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REVIEW OF EROSION-CORROSION
IN SINGLE-PHASE FLOWS

by
G. Cragnolino, C. Czajkowski, and W. J. Shack

ABSTRACT

This report contains two literature reviews (prepared by Brookhaven
National Laboratory and Argonne National Laboratory, respectively) on the
available data and current mechanistic understanding of erosion-corrosion, and
a failure analysis (prepared by Brookhaven National Laboratory) of a tee-elbow
joint from the Surry Unit 2 reactor that failed by erosion-corrosion in
December 1986. It also includes suggestions for additional research that
should be performed by the USNRC to increase the capablility to rank plants
and/ur locations within plants in terms of susceptibility to erosion-corrosion

and tuv ensure that nroposed inspection and mitigation programs are soundly
based.
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EXECUTIVE SUMMARY

Introduction

This report contains literature reviews prepared by Brookhaven !'ational
Laboratory and Argonne National Laboratory on the available data and
mechanistic understanding of erosion-corrosion and also a failure analysis
prepared by Brookhaven National Laboratory of a tee-elbov joint from the Surry
Unit 2 reactor that failed by erosion-corrosion in December 1986. A com; *nion
report (NUREG/CR-5149, ANL-88-23) prepared by Jonas, Inc. reviews the actual
range of water chemistry conditions and design characteristics of current
feedvater piping systems including flow conditions, geometry, and materials.
Another companion report (NUREG/CR-5131, ANL-88-20) prepared by Argonne
National Laboratory reviews the data and techniques available to determine
mass transfer rates in piping geometries of interest. This executive summary
includes suggestions, based on the information presented in these reports, for
additional research that should be performed by the U.S. Nuclear Regulatory
Commission to increase our capability to rank plants and/or locations within
plants in terms of susceptibility to erosion-corrosion and to ensure that
proposed inspection and mitigation programs are soundly based.

The inspections triggered by the failure that occurred at the Surry Unit 2
in December 1986 have revealed numerous instances of significant erosion-
corrosion at other U.§, reactors, primarily in wet-steam lines, but also in
some single-phase lines. Although erosion-corrosion does ~ccur most
frequently in wet-steam systems, German data files for the perlod 1961 to 1976
show that one-third of the 96 cases reported were for single-phase
conditions,

Accelerated wastage of piping systems can be produced by both mechanical
and corrosion processes. Mechanical damage can be produced by the forces
generated by the impact of liquid droplets in a two-phase flow on the metal
surface or by the fluid dynamic forces arising from the collapse of gas
bubbles in a fast-flowing liquid (cavitation). Wear of last-stage turbine
blad2s by water droplets and also cavitation damage of pumps by steam bubbles
are typical examples of these phenomena. Even without mechanical damage,
accelerated wastage can be produced by more rapid dissolution of the corrosion
film caused by the enhanced mass transfer associated with turbulent flows.

Susceptibility to damage by cavitation is generally assessed in terms of
the cavitation numtar

where p is the pressure, Py 1s the vapor pressure, p is the density, and V is
the fluid velocity. For small K (< 0.5) cavitation becomes a concern. For
feedwater piping, K {s generally greater than 50, and cavitation seems
unlikely. 1In a few plants, however, the feedwater pressure can approach the
saturation pressure, and cavitation may become of more concern, especially in
regions of high local flow velocity,



Mechanical d~mage by droplet impingement in two-phase flows i{s more
likely. However, it is difficult to assess the relative contributions of
accelerated dissolution and dropiet impingement ft the flow velocities in the
two-phase regions of piping systems (< 250 ftes ). Even in laboratory tests
at room temperature and at relatively high velocities, there {s eviderce of
significant contribution from dissolution. The strong dependences on pH and
dissolved oxygen content observed in the field are also consistent with a
dominant contribution from dissolution processes. Most investigators
attribute the accelerated wear experienced in the single-phase regions of
secondary-system piping in nuclear power plants to accelerated dissolution.
Many also consider dissolution the dominant process in the two-phase regime.
Most of the work reviewed in this report focuses on this process.

A substantial body of data and experience is available on erosion-
corrosion in environments characteristic of secondary water systems in nuclear
reactors. The primary factors influencing erosion-corrosion are

(1) Fluid flow velocity and geometry;

(2) Fluid temperature and chemistry (pH, dissolved oxygen level, and
impurities); and

(3) Chemical composition of the piping material.

Susceptibility to erosion-corrosion depends strongly on the interaction of
these variables. Thus, one cannot usefully identify a "ecritical" velocity or
geometry or pH for erosion-corrosion; only an integrated model that considers
all these factors can predict whether erosion-corrosion will ocecur in a
particular situation. Although the qualitative changes in the erosion-
corrosion rates expected with changes in these variables are reasonably well
understood and materials that are highly resistant to erosion-corrosion are
available for replacement or new construction, quantitative predictions of

erosion-corrosion rates in existing carbon steel piping systems are subject to
large uncertainties.

For currently operating plants, the most promising approach to mitigating
erosion-corrosion in the short term would appear to be modification of the
environmental factors, primarily pH and dissolved oxygen levels, and
scrupulous attention to water purity. However, even in this case, important
trade-offs must be considered. Raising the pH is generally beneficial for
erosion-corrosion of carbon steel, but it may lead to unacceptably rapid
wastage of copper alloy components in the system. Similarly, increasing the
dissolved oxygen level could significantly reduce erosion-corrosion in the
secondary-system feedwater train, but {t could have substantial negative
impact on steam generator materials.

Basic Processes of Erosion-Corrosion

In the deoxygenated solutions characteristic of typical secondary systems,
iron dissolves to form ferrous hydroxide (Fe(OH),] according to the net
corrosion reaction
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Fe + 2H. 0 » r-(omz + Hz(s)

2
At temperatures above 100°C, the ferrous hydroxide decomposes to form
magnetite [Fe,0,] according to the Schikorr reaction

3?0(0H)2 - Fozoa + "2(‘) + H20
At even higher temperatures (> 200°C), Fe30, may be formed directly at the
metal-oxide interface by transport processes involving the inward diffusion of
H,0 through llsroporo: in the oxide and a simultaneous outward diffusion of
metal ions (Fe‘%) to the liquid. The net result is a double oxide layer with
the inner layer growing into the metal as it oxidizes.

The stability of these films controls the erosion-corrosion process. The
dissolution rate of the oxide films is a strong function of temperature, pH,
and partial pressure ol Hy. Turbulent flow of the bulk fluid accelerates the
corrosion process by removing the soluble corrosion produc.s. The enhanced
dissolution of the magnetite leads to accelerated metal loss as iron is
oxidized to replace the dissolved film.

Effect of Flow Velocity and Geometry

Since the enhanced mass transfer associated with turbulent flows i{s the
fundamental process in the accelerated dissolution of the magnetite corrosion
film, the effect of the flow is best described in terms of the mass transfer
coefficient k, which is a function of the flow velocity and geumetry. For the
nominal flow conditions generally founf in PWR secondary-system feedwater
piping, k is on the order of 1-3 mmes™*,

Experimental data relating erosion-corrosion rates to k are frequently
reported in terms of power law relationships of the form

m ~ kP

where m is the mass loss per unit area and time. The exponent n describing
the dependence of the erosion-corrosion rate on tne mass transfer coefficient
is a function of temperature, pH, and flow rate. Evern for a rastricted set of
conditions characteristic of secondary-system feedwater piping in PWRs, a
fairly wide range of xn&uos of n (1-3) has been reported. In piping systems k
typically varies as V°'", where V is the flow valsc&tx. so that the velocity
dependence of the erosifon-corrosion rate (s ~ VV'7 "€ %

The increased turbulence associated with changes in flow geomutry
increases the effective mass transfer coefficlent over that for the straight
pipe, and most instances of erosion-corrosion have occurred near flow
discontinuities. Some data relating the mass transfer coefficient te flow
velocity and geometry are available for a variety of configurations; these
data suggest that for fittings such as elbows and tees, k can be 1-5 times the
value for a straight pipe. However, it is difficult to obtain accurate values
of k for many piping geometries. Mass transfer coefficlents for two-phase
flows are generally higher thau those for single-phase flows with the same
mass flow rate, because the reduction in the average density corresponds to
higher velocities. Even fewer data on mass transfer coefficients for
different flow geometries are available for two-phase flows,
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In many cases the effects of flow geometry are estimated on tha pasis of a
set of euplirical factors developed by Keller from field observations in two-
phase flows. However, the "Keller factors" are widely used for both single-
and two-phase flows. The geometry factors are quite significant; the "Keller
factor" for a 90° tee is 25 times larger than that for a straight pipe.

Effect of Temperature

Most reported cases of erosion-corrosion damage in single-phase flows have
occurred within a temperature range of 80 to 230°C; for two-phase flow the
range is somewhat higher, 140-250°C. Laboratory studies generally have found
that erosion-corrosion rates drop off markedly at high and low temperatures
with a strong peak at intermediate temperatures. However, considerable
differences exist in the values reported for the temperature at which the
maximum rate occurs and also in the temperature range for which erosion-
corrosion rates are significant. Recently, an in-reactor instance of erosion-
corrosion occurred at a reported temperature of 300°C i{n an evaporator unit of
the Prototype Fast Reactor in the U.K. The reasons for this apparently
anomalous behavior are unclear, although it might be attributed to
exceptionally low trace levels of chromium in the material.

Several mechanistic explanations for the observed temperature dependence
have been proposed. In one model, the decrease at high temperatures has been
attributed to the decrease in the solubility of magnetite with increasing
temperature, whereas at lower temperatures dissolution is kinetically limited
in spite of the high equilibrium solubility. Another model also attributes
the decrease at lcw temperatures to a decrease in the kinetics of the
dissolution reaction, but the rapid decrease at higher temperatures is
attributed to c.anges in the porosity >f the oxide that inhibit access to the
metal surface. With suitable choices of model parameters, both explanations
give results feirly consistent with available data.

Effect of pH

Erosion-corrosion rates are strongly dependent on pH over the range of

" interest in reactor water systems. The data consistently show a decrease of

more than an order of magnitude in erosion-corrosion rates over the pH range

8.5-9.5 typical of secondary-system feedwater. (Although the effect of pH is
conventionally reported in terms of pH values at 25°C, *the eritical parameter
is actually the corresponding high-temperature pH value. The relation of the
high-temperature value to the reported value can be affected by the choice of
control agents (e.g., morpholine or aumonia) and by impurities in the water.)

In two-phase flows the critical parameter (s the pH of the liquid phase;
this can be significantly affected by the partitioning of the control agent
between the steam and liquid phases. Because morpholine has less tendency to
enter the steam phase, PWRs in France use morpholine to contrel pH in “he
secondary system,

As was noted previously, raising the pH to the high end of the recommended
ranges appears to be an attractive short-term mitigating action for erosion-
corrosion of carbon steel, but may increase the corrosion rates of copper
alloy components in the secondary system. Even for all-ferrous systems,
operation above pH 9.3 may lead to unacceptably high resin exhaustion rates.
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Effect of Impurities in the Water

Most studies of erosion-corrosion have been performed in relatively high-
puritl.vatot. No studies are available on the effects of impurities )ike Cl°
or S0, , which can significantly affect magnetite solubility. Acidic
1npur9ttos may be particularly deleterious. Organic acids, which can be
generated by the thermal decomposition of organic impurities or ion exchange
resin fines, are very stable in water, even at high temperatures., One
disadvantage of the use of morpholine as a replacement for ammonia is the
increase in cation conductivity of the water produced by the decomposition of
the morpholine, which may mask small amounts of cooling water in-leakage.

Effect of Oxygen

In ammoniated water (pH ~ 9 at 25°C), very small amounts of dissolved
oxygen (on the order of 2-10 ppb) appear to have dramatic effects on the
erosion-corrosion rates. Relatively low levels of dissolved oxygun also have
significant effects on the erosion-corrosion rates of carbon steel in neutral
water, although the threshcld levels needed to provide high erosion-corrosion
resistance are not as well known as for more alkaline water,

The effect of oxygen can be explained in terms of its effects on the
nature of the oxide film. In the presence of oxygen, the film probably
contains hematite (Fe,04) as well as magnetite (Fe30,). Because the
solubility of hematite 2: much less than that of magnetite, the oxide film is
much more resistant to erosion-corrosion,

Although moderate levels of dissolved oxygen are very beneficial in terms
of erosion-corrosion of the carbon steel {cedwater, dissolved oxygen and oxi<
reaction products can have severely damaging effects on steam generator
materials. Modern practice seeks to keep ailr ingress and dissolved oxygen
levels as low as possible in PWR secondary systems. For BWRs, the EPRI/BWRC
water chemistry guidelines suggrst that dissolved oxygen levels in the
feedwater be maintained at 220 ppb, even under hydrogen water chemistry
conditions.

