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Abstract

Corrosion of equipment employed for
handling of the geothermal fluids as well
as in production and injection well casings
is a serious problem limiting the exploi-
tation of geothermal energy. In this
contribution we present the types of
corrosion most commonly encountered in
geothermal systems along with a review of
the fundamentals of corrosion. The
causes of corrosion of various metals in
contact with the geothermal fluids are
presented and the inhibition of corrosion
by chemical inhibitors is outlined.

1. Introduction

1.1.Corrosion in geothermal fluids

Geothermal fluids contain chemical
components at sufficiently high concentra-
tions which render them highly corrosive
These components include CI, H,S/HS,
SO, % and HCO; (Ignatiadis 1994,
Andritsos et al. 1994). In addition O,, H*
and F° ions contribute to corrosion of
metals used in geothermal installations
(Ellis 1981, Corsi 1986). The corrosivity of
the various geothermal fluids varies widely
depending on their chemical composition.
Corrosion related data are compiled in
three comprehensive reports on
geothermal systems: Materials selection
guidelines for geothermal energy utiliza-
tion systems (1981, 1983) and Corrosion
reference for geothermal down hole mate-
rials selection (1983) (Fontana, 1986).

Additional factors contributing to the
corrosion of metals in differing forms in-
clude the condition of the fluids, tempera-
ture, flow rate, etc. In the present work we
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shall outline the types of corrosion, the
causes and mechanisms involved, and fi-
nally we shall refer to methods used to
inhibit corrosion. Knowledge of the corro-
sion processes involved in handling geo-
thermal fluids is of paramount importance
in the design of equipment and of the ap-
proach to prevent or reduce corrosion phe-
nomena.

Corrosion is the natural process of de-
terioration of metals and alloys in a corro-
sive environment. This is a very broad
definition, but corrosion occurs in a wide
variety of forms, both in pure metals and in
alloys. Although some of the forms of
corrosion are unique they are interrelated.
The two most frequently occurring forms of
corrosion, general corrosion and pitting.
General corrosion is the wasting away of
a metal or alloy in a corrosive environ-
ment, resulting in an actual decrease in
the thickness or size of the original metal-
lic structure. This wasting away occurs re-
latively uniformly over the surface exposed
to the corrosive environment. Apiece of
steel or zinc immersed in sulfuric acid
corrodes e.g. uniformly. Pitting is a form of
localized corrosion in which a small portion
of the metallic structure is corroded at a
rate much faster than the bulk of the
structure.

The corrosion of a piece of metal may
be summarized as the change from the
metal to the metal ion or the loss of one or
more electrons from the metallic atom.
This may be described by the electro-
chemical reaction:

M _M™ + ne
In the case of iron there are two electrons
lost from each atom:
Fe Fe® + 2e"



If a piece of iron is placed in water, the
metallic iron goes into solution as ferrous
ions and the metal assumes a negative
charge from the excess electrons that

Metal surface
2e _[Fe+2e] _
electrons current flow

Faraday, in his pioneering work sho-
wed that the rate of dissolution of a metal
electrode was directly proportional to the
amount of current that flowed and that the
amount of metal dissolved was propor-
tional to the total current passed. The
metal electrode through which current
flows from the metal into the solution or
electrolyte is called the anode and the
metal electrode where the current flows
from the electrolyte into the metal is called

Salt
Bridge

Anode L
_+

Fe - Fet+ 4+ 2e-
Fet+t+ — Fat+++ + a-—

Fig.1: A simple cell showing the

In the simple cell shown in fig.1 the
anodic and cathodic reactions that take
place in the anode and in the cathode
respectively are shown. Metals such as
steel and copper and alloys such as brass
and stainless steel appear to be fairly
rugged and able to withstand a great deal
of physical abuse. This is not true when
these metals are surrounded by a co-
rrosive environment. They can be quickly
reduced to thin, rusty or oxide-encrusted
specimens. To put it another way, these
metals always have a tendency to return
to their naturally occurring forms.

remain in it. The passage of the metal
atom into the solution as an ion is thus the
equivalent of a flow of electric current from
the metal into the solution:

solution
Fe2+
ion

cathode. Thus, in the electrolyte current
flows from the anode to the cathode while
in the electrical circuit current flows or is
made to flow from the cathode to the
anode. Two electrodes, the anode , the
cathode and the electrolyte form a cell. In
figure 1, a simple cell I shown in which
current is caused to flow from the dc
source to the anode, then through the
electrolyte to the cathode and from there
back to the negative pole of the source.

