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Abstract: For better understanding the corrosion and corrosion products behavior in the primary
circuit of lead-bismuth eutectic (LBE) coolant reactor, the concentration distribution of soluble im-
purities and the transport of solid particles are investigated through finite-element method. An ax-
isymmetric model of the primary circuit of LBE reactor was constructed to accelerate the calculation
the thermal hydraulic filed of circuit. The saturation concentration of solute Fe, Cr and Ni in LBE
coolant are identified through the equilibrium of their oxides and PbO. And the very different sat-
uration concentrations of Fe/Cr/Ni in LBE will lead to significant element selective corrosion. The
migration of solid oxides particles in the primary circuit is also investigated by the Euler-Lagrange
tracing model. The simulation shows that driving force for the movement of particles >100 pum is
buoyancy, which lets particles float on a free surface, while particles <10 pm tend to suspend in
coolant. However, the behavior of particles also depends on the formation position, the particles
formed above the core have the high possibility of re-entering in the core.
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1. Introduction

Lead-bismuth eutectic (LBE) alloy is main candidate coolant for advanced fast reactor
and high-energy neutron spallation target coolant because of its excellent thermal conduc-
tivity, chemical inertness, and good neutronic characteristics [1]. However, in the high-
temperature environment, the LBE coolant has a strong corrosive effect on the structure
materials [2]. In a non-isothermal circuit, the LBE will corrode the material in the high-
temperature zone, and the impurities will precipitate in the low-temperature zone due to
the reduced solubility of the impurities, forming corrosion products (CPs) [3]. The main
compositions of the CPs are PbO, Fe, Ni, Cr, and their oxides [4]. According to previous
studies, controlling the oxygen concentration in LBE is an effective method to reduce the
corrosion on structure materials [5]. And for typical structural steel, microscopic experi-
ments had revealed the corrosion mechanism in LBE [6,7]. Therefore, it is necessary to
investigate the structure corrosion and CPs’ behavior in the primary circuit of reactor in
order to provide important information for the design of impurity filtration and removal
systems so as to ensure the long-term stable operation of the reactor and maintain the
security of the reactor [8,9].

In this article, basing on a normal LBE fast reactor design, the global corrosion on
structure was investigated, the concentration distribution of impurity was modeled, and
finally the migration behavior of corrosion products was predicted.

2. Service condition of structure materials in LFR

© 2021 by the author(s). Distributed under a Creative Commons CC BY license.
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2.1. Operation condition of typical LFR

A single-phase 2-D asymmetrical model was constructed by a commercial finite-ele-
ment-method (FEM) software. The total mesh number was about 70, 000 and the main
bulk mesh size was 2.5 cm and there is a mesh refinement on the boundaries. The y+ al-
gebraic turbulence model was used to simulate the turbulent flow within a RANS frame-
work in that it is suitable for the internal flow and it supports the porous medium approx-
imation.

The core is composed of large number of fuel rods and arranged parallelly in vertical
and heat exchanger (HX) is of U-shape tubes with complex geometry. Thus, detailed sim-
ulation of core and HX will consume a lot of computing resources. To resolve this prob-
lem, a porous medium approximation was used to model core and HX to match the ex-
pected pressure drops, which had shown good reliability according ref. [9,10].

To realize the porous medium approximation, porosity and the permeability of the
core and HX were described as Eq.(1):

-V
£=—t

v, ey
K = QuL
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Where ¢ is porosity (dimensionless,0< e<1); Vs is volume of solid part; V't is total vol-
ume of material; K is permeability; Q is volume flux through porous material; u is fluid
dynamic viscosity; L is length of the pressure drop; AP is pressure difference of the fluid
passes caused by the porous material; A is cross section of porous material.

Table 1. Operation parameters of current LBE reactor designs [10]

Design Parameters CLEAR-I SVBR-1000 MYRRHA CASE
Country China Russia Belgium  China
Thermal capacity (MWth) 10 280 100 100
System pressure (MPa) 0.05 6.7 0.17 3
inlet/outlet (C) 260/390  340/490 270/410 250/350
Primary circulation Natural  Forced Forced Forced
Reactor vessel 453/6.92  8.0/12 5/7
Flow rate of LBE coolant (kg/s) 529.5 11760 9400 529.5
Core: D/H (m) 1.64/0.9 1.83/1.75  1.4/1.75
LBE inventory (ton) 700 18.4 4500 110
Average coolant flow rate (m/s) 0.55 0.27
The high coolant flow rate (m/s) 2.37 1.88

The mainstream conceptual design in the world and their principal parameters are
listed in the Table 1. And a reference case was utilized to provide a baseline model. Ac-
cording to the design of MYRRHA [10,11], the porosity of reactor core is set to 0.3 and the
porosity of HX is set to 0.62 in this baseline model, where permeability means the re-
sistance of fluid flowing through porous medium in three dimensions. And a lower per-
meability means a stronger resistance. The flow of coolant in the core is assumed hetero-
genous: horizontal flow is very weak refer to LFR operation experience and the permea-
bility is set to a very small value as 1x10-2 m?; The strong vertical flow makes the pressure
drop of core equal to 1.7 bars.

