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Abstract:

The aim of this experimental and numerical work is to determine the mass transfer at the wall of a steel
cylinder rotating within liquid Lead-Bismuth blend. This is a crucial parameter for the analysis of corrosion
tests performed in the CICLAD experimental set-up for the investigation of flow assisted corrosion of steel
by liquid metals. As a reliable numerical modelling must rely on experimental validation, and since no
direct wall mass transfer measurement is possible in CICLAD, a scaled electrochemical model has been
achieved. Modelling the turbulence in this rotating configuration is shown to require the use of a Reynolds-
Stress Model. A sensitivity to the Schmidt number is observed in the numerical simulations representing
the measured mass transfer in the electrochemical model. Simulations dedicated to liquid Pb-Bi are thus
presented in addition to those dedicated to the aqueous solution used in the electrochemical model.
Following correlations are proposed for the prediction of Fe mass transfer at the wall of a steel rotating
cylinder in liquid Pb-Bi:

Sh=1.9x10"Y(Re2Sc)?3! for 2x10° <Re?Sc<5.3x10%7;

Sh=1.4x10"3(Re2Sc)?%! for 5.3x10%° <Re?Sc<8.5x10%;
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Sh=1.1x10"?(Re?Sc)** for 8.5x10% <Re?Sc<10%3,

This mass transfer coefficient has recently been used to get a better understanding of corrosion in Pb-

Bi [1].
Highlights :
- Mass transfer coefficient for steel in liquid LBE are measured in a rotating cylinder
configuration in the CICLAD set-up,
- The hydrodynamics of CICLAD is modelled both numerically and experimentally,
- Ascaled electrochemical medel experiment in similarity with CICLAD is used to validate the
numerical model.
- Correlations are proposed depending on the Schmidt and Reynolds numbers.
Key words:

Mass transfer measurements, dissolution, corrosion, liquid metal, hydrodynamics, rotating

cylinder, correlations.

Introduction

Lead alloys, and particularly lead-bismuth eutectic (LBE), are considered as primary coolant in Pb-Bi
cooled fast reactors and in Accelerator Driven Systems. However, lead alloys can be corrosive toward steels
and particularly towards Fe-9Cr steels [2—-16]. Steel corrosion process depends mainly on the concentration
of dissolved oxygen in Pb-Bi and the velocity of the liquid alloy. Indeed, for oxygen concentrations lower
than the one necessary for magnetite formation (approximately 1078 wt % at temperature around 500°C for
Fe-9Cr steels), the corrosion process is steel dissolution [1,17,18].Then, in the case of a dissolution process,
one essential parameter influencing the corrosion process and thus the corrosion rate is the fluid flow
intensity.

Three domains can be observed [1,17,18]. For low fluid velocity, the steel corrosion rate increases when
fluid velocity increases, it is mass transfer controlled. When fluid velocity reaches a threshold value, the
corrosion rate becomes independent of the fluid velocity and the corrosion rate is in the domain of activation
(i.e. dissolution reaction rate) control until the fluid velocity becomes sufficiently high to erode steel [19]

— which is the erosion-corrosion domain.
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Considering a duct flow configuration, Balbaud et al [17] have shown that experimental corrosion rate
of Fe-9Cr steel and pure Fe increased for increasing liquid Pb-Bi eutectic velocity. They concluded that in
the considered range of parameters, fluid velocity controlled the corrosion rate and that the hydrodynamic
effect on corrosion has to be carefully studied. In order to study this effect, the hydrodynamics has to be
well characterized in the working system geometry. They have thus designed an experimental set-up
dedicated to the investigation of flow assisted corrosion of steels by Pb-Bi, namely the CICLAD set-up
[17].

In cooled lead-bismuth reactors, the fluid flow is turbulent. In the present study, the system geometry
has consequently been chosen to ensure turbulent flow conditions in small facilities: the corrosion sample
is a steel cylinder rotating in a crucible filled by liquid lead-bismuth. Expectedly, Fe corrosion rate also

increases when the angular velocity of Fe cylinder increases from 0 to 525 rad s as seen on Figure 1 [18].
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Figure 1: Ratio between the corrosion rate and difference between iron solubility limit in liquid Pb-Bi
and dissolved Fe concentration in Pb-Bi bulk as a function of the angular velocity at 400°C [17], 470°C

and 540°C. Experimental data and modelling.

