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(U) •‘This report documents the results of geo-
therma l corrosion studies conducted at the Coso
Thermal Area, Naval Weapons Center , China Lake,
California. Nine different common construction—
grade piping materials were tested for periods up
to about one year in three distinctive low—pressure ,
medium temperature environments (ac id—sulfate  steam ,
groundwater—diluted steam , and hot mineralized alka-
line water) under anaerobic and aerobic conditions.
Exposed specimens were analyzed principally by opti-
cal microscopy and X—ray diffraction techniques, and
selectively by scanning electron microscopy , X—ray
fluorescence, and atomic absorption spectroscopy .
Corrosion/erosion modes , rates, and principal insol-
uble corrosion products were established and mech-
anisms based on established theory proposed to
account for the modes of deterioration . Corrosion
results were compared for the three fluid systems,
and specific materials were then recommended for
use in each of the fluid types found at the Coso
Thermal Area.,~
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INTRODUCTION

Large quan t i t i e s  of heat energy are known to be stored in near—
s u r f a c e  regions of the earth’s crust where recent volcanism or intrusive
activity has taken place. In view of the increasing costs and demand
fo r  energy , and in considerat ion for  the  nonrenewable na tu re  of f o s s i l
fuels , an increasing level of interest has been shown recently in using
these geotherma l resources for such purposes as the production of power
and for municipal heating.

Geothermal energy is often found in the form of medium—to-high tem-
perature , pressurized fluids contaminated with a wide variety of en-
trapped , dissolved and undissolved , solid and gaseous matter—depending
on the geologic environment . Different kinds and levels of contamina-
tion result in a wide range of highly acidic to highly alkaline fluid
conditions that differ greatly in chemical aggressiveness.

As these fluids cool and pressures are reduced , the precipitation of
dissolved solids occurs. The agglomeration of these often results in the
formation of comp lex scale. Utilizing these fluids then creates some
complex , i n t e r r e l a t e d  corrosion , erosion , and sca l ing problems wi th in
gathering, distributing, storage, and energy conversion installations
depending on the chemistry of the fluids and the characteristics of the
installation . 1

~~ The condensation of corrosive vapors previously re-
leased into the atmosphere as a by—prod uct of these processes results
in ~he deterioration of external surfaces of the installation , plus

Lawrence Livermore Laboratory. Possibilitico ,for ‘c~; t r r Z i i -~y
~~~ i~ ’ -  .1 t a l  .7;~1~ ~

-
~ i in Scale From Geothermal Br~ i~oo , by D . D. Jackson

and John H. H i l l .  Livermore , C a l i f . , 19 January 1976. (U CRL— 5l977 ,
publ tition UNCLASSIFIED.)

2 f Marshall and W. R. Braithwaite. “Corrosion Control in Geo-
therma l Systems , ” Geotherma l, Energy (Earth Scioncec, l~~), UNESCO , Paris
( 1 9 7 3) ,  pp.  151—60.

~ Bureau  of Nines.  Corrosion ResioL,-~P / ~ €/ of . .1L~~~~I2 i :~ In Ho t. Th ’in ’~~:
A ~~~ ; 

~~~~~~~~~~~ .~~. ‘
• . ‘t , , by Lloyd H. Bann ing and Laurance L. Oden. Wash-

ington , D.C ., August 1973. (BuM ines IC 8601 , publication UNCLASSIFIED.)
1 ldah Nat ional Engineering Laboratory, ERDA . (‘~ ~ ‘ 1 n  / f r : J t ~~’;

~. : t - ;  I ~ J i-L~ :o ~. on uJ ’ t in ’ R af t  RI  ‘ 
. r ‘~~ 

‘ 1 ii ; i~u i /  Ji ’€ ;~ ~~~~~~~ by R i c h a r d
L. M i l l e r .  Idaho Falls , Idaho , August  1976. (ANCR— l 342 , p u b l i c a t i o n
LNC~ ASSI FTED. )
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possible env ironmental degradation of the surrounding land scape . In
addition , the presence of toxic metals such as arsenic , antimony , and
mercury in geothermal fluids present added disposal problems .

In vi.~w of the limited use of and experience with geothermal fluids
to date , the selection of materials for use in these environments has
been largely based on results obtained in handling other types of aggres-
sive fl uids. This selection approach may not be va l id , even for  chemi-
cally similar fluids , as small differences in temperature , pressure ,
levels and kinds of impurities , coupled wi th small  changes in ma ter ial
parameters  and f low conditions can resu l t  in large changes in the  r a t e
of deterioration of materials. Temperatures and pressure changes result
in changes in solubili ties  and f low velocit ies  tha t in t u r n  can a l t e r
corros ion/eros ion  ra tes  and modes. Quant i t ies  of undissolved so l ids
carr ied in high—velocity fluids can cause serious erosion and erosion!
corrosion problems depending on their numbers , sizes , shapes , mechanical
properties , velocities , and angles of impact.4 Pitting erosion due to
impingement by water droplets in the steam varies with velocity and is
enhanced by the presence of undissolved solids and gas bubbles in the
f l u i d . 5 Changes in f low condit ions can resul t  in t u rbu l en t  r a the r  than
lamellar  f l u i d  f low and in cavi ta t ion  of the f l u i d , bo th  of which  should
increase corrosion/erosion rates.5

The addition of minute quantities of impurities such as chloride and
copper ions or hydrogen su l f ide  gas in a f lu id  can cause ca t a s t roph i c
failure of some materials under certain conditions. For examp le , only
about 5 ppm of chloride ions in an aerated fluid at 50°C causes stress
corrosion cracking of austeniti c stainless steels.6 A hydrogen sulf ide
content  of 0.1 ppm can resul t  in s u l f i d e  stress c rack ing  of s t e e l . 7
Small q u a n t i t i e s  of more noble metals in solution , such as copper , w i l l
initiate pitting corrosion of more active metals like aluminum by plating
out on its surface to form galvanic cells.8

A geothermal fluid may prov ide one additional complication in that
i t s  c h a r a c t e r i s t i c s  mi ght a l t e r  appreciably over long  per iods  of t ime 0

Mars D. Fontana and Norbert D. Greene . Corrosion Ltn~ Ln1 cr/n :.
New YorK , McGraw—Hill , 1967.

6 j~ A. Collins . “Effec t of Design, Fabrication, and Installa tion
on the Performance of Stainless Steel Equipment ,” ~~~~~~~~~~~~~~~~ Vol .  11
( 1 9 5 5 ) ,  pp.  l l t— 1 8 t .

C. M. fludgins , and others. “Hydrogen Sulfide Crack in g o f Carbon
and A l l o y  S tee ls , ” Corrosion , Vol. 22 (Aug. 1966), p. 238.

I’ 8 C. B u t l e r  and H .  C.  K.  Ison . Corros ion anJ Tt ~~~J ’ ,~~;~~n~ 
.
,.

~~~~~ New York , Reinhold Publ ishing Corp., 1966.
R. S. Bolton . “Managemen t of a Geothermal Field ,” ~

‘c~ ’~’ ic i ’”’: t
1 . ~ .’ ; : ~ (h z: ’t ~c ~~~~~~~~~~ 2t~) , UNESCO , Par is (1973), pp. 175—84.

4
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due to grad ual changes in reservoir cond itions under the in fluence of
reinjection and recharge effects. For example , assuming geothermal
waters are largely meteoric , the recharge rate could alter with long—
term changes in the level of the water table as a result of changes in
the usage rate , or else changes in weather patterns. Reinjection of
waste fluids back into the reservoir may eventually alter the fluid chem-
i s t r y .

The selection of materials for use in a geothermal environment , ba sed
on information established in other aggressive environments such as sea
or mine water , or in processing industries or desalinization plant s,
should be done with great care. Similar care should be taken even when
the selection process is to be based on prior experience in o the r  geo-
thermal environments.

In view of the wide variations in geothermal reservoir conditions ,
perhaps a bet ter way to choose materials initially for use in a given
installation would be to run extensive corrosion tests on all candidate
mater ia l s  us ing the same fluid condition that is expected to be encoun-
tered later on. 1° Even then , some materials selected on the basis of
corrosion tosts will prove unsatisfactory when used in a fuli—scdle in—
stallat i ,~e of changes in flow conditions , fluid chemistry, de-
sign , o~ it ion procedures that lead to excessive deterioration of
the mat at circumstance. However , building the installation
witho • tl or screening of construction materials based on actual
expo~ L. ~.ie fluid to be handled would be expected to resul t  generally
in a more protracted break—in period .

This report describes the results of a corrosion stud y of common ,
constr uction grade pipe materials exposed to med ium—temperature , low—
pressure geothermal fluids at the Coso Thermal Area , Naval Weapons
Center , China Lake , C a l i f o r n i a .  Nine different materials , p lus a sample
made up of combinations of these nine were exposed to three different
KLn c s of geothermal fluids and under oxygen—poor (anaerobic) and oxygen—
ate~i (aerobic) conditions for periods of t ime up to about one year .

The analyses of corrosion specimens were done as a cooperative pro—
grain between t i le Naval Weapons Center and the Naval Postgraduate School ,
M on t e r ay ,  The fo rmer  was responsible for identifying corrosion modes,
for measuring corrosion rates, for identifying corrosion products prin-
ci pal l y  b y x—ray diffrac tion analyses , and for analyzing microstruc turcs
using optical metallography. The latter made detailed hi gh—magnif ica—
tion analyses of topographic features found on selected corrosion

10 E. T i l i v i a .  “Corrosion Measurements in a Geothermal Environn~ nt ,”
Special Issue 2, Vol. 2, Part 2, Pisa , Italy (Sept . 1970).

United Nations , New York, pp. 1596—1601.

5 

-- - - - - -  - -—~ --~



v—-— ....;~~ ~T7. I ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘

~~~

‘

~~~~~ 

‘

~~~~~~~~

‘ ‘ ‘

~~~

NWC TP 5974

specimens using scanning electron microscopy and x—ray f l uorescenc e
techni ques , pl us anal yses f or me rcury  in corrosion deposits using atomic
absorpt ion spectrometry .

GEOTHERMA L FLUIDS

Each- m a t e r i a l  was exposed to three d i f f e r e n t  kinds of common low-
pressure , medium—temperature geothermal fluids found at the (‘oso Therma l
Area. Two were acid steam conditions , exh ibiting different degrees of
chemical aggressiveness. Both were extracted from near—surfac e layors
located within the zone of surface oxidation. The third fluid was a
med ium—temperature alkaline water taken from a well drilled below the
zone of oxidation .

A recent model of the Coso Thermal Area postulates the existence of
a steam reservoir in the Sugarloaf Mountain—Devil ’s Kitchen area that is
capped by a zone of altered granitic rock. The steam rc~ e rvo i r  is shown
to be bounded on the east by the major north—south trending norma l fault
at the Coso Resort and to the west by an unknown boundary somewhere near
the eastern edge of Rose Valley. Two hot water reservoirs are postulated
directly to the east and west of these boundaries.

ACID SULFATE STEAM , DEVIL ’S KITCHEN

This example of a common , very corrosive geothe rmal steam condition ’1
is located in the Devil’s Kitchen Area , a high l y  frac tured acid—sulfate !
hydro therma l alteration zone .’2 This local ity is topographically high ,
and well above the water table. The absence of recharge from underground
aquifers and atmospheric precipitation , combined with a hi gh evaporation
rat e in this desert environment , have resulted in the near—surface layers
of the ground becoming saturated with highly acid sulfate waters from the
mixing of geothermal fluids venting to the surface along fissures and
oxidi;~ing hydrogen sulfide emissions . Hydrogen sulfide and carbon di—
ox ile gases have both been identified in steam emissions which have i

pH of about 4.5. Standing pools of water or materials soaked with con—

~iensate eventually reach a pH of about 1.5, after additional oxidation
takes ç l a: e . ’2

~ Donald E. White. “Thermal Waters of Volcanic Ori gin ,” R n L I . t / n
c~° f ~~ ’ ;o u , . - x ; / ,~ ~‘~~~i c t : ~ of  Ar7c~~/~~- z , Vol. 68 (December 1957), pp. lh37—

~7. 12 Naval  Weapons Center .  GCOlO~j I ~~ ~~~~~~~~~ t 7 .  1, - f r n ~ :1 t ~o ’ - ‘- -~. -

io , ; ’~’:af i~ c :, by Carl F. Austin and J. Kenneth Pringle . China Lake ,
(;~~l if . , NWC , June 1970. (NWC TP 4879 , publicatio n IINCLASSIFIED .)
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S u r f a c e  w a t e r  in t h i s  l o c a l i t y  con ta ins  a p p r o x i m a t e l y  2500 ppm ot
dissolved solids ,~

2 of which  s i l i con  c o n s t i t u t e s  the major portion (see
Table 1). Deposits of amorphous silica (opal) found in the Coso Thermal
Area attest to its presence. The major remaining cations include alum-
inum , c a l c i u m , po tass ium , boron , ma gnes ium and sod i um , in t ha t  o r d e r .
These d i s so lved  sol ids mainly  represen t  the  d i s s o l u t ion of common m m —
e ra l s  w i t h i n  the alteration zone . Mercury has also been identified in
black c o a t i n g s  formed on copper p la tes  exposed to fumarolic gases 1 ’ and
is expec ted  to  be present  in f l u i d s  also , a l t h o u g h  the  species p r e s e n t .
( e l e m e n t a l  s u l f i d e  compound , e t c . )  has not  been c l e a r l y  e s t a b l i s h e d .

Acid—sulfate conditions are common in Lhermal areas. However , the
oxidation reactions do not appear to be comp le tel y established in all
cases. Recent -,iork 1 ’

~ suggests that bacterial action is a significant
factor in t i le production of sulfuric acid in geotherma l environments.
The appearance of large quantities of aggressive ferric ions in t h e s e
waters can also be explained principally as a result of bacterial acti—

Sulfuric acid , ferr ic ions , plus hydrogen sulfide and carbon dioxide
gases appear to be principal factors in determining the corrosiveness of
this acid—sulfate environment along with temperature and pressure. As
reactions can take place between oxidizing agents (ferric ions and per-
haps hot sulfuric acid) and the reducing (hydrogen sulfide) gas , other
oxidation states of the sulfur species may also he found in the fluid.
The amount of oxygen dissolved in the fluid may be reduced or comp let ely
eliminated as it readily reacts with the hydrogen sulfide . Uydrogen
sulfide can be a major problem as it causes sulfide stress cracking,
hydrogen embrittlement , and delayed fracture of steel in anaerobic acid
environments. 2 Mercury, if present, may be a significant factor in
initiating corrosion , part icularly in aluminum alloys , depending on its
“xi iat ion state. ~ Traces of copper have also been found in water

~iamples from this area , 12 which may lead to localized corrosion of more
active metals , such as aluminum , depending on the copper species present.

Bureau of Mines. Buckev-Dri lZ inq the Cc : ’o ‘- , ‘ou ~’ -~ . - . 
‘ 1- , 1’~~.

~ -• ~~~~~, 
(‘ - -‘~;r~.-/- -z , by Leon W. Dupey . Washington , D . C . ,  1948. (BuMines

Report Invest. 4201 , pub l i ca t ion  UNCL A SSIFIED. )
Thomas D. Brock , and Jerry L. Mosser.  “R a t e  of S u l f u r i c - A c i d

Production in Yellowstone National Park ,” Bulletin of H:- I, - - •
..‘~ -

. :1
- .‘ -

~~~± :~ ( J  ~ i~~~~~
-p -/  

~a, Vol. 86 (February 1975), pp. 194—8.
Thomas 0. Brock and others. “Biogeochemistrv and Bacte riol ogy

of Ferrous Iron Oxidation in Geothermal Habits ,” f ’~ ~n~ ’ ‘ ‘a ~~
- t  ‘,

‘- .“ :  —
Vol. 40 (1.976), pp. 493—500.

~ R. J. H. Wanhill. “Cleavage of Aluminum Al lovs in Liquid Mercury ,”
‘ , Vo l . 30 (October 1974), pp. 371—8.
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GROUNDWATER-DILUTED STEAM , COSO SURFACE

A mi ld ly  acid steam cond it ion was loca ted alongs ide a long, m a j o r
no r th—sou th  t r e n d i n g  f a u l t  zone at the Coso Resort Area.  This  f a u l t  zone-
conta ins  an ex tens ive  network of f r a c t u r e s  t ha t  serves as a c o n d u i t  for
geothermal f l u i d s  and gases to ascend to the  s u r f a c e .

This locality is topographically low and , conseq uently, meteoric
water  is found at r e l a t i ve ly  shallow depths  below the s u r f a c e .  As w a t e r
moves th rough  t h e  Coso Resort Area in an eas tward d i r e c t i o n  toward  the
v a L l e y  f l o o r , it di lutes  and pa r t i a l ly t r an spo r t s  away a scend ing  geo-
therma l f l u i d s .  As a result , those reaching the s u r f a c e  are o n l y  s l i g h t l y
acid w i t h  a pH of about 5~~12 Steam emissions along the fault contain
about  the same amount and kind of dissolved solids as emiss ions  at the
Devil’s Kitchen. No analyses of gas emissions in this locality hav e been
made , although hydrogen sulfide and carbon dioxide levels are expected to
be significantl y lower than at Devil’s Kitchen due to the influence o f
the migrating meteoric waters. Trace amount.; of mercury were found in
water samples from the Coso Resort Area .’2

HOT ALKALINE WATER , COSO UNDERGROUND

Hot water from a 115—metre—deep well drilled in the nvm~ or fault zone
at the Coso Resort adjacent to the steam source described above , served
as the third test fluid. This well was drilled into bedrock below the
zone of surface oxidation to sample fluid conditions in ti m e more ba sic
environment expected at that depth. A 10—cm—diameter steel liner ,
slotted over its lower 15 metres was inserted into the well to insure
that t’~st fluids came from the bottom strata only.

Analyses of the well water showed it to be alkaline , with a p11 of
ahoot. 9.0 containing approximately 6000 ppm of dissolved solids ~ f which
5000 ppm were sodium and ch lor ide  ions.  12 No an alyses  ot  admixed gose’~
hak e I C C O  made. However , h ydrogen s u l f i d e  and carbon d iox ide  lev e l s  are
expected to be low due to dilution and transport hv groundwater as dis—
cti s~ ed previously. Normally,  oxygen should he virtually absent in t h i s

reducing environment , although the flow ot shallow groundwater into this
zone rua v i n t roduce  some .

Sodium—chlor ide  brines are common in geothermal areas , are good
e l e c t r o l y tes , and are usually f a i r l y  corrosive due to the  aggress ive
chloride ion which is responsible for establishing localized (pitting )
corrosion in many metals , plus stress corrosion cracking of  aus ten it ic
stainless steel and aluminum alloys. 5

9
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CORROSION TEST ARRAY S

Each corrosion test facility consisted essentially (If an air—tigh t
gathering system which collected fluids and carried them t o  a l ar g e  g l u t —
fold that , in turn , distributed them to individual samples. I t the lui d
consisted of steam , condensate that collected on the b o t t o m  of the mani-
fold was carried off through an air trap. Steam produced tinder this
condition was considered to be essentiall’- a water—saturated vapo r  L r

test purposes.

A maximum of ten samples could be tested simultaneously at eac h i n —
stallat ion . Manifold ports were designed specifically for 2—inch—di am eter
(2 IPS) spec imens of p ipe , although other sizes of p ipe r tubin 1~ couH
be attached with the aid of adapters. Each sample was e’~ un~’c t ~~d to t i e

manifold throug h an air—tight , galvanically insulated coup ling, and rested
horizontally on a wood—insulated V—channel supporting framework. Conden—
sale flowed from the lower end of each sample into an open troug h and
from there to a storage reservoir. Figure 1 is a view o~ an operat ing
corr~ s ion test facilit y.

Hot water from the well was lifted to the sur l ace using a mechanical
submersible pump positioned just above the bottom , within the slotted
portion of the lin~ r . The pump was opera ted by a diesel—powered pump
jack mounted to  a steel platform at the well bore . Fluid was pumped to
a 24,000—litre iisulated holding tank and pressurized to about two atmos-
pheres. The holding tank converted the uneven dist -har ge from the well
to a more uniform flow condition. This also provided for continuous
flow while the pump ing system was stopped for servicing or repairs in
order to prevent atmospheric oxygen from entering any anaerobic test
chambers from the downstream end . A series of valves between the holding
tank and manifold regulated flow to the latter while a valve on each
exit port of the manifold adjusted the flow to individual samples. A
flow rate of 4 litres per minute per samp le at a velocity of 0. 3 rn/s was
established as optimum for this pumping system which allowed fluids to
f l a s h  in time test samp les. Since the test site was in a remote area ,
ohout ~~ kilometres from the main laboratory, it was operated unattended
nos’ of the t ime requiring the pump ing system to be monitored continu—

~ s l y .  T h i s  was done with an alarm system mounted directly on the  pump
j a c k t i L • t  t ransmitted a radio signal to a receiver located at the NWC
Police Station whenever it stopped . The holding tank allowed flow to
cinh inue uninterrupted for periods up to about 24 hours while repairs
were made , if it had been initially pressurized to about 2 atmospheres.
‘ressurizin g the holding tank to sign if i can tly higher level s gene ra l l y

c -mused  a runaway pressure rise in the tank , as some of the valves that
were operating in a nearly closed position due to the pressure , clogged
as dissolved silts precipitated on the seats due to the sudden pressure
drop .1I -r~~~~-- them. Ti) prevent runaway pressures , an automatic relief
v -m tv e was t c t  ted into a second exit line at the well head that would

10
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open at about 6 atmospheres pressure . Even at two atmospheres pressure,
some precipitation still took place at the control valves , lowering the
flow rate , and so periodic adjustments were required to maintain uniform
flow to the samples. Figure 2 is a distant view of the hot—water corro-
sion test facility while in operation.

