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Abstract

Corrosion of steels exposed to flowing liquid lead alloys can be affected by hydrodynamic parameters. The rotating
cylinder system is of interest for the practical evaluation of the fluid velocity effect on corrosion and for the prediction of
the corrosion behavior in other geometries. Models developed in aqueous medium are tested in the case of liquid metal
environments. It is shown that equations established for the rotating cylinder and the pipe flow geometry can be used
effectively in liquid lead alloys (Pb—17Li) assuming the corrosion process is mass transfer controlled and the diffusion
coeflicient of dissolved species is known. The corrosion rate of martensitic steels in Pb—17Li is shown to be independent
of the geometry when plotted as a function of the mass transfer coefficient. Predictions about the corrosion of steel in
liquid Pb-Bi are performed but experiments are needed to validate the results obtained by modeling. © 2001 Elsevier

Science B.V. All rights reserved.

1. Introduction

Accelerator driven systems are a technical option to
transmute plutonium, minor actinides and long-lived
fission products into short-lived radioisotopes or stable
nuclei. In such systems, protons generated from an ac-
celerator impinge on a target to produce neutrons by a
spallation process. These neutrons are then used for
waste transmutation. Flowing liquid metals are primary
candidates for the spallation target material due to the
high power density deposited by the proton beam. The
lead-bismuth eutectic (Pb-55 at.% Bi) appears to be a
good candidate due to its high atomic number, low
melting point, fast heat removal from the target, good
neutron yield and low vapor pressure. It is chemically
inert and does not react with air or water violently.

One of the concerns with the use of liquid metals is
their compatibility with the containment structure.
Liquid metal corrosion can proceed via various pro-
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cesses: dissolution, formation of intermetallic com-
pounds at the interface, penetration of liquid metal
along grain boundaries, which depend on experimental
factors such as: temperature, thermal gradients, solid
and liquid compositions, velocity of the liquid metal.

From studies carried out in flowing lead-lithium al-
loy (candidate material for the liquid breeding blanket
of fusion reactors), it is known that the corrosion rate of
martensitic steels, at 475°C (hot leg temperature) and for
a temperature gradient of 60°C (cold leg tempera-
ture =415°C), increases from 21 to 93 pm yr~! when
the alloy velocity increases from 0.019 to 0.18 m s~! [1].
In the spallation module, the velocity of liquid lead—
bismuth could reach values up to 3 m s~! (in our study
we will consider a larger velocity range with values up to
5 m s~') [2]. Therefore, it appears necessary to consider
the hydrodynamic effects and to study thoroughly the
influence of the liquid Pb-Bi velocity on the corrosion of
structural materials for selection of the container.

For practical evaluation of the Pb—Bi velocity effect
on the corrosion of steels, an experimental device is
being built at the laboratory, which consists in a rotating
cylinder operating under controlled hydrodynamic
conditions [3]. The major question is how the results
obtained on the rotating cylinder can be used to predict
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the behavior of the materials in the hydrodynamic and
geometric conditions of the spallation module.

Several models have been developed in aqueous
media (especially in the field of the oil and gas indus-
tries) to predict the fluid velocity effects on corrosion
from the results obtained with a rotating cylinder [4-14].
However, very few studies have been performed in liquid
metals and the purpose of this paper is to determine if
the existing models can be used in the case of liquid
metals or if new equations are necessary for this specific
application.

Within the context of the fusion reactors studies,
corrosion of steels in the presence of flowing lead-lithi-
um alloy (Pb-17 at.% Li) has been widely studied by
means of pipe loops and rotating cylinder specimens.
Therefore, it is possible to determine if the models
proposed in the literature for aqueous media can be
considered in the case of liquid metals by using the ex-
perimental results obtained in Pb-17Li via loops and
rotating cylinder specimens. An analysis will also be
carried out in pure liquid lead by using some corrosion
data. Then, the best appropriate equations will be used
to perform a first evaluation of the corrosion behavior of
steels in contact with flowing Pb-Bi in the spallation
module.

It has to be noted that the corrosion rate of steels
exposed to Pb or Pb—Bi depends on the concentration of
oxygen dissolved in the liquid alloy [15]. At high oxygen
content, an oxide layer can be formed on the steel sur-
face (lead oxides are less stable than iron oxides), which
protects it from corrosion. At low oxygen content, there
is no oxidation and corrosion occurs by dissolution of
the steel components in the liquid metal. In this paper,
only the latter case will be discussed. However, hydro-
dynamic factors can also affect the external surface of
the oxide layer in contact with the flowing liquid metal
depending on the characteristics of this layer: porosity,
solubility. For example, a high fluid velocity could
generate the erosion of a porous oxide layer leaving the
metal unprotected.

2. Modeling of flow-induced corrosion
2.1. Generalities

This section briefly introduces the hydrodynamic
factors that affect the corrosion rate.

When a liquid interacts with a solid wall, there are
different regions to consider for velocity distribution in a
turbulent flow (in the spallation module, due to the high
fluid velocities, the flow is turbulent) [6,16]:

— A thin laminar sublayer of thickness J;, resulting
from viscous drag is present close to the pipe sur-
face. In this region, the flow is stabilized by the
presence of the wall and remains laminar.

— A fully turbulent region, in which the highest

velocities are obtained.

— A buffer layer between the laminar sublayer and

the fully turbulent region. This region is character-

ized by turbulent conditions which are of lower

intensity than in the fully turbulent region.
Moreover, if mass transport occurs at the surface, there
is also a diffusion boundary layer of thickness d4 across
which there is a concentration gradient [16].

Conventionally, the characteristics of hydrodynamic
systems are described by dimensionless numbers such as
the Reynolds number (Re), the Schmidt number (Sc¢) and
the Sherwood number (Sh).

The Reynolds number expresses the ratio of the
inertial forces acting on a fluid to the viscous forces:
Re = %,

vV
where v is the fluid relevant velocity (m s™'), d is the
characteristic specimen length (m) and v is the kinematic
viscosity of the fluid (m? s7').

For velocities lower than a critical value character-
ized by a Reynolds number, Reica, the flow remains
laminar. For higher velocities, it becomes turbulent.
Table 1 gives the expression of the Reynolds number for
various geometries and the transition critical values
between laminar and turbulent flow [6].

The relationship between the thickness of the laminar
sublayer (0y,) and the thickness of the diffusion boundary
layer (d4) is governed by the Schmidt number:

v
Sc = 5,
where D is the diffusion coefficient of the relevant species
(m? s7h).

The higher the value of Sc, the thinner will be the
diffusion layer and the faster will be its formation.

The Sherwood number is related to the mass transfer
which is introduced hereafter.

2.2. Mass transfer

Mass transfer is the process of transporting material
from a surface to the bulk of a flowing fluid. The overall
transport to the surface consists of diffusion at the in-
terface solid-liquid and bulk convection. This kind of
transport is known as convective diffusion. The mass
transfer rate can be expressed according to

Rate of reaction = KAc,

where K (m s~') is an empirical mass transfer coefficient
depending on hydrodynamic factors and Ac is the con-
centration gradient between the solid-liquid interface
and the bulk [6,17].