Primary pump was simulated by applying volume force to the domain of the pump
to match the total pressure drop of the primary circuit. The volume force of the pump was
set to 1.2x10° Pa/m and the height was 0.2 m. However, it was found in the simulation
result that the flow velocity through the pump was incorrect and divergency happened.
To improve the model, another porous model was utilized to configurate the LBE flow in
pump [9]. And to compensate the pressure drop, the vertical permeability of pump is set
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to 10 m? and the volume force is set to 1.3x10° Pa/m to assure that the flow field of match-
ing the design requirements.

The thermal power of core is set to 100 MW. The temperature of the coolant of the
secondary circuit in the heat exchanger is 593.15 K and the heat exchange coefficient of
HX is set to 0.85x105 W/(m3-K) to maintain the thermal circuit in the reactor.

2.2. Flow field and temperature field
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Figure 1. Flow field and temperature field of a typical LBE reactor section.

As shown in the Fig.1, the maximum temperature is out of the core as 753 K and the
minimum temperature is in the HX as 650 K. The temperature difference is around 67 K.
The maximum velocity in the circuit is 1.5 m/s at inlet of the HX. We can also see that the
horizontal flow velocity in the HX is almost 0 which means that the porous medium ap-
proximation can control very well the flow direction.

Meanwhile, the pressure of the primary circuit is calculated to verify whether porous
medium approximation is set correctly. The reference value of pressure is set to 0 at the
top of the reactor. The pressure distribution in the primary circuit and on the line r = 0.1
m are shown in the Fig.2, and we can see that pressure decreases more quickly in the core
and the porous medium causes another pressure drop of 1.7 bars. Consequently, desired
pressure drops are gained through porous medium approximation.
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Figure 2. Relative pressure distribution in the LBE reactor and pressure drop on line
r=01m.

3. Corrosion products concentration distribution

The structural material used in the LBE reactor is typical austenitic steel or marten-
sitic steel [12]. Therefore, the main impurity dissolved into the LBE reactor will be Fe, Cr
and Ni. The elements dissolved in the LBE will react with oxygen in the LBE. The reaction
equations are shown in Eq.(2):

3Fe+40 = Fe,0,
Ni+0O = NiO @)
2Cr +30 = Cr,0,

In 2016, SCK-CEN has investigated the saturation concentration of Fe in LBE of dif-
ferent oxygen concentration [13] and the relation is given by Eq.(3)

108(C} o pe Coipe)) = 10.5 42935/ T 3)

However, because of the lack of Cr20s and NiO dissolution equilibrium constant,
Zhang [1] developed a chemical kinetics model to predict the concentration of Cr, Fe and
Ni in different oxygen concentration. Based on the kinetics equilibrium of different oxides,
the equations are shown in Eq.(4) Eq.(5) and Eq.(6).

4/3
C 1
CE=CNa4/3( O’XJ exp[— AF,, ,, —4AF, :l (4)
Fe = CresQpp c, 3RT( Fes04 PbO)

3/2
G 1
Cr=crsa3/2[&j exp[— AF, , —3AF, } (5)
C Cr,s“ pb CO 2RT ( Cry04 PbO)
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Where C| is the saturation concentration in the oxygen-free environment, @ is
the chemical activity in LBE and AF is the formation energy and they can all be find in
the Handbook [14].

We checked the Fe concentration calculated by Eq.(3) and Eq.(4) under the same ox-
ygen concentration and the result at 107 wt.% was shown in Fig.3. The kinetics models
show good agreement with the experimental data and we can also use it to calculate the
saturation concentration of Cr and Ni.

1078 - .

10° 1

107 F 1

100 F 1

Experiment
10-9 L Model of Zhang | |

Concentration of Fe/(wt.%)

10710 - :
650 700 750 800

Temperature/K
Figure 3. The concentration of Fe calculated by Eq.(3) (Experiment) and Eq.(4)
(Zhang).

For LBE fast reactor, oxygen control system is a key subsystem to maintain the oxy-
gen concentration within 109 wt.% to 10-° wt.% to mitigate the structure corrosion [14]. In
the baseline simulation, the oxygen concentration was hence set to 107 wt.%. Since the
oxygen concentration is too low to form NiO, the equilibrium concentration of Ni was
assumed to be like oxygen-free condition which is shown in Eq.(7).

