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SUMMARY 

This  
o f  corros 

r e p o r t  sumnar 
on (and o the r  

b i n a r y  cyc le  geothermal 

zes approximately two years o f  cont nuous moni tor  
va r iab les  t h a t  a f f e c t  co r ros ion )  i n  a 10-megawatt 
power p lan t .  The p r o j e c t  goal was t o  develop met 

f o r  d e t e c t i n g  adverse p l a n t  cond i t i ons  soon enough t o  prevent equipment 
f a i l u r e s .  
Northwest Laboratory(a)  (PNL) f o r  use i n  the 50-megawatt geothermal power 
p l a n t  a t  Heber, C a l i f o r n i a .  

The t e s t  procedures and instruments were developed by P a c i f i c  

ng 

ods 

The instruments tes ted  were: 

Resistance-type corros ion probes ( f o u r  i n  the b r i n e  system and f o u r  i n  

the  hydrocarbon system) 

L inea r  p o l a r i z a t i o n  co r ros ion  probes (one a t  the p l a n t  b r i n e  i n l e t  and 
one a t  t he  p l a n t  b r i n e  o u t l e t ) .  
contained weight- loss coupons, which provided a check on the probe 
readings. ) 

Oxidat ion/ reduct ion p o t e n t i a l  (ORP) probes f o r  oxygen de tec t i on  (one a t  
the p l a n t  b r i n e  i n l e t  and one a t  the p l a n t  b r i n e  o u t l e t )  

High-temperature pH e lect rodes (several  a t  t he  p l a n t  o u t l e t  w i t h  va l v ing  
t o  moni tor  the p l a n t  i n l e t )  

E lect rodeless c o n d u c t i v i t y  c e l l s  f o r  gas bubble de tec t i on  (one a t  the 
p l a n t  b r i n e  i n l e t  and one a t  the p l a n t  b r i n e  o u t l e t ) .  

The res i s tance  corros ion probe elements a re  commercial ly a v a i l a b l e  and 

( A l l  the co r ros ion  probe l o c a t i o n s  

have been b u i l t  i n t o  a housing t h a t  can be i n s e r t e d  and r e t r i e v e d  under 
pressure. 
high-temperature c e l l  b u i l t  a t  PNL. The others a re  prototype instruments 
s t i l l  under development. P a c i f i c  Northwest Laboratory b u i l t  most o f  the 
prototypes b u t  a c t i v e l y  sought commercial development o f  t he  designs. 

The l i n e a r  p o l a r i z a t i o n  probes use commercial e l e c t r o n i c s  w i t h  a 

( a ) P a c i f i c  Northwest Laboratory l oca ted  i n  Richland, Washington, i s  
operated f o r  t he  U.S. Department o f  Energy by B a t t e l l e  Memorial 
I n s t i t u t e  under Contract  DE-AC06-76RLO 1830. 
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Some s p e c i f i c  accomplishments inc lude:  

The res i s tance  co r ros ion  probes were tes ted  and shown t o  be use fu l  
i n d i c a t o r s  o f  co r ros ion  i n  the  b r i n e  system. 

E l e c t r i c a l  problems on t h e  l i n e a r  p o l a r i z a t i o n  co r ros ion  probes were 
solved; t he  l a t e s t  high-temperature c e l l s  have over two years o f  success- 
f u l  operat ing experience. 

Methods f o r  inser t ing/ removing co r ros ion  coupons and probes w h i l e  the 
p l a n t  i s  on - l i ne  were perfected. 

The ORP probe was f u n c t i o n a l  and responded t o  ppb l e v e l s  o f  oxygen i n  the 
b r ine .  

The c o n d u c t i v i t y  probe responded very w e l l  t o  changes i n  s a l i n i t y  and can 

be designed t o  de tec t  gas bubble format ion.  

A q u a l i t a t i v e  eva lua t i on  o f  a l l  t he  instruments i s :  

Instrument 

Resistance Corrosion 
L inea r  P o l a r i z a t i o n  
Oxidat ion Reduction P o t e n t i a l  
High-Temperature pH (Ceramic) 
High-Temperature pH 

Conduc t i v i t y  (For  S a l i n i t y  

(Gas Bubble Detect ion)  

(Sol i d  S ta te )  

Changes) 

F u n c t i o n a l i t y  

Fa i r-Good 

Good 
Not Establ ished 
Not Establ ished 

Good . 

Very Good 

F a i r  (b )  

(a)Reference e lec t rode  1 i f e  must be improved. 

R e l i a b i l i t y  

F a i r  
Fa i r-Good 
F a i r ( a )  

Poor 
Not Establ ished 

Very Good 

Good 

(b)One temporary des gn worked w e l l ,  

v i  
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1.0 INTRODUCTION 

The d i r e c t  causes o f  geothermal p l a n t  f a i l u r e s  a re  obvious when they 
occur--the p ipe o r  heat exchanger has holes i n  it, the l i n e s  a re  plugged o r  
the i n j e c t i o n  w e l l  w i l l  n o t  accept waste b r ine .  The problem t h a t  l e d  t o  the 
f a i l u r e  i s  o f t e n  n o t  obvious; w i thou t  data recording, i t  may n o t  be poss ib le  
t o  determine how the  problem developed. 
i n  hydrothermal power p l a n t s  have caused m u l t i m i l l i o n  d o l l a r  r e p a i r  costs and 
extensive down t ime. I n  a d d i t i o n  t o  f i n a n c i a l  losses (over  $100,00O/day f o r  a 

55 MWe p l a n t ) ,  these f a i l u r e s  cause doubts about the economic v i a b i l i t y  o f  
geothermal power. 

I n  many cases, these types o f  f a i l u r e s  

I n  general,  the causes o f  s i l i c a ,  c a l c i t e ,  and s u l f i d e  s c a l i n g  a re  
understood. 
o r  operator  who has regarded the  b r i n e  as d i s t i l l e d  water r a t h e r  than a 
complex m ix tu re  o f  co r ros i ve  elements. Scale c o n t r o l  invo lves understanding 
the  behavior o f  minor elements i n  the b r ine - -espec ia l l y  s i l i c a ,  calcium, and 
C02 and t h e i r  i n t e r a c t i o n s  w i t h  b r i n e  temperature, pressure, and t ime a f t e r  
product ion.  
given; one w e l l  scales up and one does not. 
the C02 content o f  t he  b r ines  a t  the steam separator operat ing pressures. 

r e s u l t s  from a c i d i c  (pH < 7 )  cond i t i ons  o r  man-made a i r  i n t r u s i o n s  and the 
presence o r  absence o f  p r o t e c t i v e  f i l m s  on the metal.  
t i o n s  o f  nonuniform corros ion (e.g., p i t t i n g )  where f u r t h e r  research i s  needed 

t o  def ine the causes. 
s c a l i n g  a re  aggravated when a c o n d i t i o n  t h a t  developed over a pe r iod  o f  t ime 
suddenly causes a p l a n t  shutdown. 
cond i t i ons  a t  the t ime o f  f a i l u r e  r a t h e r  than cond i t i ons  t h a t  e x i s t e d  f o r  some 
time. 

Sca l i ng  r e s u l t s  from operat ing choices made by the p l a n t  designer 

I n  Table 1.1, the chemistry o f  two w e l l s  a t  Cerro P r i e t o  i s  
The d i f f e r e n c e  i s  the behavior o f  

Uniform corros ion o f  carbon s tee l  i s  a l s o  understood. Usual ly  corros ion 

There are some condi- 

The problems w i t h  p l a n t  f a i l u r e s  due t o  co r ros ion  o r  

Operat ing personnel tend t o  l o o k  a t  the 

1.1 



TABLE 1.1. Geothermal Well Data, Cerro Prieto, Mexico (a) 

M30 "Does 
Parameter Not Scale" 

pH at 25°C 

Na', mg/k 

K+, mg/a 

Ca+2, mg/a 

Ba", mgla 

Si02, mgla 

Fe", mg/i 

 SO^', mg/a 
HCO;, mg/g 

cl-, mg/a 
co2, % 

H2S, % 

Well Head, "C 

8.00 

7,809 

1,833 

596 

8 

1,077 

0.5 

13 

31 

15,173 

1.08 

0.15 

175 

M39 "Plugs in 
3 Months" 

8.05 

5,417 

901 

404 

9 

611 

0.6 

8 

148 

10,181 

1.39 

0.29 

166 

Well Head Pressure, psig 113 90 

Separator Pressure, psig 101 @ (170°C) 80 (3 (162°C) 

Total Flow, t/h 227 81 

Steam Flow, t/h 57 14 

(a)Mercado, A1 fredo. Comision Federal De Electricidao Cerro Prieto 
Geothermal Field, Baja California, Mexico. Personal Communication, 
August 1977. 
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The in -1  i n e  mon i to r ing  program a t  P a c i f i c  Northwest Laboratory (PNL) has 
been d i r e c t e d  t o  developing i n - l i n e  instruments and mon i to r ing  methods t o  
prov ide continuous record ing  o f  impor tant  chemical parameters and corros ion.  
The ob jec t i ves  are: 

0 Develop methods t o  de tec t  adverse p l a n t  cond i t ions  before f a i l u r e s  occur, 

0 Determine what t o  measure and why, 

0 Determine where t o  measure, and 

0 Determine how t o  measure. 

While such i n - l i n e  chemical mon i to r ing  i s  common i n  the  chemical and 
petroleum indus t r i es ,  every c u r r e n t l y  a v a i l a b l e  commercial inst rument  we 

tes ted  f o r  geothermal serv ice  i n  ho t  b r i nes  f a i l e d  t o  meet requirements. 
C lea r l y  we are  dea l i ng  w i t h  a need f o r  technology beyond c u r r e n t  commercial 
p rac t i ce .  
Ma te r ia l s  Advisory Board (NAS-NAE) was asked by DOE t o  study these needs i n  
1978 and the  PNL program was based on t h e i r  f i n d i n g s  (Shannon 1978 and 

Fur ther  study i s  needed t o  so lve the  problems. The Nat ional  

NAS-NAE 1978). 

An e a r l i e r  r e p o r t  by Shannon, Elmore, and Pierce (1981) summarized the  
i n i t i a l  phases o f  t he  p ro jec t .  
1982 through 1984. 

This  r e p o r t  deals most ly  w i t h  a c t i v i t i e s  from 
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2 .O CONCLUSIONS AND RECOMMENDATIONS 

The mon i to r i ng  program has def ined the  s t rengths and weaknesses o f  
several i n - l i n e  instruments f o r  mon i to r i ng  chemical, sca l ing,  and co r ros ion  
parameters i n  geothermal br ines.  Findings inc lude:  

0 

0 

0 

0 

0 

0 

the 

Comnercial res i s tance  probes g i v e  usefu l  i n d i c a t i o n s  o f  co r ros ion  trends. 
Actual r a t e s  i n  m i l s / y r  (MPY) compared favo rab ly  w i t h  coupon r a t e s  i n  the  
range 0.5 t o  20 MPY. 

Commercial l i n e a r  p o l a r i z a t i o n  probes f a i l  r a p i d l y  i n  ho t  br ines.  A 
modi f ied e lec t rode  design developed by PNL has worked f o r  over two years 
w i thou t  problems. The probe responds r a p i d l y  t o  any changes i n  co r ros ion  

rates.  I n d i c a t e d  co r ros ion  r a t e s  i n  MPY a re  h igher  than those i n d i c a t e d  
by e i t h e r  the res i s tance  probes o r  coupons. 

The ox ida t i on / reduc t i on  p o t e n t i a l  (ORP) probe i s  an excel l e n t  and sensi-  
t i v e  de tec to r  o f  oxygen i n  br ines.  For commercial app l i ca t i ons ,  a 
l o n g e r - l i v e d  and i n d u s t r i a l l y  durable reference e lec t rode  must be 
developed. 

