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APPEND1 X A .  1 

SYSTEM DESIGN AND OPTIMIZATION MODEL UPDATE 



TO: Paul Bakstad 

INTEROFFICE CORRCBWNDENCL PSD- 1-322 
78.6852.4.7-05 

cc: D i s t r i b u t i o  DATE: 2 June 1978 
P. F u k u n a g a k ~ ~  
R. Pearson 

.umJmfl: OTEC System Optimi r a t i o n  Program Update paom: Gregory S. Gibson 
.LOO MAIL STA. ext .  
81 1569 63374 

The OTEC-I system opt imiza t ton  computer model i s  described i n  

reference 3.. pages E-1 t o  E-37. The OTEC-11 system opt imiza t ion  computer 

model has greater  capabi l  i t i e s  than the OTEC-I model. The areas o f  

mod i f i ca t ion  include: 
. . . .. o Heat t r a n s f e r  coe f f i c fen ts  

o Programing inputs 

o Gross power i t e r a t i o n  

' o Cost equations 

o P r in tou t  

. These modi f i ca t ions  were developed by myse l f  and P. Bakstad. 6. Kik in  

. . 
'- .developed the enclosed heat exchanger cost  equations . 3 .  &el  1 i s  devel epcd 

. . t he  thermal thickness eval uat fon technique. 

PROGRAM INPUTS 

The OTEC-I1 op t im iza t ion  computer program has more f lex4 b i  1 i t y  and 

c a p a b i l i t y  than the OTEC-I model. Inputs l i s t e d  i n  Table 1 a l low the 

programmer t o  change tube geometry and tube mater ia l  w i t h  each computer 

run. Tube geometry o f  each heat exchanger i's input ted  by choostng the  

approprlate values o f  DO8 D8 Dw, Ar and Thick. Tube mater ia l  i s  input ted  

by choosing the  approprfate value o f  CO!4, the tube therinal conduct iv i  t y .  

Tube cost  parameters depend on both the tube geometry and tube mater ia l .  



C,. Ct and 

B 2  

DoC, DC.  DwC, T h i c k  and 
DOB. DR.  DWB. T h i c k  B 

Table 1 
OTEC ~ P T I r 4 1 1 A T I O N  COMPUTER 

P R Q G R A l l  INPUTS 

CON 

S u b s c r i p t  C 
B 

Tube Cost  Parameters ,  $/FT 
(see Tables 3 and 4)  

Tube Geometry, Inches 
(see Figure 1) 

Water  S i d e  Area R a t 1 0  

1 ube  V a l  1 Thermal Conduct i v l  t y  ,BTU/HR/F~/.F 

Symbol izes  Condenser 

Symbol l z e s  R a i l e r  2 - w  
OD 

cO G -  
m t m  

3 w  
r u m  m 

h) 
d .  
W P  
V' 
OD- 

8 
0 
U) 
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The inpu t  parameter "Thick" I s  no t  the  tube thickness. It i s  the 

tube  thermal thickness. The thermal thickness I s  used t o  compute the 

w a l l  heat t r ans fe r  res is tance us i  ng the  f o l l ow ing  equation: 

R = (Thick)  (D)/(CON(n-Thick)) 

The thermal thickness i s  computed f o r  each tube geometry using 

an isotherm analysis technique . 

COST EQUATIONS 

Our customer requested an i temized l i s t  o f  heat exchanger cost .  

Evaporator and condenser cost  equations are l i s t e d  1,n Tables 2 and 3. 

Heat exchanger cost  depends on the number o f  tubes N, the  tube t o t a l  

length,  L, i n  f e e t  and the tube outs ide diameter, D, i n  inches ( t h i s  B i s  

equal t o  the DO I n  Table 1) .  I n  the evaporator the t o t a l  tube leng th  

I s  greater  than the  tube heat t r ans fe r  l eng th  by 3.5 feet .  I n  the con- 

denser, the d i f fe rence  i s  one foot. ' A  c lad  o r  unc.lad tubesheet cost  

opt1 on i s  included. Inpu t  cost  parameter B1, B2, C1, and C2 appear t n 

t he  tube mate r ia l  cost  equations. 

The cost  of .space (cost o f  heat exchanger s i ze )  I s  no longer a 

p a r t  of  the t o t a l  system cost. Thus the  penal ty  f o r  l a rge  heat exchangers 

has been removed. 

Figure '2 shows the  i n s e n s i t i v i t y  o f  evaporator l eng th  and ho t  water 

e x i t  temperature w i t h  t o t a l  system cost .  Seawater entrance temperature 

I s  80°F. The optimum leng th  and e x l t  temperatures a re  34 fee t ,  73.8OF. 

A t  26 feet ,  74.7.F. t he  t o t a l  system cost  increases by $0.15 m i l l i o n  

which i s  0.93%. The d i f fe rences between 40 feet ,  73.2OF and 26 fee t ,  74.4OF 

i s  on l y  0.56%. 



EVAPORATOR Cost ~~uat l 'bns 

f ( 0 ~ ' ~ - 4  I s  less than zero s e t  ( 0 ~ ' / ~ - 1 4 @  t o  zero. 
8, and B2 are  tube cost Inputs 

I 

I 

LABOR 

28. 1 0 ~ ~ ' l  

0 . 4 a n ~ * ~ ~ ~ ~ * ~ ( o - o . s )  + 3 ~ 9 ( a l / ~ - l a )  1.5 @ 

0.307N"~%~*"(0-0.5) r 221(0~*/~-148) '*~ @ 

0.124N l.29~0.591(D - .  o 5) , 
3.160 1 .654H0.827L0. 7 

172.501 .32"0.66 

62. 3Dl .3,,0. 67 

0.09621'* 3B06""(~-~. 5) 

147.40 1. 3SNO.675 

92.30 1.27,0.635 

27.10 --.. 1.33,,0.665 

t 

'IVBES 

RArnIAL 

N ( ~ ~ L + B ~ )  

Tu6esheets 
Clad , .  1 . 2 4 ~ ~ * ~ t 1 ~  *I5 
Unclad 0.1050 2.5 H 1.27 

Tube Sqpport Plates 9.22(10 -4 )D 3. 046N1. 523 

She1 1 I . O l  20 2.P9N1 .14SL 

Water Boxes I. 0.1750 2.1 1 1.05 

Nozzles 

krmonla Distribution 
(Evaporator only) 

Bustle (Evaporator 

Water Inlets 

Supports 

79.60 0.9(NlH0.4!H 

0.0240 2.!59ZN1. 296 

0,01040 2.69M1.345 

12.00'*%@*" 

0.0530 2.099,l.MS 



Table 3 
CONDENSER Cost Equations 

* 
If ( ~ 1 1 " ~ - 1 4 8 )  i s  l ess  than zero se t  (ON1/*-14@ t o  zero. 

Cl and C2  a r e  tube cost  tmputs 

TUBES 

Tubesheets 
Clad 
Unclad 

Tube Support Plates 

She1 1 

Water Boxes 

NOZ 21 es 

Pmnania Distribution 
( Eva pora tor only) 

I 

Bustle (Evaporator 
only 1 
Water Inlets 

Suppar ts 

MATER 1AL 

N ( C ~ L + C ~ )  

1 . 2 4 0 ~ * ~ ~ ' * ' ~  
0.1050 2.5 N 1.27 

9.22(10 -4 )D 3.04bN1.523 

.0120 2.29Nl.145L 

2.1 1.05 0.1750 N 
79.60 0. 908No.454 

Zero . 

Zero 

12.81028110.64 

0,0530 2.09%1.045 

9 

LABOR . .  - .  

28. l o o o 7 ~  

0.457~' * 3 4 ~ 0 * " ( ~ ~ . 5 )  + 3 2 9 ( 0 ~ ~ / * - 1 4 8 ) ~ * ~  a 

O . ~ O ~ N ' ~ ~ ~ D ~ - ' ~ ( D - O .  5) + 2 2 l ( o ~ ~ / ~ - # e ) ~ * ~  * , 

0.124N 1.29500.591(0 - o 51 
3 .I60 1.654,0.827,0.7 - 
172.501 .3ZNO.66 

. - 
3"O. 67 

Zero 

Zero 

92.30 1. 2TNO. 635 

27.10 1. 33N0. 665 
--. 
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SENS~TIVITY OF PROTOTYPE MODULE COST TO EVAPORATOR LENGTH (BT L) AND TO CHANGE IN 
WARM WATER TEMPERATURE (DTH). OTHER PROGRAM PARAMETERS ARE FIXED (CONDENSER 
LENGTH 35 FT. CHANGE IN  COLD WATER TEMPERATURE 6.Z°F). 
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. F igure.  2 a lso i 11 ustrates the computer sequenti a1 search opt imizat ion 

method described i n  reference 3, page €02. S t a r t i n g  a t  BTL - 40 fee t ,  

DTH i s  var ied i n  the d i r e c t i o n  o f  decreasing cost  u n t i l  a l o c a l  minimum 

- i s  reached a t  DTH 6.8"~. The process ' i s  repeated w i  t h  a new value 
, . - o f  BTL, unt i l  a g lobal  mlnlmurn I s  found. . 

GROSS POWER ITERATION 

Table 4 1.11 ustrates the updated gross power l t e r a t i o n  method, used 

I n  OTEC-11. T h i s  i t e r a t i o n  f i nds  the value o f  Pt (gross power) which s01ve:s 

'P + '!4 

Pp ( t o t a l  p a r a s i t i c  power l oss )  i s  a func t ion  o f  PG. PN (,net power, 

f .e. 10.5 MWe) i s  constant. The l t e r a t i o n  usua l l y  requires 2 o r  3 steps 

because the i n i t i a l  guess f s very ,'good. This method i s  much simpler, 

more accurate, and more r e l i a b l e  than the method i n  OTEC-I. 

PRINTOUT 

Table 5 shows the OTEC-I1 p r i n tou t .  
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Gross Power Iteration 
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PG CONVERGED 
PRINT RESULTS 

PG > 2 PN 
YES 

N = N + 1  NEXTCASE 

PG = Gross Power 

PN = Net Power 

Pp = Total Parasitfc Power 
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CASE NO 17  

M UATER PIPE C UATEP PIPE 
LENGTH FEET 300 2900. 0000 
DIAMETEP FT 15.e975 15.2q25 
NCIMPER OF PIPES 1 1 
HE0 VEL FT,S 6. 0000 6. 0000 
UkTEY FLOU LENHP 2.7348E+ (18 2.5262E+ 08 
OF;IESS?IRE DPDP PS I  .55?7 3.0564 

EVAPORATOF: CONDEN5:EE 
BDTTDM PEYNOLDS NI-IM 2.04 03E+ 03 2.751 0E+03 
TOP PEYNOLD5: NnM 5.2243E+03 0. O 
HEkT TPAN LENGTH FT 26.5000 29. 0000 
TOTQL LENGTH FT 30.0000 ?n, noon 
SHELL DIAM FT 24.9483 29.2422 
TUBE DIAMETER I N  .9900 .9900 
MJMPER TUPES 42667 43678 
TUBE MAT COST f./FOOT 1.6500 1.3100 
&.@TEE' TUBE VEL FTlSEC 6.6140 5.8228 
Nt43 ENT FLOU CFS 2.5943E+ 03 
NH3 EX IT  FLOU CFS 1 8666€+03 2.0691E+01 
HEAT TPAN APEA SO. FT. 2.6 039E+ 05 2.9481E+05 
HEAT TRANSFEPED 1.5431E+09 1 4950E+09 
OVERALL ETLI/HWF/FT**2 e95.524 0 796.0179 
NH3 HTC PTU/HR/F/FT**2 11a15.3145 15421.6060 
UkLL HTC PTU/HE/F.'FT**2 23Cl2.5576 2774.5603 
UHTEP HTC PTV./HP/F/FT **2 1939.0474 1349.8842 
HZ0 APEA PATIO 1.4600 1.4600 
FOUL I NG (FT**E HE F./PTU) 1.0000E-04 1.0000E-04 
HE'D ENTPANCE. TEMP F 80.0000 40. 000Cl 
CHANGE SN URTEP TEMP 5.9000 6.2000 
PRESSURE DROP PSID 4.1150 3.6098 
NH3 OLlTLET TEMP F 70.0000 50. 0000 
NH3 OUTLET PRES PSIA 128.7997 89.1924 

CYCLE DATA 
GPOSS POWEP HW 1.4032E+01 NET PDUEP MU 1.0500E+O 1 
~JIJ! PUMPS MI.,! 1.3514E+00 CW PUMPS ULJ 1.7731€+00 
HH3 PUMPS MU 4.07QGE-01 EVfiPOR U)/SEC 0.0715E+02 
TUE ENTHAL PTU 1 681 3E+01 TUR EX QUALITY 2.4553E-02 
PLAHT EFF 2.3217E-02 

COST PREAKDOUN (f) 
EVAP HE COST 4. e25PE+06 CON HE COST 4.1391E+06 
b!U PUMP COST 4.5070E+05 CW PUMP COST 4.1RQ3E+05 
HH'~ R P C I ~ P  1.0394€+@5 NH3 F PUMP 8.0886E+04 
GEN COST 6.2274E+ 05 TUPPIWE COST 8.2473€+05 
CW PIPE 1 439 1 E+ ClC* M I  SCEL 1 5000E+OE* 
TOTAL SYSTER 1.4425E+07 TOTAL BOTH HE 0.9643E+ 06 

EVAPOPATOF! CONDENSER 
PAP1 MRTERIAL LAPDR MATERIAL LAPDP 

TUBES 2.1120E+06 1 1905E+06 1.716SE+06 1.2187E+08 
CLAD 0. 0. 0. 0. 
UNCLFlb ?.7713E+04 3.0S86E+ 05 B. 0 059E+ 04 3.2173E+05 
PLkTES 1.0071E+04 5.9842E+04 1.0437E+04 6.1615E+04 
SHELL P.0431€+04 2.267SE+09 7.2345E+04 2.31 18E+03 
POXES 1.2459E+04 1.9359E+05 1 2769E+ 04 1.96€*1E+05 
NOZZLES 9.9773E+03 7.7768€+04 1.0084E+04 ?.89Q1E+ 04 
D I  ST 2.3413E+Q4 1.1471E+QS 0 .  0 .  
EilSTLE 1.709lE+04 1 .94 05E+ 05 0. 0. 
INLETS 1 088E.E+ 04 7.939 0E+ 04 1.1050E+04 8.058 0E+ 04 
SUPPORT 3.5777€+03 3.2076E+t14 3.6663E+03 3.2579Ea 04 
EACH TOTAL 2.347CE+06 2.477CE+06 1.9170€+06 2.2221E+OC 
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Correlations f o r  the anhorila side heat t ransfer  coef f lc lents  are 

usual ly given on a per tube bas' lsi It was therefore declded t o  

\. improve the OTEC computer model so tha t  I t could accept heat t ransfer  

correlat ions t h a t  are given on a per tube basls. 
. . - 

The overal l  heat t ransfer coef f ic ient  I s g l  ven by: 

The sea water heat t rdnsfer coef f i c ien t  4 s  given by: 

The worklng f l u i d  (ammonia) heat transfer coef f i c len t  ( & f )  I s  a 

composite heat t ransfer coef f i c ien t .  I t  i s  computed I n  the OTEC 
computer model i n  subroutlne NH3 HTC as a funct lon o f  the number 

o f  tubes. 

The seawater s lde fou l l ng  factor  (,F FSw) IS Input  t o  the program. 

F Fsa = 0.0001 h r  ft2 O F I B T U  0 
The seawater velocl  t y  V I s  given .by the vo~umetr lc  f low per tube 
Q (I) dlvlded by the cross sectional area., Thls glves another equatlon 

f o r  HSw 

Subst i tut ion o f  equatlon @ fnto 6 and rearrclnging gives. 

Uhere X2 = (%0'8 
Dwr 



, . ,  . - . . ' , !  
- 4  

. . . ,  
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, . 
- I .  

. . . I > .  : , 
The t o t a l  .seawater s ide  - heat t ransfer  area ..is given by . . , 

M u l t i p l y i n g  equations @ by A and rearranging gives 

Uhere Xl = n DwL 

(UA) F F '  

X5 = 
S W  . .  . 

1 
. .  quat ti on @ can be solved by Newton-Rsphson i t e r a t i o n  fo r  N. ' ' . . 

a&f This  i t e r a t i o n  a lso requ i res  knowledge o f  H6f and which are computed 

f o r  each heat exchanger i n  subroutine N H ~  HTC. Equations @ . @ and 

demonstrate the Newton-Raphson method. 
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EVAPORATOR 

The evaporator heat t ransfer  coef f ic ient  model i s  taken from Carnegle-Me1 l o n  

data (see reference 1 and Figure 3). Since these coe f f i c i en t s  are be1 ieved t o  

be high, they were reduced by 20.%. Equation 12 i s  the reduced cor re la t ion .  

(2.939 ReT 
0 

04151 - 63.217) 8 X l o 5  - 5.633 ReB 1.8452 

HC = ReT - Reg 

Th i s  i s  a composite c o r r e l a t i o n  f o r  f l u t e d  tubes. We estimated the experi- 

mental wal l  res is tance i n  t h i s  co r re l a t i on  t o  be Ro. Therefore the ammonia 

heat t r ans fe r  c o e f f i c i e n t  (Hwfb) i s :  

We estimated the wa l l  res is tance i n  our system t o  be R. Therefore the  

composite c o e f f i c i e n t  f o r  our system i s :  

The value o f  Hkf used i n  the Newton-Raphson i t e r a t i o n  on the nuinber O f  tubes 

1s computed from equations @, @ and @ . The reynolds number a t  

t he  top (ReT) and the  reynolds.number a t  the bottom (ReB) o f  the  evaporator 

are  computed separately as explained l a t e r .  

The d e r l v a t l  ve of equations 0, @ and @ w i  t h  respect , t o  the number 
- 

of tubes gives the  value of fl*, ' used i n  t hk  Newton-Raphson i t e r a t i o n  on t h e  

number o f  tubes (equations @,a, @ and a). 



Where 
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a h f  With these values o f  H6f and the Newton-Raphson i t e r a t i o n s  can now 

be used t o  f i n d  the number o f  tubes. The reynolds number a t  the top  (ReT) 

and a t  the bottom (Reg) of the evaporator are  computed using: 

WWFT - WWFB + WFe 

4 WFi - - 
UWDN @ 

Equation 18 Os the re l a t i onsh ip  t h a t  gives the optimum r e c i r c u l a t i o n  0 
r a t i o .  WF, i s  known. Equations @ . @ r n d @ l m p l ~ :  

Where 

4 WWF, WWF, 
C =  r p  3N = 3.546628 

Lguationt @ can be used t o  f i n d  ReB by Newton-Raphson i t e r a t i o n .  
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Thls  Newton-Raphson I t e r a t i o n  goes as follows: 

X - ReB 
F = X + C - A X -  B 

8 f -0-1 - 1 + BAX 6 .Y - 
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Figure 3 

EVAPORATOR AMMONIA HEAT TRANSFER MODEL 

I I 1 1 1  I 1 1 1 1  1 
102 * 4 6 8 i 0 3  2 4 6 8  i04 

4r REYNOLDS NUMBER, 

BASIS: 

EXPERIMENTAL DATA ON FLUTED TUBES 
OBTAINED BY CMU. EOUIVALENT SMOOTH 
AREA BASED ON RILL-TO-RILL OlAMETER 
IS THE REFERENCE AREA. 

CORRELATION RELATING ReT AND Reg: 

COMPOSITE COEFFICIENT: 

SINCE hC INCLUDES EFFECT OF 65 MILS WALL 
(ALUMINUM, k = 116): 

. . 
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CONDENSER 

The condenser heat t ransfer coef f ic ient  model i s  computed from a curve fit 

of Oak RIdge data for f l u t e d  tubes (see reference 2 and f igure 4). Equation 

' : .  @ I s  the cmpbs i te  Oak Ridge coeff ic ient (hiR) curve fit. 

P P was mu1 t i p 1  i e d  by the r a t i o  OR/  TRW t o  convert the Oak Ridge 

reference area t o  the TRW reference area. Equation @ gives the r e l a t t o n s h i ~  

between the Oak Ridge coeff ic ient and the TRW coef f ic ient .  Equation @ 
I s  the condenser c o e f f i c i e n t  re1 a t ion  used i n  the OTEC computer model. 

Where K, . K2. K are curve fi t constants 

 pa^ = Oak Ridge outside tube perrmeter f o r  Tube E = 0.41667 FT. 

PTRW = TRW reference perimeter for Tube E = (.078125) = 0.2454 

%R 
= Oak Ridge Heat Flux (Figure 2) 
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'OR c3 = K3 (p--1 = 201 29.28 
TRW 

To f i n d  the. num6er o f  tubes t n  tk condenser us ing Newton-Raphson i ' t e r a t l o n  

ah6 f (equation@,@, @ and a), h6f  and must be known. 

As i n  the evaporatoi, the resistance Ro and R i n  the condenser g ive 

the corresponding equations @ , @ , @ and @or the  condenser. 

The f i n a l  equation i s  equation 17 which f o r  the condenser comes from 

equation @. 
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EXPERIMENTAL DATA ON FLUTED TUBES 
OBTAINED BY ORNL (TUBE "E"). EQUIVALENT 
SMOOTH AREA BASED ON RILL-TO-RILL 
BlAMETEiR IS THE REFERENCE AREA. 

THIS COMPOSITE h INCLUDES THE EFFECT OF THE 
ALUMINUM WALL IN THE OAK RIDGE EXPERIMENT, 
THEREFORE (AX * 0.0319', k = 116) 



WWFB 

WWFe 
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LIST OF SWBOLS 

Seawater s lde area r a t i o .  

~mmonla s lde dfameter measured t o  the f l u t e  root,, FT 

Seawater s l  de ( Ins  l de )  d l  ameter , n 
Thermal conduct1 v l  ty, BTU/HWn/'F 

Tube length, n 
Number o f  tubes. . 

Gross power, W e  

Prandtl  number. 

Bottom reynol ds .number. 

Top reynolds number. 

Mass f low r a t e  . . o f  ammonfa a t  the bottom o f  the evaporator, LB/HR. .$ 
Mass f low r a t e  o f  ammonfa evaporated, LB/HR 

Mass f low r a t e  o f  ammonia a t  the top  o f  the evaporator, LB/HR 

Dens1 t y  o f  ammonl a, LB/ F T ~  
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PROGRAM LISTING 
OOIOO ' 

0)110 c 
00120 C 
00130 C 
OOl40 C 
00lSO 
00160 
00  170 
OOt80 
00190 t 
00200 
00210 
00220 
00230 
00240 
002SO 
00260 t 
00270 
00280 
00290 
00300 
00310 
00320 
00330 
00340 t 
00330 
00360 t 
00370 
00380 
00390 
00400 
004 10 
00420 
00430 
00440 
00450 
00460 
00470 t 
00480 * 
00490 t 
00S00 t 
OOSlO 
OOS20 
00530 
00540 
oosso 
OOS60 
00561 t 
OOS70 
ooseo 
OOS90 
00600 
006lO 
00620 
00630 
00640 
00650 
00660 c 
00610 
00600 t ' 

OOb90 t . 
00700 t 
00710 
00711 t 
00720 10 
00730 
00740 ' 

007Sb 
00760 
00770 
00780 
PO790 C 
00100 C 
00810 
00810 
00830 
00840 
QDBJU 
00860 
00870 
00880 1s. 
00890 
00900 
009lO 

N I I I  PROSRAN - I N I T I I L I Z E S  PIRIIETER5,INPUlB DITL 
AID CALLS DPIIN1ZA11DW SUBROUTINE. 

C O N N D ~ I R E N / R E B B I R E T ~ R E K , R R A T I D  
COMNOW/TIIL/THICKCITHICUBICON 
COIMOY/lH3D/H0(4),HF(4)lSB(1),8C(I),UB~4),VF~4),PZ(4),X~4~ 
C O M M O N l C O B T l C , C B X T , C C X T , C C Y T , C C U P T , C ~ O O R ,  
CTURBl,CSPT,CFPT,CRPT,COEWT 
COMNO~/POuER/Pw,PslCuPluuP 
CONNOW/1EIP/TH,TC,#TH,BTC,TI ,T2 
C O N ~ O N I D I N / H , D C , D H I N H I Y C , N l ~ L , B I l ,  

IRUC,RUH,RWBX,RUCX,CL,Pl,ltP 
COMIO~/DIA/DUB,DUC,DB,BDC,DOB,DOC 
COMMOY/PAR/PKU I ,PKU2 lPKU31PKU41BPI , DP2,DP3,BP4 
,PKU211PUU4T,PUUlT,PUU3T 
COMMOM/EVIILIPIR(~ ),DPIR(~),~NAX,WPB 
COMMON/ARRR/ARR 
COMMON/FAB/CI I ,C22,Bll,B22 
COIIIIOMIPRM1A~2lO),lUF 
COMilON/EFF/EIIP ,ETA1 ,ETAS, XU 
COMIION/HX1/OAS,ORSIUB ,UC,DTI ,Dl2 
COMMON/RAN/PI ,P2,1A,EPSRlPUFlUUF,UAl, 
UA2,VA3,DHl,DHAlPUFT 
COMMO~/HXO/VlH,VAClAB,AC,YIUB,NTUC,EP6B,EP8 
CIUIB,UAC 
CO~MO~/HTC/FFBlFFClHUFB,HUFC,HUALLClHUALLBlHSUB,H8UC 
COMIION/OPT10NSlNNOB,WOP,MXN,NXUP,WAFP,URP,W(LT 
COMION/NEXI/NEXT 
COMION/AA/AIt(I4) 
COMMON/MAT/EM( 12),CN(l2) 
CONNON/LABIEL( 1 2 1 , C L t t ~ t 2 1  
DllEWSION N I ( 3 b )  
REAL NTUBINTUC 
DAlA NOP,FIB/I,I./ 
DATA N I I I  ,I,I,Z,Z,I, 
2,211 12,211, 
4,2,lez,2vl, 
101 #21313,2, 
2,1,2,3,3,1, 
411,112,211/ 
DATA RKC,RKCX,RKH1RUBX/3.I 0.70 1.8S,0.70/ 
DATA E ~ A P , E T A ~ , E T A ~ / O . ~ O ~ , ~ . ~ S ~ ~ . ~ ~ /  
DAlA H,NH,NC,DH,0ClNCP/3000.,l,1,20.,SOQ,41 
DATA BTL,ClL126.5,29.0/ 
DATA DUBI,DUCI,DBI,DCl,DOBIlDOCI/.B79bS,.889,.91,.91, 
.99, .99/ 
DATA DTH,DTCIS.9,6.2/ 
DAlA CON,lHICKC, THICKBl l l .S, ,04716, .OSb23/ 
D l l l  CIIlB11~C22,B22/1~31~1.65,2*OoO/ 
DATA OPARI2.,100.,2*O.I ,2*1./ 
DAlA VDC,VCL,VDTH,VDTC,UBTL,VCTL/2.,200. ,2*0.1,2*1./ 
DATA Pl,IUF,PNI,NMAX/3.141S926S,llIOOS,~OI 
DATA FFB,FFC/0.0001,0.0001/ 
DATA ARR~DIl,DT21XU/1.46~OoO~O~I 1I.I 

AI I ( I4 l* IOHCASE NO I 7  
NAMELIST lNPUl 
HAHELISt/IHPUl/M,DC,DTH,DTC,PNl, lUF,1H,NC,CTL,#TL, 
RKC,RKH,RKBX,RKCX,EIAPIETAS,DPIRINCP,FFB,FFC, 
DUBIIDUCIIDBl,DCl lDOBllDOCl,NOP,,All,ETAT, 
XU,ARR,DTl,DT2,CIl,C22,Bll,B22,CON,TH1CIC,THlCUB 
HAMELIST/PARA/DC,CLlDTHlDTClBTL,CTLlVDClVCL,VDTH,VD1C,UBlL, 
VCILINEXl 
RtAD(S,IWPUT) 
DOB.DOBI/IZ. 
DOC~DOCI /I 2. 
DUB=DUBI/IZ. 
DUC=DUCI/lZ. 
DB-DB1/ 12. 
DDC- DCI/IZ. 
FOR OPTIONS I,B,C,O,E,F NOP I S  EOUAL TO 
I, 2, 3, 4,  5, 6, RESPLCTFULLI 
I=(NOP-I)*b 
HMOD=NA~I*l) 
HXH.NA(It2) 
IXYP°NA(I tJ)  
NAfP*NRl I t 4 1  
NARP=NA(ItS) 
N A T ~ N A ( l t 6 )  
CALL BT(H,IH,IC) 
PAR( I )=DC 
PAR(Z)=W-100. 
PAR(3)=DTH 

A-25 



094 lo 
Ot OSLIO 

OCf I0 
OCL lo 
Off 10 
OIL10 
OOL lo 
06910 
08110 

01 OLPlO 
01VlO 
05110 
OC910 
OCVlO 
OZV I0 
Ol9lO 
OOPIO 
06510 
VBEIV 
Of510 
09510 
OSSlO 
OCSIO 

+ OCSlO 
OZSlO 
OISIO 

+ OOSIO 
06t10 
09) I0 
Oft10 
09t10 
OSC I0 

+ Otb10 
OOt lQ 
OZl I0 
OICIO 
OOC I0 
Obk 10 

+ 09CIO 
OLClO 
OVCIO 

+ OStlO 
OCCIO 
OCCIO 
OZCIO 

3 OlCIO 
3 ooc10 
3 O6ZlO 
9 OB8IO 

OLZlO 
OVZlO 
OSZIO 
OtZlO 

or OCZlO 
OZZIO 
OIZ10 
OOZ lo 
06110 
091 I0 
OLllO 
OVl lo 
05110 
OCIIO 
OCllO 
021 I0 
01l10 
001 10 
09OlO 
OfOlO 
OVOlO 
050 I0 

a OCOIO 
3 OCOlO 
3 OZOlO 

02 OtOlO 
00010 
96600 
08666 
Ofboo 
01bOO 
05600 
OC600 
OtbOO 
Of 400 



01770 t RHOB,OUB,DB,DOB,FFD,VAH/WXH,2,BTL,UB, , 

01780 tXN,PB,ORS,UUF) 
01790 WTB=XN 
01800 CALL UCALC(UAC/HXN,AC,CPC,PHUC,TKC, 
01810 t RHOC,DUC,DDC,DOC,FFC,VAC/NXN,l ,ClL,UC, 
01820 +XY,PO,ORS,UUF) 
Ole30 NTC=XN 
01840 IS CALL POROP~NC,VIC*NHOD,DC,CL't3OO~~OOOI~RKC~DPl~P#Ul~VELCP~RH 
Ole50 t OC,PNUC,I) 
01860 PKUlT~PKUII(NH0D) 
01 870 CALL PDROP(NTC,VAC/MXH,BUC,CTL'+I .,0.0001 ,RKCX,DPZ 
01080 t ,PKU2,VELC,RHOC,PHUC,Z) 
Ol890 PKU27=PKUZ*NXN 
01900 CALL PDROP~NH,YAH/NXH,D~,~OO.,O.O~,RKH,DP~,PKU~,~ELHP, 
01910 t RHOB,PNUB,3) 
01920 PKUSI*PKU3*NXH 
Ol930 CALL PDROP(NTB,VIH/NWN,DUB,BTL+~~S,OOOOOI,RKDX~DP~ 
01940 + ,PKU4,VELB,RHOB,PHUs,I) 
Ol 950 PKU4T~PWU4*NXI 
01 960 PPI =(PKUI T*PKUZT*PKU3T+PKU41 )/(000 
01970 RRATIO~RETB/(RElB-REBD) 
01 980 PP22~PUFT*RRATlO*( (BTL*2O.) / ( I44*VF(3) )*S. ) / (PZ~(O-P2(3) )  
01 990 PP2-~PYFT*l.l*PE+PP22*P8tPKUlT*I.S3/DPI)/OOO. . 
02000 PP.PPI*PPZ 
02010 IF(ABS( (PO-PP-PN)/PN) ~LTTOOOOl)OO TO 100 
02020 PE.PO-1.3r(PO-PP-PN) 
02030 IF(PO.OT.Z.*PN)OO TO 110 
02040 IF(NPE.Ea.100)OO TO 110 
02050 DO TO !O 
02060 100 CONTINUE 
02070 CALL C08T 
02080 RETURN 
02090 llo'C=1.510 
021 00 RETURN 
021lO EHO 
02120 SUBROUTINE RANKINE 
02130 C 
02140 C RANKINE CONPUIES'RANKIWE CYCLE PARANETERB,8IVEN . 
02150 C UORKIN8 FLUID AND OPERATINE TENPERATURE8. 
02160 C 

COHNON/HXI/OAS,ORS,UB,UC,DTI,DTZ 
.COHNOH/EFF/EThP,ETAT ,ElAO,XU 
C O N ~ O ~ I R A N I P I  ,PZ,YA,EPSR,PUF,UUC,VM, 
VAZ,UA3,DHI,DHA,PUFT 
CONNOH/DTDP/DTDP(2,3) 
COHNON/PRN/A(210),1UF 
CONHON/NH3D/H8(4),HF~4),SO~4),8F(4),VO~4),VF~4),PZ~4),X~4) 
DATA DTDP/0.44,0.58,0.74,0.95,0.SS,0069/ 
X(l ).TI 
X(2)=II+DTI 
X(3)mTZ 
X(4)*TZ-D12 
DO 11 1-I,4 
CALL THERHO(X(I),VF(I),VO(I ),HF~I),H0(1),80(1),SF~I),PZ~l)) 
CONTINUE 
PI*PZ(I) . 

UPAmUPIf0.72 
'OA*HO(I )-HF(4)-UPA 
Yl=(SO(3)-SO(I ))/(88(3)-SF(S)) 
DHI=(HO(l~)-(HE(3)-YI*(H~3)-HF(3))))r(P(- 
P2-O.l)/(Pl-P2) 
EPSR=(OHI-YPA)/(OA) 
DHA*ETAl*DHl 
YA-(DHA+HG13)-HG( 1 )  )/(HO(J)-HF(J) 
OHO~ETAO*DHA 
PUF=UPA*IOOO./DH8 
PUFT-PUF 
UUP-3412.*lOOb./6b./DH6 
VAImUUF*VO( 1) 
U A 2 ~ U U F * ( V A * V F ( 3 ) + ( l . - Y A ) * V 8 ( 3 ) )  
OIS=OI*UUP*60. 
ORS=(HG(I)-HF(4)-DHA)eUUF*bO. ' 

VA3=UUF*VF(O 
RETURN ' 

END 
8UBWUUIINt I ~ ~ ~ ~ U I I I , V ~ I , ~ ~ I , R ~ I , ~ ~ B ~ , M I , ~ ~ I , F I ~ ~  



02610 
02b20 
02630 
02640 
02650 
02660 
02670 
02680 
02690 C 
02700 C 
02710 C 
02720 
02730 + 
02740 t 
02750 
02760 
02770 
02780 
02790 C 
02000 C 
02010 C 
02020 
02030 
02040 
02050 C 
02060 C 
02870 C 
02080 
02890 
02900 
029lO 
02920 
02930 + 
02940 
02950 + 
BlOAO 
02970 
02980 
02990 
03000 t 
030lO 
03020 10 
03030 
03040 11 
03050 
03040 
o w n  l a  
03080 
03090 
O3lOO 
oat l o  
03 l PO 
03130 4 
01 140 
031 SO 20 
03140 
03170 41 
03100 
031 90 
01200 40 
03210 
03220 
03230 
03240 C 
03250 C 
05260 C 
03270 
03280 
03290 
03300 6 
03310 
03320 
03330 
03340 C 
oaaso c 
03360 C 
03170 
033DO 
03390 
03400 C 
03410 C 
03420 C 
03430 
03440 

U0I=FX(3,XI 
HFl.FX(4,XI) 
HOI=FX(S,Xl) 
SFf=FX(b,Xl.l 
861=FXl7,Xl) 
RETURN, 
EN D 
SUBROUTINE CUATER(X,TY,CP,PRU,RW) 

RETURN 
END 
SUBROUIINE NX(P0) 

REAL NlU0,HlUC 
COIION/TEI(P/TH,lC,DTH,DTC,Tl,12 
COIIONlYXIIOIS,ORS,UB~UC,DT~ 
C O ~ ~ O N I O P I I O ~ S / N ~ O D , N O P , N X ~ , ~ X Y P , ~ ~ ~ P , N ~ R P , Y ~ I  
C O H ~ O N / H X O / V A H ~ V B C ~ A B ~ A C ~ N T U D ~ N l U C ~ E P S D ~ E t ~  
C,UAB,UAC 
C01(10N/CHOH/RHOC,RHOB,PnUC,PIUD,CPB, 
CPC,TKB,TNC 
CYH~POIOI~/DTH 
VAH.CYHI (CPB*RHOB*3600*) 
IF((1H-DTH) .L1.(11-DTIt0.001)) 60 10  10 
UAD~CYH*ALO0~~TH-TI~/~lH-DlH-DTl-II 
))*DTH/(DfH+DTI) 
GO TO 11 
UIB=I .E20 
REIURH 
CONTINUE 
WTUB=UAD/CYH 
SPED-I..EXPt-NTUD) 
eon1 INUE 
CUC=PO*ORS/DTC 
VAC=CUC/(CPC*RHOC*3600.) 
IF((TCtBlC ).0l.(72-0.001)) 60  1 0  20 
l F ( ~ T C t O . O O O . 0 l . ( T 2 - D 1 2 ~ )  80 1 0  20  
U L G - C U C ~ ~ L D O (  ( T ~ - ~ C - I ) T ~ ) I ~ T ~ R T C - I T  
LJJ*III~~(DIC-DTZ) 
en rn r i  
unc.1 .€to 
RETURN 
COlTlNUL 
NTUC=UAC/CUC 
EPSCmI .-EXPI -ITUC) 
CONTINUE 
RETURN 
END 
fUNCTlOI FXIN,X) 

CORPUIt THERIODYNltllC tARAlLIERB BY POLVNOllAL APPROX. 

COHl(0N /PRI/ A00,7,3), )1 
FX = Aio,n,ni 
DO S 1*1,7 
FY - A~O-I,N,N) * x* rn  
RETURN 
END 
BLOCK DATA 

THERIODYRARlC D1TA COPRELATIOHS FOR THREE YORKIN8 FLUIBO. 

DIIEN610N A(210) 
connoa IPRNI AY(IO,~,~), I( 
EPUIVALENCE (&,AN) 

NH3, R.1 
a12/31. 11-2 



D~02400645S,.31671909E-41.19t061SSE-),)r0., 
D0.S193660,-.1592866611 .31310SSE-31-4.3466241E-6,6*0.1 
D43.407015,1 .OS02983,6.0004034E-4,7*0., 
D611 .76387,.32369748,-1.0860347E-317*0.1 
D.097824697,.23223434E-21-.13707722E-5,7*0., 
Dl .3331697,-.I092691 I€-2,.2710679IE-S,7*0./ 
DATA (At1 ), 1=141,210)/30.230907, .7607S061.00S34401391.20430003E-41 
D6*0.,.Q2853951.49b14206E-4,8*0.1 
D2.S99014,-.O42940313,.337OI7S7E-3,-.1143l079E-Sl6*0., 
D22.29S2S1,.S7S66684,.2lOO9I9E-3l.I70OO90lE-Sl6*O., 
Dl 92.37849, .2400809Sl.6844913E-3,-. IO36914E-4, .40020469E-7,S*O., 
D.0S1073S71,.0011701429,8*0O1.4I09I0721-.IB447649E-3,.69S24070E-6, 
D7*0./ 
DATA (A( 1 ),I*71, 140)/23.S2S9031.S190S62313.9S39420E-31 
D1.0760SS3E-Sl6*O.,.O1I383466ll.l766O36E-5l4.329l3l?E-0l7*O., 
Dl .8709644,-.03S3349S613~S43S208E-4, -1.04 19700E-6,5.22OIS33E-9, 
DS*0.l0.9S74725,.23667740,-3.4996SB2E-6l6.04742l6E-7l6*O., 
D90.829294,.1117S462,-1.40t6007E-417*0., 
D.02036797,S.O953434E-4,-3.O9O9O91E-7ll.4141414E-9l6*0., 
0, I9BS9993,-I .S477577E-4,6.6334017E-71-t .8607I24E-9,6~0./ 
END 
SUBROUTINE FRICFAC(RE,EOD,FD) 

COMPUTES FRICTION FACTORS USIN8 COLEBROOK0 CORRELITIOY. 

CDMMON/ARRR/ARR 
INTEGER E 
IFIRE.LT.500000.) GO TO 11 
FD * .316/SORT(SORT(RE)) 
X * I./SORT(FD) 
A = EOD/3.7 
B = 2.51/RE 
DX 0. 
N * -1 
X m X * O X  
U = A t B*X 
IF~U.LE.O.O)GO 1 0  12 
DVDX * 1. t .06*B/U 
DX -(X t .06*AL06(U))/DYDX 
N . N t 1  
IF(ABS(DX/X).GT..OOI) 0 0  TO 2 
FD l./(X*X) 
RETURN 
FP=.316/SQRlISORTIRE)) 
RETURN 
CONTINUE 
DATA CllC2,C3/0.02Sl-0.7S34ll.306I 
REL=ALOG(RE) 
FDL;Cl*IREL**2)iC2*REL*C3 
FD=EXP(FDL) 
CD=FD*ARR 
CONTINUE 
RETURM 
END 
SUBROUTINE PDROP~N,O,D,EL,EPS,RKIDP,PKUIVELIRHOIPMUl~~ 

COMPUTES PRESSURE DROP AND PUMPING POUER 
FOR A OIVLH PIPE OR TUBE ARRANGEIEN1. 
COMMON/EFF/ETAPIETATIEIAG,XU 
VEL = 4.*O/(D*D*Y.14159*N) 
IF(l.E0.2.OR.I.EO.4)60 10 10 
VEL=6. 
D=SORTI4*0/IN*3.141S9*VEL)) 
CONTINUE 
RE = RHO*VEL*D/PMU 
CALL FRICFAC(RE,EPS/D,FD) 
DP = (FD*EL/D t RW)rRHO*VELaVEL/(2.*I44.*31.174) 
PKU = 144.*DP*Q/I550.*1.34I*ETAP) 
RETURN 
ENP 
SUBROUTINE BT(H,THI ,ICI) 

TEMPERATURE-DEPTH PROFILE. 

THI-79. 
TCI=39.439.4*EXP(-(H-(00.)/977.) 
TH1=80. 
TCIs40. 
b L ? i i i i ~  
END 
SUBROUTINE OPTIMIZ 

O P ~ I ~ I Z A T I O W  (COST MINIMIIPTIOMI ROUTINE 
SEQUENTIAL DIRECT SEARCH. 



COIION/OPTIONO/NIOD~NOP~NXI~NXUP~NAFPINARP~)U1 
COIIOY/EVAL/PAR(6 ,OPdR(1) ,NIAX,NPO 
COMHON/COOT/C~CDXTICCKT~CCUTICCUPl~CUYPTICIOOR~ 
CTURBl,CSPT,CFPT,CRPT,CBEYT 
COIION/NEXT/NEXT 
IFINEXT.EO.4) 0 0  TO 110 
DISPLAY* J PAR(J) COSI* 
DO I00 J 4 , b  
n. l 
CALL EVALt J) 
URIlEl6,2S) J,PAR(J),C,NPO 
FORIAllIZ,2XlFI0.312X,Et0.3116) 
IF(W.NE.0 0 0  TO 4 0  
C0.C 
N-Nt 1 
PARiJ)mPAD(J)tDPARIJ) 
0 0  TO 10 
IF(C.OE.CO) 6 0  TO 50 
IFfN.OT.NMAX) 0 0  TO 6 0  
00 10 20 
DPAR(J).-DPAR(J) 
YRNIJ).rRLlJ)rDPARtJ) 
lFiN.EO.2) 0 0  TO 30 
CillllINUE 
CONTINUE 
CALL EVAL(0 
PRINT 00, (PAR(J),J=S,6),C,YP8 
FORHAI(SF9.2,10 
RETURN 
END 
SUBROUTINE COST 

COIPUTES DIRECT COB1 OF TRADE OFF SENSITIVE COST ELEMENTS. 

COIION/COS1/C,CBXTICCXT,CCUT,CCUPT,CUYPT,CMOOR, 
CIURBT,C0PI ,CFPI ,CRPT,COENT 
COIION/OPTlON8INIOD~NOP pNXI,NXYPrNAFPtIARP,NAT 
C O I I O ~ ~ P O U E R ~ P ~ , P ~ , C ~ P , U U P  
COIION/TEIP/TH,TC,DTW,DTC,TI,T2 
CO~hOH/DIH/H,DC,DH,IW,WCINTBINTC,CTL,BTL, 
RKC,RKH.RKBX.RKCX,CL,PI,NCP 
COIION/DIA/DUB,DUC,DB,DDC,DOB,DOC 
COIHON/P&R/PKUI,P~U2~PIU3~PKU4,DPllDP2~DP310P4 
,PKU21,PKU4T,PIY IT,PKU3T 
COWNON/E VAL/PAR(6) 'PPARI6) ,NIAX,NPO 
C0IH0N/PRM/Ai210),1UF 
COHhON/EFF/ETAP,ETAT,E1A6,XU 
COIION/HXI/0ABlBRS,UB,UC,D1t,D12 
C O # N O ~ l ~ A M / P l , P 2 ~ Y P , E P S R , P U F ~ W V F ~ V A I ~  
U&21YA31BHI~DHA,PYFT 
C U ~ ~ O N / H X O / V A H , V ~ C , A B , A C , N ~ U D , I ~ U C I ~ P 6 8 1 6 P ~  
c ,  llBB, UBC 
C~IhON/USL/UELCP,UEICIUELHP,Ut~B 
C O I I I O ~ / ~ U ~ B / I I ~ , V ~  
COIdON/AA/Al1(14) 
COMHOU/l~T/LI( I2),CH(I2) 
COIION/L&B/ELl12),CL1((12) 
COHION/FAB/CIl,CPZ,Dll,B22 
COHHON/REN/REBB,RETB,REBC,RRATIO 
REAL NTUB,NTUC 
IF It-l TUBESWEET0 CLAD UHICH IMPLIES €IS-EL)-0.0 
IC.2 
U Z ~ 0 . U  
D*DOB*I2. 
XN*ITB 
XL-BTL43.6 
EIlI)~XN*lBll*XLt022) 
Sn~2~=1.24=D~~2.3OO~XU~~l.lSO 
ENl3)=.105*0**2.500*XN**1.27 
1FIIC.EP.I)EIll)-0.0 
IFilC.NE.I)EIl2)~O.O 
EH~4~-l9.22*D*r3.046*Xr**l.523~/10000. 
EMI5)~.012*D**2.29O*XW**lII45*XL 
EI(6)=.175*D**2.100*XI**I.OS 
EIO)=79.6*D**0.900*XN**OO4S4 
EIl0)*.d24*D**Z.592*XN*4l.lY6 
EI19)=0.0104*D**2.690*XY**I1345 
EI(IO)=12.0*D**I.200*XY**O064 
EI(II)-O.OS3*D**2.090*XY**l.O45 
EL(0=28.10*D**0.700*XII**l.O 
F*D*XN**O.S-140. 
1F(F.LT.O.O)F~O.O 
ELl2~~0.457*D**0.6000XY0*1.34*lD-0.5)+329.*F**l.5 



EL(3)~0~307*D**0~660*XN**l~33*~D-0.5)+22l .*F**l a5 
IF(IC.EO.I)EL(3)mO.O 
IT(IC.NE.1)EL(2)~0.0 
EL(4)-O.I24*D**O.S9I*XY**II295*~D-0.5) ' 

EL(S)*3. l60*D**1 .654*XN**O0827*XL*~0,7 
EL(6)*l72.5*D**l .320*XN**O0b6 
EL(7)m62.3O*D**I .340*WN**0.67 
EL(B)m.O962*D**0.756*XN**I .38*(D-0.5) 
EL(9)~l47.4*D**l.35O*X~**0.67S 
ELIIO)~V2.3O*D**1 .270*XN**OQ635 
EL(ll)~27.10*D**1.33*XN**O0665 
EL(I2).O.O 
EH(I2t-0.0 
DO 5 0  1-1,Il 
EL(IZI*EL(12)+EL(I) 
EH(l2)sEH(l2)+EHtl) 
CONTINUE 
CBX=EL(I2)*EHll2) 
CBxT-cBX*NXH*NnDD 
9PI m 1.6833*XL*XNrDOB*DOB 
CONDENSER 
DaDOC*I 2. 
XNaNTC 
XL.CTL+I .o 
CH( I )=XN*(Cll*XL+C22) 
C1(2)~l.24*D**2.300*XN**II IS0 
CH(3)=.105*D~*2.500*XN**1.27 
IF(lC.EO,I)CH(3)=0.0 
IF(IC.NE.OCH(2)=0.0 
CH~4)*~9.22*D**3.046*XI**I.S23)/.lOOOO. 
CH(5)=.012*D**2.290*XN**I .I4S*XL 
CH(6)~.175*D**2.100*XN**l.OS 
CH17)*79.6*D**O.908*XN**O.4S4 
CH(8)=0.0 
CH(9)=O.O 
CM~10)=12.0*D**1.280*XN**O064 
CH~ll)=0.053~D**2.090*XN**I.O45 
CLIl~I)~28.IO*D**0.700rXN**l.O 
F=D*XN**0?5-148. 
IF(F.LT.O.O)F=O.O 
CLIl(2)~0.457*D**0.680*XN**II34*~D-0.5)*329.*F**l.S 
CL11~3)~0.307*D**0.660*XN**l.J3r(D-0.5~+22l.*F**l.5 
IF(IC.EO.I)CLlI(3)=0.0 

:IF(IC.NE.I)CL11(2)=0.0 
CLl 1!4)~0.124*D**O.S9I*XN**l .&(D-O.S) 
CL11(5)~3.160*D**1.6S4*XN**OQ827*XL**0.7 
CLI 1 (6)*172.5*D**1.320*XN**0.66 
CLI 1 (7)-62.30*D**I .34O*XN**O.6?,,, 
CLIl(8)-0.0 ' 

CLII(9)-O.O 
CLI I (10).92.30*~**f .270*~~**&%35 , 

CLI I ( 1  I )~27.10*D**l,33*XN**0.665 
CL11(12t=O.O 
CN(l2)mO.O 
DO 6 0  1*1,11 
CLII(I2)=CLII~l2)+CL1l(I) 
c~i12)mcnctz)+crc1t 
CONTINUF 
CCXmCC! I (I2)+CH(12) 
CCXT*CCX*NXH*NHOD 
bP2=1.6833*XL*XN*DOC*DOC 
CCUT-4Z.*CL*PI*DC*WC/4. 
CUP-PKUIT*(l.+l.33/DPI)+PUU2T 
CCYP=VAC/(NXH*NXUP)*448.6r0.7S+SOOOO. 
CCUPT~CCUP*NXYP*NHOD*NXH 
UYP~PKU1T+PKU4T 
CUUP~VAH/iNXH*NXUP)*448,6*0.75+30000. 
CUYPT*CUYP*NXYP*NHOD*WXH 
K3.l 
XX=VA3*PO*440.6/160.*IOOOO)/NXM/K3 
CfP*(7.64*XX-0.304*XX*XX-4.28~*1000.0 
CFPI=CFP*NlFP*NHOD*IXM 
XX=XX*RR4TID 
C R P l ~ ( - . O 4 5 * X X * X X + 3 . ~ 2 6 ~ X X t I 2 . 7 6 ~ * I O O O .  
CRP2-(-0.6rXX*XX+l3.26*XX-27.3)*1000. 
CRP-AHAXl(CRPI,CRP2) 
CRPT=CRP*NARP*NHOD*NXH 
Y=PG/iNXMtNATI 
CTURB~~-0.001*Y*Yt0.082*V-O.I29~*l.E6 , 

C T U R B T ~ C I U R B ~ N ~ O D ~ W X ~ * N A T  
C6EN~(0.023*P6+0.3)*l.E6 
COLNT~CGEN*NHOD ~. 
CHOOR=1.5C6 . . 
CsP~~SPl+sP2)*2,*20. 



CFPT*CRPT)Il .E6 
RETURN 
END 
SUbROUTlNE UCILC(UA,I,CP,PNU,TW,RHO,W,B,BO,~F,O,I,TL,U, 

*XY,P8,0RS,UUF) 
CONIOl/IRRR/ARR 
CONHON/HlC/FFB,FFC,HYFBiHUFC,HUALLC,HYLLB~H8UB~HUUC 

COMPUTE8 OVERILL "Urn BV NEUTOY-RHAPSON ITERhIIOY. 
P1*3.14l5927 
PR=CP*PNU/TU 
PRl=(PR**0.33333)*(RH0*DU/PIU~**OO8 
CI=4.*O*TL/DU 
C2=O.027*TU*PRl*360OQ*ARR/DU 
X2=(4*Q/(PI*DU*0U))**OQ8 
Xl=Pl*DU*TL 
X3.UA/(Xl*X2*CZI 
X4=DU*UA/D/Xl 
X5=UA*FF/XI 
DISPLAV*Cl,C2,Xl,X2,X3,X4,XS* 
OlSPLIY CI,CZ,XI,X2,X3,X4,XS 
IN IT IAL  GUE68 
XN*4.*O/(PI*DU*OU*6.I 
CALL YH3HICt l , T L , X N , D , P G , Q R S , U U F , ) W Y C )  
Fl~XW-X3*XN**O.B-X4/HYF-XS 
DFI .I -.B*X3/(XM**.2)*X4*DHUF/(HUF*HUF) 
XYl-XU-FI/DFI 
DI8PLAY*XN,XNl,F1,DFI,HUF,DHUF* 
DISPLAY XM,XWI,Fl,DFl ,HUF,DHUF 
I F ( A B S ( ( X W - X N O / X N l ~ . L 1 . O O O O I )  60 TO 20 
XN=XN1 
0 0  TO 1 0  
XN.XY I 
V=4.*O/(DY*DU*PI*xII) 
H=C2*Vr*O.8 
I F (  I .EO. 1 )HGUC=H 
IFlI.EO.2)H6UD=H 
A.Xl*XN 
U=UA/A 
DlSPLAY*U-*,U,*A-r,A,*V=*,V,*XI-*,XN 
DISPLAY*Ne*,XM,Cl ,CZ,Xl ,X2,XJ,X4,XS 
DISPlAY*P6,Uh,O,HUF* 
DISPLAV PO ,UA,O,HUF 
DISPLAY* 
IF(U.Ll.100.) U-100. 
RETURN 
EHB 
SUBROUTINE YH3~IC(I,1L~1N,D,PB,QRS,UYf~Ib~HUFIDHUf) 
1-1 I S  ?OR THC COlDtNER 
CPI!~OY/REY/REBB RETB,UEBC,RRAllO CO~~OY~TIAL/IHICKC,IHICKB,CUR 
COHHON/HTC/FFB,FFC,HUF 0,HUFC ,HUALLC,HUALLB,HSUB,H8UC 
P1=3.14159 
lF(I.EO.1) 6 0  TO 10 
EVAPORATOR 
GO 1 0  20 
Fl*7200.*6600.*DO-16OO*DO*DO 
FZm0.097-0.233*DO+O.OSS*PO*DO 
H*FI*TL**F2 
RETURN 
UUII-UYI+P0469 
I N l l l A L  6UESS 
10-2000. , 
A-3.17508E 8 
D-1.44537 
E*l.5466202*UUF l / ( # W D )  
N.1 
FS=XO-h*XO**(-B)+C 
DFS=I.*A*D*XO*~(-B-I) 
XI=XO-FS/OFS 
IF(ABS((II-XO)/Xl).LT.O.OOI )GO TO 200 
X0.Xl 
N-N* I 
6b 1 0  100 
REBBmXI 
RETB=A/(Xl**B) 
DISPLAY*NO OF ITERAT10NS FOR E HTC.*,Y 
DISPLAY*RtBB**,REBB,*RETB=*,RETB 
Cl=2.939 
C2-0.4151 
C3=63.217 
C4.1 .E6*0.0 



CS=7.04096*0.8 
C6-I .8452 
TI-( (c~*(RE~B**cz)-c~)~c~-cs~(REBB**c~)) 
F2eRETB-REBB 
RO=.065/(12.*116.1 
H=FI/F2 
TH=THICKB/I2. 
R*TH*D/(CON*(D-rH)) 
HUALLB. I/R 
H IS FROM 4 COMPOSITE CDRREL4TlON 
THEREFORE RO MU81 BE TIKEN OUT 10 GEI UUrB 
HUFB=l./(l/H-RO) 
HUF=I/(I/HUFBtR) 
HUF 1s THE COMPOSITE nrc FOR m I s  susnr 
DF I =( -Cl *C2*C4*RETB**C2+CS*C6*RE8B**C4b IUN 
OF2--F2/XN 
DH~(F2*DFI-Fl*DFZ)/(F2*f2) 
OHUFB*DH/(l.-RO*H)*,1. 
D~UF=DHUFB/(HUFB*R+I Ii**2. 
RETURN 
CONDENSER 
Ct=-3231.62 
C2=3.684EO 
C3-20129.28 
RO-.03125/(12.*116.) 
O=ORS*PC 
A=TL*DIPI*YN 
DA-A/XW 
TH.THlCKC/12. 
R-TH*D/(CON*(D-TH) ) 

H=CItC2/(O/AtC3) 
HUFC=I/( I /H-RO) 
HYf=I/( I/HUFCtR) 
DH.C2*O/DA/(O/DA+C3*XN)**2. 
DHUFC*DH/(l.-RO*H)**2. 
DHUF=DHUFC/(ltR*HUFC)**2. 
REBC=3. 1360A*UUF *PGI60./(XN*D) 
HUALLC=l/R 
RETURN 
END 
SUBROUTIHE PRlHll 

PRIHT HESULTG 

COMON/REN/REBB,RETB,REBC,RRATIO 
COMHDNIC0ST/C,CBXT,CCXT,CCUT,CCYPT,CUYPT,CMOOR, 
CTURBI,CSPT,CFPT,CRPT,C8ENT 
COMMONIOPT1ONS/WMDD,NOP,NXMtNXUP,NAFP,NARP,~AT 
COMMDNIPOUER/PN,P8,CUP,UUP 
COMIOM/IEMP/TH,TC,DTH,DlC,TI ,TI 
COMMON/DI~/H,DC,DH,NH,WC,NTB,NIC,CTL,BTL, 
lRWC,PlM,RKUX,RKCX.CL,PI,NCP 
CONMON/DIA/DUB,DUC,DB,DOC,OOB,DOC 
COMMONIPARIPKUI ,PKUZ ,PKU3,PKU4 ,DPI ,OP2,DP3 ,DP4 
,PKY2T,PYU4T,PKUIT,PKU3T 
COMMOW/LVAL/PAR(6),DPAR(6),NIAXtNP6 
COMNON/PRM/A(210),IUF 
CDMMOM/EFF/ETAP,ETAT,ETA6,XU 
C0~1(QN/HXi/BAS,ORS,IIR,IIC,DTI ,Dl3 
CDMMONIRAN/PI,P2,YA,EPSR,PYF,UUF,VA(, 
VAZ,VA3,DHI ,DHA,PUFT 
C O ~ ~ O N ~ H ~ D ~ V A H , V A ~ , A B , ~ ~ , ~ T U B , N T ~ ~ , E P ~ ~ , E P S  
C,UAB,UAC 
CDh)IOY/lURB/K3,V3 
CO~MON/HTC/FFB,FFC,WUFB,HUFC,HUALLC,HUALLB,HSUB, 
COMIIDN/CHOH/RHDC ,RHOB, PMUC, pnu~,cp8, 
CPC,TKB,TKC 
connow IVELI VELCP,UELC ,VELHP ,VELD 
COIION/AA/AII~l4) 
CON~OYINATIEM(l2~,CI112~ 
CONMON/LAB/EL(IZ?,CL11(12) 
COtiMOH/ARRR/ARR 
COMWQY/FAB/CIl,C22,BIl,B22 
REAL NTUB,HTUC 
DISPLAY* : 
PRINT 133,All(l4) 
FOR~AT(25X,AIO) 
xNTB=NTB 
XNTC=MlC 
DSC-O.l22*DOC*12.*SORT IXMTC) 
DOCO=OOC*12. 
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PRINT 45,C3,U4 .. . . :,. . ' 
YAIWI.-Y~ ' . , , 
P R I N l  46,DHA,YAl ' -  - t I.. 

PRINT 47,PEFF,ETAT , 

PRINT '48. . . . .  . . 
PRINT ~V;CBXT,CCXT . . , . 
PRIM1 SltCYUPT;CCYPT* . . 
PRlMT 52,CRPT,CFPT , 

PRINT '53;CEENT,CTURBT 
PRINT S4,CCYT;CNOOR , 

PRINT S5,C,CHXT 
FORIAI(25HHZO EW~RANCE TEMP f ,2F15*4)  
F O R ~ A T ~ Z ~ H H ~ O  AREA RATIO ' ,2Fl5.4) 
FORIAT(25HTUBE'NkT C08T */FOOT. , 2 F l 9 - 4 )  
FORNAT(20X, IOHCYCLE' DAIA)  
FORtllT(l5H8R088 POYER NY ,E~o.(~ISX, 
15HYqT POUER NU ,EIO.4) 
FORMAT( 1 5 n u J  PUMPS; MY ,EIO.~,ISX, 
csncu PunPs;.su . ,rco.o . 
FORMAT( ISHNHS* PUIPBANU ,E10.4tlSX, 
ISHEVAPOR, LBIBEC ,EIO.O- 
FORMfiT( !SHTURB$NE B I W L D  ,ElO.4,15X, 
15HIUR EX, OUALITV ,EIO.4) 
FORMAT( ISHPLANT EFF ,ElO.4,15X, 
15HlURBINE .EFT , ~ 1 0 . 4 )  . . 
FORMAT(ZOY,I8HC087 OREANDDUN 1 8 ) )  
FORMAT(1SHEVAP HE COST ,EI0.4,15X, 
OHCOM HE COST ,ElO.4) 
FORMAT( ISHUU PUMP COST ,EIO.4,15X, 
ISHCU pump .cow ,EIO.I) 
F O R M h T I ! S H N H J R P U l P  ,~10.4,'15~, 
l5HNH3 F PUMP ,ElO.4) 
FORMAT(lSH0EN COST ,EIO.4,ISX, 
I5HIURDINE'COBT ,EIO.O 
FORMAT(I5HCU P I P E  ,EIO.4,15Y, 
1SHMISCEL - , . pE10.4) 
FORMAT(I5HTOTAL SIBTEN ,EIO.4,ISX, 
ISHTOTLL BOTH HE ;EIO.4) 
A I I (1 ) - IOHTUBES 
AI I (Z)= IOHCLAD 
A I I I 3 ) * l O H U N C L I D  
A I I ( 4 ) = I O H P L A T E S  
A l l  (S)=lOHSHELL . 
A l I (6 ) -1OHBOXES 
111(7)*IOHNOZZLES 
A l l ( 8 ) - I O I D I S T  
A l l ( 9 ) = 1 0 H B U B T L E  
A I I I l O ) * l O H l N L E T B  
A t  l ( 1  I )*IOHSUPPORT . 
A I I ( l Z ) * I O H E A C H  TOTAL 
DISPLAY* EVAPORATOR*, 

CONDEYBERr 
DlSPLAY*PARl MAIERIAL LABOR* 
9' MATERIAL LABOR* 
DO 1 0  l * l , 1 2  
PRINT 5 O , 4 l l ~ I t , E M ~ I ~ , E L ~ I ~ , C M ~ I ~ ~ C L ~ l ~ I ~  
FOPMAT(PIO,4El5.4) 
CONTIHUE . 
PRlNT 1 1 1 1  
FORMAT(// / / / / / )  
RETURN 
END 
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1.0 In t roduc t ion  and Overview 

The Ocean Thermal Energy Conversion Steady State Simul a t i o n  (OTECSS) 
computer program was developed t o  provide an accurate performance model o f  

TRW's PSDI OTEC design's steady s ta te  performance. With t h i s  s imula t ion as 
a t o o l  , the performance (power) and, functional '  parameters (temperatures , 
pressures, pump suct ion heads, f l ow  ra tes  etc.)  o f  the p l a n t  may be i n v e s t i -  
gated over a' wide range o f  operat ion condi t ions.  

The OTECSS program was designed t o  provide the next  l eve l  o f  

d e t a i l  beyond the OTEC-I1 Computer Program i n  the analysis o f  OTEC per- 
formance. The OTEC- I I Program i s  a design op t im iza t ion  program designed 
t o  optimize OTEC cost  performance using somewhat s i m p l i f i e d  models o f  

p l a n t  performance consi s t an t  w i  t h  the op t im iza t ion  process. The OTECSS 
program provides a de ta i led  model of an OTEC design as developed from 

OTEC-I1 and other  analyses. The OTECSS contains de ta i led  models of the 

various elements o f  the OTEC power cycle:  Evaporator; condenser, turbine,  

bypass, pumps, pipes, valves, and bends. The program was developed by 

TRW and Carnegie Me1 l o n  Un ive rs i t y  Consultants. The program i s  modular 

i n  const ruct ion and has a l l  important plant 'parameters as i npu t  var iab les  

so t h a t  present and f u tu re  designs can be e a s i l y  studied. 
. 1  

The heat exchangers modeled a re  o f  the f l u t e d  tube f a l l i n g  f i l m  
design. The program segements the tubes i n t o  a number (nominal ly 10) o f  

elements and determines the heat t r ans fe r  f o r  each o f  the elements. The 

sum o f  the evaporation/condensation f l ow  f o r  each element i s  the t o t a l  
f o r  a s i ng le  tube. This mu1 t i p l i e d  by the number o f  tubes t o  ge t  the 

t o t a l  evaporation o r  condensation ra te ,  The model assumes t h a t  there i s  
no pressure drop i n  the heat exchanger caused by vapor flow. The amonia 
enter ing the evaporator i s  assumed t o  be ra ised t o  sa tu ra t ion  temperature 

i n  the header and the water temperature i s  adjusted f o r  t h i s .  Super 
heat o f  the l i q u i d  i n  the evaporator header and super coo l ing  i n  the con- 
denser we l l  i s  not  modeled bu t  should be neg l ig ib le .  Likewise heat t ransfer  

through the heat exchanger she1 1 s and the various pipes i n  the system i s  
a lso no t  modeled. The water f l ow  through the heat exchangers i s  constant 
f o r  t h i s  steady s td te  model, . 

I .  



The model f o r  the- turbine was developed by Professor Larry Ambs 

o f '  the Univers i ty  o f  Massachusetts based on t h e i r  amonia turbine simulation 

programs. An optimized s ing le stage turbine was defined for  the baseline 
OTEC condit ions using t h e i r  turbine optimization program. The o f f  design 

performance was then invest igated and the resu l ts  were curve f i t  t o  provide 
power, o u t l e t  pressure, and o u t l e t  enthalpy as a funct ion o f  i n l e t  f low and 
temperature. Generator e f f i c i ency  i s  assumed t o  be 98% and a 1% turbine 

bearing loss i s  a1 lowed f o r  i n  the program. While the turbine model i s  

f e l t  t o  be accurate over a wide range, output a t  less than h a l f  o r  more than 
50% greater ' than nominal may be i n  error.  Variable turb ine nozzles are not'  

modeled . 
The amonia r e f l u x  and condensate pumps are modeled w i th  curve f l t s  

t o ' t h e  pump curves shows i n  Figures 1-1 and 1-2. The curves are v a l i d  a t  
the indicated RPM. The head and flow as a funct ion o f  APM was developed 

using the relat ionship:  

where no. Qo, and Ho are the RPM, flow, and head a t  the design RPM. 

The various control  valves are modeled simply w i th  a k fac tor  
w i t h  which the pressure drop across them i s  determined. The capab i l i t y  
ex i s t s  t o  model the k vs angle re lat ionship but thJs i s  not used a t  t h l f  

t ime. 

The pa ras i t i c  power required t o  provide the nominal water f low rates 
(as input)  i s  an input  variable. I f  d i f f e r e n t  rates are input  a new paras i t i c  
pumpi ng power i s computed as : 

Power = Nominal Power 

The OTECSS program selects the proper valve o r  motor RPM sett ings 

on the condensate and r e f 1  ux ( rec i  r cu l  a t i  on) 1 i nes t o  achieve equi 1 i brium. 
Thus, i t  i s  not possible t o  se lect  these valve o r  RPM sett ings t o  obs'erve 
what w i l l  happen t o  p lan t  performance; they are the dependent variables. 

Feed ra te  t o  the evaporator i s  an .independent var iab le and the valve o r  

pump se t t ing  necessary t o  achieve a speci f ied f low can be determined. 



Program f low i n  the OTECSS i s  f a i r l y  straightforward. The vapor 
and l i q u i d  port ions o f  the simulation are performed i n  sequence. F i r s t  
the vapor ca lcu lat ion i s  performed using the input  values of amonia flow, 
and warm cold water flow. An i t e r a t i v e  so lut ion i s  used i n  which the 
evaporation ra te  and pressure, turb ine pressure, enthal py and qual i ty 

drops, and condensation ra te  and pressure are adjusted t o  reach equilibrium. 
This i s  accompl i shed by adjust ing the evaporator pressure u n t i  1 the evapora- 

t i o n  ra te  and the condensation r a t e  (adjusted f o r  turbine o u t l e t  qual i ty) 

are equal t o  w i th in  1 1 b/sec ( = . 1%) . The condenser f low and evaporator 
re f l ux  along w i th  the resepctive pressures are then input  t o  the l i q u i d  side. 
Pump speeds o r  valve sett ings are i t e r a t i v e l y  adjusted, taking i n t o  account 
the pressure drops associated w i th  the f l u i d  flows, t o  achieve pressure 
equil ibrium. 

The fol lowing sections o f  t h i s  repor t  describe the program i n  
greater detai  1, define the input, outputs, and operating procedures and 
provide a sample case. 







2. PROGRAM DESCRIPTION 

2.1 INTRODUCTION 

The OTEC Steady State Simulation program i s  coded i n  FORTRAN I V ,  and compiled 
on the CDC 6600. The program i s  organf zed modularly i n t o  main subroutines VAPOR @ 
and LIQUID, and i n t o  two output subroutines BUDGET and MATRIX. Subroutine VAPOR 

includes a l l  the vapor side calculations o f  the program and subroutine LIQUID 
includes a l l  l i q u i d  side calculations o f  the program. Section 2.2 describes 
the basic f low o f  the program from the top leve l  f low view. Section 2.3 disp1a.v~ 

the hierarchical structure of the program and describes the functions and subroutines 

involved. Section 2.4 contains a detai led functional f low chart o f  the main pro- 

gram and the subroutines VAPOR and LIQUID. 

Input data are supplied through two Namelists, SDATAIN and SGEODATA. 
Default values o f  a l l  Snput data are provided i n  the BLOCKDATA subprogram. The 

program i s  designed t o  run nominally i n  a perturbation mode allowing the user t o  
specify j u s t  the input quanti ty t o  be perturbed. A maximum o f  nine perturba- 

t ions  i s  a1 lowed. I n  addition, the program permits the stacking o f  input data 

f o r  mu1 t i p l e  cases. 

2.2 ME BASIC now OF THE PROGRAM 

1. Reads i n  NAMELIST data $DATAIN f o r  input o f  frequently changed variables 
and next reads NAMELIST data $GEODATA f o r  the optional input o f  other 
less frequently changed variables. 

2. I n i t i a t e s  major DO loop that  includes main subroutines VAPOR and LIQUID, 
and subroutine BUDGET. The loop runs f r o m  one t o  the number o f  cases 
(NCASE), perturbin one of seven acceptable input variables repeatedly % by a user specif ie increment. 
a. Subroutine VAPOR 

1) Estimates the ammonia saturation pressures i n  the evaporator 
and condenser. 

2) Adjusts the saturation pressure u n t i l  the amonia saturation 
pressure i n  the condenser equals t o  the turbine output pressure 
and the condensation rate i n  the condenser equals t o  the turbine 
output f low plus the bypass flow ra te  ( if not closed). 

3) Pr ints out saturated pressures, temperatures, the r e f l  ux and 
condensate f low rates, and the turbine power output on TAPE6. 

b. Subroutine LIQUID 
1) Couples the VAPOR resul ts  t o  the subroutine LIQUID, pr imar i ly  

through COMMON/SEAWTR/(l i qu id  flow rates o f  feed, r e f l  ux, and 
condensate 1 i ne) . 



2) Calculates the  pump speeds/control valve se t t i ngs  t o  produce 
a pressure balance among po in ts  P8, P12, and P18.(see Figure ? . I ) .  

3) Calculates the remaining pressures a t  LIQUID s ide  po in ts .  

4) P r i n t s  ou t  t he  pressure p r o f i l e  around t h e  system, the  values 
of t h e  con t ro l  parameters, t he  pump powers and NPSH values on 
TAPE6. 

c. Subroutine BUDGET 

1) Transmits some of t he  subrout ine LIQUID r e s u l t s  t o  t h e  BUDGET 
r o u t i n e  through COMMON/PARA/. 

2) P r i n t s  out  t he  f i n a l  gross and n e t  power budget on TAPE6. 

3. A f t e r  completion o f  t he  DO loop statement,,subroutine MATRIX i s  c a l l e d  i n  
the main program. It d isp lays  the  output  var iab les  of t n te res t ;  

4. The ca l cu la t i ona l  f l o w  then re turns  t o  the  s t a r t  and looks f o r  t he  next  
stacked case, o r  terminates i f  so ins t ruc ted.  

Figure 2.1 Flow Diagram o f  Conf igura t ipn  1 
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F igure  2 .2  Flow Dlagram o f  t o n f l g u r a t i o n  2a  and 2b 



2.3. 'SUBROUTINES AND FUNCTIONS REFERENCED BY MAIN SUBROUTINES VAPOR AND LIQUID 

6 
2.3.1.. Subroutines and Funct ions Used i n  Main Subrout ine VAPOR 

FUNCTIONS 

TSAT (PSat) \ Calculates s a t u r a t i o n  temperature (OF). 

Calculates s a t u r a t i o n  pressure (PSIA) . 
VOLUME (PSat) 1 '  Calculates s p e c i f i c  volume o f  sa tura ted 

vapor (cu. f t / l  b)  . 
HEVAp (Mw¶MNH3,TWWSTNH3) Calculates o v e r a l l  l o c a l  .heat t r a n s f e r  co- 

e f f i c i e n t  f o r  a  segment o f  an evaporator 
tube (Btu/OF. sec) . 

HCoND (MCW SMNH3 STCW STNH3) Calculates o v e r a l l  1  ocal heat  t rans fe r  co- 
e f f i c i e n t  f o r  a  segment o f  a  condensate 
tube (Btu/OF. sec). 

SUBROUTINE 

EVAP 

COND 

TURBINN 

DESCRIPTION 

Calculates t h e  evaporat ion r a t e  and 
~ E R / ~ P , , ~  i n  the  evaporator f o r  s p e c i f i e d  
warm sea water .cond i t ions  and' a  spec i f ied  
ammonia feed r a t e  and s a t u r a t i o n  temperature. 

Calkulates the  condensation r a t e  and aCR/apsat 
i n .  t he  condenser f o r  s p e c i f i e d .  c o l d  sea 
water conditons and a  s p e c i f i e d  s a t u r a t i o n  
temperature. 

ca l cu la tes  t h e  output  cond i t ions  f o r  t h e  
t u r b i n e  and t h e  work done i n  t h e  t u r b i n e  
f o r  s p e c i f i e d  i n l e t  cond i t i ons  and i n l e t  
f l o w  r a t e .  



2.3.2 Subroutines and Functions Used i n  L i qu id  Side Calculht ions 
. > 

FUNCTIONS DESCRIPTION a 
(Tsat)  Anunonia Calculates sa tu ra t ion  pressure (PsIA) . 

GAMMA (TI,,) [ Table Calculates dens i ty  of saturated 1 i q u i d  
(1 bs / f t3 ) .  

Calculates pressure drop 
a t  con t ro l  va lve v7, P 18C2B 

P12C1 
P12C2A 

These funct ions ca lcu la te  the pressure 

P12C2B a t  po in ts  18, 12, and 8 f o r  the three 
conf igurat ions (see Figure 1.1). 

Cal cu l  ates pressure drop 
a t  con t ro l  valve Vsa P8C2B 

SUBROUTINES 

VALV 7A 

PUMPRF 

PUMPC 

HEADER 

SEARCH 

DESCRIPTION 

Calculates K f a c t o r  o f  feed f low 
cont ro l  valve. 

Calculates head o f  r e f l u x  pump (ft) and 
power (KW) . 

Cal cu l  a tes  K fac tor  of condensate f 1 ow 
cont ro l  valve . 

Calculates head o'f condensate pump (ft) 
and power ( K W )  . 

Calculates bP i n  a m h a  feed header ( f t3/sec).  

Search subroutine t o  determine the re -  
quired valve K fac to rs  or pump speeds t o  
secure pressure balances i n  the several 
legs o f  the l i q u i d  ammonia system. 
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3. INPUT 

Input data are supplied through two NAMELISTS labeled $DATAIN and 

$GEODATA. $DATAIN comprises twenty input  variables which i t  i s  an t i c l -  

pated w i l l  be a1 tered f o r  various t e s t  runs: e.g., seawater temperatures, 
f ou l i ng  factor%, mass f low rates, and so on. $GEODATA comprises fo r t y -  

e igh t  parameters whtch i t  i s  ant ic ipated w i l l  be a1 tered only infrequent ly 

between runs; e.g., tube dimensions, pipe elevations, valve K-factors, and 

SO on. 

Default values o f  a l l  input  data are provided i n  the BLOC.KDATA sub- 

program. These values specify the 10 MW "baseline case" f o r  power module 
s teady-state operation. To run the baseline case., input: 

$GEODATA need no.t be specified. The simulation prog'ram .permits the 
stacking o f  namelist data sets f o r  mu l t ip le  cases. See var iable IEND 

below. 

The program has been designed t o  run nominally i n  a parameter 
perturbat ion mode. The user speci f ies only one o f  7 acceptable input  

v a r i a h l ~ s  t o  be perturbed (see MPARA below), the amount o f  the perturbation 
(see DELT 'below) and the number o f  cases t o  be run (see NCASE below). The 
program then executes a nominal case followed by NCASE-1 successive pertur- 

bat ion cases and formats the resul ts  o f  a l l  cases i n  an easy t o  read columnar 

format. Note t h a t  i n  t h i s  mode namelist $DATAIN i s  input  once only. 

Figures 3.1 and 3.2 fol lowing define a l l  input  variables. 



FORTRAN 'ENGINEERING DEFAULT D&FI.NITION . . 
SYMBOL SYMBOL VALUE . . . . 

TWAR?! 80. Temperature o f  warm sea water (OF). 

M R M  Cam 75967. Warm sea water f l ow r a t e  t o  evaporator (lbs/sec) 

.0001 Foul ina factor  on i npu t  diameter of evaporator 
tubes t f t 2  h r  OF/Btu). 

T C ~ L D  Tcold .40. Temperature. o f  co ld  sea water (OF). 

. 
MCVLO 'cold 701 72.2 Cold sea water f l ow  r a t e  t o  condenser (1 bs/sec) . 
FFCjfLD f fco ld  .0001 Foul ing f a c t o r  on inpu t  diameter of condenser 

tubes ( f t 2  h r  "F/Btu). 

MFEED 

REFV7A 

REFV6A 

JPMPRF 

.2 L i q u i d  s ide con f igura t ion  selector.  

1 = con f igura t ion  1  
2 = con f igura t ion  2a 
3 = con f igura t ion  2b 

1324.4 h n i a  feed r a t e  t o  the evaporator header 
(1 bs/sec) . 

' h b  2000. Bypass valve K factor. - 
.If KVlB 7 1999. o r  G .05 the  valve i s  closed. 

' P " / ~  585. S p e c i f i e d / i n i t i a l  est imate o f  re f lux / feed 
pump r o t a t i o n a l  speed (rpm) . 

rpm/cond 880. Spec i f ied / in i  t i a l  est imate o f  condensate pump r o t a t i o n a l  speed (rpm) . 
fi/iF/;n .2 S p e c i f i e d / i n i t i a l  est imate o f  ammonia .feed 

f l o w  con t ro l  valve (V,,) . 
flcond -2. S p e c i f i e d / i n i t i a l  est imate o f  anmonia 

condensate f low con t ro l  valve (Vsa) . 
0 Feed f l ow  con t ro l  selector.  

(0 V con t ro l  valve) 
(1 rg?lux/feed pumpj 

Figure 3.1 NAMELIST DATAIN ($DATAIN) Variables 



FORTRAN ENGINEERING DEFAULT DEFINITION 
SYMBOL SYMBOL VALUE. , : . 

, . 

JPWC 1 condensate f l o w  contro l  f e l  ector. 
'(0 = V6a contro l  valve) 

a 
'. 

,(I = condenf ate pump) 

I END -2 Run terminat ion and name1 i s t  contro l  flag. 
(on the f i r s t  case) Terminates run 

-1 0 Requests namel i s t  GEODATA be read and w r i t t e n  

(subsequent case) -1 Suppresses reading and w r i  t l n g  o f  GEODATA 
-2 Requests GEODATA be w r i t t e n  only 

MPARA 

DELT 

NCASE 

'MCBLD ' H o l l e r i t h  name o f ' i n p u t  var iable t o  be perturbed. 
Acceptable names are "T!lARY' , 'MWAW' , FFG!ARM8 , 
' TCflLD ' , 'MCBLD ' , ' FFCOLD ' , 'WEED!, 

100. Amount by which MPARA variable i s  perturbed. 

1 Number of cases t o  be run by perturbing 
var iab le defined by MPARA: 

(10 5 o f f l i n e )  
( 5 f terminal ) 



FORTRAN ENGINEERING DEFAULT 
SYMBOL SYMBOL VALUE DEFINITION . . . 

. a  , . 
. 2 .  

, ,  , 

D I A I  ' i n l e t  5.9 Ins ide diameter o f  vapor duct from evaporator 
to  turb ine (ft). a : .  , .  . . ? . . .  

F L D I  k .1 
~. 

The product o f  the f r i c t i o n  f ac to r  by the 
length' over diameter r a t i o  o f  vapor duct 
from evaporator t o  turbine.  

BENDS1 .' %end, etc ' . .9 K f ac to r  o f  vapor duct from evaporator t o  
turb ine (includes e x i t  o r i f i c e  losses i n  
evaporator). 

. . .  

D I  A0 Dout le t  8.0. i ns ide  diameter o f  vapor duct from turb ine t o  
condenser (average value) (ft) . 

FLDQ fk .1 The product o f  the f r i c t i o n  f ac to r  by the 
length  over diameter r a t i o  o f  vapor duct 
from turb ine t o  condenser. 

Kbend, etc. 

. DIAB 

FLDB 

BENDSB 

DIAFED 

FLDFS 

BENDFS 

FLDFD 

BENDFD 

HFEED 

DIARFL 

FLDRS 

.3 K f a c t o r  o f  vapor duct from tu rb i ne  t o  
condenser. 

Ins ide diameter o f  vapor bypass duct around 
tu rb ine  (ft) . 

. .: . , ,. 

f'6. . .45 The product o f  the f r i c t i o n  factor  by the '  
length  over diameter r a t i o  o f  vapor bypass 
duct. 

. , 

%end, etc. .45 K f ac to r  o f  vapor bypass duct. 

Dfeed 3.0 Ins ide  diameter o f  i i q u i d  a m n i a  feed l i n e  (ft.) 

.1 The product o f  the f r i c t i o n  factor  by the 
length  over diameter r a t i o  of feed suction. 
l i n e .  

%ends .45 K f a c t o r  o f  feed suct ion l i n e .  

.3 The product o f  the f r i c t i o n  f ac to r  by the 
length  over diameter r a t i o  o f  feed discharge 
1 i ne  . 

Kbends 1.35 K factor  o f  feed discharge 1 ine. 

hfeed 54. Elevat ion of evaporator o r i f i c e  p l a t e  
above pump center1 i n e  ( f t )  . 

3.0 Dtameter of 1 i a u i d  amonia re f lux  1 i ne  ( f t ) .  

0. The product o f  the f r i c t i o n  fac to r  by the 
length  over diameter r a t i o  of r e f l u x  suct icn  l i n e .  

F i  gure 3.2 NAMELIST GEODATA ($GE@DATA) Vari abl es 

A-67 



FORTRAN EFIGIF4EERING 
SYMBOL SYMBOL 

BENDRS 

FLDRD 

BENDRD 

HSUMP 

DIACPN 

FLDCS 

BENDCS 

FLDCD 

BENDCD 

Kbends 

hSump, 

Kbends 

DEFAULT 
VALUE DEFIMITION 

K fac tor  o f  r e f l u x  suct ion 1 ine. 

The product of the f r i c t i o n  factor  by the 
length  over diameter o f  r a t i o  o f  r e f l u x  d is -  
charge 1 ine. 

K f a c t o r  of r e f l u x  discharge l i ne .  

Elevat ion o f  l i q u i d  surface i n  evaporator 
sump above pump center 1 i ne  ( f t )  . 
Diameter o f  1 i q u i d  ammonia condensate l i n e  (ft). 

The product o f  the f r i c t i o n  f ac to r  by the 
length  over diameter r a t i o  o f  condensate 
suct ion 1 it le. 

K f a c t o r  of condensate suct ion l i n e .  

The product o f  the f r i c t i o n  f ac to r  by the 
length  over diameter r a t i o  o f  condensate 
discharge l i n e .  

K f a c t o r  o f  condensate discharge 1 ine. 

HWELL h v e ~  I 21. Elevat ion o f  l i q u i d  surface i n  condenser 
hot  we l l  above pump cen te r l i ne  ( f t ) .  

FILTER Kti ter 6.4 K f a c t o r  of the l i q u i d  ammonia feed f i l t e r .  

CDA Cd 1 ..I6 The product o f  the discharge coef f ic ient  and 
the area o f  the composite o f  a l l  o f  the f i l m  
forming o r i f i c e s  i n  the evaporator ( f t 2 ) .  

KVlA k s  . 2 K f a c t o r  o f  the valve which i s  between the 
o u t l e t  o f  evaporator and i n l e t  of turbine.  

KV2A %a .2 K f ac to r  o f  the valve which i s  between the 
sump and re f lux / feed pump. 

KV2B %2b .2 K factor  of the valve which i s  between the 
re f lux / feed pump and the valve Vja 

KV3A Kv3a 0.  K factor  of the valve which i s  between the 
valve VZb and screen f i 1 t e r .  

KV4A 'L4a .2 K factor  of the valve which i s  between the 
ho t  wel l  and the condensate pump. 

KV4B '$4b .2 K f a c t o r  o f  the valve which i s  between the 
condensate pump and cont ro l  valve Vsa. 



FORTRAN 
SYMBOL 

ETUB I D 

ETUBOD 

ELNGTH 

ENMBR 

ENSEG 

CTUB I D 

CTUBBD 

CLNGTH 

CNMBR 

CNSEG 

ARE 

ARC 

THCT 

CONCT 

CONET 

ENGINEERING 
SYMBOL 

DEFAULT 
VALUE 

. .  . 

DEFINITION 

K fac to r  o f  t he  valve which i s  between t h e  
c o n t r o l  va lve V6, and sump. 

Evaporator tube e f f e c t i v e  i n s i d e  diameter ( ft) . 
Evaporator tube e f f e c t i v e  outs ide  diameter ( f t )  . 
Evaporator tube a c t i v e  l eng th  ( f t )  . 
To ta l  number o f  evaporator tubes. 

N u d e r  o f  l e n g t h  segments i n t o  which t h e  evapora; 
t o r  tubes are  d i v ided  f o r  coniputa t i o n a l  purposes 
(5201.  

Condenser tube e f f e c t i v e  i ns ide  diameter ( f t )  . 

Condenser tube e f fec t ive  outs ide  dfameter [ f t )  . 
Condenser tube a c t i v e  1 ength (f t) . 
T o t a l  number o f  condenser tubes. 

Number o f  segments o f  l eng th  i n t o  which the  
condenser tubes are  t o  be d i v ided  f o r  computa- 
t i o n a l  purposes (6 20). 

Area r a t i o  o f  evaporator. 

Area r a t i o  o f  condenser. 

Thermal thickness o f  evaporator tube ( f t )  . 
Thermal thickness o f  condenser tube ( f t ) .  

Thermal conduct1 v i  ty o f  condenser tube 
(B tu /h r / f t I 0F ) .  

Thermal conduc t i v i t y  o f  evaporator tube 
(B tu /h r / f t I 0F )  . 



4. OUTPUT * .  

The output consists o f  a p r i n t o u t  o f  the input  data sets $DATA and op t iona l l y  

SGEODATA, and a d isp lay  o f  the s imulat ion resu l ts .  The p r i n t i n g  o f  the BGEODATA a 
se t  i s  con t ro l led  by i npu t  IEND i n  the $DATAIN set. I f  the name o f  the var iable t o  

be perturbed i s  inpu t  t o  MP&'A, i t  i s  displayed i n  h o l l e r i t h  representation. I f  

no t  input, i t s  de fau l t  value 'MCOLD' i s  displayed i n  in teger  format. 

The output i s  formatted and p r in ted  i n  subroutine MATRIX. The output format 

has been designed t o  d isp lay .33 var iables f o r  up t o  ten cases f o r  o f f l i n e  p r i n t  

and f o r  up. t o  f i v e  cases f o r  remote terminal display. One example o f  t h i s  format 

appears i n  Figure 4.1. For debug purposes, Dr. Impink's o'utput i s  d i s p l a ~ e d  6"'' 
TAPE6. f he var iables are se l f - i den t i  f i e d  by tex t .  The procedure f o r  obtain ing 

t h i s  output i s  given i n  Section 5. 

The fo l lowing i s  a '1 i s t ,  w i th  de f in i t i ons ,  o f  the standard output variables 

displayed i n  the order o f  appearance so shown i n  Figure 4 . l .  

FORTRAN 
SYMBOL 

QNET 

POWER 

QCOLD 

QWARM 

QCOND 

QRFLX 

QMFSC 

FFFIC 

QUAL 

ENGINEERING 
SYMBOL. 

POWER AND EFFICIENCY 

'co 1 d water 

Pwarm water 

DEFINITION 

Net power o f  the  system (MegaWatts). 

Turbine power (bgaWatts). 

Cold sea water pumping power 
(MegaWatts). 

Warm sea water pumping power 
(MegaWatts). 

Ammonia condensate pumping power 
(MegaWatts). 

Ammonia feed pumping power (MegaWatts) .. 

M i  scel 1 aneous power requirements 
(MegaWatts). 

Turbine e f f i c i ency  ( I ) .  
Ammonia turb ine e x i t  qua l i t y .  



FORTRAN 
SYMBOL 

ENGINEERING % .  
I 

SY t%OL DEFINITION - 
FLOW RATES 

Mfeed Ammonia feed r a t e  t o  t h e  evaporator 
header ( 1 bslsec) . 

ER 

CR 

M R R '  

Evaporation r a t e  (1 bs lsec)  . 
Condensate r a t e  (1 bs lsec)  . 
The evaporator r e f l u x  f l ow  r a t e  
(1 bs lsec)  . 

T F Turbine i n l e t  f l ow  r a t e  (I bslsec).  
BY PASS The r e s u l t i n g  bypass f l o w  r a t e  

( 1 bslsec) . 
TEMPERATURES 

TOUTW 

TOUTC 

Twarm water 

T c o ~ d  water 

The warm water discharge temperature 
( O F )  
The co ld  water discharge temperature 
(OF) 

TSATE 

TSATC 

Temperature o f  evaporator (OF). 

Temperature o f  condensor ( O  F) . 

Pressure o f  evaporator (PSIA) . PSATE 

PSATC 

PTHRTL 

RPMRR 

ANGV 7A 

NPSHRF 

DPV7A 

Pressure o f  condersor (PSIA). 

q turb  t h r o t t l e  

'?ref1 ux pump 

Turbine t h r o t t l e  pressure (PSIA). 

Ref 1 ux feed pump speed (RPM) . 
Feed f low valve angles ( O ) .  

- ,  
Reflux feed pump NPSH ( f e e t ) .  

The pressure ,drop across the  feed 
con t ro l  va lve (PSI]. 

Condensate pump speed (RPM) . 
. s 

Condensate flow valve angle ( O ) .  

RPMCON 

ANGV6A 

NPSHC 

rPmcond. pump 

cbndensate pump NPSH ( feet) .  
: c 

  he pressure drop across ( fee t )  the 
t h e  condensate f l ow  con t ro l  va lve ( P S I ) .  



FORTRAN 
SYMBOL 

HEU 

HCU 

ENGINEERING 
SYBOL DEFINITION 

PRESSURES ( continued) 

Heat transfer  coef f ic ient  o f  
2 evaporator (Btu l  F l f t  /sec) . 

Heat transfer  coef f ic ient  o f  
condenser 

(Btu l  ~ / f t ~ / s e c ) .  



