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a b s t r a c t

Corrosion of structural materials presents a critical challenge in the use of lead-bismuth eutectic (LBE) as
a nuclear coolant in an accelerator-driven system. By forming a protective layer on the steel surfaces,
corrosion of steels in LBE cooled reactors can be mitigated. The amount of oxygen concentration required
to create a continuous and stable oxide layer on steel surfaces is related to the oxidation process. So far,
there is no oxidation experiment in fuel assemblies (FA), let alone specific oxidation detail information.
This information can be, however, obtained by numerical simulation. In the present study, a new
coupling method is developed to implement a coupling between the oxygen mass transfer model and the
commercial computational fluid dynamics (CFD) software ANSYS-CFX. The coupling approach is verified.
Using the coupling tool, we study the oxidation process of the FA and investigate the effects of different
inlet parameters, such as temperature, flow rate on the mass transfer process.
© 2019 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Lead-bismuth eutectic (LBE) has been selected as primary
candidate coolant material and high-energy spalling target mate-
rial for accelerator-driven systems (ADS) and advanced nuclear
reactors due to their favourable physical and thermal properties [1].
However, there is a critical challenge in the use of LBE, that is, when
exposed to LBE at high temperatures, structural steel would be
corroded severely [2]. One of the feasible ways to reduce corrosion
is to form and maintain a protective oxide film on the surface of the
steel to prevent further corrosion of steel by decreasing the disso-
lution rate of steel components [3]. The key to forming a stable
oxide film is to control the concentration of oxygen dissolved in the
molten metal to be within a specific range, as shown in Fig. 1.

Full knowledge of the distribution of oxygen in the reactor and
the oxidation of the steel surface are critical to the safe operation of
the LBE-based systems. However, in the operation state of the
reactor, with the change of coolant temperature and velocity, the
oxygen concentration distribution is also continually changing.
Even though the oxygen sensors available with LBE are progressing
well [5], combined with the use of scanning electron microscope
make it possible to measure the oxygen distribution and surface
by Elsevier Korea LLC. This is an
oxidation of simple geometries, but for complex geometries such as
reactors, real-time measurement of oxygen distribution and
oxidation of steel surfaces is practically impossible. In this case, the
numerical simulation method can make up for this vacancy to give
the oxygen distribution and oxidation process.

L. Martinelli et al. [6e8] experimentally studied the oxidation
process of Fee9Cre1Mo martensitic steel in static liquid LBE to
understand its mechanism. Hwang [9] proposed correlations for
the oxide layer thickness on FMS and AISI 316L in LBE by using
experimental data.

Marino et al. [10] numerically studied the oxygen mass transfer
in a 19-pin scaled fuel assembly to identify the regions of the core
which could be prone to corrosion due to oxygen-depleted LBE, but
the simulation is performed at steady state, unable to simulate the
growth rate of the oxide film and the oxygen consumption during
oxidation, which is far from the actual oxidation. Alexander G.
Churbanov et al. [11] simulated oxidant transport in a tube bundle
to predict the growth of the oxide film on tube walls, but the model
of oxide film growth has not been experimentally verified.

In the present work, for predicting the oxidation process in FA,
we proposed a coupling method to implement a coupling between
the oxygen mass transfer model and the ANSYS-CFX. Moreover, the
heat transfer and coupling approach are verified. Using this model,
we analyzed the influence of different factors on the oxidation
process and gave the reactor operation suggestions under different
working conditions.
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Fig. 1. Oxygen control boundary in LBE [4].
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2. Numerical simulation

2.1. Governing equations

In this study, the simulation of the near-wall area is particularly
important because the variable (velocity, temperature, concentra-
tion) at the fluid/steel interface directly affects the oxidation reac-
tion. For this purpose, the k-w SST model is a suitable approach,
which combines the k-w turbulence model and k-epsilon turbu-
lence model such that the k-w is used in the inner region of the
boundary layer and switches to k-epsilon in the free-stream. Jinbiao
Xiong et al. [12,13] and Maarten van Reeuwijk et al. [14] have
demonstrated the adequacy of the k-w SST model for predicting
heat and mass transfer. The conservation equations of mass, mo-
mentum, energy and scalar transport equation are solved using the
commercial CFD software CFX and given as follow [15]:

Continuity equation:

vr

vt
þV , ðr v!Þ¼0 (1)

where r is the mixture density in kg/m3.
Momentum equation:

vðr v!Þ
vt

þV , ðr v! v!Þ¼ �V ,pþV , tþ SM (2)

where the stress tensor, t, is related to the strain rate by

t¼m

�
V v!þðV v!ÞT �2

3
dV , v!