Effect of Material Composition

Alloying can greatly reduce susceptibility to erosion-corrosion,
Austenitic stainless steels are considered virtually ' .aune %o eroaion-
corrosion, and aven 2 1/4Cr-1 Mo steels give good performance in the field.
Chromium {s the most i{mportant alloying element for improving resistance,
although other elements, such as molybdenum and copper, may also have a
bheneficial effect. The effect of chromium {s resdily understandable because
of the high thermodynamic stability of chromium oxides. However, the degree
of improvement associated with even low lavals ¢/ chromium is somewhat
surprising and may be due to progressive entichment of the corrosion film by
chromium as the less-stable oxides are dissolved. The basis for a beneficial
effect of molybdenum and copper is less clear, and experimental data and plant
experience are less consistent i{n demonstrating a beneficial effect of these
elements.

ix



Plant-to-plant variations in susceptibility (or even heat-to-heat
variations within a plant) could be strongly influenced by variations in the
levels of chromium present as a trace element in a nominally carbon steel.
The specificatic s for thy commonly used carbon steels (e.g., A106 Gr B, A234
Gr WPB) do no* include chromium; however, experience suggests that chromium
could be present as an "impurity" at levels ranging from 0.005-0.07 wts. The
available data on the effects of such levels of chromium are inconclusive.
Some test data fur high-pH, wet-steam conditions suggest that such low levels
would have relatively little effect, but i* i{s not clear that the test
conditions were relevant to single-phase erosion-corrosion. Other test data
for single-phase flows, which appear to better simulate the actual in-plant
conditions, suggest a stronger role of low levels of chromium. However, in
these tests most of the materials had relatively high levels of chromium, and
the extrapolation of the data to the low levels of chromium that would be
expected in nominally carbon steels is somewhat suspect.

Integrated Models for Erosion-Corrosion

Ar was noted previously, susceptibility to erosion-corrosion depends
strongly on interaction of the flow, environmental, and material variables.
Integrated models that consider all these factors have been developed by
researchers at the Electricite de France (EDF), by Kastner in Cermany, and by
researchers at M. I.T. A modification of the model developed by EDF {s being
used by NUMARC (the CHEC code).

The EDF and Kastner models are based on dissolution models for erosion-
corrosion and on experimental data for single-phase flows, although they are
applied to both single-phase and two-phase flows. They have been calibrated
and modified to improve agreement with in-.plant data. The model developed at
M.I.T. assumes that dissolution is the primary mechanism in single-phase
flows, but it also includes a model for droplet impact damage for relatively
high speed two-phase flows. The model of Kastner appears to be completely
empirical; the EDF and M.1.T. models are semi-empirical, based on phenomeno-

logical models with empirical adjustwents of the various constants to improve
agreement with the available ..ata,

All of the models are limited in their capabilities to consider the
effects of complex piping geometries. Disturbances i{n turbulent flows can
propagate through a distance of many diameters in piping systems. Thus the
behavior at a particular location depends not only on the geometry at that
location, but also on the upstream flow geometry. Even in the case of an
isolated component, geometry effects in the EDF and Kastner models are taken

into account through the "Keller factors," whose application to single-phase
flows is somewhat suspect,

More mechanistically based models for certain aspects of erosion-corrosion
have been proposed in the U.¥. and France, but they cannot be used directly to
predict evosion-corrosion in actual piping systems. An empirical modification

of a mechanistically based model developed in the U.K. is outlined in this
report.



No detailed comparisons of the models have been published, although some
limited comparisons are given in this report. Significant differences exist
between the models with respect to the predicted effects of variables like
flow velocity and alloy content.

Recommended Research

The reviews of the literature and experience of utilities have revealed
several areas where additicnal research is needed, These include

(1)

(2)

(3)

(4)

(3)

(6)

Parametric studies of available models. Three integrated models
(CHEC, Kastner, and M.1.T.) are currently available for the analysis
of erosion-corrosion, Comparisons of these models with each other
and with the inspection results as they become available are needed
to assess the usefulness of the models for developing inspection
plans.

Effects of flow geometry on erosion-corrosion. Better techniques to
account for the effects of flow geometry on erosion-corrosion are
needed. Currently we rely primarily on the "Keller factors," even
for single-phase flows and relatively complicated geometries instead
of {solated simple geometries.

Studies on the effect of low chromium levels. It has been clearly
established that chromium is an effective alloying element. However,
lower levels of chromium, although not providing immunity, might
significantly affect erosion-corrosion susceptibility. These studies
may help to explain variations between plants with nominal'y similar
condicions and also variations observed under well-controlled
laboratory conditions.

Effects of water impurities on erosion-corrosion. Certain impurities
can have significant effects on the solubility of magnetite.
Erosion-corrosion is often thought to be primarily limited by mass
transfer rates, but under certain circumstances it will be
solubility-limited. Then impurities could have an important effect
on erosion-corrosion rates. Most reactors are probably already
committed %o maintain water purity levels in the future as high as is
reasonable to protect their steam generators, hence, no new
guidelines are needed. However, data on these effects may help to
rationalize 1esults in existing plants, These data are clearly
needed to develop an overall understanding of erosion-corrosion.

Field monitoring of erosion-corrosion., In situations where erosion-
corrosion has occurred, further wear should be monitored by using
ultrasonics, de potential drop, or isotope-doping tecaniques. Such
monitoring would provide realistic wear rates for comparison with
models .

Evaluation of the effects of feedwater chemistry changes on other
portions of the secondary system such as the steam generator,
turbines, and condensers. Increasing the pH and dissolved oxygen
levels has a generally favorable impact on erosion-corrosion.
However, a more quantitative assessment of the positive and negative
{mpacts of such changes is needed,.

i



(7)

Rationalization of existing laboratory results. As has been noted,
important quantitative differences exist between the results of
different investigations of erosion-corrosion. For example, the
powver law exponent for the dependence of erosion-corrosion rate on
the mass transfer coefficient for the same nominal environments and
materials ranges from 1-3. These variations lead to considerable
discrepancies in assessing the possible effects of flow velocity and
geometry on erosion-corrosion. For example, doubling k might double
the erosion-corrosion rate or increase it by a factor of eight,
These differences in most cases are not due to uncertainties in the
data, but appear to be due to some systematic effects that are not
well understood. Similar systematic differences appear to occur in
studies of temperature dependence. Insight into these differences
can be obtained from the parametric model studies proposed above, but
additional laboratory studies are also needed.
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REVIEW OF EROSION-CORROSION IN SINGLE-PHASE FLOWS

by
G. Cragnolino, C. Czajkowski, and ¥W. J. Shack

I. EROSION-CORROSION IN NUCLEAR POWER PLANTS
(C. Cragnolino and C. Czajkowski)

1. INTRODUCTION

After the Surry Unit 2 (Virginia Electric Power Co.~VEPCO) catastrophic
failure of a pipe ‘n the "A" feedwater suction line, the U. S. Nuclear Regula-
tory Commission (USNRC) initiated a contract with Brookhaven National Labora=-
tory (BNL). This program was to have as its objectives:

l.  Evaluate Surry fatlure results and identify generic applicability;

2. ldentify extent of erosion-corrosion problem in nuclear plan:s;

3. Evaluate data supplied by Office of Inspection and Enforcement and iden-
tify any trends or correlations; and

4, ldentify problem areas that may need additicnal research to bound the
problenm,

An ultrasonic inspection of two pleces of the Surry Unit #2 piping was
also made using both shear wave and longitudinal wave in order to evaluate the
accuracy of the techniques. A review of the controlling variables in the
erosion-corrosion phenomenon was prepared as a background information for
further research,

l.1 Erosion-Corrosion

Erosion-corrosion {s usually defined as the acceleration or increase in
the rate of corrosion caused by the relative movement between a corroaive
fluid and the metal surface. In principle, 1t should be distinguished from
the effect of fluid flow that accelerates general corrosion by increasing the
rate of mass transport of reactive species (i.e., a cathedic reactant, such as
oxygen) to the metal surface, or the rate of removil of corrosion products
fron the metal surface. As {llustrated schematically in Figure |, at a given
cricical flow rate, a rather abrupt increase in the corrosion rate occurs
within the turbulent flow regime. The critical fluid velocity, Voo some~
times called erosional or breakavay velocity, depends on hydrodynamic param-
etars and the corrosion characteristics of the alloy/environment system.

Below the eritical fluid velocity the corrosion rate increases less abruptly
due to an increase in the rate of mass transport of electroactive species.
Within thie regime the corrosion rate is governed by electrochemical and
hydrodynamic phenomena under conditions varying from laminar to turbulent flow
(Figures 2(a) and (b)). It should be noted, however, that for many alloy/
environment systems the boundary between what is called flow-assisted cor-
rosion and erosion-corrosion {s not so well defined as suggested in Figure 1.
This 18 precisely the case of carbon steel in high temperature deoxygenated
water, as discussed in detail below.
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laminar flow, b) turbulent flow with logarithmic velocity profile,
¢) turbulent pipe with separation (complex velocity tield with
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Erosion-corrosion should also be distinguished from forms of erosion such
as cavitation and impingement damage. Impingement damage involves the impact
of 1iquid droplets present in a gaseous fluid through forces generally perpen-
dicular to the metal surface, whereas cavitation arises from the collapse of
gas bubbles contained in a fast flowing liquid phaee, also through perpendicu-
lar pulsive forces. Wear of last-stage turbine blades by water droplets and
cavitation damage of pumps by steam bubbles are typical examples of each
phenomenon, Together with erosion by solid particles, they are essentially
mechanical forms of metal deterioration, because the contribution of corrosion
usually is thought to be almost negligible. In these three phenomena, direct
damage of the metal occurs when the forces involved in the impact are higher
than the material strength,

At lower energy transfer rates, erosion-corrosion predominates, charac~-
terized in appearance by grooves, ripples, gullies or smooth-bottomed shallow
pits, usually exhibiting a directional pattern which makes evident the cor-
rosive action of the environment., The flowing fluid can be a single~-phase
(liquid), a two-phase (liquid/gas or liquid/solid), or eventually a multiphase
(gas/liquid/solid) system. Under certain conditions, the corrosive action of
the flowing fluid is coupled to the mechanical effects noted above leading to
enha..ced rates of metal loss. This is particularly true when the liquid is
water or an aqueous electrolyte and in this case {s difficult to distinguish
erosion-corrosion from pure erosion, Systems of interest in the steam-water
cycle of nuclear power plants are obviously those in which a liquid (water,
aqueous solution) and/or a gas (steam) phase are involved. It should be
noted, however, that erosion-corrosion does not usually occur on surfaces
exposed to dry steam, suggesting that the damage process is essentially an
accelerated form of electrochemical cqueous corrosion.

Under ercsion-corrosion conditions, the main effect of a fluid moving
with a high flow rate is the localized removal of protective surface films,
leading to accelerated corrosion, as depicted in Figure 1, However, the
attack {s lers localized than in pitting or crevice corrosion, which are cor~
rosion proce: ses typical of stagnant fluids. In those locations where protec~
tive surface layers are removed, the electrochemical and hydrodynamic condi-
tions determine the rate of corrosion in the presence of a physical separation
between a small anodic area and a large cathodic surface. The rate of local~
ized orrosion can be acceierated substantially in reglons of high turbulence
where reverse flow and eddying occur (Figure 1(¢)).

As noted above, the boundary between flow-assisted corrosion and erosion~
corrosion 18 not precisely defined for many alloy/environment systems under
various hydrodynamic conditions, Different mechanistic interpretations of
erosion-corrosion have been suggested, in which the emphasis for a particular
system is displaced to the electrochemical or te the mechanical aspects of the
phenomenon,



Erosion=corrosion in the steamwater i{c%‘ of power plants has been ex~-
amined and discussed in recent conferences dealing mainly with problems
encountered in feedwater heaters, moisture separators, boiler tubes, steam
pipizg, pumps, etc. in “oth fossil-fueled and nuclear power plants. Several
papers of particular interest have been presented in recent conferences on
water chemistry of nuclear reactor systems organized by the British Nuclear
Energy Soctcty.(3-‘o5 The aim of this review is to update and c?nglonent
with more recent information a previous overview on the subject.