. . . . . . .  ... --. ...... ............ . . . . . . - .  - .......................................... -. .... .-- .............. .--. ....... - .- - .. - -. . - ..... 
CASE 1 2 

VARIABLE RFEtD 1324.40 1224040 ' 

... POWER A.- EFFI.C.1EFIC.Y . . . . . .  ( H ~ ~ G A ~ J A T  T.S 1 . .  . . . . . . . . . . . . . . . . . . . .  ......... --- ... 

NET PO.UER 10.33 10.34 
TURBINE P0IJE.o 14.73 14.73 
:COLD . WATER ... PU"? ......... 1.77 ........ 1. 77 . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .--...-..--.--- ................................ -. 

WARN WATER FUVp' 1. 35 1.35 
CONDENSATE PUMP 032 032 
FEED PUMP . . .  16 ......... . a  15 . . . . . . .  . . . . . . . . . . . . . . . . . . . .  - .... - .-- .. . --- ..... .- - - - - -- .---- 

. . t l lSCELLANEOUS 050 050 
TURB1,NE i F F . I C I E N C Y g  d 7.067 87.67 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  AHHONIA . Q U A L I T Y  ... L .  ......... 9.7044.. . 97.44 . . .  . . .  -- 
. F L O Y  R A T E ?  (LB 'S /S fC)  

FEED TO EVAPCDATPR 1324.40 1224040 
EVAPORATIOK F L O W  ............... 808.43 608.2e . . . . . . .  . . . . . . . . . . . . . . . . .  - .... - .............. ---. . -- . - . ---. .. - - - . --- 

-CONDENSATION ELnW 7P7.47 787026 
RSFLUX FLOW 515.97 . 616.12 

. . . . . . . . . . . . .  .............. . . . . . . . . . . . . . . .  ....... TURB I N L E T  FlTW - eO8. 43 ...8 28 --... ------------ 
BYPASS FLOW 0.00 '0.00 

D TEflPERATtlRcS (DEG F )  
WARM WATER .-DItCHG... 7.4002 74.05 .- ------. . ...... . . . . . . . .  . ........ - 

" COLD WATER O T S C H G  46.2; 46.21 . . 

EVAPORATOR 70.20 70.19 
CONDENSER .. 5.0 a.3 l........ 50e.31 ................. .................................. .-.r.-..----.-.----..--.--...---.- --A 

P R E S S l ' R  € 5  I P S 1 4 1  
EVAPORATOR 129.25 129.23 

. . . . . . . . . . .  . . . . . . . . . . . . . . .  ..... CONDENSER ? 9 .  19 89.19 
TURB THROTT LF 1.29004 129.02 . . . 

PUtiPS A N 9  V b L V F S  
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ... F €ED PUP? S f  E E 0 ) P  b.? 5.96 0.58 5.76.99 -- 

FEED dNGLE* D e C Q S E  020 020 
'FEED .NPSHpF E5T ,123052 130.44 

................... OF PR F ~ E D . . V ~ L V P " ? ~  002 '..02 : _ _  
C'GND PUFP SP"ED,ReM 779.63 779.65 
CON0 ANGLE, DFGRC' 020 020 
CON0 N P S H t F Z f T  . . . . . . . . . .  .?be 36 26.. 36. . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . .  . - 
OF PR CON0 V b L V ~ o f f  0.00 (i. 00 
HEAT TRS .COCFF E V A V  'Q05.04 867.93 

.......... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  HEAT .TRS.. C0EF.F. CcNO 7.26.61 ?26*8? -. --- -- 

. . 0 .  . . .  
Figure 4.1 ' Standard Output , 

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



5. OPERATING PROCEDURES 

Approximately 34200 (oc ta l )  words of core are needed f o r  loading, and 

24400 (oc ta l )  words o f  core are needed for  execution on the CDC 6600 a t  TRW. a 
To run the d e f a u l t  case w i t h  no var iab le  perturbat ions takes about one second 

o f  cen t ra l  processor time. A t yp i ca l  con t ro l  f i l e  f o r  timeshare execution i s :  

GETSOTEB5,Input f i l e  
OTEB5,INPUT=Input file,OUTPUT=PRl 
PRINTF,PRl ,bldg,room ( o r  cour ie r )  
(PRINTF,TAPE6) i f  debug output i s  desired 

A con t ro l  f i l e  f o r  remote hatch execution i s :  

ACCOUNT,username,password 
NAME,CCCOO,badge,last namesf i r s t  i n i t i a l  
PROBLEM,job number 
FLENGTH,34200 
PRIORITY,E 
BANNER,OUTPUT, b l  dg . room (o r  cour ie r )  
GET ,OTEB5, i nput f i l e  
OTEB5,INPUT=input f i l e  
(PRINTF ,TAPE6) i f  debug output i s  desired 



ATTACHMENT I 
I 

SAMPLE CASE 









. - BGEOOAT A 
DIAI = 5 0 5 r  
FLDI = 3eOc-Olr 
BENDS1 0 4e5F-01, 

. vi.*-o . o,, 
FL 00 - .  3.OF-Otr 
BENDSO ' = 4e5F-Olr . . . . . . . o r  A S  = 5 . 5 , .  
F L D B  = 4.5F-010 
BENDS0 = 405S-Olr 

' DTA-F'EU = 3.0, 
fLDFS 3eOF-Olr 
BENDFS m 4.5-01s 
F'i-OFD' q 3oOF'001~  
BENDFD = 9.0F-01, 
HFEEO 7 eOf+Olr 
D-TdR'R 0 2 . 5 ~  
FLDRS - 0 . 9  
BENDRS m O a r  
KO'RD- '009 
BE.N'DRD 00 r 

7 HSUM.P 2oOE+Oli 
2 ETA'CTlX = 2.69" 

FLOCS * 3e0'-01r 
B E N D C S  405E-01, 
FCI)'CD -"3.oF-o1', 
BENDCO = 9 0 r ) ~ - O l r  
YWELL . 2 e 7 F + O 1 ~  
F T ' m K  = 4 00'-01-,' 
CD A 1.16, 
':, '4 1 & zoo=-01, 
K V Z A  2 .OF-01; 
Y V 2 9  = 2.0C-01, 
K V 3 A  - 0 . 9  
Y V 4 A  ZeOE-OT; 
K V 4 B  - Z . O ~ - O . I t  
K V S A  I 0.9 
ETUBI'D' m l ' e 3 3 f - O Z r  
ETUBOD 9e25F-020 
ELNGTH 2ob5E+01.r 
ENHBR = 4 '2654 ,  
Etb:SEG 10, 



CCNGTH m Z . Q F + O l r  

- CNtlBR 43670.p . . .  ...... . . . - . . .  ........ . . . . . . . . . . . . . . . . .  .... .. .. . 
Fr EG 

". . . . . . .  . " .  -- - - - .- - - - ---- ---- -- - --- -- - 
= IOP 

A R E  1 . 4 6 ~  
A R C  m 1.469 . . . . . . . . . . . . . . . . . . . . .  ............... ...... ....... - -- . .  . . . . . . . . . .  .- .--. -.----- ..------.--- 
f ~ E i - -  - 4.40E-d?r 
THC1 m 3.QqE-b3p 
CGNtT 0 1,15F*Olr 

-c.C 
.CT----- .- ........................ -. . . . . .  .............. ------.----------.--- - ----- 

m ; " '  - ' " 

SEND 



- .  .............. - .............. ... - ......... ----- ..................... . . -  
C A S E  

VARI ASCE )rC.OLO 70172.20 
POWER FFSTCIENCV (PEGAUATTS) -N-E-rp-o -u-ca- - - .- --. - -- -. -- -.- - ..... -. --.-- --------------- 

1 0 . 3 3 -  . . 

TURBINE POWER 14.73 
C o t 0  WATER' PUYp 1077 

. * --..------.---- ....5................. - .... . - I  ..-.,---- "--..-'-...----" -- . . . . A*-- 

CONDENSATE PVWP 32 
FEED PUMP 16 -wl-S-c-EL-L-A WEm-t --.- --.-.------.------- 

,56 
TURBINE EFF I C X E N C Y S  e7.67 
AMHONIA QUALITY S 9 7 0 % 4  -- ' .C..-C)V''R&Tr=s- -" -- '"(.' .8-S.a EF'r' ---.--. 

FEED TO E V A P O ? A ~ ~ Q  1 3 2 4 0 4 0  
EVIPORAT IOq FCOW 808.43. -poH.o- EN.5AT .r6-N--n-Clu- 

7 8 7 . 3 ' 7  
- . . .  . . . .  -- . . .  ..: 

REFLUX FLOW 515097 
TUPB INLET F L W  808.43 . . . . . . . . . . . . . .  - . A  V.pA S'S-' .F L.C W'--. ' "  .... ..-.---,- - -... - --- --- -.---- --- . . . . 
.., . 6'.'00 

TEHPERATURES ( O E G  F ) .  
7 ' . ! A 4 ~  WATER OISCWG 
03 -. 

74.02 
.. - .- 

4 ,, 3; d -AT .R7 )1  S'C UCG4-b6'.-z I - -  
L'APOR AT OR 70 .  20 

CONDENSER 5 0 . 3 1  . . . . . . . . . . .  . . . . . .  . . . . .  PPR2 URET- ' ---.---------.. . * . , . . . - - - I  . - 
- - 

EVAPORATOR 129 .25  
CONDENSER P9.19 

'I'2 . .0 
- -- - - - 7TIK'B'7HR'DTT-LT--' 

PUWPS AND V A E V F S  
FEED PUMP S P F F D l P P H  5 9 6 0 5 8  . . 

-FEZ D-'.* NC CF, .DFrr 
F---' . Zo--' --.------.------ .- 

FEED NPSHpFEFT 123.52 
D F  PR F E E D  VA.LVpP?T • 02 

-can D-PUMP -S P I ~ O  ~ ' R ' D  ~ 7 7 9 .  e'u--- - 
CCND ANGLE* DEGRF!! 0 2 0  
Cot40 NPSHpF EFT. 2 6 0 3 6  -DF... .PR'"COND..-,,ALViDS I--,. • o............................................. -- -- - -.-.- 

HEAT TRS COEfF  E V A P  Q05.04 
HEAT T R S  COEFF cnw 726 .81  

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







cONbE.NSA* .c-- ............... -D.-.F. ' -oQ----. ----.-- ow -- 
RE FLUX/FEED NO 
~ u n o  SPEFD CUHP ' S P E E D  V A L V E  ANGLE V A L V E  ANGLE 

- . . - . - . - . -. . - ----- -. --- -- 
I N P U T  -.'2 0 a t - O  

ACTUAL 5 9 6 0 5 R  779.80 ZO ------..--. ------ ' r20  ' 

... -- 6'CIVf PUMP .R...-- PARAHET -.-. --.---..);ips ERS W..- ----.-,-.--------.- 

P l l  * l Z Q . 2 4  
P 1 2  = 1 2 9 . 2 4  -P's.3.~i136'~o~o' Z-- - . - - - - - . - - . . . - - - .  . . 

THE PRFSSl !RF O R G P  ACROSS THE CONQENSATE FLOW CONTROL V A L V E  ( V 6 A 9  I S  O r 0  P S I  
THE PRFSSURE DROP ACROSS T H E  FEE0 FLOW CONTROL V A L V E  IS 00 P S I  

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



L . .  *-* T.nr.c- .i-*.'S S.E: S.-- * E' .'.$ . Tl-.-M.E G'* .IJZTTs- . .  ' ' - r A PPO R'TTU-N€O-'-A 3 - ' V b L - C b U S  
C@LD SEAWATER PUMPING PO'dER 1 . 7 7  HEGAWATTS 
WARP SFAWLATER PUMPING POWER 1.35 MEGAWATTS . . . . .  .... ..-A- .- ............. . -. . . 

AMWONIA CDNDENSATE PUHPING POWER a 3 2  MEGAWATTS 

MISCELt4NFOUS POWER REQU'IREHENTS a 5  0 MEGA W I T  TS . . . .  . . . . . .  
-.----- ...... ---- ................................ --..------ --.- :. . 

NET ELECTkTCAL POWER I S  1 0 . 3 3  MEGAVATTS 
...... -- - -. -- -- - - .. - - . . -- 



T H I S  PAGE : 
WAS INTENTIONALLY 

LEFT BLANK 



\ 

ATTACHMENT I 1  

DESCRIPTION OF FUNCTIONS AND. SUBROUTINES 

PROGRAM LISTING 

These w i l l  be furnished a t  customer's request.  
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APPENDIX A. 3 

HYDRAULIC TRANSIENT MODEL 



A. 3. HYDRAULIC TRANSIENT MODEL 

The v e r t i c a l  motion o f  the h u l l  causes f l o w  t rans ients  i n  the co ld  

and warm water systems, which cause unsteady f l ow  on the waterside o f  the 

heat exchangers. I n  order t o  examine the nature o f  the unsteady f l ow  and 

t o  determine i t s  e f f e c t ,  a dynamic mathematical model o f  the water f l ow  was 

se t  up and was solved numerical ly  by computer. I n  the model, the hydrau l ic  

features o f  a 40 MW p la t fo rm are represented by three subsystems. The co ld  

water  p ipe and open trough are represented as a s i ng le  subsystem as shown 

i n  Figure 1. The second subsystem consists o f  a condenser, an evaporator, 

and t h e i r  common e f f l u e n t  discharge pi'pe as shown i n  Figure 2. The tt1.ir.d 

subsystem includes a l l  o f  the seawater pumps and i s  represented by a 

dimensionless pump cha rac te r i s t i c  curve as shown i n  Figure 3. The symbols 

used t o  represent these subsystems are def ined i n  Tables 1, 2, and 3, 

respect ive ly .  

Table 1. Symbols Used f o r  Representation of 
Cold Water Pipe and Open Trough 

= area o f  ho r i zon ta l  water surface i n  the trough (constant) I 
I A, = cross sect ion area o f  co ld  water p ipe (constant)  I I Dr = d r a f t  (constant)  I 
I = depth from mean sea l eve l  t o  f l o o r  o f  open trough j n  calm 

sea w i t h  no pumping I 
I Dl = i n t e rna l  diameter o f  co ld  water p ipe (constant)  I 
I hl = e leva t ion  o f  water surface i n  trough w i t h  respect t o  datum 

e leva t ion  ( func t ion  o f  time, p o s i t i v e  up from datum) 

I hMSl = e leva t ion  o f  mean sea leve l  w i t h  respect t o  datum e levat ion 
(constant, pos i t i ve  up from datum) I .  ' 

I V1 = absolute v e l o d t y  of' f low '  I n  co ld  wi i ler p i p e ( f u n c t i o n  o f  time, 
p o s i t i v e  up p ipe i n t o  trough) 

I z1 = e leva t ion  o f  f l o o r  o f  trough w i t h  respect t o  datum e levat ion 
( f unc t i on  of t ime, p o s i t i v e  up from datum) I 

I LO = h a l f  amplitude of heave o f  p la t form 

z; = value of zl i n  calm sea I 
A-90 • 
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Table 1. Symbols Used f o r  Representation o f  Cold 
Water Pipe and Open Trough (Continued) 

- -- pp + 

Z1 = depth of water i n  trough ( func t ion  o f  t ime) 

= t o t a l  r a t e  o f  f l ow  out o f  trough through a l l  co ld  water 
"P pumps ( f unc t i on  o f  t ime) 

L1 = length  o f  co l d  water p ipe from bottom end t o  f l o o r  o f  
trough (constant)  

MSL = mean sea l eve l  

g = acce lera t ion due t o  g r a v i t y  

t = time 

= di f ference i n  s t a t i c  head due t o  d i f ference between water 
temperatures i ns i de  and outs ide o f  co ld  water p ipe 

fl = Darcy f r i c t i o n  f a c t o r  f o r  co ld  water p ipe 

w = frequency o f  heave o f  p la t form 
i 

Table 2. Symbols Used for  Representation o f  Heat 
Exchangers and .Ef f luent  Discharge Pipe 

b I 

= area o f  ho r i zon ta l  water surface i n  top water box o f  
a2 evaporator (constant)  

= area o f  ho r i zon ta l  water curface i n  top water box o f  
a3 condenser (constant) 

A; = t o t a l  cross sect ion area of a l l  tubes i n  evaporator (constant) 

A j  = t o t a l  cross sec t ion  area o f  a l l  tubes i n  condenser (constant) 

A2 = cross sect ion area of evaporator branch o f  discharge pipe 
(constant)  

Ag = Cross sect ion area of condenser branch o f  discharge pipe 
(constant)  

A4 = cross sect ion area of combined e f f l u e n t  discharge pipe 
(constant) 

D2 = diameter o f  evaporator branch of discharge pipe (constant) 

D3 = diameter o f  condenser branch o f  discharge p ipe (constant) 

D4 = diameter o f  combined ef f luent  discharge, p ipe (constant) 



Table 2. Symbols Used for .Representa t ion o f  Heat Exchangers 
and E f f l uen t  Discharge Pipe (Continued) . 

h2 = e leva t ion  o f  water surface i n  tbp  water box i n  evaporator 
w i t h  respect t o  datum e levat ion ( f u n c t i o n  o f  time, p o s i t i v e  
up from datum) 

h3 = e leva t ion  o f  water surface i n  top water box i n  condenser w i t h  
respect t o  datum e leva t ion  ( func t ion  o f  time, p o s i t i v e  up 
from datum) 

AH;,* = energy loss  dur ing f l ow from top water box i n t o  tubes i n  
evaporator ( f unc t i on  o f  v e l o c i t y  V i )  

 AH^,^ = energy loss  dur ing f l ow from top water box i n t o  tubes i n  
condenser ( func t ion  o f  V j )  

AHeS2 = energy loss  dur ing f l ow from evaporator bottom water box 
t o  branch discharge p ipe ( f unc t i on  o f  V2) 

 AH,,^ = energy loss  dur ing f l ow from condenser water box t o  branch 
discharge p ipe ( f unc t i on  o f  V3) 

L i  = length  o f  f l ow path through evaporator tubes and bottom 
water box (constant)  

L j  = length  o f  f l ow path through condenser tubes and bottom 
water box (constant) - 

- 
L2 = length  o f  evaporator branch discharge pipe (constant) * : 

L3 = length  o f  condenser branch discharge p ipe (constant) - 
L4 = length  o f  combined discharge p ipe (constant) 

p1 = pressure a t  bottom tubesheet o f  evaporator ( func t ion  o f  t ime) 

p j  = pressure a t  bottom tubesheet o f  condenser ( func t ion  o f  t ime) 

p2 = pressure a t  j unc t ion  o f  branch discharge pipes ( func t ion  
o f  t ime) 

Qp,* = r a t e  o f  f l ow pumped i n t o  top water box o f  evaporator 
( func t ion  o f  t ime) 

= r a t e  o f  f l ow pumped i n t o  top water box o f  condenser 
Qpy3 ( func t ion  o f  t ime) 

V i  = absolute v e l o c i t y  o f  f l ow i n  evaporator tubes ( func t ion  o f  time, 
p o s i t i v e  toward discharge o u t l e t )  

V j  = absolute v e l o c i t y  o f  f l ow i n  condenser tubes ( func t ion  o f  time, 
p o s i t i v e  toward discharge o u t l e t )  



Table 2. Symbols Used f o r  Representation o f  Heat Exchangers 
and E f f l u e n t  Discharge Pipe (Continued) 

V2 = absolute v e l o c i t y  o f  f l ow i n  evaporator branch discharge 
p ipe ( f unc t i on  o f  time, pos i t i ve  toward discharge o u t l e t )  

V3 = absolute v e l o c i t y  o f  f l ow i n  condenser branch discharge p ipe 
( f unc t i on  o f  time, p o s i t i v e  toward discharge o u t l e t )  

V4 = absolute v e l o c i t y  o f  f l ow  i n  combined discharge pipe ( func t ion  
o f  time, p o s i t i v e  toward discharge o u t l e t )  

= absolute v e l o c i t y  a t  o u t l e t  end o f  combined discharge pipe 
,Ve'4 ( f unc t i on  o f  time, pos i t i ve  out  o f  pipe) 

= e leva t ion  o f  evaporator top tubesheet w i t h  respect t o  datum z2 ( f unc t i on  o f  time, p o s i t i v e  up from datum) 

z3 = e leva t ion  o f  condenser top tubesheet w i t h  respect t o  datum 
( func t ion  o f  time, p o s i t i v e  up from datum) 

= e leva t ion  of j unc t ion  of branch in terceptors  w i t h  respect z4 t o  datum ( f unc t i on  o f  time, p o s i t i v e  up from datum) 

Z2 = depth o f  water i n  top water box o f  evaporator ( func t ion  
o f  t ime) 

Z3 = depth o f  water i n  top water box o f  condenser ( func t ion  o f  
t ime) 

a = c o e f f i c i e n t  (constant) 

6 = c o e f f i c i e n t  (constant)  

e = angle between v e r t i c a l  and branch discharge condui t  (constant) 

y = u n i t  weight o f  water (constant) 

= f r i c t i o n  losses i n  evaporator tubes ( func t ion  o f  ' V i  and t ime) 

= f r i c t i o n  losses i n  condenser tubes ( func t ion  o f  V m 3  and time) 

dHf ,2 = f r i c t i o n  losses i n  evaporator branch discharge p ipe ( func t ion  
o f  Vp and t ime) 

= f r i c t i o n  losses i n  condenser branch discharge pipe ( func t ion  
o f  V3 and t ime)  

= f r i c t i o n  losses i n  combined discharge pipe ( funct ion o f  V4 
A H f * 4  and t ime) 



Tab1 e 3 .  Symbol s Used f o r  Representation of pumps 
. , 

H = head de l ivered by pump ( func t ion  o f  t ime) 

Ho = head del lvered by pump a t  steady s ta te  i n  calm sea (constant)  

Q = r a t e  o f  f low pumped ( func t ion  o f  t ime) 

Q0 = r a t e  o f  f low pumped a t  head Ho w i t h  steady s ta te  and calm sea 
(constant) 

f;l = ha1 f amp1 i t ude  o f  wave motion d r i v i n g  the  heave o f  the p l a t -  
form (constant) 

For each subsystem, the f l ow  i n  each component ' i s  described by equation 

o f  con t i nu i t y  and momentum. The former are w r i t t e n  in . te rms  o f  v e l o c i t i e s  

r e l a t i v e  t o  the h u l l ,  pipes, tubesheets, e tc .  The momentum equations 

are w r i t t e n  i n  terms o,f absolute v e l o c i t i e s  r e l a t i v e  t o  f ixed space, except 

f o r  the terms t h a t  determine entrance and f r i c t i o n  losses. These terms 

are w r i t t e n  w i t h  the same r e l a t i v e  v e l o c i t i e s  used i n  the con t i nu i t y  
equations. The absolute v e l o c i t i e s  are needed f o r  terms invo lv ing  

momentum and accelerat ion.  

For the co ld  water pipe and open trough, the con t inu i t y .  equation i s  

concerned p r i m a r i l y  w i t h  the trough wh i le  the momentum equation i s  concerned 

p r i m a r i l y  w i t h  the pipe. The con t i nu i t y  equation i s  

wh i le  the momentum equation i s  

dV1 - - -  vI* flL1 ( V  
g d t  n z ~ + Z ~ - h ~ ~ ~ + A h ~ , l + ~ + ~  I -= 

I n  order t o  guarantee t h a t  the f r i c t i o n  fo rce  always acts i n  the co r rec t  

d i rec t ion ,  the square of the r e l a t i v e  ve loc i t y  i n  equation (2 )  can be 

replaced by I (V1 - dzl/dt) 1 (V1 - dzl/dt). However, since no reversal  o f  

f l ow  i n  the pipe was an t i c ipa ted  t h i s  e laborat ion was not  used. 



The elevat ion,  zl, can be d iv ided  i n t o  a s t a t i c  term, Z i ,  and an 

o s c i l l a t i n g  term, zO s i n  o t .  The f i r s t  gives the value o f  zl i n  a calm 

sea, wh i le  the second i s  a s inusoidal  representat ion o f  the heave o f  the 

p la t form.  With t h i s  d i v i s i o n  the values o f  zl and Z1 always s a t i s f y t h e  

equation 

z1 + Z1 - hnSL = Z1 - Dr + z0 s i n  o t  (3)  

s u b s t i t u t i o n  o f  equation (3 )  i n  .equation (2 )  leads t o  
n 

L~ d V ~  - D~ + zO s i n o t  + ~h + - V I ~  flLl dz 1)2  ( 4 )  - - - -  
- z1 g d t  

+ - (V1 - 3 
s,l 29 29D1 

Cont inu i ty  equations ,For. the heat exchangers are s i m i l a r  t o  those f o r  

the trough. The equations for  the evaporator and condenser are respect ive ly  

The v e l o c i t i e s  i n  the tubesheet can be el iminated using the con t i nu i t y  

equations between heat exchanger and branch discharge pipe. That i s  

dz2 dz2)2 + (v2 s i n  e j q  1 / 2 .  ( 7 )  
A; (V; + = A2 [v2 cos e + 

and 
d z 'I /2  

A; ( v j  + 3) = A~ L v g  cos e + - d t dz3)2 d t + (v3 s i n  s 1 1  (8) 

Subs t i tu t ion  of equations (7 )  and (8) i n t o  equations (5) and ( 6 ) ,  respec- 

t i v e l y ,  leads t o  the fo l low ing  overa l l  equations f o r  each in te rcep to r  and 

branch discharge pipe. 

112 dZ2 
dz2)2 + (v2 s i n  813 = a? QpS2 = A2 E w 2  ~ 0 s  0 +x (9 )  

F i n a l l y  f l ow i n  the branches i s  r e l a ted  t o  f l ow i n  the combined discharge 

p ipe by the fo l low ing  con t i nu i t y  equation 

A-98 



+ (v2 ;in i)i] 1/2 .. 

dz3)2 .1/2 
+ A3 [(v3 cos 6 + ar . + (v3  s i n  0123 = A  (V +=) (11 4 . 4  

dz4 

The momentum equations f o r  the  heat  exchangers and discharge pipes are  

s i m i l a r  t o  those fo r  the trough and c o l d  water p ipe.  However, the equations 

f o r  the i n d i v i d u a l  components must be w r i t t e n  i n  terms o f  in termedia te  pressures 

pl, p2, and p3. For the heat  exchangers, the  equations become: 

L I Z  dVmp v2 ' p1 v1 l2  

---  
g d t  = -L '2 + -+  29 - -  7 OL2 7- z2 +AH' 

e ,2 
+ AH' 

f,2 (12) 

I n  these equations ai and B i  are  def ined by 

i n  which A i s  : the cross sec t i on  area o f  the  bottom water  box of the  heat  ex- B 
changer. The equations f o r  the  branch discharge pipes become 

- L2 dV2 
g d t  

~ 2 '  - - -  - - -  
9 

(1 -a2 COS 0 )  



and 

L3 dV3 v3? - - 
s 

- - (1 - a3 cos 0 )  
9 

Equations 12 and 13 can be combined w i t h  15 and 16 respeci t v e l y  t o  y i e l d  the 

fo l lowing ove ra l l  equation from the top water boxes t o  the junc t ion  o f  the 

branch discharge p i  pes . 

L U 3  dVn3 L3  dV3 P2 - - - -  - = ,--, 

g d t  g d t  Y 9 
~3~ L - L3 cos 0  - z3 + - (1 - d3 COS 0 )  

The momentum equation fo r  the combined di,scharge pipe a1 so requires the 

intermediate pressure p2 a t  the junct ion.  The equation i s :  



I n  the cur rent  form of the dynamic model, the momentum and dynamics of 

the seawater pumps and t h e i r  motors are no t  considered. Each .pump i s  repre- 
sented by an aPproximate cha rac te r i s t i c  curve t h a t  gives de l ivered head as a 

funct ion of discharge. For the cold water pump, the de l ivered head H3 i s  the 
di f ference h3 - ,hl between water surface elevat ions i n  the open trough and the 

top' water box of the condenser. This d i f ference i s  given by 

For the warm water pump, the del ivered head H2 i s  equal t o  the d i f fe rence  

between h2 and the sea outs ide the h i l l .  I f  the wave motion t h a t  dr ives the 

heave o f  the plat form i s  represented by zoo s i n  w t ,  the de l ivered head on the 
warm water pump i s  given by 

Hz = h2 - zo; s i n  o t = Z2 + (zo - z o o )  s i n  w t (21 
. . 

A t  any time the de l ivered head i s  determined from the values o f  Z1, Z2, and Z3 

and Equation 20 o r  21.. The value o f  f low i s  then obtained from the character- 

i s t i c  curve f o r  the pump. 

The use o f  on ly  one curve fo r  each pump i s  equivalent  t o  the assumption 

t h a t  the 'pump operates. a t  constant speed as the head changes. The change 

i n  pump torque and pump speed due t o  v a r i a t i o n  i n  head has been ignored. 

As already shown i n  Figure 3, a dimensionless pump curve i s  used. The' 

same curve i s  used f o r  co ld  and warm water. For each pump, the values o f  Ho 

and Qo are the de l ivered head and discharge, respeci t ve ly ,  f o r  steady s ta te  i n  

a calm sea. 

I n ,add i  t i o n  t o  the pump. curve, there i s  a r e l a t i onsh ip  between f low ra tes 

Qp , 3  and Lqp., Since a l l  o f  the f low i s  pumped t o  the condensers comes from the 

trough 



Equations 1, 4, .7, 8, 9, 10, ,11, I,?, 18, 19, 20, 21, 22, and the two Dump 

cha rac te r i s t i c  curves f o r  co ld  and warm water form a se t  of 15 equations w i th  

15 var iab les  V1. V2 ' ,  V2, V 3 ' ,  V3, V4, Z1. Z2, Z3, Qp,2. Qp,3, xQp, p2, 
H2 and Hg. By d i f f e ren t i a t i on  and subs t i tu t ion ,  Equation 7, 8, 11, 17, 18 and 

a 
19 a re  reduced t o  two equations i n  V3 and V2, and the var iables V t 2 ,  V!3, .V4 

and p2 are el iminated.  The r e s u l t  i s  two equations w i t h  the funct iona l  form 

In addi t ion,  Equation 22 i s  used t o  e l iminate  Q 
p,3* 

The se t  i s  reduced 

t o  10 equations, 1, 4, 9, 10, 20, 21,'23, 24 and two pump curves. The 10 

3,  p,2, Qp,3, H2 and H3. This se t  o f  var iab les  are Vl, V2, V3, Z1, Z2, Z Q 
10 equations and var iab les  i s  solved numerical ly  by computer. Values o f  the 

var iab les  a t  t ime t are used i n  the equations t o  ca lcu la te  the values a f t e r  

an increment A t  o f  time. 

I n  8 of the equations and var iables,  an e x p l i c i t  method o f  so lu t i on  i s  used. 

I n  each equation on ly  one var iab le  i s  allowed t o  change dur ing At .  The 

o ther  var iables are t rea ted  as constants w i t h  values t ha t  they have a t  tlme t. 

The equation i s  then solved independently f o r  the value o f  the one var iab le  

t h a t  changes. I n  Equation 1, f o r  example, a l l  var iables except Z1, are 

t rea ted  as constants w i t h  values from time t. The equation i s  solved inde- 

pendently f o r  the change i n  Z1, dur ing nt. S im i la r l y ,  Equation 4 i s  solved 

independently f o r  the change i n  V1. The changes dur ing A t  are added t o  the 

values o f  the var iables a t  t t o  obta in  values a t  t + A t .  For a pump curve, 

the value o f  H a t  t i s  used t o  determine Q a t  t. The value of Q then 
P ,  P 

remains constant u n t i  1 t + At .  

Equation 23 and 24 are solved i m p l i c i t l y ,  t h a t  i s  V and V2 both change 3 
dur ing At, and the equations are solved simultaneously f o r  the changes. The 

changes are then added t o  values a t  t t o  obta in  values a t  t + A t .  Since 

Equation 23 and 24 represent the 6 o r i g i n a l  equations 7, 8, 11, 17, 18 and 19, 

a l l  6 equations are essen t i a l l y  solved simultaneously. 







001 00 PROGRAM ENWAT<INPUTrOUTPUTrTRPE5~INPUT9TAPE6> 

2.-. 
001 10 COMMOh/COMl/ZHO 9THrPI 9TNAX rG rDHS rHRSL vDR rF1 

, ' 00120 COMMON/COM2/D4 rD3 9D2 rD1 r DE rDC 
00130 . C O M M O N . / C O ~ ~ / L ~ ~ L ~ ~ L ~ ~ L ~ ~ L E ~ L C  
00140 COMMON/COM4.'H4 9A3 r A 2  *A1 *RE 9RC SA 
00150 COMMON/COM5/QP 9QF2 rap3 962 9DGZ rD2GZ 9624 
00160 COMMDN/COM6/DWB2T~DWB3T~AWB2T~AWB3TITHETA 
00170 COMMON/CON7/Z 9VlrZ2 ,V2 923 rV3 rV4 9VE I VC rVED 
00180 COMMON/COM8/DZ r DV 1 rDZ2 r DV2 sDZ3 rDV3 rDV4 r 
00190 + DVE rDVC 
00200 COMMON/COM9/HEE rHFE rHE2 9HF2 rHEC rHFC 9HE3 rHF39HF4 
0021 0 ' COMMON/COMlO/DTl~CFLOW~NNAX 
00220 EQUIVALENCE C D2GZ 9D2GZ2 rD2GZ3 9 D2GZ4 > 
0 023 0 EQUIVALENCE (DGZ 9DGZ2 rDGZ3 9RGZ4> 
00240 DATA LrDR/Sr63./ 
0 025 0 DATA PI rZHO.rTH gTMHX/ 
00260 +3.1415927r10.7r16.19,100./ 
00270 DHTA Dl 9AvL1 ~GsDHSIDTI rEPS/ 
00280 . +30.505,5893. r2950932.17493.r.2r .02/ 
00290 DHTA HMSLrD4rD3rD2yDEl rDCl~O.Or22.03~15.2525r15.897Sr 
00300 + .87965 s 0.889/ 
0031 0 DATA L49L3rL29LErLC/27092*40*2*30/ 
0 032 0 DHTA DWB2T rDWB3T 3WP20 rQP3012*27.r 1191.0 r 1096.3N 
0 033 0 DATA DIJB2B rDWB3B/2*27 ./ 
00340 DATA CFLOW 9NMHX 9NPRINTYO. 0 962 r O/ 
0 035 0 NAMELIST/INPUT/'PI ~ZHOrTHrZOrV109TMAXI 
00360 + Dl ~ A ~ L ~ ~ G I D H S ~ D T ~  9EPSrLrDRsD4rD3,D2rDElrDCl r' 
00370 + L4 rL3 ~L2r220rZ30 rV20 rV30 rCFLOW ,DWB2T IDMB3T 9NMAX 9 

b 00350 + NPR I NT 
00390 17 READ<SrINPUT) 
00400 IFCL.EQ.65)GO TO 65 
00410 If(L.EQ.64)GO TO 18 
00420 DE=DE1/12. 
00430 DC=DCl/lt. 
00440 CALL CALlOCAlrIJ'lrR4rD4tl) 
00450 CALL CALlO<A2rD2rAE1DEr42667> 
00460 CALL CALI OCHWB2T rDWE2T ,Ab!B31 ?DWB3T ,I ) 
0 047 0 CALL CALI OCHWB2B gDUB2B rAWB3B W 3 B  ,1) 
00480 CALL CALl0CA3rD3rACrDCr43678) 
00490 CALL CALll<BETA2rA2rAWB2BrALPHA2rAE> 
00500 CALL CALll(BETA3rA3~AWB3BrALPHA3rAC> 
00510 DT=DT 1 
00520 QP3=QP30 
0 053 0 QP2=QP20 
00540 QP=4 .*QP3 
0 055 0 22~0.0 
0 956 0 23-0.0 ' 

00570 V 1 =QP/A 1 
00580 V2=QP2/A2 
00590 V3=QP3/A3 
00600 THETA=P I /6. 
0061 0 N= 1 
00620 NN=l 
0 063 0 T=-1.0 
00640 16 CONTINUE 
00650 C '  I F < T . E Q . ~ . ~ . ~ R . T . E Q . ~ . o > D T = ~ . * D T  
0 066 0 IF<? .NE.-1 .O.AND.T.LT .o.~>T=o.o 
0 067 0 CALL HEAVE<T> 
n 06.8 q IF<T.EO.-1.0)~~ TO 20 



CALL F L O W < Z ~ - Z + D R ~ B P ~ ~ H ~ O P Q P ~ O )  
CALL F L O I J J C Z ~ - C F L O U * D G Z ~ Q P ~ ~ H ~ O ~ Q P ~ O )  
QP=4. *OF3 
CONTINUE 
CALL FRICFAC(V1-DGZrEPS/DlrFl 9Dl r1 .70906E-5 )  
CALL CHL l<F22rTHETHrV2rDG22)  
CALL CHL2<DZ2 rF22*H2 rQP2 rAWE2T) 
CALL C A L I  <F33 ,THETA r V 3  rDGz3). 
CHLL CHL2<DZ3 rF33eH3 rQP3 rRLrIB3T) 
CALL  CHL3CVErF22*A2rO.OrDCTZ2rAE~ 
CHLL CAL3< VC rF33*A'3 r 0.0 r DBZ3 9%) 

CHLL CAL3<V4rF22*R2rF33*H3rDGZ4rH4) 
VED=V4/2. 
CALL  F R I C F A C ( V ~ + D G Z ~ O . O ~ / ~ ~ ~ F ~ ~ D ~ ~ ~ . ~ ~ ~ ~ O E - ~ )  
CALL FRICFAC<V3+DGZrO.Ol~D3~F3rD3rl.70906E-5) 
CALL FRICFAC<V2+DGZ~O.0l/D2,F2,D2rOO97915E-5) 
CALL FRICFHC<VE+DGZr0.0001~DErFErDE~O.97915E-5~ 
CALL FRICFAC<VC+DGZ rO.OOOl/DCrFCrDC r l1?0906E-5>  
CALL FDPOP<HEE~VE+DGZIO.~~HE~YV~+DGZ~O.E~) 
CALL PDROP<HECrVC+~GZr0.3rHE3rV3+DGZrO025> 
CHLL PDRUPCHFE IVE+DGZ rFE6LE)DE rHFC rVC+UGZ rFc*LC/r lC> 
CALL PDROP C h F 2  9V2+DGZ rF2*L2 /D2  rHF3  rV3+DGZ rF3eL31D3) 
CRLL PDROP<HF4 rV4+DGZ rF4*L4/D4 rXXX r 0.0 r 0.0) 
CALL  CRLSCCClrCC2rCC3rDEGZ2rDZGZ3rD2GZ4r 
AE rACrR4)  
CALL CRL6<CF4rCF3rCF2rCFl,LEIL29229 
VE 9V2 rRLPHA2 rbETA2 r HEE IHFE rHE2 rHF2)  . 
CALL  CRL6<CG4 rCG3 rCG2 rCG1 rLCIL3,23r 
VC r V 3  rHLPHH3 *BETA3 rHEC rHFC.rHE3 rHF3). 
IF(T.GT.-1 .0> 60 TO 1 4  
Z=-CGZ+DHS-DR+Vl*ABS(Vl>/C2.*6)+ 
CFl*L1~2.~G~Dl)*<Vl>+ABSCVl)) 
Z2=CF4 
Z3=CG4 
CF4=0.0 
C64=0.0 
H 3  0=Z3-Z+DR 
H2 0=Z2 
CUN'I INUE 
CRLL CAL4CCAl  r C A 2 r k 2  r AE r F 2 2  r V 2  ,THETA rDGZ2 rD2GZ2) 
CALL CAL4cCBl  rCB2 r H 3  vAC r F 3 3  rV3,THETA rDGZ3 rD2GZ3) 
CHLL CAL?<CHl rCH2rCH3rCH4,CF l  rCF.2r 
C F 3  rCF4 r C C l  rCC2 rCC3) 
CALL C R L ? < C I l  r C 1 2 r C I 3 r C I 4 , C G l  rCG2r 
CG3 pCG4 r CC2 r CC 1 rCC3,) 
CALL C A L b < C X l  rCX2 rCX3 rCH1 rCH2 9CH3 rCH4 r 
C R l r C A 2  r C P l  r C B 2 i  
CRLL CAL8(CY1 ~ C Y S  9 ~ ~ 2  ~ C I  1 r C I 2 s C I 3  , C I 4 r  
CPl rCB2 r C A l  VCR?> 
CALL CALS<DVZrDV3rCXl  rCX2rCX39CYl  pCY2rCY3) 
CRLL D I F F < T )  . 
IF<T.EG!.O.O.OR.T.EQ.-1.>GO TO 13 
IF<NIEQ,L>BB TO 13 
N=N+ 1 
T=T+DT 
CALL INTCDTrT)  
60 TO 16 
tl= I 
CALL PLOTCT rNN) 
NN=NN+ 1 
T=T+Dt 
CRLL INTCDT r T )  
IFCNN .LE .NMAX)GO TO 16 
IFCHPRINT .NE.O)GO TO 18 
GO TO 17 
CALL PRINT<TrNPRINT)  . 



01 3s 0 (30 TO 17  
01360 65 CONTINUE 
01370 END 
61 38 (1 SUBF:OUT INE I I IT (DT IT) 
01390 CDMMDN/CDM7/Y < 1 0) 
Q1400 COMMON/COMG/F<S) 
0141 0 DO 1 0  I=196  
01420 10 Y<I)=Y<I)+DT*F<I) 
81430 RETURN 
01440 END 
01450 - SUEROUTINE HEAVECT) 
81460 COMMON/COR~/ZHU~TH ,PI ,T~IRX,G ,DHS ,HKSL S D ~  ,~ l  
01470 COMMON/COM3/L4 t L 3  *L2 ,L l rLE  ,LC 
014,eO COMMON/COMS/QP rQF2 rQF3 ~ G Z  ~ D G Z  1~2621624  
01490 COMMDN/CDM~/DUB~T~DWB~TTAWB~T~RWB~TITHETR 
01500 IF(T.EQ.-1.0)GO TO 10  
0151 0 IF<T.LE.lO.O)ZHl=ZHO*T~10. 
01520 W=2 .*PI/TH 
01530 GZ=ZHl*SIN<W*V) 
01540 GZ4=GZ-<LE+LZ*COS<THETR>> 
01550 DGZ=U*ZHl*COS<W*T) 
01560 D2GZ=-U*W*ZHl*SIN<M*T) 
01570 RETURN 
0 1 5 8 0 1 0  GZo0.0 
01 59 0 DGZ=O . 0 
01600 D2GZ= 0.0 
0161 0 GZ4=-<LE+L2*COS<THETFI)> 
01620 RETURN 
01 63  0 END 
01040 SUBRDUTINE DIFFCT) 
01650 ' CONMON/COMl/ZHO r TH IPI r TMAX rG 9DHS 9HRSL sDR 9 F l  
01660 COMMOP4/CDM2/D4 rD3 rD2 rD 1 9 DE 9 DC 
01670 COtlMDIi/COM3/L4 9L3 9L2 r L 1  r LE LC 
01680 COMMDN/COM4/A4 rA3 rR19AE 9% rCt 
01690 COtINDN/COMS/QP 9QP2 9QP3 ,GZ 9DGZ 9D2Gt ,624 
01700 COMMON/COM7/Z 9V1122 rV2 923 9V3 9V4 9VE iVC. 9VED 
0171 0 COMMON/COM8/F<9> 
81720 F<l)=<Al/q)*<Vl-DGZ)-QP/R 
01730 F<2)=-<G/LI)*<GZ+Z+DHS-DR+Vl*RBS<Vl>/<2.*6)+ 
01740 + <Fl*L1/2./G/Dl)*<Vl-DGZ)*ABS<Vl-DGZ)> 
01750 RETURN 
01760 END 
01770 SUBROUTINE FRICFRC<VlrEDD,FDrDlrXNU) 
01780 C 
01790 C COMPUTES FRICTION FRCTDRS USING CDLEBRODKS CORRELRTIDN. 
01800 RE=AES<Vl)*Dl/XNU 
0181 0 IFCRE.LT.500000.) GO TO 11 
01820 FD = .316/SQRT<SQRT<RE>> 
o l e 3 0  x = I./SQRT<FD) 
Ole40 R = EODY3.7 
01850 B = 2.SllRE 
01860 DX = 0. 
01870 N = -1 
oieeo r X = X + D X  
01890 U = A + .BOX 
01900 IF<U.LE.O.O)GO TO 12 
0191 0 DYDX, = 1. + .BC*B/U 
01920 DX = -<X + .86*ALOG<U>>/DYDX 
01930 N = N + l  
01940 IF<RBS(DX/X>.GT..OOl) GO TO 2 
81950 FD = l./<X*X) 
01960 RETURN 
0 1 9 7 0 1 2  FD=.316/SQRT<SQRT(RE>> 
OlQSO RETURN 
01990 11 CONTINUE ' 
82000 OHTA C l  rC2.C3/0.025 9-0.7534 9 1  -3860 



RtL=ALOG<RE> 
FDL=Cl*<REL+*2>+C2*REL+C3 
FD=EXP<FDL> 
FD=FD* 1.46 
CONTINUE 
RETURN 
END 
SUBROUTINE CAL l<F3rTHETA9V9DGZ> 
T H I S  COMPUTES MAGNITUDE OF HX VELOCITY 
Fl=V*COS<THETR)+DGZ 
F2=V*SIN<THETA) 
F3=SQRT<F l *F l+F2*F2>  
RETURN 
END 
SUBROUTINE CAL2<DX IF rQP rAWB> 
COMPUTES EQUATIONS NO. 1 AND 2. 
DX= (QP-F >/RUB 
RETURN 
END 
SUBROUTINE CRL3<V 9F3 9F2 vDGZ ,A> 
COMPUTES EQUATIONS 6 9 7 9  AND 8. 
V=<F3+F2>/A -DGZ 
RETURN 
END 
SUBROUTINE C A L ~ < C ~ ~ C ~ ~ A ~ ~ A E I F ~ , V ~ , T H E T A ~ D ~ Z ~ D ~ ~ Z >  
COMPUTES COEFFIC IENTS FOR EQUATIONS 9 AND 1 0  I N  
THE FORM OF EQURTIONS 14 AND 15. 
X l=A2 /AE/F2  
C2=Xl*<V2+DGZ*COS<THETA)) 
CI=Xl*<V2*D2GZ*COS<THETA>+DGZ*D2GZ>-D2GZ 
RETURN 
END ' 
SUBROUT I NE CALS < CC 1 rCC2 9CC3 r D 2 6 Z 2  9D26Z3 9D26Z4 9 

RE IHT, 9H4> 
COMPUTES COEFFIC IENTS OF EQUATION N O . . l l  
I N  THE FORM OF EQUATION 1 1 B  
CC 1 = R E 4 4  
CC2=RC/A4 
C C ~ = C C  1 * ~ 2 ~ ~ 2 + ~ ~ 2 * ~ 2 6 2 3 - ~ 2 ~ ~ 4  
RETURN 
END 
SUBROUTIHE CRLb(CF4 9CF3 9CFe r C F 1  FLEX PLEX B Z Z X P  
VEX 9V2X rl3LPHR aBETA tHEEX IHFEX mHF?X mHFF!X> 
COMPUTES COEFFIC IENTS OF EQUATIONS 12 AND 13 
I N  THE FORM OF EQUATION 1 2 B  
COMMON/COMl/ZHO 9TW , P I  9TMAX 9G 9DHS rHMSL 9DR 9F1 
COMMON/COM2/D4 9D3 9D2 ,D1,DE IDC 
COt.lMON/COM3/L4 tL3 9LZ * L I S L E  *LC 
COMMON/COM4/A4 9R3 ?A2 9 A l  sRE 9RC *A 
COMMON/COMS/QP rQP2 ,UP3 962 9DGZ eD2GZ 9GZ4 
COMMON/COM6/DWB2T~DWB3T9AWP2T,AWB3T9THETA 
COMNON/COM7/Z sV1 922 9V2 1z3 9V3 sV4 9VE PQC vVED 
COMMON/COM8/DZ 9 DV 1 9 D Z 2  9 DV2  9DZ3 9DV3 9DV4 I 
DVE I DVC 
CONMON/COMS/HEE i k F E  9HE2 r H F 2  rHEC IHFC *HE3  r H F 3  9HF4 
HT=HEEX+HFEX+HE2X+HFaX 
Ci=bklSL-GZ4+HF4-Z2X 
C2=(VED*VED/2.-V4*V4/2.+V4*V4)/G 
C3=-<A2*V2*V2+A3*Y3*V3>*COS<THETA>/6/A4 
C4=V2X*V2X*<l.-SQATCBETA)*COS<THETR)>~G 
C5=<<l.-RLPHR>*VEX*VEX+<l.-BETR)*V2X*V2X>~2./G 
CF4=Cl+C2+C3+C4+C5+HT-LEX-L2X*COS(THETA) 
CF3=-L4/G 
CF2=-L2X/G 
C F l = - L E X 4  



RETURN 
END 
SUEROUTINE C A L ? < C H ~ ~ C H ~ ~ C H ~ S C H ~ ~ C F ~ ~ C F ~ ~  
C F 3  9CF4 9CC19CC2 9CC3) 
COMPUTES COEFFIC IENTS OF EQURTIONS NO. 16 AND 17. 
CHl=CFl+CFB*CCl  
CH2=CF2 
CH3=CF3*CC2 
CH4=CF4-CF3*CC3 
RETURN 
END 
SUEROUTI NE CFH8<CX1 9CX2 9CX3 r C H l p C H 2  9CH3.sCH4 9 

CA19CH2 9 C B l  rCB2)  
COMPUTES COEFFIC IENTS OF EQUATIONS 18 AND 19. 
CXl=CHl*CAl+OH3*CBl -CH4 
CX2=CHl*CA2+CH2 
CX3=CH3*CB2 
RETURN 
END 
SUBROUTINE CALS(DV2 r D V 3 r X l ~ X 2  9X39Y19Y2 9Y3) 
SOLVES EG!UATIONS 2 0  AND 21. 
X6=Y2-Y3*X2/X3 
X7=Y3*Xl.'X3-Y1 
DV2=X?/X6 
DV3=<Xl+X2*DV2>/C-X3) 
RETURN 
END 
SUBROUTINE PDROP<Hl  9V19X1 9 H 2 r V 2 M )  
5332.174 
H l = X l * V l * A B S < V l > / G / 2 .  
H2=%2*V2*kBSCV2>/6/2. 
RETURN 
END 
SUBROUTINE C A L I  O < A l  r D l  r A 2 9 D 2 r N )  
P I - 3 . 1 4 1 5 9 2 7  
A l = P I * D l * D 1 / 4 .  
A2=PI*D2aD2*N/4. 
RETURN 
END 
SUBROUTINE C A L I  1 (BETA 9A ,RB 9HLPHAIAX) 
EETR=<A/AE )**2.. 
ALPHH=(Ax/~B)*<~.-Rx/A~~ 
RETURN 
END 
SUBROUTINE PLOT(Tv1 )  
COMMON/COMl/ZHO 9TH IPI  9TMAX 9G IDHS 9HMSL 9DR 9Fl 

COMMON/COMZ/D4 9D3 9D2 9D1 9DE sDC 
COtlMON/COM3/L4 9L3 9L2 rL1,LE ILC 
COMMON/COM4/R4 9R3 9H2 * A 1  *RE ?PC ?R 
COMMON/COMS/QP 9QP2 9QP3 IGZ 9DGZ 9D2GZ 9GZ4 
COMt"lON/COM6/DWB2T 9DL!E3T 9F1IrIE2T 9AWB3T ,THETA 
COMMON/COM7/Z 9 V 1 9 22 t V 2  923 9 V 3  9V4 9 VE wVC 9VED 
COMMON/COM&/DZ 9 DV 1 9 022 9DV2 9 D Z 3  1Dv3 9DV4 9 

DVE IDVC 
COMMON/C0R4/HEE 9HFE ,HE2 9HF2 9HEC 9HFC ,HE3 pHF3 9HF4 
COMRON/COMl O/DT 1 9CFLOW 9NMkX 
COMMON/COMl l / X <  1 0 0 )  9 Y V l 1 <  1 0 0 )  9YV22C 1 0 0 )  9YV3St  1 0 0 )  
C O M M O N ~ C O M 1 2 ~ Y D D < 1 0 0 ) ~ Y Z 2 < 1 0 0 ~ ~ Y Z 3 ~ 1 O O ~ ~ Y D G Z ~ l O O ~  
C O M M O N / C O M 1 3 / Y V C C < 1 0 O ~ ~ Y V E E ( l O O ) ~ Y V 4 4 ( 1 0 O j  
YDGZ<I)=DGZ 
XC I )=T 
Y V l I < I > = V l - D G Z  
YV22<I)=V2+DGZ 
YV33<IT-V3+DGZ 
YV44<I )=V4+DGZ 
YDD<I>=Z-DR 



Y Z 2 <  I )=Z2 
YZ3C I )=Z3 
YVCC<I)=VC+DGZ 
YVEE<I)=VE+DGZ 

. I F C I  .EQ.NMRX>GO TO 2 0  
RETURN 
CONTINUE 
WRITE<6936)CFLOW9DTl  
FORMAT(/ /~XI~HCFLOW= 9F12.995Xt4HbT1=9F12.9)  
WRITEC6937)  
W R I T E C ~ ~ ~ ~ ) C X < J ) ~ Y V ~ ~ ( J ) ~ Y V E E < J ) I Y V C C < J ) ~ J = ~ ~ N M A X )  
WRITE(6935)  
WRITE<6934)<X<J>tYDD<J)tYZ2<J)9YZ3<J>9J~l9NMAX> 
F O R M ~ T < ~ F ~ S  .9) 
FORMAT < / / 5 ~  9 4 h ~  IME 9 1 1 ~  , ~ H D R A ~ J  DOWN 96X 9 1 OHEVAP DEPTH 9SX 9 

1 OHCOND DEPTH) 
FORMATC//5X94HTIME~llX98HVl-DZ/DT,7X,8HVE+DZ/DT9 
7 X  78HVC+DZ/DT) 
RETI.IRN 
END 
SUBROUTINE FLOW<H~QPIHO~QPO) 
DRTA A9B*C/-1  .82E-015-5.5E-02 t1.237/ 
X=H/H 0 
QP=CC+R*X+A*X*X)*QPO 
RETURN 
END 
SUBROUTINE PRINT(T9NPRINT)  
COMMON/COMl/ZHU 9TH ,PI  9TMAX 9 6  9DHS ,HMSL 9DR vF1 
COMMON/COM2/D4 9D3 9D2 rDlr DE ,DC 
COMMON/COPl3/L4 9L3 9L2 s L l 9 L E  9LC 
COMMON/CON4/R4 9A3 r A 2  9A19AE 9RCvA 
COMMON/COM5/QP 9QP2 9RP3 fGZ IDBZ sD2GZ 9624  
COMMON/COM6/DWB2T~DWB3T~RWB2T~AWB3TITHETA 
COMMON/COMi/Z 9V1922 9V2 1z3 9V3 9V4 9VE tVC 9VED 
COMMON/COM8/DZ vDV1 vD22 9DV2 9DZ3 9DV3 9bV4 9 

DYE 9DVC 
COMMON/COMS/HEE rHFE 9HE2 9HF2 9HEC 9HFC 9HE3 9HF3 9HF4 
COMMON/COMl O/DT 1 9CFLOW 9NMAX 
COMMON~COM1l~X<100),YVll<100~~YV22~100~~YV33<100~ 
COMMON/COM12/YDD< 1 0 0 )  1 Y z 2 < 1 0 0 )  9YZ3( 1 0 0 )  1YDG2<100) 
C O H M ~ N ~ C O M l 3 ~ Y V C C < l 0 0 > ~ Y V E E < 1 0 0 > ~ Y V 4 4 ~ l 0 O ~  
PRINT 10 
DO 1 0 0  I=l,NPRlN=i 
V l = Y V 1 l ( I ) + Y D t Z C I )  
VEcS'VEf (1)-YPGZ<IZ 
VC=YVCC<I)-YDGZ<I) 
V4=YV44<1)-YDGZCI) 
Z=YDD< I >+DR 
QP4=R4*YV44<1) 
a p c = A c * y v c c < f )  
QPE=AE*YV22(1) 
Q P c 4  .*QPC 
P R I N T  l l r X < I )  
P R I N T  13 r V 1  rVE r V e  r V 4  
P R I N T  1 4  9 Y V l l < I )  r,YVEE<I.) r Y V C C < I >  r Y V 4 4 < 1 >  
PKIWT 1 5 r Z ~ Y Z 2 ( 1 )  r Y Z 3 < I )  
P R I N T  ~ ~ ~ Q P ~ Q P E ~ Q P C I Q P ~  
PRTHT lCn.VDD(1) 
CONTINUE 
FORMkT < 2 0HT IME ,SECONDS tF13.4)  
FORMAT <20HSTRT IOtjHRY VEL sFT/S 94E 13.4) 
FORMAT<20HRELHTIVE VEL F T / S  t4E13 .4 )  
FORMAT <20HWHTER DEPTH F T  93E13.4) 
FORMATC20HFLOW RRTE CFS 94E13.4) 
FORfiAT<20HDRAW DOWN F T  9 E i 3 . 4 t / )  
FORMHT<///20X 93X I 1 OHCW P I P E  93X t 1 OHEVAPORATOR 93X ,, 
IOHCONDENSEP 9BX*SHEXIT P I P E )  
F~ETIJRN 
END 
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B'..'1 . . SUMMARY 

B.1.1 INTRODUCTION, PURPOSE, AND SCOPE 

B . l . l . l  I n t roduc t ion  

The work described below i s  a study o f  the dynamics o f  the f low i n  

the co ld  and warm water system, and i t  i s  p a r t  of Tasks b and.c i n  the 

Statement o f  Work Number 1981-LB-7.088. The work i s  concerned p r i m a r i l y  

w i t h  t rans ien ts  and o s c i l l a t i o n s  i n  f l ow caused by: 

1. Operation i nc l ud ing  star tup,  shutdown, load re jec t ion,  
and equipment f a i l u r e .  

2. Hu l l  motion due t o  the -sea s ta te  inc lud ing  v e r t i c a l  motion 
(heave), h o r i  zontal  motion (surge and sway), and r o t a t i o n  
about hor izonta l  axes ( r o l l  and p i t c h ) .  

8.1.1.2 Purpose 

The purposes of .the work described are: 

1. To determine the nature and approximate magnitude o f  t rans ients  
and osc i  1 l a t i o n s  i n  pressures, ve loc i t i es ,  and water surfaces 
i n  the d i s t r i b u t i o n  sys tem. 

2. To i n t e r p r e t  the s ign i f icance o f  the t rans ients  and o s c i l l a t ~ o n s  
i n  the system design. 

3. To recommend design features t o  reduce o r  modify the t rans ients  
and osc i  11 a t i  ons i n  instances where they a r e  ui~acceptable. 

8.1.1.3 Scope 

Three types o f  water d i s t r i b u t i o n  systems were considered.. They 

are: 

1. .A completely closed condui t  d i s t r i b u t i o n  system. 

2. A decoupl ed condui f d i s t r i b u t i o n  system. 

3. An open t rouyh disLi i iGut ion system. 

Not a l l  o f  the items o f  operat ion and h u l l  motion mentioned above 

were considered f o r  each type o f  system. Some were no t  appropr iate f o r  

some systems and some were beyond the scope o f  work a t  t h i s  time. Even 

f o r  those considered, the nature o f ' t h e  f l o h  was determined q u a l i t a t i v e l y  

and the magnitude approximated roughly. 



A much more accurate determination o f  the nature and magnitude o f  

the dynamic e f f ec t s  i s  possible, bu t  i t  requires the simultaneous so lu t i on  

o f  systems of nonl inear equations. Such solut ions.  would have t o  be 

obtained numerical ly  by computer and are beyond the scope o f  work a t  t h i s  

time. I n  some cases, the d i s t r i b u t i o n  system was represented by simpler 

systems i n  order t o  ob ta in  approximate solut ions.  I n  other cases, the 

nonl inear terms were l inear ized.  When abso lu te ly  necessary, a small 

amount o f  numerical so l u t i on  was done by hand ca lcu la tor .  

B.1.2 CONDUIT DISTRIBUTION SYSTEMS 

B. 1.2.1 Completely Closed Conduit System 

I n  the completely closed conduit water system, the t o t a l  path from 

in take t o  discharge i s  a .closed condui t  w i th  no openings t o  the atmosphere. 

This a1 t e rna t i ve  was examined f o r  both the co ld  and warm water systems, 

but  most a t t en t i on  was given t o  the former. The long v e r t i c a l  co ld  water 

supply condui t  makes the co ld  water system more c ruc ia l .  

The co ld  water system examined f i r s t  corresponds t o  one of the e a r l y  

design options i n  which the modules are  l a i d  ou t  i n  a s ing le  l i n e  and'the 

h u l l  i s  long and narrow. When the system was reexamined l a t e r  i n  the work, 

the length o f  hor izonta l  pipe, from the v e r t i c a l  supply condui t  t o  t he  

pumps,was changed t o  correspond more c lose ly  t o  a l a t e r  op t ion  such as 

Option A w i t h  a square h u l l .  The resu l t s  obtained and the conclusions 

reached w i l l  be s i m i l a r  f o r  e i t h e r  conf igurat ion.  

The dynamics o f  f low i n  the completely closed co ld  water system were 

examined f o r  the fo l low ing  s i tuat ions:  

1. Pump s ta r tup  

2. Ver t i ca l  h u l l  motion i n  Sea State 6. 

The major problem i n  pump s ta r tup  i n  t h i s  type o f  system i s  the 

maximum drop i n  suct ion head a t  the s t a r t i n g  pump before s u f f i c i e n t  

water a r r i ves  from the  v e r t i c a l  supply conduit. I f  the suct ion head 

f a l l s  too low, i t  w i l l  cause cavitation o f  the pump. The cav i t a t i on  could 

continue f o r  several minutes a f t e r  s t a r t i ng .  For feas ib le  conf igurat ion 



and geometry o f  the co ld  water system, the on ly  parameter t h a t  can be 

adjusted t o  avo id  t he  problem i s  the r a t e  of increase of the pump speed and 

r a t e  o f  f low f o r  the  s t a r t i n g  pump. The slower the increase, the less the 

drop i n  suct ion head. For a conf igurat ion w i  t h  16 co ld  water pumps and 

a 1 i near r a t e  o f  increase i n  f l ow rate,  c a v i t a t i o n  might occur i f  the 

s t a r t i n g  pump reaches f u l l  speed i n  less than 15 seconds. I n  s t a r t i n g  

the  pumps sequent ia l ly ,  t he  suct ion head decreases a t  the pumps already , 

running, as w e l l  as a t  the s t a r t i n g  pump. Therefore, cav i t a t i on  can be 

caused a t  the pumps already running, as we l l  as the one s ta r t i ng .  

The decrease i n  suc t ion  head a t  the pumps already running means a 

decrease i n  f 1 ow ra te .  T h i  s decrease i n  f low a lso mean$ a decrease 1 n 
f low a t  the heat exchangers already operating. Therefore, rap id  s t a r t i n g  

o f  pumps i n  the completely-closed systeri~ car1 ir~ler-rere w i t h  power genera- 
t i o n  i n  u n i t s  already running. 

To examine t he  dynamic ef fect  of v e r t i c a l  h u l l  motion on the f low 

i n  the completely-closed condui t  system, the system was approximated by 

an inver ted  U-tube w i t h  both legs down i n  the water and a pump i n  the 

upper end of one leg.  One l e g  represented the v e r t i c a l  co ld  water supply 

column. The o ther  l eg  represented the hydrau l ic  equivalent  o f  the heat 

exchangers and v e r t i  ca 1 discharge pipes i n  paral  1 e l .  The h o r l  zontal 
sec t ion  between t he  two legs represented the hydrau l ic  equivalent  o f  the 

pipes from the  supply condui t  t o  the heat exchangers i n  paral  l e l  . 
The heave and v e r t i c a l  accelerat ions f o r  Sea State 6 were incorporated 

i n t o  a s inusoidal  v a r i a t i o n  of h u l l  e levat ion w i t h  time. This v a r i a t i o n  i n  

e leva t ion  was appl ied t o  the inver ted  U-tube represent ing the system. The 
nonl inear  equations f o r  the  f l u i d  motion i n  the tube w i t h  the pump 

opera t i  ng were 1 i near i  zed and solved. 

The pressures and ve loc i  t i ' es  r e s u l t i n g  from Sea State  6 were estimated. 

A t  ce r t a i n  times i n  the h u l l  motion, pressures ill conduits can have a maxi- 

mum value from 16 t o  60 ps i .  Pressures o f  t h i s  magnitude occurred i n  the 

top o f  the condenser on the co ld  water s ide.  For a mean ve ioc i t y  o f  7 fps, a t  

steady state., the mean ve loc i t y  a t  Sea State 6 i s  reduced by about 4 percent 

t o  6.7 fps. The va r i a t i on  i n  ve loc i t y  a t  t h i s  sea s ta te  i s  from 6.0 t o  7.4 

o r  - +10 percent. 



8.1.2.2 Decoupled Cl'osed Conduit System 

I n  one e a r l y  design, the  closed condui t  system f o r  co ld  water i s  

decoupled by disconnecting the condui ts a t  the pumps. Instead o f  a 

v e r t i c a l  condui t  connected t o  t he  pump intake,  the v e r t i c a l  condui t  i s  

l a rge r  than the  pump and extends up around i t  t o  form an open standpipe. 

The pump i s  located i ns i de  the standpipe, which serves as the forebay 

o r  suct ion wel l  f o r  the pump. The dynamics o f  f l ow i n  t h i s  system 

were examined f o r  the f o l  lowing s i t ua t i ons :  

1. Pump s ta r t up  

2. Ve r t i ca l  h u l l  motion i n  Sea Sta te  6. 

The dynamics o f  s t a r t up  i n  the decoupled system are  the same as i n  

the  compl ete ly-c losed system i f  water-surface e l  evat ion i n  the  stand pipe 

i s  subs t i tu ted  f o r  suct ion head a t  the pump. The f a l l  i n  the water l e v e l  

i n  the  standpipe i s  equivalent  t o  the decrease i n  suc t ion  head. The 

occurrence o f  c a v i t a t i o n  and the v a r i a t i o n  o f  f l ow  i n  the heat exchangers 

are  s i m i l a r  f o r  both systems. The problems are  avoided i n  both  systems 

by l i m i t i n g  the  r a t e  o f  increase i n  pump speed dur ing pump s ta r t i ng .  

However, the l i m i t  i s  n o t  q u i t e  the  same f o r  both. The standpipe i n  the 

decoupled system holds a l a r g e r  volume o f  water than the pump condui t  i n  

the comp1,'etely-closed system. Because o f  the storage, the drop i n  water 

l eve l  i n  .ne uncoupled system i s  l ess  than the decrease i n  suct ion head 

i n  the  .colnpletely-closed system f o r  the same r a t e  o f  increase i n  pump 

speed. A pump s t a r t i n g  the decoupled system can be brought up t o  f u l l  

speed i n  about 10 seconds. 

I n  the decoupled system, the v e r t i c a l  h u l l  motion does n o t  produce 

the h igh pressures produced i n  the completely-closed system. However, the 

v a r i a t i o n  i n  f l ow  through t he  heat exchanger i s  much la rger .  The r i s e  and 

f a l l  o f  water surface i n  the standpipe around the pump i s  o f  the same order 

as the  heave o f  the  h u l l .  That i s ,  - +8 t o  10 f e e t  from the mean e leva t ion  

a t  Sea Sta te  6. This v a r i a t i o n  causes a s i m i l a r  v a r i a t i o n  i n  head on the 

pumps. This amount o f  change i n  head w i  11 change the flow r a t e  pumped 

by - -+33 percent. 



8.1.3 DYNAMICS OF FLOW I N  THE OPEN TROUGH SYSTEM 

B. 1.3.1 Problems Considered 

For examination o f  the  dynamics o f  f l ow  i n  the open trough system, 

Design Option A was used. The dynamics were examined f o r  the fo l low ing  

i tems: 

1. Pump s ta r tup  

2. Ve r t i ca l  h u l l  motion (heave) 

3. Hor izontal  h u l l  motion (surge) 

4. Rotat ion about hor i zon ta l  axes ( p i t c h  and r o l l ) .  

The problems i d e n t i f i e d  i n  t h i s  examination were: 

1.  Stand-lny waves I r l  the uperl t ruuyh 

2. Ve r t i ca l  motion o f  water surfaces i n  the trough and on 
top o f  the heat exchangers 

3. Var ia t ion  i n  pump head and ra.te o f  f l ow  through 
heat exchanger. 

A1 1 o f  the  problems i d e n t i f i e d  were less severe o r  more e a s i l y  

avoided than the problems associated w i t h  the two a1 t e rna t i ve  systems. For 

t h i s  reason, among several others, the open trough system i s  the a l t e r n a t i v e  

selected. The dynamics o f  t h i s .  a1 t e r n a t i v e  are discussed more f u l l y  i n  

the  next  section. 

B.1.3.2 Startup 

I n  the open trough o f  the co ld  water system, the dynamic response 

t o  pump s ta r tup  has two aspects analogous t o  aspects o f  the two a l t e r n a t i v e  

systems. These are the  motion o f  f l u i d  a t  the v i c i n i t y  o f  the s t a r t i n g  

pump and the e f f e c t  on o ther  pumps. 

In the open trough, the water surface does no t  drop i n  the same 

manner as water l e v e l  i n  the standpipe o r  suct ion head i n  the pump conduit. 

As soon as t he  water f a l l s  a t  one l o c a t i o n  i n  the. trough, water from other 

loca t ions  rushes t o  the f i r s t  forming a surface wave. Because the depth 



and t h e  area of the  v e r t i c a l  cross sec t i on  o f  t h e  t rough a re  so large,  

the  waves formed by s t a r t i n g  one pump a r e  smal l .  If t h e  l a r g e s t  pump 

a n t i c i p a t e d  i n  the  design were brought up t o  speed instantaneously,  t he  

r e s u l t i n g  surface wave in. t h e  t rough would have a h e i g h t  o f  l ess  than 1 

f o o t .  Thus, there  i s  no l i m i t  on how f a s t  t h e  pumps are  brought 'up t o  

speed. 

However, if several pumps were s t a r t e d  a t  t h e  same t ime and each 

one brought up t o  f u l l  speed instantaneously,  d i f f i c u l t i e s  cou ld  occur. 

Depending on t h e  l o c a t i o n  of t he  pumps i n  t h e  trough, t h e  sbr face wave 

formed could be s i g n i f i c a n t .  Furthermore, t h e  i n e r t i a  o f  t h e  v e r t i c a l  

s u p ~ l y  condu i t  1 i m i  t s  the  r a t e  a t  which the ' f l o w  i n  t h a t  condu i t  can 

increase. Therefore, instantaneous s t a r t u p  of several  pumps simul tane- 

ous ly  would remove a s i g n i f i c a n t  amount of wa te r ' f rom t h e  t rough and lower 

the water l e v e l  i n  t h e  t rough by 10 f e e t  o r  more before  the  i n f l o w  from 

t h e  supply condu i t  cou ld  catch up. Therefore, pumps should be s t a r t e d  

sequen t ia l l y  w i t h  a t  l e a s t  100 seconds between s t a r t i n g  successive pumps,' 

b u t  each pump, can be s t a r t e d  instantaneously.  

The s t a r t u p  o f  t h e  warm water pumps presents no d i f f i c u l t i e s .  The 

warm water troughs are  connected t o  the' open' sea through openings i n  the  

h u l l .  I f  these openings a re  l a r g e  enough, water  rushes i n t o  t h e  t rough 

q u i c k l y  enough t o  prevent  s i g n i f i c a n t  f a l l  i n  water l e v e l  i n  the  trough. 

However, t h e  pumps i n  one trough should be s t a r t e d  sequen t ia l l y .  

B.1.3.3 Standing Waves i n  the  Trough 

The surge and p i t c h  o f  t h e  h u l l  can produce standing shal low water 

waves i n  t h e  trough. A t  c e r t a i n  frequencies, t he  waves are. i n  resonance 

w i t h  t h e  h u l l  motion, and t h e  ampli tude increases w i thou t  l i m i t  u n t i l  

t h e  waves break. For  t h e  l eng th  of t rough i n  Design Opt ion A, t he  funda- 

mental resonant frequency i s  about 14 seconds, w h i l e  i t  i s  about 17 

seconds f o r  t h e  longer  trough i n  Opt ion B. Without h y d r a u l i c  model t e s t s  

o r  d e t a i l e d  numerical computations, i t  i s  d i f f i c u l t  t o  p r e d i c t  t he  maximum 

ampli tude o f  t h e  waves i n  resonance be fo re  they break. Based on values o f  

wave steepness, t h e  ampli tude o f  t h e  standing waves could be as g rea t  as 

7 f e e t .  These ampli tudes can occur i n  r e l a t i v e l y  calm sea when t h e  

frequency o f  t h e  surge and p i t c h  a re  s u i t a b l e  fo r  resonance. 



The amplitude of the standing waves i n  resonance can be reduced and 

cont ro l led  by gated wal ls  o r  bulkheads across the trough. The gates i n  
the wa l ls  would be adjustable and contro l led as pa r t  o f  operation. 

Whether two o r  four  wal ls  are required would have t o  be determined by 

hydraul ic model studies along w i th  other aspects of operation. By 
opening various gates i n  the wal l  s, the trough can be detuned and the 

resonant waves broken up. I t  i s  estimated t h a t  gated wal ls can reduce 

the  maximum amplitude o f  the  standing waves t o  2 feet. 

B.1.3.4 Vert ical  Motion o f  Water Surface 

The heave o f  the h u l l  and ve r t i ca l  movement o f  the open trough cold 

water system produces v e r t i c a l  motion o f  the water I n  the trough r e l a t i v e  

t o  the  hu l l .  It also produces ve r t i ca l  motion o f  the water i n  the top 
water box o f  the heat exchanger r e l a t i v e  t o  the top tube sheet. I f  

there were no f r i ' c t i o n  losses i n  the v e r t i c a l  supply conduit, and the hor i -  

zontal area o f  the trough were the same as the cross section area o f  the 

conduit, the water column i n  the conduit would not  move i n  space due t o  

i t s  i ne r t i a .  The motion o f  the water r e l a t i v e  t o  the conduit and trough 

would be exactly equal and opposite t o  the ve r t i ca l  h u l l  motion. The 

same would be t rue i n . t h e  heat exchangers i f  the hor izontal  area o f  the 

top water box equalled the cross-sectional area o f  the discharge conduit 

and there were no f r i c t i o n  losses. Relat ive t o  the trough o r  water box 

the ve r t i ca l  motion o f  the water i n  them would have an amplitude o f  21 

f e e t  5r1 Sea State  6 .  

The area ra t i os  and f r i c t i o n  losses tha t  ac tua l l y  occur reduce t h i s  

amplitude s ign i f i can t l y .  I n  order t o  estimate the reduced amplitude, 

the equations o f  motion were set  up fo r  v e r t i c a l  flow i n  the supply 

conduit and trough and i n  the heat exchanger and discharge conduit. 

Design Option A and a constant ra te  of pumping were assumed, and other 

s imp l i f y ing  assumptions were made. The equations were solved numerically 

f o r  a l im i ted  number o f  time increments using a hand calculator.  From 

these calculat ions i t  was estimated tha t  the amplitude o f  ve r t i ca l  motion 

o f  the  water surface i n  the trough r e l a t i v e  t o  the trough i n  Sea State 6 

i s  6 feet .  That i s ,  the water surface stays w i th in  53 f e e t  o f  the steady 

l eve l  f o r  a calm sea. For Design Option B, the amplitude would be a l i t t l e  

less. I n  the heat exchanger, the motion of the water surface r e l a t i v e  t o  

the tube sheet stays w i th in  +I f o o t  o f  the steady level  f o r  a calm sea. 

B-10 



I f  i t  i s  desired t o  reduce the v e r t i c a l  motion i n  the trough even 

f u r t h e r  the adjustments o f  gates i n  the wa l l s  across the trough can be 

used. More de ta i led  computation o r  hydrau l ic  model studies would be 

necessary t o  determine how much add i t i ona l  reduct ion i s  possible. 
. . 

I n  the warm water trough the  heave doesn't  cause v e r t i c a l  motion o f  

the water i n  the  trough r e l a t i v e  t o  the trough. A t  the surface o f  the 

sea, the water surface goes up and down w i t h  the  h u l l .  However, there 

i s  s i m i l a r  motion due t o  r o l l .  When one s ide o f  the h u l l  goes up o r  

down due t o  r o l l ,  the sea goes down o r  up w i t h  respect t o  the trough. The 

depth o f  water i n  the warm water trough decreases o r  increases accordingly. 

For Design Option A, the  magnitude of the  change i s  53 feet ,  which i s  

simi. lar t o  the motion i n  the co ld  water trough. I n  Design Option B, the 

change i s  a . l i t t l e  less. 

B.1.3.5 Var ia t ion  i n  Pump Head and Heat Exchanger Flow 

The combination of the . v e r t i c a l  motion i n  the  trough and heat 

exchanger can change the head on the co ld  water pumps by - +4 f e e t  i n  e i t h e r  

the co ld  o r  warm water system. This change o f  head causes a change i n  

f l ow  r a t e  o f  510 t o  12 percent. 

Since a constant r a t e  0.f f low was assumed fo r  the computation o f ,  

v e r t i c a l  motion, the resu l t s  are i n  e r ro r ,  bu t  the e r r o r  i s  conservative. 

When the pump head increases, the f l ow r a t e  decreases, the water l eve l  

on the heat exchanger f a l l s ,  and the pump head s t a r t s  t o  decrease again. 

The opposite happens when the pump r a t e  decreases. Therefore, the var ia-  

t i o n  i n  pump head w i l l  tend t o  decrease the ver t i ca l .  motion t h a t  causes 

the variat ion,. 

The v a r i a t i o n  i n  pump f low r a t e  and the v e r t i c a l  motion o f  water i n  

the heat exchanger and disch.arge.conduit produce a t o t a l  va r i a t i on  i n  

f low r a t e  through the heat exchanger. The conservative assumption i s  t h a t  

the maximum ch'ange due t o  f l ow  r a t e  occurs w i t h  the maximum due t o  

v e r t i c a l  motion. Thi s would cause the flow r a t e ,  t o  vary by 20 t o  30 percent, 
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APPENDIX B . 2  

COMPLETELY CLOSED CONDUIT SYSTEMS 



8.2. COMPLETELY CLOSED CONDUIT SYSTEMS 

B.2.1 BASIC FEATURES AND SIMPLIFIED REPRESENTATION 

B.2.1.1 Design Features Considered 

Figure 1 shows an e levat ion and side view o f  the design o f  a co ld  

water d i s t r i b u t i o n  system used as an example o f  a completely closed conduit 

system. Cold water passes through the v e r t i c a l  supply conduit and the 

l a t e r a l  conduit t o  the pump condui t where the pump causes an increase i n  

pressure. The motion through these three conduits i s  caused by the t o t a l  

head a t  the suct ion s ide  of the pump being below mean sea leve l .  The 

t o t a l  head a t  the discharge s ide of the pump i s  above sea l eve l  and forces 

the  f low through the pump discharge conduit, heat exchanger, and ver t ica ' l  

discharge conduit.  'The complete path fru111 co ld  water ,intake t o  discharge 

i s  closed condui t  w i t h  no openings t o  the atmosphere.. 

Figure 2 shows the warm water system used as an example o f  a completely 

closed system. Warm water passes from the trough through the pump conduit, 

pump discharge conduit,  heat exchanger and v e r t i c a l  discharge conduit. 

Although the condui t  system i s  simpler, i t  i s  s t i l l  completely closed 

from in take t o  discharge. 

B.2.1,2 S imp l i f i ed  Representation 

For analysis o f  ce r ta i n  problems, the .completely closed conduit 

system can be approximated by an inver ted U-tube as shown I n  Flgure 3 

f o r  the co ld  water system. The longer v e r t i c a l  leg, 1, represents the 

v e r t i c a l  co ld  water supply column. The hor izonta l  section, 2, represents 

the hydrau l ic  equivalent  . o f  most o f  the conduits between the supply con- 

du i  t and the heat exchanger, wh i le  the shorter  v e r t i c a l  leg, 3, represents 

the hydrau l ic  equivalent  o f  a1 1 o f  the heat exchangers and v e r t i c a l  d is -  

charge columns. For convenience, the equivalent  o f  the pumps i s  placed 

near the top of the longer leg, but  i t  could be placed almost anywhere i n  

the U-tube. The length o f  a l e g  i s  represented by L and the cross-section 

area by A as shown. 
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B .2.2 STARTUP 

B.2.2.1 General 

I n  star tup,  the system w i t h  completely closed conduits i s  s i m i l a r  t o  

one w i t h  decoupled conduits. Before a u n i t  i s  s ta r ted  up the surface of 

the  water I n  the pump conduits and heat exchanger must be ae o r  near mean 

sea leve l ,  and there must be empty space i n  the top of the pump discharge 

condui t  and the heat exchanger. The u n i t  i s  no t  closed u n t i l  the space i s  
f i l l e d  w i t h  water. 

0-2.2.2 Sta r t i ng  One Cold Water Pump With A l l  Un i ts  O f f  

When a l l  u n i t s  are o f f ,  waler i$ standing i n  t h c  pump conduits w i t h  

the  water surface near mean sea l eve l  as j u s t  described. In the heat 

exchanger there i s  l i t t l e  o r  no water above the top tube sheet. When 

the pump s ta r ts ,  therefore ,  i t  w i  11 be pumping against  less  head than a t  

normal operation. As a resu l t ,  the flow r a t e  w i l l  be greater than normal 

operation. 

On the suct ion s ide  o f  the s t a r t i n g  pump the piezometric head i s  

be1 ow mean sea l eve l .  A pressure gradient  i s  created i n  the 1 a te ra l  

condui t  because the water l eve l  i n  other pump conduits i s  s t i l l  a t  o r  

near sea l eve l .  Therefore, water i n  the 1 a l c r a l  condui t  begins t o  f l ow 

toward the pump condui t  where the pump i s  being star ted.  Because o f  the 

i n e r t i a  o f  the water i n  the long v e r t i c a l  supply conduit,  t h a t  conduit 

does not  supply water t o  f low i n  the l a t e r a l  conduit. Ae a resu l t ,  water 

f lows from other  pump conduits t o  the condui t  o f  the pump being star ted.  

Th is  causes the water i n  a l l  pump conduits t o  be drawn down. 

Figure 4 shows the pa t te rn  of water surface elevat ions i n  pump 

conduits and f l ow  i n  the  l a t e r a l  conduit a shor t  t ime a f t e r  s t a r t i n g  

the f i r s t  pump w i t h  a l l  others o f f .  The l i n e  drawn through water surfaces i n  

the pump cnnduits i s  the  hydraul ic  grade l i n e  along the l a t e r a l  conduit. 

Where the hydrau l ic  grade l i n e  passes .over the to l j  o f  the v e r t i c a l  supply 
column, the d i f fe rence  between the l i n e  and mean sea l e v e l  i s  the head 

ava i lab le  t o  accelerate f l ow i n  the column. Therefore, the accelerat ion 

i n  the column cannot be s i gn i f i can t  u n t i l  the water surfaces i n  a l l  the 
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pump conduits are low enough t o  have a ' l ow  hydrau l ic  grade l i n e .  By then 

the suct ion head i n  the condui t  of the :pump being s ta r t ed  w i l l  be low 

enough f o r  the pump t o  cav i ta te .  

The drop i n  suct ion head and hydrau l ic  grade 1 i n e  i s  p a r t  t rans ien t  

and p a r t  steady s ta te .  Right  a f t e r  the pump s ta r t s ,  most o f  the d i f fe rence  

between mean sea l e v e l  and the hydrau l ic  grade 1 i ne  corresponds t o  accelera- 

t i o n  o f  f low. This p a r t  i s  the t rans ient .  A t  stady state,  the f l ow  r a t e  

i n  the v e r t i c a l  column i s  equal t o  the r a t e  o f  pumping, and t h e  d i f fe rence  

between mean sea l e v e l  and the hydrau l ic  grade 1 ine  corresponds t o  f r i c t i o n  

losses. A t  some t ime dur ing the t rans ient ,  the hydrau l ic  grade l i n e  

drops t o  a l e v e l  much 'lower than t h a t  corresponding t o  steady state.  It 

i s  a t  these greatest  values of draw down t h a t  cav i t a t i on  i s  most l i k e l y .  

The cav i t a t i on  could l a s t  several minutes. 

B.2.2.3 Approximate Analysis f o r  S ta r t i ng  F i r s t  Pump 

I f  the shape of the hydrau l ic  grade l i n e  i n  Figure 4 can be assumed, 

i t  i s  possib le t o  develop an approximate analysis o f  the f l ow r e s u l t i n g  

from s t a r t i n g  the f i r s t  pump. With such an assumption, the volume o f  

water withdrawn from the pump columns can be re l a ted  t o  the e levat ion 

o f  the hydrau l ic  grade l i n e  above the top of the co ld  water supply conduit. 

A possible assumption i s  shown i n  Figure 5 .  The example represented i s  

f o r  the pump tha t  experiences the  greatest  drop i n  suct ion head. I t  was 

selected because i t  i s  conservative and because t he  arialysqs w l l l  serve 

f o r  s ta r tup  o f  other pumps as wel l  as the f i r s t .  

The pump shown i s  the one f u r t hes t  from the v e r t i c a l  supply conduit.  

Because i t  i s  the f i r s t  pump, the f r i c t i o n  losses i n  the l a t e r a l  supply 
condui t  are low enough t o  cause negl i g i  b l e  slope i n  the hydrau l ic  grade 

l i n e  even when the r a t e  o f  f low a t  the pump i s  up t o  f u l l  value. The 

slope o f  the hydrau l ic  grade 1 i ne  i s  caused p r i m a r i l y  by acce lera t ion o f  

f l ow  i n  the l a t e r a l  supply conduit.  Between the v e r t i c a l  supply condui t  

and the s t a r t i n g  pump the grade l i n e  i s  l i n e a r  w i t h  a constant slope. 

Rough estimates can be made f o r  the drop i n  the grade l i n e  between v e r t i c a l  

condui t  and the s t a r t i n g  pump. Based on the diameters and length  o f  the 

v e r t i c a l  and hor izonta l  conduits, i t  i s  estimated t h a t  the drop i n  the 
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grade l i n e  i s  about 40 percent of the di f ference between mean sea l eve l  

and the  hydrau1 . i~  grade l i n e  above the v e r t i c a l  conduit.  L e t t i n g  the 

d i f f e rence  be h, the drop i s  0.4h. On the opposite s ide o f  the v e r t i c a l  

condui t ,  the acce lera t ion i n  the l a t e r a l  condui t  i s  assumed t o  be neg l i -  

g i b l e ,  and the hydrau l i c  grade i s  assumed t o  be s t r a i g h t  and hor izonta l .  

With t h i s  assumed grade 1 ine,  the change i n  average water-surface 

e l eva t i on  i n  thepumpcondui tZ  i s  1. ldhwhen t h e c h a n g e i n  h i s d h .  The 

corresponding change i n  t o t a l  volume i n  the pump conduits i s  the product 

o f  the  average change and the t o t a l  ho r i zon ta l  area o f  . water . surface i n  

these conduits. The water surface moves i n  15 o f  the 16 pumps. Only 

the suct ion head changes i n  the s t a r t i n g  pump. For 15 conduits, each 

w i t h  a diameter o f  10 fee t ,  the change i n  volume i s  1.1 (15)25ndh o r  

412.5ndh f t3. 

The r a t e  o f  change i n  h i s  equal t o  the d i f fe rence  between the r a t e  o f  

f l o w  i n t o  the pump condui ts and the r a t e  o f  f l ow ou t  o f  them. The former 

i s  equal t o  the r a t e  o f  f low, Ql , i n  the pump condui t  wh i le  the l a t t e r  i s  

equal t o  the r a t e o f  pumped flow, Q Thus the con t i nu i t yequa t i on  f o r  the 
P 

sum o f  the pump conduits i s  

i n  which t i s  the t ime i n  seconds. 

The d l f ference,  h, i s  the head ava i lab le  t o  change the f low ra te ,  Q1, 

i n  the  v e r t i c a l  conduit.  Let  h be p o s l t i v e  when the hydrau l ic  grade l i n e  

i s  above mean sea l e v e l  and Ql be pos i t i ve  when the f low i n  the condui t  i s  

up. For t h i s  convention, the momentum equation f o r  f l ow i n  the condui t  i s  

i n  which 

nhS = s t a t i c  head due t o  dif ference between the water temperature 
i ns i de  the condui t  and i n  the surrounding water outs ide 

V, = f l ow  v e l o c i t y  i n  the v e r t i c a l  supply condui t  

 AH^ = head losses due t o  f r i c t i o n  



L1 = length o f  v e r t i c a l  supply conduit 

A, = cross sect ion area of v e r t i c a l  supply conduit 

g = accelerat ion due t o  grav i ty .  

Some terms i n  the equation can ,be dropped. For the f i r s t  pump 

s ta r t ing ,  the flow i s  a small percentage o f  the t o t a l  flow for  a l l  pumps. 

I n  addi t ion,  the water ins ide  the v e r t i c a l  condui t  has not  been displaced 

by colder water. Therefore, the terms bhS, bHf, and V, 1 V1 1 /2g are 

negl i g i  b l  e. The equation becomes . 

The con t i nu i t y  equa,tion can be d i f fe ren t ia ted  and subst i tu ted i n t o  

the momentum equation t o  give 

The der ivat ive,  dQ /dt, ind icates the e f f e c t  o f  the r a t e  of s t a r t i n g  
P 

the pump. For s i m p l i c i t y  assume t h a t  the method o f  s t a r t i n g  the pump 

produces a l i n e a r  r a t e  o f  increase i n  Q That i s  
P ' 

The d i f f e r e n t i a l  equation then becomes 

The coe f f i c ien ts  i n  t h i s  equation can be evaluated from the fo l lowing- 

data 

L1 = 3000 f e e t  

A, = ( 5 0 ) ~ n / 4  = 625nft 2 

The equation becomes 



For the i n i t i a l  condi t ions 

h = dh/dt = 0 @ t = O  
. , 

t he  so lu t i on  i s  

The fundamental per iod o f  the motion i s  49.27 seconds. I f  the l i n e a r  

increase i n  Q continues long enough the minimum value o f  h occurs a t  
P 

24.64 seconds. 

This so lu t i on  i s  v a l i d  u n t i l  the pump reaches f u l l  speed. The 

fo l lowing t ab le  shows the values o f  h and dh/dt when the pump reaches 

f u l l  f l ow  r a t e  i n  various times. 

Startup Time q h 
I n  Seconds ~ t 3 / ~ e c 2  (Feet) dh/dt 

1 860.000 -0.331 -0.661 

5 172.000 -1.602 -0.619 

10 86,000 -2.889 -0.497 

15 57.330 . -3.629 -0.326 

20 43.000 -3.730 -0.141 

2 5 34.400 -3.261* 

30 28.667 -2.718' 
A 

As a f i r s t  approximati,on, assume t h a t  Q i s  constant a f t e r  the pump 
P 

reaches f u l l  speed. The d i f f e r e n t i a l  equation o f  h becomes 

The i n i t i a l  condi t ions for  t h i s  equation are the  v a l u e s ,  h, and dh,/dt, a t  

the  time', to, when the pump reaches f u l l  f low rate.  These condi t ions are 

the values i n  the above table.. The so lu t ion  o f  the equation i s  

*. 
Minimum h occurs when .t/7.842 = n o r  t = 24.64 seconds. 



dho ( t-to ( t - t o )  h = 7.842 s i n  --- 7.842 + ho 'OS 7.842 

The lowest po in t  occurs when dh/dt i s  zero, t h a t  i s  

The fo l low ing  t ab le  gives the minimum values of h based or: ho and 

dho/dt from the t ab le  above. 

The minimum h i s  the maximum drop i n  suct ion head a t  the s t a r t i n g  

Startup Time 
t o  

(seconds) 

1 

5 

10 

15 

20 

2 5 

30 

pump. This .approximate analysis shows t h a t  the' maximum does no t  decrease 

s i g n i f i c a n t l y  u n t i l  the s ta r tup  time, to, approaches h a l f  o f  the funda- 

mental per iod o f  the motion. The fundamental per iod decreases w i t h  the 

cross sect ion area o f  the pump conduits. Thus, the pumps can be s ta r t ed  

7.842 dho -- 
d t  ho 

15.684 

3.030 

1 .349 

0.704 

0.296 

f a s t e r  w i t h  smaller conduits than w i t h  l a rge r  ones. 

This r e s u l t  i s  t r u e  on ly  fo r .  the f i r s t  one. o r  two pumps. For these, 
the value o f  V1 i s  small and the terms ~ ~ 2 / 2 ~  and nHf are neg l ig ib le .  

