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CORROSION OF MATERIALS AND SCALING IN LOW-SALINITY 
EAST MESA GEOTHERMAL BRINES 

by 

F. X. McCawley, S. D. Cramer,2 W. D. Riley,3 J. P. Carter,4 

and P. B. Needham, Jr.5 

ABSTRACT 

The Bureau of M i n e s ,  i n  pursuing i t s  goal of extending the l i f e  span of 
s t r a t e g i c  mater ia ls ,  conducted f i e l d  corrosion s tudies  a t . t he  East Mesa Known 
Geothermal Resources Area (KG+) i n  the Imperial Valley, Calif . ,  t o  determine 
the optimum materials of construction for  use i n  g e o t h e m l m i n e r a l  energy 
resource recovery plants.  These s tudies  included characterization of geo- 
thermal environments and i n  s i t u  corrosion tes t ing.  The corrosion resistance 
of 10 al loys exposed t o  5 brine and steam process environments was evaluated 
using the law-salinity,  high-temperature brine from geothemal w e l l  Mesa 6-1. 
Of these al loys , Hastelloy C-276 , Hastelloy S , Inconel 625, titanium-2nicke1, 
and 316 L s t a in l e s s  steel had excellent resistance t o  corrosion i n  a l l  of the 
process environments; 
ance. 
were subs tan t ia l ly  higher than those of the other iron-base al loys,  these two 
al loys could prove useful i n  law-salinity process environments because of 
t h e i r  low cost .  Aluminum a l loy  5005 was the l e a s t  corrosion r e s i s t an t  a l loy  
and p i t t ed  severely. Scales formed on a l l  of the alloys i n  every process 
environment. Calc i te ,  aragonite, and an amorphous s i l i c a t e  were the major 
components of the scales .  

E - B r i t e  26-1 and 430 s ta in less  steel had f a i r  resist- 
Although general corrosion ra tes  for  4130 s t e e l  and 1020 carbon s t e e l  

INTRODUCTION 

One of the  la rges t  liquid-dominated hydrothermal resource areas i n  the 
United S ta tes  is  the Imperial Valley of California. 
Geothermal Resource Areas), containing subs tan t ia l  quant i t ies  of recoverable 
metals and minerals and energy, a re  found there. 
s a l i n i t y ,  high-temperature area located on the East Mesa, known as  the East 
Mesa KGRA. 
percent t o t a l  dissolved so l ids  and reach temperatures up t o  200° C. 

A'nmnber of KGRA's (Known 

Among these areas i s  the low- 

Brines from t h i s  area contain minerals a t  c,oncentrations up t o  3 
These 

lMinera1 land assessment senior coordinator, Field Operations, Bureau of M i n e s ,  

2 Chemical engineer Avondale Research Center, Bureau of M i n e s ,  Avondale , Md. 
3Physical science technician, Avondale Research Center, Bureau of Mines, 
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*Research chemist , Avondale Research Center, Bureau of M i n e s ,  Avondale , Md. 
sStaff  physicis t ,  Minerals Resource Technology, Bureau of M i n e s ,  Washington, 

Washington D.C. 
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brines a re  corrosive and, because of t h e i r  mineral content, cause scaling of 
process equipment. I n  1974, the Bureau of M i n e s ,  began laboratory and f i e l d  
research and tes t ing  t o  characterize and evaluate materials of construction 
fo r  geothermal mineral and energy resource recovery plants i n  the Imperial 
Valley. To meet the objectives of t h i s  program, the Avondale Research Center 
(formerly College Park Metallurgy Research Center) conducted laboratory cor- 
rosion research (2, 1, z,)s , thermodynamic s tudies  (2-2) , and field.  corrosion 
research and tests (2-5, 8) i n  geothermal br ines ,  The purpose of the f ie ld-  
work was t o  deternine the corrosion-resistant properties of commercially avai l -  
able metals and alloys i n  geothermal environments, the chemistry of flowing 
geothermal brines (lo), - and scale-deposition k ine t ics  (1). 

