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a b s t r a c t

One-dimensional oxygen transport relation is indispensable to study the oxygen distribution in the LBE-
cooled system with an oxygen control device. In this paper, a numerical research is carried out to study
the oxygen transport characteristics in a gas-phase oxygen control device, including the static case and
dynamic case. The model of static oxygen control is based on the two-phase VOF model and the results
agree well with the theoretical expectation. The model of dynamic oxygen control is simplified and the
gas-liquid interface is treated as a free surface boundary with a constant oxygen concentration. The
influences of the inlet and interface oxygen concentration, mass flow rate, temperature, and the inlet
pipe location on the mass transfer characteristics are discussed. Based on the results, an oxygen mass
transport relation considering the temperature dependence and velocity dependence separately is ob-
tained. The relation can be used in a one-dimensional system analysis code to predict the oxygen pro-
vided by the oxygen control device, which is an important part of the integral oxygen mass transfer
models.
© 2021 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) is one of the candidate coolants of
the Gen-IV reactors and accelerator-driven systems and has
attracted worldwide attention in recent years. However, the
corrosion of structural materials is a key problem that restricts the
application of LBE. There are mainly two types of corrosion,
dissolution corrosion and oxidation corrosion, which are influenced
by the oxygen concentration in LBE [1]. Dissolution corrosion refers
to that the alloying elements escape from the surface of the ma-
terial and dissolve in the LBE under low oxygen concentration,
whichmaymake the thickness of stainless steel decreased andmay
lead to a phase transformation of stainless steel. When the oxygen
concentration is high, the oxidation corrosion occurs and there are
three ways of forming oxides: i) dissolved elements of the steel
reacts with dissolved oxygen and form oxides; ii) elements of the
), dlzhang@mail.xjtu.edu.cn

by Elsevier Korea LLC. This is an
steel (Fe) diffuses through the oxide layer and react with oxygen at
steel surface to form outer oxide; iii) oxygen diffuses in the steel
and form inner oxide (spinel Fe-Cr) [2,3].

Two corrosion mitigation strategies have been proved effective,
including anti-oxidation coatings [4,5] and oxygen concentration
control [6,7]. Among them, oxygen control is the most promising
one because of the practical usefulness and good economy. With
oxygen control techniques, oxygen concentration can be controlled
in a range such that protective oxide layers will be formed and
maintained on the surface of stainless steel to prevent further
corrosion. And the oxygen concentration should also be controlled
to prevent high corrosion rate and prevent lead oxide precipitation,
which would lead to plugging of the loop [8]).

The most straightforward method for oxygen control is the use
of oxygen and hydrogen gas mixture, known as the gas-phase ox-
ygen control technique. When the oxygen in LBE is depleted or
excessed as measured by the oxygen sensors, the oxygen or
hydrogen is directly injected to the liquid or to the cover gas with
an inert carrier gas to adjust the oxygen level. However, the partial
pressure of oxygen in the gas mixture is relatively larger than the
saturation partial pressure of oxygen in LBE, which would lead to
the formation of the plugging or slag at the gas-liquid surface. To
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solve the problem, another oxygen control method using the
mixture of hydrogen and steam mixture is proposed, which could
produce an extremely low oxygen concentration by the chemical
equilibrium. The target partial pressure of oxygen can be obtained
by controlling the ratio of the partial pressure of hydrogen and
steam. However, whether the gas and steam can be adequately
mixed and the required dimensions of the transfer device should be
considered for industrial application [9].

Gas-phase oxygen control has been widely studied around the
world and the research has gone through two stages, static research
[10,11] and dynamic research [9,12], between which the difference
is whether the LBE is stagnant or flowing. The oxygen transport in a
stagnant system is only controlled by diffusion, which is not effi-
cient enough to be applied to the industrial systems. As a result, the
purpose of static research is to verify the feasibility of the technique
and study the kinetics of the diffusion process. Dynamic research is
designed to control the oxygen concentration in an LBE loop with
higher efficiency and has been achieved on some facilities,
including CORRIDA [9] in KIT, DELTA [13] in LANL.