Without these terms i n  the equation, the.ampl i tude o f  the motion i s  inde- 

pendent o f  the hor izonta l  cross sect ion area o f  storage. A l a rge r  area 

Minimum h 

( fee t )  

-5.190 ' 

-5.110 

-4.851 

-4.439 

-3.890 

-3.261 

-2.781 

Time t o  Minimum h - 

slows down the response o f  the f l ow  i n  the v e r t i c a l  condui t  w i thout  any 

t-to 
(seconds 

decrease o f  the amp1 i tude. 

t 
\(seconds) 

11.819 

9.818 

7.316 

4.813 

2.260 

- 12;82 

14.82 

17.32 

19.81 

22.26 

24.64 

24.64 



I f  the diameter o f  the  pump conduits i s  reduced from 10 f e e t  t o  8 

feet  the fundamental per iod  i s  reduced t o  39.4 seconds. A s ta r tup  t ime 

of 20 seconds would produce the minimum values o f  maximum drop i n  suction. 

Since there i s  a 1 i m i  t t o  how small the column can be made, i t  i s  u n l i k e l y  

t h a t  the s ta r tup  t ime can be less than 15 seconds f o r  safe values o f  

minimum h. However, smaller conduits are not  bene f i c ia l  f o r  s t a r t i n g  
2 other  pumps a f t e r  the f i r s t  one o r  two. As the values o f  V1 129 and 

A H f ,  1 become s ign i f i can t ,  l a rge r  conduits reduce the minimum value o f  h. 
Therefore, i t  i s  b e t t e r  t o  plan t o  s t a r t  the f i r s t  pump o r  two more s lowly 

and l e t  them take 25 o r  30 seconds t o  reach f u ' l l  f l ow rate.  

B.2.2.4 S ta r t i nq  One Cold Water Pump With Other Uni ts  On 

S ta r t i ng  a pump .w i th  others already running i s  s i m i l a r  t o  s t a r t i n g  

the f i r s t  pump. Jus t  before t h i s  l a t e s t  pump s t a r t s  the water le.vels o r  

suct ion heads i n  the pump conduits a l l  1 i e  on some hydraul ic grade 1 i n e  

corresponding t o  f l ow  t o  the pumps already running. I f  on ly  one pump i s  

a l ready running, the grade l i n e  would look something l i k e  t h a t  i n  Figure 

4 o r  5. When the l a t e s t  pump starts, .  i t s  suct ion head i s  lowered u n t i l  the 

hydraul i c  grade 1 i n e  i s  a1 tered enough t o  cause water t o  f low t o  the pump. 

The i n e r t i a  o f  the f low i n  the v e r t i c a l  co ld  water conduit causes the f low 

t o  respond s lowly  t o  the increase corresponding .to the l a t e s t  pump. 

Therefore, f l ow  t o  the 1 a tes t  pump comes -from reduct ion i n  f low t o  the pumps 

already running u n t i l  the f low i n  the v e r t i c a l  column increases. 

As was shown i n  Figure 4, the whole grade l i n e  must be lowered t o  

accelerate f l ow  i n  the v e r t i c a l  conduit. Thus s ta r tup  o f  the l a t e s t  pump 

lowers i t s  own suct ion head and the  suct ion head a t  a l l  pumps already 

running. Cav i ta t ion can be caused a t  the l a t e s t  pump and may be caused a t  

some o f  the running pumps. Also, the flow r a t e  o f  a l l  o f  the running 

pumps i s  affected. 

The s i t u a t i o n  changes as the number o f  pumps already running i s  

increased. The l oca t i on  o f  the grade l i n e  before the l a t e s t  pump s t a r t s  
i s  lower when more pumps are running. Therefore, the suct ion head i s  

a l ready lower a t  the beginning of the t rans ien t  caused by s t a r t i n g  the 
2 l a t e s t  pump. On the other  hand, the terms, V1 129 and bHf ,1, i n  the 



momentum are s i g n i f i c a n t  and reduce the amplitude of the t rans ient .  The 
suct ion head a t  the lowest po in t  i n  the t rans ien t  i s  no t  as far  below the 

value a t  the beginning of the t rans ient .  Also, w i t h  less storage e f f e c t s  
i n  the pump conduits, the per iod of the t rans ien t  i s  shorter. 

For t h i s  stage of the work, i t  i s  not  feas ib le  t o  obta in  numerical 

estimates o f  these changes. The analysis o f  s t a r t i n g  pumps a f t e r  the f i r s t  

cannot be  approximated as eas i l y  a s  f o r  the f i r s t  pumps.   he pump 
conduits w i t h  pumps already running do no t  provide simple storage. The 
analysis o f  the chanqe i n  flow a t  these pumps involves the cha rac te r i s t i c  

curves o f  the pump and the i n e r t i a  o f  the pump and motor as we1 1 as the 

momentum o f  f low i n  the conduits. 

Short o f  adequate computation, i t  appears t h a t  the reduct ion i n  

amp1 i t ude  and per iod o f  the t rans ien t  i s  a l a rge r  e f f e c t  than the lower 

hydraul ic grade l i n e  a t  ' the beqinninq o f  the t rans ient .  A f t e r  the f i r s t  

one o r  two pumps, therefore, the time f o r  each pump t o  reach f u l l  f l ow 

r a t e  can probably be reduced t o  15 seconds. A t  most, i t  w i l l  be 25 o r  30 
seconds. 

B.2.3 VERTICAL HULL MOTION 

8.2.3.1 Sinusoidal Approximation o f  'Hull Motion 
- .  

Assume t h a t  the elevation, z, o f  the h u l l  above mean sea l eve l  can 
be represented by 

z = z*sinht  

i n  which 

z+ = maximum value s f  z 
n = frequency i n  radians per second 

By d i f f e r e n t i a t i o n  the accelerat ion o f  the h u l l  i s  

- =  2 d2z -n z* s i nn t  
d tZ  

The values o f  n and z* can be estimated f o r  Sea State 6. The heave 

o f  21.4 f e e t  can be represented by 2z*. That i s  

z* = 10.7 feet 

The maximum accelerat ion i s  0.059. Therefore 



The frequency i n  cycles per second i s  0.39/2n o r  0.062 and the per iod i s  

16.11 seconds. The equation f o r  z i s  

z = 10.7 s i n  0.388 t 

B.2.3.2 Equations f o r  S imp l i f i ed  Representation 

The simp1 i f  i ed representat ion o f  the completely closed sys tem as an 

i nve r t ed  U-tube i s  described i n  A r t i c l e  2.lb. This s i m p l i f i c a t i o n  i s  used 

t o  est imate the e f fec t  o f  v e r t i c a l  h u l l  motion on the f l ow  i n  the completely 

c losed co ld  water system. 

To set  up the equations o f  motion f o r  the f l ow  the fo l low ing  var iables 

and terms a re  needed: 

= hydrau l ic  o r  piezometric head j u s t  outs ide o f  entrance t o  the h0 v e r t i c a l  c o l d  water supply condui t  

= depth o f  entrance o f  column below mean sea 1 eve1 (negative 
value because below mean sea l e v e l )  

AHU ,I = head loss  a t  entrance t o  v e r t i c a l  supply condui t  

Y = u n i t  weight o f  water i n  the conduits 

AII = f r i c t i o n  l o s s  i n  v e r t i c a l  supply condui t  
f,1 
~p = increase i n  pressure from suct ion t o  discharge s ide o f  pump 

 AH^ ,2 = f r i c t i o n  l o s s  i n  l a t e r a l  supply and pump conduits 

V2 = v e l o c i t y  i n  the equivalent t o  l a t e r a l  supply and pump conduits 

Lp = length  o f  the  equivalent t o  l a t e r a l  

Vg = v e l o c i t y  i n  thc  equivalent of condenser and co ld  water 
d i  scharge 

L3 = length  o f  condenser and co ld  water discharge 

oHt,) = f r i c t i o n  l oss  i n  condenser and co ld  water discharge 

 AH^,^ = head l o s s  and e x i t  loss  a t  o u t l e t  o f  co ld  water discharge 



,2 = s t a t i c  head i n  v e r t i c a l  co ld  water discharge conduit 

Other var iables have a1 ready been defined i n  preceding a r t i c l e s .  

The momentum equation for  the equivalent  U-tube i s  

The losses are given by. \ 

I n  the expressions fo r  f r i c t i o n  loss,  f i s  the f r i c t i o n  fac to r .  I n  the. 

expressions fo r  entrance and e x i t  losses, assume 

C1 = C2 = 0 

For the given design, the s t a t i c  heads are approximated by 

AhS,, = 3.0 

.A"S,2 = O 

The con t i nu i t y  equations f o r  the equivalent  U-tube are: 

These lead t o  



Subs t i tu t ion  of the  con t i nu i t y  equation i n t o  the momentum equation 

1 eads t o  

 AH^ ,l + AH f,2 + bHfS3 + 3 - Ap/y 

The f r i c t i o n  losses are given by 

I n  order t o  provide a simple approximation, assume t h a t  the t o t a l  

area of conduits i n  p a r a l l e l ,  equivalent  t o  conduits 2 and 3 of the U-tube, 

i s  each equal t o  the area o f  condui t  1. That i s  

Al = A2 = A3 (22 ) 

With t h i s  approximation the equation i s  s i m p l i f i e d  t o  
0 

i n  which 

and 



To l i n e a r i z e  the  equation, t h e  t e n  v12 i s  replaced by I V1 I V1 w i t h  

I V1 I equal t o  a constant. The constant absolute value was made equal t o  

7 f t / sec  which i s  the  steady value f o r  no v e r t i c a l  h u l l  motion. This 

value i s  a lso used i n  t h e  coe f f i c ien t  o f  dz/dt. 

The f r i c t i o n  losses are based on the average di,ameters and lengths 

o f  the conduits. The data used are given i n  the  fo l low ing  tab le .  

I n  order t o  make the  head loss through the  heat exchanger and discharge 

t 

L Conduit F,t D 
Feet f 

1 3000 50 0.01 0 

2 1 50 2 0 0.01 3 

3 200 20 

tube equal t o  the  design value fo r  no v e r t i c a l  h u l l  motion; i t  i s  

> 

necessary t o  have 

With these values 

Addi t ional  f r i c t i o n  loss  was added t o  t h i s  va lue t o  a l low f o r  bends and 

changes i n  diameter not  included i n  the  value o f  f3L3/D3. With the addi- 

t i o n a l  1 osses 

The value of cL i s  obtained from the lengths i n  the tab le  f o r  f r i c t i o n  

factors .  That i s  

EL = 3350 feet  

The der ivat ives o f  h u l l  motion are given by 

- dz - - 4.152 cos 0.388t 
d t  



2.  
= -1.61 s i n  0.388t 2 

dz = 8.62 (1 + cos 0.776t) 

With the preceding numerical values and assumptions, the f i n a l  1 inear-  

i zed equati on becomes 

2.3.3 Linear Approximati on For Pump Curve 

To obta in  an expression f o r  Aplv, i t  i s  assumed t h a t  the pump curve 

i s  1 inear i n  the  range of values of Q1 an t i c ipa ted  i n  the v e r t i c a l  motion. 

The l i n e a r  expression f o r  the curve i s  

The value o f  5 corresponds t o  a value o f  7 f t l s e c  f o r  ( V1 ( . This 
express'ion can a1 so be w r i t t e n  

From the pump curves suppl ied by TRW 

When t h i s  expression i s  subst i tu ted i n  the momentum equation, the  

resul t i n g  equatlon I s  



B.2.3.4 Var ia t ion  i n  Flow Rate 

This equation can be solved d i r e c t l y  for..vl. It i s  i n  the form 

The so lu t i on  

V l ( t ) = C e  -sPdt + ,-sPdt !,JPdt Q ( ~ ) ~ ~  

To evaluate the so l u t i on  

- 0.639 e 0*866t (0.2232 s i n  0.388t - cos 0.388t) 

+ 0.332 e 0*0866t ( s i n  0.388t + 0.2232 cos0.388t )  

- - 0.0289 e 0*866t (0.112 cos 0.776t + s in.0.776t)  
L 

V,(t) = ~ e - ~ * ~ ~ ~ ~ ~  + 6.738 + 0.189 s i n  0.388t 

+ 0.713 cos 0..388t - 0.0289 s i n  0.776t 
(36) 

- 0.00324 cos 0.776t 

then 7 = C + 6.738 + 0.713 - 0.00324 

C = 7 - 7.448 = -0.448 

Therefore, 

Vl(t) = -0.448 e -0*0866t + 6.738 

t0.189 s i n  0.388t + 0.713 cos 0.388t 

-0.0289 s i n  0.776t - 0.00324 cos 0.776t 
8-33 



To , f i nd  t h e  range of .ve loc i ty  va r i a t i on  a t  steady state,  try various 

po in ts  .in t h e  ,cycle o f  h u l l  motion f o r  t = 0 .  

s i n  0.388t = 1: 

V1 = 6.738 + 0.189 + 0.00324 = 6.93 f t / sec  

cos0.388t = -1 : 

V1 = 6.738 - 0.713 + 0.00324 = 6.03 f t l s e c  

sin0.388t = -1: 

V1 = 6.738 - 0.189 + 0.00324 = 6.55 f t / sec  

cos 0.388t = 1: 

The range of v e l o c i t y  i s  approximately 7.454 - 6.03 = 1.42 ft /sec w i t h  

a mean value o f  6.74 f t /sec.  This va r i a t i on  i s  +0.71/6.74 = +10.5 percent. 

I t  i s  a lso the va r i a t i on  i n  f low rate.  

0.2.3.5 Maximum Pressures 

The pressure a t  t h e  top of t h e  longer l e g  o f  the  Inver ted U-tube 

corresponds t o  the pressure a t  the  top o f  the  v e r t i c a l  supply conduit,. 
wh i le  the pressure a t  t h e  top. o f  the shorter  l e g  corresponds t o  the pressure 

i n  the  top water box o f  the. heat exchanger. These pressures vary du r i  ng 

the  cyc le  o f  v e r t i c a l  h u l l  motion as required t o  accelerate o r  decelerate 

the f low i n  the conduits. They are re la ted  t o  dVl/dt by the  momentum 

euqation. 

From the  so lu t ion  V ( t )  i n  t he  preceding section, 



. . . ,. < 

The range o f  values o f  t h i s  der ivat ion *can be determined by evaluating i t  

f o r  d i f fe ren t  times during the cyc le fo f  h u l l  motion. For steady s ta te  the a exponential term i s  zero. 

cos 0.388t = 1: 

s i n  0.388t = 1: 

A t  the top o f  the ver t i ca l  supply conduit, the head associated w i th  
the acceleration i s  given by 

A t  the maximum values of acceleration 

2 .  = 10.7 ft; 

h = 27.86 - 10.7 = 17.16 ft 

p =. 7.44 ps i  

h . = -27.86 + 10.7 = -17.16 ft 

B p = -7.44 ps i  



These acce le ra t i ons  and associated pressures a re  based on the  assump- 

t i o n  t h a t  

I f  A2 and A3 are  sma l le r  than A1, the  acce lera t ions  and pressures are  

increased i n  magnitude. The pressures cou ld  be as h i g h  as 10 p s i  o r  as 

low as -10 p s i .  

The pressures due t o  acce lera t ion ,  must be added t o  the  pressure 

c reated by the  pumps f o r  overcoming f r i c t i o n .  A t  some loca t ions  between 

the  pump discharge and t h e  heat  exchanger, t h i s  pressure i s  4 t o  6 p s i .  

A t  t h e  top o f  the  v e r t i c a l  h u l l  motion the  pressures from acce le ra t j on  

and pumping add t o t a l  from 14 t o  16 p s i .  A t  the  bottom o f  the  motion, the 

sum o f  the two i s  negat ive  w i t h  values between -6 and -4 p s i .  

These pressures a l l  assume no mal func t ion  o f  t he  pumps o r  c.losure o f  

valves t h a t  might  r e s t r i c t  the f l o w  i n  condui ts .  Suppose t h a t  i t  i s  

attempted t o  operate valves and pump speed t o  main ta in  a constant  f l o w  

r a t e  w i t h  respect  t o  the  condui ts .  The acce le ra t i on  o f  t h e  f l ow  would 

equal t he  a c c e l e r a t i o n  o f  the  h u l l  . t h e  pressures associated wi t h  these 

acce lera t ions  would. be o f  the o rde r  o f  60 p s i .  

The ac tua l  pressures l i e  somewhere between the u l t i m a t e  value o f  

60 o s i  and t h e  value o f  14 t o  16 p s i  g iven above. To est imate them more 

accura te ly ,  i t  i s  necessary t o  consider  the  c o n t r o l  and i n e r t i a  o f  t he  

pump and motor. 



APPENDIX 8 . 3  

.DECQUPLED CLOSED CONDUIT SYSTEM 



B.3. DECOUPLED CLOSED CONDUIT SYSTEM 

B.3.1 BASIC FEATURES 
I n  one e a r l y  design, the closed condui t  system f o r  co ld  water suoply 

i s  decoupled by disconnecting the conduits a t  the pumps. The design i s  

shown i n  Figure 6. Instead o f  a v e r t i c a l  condui t  connected t o  the pump 

i n take  the v e r t i c a l  condui t  i s  l a r g e r  than the Dump and extends up 

around i t  t o  form an open standpipe. The pump i s  located ins ide  the 

standpipe, which serves as the forebay o r  suct ion we l l  f o r  the pump. A l l  

design features except f o r  the open standpipe are the same as shown i n  

F igure 1 for  the completely closed sytem. 

B.3.2 DYNAMICS OF FLOW 

B.3.2.1 Pump Startup 

The dynamics o f  condui t  f low r e s u l t i n g  from s t a r t i n g  pumps i s  s i m i l a r  

t o  t h a t  described i n  Subsection 2.2 f o r  the completely closed system. 
For t h e  decoupled system, the hydraul ic  grade 1 i n e  i n ,  Figure 4 i s  always 

def ined by t h e  water surface i n  the  standpipes instead o f  a combination 

o f  pump suct ion head a t  the pumps running and water surface a t  those 

n o t  running. The flow t o  the l a t e s t  s t a r t i n g  pump comes from storage 

i n  the standpipes u n t i l  the flow r a t e  i n  the v e r t i c a l  supply column i s  

increased t o  provide f o r  the l a t e s t  pump. 

The approximations and equations used f o r  the completely closed 

system i n  Subsection 2.2, can be used f o r  very rough estimates. As 

shown i n  t h a t  subsection, the drawdown fo r  s t a r t i n g  the f i r s t  one o r  

two pumps i s  no t  decreased s i g n i f i c a n t l y  unless the time f o r  the 'pump t o  

reach f u l l  flow r a t e  i s  approximately 1/2 the fundamental per iod o f  the 

' .motion. 

I n  t ha t  subsection i t  was a lso shown t h a t  the fundamental per iod 

depends upon the hor i zon ta l  cross-section area of the water stored i n  

the pump conduits. For the decounled system, the per iod depends upon 

the hor izonta l  cross-section o f  the annular space between the pump 

casing and the standpipe. 





Depending upon the  design, the area o f  the annular space can be less  

o r  greater  than the  cross-sect ion area of the pump conduits i n  the  com- 

p l e t e l y  c losed system. I f  the diameters o f  the pump casing and standpipe 

are  9 and 13 feet, respect ive ly ,  the hor i zon ta l  area df 15 annular spares 

i s  330 n . feet .  This i s  l ess  than the t o t a l  ho r i zon ta l  cross-sect ion area 

pump conduits used f o r  the computations i n  A r t i c l e  2 . 2 ~ .  Therefore, the 

fundamental pe r iod  i s  shor te r  f o r  the decoupled system and the f i r s t  pump 

can be s ta r t ed  more qu ick ly .  

For pumps a f t e r  the f i r s t  one o r  two, l a r g e r  standpipes permi t  

more r a p i d  pump s t a r t  up. I f  the diameters o f  the pump casing and 

standpipe a re  9 and 15 f ee t ,  respec t i ve ly ,  the h o r i m n t a l  area o f  15 
2 annular  spares i s  540 n f t  . This i s  s i g n i f i c a n t l y  more than the t o t a l  

ho r i zon ta l  cross-sect ional  area o f  pump conduits i n  the computations f o r  t he  

completely closed system. Furthermore, there I s  a storage e f f e c t  i n  a l l  

15 stand pipes , regard1 ess o f  how many pumps are running. W i  t hou t .  de- 

t a i l e d  computations, i t  appears t h a t  most o f  the pumps i n  the decoupled 

system can be brought up t o  f u l l  f l ow  r a t e  i n  about 10 seconds. 

8.3.2.2 Ve r t i ca l  Hu l l  Motion 

I n  the decoupled system, the v e r t i c a l  h u l l  motion does n o t  produce 

the h igh pressures produced i n  the comp l e te  l y  closed sys tem. Instead, 

the motion causes movement o f  the water surface i n  the stand pipes around 

the pumps. The r i s e  and f a l l  o f  the water surface i s  o f  the same order 

as the motion o f  the h u l l .  A t  sea s t a te  6 the change i s  - + 8 t o  10 f e e t  

from the mean e levat ion.  

This v a r i a t i o n  i n  e leva t ion  o f  the water surface i s  a change i n  the 

head, on the pumps. A change o f  t h i s  magnitude w i l l  cause the  r a t e  o f  f low 

~umped t o  change by + 33%. 





B. 4. OPEN TROUGH SYSTEM 

0.4.1 BASIC FEATURES 

The oDen trough system f o r  supply and d i s t r i b u t i o n  o f  co ld water i s  

shown i n  Figure 7. The dimensions shown there are the ones used f o r  

prel iminary estimates. The system has free water surface a t  two loca- 

t ions. One i s  the open trough, and the other i s  the water box a t .  the 

top o f  the condenser. 

The warm-water system i s  s im i l a r  t o  tha t  shown i n  Figure 2 w i th  one 

difference; the water box a t  the top of the evaporator has a f ree 

s u r f  ace. 

0.4.2 PUMP STARTUP 

~.4'.2.1 co ld Water .System 

When a pump i s  s ta r ted  i n  the open trough, there i s  a tendency. f o r  

the water surface t o  have the same shape as the hydraul icgrade l i n e  i n  

Figure 4 f o r  roughly s im i l a r  reasons. As soon as the water surface f a l l s  
a t  the s ta r t i ng  pump, however, water from the r e s t  o f  the trough rushes 

toward the pump forming a surface wave. i h e  height  and ipeed o f  the 

wave can be estimated. 

The estimate was made for a case o f  s t a r t i n g  one large pump o r  

several small Pumps located near enough t o  each other t o  be considered 

a s ing le point. The f low ra te  a t  the s t a r t i n g  pumos increased t o  
3 3700 ft /sec instantaneously. The f low resu l t i ng  from s ta r t i ng  the 

pumps was treated as a shallow water wave. 

For water s t a r t i  na w i  t h  no veloci  t y  and a depth o f  80 feet, the 
3 wave cel e r i  t y  w corresponding t o  3700 f t  /sec i s  given by 

The ve loc i ty  V and depth Z a t  the wave are re lated by 





The depth Z i s  r e l a t e d  t o  the wave c e l e r i t y  w by 

These 3 equations arelcombined t o  form the f o l l ow ing  equation 

By t r i a l  and e r r o r  the so lu t i on  i s  

Z = 78.87 f t  

V = 0.782 f t / s e c  

Therefore the wave i s  a  drawdown o r  decrease i n  depth equal t o  1.13 f e e t  

moving away from the pump a t  a  speed o f  49.6 f t /sec.  

This case i s  more extreme than any s t a r t  up an t i c ipa ted  i n  an actual  

design. The f l ow  r a t e  f o r  a  s i ng le  pump w i l l  be less than 3700 f t /sec.  

For a  pump t h a t  w i l l  be selected f o r  design, the wave he ight  w i l l  be less 

than 1 foot ,  

I n  add i t i on  t o  surface waves, pump s t a r t  up can a lso cause a drop i n  

the water surface i n  the whole trough. As described f o r  the previous 

system, the i n e r t i a  o f  the water i n  the v e r t i c a l  s u p ~ l y  condui t  prevents 

the f low r a t e  i n  t h a t  condui t  from responding immediately t o  the s t a r t i n g  

pump. 'Ihe water f o r  the s t a r t i n g  pump comes from the trough, and the 

whole water surface i n  the trough fa1 1s below the e levat ion a t  which i t  

was located before the pump s tar ted.  Because o f  the la rge  hor i zon ta l  

area o f  the trough, the response o f  the f low i n  the condui t  i s  slow. 

The per iod of the t r ans ien t  motion i n  the condui t  i s  204 seconds. 

I f  more than one pump i s  s t a r t ed  w i t h i n  1  /2 o f  the period, the 

e f f e c t  w i l l  be the same as one pump w i t h  a  f low r a t e  equal t o  the sum o f  

f low ra tes of a1 1  of the pumps s tar ted.  Af ter  s t a r t i n g  one pump, the 



next  should n o t  be s t a r t ed  u n t i l  a t  l e a s t  100 seconds l a t e r .  However, 

the time between successive pump s t a r t s  should n o t  be mu l t i p l es  o f  the 

per iod o f  204 seconds. A1 though there  should be s u f f i c i e n t  t ime between 

successive pump s ta r t s ,  i t  i s  n o t  necessary t o  s t a r t  up each i nd i v i dua l  

pump slowly. Each pump can be brought up t o  f u l l  f l ow  r a t e  as qu i ck l y  

as desired. 

0.4.2.2 Warm Water System 

Start-up o f  the warm water trough presents no d i f f i c u l t i e s .  The 

warm-water troughs are connected t o  the open sea through openings i n  the 

h u l l .  I f  these open.ings are 1 arge enough, water enters the trough 

q u i c k . 1 ~  enough t o  prevent s i g n i f i c a n t  f a l l  i n  water l e ve l  i n  the trough. 

However, the pumps i n  any s i ng l e  trough should be s t a r t ed  sequent ia l ly .  

0.4.3 STANDING WAVES I N  THE TROUGH 
. . 

The surge and p i t c h  o f  the h u l l  can produce standing shallow water '. , ,', 

waves i n  the trough. The per iod o f  these waves can be determined from 

the wave c e l e r i t y  given i n  A r t i c l e  4.2.1. The per iod  o f  the shallow 

water trough i s  twice the length  o f  t ime requ i red  f o r  the wave t o  t r ave l  
e ,. 

the length  of the trough. With a length  of 370 f e e t  and a c e l e r i t y  o f  
-is" 

50.4 f t / sec .  , the per iod i s  14.7 seconds. 

This pe r iod  i s  i n  the range o f  periods t h a t  can be expected f o r  

r o t a t i o n  and hor i zon ta l  motion o f  the h u l l .  For these periods, the 

standing waves are  i n  resonance w i t h  the h u l l  motion. Even though the 

sea which i s  c rea t ing  the h u l l  motion i s  r e l a t i v e l y  calm, the standing 

waves i n  the h u l l  a t  resonance w i l l  increase i n  he igh t  u n t i l  they break. 

Without hydrau l ic  model tes ts  on de ta i l ed  numerical computations, i t  i s  

d i  f f i  cu l  t t o  p r e d i c t  the maximum he igh t  o f  the waves before they break. 

Bascd on values o f  wave steepness a t  breaking, the he ight  could be as 

great  as 7 feet .  

The amplitude of the standing waves can be reduced by bu i  1 d ing wa l l  s 

o r  bulkheads across the trough. The wa l l  s would have openings covered 

by gates so t h a t  the t o t a l  area o f  opening i n  each wa l l  can be con t ro l l ed .  



By varying the opening according t o  the sea state,  the natural  frequency 

o f  the waves i n  the trough can be kept d i f f e r e n t  from the h u l l  motion and 

resonance can be avoided. Essent ial ly the trough i s  detuned. 

The design and operation o f  the gated wal ls would have t o  be deter- 

mined from hydraul ic model studies. It i s  estimated t h a t  such wal ls  

could 1 i m i . t  the maximum ampl i tude o f  the standing waves t o  2 feet.  

B .4.4 ' VERTICAL MOTION OF. WATER SURFACE 

B.4.4.1 Equations o f  Motion 

The v e r t i c a l  motion o f  the h u l l  causes unsteady f low on the co ld and 

warm'water systems. This unsteady f low causes the water surfaces i n  the 

troughs and i n  the top water boxes o f  the heat exchangers t o  move re la -  

t i v e  t o  the troughs and boxes. I f  the horizontal area o f  the cold water 

trough were equal t o  the cross-section area o f  the ve r t i ca l  co ld water 

conduit, and i f  there were no f r i c t i 0 .n  losses, the water column i n ' t h e  

conduit would not  move re1 a t i  ve t o  f i xed  space because o f  the i n e r t i a  o f  

the column. The same could be sai'd o f  the water columns i n '  the. ve r t i ca l  

discharge conduits f o r  the heat exchangers. For, such a s i  tuation, the 

water surface i n  the co ld water ,trough and water boxes would remain a t  

mean sea leve l  and appear to  move up and down i n  the trough and boxes. 

The ampl i 'tude of t h i s  re1 a t i  ve motion would equal the heave o f  the h u l l  . 
The r e l a t i v e  motion af fects  the f low r a t i o  pumped through the heat 

exchangers. Since the pumps are f i xed  w i th  respect t o  the h u l l  , the 

water surfaces move r e l a t i v e  t o  the pumps and changes the head on the 

pumps. As a resu l t ,  the ra te  o f  flow pumped t o  the heat exchangers 

changes. 

The equations f o r  the r e l a t i v e  motion are s im i l a r  t o  the momentum 

and continui t y  equations used . in  previous sections. The cont inu i ty  
equation f o r  the v e r t i c a l  conduit and open trough o r  ve r t i ca l  conduit 

and heat exchanger i s  



Most of the symbols of t h i s  equation have been def ined previously.  The 

var iab le  a i s  now the hor i zon ta l  area o f  the:water surface i n  the 

open trough o r  i n  the water box a t  the top o f  the heat exchanger. The 

sum o f  flow f o r  a l l  pumps operat ing i s  Q The v e l o c i t y  V i s  the . 
P ' 

value f o r  the v e r t i c a l  column being considered. The momentum equation i s  

2 2 I n  t h i s  equation the V i s  replaced by I V ~ V  and ( V  - dz/d t )  by I(v - dz/dt)  1 
(V - dz/dt)  as was done previously.  

B.4.4.2 Numerical So lu t ion 

I n  previous sect ions, ,s imi lar  equations were l i nea r i zed  by assuming 

t h a t  the absolute values i n  the momentum equation are constant and equal 

t o  average values. A s i m i l a r  approach was used f o r  the open trough 

system, b u t  the r e s u l t s  were n o t  reassuring. . Therefore, i t  was decided 

t o  do a l i m i t e d  amount o f  numerical computation. 

The equations of motion were w r i t t e n  i n  terms o f  increments AV, AZ, 

and ~ t .  They become 

The values o f  AZ and aV were computed f o r  a ~t o f  2 seconds using 

the values o f  V and dz/dt a t  the beginning of the increment ~ t .  The 

computations began wJth i n i t i a l  values of V and Z, and the values o f  A V  

and ~ i !  were added a t  the end of each t ime increment. I n  the con t i  nui t y  

equation, the value of Q remained constant. The computation was 
P 



c a r r i e d  ou t  i n  a combination' o f  manual ca lcu la t ions and automatic data 

processing w i t h  a programinable hand ca lcu la tor .  

For the open trough, the i n i t i a l  value o f  V and Z were 7 fps and 

77 fee t ,  respect ive ly .  The h u l l  motion was represented .by the s ine 

wave derived above f o r  Sea State 6. The values o f  f, L and D f o r  the 

v e r t i c a l  co ld  water condui t  are the same a,s those used i n  Subsection 2.3. 

For the heat exchanger and v e r t i c a l  discharge column , the i n i t i a l  

value o f  V was -5.41 f t / sec .  The i n i t i a l  surface e leva t ion  h o f  the 
water above the top tube sheet was 8.22 f e e t  above luean sea l eve l .  This 

e leva t ion  i s  equal t o  the head losses f o r  steady f low through the heat 

exchanger when there i s  no h u l l  motion and the ve loc i t y  i n  the discharge 

column i s  -5.41 f t /sec.  The value o f  fL/2gD was 0.265 wh'l ch corresponds 

t o  a head loss o f  8.22 fee t .  

The r e s u l t s  o f  the computations are l i s t e d  i n  the fo l low ing  tables. 

For the open trough the values o f  V and Z are given, whi le  the values 

o f  V and h are given f o r  the heat exchanger. I n  order t o  ind ica te  the 

water vel  oc i  ty  re1 a t i  ve t o  the heat exchanger tubes, the val  ues o f  

V - dz/dt are a lso given f o r  the heat exchanger. 

B.4 .4 .3  Results 

The values o f  h and Z are p l o t t e d  i n  Figure 8. Also shown i n  the 
f i g u r e  are the values of Ahs i n  the trough, bHf i n  the ve r i  t c a l  cold-water 

supply condui t$  and the e levat ion h o f  the water surface i n  the top o f  

the heat exchanger when there i s  no v e r t i c a l  h u l l  motion. 

The computat$ons could no t  be ca r r i ed  f a r  e n o ~ ~ g h  t.n shnw a csmplete 

cyc le  o f  the depth i n  the trough. The fundamental per iod of the t rans ien t  

nwt ion i n  the vert.ica1 suegly condui t  i s  204 seconds. The computation 

might have t o  be continued f o r  612 seconds o r  more before the curve f o r  Z 

begins t o  repeat. However, i t can be assumed t h a t  i n  the f i  r s t  three 

quarters o f  a period, the maximum difference between the depth i n  the 

trough and the depth t h a t  would occur i n  a calm sea i s  an i nd i ca t i on  o f  

one h a l f  o f  the maximum amplitude o f  the change i n  depth. 



VELOCITY I N  VERTICAL SUPPLY CONDUIT AND,DEPTH , . . 
I N  OPEN TROUGH BY NUMERICAL COMPUTATION . . 

t V 2-77 
sec ft /sec ft 

112 7.53 -2.29 

114 7.63 -2.89 

116 7.56 -3.42 

118 7.39 -3.54 

120 7.23 -3.12 

122 7.18 -2.37 

124 7.29 -1.66 

126 7.51 -1.36 

128 7.72 -1.57 

130 7.81 -2.13 

132 7.73 -2.64 

134 7.55 -2.76 

136 7.36 -2.34 

138 7.29 -1.58 

140 7.37 -0.84 

142 7.57 -0.49 

144 7.76 -0.67 

146 7.84 -1.20 

148 7.76 -1.72 

150 7.55 -1.86 

152 7.35 -1.48 

154 7.24 -0.73 

156 7.301 0.02 

158 7.19 -0.60 

160 6.97 -0.84 

162 7.06 -1.50 

164 7.00 -2.17 

166 6.82 -2.48 

4 

t V 2-77 
sec f t /sec ft 

0 7.0 ' 0  

2 6.98 -0.72 

4 6.82 -1.24 

6 6.59 -1.27 

8 6.42 -0.82 

10 6.40 -0.17 

12 6.53 0.27 

14 6.64 0.74 

16 6.78 0.78 

18 6.77 0.60 

20 6.61 -0.12 

2 2 6.38 -1.25 

24 6.21 -0.86 

26 6.18 -0.25 

2 8 6.30 0.17 

30 6.51 0.12 

3 2 6.66 -0.43 

34 6.51 -1.05 

36 6.37 -1.69 

38 6.15 -1.86 

40 5.99 -1.53 

42 5.96 -0.97 

44 6.10 -0.56 

46 6.32 -0.67 

48 6.4.9 -1.18 

5 0 6.53 -1.99 

5 2 6.42 -2.65 

5 4 6.23 -2.84 

t V 1-77 
sec f t /sec ft 

56 6.08 -2.53 

58 6.07 -1.95 

60 6.21 -1.50 

62 6.45 -1.51 

64 6.65 -2.02 

66 6.72 -2.80 

68 6.63 -3.44 

70 6.46 -3.63 

72 6.32 -3.30 

74 6.31 -2.68 

76 6.46 -2.18 

78 6.71 -2.11 

80 6.92 -2.55 

82 7.01 -3.27 

84 6.94 -3.88 

86 6.78 -4.05 

88 6.64 -3.69 

90 6.62 -3.02 

92 6.77 -2.44 

94 7.02 -2.29 

96 7.25 -2.65 

98 7.34 -3.31 

100 7.28 -3.87 

102 7.11 -4.01 

104 6.97 -3.62 

106 6.94 -2.90 

108 7.07 -2.25 

110 7.31 -2.01 



. . : VELOCITY I N  VERTICAL DISCHARGE CONDUIT AND .WATER 

SURFACE ELEVATION I N  HEAT EXCHANGER 

- 

r z 
t V 4 h 

sec f t /sec f t / s e c  ft - 
0 -5.41 -9.58 8.22 

1 -2.74 -6.60 6.86 

2 -2.62 -5.59 6.47 

3 -3.52 -5.15 6.41 

4 -4.98 -5.02 6.50 
5 -6.61 -5.06 6.62 

6 -8.07 -5.17 6.74 

7 -9.09 -5.27 6.82 

8 -9. +9 -5.31 6.87 

9 -9.20 -5.31 6.90 

10 -8.28 -5.25 6.93 

11 -6.86 -5.15 6.99 

12 -5.16 -5.03 7.07 

13 -3.43 -4.89 7.20 

14 -1.93 -4.76 7.37 

15 . -0.87 -4.66 7.58 

16 -0.44 -4.61 7.82 

17 -0.72 -4.64 8.09 

18 -1.68 -4.77 8.34 

19 -3.20 -5.00 8.54 

20 -5.04 -5.27 8.68 
2 1 -6.91 -5.54 8.73 

2? -8.52 -7.14 8.69 
2 3 -9.18 -6.41 8.12 

24 -9.81 -5.65 7.80 

2 5 -9.58 -5.62 7.72 

26 -8.69 -5.54 7.65 

27 -7.29 -5.42 7.61 

t V v %  h 
sec f t /sec ft/sec ft 

28 -5.59 -5.28 7.61 

29 -3.83 -5.12 7.65 

30 -2.27 -4.97 7.74 

31 -1.13 -4.84 7.89 

32 -0.61 -4.// 8.07 

3 3 -0.79 -4.77 8.28 

34 -1.67 -4.87 8.49 

35 -3.11 -5.07 8.67 

36 -4.91 -5.32 8.78 

3 7 -6.77 -5.57 8.81 

38 -8.40 -5.77 8.76 

39 -9.55 -5.89 8.65 

40 -10.06 -5.91 8.49 

41 -9.87 -5.86 8.33 

42 -9.02 -5.75 8.18 

4 3 -7.65 -5.61 8.07 

44 -5.95 -5.46 8.00 
45 -4.17 -5.29 7.99 

46 -2.56 -5.12 8.03 

47 -1 .36 -4.98 8.12 

48 -0.75 -4.88 8.27 

49 -0.83 -4.87 8.44 

$0 -1,62 -4.94 8.62 

5 1 -3.00 -5.11 8.77 

52 -4.76 -5.35 8.87 

5 3 -6.62 -5.59 8.89 

5 4 -8.28 -5.79 8.83 

5 5 -9.48 8.71 
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APPENDIX C .1 

VARIAB I L I T Y  O F  .AMMONIA LOOP PARAMETERS 



to: Di s tri bu t i  on 

OWNtmm.mOOWIO.uDc.SWU.DoI. 

1NTlLROFP)CR CORRE~PONDLNCC: 78.6806-PJ8-253 
PSD-I -262 

CC: OATS: 5 May 1978 

SUUECt: 
Preliminary Analysis o f  Vari a b i l  i t y  of 

?3iB 
Amnonia Loop Parameters Due t o  Annual FROM: P. J. Bakstad 
Overall Temperature Difference Variations .LOO MAIL STA. U T .  

81 1538 51 554 

The analysis included i n  the attached technical note has been prepared 
to support prel iminary design ac t i v i t i e s .  More detai led analyses w i l l  
be avai lable l a t e r  during the July-August timeframe, but  these w i l l  
come too l a t e  t o  impact ear ly  design decisions. These l a t t e r  detai led 
performance models are presently being formulated by Dr. Impink, e t  al,  
a t  CMU under the d i rec t ion  o f  Dr .  b y t o n  and myself. 

The analysis oresented gives estimates o f  the annual' var iat ions i n  
a m n i a  flow, pressure and temoerature. These. resul ts should be useful 
i n  the p re l  iminary design of the instrumentation and control systehg , 
the speci f i c a t i  ons o f  amnoni a Dumps, val  ves and turbogenerator (these 
must be sized f o r  maximum flow and power conditions), for  the de f i n i t i on  
o f  design pressures (e.g., 10% over maximum operating pressure) and pipe 
sizing. 

The analysis i ndi cates that  evaporator and condenser operating conditions 
are set by energy balances and heat t ransfer  rates considering the e f f e c t  
o f  the turbine representing a f low impedance between the ammonia vapor 
source (evaporator) and sink (condenser). The analysis shows t ha t  the 
system i s  stable I n  the sense tha t  the evaDorator and condenser pressures 
and temperatures w i l l  adjust i t s e l f  t o  match the turbine inmedance (which 
depends on parameters such as vane posi t ion and power demand) to sa t i s f y  
energy and mass bal ances . 
We are presently assuming tha t  nominal design AT i s  40°F wi th annual varia- 
t ions o f  - +4OF (T,, = 80 + 4OF, TC = 40°F constant). Expected var iat ions 

are shown i n  a table. Note tha t  the presently ongoing re-optimization 
w i l l  define nominal f low and power f o r  the 10 1 oop. Prel lminary 
resul ts indicate-at the gross power a t  nominal condi t ions (PGO) 

w i l l  be about 14.4 MWe, the corresoondin nominal a m n i a  f low ra te  w i l l  
be about 825 lb/sec, Table 2 and Eq (10 3 may then be used t o  estimate 
var iat ions . 
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TO: 

tNTLROPPtCE: CORRESPONDENCE 

D i s t r i b u t i o n  CC: 

Optimum Design AT* 
f o r  OTEC Plants 

OAT=: 5 May 1978 

m3 
FROM: P. 3. Bakstad 
.LOO. MAIL  STA. LXT. 

81 1538 51554 

Dr. Abe Lavi*  c a l l e d  my a t t e n t i o n  t o  an unpublished paper where he showed 
tha t  the optimum design AT* f o r  an OTEC p l a n t  may be less than the annual 

c average  AT^, The purpose o f  the enclosed note i s  t o  analyze t h i s  con- 
j cc tu re  U~IR! oili; bwn c o s t  a i d  yer.forinance rnndcls. The r e s u l t  ind ica tes  
t h a t  f o r  an average annual AT o f  40°F vary ing sinusordal l y  w i t h  + 4°F 
amplitude, the optimum design AT* i s  38.1°F. This r e s u l t  i s  basFd on the 
assumption t h a t  the warm and co ld  water f l ow  ra tes  are constant, and 
t h a t  the amnoni a pumps, valves , pipes and turbine-generator are s u f f i c i e n t l y  
oversized t o  hand1 e maximum AT ("sumnerl') condi ti ons . However, the ,sensf - 
t i v i  t y  t o  IAT* - bTO 1 i s  SO small t h a t  the r e s u l t  i s  o f  theore t ica l  

i n t e r e s t  only.  Furthermore, we show t h a t  the optimum AT* i s  sensitive t o  
the d e t a i l s  o f  the cost  model used. 

It i s  concluded tha t ,  a t  the present s tate-of - the-ar t ,  the design AT* 
should be selected equal t o  the annual average AT,. This i s  the approach 

we are tak ing  i n  the PSD-I  deslgn. It must be emphasized again t h a t  
ammonia pumps, va lve . pipes and turhngenerator must be s ized f o r  
maximum AT ("sumner" 5 condit ions. 

1 .  

* I bel ieve  dur ing the February Miami Conference 
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TUBE .MANUFACTURING 



TO: C. Wil l iamson 

ONE BPICt PIW(. Rf.DONO0 BL*CI(. C IL I IOINIA m?O 
PSD-1-546 

INTEROFFICE CORRESPONDeNCE 
551 5.2.78-433 

CC: P. Ed r i s  
C. Feddersen ./ 7 September 1 978 
3 .  Hsu 
F. Jackson 
6. Por te r  
L. Rosales 

sueJEcr: OTEC Tube t o  Tubesheet W. Talon F ~ ~ ~ :  3.  Hicks 
Jo in t s  - Rubber BLDG. MAIL  STA. EXT. 

S. Vincent Expanding Met hod 01 2080 61 486 
-- -- - -- 

Reference: (1) I O C  PCS-1-488 (same subject )  from C. - W i l l  iamson t o  
3 ,  Hsu, 14 August 1978. 

(2) L e t t e r  from H i tach i  America, L td.  (same subject )  t o  
3.  Hicks, 25 August 1978. 

(3) L e t t e r  from 3. Hicks t o  H i tach i  America. Ltd., 
7 September 1978. 

1. I n  response t o  your Reference (1) recommendations, representat ives 
o f  Mater ia ls  Engineerin met w i t h  Mr .  K. I ch ibash i  from H i tach i  
America (Houston, Texas 3 , who has s ince suppl ied the  Reference. (2) 
binformation (co'py attached). 

2. To f a c i l i t a t e  an in-house evaluat ion o f  t he  rubber expanding method, 
the Reference (3) "cost and J e l  iver-y" i n q u i r y  has been made t o  
Hi tach i  t o  supply TRW w i t h  twelve sample specimens f o r  t e s t i n g  i n  
our labora tor ies .  Thei r  r e p l y  w i l l  be forwarded upon rece ip t ,  



7 September 1978 

Mr.  K. Ich ihash i  
H i tach i  America, Ltd. 
3800 Bu f fa lo  Speedway, Su i te  318 
Greenway Plaza 
Houston, Texas 77098 

Dear M r .  I c h i  hasi: 

This l e t t e r  i s  t o  ack,nowledge r e c e i p t  o f  the  proposed 
l i cens ing  agreement f o r  use o f  the H i t ach i  Expanding Machine 
(Rubber Expansion Un i t ) ,  and the copy o f  the United States 
patent  f o r  same. This in format ion has been forwarded t o  our 
Ocean and Energy Systems Department f o r  t h e i r  considerat ion.  

We would appreciate f u r t h e r  informat ion from your home 
o f f i c e  r e l a t i v e  t o  having H i tach i  provide TRW w i t h  twelve 
s ing le  tube models, as i l l u s t r a t e d  i n  Figure 9 o f  the H i t ach i  
llTechnical Report o f  Uniform Tu'be Expansion (Rubber Expansion)", , * .  

except the t i tan ium tube wal l  thickness should be 0.71 'm 0 .  

(0.028 inch)  instead o f  the 1.75 mm (0.069 inch)  shown. . . *  . ,  

These txe lve  specimens would be tes ted i n  TRW labora to r ies  
. . 

. . r e l a t i v e  t o  r e ta i n i ng  f0rc.e and'watert ightness.  The planning 
informat ion required i s :  

o  Total  cost, i nc lud ing  a i r  f r e i g h t  d e l i v e r y  t o  
Los Ange1,es In te rna t iona l  A i r p o r t  

o Estimated de l  i v e r y  schedule (TRW des i res  de l  i v e r y  
by mid-November 1978). 

Thank you f o r  your assistance i n  obta in ing the above 
information. 

Sincerely yours, 

John S. Hicks pM 

D- 5 

DfIENSP AND SPACC SVS r f  AfS On01.11' Of 1HW INS. i W F  SPACE PARK. 14I'l)ONl)fl Ill'ACli. CAL II'OnNlA 90?7# f.?IJJ 515 4J?f 



@ Hitachi America, Ltd. 
. . HOUSTON OFFICE 

3800 BUFFALO SREEDWAY. SUITE 318 
GREENWAY PLAZA 

HOUSTON, TEXAS 77098 

August 25, 1978 
HOU- 02 5-S 

Mr. John Hicks 
T R W ,  Inc., Systems Group 
Building No. 01, Room 2220 
One Space Park 
Redondo Beach, California 90278 

Dear Mr. Hicks: 

I am enclosing our proposal regarding Hitachi Expanding machine'(Rubber 
Expansion Unit) sales, and also the patent. copy registered in .the United 
States, for your reference. 

The unit is ready for shipment within four (4) months after our receipt' 
of contraat. 

We would appreciate your comment on this matter. ~ h & k  you for your 
kind attention. 

Very truly yours, 

HITACHI, AMERICA, LTD. 

K, Ichihashi 

KI : sp 
Enclosures 



LICENSE AGREEMENT 

1: Grant of License 

HITACHI, LTD. grants to Licensee: 

1. A nonexclusive and nontransferrable license to-use technical 

information disclosed to licensee by Hitachi, Ltd., in the manufacture 

and sale of Heat Exchangers throughout the world. 

2. A nonexclusive and nontransferrable license under Hitachi, Ltd. 

patent right throughout the world to manufacture and sell Heat Exchangers. 

2. Royalty 

I .  A n  initial payment of five million yen (V 5,000,000), which shall 

be applicable to the running royalties specified in No. 2, below. 

2. Running royalties in the amount of 1.5 per.cent of the net sales 

price of Heat Exchanger manufactured by Rubber Expanding Unit and sold by 

licensee 'during the term.of this Agreement. 

3.. Royalty shall be paid to Hitachi, Ltd. every six months. 

. . 

3. Hitachi, Ltd. Services 

Hitachi, Ltd. furnishes to Licensee: 

1. Infornation helpful to licensee in the manufacture of Heat Exchangers 

applying Rubber Expansion Unit. 

2. Design Method of tube-to-tubesheet construction. 

3. Operation manual and explanation sheet of Rubber Expansion Unit. 

4. Rubber Expansion Unit 

FOB Japan Port Price: Y 5,000,000 (five million yen) per one unit. 
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I571 ABSTRACT 
.Disclosed is a tube expander adaptcd for use in fixing 
tubes to 3 tube plate of a boiler or a multitubulu heat 
exchanger. The expander incorporates an clrstic ex- 
panding medium adapted to be.inserted into a tubc to be 
expanded radially egainst a wall of a tube-receiving 
bore of the tube plate. The cxpandcr further includa a 
pressurizing rod passing through the expending rne- 
dium, a pressurizing rod hczd provided at one end of 
the pressurizing rod, a back-up ring adapted to be s u p  
poned straddling said tubc receiving bore end slidably 
passcd by the'pressurizing rod, and seal rings disposed 
at both sides of  the pressurizing rod. The seal rings are 
made of a hard elastic material of a hardnus greater 
than that of the expanding medium, and each of thcm is 
provided with a1 its pofiion confronting the end of'the 
expanding medium with a conical recess. 

10 Claims, 7 Drawing Figures 
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B A C K G R O U N D  OF THE I N V E N T I O N  

The  present invention relates t o  a tube erpander for 9 
h i n g  tubes t o  a tube plate of a boiler o r  multitubular 
heat exchanger and. more particularly, to  r tube i rpan-  
der relying upon a radial expansion of a cylindrical 
elastic expanding medium inserted into a tube caused by 
r n  axial compression of  the medium for expanding and 10 
fixing the tube t o  the tube-receiving bore of the tube 
plate. 

i n  manufacturini boilen 2nd multitubular heat ex- 
changer or the like, such a metl~od of fixing tubes ? o  a 
tuhc plate is getting popular as consisted in inserting a 15 
cylindrical clzstic expanding mcdium and compressing 
the mcdium in t11e axial direction t o  cause the later t o  
exert a radical expanding force which in turn acts on the 
inner peripheral u,alI of  the tube t o  rzdially cxpcnd and 
tightly fix the tube to  the tube plate. 20 

Convent;onally, tube expanders for carrying out the 
above cxplzined method incorporztes a cylindrical clas- 
tic ex anding mcdiurn, a pressurizing rod passing 
hloug\ h e  medium and a back-up ring adapied to be 
secured straddling a tube-receiving bore of  the tube 2s 
plate. The pressurizing rod is connected to  a piston rod 
in a hydraulic cylinder. In operation, the hydraulic 
cylinder exerts a force on a rod-head of the prersurizing 
rod so  that the rod effects an axial compression and a 
consequent radial expansion of the expanding mcdium. 30 
The  radial expansion of  the medium in turn expands the 
tube radially and tightly fits it to the tube-receiving bore 
of the tube plate. 

in  those conventional tube expanders, as the tube is 
radially expznding. a gap left bet\veen the inner surface 35 
~f the tube and a central boss of the back-up ring is also 
enlarged. Thus, part of  thc cxpanding medium inconve- 
niently i n v ~ d e s  this enlarged gap causing 3 collapse o r  
deformation of the expanding medium. This  unfavor- 
able invasion of the expanding medium takes place also 40 
at thc end of the pressurizing r6d 6ppbSile 10 IhC back- 
up  ring. \ r l~cre a gap is formed between the rod-head of 
the pressurizing rod and the tube. 

In order to  prevent this undrsirablc collapsc of the 

I 
Under these circumstance, the invention is aiming a1 

overcoming tlre drawbacks of  the prior art by prdvidisg 
an improved tube expander which is f ret  from the col- 
lapse of the expanding medium even at a large expand- - .  

ing pmsure.  
According t o  the invention, there is provided r tube 

expander comprising an elastic expanding medium 
adapted t o  be received by a tube t o  be expanded,'. 
prcssurizing rod passing through the expanding me- 
dium, a rod-tead provided at  one end of  the prasuriz- 
ing rod. a back-up ring slidinply passed by the prasuriz- 
ittg rod and seal rings made o f  a n  elas~ic material of a 
hardness greater than that of  the expandin'g medium 
disposed close t o  both ends of  the expanding medium 
and slidingly passed by the pressurizing rod. character- 
ized in that a conical recess is formed in at l e s t  one scal 
ring at a portion tl~ereof facing one end surface of  d e  
expanding medium. 

T h e  described and other objects. as  well as the advan- 
tageous rczturo of  thc inventron will bccamc clcar from 
the following description of  preferred embodiments 
taken in conjunction with the attached drawings in 
which: 

BRIEF DESCRIFTION O F  THE DRAWINGS 
FIG. 1 shouSs a tube expander embodying the present 

invention received by a tube to  be expanded, pagicu- 
larly a c ro~s~scc t ion  thereof before the expansion, 

FIG. 2 is a cross-sectional illustration explaining a 
deflection o f a  seal ring incorporated in the tube expan- 
der of the invention. when the ring is qrially com- 
pressed. 

FIG. 3 is a cross-sections1 illustration explaining the 
dynamic behavior of the scal ring when it is defiecled. 

FIG.  4 is a cross-sectional view of another tube ex- 
pander received by a tube t o  be expanded, before tbe 
expansion. 

FIG. 5 is a cross-sectional view of a seal ring incorpo- 
rated in the tube expander of  the invention, 
FIG. 6 is a cton-iectional view of  the seal ring of 

FIG. 5 in a deflected s t ~ t e ,  and 
FIG.  7 is a sectional view of another example of the 

tuhe plate t o  which a tube is fixed by ,means of a tube 
cxpandcr of the invention, after the expansion. 

expanding mcdium, it has been proposed to put a cylin- 45 
- 

drical scal ring having parallel end surfaces between the D E T A I L E D  DESCRIPTION O F  P R E F E R R E D  
EMBODlhlENTS expanding medium and thc tubc. This seal ring is 

adapted 6 erpand radially, when cc?mpresscd axiall;. to  Referring at first t o  FIG. 1 which slrows I cross-see- 
increase its diameter tliercby to prevent the collapse of  tion o f  a tube expander embodying the invention re- 
the expanding medium, SO ccived by a tube 1 to bc erpandcd before the expansion, 

Tlrc radial deformation or  displacement of  the seal the tube cxpandcr includes a cylindrical expanding me- 
ring depends on the hardness of  the material of the scal . dium 5 made of  an elastic material such as silicon rubber 
ring. A soft seal ring would be collapsed as it is pressed or  natural rubber, a pressurizing rod 3 passing thrortgh 
onto the back-up rinp, although it may exl~ibit a large thc expanding mcdic~rn 5. seal rings 7 disposed close to  
radial displacement t o  ensure a larger sealing effect. 55 the cnd f;lces of the expanding medium and slidingly 
f l~ereforc,  the motcrial of t11c scal ring is sclcctcd t o  pi..ssed by 11,c pressurizing rod 3, tile seal rings 7 having 
have a larger 1 1 ~ r d n o s  than tlie c ~ p a n d i n g  niedit~m. conical recesses 7d confronting 111e ends of the expand- 

n ~ e  seal ring is, howe\*er. not effcctivc \\.hen the ing rr~cdium and bcinfi made of u r e t h ~ n e  ruhber. TEF- 
expanding presturc rcaches 31W to 4 0 0 0  kg/cm? as is LON, epoxy or tllc like rlraterial, end a back-up ring 4 
the case \vl~ete 3 1;try.c oirtip,htticss and a Iorf:c firing (0 ad:cptcd 10 be sccuted to t11e cnd face of tllc lube plale 
force is ~cquircd bclwccn the tub: and tile t u l ~ c  platc. 2 by stratldling tllc tcrlte receiving bore. 
i l thougl~ it can d o  pretty \vcll for thin tul~cs. h'an~cly. TIlc pressurizing rod 3 is c o n t ~ c c ~ c d  to a piston 
the larger radial (Lisp!.-tcc111ent o f  t)le seal rill6 for rnstrr- )lou\cd by 3 hydri~ulic cylindcr which are not S~IO\VII in 
ing tJ1e l a c ~ e r  s c i ~ i n ~  cffect a~,d t)lr p t c v e ~ i o n  of t l ~ e  111e cl~a\vings. 
collapse of tlle scal ririg are i n c ~ t n ~ a t i b l e  \vit11 e ~ c l ,  65 '111e srranCc111cnt is SIICII that an axial ~ C I I C C  I: crcrtzd ' 

0t11er. sit~cc tllc collapse prr\.cntion is crlstrred only by tltc llydcaulic c y l i ~ ~ d c r  0n.a rcld-)lrad k c~f IJIC PIGS- 
t)lrough rtl ellhnnccd I I ~ I ~ I I C S S  \vhic11 j~rovides J jlibor sttrizirrg ~ o d  3 C O I T I ~ I C S ~ C S  the erpalidi~tl: ti~rdiunl 5 
radial di$j,laccn~cnt. axially, \ r l~crchy a rcwltitrg radial crp:ln*ion of  the 
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medium 5 expands the tube radially t o  'tightly fit it As will be recn from the equations 2 and 3. ttle surfacc 
rp ins t  the tube plate 2. pressure p and the bending moment M becomel larger 

kr nlentioned above, the real rings 7 incorporated in as the compression load on the seal ring incrcolcs, 
t l ~ e  cxpandcr of the invention arc provided at their Therefore, the radial displaccmcnt o f t h e  seal ring at 
p n i a n r  confrontini t11c end surfaces of the cxpanding 5 portion in contact with the cxpanding medium 
m d i u m  with conical riccsrcs 7d These r m s s e s  are \ larger as the comprnsion load increase. thereby lo 
in ta~ded  for causing a larger radial displacement of the ensure a larger sealing cffcct and to prevent the 
rcrl rings 7 at portions 70 thereof contacting the ex- ing of the seal ring which would cause the coIIapse or 
pmding mcdium than at opposite portions 76. 7c when the expanding medium. 
h e  -1 rings a re  subjected t o  axial compression. T h e  10 A rnultitubular heat exchanger wiu produced em. 
red rings 7 are adapted t o  a3sume their original form ploying a tubc expander of the invention. N o  collapsing 
when rclicvcd from axial load, and arc made of an etas- phenomena of  the expanding medium (this medium was 
tic a ~ a t e ~ a l  for an easy insertion and withdrawal to and a soft rubber having a hardness of6SHsA) was observed 
fr- the tube 1, and have a hardness larger than that of  even by 2 surface pressure bf 3870 Lrucrn:, and an uni. 
the upending medium 5 SO as not to  be collrpscd by the 15 form expansion of  the lube was obtained. The inner 
expanding presure. diameter of  the tube war found to have been increased 

In the embodiment of FJG. 1, a seal ring having coni- by about 0.5 mm, as  a result of the expansion, and the 
cal m c a  7d is at each side or end o f  the ex- EaP between the oulcr diameter of  the expanding me- 
panding medium 5. However, alternatively. the scal dium and the inner diameter of the tube w s  1.1 mm al 
ring having conical rcccss may be situated at only one 20 thc maximum. 
side of the medium. preferably at the side AS have hcen cxplzined, t f i~lrks  t o  the adoption ofseal 
cl- to the rod. hczd 30 where a cornpara- rings having conical reccsscs. a dcficction of  the seal 
tivcly greater ,load is impar~ed s o  as to shift axially, ring is crfecled at its portion confronting the ehpanding 
:though it is preferible to  use the conically recessed medium, not only by iurfzce Pressure but by a bending 
.eql ring 7 at both sidcs of the expanding medium, i n  25 moment as well, SO that a larger sealing erfcct is ob- 
order to ensure the prevcn~ion of the collapre o f  the tained promising a l a r . 5 ~ ~  cfCecl o f  prcvcn~ing the col- 

c a p d i n g  medium 5. lapsing phcnomcnas of the expanding medium. 
Rcrcrring next to  FIGS. 2 and 3 showing the manner The  maximum allowable radiel displacement or the 

dcncction of the.scal rings, as an  axial force F is seal ring can optionally dctcimincd. as far as it fal!s 
appl;cd to rod 3, as shown in FIG. 1, 10 within an acceptable range for the tube-expending, by 

force is !he r i n g  7 to the suitably selecting the material, shape and dimension of 

expanding medium 5. The axial compression excr~cd on Ihc l ing-  
the ual 7 appears o n  the surface of the Thcrefnre. the allowable gap hetween the wali%OfthC 
seal ring 7 ,he back-up r ing  4 as substantially t~be-rcceivi :~g bore of  the tube platc and the outer sur- 

distributed surfacc prcssurc p, on the 35 face of  the tubc can be made larger as compared with 
surface confrolrting !)re cxpanding medium 5, thc prcs- the tube-cx~ans ion  r c l ~ i n g  "POn convcnriOnal 

increases as it rzdiales from ,he center of rings, which contributes to  kcilitatr the insertion of the 
ring, due to the presence of the conical recess 7d. tubc, resulting in a lowered COSI of manufacture of the 

n u ,  the seal r i n g  7 is not o n l y  to ,he heat exchanger. In addition, the sealing mechsnism for 
prerrion load but also to a bending M, so 40 the cxpanding medium is. considerably simplified to  

7 is dcncctcd lo have a profile shown by a much fzciliiate maintenance and inspection of the tube 

broken line. expander. nc radial displacement 6 of r ing  is FIG. 4 shows another emhodim.ent of the invention. 
therum ora radial displaccmcnt ~ , ~ ~ ~ ~ ~ d  by surface A tube cxpandcr is shown in section. received by a lube 

prcaurc ,, 6" by the bending moment 45 1 destined l o  be filled to a tube platc 2, at a statc before 
Y, as shown in the following equation 1. tlre expansion. 

,J The  tube e ~ p a n d e r  o f  this en~bodiment comprises a 
6 - 6, + 6, ( I )  pressurizing rod 3 having a head 30. a cylindrical ex- 

panding medium 5, a back-up ring 4 and seal rings 7 
The radial displacements 6, and 6@ caused by tlrc 50 (hcreinaftcr called conical seal rings 7 )  having re5pcc- 

surracc pressurcp and t l ~ c  bending moment h1 a r t  givtn live conical r e c r s c s  7d. similarly t o  the first mentioned 
by thc following equations 2 and 3, rcspcc~ivcly. embodiment. 

n r e  tubc expander o f  this embodiment is charactcr- 
6, - ( P ~ I I O  fi (2) izrd by,an rdditional p rov is io~~ of  an auxiliary conical 

6, - w.e - xs ( . ~ w ; / E I )  (,) 55 seal ring 6 disposed in the conical recess of the scal ring. 
the auxiliary scal ring having a s l ~ a p c  similar to that o f  

uilrcre. the conical rccrss and being rnadc of llrc szrnc material 
F: surface plessure on the scal ring I:g/cm, 
RE: ccntroidsl radius o f t l ~ c  cross-sectional of the scal 

ring rrlm 
E: Young's nlodulus of !he scal ring ky,/n~ml 
Sg: disturrcc of the scnl ring from t l ~ c  ccn t~oid  mm 
8: ally.ular di~pleccrrrcn~ of the scal r i~rg 
hl: Icnding monlcrlt applied to the seal ring kg- 

m d m m  
I: ~nomcnt of incrtia of arca arourld an axis 1-1 
dl: tire oulcr dinlncter of t l ~ c  ring 7 in the rclaxcd 

cawii~inn 

as tlic scal ring. 
As will be sren from an c n l a r ~ e d  view of FIG.  5, the 

auxilisry scal rifle S has an o~rtcr  prriplrcral cdpe 83 in 
contact with the tapcrcd tvall of tllc rtccss 7d . The 
auxiliary scal ring 8 rr~rthcr 113s a tapered surface Yb 
cor~frontinc thc \\.,rlI c f  1111. rcccss 7d o f  t l ~ e  corrical zeal 
ring 7. The  t;cpcrrd surlacc Sb is inclinrd wit11 1cs1:ccl lo  
a plane norrnal to  t l ~ c  a ~ i s  o f  thc ri~rr,  at an a n ~ l c  r~ i r~ l lc r  
than tl~at*at \vl~ich 01c \v;III of t l ~ e  7d i s  il~clinrtl. so 1 1 1 ~ 1  
a slight gap 9 is fornrcd b r ~ t r e c n  the t w o  rcal r i l ? ~ ~  7 3rd 

8.  
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In use. subsequent t o  an insertion of the tube 1 to the t o  ensure against plastic flow and a consequent collapse 
tube-receiving bore of the tube plate 2, tltc conical seal of  the expanding medium. 
ring 7, auxiliary seal ring 8, expanding medium S, an- What is claimed is: 
o;fter auxiliary scal ring 8 and another conical seal ring 1. A tubc expander having a tubular, elastic cxpansion 
7 are fitted on the pressurizing rod 7 in the mentioned 5 medium having axially opposite end surfaces and 
sequence. adapted t o  be inserted into a tube which, through a 

The pressurizing rod 3 thus carrying these members is radia1,cxpansion thereof, is adapted t o  be fixed t o  a tube 
then inserted into the tube 1. A back-up ring 4 for sup- platc; a pressurizing rod passing through said cxpansion 
poning the axial compression during the expansion is medium; a pressurizing rod head provided at one end of 
then attached. 10 said pressurizing rod; a back-up ring adapted to be sup- 

An axial force F is applied in the same manner as the ported by an end of  said tube plate straddling a tubc- 
fitst mentioned embodiment to wusc  the radial cxpan- rccciving bore of said tubc platc, said back-up ring 
don of  the expansion mcdium and, accordingly. of the being telescopically received by said prersunzing rod; 
1 ube and seal rings each disposed t o  abut respective ones of 

During this operation of expanding. the conical scal 15 said end surfaces of said expansion medium, said scal 
ring 7 end the auxiliary scal ring 8 play rerpccti\*c roles rings bcing of an elastic material having a hardness 
rs mentioned below. The  conical seal ring 7 assumes a greater than that of said expansion mcdium and tclc- 
shapc as shorvn in FIG. 5. before the expansion, while. scopically received by said pressurizing rod, 2nd at least 
during the expansion the conical scal ring 7 is dclormed one of said seal r inis  having a conical rccess at its por- 
to arsume a shape as shown in FIG. 6 by the axial com- 20 tion confronting the end surface of  said cxprnsion me- 
prasion force. Thus, the pcriphcral cdgc 70 of thc coni- dium. 
1J recess -Id cxhrblts a larger rzdial deformation than 2. A tube expander as claimed in claim 1. \\.herein said 
.;e opposite peripheral edge 7b of the conical seal ring scal ring closest 10 said pressurizing rod head has said 

7. io as t o  he strongly pressed against the inner surface conical recess. 
~f ~ h t  tube 1, Ihrrchy In prrvrnl th r  rnllaprc of the 25 3, A tube cxpandcr az c l a ; ~ ~ l c d  ~ I I  ilaitn 1, wherein seal 
expanding mcdiurn 5. rings at both sides of said expansion medium have said 

As a result o f a  rcpeated use of  thc conical scal ring 7. conical recess. 
the inncr pcriphcral edge 7e of the peripheral edge of  4. A tubc expander as claimed in claim 3. whcrcin an 
B e  recess .7d is deformed radially outwardly, causing a auxiliary scal ring is disposed in said conical recess of 
slight gap B,bct\vccn itself 7r and thc pressurizing rod 3. 30 said seal ring. 
Howcver, this p p  is convenigntly covcrcd by the auxil- 5. A tube expander as claimed in claim 4, wherein sald 
i a ry  scal ring 6 tvhich has been axially moved without auxilirry seal ring has a conical shape similar to  that of 
being dcrormed subs~a~~tial ly .  said conical recess of said seal ring. 

In gcncral. as the corlical seal ring 7 is used for re- 6. A tube expander zs clairned in claim I, wherein said 
pcatcd continuous opcrations. the gap between the pe- 35 conical rccess incrcases in axial width radially inwardly 
ripllcral edge 7r  o f thc  ring and the prcshurizing rod 3 is from the outermost peripheral edge of  cach scal ring 
increased considerably. so as to allow the invasion of that provides the sole engagement bctusecn the sealing 
tile fluidized cxpanding medium. It is remarkable that rings :and cxpansion medium prior t o  expansion and 
this plastic flow of thc cxpanding mcdium 5 is prevented further provides means for ercrting a bcnding moment 
by the provision of the auxiliary seal ring. 60'-on raid scaling ring so  as to radially expand said periph- 

Referring to (1 practical cramplc of  the tube expander .era1 cdgc to a greater extent than the remaining portions 
of Ole second crnbodjrncrli, lllc expanding mcdium ueas ~f said scaling ringsi upon ckpnnsion of mid c x p ~ n s i o ~ j  
made from a soft rubher having a hardncss of 65 HsA, ring 10 crfcctivrlp seal thr  ;~nnltlar gap bttwcen the 
u*hile the conical seal rings arc formed with a hard scaling ring and the inner diamctcr of the tubc during 

' jbkr having a hardnrss exceeding 95 HsA. These 4 5  expansion o f  t11c tubc against axial flow of the crpansion 
cipanding mcdiurn and t l ~ c  scal rings are used for ex- medium betu~ccn the scaling rings and the tubc during 
panding tubes hsving 3 diamctcr or25.4 mrn and a thick- cxpansion. 
ncssof 1.7 mm. Unfa\,orable plsstic flow of tllc expand. 7. A tube expandcr as claimed in claim 6, further 
ing medium weas not observed, and efficient and good inclrldil~l; an auxiliary ring tc)c.rcopically rcccivcd on 
tubc-expanding was collfirmcd cvcn artcr 1000 times of  50 said prcssuriring rod with the inncr diameter of said 
operation. auxiliary ring being close t o  the outer diamcter of said 

In u~r lc r  lo ub~ain an ifi~rcascd Itxing I'orce and wa- pressurizing rod, said suxiliary ring having a llnrdriess 
tcrtightncss bctwccn the tube and tllc tubc platc, the grcntcr than that o f  said cxpansion medium, hzvinc an 
wall of the tuhc-receiving bore of the tltbc plslc can outcr d i~rn- lc r  rrlhst:,ntially less than thc outrr diamcter 
have a plu:ality ofgroo\,es 10. as shown it, FIG. 7. The 55 of cacll of wid scaling rirlgs. and consti~uting mcans lo  
talbc\vill tlrrn Lrrrlly p :cw intn !I!c Croovas to provide 3cnl thc fis),  betr+,tc~l r l ~ c  ytcssil~iri~ll;  rod and 111c adja- 
an increased force of firing and cnllar~crd \r.atcr~ight- ccnt scaling ring 2s t l ~ c  scaling ring crpsnds out\vardly 
n o r  to  prcvcnt flow of tllc cxpsnsion rnrdium t?ct\r.ccn t l ~ c  

11 \rill be sccn ?om t11e forcgcsiny, dcscrip~ioli tint the prc\surizin.g rod and 111c sr.:*l r i l ~ ~ ,  d ~ l r i l i ~  cspnnsion. 
tulw cxpandcr o f t l ~ c  prcsrnt invention illcorpor;!tcs sca1 60 8. A tul>c c ~ l , a r ~ d c r  as cl3irncd in cl i~im 7. \vllc~ciri said 
rings dispowd 31 bot11 crtds of the c~.pandil~g nicdium, at auxiliary sral rilig 113s o r ~ c  ~ ~ i r l  fasc of ccrrnpl in~~~ntrr)~ 
least onc of tile seal rings hnvillg a coriical rtcrss at a sll3pr to t l ~ c  ;~tljnccnt f ;~cc of said cxp:insion nicditlrn, 
portion tlicreof confronting a c).li~~drical .Icccsr. 'l'lle and ;en ojtj,nsitc ahia1 Tact 11131 is c:onicJl at it11 nriglc \vrth 

.conici~l rrrcss cau\cs an additional t ~ c n d i r i ~  rtloll,ent on rcspcct to 3 pl;enc ~1crj>c:tidi~111ar 10 said ~)rcssuriz.in!: lc>d 
t l~c  scal ring. u ) t r l ~  thc I;11c-r is cornprrsccd cvcn t,y a (15 to a Ic\\cr crtcnl t11n11 thc adj;~ccnt cc~;rical f;icc of its 
strong c~pr r ld ing  pressure. which iu cc,n~t)ination \villi 5 c ~ 1  rini:. 
the s u r f ~ c c  ~ ~ ~ c ; s u r c  re~ultcd I,y 111c cc.rrnj,rcs<io~~ j~ro-  9. A ttlt,c cxpar~rlcr a< clai~nctl in cllrirn 1. f l ~ l t l ~ c r  
\.ides a larger radi31 d:.Ilcctic~n of  the scvl rills. tllr:rchy i r ~ c l l ~ d i r l ~  311 icu\ilinr)' rir~l; lclcscopically rccci\.cd on 



"id prcuuriIing rod with the inner diameter of  mid t o  Prevent flow or the expansion medium belwecn the 
pressurizing rod and the 6-1 ring during expansion. 

auxiliary ring being close t o  the outer di.meler o f  a i d  A as claimed in claim 9, ,,,)kcin 
pressurizing rod. said auxiliary ring hnvin& a h a r d n w  raid auxiliary seal ring has one axial ~ P F  ~ f ~ ~ r n ~ l i r n ~ ~ .  
p e r t e r  than that of said expansion medium. having a; 5 Lary shape t o  ihc adjacent face of said expansion me. 
outcr diamclcr substantially less than the outer diameter dium. and an o p ~ i t c  axial face that is conical at M 

angle with respect t o  a plane pcrpcndicular t o  raid pr- 
of each of said -ling ringso and constituting means to  Iuriring rod to a lmscr than djacent 
-1 the gap between the pressurizing rod and the adja- face of its seal ting, - 
a n t  sealing ring as the d i n g  ring expands outwardly 10 



Tube Enhancement Development 

~eve ra ' l  a l t e rna te  processes a re  being evaluated i n  an e f f o r t  t o  reduce 

t h e  cos t  of enhanced tub ing  f o r  heat exchangers. 
a 

During t he  course o f  the tube enhancement development program it was 

decided t o  i nves t i ga te  processes t h a t  requ i red one piece t o o l i n g  (i.e., male 

o r  female). This dec is ion was reached due t o  the l a rge  number o f  corruga- 

, t ions r e q u i r e d  (36) and t he  apparent lack o f  ava i lab le  space f o r  two piece 

t oo l i ng .  As such, i s o s t a t i c  pressing was evaluated. 

A ma1 e t o o l  was made t o  t h e  reverse geometry (i .e. , desired contour o f  

36 f l u t e s  f o r  production parts on I .D. ) because o f  ease o f  f ab r i cab i l  i t y  

(F igure A). A 5052-0 aluminum a l l o y  tube was placed over the d i e  and the 

ends sealed. The tube was then placed i n  an i s o s t a t i c  press and pressur- 

f ?ed  t o  60,000 ps i .  The I . D .  o f  the tube conformed t o  the  outermost contour 

of the  d i e  but  no t  the innermost por t ion.  A cross-section o f  the r e s u l t i n g  

shape i s  shown i n  Figure B and an overal l view shown I n  F1gur.e C. It was 
concluded t h a t  h igher pressures were required.. The same procedure was re -  

peated w i t h  commercial l y  pure t i tan ium.  Very 1 ittl e forming was achieved, as 

.an t i c ipa ted ,  due t o  the higher s t rength o f  the  t i tan ium.  Inasmuch as s i g n i f -  

i c a n t l y  higher pressures could no t  be achieved w i t h  commercially ava i lab le  

i s o s t a t i c  presses, hot  pressing was considered. By heating the mater ia l  t o  

1500°F t o  1800°F i t  was possib le ' that ,  due t o  the  lower strength o f  the  

mate r ia l  a t  temperature, the pressures ava i lab le  w i t h  e x i s t i n g  f a c i l i t i e s  

could be u t i l i z e d  t o  produre sa t i s f ac to r y  resu l t s .  To t h i s  end, superplast lc  

forming (SPF) was evaluated. 

The SPF process consisted o f  heating a d i e  w i t h  the  desired p r o f i l e  

machined i n t o  one surface t o  approximately 1650°F and apply ing 600 p s i  

pressure ( t he  l i m i t  o f  the  equipment). Using t h i s  technique t h e  geometry 

produced i s  shown i n  Figures D and E. I t  was concluded from these e f f o r t s  

t h a t  st11 1 higher pressures were required t o  achPeve t o t a l  conformity t o  

the  d ie .  



To obtain higher pressures, hot i sos t a t i c  pressing (HIP) was evaluated. 
A die  w i t h  the desired contour machined into one surface was completely 

D encased in a titanium case, evacuated, and sealed. The encased die  was then 
placed 
i n  an i sos t a t i c  press, the temperature raised to  1650°F and the pressure 
raised t o  15,000 psi. The resul ts  a re  TBD (hopefully by Tuesday 10/19/78). 

The production application of t h i s  process is envisioned as  a m u l t i -  

cavity heated d ie  into which tubing i s  placed. The tube(s) will then be 
internal ly  pressurized w i t h  argon gas thereby forcing the tube to  conform 
t o  the die. 

One of the methods employing two piece tool i n g  that  was evaluated was 
ro l l  forming. This process u t i l izes  opposed r o l l s  which ro l l  the corrugated 
contour into the sheet material. The formed sheet will then be rol l  ed into 
a tubular shape and fusion welded. Figure F shows a cross-section of cor- 
rugated sheet w i t h  a 0.132 inch pitch which has been par t ia l ly  formed into 
a c i rcu lar  cross-section. To date,  a pitch of 0.100 inches has been pro- 
duced which resu l t s  i n  31 corrugations. Figure G shows a cross-section of 
the corrugations. 

Figure A.  Photograph of male die  ( ~ a g .  3x )  
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, r e  B. Cross-sect f~n of 5052-0 Aluminum Tube Af te r  I sos ta t ic  - - (Mag. 3x)  
&%~&+J~ig&&~. "r 

Figure C. View o f  5052-0 Tube Formed by Isos ta t ic  
Pressing a t  60,000 psi (Mag. 1-1/4x) 
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Figure D. View o f  t h e  Contour Produced by SPF. 

Figure E.  Cross-section o f  P a r t  Shown i n  Figure D (Mag. l o x )  
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Figure F. Flat Pattern Wit!- 0.132 Pitch Rolled Into a Tubular 
Cross-section (Mag. 5x) 

Figure 6 .  Cross-section o f  Corrugated Sheet With a Pitch 
o f  0.100 Inches (Mag. 5 x )  
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Tke generation of power from heat sources with low enthalpy, 

such a s  geothermal resources, sea .water, low temperature water 

which is rejected from power stations and factories is becoming 

i n ~ r e a ~ i n g l y  important. 

As .the energy extraction system mentioned above, fluid from 

geothermal wells, power stations and factories exchanges heat thr0ug.h 

a ser ies  of heat exchangers to a secondary fluid. For example, freon 

or  isobutane is used. The fluid is evaporated and expaildad to turn s 

turbine to generate electricity, The fluid is then cooled in a condenser 

using cooling water and then returned to the heat exchanger system. 

In this system, the heat exchanger requires ten time8 mure 

surface area than that of a thermal power plant, because of the low 

temperature difference between the heat source fluid and a secondary 

fluid, as well as  because of the low heat conducting coefficient of tho 

secondary fluid. According to a tr ial  calculation of 'tho system, ttie 

cost of the heat exchangers for 1O-MW plant represenls aPyxoximatuly 

30 percent of the total plant equipment cost. Decreasing the heat ex- 

changer cost is  an important factor in the system development. 

Toshiba high heat flux tubc, introduced in the catalog has been 

developed bnr a binary cycle power generation system using hot 

geothermal water, sea water and so on. The developed process 

enahles fabricating the tube surface in a c,ontoured shape which con- 

sists of ridges and valleys for enhancement of heat transfer coefficient. 

For  an eiample of condensing heat transfer, 'the appropriate contoured 



surfaces utilize surface texision td push the bcondensate,in .the drainage 

channels, as  was first pointed out by Gregorig, resu1tin.g in enhancing 

tube heat transfer coefficients .' Tub'e characteris tics a re  a s  follows : 

High heat t r a ~ s f e r  coefficient 

As the condensed film on the tube is pulled into the channels 

and becomes thinner due to spreading over the contoured surface, 

condensing heat transfer coefficient of the tube is 8 - 15 times higher 

than that of a flat tube. 

No limitation to tube materials in fabricating- the contoured surface 

Not only aluminum, copper and their alloys, but also titanium ' . 

and its alloys and stainless steels, which have superior corrosion 

resistance to geothermal hot water and sea water, whish coAtains 

many of corrosive elements, such as  ~ 1 - ,  SOL-,  N H ~  and H2S gas, 

can be fabricated into the contoured surface that enhances heat 

transfer coefficient. Especially, the latter two metals entail difficult 

fabrication properties. 

Economv su~er io r i tv  

Plant cost and space are saved by making the heat exchanger 

compact. 

I. Tashiba high flux tube productivn niet;hod 

1.1 Toshiba's fabrication process 
. . 

Thc proccss'is illustrated in Fig. 1. First ,  the plate is cold 

rolled and the appropriate contoured surface is fabricated. Thcn, 
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the plate with the contoured surface is run out in a tubklar shape 

by roll forming and welding, 

A precise contoured surface with 1. Omm p.itch, suitable for 

.nhancing heat transfer i s  obtained by the process. This precision 

manufacturing is difficult by ordinary fabrication process, such as  

machining, extrusion and drawing. The process is especially suitable 

for fabricating the contoured eurface on titanium and its alloys and 

stainless steels. 

1.2 Tube mate rials 

Due to adoption of Toshibats process, there i s  no limitation as  

to tube materials which can be used in fabrication of the contoured 

surface. The process i s  applied economically to titanium and its alloys 

and stainless steels. 

1.3 Contoured surface 

The contoured surface is  decided by   itch, radius of curvature 

and depth, as  shown in Fig, 2. Contoured surfaces, which a re  possible 

to fabricate on titanium and its alloy and stainless steels, a re  shown in 

the following. 

Pitch : 0. 5 -* 5 nu11 

Radius of curvature : 0.1 -- 3 xnm 

Depth : > 0.3 irlm 



1.4 Tube types 

Tubes with the contoured surfaces outside, inside (shown in 

Fig. 3A or  B), or  both sides (the so called doubly fluted tube), can 

be produced by the process. 

2. Toshiba high heat flux titanium tube specifications 

An example of the specification is shown in Table I .  The outer 

diameter of the tube produced in Toshiba is  8mm to 50mm. 

3. Toshiba high heat flux titanium tube external appearance 

Tubes are  shown in Figs. 4A and B. 

4. Toshiba high heat flux titanium tube contoured surface 

The cross section of Toshiba high flux titanium tube with 1.0 mm 

and 1.5 mm in pitch, and 0.5 mm in depth a re  shown in Fig. '5A and B. 
b 

5. Toshiba high heat .flux titanium tube heat transfer coefficient 

measurement results 

Condensing heat transfer coefficients' for tubes which have .the 

same contoured surface as that shown in Figs. 5A and B, a re  shown 

in Fig. 6. Compared with a flat titanium tube, the condensing heat 

transfer coefficient for Toshiba high flux titanium tub'e i s  8 to 15 

times higher than that of a flat tube. Heat transfer coefficients were 

measured in Toshiba Research and Development Center in a vertical 

state. 



6. Toshiba high heat flux titanium tube heat transfer enhancement 

mechanism 

Condensed fluids flow on the contoured surface due to a com- 

bination of gravity and surface tension forces, as  shown in Fig. 7. 

In an actual case, as  the surface tension force in the horizontal direc- 

tion i s  ten times larger than the gravity force in the vertical direction, 

the condensed fluids on the surface are  pulled from the ridges to the 

valleys and flow in channels in the vertical direction. 

For this reason, the condensed films become thinner, resulting 

in enhancing condensing heat transfer coefficients. 

7. . Applications 

Home electric appliances 

Condenser, evaporator for a ir  conditioner 

Heat pipes 

Heavy electric appliances 

Binary cycle power generation and solar sea power 

plant heat exchanger tube. 

Vertical-multi-effect type desalination plant. 



m Roller with.the 
Titanium Plate contoured surface TIC welding 

Rolling Roll Forming High Heat Flux Tube 
and Welding 

Fig: 1 Toshiba High Heat Flux Titanium Tube 

Fabrication Process. 

PPi tchI  Radius of curvature 

Fig. 2 Contoured Shape 



Fig. 3 Tube Types 

(A) External Appe 

(B) Cross Section 

Fig. 4 Toshlba High Heat Flux Titanium Tube 
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Heat Flux [kcal/m2. h] (A ) 

(Temperature Diffcrcnce Between Tube 
Surface and Saturatcd Freon 1 1 Fluid) 

Fig. 6 Mcastircmcnt Rccults of Hcat Transfer Coefficients 

of Toshiba High Ilcat Flux Titanium Tube. 
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Moving Direction 
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Horizontal Direction Force due 
to Surface Tension Fource 

Vertical Direction Force 
by Gravity Force 

Contoured .Surface 

Fig. 7 Toshiba High Heat Flux Titanium Tube 

Heat Transfer Enhancement Mechanism 

R Condensed Fluid 
Moving Direction 



Table I Toshiba High Heat ~ l u e x '  ~ i t a n i u m  Tube Specificationsi 

Dimens ions : m m  

* 

Types 

Types 
A and 

Type C 
& 

Dimens ion 

l p  x 0.5 t x 25.4 D 

' 1 . 5 ~  x 0.5 t x 25.4 D 

l p x 0 . 5 t x 2 5 . 4 D  lf.0.1 
- . 

Pitch 

(P) 

1 f 0.1 

Thickness (t) 

Max. 

lf 0.06 

1.5f 0.1i I& 0.06 
! .  

"outer  Diameter 
(Dl 

Min. 

0.5 f 0.08 

0.5 L 0.08 

Max. 

25.4 

Min. 

24.9 
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- 

Production Steam Generators for all capacities, pressures and 
Programme temperatures to be installed in 

power stations for fossile fuels, 
in nuclear power plants, and for 
waste heat recuperation in 
industrial plants. 

Firing Systems for all fuels. 

Heat Exchangers to be installed in power stations 
as well as in chemical and petro- 
chemical industries, for air condi- 
tioning and refrigerating systems. 

Water Recooling Systems designed as natural or mechanical 
draught wet or dry or combined 
(hybride) cooling towers, package 
cooling towers, industrial air 
coolers, complete cooling water 
supply systems. 

Condensers alr-cooled or water-cooled. 

Feedwatw Tanks and deasration plantg. 
- - - 

Air Heaters fluu-gas-heated at ~team-heated. 

Sanitary and heatlng systems, ventilation and 
Domestic Equipment alr conditioning plants, pipework 

Punrps and Camproseom 

Conveyor Systems for furnace residues and bulk 
materials. 

LOW Pressure Fans wlth low noise level, impeller dia. up 
to 26m. 

Fin Tubes made of steel or nonferrous metals. 

. 



Hydraulic Expansion 
a new method for the anchoring of tubes 

y H. Kriw and M. PooMrdf 
. r r r  - The commntiond method of tnwhrnicrl rolling far m n d -  ..'g i n g t u b . . i n t o t h e t u b p I e t ~ d k * ~ h b r  
. . m e  time beon the target of justified critiobm both fmm 
r & engin- supplying the ch.mics) indurjry a d  from thorr 

supplying quipment for nuclear plants. The joint krwrrn 
tube and tube plate k an important cmwfdwatbn, bah from 
safety and from procam engineering mpactu k.raur- 
tightness, shaping in tho tmnsltb am between Um an- 
Wng zone and the uns~essd  tube, and propw -ling d 
the grp am a t  ammtid rquiremenm for tho n46#ity md 
life of valuable plant components. The c m m t b ~ I  nnthod 
of mechanical mlling expansion dcm not a d q w t d y  moat 
thew requiremanta 

INTRODUCTION 
The mechanical deformation prodwed by rolling tha tub 
walls rsoulta in stressas w h i i  cannot ba ~~ dam- 
mined bsccluw of the inherent irregularitb 9f Mb &hod. 
Such strimes make the tube susceptibk to, or hawmthe 
ridt of, corrosion The end gap cannot bs doad k rolling 
without risking shearing of the tube. Any impmmmu to 
this mechanioal method can only k pmially ruccmshl and 
thus one is compsllad to look for a different IMt)#d 

The hydraulic expansion method dewxibad Wow diminam 
the inadequacies encounterad in tho past. The  of 
a hydraulic method rests in the faat that the working pram- 
sure of the liquid can be accurately determined, Thk afford8 
the nacesary consistency of a repetitiw procens, a d  thua 
allows tube anchorage crkuMion8 to be Only a 
mothod whom results can be calculated befor.handwill en- 
sure adequate reliability of the equipment 
In almost all fields, development work h d a  to rquipmont of 
evw increasing unit size, with the numbwofheetemhagrr 
tubes increasing as the square of the heat mwhangwdl- 
ametw. In view of the great number of tub achongl l .  
which may total Mworai thousand in a single item of equip- 
ment, the reliability of this joint hofdacldve importmd.. Tho 
bigger the item of equipment, tho mom important h it8 do- 
gt+e of .vailaldlii, and thisdspsrnlrir& on~pmsur i5-  
tightness of the indivWual tubes. Sufficient rullaWily d ttw 
equipment under dl operating conditiolw can only be 08- 
s u r d  by tube joints meeting superior quality stadwds. Ef- 
forts to improve the quality of conventional meahanimlly 
rolled tube joints ancounter l lmk duec physical factor$. h k 
unlikdv that substantial further program will kmrd.  in thb 
nd m thr foresaeuw~) tuiurs 

OESCRlPnON OF THE MEWOO 
Hydraulic bxpanrian djffen from all other known anchoring 
methods in that the tub is plastically d e f d  simply by 
means of a pressurized liquid. Under the pos8umrxerted by 
this liquid, the t u b  material flyus until it rawher thawall of 
the bore. By increadng tho p r e ~ ~ u r e  further, tho tub lo 
w e d  against the wall qf the receiving bore. T)H produn 
is increased until the bare h u  been so ddormed that tho 
t u b  disc will lack permanently around the tube w a result of 
the e W i c  r w  of the disc when the promin k rem- 
oved. Thetube expander is Jmpk and neatly arranged u a n  
be soan from F i g u r e  1. It c o ~ i a t a  of probe 1, pump 2 
booster 3, pressure gauge 4, ovorflowvrlve 6, hyb.ulictluid 
tank 6 and control vahn 7. A mobile t u b  expander is shown 
in F i g u r e  2. 

HydrauSis bxpansionof tube8 is a rtrstlSod wttidr, ai@augh in 
its eawdays, has already yiolddgood m u b .  RbdhsaMlity. 
acmirate msistency, ea60 of handling a d  the mocl.trd 
economy are major a h m t a g t ~  ofth6 hydraulic method. Lika 
rolling, it can be combined with a welding operation. A com- 
bination of tho hydraulic and mechanical methods might k 
an interesting proposition for certain desigm. 

- .-. . ;rE -*-. _--.. . - .... ... . . Ok(ngenriw H. Kr  ip  s andOr.Jng. M. Po dh a r r k y. llaMe-Q&f 
AO. Bochum.. . F&. 2. Mobih tuba upmdr. 



Th.prok1 i~ inthotukkpmvidrdwi thtw~rrr l ing  
elemants wh&h limit th6 mng.M oxpanion. B.fon acpmn- 
sion can commonam, the woondry -ion murt be fllld 
with llquid a d  the booster 3 #Wtd Im H. initd pdtkn.  
This is rchlaud by octuoting the control vahn 7. Tho high- 
prrasure pump 2 gmemsr the prlmry prm8ure required to 
aperate the equipment. boo)Ur 3 i m m k  LM1 PC#- 
sure to the secondary prebtre l e d  required for the tuba ox- 
panrim wration. Since the pressure intonslficltion ratioof 
the boostor is constant, the final pressure in the Mcondrry 
section m W  bo r l  by limiting the premun, in tho primary 
netion. 

