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FIELD TESTS OF A VERTICAL-FLUTED-TUBE, CONDENSER 
IN TBE PROTOnPE POWER PLANT AT THE RAFT 

RIVEK GEO’IXERMAL TEST SITE 

R. W. Murphy 

ABSTRACT 

A v e r t i c a l - f l u t e d - t u b e  condenser  was des igned ,  f a b r i -  
c a t e d ,  and t e s t e d  w i t h  i s o b n t a n e  a s  t h e  s h e l l - s i d e  working 
f l u i d  i n  a b i n a r y  p r o t o t y p e  power p l a n t  a t  t h e  R a f t  River  
Geothermal T e s t  S i t e .  A f t e r  shakedown and contaminat ion  
removal ope r a t  i o n s  were completed,  t h e  f our-pas s water-cooled 
n n i t  ( w i t h  102 o u t s i d e - f l u t e d  Admiral ty  t a b e s )  achieved  per- 
formance p r e d i c t i o n s  w h i l e  o p e r a t i n g  w i t h  t h e  p l a n t  s u r f a c e  
e v a p o r a t o r  on-line.  A sample comparison shows t h a t  use o f  
t h i s  enhanced condenser  concept  o f f e r s  t h e  p o t e n t i a l  for a 
r e d u c t i o n  of about 65% from t h e  s i z e  sugges ted  by corsespsnd-  
ing  de s i gn s u s  i ng convent i ona 1 hor i z  o n t  a1 - smooth- t u b  e con- 
c e p t s .  Subsequent s u b s t i t u t i o n  of a d i r e c t - c o n t a c t  e v a p o r a t o r  
f o r  t h e  s u r f a c e  e v a p o r a t o r  brought  d r a s t i c  r e d u c t i o n s  i n  sys- 
tem performance, t h e  apparent  consequence of high  concentra-  
t i o n s  of noncondensible  gases  i n t r o d u c e d  by t h e  br ine/working-  
f l u i d  i n t e r a c t i o n .  

1. INTRODUCTION 

That  h e a t  exchangers  p l a y  a s i g n i f i c a n t  r o l e  i n  de te rmining  t h e  eco- 

n m i c  f e a s i b i l i t y  of producing power from geothermal sources  h a s  been es- 

t a b l i s h e d  by e a r l i e r  s t u d i e s . *  For moderate tempera ture  r e s o u r c e s ,  o p t i -  

m i z a t i o n s  u s i n g  convent iona l  component models sugges t  t h a t  (1) p l a n t s  

us ing  a b i n a r y  c y c l e  a r e  most l i k e l y  t o  be c o s t - e f f e c t i v e  and (2 )  such 

p l a n t s  r e q u i r e  r e l a t i v e l y  l a r g e  h e a t  exchangers .  The a t t r a c t i v e n e s s  of 

reducing  t h e  a s s o c i a t e d  equipment inves tment  l e d  t o  an  examinat ion  of h e a t  

t r a n s f e r  enhancement techniques .  @ak Ridge N a t i o n a l  Labora tory  (ORNL) 

t e s t s  showed t h a t  t h e  u s e  of v e r t i c a l - f l u t e d  t u b e s  o f f e r e d  t h e  p o t e n t i a l  

f o r  major improvements i n  condenser  performance w i t h  working f l u i d s  a p p l i -  

c a b l e  t o  t h e  b i n a r y  c y c l e . 2 - ’  However, i t  had not  been  demonstrated ex- 

p e r i m e n t a l l y  t h a t  such p e r f o m a n c e  could be achieved  i n  s i z e s  and f i e l d  

s i t u a t i o n s  more c h a r a c t e r i s t i c  of p r a c t i c a l  geothermal power p l a n t s .  



‘ h i s  report descr ibes  the  design, fabrication, i n s t a l l a t i o n ,  and 

f i r s t - - y e a r  o p e r a t i o n  of a v e r t i c a l - f l u t e d - t u b s  condenser for a prototype 

geothermal power p l a n t .  Performance c h a r a c t e r i s t i c s  and parametr ic  e f -  

f e c t s  a r e  examined, and sample d a t a  a r e  a s e d  t o  generate  a cornparisan 

betwecn enhanced and convent iona l  condensers, 
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2 .  EQUIPMENT AND FACILITIES 

The t e s t  condenser  was designed f o r  and i n s t a l l e d  i n  a geothermal 

p r o t o t y p e  power p l a n t  of the  b inary-cyc le  type l o c a t e d  i n  south  c e n t r a l  

Idaho. T h i s  s e c t i o n  g i v e s  d e t a i l s  of condenser  d e s i g n  and f a b r i c a t i o n ,  

s p e c i f i c a t i o n s  of o t h e r  primary components of t h e  p r o t o t y p e  power p l a n t ,  

and a d e s c r i p t i o n  of t h e  t e s t  s i t e .  

2.1 P r o t o t y p e  Power P1- 

The pro to type  power p l a n t  was b u i l t  by Idaho N a t i o n a l  Engineer ing  

Labora tory  ( I N E L )  f o r  the  U . S .  Department of Energy (DOE) t o  i n v e s t i g a t e  

concepts  t h a t  have t h e  p o t e n t i a l  t o  enhance t h e  commercial p r o d u c t i o n  of 

e l e c t r i c a l  power from moderate tempera ture  geothermal reswnrees. I%e 

modular n a t u r e  o f  t h e  p l a n t  a l lowed v a r i o u s  components t o  be r e p l a c e d  by 

a l t e r n a t e  components t h a t  perform e q u i v a l e n t  f u n c t i o n s  b a t  have unconven- 

t i o n a l  or advanced d e s i g n  f e a t u r e s .  IE t h i s  way, s e l e c t e d  concepts  could  

be t e s t e d  i n  an o p e r a t i o n a l  environment t h a t  would, i n  many r e s p e c t s ,  re- 

semble a p r a c t i c a l  power p l a n t  s i t u a t i o n  w i t h o u t  i n c u r r i n g  f u l l - s c a l e  

c o s t s .  

Designed f o r  a nominal e l e c t r i c a l  ou tput  of 60 kW w i t h  i sobutane  a s  

t h e  primary working f l u i d ,  t h e  p l a n t  was f i r s t  o p e r a t e d  i n  A p r i l  1978. 

A f t e r  checkout t e s t i n g ,  b a s e l i n e  r u n s  were conducted t o  a s s e s s  equipment 

c a p a b i l i t i e s  i n  October and November 1978. Some automat ic  c o n t r o l s  were 

t h e n  added, and t r i a l  cont inuous  o p e r a t i o n  t e s t s  were conducted i n  Novem- 

b e r  1978. A f t e r  f u r t h e r  m o d i f i c a t i o n  f o r  au tomat ic  c o n t r o l  and shutdown 

under hazardous c o n d i t i o n s ,  t h e  p l a n t  o p e r a t e d  i n  au tomat ic  r u n  mode from 

August 1979  t o  J a n u a r y  1980.5 Fol lowing system a l t e r a t i o n s ,  t h e  o r i g i n a l  

condenser was r e p l a c e d  by a n  enhanced condenser  ( d e s c r i b e d  i n  S e c t .  2.21, 

and a d i r e c t - c o n t a c t  e v a p o r a t o r  was i n s t a l l e d  i n  p a r a l l e l  w i t h  t h e  o r i g i -  

n a l  s u r f a c e  e v a p c r a t o r  i n  p r e p a r a t i o n  f o r  t h e  t e s t s  (begun September 1980) 

r e p o r t e d  h e r e . 6 * 7  

The p l a n t  provided  f o r  cont inuous  c i r c u l a t i o n  of and i n t e r a c t i o n  

among t h e  b r i n e ,  c o o l i n g  w a t e r ,  and i s o b u t a n e  s t reams.  Maj o r  components 

of t h e  p l a n t  (F ig .  1) inc luded  s n r f a c e  and d i r e c t - c o n t a c t  e v a p o r a t o r s ,  
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b r i n e  and i s o b u t a n e  pumps, a p r e f l a s h e r ,  a t u r b i n e l g e n e r a t o r ,  a v e n t  

condenser ,  and a c o o l i n g  tower.  

I sobutane  l i q u i d  was pumped t o  t h e  e v a p o r a t o r ,  where i t  was vapor- 

i z e d  w i t h  h e a t  from t h e  b r i n e .  The vapor  was t h e n  expanded, condensed, 

and r e t u r n e d  f o r  r e c y c l e .  

Hot b r i n e  was pumped from t h e  w e l l  t o  t h e  e v a p o r a t o r ,  where h e a t  w a s  

removed t o  v a p o r i z e  i sobutane .  The spent  b r i n e  t h e n  t r a v e l e d  t o  a h o l d i n g  

pond f o r  l a t e r  pumping t o  r e i n j e c t i o n  w e l l s .  

Cooling w a t e r  o b t a i n e d  from t h e  c o o l i n g  tower b a s i n  was pumped t o  t h e  

condenser.  A f t e r  absorb ing  h e a t  from t h e  condensing i s o b u t a n e ,  t h e  cool- 

ing  water  r e t u r n e d  t o  t h e  upper p o r t i o n  of t he  c o o l i n g  tower t o  be cooled  

by t h e  ambient a i r .  

2 .1 .1 S u r f a c e  e v a v o r a t a r  

T h e  s u r f a c e  e v a p o r a t o r  was a shell-and-tube u n i t  w i t h  33 a x i a l l y  

f i n n e d  0.7s-in. U-tubes i n s t a l l e d  i n  t h e  v e r t i c a l  p o s i t i o n  w i t h  U-bends 

up. Br ine  f low was on t h e  tube s i d e  w i t h  b o t h  i n l e t  and o u t l e t  a t  t h e  

bottom of t h e  u n i t .  I sobutane  flow was on t h e  s h e l l  s i d e  w i t h  the l i q u i d  

i n l e t  j u s t  above t h e  tube s h e e t  and t h e  vapor  o u t l e t  a t  t h e  t o p  of t h e  

u n i t .  The s h e l l  and n o z z l e s  were made of carbon s t e e l ,  t h e  tubs  bundle  of 

Admiral ty ,  and t h e  tube s h e e t  of Muntz meta l .  P r e v i o u s l y  used a s  an a f t e r -  

c o o l e r  f o r  a l a r g e  a i r  compressor,  t h e  u n i t  had s h e l l - s i d e  and tabe-s ide  

p r e s s u r e  r a t i n g s  of 2.69 and 1.14 MPa (390 and 165 p s i ) ,  r e s p e c t i v e l y ,  a t  

422 K ( 3 0 0 " F ) .  

2 .1 .2 D i r e c t - c o n t a c t  e v a v o r a t o r  

The d i r e c t - c o n t a c t  e v a p o r a t o r  was a s i e v e  t r a y  column* w i t h  an i n s i d e  

d iameter  of 300 mm (12 in.) and a n  o v e r a l l  h e i g h t  of about 5 m (16 f t ) .  

Br ine  was i n t r o d u c e d  n e a r  t h e  t o p  of t h e  u n i t  and flowed a s  t h e  con- 

t i n u o u s  medium ( d i r e c t e d  by b a f f l e s )  toward a d r a i n  near  t h e  bottom of t h e  

u n i t .  I sobutane  e n t e r e d  t h e  lower p o r t i o n  of t h e  evapora tor  and r o s e  

through t h e  b r i n e  - p e r i o d i c a l l y  encounter ing  p e r f o r a t e d  p l a t e s  ( t r a y s )  

*Designed by E. Wahl of Wahl Company, Claremont, C a l i f o r n i a .  
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iintendcd i o  c o l l e c t  t h e  l i q u i d  isobutam and release i t  i n  dispersed. B f q -  
l e t  f o m  f o r  h e a t i n g  and v ip~o%:  g e n e s a t i o n  a s  t h e  s t r e m  asved t m a i d  tlnc 

o n t l e t  n e a r  thf- t op  of t h e  u n i t .  S2vcnteeJ. pacheater t r ays ,  t w o  e s r a p r a t o r  

trays,  and one d r a v o f f  t r a y  were  i n s t a l l e d  i n  t h c  column. The ~ e r f s r w t i o n  

s i z e  wa$ 3 . 1 8  mr (0 .125 i n . ) .  

The pump nsed  t o  h o o s t  the b r i n e  t o  t h e  evaporator o p e r a t i n g  p r e s s i x e  

dur ing  d i r e c t - c o n t a c t  mode o p e r a t i o i l  had a r a t i n g  of 2.84 a 10-3 m ? b s  ( 4 5  

gpm) a t  a head of 347 m (1140 f t ) .  l’he a s s o c i a t e d  motor was a 30--hp Yest- 

iaghouse Mill and Chemiewl L i f e  L i n e  T-MAC ( 3  phase,  6 0  Hz. 3535 r p r ,  

460 V, and 36  A ) .  

During d i r e c t  c o n t a c t  mode o p e r a t i o n ,  a f l a s h  c e p a r a t o r  (Pennsy lvan ia  

S e p a r a t u r  Company model 1455) i n s t a l l e d  ups t ieam of the Sr ine  pump w a s  u s c d  

a s  a b r i n e  pref lsasher  i n  an a t t e m p t  t o  c o n t r o l  t he  d i s s o l v e d  gas  C B R C E W ~ P R -  

t i o n  of t h e  brine e c t c r i n g  t h e  evapora to r .  