�
(3)

where d is the identity matrix, m is dynamic viscosity in N.s/m2.
Energy equation:

vðrhÞ
vt

þV , ðr v!hÞ¼V , ðlVTÞþ t : V v!þ SE (4)

where h is enthalpy, T is temperature, SE is an energy source, l is
thermal conductivity.

Scalar transport equations:
Each component has its own equation for conservation for mass.

After Reynolds-averaging, this equation can be expressed as:

vðreYiÞ
vt

þV , ðr vi!eYiÞ¼V ,
�
Gieff V

eYi

�
þ Si (5)
where eYi is mass fraction of component i (oxygen or LBE), Si is the
source term for component i, which includes the effects of the
oxidation process.

eYi ¼ ri
r

(6)

Gieff ¼ riDi þ
mt
Sct

(7)

where Di is the kinematic diffusivity, mt is turbulent viscosity, Sct is
the turbulent Schmidt number which is set to a default value of 0.9.

Constraint equation for components:

XNc
i¼0

Yi ¼1 (8)

where Nc is the number of components.
In the SST k-u model, the transport equations for k and u are

given by the following expressions:
Kinematic eddy viscosity:

vT ¼
a1k

maxða1u; SF2Þ
(9)

where F2 is a blending function. S is an invariant measure of the
strain rate.

Turbulence kinetic energy (k):

vrk
vt

þ v

vxj

�
rUjk

�¼ v

vxj

"�
mþ mt

sk3

�
vk
vxj

#
þ Pk � b

0
(10)

Pk is the production rate of turbulence.
Specific dissipation rate (u):

vðruÞ
vt

þ v

vxj

�
rUju

�¼ v

vxj

"

�
�
mþ mt

su3

�
vu

vxj

#
þð1� F1Þ2r

1
su2u

vk
vxj

vu

vxj
þ a3

u

k
Pk � b3ru

2

(11)

Closure coefficients and auxiliary relations:

F2 ¼ tanh

""
max

 
2
ffiffiffi
k

p

b*ug
;
500v
g2u

!#2#
(12)

F1 ¼ tanh

((
min

"
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 ffiffiffi
k

p

b*ug
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500v
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!
;
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(13)

CDku ¼max
�
2rsu2

1
u

vk
vxi

vu

vxi
;10�10

�
(14)

f3 ¼ F1f1 þ ð1� F1Þf2 (15)

b
0 ¼ 0:09 (16)

a1 ¼
5
9

(17)
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b1 ¼0:075 (18)

sk1 ¼1:176 (19)

su1 ¼2 (20)

a2 ¼0:44 (21)

b2 ¼0:0828 (22)

sk2 ¼1 (23)

su2 ¼
1

0:856
(24)
2.2. Oxidation model

The oxidation mechanism of steel is exceptionally complicated
[6e8], and it is difficult to describe this microscopic behaviour with
one or two formulas, the modelling of the oxidation process is
therefore tricky. Therefore, various assumptions have been
employed. In describing the growth of oxide film, we use a quasi-
steady approximation taking into account the fact that the thick-
ness of the oxide film is small. In this case, the oxygen mass flux at
the LBE/oxide interface from the LBE side is equal to themass flux in
the oxide film and the mass of oxygen involved in oxidation. Other
main assumptions employed in this oxidation model:

C The oxide film formed on the steel surface is all magnetite.
C The oxidation reaction follows a parabolic growth rate.
C The formation of oxide film does not affect fluid flow.

The following formula can describe the oxidation in the fuel
assembly:

3Feþ4O ¼ Fe3O4 (25)

Two competitive processes are proceeding at the LBE/steel
interface in flowing LBE: oxidation and dissolution. The change rate
of the oxide layer thickness can be derived as

dX
dt

¼Kp;c � Qc:o (26)

where, X is the thickness in cm, Kp;c is the oxide layer growth rate,
Qc;o is the oxide removal rate by the liquid metal. By fitting the
experimental data which were performed at saturated oxygen, Ref
[9] proposed a set of empirical expression combined Kp;c and Qc;o:

XðtÞ¼ ½KðTÞ,t�12 (27)

In the present paper, the author considers that the structural
steel material used in FA is 316L grade austenitic steel, the parabolic
rate constant of 316L can be derived as follow:

KðTÞ¼3:027� 10�3e

�
�161626

RT

�
(28)

where R is the universal gas constant (8.314 J mol�1 K�1) and T is
the local wall temperature in K.