The gathering systems and testing arrays were constructed of welding
grade , low—carbon steel pipes , structural shapes and plate mater ia l .
Junc tions and joints in the flow lines were generall y welded , or else
flanged and bolted together. Additiona l flanges were welded on the lines
for inserting control valves. Valves were either 300 series stainless
steel or corrosion—resistant cast 1 run , wh ile the holding tank was a
300 §eries stainless steel. The submersible pump combined 304 stainless
steel , Ni—Pesist austenitic iron , and corrosion/temperature—resistant
fittings.

TEST SAMPLES

Test samples fc r the corrosion studies consisted of nine different
ki~nds of 2— inch—diameter (2 IPS) construction grade pipe , plus a t e n t h
“pl umber ’s nightmare ” composed of short lengths of the other nine, welded
or thr eaded together directly or through various coup lings and valves .
The last specimen was designed spec ifically to examine galvanic corro-
sion and coup ling effects between dissimilar materials under an anaerobic
atmosphere. Pipe materials included steel and galvanized steel , 304
stainless steel , gray cast iron , 6063—T6 aluminum , copper , ABS and PVC
plast i - s , and trans ite .~~

7

Steel pi pes were all seamless and met Schedule 40 or 80, ASTM A53/
A120 spe cifications. The microstructure consisted of a matrix of small ,
equi-ixed ~erritc grains containing colonies of fine , lamellar pearlite.
Oci -a siona l  lenticu lar islands composed mainly of manganese sulfide and
small  sph er oi d s of e i t h e r  silicon or aluminum oxide were found  d i spe rsed
throug hout the microstructure as minor phases. Both inner and outer
surfaces of the pipe were covered with a thin , adheren t black coatim u’
tha t was jud ged to be largely magnetite , Fe304, on the basis of its colo r.
Th~- hardness of the steel varied from RB 69 to 82 in the interior wh ile
the j c- FM g ra in  size n umber varied between 5 and 6. The mate r i a l  was
judged to be equivalent to SAE 1012 to 1016 carbon steel.

17 C. F. Au stin and J. K. Pringle. “Geotherma l Corrosion Studies
a the ~av ,1 Weapons Center ,” University of Michigan , Ann Arb or , M i L -h .
.ini 
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FIGURE 1. The Devil ’s Kitchen (Acid Sulfate Steam)
Corrosion Test Facility in Ope ration .

__  
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FIGURE 2. hot—Water (Mineral ized Ai k al inc F l u i d )
Cur ro s ion Fac ii i  t y at  th e  Coo R e s o r t  A r un
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Galvanized steel pipes were seamless and me t ASTM Grade A53/A 120
Schedule 40 specifications . The microstructure consisted of fairly large ,
irregular—shaped grains of ferrite and fine lamellar pearlite colonies
occas ionally found in a Widmanst~itten structure. Islands of manganese
sul f i d e and small spheroidal prec ipitates were found throughout the in-
terior. The hardness of the steel varied from RB 58 to 68, while the
ASTM grain si.ze number varied between 4 and 5. The steel was estimated
to be equivalent to SAE 1011 carbon steel. The zinc coating on both sur-
faces varied from 0.035 to 0.050 nun in thickness.

The microstructure of the gray cast iron consisted generally of a
pearl itic—ferritic matrix and type B graphite flakes. Casting voids of
various sizes and shapes were scattered throughout the microstructure .
The th ickness of the walls varied considerably wh ile the surfaces were
general ly fairly rough. Hardness readings in the interior varied from
about R~ 20 to 30, while values made on the outside surface averaged
about RB 73. These pipes were coated with a thick layer of black tar on
all exposed surfaces , which was left in place when the pipes were in-
stalled for corrosion testing .

Stainless steel pipes were austenitic, AISI tYpe 304 alloys and met
Schedule 40 strength specifications. Specimens tested in the acid—sulfate
steam and alkaline water appeared to be identical on a microstructural
level while the ones tested in the groundwater—diluted steam contained a
much finer—grained microstructure . The latter were seamless pipes wh ile
the others contai~ied a welded seam. Interior hardness level s varied from
Rg 72 to 81, with the fine—grained ones showing slightly higher average
values than the others.

Al umi num p ipes were wr ought 6O63—T6 alloys and met Schedule 40
strength specifications. This age—hardening alloy uses a precip itate

inc magnesium silicide Dart id es to obtain its strength.

Wrough t copper  tubes were cold—drawn to an interior hardness level
~ ° 

~
B.  I’h~- average w a l l  t h i ckness  was about  1.59 mm , w h i l e  the aver—

age gr I t O  S f  ~e g en e r a l l y  varied between 0. 15 and 0.20 mm. The micro—
st !w-ture c o n t a i ned s c a t t e r e d  p a r t i c l e s  of cuprous ox ide .

R i g id polyv inylchioride (PVC) is a member of the polyvinyl chloride
resin famil y . rt is an unp iast icized (no added softener) resin with
c o l o r  p i g m e nt s  and stabilizers added in various proportions. The sta—
b i l  i~~ -r ~ are imecessar in any vinyl chloride formulation to minimize
- - , - m i  Iii ! ultr a violet radiation degradation of the resin. Rigid PVC is

I t ’ I cc lv o~ in cost compared with o t h e r  engineer ing p last ics and
I -r s t’ u-s rt-s islamicu and chemical corrosion resistance to me~~t acids ,

i lk ,~ i~ s, ‘- a i r s , m i istm ,rei , and oils, it is also tough , d imensionally
otih i. - - m ~ r.’’m i e:’mpcrltures , and has weatherability superior to many
p1 is ’  I c ’— . t is  t o  he noted , mowcvec , th -i t the po l ymer may contain a

• -. - - n m  .ini -m t ‘ I m m m r e - .i~ -d monomer ( v i n y l c h l o r i d e )  w h i c h , among

13
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other disadvantages , is mildly toxic. The PVC plastic pipes used in
these tests met Schedule 80, PVC 1120—1220 ASTM— D—l785 , 40() psi specifi-
cat ions.

Copol ymnerization of acry lonitrile , bu tadiene and styrene results in
a fam il y of thermoplastic resins commonly referred to as “ABS”. In gen-
eral , ABS pl astics offer good (for plastics ) tensil e strength , flexural
r i gidity and impact resistance over a range of temperatures from —40~

’C
to  104 °C. Depending on concent ra t ion and t e m p e r a t u re , ABS p l a s t i c s  are
not adversely affec ted by most inorganic chemicals , wat er vapo r , and ma ny
mineral acids and alkalies. Special grades of ABS are available to re-
sist c h e m i c a l  environments. However , as with all thermop lastics , ABS
will c o l d — f l o w  or creep as the app lied stress , temperature an d / o r  t ime
increases . ABS plastics are also sensitive to ultr aviol et irradiat ion

• ( p h o t o — ox i d a t i o n )  which  can cause e m n b r i t t l cm e n t , c h a l k i n g ,  and co lo r
change . The ABS plastic pipes used in these tests met S c h e d u l e  40 , CS—
270— 6 5 , TICS AS TM—D26 61 spec i f ica t ions .

A mixture of port land and asbestos cement is used to make a seamless
p ipe , commonly known as “transite ”. T h i s  m a t e r i a l  is c h a r a c t e r i z e d  by
i t s  high he-at resistance (up to 370°C) and its low t h e r m a l  c o n d u c t i v i ty .
It is fabricated into pressure p ine of f o u r  classes , w i t h  w o r k i n g  pres-
su r e s  o f 50 to 200 psi , in increments  of 50 psi .  The t r a ns i t e  p ipes
used i n  these tests were composed of a mixed chrysolite and c r o c i d o l i t e
as~’,- s t o s  f i l l e r  and cement b i n d e r .  The p ipe used was c la s s  50 (50 psi
p r e ss u r e  p ipe)  w i t h  a wail  thickness  of about 9 nun .

OPERATING CONDITIONS

Each pipe was tested simultaneously under oxygen—poor and oxygenated
conditions . This was achieved by dividing samples into two 3—metre—long
segments . The upper one, joined to time manifold , was left whole to cx—
c1u ~k- the  atmosp here from the interior portion , w h i l e  the  lower  was s p l i t
in half along its length to expose the interior to the  s u r r o u n d i n g  a i r .

Samples  of [lu ld  were taken f r o m  each open channel  at  i t s  d o w n s t r e a m
•~n i  and from each manifold air trap, after the studies were underway ,
and ana~ vzed for dissolved solids. Gases were not anal yzed because of
i n h e r e nt  d l l f i e u l t l e s  in ob t a i n i n g  samples  and in g e t t i n g  an a n a l y s i s
per formed .

Specimens were exposed continuously in the steam environments b r
approximat ely one year , while the  -hot w i t  e-r t-:~vir ontnent w a s  o n i  ~ ma i n —
t a m ed for ten weeks due to  a ma j o r  m e c h a n i c a l  n i l  m i r e  ‘t  t he -  ci ~esm -i

ag I nt tha t ope r ted t h e  s u b m e r si b l e  pum p . A f t e r  I c - s t  ing  was ccmmp l i - t e d ,
sani p i s  were removed f rom t h e  mm  i t o! mis - m d  a l l owed t o  d r y  m m d c -  r a
she b ~er. 
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Some v a r i a t i o n s  in steam pressure were no t iced  at the  Coso Resort
St earn f , m~ j i l t  y .  On one oc casion , a f t e r  t h e  co r ros ion  t e s t  had been ter—
m i n a t e c t  and the  m a n i f o l d  por ts  p lugged o f f  except fo r  one w h i c h  was used
for  a separa te  s t u d y ,  the  a i r  t r a p  a t tac -hed  to one- end of  t h e  man i  f o l d
whi ch consisted of a steam—condensate—filled , ti—shaped ex i t pipe d e s i gned
to remove excess condensate  f rom the mnan i f o l d  b lew out , re- l e a s ing  s t e am
to the  a tmosphere .  This  b lowout  was a t t r i b u t e d  to an inc rease in  l o c a l
atmosphe r i c  p r e c i p i t a t i o n  which could act  to increase’ st e-am pressure- in
two ways. One would be to increase the f low of g r o u n d w a t e r  i n to  t h e
Costa area resulting in increased steam production. Moderate precip it m—
titan at the resort itself would partia lly seal the ’  ground pore- s and
natura l s team vents  causing a temporary increase  in  s team p r o d u c t i o n
th rough  t i m e we l ls  ins tead  of th roug h the  sur rounding  g round .  An in-
crease in steam pressure would change corrosion cond i t  ions  somewhat by
i n c r e a s i n g  f low v e l o c i t i e s  th rough the t es t  samples and a lso  by i n c r e a s -
ing the  s o l u bi l i t i e s  of gases and s a l t s  in the  s team.

The steam at the  Devil ’ s Ki tchen  test  f a c i l i ty  appea red to c o n ta i n
less m oi s t u r e  than the one at the  Coso Resort  , as the  amount  of c-ond c ’n —
sate p resen t  in the t es t  specimens at any  p e r i o d  of t i m e  was  cons ide r -
ab ly  less.  However , the  steam pressure- appeared to  r e m a i n  f a i r l y  con-
s t a n t  w i t h  t i m e  compared to the one at the resort . The constancy of
t h i s  p a r t i c u l a r  f l u i d  cond i t  ion was a t t r i b u t e d  to th e  s tab l e  w a t e r  con-
d i t i o n s  in t h a t  area , as discussed previously.

Some minor pooling of steam condensate was noticed i n  t he  a e r o b i c
test samp les near the downstream end a t  t h e Devil ’s Kitchen li ci lit y as
a r e s u l t  of an insufficient slope of t i le test ar r ay  i t s e l  f .  l’h i s  con—
di  t ion was not  considered serious as t he  a c c u m u l a t io n  o f  cor r o s i o n  pro-
d u c t s , p r ec i p i t a t  ion of d i sso lved  s a l t s  and presei ice of w i n d — h  lown d e—
hr is i n  t he  open channel  w o u l d  a iso serve ’  t o  c re-ate- f l u i d  t raps of
sim m ~mr k i n d s .

~\ l t h o u g h  ear l y measurements  of the w e l l  w a t e r  at  dep th  showed a p1!
t a t  , l i ) t a U t  ) .0 , measu remen t s  made of t he  f l u i d s  a f t e r  p a s s i n g  t h r o u g h the
5 101 ’ 1 es showed a p1! of about 7 .0 .  The reason fo r  t h e  r e - d u - e d  a 1 ka l i m i t  v
i s  n ot  app aremlt , h u t  migh t be due to inc reased  mix  [ri g w i t h  f l u i d s  c om i n g
t r a i n  s i t a t  l owe r d e p t h s .  Also , ear l ier  t e s t s  were ’ mad e un d er  s t a t  I c  con—
d i t i ‘mi s , and not  w h i l e  the well was f l o w i n g .

ANALYSTS PROCEDURES

l m ~ v iew of the  l a c k  of f u n d i n g  and manpower , a s t u d y  ~ f al  p o s s i bl e
- o m  r i ‘n -nd  i t  ions  coo l  d not be accomp I [shed at. t ii is t irn e . A n a l  \ ‘SeS

we r i - 1 ‘im c , -o t r a t  i’d on the m a t e r  I a  is  exposed s e p a r a t e l y  , wli i le  t he  ‘‘1)1 umb—
or ’ S n~ gim mare’’ g.m I v_ In I e ~ c o r r o s i o n  samj i l i - s w o u l d  hi- a n a l  vzed separately
i n a L t t  or s t u d y .

IS
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Analyses of samples were generally done in the follow ing manner:

(1) After air—drying, samples were photographed for reference purposes
and to compare major corrosion features between them , particularl y
identical ones exposed to different fluid conditions.

(2) After being photographed , 0.3—metre—long samples were removed from
both ends of the open specimen and from the inlet (manifold) end of
the closed pipe 0.3 metre downstream from the junction to avoid
anomalous effects resulting from the change in flow c o n d i t i o n s  at
that location.

(3) Samples of corrosion products were taken from each specimen and
analyzed using a Phillips—Norelco diffractometer , vert ical gonio—
meter , and Cu or Co Ka radiation . Simple chemical tests were also
made to aid in identifying the products. The coppe r p ipes wer e
chosen for a more detailed examination which was done’ at the Naval
Postgraduate School , Monterey , using scanning elec t ron microscopy ,
x—ray fluorescence and atomic absorption spectroscopy , the latt er
f or anal yzing corrosion products for the presence of mercury . The
x—ray fluorescence technique will identify elements w i t h  atomic
numbers greater than 10.

(4)  The su r faces  were cleaned of corrosion products  and the topography
observed v i s u al l y  w i t h  a low—magnification binocular microscope to
identif y the mode and extent of corrosion . Whenever feasible ,
measurements were made in order to calculate corrosion rates.

(5) Thin rings of material were cut from the ends of the specimens and
prepared fo r  s tudy  by op t ica l  meta l lographic  microscopy in order  to
es t ab l i sh  the microstructural condition of the pipe materials , estab-
lish corrosion modes on a microstructural level , look for evidence
of damage to the interior such as cracking or blistering, and mea-
sure corrosion depths.

ACID SULFATE STEAM RESULTS

in view of the large number of samples that were analyzed , the best
way to present the results seemed to be on the basis of test fluid con—
ditic’ns (see Table I) with a separate discussion for each material studied .
A further subdivision was made between anaerobic (closed , oxygen—poor)
an~ aerobic (open, aera ted , oxygenated) test conditions . Study was re-
stricted to the interior surface of the test sample only, unless speci-
f icall y stated otherwise. This section of the report treats material
behavior for acid sulfate fluid . Later sections cover the behavior pat-
terns associated with groundwater—diluted steam and alkal ine water.

ST!-Ti.

Iht- test spec imen exposed to the anaerobic f luld coiiel it i on was coa ted
wi iii a thin , black layer of compact adherent corros ion products.

If, 
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Microstructural analysis showed localized corrosion of the ste -el unde r-
neath this layer. Pits up to 0.16—mm—deep were found in the  condensate
channel and smaller ones elsewhere (Figure 3). Occasionally, : i t t ; i c i ~
appeared to concentrate at pearlite colonies or ferrite grain bound ari es.
Iron carbide can form the cathode of a galvanic cell with iron in su~-
f u r i c  ac id so lu t ions .  In the present circumstance , the  i r o n  c ar b i d e
platelets in the pearlite might have served as a source of ga l van i cor-
rosion . Localized corrosion has been observed at the interface betwe en
p ea rl it e  and f e r r i t e  grains in carbon steel immersed in a s u l f u r i c  a c i d
s o l u t i o n  w i t h  a pH of 4~~18 Surface  a t t a c k  in areas awn~ - f rom t h e  p i t s -
appeared to be slight.

An analysis of the corrosion products showed the presence- of an i r o i ~
sulf ide , mackinawite (Table 2), a small afliount of magnetite . and it
least one additional crystalline compound not identified. The mmgne~ he .
may be the remains of a coating found on the steel prior to testing, or
may have been formed by the corrosion process itself. Mac-kinawite- is a
common s u l f i d e  corros ion produc t  found on steel p roduc t s  used in sour
oi l  and gas w e l l  environments ’9 and is generally produced by the reaction
of hydrogen  s u l f i d e  w i t h  the  me ta l  in the presence of m o i s t u r e .

A l l  of the  mechanisms responsible f o r  the  corrosion or  p a s s i v a t io n
of me ta l s  in complex f l u i d  envi ronments  are not comp letely understood
in many situations. 20 In the present c i r cum stan ce s a r e a c t i o n  should
take  p lace between i ron and hydrogen s ul f i d e . 2 1  Iron  also reacts with
dilut e sulfuric acid .9 Sulfate ions can also a c ce - l e r a te  a c o r r o s i o n
reaction under cathodic control. 22 Hydrogen sulfide appears to stimulate
the corrosion of steel in acid or neutral solutions. although the exact

18 C. J .  Cron , J. H. Payer , and R. W. S taehle .  “D i s s o l u t i o n  Be-
h a v i o r  o f  Fe ’—Fc 3C S t r u c t u r e s  as a Func t ion  of pH , P o t e n t i a l , and An ion —
An E l e c t r o n  M L  r oscope  S tudy , ” (~~~L ’P~~~~~~~~ 1 , Vol. 27 (January 1971) ,
pp. ~~~~1)  S. S m i t h  and J. D. A. Miller. “Nature of Sui phides and T h e i r
Corrosi ve Effect on Ferrous Metals: A Review ,” B~ if  or ” .~~ - ’~ J , Vol . 10 ,
No. 3 ( 1 9 7 5 ) ,  pp.  136—43.

20 R. T. Foley. “Complex Ions and Corrosion ,” E7~ ’- h ’ i ~~~ ’i ~~~~ 1 ,
V o l .  122 , No. 11 (November 1975), pp. 1493—94.

2 1  E. C. Greco and J .  B. Sardisco.  “R e a c t i o n  Mechanisms  of Iro n
and S tee l  in Hy drogen S u l f i d e , ” Proceedings of t h e  T h i r d  I n t e r n a t i o n a l
Congress on M e t a l l i c  Corrosion , Moscow , 1966. V o l .  1 ( 19b 9) .  pp.  1 30—
138 .

