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ABSTRACT

The cor ros ion of carbon steels i n geothermal
f l u i d s con ta in ing s i g n i f i c a n t concentra t ions of

:.adherent l a y e r s of corrosion products .  These f i l m s

are e s s e n t i a l t o t h e cor ros ion r e s i s t a n c e of carbon
steel y e t they also c o n t r i b u t e t o h e a t exchanger
f o u l i n g , valve fou l ing and o r i f i c e r e s t r i c t i o n s .

and o f t e n r e s u l t s i n formation of t h i c k ,

Carbon steel and low a l l o y steel cor ros ion
rates a r e repor ted f o r bore f l u i d (two phase) ,

s e p a r a t e d w a t e r , s epa ra ted steam, and w e t steam
der ived from t h e geothermal f i e l d at Broadlands,
New Zealand. Methods are descr ibed which permit
c a l c u l a t i o n s of cor ros ion product th ickness from
material l o s s determinat ions  obta ined using f l a t
coupons and c y l i n d r i c a l Corrosometer probes.
Corrosion r a t e s and est imated cor ros ion product
format ion r a t e s are compared and d i scussed , with

r e f e r e n c e t o  p i t t i n g  propensi ty and cor ros ion
product adhesion. Differences i n corrosion per-
formance o f d i f f e r i n g corrosion monitors are
explained.

INTRODUCTION

Corrosion of carbon steel i n geothermal steam
a t Broadlands r e s u l t s i n formation of t h e i r o n
s u l p h i d e s t e , t r o i l i t e and p y r r h o t i t e The

o v e r a l l c o r r o s i o n r e a c t i o n i s of t h e form:

Techniques f o r ob ta in ing carbon s t e e l co r ros ion
rates us ing hydrogen probes, probes

and coupons w e r e o u t l i n e d by McAdam et a l . , 1981,

who demonstrated t h a t comparable mean cor ros ion
rates were ob ta ined with a l l these monitors dur ing
s h o r t term (up t o 6 weeks) exposures i n unaerated
geothermal f l u i d s .
t h e r e s u l t s o f longer term exposures of
meter probes and eoupons of up t o one year .

This paper d e a l s p r imar i ly with

Metal coupons of carbon steel when exposed t o
geothermal f l u i d s o f t e n show an inc rease i n weight
due t o format ion of i r o n su lph ide corrosion products .  
Removal of these products g ives a weight l o s s , due
t o c o r r o s i o n , from which corrosion r a t e s are obtain-
ed . Weight ga in r e s u l t s can however be used t o
p r e d i c t co r ros ion rates o r cor ros ion product

th icknesses which can b e r e l a t e d t o observat ions
of cor ros ion 'p roduc t adhesion, secondary cor ros ion
product formation and p i t t i n g corrosion. I n some
cases , the thickness of cor ros ion products can b e
used t o es t ima te corrosion rates based on a know-
ledge of cor ros ion mechanism and cor ros ion product
composition. Appl icat ions where cor ros ion product

rates a r e of i n t e r e s t inc lude s t u d i e s of
h e a t exchanger fou l ing and es t ima t ion of h i s t o r i c
cor ros ion rates.

DESCRIPTION OF EXPERIMENTS

Exposures of carbon and low a l l o y s t e e l
co r ros ion monitors having chemical composition as
given i n Table 1 were conducted i n t h e Broadlands
geothermal f l u i d s der ived from bore Resu l t s
a r e repor ted f o r t e s t s i n bore f l u i d , sepa ra ted
water , sepa ra ted steam and w e t low pressu re steam.
The phys ica l conditions, of exposure are d e t a i l e d
i n Table 2. Table 3 desc r ibes t h e chemistry of
t h e test f l u i d s (Glover, 1980). I n s u l a t e d metal
coupons of t h e type descr ibed i n ASTM standards

and G4-68 which provide weight ga in as w e l l
as weight l o s s r e s u l t s were exposed i n two series
of tests conducted i n and
t e s t s included t h r e e d i s t i n c t exposure per iods of

4 , 13 and 52 weeks.
c y l i n d r i c a l carbon steel Corrosometer probes which
give a d a i l y measure of cor ros ion were
s l y exposed v i a access p o r t s i n t h e tops of t h e
test v e s s e l s a s d e t a i l e d i n Figure 1. Corrosometer
probes were e l e c t r i c a l l y i s o l a t e d from t h e carbon
s t e e l test v e s s e l .

