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A. INTRODUCTION

A major prerequisite for the control of erosion—corrosion is
the recognition or determination of the relative roles of
accelerated corrosion and erosion. Only then can the appro-
priate action be taken.

If accelerated corrosion following damage to protective
films is the problem, there are two alternatives:

¢ Take steps to avoid damage to the film.

e Accept the film damage and use corrosion control
methods.

T Retired.
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If erosion of the underlying metal is a major factor, design
and materials selection solutions should be sought.

Recognition of the type of erosion—corrosion is sometimes
relatively straightforward. Erosion—corrosion by both single-
phase aqueous flow and suspended solids is characterized by
the presence of smooth grooves, gullies, shallow teardrop-
shaped pits, and horseshoe-shaped depressions most often
with an obvious flow orientation. The characteristic pattern
of attack often starts at isolated spots on the metal surface
and subsequently spreads to a general roughening of the
surface [1, 2]. With cavitation and liquid droplet impingement
attack, the damage starts in the form of steep-sided pits, which
may coalesce into a honeycomb-like structure. The Corrosion
Atlas [3] and the NACE International Corrosion Recognition
and Control Handbooks [4, 5] contain photographs of all the
various forms of erosion—corrosion with suggested control
methods built around a large number of case histories.

B. CONTROL OF TURBULENT FLOW
ATTACK

In single-phase aqueous flow, the erosion—corrosion of
metals such as copper tubing is a process of accelerated
corrosion following erosion of the protective film. Control of
this type of attack is usually achieved by modifying the
design of the system to reduce the hydrodynamic forces and/
or by choosing an alloy with a more erosion-resistant film.
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B1. Design

Design factors, for example, for copper tubing carrying po-
table water, are the control of the velocity and the minimiza-
tion of abrupt changes in the flow system geometry. Maximum
velocities in the range 0.8—1.5 m/s have been suggested [3, 6].
The tubing should be reamed where it is pushed into fittings
such as elbows prior to soldering [7] to mitigate the erosion—-
corrosion shown in Figure 18.2 (Chapter 18). Recent stud-
ies [8] have shown that 1-mm forward- or backward-facing
steps are sufficient to initiate film disruption. Reaming in
excess of that required to remove the burring on cut tubing may
be required to prevent erosion—corrosion. Plastic inserts can be
used to solve heat exchanger—tube inlet problems.

B2. Materials

Materials selection could involve, for example, the substitution
of copper tubing in hot water distribution systems by stainless
steels or plastics [3]. As noted above, only in extremely severe
conditions would single-phase aqueous flow damage the
passive film on stainless steels leading to erosion—corrosion.
The possible pitting and crevice corrosion of stainless steels in
the presence of chlorides should be taken into consideration.
A range of copper alloys with increasing velocity limits can
be used in heat exchangers (Table 18.2). If a very high velocity
is required, in a corrosive environment, stainless steel, nickel
alloy, or titanium tubes can be considered [9, 10].

B3. Inhibitors

Inhibitors are used in recirculating cooling water systems and
steam condensate return lines but find limited application
in once-through production systems because of the cost. A
notable exception is the extensive use of inhibitors in oil/gas
production.

B4. Cathodic Protection

Cathodic protection has very limited throwing power
down the inside of pipes and other restricted geometries.
Impressed systems can be used in heat exchanger water boxes
to protect the important entrance length region for copper
alloy tubes [1, 11] carrying seawater. Care must be taken to
avoid hydrogen evolution, which can lead to the formation of
air/hydrogen pockets at dead zones [1]. In addition to safety
problems hydrogen can lead to the embrittlement of titanium
and other alloy tubing.

C. CONTROL OF SOLID-PARTICLE
IMPINGEMENT ATTACK

Erosion—corrosion problems observed in the presence of
solid particles suspended in aqueous solutions are more

difficult to solve. The relative role of corrosion and erosion
can often only be assessed following testing involving
weight loss measurements to determine the total loss with
simultaneous electrochemical measurements (polarization
resistance) to determine the contribution of corrosion [12,
13]. The relative importance of erosion and corrosion will
vary between nondisturbed and disturbed flow and testing
should be done in a flow system that simulates both the
chemical and the hydrodynamic conditions found in the
full-scale process equipment.