22 s~ i . Traubenherg and R. T. Foley. “The Influence of Chloride
and Sulf ite Ions on the Corrosion of Iron in Sulfur ic Acid ,” ! ‘ ‘

~~~~~~
‘ ? -

-
- 

. , V o l .  118 . No. 7 ( J u l y  1971) ,  pp.  10 66—70.
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mechanism has been a subject of debate .23 A recent publication indicat e s
that both anodic and cathodic processes are catalyzed by the presence eL
hydrogen sulfide and other soluble or insoluble sulfide species .- ’ Once
a layer of corrosion products forms on the metal , the rate’ of corrosion
may become controlled by diffusion rates through the layer. Sullides
cont ain a disordered lattice structure ; consequently , diffusion rates
are much higher resulting in a greater rate of corrosion . The rna (-kina—
wite lattice ’ is believed to have the most defects among t h e  comm ( ’n i r o n
sulfides and so should be the least protective .~~’

Iro n sulfides , along with magnetite , are normall y cathodic to i ron ,
and so t h e ’ coating itself may f orm a ~alvanic cell with the metal a t
areas where  it is thin or broken.’9’2~ The effec t that t h e  s u l f i d e  f i l m
had on the  initiation of pitting corrosion in the present experiments
was not established . However , the large ratio of cathode to anode a r e - a s

at any small  break in the s u l f i d e  f i l m  could cause loca l i zed  c o r r o s i o n
of the metal. Pitting corrosion of steel also commonly initiates at
sulfide inclusions in the metal itself.19 ’2~

The corrosion of steel  in an anaerobic acid environment with a ph
less ti -tan about 4 is accomplished w i t h  the reduc t ion of hydrogen  ions at
cathodic areas . 26 The presence of hydrogen su l f ide  gene ra l l y r e s u l t s  in
increased diffusion of atomic hydrogen into the steel 27 causing embrit—
tlement , delayed fracture , and sulfide stress cracking tinder certain
conditions .2 Since the acid sulfate steam in the present experiment was
onl y moderatel y acid , with a pH of about 4.5, the amount ‘ f  a t o m i c  h y d ro-
gen being generated was not expected to be significant. A careful exam-
ination of t he  microstructure showed no damage attributable to hydrogen
infusion such as the presence of blisters next to the surface , or

2~ R. B ar t o n i c e k .  “Corrosion of Steel in Solu t ions  of C h l o r i d e s  and
‘) el ph’ _ Clcs . Proceedings  of the  Third I n t e r n a t i o-a a l  Congress  on M e t a l l i c
( ‘c r r , o - i o n . Mosco w , 1966 , Vol.  1 (Moscow 1969) ,  pp.  119—2 9 .

Costa  Wrang le f t . “Electrochemical  Propecties of S u lf i d e s  in S tee l
ai d t ie ’ Role o f  S ulf i d e s  in the In i t i a t i o n  of Corrosion , ” . ‘0 Zj .  .- - - Zn—

~~i: .~-Y-~~ ’, American Society for Metals , Metals Park , Oh io (1975),
pp. 361—79

~
‘ ‘

~ G~ sta Wrang leñ . An introduction to Corrosion ~~~ r~O( ~L , ~~t ? C _ ’n ~
“

New York , Haisted Press , 1972.
26 Herbert H. tJh I ig. L U I U J if l  an- ‘c1~~~~~Zt2 n ~~~n~.i ’ - ~~ . New York ,

John W i ley and Sons , 1971.
27  \ sa l i i  Kawash ima , Koji Hashimoto , and Saburo Shimodaira . “Hydro-

gen Electr ode Reaction and Hydrogen Embrittlerneni of Mild Steel in
;v:re)gen Sul fid~ Solutions ,” C :r~rc.~ n , Vol . 32 , No. 8 (August 1976)

~1~- 321—3 1 .

19
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microe-r~-icking /fracturing of the interior. Previous work ~ indicates
that bl istering of stee l seldom occurs In geothermal fluids. Other in-
vest igators- have shown that the infusion of hydrogen in steel cinder
hi gh—temperature fluid environments nia~- be a t r a n s i e n t  p henomenon , and
tha t  it largely d i f f u s e s  out again w i t h  t ime . Some d i f f u s i o n  of hydr o-
gen into the steel could have occurred in the present situation . flow—
ever , no hydrogen probe measurements were made to verif y its presence
and no obvious evidence of its presence was found in the  micr ostrut-t ur e .

The open test specimen exposed to aerobic fluid conditions was cov-
ered with a thick layer of corrosion products , starting about 23 cm
downstream from the junction between the aerobic and anaerobic sections
(Figure 4), and continuing to the downstream end of the p ipe. The pro-
ducts , up to about 12 nun in thickness , were iden ti f ied as a l ayered  mix-
ture of various ferric oxides and hydra ted ferr ic oxides (Table 2 ) .  Re-
moval of the corrosion products showed a corrosion channel , up to 1 nUll
deep and C5 mm wide , cut into the floor of the pipe (F igure  5) .  The
surface of the corrosion channel was quite smooth and was very steep—
sided in the midstream portion of the pipe where the corrosion products
were the thickest. Further downstream the corrosion channel graduall y
became more gentl y sloped and the covering of corrosion products began
to thin , in concert. The position of the corrosion channe l co inc ided
with the dra inage path for the steam condensate and was probably a con-
sequence of its presence. This form of corrosion is fairly common in
flowing acid steam condensates.~ As the steam emerged from the anaer-
obic , c lo sed p ipe at hi gh speed and pressures were suddenly reduced , a
l arge’ part was lost to the atmosphere (along with all of t he  undlssolved
gases) except for a variable amount of spray and mist that condensed on
the s u r f a c e  of the open pipe and gradually collected on t h e  b o t t o m .
That , plus condensate from the anaerobic section upstream , constituted
the rn - t i e r source of corrodent in the aerated test specimens.

A e r a t i o n  of the fluid probably converted much of the remaining hydro—
gem sulfide to sulfur or higher oxidation states of the sulfur species.

Dissolved ex\ gen also increased the corrosion rate by combining with
hydrogen ions it cathodic areas. Pr inci pal corrosion reaction products
due to this fluid condition would inc l ude soluble iron sulfates tha t
are- irri e - d off in the condensate and insoluble oxides that form coat—
i~~ v,s on the- steel.

Any condensation on the walls above the condensate channel quickly
resulted in the formation of a layer of protective corrosion products

- P. K. Foster , 1. Marshall , and A . Tombs. “C o r r o s i o n  I n v e s t i ga—
t ions Ire Hy d r o t h e r m a l Media at Wa i r ak e i , New Z e a l a n d  ,“ -V C~~~ ~~~ ‘ ‘ ~~~~~~~~~ C

. -~~,‘ , 1 ’ , Rome , 1961 . Iln i ted Nations , N.’i . ( E / C e ’n l  . I cC
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I 

F i G U R E  5. A Cor ros ion  Channe l  in t he  B o t t o m  of  t h e
i’ i pe Descr ibed  in Fi gure 4 , A f t e r  C l e a n i n g .

adl recent to the- metal . th i s  pass i va t  ing I ave r  p l ets t h0 I m i t  ed amount
of moistur e- that cot ice-t ed  on the  w a l l s  r e s u l t e d  in a r e d u c e ’ CI corrosion
r a t e  re - i  a t  i ye- to the  condensa te  channe l , w h i c h  was w e l l  Sea~-~eC1 w i t h a c i d
c. -n d e n s at e .  The presence of added moisture in this latter area also
r ese t  I t  ed in t h e  fo rma t  ion of a t h i c k , loose  aver o f  h i v d r a t  ed f e r r i c
ox id e - s  n e x t  t o  t i le  me ta l  wh ich  were  less p r o t e c t i v e - and a l l o w e d  co r ros ion
to c e c n t i nu e  r e l a t i v e l y  unencumbered . The c o r r o s i o n  channel  was filled
entirel y with this corrosion product. Above it was a very t h i c k , loose ,
hi ghly porous layer composed of a mixture of magnetite and maghemite ,
which in turn was capped with a coherent thiii coating of hematite. This
L i v e r  ing  sequence r e s u l t e d  f r o m  d i f f e r e n c e s  in  oxidation conditions ,

e t C h  layer reflecting the  amount  of m o i s t u r e  and oxygen p resen t  in  t h a t
zone .  ‘Ihe i a v e - r a d j a c e n t  to the m e t a l  formed in a wet atmosp here con—
t i  in  i n g  a l i m i t e d  amount  01 o xy g e n  w h i l e  the  o u t e r  lay er  was formed in a
we - i  1 a e r a t e d  a t m o s p h e r e .  The magne t  i t e -  r ep re sen t s  an i n t e r m e d i a t e -  o x i d e ,
and form s  gene - r a l l y  in an ox v g en—p oo r coy i re inment  . The fo rm a t ion 01
la rge  q u a nt  i t  ics of r e l a t i v e l y  i n s o l u b l e  corros  ion  p r o d u c t s  in  ti ’e C O fl—
dcnsa te  c h a n n e l  e v e n t u a l l y  t r a p p e d  and p o o l e d  t h e  e- onden sa t  e- p lus  a l l  of
t h e  va r ious  s o l i d  and d isso lved  c o n t a m i n a n t s  and -Col ub i c  r eac t  ion pro-
d u c t s  w h i c h  r e s u l t e d  in a more concen t  r a t e d  a c i d  euv i ronment ( p r o b a b ly
a no re  defect i ye coat ing of o x i d a t i o n  p r o d u c t s )  and , c on s e q U e n t  1 Y , more
ext ens i ye- cot ros ion of  t he f l o o r  of t he  ci ia i inc  I

The- w a l l s  above t h e  w a t e r  l ine , p a r t i c u l a r l y  w i t h i n  t h e  m i d s t r e , im
port i o t t  nt the- pipe , c o n t a i n e d  numerous  l ar g e - p i t s , tip to  abou t  0 .9  mm

-- - ‘ - - . ‘--~~~~~~~~~~ —--- - -‘~~~~~~~~~ --- .--~~~~~~~~~~~~~~~~ — ~~~~~~~~~~~ --
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in depth (Figure 5). Oxidation products in these areas consisted of a
thin , multilayered film with about the same composition as the layer
covering the corrosion channel , only without its porosity. Pitting
appeared to be located at areas where the film was broke-n and moisture
was able to reach the surface of the metal. Corrosion may have been
aided by the oxide film itself as magnetite is normally cathodic to iron ,
as mentioned before , and can form a galvanic cell with it.

No evidence of hydrogen infusion was found in the aerated steel.
The diffusion of hydrogen into steel is not expected to occur in a well—
oxygena ted env ironmen t , as any hydrogen readil y combines with the dis-
solved oxygen as does the hydrogen sulfide which would ord inar i l y serve
to stimulate the diffusion process.

CAST IRON

A prel iminary inspection of the pipe exposed to anaerobic fluid con-
ditions showed the coating of protective tar to he essentially gone ex-
cept for a brittle residue on the bottom of the condensate channel. A
very thin coating of corrosion products was found on tile surface of t h e
iron that consisted of a mixture of inackinawite and magnetire. Identi-
fication of these compounds was difficul t due to the small amount of
product present. Nagnetite was identified by its color , streak , and
mag netic property while mackinawite was tentatively identified by x—ray
diffraction analysis. In addition , a standard chemical test was run or
a Sr’htll sample of corrosion products that confirmed the presence of a
m e t a l  s u l f i d e .

The corrosion rate was judged to be similar to that observed for the
steel p ipe , although the surface was so uneven primarily as a result of
thc- casting process , that the corrosion rate and mode were difficult t c
e s t - c o l i s h  (Figure 6). The corrosion process appeared to  cut numerous
sh I l ow grooves into the surface of the iron , in the direction of f l u i d

~~~~~ ~cos~~ih1 y following surface irregularities. A micr o-structural
examination showed no leaching (graphitization) of the iron phase. The
maximum corrosion rate , assuming all surface irregularities were due to

fluid attack , was estimated at 0.9 nun/year (35 mils/year). This value
is probably much too large.

The aerated specimen was covered with a layer of ferric oxides and
hydra ted oxides identical in appearance to those found on the steel pipe ,
only considerabl y thinner in depth. Corrosion of tile cast iron under-
neath was low and quite uniform within tile condensate channel. No 11ir—
ro sion channe l ,  was formed on the bo t tom as on the steel  p i p e  11

the normally rough cast iron surface was leveled and smoothed hv  t h e ’
c r c r r c s  ion  p r o c e s s .  A possible graphite—rich zone about 1 .8 mm deep was
fo nd n e x t  to  the  s u r f a c e  in the  cast iron on the bottom of the conde - —
so  e 4 h300Cl near  the downst ream end ( F i gu r e  7 ) .  An ana~~y r i s  o t t h e ’

23
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microstructure did not reveal whether the zone was due to corrosion ~- f

the iron phase (grap hitization) or simply an agglomeration of grap h ite
particles. A sample of wall material was analyzed with x-ray fluores-
cence which discovered an excess of silicon in these soft black—colored
areas. The presence of carbon could not be verified with this method .
Adjacent microstructure contained predominantly type D graphite flakes
(Figure 8) which would indicate some degree of ~~~~~~~~~~~~~~~ The ma-
terial at the surface also showed evidence of possible chilling. This
specimen clearly needs additional study. The graphitization of gray
cast iron in a dilute sulfuric acid solution has been observed previ-
ousl y26 and appears to proceed if the graphite phase remains exposed to
the attacking flu id. Attack generally stops or slows once the graphite
becomes covered with corrosion products.

Some large, very shallow pits were observed on the walls above the
water line that were identical in appearance to those found on the steel
pipe , except for the greatly reduced depth. These pits were probably
formed in the same fashion, i.e. , by the presence of small breaks in the
oxide coat ing where aggressive fluids could reach the bare metal.

GALVAN iZED STEEL

The test specimen exposed to the anaerobic fluid environment was
covered with a loose, f l a ky coating of white corrosion products. Anal-
yses showed these to be a mixture of 13—zinc sulfide , sphalerite . and si nc
oxide (zincite), with the former constituting the bulk of the- products.
An examina t ion of the microstructure showed the zinc coating to be nearlv
completely and uniformly corroded away . The steel underneath , however ,
remained virtually unattacked. Zinc readily reacts with hydr ogen sul-
fide to form zinc sulfide . 30 , v.~

The zinc corrosion products normally produced in an acid fluid of
this pH , at ambient temperatures, are soluble in the acid 31 and corro-
sion continues unchecked . The sulfide product resulting from this acid
sulfate fluid environment appeared to be insoluble in the fluid and may
t-iave served to retard the corrosion rate although , like the sulfide
f ilms discussed earlier , it was probably less protective than other
kinds of insolub l e coatings, like oxides.

The aerated pipe , after be ing cleaned , showed extensive p itting of
the steel to a depth of 0.7 mm within the condensate channel (Figure 9),

2’/ - ; ‘s~ and Ducti i,e Ir’on caot ing s Handbook , ed. by C. F. Walton .
Cleveland , Oh io , The Gray and Ductile Iron Founders ’ Soe’ . , Inc , 1971.

.1. W. Mel b r .  A ( - c . -~1~) t 5 ’ / ! -  - O ~~~~” -  ~~ .> ‘ - -~t ~ .
‘. ~~‘ 4 0 ~~~) ’ ;~ I ’ ’~~ ‘~~~~~‘ [ i i  —

i ’ ~~~~~~~~ ~~: - .~~~~~ t y i  (16 volumes). New York , Longmans Green and Company,
p u b l i s h e d  1922 —1 937 .

Marc - el Pourbaix. A ~~
‘ io o,’~ 1’Z ~-~~ - - “. .)

~, ‘ - -  
- 

- - ‘u -‘ - - n ‘2 .-- ~ o

-~~. 2  ‘ ‘s. New York , Pergamon Pr ess , 1966.
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part icu larlv in the downstream portion . On the walls above the water
line , corrosion was generally uniform although a few large , very shall ow
p its up to 0.1 mm deep were observed near the top of the walls. Prior
to cleaning, the surfaces (particularl y within the condensate channel)
were covered with an extensive coating of ferric oxides plus some 13-zinc
sulfide and zinc oxide directly covering the bare zinc at the upstream
and downstream ends, respectively.

Evidence exists26 that zinc becomes noble with respect to iron in
aerated fluids at temperatures above about 60°C, which often results in
pitting of the iron. This reversal in polarity is apparently due ti the
formation of a zinc oxide coating on the zinc rather than the coating
that normally occurs at lower temperatures. 32 The zinc oxide formed at
these elevated temperatures , where pitting occurs , is described as gran-
ular , flaky , and nonadherent .8 Stress corrosion cracking of zinc i n  hot
potable water has also been observed 33 which could result in separation
of the zinc plating from the steel substrate. The presence 01’ a non-
uniform coating of corrosion products that is also cathodic to the metal
under nea th would read i ly exp lain the p itting corrosion observed in the
present case. The absence of pitting on the walls above the water line
could he explained as a result of a lower corrosion rate of the zinc in
the areas. The walls should be much drier as the only electrolyte
present would be irregular condensation of steam v a p o r .  This  should re—
suit also in the corrosion products remaining more intact $ and conse—
quent Iv more protective . Also , the surface temperatures should be lower
as these areas are more exposed to the atmosphere. in contrast , the
cont inuous f l o w  condi t ions  present  in the condensa te  channe l  should
s e rv e  to carry off some of the more loosely adhering corrosion products
and also to soak the remaining material with fluids. In addition , t em-
peratures should remain higher within the channel , as the thick covering
- ‘f poorly conducting corrosion products would serve as a good insulating
0

A I I M ! NUN

T u e  specimen exposed to anaerobic fluid conditions did not appear to
h~- attacked significantly. An examination of the microstructure showed
very sli ght , occasional pitting of the surface to a depth of about
0.025 mm. Study ing the surface with a low—power binocular microscope
revealed that the pits , wh ich were concentrated along the upper part of

0 P. T. Gilber t . “The Nature of Zinc Corrosion Products ,” . 7’ -~~~ i ’ -

~~tc ” •‘ cno, . , Vol. 99, No. 1 ( Janua ry  1952), pp. 16—19.
C. R. Foster , S. G. Lee , and J. R. Myers. “Stres’ Corrosion of

Eta— Phase , Hot—Di p—Zinc Alloy in Potable Hot Water ,” -
- - - ‘~ - ‘~~ ,~~ - 0 , Vol. ~O ,

No. 7 (July 1 9 7 4 ) ,  pp.  2 3 9 — 4 1 .
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the pipe , were elongated in the direct ion ol t’low and were- c- l ean and
shiny on the  inside. This meaat that tin y were not c o r ro s i o n  f e a t u r es
but were probab ly caused either by the imp ingement of water drop lets in
the steam or else by the impact ol sol L part i i les.

The aeratea specimen (particularly at the downstream end) was coated
along the sides , above the condensate channel , with a thin uneven film
of brown precipitates. An x—ray diffr i ction pattern of the coating could
not be identified . From the color , ho we-vt_ - F , it appeared to contain some

~~- .n oxides and may have precipitated out of the steam vapor condensing
on the walls. Pitting of the aluminum was observed underneath this
coating (Figure 10) whose presence may have enhanced the formation c’f
simple , differential aeration c-ells a t  the surface of the aluminum . The
potential of the film with respec t to the metal underneath was not  de—
termined , and so the possibility of galvanic corrosion could not he
estimated .

Pitting was also found in the condensate channel which seemed to be
related to the presence of solid debris , perhaps windb ieiwn , that collec’—
ted on the bottom and created differential aerat ic ’n conditions in this
location. A careful examination of the micr -- ~Lrue’ture showed no corre-
l a t ion  between i n i t i a t i o n  s i t e s  and the  pres~’nce- 01 seco n d a r y  phas .~ or

g r a i n  boundar ies  w i t h i n  the  a l u m i n u m .  f i te  maximum p i t t i n g  depth in the
aerated samp le was measured as 0.3 mm .

In add ition to the p i t t i n g  co r ros ion  t c ’u n d  in the  c e ’i i d e n s a t e ’ c h a n n e l
th is region was also subject to  a si igit t amount of uni fc’t in -orrosion. -\
rat e of about 0.030 mm/year ( 1 . 2  m i l s/ y c a r )  W i ~- me ,isure-d i t  t he down-
s t ream end , ,-it t h e  bottom of the- channel.

STA INLESS STEEL

The closed p ipe contained some sma l I p i t s  t h a t  we r~ c i  i C t i g n i  ten d in the ’
f l o w  d ir e - - t ion and were s h i ny  and c lean  on the ins ide l i k e  t h e ’ ‘lies oh—

served on the a lum i nun pipe. Th e-i r c-a use w~ ‘U Id he’ I he ’ S ine as d i ScLiS5Ced
t - r  the ’ al ti nn in tim. A study of t he  m i c r o - -n t r u c t u r e  showed v e r y  m i n o r  c - o r —
r- ’s in;: of the surface , w ith attack concentrni t ed at t lie- grni i I C C C I l i i t , I I  I t - S
‘)

~~‘n - lU e  WaS no more than 0.02 mm deep, wh ich was not ~- “ t i s  n i t - r e d  si gn it ’ i —

c-ant

The ae ra ted  sample showed m i n o r  p i t t  t og o t  the -or f:ict’ t o  a t i -p t Ii
of about  ( 1 .03 mm . The larges t  C on con t r - I t  ion of p i t s  was I n u n d  in  t !i~’

condensa te  channe l , at the  down st re i’ end . ‘the st ir  I a t e  o I I h Pi pe’ v i

genera l  I y cove red w i t h  a ye- ry t h i in , I n c . ’. c-ti f I I n  4 ) 1 I) rclwn ~ ret - i p it at c’S

t h a t  were  nt -it i d t - n t i  f bed bu t. w e - i ,  p r ~’ h I  ty i ron ox i de s  I i t t  p re - I p  ~t .it -d
Out of the n te am is a r e s u l t  ol i c - r a t  i i i  - The- p i t t  I iie m iv ii.ive hoe-u re-
l a t ed  to the presence of t h i s  I i l m  whi t -h t ’ • ’t i l d  , ‘ ,‘ i u S I’  an iii ‘ - i _ -n I 1 ’v  ot

28
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oxygen to the surface of the metal. In addition to pitting, the surf -ice-
showed minor attack to grain boundaries (Figure Il).

A study of the microstructure showed intergranular corrosion at t lìe
surface adjacent to a longitudinal welded seam in the pipe , located near
the downstream end and on the upper wall above the condensate channel
(Figure 12). This form of corrosion is believed to result from the ma-
terial becoming sensitized during the welding process.26 Heating of the
alloy within a temperature range of 400 to 850°C causes preci pitation of

chromium carbides along grain boundar ies, hence these areas become de-
pleted of chromium and lose passivity. Loss of passivity along the
boundaries can result in these areas becoming anodic w i t h  respect to t h e
interior of the grain , and due to an unfavorable areal ratio (large cath-
ode/small anode) corrosion of the boundaries would take place in the
presence of an electrolyte. The severity of the attack is expected t o
.depend on the degree of chromium deplet ion and the aggressiveness of the
electrol yte.26 In the present case , the maximum depth of penetration was
about 0.14 mm.

Alterna te explanations (strain , electrochemical , or segregation
theories) have also been advanced to account for intergranular corrosion
of stainless steel. In many ins tances , that also might account for the
grain boundary attack , as occurred in the present circumstance. ‘~~

‘ Addi-
tional study is clearly needed .