Cathode

2e + 2H* — 2H — Hal
H:O + 22~ + O - 20H-

anode, cathode and electric current flow

Metallic elements such as iron,
copper, zinc and nickel occur naturally in
the form of oxides, sulfides and carbo-
nates. In metal making, this natural pro-
cess is reversed and the metallic element
is separated from its oxide. This requires a
great deal of energy. The resulting metal
or alloy is in a high-energy state and,
under the right conditions, it will attempt to
return to its more natural, lower-energy,
reacted state. A detailed corrosion study of
a piece of metal is the study of how this
happens, the rate at which it happens and
what causes it to happen. There are

-191 -



several conditions that must be met before
these reactions can occur.

The metal, in this case, iron, must be
reactive. It must be inherently unstable in
the metallic form, thereby tending to co-
rode. The metal must be in contact with an
electrolyte. An electrolyte is a solution,
usually aqueous, which can conduct elec-
tric current and support ionized species.
The electrolyte must contain dissolved
species. This can be either dissolved
gases, such as oxygen or chlorine, or
dissolved ions, such as the hydrogen ion,
which acts as an oxidizing agent. The
kinetics of the situation (the rate at which
the corrosion reactions can occur) must
be rapid enough to be of practical
significance.

The first requirement, that the metal
must have sufficient reactivity, is exhibited
by metals such as iron, copper and steel.
They readily corrode under the proper
conditions. On the other hand, gold and
platinum are more noble metals and do
not react readily with their environment.
Without the presence of dissolved gases
or minerals in an electrolyte, such as
water, even highly reactive metals do not

Elactrolyte

Current
Metal

Gathk
NAARAX

corrode. Water contains many types of
minerals.
A corrosive cell is formed because two
dissimilar metals e.g. zinc and copper in
an electrolyte form an anode and cathode.
Many other conditions can form
corrosion cells as well. Some of these
conditions are:
(i) Difference in structure. Such
differences may result from differences in
the structure such as grain boundaries
versus metal matrix, differences in grain
orientation and second phase constituents
versus adjacent solid solutions
(i) Differences in composition caused by
impurities and defects. As an example,
sulfide inclusions in steel can setup anodic
areas that can establish corrosion cells
with surrounding cathodic areas. It has
been demonstrated that as the purity of a
metal is increased the tendency for that
metal to corrode is reduced.
(i) Differences in aeration
(iv) Differences in metal ion concentration
(v) Differences caused by thermal treat-
ment, and
(vi) Differences in strain
A single cell can be represented by an
equivalent circuit as that shown in figure 2.

Ea

Ra

M

Rm

Ec

Figure 2: Corrosion electrochemical cell

In this figure, Ea and Ec are the
potentials associated with the anode and
the cathode respectively.

1.2. Electrode Potentials and the
Galvanic Series

Corrosion reactions are a combination
of oxidation and reduction reactions.
Oxidation is the electrochemical process
by which an element or species looses
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electrons and increases its valence state.
A metal transforming to a metal ion with
the simultaneous loss of an electron is an
example.

MAM" +e

Reduction is the electrochemical
process by which an element or species
acquires one or more electrons. Thus
reducing its valence. The transformation of



hydrogen ions to atomic hydrogen is an
example.

H +e A H

When reactions of these types occur,
they never occur in isolation, only in pairs
or combination. In fact, the oxidation pro-
cess, which produces more electrons, de-
pends on the simultaneous consumption
of those electrons by a reduction reaction.
If no reduction reaction is available, no
oxidation occurs. In these cases, the spe-
cies which undergoes a reduction reaction
is called the oxidizing agent.

