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Flow accelerated corrosion (FAC) of carbon steels in water has been a concern in nuclear power production for over 40 years.
Many theoretical models or empirical approaches have been developed to predict the possible occurrence, position, and rate of
FAC. There are a number of parameters, which need to be incorporated into any model. Firstly there is a measure defining the
hydrodynamic severity of the flow; this is usually the mass transfer rate. The development of roughness due to FAC and its effect
on mass transfer need to be considered. Then most critically there is the derived or assumed functional relationship between the
chosen hydrodynamic parameter and the rate of FAC. Environmental parameters that are required, at the relevant temperature and
pH, are the solubility of magnetite and the diffusion coefficient of the relevant iron species. The chromium content of the steel is

the most important material factor.

1. Introduction

Flow accelerated corrosion (FAC) of carbon steels in water
has been a major concern in civil nuclear power production
for over 40 years [1, 2]. The important features of FAC are
the linear or increasing rate with time and the generation
of a scalloped surface. Its effects have been unique in two
important ways. Firstly it has affected nearly every reactor
type worldwide and sometimes in more than one location;
Figure 1 shows some examples [3-6]. Secondly it is probably
the only corrosion mechanism that has led to accidents that
have caused fatalities. There have been pipe ruptures leading
to a release of steam and deaths of workers, but it must be
emphasized that such fatalities are not unique to nuclear
plants.

The occurrence of FAC, or erosion corrosion as it is
sometimes known, is critically dependent on the following:
the temperature and chemistry of the environment (pH and
oxygen content), the hydrodynamics of the system, and the
composition of the steel particularly the chromium content;
this is shown schematically in Figure 2.

There are various approaches to predicting the possibility
and the rate of flow accelerated corrosion. Testing has

involved either actual components or a chosen specimen.
In addition there are theoretical or empirical models, some
computer based, available to allow the prediction of attack.

It is readily apparent that any review must be very
selective; other reviews are available [7-10]. This review
has tried to cover areas that the author has been involved
with over the last 40 years that have been neglected or are
contentious. It follows earlier reviews [11-14] but focuses
on FAC of steels in the nuclear power plant industry. For
both practical and mechanistic reasons there is a need to
identify the hydrodynamic parameter which controls the
occurrence and rate of erosion corrosion. It was previously
suggested [12] that there was a spectrum of mechanisms
which could be involved in erosion corrosion. This review
concentrates on the corrosion end of the spectrum. It is
argued that for dissolution based mechanisms the important
hydrodynamic parameter is the mass transfer coeflicient (K).
The relationship between the rate of FAC and K is discussed
in some detail and the development and effect of surface
roughness on both K and FAC are considered. Finally some
aspects of the solubility of magnetite and the prediction and
prevention of FAC are discussed. This review is not a best buy
guide to predictive programs.
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FIGURE 1: Examples of FAC in nuclear power plants.
2. Hydrodynamics An attempt to describe how each of these parameters might

The various hydrodynamic parameters that have been cred-
ited with controlling the occurrence and rate of flow assisted
corrosion are as follows.

(i) Velocity (V).

(ii) Reynolds number (Re).
(iii) Mass transfer coefficient (K).
(iv) Surface shear stress (7).

(v) Intensity of turbulence (TT).
(vi) Freak energy density (FED).

be measured is given in Table 1. It is widely accepted that
it is neither the velocity nor the Reynolds number that is
critical. Both the surface shear stress and the mass transfer
coefficient are widely believed to be important. The former
in the oil and gas field the latter in the power generating
industry. But recently 7 has gained some devotees [15] in the
power generating industry. However there are some workers
[16] who believe the following.

The mass transfer coefficient is intimately linked to
wall shear stress, and the two cannot be practically
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TABLE 1: Possible important parameters and some measurement techniques.

Parameter Some measuring techniques References
(i) Calculated from flow rate and flow area
The velocity (V). (ii) Ultrasonic sensors (11,17, 18].
(iii) Pitot tube
Reynolds number (Re) Calculated from velocity, diameter of tube, and [11, 17, 18]
Y : kinematic viscosity B
ll\l/gaqslslitrreziﬁzfrf;coeﬂiaent (K. (i) Dissolution of sparingly soluble solid
(1) Use of realistic geometries (ii) Limiting current [12,19-23].

(2) Measurement of both smooth and rough surfaces
(3) Use in two-phase flow

(iii) Analogy with heat transfer
(iv) Computational

(i) On isolated surface element using force transducer
(ii) Pressure drop

The surface shear stress (7).
Requirements as for K

(iii) Various types of heat transfer sensors
(iv) Limiting current density on isolated small

(12, 18-20, 24, 25].

electrode, but not for separated flows
(v) Computational

(i) Analysis of fluctuations in limiting current density

Intensity of turbulence (TT).

on isolated small electrode.

11, 18-20].

Requirements as for K (ii) Hot wire [ ]
(iii) Laser-Doppler anemometer

Freak energy density (FED). Complex analysis of fluctuations in limiting current [26-28]

Requirements as for K

density on isolated small electrode, single author use.

Magnetite
solubility

Chromium

content pH

Temperature

Material
composition

Oxygen content

Hydrodynamic
parameters

Mass transfer coefficient K

K = rate of transport controlled reaction/concentration driving force
Sh = aRe* S¢”

FIGURE 2: Factors influencing FAC.

separated either experimentally or mathemati-
cally [16].

This view has been challenged by a number of workers
[25, 29] based on the breakdown of the analogy between
mass, heat, and momentum in detached flow. The conse-
quences of this are that in detached flow the surface shear
stress cannot be calculated from the measured limiting
current density (LCD) at an isolated microelectrode, where
in normal flow 7 is proportional to the cube of the limiting
current density (Leveque equation); this is demonstrated
in Figure 3. This problem seems to have been ignored by
Schmitt and Gudde [30] whose approach was to obtain a
functional relationship between shear stress and limiting
current density for a normal flow situation (Figure 4). Then
to use the same relationship to convert LCDs measured

in disturbed flow to shear stresses (Figure 4). Apart from
being invalid this approach involved the extrapolation of a
maximum shear stress in the channel wall of under 60 N/m*
to over 14000 N/m? in the disturbed flow.

One way of refuting the importance of 7 is its variation,
for example, downstream of an orifice where the FAC and
shear stress profiles are fundamentally different (see Figures 3
and 5). This refutation of the importance of 7 has apparently
been misunderstood [32]. A similar rejection of the dominant
role of T has been made by Matsumura et al. [33, 34] in work
with an impinging jet. Another reason to believe that 7 is
unimportant is because it seems that the surface shear stress
is not sufficient to produce the effects ascribed to it, namely,
mechanically disrupt a surface film.