COPPER

The sample exposed to anaerobic fluid conditions was covered with a
bla ck layer of corrosion products. Analysis showed the products to be
m a i n l y  copper su l f ides, principally Cu1 96S, Cu2S , and also possibly
Cu1,8S. Copper reacts with hydrogen sulfide in the presence of moisture
to form sulfides. 35 At equilibrium (constant current) below about  70° C ,

1 co pper anode in an acid fluid saturated with hydrogen sulfide should
become covered with a multilayered sulfide deposit consisting of Cu2S,
Cu1 96S , Cu1 75 5 , CuS , and S—in an outward direct ion . ~~~~~~~~~~ Pulverization

~~ A. Joshi and D. F. Stein. “Chemistry of Grain Boundaries and Its
Relation to Intergranular Corrosion of Austenitic Stainless Steel ,”
, c - ! ’ l ~~- . ~o, Vol. 28, No. 9 (September 1972), pp. 321—30 .

Per Backlund . “The Influence of Oxygen Pressure on the Reaction
of Hydrogen Sulph ide With Copper ,” 4c~t ’ ‘I1c :i ’i L~c~a [ ‘~ on~u ~~~ ‘ ; , Vol . 2 ‘

~~ ,

No. 5 (1969), pp. 1541—52.
It ‘

~~ A. E t i e n n e . “Elec t rochemical  Me t hod to Measure the  Copper I o n i c
L i f f u s i v i ty  in a Copper S u l f i d e  Scale , ” i- , l t cn t~ ’u,7I u r~ ‘

~ 
) ‘, .~~, Vol. 1 17 ,

No. 7 (July 1970), pp. 870—4.
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of the mixture in preparation for x—ray analysis transforms the Cu1 75 5
to Cu1 8 S (d igenite).38 Digenite is believed to be a stable , low tem-
perature phase only in the Cu—Fe—S system , when it contains a small
amount of  iron.

In addition to the copper sulfides , a small amount of Cu5FeS4 (bor—
nite) was identified in the corrosion products , den~ nstrating the pros-
once ’ of dissolved iron in the steam.

An examination of the microstructure showed intergranular attack ot
the surface up to about 0.08 mm in depth (Figure 13). Inte rcrys taliine
cor r osion in copper all oys have been observed prev ious1~’ in high pressure
steam app lications. 39 The precise cause of the intergranular corrosion
in this circumstance was not established . Clearly, the grain boundarie s
were anodic with respect to the interior of the grain and perhaps also
to the sulfide coating. Copper oxide particles within the metal , whi c h
are gene r a l l y  noble to it ,8 didn ’t appear to be concentrated along the
grain boundaries , a situation that could have resulted in inte re rv stal—
line attack by galvanic corrosion cells.

In add ition to intergranular att ack , a small amount of  u n i f o r m  c o t ’ —

rosion may have also taken place along the surface of the  copper. This
probab ly  occu r red ea r ly  in the test cyc le when the s u l f i d e  f i l m  was much
thinner.

The electrochemical reactions have not been completely established
for this test condition because the fluid chemistry is not definitel y
known . A simple reaction of copper with hydrogen sulfide is the most
probable . However , other reactions can take place. Although copper
does not react with nonoxidizing acids like dilut e sulfuric acid , it
re-a dilv reacts with those containing oxidizers such as oxygen or ferri-
an d  m e r c u r i c  ions to fo rm soluble  compounds such as cupri c - sulfates. 7’~
Cunri~- sulfates , in turn , can react with hydrogen sulfide to form in—
s o l u b i n  c u p r i c  s ul f i d e s . 30 ’ v. ~ Once a layer of corrosion products

n- i t h e  copper , reac t ions  may become c o n t r o l l e d  b y d i f f u s i o n  pro—
c’ e’O 5 e ’~~ . C o r r o s i o n  p roduc t s  may also be c a t h o d i c  t o  copper itsc-l f ,2 -’
r c - su ~ t t u g  i n  l o c a l  ized corrosion wherever  the  c o a t i n g  i s  porous , c r i ck ec l
or j i t t i i u n j f o r m .

i7 Eugene H. Ro.senblooin. “An Inves t i ga t i on  of the System Cu—S and
Some N a t u r a l Copper Sulfide-s Between 25° and 700° C ,” I’ ’- ‘: ~~~~~~~ Vol. h I .
No . -t (June 1966), pp. 641—71.

~ Nc ’htt ,’ Mor imoto and K i c h i r o  Koto . “Phase R e l a t , IOnS of the’ Cu—S

~i_- - - t  em a t  C 
~~ I c ’n p ’ - r , t t  t ires :  S t a b i l i ty  c i t  A n i  l i l t - , ’’ ,l’’ - ,‘ - , - c - ? , V o l .  55 ,

l n i u , t  rv  117 0) , pp. 106—17.

~~~~~~ 8th ed. , Vol. 1 , Taylor Lyman , e~h. Met als ‘ Irk ,
Ohio . Am e ’r i  - i i i  S,n ’ i t _ t v  for Metals , 1961 .
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The aerated se~ uent of pi pe was moderately to severely corroded , dc-
pending on the location. The upstream end adjacent to the anaerobic’
segment was perforated on the sides in many places and a deep groove w C 5 - n

cut i n t o  t he  b o t t o m  of the junction between the anaerobic and aerated
s e c t i on s  (Fi gure 14). The pipe was nearly filled with black corrosion
p r o d u c t s  at this location that were ana lyzed as princ ipally a mixture’ of
copper sulfides (Table 2 ) .  I t  was not es tabl ished w h e t h e r  the  d i g e n i t c
f o u n d  in this area was the stable (iron containing) or metastable van —
e tv .  th e volume of corrosion products gradually decreased toward the
downstream e’nd of the pipe , and a change from copper sulfides to basic
copper sulfates (bro-hantite and langite) took place. The average cor—
r o si c in  rat e - also decreased toward the downstream end .

Basic copper sulfates form as a result of the hydrolysis of CuSO~~,
or i r e - a c t i on between CuSO4 and either CuO , Cu(OH)2, or a soluble ha le. ’h

~
Copper sul f ide-s readily oxidize in the presence of oxygen , w h i c h  would
prod uce - CuSO4 in the present circumstance.

141

Co rrosion appeared to be more uniform along the wall s of the p ipe ,
p a r t i c u l a r l y  a t  the upstream end . The condensate channe l , parti cular ly
at the downstream end , contained numerous tiny p its (Figure 15). Pits
up t e l  0 . 0 7  - m d  0 . 2 2  miii deep were found at  the upstream and downstream
ends , r e spec t  i v e l v .  An increase in pitt ing d e p t h  t o w a r d  t h e  cl o wn s t  r e - a n t

end suggested tha t the sulfide corrosion prc duc’ts p r o v i d e d  a more ’ on
I c’rm coat i ng  than the’ sulfates. The i n c  roased e’c’rros ion r a t e ’ a t  t i e -t p —

s t ream end was  probali lv due mainly to a concent rat ion of  c ondeinsa e in
tha t ar c -a - i s  t he  vo l um i nous quan t  it ~ of  co r ros ion  p r o d u C  t s w o u l d  c i  c~ t —

iv el v block or l imit its passage . Corrosion rates varie d - i t  t h e  cip—
s t r e a m  end from 0.67 mm/year (26 mils/year) on the bottom of  the c o n —
c h e ’tist t e c hannel to greater than 1.6 mm/year (63 mi is/year) tin t u e walls
(pc’ rfc’rat ion). Comparable locations at the downstream end show 0.35
n i n , :v c - a r  (14 mils/year) and 0.52 mm/year (21 m i l s / v e a r ) .  F l u i d  t e mp e r ~~—

res were a l s o  h i g her at the upstream end as was the qu i n t i t  v of ci is-
r,’l vt’el ~,lSe S.

i\t ln hi c a : ’s ar n t  ion spectroscopy was used to analyze for the p r e - se ’ l n c - e ’

c i  nne~~c u r v  in two samp les of corrosion products from t h e’ copper p i p e s
( ; , i h  I~ 3). A mercury concentrat ion of 39 and 89 ppm was mea sured  i n
core s ion p r o d u c t s  f rom the  anaerobic  and aerobic -  p iPe , r e spect  i v e - I v .
the che1n ical species present , however , was not kneiwn and so its effect
on the’ corrosion process could not be determined . The transport 01

Ce’c~ rge Fow Ies.  “Basic Copper Sit] fates ,” C C . ‘ - n~ 1 , ( I  92h ‘I • p~- -

i — S M .
- 

‘l~ It c’aki Sa t e ’ . “Oxidat  ion of Sul tide Ore Bed ies , I I  . Ox m d at  ion
- ha-i srns ot SuE f ide Minerals at 25°C ,’’ - ‘, ~ I : - ;, ? , V~ I - 55 ( 1  c~~,p ’1

p p .  1 0 ’ - J l .
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TABLE 3. Mercury Content of Copper Corrosion Products.

Fluid Location Concentration , ppm

Ac id sul fate Anaerobic
Acid s u l f a t e  Aerated ~“)

Diluted steam Anaerobic 113
Alkaline water Anaerobic 113
Alkaline water Aerated 79

mercury  in geothermal waters  has been studied , a l though the  chemical
spec ies present during transpor t remai ns a subjec t of deb ate .’

~

Extens ive corrosion was observed on the exterior surface of the
closed pipe adjacent to its downstream junction with the aerated segment .
Exiting steam vapors condensed on this surface to form a t h i c k  c o a t i n g
of black—to— green—to—white hydrated and basic copper sulfates (chalc’au-
th ite and antlerite (Table 2)). These particular compounds were of in-
terest insofar as they were not found elsewhere on the copper pipes. A
recent publication contains a Pourbaix (potential—pH) diagram for the
Cu—SO 3—H20 system at 25°C illus trating the conditions of formation for
tht_- basic copper sulfates as corrosion products.~~

Corrosion products were also studied with the scanning electron
micr oscope (SEM). Figure 16 shows a dendritic structure found in pro-
ducts removed from the inside of the aerated section. This  specimen is
reddish—black in color and has been tentativel y identified as r e - c r y s t a l —
l i c e - cl c oppe r .  Fi gure 17 shows some sheet—like crystals found in seine
corrosion products taken from the same location . These may be bladed

c ) V e l l t t C  crystals , although identification is very tentative .

l ’VC !‘I.A S’l ~C

Tht~ anaerobic fluid condition resulted in blistering of the surface ,
with i - l ie  largest concentration of blisters being found on the ceiling of

“S  University of California . Mercw’,y and Ant ’~~1y e~~~ ’~~7 1 c  .4n~~~’
- . - -

. 
l-~~ ~ ~k-~~ S~;ri nqo in thc ~~~ -rr T/ ~i E e l  ~‘to t,  c, by Frank W .

D i c k s o n  and George Tunnell. Los Angeles , 1967. (Institute of Geophysic s
and i’ l , i n e t i r v  P hy s i c s , P u b l i c a t i o n  No.  568 . )

M a r ’ ~‘l Pourbaix. “Some A pplications of Potential—phi Diagrams to
the St udy o Loc,-il ized Corrosion ,” i-f - - ~~‘ p - L

~ “ - 
- - , C , \ o  I . 12 , No . -‘

(l- - - li r t j arv 1 * ’ 7 6 ) .  pp. 2 5 c — 3 6 c .
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the pipe. A ring cut from the pipe showed some discoloration (bleaching)
of the inner half of the wall that contained a high dens ity of voids.
The void size increased toward the inside surface.

The formation of voids was probably due to the generation of some in-
ternal gas , as a result of prolonged exposure to elevated temperatures
or ultraviolet radiation. The precise gas that was evolved was not iden-
tified . However , hydrogen chloride gas is commonly expelled from PVC
compounds (dehydrochlorination) that have been heated or exposed to ra-
diat ion.t”~ Add itives , if present , may migrate to the surface of the ma-
terial at these temperatures. In addition , unreacted monomer in the
structure would tend to volatilize under these conditions. Chlorine gas
may be expelled if the plastic is exposed to SO2 or NO2 gases.~~

5

In addition to being damaged by blistering, the plasti c was j ud ged
to have been embrittled somewhat , although no precise measurements were
made to verify this observation. Some embrittlement would be expected
at these temperatures and under these exposed conditions due to the de—
hydrochlorination process.

Erosion damage to the s~ rface of the closed pipe caused by these
fl ow conditions was judged to be minimal. No evidence of impact craters
was found on the surfaces , indicating that the steam was free of signi-
ficant quantities of undissolved solids.

The aeraLed segment at the upstream end was covered with a high den-
sity of vary ing sized bl isters (F igure 18). The bot tom of the condensate
channel contained a netwt rk of small surface cracks. In addition , the
pipe in this region was spread and warped due to beat—induced softening
of the plastic . Surface cracking or crazing commonly occurs in plast ics
under conditioim of stress.~~

6

Blistering of the surface gradually disappeared toward the downstream
end along with evidence of softening. However , some eunbrittl ement of the
pi pe s-i c no t i c ed  a l o n g  its entire length.

~~~~ A. Palma and M. Carenza. “Degradation of Poly(vinyl chloride) 1.
Kinetics of Therma l and Radiation—Induced Dehydrochlorination Reactions
at  Low Temperatures ,” .T 

~1~~Z J ’ot~/ t ’7er Cp , Vol. 14, No. 7 (1970) pp. 1737—5/4.
‘~~ I-I. H. C. Jell inek, F. Flajsman and F. J . Kryman , “Reaction of

SO2 and NO, With Polymers ,” J App i P hii ’~~ ,7~~~ Vol. I 3, No . 1 (1969 )

PP. 107—16.
~ H. A. Stuart. “Physical Causes of Aging in Plastics , ’ ~~~ c

I - v - - ~‘~t / - ! , Vol. 6, No. 10 (1967), pp. 844—51.
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~ I

FIGURE 18. In le t  End of an Open PVC P ipe Exposed to an
Aerated , Acid—Sulfate Steam , Showing Blistering of the
Surface. Flow is from right to left. Scale in incites.

The condensate channel was stained a bright red—brown at the upstream
end . Without being analyzed , this stain was believed to be m o s t l y  hema-
tite. Rimming the hematite stain for a ways at its upstream boundary
was a th in green deposit tha t was analyzed as FeS2, marcasIte . The walls
above the condensate channel , at the downstream end , were stained a brown
color. This stain was analyzed but was not identified . From its color
and appearance it appeared to be a hydrated ferric oxide. ‘I b i s  d epos i t
probably resulted from the reaction of d issolved iro n be ing ca rr ied in
the steam with hydrogen sulfide that was also present , or else oxygen
that was added by aeration.

No measurable amounts of channe l erosion were found in the open pi pe
although the floor of the condensate channel was very smooth from the
continual flow of water over it. The surface of the p ipe showed some
discolorat ion.

ABS PLASTIC

The closed pipe showed no a p p a r e n t  cl -image other than some possible
embrittlement. No discoloration of t he  in t e r i o r  p o r t i o n  of tile’ wall was
observed. The exterior surface appeared d u l  1 where it was exposed t o
the  a t m o s p h e r e .  Tb is part ic’ular p last it’ ma~ show some ox i dat i o,i damage

15
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as a re-sult of pro  longed e x p o s u re  to elevated t emperaturt ’ -; - ‘r  r ;id i t t  i on
• due to the  p r e s en c e’ of ~‘ b u t a d i e - i i e ’  in the strut-t ore. ‘

No noticeable erosion features were found on any part of the closed
pipe contacted by the steam jet. No depositioa of oxidalien films on
any surface appeared to have taken place.

The aerated pipe showed some spreading of the upstream end similar to
that observed on the PVC specimen , only not as severe. Damage due to
softening was restricted to about a 1—metre length , or less. The surface
of the aerated channel did not appear to suffer any significant erosion
damage. Some oxidation precipitates were found on the surface- that t-ere
generally the same in appearance as found on the PVC spet- imect .

TRANS ITE

A section of wall material from the closed pipe showed chemical
attack of the cement binder to a depth of approximately 1 mm. Much of
the cement in this zone had been leached out , alth ough i- l ie m atrix of as-
bestos fibers remained intact. Before cutting the wall open , the surface
of the transite looked virtually undamaged . Damage to this material by
chemical attack may be overlooked if inspection is c o n f i n e d  to a casual
view of the surface. Portland cement is subject to chemical attack h’
sulfate solution .~~

9 Insoluble reaction products often have a greater
volume than the original compounds resulting in increased internal
stresses.

Erosion damage to the closed pipe appeared to he minimal. Over long
periods of time , however , erosion damage may increase as the wall bee-ones
severely weakened by cont inual Loss of the binder.

The aerated pi pe showed about the same degree of deterioration as
ti , ’ closed cne . Erosion damage over longer periods of t ime ’ is d i f f i c u l t

pr t- d ~ct  lit this situation , as effects due to t h e  s team j e t  are re—
‘luced , alt h ou gh reduced pressures cause preci p itation 01 s ol i d s  w h i c h
ma y  i - t c r c - n s c ’  d amage in the condensate c hiannel—particularlv at the up—
‘ ;t ’o -  -am end—where t u e exiting steam jet can act on the prec ip i t a t e s .

‘ 7  3. Sh imada and K. Kabuki. “The Mechanism of Oxidative Degrada-

i - i o n  of ABS Resin , Part 1. The Mechanism of Thermooxida t I ice 1)egraclat ion ,

F - i _ I c - ‘  -~ 
‘ , V o l .  1! (1968) ,  pp .  6 5 5— 69.

- I b i d , P a r t  Ii , pp . 671—82.
I. . Ho l le r and M. Bcn— v ,air . “Effect of Sulfate Solutions on Normal

ai t cl Su t o —  Res is t I ng Port 1 and Cement  ,“ C - 7  ‘ - -  ‘ , V o l  . 1- c (3 an on r~

L 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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GROUNDWATER—DILUTED STEAM RESULTS

STEEL

The anaerobic fluid condition resulted in the formation of a thick
layer of loosely adherent , green—gray precipitates on the steel that
smelled strongly of sulfur . An analysis of the coating iden ti fied a
poorly crystallized hydrated ferric oxide (limonite) plus at least one
additional nonmagnetic crystalline compound that could not be identified
(Table 4). The unknown(s) had the same x—ray diffraction pattern as the
unidentified corrosion product found in the steel specimen exposed to
the anaerobic acid-sulfate fluid (Table 2). A chemical test identified
a metal sulfide in the precipitate. An x—ray fluorescence anal ys is
showed iron, silicon , and sulrur to be the major elements present. ‘Ih e
coating was cested also for the presence of sulfates; none was found.
Prev ious inves tigators have found free sulfur plus a variety of iron
sulf ides , stable, metastable , or amorphous in iron oxidation products ,
depending on the pH of the fluid , amount of hydrogen sulfide and oxygen
presen t , and reaction time.19’

21 ’50 ’
51 Iron sulfides mixed with other

compounds are apparently very difficult to identify by x—ray diffraction
methods , particularly if poorly crystallized .

Removing the deposit and examining the surface with a low—power bin-
ocular microscope showed corrosion to be relatively uniform and the rate
to be low . An examination of the microstructure showed minor ~~tt ing
of the surface to a depth of about 0.05 mm. Attack appeared to be
heavier at both grain boundarie~s and near pearlite colonies. The pres-
ence of an iron sulfide in the layer of corrosion prod ucts , particularl y
one as loose and porous as this one seems to be, might serve as an addi-
tional source cf galvanic corrosion because of its noble potential with
respect to iron. ’9

No evidence of hydrogen infusion into the steel was found . Since
the fluid pH is 5, and the hydrogen reduction reaction at the cathode
becomes significant in steel only for acid solution with a pH below ,~,2 6

the amount of atomic hydrogen being generated may be insignificant in
t h i s  s i t u a t i o n .

~~ S. Takeno , II. Zôka, and T. N i i h a r a .  “Metastable Cubic Iron Stil—
f ide — With Spec ial Reference to Mackinawite ,” Ar ’; - i ’ ‘-i1~~~~’! , Vo l. 55
(September 1970), pp. 1639—49.

~ Robert A. Berner. “Iron Suif ides Formed From Aque -us Solu tion
a~ Low Thmperatures and Atmospheric Pressure ,” C ~~- , V o l .  72 ( 1964 ) ,
pp. 293— ~OH .
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The aera ted pipe was coated with a moderately thick layer of various
fe r r ic  oxide corrosio n products. Removal of these showed a corrosion
groove cut into the bottom of the condensate channel, similar to the one
found on the steel pi pe tes ted  in the acid—sulfate fluid , only not as
deep. A maximum corrosion rate of about 0.43 mm/year (17 inils/year) was
measured at the bottom of the groove. Some minor pitting was found on
the sides of the open pipe , above the water line, at the downstream end .
Pi t t ing was probably the result of defects or breaks in the protective
passiva ting oxide film found on the walls. Analysis of one sample of
corrosion produc ts from a copper tube exposed to the diluted steam found
a quantity of chlorine . Significant amounts of the chloride ion in the
fluid would tend to establish a greater level of pit ting corrosion ,
rather than a more uniform attack.5

CAST IRON

The protective coating of tar was removed from the closed pipe , ex-
cept for a small amount of residue in the condensate channel. A very
thin film of corrosion products was found on the ,urface of the cast
iron. Identification of the products was not attempted as not enough
could be collected to run an analysis. How-ever , the sulf urous smell
from the film , plus prior analysis of this material in the acid—sulfate
fluid suggested that the residue was the same as found on the steel pipe.