The quantitative study of oxidation/r
eduction reactions has resulted in two use-
ful concepts:

ZnA Zn** + 2e” E =-0.763 volts
is more likely to occur than iron oxidation
Fe A Fe™ + 2e E =-0.44 volts

1. Oxidation - reduction potentials
(which apply to elements and
compound)

2. Galvanic series (which applies to
alloys in their environments)

1.2.Oxidation-Reduction Potentials

A listing of some useful oxidation-
reduction potentials is summarized in
Table 1.. These values represent the
thermodynamic tendency for the indicated
reaction to occur on a relative basis. All
potential values are compared to an
arbitrary value of 0.00 volts which is
assigned to the hydrogen oxidation
reaction. The more negative a value, the
more likely the reaction will proceed in the
direction shown in Table 1. Thus we see
that zinc oxidation:

which, in turn, is more likely than hydrogen oxidation

H2 A 2H" + 2e"E = 0.00 volts

Table 1: Standard Oxidation — Reduction Potentials; 25°C, Volts vs. normal Hydrogen

Electrode

Au = Au*® +3e +1.498
O,+4H"+4e =2H,0 +1.229
Pt=Pt*2+2e +1.200
Pd=Pd*"*+2e +0.987
Ag=Ag’ + e +0.799
2Ho=Hg.?* +2e +0.788
Fe*3+e=Fe*? +0.771
0,+2H,0+4e=40H" +0.401
Cu=Cu*?+2e +0.337
Sn**+2e=Sn*? +0.150
2H"+2e=H, 0.000

Pb=Pb**+2e -0.126
Sn=Sn**+2e -0.136
Ni=Ni*?+2e -0.250
Co=Co0"%+2e -0.277
Cd=Cd**+2e -0.403
Fe=Fe*'?*+2e -0.440
Cr=Cr*+3e -0.744
Zn=Zn*?+2e -0.763
Al=Al"3+3e -1.662
Mg=Mg*?+2e -2.363
Na=Na'+e -2.714
K=K*+e -2.925

Some other generalizations drawn
from the standard oxidation reduction
potential table are:
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1. Oxygen is a stronger oxidizing agent
than hydrogen ion.
2. lron is more reactive than lead, copper



or silver.
3. Gold is very unreactive.

1.4. The Galvanic Series

The following Table2 is a simple
version of the galvanic series of alloys in
seawater. Because electrode (oxidation/
reduction) potentials only apply to pure
elements and true compounds, another
system was developed to compare the
relative reactivity of alloys in an envi-
ronment. This series has the added ad-

vantage of allowing you to predict the
galvanic behavior of certain alloy pairs in
an environment. If a pair of alloys listed in
the series are coupled, the alloy higher in
the list will be corroded more rapidly than if
it were uncoupled. The table shows why
alloys of aluminum and magnesium are
galvanically coupled to steel to protect the
steel. Coupling steel to copper, brass or
stainless steel accelerates the corrosion of
steel.

Table . Galvanic sefies of zom e conmercial metak andallns in seawater

Platiium
Gaold

Graphite
Titanium

BWable or  cathodic Sibver

C hlarim et 3 (52 Ni, 18 Cr, 18 M g
Hastaloy C [B2Ni, 17 Cr, 15 Mgl

18-8 4 0 stainless steel [passive)

18- stainless steel [passive)
Chromium stainless steel 11-30% Cr [passive)
Inconel [passive] (80 Mi, 13Cr, T Feg)

Mick el [passire]
Silver solder

bt orvel [ 70 Mi, 30 Cuj

Cuprinickels (60-90 Cu, 40-10 i

Brorees [ w350
Copper
Brasses [Cu-Zn)

C hlorimet 2 (66 Mi, 52 Mo, 1 Feg)

JHastelloy B (60 Mi,
Inc onel [active)
Mickel [achve)

Tin

Lead

Lead-tin salders

Mo, 6Fe, 1N

T18-8 M o stainless steel [active)

| 8- stainless steel [active)

Mi-Resist [high Micast iron)

Chromiuen stainless steel, 13% Cr [active)

Casbiron
Steel ar kon

2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 n)

Cadrnium

Actiee or ahodic

l

1.5. Corrosion Reactions and Corrosion
Mechanisms

Zine

Coormn ercially pure aluminun [1100]

Magnesium and magnesium alloys

Nearly all corrosion reactions of
practical interest are oxidation-reduction
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reactions. The oxidation portion of the
reaction results in the actual metal loss,
while the reduction portion of the reaction

drives the whole process. The most
common corrosion reaction is the rusting
of steel in water:

4Fe + 6H,0 + 30, A 4Fe(OH),

In neutral or alkaline solution the individual reactions are:

FeA Fe + 2e
FeA Fe™ +e

Fe A Fe™ + 3e

0, + 2H,0 + 4e" A 40H

The mechanism of this reaction is
complex. The oxygen attacks the surface
of the iron and oxidizes it, releasing
ferrous and hydroxyl ions into the
surrounding water. A secondary reaction
then takes place, further oxidizing the
ferrous ion to the ferric ion. This species
forms an insoluble precipitate of iron
hydroxide that tends to stick onto the iron
surface. The initial stages of the reaction
occur quite rapidly. The oxygen has free
access to the surface, where it diffuses
and reacts. As ferrous and hydroxide ions
build up near the surface, the oxygen near
the surface becomes depleted, and the
reactions begin to slow down. As the

" Step one (OX)
Step two (OX)
Overall reaction

“ Reduction reaction

reactions proceed, ferric hydroxide forms a
gel near the surface and further restricts
oxygen diffusion to the surface. This is
commonly observed in the form of
barnacles. Eventually the reaction slows to
an equilibrium rate governed by the rate at
which oxygen diffuses through the rust.
Over a period of time, the corrosion rate of
the iron gradually decreases and levels
out.

1.6. Common Corrosive Agents

Most, but not all, of the common
corrosive agents encountered in industrial
waters are gases. The reactions of
importance are:

2H" +2e" A2H A H,
O, +4H" + 4e" A 2H,0
0, + 2H,0 + 4e A 40H
HCO3 +e A H°+ CO3?

Cl,+2e A 2CI

Other corrosive agents occur in
industrial waters, although infrequently.
Among these are the ferric ion (Fe*®),
sulfide ion (S3), bromine (Br,) and cupric
ion (Cu*).

1.7. Corrosion Product Films

All corrosion reactions produce cor-
rosion by-products. In some environments,
these products are very soluble and no
films actually form on the surface of the
corroding metal. A corrosion process cha-
racterized by the absence of a tenacious
film is called active corrosion. In other
media, corrosion products form insoluble
hydroxides, carbonates, oxides and sulfa-
tes. Some are loose and porous, allowing
diffusion to and from the metal surface.
These types of films do not protect surfa-
ces from further corrosion. A few films
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which form as a result of corrosion are ve-
ry adherent, tight, and nonporous. These
are considerably more protective toward
further corrosion, primarily because they
limit access of corrosives to the metal sur-
face. Some alloys are inherently unreac-
tive. Aluminum and stainless steels form
corrosion product films of mixed oxides
that are so non-reactive and that com-
pletely protect the base metal after a short
period of active corrosion. These alloys
are passive, and the films are called
passive films.

2. Types of Corrosion
2.1. General Corrosion

General corrosion is the most
common type of corrosion. It is defined as
the uniform loss of metal from the entire
exposed surface of the metal.



2.2 Pitting Corrosion

Pitting is a type of localized corrosion
in which a small portion of the exposed
surface experiences very high corrosion
rates resulting in small holes in the metal
surface. This type of corrosion usually
occurs when general corrosion rates are
low. Pitting is especially dangerous
because the metal loss rates can be very
high. The result is unexpected failures in
pipes and tubes.

2.3. Crevice Corrosion

Crevice corrosion is another form of
localized corrosion. It occurs in crevices
on metal structures. Corrosion materials
build up in the space of the crevice and
create a highly localized and very corrosi-
Certain anions, such as

ve environment.

RIS

Figure 3: Underdeposit corrosion in carbon steel pipes from the

chlorides, promote the hydrolysis reacti-
ons that cause the problem.

2.4. Underdeposit Corrosion

This is a special type of crevice corro-
sion where the crevice or space is caused
by a deposit on the metal surface. Scale,
corrosion products or a variety of other
debris can cause deposits under which
accelerated corrosion occurs. After depo-
sits are formed, it is difficult to stop under-
deposit corrosion, because the deposits
make it difficult to get corrosion inhibitors
to the metal surface suffering the high
corrosion rates. In figure 3 corroded car-
bon steel pipes in which deposits were
formed in the geothermal production well
of Villeneuve La Garenn (M. Amalhay,
1994) are shown.