2. EROSION-CORROSION OF CARBON AND LOW-ALLOY STEELS IN POWER PLANTS

Carbon steels are extensively used in low pressure and high pressure
turbine sections and feedwater heaters in both fossil-fucled and nuclear power
plants. These materials are also used in many ancillary components of the
steam-water circuit, such as rmoisture separators, reheaters, pipes, pumps,
etc. In these components high flow velocities under single-phase (water) or
two-phase (wet stean) conditions prevail,

Damage associated with erosion-corrosion under single-phase condltto?,
has been observed at inlet ends in high pressure feeiwater heater tusgl
feedwater tu?o gnlcto in steam generators of gas-cooled reactor. , feed~
vater pumps,(10) and recently in the catastrophic failure of a |uction line
to the main feedwater pump at the Surry Unit 2 nuclear pou’r plant.( D Two-
phasc erosfon~corrosion is a more widespread problon and it has been
frequently observed in steam extraction piying, cross-over pipes from high
pressure tuz?inc to the moisture separator, and on the steam side of feedwater
heat tubes, as well as in many other anxiliary components of the steam-
water cyflc. A coaplete compilation of the faflure cases reported at the EdF
meeting, including conditions for the occurrence of erosion=corrosion,
components and materials affected, and estimated erosion-corrosion rates, was
presented by Berge and Khan in the meeting's proceedings,

Damage of such power plant components generally occurs at locations where
tiere 18 severy fluid turbulence adjacent to the metal surface, either as a
result of inherently high fluid velocities (e.g:, >2 m/8) or due to the pres-
ence of features (bend, tee, orifice, ctc.) generating high local turbulence
levels. 1In many cases the metal surface {s characterized by the occurrence of
overlapping "horseshoe” pits resulting in a scalloped appearance, Micro-
pitting of the metal surfaces also occurs, being rzlatod so gn accelerated
attack on the pearlite grains of the carbon steel, ) which 1s
probably the ({nitial step in the darage process. A thin layer of vxide, | um
or less, is normally present on the corroding surface, but the rate of pene=
tration {a these localized areas deprived of the characteristic Potter=Mann
doubl 1.;0{ oxide film can reach values as high as 0.1 to 10 mm/
year. Such rates of metal removal are indeed intolerable in
power plants which have a design lifetime of 30 to 40 years, but ever signif=
fcantly lower rates of attack may generate undesirable high concentracions of
corrosion products {n the water circuits,



3. PHENOMENOLOGICAL ASPECTS OF EROSION-CORROSION

In recent years the fundamental aspects of erosion-corrosion o{ steels in
high temperature flowing water have been studied by several authors 9,17,18)
particularly under single-phase conditions. For example, Bignold et a1,(21)
have reported, as shown in Figure 3, that the total amount of metal less in-
creased linearly with time after a short non-linear initial period for carbon
steel in deoxygenated water (pH 9.05) at 130°C, The slope of the line repre-
senting the steady state erosion-corrosion rate depends on the chemical com
position of the steel (as illustrated in Figure 3), water chemistry,
temperature and hydrodynamic conditionzi However, under particular condi~-
tions, as indicated by Bignold et al., 1) there is a substantial initiation
time before any eruvsion-corrosion loss is ubserved (Figure 4). Once
initiated, the erosion-corrosion rate increases rapidly to a high value and
remains constant for the duration of the test., These authors have pointed cut
that the ini_fation time can vary widely with the experimental conditions and
may represent the time required to remove locally a protective magnetite film
formed when specimens are initially exposed to a low flow cnvasonncnt. This
conclusion is supported by results obtained by Berge et a1, (1 showing that
preoxidation of carbon steel specimens (preoxidation conditions were not
described) delays significantly (hundreds of hours) the initiation of
erosion=corrosion in ammoniated water (pHzs = 9.2) at 225°C. Delayed
{nitiation times of the order of hundreds of hours are not expected to sub~
stantially affect evaluations of erosion-corrosion rates and metal losses in
components exposed to a flowing fluid for many thousands of hours. However,
these observations {llustrate the potential risk of using data and kinetie
expressions obtainel in short term tests for predicting long term behavior
without an adequate knowledge of the rate of metal loss as a function of time.

Prior to the discussion of the more important factors affecting erosion-
corrosion of carbon steels in high temperature deoxygenated aqueous environ-
ments, a brief review of the general corrosion behavior of these s ~els is
useful, According to the potential =pH diagram for iron in pure water, as
caown in Figure 5,(26) a thermodynamically stable film of magnetite (Fe,0,)
is formed in high temperature deoxygenated water, This film {s stable at
potentials close t> that corresponding to the hydrogen evolution reaction
(indicated as line a in Figure 5) over a wide range of pHs just above the pM
of neutral water, The nomz icncral behavior is observed at temperatures
ranging from 100 t» 300°C, 6 However, the solubility of magnetite in water
contatnln, Hy changes with pH and also with temperature, as shown in Figures 6
and 72,0270 At neutral pHs (pHzs = 7), the solubllity reaches a maximum
between B0 and 150°'C and decreases agaln at higher temperatures.

Tue coilrosion behavior in low flow rate (<2 m/a) circulating water can be
dlrtctlg related to the solubi. ity of magnetite, As shown by Brush and
Pvarl.( B) {ron release rates reached a maximum at about 100°C in water con~
taining less than )} ppb Oss Only in the presence of >15 ppb 0; a fully pro=
tective film of Fey0, is formed, which slows down significantly the iron
release rate, At low tempecatures (<100°C) {ron dissolves slowly i
deoxygenated water to form Fe(OW), according to the overall equation,

Fe ¢ 2H 0 » Fe(ONH), + M, (1)
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whereas at temperatures ubave 100°C, Fe(OH), is more rapidly formed and con=
verted to magnetite according to the Schikorr reaction

3JFe(OH); + Feq0, + 2H0 + H; (2)

At even higher temperatures (>200°C), it has been lu;;nctcd.(29) as schemat=
fcally shown in Figure 8, that Fey 0, is formed directly at the metal/oxide
interface by tr’noport processes involving either the diffusion along grain
beundaries of 0°~ iors and the hopping of H* ions between adjacent 0°T fons in
the oxide lattice or the liquid diffusion of H,0 molecules through submicro~
pores in the oxide toward: that interface. These alternative ptoc,nool are
accompanied by the simultaneous outward movement of metal fons (Fe**) via sub-
micropores or gr~in boundaries (liquid or solid state diffusion) to the liquid
phase. Under low flow rate conditions the liquid phase immediately adjacent
to the oxide becomes saturated with soluble iron species and therefore an
outer magnecite layer is nucleated and grows in the form of large crystals
(0,55 ym) on top on the inner oxide. The net result is a doudble layer oxide
(the so-called Potter-Mann oxide) with the inner layer occupying the volume of
the metal oxidized.

The presence of Hy dissolved in the environment or formed locally by the
corrosion reaction, as well as the pH, determines the dissolution-deposition
of magnetite at the oxide/solution interface accozging to the generalized
equarion proposed originally by Sweeton and Baes: 0)

+ dissolution
FGJO‘ + 3(2-B)H =+ Hz mﬂ'.(OH)b

where b = 0,1,2,3, depending upon the degree of hydrolysis of the ferrous ion.

+
] BB 4 (a-3p) H,0 (3)

In low flow rate or stagoant solutions, if atomic hydrogen {s able to
diffuse through the metal (as shown in Figure 8), a compact, non-porous oxide
layer is formed representing a low general corrosion situation. On the other
hand, {1 tne presence of a high hydrogen concentration in the eavironment, a
porous oxide layer is formed at a higher corrosion rate.

The previous discussion sets the tasis for a physico-chemical understand-

%?’ gg)the crosion=corrosion proc - 3., The most common!y accepted mechanism

s for erosion-corrosion of carbon steels .n high temperature deoxygen-
ated vater flowing at high flow rates is one of reductive dissolution of (e
magnetite (F30,) film by enhanced mass transport of soluble Fe(ll) species.
1f the rate of mass transfer of soluble Fe(Il) species to the bulk of the
solution is accelerated by the flow velocity, it is appareat from Eq. 3 that
the enhanced dissolution of magnetite will lead to acceierated metal loss as
iron oxidizes to replace the dissolved tilm, Under these conditions the outer
oxide layer is not formed and erosion-corrosion occurs, under steady state
corditions, through the simultaneous formation and dissolution of a file of
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Figure 5. Potential =~pH diagram for Fe~H 0 at 150°C. Activities of dissolved
species taken as 107 mole/kg, Line a is drawa for pHp=l at,
(Townsed, Ref. 26). the pH of neutral water is 5.8 at 150°C.
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R ] 1 ‘If : ‘T E I T ] 1

——

523 K
~ (250°C)

LOG [m (Fe, sot)/mot k')

| I N AR WY N W N U
Rl 6 8 10 12
pH (298 )
Figure 7 Experimental solublilities of magnetite at 523 and 4«73°K and 779¢{

uol-e-kg"1 Hze The solid l'ne corresponds to the least-squares-
fitted pavametirs listed in Table IV of the original publication,
(Tremaine and LeBlanc, Ref., 27)



Fed*

OUTER
OXIDE
LAYER
8
-\
i+
I NNER H,O "
OXIDE o | |
LAYER 02- o
@—J )r
e
METAL W Nl N
] w
Figure 8. Model of steel corrosfon by high t mmperature vater (pH <11).

™ffusing specis are shown on lef ~hand side. Grain structure
is shown on right-hand side. Tre Fe/Cr spinel grain structure is
shown within one ghost ferrite grai. only, (Tonlinson, Ref. 29)



magnetite of constant thickness, and hence, at a constant rate of metal loss,
If the overall process is controlled solely by mass transfer in solution, the
rate of metal loss can be simply express:d as:

dm/dt = K(C = Cp) (4)

where C is the concentration of Fe(l1l) species in solution at the oxide/
solution interface, Cp is the concentration fn the bulk, and K is the mass
transfer crefficient, which varies with local hydrodynamic conditions.

With these basic -oncepts in mind, it is possible to discuss the role of
the major influential ractors ia the occurrence of erosion-corrosion. They
can be classified as follows:

+ Hydrodynamic factors (flow rate, geometry of the flow path)

+ Environmental factors (temperatire, n'i, oxygen concentration, water
impurities content)

+ Metallurgical factors (msinly the chemical composition of the steels)

The rate of metal loss depends in a complex manner on such factors.
Therefore, it is not surprising that a satisfactory and comprehensive
predicting model {s not yet available. Nevertheless, several models have been
developed which are capable of semi-quantitative predictions of metal loss.
Following a review of the 2xperimental data available, these models will Le
examined and the differences between them emphasized in the next section.

Hydrodynamic Factors

The strong dependence of erosion-corrosion race on flow velocity for
carbon steels in high temperature geoxygcnutod water is {llustrated in Figure
9, as reported by Bignold et al.(17)  In this case the rate is proportional
to the square of the fluid velocity, but it should be noted that these results
were obtained for a particular geometry corresponding to the expansion of the
flow from an axia’'ly located orifice (see Figure 2¢). Although experimental
reslts are many times reported in terms of fluid velocity, erosion-corrosion
rate is not only determined by the flow rate, but also by the flow path
geometry,

Following initial attempts by Gulich et al.,"l) many other laboratory
studies(17,19,20,21,24) have confirme) that the local mass transfer
coefficlient (K), which can be defined as the ratio between the reaction rate
and the concentration driviag force for a process datermined by mass
transport, is the controlling parameter. This coefficient depends on a
complex manner of fluid velocity, geometry of the flow and temperature, as
related to dynamic and diffusional properties of she system, but it can be
expressed in terms of nondimensional ;roupl.(32-3 ) In general, the
Sherwood number, Sh = K d4/D, where d is the characteristic length (for
example, diame.er of a pipe), and D is the diffusivity of the relevant
species, is expressed as

“h = K4/D = constant R«  Se (35)

12
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where Re = vd/y is the Reynolds number, Sc = y/D is the Schmidt number, and v
and y are the velocity of the fluid and the kinematic viscosity,

too?gtgtvely. Usually 0.66 < a < 0,875 and 8 = 0.33., For example, Becryer and
Han have shown that for fully developed turbulent flow in a smooth
straight pipe

sh = 0.0165 re"*%¢ 5 7+% (8

Since the mass transfer coefficients for simple flow geometries cat be
calcuiated by using expressions similar to Eq. (6), experimental correlations
between erosion-corrosion rate and mass transfer coefficients under well
defined environmental conditions cn2 9’ used to predict that rate for other
situations. For example, Figure 10 ! shows that a cubic relationship
exists between the erosion-corrosion rate for carbon stecl in deoxygenated
water at 150°C and the mass transfer coefficient over a wide range of flow
rates. Since the mass trainsfer coefficient for flow downstrecm of an orifice
is proportional to the flow velocity to the (2/3) power, the erosion-corrosion
rate should be proportional to ?ha square of velocity, as seen in Figure 9,
However, as shown in Figure 11, 20) the exponent of the mass transfer co-
efficient is extrenely dependent unon temperature and pH, indicating a more
complex relation “han that {ndicated in Figure 10 for a single temperature and
pH .

