOR D E L I V E R Y  I N  1985 
TO 1990 AS NOBODY CAN FORESEE THE FUTURE I N F L A T I O N  RATES. 
FOR THE t iEXT 3 - 4 YEARS WE EXPECT AN I N F L A T I O N  RATE OF ABT. 
6. PER CENT PER YEAR. 

OUR ROM P R I C E S  ARE BASED ON FOLLOWING E X T E N T  OF D E L I V E R Y :  

- AX l A L  FLOW PUMP (1 STAGE) W I T H  
. S U C T I O N  3 E L L  AND G U I D E  VANE/D IFFUSER ARRANGEMENT 

- PLANETARY REDUCTION GEAR 
- SUBMERS.IBLE ELECTR l C  MOTOR . - FOUNDATIONS 

ROM P R I C E  FOR PUMP TYPE S 2 1 8 3 - l W i / R Z  3@-13P-8 DM 750.000,-- --------------- 

ROM P R I C E  FOR PUMP TYPE S 2753-1"VRWZ 4 C - 1 6 0 - 8  DM 1.15P.nClc!,-- --------------- 

~ O M  P R I C E  F O R . P U M P  TYPE S 3 3 0 2 - 1 " V R Z  30-120-8 DM 1 .15Oe@gC, - -  --------------- 

THE P R I C E S  ARE BASED ON FOB HAMBURG D E L I V E R Y  END 1978 O F  ONE U N I T .  
DEPENDING ON THE NUMBER OF PUMP SETS ORDERED S IMULTANEOUSLY A 
Q U A N T R I T Y  D I S C O U N T  WILL BE GIVEN.  

A5 ALREADY MENTlOiJEG I N  OUR T E L E X  3158/77 PUMP CURVES .. . AND . 

D I M E N S I O N S  W I L L . B E  M A I L E D  SOON. , 

REGARDS 
BARTHOLLY 
MAR1 iJE D I V I S I O N '  (PLEUGER PUMPS) 
2 1 3 2 7 4  P L E  E? 
LMSC SUVL 

ANSWER V I A  T R T  605 

9 



- -  - . . .. - .- -- .- - -  . ... ... . ... . .- .. 
' 1, 5 MWE U N l T  ---------- 

650 CFS D E S  l GN FLOW: 
HEAD: - l f l  F 
PUMP TYPE:  S 2 1 6 3 - 1 " V R Z  30-130-8 

960 HP MOTOR OUTPUT: 
I M P P E L L E R  SPEED: ' 192 RPM 
I M P E L L E R  D IAMETER:  2180 MM 
PUMP E F F I C I E N C Y  t34 PER CENT 
PUMP E F F I C I E N C Y  I N C L U D I N G  E F F I C I E N C Y  . 

O F  PLANETARY GEAR: 80 PER CENT 
MQTOR SPEED: 870 RPM 
VOLTAGE : 4160 v 
FREQUENCY: 6C HZ 

2, 25 MWE U N I T .  ( SURFACE) ----------- 
D E S I G N  FLOW: . - 
HEAT): 
PUMP T Y P E :  . . 

MOTOR OUTPUT: 
I M P E L L E R  SPEED: . 

I M P E L L E R  D I A M E T E R :  
PUMP E F F I C I E N C Y :  
PUMP E F F I C I E N C Y  I N C L U D I N G  E F F I C I E N C Y  
O F  PLANETARY GEAR: 
MOTOR SPEED: 
VOLTAGE: 
FREQUENCY: 

3. 25 MWE U N l T  (SUBMERGED) ----------- 
D E S I G N  FLOW: 
HEAD: 
PUMP TYPE:  
bIOTOR OUTPUT: 
l MPELLER SPEED: 
I M P E L L E R  D IAMETER:  
PUMP E F F I C I E N C Y :  
PUMP E F F I C I E N C Y  I N C L U D I N G  E F F I C I E N C Y  
O F  PLANETARY GEAR: 
MOTOR SPEED: 
VOLTAGE: 
F2EQWENCY: 

812 CFS 
19 F 

S27513-I" VRWZ 4.0-166-8 
1615 HP 

140 RPM 
275c MM 

64,5 PER CENT 

8 C  PER CENT 
870 RPM 

4160 V 
60 t-!Z 

1000 CFS 
G r 

S 3 3 P 2 - 1 "  VRZ 30-120-8 
875 HP 
1 C C  2PM 

3 3 C O  MM 
65 PER CENT 

8C,5 PER CENT 
87C RPM 
4160 \1 
6Q HZ 

PUMP CURVES AND D I M E N S I O N  SKETCH ARE UNDER P R E F A R A T I O N  AND WILL 
BE SENT W I T H l N  THE N E X T  CAYS. THE ROM P R I C E  ACCORD l NG YO YOUR 
T E L E X  TO PLEUGER S T A T E S V I L L E  ON 11-17-77 ( F I L E  NO. 50-43/7967) 
WILL BE T E L E X E D  TO YOU TOMORROW. 

REGARDS 
BARTHOLLY 
M A R I N E  D I V I S I O N  

8 
LMSC SUVL  

213274 P L E  D 



213274 P L E  D 

TELEX-NO. 33!?8/77 

4TTN. MRS. i3.J. B A R T E L  
. '  4! 

REF,: OTEC SEAWATER PUYP C .. 
_C' _. ' I 

F I L E  NO. 5@-43 /793~2 AND 7967 
OUR PROJECT OP 64 ( U S )  K-. 

. . / .  
, ' .  .. . 

NE REFER TO YOUR T E ~ C O N  W I T H  MR. SCHUNKE, STATESVILLE  AND I/,. 
AiJSWER YOUR Q U E S T I O N S  AS FOLLOWS: 2, 
1. THE SPEED O F  THE SUBMERSIBLE MOTOR CAN BE COrJTROLLED I N  

THE RAiiGE OF ABOUT 10 PER CENT BY VARY IfJG THE VOLTAGE AND 
KEEP l NG THE FRE3UENCY CONSTANT. 
I F  THE SPEED I S  TO BE CONTROLLED OVER A W I D E  RANGE DOWN 
TO ABOUT 20 PER CEidT OF  NOMINAL SPEED VOLTAGE AND FREQUENCY 
MUST BE VAR I ED. I N T H  l S CASE THE QUOT l ElJT VCLTAGE/FREQUENCY 
I S  TO KEEP CONSTANT WHICH I S  REACHED B Y  CONTROLL ING THE 
SPEED OF TEE ALTERiqATOR. 
BOTH CCNTROL METHODS CAN BE A F P L I E D  WITHOUT M O D I F Y I N G  THE 
D E S I G N  ANC E L E C T R I C A L  C H A R A C T E R I S T I C  OF  OUR S U 3 F E R S I B L E  
YOTOR. THUS THE P R I C E  CAN BE K E P T  UNCHANGED. 
I F  THE SPEED OF THE MOTOR I S  TO BE CONTROLLED I N  A W l D E  
RANGE WITHOUT B E I N G  ABLE TO VARY THE FREQUENCY PLEASE 
IiJFORM. I N  T H I S  CASE THE CONTROL METHOD C A L L S  FOR A 
MOD I F l C A T l O N  OF MOTOR DESIGN.  

2, THE .SE;dSE O F  R O T A T I O N  O F  THE MOTOR R E S P E C T I V E L Y  PUMP CAN 
E A S I L Y  RE REVERSED BY A REVERSING SWITCH I N  THE SWITCH GEAR 
CABINET.  T H I S  CREATES NO EXTRA P R I C E  FOR THE MOTOR. 
BY O P E R A T I  iJS THE PUMP I N  THE 'REVERSE D I R E C T l  ON THE FLOW 
AND THE HEAD WILL a E  DECREASED CONSIDERABLY.  

REGARDS 
BARTHOLLY 
MAi? INE D I V I S I O N  

213274 P L E  Df-7 
LMSC SUVL 



A P P E N D I X  1 . 2  

SUMMARY 

C o n c e p t u a l  ammonia , t u r b i n e - g e n e r a t o r  f rame sizes were e s t a b l i s h e d  

a t  5 MW, 124  M W ,  and  25 MW n e t  r a t i n g s  f o r  t h e  Ocean Thermal  Energy  

Conve r s ion  D'esign (OTEC) S t u d y .  

F i n a l  r e s u l t s .  o f  t h e  OTEC ammonia t u r b i n e - g e n e r a t o r . s t u d y  

e v o l v e d  by c o n s i d e r a t i o n  o f  t h e  f o l l o w i n g  key  p o i n t s :  

o  E f f i c i e n c y  T r a d e  S t u d i e s  and  Per formance  

o R e l i a b i l i t y  and  A v a i l a b i l i t y  

o  S a f e t y  

o . P r o d u c i b i l i t y  and  Shop L i m i t a t i o n s  

o  Mechanica l  Des ign  

0 C o s t  

T h i s  a p p e n d i x  p r e s e n t s  a  d i s c u s s i o n  o f  t h e  p r o c e s s  and  r a t i o n a l e  

by which t h e  c o n c e p t u a l  'amnionia t u r b i n e - g e n e r a t o r  d e s i g n s  were d e v e l -  

oped .  

A l s o ,  p e r fo rmance  and  c o n s t r u c t i o n  d a t a  f o r  t h e  t u r b i n e - g e n e r a -  

to r  a l t e r n a t e s  examined d u r i n g  t h e  c o n c e p t u a l  d e s i g n  s t u d y  p h a s e  a r e  

' p r e s e n t e d .  



A P P E N D I X  1 . 2  

T U R B I N E / G E N E R A T O R '  

I .  2 . 1  PERFORMANCE. 

I n  e s t a b l i s h i n g  t u r b i n e - g e n e r a t o r  performance and c o n s t r u c t i o n  

d a t a  f o r  a l t e r n a t e  f rames  a t  5 MW, 124 MW, and  2 5  MPI n e t  r a t i n g s ,  

ammonia s t a t e  p o i n t s  o f  131.1 PSIA - 1% m o i s t u r e  a t  t h e  t u r b i n e  

i n l e t  and 94.26 PSIA a t  t h e  t u r b i n e  e x h a u s t  were used.  Each t u r -  

b i n e  d e s i g n  used t h e  i n l e t  v a l v e  s i z e  a s  t h e  b a s i s  f o r  de te rmin ing  

t h e  t u r b i n e  frame. ' 

Having s e l e c t e d  t h e  t u r b i n e  i n l e t  s i z e  and c a l c u l a t i n g  a  

p r e s s u r e  d rop  due t o  t h e  i n l e t  l i n e  and v a l v e s ,  ammonia f low t o  

t h e  t u r b i n e  was o b t a i n e d .  

A v a i l a b l e  ene rgy  a t  t h e  t u r b i n e  wheel was o b t a i n e d  by s u b t r a c -  

t i n g  t h c  cncrgy  looo  due t o  i n l e t  p i p i n g  and v a l v e  t h r o t t l i n g  and 

a l s o  t h e  energy  l o s s  due t o  a  1% p r e s s u r e  d rop  i n  t h e  t u r b i n e  

e x h a u s t  from t h e  i s e n t r o p i c  ene rgy  d e f i n e d  by t h e  above-mentioned 

ammonia s ta te  p o i n t s ,  
V 

Knowing the wheel a v a i l a b l e  ene rgy  and s e l e c t i n g  a  v e l o c i t y  

r a t i o  (W/V) = . 56 ,  t h e  c o n d i t i o n  a t  which t h e  b e s t  wheel  e f f i c i e n c y  



THISPAGE 

WAS INTENTIONALLY 

LEFT BLANK 



O T E C  A M M O N I A  T U R B I N E  F R A M E  S I Z E S  

5 0 0 0  K W  ( N E T . )  
6 3 5 0  K W  ( G R O S S )  

I 

1 3 1 . 1  PSIA - 1% M o i s t u r e  - *94.26A 

S i n g l e  Wheel D e s i g n  

..".pa-- --- 
2 / 5 . 1 7 "  / 32.53" 

2 / 5.34" / 32.02" 

2 / 2.84" / 65.06" 

1 / 5.36" / 64.04" 

TABLE 1 . 2 - 1  



O T E C '  A M M , O N I A  T U R B I N E  F R A M E  S I Z E S  

1 2 5 0 0  K W  ( N E T )  
1 5 8 7 5  K W  ( G R O S S )  

I 

131.1  PSIA - 1% Moisture - 94.26A 

TABLE 1.2-2 

Single  Wheel Design 

-. - . . --. - . . . .... ..*. .. .-- ..-. .. .. 0. ...-..-- 

I , Double ' 2 4 2  2  / 7.3Ta/  62.9" 
Flow 

183A-1 

183B 
I , Double 2 .  48 2% 

Flow 
183B-1 

1 
I 

C 

1800 
! E m  

1800 

'h800 
3600 

. a  I 

2  / 6.6€."/ 64.04" 

1 

333 # h W H  

317 #/KW F 

3 2 2  #/KWH 



' O T E C  A M M O N I A  T U R B I N E  F R A M E  S I Z E S  

2 5  0 0 0  K W  ( N E T )  
3 1 . i 5 0 , K W  ( G R O S S )  

131.1 PSIA - 1% M o i s t u r e  - 94.26  PSIA 

TABLE 1.2-3 

,. 

- - 
NH3 R a t e  

Flow {G) 
KW (N) 

324 #/KWI 

327  #/KWt. 

3 3 5  #/KWH 

a 

S i n g l e  Wheel Design 

Flow. / Bucket  / P i t c h  
P a t h s  / Heigh t  / Diameter  

2 / 14.  55" '/ 62.9" 

2 / 13.45" / 61.76" 
v 

Turb ine /  
G e n e r a t o r  
Speed 
RPM 

1800 

1800/3600 

1800 

I 
I n l e t  
P r e s s u r e  
Drop 

3% 

4% 

- 

I n l e t  
S i z e  
I n c h e s  

60 

2 60 

T u r b i n e  
TY pe  

Double 
' Flow 

Doubke 
Flow 

4 

T u r b i n e  
Frame 

r 

1 8 3 A  

183A-8 

183B 



a p p l i e d  f o r  b o t h  t h e  1800 RPM and 3600 RPM a p p l i c a t i o n s .  I n  a d d i -  

t i o n ,  for  t h e  1800 RPM t u r b i n e  d e s i g n s ,  a r rangements  u s i n g  a 3600 

RPM g e n e r a t o r  w i t h  a  g e a r  and a n  1800 RPM t u r b i n e  were also e s t a b -  

l i s h e d .  I t ' s  n o t e d  t h a t  t h e  performance  d i f f e r e n c e  o f  a g e a r e d  vs .  

a  d i r e c t - d r i v e  a r rangement  is p r i m a r i l y  due t o  gear-mechanica l  losses. 

I .  2 . 3  OFF-DES 1GN.- PERFORMANCE 

To s u p p o r t  OTEC c y c l e  thermodynamic a n a l y s i s  per formance  

a t  o f f - d e s i g n  c o n d i t i o n s ,  t u r b i n e  performance  o f f - d e s i g n  c u r v e s  

u s i n g  131.1 PSIA - 1% m o i s t u r e  i n l e t  ammonia c o n d i t i o n s  and  94.26 

PSIA f o r  t h e  t u r b i n e  e x h a u s t  ammonia c o n d i t i o n s  were p l o t t e d  a s  

shown i n  F i g u r e  1.2-1. The f i r s t  c u r v e  g i v e s  t h e  v a r i a t i o n  of Tur- 

b i n e .  S h a f t  KW/Design T u r b i n e  S h a f t  KW v s .  i n i t i a l  p r e s s u r e  a t  t h e  

t u r b i n e .  

T o  c o r r e c t  f o r  e x h a u s t  p r e s s u r e  v a r i a t i o n s ,  a  c u r v e  o f  T u r b i n e  

S h a f t  KW/Design T u r b i n e  Shai ' t  KW v s .  e x h a u s t  p s e q s u r e  is also g i v e n .  

Arrangement o f  machinery o u t l i n e s  f o r  t h e  d i r e c t - d r i v e ,  t u r h i n e -  

g e n e r a t o r  fEmeS studied for 5 MW, 12* NMT, and 25 MW n e t  t u r b i n e -  

g e n e r a t o r  r a t i n g s  a r e  p r e s e n t e d  i n  F i g u r e s  1.2-2 t h r o u g h  1.2-8. 

E x t r a c t e d  from t h e  i l l u s t r a t e d  o u t l i n e s  a r e  t u r b i n e - g e n e r a t o r  

w e i g h t s  and d imens ions  g i v e n  i n  T a b l e s  I .  2-4, I.  2-5, and I .  2-6 f o r  

k c  2-ames deve loped  a t  5 MW, 12& MW, and 25 MW n e t  t u r b i n e - g e n e r a t o r  

--.at l n g s  . 



FIGURE I .'-2-1 
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O T E C  A M M O N I A  T U R B I N E  G E N E R A T O R  
W E I G H T S  & D I M E N S I O N S  

5 0 0 0  K W  ( N E T ' )  
6 3 5 0  K W  ( G R O S S )  

TABLE 1.2-4 



O T E C  A M M O N I A  T U R B I N E  G E N E R A T O R  
W E I G H T S  & D I M E N S I O N S  

a 2  5 0 0  ' K W  ( N E T )  
1 5 , i ? 5  K W  ( G R O S S )  

TABLE 1.2-5 

j 

Turbine 
Frame 

Tu-rbine,JGenerator Exhaust 
S i z e  . 
Inches 

I n l e t  
S i z e  
Inches 

Turbine/ 
Generator 
Speed 
RPU , 

183A 

183B 

Length F t .  

2 x 54 

2 x 54 

- 

2 X 42 

2 x 485 

Width F t .  Height F t .  Weight # . 

12 ' 

12 
I 

I 

12 

12  

12 

11 

12 

11 

22 

' 18001 

16 
I 

150,000 

109,000 

150,000 

109,000 

1800 

- 

23 

16 



O T E C  A M M O N I A  T U R B I N E  G ' E N E R A T O R  
W E 1 G H T . S  . &  D I M E N S I O N S  

2 5 , 0 0 0  K W  ( N E T )  
3 1 , 7 5 0  K W  ( G R O S S )  

TABLE 1.2-6 

Turbine 
Frame 

/ 

v 

184A&B 

d o  

Inlet 
Size 
Inches 

2 x 60 

Exhaust 
Size 
Inches 

Turbine/ 
;enerator 
Speed 
RPM 
- . 

.# 

Turbine/Generator 

2 x 72 

Length Ft. 
----------_ 

27 

19 

1800 

Width Ft. 
- 

14 

12 

. 
Height Ft, 

14 - 

12 

Weight # 

200,000 

203,000 



I .  2.5 RELIABILITY AND AVAILABILITY 

I n  p r e s e n t i n g  t h e  r e l i a b i l i t y  and a v a i l a b i l i t y  d a t a  i n  S e c t i o n  

3 .2 .2  of t h e  OTEC concep tua l  des ign  r e p o r t ,  i t ' s  noted  t h a t  i t e m s  

which do no t  appea r  and are conspicuous by t h e i r  absence w i t h  

r e s p e c t  t o  causes  o f  t u rb ine -gene ra to r  f o r c e d  ou tages ,  are tu rb ine -  

g e n e r a t o r  al ig iuant  changes,  vlhration, bucket and nozzle f a i l u r e s ?  

and c a s i n g  c a s t i n g  c r acks .  These a r e  not  e r r o r s  i n  omiss ion;  but 

s t a t  i s t i c a l l y  and p r a c t i c a l l y ,  these a r e  s imply no t  s i g n i f i c a n t  

c a u s e s  of  f o r c e d  outage$.  Cur ren t  d a t a  shows t h a t  some , t y p e  of 

n o z z l e  or bucket  d e f i c i e n c y  r e l a t e d  t o  des ign  is r e p o r t e d  f o r  every 

19,680,000 row hours  of ope ra t ion .  Almost wi thout  excep t ion ,  t h e s e  

do n o t  cause  fo rced  ou tages  bu t  are observed and c o r r e c t e d -  du r ing  

rout inc i n s p e c t  i.nns'. 

To minimize the amount of t a rb ine -gene ra to r  maintenance t ime,  

f e a t u r e s  such as caaing aauess covers, ease of b e a r i n g  inspection, 

c o n t r o l  va lve  t e s t s ,  and borescope openings would be provided.  Wi th  

t h e  borescope,  t h e  ammonia turbine f low p a t h  (bucke ts  and nozz les )  

can  be i n s p e c t e d  i n  d e t a i l '  and without  t u r b i n e  disassembly.  Tlie 

borescope i n s p e c t i o n s  can g i v e  t h e  t u r b i n e  o p e r a t o r  a complete 

photographic  racord af t h e  t u r b i n e  i n t e r n a l  c o n d i t i o n ;  hence,  t h e  

i n s p e c t i o n s  p reven t  s u r p r i s e s  i n  t h e  normal maintenance p roces s  by 

g i v i n g  a better i d e a  o f  what  t o  expec t  when a u n i t  is opened f o r  a 

scheduled  maintenance.  



1 . 2 . 6  SAFETY 

The f l o a t i n g  r i n g  t u r b i n e  s h a f t  s e a l  men t ioned  i n  S e c t i o n  

3 . 2 . 2  is shown i n  F i g u r e  I .  2-9. The d e s i g n  c o n s i s t s  o f  two r i n g s  

a r o u n d  t h e  s h a f t  which a r e  h e l d  i n  p l a c e  i n  t h e  s e a l  c a s i n g  by a  

s p r i n g .  The r i n g s  have a  close r a d i a l  c l e a r a n c e  t o  t h e  s h a f t .  

S e a l i n g  f l u i d  is pumped i n t o  t h e  a n n u l u s  between t h e  r i n g s  a t  a 

p r e s s u r e  h i g h e r  t h a n  t h a t  o f  t h e  ammonia to  be s e a l e d .  The f l o a t i n g  

r i n g  s e a l  h a s  no me ta l - to -me ta l  c o n t a c t  between , r o t a t i n g  and  s ta -  

t i o n a r y  components ;  hence ,  t h e r e  is no l i m i t  t o  s e a l  l i f e .  . T h i s  

c h a r a c t e r i s t i c , c o u p l e d  w i t h  t h e  s i m p l . i c i t y  o f  t h e  d e s i g n  and  conse -  

q u e n t  ease o f - t u r b i n e  ma in t enance ,  makes t h e  f l o a t i n g  r i n g  s e a l  

t h e  c h o i c e  t o  p r o v i d e  t h e  t u r b i n e  s h a f t  s e a l i n g  f u n c t i o n .  

1 . 2 . 7  COST 

Cos t  f o r  t h e  t u r b i n e - g e n e r a t o r  f rame s i z e s  a t  5  MW, 1 2 . 5  M W ,  

a n d  2 5  MW n e t  r a t i n g s ,  which w e r e . e s t a b l i s h e d  d u r l n g  t h e  c o n c e p t u a l  

p h a s e  o f  t h e  OTEC s t u d y ,  . a r e  g i v e n  i n  T a b l e s  1 .2-7,  1 .2-8 ,  and  

1.2-9,  a l o n g  w i t h  t u r b i n e - g e n e r a t o r  e x p e c t e d  pe r fo rmance .  