For copper alloys in seawater Matsumura showed that
the FAC profile did not correspond to the measured shear
stress distribution on an impinging jet specimen but could be
explained by the forces, measured with a pressure transducer,
due to the peak in turbulence intensity at about 2 jet diameters
from the centre of the specimen. Of course mass transfer is
caused by bulk convection and turbulent convection, so while
ruling out the primacy of the importance of shear stress this
does not prove the importance of mechanical factors. It must
be remembered that increased mass transfer can dissolve
away a protective surface layer; this was elegantly analysed by
Coney [35].

Schmitt and Mueller initially proposed [36] a fatigue
based model for oxide failure, and it is not clear to this author
why such an approach was apparently rejected for the freak
energy density (FED) model. Although this was applied to
the oil and gas industry [27] his ideas have been published
in power plant chemistry [28] and thus warrant discussion.
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F1GURE 3: Correct and incorrect electrochemical measurements of
surface shear stress, after [25].
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FIGURE 4: Schmitt’s measurement of surface shear stress in detached
flow (after [30]).

The FED model is conceptually similar to Matsumura’s view
on the importance of the turbulent flow generating high local
stresses.

It was found that forces in high energy microtur-
bulence elements oriented perpendicularly to the
wall are finally responsible for the scale destruc-
tion (freak energy density (FED) Model). The
maximum FED in a flow system can be measured
with appropriate tools; however, in practical cases
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F1GURE 5: Correlation of FAC rate and oxide thickness ([31]).

this is not necessary, because in a given flow system
the FED is proportional to the wall shear stress
by a factor in the order of 10° to 10°. Thus, for
practical application and flow system evaluations
wall shear stresses can be used to quantify flow
intensities in given flow systems [27].

FED is a derived freak value from measuring the noise
in the limiting current density (LCD) on isolated small point
electrodes (ISPE). It appears [27, 28] that this is a complex
process involving wavelet transforms, simulations, and phas-
ing in of waves. The net result is a freak current density;
values of as high as 500 Acm™ have been quoted. The
energy density of a freak wave volume element accelerated
towards the surface can be expressed according to classic
wave dynamics from

dE

2= = 0.5pA%0,
av -~ oopa e

@

w =

where w is energy density (Pa), p is density (kg/m?), A is wave
amplitude (m), and @ is wave frequency (s™'). Both energy
density and wall shear stress have the unit Pascal in common.
It was, therefore, assumed that the same relation used in the
Leveque equation can be used to calculate the freak energy
density from the freak current density. For the freak current
density of 500 Acm™ a freak energy density of 3 GPa was
derived.

Such an approach can be questioned on a number of
important points.

(1) Although there are time response limitations involved
in LCD measurements it might be expected that some
freak events could at least be partially detected, after
all real freak waves can be observed.

(2) No attempt to measure such high stresses was made,
for example, by fast response pressure transducers, as
Matsumura did.

(3) The use of the Leveque equation to obtain freak
energy densities from freak current densities is highly
questionable.
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FIGURE 6: No single relationship between freak energy density and
FAC from specimens exposed to gas pulsed impinging jet (after
[27]).

(4) There is not a single relationship between 7 and FED
[27, 28] and from a practical point of view this would
have to be obtained for each geometry of interest.
And measuring surface shear stresses in detached
flow is, as outlined earlier, not possible using Schmitt’s
technique.

(5) How rough surfaces that develop naturally during
corrosion are dealt with is unclear.

Also as yet there has been no data that supports the use of
FED to predict FAC, indeed Figure 6 from a 2009 paper [27]
appears key since it suggests that there is not a single rela-
tionship between corrosion rate and FED, for two different
flow conditions, in the same environment. Finally there is a
mechanistic problem in what exactly happens when a surface
layer is cracked; Schmitt has suggested the following.

Once removed the high local flow intensities
prevent the re-formation of protective layers and,
hence, start fast mass transport controlled local
metal dissolution (FILC, also called erosion cor-
rosion).

For steels in pure boiler water there is good evidence that
the protective magnetite layer is thinned (not cracked) and
the FAC rate correlates with this thinning [31] and the mass
transfer coefficient (Figure 5). There is also the possibility
that the mass transfer could be large enough to lead to the
film being completely removed by dissolution. In this case
the subsequent rate of attack would probably be limited
by activation kinetics. This film dissolution appears to have
occurred on carbon steel exposed to sodium nitrate solutions
under an impinging jet [11].

Of course in most situations in which corrosion is
occurring the surface undergoes some roughening; this
then raises the question of how to measure the changes
in the hydrodynamic parameter as the roughness develops.
Roughness development and other considerations (Table 1)
led the current author to develop, justify, and apply the
dissolution of copper in ferric chloride solutions [21, 37-41]

3+

Anodic reaction: Cathodic reaction:

Transport of Fe
to the surface is

rate controlling

Cu — CuCl,” or CuCly*™  Fe’* — Fe?* + ¢

Maximum (from wall
penetration time) or
mean corrosion rate can
be measured

Roughness can develop
without any risk of erosion

FIGURE 7: Copper specimen used to measure K in acid ferric
containing solutions ([21, 37-41]).

Flow

FIGURE 8: Typical copper specimens after testing in single phase
flow. (a) Reducer (39 to 25.6 mm), Re 2.8 x 10° in larger tube ([40]).
(b) 180°, 2.5 D bend at Re of 70000 ([37]). (c) Impinging specimens
at 9.5 mm from 9.5 mm diameter jet ([40]).

(Figure 7), to the measurement of mass transfer coeflicients;
typical specimens from single-phase and two-phase studies
are shown in Figures 8 and 9.

Because some predictive models use an enhancement
factor to describe a geometries effect relative to a straight
tube such a factor is often quoted. It must be emphasised that
this factor is usually a function of the Reynolds number and
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FIGURE 9: Typical copper specimens after testing in two-phase flow.
(a) 10-bar submerged gas jet at Imm from specimen ([13]). (b)
Annular two-phase flow ([39]).

its use has nothing to do with—the mass transfer coefficient
at the point of interest becomes difficult to measure or even
define, so “enhancement factors” over the straight-pipe values
are employed [32].

Recently there has been an increasing tendency to use
computation fluid dynamics (CFD) techniques to obtain
hydrodynamic parameters for subsequent use in FAC assess-
ments. CFD has the ability to investigate very high Re’s, which
often cannot be reached in experimental studies. However
CFD results must be shown to agree with well established
data before it can be applied to the higher flows. A number of
applications of CFD are listed in Table 2; unfortunately some
of these computations have been carried out without any
comparison to well established experimental data; in some
cases there are significant differences. This is particularly
evident after the Mihama-3 FAC failure downstream of an
orifice; the mass transfer characteristics of which have been
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FIGURE 11: Comparison of accepted mass transfer correlation and
results from Cu/Fe’ experiments and CFD values for Mihama.

studied by a number of workers and reviewed by others.
Figures 10 and 11 are a summary of and comparison with
excepted correlations. The difference between the two CFD
predictions is of some interest; the higher results may be a
misprint in units, as the other data agrees very well with
a simple calculation for fully developed flow. It is of great
interest that the CFD predicted enhancements are much
higher than those from expected correlations downstream
of an orifice, yet no comparison with the well established
lower Reynolds number data were made. Also in this authors’
view CFD has not been shown to be capable of modelling
the roughness and its effects that develops naturally by metal
dissolution or oxide deposition.