The ongoing R&D activities on the oxygen control techniques
mainly focus on the development of oxygen control systems and
further corrosion test, while the attention on the kinetics of oxygen
transport is less. To design an LBE-cooled reactor or experimental
loop with an oxygen control system, the oxygen concentration
distribution must be obtained. With a one-dimensional model for
calculating the oxygen concentration change through an oxygen
control system, the oxygen concentration distribution in the system
can be obtained. Marino et al. [14] carried out experimental and
numerical research on the solid-phase control and a relation be-
tween the Sherwood number and Peclet number was purposed.
However, similar work is not reported for gas-phase control. As a
result, numerical simulation on the gas-phase control is performed
in this work to study the kinetics of oxygen transport in the oxygen
control system and to provide a Sherwood number relation for gas-
phase oxygen control.

In the first part of this paper, the models used in the simulation
are introduced, including the theoretical models and numerical
models. In the next two parts, the simulation results of static and
dynamic oxygen control are reported, respectively. Finally, an ox-
ygen transfer relation for dynamic oxygen control is obtained.
2. Oxygen transport models

2.1. Theoretical models

For turbulent flow, the transport equation for oxygen concen-
tration is as follows:

vCO
vt

þ u!:VCO ¼V:

�
Dþ mt

Sct

�
VCO þ qo (1)

where Co is the oxygen concentration, u is the velocity, D is the
diffusion coefficient, mt is the eddy viscosity, Sct is the turbulent
Schmidt number, and qo is the oxygen provided by the cover gas or
oxygen control device.

In the case of stagnant oxygen control and the oxygen concen-
tration on the surface is assumed to be constant, the transport
equation for oxygen concentration is simplified as:

vC
vt

¼D
v2C
vx2

(2)

Using the Laplace transformation, Crank gives a time-dependent
solution for oxygen uptake or loss with a constant diffusion coef-
ficient results [15] for Eq. (3), as follows:
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where Mt denotes the total amount of oxygen which has entered
the LBE at time t and M∞ the corresponding quantity after infinite
time.

The diffusion coefficient and the solubility of oxygen in LBE are
important properties to calculate the oxygen transport process. As
suggested by the OECD, the diffusion coefficient and solubility of
oxygen in LBE [16] are given by the two following expressions:

DO

�
cm2

.
s
�
¼ 0:0239e�

43073
RT 473 K< T <1273 K (4)

logðS;wt%Þ ¼ 2:52� 4803=T 473 K< T <923 K (5)

where DO is the diffusion coefficient of oxygen in LBE in cm2=s and
R is the molar gas constant, 8:314 J:K�1mol�1, S is the solubility of
oxygen in LBE in wt%.

The density and viscosity of LBE used in the study can also be
found in Ref. [16].
2.2. Numerical models

The Volume of Fluid (VOF) model is used to build the gas-liquid
interface in the simulation. The VOF model treats two or more
immiscible fluids by solving a single set of momentum equations
and tracking the volume fraction of each of the fluids throughout
the domain. The volume fraction, g, is adopted to indicate the
distribution of the second phase. In the present study, the liquid
LBE is set as the first phase, and the gas is set as the second phase.
Therefore, the g represents the volume fraction of the gas, as
follows:
8<
:

g ¼ 0 ThecellisfullofLBE
0<g<1 ThecellcontainstheinterfacebetweentheLBEandthegas
g ¼ 1 Thecellisfullofgas

(6)

The oxygen transport through the interface is modeled by
adding amass transfer source term to the conservation equations of
mass fraction of fluids on both sides of the interface [17]:

v
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where p denotes the pth phase, n is the number of phases in the

system. aq, rq and Vq
�!

are the phase volume fraction, density, and

velocity for the qth phase. Riq and Siq are the net rates of production
of species through chemical reaction and external sources. _mpjqi

denotes the mass transfer source from species j on phase q to
species i on phase p in kg=ðm3:sÞ. _mpiqj is defined similarly.

The mass transfer source is assumed to be a function of the mass
concentration gradient of the transported species:

_mpq ¼ _mqp ¼ kpqAi
�
Cq;e �Cq

�
(8)

where, kpq is the volumetric mass transfer coefficient between
phase p and phase q in m=s, Ai is the interfacial area concentration
inm�1, Cq is themass concentration of oxygen in phase q, and Cq;e is



Fig. 1. Validation of the diffusion model.