Another author(24) have found a different relationship between erosion-
corrosion rate and mass transfer coefficient, as shown in Figures 12 ard 13,
A linear relationship is observed for K values runging from 3.5 to 16 sm/s in
Figure 12, whereas Figure 13 indicates the existence of a threshold value of
K, above which the rate increases llnearly with the mass rransfer
coefficient. 1t should be noted that these results were obtained using flat
specimens located perpendicularly to the water {low produced rhvough a
nozzle. Extremely high erosion rates were measured, although the water chem
istry is similar to that employed by Bignold and consists of deoxygenated
water (<5 ppb Ujy) with pHys = 9.0 by conditioning with ammonia and 20 ppb of
hydrazine.

The comparison of these results indicates that despite the significance
of the mass transfer coefficient as a controlling variable of the hydrodynamic
conditions, it is difficult to establish the relevant value fgg 8 given
geometry, Furthermore, as experimentally shown by lignold.(l the mass
transfer coefficient for water flowing through an orifice shows a well defined
maximum at a distance beyond the orifice equivalent to 2 times its diameter,
with a relatively abrupt decay to low values at about 7 times the iu?c
diameter, in good agreement with calculations performed by Conoy.( 3 Thus,
the local value of the mass transfer coefficient is the relevant variable, but
in practical situations a distribution of values exists, giving rise to widely
different erosion-corrosion rares. In addition, small alterations in the
roughn 'ss of the surface or the presence of protrusions from welds and other
irregularities may significantly alter those coeffizient values calculated by
taking into consideration a rather smooth surface., In particular, roughness
due to the erosion-corrosion process itself may give rise to increasingly
higher values of mess transfer, and hence an acceleration of erosion-corrosion

16



An empirical approach has been suggested by Keller(12) to estimate
erosion=corrosion rates for different flow path geometries under two-phase
flow on the basis of observations of damage in wet steam-turhires. His
approach will be presented in a Jater section.

Environmental Factors

Temperature, A very importan. variable affecting the erosion-corrosion
resistance of Larbon and low alloy steels is temperature. Most of the
reported cases of erosion-corrosion damage under single-phase conditions have
occurred within the temperature range of 80 to 230°C, whereas the range is
displaced to higher temperatures (140 to 360'?; gnd;r Sug-phaac flow, On the
basis of laboratory work, several authors(12,17,20,35,36) have reported a
maximum in the croulon-cg;sgotoa rate at some intermediate temperature, as
fllustrated in Figure 14 for carbon steel in ammoniated, deoxygenated
water (pH = 9,05). It i{s seen that the maximum becomes significantly more
pronounced with increasing flow rate or mass traasfer,

The precise location of the maximum seems to change with pH and other
onvitonn,ntal v:riablon. but under siagle-phase conditions is about 130 to
150°¢,(17,20,35 loz two-phase conditions gh’ location is displaced to
aprroximately 180°C,(12) byt other authors(38) have reported a maximum at
150°C, also on the basis ?; p&tnt experience., However, as reported recently
by Tomlinson and Ashmore, 7,38) gevere erosion-corrosion («3 mm/year) was
observed at 300°C in small ferrules used to control the flow of water (=20
m/s) through individual tubes in evaporator units of the Prototype Fast Reac~
tor in the U,K, Extrapolation of the data shown in Figure 14 would lead to
very small erosion-corrosicn rates at that temperature for an all-volatile
treated (AVT) water with pH ranging from 8.6 to 9.2, On the contrary, the
plant results indicate rates of erosion-corrosion which are similar in magni-
tude to those found between 100 and 160°C. The authors attribute these high
erosion-corrosion rates to au exceptionally low level of chromium in the
material, a factor to by discussed below., For this reas-n, among others, it
seems very important to ewphasize again the difficulties associated with the
extrapolation of short te. s experiments to plant exposures (> 15,000 hours).

pH. 1t has been found (Figure 15) that an increase in the pH of the
wvater above 9.2 (measured at room temperature) inducer a decrease of more than
one order of magnitude in the erosion-corrosion rate of carbon and low alloy
steels.(35) This observation is in qualitative n"’caont with early studies
of erosion=corrosion damage in feedwater heaters, indicating that attack
occurred predominantly at pH values less than 9,0, but it was not normally
observed at pH > 9,2,

According to the results of Bignold et al..("'l9) the erosion-cor=-
rosion of carbon steels in ammoniated, deoxygenated water at 148°C decreases
with pH, as shown in Figure lg. For the upper solid line the rate is approxi-
mately proportional to lH’)l- over the pH range 9.05 to 9,65, However, the
scatter in tle data makes it difficuit to define precisely the slope of the pH
dependence, Some of the data paints at pH = 9,5 seem to indicate an abrupt
decrease of the erosion-corrosion rate above this pH, but it should be noted
that this is a relatively high pH for p}sns operation., A less strong pH
dependence has been observed by Apblett 9) over the pH range 8,0 to 9.5 at
99°C. In this case, the rate was found to be directly proportional to [K*].

17
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Regarding the effect of volatile bases added to the water to control the
pH, Barge et al. 18) have ehowi that the rate of metal loss for carbon
steels in jet impingement tests with deovvgenated water at 225°C are signif-
fcantly higher in the presence of ammonia (approximately 5 times) than in the
presence of morpholine when the pH at 25°C 18 contrulled at a value of 9.2,
The lower rate of erosion-corrosion observed in the presence of morpholine
should be attributed to the higher nH attainable at high temperatures with
this additive. rz§ two-phase application the beneficial effect of morpholine
has becn noted, (! Its more favorable partition coefficient between water
and steam in comparison to ammonia leads to higher pH values in the liquid
phase.

g§§|9a Content. The beneficial effect on erosion-corrosion rate arising
from the presenc gf ggololvod oxygen in the water has been reported by
various authors.(33,3 1t should be noted that iron release rates from
carbon steel in pure water (neutral pH) decreased by up to two orders of mag-
nitude over the temperature r?nls of 38 to 204°C with increasing oxygen con-
centration from 1 to 200 ppb. e It car be expected that erosion~corrosion
rates follow this type of behavior. As a matter of fact, additions of up to
300 ppb oxygen to the feedwater constitute the basis of the oxygen-dosed
neutral water chenistry and the combined oxygen-ammonia water chznl.tr;
regimes used by German utilities for fossil-fueled power plants. 40,41 No
incidents of erosion-corrosion have been reported in these plants coupled with
very low levels of {ron detected in the feedwater., In both regimes the con-
trol of the water purity is Ct3t1CI1. because small concentrations of aggres-
sive anions such as C1™ or SO, may lead to very high corrosion rates in the
presence of relatively high oxygen contents,.

1a laboratory work the beneficial effect of ox§§en on erosion=corrosion
was roported initially by German rcuearchorl.(350‘ as shown in Figure 17,
However, in this figure {t appears that relatively high levels of dissolved
oxygen (>100 ppb) are required to reduce the grolton-corroaton to sufficliently
low values, More recently, Bignold et al.(21) have shown (Figure 18) that
dissolved oxygen concentrations of about 8 ppb are sufficient to arrest
erosion-corrosion of carbon steels (two different tests) in ammoniated water.
When the dosing of oxygen was interrupted, there was a significant delay
before erosion-corrosion restarted at the initial rate, The delay (from 50 to
more than 200 hours in different experiments) is related to the duration and
level of oxygen dosing, as well as to the severity of the hydrodynamic and
environmental conditions in the reinitiation period.

In a more recent ltudy,(zz) similar date were obtained for oxygen
inhidtion of erosion-corrosion at 150°C and at a lower pH, around 7.8, In
this case, the potential of the specimen was measured, as shown in Figure 19.
It i3 seen that the addition of oxygen shifts the potential to more positive
values, This effect has been interpreted as due to a change in the cathodic
reaction from hydrogen evolution,

2T + 2e + W, (7)
to oxygen reduction

1/2 0y + Ha0 + 2™ » 2 OW" (8)
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The precise oxygen level required to inhibit erosion-corrosion depends on
the local oxygen mass transfer coefficient to the eroding surface and the
existing metal loss rate. An upper limit to the amount required for complate
inhibition was estimated by calculating the mass transfer rate of oxygen
required to balance the ongoing erosion-corrosion rate, according to the fol-
lowing expression:

lbz(o,] 5, ® erosion-corrosion rate (9)

vhere ‘02 = local oxygen mass transfer coefficient

(03] = concentration of oxygen in solution required to inhibit
erosion~corrosi

by = density of water

Figure 20 shows a plot where the influence of dissolved oxygen on
otoclon-c?;;?oton rate is indicated on the basis of expcrirental data obtained
at 150°C, Although the theoretical slope for the threshold oxygen con-
centration derived from Eq. (9) should be 0,285 and the exper’ antal one dif-
fers by a factor of 4, the correlation seems to be satisfactory This diagram
is particularly useful to fllustrate that substantial differences in erosion-
corrosion resistance can be expected smong different plants operaiing under
rather similar conditions, Systems operating with nominally deoxygenated
feedvater may suffer serious erosion-corrosion problems, while others which
are apparently similar, but in reality have slightly higher oxygen content in
the feedwater, may not be susceptible to danmage.

An additional observation reported by Bignold et al.(22) deserves to de
mentioned. They have found that dissolved oxygen inhibits erosion-corrosion
and controls the potential of the steel even in the presence of relatively
large concentrations of reducing agents, such as N;H, and Hjy, at temperatures
up to 250°C, Below this temperature the reduction or scavenging of oxygen by
these species is sufficiently slow (particularly at about 150°C) that enough
dissolved oxygen (s available to inhibit erosion-corrosion., These experi-
-nzzs a! well as others conducted in a full-scale single~tube boiler
rig =43) have been used as a basis to qualify an oxygen-ammonia-hydrazine
feedwater treatment as a remedy for erosion~corrosion problems in British ACGR
plants, The water chemistry consists of pi = 9.3 water controlled by amonia,
with the addition ot 30 yg/kg Ny, and only 15 ug/kg 0,.

%5%§§_15121L%§ 8 _ang Acait + Most of the reported laboratory work in
singl se aroslon~corrosion, both in neutral or amsoniated wvater, has been
conducted with feedvater of very low conductivity (< 1 uyS/em). No net’-'t has
been made to study the effect of anionic impurities such as C1™ or SO 7,

which are complexing agents for Fel* and may affect the magnetite solubiliry

26



MEASURED OXYGEN LEVEL ,ppb

EROSION CORROSION INHIBITED

- EROSION -
PO . CORROSION UNAFFECTED
Q
PN I T o] I R
0 20 a0 60 80
EROSION CORROSION RATE 3 PQ-'WOZ
Pw (OXYGEN MASS TRANSFER COEFFICIENT)'
entration required to inhibit erosion=corrosion of
sild steel In water at 150°C, Solid symbols, erosion-corrosion
inhibite € svmbols, erosion~corrosion unaffected. Half

n=corrosion slowed or inhibition anticipated

] - 1 »
tern. " ilsey et 1".h..-f.



e o R el L il

D ..