Log(log(Cy, [wt.%])=1.53-843/T 7

According to Eq.7, the saturation concentration of Ni is much greater than that of Fe.
As a result, the dissolution of Ni is limited by the dissolution of Fe and we can assume
that the concentration ratio of these 2 metals in the coolant is almost equal to the ratio of
element concentration in the structure material. Typically, the Fe-Ni ratio in the steel is
70:12 [1] and accordingly, the Fe-Ni concentration ratio in the primary circuit is set to this
value.

Coupled with thermal fluid analysis, the surface corrosion flux was established, the
dynamic impurities concentration and distribution were calculated and shown in Fig 4.
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Figure 4. Concentration of Cr, Fe and Ni in LBE primary circuit

The saturation of nickel in LBE is almost impossible to reach, unless a large amount
of structural material were dissolved, which never been observed in former experiments.
In the corrosion process, a layer of Fe-Cr spinel forms[15], which can restrain the concen-
tration of Ni near the surface of the material, thereby reducing the dissolution of Ni from
the structure material [16]. Consequently, in the conceptual design stage of the LBE fast
reactor, the content of nickel in structure material should be restrained to prevent exces-
sive dissolution and corrosion once the oxide film is destroyed.

4. Tracing of CPs

4.1. Numerical model and basic assumptions

According to previous researches, in the non-isothermal loop, particles directly
formed in the reactor has the diameter from 0.01 pm to 40 pum and because of the agglom-
eration of elementary particles, the upper limit of particle diameter can even reach to 1
mm [17]. Thus, the particle diameter is set from 0.01 pm to 1000 pum in the following sim-
ulations. The density of the particle is set from 5200 kg/m? to 9530 kg/m?because the main
compositions of oxide particle in LBE reactor are FesOs and PbO.

Under the normal operation conditions, the volume fraction of solid particles in the
primary circuit is quiet low, which is about 10-¢[12]. The particles in LBE are dilute enough
for a one-way coupling approach, i.e., the flow of coolant is not influenced by the move-
ment of particles.

The equations describing the movement of particles is shown in Eq.(8):

o(m,v) _F ®)
ot
Where, m,, is the mass of particle, v is the velocity of particle and F is the forces on
particles.
The forces on particles are buoyancy, drag forces, virtual masses, pressure gradient
and Brownian motion force [18]. The particles are assumed to be spherical and the drag
force equation is shown in Eq.(9):

F,= 1 m,(u—v)
% )
2
. =Py
P 18u
Where, 7, is the response time of particles; u is the velocity of fluid; v is the velocity
of particle; p,, is the density of particle; d, is the particle diameter and pu is the viscosity

of fluid.
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Because the particle size can be as low as 0.01 um, the influence of the Brownian
motion force must be considered and the formula is shown in Eq.(10)

127rkB,uTrp (10)
At

Where At is time-step that solver takes; kp is Boltzmann constant, 1.380649x 10-%
J/K; T is temperature of coolant; 7, is radius of particle; { is Gaussian distribution with
average 0 and standard deviation.

Particle collisions with walls were approximated as elastic which means the conser-
vation of tangential momentum after the rebound. All interactions between particles are
neglected because of the low concentration of particles. When the particles re-enter the
core, they will be stopped by the sticky boundary condition in that the porous medium
approximation is not accurate enough to predict the particle behavior in the core.

Due to the existence of turbulence and Brownian motion force, particles move con-
stantly. There is thus no steady state solution for particle tracing. Besides, particle release
number will influence the accuracy of the simulation results. Consequently, simulation
time and release number should be determined before investigation of particle behavior
in the primary circuit. The simulation is stopped when the system reaches to the pseudo-
steady state which means that the particles will vibrate around one place without going
too far away.

A few particles are randomly released in the whole primary circuit except the core.
The release number should be set large enough to obtain a statistically significant simula-
tion result. The circuit is divided into 5 zones, core, HX and zone 1 to 3 shown in Fig. 5
and we count the particle number at the end time of simulation. When the particle number
is greater than 500, the results vary slightly which means that 500 is large enough to pre-
dict the behavior of particles. The reason of not using 1000 is that it will cost lots of com-
puting resources.
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Figure 5. The relationship between the distribution of particle and the release num-
ber.

4.2. Particles behavior in the primary circuit
4.2.1. Random particle release

For the investigation of particle size influence, the oxides particles are assumed to be
spherical and 8 diameter points are chosen to investigated which are 0.01 um, 0.1 um,
1 pm, 10 pm, 40um, 100 pm, 500 pm and 1000 pm. The density of particle is set to
5200 kg/m?. The final distribution of particles of diameter 0.01 um, 40 um and 1000 pum is
shown in Fig.6.
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Figure 6. Final distribution of particles, dp 0.01 um (left), dp 40 pm (middle), dp 1000
um (right).