Both

During t h e second s e r i e s ,

Soylemezoglu, S . e t a l . , 1980, and McAdam,
G.D., e t a l . , 1981, have descr ibed t h e opera t ing
p r i n c i p l e s of t h e e l e c t r i c a l r e s i s t a n c e type

probes used f o r t h i s work. Brai thwai te and
L i c h t i , 1981, d e t a i l t h e methods of material prep-

a r a t i o n and c lean ing which were used. Corrosion
products were i d e n t i f i e d by X-ray d i f f r ac tomet ry

and p i t d e n s i t i e s and depths were determined using
the methods o u t l i n e d i n ASTM s t andard
Weight l o s s  ( a f t e r  removal of cor ros ion products)
d a t a were used t o  c a l c u l a t e  m a t e r i a l  l o s s e s  and

corrosion rates. Weight l o s s , weight ga in ( a f t e r
corrosion) and weight of co r ros ion products were
used t o es t ima te t h e th ickness of cor ros ionproduc t s .

CORROSION CALCULATIONS

The mate r i a l l o s t by cor ros ion of a

* Magna Inst ruments (Rohrback Corp.) USA
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TABLE CHEMICAL COMPOSITION OF

Moni tor Composit ion (Element weight p e r c e n t ) .

M a teria1 AISI

Designat ion C Mn S i N i C r Mo cu

Coupons
Carbon S t e e l * 1018 0.15-0.19 0.62 .02 0 0.04 .03
Al loy Steel** 4140 0.41 0.82 0.28 0.21 0.87 0.19 0

Corrosometer

Carbon S t e e l 1010 0.06 0.45 0.10 0.14 0.04 0.17

*Manufactured from f l a t p l a t e . **Manufactured from rod.

TABLE 2. PHYSICAL CONDITIONS OF EXPOSURE

Environment P r e s s u r e Temperature Mass F l u i d

( A i r- f r f low v e l o c i t y Remarks

Bore f l u i d 650 Two-phase f l u i d

Sepa ra t ed water 650 1.2 Liquid
Sepa ra t ed steam 650 160 40 70 Dry steam
Wet steam 126 105 57 10%w e t steam

TABLE CHEMICAL CONDITIONS OF EXPOSURE

Environment a: Gas-phase p a r t i a l p r e s s u r e

Bore, f l u i d 6.50 i . 3 3 x 2.54 x 4.05 x 8.26 x 6.45 x

Sepa ra t ed steam 5.53 1.23 x 2.69 x 5.14 x 6.83 x 5.23 x

steam 1.07 2.10 x 4.61 x 1.17 x 1.14 x 8.49 x

(Air- f r e e )

b : C a l c u l a t e d water- phase chemis t ry a t tes t c o n d i t i o n s (mg

.

f l u i d 7.4 26.5 137. 1.6 5.50 4.7 0.43
Sepa ra t ed water 7.4 29.4 158. 1 .8 6.9 4.4 0.62
Sepa ra t ed steam 6.5 20.6 11.1 1.3 0.48 4.2 3
W e t steam 6.9 5 22. 0.27 0.52 2.6 7

c: Water-phase chemical a n a l y s e s a t ambient* t empera tu re and p r e s s u r e (mg

Fe Si02 B

Bore f l u i d (water on ly ) 7.8 0.48 0 . 3 10 706 14 10 ? ?
S e p a r a t e d water 7.9 -0.5 ? 7 727 1436 .1 5 . 3
S e p a r a t e d steam 5.5 0 1.6 2

W e t steam 5.2

* About and 100

coupon can b e c a l c u l a t e d from t h e equa t ion :

=

where i s t h e weight of i r o n los t by co r ros-

i o n , i s t h e d e n s i t y of i r o n and A i s t h e
exposed s u r f a c e a r e a of t h e coupon.