Roughness development in situations where a solid is
dissolving under mass transfer control has been investigated
by a number of workers. One theory attributes roughness
to the imprinting of the fluid on the surface [48] and the
other to the role of surface defects [49]. Criteria for the
development of roughness have not been fully developed and
itis perhaps overlooked that there is a tendency for leveling of
any surface which is dissolving under diffusional control [39].
For example, consider an isolated roughness element exposed
to single phase flow. It would be expected that the rates of
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TABLE 2: Examples of the use of CFD in FAC.
Authors Purpose Comments References
- . . No comparison with existing data and its
Uchida et al. f;se;hctmn Of FAC with Mihama as test extrapolation to high Re’s or effects of [42]
roughness
- . . No comparison with existing data and its
Hoashi et al. E::;hctlon of FAC with Mihama as test extrapolation to high Re’s or effects of [43]
roughness.
Pietralik and Smith, Prediction/explaining El::t{anpjftrteeiqwfshtzogzlb\:rlittﬁ(;gill Eg?js (44, 45]
Pietralik and Schefski CANDU feeder FAC ; P '8 . ’
development and component interactions
Nesic and Postlethwaite Predict e-c following sudden expansion Makes key point that profiles of K'and [29]
shear stress do not correlate
Limited detail to check results but claims
Zinemams and Herszaz Predict FAC in bifurcation and nozzle there is agreement, effects of roughness [46]
not considered.
Predict FAC in PWR and BWR, of 45° Interesting but again no comparison with
Yoneda (47]
elbow others or the effects of roughness
dissolution of both the peak of the roughness element and the B X
region after the roughness element were both higher than the B /' Iy
region upstream. For roughness to develop the region after P
the roughness peak must dissolve faster than the roughness 10° — /l fle
. e = N/a e
peak itself. In two phase flow it is probable that the annular = phis
film would leave the wall after the peak rather than inducing - =M '.n
separated flow as in single phase conditions. Thus it would B - r-]’ﬁ'
seem reasonable that in annular two-phase flow roughness To L -n/.
development would be more difficult and would tend to occur ; /
only when the thickness of the wall film was such that a 10* — 0
recirculation zone could form. = .
It is the effect of roughness that is of general relevance, C . / Sh = 0.01ReSc**
and our findings [37-41] can be summarized as follows. — 4
(1) While defects can produce surface roughness, they are L L1l || Lo Ll L Lot
not a requirement. The roughness that develops usu- 10° 10* 10° 10°
ally reflects the flow structure. For example, Figure 7 Re
illustrates the symmetrical peaks at the inlet to the
180° bend and evidence of counter rotating vortices Symbol Geometry Technique Ref
in the bend region. N 2.5d 180 bend Poulson and
in 22.6 mm tube Copper Robinson 1988
(2) There appears to be a critical Re required fi)r rough- | |9-5mmd impinging corrosion Poulson 1990
ness to develop. The critical Re value ~5 x 10* in § mm jet at height of 1d
diameter .tublng [401 is significantly hlgher than that . Rotating d _ LCDT Kapperesser et al. 1971
found using dissolving plaster of Paris [22], where cylinder ¢
rollghness developed at the lowest Re tested of 1.9 x . 90 mm pipe Plaster Wilkin and Oates 1985
10" in 25 mm diameter tubing. dissolution

(3) There are other indications [39] that using the dissolv-
ing plaster of Paris technique can give misleadingly
high values of K due to erosion of the plaster occur-
ring.

(4) If the surface roughens the mass transfer can increase
and there are indications [40] that the roughness
becomes more important then than the geometry in
influencing mass transfer.

FIGURE 12: Poulson’s rough surface correlation ([38]).

(5) An upper bound mass transfer correlation for all
rough surfaces has been proposed [38] as shown in

Figure 12:

Sh = 0.01 Re Sc™*.

2)



TaBLE 3: Differences between normal and separated flow.

Normal flow
Related

Turbulence created Near wall

Separated flow
Not related

Away from wall

Shear stress and K

Roughness effects Evidence for increase

Both increase

on K and AP lacking
Roughness effects  Limited clear Evidence for increase
on FAC evidence of increase lacking

But in all probability there will be a number of situations that are between
these two extremes.

(6) There is some evidence, Table 3 [41], that the develop-
ment of roughness has a smaller effect on geometries
where flow is separated, as compared to normal flow.
In the former turbulence is generated away from the
wall, while in normal flow it is generated close to the
wall. This was first realized with the region down-
stream of an orifice in that some enhancement in mass
transfer occurred in some tests but again nowhere
near a Re, dependency (Figure 10). Also for a multi-
impinging jet and a cylinder in restricted cross flow
the rough surface mass transfer correlations all have a
Reynolds number dependency with an exponent less
than one, Figure 13, with

Sh = 0.195Re”°Sc**  Multi-impinging jets,

Sh = 0.019Re”¥Sc**  Cylinder in restricted cross flow.

©)

(7) If roughness develops, the height (¢) and wavelength
(A) of the roughness elements decrease with increas-
ing Re [40]. This means that the enhancement in
mass transfer caused by roughness does not increase
with increases in €/d. There is a suggestion [50] that
the roughness that develops at any Re produces the
maximum resistance to flow.

(8) If roughness develops the enhancement factor of
any geometry over a straight tube is not a constant
[37] and will usually increase with the Reynolds
number. For the region downstream of an orifice the
enhancement decreases with increases in Re for both
smooth and rough surfaces.

In summary the initial surface roughness (or defects) will
influence the subsequent development of dissolution induced
roughness which will occur at lower flow rates for rougher
initial surfaces. However the final or equilibrium roughness
that develops as a result dissolution will probably be largely
dependent on the flow rate, with smaller scallops as the
Reynolds number increases. The effect of roughness devel-
oping, in increasing the rate of mass transfer and thus the
rate of FAC, is expected to be less for geometries where flow
separation or detachment occurs.

