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1. Introduction

When molten core, so called corium, penetrates the
reactor pressure vessel in the late phase of Severe
Accident, the long-term coolability of corium is
important in the consideration of the integrity of reactor
containment. In the case of flooding cavity, the corium
interacts with the coolant, and is fragmented into solid
melt particle. The analysis for the sedimentation and
formation of solid melt particles is important because its
overall shape and inner structure affect largely on the
long-term coolability [1-2]. The numerical approach for
solid particle sedimentation in liquid pool using the
CFD-DEM algorithm have been performed in previous
researches [3-5]. In this research, the analysis of
interaction models of particle-fluid and particle-particle
with consideration for drag coefficient model, type of
numerical model related with pressure calculation, and
rolling friction model. In the results of simulation, the
reduction of particle falling time comparing with
experimental data was shown, and the better prediction
comparing to the previous calculation [3] for particle
sedimentation phenomenon such as maximum bed height,
and particle bed distribution was shown.

2. Methods and Results
2.1 CFD-DEM algorithm

The CFD-DEM algorithm is the coupled numerical
scheme that the Computational Fluid Dynamics (CFD)
treating the fluid regime, and the Discrete Element
Method (DEM) treating the trajectory of solid particle.
The advantage of this algorithm is that a number of
particle-particle collision can be calculated efficiently
using the simple contact model in DEM. Also the
particle-fluid interaction can be considered using the
concept of momentum exchange. Many industries such
as food engineering, civil engineering, pharmaceutical
field, and so on use the algorithm in numerical simulation.
In this research, the Eulerian-based CFD that uses the
locally-averaged Navier-Stokes equation, and the gird
size larger than the size of a solid particle were adopted.
In the interaction between fluid and solid phases, the
momentum exchange is considered including several
terms such as buoyancy, and drag force. The main
computational algorithm of CFD-DEM is: (1) the
particle information such as position and velocity is
computed in the DEM solver, (2) these data are
transferred to the CFD solver, and the solver calculates
the volume fraction of fluid, and momentum exchange,
(3) the fluid force calculated in the CFD solver is

transferred to the DEM solver and the stage returns back
to stage (1). The detailed explanation about the algorithm
is written in the previous research [3].

2.2 Validation target of simulation for the particle
sedimentation

The validation of the simulation target is conducted
using the experimental data performed by
Shamsuzzaman et al. in Kyushu University [6]. The
purpose of the experiment is to investigate the
mechanism of solid particle sedimentation phenomenon
in the event of a core disruptive accident in a sodium-
cooled fast reactor. The experimental facility consists of
a cylindrical water pool with the diameter of 375 mm.
Water is filled with up to 825 mm in height, and the
funnel is set to the top of the pool (the end point of funnel
is at 720 mm from the bottom). The spherical solid
particles of 5L in volume are initially charged in the
funnel, and the sedimentation parameters such as the
particle falling time, the maximum bed height, the bed
distribution are measured and analyzed. In this
simulation, the cases for the nozzle size of 40 mm in
diameter, the particles of 6 mm in diameters with three
different materials, i.e., Al,O3 (3600 kg/m?®), ZrO, (6000
kg/m®), Stainless steel (7800 kg/m?), were considered.
Although, this experiment is conducted with the
isothermal condition, it is meaningful to validate our
numerical model for the particle sedimentation
phenomenon.

2.3 The consideration of simulation model and condition

In previous researches [3-6], the correlation of drag
coefficient which is the function of the particle Reynolds
number (Re, = pvd,/u) was adopted to consider the
interaction between fluid and solid phases, where p is the
fluid density, v is the relative velocity, d,, is the particle
diameter, and p is the viscosity of fluid phase. There are
a number of correlations available for the drag
coefficient. Among them, the correlation by Abraham
(1970) was employed in the previous simulation [3]
considering the range of Re,, (Re,< 6000) [7]. However,
in the numerical simulation of particle sedimentation, the
maximum velocity of a solid particle was measured
larger than 1.5 m/s, meaning that the regime of Re, is
over 10*. Therefore, the correlation by Clift and Gauvin.
[8] that covers the wide range of particle Reynolds
number (Re,< 3 X 10%) was applied in this research.

