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LINEAR POLARIZATION MEASUREMENTS AT HIGH TEMPERATURES 
IN HYPERSALINE GEOTHERMAL BRINES 

Stephen D. Cramer l  and Paul  B. Needham, Jr.2 

ABSTRACT 

The Bureau of Mines conducted a s e r i e s  of i n  s i t u  l i n e a r  p o l a r i z a t i o n  
measurements i n  high-temperature ,  h igh -p res su re  h y p e r s a l i n e  geothermal b r i n e s  
a t  t he  Bureau of Mines Geothermal Test  F a c i l i t y  i n  t h e  Imper i a l  Val ley of 
C a l i f o r n i a .  The measurements r ep resen ted  a n  e v a l u a t i o n  of t h e  l i n e a r  p o l a r i z a -  
t i o n  technique f o r  o b t a i n i n g  in s t an taneous  c o r r o s i o n  ra tes  o f  m a t e r i a l s  of 
c o n s t r u c t i o n  i n  flowing hype r sa l ine  hydrothermal f l u i d s  t h a t  r a p i d l y  form 
scales on exposed s u r f a c e s .  A s p e c i a l  method w a s  devised f o r  use w i t h  t h e  
l i n e a r  p o l a r i z a t i o n  technique t h a t  r e s u l t e d  i n  o b t a i n i n g  c o r r o s i o n  r a t e s  f o r  
1020 carbon s t e e l ,  316 and 430 s t a i n l e s s  s t e e l ,  t i t a n i u m ,  v a r i o u s  n i c k e l -  
based a l l o y s ,  and aluminum 6061 under s t r o n g  scale-forming c o n d i t i o n s .  The 
measurements a l s o  provided information on s c a l e - d e p o s i t i o n  r a t e s  i n  v a r i o u s  
geothermal environments.  
measurements were made i n  t h e  flowing b r i n e s  t o  q u a l i t a t i v e l y  determine scale- 
d e p o s i t i o n e f f e c t s  on t h e  e l ec t rochemica l  measurements. 

Exp lo ra to ry  i n  s i t u  p o t e n t i o s t a t i c  p o l a r i z a t i o n  

INTRODUCTION 

Corrosion i s  one of t h e  major problems t h a t  must be solved i n  o r d e r  t o  
f u l l y  develop t h e  Na t ion ' s  geothermal r e sources .  The de te rmina t ion  of mate- 
r i a l s  needed f o r  c o n s t r u c t i n g  geothermal r e source  r ecove ry  p l a n t s ,  i nc lud ing  
those  f o r  mine ra l s  r ecove ry ,  power g e n e r a t i o n ,  and secondary p rocess  f a c i l i -  
t i e s ,  r e q u i r e s  t h e  r e c o g n i t i o n  of t he  s p e c i a l  needs o f  t he  i n d u s t r y .  Recent 
development of geothermal r e s o u r c e s ,  found mainly i n  t h e  Western United S t a t e s ,  
i s  focus ing  on l iquid-dominated geothermal r e s e r v o i r s  i n  which t h e  working 
f l u i d s  a r e  h i g h l y  c o r r o s i v e ,  high-temperature  b r i n e s .  Located i n  t h e  Imper i a l  
Val ley of sou the rn  C a l i f o r n i a  are  s i x  l a r g e  and d i s t i n c t  l iquid-dominated 
known geothermal r e s o u r c e  areas (KGRA). Of p a r t i c u l a r  i n t e r e s t  t o  t h e  Bureau 

lChemical r e s e a r c h  eng inee r .  
2Research p h y s i c i s t .  

Both a u t h o r s  a r e  w i t h  t h e  Avondale Metal lurgy Research C e n t e r ,  Bureau of 
Mines, Col lege P a r k ,  Md. 
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of Mines i s  t h e  S a l t o n  Sea KGRA con ta in ing  h y p e r s a l i n e  b r i n e s ,  which o f f e r  a 
h igh  p o t e n t i a l  f o r  t h e  recovery of v a l u a b l e  mineral  and metal  products  e)." 

The b r i n e s  from t h e  S a l t o n  Sea KGRA a r e ,  t y p i c a l l y ,  discharged from t h e  
wellhead a t  temperatures i n  excess  of  200" C ;  downhole b r i n e  temperatures  of 
350" C have been r e p o r t e d  ( 1 3 ) .  Tota l  d i s so lved  s o l i d s ,  l a r g e l y  as c h l o r i d e s  
of t h e  a l k a l i  and a l k a l i n e  e a r t h  m e t a l s ,  are i n  t h e  range of 20 t o  30 wt-pct .  
I n  a d d i t i o n ,  t h e  b r i n e s  c o n t a i n  heavy-metal i o n s ,  d i s s o l v e d  gases  inc lud ing  
carbon d iox ide  wi th  l e s s e r  amounts of hydrogen s u l f i d e ,  ammonia, methane, and 
hydrogen, and may be s a t u r a t e d  wi th  s i l i c a .  These c o n s t i t u e n t s  r e s u l t  i n  t h e  
formation of complex s c a l e s  on me ta l  s u r f a c e s  exposed t o  t h e  b r i n e .  