In two-phase flow it is not immediately obvious how the
mass transfer data can be simply incorporated since there

International Journal of Nuclear Energy

5%x10° 6.6x10° 7.3x10°

3% 10°

(b)

FIGURE 13: Examples of specimens after testing under detached flow.
(a) Cylinders in cross flow at stated Re’s: Sh, .. = 0.019Re™*’Sc*,
(b) Multi-impingingjet (d = 1.5 mm at distance of 2 mm): Sh e =
0.195Re*#Sc™*,

is some evidence [39] that Chen’s correlation is not valid.
Figure 14 shows a simple model can apparently be used to
relate the tightness of bends to the resulting influence of the
annular flow on the mass transfer at bends. There is evidence
that mass transfer effects dominate at least up to 50 ms™";
but clearly mechanical damage will occur above some critical
velocity which needs to be defined; this leads to the concept of
a spectrum of mechanisms as suggested earlier [12]. Models
ascribing droplet impingement causing mechanical damage
are referenced later in predictive models but are outside the
scope of this paper.

The relationship between K and FAC must not be
assumed to be linear; this is discussed later in this review.

3. Environmental Variables

It is widely accepted as shown schematically in Figurel
that the three most important environmental parameters
influencing the occurrence and rate of FAC are as follows.

(i) Temperature.

(ii) pH.

(iii) Oxygen content.
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FIGURE 14: (a) Isokinetic annular flow impinging jet specimens ([39]). (b) Prediction of mass transfer at bends from jet data ([39]).
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isolated magnetite ferric ions will build up on surface. Is it possible that this could lead to apparently low solubility and the true solubility

should be obtained from magnetite coated iron?

These have been discussed in detail and further discussion
is beyond the scope of this review. However each of these
variables probably exerts their influence through their effect
on the solubility of magnetite. It is believed that this has been
a neglected topic. For example in one of the first reported
cases of FAC at 300°C it was suggested [51] to be the result
of high mass transfer and low Cr content in the steel with
little consideration to the reduced solubility of the magnetite
at that temperature. A similar situation occurred in a recent
paper [52] describing low temperature FAC.

In general solubility’s can be calculated from available
thermodynamic data or measured. For a very sparingly
soluble oxide like magnetite the preferred option has been
to experimentally determine it using equipment such as that
shown in Figure 15. There are a number of experimental
difficulties such as the need to establish steady state condi-
tions under controlled redox conditions, the problems with
colloidal material, and the influence of trace impurities. Such
solubility data, for example, Figure 16, is then used to obtain
thermodynamic data for the various possible dissolving
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species, for example, Figure 17. The total solubility of iron
species can then be modeled and predictions can be made
(Figure 18).

From an examination of the key papers [53, 55-58] there
are certain key facts, some are well known, for example, 1 and
2, and form the basis of controlling of deposition in primary
circuits, others are not, yet they could significantly influence
the ability to predict FAC.

(1) The gradient of solubility with respect to pH changes
from negative to positive at a critical pH, producing
a typical U-shaped curve, Figure 16. The pH value
this occurs at is of intense interest; an estimate (using
T&LeB data [53]) can be obtained from

-T°C
H = 6.456 + 16.365 . 4
P eXp(88.518> @)

(2) The gradient of solubility with respect to increasing
temperature changes from negative at lower pH to
positive at higher pH, Figure 18; this occurs at ~
9.4 and 9.9 at temperatures of 300°C and 150°C,
respectively [53].

(3) There are various functional relationships between
iron solubility and hydrogen content which arise
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TABLE 4: Possible variations in magnetite solubility dependency on
hydrogen concentration.

Regiem Hydrogen dependency  Reference
Normally =] [53, 55, 56]
At high pHs above ~220°C [H] Ve [53, 55]
é;(‘;zirlrigoe(r:atures below Independent [55]

At high temperatures above Less than [H]"? (55]
pH~9.8

Such effects could influence both dissolution and deposition.

because of the details of the stable species and the
nature of the oxide dissolution reaction, Table 4 and
Figure 18.

(i) Usually [53, 56] the solubility is proportional to
[H,]'":

%Fe304 +Q2-b)H + %Hz
. (5)
— Fe(OH), > + (5 - b) H,0

(ii) As pHs increases the solubility is predicted [53]

to become proportional to [Hz]_l/ 6, and that
will occur above a certain temperature [55].
Consider

1
SFes0; +(3-D) H

«— Fe(OH), ™" + éHz N (g - b) H,0

(6)

However the data appears to be insufficient to
make accurate predictions of pH’s and temper-
ature’s and the expectation is that the transition
will be gradual.

(iii) Solubility is independent of [H,] at low temper-
atures below ~83°C [55]. But this temperature



International Journal of Nuclear Energy

140

120 |

100

PHy5ec =9
80 | i

with NH; Sweeton and Baes
/'d

Solubility (ppb)

60
Tremaine and LeBlanc
40 | pHysc = 10.5
with LIOH
20 +
4 S
0 0000000.0-0-00-0-0-00000-0-0-0-00-0-00 l.l.l’l(ll...‘i“\‘
50 100 150 200 250 300

Temperature (°C)

FIGURE 19: Comparison of solubility data ([2] with additions).

pH was stated to be neutral

1. s 150°C
—6 A %“-\ Q\‘
T 300°C T

Iron solubility log (mM)
I
~
/
¥
‘

-10 SN

-11 T T T T T T T
-600 -500 -400 -300 —-200 -100 O 100 200 300

Potential (mV versus nhs)

F1GURE 20: Effect of potential on solubility ([59]).

increases with increases in [H,]. This is due to
the activity of ferrous ions in solution being
controlled by a hydrous ferrous oxide phase
rather than magnetite [55].

(4) There appear to be significant differences between
the two most quoted data sets as shown in Figure 19.
In particular the values of Tremaine and LeBlanc
(T&LeB) are lower than those of Sweeton and Baes
(S&B) and mirror the temperature dependency of
FAC more closely.

(5) Under conditions where ferrous ions are dominant
the effect of potential [59], Figure20, or oxygen
content of the water is profound and of great practical
importance; the solubility of haematite is exceedingly
small.

(6) There is no solubility data available for magnetite
containing chromium; such data might allow the role
of chromium to be clarified.

There are different functional relationships between pHpp
and pHyr for ammonia, morpholine, ethylamine, and
lithium hydroxide, which depend on basicity, volatility, tem-
perature, and steam quality which need to be considered; this
has been discussed recently by Bignold [60].
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FIGURE 21: Examples of calculated diffusion coefficients; molecular
data from [22, 61]: ionic data-current work.

As indicated earlier another important parameter influ-
enced by the environment is the diffusion coefficient (D) of
the relevant dissolving iron species. This is rarely discussed,
either the value utilized or how it was obtained. One of the
few relevant discussions was presented by Coney [61]; it was
indicated that there were a number of possible dissolving
ions, and diffusion coeflicients were calculated using both
anionic and cationic data. As Newman [62] and others
[12] have pointed out it is the ionic diffusion coefficient
(cm?/s) which should be calculated using the Nernst-Einstein
equation:

RAT

D, = ,
m,F

7)

where R the universal gas constant is 8.3143 J mole deg, A
means the ionic equivalent conductance is in ohm-cm?/equiv,
T is the temperature in degrees Kelvin, 7 is the charge on the
ion, and F is Faraday’s constant 96,487 C/equiv. The effects
of temperature are usually calculated using Stokes-Einstein
equation or Wilkes rule (Dy/T = constant) and this has been
compared to an activation energy approach and found in
reasonable agreement [12].