Villeneuve La Garenne (France) production well

Another form of underdeposit corro-
sion common in open recirculating cooling
systems is caused by the attachment of
biomasses to metal surfaces. The biomass
produces by- products that are corrosive
to most metals and are held next to the
metal surface by the biomass.

2.5. Galvanic Corrosion

When dissimilar metals are connected
in an electrolytic solution under the proper
conditions, one metal will experience
accelerated corrosion. The alloy highest in
the galvanic series will corrode faster. The
relative areas of the two alloys are
important. If the area of the more active
alloy is small compared to the area of the
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noble metal, then the severity of the
galvanic attack will be greater. An
example of this type of corrosion is shown
in figure 4:

2.6. Impingement

Impingement is an accelerated form of
corrosion that occurs when a metal
surface, covered by a protective film, is
damaged by mechanical or hydraulic wear
or abrasion. Mechanical abrasion will
remove protective films, but the effect of
high fluid velocity, intense turbulence and
cavitation can accelerate this process.
These effects are most often observed at
inlets to heat exchanger tubes, at piping
elbows, in piping downstream of pumps,



and on pump impellers. Copper and
copper alloys are especially sensitive to

impingement.

Figure 4. Picture of a corroded geothermal iron pipe section in contact a bronze valve.

3. Operational Factors Affecting
Corrosion Rates

3.1.Temperature

As a general rule, increasing tempe-
rature increases corrosion rates. This is
due to a combination of factors- first, the
common effect of temperature on the
reaction kinetics themselves and the
higher diffusion rate of many corrosive by-
products at increased temperatures. This
latter action delivers these by-products to
the surface more efficiently.

Occasionally, the corrosion rates in a
system will decrease with increasing tem-
perature. This can occur because of cer-
tain solubility considerations. Many gases
have lower solubility in open systems at
higher temperatures. As temperatures in-
crease, the resulting decrease in solubility
of the gas causes corrosion rates to go
down.

3.2. pH

Corrosion rates almost always in-
crease with decreasing pH (increasing
acidity). This is a direct result of increasing
the concentration of an aggressive ion
(H+) and increasing the solubility of most
potentially corrosive products.

3.3. Oxygen Concentration

Oxygen's role in corrosion is as an
aggressive gas or oxidizing agent. As its
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concentration increases, corrosion rates
increase until the rates of diffusion to the
surfaces reach a maximum. The same
principles apply to most other oxidizing
agents, such as Cl,, H+, Br,.

3.4. Fluid Velocity

The dependence of corrosion rate on
fluid velocity is complex. In general, the
higher the velocity, the higher the corro-
sion rate. At very low velocities, even
zero, there are diffusion effects that can
cause corrosion. As fluid velocities incre-
ase from stagnant to moderate values, the
corrosion rates increase. Then, as the limit
of diffusion at a particular temperature is
reached, further increases in velocity have
little effect on the corrosion rate. At some
point, however, the velocity reaches such
high values that the surface film of the
metal begins to be damaged. At these
velocities, the corrosion rates resume
increasing with the higher velocities.

3.5. Suspended Solids

An increase in suspended solids
levels will accelerate corrosion rates.
These solids include any inorganic or
organic contaminants present in the water.
Examples of these contaminants include
clay, sand, silt or biomass.

Ellis (1981) devised an empirical sys-
tem for the classification of the geothermal
fluids according to their corrosivity taking
into consideration the most important



corrosive constituents of the fluids. Of
primary importance in the system of Ellis is
the total concentration of the corrosive
ions. (Total Key Species, TKS). This para-
meter is analogous to the expression of
total dissolved solids (TDS) used for the
salt content of a fluid and they are the sum
of the chloride, sulfate, carbonate, bicar-
bonate and of the ammonium ions. For the
majority of the geothermal fluids TKS is
made of chloride, bicarbonate and carbo-
nate ions. According to Ellis’s system the
geothermal fluids fall into five categories
depending on their TKS, pH and the fluid
temperature.

