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SPECIAL FUNCTION INSTRUMENTS FOR BINARY CYCLE GEOTHERMAL POWER PLANTS 

R. J. R o b e r t u s ,  D. W. Shannon, R.  6. S u l l i v a n  

P a c i f i c  Northwest  La bora  tory 
R i c h l a n d ,  Uashington  

A b s t r a c t  

Three s p e c i a l  . i n s t r u m e n t s  have  been  d e s i g n e d  
t o  s u p p o r t  p l a n t  o p e r a t i o n s  a t  t h e  Heber  g e o t h e r -  
mal power p l a n t  i n  Heber, C a l i f o r n i a .  A l l  are 
a i d s  t o  g i v e  o p e r a t i n g  i n f o r m a t i o n  which no 
c o m e r c i a l  i n s t r u m e n t s  c a n  p r o v i d e .  The f irst  is 
a package for  d e t e r m i n i n g  CO, b r e a k o u t  c o n d i t i o n s  
for  a p a r t i c u l a r  b r i n e .  
o u s l y  a t  e i t h e r  t h e  wel lhead  or t h e  p l a n t  i n l e t .  
A t empera ture-pressure  c u r v e  i s  g e n e r a t e d  which 
w i l l  span a l l  p o s s i b l e  o p e r a t i n g  combina t ions .  
That  in format ion  tel ls  d e s i g n e r s  o r  o p e r a t o r s  
what pump p r e s s u r e s  m u s t  be  used  t o  keep  t h e  CO, 
i n  s o l u t i o n .  A second package u n i t  w i l l  d e t e c t  
t h e  presence  of ppm l e v e l s  of i s o b u t a n e  i n  e i t h e r  
b r i n e  or  water  s t reams.  
f lowing  b r i n e  s t reams c o n t i n u o u s l y .  The f u n c t i o n  
is  t o  a l e r t  o p e r a t o r s  when l e a k s  a r e  o c c u r r i n g  i n  
h e a t  exchangers .  A f i n a l  u n i t  s e n s e s  w a t e r  i n  
f l o w i n g  hydrocarbon s t reams.  The sampled s t r e a m s  
c a n  be  e i t h e r  l i q u i d  o r  vapor. S e n s i t i v i t y  i s  
close t o  a c t u a l  s o l u b i l i t y  l i m i t  f o r  w a t e r  i n  
i sobutane .  T h i s  d e v i c e  warns o p e r a t o r s  when 
t h e i r  hydrocarbon h a s  been c o n t a m i n a t e d  w i t h  
b r i n e  ( o r  cool ing  w a t e r ) .  

B r i n e  is sampled c o n t i n u -  

I t  samples  a c t u a l  

I n t r o d u c t i o n  

Comnercial development of p r o d u c i n g  electri- 
c i ty  from geothermal e n e r g y  depends  on s o l v i n g  
s c a l i n g  and c o r r o s i o n  problems. One i m p o r t a n t  
s c a l i n g  s p e c i e s  is c a l c i u m  c a r b o n a t e  ( c a l c i t e ) .  
I t  forms when carbon d i o x i d e  is r e l e a s e d  from t h e  
b r i n e  and t h e  b r i n e  becomes s u p e r s a t u r a t e d  i n  calcium 
carbonate .  Although t h e  thermodynamics of 
c a l c i t e  formation is f a i r l y  well u n d e r s t o o d ,  no 
r e l i a b l e  methods e x i s t  f o r  p r e d i c t i n g  when 
f l a s h i n g  and r e s u l t i n g  p r e c i p i t a t i o n  will o c c u r  
i n  geothermal br ines .  Pumping costs t o  keep a l l  
t h e  CO, i n  s o l u t i o n  are n o t  t r i v i a l .  G e n e r a l l y ,  
p r e s s u r e s  a r e  kept  some " s a f e  l i m i t "  a b o v e  what  
is thought  necessary  t o  p r e v e n t  b r e a k o u t .  
a c t u a l  breakout  c o n d i t i o n s  were known, pumping 
c o s t s  could  be he ld  t o  a minimum and s t i l l  
p r o v i d e  a nonsca l ing  p l a n t .  An i n s t r u m e n t  
package has  been developed  which w i l l  experimen- 
t a l l y  determine breakout  c o n d i t i o n s  for a g i v e n  
well. 