The Bureau's first extensive f i e l d  t e s t  on geothermalmaterials began 
i n  July 1975 a t  the Mesa 6-1 geothermal w e l l ,  a law-salinity, high-temperature 
w e l l  located on the East Mesa KGRA near Hol tv i l le ,  Calif .  Mesa 6-1 is located 
a t  the U.S. Department of Energy (DOE) geothermal test site: where desal- 
ina t ion  studies t o  produce potable water were being conducted ( f ig .  1).  
Materials were mounted f o r  evaluation i n  a Materials T e i t  Fac i l i t y  (MI'F-1) 
t ha t  was connected v i a  pipeline t o  Mesa 6-1, which is the only w e l l  involved 
i n  t h i s  study. 
resource recovery plant  were produced i n  MTF-1. Onsite chemical analyses of 
the process streams were conducted i n  a large,  well-equipped Mobile Chemistry 
Laboratory. MTF-1 was operated from April  through September 1975 t o  conduct 
corrosion tests i n  brine from the w e l l  and fo r  br ine chemistry s tudies  involv- 
ing Mesa 6-1 and another low-salinity geothermal well nearby, Mesa 6-2 (10). 
The corrosion tests, or iginal ly  scheduled f o r  60 days, were terminated wGn 
Mesa 6-1 f a i l ed  a f t e r  22 days of the scheduled 60 day test due-to-plugging 
of the well  with carbonate scale  a t  a depth of 6,100 f ee t .  This Bureau of 
Mines report  presents corrosion t e s t s  conducted i n  the f ive  brine and steam 
process s t r e a m ,  the chemical compositions of these s t r e a m ,  and a character- 
i za t ion  of the scales and deposits t ha t  formed on the corrosion samples. 

Five process streams typical  of those found i n  a geothermal 

6Underlined numbers i n  parentheses r e f e r  t o  items i n  the l i s t  of references a t  
the end of t h i s  report. 

Prior t o  Octover 1 , 1977, t h i s  f a c i l i t y  was par t  of the Bureau of Reclamation, 
U.S. Department of the In te r ior .  
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FIGURE 1. - Aerial view of Bureau of.Reclamotion geothermal test site, East Mesa KGRA, 
Imperial Valley, Calif. 
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The authors express t h e i r  grat i tude f o r  the cooperation and assis tance 
provided by Bureau of Reclamation personnel a t  t h e i r  former f a c i l i t i e s  on the 
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ing s k i l l s  of U. Kelly were invaluable i n  conducting the f i e l d  tests. 

The knuwledge of geothermal process equipment and the weld- 

EXPERIMENTAL EQUIPMENT AND PROCEDWS 

Materials Test F a c i l i t y  

MTF-1 was constructed on a f la tbed truck a t  the Avondale Research Center 
and moved t o  the  DOE geothermal si te on the East Mesa i n  ea r ly  1975. 
f a c i l i t y  ( f igs .  2-3) consisted of (1) corrosion test  packages f o r  f i v e  br ine 
and steam process streams, (2) two steam separators f o r  f lashing some of the 
br ine t o  steam and separating it a t  elevated pressures,  (3) an atmospheric 
pressure separator ,  and (4) flow-control valves with t h e i r  associated pressure 
control  systems. 

The 

MTF-1 was constructed e n t i r e l y  of 1020 carbon steel. 
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FIGURE 2. - Bureau of Mines Materials Test Facility (MTF-1). 
p--------7 

- Brine 

- Steam 
MV Main valve 

- - -- Pressure control Hnet 

-- - Liquid-level control lines 

FIGURE 3. - Schematic diagram of MTF-1. 
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FIGURE 4. - Diagram of in  situ corrosion test packages. 

Each of the f ive  corrosion test packages (P1 through P5) consisted of three 
10-foot-long test sect ions i n  which samples were mounted, and a bypass sec t ion  
f o r  rout ing the br ine  around the- test sections ( f ig .  4) . 