The operating presaure in tho mmndary uction h &.dud 
by means of pressure gauge 4. which is connected to* prl- 
mwy sacdon. The primary premura is set by means of over- 
flow valve S. An soon as the dasirod maximum pressure ha8 
k.n reachad, th8 wbmw d w  S dkchargsr liquid from 
the pdmary section into tank 6. To onable the peak to k 
withdrawn from tho exmndod tub, ~ontrol w h  7 m u l  be 
opwated In order to equalize tha pmmurr) bmwm the wo- 
o n d s r y ~ a n d t h a t a n k 8 .  

F i g u r e  3 ih$tr@er tho defwmrtion of tha tuba and tuba 
disc during the opera!ion. fhO amount d-r- 
i d  liquidintroduced is a function d the rogonion.dekr- 
tk and planlc expansion occuring in the tube and tube disc. 
In zone a), the tube h areasod elastically until theyeldpoim 
is reached. In tone b), the t u b  material f l o w  until it has 
bridged the gap between the outride diameter of tho tuba and 
ti16 wall d the rsl#Mng ham This plastic flaw is uwtrlly ac- 
cornpenid by a strain-hardening Mdc1 arrd I8 reflatad in 
the upward dopa of tho pressure GUWS. On roadring zone 
c), the tuba bean against thewalf d the rmiving h a .  From 
this point onwards, the tuba undergoes further plasticdofor- 
mation. a d  the tuba plate now deforms elastically. lha final 
pressure of zone c) k calculated on the baais of the materiel 
wloaed the tuba disc gwwt ry  a d  tho b i d  sdho8ian 
p n w w . a n d i t b a o t o n ~ M h l O 6 .  

F i g u r e 4  a rhowrthezonoofcontaabmween a?=- 
pandod tuba e d  tha wall of me rocahring boa. The mugh- 
neas of thb bore wall and that ot the tuba rurlacedet.nnim 
the extraction force. Where a greater extraction force is re- 
quire4 the wall ofthe hok is providedwith a shrllow circuiar 
mceas. The depth of this groove is no more than a few tenth8 
of a miltimetre. A tuba expanded into a race8sed hole is 
shown in F i g u r 0 4 b. This rhawr clearly how accurately 
the tube has beon formed to the shape of the receiving bore 
under the high hydraulic prossun applid. The r~s8 i sp ro -  

F& 4. E l p . n b d t l h .  
d f n r ~ k d b o m  
b) in r ramndbom 

duced in a manwrimilartoUIItsmpfoyadforrdldg~ 
e d p t  that the cutting tod urrd has w mild contoua 

ADVANTAGE OF THE EXPANSION O M G E  
fie proawe pror66 a h  Ilmmrkd ivtW fhY tUb.61) WiChguL 
damaglng thorn. 7ha dwka k 6 8 ~  to handle and t m m  t F i= 
gu re  8 ) .  Theins+niondrpd,mnh.mtaa(Yfl*&OP 
eration isbymeansofasimOklsMr (FigutO 6). 
The expansion operation as s a h  nat take mon than 
few seconds. The probe can be pulld out with ease attartho 
prosure has been romovd n# useful life of the -ling 
elements k of mm, limited. 

Fig. 6. HVdPouljc .xpM.an dlwr5r. 



d u d s d ~ ~ r W o n ~ N k d b c . ~ .  
thi-1 pducad b y h y d n u l k ~ a n d t h 0 8 0  
prd+&=ankaI roll apemion act in opps&edic.c~ 
tiofas. Consequently. Y hyb.ul& exmnrbn andpwchanicrl 
rdt &madon are omdawd in an ~ i a t W  mat- 
&binrdorr, it k naw pomibh to anchor tubesin appwatun 
hrvingtwotbtdtubN-withbkdmoragnd.-  
terminod mount of prmtrau, 
T h e ~ v o f ~ ~ m o h d m n o n l v k a r u r w d k ,  
comparing itwith ttu mmmiond rd~&nrion m.r)lo& 
although the two method# and the diffrrmtre8uh8ach~ 
b y t h e m o r n ~ k c a n ~  
Assuming, for the Weof mpr rkon ,  that the two metha& 
produce theumebtt.rrthe~ofhyQIulictuboacg.n- 
8 & n a m d i g h t l y l o w w t h r n ~ o f r d l i n g i n m ~ k  
c a m  a qompnfison d.uly Wwn the hydnulk mothod aa 
l r o s n w t h e k n g t h t o k r o l k d ~ 3 0 m m .  

TUBE ANCHORAGE CACCtlUTlON 
The hydraulic method providm a clear h i s  for calculating 
the expansion pressure roquired to aohim a desired adhm- 
sion pressure. 
The adhesion pressure is a measure of the f o m  preventing 
the t u b  plate from being extracted from ttu bore. For th. 
purposes of the following calculation, adWi pre88ure will 
be substituted for the previously used criterion of rdhedw 
expansion. 

The thick-walled tuba under conditions 

Replacing these elements is. however, neither difficult nor 
time-consuming. Each expansion operation verifies at the 
same time the existence of proper adhesiin in the rospecsive 
tube joint. because adhesion between the t u b  and the re- 
ceiving bore is determined exclusivelv bv the selected or-- 

of dynamically balanced surface loading 
Hydraulic expansion produces a dynamically bkncedm~ 
fldd fim in the t u b  and later, agproxim8to)y. in  the a r k  
plate aim 
Assume that the longitudinal strew is equal to zero (plane 
stress). The equilibrium equations for tha element u e  thur 
considerably simplified. Taking advantage d tha aommi- 
e ~ ~ b y p d w c o o r d i n a t e 8 , u n ~  

sure, which can be checked on the pr&ure gauge. &ck 
measurements of the diameter of the expanded tube am not 
only supafluous, but might even lead to wrong condusions. 
Thus, with a wall thickness of 2.9 mm, a spacing of 30 mm 
and a calculated adhesion pressure of 728 bar (6m numeri- 
cal example), an inaccuracy of no more than 0.002 mm in* 
measurement of the inside diameter would result in an a r m  
of 10%. 

The stress-main relationship are: 
Since no mechanical tool is involved in deformina the tuk. 
the material will naturallyadopt the shape havinq lean inter- 
nal stress. Bores with adhering revolving shafts are no ex- 
ception to this rule. This propew is of great importance fur all 
materials susceptible to mess corrosion cracking. 

With the stres6 fundion F a d  the stresses 
The expansion zones can be accurately defined. This permits 
the gap between tube and tube plate to be avoided, men at 
tha end of the receiving bore on the inner side of th. tube 
plate, the expansion zone being located at tho end of the 
bore. In conventional roll-expanded tuba joints tho hrb# 
could not be expanded to the end of the bore without risking 
damage, and thus gaps wem left as mentibl nem of corro- 
don. 

No additional tools are required in cases where contact be- 
tween tube and tube plate is to extend over great lengths in 
order to preclude the formation of a heat-insulating gaporto 
assure m inuous  adhesion. The difference in time requird 
for expanding a short or long section is negligibie. 

the equilibrium condition (1) isfulh/sati8fied. We must there- 
fore apply the compatibility condition 

In tubes which are anchored in ~ 1 6  f l x d  t u b  plates, axial 
) stresses are produced both in the case of hydraulic expan- 

sion and in the case of mechanical roll expansion. These in- 
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with (2) and (3). w obtain the homogenous diffenmkl are, howver, deliberatelyemdpl.rtically. Tocalculate 
aquation the load-bearing capacitiy nd bhwiour of the t u b  in the 

elastic-pla8tic a d  plastic ranam, we need a formula for F - 

s F + l 2 L l d f = o  tic flow. For the purposes of the following calculirtiona. -. J 

d ?  r dr' r ' d r  will urn the formula dwelo(ml by ~ i s e i  which mpr- 
plastic flow w follows: 

the solution of which can be written w follows: 
a,=C/5.& 

F = A . l g r + C r '  (8) 
For the plan@ stre88 condition rrrumed, we can exprom the 

The constants A and C are determined from the limiting con- load due to internal wesswo 8s f o l b  
ditions in acrordbncs with F i g u r e  7. The fottowiig ap- 
plim: a, = Vu: -u;rr. + erea- 

Fjg. 7. L d  mlng on a lube. 

Using (3) and (6) the constants can ba e x p r d  as: 

The internal prossun at which tha in= fibre of the t u b  
yields can k calculated from (1 9): 

A further increase in the internal pressure will cauu the 
plastic zone to extendoutward& The outr fibre is reached a8 
a pressure of: 

The radial shift in the elastic mnge is calculated from (2) for 
the load due to R: 

r,a raa (pa - R) 1 p, r: - p. raa andforw 
A - ; C = $  

(1 6) 
raa - ria raa - (8) 

The stresses can then b ewpremed 1U follawr: l? 
I 

p , . ~ a - p  era For further consideration#, thr shift of tho outer fibre of th. 
at - rF ' (pa - $ + raa - r: raa - r: tuba significant If r = r, thm 

r,a . r a . (p - pi) .ria - p . - r a  (9) 
a* = - 

raa - r? raa - ria'\ 

The stresses are simplified for pr = 0: 

Thus far p, =pi.: 

u r 
(w)r-r, = - E (1 9) 

(11) Sample calculation for a tube plate 
To obtain a simple analytical dution, we simplify the t u b  
plate geometry as shown in F i g u r e 8. We assume that de- 
formation is limited to that part of the plate whkh ir located 

Up to this point, we haw onlyconsidered the behaviourof the within the inscribed drde R, Swain measurements per- 
tube within the elastic range. Hydraulically expanded t u b  formed on a test blodc have confirmed that this assumption 
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Fig. 8. Simplified tube plate geomerry. 

yields useful results ( F i g u r e 9 ) . Since the aim of the ex- 
panding 0peration.i~ to achieve a permanent contact pres- 
sure between the tube and the receiving bore in  the tube 
plate, the following requirement must be satisfied when the 
pressure has ceased to rise: 

. . . , 

12 
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Fig. 10. Specitic limding pressure ploned against tubs and tuba plate 

geometry. 

[(w),~,,,] ~1 < [ ( ~ ) d  - ~ & ~ - p ~ ~ )  (20) %= 0.8 and 0.6 is shown in  Figure 10. 

After .applying the formula derived above, this inequality 
yields:, With a yield limit condition of ~ F P  - ~ F R  < 1, there aregeome- 

tries which are so unfavourable that the limiting pressure 

The right-hand side of equation (21) is called the limiting 
pressure p,. It represents the pressure PI at which the rec- 
overy of the tube sheet is equal to the recoveryof the tube. In  
F i g u r e 1 0, the limiting pressure referred to the yield 
point of the tube is ploned as a function of the radii. The curve 
up = 1.0 shows the specific expansion pressure (pia:/ O~R)  of 
the tube, and the curve up == shows the relationships in  an 
infinite plate with a single bore. 

cannot be reached without the yield point in  the-tube plate 
being exceeded. 

This limitation of the geometry for 

h= 0.8 and 0.6 
~ F R  

is shown in  Figure 10. 

A very important question which we will now anempt to an- 
swer is that of the adhesion pressure persisting between 
tube and receiving bore under no-load conditions. 

According to (1 6). the expansion of the tub'e due to the adhe- 
sion pressure p~ is 

The following requirement must be satisfied if we wish to 
avoid plastic deformation of the material between the bores 
in  the tube plate: E (24) 

u~~ ' (UR' 1 .  :fL; [PI - 2 QFP (22) 
and that of the tube plate 

With pi = p, and appropriate transformation, we obtain: 

Fig. 9. Stress variation in the bore. 

D-41 

f h e  expansion of the tube plate model due to the pressure 
component (pl - p.) is: 

for RI = r, the contact formula 

wp. = Wp - WR 

after substitution of'the terms (24), (25) and (26) and brief 
transformation, yields: 
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which leads to the quadratic equation 

sA2 - sA (d, + 6) + s . d' + d, 
2 (33) 

I '- and the solution to this is: 

Fig. 1 1. Specific adhesion plotted agsina tube and tube plsu Substitution of this term in (31 yields an apparent adhesive 
geometry. expansion of 

6 In  this calculation, the modulus of elasticity of the tube plate H- . ( 2  - [$ + - - 
has been equated to that of the tube. The formula (28) isgra- s 
phically represented in F i g u r e 1 1 tor p = 0.3. ' l ' n6e~~ac -  
tion force forthetube can then be theoretically calculated as - I/($)'+2$.!-4 -- 

S ( 1) (1+$] } .100 

Cr i t i ca l  comments on the  te rm 
"adhesive expansion" 

In conjunction with the common method of anchoring tubes 
in a tube plate or similar bodies by mechanical roll-expan- 
sion, adhesive expansion is presented as the one and only 
criterion for the quality of the rolled joint. The approximate 
values specified for different tube materials in the tube roll- 
ing manufacturers' catalogues disregard tube geometry and 
the clearance between tube and receiving bore. Adhesive ex- 
pansion is expressed as 

BY substituting (0 - dir) = 2 SA, we have 

Owing to the elongation of the tubeduring rolling, A is nega- 
tive. The change in tube length depends on several parame- 
ters and is unknown for most practical applications. If A / L 
as 10 I In (35) Is ignored. tlle appalellt adl~esive erpb~ldiul~ 
can be represented graphically. As can be seen from F i- 
g u r e  1 3 ,  this apparent adhesive expansion depends in- 
creases on the tube geometry and clearance. The valur of H* 
as the clearance increases. m e  clearance will, however, us- 
ually differ from one tube - bore pair to another, whiah ex- 
plains the variations of adhesive expansion. Thedefinition of 
adhesive expansion is obviously unsatisfactory and unreli- 
able. Instead of adhesive expansion, which depends on 
geometry and clearance. the hydraulic tube expansion 
method relies on an accurately measurable parameter, 
namely internal pressure which guarantees uniform tube 
anchoring for all tubes. 

H = 2 .  (1 -:). 100. (31) 'Numerical t r x a ~ ~ ~ p l e  

Tube oflncoloy 800. tube plate of 22 NiMoCr 37, triangular 
spacing 30 mm. 

We shall now examine the behaviour of the tube during the 
rolling process I F i g u r e  1 2 ) . The tube expands nonuni- UFR = 475 N / mmz 
f ~ r m l ~  and contacts the wall of the receiving bore. At this 
stage, it is not yet possible to create a permament joint be- d, = 16.2 mm 
tween tube and tube plate. Since the volumes are equal be- & = 22 mm 
fore and aher contact, it follows that bi = 23.1 mm 

0. = 36.9 mm 

L - 0 J 
F;g. 12. The rube. before and after the .rolling operetion. 

dalr - 
Fig. 13. Apparent adhesive expansion. 
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From Figure 10, we have for ur = 1 .O: 

Accordingly, the pressure at which the plastic zone has 
reached the outer fibre of the tube is 

p l o  = 0.42 . 475 . 10 = 1995 bar. 

From Figure 10, we find for the actual tube sheet geometry 

The limiting pressure is then 

p. = 0.654 475 . 10 = 3106 bar. 

From Figure 11; we read off the adhesion pressure which 
persists after the load has been removed: 

For example, for pi = 4700 bar: 

EXPERIMENT 

A number of experiments have been performed to support 
the theory presented above. Oneof these experimentswill be 
described and discussed below. 

Ten 420 mm long tubes of 22 mm dia X 2.9 mm, made of In- 
coloy 800, were inserted in a 320 mm thick test block of 22 
NiMoCr 37 material. The geometry of the holes and tubes 
was recorded in three planes. 

The pressure applied to expand the tubes ranged between 
1950 and 2050 bar. The expansion zone started at a distance 
of 25 mm from the face of the test block and ended 2 mm be- 
hind the rear edge of the test block. 

Different final pressures were applied to bring the tubes into 
contact with the walls of the receiving bores. The change,in 
tube geometry, the reduction in tube length, pressure-iight- 
,new and the force required to pull the tube from its receiving 
bore (extraction force) were measured on completion of the 
test. 

A leak rate of less than 1 . 10-7 [torr 1 . s-']was verified by a 
leak test with helium. All of the measured values are plotted 
graphically in F i g u r e 1 4 .  The interdependenceof certain 
parameters is clearly apparent from the graph. 

Of particular interest is the relationship between the extrac- 
tion force, the adhesive expansion and the adhesion pres. 
sure Ph calculated in accordance with equation (28). The ex- 
traction force P, as well as the positive difference between 
the adhesive expansion H defined in (30) and the apparent 
adheSiVt3 expenslon H' Increase wit11 i~lclsasi~'h$j bdhesion 
pressure. This confirms the theory developed above and 
proves its usefulness in practice. The small extraction forces 
for tubes 1 and 3 which, according to the theory, ought to be 
zero are due to inaccuracies of the hole geometry in the lon- 
gitudinal direction of the hole. Figure 14proves the justifica- 
tion of the term "apparent adhesive expansion" and shows 

Fig. 14. lesr resuns. Relarionship between the ecru81 adhasive 8Xp8fP 
sion end rhe hydreulie pressure applied. 

. Rohr-Nr. = Tube No. 

mrn 
w -  
2.92 

zw 

z= 
48s- 

2.04 

how unreliable a check of the joint between tube and tube 
sheet based on "adhesive expansion" actually Is. The strong 
influence of clearance on apparent adhesive expansion 
agrees with (35). 

- 

- 
- 
- 

- 

PROBLEMS INVOLVED IN STRESS-FREE TUBE 
ANCHORING IN STRAIGHT-TUBE HEAT EXCHANGERS 
OR SIMILAR EQUIPMENT WITH W O  FIXED TUBE PLATES 

As already mentioned. tubes can be anchored stress-free in 
tube plates if the hydraulic expansion method is combined 
with a suitable rolling method, taking advantageof the rela- 
tionships existing between tube length reduction and clear- 
ance in the case of hydraulic expansion and between tube 
elon- 
gation and roller setting in the subsequent rolling operation. 
These two characteristics can be easily determined by 
means of a simple pilot test, as shown in F i g u r e  1 5. It is 
logical that we shall always endeavour to exactly balanceovt 
the reduction in tube length by tube elongation. 

Rohre 4 23 XI$ 
Werkstoft: 1.4523 
kilung: 30 mm 
Aufw.itstruke: 239 mm 

Walzeneinstellung ---c 

I 1 1 I 1 

420 QU 930 5 mm W , , 

Sodl - 
Fig. 15. Change in rube length as a function of roller setting and clear- 

ance between rube and tube plate. 

Rohre 8 23 X 1 .I A Tubs 23 mm die. X 1 .6 
Werkstoft: 1.4523 = Ma~erlal: 1.4523 
Teilung: 30 mm = Spacing: 30 mm 
Aufweitstrecke: 239 mm = Hydr. expanded length: 239 

mm 
Walzstrecke: 70 mm =r Rolled length: 70 mm 
Walzen = Rolling 
Aufweiten = Hydr. expending 
Walzeneinstellung = Roller setting 
Spiel = Clearance 
Seite I = Side I 
Seite II = Side ll 
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Fig. 16. Test apparatus with two finedtubepletss. Tube 290 dis./230; EF 
18 meteris/ Tub. 280 die. /200: 17 MnMaV 6;1 mstarial. 
DehnmeSsveifen 3/120 LY in Ungsricht. a.d. Rohren Nr. 1- 
6minig NY. Block u. Lbitblach - Strain geugee 3/120 LY. longlludinally applied to Tubs, Nor 
1.6 centrally between block and fln. 
6 Rohre 0 23 X 16 mm 
= 6 tubw 23 dia. X 1.5 mm 

Werkst.: 1.4523 = Material 1.4623 
Teilung: 3Omm = Spacing: 30 mrn 
Anoioht'.~" = View '7C 
VQr dem Aufwoitpn = Prior to hydraulic enpanuion 
Aufweitstrecke = Expanded lengths 
nach dem Aufweiten = afrer hydraulic expansion 
n a d  dem Welzen = ahrr rolling 

We cannot influence the reduction in tube lengths, because 
it depends exclusively on the clearance. However, the roll 
setlir~y of the rolllng conrrolier and the rsllbd lerlgths are va- 
riables which, if appropriately selected, will enable us to 
achieve any desired prestress of the tube, including the spe- 
cial case of stress-free anchorage. Of course, certain toler- 

R, ances of hole and tube diameter must be expected even in 
U one and the same heat exchanger or similar equipment. It IS 
Mo impossible to measure ell LHIres and associared tubes and 
as then select the required roll setting or rolled length to suit the 
W actual clearance. What wecan do, however, is seled a statis- 

tically representative number of bores and tubes, measure 
these and then calculate the representative bore diameter, 
outside diameter of tube and the clearance between tube 
plate and tubes on the basis o i  simple,drillmatic averages. 
According to the law of probability, the sum of the tube forces 

"I ' m-NL - ' ' ' divided by the number of tubes can be expected to yield the - MIRslrllm an k i t e  I desired prestress in the tube, or zero in the case of stress- --- ktdstrllrn an 5.ite a free anchorage. 

Fig. 17. Results of the extension measrrr~msnt. To support this theory, a test was performed in which the ax- 
Seite I = Side I ial stresses existing in the tubes were measured by means of 
Seite II = Side 11 strain gauges. The test apparatus is shown in F i g u r e  1 6; 
Aufweiten = Expansion the stresses measured after each operation are plotted in F i- 
Waken = Rolling g u r e  1 7.  It was endeavoured to anchor the tubes in a bal- 
Endrustend = Final condition 
Rohr-Nr. = Tube No. anced stress configuration. The expansion zone started at a 
MeBste!len an Seite I = Measuring points on side I distance of 30 mm from the face of the tube sheet andended 
MeBatellen an Seite II = Measuring points on side II at the end of the tube emerging from the tube plata The hy- 
Spiel = Clearance (mm). draulic pressure to be applied to expand the tubes was fixed 
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at 2500 bar. After hydraulically expanding Side I the same 
side was rolled in three steps, employing the step rolling 
method (see Figure 16). During this process, the tube was 
pushed out and a joint was obtained between tube and plate 
with no gap and balanced stresses. The tubes were then also 
anchored in the same sequence in Side II. 

In the final state (figure 17), the tubes 2 and 5 are subjected 
to a slight tensile stress while the tubes 1.3.4 and 6 are then 
subjected to compressive stress. In can be seen that the re- 
sult is very close to the zero limit which we desired. We can 
safely assume that with a greater number of tubesthedevia- 
tion would have been even less. 

CONCLUSION 
. Compared with the conventional method of mechanical roll 

expansion, the hydraulic method of expanding tubes in tube 
plates offers numerous advantages which have been dis- 
cussed in this article. The method is particularly suitable for 
heat exchangers or similar equipment and tube joints which 
must satisfy exacting requirements in terms, of quality and 
uniformity of thejoint, such as steam generators for nuclear 
power stations, high and low-pressure feed water heaters 
for conventional power stations and equipment for the 
chemical industry. The method presented in this article will 
enable designers of such equipment to calculate the required 
expansion pressure in a simple manner. By combining the 
hydraulic method with mechanical roll expansion fot heat 
exchangers or similar equipment with two fixed tube plates, 

' 

we can now influence the prestress in straight tubes, al- 
though this was previously not possible. This aspect will be 
found particularly interesting in connection with heat ex- 
changers or other equipment subject to thermal stresses in 
operation. 

SYMBOLS AND ABBREVIATIONS 
u = stress 
E = strain 
r = radial coordinate of the tube 
R = radial coordinate of the tube plate model 
d = tube diameter 
D = hole diameter 
s = tube wall thickness 
E = modulus of elasticity 
p = Poisson' ratlo 
w - radial dioploooment 
F = stress function 
p = pressure 
I p  = second invariant of stress condition 
D u  = stress deviator , 

u = ratio of radii (outside/inside) 
A = reduction in tube length 

L = expanded length 
f = coefficient of friction 
6 = clearance between tube and bore 
H = adhesive expansion 

INDICES 
r = radial direction 
0 = peripheral direction 
i = inside 
a = outside 
F = yield limit 
H = adhesion pressure 
P = tube plate 
R = tube 
A = after rolling or hydraulic expansion 
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ONP S P U I  PARK- RE OONDO BtACH. CMlrORNU 

INTEROFFICE CORRESPONDINCE 

TO: L. A. Rosales cc, T. C. Dvorak DATE: August 24, 1978 
5 .  S. Hicks 
M. Kwan 

sueJec-r: Tube Sheet Coating and Corrosion Allowance 
@F& 

FROM: M. P. Bianchi 

In answer t o  your  request t o  ob ta in  more in format ion on the  neoprene coat ing used t o  

p r o t e c t  the B r i t i s h  Power generating s t a t i o n ' s  condenser tubeplates and waterboxes 

from sal twater  corros ion and s i l t  erosion shown i n  the A p r i l  1978 issue o f  DuPontls 

'lElastomers Notebook", I have obtained the  fo l low ing:  

1. The manufacturer o f  the coat ing i s :  

Pro tec t ive  Rubber Coatings ( B r i s t o l  ) , L t d  
Payne's Shipyard, Coronation Rd 
B r i s t o l  , England BS 31RP 

2. The coat ing i s  c a l l e d  "Limpeti te" and 'it i s  a neoprene coating. 

3. The manufacturer has found t h a t  a t  the  saltwater-cooled Portishead 

i n s t a l l a t i o n  a 1/16-inch coat ing on the tubeplates, waterboxes, valves, 

.etc. has shown an i n d e f i n i t e  l i f e . ;  t h a t  i s ,  no degradation o ther  than 

mechanical damage ( the coat ing i s  repa i rab le )  from maintensnce work over 

the 32 years i t  has been i n  service. 

4. On t h a t  basis. no corrosion allowance i s  n e ~ d s d  and i n  the U.K. a l l  

present ' power s ta t ions  under .construct ion wi.71 use '!Limpeti t e "  . 
5. Tube e n t r i e s  were a lso coated f o r  an i n i t i a l  length o f  three inches w i t h  

the coat ing thickness taper ing from 0.20 inch  t o  0 inch. The l i f e  of 

the e n t r y  coat ing  a t  Port.ishead has been sewn ycars and i s  extended fo r  

one i nch  every recoat t o  a maximum o f  s i x  inches from the end o f  the tubes. 

6 .  Impressed cur ren t  cathode p ro tec t i on  i s  n o t  and should no t  be used w i t h  

the coating. 
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Page two 

m 
7. The surface preparation i s  by g r i t - b l a s t i n g  t o  white metal fo l lowed 

by a brush app l i ca t ion  o f  the primer. The coat ing i s  then appl ied 

w i t h  brush o r  r o l l e r  i n  22 coats t o  a nominal 1/16-inch f i n a l  thickness. 

The process i s  continuous and the cur ing t ime a minimum of ten days. 

8. According t o  t h e i r  Managing Di rector ,  M r .  3. H. Payne, "Limpet i te"  i s  

not  ava i lab le  i n  the U.S. and, as f a r  as they are concerned, there are 

no comparable coatings both i n  the U.S. and the U.K. 

Mr.  Payne made reference i n  h i s  Telex o f  the Central E l e c t r i c i t y  Generating Board 

Construction D iv is ion  i n  Barnwood, Gloucester, and I am w r i t i n g  them f o r  any fur ther  

information they may have on t h i s  coating. 

MPB : cd 
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Tehgrrnn:  
Umg.citr. Bris10l 

Dinc~on 
W. N R y n r .  F.W.I. (Chairman) 
J. H. Paynr. M.W.I. (hhnsq~ng)  
B. C. Pavne 
C. R. Tocclr 

PROTECTIVE RUBBEE COATINGS 
(BRISTOL) LTD 

PAYNE'S SHIPYARD CORONATION ROAD 
BRlSTOL BS3 1RP 

Y o u r  Rlt. 

Ow Ref. JBP/PAB 

* 
I . q u i J  opplird. A i r  
and  S.vnthrtic Ruhhr r  
Cmti rys 
for protection of al l  nWt8ls 
w i n s t  corrosion, r r m l o n  
and electrolvtic action. A P  
plied in l iqu~d, pu t ty  
i h d r t  (arm. 

* 
L'lrcfricity Grnrrorin# 
-tin91 l o r  main condenc 
o r  and ancillary COOler wJt. 
or boxes. tuba plates and 
tuba entries, water mani. 
fold), ~ I v e s .  c w l  end ash 
handl8ng plant. Sea ~aater 
pumps, slr&ners and nard. 
grids. * 
(hnrru l  and  C l r m i ~ n l  
En#inrerinX 
Coating$ lor  fume ducts. 
fan casings and ~mcmllers. 
r i d  no. storlge prnsure 
and vacuum vesMls. IlIUC- 
turo* eta, 

*hbcinr 
nuon condenser tube plOtOS. 
watertpaes. tntake and d l c  
charge ve!wes. ourno e a t ~ n w  
and wnpel;ers. Stern fremas. 
rudder nmlnps, ~n take  end 
discharps g?#lls, Dropellel 
shafts, diesel snglne -1 
loners. coo1ir.g water l v l -  
t a m .  
t 

H u l l  Shmthin# 
Llquhd applad. lleuible hull 
sheeth~ng lor steel u w 6 6  
den bw!s 01 comoletely re. 
tistant tom8nna borers and 
prarrnts cotrmlon. Keeps 
hull. decks 8nd suwrstruc- 
ture m * r * * g h l  

* 
.Vvlon P l'.C. C'pl.rp 
phrni',c. J ~ J  folvurr .  
r k n r  C i x t l n l l  
for oumm. stu~eqe HUI~I. 
t o l d  an9 ra8l I~*hers. ( u r n  
ducls. structu?s. etc. 

H.P. Bi-chi Esq. , 
TRW Defense & Space Systems Group, 
Building 01, 
Room 2230, 
One Space Park, . 
Redondo Beach, 
Ca l i fo rn i a  90278, 
U.S.A. 

Dear Mr Bianchi, 

We comment upon your l e t t e r  of  Augwt 23rd, 1978. 

Limpetite has addi t ional ly  been wed qui te 'wide ly  I n  
Cent ra l  E l e c t r i c i t y  Generating Boar6 i n  the l a s t  few years  
where t i tanium tubes a r e  f i t t e d  to e x i s t i n g  "Naval Brass" 
t h e  pla tes .  .The e lec t ro-potent ia l  d i f fe rence  between the 
t i tanium tind t he  "Naval B r a s s w  i s  s o  high that Lfmpetite 
i e  an absolute~must .  Even new s t a t i o n s  under construct ion 
were f i t ted  with new braaa tube platoo u n t i l  Ithe problem 
wsro diocovered i n  some of the olQer s t a t i o n s  where 
t i tanium tubes had been . f i t t e d  on t r i a l .  Subsequent new 
condensers f i t t e d  aluminium bronze o r  aluminium brass  tube 
p l a t e s  thus  reducing the e lec t ro-potent ia l  difference. 

Under s p e c i f i c  conditions o f .  alumini urn bras s  tube 
p l a t e s  it should be noted no serv ice  experience is avai lab le  
as f a r  as we a r e  aware. It is an t i c ipa t ed  that Lirnpetlte 
coatings f o r  the protec t ion  of the  tube p l a t e s  w i l l  no t  be 
.necessary. Service conditions may d i c t a t e  otherrrise'. 

Your s p e c i f i c  problem is akin t o  t h e  f L r s t  mentioned 
above where the re  is a large e l ec t r r rpuLo~i t i e l  d i f f a f fonw 
between the  tube? and the  tube plate .  We would expect t h a t  
i f  it is successfu l  between t i tanium and "Naval Brass" tube 
p l a t e s  it would be equally succeasful  between s t e e l  tube 
p l a t e s  and presumably titanium o r  brass  tubes; 

M.O.D. O U A L I T Y  ASSURANCE APPROVAL 0960411 101 

0-50 
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Consideration must be given t o  the design of the tube t o  tube plate 
junction a t  both ends of the tubes. In the case of a floating tube-plate 
to accommodate the expansion of tubes t h i s  presents no problem, but it 
eould present a s l ight ly more d i f f icu l t  problem in the case of fixed tube 
plates. 

In the case of floating tube places the present practice here is for  
the entry end e l  ther t o  have expanded, bellmouthed, flush tubes with the 
tube plate coating taken down into the tube entry; o r  the tubes standing 
out about 5" and the coating finished around the outside diameter of the 
tube. This l a t t e r  method i s  that  used for  the out let  ends where water flaw 
direction would preclude the use of a coating within the tube bore. 

In the case of rigid tube plates then .presumably t!e out let  end would 
be packed in some way allowing the tube t o  s l ide through packing on eqansion 
and contraction. In these cases you would use two methods, The simplest 
seems t o  be quite effective, namely t o  coat the tube standing out i n  exactly 
the same way as the standout inlet .  That is t o  say, coat around the outside 
diameter of the tube for  a distance of say between +u and In. In some cases 
tubes have pulled through the coating sleeve, yet, under the difference in  
pressure between the steam side and the cooling water side this  has maintained 
an effective seal. In other cases where the to ta l  expansion has remained 
small the coating has ei ther  stretched es necessary o r  has l i f t ed  s l ight ly 
from the tube plate. 

Another method has been used where Neoprene sponge washers have been 
f i t t ed  and a coating applied on the tube plate over the square section washer 
close f i t t i ng  t o  the outside diameter of the tube and on to the outside 
diameter of the tube thus providing a bellows t o  accommodate greater movement. 
The success of this  l a t t e r  method depends t o  some extent upon the pitch of the 
tube and the physical accessibility for brushing the coating around the tubes 
and the washers. 

With reference t o  the second paragraph of your l e t t e r  Limpetite could be 
made available i n  the United States unless ;here i s  some Customs ban on its 
import. In the past we have found the United States Custom. requirements to  be 
singularly complicated and we would probably find every component of the three 
or  four components required would have to  be submitted for examination and t e s t  
to U.S. customs Laboratory for  classification. I t  seems t o  us from our 
experiences of some time ago that they w i l l  not take classifications commonly 
used throughout Europe and the r e s t  of the world and translate them into their  
own standard grouping. Your organisation concerned with defence may be able to  
employ some influence i n  t h i s  respect. 

The only l i terature we have we enclose, which is a general brochure giving 
i l lustrat ions of various applications and a leaf le t  describing Limpetite A/B; 
two of the three types of synthetic rubber liquid applied, air cured doatings 
that we wbufacture. 

We would imagine that i f  in the event that you wish to apply materials 
i n  the United States it would be best for us to send over a representative wno 
w i l l  advise upon i n i t i a l  application. Normally in  t h i s  country we seldom supply 
the ~ impe t i t e  for application by others, except in  small private applications, 
because of Uie fallure so often af pYamessiolia1 contractors t o  appreciate the 
requirements of Limpetite and to t rea t  it simply as an ordinary paint. 



It  is  not untrue t o  say that the success o f  Limpetite stems almost as 
much from our appreciation of  the engineering requirements o f  its application 
as from the material i t s e l f .  

We s h a l l  be happy t o  2 la ise  with you on t h i s  matter. 

Yours truly,  

J . H .  Payne, 
Uanaging Director. 
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SUOJECT: Cathodic Protect ion of Submerged 
Heat Exchanger. 

FROM: T. C. Dvorak 
BLOC. MAIL STA. LXT. 

01 2220 5 1900 

The customer request t o  evaluate the impact o f  submerging the 25 MWe heat 

exchanger has required ' t ha t  ac t i ve  corros ion prevent ive measures (i .e. cathodic 

protect ion)  i n  add i t ion  t o  the planned passive, measures (i .e. coat ings) be 

considered. To t h i s  end, the Harco Corporation was contacted and a meeting 

was arranged. 

On May 15, the wr i t e r ,  L. Rosales and L. Leventhal o f  TRW m C t  w i t h  

Mr .  Robert Deskins, V.P. and Western Region Manager and Steve Jones, Manager 

o f  Engineering, Western Region Of f ice of  the .Harco Corporation. Our design 

concept was shown t o  them and the fo l low ing po in ts  were made. 

Harco i s  i n  the business o f  prov id ing corros ion engineering services 

during the design phase of a program. They w i l l '  review the design, recommend 
, . 

the type o f  cathodic p ro tec t ion  required, prepare plans and speci f icat ions fo r  

the i n s t a l  l a t i o n  and monitor ing of the system a f t e r  i n s t a l l a t i o n .  

The method o f  attachment o f  the heat exchanger t o  the h u l l  i s  very c r i t i c a l .  

If the j o i n t  i s  e l e c t r i c a l l y  conductive and the h u l l  i s  more noble than the heat 
exchanger, as would be the case i f  the h u l l  were concrete, therl the exchanger would ' 

corrode a t  a very rap id  r a t e  due t o  the la rge  area r a t i o  o f  the h u l l  t o  the 
heat exchanger. To resolve t h i s  issue we must have a b e t t e r  ,understanding o f  

the h u l l  design, mater ia ls  o f  construct ion, etc.  
I 

I t  was Harco's opin ion tha t  the s a c r i f i c i a l  anode type o f  cathodic p ro tec t ion  

as opposed t o  induced current  was the best niethod f o r  our app l ica t ion .  

A cost  f o r  t h i s  type o f  system could only  be obtained a f t e r  a de ta i l ed  desigr; 

study. The approximate cost  f o r  anodes would be one d o l l a r  per pound w i t h  

i n s t a l l a t i o n  a lso cost ing about one do1 l a r  per pound (based on of f -shore o i  1  

p l a t f o r n ~  costs-may be higher f o r  OTEC i n s t a l l a t i o n s ) .  For an idea o f  cost, 

the Exxon o i l  p lat fot rn Hondo required 750,000 pourids o f  s a c r i f i c i a l '  anodes t o  

provide pro tec t ion  fo r  10-15 years. 
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I n  summary, due t o  the conlplex nature o f  designing an adequate protection. . '  

system and our lack of experience i n  t h i s  area, we strongly recommend tha t  a . . . 

company such as Harco, be contracted t o  provide t h i s  service. Our r o l e  would ,. 

be tha t  of technical monitor and point  o f  information exchange. As o f  t h i s  ;. ' 

po in t  i n  time we plan no further a c t i v i t y  i n  t h i s  area. Task I, Subtask 5, ' . . 
. . 

i s  now considered complete. 

. . 
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,,,,; Corrosion Allowance for Carbon Steel i n  Design o f  PROM: J. Hicks 
(WTEC/PSD-1 Heat Exchanger Shell, Tube Sheets and 01 MAIL srr .  2080 Err. 61486 
Hater Boxes. 

. References: (1 ) TRW Conceptual Design Report SANj1570-1, Volume 11, 
Dated 30 January 1978. (Appendix A - "Heat Exchangers 
Mechanical Design and Produci b i l  i ty" , prepared by 
C. F. Braun 81 Co., 10 Januarly 1978.) 

(2) DOT/USCG Document CG-116 "Marine Erigineering Regulations ," 
dated 1 August 1977. 

(3) INCO "Guide1 ines f o r  Selection .of Marine Materials," 
May 1971. 

The fol lowing comnents are i n  response t o  yesterday's inqu i ry  from 
C. F. Braun & Co. r e l a t i ve  t o  the subject. 

1, The corrosion allowance o f  1/8-inch f o r  carbon steel  as. st ipulated by 
C. F. Braun (see Rerference 1, pages A-48 and A49) appears su f f i c i en t  
and proper f o r  the subject heat exghanger components, I F  the heat 
exchanger i s  not t o t a l l y  immersed i n  sea water, (see SUMMARY.). 
This conclusion i s  based on a .review.of the regulatory,-requirements, 
the C. G: Braun proposed design, and general industry guidelines f o r  
the selection o f  marine materials, as out l ined below. 

2. Code Provisions - Part 54 (Pressure Vessels) o f  the Reference 2 
regulations establ ishes the requirements f o r  the design, construction 
and inspection o f  seaborne heat exchangers. Paragraph 54.01 -35 
spec i f i ca l l y  addresses the corrosion a1 lowance t o  be applied i n  
the design o f  the ure port ions o f  pressure vessels. This 
paragraph i s  repr -below;-note pa r t i cu l a r l y  subparagraphs 
(b) ( l ) *  (b)(4) 9 (d ) ( l  1, and (d)(2). 
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(2) Jolat ddm 8nd rncthoda of 8 t  
tsuh~cot of .LI prsrsure oosrtalrmmt 
mmponenta. 

(9) FDundatlane md nrgpar(s (de- 
d m  .nd attachment). -- 

(I) PeNnent caleuhtlona for presmm 
.assel foundattons &nd/or supports. 
-(D A b U  of mater(rl meet- the re- 

prdrementa of srrrion Vm of the ASMZI 
Qdz M modlad b tU par t  

(6) A dlagrammnUc arranzemmt 
&spans of the assembled cmlt lndlcaUIlO 
Lacatlon Of hternal md uternol corn- 
p o n d .  
g sol-2s B ~ w a r u  p- - 

pmau (a9bfisa UFII) .  
a) PrcJsure comments for p r a n a s  

vex& shnll be n, repuJml by UC)-11 of 
&a mhfE Code excent as noted other- -- .-. - 

la thls wctlon. 
(b) ALI prewurc wmmnentdcanlonn- 
b an ~ccepkd  ANSI (Arnericsm Na- 

Mnnnl Ginndards LrrsUtul) 6tsndard ro- 
=ed to la e~ adopbed eodc. apeclfLcaUon 
ot standard or in tbb rubohapter ahdl 
also bo marked ln Pccordasce wlth A S S  
Qbantliacturers' BLaodarQLzatLlon 60- 
dety) Standard SP-25. 
~WPR OM*. 35 PB IMS. D ~ C  la ioda 
ma anended by COPS belZl, 85 P B  9977. 
ma0 I?. ID701 

6 54.01-30 Iaa- (modIGcrUC22). 
61) %he l o u s  for p r c ~ v e  vestcls 

rhau be as muled by GO-22 of the 
MaKECode-tasnotedothararbein 
tbls sectloll. - - 
(b) In evaluating loadlap for cabfn 

m u r e  owset appllcatons. the Com- 
m~ndan t  may x u l r e  consldmtlon of 
the followIn8 w la ad@Cfon to fhoee 
llsced In KJ(ICt-22 of the A s h a  Cpde: 

(1) Londlng k n p d  by vessel's atti- 
toas m mil ~1st pitab and trim. 
a1 &d f- due b .blp 

(1) Normcrlly hsm a aa¶wtaa &ow- 
. n ~ e  of o n 8 4 ~ t h  of the thU- 
ncs. or onbammnch lah o ~ ~ B  
(r unuer .  sdded to ths dcula lcd  wck- 
n w  u detarmlntd the -lo db. 

tormulr 
(1) Be mtcli lw eraluntcd in oua 

when unuuallO cormalve cargoem wlU 
bc lavolved, for the posslbls inrrav d 
t h l r e D r r o Y o n * ~ .  

(3) ?Ism no addlUoasl thkbcs - - -  ~- 

q u h d  when s c c e m l e  a k & n  & 
aotmac8rlolr8mured 

(4) Not norPlUO need ddttlolul  
thlckaus aIlouanca when the eiTccUoe 
*is telUier 8 or SE eepcndlng on ths 
dmim formula used) Is 80 wrcent or 
less of the aUowable strus h i e d  la cec- 
tion Vm of the MXE Code .fa . - 
d c u l n e  thlckncss. 

tc) Te!mlu holm shall not be pcm 
mltted ir. pmum rsrsels contsintng 
dans~mu.9 n w  nrcn t~ L ~ Q  ~aisos 
cormrlves. eta 

(d) FkempUon from these wrnmlon 
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C. F. Braun Proposed Desi'gn - Attachment Pages 1 and 2 (from 
Reference 1 ). show tube and tubesheet-to-she1 1 detai' ls o f  t he  C. F, 
Braun proposed design. It appears t h a t  . . this design complies w i t h  . 

t he  p rov is ions  of a l l  f ou r  subparagraphs of' the Code noted above,. 
I F  t he  heat exchanger i s  no t  immersed. - - 



4. Corrosion i n  Sea Water - Charts from Reference X r e l a t i v e  t o  general 
corrosion ra tes  of unprotected carbon 'steel i n  seawater, the 
galvanic potential of titanium, coupled w i t h  carbon s t e e l ,  and other 
galvanic considerations i n  the c!es,ign of tube sheets and water boxes 
are  reproduced below. They a re  e jsent ia l  l y  self-explanatory. 

Figure 8 - SEAWATER VELOCITY (PIPE AND TUBE RANGES) 

NfckeCChmmiumHlgh Molybdenum Alloys 

W n l u m  

70130 Copper-Nickel Al;oy (0.5 Fe) 

90/10 Coppar.Nickel Alloy (1.5 Fe) 
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. . 
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, ~ " ' P Y  > > > 30 mpy 
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1 

6 Pipe ~esign Vcl. -4 g:fse= -Payer Plant Condenser 
Dcs~gn Vel. 

VelociticiFeet per Second 

Note, i n  Figure 8 above, tha t  the gentSlnal wasting corrosion r a t e  
of unprotected carbon steel  i n  seawater can vary from 5 imilslyear 
t o  30 mi.1 s/years, depending on the velocity of. the seawater. 



'Tabla IV 
GALVANIC POTENTIALS IN FLOWING SEAWATER 
(VELOCITY = 13 K per rec except when noled) 

M a A L  OR AUOY TEMPERATURE, 'C VOLT' VS. SATURATW CALOMEL 

Notes 1. Seawater velocity = 7.8 ft. per see. 
2. Austcnitic eickel ductile cast iron Type D.2 (3.0 C. 1.5-3 Si. 0.7-1.25 Mn. 16-22 Ni. 1.75-2.75 Cr). 
3. All values negative vr. Saturated calomel reference electrode except those for graphite and platinum. 

Note, in Table IV above, that the galvanic couple of titanium with 
carbon steel in seayater gererates approximately 1 /2 volt , with 
the carbon steel being anodic (sacri f ici a1 ) . 
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TUBE SHEET 
Tim present trend towards welding tubes to tulre tube sheet as in. tubes. This is preferred. 
sheet and galvanic considerations tend very Older practice was to use muntz metal or niw8l 
strongly towards use of the same alloy in  the brass tube sheets. 

Appliiable Data 
Table V. Salrc(ive Corrosion 

WATER BOXES 
Key Consideration 
(1) The water boa should not be more noble than the tubing. 

Materials Used Comments 
. .- -.--,.. ---.-- ___ -. . .. ,. . -.-__-.- -_ 

F C l > i n r l e e ~  and cart iron Heavy corrosion of steel provides substantial 

j cathodic protection to copper alloy tube ends 
a d  tube sheet. 

i 
j Carbon steel and cast iron lined wlth Reduces cathodic protection of tube ends. Also 

organic lining torces stecl exposed ~t pinholes and scratches to 
furnish the full amount of the currcnt required by 

i the galvanic couple with the copper alloy tube I 
i sheet and tubqends. Maintenance can be high. 

i 
Austenitic nickel cast iron Cood selection. Low corrosion but still protective 

to copper alloy tube ends and tube sheet. 

90/1O copper.nicke1 alloy (1.5 Fe) Good sclcction. when using 90/10 copper-nickel 
alloy (1.5 Fe) tubes. 70/30 copper.nickcl alloy : 
(0.5 Fe) tubes or nic;.cl.copper alloy 400 tubes. 

70/30 copper.nickel alloy (0.5 Fe) 
alloy (0.5 Fe) tybes a r~d  nickel.copper alloy 400 

i 
Good selection, when using 70/30 copper.nicke1 j 

tubes. 

NickeI.copper alloy 400 Good sclection.'~v;hen using nickel-copper alloy 1 
400 tubrs. Solder rip.? when using 70/30'cop 
pr..nickei alloy (0.5 fc) tubes. 

Applicabk Data 
Fig. 10, Galvanic Series Fig. 5. General Wasllng 
Table IV. Galvanic Series Fig. 6, Pitting Rates 
Fig. 3, Effect of Vclocity-Steel Fig. 8. Velocity: Pipe and Tube 
Fig. 4. Effect of Vclocily-Zim Table V. +lective Corrosion 

5. SUMMARY - 
5.1 A corros ion allowance o f  118-inch f o r  carbon s tee l  i n  design o f  the 

sub ject  components i s  adequate, i f  the  heat exchanger i s  - not  submerged. 

5.2 I f  the OTEC system design requ i res  submergence o f  t he  heat exchangers, 
t he  cor ros ion allowance f o r  the pressure v'essel components must be 
increased t o  a 'minimum o f  112-inch, even when protected w i t h  an 
approved mari ne coat ing system. (see Code p rov i s i on  54.01 -35 (6)  (2). above. ) 

5.3 Waterbox Caat.in2 - I t  w i l l  be noted i n  the  C .  F. Braurl design (see 
F igure  6, attached) t h a t  a cual t a r  epoxy .coa.ting i s  proposed f o r  the 
waterbox coat ing.  Although t h i s  coat ing .may be adequate, TRII N a t e r i a l j  
Engineering suggests t h a t  C. F. Braun designers consider another 
more r e s i  1 i e n t  Heoprerle coat ing system which appears outstanding 
f o r  t h i s  app l ica t ion,  and which has a proven 32 year  serv ice l i f e .  
(See attachment pages 3 and 4.) 

D-59 
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Neoprene Waterbox Coati nq System 

1.. Reference: DuPont Elastomers Notebook - Volume 201, A p r i l  1978. 
Neoprene Coating by Protect ive Rubber Coatings (B r i s t o l )  

(I 
Ltd. , England. 

. . 

2. Appl icat ion: Portishead "A" Power Stat ion - B r i s t o l  , England. 
Condenser tube plates and waterboxes, coated w i t h  
Neoprene coating o f  60 m i l s  t o t a l  thickness, exposed t o  
high ve loc i t y  s i l t e d  s a l t  water f o r  32 years. S t i l l  
i n  service during March 1978, (See Attachment-4). 

Coating System Detai ls :  

0 Surface Preparation - Sandblast t o  NACE No. 1 whi te metal b l as t  
cleaned sutf  act?. (See, SSPC-SP5-63 wh1 t e  metal b l as t  cleaning) 

* 
0 Prime Coat - GACO Primer N-11R ( inh ib i t i ve 'p r imer )  

) Top coat* - GACO Neoprene L iqu id  L in ing N-200-1 u n l t  cost ing 
thickness = 5 m i l s  Total coating thickness = 60 m i l s  

0 Inspec t ion  - E lec t r i ca l  con t inu i t y  t e s t  '(wet o r  dry) 

@ Supplier - GACO ~ e s t e r n ,  Inc. 
8023 E. Slauson Ave. 
Montebel lo, Ca l i f .  90640 
(213) 254-0536 

@ Appl icator  - Parker Brothers 
7044 Bandini 
Los Angeles, Cal i f .  
(21 3) 723-8701 . 

* 
These coating comply w i th  spec i f i ca t ion  MIL-R-15058F, type I V .  



Neoprene coating, applied in 1946 to condenser water box in English power station. 

Eleclroslatlc tests and close visual Inspection proves Neoprene coating is still firmly altached afler yeprs of senice. 

Scr watcr is itn incxpcnsive cool;~tit to oht;lin hut cngi~~crrh ;~t thc 
Portibhcad "A" IJowcr Station. ahout I 0  niiles from Bristol on tllc 
Scvcr~i IIstu:~ry. were p4inl'ully awitrc ol' Iiow cxpe~lsive it i s  to 
ct:ntrt)l. IJu~t~ped dircclly I'roni the cituary.  nill lions 11l'~;tllon~ o f  

sea wiltcr were used per d;ty i lb the cooling nicdiuni in the 
st i~t ion '~ niain stciini co~~Jr.ltlrr.~s. 'I'l~c sul)ply wa* cc)nvrnicn~ aed 
incxh;~ustihlc. llowcvcr, its salt ritrlte~it niadc i t  rorrt)sivc tci 

n~c ta l  and the presence o f  sand and silt intcn*ilicd this irtt;~rk hy 

their scot~ring cllkct. Condrnser tttbc pla1t.s sullkrcd Iicav) pitting 
lion1 the cooling wittcr's wrrosivc-crclsiw ;tction. 

lahis douhlc-cilgcil li;r~;~rd 11) L.~II~I*I~I~III Wits cl~rctivcly 
hluntcd itt 1946 WIIFII ;I ~~ro l r c l i vc  ct):~ti~ig h i lh~d 011 I)II l'onl 

Ncoprcnc wits hrt~\h-;~pplicrl t t r  11ic c r ~ ~ i i l c ~ i ~ c r  tulle pl;~tc\. I t  \\.;I* 
p ~ t  oti tllc hare nict;~I. III ;I tIticl,~lcss ~11'itht)ut o n e - s i ~ t ~ c ~ i t l i  inch 

(1.6 mm). alicr c;~rcli~l surI';tt.c ~~ rcp ;~ r i~ t i c l~ i .  Ncoprcrle \ViIs ~.h~)scn 
for Illis job hcr;~uhc o f  it* \v~.ll-knt~ti.n rcsistaacc to s;dt \vatcr. 

uhrnsii~n. oil u ~ i d  chetrii~,tli p l r~> its r s ~ * r l l c ~ i l  itdhcsion 111 meti~lr 
and rcputotion Tor lone Ilk.. 

' I i c  r h o i ~ e ~  113s not hccn regretted. Ap;lr~ I'rctni n ~ t r ~ i i i ~ l  c-lci~li- 

in& thc wutsr h)r(cs 01' tlic ~ondc~iscrs ii:~vc not hccti r)l)t!ll~d 11p 
rt iill lirr irnticcrrrosiirn ~ti:~i~!trti it~icc 'ill the h i ~ l c ~ t l  pills ?e;Irs 

liricc the Ncoprctic c o i t l ~ n ~  wah put on. ' l ' l~is is :in ilitp1fIi1111 

:r*ono~nic a t l v i ~ ~ i t n ~ c  hrcitusr of tlie t-t)~tsiilcr;~hlc cnpctihr ill- 

volvcd e;wh t l i~y  it gcllcrator is sl111t dowii l i ~ r  cc~ndrnscr rcpoin. 
I~olltnvirig the st~cccss ofthis initi:~l coating 31 I'ortisl~c;~d. other 

rt;ttit)ns o f  tile C'crtt~;tl lilectririty (.;r~~eritting Board in  tireat 
Hr i t ;~ i~ i  Ii;tvc ipccilicd t l i r  wnic Ncoprenc rclrttlul;~tio~~ lirr similar 
purpose.;. 'I'llcsc i~lclui lc r l~rcc ~lurlci lr  po\\cr ct;ttions as well ar n 
~ l t ~ ~ i i h c i '  ot' ctr~tvcnti~)nitl f i l c l l l t i ~ h .  

I~qu;tlly long l i lc is r x p c r t ~ d  o f  there in\t;tllntions. Whcn 

rccc~itly inspected. the 1940 Nc~tpt.ctic coating wi~s still resilient 
itnd ~~n in~p;~ i rcd .  I t  I ~ i t d  svcry ;Ippc:tr;lncc o f  Iitstii~g it~iotllcr 
s ix tcc~~ yci~rs! 

I 1978 UPDATE I 
Prnlrctivr: Huhhcr Coutinps ( H r i ~ n l )  Ltd. confirnicd, in 
hlarrh. 1978. that the original Kcoprcnc coating indccd was 
still in scrvicc. O~ t i~s ion i~ l  repnirr to plnianc mcch;~nic;llly 
tl;lnl;~gccl hy nlrintcnsncc wwclrkcn h;wc bccn ncccrsury hut 

lltc ttinjor pbrtion of the 1946 coating job is intact at'tcr 
32 ycrrs. 

N 0 0 p 1 ~ 0  CORllng by 
Woclive Rubbor Coallhgs (&/#to/) LId . England Clrcb Coda No. 7 



A SUPERIOR MARINE "PERMANENT" PRIMER 
CAN BE APPLIED AT TEMPERATURES DOWN TO O°F 

0 WITHSTANDS WATER CONTACT 15 MINUTES ARER 
APPLICATION 
RAPID-CURES AT HUMIDITIES UP TO 99% AND VERY LOW 
TEMPERATURES 
A SELF-CURING, ALKYL SILICATE-BASED INORGANIC ZINC 

B Best Inorganic zinc coating for applications in  low temperatures. h i  h 
humidities I Extremely resistant to severe marine environments . ~ i t h t t o n b  
intermittent contact with water, rnin or condendatiaa IS minutes aftw applt 
catinn . Develo a hi abrasion-resistant film in  a proximately 2 hwn . Cure  to permfloqo21!fng after 24 iWf1. Hl rl tlleUii! zinc mntemt.. . !xu 
rides cathodic protecton to steel surfaces, inclu&n# sharp edp* nuts and bit&. 

Inrrlydnd bL: V Naw Chaptpr 9130 as a selfcurl inomnlc zinc silicate 
c a t ~ n g  a W m d  (a appl~cat~on to hulllh &b&& M8 1 i K d b c k ~  and u p r -  
structures of U.S. Navy vessels 

PRINCIPAL AREAS OF USE: 

O Barges 
8 Sides and Rakes 8 Decks . Deck Pi ing up to 15001: 8 Deck MaChincwy . Cargo Holds . Cargo Tanks 8 Void &aces 

0 Ships, Workboats 
Keel to Light Load Line . Boottop Ing . Deep Load Line to Rail . Weather 

Decks . Superstruct~res 8 Bmms, k s t s ,  King Posts . Deck Pipin (Up tp 
15CPF) . @ck Machmery m Ca o Holds 8 C 4 0 1 B r l M  Tanks . %uel 011 
Tmks m Vo~d Spaces and ~offe$ams 

Otlshon Platforms 
m Splash Zone and Submersible Areas . Drilling Areas Subjected to Splash 
and S lllage of Drilling Muds . Rig Jackets (Including Legs and Columns 
In ancf~bove Tidal Zone1 Deck Sectlono 

Apply Dimetwte 6 in a single coat, at 2% mils dry film thickness; badly pitted 
surfaces may require up to 5 mils but never apply more than 6 mila As a per- 
manent primer, Dimetwte 6 will reduce maintenance and eliminate future 
need for extenswe surface preparation when uWd under recommended Amercoat 
topcoat systems; obtain specific recommendations, based on service require- 
ments, from the Ameron representative, 

RESISTANCE - When Used Without A Topcoat 
This chart is only a guide. For specific recommendations, see the Amercoat 
Coatinp Tank Lining Chart. 
WEATHER: Outstanding resistance. tones. aromatic and aliphatic hydro- 
No loss of protective qualities even I carbons, ehloriruted hydrocarbons 
after prolonged ex sure. Unharmed (water-free), alcohols, including: 
by ultraviolet ligh!? 

TEMPERATURE: Withstands heat 
up to W O O F  (dry). 

PETROLEUM: Ideally suited -for 
fumes splash, spilla e or immer- 
. kn  in potroleum fiydrocarbons, 
w c h  as: 
Arklion Oasolinr Fur( Oi l  
Jot Fuel I Motor 98mline 
Kernreno 
SALTS: Prolongs l i f c  o f  to  coat 
when witably topcoatcd !ng rub- 
jectd to splash and sp~llage of 
neutral SII~ solutions. 

SOLVENTS: Resistant to  fumes, 
splash, spillogc or tmlnorslon In ke- 

xyieno I ISOpmpyl Alcoh~l 
Y6luelu Ethrr Aleaholr 
Hema. 

ANIMAL AND VEGETABLE OILS: 
Suitable for immersion in anim?l 
and vegetabtc oils of free a c ~ d  
content b e l w  2H%. 

WATER: Ideally suited for at? 
spheric exposure to, and (wtth sutt- 
able ~OIICGI~) splash or spillage of 
fresh or salt water. 

NOTE: AY is true wilh all innr~anic zinc 
s~l,utc conttnl!s, Oimelratct tj is not 
rc.commrnaud tor lmmenitan in, or spil- 
)ago of, acid or athell roiuliais. 

..................... FINISH Matt@ ..................... COLOR Reddirh.Qra~ to Qnv 
RECOMMBHDLO DRY FILM 
THICKNESS PER COAT ..... 2% mils 
NO. OF COATS REQUIRED.. . 1 
TOTAL DRY FILM 
THICKNESS 
OlMEf COTE 6 .............. 2% mi. ... TOTAL VOLUME.SOLIOS?. 43.7% 
THEORETICAL COVERAGE* 
8 r wa ................... raasq.ft.air~~ 
THEORETICAL COVERAGE* 
PER COAT @? 2% MILS.. .... XW re, U. pw d. 
*See Amero..t Tethniu l  Repod on Gmneo mf Inomnio 
Im Coylm s. When computing Wfki, aowta8r, .Ik 
hr apB~,mtfon  asses. suttaee irrelwtarc#s, em. ...................................................... 

..... NO. OF COMPONENTS.. 2 
MIXiNP RATIO ............. 18 Ibs Powder to 314 

aal. Liquid 
POT LIFE ................... 24 hn. minimem 

@ 70.P 
APPLY OVER.. ,............. DIvJbnsiw bkstad 

StUl 
APPLY BY .................. Contnntiansl spray 
DRYING TIME .............. Water-insolublr: 

15 min. above 32*F: 
1530 min. 0.3ZeF 
~ b m i o n - n 8 t m t t  

2 hrs. 0 7WF - - -  
CURING TIME ............. To TO oat: 

24 %. @ 7PP 
TOPCOAT REQUIRE0 ....... For snecific senicu 
THINNER ................... hn)&~t NO. 6s 

Thinner (70PF oe b~lar). 
No. 101 Thinner (above 
70°FL Order 1 gal. per 
8 gals. Dtmetcote 6 

CLEANER ................... Amercort No. 65 or No. 
101 Thinner. Order 1 gal. 
per 10 gals. Dtmetcote 6 

MISCELLANEOUS ........... Moi~ tun rids jn 
aoh~evin mancmum 
film k t tnar r  ...................................................... 

TEMPERI\TURE 
RESfSTkNCE ............... Up to 600eF (dry) 
FLASH POINT .............. TO*# h l x d  erg open 

CUP) 
COMBUSTIBILITY .......... ~limmable during rp. 

plicrtion: curad ttltn 
not cemburtibk 

WT. PER 
MlL*Sil. FT. OF DRY FILM.. 0.4 oz. 
ELECTRICAL CONDUCTIVITY Weak c~nductOr ...................................................... 
PACKAGING ................ Separate cortainers 

make I gal. n~ixlare 
......... SHIPPING WElaHT Powder-16 Ibs. 

Ciqc~id-7.5 Ibs. 
GUARANTEED SHELF LlFE 
FROM SHIPMENT DATE.. ... 1 yew 



SURFACE PREPARATION 
STEEL 

Round off all rough welds and sharp edges. Remove 
weld spatter. 
Dry-abrasive blast, including all pits and depres- 
sions; remove all mi l l  scale, rust, rust scale, grease,. 
aint or foreign matter. Surface profile from abrasive 

[lasting should be similar to that obtained y i th  
fresh steel grlt (G-40 s~zc), steel stiot (S-230 sue), 
graded flint or silica sand (30-60 mesh), under 
nozzle pressure 01'100 psi. If reusing blasting abra- 
sives, clean them of contamination before reusing; 
do not reuse sand or flint abrasives. 
Where an automatic blasting unit is used, its manu- 
facturer shoulcl be co~lsulted for "working" abrasive 
m~xtures and l ~ n e  speeds. 

OLD OR NEW GALVANIZING 
Sweep-blast surface lightly to remove dirt, etc. - -- 
Apply Dimetcote 6 as soon as possible to pre- 
vent blasted surfaces from rustin Keep surfaces 
moisture-free until coated. Keep 017; grease or other 
or anic matter off surface before coating. Spot 
rehast to remove any contaminat~on; solvent-wip~ng 
is satisfactory. 

EQUIPMENT REQUIRED 
Pressure material pot with mechanical agitator. 

Separate atomizing air and fluid pressure regulators. 

H Air Supply: Compressor capable of conti~iuous vol- 
ume of 20 CFM at 80 psi minimum to each nozzle. 
For a moisture-free air supply, a moisture trap (such 
as DeVilbiss HREJO1 Oil and Moisture Separator) 
must be in the l ~ n e  between compressor and pres- 
sure spray pot and spray gun. 

Air hose for gun, 5/16" I.D. 

B Material hose, Y2" 1.D. 

H Industrial spray gun, such as DeVilbiss MBC 2E or 
24E w ~ t h  graph~te or Teflon needle packtng and heavy 
"mastic" spring; or Binks No. 18 with 66X66P nozzle 
setup with No. 54-764 graph~te or 2:28 Teflon needle 
packing and No. 54-839 heavy mast~c sprlng. 

30-60 mesh metal screen. 
pp~-p - 

SAFETY EQUIPMENT REQUIRED 
. (In Tanks or Confined Areas Only) 

W Frplnsinn~prnnf lights and electrical equipment. 

Fresh air mask, such as DeVilbiss P-MPH 527 and 
MPH 529, connected by %" 1.0. hose directly to air 
source. 

H Nonsparking shoes or tools for workers in  area. 

Exhaust fan of sufficient capacity to keep solvent 
va ors below 20% of the,exp!osive limit or %% by 
voPume of solvent vapor In  alr. 

Volume of Tank Required Blower Sizeg 
(Gallons) (CU. Ft./Min.) 

500 - 5,000 ................................................................ 1,000 
5,000 . 20,000 ........................................................ 2,000 
20,000 . 100,000 ...................................................... 5,000 
100,000 - 290,000 .................................................... 10,000 
500,000 .................................................................... 15,000 
1,000,000 . 2,000,000 .............................................. 20,000 ------- 
*All blowcrs to be suctlon type. 

APPLICATION PROCEDURE 

1. Flush equipment with Amercoat No. 12 Cleaner to 
remove moisture from al l  application equipment; mois- 
ture can harden Dimetcote 6 in  spray equipment. 

2. Discard desiccant bag from Powder can. 

3. Stir total contents of each Powder can slowly into 
total contents of each Liquid can. until well' dispersed. 
Do not reverse order. Do not vary proportions. 
4. Do not thin ,except for workabil~ty in  conditions 
such as hot, windy weather, and then. with no niore 
than 1 pint of No. 65 or .No. 101 Thinner per gallon 
of mixed, Dimetcote 6. 
5. Strain mixture through 30-60.mesh screen to remove 
large particles. 

6. Keep mixture in  closed'container until ready to use. 
Dimetcote 6 is sensitive to moisture in  the atmosphere. 
I f  skinning occurs, remove skin by filtering through 
cheese cloth or fine mesh screen. Agitate slowly 
throughout application to maintain uniform suspension. 

7. Remove a l l  dust from surface to be coated. 

8. Regulate air ressure: 40-60 si to gun (with DeVilbiss 
equipment a n 8  25-ft. hose); fo psi to pot. Note: Re- 
quired pressures may vary with temperature and hose 
length. 

9. Keep pressure pot at approximately same elevation 
as spray gun. 

10. Make even, parallel passes. Overlap each pass 50%. 

11. Apoly a heavy, wet coat to obtain proper thickness 
with no bare,areas, pinholes or holidays. 

12. Double-lap spray al l  welds, corners, edges, etc. 
13. Clean a l l  spray equipment immediately after use 
with Amercoat No. 65 or No. 101 Thinner (not water). 

14. I f  humidity is extremely low, spray a water mist to 
effect rapid curing. 

15. I f  greater thickness is desired, recoat when first coat 
is dry to touch. 

16. Random pinholes and holidays should be touched 
up  by brush when film is dry to touch. Bare areas 
should be resprayed. 

17. I f  damage occurs, recoat with Dimetcote 6 when 
fi lm is dry to touch. 

18. I f  topcoating is required, allow to dry at least 24 
hours. 

. 

WARNING: .Oimetcote 6 Liquid is flammable and causes skin 
and eye ~rr~tation. Keep away from heat and open flame. Keep 
container closed. Use with adequate v e r i l ~ l a t ~ o n .  A v o ~ d  pro- 
longed breathing of vapcr. Avoid conlact w ~ t h  s k ~ n  or eyes. Do 
not take internally. In case of c?nlact, immed~ately flush s k ~ n  
wi lh  plenty of waler: for eyos, f l irst l  wil l1 plenty of walor for 
at  least IS minutes and t:ct nrcdical attention. If used in 
confined areas, observe the l o l l o w ~ ~ i g  prccau l~ons to prevent 
hazarcfs of fire or exp l~s ion  or tlamage to .l l ie hea!th: , ( I )  cir- 
culate adequate fresh air  conlir~uously durlnr! avpl~callon and 
drying. (2) use, fresh air  masks and explosion-proof equip- 
ment, (3) proh~b~t al l  flames, sparks, weldong and smoklng. 

WARNINC: ~imetcole 6 Powder is a harmful dust. Avoid 
breathing dust. Wash thorouchly before eating or smoking. 
Keep away froni feed or food products. 

I f  weldinf. is to be performed in confinod spaccs on steel 
coated wilt1 Dimetcote 6, do so in eccordatltc w i lh  inslruc. 
lions in,LJ.S.A. Standard Z 49.1-1967. "Salety in Wclding and 
Cutting. 

CORROSIO~J CONTHOL DIVISION 
Honrs O l l ~ c e  UI(FI(. CALIFOnYIA 92l i31 

D-65 



A HIGHLY PROTECTIVE MARINE EPOXY 
COATING SYSTEM 

PROVIDES FULL PROTECTION IN ONLY 
TWO COATS 

0 FORMULATED FOR EXTERIOR HULL PROTECTION 

MEETS U.S. NAVY REQUIREMENTS FOR 
SUBMARINE HULLS, TOPSIDES AND 
BOTTOM AREAS 

FULLY COMPATIBLE WITH VINYL ANTI-FOULING 
TOPCOATS 

Specially formulated for maximum protection of steel 
in salt water 

Ready for imn!ersion in 24 hrs. 

Cures at temperatures of 35OF and above 

Available in six standard Navy colors and specified 
camouflage colors 

Conforms to: U.S. Navy Chapter 9190; approved for coat- 
ing submarine hulls, topsides and bottoms. Also accept- 
able for bottoms of surface vessels. Proprieta.ry approval 
for application over post-cured inorganic zinc approved 
under MIL-P-23236. 

PRINCIPAL AREAS OF USE; 

Ships, Workboats 

MARINE COATING 

No. 83 No.84 
Prime I Topcoat. -. . -- ........ 

FINISH ..................... Matte 
.................... COLORS No. 83: Oxide Red. 

No. 84: Black Navy 3, 
Gray Navy 7, Gra 
Navy 1 1. Ocean &ray 
Navy 17, Hale Gray 
Navv 21. White 
~ a v i  82'and specified 
camouflage colors 

RECOMMENDED DRY FlLM 
.... THICKNESS PER COAT.. 2 Mils 6 Mils 

NO. OF COATS REQUIRED.. 1 1 1  
TOTAL DRY FlLM 

................ THICKNESS 2 Mils I 6 M i l l  
THEORETICAL COVERAGE* I 

........ PER COAT @ 1 MIL. 690 

THEORETICAL COVERAGE* 
..... PERCOAT(Sq.Ft.IGal.) 

................................................... 
NO. OF COMPONENTS.. ..... 2 2 

.............. MIXING RNIO I cure:' 1 1 cure: 
(Parts by Volume) 2 resin 2 resin 

........ MINIMUM POT LIFE. 24 hro, @ 70°F 
APPLY BY.. ............. .'. .. Airless, Conventional 

Spray; Brush Touchup 
... Keel to Light Load Line - 1 coat of No. 83 Primer, APPLY NO. 83/84 OVER.. Blasted Steel; Clean 

at 2 mils dry film thickness, over Dimetcote 3 or 
Dimetcotc (See other 
side for repair) 

Dimetcote 6. Topcoat with 1 coat of No. 84, at 6 DRYING TIME ............... See Application 
mils dry and 2 coats of Amercoat No. 67 Anti- Instructions 

.. Fouling, at 3 mils each. Alternate: the same system TOPCOATS COMPATIBLE.. Vinyl antifoulin 
except without Dimetcote 3 or 6 as permancnt (Navy Forniula f211 
primer. 63 or 120/G3), . 

Amercoat No. 67 or 

Submarines 

Keel to Waterline - 1 coat of No. 83 Primer; at 2 
mils dry, topcoated wit11 1 coat of No. 84, at 6 mils 
and 1-2 coats of a Navy-approved antifouling. 

r Topsides - 1 coat of No. 83 Primer, at 2 mils dry, 
topcoated with 1 coat of No. 84, at 6 mils. 

Where required, U.S. Navy Antifouling Formulas 121163 
or 129163 or Amcrcoat No. 67 or No. 70 Anti-Fouling 
may be applied. 

70 Anti-Fouline 
.. THINNER AND CLEANER.. Amercoal No. 9 HF 

Tllinnor--0rdcr 1 al. 
Dcr 10 f!:,ls. NO. 89 
i n d  84- ................................................... 

........... CDMBUSTlGlLlTY Chars 
WT. PER SQ. FT. OF 

........ TOTAL DRY SYSTEM Approx. 1.25 oz. 
B 8 Mils .- 

ELECTIIICAL ............. CONDUC'TIVITY Nonconduclor 
................ PACKAGING 1's and 5's (Unitized) 

CUARAKTEEO SHELF LIFE 
FROM SHIk'MENT DATE.. . . .  



APPLICATION INSTRUCTIONS 

b SURFACE PREPARATION 
Immersion - Bare Steel 
1. Round off al l  rough welds and sharp steel edges. 
Remove weld spatter. 
2. Dry-abrasive blast, including al l  pits and depres- 
sions; remove al l  mi l l  scale, rust, rust scale. grease, 
paint or fore~gn matter. Blast only w ~ t h  steel 
(0-4F size), steel shot 6 - 2 3 0  size) or graded !'ii'b: 
or s~ l tca sand (30-60 mesh). .If reustng steel grit or 
shot, clean' them of contamtnatlon before. reuslng. 
Do not reuse sand or fltnt abrasives. Use atr of 100 
esi at 200 CFM per blast nozzle. 
3. Apply No. 83 Primer as soon as possible to pre- 
vent blasted surfaces from rusting. Keep moisture, 
011, grease or other organic matter off surface before 
coat~ng. I f  surface is dry, clean by vacuum brushing 
or air blow down; I f  greasy, use solvent or o i l  cleaner 
followed by frcsh water rinse, then dry thoroughly. 

CJ Immersion - Dimetcote Surfaces 
1. Be certain surface is fully cured, dry and clean. 
2. Wash off any cure crystals; scrub with water and 
stiff 'bristle brush to remove heavy deposits. 

Repair- No. 83/84 Abraded to Bare Steel 
Remove a l l  rust, growth, peeling paint, .etc. by 
spot reblastlng, i f  possible. Otherwise, dm-sand  
with No. 16 open-coat sandpaper, feathertng edges 
of intact coating. 

Repair -Abraded No. 84 Topcoat; No. 8 3  Prime 
Intact 
Scrape andlor lightly sand intact prime to remove 
any loosely-adhering coating; feather surrounding 
edges. Solvent-wipe damaged area. 

EQUIPMENT REQUIRED 
0 For Airless Spray - 
I Standard airless spray equipment, such as Gray, 

DeVilbiss.or any others using a 28: l  pump ratio; 
.015" or .017" t ip  (for No. 83); .017" or ,021" 
t l p  (for No. 84). 80-100 psl tnbound 

0 For Conventional Spray - 
Pressure material pot 
Separate atomizing air and fluid pressure reg- . . 
ulators 
Air supply: compressor capable of supplying a 
continuous volume of air at 80 psi to nozzle of 
each gun 
I Air hoso for gun, Ih" or 36" I.D. 
5 Material hose, Y2" I.D. 
1 Industrial spray gun, such as DeVilbiss MBC ,or 

JGA with 78 or 765 Air Cap, and "E" Fluid Ttp 

SAFETY EQUIPMENT REQUIRED 
(111 Colifiricd Areas Only) 

Explosion-proof .lights and electrical equipment. 
R Fresh air mask, such as Devilhiss P-MPI4 527 and 

MPH 529, connected by %" I.D. I~ose directly to 
alr source 

@I Exhaust fan of sufficierit capacity to keep solvent 
va ors below 20% of the cxplosivc l imit  or %% by 
vorume of so\vcl\t vapor i n  air 

APPLICATION PROCEDURE 
1. Clean a l l  equipment with No. 9 HF Thinner. 

2. Stir resin and cure for No. 83,separately. Then mix 
one part ctrre into two parts resin (by volume). Stir for 
about 5 minutes with hand or power mixer. When ready 
to apply No. 84, follow this same mixing procedure. 

0 If Using Airless Spray Equipment 
a. At temperatures above 50°F, thinning is not nor- 

mally required. At teniperatures of 35-50°F, thin- 
ning .may be needed for workability; i f  so, thin 
with no more than 1 p ~ n t  No. 9 HF Thinner per 
gallon No. 83 or No. 84. 

0 I f  Using Conventional Spray Equipment 
a. At-temperatures above 35OF, thin only for work- 

ability, and then with no more than 1 pint No. 9 
HF per gallon No. 83 or No. 84. 

b. Regulate air pressure: 20-.25 psi to pot; 60-75 psi 
to spray gun (with DeV~lbiss). NOTE: pressure 
requirements may vary wtth hose latigth and 
temperature. 

3. Apply i n  even, wet coats, overlapping each pass 
50%. Give soccial attention to corners. welds. roueh 
areas,, edges,' etc. Leave no pinholes, bare aieas ,r 
holidays. 

4. Applying No. 83 Prime - 
Above 35OF 
a. Spray one coat a t  2 mils dry film thickness. 
b. Allow No. 83 to dry at least 2 hrs. O 70PF (4 hrs. 

@ 35-50°F) before applying No. 84. No. 83 may. 
be allowed to,dry up to 180 days above 35OF 
before topcoatlng. I f  more than 180 days elapse, 
apply a "mist" coat of No. 8 3  before topcoating. 

5. Applying No. 84 Topcoat 
At 35-50°F - 
a. Spray on 2 coats, each at 3 mils dry f i lm thick- 

ness. Let dry 4 hrs. between coats. 
b. Allow No. 84 to dry at least 4 hrs. before applying 

antifouling. No. 84 may be allowed to dry up  to  
48 hrs. before applyi.ng antifouling. 

Above 50°F- 
a. Apply No. 84 i n  a single coat a t  6 mils dry f i l m  

thickness. 
b. Allow No 84 to dry at least 4 hrs. before top- 

coating with antifouling. No. 84 may dry up to 
24 hrs. before applying antifouling. 

6. Clean equipment immediately after application with 
Nu. 9 HF Tlli1111ur. 

Curing No. 83184 System 
1. Before walking on No. 83/84, allow system to 
dry 24 hrs. Q 70°F, 5 days @ 50°F or one week 
@ 35OF. 

I 2: Before inllnersion, No. 83/84 system must dry 
at least 24 hrs. above 35°F. 
Touchup or Repair 
Consult with Amercoat Represcntativc! on proccdurcs 
for touc l l i~~p  up or rep~i r i r lg  NO 83184 syblem. 

CAUTION: No. 83184 Rcsin and Cttrc JII: co~~ll>usliblc. KFCU 
away lrom heal and opcn ll3mc. KI~*II conlnillcrs clor.c:d. U!.c 
wilh adcquatc v~'11111al1011. Avoid prul~)tl~:cd hrc;llllinl: 01 v.ll)or. 
Avoid prulot1l:ctl .ifld,r@.p~.;~t~'d cotllact wit11 skill. In C~~IIIOIII:II 
areas. ol~scfvc t l ~ c  f ~ ~ l l u w i r l ~ !  l~rt!c.~ut~o~l:, to l ~ r c v c r l t  l~w. l r~ ls  
of I i ro or oxplo!;iult or c l ~ n r ~ ~ ! ~ ?  In l11tj 11~?;11111: ( 1 )  r . i rcu l .~ l#~ .ltlo. 
(IIIJIC frcsh arr co1lIinu0113ly durinl: i~ l ) l l l i ca I~c t t I  an11 dryotll!. 
(2) usc lrcsll air  ~ r i d s k s  artd cxplosior~.l~ronl t.rl~tipmrnt. (J) 
prnlllb~t a l l  flames, slmrks, wctd!nc and sn1okr:ll:. 

CONI\OSION CONTR9L DIVISION 
ilomt- C I I I O ~ ~ U  l I l4t 'A CAI 11 (>I~vII \ a e . , ~ , ? ~  
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APPENDIX D . 3  

MATERIALS C O M P A T I B I L I T Y ,  RECOMMENDED MATERIALS 



TO: L. A. Rosales 

INTCROFFICC: CORRESPQNDeNCL 
5515.2.78-421 

cc, Distribution. orTrra August 28, 1978 

sue,Ect: Amnonia. Metering Device Flow Tests ,,,,: . M .  P.- Bianchi 

A ser ies  of flow t e s t s  have been r u n  t o  determine a rough order of magnitude flow 
ra te  from the polyethylene metering device proposed for  the OTEC fa l l ing film heat 
exchanger tubes. Because of the diff icul t ies  in usiiig l i q u i d  amnoriia for this t e s t ,  
i t  was decided to  use a modeling fluid; that i s ,  one with physical properties similar 
t o  liquid anonia b u t  with a h igh  enough boiling point so that  the experiment could 
be run  a t  room temperature and ambient pressures. Those properties i t  was desired 
t o  simulate were surface tension, density, and viscosity. Ideally, the liquid was 
t o  be non-toxic,,non-flammable, and was to  possess a boiling point as high above 
room temperqture as possible. As will be shown, the l a t t e r  property had a pronounced 
effect  on the reproducibility of the tes t .  Table I contains a l i s t  o f  .some'of the 
candidate fluids,  and the i r  properties, proposed for  this tes t .  Some candidates, 
not shown, were rejected since they were not readily available i n  quantities sufficient 
for  the test .  Originally, a water/surfactant solution wds developed for  heat 
exchanger tube bundle wetting and distribution tes t s .  The in i t i a l  requirements for 
this fluid was that i t  should possess a contact angle to  acrylic (the tube bundle 
model material) similar t o  that of liquid ammonia to  titanium. The properties of 
that  solution are also shown i n  Table I. However, as will be discussed later, ,  th i s  
f l u i d  does not behave completely l ike liquid ammonia and the reasons for  that w i l l  
be discussed. , Along with the flow rate measurements, the original t e s t s  attempted 
t o  establish the wetting and distribution of the.f luid over the fluted titanium 
tubes a f te r  leaving the metering device. t h i s  was unsuccessful largely because the 
surfactant water mixture was used. Again, the reasons for th i s  will be discussed. 
Subsequently, isopropyl alcohol was tried and this  resulted i n  complete wetting of 
the tube which then led us to  use i t  i n  the Wtering devi.ce tes ts .  



I) 
TESTS - 

* 
A simple t low-rate t e s t  set-up was assembled as shown i n  the sketch o f  Figure 1. 

The working p r i nc ip le  i s  as follows: 

1. A constant "head" i s  kept on the metering o r i f i ces  (see Figures 2 and 3 

f o r  de ta i l s  of o r i f i ces)  by pouring l i q u i d  a t  a ra te  su f f i c i en t  t o  maintain 

a continuous overflow i n t o  the reservoi r  (Figure 1). 

2. .Af ter  a constant flow down the tube was achieved, a quant i ty  of the f1.uid was 

col lected over a specified time by means o f  a beaker held under the tube. 

3. The f low-rate was then calculated as the weight o f  the f l u i d  div ided by 

time taken t o  c o l l e c t  it. 

4. Acetone, isopropyl alcohol and water were the f lu ids  used t o  measure the . . 
f low-rate from the metering device'. 

RESULTS 

The resu l ts  o f  the f low-rate measurements from the metering device w i t h  the three 

t e s t  f l u i d s  are showri i n  Table 11. As can be seen from the resu l ts  w i th  acetone and 

isopropyl alcohol, the t e s t s  were less than successful. The measurements w i t h  water, 

however, were consistent and showed as good a rep roduc ib i l i t y  as could be expected 

from the t e s t  set-up. The reason f o r  the decreasing f low r a t e  exhib i ted by acetone 

and isopropyl alcohol was temperature. The high evaporation rates, especia l ly  of 
the  acetone, caused t h e  device t o  cool s tead i ly  when these f l u i d s  were flowing. For 

example, the temperature during seven consecutive one-minute f low measurements w i th  

acetone dropped from 7 0 ' ~  t o  50'~. The isopropyl alcohol showed a somewhat slower 

f a l l  w i th  the temperature dropping f r om 70 '~  down t o  6 5 ' ~  over the same number of . . 
one-minute f low measurenlents. Since polyethylene has a large coef f i c ien t  of expansion 

(83 t o  167 x in/ in/Of),  the e f fec t  was t o  cause the o r i f i ces  i n  the n~eter ing 

device t o  shrink a s ign i f i can t  amount thus resu l t i ng  i n  a steady cons t r i c t ion  o f  

these openings. The v iscos i ty  a1 so, decreased as the temperature. dropped, but the 

change was small and the e f f e c t  on the f low was probably ins ign i f i can t .  

0-71 
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Both the  acetone and the isopropyl alcohol ( IPA)  completely wet the t i tan ium tube 

a f te r  leav ing the o r i f i c e s  i n  the metering device: Water d id  not. This was not  

on ly  because o f  i t s  higher surface tension, hence poor wettabi 1 i t y  , but  a1 so - because 

the higher densi ty of the water resu,lts i n  a higher momentum when f lowing down the 

tube than t h a t  fo r  acetone and IPA. This was the reason for  the channeling o f  the 

water/surfactant so lu t ion  even though the surface tension o f  t h i s  f l u i d  i s  much 

lower than tha t  of water. 

DISCUSSION 

The impl icat ions o f  these resu l ts  t o  the metering o f  l i q u i d  amnonia w i th  the 

polyethylene device are d i f f i c u l t  t o  assess. I f  the device operates a t  a 

temperature equal t o  the i n s t a l  i a t i o n  temperature w i th  1 i t t l e  o r  no var lat ion, 

the device should work providing, of course, the tube tolerances can be somehow 

accommodated. Aside from the serious problem o f  the o r i f i c e  size change w i th  

temperature encountered i n  our test ,  we also found t h a t  because o f  the large 

expansion coe f f i c i en t  differences between the aluminum tube p la te  (11.7 t o  13.7 

X 10'~ i n / i n / O ~ )  and the polyethylene metering device, cool ing (because o f  t e s t  
l i q u i d  evaporation) caused a gap t o  s tead i ly  open between the p la te  and the 

device which allowed l i q u i d  t o  flow out. The low surface tension o f  acetone and 

isopropyl alcohol caused them t o  wet and spread across the hor izontal  surface o f  

the tube p la te  bottom resu l t j ng  i n  random dr ipp ing from various areas o f  the 

plate.  I n  the beginning, t h i s  resul ted i n  somewhat e r r a t i c  measurements if 

the drops happened t o  land i n  our co l lec t ion  beaker. Later we were able t o  guard 

against t h i s  i n  our experiment; however, the impl icat ions f o r  the OTEC f a l l i n g  

f i l m  evaporation i f  cool ing occurs, I believe, w i l l  have t o  be looked at .  The 

steel  tube sheet proposed f o r  OTEC has an even lower coe f f i c i en t  o f  expansion 

than aluminum (approximately 6 t o  8 x l n / i n / O ~ )  which w i l l  r c s u l t  i n  the 

same o r  an even worse gap forming tendency i f  cool ing occur-s durlng opcr-dtion 

of the evaporator. 
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Although not .  an ob jec t i ve  o f  t h i s  t es t ,  i t  was noted t h a t  the tube f l u t e  

r idges were wet.by both the acetone and the  isopropy l  alcohol. .However, i t  was 

found .that the wet t ing occurred f o r  a greater  - length  w i t h  the isopropy l ,  which 

we a t t r i b u t e d  t o  i t s  h igher b o i l i n g  p o i n t  hence slower evaporation ra te ,  We d i d  

no t  observe wavefronts i n  the l i q u i d s  f l ow ing  down the tube which t h e o r e t i c a l l y  

are supposed t o  occur on f l u t e d  tubes. 

CONCLUSIONS 

I would 1 i ke. t o  r e i t e r a t e  t h a t  the r e s u l t s  o f  these f low, t e s t s  on the polyethylene 

metering device should be considered rough order o f  magnitude measurements. The 

d i f f i c u l t i e s  i n  measurements encountered w i t h  the t e s t  f l u i d s ,  as we l l  as 

problems o f  f i t t i n g  the machined metering device wi thout  d i s t o r t i o n ,  preclude 

l abe l i ng  these t e s t s  as d e f i n i t i v e .  

Attachments : (1) Table. I - Room Temperature Physical Propert ies 

(2) .Table I1 - Flow Rate Measurements 

(3) Figure 1 - Cross Sectional Sketch o f  Flow Rate Measurement 
Test Set-up 

( 4 ) , . ~ i ~ u r e  2 - Polyethylene ~ e t e r i n ~  Device 

(5) Figure 3 - polyethylene Metering Device 



TABLE I 

ROOM TEMPERATURE PHYSICAL PROPERTIES 

FLUID 

Acetone 

Isopropyl Alcohol 

Ethyl  A1 coho1 

Hexane 

Octane 

Amnonia .(Liquid) 

water 

0. l % / W t  QS10/H20 
(Surfactant 
Solut ion) 

DENSITY 
(GMS/CM ) 

0.79 

' 0.79 

0.79 

0.66 

0.70 

0.62 

1.00 

E1.0 

VISCOSITY 
(CENTIPOISE) 

0.34 

2.20 

1.20 

0.34 

0.55 

0.16 

1.00 

TBD 

I SURFACE TENSION 
(DINES/CM) 

23.7 

21.7 

21.4 

18.4 

21.8 

20 

72.8 

27.1 

B81LING POINT 
( c) 

56 

82 

78 

69 

126 

N/A 

100 

g 100 

A 



TABLE 11 

FLOW RATE MEASUREMENTS 

FLUID COLUMN HCIGHT: 10 inches 

ORIFICE DIMENSIONS: See Figures 2 and 3 



CONSTANT "HEAD" 



FIGURE 2 

POLYETHYLENE METERING DEVICE 
DIMENSIONS AND ORIFICE ARRANGEMENT 

- .  



FIGURE 3 

POLYETHYLENE METERING DEVICE . 
O R I F I C E  DIMENSIONS 

6 ORIFICES 
tQiiALLY SPACED 
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MATERIAL SELECTION FOR AMMONIA SERVICE COMPONENTS 

GENERAL 

PIPE 

PIPING CLASSIFICATION A 

Maximum pressure r a t i n g :  150 p s i g  a t  100°F 

Minimum temperature : Minus 28OF 

112 i n c h  through 20 inches: ASTM A1 06, Grade B, o r  
AP1-5L BRG o r  ASTM A333 
GR6 standard weight, 
seam1 ess o r  e l e c t r i c -  
res i s tance  we1 ded. 

Wall th ickness f o r  l a r g e r  
diameters: 

24-36 inches 
60-72 inches 

FITTINGS 2" and smal le r :  

2-112" and -arger: 

FLANGES 

GASKETS 

BOLTS 

NUTS 

318 (.375) wa l l  th ickness.  
911 6 ( ,5625) wa l l  th ickness.  

ASTM A420, WPLB o r  
ASTM A1 05, Grade I I, 
ANSI 816.11, 2000#, 
socket weld, carbon s tee l  . 
ASTM A420, WPL6 0.r 
ASTM A234, Grade WPB, 
ANSI 816.9, same schedule as 
pipe, b u t t  weld, carbon s tee l  
( l o n g  rad ius  e l  bows). 

ASTM A350-LF2 o r  
ASTM A181, Grade 11, ANSI  
816.5, 300#, weld neck or 
s l i p  on, r a i s e d  face, '  
Bore t a .  match p ipe  I .D .  
Seal ing sur face f i n i s h  
500 AARH o r  1 ess. 

F l  e x i  t a l l  i c  S p i r a l  wound 
type CG. 

ASTM A1 93, Grade B&, ANSI 
B18.2. 

ASTM A1 94, Grade 4, ANSI 
B18.2 Heavy, semi- f in ished,  
hexagonal. 

Note: M a t e r i a l  f o r  p ipe,  f i t t i n g s  and flanges s h a l l  match. 



MATERIAL SELECTION FOR AMMONIA SERVICE COMPONENTS 

PIPING CLASSIFICATION B 

rn CARBON STEEL (WELDED) (NITROGEN GAS 1. 

GENERAL Maximum pressure r a t i n g :  275 p s i g  a t  100°F 

Minimum temperature: Minus 20°F 

PIPE 112 i n c h  through 180 inches: ASTM A53, Grade B, o'r 
ASTM A106 GRB standard.  
weight,  seamless o r  e l e c t r i c -  
r e s i s t a n c e  welded. 

FITTINGS 2 inches and smal le r :  ASTM A420, WPL6 o r  
ASTM A1 05, Grade I I, 
ANSI B1.6.11., 2000#, 
socket  weld. 

2-1/2 inches and l a r g e r :  ASTM A420, WPL6 o r  
ASTM 816.9, same schedule 
as pipe, b lack,  b u t  weld 
( l o n g  r a d i u s  e l  bows). 