Two pumps, a. b o o s t  piimp avd  a f eed  pump, were  sznranged i n  s e r i e s  t o  

provide t h e  requaircd l i q u i d  i s o b i s t a m  f low t o  t b r  e v a p o r a t o r s ,  The boos t  

pump w a s  a nirnlt istage c e n t r i f n g a l  pump (e‘onld P-mps P/N BP703S-SC-03) r a t e d  

o r i g i n a l l y  a t  3 - 4 1  x 10-3 m 3 J s  ( 5 4  g p P  a t  2400 rpm an& 3 2 - 9  rn (10s f t )  

w i t h  a n e t  p o s i t i v e  s a c t i o n  hzad of 0.91 rn (3 .0  f t )  but modi f i ed  (by P C K O V  

ing  ~ W O  of f i v e  s t a g e s )  t o  p r o v i d e  B head  o f  1 9 . 8  m ( 6 5  f t )  a t  r a t e d  condi-  

t i o n s ,  This pump I V ~ S  d r i v e n  by a b e l t  rcdnces.  from the  s h a f t  connec t ing  

t h e  tu rb inc /genrbox  t u  the motor lgeaerator .  

The f eed  pump w a s  B S u ~ d s t r a i ~ d  Model I&!%-322 r a t e d  a t  2.71 x 10-3 n3/s  

( 4 3  gpm) a t  17,100 rpm an? 5 9 7  zt (1 ,960  f t ) .  Thc d r i v e r  f o r  t h i s  pimp was 

a 50-hp Rel i ance  explos ior ,  procf nnotcr ( 3  p h a s e ,  6 0  Bz, 2301460 V ,  and 

120/60  A )  w i t h  gearbox c o ~ i v e r s i o r ;  froin 3,55O--~pin  motor  s ~ e e d  t o  17,100-rpm 

pump . S ~ Y ~ ’ P J .  
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2.1.6 T u r b i n e l g e n e r a t o r  

The t u r b i n e  was a n  a x i a l  f low u n i t  f a b r i c a t e d  s p e c i f i c a l l y  f o r  t h e  

p l a n t  by Barber-Nichols Engineer ing  Company. I t s  r a t e d  gross o u t p u t  was 

7 9 . 8  kW a t  2.158-MPa (313-psia) i n l e t  p r e s s u r e ,  0.365-MPa (53-psia)  o u t l e t  

p r e s s u r e ,  and 1.64 k g / s  (1.30 x i o 4  l b  /hb s a t u r a t e d  ( i n l e t )  i sobutane  

f low d r i v i n g  t h e  i n d u c t i o n  motor /genera tor  through a gearbox (Model EGO- 

501IXB). The a s s o c i a t e d  e l e c t r i c a l / m e c h a n i c a l  energy convers ion  u n i t  was 

.a 100-hp Marathon E l e c t r i c  m o t o r l g e n e r a t o r  ( e x p l o s i o n  proof ,  f a n  cooled, 

3 phase,  60 Hz, 3560 r p ,  2301460 V, and 2301115 A ) .  

111 

2.1.7 Vent c o n d e n s s  

The v e n t  condenser was a n  American P r e c i s i o n  I n d u s t r i e s  ( 

s ion )  shel l -and-tube h e a t  exchanger connected t o  t h e  vent. l i n e  l e a d i n g  

from t h e  condenser.  The s ingle-pass  Type 500 u n i t  used f o r  t h e s e  t e s t s  

had a n  Admiral ty  tube bundle  w i t h  an o u t s i d e  a r e a  of 2.14 m2 (23 f t 2 ) .  

Cooling-water flow w a s  on t h e  tube s i d e  [about 1.25 x lo-' m 3 / s  (20 gpm)] 

and working-f lu id  flow was on t h e  s h e l l  side. The purpose of t h e  v e n t  

condenser was t o  remove a s  much i sobutane  a s  p o s s i b l e  from t h e  condenses 

v e n t  s t ream and t o  r e t u r n  i t  a s  l i q u i d  t o  t h e  sump s e c t i o n  of the con- 

denser  s h e l l  * 

2.1.8 Cooling tower 

A Marley mechanica l -draf t  cross-f low c o o l i n g  tower ( S e r i a l  13-1-600) 

was used t o  r e j e c t  h e a t  from t h e  c i r c u l a t i n g  c o o l i n g  water  t o  t h e  ambient 

a i r .  The tower f a n  was powered by a 5-hp motor ( 3  phase,  60 Hz, 1740 rpm, 

2201448 V, and 13.1/6.85 A ) .  The tower sump was f i t t e d  w i t h  a J o h n s t o n  

v e r t i c a l  t u r b i n e  pump d r i v e n  by a 30-hp General  E l e c t r i c  motor ( 3  phase,  

60  Bz, 1750 rpm, 2301460 V, and 77138.5 A)  t o  provide t h e  cooling-water 

f low r e q u i r e d  f o r  p l a n t  o p e r a t i o n .  Local shal low w e l l s  s u p p l i e d  makeup 

w a t e r  a s  r e q u i r e d .  

2.2 Vert  ical-Fluted-Tube Condenser 

The d e s i g n  f o r  the  v e r t i c a l - f l u t e d - t u b e  condenser ( F i g .  2)  was based 

on e a r l i e r  ORNL concepts  and exper iments  b u t  modi f ied  t o  s a t i s f y  con- 

s t r a i n t s  imposed by INEL f o r  o p e r a t i o n  of t h e  p r o t o t y p e  power p l a n t .  
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O v e r a l l  l e n g t h  and d iameter  r e s t r i c t i o n s  r e s u l t e d  from a d e s i r e  t o  minimize 

major  s t r u c t u r a l  changes by u s i n g  t h e  e x i s t i n g  mounting c o n f i g u r a t i o n  of 

t h e  o r i g i n a l  condenser  ( a  a n i t  v i r t u a l l y  i d e n t i c a l  t o  t h e  s u r f a c e  evapora- 

t o r  d e s c r i b e d  p r e v i o u s l y ) .  M a t e r i a l s  f o r  c o n s t r u c t i o n  were s p e c i f i e d  based 

on  p r e v i o u s  INPL c o m p a t i b i l i t y  t e s t s .  P e n e t r a t i o n s  were l o c a t e d  so a s  t o  

minimize i n t e r f e r e n c e  w i t h  e x i s t i n g  equipment. 

A U-tube c o n f i g u r a t i o n  was employed w i t h  coo l ing  wa te r  on t h e  tube; 

s i d e  and working f l u i d  on t h e  s h e l l  s i d e .  The cool ing-water  flow arrange-  

ment was f o u r  p a s s e s  from i n l e t  t o  o u t l e t  - both  through a water  head a t  

t h e  t o p  of t h e  u n i t .  I sobutane  vapor  e n t e r e d  t h e  lower p o r t i o n  of t he  

s h e l l  ( c r o s s i n g  t h e  tube bundle  up t o  seven t i m e s ) ,  condensed on t h e  out- 

s i d e  tube  s u r f a c e s ,  d ra ined  a s  l i q u i d  t o  t h e  sump, and e x i t e d  through the  

bottom of t h e  s h e l l .  

2.2.1 S h e l l  

The condenser  s h e l l  was f a b r i c a t e d  from 18-in.  sched-40 SA-53 Grade B 

s t e e l  p ipe  w i t h  an  18-in.  SA-234 s t e e l  weld cap welded t o  t h e  bottom end 

and a n  18-in. 300- lb  SA-105 s t e e l  weld neck f l a n g e  welded t o  t h e  t o p  end. 

F ive  s h e l l  p e n e t r a t i o n s  w i t h  300-lb SA-105 s t e e l  weld neck f l a n g e s  pro-  

v ided  f o r  vapor  e n t r y  ( 4  i n . ) *  p r e s s u r e  r e l i e f  ( 2  i n . ) ,  l i q u i d  bypass 

( 2  i n . ) ,  and l i q u i d  l e v e l  measurement (two 1-112 i n . ) .  A 2 o r t  i n  t he  

bottom cap f i t t e d  w i t h  3-in. SA-53 Grade €3 s t e e l  p ipe  served  a s  t h e  con- 

densa te  d r a i n .  E igh t  a d d i t i o n a l  s h e l l  p e n e t r a t i o n s  f i t t e d  wi th  1/4-- in .  

6000-lb s t e e l  f u l l  coup1 ings provided a c c e s s  f o r  ORNL s h e l l - s i d e  tempera- 

t u r e  and p r e s s u r e  measurements. Two o t h e r  114-in. coupl ings ,  one each 

i n s t a l l e d  i n  t h e  vapor  e n t r y  p o r t  and t h e  condensate  d r a i n ,  were employed 

f o r  ORNL i n l e t  and o u t l e t  working-f luid tempera ture  measurements. Three 

112-in. 6000-lb s t e e l  f u l l  coupl ings ,  one i n  t h e  vapor  eltnttly p o r t  and two 

in t h e  condensa te  d r a i n  were provided  f o r  ins t rument  or other use by INEL. 

Mounting b r a c k e t s  made from 1i2- in .  SA-515 s t e e l  p l a t e  were welded t o  the 
lower  p o r t i o n  of t h e  s h e l l  t o  match w i t h  t h e  e x i s t i n g  suppor t  f i x t u r e  OfB 

t h e  p r o t o t y p e  power p l a n t  t e s t  s tand .  L i f t i n g  l u g s  were welded t o  t h e  

upper p o r t i o n  of t h e  s h e l l  t o  f a c i l i t a t e  i n s t a l l a t i o n  of t h e  u n i t .  

". . . . . . . . 
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2.2.2 YLter head 

n e  w a t e r  head was made by w e l d i n g  80.  18-in.  SA-234 s t e e l  weld cap  

t o  an 18-in.  300-lb SA-105 s t e e l  weld neck f l a n g e .  IPha 3 /8- - in .  SA-515 

Grade 7 8  s t e e l  p l a t e s  were  welded i n s i d e  the  cap t o  s e r v e  as pass p a r t i -  

t i o n s ,  A 3-in.  300-1b SA-105 s t e e l  v e l d  neck f l a n g e  w i t h  a t t a c h e d  SA-53 

Grade R s t e e l  p ipe  W a i S  nsed a s  the  coanect iom t o  t h e  wa te r  supply  paneera- 

tion i n  the  s i d e  w a l l  of t h e  cap. Ponr  1-1/2-in. SA-53 Grade PZ s t e e l  

p i p e s  connected t h e  f i n a l  pass  plenum t o  a mixing heade r  f a b r i c a t e d  of 

d- in ,  SA-53 Grsde B s t e e l  p ipe  w i t h  4-in. SA-234 steel weld  caps.  The 

water r e t u r n  connec t ion  t o  t h e  m i x i n g  header  c o n s i s t e d  of  a 3-in, 300-18 

SA--105 s t e e l  w e l d  neck  f l a n g e  w i t h  a t t a c h e d  SA-53 Grade B s t e e l  pipe.  Two 

1 / 4 - i n .  6008-Bb s t e e l  f u l l  coupl ings ,  one each i n s t a l l e d  i n  the water sup- 

pLy and water  r e t u r n  connec t ions ,  were employed f o r  i n l e t  and o u t l r t  

water  tempera ture  measnrements. TWO 1/ 2-in. and t h r e e  l--ino 6000-Pb s t e e l  

f u l l  coupl ings  w e i e  provided  a t  v a r i o w  p o i n t s  i n  the  w a t e r  head assembly 

f o r  ins t rument  o r  o t h e r  m e  by I N E E .  I?. fo rged  s t e e l  Crosby No. 5 pad eye 

w a s  welded t o  the  d 8 - i n .  f l ange  edge  t o  f a c i l i t a t e  wa te r  bead assembly 

o p e r a t i o n s .  