Balbaud et al [17] also demonstrated in this rotating cylinder geometry, that the relevant parameter to

be considered to model the fluid flow effects on corrosion is the mass transfer coefficient rather than the
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flow velocity. Consequently, understanding and modeling corrosion results obtained in the CICLAD
facility require the determination of the mass transfer coefficient, K, which is the aim of the present study.

Note that mass transfer coefficients for rotating cylinder configuration are given in literature by [20—
22] but these are, a priori, valid for infinitely long rotating cylinder configuration. As the CICLAD facility
[17] exhibits a confined geometry, the mass transfer coefficient in the CICLAD geometry has thus to be
determined by other ways, such as the use of Computational Fluid Dynamics (CFD) numerical simulations.
However, one must keep in mind that accounting for turbulent mass transport in confined, rotating,
configurations is not so easy. The results of CFD simulations in this type of configurations are indeed
expected to be sensitive to the numerical model parameters, in particular concerning the turbulence model.

As a consequence, in order to validate the computational model, the following method is developed: the
mass transfer coefficient in CICLAD geometry is determined by two ways (i) by CFD simulation, using
the Fluent™ software; (ii) by electrochemical experiments in aqueous electrolyte in the same geometry as
CICLAD. The results obtained with the CFD model are compared to those obtained in the electrochemical
experiment for a selected parameters range in order to judge the ability of the CFD model to predict the
mass transfer coefficient at the rotating cylinder wall. The validated CFD model is then used to investigate
a more extended parameters range. Finally, interpretation of experimental corrosion results, using this

study, are presented in detail in our former paper [1].

1 List of Symbols
A: sample surface area (m?)
a: constant
b: constant
CEEE (b): concentration of dissolved Fe in the LBE bulk (mol cm3)
d: electrode or CICLAD sample diameter (cm)
D: diffusion coefficient of dissolved species in liquid Pb-Bi (cm? s%)
Dp. iron diffusion coefficient in Pb-Bi (cm? s™)
D, 3+: ferric ion diffusion coefficient in water (cm?s!)
E: activation energy of dissolution rate constant (J mol?)

F: Faraday’s constant (C mol?)
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[Fe®*]: ferric ions content in the solution (mol cm™)
Jstar: Steady state current (A)

K: mass transfer coefficient (cm s)

kq: dissolution rate constant (mol cm2 s1)
Feq: dissolved Fe in Pb-Bi

Mre: molar mass of Fe (g mol™)

Fes: solid Fe

mEBE: mass of dissolved Fe in LBE (g)

R: gas constant (J mol* K1)

Re: Reynolds number

Sre: solubility limit of Fe in LBE (mol cm™)
Sc: Schmidt number

Sh: Sherwood number

t: time (s)

T: temperature (°C or K)

. diffusion boundary layer thickness (cm)
n: dynamic viscosity (Pa s)

v. kinematic viscosity (cm? s*)

w: angular velocity (rad s™)

p. density (g cm)

2 CICLAD geometry and methods

2-1  CICLAD geometry and geometry of electrochemical cell

The CICLAD device is dedicated to corrosion experiments in flowing Pb-Bi; it is a corrosion loop
schematically represented in Figure 2. In this facility, dissolution experiments are performed in liquid lead-
bismuth eutectic (LBE) containing in wt%: 44.8% lead, 55.2% bismuth and in weight ppm: [Ag] = 5, [Fe]

< 0.2, [Cu] <0.7. As Balbaud et al [17] showed that corrosion rate and mechanism of Fe-9Cr steel are the
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same as that of pure iron, tests are carried out using either Fe-9Cr steel or pure iron from ARMCO® between

450 and 553°C [1].
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Figure 2. Sketch of CICLAD facility.

The corrosion test section consists of a tank containing 5L of LBE in a glove box. Its loop is a circuit
dedicated to the continuous purification of the liquid alloy. Iron cylinders fixed along a rotating shaft as
represented on Figure 3a are used as samples. Their angular velocity can be adjusted between 35 and 450
rad.s™*. Their diameter and approximate length are respectively 8 mm and 20 mm. They are mirror polished
before corrosion tests in order to obtain a smooth surface. Three samples can be held on the rotating shaft

during experiments.
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Figure 3. (a) Schematic of corrosion test section of CICLAD and (b) diagram of the electrochemical

experiment.

An oxygen sensor, constituted by yttria doped zirconia [17,23,24], is immersed in LBE. It allows a
continuous measurement of dissolved oxygen.