In some cases, the mass transfer coefficient is con-
sidered to be the ratio D/dy where D is the diffusion
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Reynolds numbers for different specimen geometries [6]

Geometry

Characteristic length (m)

Reynolds number Critical Reynolds number

Smooth pipe

Rotating disc

Rotating cylinder

Inner pipe diameter: dpyipe

Disc radius: rg

External cylinder diameter: deyjinder

Upipedpipe =~ 2000
v
Upipe : linear velocity (m s™')
N ~10°
Drq
v
o : angular velocity (rad s™')
2
Ucy]inderdcy]inder _ wdcylindcr ~ 200

v 2v

i . deylinder
Ueylinder * Peripheral velocity = —==

(ms™)

coefficient (m? s™') and 64 (m) is the thickness of the
diffusion boundary layer. The thickness of the diffusion
layer is a function of the fluid velocity, the geometry of
the installation and the physicochemical properties of
the fluid.

Mass transfer rates can also be expressed in a di-
mensionless form by the Sherwood number

Kd
Sh="7

where K is the mass transfer coefficient (m s™'), d is the
characteristic specimen length (m) and D is the diffusion
coefficient of the relevant species (m? s~').

It can be shown by dimensional analysis that S is a
function of Re and Sc. Such relationships can be derived
theoretically, however they are usually obtained as em-
pirical correlations of experimental data obtained within
certain limits and are usually of the form

Sh = aRe"Sc*,

where a, b, and ¢ are empirical constants: b is usually
between 0.3 and 1, ¢ is typically 0.33.

2.3. Momentum transfer

Momentum transfer is the physical force within the
fluid acting through turbulence at the solid metal sur-
face. It is measured by t (N m~2), the wall shear stress
[14]. This parameter is a direct measurement of the vis-
cous energy loss within the turbulent boundary layer
and it is related to the intensity of turbulence in the fluid
acting on the wall. Wall shear stress can be expressed as

S

T= EU P,
where f is the dimensionless Fanning friction factor,
v is the fluid velocity (m s™') and p is the fluid density
(kg m3).

To determine the expression of the friction factor,
one of the simplest correlation is the Blasius equation

[8]:

f =0.079Re %> for 2.3 x 10° < Re < 10°.

For higher Reynolds numbers and smooth pipes, the
expression is [12]

\/Lf =4log <Re\/}7> — 0.4 for Re > 3000.

Another expression gives [8]

f = 0.046Re %2 for Re > 10°.

In most cases, the Reynolds number does not exceed
10°, therefore the Blasius equation is considered.
For the rotating cylinder, the wall shear stress is

=501,

where f'is the friction factor, w is the angular velocity
(rad s7') and r is the cylinder external radius (m).
The expression of the friction factor is [8,12]

g = 0.079Re™? for Re > 300.
The majority of the changes in fluid stress characteris-
tics, turbulence, mass transfer and fluid interaction with
the wall occurs in the boundary layer. This implies that a
test method allowing calculation of values for geometry-
independent parameters acting on the test specimen can
be used to investigate fluid flow effects on corrosion for
any system that can be characterized hydrodynamically
[14].
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Fig. 1. Representation of the four main types of flow-induced corrosion [17].

2.4. Velocity distribution in a turbulent flow: effect on the
corrosion process

The different mechanisms of combined action of flow
and corrosion lead to four types of flow-induced cor-
rosion: mass transport-controlled corrosion, phase
transport-controlled corrosion, erosion—corrosion and
cavitation—corrosion. They are represented on Fig. 1
and the main interactions between a flowing liquid and a
solid surface are synthesized on Fig. 2 [17].

The effects of flow velocity may be summarized as
follows [18]:

— At flow velocities close to zero, i.e., in the absence
of induced convection, natural convection alone is
involved in mass transfer.

[ Momentum Tronsport ]

one phase %‘;}

tiquid/solid

7

E
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— Under the influence of moderate induced convec-
tion, mass transfer increases but mechanical flow
effects are absent.
— When the system is subjected to forced convec-
tion with high flow velocities leading to mechanical
flow effects, protective films (passive films, layers of
corrosion products) and, in extreme cases, the me-
tallic substrate itself may suffer from mechanically
induced damage.
In liquid metal environment where corrosion occurs by
direct dissolution (which is the case for the Pb-17Li
alloy at the velocities that have been studied), the cor-
rosion mechanism can be divided into two steps:
(1) the dissolution reaction at the surface of the
solid metal,
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Fig. 2. Interactions of a flowing liquid with a solid boundary [17].
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(ii) the transport by convective diffusion of the dis-

solved metal from the solid-liquid interface to the

bulk:mass transfer.
At low velocities, the corrosion rate is completely or
partially mass transfer controlled. In such a case, the
global dissolution at the solid-liquid interface is at the
equilibrium and the corrosion process is thus limited by
the diffusion of the dissolved species in the laminar
sublayer from the solid-liquid interface to the bulk (the
corrosion rate corresponds to the mass transfer rate or
diffusion flux). The thickness of the laminar sublayer
depends on the hydrodynamic regime (geometry, fluid
velocity, fluid physicochemical properties. . .). Therefore,
when the corrosion process is mass transfer controlled,
the corrosion rate increases with increasing velocity
(phase B: ‘mass transfer controlled’ — Fig. 3). At high
velocities, the dissolution reaction at the solid-liquid
interface becomes the limiting step. In this region, the
corrosion rate is independent of the fluid velocity and, in
principle, also of the geometry (phase B: ‘activation
controlled’ — Fig. 3). At much higher velocities, erosion—
corrosion may occur if the surface shear stress is high
enough to strip a protective film from the surface (phase
C - Fig. 3) [5]. For heavy liquid metals, cavitation—
corrosion is also likely to occur at high velocities due to
their high density.

Most of the studies performed in liquid metals have
shown a corrosion process controlled by mass transfer.
However, the studied velocity range was quite narrow.
For example, in the case of Pb-17Li, the maximum ve-
locity of the alloy was 0.3 m s~'. As said previously, it
could reach 3 m s™! in the spallation target, therefore the
limiting step of the corrosion process could change for
high velocities.

To study flow-induced corrosion, different experi-
mental techniques are available

— the pipe flow tests,
— the rotating specimens (disc, cylinder,. . .),
— the jet impingement tests.

TURJBULENY

i
3323
OXIDE

LAMINAR

METAL

@
= Mass Transfer
- Controlled * I~
| Breakaway
- N
x Activation Velocity
Controlled

Velocity or Shear Stress

Fig. 3. Variation of the mechanism of flow accelerated corro-
sion (FAC) as a function of the fluid velocity [5].