High-temperature ceramic pH probes r e q u i r e  mechanical and chemical 
mod i f i ca t i ons  f o r  usefu l  a p p l i c a t i o n  i n  geothermal br ines.  B e t t e r  
reference e lect rodes a re  a1 so required. 

S o l i d - s t a t e  pH e lect rodes r e q u i r e  f u r t h e r  research t o  so lve seal problems. 

The concept appears promising and deserves f u r t h e r  support.  
reference e lect rodes a re  requ i red  here, too. 

The e lec t rode less  c o n d u c t i v i t y  c e l l  responds w e l l  t o  changes i n  s a l i n i t y .  
Fur ther  work i s  needed t o  i nco rpo ra te  automatic temperature compensation. 
S i g n i f i c a n t  e f f o r t  i s  requ i red  t o  opt imize the  u n i t  f o r  bubble detect ion.  

U l t ima te  success o f  t h e  inst rumentat ion program depends on t r a n s f e r r i n g  

Commercial 

technology t o  indust ry .  Since the  geothermal i n d u s t r y  i s  small ,  o the r  
a p p l i c a t i o n s  must be i d e n t i f i e d  before commercial instrument manufacturers 
w i l l  be i n te res ted .  

2.1 



3.0 DESCRIPTIONS 

3.1 TEST FACILITY 

The instrument t e s t  loop i s  i l l u s t r a t e d  i n  F igure 3.1.1. Geothermal 

b r i n e  was c o l l e c t e d  through a l /Z- in.-diameter tube mounted on a f l ange  
through a l - i n .  pene t ra t i on  on t o p  o f  t he  main 12-in. b r i n e  pipe. 
from the  sample tube was routed t o  the  2-in. v e r t i c a l  p ipe tees shown i n  

F igure 3.1.1 where i n - l i n e  sensors a re  i n s t a l l e d .  The v e r t i c a l  U-tube t r a p  
kept t he  e lect rodes wet w i t h  b r i n e  even i f  the main 12-in. l i n e  were drained. 

Clean-out plugs were provided t o  remove sand. 
connection o f  c o o l i n g  c o i l s  f o r  c o l l e c t i o n  o f  b r i n e  and gas samples. 
passing by the  i n - l i n e  sensors, the b r i n e  passed through a small  o r i f i c e  p l a t e  

where the f l o w  was measured. 
10 gpm when geothermal b r i n e  was f l o w i n g  i n  the  loop. 
downstream o f  the f l o w  measuring p l a t e ,  was s i zed  t o  take most o f  t he  pressure 

drop through the  loop. 
c o n t r o l  valves. 

The f l o w  

A sample va lve pe rm i t ted  
A f t e r  

General ly f lows were maintained between 6 and 
A second o r i f i c e ,  

This considerably increased the l i f e t i m e s  o f  the f l o w  

When instruments were ca l i b ra ted ,  b r i n e  f l o w  was stopped and c a l i b r a t i o n  

so lu t i ons  were pumped through the loop. 
used t o  mainta in  pressure on the system. 
r e c i r c u l a t e d  w i t h  a high-pressure pump. 
heated t o  b r i n e  i n l e t  temperature us ing the combination o f  a b r i n e - t o -  
c a l i b r a t i o n  f l u i d  heat exchanger and an e l e c t r i c a l l y  heated p ipe sect ion.  The 
e l e c t r i c a l l y  heated sec t i on  was f i l l e d  w i t h  s t e e l  spheres t o  increase the  heat 
t r a n s f e r  area. 
loop p lus  a data a c q u i s i t i o n  system. 

A back pressure c o n t r o l  va lve was 

These c a l i b r a t i o n  s o l u t i o n s  could be 
C a l i b r a t i o n  so lu t i ons  were genera l l y  

The complete t e s t  f a c i l i t y  cons is ted o f  the instrument t e s t  

3.2 DATA ACQUISITION SYSTEM AND SCHEDULE 

The data a c q u i s i t i o n  system had several  mon i to r i ng  and storage devices. 
Technical d e t a i l s  a re  omi t ted here s ince the  components a r e  no longer  s t a t e - o f -  

t h e - a r t  and n o t  necessa r i l y  recommended i t e m  by item. 
however, the system concept had many des i rab le  features.  

Ph i l osoph ica l l y ,  

A l l  the data were c o l l e c t e d  on a data logger.  This inc luded temperature 
and pressure measurements as w e l l  as outputs f r o m  the  co r ros ion  i n s t r u -  

ments (49 channels i n  a l l ) .  From here data were sent a t  15 minute i n t e r v a l s  
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t o  a ree l - to - ree l  magnetic recorder.  The data were a l s o  t ransmi t ted  t o  a 

desk top  computer terminal  w i t h  a c a r t r i d g e - s t y l e  magnetic tape. 
t ime the  terminal  had i n  memory the  twelve most recent  data logger  scans. 
maintained a running s t a t i s t i c a l  record  o f  each channel 's data (maximum, 
minimum, average, and standard dev ia t i on )  f o r  a g iven 24-hour per iod.  That 
s t a t i s t i c a l  in fo rmat ion  was a v a i l a b l e  i n  memory f o r  the  previous day, a lso.  
Each day t h e  s t a t i s t i c a l  summaries were w r i t t e n  t o  the  tape. Th is  terminal  

served as t h e  remote i n t e r f a c e  device. 

the  in-memory in fo rmat ion  could be t ransmi t ted.  
a d a i l y  bas is  so we could spot ma l func t ion ing  instruments o r  t r o u b l e  spots 
w i t h i n  the  p lan t .  The transmission was n o t  automatic. 
by someone a t  PNL's  l abo ra to r ies  i n  Richland, Washington. 

A t  any g iven 
I t 

I t  could be accessed by phone and a l l  
Th is  t ransmiss ion occurred on 

It had t o  be i n i t i a t e d  

The ree l - to - ree l  magnetic tapes were removed p e r i o d i c a l l y  and read on a 

Any 

computer a t  PNL i n  Richland. 
t h i s  repor t .  
p a r t i c u l a r  t ime pe r iod  could be analyzed w i t h  t h i s  program. 

This  computer generated t h e  p l o t s  shown l a t e r  i n  
Raw vol tage data were reduced us ing  appropr ia te  formulas. 

A microcomputer was dedicated t o  reading t h e  res is tance cor ros ion  probes. 
I t  d i d  t h i s  f o u r  t imes d a i l y .  Since s igna ls  f rom t h e  res is tance instruments 
were sent i n  d i g i t a l  form, the  microcomputer a l s o  converted the  s igna l  t o  an 
analog ou tpu t  f o r  the  data logger.  
f rom the  res is tance probes, i t  a l s o  read the  o the r  channels o f  temperature, 
pressure, e tc .  f rom the  data logger.  A l l  t h e  in fo rmat ion  was s to red  on f l oppy  

d iscs.  
logger. The microcomputer a l s o  generated one channel o f  in fo rmat ion  t h a t  
provided a s ta tus  check o f  the data a c q u i s i t i o n  system. 

Each t ime the  microcomputer received data 

Th is  prov ided a t h i r d  backup f o r  s t o r i n g  in fo rmat ion  f rom the  data 

On several  occasions one or more o f  t he  data storage devices exceeded 
Having t h e  backup systems storage l i m i t a t i o n s  or  otherwise malfunct ioned. 

al lowed us t o  ma in ta in  a continuous record o f  p l a n t  events i n  s p i t e  o f  such 
problems. 

A l l  o f  t h e  remote data a c q u i s i t i o n  instruments were powered by a 
n o n i n t e r r u p t i b l e  power source. 
t o  10 minutes) power outages. 
k icked i n  au tomat i ca l l y  t o  supply power f o r  up t o  two days. 

A b a t t e r y  package suppl ied power f o r  sho r t  (up 
A f t e r  t h a t ,  a propane engine-dr iven generator 
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3.3 TEST PROCEDURES 

Test procedures va r ied  depending on the  inst rument(s)  involved. 
w i l l  be given as approp r ia te  i n  t h e  discussions o f  each instrument. I n  
general , t h e  instruments were f i r s t  sub jec t  t o  l a b o r a t o r y  t e s t i n g .  These 
t e s t s  used simulated b r i n e s  i n  autoclaves t o  determine the  temperature and 
pressure c h a r a c t e r i s t i c s  o f  t he  instruments. 
passed the  autoclave t e s t s  were then subjected t o  f i e l d  t e s t s  i n  ac tua l  

geothermal br ines.  

D e t a i l s  

Prototype instruments t h a t  

The instruments were i n s e r t e d  i n  e i t h e r  t h e  t e s t  loop descr ibed i n  
Sect ion 3.1 o r  i n  a mon i to r i ng  s t a t i o n  shown i n  F igure 3.3.1. These monitor-  
i n g  s t a t i o n s  were l oca ted  a t  t he  b r i n e  i n l e t  t o  the  p l a n t  and a t  the b r i n e  

o u t l e t  from the  p l a n t .  
a11 the  instruments were tes ted  on ly  i n  the br ine.  
i n g  s t a t i o n s  underwent long-term exposure t e s t s .  
needed f o r  r e p a i r  o r  c a l i b r a t i o n .  

With the  except ion o f  t he  continuous co r ros ion  probes, 
Instruments i n  the monitor-  

They could be removed as 

A l l  c a l i b r a t i o n  t e s t s  i n  the  f i e l d  were done i n  the t e s t  loop descr ibed 
e a r l i e r .  C a l i b r a t i o n  f l u i d s  va r ied  w i t h  the  instrument be ing tested, b u t  t he  
f l u i d s  were kept  as c lose  t o  the  same as poss ib le  from one c a l i b r a t i o n  t o  the 
next. C a l i b r a t i o n s  u s u a l l y  i nvo l ved  a m a t r i x  o f  cond i t i ons  us ing  temperature 
and s o l u t i o n  composit ion as var iab les.  A l l  c a l i b r a t i o n  s o l u t i o n s  were cont inu-  
ous ly  c i r c u l a t e d  i n  the  t e s t  loop. 
so lu t i ons  changed composit ion s l i g h t l y .  These changes were monitored by 
analyz ing cooled samples of t he  f l u i d  and were accounted f o r  i n  the c a l i b r a t i o n  

procedure. 

Dur ing l ong  c a l i b r a t i o n  sequences, some 

3.4 DATA PRESENTATION FORMAT 

I n  general,  f o r  a l l  the co r ros ion  probes as w e l l  as suppor t ing instruments, 

absolute readings a re  l e s s  impor tant  than changes which occur. 
i s  t he  a b i l i t y  t o  t i e  instrument readings t o  r e a l  p l a n t  events t h a t  can 
exp la in  unusual outputs. Unfor tunate ly ,  mal funct ion ing instruments can g i ve  
responses t h a t  look l i k e  changing p l a n t  condi t ions.  Mal funct ions can mislead 
someone i n t o  b e l i e v i n g  an upset c o n d i t i o n  occurred. Being ab le  t o  recognize 
equipment f a i l u r e  i s  a necessary p a r t  o f  us ing and understanding these 
instruments. 

More important 
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A v i t a l  p a r t  o f  t h i s  program was determining t h e  long-term r e l i a b i l i t y  o f  
the instruments. Valuable instruments earn t h a t  s ta tus  by performing w e l l  
enough and long  enough so t h a t  p l a n t  operators t r u s t  t he  i n fo rma t ion  they 
generate. 

Instrument responses can change f o r  a v a r i e t y  o f  reasons. A few are 

l i s t e d  below: 

0 Real changes occur and the  instrument senses them. 

0 Mechanical breakdowns cause erroneous readings. 

0 E l e c t r i c a l  mal funct ions cause unreal  i s t i c  readings. 

0 An instrument i s  removed from serv ice,  so readings tempora r i l y  drop t o  

zero. 

e. 