The test section has been designed to avoid perturbation of the liquid alloy flow by presence of obstacles:
revolution symmetry is achieved by adding a hollow cylinder containing the rotating shaft; the oxygen
sensor is thus not enclosed in the rotating LBE flow (Figure 3a). As seen on figure 3, a rigid lid has been
introduced in the set-up to avoid free surface deformations. Indeed, before implementing the lid in the
device, a vortex phenomenon had been observed at the liquid alloy surface and corrosion of the upper
sample was much higher than corrosion of others samples [17].

To prevent dissolved iron saturation in the LBE bulk, the CICLAD facility has a LBE purification loop,
including a cold trap (Figure 2). The cold trap is a part of the purification loop in which the temperature
(typically 200°C) is locally lower than in the test section (between 450 and 550°C). As the solubility limit
of dissolved iron in Pb-Bi increases with temperature (5x10% wt% at 200°C and 4.5x10* wt% at 550°C
[25]), if the iron concentration in the Pb-Bi test section exceeds the iron solubility limit at the cold trap

temperature, the excess concentration precipitates when passing through the cold trap.

2-2  Principle of the experimental determination of mass transfer coefficient in a scaled model of

CICLAD

Electrochemical techniques are often used to measure mass transfer coefficient for rotating cylindrical
electrodes. The methodology is for instance described by Eisenberg [20]. A scaled electrochemical medel
experiment of CICLAD is set up (Figure 3b). The scale is 1.25; the this electrochemical model is thus

slightly bigger than CICLAD. Dimensions of the dispesal facility are presented in Table 1.

Cell dimensions (mm) (See Figure 1)

Cylinder Cylinder
diameter surface area D H h hl h2 h3
(mm) (cm?)
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10 7.85 122 241 116 154.5 2.5 25

Table 1: Dimension of the electrochemical cell used to experimentally determine the mass transfer

coefficient in same geometry and Reynolds number as CICLAD.

Instead of LBE, the liquid electrolyte is the one used by Eisenberg [20] : an aqueous solution composed
by equimolar concentration (10> mol cm®) of Fe?* /Fe®* added under the form K4[Fe(CN)g]3H.0 and
K3[Fe(CN)g]. NaOH (2x10- mol cm®) is also added to eliminate the contribution of ionic migration to mass
transfer [20]. Two nickel cylinders are used as working electrodes. The counter electrode is a graphite
cylinder that takes the place of the hollow cylinder in CICLAD (Figure 3). The reference electrode is the
saturated calomel electrode (SCE): the redox potential of this electrode is 244.4mV versus SHE (Standard
Hydrogen Electrode) at 25°C.

A potential difference is applied between the counter electrode and one of the nickel electrodes leading to
reduction of ferric ions at nickel surface. The stationary current, Jsat, is measured at the nickel electrode
interface by potentiodynamic measurements. The potential range is between 0.44 and -0.36 V/SHE and
the scanning rate is 0.5 mV/s.

This steady state current, Jsat, iS given by relation (1):

[Fe3+

- = FK([Fe®*) @

Jstat = FDFe3+

with F the Faraday’s constant, D, s+, the ferric ion diffusion coefficient in water (cm?s*), [Fe®'], the ferric
ion concentration in the solution equal to 10° mol cm3, §(cm), the diffusion boundary layer thickness and
K (cm s?), the mass transfer coefficient. The mass transfer coefficient, or equivalently the diffusion
boundary layer, &, can thus be deduced from relation (1) and be investigated as a function of the angular

velocity of the cylinder.

Let us recall that experimental results from a scaled model are quantitatively representative of the
modelled reality (here CICLAD) if at least all dimensionless parameters but one have the same value in the
model as in reality. In the present problem the relevant dimensionless parameters are clearly the Reynolds
number Re, characterizing the intensity of the fluid flow and its turbulence, the Schmidt number, Sc,

characterizing the dissolve species ability to diffuse within the liquid, and the Sherwood number, Sh,
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quantifying the mass transfer at the liquid/solid interface. In the present work, they respectively have the
following expressions:
Re =w—‘:2,5c=g,and5h=%.

The ferric ions diffusion coefficient has been previously measured, according to Levich theory, using a
rotating disc electrode: the obtained diffusion coefficient of ferric ion in this solution is 4.5x10° m?s!
[20]. The electrode diameter, d, is of 0.01m. The rotating electrode velocity can be adjusted between 10
and 733 rad s! so that the corresponding Reynolds numbers is between 5x102 and 3.6x10%.