The test sect ions were constructed from 2- and 3-inch-diameter schedule 
80 pipe. 
i n  P5 t o  t ransport  the large volumes of low-pressure steam from the second- 
s tage steam separator.  
Individual sample holders were mounted on v e r t i c a l  ports  (approximately 2 
inches high) constructed from 2-inch diameter pipe welded a t  r igh t  angles 
t o  the tes t - sec t ion  pipe ( f ig .  5). Ten of t hepor t s  w e r e  spaced 4 inches 
apar t  f o r  mounting samples with t h e i r  faces normal (at  r i g h t  angles) t o  the 
flow of br ine  o r  steam ( f ig .  4). 
apar t  f o r  mounting samples with t h e i r  faces tangent ia l  (para l le l )  t o  the flow. 
A 3/8-inch-diameter rod formed pa r t  of each sample holder. 
sample was secured t o  the rod with a s t a i n l e s s  steel screw, and was e l e c t r i -  
c a l l y  insulated from the rod and screw by a Teflotf gasket and ceramic insu- 
l a t o r  ( f ig .  5 ) .  
clamped t o  the por t s  during the tests. Teflon or  asbestos gaskets were used 
t o  s e a l  the sample ports  and a ther  flanges on the  test sect ions.  

Three-inch pipe was used i n  P1 t o  t ransport  the wellhead br ine ,  and 

Each of the test sections held 20 corrosion samples. 

The remaining 10 ports  were spaced 8 inches 

The corrosion 

Each rod was welded t o  a 2-inch-diameter cap and the cap was 

Tho steam and two concentrated-brine process streams were produced by 
the two steam separators.  
the w e l l  formed the f ive  d i f f e ren t  environments i n  which the corrosion tests 
were conducted. 
and were c e r t i f i e d  i n  accordance with the American Society of Mechanical 
Engineers (ASME) code f o r  pressure vessels t o  operate a t  200 psig a t  a temper- 
a ture  of 300° C. 
towards one end by means of the input pipeline passing v e r t i c a l l y  through the 
bottom wall and making a right-angle bend a t  the centerline. 

8Reference t o  spec i f i c  t rade names i s  made f o r  i den t i f i ca t ion  only and does 

These plus the input  br ine flowing d i r e c t l y  from 

The steam separators w e r e  2 f e e t  i n  diameter by 4 f e e t  long, 

B r i n e  enter ing the separator  was projected horizontal ly  

The steam 

not imply endorsement by the Bureau of M i n e s .  
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FIGURE 5. - Corrosion sample holder. 

separators converted roughly 10 percent of the br ine i n t o  steam a t  each s tage 
of flashing. The concentrated br ine exi ted from the bottom of the separators 
and the steam from the top. 

Five pneumatically operated flow-control and pressure-actuated valves 
controlled the overa l l  operating conditions of MTF-1 ( f ig .  3); t h a t  i s ,  they 
determined the rate a t  which brine flowed from the w e l l ,  the pressures i n  
each of the test packages, and the amount of steam removed from the br ine i n  
each steam separator.  Valves V-1,  V-2, and V-3 were flaw-control valves; 
and V-5 were pressure actuated. 
u l t rasonic  l iquid- level  sensors mounted i n  each of the steam separators.  

V-4 
Valves V-2 and V-3 were control led by 

The average operating conditions f o r  the corrosion test packages are 
given i n  tab le  1. 
from the w e l l  a t  a pressure s l i g h t l y  lower than t h a t  of the wellhead owing 
t o  viscous losses.  Packages P2 and P3 contained br ine and steam produced a t  
85 psig i n  steam separator 1. Packages P4 and P5 contained br ine and steam 
produced a t  50 psig i n  steam separator 2 from the concentrated br ine flowing 
through package P2. B r i n e  i n  the steam separators was maintained a t  a level 
t h a t  provided a brine-mist  carryover, producing "dirty" steams; 
steams containing s igni f icant  amounts of chlorides. After  passing through 
MTF-1, a l l  l iqu ids ,  including br ine and condensate, were discharged i n t o  a 
brine-holding pond. 

T e s t  package P1 contained input br ine t h a t  flowed d i r ec t ly  

t h a t  i s ,  
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Temp, 
O C  

152 

TABLE 1. - Mean operating conditions and composition of process environments 
i n  MTF-1 and a t  wellhead during f i r s t  7 days of corros iontes t s l  

Pressure, pH Concentrate, pm 
ps i g  c1 1 Na ICa S i  K Ba 

98 5.6 11,800(6,1531 771 129 613 16.8 

Test environment 

Wellhead brine.....,.. 
Input br ine (Pl)...... 
B r i n e ,  separator 1 (P2) 
B r i n e  , separator 2 (P4) 
Steam, separator 1 (P3) 
Steam, separator 2 (P5) 
1 F l w  r a t e  35 gpm. 