There is an oxygen concentration gradient in both transverse
and axial direction of the coolant channel. In other words, not all
steel surface has enough oxygen for chemical reactions, so the
oxidation process in the FA cannot be directly described by Eqs. (27)
and (28). The required oxygen concentration for the formation of
magnetite on the steel surface can be derived from the thermo-
dynamic criteria of the chemical reaction.

The equilibrium condition for this chemical reaction can be
expressed as:

DGFe3O4
þRT ln

aFe3O4

a4Oa
3
Fe

¼ 0 (29)

where, DGFe3O4
is the standard Gibbs free energy of Fe3O4 in J/mol, a

is the chemical activity of the substances present in solution, R is
the universal gas constant in J/mol K.

To calculate the dissolved concentration, assume that the dis-
solved oxygen and iron in LBE obey Henry's law:

RT ln
CO;min

CO;S
¼1
4
DGFe3O4

� 3
4
RT ln

CFe
CFe;S

(30)

where, CO;min is the minimum oxygen concentration required for
the formation of Fe3O4 at the steel surface, CO;S is the saturated
oxygen concentration in LBE, CFe;S is the solubility of iron in LBE.
These variables are all functions of temperature, and the minimum
oxygen concentration required for the oxidation can be derived as
following [16]:

logCO;min½wt%� ¼1:53� 11047
T

þ 3285
Tc

(31)

where T is the local wall temperature in K and Tc is the coldest LBE
temperature of the system.

Moreover, according to Ref. [4], it is impossible to develop any
parabolic rate constant correlations with oxygen content due to the
scarcity of the experimental data. For this reason, we assumed that
when the local oxygen concentration is higher than CO;min, the
parabolic rate constant is no longer related to the oxygen concen-
tration, which is a reasonable assumption because the influence of
oxygen concentration on the parabolic rate constant is small, far
from the influence of temperature [17].

By combining Eqs. (27), (28) and (31), one can successfully
describe the chemical reaction in FA.

According to Eq. (25), the oxygen in the magnetite is derived
from the oxygen dissolved in the LBE, the oxygen consumption rate
of the oxidation process can be obtained from the growth rate of
the oxide film dX

dt fitted by the experimental data. The mass of ox-
ygen involved in oxidation is evaluated as:

dqO
dt

¼uO
dmmagnetite

dt
¼ uOrmagnetite,

dV
dt

¼ uOrmagnetite,
dX
dt

dA

(32)

uO ¼ 4MO

3MFe þ 4MO
(33)

where dqO is the mass of oxygen (expressed in grams) consumed in
infinitesimal time interval dt in seconds, uO is the mass fraction of
oxygen in the oxide layer, dmmagnetite is the quality of the oxide film
formed during dt in grams, rmagnetite is the density of the magnetite
in g:cm�3, dV is the infinitesimal volume of the formed oxide layer
in cm3, dd dd is the growth of oxide film during dt in cm, dA is the
infinitesimal steels surface area in cm�2,MO is the atomic weight of
oxygen and MFe is the atomic weight of iron in g:mole�1.



Fig. 2. 19-pins rod bundle of the reactor.

Fig. 3. The selected computational domain.
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2.3. Coupling approach

The module for predicting the coolant flow and the temperature
is achieved by solving governing equations. Description of the
oxidation process using CFD is not feasible for practical applications
at present because of the lack of relevant models. In order to
analyze and understand the oxygen mass transfer in the FA, it is
necessary to couple the oxidation model into the CFD.

Firstly, a new variable tO was inserted into CFX to replace the t in
Eq. (27) to record the oxidation time of each mesh node. The
diffusive transport equation is solved for this additional variable to
realize the function of recording time.

Diffusive transport equation:

vðrtOÞ
vt

¼V , ðrDVtoÞ þ StO (34)

where D is set to a small enough value to make this diffusion term
meaningless. Also, the source term Sto is determined by a
discriminant statement.