In the CICLAD device, the samples diameter is 8x10° m and the rotating velocity can be adjusted
between 40 and 500 rad s*. The Reynolds number varies then between 10* and 1.3x10° as the Pb-Bi

_npas)

i H H H H 2 -1y —
kinematic viscosity is equal to wv(m®s )—p(kgm_g)

with the dynamic viscosity 7(Pas) =

754.1
T

494 10" *Exp ( ) and the density p(kg m™3) = 11065 — 1.293T [16]. Physicochemical data used to

compute the parameters are gathered together in Table 2.

Iron solubity limit in 3 10085.3
L BE Sre (Mol.m) 18.27 Exp (— ) (11065 —1.293T)
Iron diffusion coefficient DE? (m? 5 4.898 10~7E 43934.77
in pure lead ke ' P (_ RT )
LBE kinematic viscosity _ 494107* 754.1
v(mést) ————Fxp (—)
11065 — 1.293T T
Ferric lon concentration [Fe*] (mol.m"?) 105
in water
Ferric ion diffusion
2e-1 -10
coefficient in water* Dpea+ (M's7) 4510
Water kinematic
Vwater (m2 S-l) 10_6

viscosity*
Table 2: Parameters needed for modelling the flow in CICLAD device and in the electrochemical cell

(use Kelvin for Temperature units).
* values are given for ambient temperature (at which tests were performed).

Unfortunately, the range of Reynolds number reached in the electrochemical experiment could not be
as high as for the CICLAD facility due to limitations of the motor. However, the ranges in both experiments
overlap for Reynolds numbers between Re = 10* and Re = 3.6 10 The flow in this geometry is modelled

by CFD using Fluent. It can reasonably be considered that if the numerical model is validated by
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comparison with the electrochemical experiment until Re = 3.6 10% it is also valid between Re = 3.6 10*

and Re = 1.3 10° for the CICLAD facility.

2-3

Principle of the numerical determination of mass transfer coefficient in CICLAD device

To obtain the mass transfer coefficient, K, the thickness of the diffusion boundary layer is calculated.

This calculation is done using a finite volume method with the fluid mechanics software Fluent, and the

meshing software GAMBIT. As the CICLAD test section presents symmetry of revolution, calculation is

made in two dimensions (Figure 4), using a 2D axisymmetric solver considering the swirling flow.
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Figure 4. Diagram of the geometry considered for Fluent calculations and corresponding to both

CICLAD and the electrochemical experiment geometries. On the left: a 3D representation, on the right:

the used 2D domain and boundary conditions in the numerical model. Note that the rotating shaft does not

reach the bottom of the tank.

The 2D meshed area of the calculation is presented on Figure 4. The minimal size of the meshing (at

the rotating shaft interface) is 38 um for angular velocities lower than 105 rad s* and 9 to 1.5 pum for higher

angular velocities. This size has been computed to have several mesh cells in the chemical boundary layer,

which is far thinner than the hydrodynamic boundary layer due to the high value of the Schmidt number.

The used mesh has then 66 000 elements. Two coarser meshes have also been tested with the aim of

assessing the validity of this mesh: the difference in computed wall shear-stresses compared to this 66000

10



https://doi.org/10.1016/j.icheatmasstransfer.2022.105960

Published in Int. Communications of Heat and Mass Transfer, 133 (2022) 105960.
https://doi.org/10.1016/j.icheatmasstransfer.2022.105960.

elements mesh at the location of the electrodes/gages was 0.02% using a 41500 elements mesh and less
than 2% using a 26000 elements mesh. We thus considered that the 66 000 chosen mesh was convenient
and the following results were all obtained using this mesh.

The boundary conditions are the following : the lateral walls (in black on the right hand side of Figure
4) and the cover wall (in light blue) are set as fixed walls, the rotating shaft walls (in grey and red) are set
as rotating walls with the nominal angular velocity, the domain is closed by a rotation axis (in green).
Choice of segregated numerical solver is done as coupled solver presented some divergence issues. Pressure
is discretized with “PRESTO!” scheme, as flow is mainly tangential and rotation velocity is high. Other
physical quantities are discretized with a “Second Order Upwind” scheme to have better accuracy in the
results. “SIMPLEX” algorithm is chosen for solving the pressure-velocity coupling in the segregated solver.