If 

General c o r r o s i o n  t r e n d s  i n  ,geothermal  
p l a n t s  can be t r a c k e d  u s i n g  comnerc ia l  r e s i s t a n c e  

style probes .  Modif ied l i n e a r  p o l a r i z a t i o n  
p r o b e s  a l s o  p r o v i d e  u s e f u l  i n f o r m a t i o n .  
N e i t h e r ,  however, can  r e l i a b l y  p r e d i c t  p i t t i n g  
c o r r o s i o n .  
mode which would r e s u l t  i n  l e a k i n g  h e a t  
e x c h a n g e r  t u b e s .  

Loss of hydrocarbon i n t o  t h e  b r i n e  or  
c o o l i n g  w a t e r  s t r e a m s  r e p r e s e n t s  a s e r i o u s  
economic p e n a l t y .  The a b i l i t y  t o  d e t e c t  small 
l e v e l s  of hydrocarbon i n  w a t e r  s t r e a m s  would 
a l l o w  o p e r a t o r s  t o  correct problems b e f o r e  t h e y  
became s e r i o u s .  A s p e c i a l  l e a k  d e t e c t o r  package  
h a s  been d e s i g n e d  t o  d e t e c t  v e r y  small l e a k  
rates ( c o n c e n t r a t i o n  of hydrocarbon down t o  

Pits a r e  t h e  most l i k e l y  f a i l u r e  

2 ppm i n  a n  aqueous s t r e a m ) .  

Consequences of g e t t i n g  w a t e r  i n  t h e  
hydrocarbon s t r e a m  could  b e  s e r i o u s  from a n  
o p e r a t i o n a l / s a f e t y  s t a n d p o i n t .  T h i s  is  u n l i k e l y  
under  o r d i n a r y  o p e r a t i o n  b u t  v e r y  p o s s i b l e  
d u r i n g  s t a r t  up and shutdown. O p e r a t o r s  m u s t  be 
aware of when/ i f  t h e  hydrocarbon stream i s  b e i n g  
contaminated .  

Carbon Dioxide  B r e a k o u t  

The equipment  i s  mounted on t h r e e  s k i d s .  
One c o n t a i n s  the a c t u a l  b r e a k o u t  equipment .  A 
second c o n t a i n s  r e c o r d i n g  i n s t r u m e n t a t i o n .  The 
t h i r d  s u p p o r t s  a n  a i r - c o o l e d  h e a t  e x c h a n g e r  f o r  
c o o l i n g  c i r c u l a t i n g  c o o l i n g  w a t e r .  The  e n t i r e  
system i s  d e s i g n e d  t o  be  e a s i l y  t r a n s p o r t a b l e  
and o p e r a b l e  a t  remote l o c a t i o n s .  
a d d i t i o n a l  item r e q u i r e d  is a power s u p p l y  t o  
run t h e  cooler and i n s t r u m e n t a t i o n .  P o r t a b l e  
g e n e r a t o r s  are  t o  be  used a t  a c t u a l  well si tes.  
A flow diagram fo r  t h e  equipment  i s  shown i n  
F i g u r e  1. 

During o p e r a t i o n  b r i n e  flows t h r o u g h  a n  
i n l e t  h e a t  exchanger  ( a n d / o r  b y p a s s )  i n t o  a n  
a d j u s t a b l e  o r i f i c e / s i g h t  g l a s s  a s s e m b l y ,  t o  a 
g a s  c o l l e c t i o n  chamber, t h e n  on  t o  a n  e x i t  h e a t  
exchanger .  
Valve V-4 a t  t h e  ex i t  of t h e  g a s  c o l l e c t i o n  
chamber. 
is v a r i e d  by changing  t h e ' b y p a s s  rate of h o t  
i n l e t  b r i n e  around t h e  f i rs t  h e a t  e x c h a n g e r .  
Valves  V-2 and V-6 are used.  The a d j u s t a b l e  
orifice. s i g h t  g l a s s  assembly  i s  t h e  p r o d u c e r  
and d e t e c t o r  of CO, b r e a k o u t  from the b r i n e .  