The tube bundle  was composed of 110 l e n g t h s  of annealed P,dinisolty 

(ASME SR-111) t ub ing ,  Of t h e s e ,  104 were e x t e r n a l l y  f l u t e d  (by Grob, 

Iac.), 1-in.-OD, 16 BWG t ubes  w i t h  type E p r o f i l e s  ( F i g s ,  3 and 4 )  i n t ended  

t o  be the  primary hea t  t r a n s f e r  s u r f a c e s .  The remain ing  6 positions, a l l  

on one s i d e  of t he  bundle ,  con ta ined  smooth, l-in.-OD, 1 8  BWC t ubes  to 

sexve  a s  downcomers t o  channel  condensate from the  s i x  upper b a f f l e s  t o  ella 

l i q u i d  sump a r e a  i n  the bottom s e c t i o n  of t h e  s h e l l ,  n e  tube arrangement 

vhah tiiangaallar p i t c h  011 1-1/4-in.  c e n l e r s ,  

Seven b a f f l e s  f a b r i c a t e d  from “$-in. SA-515 Grade 70 s t e e l  p l a t e  w e r e  

ar ranged  a long  t h e  bundle  l e n g t h  t o  guide the  working- f lu id  vapor f low on 

i t s  s h e l l - s i d e  p a s s e s .  “he  t o p  s i x  of  these  Bad 1 / 8 - i n ,  t a p e r e d  s t e e l  e d g e  

s t r i p s  t o  d i r e c t  condensa te  f low t o  t h e i r  r e s p e c t i v e  downcomers and prevent  

condensate  overf low Lo the s e c t i o n s  below. F i v e  tube suppor t  p l a t e s  of 

318-in. SA-515 Grade 7 0  s t e e l  were added a long  t h e  bundle  l e n g t h  t o  s t r i p  

condensate  from t h e  tnbes  a n d  rednce t he  p o t e n t i a l  f o r  t ube  v i b r a t i o n s ,  
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ORNL-PHOTO 7551 -81 

F i g .  3 .  Sample f l u t e d  tube length. 
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ORNL-DWG 84-{5255 

Fig.  4 .  Enlarged f l u t e d  t u b e  c r o s s  s e c t i o n  - type E p r o f i l e .  

The f l u t e d  t u b e s  were f a b r i c a t e d  w i t h  smooth i n t e r v a l s  ( s e e  Fig.  3 )  corre- 

sponding t o  t h e  b a f f l e  and suppor t  p l a t e  l o c a t i o n s .  During assembly, each 

t u b e  was l i g h t - r o l l e d  w i t h  a long-reach t u b e  expander i n t o  each b a f f l e  and 

suppor t  p l a t e .  Fif ty- two of t h e  f l u t e d  tabes had e x t r a  long  smooth sec- 

t i o n s  a t  one end t o  form t h e  U-bends r e q u i r e d  t o  connect  t o  t h e  remaining 

52 f l u t e d  tubes .  A f t e r  trimming and b e v e l i n g ,  t h e  tube p a i r s  were s i l v e r -  

s o l d e r e d  t o  complete t h e  connec t ions .  S i x  t i e  r o d s  of 3/8-in. s t e e l  were 

spaced n e a r  t h e  bundle  p e r i p h e r y ,  th readed  t o  mate w i t h  t h e  tube s h e e t ,  

and welded t o  each b a f f l e  and suppor t  p l a t e  t o  f u r t h e r  s t r e n g t h e n  t h e  bun- 

d l e  assembly. The tube s h e e t  was a 2-3/16-in.-thick, 28-in.-diam. SA-516 

Grade 70 s t e e l  d i s k  w i t h  grooved tube  h o l e s  f o r  rol l -expander  s e a l i n g .  A 

13116-in. h o l e  i n  t h e  tube s h e e t  se rved  a s  a v e n t  p o r t  l e a d i n g  t o  a l e n g t h  

of 3/4-in.  SA-106 s t e e l  p i p e  w i t h  a s s o c i a t e d  3/4-in. 300-lb SA-105 s t e e l  

weld neck f l a n g e  welded t o  form t h e  i n t e r f a c e  r e q u i r e d  f o r  i n s t a l l a t i o n .  

Two forged  s t e e l  Crosby No. 5 pad eyes  were welded t o  t h e  p e r i p h e r y  of t h e  

t u b e  s h e e t  t o  f a c i l i t a t e  tube  bundle  i n s e r t i o n  and removal o p e r a t i o n s .  A 

6-in.-diam 1/4- in .  p e r f o r a t e d  s t e e l  p l a t e  was suspended from two 112-in. 

s t e e l  rods between t h e  bottom two suppor t  p l a t e s  t o  a c t  a s  a flow d e f l e c -  

t o r  o p p o s i t e  t h e  vapor  i n l e t  p o r t  of t h e  s h e l l  when t h e  condenser  was as- 

esmbled. Shrouds formed from 1/8- in .  s t e e l  p l a t e  were p l a c e d  on two s i d e s  

of t h e  bundle  between each c o n s e c u t i v e  p a i r  of b a f f l e / s u p p o r t  p l a t e s  t o  

minimize vapor bypass  around t h e  edges of t h e  tube a r r a y .  An E l l i o t t  

1-in.  b r a s s  tube  p lug  was p laced  i n  each of t h e  s i x  downcomer p o s i t i o n s  i n  

t h e  tube s h e e t  t o  p r e v e n t  leakage  between t h e  s h e l l  and t u b e  s i d e s .  One 

1/2-  by 1- in .  d r a i n a g e  s l o t  was made i n  t h e  downcomer s i d e  of each suppor t  
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p l a t e  t o  channel  condensa te  from t h a t  s e c t i o n  down t o  t h e  next  lower one. 

Three s i m i l a r  1 /2-  by 1-in.  d r a i n a g e  s l o t s  were made i n  t h e  bottom b a f f l e  

t o  channel  condensa te  to t h e  l i q u i d  sump a r e a  because t h i s  bundle  s e c t i o n  

was n o t  s e r v e d  by a downcomer. 

2.2.4 General  v e s s e l  i n f o r m a t i o n  

Two 1/16-in.  Durabla a s b e s t o s  g a s k e t s ,  one between t h e  w a t e r  head and 

the tube sheet and one between t h e  tube  s h e e t  and t h e  s h e l l ,  were used t o  

prevent  i s o b a t a n e  or cool ing-water leakage  t o  t h e  surroundings.  Twenty- 

f o u r  1-1/4-in. SA-193 €3-7 b o l t s  w i t h  SA-194 2-E n u t s  made the  f l a n g e  and 

g a s k e t  assembly connec t ions .  Leak t e s t i n g  of t h e  bundle  a f t e r  tube r o l l i n g  

o p e r a t i o n s  showed t h a t  one U-bend between t h e  t h i r d  and f o u r t h  w a t e r s i d e  

p a s s e s  had  developed a l e a k .  An E l l i o t t  I - in .  b r a s s  tube  p lug  was placed  

i n  each end of t h e  d e f e c t i v e  U-sect ion t o  prevent  leakage  between t h e  s h e l l  

and tube  s i d e s  of t h e  condenser.  T h i s  a c t i o n  e f f e c t i v e l y  reduced t h e  t o t a l  

working h e a t  t r a n s f e r  a r e a  by 1.9% and i n c r e a s e d  t h e  cooling-water v e l o c i t y  

by 4.0% on t h e  t h i r d  and f o u r t h  w a t e r s i d e  passes .  The plugged bundle  was 

t h e n  p r e s s u r e - t e s t e d  t o  1.03 MPa (150 p s i )  w i t h  no f u r t h e r  s i g n s  of leak- 

age. F i v e  g a l l o n s  of hmunol ,  a r u s t  i n h i b i t o r ,  was put  i n  t h e  s h e l l  

b e f o r e  f i l l i n g  w i t h  w a t e r  f o r  h y d r o t e s t i n g .  The s h e l l  was p r e s s u r i z e d  t o  

3.93 MPa (570 p s i )  w i t h  no evidence of leakage.  The o u t s i d e  of t h e  anit 

was g iven  one primer c o a t  (3.6 m i l s )  of Speedhide Machinery and Equi 

Primer and two f i n i s h  c o a t s  (3.6 m i l s )  of Lavax Semi-Gloss Machinery Enamel 

( L i g h t  Gray 23-61]. Condenser c o n s t r u c t i o n  was s p e c i f i e d  accord ing  t o  t h e  

American S o c i e t y  of Mechanical Engineers  (ASME) 1977 Code w i t h  AShiE cer- 

t i 8  i c a t e ,  n a t i o n a l  board  r e g i  s t r a t i  on, and Tubnl a r  Exchanger Manuf a c t u r  e r  s 

A s s o c i a t i o n  R s t a n d a r d s .  Es t imated  empty mass of t h e  condenser was 2700 kg 

(6QQ0 l b m ) .  The v e s s e l  name p l a t e  r e a d  a s  f o l l o w s :  

MAX PRES SHELL 3 7 5  PSI @ 30Q°F .562 Tli 

MAX TEMP SHELL 3000F @ 375 PSI .Sh2 TIE 
MAX PRES TUBE 100 PSI @ 300OF R = l 5  

MAX TEMP TUBE 300°P @ 100 PSI 

BUILT 1980 SERIAL 256971 

NATIONAL BOAXD NO. 45139 



2 . 2 . 5  l p s t a l l a t i o t  
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ORNL-PHOTO 7538-81 

F i g .  6 .  Prototype power plant with condenser i n s t a l l e d .  
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t h a t  t h e  composi te  condens ing  h e a t  t r a n s f e r  c o e f f i c i e n t  ( s h e l l  s i d e )  f o r  

t h e  d e s i g n  s i t u a t i o n  was 4610.9 W/m2*K (812.6 B t u / h o f t 2 * 0 F ) .  From t h e  

D i t t u s - B o e l t e r  c o r r e l a t i o n , '  i t  was e s t i m a t e d  t h a t  t h e  cor repsonding  t u r -  

b u l e n t  fo rced -convec t ion  h e a t  t r a n s f e r  c o e f f i c i e n t  ( t u b e  s i d e )  was 7385 

W / m 2 - K  (1301 B t u / h * f t 2 * O F ) .  Thus, t h e  o v e r a l l  h e a t  t r a n s f e r  conductance 

( w i t h  no al lowance f o r  f o u l i n g  o r  con taminan t s )  a t  t h e  d e s i g n  p o i n t  was 

e s t i m a t e d  t o  be 1.1344 x l o 5  W/K (2.150 x lo5 Btu/h*OF) co r re spond ing  t o  

a n  o v e r a l l  h e a t  t r a n s f e r  c o e f f i c i e n t  of 2155.1 W / m 2 - K  (379.8 B t u / h . f t 2 a o F )  

based on s h e l l - s i d e  h e a t  t r a n s f e r  a r e a  o r  3933.4 W/m2'K (693.2 Btu/  

h ' f t 2 ' 0 F )  based  on tube-s ide  h e a t  t r a n s f e r  a r e a .  Such performance i m p l i e s  

a l o g  mean t empera tu re  d i f f e r e n c e  of 5.167 K (9 .30°F) ,  s h e l l - s i d e  tempera- 

t u r e  of 306.780 K (92.530F),  and r e l a t e d  ( s a t u r a t i o n )  condenser  p r e s s u r e  

of 444.06 kPa (64.41 p s i a )  f o r  d e s i g n  c o n d i t i o n s ,  

2.3 R a f t  R ive r  Geothermal T e s t  S i t e  

The R a f t  R i v e r  Geothermal Tes t  S i t e ,  l o c a t e d  n e a r  Malta ,  Idaho 

(F ig .  71 ,  and o p e r a t e d  f o r  DOE by EG&G Idaho ( a s  c o n t r a c t o r  a t  INEL,), pro- 

v ided  t e s t  pad space ,  geothermal  b r i n e  and cool ing-water  a c c e s s ,  u t i l i -  

t i e s ,  and v a r i o u s  suppor t  s e r v i c e s  du r ing  t h e  exper iments  d e s c r i b e d  i n  

t h i s  r e p o r t .  F i g u r e  8 g i v e s  a gene ra l  view of t h e  S i t e  1 complex inc lud-  

i n g  c o n t r o l  and o f f i c e  b u i l d i n g ,  w e l l  head, and p r o t o t y p e  power p l a n t  t e s t  

pad a r e a s .  The pr imary b r i n e  source  w e l l  was RRGP-1 ,  bu t  o c c a s i o n a l l y ,  be- 

cause  of o t h e r  b r i n e  supply  system requ i r emen t s ,  i t  was n e c e s s a r y  t o  use 

b r i n e  from w e l l s  RRGP-2 and RRGP-5. Br ine  supply t empera tu res  ranged from 

391 t o  410 K (245 t o  278OF) d u r i n g  t h e  t e s t  p e r i o d .  
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F i g .  7 .  Map of Raf t  R iver  Geothermal T e s t  S i t e .  
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3 .  INS'IRUMENTATION AND SAMPLING 

The main emphasis i n  i n s t r u m e n t a t i o n  f o r  t he  t e s t s  desc r ibed  h e r e  was 

p l aced  on measurement of v a r i a b l e s  r e q u i r e d  t o  determine condenser h e a t  

t r a n s f e r  performance under v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  Addi t iona l  mea- 

surements  were t aken  t o  c h a r a c t e r i z e  p a r t i c u l a r  system c o n d i t i o n s  ade- 

q u a t e l y  and t o  document d e t a i l e d  p a r a m e t r i c  p r o f i l e s ,  which might l e a d  t o  

m e c h a n i s t i c  i n t e r p r e t a t i o n s  of observed performance t r ends .  