0 

0 

An instrument has a s low ly  d e t e r i o r a t i n g  response. 

Automatic p e r i o d i c  c a l i b r a t i o n  sequences a re  un re la ted  t o  p l a n t  upsets. 

The data a c q u i s i t i o n  system f a i l s .  

e No l o g i c a l  explanat ion e x i s t s .  

A l l  o f  the above reasons were needed t o  i n t e r p r e t  t he  o r i g i n a l  complete 
p l o t s  f o r  each o f  t he  instruments. 
o f  the t o t a l  t e s t i n g  t ime f o r  any given instrument i s  shown. The segments 
have been chosen t o  show some rep resen ta t i ve  opera t i ng  responses t o  normal 

events and abnormal events. 

L a t e r  i n  t h i s  r e p o r t  o n l y  a small  segment 
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4.0 INSTRUMENT TEST RESULTS 

One o f  t he  ob jec t i ves  o f  t h i s  work was t o  a s s i s t  p l a n t  operators i n  
diagnosing upset cond i t i ons  which might increase co r ros ion  r a t e s  i n  geothermal 
power p lants .  A p a r t  o f  t h i s  o b j e c t i v e  was t o  i d e n t i f y  t he  equipment and 
procedures needed t o  prov ide r e l i a b l e  in format ion.  Some o f  those needs became 
c l e a r  as work proceeded. Un l i ke  more t r a d i t i o n a l  instrumentat ion,  many o f  the 
devices being tes ted  were unproven i n  the  f i e l d .  That f a c t  complicated the 
requirements f o r  usefulness. 
i d e n t i f i e s  c h a r a c t e r i s t i c s  o f  a good inst rumentat ion system. 

S t i l l ,  t he  f o l l o w i n g  l i s t  a t  l e a s t  p a r t i a l l y  

0 

0 

0 

0 

0 

0 

0 

0 

0 

The 

d u p l i c a t e  i n d i c a t o r s  f o r  t he  same phenomenon (coupons and res i s tance  

co r ros ion  probes respond t o  long-term corros ion;  instantaneous corros ion 
probes w i l l  respond t o  pH changes; pH and c o n d u c t i v i t y  c e l l s  respond t o  

gas breakout; co r ros ion  and redox probes respond t o  oxygen i n f i l t r a t i o n )  

p e r i o d i c  c a l i b r a t i o n  t o  mainta in  r e l i a b i l i t y  (use fu l  l i f e  f o r  most of t he  
instruments i s  n o t  known) 

backup data a c q u i s i t i o n  system 

generated p l o t s  f o r  se lected t ime i n t e r v a l s  (examining t a b u l a r  data once 
per day misses s lowly  meandering responses i n d i c a t i v e  o f  some bad 
i ns t rumen t s ) 

d a i l y  observat ion o r  i nspec t i on  by someone f a m i l i a r  w i t h  the system 

(numerous unexpected th ings  can happen t o  vo id  a l l  data f o r  extended 
per iods i f  n o t  detected soon) 

good records regarding the  i n d i v i d u a l  inst rument 's  h i s t o r y  ( c a l i b r a t i o n  
periods, repa i r s ,  and replacements must be documented) 

v i s u a l  d i s p l a y  o f  c u r r e n t  data as w e l l  as se lected o the r  t ime per iods 

remote a c c e s s i b i l i t y  by o the r  personnel who need the  i n fo rma t ion  

rugged, r e l i a b l e ,  and easy operat ion.  

i n d i v i d u a l  instrument sect ions t h a t  f o l l o w  a l l  show some t e s t  data which 
i l l u s t r a t e s  t h e i r  usefulness and/or f laws i n  geothermal systems. 
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4.1 CONTINUOUS CORROSION MONITORS 

I n - l i n e  co r ros ion  monitors o f  two commercial types have been tested. The 

f i r s t  type used the  l i n e a r  p o l a r i z a t i o n  p r i n c i p l e  t o  apply  a 10 mV p o t e n t i a l  
t o  an e lec t rode  and, from the co r ros ion  current ,  est imated a co r ros ion  r a t e  
t h a t  was then d isp layed i n  MPY. 
( w i t h i n  minutes a f t e r  cond i t i ons  changed). These probes worked w e l l  i n  
coo l i ng  water systems a t  t he  t e s t  s i t e  and were inst rumenta l  i n  de tec t i ng  
several p o t e n t i a l l y  ser ious events (Shannon e t  a l .  1981). One o f  t he  most 
ser ious occurred when a c o o l i n g  water a c i d  i n j e c t i o n  pump f a i l e d  t o  shut o f f  
as expected, r e s u l t i n g  i n  the pumping o f  concentrated s u l f u r i c  a c i d  i n t o  the 
condenser system. Because of t he  co r ros ion  alarm, no damage was done. 

The p o l a r i z a t i o n  probe gave a r a p i d  response 

However, i n  high-temperature b r i n e  the commercial 1 i n e a r  p o l a r i z a t i o n  
probe f a i l e d  r a p i d l y .  Unfortunately,  t he  mode o f  f a i l u r e  was t o  i n d i c a t e  a 
very low co r ros ion  r a t e  10 t o  100 t imes below the ac tua l  ra te .  The problem 
was t raced t o  bu i l dup  o f  i r o n  s u l f i d e  co r ros ion  scale on the  e lec t rode  where 
i t  threaded onto the s tud  as shown i n  F igure 4.1.1. This  in t roduced a h igh  
e l e c t r i c a l  res i s tance  i n t o  the  c i r c u i t ,  which l e d  t o  very low co r ros ion  
cu r ren ts  being measured. 

e n t r y  t o  t h i s  threaded region, b u t  under h i g h  pressures we decided a more 
r e l i a b l e  s o l u t i o n  was t o  e l i m i n a t e  the threaded stud and use a s o l i d  metal 
e lec t rode  as shown i n  F igure 4.1.2. This  design worked f o r  over two years and 
has been b u i l t  i n t o  the Heber B ina ry  Demonstration Plant .  Standard commercial 
e l e c t r o n i c s  can be used w i t h  the PML c e l l  i f  the  surface areas o f  t he  mod i f i ed  

e lect rodes a re  the  same as the  commercial ones. 

Various gasket m a t e r i a l s  were t r i e d  t o  prevent H2S 

A second type o f  commercial probe, one i n  which the e l e c t r i c a l  res i s tance  

o f  a t h i n  metal tube changes as i t  corrodes, was a l s o  tes ted  i n  both b r i n e  and 
hydrocarbon systems (F igure 4.1.3). 
probe ho lde r  w i t h  coupons added and was q u i t e  usefu l  f o r  long-term monitor ing.  
The measured co r ros ion  r a t e s  agreed reasonably w e l l  w i t h  coupon data except i n  
regions o f  very low (<0.5 MPY) o r  very h igh  (>20 MPY) co r ros ion  rates.  
may be due t o  hydrodynamic cond i t i ons  around the  probe o r  poss ib l y  m e t a l l u r g i -  
c a l  d i f f e rences  between the  annealed 1018 carbon s t e e l  probe m a t e r i a l  and 

p i p i n g  s tee ls .  

i n s e r t i o n  and r e t r i e v a l  i s  shown i n  F igure 4.1.4. 

This probe was i n s t a l l e d  i n  a custom-bui l t  

Th is  

A drawing o f  the pressure l o c k  system t h a t  permi ts  probe 
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Previous p l a n t  experience provided i n c e n t i v e  f o r  mon i to r i ng  co r ros ion  i n  
the hydrocarbon system. 
design revealed a t t a c k  on the  hydrocarbon side. 
a i r  had contacted the  hydrocarbon s ide  o f  t he  tubes f o r  s h o r t  i n t e r v a l s ,  
p r i m a r i l y  du r ing  shutdowns. 
hydrocarbon stream i t s e l f  could be co r ros i ve  because o f  t he  t r a c e  q u a n t i t i e s  
o f  degradation products i t  contains. 

moni tor ing study was i n i t i a t e d .  

Corrosion on tubes from an e a r l i e r  heat exchanger 
I t  was known t h a t  water and 

S t i l l ,  t he re  was some p o s s i b i l i t y  t h a t  the 

To answer the  quest ion,  a corros ion 

A t o t a l  o f  e i g h t  res is tance- type co r ros ion  probes were i n s t a l l e d  i n  the 
power p lan t ;  f o u r  monitored corros ion i n  the  hydrocarbon system and f o u r  
measured co r ros ion  i n  the  b r i n e  system. 
F igure 4.1.5. 

Locat ions f o r  the probes are shown i n  

The hydrocarbon s t a t i o n s  were chosen t o  moni tor  cool l i q u i d  ( l ) ,  h o t  
l i q u i d  (2 ) ,  h o t  vapor ( 3 ) ,  and cool vapor ( 4 )  i n  the system. 
work had been done on corros ion i n  hydrocarbon systems o f  b i n a r y  cyc le  geo- 
thermal p lan ts ,  t he  e f f e c t  o f  temperature was unknown and was inves t i ga ted  i n  
t h i s  study. 
o u t l e t  ( P C Z ) ,  and two in termediate p o i n t s  (B, C). 
no t i ced  a t  any p a r t i c u l a r  probe, manual sampling s t a t i o n s  could have been used 
t o  p i n p o i n t  which p a r t i c u l a r  exchanger was the  source. 

Since no previous 

The b r i n e  was monitored a t  t he  p l a n t  i n l e t  (A), the p l a n t  
I f  problems had been 

A l l  the isobutane probes had 5 m i l  usefu l  l i f e  (1 m i l  = 0.001 inches) 
res is tance elements. 
phenomena but still gave reasonably long lifetimes. Operationally, the probes 
measure the res i s tance  o f  a metal element. As metal corroded away, the  
element's res is tance increased and provided a d i r e c t  measure o f  t he  co r ros ion  
t h a t  had occurred. The probes responded on ly  t o  un i form corros ion,  however, 
and were n o t  very use fu l  f o r  d e t e c t i n g  p i t t i n g  co r ros ion  (severe p i t t i n g  i s  

i n t e r p r e t e d  as uni form).  

be h igher  than those f o r  isobutane, elements w i t h  10 m i l  use fu l  l i f e  were used 
i n  Locat ions A, B ,  C, and PC2. 

These t h i n  elements provided good s e n s i t i v i t y  t o  co r ros ion  

Because b r i n e  s ide  co r ros ion  r a t e s  were expected t o  

Table 4.1.1 compares some o f  t he  probe and coupon values. Each coupon 
value i s  an average o f  a t  l e a s t  t h ree  coupons. 

readings a re  shown i n  Figures 4.1.6 through 4.1.14. 
Example res i s tance  probe 
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TABLE 4.1.1. Corrosion Probe Data Summary 

Test Corrosion Rate, MPY 
Sample Locat ion Days Resistance Probes Coupons 

Hydrocarbon System 

Cold L i q u i d  3 38 <o. 1 0.08 

Hot L i q u i d  340 <o. 1 0.07 

Hot Vapor 340 <o. 1 0.05 

Cool Vapor 294 <o. 1 0.05 

B r ine  System 

Hot I n l e t  B r ine  294 0.1 0.9 

Warm Br ine  340 0.7 1.1 

Cool Br ine  202 1.6 2.0 

P l a n t  O u t l e t  B r i n e  296 see t e x t  4.7 

The t o t a l  co r ros ion  which occurred i n  the hydrocarbon system was so low as t o  
be almost n o t  detectable even w i t h  the coupons. 
a 340 day exposure, 0.05 MPY corresponds t o  o n l y  10 mg weight loss.  
p r a c t i c a l  matter,  t he  l i m i t  o f  de tec t i on  f o r  t he  res i s tance  probes used was 
about 0.1 MPY. 