IR

R R Dy
.

as expressed by Eq. (3), According to the accepted concepts for the erosion-
corrosion process, any species that tends to dispiace Eq. (3) to the right may
enhance erosion~corrosion rates. This {s particularly true for acidic {mpuri=-
ties, in particular with neutral feedwater. A particular risk in the case of
air in-leakage through condensers arises from the presence of CO,. However,
CO; can be formed also by decomposition of carbonates or other organic
impurities., Organic aclds, such nz zfotie acid, are very stable in aqueous
solutions even at high temperature 46) and suffictently acidic to enhance

the dissolution of magnetite., They can be generated by decomposition of
orgaric {mpurities (humic matter), lon exchange resin:, etc. In particular,
one of the main disadvantages in the use of morpholine or other amines to
replace ammonia is the generation of CO, or carboxilic acide as products of
their decomposition, with an assoclated lncrcaat ’g the cation conductivity
which may mask small cooling water in-leakages. ¢

M i Fac

Having discussed the role of hydrodynamic and environmental factors on
the erosion~corrosion of steels, 1t is important to emphasize t.at the chem
{cal composition of the steel has a predominant influence on the resistance to
erosion-corrosion ia high temperature water or wet steam. Whereas plain car~
bon steels are extremely suaccpttblz so erosion-currosion, sustenitic stain~
less steels are essentially immune, 6

Many authors have ropertoé(l‘v‘st‘gvjs-’ﬁ) that the addition of
chromium to steels has a profound beneficial effect on the rosistance to
erosion=corrosion under buth single~ and two-phase conditions., Even at
chromfum contents as low as | w/o, the erosion-corrosion rate can be reduced
{n more than one o[dcs 0* magnitude in comparison to plain carbon steel, as
shown in Flgure 3,021) However, in certain plant components these erosion-
corrosion rates may still give rise to intolerable levels of soluble iron, and
alloys 7iih hlihxr chromium contents (l.e., 2 w/o Cr) should be em
ploved, 14,15,%3

There ave few systematic studles on the effect of alloying elements on
erosion=corrosion of carbon and low alloy steels under ecn‘l}‘g&t ‘lotlnt to
those encountered in power plants, Although Heitmann et al, 49 have
reported data for a variety of commercial steels in high temperature flowing
water, as shown in Figures 21 and 22 for the effect of flow velocity and
temperature respectively, the separate effect of the main alloying elements
cannot be assessed from thelr results, It i{s apparent from these figures,
however, that low alloy steels with increasing chromium contents are more
resistant to erosion=corrosion, At high flow velucities and at the peak tem
perature, erosion=corrosion rates can be reduced by almost two orders of mag-
nitude by substituting | Cr=0,5 Mo steel for carbon steels.

Studies conducted by Huljbrc;tn(’g) using a large aumber of heats of
carbon steels have shown that coabinations of relatively small contents of
chromtum, molybdenum and copper (0.1 w/o) impart better resistance to erosion-
corresion in wet steam than steels deprived of these residual alloying
elements, The relarive resistance to erosion-corrosion (R) was represented by
the following exprission obtained by linear regression:

R e 0,61 # 2,43Cr # 1.64 Cu » 0,3 Mo (‘0)
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where Cr, Cu and Mo are the uol!ht percentages of these elenents in the

steel., A confidence level of r* = 0,925 was calculated for Equation 10 on the
basie of tests conducted in high velocity (960 m/s) wet steam (10X water con-
tent) at 253°C, MHowever, these results may not be applicable to single-phase
flow, because an additional damage process associated with droplet impingement
could render susceptible to erosion-corrosion those alloys which are not
affected so much by high temperature flowing water.

The remaining -yt;ogntlc study on the effect of alloying elements was
conducted by Ducreux,(9!1) He studied low alloy steels (<2.3% Cr) in water
(56 m/s) at '80°C, concluding tha¢ chromium {s the more influential element,
His results are summarized in the form of four equations:

1) Assuming that chromium alone confers resistance to erosion-corrosion,
R = 0.7+ 32,ACr; t? 0,9 (n
Ro= 32 cele02 ; o7 20,9 (12)

2) Assuming that chromium, molybdenum and copper are responsible for
the resistance to erosion=corrosion,

Row 5.2 ¢ 28,9 Cr # 51,9 Cu ¢ 11.5 Mo ; r? = 0,980 (ayn
R o= 83,0 Cr0e89 Mo0e20 0425 ; % o 0,965

Although it is difficult to assess the relative value of these equations,
there are experimental evidences confirring the dominant role of ch{grgu. in
improving erosion=corrosion resistance., As shown by Bignold et al.
using XPS to analyze the composition of the oxide film formed on | Cr=0,5 Mo
steel in high temperature water, selective dissolution of iron promotes the
formation of an oxide film highly enriched in chromium. The chromium enrich-
ment was found to be 5 to 10 times that of the metal substrate and even
several times higher near the oxide/solution interface. No molybdenum enrich-
ment was ?bgngoﬂ. These results have been considered by Tomlinson and
Ashmore! 37, to explain the abnormally high rate of erosion~corrosion
observed in plart for carbon steel ferrules as noted defore. They have
pointed out that the chromium content of the steel tczsu es was extremely low
(0,006%) in comparison to that used by Bignold et al, 1) in thelr studies,

In the latter case the residual chromium content of the plain carbon steel vas
0,07%, Although they also found a significant chromium enrichment in the
oxide film, it was concluded that the chromium content of the steel was still
extremely low to confer resistance to erosion-corrosion at 300°C, No similar
enrichment was observed for Mo or Cu, Froa these results it seems that
molybdenum contents up to 0.5 w/o without the similtaneous presence of
chromjum do not offer sufficient protection against ercsion~corrosion, as
fllustrated in Figure 22, The beneficial effect of chromium {s understandable
{n terms of the extremely low solubility of chromium oxide or chromium
spinels, (fc,Cry)leo. with x+y=2, in high temperature water, Omly in

those cases in which mechanical effects may affect the integrity of the
chromium oxide film can nigh erosion-corrosion rates he expected for alloys
with moderate chromium content (=2%),
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4, MODELS OF EROSION-CORROSION

During the last decade several authors{17.18,25) nave developed analyt-
ical models based on the qualitative description of the relevant physiochemi~
cal processes presented before., In all these models the relevance of mass
transport of Fe(ll) species away from the oxide/solution interface, as
described by Eq. (4), has been considered as one of the controlling factora in
determining erosfon~corrosion ratvs. However, there are differences detwean
the various models arising from different assumptions that must de clavified.

1) Medel of Berge et al.

According to this model, the erosion-corrosion rate is detersined dy two
coupled processes. One is the dissolution of magretite according to Iy, (1),
assuming that the rate of roaction is given by:

dn/de = 2k (C..- c) (1%

where Coo is the equilidbrium concentration of Fe(11) specier from Eq. (3)
a given zl and concentration of dissolved Hy; C is the true concentration at
the interface oxide/solution; k (s the rate constant for the chemical reac~
tion, which is assumed to be of lst order, and the coefficiert 2 appears
because it 1s assumed th ! the rate of corrosion is equal te two times the
rate of dissolution of the magnetite,

The second process is the mass transport of soluble Fe(ll) species to the
bulk, as given by Eq. (4). Therefore,

dm/dt = KZEKI(ZhOK)l(C.‘ - C') (16)

This expression can be rearranged tn give

de/dt = |K/(1 » l/!h)](c" -C.) 11

b

With the assumption that Cp is negligible, Berge et al.(18) nayve
shown that the rate of erosion~corrosion {s proportional te c.,. as cal-
culated from the following equation,

€ I ? e kglH*) o Ry » K /IR M),y (18}

Using the Sweeton and Baes data(30) for different solution pHs as attained
by the ?gdgtton of NHy or morpholine. In addition, as shown in Figure 12,
ducreux{?%) has found for & limited range of conditions a lineal relation=
ship between the erosion~corrosion rate and the mass transport coefficlent,
According to Eq. (17) this caa be expected when k » K, The observatior that
Cp>0 has an effect on erosion-corrosion rate and tie possible existence of a
threshold value for K, above which oroozgn-cettooton takes place have been
discussed in the context of this model,(24)
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where B depends on pH according to the accepted hydrogen evolution mechaniem,
At the corrosion potential 1, = i., and with the assumption that i, is
entirely determined by mass transport, it follows from Eqe. (4) and (23) that

ZFK(C-Cb) = FBexp(-BFE/RT) (24)

As a resalt, if Cp i¢ assumed to be negligible and 8=1, the followin,
expression gives the concentration of ferrous ion:

. 4k2c° Yru*12/82
C = 4K ceq [H¥]“/B (25)
3.0 Yry*t12,.2
(dm/dt) =4h'C,o (" ]%/e (26)

This equation shows that the erosicn-corrosion r-te depends on the third
power of the mass transfer coefficient, This was precisely the behavior
observed in experiments carried out in ammoniated water of pHr9.05 at 149°C,
as shown in Figure 10, However, as shown in Figure 11, the e. nent of the
aass transfer coef’icient varies with cumperature and pH. The decrease of the
exp?nont a* temperatures lower than 130°C has been explained by Bignold et
a1,(20) by assuming that activation-controlled film dissolution becomes
important in determining the rate of the overall reaction because film dis-
solution is insufficient to maintain saturation of Fe(II) species at the
oxide/solution interface. They suggested that the limiting rate would be
axpected to vary with temperature according to an Arrhenius relationship of
the form.

(dn/de), = A exp(=AG /RT) (27)

By assumin; AGY267kJ/mol (' kcal/mol) they were able to model the erosion-
corrosion rate vs. temperature dependence ohserved in the rising part of the
curves given in Figure 14, They have noted that the preexponentisl coeffi-
cient A in the equation should e pH dependent and also tne limitations of
Equation 27 because the rate of dissolution under activation control is poten=-
tial dependent and a more complex expression must be required. Taking inte
consideration these limitations they indicated, however, that the intcoductin
of thz kinetic tarm (dm/dt)y will tend to reduce the mass transfer coeffi-
clent deypendence compared with that predicted for a purely mass transtor
limited rate (dm/dt)y when (dm/dt)y and (dm/dt), are comparable. Other
arguments were put forward to discuss the variation in mass transfer depen-
dunce and also the displacement of the maximum in the erosion-corrosion rate
ve. temperature curves with pH.

They have modeled the decay in the erosion-corrosion with increasing

temperature in terms of mass transfer limitations, taking into consideration
the variation ., the solubility of magnetic with temperature. However, a
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reaction which occurs at the base of the pores in the magnetite film, it fol-
lows that:
(dn/d:)l-ke(cgq-co) (29)

where k is the rate ccnetant, O the porosity of the oxide, Ceq the equilib~
rium concentration of Fe(OH), and C the actual concentration, both at the
inner oxide surface.

The second step is the diffusion o ferrous ions through the pores of the
oxide. These ions, accounting for one-half of the corroded iron diffuse
through the thickness of the oxide,

(dn/dt) = O.S(dm/dt)l - (DB/L)(CO-CI) (30)

where L is the oxide thickness, D the diffusion coefficient, and C| the con-
centration at the pore mouth (outer oxide surface). The final step is the
removal of the ferrous ifons by the connective action of the moving solution.

By assuming that Cp=0, the set of equations can be solved to give

dm/dt = (dm/dt)l = C *

o

)] (32)

-

1 1
eq Vg*+7

One of the {important features in the Sauchez Caldera's model is the
incorporation of the oxide porosity as a ' arameter, He assumed that the
porosity decrecases linearly with increasing tempera ure above i30°C. More
recently teck(52) has attempted to develop a physical model for the decrease
in porosity. He emphasizes the existence of experimental data revealing
magnetite porosity and the difficulties associated with the proper considera
tion of critical variables, Keck considers that porosit “acrease is the
result of the decrease in the number of pores available the transport of
the ferrous {fons throvgh the oxide as a consequence of the localized precipi-
tation of magnetite in specific locations along the pore.

In the Sanchez Caldera's model, as suggested previously by Bignold et al,
it was assumed a Arrhenius behavior to compute the effect of tenperature on
the reaction rate constant k.

This model is more simple than the Bignold's model and has similarities
with Berge's model. However, 1its wain difference is that the dissolution
process {8 not asiociated with the dissolution of magnetite. The concept of
reduced porosity with increasing temperature seems well justified and agrees
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with observations about the protective properties of maguetite at temperatures
above 250°C at low hydrogen partial pressures. Tue limitations again arise
from the assumptions made to calculate relevant parameters, such as the reac-
tion rate constant, Modelling is accomplished by fitting to a set of data,.
but is difficult to e for predictions of erosion-corroaion under different
environmental conditions.