3 . 1  Pro to tvoe  Power P l a n t  

Most measurements t aken  from the  p ro to type  power p l a n t  were of sec-  

ondary importance i n  de te rmining  condenser  performance. However, c e r t a i n  

r e a d i n g s  provided t h e  o p p o r t u n i t y  t o  c o r r o b o r a t e  independent ly  i n d i v i d u a l  

tempera ture ,  p r e s s u r e ,  and f low measurements a s s o c i a t e d  w i t h  the  condenser.  

In a d d i t i o n ,  combinat ions of t h e s e  v a r i a b l e s  were used t o  (1) gene ra t e  h e a t  

ba lance  comparisons,  (2 )  ensure  proper  o p e r a t i o n  of p l a n t  components, 

( 3 )  monitor  s a f e t y - r e l a t e d  c o n d i t i o n s ,  and ( 4 )  judge the  achievement of 

s t e a dy- s t a t  e oper a t  i on. 

Temper a t  ur e sensor  s i n c l  ude d i ron-  c ons t a n t  an  thermo coup1 e s and d i  a1 

thermometers.  Both mechanical d i a l  gauges and e l e c t r i c a l  t r a n s m i t t e r  

arrangements  were employed a s  p r e s s u r e  moni tors .  Flowmeters i nc luded  

o r i f  i c e ,  v e n t u r i ,  and t u r b i n e  types .  

3.2 Condenser 

Ins t rumen t s  a s s o c i a t e d  w i t h  the condenser  ( F i g .  9 )  were in tended  t o  

provide  d a t a  f o r  h e a t  t r a n s f e r  performance e v a l u a t i o n .  W0rkin.g-fluid 

p r e s s u r e ,  cool  ing-water flow, and cool  ing-water t empera tu res  were t h e  p r i -  

mary measurements used t o  determine such performance. Secondary measure- 

ments of working- f lu id  v e n t  f low,  l i q u i d  l e v e l ,  and l o c a l  t empera tu res  

were used t o  c h a r a c t e r i z e  p a r t i c u l a r  o p e r a t i n g  c o n d i t i o n s  more comple te ly .  
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PG PRESSURE GAUGE 
TC THERMOCOUPLE 
TM THERMISTOR 
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T FA 1 

/- P R ESSlJ R F R E  L I E F 

F i g .  9 .  Condenser instrument arrangement. 



3 . 2 . 3  Temperature 

Two t h e r m i s t o r s  (Thermometrics P a r t  S-10-4-wire) were i n t ended  f o r  

primary measErement [ o u t l e t  (TWI and i n l e t  (T I water t empera tn res i  anr-- 

i n &  t h e  condenser t e s t s .  Both the o r i g i n a l  u n i t s ,  128 and 184,  f a i l ed .  and 

were rep laced  b e f o r e  the end of t h e  t e s t  p e r i o d  by units 281 (May S ,  1981) 

and 253 (Qc tobes  20, 1981), r e s p e c t i v e l y .  T % l ~ e e  o t h e r  s i m i l a r  the 

p e n e t r a t e d  t h e  condenser  s h e l l  w a l l  and provided temperature m o n i t o r i n g  i n  

s e l e c t e d  p a r t s  of the vapor  space.  One (TM3) was positioned a t  the very 

t o p  o f  t he  space,  nea r  t h e  v e n t  p o r t  ( a f t e r  scvcaath vapor  flow pass). The 

second (TM) was 1800 around the s h e l l  and t h r e e  b a f f l e s  below the f i r s t .  

nea r  t h e  vapor  flow t u r n  between the: f o u r t h  and f i f t h  vapor flow passes .  

The t h i r d  (TM) was i n s t a l l e d  on t h e  same s i d e  of t he  s h e l l  a s  t h e  second 

but j u s t  benea th  t h e  t h i r d  b a f f l e  below it, near t h e  vapor i n l e t ,  A l l  

t h e r m i s t o r s  were wired  t o  a swi tch  box t h a t  p c m i t t e d  i n d i v i d u a l  resis- 

t ance  r e a d o u t s  on  a d i g i t a l  mult imeter ,  Hewlatt-Packard Model 3455A, i n  

the c o n t r o l  room. 

F ive  Chrornel-Aluxncl thermocouples  were empBoyed a s  secondary monitsr- 

i ng  i n s t r u m e n t s  - one ( T U )  in t h e  vapor i n l e t ,  one (TCS) i n  t he  conden- 

s a t e  r e t u r n ,  and t h r e e  i n  the s h e l l  vapor  space .  Of the: three shell t h o r -  

mocouples, one Cr"r') was j u s t  benea th  t h e  second b a f f l e  from t h e  t o p  (1880 

from v e n t  p o r t ) ,  one (TG3) was between t h e  first. and second b a f f l e s  above 

t h e  vapor i n l e t  (same s i d e  a s  ven t  p o r t ) ,  and one (TCS) was j u s t  under the 

bottom b a f f l e  (180° from vent p o r t ) .  A l l  thermocouples  were connected t o  

a Honeywell-Brown rzcorder  f o r  r eadou t  purposes .  

3.2-2: P r e s s u r e  

Working-fluid p r e s s u r e  was sensed through a p r e s s u r e  tap i n  the  upper 

s h e l l  w a l l .  The  p r e s s u r e  i n d i c a t o r  (PG) was a 0- t o  20@-psig S o l f r u n t  U.S. 

Gauge unit. 

3 . 2 . 3  Plow 

Cooling-water flow w a s  determined from measurements of p r e s s u r e  d rop  

a c r o s s  a 5.77-cru (2 .2 '7 - in .  j o r i f i c e  i n s t a l l e d  i n  t h e  3 - i ~ ; -  l i m  l e a d i n g  to 



t h e  condenser  i n l e t .  The r e s u l t i n g  s i g n a l s  were c o n d i t i o n e d  and t ransmi t -  

t e d  t o  t h e  c o n t r o l  room f o r  readout .  

An Erdco S e e f l o  Type 6SL2604 flowmeter was i n s t a l l e d  on  t h e  upper 

s h e l l - s i d e  o u t l e t  of t h e  v e n t  condenser  t o  moni tor  n e t  working-f luid v e n t  

f low.  T h i s  vane-type v a r i a b l e - o r i f i c e  u n i t  was f a c t o r y - c a l i b r a t e d  f o r  a 

gas  w i t h  a s p e c i f i c  g r a v i t y  of 10.28 a t  83.5 p s i g ,  60°F. 

3.2.4 L i q u i d  l e v e l  

Because t h e  bottom p o r t i o n  of t h e  condenser  s h e l l  s e r v e d  a s  a s u p  

f o r  t h e  i s o b u t a n e  boos t  pump, i t  was n e c e s s a r y  t o  m a i n t a i n  a l i q u i d  l e v e l  

h i g h  enough t o  meet t h e  pump requi rement  f o r  n e t  p o s i t i v e  s u c t i o n  head but  

low enough t o  avoid  immersion of t h e  tube bundle.  An E r n s t  Gage Company 

Model E5-1128 l i q u i d  l e v e l  i n d i c a t o r  was a t t a c h e d  t o  lower s h e l l  p o r t s  (LL) 

t o  provide  t h e  r e q u i r e d  moni tor ing  c a p a b i l i t y .  A F i s h e r  t r a n s m i t t e r  was 

used t o  send t h e  r e s u l t i n g  s i g n a l  t o  t h e  c o n t r o l  room readout  s t a t i o n .  

3.3 Sampling 

During t h e  o p e r a t i o n  i n  t h e  d i r e c t - c o n t a c t  e v a p o r a t o r  mode, a number 

of working- f lu id  samples were t a k e n  i n  a n  a t t e m p t  t o  c h a r a c t e r i z e  t h e  

chemical composi t ion  of gas  occupying t h e  condenser  vapor  space under 

chosen c o n d i t i o n s .  For t h i s  purpose,  s t a i n l e s s  s t e e l  sample c y l i n d e r s  

were a t t a c h e d  t o  t h e  condenser  v e n t  l i n e .  When t h e  p l a n t  reached  t h e  

s e l e c t e d  o p e r a t i n g  p o i n t ,  t h e  c y l i n d e r  i n l e t  and o u t l e t  v a l v e s  were 

opened, purg ing  t h e  v e n t  l i n e  and c y l i n d e r  of t h e i r  p r e v i o u s  c o n t e n t s .  

With purg ing  complete,  t h e  sample of vapor space gas  was t r a p p e d  by 

c l o s i n g  t h e  c y l i n d e r  v a l v e s .  

Chemical a n a l y s i s  of t h e  samples was accomplished u s i n g  a Hewlett-  

Packard Model 58808 gas  chromatograph. A f t e r  c a l i b r a t i o n  w i t h  known stan-  

d a r d s ,  t h e  u n i t  p rocessed  a p o r t i o n  of each sample t o  determine i t s  de- 

t a i l e d  hydrocarbon,  n i t r o g e n ,  oxygen, water ,  and carbon d i o x i d e  c o n t e n t .  

R e p r o d u c i b i l i t y  checks of a d d i t i o n a l  p o r t i o n s  of a g iven  sample showed 

good c o n s i  s t e ncy . 
Samples from c e r t a i n  o t h e r  p a r t s  of t h e  p l a n t  were t a k e n  and ana lyzed  

a s  needed t o  meet p a r t i c u l a r  system assessment  goa ls .  



24 

A p r e r e q u i s i t e  f o r  t h e  a c q u i s i t i o n  of meanjmgful d a t a  for performance 

8566 ssrnent of t he  v e ~ t i c a l - f l u t e d - " t N b e  condenser  w a s  proper  o p e r a t i o n  of 

t h e  p r o t o t y p e  powex p l a n t .  Procedures  t o  accomplish t h i s  wePC devel  oped 

a s  a combinat ion of methods confirmed i n  e a r l i e r  INEL exper ience  w i t h  the 

plant  and p r a c t i c e s  n e c e s s i t a t e d  by system m o d i f i c a t i o n  o r  p a r t i c u l a r  t e s t  

goals .  

4.1 Kout ine  Procedures 

I n  gene ra l ,  t h e  CQlatiHle p rocedures  employed i n  t h e  t e s t s  r epor t ed  

he re  were ve ry  s i m i l a r  t o  those  used d u r i n g  p rev ious  o p e r a t i o n  of t h e  

p r o t o t y p e  power p l a n t .  'me s t a r t  sequence fnrm standby condition began 

w i t h  checking  t h e  status of a l l  a i i a i l i a r y  systems and p r e p a r i n g  t h e  b r i n e  

and cool ing-water  supply  systems for o p e r a t i o n .  a f t e r  i g n i t i o n  of t h e  

flare p i l o t ,  t h e  c o o l i n g  tower  f a n  and t h e  cool iag-water  p-mp w e r e  a c t i -  

va t ed ,  and t h e  r e s u l t i n g  flow a d j u s t e d  t o  a nominal value of 1 . 8 9  x 31W2 

m3/s (300 gpm). Next t h e  isobutant? b o o s t  and f e e d  pi~~llpbs were  s t a r t e d  wi th  

t h e  a s s o c i a t e d  flow i n i t i a l l y  bypass ing  t h e  evaporator and + s t a w n i n g  t o  

t h e  sump i n  t he  bottom p o r t i o n  o f  the condenser  s h e l l .  With t he  t u r b i n e  

i s o l a t e d ,  a valve  v a s  opened s l i g h t l y  t o  b e g i n  ho t  b r i n e  f e e d  t o  t h e  

evapora tor .  n e n  v a l v e s  were  a h ? j s l ~ t e d  t o  b e g i n  P iqa id  isobutane f e e d  t o  

t h e  evapora to r  and t o  reduce the  compPementany bypass flow. Brine and 

i s o b u t a n s  flows; were i nc reased  g r a d u a l l y  u n t i l  the d e s i r e d  evapo-catoa con- 

d i t i o n s  were reached.  When a l l  p l a n t  systems were  operatiliag c o r r e c t l y ,  

the cool ing-water  flow f a t e  was a d j u s t e d  t o  t h e  d e s i r e d  t e s t  run va lue .  