Convergence of the numerical algorithm is monitored by plotting residuals (i.e. estimates of the local
error): this is a very classical approach in which one considers the convergence to be achieved when the
plotted residuals show a decrease of several orders of magnitude and a stabilized behaviour. In addition to
these very usual criteria, we have also considered that the computed shear stress on the working electrode
had to have reached a steady state.

Various turbulence models have been tested leading to choose the “Reynolds Stress Model” (RSM)
which modelling approach originates from Launder et al. [22]. This turbulence model is computationally
time consuming but has been found to be necessary to reproduce the physics of this swirling flow. Indeed,
an empirical criterion for choosing between this anisotropic approach and lighter isotropic turbulence model
is based on the following indicator denoted swirl number and comparing angular momentum to axial
momentum averaged on a section of the computational domain [26]:

_ Jrwvdd
T RfuvdA’

S

where r is the radial position, u, v and w are respectively the axial, radial and azimuthal components of
velocity and R the hydraulic diameter of the considered section.

An empirical rule of thumb is to consider that the RSM is more appropriate if S exceeds the value of 0.5
[26]. In the present case, S has been estimated from our computations to vary in the range 0.45 to 1.4 so
that the RSM turbulence model was expected to be the more convenient. However, several lighter
turbulence models have been tested with the objective to check if a better compromise between

computational time and catching the physics of the flow was possible [27]. Figure 5 shows radial profiles

11
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of velocity extracted from numerical simulations with 4 different turbulence models compared to
measurements by 2-components Laser Doppler Anemometry in the scaled experiment presented in section
2.2. These simulations and the experimental test have been made for a rotation rate of 800 rpm and at 47.5
mm below the lid of the apparatus. Unfortunately, optical reflections and diffraction made measurements
impossible near the rotating shaft and near the outer wall of the facility. One can see that the simulations
using the RSM model is in good agreement with the experimental data; in particular, it adequately

reproduces the azimuthal velocity profile on the contrary to the 3 other turbulence models.

0,7
= = = Azimuthal (top) and axial (bottom) velocities, Fluentk-w SST model
0.6
1 Azimuthal (top) and axial (bottom) velocities, Fluent k-epsilon RNG model
0,5 -
‘l Azimuthal (top) and axial (bottom) velocities, Fluent k-epsilon realizable model
Z 04
\i "1 Azimuthal (top) and axial (bottom) velocities, Fluent RSS model
£ 0.3
2
% "\ ®  Azimuthal (top) and axial (bottom) velocities, experimental LDA measurements
= 02
N e
[ ]
» L}
0.1 ° -
e w08 e,
° \ B e o Smt S SR e e e e
\~o=r 2778
01
5.00 10,00 15,00 20,00 25,00 30,00 35,00 40,00

Radial position (mm)

Figure 5. Radial profiles of velocity 47.5 mm below the lid of the scaled apparatus for rotation rate of
800 rpm presented in section 2.2. The measurement (dots) have been obtained with a 2-component LDA
system. Four different turbulence models have been successively used to obtain the profiles plotted with
lines. The profiles in the upper part of the figure are those of azimuthal velocity, the one in the lower part

are profiles of axial velocities.

As a conclusion, considering the choice of the turbulence model in the simulations, the calculated flow
significantly depends on the chosen turbulence model. In this rotating and confined configuration, the heavy
but precise RSM turbulence model is not only adequate but also required. It has been selected for all the
results presented below.

The determination of the mass transfer coefficient requires the calculation of the concentration field in

the liquid near the samples/liquid interface. The boundary conditions for the concentration field are imposed

12
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i.e. constant concentration at the working electrode surface and at the graphite counter-electrode, and
impermeability, i.e. no flux condition, on all other surfaces (rotating shaft, cover and lower part of the inside
surface of the tank). This imposed constant concentration conditions at the electrodes surfaces correspond
to the case in which the anodic and cathodic reactions are limited by species diffusion. A uniform
concentration in the solution is assumed as an initial condition and we compute the steady state solution of
the problem. The averaged mass flux J on the working electrode is then extracted from the simulation result:

J =1, Zas,

with S the electrode surface. The mass transfer coefficient, K, is then computed from this data,
knowing the dissolve specie diffusion coefficient, D, bulk concentration, cpuik, and the imposed

concentration at the electrode, c;:

_J
Ci—Chulk

K=D

This mass transfer coefficient can also be expressed in its dimensionless form as the Sherwood

number, Sh:
Kd
Sh==m

In the following, the variations of the Sherwood number will be investigated as a function of Re?Sc,
with Re and Sc, the Reynolds and Schmidt numbers formerly defined. Direct correlations between
dimensionless numbers are indeed expected to have the following form [20,21]:

Sh = a(Re?Sc)?

with a and b two parameters to be investigated in the following.