The costs i n c l u d e  t h e  t u r b i n e ,  g e n e r a t o r ,  and  a c c e s s o r y  i t e m s  

s u c h  a s  c o n t r o l s ,  p r o t e c t i v e  v a l v i n g ,  l u b r i c a t i o n  s y s t e m ,  t u r b i n e  

s h a f t  s e a l i n g  s y s t e m ,  and  t h e  g e n e r a t o r  e x c i t a t i o n  s y s t e m .  A l s o  

i n c l u d e d  i n  ' t h e  c o s t  is t e c h n i c a l  d i r e c t i o n  o f  i n s t a l l a t  i o n  and  

f r e i g h t  a l l o w e d  t o  n e a r e s t  r a i l  s i d i n g  ( f .  o .  b. f a c t o r y )  . 



FIGURE I .2-9 8 



O T E C  A M M O N I A  T U R B I N E  C O S T S  

5 0 0 0  K W  ( N E T )  
6 3 5 0  K W  ( G R 0 S . S )  

131 .1  PSIA - 1% Moisture - 94.26A 

TABLE 1.2-7 

NH3 Rate 

Flow (G) 
KW (N) 

S i n g l e  Wheel Design 

Flow / Bucket / Pi t ch  
Pa ths  / Height / Diameter 

2 / 5.17" / 32.53" 

2 / 5-34" / 32.02" 

2 . /  2.84" / 65.06" 

1 / 5.36" / 64.04" 

Turbine 
;enera tor  
Cost 
X 1000 

Turbine 
Frame 

. . 

182% 

182B 

182C 
- 

182C-1 

182D 

- 
182D-1 

! 

I n l e t  . , 

Pres su re  
Drop . 

1% 

2% 

1% 

2% 

I n l e t  
Size. 
Inches 

2 x 36 

1 x 42 

2 x 36 

1 x 42 

~ u r b i n e /  
s e n e r a t o r  
Spee.d 
RPM 

3600 

3600 

1800 

1800/3600 

1800 

:.800/3600 

325 #/KWF 

317 #/KWE 

323 #/KWH 

318 #/KWY 

324 #/KWE 

$2,300 

$3,150 

$2,850 

$2,750 

$2,450 

-r 



O T E C  A M M O N I A  T U R B I N E  G E N E R A T O R  C O S T S  

1 2  5 0 0  K W  ( N E T )  
1 5 , i 7 5  E W  ( G R O S S )  

131.1 PSIA - 1% Moisture - 94.26A 

TABLE 1.2-8 

Turbine 
Generator 
Cost 
0 1000 

$3,850 

$3,500 

$4,300 

$3,900 

v 

C 

Turbine 
Frame 

183A 
* 

183A-1 

183B 

183B-1 

i 

I n l e t  
S i z e  
I n c h e s  

2 x 42 

- 

2 x 48 

Turbine/ 
Generator 
Speed 
RPM 

1800 

I n l e t  
P r e s s u r e  
Drop 

3% 

2% 

S i n g l e  Wheel Des lgn  

Flow / Bucket / Patch 
Paths  / Height  I' DLmeter 

NH3 Rate 

Flow (G) 

328 #/KWH 

2 / 7 . 3 7 6 2 . 3 "  

1800/3600 

-~ 2 / 6.66" / 64.04" 

P800/3600 

333 #/KWH 

317 #/KWH 

322 #/KWH 



O T E C  A M M O N I A  T U R B E N E  G E N E R A T O R  C O S T ' S  

2 5 , 0 0 0  K W  ( N E T )  
3 1 , 7 5 0  K W  ( G R O S S )  

131.1 PSIA - l % M o i s t u r e  - 94.26 PSIA 

Turbine  I n l e t  
Frame S i z e  

Inches  

---.- 

1 8 3 A  

183k-1 

183B 

: 

I 

I 2 x 6 0  
' 

2 x 60 

Turbine 
Genera tor  
Cost 
'X 1000 

$5,450 

$5,000 

$5,450 

I n l e t  ' 

Pre s su re  
Drop 

. 
- 

3% 

4% 

? 

S i n g l e  Wheel Design 

Flow / Bucket / P i t c h  
Pa ths  / Height / Diameter 

--.-- -- .--, -, . . 

2 / 14.  55" / 62.9" 
- 

2 / 13.45t '  / 61.76" 

Turbine/ 
Generator  
Speed 
RPM 

1800 

1800/3600 

1800 

NH3 Rate  

Flow (G) 
KW. (N) 

324 #/KWl: 

327 #/KWH 

335 #/KWH 



Appendix J 

PLATFORM INFLUENCES 

The power system development project design requirements did not include the ocean 

system aspects of the OTEC plant. ~ow&er ,  there a re  certain features of the ocean 

systems (platform, cold water pipe and water ducts, stationkeeping system) which 

have an influence on the performance and function of the power system module. These 

a re  platform motions, equipment orientation constraints, ocean systems, power re- 

quired, and platform cost. Additional considerations, not evaluated, include site 

. environment and location (fouling peculiarities, storm frequency and profile, current 

profile, distance to shipyard), on-board maintenance support capability, and power 

utilization. 

J. 1 PLATFORM MOTIONS 

The platform motions imposed on the power system module results principally in per- 

formance degradation of the power module'. As an example, the platform upward heave 

acceleration tends to strip liquid off vertical or  horizontal tubes in the heat exchanger, 

conversely for downward heave acceleration. The net result is not precisely Imown; 

however, the overall effects a r e  considered to be detrimental. 

The effect of the weight of operational heat exchangers upon the platform structure 

caused by platform motions - heave, surge, or sway - is directly related to the mag- 

nitude of the platform motions. This load effect is transmitted directly into the plat- 

form structure and into the heat exchanger shell and thence to the tube baffles or support. 

Table J-1 summarizes four different platform motions for Sea State 6 (power system 

operating) and Sea State 9 (power system surviving). 

J- 1 

LOCKHEED MISSILES & SPACE COMPANY. INC; 



Table J-1 

PLATFORM MOTIONS SIGNIFICANT AMPLITUDE 



.' . 

J. 3 POWER REQUTRED 

The power required for ocean systems operation such a s  hotel services, central con- 

trol, platform stationkeeping, etc. , were estimated. The platform to power system 

module power interface will be defined during preliminary design to ensure that the 

power system's gross power is large enough to provide a net 25 MW(e) at the busbar. 

5.4 COST 

The impact on the platform due to power system module weight and volume were defined 

for several cases in order to determine the I%estl1 power system module configuration. 

The result of this trade was inconclusive due to the wide range of platform cost partials. 

However, this does not negate the importance of integrating the platform and power 

system costs to arrive at the lowest plant cost. 

LOCKHEED MISSILES & SPACE COMPANY. INC. 
. . . - . - .. . . . - . . . . . . . . . .. . .. . - . . . - . . . . . .  . . . , . - . . 
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APPENDIX El 

This appendix includes supplementary d a t a  per ta in ing  t o  t h e  50 MW(e), 10 MW(e) 

and t e s t  a r t i c l e  hea t  exchangzts,+ The content  of t h i s  appendix is summarized 

below. 

F igu reE-1  and Tables E-3 t o  -6 show t h e  major dimensions and c r i t i c a l  s t r e s s  

r e s u l t s  f o r  the  50 MW and 10 MW computer stress analys is .  

TableE-1  and -2 summarize t h e  add i t i ona l  c o s t  t r ade  s t u d i e s  which were made f o r  

. t he  50 MW(e) hea t  exchangers u s i n g - t h e  enhanced tubes. 

Tables E-7, -8 and -9 list the  too l ing  required' f o r  t h e  th ree  s i z e s  of hea t  

exchangers. The cos t  f o r  material and labor  t o  bu i ld  each line i tem has been 

estimated. These c o s t s  a r e  based on engineering judgement only from previous 

experience. 

I\._..: The Manufacturing Plan shows t h e  sequence of major operat ions f o r  f ab r i ca t ing  

t h e  10  MW hea t  exchangers. 

The Spec i f ica t ion  is preliminary based on the  r e s u l t s  of t h e  preliminary design 

study. Areas which need add i t i ona l  d e f i n i t i o n  have been indicated.  





HEAT EXCHANGER COST COMPARISONS 

50 MWe, Aluminum, 1 112" OD Tube with .1025" Wall 

Notes: 

Case 

Tube 
No. 

Tube 
Length,f t 

Tubesheet 
Bia., ft 

Shell Sphere 
Ma., ft 

Shell Wall 
in. 

No. of 
Eaf f les 

5 per 
MWe 

.1.  Tubing = $1.40/ft 
2. Tubesheets. = 1 112'' thick, .inner tubesheet = 10% area 
3. Transition ring = 16" x shell thickness 
4. Tube support ring = 1" x 12" 
5. Tube supports = 1" thick 

Base 
Evap. 

89,000 

50.88 

55 

75 

6.25 

8 

213.2 

Base 
Cond . 

103,000 

53.268 

55 

, 76.5 

6.37 

'8 

240.6 

86% 
Evap. 

89,000 

53.012 

55 

76.4 

6.37 

8 

220.6 

86% 
Cond. 

103,000 

55.384 

55 

78 

6.50 

8 

249.5 

84.5% 
Evap . 
89,000 

54.832 

55 

77.7 

6.50 

9 

229.4 

8i.5~ 
Cond . 

103,000 

57.640 

55 

79.7 

6.75 

9 

261.5 

83% 
Evap. 

89,000 

56.854 

55 

79.1 

6.62 

9 

236.7 
\ 

83% 
Cond. 

103,000 

60.073 

55 

81.4 

6.75 

9 

270.7 



HEAT EXCHANGER COST COMPARISONS (Cont ' d. ) 

50 MWe, Aluminum, 1 112" OD Tube with -1025" Wall 

Case 

Tube 
No. 

Tibe 
Length, f t  

Tubeshee t 
Dia., f t  

Skiell Sphere 
Dfa., f t  

She l l  Wall 
i n .  

NO. of 
Baf f les  

$ per 
MW2 

N1 
Evap . 

103,000 

45.888 

59 

74.7 

6.25 

7 

220.1 

N 1  
Cond . 

125,000 

45.369 

59 

74.4 

6.25 

7 

247.6 

N2 
Evap. 

120,000 

37.724 

6 3 

73.4 

6.25 

16 

214.7 

N2 
Cond. 

146,000 

38.903 

65 

75.8 

6.37 

6 

252.0 

N 3 
Evap. 

108,000 

40.45 

59 

N 3 
Cond. 

125,000 

43.07 

5 3 

N4 
Evap. 

120,000 

35.82 

63 

71.5 

6.0 

7 

207.5 

N4 
Cond 

140,000 

38.63 

63 

N5 
Evap. 

78,000 

62.45 

52 

73.0 I 72.5 

6.12 6.12 

4 6 7 

73.9 

6.25 

6 

241.5 

N5 
Cond. . 

94,000 

62.8 

52 

237.; 206*9 

81.7 

6.75 

1 0  

233.1 

81.7 

6.75 

10 

261.3 



TABLE E-2 

50 MW(e> Cost Trade Study - Evaporator 

1 Case I 1 I 2 I 7 I I. I 
Posit ion 

I Tube OD, in. 

Tube Min. Wall, b. 

Tubes 

Shell D i a .  , f t. 

Immersed 

1.5 

. 084 

89,350 

72.7 

4 

Submerged 

2.0 

.082 

58,998 

78.8 

Shell wall, in. 

Tube Length, ft. 

$/Wt 1 

$ / M e )  

NOTE: Based on aluminum heat exchangers with spherical  she l l  and enhanced tubes 
as  shown i n  Table D of Lockheed LMSC-D566744, Conceptual Design report.  

Immersed 

2.0 

. 090 

60 567 

79.8 

4.25 

53.6 

uo5 

182 

J 

Submerged 

1 -5 

.078 

87,049 

71.8 



' TABLE E)-3 

\ .  
50 Ml(e) FIXED N B E S R E E T  MODEL DESCRIPTION 

XODEL GEOMETRY 

DIMENSIONS, INCHES (REF. FIGURE El) 

Materials: 

Shell and Tubesheers . . . . 5083-R321 Al Alloy 

Tuber. . :. . . . . . . . . . . 5052-mi ~1 Alloy 

*1.5" O.D. x .lo25 Kin. Wall 



50 HU(e) FIXED TUBESHEET ANAI.YSIS SIRIMAHY 

. . 
c 00 COMPUTED RESULTS/COOE ALLOUABLE* 
.2 2 d  1 

Bending S t r e s s  

Bending S t r e s s  

P e r f o r a t e d  Hegion 

I I I 

*RcunJrd o f f  t o  t h e  n e a r e s t  5 p s l  - Cdse No. 5 is r e f e r r a c e  d a s l g n  
**Allowable s t r e s s  g i v e n  is  che E u l r r  C r i t i c a l  Buckling S t r e s s .  based on  a s u p p o r t  p l a t e  s p a c i n g  of 6'-0" (72") 

and a s a f e t y  f a c t o r  of 2 .  

.. - 
u . li 
a cm 
;: 2 
A 

1 

DESCRIPTION 

flcmbrane S t r e s s  
i n  Cen te r  of  
T u b e s l ~ e e t  

CASE NO. 
7 

1 

9.230 

12,000 

2 

7.990 

' 12.000 

9.420 

12,000 

3 ' 4  

8.840 

12.000 

5 

9.525 

12.000 

6 

8 ,890  

12.000 

7 

9 ,310  

12.000 

8 

9 ,730  

12.000 



TABLE E-5 - 

. . 
Hacerials: 

Sh.11 . . . . . . . . . . . .  $A-516 CR. 70 Catbon Steel . 
. Tubesheets . . . . . . .  , Titanium Clad SA-516 CR. 70 Carbon Steel 

Tubas . . . . . . . . . . . .  SB-338 CR. 2 Titanium 



1 0  HW(e) FIXED TIIUESIIEET ANAI.YSTS SUMMARY 
r-. I . . 1 

*Rounded o f f  t o  t h e  n e a r e s t  5 p s l  - Case No. 4 I s  r e f e r e t ~ c e  d e s i g n  
**hl lowable  s t r e s s  g iven  I s  tlle Euler C r i t i c a l  Buckl lng S t r e s s .  based on  a support  p l a t e  spacing o f  66.5" alrd a s a f e t y  

f a c t o r  of 2 
* * * S t r e s s e s  due co an e a t e r n a l  pressure  o f  4 3 ' p s l  





TABLE E-7. 
Appendix E2 

LIST OF CONTRACT TOOLING FOR FABRICATION OF 

50 W(e) CONDENSER AND EVAPORATOR 

ITEM 
NUMBER ,TOOL DESCRIPTION 

1 Checking f i x t u r e  f o r  formed & edge prepared segments 

2 Pos i t ion ing  f i x t u r e  f o r . s e t  up of segments t o  a hemisphere 

3 Holding clamps 6 f i x t u r e  f o r  welding posi t io ,ners  

4 Welding pos i t i one r s  (2) 350 ton capac i ty  

5 Column type welding head pos i t i one r s  (2) 

6 T u ~ n i n g  r o l l s  f o r  circumferen.tia1 welding (2) 

7 Fabricated r i n g s  f o r  r o l l i n g  spheres  

Turning t runnion components & journa ls  

Turntable  f o r  ver t -  a x i s  r o t a t i o n  (1) 

Automatic plasma c u t t i n g  equipinent & set up f o r  making 
approximately 55 f t .  d ia .  c u t s  

Templates f o r  checking contour & shrinkage a t  s p h e r i c a l  seams 

Braces f o r  holding contour of t h e  hemi-heads while  welding 

F ix tu re  f o r  pos i t ion ing  and' a l i gn ing  t h e  two hemispheres.  
during assembly 

Templates f o r  layout  of openings i n  t h e  spheres  

Plasma ho le  c u t t i n g  travel rings f o r  doizle openings 

Scaffolding and s tag ing  f o r  tube i n s e r t i o n  and welding of 
tubes t o  tubeshee ts .  

F ix tu re  f o r  pos i t i on ing  f l a t .  tube and support  p l a t e  segments 
f o r  welding 

Moline d r i l l i n g  too l ing  

19 Racks' f q r  shipping d r i l l e d  tubesheet  & support p l a t e  segment 
p l a t e s  t o  assembly p l a n t  

20 F i x t u r e - f o r  set-up & pos i t i on ing  the d r i l l e d , t u b e  and 
support  p l a t e  segment p l a t e s  f o r  welding i n t o  f u l l  tube 
and support  p l a t e s  

TOTAL 

$ 10,000 

20,000 

20,000 

900,000 

200,000 

100,000 

80,000 

50,000 

125,000 

100,000 



TABLE E27 (cont ' d . ) 

ITEM 
NUMBER TOOL DESCRIPTION TOTAL 

21 Handling f i x t u r e  f o r  f u l l  tube and support p l a t e s  10,000 

22 Checking templates  f o r  r ad ius  of r o l l e d  tubesheet ba r  1,500 
r i n g  segments 

2 3 Assembly and set-up f i x t u r e  f o r  tubesheet  subassembly '25,000 

2 4 Support frame f o r  automatic welding of t h e  tubesheet  10,000 
subassembly 

25 Contour ' cu t t ing  templates f o r  i n t e r n a l  bracing 4,000 

26 Forming templates  f o r  support p l a t e  r i ngs  -1,500 

27 Nozzle contour c u t t i n g  templates 6,000 

2 8 Reinforcing p l a t e s  c u t t i n g  and contour templates 6,000 

Bundle assembly j i g s  and f i x t u r e s  

.Support s t r u c t u r e  f o r  sphere used i n  tube assembly 
hydro tes t ing  and i n  t r anspor t  t o  t h e  job s i t e  (2) 

Tube end preparing t o o l s  

Tube p r o t e c t i o n  i n  p l an t  inc luding  covers,  e t c ,  

Tube-to-tubesheet welding equipment 

~ u b e  cut-back t o o l s  

Tube s t ak ing  t o o l s  

Tube expanders 

Cost of i n h i b i t o r s  f o r  seawater h y d r o f i l l  

Cost of  a h y d r o f i l l  pump 

5,000 

24,000 

200,000 

LO, 000 

5,000 

15,000 

120,000 

50,000 

39 Test f i x t u r e  f o r  tes t i .ng ind iv idua l  tube-to-eubeaheet 10,000 
welds (2) 

4 0 Spec ia l  Radiographic Test Equipment 100,000 

4 1  Aera-Cln .water c a s t e r s  f o r  moving the  f i n a l  assembly t o  500,000 
t h e  barge 

42 Miscellaneous Tooling 

TOTAL 

Note: Schedule requirements may a f f e c t  too l ing  needs (quant i ty)  
f o r  some i tems such a s  Nos. 2 ,  5,  6, 7, e t c .  

E2-2 
. .  --. . , 

a 



TABLE E-Q' -- 

LIST OF CONTRACT TOOLING FOR FABRICATING FOR 

ITEM 
NUMBER 

10 MW(e) CONDENSER AND EVAPORATOR 

TOOL DESCRIPTION TOTAL 

Checking Template f o r  Spher ica l  Cunratures $ 1,000 

Checking and set up f i x t u r e  f o r  making hemispheres 50,000 

Bracing f o r  holding contours when welding each hemisphere 8,000 

Checking template t o  measure con t ro l l ed  shr inkage a t  seams 1,000 

F ix tu re  f o r  set up of 2 hemispheres 25,000 

Construct "T" r a i l  t i r e s  f o r  assembly t o  each sphere - 
a l l  around 

Templates and f i x t u r e  f o r  layout  and c u t t i n g  openings 
i n  spheres  

Turning t runnion components welded t o  each sphere 30,000 

Beam and l i f t i n g  s l i n g s  and r i gg ing  f o r  use i n  l i f t i n g  30,000 
and turn ing  spheres  

Insu la ted  b r i c k  hear th  wi th  steel supports  f o r  s t r e s s  
r e l i e f  of spheres  

Bracing and holding racks f o r  i n s u l a t i o n  during s t r e s s  r e l i e f  4,000 

Right angle  p l a t e  ho.lder f o r  s t r i p p i n g  back t i tanium-clad 20,000 

Pos i t ion ing  f i x t u r e  f o r  holding p l a t e s  f o r  welding 15,000 

Racks f o r  shipping 15 '  x 30' p l a t e s  from Dansvi l le  
LU c i t y  

F ix tu re  f o r  s e t t i n g  up ha l f  p l a t e s  f o r  welding 6,000 

Handling f i x t u r e s  f o r  tube and support  p l a t e s  8,000 

Checking template f o r  r ad ius  of r o l l e d  ba r  r i n g  segments 1,000 

Se t  up and assembly f i x t u r e  f o r  tubesheet  subassemblies 10,000 

Support frame f o r  automatic welding tubesheet  assembly 7,500 
on weld 'posi t ioner  

Contour c u t t i n g  templates f o r  b races  3,000 

Support p l a t e  r i ngs  forming templates 1,000 



TABLE ' ) EL^. (Cont ' d) 

LIST OF CONTRACT TOOLING FOR FABRICATING FOR 

10  MW (e) CONDENSER AND EVAPORATOR (con t ' d . ) 
ITEM 

NUMBER TOOL DESCRIPTION TOTAL 

22 Nozzle contour  c u t t i n g  templates $ 6,500 

23 Reinforcing p l a t e s  c u t t i n g  and contour templates 4,500 

2 4 F ix tu re  f o r  flame c u t t i n g  tubesheet  openings i n  spheres  18,000 

25 Bundle assembly a l i g n i n g  rods ,  spacers ,  temporary 
brac ing  and work platforms 

2 6 Seatioaafy suppor t  f o r  holding spheres  during tube 
assembly, hyd ro t e s t i ng  and shipping 

27 Tube end prep t o o l s  and set up 3,000 

28 Tube p r o t e c t i o n  a t  p l an t ,  inc ludes  p r o t e c t i v e  covers ,  etc. 6,000 

2 9 Scaf fo ld ing  f o r  use  during welding and assembly 24,000 

30 Tube-to-tubesheet weld equipment 

31  Tube cut-back t o o l s  and tube s t ak ing  t o o l s  

32 Tube expanders 

3 3 Cost of  i n h i b i t o r s  f o r  seawater hyd ro - f i l l  

34 Cost of  pump r e n t a l  

35 Spec ia l  t o o l  f o r  t e s t i n g  i nd iv idua l  tube welds 

3 6 Miscellaneous Tooling 

TOTAL 



TABLE E9.. 