If t e s t  p l a n s  c a l l e d  f o r  t u r b i n e  ope ra t ion ,  t h e  turbine o u t l e t  v a l v e  

was t h e n  opened and t h e  t u r b i n e  i n l e t  v a l v e  opened ve ry  slightly, a l l o w i s g  

a small  flow of g a s  t Q  w a r m  up t h e  t u r b i n e  and a s s o c i a t e d  p ip ing .  Next, 

the  t u r b i n e  i n l e t  v a l v e  was gradually opened to f u l l - o p e n  p o s i t i o n  a s  t he  

t u r b i n e  bypass  w a s  r e s t r i c t e d  u n t i l  f u l l y  c l o s e d .  A s  t h e  t u r b i n e  a c c e l e r  

a t e d  t o  o p e r a t i n g  speed ,  a c l u t c h  engaged t o  connect t h e  s h a f t  t o  th:: geu- 

e r o t o ~  f o r  p o s e r  product ion .  
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A f t e r  t h e  p l a n t  s e t t l e d  o u t  a t  t h e  r e s u l t i n g  p o i n t ,  small  ad jus tmen t s  

i n  t h e  f lows  of b r i n e ,  i sobu tane ,  and/or  c o o l i n g  wa te r  were made a s  re- 

q u i r e d  t o  more c l o s e l y  approximate the  d e s i r e d  t e s t  s i t u a t i o n .  T h e  p l a n t  

was a l lowed t o  r e s t a b i l i z e  b e f o r e  a d a t a  s e t  was taken .  

Pr imary d a t a  inc luded  t h e  fo l lowing :  

1. i n l e t  and o u t l e t  wa te r  t empera tu res ,  

2. cool ing-water  flow, and 

3. s h e l l  p r e s s u r e .  

Secondary d a t a  inc lnded  t h e  f o l l o w i n g :  

1. s h e l l  t empera tu res  ( t h e r m i s t o r s ) ;  

2 .  s h e l l  t empera tu res  ( thermocouples) ;  

3 .  condensa te  r e t u r n  tempera ture ;  

4 .  vapor-feed tempera ture ;  

5 .  l i q u i d  l e v e l ;  

6 .  vent  f low; 

7 .  v a r i o u s  t empera tu re ,  p r e s s u r e l  and flow read ings  a s s o c i a t e d  w i t h  t h e  

p l a n t ;  and 

. l o c a l  weather o b s e r v a t i o n s .  

A f t e r  t h e  r e l e v a n t  d a t a  were recorded ,  a p p r o p r i a t e  system ad jus tmen t s  

were made t o  b r i n g  t h e  p l a n t  t o  t h e  next  d e s i r e d  o p e r a t i n g  p o i n t ,  and t h e  

d a t a  sequence d e s c r i b e d  i n  the p reced ing  paragraph  was r e p e a t e d .  

Normal p l a n t  shutdown procedures  s t a r t e d  w i t h  i s o l a t i a n  of t h e  tur -  

b i n e  ( i f  i n  o p e r a t i o n )  fo l lowed by a gradual  dec rease  i n  b r i n e  flow. 

Other o p e r a t i n g  pa rame te r s  were: a d j u s t e d  manual ly  t o  m a i n t a i n  p l a n t  ba l -  

ance un t i l  b r i n e  f l aw  had ceased  and i sobu tane  f low was l i m i t e d  t o  t h e  

bypass .  Next t h e  i sobu tane  pumps were shut  down and t h e  evapora to r  and 

condenser  l i q u i d  l e v e l s  a l lowed t o  e q u a l i z e .  F i n a l l y ,  t he  cool ing-water 

pump and c o o l i n g  tower f a n  were shut  down. 

4.2 Supplemental  Procedures  

The t e s t s  r e p o r t e d  h e r e  were performed a f t e r  major m o d i f i c a t i o n s  of 

t h e  p ro to type  p l a n t .  I n  p r e p a r a t i o n  f o r  t he  t e s t  runs ,  t h e  i sobu tane  sys- 

tem p i p i n g  and most components were h y d r o t e s t e d ,  f l u s h e d ,  and dra ined ,  
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Next n i t r o g e n  was used t o  puage Oxygen frm the isobutrrme system and then 

t o  p r e s s u r i z e  t h e  underground isobutane s t o r a g e  t a n k  t o  f i l l  t h e  p l a n t  

l i q u i d  f u l l  ( w h i l e  v e n t i n g  each component a t  i t s  h igh  p o i n t ) .  Thenp a f t e r  

c l o s i n g  t h e  v e n t s ,  t h e  condenser  and e v a p o r a t o r  were d r a i n e d  t o  o p e r a t i n g  

l e v e l s  by v e n t i n g  e x c e s s  p r e s s u r e  from the s t o r a g e  tanks on8 t u r n i n g  on 

t h e  vessel hea te r s .  F i n a l l y ,  tho d r a i n  v a l v e s  were  c l o s e d  t o  complete the 

f i l l i n g  p rocedure .  The p l a n t  w a s  t h e n  s t a r t e d  t o  check o a t  t h o  isobutaae 

f e e d  and control systems p r i o r  t o  t h e  s t a r t  of t h o  test runs. 
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5 .  DATA REDUCTION 

During some of t h e  t e s t s ,  p a r t i a l  d a t a  r e d u c t i o n  was c a r r i e d  o u t  i n  

t h e  f i e l d  u s i n g  a Bewlett-Packard Model 97 programmable c a l c u l a t o r  t o  g ive  

rough guidance f o r  t r o u b l e s h o o t i n g  and t r e n d  assessment  a c t i v i t i e s .  Sub- 

s e q u e n t l y ,  a l l  d a t a  were s u b j e c t e d  t o  a more d e t a i l e d  and complete reduc- 

t i o n  u s i n g  computer programs developed s p e c i f i c a l l y  t o  f a c i l i t a t e  run-to- 

r u n  performance comparisons (Appendix A ) .  

Raw d a t a  were conver ted  u s i n g  ins t rument  c a l i b r a t i o n s  t o  g ive  t h e  

fundamental  q u a n t i t i e s  ( t e m p e r a t u r e s ,  p r e s s u r e s ,  and flow r a t e s )  r e q u i r e d  

f o r  f u r t h e r  manipula t ion .  These fundamental  q u a n t i t i e s  were t h e n  combined 

w i t h  f l u i d  p r o p e r t y  v a l u e s  t o  put  t h e  r e s u l t s  i n  forms ( h e a t  l o a d s ,  tem- 

p e r a t u r e  d i f f e r e n c e s ,  o r  h e a t  t r a n s f e r  c o e f f i c i e n t s )  amenable to perfor -  

mance comparisons.  

For the  r e s u l t s  p r e s e n t e d  i n  Chap. 6 ,  t h e  primary v a r i a b l e s  used f o r  

condenser performance comparisons a r e  b e a t  l o a d  and l o g  mean tempera ture  

d i f f e r e n c e .  B e t t e r  performance i m p l i e s  a b i g g e r  h e a t  l o a d  f o r  a g iven  

tempera ture  d i f f e r e n c e  or  a smal le r  tempera ture  d i f f e r e n c e  f o r  a given  

h e a t  load .  Condenser h e a t  l o a d  i s  determined from water-s ide measurements 

u s i n g  t h e  r e l a t i o n  

- Q = & c  Tw w w i  out  (5.1) 

where t h e  symbols a r e  d e f i n e d  i n  t h e  Nomenclature l i s t  a t  t h e  beginning  of 

t h i s  r e p o r t .  The a p p r o p r i a t e  ( o v e r a l l )  working-fluid-to-water tempera ture  

d i f f e r e n c e  i s  t a k e n  t o  be the  l o g  mean, t h a t  i s  

i s  t h e  pure i sobutane  (R-600a) s a t u r a t i o n  tempera ture  s a t  is0 
where T 

a s s o c i a t e d  with t h e  measured s h e l l  p r e s s u r e . s , 1 0  

Es t imated  o v e r a l l  a c c u r a c i e s  a s s o c i a t e d  w i t h  t h e  reduced d a t a  a r e  

- +3% h e a t  l o a d  and 20.56 K ( l , O ° F )  log  mean tempera ture  d i f f e r e n c e .  
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6 .  'ITST RESULTS 

Because o f  the d i f f i c u l t y  i n  completely c h a r a c t e r i z i n g  army g iven  

f i e l d  t e s t  s i t u a t i o n  and t h e  l a r g e  v o l m a  of d a t a  taken ,  an a t t empt  h a s  

been made t o  d i s t i l l ,  by example, t h e  most c o n s i s t e n t  and impor tan t  r e s u l t s  

i n t o  a r e l a t i v e l y  conc i se  summary. I n d i v i d u a l  d i s c u s s i o n s  a r e  d i v i d e d  iats 

t w o  main groups acco rd ing  t o  t h e  r e s p e c t i v e  evapora to r  mode, slnnfracc o r  

d i r e c t  c o n t a c t ,  because t h i s  d i s t i n c t i o n  proved t o  be t h e  most s i g n i f i c a n t  

one encountered  du r ing  t h e  t e s t s .  D e t a i l e d  d a t a  l i s t i n g s  a r e  r e l e g a t e d  t o  

Appendixes A and B. General  operating r anges  a r e  summarized i n  Table  1. 

Tablr: 1 .  Operating parameter  r a n g e s  f o r  v e ~ t i c a l -  
f l u t e d  -tube condenser t e s t s  a t  R a f t  R ive r ,  

September 1980-October 1981 

Par am e t e  r Range 

S h e l l  p r e s s u r e ,  W a  ( p s i a )  255-772 (37-1121 

Isobutane s a t u r a t i o n  tempera ture ,  K ( Q F )  288.2-328.7 (59-1321 

Average w a t e r  t e m p e r a t u r e ,  K (OF) 284.3-311.5 (52-101) 

Heat toad ,  kW ( 8 t u J h )  120-640 (0 .4-2-2 x 1 0 4 )  

-I- - *  . . . -. ---------I" ~ - ---------- 

Log mean t empera tu re  d i f f e r e n c e ,  K ( O F )  a .2--%2 -2 14-48) 

Water f low,  mJ/s ( g g d  0.461-1.887 x lo-' (73-315) 
- - -~ . . ^ _ _ _ _ _  -̂ _11- - 

6 . 1  Sur face  Evapora tor  Operatinp, Node 

I n  t h e  s u r f a c e  evapora to r  o p e r a t i n g  mode, t h e  w o r k i n g  f l u i d  i s  physi- 

c a l l y  s e p a r a t e d  from t h e  geotheswal b r i n e r  condenser  d e s i g n  performance 

p r e d i c t i o n s  were,  of cour se ,  based  o n  o p e r a t i o n  i n  t h i s  "c lean"  mode ( i * e e s  

one wi thou t  water noncondensible g a s  con tamina t ion  from t h e  b r i n e ) .  Fig- 

U ~ E  1 0  shows t h e  condenser des ign  p i n t  p r e d i c t i o n ,  ATlm = 5.167 IC 49 .3OQF)  

a t  B h e a t  l o a d  o f  586.1 k\V ( 2 . 0 0 0  x l o 6  B t u l h ) ,  w i th  a water f l o w  of 

1 . 8 9 3  x m 3 / s  (300 gpm) and a w a t e r  i n l e t  temperature of 297.039 K 

(75.00aF). T h e  l o c u s  o f  o t h e r  p r e d i c t e d  Q .. AT combinations f o r  t h e s e  

f i x e d  w a t e r  flow and  wate r  i n l e t  t empera ture  c o n d i t i o n s  i s  a l s o  shown. A s  
Pm 
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F i g .  10. Condenser d e s i g n  performance l o c u s .  

no ted  e a r l i e r ,  t h e s e  p r e d i c t i o n s  a r e  based  on (1) l a b o r a t o r y  d a t a 2  f o r  

R-60Oa condensing o u t s i d e  tube E (Appendix B )  and ( 2 )  the D i t t u s - B o e l t e r  

forced-convect ion  c o r r e l a t i o n s  - w i t h  no al lowance €or  Eouling o r  vorking-  

f l u i d  contaminants .  Water p r o p e r t y  v a l u e s  fox v i s c o s i t y ,  s p e c i f i c  h e a t ,  

and thermal  c o n d u c t i v i t y  were taken  from Ref. 11, and those  f o r  d e n s i t y  

were t a k e n  from Ref. 12. 