StO ¼ r
�
CO �CO;min

�
(35)

StO ¼ 0
�
CO < CO;min

�
(36)

Eq.34e36 achieves the following functions:

tO ¼ tO;last þ dt
�
CO �CO;min

�
(37)

tO ¼ tO;last
�
CO < CO;min

�
(38)

where tO last is the value of tO at the previousmoment, CO is the local
oxygen mass fraction. When CO � CO;min, oxidation reaction condi-
tion is satisfied, the oxide film becomes thicker. On the contrary,
when CO <CO;min, the oxide film remains unchanged. After obtaining
the oxidation time of each mesh node, combined with the local
temperature, the thickness of the oxide film can be calculated by Eq.
(27). Then, another new variable X which solve the algebraic
equation is adopted to store the thickness of the oxide film.

Finally, by using the thickness of oxide film and Eq. (32), the
oxygen consumption rate can be calculated, and the source term in
Eq. (5) we want can be obtained.

SO ¼ � dq
dt

(39)

Eq. (39) is implemented as a boundary source on the steel sur-
faces, which is equivalent to introducing a sink term in Eq. (5) on
the steel surfaces due to the chemical rate involving component
oxygen.

3. Simulation configuration

3.1. Computational domain

The full-scale simulation of FA would require many computing
resources. Therefore, a scaled bare 19-pins model was proposed
[10], as shown in Fig. 2 (the red line represents the plane of sym-
metry). Moreover, because of its symmetry, a reasonably simplified
model shown in Fig. 3 was therefore developed for the CFD analysis
[18]. The simplified model aims to fully understand the oxidation
process within the FA, providing a reference for the design of the
LBE-based system and the design of the oxygen control technology.
Table 1 shows the geometrical characteristics.

In order to improve the quality of the mesh and to capture the
near-wall flow phenomenon, a structural mesh was created for the
whole computational domain coupled with mesh inflation at the
interface of solid-liquid to capture boundary layer region more
accurately, where the flow and the temperature gradients were
expected to be highest. In order to meet the yþ around 1 for a low
Reynolds number model, the thickness of the first inflation layer
was set to 2:4� 10�6m, and the number of boundary layer mesh
nodes is set to 10 to meet the wall function requirement [15]. The
grid independence verification is given in the following chapters,
and the final grid used for calculation is shown in Fig. 4.
3.2. Simulation setup

Numerical computations are performed with commercially
available ANSYS CFX code. Table 2 shows the main parameters of
the simulation.

At the inlet, the mass flow rate was set to four different values to
study the inlet mass flow rate configuration to meet the safe
operating requirements, corresponding to the Reynolds number
values ranging from 30000 to 60000, and the flow is in the tur-
bulent regime. The inlet oxygen concentration in LBE was set to
four values to study the oxygen concentration configuration to
meet the safe operating requirements of the reactor. The initial inlet
concentration was set to temperatures 270 �C, 300 �C, 320�Cand
350 �C to investigate the effect of inlet coolant temperature on the
oxidation process and oxygen consumption.



Table 1
Geometrical characteristics of the complete 19-pins rod bundle.

Geometrical characteristics MYRRHA scaled 19-pins rod bundle

Fuel cladding material 15-15Ti 316L
Fuel pin outside diameter 6.55 mm 6.55 mm
Fuel pin length 600 mm 524 mm
Pin pitch 8.4 mm 8.4 mm
Assembly type Hexagonal fuel bundle with wrapper Hexagonal fuel bundle
Number of pins 127 19

Fig. 4. Mesh employed for the computational domain.

Table 2
Main parameters of the simulation.

Boundary Boundary condition value

Inlet Mass flow rate (kg/s) 1.03e4.12
Temperature (�C) 270e350
Oxygen concentration 1� 10�6wt%

Rod bundle Heat Flux (10)
Walls No slip wall e

Outlet pressure 0Pa

Table 3
Summary of simulation results of the oxidation process in the fuel bundle.