Again from r e a c t i o n

where i s t h e c a l c u l a t e d weight of
formed and is the weight  ga ined  d u r i n g t h e
exposure . is c a l c u l a t e d from and

t h e d e n s i t y of u s i n g  a n  e q u a t i o n  o f  
t h e same form as T h i r d l y t h e a c t u a l weight
of formed can b e determined from:

Three methods are a v a i l a b l e t o c a l c u l a t e
c o r r o s i o n product t h i c k n e s s (desc r ibed as material

t h e c a l c u l a t i o n s are made f o r fo rma t ion of
t r o i l i t e on ly and t h e hydrogen is assumed
l o s t . F i r s t l y t h e r a t i o of t h e molar volumes of

o f formed t o Fe used i n r e a c t i o n 1. The re fo re
f rom r e a c t i o n 1:

g a i n , f o r t h e f l a t coupons. I n a l l c a s e s +
and c a l c u l a t e d as o u t l i n e d above.

t o Fe i s p r o p o r t i o n a l t o t h e r a t i o o f t h i c k n e s s

SOLID

“FLANGED

2.61

Seccndly , t h e weight change o c c u r r i n g on exposure
can be a t t r i b u t e d t o a b s o r p t i o n of s u l p h u r and t h e
r a t i o of  molecular  weight  of t o t h a t of S i s

p r o p o r t i o n a l t o t h e r a t i o o f weights of and S

i n v o l v e d .
F igu re 1 : Loca t ion of coupons and Corrosometer

probes i n steam test v e s s e l s .



A l l o f  these  c a l c u l a t i o n s assume t h a t t h e
cor ros ion  p roduc t s  are dense, non porous, t h a t

none of t h e cor ros ion products are l o s t , and t h a t
none of t h e hydrogen is re ta ined i n t h e steel.
Small e r r o r s i n the orde r of 5 t o 10% arise i n
us ing t h e  d a t a  f o r t r o i l i t e when mackinawite and
p y r r h o t i t e may a l s o be present .

For Corrosometer probes only t h e f i r s t method
us ing  equa t ion  (3) i s f e a s i b l e . The m a t e r i a l l o s s
is f i r s t ob ta ined from Corrosometer d i a l readings .
The ins t rument  has  a maximum of 1000 d i a l readings
which a r e equ iva len t t o h a l f  t h e  probe thickness ,
o r 127 (0.005 inch) f o r a probe wi th a 254
(0.010 inch) w a l l th ickness .
i s then s u b s t i t u t e d i n t o equat ion (3) t o give

The ca lcu la ted

RESULTS

Material l o s s  r e s u l t s  f o r  t h e  carbon s t e e l s
are summarised i n Figures 2,3 and 4 f o r bore f l u i d ,

s e p a r a t e d steam and w e t low pressu re steam
r e s p e c t i v e l y . Table lists d i s c r e t e values of
material loss, m a t e r i a l gain , observed p i t t i n g
propens i ty , i d e n t i f i e d corrosion products  and
s i l i c o n con ten t  o f  t y p i c a l s c a l e s formed on carbon
steel racks (which h e l d  t h e  exposed coupons) and 
on t h e Corrosometer probes.

Corrosion monitoring i n separa ted water w a s
l i m i t e d t o coupons exposed i n t h e s e r i e s of
exposures .
l a y e r of amorphous s i l i c a which deposi ted at a
near l i n e a r rate of -60 Carbon and low

a l l o y s t e e l s were corroded t o a depth of 0.27
i n t h e one y e a r exposure however p i t s having a
maximum depth of 25 ( a f t e r 4 weeks) were obser-
ved i n t h e reg ion covered by t h e PTFE spacers .
Small amounts of cor ros ion product were c o l l e c t e d
and were i d e n t i f i e d as a mixture of t r o i l i t e and
mackinawite.