Three d i s t i n c t  p e r i o d s  were devoted to t e s t s  i n  t h e  surface evapora- 

t o r  mode: S e p t e m b e d c t o b e r  1980 ,  December 1980, and March 1981, 

The f i r s t  p e r i o d  was i n t e n d e d  tQ be a shakedown sequence to map out 

o p e r a t i n g  r a n g e s  of h e a t  l o a d  and w a t e r  flow f o r  t h e  modif ied p r o t o t y p e  
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power p lant  and to permit instrument and turbine  checkout.  Typical  e a r l y  

data ( P i g .  1 1 )  i n d i c a t e d  t h a t  measured c o ~ ~ d e ~ a ~ e ~  pcsformance was ~ Q C P T ~ H  

than p r e d i c t e d  by the method o u t l i n e d  p r e v i o u s l y .  I n  p a r t i c n l a r ,  a t  a heat 

l o a d  of 5 9 8  kW ( 2 - 0  x lo6 B t d h ) ,  the experimental l o g  mean temperature 

d i f f e r e n c e  was 8 . 3  K (15°F) a s  compared w i t h  a p r e d i c t e d  value o f  5 . 2  K 

( g o y ) .  A second experimental  observat ion  was that upper ~ r a p o ~  space tem- 

p e r a t u r e s  were somewhat lower than the pure isobutaaae saturat ion tempera- 

t u r e s  corresponding t o  measured s h e l l  pressures.  Sample d a t a  f r o m  vapor 

0 9 N L  O W L  82 6992 E l  u 

( B t u  til i W I  
2 

106 

8 

0 

F i g .  11. Condenser t e s t  performance, sur face  evaporator  mode, 
shake down. 
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space t h e r m i s t o i s  are  p r e s e n t e d  i n  F i g .  12  a s  a p l o t  of vapor superheat  v s  
a x i a l  p o s i t i o n  i n  the  condenser vapor space .  From t h i s  p l o t  i t  i s  c l e a r  

t h a t ,  w h i l e  the  lower vapor space approached the  s a t u r a t i o n  temperature,  

the  upper vapor space r a n  2 . 8  to  5 . 0  K ( 5  t o  9OF) below i t .  Such t r e n d s  
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mag, i n d i c a t e  t h e  p~esenct?. of noacondensible  gases  i n  the q p e r  s e c t i o n  o f  

the condenser.  

Otheg e a r l y  o b s e r v a t i o n s  inc luded  t h e  presence  of  o i l  and water  i n  

t h e  p l a n t  working-f luid t r a p s .  1,irnited p e r i o d i c  v e n t i n g  o f  t he  condenser 

anel d r a i n i n g  of the t r a p s  W ~ E B  undertaken t o  reduce  t h e  p o t e n t i a l  f o r  

woaking-f l .aid i m p u r i t i e s  t o  a f f e c t  condenser p e ~ f o r a ~ a n ~ e .  

' h e  m i o w t  of o i l  found i n  the  t r a p s  decreased  g r a d u a l l y  with t ime, 

but the amount of wa te r  remained f a i r l y  c o n s i s t e n t .  T h e  n e t  v a r i a t i o n  of 

noncondeas ib le  c o n c e n t r a t i o n  w i t h  t ime was d i f f  i c a l t  t o  j u d g e  because o f  

t h d  competing c f f e c t s  of vent-ing and working- f l u i d  a d d i t i o n  a t  i r r e g u l a r  

i n t e r v a l s ,  The l a t t e r  o p e r a t i o n  l e d  t o  the  i n t r o d u c t i o n  of a d d i t i o n a l  

nnncondens ib les  because t h e  f i l l  procedure r e q u i r e d  d i r e c t -  c o n t a c t  p r e s -  

s n r i z a t i o n  of t h e  isobutane. s t o r a g e  t a n k s  w i t h  n i t r o g e n  gas .  L a t e  i n  t b e  

f i r s t  p e r i o d  (October 9-10, 19801,  a n  a t tempt  w a s  made t o  remove anly r e  

maining o i l ,  "washing'' t h e  o u t s i d e  o f  t h e  condenser tnbc  bund le  by p m p i n g  

l i q u i d  i sobu tane  i n t o  t h e  ven t  l i n e  a t  the t o p  o f  t h e  u i t .  

Althsugb somewhat d i f f i c u l t  t o  d i s c e r n  because  of t h e  w i d e  ~ a n g e  of 

p3 . tmcter  s a r i a t  ions, the gcncra l  t r e n d  o f  condenser performance seemed e o  

be o m  of gradual  improvement from September t o  O c t o b e r  1980. 

The second p e r i o d  of sar face  cvapora t a r  node o p e r a t i o n s  occnlrred i n  

December 1980. For t h i s  sequence  t h e  p l a n t  was s u p p l i e d  w i t h  a complete 

new charge of isobutan:: b e f o r e  s t a r t u p ,  ant1 no f u r t h e r  a d d i t i o n s  were  mdde 

d a r i n g  t h e  per iod .  A p re l imina ry  1-h con8':ensce v e n t  p r o c e d a r e  w a s  under- 

taken t o  minimize noncondcnsible c o n c e n t r a t i o n s  i n  t h e  v a p m  space.  Ex- 

aminat ion  of thc  p l a n t  t r a p s  showed some wate r  but no o i l .  

A l l  performance d a t a  taken  d u r i n g  t h i s  p e r i o d  a ~ e  p r e s e n t e d  i n  

F ig .  13. It i s  c l e a r  from the  p l o t  t h a t  t h e  d a t a  c l u s t e r  c l o s e l y  a round  

the  p r e d i c t i o n  locus  a d i s t i x t  improvement OVFT the f i r s t  p e r i o d  re- 

s a l t s .  Typi sa l  second p e r i o d  da ta  from t h e  vapor space t h e r m i s t o r s  a r e  

g iven  i n  F i g ,  14. T h e s e  measvrements vary l i t t l e  from t h e  cor responding  

p a t e  i sobu tane  s a t u r a t i o n  temperature  a t  any p o i n t .  

A f t e r  an i n i t i a l  hooknp and t r i a l  of t h e  d i r e c t - c o n t a c t  evapora tor  i n  

January 31981, a t h i r d  p e r i o d  o f  t e s t i n g  i n  the  su r face  evapora tor  mode was 

conducted in March 19831 t o  map o u t  p l a n t  o p e r a t i n g  r m g c s  w i t h  t he  turbine  

running.  IlnfoitunsLely, the  o u t l e t  water  thcrmistor  gave e r r a t i c  r e a d i n g s  
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Fig. 13 e Condenser t es t  performance, s u r f a c e  e v a p o r a t o r  mode, a f t e r  
cont am ina n t  r emov a1 . 

( l a t e r  found t o  be caused by 8 cracked  s h e a t h )  d u r i n g  t h i s  p e r i o d .  Wow- 

ever ,  e s t i m a t e s  from o t h e r  p l a n t  i o s t r m n e n t a t i o n  i n d i c a t e d  t h a t  condenser  

performance was good but  s l i g h t l y  below p r e d i c t e d  l e v e l s .  Vapor space 

t h e r m i s t o r s  showed t h e  upper p o r t i o n  t o  be somewhat subcooled r e l a t i v e  t o  

t h e  cor responding  pure  i s o b u t a n e  s a t u r a t i o n  tempera ture .  Duxing t h i s  

p e r i o d ,  t h e  maximum e l e c t r i c a l  power output  of 6 5  kW was achieved  by t h e  

p r o t o t y p e  power p l a n t .  
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6 . 2  Comparison wi tb Borizontal-Smoo-th_Tube Condenser 

As an i l l u s t r a t i o n  o f  t h e  performance p o t e n t i a l  of the  v e r t i c a l -  

f l u t e d - t u b e  condenser demonstrated i n  the s u r f a c e  evaporator  mode, a saw- 

p l e  comparison with convent iona l  heat  exchanger p r a c t i c e  W R S  made based on 
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a c t u a l  f i e l d  c o n d i t i o n s .  Table  2 summarizes t h i s  comparison. The f i r s t  

column of t h e  t a b l e  g i v e s  a s - b u i l t  d e s i g n  parameters  and<sample d a t a  t a k e n  

d u r i n g  December 1980 exper iments  i n v o l v i n g  t h e  v e r t i c a l - f l u t e d - t u b e  con- 

denser .  For comparison purposes ,  a convent iona l  horizontal-smooth-tube 

condenser d e s i g n  was chosen w i t h  p a r m e t e r s  i n  t h e  f i r s t  t h r e e  t a b l e  groups 

f i x e d  a t  a c t u a l  v a l u e s  f o r  the  v e r t i c a l - f l u t e d - t u b e  condenser t e s t .  With 

t h e  “hea t  exchanger d u t y ”  s p e c i f i e d  i n  t h i s  manner, t h e  r e q u i r e d  s i z e  of 

t h e  horizontal-smooth-tube condenser was c a l c u l a t e d  u s i n g  t h e  methods of 

Ref. 8 .  l’he f i n a l  t a b l e  group r e f l e c t s  t h i s  c a l c u l a t i o n .  A comparison 

of t h e  two t a b l e  columns i n d i c a t e s  t h a t ,  f o r  t h e  c o n d i t i o n s  given,  t h e  

horizontal-smootb-tube d e s i g n  i s  n e a r l y  t h r e e  t imes  t h e  s i z e  af t h e  

v e r t i c a l - f l u t e d - t u b e  d e s i g n .  I n  o t h e r  words, t h e  v e r t i c a l - f l u t e d - t u b e  

concept o f f e r s  t h e  p o t e n t i a l  of a 6591, r e d u c t i o n  i n  condenser s i z e  f o r  t h e  

s t a t e d  c o n d i t i o n s .  AI though o t h e r  comparison b a s e s  may be chosen, t h i s  

example demonst ra tes  c l e a r l y  t h e  promise of v e r t i c a l - f l u t e d - t u b e  con- 

d e n s e r s  under r e a 1  i s t i c  power p l a n t  c o n d i t i o n s .  

6.3 Direct-Contact  Evapora tor  Opera t ing  Mode 

A f i r s t  t r y  a t  o p e r a t i n g  t h e  p l a n t  i n  t h e  d i r e c t - c o n t a c t  evapora tor  

mode was made i n  January  1981. Bowever, shakedown o p e r a t i o n  i n  t h i s  mode 

was n o t  under taken  u n t i l  A p r i l  1981. During t h i s  per iod ,  h e a t  l o a d s  v a r i e d  

over  a wide range,  a s  emphasis was p laced  on determining  column f l o o d i n g  

p o i n t s  f o r  t h e  d i r e c t - c o n t a c t  evapora tor .  It was e s t a b l i s h e d  t h a t  t h e  

p l a n t  wozlld be l i m i t e d  t o  c o n s i d e r a b l y  l e s s  t h a n  des ign  h e a t  l o a d  i f  in- 

t o l e r a b l e  r a t e s  of i sobutane  carry-under were t o  be avoided i n  t h e  evapo- 

r a t o r .  Although the  o u t l e t  w a t e r  t h e r m i s t o r  eont inued  t o  g i v e  e r r a t i c  

r e a d i n g s  d u r i n g  t h i s  per iod ,  o t h e r  p l a n t  i n s t r u m e n t a t i o n  i n d i c a t e d  t h a t  

condenser performance was much poorer t h a n  t h e  l e v e l s  found i n  t h e  s u r f a c e  

e v a p o r a t o r  mode t e s t s .  Subcool ing of t h e  upper vapor  space was a l s o  gen- 

e r a l l y  much g r e a t e r .  

The second p e r i o d  of d i r e c t - c o n t a c t  o p e r a t i o n ,  May-July 1981, in- 

c luded  a n  examinat ion  of t h e  e f f e c t s  of v e n t i n g  and b r i n e  p r e f l a s h  on con- 

denser  performance. Typica l  d a t a  ( w i t h  t h e  d e f e c t i v e  t h e r m i s t o r  r e p l a c e d )  
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g i v e n  i n  F ig .  1 5  i n d i c a t e  t h a t  vapor  space v e n t i n g  d i d  s i g n i f i c a n t l y  im- 

p r w e  condenser  performance, bu t  t h a t  even s e v e r a l  hour s  o f  vent Gpera t ion  

d i d  no t  ach ieve  p r e d i c t e d  ("clean")  l e v e l s .  

d u c t i o n  i n  l o g  mean t empera tu re  d i f f e r e n c e  from 22.2 t o  5.0 K (40 ts 9OF) 

a t  a h e a t  l o a d  of -410 kW (1.4 x 106 Btu/h) .  

vapor  space tempera ture  p r o f i l e s  a r e  demonst ra ted  i n  Fig.  16 .  Before vent-  

i ng  began and e a r l y  i n  t h e  v e n t i n g  p e r i o d ,  s i g n i f i c a n t  s u p e r h e a t s  of -8.3 K 

(150F) were noted  i n  t h e  lower vapor  space,  wh i l e  even g r e a t e r  subcool ings  

S p e c i f i c  r e s u l t s  show a r e -  

Corresponding changes in t h e  

O R X L  DWG 82-G995 ETCl 

4 CI 

+ 
/ 0 

2 
r L 

L- 

0 m 

+ DESIGN POINT 
0 DATA (7/8/81) - PREDICTION LOC!JS 

2 4 ( O F )  2 4 6 8 10' 
TEMPERATURE DIFFERENCE AT,, 

Fig.  1 5 .  Condenser t e s t  performance, d i r e c t - c o n t a c t  evapora to r  mode, 
ven t ing .  
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DISi-ANCE FROM BOTTOM OF CONDENSER 

F i g .  1 6 .  Vapor temperature prof i l s ,  d i r e c t - c o n t a c t  evaparator modes 
vent i ng . 

were  f o m d  in t h e  upper vapor space .  Such a p a t t e r n  may i n d i c a t e  that  the  

presence  of n o n c o s d e n s i b l e  g a s e s  during the p e r i u d  W Q S  s u f f i c i e n t  t o  de- 

grade  h e a t  transfer  performance enough t o  e rev eat removal of the vapor 

superheat i n  c s r l y  s h e l l - s i d e  F a s s e s .  Later i n  t h e  v e n t i n g  per iod ,  w i t h  

t h e  presumed decrease  io noficoEdeasible  g a s  c o n c e n t r a t i o n ,  performance 
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2 - 
- 

I 

106 

- 

improved and a l l  vapor space t empera tu res  more c l o s e l y  approached t h e  pa fe  

i sobu tane  s a t u r a t i o n  tempera ture .  