For the  s i z e  coupons used and 
As a 

4.1.1 H i s t o r y  o f  Some Resistance Probes 
No s i n g l e  probe was i n  s a t i s f a c t o r y  operat ion a t  the p l a n t  o u t l e t  more 

than two months. 
a r e  tabu la ted  below. For some, f a i l u r e  occurred several  days before manpower 

was a v a i l a b l e  t o  remove them. 

Service dates f o r  t he  probes i n s t a l l e d  i n  the  p l a n t  o u t l e t  

Probe Date I n  Date Out Comments 

PC2A 11/01/83 01/18/83 Pinhole leak i n  ho lde r  
PC2B 01/19/83 02/09/83 Second p inho le  leak 
PC2C 02/11/83 02/23/83 5 m i l  probe 
PC2D 03 / O  1/83 03/21/83 10 m i l  probe 
PC2E 03/24/83 04/10/83 10 m i l  probe 
HX7A 04/ 14/83 06/14/83 Old probe from Heat Exchanger 7 
PCZF 06/ 14/83 08/22/83 Presoaked probe i n  h o t  b r i n e  

P l a n t  was shut down from J u l y  1 through August 22, 1983. 
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Readings from Probes PCZA and PC2B were q u i t e  e r r a t i c .  
the probe ho lde r  al lowed water t o  s h o r t  across some e l e c t r i c a l  leads. 

Leaks i n  weld seams on 

A f t e r  the leaks were f i xed ,  new probes disappeared very r a p i d l y .  
Figure 4.1.9 shows t h e  l a s t  days o f  Probe PC2D and the sho r t  l i f e  o f  PC2E; 
both probes had 10 m i l  use fu l  l i v e s .  
occur on a new probe even though b r i n e  was n o t  f lowing.  
f o r  the f i r s t  3+ days. 
exceeded 200 MPY. 

corrosion. 
(Number 7) and i n s e r t e d  i n  the p l a n t  o u t l e t .  
co r ros ion  r a t e s  i n  t h a t  heat exchanger f o r  t he  previous two months. 

p l a n t  o u t l e t  b r i ne ,  i t  again showed no co r ros ion  occu r r i ng  f o r  about s i x  
weeks; then a p inho le  developed a t  a weld seam on the  probe i t s e l f .  
a l lowed b r i n e  t o  s h o r t  p a r t s  o f  t he  sensor and made a l l  o the r  readings 

mean i ng 1 es s . 

Figure 4.1.10 shows t h a t  co r ros ion  d i d  
The b r i n e  was stagnant 

When b r i n e  f l o w  star ted,  t he  i n d i c a t e d  co r ros ion  r a t e s  
I n i t i a l l y  there was no l o g i c a l  explanat ion f o r  t he  r a p i d  

The probe had shown no change i n  
I n  the  

I n  A p r i l ,  a probe was taken from one o f  the l a s t  heat exchangers 

This  

This  t e s t  p lus  unpublished data from co r ros ion  experiments i n  an un re la ted  
p r o j e c t  suggest t h a t  format ion o f  p r o t e c t i v e  f i l m s  i s  essen t ia l  t o  prolong the  
l i f e  o f  t he  elements o r  any p i p i n g  i n  geothermal systems. A t  low temperatures 
t h i s  f i l m  does n o t  form r a p i d l y  enough t o  be p r o t e c t i v e .  A t  temperatures seen 
i n  p l a n t  i n l e t  br ines,  a p r o t e c t i v e  coat w i l l  form r a p i d l y  and w i l l  r e t a r d  

corros ion rates.  
t o  p l a n t  s t a r t  up and shutdown. 

The f i l m  i s  p r o t e c t i v e  even through temperature c y c l i n g  due 

To v e r i f y  t h i s  hypothesis, the l a s t  probe was f i r s t  " f i lmed"  i n  the p l a n t  
i n l e t  b r i n e  f o r  24 hours. 
The co r ros ion  r a t e s  observed a t  t he  p l a n t  o u t l e t  w i t h  t h i s  probe were indeed 
much lower than f o r  "unfi lrned" ones used e a r l i e r .  

I t  was then i n s e r t e d  i n  the p l a n t  o u t l e t  b r i ne .  

The o n l y  probe used i n  the p l a n t  i n l e t  operated 294 days and s t i l ?  had 
s i g n i f i c a n t  metal l e f t .  S i m i l a r l y ,  the probe i n  the warm b r i n e  operated 
340 days w i t h  more than h a l f  i t s  use fu l  l i f e  remaining. The probe o r i g i n a l l y  
placed i n  the cool b r i n e  operated the re  f o r  202 days; then i t  was t r a n s f e r r e d  
t o  the p l a n t  out ' let.  There i t  f a i l e d  from p i t t i n g  co r ros ion  on a weld seam 
( r a t h e r  than gross uniform corros ion) .  These f a c t s  suggest t h a t  e a r l y  i n  the 

p l a n t ' s  s t a r t  up h i s t o r y  a l l  the probes were subjected t o  high-temperature 
b r i n e  l ong  enough t o  form a very p r o t e c t i v e  f i l m .  

i n  the heat exchangers and connecting p ip ing ,  also.  

The same f i l m  l i k e l y  formed 

Performance o f  the many 
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probes a t  t he  p l a n t  c u t l e t  showed t h a t  w i t h o u t  t h i s  p r o t e c t i v e  f i l m ,  co r ros ion  

r a t e s  a re  q u i t e  h igh  (over 100 MPY i n  some cases). 
coupons and l i n e a r  res i s tance  probes was i d e n t i f i e d  as FeC03. X-ray d i f f r a c -  
t i o n  provided the  c r y s t a l l i n e  i d e n t i f i c a t i o n .  An e l e c t r o n  microprobe on a 
scanning e l e c t r o n  microscope confirmed t h e  composition. 

The f i r s t  b r i n e  s i d e  probe a t  Heat Exchanger 7 was i n s t a l l e d  and operated 

This  meant co r ros ion  r a t e s  were too  low t o  be measured o r  

The f i l m  on co r ros ion  

f o r  202 days. A f t e r  100 days o f  operat ion,  readings from the  probe were 

v i r t u a l l y  constant. 
t h a t  t he  probe and associated inst rumentat ion were f a u l t y .  Since observed 
co r ros ion  r a t e s  were very h i g h  a t  the p l a n t  o u t l e t ,  t h i s  probe was removed 
from the  heat exchanger and i n s t a l l e d  a t  t h e  p l a n t  o u t l e t .  As p rev ious l y  

mentioned, i t  showed no change i n  co r ros ion  a t  t he  p l a n t  o u t l e t .  
o l d  probe was moved t o  the p l a n t  o u t l e t ,  a new one was i n s t a l l e d  i n  Heat 
Exchanger 7 .  This  new probe disappeared from general co r ros ion  i n  75 days of 
operation. That trans lated t o  a corrosion rate  o f  36 MPY. Although that  rate  
was somewhat lower than probe readings a t  t he  p l a n t  o u t l e t ,  i t  was much h ighe r  
than the  o r i g i n a l  probe was i n d i c a t i n g .  

When t h i s  

This  instance f u r t h e r  supports our  " p r o t e c t i v e  f i l m "  theory. The o r i g i n a l  
probe a t  Heat Exchanger 7 was i n s t a l l e d  j u s t  before a p l a n t  s t a r t  up. That 
p l a n t  s t a r t  up passed h o t  b r i n e  over t h e  probe and f i l m e d  i t  w i t h  FeC03. 
FeC03 retarded f u r t h e r  co r ros ion  even when the probe was i n s t a l l e d  a t  the 

p l a n t  o u t l e t .  

The 

The second probe a t  Heat Exchanger 7 was i n s t a l l e d  w h i l e  the p l a n t  was 
During normal operat ion,  t h e  probe a t  Heat Exchanger 7 operat ing normal ly.  

sees o n l y  cool  br ine.  

ra tes  a re  high. 

P r o t e c t i v e  f i l m s  develop very s low ly  and co r ros ion  

Figures 4.1.6 through 4.1.14 provided the  numerical data f o r  the probes 

i n  Table 4.1.1. Small b l i p s  seen on many o f  the p l o t s  are n o t  ac tua l  co r ros ion  
r a t e  changes. The o s c i l l a t i o n s  show l i m i t s  o f  r e s o l u t i o n  o f  t he  d i g i t a l  t o  
analog conversion requ i red  by the  data a c q u i s i t i o n  system. The l i m i t  i s  
~ 0 . 1  MPY f o r  t e s t  per iods longer  than 10 days. 
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The 
probe by 

MPY = 

NOTE: 

The 
probes w 
br ines.  

exposure 

4.1.2 L 

The 

- 

f i g u r e s  show what f r a c t i o n  o f  t h e  metal has been removed from the  
corros ion.  The cor ros ion  r a t e  i n  MPY i s  ca l cu la ted  as fo l lows:  

F rac t i on  Removed F rac t i on  Removed Useful  L i f e \  
A t  End Date 
( t n d  Date) - ( S t a r t  Date) Year 

- A t  S t a r t  Date x 365 Days x \ I n  ;iWl;eOf ) 
End Date - S t a r t  Date = Exposure Days. 

impor tant  conc lus ion from the  res is tance probe t e s t i n g  was t h a t  the  
11 g i ve  readings near l y  equal t o  cor ros ion  coupon data i n  geothermal 
That conclusion i s  v a l i d  on l y  i f  the  coupon and probe have the  same 
h i  s to ry .  

near P o l a r i z a t i o n  Corrosion Probes 

res is tance cor ros ion  probes a re  gross i n d i c a t o r s  o f  cor ros ion  r a t e s  
and r e l a t i v e l y  i n s e n s i t i v e  t o  s h o r t - l i v e d  increases i n  ra tes.  A lso needed i s  
a cor ros ion  r a t e  mon i to r ing  system t h a t  1 )  responds t o  r a p i d l y  changing 
cor ros ion  cond i t ions  and 2)  i s  e a s i l y  a v a i l a b l e  f o r  i n s t a l l a t i o n  by the  p l a n t  
operator.  
c i a l  cor ros ion  measuring equipment us ing  the  p o l a r i z a t i o n  res is tance (PR) 
method can be e a s i l y  adapted f o r  use i n  t h e  geothermal environment. 

P a r t  o f  t h i s  t e s t i n g  was concerned w i t h  determin ing whether commer- 

I n  general,  t h e  technique i s  ab le  t o  p r e d i c t  cor ros ion  r a t e s  i n  the  
l abo ra to ry  w i t h i n  a f a c t o r  o f  two (Callow, Richardson, and Dawson 1976). 

t h e  f i e l d ,  where the  i n t e r p l a y  o f  the  cor ros ion  r a t e  determin ing var iab les  i s  
more complex, the  p r e d i c t i o n  i f  ac tua l  cor ros ion  r a t e s  may be l e s s  accurate.  
The t h e o r e t i c a l  r e l a t i o n s h i p s  f o r  the  PR technique a re  shown here (Danielson 
and Koski 1979a). 

I n  

P 
= B * l / R  I c o r r  

where 

B = BaBc/2.30(Ba + Bc) 

and 

l / R p  = A I / A E  
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. 
The co r ros ion  c u r r e n t  densi ty ,  Icorr, i s  l i n e a r l y  r e l a t e d  t o  the  rec ip roca l  o f  

t he  p o l a r i z a t i o n  resistance, 
from the  co r ros ion  p o t e n t i a l  ( A E  < 20 m V ) ,  t h e  measured current ,  A I ,  permits 
the c a l c u l a t i o n  o f  R 
anodic and cathodic  Ta fe l  slopes, Ba and B,, respec t i ve l y .  Although the  Ta fe l  
slopes vary widely,  t he  B value i s  r e l a t i v e l y  constant and, f o r  carbon s t e e l s  
and s t a i n l e s s  s tee l s ,  f a l l s  w i t h i n  the  range o f  10 t o  45 mV and 18 t o  41 mV, 
respec t i ve l y  (Callow, Richardson, and Dawson 1976) and (Danielson and 
Koski 1979a). Comnercial PR inst rumentat ion i s  designed t o  make use o f  
Equation 4.1 by p o l a r i z i n g  the  corrod ing specimen + l o  mV o r  QO m V ,  measuring 
the  current ,  and d i r e c t l y  reading o u t  t he  co r ros ion  r a t e  i n  m i l s  per  year. 