152 
140 
13 2 
140 
13 2 

96 5.2 11,000 5,850 700 115 613 15.2 
85 6.8 12,062 5,867 795 125 645 15.9 
50 8.1 12,735 6,667 850 135 645 18.8 
85 5.2 3,000- 5,000 2,803 500 44 323 16.3 
50 5.7 200- 500 10 <10 <10 82 < . I  

Wellhead 
brine separator Mesa 6-1 
(P 1) 1 -- 

Special  ports  were mounted on each test package t o  co l l ec t  samples of the 
br ine or  steam (as condensate) fo r  analysis ( f ig .  6). 
cooled t o  ambient temperature by passing them through a water-cooled s t a i n l e s s  
steel heat exchanger. 
samples. 

These samples were 

No e f f o r t  was made t o  preserve dissolved gases i n  the 

sepora tor 

S 

Steam To atmospherk 
Separator 

L 

Concentrated 
brine 

S Sampling ports 

(P 2) 

corroskn 
cracking 

Steam 
separator 

2 

S S t S 

C l L T o  Concentrated brine holding pond 

FIGURE 6. - Locution of sample ports on MTF-1 and wellhead of the geothermal .well (Mesa 6-1). 
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INSTRUMENTAL 

60 FL ~ 

FIGURE 7. - Floor diagram of Mobile Chemistry Laboratory. 

Mobile Chemistry Laboratory 

The Mobile Chemistry Laboratory was a converted mobile-home t r a i l e r  
containing f i v e  bas ic  service areas ( f ig .  7) ,  including instrumental- and 
wet-chemistry ana ly t i ca l  laborator ies ,  an o f f i ce  a rea ,  a small machine shop, 
and a u t i l i t y  room ( tap  H20, d i s t i l l e d % O ,  compressed a i r ,  vented-gas s torage,  
and vacuum pumps). 
atomic absorption spectrophotometer (US), gas chromatograph (GC), and a 
pH-ion meter. 
and chloride- determinations. The laboratory,  used f o r  onsi te  analyses of 
geothermal brines and steams, was located a t  the Bureau of Reclamation geo- 
thermal test s i te  on the East Mesa from December 1974 u n t i l  January 1976, 
when it was moved t o  a s i te  a t  the Salton Sea KGRA. 

The instrumental analysis laboratory was equipped with an 

The wet-chemistry laboratory was used primarily f o r  carbonate 

Materials Preparation and Evaluation 

The 10 commercially avai lable  a l loys  used i n  the corrosion tests and 
t h e i r  nominal compositions a re  given i n  tables  2-4. 
on the basis  of laboratory corrosion s tudies  (2, I), were evaluated f o r  t h e i r  
res is tance t o  general ,  crevice,  and p i t t i n g  corrosion i n  the f ive  process 
streams. 
steam from steam separator 1 i n  a chamber connected d i r ec t ly  t o  the separator  
and through which a l l  the steam t o  package P3 flowed. 

These a l loys ,  selected 

I n  addi t ion,  a set of stress-corrosion samples was exposed t o  the 
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1020 4 130 430 

s teel  s t e e l  
Element carbon s t e e l  s t a in les  s 

Carbon....... 0.2 0 .Y 0.12 
Chromium.. . . . 0 .95 16-18 
Columbium.... 0 0 0 
Copper.. . . . . . 0 0 0 
Manganese.. . . .45 .5 1 
Molybdenum.. . 0 0.12 0 
Nickel....... 0 0 0 
Phosphorus ... .04 max. .04 max. .04 max. 
Silicon.. . . . . 0 .3 max. 1 max. 
Sulfur....... -05 .04 max. .03 max. 

