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ABSTRACT 

H 500 kW power p l a n t ' u t i l i z i n g  d i r e c t  con- 
t a c t  hea t  exchange (DCHX)  between t h e  geothermal 
u r i n e  and t h e  isobutane ( I C 4 )  working f l u i d  is  
being operated a t  t h e  E a s t  Mesa tes t  f a c i l i t y .  
Tne power p l a n t  incorpora tes  a 40-inch-diameter 
d i r e c t  -contactor  approximately 35 f e e t  t a l l .  The 
purpose of t h e  p i l o t  p l a n t  is  t o  determine t h e  
f e a s i b i l i t y  of l a r g e  - s c a l e  d i r e c t  - ,contact hea t  
exchange  and power p l a n t  o p e r a t i o n  w i t h  t h e  
KM. The b inary  cyc le  o f f e r s  higher  conversion 
f a c t o r s  ( h e a t  energy transformed t o  e l e c t r i c a l  
e n e r g y )  t h a n  t h e  f l a s h e d  s team approach  f o r  
geothermal b r i n e s  i n  t h e  300°F t o  400°F range and 
prel iminary r e s u l t s  i n d i c a t e  t h e  DCHX system may 
have  h i g h e r  per formance  t h a n  t h e  c o n v e n t i o n a l  
tube-and-shell  binary approach. This  perform- 
ance advantage r e s u l t s  from t h e  absence of any 
f o u l i n g  and t h e  v e r y  c l o s e  p i n c h  t e m p e r a t u r e s  
achieved i n  t h e  DCHX i t s e l f .  

The b a s e l i n e  performance tests f o r  t h e  p l a n t  
were completed i n  January,  1980. The r e s u l t s  of 
t h e s e  tests and follow-on t e s t i n g  are covered i n  
t h i s  summary. A c o m p l e t e  d e s c r i p t i o n  o f  t h e  
p l a n t  is  presented  i n  References 1 and 2. 

INTRODUCTION 

The p i l o t  p l a n t  is  t o  be used t o  e s t a b l i s h  
design c r i t e r i a  f o r  l a r g e  d i r e c t  contac tors  and 
eva lua te  t h e  o v e r a l l  performance l e v e l s  of d i r e c t  
contac t  binary power systems. The p i l o t  p l a n t  
inc ludes  a l l  of t h e  s i g n i f i c a n t  func t ions  f e l t  t o  
be necessary i n  a complete d i r e c t  contac t  binary 
power p l a n t .  The system inc ludes  a downhole pump 
t o  provide unflashed b r i n e  t o  t h e  p l a n t ,  a b r i n e  
c o n d i t i o n i n g  module u s e d  t o  e l i m i n a t e  e x c e s s  
u n d i s s o l v e d  g a s e s  t h a t  may b e  i n  t h e  b r i n e ,  a 
d i r e c t  - contac t  hea t  exchanger, a power t u r b i n e  
and generator ,  condensers and r e s e r v o i r  f o r  t h e  
working f l u i d  and a recovery system t o  c o n t r o l  
t n e  working-fluid l o s s e s  i n  t h e  e f f l u e n t  br ine.  

T e s t i n g  began w i t h  t h e  downhole REDA pump 
and continued through t h e  b r i n e  de l ivery  system 
i n c l u d i n g  t h e  s a n d  t r a p  and  b r i n e  pump. The 
bCnX and hydrocarbon l o o p  w a s  t h e n  o p e r a t e d  
w i t h  vapor  f low b y p a s s i n g  t h e  power t u r b i n e  
module. During t h i s  per iod  t h e  instrumentat ion 
and c o n t r o l  loops were s e t  up and checked o u t  and 
opera tor  t r a i n i n g  was i n i t i a t e d .  Safe ty  systems 
s u c h  as t h e  hydrocarbon g a s  d e t e c t o r s ,  f i r e  
system and vent  systems w e r e  completely checked 
during t h i s  phase of t e s t i n g .  