C1. Corrosion Control

Corrosion can be controlled by the use of inhibitors and/or
solution conditioning. Some inhibitors work very well in the
presence of very abrasive slurries, including silica, which is
one of the most common abrasive components. Chromates
and nitrites at high concentrations act as passivating inhibi-
tors [14] whereas chromates at low concentration act as
cathodic inhibitors [15, 16] and were used in the first
long-distance coal-slurry pipeline [17]. Chromates are, of
course, toxic and very low effluent limits < 0.05 ppm have
been set in some jurisdictions [18]. Nonchromate inhibitors
used in cooling water systems, zinc, sodium tripolyphosphate
(NasP30g), and nitrilotris (methylene) triphosphonic acid
(NTMP) N[CH,PO (OH,)l3, showed little benefit [15] in
sand or coal slurries when used alone or along with chro-
mates, in contrast to the synergistic effect normally observed
in cooling water.

Solution conditioning involves raising the pH and/or
deaeration. Both of these methods of corrosion control have
been applied to long-distance slurry pipelines. A problem
with raising the pH to control corrosion is the greater
likelihood of pitting at elevated pH values where thick scales
are more easily formed. Indeed, pitting caused some concern
with the Bougainville copper concentrate line [ 19] which was
treated with lime to maintain the slurry at pH > 9.5. Tem-
porary overdosing with lime led to calcium carbonate depos-
its in the first portion of the Samarco iron ore concentrate
line [20] which was maintained at pH > 10. Deaeration can
be achieved with oxygen scavengers, sodium bisulfite or
hydrazine, or nonchemical steam stripping or vacuum de-
aeration. The latter two methods of deaeration have not been
used with slurry pipelines. They are used extensively, for
example, with oil well water injection systems [21].

If the corrosion following the removal of the protective
film is liquid-phase mass transport controlled, the flow
velocity can be reduced. However, the effect of reducing
the velocity will be of secondary importance to controlling
the corrosion by inhibitors or solution conditioning. A lower
limit is the velocity required to keep the particles in suspen-
sion [22]. For example [23], the flow of a 20 vol % silica sand
slurry, mean particle diameter 0.43 mm, in a 50-mm hori-
zontal diameter pipe requires a minimum velocity of ~ 2 m/s
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FIGURE 65.1. Variation in erosion—corrosion wear pattern around the circumference of a horizontal
200-mm diameter commercial pipeline carrying an abrasive mineral slurry. (a) Pipe bottom. (b) Pipe
top. Note: The erosion—corrosion wear pattern in (a) is not characteristic of sliding bed wear. Sliding

wear is characterized by long horizontal grooves.

and a 20 vol % slurry of iron ore concentrate mean particle
diameter 0.04 mm a minimum velocity of ~1.3 m/s. Lower
velocities may result in the sliding abrasion of a horizontal
pipe bottom. At velocities above the critical velocity to keep
the particles in suspension, there is a large concentration
gradient from the top to bottom of horizontal pipelines
carrying commercial heterogeneous slurries [22]. This can
result in a much different erosion—corrosion wear pattern and
rate around the circumference of the pipe (Fig. 65.1).

If necessary more corrosion-resistant materials than car-
bon steel pipe can be chosen, including stainless alloys,
ceramics (e.g., cast basalt lined pipe, Mohs hardness ~8),
and plastics (e.g., high-density polyethylene pipe or poly-
urethane linings).

Stainless alloys, with their rapidly healing films, have a
greater resistance to corrosion in slurries, but the extra
resistance comes at a cost that may not be acceptable.
Ceramics and plastics may not have the mechanical and
thermal properties for the construction of the particular
process equipment. Long-distance pipelines are constructed
from carbon steel. More expensive alloys and lined pipe are
an option for in-plant operations, including tailings disposal.
Titanium alloys perform well in flowing seawater with
abrasive solids in suspension [24].