I n  t h e  p re sen t  work, b r i n e  w a s  used from geothermal w e l l  Magmamax 1, 
l o c a t e d  on t h e  S a l t o n  Sea KGRA, which flowed i n t o  t h e  Bureau of Mines Geo- 
thermal Test  F a c i l i t y  ( f i g .  1). The f a c i l i t y  w a s  designed f o r  t e s t i n g  mate- 
r i a l s  t o  provide s e v e r a l  of t h e  important p rocess  s t e p s  t h a t  w i l l  be found i n  

FIGURE 1. - Bureau of Mines Geothermal Test  Fac i l i t y  located on the Salton Sea Known Geo- 
thermal Resource Area (KGRA) near Calipatria, Calif, (Arrows show the approx- 
imate locations of the electrochemical test packages,) 

3Underlined numbers i n  pa ren theses  r e f e r  t o  i tems i n  t h e  l i s t  of r e f e r e n c e s  a t  
t h e  end of t h i s  r e p o r t .  
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a geothermal r e source  recovery p l a n t .  
s e p a r a t i o n  t h a t  a l low t h e  b r i n e s  t o  f l a sh -evapora t e  a t  s u c c e s s i v e l y  lower 
p r e s s u r e s  and temperatures .  A r e p r e s e n t a t i v e  a n a l y s i s  f o r  t h e  major c o n s t i t u -  
e n t s  of the unflashed inpu t  b r i n e  from Magmamax 1, t o g e t h e r  w i t h  wellhead tem- 
p e r a t u r e ,  p r e s s u r e ,  and pH, i s  shown i n  t a b l e  1. 
c h l o r i d e  c o n t e n t ,  temperature ,  p r e s s u r e ,  and pH are a l s o  given i n  t a b l e  1 f o r  
t h e  concen t r a t ed  b r i n e  fol lowing two s t a g e s  of steam s e p a r a t i o n  and f o r  t h e  
steam condensate .  Dissolved gases ,  p a r t i c u l a r l y  carbon d iox ide  , a r e  s t r i p p e d  
from t h e  b r i n e  a t  each s t a g e  of steam s e p a r a t i o n .  This r e s u l t s  i n  t h e  h ighe r  
v a l u e s  o f  pH observed f o r  t h e  concen t r a t ed  b r i n e  compared w i t h  those  o f  t h e  
unflashed i n p u t  b r i n e .  

It i n c o r p o r a t e s  two s t a g e s  of steam 

Typical  v a l u e s  of t h e  

TABLE 1. - Chemical a n a l y s i s  of b r i n e s  i n  t h r e e  p rocess  s t reams 
of t h e  Bureau of Mines Geothermal Test  F a c i l i t y  

~ 

C o n s t i t u e n t  c o n c e n t r a t i o n  

N a . . . . . . . . . . . . . . . . . . .  PPm. 
Ca . . . . . . . . . . . . . . . . . . . p p  m . .  
K....................ppm.. 
M n . . . . . . . . . . . . . . . . . . . p p  m . .  
S r  .................. .ppm.. 
Fe . . . . . . . . . . . . . . . . . . . p p  m . .  
L i  . . . . . . . . . . . . . . . . . . . p p  m . .  
Pb.. PPm. - 
C 1  . . . . . . . . . . . . . . . . . . . p p  m . .  
Temperature .........." C . .  
P re s su re  . . . . . . . . . . . . p  s i g . .  
p H  ........................ 

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

Input  b r i n e  

46,900 
22,700 

7,870 
6 03 
558 
477 
148 
36 

118,200 
229 
3 02 
5 . 1  

Concentrated b r i n e  
(second s t age ) '  

- 
- 
- 
- 
- 
- 
- 
- 

128 , 000 
178 
14 0 
5 . 7  

S t e a m  condensate1 

- 
8,620 
-100 

0 
6.7 

lDashes i n d i c a t e  no measurement t aken .  

The p r e s e n t  work d e s c r i b e s  our  i n i t i a l  experience i n  applying t h e  l i n e a r  
p o l a r i z a t i o n  technique t o  i n  s i t u  c o r r o s i o n  measurements i n  high-temperature ,  
high-pressure geothermal environments. O r i g i n a l l y  developed by S t e r n  and 
Geary (15), t h e  technique i s  widely used t o  s tudy  co r rod ing  systems (5-2, 
- L  11, 14)- Commercial i n s t r u m e n t a t i o n  based on t h e  technique r e l i e s  on t h e  f a c t  
t h a t ,  formany co r rod ing  systems,  t h e  c o r r o s i o n  k i n e t i c s  i n  a narrow r e g i o n  
around t h e  c o r r o s i o n  p o t e n t i a l  are n e a r l y  l i n e a r .  
r e v e r s i b l e  p o t e n t i a l s  of competing ox ida t ion - reduc t ion  r e a c t i o n s  a r e  s u f f i -  
c i e n t l y  f a r  removed from t h e  c o r r o s i o n  p o t e n t i a l  t h a t  the c o r r o s i o n  r e a c t i o n  
i s  dominant and t h a t  ohmic and c o n c e n t r a t i o n  e f f e c t s  a r e  minimal. Since elec- 
t rochemical  measurements i n  complex, high-temperature  geothermal b r i n e s  have 
n o t  been made b e f o r e ,  t h e  p r e s e n t  a p p l i c a t i o n  may ra ise  q u e s t i o n s  t h a t  can 
on ly  be answered by f u r t h e r  s tudy  i n  t h e  l a b o r a t o r y  and t h e  f i e l d .  However, 
a t  t h e  t i m e  t h e  p o l a r i z a t i o n  measurements were made, a 30-day we igh t - lo s s  
c o r r o s i o n  t e s t  invo lv ing  6,400 c o r r o s i o n  tes t  coupons w a s  i n  p rogres s  a t  t h e  
Geothermal Test F a c i l i t y  ( 2 ) ,  and t h e r e  was a unique o p p o r t u n i t y  t o  compare 
and e v a l u a t e  measurements u s ing  t h e  two techniques.  