Among these geometries, the rotating cylinder was se-
lected for its specific characteristics:
— it generates turbulent convection for Re > 100,
providing simulation conditions of this type of con-
vection at relatively low rotation rates,
— the mass transfer equations are well-established,
— it allows quite small installations easy to handle,
— the corrosion results obtained on the rotating cyl-
inder can be used to predict the behavior in other
geometries.
The rotating cylinder also allows to determine the nature
of the corrosion process. Depending on the law of the
weight loss variation with the rotating rate, it is possible
to establish if the corrosion process is limited by diffu-
sion (the diffusion coefficient can be calculated) or by the
dissolution step (the dissolution constant can be evalu-
ated).

2.5. The rotating cylinder geometry: determination of the
mass transfer coefficient

A recent review of the different equations that allow
the estimation of the rotating cylinder velocities to
simulate flow conditions in other geometries has been
reported by Silverman [19]. The objective of this study
was to determine which of the equations proposed in the
literature might be the most appropriate. These models
apply essentially in the case of mass transfer controlled
corrosion.

For the rotating cylinder, the equation derived from
the study of Eisenberg on the mass transfer of cylindrical
nickel specimens in alkaline aqueous solutions tends to
be used in most of the developments [20,21]. The mass
transfer coefficient has been determined for turbulent
flow and the expression is valid for Reynolds numbers
between 10° and 10°:

KEisenberg = 0.0487°7°d%}

—0.344 0.644
cylinderv D ’

where Kgisenberg 15 the mass transfer coefficient (m s7hy;
o is the rotation rate (rad s™!); deyinger 1S the diameter of
cylinder (m); v is the kinematic viscosity (m? s~'); and
D is the diffusion coefficient (m? s7).

Recently, a modification of this equation has been
proposed by Maciel and Agostinho [22].

The authors performed corrosion tests with a 90 Cu—
10 Ni alloy rotating cylinder immersed in HCl/Fe*"
medium. They minimized the end effects by installing
inert ends. They obtained the following empirical law to
express the mass transfer coefficient:

KM—A — 0.0494w0.732dg;ﬁ3n%ﬂv70.344D0.644'

This equation is close to the Eisenberg equation and
does not imply important changes in the value of the
mass transfer coefficient. Therefore, only the Eisenberg
equation will be considered in our study.
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Finally, the mass transfer rate expresses itself as
J=K(c—c)

with ¢ as the wall concentration (g m~), the interface
reaction is assumed to be rapid, therefore ¢ is considered
equal to the saturation concentration, ¢ = ¢;.

¢y is the bulk concentration (g m~?), in all cases, the
fluid is assumed to be sufficiently renewed, therefore
Ccy ~ 0.

Then, if we consider the Eisenberg mass transfer
coefficient

J = KEisenbergcsa

J = 0.0487% 70404

—0.344 Nn)0.644
cylinder v D Cs-

Assuming a mass transfer controlled corrosion process,
the variation of the weight loss of the rotating cylinder is
thus linear with @®7°.

2.6. The pipe flow: determination of the mass transfer
coefficient

It is assumed that the corrosion process is mass
transfer controlled.

By equalizing the mass transfer coefficients estab-
lished for a pipe flow geometry and for a rotating cyl-
inder, a relationship is obtained which links the fluid
velocity in the pipe to the cylinder rotation rate in order
to attain equivalent mass transfer and corrosion rate in
both geometries. Therefore, it is possible to predict the
corrosion in a pipe from the results obtained on a ro-
tating cylinder.

Several equations (all empirical) have been proposed
to calculate the mass transfer coefficient in a pipe ge-
ometry. Silverman [19] reviewed the different equations
and selected two of them (for smooth pipes) that, ac-
cording to him, were established with the most reliable
and representative results.

The first equation was developed by Berger and Hau
using the mass transfer controlled ferricyanide/ferrocy-
anide reaction on pieces of nickel tube with a polished
inner surface ensuring a roughness of about 1 pum [23].
The mass transfer coefficients were measured in fully
developed flow for 8 x 103 < Re < 2 x 10° at Schmidt
numbers varying between 1000 and 6000:

_ 0.86 7—0.14  —0.530 140.670
KB—H = 0.0165v dpipe v D )

where v is the flow velocity (m s7'); dpp is the inside
diameter of specimen; v is the kinematic viscosity
(m? s7'); and D is the diffusion coefficient (m? s').
This equation was used by Nesic who examined
corrosion of low carbon steel in CO, environments
[12]. Comparison of the two different flow geometries,
rotating cylinder and pipe flow, was carried out in
terms of the hydrodynamics, mass transfer rates and

corrosion mechanisms. The measured mass transfer
rates were found to agree well with previous correla-
tions obtained for the rotating cylinder and straight
pipe flow. It was also possible to achieve good
agreement between corrosion rates in the two flow
geometries by ensuring the same mass transfer condi-
tions.

The second equation, developed by Silverman, relies
on the determination of the wall shear stress and friction
velocity for high Sc, and Re up to ~ 10° [8,9]. He con-
sidered the friction velocity (v* = +/f/2v) as scaling
velocity instead of the bulk velocity because, for high
Schmidt number systems, the mass transfer boundary
layer lies well within the hydrodynamic boundary layer.
Using measurements made with the ferricyanide/ferro-
cyanide reaction under fully developed turbulent flow on
a pipe wall that was polished smooth and coated with
platinum, Silverman obtained the mass transfer coeffi-
cient:

KSilverman _ 0‘017700.875dp—ig.e125V—OA579D0A704‘

The Silverman and the Berger and Hau equations lead
to very similar results. According to Silverman, they are
based on the most representative and reliable results
[19].

Although not selected by Silverman, another equa-
tion established by Harriott and Hamilton was consid-
ered in our study which, in some cases, represents
efficiently the mass transfer in a pipe flow geometry [24].
The mass transfer coefficient is

KH—H — 0.00961}0.913dr;2.3087V70.567D0.654.

Again, assuming the corrosion process is mass transfer
controlled, the corrosion rate is expressed by the mass
transfer rate:

J=K(c—¢),

where ¢ is the wall concentration (g m~3), equal to the
saturation concentration ¢ =~ ¢,; and ¢, is the bulk con-
centration (g m—3), ¢y ~ 0.

With the expression of the mass transfer coefficient, it
is possible to relate the weight loss to the velocity of the
fluid.

The different expressions of the mass transfer coeffi-
cient for the pipe flow geometry and the rotating cylin-
der geometry are summarized in Table 2. It is important
to note that, in all cases, the knowledge of the diffusion
coefficient of the relevant species is essential to deter-
mine the relation between the different flow geometries.