It can be seen in Fig.6 that the final distributions with diameters of 0.01 um and 40
um are slightly different, while the particles of 1000 um tend to float up due to the influ-
ence of buoyancy, and finally gather on the free surface or the interfaces between liquid
and solid.

The particle distribution of different particle diameters is shown in Fig.7. The results
are almost the same for the diameter smaller than 40 um which is correspondent to Fig.6.
On the contrary, when particle diameter is greater than 100 um, particles behave totally
differently. More specifically, larger particles tend to float on free surface or liquid-solid
interfaces because the buoyance becomes the dominating driving force for the particle
movement. From Eq.(9), it can be found that while particle diameter increases, drag force
decreases, the buoyance become decisive on particles behavior.
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Figure 7. Distribution of particles of different diameter (um).
For the investigation of influence of particle density, 3 densities are chosen, 5200
kg/m3, 7400 kg/m? and 9530 kg/m?3.
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Figure 8. The ratio of re-entering the core for particles of different diameter (um)
and density.

As shown in Fig.8, when the particle diameter smaller than 100 um, the ratio of re-
entering the core is not significantly related to the particle size. For the particle of diameter
greater than 100 pm, the proportion of re-entering decreases significantly with the in-
crease of particle density. As explained in the above section, the dominating driven force
for the particle movement is buoyance and smaller density has greater buoyance leading
to more particles floating on the free surface and less particles re-entering the core.

4.2.2. The influence of initial position

In the previous section, the particles released randomly from the core and HEx posi-
tions in the primary loop, while the formation position of the particle is not random in the
LBE reactor. For example, above the core of a LBE reactor, impurity is more likely to be
precipitated because of the large concentration difference. In order to explore the distri-
bution of particles formed in different regions, the impact of different initial positions of
particles with a diameter of 10 um on the final result was explored. Because when the
particle diameter is greater than 100 pm, the buoyancy is greater, and finally all float on
the free surface or the interface between liquid and structure material, which is of little
research significance. Consequently, the particle with a particle diameter of 10 pum is se-
lected.

According to the previous section, the influence of density on the particle of diameter
smaller than 100 um is not great, so the particles with density of 5200kg/m? are taken as
the research object. The initial position of the particles is divided into the following 6 re-
gions. The regions are marked with different colors to distinguish them, and the particle
distribution of the initial and final time are drawn, as shown in the Fig.9:
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5.5

Figure 9. The final distribution of particles from different release positions
Fig.10 shows the proportion of the number of particles re-entering the core in differ-
ent regions:

40%

30% r

20% 1

10% r

9100 3ULI9)Us-31 JO OLer AT,

0% =
Figure 10. The ratio of particles re-entering core in different regions. The colors cor-
respond to the colors of the particles in Fig.9

As shown in Fig.10, it can be obtained that the orange and green particles have a low

probability of re-entering the core, while the particles above the core (yellow) have a

higher probability of re-entering the core. We can see in Fig.1, there are lots of stagnant

regions where orange and green particles are formed and for this reason, the particles are

trapped by the eddies and they cannot re-enter the core. While for the particles formed

above the core, they flow with the coolant and have greater possibility of re-entering the
core.

5. Conclusions

Limited by the low accuracy of concentration measurement of metallic impurities in
LBE, no experiments are now taken to study the concentration of impurities. At the same
time, due to the lack of observation methods for small-size particles in LBE, the behavior
of solid impurities also lacks experiments. Meanwhile, the migration behavior of metal


https://doi.org/10.20944/preprints202109.0274.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 September 2021 d0i:10.20944/preprints202109.0274.v1

11 of 12

impurities is very important in that the aggregation of large-diameter solid particles may
cause directly blockage of the circuit, which may lead to severe accidents.

This article proposes preliminary ideas for the investigation of the behavior of impu-
rities in LBE that are temporarily impossible to implement experiment. And interesting
conclusions are disclosed which are stressed as follows:

Impurities saturation concentration distribution and solid particle migration are in-
vestigated in this work to better understand the CPs behaviors in the primary circuit of
LBE reactor. The impurity concentrations of different element differ a lot which may help
explain the formation of Fe-Cr layer on the material surface and the element selective cor-
rosion. When the particle diameter is greater than 100 um, the driving force for the particle
movement is buoyancy. The buoyancy will increase compared to other forces as the di-
ameter augments. Consequently, the large particles tend to float on the free liquid sur-
face or the solid-liquid interface.

As an outlook, a developed multi-phase model which combine the nucleation and
dissolution, coagulation of solid impurities should be proposed to describe and predict
more accurately and subtlety the impurity behaviors.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
title, Table S1: title, Video S1.: title.
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