For CICLAD experiments the concentration of dissolved elements is maintained by the Pb-Bi
circulation loop with a very low flow rate (in order to avoid any modification of the flow) and its cold trap
at 200°C. Consequently, in CICLAD experiments, the inside surface of the tank is inert whereas it is a
counter electrode in the electrochemical experiment (Figure 3b). The boundary conditions implemented in
Fluent are thus closer to those of the electrochemical experiment: when the reduction reaction occurs at the
rotating working electrode producing Fe?*, oxidation reaction occurs at the counter graphite electrode,
consuming Fe?*. These reactions leadte generate a Fe?* ion flux from the working electrode to the counter

electrode and the global Fe?* concentration is constant. In the CICLAD experiment the iron produced by

13


https://doi.org/10.1016/j.icheatmasstransfer.2022.105960

Published in Int. Communications of Heat and Mass Transfer, 133 (2022) 105960.
https://doi.org/10.1016/j.icheatmasstransfer.2022.105960.

the samples corrosion is also removed in the cold trap leading to a constant iron concentration. We consider
it is reasonable to assume, in both cases, that the way the excess concentration is removed from the liquid

bulk does not influence the mass transfer coefficient at the rotating shaft / electrode wall.

3 Results and discussion

Figure 6 shows the velocity field obtained with Fluent for the CICLAD experiment at 470°C for an
angular velocity equal to 420 rad s. The velocity magnitude (Figure 6a) and the tangential velocity
component magnitude (Figure 6b) are plotted on the same scale showing that the tangential velocity
represents the main component of the global flow. Maximum radial and axial velocities magnitudes are
respectively 7 times and 26 times lower than maximum tangential velocity magnitude (Figure 6c and Figure
6d). The flow in the plane represented in Figure 6, (i.e. removing the tangential velocity component) is thus
clearly a secondary flow. It is generated by centrifugal forces and interactions with the walls, in particular
the top lid, through Eckmann type pumping: the centrifugal forces on the fluid are balanced by an outward
radial pressure gradient (low pressure level near the shaft, high pressure level near the outer cylinder wall).
The pressure gradient drives a radial flow near the lid (red, yellow and green zone in Figure 6.c. near the
lid), due to mass conservation, this secondary flow goes down along the outer wall (red zone in Figure 6.d)
thus creating a recirculation zone with minor effects on the mass transfer coefficient at the rotating shaft

walls.

Tangential velocity (eB)

Radial velocity (er)
Axial velocity (ez)
Lid Centrifugal flow

Rotation shaft

" Mo
0.2
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0.15 0.04
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Figure 6. Numerically obtained velocity field in the CICLAD facility with Pb-Bi at 470°C and a rotating
velocity equal to 420 rad s™*. (a) Contours of velocity magnitude (m s*); (b) Contours of tangential velocity

magnitude (m st) same scale as (a); (c) Contours of radial velocity magnitude (m s*); (d) Contours of axial

velocity magnitude (m s).

Figure 7 as a function of Re?Sc both for the electrochemical experiment case and for the CICLAD case

with Pb-Bi at 470°C. They are compared to experimental data obtained in our electrochemical apparatus,

Numerically obtained Sherwood numbers are presented on

but also to former experimental data in similar configurations [20,21]. Bars on the numerical data

illustrate the size of a +/-10% interval around these predictions.

Figure 7. Sherwood number Sh = % as a function of Re2Sc for (a) electrochemical experiments and
Fluent calculations performed for water at 25°C and Pb-Bi in CICLAD facility at 470°C (only the
calculation for the sample in the middle is represented here) and comparison with Eisenberg’s and
Labraga’s experimental data [20,21]; (b) zoom on graph (a) for low Re2Sc for CICLAD Fluent calculations

and Eisenberg’s and Labraga’s experimental data. (c) zoom on graph (a) for high Re2Sc for CICLAD and
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electrochemical Fluent calculations and Eisenberg’s and Labraga’s experimental data. The bars on the

numerical data are here to illustrate the size of a +/-10% interval around these predictions.
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Figure 8. Sherwood number Sh = % as a function of Re2Sc for Fluent calculations performed for Pb-

Bi in CICLAD facility at 470°C: calculations are represented here for the three samples.