LIST OF CONTRACT TOOLING FOR FABRICATING FOR 

TEST ARTICLE CONDENSER AND EVAPORATOR' 

ITEM 
NUMBER TOOL DESCRIPTION TOTAL 

1 Checking Template f o r  Spher ica l  Curvatures $ 800 

2 Checking and set up f i x t u r e  f o r  hemispheres 20,000 

Bracing for holding contours when welding hemisphere 5,000 

Checking template t o  measure con t ro l l ed  shr inkage a t  seams 800 

F ix ture  f o r  set up of 2 hemispheres 10,000 

Construct "T" r a i l  t i r e s  f o r  assembly t o  each sphere - 
a l l  around 

Templates and f i x t u r e  f o r  layout  and c u t t i n g  openings i n  spheres  1,200 

Beam and l i f t i n g  s l i n g s  and r igg ing  f o r  use i n  l i f t i n g  and 10,000 . 

tu rn ing  spheres  

Pos i t ion ing  f i x t u r e  f o r  holding p l a t e s  f o r  welding 4,000 

Tooling f o r  Moline michine 12,000 

Racks f o r  shipping p l a t e s  from Dansvi l le  t o  Panama City 4,800 

F ix tu re  f o r  s e t t i n g , u p  h a l f  p l a t e s  f o r  welding ' 4,500 

1 3  Handling f i x t u r e s  f o r  tube and support  p l a t e s  6,000 

14 Checking, template f o r  r ad ius  of r o l l e d  ba r  r i n g  segments 800 

15 ' Se t  up and assembly f i x t u r e  f o r  tubesheet  subassemblies . 8, (JUU 

16 Support frame f o r  automatic welding tubesheet  
assembly on weld pos i t i one r  

17 Contour c u t t i n g  templates f o r  braces  2,400 

18  Support p l a t e  r i ngs  forming templates 800 

19 Nozzle contour c u t t i n g  templates 3,000 

2 0 Reinfdrcing p l a t e s  c u t t i n g  and contour templates 3., 000 

2 1 Fix ture  f o r  plasma c u t t i n g  tubesheet  openings i n  spheres  .15,000 

2 2 Bundle assembly a l i gn ing  rods,  spacers ,  temporary 
brac ing  and work platforms 



TABLE E-9;. (Con t ' d)  

LIST OF CONTRACT TOOLING FOR FABRICATING FOR 

TEST ARTICLE CONDENSER AND EVAPORATOR (cant d . ) 

ITEM 
NUMBER TOOL DESCRIPTION TOTAL 

23 Tube end prep t o o l s  and set up $ 1,000 

2 4 Tube p r o t e c t i o n  a t  p l an t ,  inc ludes  p r o t e c t i v e  covers,  e t c .  1,800 

Scaf fo ld ing  f o r  use  during welding and assembly 

Tube-to-tubesheet weld equipment 

Tube cut-back t o o l s  and tube s t ak ing  too l s  

Tube expanders 

Cost f o r  i n h i b i t o r s  f o r  seawater hydro - f i l l  

Cost of pump r e n t a l  

Spec ia l  t o o l  f o r  t e s t i n g  i nd iv idua l  tube welds 

Miscellaneous Tooling 

TOTAL 



Appendix E3 
MANUFACTURING PLAN 

10 MW - 40 FT. DIA. SHELL - APPROX. 500 TONS (EACH) 
(STEEL SHELL - TITANIUM TUBES - TITANIUM CLAD TUBESHEET) 

1. Procurement of shell plate 

1.1 FWEC purchase shell materials. FW QC inspect shell body material 
at mill for dimensions, markings, and finish. Review mill test 
certificates versus material specification and order requirements. 
Ship direct to shelllsegment fabricator. 

Select vendor for making shell subassemblies made from segments of 
his manufacture. Full hemispheres or part hemispheres should be 
made dependent on vendor capacity to make and ship. Dimensional 
tolerance checks are to be made at vendor plant. ~oster Wheeler 
Quality Control will over-check. Tolerances will be determined 
to maintain required fit-up tolerances. Excess is to be allowed 
for trimming at the tubesheet opening. Foster Wheeler will supply 
materials. Full X-ray of a+l j.oints and partial data reports per 
ASME VIII, Division 1. Foster Wheeler receive and inspect shell 
subassemblies for dimensions, finish and markings, and supplier 
Code certificates. 

2 .  Fabricate 2 hemispheres and assemble sphere (1 required per unit) 

2 . 1  Set up and stitch weld subassemblies in positioning fixture to 
form hemispheres. Dress grind if necessary for a good fit-up. 
'Brace to. hold cross section and end contours. 

2 . 2  Remove from positioning fixture and weld the hemispheres. Position 
for best welding. Use controlled welding sequence to minimize dis- 
tortions. 

2 . 3  X-ray all seams. 

2 . 4  Set up 2  hemispheres to make 1 sphere with axis vertical. Weld 
circle seam in horizontal position. Double weld with back gouge. 
Use controlle'd sequence welding to minimize distortion. 

2 .5  X-ray the circle seam. 

2.6 Turn the unit 90" to axis horizontal. Assemble the 'IT" rails for 
' rolling the unit. Roll for best position while working the nozzles. 

2,7 Lay out and flame cut the nozzle openings. 

2.8  Set up and weld nozzles to shell, set up and weld attachments to 
O.D. of shell, including.turning trunnions. 

2 . 9  Turn unit 90' to axis vertical position using trunnions. 

2 . 1 0  Stress relieve unit. Brace.and insulate for stress relief. Prepare 
for stress. relief (gas-f ired). Subcontract stress relief. Dismantle 

set-up. 

...; sa,-1, . 



2. ~ a b r i r a t e  2 hemispheres and assemble sphere - 1 required per u n i t  (cont'd.) 

2.11 Sand b l a s t  a l l  sur faces  of sphere,  coa t  wi th  preservat ive.  

2.12 Hold f o r  assembly of tube and support p l a t e s .  

3. Tubesheet f a b r i c a t i o n  and d r i l l i n g  (2 t i t an ium tubesheets  per  u n i t  = 
4  ha l f  p l a t e s  per  u n i t )  

3.1 Rece6ve and f.nspect t i tanium c lad  p l a t e s  (luaxhw s ize  = Yz x 2 9 5 " ) .  

3.2 Lay ou t  and plasma c u t  pieces.  

. 3.3 S t r f p  back t i t an ium a t  weld seams t o  base metal a t  O.D. 

3.4 Prepare edges. 

3.5 Set up and welt4 p l a t e s  i n t o  15' x 30' plcrLrs SMAW/SAW. Back gouge 
and spo t  X-ray. F l a t t e n  i f  necessary. 

3.6 Stack p l a t e s  on Moline and s t r ap .  

3.7 Moline d r i l l  and ream. \ 

3.8 Break s t acks  and deburr  t he  p l a t e s .  

3.9 Clean; preserve;  pack; and . sh ip  t o  f i n a l  assembly. 

3.10 Se t  up ha l f  p l a t e s  i n  pos i t ion ing  f i x t u r e .  

3.11 Weld and turn  over  (autoweld) SMAWISAW. Minimize d i s t o r t i o n .  

3 . 1 2  Back chip. 

3 . 1 3  Weld o t h e r  s ide .  

3 . 1 4  Back gouge and f i n a l  weld. 

3.15 Grind i f  necessary. 

3.16 Spot X-ray. 

3.17 Hold f o r  assmebly. 

4. Support p l a t e s  (6 per  u n i t a  12 ha l f  p l a t e s )  

4 .1 Receive and in spec t  p l a t e s  ( g r i t  b l a s t ed  p l a t e s ) .  

4.2 Lay out  and flame. c u t  l a r g e  p l a t e s .  

4.3 Prepare .edges f o r  welding. 

. 4 . 4  Stack p l a t e s  and s t r a p .  

4.5 Moline d r i l l  and ream. 



4. Support p l a t e s  (6 p e t  u n i t  = 12 ha l f  p laces)  (cont 'd . )  
..' , . 

4.6 Break s t a c k  and deburr t h e  p l a t e s .  

4.7 Pack, preserve,  and s h i p  t o  f ina l .assembly .  

4.8 Se t  up ha l f  p l a t e s  i n  pos i t i on ing  f i x t u r e .  

4.9 Weld and tu rn  over p l a t e  t o  minimize d i s t o r t i o n  SMAWISAW. 

4.10 Back gouge. 

4.11 Weld o the r  s ide .  

4.12 Grind i f  necessary. 

4.13 Hold f o r  assembly. 

5. Tubesheet t r a n s i t i o n  r i ngs  (2 per  u n i t )  

5 .1  Receive and inspec t  p l a t e s .  

5.2 Flame c u t  t o  s i ze .  

5.3 Prepare edges. 

. . 
5.4 weid p l a t e  t o  fonn. 3 segments of r i ng ,  SMAWIFCAW. 

. . 
la . . . . .... 5.5 Roll  segments. 

5.6 Se t  up and weld segments i n t o  1 r i n g  SMAWIFCAW. 

5.7 Back gouge welds. 

5.8 Spot X-ray. 

5.9 Grind i f  necessary. 

5..1U Hold f o r  asseidjly. 

6. Tubesheet end assembly (2 required per  u n i t )  

6.1 Pos i t i on  tubesheet  and hold Plat. 

6.2 Se t  up t h e  t r a n s i t i o n  r i n g  and clamp t o  hold f l a t .  

6.3 Weld the  tubesheet t o  r i ng .  Minimize d i s t o r t i o n  by proper sequencing 
of weld beads. Turn over twice. Use SAW. 

6.4 Back gouge t h e  weld. 

6.5 Check dimensions and d i s t o r t i o n .  

6.6 Hold f o r  assembly. 



7; Bracing and o the r  miscellaneous i n t e r n a l s  

7.1 Se t  up and c u t  sets of bracing and o the r  i n t e r n a l  pa r t s :  demisters  
and b a f f l e s  inc luding  up t igh t  supports ,  diagonal braces,  and miscel- 
laneous p a r t s .  

7.2 Bevel t h e  ends i f  necessary. 

7 . 3  Con.tnur taut the ends of bracing aind pa r t s .  

7.4 Hold f o r  assembly. 

8. Support p l a t e  p e r i p h e r a l . r i n g s  (6 per  u n i t )  

8.1 S e t  up and c u t  segments i n  the f l ,at ,  

8.2 Roll bare. 

G.3 Weld bars toge ther .  Flux core  welding FCAW. 

8.4 Hold f o r  assembly. 

9. Nozzles 

9.1 Lay out  and c u t  nozzle  mater ia l .  

9.2 Roll .  

9.3 Weld s t r a i g h t  seam (back gouge and weld; X-ray i f  necessary) 
SMAW/PCAW/SAW. 

9.4 Hold f o r  assembly. 

10. . Saddle p l a t e  f o r  nozzle  reinforcement 

10.1 Lay out and flame c u t  segments. 

10.2 Edge prepare segments. 

10.3 Fsm the segments. 

10.4 Weld segments i n t o  r i n g s  SMAW/FCAW; back gouge welds. 

10.5 Hold f o r  assembly. 

11. Assembly of tubesheet  and support p l a t e s  

.l1.1 With u n i t  s e t  wi th  axis v e r t i c a l ,  flame cu t  1 end opening t o  s i z e  
f o r  assembly of tubesheet  subassembly. 

11.2 Se t  up and weld 1 tubeshee t l r i ng  subassembly a t  top of u n i t .  
U s e  tubesheet  wi th  ammonia headers. 

11.3 Local s t r e s s  r e l i e v e  t h e  c i r c l e  seam. Use e l e c t r i c a l  r e s i s t a n c e  heat ing.  



11. Assembly of tubesheet and support p l a t e s  (cont 'd.)  

11.4 Turn the  u n i t  180" t o  a x i s  v e r t i c a l  pos i t i on  using t runnions.  

11.5 Set  up a l l  i n t e r n a l s  including support p l a t e s  and bracing,  
i n s t a l l  ammonia feed tubes i n  supbort p l a t e s ,  ammonia feed 
piping and supports ,  d ryer  supports ,  noncondensibles 
exhaust 'duct  (condenser only) 
Note: Tubesheet and support p l a t e s  must be al igned f o r  smooth 

passage of tubes.  

11.6 Flame c u t  s h e l l  end opening t o  s i z e  f o r  assembly of second 
tubesheet.  P ro t ec t  i n t e r n a l s  from flame c u t t i n g  deb r i s .  

11.7 Se t  up and weld the  second tubeshee t / r ing  subassembly a t  top of un i t .  

11.8 Local s t r e s s  r e l i e v e  the  c i r c l e  seam. Use e l e c t r i c a l  r e s i s t a n c e  
heat ing.  

11.9 Turn the  u n i t  90° t o  a x i s  hor izonta l  pos i t i on  f o r  tubing using trunnion. 

11.10 Roll  the  u n i t  t o  b e s t  pos i t i on  f o r  f i n i s h  welding o f . b r a c i n g ,  
ammonia spray tubes,  b a f f l e s ,  headers,  d ryers ,  and supports .  

11.11 L i f t  t he  u n i t  t o  a  s t a t i o n a r y  support designed t o  hold the  
u n i t  f o r  tubing, hydro tes t ,  and f o r  t ranspor t .  

11.12 Remove t h e  r o l l i n g  r ings .  

11.13 Hold f o r  tube assembly and t e s t i n g .  

12. Tubes - Titanium 

12.1 Tubes t o  be f u l l y  inspected a t  vendor's p lan t ;  end preparat ion 
should be done a t  vendor's p lan t .  

12.2 Inspect  packaging a t  vendor 's  p lan t .  

12.3 Receive and inspec t  f o r  shipping damage and packaging. Review 
m i l l  c e r t i f i c a t i o n s .  

12.4 S to re  t o  prevent physical  damage o r  damage by weather. 

13. Bundle Assembly 

13 .1  Stage tube boxes and work platforms i n s i d e  and ou t s ide  s h e l l .  

13,2 Tube the  bundle. 

13.3 Weld tubes t o  tubesheet  (develop program f o r  welding f inned 
t i tanium tubes) .  Se t  and s t a k e  tube a t  one end, weld staked 
end, i n s p e c t ~ v i s u a l l y ,  and expand the  i n l e t  end. 

13.4 Visual ly inspect  tube welds and r e p a i r  as needed'. 



13. Bundle Assembly (cont 'd . )  

13.5 Cut back t h e - o u t l e t  end of tubes  i f  necessary.  

13.6 Weld tubes  t o  tubesheet  a t  oppos i te  end and in spec t  v i s u a l l y .  

13.7 Expand t h e  second end. 

13.8 Visua l ly  i n spec t  tube welds and r e p a i r  a s  needed. 

13.9 A i r l f r eon  test tube t o  tubesheet  welds a t  10115 p s i .  

13.10 Repair as needed. 

14. F i n a l  assembly - hydro t e s t i ng  and shipping 

1 4 . 1  gal: L l w  unic  f61t hydrotest ing.  Assure even d i s t t i b i i t i n n  of 
luad  through eke support  s t r u c t u r e  t o  t h e  f l o o r  below. 

14.2 Close a l l  s h e l l  openings. 
- 

14.3 F i l l  t h e  u n i t  wi th  ru s t - i nh ib i t ed  seawater.  Inspec t  t h e  
tube / tubeshee t  welds a s  t h e  l e v e l  progresses  upward and 
mark t h e  tube  welds t h a t  leak. (Make r e p a i r s  a f t e r  emptying 
and drying.  ) 

14.4 After f i l l i n g  u n i t ,  allow t o  s tand  and vent  completely. Then 
apply p re s su re  in increments u n t i l  the  hydro tes t  p ressure  is 
reached. Reduce the  test p re s su re  t o  2 / 3  t o  perform a complete 
v i s u a l  i n spec t ion  of a l l  o u t s i d e  sur faces .  took f o r  leaks and 
d f s t r e s s .  Observe s a f e  p r a c t i c e s  and any temperature l im i t a -  
t i o n s  imposed. ASME i n spec to r  t o  w i tnes s  t e s t .  

14.5 Drain t h e  i int t  after a successful test: and wash down wi th  
c l e a n  po tab l e  water ( i n h i b i t e d ) .  

14.6 Dry t h e  u n i t  and check, f o r  i n t e r n a l  d i s t r e s s  due' t o  hydro- 
t e s t i n g .  Mop up excess water ,  blow down d r o p l e t s  wi th  air 
and vacuum dry  i f  necessary t o  ob t a in  v i s u a l  dryness.  
Bleed-in r e l a t i v e l y  dry shop l i n e  a i r .  

14.7 Repair l e ak ing  tube welds and retest l o c a l l y  using a  s p e c i a l  
f i x t u r e  f o r  t e s t i n g  tube welds only,  thus  avoiding a  r e f i l l .  

14.8 Apply t h e  ASME d a t a  p l a t e  and FW nameplates. 

14.9 Clean and f i l l  all t i t an ium s t r i p p e d  back a r ea s  wi th  metal 
f i l l i n g  epoxy o r  o the r  s u i t a b l e  ma te r i a l  t o  enhance cor ros ion  
r e s i s t a n c e .  

14.10 Apply shipping c losures .  

14.11 Clean f o r  pa in t ing .  

14.12 Apply e x t e r i o r  pa in t ing  and i n t e r i o r  p reserva t ives .  



14. Final assembly - hydrotesting and shipping (cont'd.,) 
14.13 Clear all documentation, QC data and ASME certifications. 

14.14 Prepare to move the unit. Apply the necessary attachments 
for moving. Use 2 shop bridge cranes to lift onto barge. 

14.15 Move the unit to the dock area outside the plant. 

14.16 Load the units on the waiting barge. Photograph the unit. 

14.17 Strap and secure the unit in place on the barge. 

' 14.18 Release the unir for shipment. 

14.19 Free the barge for movement. 

14.20 Tug pull the barge to destination by a previously cleared 
shipping plan. 





Appendix Eh 
SPECIFICATION OF HEAT EXCHANGERS FOR 

10  .HW(e> POWER M O D U U  

Preface 

This s p e c i f i c a t i o n  provides t he  parameters f o r  t h e  evaporator and condenser 
which would be incorporated i n  a 10 MW(e) power module of an  OTEC power p lan t .  
The s p e c i f i c a t i o n  de f ines  the app l i cab le  codes and s tandards,  t h e  requirements 
and c h a r a c t e r i s t i c s  of t h e  hea t  exchangers, the  c o n s t r a i n t s  f o r  des ign  and 
cons t ruc t ion  and the  necessary documentation and q u a l i t y  assurance. 

Sect ion 1 Int roduct ion  

1.1 Purpose 

The OTEC power system opera tes  a s  a Rankine cyc le  with ammonia a s  t h e  working 
f l u i d .  The evaporator suppl ies  ammonia vapor t o  t h e  turb ine  by evaporating 
l i q u i d  ammonia wi th  warm water taken from near  t h e  su r f ace  of t he  sea. The con- 
denser accepts  t he  ammonia vapor from t h e  tu rb ine  and condenser i t  t o  a l i q u i d  
using cold water.from t h e  deeper por t ion  of the  sea. The evaporator and con- 
denser combine wi th  the  turb ine  and t h e  l i q u i d  r e t u r n  pump t o  form t h e  closed 
power cycle .  This  document provides guide l ines  f o r  t he  design and f a b r i c a t i o n  
of the  evaporator  and condenser por t ions  of t he  power cycle.  

- 1.2 Scope 
. . 

This s p e c i f i c a t i o n  is based on t h e  evaporator and condenser requirements wh.Sch 
were developed as p a r t  of Task 2, Prel iminary Design, o f . t h e  OTEC Power System Deve-. 
lopment. The hea t  exchangers a r e  f o r  t h e  immersed opt ion  which p laces  the top of 
t h e  hea t  exchangers wi th in  20 f e e t  of t he  su r f ace  of the  water. The i n t e r f a c e s  
between the  hea t  exchanger and the  balance of t he  power system can be i d e n t i f i e d ,  
bu t  no t  defined u n t i l  t h e  platform c h a r a c t e r i s t i c  a r e  b e t t e r  known. 

Sect ion 2 CodeslStandards 

2.1 In t roduct ion  . . 
The heat  exchangers w i l l  be submerged in water next t o  a manned platform. Some 
in-serv ice  inspec t ion/ repa i r  can be an t ic ipa ted .  The hea t  exchangers must conform 
t o  c e r t a i n  codes and s tandards t o  i n su re  adequate s e r v i c e  l i f e  and t o  minimize t h e  
danger to  t h e  opera t ing  personnel. 

2.2 Spec i f ica t ions  

The hea t  exchangers w i l l  conform t o  t h e  s p e c i f i c a t i o n s  contained herein.  These 
s p e c i f i c a t i o n s  w i l l  be expanded as a r e s u l t  of t he  d e t a i l  design of t h e  heat  
exchangers and a more complete d e f i n i t i o n  of the  balance of t he  power system and 
of t h e  platform and o the r  p l an t  components. . 



Sect ion  2 Codes/S tandards (Cont ' d) 

2.3 Codes 

The evaporator  and condenser w i l l  be designed and f ab r i ca t ed  i n  accordance wi th  
t h e  American Socie ty  of Mechanical Engineers Boi le r  and Pressure  Vessel Code, 
Sec t ion  V I I I ,  Div is ion  1. The completed hea t  exchangers w i l l  have a Sect ion 
V I I I  stamp which w i l l  show t h a t  they comply t o  al.1 r equ i r emur t~ .  

2.4 Regula t f  ons 

As  a po r t ion  of a manned sea-going system, the  hea t  exchangers must be approved 
by t h e  Coast Guard. They w i l l  comply t o  t h e  app l i cab le  rcrgulabiona of the 
United S t a t e s  Coast Guard, T i t l e  46, Code of Federal  Regulations. For t h i s  
purpose, t h e  h e a t  exchangers w i l l  be defined as anxaenia tanka acad wlll be de- 
signed f o r  110 percent of t h e  vapor preqslire coneaponding t o  t l~r temperature - 
of ammonia a t  85'~. 

2.5 Standards 

The hea t  exchangers w i l l  conform t o  the  design p r a c t i c e s  a s  spec i f ied  by t h e  
Standards of t h e  TurbuLar Exchanger Manufacturers Associat ion (TEMA). 

2.6 Drawings 

Drawings of the  h e a t  exchangers w i l l  be  prepared i n  accordance wi th  the  recommen- 
da t ions  of t h e  American National  Standard Engineering Drawing and Related Docu- 
mentat ion P r a c t i c e s  (ANSI C o d t t e e  Y 14). 

Sec t ion  3 Requirements 

3.1 Def in i t i on  

Both t h e  evaporator  and condenser a r e  s h e l l  and tube type hea t  exchangers wi th  the  
tubes in  t h e  ho r i zon ta l  d i r e c t i o n  f o r  t h e  evaporator and w i t h i n  15' of ho r i zon ta l  
f o r  t h e  condenser. The water flows through t h e  s t r a i g h t ,  s i n g l e  pass tubes and 
t h e  ammonia is on t h e  s h e l l  s ide .  The s p h e r i c a l  heat  exchanger s h e l l s  a r e  trun- 
ca ted  a t  each end by t h e  v e r t i c a l  tubesheets.  The tubes a r e  supported i n t e r n a l l y  
by v e r t i c a l  tube support  p l a t e s ,  

The hea t  exchangers i n t e r f a c e  wi th  water boxes which conta in  t h e  water pumps and 
d i r e c t  t he  water i n  t o  and ou t  of t he  hea t  exchangers. The waterboxes w i l l  a t t a c h  
t o  t h e  hea t  exchanger t r a n s i t i o n  r i n g s  between t h e  s h e l l  and tubesheets.  The loads 
imposed by t h e  waterboxes and t h e  method of attachment must :  be spec i f ied .  

The hea t  exchangers have a n  ammonia pump pod adapter  ring welded t o  t h e  bottom of 
t he  s h e l l .  The r i n g  w i l l  i n t e r f a c e  with a pump pod which w i l l  conta in  t h e  ammonia 
circulation/recitculation pumps and r e l a t e d  piping. The diameter of t h e  r i n g  and 
t h e  weld prepara t ion  must be spec i f ied .  



The ammdnia vapor and l i q u i d  connections a t  t he  s h e l l  a r e  s h o r t  cy l inde r s  which 
have heavy w a l l s  t o  provide reinforcement f o r  t h e  l a r g e  openings i n  t h e  s h e l l .  
The weld prepara t ions  f o r  t he  th inner  w a l l  connecting piping must be spec i f ied .  