T h e  o n l y  

B r i n e  flow i s  c o n t r o l l e d  u s i n g  

B r i n e  t e m p e r a t u r e  a t  t h e  s i g h t  g l a s s  
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. ' For any given temperature o f  the b r ine ,  pressure 
i s  dropped across the needle valve u n t i l  bubbles 
o f  CO, a r e  detected i n  the  s i g h t  glass. 
bubbles are detected by eye and a l so  by a l i g h t  
source w i th  a photoelect r ic  c e l l .  

using c e r t i f i e d  Type K thermocouples. 
are measured w i t h  c a l i b r a t e d  pressure t rans-  
ducers. 
are sent t o  a data logging system. The data 
logger paper tape output serves as the permanent 
record. 

c e l l  i s  used as an operat ional  guide t o  be sure 
the same bubbling condi t ions are se lected a t  
each temperature/pressure point .  Other s t r i p  
cha r t  recorders monitor temperature and pressure 
j u s t  before and j u s t  a f t e r  f lashing. 
recorders serve as operat ional  guides only. One 
add i t i ona l  recorder monitors pressure drop across 
an o r i f i ce .  This i s  t he  f l o w  i n d i c a t o r  and 
provides the operator v i sua l  i n d i c a t i o n  o f  h i s  
desired contro l  point. 

the b r i n e  t o  t h i s  t e s t  stand i s  unflashed. 
Hence, any wel ls  being tested must be pumped. 

i n l e t  t o  a geothermal power p l a n t  r a t h e r  than a 
s ing le  wel l .  
o f  f o u r  d i f ferent  wel ls.  This l o c a t i o n  was 
chosen only because power and too l s  were conve- 
n ient .  

The 
. 

Temperatures are measured a t  po in ts  shown 

A l l  temperature and pressure readings 

Pressures 

The recorder t race from the pho toe lec t r i c  

These 

Meaningful r e s u l t s  can be achieved on ly  when 

Proof o f  p r i n c i p l e  t e s t s  were done a t  t he  

The sampled stream was a composite 

Results from the t e s t  are shown i n  Figure 2. 
The smooth curve ind icates the data are probably 
consistent. The same curve shows pressure 
temperature data f o r  water as a reference point .  
Also shown are ca lcu lated curves. 
uses Henry's law constants f o r  CO, s o l u b i l i t y  i n  
pure water. 
s o l u t i o n  as H,CO,. Disassociat ion react ions are 
ignored; so are e f f e c t s  o f  i o n i c  strength. 

One c a l c u l a t i o n  

I t simply t r e a t s  a l l  of the CO, i n  

The second ca lcu lated curve i s  from a 
sophist icated chemical equ i l i b r i um computer code 
which was developed s p e c i f i c a l l y  f o r  complex 
s o l u b i l i t y  calculat ions.  Comparison o f  t h e o r e t i -  
ca l  and calculated values shows there i s  s t i l l  a 
need t o  run experiments. 
CHMTMP and experiment a t  77°C i s  a r t i f i c i a l .  The 
code used t h i s  as a reference p o i n t  t o  s e t  t he  
chemistry o f  the br ine.  
code and experiment a t  h igher  temperatures cannot 
be completely explained. Experimentally we 
measured lower breakout pressures than the  code 
predicted. 
k i n e t i c  e f f e c t s  which may n o t  a l l ow  imnediate 
bubble formation a t  equ i l i b r i um conditions. 

Figure 3 provides more in format ion on the  
experimental versus computed data. The CHMTMP 
t o t a l  pressure l i n e  i s  t h e  t o t a l  equ i l i b r i um 
pressure i n  the  system inc lud ing  water 's vapor 
pressure. The CO, p a r t i a l  pressure l i n e  is 
p a r t i a l  pressure o f  CO, only. The imp l i ca t i on  

The agreement between 

Deviat ions between the  

Par t  o f  t h e  explanat ion might be 

here i s  t h a t  gas bubbles which do fo rm a t  h igh 
temperatures con ta in  s i g n i f i c a n t  amounts o f  
water vapor. They a re  n o t  pure carbon d iox ide.  