It i s  assumed t h a t  t h e  
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t h e  M-103 c o r r o s i o n  r a t e  in s t rumen t ,  M511-E i n d u s t r i a l  probes,  and e l e c t r o d e  
materials a t  t h e  Geothermal Test F a c i l i t y ,  Imper i a l  Val ley,  C a l i f .  

EXPERIMENTAL PROCEDURES 

Linear  p o l a r i z a t i o n  measurements were made wi th  t h e  P e t r o l i t e  M-103E 
p o r t a b l e  c o r r o s i o n  r a t e  i n ~ t r u m e n t . ~  The t h r e e - e l e c t r o d e  technique (4-9, 11, 
- 14) w a s  employed us ing  c y l i n d r i c a l  e l e c t r o d e s  of i d e n t i c a l  material  f o r  t h e  
working, c o u n t e r ,  and r e f e r e n c e  e l e c t r o d e s .  A l l  measurements were made w i t h  
r e s p e c t  t o  t h e  p o t e n t i a l  o f  t h e  f r e e l y  co r rod ing  e l e c t r o d e  by superimposing a 
s i g n a l  of k10 mv dc. Given t h e  assumptions i n h e r e n t  i n  t h e  in s t rumen ta t ion ,  
t h e  measured c u r r e n t  w a s  converted d i r e c t l y  i n t o  a c o r r o s i o n  r a t e  f o r  t h e  t e s t  
material ,  expressed as m i l s  pe r  year  ( m i l s / y r )  of s u r f a c e  t h i c k n e s s  l o s t .  

Because o f  t h e  h igh  temperature  and p r e s s u r e  o f  t he  b r i n e ,  t h e  e l e c t r o d e s  
were mounted on P e t r o l i t e  M-511E i n d u s t r i a l  probes designed f o r  p r e s s u r e s  up 
t o  600 l b / s q  i n  and temperatures  up t o  260" C .  The e l e c t r o d e  assemblies  were 
exposed t o  t h e  b r i n e  and condensate environments through a s p e c i a l l y  designed 
e l ec t rochemica l  t e s t  package ( f i g .  2 )  t h a t  w a s ,  i n  t u r n ,  mounted on one of 
seven i n  s i t u  c o r r o s i o n  t e s t  packages. Mounted i n  t h i s  way, t h e  e l e c t r o d e  
assembly could be i n s e r t e d  d i r e c t l y  i n t o  t h e  c o r r o s i o n  t e s t  package f o r  o p t i -  
mum exposure of t h e  e l e c t r o d e s  t o  t h e  flowing b r i n e .  

- In situ corrosion package Electrochemical package- 

Probe chamber 

M-511 E industrial 
probe retracted 

black iron pipe 
Pinch gate valve 

black iron pipe 

FIGURE 2. - Schematic diagram of electrochemical test package mounted on in s i tu  corrosion 
test  package. 

4Use of s p e c i f i c  t r a d e  names does no t  imply endorsement by t h e  Bureau of Mines. 
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The e l ec t rochemica l  package served t h r e e  f u n c t i o n s :  (1)  t o  i s o l a t e  t h e  
probe during i n s t a l l a t i o n ,  (2)  t o  provide access t o  t h e  h i g h l y  t u r b u l e n t  b r i n e  
flowing through t h e  c o r r o t i o n  t e s t  package, and (3)  as a containment vessel 
t h a t  allowed h o t  b r i n e  t o  s lowly c i r c u l a t e  through t h e  probe chamber and 
around t h e  e l e c t r o d e s .  Before making t h e  p o l a r i z a t i o n  measurements, t h e  g a t e  
valve w a s  opened, f i l l i n g  t h e  probe chamber w i t h  b r i n e ,  and t h e  v e n t  ( f i g .  2) 
w a s  opened f o r  1 t o  2 min, purging t h e  probe chamber of t rapped a i r .  
probe was then  extended through t h e  g a t e  valve i n t o  t h e  flowing b r i n e  o r  
r e t a i n e d  i n  t h e  r e t r a c t e d  p o s i t i o n  exposed t o  t h e  b r i n e  i n s i d e  t h e  probe 
chamber. 
removed a i r  from t h e  e l e c t r o d e  surroundings.  

The 

Purging of t h e  probe chamber and t h e  c i r c u l a t i o n  of t h e  b r i n e  

P o l a r i z a t i o n  Measurements 

Linear  p o l a r i z a t i o n  measurements were made i n  each o f  t h e  t h r e e  p rocess  
streams l i s t e d  i n  t a b l e  1: (1) t h e  unflashed inpu t  b r i n e ,  (2)  t h e  concen- 
t r a t e d  b r i n e  fol lowing two s t a g e s  of steam s e p a r a t i o n ,  and (3)  t h e  steam con- 
densa te .  Measurements were begun immediately fol lowing t h e  i n s e r t i o n  of t h e  
e l e c t r o d e s  i n t o  t h e  b r i n e  and were r epea ted  p e r i o d i c a l l y  f o r  t i m e s  up t o  40 
hours  a f t e r  t h e  i n i t i a l  exposure.  The measurements were made i n  p a i r s  by 
p o l a r i z i n g  t h e  working e l e c t r o d e  f i r s t  c a t h o d i c a l l y  and then  a n o d i c a l l y .  
r e p o r t e d  c o r r o s i o n  rates were t h e  average o f  t h e  consecu t ive  c a t h o d i c  and 
anodic v a l u e s .  The e l e c t r o d e s  were a t  t h e i r  "open-circui t"  o r  c o r r o s i o n  
p o t e n t i a l  between measurements. 