Case Concentration Mass flow rate Temperature Anoxic time

1 1� 10�6wt% 2.06 kg/s 270 �C 0.4s
2 1� 10�6wt% 2.06 kg/s 300 �C 1.2s
3 1� 10�6wt% 2.06 kg/s 320 �C 2.4s
4 1� 10�6wt% 2.06 kg/s 350 �C 6.6s
5 1� 10�6wt% 1.03 kg/s 270 �C >50s
6 1� 10�6wt% 1.50 kg s 270 �C 3.1s
7 1� 10�6wt% 4.12 kg/s 270 �C 0s
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The axial heat flux profile is as follows:

Qaxial¼QMax:cos
�p:z

L

�
(40)

where Qaxial is the axial heat flux inW/m2, Qmax is the peak flux, z is
the axial distance in m and L L is the extrapolation length in m. The
values of the extrapolation length and peak flux are 1.308 m and
1:2� 106W :m�2 respectively [19].

In all these simulations, the liquid metal properties are adopted
from OECD/NEA [4].

3.3. Grid independence

A careful grid independence study has been done by considering
several grid systems with element ranging from 1589200 to
5287160. The boundary condition for grid independence study was
the inlet mass flow rate of 2.06 kg/s, where the oxygen concen-
tration is 1� 10�6wt%, inlet temperature was set to 270 �C, and the
outlet boundary condition was set to pressure outlet. Take average
oxygen concentration at the outlet and compare the simulation
results of the three different grids, as shown in Fig. 5(a). In order to
make this visualization more evident, compare the values of the
other grids with the finest grid with 5287160 elements as the
benchmark, the results are shown in Fig. 5(b).

As seen, the results of the meshes with 1589200 and 5287160
elements are approximately the same, and the maximum error is
within 3%, so grid with 1589200 elements is selected for further
simulations. Also, the present work carries out a time-step sensi-
tivity analysis. The results show that time-step with 0.01s provides
good enough accuracy for the simulation.

4. Results

4.1. Assessment

Correlations from the literature by Gr€aber and Rieger [20],
Ushakov et al. [21] and the revised empirical relationship by Kon-
stantin Mikityuk [22] were used to assess the model. They express
the Nusselt number (Nu) as a function of the Peclet number
(Pe ¼ Re*Pr) and the P/D ratio.

Correlation of Gr€aber (110 � Pe � 4500, 1.2 � x � 2.0):

Nu¼0:25þ 6:2xþ ð0:032x�0:007ÞPe0:8�0:024x (41)

Correlation of Ushakov (1 � Pe � 4000, 1.0 � x � 2.0):

Nu¼7:55x� 20
x13

þ 0:041
x2

Pe0:56þ0:19x (42)

Correlation of Konstantin Mikityuk (30 � Pe � 5000,
1.1 � x � 1.95):

Nu¼0:047
�
1� e�3:8ðx�1Þ

��
Pe0:77 þ250

�
(43)

where x is the ratio of pitch-to-diameter.
Fig. 6 shows the comparison of the calculated Nusselt values and

the corresponding correlation values. It can be seen that the Nusselt
number from the CFX calculation is lower than both correlations of
Gr€aber and Ushakov, while a maximum deviation of 9.05% between
CFX results and the correlation of Konstantin is recognized. The
reason for the deviation between the three selected correlations is
the difference in the experimental data set used to derive the cor-
responding correlation [23]. In this case, one can demonstrate that
the CFD simulation is capable of the following simulation.



Fig. 5. Time-evolution of oxygen concentration at the outlet: (a) results of different grids, (b) normalized deviations from grids with 5287160 elements.

Fig. 6. Comparison of predicted values with correlation obtained by other researchers. Fig. 7. Comparison of coupling values with analytical values.
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Meanwhile, we also do a simple verification of the coupling
approach. We randomly select a point on the bundle and monitor it
and compare the results calculated by Eq. (27). As shown in Fig. 7, the
coupling solution is in good agreement with the analytical solution.

4.2. Numerical results for the stationary thermal-hydraulics
problem

Fig. 8(a) shows the velocity contours at the different cross-
section of fuel assemblies. The results are for an axial entry mass
flow rate of 2.06 kg/s and a temperature of 270 �C. It is observed
that the maximum velocity is about 2.06 m/s. In Fig. 8(b), one can
see the velocity near the bundle is lower than that of the bundle gap
because of the viscous drag, this flow characteristic has to be
considered when flow rate affects oxygen supply rate.

Temperature contours at different cross-sections are shown in
Fig. 9(a), themaximum temperature in the fuel assemblies is 413 �C,
which locates in the center rod at the outlet region. One can also see
that as the coolant flows to the outlet, the average coolant tem-
perature is increasing due to the heating effect of the bundle.