Water Leaks i n t o  Hydrocarbon Streams 

A schematic f l o w  diagram f o r  t h e  instrument 
i s  shown i n  F igure 4. 
hydrocarbon stream i s  f i r s t  cooled t o  l i q u e f y  it. 
(Some streams which a r e  l i q u i d  already, do n o t  
pass through a cooler.) The l i q u i d  m i x t u r e  i s  
fed t o  an expansion chamber where water separates 
by g rav i t y .  A thermocouple a t  t he  entrance t o  
the expansion chamber monitors temperature there. 
A pressure guage a t  t h e  i n l e t  t o  the  inst rument  
reads system pressure f o r  the instrument. 
Knowing temperature and pressure o f  t h e  system, 
one can determine i f  t h e  hydrocarbon i s  l i q u i d  
or not. 

Flow through the  instrument i s  c o n t r o l l e d  
using manual valves. 
w i t h  a magnetic f o l l o w e r  i s  t he  f l o w  i n d i c a t o r .  
Flow through the system i s  n o t  c r i t i c a l ,  b u t  
c e r t a i n  ranges are opt imal.  
0.2 gpm hydrocarbon b u t  l ess  than 0.7 gpm work 
q u i t e  well.) Higher f l o w  rates (> 1 gpm hydro- 
carbon) r e s u l t  i n  reduced separator e f f i c i e n c y .  
Low f lows a l l o w  water t o  c o l l e c t  i n  t h e  p i p i n g  
and r e s u l t  i n  a s lugging e f f e c t  a t  t he  c o l l e c t o r .  
This complicates i n t e r p r e t a t i o n  o f  t h e  informa- 
t i o n  from the  instrument. 

Hydrocarbon which i s  sampled from the  p l a n t  
i s  returned and reused i n  the p lant .  
vented or sent t o  a sump. 
be combined w i t h  t h e  e x i t  hydrocarbon or sent t o  
a sump. The instrument i s  not  meant t o  be a 
clean up device, so no specia l  d isposal  proce- 
dures were developed f o r  the water. 

a much b e t t e r  e l e c t r i c a l  conductor than l i q u i d  
hydrocarbon. 
hydrocarbon c o l l e c t s  i n  an annulus formed by a 
capacitance probe i n s i d e  a pipe. 
tance probe shows readings between 0 and 100% as 
the annulus f i l l s  w i t h  water. The 100% and 0% 
po in ts  are a r b i t r a r y  and user adjustable.  

l i q u i d  which i s  dumped when the so lenoid va lve 
i s  opened. 
than o r  a t  most equal t o  the c o l l e c t e d  volume. 
Each open and close cyc le  on the so lenoid va lve 
advances a mechanical counter one count. 

provides i n te r face  in format ion f o r  a process 
computer and operat ing alarms. 
accepts a 1 t o  5 v o l t  dc pulse i n p u t  and sends 
out  a 4-20 ma s ignal  propor t ional  t o  t h e  t o t a l  
number of pulses i t  receives. 
generated by c l o s i n g  o f  a mechanical r e l a y  
whenever t h e  solenoid d r a i n  valve opens. 

uses two t o t a l i z e r s .  
t i ons  o f  long-term leakage rates. 

When necessary, t h e  

An armored s t y l e  rotameter 

(Flows g r e a t e r  than 

I t  i s  n o t  
Col lected water can 

. The instrument detects  water because i t  i s  

Water which i s  separated from the  

The capaci- 

Another c o n t r o l l e r  determines t h e  volume o f  

The dumped volume . is  always l e s s  

A comnercial ly a v a i l a b l e  e l e c t r o n i c  counter 

The counter 

The s igna l  i s  

Each l.eak detector  connected t o  t h e  counter  
To ta l  counts g i v e  i nd i ca -  