Prel iminary performance d a t a  were obtained 
f o r  the  hydrocarbon and br ine  pumps, DCHX, and 
condensers. The head and flow r a t e s  produced by 
t h e  pumps w e r e  proper  t o  support  opera t ion  of t h e  
power p l a n t .  The br ine  temperature  d e l i v e r e d  t o  
t h e  p l a n t  by w e l l  8-1 w a s  326OF, which i s  14O 
below t h e  design value of 340OF. A t  t h i s  lower 
b r i n e  temperature t h e  DCHX m e t  o r  exceeded per- 
formance s p e c i f i c a t i o n s .  A t  design b r i n e  flow 
rates (225 g p m )  , pinch temperature d i f f e r e n c e s  
between t h e  b r i n e  and i sobutane  were i n  t h e  range 
of 1 o r  2OF. This  r e s u l t  i n d i c a t e s  t h a t  high- 
performance d i rec t -contac t  spray columns i n  t h i s  
s i z e  range can be  accomplished. The evaporat ive 
condensers showed no problem i n  providing design 
h e a t - t r a n s f e r  r a t e s  a t  reasonable  temperature 
d i f f e r e n c e s  between ambient w e t  bu lb  and condens- 
i n g  isobutane.  

PLANT PROCESS AND PERFORMANCE 

The process  flow diagram and s e l e c t e d  cyc le  
s t a t e  p o i n t s  a r e  shown i n  Figure 1. The p l a n t  
br ings  t h e  340°F incoming b r i n e  through a sand 
and C02 s e p a r a t i n g  vessel .  The br ine  boost  pump 
t h e n  i n c r e a s e s  t h e  p r e s s u r e  of  t h e  b r i n e  t o  
453 p s i a  f o r  i n j e c t i o n  i n t o  a s p r a y  column 
conf igura t ion  DCHX. The b r i n e  i s  cooled t o  145OF 
and ,  a f t e r  p a s s i n g  t h r o u g h  a w o r k i n g - f l u i d  
recovery system, is  re turned  t o  a f a c i l i t y  pond 
f o r  re - in jec t ion .  The isobutane working f l u i d  i s  
pumped from t h e  hotwel l  t o  a pressure  of 485 p s i a  
f o r  i n j e c t i o n  a t  t h e  bottom of t h e  DCHX. As t h e  
I C 4  f l o w s  t o  t h e  t o p  o f  t h e  DCHX t h r o u g h  t h e  
descending b r i n e ,  t h e  IC4 i s  heated t o  a temper- 
a tu re  of 250°F, bo i led ,  superheated t o  a temper- 
a t u r e  of 2550F, and taken  o f f  t h e  t o p  of t h e  h e a t  
exchanger a s  a vapor. The I C 4  vapor, a long wi th  
small  amounts of w a t e r  vapor, passes  through a 
s i n g l e - s t a g e  r a d i a l - i n f l o w  t u r b i n e  and t o  t h e  
c o n d e n s e r  where t h e  m i x t u r e  i s  condensed  a t  a 
t e m p e r a t u r e  of  94OF a n d  t h e n  r e t u r n e d  t o  t h e  
h o t w e l l .  The h o t w e l l  s e p a r a t e s  t h e  w a t e r  and 
IC4 l i q u i d  phases. The water f r a c t i o n  i s  d i r e c t e d  
t o  t h e  r e c o v e r y  sys tem and t h e  I C 4  r e t u r n s  t o  
t h e  feed pump, completing t h e  cycle .  

A s t u d y  o f  thermodynamic c y c l e s  f o r  t h i s  
d i r e c t  contac t  geothermal p i l o t  p l a n t  was made 
during t h e  design d e f i n i t i o n  of t h i s  p i l o t  p l a n t  
(Ref. 2 ) .  The f l u i d s  examined were isobutane,  
isopentane,  and N-pentane. Isobutane showed t h e  
h i g h e s t  u t i l i z a t i o n  f a c t o r  a t  b r i n e  temperatures 
of 340OF. 