The validity of these different equations is analyzed
hereafter in the case of liquid metals and, more precisely,
with the lead-lithium alloy for which experimental re-
sults are available for both the pipe and rotating cylinder
geometries.
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Table 2

Selected equations to determine the mass transfer coefficient K in (m s') for a rotating cylinder and a pipe geometry

Rotating cylinder Pipe
KEisenberg — O_0487wl).70dgjltindcr1,—0.344D0.644 KB—H —=0.01 65”0.86dp—igélét‘,—U.S}ODO.mO
[20,21] [23]

0.875 7—-0.125_—0.579 70.704
Ksilverman = 0.0177v dpipe v D

(8.9]

KH—H — 0.00961}0'913d};g£87\’70'567D0'654
[24]

3. Corrosion of steels in flowing liquid lead-lithium
3.1. Experimental corrosion data in Pb—17Li

3.1.1. Loop measurements

The composition of the materials tested in the dif-
ferent experiments is given in Table 3.

Among the numerous corrosion tests performed in
pipe loops in the presence of flowing Pb—17Li, a part was
selected for the validation of the model in order to have
homogeneous results with a sufficient number of points
(Table 4). The corrosion tests in loops were performed
on cylindrical samples placed in pipes: the flow is not a
simple pipe flow but an annular flow. The expressions of
the mass transfer coefficient in an annular flow can be
considered as similar to those determined for a pipe flow
but the specific length becomes the hydraulic diameter
instead of the inner pipe diameter [9]. The definition of
the hydraulic diameter is: d, = d, — d; where d, is the
inner diameter of the pipe and d; is the external diameter
of the cylindrical sample.

The following criteria are selected:

— Material: 1.4914 martensitic steel (Table 3).
— Temperature range: T=475-500°C. In this range,
the variation of parameters such as diffusion coeffi-

cient, solubility or kinematic viscosity is considered

as negligible. For all the calculations of this study,

the values of these parameters will be taken at
500°C.
The data used in the calculations are the following:

— temperature: 7= 500°C,

— kinematic viscosity of Pb-17Li at 500°C:

v=125x10" m? s7! [25],

— solubility of iron in Pb-17Li at 500°C: ¢,=

47 ppm =439.45 g m~3 [26],

—in all cases ¢, is assumed to be negligible, ¢y =0.
Concerning the value of the Fe solubility in Pb-17Li,
discrepancies exist in the literature and two very different
values are reported. A value was proposed by Borgstedt,
close to the solubility of iron in pure lead [27,28]. The
determination of this data was performed using corro-
sion tests results which revealed a dissolution mecha-
nism of iron and chromium at constant rates. The
corrosion rate was expressed according to

i=K(cs — co),

where 7 is the corrosion rate (um h™'), K is the mass
transfer coefficient (m s7'), ¢, and ¢y are the atomic
fractions, respectively, of the saturation concentration of

Table 3
Composition of the steels tested in the different experiments (wt%) [1,41]
Steel C Mn Si Cr Mo Ni \% Nb
1.4914 0.13 0.82 0.37 10.6 0.77 0.87 0.22 0.16
Z 10 CD Nb V 92 0.105 1.03 0.37 9.65 2.04 - 0.32 0.46
10 CD 9-10 0.085 0.5 0.3 2.09 1.09 - - -
Table 4
Selected literature data on the corrosion rate of 1.4914 martensitic steel in a pipe loop geometry for different Pb—17Li velocities
Temperature 7’ Pb-Li velocity Hydraulic diameter dj, Corrosion rate Reference
0) Upipe (m 57 (m) (ngm2 s
475 0.019 0.022 4.9 1]
475 0.08 0.0167 10.1 [45]
475 0.18 0.022 24.0 m
500 0.3 0.007 31.8 [27]
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the dissolving metal in the liquid metal and the bulk
concentration (¢y ~ 0). The mass transfer coefficient is
determined from an expression of the Sherwood number
for a turbulent flow through a straight pipe [27]:

K = 0.03700.75d70,25v—0,33D—0.58.

In this expression, the value of the diffusion coefficient is
unknown for iron in lead-lithium, therefore Borgstedt
assumed it to be equal to the diffusion coefficient of iron
in pure lead. Knowing i and K, it is possible to deter-
mine ¢;. A tentative equation restricted to the tempera-
ture range 450-600°C was established for Fe:

log,, c[mol%] = 7.236 — 934571 [K™'].

At 500°C, ¢ = 1.40 x 107> mol%. Therefore, the satu-
ration concentration of Fe in Pb-17Li is ¢, = 0.044
wppm (in pure lead, at 500°C, ¢, = 0.11-3 wppm de-
pending on the literature data).

The value of the solubility of iron in Pb-17Li pro-
posed by Sample, Barker and Coen was very different
[26,29]. They performed immersion tests of pure metals
in Pb-17Li to determine the concentration of the dis-
solved metal in the liquid alloy using atomic absorption
spectroscopy. These experiments were carried out at
different temperatures and an expression of the variation
of the Fe solubility with temperature was established:

log,, cs[wppm] = 2.524 — 655.07 ' [K™'].

At 500°C, the value of the solubility of iron in Pb-17Li
is about 47 wppm (1000 times higher than the ¢, =0.044
wppm value proposed by Borgstedt).

In our work, the value determined by Sample, Barker
and Coen was selected. Borgstedt used corrosion tests
results to determine solubility data. It is not a direct
measurement of the saturation concentration and it is
necessary to use a hydrodynamic model to determine the
mass transfer coefficient in the expression of the corrosion
rate. Moreover, this model requires the knowledge of the

Table 5

diffusion coefficient of iron in Pb—17Li. This data being
undetermined, Borgstedt had to derive it from the value
of the iron diffusion coefficient in pure lead corrected with
a viscosity factor. All these assumptions increase the
uncertainty on the determination of the solubility data.
Sample et al. performed direct measurements of the dis-
solved metal concentration in Pb—17Li, the only uncer-
tainty being the detection limits of the spectrometer used
for the analysis. Therefore, their value was preferred for
the calculations of the present study.

3.1.2. Rotating cylinder measurements

Among the corrosion tests performed in Pb-17Li
with a rotating cylinder, two series performed at 500°C
on 1.4914 martensitic steel are selected [30,31].

The first series was performed by Simon [30]. During
the experiments, difficulties were observed: large areas of
the steel were not wetted with Pb—17Li, giving an imper-
fect contact with the liquid alloy. The initial weight loss
calculated on the total metallic surface was thus corrected
and calculated with respect to the wetted surface.

To avoid these wetting problems, other tests were
performed including a pre-wetting step of the samples at
550°C [31]. After these tests, an improvement of the
wetting was noticed and large non-wetted areas were no
longer observed. However, a correction of the weight
loss had to be performed to take into account the dis-
solution undergone by the samples after the pre-wetting
stage (maximum dissolution =0.5 mg). The results ob-
tained on the rotating cylinder are gathered in Table 5.

3.2. Experimental determination of the diffusion coeffi-
cient of iron in Pb—17Li

3.2.1. Loop measurements

The corrosion mechanism of 1.4914 martensitic steel
in flowing liquid Pb—17Li is assumed to be a dissolution
mechanism limited by the diffusion of iron in the laminar
sublayer [1].