The 

E l e c t r o d e  P r e p a r a t i o n  

S e t s  o f  e l e c t r o d e s  were made from e i g h t  metals and a l l o y s  chosen f o r  
t h e i r  w ide ly  d i f f e r i n g  compositions and r e s i s t a n c e s  t o  c o r r o s i o n .  These were 
1020 carbon s tee l ,  316 and 430 s t a i n l e s s  s tee l ,  Monel 400, aluminum 6061, 
Incone l  625, Has te l loy  C-276, and t i t a n i u m .  The dimensions of t h e  e l e c t r o d e s  
were s e l e c t e d  t o  compensate f o r  chemical and p h y s i c a l  d i f f e r e n c e s  between t h e  
m e t a l s  and a l l o y s  so  t h a t  t h e  measurements could be made wi thou t  f u r t h e r  c a l i -  
b r a t i o n .  Measurements were made w i t h  each se t  o f  e l e c t r o d e s  i n  t h e  i n p u t  
b r i n e ,  and f u r t h e r  measurements were made wi th  t h e  1020 carbon s t e e l  elec- 
t r o d e s  i n  t h e  concen t r a t ed  b r i n e  and steam condensate .  

The e l e c t r o d e s  were mechanical ly  po l i shed  t o  a 2 4 0 - g r i t  f i n i s h  us ing  
s i l i c o n  c a r b i d e  a b r a s i v e ,  washed w i t h  water, r i n s e d  wi th  methanol,  and a i r  
d r i e d .  They were weighed b e f o r e  each tes t  t o  w i t h i n  k0.5 mg, and threaded 
o n t o  g l a s s - i n s u l a t e d  mounting p i n s  on t h e  M-511E probes.  
were i s o l a t e d  from t h e  b r i n e  us ing  f l a t  s e a l i n g  g a s k e t s  o f  Viton A rubber  o r  
Teflon.  

These mounting p i n s  

A t  t h e  end of each t e s t ,  t h e  p robe -e l ec t rode  assembly w a s  washed w i t h  
water, r i n s e d  wi th  methanol,  and d r i e d  w i t h  fo rced  a i r .  On removal of t h e  
e l e c t r o d e s ,  t h e  mounting p i n s  were immediately examined f o r  any f l u i d  leakage 
around t h e  g a s k e t .  (Tests  were r epea ted  i f  leakage w a s  observed a t  e i t h e r  t h e  
working o r  r e f e r e n c e  e l e c t r o d e s . )  The e l e c t r o d e s  were r i n s e d  w i t h  methanol,  
d r i e d  a second t ime,  and reweighed t o  determine t h e  weight change of t h e  e lec-  
t r o d e  r e s u l t i n g  from e i t h e r  c o r r o s i o n  o r  s c a l i n g .  
examined w i t h  a microscope f o r  l o c a l i z e d  c o r r o s i o n .  

The e l e c t r o d e s  were t h e n  
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Used e l e c t r o d e s  were r econd i t ioned  by r e p e a t i n g  t h e  su r face -g r ind ing  t ech -  
nique t o  remove c o r r o s i o n  p roduc t s  and scale  accumulation. Dimensional 
changes i n  t h e  e l e c t r o d e s  were checked w i t h  a micrometer.  I n  a l l  o t h e r  
r e s p e c t s ,  t h e  r econd i t ioned  and new e l e c t r o d e s  were t r e a t e d  i d e n t i c a l l y .  

P o t e n t i o s t a t i c  p o l a r i z a t i o n  measurements, t o  q u a l i t a t i v e l y  determine t h e  
e f f e c t  of scale d e p o s i t i o n  on t h e  c o r r o s i o n  k i n e t i c s ,  were made u s i n g  a 
Wenking 66TA p o t e n t i o s t a t .  

RESULTS AND DISCUSSION 

Chemical, f l u i d  dynamic, and thermodynamic p r o p e r t i e s  of t h e  geothermal 
b r i n e  d e l i v e r e d  t o  t h e  Bureau 's  Geothermal T e s t  F a c i l i t y  v a r i e d  because of 
f l u c t u a t i o n s  i n  t h e  o p e r a t i o n  of  Magmamax 1. Consequently, t h e  i n i t i a l  e x p e r i -  
ments w e r e  d i r e c t e d  toward i d e n t i f y i n g  t h e  p r o p e r t i e s  of t h e  b r i n e  and/or  t h e  
t e s t  f a c i l i t y  t h a t  would a f f e c t  t h e  p o l a r i z a t i o n  measurements. 

Br ines  from t h e  S a l t o n  Sea KGRA r e a d i l y  form scales  on exposed metal  s u r -  
f a c e s .  These scales  range i n  composition from amorphous s i l i c a  and s i l i c a t e s  
t o  heavy-metal s u l f i d e s  and c a l c i t e  (L-2, lo), depending upon t h e  process ing  
of t h e  b r i n e .  Two se ts  of  e l e c t r o d e s ,  exposed f o r  3 hours  t o  t h e  inpu t  b r i n e ,  
a re  shown i n  f i g u r e  3 w i t h  t h e  r e s u l t i n g  l a y e r s  of scale ,  c o n s i s t i n g  predomi- 
n a n t l y  of  ga l ena .  (A t h i r d  set of  c l ean ,  unexposed e l e c t r o d e s  i s  shown f o r  
comparison.) The t y p i c a l  s t r u c t u r e  of t h e  predominant ga l ena  s c a l e  i s  i l l u s -  
t r a t e d  by t h e  scanning e l e c t r o n  micrograph i n  f i g u r e  4 u s i n g  scale  formed on 
15-day weight - loss  coupons exposed t o  i n p u t  b r i n e .  