In Figure 21 the results of Coney are shown and compared
to the recalculated values for FFOH", which Coney suggests
is the most relevant species. It appears that the recalculated
values are approximately half of the earlier values and a
correlating equation obtained using Table Curve™ is given.

Temperature also influences the density and viscosity of
water; such values are readily available in the literature.

4. Material Influences

It has been known for some considerable time that the
chromium content of steel [63, 64] has an important role
in influencing flow accelerated corrosion; typical results are
shown in Figures 22 and 23. There is some evidence [63] that
under some situations copper and molybdenum may also be
beneficial. Suggested correlations for the fractional reduction
(FR) in FAC caused by alloying include

-1

FRppc = (83Cr"¥Cu®®Mo®?)

(8)
FRpac = (0.61 + 2.54Cr + 1.64Cu + 0.3Mo) .
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FI1GURE 23: Effect of 1%Cr on FAC specimens after 2280 hours at 155°C at pH 9.1. (a) Surface of carbon steel. (b) Surface of 1Cr0.5 Mo steel.
(c) Section of orifice holder. (d) Section through carbon steel-stainless steels. (e) 1Cr0.5Mo-stainless steels.
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FIGURE 24: High pressure and high temperature flow loop for FAC
studies on British AGR components.

It is of considerable interest that welds can have weld metal
lower or higher in chromium than the parent metal; this
needs to be considered in any assessment.

In general water chemistry changes are so much easier
to implement than material changes; it is only in new or
replacement components that material changes can be made.

It is believed that the first instance when the possibil-
ity of FAC influenced, indeed determined, the choice of
material (1%Cr1/2%Mo) was for the economizers for the
British advanced gas cooled reactors (AGRs) once through
boilers at Torness and Heysham 2. This was substantiated
by long term tests (22800 hour) in laboratory rigs, on-site
rigs, and in situ SGs exposure. Both tight 180° bends and
orifice geometries were utilized, Figure 24. Interestingly the
feedwater system for the British PWR at Sizewell, ordered
later, was specified as carbon steel. While there is no dispute
as too the benefits of chromium additions there have been at
least three suggestions as to its mechanism.

(i) It slowly enriches at the dissolving magnetite surface
and limits the solubility [66, 67].

(ii) Italters the kinetics of oxide dissolution, possibly after
enriching at the surface [68].

(iii) It changes the oxide porosity [69].

5. Predictive Approaches

5.1. Testing. 'There are two possible approaches. The first is
to test all geometric features of interest under realistic and
accelerated conditions to obtain margins of safety. Figure 24
shows such a rig used to test AGR components at design and
twice design velocities for times up to 22800 hours.

The alternative approach is to use a specimen with a range
of mass transfer rates as illustrated in Figure 25, or a single
specimen over a range of flow rates. In all cases it is good
practice to check any relationship, between the suspected

13

hydrodynamic parameter and the rate of FAC, with tests using
a different specimen geometry.

The author can see no point in using a specimen for which
there is no mass transfer data available. It is important in all
cases to ensure the following.

(1) Tests are carried out long enough to obtain realistic
steady state rates.

(2) The method of measuring the corrosion rate has
the required precision; various methods have been
suggested [12].

(3) The environmental conditions in the test rig really
do correspond to the practical situation. The use of
a marker geometry, that is, one which corrodes at a
known rate, has much to commend itself.

The advantage of the first approach is that real components
can be tested and the dependency between corrosion rate and
mass transfer will be established if the latter is known. It must
be emphasized that this might change if the environmental
conditions change. The advantage of the second approach
is that it might prove possible to obtain the FAC versus K
relationship with a single specimen where high precision
measurements are possible. One difficulty in using specimens
is that the development of roughness can be significantly
different between geometries. The specific example of using
small diameter tubes to obtain data relevant to large diameter
pipes has been covered in some detail [40].

5.2. Theoretical Based Models. There appears to be reasonably
widespread agreement that the basic mechanism of FAC is
the enhanced transport of dissolved ferrous ions away from
the metal surface. This causes the protective magnetite film
to be thinned down and results in essentially linear kinetics.
This is to be compared to parabolic kinetics during normal
corrosion.

The simplest formulation of an FAC model gives the
corrosion rate as the product of the mass transfer coefficient
(K) and the solubility driving force (AC), where AC is
difference between the solubility and the bulk solution level:

FAC,,. = KAG; ©)

K is usually obtained from correlations of the general form
Sh = constant Re*Sc”, (10)

where Sh (the dimensionless mass transfer Sherwood num-
ber) is given by K(d/D).

Re (the dimensionless Reynolds number) is given by
V(d/y) and Sc (the dimensionless Schmitt number) is given
by y/D.

V is the relevant velocity (m s1), d is the characteristic
specimen length (m), y is the kinematic viscosity (m*s™'),
and D is the diftusivity of the relevant species (m%s™h).

Substituting for K,

FAC. . = constant dequy “D'"VAC. (11)

rate
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FIGURE 25: Specimens with mass transfer gradients ([12]).

So in principal, if the mass transfer is known and the con-
centration driving force is known, the only other parameters
required are the diffusion coefficient of the relevant ionic
species and the appropriate kinematic viscosity.

However, most if not all the predictive models involve
additional processes shown in Figure 25. The differences in
the various mechanistic models arise in the way the processes
are quantified and combined, in particular in the explanation
of the key environmental parameters especially the tempera-
ture and how the flow dependency of the measured FAC rates
can be explained.

From a predictive aspect a very important difference is
that some theories predict a linear relationship between mass
transfer and flow accelerated corrosion rate: a nonlinear rate
is predicted by other models particularly the CEGB theory of
Bignold, Garbett, and Woolsey. Other workers have argued
that a greater-than-linear dependency of rate on mass transfer
equates to a mechanical contribution probably in removing
oxide.

The CEGB model [10, 54, 66, 67,70, 71] (Bignold, Garbett,
and Woolsey) was developed because the maximum FAC
rate and the measured FAC profile downstream of an orifice
could not be explained by the available magnetite solubility
data, and a linear relationship between FAC and mass
transfer. In addition to explain the decrease of FAC at lower
temperatures, it was postulated that the rate of magnetite
dissolution (R of Fe;O, dissolution) controls the rate of FAC
at low temperatures:

1 1 1
= + .
FAC KAC R of Fe;O, dissolution

(12)

rate

There is strong evidence that the solubility of magnetite is a
function of the hydrogen content of the water. Thus it appears
that the process could be self-accelerating in that the higher
the corrosion rate is, the more hydrogen is produced locally,
and this could enhance the solubility of the magnetite. An
electrochemical model was developed which indicated that
the solubility of magnetite could be proportional to the square
of the mass transfer coefficient.