As expected from the literature [20,21], our experimental measurements (

Figure 7) clearly exhibit a linear behavior in this log-log plot: Log,,(Sh) = bLog,,(Re?Sc) +
Logio(a) or Sh = a(Re?Sc)®. The slope, b, and the multiplicative factor, a, take slightly different values
between the two electrodes and are given below (see equations (2) and (3)). Our experimental data obtained
on the upper electrode are consistent with the experimental points obtained by Eisenberg and Labraga and
from the Fluent calculation; the Sherwood numbers obtained with the lower electrode are between 0 and

15% higher.
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Figure 7a shows that the variation of the Sherwood number with Re?Sc, obtained by the electrochemical
measurement is:
Sh=0.25(Re?Sc)% for the upper electrode; )

Sh=0.29(Re?Sc)%% for the lower electrode; 3)

The main difference between the electrochemical measurements from this study and that of Eisenberg
et al is that the Eisenberg’s one consists of a working electrode as long as the counter electrode. On the
contrary, in this study, the working electrode is shorter that the counter electrode (Figure 3b). However,

the consistency between the two Eisenberg’s curve and our experimental data-points in

Figure 7a shows that the flow is not much affected by the cylinder length decrease.

As shown on

Figure 7a, experimental data, from this study and from literature are very close to those observed in
Fluent simulations. These simulations lead to the relations:

Sh =1.2 10?(Re?Sc)%4® for 10%° <Re?Sc<6x101* 4)

Sh =6.8 10-3(Re?Sc)%4 for 102 <Re?Sc<6x10%3 (5)

One can notice that two trends are obtained by simulations depending on the values of Re?Sc.

The first trend (equation (4)) covers the lower experimental Re?Sc values, the second trend (equation
(5)) is obtained for higher Re?Sc values (i.e. higher angular velocities, and thus higher Re values). Clearly,
a change in slope is observed in the vicinity of Re?Sc = 6 10 the increase in Sherwood number with
Re?Sc is slightly steeper at high Reynolds number. The relative discrepancy between relations (4) and (2
or 3) on the calculated Sherwood number is between 37% (for Re?Sc equal to 8.02 10°) and 3% (for Re?Sc
equal to 2.89 10'%).

We can conclude that the numerical model used in these Fluent simulations is validated by comparison
with the electrochemical facility. Moreover, CICLAD experiments with Pb-Bi at 470°C are not only
performed for higher Re?Sc than experiments performed in the electrochemical cell but also for a slightly
smaller Schmidt number, Sc; additional CFD simulation were thus done in CICLAD conditions.

Results from numerical simulations of CICLAD experiments are plotted on
Figure 7 and Figure 8. It can be seen that the three samples located at different positions along the

rotating rod have the same Sherwood number which depends on Re?Sc according to the following laws:
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w2a*\%31p
Sh=1.9 10"(Re?Sc)** or K = 1.9 107" (“25) " 2E< for 2 10° <Re’Sc<5.3 10 (6)
VUFe
w2a*\%%1 p
Sh=1.4 10(Re?Sc)* or K = 141073 (-5) " 2£¢ for 5,3 10" <Re’Sc<8.5 104 @
VDFe
w2d* 0.43 Dr
and Sh=1.1 10%(Re?Sc)** or K = 1.1 102 (M ) ZEe for 8.5 101 <Re’Sc<10". 8)
Fe

with Dg: iron diffusion coefficient in LBE, v: kinematic viscosity, d: diameter of cylindrical samples;

w. angular velocity.

Figure 7b shows that the three curves corresponding to the three samples in CICLAD geometry are
superimposed. This means that same mass transfer coefficient is calculated for the three samples and then
that the three samples are submitted to the same hydrodynamic flow. This feature is due to the lid presence
(see Figure 3 and Figure 4). Indeed, before implementing the lid in the device, a vortex phenomenon had
been observed at the liquid alloy surface and corrosion of the upper sample was much higher than corrosion
of others samples [17]. The installation of the lid in the experiment allowed the suppression of the vortex
and thus the decrease of the corrosion measurements discrepancies between the three samples.