Exploratory p o t e n t i o s t a t i c  p o l a r i z a t i o n  measurements were made i n  
unf lashed  i n p u t  b r i n e  t o  q u a l i t a t i v e l y  determine t h e  e f f e c t  o f  scale on t h e  
observed e l e c t r o d e  k i n e t i c s .  Type 430 s t a i n l e s s  s tee l  e l e c t r o d e s  i n  t h e  
r e t r a c t e d  p o s i t i o n  were used f o r  t h e  measurements. Beginning a t  a p o t e n t i a l  
100-mv c a t h o d i c  t o  t h e  o p e n - c i r c u i t  p o t e n t i a l ,  t h e  p o t e n t i a l  was swept a t  a 
r a t e  of 20 mv/min i n  t h e  anodic  d i r e c t i o n  ( f i g .  5 ) .  Curve A corresponds t o  
e l e c t r o d e s  t h a t  were i n i t i a l l y  f r e e  of scale when t h e  p o t e n t i a l  sweep began. 
Curve B corresponds t o  e l e c t r o d e s  t h a t  were extended i n t o  t h e  flowing inpu t  
b r i n e  f o r  3 hours  t o  a l l o w  t h e  scale t o  form, bu t  i t  was r e t r a c t e d  p r i o r  t o  
t h e  p o t e n t i a l  sweep measurements. The c u r r e n t s  observed f o r  t h e  i n i t i a l l y  
s c a l e - f r e e  e l e c t r o d e s  were suppressed by s e v e r a l  o r d e r s  of magnitude when t h e  
galena-based scale was p r e s e n t .  The i n i t i a l l y  s c a l e - f r e e  e l e c t r o d e s  e x h i b i t e d  
a r e g i o n  of c u r r e n t  i n s t a b i l i t y  i n  t h e  p o t e n t i a l  range of +ZOO t o  +500 mv, 
which e s s e n t i a l l y  disappeared when t h e  e l e c t r o d e s  were covered w i t h  s c a l e .  
The s m a l l  n e g a t i v e  p o t e n t i a l s  a t  t h e  c rossover  between ca thod ic  and anodic  
k i n e t i c s  were probably due t o  s l i g h t  d i f f e r e n c e s  i n  t h e  s u r f a c e  c o n d i t i o n  of 
t h e  working and r e f e r e n c e  e l e c t r o d e s .  

Pre l iminary  l i n e a r  p o l a r i z a t i o n  measurements were made u s i n g  carbon s tee l  
e l e c t r o d e s  i n  t h e  concen t r a t ed  b r i n e .  The measured c u r r e n t s  became i n c r e a s -  
i n g l y  u n s t a b l e  a s  t h e  e l e c t r o d e s  were p o s i t i o n e d  f u r t h e r  i n t o  t h e  flowing 
b r i n e .  With the  e l e c t r o d e s  f u l l y  i n s e r t e d  i n t o  t h e  b r i n e ,  t h e  c u r r e n t s  were 
extremely d i f f i c u l t  t o  measure. Reynolds number c a l c u l a t i o n s  i n d i c a t e  t h e  
b r i n e  i s  h igh ly  t u r b u l e n t  i n  t h e  v i c i n i t y  of t h e  e l e c t r o d e s  when they a r e  i n  
t h e  extended p o s i t i o n .  Turbulence produces e r o s i v e  c o n d i t i o n s  t h a t  can d e l a y  
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FIGURE 3. - Electrodes exposed to  unflashed 
input brine, A,  430 stainless 
steel, before exposure; 13, t i ta- 
nium, 3.2-hour exposure; C, 316 
stainless steel, 3.4-hour expo- 
sure. 

FIGURE 4. - Galena-based scale formed on weight-loss coupons exposed to unflashed input 
brine for 15 days, 
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FIGURE 5. - Potentiostatic polarization curves for 430 stainless steel exposed to unflashed input brine, 

A, init ial ly scale-free electrodes; B, electrodes exposed 3 hours to flowing brine. Poten- 
t ia ls  measured with respect to the corrosion potential, Eco,,, of 430 stainless steel, 
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o r  d i s r u p t  t h e  d e p o s i t i o n  of scale on t h e  co r rod ing  s u r f a c e .  
t h e  c o n d i t i o n  of t h e  scale on t h e  co r rod ing  s u r f a c e  can lead t o  c u r r e n t  f l u c -  
t u a t i o n  of one o r d e r  of magnitude o r  more, as t h e  p o t e n t i o s t a t i c  p o l a r i z a t i o n  
measurements i n d i c a t e d .  Consequently, a l l  subsequent l i n e a r  p o l a r i z a t i o n  m e a -  
surements were made w i t h  t h e  probe i n  t h e  r e t r a c t e d  p o s i t i o n  and t h e  e l e c -  
t r o d e s  exposed t o  b r i n e  s lowly c i r c u l a t i n g  w i t h i n  t h e  probe chamber, which 
r e s u l t e d  i n  expe r imen ta l ly  more r ep roduc ib le  c o n d i t i o n s .  