4. Corrosion Inhibitors

To inhibit corrosion, small amounts of
corrosion inhibitors can be added to water
systems and process streams to reduce
corrosion rates to acceptable values. In
general, corrosion inhibitors incorporate
themselves into corrosion product films in
such a way as to increase the film's
capacity to prevent corrosion. The process
of corrosion inhibition is related to the
metal surface and the processes occurring
in waters on that surface. The polar nature
of some molecules promotes adsorption,
but the idea that corrosion inhibitor films
act as barriers is erroneous. The adsorp-
tion of these molecules is accompanied by
the companion process of desorption. An
inhibitor molecule usually is in constant
motion, being adsorbed and desorbed bet-
ween the fluid and the corrosion product
film. The rate of adsorption onto the surfa-
ce is dependent on the nature of the mole-
cule, as well as the concentration of the
inhibitor in the fluid. The same is true for
the process of desorption. It is important in
inhibitor treatment to maintain a sufficient
concentration of the molecule in the fluid
so that the adsorption rate at least equals
the desorption rate. This process is

commonly referred to as passivation.

4.1. Types of Corrosion Inhibitors
4.1.1.0rganic

These materials are characterized by
high molecular weight structures,
incorporating nitrogen or phosphorous
groups. They are usually highly polar
molecules.

e Phosphate Esters
« Phosphonates

4.1.2. Inorganic

Salts of some metals and amphoteric
elements act as corrosion inhibitors. Quite
often these materials have tenacious film-
forming or passivation effects. In some
instances, they react with the metal
surface.

e Chromate Salts

e Zinc Salts

¢ Molybdate Compounds

¢ Phosphates

¢ Nitrite Salts

e Silicate Compounds

4.1.3. Methods of quantification of the
effectiveness of corrosion inhibitors

The measurements of the rates of
corrosion in the absence and in the
presence of corrosion inhibitors are done
using relatively faster electrochemical
methods which include:

(i) Monitoring of the open circuit potential
or corrosion potential
(i) Potentiostatic methods: According to

this technique the working electrode
(metal investigated) is polarized by an
external potential source and the
current flowing through the circuit as a
function of the applied potential is
recorded. The overpotential applied:

n=E-E.. is related with the current through the Butler-Volmer equation:

| = Icorr[eXFba (E - Ecorr)_ exp(—bc (E B ECOVF))]

The analysis of this equation with
respect to the anodic and cathodic
branches of the electrochemical reaction
of corrosion allows for the calculation of
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the respective slopes (b, b.) from the so
called Evans diagrammes, example of
which is shown in figure 5:



slape {cathodic) slope (anodic)

| e
log | be=—(1-owres INF/RT ba = gexnF /R
5N
Reduction
oxidation
F/
N 7
log (lcor})
Ecar £ o

Figure 5: Potential-Cureent curve according to Evans for
the representation of a corroding system

The rate of corrosion, Vcorr, for a specimen of weight w and density d is:

VCOI’I’ = C M
d
where C a constant and
| _ 1
corr
2308, +b,)R,

The polarization resistance, R, is partial reactions involved. This metho-
calculated from the slope of the current dology is valuable for understanding the
potential curves. role of corrosion inhibitors. It consists of
(i) Transient methods: Electrochemical analyzing the response of the current (or
Impedance Spectroscopy (EIS). This met- of the potential) over a wide frequency
hod allows for the detailed investigation of domain through the perturbation imposed
the corrosion mechanisms looking at the on the potential (or current) (figure 6):

'\
1 (A)

I=lo+ Alsin (o t+y)

FANANRVANNY/- =gty
S IAVARVARY D'

E=FEo+ALsnwt

[P .

-
AE EV)

Figure 6: principle of deterination of the electrochemical impedance at a point M of the
polarization (I vs. E) curve. Impedancellz[= AE/Al; z=|z|(coswt+jsinwt)=a+jb; phase

difference (.
The qualitative and the quantitative understand the structure of the interface
analysis of the impedance plots leads to through the construction of equivalent
the development of models which help to circuits (Gabrielli, 1988; Diard et al. 1988;
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MacDonald , 1987)

4.2. Corrosion in Recirculating Cooling
Systems

A recirculating cooling system is a
perfect environment for corrosion. All of
the conditions for producing significant
levels of corrosion are present. Reactive
metals, in contact with electrolyte-con-
taining corrosive elements, accelerate the
reactions. Recirculating systems have se-
veral complicating factors likely to aggra-
vate the corrosion problems even further:

Heat Transfer: Heat exchanger surfaces
corrode more rapidly than other metal
surfaces in the system.