The attachment poin ts  and conf igura t ion  must be defined between t h e  hea t  ex- 
changers and platform. 

3.1.1 Evaporator 

The l i q u i d  ammonia is evaporated using t h e  i r r i g a t e d  f i lm  technique. The l i q u i d  
ammonia e n t e r s  t he  evaporator through the  ammonia feed i n l e t  and is d i s t r i b u t e d  
t o  ho r i zon ta l  manifolds behind one tubesheet.  The manifolds supply per fora ted  
feed tubes which a r e  posi t ioned on the  same tube spacing a s  t h e  water tubes. 
There is one 'ho r i zon ta l  feed tube f o r  each column of water tubes. Columns which 
a r e  higher  than 70 tubes have add i t i ona l  feed tubes. The ammonia f lowra te  is , 

s u f f i c i e n t  t o  i n su re  a l l  tubes a r e  wetted wi th  l i q u i d  ammonia., The excess 
ammonia from t h e  lowest water tube r e t u r n s  t o  t h e  sump which is i n s i d e  t h e  lower 
por t ion  of t h e  evaporator s h e l l .  The excess  ammonia is  combined with t h e  l i q u i d  
ammonia from the.condenser  and r ec i r cu la t ed  through t h e  evaporator i r r i g a t i o n  
system. 

The ammonia vapor passes  through t h e  tube bank and is co l l ec t ed  i n s i d e  the  
sphe r i ca l  s h e l l .  It passes through two hook and vane type demisters  which a r e  
a l s o  contained wi th in  t h e  s h e l l . '  The d ry  ammonia vapor e x i t s  through t h e  vapor 
o u t l e t  p o r t s  and goes t o  t h e  turbine.  

3.1.2 Condenser 

The ammonia vapor discharge from t h e  tu rb ine  e n t e r s  t h e  condenser through one 
o r  two inlet p o r t s  and is d i r ec t ed  around t h e  tube  bundle by impingement ba f f l e s .  
The cold water condenses t he  anrmonia on the  tubes and t h e  l i q u i d  c o l l e c t s  i n  t h e  
sump i n s i d e  t h e  condenser s h e l l .  The condensate is pumped back t o  t h e  evaporator.  

The condenser has a shroud over a por t ion  of t h e  tubes i n  t he  cen te r  of t he  tube 
bundle. The non-condensible gases  w i l l  tend t o  concent ra te  i n  t he  cen te r  of t h e  
tube bundle which is t h e  co ldes t  area.  The mixture of non-condensible gases  and 
ammonia w i l l  be piped t o  an a u x f i i a r y  system t o  sepa ra t e  and recyc le  t h e  ammonia 
which w i l l  he returned t o  t h e  condenser sunip. 

3.2 Cha rac t e r i s t i c s  

The hea t  exchangers a r e  designed f o r  f u l l  lokd condit ions.  Transient ,  p a r t  load 
and o the r  off-design condi t ions  must be spec i f ied .  

3.2.1 Performance Requirements 

The heat  exchangers a re .des igned  f o r  t h e  following design and opera t ing  condit ions.  

Evaporator Condenser 

Ammonia pressure,  p s i a ,  (design) 183 183 
Ammonia pressure,  ps ia ,  (operat ing)  129.15 89.47 
Annnonia i n l e t  temperature, OF. 49.76 50.16 



Ammonia o u t l e t  temperature, OF 

Ammonia Flowrate, l b / s e c  
Max. water depth  a t  top,  f t  
Minimum i n t e h a l  p re s su re  p s i a  
Water i n l e t  t empora tu re ,  'F 
Water o u t l e t  temperature,  OF 

Water f l o m a t e ,  Lb/sec 
T o t a l  h e a t  flow, MW(t) 

Evaporator 

70.16 
760.03 

20 
0 

80.00 
75.77 

101,389 
,422 

Condenser 

49.73 
760.03 

2'0 
0 

40.00 
44.52 

91,690 
409 

3 .2 .2  Phys ica l  Requirements 

The s h e l l  diameter,  volttme and t o t a l  h e a t  accl-wger weight should be minimized 
t o  reduce cos t ,  handling problems, and platform requirements.  The prel iminary 
des ign  c h a r a c t e r i s t i c s  ate: 

Evapqra tor Condoneer 

S h e l l  ou te r  diameter,  i t  
Overa l l  length,  f t 
T o t a l  d r y  weight, tons  

Access.  t o  t h e  ammonia s i d e  of  t he  hea t  exchangers must be made through the  vapor 
i n l e t  o r  o u t l e t  nozzles.  A panel  i n  t h e  evaporator  demister i s ' e a s i l y  removed 
f o r  access.  

3.2 .3  R e l i a b i l i t y  

The p l a n t  a v a i l a b i l i t y  requirement is 90%. In  o rde r  t o  meet this, the  following 
f a i l u r e  rates have been s p e c i f i e d  f o r  t h e  hea t  exchangers: 

Component 
F a i l u r e  Rate Mean Ti@e t o  Repair 

( f  a i l u re s /yea r )  (days) 

Tube 
Shell 
Tubesheet, b a f f l e s ,  

support  

The most probable f a i l u r e  f o r  the  heat  exchangers is the  tube w a l l  o r  t h e  tube-to- 
tubesheet  weld. A f a i l u r e  a t  e i t h e r  p lace  w i l l  be de tec ted  by ammonia sensors  i n  
t h e  waterbox downstream of t h e  hea t  exchangers. The water pumps w i l l  be stopped 
and a d i v e r  used t o  i d e n t i f y  t h e  leaking tube and p lace  a plug a t  both ends of t he  
tube. When t h e  nqber of plllggad tubeo bccomes sufIiciencly l a r g e  t h a t  t h e  hea t  
exchanger can no longer  meet t h e  f u l l  load design requirements, t h e  hea t  exchanger 
w i l l  be removed from s e r v i c e  and returned t o  a r e p a i r  f a c i l i t y .  The tubes w i l l  b e  



inspected t o  determine i f  t he  f a i l e d  tubes should be replaced o r  i f  t he  hea t  
exchanger should be scrapped. 

The hea t  exchanger tube cleaning brushes must be replaced on a r egu la r  schedule 
which is t o  be determined. This can be done i n  p lace  by a diver.. 

3.2.5 Environment 

The hea t  exchangers w i l l  be immersed in t h e  water next  t o  t he  platform. They must 
be capable of no rma l .ope ra t ion . in  sea-s ta te  six condi t ions  and must surv ive  under 
sea-state n ine  condit ions.  The loads  which w i l l  be  imposed o* t h e  hea t  exchangers 
as a r e s u l t  of t he  i n t e r a c t i o n  wi th  t h e  platform a t  these  sea-s ta tes  must be 
spec i f ied .  

The design l i f e  of the  heat  exchangers w i l l  be: 30 year l i f e  
1000 s t a r t l s t o p  cyc les  

.8760: hourslyear opera t ion  

3.3.2 . Materials. 

The water tubes w i l l  be welded, commercially pure t i tanium per  SB-338 Grade 2. 
The ou t s ide  su r f ace  of t h e  tubes w i l l  be enhanced with c i rcumferent ia l  f i n s .  The 
f in  spacing and he ight  w i l l  b e  spec i f ied .  The tubes w i l l  have smooth lands  
a t  t he  tubesheets  and tube support p la tes .  The minimum tube wal1,under t h e  f i n  . 

wU.1 be 0.028 in. 

The tubesheets  w i l l  be carbon steel per  SA-516, Grade 70 with an  explosively bonded 
t i tanium cladding per  SB-265, Grade 1 on t h e  water-side face. 

The s h e l l  and al l  o ther  pressure  boundaries w i l l  be  carbon s t e e l  p l a t e  per  SA-516, 
Grade 70. The balance of t h e  hea t  exchanger Fnternals  which contac t  only ammonia 
w i l l  b e  SA-36 p l a t e  6r SA-105 o r  106 pipe. 

The t i tanium w i l l  not  react wi th  the  water. The carbon s t e e l  w i l l  be pro tec ted  
by p a i n t  o r  some o the r  type of coa t ing  which w i l l  be  specified.,  

3.3.3 Fabr ica t ion  

The s h e l l ,  tubesheet and o t h e r  pressure  boundaries w i l l  be welded using q u a l i f i e d  
welders and procedures. The tubes w i l l  be' welded t o  t he  tubesheet w i t h ' e i t h e r  
an  end weld o r  a f i l l e t  weld around t h e  tube. The tube support p l a t e s  w i l l  b e  
mechanically supported by r i n g s  and pipe spacers  which a r e  welded t o  t h e  s h e l l .  

. . 



3.4 Support Equipment 

The support  equipment requi red  f o r  t h e  hea t  exchangers is l imi ted  60 a support 
s add le  and l i f t i n g  equipment. 

A support  w i l l  be  used f o r  holding t h e  hea t  exchangers i n  the  shop during tube 
assembly and hydrotest ing.  The same support w i l l  b e  used during shipping. - - 

The .evaporator has  two vapor ou t l e tnozz le swhich  a r e  loca ted  i n  t h e  cen te r  of 
t h e  s h e l l  a t  t h e  ho r i zon ta l  midpoint. The nozzles  w i l l  be  designed t o  serve as 
t runnions  f o r  l i f t i n g  and r o t a t i n g  t h e  evaporator  in t he  shop arnd during f i e l d  
assembly t o  t he  balance of t h e  OTEC system. The condenser w i l l  have dummy 
nozzles  a t  t h e  same l o c a t i o n s  t o  permit handling wi th  t h e  same l i f t i n g  equipment. 
S l ings ,  spreader  ba r s ,  etc. will be  provided t o  l i f t  t he  hea t  exchangers with 
e i t h e r . o n e  o r  two cranes.  

The hea t  exchangers w i l l  be  t ranspor ted  by barge from the  manufacturing f a c i l i t y  
t o  t h e  OTEC assembly point.  The nozzles  w i l l  have shipping covers t o  prevent 
e n t r y  of water o r  o t h e r  contaminents i n t o  t h e  ammonia space during shipment. 
The type of covers  must be spec i f i ed  t o  be e i t h e r  t he  hydro t e s t  caps which must 
be c u t  of f  i n  the f i e l d  o r  loose covers  which a r e  bol ted  i n  place,  The h e a t  
exchangers w i l l  con ta in  shop a ir  a t  one atmosphere. 

3.5 Log i s t i c s  

The only  h e a t  exchanger components t o  be  replaced on a p re se t  maintenance schedule 
a r e  t h e  brushes and cages f o r  t h e  tube cleaning system. The replacement time 
must be  spec i f i ed .  

Tube plugs a r e  requi red  t o  plug leaky tubes while  t h e  hea t  exchangers a r e  i n s t a l l e d  
i n  t h e  power module. Ind iv idua l  tubes can be replaced i n  a r e p a i r  f a c i l i t y  which 
has no t  been spec i f ied .  

3.6 Documentation 

The hea t  exchanger is one component of t h e  OTEC power module. The documentation 
requi red  t o  t e s t  and support  t h e  power module must be developed by t h e  system ' 
i n t e g r a t o r .  

Procedures w i l l  b e  developed and suppl ied f o r  tube plugging and tube replacement. 
No o t h e r  assembly, disassembly o r  r e p a i r s  a r e  an t ic ipa ted .  

Sec t ion  4 Q u a l i t y  Assurance 

The hea t  exchangers w i l l  be f ab r i ca t ed  i n  accordance with ASME Sect ion V I I I  and 
wi th  a l l  t h e  q u a l i t y  c o n t r o l  which is  requi red  by t h a t  document. No a d d i t i o n a l  
q u a l i t y  assurance requirements w i l l  be  imposed. 

4.1 Materials 

A l l  p r e s su re  boundary material w i l l  be purchased t o  a n  ASME o r  ASTM spec i f i ca t ion .  



Material c e r t i f i c a t i o n s  w i l l  be required showing material chemical-and phys ica l  
proper t ies  and ma te r i a l  hea t  number. A l l  ma te r i a l  w i l l  b e  inspected f o r  proper 
marking by supp l i e r  and ma te r i a l  i d e n t i t y  w i l l  be maintained in t h e  shop. Non- 
pressure boundary ma te r i a l  w i l l  a l s o  be  ordered t o  an ASME or  ASTM s p e c i f i c a t i o n  
and c e r t i f i c a t i o n  t o  t h a t  s p e c i f i c a t i o n  w i l l  be required.  

4.2 Inspect ions 

A l l  i n  process inspec t ions  such. a s  magnetic p a r t i c l e  t e s t i n g ,  radiographic t e s t i n g ,  
e t c ,  w i l l  be done using procedures and inspec tors  which have been qua. l i f ied per  
ASME requirements. Inspect ions w i l l  be  spo t  checked by t h e  cognizant ASME Code 
inspector .  

The tube-to-tubesheet j o i n t s  w i l l  be  ' inspected v i s u a l l y  and t e s t ed  with an a i r /  
f reon l eak  de tec tor .  The f i n a l  t e s t  w i l l  be  a  hydrotest  of t h e  ammonia s ide.  All 
t e s t s  w i l l  be done per a w r i t t e n  procedure. The hydro t e s t  w i l l  be wdtnessed by 
the  ASME Code inspec tor .  

4.4 Records 

The shop w i l l  maintain t h e  following records f o r  each heat  exchanger: ma te r i a l  
c e r t i f i c a t i o n s ,  weld records,  radiographic inspect ions,  s t r e s s  r e l i e f  cha r t s ,  
hydro t e s t ,  d i screpant  ma te r i a l  r epo r t s  and d i spos i t i on ,  and code d a t a  repor t .  
A l l  records w i l l  be re ta ined  by the  shop f o r  a  minimum of 3 years.  The code d a t a  
r epo r t  w i l l  be  s e n t  t o  t he  customer. 

Sect ion 5 Acceptance 

Acceptance of t h e  hea t  exchanger w i l l  be  based on successfu l  completion of t he  
hydros ta t ic  test i n  t h e  shop. The hea t  exchangers w i l l  be  loaded on a  barge 
and w i l l  become government property a t  t h a t  point .  Heat exchanger vendor w i l l  
provide i n s t a l l a t i o n  and opera t iona l  support on an  as-needed bas i s .  

Sect ion 6 Personnel and Training 

A l l  i n s t a l l a t i o n  and operat ing personnel w i l l  be suppl ied and t r a ined  by o thers .  













Appendix g-.. 

EVAPORATOR AMMONIA LIQUID DISTRIBUTION SYSTEM 

The function of the evaporator liquid ammonia distribution system is to insure 

complete wetting of all of the evaporator tubes at the lowest possible flow 

rate. In addition, it is necessary to insure that liquid ammonia atomization 

. is held to an acceptable minimum. Atomization will result in greater liquid 

ammonia flow rates and vapor-liquid separation requirements as a result of 

liquid ammonia particle entrainment by the vapor. Test performed by LMSC 

in 1977 for ammonia jet impingement on plain tubes showed sustantial breakup 

and atomization with the formation of a very fine mist. Tests were conducted 

for 0.030, 0.050, 0.070, and 01000 inih orifice diameters at 5, l0,and. 15 psi 

pressure differentials. In contrast with plain tube impingement, experiments 

with impingement on thin (0.02 in) metallic felt pads on the tube surface 

produced almost no jet breakup. Because of the importance attached to jet . 

atomization, the distribution tubes have been designed to avoid this problem by 

spraying updard into a spray deflector. A secondary benefit of this design is 

that by locating the orifice holes on the top of the tube, they are far less 

susceptible to plugging by particulate matter. 

The LMSC liquid ammonia distribution system rather than being a spray system, 

as is sometimes used in desalination evaporators, is an irrigation system in a 

that every column of tubes in the four tube-sections is fed by its own distri- 

bution tube. This is felt to be necessary to insure complete tube wetting 

inorder to avoid the consequences of dry evaporator tubes. A further 

restriction is the number of tubes in a column supplied by a single distribution 

tube, which has resulted in the evaporator tube bundle being broken into four 

sections as shown in FW Dwg. 58-3157-6-0210, (Appendix B). 

Determination of the individual tube column irrigation rates-is dependent on 

the tube evaporation rate and the minimum flow rate required to provide 

complete wetting. The minimum flow rate to any tube column is that which will 

be completely evaporated on the bottom tube of the column. This rate will be 



dependent on t h e  average h e a t  f l u x  and degree of subcooling present  i n  t h e  

l i q u i d  ammonia a s  w e l l  a s  t h e  diameter and number of tubes i n  a column. The 

amount of excess  l i q u i d  ammonia which must be suppl ied t o  i n su re  complete 

t u b e  we t t i ng  is  n o t  known a t  t h e  present  time although it i s  f e l t  t o  be on t h e  

o r d e r  of 50 percent .  The present  flow r a t e s  a r e  based on approximately a 50 

percent  excess  and a r e  shown i n  the  following t a b l e .  

TABLE 1 10 MW DISTRIBUTION TUBE FLOW RATES (LBMIHR-FT) 

SECT -- EVAp - EXCESS TOTAL - EVAP DIS'T EXCESS TOTAL DTR'I' 

S e c t i o n  number r e f e r s  t o  t h e  f o u r  h o r i z o n t a l  secti.nna of 49 4, 62 $ 624, aild 

49% tube  rows beginning a t  t h e  top  and shown i n  FW Dwg. 58-3157-6-0210. The 

middle po r t ion  covers  t h e  100 columns on both s i d e s . o f  t h e  c e n t e r l i n c  cor res -  

ponding t o  t h e  width of s e c t i o n s  1 and 4. The s i d e s  correspond t o  t h e  t h i r t y  

a d d i t i o n a l  columns i n  s e c t i o n s  2 and 3 no t  covered by run o f f  from s e c t i o n  1. 

The d i s t r i b u t i o n  tube  flow r a t e s  shown under EVAP i n  Table 1 correspond t o  

t h e  amount t o  supply t h e  evaporat ion requirement f o r  49%, 623, 62+, and 49% 

t ubes  respecti 'vely i n  t h e  fou r  s ec t ions .  Shown under DIST i o  t h e  d i s t r i b u t i o n  

t u b e  flow r a t e  f o r  t h e  fou r  s e c t i o n s  where t h e  exccess flow f o r  t h e  middle 

p o r t i o n  i s  appl ied  through t h e  d i s t r i b u t i o n  tubes t o  s e c t i o n  1 and t h a t  f o r  

t h e  s i d e s  i s  appl ied  through t h e  ou t s ide  30 tubes of s e c t i o n  2 .  I n  t h i s  manner, 

an excess  flow r a t e  of approximately 60 lbmlhr f t  w i l l  f a l l  between sec t ions  

and i n t o  t h e  sump. Depending on subsequent experience,  it may a l s o  be necessary 

t o  provide some a d d i t i o n a l  flow a t  s e c t i o n s  2 ,  3 ,  and 4. 

Design of  t h e  d i s t r i b u t i o n  tube  r equ i r e s  choice of an  o r i f i c e  diameter ,  p ressure  



diffrential and spacing, which will provide the required flow rate without 

excessive flow variation along the tube. Figure 1 indicates the relationship 

between orifice diameter and mass flow rate for several values of orifice 

spacing for a f ive psi pressure differential. Uniformity of flow is related to 

spacing with the greater number of holes per unit length providing increased 

uniformity with decreasing orifice diameter. A tradeoff must be made between 

uniformity and cost as more smaller diameter holes means increased cost. The 

present assumption of two inch hole spacing with 0.04 in diameter is in the 

process of being tested by LMSC to determine the flow characteristics for 

uniform tube irrigation. 

In addition to the local variation resulting from the hole spacing, it is 

necessary to evaluate the variation of irrigation flow rate as a function of 

distribution tube length resulting from pressure drop within the tube. The 

latter variation results from friction and momentum pressure drop within the 

tube producing orifice flow rates which are proportional to the square root of 

the difference between the local tube pressure and the evaporator operating 

pressure. In this particular flow problem, the frictional loss is offset by 

the momentum change resulting from decreasing tube flow velocity with length. 

It is possible for a pressure increase to occur at some point downstream from 

the inlet as shown in Fig. 2. Calculation of local tube pressure and irrigation 

rate are obtained by simultaneous solution of two nonlinear differential equations 

from the colebrook equation. The variation in irrigation rate is shown in 

Fig. 3 as a function of length for the four different tube sections. While the 

variation is relatively slight for the 0.87 in distribution tube I.D., it is 

advantageous to locate the distribution tube feed on the same end of the evapora- 

tor as the seawater inlet. This allows matching the greater evaporation rate 

which occurs at the seawater inlet and of the evaporator tubes. 

The choice between orifice diameter and pressure difference is shown in Fig. 4 

for the four irrigation rates of Table 1. A pressure differential of approxi- 

mately five psi has been presently assumed as sufficient to provide acceptable 

flow stability. Using a simgle orifice pressure differential requires thottling 

at the lower elevations associated with sections 2, 3, and 4 unless seperate 











pumps are used. A single pump can be used without thottling if one wishes to 

size the orifices of the various sections to acconanodate the pressure head 

variation as indicated by the individual points of Fig. 4. 

Sensitivity of irrigation rate to evaporator operating pressure has basically 

been eliminated with the present separation of condensate and evaporator pumping 

requirements. Since the evaporator operating prossure comprises both the liquid 

ammonia distribution system inlet and discharge pressure, variations of evaporator 

pressure have no effect on the distribution system flow sate. Thie allows lower 

orfice pressure differentials than would normally satisfy flow stability 

requirements. Details of the distribution tvhe are shown in Fig. FW Dwg. 

58-3157-6-0211. 
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APPENDIX F1.1 

Performance Characteristics - Radial Inflow Turbine 

The turbine has a flange-to-flange efficiency of about 88%, 

guaranteed, with as much as 90% expected. The conditions 

are as follows: 

Inlet Pressure 

Inlet Temperature 

Discharge Pressure 

Discharge Temperature 

127.657 psia 

69. S°F 

89.42 psia 

50.13OF 

This is a 40° day condition. 

The casing has been chosen to flow 2.997 million lbs/hr of 

ammonia with a 30% margin, to deliver a gross power output 
. 

of 14 MWe- Speed of rotation is 3,600 rprn with a wheel di- 

ameter of 43". The wheel specific speed is defined as: 

J~all/min = 1,980 
(head in ft)f3/4 

Two curves are attached for calculating off-design efficiency 

based on volume flow ratio and relative enthalpy drops across 

the machine. They are used by calculating the discharge actual 

cubic ft/min and comparing with the design flow of 150,440 

cubic ft/min. This number is then mulitiplied by an enthalpy 
correction constant obtained by dividing : 223.4 JTEi?Tfi(~tu/lb) 
by 675, the design tip speed of the turbine. 

Figure 1 shows the t;wo curves. 

The machines can be optimized about any design point and need . 

not be considered fixed at the time. The design point may 

shift as final heat exchanger characteristics are obtained, and 

the wheel shape modified to suit. The only parts that change 
are the wheel and follower. 





Swearingen Brothers, Inc. Quotation No. CBE-060978/3 
for Lockheed/OTEC June 9, 1978 

PERFODlANCE DATA I 
KVA: 43750 - 
VOLT: 13800 - 
EFF: 4/4 97.4 

'- TOTAL TEMPERATURE : 

Generator Stator 
Generator Rotor 

KW: 35000 - 
FREQ: 60 

PF: 0.8 - 
. PHASE: 3 

12S°C by detector 
120°C by resistance 

COOLING WATER XEQUIRED: Temp 9S°F gpm 750 Pressure 125 psi3 

OIL XEQUIRENENTS: 

Bearing-gpm/brg 25 psi 8-10 heat reject 

- Seals-gpm/seal - psi - 
Oil type: 130-18.0 S.S.U. @ 1'00% and pour point below.lowest 

expected ambient - mineral oil turbine type. 