Othvr Models and Predictive Expressions

Whereas a relatively gnod understanding of erosion-corrosion under
single-phase conditions has emerged in receut years #s noted above, no theo~
retical work has been carried out for two-phase flowing conditions, with the
exception of some modellf ; efforts by Sanchez Caldera,(25) Kellar(12)
has proposed an empirics 2quation for predicting erosion-corrosion losses
from carbon steels, bas. in observations in wet steam turbines. This has the
form

s = [6(T) £(x) v K ] =¥ (33)

where § is the maximum local depth of material loss in mm/10* h, £(T) is
a dimensionless coefficient denoting the influence of temperature on erosion-
corrosion [a plot of f(T) against temperature has a bell-shape form similar to
that shown in Figure 14].

f(x) 12 a dimensionless coefficiert denoting the influence of steam wet~
ness on erosion=-corrosion loss. For sibcooled water 1t has been suggested
that f(x) = 1, but for two-phase mixtures f(x) = (1=x)XX, where x is the
steam fraction and O<Kx<l, being Kx = 0.5 the more appropriate value,

v is the fluid velocity in m/s,

Ko is a variable factor accounting for the effect f local geometrv on
the fluid flow. Values of K, in nmm $/ml0* h are summarized in Figure 23,

Kg 18 a constant which the first term in the equation fust exceed
before erosion=corrosion is observed, A value of 1.0 mm/10“ h has been
adopted by Keller,(24)

Despite its pracrtical significance Equation 33 does not contain any fac-
tor accounting for the influence of water chemistry which may have a dominant
effect as discussed above. Nevertheless, Lhe equation can be used as an
appropriate guideline to evaluate the effect of various geometries and steam
qualities in order to improve existing designs and operating prac=-
tices.,

The factor characterizing the geometry of the component considered has
been incorporated to an empirical model, ¢.veloped by Kastner(34) to predict
metal loss due to erosion-corrosion in hi,h temperature {ggvins water., This
is a completely empirical model based un laboratory data in which the
following parameters are considered: flow velocity, temperature, pH, oxygen
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content, and chemical composition of the steel in terms only of the chromium
and molyba.num contents. Comparison of values calculated from the model with

measurements from laboratory experiments and powe: plants showed a consider-
able degree of scattering (up to 2 orders of magnitude), but a conservative

low limit.
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5« SURRY UNIT 2

In December 1986, an .8-inch suction line to the main eedwater pump A for
the Surry Unit 2 power plant falled in a catastrophic manner. Four of tne
eight men working nearby on another pipe were killed during the event.

The condensate feedwater system flows from a 24-inch header to two 18=inch
suction lines each of which supplies one of two feedwater pumps. The line
temperature at this location is approximately 370°F (188°C), with a pressure
of approximately 370 psig and a maximum flow rate of 5 million lb./hr. The
fluid in the pipe at this point is considered to be liquid phase with no vapor
present.,

The following additional information was derived from the BNL failure
investigation:

l. The pipe material {s ASTM A-106 Grade B carbon steel. The pipe is I8-inch
(46cm) diameter with a nominal wall thickness of 0,500 inches (1.27cm).

2, The elbow material is ASTM A-234 Grade WPB carboen steel, also with a nomi-
nal wall thickness of 0,500 inches (1.27¢m).

3. Localized areas measured on the elbow were thinned to as low as .046 inch
(1el7mm),

4. The flow .elocity of the header was 12fps (3.05 m/s) while the pipe was
17fps (4.32 m/s).

5. The elbow developed two ruptures. Both ruptures in the elbow were sepa-
rated by four inches and approximately two inches from the weld,

The BNL failure !nvestigation revealed that the chemical and mechanical
properties of the pipe, elbow and weld materials involved in the Surry failure
were r?nsistcnt with the expected properties of the specified materials. The
report 1) concluded that the overall thinning of the elbow and pipe mate~
rial at Surry 2 (Figure 24), in addition to the ductile tearing on all of the
fracture examined, were a clear indication that the Surry Unit 2 feedwater
pipe failed as a result of an erosion-corrosion mechanism under single phase
conditions,

At the time of the failure investigation, it was believed that the Surry
incident was the first case of single phase erosion~corrosion at a nuclear
plant. The next section will reveal that this was not the case.
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6. TROJAN POWER STATION

A review of the liter: ture revealed(56) that, Surry Unit 2 was not
unique in being the first auclear unit to have a rupture caused by single
phase erusion-corrosion. The first event took place at the Trojan Station and
is described in part by NUREG/BR-0051 as follows:

“...0n the evening of March 9, 1985, the plant was operating at 100%
power. Average coolant temperature was 585 degrees F and reactor
coolant system (RCS) pressure was 2235 psig. At about 9:50 p.m., a
reactor trip occurred from automatic actuation of the reactor
protection system, due to a main turbine trip. The turbine irip was
caused by a spurious main turbine bearing high v!'.ration signal.

The rcactor protection system and plant safety systems functioned as
designed during the transient., Following the turbine trip, the
resulting automatic main feedwater isolation produced a pressure
pulse to approximately 875 psig in the heater drain and feedwater
systems, as expected. However, the pressure surge caused an eroded
section of the lé=inch diameter heater drain pump discharge piping
to rupture, resulting in the release of a steamwater mixture of
approximately 350 degrees F into the 45-foot (ground-level) eleva-
tion of the turbine building. 1In addition to the fire suppression
(delug2) systea actuation by heat sensors in the turbine building
and damaged seccndary plant equipment, one merver of the plant
operating staff received first and second degree burns on 50% of his
body from the high temperature fluid. He was “reated at a local
hospital for three weeks before being release ...”

Discussions with both USNRC Region V personnel and Portland General
Electric(37=59) (pGE-owner of Trojan) disclosed that a failure investigation
was performed by the utility and that the cause of the failure was a single
phase (water only) erosion-corrosion phenomenon,

Figure 25 i{s a photograph of the failed 14 inch diameter pipe from Jrojan
(Figures 25-28 are PGE supplied photographs of the Trojan failure). The fail-
ure occurrved very close to a weld (Figure 26) on the pi-

Figure 4 is a photograph of the eroded inside surface of the pipe on the
wall opposite the failure. A "scalloped” surface typical of erosion-corrosion
was seen on the inside surface of the pipe (Figure 28).

Table | is a listing of bhoth, the chemical and mechanical property aata
frow the falled piping at Trojan. It is evident from the table that the chem
lcal and mechanical properties of SA 106 Gr.B material were satisfied. The
table also shows that the alloying content of the failed pipe (Cr, Ni, C)
were very low = ,02%, These elements have been shown 6) to reduce the pro=
pensity of erosion-corrosion attack {f they are present in sufficient
concentration,

Tne failure investigation also documented that the microstructure of the
pipe material was normal for A '006 Gr.B materiail., This failure was considered
by the utility to be cavsed by erosion-corrosion in a single phase system (450
psig and 350°F, with a bulk flaw rate of 20-24 fps). This being the case, the
Surry Unit was actually the second instance of this type of accelerated attack
which appears to make the problem potentially generic.
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Figure 25. Photograph of the failed 14 inch diameter pipe from the Trojan

Figure 26, Close~u yhotograph of the weld area adjacent to the failure.
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Table 1

Chemical and Mechanical Property
Data From Trojan Failure

Chemical Analysis SA 106 Grade B Req.
C 0.24 w/o 0.30 max
Mn 0.80 '/o 0.29-1,06
81 0.22 w/o 0.10 min
S 0.018 '/0 0.058 max
P 0.005 w/o 0.048 max
Cu 0.021 w/o

Ni 0.02

oy 0.02

Mo 0.003

Y 0.02

Al 0.025

Mechanical Properties

Hardness: Rb 75.2 SA 106 Gr. B Req.
UTS (estimated): 66 ksi 60 ksi spec min
YS (estimated): 37 ksi 35 ksl spec min
ASTM Grain Size: 7-8 Base Material

10 WHAZ
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7. HADDAM NECK FEEDWATER LINE RUPTURE AND TOLEDO EDISON SEMINAR

Seven days after the Trojan incident, a pipe failed at §h¢ Haddam Neck
plant by an erosion-corrosion mechanism. The literature reference des~-
cribes the event in part:

“On March 16, 1985, a steam leak was discovered at Haddam Neck while
the plant was operating at 100% power. The reactor and .urbine were
manually tripped due to the possibility of grounding the steam gen-
erator feed pump motor(s) and/or heater drain pump motor(s). After
tripping the plant, one steam generator feed pump was shut down and
the auxiliary steam generator feed pumps were started to enrure
their availability., Condenser vacuum was lost due to air leaking
through the turbine seals. The atmospheric steam dump valve was
then used to control primary side pressure and temperature. Auto~
matic initiatior of auxiliary feedwater flow occurred due to low
level in two steam generators. The cause of this event was a pipe
rupture immediately downstream of the |B feedwater heater normal
level control valve. The eroded section of the pipe was re-
placed...”

Discussions with utility perlonnel(Go) revealed that the failure
occurred in 6 inch diameter 301 carbon steel piping and that the burst in the
pipe measured approximately 1/2 inch by 2 1/4 inch in size. Although no
formal failure analysis was perforaed by the utility, the following informa-
tion was dieclosed from the discussions:

l. The failure occurred near a camflex valve,
2. The operatiny conditions of the line were: pressure-220 psia,
temperature=390°F, bulk velocity-7.34 fps.

These operating temperature and pressure conditions place this occurrence
directly at the equilibrium point (water + steam 220.8 psi, 390,2°F) and
although the incident was probably a two prase phenomenon (the utility sus-
pected cavitation) it {s reported here due to the conditions close proximity
to equilibrium,

Table 2 is a partial listing of erosion-corrosion problems experienced by
various utilities. This information was presented at an Erosion/Corrosion
Seminar sponsored by Toledo Edison Co. on March 19-20, 1986, This list evi-
dences the fact that virtually all (notable exceptions being Surry 2 and
Trojan) of the erosion-corrosion problems experienced by nuclear utilities
have occurred in two phase Swater + steam) systems, This observation has been
substantiated by an EPRICOL) review of single phase erosion=corrosion. So,
although the problem may be generic i{n nature it has not been widespread to
date.

An observation made at this seminar as well 3s in reviewing the various
I4E data is that of the overall utility response to the problem (after
Surry)s Virtually all the utilities listed have initisted or augmented

inspection programs to diagnose potential problems before they become criti-
cal.

46



Table 2

Erosion~Corrosion Problems Experience

Toledo Edison

MSR to Condenser (Drains, Large and Smal!)
Reheat Steam Line to Aux Boiler

Aux Boiler Sparger
0.TsS«Gs Blow Down Line to Condenser
H.P, F.W. Heater to Deareator Heater

NYPA
Cross Over/Cross !Inder Lines .
ot PWR
Cold Reheat
Extraction Line to LP Heater (M.C. 10%)
=== BWR
Feedwater Discharge Line to LP Heaters —
Baltimore Gas & Electric
Extraction Steam from Cold Reheat
Third Stage Extraction to the HP Feedwater Heater
MSR Drains
First Stage MSR Drain Tank to FW Heater
Steam Generator Blowdown (2, 4, 6, inch lines)
FW Recirc Lines
HP Feedwater Heater Drain to Fifth FWH
WPPSS
Aux Boiler Problems
Duquesne Power
No Piping Problems (Beaver Valley)
MSR
Cold Reheat
OPPD
Extraction HP Turbine Lines
'
MS no MSR's

Extraction Drain from LP Turbine (2")
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8. ULTRASONIC MEASUREMENTS OF TWO SURRY UNIT 2 SPECIMENS

Two pleces from the Surry 2 failure investigation were subjected to exami~
nation ultrasonically ("D" meter-long tudinal wave and 45° shear wave). These
specimens numbered 4A~1 and 4A-" 11) were cut from the weld joint between
the fabricated tee joint and the header from Surry Unit 2 (Figure 29). Both
of these specimens had significant erosion damage on the inside surface of the
pipe adjacent to the weld (Figure 30).

Both of these specimens had a grid pattern stencilled on the outside sur-
face of the pipe and were subjected to ultrasonic thickness measurements in
addition to physical (caliper) measurements. A pictorial representation of
the grid pattern and associated measurements are seen in Figures 31 and 32,
The number on top of each “"fraction"” corresponds to the "D" meter measurement
while the "denominator” i{s the actual caliper measurement. (Note--the angle
beam technique elicited no decipherable response.) These figures do show that
a difference is noted between even calibrated equipment and actual thickness
measurements,

One point worthy of note is the importance of the grid spacing used when
making field measurements as shown in areas 12, 1%, and 16 in specimen 4A-2,
The figure clearly shows that {n a very small area (=3 inches) the ultras iic
measurements can show a difference of .164 inch. This difference of thickness
(approximately one third of the original .500 inch thickness) may not have
been revealed {f a larger (3, 4, 6 inch) grid pattern had been utilized,
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9. CONCLUSIONS

From the available literature, which has been a'most completely covered
in this review, {t can be concluded that a qualitative assessment of the major
influential factors in erosion-corrosion of carbon steel in high temperature
flowing water is now complete. However, there are many discrepancies in the
experimental results when studies conducted by different authors a;o compared.
Furthermore, as the recent observations of Tomlinson and Ashmore(37,38)
show, erosion-corrosion could be oxtron.% severe even at temperatures above
250°C. Several years ago Berge and Kahn ) noted that the commonly
accepted statement that erosion-corrosion does not occur beyond 200°C should
be considered cautiously. In this regard it seems that differences between
results of different authors could be assigned to the presence of residual
elements that are not properly identified. In most of the studies on
erosion=corrosion it {. uncommon to have a full description of the chemical
compusition of the steel. As discussed, before, residual amounts of elements

such as chromium may have a strong beneficial effect.