Equation 4.1 app l i es  o n l y  under the  f o l l o w i n g  cond i t i ons :  

. When t h e  system i s  p o l a r i z e d  a few m i l l i v o l t s  
RP 

The p r o p o r t i o n a l i t y  constant, B ,  i s  r e l a t e d  t o  the  
P '  

1. The mixed p o t e n t i a l  theory appl ies,  and the co r ros ion  p o t e n t i a l  o f  
t h e  system i s  >50 mV from t h e  r e v e r s i b l e  p o t e n t i a l  o f  e i t h e r  the 
anodic o r  cathodic  reac t i ons  (Danielson and Koski 1979a). 

2. Both the  anodic and cathodic  react ions a re  a c t i v a t i o n  c o n t r o l l e d .  

Both o f  these cond i t i ons  a re  o f t e n  found i n  the  corrod ing environment. 
However, when the  cathodic  r e a c t i o n  i s  under mass t r a n s p o r t  c o n t r o l  (such as 
when oxygen enters  the  system), Equation 4.1 no longer  appl ies.  
r e l a t i o n s h i p  under cond i t i ons  when the co r ros ion  r a t e  i s  c o n t r o l l e d  by mass 
t r a n s p o r t  o f  t he  cathodic  process i s  shown here 

The PR 

I c o r r  = (8,/2.3) ( l /Rp)  (4.4) 

One of t he  unresolved problems w i t h  PR methods i s  t he  d i f f i c u l t y  o f  recogniz ing 

whether Equation 4.1 o r  Equation 4.4 appl ies,  s ince there can be a l a r g e  
di f ference between B and 8, ( e s p e c i a l l y  i f  the  metal i s  p a r t i a l l y  passivated).  

examined i n  the PR l i t e r a t u r e  (Fontana and Staehle 1970). 

I c o r r  
n o n l i n e a r i t y  o f  I = f ( E )  could lead t o  an e r r o r  i n  (aI /aE)Ecorr  obtained by 

e x t r a p o l a t i o n  from + l o  o r  +20 mV. 
I = f(E) i s  o f t e n  nonl inear ,  b u t  t h a t  t he  e r r o r  i s  n o t  s i g n i f i c a n t  when Ecorr 
i s  g rea te r  than RT/F (R = gas constant; T = K e l v i n  temperature scale; and 

F = Faraday's constant )  from both e q u i l i b r i u m  p o t e n t i a l  o f  t h e  corros ion 

The problem o f  t he  l i n e a r i t y  o f  ( a I / a E )  near Ecorr has been ex tens i ve l y  

This  i s  because 
i s  p ropor t i ona l  t o  ( aI/aE)Ecorr o n l y  a t  t he  corros ion p o t e n t i a l ,  and any 

Laboratory s tud ies have revealed t h a t  
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reac t i on  and t h e  reduc t ion  react ion.  
encountered. 

Condi t ions f o r  a small  e r r o r  a re  u s u a l l y  

E a r l i e r  PNL t e s t s  evaluated the  use o f  t h e  PR technique a t  150°C and 
250°C i n  3 and 20 percent  br ines,  w i t h  and w i thou t  oxygen. 
agreement between weight- loss coupons and the  PR technique was good. 

o f  the  electrochemical  measurements and r e s u l t s  a re  given by Danielson and 
Koski (1979b). That ana lys is  showed t h a t  good comparison w i t h  cor ros ion  
coupon data requ i red  experimental determinat ion o f  B values f o r  a g iven probe. 

The "hardwired" B value i n  commercial e l e c t r o n i c s  i s  w i t h i n  a fac to r  of two of 
h i s  experimental value. That may be c lose  enough f o r  many app l i ca t i ons ,  
provided the probe ma te r ia l  matches the  cor rod ing  ma te r ia l  o f  i n t e r e s t .  

I n  general,  the  
D e t a i l s  

F i e l d  t e s t s  showed the  average cor ros ion  r a t e s  from the  p o l a r i z a t i o n  
probes agreed reasonably w e l l  w i t h  t h e  res is tance probes and coupon data. 
p o l a r i z a t i o n  readings were genera l l y  h igh  by a f a c t o r  o f  two and sometimes 
more. 
res is tance probes. 

The 

In f requent ly ,  s tab le  readings e r red  by a f a c t o r  o f  f i v e  h igher  than t h e  

The r e a l  va lue o f  the p o l a r i z a t i o n  probes was t h e i r  response t o  " ins tan-  
taneous" phenomenon. F igure 4.1.15 shows response o f  one probe t o  pH changes 

dur ing  a pe r iod  when pH probes were being ca l i b ra ted .  
once the  po la r i zed  sur face i s  d is turbed,  some t ime i s  requ i red  t o  ge t  back t o  
i n i t i a l  background readings. 
days. 

I t  i s  wor th n o t i n g  t h a t  

Experience says t h i s  can sometimes r e q u i r e  a few 

The p o l a r i z a t i o n  probe a l s o  responds t o  oxygen i n f i l t r a t i o n  i n t o  the  

b r i n e  because oxygen w i l l  increase cor ros ion  r a t e s  s i g n i f i c a n t l y .  F igure 4.1.16 
i l l u s t r a t e s  what a re  be l ieved t o  be poss ib le  oxygen-caused spikes. 
pe r iod  shown corresponded t o  a p l a n t  s t a r t  up where f requent ( b u t  sho r t  
dura t ion)  i n t e r r u p t i o n s  t o  the  b r i n e  f l o w  had occurred. 
probes i s  somewhat f l ow  dependent, b u t  t h e  magnitude o f  some o f  t h e  spikes 
i nd i ca tes  o the r  phenomena a re  a l s o  occurr ing.  
i n t o  t h e  system du r ing  the  f l o w  disturbances. 

The t ime 

Response o f  t h e  

Speculat ion i s  t h a t  a i r  leaked 

4.2 CORROSION COUPONS 

The pr imary mode o f  mon i to r ing  cor ros ion  i n  the  p l a n t  was w i t h  the l i n e a r  

res is tance probes. 
ros ion  coupons were i n s t a l l e d  t o  ge t  some in termediate cor ros ion  r a t e s  and 

However, a t  each loca t i on ,  a t  l e a s t  10 disc-shaped cor-  
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check on the continuous readings. 
exposure data a t  each loca t i on .  

Table 4.2.1 d e t a i l s  t he  co r ros ion  coupon 
Mate r ia l  codes are: 

0 MA = p ipe segments (ASTM A53B carbon s t e e l )  c u t  from p ipe used i n  

t h e  p l a n t  i n l e t  p i p i n g  

0 MF = 1010 carbon s t e e l  sheet 

0 ME = DHP copper 1/16- in.- th ick sheet. 

Locat ion codes were p i c t u r e d  i n  F igure 4.1.5 and a r e  descr ibed below: 

0 B lPC = h o t  b r i n e  a t  p l a n t  i n l e t  
0 BHXl  = warm b r i n e  ou t  o f  f i r s t  heat exchanger 

0 BHX7 = cool b r i n e  ou t  o f  seventh heat exchanger 

0 BPC2 = cool  b r i n e  a t  p l a n t  o u t l e t  

0 IHX7 = cool  isobutane l i q u i d  i n t o  heat exchanger t r a i n  
0 IHX5 = h o t  isobutane l i q u i d  ou t  o f  f i f t h  heat exchanger 
0 IKOD = h o t  isobutane vapor i n t o  the  knockout drum 

0 IT0 = cool  isobutane vapor ou t  o f  the turb ine.  

Figure 4.2.1 shows average coupon co r ros ion  r a t e s  as a f u n c t i o n  o f  exposure 
t ime. Rates a r e  averages o f  a t  l e a s t  t h ree  coupons and genera l l y  s i x  o r  more. 
I n  general,  c o o l e r  b r i nes  cause f a s t e r  co r ros ion  than h o t  br ines.  
t he  p l a n t  o u t l e t  i s  explained by the p r o t e c t i v e  f i l m  theory. Coupons w i t h  the 
h igh  co r ros ion  r a t e s  were i n s e r t e d  i n t o  the b r i n e  a t  t imes when they cou ld  n o t  
form the FeC03 f i l m  because temperatures were too  low. The coupons w i t h  lower 

r a t e s  were exposed t o  high-temperature b r ines  e a r l y  i n  t h e i r  exposure h i s t o r y .  

Thereafter,  they r e s i s t e d  co r ros ion  even as the  b r i n e  cooled. 
p h y s i c a l l y  observed t o  be t h i c k e s t  on the  coupons exposed t o  high-temperature 
br ines.  A few coupons a t  t he  p l a n t  o u t l e t  c o l l e c t e d  almost no f i l m .  

S c a t t e r  i n  

Fi lms were 

The p r o t e c t i v e  f i l m  theory seems t o  exp la in  co r ros ion  phenomena observed 
i n  t h i s  t e s t .  The theory i s  s t i l l  incomplete because i t  cannot y e t  p r e d i c t  
how long  the f i l m  remains i n t a c t  a f t e r  i t  forms. 

low temperature, t he  f i l m  might  d isso lve.  

Given s u f f i c i e n t  t ime a t  the 

4.3 pH 
The pH o f  a f l u i d  i s  a measure of t he  a c i d i t y  and i s  probably one o f  the 

most important chemical parameters a f f e c t i n g  mineral  sca l ing,  corrosion, and 
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TABLE 4.2.1. Corros ion Coupon Data 

Ma t e r i  a 1 

MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MA A53B 
MA A53B 
MA A53B 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 

LOC 
Code 

B l P C  
B l P C  
B l P C  
B lPC 
B l P C  
B l P C  
BlPC 
B l P C  
B l P C  
B H X l  
BHX 1 
B H X l  
BHX 1 
B H X l  
BHX 1 
BHX 1 
BHX 1 
BHXl  
BHX 1 
BHX7 
BHX7 
BHX7 
BHX 7 
BHX7 
BHX7 
BHX7 
BHX7 
BHX7 
BHX 7 
BHX7 
BHX7 
BHX7 
BHX 7 
BHX7 
BHX 7 
BHX7 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 

F1 u i d  

Hot B r i n e  
Hot B r ine  
Hot B r ine  
Hot B r ine  
Hot B r ine  
Hot B r ine  
Hot B r ine  
Hot B r ine  
Hot B r ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Warm Br ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool Br ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool B r ine  
Cool Brine 
Cool B r ine  
Cool B r i n e  
Cool B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
O u t l e t  B r ine  
Outlet Br ine  
O u t l e t  B r ine  
O u t l e t  Br ine  
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Exposure 
Days 

67 
67 
67 

225 
225 
225 
294 
294 
294 
147 
147 
193 
193 
193 
193 
193 
340 
340 
340 

64 
64 
64 
68 
68 
68 
80 
80 

122 
122 
133 
133 
202 
202 
336 
336 
336 

13 
13 
17 
17 
25 
25 
25 
33 
33 
69 
69 
69 

102 
102 

Area Corrosion Rate 
(dm2) MPY 

0.0887 
0.0897 
0.0888 
0.0851 
0.0827 
0.0854 
0.5358 
0.5382 
0.5315 
0.0821 
0.085 
0.0851 
0.0858 
0.0861 
0.0843 
0.0845 
0.0829 
0.0894 
0.0817 
0.0852 
0.0895 
0.0827 
0.0898 
0.0893 
0.0897 
0.086 
0.0912 
0.086 
0.0847 
0.0899 
0.0899 
0.0883 
0.0885 
0.0907 
0.0887 
0.0887 
0.0854 
0.0829 
0.0847 
0.0833 
0.0843 
0.0824 
0.0851 
0.086 
0.0839 
0.0895 
0.0896 
0.0897 
0.0831 
0.0831 