The types of model used in the CFD-DEM algorithm
are generally classified into two approaches according to
the treatment of pressure calculation [9] shown as below,
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where, py is the fluid density, & is the volume fraction
of the fluid, u is the fluid velocity, t is the time, p is the
pressure, Fy, is the particle-fluid interaction force, V- ¢
is the viscous force, and g is the gravitational
acceleration. In the numerical simulation of CFD regime,
if the pressure is shared by both the fluid and solid phases,
it is referred to as ‘model A (equation (1))’, and if the
pressure is attributed to the fluid phase alone, it is
referred to as ‘model B (equation (2))’. In that literature,
the use of ‘model A’ was recommended because the
‘model B’ is appropriate only for the restricted
conditions such as the steady and uniform fluid flow [9].
Therefore, the type of model was changed into ‘model A’
from ‘model B’ which was adopted in our previous
calculation [4-5].

In recent numerical simulation using DEM [10], it is
noted that the concept of the rolling friction is considered
when the sedimentation of solid spherical particle is
analyzed. According to this literature, the additional
rolling friction torque was added the in the torque
balance equation of solid particle to improve the
prediction of the repose angle of particle lump. Therefore,
the modified torque balance equation was applied in this
research shown as below,
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where, I,, is the moment of inertia, w the angular
velocity, t is the time, 7, . is the particle contact radius,
Fy, is the tangential contact force, T, is the rolling
friction torque, R, , is the rolling friction coefficient,
k,n is the normal spring stiffness, Ax, is the spatial
overlap, w, ¢ is the relative angular velocity, and 7, is
the particle radius. In these equations, the value of the
rolling friction coefficient (R, ,) is set to ‘0.1’ based on
the literature [10].

2.4 Simulation
phenomenon

results on particle sedimentation

The simulation condition is the same as the previous
calculation [3] except for the drag coefficient model, type
of model, and torque balance equation. Figure 1 shows
the particle falling time according to density change, and

the falling time in this research is defined as the period
from the first particle falling out of the nozzle inlet to
reaching the bottom of the catcher plate. The present
calculation showed the shorter falling time for all
densities than previous calculation due to the change of
the drag coefficient model. When the result is compared
with the experimental data, it gives an underestimated
value except for the ZrO, (6000 kg/m3) case. This
deviation can be derived from the uncertainty of the
particle-nozzle interaction in the initial stage.

The result of maximum bed height after the whole
particles are settled on the bottom plate is shown in
Figure 2. The previous -calculation showed the
underestimated values compared with experimental data,
and also showed irregular behaviors as density increases.
However, the present calculation in this study shows a
similar behavior with the experimental data. Also, in the
result of particle bed distribution of Al,O; (3600 kg/m®)
particles, the high accuracy of bed distribution especially
in the upper trapezoidal zone was shown in the present
calculation. trapezoidal curve is shown at the side view.
This change was produced from the consideration of the
rolling friction.
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Fig. 1. Particle falling time according to density change
. Al203 (3600 kg/m®), ZrO2 (6000 kg/m3), and
Stainless steel (7800 kg/m?) particles
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Fig. 2. Maximum bed height according to density change
: Al203 (3600 kg/m®), ZrO2 (6000 kg/m?), and
Stainless steel (7800 kg/m?®) particles
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Fig. 3. Particle bed distribution of Al203 (3600 kg/m?)
particles

3. Conclusions

In order to improve the numerical simulation using the
CFD-DEM algorithm for the solid particle sedimentation
in liquid pool, the computational characteristic of CFD-
DEM was considered. In this research, the new
correlation of drag coefficient covering the broad range
of particle Reynolds number, the new type of CFD-DEM
model considering the both effect of fluid and solid on
pressure calculation, and the addition of the rolling
friction concept affecting the formation of particle cloud
were adopted, and the results were compared with the
previous calculation. The results show that the particle
falling time was shorter than the experimental data
except for the case of ZrO, particle, and the further
consideration for the uncertainty of particle-nozzle
interaction should be needed. The results of maximum
bed height and particle bed distribution show the
accurate simulation comparing with experimental data
due to the effect of the rolling friction. In order to
perform the numerical validation for particle
sedimentation, the additional comparison of result
parameters such as overall shape of particle bed (concave
or convex), particle average velocity during the transient
state of falling, and so on should be considered.
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