A l l f e r r o u s a l l o y s were coated by a

DISCUSSION

D i f f e r e n t cor ros ion r e s u l t s obta ined f o r
Corrosometer probes and coupons i n seemingly
i d e n t i c a l cond i t ions can be explained on t h e b a s i s
of d i f f e r e n c e s i n t h e experimental parameters.  
The c y l i n d r i c a l carbon steel Corrosometers have a
r a d i u s of whi le coupons have e s s e n t i a l l y
i n f i n i t e l y f l a t s u r f a c e s .
r e f e r r e d t o as t h e shape f a c t o r . Corrosometer
probes were loca ted at t h e top of t h e  v e s s e l  
whereas coupons were a t t h e ha l f way p o s i t i o n i n
t h e (10 inch) diameter t e s t vessel. Short
t e r m coupon exposures were at t h e f r o n t of t h e
test v e s s e l and long term a t the r e a r , near t h e
f l u i d  i n l e t .  These d i f fe rences a r e r e f e r r e d t o as
l o c a t i o n  f a c t o r s .  I n add i t ion , the  long term
exposures were sub jec ted t o repeated vessel
openings and o t h e r unavoidable temporary changes 

i n p h y s i c a l and chemical cond i t ions , These
v a r i a t i o n s are desc r ibed as exposure f a c t o r s .
Other parameters such as m a t e r i a l d i f f e rences
which a l s o i n f l u e n c e t h e r e s u l t s  a r e  discussed i n
d e t a i l .

This d i f f e r e n c e is

STEELS

Figure 2: Material loss r e s u l t s f o r carbon s t e e l
co r ros ion monitors exposed t o bore f l u i d .

<.-..-

5

Figure 3: Mate r i a l loss r e s u l t s f o r carbon s t e e l
corrosion monitors exposed t o separated
steam.

12 20 32 3b LO 52

Figure 4: Mate r i a l loss r e s u l t s f o r carbon s t e e l
corrosion monitors exposed t o wet low
pressu re steam.

Material ga in c a l c u l a t e d from material l o s s
(weight of i r o n l o s t i n Table 4) gives an
i d e a l i s e d value of cor ros ion product thickness .
t h e formed product i s t r o i l i t e and none is l o s t then
t h e m a t e r i a l ga in obtained from o r o r
bo th w i l l agree  wi th  t h e i d e a l i s e d value. If t h e

If
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4: CARBON AND STEEL CORROSION RESULTS.

Environment Exposure MG P i t t i n g Corrosion Products

S i l i c o nby
Exposure
Per iod Weeks I n t e g r i t y w t %

Bore F l u i d

Carbon S t e e l
19 79

11.6
10.8
17.1

4
5

A 0.15
A 0.30
A 0.45

4
13
52

52

4.76 12.4
4.28 11.2
6.33 16.5

14.3 37.3

3.23 8.43
3.54 9.23
3.59 9.37

2.90 7.60
3.45 9.01
2.00 5.22

10.3
10.3
16.8

Cor ter

Carbon S t e e l
1976177

A

A
A
A

0.08

0.15
0.30
0.45

3
4
5

4
5
5

4
13
52

7.54
9.66

12.5

3.81
l o s s
7.06

8.20
9.28

10.5

6.16
5.01
5.82

T

-
-
-

Low Alloy S t e e l 4
1976 13

52

T
T+P

Separated Steam

Carbon S t e e l
19 79

4 6.67 17.4
13 9.95 26.0
52 12.2 31.8

14.4
22
29.1

16.6
24.7
30.4

T

I

T

A
A
A

A

A
A
F

A

F
F

0.09
0.05
0.15

0.02

0.09
0.15
0.09

52 27.1Corrosomet e r

Carbon S t e e l
1976/ 7 7 

4 9.52 24.9
13 10.5 27.3
52 17.7 46.2

4 6.20 16.2
13 9.23 24.1
52 31.0 80.9

17.0
24.7
43.3

10.4
l o s s

s

21.9
26.3
44.9

13.9
16.7
34

3
3

5
5

Low Alloy S t e e l

Wet Low Pressu re Steam

Carbon S t e e l 4
1978179 13

52

Co ter 52

Carbon S t e e l 4
19 77 13

52

3.14 8.20 5.73 7.03
3.27 8.54 8.25 8.47
6.14 16.0 15.2 15.3

12.5 32.6 -
2.12 5.53 4.84 5.13

2.41 6.29 6.36 6.29
17.6 45.8 46.2 45.8

3

34( 73)