GENEMTOR WINDING CONNECTION : Y 

GENERATOR REACTANCE VALUES: 

Direct-axis synchronous (at rated current) Later % 
Transient saturated (at rated current) Later % 
Subtransient (at rated voltage) Later % 
Negative sequence (at rated current) Later % 
Zero sequence (at rated current) Later - % 

WEIGHTS : 

Total net weight of unit 
Stator weight 
Rotor weight 

196,000 lb. 
150,800 lb. 
34,000 lb. 

LXAXIMUX BASE WIDTH: 145.5" 

GENERAL DATA - GENERATOR 
C 

. . .. . . . . F1.1-3 



S w e a r i n g e n  B r o t h e r s ,  I nc .  
fo r  L o c k h e e d / O T E C  

Q u o t a t i o n  No.  C B E - 0 6 0 9 7 8 / 3  
J u n e  9 ,  1 9 7 8  

KVA: 4 3 7 5 0  - KW: 3 5 0 0 0  - PF; 0 . 8  - RPX: 3 6 0 0  - 
VOLT: 1 3 8 0 0  - FREQ: 6 0  - PHASE: 3 -- 
S P E C I F I C A T I O N :  NE31A Si.1-12, A N S I  C 5 0 . 1 3  

INSULATION;  C l d s s  B 

BEARINGS: Sleeve, r i n g  o i l e d ,  forced l u b e  by others .  

COOLER: S ide  m o u n t e d ,  p l a t e  f i n  fo r  sea w a t e r  

WATER TEIW: 9 S ° F  PRESSURE: 1 2 5  p s i g  

RTD: ( 1 2 )  i n  s t a t o r ,  ( 4 )  i n  a i r  s t r e a m  - 
CURXENT T R A N S F O R i i R S  : N o n e  

MAIN LEAD LOCATION: B o t t o m  

EXCITEX:  B r u s h l e s s  d irect  connected w i t h  PMG 

VOLTAGE AXEGULATOR: ( 2 )  SCR T y p e  - d u a l  con t ro l  for separate 
m o u n t i n g .  I: 

VOLT REG ACCESSORIES:  ( 2 )  v o l t  ad j  . rheo, disc s w ,  t ransfer  s w  

START-UP: N o t  included - . c a n  be provided.  
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Swearingen Brothers, Inc. 
for Lockheed/OTEC 

Quotation No. CBE-060978/3 
June 9, 1978 

DEECRIPTION 

GENERATOR : 
.-%z.- 

2 pole, non-salient pole totally enclosed water air-cooled 
bracket tvpe with sleeve bearinss, lube oil ~rovided bv 
others. All external senerator wirinq and ~ i ~ i n s  bv others. 

EXCITER: 

Brushless totally enclosed force ventilated from the main 
generator mounted. outboard from bearing, parallel fused 
diodes providing 100% redundancy. .PZ4G included for voltage 
regulator power. 

VOLTAGE REGULATOR.: 

(2) SCR type dual control regulator for bumpless transfer, 
100% redundance, disconnect switch on panel, ( 2 )  motor 
operated voltage adjusting rheostats on common shaft, and 
transfer switch .all for separate mounting. 

Fl. 1-6 



PERFORMANCE DATA 

KW: 1 4 0 0 0  - - PF: 0 . 8  

FREQ: 6 0  - PHASE: 3 

3 /4  96 .7  1 / 2  95.7-. 1 / 4  -- 

S w e a r i n g e n  B r o t h e r s ,  Inc .  Q u o t a t i o n  N o .  CBE-060978/2 
f o r  Lockheed/OTEC J u n e  9 ,  1 9 7 8  

KVA: 1 7 5 0 0  

VOLT: 1 3 8 0 0  

EFF: 4/4 9 6 . 9 -  

TOTAL TEMPERATURE : 

G e n e r a t o r  S t a t o r  1 2 S 0 c  b y  detector 
G e n e r a t o r  ro to r  1 2 0 ° C  b y  r e s i s t a n c e  

COOLING WATER REQUIRED: Temp 9 S ° F  gpm 4 0 0  P r e s s u r e  1 2 5  p s i g  

O I L  REQUIREMENTS: 

9  B e a r i n g - g p m / b r g  p s i  '8-10 heat reject 

S e a l s - g p m / s e a l  - p s i  - 
O i l  t y p e :  1 3 0 - 1 8 0  S.S.U. @ 1 0 0 %  and p o u r  p o i n t  b e l o w  l o w e s t  

expected a m b i e n t  - minera l  o i l  t u r b i n e  t y p e .  

GENERATOR WINDING CONNECTION: Y 

GENERATOR REACTANCE VALUES: 

Direct-axis s y n c h r o n o u s  ( a t  rated c u r r e n t )  L a t e r  % 
T r a n s i e n t  sa tura ted ( a t  ra ted c u r r e n t )  L a t e r  % 
S u b t r a n s i e n t  ( a t  rated voltage)  L a t e r  % 
Negative sequence ( a t  rated c u r r e n t )  L a t e r  8 
Zero s e q u e n c e  ( a t  rated c u r r e n t )  L a t e r  % 

WEIGHTS : 

T o t a l  n e t  w e i g h t  o f  u n i t  1 1 8 , 0 0 0  l b .  
S t a t o r  w e i g h t  9 0 , 0 0 0  l b .  
R o t o r  w e i g h t  1 8 , 2 0 0  lb .  

FRAME: 6 5 7 1  

L W I M U M  BASE WIDTH: 145.5"  

Fl. 1-7 



S w e a r i n g e n  B r o t h e r s ,  Inc .  Q u o t a t i o n  No. CBE-060978 /2  
f o r  L o c k h e e d / O T E C  June  9 ,  1 9 7 8  

B I L L  Oi? MATEBIAL 

KVA: 1 7 5 0 0  - KW: 1 4 0 0 0  - P F :  0 . 8  RPM: 3 6 0 0  - - 
VOLT: 1 3 8 0 0  - FREQ: 60 - PHASE: 3 

S P E C I F I C A T I O N :  NEIIA SM-12, A N S I  C50.13 
- 

INSULATION: C l a s s  B 

BEARINGS: S l e e v e ,  r i n g  o i l ed ,  forced l u b e  by o thers .  

COOLER: S ide  mounted, p l a t e  f i n  fo r  sea w a t e r  

WATER TEMP: 9 5 O F  PRESSURE: 125 ps ig  

RTD: (12) i n  s t a to r ,  ( 4 )  i n  a i r  s t r e a m  - 
CURRENT TRANSFORilLERS: N o n e  

IILAIN LEAD LOCATION: B o t t o m .  ... , 

EXCITER: B r u s h l e s s  direct  connected w i t 1 1  PMG 

VOLTAGE RRGUGATOB: ( 2 )  GCR T y p e -  d u a l  ~ 0 n t r 0 1  t o r  separate 
mounting. 

VOLT REG ACCESSORIES: ( 2 )  v o l t  ad j .  rheo, disc s w ,  t r ansfer  s w  

I 
START-UP: N o t  included - can be provided. 

I 
TESTS:  S t a n d a r d  c o m m e r c i a l  

Fl. 1-8 



- 
----- 

I .. T - V e r t i c a l  Skeeed 
S - Ilori=rlnta1 Skewed 
R - l lor i  zont.41 Z t r o i g l ~ t  

SOLE PLATE WIDTH - 145.5 = (6571) 

SOLE PLATE WIDTH - 145.5 = (71120) 

OVERALL WIDTH - 145.5 IN. 

OVERALL LENGTH - 230 IN, 

t-' 
I 
w 

- OVERALL WEIGHT - 114 IN. 



DESCRIPTION 

. -.. . . 
! . ,  Swearingen B r o t h e r s ,  I nc .  Q u o t a t i o n  No. CBE-060978/2 . . ._ . f o r  Lockheed/OTEC June 9, 1978 

GENERATOR : 

2 p o l e ,  non - sa l i en t  p o l e  t o t a l l y  enc losed  water a i r - coo led  
bracket t ype  wi th  sleeve bea r ings ,  l u b e  011 provided by 
others. A l l  e x t e r n a l  g e n e r a t o r  w i r ing  and p ip ing  by o t h e r s .  

B r u s h l e s s ~ t o t a l l y  enc losed  f o r c e  v e n t i l a t e d  from t h e  main 
-. 

i 
t g e n e r a t o r  mounted ou tboard  from bea r ing ,  p a r a l l e l  fused  i 

- .. d i o d e s  p rov id ing  100% redundancy. P t 4 G  i n c l u d e d , f o r  v o l t a g e  
r e g u l a t o r  power. 

I 
I 

VOLTAGE REGULATOR: 

( 2 )  SCH t ype  d u a l  c o n t r o l  r e g u l a t o r  f o r  bumpless t r a n s f e r ,  
100% redundanco, d i s c o n n e c t  swi,tch on pane l ,  ( 2 )  motor 
o p e r a t e d  v o l t a g e  a d j u s t i n q  r h e o s t a t s  on common s h a f t ,  and 
-transfer Switch a l l  f o r  s e p a r a t e  mounting. 

F1.1-10 . - - . - 
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FI8URE 1-Heavy steel clamping rings hdd the stator core laminations in place. 

ELECTRIC POWER APPARATUS 
Performance Engineered. . . Qua/ity Built 

Product Information' 

THE STATOR CORR is built up of high sil- 
icon electrical steel laminations. Each lam- 
ination segment is precision ground to re- 
move burrs from punching. The segments 
are coated with insula#ng enamel and baked. 
This coating is regularly checked for thick- 
ness and resistivity. 

Two-Pole GENERATORS 
TURBINE DRIVEN 
STATOR 
CORE CONSTRUCTION 

STACKING -The lamhation segments are 
stacked on dovetail keys which are fastened 
to the stator bore ribs. The keys 'ire ma- 
chined to close tolerances to aasure a .true 
and precise stacking circle. Radial ventila- 
tion ducts are spaced between segments at 
frequent intervals along the core. 

PAGE 1 O f  1 PA6E 
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ELECTRIC POWER APPARATUS 
Performance Engineered. . . Quality Built 

Product Information 

Two-Pole GENERATORS 
TURBINE DRIVEN 
FLEXIBLE CORE MOUNTING 
THIN CYL IR SUPP ?T 

The vibration is limited by the rigid frame 
structure in smallunits and does not present 
a problem. However, in large machines, it 
is not practical to n u k e  the frame rigid 
enough to prevent transmission of the vibra- 
tion in the core and prevent it from reaching 
the foundation. T h i ~  i.s accomplished by m a -  
ing the core support members flexible in a 
radial direction. The flexible cylinder sup- 
port method is most commonly used to pro- 

STATOR 
CORE 

FIGURE 1 - Stator frame for turbine driven 
generatorusing thin cylinder flexible core support. 
Edges of cylinders show in illustration. 

M A O N m C  ATTRACTION W R O T O I  ?OR 
tWI CORE -The general configuration of 
the rotor results in a mametic force on the 
stator at the two poles or at 1800 intervals. 
This attraction tends to cause the core to go 
egg-shaped in spite of its strong construc- 
tion. 

A s  the rotor turns, the out-of-round wave 
of d e f o ~ t i o n  follows the poles. FOP me 
complete rwoluticin of the rotor, two pairs 
d high and low spots on the core pass any 
given point. At 3860 rpm this causes a 120 
cycle vibration which can be transmitted to 
the frame support plates and wrapper plates 
causing a characteristic low frequency hum. 

V / 

MlNOhR 
T FLEXlaLB coAe 

CYLINDER SUPPORT FRAME 
SUPPORTS PLATE SUPPORTS STUDS PLATES 

FIGURE 2 - Side view of stator frame with thin 
cylinder flexible core mounting. 

W I  R E X t l L I  CYUNBI[R D m O N  is based 
on the principle that a thin cylinder is flea- 
ble in t!8e radial directinn, yet able to mp 
port heavy loads in a tangential directlan. 
The cylindrical mountings are sectioned pro- 
viding support at each end of the stator and 
also in the center. 

The core supports are fastened to the ends 
of the cyllnslers with steel plates. Frame 
plates connect the opposite end of each cyl- 
inder to the foot plate. The pulsation of the 
core is absorbed by the cylinders rather than 
being transmitted to the foundation. 

PAQE 1 OF 1 PAeE 
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STkiTOR WCLS atre foam wound into) ttyo 
haif swtiom fix am of h d l i i l g  duffrrg the 
w m  qmmtion. The seetlons are gmecisim 
s k p d  sq Uzsct h d  corhwtions between top 
and b*th legs cau '.lie made secure. 

-- 
ELECTRJC 'OWER APPARATUS 
Performance Engineered. . . Quality Built 

Product Information 

FIGURE 1 - Conductors and coils are 
individually insulated to comply with stan- 
dards for Class B insulation. 

Two-Pole GENERATORS 
TURBINE DRIVEN[ll kV and over]  
STATOR COILS 
HALF-COIL CONSTRUCTION 

COIL INSULATION (figure 1) - Class B 
insulation is used on all two-pole turbine 
driven generators. The individual strands in 

t 
each conductor are double glass covered and 
transposed ta provide bigher efficiency. (In 
multi-turn coils, conductors are insulated 
with mica tape applied continuously over 
the entire length of the coil.) The slot 

portion of the coil is bound with glass fibre 
tape for mechanical protection during hand- 
ling. The s e t  portion is thoroughly 
saturated with resin then hot pressed to size. 
Successive layers of mica tape applied over 
the entire coil provide the ground insula- 
tion. Coils are finished with a layer of 
glass tape which serves as a protective cover. 

VACUUM-PRESSURE IMPREGNATION - 
Stator coils are vacuurn-pressure impregnated 
using a modified polyester resin and are then 
placqd in presses to insure that the coils 
conform uniformally to the proper dimen- 
sions and to consolidate the insulation while 
ovencuring the resin. This process produces 
a void-free mica insulation which is 
thoroughly saturated with a high quality 
resin, ehnimting . areas in which internal 
corona could occur. 

The slot portions of the coils are painted 
with a conductive varnish to bring the glass 
outer binder to ground potential and thereby 
eliminate corona in air spaces between the 
coil sides and the stator laminations. This 
elimination of the corona is extended from 
the end of the slot onto the coil corners 
with a semiconducting compound. This 
compound is covered with a protective layer 
of glass tape and then the entire end of the 
coil is brushed with varnish. 

Coils are pressed into the slots with pressure 
applied evenly over the entire length of the 
coil. A semi-conducting laminate is used be- 
tween the coils in each slot and between one 
side of the coils and the slot walls to insure 
tightness. Temperature detectors are placed 
between upper and lower coil sides in each 
phase to check stator coil temperature. Snug 
fitting laminated phenolic slot wedges hold 
the coils tight. A good connection is assured 
by pouring high conductive solder into copper 
sleeves which fit tightly over the turns and 

PAGE 1 OF 2 PAGES 
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ELECTRIC BOWER APPARATUS 

Product Information 

FlGURE 2 - Connections between top and bottom 1- of halfcoils are taped to maintain the high 
insulating qualities of the coil. A large wheel fixture around the frame allows core to be rotated 
to increase efficiency of the winders. 

strand groups at both ends of the sections. 
The connections are then taped to retain the 
high hulation l e d  of the individual sactions. 

COIL TESTING - Completed coils are 
tested to prove groupto-group and turn-to- 
turn insulation. Slot portions of coils are 
given a high voltage ground test before they 
are placed in the slots. A graduated test 
voltage is applied as the work on the windings 
prolpeses. An a-c dielectric test voltage of 
twice rated voltage plus 1000 volts is applied 
after the machine has completed all  operating 
and electrical tests. 

COIL BRACING AND LASHING (fwre 2) 
The gm~cralur windings are braced to with- 
stand the form imposed on them by system 
surges and shorts circuits. The coils are sub- 
jected to two principal types of forces. One 
force tends to pull dl the coils in the same 
phase together; it is resisted by placing 
blocks between adjacent coils and lashing in 
place with glass fibre cord. The other force 
tends to push the windings back from the 
rotor. This force is resisted by regular 
spaced insulating blocks which support the 
rings to which the coils are lashed with glass 
cords. 

8- 
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FIGURE 1 -Cut-a-way of split sleeve bracket bearing. 

1~ 2100-PDS-285 
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#ELECTRIC POWER APPARATUS 
Performance Engineered. . . Quality Built 

Product Information 

Two-Pole GENERATORS 
TURBINE DRIVEN 
BEARINGS 
SPLIT SLEEVE BEARINGS 



E L E C T R I C  POWER APPARATUS 
- "  Product Information -, . . . Y1 

~rr~"xp~y:-I ' .y: 
I 

BlLlRllYO SLEW= - Precision machined 
split type sleeve bearings are  designed with 
a spherical seat for self alignment. After 
removing surface silicon and graphite, the 
cast iron bearing shells are electrolytically 
etched by the Kolene process. The shells 
a re  then tinned and babbitted by centrifugal 
casting which insures a strong metallurgical 
bond between the cast iron and the babbitt. 
Only tin base babbitt wlth high resistance to 
corrosion io ueed. 

The bearings incorporate a generows laad 
mpgrurtfng area in the lower sleeve. Care- 
fully designed clearances insure proper lu- 
brication and cooling. Adequate drains are 

provided for end leakage. The upper sleeve 
is relieved to prevent oil whip. 

WBRICATION -The amount of oil enter- 
ing the bearing is metered so that just the 
right quantity comes in contact with journal. 
The oil flows over the bearing surface in a 
fan-shaped pattern. Oil flows outward toward 
each end o£ the ~~ where it is cdlected 
in drain grooves and disclnrgud into the bear - 
ing housing. If any oil passes the shaft seals 
which are localed outside the drain groove, 
it is thrown into a secondary drainage area 
by a shaft slinger. Metal seals prevent leak- 
age of oil and vapor from the housing. 



. - 
APPENDIX F1.2 

Appendix Item h. 

System Item Descriptions 

Actuator: This is a hydraulic control device for controlling 
the rate of the flow and its application is based 

on adjusting the nozzles' inlet. 

Acc~ulator: The pneumatic accumulator is essentially an oil 

pressure storage chamber in which the potential en- 

ergy of oil under pressure can be stored against 

a compressible force of air. So when the pressure 

of the system is low or for some reason the pumps 

are shutdown it can provide a circulating lube oil 

for a few minutes for coastdown. 

Water-Oil-Cooler: Cools the temperature of the circulating oil 

and is compatible with ammonia on the oil side and 

sea water on the water side. 

. Back pressure Regulator: Back pressure regulator and relief 

valve provides automatic, continuous protection 

against high or low pressure. This valve dependably 

maintains a desired inlet pressure by discharging 

excess oil into oil tank. 

Pressure Regulator: This regulator has been provided to €on- 
trol seal gas pressure after the filter. 

Filter: Filtration is for removal of solid particles from 

the lube oil by passing oil through a filter on 

which the solids are deposited. 

Heater: Heaters have been provided to keep the oil reservoir at 

suitable temperature or at the time when the system. is 

shutdown during winter. Heaters are thermostatically 

controlled. The generator will also have built-in 

heaters-to maintain the dryness of the insulation. 



Pump : Two pumps, one main and one standby, have been pro- , 

vided to circullate the lube oil. 

~ifferential Pressure Gauge: This gauge is provided for meas- 

uring the pressure drop across the filter. 

Electrical System: The electrical system incorporates the 

automatic synchronizer system. The basic adjustments 

are breaker closure time compensation and maximum slip fre- 

quency*. These adjustments enable the synchronizer to an- 
ticipate kh_~ sptinruu circuit breaker closure a n g l e  and - - 

close the breaker with minimal bus disturbance. The break- 
er compensator allows the operator to adjust for breaker 
closure time from .04 to .8 second. The slip frequency 

circuitry measures the difference in frequency between 

the generator and the bus. These  difference^ are then 

compared to the slip frequency control setting on the auto- 

synchronizer module. If the measured value exceeds this 

setting, synchronization will be inhibited. 

Specifications: 

Input Power 

Voltage 

Frequency 

Phase 

Oncoming Bus Synch. 
(generator) 

120/208 1204208 120/208 

Burden (Volt Amperes) 5 VA 5 VA 25 VA 

Burden Power Factor .8 
(Lagging) 

* Slip Frequency is the difference frequency,- expressed 
in Hz between generator and station bus. 



Appendix Item g .  APPENDIX F1.3 

Mater ia l  : ' 

Density: 

No. o f  Blades: 

WEIGHT CALCULATION - ROTOR 

Aluminum (KO1 ) 

Blade Average Thickness : .515 

Type I Cyl inder  
Type I 1  Cone 
Type I 1 1  Pl.ate 
Type I V  P la te  

Weight = (VT) ( . I )  

= 590 Ibs.  
*Attached Figures 1 & 2 show the  wheel and 

shaf t  sect ions and numbering f o r  these sect ions, 



WEIGHT CALCULATION - SHAFT 

Material : Stainless Steel (1 7-4) 

Density: .283 lbs/in 
3 

V = 6537 
Total 

- W Shaft = V Total e x 2 
= 3700 CBS 



MASS MOMENT OF INTERIA - ROTOR 

Mater ia l  : A1 umi num (KO-1 ) 

Density : .1 l b s / i n 3  

No. o f  Blades: 24 

Blades averages thickness 

Type 1 Cyl i nder 
Type 11 Cone 
Type 11 1 P l a t e  

One r o t o r  = .253 Ib- in-Seg 2 



MASS MOMENT OF INERTIA - SHAFT 

Material : Sta in l e s s  Steel  (17-4) 

Density: . I  l b s / i n  3 

I S h a f t  - 72.6 l b  + n - SPQ 2 

I t o t a l  = 2x1 T u r b i n e  +ZI!5Shaft + IShaft (5) 
= 60. Ib-ln-Sec 



WEIGHT CALCULATION - ROTATING ASSEMBLY 

W T o t a l  = W S h a f t  + W - R o t o r  

W T o t a l  = 3 7 0 0  Qs + 1 1 8 0  lhs 

= 4 8 8 0  lhs.  



TORSIONAL STIFFNESS - SHAFT 

.Mater ia l  : Stain1 ess Steel  

6 Modulus o f  R i g i d i t y  11.2 x 10 p s i  

Ro R I  W S t i f f n e s s  

1 4 3 11 1.311 x 108 
2 4.6 3 7 9.217 x 108 
3 4.8 3 10.4 7.609 x 108 
4 6 3 22.8 9 . 3 7 5 ~ 1 0 8  
5 7 3 11.6 3.518 x 109 

I 
S t i f f n e s s  equ ive lent  = 8.7964 x 10 I b / i n  



~ Power output 14 MW 

8 
Coupling s t i f f n e s s  1  x 10 I b / i n  

8 Generator sha f t  s t i f f n e s s  = 5 x 10 l b / i n  

2 S t i f fness  equivelent  = 4.28 x 1.0 I b / i n  

Mass moment o f  i n e r t i a  Gen. Rotors assumes t o  b e  5307 1b-in-Sec 2 

= 2671 rpm 



TORSIONAL FREQUENCIES - POWER GENERATING ASSEMBLY 

Power output 35 MW 

Coupling stiffness 1. x lo8 Ib/in 
8 Generator's Shaft Stiffness - 5 x 10 lb/in 

7 
Stiffness Equivalent = 4.28 x 10 Ib/in 

Mass moment inertia gen, rotors assume to be 5307 1 b-in-sec 2 

Sol ve for frequency of osci 1 lation 

W = 2671 RPM 

W p =  2808 RPM 



. - .. . 'a, 
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Fig. 1.3-2 sectioning of Shaft for Weight; Inertia, 
and iStif iess Calculations 



(11 JOB HOe AHD COWllEETS 
l277' R o I E D E  4-19-78 .- . .. 