The 500 kW p i l o t  p l a n t  w a s  d e s i g n e d  t o  
p r o d u c e  a n e t  o u t p u t  o f  5 0 0  kW w i t h  a b r i n e  
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i n l e t  temperature of 340°F a t  an ambient wet-bulb 
t e m p e r a t u r e  of b 4 O F .  T o t a l  p l a n t  p a r a s i t i c  
l o s s e s  were c a l c u l a t e d  t o  be 306.9 kW, r e s u l t i n g  
i n  a g r o s s  p l a n t  o u t p u t  o f  806.9 kW. Design 
b r i n e  f l o w  r a t e  i s  2 2 2  gpm, r e s u l t i n g  i n  a 
p r e d i c t e a  n e t  p l a n t  output  of 5.1 wat t -hr / lb  of 
br ine .  The p o w e r  l e v e l s  developed f o r  t h e  p l a n t  
and i t s  components a re :  

Component 

Condensers 
IC* oryanic  pump 

Brine pump 

Discharge pump 

Kecovery system 

bearbox 
Al te rna tor  

rower t u r b i n e  
riydraulic t u r b i n e  

kW Eff ic iency  - 
77.7 

qm = 90% 96.7 
n p  = 76% 

q p  = 70% 

' Ip  = 75% 

n m  = 90% 54.4 

qm = 85% 2.1 
15.0 

Subto ta l  245.9 

qgb = 97% 
Q a l t  = 95% 61.0 

Subto ta l  306.9 

ll = 83% 776.7 
q =  81% 30.2 

Tota l  ou tput  806.9 
N e t  ou tput  500.0 kW 

Three major f a c t o r s  i n f l u e n c i n g  p l a n t  per- 
formance  and c o s t  are  1 )  t h e  c o n t r o l  o f  non- 
c o n d e n s i b l e s  t h a t  c o n t a m i n a t e  t h e  power c y c l e  
c o n d e n s e r ,  2 )  t h e  equipment  requi r ;ed  t o  l i m i t  
w o r k i n g - f l u i d  l o s s e s ,  a n d  3 )  t h e  c o n t r o l  of 
s c a l i n g  o r  performance robbing d e p o s i t s  i n  crit- 
i c a l  components. These f a c t o r s  are not  unre la ted  
and c o n t r o l  of one o f t e n  impacts c o n t r o l  of t h e  
o t h e r  two. The 500 kW p i l o t  p l a n t  h a s  been  
designed t o  i n v e s t i g a t e  and demonstrate v i a b l e  
s o l u t i o n s  t o  a l l  t h r e e  f a c t o r s .  

MAJOR COMPONENT DESCRIPTION 

The UChX c o n f i g u r a t i o n  i s  o n e  o f  a s p r a y  
tower, with t h e  hot  (335OF) b r i n e  i n l e c t e d  a t  t h e  
t o p  of t h e  v e s s e l  and a l l o w e d  to f l o w  t o  t h e  
bot tom,  f o r m i n g  a c o n t i n u o u s  column of  l i q u i d  
approximately 30 f e e t  high. Cold i sobutane  (94OF) 
is i n j e c t e d  near  t h e  bottom of t h e  v e s s e l  through 
a p e r f o r a t e d  p l a t e ,  forming s m a l l  "bubbles" of 
d i spersed  l i q u i d .  The isobutane i s  less dense and 
only spar ingly  s o l u b l e  i n  t h e  surrounding b r i n e ,  
and these  d r o p l e t s  rise through t h e  column absorb- 
i n g  n e a t  t h r o u g h  d i r e c t  c o n t a c t .  P r e h e a t i n g ,  
b o i l i n g ,  and superheat ing of t h e  isobutane a l l  

, t a k e  p l a c e  i n  t h e  same vesse l .  

Lf t h e  downward v e l o c i t y  of t h e  b r i n e  exceeds 
t h e  r i s i n g  d , r o p l e t  v e l o c i t y ,  , the  I C 4  i s  swept  
o u t  t h e  bottom.of t h e  UCHX with t h e  e x i t i n g  br ine.  
T h i s  c a r r y u n d e r  c o n d i t i o n  i s  a v o i d e d  t h r o u g h  
judic ious  s e l e c t i o n  of t h e  v e s s e l  diameter.  Based 
on a v a i l a b l e  c o r r e l a t i o n s  of holdup (def ined  as 
t h e  column f r a c t i o n  ,occupied by I C 4 )  and car ry-  
under, an i n s i d e  column diameter of 40 inches was 
se lec ted .  This .diameter  i s  expected t o  y i e l d  an 
a c t u a l  h o l d u p  e q u a l  t o  90% of  t h e  h o l d u p  t h a t  
o c c u r s  j u s t  p r i o r  t o  c a r r y u n d e r  c o n d i t i o n s .  