Thus the FAC rate could be proportional to the cube of the
mass transfer coeflicient, or in general with n being a variable
between 1 and 3:

FAC,,. = K"AC. (13)

rate

High resolution measurements of the FAC rate down-
stream of a ferrule or orifice suggested that the rate did not
increase with time as the surface roughened, Figure 27, and
roughness effects do not appear to have been incorporated
into the CEGB model.

The EDF model [65, 69, 72-76] has been developed with
a number of modifications, most importantly the incorpora-
tion of the oxide porosity 0, oxide thickness §, and k the rate
constant for magnetite dissolution as important parameters.
The original formulation in 1980 was

FAC,,. = K(C - Co),
(14)
FAC,, = 2k (Ceq-C).
From which one gets
2kK
FAC, . = Ceq - Co). 15
rate {2k+K}( €q O) ( )

Then this was modified, after the Sanchez Calder model to
take account of oxide porosity:

0AC

FAC,, = [1/k+0.5(1/K +8/D)]’

(16)

And if mass transfer is the rate controlling step [1/k <
0.5(1/K+6/D)] and for thin oxides (1/K > &/D) this reduces
to

FAC,,. = 2KOAC. 17)

rate

The solubility of magnetite is obtained from Sweeton and
Baes. Mass transfer coeflicient is obtained by using a straight
tube correlation modified for surface roughness and an
enhancement factor to account for the component geometry:

0.2
Kcom onent — 00193[3] Re SC0.4 (2)
p ’ 4 (13)

x component enhancement factor.
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FIGURE 26: Schematic diagram of possible reactions in FAC.

Early versions of their model appeared to explain the varia-
tion of FAC with temperature and alloying effects, particu-
larly the effect of chromium, by varying the values of oxide
porosity 8 and thickness §. In the latest description of the
model, the following is stated [65].

The porosity behavior with temperature is difficult
to model. It appears to be temperature dependent
and not linear. Based on many experiments using
the CIROCO test loop, taking into account differ-
ent temperatures, mass transfers and chemicals,
(16) has been simplified as

FAC,,, = 2K - f (Cr)- H(T) - AC, 19)

rate

where H(T) is a temperature-dependent function
normalized to K and which leads to a hydrogen
content (in mgkg™") equivalent for increasing the
iron solubility. Only experiments can lead to this
function and data are not shown.

The Sanchez Calder model [77] was developed to predict
the rate of FAC in steam extraction lines. It incorporated
most of the processes shown in Figure 26, with an equation
similar to the EDF model, and highlighted their view of the
importance of the oxide porosity, which was subsequently
incorporated into some other models.

Workers at Penn state Uni [79] pointed out the basic
Sanchez Calder model predicted rates that were 100 to 1000
times smaller than measured rates and suggested changes to
the model including:

(i) improved magnetite solubility data,

(ii) assumption that porosity was a function of oxygen
content of water,

(iii) introduction of several piping configurations and
surface finishes.

60
389.8 Kg/hour at 115°C, pH 9.04, O, < 2ppb

50 |.and Fe ~ 0.5 ppb with 2.87 mm diameter
2 ferrule in 8.34 mm diameter tube
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FIGURE 27: Linear FAC loss rate at orifice specimen ([78]).

Since the occurrence of FAC at the outlet headers in the
carbon steel primary circuit of CANDU reactors and the
failure of a condensate pipe downstream of an orifice at
Mihama PWR, various other mechanistic approaches have
been formulated.

Burrill and Cheluget [80] followed a similar approach to
CEGB workers in having the magnetite solubility (calculated
using S&B) as a function of potential and thus the corrosion
rate. However under CANDU condition of high pH and high
temperature the dependency of magnetite solubility could be

]1/3

less than the normally accepted [H] '~ relationship.

Canadian/Japanese Approach [4, 15, 32, 81, 82]. Lister and
Long suggested that an earlier model [83] which incorporated
both film dissolution and mass transfer could not explain
the occurrence of FAC on CANDU outlet feeders. This was
because the film dissolution step was not sufficiently fast to
keep up with the observed FAC rates. In addition because the
FAC rate was a function of the velocity to a power of 1.5-2 it
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was stated that the surface shear stress (t) must be important
in causing magnetite removal. The stages in this model are
thus as follows.

(1) Some magnetite dissolution occurs.
(2) Dissolution loosens magnetite crystals.
(3) Surface shear stress spalls or erodes crystals.

(4) Thinned magnetite is less protective.

An electrochemical model was developed which could pre-
dict corrosion potentials magnetite solubility’s and FAC rates.

Subsequent work in collaboration with Japanese workers,
including Uchida, has subsequently developed their own
evaluation program because Unfortunately, details of their
(other models) theoretical basis and of the data bases of the
program packages are classified due to intellectual property
rights. Both traceability of the computer program package and
its validation are required for making policy on plant reliability
when applying the package calculations.

A paper covering the evaluation of FAC simulation code
based on verification and validation has been published [82],
which describes the steps involved as follows.

Step 1. Define flow velocities and temperatures in system: 1D
CFD code RELAPS used.

Step 2. Calculate O, levels ECP, and so forth: 1D O,-hydra-
zine reaction code CORRENV used.

Step 3. Distribution of mass transfer coefficients: 3D CFD
code PLASY MTCEXTRA used.

Step 4. Danger zone evaluation: chart analysis DRAW-
THREE-FAC.

Step 5. Distribution of wall thinning: wall thinning code
WATH.

Step 6. Evaluation of residual life and effect of counter
measures: final evaluation DRAWTHREE-FAC.

Interestingly this paper appears to indicate the impor-
tance of obtaining the mass transfer rate but does not mention
the importance of the surface shear stress.

5.3. Empirical Models. The Keller model [84-86] was probably
one of the first predictive models. The basis for the formula-
tion was a combination of experience gained from damage in
wet steam systems and the pressure drops expected at various
components:

FAC,, = [f(T) f (X)VK,] - Ks, (20)
where K, is a component geometry factor and Ksis a constant
that must be exceeded for FAC to occur, X is the steam quality,
T is the temperature, and V is the velocity.
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This was clearly inadequate since no environmental influ-
ence was included and was subsequently modified by Kastner
et al. [85] to include the following.

(a) Environmental factors.

(b) A modified K., which also included downstream

influences:

FAC,,. = K. f, (VT material composition)
x f, (PH) f3(0,) f4 (time) f5 (X).