The surface showed fairly deep gtcnves , simi lar to those found on
the cast iron tested in the sulfate fluil- The surface of this material
was so uneven , initially, that it was difficult to tell whether the final
surface pattern was due entirely to corrosion or partially to the casting
process. If it was due entirely to corrosion , the corrosion ra te was
about 0.8 rn/year (31 inils/year ,’ .

The upstream end of the aerated pipe was noticeabl y free of the usual
f&-rric oxide coating, and contained Lnstead a residue of brittle tar on
the bottom of  the condensate channe~, and a thin coating on the walls of
ti -c s u l f u rou s  s m e l l i n g  residue fout~d on the steel pipe. The surface of
the - -as t ir t was f a i r l y  ci~ooth and corrosion appeared to be quite uni
¶~ trfli . Thit ’ r a t e  ~ f a t t c , ck  was estimated at 0.08 mm/year (3 mils/year).

The downstream end was covered with a moderately thick covering ~ f
ferric oxides (Table 4 ) .  Removing these showed extensive grooving of
t ie surface in the flow direction (Figure 19). Tf this was due entirely
t : -  cor ro sio n , the  cor ros ion  r a t e  would be about the sane as c a l c u l a t e d
for the anaerobic condition. An cx,’imjnatjon of the microstructure showed
no not ie’eabl e leaching of the iron phase.

42 
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GALVANIZED STEEL

The anaerobic fluid condition resulted in nearly complete removal of
the zin c coating by corrosion. The corrosion products were also sparse ,
either because of increased solubility in the corrodent or because tltcv
were not very adherent and were easily torn or abraded away by impacting
water droplets. An analysis of the remaining products showed them to be
a mixture of s—zinc sulfide and zinc oxide , with the former being the
pr edom inan t spec ies . Samples taken near the bottom of the pipe , in t i l L -
condensate channel , showed the presence of the sulfurous—smelling de—

• pos i t  discussed previous ly ,  while the walls above the channel were
st ained a dark—brown from this same material . This unknown appeared to
originate , at least in part , in the gathering system upstream from the
test array or in the steam source itself. Contamination of the zinc
corrosion products with this other residue could have resulted in it
being less adherent. The possibility also existed for the initiation of
galvan ic corrosion between various parts of the film itself , particularl y
it  i t  became highly contaminated . Zinc sulfide is soluble in acids ,~~
although sinc e i t  remained relatively intact in the presence of the
strangE r ac idi— sultat e fluid found at Do--i l ’ s Kitchen , it wasn ’t expt- L’ld’d
to d i i s ol ve appreciabl y in the weaker, dilut ed steam found at the Coso
resorts. Corrosion of the zinc coating appeared to be u n i f o r m  and , w h i l e
it was nearly completely gone, the steel underneath had not been attacked
to any si gnificant degree.

The aerated sample at the upstream end was covered with a thin coat—
ing of various ferric oxides plus zinc oxide and sulfide residues. Ticc-
zinc plating was comp letely removed from the steel; however , corrosic i
O~ the latter was very slight. Attack appeared to be uniform , with ma—
t d - r i a I  in  the condensate channe l showing slightly greater det erioration
t i t a n  the w a l l s .

fhe zinc plating was nearly completely removed at the downstream end.
co d , ’ r i s a t e  channel was filled with a mixture of 8—zinc suif ide , ~ inc

-~~i d - . ~ud t C rr ic oxides that formed an open botryoldal structure (Figure
~‘ 1 ) ) . Zin c sulfide was the main corrosion deposit found at  t he  dowost  r e am

i t ’ -€- l f , -.c-F ti ie the amount of zinc oxide present appeared to increase
ir~ t h e  upstream end. Much of this residue appeared to be the remains
-rrosion products that formed initially in upstream locations and

wore s u a se - l u e n t  lv removed and t r anspor t ed  downstream by the  steam con—
den satL - . No significant corrosion of the steel pipe was found in the

- scott-cam areas. The zinc coating, however , was nearly completel y re—
:tvt- d as d e t e r m i n e d  by an inspect ion of the m i c r o s t r uct u r e .

— 
- - - - •

‘ ‘ tJi c’~~.~ tr ’~ ki nd P1i 1.~ io .~, 47th edition , R. ( .  ‘. ‘as t , tcd
Ci cc ccl , i ) h  i i ’ , The Chem i t-a 1 Rubb er Company,  1966.
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FIGURE 19. Outlet End of an Open Gray Cast Iron Pipe
Exposed to Aerated Groundwater—Diluted Steam , Afte r
Cleaning, Showing Surface Grooves.
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FIGURE 20. View of the Out let (top) and Inlet (bottom)
Areas of an Open , Galvanized Steel Pipe Exposed to a
Groundwater—Diluted Steam. Flow is from ri ght to  left.
Scale in inches .
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ALUMINUM

The anaerobic fluid condition produced a thin , uneven film of whit e
precip itates on the surface of the pipe in all locations other t han  t 1 ,

condensate channel which remained bare , except for a thin trai l of bi ll ~
preci p itate down the center. An x—ray diffraction analysis of the b i n - k
res idue showed it to be the hydra ted  iron o x i d e — s u l f i d e  m i x t u r e  f o u n d  i i
other pipes exposed to this fluid condition. Analysis of th€ white c rc  -
cipitate showed a mixture of two hydrated aluminum oxides , ba er~ te . t n d
gibbs ite 31 ’-~-~(Table 4) with the former being predominant. Both of t i - - ce - -

oxidation products are commonly found on aluminum exposed to a low tem-
perature fluid with a pH of about 5.8. In fluids with a p1-1 above that
value , bayerite predominates , wh i le in ac id fluids , gibbsite forms . 

-

Where both form, the gibbsite may transform to bayerite with t ime .’

Corrosion of the aluminum was minor. An examination of its micro-
struc ture showed numerous tiny pits on the surface up tcc 0.02 mm deep.
Pitting corrosion may have resulted from the nonuniform coating of hy-
dra t ed  oxides found in these areas . The possible presence of chloride
ions in this steam as mentioned previously would tend to establish pit -
ting corrosion as the dominant mode of attack , particularly on m ateri als
such as a luminum or stainless steel that form hi ghl y passivating, pro-
t e c t i v e  films on the surface.26

The wal ls of the aerated pipe at its upstream end were covered with
a thick , uneven coating of bayerite and gibbsite in roughly equal pro—
port ions. This coating gradually disappeared toward the  d ow n s t r e a m  end .
The condensate channel at the upstream end contained a substantial d c -

posit of ferric oxides , mainly hematite. This deposit was believed to
initiall y be the sulfide—oxide mixture found in the closed p ipes in thi s
flu id system except that it had been gradually transformed to oxides in
h~ l ot , - x v c ~en 1 t e d  condensate  wate rs  found  in this l o c a t i o n .

(‘~~ri)sjc- r of the aluminum occurred at the ups t r eam end of  t i c  open
I n!’,, and consisted mainly of numerous tiny pits up to 0 .03 mm

de -p , in open ‘,~ ,ices within the bayerite/gibbsite coating (Figure 21).

STA I’ll SS STEEL

The anaerobic- fluid condition resulted in very minor corrosion of
t-he closed pipe . An inspection of the microstructure showed some pro—
c r ’ t i t i al attack to grain boundaries to a depth of about P . 02 mm.

R. S -h oen and C. Roberson. “Structures of A l u m i n u m  H y d r o x i d e  and
- - .~- it i ii Imp Ii Cat i (ins , “ c i t  , Vol . 55 (Jan . 1~~7U) pp .  ‘

~ ~
— ‘7.
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A black deposit forming a thin narrow trail in the center of the
condensate channel was analyzed as magnetite. This deposit was probably
formed out of the sulfurous—smelling deposit found in this fluid system.
The reason for its conversion to magnetite in this particular pipe was
not established .

The surface of the aerated pipe was covered with a thin , reddish-
brown film of ferric oxides. The walls above the condensate channel had
a slight etched appearance in the direction of flow . A study of the
microstructure showed minor corrosion to the surface , with attack con-
centrated at the grain boundaries. Grain boundary damage was less than
0.03 mm deep.

COPPER

Minor corrosion was found on the specimen exposed to anaerobic fluid
conditions. The surface was covered with a very thin patchy tarnish of
corrosion products. The tarnish was tentatively identified as Cu2S,
chalcocite , using the scanning electron microscope (Figure 22). No evi-
dence of the sulfurous—smelling deposit was found in this pipe. An in-
spection of the microstructure showed very slight corrosion of the sur-
face to a depth of about 0.005 mm.

The aerated specimen was covered with a moderately thick coating of
blue—green corrosion products. These were identified principally as
basic copper sulfates (Table 4 ) .  The presence of copper sul fides and
oxides in the coating was suggested by the x—ray pattern , but could not
be clearly verified. The corrosion products were thickest on the walls
of the pipe , and at its upstream end . A thin coating of ferric oxides
was also found on the bottom of the condensate channel on top of the
sulf ate deposits.

A study of the microstructure showed relatively minor corrosion
within the condensate channel , up to 0.02 mm deep, and moderate to se—
vere corrosion to the walls above , with the corrosion rate increasing
toward the top edge of the open pipe and toward the upstream end . Attack
was h\- pitting (Figures 23—25), and showed no apparent relation to the
cram boundary network along the surface. The exterior surface of this
spec imen of p ipe was severely pitted by condensing steam vapors (Figure
26) as the wooden insulating supports became soaked with moisture . Pit-
ting corrosion of copper is fairly common in oxidizing environments ,
particularly when the corrosion products do not form a uniform protec-
t ive (-elating on the metal or when debris is present on the surface allow-
ing d ifferential aeration or other c o n c e n t r a t i o n  cells to torn . ~

One sample of -orrosion products from the anaerobic pi pe was analy—
zed for mercury. A concentration of 11 3 ppm was obtained using atomic
ab sorption spoetroscopy (lable 3) .
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F ICC R F 2 3 .  A Photon i - r I  c i - , p i t  Showing P i t  t l o g  Cci r r o s  i on i it
an Open Copper Pipe [xpoi-~ ’d to \c- i t  ed Crounidwat er— I) L I  i itc ’d
S t e a m .  (200X)
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FIC.tIRE 2 - s . A Scanning l- ;Iect ron !‘Iicl ’sc -ope l ’ Iic ’tc ’m i ci ’ c ’gi cp li
Showing  P i t t  i ng C ‘ r ros I on of t he Coppe r Spec i 111011 D&’ S I r  i he,I
in Fi gure 2 3 .  ( 2 1 0 X )
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PVC PLASTIC

The anaerobic fluid resulted in apprec iable bleaching of the wall and
perhaps some embrittlement of the plastic. No voids were found within
the bleached zone in contrast to the PVC specimen tested in the acid—
sulfate fluid , which meant that there was probably no significant forma-
tion of volatiles in this situation , or tha t the vola ti les formed were
expelled before pressures built up suff ic iently to cause voids to form.
The first exp lanation is probably the more likely.

No erosion damage was found in the closed pipe as a result of steam
flow thr ough it. No precipitates were found in this specimen other than
a s l ight stain on the bottom of the corrosion channel.

The aerated specimen at its upstream end showed about the same degree
of softening (Figure 27) as found in the PVC sample tested in the acid-
sulfate fluid. No evidence of surface cracks, blisters , or internal
voids were found , however .

The open condensate channel was coated with a sequence of black-to--
red—to-brown precipitates at the upstream end. Although not analyzed ,
the black pr ecip itate appeared to be the sulfurous-smelling deposit found
in the other pipes. The red and brown compounds were var ious ferric
oxides probably derived from oxidation of the sulf ide compound .

A depression in the center of the condensate channel, about 0.38 mm
deep, was noticed at the upstream end of the open pipe and c lass i f ied as
an erosion feature. It was probably caused by scouring f rom precip itates
that continually formed just above the area and were then swept down-
stream by the exiting steam jet.

ABS PLASTIC

The closed pipe showed some slight discoloring of the surface that
had ~ -en in con ’acr with the fluids. Numerous tiny blisters were found
on t h s  surface which indicated the formation of small quantities of gas,
iir er -ia l l y. Alth ough this par ticular plastic is normally quite stable,
i~ ‘to. depolymerization of styrene may have taken place at elevated tem—
pe- ratu t Os.

No evidence of surface erosion was found in the closed specimen.
The interior surface wi-s generally free of re- ip itation coatings , ex—
c .-pt for a thin trail of residue found on the bottom of the condensate
c h a n n e l .

The aera ted pipe at its upstream end was discolored (in the inner
surf—ice and showed some blisterin g identical to that found in the closed
p ipe . The pi pe in this region showed some effects of c o l t e n i n g  s i m i l a r

5’)
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FIGURE 27. i n l e t  End of an Opet PVC Pi pe’ Expo sed t o
Aerated  G r o u n d w a t e r — D i l u t e d  S t e a m .  F l e w  is  from ri ght
to left. Scale in inches.

to those observed previously for this material. In addition to blister-
ing, some crazing of the surface’ was observed on the wall s above’ the 1-on—
densate channel in areas covered with a thin film of gray pr e- I i p i tates.

The precip itate was not identified , although it appeared to be primaril y
an i ron  s u l f i d e — o x i d e  m i x t u r e .

Some e ros ion  of the  condensa te  channe l  was ob served . T h e  c o n t o u r  of
the  eroded s u r f a c e  g e n e r a l l y  c o i n c i d e d  w i t h  t h e  deposi t ion of a c o at i n g
of iron o x i d a t i o n  p r o d u c t s  i d e n t i c al  to those found on t h e  PVC sp e c i me a .
The erosion mech:inism was p r o b a b l y the  m o t i o n  of i r o n  oxidation products
t h r o u g h  the  c h a n n e l .  A maximum eros ion depth of 0 . 4 5  mm was measured
about 15 cm downs t ream f rom t h e  i n l e t .

D i s c o l o r a t i o n , s o f t e n i n g  e f f e c t s , and s u r f a c e -  cr a z i n g  r ap i d l y  d c —
,~ l i n e d  toward the downst ream end of  the p i pe.  hho we ’v c - r , some e-mbr i t t  I i ’ —

ment of  th e  m a t e r i a l  was f e l t  to have c ’ c c c i r r e -d t h r o u g h o u t its I e -n gt  h i .

1’RANS I TE

A s e c t i o n  of w a l l  m a t e r i a l  f r o m  the c i  OSc- II p i N sic ‘-‘
- i di at -o u t  1) . ) mm

of penetrat ion by (-hem ica I a t t a c k .  Vi r t  t i - i l l  y , c  I I ‘ t he-  c-nc -it t n th I
;~t ’ ne had been leach ed out. The asbestos t i h c - r  i t i l r i  x i -rn - u m i d  C O s t - I l —
t i a l  l y I n t a c t , a l t h o u g h t h e- l o a d — h e i r  in g  c - a j l , u c  i tv c ’ f  u ho -~~~i i i  hi ol liec’ii
reduced . The e - r o s i ( , n  r a t e  sh o u l d  beg in  t o  i n c - r c - - 1 - ’c cs  t l i t ’  c u l t  Il l’ l a v , -r
weakens , a I though no appre’c ’ I able e r o s i o n  bail net - or r 1-d i n  i_h is part ii ul ar
test.
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The aerated specimen showe d essentially the same degree of deterio-
ration as the closed pipe. Erosion effects due to steam impingement
should be less over a larger t ime frame beca use of the reduced pressure s
in this region. Additional erosion in the condensate channel due to
scour ing by solid preci p itates may occ ur , particularly at the upstream
end where ex it ing steam veloc it ies are high and precipita tion of dis-
solved solids occur.

ALKALINE WATER RESULTS

The analyses of corrosion processes resulting from contac t with this
fluid condition were complicated by the added presence of several addi—

— t ional crystalline compounds that deposited on the pipes i n  signific ant
quantities. These generally produced strong x—ray diffraction patterns
that often masked those produced by corrosion r’coducts and made identi -
fication of the latter more difficu t. Their presence on the surface of
the samples also resulted in more complex corrosion conditions , primarily
by restr icting the flow of dissolved oxygen to parts of t h e surface arid
by mod if ying flow conditions.

One of the contaminants was a light—brown clay mineral that collected
in great abundance on the bottom of the water channe l in all locations
of the p ipe. This clay mineral , illite , which was identified using dif-
ferent ial therma l analyses techniques , produced a very noisy, comp lex
x—ray diffraction pattern. Since clay minerals consist of tiny ligh t
particles that stay in suspension in liquids for long periods of t ime ,
some success was achieved using simp le gravity separation in water to
remove the clay from the corrosion products.

A second contaminant , sodium chlor ide , precipitated out along the
walls above the water line in the open aerated pipes (Figure 28). Its
t ii Fl colubility —illowed it to be easily separated from t he  co r ros ion  pro—
l u i c t s  c- - st ‘ t  the time . Some feldspar minerals were ,ilso found mixed in

1 , 1_ h ~he corrosion products. Althoug h these could not be p h y s i c a l ly
sc- p ’r-ite d frc - ’m the corrosion products , their x—ray patterns were readil y
d,- - t  i f  i t ’d .

I c  general , ccrrcision products found on the zinc and copper specimens
could he usually identi fied by x—ray diffrac tion analyses , while those on
i _ to- iron and steel samples were very d ifficu lt to identif y as t he  d i f -
f r a c t i o n  p a t t c - r n ~ were noisy. Magnetic iron oxides could be separated
I rorn the  o t h e r  p r o d u c t s  and usually identified by color and streak. N t ’t a l
‘a i iUoi ~’~ were found using simp le chemical identifi cation techniques. Th e’
‘<—r a v d I Fr u t  ion  patterns of samp les t a k e n  f rom b e l o w  i _ l ie-  vat  er i i  tie
we re gent- ra Ely very ni’ isy, complex , and i~howed the pre senc e c u t  add it, I ona 1
- -ompound s that could not be readily identified . The process otT (hjSsc’lv—

- - i tam in-- i n t s  may a lso  have in a d v er t d ” it  ly  I n t r o d u c e d  soni c c-x t r i t o - , ctO
( c-l~~) ta l k .
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ST EEL

The anaerobic fluid condition resulted in the deposition of a thin
uneven layer of corrosion products composed mainly of magn ctite on s ir-

• fa ces above the water line , and a loose coating of a hydrated ferric
oxide  p lus one or more ferric oxides on surfaces below the water line
(Table 5), as de term ined by x—ray d iffraction analysis. The hydrated
ferric oxide identified (lepidocrocite) coimnonly forms in alkaline solo—
tions containing chloride ions.5~~’

55 Chemical analyses also verified
the presence of a metal sulfide on all surfaces. A study of the micr”-
structure showed localized pitting corrosion to be the dominant mode 1

attack (Figure 29). Corrosion below the water line appeared to be more
severe , with pits up to 0.25 mm in depth bc-ing found in th ese areas.
Pits tend to grow larger , generally, in the direction of gravity . ~ Ad-
ditionall y, the loose hydrated oxide film faund below the water line
would tend to be less protective . No relation was found between micro—
structural features and pitting l ocations. However , pitting corrosion
of s tee l  in a ch lo r i de  solut ion c o n t a i n i n g  hydrogen s u l f i d e  has been ob-
served p r e v i o u s ly 56 and attributed to the  presence of m i l l  s c a l e  (ma g—
netite) on the surface of the steel. A separate study attributed local-
ized c o r r o s i o n  in ac id ic  hydrogen s u l f i d e — s o d i u m  c h l o r i de  s o l u t i o n s  c On-
taining an oxidant to the formation of H2S2.57

Magrietite was the only corrosion product identified on the aerated
specimen at the upstream end while magnetite and/or maghemite were found
at the downstream end . From the appearance of the coatings , other ferric
O X I d e S  and h y d r a t e d  oxides may have been present , hut were not readi lv
i d e n t i fi e d  by x—ray diffraction analyses. The oxide layers did not
appear to be either very uniform or adherent.

Corrosion was more severe on the aerated surface than on the one ex-
p c ’ s~~~ d to anaerobic fluids. Again, the attack was generally localized
with i_ ti e size of the major pits increasing toward the downstream end and
- il s o toward the bottom of the water channel. The density and size ~~t
tir p it~ war about  the same for the aerated and anaerobic conditions.

I3cr n il , D. Dasgupta and A. Mackay. “The Oxid es and Hvdroxid et-;
of Iron and Their Structural Interrelations ,” Cla i~ V1n4 t - 11- I t -  1 : 4 - i , Vol .  4
( 1 9  q )  pp. 15—3 ( 1 .

~~~ R. IT. Foley. “Role of the Chloride lon in Iron Corrosion ,”
-~ 

~~~, Vol . 2h , No. 2 (February 1970), pp. 58—70.