E - B r i t e  316 L 

s tee 1 
26-1 s ta in less  

0.001 0.03 
27.6 16-18 

0.1- .2 0 
.02 0 
.02 2 

1 .o 2- 3 
.01 10-14 
.01 .045 max. 
.27 1 
.01 .03 max. 

ElemenC Hastelloy S Hastelloy C-276 
Cobolt......... 0.61 2.5 
Columbium + 

tantalum.. . . . 0 0 
Chromium....... 16.7 15.5 
Iron........... 1.8 5.5 
Manganese.. . . . . 0 1 .o 
Molybdenum.. . . . 14.6 16 
Tungs ten. . . . . . . .22 3.75 

TABLE 4. - N o m i n a l  composition of titanium and aluminum alloys 
used- in. the corrosion t e s t s ,  weightipercent 

Inconel 625 
0 

3.7 
21.5 
2.5 
0 
9 
0 

Carbon................ 
Chromium.............. 
Copper.. .............. 
Hydrogen..... ......... 
Iron.................. 

Manganese.. . . . . . . . . . 
Nickel................ 
Nitrogen.............. 
Oxygen................ 
Si l icon. . . . . . . - . . . . . . . .  
Titan~um.............. 
Zinc.................. 

Magnesium............. 

Titanium-2 nickel 

.02 
0 

0 
0 

.006 
04x3 

0 
0 
1.35 
.005 
.062 

0 
Balance 

Aluminum al loy 5005 
Balance 

0 
.1 
.2 

*? 
0.5-1 -1 

.2 

0 

0 
0 
0 

0 
.4 

.25 
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The f l a t  samples fo r  general, crevice, and p i t t i n g  corrosion tests 
measured 1 by 1-1/4 inches and were approximately 1/16 inch thick.  
cu t  s l i g h t l y  we'rsize by shearing and then ground t o  the correct  s i ze  on an 
80-grit  wet-belt gander t o  remove burrs and d is tor ted  m e t a l .  
8 of the 10 al loys were degreased i n  methanol, washed i n  d i s t i l l e d  water, dr ied,  
and weighed. 
pickled a t  60° C. i n  12 volume-percent %SO, containing 2.5 m i l l i t e r s  per 
l i t e r  of Rhodine 95 inh ib i tor  t o  remove m i l l  s ca l e ,  then washed, dr ied,  and 
weighed. The f l a t  samples were mounted as shown i n  f ig .  5. The stress- 
corrosion samples were U-bends prepared from f l a t  1- by 2-inch samples. 
U-bend samples were cleaned i n  the same way as the  f l a t  samples. 
stress, they were bent approximately 175" around a 1-inch-diameter steel man- 
d r e l ,  and the legs were forced i n t o  grooves cu t  1 inch apar t  i n  an alumina 
p la te .  

They were 

After  grinding, 

The two remaining a l loys ,  1020 carbon steel and 4130 s teel ,  were 

The 
To introduce 

The test program or ig ina l ly  ca l led  f o r  four 15-day, two 30-day, and one 
60-day exposure of corrosion samples. The f i r s t  15-day exposure was  com- 
pleted f o r  the f ive  process streams. However, the second 15-day exposure 
had t o  be hal ted on the 7th day when the w e l l  (Mesa 6-1) fa i led .  
presented here a re  those fo r  (1) the f i r s t  15-day exposure, (2) the sub- 
sequent 7-day exposure (samples from the second 15-day tes t ) ,  and (3) two 
22-day or ig ina l ly  intended as the 30-day and 60-day tests. 

The r e su l t s  

The samples were removed from the test  packages, examined, and photo- 
graphed. 
a f t e r  the 22-day exposure t o  the steam and the br ine process streams is  shown 
i n  figures 8 and 9,  respectively. 
coupons were analyzed using X-ray d i f f r ac t ion  and emission spectrography 
analyses. 
removed from the samples by immersion i n  e i t h e r  inhibi ted 12 percent su l fu r i c  
acid (1020 carbon s teel ,  4130 steel ,  and aluminum a l loy  5005 samples) o r  60 
percent n i t r i c  acid containing, i f  necessary, a f e w  drops of hydrofluoric acid 
t o  f a c i l i t a t e  removal ( a l l  other samples). 
cleaning solutions were used a t  60° C. Between successive immersions i n  the 
ac id  cleaning solut ions,  the samples were vigorously rubbed with a rubber stop- 
per t o  remove loose scale  and corrosion product. The cleaned samples were 
examined with an opt ica l  microscope fo r  localized corrosion such as p i t s ,  
crevice a t tack ,  and stress-corrosion cracking. General corrosion rates were 
determined from weight-loss data ,  and the value reported i s  the average from 
a t  least four samples. 