FLANGES 

GASKETS 

BOLTS 

NUTS 

ASTM A350-LF2 o r  
ASTM A1 81 , Grade I I , 
ANSI B16.5, 150#, weld neck, 
r a i s e d  face  w i t h  concen t r i c  
se r ra t i ons .  Bore t o  match 
p ipe  I . D .  

Johns-Manvi l le No. 76, 
i / 8  i n c h  t h i c k  r i n g .  

ASTM A1 93, Grade 87, 
ANSI B18.2. 

ASTM A1 95, Grade 4, 
ANSI 81 8.2 heavy, semie 
f i n i s h e d ,  hexagonal . 



GENERAL 

PIPE 

MATERIAL SELECTION FOR AMMONIA SERVICE COMPONENTS 

PIPING CLASSIFICATION C 

CARBON STEEL (AMMONIA SERVICE) 

Maximum pressure r a t i n g :  , 8 6  ps ig  a t  100°F 

Minimum temperature: Minus 28OF. 

i n c h  through 20 inches: ASTM A106, Grade B, o r  
AP1-5L GRB o r  ASTM A333 
GR6 standard weight, seam1 ess 
o r  e l  e c t r i c - r e s i s t a n c e  welded. 

Wall th ickness f o r  l a r g e r  
diameters ; 
94-120 inches 9/16 ( .5625) w a l l  thickness. 

FITTINGS 2" and smal ler :  

FLANGES 

GASKETS 

2-1/2" and l a r g e r :  

ASTM A420, WPL6 o r  
ASTM A105, Grade 11, 
ANSI 816.11, 2000#, socket 
weld, carbon s t e e l  . 
ASTM A420, WPL6 o r  
'ASTM ,A234, Grade WPB, ANSI 
B16.9, same schedule as 
pipe, b u t t  weld, carbon s tee l  
( l ong  rad ius  e l  bows). 

ASTM A350-LF2 o r  
ASTM A1 81 , Grade I I, A N S I  
B.16.5, 300#, weld neck o r  
s l i p  on, r a i s e d  face. 
Bore t o  matek p ipe  I .D .  
Sea l ing  sur facc  f i n i s h  
500 AARH o r  1 ess. 

F l  e x i  t a l l  i c  S p i r a l  wound 
type CG. 

BOLTS ASTM A1 93, Grade 87, ANSI 
818.2. 

NUTS ASTM A1 94, Grade 4, ANSI 
818.2 Heavy, semi-f inished, 
hexagonal. 

Note: Ma te r ia l  f o r  pipe, f i t t i n g s  and f langes s h a l l  match. 
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,,,,,: NH3 Compati bi.1 i ty o f  Steel FROM: M. Kwan M 
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0 1 2220 51901 

A 1 i t e ra tu re  search was conducted on ammonia compa t i b i l i t y  o f  s tee ls  

considered f o r  OTEC appl i ca t i on .  Most o f  the ava i lab le  experimental data 

on stress-corrosion cracking (SCC) i n  anhydrous ammonia has been 

performed on h igh strength, quenched and tempered s tee ls  (such as ASTM A517) 

used t o  construct  ammonia cargo tanks. These steels,  having y i e l d  strengths 

o f  approximately 100 k s i  , have demonstrated t h e i r  surcept i  b i  1  i t y  t o  SCC . i n  

a i r  contaminated l i q u i d  ammonia. S u s c e p t i b i l i t y  t o  SCC i s  dependent on a 

number o f  fac tors  inc lud ing  the operat ing temperature, s t rength o f  the 

s tee l ,  post-weld heat treatment, and p u r i t y  o f  ammoni.3.. Experimental and 

service experience have shown t h a t  the add i t i on  of 3.2Z water i n  ammonia 

i n h i b i t s  the SCC of these h igh s t rength steels.  

With respect t o  the OTEC u n i t ,  the add i t i on  o f  0.2% water t o  the ammonia 

may mean a 1 t o  2  percent degradation i n  performance. i n  addi t ion,  the 

candidate s tee ls  being considered fo r  OTEC app l i ca t ion  have s i g n i f i c a n t l y  

lower y i e l d  strengths (Table I). Kawamoto and Kenjo ( 5 )  conducted tes ts  on 

three s tee ls  of d i f f e r e n t  strengths where specimens were subjected t o  4- 
po in t  f u l c r a  bending a t  app l ied stresses o f  40%, 69%, 80% and 100% o f  t h e i r  

respect ive y i e l d  strengths and immersed i n  amonia tankr a t  three plants.  

Test r esu l t s  show t h a t  those s tee ls  w i t h  t e n s i l e  stren9ths below a.bout 85 

k s i  can be considered insuscept ib le  t o  SCC i n  l i q u i d  aunonia when res idual  

stresses due t o  welding i s  on the order o f  the y i e l d  s t rength o f  the mater ia l .  

Figure 1 summarizes the SCC s u s c e p t i b i l i t y  o f  several s.tcels as a  func t ion  

o f  t e n s i l e  strength and appl i e d  stress (5). F u r t h n r ~ ~ s ~ - e ,  gui  l d e l  ines 

establ ished f o r  avoiding SCC i n  ammonia p lants  ind ica te  t h a t  stress r e l i e f  

heat treatment i s  preferred, but  not  required, f o r  s tee ls  w i t h  less than 

50 ks i  y i e l d  s t rength and operat ing a t  - 5 ' ~  and above(6). Kawan~oto ( 5 )  also 

conducted i n -p l an t  immersion tes ts  on s l  i t - type  welded specinlens o f  s tee l  a t  

three strength leve ls  (75 ks i ,  81 ks i ,  and 109 k s i  y i e l d  strengths) wiiich 

showed 1 i ttl c d i f f c rcnce  i n  SCC suscepti h i  1 i t y  between exposures i n  gas ;)tiase 

D-85 
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and l i q u i d  phase ammonia. Tests on weleded specimens showed cracks beyond . 

the heat-affected zone perpendicular t o  the weld l ine ;  tliese resu l ts  ind icate 

t h a t  as-quenched metal such as heat-affected zones m y  h ~ v e  lower suscep t ib i l i t y  

t o  SCC compared t o  the base metal i n s p i t e  of the higher tens i l e  strength. 

It can be concluded t h a t  the s teels  f o r  OTEC are s u f f i c i e n t l y  low strength 

t h a t  they can be considered insuscept ible t o  SCC i n  l i q u i d  and vapor phase 

amoni  a. 

MK: dk 



. . 
 able' I. MECHANICAL PROPERTIES OF STEELS FOR OTEC . . . . 

Tzrpe o f  Steel 

9 5 1 6 ,  GR70 
SJ-!!15, GR70 

SA283, GRD 

S K 3 5 ,  GRB 

, 

Ultimate Tensile 
Strength ( k s i )  

70 - 90 

70 - 90 

60 - 72 

50 - 70 

Minimum Yield 
Strength (ksi ) 

38 

38 

33 
2 7 

% Elongation 
i n  2" 

2 1 
2 1 

23 

28 

b 
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Sheet 1 o f  8 
OTEC EQUIPMENT SUMMARY LIST 10 W e  

m 
V) 

SPEC OR 
DWG NO. 

CP-SS14-51 and CFB 
Spec. No. 5304-1 00-1 17 
5304-100-117-1 

Same 

CFB Spec. No. 
5304- 100- 135-1 

h 

REFERENCE 
DESIGNATOR .. . 

E- 1 

.C-1 

TG- 1 

DESCRIPTION 

Evaporator 

Condenser 

Turbbne/Generator 

* (L.L.) = Long Lead I 

MFCL 
PART NO. 

Nooter 

Nooter 

E l  1 i o t  

I 

- . . ."! 

EST 
kT . (LB) 

451 
Ton 

430 
Ton 

100 
Ton 

- - -:_.-a .- -\--A 

DIMENSIONS 

26'3"Dia ,54'7"t! 

27'1 "Dia,58'7"H 

SUPPLEMENTAL 
INFORMATION 

(L.L)* 

(L.L) 

Ax ia l  turbine, 4-4 
1800 RPM, Variable 
i n l e t  s ta to rs  (L.L.) 

18 MW Generator, 
13.8 KV 



OTEC EQUIPMENT SUMMARY LIST" 10 MWe 

POWER LOOP AMMONIA SUBSYSTEM 

Sheet 2 o f  8 

REFERENCE 
,DESIGNATOR 

DESCRIPTION 

Flow Control Valve 

Turbine T r i p  Valve 

Turbine By-Pass 

Evap. Drain Shut-Off 

Cond. Drain Shut-Off 

Amnonia Supply 

Amnonia Retunn 

Amnonia Return 

Reci rc.  Pump Shut-Off 

Recirc. Pump Shut-Off 

Feed Pump Shut-Off 

Feed Pump Shut-Off 

Recirc. Pump Shut-Off 

Recirc.'Pump Shut-Off 

Feed Pump Sh2t-Off 

Feed Pump Shyt-Off 

Purge and Blowdown 

Non-Cond. Purge 

Purge and Blowdown 

Nitrogen Purge 

Nitrogen Purge 

Cond. Sump Shut-Off 

Evap. Sump Shut-Off 

h o n i a  Pu r i f i ca t i oa  

I Loop Shut-Of f Valves 

SPEC OR 
DUG NO. 

36" B.W. 

60" B.W. 

30" B.W. 

24" B.W. 

30" B.W. 

E"-300# ANSI 

EM-300# ANSI 

6"-300# ANSI 

3E" B.W. 

38" B.W. 

2 c 1  B.W. 

2 r 1  B.W. 

36" B.W. 

36" B.W. 

24" B.W. 

24" B.W. 

12"-300# ANSI 

8'-300# ANSI 

1 2" -300# ANSI 

2"-300# ANSI 

2"-300# ANSI 

6"-300# ANSI 

1 "-300# ANSI  

1"-300# ANSI 

I+"-300# ANSI  

MFG & 
PART NO. 

Remo t e  

Remote 

Remote 

Remote 

Remote 

Remote 

Remote 
Remote 

Manual 

Remote 

Manual 

Remote 

Manual 

Remote 

Manual 

Remote 

Remote 

Remote 

Remote 

Remote 

Remote 

Remote 

I Remote 

Remote 

Remote 

(L.L.) 

(L .L .) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

(L.L.) 

EST 
WT. (LB) 

DIMENSIONS 
SUPPLEMENTARY 
INFORMATION 



OTEC EQUIPMENT SUMMARY LIST 10 MWe Sheet 3 o f  8 

SUPPLEMENTARY 
INFORMATION 

250 HP (L.L.) 

250 HP (L.L.) 

500 HP (L.L.) 

500 HP (L.L.) 

(L.L.) 

Set 86 PSiG 

Set 136 PSIG 

Set 150 PSIG 

Set 150 PSIG 

Set 150 PSIG 

Set 150 PSIG 

Set 150 PSIG 

Set 150 PSIG 

Set 150 PSIG 

(L.L.) 

(L.L.) 

U/FLG FOR (L.L-) 

SERVICING 

F ie ld  Assembled 

POWER LOOP AMMONIA SUBSYSTEM (CONT) 

DIMENSIONS 

41 X 132 

41 X 132 

24" B.W. 

6"-3008ANSI 

12"-300# ANSI 

12"-3008ANSI 

6"-3008 ANSI 

6'-3008 ANSI 

1"-3008 ANSI 

1 "-3008 ANSI 

1 "-3008 ANSI 

7 

EST 
WT. (LB) 

13,000 

10,000 

6,000 

6,000 

2,210 

125 

440 

440 

200 

200 

MFG 6 
PART NO. 

Worthington 

20 LNS-28 

14 LNS-32 

DESCRIPTION 

Amnonia Recirc. Pump 

Arrmonia Recirc. Pump 

Anamnia Feed Pump 

Amcmia Feed Pump 

Check Valve 

Check Valve 

Re1 i e f  .Val ve 

Re1 i e f  Valve 

Re1 i e f  Valve 

Rel ief  Valve 

Re1 i e f  Valve 

Rel ief  Valve 

Re1 i e f  Valve 

SPEC OR 
DWG NO. 

CP-EQ2-545 

CP-EQ2-545 

CP-EQ2-543 

CP-EQ2-543 

6850.78-05 

6850.78-05 

6850.78-05 

6850.78-05 

6850.78-05 

6850.78-05 

6850.78-05 

6850.78-05 

6850.78-05 

Rel ie f  Valve 

Re l ie f  Valve 

Evap. Sump 

Cond. Sump 

lhronia F i l t e r  

h n i a  F i l t e r  

; HISCalANEOUS CATEGORIES 

Piping, Fi t t ings, Other 
Piping Loop Materials 

i 

6850.78-05 

6850.78-05 

CP-EQ2- 541 

CP-EQ2-541 

6850.78-05 

6850.78-05 

- -  FOR \?EIGHT ESTIMATION 

6850.78-05 

52,000 , 

1"-3008 ANSI 

1"-3008 ANSI 

See Spec. 

52,000 

5,000 

5,000 

108,000 

See Spec. 

36" B.W. 

36" B.U. 

See Drawing 



OTE: EqUIPMENT SUMMARY LIST 10 MWe 
Sheet 4 o f  8 

AMMONIA STORAGE, CONDITI 

RRFERENCE 3ESCRIPTION SPEC OR 
DESIGNATOR DWG NO. 

T-101 NH3 Pur i f i ca t ion  Col dmn 6850.78-06 

D-100 NH3 Heel Storage Drum 6850.78-06 

0- 1 01 Wet NH3 $torage Drum1 6850.78-W 

Dl 02 Dry NH3 Ztorage Drum 6850.78-06 

Dl 03 NHj R e f l ~ x  Accumulatw 6850.78-06 

D- 104 NH3 Blowcown Drum 6850.78-06 

D-105 Recoverec NH3 Drum 6850.78-05 

E-100 NH3 Overhead Condens2r 6850.78-06 

E-101 H3 Compressor Condenser 

E-102 H3 Column Reboi l e r  850.78-06 

P-100 Evaporatcr Bl  owdown "ump I 
P- 101 Transfer Pump 850.78-06 

P- 102 Col unm Feed Pump 850.78-06 

P-103 850.78-06 

P-104 covered NH3 Pump 850.78-06 

- .-- 
r- I V ~  k Blowcbwn Drum Pump 16850.78-06 

INING & SUPPLY SUBSYSTEM 
I I I i 

MPCd EST DIMENSIONS SUPP-TAL 
PART NO. WT. (LB) INFORMATION I 

Eiley-Beaird 8,1G@ Dia = 12",L=324" Packed w i th  314" I I Ceramic saddl es(L .L . ) 

Riley-Beaird (1 35,000 (Dia = 168" ,L=300" I (L.L.) I 

Riley-Beaird 1 1,100 IDia = 24' ,L= 36" I 

H U ~  hes- 2,100 Dia = 13 1/4", I I 1 238 ~ t '  (L.L.) 
Anderson L = 168" 

Hughes- 1,800 Dia = 12". L.168" 210 ~ t '  (L.L.1 1 Anderson 

- 
IH%Kon 

Dia = 19"/36", a r t  of NH P u r i f i c t -  
L = 96" t i o n  ~ o l d n  50 F t  

tL.L.1 
Sundyne 61 0 0-GPM - 103 ps i  - 

7.6 % .  HP Motor 

Bingham / 2,017 / I 500 GPM - 153 ps i  - 
100 HP Motor (L.L.) I 

Sundyne 562 

Sundyne 705 

I 

I 10 GPM - 62 ps i  - . 
3 HP Motor 1 
10 GPM - 152 p s i  - 
20 HP Motor 

sundyne 332 10 GPM - 45 ps i  - 
I 

I 3 HP Motor 

Sundyne 585 15 GPM - 216 ps i  
20 HP Motor b 



OTEC EQUIPIIENT S U M R Y  L I S T  10 MWe 
. - 

Sheet 5 o f  8 



OTE EQUIPMENT_SUMMARY LIST 10 MWe Sheet 6 o f  8 

BEPERWCE 
DESIGNATOR 

NITROGEN STORAGE, CONDITIONING & SUPPLY SUBSYSTEM 

DESCBIPn 3N SPEC OR I HPCL EST 
DWG NO. PART NO. WT. (LB) DIMNSIONS 

Liqu id  Nitrogen Transfer 
pump 

N2 - Heater Seawater 
Return Pump 

Cold Seawater Pump 

Warm Seawater Pump 

Nitrogen Vaporizer 

Airco Cryo- 985 
genics 
Duplex 

Bingham 
311x411x11 ',I 964. 

Peer1 ess 2,350 
8 l b  

Bingham 2,150 

TBD 4,300 

1 1/2" - 300# 
Diischarge 
3" - 300# 
Suction 

3" - 300# 
Discharge 
4" - 300# 
Scction 

6" - 125# ANSI 
FF Ffg 

6" - 300# ANSI 
Discharge 
8" - 300# ANSI 
Suction 

2"  - 2" x 5' X 
192'' Long Tubes 

.L iquid Nf trogen I torage 6850.78-07 I I lBD 17,000 / Dia-122", L-384" 
Dewar 

L iqu id  NCtrogen Shipping 
Dewar 

TBD Dia- 96" ,L-396" 

INFORMATION 

100 GFM, 255 s i  
(!.L.) 

50 HP Motor 

250 GPM, 50 ps i  

15 HP Motor 

350 GPM, 50 p s i  
15 HP Motor 

1200 GPM, 50 psi., 

60 HP Motor 

To be Designed' 
During F ina l  Desi n 

(L .L .~ 
To be Designed and 
B u i l t  (L.L.) 

To be Designed and 
B u i l t  (L.L.) 



Sheet 7 o f  8 
m 

'OTE EQUIPMENT SUMMARY LIST 10 MWe 

- 
.REFERENCE 
DESIGNATOR DESCRIPTION 

ELECTRICAL POWER DISTRI'BUlION 

15 KV Srritchgear 

480 V Power Transformer 

480 V Motor Control 
Center 

480 V Auto Transfer 
Switch 

Wising & Conduit 

Local Control S ta t ion  

INSTRUMENTATION AND CONTRCL 

ELECTRICAL 

SPEC OR 
DWG NO. 

AND CONTROL 

CP-SS14-53 

CP-E 2-548 

CP-EQ2-551 

CP-EQ2-553 

CP-EQ2.-555 

CP-SS14-53 

CP-SS14-53 

SUBSYSTEM 

CP-SS14-3 

C F Braun Project  
Report No. 5304-P 
Instrument L i s t  

. - -. - 

, ' ; . ' . 

SUBSYSTEM 

M F G L  
PART NO. 

GE/WtI 

GE/WH 

GEIWH 

GE/WH 

GE/Wti 

GE/WH 

. ..C 

4. , 

EST 
(LB) 

38,000 

5,000 

4,800 

650 

10,000 

1 

25,000 

DIMENSIONS 

90'H~244~Wx78"D 

90"Hx64"Wx60"D 

90"Hx144"Wx20"D 

69"Hx40"Wx16"D 

N A 

6"H x 4"W x 2"D 

Refer t o  Spec 

SUPPLEMENTAt 
INFORMATION 

(L.L.) 

1500KVA (L.L.) 

Conduits 
. . 

Conduits, Condulets , 
J Eoxes, Cables 
Signal Wire, Misc. . 
Hardware, Etc. 

1 U n i t  'per Dr ive 

Ammonia Power Loop 
Amnonia Storage 

Subsystem 
Nitrogen Storage , 

Subsystem 

. , 

. . 
- . .  

. . 
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E.2. .  SPECIAL SUPPORT EQUIPMENT LIST 
. . 

I I 

Following i s  a prel iminary l i s t  o f  i d e n t i f i e d  special support equip- 

ment. The l i s t  does not  necessari ly. represent the t o t a l  items o f  t h i s  

nature required and i s  expected t o  change during f i n a l  design. Some 

o f  the equipment required t o  support the operation o f  an OTEC Modular 

Appl i c a t i o n  Power System (MAPS) were considered Important enough t o  

be t reated as separaf e subsystems because o f  t h e i r  spec i f i c  i n te r face  

requirements w i t h  components o f  the  MAPS. 

Equipment required f o r  operational support a c t i v l  t i  es are  as fo l lows : 

Tube Cleaner 

Described i n  Appendix C 

a Leak Detection Equipment 

Described i n  Appendlx H 

8 Ammonia Resupply System 

A ship, barge, o r  work boat mounted tank f o r  t ransport tng 
ammonta t o  an OTEC plat form. (not  pa r t  o f  t h t s  contract) .  

N i  troqen k e s u ~ ~ 1 . y  Svstem 

A vacuum jacketed tank capable of betng transportei l  by 
shtp, barge o r  work boat t o  an OTEC platform. Approximate 
capaci.ty - 8,000 gallons. 

0 Startup Power Uni t  

An 11.5' MVA power source i s  requfred f o r  t n t t l a l  s tar tup 
of a 10 MWe MAPS module. The requfrements for t h f s  are  
descrtbed in Sectfon 2.10 of the PDR. ThPs.unit  i s  not  
pa r t  o f  t h f  s contract .  

a Standby Power 

A 563 KVA power source f s  required t o  permit o rder l y  
shutdown a t  the  10 MWe MAPs module dur ing system, shut- 
downs Thfs requtrement i s  descrtbed t n  Sectton 2.10 o f  
t h t s  PDR. f h t s  u n i t  1,s not pa r t  of t h l s  contract. It 
i s  ant fcfpated t h a t  t h i s  power w f l l  be avat lab le  from 
the p la t form's  main power' source. 



Primary Crane f o r  ~ n s t a l  i a t i o n  o f   heat Exchangers, Turbine 
Generator and Other Heavy Components 

, ,  f 

A 150 ton  ,crane . i s  . required f o r  i n s t a l l a t i o n  o f  +Heat 
Exchangers as described i n  Sect ion .2.l .l o.f t h i s  PDR. 
Th is  crane may be p a r t  o.f t h e  OTEC p la t fo rm o r  i t  may 
be provided by a separate se rv i ce  and., i n s t a l  1 a t i o n  

'. :ship.. It i s '  no t  .part o f  t h i s  cont rac t .  

Mater ia l  Handlinq ~qu ipment  f o r  Other Components o f  t h e  MAPS 
hodu 1 e 

Various on-board ho is ts ,  cranes, and monorai ls may be 
rqu i red  f o r  i n s t a l  l a t i o n ,  s e r v i c i n g  and replacement o f  
MAPS major components, such as pump, valves and f i l t e r s .  
These items have no t  been def ined but  w i l l  be i n  t h e  
f i n a l  design. (TBD) 

e Heat Exchanqer Shipping F ix tures  

Special shipping f i x t u r e s  w i l l  be requ i red  for  t rans-  
p o r t i n g  o f  the  heat exchangers from the p o i n t  o f  manu- 
fac tu re  t o  t h e  f i n a l  place, o f  i n s t a l  l a t i o n .  These 
f i x t u r e s  a re  TBD. They w i l l  be def ined and designed 
as p a r t  o f  the heat exchangers f i n a l  design. 
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E.3. MACHINERY TOOLS AND SPARE PARTS LIST, 10 W e  

The special machinery equipment w i l l  cons is t  o f  hand1 i n g  equi pment 

for the evaporator, condenser, and tube cleaner ( s l  ings , etc. ) and hydrau- 

1 i c  tube expanding equipment f o r  the i n i t i a l  fab r i ca t ion  and subsequent 

r epa i r i ng  o f  tube-to-tube sheet jo in ts .  Special too ls  for maintenance o f  

the tu rb ine  generator are l i s t e d  below. They w i l l  be shipped w i t h  the 

u n i t  and a re  pr iced as pa r t  o f  the turbine-generator u n i t .  

The machinery and equipment, t o  be fabr icated separately from 

equipment l i s t  items, are l i s t e d  below 

Nu. 
Component Supported Support Equipment Required Weight 

1. Evaporator and Condenser L i f t i n g  and Pos i t ion ing 1 
F ix ture  

2, TuBe Cleanfng PosPtfoner L f  f t i n g  Ftx ture  

3. Tube Cleanfng Head L t  f t i n g  F ix tu re  

4. Evaporator and Condenser Hydro Expanding Tool 2 

5. Turbtne Generator Inner Casing Removal Ra i l s  
Centering Rings 
Endwall Counterwelghl 

Other ftems may be tden t i  f i e d  dur ing.  f l n a l  design, Conventional 
t oo l s  requtred f o r  normal maintenance are not  Included as they are expected 

t o  Be the standard. commercial l y  ava i lab l  e too ls  ca r r ied  as workman's tools.  

Spare par ts  w t l l  be defined during the f i n a l  design and w i l l  cons ls t  

o f  such th ings as c i r c u i t  breakers, motors, tubing plugs, pump and valve 
seals, stem and sha f t  packing, tube cleaner brushes, instrumentation sen- 

sors and the l i k e .  
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E.4 LONG LEAD TIME PROCUREMENT LIST, 200 kWe AND 10 MWe 

The Phase 11, master milestone schedule, Task 1.1.8 places DOE 

procurement and fabr icat ion authorization a t  Phase I1  go-ahead plus 

5 months. Long lead items are defined as those items which must be 

purchased i n  advance o f  the f i f t h  month milestone t o  guarantee in te -  

grat f  on i n t o  the del iverabl  e hardware package p r i o r  t o  scheduled hard- 

ware de1 ivery, Task 1.1 .ll on the fourteenth month. 

The iden t i f i ab le .  long lead items, requi r ing procurement authori- 

zation p r i o r  t o  the scheduled author1 zation date (Phase I1 go-ahead 

plus 5 months) are l i s t e d  below. 

Expected Procurement Need Date Based on 
Long Lead I t e m  o r  Fabrication Time Phase I 1  Go-Ahead 

(Month) (Month) 

Heat Exchanger Test 
A r t i c l e  Condenser 

Heat Exchanger Test 
A r t i c l e  Evaporator 

Heat Exchanger Tubes, 
0.2 MWe TBD . 8 

Evaporator Recirculation Pump 12 14 

Evaporator Sump 14 14 

Flow Control Valvo 10 14 
F i l t e r  Un i t  8 14 

Remafnfng del iverable ftems are current ly  avai lable w i th ln  9 months 

a f t e r  award o f  contract (Task 1.1.8). 



The Phase 11, master mflestone schedule, Task 2.1.7 places DOE 

m procurement and fabr i ca t ion  author izat ion a t  the end o f  the s i x t h  month 

of Phase I 1  a c t i v i t y .  This master mflestone schedule i s  .used t o  def ine 

long lead items as those items which must be purchased f n  advance o f  

the s i x t h  month milestone t o  guarantee in tegra t ion  i n t o  the 'del i ve rab le  

hardware package p r i o r  t o  schedul ed hardware de1 iv.ery , Task 2.1 .lo, on 

' . the twenty-fourth month. 

The i d e n t i f i a b l e  long lead items, requf rdng - .  procurement authortza- 

. t ion p r i o r  t o  the scheduled author izat ton date (Phase I1 go-ahead plus 

6 months) are  indicated on the OTEC Equi pment Summary L i s t ,  10 MWe, of 

t h i s  ,Appendix Section E-1, by the symbol L;L. i n  the supplemental 

. . in format ion column. 

Remaining de l iverab le  items are cu r ren t l y  ava i lab le  w t th tn  18 months 

: a f t e r  award o f  cont ract  (Task 2.1.7). 
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F.l TURBINE PRELIMINARY DESIGN ANALYSIS 

Contained herein are  the r e s u l t s  o f  an unconstrained analysis of the 

optimum geometry f o r  ammonia turbines operat ing between 70°F in1  e t  s t a te  

and 50eF o u t l e t  s ta te .  For mul t is tage turbines, on ly  the f i r s t  stage 

analysis i s  given based on equal loading f o r  each stage. Power output i s  

14 MWe overa l l  w i t h  1% bearing losses and a generator e f f i c i e n c y  o f  98%. 

Th is  ana lys is  was performed by D r .  Ambs o f  Un ive rs i t y  o f  Massachussetts, 

consul tant  t o  TRW. 



Sinqle  Staqe S ing le  Flaw 

TURBINE DESIGN FOR 14.00 HEGAWATTS AMnONIA YORKINO FLUID 

STATE POINTS---- T<f 1 ,P(PSIA) ~H(BTU/LBM)'~V( CUFT/LBH) rStBTUlLBM-F) 
STATION 3 '  STATION 2 '..'STATION 1 EVAPORATOR ' 

TEMPERATURE SO. 0000 6 2  r 9488 6 8  04022 7 0  00000 
STATIC PRESSURE 89.3447 ' 133.7277 125.4049 128 r 9944 
T O T A ~  PRESSURE 8 9  9009 '125 m 4078 126 2579 
STATIC. ENTHALPY 611 e8146 623 6296 628 8471 629.1218 
TOTAL ENTHALPY 612.1920 629.2218 629.2218 
8Pa VOLUME . . 3.2053 ,205867 . 2,3728 
ENTROPY 1.2188 1.2165 1 e2163 1 i2139  
OUALITY 09745 09918 1.0 0000 
V I  SCOSITI 232E-01 238E-01 24OE-01 

RELATlVE.STATE PHOPERTIES 
TOTAL PRESSURE 113.0038 118.3674 
TOTAL ENTHALPY 612.5764 61205784 

PRESSURE RATIO 1.4132 

SPECIFIC SPEED 137.9737 
SPECIFIC DIAMETER 1 1984 
EFFICIENCIES 48842 TURBOGENERATOR 09800 OENERATOR eO1OO BEARINO LOSS 
ROTATIONAL SPEED RPM 3600 
WASS FLOW LBM/SEC 80302858 
MACHINE REYNOLDS NO* 2803Et09 
DISK RE. NO* 03076Et08 
'STATOR BLADE RE. NO. 02364Et08 
ROTOR BLADE RE. NO. 04487EtO8 
STATOR THETA RE. NO. 3305Et05 
ROTOR THETA RE. NO. 05838Et05 
REACTION l 6933 

OEOMETRY' SPECIFICATION-LENOTH I N  FEET 
ROTOR EXIT ROTOR INLET STATOR INLET 

DIAMETER 5*5301 4 l 9751 4.7649 
01 HEIGHT 1.4718 1 03222 1 a663 

ROTOR STATOR 
PITCH 1 A 5 8 6  G7548 
AXIAL UIDTH 2569 ,04193 
CAHHER LINE LENOTH 1.4138 l 9772 
CHORD LENGTH 1.4138 8877 
TRAILING EDBE THICKNESS 00589 0529 
STAGGER ANOLE 10.4678 2i.1868 
INLET ANOLE 24 r 2459 90 0000 
OUTLET ANOLE' , 6 6289 15.0000 
NO. BLADES 1 0  l 0000 18aOOOO 

RATIOS 
ASPECT -9606 e6714 
SOLIDITY -9610 0502 
RADIUS . .4685 

' BL*.HEIOHTXDIAH. l 2658 
GAS FLOU ANGLES EXIT 8Sr0489 UNDER TURNINO 2.7733 
CLEARANCE T I P  00589 ROTOR HOUSINO e2215 

VELOCITIES I N  FT/SEC AT HEAN SQUARE DIAMETER O F '  4.3245 FEET 
.BTATION 3 STATION 2 STATION 1 

ABSOLUTE 137.4569 S29.1111 1.36 09440 
AXIAL C O ~ P .  136 9440 ,136 09440 
TANGENTIAL COMP. 11e0634 S l i r O 8 2 l  
RELATIVE 038 2693 533.4779 
7ANBENTIAL COMP. 827.0077 . -30400622 
PERIPHERAL 615. 1443 

DIMENSIONLESS DESION RATIOS 
BLADE JET SPEED RATIO 0842782 PLOW COEF r 1 68000 
BLADE LOADING COEF -703946 SPEED UORK COEF 1e420564 
SPECIFIC SPEED 1.069563 SPECIFIC DIAM 2r85348t  
EXIT VELOCITY/SPOUTINO e020197 

CALCULATED EFFICIENCY BASED ON THEORETICAL UORK 
TOTAL TO TOTAL. e920882 TOTAL TO STATIC a902382 

CALCULATED EFFICIENCY BASED ON SUflMATION OF LOSSES 
TOTAL TO TOTAL 0920788 TOTAL'TO STATIC 0902190 



Slngle Staqe Double Fiow 

TURBINE DESIGN FOR 7.00 WEOAUATTS MMONIA YORKINO FLUID 

STATE 'POINTS----T(F)rP(PSIB)rH(BTU/LBR)rV(CUVT/LBR)rSlBTU/L8M-FD 
.STATION .3 STAT ION 2 STAT ION 1 EVAPORATOR 

' TEMPERATURE 5 0  . 0000 6 2  0012 69.3016 7 0  0000 
STATIC PRESSURE 8 9  . 3447 111.7069 127-0664 128 .9944 
TOTAL PRESSURE 9 0  1708 126.7407 128 r9944 128 9944 
STATIC ENTHALPY 610e8638 6 2 1  . 8647 629 0368 .629.1218 
TOTAL ENTHALPY 61 1 . 3530 629.1218 629.1218 629.1218 
SPe VOLUME 3.1994 2 6220 ' 2.3285 
ENTROPY 1.2169 ' 1.2150 1.2146 1 .?I39 
OUALI TY' . 9727 -9887 1 . 0000 1 . 0000 
VELOCITY 156  0035 156  0035 156  0035 0.0000 
VISCOSITY 232E-01 r237E-01 e241E-Ol 

' RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 110.3454 . 114.1622 
TOTAL ENTHALPY 61 1 e7320 61 1 . 7320 

PRESSURE RATIO 1.4438 

SPECIFIC SPEED 92.7090 
SPECIFIC DIAHETER 1 e4642 
EFFICIENCIES ..8858 TURBOOENERATOR .9800 ENERATOR .0100 EEARINO L O Z ~ ~  
ROTATIONAL SPEED RPM '3600. 
HAS8 FLOW LBH/SEC $85.4524 
HACHINE REYNOLDS NO. e1969Ef09 
DISK REe NO* .6235Et08 
STATOR BLADE RE. NO. *1527E+08 
ROTOR BLADE RE* NO. -2449Et08 
STAT.OR THETA RE. NO* . .2037E+OS 
ROTOR THETA RE* NO. . 2987Et05 
REACTION' e6174 

OEONETRY SPECIFICATION-LENBTH IN FEET 
ROTOR EXIT , ' ROTOR INLET. 'STATOR XNLEI 

DIAHET ER 4 4 6367 4.1975 .3 9556 ' 
'0. HEIGHT 46277 . . 5682 a5355 

ROTOR STATOR. 
PITCH e6710 . . 3863 
AXIAL UIDTH e l884  . .2146 
CAHBER LINE LENOTH . ' r 7266 .SO01 
CHORD LENGTH . 7266 . 4544 
TRAILING EDGE THICKNESS e0251 ,0227 
STAGGER hNO&E 1 5  r 0250 ,286 1868 
INLET ANGLE 40 r 4967 9 0  I 0000 
OUTLET AHOLE 910434 1 b 8060 
NO* .BLADES .19.0000 . 33r0000 

RATIOS 
ASPECT 1 1577 e7997 
SOL1 D f  T Y 9234 8502 
RADIUS 43293 
BL. UEIGHT/DIAHr 1354 

GAS FLOU ANBLES EXIT . 85.4542 'UNDER TURNINO 2.3011 
CLEARANCE 'T IP  e0251 ROTOR HOUSINO . i 1 8 5 5  

VELOCITIES I N  FT/SEC AT MEAN SQUARE DIARETER OF 4.0379 FEET 
' STATION f . STATION.2 . STATION 1 . . 

48SOLUT E '156 r 4958 602 . 751 1 156.0035 . 
AXIAL COHP* 4 156 + 8635 i 5 i a  0035 ' 

TANGENTIAL COMP. 12.4032 582.2129 
RELATIVE ' 792.7941 240 . 2253 
TANGENT.IAL COIlPe. 777.2937 -182.6716 
PERIPHERAL 764 8905 

DINENSIONLESS DESIGN RATIOS 
BLADE JET SPEED RATIO r775408 FLOW COEF ,203- ' 

BLADE LOADING caw .a31591 SPEED UORK COEF 1.202~14 
SPECIFIC SPEED 718674 SPECIFIC DIAM 3.486152 
EXIT VELOCITY/SPOUTINO . e025169 

CALCULATED EFFICIENCY BASED ON THEORETICAL WORK 
TOT'AL TO TOTAL 'e927222 TOTAL TO STATIC -903884 

CALCULATED EFFICIENCY RASED ON SUMHATION OF LOSSEB 
TOTAL TO TOTAL e927244 TOTAL TO STATIC . ,a903906 .' 



. . TWO STAGE SINGLE FLOW 

TURBINE DESION FOR' 7.00 HEGAUATTS . AHHONIA YORKING :FLUID 

STATE POINTS----- T(F)rP(PSIA)rH(BTU/LBH)rVtCUFT/LBH).rSCBTU/LBH-F) 
STAT ION ,3 STATION 2 STAT1 ON 1. EVAPORATOR 

TERPERATURE . 60.0000 6 6  2448 69  7664 70 0000 
STATIC PRESSURE 107.7721 120.6804 128.Y648 128  9944 
TOTAL PRESSURE 108.2306 128.1615 128.9944 128  9944 
.STATIC ENTHALPY 62010880 625 . 7298 629 0820 629.1218 

. TOTAL ENTHALPY 620.3178 629.1218 629.1218 629. 1218 
SP. VOLUME 2 7088 2 4496 . 2 * 3 1 8 0  
ENTROPY 1.2153 1.2144 1 0 2 1 4 2  1.2139 
OUALIT Y 49861 49947 1.0000 1.0000 
VELOCI TY 106.6541 106.6541 106r6541 0 • 0000 
VISCOSITY - e236E-01 e239E-01 e241E-01 

RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 120 7656 1220 1919 
TOTAL ENTHALPI 620 45716 620  5716 

PRESSURE RAT 10 1 e l969  

SPECIFIC SPEED 102.6137 
SPECIFIC DIAtlETER 1 r3831 
EFFICIENCIES e8866 TURBOGENERATOR e9800 OENERATOR ,.0100 
ROTATIONAL SPEED RPH '1800. 
'HASS FLOU LBH/SEC 777.5841 
MACHINE REYNOLDS NO* r2468E+09 
DISK RE* NO. S675Et08 
STATOR BLAgE RE.' NO. .1899E+08 
ROTOR RLADE RE.* NO. 3362Et08 
STATOR THETA RE. NO. 'e2SlOEtOS 
ROTOR THETA. .RE*-.blOa.-..4050EtOS 
REACT ION 6390 

GEOHETRY SPECIFICATION-LENGTH I N  FEET 
ROTOR EXIT ROTOR INLET STATOR INLET. 

DIAMETER 6 r 8237 6.4890 6.3123 
Br HEIOHT .1*0979  1.0441 ' le.OtS6 . 

ROTOR STATOR 
PITCH 1 . 1447 46784 
AXIAL UIDTH 2900 .. 3769 

. CAMBER LINE LENOTH 1 e2253 ' e  8782 
CHORD LENGTH 1 2253 ' l 7979 
TRAILING E ~ G E  THICKNESS .0439 40418 
STAGGER ANGbE 13.6891 28.1868 
INLET ANOLE 35  1557 9 0  0000 
OUTLET ANOLE 8.3766 15. 0000 
NO* BLADES 1 6  . 0000 2 7  0000 

RATIOS 
ASPECT ' 1.1160 4 7642 
SOLIDITY r9342. '.*8502 . 
RADIUS -6782 
BL* HEIGHT/DIM. '. 1609 

OAS FLOU ANOLEE) EXIT . 83'.8138 UNDER TURNINC 2.3870 
CLEARANCE T I P  'm0439 ROTOR HOUSINO . 2729 

' VELOCITIES IN FTISEC AT HEAN SQUARE DIAHETER'OF 5.830. FEET 
STATION 3 .STATION 2 STATION 1 

ABSOLUTE 107.2788 . 412.0797' : 106.6541 
AXIAL COMP. 106.6541 . 106.6541 
TANGENTIAL COHP. 11.5604 398 0384 
RELATIVE 571r0868 0 185.2277 
TANGENTIAL COHP. 561r0392 -1S1.4405 
PERIPHERAL, 549.4788 

DIHENSIONLESS DESION RATIOS 
BLADE JET SPEED RATIO .791516 FLOU COEF e l94100 
BLADE LOADING.COEF e798088 SPEED WORK COEF 14252994 
SPECIFIC SPEED • 799435 SPECIFIC. DIAM 34293264 
EXIT VhLOCLTY/OPOUTIWO *02388S. 

BEARINO LOSS 

CALCULATED EFFICIENCY BASED ON THEORETICAL UORK 
TOTAL TO TOTAL a926803 TOTAL TO STATIC 4904670 

CALCULATED EFFICIENCY w a n  ON SUHHATION OF LOSSES 
TOTAL TO TOTAL 4926859 TOTAL TO STATIC e904725 



Two Stage Double Flow 

*TURBINE T B ~ ~ ~ * ~ T C ~ ~ ~ ~ . ~ O P = ~ * ~ ~ R N D ~ ~ ~ ~ O . ~ S H = ~ O ~ ~ D E L D = ~ O ~ ~ ~ B H = . O ~  SEND 

TURBINE DESION.FOR 3.50 MEOAUATTS 4IIHONIA YORKINQ FLU ID  

STATE POINTS----- T ( F ) r P ( P S I A ) r H ( B T U / L B H ) r V ( C U F T / L B H ) r 8 ( B f )  
STATION 3 STATION 2 STATION 1 EVAPORATOR 

TEHPERATURE 6 0 r 0 0 0 0  66 r 7 4 4 2  69.4912 70 to000 
BTATIC PRESSURE 1 0 7 r 7 7 2 1  121 e 7 6 1 6  1 2 7  r 8 4 2 9  128 r 9 9 4 4  
TOTAL PRESSURE 108.1445 1 2 7  r 9572 128 r 2762 
STATIC ENTHALPY 620.4691 6 2 6 r  4335  6 2 9  r 0350 429.1218 
TOTAL ENTHALPY 6 2 0  r 6 5 6 0  6 2 9  r 2218 629.2218 
SP* VOLUHE 2.7108 2.4315 2.3290 
ENTROPY 1 e 2 1 6 1  .1 r 2 1 4 8  1 0 2 1 4 6  1 e 2 1 3 9  
QUALITY r 9868  l 9 9 5 9  1 r 0 0 0 0  
VISCOSITY r 236E-01 t 240E-01 9241E-01 

RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 1 2 2 r  1416  1 2 4 r S 2 9 1  
TOTAL ENTHALPY 6 2 0  r 6996 620 . 4 9 9 6  

PRESSURE RATIO l r 1 9 0 3  

SPECIFIC OPEED 148.4547 
SPECIFIC DIAHETER 1 r 1610 
EFFICrENCIee  t874Q TURBOOLNLRATOR a 9 6 0 6  WNERhfQR ,0300 BEARIWO LBBS 
KlJTfI1IUNfIL W E E D  #PR 3600 
MASS FLOW LBH/SEC 399.2135 
HACHINE REYNOLDS NO* . 1 7 9 6 E t 0 9  
DISK RE. NO* r 1 4 3 5 E t 0 8  
STATOR RLADE RE. NO* r 1320EtOB 
ROTOR BLADE RE. NO. 92642Et08  
STATOR THETA RE* NO* l 2070E t05  
ROTOR THETA RE* NO* l 3 7 7 9 E t 0 5  
REACTION e.6985 

QEOHETRY SPECIFICATION-LENOTH I N  FEET 
ROTOR E X I T  ROTOR INLET STATOR INLET 

DIAHETER 4.1181 3 r 9 0 0 1  3 e 8 1 7 0  
Be HEIGHT 1.2361 1.1707 1.1457 

RnInR STAT O R  
PITCH r 9852 t S 7 9 5  
AXIAL WIDTH e l 7 1 7  a3219 
CAMBER L I N E  LENOTH 1 e 0 2 7 8  . 7 5 0 3  
CHORD LENGTH 1 r 0278 t 6 8 2 6  
TRAILING EDGE THICKNESS r 0 4 9 4  0 4 6 8  
STAGGER ANGLE 966174 28.1868 
INLET ANOLE 2 2  e 7 8 3 6  90 0008 
OUTLET ANGLE 6 r 0 5 8 3  15 t 0 0 0 0  
HOc BLADES 10.0006 17 r 0000 

RATIOS 
ASPECT re315 . 5822 
SOLIDITY . 9585 8502 
RADIUS e3997 
Bhr HEIGHT/PIAHr .SO02 

GAS FLOW ANGLES E X I T  88.9047 UNDER TURNINO 3.2039 
CLEARANCE T I P  e0494 ROTOR HOUSINO e l 6 4 7  

VELOCITIES I N  FT/SEC_AT.HEAN SQUARE BTAHETER OF 3 t 1 3 S 9  FEET 
STATION 3 STATION 2 STATION 1 

ABSOLUTE 96.7163 373.6149 96 6 9 8 7  
AXIAL COHPI 9 6  . 6987  96 r 6987 
TANGENTIAL CO~PI  1.8489 3 6 0  e8843 
RELATIVE 600 7 8 7 1  24Pr7045  
TANGENTIAL COHP* 592.9541 -230.2210 
PERIPHERAL 591 r 1 0 5 2  

DIMENSIONLESS DESIQN RATIOS 
BLADE JET SPEED RATIO r856681 CLOU COEF 163590 
BLADE LOADING COEF e691289 SPEED UORK COEF l r 4 6 7 8 0 6  
SPECIFIC SPEED 1 r I S 0 8 1 2  SPECIFIC DIAH 2.764315 
EXIT  VEL6CITY/SPOUTINO r 0 1 9 6 4 8  

CALCULATED EFFICIENCY BASED ON THEORETICAL UORK 
TOTAL TO TOTAL e909729 TOTAL TO STATIC e891855 

CALCULATED EFFICIENCY BASED ON SUHHATION OF LOSSES 
TOTAL TO TOTAL a909762 TOTAL TO STATIC m891888 



THREE STAGE SINGLE FLOW 

RNN 

t STURBI~ TB-70 r TC-63 *3 POP-4. 67. RND-1800 ;END 

. . 
TURBINE DESION FOR 4.67 HEOAWATTS AHHONIA MORKINO FLUID 

STATE POINTS----- T ( f) r P (PSIA) r H ( BTU/LBH 1 r VI cu~T'/i~i()r 8 ( BTU/LEH-F) 
STATION.3 STATION 2 STATION 1 EVAPORATOR 

TEMPERATURE 63 3000 6 7  r 8387 6 9  8659 7010000 
STATIC P.RESSURE 1 1 4  t4535 124r  1576  128 r6902  1 2 8  r9944  
TOTAL PRESSURE 114.7337 1 2 8  r 5564 1 2 8  r9944  1 2 8  r 9944 
STATIC ENTHALPY 62311281 627  r 1770. 629  r 0989 6 2 9 *  1218  
TOTAL ENTHALPY 623 r2613  629 * 1218 629.1218 6 2 9 r 1 2 1 8  
SP* VOLUHE 2 5680 2 3886  2.3141 
ENTROPY 1 r2149  1 r2142  1 e2143 1 0 2 1 3 9  
OUALI TY * 9907 a 9969 1 .OOOO 1 r 0000 
VELOCITY 8 0  * 7574 80 7574 00 o 7574  0 a 0000 
V l  SCOSITY 23BE-01 240E-01 e24lE-01 

RELATIVE STATE PROPERTIEB 
TOTAL PRESSURE 12407612  12S18381 
TOTAL ENTHALPY 6 2 3 t 4 9 1 7  6230  4916 

PRESSURE RATIO 1*1270 

SPEC1 F I C  'SPEED 135*0860  
SPECIFIC DIAMETER 1 *2097 
EFFICIENCIES *a822 TURBOGENERATOR a9800 GENERATOR *0100 BEARINO LOSS 
ROTATIONAL SPEED RPH 18OOe 
MASS FLOW LPH/SEC 778.6768 
MACHINE REYNOLDS NO* .2295Et09 
DISK RE* NO. e2722Et08 
ST4,TOR BLADE RE* NO* r1668E t08  
ROTOR BLADE RE* NO* 3799Et08 
'STATOR THETA RE* NO* *2443E+OS 
ROTOR THETA RE* NO* . 5023EtOS 
REACTION 6902  

GEOhETRY SPECIFICATION-LENOTH I N  FEET 
ROTOR EXIT  ROTOR INLET STATOR INLET 

DIAHETER 6 4287 6 2000 6 r 1026 
B.HEIGHT 1.6490 1 5904 1.5654 

RbTOR STATOR 
PITCH 1.5884 8360  
AXIAL WIDTH 3057 *4645  
CAMBER L INE  LENGTH 1 *6S51 1 0824 
CHORD LENGTH 1 e6551 -9833  
TRAILING EDGE THICKNESS e0660 ,0636 
STAOOER ANGLE 10 16454 28 1868. 
INLET ANGLE 24.7551 9 0  I 0 0 0 0  
OUTLET ANGLE 6 7305 1 5  *OOOO 
NO* BLADES . 10 r.0000 1 9  0000 

RAT 1 0 s  
ASPECT 1 r 0037 *6183  
SOLIDITY 9597 r 8502  
RADIUS 4870 
BL t  HEIOHT/DIAMe -2565 

GAS FLOW ANGLES EXIT  81 r4767  UNDER TURNING' 2.6542 
CLEARANCE T I P  .a0660 ROTOR HOUBINO - 2 5 7 1  

VELOCITIES I N  Ff /SEC AT HEAN SQUARE DIAMETER OF 5.0561 FEET 
STATION 3 STATION 2 8TATION 1 

ABSOLUTE 8 1  r6S93 312.0226 8 0  . 7 5 7 4  
AXIAL COUP* 8 0  1 7574 8 0  6 7574 
TANOENTIAL COUP* 1211029 301.3907 
RELATIVE 495.2579 192 t8578  
TANGENTIAL COHP* 488.6290 -175r1353 
PERIPHERAL 476.5261 

DIHENSIONLESS DESION RATIOS 
BLAnE JET SPEED RATIO *a38932 FLOU COEF ' r 169471 
BLADE LOADINO COEF r 710422 SPEED ,LIORK COEF 1 r407613  
SPECIFIC SPEED 1 e047178 SPECIFIC 'DIAH 21880375 

. EXIT VELOCITY/SPOUTINO a020668 

CALCULATED EFFICIENCY CASED ON THEORETICAL UORK 
TOTAL TO TOTAL ..919247 TOTAL TO OTATIC *900240 

CALCULATED EFFICIENCY BASED ON SUMMATION O f  LOSSES 
TOTAL TO.TOTAL -919161 TOTAL TO STATIC e900164 



TURBINE DESION FOR 2 033  WEBAUATTS ~HHONIA YORKINO CLUID 

STATE POINTS---- T(F)rPCPSIA)rH(BTU/LBH)vV(CUFT/LBH)vS(BTU/LBH-f> 
STATION3 STATION.2 STATION1 EVAPORATOR 

TEHPERATURE 6 3  . 300b 67.3680 , 69.6670 70 . 0000 
STATIC PRESSURE 114*4535 123.1229 128.2417 128 e9944 
TOTAL PRESSURE 114 7829 128 3690 128 06060 
STATIC ENTHALPY 6i3.2172 626 0845 629 e0652 629  r 1218 
TOTAL ENTHALPY 623 . 3738 629.2218 629.2218 
SP* VOLUME 2.3685 2 l 4070 2.3219 
EN1 ROPY 1 e2151 1.2145 '102144 1,2130 
QUALITY 09908 09965 '1.0000 
VISCOSITY 238E-01 e240E-01 ,241E-01 

RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 12300178 124 00301 
TOTAL ENTHALPY 623,3907 623 l Jon7 

PRESSURF RATIO 1237 

SPECIFIC SPEED 96.2231 
SPECIFIC DIAMETEP, 1 4331 
EFFICIENCIES l 0872 f URBOOENERATOR l 9900 ,@ENERATOR eOl00 BEARIWO LOSS 
ROTATIONAL SPEED RPH 1 SO0 
MASS FLOU LBHfSEC 389.7925 
MACHINE REYNOLDS NO* 1620Et09 
DISK .RE. NO. .410iE+00 
STATOR BLADE RE. NO. e l139Et08 
ROTOR BLADE RE* NO. e2034Et08 
STATOR THETA RE. NO. , 1605Et05 
ROTOR THETA RE. NO* l 2594Et05 
REACTION 9 4246 

GEOflETRY SPECIFICATION-LENOTH I N  FEET 
ROTOR EXIT ROTOR INLET STATOR INLET 

DIAMETER 5 4007 5 2203 .5*1350 
8. HEIOHT • 7788 • 7539 ' 7405 

I ROTOR STAT OR 
PITCH 08181 04750 
AXIAL WIDTH 02241 02639 
CAHEER LINE LENGTH " .8811 04150 
CHORD LENOTH . I sb811 03587 
.TRAILING EDGE THICKNESS ..0312 .. 0302 
STAGGER ANGLE 14,7356 28,1868 
INLET ANOLE. 3 8  . 4902 90 . 0000 
OUTLET ANO.LE 15.0000 
NO. BLADES 18.0000 11 6601  

RhT 109 
ASPECT 1.1313 '. 74U). 
SOLIDITY. s 9285 *a502 
RADIUS s.7116 ' 

BLo HEIBHT/DIAN. 01442 . 
BAS FLOW ANGLES EXIT 89.3805 .UNDER TURNINO 2.3548 
CLEARANCE TIP e0312 ROTOR HOUSINO .2160 

VELOCITIES I N  FT/SEC AT MEAN SQUARE DIAflETER OF 4.6871 FEET 
OTATION 3 QTATION P OTATION 1 

AkSOLUTE 88.9382 342 ,9655 80,5331 
AXIAL COHPo 08.3331 0 8  . 5331 
TANGENTIAL COHP. l 9973 330.4099 
RELATIVE . 451.4732 142.2490 
TANGENTIAL cow. $42.7095. -111 03403. 
PERIPHERAL 44 1 7502 

DIHENSIONLESS D S I G N  RATIOS 
BLADE JET SPEED RATIO a781163 ' .  .FLOW COEF . ,200414 
BLADE LOADING COhF ,0819382 SPEED YORK COfF 1.220451 
SPECIFIC .SPEED 0745916 . SPECIFIC DIAH 3.412251 
EXIT VELOCITY/SPOUTINO . e024513 -. . 

. . 
CALCULATED EFFICIENCY BASED 0N.THEORiTICAL YORK 

TOTAL TO TOTAL e928011 TOTAL TO .STATIC .905263 
CALCULATED EFFICIENCY BASED ON SUHHATION OF LOSSES 

TOTAL TO TOTAL ' ,928032 TOTAL TO STATIC 0905285 



.FOUR STAGE SINGLE FLOW 

TURBINE DESION FOR 3.50 MEOAUATTS AMMONIA YORKIWf FLUID 

STATE POINTS----- T(F)~P(PSIA)~H(BTU/LBH)~V(CUFT/LBM)~S(BTU~LBH-F) - 
STATION 3 'STATION 2 STATION 1 EVAPORATOR 

TEnPERATURE 6 5  0000 68.3314 69.8970 . .70.0000 
STATIC PRESSURE 110.0173 125 -2477  1 2 8  e 7605  128. 9944 
TOTAL PRESSURE 118.2482 1 2 8  e 6543 128.9944 120 -9944  
STATIC ENTHALPY 624.7809 627.6273 629.1042 629 -1218  
TOTAL ENTHALPY 624 -8877 629.1218 . 629.1218 629e1118 

.-SPe. VOLUME - -, ---.- -2.4996 -. -.. .- 2.3701.-.--15129.. . ..- . . 
EN1 ROPY 1.2149 1 r 2 1 4 1  1.2140 1 e2139 
OUALITY 09933 9976 1.0000 1 e0000 
VELOCITY 70.7927 .70.7927 7 0  7927  0.0000 
VISCOSIT Y r 239E-01 m240E-Qi 024 iE -01  

RELATIVE STATE PROPERTIES 
TOTAL ,PRESSURE 1 2 5  8908 126. 8743 
TOTAL ENTHALPY 624.5660 , 6 2 4  05660 

PRESSURE RATIO 1.0930 

SPECIFIC SPEED 1 6 9  r 3222 
SPECIFIC DIAMETER 1.0989 
EFFICIENCIES 08963 TURBOGENERATOR 09800 OENERATOR e 0 1 0 0  BEARINO LOSS 
ROTATIONAL SPEED RPH 1800. 
HASS FLOW LBH/SEC 807.5588 . 
MACHINE REYNOLDS NO. 42269Et09 
DISK'RE. NO* 1021EtO8 
STATOR BLADE RE. NO. 1513Et08 
ROTOR BLADE RE. NO*' .2915Et08 
STATOR THETA RE. NO* 02397Et05 
ROTOR THETA RE. NO. 4205Et05 
REACT ION -6789 

GEOtiETRY SPECIFICATION-LENGTH I N  FEET 
ROTOR EXIT  ROTOR. INLET ' STAT OR INLET 

DIAMETER 6.3162 6.1505 6.0758 
B. HEIGHT ' 2.2107 2.1527 , 2. 1265 

ROTOR STATOR 
PITCH 1 4649 i 9 1 5 6  
AXIAL UIDTh . e2422 5 0 8 6  
CAMBER L INE  LENGTH . 1 - 5 3 2 5  ' 1.1853' 
CHORO LENBTH 1 5325 1 0768  
TRAILING EDGE THICKNESS o0804 0 8 6 1  
STAGGER ANOLE 90 0937 ' 28.1868 
INLET ANGLE ' 21 9965 9 0  I 0000  
OUTLET ANGLE 5 6994 15eOOOO 
NO* BLADES lOeO000 1 6  r 0000 

RATIOS 
ASPECT 6932 .* 5002 
SDLI DT TY . 9559 ieso2 
RADIUS 300C 
BLe HEIGHT/DIAHr 3500 . 

OAS FLOW ANBLES EXIT 104.5116 UNDER TURNINO 3.8429 
CLEARANCE ' .  T I P  e0884 ROTOR HOUSINO e2526 

VELOCITIES I N  FTISEC F\T HEAN SQUARE' DIAMETER OF . 4.6629 .FEET 
STATION 3 STATION 2 STATION 1 

ABSOLUTE 73.1256 2 7 3  5220 70 7927 
AXIAL COMP. . 70.7927 '70 7927  
TANGENTIAL COMP* -18.3235 2 6 4  r 2019 
RELATIVE '427.0361 . 1 8 9  0073 
TANGENTIAL C0HP.r 421.1273 . -175.2489 
PERIPHERAL 439  -4508  

DIHENSIONLESS DESIGN RATIOS . 
, BLADE JET SPEED RATIO .a96609 FLOU COEF . 161094 

BLADE LOADINO COEF . 621962 SPEED UORK COEF 1 0 6 0 7 8 1 6  
SPECIFIC SPEED 1 e3i257S GPECIFXC b!AH .$.616493. 
EX IT  VELOCITY/GPOUTINO e022260 

. . . . 

CALCULATED EFFICIENCY BASED ON THEORETICAL WORK 
TOTAL TO TOTAL 0093674 TOTAL TO STATIC . .873701 

CALCULATED EFFICIENCY BASED ON SUUHATION OF LOSSES 
TOTAL TO TOTAL. -893719 .TOTAL TO STATIC 0873825 

, . 

F-11 



FOUR STAGE DOUBLE FLOW 

TURBINE DESIGN FOR 1.75 MEGAWATTS CIMHONIA YORKINQ FLUID 

STATE POINTS----- T(F)rP(PSIA)rH(BTU/LEM)rV(CUFT/LBH)*S(BTU/LEH-F) 
STAT ION 3 STATION 2 STATION 1 EVAPORATOR 

TEHPERATURE 6 5  0000 68.3332 69.9443 70 0000 
STATIC PRESSURE 118.0173 125.2518 1 2 8  8680 1 2 8  9944 
TOTAL PRESSURE 118.2550 1 2 8  9773 129.1239 
STATIC ENTHALPY 624.5992 627.5896 6 2 9  1123  629.1218 
TOTAL ENTHALPY 624  07091 629.2218 629.2218 
SP. VOLUHE 2 4987 2.3699 2.3110 
ENTROPY 1.2145 1.2140 1.2139 1.2139 
QUALITY .9929 9976 1.0000 
VISCOSITY e239E-01 .240E-01 24  1E-01 

RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 1 2 5  3978 126.2203 
TOTAL ENTHALPY 6 2 4  07855 6 2 4  r 7854  

PRESSURE RATIO 1.0941 

SPECIFIC SPEED 113.5684 
SPECIFIC DIAHETER 1.3125 
EFFICIENCIES -8865 TURBOGENERATOR 09800  GENERATOR a0100 BEARINO LOSS 
ROTATIONAL SPEED RPH 1 8 0 s  
MASS FLOW LBH/SEC 379.1503 
MACHINE REYNOLDS NO. 1498Et09 
DISK RE. NO. 2856Et08 
STATOR BLADE RE. NO. 1 133E+O8 
ROTOR BLADE RE. NO. 2255Et08 
STATOR THETA RE. NO. 1669Et05 
ROTOR THETA RE. NO. 3023Et05 
REACTION .6603 

GEOHETRY SPECIFICATION-LENQTH I N  FEET 
ROTOR EXIT  ROTOR INLET STATOR INLET 

DIAHETER 5.1318 4.9977 4 09353 C a = . ~ ~ a ~ r o  U - w w %  
Be HEIOHT .9815 09559  .9439 

ROT OR STAT OR 
PITCH 1 OF06 r 5025 
AXIAL WIDTH .2386 l 3236 
CARPER LINE LENOTH 1.0874 7542  
CHORD LENOTH 1.0874 0.6851 
TRAILINO EDOE THICKNESS 40393 a 0382  
STAGGER ANOLE 1266747 2 8  1868  
INLET ANGLE 30. t3oqa 90 0000 
OUTLET ANQLE 7e9119 15 tQ008 
NO. BLADES 13.0000 23 @ 0000 

RAT 1 0 s  
ASPECT 1 l 1079 r716B 
80L ID ITY  l 9478 l 8502  
RADII48 6175 
BL. HEIOHT/DIAR. 01913 

OAS FLOY ANGLES EXIT  86e3239 UNDER TURNINO 2.4045 
CLEARANCE T I P  a0393 ROTOR HOUSINO a 2053 

VELOCITIES I N  FT/SEC AT MEAN SQUARE DIAHETER OF 402647  FEET 
STATION 3 STATION 2 STATION 1 

ABSOLUTE 74.1818 286 0268  7 4  r 0292 
AXIAL COMPe 7 4  0292 7 4  r 0 2 9 2  
TANGENTIAL conP. 4b7s63 276 . 2009 
RELATIVE 413.3752 14Se8411 
TANGENTIAL COHP. 406.6924 -12Se6554 
PERIPHERAL 4 0 1  09361  

DIRENSIONLESS DESIGN RATIOS 
BLADE JET SPEED RATIO .00#18555 FLOW COEF 0184181 
BLADE LOADINQ COEF e764804 SPEED WORK COEF 1.307524 
SPECIFIC SPEED e880375 SPECIFIC DIAM 3.125036 
EX IT  VELOCITY/SPOUTINO a022269 

CALCULATED EFFICIENCY BASED ON THEORETICAL UORK 
TOTAL TO TOTAL 0929198 TOTAL TO STATIC 0904594 

CALCULATED EFFICIENCY BASED ON SUMHATION OF LOSSES 
TOTAL TO TOTAL r925164 TOTAL TO STATIC .904S81 



'FIVE STAGE 'SINGLE FLOW 

TURBINE DESION FOR ' 2 0 8 0  WEGAYAT T S AMMONIA YORKINO FLUID 

STATE POINTS----- T(F)VP<PSIA)~H(BTU/LRM)PV(CUFT/L~CM)VS(BTU/LBR-F) 
STATION 3 STATION 2 STATION 1 EVAPORATOR 

TEHPERATURE 6 6  0000 6 8  6927 69.9189 70 0000 
STATIC PRESSURE 120.1531 126.0519 128,8103 128.9944 
TOTAL PRESSURE 1 2 0  r 3304 128.7471 128.9944 128.9944 
STATIC ENTHALPY 625.5472 627.9461 629  1080  629. 1218 
TOTAL ENTHALPY 6 2 5  6279 629.1218 629.1218 629.1218 
8P. VOLUME 2 4594 2 3567 2.3120 
ENTROPY 1.2145 l r 2 1 4 0  1.2140 1.2139 
QUALITY e9944 e9981 1.0000 1.0000 
VELOCITY 6207898  62.7898 62.7898 0 . 0000 
VISCOSITY e239E-01 240E-01 0241E-01 

RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 1 2 6  04867 127e0128 
TOTAL ENTHALPY 6 2 5  7709 b 2 5  63708. 

PRESSURERATIO 1.0736 

, SPECIFIC SPEED 130.4387 
SPECIFIC .-DIAMETER 1.2289 
EFFICIENCIES a8836 TURPOGENERATOR 09800  GENERATOR 00100 BEARING LOSS 
HOTATIONALSPEEDRPM 1200. 
MASS FLOW LBM/SEC 783 r1835  

,HeCHINE REYNOLDS NO. 2048E+09 
DISK RE. NO. e2729Et08 
STATOR BLADE RE. NO. .1525Et08 
ROTOR RLADE .RE. NO. r 3517Et08 
STATOR THETA RE. NO. e2238Et05 
ROTOR THETA RE. NO. r 4662EtOS 
REACTION 6855 

GEOMETRY SPECIFICATION-LENGTH I N  FEET 
ROTOR EXIT ROTOR INLET STATOR INLET 

DIARETER 7 2974 701434  . 7.0714 . 
Rr HEIGHT 1.7649 1 r 7277 ,1 e7112 

ROT OR STATOR 
PITCH 1 8244 . 9602  
AXIAL UIDTH ,3665 . 5334 
CAMHER L INE  LENGTH 1 9007 1.2431 
CHORD LENOTH 1 9007 1 r 1294 
TRAILING EOOE THICKNESS e0706 r 0 6 9 1  
STAGGER ANOLE 11.1179 28.1868 
INLET ANOLE 25  06867 90 0000  
OUTLET ANGLE 7 0 0 3 9 s .  1 5  00000 
NO* BLADES 1 0  0 0000 19.0000 

RAT 10s  
ASPECT 1 e0769 r 6 5 3 1  
SOLIDITY .o 9508 r 8502 
RABIUS eS163 
RLI HEIOHT/DIAM. ,2419 

GAS FLOW ANGLES EXIT  81*1215  UNDER TURNINO 2.4737 
CLEARANCE T I P  r 0 7 0 6  ROTOR HOUSINO e2919 

UELOCITIEB I N  FT/SEC AT HEAN'SQUARE DIAMETER OF 5.8072 FEET 
BTATION 3 STATION 2 STATION 1 

ABSOLUTE 6 3  r 5512 242.6010 6 2  r 7898  
AXIAL CORP. 6 2  * 7898  62 7898  
TANQENtXAi €OHPe 90808.5 2 3 4  03346 
RELATIVE 379  9127 144 8604 
TANGENTIAL conP, 3 7 4 , , ~ 8 0  -130,5449 
PER1PHERC)L 364  08796 

DINENSIONLESS DESIGN RATIOS 
BLADE JET SPEED RATIO .a32660 FLOU COEF . 172084 
BLADE LOADING COEF e721166 SPEED UORK COEF 1.386644 
s r t c l ~ l c  SPEED 1.011153 SPECIFIC b f A n  .2.926124 
E X I T  VELOCITY/SPOUfING 0021032 

CALCULATED EFFICIENCY BASED ON THEORETICAL UORK 
TWAL TO TOTAL 0941053, TOTAL TO STATIC e901d81, 

CALCULATED EFFICIENCY BASED ON SUMMATION OF LOSSES 
TOTAL TO TOTAL e921001 TOTAL TO.STATIC e901630 



FIVE STAGE DOUBLE FLOW 

TURBINE DESION FOR 1.40 MEOAUATTS AMMONIA YORKINO FLUID 

ST ATE POINTS----- T<F)rP<PSIA~rH(BTU/LBM)rV(CUFT/L.BM~vS(BTU/LBM-F~ 
STATION 3 STATION 2 STATION 1 EVAPORATOR 

TEMPERATURE 66.0000 68  . 8482 70.0922 7 0  0000 
STATIC PRESSURE 120.1531 126.3990 129 .PO39 128.9944 
TOTAL PRESSURE 120.3399 129.2931 129.4016 
STATIC ENTHALPY 625.4209 627.9628 629.1374 629.1218 
TOTAL ENTHACPY 625 5059 629.2218 629 2218 
SP* VOLUME 2.4588 2.3503 2.3052 
ENTROPY 1.2142 1.2138 1r2137 1 .3139 
OUALITY e9941 .9981 1 *OOOO 
VISCOSITY 0,239E-01 .241E-01 e241E-01 

RELATIVE STATE PROPERTIES 
TOTAL PRESSURE 126.6905 127.3948 
TOTAL ENTHALPY 625.5922 625  . 5922 

PRESSURE RATIO lrO77O 

SPECIFIC SPEED 128.2254 
SPECIFIC -DIAMETER 1.2386 
EFFICIENCIES .8849 TURBOGENERATOR , .9800 OENERATOR rOlOO BEARINO LOSS 
ROTATIONAL SPEED RPM 1800 
MASS FLOU LBMISEC 568.2197 
MACHINE REYNOLDS NO* e1424Et09 
DIBh. RE* N1). 200BEt00 
ST AtOk BLADE RE.. NO. .1034Et08 
ROTOR BLADE RE* NO. 24cJSEt08 
STATOR THETA RE. NO* e1605Et05 
ROT OR THETA RE* NO* r 3435Et05 
REACTION r 6825 

OEOBETRY 8PECfFXCATION-LENOTH I N  FEET 
ROTOR EXIT ROTOR INLET STATOR INLET 

DIAMETER 4 r 9671 4.8563 4.8095 
B. HE~OHT 1.1672 1.1411 1 t 1301 

ROTOR STAT OR 
PITCH 1 r 2488 ..6244 
AXIAL UXDTH r2586 . 3469 
CAMBER LINE LENOTH 1.2986 8084 
CHORD LENOTH 1.2986 .7344 
TRAILINQ EDGE THICKNESS ,0467 -0456 
STAGGER ANQLE 11 4871 28.1868 
TNLET ANBLE 26 t 1833 9 0  r 0000 
OUTLET ANOLE 7 2985 1 5  r 0000 
NO. BLAbLI 1.OnOOOO PO . 9000 

RATIOS 
ASPECT 1.1126 . 6436 
SOL1 DIT Y ..9617 .a502 
RADf US .5300 
RL. HEIGHT/DIAM. .2350 

OAS'FLOW ANOLES EXIT 84.925'1 UNDER TURNINO 2.3944 
CLEARANCE T IP  e0467 ROTOR HOUSINO .r 19B7 

VELOCITIES I N  FT/SEC AT MEAN SQUARE DIABETER OF 3.9751 FEET 
STAT ION "3 STAT ION 2 STATION 1 

ABSOLUTE 65.2336 2 5 1  .OSSl 6 4  . 9778 
AXIAL COMP. 6 4  9778 6 4  9778 
T ANGENTI AL COW t . ' 5 r 7704 242.5006 
RELATIVE 385 19302 147  t 2606 
TANGENTIAL cowr  380.4208 -132.1498 
PERIPHERAL . 374.6504 

DIMENSIONLESS DESIGN RATIOS 
BLADE JET SPEED RATIO .a29629 , n o u  COEF ' . 173434 
BLeDE LOADINO COEF a726444 SPEED UORK COEF 1.376568 
SPECIFIC SPEED 993996 SPECIFIC DIAH . 2 t949089 
EXIT VELOCITY/SPOUTINO . ,020867 

CALCULATED EFFICIENCY BnSED ON THEORETICAL UORK 
TOTAL TO TOTAL r922178 TOTAL TO STATIC r902935 

CALCULATED EFFICIENCY BASED ON SUHfiATION OF LOSSES 
TOTAL TO TOTAL e922142 TOTAL TO STfiTIC 0901900 
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SECTIOK 1 

SUMMARY 

A design and opt imizat ion  s tudy f o r  a 14.4 W e  gross  expander/ 

genera tor  s e t  opera t ing  with ammonia gas a s  t h e  motive f l u i d  f o r  an 

ocean thermal energy conversion process (OTEC) has  been completed. 

The prime considera t ion  i n  t h i s  design s tudy d i c t a t e d  t h a t  the  hardware 

remain wi th in  the  state-of- the-art .  

A b a r r e l  type a x i a l  flow expander (See Figure  9-1) was designed 

t o  opera te  on s a t u r a t e d  ammonia vapor a t  i n l e t  condi t ions  of 128.8 p s i a /  

70°F t o  an exhaust p ressu re  of 89.2 p s i a  w i t h  a weight flow of 825 pounds 

mass per  second.* Var iable  parameters included the  number of s t a g e s ,  the  

opera t ing  speed, t h e  d i s c  base  diameter  and t h e  type of expander. The 

gas p r o p e r t i e s  a s  used f o r  t h i s  expander des ign were q u a 1 i f i e d . b ~  

comparison t o  NBS c i r c u l a r  142 and making minor co r rec t ions  t o  t h e  

f i n a l  r e s u l t s  a s  ind ica ted .  

The expander, which r e s u l t e d  i n  an optimized expanderlgenerator  

s e t ,  was a . f o u r  s t a g e  double flow a x i a l  flow machine d i r e c t  connected t o  

a four-pole synchronous generator  developing 15040 KW a t  13.8 KV f o r  t h e  

above condit ions.  The 640 KW inc rease  i n  power output is  due t o  an 

*TRW presented new mass flow d a t a ,  which is  2.8 percent  l e s s ,  a t  
an August 14, 1978 meeting a t  E l l i o t t  Company. N o  r ev i s ions  
have been made t o  t h i s  r epor t  a s  a r e s u l t  of t h i s  new da ta .  



expander efficiency of 89.6 percent compared to a minimum efficiency 

of 85 percent projected by TRW. 

The blading used for the expander is proprietary state-of-the-art 

high performance blading. Blade stresses and frequencies were checked 

to verify the mechanical integrity before a final decision could be 

made on the staging. 

The proposed control system includes variable nozzles for the 

first expander stage; the variable nozzles provide for increased power 

developed at off-design conditions compared to fixed nozzles. 

The safe handling and containing of ammonia vapor was critically 

important in determining the mechanical design. Special attention was 

given to joint leakage and shaft seals to provide.psoitive sealing. 

Operation with ammonia vapor as the motive fluid requires that 

materials which are not susceptible to stress corrosion cracking be used 

in the expander construction. 



SECTION 2 

INTRODUCTION 

The purpose of this study is to present a manufacturable ammonia 

expander/generator set with optimized performance based on nominal con- 

ditions provided by TRW, Inc. These and the maximum and minimum extremes 

to be accommodated by the expander are shown in Table 2 - 1. 

TABLE :2 - 1 
TURBINE - INLET AND OUTLET CONDITIONS*** 

Inlet Conditions (Total) 

Ammonia Mass Flow, lb/sec 
Ammonia Temperature, OF 
Ammonia Pressure, psia 
Ammonia Quality, X* , 

Ammonia Vol. Flow, acfs ** 
Outlet Conditions (Total) 

; 

Axurnonia Temperature-, ' OF 
Ammonia Pressure, psia 

* Saturated Conditions . 

** Estimated Assuming 100%. Vapor 

Minimum 
Flow 

("Wintertt ) 

*** TRW presented new mass flow data, which is 2.8 percent 
less, at an August 14, 1978 meeting at ~lliott Company. 
No revisions have been made to this report as a result 

. . of this new data*. 

Nominal 
Flow 

Maximum 
Flow 

("Summer") 



The approval to proceed with the study was given by TRW on June 

12, 1978 and the'work was completed on the designated date of August 25, 

1978. Included in the study were five main areas of concern, namely; 

expander aerodynamic analysis, mechanical analysis, generator design, 

controls and the lube system. 

The properties of the motive fluid, anhydrous ammonia vapor, were 

specified to be per National Bureau of Stacdards Circular No. 142, Tables 

of Thermodynamic Properties of Ammonia (1942); the ammonia is to be con- 

tinuously filtered through a 40 micron filter and have the water'content 

maintained below 10 parts-per million. . , 

Sea state six and sea state nine (non-operational at this condition) 

were considered for the design of the equipment as specified for this 

marine application. 

The generator design information'was supplied by Brawn Boveri 

Corporation, North Brunswick, New Jersey. 

Definitions of various symbols and terms used in this report 

can be found in Appendix B. 



SECTION 3 

GAS PROPERTIES AND CALCULATION METHOD 

GAS PROPERTIES 

The Elliott Company uses a modified Benedict-Webb-Rubin. (BWR) 

equation of state for real gas calculations. The requirements for this 

project specified the gas properties to be used as those defined by NBS 

circular 142. Therefore, a comparison of the two sources of gas properties 

must be made to insure the accuracy of our thermodynamic calculations. 

Table 3 - 1 shows three upstream themodynamic state points, which were 
chosen from NBS circular 142 to be as close to the actual performance 

points as possible without requiring any interpolation. The table also 

includes for each upstream point an iseotropic downs Cream point, which 

was selected from circular 142 for the same reasons as were the upstream 

points. The comparison at these upstream and downstream conditions in- 

cludes specific volume, quality, and available 'energy. 

For the upstream points saturation values df temperature and volume 

are given for each pressure.. No appreciable difference exists between the 

BWR and circular-1.42 values of saturation temperature. The downstream 

points give values for quality and volume. .Notice that the difference 

in quality is practically zero. The absolute levels of enthalpy are not 



particularly important here, but the available energy or isentropic 

heat drop is important. Tabe 3 - 1 contains a comparison of the avail- 
able energy for each of the three points considered, with the difference 

being on the order of one percent. The BWR equation calculates the 

higher available energy values as well as higher specific volumes, by 

about one and one half percent. We have adjusted all of our calculations 

to conform to NBS circular 142. 

The design point performance and performance maps were calculated 

on Elliott Company's Multistage Performance Program, which has been de- 

veloped during the past five years. The program is a modified pitch 

line analysis based on the Ainley and Mathieson (I)* loss method with 

many of the improvements as proposed by Dunham and Came (2). In 

addition, a number of proprietary improvements have been incorporated 

by Elliott Company. 

Tht Multistage Petfotmance Program calculates Ll~e Lurbine 

thermodynamic conditions at specific stations within the turbine for 

a given geometry on the basis of mass flow continuity. The thermo- 

dynamic analysis uses only pressure, enthalpy, and specif ic  volume 

. . 

t~kbers in parentheses refer t o  seforences listed in Appcnd'ix 
A. 



at each station. The calculations between stations are made.from 

calculated efficiencies and enthalpy differences. The method of cal- 

culation requires more computer time than the conventional pressure 

temperature ideal gas law type performance calculation. However, it 

has the advantage of being completely independent of gas moisture 

level, utilizing an equilibrium gas.property. calculation. The gas 

properties are calculated with a modified Benedict-Webb-Rubin equation 

of state. 

The Ainley and Mathieson loss method develops'the losses on the 

basis of a pressure loss coefficient, Y, which is defined as the loss 

of total head pressure divided by the blade exit velocity pressure 

head. The blade row pressure loss coefficient is the sum of profile, 

secondary and blade leakage pressure loss coefficients. In addition, 

if the rotating blades are not shrouded it is typical turbine practice 

to lash the blades together with either. zigzag lashing pins or' lashing 

wires, which present a flow path restriction and, therefore, a per- 

formance loss. The lashing pressure loss coefficient is calculated 

for unshrouded rotating blade rows and then added.to the total pressure 

loss coefficient for that row. The profile loss is due to skin friction 

over the blade surface and blade incidence angle at blade inlet. The 

incidence loss used in the calculation of profile loss is the average 

incidence loss considering the base, mean, and tip incidence. The 

secondary loss includes both the annulus endwall friction losses and 

losses due to turning of the flow within the blade passage. The 



c a l c u l a t i o n  of both p r o f i l e  and secondary l o s s e s  c lose ly  follow the  

procedures a s  o u t l i n e d  i n  re fe rences  1 and 2. Blade leakage l o s s  is 

t h e  l o s s  a ssoc ia ted  wi th  flow through t h e  diaphragm s h a f t  packing i n  

t h e  case  of a s t a t i o n a r y  b lade  o r  over t h e  r o t a t i n g  shroud o r  blade 

t i p s  f o r  a r o t a t i n g  blade  row. The c a l c u l a t i o n  of blade leakage l o s s  

c l o s e l y  fo l lows t h e  method ou t l ined  ' in  r e fe rence  2. '1n add i t ion ,  the 

r o t a t i n g  blade  t i p  leakage l o s s  has been modified t o  account f o r  the  

b lade  t i p  s t a t i c  p ressure  drop. 

Af te r  the  above l o s s e s  a r e  ca lcu la ted ,  the  t o t a l  p ressure  l o s s  

c o e f f i c i e n t  is  converted t o  a blade  e f f i c iency .  The blade  e f f i c i e n c y  

is cor rec ted  f o r  moisture l o s s  depending on the  mean.moisture content 

of the b lade  row. The a c t u a l  moisture l o s s  f a c t o r  is an input  and i s  

considered t o  be t h e  percent  decrease i n  e f f i c i e n c y  per  percent  of 

mean blade  row moisture a s  suggested i n  re fe rence  3. The i n l e t  con- 

d i t i o n s  ahead of each blade row a r e  then ca lcu la ted  from the  f i n a l  

b lade  row e f f i c i e n c y  and s t a g e  mass flow. 

The d i s c  f r i c t i o n  and shroud f r i c t i o n  l o s s e s  are ca lcu la ted  

with s tandard  E l l i o t t  equations,  and these  l o s s e s  a r e  added t o  t h e  

s t a g e  e x i t  enthalpy.  This f i n a l  s t a g e  e x i t  enthalpy is  used i n  t h e  

c a l c u l a t i o n  of s t a g e  work output .  

The p ressure  carryover between s t ages  is ca lcu la ted  according 

t o  t h e  method a s  suggested i n  re fe rence  3. 



Turbine i n l e t  l o s s e s  are input as  a fract ion of turbine i n l e t  

pressure. The turbine exhaust l o s s e s  and the e f f e c t  of the d i f fuser  

on exhaust l o s s e s  are input a s  a fract ion of l a s t  stage rotor blade 

e x i t  v e l o c i t y  heads. The overal l  turbine e f f i c i e n c y  includes i n l e t ,  

exhaust, bearing and s e a l  losses .  



SOURCE 

7 
I POINT 1 ( Nominal) 
W 
m NBS CIRCULAR 142 

BWR 
DIFFERENCE ( X )  

POINT 2 (Max.) 
NBS CIRCULAR 142 
BWR 
DIFFERENCE (%) 

TABLE 3 - 1 
COMPARISO& OF NBS CIRCULAR AND BENEDICT-WEBB-RIJBIN 

'EQUATION OF STATE FOR AMMONIA 

POINT 3 (Mini) 
NBS CIRCULAR 142 
BWR 
DIFFERENCE (2) 

ISENTROPIC 
DOWNSTIUY CONDITION 

P v 
PSIA QUALITY . ft'llbm 

AVAI IABLB 
ENERGY 

AH, : 
Bl'U / lbm 



TABLE 3 -..2 

EXPANDER THERMODYNAMIC CONDITIONS 

Minimum Nominal Maximum 
Flow Flow Flow 

(Winter) (Summer) , 

Inlet Conditions (Total) 

Pressure, ps ia 

Enthalpy, B~lJ/lb 

Temperature, O F  

Quality,. % 

Outlet Conditions (Total) 

Pressure, psia 

Enthalpy, B T U / ~ ~  

Temperature, O F  

Quality, % 

Expander Mass F l o w ,  lb/sec. 

Isentropic Heat Drop, BTU/lb 

Total To Static Efficiency, % 



SECTION 4 

W A N D E R  AERODYNAMIC DESIGN 

The purpose of the aerodynamic design study is to define the 

optimum expander design for the specified nominal conditions, and then 

to determine the expander performance characteristics over the entire 

seasonal operating range. 

The primary consideration in the aerodynamic design of the 

expander was to achieve an optimum performance level with manufacturable 

state-of-the-art technology. Therefore, the aerodynamic design and 

the mechanical design cannot be separated. The ffrst step in the 

design optimization process involves special blades, hereafter re- 

ferred to as idealized blades, which do not take into account manu- 

facturability. The second step in the optimization process incorporates 

proven airfoil designs. 'In this way, a manufacturable state-of-the- 

art design is assured, while still being optimized on the basis of 

idealized blades. Finally, the resulting real blade design is com- 

pared to several special cases, including single flow and radial i n f l w  

designs. 



The use of the idealized blades will give the optimum theoretical 

IB design possible. These idealized blades consist of stator blades with 

12' blade exit angles at their mean diameters and rotor blades with 

15' blade exit angles at their mean diameters. These are considered 

the minimum possible angles for axial flow turbine blades using state- 

of-the-art technology. They are also predominantly found on blades 

having much lower LID ratios than those examined in this study. These 

low angles, however unrealistic for the long blade lengths required, 

will give a high theoretical performance. These small angles 

will compel the use of longer blades, thereby maximizing LID ratios. 

This will have the tendency to raise the stage velocity ratios by 

raising the mean blade speed, U, in the term U/Co. For a design having 

.' fewer stages.than the optimum number, this has a tendency to increase 

the stage'velocity ratio toward the value,where maximum efficiency.'. 

occurs (in our case; approximately 0.65) :  The purpose of using the 

idealized blades is clearly seen in this light, that is, to create an 

optimum theoretical design with the fewest number of stages. 

As ment.ioned before, however, the desired end result is a 

manufacturable aerodynamic design. The above analysis will not supply 

that, since its aerodynamics have been idealized and removed from real 

world considerations.. To alleviate this problem, the design optimization 

analysis includes a more limited, but similar study involving actual 

turbine blades of the type envisioned for the final expander. The 

most promising designs obtained from the ideal blade study have been 



reanalyzed~on ,the basis of actual blades. For the actual blade study 

the base diameters were chosen to provide optimum performance at.a 

synchronous speed. Thisi -is in contrast to the idealized blade opti- 

mization study, in which the base diameters were chosen to provide a 

wide enough range to produce a clear favorite. From this study, an 

optimum design can be chosen which gives the best choice for,base 

diameter and number of stages. . . 

The idealized and real blade designs have been analyzed at the 

nominal design point conditions, and the results have been presented 

in the form of normalized efficiency versus velocity ratio curves. 

Since the overall isentropic heat drop is fixed by the design point, 

as is the mass flow, the velocity ratio was varied by changing the 

shaft speed of the design. Constant speed lines are shown on the 

figures. In the course of changing speeds with a3constant mass flow 

and isenttopic heat drop, blade heights also vary along these velocity 

ratio curves. 

Several restrictions have been set on the analyses described 

previously. Among these is the condition that only double flow axial 

designs be considered. Radial inflow expanders will be discussed 

after the double flow axial units have been analyzed, as will single 

flow designs. The rationale for initially excluding single flow de- 

signs is based on fact that such designs are hampered by high thrust 

bearing losses. Two single flow designs are included in this study, 

F-40 



so as not to rule them out on the basis bf'high thrust loads alene. 

It was felt that this disadvantage would limit the possibilities 

enough to enable a shorter discussion to suffice. 

After the optimized, design is achieved, it is analyzed over 

the entire range of operating conditions given, so that a detailed 
' 

performance map can be made. This map encompasses the effects of 

variable nozzles over the entire seasonal range. Variable nozzles, 

diffuser design, and moisture loss are all discussed in later parts 

of section 4. 

DESIGN OPTIMIZATION 

To optimize the final design, two'types of blading are analyzed. 

The first type is an. idealized selection, based on what is considered 
' 

state-of-the-art minimum gauging angles possible for any blades ; 12O 

for the stator blades and 15" for the rotor blades. These extremely 

low gauging angles are predominantly used in constant section blading. 

The second type of blading represents the actual blading chosen for 

this machine, a modified f ree-vortex design with stator mean gauging 

angles of 17 to 19 degrees and rotating'blade mean gauging angles of 

18 to 20 degrees. Limitations, placed on the idealized blades included 

a maximum LID ratio of 0.33, which has been sham from experience to 

be a practical limit. An LID ratio of 0.290 is the limit for the actual 

blades chosen, which represents the practical twist limit for this modified 

free vortex design. Higher LID ratios are possible at the expense of 



increasing pitch line gauging angles. All calculations were made 

using nominal design point 'data. 

Figures 4 - 1 through 4 - 5 show normalized efficiencies versus 

velocity ratio for the idealized blades. Each plot was drawn for a 

specific number of stages, with base diameter and speed being varied 

on each plot. Also shown is a line representing constant machine 

speed which indicates the peak base diameter for the shaft speed. 

The constant speed lines shown correspond to synchronous generator 

Bpeeds. Predictably, overall peak performance increases with the 

number of stages and with decreasing base diameters. The latter phe- 

nomenon is caused by increasing L/D ratios, which are given in Figure 

4 - 6 for the designs represented by the first five figures. The ef- 

, , 

. ficiencies were calculated regardless of LID ratio, so that the curve 

of maximum L I D  ratios must be checked for each of the first five 

figures. Some or most of those designs shown may violate LID restrictions. 

Figure 4 - 1 shows all one stage designs using the idealized 
.blades. Four base.diameters are included on the plot. Figure 4 - 6 
shows chat for one stage designs,, the minimum base diameter that allows 

a reasonable L/D ratio is 22 inches. The constant speed line of 3600 

RPM shows the best base diameter is 31 inches with a normalized effi- 

ciency of .955.  The next, Figure 4 - 2, shows the two stage designs 
peaking at or below a 24 inch base diameter for 3600 RPM. However, 

this point represents an L/D ratio over 0.45. For L/D ratios below 



the 0.33 limit, either the 31 inch base diameter design running at 

, , 

3600 RPM or the 38 inch base diameter design running at 1800 RPM ' 

are the best. If gears are considered, the 31 inch base diameter 

design yields the highest normalized efficiency. 

Three stage designs are limited to a minimum base diameter of 

29 inches by L/D ratios which, in turn, means that the best efficiency 

for a three stage design is between a 31 inch or a 38 inch base diam- 

. . 
eter, running at 1800 RPM. The peak efficiency will be about 99% of 

the four stage efficiency. The four stage designs shown in Figure 
. . 

4 - 4 are limited to a 31 inch base diameter by L/D ratio. Any higher 

efficiency in a four stage design must be obtained with an LID ratio 
I I 

higher than 0.33. Five stage designs are limited to the two largest . .  

base diameters, with the 31 inch base diameter producing an L/D ratio. 

of just over .35. With either of the 38 or 47.5 inch base diameter 

designs, peak efficiencies at synchronous speed are slightly less'than 

the peak four stage efficiency. 

In most of these cases either 1800 RPM or 3600 RPM give the best 

results, since gears are required otherwise, and gears usually mean a 

two percent efficiency penalty. The first five figures show that with 

these idealized blades, the highest efficiency can be obtained with a 

four stage design. The optimum base diameter appears to be near 31 

inches, but this finding must be verified by generating efficiency 

curves of the actual blades under consideration. Figures 4 - 7 t h k  
4 - 11 are normalized efficiency verslvs velocity ratio curves for the 



actual blades. Only three, four, and five stages have been considered 

on more than one base diameter, while one through five stages have 

been analyzed on a 31 inch base diameter. A plot of maximum LID ratio 

versus base diameter is shown on Figure 4 - 11, with the .290 LID 

limit previously discussed. 

The question naturally arises as to,why the idealized blades with 

their small gaugin8 angles are not used instead of the modified free- 

vortex blades chosen. The answer lies in the nature of the free- 

vortex tapered and twisted idealized blade. This type of blading pro- 

duces a nearly uniform radial distribution of mass flow with the stage 

reaction increasing from base to tip. . Therefore, with increasing L/D 

ratio and constant mean reaction (constant mean'exit angle), the re- 

action at the base of the vane will decrease.and become negative, re- 

sulting in severe degradation of blade row efficiency. In addition, 

mechanical considerations dictate the use of zigzag lashing for very 

high LID ratio blades rather than shrouds, resulting in additional 
degradation of performance. The above,problems may be avoided by un- 

twisting the blade. sections, but this leads to other performance 

problems, such as mass flow imbalances in the radial direction. These 

idealized blades are in reality not desirable, but the point of in- 

cluding them in the optimization study was to favor the highest possible 

LID ratios wlth the lowest possible gauging angles. ' In this way, an 

idealized. design with the fewest rider of stages .is found and is then 
used as a starting point for a'real blade study. 



I The g e n e r a l  t r e n d  of t h e  i d e a l i z e d  b l ade  s tudy  is t h a t  e f f i c i e n c y  

i n c r e a s e s  w i th  i n c r e a s i n g  number of s t a g e s .  