~
‘ L. ~i. Dvoracek. ‘ Pitting Corrosion of Steel in I t  cS Solu t  ions ,”

~ ci - o~~~~~~~c ,, V I .  L’, No. 2 (February 19Th), pp. 64—8 .
‘~ I ’  - R - R h o d e s .  ‘‘Cor u-os ion Mechc in i cu-is of Ca rbc-tn St ~ ‘i  - I In Aq Lit ’Oitii

hi ~~ Sol ;t  e ta , ‘-:
‘

- .
~ 

, ~~~~~ - c -  , 
- . ~ Vol. 12 1 , No. 8 (Auguis ~ 19/(c )

7t- ( - t b- i , rat ~ on Iv)
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FIGURE 28. Inlet End of an Open Aluminum Pipe Exposed
to Hot Aerated Alkaline Water Showing Sodium Chloride
Precipitation. Flow is from righ -it to left. Scile in
inches .
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FIGUR E 29. A Pbotomicrcugr ap h Showin g, Pitt in g  g,c rr , s ion
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However , the aera ted pipe also contained a sca ttering of some very large
pits, up to 1 mm in depth in the bottom of the water channel (Figure 30).
These tended to increase in size and number toward the downstream end.
Since the amount of dissolved oxygen in the water should have been greater
at the downstream end where temperatures were lower , the formation of
these large pits may have required the presence of larger quantities of
oxygen , in addition to chloride ions. Pitting of metals in aerated
chloride solutions is fairly common. 5’58

CAST IRON

A very thin coating of corrosion products was found on the surface
of the closed pipe above the water line that was tentatively identified
as being mostly magnetite. Below the water line , corrosion products
appeared to include several ferr ic ox ides and hydrated ox ides. Oxide
products were identified from x—ray diffrac tion patterns that were of
poor quality . The identification of magnetite was aided by its magnetic
property, color , and streak. In addition to the oxides , the corrosion
products in all areas contained a metal sulfide which was identified by
chemical analysis alone. The corrosion products generall y did not pro-
vide a uni form adherent coating. The protective coating of tar was com-
pletely removed by the hot waters.

The anaerobic fluid condition resulted in fairly uniform corrosion
of the cast iron . Pitting of the surface was judged to be slight. Cor-
rosion did nut appear to follow surface irregularities as noticed on the
cast iron specimens tested in the other fluid systems . The corrosion
rate was estimated to be less than 1.0 mm/year (41 mils/ycar).

Corros ion products found on the aera ted pipe appeared to be ferric
oxides and hydrated oxides. In general , they were poorly adherent ,
flak ing off easily, and did not appear to provide any protection to ti-ic
metal. Corrosion of the surface was generally uniform , particularly at
the upstream end , and the rate was judged to be about  the same as for
the anaerobic condition. A study of the microstructure showed essen-
tial ly no Leaching of the iron phase.

GALVANIZED STEEL

The anaerobic fluid condition resulted in the formation of a thin ,
white coating on the zinc above the water line that was identified as a

58 Jose R. Galvele. “Transport Processes and the Mechanism of
Pitt ing of Metals ,” A l l  ‘oh ~~., ~/ , Vol. 123 , No.  -1 ( A p r i l  19 7 h )
pp. 464—7~~.
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FIGURE 30. A Section View of an Open Steel Pi pe
Exposed to Hot , A e r a t e d  A l k a l i n e  F l u i d s  Showing
P i t t I n g  C o r r o s i o n .

mixture of 8—zinc sulfide m d  zinc oxide in roughly equa l p r opo r t ions .
The th icker , brown—white corrosion products found below the water line
were identified as a hydrated zinc silicate , hemimorp hite .

An in spe c- t ion of t h e  s u r ft h - e  u s i n g  a l ow—powered b i n o c u l a r  mic ro -
scope showed t he  presence of numerous , tiny p its beneath the c o v e r i n g
of corrosion products. A study of the microstructure si-towed that al-
though the zinc was nearly gone in most locations , the steel underne a th

had not been a t t a c k e d  to any degree . P i t t i n g  appea r s  to have been con—
f i n e d  e s s e n t i a l l y  to the zinc . Zinc commonl y p its in aerated c h l o r i d e
s o l u t i o n s .  -8

The aerated spec imen i n  i t  i a l l  y appeared to have suffered ext end ye

corrosion. Numerous large , shallow pits were observed on the walls and
‘ 1 c , o r  of the p ipe , both above and below the water line . An inspc -c t ion
of the micr ostructure showed t h e  p its to be confined to t h e  z i n c  i t  s e l f ,
w h i l e  the  s tee l  remained untouched . No a p p r e c i a b l e  corros jon of the
ste-c- i took place even where t h e  p i t  had exposed the hare metal . M u c h  al

t h e  zinc coat i ng remained intac -t in a re.is some d i s t  ance’ from p it inca—
t ions .

An ann I vses of the corrosion product on the mc ~rated zinc - spec i men
showed it to be principally z i n c  oxide. A small amount of basic zinc
chloride was found also at the downstream end. The presence of chloride
ions in solutions at these temperatures is h e l  ieved to  s u p p r e ss  the
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reversal of potential that occurs between the zinc and the iron due to
the presence of the oxide corrosion product. 26 The solubility of oxygen,
which promotes this reversal , is also reduced as the chloride content i s
increased .

ALUMINUM

The anaerobic fluid condition caused extensive pitting of the alum-
inum, wi th the largest, deepes t pits being formed near the bottom of the
water channe l (Figure 31). Hemispherical—shaped pits , up to 2 mm in
depth were found in these areas covered over with white solid products.
An x—ray diffraction analysis of the corrosion products showed them to
be essent ia l ly  amor p hous compounds.

A study of the microstructure showed some cracking of the metal on
and in the vicinity of the pitted surfaces. Tiny hemispher ical pits
were also found within some of the larger ones. No relation was found
between the - - initiation sites for the pits and the location of secondary
phases or grain boundaries in the metal.

Chloride ions stimulate pitting corrosion in aluminum ,26 par ticu larly
in areas where solid matter has collected and differential aeration of
the surface occurs. The accumulation of clay minerals on the floor o
the water channel may serve to create conditions favorable for the in-
itiation of oxygen cell corrosion. -

- ae abundance of oxide corrosion
products on most of the pipes expost.~d to this particular anaerobic fluid
condi tion demonstrates the presence of dissolved oxygen in the fluid.
Dissolved oxygen may also oxidize ferrous ions in the fluid to ferric
ions , which in turn react with aluminum to deposit iron (-in the surface ,
which then initiates localized corrosion .

The aera ted sample suffered extens ive pitting; however , the p its
t~ -r- ~’ t~ -~~icall y irregular in shape rather than hemispher ical and were
mit - h i  dhallower within the water channel (Figure 32). Above the water
line , under an extensive covering of sodium chloride precipitate , some
la rge , generally i rregularly shaped p its up to 1.4 mm deep, were oh—
‘icr- - -d . The reason for the change in shape of the pit in the aerated

~nec imen was not established. However , the extensive precip itation of
sod ium chloride that occurs in this region and subsequent reduction in
its solution concentration may influence the pitting process somewhat .
The Increased oxygen content in the water may also be a factou . The
shape of a corrosion pit is believed to be a function of the current
density in the p it and proper ties of t h e ’ metal . 59

~~ Z .  Szkla r ska—Smialow ska . “Review of Literature on Pitting Cor—
rca i ‘n Publ i shed Since 1960,” ‘CPPk 1,~~~oH, Vol. 27 , No. 6 (June 1 9 7 1 ) ,
pp. 223— 33 .
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FIGUR E 31. A Section View of a Closed  A l u m i n u m  Pi pe
Exposed to Hot , Anaerobic Alkaline Fluids , Sh owing
P i t t i n g  Corros ion .

FIGURE 32. A Section View of an Open Aluminum Pipe
Exposed to Hot , Aer ated Alka line Fluids , Showing
P itting Corrosion .
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The salt deposits foun d on the aerated aluminum specimen proved dif-
ficult to remove, in contras t to those found on other specimens wh ic h
flaked off easily or readily dissolved in water. An x—ray anal ys i s
showed the addit ional presence of gypsum , CaSO 4 — 2 H 2 0 , in the deposit ,
along with the sodium chloride. These results with aluminum illustrate
the d i f f i c u l t y  and lack of methodology in the study of metal corrosion
in an alkaline medium . The amorphous na tu re  of these produc ts  p reven t s
ready identification by x—ray diffrac tion methods and also interferes
with measurements of other corrosion components because of the noisy
backgrounds introduced .

STAINLESS STEEL

The closed pipe , exposed to anaerobic fluid conditions , showed minor
a t tack  to the surface  consisting of some preferen t ia l  corrosion at grain
boundaries and occasional , slight pitting. Attack was never more than
about 0.03 mm deep. On an annual basis , however , the rate of attack
would have been 0.16 mm/year (6 mils/year).

The aerated sample showed more extensive pitting along the surfaci-
below the water line than was observed under anaerobic conditions , par- —

ticularly at the upstream end . An inspect ion of the surface using a
low—powered binocular microscope showed clusters of tiny , shallow pits
on the sur face below and above the water line . Examination of t h e  mi c ro—
structure showed these to be about 0.05 mm deep . Some pr~~lerential
attack to  the grain boundaries was noticed . Deeper corrosion p its up to
0.38 miii in depth were observed near the upper boundary of the open pi pe ,
in ar eas where the sodium chlor ide had preci pitated out . At the uppe r
boundary it self , where plastic deformation of the pipe had occurred dur-
ing the process of slitting it to form the open channel , extens i ve trans—
granular cracking of the metal had occurred (Figure 33). The presenc-e
of both oxygen and chloride ions is believed to be required in anelec—
tr olvtc - t -  i n i t i a t e  stress corrosion c rack ing  of a u s t e n i t i c  s t a i n l e s s
steel. - Pitting of stainless steel is usuall y initiated tinder these
s— me - - -‘nditions. ~~~~~~~~~ Corrosion of the stainless steel was greater at
the uo—~tr eam end of the aerated specimen. Temperatures were hi gher at
this end (93 eI C) than at the downstream end (77°C), wh il i - the degree of
aeralion was probably somewhat less.

COPPER

The anaerobic  f l u i d  condi t ion  resul ted in a f a i r l y e x t e n s i v e  c o a t i n g
of corrosion products on the surface of the copper. Below th€ water
l i n e  c o r ro s ion  p r o d u c t s  consis ted p r i m a r i l y  of  a 3:1 m i x t u r e  of Cu20 and
Cu1S , and a small amount of Cu5 FeS4 ( h o rn i t e ) .  A p p r o x i m a t e - t v  midway imp
the wall, Cu,O plus a small amount of Cu2S were Id entifi ed. On t b - ic
ceiling of the p ipe , products consisted of equal proporti ons of Cu’O and
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FIGURE 33. A Section View of an Open Stainless Steel
Pipe Exposed to Hot , Aerated Alkaline Fluids, Showing
Transgranular Stress—Corrosion Cracking.

CuO plus a small amount of basic copper sul fate , br.~ciiantite. Corrosion
of the surface , however , was modest with preferential attack generally
taking place at grain boundaries (Figure 34). Some minor pitting to a
depth of 0.05 mm was noticed at lower portions of the surface that ap—
peared to initiate at grain boundaries.

Corrosion to the aerated sample was approximately the same as for the
closed , anaerobic condition except for an increased density of pits on
the surface below the water l ine (Figure 35). Their average depth was
approximatel y the same as for the other specimen . Attack again was con—
c e n t ra t e d  at  gra in  boundar ies .

A t h in  c o a t i n g  of corrosion products was found on the aerated surface.
It consisted mainly of Cu20, Cu2(O H)3 C1, and a small amount of Cu2 S (at
the  ups t ream end o n l y ) .  Cuprous oxide is normall y noble to copper i t se l f ,
which can result in p itting of the metal under conditions where the coat-
ing is not uniform and the electrolyte is aggressive .8 The basic cupric
chloride , ata camit e (and/or paratacamite) is a common corrosion produc t
in aerated sea water environments .60

0 
~~ Sh-m n r k e y  and S. Lewin. “Conditions Governing the Formation of

.\ t  ~-am j te ’ and l’a r n t a c a m i  te , ‘‘ j ~’i, - i’ .~~
‘/  it - -

- 
, Vol . 5h ( J a n u a r y  1971) , pp.
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FIGURE 34. A Photomicrograph Showing Surface Corrosion
of a Closed Copper Tube Exposed to Hot , Anaerobic Alka-
line Fluids. (200X)
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FIGURE 35. A Photomli-rograph Showing Pitting Corros ion

of an Open Copper Tube Exposed to Hot , Aerated Alkaline
F l u i d s .  (20 0X)
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Two samples of corrosion products (one from each fluid condition)
were analyzed for mercury. The sample from the anaerobic fluid condition
was found to contain 113 ppm of mercury while that from the aerated pipe
contained 79 ppm.

PVC PLASTIC

The closed pi pe suffered no apparent damage other than some discolor-
at ion of the inside surface. No significant erosion of the wall occurred
and no bl istering was observed . Some embrittlement of the plastic may
have occurred.

The aerobic pipe showed some bleaching of the inside surface and
spreading of the walls at the upstream end due to heat—induced softening
of the material . No measurable erosion of the channel was found .

ABS PLASTIC

The closed p ipe suffered no observable damage other than some possible
embrittlement. The open , aerated pipe showed no damage other than heat—
induced softening of the upstream end resulting in spreading of the walls.

TRANSITE

A sample of wall material from the closed pipe showed no ev idence o f
chemical attack to the cement binder. Some chloride solutions will attack
portland cement. 6’ In the present circumstance , however , mechanical ero-
sion processes from contact with the fluid may be the major remova l m€ -chm—
anism . No erosion fea tu res  were found on the surface.

The aerated pipe also showed no damage d ur ing t h i s  b r i e f  t ime f rame .
Ti -: presence of large amounts of clay minerals in the water may lead t o
i i c r e ~~s i n g  levels of erosion over a larger span of t ime .

CO~WARIS0N OF RESULTS

Compar ing  r e su l t s  f rom the two steam installations was a r e l a t i v e ly
s t r a i g h t f o r w a r d  t ask  as the fluids were chemically similar and so ver

r.~~ L.  H e l l e r  and M. Ben—yair. “Effe ct of Chloride Solutions on
t o r t  l a n d  Cement , ” App i (~~~t~~~~

’;
~~ Vol. 16 (August 1966), pp. ~2~ — 2 h .
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the flow conditions. Exposure times were also identical and were long
enough to establish a yearly corrosion rate for each material with some
measure of confidence. The accuracy of any value was limited somewhat
by the number of measurements taken , but. was believ ed to he adequate for
comparison purposes.

Comparisons with the alkaline fluid were not as easil y made because
the mode of attack was often markedly different . In addition , corrosi~~n
rates in this situation were established from a relativel y short test
per iod and may not be directly comparable to those obtained over sign i-
ficantly longer periods of time . Corrosion rates for situations involv-
ing uniform attack are not often linear , but usuall y decrease with time
as corrosion products build up on the surface and rates become diffusi on
dependent. ’ The appearance of breaks in the protective film , however .
may periodically accelerate attack in localized areas and change the mode
of attack from uniform to pitting. Pitting rates are quite variable , as
an individual pit may become inactive and stabilize at a small size b r
extended periods of time , then grow very rapidly over a short tine in—
t e r v al .  This expansion proc ess , once initiated , becomes self—sustaining
i . e . ,  au t o c at a l yt i c . 5 Stress corrosion cracking may aid the growth pro-
cess.62 Pitting corrosion rates determined over one span of t ime may be
substantially it-i error , then , when used to predict the degree of damage
over considerably different time intervals.

Figure 36 compares corrosion rates for all of the materials studied
in the three environments at the Coso Thermal Area , and under aerated
and anaerobic test conditions. The comparisons that follow should be
viewed for the most part as a rough guide when used for evaluating L Y m e

perfc r i-Llnce of materials in the three Coso geothermal environments.

CORROS ION PRODUCT CONTAMINATION

Corrosion products found on the specimens were generally c o n t a m i n —
i~ t - d  with a d d ir i o n a l  e lements  as shown by x—ray fluorescence analysis.

( f l  I i  - ; i m p l -s xani ined , 13 con ta ined  si g n i f i c a n t  q u a n t i t i e s  of silicon.
L-am ~~c amounts ‘f silica (opal) in the coatings mi ght lead to possibl e
s c a l l - 1 C  problems over longer periods of t ime. Approximately 50/ o( the
:-~n . ics from th c  alkaline test condition contained chlorine and bromine ,
while coppe r corrosion products from the acid sulfate test condition
contained barium. Other common elements found included a l u m i n u m , i ron .
p o t a s s i u m , c a l c i u m  and sulfur. The effects that these additional ele-
ments had on the properties of the coatings were not established .