14) 16)
36 (74) 16(30)

50 (79) 30 (74)

-

A

A

A/F

A

A

*** F

rr+T A

A

A/ F

F

0 15
0.015
0.06

0.06

1.56 4.07 3.75 3.95
2.10 5.48 5.53 5.49

23.5 61.4 59.7 59.9

Low Alloy S t e e l 4
13
52

P y r i t e

P y r r = P y r r h o t i t e

Mac = Mackinawite

T = T r o i l i t e

U = Unknown

AU = Amorphous Unknown

Minor Components

*Average of

pe r iod . P i t s showing the
g r e a t e s t depth were s e l e c t e d
f o r measurement.

A Adherent Corrosion

F = Corrosion

A/F = Non Uniform Adhesion

Products

Produc

** Corrosion Band0.127 deep x

T e s t Vessel Corrosion

2.5 mm wide x 20 mm long.

Products

S = Sulphur s .

Mgn = Magnetite

r e s u l t s from and a r e less than i d e a l
then cor ros ion product l o s s i n t o s o l u t i o n or by
f l a k i n g i s t o have occurred., and t h e degree
of v a r i a t i o n may r e v e a l  t h e  e x t e n t  of t h e  l o s s .  I f
t h e  r e s u l t s  are h ighe r than i d e a l , then t h e
assumption t h a t , the cor ros ion products a r e
e s s e n t i a l l y t r o i l i t e may be i n e r r o r .

BORE FLUID

I n bore f l u i d (see  Figure  p r o t e c t i v e f i lms

The Corrosometer probe however

Of t h e 9 e a s i l y de tec t ed d i s c o n t i n u i t i e s

of t r o i l i t e formed and co r ros ion decreased t o low
levels by 4 weeks.
gave h i g h e r co r ros ion rates than the carbon steel
coupons.
i n t h e Corrosometer r e s u l t s , 7 were a t t r i b u t a b l e
t o known v e s s e l openings and i n g r e s s of a i r ,
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al though 4 v e s s e l openings had no apparent e f f e c t .
Table 4 g ives d e t a i l s of the general s t a b i l i t y of
t r o i l i t e on t h e carbon s t e e l and shows t h a t on t h e
low a l l o y steel ex tens ive corrosion product f l a k i n g
occurred. Mate r i a l  ga in  r e s u l t s r e f l e c t t h i s good
adhesion on carbon steels and t h e onse t of f l a k i n g
from the a l l o y steel. The MG based on and '

are lower than the i d e a l given by MG based
on i n Table 4 . The 52 week corrosion
r e s u l t s f o r t h e a l l o y s t e e l s were anomolously low,
poss ib ly due t o t h e formation of p y r i t e . P i t t i n g
w a s most seve re dur ing t h e exposures. The

cor ros ion products on the Corrosometer probe were

low i n s i l i c o n and those on t h e carbon s t e e l r a c k s ,
which h e l d  t h e  coupons i n place , had h igher s i l i c o n
l e v e l s reducing t o a value of 0.15 w t % at t h e f r o n t
of t h e test v e s s e l .

Glover, 1979, demonstrated t h a t the exper imental
test v e s s e l a c t e d a s a hor izon ta l s e p a r a t o r
d i s so lved s o l i d s and tended t o p a r t i t i o n
i n t o t h e water phase. The water drop le t content of
t h e phase f l u i d" reduced toward t h e top and
f r o n t of the v e s s e l . The detected s i l i c o n
d i s t r i b u t i o n r e f l e c t e d t h i s water sepa ra t ion , and

i t was assumed t h a t t h e ions a l s o followed t h i s

d i s t r i b u t i o n .