The r e v e r s e  of t h e  p reced ing  p r o c e s s ,  which i s  “recovery“  ( a c t u a l l y  

d e g r a d a t i o n )  of t h e  condenser  fo l lowing  t h e  t e r m i n a t i o n  of v e n t i n g  opera- 

tions, i s  i l l u s t r a t e d  in F i g s .  17 and 18. S p e c i f i c  performance r e s u l t s  i n  

F ig .  17 show an  i n c r e a s e  in l o g  mean tempera ture  d i f f e r e n c e  from 4.4 t o  

18.3 K (8 t o  33OF) a t  a h e a t  l o a d  of -350 kW (1.2 x lo6 Btu/h)  over  a 7-h 

- 
8 -  
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Fig. 17. Condenser t e s t  performance,  d i r e c t - c o n t a c t  evapora to r  mode, 
r ecove ry  from v e n t i n g .  
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Vapor temperature p r o f i l e ,  d i r e c t - c o n t a c t  evaporator mode, 
r e c o v e r y  from v e n t i n g .  

p e r i o d .  F igure  18 i n d i c a t e s  a corsesponding  r e v e r s i o n  i n  vapor space tern-- 

pel-ature p r o f i l e .  

E f f e c t s  of v a r i o u s  b r i n e  p r e f l a s h  pressure l e v e l s  o n  condenser per- 

formance and vapor space temperatures are  i l l u s t r a t e d  i n  F i g s .  19 and 21). 

F i g s s a  1 9  i n d i c a t e s  t h a t  l o g  mean temperature d i f f e r e n c e s  decreased  from 
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Fig. 19. Condenser t e s t  performance, d i r e c t - c o n t a c t  evapora to r  mode, 
p re f  1 ash  v a r i a t i o n .  

22.2 t o  7.8 K (40 t o  14OF) a t  a h e a t  l o a d  of -380 kW (1.3 x 106 Btu lh )  a s  

i n c r e a s e d  b r i n e  t h r o t t l i n g  dropped p r e f l a s h e r  o u t l e t  p r e s s u r e s  from 361 t o  

309 H a  (52 t o  4 5  p s i a ) .  The a s s o c i a t e d  d a t a  in Fig .  20 show t h a t  lower 

p r e f l a s h e r  o u t l e t  p r e s s u r e s  brought  vapor  space t empera tu res  c l o s e r  t o  t h e  

c o r r e  sponding pure  i sobut ane s a t u r a t i o n  temper a t n r  e s. 

The t h i r d  p e r i o d  of d i r e c t - c o n t a c t  o p e r a t i o n  (October  1981) involved  

con t inued  examina t ion  of condenser  v e n t i n g  e f f e c t s  bu t  w i t h  t h e  a d d i t i o n  

of vapor sampling and composi t ion  a n a l y s i s  t o  a s c e r t a i n  more a c c u r a t e l y  

t h e  amounts of contaminants  p r e s e n t .  Data from two sample r u n s ,  t h e  e a r  

l i e r  j u s t  b e f o r e  condenser  v e n t i n g  began and t h e  l a t e r  a f t e r  30 m i n  of 

v e n t i n g ,  a r e  p r e s e n t e d  i n  F igs .  2 1  and 22.  As no ted  i n  e a r l i e r  f i g u r e s ,  
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20. Vapor temperature p r o f i l e ,  d i r e c t - c o n t a c t  evaporator mode, - 
pr e f  1 a sh v a r i  a t  i on. 

v e n t i n g  brought about improved performance and more uni f  o m  vapor  space 

tcrnperatares.  corresponding vapor compos i t ions ,  a s  determined from 

s a a p l e s  taken  from the v e n t  f l o w  l i n e ,  a r e  l i s t e d  i n  Table 3 .  This i n f o r -  

mat ion  c l e a r l y  i n d i c a t e s  t h a t  the p r r - v e ~ t  p e r i o d  of  r e l a t i v e l y  poor per-  

formance and nonnnif orm vapor temperatures c o i n c i d e d  w i t h  the  p e r i o d  of 
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Condenser t e s t  performance, d i r e c t - c o n t a c t  evaporator mode, 
vent ing  w i t h  chemical a n a l y s i s .  

Table 3 .  Condenser vapor space chemical composition 
determined from sample a n a l y s i s  by gas chromatograph 

during October 21, 1981, operation i n  d irec t -  
contact  evaporator mode 

a b Before vent After 30-min vent  
(wt %I ( w t  %) Spec ie s  

c,  
c4 
i -C ,  

12.841 
5.422 
0.584 
0.720 
1.302 
79.130 

0.017 
0.040 
0.910 
0.384 
2 .Q49 
96.448 

Sample time i s  20:30. a 

bSample time i s  21:10. 
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h igh  noncondensible  ( n i t r o g e n  and carbon d i o x i d e )  c o n c e n t r a t i o n s  pnd t h a t  

t h e  ( r e l a t i v e l y  v igo rous )  v e n t i n g  procedure under taken  b e f o r e  the  second 

p o i n t  brought  about  reduced noncondensible  c o n c e n t r a t i o n s  a s  i t  improved 

condenser  performance and vapor  tempera ture  p r o f i l e s .  Such r e s a l t s  pro- 

v ide  s t r o n g  cause-and-ef f e c t  evidence t h a t  noncondensible  gases  were im- 

p o r t a n t  c o n t r i b u t o r s  t o  t h e  g e n e r a l l y  poor d i r e c t - c o n t a c t  mode performance 

observed and t h a t  v igo rous  v e n t i n g  served  t o  reduce s i g n i f i c a n t l y  both  

t h e i r  q u a n t i t y  and impact i n  the  condenser.  



From first-year f i e l d  t e s t s  of a vertical-fluted-tnbe condenser de- 

s igned  and f a b r i c a t e d  specifically for nse in the prototype power p l a n t  at 

the Raft River  Geotbema?  T e s t  S i t e ,  the following major conclusions may 

be drawn: 

1 .  

2 .  

3 .  

4 .  

5 .  

5 .  

~n the  sur face  evapora tor  mode, p r e d i c t e d  performance l e v e l s  s e r e  

t i e s  were uwdestaken, 

Based on resulting d a t a ,  a sample comparison shows that use oE the 

v e r t i c a l - f l u t e d - - t u b e  concept i n  p l a c e  of convent i  onaX horizontal 

smooth-tube design practice c o u l d  reduce sondenser s i n e  by 65%. 

Tn the airect-csntact evaporator mode, performance was ~xa~icb poorrer, 

Nsncondensible g a s e s  apparent ly  introduced into the system by the 

d i r e c t - c o n t a c t  evaporator  c o l l e c t e d  i n  h i g h  concentrations i n  the: eon- 

denser  and were probably  a major f a c t o r  in the observed performance 

d e g r a d a t i o n .  

Condenser venting reduced these concentra t ions  and improved perfor -  

mance signif icanztly . 
Increased brine preflash a l s o  c o i n c i d e d  with n o t i c e a b l e  p e r f o r  

improvement. 

ach ieved  after preliminary shakedown, and ~ ~ n t a m i n a n t  r 
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Appendix A 

CONDENSER FIELD TEST DATA 





A . l  Data Reduction Program 
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A.2 Output Format 
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A.3 Data Listing 
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I N S T  k 'R,KFi  i l P K P L  
1 L N T  TEV-PSil $'JP!IT 

TA.1 152.8  5 d . 4  
' :E5 9 4 . 5 7  3.1 
' f 3 a  4 2 . 9 2  -1.5 
Y K 3  e 7 . 7 6  - t . 7  
2 H 4  92 .0  - 2 . 4  



-----------^_-_-----____________________--------------------------------------------_------------------------------------------- 

E.H 9-23-83 l U 5 8  S E  WAT26 E A T E R  C A T E I !  WATER YATER HRKPL YHKPL YHKPL WEKTL I N S T  URKPL WRKPL 
FLOU TZPIPIN TEEPEX TEPIA'HS TECLPAV PRESS TEPST Ti3PIN TNPEX I D N T  TEMPSH SUPBT 

1 4 9 . 0  65-76 79.79  14.03 72.77 44.0 8 3 . 8  151.1 8 2 . 5  T H 3  151.1 6 7 . 3  
Til5 8 3 . 7 %  -0.1 
T 3 1  81.42 -2.4 

hEAT SAT KEAS WATER UATEF: CON? PEED PZRPO TK3 77.92 -5 .9  
L O A D  L i l T D  U A  K E Y N  NO COEFF COEPP U A  R A T I O  TH4 82 .5  -1 .3  

3 E i O w  L A H  R A N G E  1.644D Oh 9.4  1.1117 3 5  2.248D 3 4  735. 1052. 1.60D 05 0 .696  ________________________________________----------------------------------------------------------_----------------------------- 
EK 9-23-83  1 5 1 1  S E  VaTZR Y A T E B  WATER HATER YATER IVRKFL HRKFL NEKPL YEKFL INST SRKPL CHKPL 

FLCK TEMPIH TEEPEX TEK?RS TERPAV PRESS TMPST TMPI8 TE?EX I D N T  TEXPSE SUPIiT 
119.3 6 5 . 9 3  79.96 14.03 72.95 44.0 8 3 . 8  150.2 82.5 1H3 150.2 66.q 

TM5 83.87 0.0 
TM4 H1.il.b -2 .4  

HEAT SAT nzas  KATEh kATEti COS? P B E D  P E K P O  Tfl3 7 8 . 0 3  -5 .8  
L C A D  LMTD U A  hEYM NO COEFF COEPF UA R A T I O  TR4 82.5 -1.3 

UELOY ZAD XANGE:  1.OiiUD 36 9 . 2  1.133 0 5  2.254D 0U 706. 1052.  1.600 05 0.712 

RE, 3-23-80 1 6 5 5  SE H A T E R  dATER k A T Z R  HATEE HATE6 PRKPL w'i?KPL URKPL 
PLOY TERPIM IEtPEX TER?frS TE?I?AV P2ESS TMPST T f l P I N  

1117.0 55.99 1 7 . 7 8  7 .79  63.~9 34.0 71.7 1C5.3 

BEAT S A T  R EAS hATES MATER COM? P h E D  
LOAD LMTD U A  h E Y N  NO COEFF COEk'F ulh 

llELOU LAB RAhGi? 5 . 7 2 t D  G5 7 .1  8.07D y ? i l  1.S43D 3 4  b60 .  12b7.  1.59D 35 

BR 9-23-80 1710 S E  kATZ6 kATPR k A ' I E R  W A I ' Z R  SATER dRKFL tiBKPL Y E K P L  
FLUW T E N P I N  'IERPcX TEPIPR.5 TEMPAF PI'ESS TRPS? TFPIh' 

147 .0  59.83 0 7 . t 0  7 .74  6 3 . 7 1  33 .5  7 1 . 3  1 3 4 . 5  

HEAT SAT ilEAS k B T Z R  rATEB CONP Pi3 ED 
LOA 3 LNTD ' J A  k B Y N  N O  C0r:FF COEPP il A 

dELOW L A B  R A X G E  5,73233 0 5  6.6 8.74D 04 1.9551) 0 4  659. 1267.  1.5'iD 0 5  

YEKFL 
TMPEX 

70.0 

P EK PO 
i t A P I 0  
0.550 

IHST 
I D N T  

TI13 
TFI 5 
TM 4 
Til3 
TH4 

------ 
I N S T  
I D N T  

T H 3  
TM5 
TKJ 
TN3 
T H 4 

URKFL 
TEfiPSH 
105.3  

do. 4 3  
65.Gl 
6 6 . 2 7  
7 0 . 3  

. -- -- - - - 
YHKFL 
TE M ? S i! 
134.5  

74 .98  

66 .06  
70.0 

t-u.83 

k'fiXFL 
SUPHT 

Y3.C 
8 . 7  

-5.7 
- 5 . 4  
- l . ?  