These changes i n  

Even wi th  t h e  probe i n  t h e  r e t r a c t e d  p o s i t i o n ,  however, c u r r e n t  i n s t a b i l -  
i t i e s  were observed a t  p e r i o d i c  i n t e r v a l s  during l i n e a r  p o l a r i z a t i o n  measure - 
ments. These i n s t a b i l i t i e s  c o r r e l a t e d  p r e c i s e l y  wi th  the  o p e r a t i o n  of c e r t a i n  
automatic  p r e s s u r e  and f low- ra t e  c o n t r o l  valves i n  t h e  Geothermal Test F a c i l -  
i t y .  The func t ion ing  of t h e s e  valves produced l o c a l  changes i n  p r e s s u r e  
w i t h i n  t h e  c o r r o s i o n  test  packages. Analysis  of t h e  p r e s s u r e  v a r i a t i o n s  
showed t h a t  a t  c e r t a i n  t i m e s  t h e  p r e s s u r e  i n  t h e  v i c i n i t y  o f  t h e  e l e c t r o d e  
assembly dropped below t h e  s a t u r a t i o n  p r e s s u r e  of t h e  b r i n e ,  and b o i l i n g  
occurred i n  t h e  f l u i d  surrounding t h e  e l e c t r o d e s .  Consequently,  f o r  a l l  sub-  
sequent  l i n e a r  p o l a r i z a t i o n  measurements, t h e  procedure w a s  t o  c l o s e  t h e  
2-inch g a t e  valve on t h e  e l ec t rochemica l  package b e f o r e  each measurement, t e m -  
p o r a r i l y  i s o l a t i n g  t h e  probe chamber from t h e  flowing b r i n e  and p o s s i b l e  
t r a n s i e n t  p r e s s u r e  e f f e c t s .  Immediately fol lowing t h e  measurement, t h e  g a t e  
valve w a s  reopened. This procedure y i e lded  a c o n s i s t e n t  se t  of measurements 
t h a t  was r e l a t i v e l y  f r e e  of d i s t o r t i o n s  produced by t h e  c o n t r o l  f u n c t i o n s  of 
t he  Geothermal T e s t  F a c i l i t y .  

The s c a l i n g  ra tes  f o r  t h e  t h r e e  p rocess  streams were determined by weight- 
g a i n  measurements o f  e l e c t r o d e s  exposed f o r  t i m e s  ranging from several hours 
up t o  40 hour s .  These measurements were made w i t h  t h e  probes i n  t h e  r e t r a c t e d  
p o s i t i o n  s o  t h a t  t h e  r e s u l t s  could be used t o  i n t e r p r e t  t h e  subsequent l i n e a r  
p o l a r i z a t i o n  measurements. 
expressed i n  mg/cn? based on t h e  nominal exposed e l e c t r o d e  s u r f a c e  a r e a s .  
Carbon s t e e l  e l e c t r o d e s  were used i n  t h e  concen t r a t ed  b r i n e  and steam conden- 
sa te ,  and a l l  of t he  e l e c t r o d e  m a t e r i a l s  except  aluminum 6061 w e r e  used for 
measurements i n  t h e  inpu t  b r i n e .  The scale d e p o s i t i o n  ra tes ,  obtained as t h e  
s l o p e  o f  t h e  c u r v e s ,  were 0 .31  mg/cma/hr f o r  t h e  inpu t  b r i n e ,  0.094 mg/cma/hr 
f o r  t h e  concen t r a t ed  b r i n e ,  and 0.032 mg/cma/hr f o r  t h e  steam condensate .  
scale from t h e  i n p u t  b r i n e  w a s  hard and a d h e r e n t ,  scale from t h e  concen t r a t ed  
b r i n e  w a s  hard and moderately a d h e r e n t ,  and scale from t h e  steam condensate 
was  sofit and poor ly  adhe ren t .  

The weight-gain r e s u l t s  are shown i n  f i g u r e  6 ,  

The 

Ins t an taneous  c o r r o s i o n  rates f o r  1020 carbon s t ee l  were determined p e r i -  
o d i c a l l y  by t h e  l i n e a r  p o l a r i z a t i o n  technique i n  t h e  i n p u t  b r i n e ,  concen t r a t ed  
b r i n e ,  and s t e a m  condensate f o r  exposures up t o  14 hour s .  During t h i s  t i m e ,  
as shown by f i g u r e  6 ,  scale s t e a d i l y  accumulated on t h e  s u r f a c e  of t h e  e l e c -  
t r o d e s .  The c o r r o s i o n  r e s u l t s  ( f i g .  7) were s t r o n g l y  dependent upon t h e  type  
of scale formed and t h e  scale d e p o s i t i o n  r a t e .  
t h e  s c a l i n g  ra te  w a s  low and t h e  scale w a s  r e l a t i v e l y  nonadherent ,  t h e  c o r r o -  
s i o n  r a t e  was independent of t h e  exposure t i m e .  
where t h e  scale depos i ton  ra te  was more r a p i d  and t h e  scale w a s  moderately 
adhe ren t ,  t h e  c o r r o s i o n  r a t e  dec l ined  g r a d u a l l y  owing t o  t h e  i n c r e a s i n g  t h i c k -  
nes s  of t h e  scale. In t h e  i n p u t  b r i n e ,  where t h e  s c a l i n g  r a t e  w a s  t r i p l e  t h a t  

In t h e  steam condensate ,  where 

I n  t h e  concen t r a t ed  b r i n e ,  
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FIGURE 6. - Scaling characteristics of three process streams. 

i n  t h e  concen t r a t ed  b r i n e ,  t h e  c o r r o s i o n  r a t e  dropped even more s h a r p l y  
because of t h e  r a p i d  growth of t h e  s c a l e  l a y e r .  The area of t he  metal exposed 
t o  t h e  b r i n e  i s  known on ly  f o r  t i m e s  t h a t  are  s h o r t  r e l a t i v e  t o  t h e  scale 
d e p o s i t i o n  r a t e ,  t h a t  i s ,  a t  t h e  beginning of t he  exposure when s c a l e  forma- 
t i o n  i s  s l i g h t .  The s t r o n g  c o r r e l a t i o n  between scale d e p o s i t i o n  r a t e ,  scale 
adhesion,  and d e c l i n i n g  c o r r o s i o n  r a t e  sugges t s  t h e  r e s u l t s  observed f o r  t h e  
i n p u t  and concen t r a t ed  b r i n e s  occurred p r i m a r i l y  because scale growth reduced 
the  a r e a  of m e t a l  exposed t o  t h e  b r i n e ,  no t  because t h e  a c t u a l  c o r r o s i o n  ra te  
was changing. 