For these reasons, the most effective counter measure against erosion=-
corrosion is the choice of sufficiently resistent materials. In most of the
applications under single phase conditions, low alloy steels containing 2% Cr
seem to be a cost affective solution {f modifications in design to reduce flow
rates and local turbulences are difficult to implement, Under two-phase flow
(wet steam) more highly alloyed materials are needed.

Under particular conditions, modifications in the water chemistry by
rising the pH or by adding .xygen to the feedwater may be extremely effective
to inhibit erosion-corrosion damage, as suggested by the experience in the
UsKs and West Germany. In this case again, these types of countermeasures are
more successful under single phase conditions.

Regarding the modelling efforts, it can be concluded that the prediction
of accurate e'osion-corrosion rates on the basis of laboratory data is still
very limited, These models are capable of metal loss predictions within the
range f data on which they are based. It should be noted, however, that
small variations in the environmental conditions (dissolved oxygen concentra=-
tions varying in the range of few ppb, or presence of acidic impurities) may
lead to unsuspectedly high rates of erosion~corrosfon under certain circum=
stances. These variables, plus significant variations in the rate of mass
transfer at specific locations may be the source of very large differences in
erosion-corrosion rates from plant to plant, from component to component and
in particular for different locations in the same component, even though no
substantial changes {n the overall hydrodynamic¢ conditions could be suspected.
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II. EROSION-CORROSION IN SINGLE-PHASE FLOWS
(W. J. Shack)

) P Introduction

A substantial body of data and experience is available on erosion-
corrosion 1Y environments characteristic of secondary water systems in nuclear
reactors. "3 In the U.S. attention was focussed on the problem by the
catastrophic failure involving loss of life that occurred at the Surry Unit 2
in December 1986, The inspections triggered by this event have revealed
numerous instances of significant erosion-corrosion at other U.S. reactors,
primarily in wet-steam li-es, but also in some single-phase liges. Although
erosion-corrosion occurs ost frequently in wet-steam systems,® Cerman data
files for the period 1961 to 1976 2hov that one-third of the 96 cases reported
were for single-phase conditions.!® Most of the available experimental data
are based on tests under single-phase conditiors.

There is fairly general a;rcononcl's'“'g that the basic process of
erosion-corrosion i{s an accelerated dissolution of the corrosion film caused
by the enhanced mass transfer associated with turbulent flows. Mechanisms of
erosion-corrosion caused by removal of the protective oxide by mechanical
impact of particulate matter or droplets (somewhat analogsutoto raindrop
erosion of aircraft windshields) have also been proposed.”’ However, in
most cases levels of suspended solids in nuclear reactor systems are very low,
and examination of surfaces where erosion-corrosion has oscr{tod shows no
evidence of mechanical damage in the underlying material.”: Even in two-
phase flows, erosion-corrosion is associated with wet steam rather than dry
steam, which suggests that the presence of a liquid film is critical to the
process. The strong dependence on pH and dissolved oxygen content of the two-
phase, wet-steam case is also consistent with a dissolution process.

Temperature, pH, dissolved oxygen level, alloy content, and flow
velocic; have been shown to have significant effects on the erosion-corrosion
rate.*’ However, although the qualitative changes in the erosion-corrssion
rates expected with changes in these variables are reasonably well understood
and materials that are highly resistant to erosion-corrosion are available for
replacement or new construction, quantitative predictions of erosion-corrosion
rates in existing carbon steel piping systems are subject to large
uncertainties,
¥ Phenomenology of the Erosion-Corrosion Process

In the deoxygenated solutions characteristic of typical secondary
systems, the dissolution of {ron,

Fe + Fe'* 4 2¢°, (1)
is accompanied by hydrogen evolution,

MY+ 207 < Hy(p). (2)
The ferrous fons then react with OH. lons to form inseluble ferrous hydroxide,

Fe?* + 200" « Fe(OM),. (3)
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correlatiors give an average value of k and generally are based on the
assumption of a fully developed flow. In real flows k may vary significantly
over tue component and may depend atrongly on disturbances introduced
upstream. The correlations are commorly expressed in terms of the
nondimensional Sherwood number

Sh = kd/D (17)

where d is the Jiameter of the pipe and D is the diffusion coefficient of iron
in water. The Sherwood number {s a measure of the relative contributions of
turbulent mixing and molecular diffusion to the transport process. In reactor
piping systems, Sh is very large, i{.e., turbul nt aixing dominates the
t-Insport processes.

For a straight plpo.l Sh is given by

Sh = 0.0165 Re¥:865.0.33 (18)
vhere Re is the Reynolds number and Sc is che Schmidt number. The Reynolds
number {s

Re = 8 (19)

v

wvhere V is the velocity and v tne kinematic viscosity, and the Schmid n umber
ia

4

S = D (20)

In the analogous heat transfer situation, the grovns denotcd here as the
Sherwood and Schmidt numbeis are referred to as the Nusselt and Pranctl
numbers,

The increased turbulence asrcclated with changes in flow geometry
increases the effective Sherwood number aver that for the straight pipe.
Figure 1 snows the relative lncro!,n in Nuiselt numbe:r associated with a
variety of tube inlet geometries; chese results suggest that k can be 2-3
times highei chan the value calculated tor a straight pine with the same
nominal flow conditions. In some situations, wven higher effective k values
can probably be achieved. Inlet geometries are  +ally more severe than
elbow ‘oo-otrit.. where k values are 1.5-Z times . her than chose tor the
straight pipe. "’

The correlation fi. the mass transfer coefficient, Eq. (18), is valid
only for single-phase flows. Transfer coefficients for two-phase flows are
gene~lly higher than those for single-phase flows with the same mass flow
rate, e-ause the reduction in the average density corresponrds to higher
velo~ Very little information {s available for two-yhase flows, and
ratia ]t be obtained by analogy with corresponding hfgtzaransfor

or by estimates of the .iquid film velccity *7*

A in Section 2, the mo“el developed by Bi;na.d et al.l suggests
-rosion-corrosion rate is proportional to & (he cata shown in
¢ in ;Yod agreement with this model at k values above a threshold
i v mmes %), However, che data shown in Fi~s. 3 and 4 indicate that the
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exponent n describing the k dependence is a function of temperature and pu.s
At higher temperatures the measured n varies between 2.5 and 3.3; {.e., n is
close to 3. At lower temperatures n decreases, and at 99°C, n is 1.4,

Bignold et al.” argue that at lower temperatures or highe:s pH, the dissolution
rates of the magnetite may become comparable to the mass transfer rates, which
were assumed to be rate limiting in the development of the model; hence the

apparent dependence on k diminishes.

The results of Ducroux.3 whick !rc showi in Figs. 5-7, indicate thet for
k values above a threshold (>5 mmes ") the erosion-gorrusion rate depends
linearly on k (Fig, 5). At lower values /(1-5 mmes *), which are more typical
of feedwater piping systems (Figs. 6 and 7), the corrosion rate shows &
nonlinesur dependence on k. Analysis of these data suggests that in the
noniisoar regime n = 2.5, which {s close to the values reported by Bignolg et
al. """ for these environments, although the flow geometry u,td by Ducreux” is
very different from that used by Bignold, Additional data, ®* which were
obtained by using the same test loop but a different test geometry, are shown
in Fig. 8. 1In tn’: case the measured exponents rang» from 1.4 ;o 1.7 even for
relatively low k values; in contrast the data of Biguold et al.” would suggest
that k = 2.2 for these environments.

Data for the dependence of the erosion-corrosion rate on velocity are
also presented in Referenc: 2 and shown i{n Figs. 9 and 10. The velocities in
these studies are high (5-40 --s'l); the values of the corresponding mass
transfer coefficients are not given, but they seem likely to be high.
Analysis of these Aata ohoxnathnt for carbon steel with pH 7 fh: erosion-
corrosion rate varies as V''7; with pH 9 the rate varies as V''®. Since Ynly
two vcloiitios are ropor&td. comparisons with the data of Bignold et al.  *°
Ducreux,” and Bouchacort®® are uncertain.

The exponent n d scribing the dependence of the erosion-corrosion rate on
the mass rransfer coelficient is clearly a function of temperature, pH, and
flow rate (k). Even for a restricted set of conditions characteristic of
secondary-system feedwater piping in PWRs (pH » 9, T = 150-2?0‘C, low oxygen,
velocities of 10-15 fres™" corresponding to k = 0.75-3 mmes™ '), a fairly wide
range of values of n (1:3) has been reported. Th values obtained by using
orifice test goouetrionl"' tend to be higher *han those ol tained by using
other test geometries. A strong dependence on k is intulcively appealing and
seems consistent with field experience. Fntire piping systems do not dissolve
éway, damage is concentrated at locations with high lera) turhulence
corresponding to relatively high values ot k.

4. Effect of Temperature on Erosion-Corrosion Rates

Data on the tffe r of temperature are reported in References 1,2.3, and &
and shown in Figs. 11 13. [The data« from Reference 1 are actually fo. two-
pnase wvet-steam fiov. The data from Reference 2 .re for pH of 7 ard high
velocity (35 mes™%).] wualitatively there is goo. agreement between the
repo:te! data. The erosion-corrosion rates drop oft markedly at high and low
temperatures with a strong ncak at inter~ediate temperatures However, there
are considerable differencus in the values obtained for the temperature a:
which the maximum rate occurs and ir the temperature range for which erosiom-
corrosion rates are significant.
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Fig. 17. pH dependence of erosion-corrusion at 99°C from rotating
disc tests (from Reference 1).
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Fig. 18. pH dependence of erosion-corrosion for carbor and low-alloy
steels (from Reference 2).
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Fig. 19. pH effect on the normalized erosion-corrosion rate for carbon
steel. The normalized wear rate is 1 at pH«9 (Based on data
from References 1 and 2.)
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Typical results from Reference 7 are shown in Fig. 24. Over the pH range
considered, very small amounts of dissolved oxygen (on the order of 2-5 ppb)
appear to have dramatic effects on the erosion-corrosion rates.

The data in Reference 2, which are summarized in Figs. 25 and 26, include
results for both pH 7 and pH 9. They are qualitatively consistent with the
results in References 6 and 7, but since only two oxygen levels are considered
(<5 ppb and =500 ppb), they do not define the threshold level of dissolved
oxygen needed to inhibit erosion-corresion.

The effect of oxygen can be explained in terms of its effects on the
nature of the oxide film. In the presence of oxygen, the film probably
contains hematite (Fe,04) as well as magnetite (!zso‘). Since the solub.lity
of hematite is much less than that of magnetite,“” the oxide film is much more
resistant to erosion-corrosion. This change in th‘z {lm can also be
interpreted in electrochemical terms. Recent tests“” ha'» shown that the
frhibition of erosion-corrosion by oxygen addition is accompanied by a change
‘. the electrochemicel potential to a much more positive value. This is
consistent with a change in the cathodic reaction of the correrion process
from hydrogen ion reduction [Eq. (3)] to oxygen reduction:

0, + 2H,0 + 4e™ + 4OH’ (21)
An upper bound for the oxvgen level required to inhibit a particular rate of
erosion-corrosion can then be estimated by assuming that thozgcsoclstoﬂ anodic
dissolution will be completely balanced by oxygen redu.tion.

“he strong effect of dissolved oxygen on erosion-corrosion raises the
question of whether the use of hydrogen water chemistry in boiling water
reactors (BWRs), which lowers the dissolved oxygen level in the reactor
coolant, could increase the possibility of erosion-corrosion in ’!o carbon
steel portions of BWRs. Hydrogen vater chemistry specifications require
that oxygen be added if necessary to maintain the dissolved oxygen content in
the feedwater at 20 ppb. The oxygen content {n the wet steam entering the
moisture separators is harder to estimate, but it is almest certainly fairly
higl.. Based on the data obtained at pH = 9, even 5 ppb of dissolved oxygen {s
encugh to reduce erosion-corrosion to negligible levels. If this is also true
in nearly neutral water, there appears to be little chance of erosion-
corrosion problems developing in BWR carbon steel systems. However,
additional data are needed to verify this conclusion.

7. Effect «f Alloy Additions on Eresion-Corrosion

Fiela oxpor!csco shows that alloying can greatly reduce susceptibilicty to
er:sion-corrosion.” Chromium {s probably the most (mportant alloying element
for {mproving resistance, although other elements may also have a beneficial
effect., Austenitic stainless steels can be considered v‘rtually immure, and
even 2%Cr-1Mo steels give good performance in the field.