Fig. 2. Geometry for static gas-phase oxygen control.
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the equilibrium mass concentration in kg=m3.
The mass transfer coefficient kpq can be obtained by the

following expression:

kpq ¼ ShqDq

dp
(9)

where Shq is the Sherwood number of phase q, Dq is the diffusion
coefficient of phase q in m2=s and dp is the bubble diameter of
phase p in m.

The interfacial area concentration Ai is given by the following
expression:

Ai ¼
ap

�
1� ap

�
dp

(10)

where ap is the volume fraction of phase p.
As mentioned above, there are two strategies for gas-phase

control, O2/H2 or H2/H2O mixed with the inert carrier gas. For the
former, the volume fraction of oxygen is directly set as inlet
boundary conditions and for the latter, the oxygen is the production
of the H2O decomposition reaction. Practically, the H2/H2O mixture
in the inlet is always fully mixed and is assumed to be in chemical
equilibrium. The oxygen partial pressure is calculated using the
following expression [8]):

1

P0
P2H2

PO2

P2H2O

¼K ¼ exp
�
12:894�59273

T

�
(11)

where T is the temperature in K, P0 is the reference pressure in Pa, K
is the equilibrium constant, and PH2

, PO2
, and PH2O are the partial

pressures of H2, O2, and H2O, respectively.
When the oxygen is not saturated in LBE, the oxygen partial

pressure in equilibriumwith the dissolved oxygen in liquid LBE can
be written as a function of oxygen concentration and temperature
[8]) according to:

PO2

	
bar¼C2

O exp
�
13:558�32005

T

�
(12)

All the above equations and relations are solved using the ANSYS
Fluent software. The VOF model is used to calculate the two-phase
interface and the species transport model with UDFs (User-Defined
Functions) is used to calculate the oxygen transport in LBE. The
influence of dissolved oxygen on the physical properties of LBE is
neglected as the oxygen concentration is small. The liquid in this
simulation is assumed to be isothermal.
3. Static oxygen control

For the validation of the oxygen diffusion models, a transient
simulation is carried out. A rigid plane of stagnant LBEwith a height
of l is assumed and the oxygen pressure on the upper surface is
assumed to be constant. Based on the results, the relation between
Mt
M∞

and Dt
l2 is drawn in Fig.1. The results showa good agreement with

Eq. (3). The temperature of the simulation is 500 �C.
A container with an inlet and outlet is developed as the geom-

etry for the study of stagnant oxygen control, as shown in Fig. 2. In
the simulation, LBE is kept stagnant in the lower region of the
container and the gas mixture enters the system from the inlet and
escapes from the pressure outlet to investigate the oxygen trans-
port characteristics from the gas phase to LBE. The temperature of
the simulation is 500 �C.

Two kinds of control strategies are considered in the simulation
2223
including H2þO2 and H2þH2O, both with Argon as the carrier gas.
For the control using H2þO2, the inlet oxygen volume fraction in the
gas mixture is 0.02. At the initial time, the oxygen fraction in the
cover gas is 0.02 and the oxygen concentration in LBE is 0. The
change of oxygen concentration in LBE with time is shown in Fig. 3
and the detailed oxygen concentration changes at different heights
are shown in Fig. 4. The area between the two blue dash lines in
Fig. 4 refers to the range of typical target operating oxygen con-
centration and it is similar in Fig. 5. According to the results, the
oxygen equilibrium between the gas and LBE around the interface
is established immediately when the gas is contacted with LBE and
the oxygen concentration at the interface reached saturated within
1 s. The oxygen diffusion from the interface to the bulk liquid is
relatively slower compared to the transport through the interface.
In general, the oxygen supplementation using O2 is fast and the
oxygen concentration in the bulk liquid reached more than 1�
10�8 wt%, which is a general oxygen lower limitation in the LBE
system, within 100 s. However, one problem observed in the results
is the highly non-uniformed oxygen distribution especially around
the interface. The accumulation of oxygen around the interface may
lead to the creation of PbO and may cause corrosion to the neigh-
boring container wall.