The d i f f e r e n c e i n t h e corrosion r e s u l t s a r e
a t t r i b u t e d t o exposure f a c t o r s which a f f e c t monitors
i n d i f f e r e n t ways because of t h e i r l o c a t i o n . The
d i s c o n t i n u i t i e s i n t h e Corrosometer r e s u l t s seen
i n Figure 2 sugges t a t o oxygen o r
c h l o r i d e  i o n ,  S h r i e r ,  1976) o r a f i l m crack and
h e a l mechanism (due t o thermal s t r e s s e s , ,

o r bo th , which are not evident i n t h e
coupon r e s u l t s . S i l i c o n  l e v e l s  i n the s c a l e s
(Table 4) and t h e assumed water d i s t r i b u t i o n i n
t h e v e s s e l c o r r e l a t e w e l l w i t h t h e mate r i a l l o s s
and ga in r e s u l t s . The Corrosometer probe which w a s
l o c a t e d i n t h e upper por t ion of t h e v e s s e l w a s
exposed t o unbuffered steam condensate. This probe
gave t h e h i g h e s t material l o s s r e s u l t , was s e n s i t -
i v e t o v e s s e l openings and may a l s o have been 

e f fec ted by the shape f a c t o r .

The coupons which were i n t h e lower por t ion of

t h e t e s t v e s s e l gave lower corrosion r a t e s because
of t h e  b u f f e r i n g  e f f e c t of and the .
cor ros ion i n h i b i t i n g proper t i e s of s i l i c a . The
coupons were a l s o l e s s e f fec ted by vesse l openings
i n s p i t e of t h e assumed presence of ch lo r ide  ions .  

SEPARATED STEAM

Corrosion i n t h i s environment a l s o decreased t o
a low l e v e l by weeks (Figure 3) . The
er which had s t a b l e f i lms  cons i s t ing  mainly of
t r o i l i t e gave lower r e s u l t s than the coupons which
o f t e n formed mackinawite and p y r r h o t i t e . ( see
Table 4) . 15 Corrosometer d i s c o n t i n u i t i e s were
r e a d i l y ev iden t and 9 of those inc lud ing t h e one a t

170 days corresponded t o known v e s s e l openings.
3 v e s s e l openings had no apparent e f f e c t .
environment t h e  h i g h e s t  s i l i c o n l e v e l s i n t h e
formed cor ros ion products were again recorded on

t h e coupon racks . A l l of the carbon steels had
good cor ros ion product adhesion whi le a s i g n i f i c a n t
l o s s of cor ros ion products occurred from t h e low
a l l o y s t e e l .  P i t t i n g  was most seve re on t h e carbon

I n t h i s

steel coupons exposed i n and mate r i a l l o s s
and m a t e r i a l gain r e s u l t s  p a r a l l e l  t h i s  e f f e c t .
h igh bu t more uniform material l o s s r e s u l t w a s
observed f o r t h e 52 week exposure of t h e  a l l o y  

s teel again presumed t o b e due t o poor adhesion of
t h e corrosion products.
from weight of cor ros ion products was no t i cab ly
low, r e f l e c t i n g t h e l o s s of cor ros ion product
adhesion, on t h e a l l o y s t e e l s .

A

Mater ia l gain. ca lcu la t ed

Separa to r water d r o p l e t carryover and steam
condensation con t r ibu ted small amounts of
mois ture t o separa ted steam. The amount and 
chemical composition of t h e l i q u i d which forms on
t h e cor ros ion monitors determines t h e corrosion
rates. I f g r a v i t y separa t ion gave a mois ture
d i s t r i b u t i o n  s i m i l a r  t o t h a t of t h e bore f l u i d

v e s s e l , then t h e coupons i n t h e lower por t ion of
t h e t e s t v e s s e l would have had more l i q u i d
i n g t o them.