6.25 
4.70 
5.66 
1.02 
1.14 
1.00 
2.11 
0.51 
0.55 
1.60 
1.58 
0.95 
0.88 
0.97 
0.90 
0.80 
0.93 
0.91 
1.16 

11.67 
1.30 

11.87 
3.13 
3.13 
3.11 
0.98 
0.97 
0.93 
1.52 
0.62 
0.62 
2.05 
1.80 
1.17 
1.31 
1.32 
9.14 

10.37 
7.17 
7.05 

17.13 
16.33 
17.23 
7.86 
7.28 
6.10 
6.23 
5.84 
4.66 
3.31 



TABLE 4.2.1. Corrosion Coupon Data (Continued) 

Materia 1 

MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 

* MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
ME DHP Cu 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 
MF 1010 CS 

LOC 
Code 

BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
BPC2 
IHX5 
IHX5 
IHX5 
IHX5 
I HX5 
IHX5 
I HX5 
IHX5 
IHX5 
IHX5 
IHX7 
IHX7 
IHX7 
IHX7 
IHX7 
I HX7 
IHX7 
IHX7 
I KOD 
I KOD 
I KOD 
I KOD 
I KOD 
I KOD 
I KOD 
I KOD 
I TO 
I TO 
I TO 
IT0 
IT0 
IT0 
I TO 
IT0 
I TO 

Exposure 
Fluid Days 

Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Outlet Brine 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Hot iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Cool iC4 Liquid 
Hot iC4 Vapor 
Hot iC4 Vapor 
Hot iC4 Vapor 
Hot iC4 Vapor 
Hot iC4 Vapor 
Hot iC4 Vapor 
Hot iC4 Vapor 
Hot iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
Cool iC4 Vapor 
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129 
129 
130 
134 
167 
167 
227 
227 
296 
296 
296 
296 
296 
296 
84 
84 
256 
256 
256 
340 
340 
340 
340 
340 
338 
338 
338 
338 
338 
338 
338 
338 
340 
340 
340 
340 
340 
340 
340 
340 
80 
80 
80 
214 
294 
294 
294 
294 
294 

Area Corrosion Rate 
(dm2) MPY 

0.0883 
0.0887 
0.0825 
0.0881 
0.0829 
0.0883 
0.0854 
0.0854 
0.0843 
0.0885 
0.0885 
0.0887 
0.0845 
0.0854 
0.0839 
0.0827 
0.0825 
0.0817 
0.0854 
0.0883 
0.0883 
0.0883 
0.0827 
0.0849 
0.0823 
0.0827 
0.0847 
0.0827 
0.0825 
0.0825 
0,0909 
0.0825 
0.0829 
0.0833 
0.0881 
0.0851 
0.085 
0.0831 
0.0833 
0.086 
0.0843 
0.1034 
0.0898 
0.0843 
0.0856 
0.0823 
0.0831 
0.0821 
0.0885 

4.38 
5.09 
11.08 
2.52 
3.39 
3.62 
6.19 
5.62 
3.73 
4.08 
4.52 
4.79 
4.60 
4.48 
0.09 
0.04 
0.03 
0.02 
0.01 
0.02 
0.02 
0.02 
0.03 
0.03 
0.06 
0.06 
0.07 
0.08 
0.07 
0.05 
0.06 
0.06 
0.04 
0.04 
0.04 
0.05 
0.04 
0.05 
0.05 
0.04 
0.11 
0.02 
0.13 
0.03 
0.04 
0.03 
0.03 
0.05 
0.06 
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b r i n e  treatment processes. 
when low-temperature, i n - l i n e  c e l l s  a re  ava i l ab le .  However, s ince C02 pres- 
sure i n  t h e  b r i n e  i s  a major determinant o f  t he  ac tua l  pH, measurements on 

depressurized samples a re  o f  dubious value. Also, pH changes w i t h  tempera- 
ture;  what i s  needed i s  a pH c e l l  t o  operate a t  hot ,  pressur ized condi t ions.  
Unfor tunate ly ,  commercial pH c e l l s  f a i l  r a p i d l y .  I n  geothermal br ines,  g lass 
e lect rodes chemical ly  d i s s o l v e  i n  a few days even a t  modest temperatures (15OOC). 

The pH can be measured simply i n  any l abo ra to ry  

Some o f  t he  n a t i o n ' s  l ead ing  manufacturers o f  pH e lect rodes were sub- 
contracted by PNL t o  b u i l d  high-temperature probes. Two d i f f e r e n t  approaches 
were t r i e d .  The f i r s t  t es ted  several ceramic ma te r ia l s .  A t y p i c a l  ceramic pH 
e lec t rode  i s  shown i n  F igure 4.3.1. 
E f f e c t  T rans i s to rs  (ISFET) t o  de tec t  hydrogen a c t i v i t y .  

cross-sect ional  view o f  t he  s o l i d - s t a t e  sensor. 

The second used I o n  S e n s i t i v e  F i e l d  
F igure 4.3.2 gives a 

The ceramic probes worked w e l l  i n  l abo ra to ry  t e s t s  and gave f a i r  response 

a t  260°C i n  geothermal br ines.  Two f a c t o r s  h inde r  t h e i r  acceptance i n  the  
geothermal i ndus t r y :  1) low-temperature response (below 100°C) i s  poor and 
gets worse w i t h  temperature c y c l i n g  and 2 )  p h y s i c a l l y ,  the probe i s  very 
f r a g i l e  and must be handled very c a r e f u l l y .  
before they could be r e l i a b l y  tes ted  i n  the f i e l d .  

Many probes f a i l e d  mechanical ly 

The ISFET models respond w e l l  a t  both h igh  and low temperatures. However, 

The s e a l i n g  m a t e r i a l  

To ta l  du ra t i on  o f  

a major problem surfaced du r ing  the  f i e l d  t e s t i n g  o f  these u n i t s .  

leads i n s i d e  the  probes broke du r ing  temperature cyc l ing.  
and wi res have s i g n i f i c a n t l y  d i f f e r e n t  thermal expansion c o e f f i c i e n t s ,  and 
r a p i d  c o o l i n g  seen i n  the  f i e l d  caused the  leads t o  f a i l .  
the f i e l d  t e s t s  was too  s h o r t  t o  uncover any o the r  problems. 

d e s c r i p t i o n  o f  t he  probes and t h e i r  t e s t i n g  fo l l ows .  

E l e c t r i c a l  

A more d e t a i l e d  

4.3.1 Ceramic pH Probe Test ing Procedures and Resul ts 

Autoclave t e s t i n g  o f  t he  probes was done by each o f  t he  con t rac to rs  i n  

t h e i r  own labo ra to r ies .  

z i r c o n i a  tubes. 
system shown i n  F igure 4.3.3 (Niedrach and Stoddard 1983). 
fabr icated o f  t i t a n i u m  and glass. 
base, and simulated b r i n e s  con ta in ing  carbonate b u f f e r s  and s u l f i d e s  i n t o  the  
heated and pressur ized t i t a n i u m  autoclave, which had a capaci ty  o f  one l i t e r .  

I t  was a l s o  poss ib le  t o  in t roduce a l i q u o t s  o f  concentrated a c i d  o r  base t o  
b r i n g  about more r a p i d  changes i n  pH. A l l  streams t h a t  entered the autoclave 

A l l  t he  ceramic probes were made us ing s t a b i l i z e d  

The system was 

Indus t r y  tes ted  the ceramic probes they produced i n  the 

P rov i s ion  was made f o r  pumping water, acid, 
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were purged w i t h  n i t r o g e n  t o  reduce the  oxygen concentrat ions t o  low l e v e l s .  
B r ine  so lu t i ons  were contacted w i t h  carbon d iox ide-n i t rogen mixtures i n  a 

packed column t o  c o n t r o l  t h e i r  pH. Appropr iate temperature, pressure, and 
a n a l y t i c a l  i n fo rma t ion  were recorded t o  be sure the  autoclave so lu t i ons  
remained constant f o r  each t e s t .  Most o f  t he  t e s t i n g  was done a t  285°C 
between pH 3 and pH 9. 
tures:  95, 150, and 225OC. D e t a i l s  o f  these t e s t s  a r e  provided by Niedrach 
and Stoddard (1981, 1983, 1884). Several o f  the probes t e s t e d  showed good 
r e p e a t a b i l i t y  a t  285°C. Very few surv ived temperature c y c l i n g  between 90°C 
and 285°C f o r  any l eng th  o f  t ime. 
a b i l i t y  and t ime o f  se rv i ce  were shipped t o  the  f i e l d  t e s t  s i t e  f o r  f u r t h e r  

evaluat ion.  

A l i m i t e d  amount o f  t e s t i n g  was done a t  lower tempera- 

The bes t  o f  t he  probes i n  terms o f  repeat- 

F i e l d  eva lua t i on  i nvo l ved  a combination o f  mon i to r i ng  the  p l a n t  i n l e t  and 
p l a n t  o u t l e t  b r i nes  ( a t  a1 t e r n a t i n g  i n t e r v a l s )  coupled w i t h  c a l i b r a t i o n  
tes t i ng .  The c a l i b r a t i o n  f l u i d s  were as follows: 

pH 3 = .015 M NaH2PO4.H20 pH 5.5 = .01 M B(OHj3  
.0022N HC1 

pH 7 = .01 M K2HP04 pH 8 = .01 M B(OHI3 
.01 M NaH2P04-H20 

pH 10 = .01 M Na2C03 
.01 M NaHC03 

.001 M LiOH 

Ambient temperature pH's of each buffer were measured w i t h  g lass e lect rodes 
before and several  t imes du r ing  each t e s t .  

Most l abo ra to ry  t e s t i n g  was done us ing  an Ag-AgC1 reference e lec t rode  
housed i n  a ceramic tube s i m i l a r  i n  dimensions t o  the  pH probe i t s e l f .  The 
reference e lec t rode  appears conceptual ly  i n  F igure 4.3.1 and i n  more d e t a i l  i n  

Figure 4.4.1. The reference e lect rodes were f i l l e d  w i t h  0.5 N K C l  and then 
sealed w i th  ceramic cement before t e s t i n g .  
reference e lect rodes was about th ree  months. 

t he  e l e c t r o l y t e  and a l t e r e d  the  reference p o t e n t i a l .  A t  t h a t  p o i n t  pH measure- 
ments became meaningless. 
p e r i o d i c a l l y  du r ing  f i e l d  t e s t i n g  o f  t he  pH probes. 
e x c l u s i v e l y  i n  the ox ida t i on - reduc t i on  p o t e n t i a l  probe f i e l d  tes ts .  (Frequent 
replacements were required.)  

L i f e t i m e  f o r  t h e  bes t  o f  t h e  
B r i n e  even tua l l y  contaminated 

This s t y l e  o f  reference e lec t rode  was used o n l y  
It was used almost 
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I n  the f i e l d  the  pH probes were coupled t o  a quasi-reference e lec t rode  
That shown i n  F igure 4.3.4, and mv readings between the  two were recorded. 

reference e lec t rode  i s  descr ibed i n  d e t a i l  by Danielson (1979). It was 
developed a t  PNL f o r  use w i th  both ox idat ion-reduct ion p o t e n t i a l  (ORP) probes 

and pH probes. 
the b r i n e  so lu t i on .  
slow r a t e s  near 6 ml/h) o f  0.5 molal  KC1 e l e c t r o l y t e  so lu t i on .  
high-pressure pumps were needed f o r  t h i s  refreshment. 
remained s t a b l e  as long as the  pumps operated. 