Fig. F1.3-3 Critical Speed Computer Run 

B m m I E G  MU 
(3) B W I E G  1 

D o  L o  DC l X* 
9% 6 -4 309 21-&62 

(4) - naRIHc 2 - -- 

- D. L e  DC. x e  

9:s - 8 Z  - GO09 102-&38 - 
(5) S u r T  DATA 
mn. 

XZ D e  - DB l 
1 - - 
8 e062 80 - 6 0125 

2 -  .- 

lie 8. - 6. 
3 - -- 

18.125 9.25 - 6. 
4 - - 

25 0938 9.5 - 6- 
5 - 
27 & 9 -875 - 6e 
6 -  - 
36 025 '11 e688 - 60 
7 - - 
am28 11 be9 .. 6e 
8- -- - - .- 
464 11 m T 8  - 6e 
9 - - 
47 e25 12 .. 6e 
10 - - 
50.3 11 -938 - 6.  
11 - 
62 140 - 6e 

12 - - 
73.6 14- - 6e 
13 ' 

- 
78 e75 11 0938 .- 6e 
14 - - 
78 e3 12 l - 6e 
15 - -- 

79e76  11 *?s - 6e 
16 ' .. 
88 .5 11 &a0 -- 6e 
10 - - 
96 eS 11.688 - 6e 
18 ' 

- 
96 0062 9 -878 - 6- 
19 - -- 

106 e895 9e6 - 6e 
20 -- -- 
lI3e 9 -25 - 6- 
2l- - 
115em. 8- - 6* 
22 -- - 
124e 8e - 6 el25 
23 - 



Fig. F1.3-3 (Cont.) 

(8) SPEED 
-RPII. 
3600';; - 

TOTAL WEIGHT a100998 LBS .- 
P I a S  WAIT 

SEAR? CBIPICAL 12793.11 RPll 
- -- 

TdBWARB BACKYARD 
BCI lam. 11932. 
BC2 237l3: 18l56: - - - 

BEAEIEC STaFEBSS AT 36000 RPW 
. .52346x07 

- 
SB2 - a E  07 
MMPIHO' 
DB1 -04756E 08 
DB2 08 . .- 
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APPENDIX F1.4 

Appendix .Item d. 

PRODUCIBILITY ANALYSES 

Material & Part Availability 

All important materials such as Aluminum Alloy C.355 and I 

C355 and Stainless Steel 17-4 PH are available. 

The proposed supplier of the wheel castings, Morris Bean, 

Yellow Springs, Ohio, has very good experience in casting of 

C355 wheels iwth larger diameters and higher tip speeds than 

575 ft/sec. 

Special or unique Machinery, Facility or Processing Needs 

and Facility Availability 

Facilities are in existance that can handle any size casing 

that we have conceived for the Ocean Thermal Machines. 

Casings up to 50,000 lbs. can be realized at Standard Tool and 

Die, 1931 North Broadway, Los Angeles, CA or L 6 F Company, 

2110 Belgrove, Huntington Park, CA. 

Balancing and overspeed facilities for this size of rotor are 

available at companies such as Pacific Air Motive or Aviation 

Power Supply, and will be to an accuracy that allows a rotor 

assembly to be canged in the field without the need for re- 

balancing. 

~acilities exist to manufacture the remaining parts within the 

Rotoflow organization. 



APPENDM F1.5 

Long Lead-Time Items 

This is a summary of the longer lead- time deliveries and the 

present lead time available from normal suppliers. 

These may change as the capacity of suppliers varies with de- 

mand, however, the longest lead time item the generator, is 

not expected to change significantly. 

The list is for long lead time items for the 14 MW machine. 

For the 70 MW machine, the generator lead time is the same, 

and so are the other items, as the basic module size is the 

same for both. The 70 MW has four times the quantity of 

material. 



A. Generator 1 
14 MW 

B. Expander Case 1 
h i l i l t  up 

C. Shaft - (hollow) 1 

D. Rotor castings 2 

E, Xotor followers 2 

F, Nozzle segments 50 

G. Nozzle adjusting 50 
crank 

H. Raco seals 4 
apprax. 4 8 "  8 

I. RF Ilange 6u" 1 

J. RF flange 72" 1 

Long Lead Items 

Tinle far Acquiring Material Remarks 

52 weeks after commercial comercia1 
drawing approval 

2 days st Steel 
316E e F 3 M  

16-20 weeks st steel similar to 
17-4 Ph shaft on 
plate stock Job I283 
& centrifug- 
ally cast 

8 weeks 

8 weeks 

. '  
8 weeks 

8 weeks 

8 weeks 

15 weeks 

15 weeks 

st steel 316 
ASTM-A-351 

st steel CF3 
316 
ASTM-A- 3 5'1 

.st steel 
17-4 Ph 
AMS 5355 

304 st steel 
ASTM-A-351 

teflon Fluorocarbon 
Co. 

st steel Commercial 
316 

st steel Commercial 
316 



Appendix Item a. 

Spares 

. -. 

. . .  The cost of spares has been estimated as follows: 

Lube system spares: 

10 MW (14 MW gross) 

50 MW (70 MW gross) 

Machine spares: 

10 MW 

50 MW 

Generator spares: 

10 MW 

50 MW 

The component spares list is provisional at this stage, but 

gives an idea of the quantities involved. The larger quantities 

of bearings are those used to permit friction-free operation of 

the expander nozzle system and allow fine control of speed. 

Also, rapid shutdown in the event of load rejection thus pro- 

tecting the unit against overspeed. 



Spares L i s t i n g  (Recommended) 

Nomenclature 

Expander Rotor 

Nozzle Shaft 
Nozz le  S h a f t  Bearing 

Crank Needle Bearing 

Actuator  Needle Bearing 

Nozzle  Thrust  Bearing 

Nozzle Shaf t  Seal 

Main Shaf t  Sea l  

Main Bearing S e a l  

End Ring S e a l  

Crank Pivot  Pin 

Actuator  P ivo t  Pin 

Bearing 

Thrus t  Washer & Pins  

S h a f t  

S e t  of Gaskets 

S e t  o f  0-Rings 

Alarm Doaxil 

Contro l  Board 

Contro l  Relay 

P i l o t  Light l l O V  Green 

P i l o t  Light  l l U V  Amber 

P i l o t  Light l l O V  R e d  

Level Switch 

Magmeter 0-ln00CPS l2VDc 

Pressure  Switch 1-25 p s i  

P ressure  Switch High Range 

Shutdown Board 

Switching Tach Board 

16R100D371 Wiring Board 

Tachometer - Pickup 

50 MW(70 g r o s s )  

4 

10 MW(14 g r o s s )  

2 

50 

150 

100 

2 



Nomenclature 50 MW(70 gross) 

RPM Indicator with Dual Scale 

Vibration Probe with Cable 

Accumulator Charge Kit 
. - - - - . . . . . . . 

Back Pressure Regulator 

Pressure Reducing h Regulating 
Valve 

Filter Element Main 

Filter Element Strainer 

Lube Oil Pump 

Temperature Transmitter 

Lube Oil Pump Repair Kit 

Lube Oil Pump Motor 

Filter Regulator 

Hermetically Sealed Element 

Current to Pneumatic Transducer 

Heater with Thermostat 

Watt Meter 

Ammeter 

Power Factor Meter 

Vibration Indicator 

10 MW(14 gross) 
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Appendix  I t e m  b ,  

S u p p o r t  Equipment  

The f o l l o w i n g  t o o l s  w i l l  b e  r e q u i r e d  i f  the  power  c a r t r i d g e  

i s  t o  be b r o k e n  down o n b o a r d  the v e s s e l .  

1. Power cartridge support f r a m e .  

2. L i f t i n g  means f o r  the  r o t o r  c a r t r i d g e ,  

3. L i f t i n g  means f o r  the t o p  h a l f  c a s i n g ,  w h i c h  w e i g h s  

a p p r o x i m a t e l y  12 ,800  l b s  . 

I n  the  d i s s a s s e m b l y  area, the  o v e r h e a d  l i f t  m u s t  be able t o  

raise 1 3 , 0 0 0  lbs.  F i g u r e s  5 . 3  a n d  5.4 shows t h e  s e q u e n c e  o f  

d i s a s s e m b l y .  

S i g n i f i c a n t  w e i g h t s  are as  f o l l o w s :  

P a r t  

T u r b i n e  

G e n e r a t o r  

T u r b i n e  C a s e  Cover  

Power C a r t r i d g e  

S h a f t  

T u r b i n e  Wheel 

R o t a t i n g  Assembly 

S e a l  & B e a r i n g  Hous ing  
( Inc l .  n o z z l e  assy) 

Lube  C o n s o l e s  

1 4  MW G r o s s  

65 ,000  

1 1 8 , 0 0 0  

128 ,000  

28 ,900  

2 ,380  

694 

4 ,100  

1 0 , 6 0 0  

70 MW Gross 

6 5 , 0 0 0  x 4* 

1 9 6 , 0 0 0  

1 2 8 , 0 0 0  

28 ,900  

2 , 3 8 0  

730 

4 ,100  

10,'600 . 

* The  70 MW u n i t  h a s  f o u r  t u r b i n e  c a s i n g s .  





I 
Servicing Po er Cartridge 

'I" 



Sizes are summarizes as follows in inches: 

Part - 14 MW Gross 70 MW Gross 

L W H L W H 

Generator 230 145.5 116 250 145.5 132.3 

Turbine + Main 194 128 136 194 128 136 
O i l  Pump 

Lube Console 370 142 90 370 142 90 

Special instrumentation and equipmelit w i l l  be needed fo r  the 

following operationst 

(a) Shaft Alignment - jacking devices, indicators. 
(b) Evacuation of turbine - vacuum pumps, hoses. 
(c) Leak Test - pressure gauges, leak test. 
(d) Electrical Connections - Low-high voltage standard 

test equipment. 

(e) Setting of Controls .- Recording apparatus. 
(f) Assembly & Disassembly - ICfting equipment, cleaning 

taci l i t ies .  

For ~naintenance, toofs and equipment will be needed for changing 

oil, filters, lifting electrical pumps and motors. 

Assembly of the turbine is followed by injection of a suitable 
sealant between two seal rings. A suitable sealant pump will 
be provided. 



APPENDIX F1.8 

Non R e c u r r i n g  Costs 

. - - - -- . - .- . $ 2 5 0 , 0 0 0 . 0 0  1 4  MW 2 w h e e l s  9 . 5 "  

$ 7 0 1 , 0 0 0 . 0 0  7 0  MW 8 w h e e l s  9 . 5 "  

1 4  MW 

HP/whee 1 9 , 7 0 0  

Eng. rate $ /hr  $ 1 2 . 0 0  

Shop  rate $/hr  $ 6 . 5 0  

A l l  o v e r h e a d  1 0 0 %  

G & A  1 8 %  

T o t a l  Eng. h o u r s  6 , 8 6 2  

T o t a l  Eng. cost 
hourly, b u r d e n ,  GNA 
e fee 

P a t t e r n  costs 

1st article test 
labor 

T o t a l  C o s t  



APPENDIX F2 

Appendix Item a 

Performance Characteristics 

The axial flow turbine temperature design conditions a r e  specified in Table F2-1. 

Detailed aerodynamic analysis resulted in a fixed geometry, high degree of reaction 

design with a maximum efficiency of 90 percent. For the 10-MW(e) module, the 

turbine is  providing 14-MW(e) gross power and for the 50-MW(e) module, 70-MW(e) 

gross power. The high efficiency is achievable due to the optimized aerodynamic 

design of a specific speed of Ns = 126, and the attention given to minimize inlet and 

discharge losses. For example, a high performance inlet scroll is provided to assure 

uniform flow distribution prior to entering the stator vanes and a center body and 

diffuser are placed downstream of the turbine in order to recover 75 percent of the 

discharge velocity head of the flow. 

The aerodynamic and thermodynamic analysis conducted is  based upon the fact that 

saturated vapor enters the turbine scroll, and liquid droplets larger than 10 micron 

diameter have been removed from the stream by the separator placed upstream of 

the turbine. In view-of the clean flow path and the generous acceleration through the 

scroll and turbine, it is realistic to consider the expansion process based on a 99 

percent quality flow. 

Table F2-1 

TURBINE DE3IQN CO*ITION~ (OTEC) 

Alternator 7Ie = 0.98 

Inlet Temperature Condenser Temperature Temperature Differential 

76.25' F Inlet 58.75" F Outlet 

74 52 

7 0 50 

72.50 57.50 

62.75 48.25 

60.50 41-50 



LMSC -D630248 

The assumptions for the turbine analysis are  summarized in Table F2-2. Table 

F2-3 summarizes the turbine parameters and Table F2-4 presents the geometry of 

the preliminary design. 

In order to arrive at the preliminary design, the effect of degree of reaction and the 

velocity ratio p/co have been studied in detail together with the resulting stator and 

rotor exit angles. In addition, 3 percent and 5 percent &t energy vall~es have been 

considered. The result is presented in Figure F2-1 and Figure F2-2. The off design 

perfornance trend of the axial turbine i s  presented in F i y r c  FQ-3. The power output 

ratio KW1/KWo, (where KWo = 14,000 for the 14 MW(e) turbine and KW1 is the output 

at off design point), is strictly a function of the tempera&e differential across the 

turbine. The following equation represents the off design performance of the OTEC 

axial turbine with fixed geometry. 

KW1/KW0 = 1 + 0.015 (T: - 50) X 0.0625 (T' - 0.25) 

where 

KW = plant design power output 
0 

T1 = temperature differential across turbine 

Tcf = turbine exhaust or condenser temperature 



Table F2-2 .: 

BSSUMPIlIONS USED FOR TURBm DESIGN. 

Ammonia Conditions: P 
0 

128.79 psia 

Qo- 0.99 

P3st 88.00 psia 

Equilibrium during expansion and 
diffusion (fog flaw). 

Turbine : 
. . 

Cylindrical end walls. 

Continuity a t  t ip  and root. . 

R a d b l  equAlibrirnn at No. 2 exit. 

Subsonic flow a t  a l l  stations. 

Rotor blades with aspect ratio 1:6. 

Uniform metidianal velocity a t  rotor ex i t  of 224 ft /sec .  

Diffuser efficiency of 75 percent. 
' 



T a b l e  F2-3 

TURBINE PARAMETERS 

U n i t s  7 0  MW(e) 14 MW(e) 

AMMONIA TURBZNES 
PERFORMANCE ( OTEC ) 

P a r a m e t e r s  

70 
Ammonia Supply 

Po 

Q 0 

T u r b i n e  

P3 Stat ic  

Tj Static  

Q3 Static  

0 

'It 

T u r b i n e  P l u s  D i f f u s e r  

Pq s ta t i c  
Te Stat ic  

Qe S t a t i c  

yo/Pe S t a t i c  

AH1 

RF'M 

f b / s e c  

RPM 
mr 

- 

p s i a  

F 
- 

p s i a  

OF 

F t/ S e c  
- 



I VELOCiW RATIO U/CO F Figure F2-5 
-1 Ammonia Turbine Design(0TEC) Optimum Reaction Ad Gas Angles 



c rotor v 

diagram 

Table F2-4 
Ammonia Turbina cieometry 

70 W ( e )  

T I P  - - ROOT 
1% W(e) 

TIP - ROOT - 
40.7 

639,3 

0.435 

15.35 

19.50 

88.74 

0.965 

224.0 

0.875 



REACTION 

Figure F2-2 Ammonia Turbine Design (OTEC) Optimum Velocity Ratio 



TURBINE TEMPERATURE DIFFERENCE 

Fig. F2-3 Axial Turbine (Fixed-Geometry) Off -Desip 
Tread for OTEC 





WORTHINGTON PUMP CORPORATION (U.S.A.) 
401 WORTHINGTON AVENUE. HARRISON. NEW JERSEY 07029 Tel. (201) 484-1234 

June 19, 1978 

Lockheed Missiles. & Space Co. , Inc. Subj: LMSC P /O  YFV9P6610F 
Ocean Systems Research & Development Div. Pump Specification 
ll11 Lockheed Way PSD-2.1 Rev. 3/9/78 
Sunnyvale, California 94086 Worthington Order 

HRD-6061 
Attn: Mr. M. I. Leitner, 

Senior Staff Engineer 
0157-20, B150 

Gentlemen: 

In accordance with your above subject purchase order, we a r e  forward- 
ing herewith the following: 

1. One copy each of ten different pump data sheets, each of which 
covers one of the pump selections required by the subject 
purchase order. These data sheets provide essential perfor- 
mance information, physical dimensions, and estimated weights 
applicable to the pumps only. Similar information on motors 
and gears has been solicited from others, and will be added 
when available, which we expect to be by June 30. 

2. Copy of pump unit cros s-section, identified as  figure 1, which 
has been marked-up from page 3 of your specification to show 
additional dimensions which we a r e  providing. 

3. copy of pump performance curve, figure 2, which appliks to aIP 
of these pumps. Note that this curve i s  plotted in percentage 
values for all variables. 

4. Copies of five pages on the subject of materials and cost for 
OTEC pumps, extracted f rom a report  which we recently pre- 
pared for another client, and which a r e  equally pertinent here. 

In addition to the foregoing we would like to provide information on 
pump selling prices a s  follows: 

1. Basic selling prices in 1978 dollars for  al l  stainless steel  con- 
struction may be taken as  $7.00 per pound. 

2. By substitution of lower grade materials for some components, 
such as carbon steel  for the suction bell and discharge column, 

and stainless steel  clad carbon stee1,for the suction case, basic 
selling prices may be reduced to $5.25 per pound (Pleas e note 

F 3.1-1 
A SUBSIDIARY OF WORTHINOTON PUMP INC. 



2. (cont'd) 
that we do not consider carbon steel with epoxy coating an accept- 
able impeller material, and have quoted on the basis of 316 L 
stainless steel only. Tip speeds for the impellers required here 
will range from 40 to 60 ft. per second, and it i s  improbabf e that 
the aoereing would remain &tact for very long at  these velocities. 
Exposure of the underlying carban steel to sea water would then 
result in unacceptably high rates of corrosion and erosion.) 

3. For  the prototype units for the 25 and 50 MW applicatims, and 
for the first  production set for the 10 MW demonotration p l a t ,  
add to either 1 or 2 above the amomts of $50,000 for engineering 
and $500 per inch of impeller diameter for patterns and tools. 

4. For  the eighth production set of any one of these pump selections, 
deduct 570 from 1 or 2 above. 

Please note that the foregoing a r e  preliminary figures for estimating 
purposes only, and a r e  not to be cons trued as quotations. 

As soon as we have the required information on motors and gears we 
shall pass it along. In the meantime, should you have any questions on the 
foregoing please do not hesitate to call us. 

Very truly yours, 

.w- 
W. C. ~ r J t z k . c h  
Senior ~ o n s h t i n ~  Engineer 

cc: Ms. B. J. Bartel 
Mr. A. Agostinelli 
Mr. H. D. Allan 
Mr. C.H. Thaw 
Mr. I. J. Karassik 
Mr. B. Neumann 
Mr. R. J. Siricu 
Mr. L. Mazzarune 

. Mr. T. Layne 
Mr. J. E. C. Valentin 
Mr. D. Gettman 



--- .. - -. -. - -. . - 
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WORTHCNGTON PUMP CORP. (USA) 

PUMP MATERIALS AND COSTS 

Historically, pumps intended for the handling of seawater have been 

manufactured from three primary groups of materials, .as follows: 

1. Standard fitted, consisting of cast iron casing or  diffuser, carbon 

steel shaft, and with bronze for the impeller, wearing rings, shaft 

sleeves, and other wetted parts. 

2. All brcmza, usually with M a e l  o r  K M a e l  for sl~alling, and ohen 

with K-Monel or  S-Monel shaft sleeves. 

3. All stainless, in which a wide variety of high alloy irons and steels 

a re  employed according to their availability and chemical and phys- 

ical properties. 

The above groups a r e  not always maintained inviolate, and combina- 

tions of elements f rom pairs of them a r e  frequently used. For example, 

stainless steel wearing rings or aleraves are sometimes s ~ ~ ~ s t i t u t e d  for bronze 

0x1 standard fitted pumps, or some parts may be furnished in one of the Mo- 

nel's in an all stainless pump.  

Such combinations might well be suitable for the cold water pumps for 

OTEC plants if otherwise economically advantageous. For  the warm water 

pumprr, however, the increased rate of galvanic reactions which could occur 

between various materials in contact with each other makes them less  desir- 

able. Since the pumps could well turn out to be otherwise identical for 

these two services, it is desirable to consider the use of the same mater- 

ials for both, and this preference is reinforced in the absence of complete 

knowledge of the properties of the seawater which will be encountered in 



WORTHINGTON PUMP CORP. (USA) 

various locations a t  the depths f rom which the cold water i s  pumped. It i s  

entirely possible, for example, that unanticipated properties of this water, 

such a s  higher dissolved gas content, could offset the otherwise beneficial 

effect of the low temperature. 

Thus the f i rs t  limitation which appears desirable to impose on mater-  

ial selections i s  that they be galvanically compatible. This tends to elim- 

inate standard fitted construction (which is normally used only for relative- 

ly cold water applications, anyway, and where the life cycle of the pump o r  

most of i t s  components can be shorter  than here)  and narrows our choices 

in conventional materials to all  bronze or  all stainless steel. 

In te rms  of corrosion resistance to seawater the all bronze choice 

would be excellent.. Because of the s ize  and configuration of the pumps re-  

quired for this application, however, i t s  use becomes undesirable. It i s  

far less  suitable for fabricated structures, being more  difficult (and in some 

alloys impossible) to weld, and i s  not a s  readily available in plate form a s  

a r e  the ferrous materials.  Even for castings, a s  these become very large. 

availability i s  lower than for ferrous materials,  maintaining material sound- 

ness i s  often difficult, and the upgrading of casting quality to required stan- 

dards can become time consuming and very costly. In addition, based'on 

current thinking regarding the materials of construction for o a e r  major 

components of OTEC power plants, i t  would probably be less  compatible 

galvanically than the remaining possibilities. 

In view of the foregoing, and based on demonstrated suitability in num- 

erous previous applications, our present recommendation for pump mater- 



WORTMNGTON PUMP CORP. (USA) 

ials i s  for all  stainless construction, except for shafting of low alloy steel. 

The choice of particular alloys which might be employed for various indi- 

vidual components of the pumps need not be belabored at  this point since 

there a r e  a considerable variety of possibilities, many of which a r e  never- 

theless similar  in chemical analysis, physical properties, availability, 

cost, and manufacturability. It is therefore possible to assure  compli- 

8"- '.- -, 
ance with the:forty year design l i fe  requirement, and to p r e d i ~ t  pump costs, 

\- 

without the necessity f b r  final material selcction. 