Ac tua l  c o r r o s i o n  r a t e s  based on t h e  known s u r f a c e  area were obtained from 
t h e  l i n e a r  p o l a r i z a t i o n  measurements by e x t r a p o l a t i n g  time-dependent d a t a ,  
i l l u s t r a t e d  by f i g u r e  7 ,  t o  ze ro  exposure t i m e ,  corresponding t o  t h e  c o n d i t i o n  
where t h e  e l e c t r o d e  s u r f a c e  was f r e e  of s c a l e .  Under t h e s e  c o n d i t i o n s ,  t h e  
co r rod ing  s u r f a c e  (assuming uniform g e n e r a l  c o r r o s i o n )  and t h e  nominal s u r f a c e  
area of t h e  e l e c t r o d e  were e q u i v a l e n t .  A s  a p r a c t i c a l  m a t t e r ,  t h e  d a t a  i n  
f i g u r e  7 suggest  t h a t  t h e  c o r r o s i o n  measurements ob ta ined  i n  t h e  f i r s t  15 min 
f o r  t h e  inpu t  b r i n e  and i n  the  f i r s t  30 t o  40 min f o r  t h e  concen t r a t ed  b r i n e  
provide a r easonab le  e s t i m a t e  of t h e  a c t u a l  corrosi 'on r a t e .  I n  any case, t h e  
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FIGURE 7. - Corrosion of 1020 carbon steel measured by 
linear polarization during a period when 
scale was depositing on the electrode sur- 
faces, 

a c t u a l  c o r r o s i o n  ra te  w i l l  
be r e f e r r e d  t o  h e r e  as t h e  
s c a l e - f r e e  c o r r o s i o n  r a t e ,  
emphasizing t h a t  t h e  
observed d e c l i n e  i n  t h e  c o r -  
r o s i o n  ra te  was t h e  r e s u l t  
of scale d e p o s i t i o n ,  which 
reduced t h e  area of m e t a l  
exposed t o  t h e  b r i n e .  Sub- 
sequent  c o r r o s i o n  measure - 
ments were made by p l o t t i n g  
t i m e  -depend en t 1 i n e  ar p o lar i - 
z a t i o n  d a t a  ob ta ined  over a 
3 -hour pe r iod  and then  
e x t r a p o l a t i n g  t o  ze ro -  
exposure t i m e .  The r e s u l t s  
o f  t he  measurements f o r  t h e  
e i g h t  a l l o y s  are g iven  i n  
t a b l e  2.  Carbon s tee l  c o r -  
roded a t  ra tes  ranging from 
12 m i l s / y r  i n  t h e  steam con- 
densa te  t o  145 m i l s / y r  i n  
t h e  inpu t  b r i n e .  Corrosion 
rates i n  t h e  i n p u t  b r i n e  
ranged from 0.2 m i l / y r  f o r  
t i t a n i u m  t o  610 m i l s / y r  f o r  
aluminum 6061. The aluminum 
6061 e l e c t r o d e s  were t h e  
o n l y  ones t o  expe r i ence  
obse rvab le  l o c a l i z e d  c o r r o -  
s i o n  du r ing  t h e  3-hour t e s t  
exposures .  Microscopic 
examination showed t h a t  t hey  
had p i t t e d  s e v e r e l y .  

Included i n  t a b l e  2 a re  
t h e  r e s u l t s  of t h e  15-day 
i n  s i t u  we igh t - lo s s  measure- 

ments (2) t h a t  were run  c o n c u r r e n t l y  w i t h  t h e  l i n e a r  p o l a r i z a t i o n  measurements 
i n  t h e  same t h r e e  p rocess  s t e p s  a t  the  Geothermal Test F a c i l i t y .  A t  t he  end 
o f  t h e  15-day we igh t - lo s s  t es t s ,  examination of t h e  t es t  coupons showed t h a t  
t h e y  were t h i c k l y  coated wi th  s c a l e .  Although t h e s e  coupons had been exposed 
f o r  much longer  t i m e s ,  t h e  scales had compositions and p r o p e r t i e s  s i m i l a r  t o  
t hose  observed on t h e  l i n e a r  p o l a r i z a t i o n  e l e c t r o d e s .  
a n t  growth of scales i n  t h e  i n p u t  and concen t r a t ed  b r i n e s ,  t h e  c o r r o s i o n  of 
t h e  we igh t - lo s s  samples w a s  probably r e t a r d e d  by t h e  scales i n  a manner s i m i -  
lar t o  t h a t  shown by t h e  l i n e a r  p o l a r i z a t i o n  measurements ( f i g .  7 ) .  Conse- 
q u e n t l y ,  t h e  measured c o r r o s i o n  r a t e  f o r  t h e  we igh t - lo s s  coupons could be 
i n t e r p r e t e d  as t h e  time-averaged va lue  of t h e  in s t an taneous  c o r r o s i o n  ra te  o r ,  
e q u i v a l e n t l y ,  as t h e  area-averaged v a l u e ,  where scale coverage i s  considered a 
f u n c t i o n  of t i m e .  I n  t h i s  model, t h e  upper l i m i t  o f  t he  c o r r o s i o n  r a t e  f o r  

I n  view of  the  p e r s i s t -  
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Input  b r i n e  ........ Aluminum 6061.. ..... 