The change of oxygen concentration in the oxygen control
process using H2þH2O is shown in Fig. 5. The advantage of this
strategy is that the partial pressure of oxygen in the gas mixture
could be extremely low and therefore the non-uniform distribution
could be eliminated. In this simulation, the volume fraction of H2 in
the gasmixture is 0.0015, the H2O fraction is 0.0105 and the volume
fraction ratio of H2/H2O is 0.143. The inlet oxygen partial pressure is



Fig. 3. The oxygen concentration change with time.

Fig. 4. Oxygen concentration at different positions in the control using O2þH2.
Fig. 5. Oxygen concentration at different positions in the control using H2þH2O.
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then calculated by Eq. (7), resulting in 9:72� 10�22 Pa and the
initial oxygen partial pressure in the cover gas is also set as 9:72�
10�22 Pa. According to the results, the oxygen concentration at the
interface increases sharply when the gas is contacted with LBE and
the oxygen equilibrium between the gas mixture and LBE is also
established within 1 s. After the first second, the oxygen concen-
tration begins to decrease because the oxygen in the gas side
around the interface is depleted and the followed supplementation
from the inlet has not arrived. When the inlet gas reached the
interface at about t ¼ 20 s, the oxygen concentration in LBE in-
creases again. It can be observed that the oxygen concentration
distribution is more uniform than the control using O2þAr. How-
ever, the spent time to reach the target operating oxygen concen-
tration is obviously longer, which can be improved by adopting
dynamic oxygen control.
2224
4. Dynamic oxygen control

4.1. Geometry and boundary conditions

The simulation geometry for dynamic gas-phase oxygen control
is developed referring to the oxygen transfer device of the CORRIDA
loop in KIT, as shown in Fig. 6 [12]. The oxygen transfer device is a
horizontal tube with an inner diameter of 305 mm and a length of
1100 mm. In this paper, the simulation geometry is a 1:10 scaled
model. The LBE contacts with the gas directly in the device and the
filling level of LBE is about 1/3 of the height, which resulting in a
contacted area of 3111 mm2. In the experimental conditions, the
volume flow rate of the pre-mixed gas is 500 cm3=min, resulting in
the flow velocity of less than 1 mm=s and residence time at 550�C
of 2500 s. Relatively, the residence time of the LBE in the vessel is
44 s, corresponding to a flow velocity of 25 mm=s. As a result,



Fig. 6. Oxygen control device of the CORRIDA loop.

Table 1
Simulation conditions of dynamic gas-phase oxygen control.

Parameters Values

Temperature of LBE (�C) 350;400;450;500;550
Mass flow rate of LBE (kg=s) 0:05;0:1;0:15;0:2
Inlet oxygen concentration (wt%) 1:10�6; 5:10�6

Interface oxygen concentration (wt%) 1:10�5; 1:10�4 ;…; the solubility
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compared with LBE flow, the gas atmosphere inside the transfer
device is quasi-stagnant [12].

According to the study on the kinetics of oxygen transport in the
static oxygen control and some literature, following assumptions
are made for the model of dynamic gas-phase oxygen control:

⁃ The gas inside the transfer device is quasi-stagnant compared
with LBE flow and the gas-LBE interface is assumed to be stable.

⁃ Oxygen consumption in the transfer device is low so that the gas
composition is assumed to be the same from the inlet to the
outlet [9].

⁃ Oxygen transport through the interface is sufficiently fast as
shown in the static gas-phase control.

Besides, the oxygen diffusion coefficient in the gas phase is two
orders of magnitude than in the LBE [16,18]. In conclusion, the
oxygen concentration at the interface is assumed to be a constant as
long as the gas supplementation is steady. Based on the assump-
tions, the gas phase is not modeled in the simulation and the gas-
LBE interface is treated as a free-surface boundary with constant
oxygen concentration. The interface concentration is used to
simulate the oxygen source from the gas phase that is not modeled.
When the gas is Ar/O2, the interface oxygen concentration is the
solubility limit. When dealing with the Ar/H2/H2O case, the inter-
face oxygen concentration is calculated using Eq. (11) and Eq. (12)
and the gas is assumed to be in equilibrium.