Because of the large  size of these pumps, and the obvious high cost of . 

producing them in these materials,  it may become necessary in a la ter  

phase of plant development to consider certain substitute materials which 

cannot ~ r e s e n t l y  be recommended because of lack of prior experience and 

insufficient research performed to assure  their suitability. Some of the 

possibilities for future consideration, not necessari ly in order of prefer - 
ence, would be the following: 

1. Carbon steel. For  certain components which would be subject only 

to predictably low velocities, such a s  the suction bell, the service 

requirements would not be materially different from those to which 

the platform itae1.f will Lo expoocd, a d  siti.iilar materials could be 

employed 

2. Aluminum allays. Within a limited r a g e  of velocities,- between ' 

approximately 5 feet per  second and 20 feet per second, several of 

the 5000 se r ies  of aluminum alloys have demonstrated good corro- 

sion resistence to seawater at temperatures which will be encoun- 



WORTHINGTON P U M P  CORP. (USA) 

tered by the warm water pumps. We have found little specific in- 

formation regarding corrosion resistance at  the cold 'water tem- 

perature, but it  i s  assumed that this will also be satisfactory in 

view of the experience at higher temperatures. Beyond 20 feet 

per second, the ra te  of corrosion increases quite rapidly, to the 

extent that these materials would be unsuitable for pump impellers,  

where the tip,speeds will be f rom two to four times this value. 

3. Non-metallics. Filament wound fiberglass reinforced epoxies, in- 

dustrial plastics, and even light aggregate concretes may be suit- 

able for some of the low s t ressed components, but the absence of 

any solid experience with these materials in the manufacture of 

large pumps requires. that they be considered experimental at  the 

present time. Nevertheless, some of these may have enough to 

offer in terms of light weight, low cost, and/or corrosion resis-  

tance that they should not be overlooked for study a s  candidates for  

use in future generations of OTEC power plants. 

For the immediate future, however, since the viability of the, entire 

OTEC project could well depend on the reliability of operation of the f irst  

few demonstration plants, we must recommend the conservative approach 

and urge the use of stainless steel pumps. 

Current estimates indicate that the cost of such pumps should be taken 

a s  $7. 00 per ~ o u n d ,  in 1978 dollars, for the full range of heads and capaci- 

ties covered in this analysis. Adoption of some alternate materials,  such 

as  carbon steel or  austenitic cast irons, where suitable, could reduce this 



WORTHINGTON PUMP CORP. (USA) 

cost up to 20 to 25 per cent. 

The utilization of cast iron and carbon steel material throughout, such 

as i s  done for fresh water applications, might lower costs by as much as 

5 0 7 0 ~  to a level approaching $3.50 per pound, but pumps fabricated of these 

materials would be totally unsuitable for the OTEC environment. 



WORTHINGTON P U M P  CORPORATION (U.S.A.) 
401 WORTHINGTON AVENUE HARRISON. NEW JERSEY 07029 Tel. (201) 4861234 

Subject: LMS C P/O YFV9P6610P 
Pump Specification 

Lockheed Missiles & Space Co. , Inc. PSD-2.1 REV. 3 /9 /78 
Ocean Systems R & D Div. Worthington Order 
111 Lockheed Way HRD-6061 
Sunnyvale, California 940 86 

Attention: Mr. M. I. Leitner 
Senior Staff Engineer 
0/57-20, B150 

Dear Murray; 

This will confirm our phone conversations of July 6 & 7, 1978 re- 
garding information on gear units and motors. 

We a r e  forwarding herewith the following: 

1. One copy each of ten different data sheets revised to add informati.on 
on gear units and motors. 

2. A copy of pump unit cross-section, identified as Figure-1, revised to 
indicate required dimensional changes to accomodate rectangular cros s - 
section open drip proof motors. 

The following will give further details on gear units and motors. 

Gear Units 

a)  Information on dimensions, weight and price is  based on 'VOITH1 
planetary gear units. 

b) Two gear units a re  mounted in series to get required'gear ratio. 

c)  Specified information on the revised data sheets is  based on two 
gear units mounted in series. 

d) . Per  'VOITH1 most of these gear units have been previously designed 
and built. 

e) Approximate lead time will be 10 to 12 months. . 

A SUBSIDIARY OF WORTHINGTON PUMP INC. 



Motors 

a )  Information on dimensions, weight and price i s  based on the 
Reliance E l e c t ~ i c  :.~lul;urs. 

b)  All motor f rames a r e  open drip proof requiring pad mounting. 

c )  FOP submercikle motors new frame designs will be pequircd 
which will increase  selling price app~a~sirnately 50%. 

d) We were  unable to obtain quote on motor for condition LMSC 
#3 due to high required motor horsepower. 

e )  Approximate lead t ime will be 14 to 16 weeks. 

In addition to  the foregoing we would like to provide information on 
gear units and motor selling prices as follows: 

1. Basic selling pr ice  in 1978 dollars for a l l  gear units may be taken 
as: 

- .  
a) $11. OU per  pound if motor rated hors epower is gr ~ 4 a . k ~ ~  than 

2000 HP. 

b). $19..00 per pound if motor rated hors epower i s  l ess  than o r  equal 
to  2000 HP. 

2. Basic selling pr ice  in 1978 dollars for all except 7204 H P  motor 
may be taken a s  $15.00 per rated motor hnrseporer. Thie pricc  
is bas ed on drip proof frames. 

Please  note that the  above a r e  preliminary figures for estimating pur- 
poses d y ,  and a r e  not to  be constructed as  quotatians, 

We hope this will. complete all the requirements on the subject purchase 
order. 

We a r e  looking forward for  an opportunity to develop pumping systems 
for this important energy development program. 



If you have any fur ther  questions regarding the  subject ma t t e r  
p lease  do not hes i ta te  to contact us. 

S h c  erely yours,  

R. H. Javia  
P ro jec t  Manager 

cc: Ms. B. J. Bar te l  
Mr. .A. AgostFnelli 
Mr. W. C. Krutzsch 
Mr. H. D. Allan 
Mr. C. H. Thaw 
Mr. I. J. Karas  s ik  
Mr. B. Neumaan 
Mr. R. J. Sir ico 
Mr. L. Mazzarone 
Mr. T. Layne 
Mr. J. E. C. Valentin 
Mr. D.. Gettman 



Revision 1 
July 7, 1978 

WORTHINGTON PUMP CORP. (USA) 

OTEC Sea Water Pump Design Information 

Identification LMS C #1 

Operating Conditions 

15 
. . 

Tota l  Head (it. ) BHP (Sp G r  L03) 3622 . _ _  _ _ .  
-. I-. . . ._ _ 

Capacity (USGPM) _ -. -. . - - - . . -. . ._ _ _ _  . _ '_ 

817000 Motor HP. ' 4527 . . 

. RPM 86 ' 
-. . - - .- - _ _. . . Motor Efficiency (%) 

. 96 

E;ffld=cy (%? ,, .,,. . .. C e n t  ElfIiclariay /%) . . 93 
. .. 

. 2 .. 
NPSHR (R. ) 18 Unit Efficiency (%I 78 

Submergence (ft. ) 5 

Approximate Physical  Character is t ics  (See Fig. 1) 

. Dimensions [in. ) 

Suction Bell ' 

Impei ler  

IiiipeUer Case 

Diffhe er 

Diffuser Ektensian 

Discharge Column 

E h d b  (e GoupLg)  

Sub - Total 

Motor  

Gear 

Sub - Total , 

Unit 'Total 

.Es t 'd Wt. (Ibs ) 

, . F . i  427 
2877.00. 

Aovroximate Lead Times  (Pump only, excluding motor and gear)  

I 

Design 4 noa. Manufacture 18 nos. 

* Rectangular cross - s ectian 



WORTHINGTON PUMP CORP. (USA) 

-0TEC Sea Water Pump Design Informatian 

Idartification -, 

. . 

Cverat in~ Conditions 

.. . .. . -.  Total Head (ft. ) 15 

.-_Capacity (USGPM) 409000 

. - - -. - . .. RPM - 122 

,- N P S ~  (R. ) 18 

. . -- - 

Revision 1 
July 7, 1978 

. . 

BHP (Sp Gr 1.03) 1813 ' ' 

Motor HP 2266 

Motor Efficiency (%) 96 ' .- -. 
.. .- 

Unit =ciency (%) 78 

5 
. . 

Submergence (ft. ) 

Approxi.mate Physical Characteristics (See Fig. 1) 

Dimensions (in. 1 

Dia. Length Est'd Wt. (lbs) , 

Suction Bell  , E =  167 Ha 39 11600 

Impeller A =  . U3 G = 46 9.100 

Impeller Case . A = ll3. G =  46 10600 

Diffuser - L J  13 7 J = 6 1 28300 - 
- Diffuscr Measion M =  157 K =  .71 23500 

Piecharge Columzr 

shaft (@ Coupling) 

Sub - Total 
Motor 

Gear 3 3 R t  - 72 6160 
Sub - Total 18060 

Unit 'Total B = 7G C =  272 

Apdroximate. Lead Times (Pump only, axcluding motor and gear) 

Daoign 4 nee. 

*Rectangular cross - s ection 
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WORTHINGTON PUMP CORP (USA) 

OTEC Sea Water Pump Design Information . .- 

Identification LMS C #3 

Cperafina Conditions 

- - . - . . -. 
Total Head (ft. ) 

. . - . . - - - . 
15 BHP (Sp Gr L 03) 5'763 . . . - . . . . . . . . . 

-- -. .. -. - . . - .  . 
Capacity (USGPM) 1300000 Motor He 7204 

RPM 
.... . - - .  ~" . 69 ... - Motor Efficiency ('$5) 0 .  . . . . _. _ _ _  

=ficiency (%) 88 ' 1 
. 

Gear Efficiency (%) q? 

NPSIm (ft. ) 18 Unit Efficiency (%) 

Submergence (ft. ) 5 

Approximate Physical Characteristics (See Fig. 1) 

Dimensions (in. ) 

Suctian Bell 

Impeller 

Impqllsr Cape 

Diffuser ESrtmsiqn 

Discharge Column 

Shaft (@ Coupling)' . 

Eub - T u U  

Mutor 

Dia. - Len~th 

E =  298 HP 5'0 

A = 201 G = ,sl 

A = 201 G = 81 - 
c =  -244 J -  108 

M 2 80 rr. 5 127 

D =  298 170 

16 244 

Info. not available yc?t 
N =  P P  

Est'd Wt. (Ibs) 

55000 

s- 4 3 0 m  -.. 

51000 

195QM_ - 
iizooo 

h4nn0 
23000 

Gear 2 2 16500 
Gub - Total 

.. . 

Unit 'TOM B =  135 C = 486 . 

A~ProPdmate Lead Times (Pump only, excluding motor and gear) 

Design 4 noe. .Manufacture 21 nos. 
. . 
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WORTHINGTON PUMP CORP. (USA) 

OTEC Sea Water Pump Design Informatima 

Ideatification LMSC #4 

Operating Conditions 

Total Head (8. ) . 15 

Capacity (USGPM) -.._ . _ _  _ _ _  650000 

R P M  -- 2. ._ _ _  97 

F c i e n c y  (%I 88 

NPSHR (ft. ) 18 

Submergence (ft. ) 5 

Motor 

Motor Efliciency (%) . ... . .. . .- - - 

Gear Efficiency (%) 93 . . 
... 

. . 

Unit Etficiency ( O / o )  78 

Approximate Physical Characteristics (See Fig. 1) 

' Dimensions (in. ) 

Dia. . Len~th Est'd Wt. ( lbs)  , 

Suctian Bell . E = 2ll  ; H P  3 5 22000 

'Impeller . . A =  142 G = '  5 8  17000 
Impeller Case. 

Diffuser 

Diffuser -tension 

Discharge Column 

Shaft (@ Coupling)' 

Sub - Total 

Motor 

Gear 

Sub - Total 

Unit 'TOM 
$ 

Aoaroximate Lead Times (Pump only, excluding motor aaid gear) 

D c e i p  4 nos. Manufacture 28 noa. 

*Rectangular cross - s ection 
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WORTHINGTON PUMP CORP. (USA) 

OTEC Sea Water Pump Design Information 

aerating Conditions 

Total Head (ft. ) 10. 2 
. .. - -- - - . . - BHP (Sp Gr 1.03) 1935 . .  . - -  

Capacity (USGPM) 642000 . 
- - . - -. . . . . . - . . - . . - . - - - .. - . . 

Motor H P  2419 .. 

'. 
RFM 73 Motos Wxcieucy (%) 96. .- .. - 

Efficiency (%) 88 93 
I .  

G- ='cienc~ (%I 

. NPSHR (ft. ) 12 Unit ,Efficiency (%) 78 

Submergence (ft.) 4 . ' . 

Approximate Physical Characteristics (See Fig. 1) . 

Impeller Case 

Uiffus el: 

Diffuser Ekteaaian 

Diecharge Column 

Shaft (@ Couplingj . 

Sub - T O M  

Motor 

Gear 

Sub - Total 

Unit 'Total 

Est'd Wt. (lbs) 

28000 

2 2 0 - ! O c -  
25000 

67000 

56000 

A~oroximate Lead Times .(Pump only, acluding motor and gear) 

Design 4 nos. ~anufacture 18 nos. 

*Rectangular cross - section 
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WORTHINGTON PUMP CORP. (USA) 

OTEC Sea Water Pump Design Information 

. .  
Idat i f icat ioa LMSC if6 

-. . . 

. . 
Operating Conditions 

Total Head (ft. ) 10. 2 . . 
BHP (Sp G r  1.03) 968 -- . . . . -  

Capacity (USGPM) 3 21000 Motor HP 
- - -  

1210 
. I . .  .... 

- .-. - . - 
RPM 10 3 Motor Efficiency (%) 96 

............. - . 

NPsHR (ft. ) 12 Unit ELficiency (%) 78 

4 Submergence (ft. ). 

Approximate Physical Characteristics (See Fig. 1) 
' 1 

. Dimensions (in. 1 

Dia. Length , 

Sucticm  ell E = . ,163. H= 27 

Impeller A = no G =  44 

Impeller Case A =  no G = 44 

Mffus er L =  133 J =  59  

Diffuser Extension M = 153' K.= 69 

Discharge Column . D = 163' 94 

Est'd Wt. (Ibs) . 

Sub - T o t a  93800 . 

Motor . N = * 3 0 ~ 4 1  P = 63 5100 

Gear R P  2 65 46 20 

Sub - Totd 9720 
Unit 'Total B = - 7 4  C =  266 

Aooroximate Lead Times (Pump d y ,  excluding motor and gear )  

Design 4 nos. 
. - M a ~ u f a c t u r e  18 nos. 

*Rectanuglar c ross  -s ectian 
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WORTHINGTON PUMP CORP. (USA) 

OTEC Sea Water Pump Design Information 

Identification LMSC #7 

Cverat inr  Conditions 

Total  Head (ft. ) 
- - -. -. - 

10.2 . BHP (Sp Cr 1.03) 484 . . - . - . - . 

. Capacity (USGPM) 
. - . - . .. - - . . - - - - . - . . . - - -. 

161000 Motor HP 605 -. 

RPM 146 
. . 

' ~ o t o r  w c i e n c y  (%) -... 96 .... - . . , - - . . . - . 

NPSHR (ft. ) 12' Unit =ciency ( O / o )  78 

Submergence (ft. ) 4 

Approximate Physical Characteristics (See Fig. 1) 

Dimensions (in. ) 

Dia - Lenath Est 'd Wt, (ibs) . . 
Suction Bell E P  U6 H= 19 . 4300 
I m p d c r  A = 78 . G=' 3 8 .  3400 

78 I i ~ ~ p d e r  Case A = G = 32 3900 

Biiius er I,= 3 J s - 4 2  10400 

Diffuser Entcneiun M a  1 U Y .  

Discharge column D = U.6 67 5000 

shaft (@ coupling). 6 --. - L =- -- 95 1300 

Gub - Total 37000 
. . 

Motor N 30 P P  49 . ' 2800 

' G e a r  K 24 53 2460 , 
A- 

Sub - Total 5260 

Unit TOM B = 52 =*a 

A ~ ~ r o x i m a t e  Lead Times (Pump only,. aduding motor and gear) 

Design 4 noa. 

*Does not include ccmduit'box 
, 
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WORTHINCTON PUMP CORP. (USA) . . 

. OTEC Sea Water Pump Desim Information 

Identification LMS C #8 

Cberatine: Conditions 

. . 

Total Head (it. ) . _._ _ 6.4 

.- --- -- . - . . ,- - - . .-- 
Capacity (USGPM) 718000 

RPM - -  -. . - . 
49 

NPSHR (ft. ) 8 

Submergence (ft. ) 3 

BHP (Sp C r  1. 

~ o t o r  HP 1698 . - . -. . - - 
- .. - 

Motor Efficiency (%) 96 .. -. .- . . - 

Gear Efficiency 

Unit 

Approximate Physical Characteristics (See Fig. 1) 

Suction Bell 

Impeller 

Impeller Case 

Diffuser 

DUfuscr -ension 

Discharge Column 

s h d b  (@ couPliagj 

Sub - Total 

Dimensions (in. ) 

Dia. - Lenrrth Est'd Wt. (lbs) , 

44000 

35000 

410 0 0 

Motor . . N 3 * 3 7 ~ 5 3  P = 68 8500 

Gear 

A ~ ~ r o x i m a t e  Lead Times  (Pump only, srciuding motor +nd gear) . - . .- .- 

Design 4 nos. Manufacture, 21 --_-.----nos. 
. . 

* Rectangular cros s-s ectian 
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WORTHZNGTON PUMP CORP. (USA) 

OTEC Sea Water Pump Design Information 

. 
Identification LMS C #9 . -  . .  

. . . . 

Operatina Conditions 

Total Head (ft. ) 6.4  BHP (Sp Gr  1.03) 679 -. - - . . . . 
-- - .. 

- - -. 

Capacity (USGPM) 359000 Motor HP 849 -- - - - -- - - . - . - . - -- - 
.. . 

Efficieacy (%I 
"- 

88 Bear Efficiency (%I 93 

N P S M  (ffr ) 8 Unit ECflciency (%) 78 

Submergence (ft. ) 3 

Approximate Physical Characteristics (See Fig. I) 

. Dimensions (in. 1 .  

Suction Bell 
- . . 

I. Impel ler  
. . . - - . . - . . . . . 

Impel ler  Case ' 
- - . ... . 

Diffuser m t e n s i a n  

Discharge Column 

Shaft (@ Coupling) 

Sub - Total 

hlukur 

Gear  

tkrb - Tirhl 

Unit T o h t  

Dia. - Est 'd Wt. (Ibs) 
. . 

A o ~ r a x i m a t e  Lead Times (Pump d y ,  excluding motor and gear)  

Deaign 4 nos. Maaufactur e 18 nos. 

*Rectangular c r o s s  - s ectian 
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WORTHINGTON P U M P  C O D .  (USA) 

OTEC Sea Water Pump Desim Informaticm 

~dentification LMSC #10 
. . 

Operating Conditions 

ZWM _ ----... .- __i___ _ 97 3 h b r  Efi%aency (%) - 96 -. -- -. - . , . - 

Effidaaq (%) 88 : 
-.... - - . Geu EfEiaency [%) 93 . .- . - - . - (ft. I ,a =t ~ f ~ i c i ~ ~ y  (ole) 78 

hbmergence (it. ) 3 

-d 

Apprcdmate Physical Characteristics (See Fig. 1) . . 

. Dimensions [in. ) 

Dia - Length Est 'd  Wt. (Ibs) 

E ,137 =a 23 6800 i 

-- . 
Impeller Caea A =  93 G =  37 6300 - . -- . . . 

uz . - --. 
Diffus er L =  J =, 50 16600 

- . .. 
Diffuser Extension M =  129 K =  . 58 13800 

. .  - Discharge Column D= 137 79 7900 

Shaft (@ Coupling) 6 112 2500 

. . 
S11b - Total 58300 

. . . . . . . 
Motor N =  * 30 P =  

. . 
44 2500 

G- 
- -- R =  21 44 1320 

Sub - Total 3820 

~ n i t ~ o t a  . B =  62 c =  224 
--- 

F = 247 62120 

M r m r i m a t e  Lead Times (Pump only, =&ding motor and gear) 

@ ~esign 4 -. a & e e  18 n.08. 

. . 
*Does not ihclude. conduit box 



SUBJECT 

I 
Material Requirements 1 API-610 

A. Agosti  nel  1 i H - 3 2  I Invoice No. ' . 

NPM Locotion If Quotation Requested, It Is To Be: 

... - .  . .--- .- 

. Anderson To H - 13 
NOW Location 

COPIES 10 - .- 
REPLY REQLIIRED.-OY 

Division Quotation No. 
S. 0. Quotation No. . 
S. 0. Order No. 

Tom, 

We shall have t o  address Section 111 o f  API-610 f o r  mater ia l  
requirements on the new HQ pump. This sect ion i s  ve ry ' s t r i ngen t  
when you read the requirements and i t  behooves us t o  make sure 
t h a t  we are i n  f u l l  comgliance. Nhen you re tu rn  from vacation 
g ive  me a c a l l  and l e t ' s  discuss t h i s  a l i t t l e  fu r the r .  

AA: grs 

" A. Agosti vb 



Revision 1 
. 

. . 
I 

'-4 . . 
W V) 

t 
t w 

I 
. , 

.TYPICAL SEA WATliR CIRCULt\TINC PUElP, (F/c, .' 1)' ! I 
IU 
W . . h, 

I . 
. .  b-' 

'Adjustment in these dimensions required to accomodate rectangular cross-section open drip proof motors. 





AMERICAN M.A.N. CORPORATION 
WEST COAST OFFICE 50 CALIFORNIA STREET SAN FRANCISCO, CA 941 11 TELEPHONE (41 5) 391 -2935 

October 17, 1978 

Lockheed MSL Space Company 
Post  Office Box 504 
Sunnyvale, CA 94086 

OTEC Studies 
LSMC-D62358 

Gentlemen : 

With our l e t t e r  of  September 8,  we submitted t o  you our proposal f o r  our  
pump A 30 f o r  a flow r a t e  of 408,500 GPM. During our meeting on September 
11, you requested t h a t  we submit a l s o  budget proposals  f o r  o w  models 
A 37.5, A 42 and A 53 f o r  fixed-blade design, with va r iab le  speed control  
and, a s  an a l t e rna t ive ,  impeller p i t c h  co'ntrol. Today we would l i k e  to 
submit these a l t e rna t i ve s  a s  follows: 

Pump Model 

Flow r a t e  (GPM) 817,000 408,500 1,300,000. 650,000 

Unit weight (kg) 131,300 56,000 247,600 97,000 

Unit p r i m  (DM) 
non-controllable p i t ch  2,650,000 1,550,000 4,200,000 2,200,000 

add c o s t  f o r  va r iab ie  . 2 

speed control  by means 
of f l u i d  coupling 360,000 240,000 455,000 310,000 

a l t e rna t i ve ly  
add cos t  f o r  
impeller  p i t c h  control  350,000 250,000 . 500,000 300,000 

add c o s t  f o r  packing 
and delivery FOB German 
p o r t  of  expor t  130,000 40,000 220, UOU 102,500 

add cos t  f o r  delivery 
CIF East Coast USA 110,600 35,000 205,000 82,000 

We a l s o  t a k e . t h e  opportunity to include the  o r i g i n a l  t echn ica l  descr ip t ion by 
M.A.N., TP 975 985, w h i c h  supersedes the  one at tached t o  our  l e t t e r  of  Septem- 
ber 8, 1978. 