The timed 

2 
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A nondispersive i n f r a r e d  analyzer i s  gener- 
a l l y  sens i t i ve  t o  a l l  hydrocarbons i n  a gas 
stream since i t  focuses on C-H v i b r a t i o n  wave- 
lengths. This modi f ied u n i t  focuses i ns tead  on 
C-C v ibrat ions.  That mod i f i ca t i on  desensi t izes 
the u n i t  t o  methane, which a l so  e x i s t s  i n  o f f -  
gases from geothermal br ines.  The u n i t  i s  about 
60 times more s e n s i t i v e  t o  isobutane than methane. 
S t i l l ,  the n a t u r a l l y  occurr ing hydrocarbons i n  
the noncondensible f r a c t i o n  o f  b r i nes  w i l l  e l i c i t  
a small, b u t  non-zero response from t h e  NDIR 
analyzer. 

detector, the volume o f  gas released w i l l  be 
q u i t e  temperature dependent. Higher separator 
temperatures w i l l  g i ve  o f f  more carbon d iox ide  
and d i l u t e  the  isobutane. Conversely a t  low 
temperatures, l e s s  gas i s  evolved and t h e  
measured isobutane concentrat ion could approach 
alarm conditions. Therefore, i t  i s  recommended 
the temperature o f  b r i n e  i n t o  the  separator be 
con t ro l l ed  t o  2 5°F us ing the  b u i l t - i n  heat 
exchanger. 

When cool ing water i s  f l ow ing  through the 
detector, n i t rogen c a r r i e r  gas must be used t o  
sweep any isobutane t o  the  gas analyzer. 
n i t rogen i s  nea r l y  i nso lub le  i n  water a t  any 
temperature (and near ambient pressure), tempera- 
t u r e  contro l  i s  n o t  important. Mainta in ing a 
constant n i t rogen f l o w  i s  c r i t i c a l ,  however. 

i l l u s t r a t e  t races from the  NDIR analyzer wh i l e  
sampling a geothermal br ine.  (Isobutane was 
a c t u a l l y  being pumped i n t o  the  b r i n e  upstream o f  
the leak detector.) Figure 6 shows a meandering 
response due t o  temperature changes i n  a br ine.  
The temperature a f f e c t s  t o t a l  volume o f  gas 
evolved ( p r i m a r i l y  t he  CO, f r ac t i on ) .  Th is  
d i l u t e s  the isobutane and a lower reading 
resu l t s .  
phase a t  any operat ing cond i t i on  f o r  t h e  leak 
detector.) Figure 7 shows response o f  t h e  NDIR 
analyzer as isobutane concentrat ion increases i n  
the  br ine.  The ppm values associated w i t h  the 
gas analyzer response are r e l a t i v e  numbers only. 
They are NOT p red ic t i ons  o f  responses on the 
Heber br ine.  The t races are i l l u s t r a t i v e  o f  the 
s e n s i t i v i t y  o f  t h e  l eak  detector  t o  isobutane. 
Figure 8 i s  again i l l u s t r a t i v e  only. I t  shows 
the NDIR analyzer response t o  a sample s l u g  
i n j e c t i o n  o f  isobutane. 
v e r i f y  t h a t  the leak detector  i s  indeed opera- 
t ing.  The rap id  r i s e  and long t a i l  a r e  
c h a r a c t e r i s t i c  o f  t h i s  tes t .  

The leak detector  has been operated over 
t h e  range o f  2 t o  50 p a r t s  per  m i l l i o n  (ppm) 
isobutane ( l i q u i d )  i n  t h e  l i q u i d  stream. The 
2 ppm l e v e l  i s  near t h e  lower detect ion l i m i t  o f  
the system. F i f t y  ppm is s t i l l  we l l  below t h e  
sa tu ra t i on  l i m i t .  Recoveries o f  i n j e c t e d  
isobutane ranged between 50 and 70% a f t e r  
tempera t u  r e  compensation. 

When geothermal b r i n e  i s  passing through the 

Since 

The responses shown i n  Figures 6 through 8 

(Isobutane i s  almost 100% i n  t h e  gas 

I t  al lows operators t o  

' , 'counts t r a c k  t rans ients  which might occur du r ing  
s t a r t  up and shutdown o f  a p lan t .  