Selected literature data on the corrosion rate of 1.4914 martensitic stainless steel in Pb—17Li at 500°C in a rotating cylinder geometry

for different rotation rates

w (rpm) Measured corrosion rate

Corrected corrosion rate (ug m=2 s~!):

(ug m~2 s7h) correction on the wetted surface
Series 1 [30]
200 7.6 23.3
1000 29.7 55.8

o (rpm) Measured corrosion rate

Corrected corrosion rate (ug m~2 s71): correction

(ng m2 s71) on the weight loss after the pre-wetting step
Series 2 [31]
200 6.5 52
500 13.5 12.5
1000 20.8 19.8
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Fig. 4. Variation of the corrosion rate in pipe loops as a
function of the Pb-17Li velocity corrected for dj, = 0.01 m
according to the Berger and Hau equation (a), the Silverman
equation (b), and the Harriott and Hamilton equation (c) —
T = 500°C.

In all the equations presented to calculate the mass
transfer coefficient (Table 2), the diffusion coefficient
of the dissolved species is needed. Using the data of
Table 4, it is possible to calculate the diffusion coefficient

of Fe in Pb—17Li from the three different equations ex-
pressing the mass transfer coefficient.

To establish a graphic representation of the variation
of the corrosion rate with the fluid velocity, it is neces-
sary to make a correction on the hydraulic diameter in
order to have all the corrosion rates determined for the
same hydraulic conditions. Therefore, for each equation
of the mass transfer coefficient, the corrosion rate is
calculated for a hydraulic diameter equal to: d, =0.01 m
(Table 6). Fig. 4 represents the results obtained. In all
cases, the variation of the corrosion rate is linear with
the fluid velocity which confirms the mass transfer
control of the corrosion process.

The diffusion coefficients deduced from the slopes of
the three curves are presented in Table 6.

3.2.2. Rotating cylinder measurements

Fig. 5 represents the variation of the corrosion rate
(diffusion flux) with the rotation rate at the power 0.7
(corresponding to the Eisenberg equation) using the re-
sults of Table 5. If the corrosion process is mass transfer
controlled, the diffusion flux must vary linearly with °7.
Although the experimental points are not numerous, the
curves plotted agree with the mass transfer control of the
corrosion process of the martensitic steel in Pb—17Li. The
different values of the diffusion coefficients obtained from
these curves are presented in Table 7.

3.2.3. Discussion on the diffusion coefficient of Fe in
Pb-17Li

The different coefficients obtained via corrosion ex-
periments by using the equations for both the pipe ge-
ometry and the rotating cylinder geometry have all the

60 4
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N
o
L

J (ng.m?s™)
w
o

20 4

0 T T T T T T !
0 5 10 15 20 25 30 35

o (rad.s™)*’

m Corrected results [30] o Non corrected results [30]
A Non corrected results [31] a Corrected results [31]

Fig. 5. Variation of the corrosion rate of a rotating cylinder
immersed in Pb-17Li as a function of the rotating speed —
T = 500°C.
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Table 6

Determination of the diffusion coefficients of Fe in Pb—17Li at 500°C from the experimental pipe loop results, corrected for a hydraulic
diameter equal to d, =0.01 m, and the three equations of the mass transfer coefficient

v Jcorrected for B-H DB—H Jcorrected for Silverman DSil\rermun Jcorrected for H-H DH—H
(ms ) (gm?sh)  (mis) (ngm s ! (m* 571) (gm?sh  (mis)
0.019 5.47 6.82 x 1071 5.41 1.00 x 10713 5.25 4.89 x 107
0.08 10.85 10.8 10.6
0.18 26.8 26.5 25.7
0.3 30.25 30.4 30.8
Table 7 Several interpretations can be given to explain this

Diffusion coefficients of iron in Pb-17Li at 500°C calculated
from the rotating cylinder experiments using the Eisenberg
equation

DEisenberg
(m*s™")
Corrected results [30] 5.09 x 10714
correction on the wetted surface
Non-corrected results [30] 1.78 x 1071
Non-corrected results [31] 1.07 x 1071
Corrected results [31] correction on the 9.67 x 1071

weight loss after the pre-wetting step

same order of magnitude, about 10~ m? s~!. However,
this value is much smaller than the diffusion coefficient
of iron in pure lead at 500°C: D = 5.26 x 107" m? s~!
[32] and also much smaller than usual diffusion coeffi-
cients reported in liquid metals (about 107!
107° m? s~ [33]).

If the Sutherland-Einstein equation is used to de-
termine a theoretical diffusion coefficient of iron in Pb-
17L4, the following expression is obtained [34]:

kT

Die_pp-17Li = T
Hpb—17Lil Fe Tl

where D is the diffusion coefficient (m?> s7!), k is the
Boltzmann constant (J K™'), T is the temperature (K),
w is the viscosity of the medium (Pa s) and r (m) is the
radius of the diffusing particle.

rge can be calculated with the formula:

1[31/&}%
Fpe = = 5

2| N

where Vg, is the molecular volume of iron at the tem-
perature 7 and N is the Avogadro number [34]. At
500°C, ppp_17;=1.18 x 1073 Pa s and Vg, =7.24 x 107°
m? mol™ [35] then rp. = 1.13 x 1071° m.

Therefore, the diffusion coefficient of iron in Pb—17Li
at 500°C deduced from the Sutherland-Einstein equa-
tion is: Dre_pp_171 = 6.4 x 1072 m? s~!, which is much
higher than the experimentally measured diffusion co-
efficient.

difference
— The value of the iron solubility in Pb—17Li re-
mains uncertain. Assuming a lower value in the dif-
fusion flux expression, as the one proposed by
Borgstedt [27,28], the diffusion coefficient would
have been much higher. At 500°C, Dg. pp_171i =
2.57 x 107 m? s7! for ¢, = 0.044 wppm = 0.411
g m™3. This value is very close to the expected
one. However, the solubilities determined by Borg-
stedt and recently reported by Feuerstein et al. [36]
seem very low if we refer to studies carried out in
our laboratory where analyses of Pb—17Li in loops
operating between 250°C and 400°C indicated con-
centrations of iron close to 10 wppm. Such values
are more in agreement with those reported in
[26,29]. Other experiments would be necessary to
confirm the solubility data.
— The experimental method may be not completely
reliable: underestimations of the weight loss can be
obtained with the rotating cylinder due to imperfect
wetting or insufficient purification of the liquid
alloy. For both geometries, convection movements
may also interfere with the measurements. It is ob-
vious that technical parameters have to be carefully
designed to ensure relevant and reproducible exper-
imental conditions. Such problems are not encoun-
tered in pipe loops where tests are much longer and
purification systems are installed. Despite that, the
diffusion coefficient values measured in pipe loops
and with the rotating cylinder system are very
close. Therefore, technical problems alone cannot
explain such a difference between the measured dif-
fusion coefficient and the one calculated with the
Sutherland—Einstein equation.
— The corrosion process of the steel may not be con-
trolled by mass transfer or only partially. However
the variation of the corrosion rate agrees with a mass
transfer controlled process: it is linear with the fluid
velocity (Fig. 4) and with the rotation rate (Fig. 5) ac-
cording to the equations proposed in Table 2. More-
over, the fact that the diffusion of iron is the limiting
step has been confirmed by tests performed with pure
iron: weight losses measured with pure iron are sim-
ilar to those obtained with the martensitic steel.
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— The models used to calculate the diffusion coeffi-
cient may not be representative of this specific me-
dium. However, for very different couples (diffusing
species/liquid metal) such as iron in liquid copper,
calcium carbide in carbon-saturated iron melts,
and also in different media like cryolitic melts, the
use of the rotating cylinder led to satisfying results.
— The diffusing species may be much larger than an
atom, leading to a higher radius: iron may not dif-
fuse as a single atom but more obviously as a ‘sol-
vated’ species with atoms of the solvent Pb—17Li.
Experimental measurements of the diffusion coefficient
of iron in Pb-17Li have led to much smaller values than
expected. Therefore, uncertainties remain concerning the
determination of the diffusivity although the corrosion
process of 1.4914 steel in Pb—17Li has been shown to be
mass transfer controlled and it has been proven that the
diffusion of iron is the controlling step. More experi-
ments would be necessary to ensure the diffusion data.
However, there is no question about the use of the mass
transfer coefficient models in both geometries as they
lead to the same results and represent the behavior of the
steel in the liquid alloy in a reliable way.