./ 
cc: M r .  D. Meier-Althaus 

TP , Gustavsburg F3,2-1 

HEAD OFFICE 11 14 AVENUE OF THE AMERICAS NEW YORK. NY 10036 TELEPHONE (21 2) 221 -3340 



Page Two . A M  E R  l C A N  M.A.N. CORPORATION 
W E S T  C O A S T  O F F I C E  

A s  briefly discussed during our recent telephone conversation with you. 
M.A.N. has the shop f ac i l i t i e s  to  manufacture these pumps, however, in 
order to  justify setup costs an order should consist of a minimum of 
four pumps of one model. 

Above budget prices are  based on cost factors as of October 1, 1998. and 
are subject to  escalation. 

We t r u s t  tha t  today's additional infonnation w i l l  be useful for  your 
finalizing a pmpnsal t o  bhe Departmult ~i Energy. We do hope t h n C  
you w l l l  be Successful and that w e  can c o n t i n n e  to worlc togeu~er. 

Very truly yours, 

Hano-Peter Feddttrsen 
V.P. - West, Coast Office 

HPF :ct 
Ehclosure 



Gustavsburg, 4.9.1978 
TP-bru/gu/bi/lor 

Technical Description .................... ..................... 

M.A.N. Pump Set 

Single-stage, vertical or horizbntal axial-flow propeller 

pump of the closed tubular casing type; 

impeller blades firmly set in the impeller body; 

driven by a submersible electric motor with re- 

duction gear. 

Mounting and overall dimensions for pump type A 30  as 

per enclosed drawing C 76.50  000-4762.  

Pump characteristics: 

Specific gravity: 1 0 2 0  kg/m3 

25 MW (e) 50  MW (e) 

Rate of flow: 186 000 93 000 296 000 148  000 m3/h 

81 7 000 408 5 0 0  1 3 0 0  000 650  000 g p m  

Pump set, type: A 42  A 3 0  A 53 A 37.5 

Impeller dia.: 4 2 0 0  3000  5 3 0 0  3750  mm 

Pipe outlet dia.: 4900 3 5 0 0  6200 4400 mm 

Discharge head of 
pump as measured at 
centre of pipe bend, 
related to inlet water 
level : 4.60 4.60 

Discharge head of 
pump stage: 4.80 4.80 

Efficiency nf  pump 
stage : 88 .OO 88 .OO 



Eff ic iency  of  re- 
duct ion gear :  98 .OO 98 .OO 98 .OO 98.00 % 

Eff ic iency  of pump 
set: 86.24 86.24 86.24 86.24 % 

Power inpu t  of pump 
set as measured a t  
t h e  motor coupling: 2 87 6 1438 4576 2288 kW 

Pump speed: 9 1 127 72 101.5 r.p.m. 

Motor speed: 1200 1200: 1 200 1200 r.pomo 

Minimum motor 
output:  31 70 1590 5040 2520 kW 

O L l l e i  pwiip c h a r a c t e r i s t i c s  as per  enclosed diagrams M 2024, 

M 2025, M 2026, M 2027. 

Torque curve as per  diagram D-Z-32/A. 

M a t e r i a l s  ....................... ......................... 

Intake section 
Wearing r i n g  

Diffuser  

Jacke t  tube 

Impeller  body 

Impeller  blades  

Shaf t  

Shaf t  pro- 
t e c t i n g  s leeve3 

Bearing bushes 

Bolts i n  con- 
t a c t  with t h e  
water, up t o  
M 10 

Ma%el;ial DIN Material  
- Code 

Ni-Resist, type 1 

N i - R e s i s t ,  type D 2  

R - S t  37.2 17 100 1.0114 

R-St 37.2 17 100 1,0114 

N i - R e s i s t  D 2  

G-X 8 C r N i  26 6 

C 45.v 

Lit 50.23 

S t e e l  with ergon' . . 

X-10 C r N i T i  18 9 



Material DIN Material 
Code No. 

Bolts in contact 
with the water, 
larger than M 10 ' X-22 CrNi 17 17 006 

Nuts in contact 
with the water, 
up to M 10 X 10 CrNiTi 18 9 17 006 

Nuts in contact 
with the water, 
larger than M 10 X-12 C~MOS 17 17 006 

Washers in con- 
tact with the 
water X-12 CrNi 17 7 17 006 

The pump set comprises: 

1 single-stage axial-flow propeller pump, 

- . .- . . . . -..-. .. . . - - . . . with wearing - ring in impeller blade area, 

bolted to: 

1 jacket tube 

1 intake section flange-mounted on the pump, 

1 impeller shaft flange-mounted in the reduction gear, 

2 oil-lubricated plain thrust bearings, 

1 planetary reduction gear with built-on oil circulating , .  

.Pump t 

1 submersible drive motor, 



1 toothed coupling to connect the gear and motor shafts, 

2 mechancial seals. 

All parts factory-assembled prior to despatch, including 

bol to ,  ooalo, E i t t i n g s  and l~ardwaia, but: excludlay oil 

and grease fillings. 

A number of individual pump components are described be- 

low in more detail. 

 on-adjustable axial-flow impeller 

The blades are inserted in the impeller body and fixed in 

position. Subsequent variation of the blade angle and the 

resulting change in the delivery characteristics (rate of 

flow, discharge head) is possible if due consideration is 

given to the motor output and pump shaft diameter. To en- 

sure smooth running, the impeller will be dynamically 

balanced. 

Plain thrust bearinq 

This bearing takes the hydraulic axial thrust of the pump 

and the load of the rotating parts and provides additional 

radial guidance for the pump shaft. 

To provide the facility of carrying the pumped liquid in 

both directions (at different flow rates though), we have 

included two plain thrust bearings acting in opposite 

directions. 



- Plane ta ry  reduct ion gear.  

A s ing le -s tage  p lane ta ry  gear  wi th  double toothed coupling 

on t h e  high-speed s i d e ,  double h e l i c a l  gear ing,  p inion and 

p l ane t  wheels i n  case-hardened and ground s.tee1; o u t e r  

c e n t r e  wheel made of hea t - t rea ted  s p e c i a l  steel; cas ing  of  

welded cons t ruc t ion .  

Submersible motor. 
P l a i n  bear ing type wi th  forced feed lub r i ca t ion .  

Enclosure I P  55 f o r  s ea  water  immersion, inc lud ing  stand- 

s t i l l  i n d i c a t o r  and leakage water i n d i c a t o r .  

Zinc d u s t  coa t inq  system 

A l l  p a r t s  w i l l  be coated a s  follows: 

The p a i n t  system,which is  based on two-pack epoxy r e s i n ,  

is charac te r i sed  by extremely high r e s i s t a n c e  t o  abras ion  

and chemical aggress ion.  This system is  t h e  r e s u l t  of ex- 
t ens ive  series of t e s t s  and has been succes s fu l ly  used on 

a g r e a t  number of cool ing water pumps, l ow- l i f t  pumps and 

sewage pumps. 

The p a i n t  .system w i l l  be appl ied as follows: 

Metal su r f ace  

S t e e l  o r  c a s t  i r on ,  sand-blasted t o  near  white metal ,  

r u s t  removal grade 3 t o  D I N  18364 .  

G COO? 
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Prime coat 

Two coats of EPOXY zinc dust paint, the first being 

applied immediately after sand-blasting. 

Top coat 

One coat of EPOXY varnish paint with chrome nickel 

steel pigments, colour: dark grey metallic. 

MASCHINENFABRIK AUGSBURG-NtiRNBERG 
Aktiengesellschaft 

r l  /' 



AMERICAN M.A.N. CORPORATION 
WEST COAST OFFICE 50 CALIFORNIA. STREET SAN FRANCISCO, CA 941 1 1 TELEPHONE (41 5) 391 -2935 

October 2 7, 19 78 

M r .  Charles M. Robidart 
Energy Systems/Ocean Systems 
Research & Development Division 
Lockheed Missiles & Space Company, Inc. 
Post  Of f i ce  Box 504 
Sunnyvale, CA 94086 

OTEC 'Studies 
M.A.N. Pumps 

Dear M r .  Robidart:  

We would l i k e  t o  confirm our  telephone conversation o f  October 
23, 1978 during which w e  informed you t h a t  

M.A.N. ' s proposal  includes  a l l  accessor ies ,  e t c .  f o r  t h e  hydrau- 
l i c  couplings quoted a s  an a l t e r n a t i v e  i n  ou r  le t ter  of October 
17,  1978; 

The design c r i t e r i a  f o r  t he se  pumps a r e  based on a l i f e  expec- 
tancy o f  a t  l e a s t  160,000 opera t ing  hours i n  terms of ma te r i a l  
s e l e c t i o n ,  s t r e s s e s ,  e t c .  ; 

The mean time between overhauls can vary between 20 and 50,000 
operat ing hours, depending on t h e  component under cons idera t ion  
and t h e  expensiveness of its design. I n  o t h e r  words, some com- 
ponents can be designed such t h a t  t h e  time between overhauls 
can be extended, however, a t  t h e  expense of making t h i s  compo- 
nent .  

We t r u s t  t h a t  t h i s  information is  of va lue  f o r  your cu r r en t  
study. I f  you have any f u r t h e r  ques t ions ,  p l ea se  f e e l  f r e e  
t o  c a l l  us. 

Very , t ru ly  yours,  

AMEACAN M.A.-~F~;'~OWORATION 

/ IIPF:ct 
. __- 

V.P.  - West Coast Office 
. ,  I 

..-: 

PS: W e  enclose t h e  p i c t u r e s  you l e n t  us dur ing  our meeting F3.2-9. 
of October 17. 

HEAD OFFICE 11 14 AVENUE OF THE AMERICAS NEW YORK. NY 10036 TELEPHONE (21 2) 221 -3340 



MA.N. Ma8chinenfabrlk Augaburg-Nirrnberg Aktiengesellschaft 
6095 Ginshelm-Gustavsburg 1 . Glnsheimer StraBe I . Posttach 

Lockheed 
Missiles & Space Comp. Inc. 

Sunnyvale 
California 94088 
U.S.A. 

By and copy to: 

M.A.N. Corp. New York 

GINSHUMGUSTAVSBURG 1 
lhre Zeichan ihm Naehrldn vom U- Zelchen Femrut Glnsheimer SbaBe 1 

TP-oe/ba/lor (06143) "-31 3 October 23, 1978 

Betreit 

Gentlemen: 

Power System Development 
PSD-2.1, Rev. 3.9.78 

We thank you for the above tender specifications, which were for- 

waraed to us throngh our U.S. subsidiary, Funerican M.A.N. Corpora- 

tion, New York. As we gather from the specifications you are studying 

the feasibility of power plants requiring large-size circulating 

water pumps. These would be installed either horizontally or verti- 

cally. You also want to find out as to whether it is advisable to 

provide speed or impeller adjus,tmant for these pumps, and therefore 
ask for submission of the corresponding documentation. 

You will no doubt have been informed by our gentlemen of M.A.N.- 

Corporation that M.A.N. above all deai with large-size pumps and 

of these with Kaplan pumps, which can be adapted to changing opera- 

ting conditions by means of modification o f  tha impellor pitch. We 

- 
Vorsitzender des Aufsichtsrats: DieMCh Wilham von Menges . Vorstand: Hans Moll. Vonikendez Gerd Wollburg. stellv. Vorsitzender: Siegfried Meurer. Alfred Roth. Adolf S~hitf. 
Gerhard Stein. Otto Voisard: Stellv.: Wolfgang Muller. HerbeRRedliCh. Sik der Gesellschanist Augsburg . Handels-Reg. Augsburg B 6106. Werke in Augsburg. Hamburg. Numberg. 
MGnchen. Gustavsburg. 

- . .. .. . . . . - . . . 
Mnnwen Onskwnnrahl 0 61 43 
Gustavsburghessen 

04-187 8f 
(Amt Mi 
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mz-Kasleil Mr. 5 51 Mainz-1 
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have for instance installed such a pump for a water circu- 

lating tank for ,ship model measuring purposes conducted in 

Berlin,where the rate of flow can be controlled with such, 

a control; system within a range of from 0 to 60 cbm/sec. 

with a pump dia. of 3.50 m. We therefore think we can give 

you some useful proposals for the projects concerned. 

Please understand that we are not in a position to process 

all required alternatives at the same time. The sizes con- 

cerned in the present case require completely new designs 

to be elaborated and corresponding negotiations to be held 

with the supplies concerned. We are, however, in a position 

today to offer you, as a main version, a pump without any 

adjustment control, both for vertical and horizontal in- 

stallations, as well as a second version with speed control 

also for both vertical and horizontal installation. For these 

4 cases we enclose some sketches. We shall furthermore quote 

you a budget price for the third version with blade pitch 

adjustment, but we are not yet in a position to send you 

herewith a project sketch with corresponding description. 

We shall, however, try our best to catch up on that within 

a short time. 

You are requestfng the above studies to be conducted again 

for various areas of rate of flow, i.e. for pumpsof various 

sizes. Please understand that we shall conduct the studies 

for one version only, and it is for reasons of practicality 

only that we have chosen the versions having the lowest rate 

of flow, but we see no difficulty in transferring the re- 

sulting design findings to the other versions with higher 

rates of flow. We are therefore quoting you, in the same 

letter, the budget prices for the latter versions. 
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Versions la and b, non-adjustable pump 

We would like to give you hereunder some explanations on 

the individual versions. Since the structure of the pump 

is basically the same for horizontal and vertical installa- 

tion, w e  would like to descrlbe the common features first 
and then talk about the different aspects of vertical and 

horizontal pumps. 

The impeller, which is an axial wheel of suitable diameter, 

is mounted onto the sunwheel of a heavy-duty planetary 

gear direct. The distance of the driven side bearing has 

been chosen such that it is arranged at the centre of gravity 

of the impeller. The unit is driven by the electric motor 

via a gear coupling. A Michell bearing acting on both sides 

is mounted on either side of the sunwheel in the gearbox, 

especially in the case of vertical installation, to carry 

the hydrauiic axle thrust and the weight of the iweller. 
/ 

The gearbox itself including the bearing is flanged into 

the pump diffuser hub. The drive motor is mounted to the 

diffuser hub of the axial pump direct and additionally to 

the discharge pipe supported by several ribs. For further 

de.t.ai1.s on the impellas, the oliding thrust bearing, the 

reduction planetary gear and the submerged motor please re- 

fer to our letter of 4th September, 1978. 

For further design details see also our project sketch. 

According to your proposal, we have based our design on 

the feature that all mechanical components will be under 
air pressure, which will be above the under-walor prescure 
to ensure that no seawater will enter due to minor leakage. 
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We intend t o  provide the  a i r  a t  t h e  lowest po in t  t o  t h e  

mechanical elements so  t h a t  a l l  pos s ib l e  leakages w i l l  

be covered by compressed a i r .  This w i l l ,  of course,  re -  

q u i r e  d i f f e r e n t  arrangements f o r  v e r t i c a l  and ho r i zon ta l  

arrangements, including t h e  impel ler  s h a f t  seal. 

V e r t i c a l  i n s t a l l a t i o n  
\ 

Since it may be assumed t h a t  it w i l l  be poss ib l e  t o  f ab r i -  

c a t e  t h e  impel ler  body a s  an a i r - t i g h t  u n i t ,  and s i n c e  

furthermore minor a i r  leakages can e a s i l y  be compensated, 

t h e r e  w i l l  c e r t a i n l y  be no pene t ra t ion  of seawater a t  t h e  

a r eas  where t he  s h a f t  e n t e r s  t h e  gearbox and t h e  e l e c t r i c  

motor, and the re fo re  no s l i d i n g  bearings w i l l  have t o  be 

provided the re .  Standard s l eeve  packings w i l l  be s u f f i c i e n t  

t o  ensure t h a t  water w i l l  almost completely be prevented 

from en te r ing  dur ing e rec t ion .  A pneumatic s e a l  f o r  stand- 

s t i l l  per iods  w i l l  be provided a t  t he se  po in t s  t o  se rve  

the same purpose. 

W e  in tend t o  feed t h e  a i r  t o  t h e  motor i t s e l f  through a 

s t i f f e n i n g  r i b  of t h e  e l e c t r i c  motor and t o  supply it down 

t o  t h e  lowermost po in t  of same. 

~ o r i z o n t a l  i n s t a l l a t i o n  

The impel ler  s h a f t w i l l  be sea led  o f f  a g a i n s t  seawater by 

means of a double-acting r o t a t i n g  mechanical s e a l  which 

w i l l  be suppl ied wi th  s e a l i n g  o i l .  The s e a l i n g  a i r  f o r  

lube o i l  and a l s o  t h e  s e a l i n g  o i l  of t h e  mechanical s e a l  

w i l l  be fed t o  t he  e l e c t r i c  motor t o  t h e  lowennost po in t  

of a support  r i b  i n  o rde r  t o  ob ta in  a higher ove ra l  p ressure  

than t h a t  of t he  seawater. A s  f a r  a s  w e  ga ther  from your . 
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informat ion it w i l l  be poss ib l e  t o  reach a depth a t  t h e  

l e v e l  of t he  i n s t a l l e d  c i r c u l a t i n g  water pumps through 

a hoistway. W e  t h e r e f o r e  in tend t o  arrange t h e  necessary 

o i l  f i l t e r  f o r  t he  o i l  c i r c u i t ,  which w i l l  supply no t  only 

t h e  gearbox and the  r o t a t i n g  mechanical s e a l  bu t  a l s o  t h e  

two skiding bear lngs  o f  t h e  e l e o t r i o  motor, outside Lire 

u n i t  f o r  maintenance purposes. We a l s o  in tend t o  provide 

a s e t t l i n g  tank f o r  t h e  o i l  i n  t h e  gearbox space , , pos s ib ly  

i n s i d e  a guide r i b  of t h e  d i f f u s e r ,  s o  t h a t  impur i t i e s  and 
condensation water a r e  allowed t o  accumulate t h e r e  t o  be 

remov~d a t  c e r t a i n  i n t e r v a l s  by means of a hand-operated 

pump. This opening may a l s o  be used t o  draw o f f  t he  com- 

p l e t e  o i l  f o r  o i l  changes without having t o  disassemble 

t he  u n i t .  The necessary s e a l i n g  a i r  and a l s o  t h e  power 

supply l i n e  would pass through t h i s  hoistway t o  t he  units. 

AS w e  cannot db ta in  any information from the  tender  docu- 

ments as t c  t h e  way of i n s t a l l a t i o n  of t hese  u n i t s  i n  such 

a hoistway, w e  have s o  f a r  no t  worried about it f o r  t h e  
time being,  and t h e  suspension f a c i l i t i e s  of  t h e  pumps have 

t h e r e f o r e  n o t  been taken i n t o  account when c a l c u l a t i n g  t h e  

p r i c e s .  W e  would ask you t o  bear  t h i s  a spec t  i n  mind. For 

f u r t h e r  d e t a i l s  p lease  refer t o  sectional drawings C 76.5000- 

4762 ( v e r t i c a l  i n s t a l l a t i o n )  and C 76,5000-4799 (hor izonta l  

i n s t a l l a t i o n )  . 
Versions 2a and. b, speed controlled pump 

The s t r u c t u r e  of  t h e  u n i t  i s  b a s i c a l l y  t h e  same except t h a t  

a Voith tu rbo  coupling i s  provided between t h e  gearbox and 

t h e  e l e c t r i c  motor, i n  o rder  t o  reduce t h e  des i r ed  nominal 
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speed c o n t r o l  by up t o  30 %. You w i l l  know t h a t  t h i s  

change of speed w i l l  be brought about by varying the  

o i l  volume of t h e  hydraul ic  coupling.  This change i s  

by a pipe submerged more o r  l e s s  deep i n  t h e  cir- 

c u l a t i n g  o i l  and thus  pumping o i l  i n t o  a reserve  tank.  

Operation of t h i s  p ipe  is  by an e l e c t r i c  motor v i a  a 

s p e c i a l  gearbox and a. crank mechanism. 

This d r i v e  u n i t  i s  arranged above the  d i f f u s e r ,  and t h e  

. pipe  is  l e d  through a d i f f u s e r  r i b  which a s  is  wel l  

known is  two-walled. This crank mechanism is  again  en- 

capsula ted ou t s ide  t h e  pump and suppl ied with compressed 

a i r .  The servomotor r equ i r e s  220 V power supplied out- 

s i d e  t he  pump. An induction-type revolu t ion  counter  is 

i n s t a l l e d  i n  t h e  coupling i t s e l f .  The measuring t r ans -  

ducer required is  t o  be arranged o u t s i d e  t h e  pump, pro- 

bably i n  t h e  same room a s  t h e  o i l  f i l t e r  and o i l  coo le r .  

The measuring information of  t h e  t r a n s m i t t e r  i s  fed  in -  

t o  t h e  p ipe  d r i v e  room v i a  a s epa ra t e  tube t o  be i n t e -  

g ra t ed  i n  t h e  d i f f u s e r  r i b ,  and from t h e r e  t o  t h e  measur- 

ing  t ransducer ,  which is t o  be suppl ied wi th  2 2 0  V. 

I t  is intended t o  take  t h e  opera t ing  o i l  requ i red  f o r  

t h e  coupling from t h e  lube o i l  provided f o r  t h e  gearbox 

and motor i n  o rder  t o  avoid t h e . i n s t a l l a t i o n  of a s epa ra t e  

supply system. This w i l l  of course increase  t he  volume of 

o i l  c i r c u l a t i o n  t h a t  can no longer  be handled by t h e  im-  

p e l l e r  hub, which w i l l  t he re fo re  r e q u i r e  provis ion of an 

e x t r a  tank. This s h a l l  be arranged e i t h e r  near t h e  lube 

o i l  f i l t e r  i n  t h e  dry room, wi th  a sepa ra t e  e l e c t r i c a l l y  
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dr iven  o i l  c i r c u l a t i n g  pump provided f o r  t h e  increased 

. . r a t e  of flow, o r  below t h e  e l e c t r i c  motor thus  c r e a t i n g  
t h e  p o s s i b i l i t y  of d r i v i n g  the  o i l  pump o f f  an a d d i t i o n a l  

I 
s h a f t  end. I n  our  sketch w e  have roughly ind ica ted  t h e  

a r ea  where t h e  tank i s  t o  be arranged i n  t h e  pump i n  t h e  

dry room. Due t o  t he  ~ o w e r  l o s se s  i n  t h e  hydraul ic  coup- 

l i n g  t h e  o i l  must be re-cooled i n  t h i s  case.  This i s  done 

by an o i l  cooler arranged i n  thc dry  room and suppl ied 

by o t h e r s  wi th  seawater. 

A s  r egards  ' the hor izonta l  and v e r t i c a l  i n s t a l l a t i o n  t y p e s  

t h e r e  a r e  minor d i f f e r e n c e s  a s  t o  t h e  coupling sec t ion ,  

which a r e  shown on drawings No. C 76.5000-4801 ( v e r t i c a l )  

and NO. C 76.5000-4790 ( h o r i z o n t a l ) .  

Hoping t o  have been of s e r v i c e  t o  you, we remain, 

Yours t r u l y ,  

MA~CHINENFABRIK AUGSBURG-NURNBERG 
/4 
i 

,/ - 
J 
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