The computational domain is shown in Fig. 7. The structured
mesh is adopted to reduce the amount of mesh and to improve the
convergence. After the mesh independence analysis, the minimum
mesh size is set as 2� 10�4 m and the total number of the elements
is about 3,500,000. The simulation conditions are designed ac-
cording to the experimental conditions in the CORRIDA experiment
and expanded to cover the working conditions of the general LBE-
cooled system, as listed in Table 1.
Fig. 7. The computational domain of dynamic gas-phase oxygen control.

2225
4.2. Results analysis

The oxygen concentration and velocity distribution at a cross-
section of the oxygen transfer device for the condition
Tin ¼ 450 �C and _m ¼ 0:1 kg=s are shown in Fig. 8. According to the
results, the oxygen concentration increases with the LBE flowing
from inlet to outlet and the corresponding oxygen transfer rate
decreases. The profile of oxygen concentration and velocity show
high consistency especially near the liquid metal inlet region,
where the reversed flow exists. Since oxygen concentration at the
interface is much larger than that inside the container, the reversed
flow can therefore mix the oxygen quickly and enhance the oxygen
transport.

To quantitatively study the efficiency of the oxygen control de-
vice, some variables should be defined. The average dissolution rate
represents the quantity of oxygen taken by the flowing LBE in a
limited time and is determined as follows:

q¼ _mðCout �CinÞ (13)

where q is the average dissolution rate in kg=s, _m is the mass flow
rate in kg=s, Cout and Cin are the average oxygen concentration at
the outlet and inlet in wt%, respectively.

The average mass transfer coefficient is then calculated using
the dissolution rate:

k¼ q
AðCs � CÞ (14)

where k is the mass transfer coefficient in kg=ðm2:sÞ, A is the area of
gas-liquid interface in m2, Cs is the oxygen concentration at the
interface and C is the bulk concentration, which is calculated by the
average oxygen concentration of the inlet and outlet.

Sherwood number represents the ratio of the convective mass
transfer to the rate of diffusive mass transport. In this study, the
Sherwood number is defined as follows:

Sh¼ K:l
r:D

(15)

where l is the characteristic length in m.
The other non-dimensional numbers include the Reynolds

number, the Schmidt number, and the Peclet number, defined as:

Re¼ul
n

(16)

Sc¼ n

D
(17)

Pe¼Re:Sc (18)

where u is the inlet velocity in m=s, n is the kinematic viscosity in
m2=s.

4.2.1. Parameter sensitivity analysis
With a given temperature, T ¼ 550�C, oxygen transport at



Fig. 8. Oxygen concentration and velocity profiles (Tin ¼ 450 �C _m ¼ 0:1 kg=s).
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different inlet mass flow rates, different oxygen concentrations at
the inlet and the interface are compared. The mass transfer co-
efficients obtained from the cases are shown in Fig. 9. As shown in
the results, the mass transfer coefficient increases with mass flow
rate because of the increased turbulent intensity, which helps to
improve the effect of convection in oxygen transport. On the other
hand, the influence of oxygen concentration at the inlet and the
interface on the mass transfer coefficient is negligible, which
proves that the oxygen transport is influenced only by the tem-
perature and flow conditions. The conclusion also provides the
feasibility of a Sherwood number relation, from which the outlet
oxygen concentration could be obtained with the inlet and
Fig. 9. Results of different mass flow rate, inlet and interface oxygen concentration.

2226
interface oxygen concentration and the flow conditions.
The influence of the temperature on the mass transfer coeffi-

cient is shown in Fig. 10. According to the results, the mass transfer
coefficient increases with the increase of temperature and the
increasing slope becomes steeper at a higher mass flow rate. With
the increase of temperature, the viscosity of LBE decreases and the
diffusion coefficient increases. The oxygen transport in LBE is
influenced by two processes, diffusion and convection. The
decrease of viscosity will lead to an increase in Re number and
turbulence intensity, which eventually make the convection pro-
cess improved. In the meanwhile, the increase in the diffusion co-
efficient directly makes the diffusion process enhanced. In
Fig. 10. Influence of temperature on the mass transfer coefficient.