- - - - - -- - - 
URKFL 
SUPHT 

6 3 . 5  
4.0 

- 6 . 2  
-5.0 
-1.0 
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RR 10-02-80 1201 S E  WATER YATEH BATER MATER WATER WZKFL WRKPL U R K P L  WRKFL INST YRKFL WRRPL 
FLOL T E A P I N  TElrPEX TEHPRS TEflPkV PBESS TNPST T N P I N  TBPEX I D X T  TEAPSfl SUPHT 

2 9 0 . 3  71.97 8 2 . 6 1  1 3 - 6 4  77 .29  47 .0  8 7 . 2  1 2 2 . 8  H t . 0  Tt i3  1 2 2 . 8  3 S . t  
2'85 97.29 0.1 

TURBIKiE ON 'pwu 85.93  -1.2 
fiGAT SAT PIEAS X A T E R  h '4TEB COP?? P R B D  P ~ P U  T n 3  5 3 - 8 9  -3.3 
LOA n LRTD Uh l iEYH N O  CCIEF? C D E P F  UA R A T I O  T H 4  86.0 -1.2 

7 . 5 U O D  06 8 . 8  4.75D 05 4.64313 OU 1235. 906. 2.19D 0 5  0.796 ____________________------------------------------------------------------------------------------------------------------------ 
RR 10-02-80 1 2 & 0  SE UATEF &ATE8 WATER YATER UATER BHRPL WiIKPL WRRFL NRKFL INST WRKPL gRKPL 

FLGk T E E P l N  TEdPEX TEEPRS 'TEflL'AV P R E S S  TBPST T M P I N  T5PZX ID!JT TEKPSH SUPHT 
2PO.O 73.36  84.87 12.52 7 9 . 1 2  49 .5  69.8 1 2 5 . 7  89.0 T83 125.7 35.9 

T h 5  89 .49  r) .2 
TUEBINE DN TF.4 88.67 -1.2 

HEAT SAT n EAS UATZR UATEB COllP P 2 E D  P i R F O  T 8 3  86.65  -3.2 
LTA A A r I O  THG 89.0 - O . E  L O A D  LnTD UB 6 3 Y N  N O  C O E k F  C O E F F  

1.666D 0 6  9.6 1.74D 05 U.753D 3 4  12ri8. 876. 2 . ldD 05  0 . 7 9 8  

BX 10-02-80 1348 S E  NATEH HATER k A T E l i  NATES nATER CiiiKFL URKFL 3 F K F L  SRKFL INST YLiKPL 3RKPL 
FLUM T B i P I K  TEdPEX T Z ? l Y i t S  TEfiPAV P ESS TIVlPS'I. TPIPIN TNPEX I D N T  TEIIPSH SUPHT 

2 9 0 . 0  7 5 . 1 1  ac.94 11.a3 0 1 . 3 2  1.5 91.9 126 .8  90.3 TH3 12b.8 34.9 
TK5 92.15  0 . 2  

TURBINE ON TK4 90 .78  - ? . I  
HEAT SAT L4EAS N&TE?. i A T E B  COnP ? B E D  PERPO Tf l3  89-07 -2 .8  
L O A D  L K T D  U A  I1E'iW wo C O Z Y F  C O E F F  i r A  ZATIO TH4 90.9 -1.9 

................................................................................................................................ 

1 . ? 1 1 i ,  0 6  9.7  1 .763  OS 4.8732 3 4  i26L. 2 6 8 .  2 . 1 8 3  .35 0,8f i8  





. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
B b  1kOc-EO 1550 S E  WATER hATCH i A T E R  WATER Y A T E R  k R K F L  URKPL YlKFL UNKFL I N S T  trRKFL YEKFL 

PLiih T E M P I h  SCNPEX TCNPLS TEKPAV PRESS TflPST T M P I N  TNPEX IDhT TZaPSr. SLIPAT 
290.3  74 .71  8 5 - 9 9  1 1 - 2 8  8 3 . 3 5  50.0 90.4 1 2 5 . 5  89.0 TH3 125.5  35.1 

TP.5 90 .83  3 . 4  
TJ?UINZ 0'4 Tfl4 8 9 . 5 5  -3.8 

HEAT SAT E EAS k A T E H  WATER COflP PEED PEPPO Tt l3  8 9 . 6 9  -3.7 
L O A D  LETD Uh REYl NO COSFF COEFP ua BAT10 TH4 89.0 -1.4 

1 - r 3 1 D  06  3.8 1.85D 05 4.8~8D 94 1257.  685. L.19D 0 5  0.847 

R R  1c-15-60 73-40 SE nATEE h A T E A  $ATE.? k A T E R  ItATEI! WRgFL WRYPL dRKPL rlRKFL I N S T  WRKFL IIRKFL 
F t b h  1 Z E P l N  TZEYIZEX T E N P R S  T E A P A Y  PRES> TllPSr I N P I N  TSPEX IDNT TEHPSH SUPHT 

300.0 65.56, 76 .83  11 .23  7 1 . 2 3  4 4 . 0  83.8 125.2  83.0 TH3 125.2 41.4 
T145 8 4 . 1 6  0 . 3  
TM4 75.94  -7.9 

hEAT SAT fiLAS CATER XRTEr, COt4P P E E D  PERF0 Tfl3 7 6 , 0 5  -7.8 
L O A D  iKT3 U A  PEYN NO COEPP C C E P f  UA k A T I O  T H 4  8 3 . 0  -0.8 

-----------_-----__________1____________---------------------------------------------------------------------------------------- 

7.€93D Oh 11 .7  1.44D 3 5  4.431D 0 4  1223. 873. 2.15D 0 5  0 .670  

R R  10-15-80 1 5 0 5  SE WATEP d A l  WA'TZR k k T E R  H A T E R  RXRPL YRKPL WRKFL k R K P L  I N S T  WRKPL kRKPL 
ELON T E M P l N  TEPPEX TZ?IPhS TEMPAV Pnr;S TMPbT T H ? I N  T"IPEX IDWT TEflPfH SUIPHT 

I n 5  34.14 0.3 
TM4 76.91 -6.9 

HEAT S A T  MEAS h k l E h  UATE.? CUM? P h E 3  P E R P C  TM3 76.14  -7.7 

-----------------___------------------------------------------------------------------------------------------------------------ 

300.0 65.09 77.15  12 .05  7 1 . 1 2  44 .3  8 3 . 8  ii4.y 8 3 . 3  1 ~ 3 1 2 0 . 9  4 1 . 1  

LOAD LETD U A  R E Y b  NO COEFF COEPE U A  BATIO rH4 83-11 -0.8 
1.807D Ob 11.7 1.5rD 35 4.427D 3 4  1222. 1149. 2.12D 05 0 .729  ----_----__------__------------------------------------------------------------------------------------------------------------- 

RH 10-15-80 1620 S E  kATER UATbR h A T B R  UATER WATER WRKPL YBKYL HRKFL hR6FL IhSP bRKPL MRKPL 
PLOY T E X P I N  1EMPEX TEFiPbS TEM2AV P1?7SS TUPST IBPIN TMPEX I D N T  TERPSH SDPHT 

300.0 4 5 - 8 1  77.36  11.55 71 .58  44 .0  83.a 126.5 82.0 T H 3  126.5 42.7 
TN5 8 3 . 2 1  - 0 . 4  

IfEAT SAT !l EAS ~ A T 6 1 c  kATER COMP PRED PERPU TU3 76.96 -6.9 
L O A D  L N T D  UA R E Y N  BO COEPf COFFF U A  R A T I O  Tt!U 32.0  -1.d 

T M ~  81 .38  -2.4 

1.7319 06 11.3 1.53D 0 5  4.454D O U  1226. 8 6 3 .  2.14D 0 5  0.717 
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I;ATEH $ A T E 8  k A l E h  K A T E b  U A l E h  WFYFL h S R F L  WZKPL WhKFL 1NST Y k K F L  YRKFI. 
FLOW ' I E n ? l h  T E M P E X  T E K 2 l t S  T';E:?PAV PRESS T:l?Sl ' C X i ' I N  TEP' r :X  I3E:Z T Z f i P 5 H  SUPHT 

2 6 7 . :  6 6 - 9 4  73.37 9 . 3 4  69.26 3 9 . 5  76.C l t35.U 76.9  Tii.5 183.k 13J.G 
TIL'. 1i!.32 3 2 . 7  
""f j 
A 7 3 . 4 2  - 5 . 2  

HEAT S A T  3 EAS PhZD ?32kFO T 3 3  73 .39  - 5 . 2  
LOAD L RTU :I A R'-'Y!I A 0  C O E P P  COLFF ;'A S A T 1 0  T i l 4  7 6 . 9  - 1 . 7  

. Z G ~ D  a t  8 . 3  1 . 4 5 3  05 3.8522 2 4  1 1 ~ 2 .  9 ~ 7 .  L. 1 5 9  0 5  3 . o a o  

WATEL. k A T E h  U A T E S  k A T r H  dATEI*, h h K F L  R F K F ' L  h F R F L  k h K F L  I N S ?  I IEKPL nIiKFL 
.?LL)k T E P I P I N  PEP;PEX TRPlPh!; TTE2AV P h d S S  ' iRPS ' l  T ? l l ' i N  TMP9X IDNT TEM3SH S U P f l T  
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Appendix B 

LABORATORY TEST DATA 

Laboratory test resalts from experiments performed with isobatane 

(R-600a) condensing on the outside of a single vertical alminm tube with 

type E flute profile are presented in Table €3.1. Data were taken from 

Kef. 1. The Wilson-plot method2 was used in determining composite condens- 

ing heat transfer coefficients and composite condensing temperature dif- 

f erences e 
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Table 3 . 1 .  Smmary of e x p e r i m e n t a l  conditions a n d  r e s u l t s  Iron Wilson p l o t s  
f o r  R-600a c o n t e n s i n g  oil v e r t i c a l  tube  E 

Condenser hear. l o a d  Conde nsi ng Condensing h e a t  
Vapor :w iBtn/h>j Difference temperature  t r a n s f e r  c o e f f i c i e n t  temperature dlPfeJCYlCe 

[w/ma.K (Btu/h*ft’.OF)1 111 (OF)]  KK (“11 
(Jb) S e r i e s  o f  runs - 

Qc a 
R-600.4-00lE t o  R-600A-009E 
R-60OA-clc7.5E t o  X-60.3A-008E 
8- 6 OO A-00 9 E t 0 R-6 00 A- 0 I 2 E 
R-6 OOA-013 E t o  R-6 OOA-016 E 
R-600A-017E t o  R-60OA-02OE 
8-600A-021E t o  R-600A-024E 
X-600A-025E t o  R-600A-028E 
41-600A-02YE t o  R-1-6008-0328 
P-600A-03SE t o  R-600A-036E 

895 ( 3 . 0 5 3 )  
1.375 (4.696:) 
1 , 7 2 0  (5.875);) 
2,196 ( 7 , 4 9 6 )  
2 . 6 8 5  ( 9 , 1 4 2 )  
3 , 0 0 9  ( 1 0 , 2 6 9 )  
3,678 ( 1 2 . 5 5 3 )  
3 , 3 3 8  (11,392) 
2 , 4 5 9  ( 8 , 3 9 5 j  

_. 

914 (3,:201 
1 , 5 9 4  : 4 , 7 5 7 1  
1,?36  ( 5 , 9 2 5 )  
2,182 1 7 , 4 4 6 )  
2 , 6 8 1  4 9 , 3 4 9 )  
2 , 9 9 5  I . l0 ,222)  
3 , 7 2 4  Il2.711) 
3 , 3 3 2  (:1,372) 
2 , 4 5 3  ( 3 , 3 7 2 !  

-2 .2  2 9 8 . 7  ( 7 8 . 0 )  
-1.3 2 9 9 . 9  (80.1) 
-0.9 3C.3 .I !86 .O! 

0 . 7  361.1 ( 8 2 . 3 :  
0.1 304.1 ( 8 7 . 8 )  
0.5 3 0 7 . 9  ( 9 4 . 5 )  

- 1 . 3  3 1 3 . 9  (305 .4  
0 . 2  311.7 (101.4 > 
0 . 2  303 .6  (86.9) 

___I 

1.0 ( 1 . 8 1  
1 . 8  1 3 . 3 )  
2 . 5  (4.4) 
3 . 7  16.7) 
6.3 (11.31 
8.5 (35.2) 

1 2 . 8  ( 2 3 . 0 )  
10.9 ( 1 9 . 7 )  

4 . 3  (8 .8 )  

H 5 , 8 9 8 . 0  ( 1 , 0 4 0 . 2 )  
4 , 9 8 8 . 6  (879.8) N 

3 , 8 2 3 . 6  (692 .Oj 
2 . 8 6 3 . 3  ( 5 0 5 . 0 )  
2 . 3 8 5 . 0  ( 4 2 0 . 6 )  
1 , 9 3 1 . 7  (440.7)  
2,047.9  ( 3 5 1 . 2 )  
3,355.3 ( 5 9 3 . 8 )  

4 , 5 3 5 . 0  (799 .8 )  8 
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