C2. Erosion Control

Erosion can be controlled by design and materials selection.
Design involves optimizing the particle size (by grinding,

where there is a choice of size) and the flow velocity [22]. The
flow system geometry should be designed to minimize any
effects of disturbed flow, for example, by using long-radius
elbows, gradual changes in the flow cross section, and
specifying maximum weld root protrusion. Other design
possibilities are:

¢ Increasing the thickness of materials in critical areas

¢ Use of impingement plates to shield critical areas

e Acceptance of a high erosion rate with regular
inspection and replacement that may be less costly
than using more expensive materials and a practice
used extensively in the minerals processing and oil/
gas industries

« In some situations pipe rotation, for example, to extend
the life of tailing lines

Since there is a major decrease in the erosion rate when the
metal surface is harder than the particles, it might be thought
to be a simple matter to choose an alloy with a hard surface
and eliminate the erosion problem. This is not the case for
two reasons:

e The hard alloys that resist erosion are generally cast
alloys that are difficult to weld, often brittle, and in
general difficult to handle.

o If corrosion is a factor, the alloy must have a suitable
corrosion resistance and many alloys that are hardened
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by the precipitation of carbides during solidification
have a relatively poor corrosion resistance.

Alloyed white cast irons (the most abrasion resistant iron-
base alloys), including high-chromium, chrome-moly,
nickel-chrome, and pearlitic white irons [25], are noted for
their erosion resistance. The relationship between the Cr and
C content of the high-chromium cast irons is complex. A
high C content is required for the formation of carbides to
give erosion resistance, but this leaves less Cr in the matrix
for corrosion resistance [26]. The minimum Cr content in the
matrix to form a passive film is 12% and the Cr required to
form carbides is 10 x % C. The suggested minimum Cr for
corrosion resistance is

% Cr = (% C x 10) + 12

The erosion resistance increases and the corrosion resistance
decreases with an increase in the C content and the alloy must
be chosen carefully to accommodate the corrosive and
erosive properties of the particular slurry being handled.
Alloys containing 20-28% Cr and 2-2.5% C with 2% Mo
have good resistance to slurry erosion—corrosion at pH values
down to 4. Alloys with less C are required for more corrosive
environments [26]. Nickel-hard alloys (4% Ni—2% Cr) find
extensive use in abrasive service in sand and gravel pumps
handling abrasive but mildly corrosive slurries [27]. Natural
rubber is an alternative for pumps to handle abrasive slurries
with particles less than 3 mm diameter.

Both Stellite (a cast cobalt alloy) and silicon carbide have
excellent erosion resistance in aqueous slurries along with
excellent corrosion resistance and can be considered for use
under severe service conditions in valves and pumps [3, 28].

D. CONTROL OF LIQUID DROPLET
IMPINGEMENT ATTACK

Impingement attack by liquid droplets suspended in high-
speed gas flow can be controlled by design or materials
selection.

Design involves optimizing the flow system geometry and
the fluid dynamics [29] to reduce the amount of impacting
liquid, the angle of impact, and the droplet size. For example,
design modifications in steam turbines operating with wet
vapor in the low-pressure section have included extracting
moisture between blade rows, increasing axial spacing be-
tween stator and rotor, and local flame hardening or brazed-
on shield of Stellite at the leading edge of the blade. Raising
the temperature of the inlet gas above the dewpoint was
suggested [4] as a remedy for the impingement attack of a
process gas compressor. Impingement plates acting as flow
deflectors can also be considered.

The behavior and range of materials utilized to solve high-
speed liquid droplet impingement problems are similar to
those chosen for resistance to cavitation attack. The
“normalized erosion resistance” data shown in Figure 65.2
give an approximate ranking of materials to liquid droplet
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impingement and cavitation attack. Such data should be used
with great care. Materials selection for turbines includes the
use of Stellite mentioned above, 12% chromium martensitic
stainless steel, 17 Cr—4 Ni precipitation-hardened stainless
steel, and “self shielding” blade alloys that harden under the
action of impacts [29].

Liquid droplet impingement attack observed in annular
mist flow [Fig. 18.3(b)] in oil/gas production systems is an
erosion—corrosion phenomenon, which can be controlled
by the use of inhibitors or the use of stainless alloys [30].
Not surprisingly this erosion—corrosion is found to be the
most severe under disturbed flow conditions at threaded
connections in down-hole tubulars and at elbows, valves,
and “Christmas trees” in above-ground facilities.