After the Surry failure this was developed into WATHEC and
is used in conjunction with DASY to manage data obtained
from NDT examination.

(21)

EPRI CHEC [2, 87, 88] (Chexal and Horriwtz). After the
Surry failure EPRI collected all British, French, and German
experimental data together with USA plant data. Other
than being consistent with mechanistic understanding no
presumptions were made as to the form of the correlation
between FAC rate and all the influencing variables resulting
in the formulation:

FAC,,. = f1 (T) f, (material composition) f; (K) f, (O,)

X fs (pH) f¢ (component geometry) f, (&),
(22)

where « is a factor for void fraction in two-phase flow. There
have been various modifications and improvements made to
this code and its use in plant examination.

5.4. Other Models. A trained artificial neural network (ANN)
was used [79] to make predictions, but the details of the
results were only given in graphical form. The following was
suggested.

The combination of a deterministic model which
reflects a mechanistic picture of FAC and a purely
nondeterministic ANN model which reflects best
experimental representation of the phenomenon
are the best tools for extracting information from
complex phenomenon such as FAC [79].

A Russian program ECW-02 based on CHECWORKS has
been developed, and a Ukrainian program KASESC based on
WATHEC has also been produced. RAMEK is a more original
Russian approach that has been described and reviewed [8]
that appears to combine a loss rate due to mass transfer with
a loss rate due to the surface shear stress peeling of the oxide
layer.

Various models [89-91] have been developed to predict
droplet attack at bends in two-phase flow, but they appear
to ascribe damage to be mechanical in nature. As outlined
earlier the conditions causing such attack, as opposed to
corrosion, need defining.

The relative usage of the various programs is that CHEC-
WORKS is used in USA, Canada, Taiwan, Japan, South Korea,
Czechia, Slovakia, and Slovenia ~153 units, EDF is only used
in France but in all 58 units, and COMSY is used in Germany;,
Spain, Finland, Hungary, and Bulgaria ~17 units.
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6. Discussion

A simplified summary of how the prediction schemes deal
with some of the variables that have been dealt with in this
review is given in Table 5, and suggested reasons for the
bell shaped dependency of FAC rate with temperature are
summarized in Figure 29.

6.1. Importance of Mass Transfer. It is widely agreed that
the mass transfer coeflicient is the hydrodynamic parameter
that controls the occurrence and rate of FAC. A relationship
between rate of FAC and the mass transfer coefficient, with
a power dependency of greater than one, is an erroneous
reason to invoke the importance of 7 the surface shear
stress. It is believed that there are more cogent reasons to
reject the involvement 7 as an important parameter. These
have been dealt with in detail earlier and elsewhere. Briefly
the variations in 7, K, turbulence level, and flow assisted
corrosion rate with distance downstream of an orifice are
sufficient to confirm that 7 is not important. It is probable
that a similar statement will be found for other regions where
detached flow occurs and the relationship between mass
transfer heat-transfer and pressure drop breaks down.

6.2. Relationship between FAC and Mass Transfer and Mag-
netite Solubility. It is clear that there is not always a simple
linear relationship between the FAC rate and the mass
transfer rate, for example, the variation in FAC downstream
of an orifice. Of the various predictive schemes only the EdF
model appears to suggest a linear model, and the position of
the EPRI code is unclear. Figure 28 compares some CEGB
and EDF data.

It has been suggested that at low temperatures the FAC
rate is limited by the magnetite dissolution rate. However an
empirical fit of the data produced an activation energy that
was a function of the mass transfer rate [70]. At temperatures
above the FAC peak it has been suggested that redox reactions
could become more important than the corrosion potential
in determining the rate of FAC. Both of these situations
would produce a lower dependency on mass transfer than
at the peak temperature where the highest value of » is
associated with the maximum feedback between the FAC
rate, the corrosion potential, the production of hydrogen, and
the solubility of magnetite.

Except for very high plateau FAC rates at low pH’s
(Figure 30) there is no convincing evidence for the impor-
tance of any processes other than mass transfer and magnetite
solubility. The importance of magnetite dissolution kinetics
being limiting at low temperatures appears to result from the
widespread use of the solubility data of Sweaton and Baes.
Most importantly this data suggests that magnetite solubility
increases with decreasing temperatures down to about 60°C.
However the data of Tremaine and LeBlanc show a bell
shaped magnetite solubility curve (Figure 19), which more
closely resembles the temperature dependence of FAC. In
addition there are theoretical reasons why solubility should
not be related to hydrogen partial pressure at low temper-
atures. Other reasons proposed to explain the temperature
dependence of the FAC rate are summarized in Figure 28.
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FIGURE 28: Suggested correlations between K and FAC rate. (a)
French data ([74]). (b) British data ([12]).

6.3. Influence of Roughness Development. The way the differ-
ent models deal with roughness development, mass transfer,
and the influences on the rate of FAC is summarised in
Table 5. It appears that only the WATHEC model does not
incorporate roughness effects. However it is not clear how
the smooth to rough surface transition is handled by any of
the models. The EdF model incorporates a formulation very
similar to Figure 12 with the factor 0.01 being replaced with
0.193(¢/d)™*. This would appear a reasonable formulation in
line with pressure drop formulations. However it is clear that
that as Re increases the size of scallops produced by FAC
decreases, although the mass transfer enhancement over a
smooth surface is increased; this appears inconsistent, except
possibly during the initial stages of attack.
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TABLE 5: Models and how they deal with key variables.
Cause of FAC
. m
Model FAC fu:)l:t;{onn of V Roughness effects Solubility relationship reduction at
Low T and High T
CEGB Nonlinear Acknowledged but not . -
(54, 66, 67, 70, 71] n>1<3. specifically integrated. Sand B MDR" Solubility
EdeF Linear Yes and specified Sand B Porosity Porosity
[65, 69, 72-76] n=1orless relationship MDR
Sanchez Calder [77] Linearn = 1 or less Apparently not Sand B Porosz;\);ﬂl;(})zrosuy
Mechanistic Their own which is bell
Penn S model-linear? . shaped at pH 7 and
(79] ANN model Yes but not specified increases with Unclear
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the steel.

6.4. Mechanistic Comments on Prediction Models. Tt is sur- )

prising that after over 40 years of investigation and devel- (5) The 1tmportance and treatment of roughness develop-
ment.

opment there is no widespread agreement on a number of
important mechanistic aspects, which have an impact on the
ability to predict the rate of FAC, these include the following.

Thus despite the ability to prevent its occurrence to say that
FAC is well understood is somewhat premature.
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FIGURE 31: Typical magnetite deposit.