( s e e Figure 3 and Table 4 ) are a t t r i b u t e d t o  t h i s  
assumed mois ture d i s t r i b u t i o n . I n t h i s environ-

ment s i l i c o n l e v e l s were genera l ly low and d id not
c o r r e l a t e with cor ros ion rates o r corrosion
product adhesion.
v i t y t o v e s s e l openings bu t t h e e f f e c t s a r e
obscure because of t h e  l i m i t e d  number of exposures.
Figure 3 shows t h a t t h e Corrosometer probe r e f l e c t s
t h e e f f e c t of v e s s e l openings more than the

coupons. The opening a t 170 days (an extended

opening) caused a doubling of the
observed material l o s s b r ing ing t h e Corrosometer

and coupon corrosion rates and p i t depths t o
similar va lues . With t h e  a v a i l a b l e  evidence i t is
impossible t o a t t r i b u t e t h i s Corrosometer probe
d i s c o n t i n u i t y t o a s i n g l e mechanism s i n c e  f i l m  
c rack ing due t o thermal s t r e s s o r p i t t i n g due t o
oxygen could both have caused t h e observed e f f e c t .
The l a c k of change i n the coupon response over 

t h i s t i m e per iod does lend support  t o a f i l m
cracking mechanism, the d i f fe rence i n performance
being due t o the shape factor .

The h igher coupon cor ros ion r a t e s

The coupons show some s e n s i t i -

.

WET LOW PRESSURE STEAM

The coupon r e s u l t s were charac te r i sed

by a inc rease i n m a t e r i a l l o s s a t some t i m e
a f t e r t h e 13 week expsoure (Figure 4 and Table 4 ) .
This has been a t t r i b u t e d t o the  onse t  of p i t t i n g
cor ros ion caused by oxygen ingress a t v e s s e l
openings and was evidenced by formation cf th ick ,
poorly adherent co r ros ion products which contained
f r e e sulphur and hydrated fe r rous  su lpha te  
(Brai thwai te and L i c h t i , 1981). Flaking of the

corrosion products  was noted; however, material ga in
c a l c u l a t i o n s d id  no t  r e f l e c t s i g n i f i c a n t  l o s s  of
cor ros ion products o r l a r g e changes i n composition.

I n t h e s e r i e s of t e s t s the coupons
were less e f f e c t e d by known v e s s e l openings and
had good cor ros ion product adhesion. 
Corrosometer probe r e s u l t s suggested uniform

p r o t e c t i v e f i l m formation, even though 9 discont-
i n u i t i e s were ev iden t . 4 of these were a t t r i b u t e d
t o v e s s e l openings and an a d d i t i o n a l 4 openings

had no apparent e f f e c t . However, a f t e r 52 weeks

t h e Corrosometer cor ros ion products were d i s t i n c t l y

non-uniform i n appearance. A meandering band of

porous and f l a k i n g corrosion products  which
appeared t o have formed as a r e s u l t of condensate 

The
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running down the s i d e of t h e probe w a s r e a d i l y
ev iden t .
mere dense and adherent.

The t h e cor ros ion products

I t w a s thought t h a t t h e complex f i t t i n g used
t o provide e l e c t r i c a l i s o l a t i o n of t h e probe i n t h e
p r e s s u r i s e d v e s s e l had a high rate of h e a t t r a n s f e r
and caused formation of cor ros ive condensate a t t h e
top of t h e probe which drained along the sens ing
element. On removal of the cor ros ion products a
corresponding band of p i t t i n g cor ros ion w a s exposed.
I n s e v e r a l regions t h e p i t t i n g w a s c h a r a c t e r i s e d by

complete l o s s of mate r i a l ac ross t h e f u l l width of
t h e band g iv ing a f l a t bottom area i n width ,
having a maximum depth of and up t o
i n leng th .
t h e e l e c t r i c a l r e s i s t a n c e type sense element would
r e s u l t i n t h e Corrosometer record ing a m a t e r i a l loss
of This f i g u r e

d i f f e r e n c e recorded between t h e coupons and t h e
Corrosometer probe f o r the simul taneous exposures,
implying t h a t without t h i s band of condensate
cor ros ion , i d e n t i c a l r e s u l t s would have been
obtained. For t h i s environment t h e observed
cor ros ion performance c h a r a c t e r i s t i c s w e r e there-
f o r e determined by exposure f a c t o r s r e s u l t i n g from
exper imental design and execut ion.