E. CONTROL OF CAVITATION ATTACK

Cavitation attack is usually controlled by design and materi-
als selection. Tullis [31] has given an extensive discussion of
the detailed design of pumps, valves, orifices, and elbows to
avoid cavitation problems. Air injection is sometimes used to
control cavitation damage. Air injected into the separated
flow regime cushions the collapse of the cavities. Cathodic
protection has been used, with the protection attributed to
cushioning by the hydrogen bubbles evolved in addition to
the normal corrosion protection. While this might be satis-
factory for a propeller in an open system, the evolution of
hydrogen in a closed system could be hazardous as well as
leading to hydrogen blistering and embrittlement.

The range of materials available for solving cavitation—
erosion problems is similar to those used for liquid droplet
impingement, as shown in Figure 65.2. There is a wide range
of polymers with good resistance to cavitation—erosion in
addition to excellent resistance to corrosion. For example,
high-density polyethylene has a cavitation—erosion resis-
tance similar to that of nickel-based and titanium alloys [32].

The major design parameter for centrifugal pumps to
avoid cavitation damage is the available net positive suction
head, NPSH,, the difference between the total pressure
(absolute) and vapor pressure at the pump suction, expressed
in terms of equivalent height of fluid, or “head,” by

NPSH, = (p/pg) + (1*/28) — (p,/pg)

where
p = static pressure (absolute)
p, = vapor pressure of the flowing fluid
p =density
g = gravitational acceleration
u = flow velocity

The NPSH, must exceed the value required by the pump,
NPSHg. The latter value varies with the flow rate and is a
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function of the pressure changes as the liquid accelerates over
the curved impeller and then decelerates as it approaches the
volute. The NPSHy values, which are supplied by the pump
manufacturers, are based on pump efficiency and not on the
dangers of cavitation attack. Significant noise and cavitation
may occur before the efficiency of the pump begins to de-
crease. Thus a substantial margin of safety is required if
erosion—corrosion is to be avoided. In practice, some cavita-
tion can usually be tolerated and pumps are operated in the
NPSH range between cavitation inception and a point where
damage is unacceptable [31, 32]. If it is wished to maximize
efficiency of the pump operation, more cavitation can be
accepted and cavitation attack reduced by the selection of
more resistant materials. One very important factor in setting
the correct NPSH , is the relative elevation of the pump and the
vessel, from which the liquid is being pumped. Fluid friction in
the suction line must also be taken into account, and the suction
piping is usually a size bigger than the discharge piping.

F. CONTROL OF FLOW-ENHANCED FILM
DISSOLUTION ATTACK

The control of this type of “chemical” erosion—corrosion of
carbon steel pipes in power plants may involve one or more of
the following [33]:

e Control of the water chemistry: pH and dissolved
oxygen concentration

e Materials selection: replacement of carbon steel by
low-alloy chromium, >0.1%; low-alloy chromium—
molybdenum, 304 ss and in very severe conditions
Inconel; or duplex piping with a thin inner layer of
stainless steel or other high alloy

e Weld overlay: for protection and repair

¢ Flame spraying: minimum pipe diameter 600 mm

¢ Modification of operating conditions: temperature and
quality, where wet steam is involved, and flow rate

¢ Changing the local geometry: for example, installing a
larger control valve to reduce downstream turbulence

In general, orifice plates and control valves should be kept
well clear, at least 10 pipe diameters upstream of bends, to
avoid excessive turbulence and erosion—corrosion at the latter.
The extensive and well-documented Electric Power
Research Institute (EPRI) [33] report contains information
regarding the detection and control of the problem.

G. PREDICTIVE MODELING

The application of computational fluid dynamics (CFD) to
the problem of erosion—corrosion in single- and multiphase
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flow systems under conditions of disturbed flow can help to
quantify the effects of the system geometry on rates of
erosion—corrosion leading to design improvements. The flow
field, including flow separation recirculation and reattach-
ment, and rates of mass transfer can be predicted for a wide
range of system geometries [34—39]. In addition the veloc-
ities and angles of impact of suspended solid particles with
the flow system walls can be determined for application to the
calculation of the erosion rate [40-42]. Computer modeling
has been applied to the prediction of wear in slurry
pumps [43]. Overall, such predictive modeling is still not
as accurate as one would hope for [44], even if substantial
progress has been made as our understanding of erosion—
corrosion processes advanced accompanied by the ever-
increasing computing power [45-47].
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