F igure  4 - .7 shows t h r e e  s t a g e  des igns  us ing  r e a l  b l ades .  The 

t h r e e  base  d iameters  are 27 inches ,  31  inches ,  and 40 inches .  The 

l a t t e r  base d iameter  maximizes t h e  t h r e e  s t a g e  des ign  e f f i c i e n c y  a t  

1800 RPM. ,Higher peak e f f i c i e n c i e s  can be obta ined  by going t o  h ighe r  

s h a f t  speeds and sma l l e r  base diameters .  In t h i s  even t ,  a gear  would 

be used and a two pe rcen t  l o s s  would be  incur red .  S ince  t h e  improve- 

ment is n o t  two p e r c e n t ,  t h e  b e s t  performance can b e  obta ined  from t h e  

40 inch  base  d iameter  design.  This  p a r t i c u l a r  des ign  has  much lower 

e f f . i c iency  compared t o  t h e  fou r  and f i v e  s t a g e  des igns  because of de- 

c r eas ing  LID' r a t i o s .  Th i s  peak normalized e f f i c i e n c y  is  .978, which b 

means t h i s  des ign  w i l l  produce 2.2 percent  l e s s  power than  t h e  f o u r  

s t a g e  design;  This works ou t  t o  be approximately 330 Ki lowat t s .  The 

330 KW, valued a t  $330,000*, can be  obta ined  by .adding  a  f o u r t h  s t a g e  . *  

a t  t h e  c o s t  o f , app rox ima te ly  $100,000. For t h i s  reason ,  t h e  t h r e e  

s t a g e  des ign  can be discounted.  The a n a l y s i s  wi th  t h e  i d e a l i z e d  b l ades  

ag rees  w i t h  t h e  a n a l y s i s  of t h e  a c t u a l  b l ades ,  i n  t h a t  bo th  show t h a t  

four  s t a g e s  arc t h e  minimum number necessary f o r  peak operar fon .  

. *Power is eva lua t ed  a t  $1000 per KW a s  per  TRW on J u l y  7; 

1978, Equipment . p r i c e s  a r e  based'.on c u r r e n t  c o s t  l e v e l s .  



The next Figure.4 - 8 shows four stage, double flow designs 
on three different base diameters. The smallest base diameter peaks 

at the highest efficiency, but at a speed other than 1800 RPM or 

3600 RPM. The 31 inch base diameter design is at the peak effi,ciency 

for 1800 RPM operation. No other synchronous speeds are in the proper 

range to appear on these velocity ratio curves. Figure 4 - 9 presents 
similar information for five stage designs, with the 27 inch base 

diameter giving the highest efficiency for 1800 RPM operation although 

it exceeds the LID limits. Figure 4 - 10 is. a plot of normalized ef- 
. . ficiency versus velocity ratio for all of the 31 inch base diameter 

designs. 

A five stage, double flow design does offer better performance 

than a four stage design, but caution must be exercised about the 

value of this small improvement. The 27 inch base diameter design 

peaks at nearly one percent better in performance, at the same shaft 

speed as the four stage design. But from our LID curve, we can see 

chef this design has blades that violate LID limits, making this de- 

sign unfeasible. The 31 inch base diameter design is also better 

than the four stags design, but there are two problems here, the 

first concerning LID ratios. The maximum LID ratio for the five 

stage design on a 31 inch base diameter is slightly higher than the 

accepted limit for this blade. This would necessitate a redesign of 

the blade to be used in this application. The second problem con- 

cerns practicality. The five stage design is about three-tenths of 



one percent better in efficiency, amounting to about 50 KW. If the 

price of this power is $1000 per KW, then $50,000 could be saved by 

going to five stages. But the cost of adding a fifth stage to both 

ends of the double flow design would cost approximately $100,000, 

making the five stage design cost inefficient. Critical speed problems 

can also be avoided by keeping bearing spans to a minimum, which also 

favors a four stage over a five stage design. 

As a result of the first eleven figures in this section, several 

conclusions can be made. First, four stages are the minimum number of 

stages to provide peak efficiency. Second, a 31 inch base diameter 

provides the best efficiency for a four stage, double flow design 

when operating at 1800 RPM and when limited to the blade profile L/D 

limit shown on Figure 4 - 11. Another conclusion is that a five stage 

design yields better efficiency, but when the constraints of this sys- 

tem are applied (L/D ratios, 1800 RPM speed, using a gear for nonsyn- 

chronous operation) the gain is marginal. The gain is so small that 

the cost of adding the fifth stage would be higher than the benefit 

of the additional power. Critical speed 'problems will be created by 

stretching the ehaft to accommodate the fifth stage. 

So far we.have only considered double flow designs, since they 

eliminate any high thrust bearing losses. Bearings for single flow 

designs can be quite large since it is accepted practice not to load 

thrust bearings over 250 psi, and preferably to keep the loading below 
. . 

200 p o i .  



Figure  4 - 12  compares a  double flow and a s i n g l e  f low.des ign 

f o r  the  10  MW n e t  system. The s i n g l e  flow design i s  under some system 

c o n s t r a i n t s  which l i m i t  i t s  e f f i c i e n c y  t o  1:6 percent  l e s s  than t h e  

double flow. The t h r u s t  bear ing  produces a l a r g e  l o s s ,  b u t  another  

l o s s  is  in t roduced by having t o  run a t  a.synchronous speed of 1200 

RPM. I n  peaking t h e  v e l o c i t y  r a t i o  of the  s i n g l e  flow design f o r  

1200 RPM opera t ion ,  t h e  base diameter has been increased and LID r a t i o s  

have gone down. This  a l s o  c o n t r i b u t e s  t o  t h e  lower e f f i c i ency .  Mea- 

sures could be taken t o  reduce t h e  t h r u s t  loading,  such a s  balance 

h o l e s ,  bu t  an added performance penal ty  would r e s u l t .  

Also considered is a s i n g l e  s t a g e ,  s i n g l e  flow design,  the  

r e s u l t s  being shown on Figure 4 - 13. This design concept uses  the  

i d e a l i z e d  b lades  previous ly  d iscussed f o r  comparative purposes. An 

important p a r t  of a  s i n g l e  s t a g e ,  s i n g l e  flow design is  the  d i f f u s e r ,  

which is t h e  only means of recovering some of the  s u b s t a n t i a l  amount of 

exhaust  k i n e t i c  energy t h a t  would otherwise be wasted. For t h i s  reason,  

e f f i c i e n c y  curves f o r  a  range of d i f f u s e r  pressure  recovery f a c t o r s  

have been included i n  Figure 4 - 13. The h ighes t  v a l u e  f o r  t h e  pres- 

s u r e  recovery f a c t o r ,  0.7, i s  based on the  maximum a r e a  r a t i o  poss ib le ,  

t h a t  is ,  t h e  d i f f u s e r  e x i t  a r e a  is i d e n t i c a l  t o  t h e  126 inch diameter 

condenser i n l e t  f l a n g e  area .  This a r e a  r a t i o  produces a d i f f u s e r  length  

well over 40 f e e t  f o r  the  optimum recovery f a c t o r  (11). With this type 

of d i f f u s e r ,  an overhung design would be necessary, wi th  the  bearing 

compartment being d e s i g n e d ' i n t o  t h e  i n l e t  ' s ide of t h e  expander. The 



probability of obtaining a pressure recovery factor of 0.7 is co'nsidered 

b 
to be very small, even with such a design. 

As noted on Figure 4 - 13, the base diameter is 31 inches, which 
produces an L/D ratio %of 0.33. Since it is considered impossible to suc- 

cessfully. use a shroud with the LID ratio. being so high, these efficiency 

curves reflect this difference between the four-stage, double flow and 

the one-stage, single flow designs. The normalized efficiency of the 

one-stage, single flow design is more than two percent lower than pre- 

ferred design, indicating that additional stages do a better job of 

converting energy to power than a diffuser. Other disadvantages of 

the one one-stage, single-flow design include the difficult inlet case 

design and the requirement of more exotic blade materials to handle the.. 

higher stresses. 

The final topic under consideration in the optimization study 

is that of using radial inflow expanders. Many different types of sys- 

tems for radial inflow expanders are possible, but state-of-the-art 

technology limits the choices to one. No wheel diameter over 52 inches 

was chosen, since this is approximately the largest radial inflow wheel 

size now being considered. Because of the low available heat energy, 

only single stage designs were chosen. For the nominal conditions 

given, a synchronous speed of 3600 RPM gives the best range of velocity 

ratios for the wheel diameters studied. The.only design choice left 

undecided at this point is the number of ways the flow must be divided.. 



46 inch wheel running at 3600 RPM may be designed for one-fourth 

of the total mass flow. For one-half the total mass flow, the inlet 

blade heights get large, and the exducer outside diameter approaches 

the wheel tip diameter. This results in an impractical design for 

high efficiency. Considering these facts, four-flow, single stage 

radial inflow expanders of various wheel diameters and running at 

various speeds were analyzed. Minimum angles were assumed at stator 

and rotor exits to maximize efficiency. The results are shown in 

Figure 4 - 14.. Notice that the 46 inch wheel produces the peak effi- 

ciency for synchronous operation, and that this point Is less than 

2 percent lowei than the peak efficiency for nonsynchronous operation, 

making a gear-driven generator unattractive. All performance levels 

are considerably lower than those obtained with the optimum axial flow 

designs. Therefore, a radial-inflow design is undesirable for this 

application, 

PERFORMANCE MAPS 

The TRW/OTEC auunonia expander performance maps were d~ve1npe.d 

in the form of a four step nomograph of a type agreed t o  by both TRW 

and Elliott Company. These performance maps will.give the generator 

output in megawatts (MU) from the following three known quantities: 

expander inlet pressure,. exhaust.pressure; and mass'flow. The ex- 

pander inlet conditions are fixed at the saturation line in a l l  cases,. 

In addition, the performance maps incorporate the effects of variable 

first stage stator blades. 



The perforamcne maps consist of Figures 4 - 15 through 4 - 18; 
in addition, Figures 4 - 19 through 4 - 22 represent Figure 4 - 16 on 
an expanded scale to facilitate greater accuracy. 

The purpose of Figure 4 - 15 is to correct the actual expander 
mass flow to a flow with an exhaust pressure of 89.2 psia. 

Figure.4 - 16 is a plot of corrected output in Kd for an expandar 

with an exhaust pressure of 89.2 psia plotted against mass' flow. 

The output found from Figure 4 - 16 can be corrected to any 
exhaust pressure using Figule4 - 17. This figure corrects output for 

exhaust pressure, and includes the effect of expander efficiency, and 

generator efficiency. 

A generator with improved performance was located at the time 

of final writing of this report and after the performance maps were 

developed. Therefore, Figure 4 - 18 has"been added to correct to the 
new generator efficiency level. 

The procedure for finding the generator output from the expander 

ma'ss flow, inlet pressure, and exhaust pressure is as follows: 

1) Enter Figure 4 - 15 at the actual exhausr pressure 
and inlet pressure to determine the flow correction 

factor. 



2) Divide the actual flow by ,the flow correction factor 

found in step 1. 

3) Using the corrected mass flow found in step 2,'determine 

the corrected output for the exhaust pressure of 89.2 

psia from Figure 4 - 16. 
4) Enter Figum 4 - 17 at the actual exhaust pressure and 

inlet pressure to determine the generator output 

correction factor. 

5 )  Multiply the generator output found in step 3 by the 

correction factor found in step 4 to determine  the^ 
corrected output. 

6 )  Enter Figure 4 - 18 at the corrected output 'found in 
step 5 to determine the generator efficiency correction 

factor. 

7) Multiply the generator output found in step 5 by the 

generator efficiency correction factor found in step 

6.to determine the net generator output for the 

actual operaeing conditions. 

The performance levels obtained from these maps include the 

following losses: 

1) An iniet loss ,of 1.4 inlet flange velocity heads. The 

nominal inlet flange velocity is 103 feet per second. 

2) An exhaust loss of 0.8 last stage blade exit velocity 

heads. The nominal exhaust flange velocity is 55 

feet per second. 



3) ,Expander bearing and seal .losses .of, 55.2 KW. 

. BLADE PATH DESIGN 

The four stage double flow TRW~OTEC ammonia expander was designed 

for optimum performance at the specified nominal conditions, which in- 

sures the maximum expander performance over the entire operating range. 

The maximum perfornkince change 'of 0.16 percent occurs between nominal 

(spring, fall) and summer conditions as shown in Figure 4 - 23. .The 

final expander design has shrouded'rotor blades for optimum performance 

resulting in an expander design point flange-to-flange efficiency of 

89.60 percent. The generator efficiency at the design point conditions 

is 97.03 percent, resulting in an overall.expander/generator efficiency . 

of 86.94 percent with a generator output of 15040 KW. 

The proposed expander utilizes modified free-vortex blading on 

a 31 inch base diameter. Both stator blades and rotor blades are a 

tapered and twisted design so that they are properly optimized along 

the entire blade height. The blade heights ranges from 10.2 inches 

for the first row stator to 12.3 inches for the fourth row rotor blade. 

The blading is a reaction type where the average reaction ranges from 
\ 

3 percent at the base to 63 percent at the tip. A blade path cross 

section is shown in Figure 9.- 2. The diameters, axial widths, and 

gauging angles for each stage are given in Table 9 - 1. Velocity 

triangles, shown 'on Figures 4 '  - 24 through 4 - 27, are presented' ior 

the nominal conditions.at the base, mean, and tip sections for each 

of the four stages. 



It is preferred to use shrouded rotor blades with two 0.03 

inch radial clearance tip seals to minimize rotor blade tip leakage 

and maximize performance. However, the use of shrouded blades in an 

ammonia atmosphere is still under investigation. If the use of shrouds 

are ruled out due to material problems, then zigzag lashing pins must 

be used to lash the blades, reducing the performance by 1.4 percent. 

Stator blade leakage along the shaft will be minimized with 

labyrinth diaphragm seals. Each diaphragm seal will contain eight 

straight teeth with 0.63 radial 'clearance. 

VARIABLE NOZZLE 

As mentioned earlier,, the perforamnce map calculations have. 

been made with the assumption that variable first stage nozzles would 

be incorporated into the final design. In this section the net power 

gain from the variable nozzles will be compared to their additional 

cost. To determine the net power gained, the machine design with 

the nominal point first stage nozzle angle was analyzed at the mini- 

mum and maximum flow points. Without variable nozzles, an inlet 

pressure lower than 122.1 psia is necessary to maintain the mass flow 

for the.minimum condition, resulting in a lower value of pressure 

energy available to the expander. At the maximum condition, however, 

a nonvariable nozzle means that a small percentage of the mass flow 

must be bypassed which, in turn, means that less mass flaw is avail- 

able to produce power. In both cases in which nonvariable. nozzles 



are used, less .power is pr~duced~than a comparable case in which 
. . 

variable nozzles are used. In neibher case, however ,' is the change 

ia power directly attrtbutable to a-significant change in expander 

efficiency. The net power gained by using variable nozzles is 150 

KW at the minimum point and 252 KW.at the maximum point. 

The variation from maximum to nominal to minimum flow conditions 

is essentially a 360 degree sine wave. To determine the average values 

of net power gained, the sine.wave must be integrated and then substi- 

tuted by a rectangle of 'equal area. This rectangle will have a height 
. . 

of .637 relative to a sine wave height of 1.0. The average value of 

net power gained for each part of the sine wave variation in conditions 

(each 180 degrees) is obtained by multiplying the maximum and minimum 

flow condition values of net power gained by -637. This yields average 

values of 96 KW for the minimum part of the cycle and 160 KW for the 

maximum part of the cycle. The arithmetic average gives the overall 

cycle average value of net power gained by using variable nozzles. 

This value is 128 KW. At $1000 per KW, this gives a savings of.$128,000 

gained by using variable nozzles. Since the cost is roughly $55,000 

for both sides of the double flow inachine, the variable nbizles will 

save money over the life of the machine, in addition to providing 

better control over the unit as outlined in Section 7. 

Variable nozzles also provide for better matching of the anmonia 

'expander cycle to 'particular site conditions, as well as enable one 



expander design to be,employed at a variety of locations. . , . 

I \  

Since efficiency is almost constant over the entire range of 

operating conditions with one: set o6 variable nozzles, the use of 

variable nozzles in more than one stage will not increase efficiency. 

Additional complexity of construction and cost are not considered 

worthwhile. 

DIFFUSER DESIGN 

The expander last stage exhaust diffuser is designed for an 

exit to inlet area ratio of 1.61, and has an exit pressure recovery 

factor of 0.315. Combining both pressure loss in the exhaust diffuser 

and pressure loss between diffuser exit and the turbine exhaust flange, 

an estimated 0.8 fourth stage blade exit velocity heads are lost within 

the expander exhaust hood. Figure 4 - 28 shows a plot of normalized 
expander efficiency versus. exhaust diffuser pressure recovery factor. 

The exhaust diffuser design is optimum from a standpoint of 

its aerodynainic performance versus its effects on expander costs. 

Increasing the diffusdr from the present mean radiuk df 24 'inches 

to 36 inches will improve nominal expander output by 0.675 percent 

yielding an additional 11.3 KW. To obtain the additional output, 

the bearing span and casing diameter will have to be increased ap- 
r 

proximately 24 inches at an estimated increase in expander cost of 

$115,000. The increase in expander output is only worth $11,300 



evaluated at ,$1000',per KW. Therefore,. use, of' 'an improved exhaust. 

diffuser is not cost effective. 

. .  , , - . . - .  

The exhaust flange velocity, averaging 55 feet per second, will 

not have a uniform velocity profile at the exhaust flange. Some of the 

pressure calculated to be lost within the exhaust hood, in our perfor- 

mance studies, may be recovered by development of a uniform velocity 

profile. In addition, a uniform velocity profile is necessary to in- 

sure minimum loss in downstream elbows or transitions. It should be 

emphasized that the performance levels quoted in this report are with- 

out pressure recovery, and that pressure recovery may slightly improve 

performance levels. 

To develop a uniform exhaust velocity profile it is recommended 

that a minimum of six expander flange pipe diameters of straight pipe 

be utilized between exhaust flange and the first.pipe elbow or tran-. 

sit ion. This will insure maximum expander exhaust pressure recovery,. 

in addition,to minimizing pressure loss in'downstream elbows or tran- 

sitions. If it is necessary to elbow the exhaust pipe before the 

deve1opmen.t of a uniform velocity head then,corner vanes should be 

used in the pipe. 
. .. 

None of the velocity head lost within the exhaust hood will be 

recovered by the transition from the 94 inch inside diameter exhaust 

flange to the 126 inch inside diameter plant condensate pipe. In 



addition, care should be exercised in the design of the transition so 

that a minimum pressure loss occurs. The pressure loss can be kept 

to  a reasonable value by having a smooth transition which is a minimum 

of five pipe diameters in length (11). 

MOISTURE LOSS 

A moisture loss factor of one percent for each percent of mean 

blade row moisture was used in this performance analysis. This is a 

value which is normally used in high pressure steam turbines. There- 

fore, this level seems.reasonable for the four stage high pressure high 

reaction design proposed. This moisture loss factor may even be con- 

servative when ammonia drop sizes are compared with those of steam. 

The maximum stable drop size in ammonia, at 90 psia pressure, cal- 

culated on the basis of Weber number, is less than one third (0.199 

microns) the size occurring in steam (0.609 microns) for the same 

conditions. 

The effect of moisture loss factor on normalized turbine 

. efficiency is shown in Figure 4 - 29. It should be noted that the 

aerodynamic loss is greater than. that given by ,the moisture loss 

factor since the moisture loss is applied to each blade row during 

the calculation. The moisture loss is applied before the completion 

of the calculation of each blade row thermodynamic conditions. 
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FIGURE. 4 - 2  
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FIGURE. 4-3: ' 
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FIGURE 4-4  
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FIGURE 4-5 , 
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FIGURE 4-6 
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FIGURE 4-8 
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FIGURE 4-3 
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FIGURE 4 0 . 1  l 
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FIGURE 4-12 
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FIGURE 4-13 
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FIGURE 4 - 15' , 
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FIGURE 4-16 
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FIGURE 4 7 1 7 %  
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FIGURE 4219 

TRW-OTEC AMMONIA EX PANDER NET OUTPUT 
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FIGURE 4 - 2 0  
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FIGURE 4 - 2 2  
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' FIGURE 4'-23 
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FIGURE 4-24 
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FIGURE 4.-'25 
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FIGURE 4-26 

TRW-OIEC THIRD STAGE 'VELOCITY .TRIANGLES 
AT DESIGN CONDITIONS 
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FIGURE , ,  4-2.7 . 
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EFFECT OF EXHAUST DIFFUSER- PRESS'RE 
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SECTION 5 . 

EXPANDER MECHAiiICAL DESIGN , 

Prior to the start of any design effort, design objectives must 

be established. The following objectives were established for the 

mechanical design ot the ammonia expadder: 

--- Expander is to drive a synchronous generator and 
operate at a speed consistent with the aerodynamic 

design. 

--- Positive casing sealing is required to contain the 
toxic ammonia gas. 

--- The shaft end oeolo ol~uuld not leak the ammonia gas 

to the atmosphere i n  the event of loss oi' pressurized 

seal oil. 

--- Assembly and disassembly of the expander internals 
should not disturb the gineratar, nor thc inlct and 

exhaust gas piping. 



--- Bearings and s e a l s  s h a l l  b e  inspected  o r  replaced 

. without d i s t u r b i n g  the  main casing. 

--- Blading s h a l l  be s u i t a b l e  f o r  the  required loadings.  

-The above ob jec t ives  can be a t t a i n e d  by the  following: 

. . 

--- Design t h e  r o t o r  bear ing  system such t h a t  no harmful 

o r  objec t ionable  f requencies  a r e , w i t h i n  + 20 percent  

of t h e  opera t ing  speed. 

--- U t i l i z e  b a r r e l  cons t ruct ion  on t h e  expander cas ing t o  

provide f u l l  continuous s e a l i n g  a t  t h e  j o i n t s .  

--- U t i l i z e  a contac t  type s e a l  w i t h  shutdown f e a t u r e s  

f o r  v i r t u a l  leakproof condi t ion  wi th  zero  s e a l i n g  

o i l  pressure.  

. . .  

--- Design the  barrel- type expander such t h a t  the  i n t e r n a l  
. :  

p a r t s  a r e  removable from one end u t i l i z i n g  simple 

assembly and disassembly f i x t u r e s .  

--- U t i l i z e  acceptable  stress a n a l y s i s  techniques t o  

q u a l i f y  the  blading. 



The results of the conceptual design effort are shown in the 

cross-section layout of the expander, Figure 9 - 1. 

ROTOR 

Construction 

The rotor construction shown on the layout utilizes separate disc 

assemblies shrunk onto the shaft to maintain concentricity and keyed to 

transmit the torque. An alternate method is to make the discs integral 

with shaft. Preliminary investigation indicates that the key disc 

shrink area may be conducive to stress corrosion cracking in the atmos- 

phere. Further investigation of the stress corrosion potential is re- 

quired before a final determination of the rotor construction can be 

made. 

Critical Speed 

The initial design objective was to make a stiff shaft design 

where the operating speed is below the first critical speed. Due to 

the desire. to optimize thermodynamic performance, however, the mechanical 

design gave way. The resuit is a flexible shaft design with the operating 

speed between the first and second critical speeds, which are approximately 

1300 rpm and 2700 rpm, respectively. The flexible shaft design allows 

for: 



--- Bet te r  a x i a l  spacing f o r  the  i n l e t  channel and f o r  

t h e  d i f f u s e r  a t  the  b lade  p i t h  exhaust.  

--- Bet te r  placement of t h e  s e a l s  and bear ings  f o r  

. . 
maintenance a c c e s s i b i l i t y .  . .. 

. . . . 

. . --- Smaller bear ings  and s e a l s  r equ i r ing  less o i l  

flow and power loss .  

There a r e  no a n t i c i p a t e d  d i f f i c u l t i e s  i n  running .the expander 

between i t s  f i r s t  and second c r i t i c a l  speeds. .   his i s  common p r a c t i c e  

f o r  turbine/genera tor  app l i ca t ions .  

BEARINGS 

Journal  Bearings 

The journal  bear ings  should be  10-112 inch diameter by 7 inch 

wide c y l i n d r i c a l  bear ings  and provide a s t i f f n e s s  of approximately 

5 x 10' pounds per  inch. These journa l  bear ings  a r e  adequate con- 

s i d e r i n g  loading,  sea  s t a t e  condi t ions  and c r i t i c a l  speed. The bearing 

r e t a i n e r s  a r e  s p h e r i c a l l y  sea ted  t o  f a c i l i t a t e  alignment of t h e  bear- 

ings  t o  the  s h a f t .  An a l t e r n a t e  bearing conf igura t ion  would be a 

f i v e  shoe t i l t  pad type,  bu t  f o r  t h i s  r o t o r  a t  1800 rpm the  b e t t e r  

choice would be  c y l i n d r i c a l  bearings. 



Thrust Beariq 

A 55.1 square ,Inch thrust bearing is recommended to accornn~odate 

the generator thrust loading due to magnetic misalignment' and the 

thrust due to manufacturing tolerances on the blade rows on either 

side of the double flow unit. The thrust bearing ' is a self-equalizing 

Kingsbury type that is double acting to provide positive positioning 

of the rotor: The thrust collar is removable from the shaft for ease 

of maintenance, but does not'require removal to change the seal for' 

this particular design size. 

SEALS 

Four basic types of rotor-casing seals, shown in Figure 5 - 1 
through 5 - 4, are used in turbines and compressors for minimizing the 
amount of motive fluid leaking out along the shaft. These are: 

-- Dry Carbon Ring Seals 

--- Bushing Seals 
-- Face Seals 

For this unit the labyrinth type seal was ruled out because it 

permits leakage of large quantities of the motive fluid. The dry carbon 

ring type seal has a lowe= leakage rate than the labyrinth type, 'but it 

will also permit 'leakage of themmotive fluid to the atmosphere upon 

shutdown. The bushing type seal is used predominantly for very high 



pressures and would have a large amount of seal oil leakage compared 

to the face seal. Looking at all factors f.or, this ammonia expander 

application, the face ty,pe seal is,recommended for use in this 

design. 

For applications where no gas, leakage to the atmosphere can 
$ 

be tolerated, a highly refined contact type face seal with shutdown 

features and a proven record of performance in process gas compressor 

installations should be used. During idle periods, shutdown pistons 

automatically lock the face seal ring. This permits the seal oil 

system to be shutdown with no ammonia gas leakage even though the 

expander is s t.ill pressurized. 

CASING AND MAINTENANCE 

The ammonia expander has five major components, namely; the 

outer casing barrel, the endwalls, inner casing assembly, the rotor 

assembly, and the two bearing cases. The inner casing assembly can 

be further broken down to include a stator housing, three diaphragm 

assemblies for each direction of flow, a diaphragm seal assembly for 
. . 

each diaphragm, a set of variable nozzles for each direction of flow, 

an inner guide ring.for each set of'variable nozzles, and variable 

nozzle .linkage. A cioss-section layout ' of the, h o n i a  expander is 

shown in Figure 9 - 1. 



The outer casing, which is of the barrel-type const&ction to 

provide full continuous. sealing at the joints,. has an outside diameter 

of 120 inches and an overall length of -181-1/2 inches. The 60 inch 

Class . . 175 flat faced inlet flange is fabricated to the outer casing 

thru a transition section and is located on the top vertical center- 

line 94 inches above the horizontal centerline of the machine., Note ' ,  ... 
. . 

that the transition irom the round inlet to the. obround :intersection 
' 

' 

with the outer barrel provides for the required flow area to maintain . . 

low fluid velocities and at the same time minimizes the bearing cantar- 

line distance. In a similar fashion there is a transition from the 

barrel section to the 96 inch Class 175 flat faced exhaust flanged 94 

inches below the expander horizontal centerline. 

The entire expander is provided with true.centerline .support by 

four support feet and keys to .maintain the axial centerline. Once 

aligned at the site, the outer casing will not need to be removed 

from its foundation; thus the inlet and exhaust joints would not nor- 

maliy be broken. 

The endwalls are bolted to the outer casing to provide sealing 

at the vertical joint. . The endwall at the coupliug end will not need 

to be removed once it is aligned to the outer casing. The endwall at 
. r 

the thrust end will require removal for assembly/disassembly purposo 

when anyinternal maintenance is desired. In addition to containing 

the motive fluid in the axial direction,'the endwalls also accept 



the stationary parts of the face seal that keeps the ammonia from 

'escaping along the shaft to the atmosphere. 

The function of the stator housing is to support and position 

the stationary diaphragms and to direct the flow from the inlet through 

the rotor to the exhaust. This casing is horizontally split and is 

fabricated from two half castings, which are welded to the inlet guide 

vanes to form the top and bottom halves. 

The variable nozzles are connected through linkage to a common 

ring. Therefore, only a single rod penetrates the 0ute.r casing for . 

each of the two rows of variable nozzles. The rod will be surrounded 

by a bushing and O-rings to prevent leakage of any ammonia to the at- 

mosphere. Variable nozzles for axial flow steam turbines are not 

generally used because control valves have been historically used for 

part load conditions and high temperatures can create serious defor- 

mation problems at the operating pressures. Variable stators have 

been used very successfully throughout the industry on axial flow 

compressors for decades. Typical control linkage for an axial flow 

compressor is shown in Figure 5 - 5. This type of control has exhibited 

a high level of reliability with a minimum of maintenance. 

The rotor.assembly is positioned in the casing and provides the 

means of efficiently 'converting the energy of the ammonia motive fluid 

to usable power. 



The two bearing cases, which are attached to the endwalls, 

provide a means of supporting and positioning the rotor. 

Normal maintenance turnaround for the ammonia expander would 

be expected to be: 

--- Twelve months for the first turnaround. 

--- Twenty-four to thirty-six for subsequent turnarounds. 

The first turnaround will require approximately three men for 

six shifts to make a complete inspection of bearings, seals, rotating 

element and stationary.parts. Subsequent turnarounds of approximately 

four men for two shifts will involve inspection of only the bearing 

and seals. Full turnaround including the rotor inspection, similar 

to the first turnaround, should be conducted,every five or six years. 

Service life of the expander can be expected tb be similar to steam 

turbine generator drives.. 

The expander should be designed for minimum disassembly for 

maintenance on-the bearings and seals. The bearings can easily be 

inspected by the removal of the top half-bearing cases without dis- 

turbing the alignment. The face seals with shutdown features require 

the disassembly nf the bearing oaseo nnd nn the drive and the coupling 

must also be removed. 



Special tools and fixtures should. be provided for the disassenlbly 

of the complete expander. These fix,tures would include rails to re- 

move the inner casing, a centering ring to main.tain concentricity be- 

tween the rotor and inner casing during insertion, an endwall counter- 

weight for stabilization during disassembly and pr~visions for eyebolts 

to remove.the bearing cases. Also, a complete instruction book contain- 

ing a detailed description of assembly and disassembly procedures 

should be supplied. Normally, the instruction book will include data 

on trouble shooting as well as alignment methods and spare parts lists. 

The lube oil console maintenance and inspection should follow 

vendor recommendations. Components such as pumps and coolers should 

be inspected at each turnaround. Filters, reservoir tank oil level, 

oil pressures, and the temperatures should be checked on a daily 

basis to insure proper operation. The instrumentation gages, thermo- 

couples, readouts, etc., should be inspected and calibrated at six 

month intervals. 

Maintenance procedures for the synchronous generator should 

follow the manufacturer's recommendations.. 

MOISTURE EROSION 

T.he proposed four stage ammonia expander should suffer no 

significant moisture erosion damage at the specified operating con- 

ditions. Consequently, protection of'the leading edges of the rotating 

F-97 



blades with the use of stellite strips is not required. Also, due 

to the low levels of moisture and low velocities encountered in this 

design, stationary moisture collectors are unnecessary. 

The above conclusions are based on calculations of surface 

tension, maximum stable droplet size, and the erosion coefficient for 

the ammonia expander as compared to steam turbine experience. At 90 

psia pressure, the surface tension of water (.0032 LBF/FT) is 2.0 

times greater than it is for ammonia (.0016 LBFIFT); therefore, the 

apparent hardness exhibited on impact of an ammonia droplet is much 

less than a water droplet at similar conditions. Similarly, the max- 

imum stable droplet size on the basis of a Weber number calculation 

is more . than three times larger in steam ( .609 micron) than it is 'in 

ammonia vapor (.I99 micron), therefore, the smaller ammonia drops 

will cause less erosion damage than the larger water drops would cause 

at similar conditions. The erosion coefficient from the equation 

- 0 

was calculated for each rotating blade of the ammonia expander at nominal 

conditions, In the above equation K is a constant, which depends on 

the distance from the stator blade trailing edge to the rotor blade 

leading edge and on the thickness of the stator blade trailing edge. 

The value Yo is the fraction moisture level ahead of the stage, and 

UTIp is the speed at the' tip of the rotating blade in feet per second. 



P, is t h e  s t a g e  i n l e t  s t a t i c  p ressu re  i n  pounds per  square inch absolute .  

The maximum eros ion c o e f f i c i e n t ,  which occurs on the  f o u r t h  s t a g e  wi th  

2 percent  moisture ahead of the  s t age ,  was ca lcu la ted  t o  be .003: 

The threshold  of s i g n i f i c a n t  e ros ion  danger i s  a t  a c o e f f i c i e n t  of 8 

o r  g r e a t e r  based on steam tu rb ine  experience. For example, a  t y p i c a l  

l a s t  s t a g e  of a l a r g e  steam tu rb ine  wi th  a  moisture of 8 percent  has 

an e ros ion  c o e f f i c i e n t  of 30 o r  more. 

ROTOR BLADES 

The r o t a t i n g  element is t h e  c r i t i c a l  i tem i n  any p i e c e  of r o t a t i n g  

equipment. Consequently, E l l i o t t  is compelled t o  i n s u r e  t h a t  the  de- 

s i g n  of t h e  blading i s  both adequate and p r a c t i c a l  from a  mechanical 

viewpoint and a t  the  same t i n e  keep a  watchful  eye on optimizing the  

aerodynamic performance. The proposed expander design has a t t a i n e d  . 

t hese  ob jec t ives .  

Although a l l  four  r o t o r  b lades  have been analyzed only the  r e s u l t s  

f o r  the  f o u r t h  row, which has the  h ighes t  s t r e s s e s  and lowest frequency, 

a r e  presented i n  t h i s  report.. 

The d i r e c t  t e n s i l e  s t r e s s  a t  the  base of the  vane of t h e  l a s t  

r o t o r  b lade  row f o r  the  nominal opera t ing  condi t ions  is 3255 p s i  and the  

gas bending s , t r e s s ,  which i s  a  maximum a t  the  leading edge, i s  5566 

p s i .  Therefore, t h e  maximum t o t a l  s teady s t a t e  s t r e s s  i f  8821 p s i .  

With these  values and p r o p e r t i e s  of annealed A I S I  Type 403 m a t e r i a l ,  



a Goodman Diagram can be constructed. The Goodman Diagram provides 

a means of qualifying rotating parts and is an accepted standard in 

the industry. Figure 5 - 6 is the Goodman Diagram for the fourth row 
rotor blade. The diagonal solid line represents the failure line for 

annealed AISI Type 403 material at the blade temperature with a 1.667 

stress concentration factor applied to the alternating stress. Actual 

stress values to the right of this line indicate the blade will fail. 

As you can see, the combination of stresses for the blade in question 

is well to the left of this diagonal line, and therefore, there is a 

certain amount of margin in the design. To determine the amount of 

margin in a design Elliott calculates a ratio termed the Goodman 

Factor. The Goodman Factor is just the allowable alternating stress 

at the blade total steady state stress divided by the actual blade 

bending stress. For this particular blade the Goodman Factor is 3.3. 

From historical data, Elliott has found the blades with Goodman Factors 

of 2.5 and larger will not experience failures due to these stresses 

for this type of staging. 

The rotating blades should be designed so that its natural frequency 

exceeds the low multiples of the operating speed and does coincide with 

the nozzle passing frequency. Since the fundamental material frequencies 

of the rotating blades range from 8 to 11 times the operating speed, 

no biade vibratory problems are anticipated. 
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FIGURE 5-1 

LABYRINTH SE AL 



DRY CARBON RING SEAL 



FIGURE 5-3 

BUSHlrJG SEAL 

1. STATIONARY SEAL SLEEVE 
2. ROTATING SHAFT SLEEVE 
3. SPRING 
4. SEAL CASING PARTITION 
5. BEARING OIL DRAIN LINE 

6. GAS AND CONTAMINATED OIL DRAIN 
7. FLOATING BABBITT-FACED STEEL RING 
8. SEAL OIL ORAlN LINE 
9. WlPFR RING 

10. BEARINGWIPER RING 



FIGURE 5- 4 

FACE SEAL WITH SHUTDOWN 
FEATURES 

1. ROTATING CARBON RING 8. FLOATING BABBIT T-FACED STEEL RING 
2. ROTATING SEAL RING 9. SEAL WIPER RING 
3. STATIONARY SLEEVE 10, SEAL OIL DRAIN LINE 
4. SPRING RETAINER 11. SECONDARY WIPER RING LABYRINTH 
5. SPRING 12. BEARING OIL DRAIN LINE 
6. SHUTDOWN SEAL PISTON 13. BEARING WIPER RING 
7. GAS AND CONTAMINATED OIL DRAIN 



FIGURE 5 - 5  

VARIABLE NOZZLE LINKAGE 



FIGURE 5 - 6  
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SECTION 6 

GENERATOR DESIGN AND ANALYSIS 

. .  . 

. . 

GENERATOR DESIGN , . .  

The Brown Bover.1 Model WGlOOO db 4L generator '  is a 

4-pole synchronous generator  wi th  a TEWAC ( t o t a l  enclosed wat.er t o  air 

cooled) enclosure. Data f o r  t h i s  g e n e r a t 0 r . i ~  presented i n  T a b l e . 6  - 1. 

Generator o v e r a l l  e f f i c i ency  versus  load is  shown i n  Figure 6 - 1. 

The genera tor  design is such t h a t  the  s e r v i c e  f a c t o r  is 1.00 a t  . - . 

f u l l  load of 18.0 MW. A load limiter should be  included i n  t h e  c o n t r o l  

scheme t o  prevent a generator  overload condit ion.  

Since t h i s  genera tor  is only 97.2 percent  e f f i c i e n t  a t  f u l l  

load, i n q u i r i e s  were made f o r  a hydrogen cooled synchronous genera tor  

f o r  t h i s  service .  It was an t i c ipa ted  t h a t  e f f i c i e n c i e s  of 98 percent ,  

or s l i g h t l y  h igher ,  could be obtained. Both Brown Boveri and Westinghouse, 

however, have responded t h a t  they do not o f f e r  hydrogen cooled 2, 4 or 

6-pole synchronous genera tors  below t h e  25 t o  35 MU range. 

Generator vendors were not requested t o  design a hydrogen cooled 



synchronous generator for this,.par.ticular application. If all 

development costs for a hydrogen cooled generator were to be absorbed 

by one unit, the development costs should not exceed the value of the 

additional'power produced. Thus, Sf a generator manufacturer would 

be amenable to expend the required design effort, the cost of the 

hydrogen cooled unit should not exceed the TEWAC generator by more 

than $150,000. 

COWLING DBSIW 

Three types of couplings have been considered for the ammonia 

expander/generator string, namely; a solid coupling, a gear type 

coupling and a diaphragm type coupl'ing. 

The solid coupling would be the least expensive type. It has 

.the disadvantage, however, tha't there are no provisions in the design. 

to accommodate offset or misalignment between the expander and gen- 

erator. Precise alignment requiring many additional man-hours of time 

would be necessary and any initial cost advantage would quickly dis- 

appear. . In addition, the barrel construction of the expander dictates 

that the coupling hub on the expander shaft must'be removed to dissasemble 

the expander. The possibility of getting the coupling hub back on the 

shaft .exactly as it was ,before removal is highly iAprobable. Theref ore, 

the solid coupling is not recommended., 

. A  gear type coupling would.provide for limited end float, and 



could accommodate reasonable offset and misalignment between the two 

units. A verbal quote has been obtained for a number 9 Koppers gear 

type coupling at $7500. 

A diaphragm type coupling would also be acceptable because it 

can provide for limited end float, offset and, misalignment. A verbal 

quote of $8000 has been obtained from Bendix for their model 673516. 

Although both the gear and diaphragm type couplings are suitable 

for this design application, the diaphragm coupling is recommended 

because it does not require lubrication and allows for bearing case 

and seal removal. 



T A B L E  6 - 1  

GENERATOR DATA 

TY pe 

Manufacturer 

Rated (KW) 

Synchronous Speed (RPM) 

Rated Voltage 

No. of Phases/Frequency 

Power Factor 

Service Factor 

Efficiency X (at 414, 3 / 4 ,  112 Load) 

Insulation Class 

Max. Temp. Rise (Winding, over 40QC) 

Excitation Type 

Excitation DC Voltage (at F.L.) 

Excf tat lul l  Resyuuse 

Short Circuit Ratio 

Short Term Thermal Capability 
(balance current) 

Synchronous 

. . 
Brown Boveri Corp. 

. . 

Short Term Thermal Capability (short 
current at machine terminals) 

Unbalanced 
(Line to Neutral) 

0.8 Lagging 
, .. 

1.00 

Brushless 

112 

2.0 . 

0.55 

100 Sec. 



T A  B L E 6 - 1 (cont...) 
GENERATOR DATA 

Wave Form Deviation, Max. X 

Calculated Transient and Subtransient Reactance 

Enclosure 

. .' Cooling Water -Inlet nemp. (Max.), O F  

cooling Water Outlet Temp: O F  

Cooling Water ~equirements (GPM) 

Lube 'oil Pressure (PSIG) 

Lube Oil Requirements (GPM) 

'UK2 of Machine (LB-FT~) 

Permissive overspeed (RPM)' 

Vibration Max., (MILS) peak-to-peak 

Noise Level, dB .(A) 

Weight (lbs .) net/shipping 

Overall Dimensions 

1.5 approx. 

84 + 3 dB (A) tol, 
86640 / 100500 

Reactive Power Capacity 

20 40 60 80 100 .X of ~ o a a  

14.4 14 13.3 12.4 11.2 MVA 



FIGURE 6-1 

TRW-OTEC GENERATOR OVERALL 

E F F I C I E N C Y  VS. PERCENT L O A D  

12 14 

LOAD, M W  



SECTION 7 

CONTROLS 

VALVE SIZING 

Two ammonia gas con t ro l  va lves  have been inves t igated  and s i zed  

f o r  the  expander operat ion,  namely the  emergency t r i p  valve ahead of 

t h e  expander and a bypass valve  around the  expander. The t r i p  valve  

w i l l  be the  equivalent  of a 60 inch diameter t o  match the  expander in-  

l e t  s i z e  and should be a s  c lose  t o  t h e  i n l e t  f lange a s  poss ib le  so  t h a t  

the  maximum overspeed of t h e  s t r i n g  can be minimized. The bypass valve  

need only be the  equivalent  of a 30 inch diameter because t h e  f u l l  

pressure  drop can be taken ac ross  i t  during start-up,  shutdown o r  

during an emergency t r i p  out .  

Governor valve  requirements f o r  speed con t ro l  using f ixed i n l e t  

nozzles i n  p lace '  of speed.and ioad con t ro l l ed  v a r i a b l e  i n l e t  nozzles 

have no t  been inves t iga ted  due t o  the  l imi ted  time frame f o r  t h i s  

study. However, no d i f f i c u l t i e s  a r e  an t i c ipa ted  i f  t h i s  arrangement 

should be preferred .  A s  d iscussed i n  Section 4,  load control led  v a r i a b l e  

i n l e t  nozzles a r e  j u s t i f i e d  f o r  maximizing seasonal  output,. Speed con- 

t r o l l e d  va r iab le  nozzles can a l s o  s a t i s f y  synchronizing and g r i d  



i s o l a t i o n  requirements assuming t h a t  t h e  v a r f a b l e  nozzles can be 

designed t o  c o n t r o l  the  flow from no load t o  maximum power condit ions.  

VALVE CHARACTERISTICS 

It i s  d e s i r a b l e  t o  have a s i n g l e  60 inch b u t t e r f l y  type t r i p  

valve  c l o s e  as quickly  a s  poss ib le .  But i f  i t  w e r e ' t o  slam shu t ,  the  

va lve  s e a t  would be damaged and eventual ly  not  perform i t s  function.  

One approach t o  s o l v e  the  quick t r i p  problem is t o  have the  va lve  c l o s e  

quickly t o  the  po in t  where i t  is only 5 percent .open,  and ease  it 

closed f o r  t h e  remaining por t ion.  Typical c los ing times of commercially 

a v a i l a b l e  hydraul ic  operated 60 inch diameter b u t t e r f l y  valves  a r e  of 

t h e  order  of 3 t o  5 seconds. This is not  f a s t  enough t o  prevent over- 

speeding of t h e  expander/generator on an e l e c t r i c a l  f u l l  load dump. 

The p re fe r red  choice is  a swing through type valve  designed wi th  a 0.5 

second response t i m e  t o  c l o s e  the  valve.  This valve would cos t  about 

$75,000 and should have hydraul ic  ac tua t ion .  Although a d e t a i l e d  cal- 

c u l a t i o n  of t h e  system was not  poss ib le  wi th  t h e  information available, 

it i s  est imated.  t h a t  the  above response times a r e  adequate. 

The bypass valve  is a 30 inch b u t t e r f l y  valve H t h  0 t o  70 degrees 

t r a v e l  and a c o s t  of $31,900. Since t i g h t  shutoff  and not f a s t  c los ing  

is a requirement f o r  t h i s  duty,  t.he valve  has a 5 second s t rok ing  speed 

from f u l l  open t o  f u l l  closed. The important c h a r a c t e r i s t i c  of t h i s  

va lve  is t h a t  i t  can f u l l y  open a t  the  t i m e  of an emergency t r i p o u t  i n  

one second o r  l e s s .  This a c t i o n  w i l l  d i v e r t  the  motive f l u i d  around 

the  expander. 



CONTROL SCHEME 

Control of the expanderlgenerator string covers the three basic 

phases of start-up/shutdown, steady state, and emergency trip. This 

system is rather unique due to the characteristics of this process, 

the requirement to limit the generator output, and the requirement to 

maximize expander output at any steady state condition. A simplified 

block schematic of the proposed control system is shown in Figure 

7 - 1. 

The basic elements of the OTEC ammonia cycle are: 1) the 

condenser for taking the ammonia vapor and converting it into liquid; 

2) the ammonia pump for adding pressure head to the liquid; 3) the 

vapor generator which extracts heat Erom the warn1 sea water and trans- 

fers it to the ammonia for vaporization; 4) the expander which ex- 

pands the ammonia vapor to extract energy and convert it to mechanical 

power; and, 5) the generator which converts the mechanical power to 

electrical power. 

The control system requires a storage and.makeup system so that 

the closed loop can be supp.lied with the desired amount sf motive 

fluid as operating conditions vary. 

The amonia pump takes liquid from the condenser and pumps it 

to the vapor generator. Liquid ammonia is converted to a gas in the 

vapor generator as it passes through. Ammonia vapor passes through 



the  emergency t r i p  v a l v e  and on t o  the  expander variab16 nozzles ,  

which a r e  t i e d  t o  the  load-speed con t ro l .  The exhaust flow from the  ' 

expander goes t o  t h e  condenser. The l e v e l  con t ro l  w i l l  maintain l e v e l  i n  

t h e  condenser pump by bleeding f l u i d  from t.he makeup system a s  needed. 

A bypass va lve  i n  a  loop around t h e  expander enables the  e n t i r e  loop 

t o  opera te  a s  a  c losed system during s t a r t -up  without  t h e  expander 

r o t a t i n g .  

On s t a r t - u p  t h e  expander t r i p  va lve  would be closed.  The cold 

s e a  water pump and warm sea  water pump would then be ac t iva ted .  

Ac t iva t ion  of t h e  ammonia pump would r a i s e  t h e  l i q u i d  l e v e l  i n  

t h e  vzpor genera tor  t o  the  des i red  l e v e l  wi th  the  excess being d ive r t ed  

t o  the  makeup system. Vapor would s t a r t  t o  be generated and the  system 

pressure  would i n c r e a s e  t o  t h e  s a t u r a t i o n  pressure  a t t a i n a b l e  wi th  the  

warm sea  water .  Eventual ly,  t h e  s teady s t a t e  quan t i ty  of ammonia vapor 

would be generated. 

Next, t h e  v a r i a b l e  nozzles a r e  s e t  t o  minimum s e t t i n g  and the  

t r i p  va lve  is  opened t o  admit a nominal amount of vapor through the  

expander. 

When ennt,lgh tnrqnc i o  dsvclopcd t o  ovcrcomc f r i c t i o n a l  forcco,  

t h e  expanderlgenerator  s t r i n g  w i l l  come up t o  some minimum speed. The 

v a r i a b l e  nozzles w i l l  be gradual ly  opened and the  bypass va lve  p a r t i a l l y  



closed until synchronous speed is. attained., The variable nozzles will 

be used to synchronize the'generator. 

After synchronization load will gradually be applied to the 

string by opening .the variable nozzles the required amount; the ex- 

pander bypass valve will gradually be closed until it is completely. 

shut. 

Normal shutdown would basically be the reverse of the start-up 

procedure. Shutdown of the warm sea water pump would remove the, heat 

source and vaporization would cease. 

The requirement to maximize power at any steady state condition,, 

dictates a unique type of control, which is only possible if variable .. 

nozzles are provided and- the generator is base loaded. The cont,rgl 

would be as follows: 

The generator is loaded to the desired capacity with the speed 

control. The load control is then transferred from manual to automatic 

operation. In the automatic mode, the load control actuates the vari- 

ab,le nozzles a ~ r e d e t e d ~ e d  amount at preset time intervals. ' Initially, 

there is no movement of the variable nozzles until the.dead band of the 

controls is exceeded. When the variable nozzle position exceeds this 

dead band, the load control will sense the increase (or decrease) in 

power.output and will increase (or decrease) the speed set point of 



the speed control. The load controller, however, is "smart" in that 

if power output drops instead of increasing .it will reverse operation 

to decrease (or increase) the speed set point. .This is a slow response' 

activity compared to the speed control. 

The dead band, proportional band and reset on the speed setting 
. . 

must.be adjusted and tuned on site to match the response of the system. 

For nonbase loaded operations the control would be as follows: 

The generator produces the power required by the load. If the 

generator load drops below the set point, speed control will want the 

speed returned to 1800 rpm. Therefore, it will cause the variable 

nozzles to quickly close and provide less power. If the load is in- 

creased, the speed will drop below 1800 rpm and the nozzles will be 

quickly opened to return the speed to the set point. 

The above control scheme has been reviewed with Woodward Governor 

Company and. it seems practical, although there are no known applications 

of this kind. If the generator output exceeds its rating, a load limiter 

will decrease the variable nozzle setting, thereby .reducing the mass 

flow to the expander based on the heat source characteristics. Thus, 

the power input to the generator will be reduced. The load limiter 

signal could be a part of the load control and will override the 

maximization of power signal to the variable nozzles. 



For the safety of personnel and.equipment redundancy has been 

included in the overspeed trip devices. 

If .there is a loss of generator load while it is on the line 

a signal will cause the emergency trip valve to close, the variable 

nozzles to go to minimum setting, and the expander bypass valve to 

completely open. This type of emergency is most serious, and thus, 

safety measures should be instituted at the earliest possible time. 

The speed signal from' the expander electronic speed counter 

back-up by initiating the above three actions at 3% (1854 rpm) 

overspeed. 

The mechanical overspeed trip on the expander .shaft, se,t at 10% 

(1980 rpm) overspeed, provides another means to initiate the a b w e  

sequence of events. 

FUTURE WORK 

Several facets of the control area are recommended for future 

analysis. 

The speed and load control is believed to be reasonable and 

feasible but a more detailed investigation is in order. 

The variable nozzle minimum setting has to be studied along with 



the expander bypass valve area to determine the minimum idle speed 

after breakaway. 

  he maximum overspeed of the string with maximum load dump 

needs to be studied for the actual valve response times, taking into 

account stored energies and system characteristics assuming the 

emergency signal occurs at 1800 rpm, at 1854 rpm, and at 1980 rpm. 

  he variable nozzle requires study to determine if it can provide 

tight shutoff in the required time, thLs eliminating the emergency 

trip valve. While this is appealing, Elliott does not,feel that this 

can be accomplished without compromising performance. This compromise, 

however, is minimized with a multistage design. 

Also, it might be possible to eliminate the expander bypass 

valve. This evaluation~would require an extensive study of the cycle 

dynamics. It may not be possible to synchronize the generator at sys- 

tem part load. In addition, the process upsets on the trip out of , the 

string may be. intolerable. 



OTEC PROPOSED CONTROL SCHEMATIC 

FIGURE 7-1 

BY PASS 
LOAD 
CONTROL 



SECTION 8 

LUBE AND SEAL SYSTEM 

R O W  REQUIREMENTS 

Lube and seal oil flow requirements are as follows in Table 

T A B L E  8 - 1  

GPM PRESSURE 

MAXINORMAL PS IG 

' .  . Expander 

Journal Bearings 

Thrust Bearing 

Iso-Carbon Seals 

.Expander Total 

Generator Journals Total 

Controls (Estfmated) 

Variable Nozzles 7 
Trip Valve With accumulators 

for each servomotor 
Bypass Valve 

Total Controls 

12.5 15 - 18 
11 15 - 1.8 
12.5 125 MAX 

36 

Tqtal String Requirements 



Lubricants utilized in ammonia expanding equipment have a unique 

requirement for chemical compatibility. Undesirable reactions ouch as 

congealing or formation of deposits should not occur. Ordinarily this 

need can be met by a choice of a straight uninhibited mineral 011. 

Either a straight naphthenic or a pour point depressed. paraf inic oil, 

would be suitable for the subject service; the oil should be of a good . 
. . 

. .  . 
quality, and pass the oxidation test ASTM D943 for 3000 hours'minimum. 

For the design of this lube console ARC0 Ideal Oil S-150, which has an 

oxidation life of 4000 h.ours, has been used. 

COMPONENTS 

API 614, with some Elliott exceptions, was used throughout for 
, 

the design of the lube system. Due to the ammonia atmosphere and salt 

water cooling water, no copper or copper bearing alloys will be in con- 

tact with the oil or atmosphere. The coolers and filters are ASME Code 

design and the coolers are TEMA "C" design. Electrical components will 

be good for NEMA Class 1, Group D, Division 2 areas. All switches are 

single-pole, double-.throw type. 

The schematic for this console is shown in Figure 9 - 4. The 

components in the lube system are reviewed belov. 

The oil reservoir is designed to insure an undisturbed positive 

suction for the oil pumps. The reservoir capacity, based on normal flow, 

is determined through API 614 requirements of a 5 minute working capacity 



between minimum..operating l e v e l  and suct ion- loss  l e v e l  and an 8 minute 

r e t e n t i o n  capac i ty  below the  minimum opera t ing  l e v e l .  A rundown 'capacity, 

capable  of holding the  t o t a l  volume of o i l  i n  t h e  piping and components, 

i s  provided above the  maximum 'operat ing l eve l .  - Free board is provided 

above rundown l e v e l .  The r e s e r v o i r  i s  equipped with an i n t e r n a l  b a f f l e  

sepa ra t ing  t h e  r e t u r n  l i n e s  from t h e  pump suc t ion  l i n e s  t o  he lp  prevent  

vor t ex ing  a t  the  pump suct ion .  Each pump suc t ion  nozzle i s  equipped wi th  

an a n t i s w i r l  p l a t e  a s  w e l l :  A dessicant- type b rea the r  vented through a 

s t a c k ' i s  provided t o  p r o t e c t  t h e  tank from overpressure.  Purge connections 

a r e  a i s o  provided. A l e v e l  Sndicator  and a l e v e l  alarm switch a r e  provided 

t o  warn the  opera to r  of an a c c i d e n t a l  l o s s  of o i l .  

The A.C. motor d r iven  main and a u x i l i a r y  o i l  pumps a r e  hor izon ta l ly  

mounted screw type p o s i t i v e  displacement pumps i n  o r d e r . t o  provide essen- 

t i a l l y  pulsa t ion-f ree  o i l  t o  t h e  equipment; The d r i v e r s  a r e  s i zed  t o  per- 

m i t  t h e  pumps t o  s t a r t  up wi th  1000 SSU o i l  ( 4 0 " ~ )  and reach the  r e l i e f  

va lve  set p o i n t  without  burning out  t h e  d r i v e r s .  The pumps a r e  s i z e d  
\ 

t o  i n d i v i d u a l l y  supply t h e  necessary o i l  flows a t  the  requi red  pressures  

s o  t h a t  i f  one pump becomes inopera t ive ,  the  o the r  pump w i l l  supply the  

equipment requirements. Relief  va lves  a r e  provided on each pump discharge  

l i n e  t o  p r o t e c t  the  o i l  console a g a i n s t  overpressure. A D.C. motor 

d r iven  c e n t r i f u g a l  o i l  pump a c t s  a s  a back-up f o r  t h e  bear ing  o i l  supply 

far emergemy eoasedewn. 

Twin s h e l l  and tube  type o i l  coo le r s  a r e  provided t o  remove t h e  



friction generated heat from the oil and maintain acceptable oil 

temperatures at the unit. The oil is maintained at a pressure higher 

than the cooling water to prevent water leaking into the oil. Twin 

oil filters of a nominal 10 micron rating are provided downstream of 

the coolers to insure a clean oil supply to the bearings and seals. 

The filter media is replaceable cotton-cotton matrix cartridges. 

A transfer valve is located between the cooler-filter sets. This 

6-ported valve permits a change over from one cooler-filter set to the 

other without bypassing any oil or interrupting the delivery of oil to 

the seals and bearings. This permits maintenance on the idle cooler- 

filter set. 

A differential pressure indicating switch is provided across. the 

cooler-filter-transfer valve package to indicate the dirty-filter cartridge 

condition. 

A separate single oil filter is provided .in the emergency oil' 

supply to the bearings. A differential indicator is provided to indicate 

the dirty-filter 'cartridge condition. 

Temperature and differential pressure switches notify the operator 

of a filter or cooler problem. 

A pressure switch is located in the main oil header to automatically. 



start  the  a u x i l i a r y  o i l  pump motor upon l o s s  of header pressure .  

A pneumatical ly con t ro l l ed  back-pressure r e g u l a t o r  maintains a  

cons tant  header p ressu re  downstream of the  cooleks and f i l t e r s  by dumping 

t h e  excess o i l  t o  t h e  r e se rvo i r .  This  va lve  is s e l e c t e d  t o  c o n t r o l  the  

header p ressu re  wi th  e i t h e r  one o r  two of t h e  o i l  pumps running. 

Self-operated p ressure  r e g u l a t i n g  va lves  pass  t h e  requi red  'flow , 

a t  the  requ i red  p t e s s u r e  t b  the expander bear'ings and t o  the generator 
, , 

bear ings .  A pneumatic operated r e g u l a t o r  i s  provided t o  pass  t h e  re- 

qui red  f low and t o  fol low the  requ i red  d i f f e r e n t i a l  p ressu re  a c r o s s  

t h e  expander s h a f t  s e a l s .  A pneumatic operated r e g u l a t o r  is a l s o  
. . 

provided t o  pass  t h e  des i red  flow t o  t h e  c o n t r o l  accumulators. Each 

r e g u l a t o r  s t a t i o n  is complete wi th  i s o l a t i n g  g a t e  va lves  and bypass and 

ven t  g lobe  va lves  t o  provide f o r  maintenance of the  va lves  without  

d i s t u r b i n g  t h e  u n t t .  

Redundant p ressu re  switchas and d i f f a r a n t i a l  ~ ~ P R R I J T P  . s v l t r h ~ ~  

are i n s t a l l e d  i n  t h e  bear ing  o i l  feed  l i n e s  and s e a l  o i l  feed l i n e s ,  

r e spec t ive ly ,  t o  p r o t e c t  t h e  u n i t  on l o s s  of o i l .  They opera te  on a 

"majority ru les"  b a s i s  t o  e l imina te  a c c i d e n t a l  t r i p  o u t  of t h e  s t r i n g .  

Alarm switches a r e  a l s o  connected t o  t h e s e  l i n e s  t o  prompt f o r  opera tor  

a t t e n t i o n .  An alarm switch is connected t o  t h e  c o n t r o l  o i l  f e e l  l i n e  

t o  i n d i c a t e  l o s s  of pressure.  



A contaminated seal oil drainer is provided for each of the 

flat face seals. These drainers permit the separation of free ammonia 

vapors from the oil and venting of the ammonia vapors to a collector 

system. The contaminated oil is discharged to the degassing tank. 

A degassing tank equlpped with an electrical heater separates the 

entrained ammonia from the oil and vents it to a.collector system. 

Thermometers are locally mounted at normal points of interest. 

Thermocouples may be used in lieu of thermometers or in parallel with 

them for remote read-out stations. 

Pressure gages are also locally mounted at normal points of 

interest, as shown on the schematic, with pressure transducers in lieu 

of, or in parallel with the pressure gages. Pressure switches are 

mounted locally. 

Sight flow indicators are normally provided in each lube oil 

drain to provide visual verification of .oil flow. 

Drain lines from the units should have a minimum slope of 114 

inch per foot of pipe leng'th to satisfy land-based installations plus 

an additional amount of slope' required to drain the oil during sea state 

6 conditions. If the iube console Is located about 20 feet below the 

expander/generator string level, there should be ample slope for these 



adverse conditions. Additional pump head capability will be required 

if the pump discharge is more than 25 feet below the bearing feed 

elevation. 

AUXILIARY REQUIREMENTS 

Requirements for auxiliary servics are outlined in Table 8 - 2. 

T A B L E  8 . - 2  

AUXILIARY SERVICES 

Lube Console 

Cooling Water 

Control Air 

Pump Power 

Emergency DC Power 

Instrumentation 

Expander 

Instrumentation 

Controls 

Generator 

Cooling Water 

100 gpm @ 85°F 

15 psig 

20 HP 'nomal/30HP max, 

8 I@ normal/lSHP max. 

120 V 1'4 60Hz 2KW ' 

295 gpm @ 8S°F 



DEGASSIFICATION . . ' . , / I  . , . 

A degasifying system for the lube and seal oil is ret5ouunended to 

minimize contaimination of the oil with ammonia. The systems consists 

of a small degassing tank, usually located on top of the oil reservoir 

equipped with an electrical heater, to separate the entrained ammonia 

from the oil and pass.it to the c~llector sys.tem or vented to a stack 

above deck level. 



SECTION 9 

SUBSYSTEM DSSIGN 

CROSS-SECTION LAYOUT 

Figure 9 - 1 shows t h e  cross-sect ion layout of t h e  four  s t a g e  

double flow ammonia expander f o r  14.4 MWe a t  t h e  nominal condi t ions .  

The expander is a  f l e x i b l e  s h a f t  design w i t h  a 151 inch bearing span. 

Flow e n t e r s  a t  t h e  top cen te r  of the  expander and is  d i s t r i b u t e d  c i r - .  

. cumferen t i a l ly  be fore  i t  t u r n s  a x i a l l y  t o  feed both sets of blading of the  

double flow design.  Af ter  passing through t h e  four  s t a g e s , t h e  ammonia 

is e f f i c i e n t l y  d i f fused  t o  exhaust pressure  where t h e  two flows are 

joined be fore  e x i t i n g  th ru  t h e  common exhaust f lange on t h e  bottom 

v e r t i c a l  c e n t e r l i n e .  The o v e r a l l  shaft-end t o  shaft-end length  is  

197 inches wi th  a  120 inch diameter of the  ou te r  casing. The cas ing 

and s h a f t  lengths  a r e  near ly  equal.  The 60 inch diameter i n l e t  is  94 

inches from t h e  hor izon ta l  c e n t e r l i n e  and the  96 inch exhaust f l ange  

is a l s o  94 inches from the h o r i z o n t a l  centetli.ae. 

The s t a g e s  a r e  located  between the  journa l  bearings and f l a t  f ace  

s h a f t  s e a l s  wi th  t h e  t h r u s t  bearing,  and speed c o n t r o l  devices,  located 

outboard of the journa l  bear ing on the  nondrive end. 



I n  Figure 9 - 2 d a t a  pe r t a in ing  t o  the  b lade  path is shown. 

~ h i a  layout  conta ins  blade d a t a  such a s  number of b lades  and diameters .  

Table 9 - 1 conta ins  a d d i t i o n a l  d a t a  such a s  b lade  a x i a l  widths and 

gauging angles.  Any and a l l  blade d a t a  not .shown i n  Figure 9 - 2 o r  

i n  .Table 9 - 1 is  propr ie t a ry  t o  E l l i o t t  Company. 

STRING ARRANGEMENT 

Arrangement of the  expander, genera tor  and coupling a r e  shown i n  

Figure 9 - 3 wi th  appropr ia t e  o v e r a l l  dimensions.,  P e r t i n e n t  d e t a i l s  of 

each component can be found elsewhere i n  t h i s  r epor t .  Weights of major 

p a r t s  a r e  i n  Table 9 - 2. I f  the  components a r e  shipped separa te ly ,  a 

50 ton  crane  w i l l  be requi red  t o  l i f t  the  expander o u t e r  casing.  I f  

everything is mounted on a basep la te  and l i f t e d  a t  t h e  sane time, a 

150 ton  crane  w i l l  be requi red;  s i n c e  the  basep la te  i s  not  included i n  

any of these  weights,  i t  is 'assumed t h a t  i t  w i l l  not  weigh more than 

33000 pounds. 

S t r a i g h t  removal of the  genera tor  r o t o r  from t h e  e x c i t e r  end w i l l  

r e q u i r e  13  more f e e t  of space assuming the  e x c i t e r  por t ion  of the  r o t o r  

is  not  removed from the. genera tor  s h a f t .  S ix teen and one. ha l f  f e e t  a r e  

needed t o  remove the  expander r o t o r  from the  t h r u s t  end of the  expander 

casing. The above procedure permits  removal of e i t h e r  r o t o r  without  

d i s t u r b i n g  the  o t h e r  u n i t .  It is recommended t h a t  a set down work a r e a  
\ 

of 38 f e e t  wide by 24 f e e t  long be provided a t  the  t h r u s t  end of the  

expander. This same a r e a  can be used f o r  genera tor  r e p a i r s ,  i f  d e s i r e d ,  



provided the  genera tor  p a r t s  can be moved p a s t  the  expander casing.  

O t h e d s e ,  an a r e a  20 f e e t  wide by 20 f e e t  long w i l l  be needed f o r  

s e t  down and work space f o r  generator  p a r t s .  Head room under the  

crane hook t o  the  top  of the  genera tor  s o l e  p l a t e s  of 17-112 f e e t  is 

needed for 18.0 MWe TEWAC genera tor  .with cooler  mounted on top of the  

generator .  

LUBE AND SEAL OIL SCHEMATIC 
- ~ -  

Figure 9 - 4 shows t h e  lube and s e a l  o i l  system schematic. The 

major components inc lude  t h e  r e s e r v o i r ,  pumps, f i l t e r s ,  coo le r s ,  regu- 

l a t o r s ,  r e l i e f  va lves ,  pressure  switches,  r e c e i v e r s  and vacuum degassing 

tank. A more d e t a i l e d  d e s c r i p t i o n  of the  lube and s e a l  system can be 

found i n  Sect ion  8. 



STAGE TYPE - 

1 ROTOR 

STATOR 

7 
I - 2 w ROTOR 
W 

STATOR 

3 ROTOR 

STATOR 

4 ROTOR 

STATOR 

TABLE 9 - 1 
TRW - OTEC DOUBLE n o w  AMMONIA 

EXPANDER BLADE GEOMETRY FOR 1800 KPM 

BASE MEAN TIP BASE MEAN TIP BASE 
BLADES DIA. DIA. DIA. GAUGING GAUGING GAUGING AXIAL 
PER ROW IN. - IN. IN. ANGLE ANGLE ANGLE WIDTH - 

MEAN . TIP 
AXIAL . AXIAL 
WIDTH WIDTH 



T A B L E  3 - 2  

EXPANDER GENERATOR COMPONENT WEIGHTS 

Weight - Pounds 

. . . .  . . . . Expander . . . . 

Outer Casing 99,400 

Endwalls (2) 31,380 
. . 

'.36,950 . . . Inner Casing Assembly . . - .  ' , . . 
. . 

Rotor Assembly 

Total Expander Weights 180,600 

Generator including Exciter 

Stator 49,400 

Rotor 24,250 

Cooler 12,990 

. . 

. , . . Total . String . . weights 







TRW-OTEC DOUBLE 'FLOW AMMONIA EX PANDER BLADE PATH 
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SECTION 10 

MISCELLANEOUS 

PROTECTION EQUIPMENT 

It is of primary importance t h a t  a l l  equipment b e  provided w i t h  

overspeed p r o t e c t i o n  when t h e r e  is a p o t e n t i a l  t h a t  t h e  d r i v e r  may de- 

ve lop  more power then  t h e  d r iven  equipment. For t h i s  a p p l i c a t i o n ,  one 

example of  an  excess  of power s i t u a t i o n  i s  l o s s  of  e l e c t r i c  l oad  w i t h  

a  t h r e e  phase f a u l t  on t h e  synchronou's gene ra to r .  A t  t h a t  moment t h e  

expander cont inues  t o  develop t h e  s t e a d y  s t a t e  power, bu t  t h e  only  

load i s  t h e  t r a i n  i n e r t i a ;  consequent ly t h e  speed r a p i d l y  increases . .  

Included on t h e  t h r u s t  end of t h e  ammonia expander s h a f t  is  a p i n  type  

overspeed t r i p .  A s  speed i s  inc reased  a  spring-opposed p i n  i n  t h e  ex- 

pander s h a f t  ex t ens ion  is  thrown outward by e x c e s s i v e  speed u n t i l  i t  

h i t s  a  s t r i k e r  p l a t e .  The movement of t h e  s t r i k e r  p l a t e  permits '  a  pre- 

loaded c y l i n d e r  t o  move and open o i l  p o r t s  which a l low a s m a l l  amount 

of bea r ing  o i l  t o  dump i n t o  t h e . b e a r i n g  c a s e  d r a i n .  The l o s s  of o i l  

p r e s su re  i n  a  s m a l l  feed  l i n e  is  sensed by a  p r e s s u r e  t r ansduce r ,  

which s i g n a l s  t h e  t r i p  v a l v e  ahead of t h e  expander t o  s h u t  o f f  t h e  

motive f l u i d  and open t h e  bypass  valve. The mechanical  t r i p  speed 

s e t t i n g  i s  t o  be t e n . p e r c e n t  above t h e  ope ra t ing  speed,  o r  1980 rpm. 

This  expander w i l l  a l s o  be equipped w i t h  a  manually ope ra t ed  t r i p  s o  

t h a t  i t  may be  t r i pped  a t  any speed simply by tu rn ing  t h e  t r i p  handle.  

See Sec t ion  7 f o r  a d d i t i o n a l  overspeed p r o t e c t i o n  devices .  



Mechanical Instrumentatiaa 

The expander will be provided with mechanical instrumentation to 

continuously monitor the performance of the mechanical components and 

indicate malfunctions, 

The expander will be equipped with proximity type vibration probes 

and read-niit rl~vices to monitor shaft vibration. Two probes will be 

provided at each bearing, 90 degrees apart, for the measurement of the 

horizontal and vertical vibration components. If the need arises, these 

probes can also be connected to suitable equipment to determine the 

journal orbits. 

A proximity probe will be provided for measuring the axial position 

of the expander to indicate possible thrust bearing failure. 

A magnetic type speed pick-up will read interruptions from a 60 

tooth gear. This device will provide a speed signal to the speed- 

load control system. It will also be used as an electronic overspeed 

trip to clgnal the trip valve ahead of the expander to shut off the 

motive fluid at three percent above the operating speed, or 1854 rpm. 

Thermocouples, or RTD's, will be provided in journal and thrust 

bearings to monitor bearing metal temperature. Additionally, locally 



mounted thermometers will be placed in the oil drains of the journal 

bearing, thrust bearing and seals for measurement of throw-off tem- 

perature. A higher than normal temperature reading may indicate 

impending bearing or seal failure. 

Locally mounted pressure gages will be mounted in the inlet 

piping to monitor the lube oil pressure and seal oil pressure. 

All of the above instrumentation has been extensively used and 

is accepted practice for. rotating equipment in many industries. 

Thermodynamic Instrumentation 

Pressure measuring devices at the inlet and exhaust flanges will 

be used to monitor expander conditions. Position of the variable first 

row stator blades will be determined from an indicator mounted on the 

external linkage, 

Pressure taps located just ahead of each stationary blade will 

be used during the initial evaluation. These interstage readings will 

not be used to determine the performance of the expander per se, but 

might be of assistance to the manufacturer if a question involving per- 

formance arises. Further study of the pressure taps to devise a method 

of purging the lines will be necessary due to the two phase conditions 

which will be encountered. 



For the initial gas rate evaluation of the expander, three 

additional items pertaining to the motive fluid are required. Devices 

to measure quality at the inlet and exhaust flanges in conjunction with 

the pressure measurements, will provide state point data of the zmmonia 

motive fluid. A flow measuring device of suitable accuracy is the 

third required item. To obtain the necessary accuracy the flow meter 

must be on the liquid side of the ammonia cycle just after the con- 

denser. To have a valid expander flow value steps nsut be takec to 

insure that the expander bypass valve is closed, and that there are no 

other leakage paths between the flow meter and the expander inlet. 

To complete the gas rate evaluation of the expanderlgenerator 

system, a high quality calibrated wattmeter to measure generator power 

output is required. This meter should be retained for monitoring the 

long-term operation. 

A list of the thcrmodynamic instrumentatinn required for IniLial 

evaluation and long-term operation is contained in Tabie 10 - 1. Table 

10 - 2 is a detailed list of instrumentation for the components of the 
string. 

Gas composition checks should be performed periodically to 

monitor contaminates and quality ot the motfve f i u i d .  l71r gas compa- 

sition of the motive fluid should be determined with sufficient accuracy 

for every gas rate evaluation test. 



MATERIALS 

The preliminary material selections for the major components 

of the ammonia expander are listed in Table 10 - 3. This listing 

varies from the usual materials of construc.tion for the specified 

conditions due to their susceptibility to stress corrosion in the 

ammonia atmosphere. 

For the rotating components the materials proposed are of the 

same composition as those usually employed for steam turbines. The 

conditions of heat treatment, however, aredifferent. In conventional 

steam turbines these materials would be heat treated to a yield strength 

in the range of 80,000 - 100,000 psi. In .this case, in order to improve 

resistance to str&ss corrosion cracking, the annealed condition will be 

used. In this condition, the yield strength will be approximately 

30,000 - 50,000 psi, which is sufficient for the application. The 

problem of stress corrosion cracking of materials of construction in 

th%s environment requires further study. Revisions to present selections 

may be made as a result of such additional in~dsti~ations. 



CODES 

The following is a listing of codes and standards applicable 

to the expander, generator and the lube system. 

American National Standards Institute (ANSI) 

B1.l: Unified Screw Threads 

B2.1: Pipe Threads 

B16.5: Steel Pipe Flanges and Flanged Fittings 

B16.11 r Forged S t e e l  Fi ttings, Socket-Velding and Threaded 

B31.3: Petroleum Refinery Piping 

American Petroleum Institute (API) 

API 605 Flanges 

API 612 Special Purpose Steam Turbines 

API 614 Lubrication and Seal Oil systems 

API 617 Centrifugal Compressors 

American Socity of Mechanical Engineers (ASME) 

S oiler and Pressure Vessel Code: 
Section VIII, Division 1, Unfired Pressure Vessels 

Section IX, Welding Qualifications 

American Society for Testing and Materials (ASTM) 

A106 Specification for Seamless Carbon Steel Pipe for 

High Temperature Service 

A193 Specification for Alloy-Steel Bolting Materials for 

High-Temperature Service 

A194 S p t c t f t c a t i n n  f n ~  Cnrhnn nnd Al.loy Stccl  Nuts for 

for Bolts for High-Pressure and High-Temperature Service 

A266 Specification for Carbon Steel Drum Forgings 



A307 Specification for Low-Carbon Steel Externally and 

Internally Threaded Standard Fasteners 

El09 Dry Powder Magnetic Particle Inspection 

El25 Reference Phtographs for Magnetic Particle 

Testing of Ferrous Castings 

El38 Wet Magnetic Particle Inspection 

National Electrical Manufacturer's Association (NEMA) 

SM-21 Turbines, Mechanical Drive Service Multi-Stage 

MG-1 Motors and Gears 

IS1.l Enclosures for Industrial Controls and Systems 

Tubular Exchange Manufacturer's Association, Inc. (TEMA C) 

National Fire Protection Association (NFPA) 

Bulletin No. 70: National Electrical Code, Article 500 
(1 Hazardous Location" 

The scalability of the expander/generator set is controlled by 

both machines. Since the intention is to use existing generator designs 

to the maximum extent possible without unduly penalizing the expander, 

the scalability emphasis will be nn the expander, 

Brown Boveri Corporation has indicated that they can provide a 

4-pole synchronous generator up to 50 MVA. This means that with a 0.8 

lagging power factor and 1.0 service factor that the maximum generator 

power is 40 MW or 53,600 horsepower. Consequently, one of these large 



4 - p o l e . g e n e r a t o r s  w i t h  e l e c t r o n i c  e x c i t a t i o n  and double  ended s h a f t  can 

be  d r i v e n  by d u p l i c a t e  ammonia expanders  t o . t h e  des ign  set f o r t h  i n  

t h i s  s tudy.  The maximum s i n g l e  t r a i n  p l a n t  s i z e  u s ing  a  4-pole gen- 

e r a t o r  is ,  t h e r e f o r e ,  30 MW(e) g ros s .  

Four s t a g e  double  flow ammonia expanders can be  s c a l e d  from t h e  

15 MW(e) g r o s s  u n i t s  f o r  t h i s  s t udy  t o  l a r g e r  c a p a c i t i e s .  The f i r s t  

i t em t o  cons ide r  i n  s c a l i n g  i s  t h a t  t h e  u se  of a  gea r  i n  t h e  s t r i n g  

adds  an u n d e s i r a b l e  p a r a s i t i c  l o s s  of 1-1/2 t o  2 pe rcen t .  To e l iminaee  

t h i s  l o s s  a l l  w e  have t o  do is s c a l e  t h e  expanders t o  o p e r a t e  a t  a  speed 

which matches a  g e n e r a t o r  speed. Therefore ,  expanders have been s c a l e d  

t o  o p e r a t e  a t  1200 rprn and 900 rpm; see Table  10  - 4 .  

To op t imize  performance a t  1200 rpm, t h e  s c a l e d  u n i t  w i l l  hav.e 

t o  o p e r a t e  a t  t h e  same v e l o c i t y  r a t i o  a s  t h e  1800 rpm u n i t .  Consequently,  

t h e  s c a l e d  p i t c h  d iameter  w i l l  have t o  be  1.5 t imes (1800 i 1200) t h e  

1800 rprn u n i t ' s  p i t c h  diameter .  I f  we r e t a i n  t h e  same LID r a t i o  t h e  

new s c a l e d  base  d iameter  will a l s o  be 1.5 elmes che 4-pule uniL,  or 

46.5 (1.5 x  31) i nches .  S ince  p i t c h  d iameter  and b l a d e  l e n g t h  have both  

i nc reased  by. 50 p e r c e n t ,  t h e  1200 rprn expander f l o w  pas s ing  c a p a c i t y  w i l l  

b e  2:25 t imes (1.5 x 1 . 5 ) .  t h e  1800 rprn u n i t .  E f f i c i e n c y  w i l l  be  j u s t  

s l i g h t l y  h ighe r  f o r  t h e  l a r g e r  machine a s  shown i n  F i g u r e  10  - 1. 

P l a n t  c a p a c i t y  far che one 46.5 base  d i a ~ u e ~ e r .  expander 'd r ivf r ig  n 6-pole 

gene ra to r  w i l l  be  33.75 MW (e )  g ros s .  Once again;  i f  t h e  gene ra to r  i s  

double  ended, two 46.5 i nch  base  d iameter  expanders can d r i v e  one 



,., ' .  genera tor  f o r  a 67.5 MW(e) gross  p,lant. A t  t h i s  time, i t  is  important 

, . . . 
t o  note  t h a t  the  con t ro l s  t o  ba1anc.e :,two 'expanders w i l l  be somewhat 

more involved; the  maximization o f  power f e a t u r e  w i l l  r e q u i r e  p a r t i c u l a r  

a t t e n t i o n .  

I n  a s i m i l a r  fashion an expander could be sca led  t o  opera te  a t  

t h e  8-pole speed of 900 rpm. The capaci ty  of t h i s  u n i t  would be 4 t imes 

the  1800 rpm u n i t .  Therefore, the  p l a n t  capaci ty  would be 60 MW(e) 

gross  f o r  the  s i n g l e  body and 120 MW(e) g ross  i f  d u p l i c a t e  u n i t s  a r e  

a t tached t o  each end of t h e  genera tor  s h a f t .  It has been assumed t h a t  

8-pole genera tors  are a v a i l a b l e  f o r  t h e  requi red  output .  

This s c a l i n g  n e c e s s a r i l y  l i m f t s  the  a v a i l a b l e  output  power, s i n c e  

i t . i s  done on t h e  b a s i s  of synchronous running speed. I f  synchronous 

genera tor  opera t ion  is required ,  t h e  optimum s c a l e s  of t h e  15  MW(e) 

g ross  design a r e  t h e  t w o  previous des igns  d iscussed,  t h e  33.75 MW(e) 
. . 

gross  and t h e  60 MW(e) gross.  For any o t h e r  requi red  power, lower 

e f f i c i e n c y  w i l l  r e s u l t .  A d i r e c e  s c a l e  of t h e  15 MW(e) g r o s s  design 

t o  any o the r  power i n  t h e  range of 25 MW(e) g ross  t o  75 MW(e) g ross  

w i l l  opera te  a t  ncnsynchronous speed and a gear ,  along wi th  i ts  2 per- 

cent  power l o s s ,  would have t o  be employed. This gear  l o s s  i s  respon- 

s i b l e  f o r  lower e f f i c i e n c i e s  a t  o t h e r  than optimum s c a l e s .  

.The u n i t s  i n  the  range of 25 MW(e) g ross  t o  75 MW(e) g ross  would 

be  sca led  on the  b a s i s  of output ,  wi th  t h e  speed being sca led  



l a t e r .  For a 25 MW(e) g ros s  pow.er>output,  t he  s c a l i n g  f a c t o r  would 

be  25 f 15,  o r  1.667. The p i t ch . , d i ame te r  and t h e . b a s e  diameter  would 

b o t h  be  s c a l e d  by t h e  squa re - roo t ,o f  1.667, s i n c e  the. I,/D r a t i o s  would 

be  cons tan t .  Th i s  r e s u l t s  i n  a base  d iameter  of 40 inches .  The speed 

would be s c a l e d  by t h e  i n v e r s e  of t h e  squa re  r o o t  o f .  1.667 i n  o r d e r  

t o  main ta in  t h e  proper  v e l o c i t y  r a t i o .  This  r e s u l t i n g  speed i s  1394 

RPM. A 75 MW(e) g ros s  power output  u n i t  would be  s c a l e d  s i m i l a r l y ,  

except  t h e  s c a l e  f a c t o r  would be  5.00 (75 ' 15).  The new base  

diameter  would be bY.3 inches  (31 x 2.2313) and cktr xiew upera l iug  

speed would be 805 RPM (1800/2.236). 

Each s c a l e d  des ign  of t he  15 MW(e) g r o s s  u n i t  w i l l  be t h e  h i g h e s t  

performing des ign  f o r  t h e i r  own p a r t i c u l a r  s c a l e d  speed. This  does not  

n e c e s s a r i l y  mean t h a t  a s ca l ed  des ign  running a t  a s c a l e d ,  nonsynchronous 

speed cannot be  o u t  performed by ano the r  des ign  running a t  a synchronous 

speed. It i s  p o s s i b l e  f o r  a nonscaled des ign  running a t  a synchronous 

speed d r i v i n g  a synchronous gene ra to r  t o  produce more power than  a 

s c a l e d  des ign  running a t  a nonsychronous speed d r i v i n g  through a gear  

t o  a synchronous gene ra to r .  The l a t t e r  i n c u r s  a performance pena l ty  

from the  gea r ,  p o s s i b l y  lowering i t s  ou tpu t  power below t h a t  of t h e  

former. I f  t h e  gene ra to r  can  b e  run a t  a nonsynchronous speed f o r  any 

reason ,  t h e  s c a l e d  des ign  running a t  a s c a l e d  speed w i l l  be t h e  most 

e f f i c i e n t  f o r  any d e s i r e d  g r o s s  powur U U L ~ U C .  

So f a r ,  t h i s  d i s c u s s i o n  of s c a l a b i l i t y  has  considered only  t h e  



thermodynamic aspects. Manufacturability must also be considered in 

the determination of maximum expander size. The 15 MW(e) gross out- 

put expander set forth in this study is approaching the limits of 

this manufacturer's plant cap.abilities. It is felt that any of these 

scaled units are wlthin the worldwide state-of-the-art of manufacturability. 



T A B L E  1 0 - 1  

THERMODYNAMIC INSTRUMENTATION REQUIREMENTS 

ITEM 

INLET PRESSURE 

INLET QUALITY 

EXHAUST PRESSURE 

INTERSTAGE PRESSURE AHEAD 

OF EACH STATOR 

COMPOSITION 

REQUIREMENT 

INITIAL LONG-TERM 

YES YES 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

YES 

NO 

YES 



T A B L E  1 0 - 2  

INSTRUMENTATION 

Area of Use or Type of Instrument 

Mechanics1 Instrumentation 

Lube Oil Console. 1nstrumenta.tion 

L) Oil Reservoir Level Alarm Switch 

2) Differential Pressure Indicator Switch 

3) Temperature Switch 

5 )  Pressure Switch 

5) Differential Pressure Switch 

i) Temperature Indicator 
n 
I 
d '7) Pressure Indicator 
cn 
W 3) Differential Pressure Indicator 

Expander 

1) Overspeed Trip Pressure Transducer 

2) Magnetic Speed Pickup 

3) Bent ley Vibration Probes 

4) Bentley Axial Position Probe 

5) Bearing Thermocouples or RTD's 

Recommended Signal 
Quantity Type 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

1 Voltage 

1 Frequency 

4 Voltage 

1 Voltage 

6 Voltage 



Area of Use or T-jpe of Instrument 

T A B  L E 10 - 2 (cont.) 

INSTRUMENTATION 

Recommended Signal 

Generator 

1) Stator E-TD"s 

2) Bearing RTD's 

3) Cooling Air Rmls 

4 )  Cooling Water RTD' s 

5 )  Cooling Water Leakage Detector 

6 )  Bentley Vibration Probes 

7) Walt Meter For Generator Load 

Thermadynamic Instrumentadon 

1) Inlet Pressure Transducers 

2) Exhaust Flange Pressure Trmsucers 

3) Interstage Pressure Transducers 

41 Liquid Ammonia Calibrated V e n t d  Tube 

a) kes.sure Transducers 

b) 'fiermoccuples 

Quantity JB!% 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Voltage 

Binary 
Coded 
Decimal 

Yoltage 

Voltage 

Voltage 

Voltage 

Voltage 



T A B L E  1 0 - 3  

MATERIALS OF  CONSTRUCTION 

FOR MAJOR COMPONENTS 

OF  AMMONIA EXPANDER 

PART MATERIAL 

OUTER CASING SA-516 

BARREL GRADE 60 

FORM 

PLATE 

ENDWALLS SA-226 CLASS 1 FORGED 

SA-516 GR 60 PLATE 

STATOR HOUSING SA-216 GR WCB CAST 

DIAPHRAGMS SA-516 GR 60 . PLATE 

STATOR BLADES A I S I  TYPE 405 BAR 

ROTOR BLADES A I S I  TYPE 4 0 3  BAR 
. ANNEALED 

DISCS  

SHAFT 

A I S I '  4140 
ANNEALED 

A I S I  4140, 
ANNEALED 

FORGED 

FORGED 

MIN. YIELD - p s i  

3 2 , 0 0 0  



T A B L E  1 0 - 4  

GROSS OUTPUT 
E.IW(e) 

SCALED EXPANDERS 

SPEED BASE DIAMETER RELATIVE 
RPM INCHES THRUPUT . . ' 

I I 

*Asstshes synchronous generators are available a t  these 
speeds for the required output with the 'same eff ic iency 
as the 15 MW(e) gross unit.. 



FIGURE 10-1 

TRW-OTEC SCALABILITY STUDY, FOUR STAGE 
DOU BLE FLOW .DESIGNS 

LOST REAL BLADES 

1 1  

1.00.- 

NORMALIZED 
EFFICIENCY 

.9 5 - -  

' i~ = 1288 PSlA 

DESIGN PEX = 89.2 PSlA 
SPEED -\ 

62 1 N. BASE DlA. 
WMW, N =9OORPM 

&I  IN. BASE DIA. 
I0 MW, N=ISOORPM 

I. /A 46.51N BASE DlA. 

VELOCITY RATIO UIC, 
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ATTACHMENT 2 

NOMENCLATURE 

Isentropic velocity, Co = 223.77 (it-lsec.) 

Absolute velocity .(ft.Jsec.) 

Ratio of blade height to mean blade path diameter 

Shaft speed (rpm) 

Pressure (psia) 

Temperature (OF) 

Mean blade speed (f t . /see. ) 
Velocity ratio 

Specific volume (f t. 3/lbm.) 

Relative velo~ity (ft./sec.) 

Fluid absolute angle measured from tangential plane, 
at stator exit 

Fluid relative angle measured from tangential plane, 
at rotor inlet 

Fluid relative angle measured from tangential plane, 
at rotor inlet 

Isentropic heat drop (~~U/lbm.) 



SUBSCRIPTS 

IN At expander inlet 

EX At expander exhaust 

1 At stator exit or rotor inlet 

2 At rotor exit 

DEFINITIONS 

Axial Width ---- The axial width is the maximum width of the blade 
in the axial direction at the specified section as 

shown in Figure B-1. 

Base Diameter -- The base diameter of a blade is the minimum diameter 
of the blade where the blade joins the hub as shown 

in Figure B-2. 

Free-Vortex --- Free-vortex flow is flow with a specified variation 

in the absolute tangential velocity within the blade 

path with diameter such that radial inflow equilib- 

rium is.maintained. For this type of flow the axial 

velocity is constant across tbe entire blade path 

while the tangential velocity decreases linearily 

with diameter. Therefore, as the diameter increases 

across the blade row the stage reaction constantly 

increases. 



Gauging Angle - The b l a d e  gauging angle  is defined a s  the  design 

b l a d e  f l u i d  e x i t - a n g l e ,  and is ca lcu la ted  a s  the  

a r c s i n e  of the  blade t h r o a t  divided by b lade  p i t c h  

d i s t ance .  See Figure B-1 f o r  a  p i c t o r i a l  repre- 

s e n t a t i o n  of the  gauging angle. 

Mean Diameter -- The diameter of the  b lade  suc t ion  ha l f  way between 

(average) the  b lade  base and t i p  suct ions .  

Normalized ---- Normalized eff . iciency i s  defined a s  being the  ca lcu la ted  
Eff ic iency e f f i c i e n c y  divided by the  e f f i c i e n c y  of a  four  s t a g e ,  

31 inch  base  diameter design wi th  s i m i l a r  blading.  

pi tch --------- The d i s t a n c e  between s i m i l a r  p o i n t s  on adjacent  

b lades  i n  t h e  c i r cumferen t i a l  d i r e c t i o n  a s  shown 

i n  Figure B-1. 

Stage Reaction - The r a t i o  of energy t r a n s f e r  i n  the  r o t o r  r e s u l t i n g  

from a  s t a t i c  p ressu re  change t o  the  t o t a l  energy 

t r a n s f e r  i n  the  s tage .  

Throat --------- The minimum flow a r e a  between adjacent  blades a s  

shown i n  Figure B-1. 

Tip  Diameter --- The t i p  diameter is  t h e  h ighes t  o r  l a s t  blade sec t ion  

a s  shown i n  Figure B-2. 