The beneficial effect of chromium 1; readily understandable because uf
the high thermodynamic stability of chromium oxides. MHowever, the degree of
improvement associated with even lov levels of chrome is somevhat
surprising. This improvement is presumably due to a progressive enr.chment of
the corrosion film by chromium as the less-stable oxides are dissolved. The
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Fig. 26. Effect of dissolved oxygen content on erosion-corrosion of
carbon and low alloy steels. The data for carbon steel are
at 75°C and relatively low velocities (from Reference 2).

basis for the beneficlal effocts of L?‘]b‘.ﬂul and copper are less clonr.’ and
experimental data and plant experience” are less consistent in demonstrating a
beneficial effect of these alloys.

Quantitative da‘a on alloy "toctn were obta‘ned by Ducreux?’ for
alkaline water ’94 by Huijbregts®® for high pH, wet-steam conditions. T?.
data of Ducreux®’ cover a wide range of alloy contents, while Buijbregts
considered only relatively low-alloy materials.

Empirical correlations between weight loss and alloy content were also
developed by both authors. The one developed by Huijbregts is of the form

G = 94-100Cr-120Cu-35M0 (Z2)
vhere G, the weight loss, is given in milligreas and the alloy levels are
f:::n.$n vt . &, This can be rewritten ir terms of a nondimensional welight

R=1.106Cek (r? = 0.58)

Cr* « Cr + 0.35M0 + 1.20Cu (23)
vhere R has been normalized vith respect to the predicted veight loss of a

material with no alloying, Cr+* {s an "effective® chromium content, and r* is
the coefficient of correlation for the regression equation. Examination of
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the data of Huljbregt., shows that Cr, Mo, and Cu are all significant variables
in a statistical sense.

Ducreux?’ presents correlations for materials with low alloy contents in
several roughly equivalent forms:

g = 0.7 + 32.4Cr (r? = 0.96) (26a)
g = -5.2 + 28.9Cr + 51.9Cu + 11.5Mo (x? = 0.99) (24b)
g = 83,0060 890 205,0.25 (r? = 0.96) (26¢)

where g re,resents the ircrease in erosion-corrosion resistance relative to a
reference ma:erial with 0.048Cr, <0.014Mo, and 0.138Cu, Most of the observed
variation in erosion-corrosion resistance in Ducreux’'s tests can be correlated
solely in teras of Cr content, but the inclusion of Mo and Cu slightly
improves the fit. Equations (24b) and (24c) give physically unrealistic
results, {.e., vanishingly small erosion-corrosivon resistance, for very low
alloy contents. To avoid this difficulty, the data can be reanalyzed in terms
of relative erosion-corrosion rates (=1/g). This gives

.-S.IGCr'*

R = (r? « 0.94)

ce' = Cr + 0.19M0 + 0.40Cu (25)

where again R has been normalized with respect to the predicted weight loss of
a material with no alloying elements, and Cr*+* {s an alternative definition of
an “effective" chromium content. The coefficient of correlation for this
regression equation is slightly smaller than those proposed by Ducreux, but
the behavior at low alloying levels is more realistic. The data of Huijbregts
can also be anal' zed in terms of an equation of this form:

-
R« .-1.66Cr

(r? = 0.61) (26)
I this case the coefficient of correlation is slightly higher than that for

Eq. (23}, and unlike Eq. (23), R does not become negative for Cr levels >
0.94n,

The data obtained by Ducreux?’ for low-alley -otortal! and the regression
equation (25) are shown in Fig. 27; the data of Huljbregts‘® and the
corresponding regression equation (26) are shown in Fig. 28. A comparison of
Eqs. (25) and (26) is shown in Fig. 29. For the low levels of alloy content
that would characterize different heats of nominally carbon stsel, Eq. (26)
predicts relatively little effect for the alloying elements, while Eq. (29%)
predicts a much stronger effect. For higher levels of alloying more
characteristic of lov-alloy steels, both equations predict significant
reductions in erosion-corrosion rates.

Ducreux?’ also obtained data, shown in Fig. 30, for more highly alloyed
materials with Cr contents up to 138, As expected, the higher chrome contents
greatly reduce the erosion-corrosion rates. Similar results vire obtained by
Heitmann and Schub’ for neutral pH conditions (Fig. 11).
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Fig. 27.

Fig. 28.

Effect of low levels of chromium, molybdenum, and copper on
erosion-corrosion rates in deoxygenated water with pH of

9 at a temperature of 180°C and a flow velocity of 56 mes”t
(from Reference 27). The data have been normalized so that
the predicted erosion-corrosion rate for a plain carbon steel
is 1.
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Effect of low levels of chromium, molybdenum, and copper on
erosion-corrosion rates in tyo-phase flow with 108 water .nd

a steam velocity of 960 m+s™* at a metal temperature of 127°'C
(from Reference 28)., The data have been normalized so that the
predicted erosion-corrosion rate for a plain carbon steel is 1.

81



A Kastner model
= Ducreux
=== Huijbregts

00 0.1 0.2 03 04 08 08

Cr
Fig. 29. Normalized erosion-corrosion rates as a function of Cr content
prodict,‘ by regression osg&tlonu hased on the resu'ts of
Ducreux®’ and Huijbregts.
10° -
a
® "o
oo
10!
g o
a
102 P
o
3
- o A 1 10 100
Cr
Fig. 30.

Effect of chromium additions on relative erosion-corrosion
resistance (from Reference 27).



8. Empirical Estimates of Erosion-Corrosion Rates

A number of empirical '°"119‘§8t2!°°°°“' for the major critical
variables have been developed, "' *7"'“™ The model in Reference 9 is based on

the phenomenological model Eq. (9) for dissolution wear with modifications to
account for the effect of alloying, a more accurate representation of
temperature effects and a separate model for droplet impact. This model is
'*scussed in detail in Reference 9, and a simplified procedure for the
application of the model to piping systems is presented in Reference 29,

The model presented in References 21 and 19 was developed by researchers
at Electricite de France (EDF), and is being adapted for use in the U.§. by
NUMARC. This model is of the form

® = F(k)FG+FT+FC+FR (27)

where F(k) describes aho mass transfer dependence, FG {s the geometry factor
introduced by Keller® except that it {s normalized to make FR=l for a
straight pipe, FT is a temperature factor, FC is a water chemistry (pH)
factor, and TR Is & steel composition factor., The explicit expressien for FR
is simply the reciprocal of g as given by Eq. (24c). The corrections for pi
are based on correlations for the solubility of Il‘n.tl!..ls because, as is
shown in Reference 21, this correlates well with erosion-corrosion rates.

The factor is then normalized to be equal to | for conditioning with ammonia
at pH = 9. Because the solubility calculations are based on the pH at
temperature, the use of different control agents gives different predictions
of the erosion-corrosion rates; e.g., an environment of pH 9.3 (25°C) with
morpholine lontrol is equivalent to an environment of pH 9.6 (25°C) with
ammonia control.

For applications to two-phase flows, an appropriate value of k must be
used, A simplified procedure to compute k for this case is given in Reference
19. In two-phase flows with ammonia control, an additional factor is used to
account for the preferential partitioning of ammonia to the gaseous phase.
Calculations with th!’lodnl give good ugreement with the observed behavior at
the Surry 2 reactor.

The model of Kastner?® {s strictly empirical. It is do!crlbol by the
following equations for the erosion-corrosion less (in mash™*):

& = s.o-w"uc 2™ (1 - 0.175¢pH - M?) 1,007 18 L 260y (28)

with

2

B e 10.5/8 - 9.375.10°%° 4+ 0.79.1 . 132.5

Ke*«0,0875 h = 1.,275°10°572 & 0.01078T - 2.1% 0<hg 0.5

Moo (+1.29010°%0% 4 0.109T - 22.07)+0.154e" )20

2 3
\ + Czt + Cjt - C“t

0.5 <h < 5

f(t) = C

83



0.9999934

O
—
B

€y = +0.335690+10"°
.0.5624812+10°10

O
w
1

0.3849972+10° 13

0
k
L

and k, are the geometry factors of Iollor.’o g is the dissolved oxygen level
in ppﬁ. h is the sum of the chromium and molybdenum content (wt.%), the pH
values are measured at 25°C, and t {s time in hours.

Unlike the model described by Eq. (27), in which each important facter
appears as an independent term, the variables in the Kastner model appear to
be coupled. In addition, the velocity appears directly in this model instead
of {mplicitly through the mass transfer coefficient. However, the actual
nunerical predictions of the two models appear to be similar in many cases.

The vcrtntt,a of erosion-corros.on rate with temperature predicted by the
model of Kastner®" for different pH values and velocities i{s shown in Fig. 31;
experimental data from Reference 2 are also included for comparison. The
coupling between the different variables is relatively weak, and a "separate
factors” analysis like Eq. (27) would give comparable results. The vuriation
¢f the normalized erosion-corrosion rate with pH predicted by the model s
shown in Fig. 32 with corresponding experimental data. The variation with
dissolved oxygen level is shown in Fig. 33, Detailed experimental data are
not available for comparison, but the predictions seem conservative compared
to the available information reviewed i{n Section 6. Typical predictions by
the model for the effects of alloying are shown in Fig. 29; iho dependerce in
the model seems to be similar to the results of Nutjbro.tl.z Parametric
calculations again show that alloying can be treated as a “separate factor® to
a4 reasonable approxiration.

The variation in erosion-corrosion rate with flow velocity is shown in
Fig. 34. The variation predicted by the model cannot be described by a simple
power-law, but for a restricted range of velocities (1-10 m+s" ') a power law
gives a reasonable apppoximation. For temperature and pH values for which the
work a!zl gnold et ~° .7 suggested a dependence on the mpsy irtn.!or coeffi-
clent k"7, corresponding to a velocity dependence of V' ' “'® frem £q. (1),
the model of Kastner gives an approximate value of "2 However, the model
is in reasonable agreement with the ve!k‘o! Bouchacourt?! shown in Fig. 8. In

this case, tht ,opondonco is roughly k" ™, corres~onding to a deperdence on
velocity of V* ¢,

For applications to two-phase flows, the appropria e velocity to be used
in Eq. ‘18) is the velocity of the fluid film at the wall. Kastner suggests a
simplified method to calculate this quoattty.2 To account for the
preferential partitioning of ammonia to the steam phase, under tvo-phase
conditions the pH is assumed to be 7.
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Table 2. Flcw Parameter nd Geometry in Surry 2 Feedwater Line

Pipe Diameter (d) 18 n. (g.as m) 1
Flow Velocity (V) 17 ftes” 7(522 lil' )
Kinematic Viococigx (n) 1.5 x 10'9 .2...1
Diffusivity of Fe 7.7 x 1077 m“es”
Temperature 375°F (190°C)

pH 9.0

The models described by Egs. (27:29) have been used to evaluate the
erosion-corrosion observed at ,8rry Unit 2. For these conditions and & "tee"
geometry, fh‘ model of Kastner®” gives an estimated erosion-corrosion rate of
1.9 mmeyr™ ", which i{s reasonably consistent with the observed behavior.
Predictions made using the model developed by EDF [Eq. (27)) are given in
Reference 19, ™o details of the analysis are given, but the calculated rates
are =1 .4 umeyr'', similar to that predicted by the model of Kastner.

Equation (29) gives a predicted trollon-corrolton rate in a straight pipe
under these couditions of 0,04 mmeyr” Hence even after 10 years of
operation very little metal loss is expected in straight pipe undorlxhoso
conditions. The applicable mass transfer cosfficient correlations'” indicate
that the inlet
flows are more critical gecmetries than the elbows. The data shown in Fig. 1
suggest that the effective k is approximately three times the value computed
for the straight pipe. With this value for k, Eq. (29) predicts an erosion-
corrosion rate of 1.1 nn-yr'l. which i{s again consistent with the observed
behavior.

Although all three models give results in fairly good agreement with the
observed behavior at Surry, such calculations are subject to large
uncertainties. All of the models are very limited in their capability to
consider the effect of complex piping geometries. Disturbances in turbulent
flows can propagate a distance of many diameters in piping systems. Thus the
behavior at a particular location depends not only on the geometry at that
location, but also on the upstream flow geometry. Even in the case -f an
isolated component, geometry effects are taken into account in the EDF and
Kastner models through the gsometric factors of Keller. These were developed
empirically based on two-phase flow experience; their application to single-
phase flcws is somevhat suspect. There are also significant differences
between the models with respect to the predicted effect of variables like flow
velocity and alloy content. These differences largely represent the range of
results obtained in laboratory tests. These discrepancies may be due to the

attempt to isolate "separate factors" in what i{s truly a complexly coupled
problem.
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