Zoom at the outlet shown in Fig. 9(b) indicates a hot region near
the center rod and colder near the wall. This phenomenon is due to
the larger velocity near the wall, as shown in Fig. 8, and the adia-
batic boundary conditions applied at the wall. Besides, compared to
the velocity contour, temperature contour appears more uniform,
thanks to the high thermal conductivity of the LBE and the turbu-
lent mixing, the temperature spreads quickly. The thermal-
hydraulic characteristics described above will affect the oxidation
process and will be detailed in the next section.

4.3. Numerical results for the oxygen mass transfer in a fuel
assembly

The primary goal of the simulation is to predict the distribution
of oxygen and oxide filmwithin the fuel assembly and determine if
the oxygen concentration at the LBE/steel interface meets the
requirement for protective oxide film formation. Fig. 10 shows the
distribution of oxygen concentration along the FA, which is the
result of an inlet mass flow of 2.06 kg/s, a temperature of 270 �C,
and an inlet oxygen mass fraction of 1� 10�6wt%.

Since the temperature of the inlet section is relatively low, the
chemical oxidation reaction proceeds slowly, and the correspond-
ing oxygen consumption rate is low. However, as the temperature



Fig. 8. Velocity profile: (a) axial velocity profile through the FA at different cross-sections, (b) axial velocity profiles at the outlet.
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increases, the oxidation rate increases and the oxygen consumption
rate increases, so the latter half of the rod bundle appears higher
oxygen concentration change rate.

In order to prevent steel from being corroded by LBE, it is
necessary to ensure that there is enough oxygen concentration on
the surface of the rod bundles to form the oxide film. To describe
this visually, we introduced the concept of normalized oxygen
concentration, which is equal to the ratio of the local oxygen con-
centration to the concentration required to form magnetite (Eq.
(31)) Normalization ¼ Clocal

CO;min
. Normalized oxygen concentration

needs to be greater than 1 to meet the requirement of magnetite
formation. Otherwise, it will not be satisfied. Fig. 11 shows the
temperature distribution, normalized oxygen concentration, and
oxide film thickness distribution, respectively.

It can be seen from Fig.11(b) that under this operating condition,
the bundle surface has a normalized oxygen concentration of more
than unity. In addition, when the oxygen concentration require-
ment is met, the growth of the oxide film is related to temperature,
and the oxidation rate is high where the temperature is high, so the
rod bundle oxidation in the outlet section is more severe than that
in the inlet section, especially the hot region near the center rod,
which must be considered in the reactor core design.

Fig.12 shows the rise of oxide films for different rod bundles over
time. It can be seen that the thickness of the oxide film of bundle one
increases faster than other rod bundles. Followed by the bundles
two and three, their oxide film thickness is almost the same as the
bundle one. This can be explained as follow: the coolant's lateral
cross-mixing of the FA without wire is almost negligible, and the
bundles 1,2,3 are all cooled by internal sub-channels, which means
they have almost the same cooling effect and oxygen supply rate.
Similarly, both the bundle four and the bundle six are cooled and
supplied with oxygen by the internal channels and the corner
channels, and they share the same temperature profile so that their
oxidation film growth is also consistent.
4.4. Sensitivity analysis

4.4.1. Effect of inlet temperature
Four inlet temperature numbers (T ¼ 270, 300, 330 �C and

360 �C) are tested to study the effect of inlet temperature on the
oxidation process.

Fig. 13 exhibits the duration of anoxic conditions at different
inlet temperature boundary conditions. It can be seen that the
relationship between temperature and anoxic time is positively
correlated. For Tin ¼ 360 �C, the anoxic time is 10s; when the
temperature drops to 330 �C, the anoxic time drops to 4s, the slope



Fig. 9. Temperature profile: (a) axial temperature profile through the FA at different cross-sections, (b) axial temperature profiles at the outlet.

Fig. 10. Oxygen concentration distribution at t ¼ 2s: (a) rod bundles, (b) outlet.
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is 5 s/�C. For Tin ¼ 270 �C and Tin ¼ 300 �C, this value is 0.
The time-evolution of the average film thickness and the

average temperature of the center rod are shown in Fig. 14. When
t ¼ 50s, the oxide film obtained at 270 �C has a thickness of 1.4 nm,
which is about twice as thick at 300 �C, and 4.75 nm and 8.05 nm at
330 �C and 360 �C, respectively. It is foreseeable that this ratio will
increase with time and eventually become stable.