The appearance of the carbon s tee l  and 316 L s t a in l e s s  steel  samples 

Scale samples scraped-from the corrosion 

Tightly adherent scale and corrosion product were chemically 

The su l fu r i c  and n i t r i c  acid 
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FIGURE 9. - Type 316 L stainless steel corrosion samples exposed to five process environments 
using brine from the geothermal well. 
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B r i n e  , 
separator 1 

(P2) 
7 15 22 

1.0 2.4 2.1 
1.1 1.6 2.1 

.o .5 .9 

.3 .O .2 

5.0 21.4 11.4 

RESULTS 

Brine, Steam, Steam 
separator 2 separator 1 separator 2 

( P4) (P3) (P5) 
7 15 22 7 15 22 7 15 22 

3.4 3.4 1.2 16.6 2.0 2.4 18.2 3.1 4.5 
2.1 1.1 1.0 15.3 1.3 1.9 9.2 2.5 2.8 

.2 .2 .2 .3 .o .1 .5 .o .2 

.2 .1 .2 1.6 ;O .1 .5 .1 .2 

4.1 2.7 3.2 41.5 29.1 10.2 2.2 3.0 2.8 

Corrosion Tests 

General corrosion rates are given i n  table 5 for  1020 steel, 4130 steel, 
430 steel ,  430 stainless steel ,  E - B r i t e  26-1, and aluminum alloy 5005 exposed t o  the 
f ive brine and steam process streams for  exposure periods of 7, 15, and 22 days. 
Hastelloy C-276, Hastelloy S, Inconel 625, titanium-2 nickel, and 316 L stainless 
steel  had excellent resistance t o  general corrosion i n  these five environments , 
with corrosion rates less than 0.1 m i l  per year and, therefore, were not listed 
i n  table 5; however, only Hastelloy C-276 exhibited no evidence of corrosion as 
determined by optical  microscopy. 
625 were susceptible t o  localized corrosion i n  the form of p i t s  too shallow t o  
measure with an optical  micrometer, and titanium-2nickel and Hastelloy S exhibited 
a s l igh t  roughening of their  surfaces. 

For example, 316 I, stainless steel and Inconel 

TABLE 5. - General c 

Input brine 

1020 carbon 
steel. ........ 

4130 steel.. ... 
430 s ta inless  
steel.. ....... 

E - B r i t e  26-1.. . 
Aluminum alloy 

5005. ......... 
1 Corrosion r a t e  

Hastelloy S ,  
STo convert m i l  

, were less tha  
Hastelloy C-271 
I t o  micrometer 

E - B r i t e  26-1 and 430 stainless steel had excellent resistance t o  corrosion 
i n  the separated brine and steam environments (P2 through P5), but had only fa i r  
resistance t o  corrosion i n  the input brine (Pl). Corrosion rates for  these alloys 
i n  input brine varied widely for the three exposure periods. 
ciably greater for  the 7- and 22-day tests,  which began a f t e r  or continued past 
the f i r s t  15 days of operation, suggesting tha t  a substantial change i n  brine 
chemistry occurred during the second exposure period. 
i n  the "Brine Chemistry" section of th i s  report. 
430 stainless steel samples showed that  shallow pi t t ing,  similar t o  that observed 
on the 316 L stainless steel  samples, occurred i n  a l l  f ive environments. Shallow 
p i t t ing  was. a l so  observed on E - B r i t e  26-1 samples exposed t o  input brine and t o  
concentrated brine from steam separator 1. There was no evidence of corrosion on 
E - B r i t e  26-1 samples exposed t o  the steam environments and t o  the concentrated 
brine from steam separator 2. 