Fouling and Scale Formation: Not only can
fouling cause underdeposit corrosion
problems, but it may frequently hinder
corrosion control  procedures by
shielding the metal surface from
access to chemical corrosion
inhibitors.

Biofouling: Biomasses can form on metal
surfaces. Accelerated corrosion can
occur underneath these biomasses
due to the operation of corrosive by-
products resulting from metabolic
processes. The mass itself can hinder
the action of detergent materials or
chemical corrosion inhibitors by
presenting a physical barrier between
those materials and the metal
surfaces requiring protection.

Physical Process Conditions: High fluid
velocity, very low fluid velocity, exces-
sive turbulence and similar physical
process characteristics may have a
strong influence on the corrosion prob-
lems in a system. Very high fluid velo-
city in some condenser tubes may
cause a mildly corrosive water to inflict
severe damage on copper alloy tubes.
Low flow rates, especially if they result
in dead areas, prevent the efficient
distribution of chemicals such as
chlorine, corrosion inhibitor or scale
preventative.

Control Upsets: Most cooling water towers
are partly dependent on parameters
that are frequently under automatic or
semiautomatic control. If that control
fails, then the corrosion rates can
increase drastically. For example, if
acid addition to adjust pH is out of
control, the result if wvery high
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corrosion rates. A wide variety of
upsets will directly or indirectly effect
corrosion rates.

Process Leaks: If a leak develops in a
cooling water system, the results can
be disastrous. Corrosion rates can
increase at dramatic rates. Leaks
must be detected and stopped as
quickly as possible.

4.3. Solutions to Corrosion Problems in
Water Systems

Economic considerations are normally
the primary influence on decisions that are
made when choosing a corrosion control
program. The economic benefits of
controlling corrosion in process water
systems include savings on equipment
losses, savings in production downtime
from unexpected corrosion failures, energy
savings on heat transfer surfaces, and
savings on the treatment of aqueous plant
effluents. One way to solve corrosion
problems in geothermal water systems
(seldom selected because of its high cost)
is the engineering solution. This might
come in the form of substituting corrosion-
resistant alloys for mild steel in areas that
are subject to corrosion. Sometimes
coatings of various types are used to
protect steel from potentially corrosive
waters. A more practical solution involves
the increasing use of nonmetallic mate-
rials, such as plastics, in water handling
systems. Another method of solving
corrosion problems is to make operational
changes. For example, when possible, the
exclusion of a corrosion stream into the
water system by segregating it may solve
a problem, or at least isolate it to a part of
the plant where it may be economically
handled. In geothermal plants, however,
this is not a feasible solution. But by far
the most widely used form of corrosion
control in industrial water systems is a
combination of control and the use of
specialty chemical corrosion inhibitors. For
many Yyears this was accomplished in
cooling systems through the use of a
simple, low-cost inhibitor package whose
major active ingredient was sodium
chromate. These treatments had the capa-
bility to effectively control corrosion (pro-
ducing corrosion rates of 1 mpy or less)
while at the same time reducing micro-
biological growth and eliminating scale
formation on heat transfer surfaces.



Legislation has reduced the amount of
heavy metals allowed in many plant
effluents, making it necessary to substitute
non-heavy metal inhibitors (organics) for
those used in the past. Often the tran-
sition requires control changes as well as
a change in chemical treatment. Whereas
the heavy metal programs performed well
near neutral pH and required few
additional biocides, the new programs
require stable operating conditions at a
higher pH, which means the addition of a
scale inhibitor or dispersant, as well as a
biocide for bacterial control. Because the
modern programs depend heavily on good
control. it is necessary to monitor the
process conditions of importance and
monitor the performance of the chemical
additives in the system on a frequent, if
not continuous, basis. Most geothermal
water systems have a general operating
envelope within which the system must
operate. This is usually determined by a
combination of factors such as the quality
and quantity of source water available, the
cost of water disposal, the heat load, and
others. A program of corrosion control (in
combination with a scale control program)
is set up based on operational targets of
total dissolved solids content, pH, recir-
culation rate, etc. This means that both
operational variables and the corrosion
rates need to be monitored.

Because of the elevated pressures
however prevalent in many geothermal
wells the appropriate technology is needed
for the injection of the inhibitors where
needed. A number of devices and me-
thods have been developed and are being
developed while the slow inhibitors release
is also under consideration and develop-
ment
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