The. I C 4  powFr t u r b i n e  c o n f i g u r a t i o n  i s  a 
r a d i a l  i n f l o w  d e s i g n  o p e r a t i n g  a t  25,000 rpm. 

i 

The impel ler  i s  7.75 inches i n  diameter and t h e  * 

predic ted  e f f i c i e n c y  i s  0 . 8 3 ' a t  t h e  design condi- 
t i o n s .  The t u r b i n e  is provided wi th  v a r i a b l e  a r e a  
nozzles.  A t  a cons tan t  i n l e t  p ressure ,  flow r a t e s  
of 60% t o  120% of design can be accommodated with 
small  changes i n  t u r b i n e  e f f i c i e n c y .  The t u r b i n e  
wheel i s  mounted d i r e c t l y , o n  t h e  high speed s h a f t  
of t h e  gearbox, thereby e l i m i n a t i n g  any a d d i t i o n a l  
bear ings and couplings.  

, The vapor mixture ( I C 4 ,  steam, and C02) leav- 
i n g  t h e  DCHX, and thence t h e  t u r b i n e ,  i s  re turned  
t o  l i q u i d  by means of an evaporat ive condenser. 
An evapora t ive  condenser is  s i m i l a r  t o  a cool ing  
tower wi th  t h e  cool ing  tower core  replaced by t h e  
condensing c o i l .  Working f l u i d  vapor i s  condensed 
t o  l i q u i d  i n s i d e  t h e  condensing c o i l ,  t h e  o u t s i d e  
of which i s  cont inua l ly  wetted by a . r e c < r c u l a t i n g  
water system. Air i s  simultaneously blown upward 
0ve.r t h e  c o i l  c a u s i n g  a s m a l l  p o r t i o n  of  t h e  
r e c i r c u l a t e d  water to: evaporate.  This  evapor- 
a t i o n  removes hea t  from t h e  c o i l ,  thereby  cool ing 
and condensing t h e  working f l u i d  vapor i n s i d e  t h e  
c o i l .  The e v a p o r a t i v e  c o n d e n s e r  h a s  l o w e r  
p a r a s i t i c  power requirements and l o w e r  c a p i t a l  
costs than  t h e  cool ing , tower  approach. 

The I C 4  r e c o v e r y  sys tem i s  d e s i g n e d  t o  
remove 95% of t h e  dissolved isobutane from t h e  
b r i n e  s t r e a m  e x i t i n g  t h e  DCHX and r e t u r n  it t o  t h e  
hotwel l .  A two-stage f l a s h  opera t ion  is employed 
t o  separa te  t h e  I C 4  from t h e  b r i n e  stream. The 
f l a s h e d  vapors a r e  compressed and then cooled t o  
recondense t h e  IC4. 

TEST RESULTS 

An e l ec t r i c  s u b m e r s i b l e  downhole pump was 
used t o  supply b r i n e  t o  t h e  500 kW p l a n t .  The 
pump was i n s t a l l e d  and s t a r t e d  November 17, 1979. 
Except f o r  a few i n t e r m i t t e n t  power outages,  t h e  
pump operated cont inuously f o r  5 months and 20  
days. The pump then  f a i l e d  f o r  causes  n o t  d e t e r -  
mined a t  t h e  t i m e  of t h i s  wr i t ing .  The downhole 
t e m p e r a t u r e  i s  e s t i m a t e d  t o  be  a p p r o x i m a t e l y  
350°F. 