They were appre- 

This change w i l l  be discussed 
Microscopic examination of the 

Both 1020 carbon steel and 4130 steel had f a i r  resistance t o  general cor- 
rosion i n  the five environments. 
crevice corrosion attack when examined by optical  microscopy. 

These steels showed no evidence of p i t t ing  or 
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Aluminum a l loy  5005 had poor res is tance t o  general corrosion i n  the 
input br ine and i n  the br ine and steam from separator  1, and the corrosion 
resis tance was only f a i r  i n  the br ine and steam from separator 2. 
t i o n  t o  high gener'al corrosion r a t e s  i n  packages P1 through P3, the  alumi- 
num a l loy  5005 samples were severely p i t t ed  and showed a high suscep t ib i l i t y  
t o  crevice corrosion. 

I n  addi- 

General corrosion r a t e s  f o r  the 10 al loys were not affected by sample 
or ien ta t ion  (normal o r  tangent ia l )  i n  the flow of br ine or  steam. 

None of the U-bend samples exposed fo r  22 days i n  the steam from sepa- 
r a t o r  l showed evidence of stress corrosion cracking when examined by 
op t i ca l  microscopy. Furthermore, no cracks were exposed when the legs 
of the U-bend samples were  compressed together. 

Scale Characterization 

Scaling occurred on test samples exposed i n  each of the five process 
streams. The major c rys t a l l i ne  phases i n  the sca les  were ident i f ied  by X-ray 
d i f f r ac t ion  a s  aragonite and ca l c i t e .  These c rys t a l l i ne  components were  
accompanied by subs tan t ia l  amounts of amorphous material .  The composition of 
the sca le  formed.onthe a l loys ,  with the exception of aluminum a l loy  5005 
was shown by emission spectroscopic analysis t o  depend on the process 
e n v i r o m n t .  
brine from separator 1 had calcium as the  major const i tuent ,  i ron  as  a 
secondary const i tuent ,  and minor amounts of A l ,  Ba, R, Ma, N a y  Pb, S i  and 
Sr. I n  addi t ion,  zinc was detected i n  t race  amounts i n  the  scale formed i n  
the concentrated br ine from separator 1. Scales formed i n  the steam and 
concentrated br ine from separator 2 had s i l i c o n  as  the major const i tuent ,  
i r o a  and calcium as secondary const i tuents ,  and minor amounts of A l ,  Ba, 
Mn, Mo, Nay Pb, and Zn. The scales  formed on aluminum samples i n  the f ive  
process environments contained aluminum as  the major const i tuent ,  with a l l  
other elements present i n  minor or t race  amounts. 

Scale formed i n  input brine and i n  the steam and concentrated 

Brine Chemistry 

The w e l l  had been flowing continuously f o r  3 weeks a t  an average input 
br ine flow r a t e  of 115 gallons per minute pr ior  t o  the corrosion tests. 
During the tests, the flow rate of the w e l l  was 35 gallons per minute. 
samples were taken f o r  chlor ide,  pH, and carbonate determinations a t  4-hour 
in t e rva l s  from ports  located on hTF-1 a t  posit ions labeled "S". i n  f igure 6 .  
Samples f o r  atomic absorption spectroscopy and gas chromatography were 
obtained a t  8-hour in te rva ls  . 

Fluid 

A major port ion of the dissolved carbon dioxide was removed i n  separator 
1. 
separated brine.  
indicates  t ha t  addi t ional  carbon dioxide was removed from the br ine  i n  the 
second steam separation. 

The loss  of the carbon di'axide subs tan t ia l ly  increased the pH of the 
The higher pH of the br ine from separator 2 ( t ab le  1 )  
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Variations i n  the concentration of several  components of the input 
br ine over the 22 days of the tests a re  i l l u s t r a t e d  i n  f igure 10. 
operating conditions and chemical composition of the environments i n  each of 
the five corrosion test packages were s tab le  within +lo percent f o r  the f i r s t  
7 days. On the eighth 

The 

Mean values f o r  these variableis a re  given i n  tab le  1. 

E 
Q 
P 

E 
Q 
Q 

E 
Q 
p. 