6 2  A .  Co ldherg and L. Owen . “Pitting Corrosion in P l a i n  Carbon

~teel Exposed to Geothermal Brine ,” E í - - ‘
~~~!‘- 

- d - r  ~~ - , ~~, Vol. 123 , Nt - . 8
(A’~ ~m s’ 1 9 7i ~ ) , pp. 24 8c— 4 9 c’  (ahst rac~ only)
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CORROSION IN GEOTHERMAL ENVIRONMENTS
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Chloride ions are known to influence the characteristics of oxide coat-
ings f ormed on copper , lead ing to the growth of less protective COVe”-

ings . 63

STEEL

The most corrosive anaerobic fluid condition toward the steel was
the hot , alkaline water followed by the acid sulfate steam and groni C-
water steam . This result is probably a valid one as corrosion r a te s  h r
steel are generally greater in an oxygenated fluid , in the  absence ul
protective films ,2 6 and the alkaline fluid , as pumped from the  ground ,
was found to contain an appreciable amount of dissolved oxygen. Within
a pH range of 4 to 10, the rate of reduction of oxygen at cathodic are- -~is
is a principal factor in determining the corrosion rate of steel. TIe
considerable amount of chloride ions in the alkaline fluids tend to
readily break down any passivating or protective film formed on the steel
allowing corrosion to proceed at nearly a linear rate with time . C r —
rosion rates in steel , where protective coatings are absent or have been
broken down , tend to increase with flow velocity in fluids containing
ox id izers , alth ough trace amounts of oxygen it-i very dilute acids or lar-
ger amounts in more concentrated acids are found to increase cathodi
polarization and inhibit corrosion within a small range of flow veloc i-
ties. Corrosion rates also increase con t inuously with temper ature if
the system is closed to prevent oxygen from escap ing.

The corrosion rate in the acid s u l f a t e  steam e n v i r on m e n t  measured
about 6 mils/year , which was sli gh tly hi gher than the rate found in t h e
diluted steam. A somewhat higher rate for the former would he e xp e ct e d
in view of the slightl y greater l eve l o f  a c i d i t y  and hi glie- r c- ’r i c e - t i t ra-
tion of hydrogen sulfide.

Fl-~- rate of reduction of hydrogen ions at cathodic areas generally
- ary rc s the corrosion rates in steel in nonoxidizing acid & -nv i  ronmt-nt s

pH l ess than about 4•26 Corrosion rates in these situations in—
c~~ea t- d irect ly with an -increase’ in the degree of ct-I d—working, sur fic ,-
ro- e~ tt ess, impurity levels , temperature , or any other m e c ha n is m  t b - i t  h —

, a s s  tht - h ydrogen  overvol tage  at  ca thod ic  a reas .  I h i -  r eac t ion r i t e
i c -rn ’cJ ly  i n s e n s i t i v e  to f low v e l o c i t y ,  a l t h o u g h  the add it ion ot xi —

dizing agents to t h e  f l u i d  i nt roduces  f l o w  d e p e n d on - v .

~ D. J. C. Jves and A. E. Rawson. “Copper Corrosi on , IV . The
E f f e c t  of Saline Additions ,” i- ’ .- - . _‘e ‘ ‘ -  

~
- - - , ~

‘
, V o l .  b a , Nc- . ° (lone

I I  ‘2 ) ,  pp. ~ 2 — f , 6 .
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The absence of s t rongl y acid cond i t ions  in the  g r o u n d w a t e r — d i l u t e d
steam , combined w i t h  a very low c o n c e n t r a t i o n  of oxygen , o the r o x i d i z e rs ,
and h ydrogen  s u l f i d e  resul ts  in a very low r a t e  of co r ros ion  in t h e  st c e -  I
Increased l eve l s  of cor ros ion  in the presence of t he  ac id  sul f a t e  st-can ,
w h i c h  cont a ined  v i r t u a l l y  no oxygen but  s u b s t a n t i a l l y  more hy d r o g e n  sub-
fide may be accounted for partly by added quantities of th e  l a t t e r  an d
possible additions of oxidizing ferric ions.  Both of the  s team o n d i
t i o n s  were judged  to be very d i l u t e  acids  and as a r e s u l t , i n fu s i o n  of
hydrogen into the’ steel was not expected to be s i g n i f i c a n t .

The l oca l i zed  form of corrosion t h a t  appeared in a l l  the-  sp e c i m e n s
may be t y p i c a l  in these f l u i d  environments. The characteristics of thc’
s u l f i d e  d e p o s i t s  formed b y the acid fluids may he l a r ge ly  r e s p on s i b l e
for  e s t a b l i s h i n g  a p i t t i n g  mode of co r ros ion .  In the alkaline fluid ,
ch lo r ide  i- -as  p rom ote  t h i s  t ype  of corrosion . 5 P i t t i n g  in Ste -el -ornm - n l v

i n i t i a t e s  a t  s u l f i d e  inclus ions .~~~ Maximum c o r r o s i o n  rites averaged  los s
t h an about ~I) m i l s / y ea r  for  the samples  t es ted , w h i c h  i s a s a t i s~ a -corv
rate- for many n o n c r i t i c a l  a p pl i ea t i o n s.~~

6

The a e r a t e d , a lka l ine  f l u i d  was t e n t a t i v e l y  j u d ged to he the most
corros iv1  of t h e  env i ronmen t s  toward the  s tee l , fo l lowed  again h~’ t h e -
a c i d — s u h t o t e -  s team and g r o u n d w a t e r — d i l u t e d  steam . This  r e s u l t  i s  pre-
d i c a t e d  on t h e  z t i c c e s s f u l  e x t ra p o l a t i o n  of the  p i t t i n g  - r -s i t ’n d a t - i
f rom t h e  a l k a l i n e  f l u i d  r e s t  c o n d i t i o n s , which  may not be va lid. h ow—
eve r , S t f l c c- t h e  m ax i m u m  p i t t i n g  d e p t h  was about  the  same’ ( o r  a 10—week
period in t h e  a l k a l i n e -  f l u i d , as th e  maximum channe l d e p t h - i  was f o r  a
on e— y e - a r  t e s t  p er i o d  in t he  a c i d — s u l f a t e  steam , i t  seemed l l k c - l v  t h i t
some add it i al  en l a r g e m e n t  of t he  p i t s  would  occur  over  the- ne- xt  -. - ~

weeks , part i t  r i b  a n y  ~r the l a r g e  ones t h a t  appeared to h ive becom e ’ a u t o —
c r t  oh vt h e .  I t  the e x t  rapo hat ion was c-orrect , perforation of thu st ~-~~l
woo l i i  ha vi-  oc c ur red in about oOe’ year

Th~- princ i pal cnth odic c-action in all three fluids ahould - .- t he
r,- j 0  t o r i  c-f o x v ,n .  A possible alternate or a d d i t i o n a l  c~~ t b od e-  i t - i  - -

~n’i w ’uld be ’ t h e  r ed u c t i o n  o l  t e ’ r r i -  ions . The d i s s - l u t f c ’n r i t e
i t s  I d e  o I tn i n d i v i d u a l p i t  in s tee l  exposed t o  a cli  b r  I ~t - — r  l o b
i s  Hi ~- r t - i - ~c-d as ch i c - i - ide ions m i g r a te  t o  these an o d i c - l i - ea ~- an d

R ~~~~ h t he I i - r ri-us j ~rns 1ai fc r  rm f e r rous  cli  I or ides  that , I n t u r n
- - v z t -  t o  c - t m  h ty d  roch b r  ic ac i d .  Hydrogen and c-hi  or ide  ions  h~’ h
- I c  e ’  I n c  r e ase  i t -  d I s s i . ’ l i l t  ion ra t i  of the  m e t a l  . ~ The ~-o r r ~-s i on r o t  e
of s tee l in in open , aerated fluid is gen e r a l l y a maximu m at. ih~r ii t ~I0 ( :
w h i t - l i  may exp la  i n  t h e  pr ese ’nce ’  of the l :irger p i t s  at  the ’ dt-wnst 1 * -a nt c -nd

t lie open e-hatine 1 o n l y ,  whe- re t empe r i t. t i re ’s aver a  god ab e- i -it 7 ~‘‘ C

j u t -  ~le ’vt l op me n t  ol the deep ,  t o r n - s  ion c h a n ne l  in th e whir  ii
po~~id  to t h e  ni i , h - - s u l~~a t  e f l u i d  m i g h t l iv e  r e s u l t e d  sirnp h v t i - n -  th c - -

r I L  I i f l  ~- f  - - i t  heel i t  areas n e -ar  the ’ w a t e r  l i n e , wh e n -  -- xv~ t -r v - - ’ i lt t I - -  r n - - i- c
- i o- - d - ’ - ~ t , a n d  1flt - i~ i it — i r eas at the but  (c-lit tr t ~ I lit - t -onde’ns;it, ch ;n int ’ I ~-h ,-  e-

\ g - _ 1 1  would he’ r- t ’r’ - -~p ar s e .  .-\ s l ugg i sh  not ion or p- ito 1 nig. ‘1  l ii-

_ _ _ _ _ _ _  —_--—- - —_— - --- -_ - - -- ---~ - - — --- - —  
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condensa te in the open channel due to the presence of preci p itate’ b i r n i -
ers would also a l low fo r  add i t iona l  ac idi~~icat ion  of the  f l u i d s  is i u - ~~e i
in s tand ing  pools of water  on the ground within this reg ion , and a sub—
sequent increase in the rate  of corrosion , a l though hi gh ly  a c i d  f l u i d s
tend to result in soluble corrosion products 31 which~~~rL- not observab l e-
in this situation. Corrosion rates within the condensate channe l would
be diffusion—controlled as a result of the thick covering of corrosion
products  and should be lower than those in the a l k a l i n e  f l u i d  whe re t h e -
corrosion products are not as protective. For the acid steam envir~-n-
ments, corrosion rates within the condensate channel appear no corr~’ 1 at e ’
with the degree of a c i d i t y  of the f lu i d , a l though s in ce  t h e  f l u i d  c h i e F ’ —
istries are not precisely known, the presence of additional oxidize rs
such as ferric ions in solution m a y also contribute to a high er rate- 0!
corrosion in the more acid environment.

CAST IRON

No significant difference was observed in the corrosion rate of cast
iron in the three anaerobic fluid environments. Measuring. err -irs as a
result of the inherent roughness of these surfaces may have partly ( 1 - F

ent irely) accounted for these results. However , a close inspection of
the surfaces indicated that some of the irregularities that appe’ar to
follow flow patterns may have been due to corrosion processes and not to
casting conditions. The presence of thin , uneven coatings of iron oxides
and sulfides on the surface of the metal , and uneven removal of the pro-
tective coating of tar may have combined to produce very uneven corrosion
of the specimens. Graphite flakes and iron carbides within the cast iron
plus magnetite and iron sulfide deposits on the surface- c m  i ll he n ol - le-
to  i ron and form galvanic - cells with it. 25

Corros ion  r a tes  it-i the open , aerated cast iron pipes were sim ilar to
th ose measured for the closed ones , although the appearance i-I the si-ir-
face was quite different on various specimens. Exclud ing the gr a p li it—
I O e O :- ‘ne- found in the specimen exposed to the acid sui f i t  t - st c-am (wit icli
c U r  y needs additional study), average rates were less t han 50 ri i I ‘-

T h i s  i s  s t a t e d  to be an upper bound f o r  materials th a t u t
i i i  - i o i i c r i t  ic al app lications , e . t .  , t anks , p i p i n g ,  etc. 2 For c r i t  m c i i
p - i i t ~ - , e.g., impeliors , spr ings, etc., a rate- of 5 mi ls/ycar - i t 1 - - - - - is

i d v i s e d .

(;ALvANIZEI) STEEL

C ti r r o s  i c - i t  rates in all three anaerobic fluids appeared t o  -c- s i m  l i i i
C- r ros ion was essent  j a i l  v confined to the zinc c-oat ing i n a l l  cc -ti -il it ions
w i t i Ic  t h-  St e  c -  I underneath showed no sign i f i c a n t  de t e r  l i a r - i t  ion . Base -il

‘n t h e — u - r - s i l t s , the u s e fu l  l i f t -  of t s te’e l p ipe  i n  t h e s e  t h t t i t  i n —
V i  r on f l i en t  S WOl i l d appear  to- be~ ext end ed b y about one year  or more-

l, 8

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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w i t h  t h e  a d d i t i o n  of a z i n c  coa t i ng  no more than 0.050 mm thick c- i - the
steel.

The most co r ros ive  aerated f l u i d  cond i t ion , based on m e a s u r e m e n t s ,
was p robab ly  the acid s u l f a t e  f l u i d  due to the apparent potential rc-ver-
sal of the z i n c  coa t ing  wi th  respect to the  s t ee l .  The p i t t i n g  r a t e  in
t h e  steel , however , was only  about  28 m il s/ ye a r  in  t h i s  s i t u at i o n .  Pro-
j e c t i n g  t h i s  r a t e  in to  the f u t u r e  mi ght  not be p ruden t  f o r  reasons dis-
cussed e a r l i e r .  Over longer periods of time , the specimen exposed t o
the  a l k al i n e  f l u i d  would be expected to be the most s eve re ly  co r r o d e d .
Once the  s a c r i f i c i a l  c o a t i n g  of z inc  was gone in a year  or so , p i t t in g
corrosion of the steel would be expected to initiate.

The open pi pe exposed to the diluted steam generally sh owed the
least amount of deterioration. Corrosion was confined ent irel\- t - the
zinc . This specimen would normally have been expected to corrode- in a
similar or worse fashion than the one exposed to the acid sulfate steam .
For one thing, sul fate ions normally suppress the potential reversal
associated with the’ high—temperature oxide coating that forms c-mi the
zinc . ~~g The concentration of this ion should have been hig her in the
acid sulfate steam. Either a sufficient quantity c- f chloride ions was
present in the diluted steam to suppress the reversal (wh ich is possible
s ince  c h l o r i d e  ions were d iscovered in one samp le of corrosion product s
taken f rom a copper p ipe exposed to th i s  f l u i d ) ,  or else the  p re sence  of
the unknown iron s u l f i d e — o x i d e  depos i t  found in t h i s  s team i n f l u e n c e d
the corros ion process in some inexp l i cab le  f a sh ion .

ALUM 1 NU M

The anaerobic  alka l ine f l u i d  was c l e a r l y  the  most co r ros ive  toward
the  a l u m i n u m .  The specimen exposed to t h i s  c o n d i t i o n  w o u l d  p r o b a b l y
have p- -r iot - i t c h  in about a 20—week pe r iod  of  t ime . In c o n t r a s t , the

4 imp los  exposed to the  acid s teams d e t e r i o r a t e d  at a v e ry  low ra te -
(~. n i l  f v e o r ~

I ’ t t lu g  c o r - -r s i o n  of a luminum in the- a lka l ine-  I b i d  ma h ave -  becu
- - el at s i t e S  where fe r r i c  ions , wh ich  were be i n g  t - a r r  ic -h in sole -i—

- i i  , -ad p l a t e d  o u t .  Aluminum is s e n s i t i v e  to p i t t i ng c - r r o s i o n  in
X \ g O f l t L  c d  c h b o r  ide s o l u t i o n s  c o n t a i n i n g  heavy m e t a l  io n s .  - h The p re-s—

ent -e i t !  0 l i t - i v y  depos i t  of ci  av m i n e r a l s  on the floor of t i m e p ipe in
is s i t u n t  -n could a l so  have r e s u l t e d  in  the’ f o r m a t ion - t  l o c a l  h i t  —

-r on t i a l ,orat ion c el l s .  T hi s  a l k al  inc  f l u i d  app ct . - m r c c l  t o  c - - n t - a m
m t t l t t  - i h i c ’  amounts of d i s so lved  oxygen , base d en the irumi ~c-r i r ’ — - x i dc

- - i i  in g s  f o u n d  t in  t h e  i n s i d e  s u r f a t - t -s c - I  c l o se-h s i - i -  l l S - °-~ - xpo c-d t - -
t I  i—i  t L I V  i r  -ti m e -n t . ihc pitt ing t -or r - o c - i tt re - - li t i - n  Ii- pr e b ih i l v t c o i l s

in- -i t - se -n bc- -i i - - n  t h e  a e r a t e d  st t ’ e’I  pipe ~‘xpost d t o  I ais I l u i e l . i l l \ e l v i n g
- t o ia eon  o~ h v c lroc  h I or ide at - Id w i t h i  ii t lu p i t  m u d I ~

- r- b - i i~ t i - n  - -

0 - — ~e-o - i f l t ]  p ; s i h 1 v I err  i ions arc- cinch lie pe t  i p hi  - i v , - -i I I - i g i - t lie

69
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nature of the f l u i d  w i t h i n  the  aluminum p it has been a s u b jec t  of de-
bate. 

r
~ e

Very slight pitting corrosion was observed on the samples exposed to
the anaerobic acid steam conditions. Whe n a l u m i n u m  corrodes  in an
environment , hydrogen is believed to evolve a t bo th anod ic and ~-a t h o d i c
areas. 21~ The fo rmation of hydrogen at anodes may be responsible b r  in-
creased localized corrosion. Aluminum is amphoteric and corrodes in
acid and basic solut ions. However , the corrosion rate within a p0 range
of 4.5 to 7 at elevated temperatures  is general ly q u i t e  low in the’ ab-
sence of the heavy ions o f copper and iron, mercury or its s a l t s , and
ch lo r i de  ions.  Aluminum does not appear to react  w i t h  h ydr cagen s u l f i d c h ’

The aerated , alkaline fluid caused severe pitting corrosion and as—
sociated cracking of the open aluminum p ipe. This specimen would  hav e-
probably fa iled in abou t one year. The mechanism of cor ros ion  was gen-
eral l y the same as discussed fo r  the anaerobic f l u i d  c o n d i t i o n , except
that the shape of the pits was more irregular and the fluid chemi~ tr v
was sl i ghtl y different (fewer chloride ions and generally more oxygen).

Slight p itting corrosion was also found on the  specimens exposed to
the aera ted  acid steam condit ions a l though the cor ros ion  r a t e  again was
q u i t e  low (1 mu / y e a r) .  The ca thod ic  r eac t ions  in these s i t u a t i o n s  con-
sist p r i m a r i l y  of the reduc tion of oxygen .  The depos i t ion  of a l a y e r
of f e r r i c  oxides on the downstream wal l s  of the p i pe in t he  a c - i d  s u l fa t e
steam env i ronment  resul ted  in p i t t i n g  corros ion in these areas (up to
12 m i l s / y e a r) .  Whe the r  t h e  oxide coa t i ng  served as a c a t h o d e  or s i m p l y
initiated differential aeration conditons was not established.

STAINLESS  STEEL

The anae rob ic  a lka l ine  f l u id  was s l i g h t l y  more c o r r o s i v e  than the
- e - ’~ f l u i d s , alth ough corrosion rates were very low ( l e ’s s  t h a n  (t m i l s /

~e i t  ) in  i l l  s i t u a t i o n s .  The grain boundaries were’ attacked p r e f e r en —

~ i - l t v  ía aJ t h r e e  samples .  I n  a d d i t i o n , minor anounts c-f p i t t i n g  wcre
i - - i  i n  t he  samp le exposed to the a l k a l i n e  f l u i d .  P i t t i n g  c o r r o s i o n

i cc -ton in t h i s  s t a i n l e s s  s tee l  when exposed to h o t  it e r a t e d  sod i um
- .1 ‘i  i d e  sol Ut ions ’~ and occurs by t he  same mci -han ism as desi- r [bed f o r
the n e - r i t e - h  a l u m i n u m  and s t ee l  sp e - - - i n e n s . 5

~

The’ aerated spec imens generally ct-rroded at about the’ same ratc- as
t h e  closed ones , and in the same f ash  i c - u . In addition , i n t e r g r a n u l  i t t

L . Rozen fel d . /1 -tm ~ 
p t ,  ~~ - - - - 

- - . - - f r i  - J 
~ ‘ • , l ion s t o n

::m t ~- i i - m  I A- i -ate i n t i o n  of Corrosion Eng ineers , 1P 7 ’ .
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corrosion near a weld was found in the sample exposed to the  acid s u l f a t e
steam, while transgranular stress corrosion cracking was found on the
upper surface of the specimen exposed to alkaline water where the mate-
rial had been cut open . lntergranular corrosion is caused if the material
is sensitized during welding and not properly heat—treated afterward.
Post welding treatment involves heating the sample to 1050° — 1100° C ,
followed by rap id cooling.26 Stress corrosion cracking in austenitic
stain less steel can be eliminated by protecting it c a t h o d i c a l l y ,  elim-
inating chloride ions in acid media or oxidizers in neut ral media , and
by avoiding high concentrations of hydroxyl ions.

COPPER

Corrosion rates were generally qu i t e  low (less than 10 m i l s / y e a r )  i n
all three anaerobic fluid conditions. The alkaline water resulted in the
highest rate due to the presence of dissolved oxygen in the fluid. Cor-
rosion was by p i t t i n g  in th is  ins tance;  a consequence perhaps of defec-
t ive  cuprous oxide corrosion products  which are ca thodic  t o  copper ~ c-o n—
bined w i t h  the sodium chloride solut ion that  served as a good e l e c t - r e t —

6~ 60 . . • -ly t e .  - ‘ - - Also , the mixture of oxide and su l f ide  co r ros ion  p r o d u c t s
found in th i s  instance is believed to resu l t  in a less p r o t e c t i v e  c-at-
ing than one composed entirely of the former .66

The anaerobic acid sulfate fluid caused intergranular corrosion of
the surface layers of the copper tubing plus a slight amount of uni i -r m
corros ion .  The reac t ions  tha t  caused in t e rg ranu la r  a t t a c k  and a l so  re- —
su i ted  in the fo rmat ion  of insoluble copper su l f ides  on the  s u r f a c e ~r m
the meta l , in th is  instance , have not been d e f i n i t e l y  e s t a b l i s h e d  as t i i& ’
f l u i d  chemis t ry  is not precisely  known . A d i rect  r eac t i on  between h~’-
drogen s u l f i d e  and copper in the absenc e of oxidizers seems to be v e ry
slow.~~

5 The reduc t ion  of f e r r i c  ions at cathodic areas would  r e s u l t  in
the d i s s o l u t i o n  c- f copper.  Dissolved copper would then combine  w i t h
s u l f u r i c  acid to form soluble  cupr ic  s u l f a t e s .  30 , vo l .  ~ These , in t u r n ,
r r - n d i l y  reac t  w i t h  hyd rogen s u l f i d e  to p r ec ip i t a t e  c u p r i c  s u l f i d e s .  Onct ’
t h e  f i l m  of co r r o s i o n  produc ts  is e s t a bl i s h e d , cor ros ion  r a t e s  be come
d i f f u s i o n — d e p e n d e n t .  This  c o a t i n g  is noble  to copper and c o u l d  f o r m  a
galvanic cell with i t . 2 S  In t e r g r a n u i a r  corrosion needs tcc be- s t u d i e d  in
rot r e  - l i - t a i l .

~~ M. F. Obrech t and M. Pourbaix. “Corrosion of Meta ls in Pot tble’
Wo L’ r  systems ,” in . 1 ’ n - - - - - t i ~j c  o~ Y~! -

• i - ;  Ic!- � i~~Z - i L i - - - : 0  • p - - -
- —

- -~ ‘ . - ~~~~~~~~ - : i -  , o:n-ca , ! ! 1 t - , - o L .  - (Moscow , l9’9) , p p .  2 I 8 — ’~~5.
- ‘  

• F. B~i t e o  and J . N . Popplewe l 1. ‘‘ Cc- r r c - s  ion of C-o i d c ’i i s e r  Tube
_~~! ‘ cys in S u l f i d e  C o n t a m i n a t e d  Br ine , ” ‘ ‘- - Y e -  • C i , V o l .  ii , No. 8
( A u gust  19 7 S ) ,  pp.  2 6 9 — 7 5 .
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The copper specimen exposed to the anaerobic diluted acid steam was
not appreciably attacked. The corrosion rate was es t imated  to be less
than 1 mu /year. The aerated , acid sulfate steam was the  most c o r r o s i v e
f l u i d  toward the copper r e su l t i ng  in p e r f o r a t i o n  of the  w a l l s  of the
tube at the upstream end , and p i t t i n g  corrosion of the f l o o r , p a r t i c u -
la r ly  at the downstream end . Corrosion rates greater  than  63 m i l s / ve - ar
were found where pe r fo ra t i on  had taken p lace.

Somewhat lower corrosion rates were measured on the sample exposed
to the d i l u t e d  acid steam , although the exterior portions of the  w a l l s
were severely corroded . Corrosion was generally b y p i t t i n g  a t t a c k .  T u e
lowest rate was measured on the specimen exposed to the alkaline fluid.
Copper is fairly resistant to corrosion by quiescent or low velocity
(less than I metre/second) saline waters. 26 ’39 Resistanc e- is predicated
on the formation of insoluble oxide films that reduce t he  f l o w  of oxy gen
to the s u r f a c e  of the me ta l .  Hi gh ly  acid f l u i d s  prevent  the  f o r m a t i o n
of protective oxide coat ings leading to an acce lera ted  r a t e  of a t t a c - k . 31

PVC PLASTIC -

I t  was difficult to compare results for the plastic specimens as
van it i -ns i n  m a t e r i a l  q u a l i t y  may have accounted fo r  most of  the  ob-
se r v e - I  d i f l c - r e -nc  , -s ~ and not  the  f l u i d  environments  themse lves .  ‘fhe PVC
p I i s t h -  ~~ i - ne it e x p e c t e d  to  be p a r t i c u l a r l y s ens i t ive  to any of the
t 1 u i il~ in wh ich i t  was t e s t e d .  D e t e r i o r a t i o n  of the  m a t e r i a l  should  r e—
c u l t  l a r p t - l v  b r - I  e l e v a t e d  t emperatures that caused softening, loss of
vo l  it ii , - a c !d i t i v e - -c , and f o r m a t i o n  of h ydrogen chlor ide  gases.  Tempera—
1 u r -  - w. - ~- x t o -  t e d  t i  be s u b s t a n t i a l ly i den t i ca l  in a l l  t h r e e  f l u i d
s v s t , - m - - , m r - i d ~~- - t b - -lu c i  ( c u t s  would be similar. Exposure to sunsh ine
would m i s t  . e — n i l t  i n  p h i e t t o u x i d a t i o n  damage by u l t r a v i o l e t  r a d i a t i o n .

- ma b i t  i m m m g ~- t h i t  the I 1 u i d s  themse lves  could cause w o u l d  he due to
nt ‘ i i i  c i i  . m b r . m o  i c - i , e . g .  , eros ion  by sc-I id p a r t i c l e s  and w a t e r  d r o p l e t s ,

- - u ;IV 1 ‘ u • I - ‘ I i  - I - ‘  C ’ SS’cS

- c- - - p -  mo-i - ~ xpu - o e -d t -- the  a n a e r o b i c  ac id  s u l f a t e  f l u i d  showed 
- b -I i — t  i t~ ’ en t h e  i n n e r  s u r f a c e - . The w a l l  i t s e l f  was found to

U • i i  nu -s - ‘ i S - . - - i ds , app iirent ly caused  by t h e  fo r m a t ion ( t f  some gas ,
- nit I lv. ‘~ m p I c-s tested in the  o t h e r  e n v i r o n m e n t s  showed no such

u - f I -o t a I t I mm c li - i l l  showed disco b r a t  i o n  a l o n g  the  inne- r port i o n  of (lie-
w i l l  and  i t t  u n d e t e r m i n e d  amount  of cmbrittl ement due to some l t t s s  of

- i d  i t  1r c-s . HI  l o t  er ing  may have resci I t c - i l  f r o m  the -  vet h a t  i i  ~~tt i-an o I C X —

c c - n - ; , on reac ted monom e r in t h i s  p a r t  icu  1 or  samp le .  No s i g n  ii i i-ant
—tn t - j u t c-f -~ or I ac, eros [tin was observed i n  any  of t h e  samp i cs.

A e r a t e d  specimens  ;m i 1 showed some s o f t e n i n g  t - t  t h e  m a t e r i a l  at  ti - ic
r - i l -it ream end , r e s u l t  ing in an o u t w a r d  s p r e a d in g  of the w m l  i s  in t h i s
- ir • F - t t e e  t S r ap  idl y dimin [shed t miwa r t l  t i m e  duwn st  ream e n d  . t~~u - r i c  c- m-
i ) - 

i i t Ic-mm-n t - i t the m ate r  ia I a pp ear ed  t c- h i  ye t o  ke ’ii P l ied ’ in ci I I  i t  t~ he
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samples. Erosion of the floor within the condensate channel was noticed
at the upstream end of the sample exposed to the diluted acid steam
caused by the preci pitation of iron oxidation products from the steam in
this area that scoured the surface as they were swept downstream by t hu
exiting steam jet.

Severe bl istering was found at the upstream end of the specimen ex-
posed to the aerated acid su1 fate steam. Its origin remains unknown ,
but may be explained also as due to the presence of unreacted monomer in
the structure.

This p l a s t i c  should probably not be used in an ac id  s u l f a t e -  env i ron-
ment u n t i l  the ori gin of the  b l i s t e r s  can be established. Therma l sam t —
ening e f f e c t s  may also l imit i t s  u se fu lnes s  in h i g h — p r e s s u r e , h ig h—
t empera tu re  env i ronments .

ABS PLASTIC

Those exposed to anaerobic f l uids a l l  showed possible o x i d a t i o n  dam—
age to the i n t e rio r  s u r f a c e  and an unde te rmined  amount of e m b r i t t l e m e nt .
No measurab le  amount of erosion damage to the inside surfaces was c-b—

• served . The specimen exposed to the diluted acid steam c o n t a i n e d  nume r-
ous t i n y  b l i s t e r s  on the in te r ior  sur face  that  appeared to be t h e  r e su l t
of the  f o r m a t i o n  of gas wi th in  the wa l l .  D e p o l y m e r i z a ti o n  of st v r en e
could accoun t  for  t h i s  e f f e c t .  The inner po r t ion  of the  w a l l  was a l s o
s l i g h t l y bleached on t h i s  occasion .

The aer at ed samples all showed some spreading of the walls at the
u p s t r e a m  end as a res ult of thermal s o f t e n i n g  of the  m a t e r i a l .  Therma l
e f f e c t s  were gene ra l ly  less severe than  observed fo r  the  PVC p l a s t i c .
‘I’he specimen exposed to the  d i l u t ed  ac id  s team showed some b l i s t e r i n g  at
t h e  u p s t r e a m  end along w i t h  minor  c r a z i n g  of the  upper  w a i l s . A n a r r o w
e ro s i o n  channe l  on the  f l o o r  of the pipe  was found in t h i s  area  t h a t  was
f o r m e d  i n  t h e - same fash ion as on the PVC pipe.

h i s  p l a s t i c  needs add it i ona l  t e s t i n g  to e s t a b l i s h  t h e  o r i g in  of t h e
- i ’ c t - - r s . A l t h o n t ’,h therma l degrada t ion was less t han on t i m e PVC m a t e r i a l ,

im ~~c in hi gh er p ressure geo th ermal env ironment s may be l i m i t e d .

TRANS ITE

As t r a n s i t e  cons is t s  of a m a t r i x  of r e l a t i v e ly i n e r t  a sbes to s  f i b e r s
h e - i d  t o g e t h e r  wit - l i a cement binder , chemical attac - k by fl uids c-u tlit-
deL o i l  was expe ted to be the  p r i m a r y  -lamage m e c h a n i s m , I --flowed h~- much—
1 - i - a I 0h rr: s ian  damage to the  weakened --it r ue  Lu r e  by the-  h i  gii — ye I c-~ i t  v

- - - -i - jet. Chem ic -il leaching of cement  to a d e p t h  i t abc -ut 1 mm w ms
-mi -