Based on the simulation results, it can be concluded that the
relationship between temperature and hypoxia time is positively
correlated, and the effect on hypoxia time is more significant with
increasing temperature. Also, inlet temperature will affect the
development trend of the oxide film, and with the development of
time, the thickness difference of oxide film caused by the different
inlet temperature will become more extensive or even multiply.
Because of its influence on core structure strength, this must be
considered in core design.
4.4.2. Effect of inlet flow rate
Four mass flow rate numbers (qm ¼ 1:03;1:5;2:06;4:12kg=s) are

tested to study the effect of the inlet mass flow rate on the oxida-
tion process.

For the cases, the anoxic time will decrease with increasing of
inlet mass flow rate, as shown in Fig. 15. At qm ¼ 1.03 kg/s, the
anoxic phenomenon is severe, even after t ¼ 50s, there is still a
large area of hypoxia. It is mainly due to the lowmass flow rate will
lead to high wall temperature, so the oxidation reaction is fast, and



Fig. 13. Duration of anoxic conditions at different inlet temperature boundary
conditions.

Fig. 11. Distribution of parameters at t ¼ 2s: (a) temperature, (b) normalized oxygen
concentration, (c) oxide film thickness.

Fig. 14. Time-evolution of the oxide film thickness alone the center rod.
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the oxygen consumption is severe. Furthermore, with the lowmass
flow rate, the oxygen supply is low. The combination of these two
factors eventually leads to severe hypoxia phenomenon. When the
inlet mass flow rate increases to 1.5 kg/s, the situation is much
improved, and the anoxic time suddenly reduces to 4s, the slope is
less than �97 s/kg.

Fig. 16 exhibit the time-evolution of average film thickness and
average temperature alone the center rod under different working
conditions. In theory, under saturated oxygen, the higher the
temperature, the thicker the oxide film. The average temperature at
qm¼ 1.03 kg/s should be higher than qm¼ 1.5 kg/s. However, due to
its large area of hypoxia and long duration of hypoxia, the average
oxide film thickness of qm ¼ 1.03 kg/s is less than that of
qm ¼ 1.5 kg/s before t < 12s. With the development of time, oxygen
consumption in the non-anoxic region decreases, and more oxygen
Fig. 12. The oxide film of different bundles.

Fig. 15. Duration of anoxic conditions at different inlet mass flow rate.
can be transported to the anoxic region. After 12 s, the oxide film
thickness under qm ¼ 1.03 kg/s gradually exceeds qm¼ 1.5 kg/s. The



Fig. 16. Time-evolution of the oxide film thickness and of temperature alone the
center rod.
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simulation results of the oxidation process in the fuel bundle are
also summarized in Table 3.

5. Conclusions

This work focus on the assessment of the oxygen mass transfer
of the core fuel assemblies, which is a challenging study due to the
limited amount of experimental information. For that reason, a
coupling method between the oxidation model and CFD tool is
proposed to simulate the oxidation reaction in fuel assemblies
under flowing lead-bismuth eutectic. The model describes the
chemical oxidation process on steel surfaces and the oxygen con-
sumption of oxidation reaction. A good agreement is observed
between the numerical results and the prediction of empirical
correlations, particularly for the correlations proposed by Kon-
stantin Mikityuk. Besides, the coupling approach is verified by
comparison with the analytical solution.

Using this model, we analyzed the influence of different factors
on the oxidation process, which can be summarized as follows:

C The oxide film of the middle bundle is the thickest, and the
oxide film of the bundle near the corner channel is the
thinnest.

C In the case of oxygen depletion, reducing the inlet temper-
ature and increasing the inlet mass flow rate can alleviate the
hypoxia phenomenon. Among them, the effect of increasing
the inlet mass flow rate is the biggest.

C Wall temperature is one of the critical factors for the devel-
opment of oxide film thickness. Under saturated oxygen
concentration condition, the difference of tens of degrees
Celsius will bring multiple difference of oxide film thickness.

In future research, a complete FA will be simulated to more
accurately guide the design of the core and oxygen control system.
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