Finally, one value of the diffusion coefficient of iron
in liquid Pb-17Li at 500°C has to be selected for the
calculations of the mass transfer coefficients. The ex-
perimental results obtained on the rotating cylinder and
the Eisenberg equation will be preferentially used as in
the case of the pipe flow, the most representative equa-
tion of the mass transfer coefficient in our experimental
conditions has not yet been determined.

The experiments performed with the rotating cylinder
led to various results depending on the experimental
procedure. In the frame of this work, the value of the
diffusion coefficient obtained by Simon with the cor-
rected results [30] is chosen: D = 5.09 x 10714 m? s~!
(Table 7). It is the highest value measured with the

Table 8

Mass transfer coefficients calculated for the rotating cylinder
geometry according to the Eisenberg equation in Pb-17Li at
500°C

@ (rad Sil) Jexp, (Hg Hl72 Sil) KEisenberg (m Sil)

20.94 233 4.18 x 1078

104.7 55.8 1.29 x 1077
Table 9

rotating cylinder experiments and, as the different un-
certainties on the measurements tend to underestimate
the diffusion coefficient, this datum was selected.
Moreover, recent experiments performed on a 1.4914
martensitic steel rotating cylinder at 517°C led to a value
of D=2-6x10"" m?s™!, which is quite consistent
with the selected value [37].

3.3. Modeling analysis: determination of the best appro-
priate equation to calculate the mass transfer coefficient

for a pipe flow

In this section, the experimental results considered
for the rotating cylinder geometry are the corrected re-
sults of Simon [30] (corrected according to the wetted
surface, Table 5). They are coherent with the selected
value of the iron diffusion coefficient in Pb—17Li equal to
5.09 x 10~'% m? s~! (Table 7).

From this diffusion coefficient, the mass transfer co-
efficient in a rotating cylinder geometry can be calcu-
lated (Table 8) for each rotation rate according to the
Eisenberg equation:

KEisenberg _ 0.0487w0,70d((:)}.,ﬁ(;derv70.344D0,644.

For the pipe loop experiments, the mass transfer coef-
ficients calculated from the three equations reported in
Table 2 are presented in Table 9. To determine which
equation of the mass transfer coefficient in pipe gives the
best corrosion behavior of samples in contact with
flowing Pb-17Li, the variation of the corrosion rate
(measured in pipe loops and with the rotating cylinder)
is plotted as a function of the mass transfer coefficient
calculated with the different equations for the two flow
geometries (Fig. 6).

The linearity between the corrosion rate and the mass
transfer coefficient is observed. It confirms the mass
transfer controlled corrosion process for both geome-
tries (cf. Section 3.2.3).

It is shown that the corrosion rate measured in dif-
ferent Pb-17Li hydrodynamic configurations is inde-
pendent of the geometry when plotted as a function of
the mass transfer coefficient calculated from the Harri-
ott-Hamilton equation (Fig. 6(c)): the same slope is
obtained which corresponds to the solubility of iron in
liquid Pb—-17Li. The Berger and Hau equation (Fig. 6(a))

Mass transfer coefficients calculated for the pipe flow geometry according to the Berger and Hau equation, the Silverman equation and

the Harriott and Hamilton equation in Pb-17Li at 500°C

v (1’1’1 Sil) dh (m) chp, (Hg m72 Sil) KB—H (1’1‘1 Sil) KSilvcrman (m Sil) KH—H (m Sil)
0.019 0.022 4.9 5.27 x 107~° 3.87 x 107° 5.97 x 10~
0.08 0.0167 10.1 1.89 x 1078 1.41 x 1078 227 %1078
0.18 0.022 24.0 3.65 x 1078 2.77 x 1078 4.65x 1078
0.3 0.007 31.8 6.64 x 1078 5.00 x 1078 8.19 x 1078
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Fig. 6. Variation of the corrosion rate with the mass transfer
coefficient calculated in Pb-17Li for the rotating cylinder ac-
cording to the Eisenberg equation and for the pipe flow ac-
cording to the Berger and Hau equation (a), the Silverman
equation (b), and the Harriott and Hamilton equation (c) —
T = 500°C.

also leads to a rather good agreement with the rotating
cylinder experiments. This implies that corrosion data
can be transferred from one geometry to another via
mass transfer coefficients.

This analysis shows that the empirical equations of
the mass transfer coefficients established in aqueous
medium can effectively be used in liquid metal environ-
ments and more precisely with the liquid eutectic Pb—
17Li. Concerning this specific medium, an uncertainty
remains on the value of the diffusion coefficient of iron
and other experimental techniques should be used to
verify this result.

4. Corrosion of steels in flowing liquid lead

Experimental results of corrosion tests performed in
pipe loops are available in pure liquid lead. No tests
have been carried out with a rotating cylinder, however
the three equations proposed to calculate the mass
transfer coefficient in a pipe flow geometry (Table 2) can
be used: (i) to determine if the results obtained by cal-
culations agree with those of the experiments, (ii) to
determine which equation is the best to represent the
corrosion behavior in flowing liquid lead.

Tests were performed in oxygen-free lead so that
dissolution of the steel occurs in the liquid metal.

A first test performed with iron samples in a forced
convection loop led to a corrosion rate equivalent to
2600 pm yr~! [38]. The pure lead circulated at 0.42 m s™!
and the temperature in the hot leg was 600°C. The
corrosion process is assumed to be mass transfer con-
trolled.