Fig. 12. The relation between the Sherwood number and Peclet number.
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conclusion, the oxygen mass transfer is enhanced under the com-
bined effects of the two sides. On the other hand, as shown in
Fig. 10, when the temperature is fixed, the mass transfer coefficient
increases with the mass flow rate. As the mass flow rate increases,
the Re number becomes larger and turbulence mixing in the bulk
liquid is enhanced, which makes the convection effect in the mass
transfer process larger. As a result, the mass transfer coefficient of
LBE increases.

As mentioned above, the oxygen transport can be significantly
improved by the reversed flowaround the LBE inlet region, which is
mainly influenced by the mass flow rate and the location of the
inlet pipe. Since the location of the inlet pipe is not specified in the
description of the CORRIDA loop, three geometries with different
locations of inlet pipe are developed to study the influence of inlet
location on the mass transfer. The change of the Sh number with
the same Pe number and different inlet pipe location is shown in
Fig. 11. According to the results, the oxygen transfer enhances with
higher inlet pipe location, the main reason for which is the change
of flow conditions around the reversed flow region. However, it is
difficult to quantitatively assess the influence of the inlet pipe
location and the analysis should be made respectively for each
oxygen transfer device design.
Table 2
Fitted parameters of oxygen mass transfer relation.

Parameters A B C

Eq. (19) 1:95119±1:15939 0:37386±0:04364 e

Eq. (20) 0:23568±0:15547 0:68111±0:06768 0:25859±0:03402
4.2.2. Relation fitting
The ultimate target of this study is to obtain the relation for Sh

number, which could be used in a one-dimensional code. Generally,
themass transfer relation could be fitted following two formulas, as
shown in Eq. (19) and Eq. (20). All the results obtained from the
simulation are drawn in Fig. 12 and two relations based on the two
formulas are fitted, as shown in Table 2. According to the results,
the deviation of the parameters in Eq. (19) is relatively large
compared with the one in Eq. (20). In the meanwhile, as shown in
Fig. 12, the influences of temperature and velocity are on different
levels, which means that the exponents of the Re number and Sc
number in the relation should be different. Consequently, the
temperature dependence (Sc) and velocity dependence (Re) are
considered in the relation separately to better describe the data.
The improved relation is shown as Eq. (21) and the comparison
between two relations is shown in Fig. 13. The improved relation
shows an obvious superiority over the original one.
Fig. 11. Comparison of different inlet pipe locations.

Fig. 13. Comparison between two relations.

2227
Sh¼A:PeB (19)

Sh¼A:ReB:ScC (20)

Sh ¼ 0:23568:Re0:68111:Sc0:25859

1850<Re<995028< Sc<275
(21)

5. Conclusions

In this study, oxygen transport characteristics in LBE for gas-
phase oxygen control is investigated. The research consists of two
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parts, static oxygen control and dynamic oxygen control. Themodel
of the static oxygen control is based on the two-phase VOF model
and the results are in good agreement with the theoretical expec-
tations. The model of dynamic oxygen control is a single-phase
simulation, aiming to establish an oxygen mass transport relation
for a gas-phase oxygen control device. The main conclusions are as
follows:

1) According to the results of static oxygen control simulation, the
control strategy using H2þH2O provides a more uniform oxygen
distribution and a longer controlling time compared with the
one using H2þO2.

2) For the dynamic oxygen control, oxygen transport is dominated
mainly by the convection, which is proved by the high consis-
tency between the oxygen concentration and velocity profiles.

3) The mass transfer coefficient does not change with inlet and
interface concentrations, increases with the increase of mass
flow rate and temperature. The location of the inlet pipe has an
influence on the oxygen mass transport and the influence level
should be analyzed case by case.

4) An oxygen mass transport relation for a gas-phase oxygen
control device considering the temperature dependence and
velocity dependence separately is obtained:

Sh ¼ 0:23568:Re0:68111:Sc0:25859

1850<Re<995028< Sc<275
(22)

Although the diffusion model is validated by the theoretical
solution, some models cannot be validated because of the lack of
experimental data, including the mass transport models through
the gas-LBE interface and the assumptions for dynamic oxygen
control. The attention on the oxygen transport characteristics in
LBE is still insufficient and more experimental and numerical
research is needed.
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