Velocity Ratio - The velocity ratio for,a s.ingle stage configuration . .  . . .  . 

i s , u ,  - - pitchline velocity ; however, 
Ce theoretical spouting velocity- 

for a multistage turbine' design, the numerator of 

the velocity-ratio term represents the square root 

of the sum of the squares of the pitchline velocities 

of each stage. Therefore, the precise expression for 

velocity ratio for either a single stage or multi- 

stage turbine is 
w / c o  

However, the velocity 

ratio will be consistently expressed as U/co, it , 

being understood that for a multistage turbine 



FIGURE 8-1 

BLADE T E R M I N O L O G Y  

GAUGING ANGLE= ARCSIN (T:~:f) 



FIGURE 8-2 

TUR BlNE STAGE Dl.AMETERS 

TER 
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APPENDIX G . l  

HYDRAULIC TUBE CLEANER ANALYSIS 



G. 1. ,HYDRAULIC TUBE CLEANER ANALYSIS 

' SCOPE 
, ' 

This analysis invest igates the design parameters o f  the hydraulic tube 

cleaner. The analysis was required f o r  the preliminary design. The 

f o l  lowing parameters were studied: 

Tube dimensions 

Water volume and weight 

i PSsluri s ire  

Flow area 

Pump head 

Required power 

Flow r a t e  

Bouyancy 

Slippage flow r a t e  
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APPENDIX 6 . 2  . , 

OTHER DESIGN CONSIDERATIONS 'WITH RESPECT TO THE HYDRAULIC TUBE CLEANER 



6.2. OTHER DESIGN CONSIDERATIONS WITH RESPECT TO THE 
HYDRAULIC TUBE CLEANER 

SCOPE 

Discussions per ta in ing t o  the design o f  the mechanical l a tch ,  magnetic 

l a t c h ,  passive u l t rasonic  transducer, act ive  ul trasonic transponder, and 
nuclear detector device are presented herein. A1 1 these discussions con- 

s ider  some device t o  indicate  the bottom o f  the stroke f o r  the hydraulic - 

tube cleaner. 



MECHANICAL LATCH 

' The mechanical l a t ch ing  system i s  i l l u s t r a t e d  i n  Figure 1. The brush . 

has two pigs located a t  each end w i t h  protruding fprings, and one p i g  i n  

the middle o f  the brush t o  contain a la tch ing  mechanism. As shown i n  

Figure 1 the two springs are connected w i t h  a s t r i n g  which runs i n  a small 
tube along w i th  o ther  wires tha t  hold the b r i s t l e s  o f  the brush. The 

s t r i n g  i s  wound around a drum on the l a t ch ing  mechanism (shown as a perman- 

ent magnet) i n  the middle pig.  

A t  the t op  of the stroke the top spr ing protrudes from the tube, 

expands, p u l l s  on the s t r i ng ,  and cocks the  l a t c h  i n  one pos i t ion.  A t  the 

bottom the other spr ing recocks the latch.  The l a t c h  i t s e l f  could be a 

permanent magnet as shown i n  Figure 1 whose posi t . ion could be detected by a 

simple e lec t ron ic  c i r c u i t .  

Note t h a t  there i s  no way t h a t  the l a t c h  could be cocked o r  recocked 

dur ing t r a n s i t  unless one end o f  the brush ac tua l l y  protrudes outside the 

tube. 

Advantaqes/Di sadvantages : 

I n  p r i n c i p l e  t h i s  i s  a very simple mechanical device which should be 

100 percent re1 iable.  However, i t  may not  be 'as easy t o  design and b u i l d  

as i t  appears. For example assembly and seal ing o f  the  device would present 
. . some challenging problems. 
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. " 

MAGNETIC LATCH 

This system contains magnetic la tches incorporated i n  each brush as 

i l l u s t r a t e d  i n  Figure 2. The magnetic latches are se t  p r i o r  t o  s t a r t i n g  

the downstroke by an e l e c t r i c  magnet and rese t  by permanent magnets located 

a t  the bottom o f  the tubes. Moni tor ing the cur rent  through the e l e c t r i c  

magnet dur ing the "set"  operation i t  w i l l  be possib le t o  determine whether 

the  magnet has been proper ly  rese t  by the permanent magnets a t  the bottom 

o f  the stroke. 

. , Disadvantage: Each tube would requ i re  a permanent magnet i n s t a l l e d  

a t  the bottom. Although these magnets could be. very cheap (%5& each) they 

would requ i re  extensive t es t i ng  t o  insure t ha t  they l a s t  the l i f e t i m e  o f  .. 

the system. I n  addi t ion,  i f  some o f  the magnets f a i l e d . f o r  some reason, i t  

would be d i f f i c u l t ,  i f  no t  impossible t o  r epa i r  them i n  s i t u .  



M A G W  LATCH 



PASSIVE ULTRASONIC TRANSDUCER 

This system incorporates passive u l  t rasonic transponders i n  the 

brushes as shown i n  Figure 3. The transponders are connected t o  receiver/  

t ransmi t ter  antennas which protrude from the bottom o f  the brushes. The 

transponders, i n  form o f  a metal i c  dumbel 1 a c t  1 i ke tuning fo rks  when 

exc i ted by ex te r i o r  u l t rason ic  waves. Each brush has a transponder t h a t  

responds t o  a d i f f e r e n t  frequency. When the brushes are a t  the bottom of 

a s t roke w i t h  t h e i r  antennas protruding below the bottom tube sheet an 

external  u l t rason ic  transducer transmi t s  s ignals o f  the appropr iate f re -  

quencies, and then l i s t e n s  f o r  a return.  Thus i t  would be possible t o  

check t h a t  a l l  the brushes have reached the bottom o f  the stroke. 

Advantages: Very simple, inexpensive and poss ib ly  p e r f e c t l y  r e l i a b l e  

sys tem. 

Disadvantages: Would requi re  extensive t es t i ng  a f t e r  i n s t a l l a t i o n  t o  

insure t h a t  harmonics and resonances do not g ive f a l s e  signals. 





ACTIVE ULTRASONIC TRANSPOWER 

This device i l l u s t r a t e d  i n  Figure 4 consists o f  an ac t i ve  u l t r ason i c  

t ransmi t te r  and' rece iver  incorporated i n  each brush. A t  the s t a r t  o f  the 

cyc le  the t ransmi t te r  i n  each brush i 's charged up by a magnetic coup1 i n g  

arrangement as i l l u s t r a t e d  i n  lower l e f t  hand corner o f  Figure 4. When the 

brush reaches the bottom o f  the stroke, the brush stops are arranged so t h a t  

the t ransmit / receive antennas protrude through the lower tube sheet. An 

external  u l t r ason i c  transducer located i n  the chamber below the heat 

exchanger i n t e r roga t i on  could be done,by coding each o f  the brushes w i t h  a 

d i f f e r e n t  signature.which the u l t rason ic  transponders i n  the brushes . 

recognize and answer to. For example: the external  transducer would send 

ou t  the code f o r  brush #1, receive an answer, the brush #2, etc.  

Advantages: The' ac t i ve  u l t rason ic  transponder appears t o  be the best  

system f o r  detect ing the brushes o f  a l l  the approaches considered here. 

The main advantages are t h a t  t h i s  system should be very re1 i a b l e  and requ i re .  

very 1 i t t l e  t es t i ng  o r  adjustment a f t e r  i n s t a l  1 a t ion .  

Disadvantages: Some development e f f o r t  would be required t o  design 

the u l  t rason ic  transducers as we1 1 as the transducer i n t e r roga t i ng  system. 



ACT I E U LTRAISON\C TRANSPONDER 
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NUCLEAR DETECTOR DEVICE 

This scheme, shown i n  Figure 5 uses an i on i za t i on  chamber located i n  

a p i g  attached t o  the brush and radioisotope sources (such as cob01 t -60 o r  

cessium -137) located a t  the bottom o f  the  tubes .. A t  the s t a r t  o f  the 

.-stroke the i on i za t i on  chamber i s  charged upty external  means. When t he  

brush reaches the bottom o f  the tube the i on i za t i on  chamber i s  discharged 

by the rad ia t i on  from the radioisotope sources. A f t e r  the brush i s  r e -  
turned back t o  the brush holder the s ta tus o f  t he  i on i za t i on  chamber i s  

in ter rogated v i a  a magnetic coupl ing device as i l l u s t r a t e d  i n  Figure ,5a. 

Since the i on i za t i on  chamber can be discharged on ly  by penetrat ing 

nuclear r ad ia t i on  there' i s  v i r t u a l l y  no chance t h a t  i t  could discharge 

before reaching the radioisotope sources a t  the bottom o f  the tubes. A 

very intense cosmic ray  shower could have some e f fec t ,  however, i t  would 

be possib le t o  design the system i n  such a way t h a t  the p r o b a b i l i t y  o f  the 

i on i za t i on  chamber discharge by cosmic rays would be extremely small. , 

Advantages : The nuci ear detector  device shoul d be inexpensive and 

simple t o  bu i ld .  Also i t  should be very re1 i a b l e  and operate f o r  a long 

t ime wi thout  maintenance, 

Disadvantages. Use o f  radioisotope. sources always presents a p rac t i ca l  

problem o f  red tape, safe ty  analyses, etc. Although there should be no 

rea l  'hazard from these radioisotopes, pub1 i c ' s  l ack  o f  understanding o f  

nuclear r ad ia t i on  and sometimes i r r a t i o n a l  reluctance t o  accept i t  makes 

i t  d i f f i c u l t  t o  implement nuclear systems i n  pract ice .  
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APPENDIX 6 . 3  

MAINTENANCE AND OPERATING PLAN INPUTS FOR THE 

10 MWe AND THE 0.2 MWe TUBE CLEANERS . - 



TO: S. Vinaent 

(NTEROFFICE CORRESPONDENCE 

cc: A.H. Hausrath DATE: 9 August 1978 
W.G. Hample 
R. Williams 
R. Pearson 

s u m J = m :  Maintenance and Operating Pl an Inputs f o r  
the 10 MWe and the 0.2 MWe Tube Cleaners 

FROM : 
C. Wi 11 i amon $ 

.LOG. MAIL  ST*. CXT. 

Referon=: 1, CP-SS14-45 Prime Item Development Speci f i  cation. f o r  PSD-1 
tleet Exchanger Biofoul ing Control Subsystem 
Tube Cleaner 

2. CP-EQ2-556 Cri t i  ca1 Item Product Function Specification 
fo r  the 10 MWe H X  Tube Cleaner Positioner 

3. CP-EQ2-557 Cri t i  cal Item Product Function Speci f i  cation 
for  the 10 We HX Tube Cleaner Cleaner Head 

4. CP-EQ2-556 Crit ical  Item Product Function Specification 
for  the 10 We HX Tube Cleaner Controller/ 
Recor&r 

5. CP-EQ2-561 0.2 We HX Tube Cleaner 

a )  10We H X  Tube Cleaner (References 1 t h r u  4 )  

1 ) Operation-- The 10 We HX tube cleaner has been configured t o  operate 
automilti cal ly according t o  .ihe functional flow (Fi g u ~  3 )  
and the t i rne  l i n e  shown i n  Figure 2 except as noted i n  
Flguw 1 and s m r i z e d  below 

a )  Move cleaning head t o  a selected HX under manual 
control. For the 40 We system, interconnecting r a i l s  
are envisioned. For the 10 MWe system, th is  movement 
r e q i ~ i r p ~  an nn-hnard crane or h ~ i s t  t o  posjtion the 
cleaner t o  i t s  support pads on the HX. Th is  will  
require two persons minimum; one to operate the 
ho i s t  and others t o  engage the pad locking pins. 

b) Position the cleaning head a t  the s t a r t  point (under 
manual controls).  This i s  accomplished by commanding 
the posi t ioner  t o  seek a speci f i  c X-Y posi tion and 
verifying th i s  location from position indi cator readouts. 
A t  t h i s  point the automatic controls are commanded t o  
take over but the operator wil l  stand by fo r  several 
cycles t o  insure proper performance. 
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c) I f  an incomplete brush r e t r a c t i o n  i s  sensed, the con t ro l l e r  
shuts down the machine and s ignals for  correct ive action. 
When a crew member i s  avai lab le,  he w i l l  execute 
cor rec t ive  a c t i ~ n  by proceeding as fo l lows : 

Override the contro ls  t o  command the brushes t o  
down st roke again i n  the  same pos i t i on  and re- 
a ttemp re t rac t ion .  

I f  complete r e t r a c t i o n  i s  s t i l l  no t i nd i ca ted ;  
repeat above a t  h igher  (TBD) a i r  pressure i n  
increments o f  (TBD) up t o  a maximum o f  (TBD) 
pressure. 

I f  complete re t rac t i on  i s  s t i l l  ind icated,  t he  
r e t r a c t i o n  sensor i s  suspect and maintenance . 
s h a l l  be scheduled. 

It should be noted t h a t  the same procedure s h a l l  be 
fol lowed i f  l o c a t i n g  p i n  disengagement i s  n o t  sensed. 

2)  Maintenance - Refeence 1 spec i f ies  t h a t  the l e v e l  o f  r e p a i r a b i l i t y  
s h a l l  be such t h a t  the vessel maintenance crew can 
execute maintenance and repai r s  us ing mu1 t ipurpose 
( too l s )  and t e s t  equipment. Two leve l s  o f  maintenance 
are speci f ied.  They are: 

a) Serv ic inglmainta in ing the cleaner i n  i t s  normal 
operat ing pos i t ion ,  i e ,  l ub r i ca t i on ,  minor 
adjus t m n t s  , brush replacement, inspect ion  f o r  
degradation, etc.  , 

b )  On-deck major maintenance - This e n t a i l s  t ranspor t ing  
the  cleaher t o  a open deck serv ice area fo r  d is-  
assembly and repairs.  To prov i  & access t o  a l l  p a r t s  
of the cleaning head, i t  s h a l l  be de-erected t o  the 
hor izonta l  p o s i t i o n  and supported a t  working l e v e l  
f o r  convenience o f  repair .  Major maintenance s h a l l  
cons is t  of  partslsubassenbly rep1 acementlrepai rs , 
removal and reappl i c a t i o n  o f  p r o t e c t i  ve coating, 
reassembly and re installation onto a heat  exchanger. 

c) C o n t m l l e r  servicing/msintenencc - The con t ro l l e r /  
recorder s h a l l  be housed. inside o f  a ship bay o r  
compartment imnedi a t e l y  adjacent t o  the heat exchangers 
t o  e m i t  l i n e  ~f s i g h t  t o  the tube cleaner. It. ! w i 4  n o t  be exposed t o  the environment such as i s  the 
r e s t  o f  the cleaner subsystem. 
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Maintenance w i l l  require an e lect r ic ian versed i n  the 
operation of the unit and will be performed on location. 

b) 0.2 MWe HX Tube Cleaner. (Reference 5) 

1 )  Operation - This unit requires an operater t o  position the cleaning 
head into  preselected positions fo r  cleaning. Positioning 
sha l l  be done manually by turning lead screw wheels t o  
pre-identified position i n  the X and Y matrix. Note i n  
Figure 3 that  there are e ight  discreet X-X positions and 
28 Y-Y positions (max). A single operator can s e t  the 
X-X position, then move to  the cleaning head and position 
i t  i n  Y-Y and execute the multiple brush stroking up t o  
28 times before repositioning i n  the X-X direction. 

The brushes shall  be driven pneumatically by the operator 
operating valves. He will  be requimd to monitor the 
seven l ights  signalling completion of the down stroke and 
seven l ights  signalling completion of the up stroke. 

2 )  Maintenance - The maintenance of the 0.2 MWe H X  Tube Cleaner i s  as 
described i n  A-2-a & b above. 

Note: Further ,detai ls  of operation and maintenance will depend on the  
selected designs as developed by the subcontractor. This 
docunent can provide an over view only and will be expanded f o r '  
the proposal a f t e r  selection of a subcontractor. The final  
O&M plan has been identif ied as a deliverable from the 
subcontractor. 



ADJUST 

SENSE 
INCOMPLETE 

EXTENSION 

EXTEND 
BRUSHES 
THROUGH 
TUBES - 

SHUTDOWN/ 
SIGNAL FOR 

DISENGAGE 

CORRECTIVE 
LOCATING 

ACTION 
PIN 

- 
SENSE DISPLAY/RECORD RETRACT SENSE ENGAGE ' SHUTDOWN AND 

BRUSHES COMPLETE 
MOVE CLEANING 

COMPLETE + LOCATIN - VERIFY PIN 
THROUGH * BRUSH 

HEAD TO 
BRUSH *" 7 ENGAGEMENT 

TUBES RETRACTION 
NEXT STATION 

EXTENSION L 

MISALIGNMENT 
PREVIOUS 
STATION 

4 

I i 
MOVE CLEANING ENGAGE PIN 

+ - DISPLAY~~ECORD MOVE' SHUTDOWN AND 
INDEX O N  

HEAD TO LOCATING + MISALIGNMENT -+ :~~:ONNo~ND 4 CLEANING ENGAGE VERIFY PIN 

PIN INDICATED 
PEAD TO + LOCATING PIN -* ENGAGEMENT 

(1EANED NEXT STATION - 

PSD-1 BlOFOULlNG CONTROL1 SUB YSTEM TUBE CLEANER FUNCTIONAL FLOW : '  4 SIGNAL nx 
CLEANING 

I 
Figure 1 , PSD-1 B io fou l ing  Control Subsystem 

Tube Cleaner Functional Flow 



T H I S  PAGE , 

WAS INTENTIONALLY 

L E F T B L A N K  A 



APPENDIX 6.4 

TUBE CLEANER MEASUREMENTS AND CONTROLS 



a ~ :  R. Will iams cc: S. Vincent DATE: 26 July  1978 
W. Hample 
A. Hausrath 
PI. Nee 

~ U ~ J E C T :  Tube Cleaner Measurements & Controls FROM: C.E. Williamson 4 
.LOG. N A I L  STA. L X T .  

81 151 3 62635 

The tube cleaner subs stem i s  def ined by specs CP-SS14-45, CP EQ2-556, 
557 & 558. '(Attachedf A p ro jec ted  operat ing time l i n e  (Figure 1) and 
a funct ional f l ow  (Figure 2 )  i s  attached. The shsys tem has been designed 
t o  normal ly operate closed loop complete w i t h  data recorder. The primary 
data to"be recorded i s  the  loca t fan  o f  tubes which amnot  accepting the 
cleaning devices (brushes) t o  t h e i r  f u l l  stroke and groups o f  tubes t h a t  
a re  skipped by the  cleaner. Note t h a t  the mermry disks w i l l  be blanked 
to negatc recording o f  nn-brush-motion where the= are. no tubes. Following 
any tube p lugging operation, a new disk blank w i l l  be Wquf ved t o  a lso  
negate newly blocked tubes f r o m  the record. 

Sensors 

Within t h i s  subsystem, there are sensors t o  m a s u m  the fo l lowing:  

1 )  Engagement of the cleaning head w i t h  the guide pins i n  the 
tube sheet. (one sensor) 

2)  Completion o f  the down st roke (95 sensors) 

3) Corrgletion of  the up stoke (95 sensors) 

4) Redundant encoders on the X,  Y, and Z axe: o f  the posft laner  

The output  fmm sensor (1 ) above s ignals the c o n t r o l l e r  to proceed w i t h  
s t rok ing  the brushes. If a no-go s ignal  i s  received, the c o n t r o l l e r  d i rec ts  
the cleaning head t o  r e t r a c t  and re tu rn  the pos i t i one r  to the nearest X-Y 
mat r ix  sensor t o  ve r i f y  encoder pos i t i on  information. I f  on the nex t  attempt 
a no-go s ignal  i s  received, the pos i t i one r  moves t o  the nex t  l oca t i on  (n t l ) .  
If engagerrent i s  made, cleaning proceeds and the f a i l u r e  t o  clean p o s i t i o n  
(n) i s  recorded. I f  a no-go s igna l  i s  received a t  pos i t i on  (n+l)  the system 
w i l l  comnand shut down and s igna l  f o r  cor rec t ive  act ion. The output from 
sensor '(2) i s  recorded bu t  doesnot i n t e r r u p t  the cleaning sequence. The 
output fmm sensors (3)  permits the cl'eaning to proceed. Encoders (4) 
pos i t ions  the cleaning head responding t o  the programed c o n t r o l l e r  output. 
If on the second try a no-go i s  received, shut down/corrective act ion signal 
i s  issued. 

From the  above, i t  can be seen t h a t  on ly  two types o f  data a m  recorded: 
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1) Failure to  position for. c1,eaning. an entim group of tubes 
(95 tubes) and their  1o.cation i n  the matrix. 

2) Inconplete. Qwn stroke of any brush; i t s  group location 
In the matrix and i t s .  position i n  the group of 95 tubes. 

The use of this data 1s a subject for  the system engineers t o  address 
but i t  is our intent that i t s  to be used by the plant operator to plan/ 
wecute maintenance/ropai r activity. 

Controls 

The cleaning sequence for a heat exchanger shall be initiated manually by 
shipboard personnel a t  a control console. Signals for corrective 
action wit 1 .also requi re attention (not necessarily imnediate exaept 
i n  an emergency situation) from ship personnel. 

We donot envision the need for a dedicated operator for this subsystem. 
Also note that the tinreline permits canpletion of cleaning of a single 
heat exdranger i n  a 12 hour shift. 

Transfer 

I t  is proposed to use a single cleaner for the 10 We system for cleaning 
both the evaporator and the condenser. This will require transfer from 
one to the other approximately once per week (two transfers per week). 
I t  is assumed that this can be accomplished by the mgular maintenanoe 
crow. Note that a crane will be required for this operation. 

For the 4OWe system, two cleaners am envisioned; each dedicated to one 
side o f  the -ship. 

CEW : dp 

*Attachments only for  R. Williams 



TUBE CLEANER TIMELINE 

Approx 
2 min 

m m x  
20 sec 

A P P ~ X  
20 sec 

APP rox 
20 sec 

APP r*ox 
20 sec 

APP mx 
1.5 min' 

each 

Startup operat9ons (Manual Control ) 
1 - Release from stowed pos i t ion  

2 - Posi t ion to ,  s t a r t  po in t  ( fast ,  medium and slow 
traverse speeds) 

A1 i gnment sequence (Automati c) 
1 - Brake/Lock posi t i one r  

2 - Lower cleaning head 

3 - Engage gui & p i n  (Extend socket cyl inder) 
4 - Sense guJ& p i n  engagement 

bwn  s tmke cleaning sequence (~u tomat i c )  

1 - I n i t i a t e  brush-down cycle (Timer. T,) 

2 - Sense f i r s t  brush down conpletion 

3 - I n i t i a t e  Timer, T 2  (3  second delay t o  allow 
completion o f  a l l  down strokes) 

4 - Scan a l l  down stroke sensors 

5 - Record any incomplete down cycles 

Up s tmke  cleaning sequence (.Automati c) 

1 - I n i t i a t e  brush-up cycle 

2 - Sense f i r s t  brush-up completion 

3 - I n i t i a t e T i n e r .  Y3 (3  semnd &lay t o  allow 

conpletian up stmke) 
4 - Scan a l l  up stroke sensors 

5 - Disengage guide p i n  (Retrace socket cyl.) 

6 - Sense gui & p i n  disengagement 

Repositioning Sequence 

1 - Unlock pos i t ioner  

2 - Move t o  next  cleaning loca t ion  

Repeat sequence - B thru E 490 times per  heat exchanger. 

Figure 1 
G-36 
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APPENDIX H . l  

OTEC AMMONIA LEAK DETECTION SYSTEM 
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1. INTRODUCTION 

Ammonia i s  the working f l u i d  i n  the OTEC PSD-1 module. Because the 

heat  exchangers a re  submerged and sea water flows through them, any leaks 

i n  the tubes o r  tubesheets o r  inter faces w i l l  release amon ia  i n t o  sea 

water. A two fo ld  study has been conducted t o  determine the best  means 

o f  de tec t ing  ammonia leaks. 

The f i r s t  problem i s  t h a t  of moni tor ing the heat exchanger discharge 

streams t o  determine whether any leak ex i s t s .  This requ i res  ammonia 

de tec t ion  i n  the 0.1 ppm range, based on an al lowable leak r a t e  o f  
8 40 pounds/hour NH3 from the condenser which has 2.5 x  10 pounds/hour 

water f l ow ing  through i t. The al lowable leak f rom the evapordtcrr i s  

50 pounds/hour ammonia. If t o t a l  mix ing between the leak ing  ammonia and 

e f f l u e n t  water occurs, the r e s u l t  i s  a  so lu t i on  0.16 ppm i n  ammonia. 

Because the conf igurat ion of the lower water shroud has no t  been estab- 

1 ished a t  t h i s  time, ca lcu la t ions  have been based on ~naxlmum d i l u t i o n .  

Technicon Moni tor  I V  equipment can detect  ammonia l e v e l s  as low as 0.01 ppm 

i n  sea water; consequently e i t h e r  t h i s  instrument o r  an equivalent  one 

w i l l  be used i n  t h i s  app l ica t ion.  

The second problem i s  t h a t  of l oca t i ng  the  tube o r  j o i n t  t h a t  leaks 

so t h a t  r e p a i r  measures can be i n s t i t u t e d .  Leak l oca t i on  w i l l  be accom- 

p l i shed  using the tube c leaning equipment i n  a modi f ied vers ion for  sample 

co l l ec t f on .  E f f l u e r ~ t s  from each bank of 95 tubes w i l l  be analyzed as a 
composite; h igh ammonia r e s u l t s  f o r  any composite w i l l  be a  s ignal  t o  

search f o r  leaks i n  t h a t  tube bank. The Technicon Monitor I V  t o  be used 

i n  t h i s  app l i ca t i on  w i l l  be nlodified t o  accept new samples every two 

minutes, which i s  the cyc le  time o f  the tube cleaning equipment. 

Once a  leak ing  composite i s  located, the e f f l uen t s  from ind iv idua l  

tuhcs can be analyzed. The task of feas ib ly  l oca t i ng  ind iv idua l  tube 

Peaks requ i res  complicated and c o s t l y  va lv ing and TRW recommends the 

adoption o f  a  s i m p l i f i e d  system which can narrow the leak t o  a  19 tube 

composite. Ffgure 4 . 3  i n  Section 4.1..3 i s  a schematic o f  both such systems; 

the on ly  d i f fe rence  i s  the number of valves and l i n e s  enter ing the reservo i r  

w i thout  previous manifolding. 



2. THE SELECTED AMMONIA DETECTION SYSTEM 

2.1 THEORY 

The s p e c i f i c  method f o r  ammonia de tec t ion  i s  the Ber the lo t  Reaction, 

which i s  i n  accordance w i t h  the procedure f o r  automated analys is  i n  

"Methods f o r  Chemical Analysis o f  Water and Wastes," publ ished by the  

Water Q u a l i t y  O f f i ce  of the EPA (Appendix 1, No. 1). I n  t h i s  method 

samples are t rea ted  w i t h  a1 ka l  i ne  hypochlor i te  and phenol i n  the presence 

o f  sodium n i  troprusside, Na2Fe(CN)5(NO). A so l  u t i o n  of potassium sodium 

t a r t r a t e  and sodium c i t r a t e  i s  added t o  the sample stream t o  e l im ina te  

the p r e c i p i t a t i o n  o f  the hydroxides o f  calcium and magnesium; the t a r t r a t e  

and c i t r a t e  i o n  are  good complexing agents, A b lue indophenol dye i s  

produced from the ammonia and i s  measured spectrophotometrical ly. Both 

the s e n s i t i v i t y  and s p e c i f i c i t y  o f  the method are we l l  documented. 

(Appendix 1, No. 2) 

2.2. CHOICE OF EQUIPMENT 

The Technicon Monitor I V ,  o r  a s i m l l a r  type o f  un i t ,  i s  the instrument 
o f  choice t o  monitor the l eve l  of ammonia i n  sea water. The Technlcon 

equipment i s  a t t r a c t i v e  for  the fo1 1owi ng reasons : 

a The company's extensive experience i n  automated analysis. 

On-the-shelf a v a i l a b i l i t y  o f  system sens i t i ve  t o  NH3 
i n  sea water a t  0.01 ppm leve l .  

i Sa t i s f ac t i on  o f  cur rent  users o f  Technicon equipment. 

The Monitor I V  u n i t  uses the p r i nc i p l es  o f  cont inuol~s f low analysis 

developed by Technicon. The de l i ve r y  o f  reagents, a i r  and sample i s  

accompl ished by a p e r i s t a l t i c  pump. The sample stream i s  continuously 

drawn i n t o  the system. Chemical react ions are performed on the manifold 

where such funct ions as mixing, heating, and, when necessary, d i l u t i ons ,  

are  accompl ished. Ul t imately,  the colored reac t ion  product i s  measured 

w i $ h  a color imeter.  

The ana l y t i ca l  system i s  very f l e x i b l e  and can eas i l y  be modified 

i n  the f i e l d  t o  accimmodate a wide ammonia concer~traCOon range. Ambient 



ammonia concent ra t ion i n  sea water w i l l  vary w i t h  locat ion,  season, tempera- 

ture,  and depth, bu t  0.03 ppm i s  a probable maximum (Appendix 1, No. 3). 
Amrnoni'a l e v e l s  i n  each heat exchanger's i n l e t  water w i l l  be monitored as 

a reference and subtracted from e f f l u e n t  readings. 

2.2.1 Vendor Q u a l i f i c a t i o n s  

Technicon provide3 a one-week t r a i n i n g  course f o r  operators o . f , t h e i r  

equipment and has a worldwide network o f  serv ice and support f a c i l  i t i e s .  

I n  add i t ion,  we have spoken t o  numerous laborator ies  who use t h e i r  equip- 

ment fo r  analyses o f  sea water and have exce l lent  resu l t s .  These labora- 
t o r i e s  included the  Pub1 i c  Heal th Department f o r  the Sta te  of Cal f fornia,  

S c r i  pps I n s t i t u t e  o f  Oceanography and t he  National Marine F isher ies  

Service. 

2.3 ESTIMATION OF DETECTABLE LEAKS 

A t  the a l lowable  leak r a t e  of 40 pounds/hour o f  ammonia from the 

condenser, the e f f l u e n t  w i l l  contain 0.16 ppm o f  anmonia if complete 

mix ing takes place. The Technicon Monitor I V  i s  sens i t i ve  t o  a change 

o f  .O1  ppm NH3, which represents about a 6% change i n  the amnonia leak 

ra te .  I f  a new leak i s  i n  a s i ng le  loca t ion ,  i t s  95-tube composite w i l l  
conta in  about 3 ppm of ammonia. The evaporator has a t o l e rab le  maximum 

leak  o f  50 pounds/hour of ammonia; hence i t s  detect ion l i m i t  1s s l i g h t l y  

b e t t e r  than t h a t  of the  condenser. 

Because analys is  o f  the 95-.tube composites can detect  leaks a t  a 

much lower l e v e l  than analysis of the bu lk  eff luent, pe r iod ic  composite 

analyses may be usefu l  i n  prevent ive maintenance even when bu lk  e f f luent  

ammonia l e v e l s  are  sa t i s fac to ry .  For example, a 0.4 pound/hour leak i n  a 

s i n g l e  tube, which represents 1% of the al lowable condenser leak r a t e  bu t  

which i s  too small t o  be seen i n  the bu lk  e f f l uen t ,  would produce an 
e a s i l y  detected 0.6 ppm ammonia change i n  the 95-tube composite. 

The process of using a vacuum fo r  sample t rans fe r  was evaluated. 

The s o l u b i l i t y  o f  ammonia i n  water i s  so h igh that ,  u n t i l  the ammonia 

l e v e l  approaches several thousand ppm, the vacuum l eve l  0.f 2 ps ig  required 

fo r  sampling w i l l  no t  change the ammonia concentrat ion i n  the system. 



3. OTHER DETECTION SYSTEMS INVESTIGATED BUT ASSESSED AS UNSATISFACTORY 

3.1 . AMMONIA SPECIFIC ION ELECTRODE 

I n i t i a l l y  the i o n  se lec t i ve  e lec t rode (ISE) for  ammonia was considered 

a  good p o s s i b i l i t y  f o r  the analysis.. For maximum s e n s i t i v i t y ,  so lu t ions  , 

t o  be analyzed by the  ISE must be a t  about pH 11. Above pH 9.2, Mg(OH)2 

p rec ip i t a tes  from sea water, and adherence o f  t h i s  p r e c i p i t a t e  would 

reduce e lec t rode s e n s i t i v i t y  s i g n i f i c a n t l y  over periods o f  extended use. 

Disadvantages a lso i n c l  ude the fac t  t h a t  e lectrodes cu r ren t l y  being used 

i n  sea water app l i ca t ions  requ i re  f requent wiping o f  the membrane surface 

w i t h  a c i d  so lu t ions  t o  remove p rec ip i ta tes .  I n  add i t ion,  t he  response 

t ime o f  the el%ectrode i s  q u i t e  slow a t  t h e  l eve l s  o f  ammonia expected i n  

the bu lk  sample. Technicon, the supp l ie r  of the Monitor '  I V ,  o f f e r s  e i t h e r  

the ISE o r  the Ber the lo t  wet chemical method o f  NH3 analyses f o r  about the  
\ 

same cost, bu t  f o r  long-term r e l i a b l e  process analysis o f  ammonia i n  sea 

water, ~ e c h n i c o n  concurs w i t h  our recommendation o f  the Ber the lo t  wet 

chemical method. 

Orion, the manufacturer of an ISE, suggested the p o s s i b i l i t y  o f  

ca r ry ing  ou t  the ana lys is  a t  sea water pH (7.8 - 8,3), under which condi- 

t i ons  the electrode would sense about 10% o f  the ammonia present. Such a 

system wou-Id be too i n s e n s i t i v e  f o r  the bu lk  analysis mode and would 

requ i re  development work t o  determine i f  i t  i s  su i t ab le  f o r  i nd i v i dua l  

tube analysis.  The expected l i f e t i m e  o f  an ISE under sea water condi t ions 

i s  s t i l l  unknown. The s i t u a t i o n  i s  f u r t h e r  complicated by the f a c t  t h a t  

the s e n s i t i v i t y  o f  the electrode would vary w i t h  sample pH, and i t  would 

be necessary t o  ad jus t  the pH of a l l  so lu t ions t o  a set  value somewhere 

between a m b i e ~ t  pH and the pH a t  which Mg(OH)* would begin t o  in ter fere .  

3.2 pH ELECTRODES 
. , 

The p o s s i b i l i t y  of moni tor ing pH changes caused by leak ing ammonia 

was a lso invest igated.  Sea water i s  a  h i gh l y  - ; f fe red system due t o  the 

presence o f  approximately 2  x  M bicarbonate ion.  Thus the i n t r o -  

duct ion o f  ammonia produces much smal ler  changes i n  pH than would be seen 

i n  f resh  water. The h igh concentrat ion o f  magnesium ion  i n  sea water 

(5  x  10 M) i s  another complicat ing fac tor .  Magnesium hydroxide 



p r e c i p i t a t e s  above a  pH o f  about 9.2, serv ing t o  reduce even f u r t h e r  

the  change i n  pH expected from the add i t i on  o f  ammonia. 

I t  was concluded t h a t  pH changes are too small t o  be used f o r  

detect ion o f  leaks i n  the bu lk  mode. Development work would be required 

t o  establ  i s h  the method's s u i t a b i l i t y  f o r  lea'k l oca t i on  i n  ind iv idua l  

tubes o r  ba.nks o f  tubes. 

3.3 I O N  CHROMATOGRAPHY 

Another method considered was i o n  chromatography which used a  con- 

duc t imet r i c  detector .  Technical representat ives of Dionex Corporation, 

manufacturer o f  i o n  chromotography equipment, sa id  t h a t  ammonia can be 

analyzed by t h e i r  system on ly  when there i s  no more than a  thousand-fold 

excess o f  sodium present. I n  a  sea water medium, amnonfa detect ion would 
4 

be g r e a t l y  complicated by the 10 ppm i n t e r f e r i n g  concentrat ion o f  ~a'. 

3.4 INFRARED SPECTROPHOTOMETRIC TECHNIQUES 

The same i o n i c  in te r fe rence  phenomenon provides a  serious drawback 

f o r  i n f r a r e d  analys is  which would have required concentrat ion o f  the 

ammonia on a  column fo l lowed by s t r ipp ing .  A continuous sample technique 

o f  t h i s  type has y e t  t o  be developed. 

3.5 MICROCOULOMETRIC ANALYSES 

Microcoulometric methods of analyses were sens i t i ve  enough f o r  our 

purposes bu t  process- type equipment f o r  continuous msrii t o r i ng  i s  no t  

c u r r e n t l y  ava i lab le .  

3.6 LIGHT SCATTERING TECHNIQUES 

I t  might  be poss ib le  t o  locate  leaks greater than about 50 pprn NH3 

by moni tor ing the 1  i g h t  sca t t e r i ng  which accompanies the formation o f  the 

whi te  magnesium hydroxide p r e c i p i t a t e  a t  pH values above 9.2. A consid- 

erab le  amount o f  development work would be necessary t o  v e r i f y  the feas i -  

b i l i t y  o f  t l .11~ approach. 

3.7 INDICATORS 

Another possi b i  1  i t y  which would invo lve development expense i s  the 

add i t i on  o f  a  compound such as f luoresce in  i n  ppm amounts t o  the ammonia. 



Leaks could then be located by fluorescence. detectors a t  the  condenser and 
evaporator ex i ts .  



4. SAMPLING SYSTEM 

As mentioned e a r l i e r ,  a .workable systematic system i s  requ i red  fo r  

de tec t ing  an ammonia leak.  It i s  our  proposal t o  use three modes o f  

operation, c l a s s i f i e d  as 

8 Bul k out1 e t  sampl i ng 

8 Composite tube sampling 

8 I nd i v i dua l  tube sampling 

C r l  t e r i a  used i n  dec is ion making included, but  were no t  1 i m i  t ed  to:  

8 F l u i d  mechanics associated w i t h  t ranspor t ing sea water 
contaminated w i t h  ammonia from po ten t i a l  leak sources. 

Detect ion l i m i t  o f  <0.1 ppm. 

8 Thorough f lush ing o f  each l i n e  w i t h  so lu t i on  t o  be 
analyzed p r i o r -  l o  tak ing  an a l i quo t ,  

8 The p o t e n t i a l  leak sources are 1) she l l  t o  tube sheet, 
2 )  tube sheet t o  H-X tube, and 3) H-X tube. 

8 Use of e x i s t i n g  tube c leaning apparatus f o r  samplSng 
sea water (modi f i ed version) 

Bulk Ou t l e t  Sampling Mode 

The bu lk  o u t l e t  sampling mode consists o f  asp i ra t ing  tubes located 
i n  the o u t l e t  stream of each quadrant o f  the H-X tube bundle. Samples 

a re  withdrawn from each tube by pumping i n t o  a mix ing reservo i r  a t  

atmospheric pressure. The rese rvo i r  provides a continuous flow sample 
t o  an auto-analyzer capable of moni tor ing the system continuously. When 

the bul  k sample exceeds a recorded preset  1 eve1 , an audio/visual a1 a m  

i s  i n i t i a t e d .  The general leak l oca t i on  of the p a r t i c u l a r  quadrant can 

be determined by sampl i ng the quadrant sampl i ng  tubes i n d i v i d u a l l y  by 

sequencing the a i r  operated valves. Figure 4-1 shows the bu lk  o u t l e t  

sampl i n g  mode schematical ly. 





4.1.2 Composi t e  Sampl i n g  Mode 
w 

The composite sampl i n g  mode i s  i n i t i a t e d  whenever the. bu lk  sampling 

system ind ica tes  t h a t  a leak i s  present. The concept consists o f  d i r e c t i n g  

a modif ied b i o f o u l  i n g  tube c leaner t o  t he  i nd i ca ted  quadrant and sampling 
a composite o f  95 H-X tubes. Sample sea water i s  taken .from each tube 

and t ranspor ted t o  a storage reservo i r .  Transport ing the  sample f l u i d  i s  

accomplished by d i f f e r e n t i a l  pressure from the H-X o u t l e t  t o  a reduced 

pressure ( ~ 2  PSIA) r ese rvo i r  as shown schemat ical ly  by Figure 4-2. 

Two reservo i rs  w i l l  be provided so t h a t  as one rese rvo i r  i s  being 

analyzed, the o the r  one can be f i l l i n g  w i t h  a new sample. This would 

a l l o w  the c lean ing head t o  progress un in ter rupted t o  the next  bank o f  

95 tubes. 

Any group o f  tubes may be sequenced f o r  composite sampling and f o r  

narrowing t he  leak  t o  a spec i f i c  s e t  o f  tubes. A t  t h a t  point ,  a dec is ion 

would be made e i t h e r  t o  seal t h a t  group o f  tubes o r  t o  continue the 

. sequent ia l  a n a l y t i c a l  approach and perform i nd i v i dua l  tube samplfng. 

4.1.3 I nd i v i dua l  Tube Sampling 

A f t e r  'the i n i t i a l  survey o f  95-tube composites, the modi f ied brush 

c lean ing apparatus would r e t u r n  t o  any bank which showed a l eve l  o f  

ammonia higher than a s p e c i f i c  preset  value. E i t he r  ind iv idua l  tubes o r  

a composite sample of from 2 t o  95 tubes may be obtained by sequencing 

the  mu l t i p l ex  va l v i ng  mani fo ld  system. During t h i s  sequence, on ly  one 
r ese rvo i r  would be u t i l i z e d  due t o  the unique design o f  our reservo i r  

and sampling mode as shown schemat ical ly  i n  Figure 4-3. The unique feature 

o f  t h i s  mode i s  the t ranspor ta t ion  of sea water samples by a s i ng le  pump 

(vacuum) and the 1.abelIng and storage o f  these samples f o r  e i t h e r  composite 

o r  i n d i v i d u a l  analysis.  

If i t  were feas ib le  t o  seal of f  as many as 19 tubes a t  a time, the 

system could be g r e a t l y  simp1 i f i e d  by removal o f  i nd i v i dua l  valves. Groups 

o f  19 tubes could be sampled as a composite v i a  a manifold, and on ly  one 

va lve would be needed f o r  each 19-tube bank, This would reduce the 

f l e x i  b i l  i t y  o f  the  system, ho~ever ,  and would necessi tate manual sampling 

i n  the event t h a t  l o c a t i o n  of an i nd i v i dua l  leak ing tube ever became 
desirable.  I 



Figure 4-2. Compos.ite Sampl ing  Mode - Schematic (One Tube Sample Shown) 



Figure 4-3. Indi.vidual SampP ing Mode - Schematic 



4.2 GENERAL REQUIREMENTS 

A purge pump i s  provided t o  supply a background sample between 
e f f l u e n t  analyses o r  t o  wash down the process equipment i n t o  a deluge 

ho ld ing tank f o r  subsequent discharge t o  the sea. Copious f lush ing i s  
requ i red t o  prevent cross-contamination from sample t o  sample. 

A pump/ f i l t e r ing  assembly i s  shown f o r  f i t  t e r i n g  and back f lush ing.  
This assembly contains a p o s i t i v e  displacement pump capable o f  25 feet  

suc t ion  l i f t .  The pump w i l l  a l so  serve as a s t a t i c  pressure l i m i t e r  

s ince the reservo i rs  a re  expected t o  be located a t  an elevated r v e l  

exceeding the 5 PSIG working pressure o f  the  auto-analyzer. 

4.3 TECHNICAL DISCUSSION 

A cursory study was made t o  es tab l i sh  a feas ib le  method o f  obta fn tng 

a sea water sample representat ive  o f  a leak  from the s h e l l  t o  tube sheet, 

tube t o  tube sheet and an i nd i v i dua l  H-X tube. The s h e l l  t o  tube sheet 

leak can probably be detected by the  bu lk  system sample tes t .  The tube/ 
tube sheet i n t e r f a c e  and H-X tube leak i s  determined by the composite and 

i nd i v i dua l  tube sample t e s t i n g  o f  95 tube groups. This requ i res  develop- 
ment i n  c e r t a i n  areas as w i l l  be discussed i n  the desfgn development 

section. A p r a c t i c a l  approach i s  t o  use the e x i s t i n g  tube c leaning sub- 
system machinery f o r  cos t  considerat ions. 

, 

Modi f ica t ions t o  the  e x i s t i n g  desf gn are necessary and may a l so  ,I 

> 

r equ i rk  some development e f fo r t .  The mod i f i ca t ion  i d e n t i f i e d  a t  t h i s  

t ime requ i res  a hol low (tube f ab r i ca t i on )  brush rod f o r  f l u i d  passage 

t o  the sample storage reservo i r .  Also an interchangeable o r  modi f ied 

brush Read assembly w i l l  be required. This brush head w i l l  r equ i re  a 
check va l  ve, center ing brushes and mu1 t i - h o l e  en t r y  ports.  The concept 

o f  the rese rvo i r  l oca t i on  and brush assembly i s  shown by the sketch 

i l l u s t r a t e d  i n  Figure 4-4. 

I n  order t o  prevent c logging of the sampling i n l e t  l i nes ,  t r ans fe r  

l i n e s  and va lv ing  system, f i l t e r  assemblies w i l l  be added a t  the  i n l e t  

t o  the modi f i e d  brush u n i t  as shown i n  Figure 4.4. The major cause o f  



Figure 4-4. RES 

L 

IERVOIR LOCATION AND BRUSH ASSEMBLY 



par t icu lates would most l i k e l y  be from the formation o f  Mg(OH)2 caused 
by ammonia leakage i n t o  sea water containing r e l a t i v e l y  high concentra- 
t ions  o f  magnesium ions ClOOO ppm o r  more]. 

A prel iminary s i z i n g  f o r  the hollow brush diameter and sample f l ow  
was conducted. .Several avai lab le tube sizes were analyzed and are 
tabulated : 

0. D. Ao-Ft 2 DH-F~. - WALL - I D  - 
1/2 .049 .402 8.814x10-~ ,0335 

Figure 4-5 shows the  pressure drop (PSI/Ft) character is t ics  fo r  the 
above tube sizes for  laminar f low and Figure 4-6 f o r  turbulent  flow. It 

i s  recormended t h a t  the  sample reservoi r  be located on top o f  the brush 
u n i t  and connected w i th  shor t  l i n e s  t o  minimize the s t a t i c  1 ift, entangle- 
ment, and dynamic pressure losses. Assuming the brush head can traverse 
one f o o t  above the water box water l eve l  located another foo t  above the  
brush head, the maximum avai lab le AP would be 32 PSI w i th  a minimum 
reservoi r  pressure o f  1.66 PSIA l i m i t e d  by the saturat ion temperature o f  
120 '~ t o  preclude b o i l  ing. The AP w i l l  vary from 32 PSI t o  13.5 PSI when 
the brush t i p  immersion depth var ies from 42 f e e t  t o  1 foot. The 

al lowable pressure loss  over t h i s  range would only  vary from 12,15 PSI t o  
13.49 PSI  because the pressure gradient i s  somewhat compensated by the  
e levat ion gradient. Therefore, nearly constant f low should e x i s t  f o r  the 
steady s ta te  . 

The system pressure drop was calculated assuming 100 f e e t  o f  1/4 inch 
ODX.028" wal l  tubing, f ou r  90' m i t re  turns, entrance/exit loss, and a 
s t a t i c  head o f  44 feet.  Figure 4-7 I l l u s t r a t e d  the expected steady s ta te  
flow va r ia t i on  from 0.25 to 0.27 GPM, The sample reservoi r  volume i s  
s i t e d  f o r  approximately 1.77 cubic f e e t  (13.2 gallons) and f i l l i n g  t o  
h a l f  capacity would take 17 seconds f o r  95 tube samples. The reservof r s  
are spherical i n  shape w i th  an I D  o f  18 inches which should contain 95 

1 inch diameter 50 m i  containers located a t  the center l ine .  



SEA $JATER FLOW RATE, GPM/TUBE 

Ffgure 4-5. Brush Rod Pressure Drop w Laminar Flow 
For Yarlous Tube Sizes 



SEA WATER FLOW RATE, GPWTUBE 

Figure 4-6. Brush Rod Pressure Drop vs Turbulent 
Flow For Varlous Tube 
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SEA MTER FLOH RATE. &TU6€ 

FIgum 4-7. System Flow vs Pressure Drop 



4.4 DESIGN DEVELOPMENT 

This study revealed c e r t a i n  areas requ i r i ng  desf gn development. 
These areas are discussed b r i e f l y  as design development tasks which are 

i d e n t i f i e d  a t  t h i s  time. 

4.4.1 Bulk Samplinq Mode 

The c h i e f  concern o f  t h i s  mode i s  the number, s i z e  and l o c a t i o n  o f  

the sampling tubes w i t h i n  the f l ow  stream o f  t he  H-X ou t l e t .  Present ly 

there i s  no in format ion descr ib ing an o u t l e t  shroud. The ob jec t i ve  would 

be t o  determine the minimum number o f  sampling tubes necessary t o  provide 
a representat ive  e f f l u e n t  sample and t o  narrow the l oca t i on  o f  a leak t o  

a s p e c i f i c  quadrant. 

4.4.2 Composite Sampling Mode 

Addi t iona l  system studies a re  requ i red f o r  the f eas i  b i l  i t y  o f  com- 
b i n i  ng the composite sampl i n g  sys tem w i t h  the  b i o fou l  i n g  con t ro l  subsystem. 
Design development i s  required f o r  the  f o l l ow ing  modi f icat ions.  

Locat ing two reservo i rs  w i t h  an i n l e t  and o u t l e t  valve 
mani fo ld on a moving plat form above the c leaning head. 

@ Modi fy ing the brush rod f o r  f l ow passage t o  reservo i rs .  

m Development o r  modifying the e x i s t i n g  brush head w i t h  a 
check va.lve, brush and en t ry  ports. 

@ Modify the  brush actuators from 95 ind iv idua l  brush cy l inders  
t o  two la rge  brush head cyl inders.  . 

Add i t iona l  e f f o r t  i s  required f o r  studying a l t e r n a t i v e  concepts and 

d e t a i l  ana lys is  of the vacuum t ranspor t  concept. 

4.4.3 Ind iv idua l  Sample Mode 

Hardware design i s  requ i red f o r  the mu1 ti p lex va l  ve/manifold and 
associated programmable micro processor. This valve/manifold sha l l  have 

95 i n l e t  po r ts  and 95 o u t l e t  po r ts  f o r  p a r a l l e l  th ruput  f o r  one funct ion.  

Another f u n c t i o n  i s  t o  bypass 95 i n l e t  f lows i 'nto a common manifold w i t h  

a s i ng le  o u t l e t .  I n  addl t i o n  each of the 95 i n l e t s  may be sequenced i n  

any predetermined combination. Each valve must have a low pressure drop 

( less than 0.20 p s i  a t  0.25 GPM) and must a l so  seal .  an i n te rna l  vacuum. 
These funct ions'  are shown schematical l y  hy F igure 4-5. 



\ 

The ten ta t l ve  se lect ion fo r  the ana ly t i ca l  instrument i s  a "Technicon 

Monitor IV" .  This instrument may requl re re-packagfng i n t o  a hermetic 

enclosure w i t h  temperature contro l  f o r  a continuous s a l t  environment and 
t o  preclude e l e c t r i c a l  i g n i t i o n  of concentrated NH3 atmosphere. Special 

shock mounts are a lso recommended. 

EQUIPMENT ANALYSIS AND SAMPLING SYSTEM 

4.5.1 INSTRUMENTATION AND CONTROLS . 

Sui table instrumentation and contro ls  sha l l  be provided f o r  automatic 

operation. A t  r operated valves are suggested o r  explosion proof e l e c t r i c  

devlcer;. L l s t s  o f  measurement devices are tabulated i n  Tables 4-1 and 

4-3 

4.5.2 EQU I PMENT AND COMPONENTS 

L i s t s  o f  the equipment and components are tabulated i n  Tables 4-3 
and 4-4. Items spec i f ied  f o r  the. sampling system are f o r  one H-X system 

only. 

The number o f  Monitor I V  instruments required f o r  bulk e f f l u e n t  

analysis w i l l  depend on the f i n a l  design o f  theiOTEC PSD-1 module. If. 
the evaporator and condenser are located close enough t o  each other, a 
s ing le  Monitor I V  can be used t o  measure the ammonia level '  a t  the e x i t  

, . 

o f  each on a time-sharing-basis. Because the Monitor I V  contains a 

heatf ng bath t o  br ing.  a l l  sample and reagent solutions t o  a constant 

temperature, the d i  f feience i n  temperature of the condenser and evaporator 

e f f luents  (40 '~  and 80'~) would not be a problem. 

For leak locat ion,  a modified Monitor I V ,  which can accept samples 

a t  a ra te  faster than tha t  needed for  the bulk analysis, w i l l  be used 

i n  conjunction w i t h  each tube c l  eaner/sampl i ng  equipment set-up. 



Table 4-1. Measurement List - Analysis System 
* 

A. For Evaporator 

Quan t i t y  - Range Function 

1. NH3 level a t  ex i t  of evaporator (12 Continuous 0.00-0.30 ppm Leak detection 
sample s i t e s  to locate leaking 1 
quadrant) 

2. NH3 level a t  entrance t o  evaporator Continuous 0.00-0.30 ppm Background NHJ 
1 Estimation . 

3. NH3 level of 95 tube composite samples 110-440 as 0-1 ppm Leak Location 
from tube cleaner and sampler as i t  needed 
traverses suspect quadrant ( s )  

4. NH3 level of each of 95 tubes 95, as  needed .. 0-1 ppm Leak Location 
5. Location of cleaner/sampler which TBD Leak Location 

corresponds to leaking bank of 
95 tubes 

6. Location of leaking tube/tubes TBD Leak Location 
7. Reagent reservoir level 8 Fu 1 1 -empty Monitor reagent . 

supply 
8. Flow ra te  of sample l ines into 2 0-5 ml/min Man< tor  i n l e t  t o  

instruments instrument 
9. pH of complexing reagent stock solution l/week Determine pH=5.0 Preparation of 

reagent solution 
10. Weights of reagents i n  making stock 4 solutions 0.00-500.00 g Preparation of 

solutions to be prepared reagent solutions 
once a week 

1 .  Pressure of a i r  supply to continuous 2 TBD Operations of 
f i  1 ter; regulator to 80 ps ig  continuous 

f i l t e r  
. . .  



Table 4-2. Equipment List - Analysis System 

- 

r 

A. For Evaporator 

I. Bu?k Sampling I 

Part NO. Q ~ Y  - Product Description 

188-A003-01 1 Tedhnicon Autsainalyzer Monitor IV System consisting of the following: 

One integral mani toring u n i t ,  incorporating a phototube calorimeter to 
provide linear readout and a 0-5 volt dc signal, proportional to  concen- 
tration, for  data handling or storage, a two speed proportional pump, 
7 inch s t r i p  chart recorder, reagent containers and a l l  necessary 
accessories. 

Monitor IV System for  the determination of annonia (2.8-140 rg-N/L) i n  water 
and seawater, complete with: 

188-B028-01 1 A plattered manifold w i t h  heating bath 
170-BO70P27 1 Set/?, Interference F i  1 ters ,  630 nm 

ACC 1 Programmer Hechani sm for automatic recal i bration (Autocal ) 

A1 arm 1 Hi-Level Alarm wi t R  Contact Closure 

180-Awl-01 1 Conti nuour F i i  terlsampler ( i f  ordered with Monitor IV System) 

170-0144-01 4 Technicon In-Line reagent f i 1 t e r  

4 5-ll reagent containers to provide larger reagent reservoirs for  1-week 
operation (1 container opaque) 

1 Sinple acid scrubber bottle for a i r  entering reagent bottle 



Table 4-2. Equipment L i s t  -Analysis System (Continued.) 

A. For Evaporator (Continued) 

11. Composite and Individual Sampling Mode 

Part No. Q ~ Y  . - Product Descri v t ion  

188-AO03-01 Technicon Autoanalyzer system f o r  NH3 wi th  the fo l lowing modif ication: 
188-B028-01 1 
170-B070P27 15 x 1.5 mm short f low ce l l ,  type AA2, which w i l l  permit 60samples/hour 

t o  be analyzed during leak search 

180-A001-01 1 Continuous f i 1 terlsampler 

170-0144-01 4 Technicon In-Line Reagent F i  1 te rs  

4 5 ' 4  reagent containers, one o f  which opaque 
Z . .  

B. For Condenser 

I. B,u'O k Sampling 

I f  t h t  evaporator and condenser are located close enough t o  each other, a s ing le Monitor I V  can be used 
t o  measure the NH3 leve l  a t  the e x i t  o f  each. 

The. fol lowtng time-sharing option would al low both e x i t  streams t o  be monitored on the same Monitor I V .  

Par t  No. 

ACC 

Product Description 

1 Au'toma ti c , Ad justa b l  e - Programer Control f o r  two streams , i ncl  udi  ng--sequen- 
t i a l  valving system 

Otherwise duplicates o f  the equipnent l i s t e d  f o r  the evaporator under "Bulk 
Sampling" must be purchased. . * '  



Thble 4-2. Eq~ipment List - Analysis System (Continued) 

B. For Cond,enser (Conti nued) 

I I. Composi t e  and Individual Sampl i ng Mode 

Dupl ica t e  requirements for  evaporator "Composite and Individual . Sampl i ng 
Mode. " 

Separate equ i prnent is recommended to minimize 1 ength of sample tubing 
required. 

If there i 5  a need to cut costs, and i f  the evaporator and condenser are 
close enough, there i s  a possibility that a single Technicon IV could be 
used for lza t  location i n  ei ther  (not simultaneously) . 

C. General 

Q ~ Y  - Product Descr i p t i on 

1. 1 Microprocessor to be used i n  monitoring the following: 

a. Condenser eff 1 uent NH3, continuous 
b. Evaporator eff 1 uent Mi3, continuous 
c. 95-tube-composi t e  NH3 level (1-440 composites, as  needed), condenser 
d. 95-tube-composi t e  N H j  1 eve1 (1-440 composites, as needed), evaporator 
e. NH3 level of individual tubes, as needed, condenser 
f .  NH3 levels of individual tubes, as  needed, evaporator 

Housing for  analytical equipment and reagent supplies 
Size depends on proximity of condenser and evaporator, which i n  t u r n  
determines the number of Technicon Monitor IV1s to be purchased and the 
locatian of each. 



Table 4-2. Equipmen.t L i s t  - Analysis System -(Continued) 
- 

C. General (Continued) 

Q ~ Y  - Product Description 

3. 1 Top-loading balance 0-1200 g (or TBD, depending on number o f  instruments and 
amount o f  reagent needed) 

4. 1 Simple pH meter 

5. Reagent storage cabinet 

6. 3 5-gal solut ion bot t les  - for solution batches, Heavy-duty polypropylene 
carbons 

7. Miscellaneous glassware . . 

8. D i s t i l  led  water %40 gal/week/instrument 
Sol ar-powered s t i  1 1 on board? 

9. Compressed a i  r 

Purchase by the tank o r  i n s t a l l  a i r  compressor, depending on amount needed 

(= function o f  No. of Technicon Monitor IV's) 



TABLE 4.3 - MEASUREMENT L I S T  - SAMPLING SYSTEM 

A. BULK SAMPLING MODE 

DESCRIPTION REF. SYM QTY. RANGE FUNCTION 

1. FLOW METER FM1 1 0.10-1.00 GPM CONTROL SAMPLE FLOW 

2. REAGENTS LEVEL L 3 - L 6  4 TBC MONITOR REAGENT SUPPLY 

2 TB6 MAINTAIN SAMPLE SUPPLY 3. RESERVOIR LEVEL INDICATOR L1, L 2  

4. TEMPERAXRE SENSOR T 1 1 3 2 O ~ - 1 5 0 O ~  MONITOR SAMPLE TEMERATURE 

B. COMPGSITE AND INDIV IDUAL S M P L I N G  MODEb(FIGURE 4.0 AND FIGURE 5 - 0 1  
I 
I 
W 
o 1. VAC. PRESS. TRANSDUCER P 7 l  -PT2 2 0 - 3 I " H g  COKTROL RESERVOIR PRESS (FLOW) 

2. TEMPERATURE SENSOR T I  -T2 2 3 2 % - 1 5 0 ' ~  MONITOR SAMPLE TEMPERATURE 

3. VAC. PUNP PRESS GWGE PI 1 0-3Q"Hg MON ITOR VACUUM PUMP OPERATION I 

4. PURGE PUMP FRESS GAUGE P2 1 0-100 P S I  MOINTOR PURGE SYSTEM PRESSURE i 

5. PURGE PUMP FLOW METER FP12 1 0.2-2 GPM MONITOR PURGE FLOW RATE 

6. HOLDING TANlt LEVEL L1 1 TBD MOINTOR HOLDING TANK LEVEL , 

7. SAMPLE RESERVOIR LEVEL L2-L3 2 TBD MONITOR SAMPLE RESERVOIR' LEVEL 

8. REAGEMT RESBRVOIR LEVEL L 4  1 TBD MOINTOR REAGENT SUPPLY 

9. CONTROL A I R  PRESS GAUGE P3 1 0-100 P S I G  MON.ITOR VALVE CONTROL A I R  SUPPLY 



TABLE 4.4 - EQUIPMENT L I S T  - SAMPLING SYSTEM 

- .  
A. .BULK SAMPLING MODE '. - 

DESCR:I PTION REF :SYM QTY. RANGE/SIZE 
* 

FUNCTION MFG. 

1, PNEUMATIC VALVES V1-V4, V7 5 0- .25 GPM SAMPLE FLOW CONTROL NUPRO SS-8BK-91 NO 

5 2. SUBMERSIBLE PUMP PMI 1 0-1.0 GPM BULK FLOW SOURCE BY RON JACKSON --- T 
0, 

3. SAMPLE RESERVOIR RSV 2 . 1. . TBD SAMPLE STORAGE . TBD TRW DCS 

4. HOLDING RESERVOIR RSV 1 1 TBD WASTE STORAGE . TBD TRW DCS 

V5-Vd 2 5. PUMP VALVES 0-1.0 GPM ' PURGE FLOW CONTROL WHITNEY . SS-5PDF8 

* Sug,gested S o u r c e  and  P a r t  Number . 



T A B U  4.4 - EQUIPMENT LIST - SAMPLING SYSTDl (CON'T) 

B. COMPOSITE 8 I N D I V I D U A L  SAMPLING MODE 

DESCRIPTION REF. SYM QTY. RANGE/SIZE 

1. I N D I V I D U A L  M S E R V O I R  RSVl  1 1 3  g a l .  ( 5 0  l i t e r s )  

2. COMPOSITE RESERVOIR RSV2 1 1 3  g a l .  ( 5 0  1 i t e r s )  

3. VA&UM PUMP VP1 I 0-3OUHg, 3 0  CFM 

4. COLD TRAP CT 1 0-30"Hg  

5. VACUUM PRES. REG. P R I  1 0-30"  t i 9  

6. RESERVOIR VENT VALVE V2-V6 - 2 0 -30"Hg  

7. VACUUM VALVES V3-V7 2 0 -30"Hg  

8. RESERVOIR VALVES V4-V8 2 0-0.01 GPM 

9 .  PURGE PUMP PMl  1 0 .2 -2 .0  GPM 

10. PURGE CHECK VALVE CV1 

11 . FLOW CONTROL VALVE V12  

1 2 .  PURGE F I L T E R  F 1  

1 3 .  PURGE VALVES V1-V9 

14 .  HOLDING TANK RSV3 

15 .  HOLDING TANK VALVE V11  

16.  REAGENT VALVES SV11 

17.  PUIYP/FILTER ASSEMBLY PF1 

18. I N L E T  KULTIFLEX VALVE (ASSEMBLY) 

19. OUTLET MULTIPLEX VALVE (ASSEMBLY) 

20 .  A I R  P I L O T  SOLENOIDS VALVES 

21. TANK RELIEV VALVES 

22. INSTR. A I R  C.OMPRESSOR 

* SUGGESTED SOURCE 

0.2-2.0 GPM 

0 .2 -2 .0  GPM 

0.2-2.0 GPM 

0.2-2.0 GPM 

TBD 

TBD 

0 - 0 . 0 1 6  GPM 

(TECHNICON) 

0- .5  GPH 

0 - .5  GPM 

0 - 1 0 0  .PSIG 

5 0 - 1 0 0  P S I G  

0 - 1 0 0  PSIG, 10 SCFM 

FUNCTION - MFG* 

LABEL & STOFAGE LOT 11 TBD TRW DCS 

LABEL 8 STOFAGE LOT 1 2  TBD TRW DCS 

RESERVOIR PLMP DOWN KINNEY TBD 

CONDENSE MOlSTURE KINNEY TBD 

CONTROL RESERVOIR PRESS. KINNEY TBD 

RELEASE RESERVOIR VAC. NUPRO SS-8BK-91 NC 

FLOW CONTROL NUPRO SS-8BK-91 NC 

SAM?. FLOW ' HUTOFFLDRAIN TBD TBD 
(3-WAY) 

PURGE SAMPLE SYSTEM TBD TBD 
"PRICE" H'-175, 3 / 4  HO 

BAC KFLOW COnTROL NUPRO SS-8C-10 

PURGE FLOW CONTROL WHITNEY SS-5PDF8 

F I L T E R  PURGE FLOW NUPRO SS-8TF-140s 

PURGE SEQUEnCING NUPRO SS-8BK-91 NC 

PREVENT SEA WATER POLLUT. TBD TRW DCS 

DRAIN HOLDIBG TANK NUPRO SS-8BK-91 NC 

CONTROL REAGENT FLOW NUPRO SS-4BK-91 NC 

F ILTRATION DF SAMPLES TECHNICON TBD 

I N D I V I D U A L  SAMPLE CONTROL NUPRO SS-8BK-91 NO 

I N D I V I D U A L  SAMPLE CONTROL NUPRO SS-8BK-91 NO 

P I L O T  VALVE FOR SYS. CTRL. TBD TBD 

TANK SAFETY VALVES FlUPRO SS-4CPAZ-50 

SOURCE FOR R I R  ACTUATED VLVS. TBD TBO 



5. SUMMARY 

A very feas ib le system has been devised f o r  ascertaining the concen- 
t r a t i o n  o f  ammonia i n  sea water. A composite t o t a l  sample w i l l  be analyzed 

and, i n  event of excessive leakage, ind iv idua l  composites o f  95 tubes w i l l  
be analyzed v ia  use o f  a modif ied brush cleaning un i t .  Further, more 1 i m i t -  
ing composites w i l l  be sequent ial ly analyzed i n  order to narrow the leak t o  

a small group o f  tubes o r  t o  the ind iv idua l  tube. Refer t o  Figure 5-1 
showing a Logic Diagram used i n  Decision Cr i t e r i a .  

The detect ion system w i l l  use the standard Berthelot ,React ion which 

i s  wel l  documented and very r e l i a b l e  f o r  measuring amnonia concentrations i n  

sea water . 
The sampling system concept has been f ina l ized,  and only  loca l i zed  

design study w i l l  be needed. A l l  t ransfer  p r inc ip les  have been examined, 

inc lud ing vacuum transfer, general 1 ine  f lushing, back-flushing, and f i n a l  

chemical analyses. 

This system should prove very r e l i a b l e  and an asset t o  the program. 
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A f t e r  reviewing the e f f e c t s  o f  ammonia leakage i n t o  water, the next  

l o g i c a l  step would be t o  review the e f f e c t s  o f  sea water leakage i n t o  

ammonia, i f  any. One can look a t  t h i s  problem as being somewhat remote, 

bu t  there s t i l l  e x i s t s  the p o s s i b i l i t y  o f  i ncurs ion  o f  sea water i n t o  the 

ammonia system. 

POSSIBLE LEAKAGE 

Since the lower pressure l i m i t  f o r  the NH3 system i s  about 90 ps ia  and 

the water pressure a t  the bottom tube sheet w i l l  be on ly  about 35 psia, the 

amount o f  sea water enter ing the ammonia i s  expected t o  be very small. 

Essen t i a l l y  back d i f f u s i o n  would be, the main source o f  leakage. The o ther  

major source o f  leakage would be reduced pressure i n  the ammonia system. 

To prevent t h i s ,  we recommend t h a t  make-up'ammonia.be added on a cont in-  

uous 'basis so t h a t  any possib le ammonia leak w i l l '  no t  reduce the system 

pressure. This w i l l  minimize. the back-di f fusion o f  sea water i n t o  ammonia 

and de le ter ious ef fects on the e f f i c iency  o f  the power system. 

The expected decrease i n  e f f i c iency  caused by water i n  ammonia used 

f o r  the power loop has already been studied. [see attached addendum]. 

Any sea water enter ing the system would reduce thermal e f f i c i e n c y  by 

lower ing the pressure i n  the evaporator. However, blowdown pumps have 

already been designed i n t o  the system t o  permit  removal o f  wet ammonia. 

This ammonia would be d i s t i l l e d  and p u r i f i e d .  

CHEMICAL EFFECTS 

The s a l t  content o f  the sea water presents the  most serious t h rea t  t o  

system e f f i c i e w y .  Magnesium ions present a t  a 1350 ppm l eve l  i n  sea 

water w i l l  p r e c i p i t a t e  as Mg(OH)2 i n  the presence o f  the. hydroxide ions 

formed i n  wet amm0ni.a. The equations f o r  t h i s  r eac t i on  are: 

, M ~ + ~  + 2 OH-- ~g ( 0 ~ ) ~  (whi te  f l occu len t  p r e c i p i t a t e )  



Accumulation of Mg(OH)2 on the amnonia side o f  the heat exchanger tubes 

' w i l l  provide a b a r r i e r  o r  insu la t ion  of the tubes w i th  the resu l tan t  

decrease of heat t ransfer and the reduction o f  p lan t  e f f i c iency .  

Calculat ions were made t o  estimate the magnitude o f  the problem f o r  

leaks o f  various sizes. The assumptions and data used i n  the calculat ians 

are : 

a Magnesium hydroxide i s  very insoluble i n  water (KSp = 1.2 x lo-''). 

a The d i e l e c t r i c  constant o f  ammonia i s  lower than tha t  o f  water, 
making ammonia a poorer e l e c t r o l y t i c  solvent than water. 

a A1 though no Ksp value was found f o r  Mg(OH)2 i n  ammonia, magnesium 
hydroxide would be expected t o  be less soluble i n  ammonia than i n  
water . 

a The aqueous s o l u b i l i t y  product constant f o r  M g ( 0 ~ ) ~  was used in+2 
the. calculat ions, and f o r  simp1 i c i  t y  i t  was assumed tha t  a l l  Mg 
present would prec ip i ta te  i f  the K .  were exceeded. 

s P 
Table 1 summarizes the amounts o f . p r e c i p i t a t e  expected from d i f f e r e n t  

l eve l s  o f  sea water i n  a 200,000 pound ammonia system. 

While reviewing the data, other assumptions should be considered. 

Fomation of Mg (OH)2 Prec ip i ta te from 

Sea Water l . .~ak I n t o  

Ammonia System 

Use of a Ksp value f o r  Mg(OH)2 i n  ammonia, which Ss expected t o  be 
smaller than tha t  i n  water, would-reduce the leak leve l  a t  which 
p rec ip i t a te  begins forming but would not change the t o t a l  amount 
o f  p rec ip i t a te  expected. 

Leak, ppm Sea Water 
i n  NH3 

50 PPm 
200 

1000 

5000 

200,OOQ 

Pounds o f  Mg (OH) 
Which Would Precipi  a te  

i n  NH3 System 
e 

No PPt 
No P P t  
0.6 
3.0 

12.0 
A 



The dens i t y  of the Mg(0H) i s  about fou r  times greater  than t h a t  
o f  l i q u i d  ammonia, and t hg  p r e c i p i t a t e  f s  expected t o  accumulate 
on the bottom tube sheet. It i s  impossible t o  est imate how much 
bui ld-up on tube wa l l s  might  occur a t  var ious leak s i t e s  i n  the 
sys tern. 

OTHER POSSIBLE CHEMICAL REACTIONS 

Another problem an t i c ipa ted  i s  the p r e c i p i t a t i o n  o f  Calcium Carbonate, 

CaCO3, caused by the increase i n  the sea water pH as i t  enters the ammonia 

system. Bui ldup o f  s o l i d  CaC03 would f u r t h e r  reduce the thermal t r a n s f e r  

e f f i c i ency  of the system. Since on ly  aqueous K values are ava i lab le ,  
SP 

the  magnitude o f  the problem must be determined experimental ly. 

The s o l u b i l i t y  o f  sodium ch lo r ide  i n  ammonih i s  3.029 NaC1/100g NH3, 

compared w i t h  a s o l u b i l i t y  i n  water o f  J7g/100gH20. Even i n  leaks which 

r e s u l t  i n  sea water l eve l s  o f  200,000 ppm, no NaCl i s  expected t o  p rec ip i t a te .  

POSSIBLE CORRECTIVE/PREVENTIVE ACTION 

It may be possib le t o  i n h i b i t  the format ion o f  Mg(OH)* and Ca C03 by 

the add i t i on  o f  a sequestering agent, such as ac id  Versene, EDTA, which i s  

ava i l ab le  as a so l id .  

The compound i s  very so lub le  i n  water and i s  expected t o  be so lub le  

i n  ammonia, bu t  development work would be necessary t o  t e s t  the f e a s i b i l i t y  

o f  t h i s  approach. Because the pH o f  the ammonia w i l l  be a f unc t i on  o f  the 

water present, i t  must a lso be v e r i f i e d  t h a t  the magnesium-EDTA and the 

calcium-EDTA complexes w i l l  be s tab le  a t  the expected pH l eve l s .  

An a1 t e r n a t i  ve approa.ch f o r  removal o f  these p o t e n t i a l  p rec i p i t a tes  

would be per iod ic  c leaning o f  the system w i t h  an acid.  This would necessi- 

t a t e  removal o f  the ammonia, f l ush ing  w i t h  an ac id  which i s  compatible 

w i t h  t i tanium, and then f l ush ing  w i t h  appropr iate so lvent  t o  remove sa id  

acid. It would be necessary t o  avoid n i t r i c ,  s u l f u r i c ,  o r  any halogenated 

acid. 

MATERIALS COMPATIBILITY -" ..,. ,,..,.. 

Studies on the e f f e c t  o f  sea water i n  ammonia on the mate r ia l s  of const ruct ion 

of the  system have already been p e r f ~ r m e d  by Louis A. Rosales and 



Maurice. P. Blanch1 of the Mate r ia l s  Engineering Department o f  the 

Manufacturing D iv i s ion .  I n  speaking w i t h  them, they s ta ted  t h a t  the 

d e t a i l s  have a l l  been documented and reported t o  the OTEC Program Off ice. 

As a  consequence, we d i d  no t  belabor t h i s  facet .  

CONCLUSION 

It i s  u n l i k e l y  t h a t  sea water leakage i n t o  amonia  would.occur t o  any 

extent ,  b u t  i n  the event of some leakage, i t  would be imperat ive t o  have a 

method fo r  removal o f  any sol  i d s  formed. The primary chemical react ions 

would produce Mg(OH)2 and Ca CO3. 

This p o t e n t i a l  leakage and r e s u l t a n t  compounds under-score the neces- 

s i t y  o f  a  good NH3 l eak  de tec t ion  system on the water s ide o f  the heat 

exchangers. As soon as a  leak ing  tube i s  loca ted  and plugged, the possi- 

b i l i t y  o f  sea wate r ' s  enter ing the NH3 system a t  t h a t  p o i n t  i s  e l iminated.  

..Proved& 
Section Head 



1 ADDENDUM 
I . . 
~ AMMONIA SUPPORT S'JBSYSTEMS 

I 

EFFECT OF AIMONIA PURITY Water i n  ammonia used f o y  t h e  power l oop  
w i l l  c o n c e n t r a t e  i n  t h e  e v a p o r a t o r  because  it is  less v o l a t i l e  t h a n  
ammonia. With a  c o n s t a n t  e v a p o r a t o r  t empera tu re ,  a s  set  by t h e  waim 
s e a w a t e r ,  t h e  p re sence  o f  water w i l l  lower  t h e  p r e s s u r e  i n  t h e  
e v a p o r a t o r .  The n e t  r e s u l t  i s  a  r e d u c t i o n  i n  t h e  e f f i c i e n c y  of  t h e  
power loop .  More ammonia would h a v e . t o  b e  evapora t ed  and equipment 
s i z e s  and p a r a s i t i c  l o a d s  would i n c r e a s e .  

The t a b l e  t h a t  f o l l o w s  compares o p e r a t i o n  of  t h e  power l o o p  w i t h  p u r e  
ammonia and w i t h  98 weight  p e r c e n t  mania i n  t h e  e v a p o r a t o r .  
The f o l l o w i n g  w e r e  f i x e d  f o r  b o t h  c a s e s .  Temperature  i n  t h e  
e v a p o r a t o r .  P r e s s u r e  d r o p  from e v a p o r a t o r  t o  t u r b i n e  i n l e t .  Tu rb ine  
e x h a u s t  p r e s s u r e .  Turb ine  e f f i c i e n c y .  And g r o s s  power o u t p u t .  There 
would be  abou t  20 ppm o f  w a t e r  i n  t h e  vapor  l e a v i n g  t h e  e v a p o r a t o r  i n  
t h e  98 we igh t  p e r c e n t  ammonia case. 

BLOWDOWN A s  po in t ed  o u t  i n  t h e  pa rag raph  on ammonia p u r i t y ,  w a t e r  
i n  t h e  e v a p o r a t o r  w i l l  r educe  t h e  power system e f f i c i e n c y .  To c o n t r o l  
t h e  amount of w a t e r  b u i l d  up i n  t h e  e v a p o r a t o r s ,  blowdown pymps a r e  
provided  s o  l i q u i d  from t h e  e v a p o r a t o r s  c a n  be blown down t o  t h e  h e e l  
s t o r a g e  tank .  ~ r o m '  t h e r e ,  t h e  blowdown i s  f e d  t o  t h e  r e c t i f y i n g  
column. 

I f  t h e  w a t e r  c o n c e n t r a t i o n  i n  t h e  e v a p o r a t o r s  is  h e l d  a t  1000 ppm, 
t h s r e  w i l l  be a  drop  i n  e v a p o r a t o r  p r e s s u r e  a t  c o n s t a n t  t e m p e r a t u r e  of 
a b o u t  0 . 1  p s i  and a  system lass i n  e f f i c i e n c y  of abou t  0.2 p e r c e n t .  
T h i s  i s  based upon a  s t r a i g h t  l i n e  i n t e r p o l a t i o n  of  t h e  comparison 
g i v e n  e a r l i e r  between performance f o r  p u r e  am-nonie and :or 98  weight  
p e r c e n t  ammonia. I t  i s  assumed t h a t  1000 ppm o f  wa te r  i n  t h e  
e v a p o r a t o r  i s  a  p r a c t i c a l  c o n c e n t r a t i o n  t o  h c l d  and t h a t  t h e  0.2 
p e r c e n t  loss i n  system e f f i c i e n c y  is  t o l e r a b l e .  

L 

TRW, CTEC, P r o j e c t  5304-P, J a n u a r y  1 0 ,  1978  
3 

C56T H-43 c F ? R . \ ~ : N  ~r CO 



ADDENDUM 

AMMONIA SUPPORT SUBSYSTEMS 

~EPFECT OF AMMONIA PURITY Continued 

PURE NH3 98 WIGHT PERCENT 
I N  NH3 I N  

EVAPORATOR EVAPORATOR 

Temperature i n  evaporator ,  OF 70 70 
pre s su re  i n  evapora to r ,  p s i a  128.8 126.7 

p r e s su re  d rop  t o  t u rb ine ,  p s i  1.5 1.5 
p r e s su re  a t  t u rb ine ,  p s i a  127.3 125.2 
Temperature a t  t u rb ine ,  OF 69.53 69.49 

I Vapor en tha lpy  a t  t u r b i n e ,  Btu/lb 629.1 629.6 
vapor ent ropy a t  t u rb ine ,  Btu/lb OF 1.2153 1 . 2179 

m r b i n e  o u t l e t  p ressure ,  p s i a  89.2 89.2 
Moisture a+ t u r b i n e  o u t l e t ,  w t  % 2.90 2.65 
~ n t h a l p y  a t  t u r b i n e  o u t l e t  at 

cons t an t  ent ropy,  Btu/lb 609.9 611.2 

I AH a t  cons t an t  ent ropy,  Btu/lb 19.2 18.4 

Ammonia f low f o r  34.77 M W e  a t  85% 
t u r b i n e  e f f i c i e n c y ,  l b /h r  7,271,000 7,587,000 

Ammonia f low inc rea se ,  % . - 4.3 

I Increased h e a t  t o  evaporator ,  .% 
Increased h e a t  to condenser,  % 

  he i nc r ea se s  i n  h e a t  t o  t h e  evaporator  a n d ' t o  t h e  condenser are 
s l i g h t l y  g r e a t e r  than  t h e  i nc r ea se  i n  f low because t h e  e n t h a l p i e s  
l e av ing  t h e  evaporator  and en t e r i ng  t h e  condenser a r e  a l s o  s l i g h t l y  
h igher  for t h e  98 weight pe rcen t  case  than for t h e  pure ammonia 
case .  The i nc r ea se  i n  p a r a s i t i c  loads f o r  a f i x e d  n e t  power output 
means even a g r e a t e r  disadvantage than shown. 

I TRW, OTEC, P r o j e c t  5304-P, January  l o ,  1978 I 



B. COMPOSI'E & INDIVIDUAL SAMPLING RODE 

DESCRIPTION REF. SYM QTY. RANGE/$ I Z E  

1. INDIVIDUAL RESERVOIR RSVl 1 1 3  g a l .  ( 5 0  l i t e r s )  

2. COYPOSITE RESERVOIR RSV2 1 1 3  g a l .  ( 5 0  1 i t e r s )  

3. VACUUM PUMP VP1 1 0-3OWHg, 3 0  CFM 

4. COLD TRAP CT 1 0-30"Hg 

5. VACUUM PRES. REG. PR1 1 0-30"Hg 

6. RESERVOIR VENT VALVE V2-V6 2 0-30"Hg 

7. VACUUM VALVES V3-V7 2 0-30"Hg 

8. RESERVOIR VALVES V4-V8 2 0-0.01 GPM 

Q .  PURGE PUMP PMI 1 0.2-2.0 GPM 
7 
P . PURGE CHECK VALVE CV1 1 0.2-2.0 GPM 

11 . FL3W CONTROL VALVE V12 1 0.2-2.0 GPM 

12. P U X E  FILTER F1 1 0.2-2.0 GPM 

13. PURGE VALVES V1 -V9 

14. HOLDING BANK RSV3 

15. HOLDING TANK VALVE V11 

16. REGENT VALVES SVl  1 
17. PUNP/FILTER ASSEMBLY P F l  

18. INLET PXJLTIPLEX VALVE (ASSEMBLY) 

i 9. OUTLET MULTIPLEX VALVE (ASSEMBLY) 

20. A18 PILO' SOLENOIDS VALVES 

21. T W K  RELIEV VALVES 

. 22. I S T R .  A I R  COMPRESSOR 

0.2-2.0 GPM 

TBD 

TBD 

0-0.016 GPM 

(TECHNICON) 

0-.5 GPM 

0-. 5 GPM 

0-100 PSIG 

50-100 PSIG 

0-100 PSIG, 10 SCFM 

FUNCTION 

LABEL & STORAGE LOT #1 
LABEL & STORAGE LOT #2 

RESERVOIR PUMP DOWN 

CONDENSE MOISTURE 

CONTROL RESERVOIR PRESS. 

RELEASE RESERVOIR VAC. 

FLOW CONTROL 

SAMP. FLOW SHUTOFFLORAIN 
(3-WAY) 

PURGE SAMgLE SYSTEM 
"PRICE" H -175, 3 / 4  HO 

BACKFLOW CONTROL 

PURGE FLOW CONTROL 

FILTER PURGE FLOW 

MFG* - 
TBD 

TBD 

KINNEY 

KINNEY 

KINNEY 

NUPRO 

NUPRO 

TBD 

TBD 

NUPRO 

WHITNEY 

NUPRO 

PURGE SEQUENCING NUPRO 

PREVENT SEA WATER POLLUT. TBD 

DRAIN HOLDING TANK NUPRO 

CONTROL REAGENT' FLOW NUPRO 

FILTRATION OF SAMPLES TECHN ICON 

INDIVIDUAL SAMPLE CONTROL NUPRO 

INDIVIDUAL SAMPLE CONTROL NUPRO ' 

PILOT VALVE FOR SYS. CTRL. TBD 

TANK SAFETY VALVES NUPRO 

SOURCE FOR AIR ACTUATED VLVS. TBD 

TRW - DCS 

TRW DCS 

TBD 

TBD 

TBD 

SS-8BK-91 NC 

TBD 

SS-8BK-91NC 

TRW DCS 

SS-8BK-91 NC 

SS-4BK-91 NC 

TBD 

SS-8BK-91 NO 

SS-8BK-91 NO 

TBD 

SS-4CPAZ-50 

TBD 

* SUGGESTED SOURCE . . 
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APPENDIX I . I  

THERMALlHYDRAULIC ANALYSIS 



I. 1 . THERMAL/HYDRAULIC ANALYSIS 

The tube s i d e  (sea water)  heat t rans ' fe r  c o e f f i c i e n t s  and ' the  s h e l l  

s i d e  heat  t r a n s f e r  c o e f f i c i e n t s ,  bo th  t h e  ammonia condensing and t h e  

ammonia evaporat ing,  were determined from equations developed from exper i  - 
mental  data. The tube metal w a l l  conductance was c a l c u l a t e d  on t h e  basis  

o f  a "thermal th ickness" .  A l l  heat t r a n s f e r  c o e f f i c i e n t s  were r e f e r r e d  t o  

an equ iva len t  i n s i d e  smooth tube; t h a t  i s ,  a tube w i t h  an i n s i d e  diameter 

which has t h e  same f l o w  area as t h e  f l u t e d  tube. The o v e r a l l  heat t rans -  

f e r  c o e f f i c i e n t  U was determfned i n  t h e  usual manner as t h e  r e c i p r o c a l  o f  

t h e  sum of . t h e  r e c i p r o c a l s  o f  t h e  i n d i v i d u a l  heat t r a n s f e r  c o e f f i c i e n t s  

p l u s  t h e  f o u l  i n g  f a c t o r .  

I .1.1 Tube Side Equations Heat Trans fer  anp Pressure -. Drx 
Seawater Heat Transfer .  The seawater heat t rans fe r  c o e f f i c i e n t s  

were determined from equations developed from experimental  data i n  t h e  

CMU thermal -hydrau l ic  l a b o r a t o r i e s .  These equations a r e  based on the  

pos tu la te  t h a t  t h e  seawater heat t r a n s f e r  c o e f f i c i e n t  for a f l u t e d  tube i s  

g rea te r  than t h a t  o f  a smooth tube by t h e  r a t i o  o f  sur face area o f  t he  

f l u t e d  tube t o  t h a t  o f  an equ iva len t  i n s i d e  diameter smooth tube. This  

r a t i o  I s  termed t h e  area r a t i o .  

The tube s i d e  equat ion developed a t  .CMU i s :  

Nu = 0.027Re u.sprl/3AR 

where Nu, Re, P r  a r e  r e s p e c t i v e l y  t he  Nusselt ,  Reynolds and Prandt l  

numbers. The diameter used i n  both the  Nussel t  and Reynolds Numbers i s  

t h e  diameter o f  t h e  equ iva len t  smooth tube; 

AR = t h e  area, o r  surface, r a t i o .  

I t  i s  t h e  r a t i o  o f  t he  sur face o f  t h e  f l u t e d  tube t o  t h a t  o f  t h e  

equ iva len t  smnnth tube. 

h D 
Nu = htube 

k = Nu 8, k = thermal c o n d u c t i v i t y  o f  seawater 

s i d e  



This  equat ion i s  i n  t h e  form o r i g i n a l l y  proposed by D i t t u s - B o e l t e r .  

F igures 1 t h r u  6 show p l o t s  o f  t h e  same equat ion i n  t h e  form proposed by 

Col burn, t oge the r  w i t h  experimental  p o i n t s  : 

j H = Colburn j f a c t o r  f o r  heat t r a n s f e r  i n  a f l u t e d  tube 

JH/S = Colburn j f a c t o r .  f o r  t he  equ i va len t  smooth tube 

Figures 1 t h r u  6 a l s o  show t h e  jF f a c t o r  f o r  a  f l u t e d  tube as d e t e r -  

mined from t h e  ~ 1 a s i . u ~  Equat ion toge the r  w i t h  experimental  po in t s .  For a 

s'mooth tube, t h e  B las ius  Equat ion i s :  

For a f l u t e d  tube t h i s  becomes 

jF f o r  a f l u t e d  tube, thus i s  determinable as 

The equat ion a c t u a l l y  used i n  design i s :  

which was developed by TRW. I n  t h e  range 20,000 - < Re - < 60,000. Both t h e  

Bl  as ius  and TRW equat ion g i ve  s u b s t a n t i a l  l y  t h e  same v a l  ues ; however, f o r  

h i g h  Reynolds r ~ u r ~ ~ b r r s  t h e  t l las ius  Equat ion ex t rapo la tes  below a l l  t h e  

pub1 ished data f o r  smooth drawn aubes whereas t h e  TRW equat ion i s  cons is -  

t e n t  w i t h  publ ished r e s u l t s .  

1.1.2 Evapofat ion Heat Trans fer  C o e f f i c i e n t  

Experimental data from CMU Heat' T rans fe r  Labora tor ies ,  f o r  t h e  
. . 

composite evaporat ion heat t r a n s f e r  c o e f f i c i e n t  (a  composite c o e f f i c i e n t  

inc ludes  t h e  metal  w a l l  ) f o r  t h e  evaporat ion o f  Freon 11 on f l u t e d  26 m i l l  



tubes i s  shown i n  F igu re  8. Experiments w i t h  40 m i l l  f l u t e d  tubes gave 

e s s e n t i a l l y  t h e  same r e s u l t s .  Th is  data on Freon 11 was converted t o  

ammonia data by use o f  a  c o r r e c t i o n  f a c t o r .  The ammonia evaporat ion 

composite heat  t r a n s f e r  c o e f f i c i e n t  i s  6.27 t imes the  Freon 11 composite 

heat  t rans fe r  coe f f i c i en t .  The v a l i d i t y  o f  t h i s  c o r r e c t i o n  fac tor  was 

v e r i f i e d  by f u r t h e r  experiments w i t h  ammonia evaporat ing from 26 m i l l  

f l u t e d  tubes. Curve "B", shown on Figure 8, i s  then t h e  s t a r t i n g  r e l a t i o n  

between t h e  expected 1  oca l  composite ammonia evaporat ion c o e f f i c i e n t  and 

t h e  l o c a l  Reynolds number. This curve was in teg ra ted  between ReB (Reynolds 

number a t  t h e  bottom o f  t h e  evaporator, always l e s s  than 3000) and ReT 

(Reynolds number a t  t h e  t o p  o f  t h e  evaporator, always greater  than 3000). 

The Reynolds numberb i s  def ined as: 

4 r  Re = - 
U 

p = v i s c o s i t y  and r = tube load ing  

= (1 b / h r ) / ( f t  o f  "smooth tube per iphera l  length" )  

"smooth tube per iphera l  length"  = '  nD where 

D ' i s  t h e  r i l l  diameter. 

The i n t e g r a t e d  equatibn, d i v i d e d  by ReT - ReB, i s  thus t h e  mean value 

o f  ' the composite heat t r a n s f e r  c o e f f i c i e n t .  

ReT and ReB must s a t i s f y  a  m a t e r i a l  balance; t h a t  i s  t h e  tube load ing 

d l  f ference,  and thus Reynolds number d i f f e rence ,  between t h e  top  and. 

bottom o f  t h e  tube must r e f l e c t  t h e  ,quant i ty  o f  ammonia evaporated. I n  
add i t i on ,  t h e  maximum value o f  helmean i s  ob ta inab le  i f  ReT and ReB 

s a t i s f y  t h e  r e l a t i o n :  

T h i s  equat ion and the  ma te r ia l  balance permi t  determining ReT and 

ReB f o r  optimum (maximum helmean ) operat ion.  



helinein thus determined, i s .  cdr rec ted  t o  a pure evaporat ion heat 

t r a n s f e r  c b e f f i c i e n t  by removing the  'metal res i s tance  o f  t he  experimental  

evaporation' tube and adding the  metal res i s tance  of  t h e  design tube. 

  he metal res i s tance  o f  t h e  experimental tube i s  4.6695 x 
' 

. A '  

rm = metal w a l l  r es i s tance  o f  t h e  design tube. 

1 . 1  3 ' Condensing ~ e e t  Transfer  C o e f f i c i e n t  

The experimental data f o r  tube E i n  Oak Ridge Report ORNL-5356, 

F igure 7, was used as t h e  basis f o r  the  condensing coe f f i c i en t .  Th is  data 

was chosen because i t  most resembles the  f l u t e d  tub ing  used f o r  t h e  TRW- 

OTEC design. The o r i g i n a l  Oak Ridge data was rev i sed  t o  an equ iva len t  

smooth tube sur face basis  i n  accordance w i t h  t h e  TRW c a l c u l a t i o n  procedure 

by use o f  t he  AO.R./A r a t i o .  
S 

The r a t i o  Ao.R.lA i s  t h e  r a t i o  o f  t h e  
S 

t o t a l  sur face  as used-by Oak Ridge t o  t h e  sur face o f  a smooth tube having 

t h e  same diameter .as t h e  r i l l  diameter o f  Tube E. The heat t r a n s f e r  

c o e f f i c i e n t  was d i v i d e d  by t h i s  r a t i o  and t h e  f l u x  m u l t i p l i e d  by t h i s  

r a t i o .  The experimental  data was then f i t t e d  t o  an equat ion t o  g i v e  t h e  

f o l l o w i n g  expression: 

q = t o t a l  f l ux  BTUIhr 

A = t o t a l  smooth tube surface r e f e r r e d  t o  r i l l  diametcr  

The metal res i s tance  o f  t h e  experimental tube was then subtracted from 

t h i s  composite and the  metal res i s tance  o f  t h e  ac tua l  tube r e i n s e r t e d  i n  



a manner s i m i l a r  t o  t h a t  descr ibed f o r  t h e  evaporator composite c o e f f i c i e n t .  