Based on measured f l o w  r a t e s ,  i n l e t  and 
o u t l e t  condi t ions  and column temperatures,  t h e  
KHX performed b e t t e r  than  expected. Overa l l  hea t  
balances between b r i n e  cool ing  and I C 4  h e a t i n g  
were very good, being within-2-3% i n  most cases .  
The most s i g n i f i c a n t  aspec t  of t h e  da ta  is  t h e  
i n d i c a t e d  low pinch temperature achieved over  t h e  
e n t i r e  opera t ing  flow r a t e s .  While t h e  expected 
pinch temperature a t  p l a n t  design was est imated t o  
be 7OF, t h e  pinch temperature c a l c u l a t e d  a t  t h e  
a c t u a l  condi t ions  ranged from l . l°F a t  high b r i n e  
flow r a t e s  (F igure  2 )  t o  3.7OF a t  low b r i n e  flow 
r a t e s .  No a t t e m p t  was made d u r i n g  t h e  f i r s t  
t es t s  t o  f l o o d  t h e  column t o  d e t e r m i n e  i t s  
opera t ing  limits. The c l o s e  pinch temperatures  
achieved i n d i c a t e  t h a t  very l i t t l e  back mixing 
e x i s t s  and t h a t  t h e  flow i s  very s t a b l e  i n  t h e  40 
inch diameter column. 

The c l o s e  approach temperature demonstrated 
by t h i s  DCHX design o f f e r s  t h e  p o t e n t i a l  f o r  high 
u t i l i z a t i o n  f a c t o r s  f o r  t h e  DCHX binary system. 
Since f o u l i n g  cannot occur i n  t h e  DCHX, t h i s  high 
performance p o t e n t i a l  should e x i s t  f o r  extended 
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per iods .  Continuing t e s t i n g  w i l l  e s t a b l i s h  t h e  
l i m i t s  f o r  t h i s  DCHX design. 

The turbine-generator  w a s  i n i t i a l l y  s t a r t e d  
January 15, 1980, f o r  a t o t a l  run time of 13.5 
hours. During t h e  prel iminary p l a n t  runs ,  t h e  
genera tor  ou tpu t  p o w e r  w a s  no t  measured d i r e c t l y  
due t o  i n s t r u m e n t a t i o n  $problems.  A coarse  
measurement o f  o u t p u t  was made by m o n i t o r i n g  
g e n e r a t o r  amperage.  These  v a l u e s  a p p e a r e d  
reasonable  dur ing  t h e  f i r s t  s t a r t u p .  

The evapora t ive  condenser performance was 
e v a l u a t e d  b a s e d  on  t h e  h e a t  t r a n s f e r  and  t h e  
measured c o n d e n s i n g  t e m p e r a t u r e .  The h e a t  
t r a n s f e r  performance i s  a func t ion  of hydware  
des ign  and also t h e  non-condensibles exist;ng i n  
t h e  vapor stream. Figure  3 shows t h e  condenser 
performance p l o t t e d  as  t h e  A T  between condensing 
w e t  b u l b  t e m p e r a t u r e  v e r s u s  h e a t  l o a d .  The 
w e t  and bu lb  temperatures ranged from 48O t o  54OF 
dur ing  t h e s e  tests. The d a t a  i n d i c a t e s  t h a t  t h e  
condensers were a b l e  t o  d i s s i p a t e  t h e i r  hea t  a t  
lower condensing temperatures than  expected, t h u s  
exceeding t h e i r  des ign  performance. 

The components i n  t h e  recovery system per- 
formed f u n c t i o n a l l y  t o  expec ta t ion .  The recovery 
compressor maintained t h e  recovery f l a s h  t ank  a t  
t h e  5 psia des ign  l e v e l  even wi th  h igher  than  50 
pprn des ign  va lue  of  C02  i n  t h e  e f f l u e n t  b r ine .  
The a c u t a l  pe r fo rmance  l e v e l  a c h i e v e d  by t h e  
r e c o v e r y  s y s t e m  w i l l  b e  d e t e r m i n e d  i n  t h e  
fol low on tes t  series p r e s e n t l y  underway. 

A m o r e  d e t a i l e d  d iscuss ion  of t h i s  e n t i r e  
tes t  program i s  contained i n  t h e  f i n a l  report, 
Reference 3. 
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FIGURE 2 
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