Local ised l o s s of t h i s material from

SEPARATED WATER

Broadlands bore BR22 con ta ins 747 silica.

The phys ica l cond i t ions s e l e c t e d t o perform t h e
s e p a r a t i o n (6.6 ba, and

separa ted water corrosion tests (6.5
gave a s i l i c a s u p e r s a t u r a t i o n r a t i o of
(Henley, 1981). The observed s i l i c a depos i t ion
caused by t h e s u p e r s a t u r a t i o n dominated the
cor ros ion r e a c t i o n s occur r ing on a l l t h e f e r r o u s
a l l o y s .
d i f f u s i o n b a r r i e r t o p o t e n t i a l l y c o r r o s i v e s p e c i e s
i n t h e water. However, co r ros ion p i t s having a
maximum depth of 25 were formed befo re t h e
s i l i c a b a r r i e r w a s es t ab l i shed . Corrosion mechani-
sms i n t h i s environment were t h e r e f o r e con t ro l l ed
by exposure f a c t o r s r e s u l t i n g from experimental
design and f l u i d chemistry.

The s i l i c a appeared t o provide a uniform

CONCLUSIONS AND RECOMMENDATIONS

Carbon steel and low a l l o y s t e e l 4140)
e x h i b i t low y e a r l y cor ros ion rates ( 3 t o 30

i in geothermal bore f l u i d and steam.
product f i l m s c o n s i s t i n g mainly of t h e i r o n
su lph ides , mackinawite, t r o i l i t e and p y r r h o t i t e
were formed and t h e i r growth was d i r e c t l y r e l a t e d
t o t h e r a t e of corrosion. The a b i l i t y o f these
p r o t e c t i v e f i lms t o reduce cor ros ion t o a low l e v e l
w a s enhanced by t h e presence of minute amounts of
s i l i c o n i n t h e s c a l e s , b u t w a s reduced when t h e

test v e s s e l s were opened during t h e course o f the

experiments. P i t t i n g cor ros ion occurred i n a l l
environments even when cor ros ion products were
adherent . Measured p i t depths were o f t e n t i m e s
deeper than average depths of cor ros ion . S i l i c a
depos i t ion from s o l u t i o n dominated cor ros ion
r e a c t i o n s i n t h e separa ted water test.

Corrosion

The major cause of the observed d i f f e r e n c e s i n
mean cor ros ion rate, as determined by coupons and

Corrosometer probes w a s t h e  d i f f e r e n t  l o c a t i o n of

t h e monitors wi th in t h e test v e s s e l . Because of
t h i s t h e monitors were sub jec ted t o d i f f e r e n c e s i n
cor ros ion chemistry r e s u l t i n g from the design of
t h e experiments and from d i f f i c u l t i e s encountered
when mul t ip l e tests were conduc ted ' in a s i n g l e
chamber. Corrosometer probes-were more s e n s i t i v e
t o exposure v a r i a t i o n s , b u t t h i s was due t o t h e i r
shape f a c t o r , l o c a t i o n and frequency of measurement.

Despi te these d i f f e r e n c e s many of t h e corr-
os ion parameters used t o c h a r a c t e r i s e t h e corrosion
performance of carbon s t e e l s i n geothermal f l u i d s
can be measured using both of these monitors.
Extreme c a r e must however b e taken t o  l o c a t e  and
mount the s e l e c t e d corrosion monitors i n t h e

appropr ia t e p o s i t i o n i n t h e process  s t reams.  

The au thors wish t o acknowledge t h e techn ica l
a s s i s t a n c e of H. Bijnen and J. Garvitch of IPD,
DSIR and R. Berezowski, M. and J. M. Turner
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