t h e  we igh t - lo s s  samples would b e ,  by d e f i n i t i o n ,  t h e  s c a l e - f r e e  v a l u e  ob ta ined  
by l i n e a r  p o l a r i z a t i o n .  For extended exposures ,  t h e  observed c o r r o s i o n  r a t e  
f o r  t h e  weight- loss  samples should be equa l  t o  o r  less than t h a t  obtained by 
l i n e a r  p o l a r i z a t i o n .  (See t a b l e  2 . )  

Linear  
p o l a r i z a t i o n  

r e s u l t s  , 
m i l s / y r  

6 10 

TABLE 2 .  - Corrosion ra tes  i n  Magmamax 1 b r i n e  obtained by l i n e a r  
p o l a r i z a t i o n  and we igh t - lo s s  techniques 

1020 carbon s t e e l  
Monel 400 . . . . . . . . . . . . . . . .  
316 s t a i n l e s s  s t e e l .  
430 s t a i n l e s s  s t ee l .  
Inconel  625 . . . . . . . . . . . . . .  
Has te l loy  C-276 . . . . . . . . . .  
Titanium. . . . . . . . . . . . . . . . .  
1020 carbon s t e e l  . . .  

D o .  ............... 

. . . . . . . .  do ............ 
do. ........... 

..... do ............ 

..... do . . . . . . . . . . . .  
do. .  .......... 
do .  ........... 
do ............ 

Concentrated b r i n e .  
S t e a m  condensate .  .. 

14 5 
62 

5 . 6  
3 . 1  

.8 

.4 

. 2  
62 
12 

' Weight-loss 
r e s u l t s  ,l 

m i l s / y r  

(" ) 

(2 1 
67 

.7 

.6-2.2 
0 

The placement and method o f  u s ing  t h e  p o l a r i z a t i o n  e l e c t r o d e s  desc r ibed  
r e p r e s e n t s  a d e p a r t u r e  from t y p i c a l  f i e l d  p o l a r i z a t i o n  a p p l i c a t i o n s  i n  which 
t h e  e l e c t r o d e s  are  con t inuous ly  exposed t o  t h e  working system f o r  l ong ,  
unattended p e r i o d s .  
t empera tu re ,  h y p e r s a l i n e  geothermal b r i n e s  because o f  u n s t a b l e  c o n d i t i o n s  
l i n k e d  wi th  v a r i a t i o n s  i n  t h e  chemis t ry ,  f l u i d  dynamics, and thermodynamics of 
t he  b r i n e ,  and because of t h e  massive s c a l i n g  a s s o c i a t e d  w i t h  t h e  b r i n e  
(1, E). 
b e s t  approach f o r  making c o r r o s i o n  measurements by t h e  l i n e a r  p o l a r i z a t i o n  
technique would appear t o  involve measurements on i n i t i a l l y  s c a l e - f r e e  e l e c -  
t r o d e s  i n  exposures of s h o r t  d u r a t i o n .  Th i s ,  however, need not  d e t r a c t  from 
e i t h e r  t h e  p o t e n t i a l  u s e f u l n e s s  of t h e  technique f o r  measuring c o r r o s i o n  rates 
i n  such environments,  o r  i t s  importance f o r  monitoring changes i n  t h e  c o r -  
r o s i v e n e s s  o f  s p e c i f i c  p rocess  s t e p s .  

However, such a d e p a r t u r e  may be necessa ry  i n  h igh -  

U n t i l  techniques f o r  scale c o n t r o l  have been developed (L, g), t h e  

CONCLUSIONS 

These s t u d i e s  have shown t h a t  t h e  l i n e a r  p o l a r i z a t i o n  technique i s  a p p l i -  
c a b l e  t o  c o r r o s i o n  measurements i n  high-temperature ,  h y p e r s a l i n e  geothermal 
b r i n e s  as long as t h e  fol lowing e s s e n t i a l  mod i f i ca t ions  of t he  method are 
made: (1)  The e l e c t r o d e s  must be i s o l a t e d  from h i g h l y  t u r b u l e n t  b r i n e  flows 
t o  g ive  expe r imen ta l ly  r ep roduc ib le  c o n d i t i o n s ,  (2)  t h e  e l e c t r o d e s  must be 
i s o l a t e d  from nonsteady c o n d i t i o n s  r e l a t e d  t o  t h e  c o n t r o l  f u n c t i o n s  of f a c i l -  
i t y  equipment, p a r t i c u l a r l y  those  t h a t  may reduce t h e  p r e s s u r e  below the  
s a t u r a t i o n  p r e s s u r e  of t he  b r i n e  and cause b o i l i n g  and two-phase flow around 
t h e  e l e c t r o d e s ,  and (3)  t h e  c o r r o s i o n  r a t e  must be obtained f o r  e l e c t r o d e s  

_ ~ _ _ _ _  ............... 
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f r e e  of s c a l e ,  which can be obtained by e x t r a p o l a t i n g  t h e  time-dependent c o r -  
r o s i o n  d a t a  t o  zero-exposure t i m e .  

The c o r r o s i o n  r a t e s  f o r  s c a l e - f r e e  e l e c t r o d e s  were shown t o  r e p r e s e n t  t h e  
upper l i m i t  f o r  t h e  c o r r o s i o n  of extended exposure we igh t - lo s s  coupons. In  
t h i s  model, t h e  d e p o s i t i o n  of s c a l e  reduced t h e  a r e a  of t h e  co r rod ing  s u r f a c e .  
Consequently,  t h e  observed c o r r o s i o n  rates f o r  we igh t - lo s s  coupons i n  expo- 
s u r e s  of 15 days were s u b s t a n t i a l l y  less than  v a l u e s  ob ta ined  f o r  s c a l e - f r e e  
e l e c t r o d e s  by t h e  l i n e a r  p o l a r i z a t i o n  technique.  
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