E 
a Q 

S a 

13,000 I I 

12,000 - CI * 1 

11,000 - 

10,000' I I I I I I I I I I I 

7,000 r I I I 1 I I I 1 . 1  I I 1 

F N a o  
6,000 

5,000 I I I I I I I I I I I I 1 

700 - 

200 I I I I I 

- 0 

100 - - 

0 -  I I I I I I I I I I I 

I I I I I I I I I I 1 I 

I I I 1 I I I I I I I 1 
0 2  4 6 8 10 12 14 16 18 20 22 

CORROSION TEST TIME, days 

FIGURE 10. - Fluctuations of pH and several compOnents of *the wellhead brine during 22 
days of tests, July-August 1975. 
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day, a ground tremor resulted i n  changes i n  the input-brine c o m p o s i t i ~ n . ~  
Because these changes pers is ted,  a s tab le  input-brine camposition was not 
reestablished during the remainder of the tests from the 8th through the 
22d day. 
species,  but calcium and chlorine were affected the most. 
occurred i n  the composition of the f lu ids  forming each of the process 
environments. 

Variatidns occurred i n  the concentrations of a l l  major dissolved 
Similar var ia t ions 

Corrosion r a t e s  fo r  most materials were higher fo r  the 7-day exposure 
coming near the end of the 22-day test period. 
ref lected the chemical changes t h a t  had occurred i n  the brine a f t e r  the 
ground tremor. Corrosion ra tes  f o r  materials exposed 22 days were a l so  
higher than r a t e s  observed i n  the i n i t i a l  15-day test. 
was less than tha t  fo r  materials exposed 7 days, probably owing t o  the 
buildup of scale  on samples pr ior  t o  the change i n  brine composition. Flow 
from the w e l l  ceased on the 22d day of the scheduled 60-day test. 
sequent r e d r i l l i n g  of the w e l l  removed a large plug of carbonate scale  t h a t  
had formed 6,100 f ee t  below the surface. 

This increase apparently 

However, the increase 

Sub- 

SUMMARY AND CONCLUSIONS 

Although the corrosion tests conducted a t  the East Mesa KGRA l as ted  
only 22 days owing t o  plugging of the wel l ,  data were obtained on the per- 
formances of some commercially available alloys i n  low-salinity geothermal 
brines. These data a re  e s sen t i a l  i n  the se lec t ion  of materials of con- 
s t ruc t ion  f o r  geothermal resource recovery f a c i l i t i e s .  
was useful fo r  promptly detecting changes i n  the composition of the geo- 
thermal environments. Variations i n  the corrosion r a t e s  fo r  d i f f e ren t  
exposure periods seemed t o  correlate  with changes i n  the chemistry of the 
input brine. For example, corrosion ra tes  f o r  E-Brite 26-1 and 430 s t a in -  
less steel i n  the 7- and 22-day exposures were generally higher than those 
f o r  the 15-day t e s t ,  re f lec t ing  chemical changes tha t  occurred i n  the input 
brine a f t e r  the ground tremor on the eighth day of the test. 

f e r r i t i c  steels such as  E - B r i t e  26-1 and 430 s t a in l e s s  steel were less 
r e s i s t an t  t o  corrosion, par t icu lar ly  p i t t i n g  corrosion, than the aus t en i t i c  
steels and nickel and titanium alloys.  However, a l l  of these al loys appear 
su i tab le  f o r  use as  construction materials i n  low-salinity geothermal 
environments. 
construction materials since t h e i r  corrosion r a t e s  were not excessively high 
i n  the process environments and they are  low-cost materials.  
a l loy  5005 does not appear sui table  f o r  applications i n  low-salinity geo- 
thermal environments because of i t s  low resis tance t o  general, p i t t i ng ,  and 
crevice corrosion. 

Onsite monitoring 

I n  the low-salinity , near-neutral chloride geothermal environments , 

The 1020 carbon steel and 4130 steel a l s o  appear useful as  

Aluminum 

These tests were of short  duration. Longer tests involving a more 
thorough examination of stress-corrosion cracking are  recommended. 

91n the opinion of Bureau of Reclamation personnel, the tremor opened a 
"zone of l o s t  circulation" tha t  released d r i l l i n g  muds and acids i n t o  
the well. 
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