The following parameters are considered:

— temperature: 7 = 600°C,
— fluid velocity: v = 0.42 m s,
— inside diameter of the pipe: dppe = 0.01 m
(estimated value),
— kinematic viscosity of Pb at 600°C: v=
1.545 x 1077 m? s7! [39],
— diffusion coefficient of iron in pure liquid lead at
600°C: D = 1.15 x 107 m? s7! [32],
— solubility of iron in Pb at 600°C: ¢, = 2.44
ppm = 25.1 g m~3 [40].
According to the three equations (Table 2), the values of
the mass transfer coefficient are
Ky =622x107 ms™!,
Ksilverman = 6.59 x 107° m Sfl,
Kynu=6.73x107 msL.
Then, the corrosion rate, J = K, is equal to
Jpu = 1.56 x 1073 gm2 s7! = 6255 um yr!,
Jsitverman = 1.65 x 1073 g m™2 s7! = 6627 um yr !,
Juenp = 1.69 x 107 gm~2 57! = 6768 um yr'.
The three equations give similar values, the closest to the
experimental value being obtained with the Berger
and Hau equation. The calculated corrosion rate is
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approximately 2.4 times higher than the measured value.

It has to be noted that this type of modeling leads to an

overestimation of the corrosion rate as it will be dis-

cussed in Section 5. Despite this deviation, experimental
and calculated results remain reasonably close.

Another series of tests was performed in pure lead on
two steels (10 CD 9-10 and Z 10 CD Nb V 92, Table 3)
in a thermal convection loop at a temperature of 550°C.
The lead velocity was about 0.1 m s~!. The corrosion
rate was in the range 70-120 um yr~! for Z 10 CD Nb V
92 and 220-320 um yr~! for 10 CD 9-10 [41].

The following parameters are considered:

— temperature: 7 = 550°C,

— fluid velocity: v = 0.10 m s,
— inside diameter of the pipe: dyipe = 2.47 x 1072 m,
— kinematic viscosity of Pb at 550°C: v=
1.65 x 1077 m? s~! [42],

— diffusion coefficient of iron in liquid lead at
550°C: D = 7.97 x 10719 m? s7! [32],

—solubility of iron in Pb at 550°C: ¢, = 1.41 ppm =
14.5 g m~ [40].

The mass transfer coefficient calculated from the three

equations are
Kgu=121x10"°ms7!,
Ksitverman = 1.25 X 107 m 3717
Ky_n =127 x 105 ms .

It can be deduced that the corrosion rate, J = K, is
Jpn=175x10"*gm2s7! =691 um yr!
Jsitverman = 1.81 x 107* g m=2 57! = 714 pm yr~
Jun=184x10"%gm=2 s =726 um yr!.

The maximum experimental corrosion rate was 320

pum yr~! and the calculations give a value around 700

pm yr~!'. Again, the calculated values are overestimated

(about two times higher than the measurements) but this

deviation remains reasonable.

Although the three expressions of the mass transfer
coefficient lead to very close results, the best corre-
sponding equation seems to be the Berger and Hau
equation. In the following, this equation will preferen-
tially be used for the calculations but the approach is
exactly the same for the other equations.

As with the Pb-17Li alloy, the results obtained by
using the mass transfer coefficients in pure liquid lead
for the pipe flow geometry are quite satisfying even if the
predicted corrosion rates remain higher than the exper-
imental values. It can be concluded that this method for
predicting the corrosion rates is applicable for liquid
lead alloys when the corrosion process is mass transfer
controlled.

1

5. Estimation of the corrosion of steels in flowing liquid
lead—bismuth

The corrosion process in liquid Pb-Bi can proceed
according to two mechanisms depending on the oxygen
concentration [15]:

— If the oxygen content is lower than a critical min-
imum value (=~ 10~® wt% at 500°C), the corrosion
process is similar to the one occurring in
Pb-17Li: the steel dissolves in the liquid alloy and
a mass transfer control process can be assumed at
least for moderate velocities. In that case, the same
equations as those presented above can be applied.
— If the oxygen content is higher than 10~% wt%, a
protective oxide layer forms at the interface be-
tween the steel and the liquid alloy. In that case,
the effect of the flow velocity on the behavior of
the oxide layer has to be studied.
If the steel is exposed to Pb-Bi with a low oxygen con-
tent, the corrosion proceeds by dissolution and a mass
transfer control can be assumed. The diffusion of iron is
supposed to be the controlling step as for Pb-17Li.
Therefore, the expressions of the mass transfer coeffi-
cient can be used to predict the corrosion rate for a
rotating cylinder and for a pipe loop geometry. For the
rotating cylinder, the Eisenberg equation is used whereas
for the pipe geometry, the Berger and Hau equation is
used.

The liquid metal velocities to be simulated vary from
0 to 5 m s~! for a pipe diameter (hydraulic diameter) of
10 cm. In a first step, it is possible to determine the ro-
tation rates of a cylinder (for a given geometry) to re-
produce the same corrosion conditions as for the pipe
geometry. As said previously, the diffusion coefficient is
needed to calculate the mass transfer coefficient. Con-
cerning the diffusion coefficient of iron in liquid Pb-Bi, a
single value has been found in the literature: Dpe_pb—Bi)
at 750°C=2.27 £0.11 x 10~° m? s~' [38]. The value of
the diffusion coefficient of iron in lead at 750°C is esti-
mated to: Dpe_py) = 2.80 x 107 m?> s7! [32]. For a
given temperature, the values of the diffusion coefficient
of iron in Pb or Pb-Bi are quite close. Therefore, the
diffusion coefficient of iron in Pb-Bi at 500°C is assumed
to be equal to the one measured in lead: Dge_py) =
526 x 10719 m? s7! = D(Feﬂpb,Bi).

For the calculations, different rotating cylinder di-
ameters are considered. The experimental parameters
are:

— temperature: 7= 500°C,

— internal diameter of the pipe: dyipe = 0.1 m,

— external diameter of the cylinder: deyiinger =

[0.5-1-2-3-4-5] x 1072 m,

— kinematic viscosity of Pb-Bi at 500°C: v =

1.284 x 1077 m? s~! [42],

— diffusion coefficient of iron in Pb-Bi at 500°C:

D(Feﬁpb_gi) =526x10""" m? Sfl,

— solubility of iron in Pb-Bi at 500°C: ¢ =

22.21 g m~3 [43].
If the mass transfer coefficients expressed for both ge-
ometries (Kgisenberg = 0.0487"70d%0 | v=0344 D064 and
K i = 0.01650"%d_014y=0>30D070) are equalized, it is
possible to determine the corresponding rotation rate
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Table 10

Values of the cylinder rotation rate to obtain similar mass transfer coefficients in a pipe geometry as a function of the pipe velocity and

cylinder diameter in liquid Pb-Bi at 500°C

v (ms™) deylinder (M)

0.005 0.01 0.02 0.03 0.04 0.05
0.5 873 588 396 314 266 235
1 2047 1378 928 736 624 550
2 4798 3230 2174 1725 1464 1288
3 7898 5318 3579 2839 2409 2121
4 11247 7571 5096 4043 3431 3020
5 14796 9960 6705 5319 4513 3973

and linear velocity to obtain the same diffusion flux
(corrosion rate) in both geometries.
The rotation rate w can be expressed as

w =021 301,229dl;g.62dc—y(l)iﬁgelrv—OA266D0A037l )

Table 10 gives the values of the cylinder rotation rate
(in rpm) as a function of the pipe velocities and cylinder
diameters.