~~~ I i n s i d e  s u r f a c e s  of the  spec imen e x p o s e d  l i t  l i e - mc  i d s t i l l
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fluid. Similar damage to a depth of about 0.5 n~i was found on the Spec L-
men exposed to the diluted acid steam , while the sample exposed to the
alkal ine fluid showed no damage . Erosion damage appeared to he minor on
all samples , although loose asbestos fibers were found in scattered areas
on the f loor  of the open channels exposed to the acid steam conditions.
Damage due to leaching was often deceptive , as the surfaces appeared tu
be undamaged when viewed with the unaided eye .

This mater ial might also be subjec t to damage by therma l shoc k due
to i ts  r e l a t ive ly poor c o n d u c t i v i t y ,  l i m i t i n g  the u se fu lne s s  in a p p l i c a —
tion where the rma l  g r ad i en t s  are large or t empera tu res  c y c l i c a l .

MATERIAL SELECTION AT COSO THELthAL AREA

As a r e s u l t  of t h i s  s tudy ,  low carbon steel , g~ lvanized steel , gray
cast iron , 304 stainless steel , transite , and possibly copper were found
to be su i t ab le  f o r  hand l ing  ( i n t e r n a l l y )  the low pressure , low velocity ,
anaerobic acid—sulfate and groundwater diluted steam conditions found at
the Coso Therma l Area , assuming they were not subject  to ex te rna l  t e n s i l e
stresses, cycl ic  loads (also thermal cyc l ing ) , or else coupled to o ther
materials or to each other . The study did not attempt to examine such
cons idera tions as galvanic or coupling ef f ec ts be tween these ma ter i als ,
t he i r  s u s c e p t i b i l i t y  to stress corrosion , corrosion fatigue , or fretting
corrosion , a l l  of which may have an i m p o r t a n t  bea r ing  on t h e  u l t i m a t e
usefulness of these materials in geothermal environments. For examp le - ,

(1) Alum inum and copper alloys are subject to stress corrosion
crime-king when embrittled by mercury .16 ’26

(2) Steel is subject to stress corrosion cracking in ac id fluids,
p a r t i c u l a r ly  those c o n t a i n i n g  hyd rogen s u l f i d e .2

(3) Cor r o s i o n  f a t i g u e  is generally rela ted to t he  m e t a l ’ s corrosion
r e s i s t a n c e  r at h e r  t han  to its strength. 2~ The concept  of a f a t i g u e  l i m i t ,

- c 1 - u  ~- l t i ( - t .  au ure does not occur , doesn ’t app ly when t h e  m a t e r i a l  is
exp se’d t -  -i - - o r nu -si v e med i um . The damage tends  to be s y n e r g i s t i c , i . e . ,
s ore --ut er t t - n  rh— i t from corrosion or f a t i gue a c t i n g  separa tel y .

( -~~) Th~- p res e nce of cupr ic  or f e r r ic  cat ions in the f l u i d s  can m i —

~i ‘be p tting corrosion in aluminum .2 6

( 5 )  C o u p l i n g  PVC to zinc can result in dechlorination of the forme r
due t o  a ru-ac t ion between chlorine and zinc .

Steel , galvanized steel , gray cast i ron , stainless steel , and I r a n —
s i t e -  were f ou n d  to  be general ly r e s i s t a n t  to e x t e r n a l  condensat ’-s  and
non - o n d e n s i h b -  gases found in these two s team e n v i r o n m e n t s , a s s u m i n g  t i e

- - - - m i d e n s a t e - o we-r e not al lowed to f or m  poo l s  of  wat  c- v in - - u - i t t - a ct w i t h  t h e
or c - i s O  permeate a porous s t r u c t u r e  ( l i k e  wood) that was in

r o t  i c t  w i t h  the-  m at e r i a l .  None of t he  m a t e r i a l s  wa s  t e st e d  wI~~ I c -  h u r  led
- -c g round , and  in view of t he  m o i s t  me ld or  a l k a l  inc  sc- i  I ~-~tnd it li nO
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in these locations , external corrosion to the metals would , in general ,
be expected to be severe. Leaching of the cement binder in the  t r a n s i t e
should be rapid in a highly ac id environment , while its behav io r  in an
a lka l ine  soil appears at present to be less predictable.

If metals were to be buried , they would have to be coated w i t h  an
inert impermeable substance and/or possibly also be protected by a gal-
van ic coup le (either using a sacrificial anode , or external current
source). The plastics tested should be more suitable for burial in these
soil conditions than the metals. However , in view of their behavior in —

the test fluids , their longevity under these envi ronments  c a n n o t  be pre-
dicted based on the data obtained to date. Stress cracking and embrit—
tiement of plast ic pipes in geothermal environments have been observed . 2

If steel in a stressed condition is used in an anaerobic acid ~iu i d
thermal environment containing hydrogen sulf ide , the prc-habilitv of
s t ress corr osion crack ing can be lowered by reduc ing the- stre-ngth c-f the
m a t e r i a l .  Recommendations have been made to keep s t r e n g t h  l e v e l s  ‘or
carbon and low—alloy steels below about 6.06 x 108N / m 2 and b e l o w  7 .58 x
lO~ to 8.28 x 108 N / m 2 for h ig h chromium s teels  in these  c i r c u m s t a n c es . 2
Higher  s t r eng th  s t ee l s  may possibly be t o l e r a t e d  f o r  s team c o n d i t i o n s  but
are not su i tab le  fo r  c a r r y i n g  cold , geo thermal  c o n de n sat e ~ as d e l ay e d
f r a c t u r e  has been observed under th i s  condit ion . Hydrogen s u lf i d e  can
general ly be removed by aeration. However , the oxidizers and oxidation
produc t s  present  a new set of corrosion c o n d i t i o n s  t h a t  can be e q u a l l y
troublesome .

The cast iron , aluminum , stainless steel , and transite appeared to
be genera l ly  su i tab le  for  use in the  aerated acid sul f a t e  ~1f l c~ d i l u t e d
steam conditions , assuming the absence of coupling and stress c o n d i t i o n s
as discussed for  the anaerobic fluid conditions. The stc~~l and galvan—
ized steel  m i g ht  be s u i t a b l e  in the  aerated d i l u t e d  s team but  were j u d g e d
u n su i t a b l e  fo r  hand l ing  ae ra t ed  a c i d — s u l f a t e  condensa tes .

Only tra nsite handled the hot a -~erobic a lka l ine  f l u i d s  in a corn-
pl utely satisfactory manner , altho ugh galvanized steel , cast iron , copper
rind s:ainiess steel appeared to be satisfactory within the test period.

: c - ’ s-as also marginally satisfactory. Using any of the  m a t e r i a l s  u t h e - r
t han t r a n s i t e  in this environment requires careful thought b ec -iw-c e of
d issolved oxygen in the water .  The f a i r l y  low c o r r o s i o n  rate of copper .
for example , is predicated on the retention of the  oxide depos i t  fo rmed
on its surface in this environment. Increasing the velocity of tim e
war. or si gn i f  i c ;m n t  ly  may loosen th i s  p r o t e c t  ive coat ing and i n c r e a s e -  t he
co r ros ion  r a t e .  ~~ Austenitic stainless steels are subject to b~~t li p it -
t i n g  co r ros ion  and stress corrosion c r a c k i n g  in hot w a t e r  rnint :ning
c h l o r i d e  i on s  and dissolved oxygen. 26 Cr ay cast  i ron  I a  s u b j e c t  ( i t

c r a n i - i t i z a t i o n  over long periods of t ime in sodium chloride tl u ids.
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The corrosion rate  of steel was only marginal ly  s a t i s f a c t o r y  at 51
mils/year  and once the zinc plat ing was removed , galvanized steel  would
be expected to corrode at a similar ra te .  Successful use of the low
carbon steels in th is  f lu id  condition would require  a more p r o t e c t i v e
coa t ing  of oxides on the metal  than was formed dur ing  the b r i e f  t e s t i n g
period.  Over longer periods of time, the corrosion ra te might reduce
some as the coating of corrosion products increased in thickness , al-
though thicker coatings are not always more protective.6~ Additional
testing is required to study the protectiveness of various thicknesses
of oxidat ion coatings .

The elimination of oxygen from the alkaline fluids would be one way
to subs tan t ia l ly  reduce corrosion ra tes .  It was not es tabl i shed whe the r
the oxygen was present in the water before  being pumped f r o m  the ground
or whether  it was introduced into the pump ing/d i s t r i bu t i on  i n s t a l l a t i o n
by leakage from the atmosphere through joints , fittings , or seals. It
may be possible to eliminate the oxygen by sealing the installation more
tightly. If not , the introduction of oxygen scavengers such as sodium
s u l f i t e  in to  the  system might  e f f e c t i v e ly reduce or e l imina te  the  unde-
sired oxygen . Treatment with sodium sulfite is effective up to  tempera-
tu res of about 260°C (4.48 x 106 N/rn2 pressur e ) ,  where acid decomposition
products  begin to form. 26

Removal of sodium chloride by separation techniques would also reduce
corrosion rates by eliminating the major contaminant responsible for
breaking down passive coatings on metals and initiating pitting corrosion.
Salt so lu t ions  con ta in ing  dissolved hy drogen su l f i de  are also be l i eved  t i
cause severe corrosion f a t i gue of metals.2 The presence of sulfide cor-
rosion products in samples exposed to the hot alkaline fluids at the Cc-so
Resort Area demonstrates the presence of hydrogen sulfide in this fluid.
Removal of dissolved salts may then extend the fatigue life of materials
exposed to this environment.

The t r a n s i t e  was the only material that  appeared to w i t h s t a n d  the
a e rat e d  hot a l k a l i n e  f l u id s  in a completely satisfactory fash ion . The
st - e -l  and a luminum were u n s a t i s f a c t o r y  and the galvanized s tee l  wou ld

so after the zinc plating was dissolved away. The s t a i n l e s s  s teel
w:ts ~m t b ject to stress corrosion cracking along its upper ed ge and a lso
~ i r t 1g corrosion above the water l ine . The copper and cast iron seeme d
to p e r f o r m  wel l  dur ing  the test period , although over larger periods o f
t ime , both ma te r i a l s  may s u f f e r  de te r io ra t ion  from causes m e n t i o n e d  pre-
viousl y.

In general , hot , aerated salt  solut ions are one of the  more corros-
ive environments toward ord inary  m e t a l l i c  construction materials. Ex-
terior surfaces exposed to aerated salt sprays can he rapidly corroded
in t i m e  case of iron and steel , or else may f a i l  by s t ress  corrosion
crac king, in the case of the austenitic stainless steels .- Aluminum
al loy s may suffer both modes of attack , part icularly the - ~ ,O0() -mm d 7.000
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series of p r e c i p i t a t i o n  ha rden ing  a l l o y s . 67 A few a d d i t i o n a l comment s
can be advanced about  ma te r i a l  useage in geotherma l e n v i r o n m e n t s .  Thu-sc-
are m o s t l y  taken f r o m  r e f e r en c e  2 , w h i c h  is an e x c e l l e n t  s o u r c e - o~ in-
format ion on this subject as are the other articles in diet same- p u b l i  a—
tion.

At hi gher pressures and flow veloci t ies, the wetness  of the -  s team
becomes an important consideration when using materials that are sub jec t
to  e ros ion—corros ion  damage . For examp le , steam w i t h  a wetness  of 2( 1 t o
30 percen t  can severely damage well casings. 68 To prevent  eXCeSS ero-
sion of turb ine blades , an upper limit of 9% wetness and 274  rn/s oper
at ing speed is recomnmended .2

The pressure of hot , aerated thermal groundwater in contac t w i t h  t he
casing at the welihead can resul t in severe corrosion . The use of mul-
tiple casings at the surface and careful ~routing of the spaces between
provides protection in this circumstance .L Thermal expans ion of p i pe—
lines can produce s i g n i f i c a n t  stresses resul t ing in stress corrosion
cracking of materials such as stainless steels that are exposed addi-
tionally to hot salt sprays.

Installations that are shut down for long periods of t ime may suffer
corr osion from pools of water remaining itt pipelines and other containers
t h a t  mix  w i t h  a ir  leaking in from the atmosphere . Systems should  be
e i the r  dra ined of water  or else allowed to remain f i l l e d  wi th steam to
prevent  a d m i t t a n c e  of atmospher i c  oxygen . 2

The corrosiveness of cooling tower water appears to depend largei\
on the  r a t i o  of ammonia to hydrogen s u l f i d e  in the f l u i d s . 2 The pH of
these fluids in existing geothermal plants ranges from about 3 t o  7.
The choice of ma t e r i a l s  for  use in a geothermal cool ing  tower shou ld  he
based on p r i o r  exper iments  tha t  have determined the f l u i d  c h e m i s t r y  in
t h i s  l oca t i on .

The use of mechanica l/ e lec t r ica l  ins t ruments  in geotherma l environ-
ments should be done with care . For example , steel or copper alloy
s p r i n g s  are  sub jec t  to stress corrosion cracking and may have t o  he re—
p 1a~- ed .2 Silver or copper elec trical contac ts tarn ish in hydrogen sul—
f i le atmospheres in which case more noble metals (gold , platinum ) may
have to be used ins tead.

67 Markus 0. Speidel .  “Stress Corrosion Crack ing  of A l u m i n u m  A l l o y , ”
~~~, Vol. hA , No. 4 (Apr il 19751 , pp. 631— 51.

~ K e i j i  Matsu o . “D r i l l i n g  for  Geo the rmal  Steam and Hot W a t e r , ”
c. ~~

- - i /  c
~~~o : 1 (i1arth ~~~~~~~~ l~~) , UNESCO , P a r i s  ( 1 Q 7  l~~~, p p .  7 3 — 8 1 .
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SUMMARY AND CONCLUSIONS

Reported here are results from a preliminary testing program on cor—
rosion of selec ted engineering materials in various geotherma l environ—
ments. Samples of nine different types of commercial pi pe were  expos ed
up to one year to three d i f f e r e n t  geotherma l f l u i d s  under anae rob ic  and
aerobic condi t ions .  The r e su l t ing  corrosions were then examined by sev—
eral techniques including ord inary micr oscopy , scanning  e l ec t ron  m i c r o s —
copy and x—ray diffrac tion . Results were documented by a series of
photographs , many of which are included in this report. A comprehensive
summary of observed corrosion rates is presented graphicall y (Figure 36).

The weal th  of in fo rmat ion  obtained in this invest igat ion is pe r t i nen t
to the local geothermal situation (as for a possible geotherma l power
p l a n t ) ,  but also can be very use fu l  for  many other geothermal  a reas .  Two
general conclusions reached dur ing this stud y are:

(1) Geothermal corrosion is highly specific and depends greatly on
the nature of the engineering materials involved , on the nature of t he
geotherma l f l uid , and on the conditions of exposure.

(2) It appears quite possible that such geothermal corrosion prob-
lems can well be combatted by proper choice of materials and conditions.
However , considerable add itional experimental testing and further theo-
retical studies are needed in order to obtain reliable information suit—
able for engineering design purposes.

RECOMMENDATIONS

Future work should include the  fo l lowing :

(1) De tai led analyses of fluid chem istries , including an -ions , cat—
ions and gases p r e s e n t .

(2) Analyses for other toxic  meta l s , inc luding  arsenic , a n t i m o n y ,
i c-i d , and cadmium .

(3)  A d d i t i o n a l  s tudy of the cast  iron to  es tab l i sh  cor ros ion  modes
and r at e s  more a c c u r a t e l y ,  and to examine the graph i t i z a t i o n  mechan i sm
ii~ me-re  d e t a i l .

(4 )  F u r t h e r  anal ysis of the unknown iron sulfide compound found in
t he  d i l u t e d  acid steam environment and its influence on corrosion pro-
cesses.

(5) Study of additiona l materials in these environments , part icu-
l - cr ly  those w i t h  i n e r t  or s a c r i f i c i a l  coa t ings .

(6)  S t u d y  c i t  chemica l  i n h i b i t o r s  rind scavengers Ic-r use in geo t h e - r —
rnai e n v i r c t c r i c i c t s .

(7 S t-i - l y of materials , as by potentiostatic methods , under ~-on—
r ’ l  led L m l - - r m t  - rv conditions using s y n t h e t i c  and n a t u r a l  geotherma l
I. U I  - I: - ; -
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(8) Study of materi- ’ls under loads to e s t ab l i sh  t h r e s h o l d  c o n d i t i o n s
for initiation of stres~ corrosion cracking.

(9)  Analyses of “p lumber ’s nightmare ” galvanic corrosion tes t  s p e c i —
men s •
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