The r e s i s t a n c e  o f -  tube E used i n  t h e  Oak Ridge expeviment i s  2.245 x  

rm = metal w a l l  r es i s tance  " 

Both t h e  evapora t ion  and condensing c o e f f i c i e n t s  have a  r a t h e r  small 

i n f l u e n c e  on t h e  s i z e  o f  t he  f i n a l  design s ince  t h e  a t tenua t i on  fac to rs ,  

l i s t e d  i n  Table 1  a r e  0.05 and 0.03 r e s p e c t i v e l y  f o r  t h e  evaporator and 

condenser. 

I .1.4 Metal Resistance 

Procedures f o r  de termin ing  the  metal w a l l  r es i s tance  o f  tubes f l u t e d  

bo th  i n t e r n a l l y  and e x t e r n a l l y  a r e  no t  genera l l y  a v a i l a b l e  i.n t he  

l i t e r a t u r e .  

The metal r e s i s t a n c e  was determined as a  thermal th ickness  d i v i d e d  

by t h e  tube thermal c o n d u c t i v i t y .  The thermal th ickness i s  t h e  wa l l  

th ickness  o f  a  smooth tube which has the  same wa l l  r es i s tance  as t h e  

f l u t e d  tube. Tube curva ture ,  as encountered i n  a  round tube, in f luences 

t h e  r e s u l t s  t o  such a  small ex ten t  t h a t  i t  was ignored. Thermal th ickness 

i s  determined i n  t h e  f o l l o w i n g  manner: 

The one-dimensional Fou r ie r  Equation I n  f i r i i t e  difference form i s :  

i n  which L i s  t h e  l e n g t h  o f  t he  s l a b  ( v i s u a l i z e  as corresponding t o  the  

l e n g t h  o f  t h e  tube)  and P i s  a d is tance perpendicular  t o  t h e  f l u x  ( v i s u a l -  

i z e  as t h e  per imeter  o f  t he  tube) ;  A X  i s  t he  th ickness o f  t h e  s lab .  The 

equat ion may be w r i t t e n :  



For se.vera1 s l abs  i n  s e r i e s  we may add equat ion  (2 ) '  f o r  each o f  t h e  s l abs  

t o  o b t a i n :  

S ince k  and q/L a r e  cons tan t  we may f a c t o r  these  o u t s i d e  o f  t h e  I: opera to r .  

The te rm EAT, which remains, i s  s imp l y  t h e  o v e r a l l  temperature d i f f e r e n c e ,  

thus  f o r  a  s e r i e s  o f  s labs  

,Piow, we cons ider  a  h y p o t h e t i c a l  s i n g l e  s l a b  (cor respond ing  t o  a  

smooth tube)  which has t h e  same heat  r a t e  per  u n i t  l e n g t h  and t h e  same 

o v e r a l l  temperature d i f f e r e n c e ,  equa t ion  ( 2 )  becomes 

Since we have pos tu l a ted  t h a t  t h e  r i g h t  hand s i d e  o f  equat ions ( 3 )  and ('4) 

a r e  equal,  we may equate t h e  l e f t  hand s ides  t o  o b t a i n  

A X s  = (I: F ) p s  

AXS i s  t h e  t h i ckness  o f  a  smooth tube  hav ing  a  thermal t h i ckness  

equ i va len t  t o  a  f l u t e d  tube  and PS may, e s s e n t i a l l y ,  be cons idered as t h e  

d i s t a n c e  between l i n e s  o f  f l u t e  symmetry, i .e. ,  a.bout one -ha l f  t h e  p i t c h ,  

as shown i n  F igu re  9 and F igure  10. 

A X  On t h e  seawater We now cons ider  t h e  method o f  de te rmin ing  c . 
s i d e  t h e  purpose o f  t h e  f l u t e s  i s  t o  enable t h e  h i g h  thermal c o n d u c t i v i t y  

metal  t o  p ro t rude  p a s t  t h e  low conduc t ing  laminar  sub layer  i n t o  t h e  

t u r b u l e n t  core.  I n  a c t u a l i t y  t h e  l am ina r  sublayer i n  t h e  r i l l  o f  t h e  

f l u t e s  . i s  much t h i c k e r  than t h e  laminar  sub layer  f o r  a  smooth tube, imp ly -  

i n g  much poorer  hea t  t r a n s f e r ,  and s i g n i f i c a n t l y  t h i n n e r  on t h e  c r e s t ,  

i m p l y i n g  much improved hea t  t r a n s f e r .  We a r b i t r a r i l y  assume a1 1  su r f ace  



of  t h e  f l u t e  from t h e  bottom o f  t h e  r i l l  , t o  a d i s tance  4.5 m i l l s  above 

t h e  bottom o f  t h e  r f l l  t o  be an ad iaba t i c  and t h e  remainder o f  t h e  f l u t e  

t o  be an fsotherm. 

For condensing on ex terna l  f l u t e s ,  condensate and e s s e n t i a l l y  a l l  o f  

t h e  heat, en ters  a t  t h e  c r e s t  o f  t h e  f l u t e .  S i m i l a r i l y ,  f o r  evaporat ion, 

a l l  o f  t h e  heat  leaves a t  t he  c r e s t  o f  t h e  f l u t e .  We a r b i t r a r i l y  assume 

50 percent  o f  t h e  f l u t e  sur face c lose  t o  t h e  r i l l  i s  an ad iaba t i c .  The 

1 i n e s  o f  symmetry are,  o f  course, ad iabat ics .  The ad iaba t i c  1 ines  a r e  

shown i n  F igure  9. 

Once t h e  a d i a b a t i c s  are  es tab l ished,  t he  isotherms a r e  l i n e s  between 

t h e  ad taba t i cs  and perpend icu la r  t o  t he  ad iaba t i cs ,  a l though i n  ac tua l  

p r a c t i c e  no a t t e n t i o n  was pa id  t o  t h e  f a c t  t h a t  t he  isotherms must be 

perpend icu la r  t o  t h e  ad iaba t i cs .  

The l eng ths  o f  each o f  t h e  two ad iaba t i cs  were measured and. segmented 

i n t o  ten  e q u a l l y  spaced d is tances.  L ines were then drawn between t h e  

a d i a b a t i c  connect ing t h e  terminus o f  each o f  t h e  segments, these l i n e s  

a r e  considered isotherms; several isotherms a r e  shown i n  F igure  9. 

Distances between isotherms measured a t  t h e  midpo in t ,  a r e  considered t o  be 

t h e  th icknesses ( A X )  o f  a  s tack ing  o f  slabs. The lengths  o f  t h e  isotherm 

i s  t h e  d i s tance  (P )  f o r  use i n  equat ion 5. 

Thermal th icknesses a re  now being determined by f i n i t e  d i f f e r e n c e  

procedures us ing  SINDA, a genera l l y  a v a i l a b l e  1 I bra ry  computer code, and 

a r e  a l s o  being v e r i f i e d  by t e s t i n g  s p e c i f i c  evaporator and condenser tubes 

f o r  use i n  t h e  TRW OTEC design. 

I .l. 5 She1 1 Side Pressure Drop 

The she1 1 s i d e  pressure drop was determined by Carnegie-Me1 l o n  

U n i v e r s i t y  us ing  t h e  Gunter-Shaw c o r r ' e l a ~ i o n  (Gunter, A.Y. d r~d  Shdw, W . A . ,  
"A General C o r r e l a t i o n  o f  F r i c t i o n  Factors f o r  Various Types o f  Surfaces 

i n  Crossf low", Trans. A.S.M.E., 67, 643 (1 945)) .  These c a l c u l a t i o n s  a re  

inc luded elsewhere i n  t h e  appendix, The Gunter-Shaw c o r r e l a t i o n  was 

co r rec ted  us ing  a c o r r e c t i o n  f a c t o r  determined exper imenta l l y  a t  CMU. The 

equat ion was i n t e g r a t e d  across t h e  tube bundle w i t h  due cons idera t ion  f o r  



t h e  change i n  bo th  f l o w  and f l o w  area across t h e  bundle.  The f i n a l  

equa t ion  ob ta i ned  by CMU i s ,  assuming no vapor l'anes : 

AP = pressure drop, # 
F / in .  

2 

D = Bundle d i a .  , ft 

T h i s  equati 'on i s  a p p l i c a b l e  t o  a  1-1/2 i n c h  tube  on a 1.25 p i t c h  t o  
3 diameter  r a t i o  w i t h  9.02 ft / ( h r .  ft. o f  tube)  condensed on a one i n c h  

3 tube. The a c t u a l  condensing r a t e  i n  t h e  TRW des ign  i s  7.44 ft / ( h r .  ft. 

o f  tube) .  S ince  p ressure  drop ac ross  t h e  bundle v a r i e s  as t h e  cube o f  t h e  

tube d iameter ,  and as t h e  1.855 power o f  t h e  vapor generated, c o r r e c t l o n s  

a r e  c o n v e n i e n t l y  made f o r  tube  d iameter  and f l o w  d i f f e r e n c e s ,  and t h e  

c o r r e c t e d  equat ion  becomes: 

3  I n  t h e  evaporator ,  t h e  evapora t ion  r a t e  i s  5.94 ft /h r .  ft. o f  tube) .  . . , . . . 

Pressure d rop  a l s o  v a r i e s  w i t h  t h e  0.855 power o f  t h e  dens i t y .  The equa- . . 
t i o n  developed f o r  t h e  condenser, where f l o w  i s  outward, i s  a l s o  appl  i c a b l e  . .: 

t o  t h e  evaporator ,  where f l o w  i s  inward.  A f t e r  c o r r e c t i n g  f o r  d iameter ,  

f l o w  d i f f e r e n c e s  and t h e  h i ghe r  d e n s i t y  i n  t h e  evaporator  we o b t a i n :  

"I 
For t h e  TRW design, assuming no vapor lanes ,  t h e  p ressure  d rop  f rom 

bundle pe r i phe ry  t o  bundle cen te r  i n  t he  condenser i s  0.031 p s i  and f rom 

c e n t e r  t o  p e r i p h e r y  i n  t h e  evapora to r  0.027 p s i .  Wi th  these p ressure  d rop  

va lues no f l o w  d i s t r i b u t i o n  d i f f i c u l t i e s  a r e  expected. 

Entrance and e x i t  l osses  were c a l c u l a t e d  on t h e  bas i s  o f  K, o r  r e s i s -  
2 tance  c o e f f i c i e n t s ,  i n  t h e  express ion  AP = KV p/2g. AP,V,p and g a r e  

r e s p e c t i v e l y  t h e  p ressure  drop, v e l o c i t y ,  d e n s i t y  and g r a v i t a t i o n a l  con- 

s t a n t .  K f o r  an ent rance was assumed t o  be 0.5 and an e x i t  1. 

The t o t a l  p ressure  d rop  i n  t h e  evapora to r  i s  t he  sum o f  t h e  ent rance,  

- d i s t r i b t ~ t i o n  plenum c ross ing ,  o r i f i c e ,  bundle p e i i e t r a t i o n  and e x i t  l osses  

as diagrammed i n  F igure  11. 



To ta l  pressure drop i n  the  condenser i s  t h e  sum of t h e  entrance and 

bundle pene t ra t i on  losses  as d iag ramed  i n  F igure  11.. . . 

I. 1 .6 Evaporator and Condenser Di mentions 

The tube bundle diameters f o r  both, t h e  evaporator and condenser a r e  

determined by t h e  r e q u i r e d  number o f  tubes. 

The r e g i o n  between t h e  condenser s h e l l  i n l e t  and t h e  condenser tube 

bundle, t h e  vapor dome, was s ized t o  have sufficient volume and f l o w  areas 

t o  prevent t h e  p o s s i b i l i t y  of  tube v i b r a t i o n  due t o  h igh  i n l e t  v e l o c i t i e s .  

The c r i t e r f o n  f o r  determintng f l o w  areas i n  t h i s  reg ion  was taken from the  

"Standards o f  Tubular Exchanger Manufacturers Assoc ia t ion"  (TEMA) which 
2 3 rkqu i r t rs  Lhet a t  t h c  i n l e t  p V  5 500; o = dens i t y  i n  1 b / f t  and V i s  

v e l o c i t y  t n  f t . / sec .  A s h e l l  diameter was then chosen wh4iCh would clcLalll- 

modate t h i s  requ i red  f l o w  area. Since vapor f l o w  d imin ishes around t h e  

per iphery  o f  t h e  tube bundle, a  decreasing f l o w  area, around t h e  per iphery,  

i n c o r p o r a t i n g  an e c c e n t r i c  s h e l l  was chosen. An impact b a f f l e  c o n s i s t i n g  

o f  s o l i d  round bars was i n s t a l l e d  a t  t h e  vapor i n l e t  t o  d isperse  t h e  i n l e t  

f low and prevent  d i r e c t  imptngement on t h e  tube. 

A s i m i l a r  design procedure was fo l lowed f o r  t h e  evaporator except t h a t  

a  r o d  impact b a f f l e  i s  n o t  requ i red  a t  t he  vapor o u t l e t .  A r o d  b a f f l e  was 

i n s t a l l e d  a t  t h e  l i q u i d  i n l e t .  

I .  1.7 Non-Condensi b l  es 

I, 1 .7.1 S t a r t u p  Removal .- P 

I n i t i a l  non-condensi b l  e  removal was determined by cons ider ing  t h e  

system t o  resemble m i x i n g  tanks i n  ser ies .  W(lb/hr) o f  atmospheric ammonia 

en ters  t h e  f i r s t  tank .  The tanks are  i n i t i a l l y  f u l l  o f  n i t rogen .  The 

d e r i v a t i o n  was cognizant  o f  dens i t y  v a r i a t i o n  w i t h i n  t h e  tanks due t o  t h e  

d i f fe rence i n  molecular  weight o f  ammonia and n f t rogen.  The expression 

for  t h e  concen t ra t i on  o f  non-condensibles i n  the  e f f l u e n t  from the  system 



i s  g iven .by. t h e  equat ions. The d e r i v a t i o n  of these equat ions i s  g iven  

l a t e r  i n  t h e  appendix. . , , . 

= conc. of .non-condensibles, 1.b /I b  mix i n  e f f l u e n t  from 
'N"' l a s t  tank N .C. 

= d e n s i t y  o f  ammonia e n t e r i n g  = 0.04396 l b / f t  3  
0 

'0 
= concen t ra t i on  o f  ammonia e n t e r i n g  ' b ~ ~ 3  

1  b  mix = 1  

3 V b  = mole volume a t  purg ing  c o n d i t i o n s  = 386 ft 

M ~ 2 '  M ~ ~ 3  = molecular  w t .  o f  n i t r o g e n  and ammonia r e s p e c t i v e l y ,  28 and 17 

P = number o f  purges 
. .  

N = number o f  tanks i n  s e r i e s  

A p l o t  o f  t h e  e x i t i n g  non-condensible concent ra t ion  versus t h e  number 
, , 

o f  purges i s  g iven i n  F igure  12, f o r  several  d i f f e ren . t  "number o f  tanks"  i n  

se r i es .  The system i s  expected t o  operate as, o r  c l o s e  t o ,  t h r e e  tanks i n  

se r i es .  Approximately two t o  t h r e e  purges should be s u f f i c i e n t  t o  reduce 

t h e  non-condensibles t o  a  va lue which w i l l  pe rmi t  p r e s s u r i z a t i o n  o f  t h e  

system and f u r t h e r  removal by t h e  procedures f o r  removing non-condensi b l  es 

du r i ng  normal opera t ion .  F igure  13 i s  a  p l o t  o f  non-condensible concentra- 

t i o n  i n  t h e  e x i t i n g  gas versus t ime  i f  t h e  system i s  being f lushed a t  a  
3  r a t e  o f  1600 ft /min. o f  atmospheric ammonia. 

Operat ional  Removal o f  Non-Condensi b l  es . 

Non-condensi b l  e  purg ing du r i ng  opera t ion  was considered i n  t h e  f o l l  ow- 

i n g  manner. A l e a k  i ,s presumed t o  occur which u l t i m a t e l y  r e s u l t s  i n  t h e  

i n l e t  vapor t o  t h e  co i~d rnse r  enter f r ig  w i t h  a  constant  concen t ra t i on  o f  

non-condensi b l  e. Th is  process cont inues t o  b u i l d  up non-condensi b l  es i n  



t h e  condenser u n t i l  "d iscovery  time,.'', Discovery i s  i n i t i a t e d  by some 

evidence o f  degraded system operat ion.  Discovery t ime and normal ized 

concen t ra t i on  a r e  r e l a t e d  by the  expression: 

tD = d i scove ry  t i m e  - hrs. 

V = f r e e  condenser volume - ft 3 

W = vapor i n l e t  r a t e  - . l b / h r  

p = vapor d e n s i t y  

= normal ized concent ra t ion ,  r a t i o  o f  concent ra t ion  o f  
non-condensibles i n  condenser t o  concent ra t lon  o f  non- 
condensibles i n  i n l e t  vapor a t  d iscovery  t ime. 

Purging begins a t  d iscovery t ime, w h i l e  non-condensibles cont inue t o  

en te r ,  and t h e  r a t i o  o f  tank  t o  i n l e t  concent ra t fon  i s  g iven by t h e  

express i o n  : 

F = f r a c t i o n  o f  t h e  i n l e t  f l o w  removed by t h e  purg ing system 

t = t o t a l  t ime  from i n i t i a l  e n t r y  o f  non-condensibles - hr .  

Both the  above equat ions a r e  der ived elsewhere i n  t he  appendfx. Figures 14 

and 15 a r e  p l o t s  o f  tank  concent ra t ion  f o r  d iscovery t imes o f  0.25 and 0.5 

h rs  respec t i ve l y .  The parameter i s  F x 100, t h e  percent  o f  t h e  i n l e t  f low 

purged. I t  i s  apparent l h d t  t h e  sho r te r  t h e  d iscovery  t ime  ( t h e  greater  

t h e  l eak )  t h e  more d i f f i c u l t  i s  recovery. Cdvrsideratior~ u i  I;iyui\e 14 i nd l -  

cates t h a t  a 0.6 percent  purge r a t e  reduces condenser non-condensibles t o  

about 37 percent  o f  i t s  d iscovery t ime value i n  0.4 o f  an hour. Since 

t h e  concent ra t ion  a f t e r  recovermy i s  37 percent  o f  t h a t  va lue which made 

degraded system performance ev ident ,  i t  i s  presumed t h e  system can 

cont inue t o  operate i n  a reasonable manner w i t h  purg ing u n t i l  t h e  l e a k  i s  

d iscovered and remedial  steps taken. 



The condenser purging system consists af  an evacuation. tube wi th  

holes, o r  o r i f i c e s  i n  the tube wal l .  The evacuation tube can remove 

considerably more than 0.6 percent o f  the i n l e t  flow used i n  the above 

i l l u s t r a t i o n ,  The evacuation i s  not 1 imited by pressure drop since a l l  
the pressure w i th in  the condenser (approximately 75 psig) i s  avai lab le f o r  

flow. A t  a 0.6 percent withdrawal ra te  the ve loc i ty  through the evacuation 

tube o r i f i c e s  i s  about 65 ft/sec. whereas the sonic ve loc i ty  i s  about 

1400 ft/sec. Pressure drop through the evacuation tube i s  a t  leas t  two 

orders o f  magnitude less than pressure drop through the evacuation tube 
or i f ices, thus assuring uniform pick-up along i t s  1 ength. The evacuation 

tube has been posit ioned a t  the point  where the non-condensibles have the 

greatest concentration, namely a t  the end o f  the vapor t r a i n  (which i s  i n  

the center o f  the condenser). 
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Ta b l  e 1 . ATTENUATION FACTORS ("CLEAN CONDITION") 

As an i l l u s t r a t i o n ,  a 10% deviat ion o f  a l l t h e  heat t ransfer  coef f ic ients  
i n  the evaporator ( a l l  i n  the same direct ion),  would give a performance devia- 
t i o n  o f  (0.1 x 0.30) + (0.1 x 0.25) + (0.1 x 0.05) = 0.06, o r  a 6% deviat ion 
i n  performance. 

Seawater, Convection 
Metal Wall, Conduction 
Amnonia, Convection 

Figure 9. 

1-24 

Evaporator 

0.30 
0.25 
0.05 

Condenser 

0.36 

0.17 
0.03 





TPD = TOTAL PRESSURE DROP 
IPD = INCREMENTAL PRESSURE 

... 
r l l  DROP ALL PRESSURE DROPS 

ARE IN PSI 

V = 5.135 FTBEC 

IPD = .7? 

I 
w VAPOR 
I EXIT LOSS PV* = 1871 

IPD = 1.036 
V = 65.87 FTISEC 

IPD = .010 

VAPOR 
PENETRATE 
BUNDLE 
TPD = 1.016 
IPD = .M7 
VMX = 2.38 FTBEC 

LOWER 
TUBE SHEET 

VAPOR 
ATENTRANCE 
TPD I. 0 - 
IPD = 0 

1 ENTRANCE 
LOSS 
TPD = .0376 

IPD - 1 
1 

P V ~  = 346.5 
V = 33.79 FTBEC 

PENETRATE 
BUNDLE 
TPD FT 685 

= 3.14 FTBEC 

LIQUID --I 
OUT CONDENSER EVAPORATOR 

Figure 11. 
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ATTACHMENT 1 

INTRODUCTION 

. . 

TASK 3 - 
Provide f i n a l  analysis o f  expected heat- exchanger thermal /hydraul i c  performance 

t o  v e r i f y  sa t i s fac t i on  o f  system requirements. 

CONCLUSIONS 

Requested analysis i s  s a t i s f i e d  by attachment 1. Wi th in the scope o f  the 

present s ta te  o f  the  a r t ,  the calculated thermal/hydraul i c  performance w i l l  

s a t i s f y  system requirements. 

CHECK PSD-I 
EVAPORATOR and CONDENSER RATING 

This enclosed analysis; 

1. Determines the  ind iv idua l  heat t ransfer  coe f f i c i en ts  on the  tube, metal 
wa l l  and s h e l l  s ide and the  ove ra l l  U for  t he  evaporator. 

2. checks the heat f low i n  the evaporator w i t h  the computer resu l ts .  

3. Determ.ines the ind iv idua l  heat t ransfer  coe f f i c i en ts  on the  tube, metal 
wa l l  and she l l  s ide and the  ove ra l l  U fo r  the  condenser. 

4. Checks the heat f l ow  i n  the condenser w i t h  the computer resu l ts .  

5. Checks the evapordtlon heat t rans fer  coe f f f c ien t  and condensation heat 
t rans fe r  c o e f f i c i e n t  as calculated from the equations against the  p l o t t e d  
values i n  the o r i g i n a l  references. 

6. Sum: .-izes a l l  heat t rans fer  coef f i c ien ts ,  tube v e l o c i t i e s  and heat ' rates 
calculated f o r  the evaporator and condenser and compares the values w i t h  
the opt imizat ion program computer resul  ts.  

7. Determines the tube s ide pressure drops f o r  both the  evaporator and 
condenser. 

8. Determines the thermal thickness f o r  the evaporator and condenser. 

A Sumnary of the  resu l t s  and a comparison w i t h  the  r e s u l t s  o f  the Computer 

ca l cu la t i on  i s  given on page 8. 

1 
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CRSE MU 17 

Y OATER 91- C -uRT€R PIP€ 
JGTH FEET 3 0 0  Z900.9000 
WETEP FT 15.8975 19. P525 

m-vlPEf? OF PIPES 1 1 
H20 VEL FT/S 6.0000 ,6.0000 
b.H.:'EF FCOU LB/HR E m  7348E+ 08 9.5262€+08 

sB '@ 
QRESSUKE DROP PSI  -5577 3,0504 

EVAPORATOR CONDENSER 
PUTTOM REYNOLDS mUPI 2.0403E+03' 2.751 OE+03 
TOP REYNOLDS nun 5.2243~+03 

ysff-n 
HEAT TRAN LENGTH FT 26.5000 

0.0 
29.0000 

,TOTAL LEHGTH FT ,30.0000 30.0000 
SHELL ~ I A M  F T  24.9483 25.2422 
nlEE DIAMETER 1H -9900 -9900 
NUMBER TUBES 42667 43678 
TUBE MAT COST 1.6500 1:3100 
WfiTER TUBE VEL FTRSEC 6.6140 -- 
NH3 ENT FLOW CFS 
NH3 EXIT FLOW CFS 1 8666E+03 
HEAT TRAM AREA SOm FT, 2.6039E+05 
HEAT TRANSFEPED %~U/M. 
UVERALL ETU/HR/F/FT**2 
PIH3 HTC BTU/tiR/F/FT**2 
WALL HTC BTU/HR/F/FT**2 
WkTER HTC BTU/HR/F/FT**2 
H20 AREA RATIO 
F U L I N G  <FT**2 HR F/BTU> 1.OOOOE-04 1.0000E-04 
I ENTRANCE TEMP F 8.0.0000 40.0000 

,..tilNC;E I N  WATER TERP 5.9000 6.2000 
PRESSURE DROP PSID 4.1150 3.6098 
NH3 OUTLET TEMP F 70.0000 SO. 0000 
tJH3 OUTLET PRES PSIA 128.7997 89.1924 

CYCLE DATA 
GROSS POWER M~AI 1.4032~+01 NET POUER nu r e  o s o o ~ + o i  
WW PUMPS MU 1.3514E+00 1.7731E+00 
NH3 PUMPS MU 4.0766E-01 
TUR ENTHR BTU 1.6813E+Ol 

A ..0715E+o2 ~ / * ~ w " " '  
TUR EX I TY 2.4553E-02 

PLANT EFF 2.3217E-02 
\ 

COST BREAKDOWN <S> 
.NAP HE COST 4.8252E+06 CON HE COST 4.1391E+@6 
WU PUMP COST 4.5070E+05 CM PUHP COST 4.1885€+05 
N H ~  R PUHP 1 0394E+05 NH3 F PUMP 8.08(46€+04 
6EN COST 6.2274E+ 05 TURBINE COST 8.2473E+05 
CW PIPE lm4591E+06 k i SCEL lmSO00E+06 
TOTAL SYSTEtl 1.4425€+07 TOTAL BOTH HE 8.9643E+06 

EVAPORATOR CONDENSER 
PART MATERIRL LRBOR MATERIAL LRBOR 

TUBES 2,1120E+06 1 1905E+06 4.716SE+O6 1.2187E+06 
CLAD . 0. 0. 0. 0. 
UNCLAD 7.7713E+04 3.0886E+05 0.0059E+O4 3.2173€+05 
PLFIT ES 1.0071E+04 Sm9842E+04 1.0437E+O4 6.168SE+O4 
SHELL 7.0431€+04 em267SE+0S ?.2345E+Q4 2.3118E+05 
EOXES 1.2499E+O4 lm9359E+05 lm2769E+04 1.9661E+05 
HOZZLES - -'T 

9m9773E+03 7*7768E+OI 1.0004E+04 7*8998€+04 
2.3415€+04 1.1471E+03 0. 0. 

;TLE lm7091E+O4 1 . 9405€+03 0. 0. 
I~LETS 1.0886~+04 7.939 O E + O ~  1.1 OSOE+OI ~ . O S ~ O E + O ~  
SUPPURY" 3.5777E+03 ?.2076E+04 3.6663E+03 3.25'?9E+04 
EACH TOTAL .- ". 3. .;E+GQ .'! , .'I 776E+06 1 .9170E+06 2.2221E-06 



TRIM 
m m - -  

Attachnent 2 
W e  8-ICE PACIK REOONOO mercr ULMIMA 

s o p  ~ d f b  REPORT NO. 
CAGE 

m a C A a c o  

CWECKLD 

I 

YODEL 
L 

Y& ; dq- = 1 T-%) L - )  f- wq 4 MQ 
40 

- - IT+) e T P ~  
N f  -- V = 1- +A 9-1 

LW AYH, 

. ,  

2- - V ' L  
A h  'G 

C 

1-46 L 



! TRH! - - - -  7/78 ATTACHMENT 3 
W E  mm&CE P A a K .  a E O O N O O  mEACm C A L l C O a N l A  

REPORT YO. CAGE 
I 1 

br/ 
U C K L D  

~ O D ~ L  P . D " ~ O ~ $  We bsdI< 
L I 

4 

- 

C ~ V  Gzk 

s 

B 
.*-7--u. *..* m l "  ..?I 1-47 









Attachment 4 
7/ 1 9/78 

ONE SPACE P A R K .  REOONOO BEACH CALIFORNIA 

REPORT NO. CAGE / 
'REPARED --.- b - i 

S Y S T E M S  1441 R E V .  4 - 7 6  



NR = N U M B E R  OF TUBE ROW3 REMOVED 
FROM eACH OF 6 RADIAL LANES 

D= D E P T H  OF D/Sm/BUT/ON PLENUM 

P A I A  I S  FOR I* " 7 ~ 6 ~ s  ON 6 RATIO OF l ?C 

CORRECT F O R  D I F F E R E N I  % R A T I O  Wl7H 
' H E  FOLLOWING CORRCCTiOIV FACTOR vD eos!{$.g/RON 

/, 2F I .  
1.3 7 5  .3Y6 
1.5 . / 6#  
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ATTACHMENT 9 

October 17, 1977 

Pressure Losses i n  Condenser Tbbe Bundle 

(No Vapor Lanes) 

The pressure loss from periphery t o  center of a cylindrical  condenser tube 

bundle was calculated for  various bundle r ad i i ,  under the following conditions: 

Tube overall  diameter 1.5 inches 

Tube length 25 f t  

Sea water velocity 6 f t / sec  

Sea water i n l e t  temperature 40'~ 

Annnonia saturation temperature 50'~ 

Triangular pitch diameter 1-7/8 inches 

No vapor lanes 

Feed, periphery t o  center 

For these conditions, pressure drop from periphery t o  center of bundles 

can be represented by the equation 

r .a h i ~ n d ~ a  radjljs, i n  fee t  

Calculated values of AP for  various bundle r ad i i  are given i n  Table A.  - 



TABLE A 

Tube Bundle Radius, f t  Pressure Drop, p s i  

I f  tubes were reduced t o  1 inch diameter, the losses  would be roughly 3.38 

tfmes a s  high, which i s  still small except perhaps f o r  bundles i n  excess 

of 20 fs t  r ad ius .  

It appears t h a t  vapor lanes w i l l  not  be needed i n  condensers of 'the s i z e  

contemplated. 60 44 u ; $ i ~ d  ( y w  q v  
Support ca lcula t ions  follow. 

$ 9 :  
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APPENDIX 1 . 2  

STRESS ANALYSIS 



1.2. STRESS ANALYSIS 

Mechanical design ca lcu la t ions  f o r  the 10 MWe OTEC evaporator and 

condenser attempt t o  determine the  basic metal thickness requirements w i t h  

no more than 20 percent e r ro r  i n  weight requirements f o r  elements o f  t he  

pressure envelopes. Because the design i s  prel iminary,  1 i t t l e  de ta i l ed  

cons iderat ion i s  made f o r  l oca l  reinforcement requirements a t  nozzles, 

tubesheet t o  s h e l l  j o i n t s ,  o r  s i m i l a r  po in ts  o f  h igh l oca l i zed  s t ress . . . . 

where f u r t he r  design e f f o r t  i n  the f i n a l  design stage i s . i nd i ca ted .  . . 

Calculat ions f o r  t he  0.2 MWe exchangers are  less  r igorous than those 

f o r  the  10 MWe exchangers due t o  the less  severe environment and t o  the 

more s t ra ight forward construct ion.  

The f i r s t  approximation f o r  the wal l  thickness i n  the evaporator and 

condenser she l l s  i s  based on the  ASME B o i l e r  and Pressure Vessel Code, 

Section V I I I ,  D i v i s i on  1, using a 136 ps ig  she l l  pressure i n  t he  evaporator 

w i t h  an i ns i de  diameter o f  315 inches and a minimum wal l  thickness o f  

2 inches inc lud ing  112 inch allowance f o r  corrosion.  S im i l a r l y  the 

325 inch diameter condenser she l l  requires 1-112 inch thickness f o r  a 

design pressure o f  86.3 psig.  However, the 1-1/2 inch t h i c k  condenser 

she l l  requires s t i f f e n i n g  r i ngs  i n  order t o  withstand a spec i f i ed  extcrnal  

pressure o f  13.5 ps i  g . 
I n  both the  evaporator and the condenser, the tubesheets are stayed 

by the  1 inch tubes spaced on a 1-1/4 inch spacing. Since the  274-1/4 Inch,  

diameter evaporator tube bundle i s  eccent r ic  t o  the she l l  by 14 inches, t he  

maximum unsupported span i n  t he  tubesheet Os 34-318 inches. A stayed f l a t  

head w i th  34-318 inch  p i t c h  and 20 percent l igament e f f i c i e n c y  would seem 

t o  imply a 4-5/16 inch  thickness accorbdSng to t h e  code, a1 though no 

Section 8, D i v i s i on  1, r u l es  e x i s t  t o  combine considerat ions o f  l igament 

e f f i c i e n c y  and s tay rod p i t c h  f o r  a f l a t  head. The above deduction i s  

conservative, and tubesheet thicknesses o f  4-1311 6 inches f o r  the  evapor- 

a t o r  and o f  4-5/16 inches for  the condenser are therefore  selected f o r  

f u r t he r  inves t iga t ion .  



I n  both t h e  evaporator and t h e  condenser, deformed t i t a n i u m  tubes 

a r e  t o  be used. T h i r t y - s i x  r i dges  a r e  t o  be. r o l l e d  o r  pressed i n t o  t h e  

w a l l  o f  1 i n c h  diameter tub ing ,  0.031 i n c h  t h i c k  i n  t h e  case o f  t h e  evap- 

o r a t o r  and 0.026 i nch  t h i c k  i n  t he  case o f  t h e  condenser. The deformat ion 
w i l l  occur f o r  t h e  e n t i r e  l e n g t h  o f  each tube except a t  t h e  tube ends, 

where t h e  tube j o i n t s  t h e  tubesheet. Since t h e  tube s t i f f n e s s  i s  reduced 

by compressing t h e . t u b e  w a l l  ma te r i a l  inward toward t h e  tube ax i s ,  sub- 

sequent mechanical ana lys i s  requ i res  t h a t  t h e  deformed tubes be assigned 

a combination o f  wa l l  th ickness and diameter such t h a t  t h e  "equivalent  

tube" has t h e  same cross-sec t iona l  area and moment o f  i n e r t i a  as t h e  

deformed tube. 

The remainder o f  t h e  p re l im ina ry  c a l c u l a t i o n s  consider  a s h e l l s i d e  

pressure containment envelope t o  c o n s i s t  o f  s i x  elements. There i s  t h e  

tube bundle, t h e  upper and lower tubesheets which have- t h e  same ou ts ide  

diameter as t h e  tube bundle, the  upper and lower annular r i n g s  which , 

b r i dge  t h e  span between t h e  tubesheet and t h e  s h e l l ,  and f i n a l l y  t h e  . 

s h e l l  i t s e l f .  Stresses w i t h i n  t h e  elements o f  t h e  s h e l l s i d e  pressure 

envelope a r e  i nves t i ga ted  by approximating the  system w i t h  an axisymmetric 

system. Since h i g h  s h e l l  s t resses a t  t h e  annular r i n g  i r e  an t i c i pa ted ,  

t h e  maximum r i n g  w id th  i s  assumed. The tubesheet diameter i s  reduced 

accordingly .  Dimensions o f  t h e  s h e l l  and tubes a r e  assumed unchanged 

from the  e a r l i e r  s h e l l  and "equ iva len t  tubes". A computer program i s  

used t o  i n v e s t i g a t e  system st resses r e s u l t i n g  from a x i a l  loads caused by 

weight, s h e l l s i d e  and tubeside f l u i d  pre-sures, and temperature changes. 

A design l i f e  of  30 years i s  desi red.  Th is  per iod  i s  de f ined as 1000 

s h e l l s i d e  .pressure cyc.les as we l l  as an undef ined number o f  s p e c i f i e d  

acce lera t ions  represent ing  load ing  cyc les  due t o  mot ion o f  t h e  ocean 

surface. Add i t i ona l  undetermined loads w i l l  r e s u l t  from motion o f  t h e  

vessel upon which t h e  apparatus i s  mounted and from impact o f  ocean waves 

upon t h e  appar>atus. The s p e c j f i e d  acce le ra t i ons  due t o  motion o f  t h e  

ocean sur face a r e  so 1 ow as t o  make resu l  t i n g  s t ress  ranges t r i v i a l  , and 

they  a re  t h e r e f o r e  ignored. Motion o f  t h e  vessel and impact o f  ocean 

waves i s  beyond t h e  scope o f  p re l im ina ry  design. and these effects a r e  

t h e r e f o r e  undef ined. 



The computer program used t o  eva lua te  t h e  e f f e c t s  o f  system 1oadi.ng 

y i e l d s  s t r e s s  values based upon e l a s t i c  deformat ion only .  High secondary 

s t resses  t h e r e f o r e  i n d i c a t e  t h a t  l o c a l  y i e l d i n g  can be expected t o  occur. 

Th i s  shakedown p l a s t i c  deformat ion occurs t y p i c a l l y  du r ing  h y d r o s t a t i c  

t e s t i n g .  F i n a l  design should exp lore  t h e  possi b l  e  need for  re inforcement  

i n  areas where h i g h  secondary s t ress  i s  ind ica ted .  

Only t h e  s h e l l  s t resses  a r e  expected t o  undergo s i g n i f i c a n t  s t ress  

v a r i a t i o n s  r e s u l t i n g  from s h e l l s i d e  pressure c y c l i n g .  Other l oad ing  

c y c l e s  however may cause t h e  f i n a l  design t o  i nco rpo ra te  re in fo rcement  f o r  

t h e  she1 1  . 
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10 MWe HEAT EXCHANGER 
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C F BRAUN &- CO 

INPUT 

, o  

. . CALCULATIONS . . 

EVAPORATOR :CTEM 101 315 I N  ID 348 I N  I-G 274- -1 /4  I N  TB 
IIORIZON'TAL. W/'SMAL.L 'TlfUli BUNDLE 8 T H I N  WALL.S 

' 

\.IN1 TS 
LENGTH 
TEMPERATIJF2,E 
PRESSllRE 
!;TRESS 
MASS 
DENS :t TY 

Customer "ws paea /?: 
Subject . BY. 
Proiec? A Date 

OPTIONS 
TUBESHEET S 
EXCHANGER 
TEMA 
TLIBE!; 
EXPANSION JO:INT 
LJT OR PRES 

CH15 

PHOtJECT 5304--100 FfX13I) TUBE.:I;t-lEE:T EXCHAE4CiE:RS 
PROl3L-Eti NO El E:NGL I S1.I UE4 I TS 

I: N C 1.4 
DEGREE F 
F'S I 
P 8  I 
1- E3 
L,R/CUIN 



C F BRAUN & CO 
CALCULATIONS 

TtlICKHL',3I!! 
I-ENG'TH 
IJNSU13F'OR'TED 1.ENGTt.I 

BAFFL-E 'TO BAFFLE 
'Tl1BESHE:ET 'TO BAFFLE: 

LAYOUT ANGLE 
IS 1 TCH 
NUMEIER 01- 'I'IJBES 
OPERAT IN[; F?liEf SSIJRE 
HY DKOSTA'TPC: 'TEST PFlE:S!;lIRlf 
MAXIMUM TEflI>E.f!R'TIJRE 
AVERAGE 'TEtil'ESRATUfZE 
YIELD S'FRENGTH AT . 

HAX TIJEZE TEMPERATLIRE 
SHEI-I, 'TEMPERATURE 
ATM0SF)klEF). :I:C 

:[NSII>E CI3ftRO!SlON $LL.owAN~E 
OUTSIDE CORROSION ALLOWANCE 
POISSONS HA'T:t C) 
CLAS'T I C MC)Dl41;1;18 R T  

Max 'TuEEl: TE:'ri13ERr?'TllRE: 
AVEI'IACiE: 'TIIMPERA1'Uf:tf: 
!SHELL.. 'I'IEMF)EllA'l'llWE 
ATMOSPt.IER IC 

ALLOWABLE STREiSS A T  
MAX 'TUBE TEMPERATURE 
SHELL TE:M PER ATURE 
AT M0SPkIEli:CC 

I-IXF'ANSIUN C:OEF-FICIEN'T 
UCINDLE WEIGHT OR F)RES!;LIRI, DROP 

9 

2 

3 

4 

I ' 

58.00000 
38 .  ooooo 
50.00000 
1.25000 

42667 
4.22230 

25.8135'00 
77'. 0~.5000 
70.47500 

. . . . .  
Cuitomer PWS Page 89 ' 
Subject . 8~ 
Project . - 

CHIS  

f)RO,JECT 5304--100 FIXED TUBESHEET CXCHANGEHS 
PROBLEM NO 21. ENGLISH UNITS 

TUB1 DATA 
0 D 0.98597 



'TH l:CI-!NESS 
I-LEXIJRAI- EF'IF:I CIEN1:Y 
EXPAN!5I:ON C:T.IIE17f-I:C:t EEIT 
'l't-:MFjlZl?AYIJl\E bF{C)l:) 
TIJ EjE: IT. N "TI.1 E31I:S tIEE:.'T C)I) 
TUBE 1:N TlJE3lE!5tiEICT Tt-IICKNIZSS 
CllRRO!~IClN AL.1-IIWANCE TUE1ffSII)E 
CC)RROSI:ON AI..I-IIWANCE SHE:\-L.SII)E 
'TI IV:F I::\ IP.J~>I F. ilfi 
IEL.AS'T'IC MOI)I-11.-IJE; AT C)FI:iFth'T I NG 
EL-AS'T:TC: MODIJI-IJS A-r A'I'MOE;PHEF~TC 
'TEMFEHA'TURE 

TIJBESS Dl: 
... SHE1 I...S I: DIE 

AVERAGE 
'f:[[:LD E;'TI:{E:P.)G'rI.I fi'r MAX -iE:Mp 
'fSEI..D STRE:E.IG'TI.i A'T' ATMO!~f'l~~lEF~:I:C: 
ALLOWAEILE S'T'liE:SS AT MAX TE:IYP 
AL1.OWAE)L.E S'l'l7C3S AT ATtfC)SPliEZf\IC 
POISSONS RA7':ICl 
ANN?JI..\J!; R :I: NG 

E><F)fiN~jl;Q~4 CXJl~l."I:~~I:C)~[Et-!~ 
AUEZRI~GE 'T'EMf?ERAIIJI:iE: 
'TEfMPI-flA'l'!!F).f: DHI:IF' 
EL-rlST I C: MODULIJ!; 
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2-76 

C F BRAUN & CO 
CALCULATIONS 

9 

2 

Customer Pages Page 50 
Subject BY 
Projeit 

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

C H I 5  

PROJECT 5 3 0 4 - 1 0 0  F I X E D  TUBESHEET EXC~IANGEES 
PROBLEM NO 21: 'ENGLISI-I l l N I T S  

SHELL DATA 
I D  31 5.00000 
TtiTCKNESS 2.00000 
OPERATING f'P.lf !;SURE 136.00000 
I-IYDROSTATIC: 'TEST PRE:S!;I.lRI, 2 0 4 .  0 0 0 0 0  
AVERAGE EiETAL TEMPERATllRE 7:L.95000 
Y I E L D  . S'THtfNfiTH AT (JFERA'T:t E.4G 3 2 0 0 0 . 0 0 0 0 0  
Y IELI) STRE.:N(GT H AT RTMOSFI4EFl I C  3 2 0 0 0 . 0 0 0 0 0  
ALLOWABLE STRESS AT OPE3?RTINt 15000.00000 
ALLOWABLE STRESS AT ATMO8PHERIC L 5 0 0 0 . 0 0 0 0 0  
ELASTIC MODIJI-US AT OPEF?A'TING 2.900001f + 0 7  
IZLAS'TIC MODUI-US A'T A'TMCISPHERIC 2. ~ 0 0 ~ 0 1 ~ + 0 7  
CURROS ION hl..l-OWANCE 0 ,. 5 0 0 0 0  
1fXPANSI:OM C:OI,F'FI:I:IE:N'T 6.13000E--06 
DEZNS:tTY OF: FI.-LIID '0.00025 
I>(-JXS;;I:)NS F),"..' 1-1 1 .[ 0 0.30'000 
AMBIEfNT 'TE:r~PIIFlATURf: 70 " 0000G.  
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2-76 CALCULATIONS 

Customer Pages . Page Z/ 
. . . 

Subject . BY 

' Project 

* REQUIRES LOCAL REINFORCEMENT.. LOCAL REINFORCEMENT WILL BE 
PROVIDED I N  THE DETAILED DESIGN. 
(2Hl!3 

PROJECT 5304-100 FIXED TUUESHEET EXCHA 
PROBLEM NO 21 ENGLISH UNITS 

OUT PU'T 
H -  1 

NORMAL HYDROSTATIC 
OPERCsTI N.G TEST SHELL 

PRES!;URE PS Y 
'TUF3ES:r.DE 4 . 222 

METAL 'I'EMPERATURE 1)ECRE:E . F 
'TUBE: 70.675 
?3iEtt 71'. 9 5 0  

1JNS'TBYE:D THICKNIZ!;S TNCI-I 
'TIJBESI4EE'T 1. 1.6. G0h 
TUBEStiEiET 2 18.806 

SECONDARY STRESSES P S I  
TIJE1E:S 

CAI.-CUL.r'll'E:D 13C>G. 404. 
AL..L..OWA E!l-.li: 18'750.000 

'TIJBE:SHEIETS 
1 BENDING CALCULATED Q3E24.. 1QO 

AI-LOWABL-E Y2000.000 
SI.iE,AR C:AI-.CIJL-ATEI) 787.848 

hL.L.0WAEZL.E 1.6000.000 

2 DEND L HG CAl..C;ULh'l'E:D 830.5. ? (30 
ALLOWABLE 32000.000 

SHEAR CALCULATED 787.848 
AL.L.OWA ELE 16000.0C)C,O 

I:{ I NGS 
1 BENDING CALCULATED 9287.214 

ALL-OWABLE 32000.000 

2 BENDING CAL-CULATED 9'287.21 4. 
ALL-tiWAl3L.E ;32000 .000 

SHELL 
CALCULAl'ED $5404.. :L 1.4* 
ALLOWA UL.lf 64000.000 '  



812 . . C F' BRAUN & CO 
2.76 . ' .  
. - . .  . .  , . . CALCULATIONS 

- Customer . - Pages Page 'LL 
Subject BY 
Project 

J - 
* REQUIRES 

~ ~ 1 5  PROVIDED 

, PROJECT 5304-1 
PROBLEM NO 21 

PRESSURE 
TIJbESI DE 
.SIif:L.LSJ.DE. 

LOCAL REINFORCEMENT. 'LOCAL REINFORCEMENT 
. I N  .THE . O R A I L E D .  DESIGN ;. 

0 (3 F I X E D  TUUESHEET EXCHANGERS 9-16-78 
ENGL.ISH UNITS 

OU'T PUT 
1 4 - +  

LOSS OF L.BSS O F  
TUBESIDE POGJE:R StiEL.LS:II)E: 

PSI 
0.000 4.222 

130 .000 0.000 

METAL TEMPERATURE DElGREEI F 
'TUBE 70.475 
SHELL 71.950 

UNS'TAYED TI4ICKNESS INCH 
TUBESI-IELET 3. 16.l306 
'TUE3E:SHECET Z? 3.8 .130C) 

TIJ t3ESHE:E'l'!; 
% 6 I ~ H D I  NG CALC:lJL-ATE:b (3799.093. 1353. .7&4 O.OC?O 

ALL-OWABL-I: 320OO. 000 3i?000.000 '?P500.000 
SHEAR CAL.CLI1-ATEI) 835.88.j. -62.148 0.000 

AL.LOWABLE 16000.000 16000.000 J.1250.000 

2 BEND I PIC; CALC:l11-'6TE~:D 8799 .!)TI. 1301.764 0. OCtO 
AI-L.OWA13L-E 32000. OO!) 32000.000 E'XQO. 000 

SHEAR C:AI..I:IJL.ATEI) B35.604 -42.148 0.000 
AL..I..OWC+ BL-E 16000. 0 0 ~  3. LO00 -000 ll250.(>0(2 

RINGS 
I. 6Et4UI NG C:I~LCUL~S rE:D 9336.767 .-.10'.'.212 0. OQO 

ALL0WABL.E: 32000.000 32000. GOO 22'500. OOC! 

P BENDING Cl?LC:lJL.ATED 9331s. 7S7 .-.109.212 0.000 
ALL-UWABLE: 32000. !!00 32?000.000 22500- ~ 0 0  

P R I M A R Y  STRE:!SSE:S P!; I: 
'TUBES 

CAL-C:L.II_ATE:D 2!3[;~) , :L 5):) ;; ,I ,, !;> ;? 6 I::I - l . ) I - # f ; 8  

OLL.C)GJt? BI..E: 1.2 :> ( )  0 . (CJ (;I (;I 1. z1,:5 (;I . (:a Q :I, ;? y.; Q c-1 a, 113 I,> 



FIXE:X) TUl3EBt.IEET EXCI4ANGE:RS 
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c F' BRAUN & CO 812 
2-76 CALCULATIONS 

EVAPOFZATOR I T E M  101. 31.9 I N  :[D 34(3 I N  L(; '-27.4-1,,'4 I N  7'8 
VERTICAL  W/SMALL TUBE 6UNDL.E & Tt.IIN WAL-LS 

I 

2 

3 
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s 
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8 
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I 0  

1 I 

1 2 .  

13P1':I CINS 
'T\JEiEStiEE:'TS 
E:I,CHAt.IGER 
TEriA 
'TU BE:S 
I'>iPANS];01.1 cJO:Ib17' 
WT OF! PHES 

Custoiner Pages Page s 3  
BY . . . , 

Subiect . . .  
Project Date 

. - 

I NC1.i 
DEGREE F 
P S I  
FZS I 
I... i3 
LB/'CU:LN 

C H I 5  

PRU,JE:C:'T 5304--3.00 
PROBLEM N O  ?P 

SY MME'Tft. T:C 
!JERTJ,L:AI. 
REOUE:C,;'TEI) 
R ('3 1.. 1.- EC I) 
r4 C) 
I3IJNDL.E WEIGHT 



. . , .  
. .  . CALCULATIONS 

. . . . .  Customer . . . . _ .  Pages- Page 29 
Subject ' . B Y . .  - ,  

. . . .  Project - . . .  
. . . .  - .  . 

CI-I15 

PROJECT 5304-1.00 F I X E D  TUGESkIEET EXCHANGE:RS 
PROBLEM NO 22 ENGLISH U N I T S  

TlJBlE DATA 
OD 
'TtiI:CI(NESS 0.03147 
LENGTH 348 .  0OQO0 
UNSU12POR'TED LENGTH 

BAFFLE '1.0 f1AIrFI.-E1: 
TU Bl3HEE:T 7'0 BCiF'I=L.tZ 

I-AYOUT AN(i1-E: 
P I T C H  
NIJMEER OF TUBES 
OPERAT I:NG F'RIZ!;SlJRE 
HY I)RQ!.;TATIC 'TEIST PF?E:S!SlJRE 
MAX IMIJM 'T'EM PEFZATURE: 
AiJfCl?A(:jf: TEMFl'ifZA'TUREI 
Y 1E:L.D STREt\!G'TH A'T' 

M A X  'TUBI!: TEM12EFt,lr:ITIJfIE: 
Sl-lfZI..I- 1'E:MI2tfRi?TUFtI~ 
ATMOSPHEi7:CC 

I NSIlUE: C:ORROSIC)N ALL.OWANCE 
0lJTS:II)E I:OFtRO!;I:ON AL.LOWANCE: 
PIIISSONS RA'I':[O 
IZLCiS'TIC: MODUI-US A'T 

MAX TUBE TEMPERhTUfIE 
A1\JflP.AGE: 'TEMF'IZFZATURE: 
SHELL TE:MP~~EI?'TIJRE: 
ATMO!;PkIE:R:IC 

ALL-OWABLE S'1'171ZSS &'T 
MAX TUBE: TEM FE-:F!A'TUr\E: 
SHEI-I- TEMPERATIJFtE: 
A'TMC1SFkIE:II I C: 

IZXPdN!;IlUN COI~I.'FICIENT 
HIJNDI-E WE:IC;I-1.1. CIR PF?ES!;IJRII: DRCIP 



812 C F BRAUN & CO 
2-76 CALCULATIONS 

Customer ' '\ 
. .  Pages . Page Z J- 

Subject . ' ' BY 
. . . - . . Project I . .. . . 
. .  . . . . . . 

C H I 5  

PROJECT 5 3 0 4 - 1 0 0  F IXED TUBESHEET EXCHANGERS 
PROBLEM NO 22 ENGLISH UNITS 

StiEI-L DATA 
I D  3 1.5.00000 
THICKNESS 
OPERAT I NG PRIESSLIRE 136.00000 
HY DROSTAT I C TEST PRE3SURE 204.00000 
RVERAI3E METAI, TEMPERA'TIJRE 71.95000 
Y IE:I..D STRENG'~'H A T  CIF?EKA'l' XNG JZOOO.  OOUOO 
Y 1f:L.D S'I'RENC'TH A'T' ATMOSf'CIERIC 32000.00000 
A1.L-0WABL.E STRESS AT 0PE:RA'TING 1 ~ 0 0 0 . 0 0 0 0 0  
ALLtiWkBL,E STRESS AT ATMOSPHERIC 15000.00000 
ELASTIC MODUI-IJS AT C)PEl?hTING 2 .. 9000(1€:+0.7 
ELAS'TIC ~ODUI-IJS n.r A.I'~~SFHERIC 2 .  YOOOOE:.+O~ 
COREO!; ION AL.I..OWANCE 0.99000 
EXPANS:C.ON COIZIrF'IC'IENI' 6.1.3OOOE.-06 
DENSI'TY OF FI-IJTD 0.00025 
POTSSONS liA'1'IO 0.30000 
AtIEl'ENT TEHP1f:RATURE 7'0.00000 

.THTCKI.IEISS 
FL-EXrJRfiL EFF'ICIEHCY 
EXPANSION COEFFICIENT 
'TEEjPERATIJRII D R O P  
'T'URE: 'tN TLJGE:!;HEET (11) 
'TUUE: I N  TUE3E:SHEf::'T THICI(NESS 
COEF.OS I ON AL.I..OWCINCE TUBI:E:IDE 
CORROSION AL.I,OWFiNCE SI-IEL-L-SIDE 
'1'1JE4E HUNDI-E OD 
IELAS'l'IC iiODlII-US A'T OFEI:?ATIEJG 
EL-ASTIC MOD1IL.IJS A'T ATHOSPHERIC 
'TEMPERATURE 

TUBESILIE 
StiEL.LS I Dt 
AVERAGE 

Y:IfZL.D S7'P.E:NG'T'H AT EIf'iX TEWF 
)':[ EL;,P STEEEIFITH AT fi~WU~jf'HERlC: 
AL-L.CIWAE3L.E STRESS A'T PIAX 1'E:iiF' 
Al..l.[]WACL..E Sl'I?.ESSS h'r ATM(:~sPHEIF~l:C 
FOT.(-;S[lNS RFiTI(3 
AI?NI.II-US I?Ib.!G 

E!<I:'~~.!STOM CC)EF17:IIC:IENT 
Al..JEIRAGfI ~'E,M~'E:RI!'+TLIF?E 
TEklF?E:RA1'I~RE: DROI" 
EL-AS'T I C MOl!11LUS 



012 C F BRAUN & CO 
2-76 CALCULATIONS 

MISTAL TE:MPERATI.)RE DEGRE:II F 
'TUBE 70 .  $00 
SHELL 71 .950  

UNSTAYED THICKNESS :[NC:I-I 
TUBESHEET 1 l8.8OCs 
TUBESHEET 2 1. €3 . I3015  

- .  . .  , 

SECONIIAKY STRESSES PSI: 
TIJBE:S. 

' . c~~i.cui.ar~:p 1352.  ;?04 
ALLCIWAl'3LE: 1.8750.000 

. . 
. 
. . 

'TUBESI4E:ETS 

.. . 
1 BENDING CALcULl?TED 10933 -219 

- ALLOWABLE' 32000.000  
SHEAR CAL.CUL,ATED 87b. 049 

AL.L.OWABLE 16000.000  

'Customer Pages . -  .'Page z 4 " , ' . . 
. . 

Subject. BV W U.2 

, '  
. .  . . _ *  . . . . 

Project . . , . . .  
* .& -..L 

. . 
. - .. axe .. . 

' 2 BEND IN(J CilLCI.JL.ATED .51376.98@ 
AI-L-UWABLE 32060. o ~ o  

SHE:AR CAL.CUL-ATED 693.308 
AL.L.OWAf31..E 1. c4000.000 

, . .' . c*.. *. , , .  . .  
, . . . * REQUIRES LOCAL REINFORCEMENT. LOCAL REINFORCEMENT 

CHlS PROVIDED I N  THE DETAILED DESIGN. . a . . *  

PROJECT 5304-100 FIXED TUBESHEET EXCHANGERS 
PROBLEM NO 22 ENGLISH UNITS 

OUT PUT 
v -  1 

NORMAL HYDROSTATIC 
OPERATING TEST SHELL 

PRESSURE PS 1 
TUNESI~E 4.218 0.000 
SHELLSIDE . 136.000  '204.. 000 

Z? EBENnINtJ C:ALC:l.ILATE:D 
At.. I.. (3 Will3 1.: E: 

' SHELL. 
CALCULATED 
ALLOWA k3L.E: 

PRIMARY ST RE:^!;^::^ 12 i:* ..I . .I. ' 
'T'UBE:S 

CALC;ULfiTE:D 
ALLOWARL-El 



C F BRAUN & CO 
CALCULATIONS . .  . - - 

Customer . ' Pages Page 2 7 . 
Subject 

. .  . 
i .  Bu 

Project 
f 

. .  . - - 

Customer . ' Pages Page 2 7 . 
Subject 

. .  . 
i .  Bu 

Project 
f 

* REQUIRES LOCAL REINFORCEMENT. LOCAL REINFORCEMENT 
PROVIDED I N  THE DETAILED DESIGN. Ct43.5 

PRC1JEC:T 5304- 100 ~ - I X E : I ~  TIJBESHEEl' EXC:MANCERI; 
PROELEM NO 2 P  ENGL..l:SH UNITS 

OUT PlfT 
d* 4 

LDSS OF 
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INTEROFFICE CORRESPONDENCE 
78.6853.6-005 

,c! see D i s t r i b u t i o n  D A T ~ :  18 A p r i l  1978 

suejEcT: Flu ted  Tube Design Studies FROM: C. E. Williamson 
BLOC MAIL STA. LXT. 

81 1513 62635 

A study o f  f l u t e d  tube conf igurat ions manufactured by the GROB, INC 
process has been performed t o  establ i s h  candidate f l u t e  shapes w i t h  la rge  
(approx 1.5) area enhancement on conf igurat ions considered producible. 
The study included the  fo l low ing considerations: 

1. Pred ic t ion  o f  the  GROB f l u t e  shape f o r  a 2" d ia  tube scaled from 
GROB's 1 "  d ia  specimen. 

2. Maintenance o f  an 0.040 deep convolute, regardless o f  tube diameter. 

3. Constant thickness wal ls.  

4. Wall t h inn ing  based on the  GROB, INCIUnion Carbide tube samples. 

5. Wall th inn ing  based on the GROB, INCITRW f i r s t  samples. 

GROB, INC provided TRW w i t h  a drawing (Attachment 1 ) o f  the tubes 
they proposed t o  d e l i v e r  t o  us. When received, the specimens matched the 
drawing prec isely .  These a re  the samples cu r ren t l y  being tested f o r  
c o l l  apse pressure. 

Our f i r s t  design e f f o r t s  were d i rected by the Pro jec t  O f f i c e  t o  address 
2" d ia  tubes. Hence, t h e  GROB 1"  d ia  concept was scaled t o  a 2" d ia  based 
on mainta in ing the same l e v e l  o f  mater ia l  thinning. Attachment 2 was prepared 
a,nd used as the basis f o r  i n i t i a l  buckl ing analyses. Note: both the 1 "  
and 2" tubes have low (approx 1.3) area enhancement. 

Design 1ayou. t~ o f  1 ", 1-112" and 2" d ia f l u t e d  tubes based on maintaining 
the  requested 0.040 f l u t e  depth were made. Tube wa l l  thicknesses were based 
on p r e l  iminary pred ic t ions  o f  thicknesses required f o r  a corruga ted lsp i ra led  
tube. Constant thickness was assumed. These concepts are i l l u s t r a t e d  i n  
Attachment 3. Note t h a t  maintaining the 0.040 f l u t e  depth r e s u l t s  i n  degraded 



area enhancement a t  the la rger  diame,ters. Also note t ha t  equal 0.020 
r a d i i  a re  not  p rac t i ca l ,  when appropriate wal l  thicknesses a re  accounted 
f o r .  

The next  design i ' t e ra t ion  (~ t tachment  4, cages 1, 2, and 3 )  was 
based on constant wa l l  thicknesses w i t h  tangent r a d i i  o f  the inner surfaces 
and ignor ing the 0.040 f l u t e  depth const ra in t .  The number of teeth  
was reduced u n t i l  some t o o l  t i p  r a d i i  was a t ta ined  i n  the r i l l s .  These 
concepts a re  academic, since mater ia l  th inn ing w i l l  occur dur ing forming. 
Note t h a t  i n t e rna l  area enhancement i s  over 1.5. 

Next, the degree of th inn ing experienced f o r  the GROB, INC/Union 
Carbide tube was appl ied t o  the concepts o f  Attachment 4. These,concepts 
are i l l u s t r a t e d  i n  Attachment 5, pages 1, 2, and 3 for  the three diameters. 
Note t h a t  improved too l  t i p  r a d i i  and t oo l  wedge angles resulted. The 
inner  p ro f i l e ,  which i s  governed by the d i e  remained unchanged. Area 
enhancement greater than 1.5 i s  real ized.  

The f i n a l  design i t e r a t i o n  i s  i l l u s t r a t e d  i n  Attachment 6, pages 1, 2, 
and 3. This concept accounts f o r  wal l  th inn ing consistent  w i t h  the f i r s t  
GROB/TRW specimens. Further improvement i n  t o o l  t i p  r a d i i  and wedge angle 
was achieved. Note t h a t  these configurat ions, especial l y  page 1, c lose ly  
resembles the CMU configurat ion. 

Status 

No f u r t he r  design studies a re  planned unless requested by the Pro jec t  
Management, s ince these studies were considered ou t  o f  scope w i t h  our PWA. 

Reconmendations 
. . .I,,. 

Depending on the r e s u l t s  o f  the.co1lapse pressure tests,  we ' o f f e r  the ' ' 

f o l  1 owing recomrnenda t ions  : 

1. Review the designs o f  Attachment 6 f o r  thermal character is t ics .  

2. Submit page 1 o f  Attachment 6 t o  GROB, I N C  f o r  t h e i r  review and request 
samples f o r  pressure tests,  i f  they concur. 

3. Perform f i n i t e  element. analyses o f  these concepts t o  r e f i n e  wal l  thicknesses. 

4. Perform cost  analyses t o  es tab l i sh  tube diameter f o r  t i t an ium i n  f l u t e d  
conf igurat ion vs extruded a1 uminum. 



Other cons i d e r a t i  ons 

From a mate r ia l  volume standpoint, the t i tani,um tubes i n  a CMU 
con f i gu ra t i on  a re  no t  compet i t ive w i t h  f l u t ed  tubes unless the f i n s  con- - 
t r i b u t e  t o  res is tance t o  c o l  lapse pressures. Further studies a re  required 
t o  estab l  i s h  t h e i r  con t r ibu t ion .  

Tube c leaning considerat ions favor l a rge r  tubes. 

Mike Nee and Dr. Hausrath favor considerat ion o f  smooth' i n t e r i o r  
wal led tubes i n  composite (0:020 inner  l i n e r  of t i t an i um i n  carbon s tee l  
o r  a1 uminum outer  tubes). Several candidate f a b r i c a t i o n  methods requ i re  
inves t iga t ion ,  such as sh r ink  fit, explosive forming o r  tlydroforming. 
This concept may permi t  the use o f  l a rge r  diameter tubes. Thermal 
cha rac te r i s t i c s  require analyses. 
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,, P. Edris . C C ~  ,,,: 19 May 1978 

,,,,,,: 'Produci b i  1 i t y  Considerations for Tube Configuration FROM: 
Selection BLDG, . MAIL STA. 

EXT. 

. . 

. ' Reference: ' "Tube Selection Meeting Minutes" ,. P. ,Edris t o  Distr ibut ion,  

17 May 1978 

For convenience, the backup tube p roduc ib i l i t y  data used for the select ion 

(see reference) i s  included. The formabi l i ty  l i m i t s  are given i n  graph form 

w i t h  best engineering judgement used t o  assess these l im i t s .  The f i r s t  tubes 

attempted by Teledyne w i l l  be a 1.00 inch O.D. x .028 inch wall, C.P. Titanium 

(ASME SB338 GR2) formed t o  the CMU shape w i th  a .040 inch amplitude ( f l u t e  

t o  r i l l ) .  A t o t a l  o f  36 f l u tes  w i l l  be attempted (p i t ch  approximately .087 

inch). 

It i s  expected tha t  the resu l ts  of t h i s  run w i l l  be avai lable about 

June 15, 1978. 
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INTIROPFICI CORRESPONDENCE 

J. V. Den ton cc: Dis t r i bu t i on  30 May 1978 

sUmJeCI: OTEC Heat Exchanger Tube .Structura l  FROM: T. R. Baumann 
T t a b - o f f  and Analysis .LOG. M'AIL STA. CXT. 

8 1 151 3 62635 . 

This memrandum summarizes the  resul ts  o f  the s t ruc tu ra l  t radeoff  
studies o f  f i v e  selected t i  tanlurn tube candidates f o r  the OTEC Heat 
Exchanger tubes. It also sumnarizes the  s t ruc tu ra l  design c r i t e r i a  
used I n  the analysis. 

SUMMARY 

Five selected candidate configurations f o r  OTEC Heat Exchanger 
tubes were analyzed. The resul ts  o f  the analysis are summarized I n  
Table 1. A l l  candidates were t i tan ium corrugated tubes having diameters 
o f  1, j1/2 and 2 inches. The thickness requirements f o r  each o f  these 
candi dates were es tab1 ished from ASME pressure vessel code requi,rements 
for  round tubes. Each candidate was analyzed by a f i n i t e  element 
computer analysis t o  derive a "corrugation factor"  which accounts f o r  
the e f fec t  o f  the difference between the actual tube shape and a round 
tube. Some o f  the candidate configurations showed a substant ia l  reduction 
I n  external pressure capabi 1 i ty  due t o  corrugation. 

DISCUSS I O N  

Fi ve t i  tan i um tube candidates were selected f o r  analysis. Thi ckness 
requl rements we re establ ished f o r  each candi date f o r  an evaporator pres- 
su're of 136 p s i  and a condenser pressure o f  86 ps i  I n  tube diameters o f  
I ,  1 1/2 and 2 inches. 

Each candidate conf igurat ion was f i r s t  analyzed by a f i n 1  t e  element 
computer analysis t o  der i  ve I t s  w r r u g a t  ion factor. The "corrugation 
factor1' i s  the  r a t k  o f  the buckl ing pressure o f  the corrugated tube to  
t h a t  of an equivalent round tube o f  the sam diameter and reference 
thickness. The SAP - I V  f i n i t e  element computer program was used f o r  
t h i s  analysis. Previous studies of a slmi l a r  corrugated tube configuration 
have shown excel lent  comparison o f  SAP I V  r r s u l t s  w i th  s t a t i c .  analysis using 
the Nastran computer program. An attempt was made t o  derive a corrugation 
factor w i t h  the Nastran she l l  buckl ing procedure, t h i s  was however un- 
successful 1 due t o  problems encountered i n  the Nastran software by the 
program vendor. 



Tests conducted on a 1 i mi ted n u d e r  /of corrugated end round tubes samples hove 
shown tha t  t he  s t a t i c  analys is  f o r  der iva t ion  o f  the corrugat ion factor is 
adequate f o r - u s e  i n  tube design. . . 

The corrugat ion factors fo r  each candidate were used t o  compute an 
e f f e c t i v e  pressure o f  an equivalent round tube o f  the same diameter and 
reference thickness. The e f fec t i ve  pressure was then appl ied t o  round 
tube design curves der ived from the ASME pressure vessel code t o  se lec t  
the required thickness o f  the corrugated tube. The resu l ts  o f  t h i s  
analysis are shown i n  Table 1 and Figure 1. The use o f  the ASME code 
data rethor  than a lass conservative procedure I s  discussed i n  the 
fo l low ing paragraphs. 

DES l GN CRITERIA OPTIONS 

Three s t r u c t u r a l  design c r i t e r i a  options were evaluated i n  the tube 
s t ruc tu ra l  requirements study. The e f f e c t  o f  these opt ions i s  shown i n  
Figure 2 f o r  the selected tube deslgn candidate (1 inch tube/36 corrugations). 
Option 3 resu l ts  i n  a decrease i n  required wa l l  thickness o f  .005 inches 
i n  the evaporator and .004 inches i n  the condenser. This op t ion  was how- 
ever no t  se lected due t o  i t s  extremely h igh  r i sk .  Option 2 resu l ts  i n  a 
decrease o f  .001 inches In the  evaporator and .0015 inches In the condenser. 
Since these savings are smal l and the opt ion Involves both addi t ional  r i s k  
and potent i  a1 t e s t  problems Option 2 was not  selected. Option 1,  which was 
the basel ine opt ion i n  the study, was selected as the appropriate 
s t ruc tu ra l  design c r i t e r i a  f o r  s i z i n g  OTEC Heat Exchanger tubes. This 
op t ion  uses the ASME pressure vessel code for  round tubes and compensates 
fo r  l o s i  nf external  pressure capab i l i t y  based upon f i n i t e  element 
de f l ec t i on  analysis o f  d ~ t  corrugated t u b e i  

OPTION 1 

This procedure i s  based upon the ASME pressure vessel oode. Cor- 
rugated tubes are evaluated based upon an equivalent round t h i n  wel led 
cy l inder  shape. The degradation o f  buck1 ing  pressure due t o  corrugation I s  
accounted f o r  by an ana ly t i ca l  corrugation fac to r  which i s  derived by f i n i t e  
e i e m n i  ar la lvs is  b f  both the cnrrugated tube and equivalent round tube. The 
corrugat ion factor  i.s the r a t i o  o f  the buck.1 ing  pressure o t  the Ur rugated 
shape .to the buckl l ng  press.ure. o f  th.e e.q,uivalent round tube. The round tube 
al lowable buckl tng press.ures are computed using the procedure f o r  determining 
the thickness o f  s h e l l s  and tubes 'wder  e%rernal y rureur t ,  ecmrding t o  the 
ASME b o i l e r  and pressure vessel code (section V 1 1 1 ,  D iv is ion  1.. UG - 28).  
Tubes designed t o  t h i s  procedure should present no problems -when tested t o  a 
pressure of 1.5 times the maximum allowable pressure required by the ASME code 
f o r  hydros ta t ic  tes t ing .  They a lso should present no problems under operat ing 
condl t ions when s h j e c t e d  t o  add1 t i ona l  loading condit ions such as sea s ta te  
dynamics. This opt ion i s  a conservat ive low r i s k  approach which w l l l  
requi re a minimum o f  e f f o r t  t o  s a t i s f y  safety and envi ronrnent requi rements. 
Q u a l i f i c a t i o n  and acceptance tes t i ng  w i l l  a l so  be minimized. 



OPT ION 2 

Ttris ana ly t i ca l  procedure i s  s i m i l a r  t o  that I n  Option 1 w i t h  the 
fo l  lowing except ion. The a1 lowable buckl i ng  pressure i s  computed based 
upon the theory o f  e l a s t i c  stability f o r  round cy l i nde r i ca l  tubes having 
an i n i t i a l  out of  roundness o f  one percent. Corrugated tube requirements 
are obtained by use o f  the same ana ly t i ca l  corrugation fac to r  derived 
f o r  Option 1. This procedure increases the al lowable buck l ing  pressure. 
Since i t  a lso  remves most o f  the ASME code safety margin a factor  o f  
safety o f  1.25 must be added t o  assure tha t  the tubes w i l l  no t  f a i  1. 
This i s  considered the minimum acceptable factor  and w i l l  lower the 
a1 lcwable pressure according1 y. Tubes designed to. t h i s  procedure should 
be able t o  withstand a pressure o f  1.25 times the maximum al lowable pressure 
requi red by the ASME code f o r  pneumat i c  t es t i ng  but may not  be able t o  
withstand the pressure required f o r  hydros ta t ic  t es t i ng  o f  the Heat 
Exchanger s t ruc ture  according t o  ASME code and may requi re e i t h e r  pneumatic 
t e s t i n g  o r  an exemption from tes t i ng  t o  the ASME code. This op t ion  may 
a lso present problems when combined loading condit ions due t o  sea s t a t e  
dynamics- are analyzed. It w i l l  requi re a substant ia l  e f f o r t  t o  show tha t  
i t  s a t i s f i e s  safety and envi ronmental requi rements and w i l l  requi re a 
more extensive e f f o r t  for  tube qua1 i f i c a t i o n  and acceptance tes t ing .  
This procedure i s  a moderate r i s k  approach. 

OPTION 3 

The ana ly t i ca l  procedure f o r  Option 3 i s  a l m s t  the same as Option 2, 
However, instead o f  using e l a s t i c  s t a b i l  i t y  theory, a curve based upon the 
mean o f  actual t es t  resu l ts  i s  used. Past tes t ing  o f  s tee l  tubes shows tha t  
the actual buckl ing pressure I s  somewhat higher than predic ted by use of  an 
i n i t i a l  one percent out  o f  roundness assumption i n  e l a s t i c  s t a b i l  i t y  
theory. The s tee l  tube t e s t  data i s  converted t o  equivalent t i  tanium 
data and u t  i 1  ized t o  p red i c t  the buckl ing  pressure o f  round t h i n  wa l led  
c y l i n d r i c a l  tubes. Corrugated tube data i s  again obtained by use o f  t h e  
ana ly t i ca l  corrugat ion factor.  The r i s k  i n  t h i s  procedure i s  h igh since 
the t e s t  data curve i s  based upon the average o f  a great many c o r m r i c a l  
tubes taken a t  random from stock. I n  several ind iv idua l  tests  buck l ing  
pressures cornperable t o  p e r f e c t l y  round tubes were achieved wh i le  other  
tests had f a i l u r e s  a t  lower pressures than the t e s t  data curve. As i n  the 
case o f  Option 2 t h i s  procedure requi res use o f  a minimum fac to r  o f  
safety o f  1.25. Tubes designed to  t h i s  procedure might be able t o  wl t h -  
stand a pressure required by the  ASME code for  pneumatic t e s t i n g  but there 
i s  a high degree o f  r i s k  o f  tube fat lure. Hydrostat ic  t e s t i n g  according 
t o  the ASME code should not even be considered f o r  t h i s  op t ion  unless the 
tubes are pressurized i n te rna l l y .  This opt ion a lso Involves a h igh degree 
o f  r i s k  f o r  combined loading condit ions. The procedure would requ i re  a large 
ana ly t i ca l  and t e s t  e f f o r t  t o  show tha t  I t  s a t i s f i e s  safety and environmental 
requ i remen t s . 





TA6lE 1 
TITAMIUPI TUBE THICKNESS REQUIREHENTS 

FOR OTEC HEAT EXCHAtJGER TUBES 
(I, 1 112 AND 2 INCH TUBE DIAMETERS) 

1) ALL THICKNESSES ARE I N  LNCHES 

t 

2) ALL THICKNESS REQUIREMENTS ARE BASED UPON AWE CODE AND SAP I V  CWPUTER ANALYSIS. 

3) THICKNESS ARE MINIMUM AND SHOULD BE INCREASED BY 10% FOR MA1SUFACTURIWG TOLERANCES 
TO OBTAIN NOt4INAL THICKNESSES 

t * BASED UPON INSIDE DIMTER.  THICKNESS DOES HOT INCLUDE FLUTE HATERIAL. 
*+ BASED UPON AVERAGE INSIDE DIAMETER. THICKNESS I S  H I N I M  THICKNESS OF TUBE. 

CANDIDATE TUBE CONFIGURATIONS 

SINGLE FLUTE TUBE WTH 
INSIDE (64 CORRUGATIONS)* 

L 

DOUBLE FLUTE TUBE .026 AMP. 
(64 CORRUGAT IONS ) ** 

' 

DOUBLE FLUTE TUBE .040 AMP. 
(64 CORRUGATIOMS) ** 
GROB COhFIGURATION TUBE 
(24 CORRUGATIONS)*** 

CMU EXTERNAL CONFIGURATIONS 
TUBE 
(36 CORI;UGATIOI4S)*** 

"* BASED UPON EXTERNAL DIAMETER. THiCKHESS I S  ORRIGINAL lEObllJO TUBE THICMESS PRIOR TO 
CORRUGATION PROCESS. M I ~ J  IMUM TH ICMESS IS 60% OF ORRIGIW ni ~CKNESS. 

CORRUGATION 
FACTOR 

5 . 000 

.a40 

.660 

375 

.416 

EFFECTIVE 
PRESSURE 

(PSI) 

TUBE THICKNESS 

EVAPORATOR TUBE 
DIAMETER (INCHES) 

EVAP. 

1 36 

162 

207 

363 

327 

1" 

.023 

.024 

.026 

.033 

.031 

( INCHES ) 

CONDEHSER TUBE 
DIAMETER (INCHES) 

COND. 

86 

102 

130 

229 

207 
i 

1" 

.020 

.021 

.023 

.027 

.026 

" 
II 2" I - 

.030 

-032 

.034 

.041 

-040 

.035 

-036 

.039 

,049 

.047 

I 

.040 

-043 

,046 

,055 

.053 

.047 

.049 

.053 

.065 

.063 
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INTRODUCTION 

This memorandum presents the  resu l t s  o f  the O f E C  Titanium heat 
exchanger tube tes ts  conducted on 18-19 A p r i l  1978. A comparison i s  
made o f  the t e s t  resu l t s  w i t h  various ana ly t i ca l  computer studies 
used t o  determine tube external  pressure capabi l i t y  , 

SUMMARY 

A comparison o f  the t e s t  resu l ts  w i t h  predict ions shows t h a t  the 
round tubes tested had buckl ing pressures close t o  the theore t ica l  
l i m i t  f o r  p e r f e c t l y  round tubes, which i s  b e t t e r  than ant ic ipated. 
Based upon the l i m i t a t i o n s  i n  the number o f  samples t h i s  data cannot 
be u t i l i z e d  d i r e c t l y  i n  tube design wi thout  addi t ional  t e s t  substan- 
t i a t i o n .  Comparison o f  t e s t  data w i t h  the resu l t s  o f  the ana ly t ica l  
procedure fo r  de r i va t i on  o f  a "corrugation fac tor "  showed t h a t  the 
ana ly t i  c a l  SAP-IV 3 DOF procedure was s u f f i c i e n t l y  accurate f o r  design 
o f  corrugated tubes when used i n  conjunction w i t h  the ASME code 
procedures f o r  pressure vessel design. 

DISCUSSION 

Tube t e s t i n g  was performed t o  determine the maximum external 
pressure capab i l i t y  of corrugated t i tan ium tubes and t o  v e r i f y  the 
ana ly t i ca l  procedure f o r  computing the reduct ion i n  pressure capabi 11 ty 
due t o  the e f f e c t s  o f  corrugation. The t e s t  specimens consisted o f  
three corrugated ti t a n i  um tubes (22 corrugations) manufactured by 
GROB Inc. from 1 inch  round t i tan ium tubing having a nomina l  wa l l  
thickness o f  .028 inches. Two round tubes o f  .028 nominal wa l l  
thicknsss were a lso  tested. Cross sections t o  these tubes are shown 
i n  Figures 2 and 3. Table 1 presents the resu l t s  o f  the f i v e  tests. 
Figure 1 shows a comparison o f  the t e s t  resu l t s  t o  the predicted 
t e s t  values and t o  buckl ing strength re lat ionships conmonly used f o r  
design o f  round tubes. Tube st rength predict ions p r i o r  t o  tes t i ng  
were based upon the one percent out  o f  round e l a s t i c  s t a b i l i t y  
re la t i onsh ip  which i s  the general ly accepted lower l i m i t  f o r  round t h e  
buckl ing under external  pressure. Past tes t ing  on s tee l  tubes 
indicates a somewhat higher pressure capab i l i t y ,  however, the t e s t  
re la t i onsh ip  i s  based upon the average o f  a la rge nunber o f  
comnerical s t e e l  tubes taken a t  random from stock. 



I n d i v i d u a l  f a i l u r e s  du r i ng  pas t  t e s t i n g  ranged a l l  t he  way f rom 
cound tube theory  f o r  p e r f e c t l y  round tubes t o  values near the  one 
percent  o u t  o f  round re l a t i onsh ip .  The round t i t a n i u m  samples o f  t h i s  
t e s t  achieved pressures o f  710 and 720 PSI i n  t e s t  which i s  s l i a t l y  . 
above the t h e o r e t i c a l  l i m i t  f o r  p e r f e c t l y  round tubes. Some o f  
the f ac to r s  which account f o r  the t e s t  pressure be ing above the 
t h e o r e t i c a l  l i m i t  a re  the tube thickness (average th ickness was 
s l i g h t l y  above .026 used i n  p r e d i c t i o n s )  and modulus o f  e l a s t i c i t y  
(15.5 x 106 PSI lower l i m i t  f o r  t i t a n i u m  was used i n  computations). 
Taking these f ac to r s  i n  account i t  i s  concluded t h a t  the p a r t i c u l a r  
samples t es ted  achieved buck1 i n g  pressures c lose  t o  those p red i c t ed  
by round tube theory r a t h e r  than one percent '  o u t  o f  round theory 
even though these tubes had an i n i t i a l  o u t  o f  roundness sf 
approximately one percent  p r i o r  t o  t es t i ng .  Since t he  two sec t ions  
o f  round tube t es ted  were c u t  from the same tube t h i s  observat ion i s  
l i m i  ted t o  the p a r t i c u l a r  tube t es ted  and cannot be used as a 
d e s i ~ n  p o i n t  f o r  design o f  OTEC heat  exchanger tubes w i t hou t  add i t i ona l  
t e s t  subs ta t i a t i on .  

A comparison o f  t h e  buck l i ng  s t r eng th  o f  corrugated tubes t o  
round t t~bes  r e s u l t e d  i n  good c o r r e l a t i o n  w i t h  a n a l y t i c a l  p red i c t i ons  
us ing  :I.;E SAP-IV and Nastran computer codes (see t a b l e  2 ) .  Although 
the  t e i i  samples were l i m i t e d ,  t h e  th ree  corrugated tubes f a i l e d  a t  
approx~n la te l  t he  same pressure and the cor ruga t ion  f a c t o r  determined 
by t e s t  ( . 3 2  J was c lose  t o  t h a t  p rev i ous l y  p red i c t ed  (.44). A f t e r  
the pre t e s t  p r e d i c t i o n  was nade the  SAP-IV computer program model 
was increased from a two degree o f  freedom node model t o  th ree  
degrees o f  freedom. Th is  r esu l t ed  i n  even b e t t e r  comparison w i t h  t e s t  
data ( - 4 0 ) .  A check us ing  the Nastran computer code v e r i f i e d  the  
SAP-IV ana lys is  and der i ved  a co r ruga t ion  f a c t o r  o f  ( .37) .  It i s  
concluded t h a t  the a n a l y t i c a l  SAP-IV procedure i s  s u f f i c i e n t l y  accurate 
t o  be used i n  tube design i n  con junc t ion  w i t h  the ASME code procedures 
f o r  pressure vessel design. 

TEST SPECIMENS 

The t e s t  specimens cons is ted o f  th ree  corrugated tubes, having 
22 corrugat ions each, manufactured by Grob Inc, and two round tubes. 
A l l  tubes were t i t a n i u m  and were man~rfact.ured based upon a nominal 
wal I th ickness of  ,028 inches. Measurement o f  ac tua l  w a l l  th ickness 
p r i o r  t o  t e s t i n g  showed an average w a l l  th ickness which was c l ose r  
t o  .026 inches. Th is  was t r u e  f o r  bo th  the round tubes and undeformed 
ends o f  the corrugated tubes. The t e s t  specimens p r i o r  t o  t e s t i n g  
a re  shown i n  Figures A-1 through A-4. P ic tu res  o f  the  deformed 
specimens are shown i n  Figures C-1 through C-4. Sketches o f  the  round 
tube, Grob tube cor ruga t ion  and computer co r ruga t ion  model a re  shown 
i n  F igures 2 and 3. 



TEST FACILITY AND DATE 

Tests were conducted i n  f a c i l i t i e s  o f  the  Appl ied Technology D i v i s i o n  
o f  TRW on 18 & 19 A p r i l  1978. The t e s t  conductor was Ed Burchman and 
t he  respons ib le  engineer was T. R. Baumann. 

TEST SETUP AND It.ISTRUMEt4TATION 

P i c tu res  o f  t h e  t e s t  f i x t u r e ,  t e s t  setup and ins t rumenta t ion  are 
shown i n  F igures B-1 through 6-4.  The t e s t  f i x t u r e  cons is ted o f  
aluminum tube sec t ions  welde'd t o  end f langes. Two end p l a tes  were used 
t o  ho ld  t he  t e s t  specimens. The end p l a tes  u t i l i z e d  "O-Ring" sea ls  t o  
p rov ide  a pressure sea l  having minimum r e s t r a i n i n g  e f f e c t s  a t  the  ends 
o f  the specimens. D e t a i l s  and dimensions o f  the t e s t  f i x t u r e  a re  g iven 
i n  F igure 4 .  Water was used as the pressur i .z ing f l u i d  between the  t e s t  
f i x t u r e  and ex te rna l  wa l l s  o f  the t e s t  specimens. The t e s t  specimens 
were open a t  bo th  ends t o  a l l ow  i n t e r n a l  tube measurements, du r ing  the 
t e s t s .  Two pressure gages were used f o r  the t es t s .  The sma l le r  gage 
had a maximum c a p a b i l i t y  o f  150 PSI and was used t o  measure pressures 
up t o  l'r: rnaxfmuil~ cc l pab i l i t y  and t o  v e r i f y  the  c a l i b r a t i o n  o f  the  
l a r g e r  C6:e up t o  150 PSI. 

TEST PS,::CEDURE --- 

The t e s t  procedure was s i m i l a r  f o r  a l l  specimens. A f t e r  i n s t a l l a t i o n  
i n  the  t e s t  f i x t u r e  the t e s t  specimen was measured i n t e r n a l l y  w i t h  an 
i n t e r -m i ke  o r  bore gage t o  determine the  approximate l o c a t i o n  and 
o r i e n t a t i o n  o f  i t s  minimum i n t e r n a l  diameter. Dur ing t e s t i n g  t h i s  p o i n t  
was monitored p e r i o d i c a l l y  t o  determine d e f l e c t i o n  under pressure. 
The f l u i d  pressure was increased i n  i n i t i a l  increments up t o  150 PSI. 
A t  150 PSI the smal l  pressure gage was disconnected and the  pressure was 
increased inc rementa l l y  us i ng  the l a r g e r  gage. In t he  v i c i n i t y  o f  the; 
f a i l u r e  p o l n t  a l l  corrugated tubes were measured a t  5 '  PSI increments 
and a l l  ruuritf tubes a t  10 PSI increments. 

TEST RESULTS 

A l l  t e s t  specimens behaved s imi  l a r l y  duri'ng t es t i ng .  Deformations 
were n o t  measureable dur ing  the e a r l y  stages o f  t e s t i n g . .  Dur ing the 
h i ghe r  t e s t  pressures s l  l g h t  Jefr irmations were encountered bu t  these 
were b a r e l y  measurable, M i  t h i n  10-20 P S I  of f a i l u r e  the deformations 
s t a r t e d  t o  become s i g n i  f i  cane. Deforrna L1ul.1~ -increased very r a p i d l y  
near  the  f a i l u r e  pressure.  A t  f a i l u r e  there was a r a p i d  decrease i n  
gage pressure.  Despi te al leir ipts t o  pump up and increase the pressure the 
deformal' ion o f  the  t ~ i h c s  increased correspondingly and would n o t  support  
h i ghe r  pressure.  Two o f  the corrugated tubes eventuaaly, cracked as the  
deformat ions became la rge .  The o ther  corrugated tube was n o t  deformed t o  
t he  p o i n t  o f  c rack ing  bu t  probably would have cracked had pumping continued. 
The. round tubes .deformed much more than t he  corrugated tubes w i t hou t  
c rack ing  b u t  they might  have a lso  experienced cracks i f  pumping had 
continued. I n  a l l  t es t s  t he  tube co l lapse  occurred near  t he  p o i n t  o f  minin~un~ 
i n t e r n a l  diameter. I - 260 



The t e s t  r e s u l t s  a re  g i ven  i n  Table 1. The buckl f ing p ressure  i s  t h e  
maximu~ri p ressure  shown on t h e  p r e s s u r e  gage p r i o r  t o  tube co1,lapse. 
-The mean b u c k l i n g  p ressure  was 715 P S I  f o r  t he  two round tube specimens 
and 231.3 P S I  f o r  t h e  t h r e e  co r ruga ted  specimens. . 

TRB : dp 



TABLE 1 

TEST RESULTS 

SPECIMEN # 1  
C3ERUGATED 

SPECIMEli NUMBER 

5PECIMEN # 2  
CORRUGATED 

BUCKLING PRESSURE 

I 
I 

SPECIMEN # 3  
CORRUGATED 

2 3 2  P S I  

2 3 2  P S I  

2 3 0  P S I  

SPECIMEN #4 
ROUND TUBE 

SPECIMEIJ #5 
ROUND TUBE 

-- 

71 0 P S I  

720 PSI 



TABLE 2 

CORRUGATION FACTOR COMPARISON 

CORRUGATION FACTOR I S  THE RATIO OF THE BUCKLING 
PRESSURE OF THE CORRUGATED TUBE TO THAT OF AN 
EQUIVALENT ROUND TUBE HAVIIIG THE SAME REFERENCE 
DIAblETER AND THICKNESS. 

. 
TYPE OF ANALYSIS OR TEST 

SAP I V  PREDICTED TEST VALUE 
(TWO DEGREE OF FREEDOM NODES) 

TEST RESULTS 
(RDUND TUBE VRS CORRUGATED 
TUBES) 

SAP 1V ANALYSIS 
(THREE DEGREE OF FREEDOM 
NODES) 

NASTRAN STAT1 C ANALYSIS 
THREE DEGREE OF FREEDOM 
N3DES 

CORRUGATION FACTOR 

.44 

.32 

.40 

.37 





TUBE 0. D. - 1.000 DIA. I 

NOTE : 
1. ALL DIMENSIONS ARE I N  INCHES. 

2. 0 ANALYTICAL MODEL 

FIGURE 2 .  GROB TUBE CONFIGURATION 
(CORRUGATION DEFINITION) 



CORRUGATED I TUBE 
I 

FIGURE 3 
GROB TUBE COE~ARISON 
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FIGURE A-3 
CORRUGATED TUBE CROSS SECTION 

FIGURE A-4 
CORRUGATED CROSS SECTION CLOSEUP 

I - 269 



FIGURE 8-1 
f EST SEl UP L INSTRUMWTATION 

f EGURE B-2 
TEST FIXTURE INCLINED VIEW 

1-270 
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-3 lL\ '.-y 



LLZ-I 
SlIWl3Q 3lJfllXIJ IS31 

P-8 3~n97s 



FIGURE C-1 
FAILED SPECIMENS NARROW SI W 

FIGURE C-2 
FAILED SPECIMENS FLAT SIDE 

1-272 



FIGURE C-3 
FA1 LURE DETAILS NARROW SIDE 

FIGURE C-4 
FAILURE DETAILS FLAT S I D E  

1-273 
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APPENDIX I .4 

0.2 MWe TEST ARTICLE LOOP 



APPENDIX 1.4 

0.2 MWe T E S T  A R T I C L E  LOOP 

Th is  appendix provides a d d i t i o n a l  d e t a i l s  o f  t he  design and equipment 

f o r  0.2 MWe t e s t  a r t i c l e  loop. 

I t inc ludes sketches on t h e  proposed layout ,  p lan  views, equipment 

d e t a i l s  and t h e  p i p i n g  and ins t rumenta t ion  diagram. 
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