The reference was developed t o  be r e s i s t a n t  t o  H2 and H2S i n  
The probe requ i red  a continuous f l u s h  ( a l b e i t  a t  very 

Special  
The reference e lec t rode  

The reference e lec t rode  i t s e l f  was ex te rna l  t o  the f l o w i n g  b r i n e  stream 

Much work was done t o  show t h a t  the 
and remained a t  ambient temperature; hence, i t  su f fe red  from a thermal l i q u i d  

j u n c t i o n  and thermodi f fus ion p o t e n t i a l .  

thermal 1 i q u i d  j u n c t i o n  p o t e n t i a l  s t a b i l  i z e s  r a p i d l y  (Daniel son 1979). 
Thermodiffusion was extremely slow t o  develop when KC1 was used as the e l e c t r o -  
l y t e .  Consequently, t he  p o t e n t i a l  o f  the reference e lec t rode  cou ld  be placed 
on the  hydrogen scale and could f u n c t i o n  success fu l l y  as a t r u l y  thermodynamic 
model. 

The f i r s t  f i e l d  t e s t  su f fe red  from l a c k  o f  temperature c o n t r o l  i n  the 
t e s t  loop (descr ibed i n  Sect ion 3.1). 

c a l i b r a t i o n  f l u i d s  had broken and a secondary one d i d  n o t  have s u f f i c i e n t  
capaci ty  t o  keep the  t e s t  loop f u l l  o f  h o t  f l u i d .  

The pr imary pump f o r  c i r c u l a t i n g  

Dur ing the  f i r s t  f i e l d  t e s t ,  two ceramic pH sensors were each pa i red  w i t h  
their own quasi-reference electrode. In spite of the operational difficulties, 
some encouraging data were obtained. The r e s u l t s  a re  summarized i n  Table 4.3.1 
and F igure 4.3.5. A t h i r d  sensor was t r i e d  b u t  f a i l e d  e a r l y ,  so data from i t  
a re  n o t  presented. The two sets  o f  data i n  Table 4.3.1 come from a v o l t  meter 
connected d i r e c t l y  t o  the probes w i t h  on l y  l o c a l  output  and from a l ine-powered 
v o l t  meter t i e d  t o  the  data logging system. 

The temperature t r a c e  i n  F igure 4.3.5 shows o s c i l l a t i o n s  between 120 and 
170°C; the t a r g e t  was 140OC. 
and showed a response lower than t h e o r e t i c a l .  
degrees coo le r  than Sensor 1, some d i f f e r e n c e  i n  the  slopes o f  the respec t i ve  

m i l l i v o l t  (mV) versus pH p l o t s  could be expected. 
showed t h a t  the reference f o r  Sensor 3 had l o s t  e l e c t r o l y t e  f l o w  sometime 

Sensor 3 was a t  t he  o u t l e t  o f  the t e s t  sec t i on  
Since Sensor 3 was a few 

Observations a f t e r  the t e s t  
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TABLE 4.3.1. Response Data f o r  Selected Ceramic pH Sensors 

Reference Measuring 
Sensor Elect rode System Calc pH 

1 (Japanese 
Manufactured) 

1 (Japanese 
Manufactured ) 

3 (USA 
Ma nu f a c t u red) 

3 (USA 
Manu f ac t u  red ) 

1 

1 

2 

2 

(a)Based on 82 mV/pH u n i t  

dur ing t h e  t e s t s .  This  c 

two sensors. 

B a t t e r y  
Powered 
Por tab le 
Voltmeter 

9.4 

L i n e  
Powered 
Voltmeter 
( I n  Instrument 
Panel ) 9.4 

B a t t e r y  
Powered 
Por tab le 
Vo 1 tme t e r  

9.4 

L i n e  
Powered 
Voltmeter 
( I n  Instrument 
Panel ) 9.4 

a t  140OC. 

Response 

mV/pH Uni t  % o f  Theory(a) 

116 

110 

-- 

66 

. .  

85 

u l d  e x p l a i n  a p a r t  o f  t h e  discrepan y between t h  ! 

A f t e r  t h i s  i n i t i a l  f i e l d  t e s t ,  several o the r  ceramic probes were i n s t a l l e d  
i n  the t e s t  loop t o  moni tor  the pH o f  geothermal b r i nes  w i t h  time. 
through 4.3.10 show responses f o r  several  probes as so lu t i ons  changed from 
r e a l  geothermal b r i nes  t o  pH c a l i b r a t i o n  s o l u t i o n s  and back again. The probes 
designated OHK were suppl ied by PNL; others were suppl ied by i ndus t r y .  
t e s t  pe r iod  i s  t h e  same f o r  a l l  t he  f i gu res ,  and the annotated comments 
descr ibe what was happening. 
f o r  the ceramic tubes. Consequently, t he  d i f f e rences  i n  absolute vo l tage 

readings between the  probe p a i r s  i s  t o  be expected. 

Figures 4.3.6 

The 

There i s  no "standard manufacturing procedure" 

The temperature o f  f l u i d  i n  the t e s t  loop i s  superimposed on the p l o t s  t o  
show t h a t  none o f  the ceramic probes performed w e l l  a t  temperatures c lose t o  
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the p l a n t  b r i n e  o u t l e t  temperature o f  65-80°C. 

reasonable performance a t  95-100OC. 

Laboratory t e s t i n g  had shown 

Figures 4.3.11 and 4.3.12 show data f o r  another ceramic probe t h a t  was 
pa i red  w i t h  a ceramic Ag /AgC l - f i l l ed  reference electrode. This  e lec t rode  
requ i red  no pumping. Three separate c a l i b r a t i o n  i n t e r v a l s  a re  t raced i n  
Figure 4.3.11; F igure 4.3.12 a m p l i f i e s  one o f  them. 
pH 5 b u f f e r  s o l u t i o n  t o  pH 7 i s  reasonable. 

pH 3.2 b u f f e r  suggests a problem. The probe was l e f t  i n  t h e  t e s t  loop and 
exposed t o  high-temperature b r ine .  
New c a l i b r a t i o n  b u f f e r s  were prepared and then c i r c u l a t e d  through the t e s t  
loop. Again, anomalous behavior was observed. The reference e lec t rode  was 

removed and checked i n  the  laboratory ;  i t  was good. The pH sensor was checked 
and a h a i r l i n e  crack was found near the  mechanical seal. 

the sensor i s  unknown; ove r t i gh ten ing  i s  suspected t o  be the cause. 

The m i l l i v o l t  jump from 
The in termediate l e v e l  f o r  the 

The readings returned t o  previous values. 

Exac t l y  what f r a c t u r e d  

The l a c k  o f  a good low-temperature (below 95°C) response on these probes 
i s  one ser ious drawback towards g e t t i n g  the design i n t o  commercial product ion.  
A second inherent  f l a w  i s  the  f r a g i l e  nature o f  t he  probes. 
were a l l  enclosed i n  p r o t e c t i v e  metal cages t o  p r o t e c t  them from damage du r ing  
i n s e r t i o n  o r  removal as w e l l  as from v e l o c i t y  f l u c t u a t i o n s  du r ing  "steady" 
operat ion.  D i f f i c u l t y  i n  sea l i ng  the i nne r  workings o f  t he  probe from ou ts ide  
f l u i d s  plagued e a r l y  versions, b u t  the problem was being solved when t e s t i n g  

stopped. 
probes a re  s u i t a b l e  f o r  se rv i ce  i n  geothermal b r i nes  a t  t h i s  time. 

The f i n a l  versions 

The conclusion from t h i s  t e s t i n g  i s  t h a t  no commercial ceramic pH 

4.3.2 Sol i d -S ta te  pH Elect rode Test ing 

D e t a i l s  o f  the design o f  t he  s o l i d - s t a t e  pH sensors a re  given i n  Phelan, 
Taylor,  and Baxter (1980) and Taylor  and Phelan (1980). The i o n  s e n s i t i v e  
f i e l d  e f f e c t  t r a n s i s t o r  (ISFET) i s  a s o l i d - s t a t e  type FET-based sensor t h a t  
has been s p e c i f i c a l l y  t a i l o r e d  f o r  hydrogen i o n  detect ion.  D e t a i l s  o f  t he  
ISFET a re  shown i n  F igure 4.3.13 (Phelan, Taylor,  and Kugler 1985). 

operat ion i s  depicted schemat ica l ly  i n  Figure 4.3.14 (Phelan, Taylor,  and 

Kugler 1985). The gate coat ing,  through surface i n t e r a c t i o n s  w i t h  the ions i n  
so lu t i on ,  produces a f i e l d  t h a t  changes the  channel conductance o f  t he  FET i n  
p ropor t i on  t o  the concentrat ion o f  ions. The coa t ing  m a t e r i a l  must be r e s i s -  
t a n t  t o  chemical a t t a c k  t o  su rv i ve  i n  geothermal environments. 
and t a n t a l a  (Ta205) were both shown t o  be gate ma te r ia l s  w i t h  e x c e l l e n t  

I t s  

Alumina (A1203) 
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chemical resistance. 
f i e l d .  Laboratory t e s t  r e s u l t s  a re  summarized by Phelan, Taylor,  and 
Kugler (1985) and Tay lo r  and Phelan ( 1980). 

Both m a t e r i a l s  were tes ted  i n  the  l a b o r a t o r y  and i n  the 

The goal o f  t he  f i e l d  t e s t s  was t o  have the  sensors respond r e l i a b l y  f o r  
24 hours. 
f a i l e d  from seal f a i l u r e s  t h a t  wet the  ISFET leads. The two probes had 

responded t o  c a l i b r a t i o n  so lu t i ons  and were mon i to r i ng  low-temperature b r i n e  
overn ight  when the  pumped reference e lec t rode  f a i l e d .  
4.3.16 show averaged responses f o r  two b u f f e r s  and two b r i n e  streams ( p l a n t  
i n l e t  and p l a n t  o u t l e t ) .  
shown were q u i t e  s t a b l e  w i t h  time. 
f o r  the b u f f e r  so lu t ions,  b u t  the b r i n e  pH values a re  n o t  l o g i c a l .  
high-temperature b r i n e  readings were obv ious ly  erroneous. (Room temperature 
b r i n e  pH values are 5.3 t o  5.5. A t  h ighe r  temperatures, values should r i s e . )  
It i s  speculated t h a t  the seal f a i l u r e  developed sometime between the  c a l i b r a -  
t i o n  t e s t s  and the moni tor ing of t he  geothermal br ines.  The f a i l u r e  of the 
pumped reference d i d  n o t  co inc ide w i t h  bad readings f o r  h o t  geothermal b r i ne .  

Only two o f  f o u r  sensors were tested. Both sensors u l t i m a t e l y  

Figures 4.3.15 and 

Probe 1 gave reasonable values and the averaged ones 
Probe 2 gave s t a b l e  and reasonable values 

The 

Although the  t e s t  i n t e r v a l  was shor t ,  the response o f  the ISFET probes 
was encouraging. They had a low-temperature response i n  the range o f  i n t e r e s t  
t o  geothermal p lan ts .  Also, no chemical o r  mechanical degradation was not iced.  
The housing f o r  these probes was rugged enough t o  wi thstand p l a n t  operator  
handl ing and mechanical abuse from the  process. 
the seal problem and demonstrate longer- term service.  