Due to technological problems, rotating over 8000
rpm is complex. Therefore, diameters between 0.005 and
0.01 m cannot be used to simulate velocities up to
5m s~! as they imply a rotation rate higher than 8000
rpm. Furthermore, in each tests two cylinders are fixed
at the stirring system. If the samples are too heavy,
perturbations can occur and destabilize the stirring
shaft. Thus, diameters of 0.04 and 0.05 m are eliminated.
Finally, a cylinder diameter of 0.03 m appears satisfying
to carry out experiments in representative and safe
conditions.

The cylinder diameter being selected, corrosion rates
can be evaluated with the expressions of the mass
transfer coefficients in a pipe geometry or a rotating
cylinder for equivalent rotation speeds and pipe flow
velocities.

According to the Eisenberg equation:

J = Kisenberg€s = 0.04870°7°d0 v 34 D0,

The mass transfer coefficient and the corrosion rate can
be calculated as a function of the angular velocity and
linear velocity (Table 11). The estimated corrosion rate

Table 11

may be overestimated as the value of the diffusion co-
efficient of iron in liquid Pb-Bi at 500°C is not precisely
known. Moreover, some assumptions made in the
modeling can lead to an overestimation of the corrosion
rate [44]:
— The assumption that the liquid metal is saturated
at the interface (¢ = ¢;) leads in all cases to an over-
estimation of the corrosion rate.
— The bulk concentration is assumed equal to zero
(co=0) but in real cases the concentration can in-
crease with time and may even tend to the satura-
tion concentration.
Fig. 7 compares the variation of the diffusion flux with
the mass transfer coefficient (calculated with the Berger
and Hau equation for the pipe flow and with the
Eisenberg equation for the rotating cylinder) in Pb—17Li
and in Pb-Bi. For a same mass transfer coefficient, the
corrosion rate measured in Pb-17Li is higher than
the corrosion rate predicted in Pb—Bi: this is due to the
solubility of iron which is higher in Pb-17Li than in Pb—
Bi. For a same liquid metal velocity, the mass transfer
coefficients calculated in Pb—17Li are much lower than
those calculated in Pb-Bi, which is explained by the
extremely low value of the diffusion coefficient of iron in
Pb-17Li compared to the one reported in Pb-Bi.
Therefore, it is necessary to be very careful when using
the mass transfer coefficient to compare the corrosion
behavior in different media as it takes into account
physico-chemical properties of the medium, geometric
properties of the installation and also diffusion proper-
ties of the dissolved metal.

Mass transfer coefficients and corrosion rates calculated with the Berger and Hau equation and the Eisenberg equation as a function of
the rotation rate and of the corresponding pipe velocity in Pb—Bi at 500°C for dyjpe =0.1 m and deyjinger = 0.03 m

Upipe (ms71) o (rpm) K (ms) J (pg ms™) —J (um yr!)
0.5 314 3.43 x 10°° 761.5-3002

1 736 6.22 x 10°° 1383-5452

2 1725 1.13 x 10°* 2510-9894

3 2839 1.60 x 10~* 3557-14,022

4 4043 2.05 x 10~* 4556-17,960

5 5319 2.49 x 10~* 5521-21,764
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Fig. 7. Comparison of the corrosion rate versus the mass
transfer coefficient (calculated with the Berger and Hau equa-
tion for the pipe loop geometry and the Eisenberg equation for
the rotating cylinder) in Pb-17Li and in Pb-Bi — 7' = 500°C.
(logarithmic scale).
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Fig. 8. Comparison of the corrosion rate versus the liquid
metal velocity in Pb-17Li and in Pb-Bi (for Pb-17Li, the
experimental results are corrected with the Berger and Hau
equation to obtain the same hydraulic diameter: d, = 0.1 m) —
T = 500°C.

If the corrosion rate is directly represented as a
function of the liquid metal velocity (Fig. 8), we observe
that the corrosion rate is much higher in Pb-Bi than in
Pb-17Li: even if iron is very soluble in Pb—17Li, it dif-
fuses very slowly therefore the corrosion rate is globally
lower than in Pb-Bi for a same liquid metal velocity.

These calculations give a very preliminary evaluation
of the Pb-Bi velocity effect on the dissolution of steels.
Up to now, information is lacking about the corrosion
rate of steels in Pb—Bi and experiments are necessary to
validate the first prediction and to determine the con-
trolling step of the corrosion process. In this work,
calculations have been performed assuming a mass
transfer controlled corrosion process but at high veloc-
ities the controlling step could be the surface reaction.
Other mechanisms such as erosion—corrosion or cavita-
tion—corrosion could also be considered.

6. Conclusion

For practical evaluation of the effect of fluid velocity
on corrosion of steels in the Pb—Bi spallation target, the
use of a rotating cylinder operating under controlled
hydrodynamics is of interest. It is shown that the models
developed in aqueous medium to simulate the hydro-
dynamic conditions in a pipe flow geometry from a ro-
tating cylinder geometry can effectively be used in the
case of liquid metals such as Pb—17Li and Pb provided
that the corrosion proceeds by dissolution and is mass
transfer controlled.

The corrosion rate measured in the two different
hydrodynamic systems (pipe flow and rotating cylinder)
is independent of the geometry when plotted as a func-
tion of the mass transfer coefficient. Therefore, results
generated with a rotating cylinder can be used to make
predictions about corrosion in a real liquid metal flow.
All that is needed are the appropriate equations giving
the mass transfer coefficient. It has to be noted that the
knowledge of the diffusion coefficient as well as the
solubility of the dissolved species in the liquid is essential
to transfer the corrosion data from one geometry to
another.

In the Pb-Bi alloy with a low oxygen content
(corrosion proceeds by dissolution), the Berger and
Hau equation and the Harriott and Hamilton equa-
tion are considered for the pipe flow geometry
whereas the Eisenberg equation is selected for the
rotating cylinder geometry. Nevertheless, experimental
measurements of corrosion rates on a rotating cylinder
and on samples in pipe flow are needed to validate
these equations and ultimately to use them for pre-
dicting the corrosion behavior of steels in the spalla-
tion module.

Finally, a complete study of the Pb—Bi system would
necessitate to examine the case when corrosion of steel
proceeds by oxidation (high oxygen content in Pb—Bi).
In such conditions, the oxide formed on the surface can
protect the steel against dissolution. This point was not
investigated in the present paper but experiments and
models for determining the behavior of the oxide layer
under various hydrodynamic conditions should also be
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considered to prevent degradation phenomena of the
protective layer.
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