I f  the hydrocarbon does ge t  contaminated 
dur ing a shutdown, t h i s  l eak  de tec t i on  system 
can be used t o  monitor e f fec t i veness  o f  any 
clean up procedures, too. As t h e  system gets 
cleaner, the number o f  counts per  day w i l l  
decrease t o  some steady-state p o i n t  (hope fu l l y  
zero). 

range o f  hydrocarbon f l o w  r a t e s  and water 
concentrations. I t  w i l l  separate water from 
isobutane down t o  l e s s  than 100 ppm H,O. 
i s  close t o  the s o l u b i l i t y  o f  water i n  isobutane. 
Over a wide range o f  ope ra t i ng  condi t ions t h e  
u n i t  recovers 60% o f  t h e  water en te r ing  t h e  
system. 

. 

The detector has been operated cver  a broad 

Th is  

Hydrocarbon Leaks I n t o  B r ine  o r  Cool ing Water 

This leak detector  i s  composed o f  a gas- 
l i q u i d  separation module and.a gas phase 
composition monitor ing instrument. A system 
schematic i s  shown i n  F igure 5. 

The leak detector  i t s e l f  samples a process 
stream continuously. The sampling r a t e  i s  
nominally 0.2 gal lons pe r  minute (gpm). 
l i q u i d  i s  cooled when necessary; then the  pres- 
sure i s  reduced t o  near ambient so the  isobutane 
w i l l  vaporize. Gases a r e  separated from the  
l i q u i d  i n  an expansion chamber. Gases f l o w  on 
through a ser ies o f  water t raps  and f i l t e r s ,  then 
t o  a nondispersive i n f r a r e d  (NDIR) analyzer. 
L i q u i d  i s  drained out  t h e  bottom o f  a c o l l e c t i o n  
tube and sent t o  an atmospheric sump. 

through the leak de tec to r  w i l l  vary, also. Thus, 
a contro l  system i s  used t o  ensure some l i q u i d  i s  
always i n  the u n i t  bu t  none f lows t o  the  gas 
analyzer. (Small amounts o f  l i q u i d  c a r r y  over  i n  
the gas stream are expected, b u t  w i l l  be removed 
i n  the  traps and f i l t e r s . )  The l e v e l  o f  l i q u i d  
i n  the co l l ec t i on  tube i s  sensed by a capacitance 
probe. Total  volume o f  l i q u i d  i n  the  system i s  
determined by set t ings on a un iversa l  t r a n s m i t t e r  
and a setcon con t ro l l e r .  These two c o n t r o l l e r s  
actuate solenoid valves which admit l i q u i d  t o  t h e  
detector  o r  dra in  l i q u i d  ou t  o f  t he  c o l l e c t i o n  
tube. The con t ro l l e rs  operate on t h e  s igna l  f rom . the  capacitance probe. An a d d i t i o n a l  c o n t r o l l e r  
prevents accidental f l o o d i n g  o f  t he  separat ion 
chamber. I f  the l i q u i d  l e v e l  i s  too high, t h i s  
c o n t r o l l e r  shuts a va lve which stops l i q u i d  f l o w  
t o  the separation module. 
d r a i n  valve so the excess l i q u i d  can be dumped 
rap id l y .  Gas which i s  released from the  b r i n e  
occupies most o f  the c o l l e c t i o n  vessel 's  volume. 
It i s  maintained a few p s i  above ambient by .a  
pressure regulator on a ven t  l i n e .  The s l i g h t  
overpressure i s  needed t o  ensure constant flow t o  
the NDIR gas analyzer. 
modi f ied t o  be h igh l y  s e l e c t i v e  b u t  n o t  s p e c i f i c  
f o r  isobutane. 

The 

As p lant  operat ing condi t ions change, f l o w  

It a l s o  opens a second 

The gas analyzer i s  
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COI BREAKOUT TEST SYSTEM 

AIM C O O L E D  

GAS C O l L f C l I O N  

pn f l f  C l R O D E  

I X C W A N G t l  

Figure 1 Flow Diagram 
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Figure 2 Calculated Experimental 
C02 Ereakout Curves 
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Figure 3 Equilibrium Predictions 
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Figure 5 Hydrocarbon Leak Detector 
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Hydrocarbon Leak Detector 
Response to Sample Temperature Changes 
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Figure 7 Sens iv i ty  t o  Isobutane- I n j e c t i o n  
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Figure 8 Response t o  Operational Check 
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