Differences between the three trends (6), (7), (8), obtained for three domains of Re?Sc consolidate the

choice of using CFD calculation for determination of mass transfer coefficient. Indeed, these values of
Re?Sc could not be reached by electrochemical experiments in aqueous solution. Here again a change to a
higher slope is observed at higher Re?Sc. The change of slope is however not observed for the same value
of Re?Sc. A careful look at experimental data from the literature reinforce this observation. Indeed,
Labraga’s data, plotted as orange disks in
Figure 7, clearly exhibits a similar change in slope in the high Re?Sc range. Things are less clear
concerning Eisenberg experimental data plotted as blue disks in
Figure 7 due to some experimental dispersion, but one can consider the data cloud for abscissa between 5
102 and 5 10% to be consistent with a steeper trend too. The thorough investigation of this change of slope
and its dependence on Schmidt number is out of scope of the present paper. However, it can safely be stated
that this corresponds to a change from a regime in which the concentration (also called solutal) boundary
layer is thinner than the hydrodynamic viscous sublayer to a regime in which they have nearly the same
dimensions or even in which the viscous sublayer gets thinner than the solutal boundary layer. This regime

change occurs since the thickness of these two layers does not decrease at the same rate and is sensitive to
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turbulent transport within the hydrodynamic boundary layer, and thus to the Schmidt number. Note that
this phenomenon has recently been observed, more deeply analysed and analytically modelled in the similar
context of convection assisted dopant transport at the solid-liquid interface of solidifying silicon [28,29].
To conclude on this determination of mass transfer coefficient, electrochemical experiments allowed
the validation of the Fluent simulations performed for an aqueous solution at 25°C. Once validated, this
simulation has been adapted to calculate the mass transfer coefficient in Pb-Bi at 470°C, featuring a
different Schmidt number. It will be considered, in our corrosion tests that the mass transfer coefficients at
temperatures from 450 to 540°C are similar to the one calculated at 470°C. This mass transfer coefficient

has then been used to model corrosion rate in Pb-Bi [1].

CONCLUSION

The objective of this study was to determine the mass transfer coefficient, K, on the rotating samples of
the CICLAD facility. The CICLAD geometry is based on a finite rotating cylinder in a tank. The mass
transfer coefficient, K, is indeed required to model the corrosion rate of steel samples fixed on a rotating
shaft and dissolving into liquid Pb-Bi alloy. A scaled experimental model of CICLAD is used to validate
the numerical model both concerning hydrodynamics and mass transfer. CFD calculations are performed
with the Fluent software. The ability of this humerical model to reproduce the hydrodynamic flow has
firstly been checked by comparison with velocity measurements in water in the scaled model. The
numerical model also provides calculations of K for aqueous solutions in the interval of Re?Sc € [10%; 6
10%]. These calculations are compared to experimental measurements of K performed by an
electrochemical method in the same scaled model. Good agreement between experiments in aqueous
solution and CFD simulation allowed the validation of the models (mesh, turbulence model, chosen
solver...) used in Fluent concerning mass transfer predictions.

The same simulation was then performed for liquid Pb-Bi at 470°C and higher values of Re?Sc. The
results of the simulation show that:

(i) The three steel samples located along the rotating shaft length undergo the same mass transfer

coefficient. This suggests that corrosion of the three samples should be similar.

(i) In this study 3 intervals of variation of the mass transfer coefficient as function of Re?Sc were

observed:
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w?d* 031 DF,
Sh=1.9 10(Re?Sc)** or K = 1.9 107! (F) ZE¢ for 2 10° <Re?Sc<5.3 101; (6)
VDFe
w?d* 0.51 Dr
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4VvDFe d
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VDFe

Consequently, one can assume that the mass transfer coefficient has to be calculated in the experiment
interval velocities and cannot be extrapolated from lower or higher velocities. As noticed here-above,
Equation (6) corresponds to the expected Eisenberg case. The observed sensitivity of the mass transfer to
the geometry is worth to be recalled. At higher Re2Sc however, as the concentration boundary layer
thickness decreases more slowly than the hydrodynamic viscous sublayer, the increase of Sherwood with
Re2Sc becomes steeper when these two thicknesses become comparable. Care must be taken that this change
of slope occurs for parameters values depending on the considered species diffusion coefficient through the

Schmidt number value.
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