More work i s  needed t o  solve 

4.4 OXIDATION-REDUCTION POTENTIAL CELL (ORP PROBE) 

Geothermal f l u i d s  a re  normal ly  i n  a s t r o n g l y  chemical ly  reduced s t a t e  
because o f  the H2S present. The ORP c e l l  i s  s o l d  by many companies, bu t  none 
o f  the commercial designs w i l l  work a t  400°F and 1000 ps i .  The PNL design i n  
Figure 4.4.1 was used success fu l l y  f o r  a year  i n  f i e l d  condi t ions.  
commercial e l e c t r o n i c s  b u t  PNL-designed electrodes. The c e l l  uses a plat inum 
e lec t rode  and high-temperature s i l v e r / s i l v e r  c h l o r i d e  reference e lec t rode  t o  
de tec t  changes i n  o x i d a t i o n  s t a t e  of t he  br ine.  I t  i s  very s e n s i t i v e  t o  the 
presence o f  oxygen. It a l s o  responds t o  changes i n  Fe /Fe r a t i o s ,  which 

are af fected by a d d i t i o n a l  gases such as H2S. 

response o f  the ORP probe t o  a seven-minute i n j e c t i o n  o f  oxygen. 

I t  uses 

++ +++ 

Figure 4.4.2 i l l u s t r a t e s  
Ca lcu la t i ons  
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* 

i n d i c a t e d  the  oxygen concentrat ion was 100 p a r t s  per  b i l l i o n  (ppb) a t  t he  
probe. 
ana lys i s  k i t  was 40 ppb. 
recovery t ime when the  oxygen i s  shut  o f f .  

A measured value taken j u s t  upstream o f  t he  probe us ing  a manual 
The decay p a r t  o f  t he  curve j u s t  a f t e r  11:30 shows 

Figure 4.4.3 shows several  important operat ing c h a r a c t e r i s t i c s  o f  the 
c e l l  a t  t he  p l a n t  i n l e t .  Normal operat ing vol tages vary between -500 and 
-700 mV. Outputs below -700 mV u s u a l l y  i n d i c a t e  saturated e lec t ron i cs .  

Outputs above -500 mV could mean oxygen was present o r  some component was 
f a i l i n g .  An e r r a t i c  response u s u a l l y  means some component i s  f a i l i n g .  

The i n i t i a l  response i n  F igure 4.4.3 i s  normal f o r  the b r ines  being 
tested. On February 9, 1983, the  reference e lec t rode  f a i l e d .  On February 12, 

1983, t h e  reference e lec t rode  was replaced. 
g i v i n g  s l i g h t l y  low readings w h i l e  the  reference e lec t rode  became ncondi t ioned."  

A f t e r  "condi t ioning,"  t he  c e l l  worked w e l l  f o r  about one month. This  
" cond i t i on ing "  p e r i o d  f o r  t he  reference e lec t rode  va r ied  from minutes t o  days. 
(The same design was used occas iona l l y  w i t h  the  pH probes and i s  discussed i n  
Sect ion 4.3.) Since the  reference e lect rodes were n o t  commercial devices, 
some v a r i a t i o n  i n  performance was expected b u t  n o t  e n t i r e l y  explainable.  

For about one week the  c e l l  was 

The t r a c e  i n  F igure 4.4.4 was recorded a t  t he  p l a n t  o u t l e t .  The three 
spikes i n  the  p l o t  correspond t o  t imes when the p l a n t  came down suddenly, then 
soon returned t o  operat ion.  Our bes t  guess i s  t he  ORP probe indeed d i d  see 
t r a c e  amounts o f  oxygen e n t e r i n g  the b r ine .  The source o f  t he  a i r  leak was 
never i d e n t i f i e d ,  however. 

A t  var ious t imes the  ORP probes were a l s o  p a i r e d  w i t h  the quasi-reference 
e lec t rode  descr ibed e a r l i e r .  As l ong  as the  e l e c t r o l y t e  f l o w  remained constant, 
t he  reference vo l tage was s t a b l e  and the  ORP probe funct ioned r e l i a b l y .  
Often, however, t he  e l e c t r o l y t e  pumps f a i l e d  and the probe readings were 

mean i ng 1 es s . 
A re1 i a b l e  pumped reference e lec t rode  could f i n d  successful a p p l i c a t i o n  

The model we tes ted  requ i res  too  much a t t e n t i o n  t o  be accepted i n  i ndus t r y .  
by i ndus t r y .  
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4.5 CONDUCTIVITY 

E l e c t r i c a l  c o n d u c t i v i t y  i s  an e x c e l l e n t  continuous measure o f  b r i n e  
s a l i n i t y .  
o r  gases come through t h e  p lan t ,  the  c o n d u c t i v i t y  c e l l  r e g i s t e r s  the  change 
from normal s a l i n i t y ,  a l e r t i n g  t h e  operators  t h a t  something has changed. 
Conventional e lect rode- type c e l l s  q u i c k l y  develop a f i l m  o f  sca le  and f a i l  i n  

geothermal systems. When t h e  p r o j e c t  s ta r ted ,  t he re  were no commercial 
sources o f  high-temperature, high-pressure e lec t rode less  c e l l s ,  so PNL b u i l t  
the  u n i t  shown i n  F igure 4.5.1. Th is  c e l l  can be b u i l t  as e i t h e r  an i n s e r t i o n  
probe o r  as t h e  f low-through type shown i n  F igure 4.5.2. A vo l tage sp ike i s  
app l i ed  t o  one t o r o i d  (about 400 t imes/s) ,  then the  s igna l  i s  p icked up i n  the  

second t o r o i d  and converted t o  a vo l tage i n  specia l  t ime-gat ing e l e c t r o n i c s  
(Danielson and Koski 1979b). The p r i n c i p l e  i s  s i m i l a r  t o  an ac transformer, 
w i t h  the  b r i n e  forming t h e  c o n d u c t i v i t y  path. 
a v a i l a b l e  commercially f o r  lower temperature, b u t  they were n o t  tested.  The 
PNL c e l l  has spec ia l  fea tures  t o  seal t h e  t o r o i d s  aga ins t  leaks du r ing  r a p i d  
temperature and pressure cycles,  and t h i s  design worked success fu l l y  f o r  over 
two years a t  temperatures o f  350°F and pressures up t o  600 psig.  D e t a i l s  of 
the  design have been repor ted by Danielson and Koski (1979b). The f low-through 

c e l l  has been designed t o  work w i t h  commercial e lec t ron i cs .  

I f  f o r e i g n  ma te r ia l s  such as w e l l - k i l l  f l u i d s ,  d r i l l i n g  mud, o i l s ,  

S i m i l a r  instruments a re  now 

Laboratory t e s t i n g  o f  the  c e l l s  was completed i n  autoclaves us ing  
0.10 M KC1 as the  e l e c t r o l y t e .  

Temperature c y c l i n g  between 25 and 25OOC d i d  n o t  a f f e c t  r e p e a t a b i l i t y  o f  the  
measurements. 
po in ts  f rom autoclave tes t i ng .  

Test temperatures as h igh  as 250°C were used. 

F igure 4.5.3 compares l i t e r a t u r e  values and the  experimental 

The c o n d u c t i v i t y  probes were o r i g i n a l l y  developed t o  prove t h e  r e l i a b i l i t y  

(Automatic temperature compensation was n o t  b u i l t  i n t o  the  commercial 
o f  e lec t rode less  c o n d u c t i v i t y  c e l l s  i n  geothermal b r ines .  That was accom- 
p l  ished. 
e lec t ron i cs  we used, b u t  could be incorporated i n  f u t u r e  models.) 

La te r  t h e  inst rument  was ab le  t o  de tec t  gas bubbles i n  the  b r ine .  (Some 
mod i f i ca t i ons  t o  t h e  e l e c t r o n i c s  were made t o  a i d  understanding o f  the  i n s t r u -  
ment's response.) Gas bubbles a re  genera l l y  carbon d iox ide.  I f  carbon 
d iox ide  f lashes o u t  o f  the  br ine ,  a very  r a p i d  depos i t ion  o f  ca lc ium carbonate 
sca le  fo l lows.  The gas breakout can be stopped by inc reas ing  system pressure. 
The secre t  t o  avo id ing  sca le  format ion i s  t o  de tec t  e a r l y  any C02 evo lu t ion .  
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I f  bubbles a re  forming, t he  c o n d u c t i v i t y  o f  t he  s o l u t i o n  drops r a p i d l y  
and should be detected by the  meter. F igure 4.5.4 shows recorder  t races from 

the meter when gas bubbles were generated by i n j e c t i n g  gases i n t o  c i r c u l a t i n g  
f l u i d  o f  0.1 N KC1. 
pressure i n  the t e s t  loop and moni tor ing C02 gas breakout. 
prevented e s t a b l i s h i n g  de tec t i on  l i m i t s  f o r  t he  c e l l  o r  even o p t i m i z i n g  the 
c e l l  dimensions f o r  bubble detect ion.  Enough work was done, however, t o  
demonstrate t h a t  the u n i t  could be a valuable t o o l  f o r  p l a n t  operators t o  

determine when C02 breakout was occurr ing.  

S i m i l a r  recorder t races were obtained by dropping b r i n e  
Funding l i m i t a t i o n s  

The r a p i d l y  o s c i l l a t i n g  l i n e  i n  F igure 4.5.4 i s  the t y p i c a l  raw vo l tage 
output  from the c e l l .  
from the  basel ine.  
t o  15 seconds. 
i n d i c a t o r  o f  bubble format ion s ince most o f  the s igna l  noise was f i l t e r e d  out  

by the i n t e g r a t i n g  c i r c u i t .  
j u s t  downstream o f  the c o n d u c t i v i t y  c e l l .  
bubbles i n  the l i n e . )  

The smoother l i n e  i s  an i n t e g r a t e d  value o f  departures 
The i n t e g r a t i o n  i n t e r v a l  was adjustable,  b u t  t y p i c a l l y  s e t  

The t r a c e  o f  i n t e g r a t e d  vol tages was the  more s e n s i t i v e  

( A  quar tz  window was i n s t a l l e d  i n  the t e s t  loop 
This al lowed v i s u a l  v e r i f i c a t i o n  o f  

The t races  shown i n  Figures 4.5.5 and 4.5.6 were produced from data taken 
a t  15 min i n t e r v a l s .  They i l l u s t r a t e  several  p o t e n t i a l  data i n t e r p r e t a t i o n  
e r ro rs .  A normal vo l tage should be near -5 v o l t s .  The t r a c e  i n  F igure 4.5.5 
shows a corrected vers ion o f  data t h a t  was o r i g i n a l l y  deemed good, i.e., 
instrument working proper ly.  E a r l i e r  p l o t s  were made w i t h  an outdated conver- 
s ion f a c t o r  i n  the  computer data reduct ion program. When the  conversion 
f a c t o r  was corrected (as shown i n  F igure 4.5.5), i t  was obvious the  instrument 
had n o t  been working f o r  some time. 
documentation o f  hardware as w e l l  as computer sof tware changes. 

This  emphasizes the  need f o r  met iculous 

Most o f  t he  responses i n  F igure 4.5.6 correspond t o  r e a l  events. E a r l y  

i n  the  p l o t  the cooled stagnant b r i n e  shows a d i f f e r e n t  output  than the 
f l ow ing  o u t l e t  b r i ne .  The e r r a t i c  responses on February 8 and 9, 1983, 
occurred because sudden coo l i ng  and hea t ing  had caused some seals t o  leak and 
changed the c o n d u c t i v i t y  path through the  c e l l .  The c e l l ' s  response from 
February 12 through February 19 r e f l e c t e d  the  changed operat ing c o n d i t i o n  
where f l o w  was stopped through the t e s t  loop b u t  the c e l l  was l e f t  f i l l e d  w i t h  

water ( n o t  b r i n e ) .  
ambient (hence f l u i d )  temperature changes. 

The s l i g h t  vo l tage f l u c t u a t i o n s  are merely responses t o  
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