6.5. Relationship of FAC to Deposition and SCC? The rough-
ness that develops during both FAC and the deposition of
rippled magnetite both increase the resistance to flow. Such
effects are usually represented graphically in terms of the
friction factor (f) as a function of the Reynolds number;
the friction factor relates the pressure drop and thus 7 to
the velocity. Such a diagram was constructed, by Moody for
pipes having roughness elements of varying heights and dis-
tributions. Similar diagrams can be constructed for surfaces
with uniform roughness, for example, with sand grains. There
are some differences between these two types of diagrams
[18]. However in both cases under turbulent conditions the
friction factor increases with the relative roughness (¢/d) and
decreases with increases in Reynolds number. A simplified
equation was recommended [18] to estimate such effects:

1 69 [ e \M!
s = —3slog {3+ (52 } 2
f05 ng{Re "\3714 (23)

For surfaces that roughen as a result of dissolution or
deposition the relative roughness produced decreases with
increasing flow or Re. The evidence is that such roughness
produced a greater resistance than expected from its e/d
value. From the upper bound mass transfer correlation and
the analogy with heat and momentum transfer a single upper
bound value of f can be estimated as a function of Re as f =
0.02 Re, but this has not been tested. It has been suggested,
and there is some evidence for, the resistance peaking at
the Reynolds number at which the roughness was formed
50, 92].

The difficulties predicting the occurrence of deposition
have been indicated [64], although a velocity below 1.6-
2.9m/s was stated [93] as necessary to prevent the occur-
rence in straight tubes; otherwise pressure drop increases
of 20 times at a Re of 10° could occur. Deposition appears
preferentially at regions of high mass transfer and it has been
suggested [94] that this is due to electrokinetically generated
currents at regions of separated flow, but deposition does
occur on straight pipes and bends, Figure 31. If electrokinet-
ically currents are important deposition might be expected
to occur at any dissolved iron levels (like electrodeposition).
However there is still some debate about the roles of soluble
or particulate iron. Like FAC deposition can be controlled by

the addition of oxygen to the water or pH changes reducing
the iron solubility.

The SCC of highly stressed experimental orifice holders
undergoing FAC was reported [12]. It was suggested that
the electrochemical conditions for FAC and SCC are often
similar. For example it was shown that the potential range
promoting SCC and FAC, of carbon steels in carbonate
solution, is identical. Also both SCC and FAC of carbon
steels occur in carbonate, nitrate, and caustic solutions. The
relationship between oxide solubility and crack propagation
has also been suggested [95]. However from a practical
viewpoint for carbon steels in water it is clear that cracking is
favored by oxidizing conditions, which inhibit the occurrence
of FAC. The occurrence of both FAC and SCC assumed
importance by the occurrence of both FAC and SCC on the
outlet headers of a CANDU plant; as yet there does not seem
to be a full understanding of such cracking.

7. Preventing the Occurrence of FAC

If the three major influences on FAC are considered, that is,
material, environmental, and hydrodrodynamic, as shown in
Figure 2, then how to prevent its occurrence is straightfor-
ward and depends if at the design stage or postconstruction
and into operation.

The history of the British AGRs once through steam
generators illustrates this rather well. Damage was first
observed at and downstream of the flow control orifice
assemblies situated in the feedwater inlet headers. These are
accessible and the problem was corrected by a redesign which
included a stainless steel section of tubing downstream of
the orifice. However this problem highlighted the risk to the
carbon steel bends in the economizer section of the boiler,
which was controlled initially by raising the pH. Although
this appeared successful it limited the life of ion exchange
beds. It was known that oxygen additions to the feedwater
could be beneficial in terms of general corrosion [96, 97].
A large program demonstrated that adding a small amount
of oxygen prevented FAC [78, 98]. High resolution surface
activation measurements of FAC rate confirm this as shown
in Figure 32. In addition it was shown that additions of
oxygen and hydrazine could be made together and that the
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oxygen would inhibit FAC in the economizer prior to being
reduced by the hydrazine and thus minimise the possibility of
SCC at oxidising potentials. Thus very cleverly two additions
can be made to the secondary water, having opposite effects
and preventing two forms of corrosion occurring in different
regions of the boiler.

It was postulated that the amount of oxygen that was
needed to be added to prevent FAC was related to the FAC
rate by Faradic equivalence:

FAC
Concentration of O, > ——2¢_
KO, x P

(24)
where P is a constant as defined in Figure 33. Note that
the concentration (weight/volume) of oxygen is given by
O, pPpM X paier- The slope of the line in Figure 33 is a function
of five parameters and its value seems to be an unreliable
way of obtaining mechanistic information about the reactions
involved.

The success of such oxygen additions has been described
[99] and the approach has been adopted in other situations
[100]. Later AGR boilers were constructed using a 1%Cr

International Journal of Nuclear Energy

0.5%Mo steel after extensive testing had confirmed its suit-
ability. The use of 1%Cr 0.5%Mo steel has the advantage
that no postweld heat-treatment is usually required unlike
2.25%Cr 1%Mo and higher alloyed steels.

8. Conclusions

(1) The available evidence continues to support the use of
the mass transfer coefficient (K) as the best hydrody-
namic parameter to characterize FAC in power plant.

(2) The fundamental relationship between K and the
rate of flow accelerated corrosion continues to be a
significant difference between the different predictive
schemes. However, there is strong evidence that the
rate of FAC is not always a simple linear function of
the mass transfer rate.

(3) With normal flow as roughness develops mass trans-
fer increases and the rate of FAC increases. There is
now more evidence that this is much less important
with detached flow.

(4) It is clear that the influence of the environmental
parameters such as temperature, pH, and oxygen
content is through their effect on the solubility of
magnetite. However, the details of this and the vari-
ation of magnetite solubility deserve closer atten-
tion. In particular it might prove possible to explain
the temperature dependency of FAC in terms of
magnetite solubility and its relationship to hydrogen
partial pressure, without having to invoke a change in
the rate controlling step.

(5) There is the possibility that at higher pH’s and tem-
peratures, for instance those in the CANDU primary
system the effect of hydrogen partial pressure, on
magnetite solubility might not be proportional to
[H,]'. As pH increases, at high temperatures, there
will be a gradual reversal in the effect of hydrogen
content on solubility, from being proportional to
[H,]'" to [H,]7/°.

(6) The beneficial effect of chromium continues to be
demonstrated under all conditions. However, it is not
clear if this effect is due to a reduction in the solubility
of the magnetite, a change in the kinetics of oxide
dissolution or its influence on the oxide porosity.

(7) It is clear that oxygen additions can prevent FAC but
such additions to the environment might lead to other
problems.

(8) There is still no agreement on a number of important
mechanistic aspects. The mechanistic models appear
to have adjustable parameters particularly the f(T') in
the EDF code and the 7 in the K" dependency of the
FAC rate, in the CEGB model.

(9) The pragmatic models do not give enough informa-
tion to completely understand their operation.
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