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a b s t r a c t

During the core disruptive accident (CDA) of sodium-cooled fast reactor (SFR), the molten fuel and steel
are solidified into debris particles, which form debris bed in the lower plenum. When the boiling occurs
inside debris bed, the flow of coolant and vapor makes the debris particles relocated and the bed flat-
tened, which called debris bed relocation. Because the thickness of debris bed has great influence on the
cooling ability of fuel debris in low plenum, it’s very necessary to evaluate the transient changes of the
shape and thickness in relocation behavior for CDA simulation analysis. To simulate relocation behavior, a
large number of debris bed relocation experiments were carried out by improved bottom gas-injection
experimental method in this paper. The effects of different experimental factors on the relocation process
were studied from the experiments. The experimental data were also used to further evaluate a semi-
empirical onset model for predicting relocation.
© 2020 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

In the reactor safety, sodium-cooled fast reactor (SFR) has
inherent safety characteristics such as negative reactivity feedback
coefficients, low coolant pressure and large thermal capacity.
However, the SFR uses active metallic sodium as the coolant and its
fuel enrichment is high. The core structure of SFR is not at the
maximum reactivity configuration, and the reactivity feedback
coefficients may be positive during the severe accident. Compared
with pressurized water reactor (PWR), SFR pays more attention to
the core disruptive accident (CDA) and the reactor recriticality ac-
cident. In such severe accidents, the core temperature rises, the
coolant gradually boils, and the core temperature reaches the
melting point of fuel rods. The molten fuel mixed with stainless
steel is discharged from fuel assemblies and solidified into debris
particles by the cooling of coolant, and then flows into the core
lower plenum. The particles accumulate on the surface of the core
catcher and form the debris bed, as shown in Fig. 1. The coolant in
the bed boils caused by the heating of the decay heat of the molten
fuel particles. The boiling produces the flow of vapor and liquid,
which makes the particle bed relocated and changes its shape and
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thickness [1], as we can see in Fig. 2. At the same time, the loss of
the original core geometry may introduce the large positive reac-
tivity in a short time and cause the reactor return to the critical
state [2], ultimately leading to the integrity of containment being
destroyed. In order to avoid recriticality and ensure the integrity of
containment, it is necessary to ensure the decay heat removal of
fuel bed formed in the accident. Therefore, the prediction and
simulation of debris bed relocation must be taken account into
severe accident analysis of SFR. The research of debris bed reloca-
tion phenomenon has great significance to the evaluation of the
accident process, the calculation of source term in transport
equation and the structure design of core catcher in reactor.

After noting the importance of relocation phenomenon to the
heat removal capacity of debris bed, Hesson [3] and Gabor [4]
carried out a series of pioneering experiments. They validated the
existence of relocation phenomenon by injecting airflow into the
particle bed and volume heating the whole particle bed. After that,
Zhang et al. [5e7] further studied this phenomenon through a se-
ries of depressurization boilingmethod and bottom-heating boiling
method in a cylindrical experimental tank with a diameter of
300 mm and a height of 605 mm. Through experimental observa-
tion, the overall behavior of relocation phenomenon was under-
stood, including the effects of experimental parameters such as
particle size, density, shape and equivalent boiling intensity on the
relocation process of debris bed. Zhang [5] also found that particles
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Fig. 1. Schematic of debris bed formation.
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are not only driven by the gas inside the particle bed, but also
influenced by the convection, especially the convection of thewater
in the water pool outside the particle bed. Based on these experi-
ments, Zhang et al. [5,6] proposed a semi-empirical onset model for
predicting the relocation behavior of debris bed by analyzing the
force balance of particles. And then, Zhang, Cheng et al. [8e11]
carried out several experiments to simulate the debris bed reloca-
tion process by injecting nitrogen at the bottom. Because nitrogen
injection has higher gas flow rate, it can simulate the debris bed
relocation behavior under higher intensity of decay heat, which is
closer to the real decay heat condition (about 20 W/cm3 [6]) in
reactor. And the bottom nitrogen-injection method is easy to con-
trol the gas flow rate to simulate the debris bed relocation phe-
nomena under different boiling intensities. However, the previous
experimental research mainly focused on the effects of particle
properties and boiling intensity on the relocation process. They did
not consider the effects of horizontal coolant flow, different gas-
injection locations and mixed particles with different particle
sizes, which are closer to the real situation of the debris bed in
reactor. For this reason, a large number of debris bed relocation
experiments were carried out by improved bottom nitrogen-
injection method with more complicated experimental
Fig. 2. Schematic of deb
conditions, such as different particle properties, bed heights, gas-
injection rates, gas-injection locations and horizontal flow rates.
The effects of these conditions on the debris bed relocation process
were studied in this paper. And on this basis, the applicability of the
onset model has been further evaluated by bottom gas-injection
experimental method.
2. Experimental study

2.1. Bottom gas-injection experimental method

The experimental apparatus for debris bed relocation in this
study is shown in Fig. 3. The design pressure and temperature of the
experimental apparatus are the atmospheric pressure and the
25 �C, respectively. In the experiment of debris bed relocation, the
particles with different particle sizes, materials and shapes were
used to pile up the debris bed with mound-structure in the
experimental tank. Deionized water and nitrogen were used to
simulate liquid sodium and sodium vapor in SFR, respectively.
Water was injected into the experimental tank from the top water
injection valve, and nitrogen was injected into the debris bed from
the bottom injection device. In order to ensure a relatively uniform
gas-injection rate, a gas distributor was installed at the bottom of
the tank. A series of control valves and monitoring instruments are
designed and installed on the nitrogen injection pipeline to adjust
the flow rate as shown in Fig. 3. The top pipe of the experimental
tank was connected to the atmosphere to release the nitrogen
injected in the experiment. During the experiment, a digital camera
and a high-speed camera (200 frames/s) were used to record the
transient behavior of the “boiling” in the experimental tank and the
overall relocation movement of debris bed. The specific positions of
flow meters and cameras are shown in Fig. 3.

The height of the experimental tank is 605 mm, and the inner
and outer diameters are 300mmand 310mm, respectively. In order
to observe the relocation process of debris bed more conveniently
during the experiment, the experimental tank is made of trans-
parent plexiglass material with high optical transparency, which
also has low brittleness and high hardness to resist the flow impact
of fluids and particles. In order to study the effect of convection
outside the particle bed, a symmetrical horizontal water injection
device was installed around the tank. The horizontal flow rate is
controlled by adjusting injection valve and pump. The main
structure of the gas distributor is the bottom gas-injection plate,
which is connected to the gas-injection funnel. The gas-injection
plate is made of two plexiglass plates with laser drilling linear
holes. The directions of these linear holes on one plexiglass plate
are same and perpendicular to the direction of the holes on the
other plate. Finally, we obtained a bottom gas-injection plate with
evenly distributed square holes with a side length of 0.2 mm. This
novel design ensures that the gas can be evenly injected into the
tank and water cannot enter the gas-injection pipe during the
experiment. In order to study the influence of the different boiling
ris bed relocation.



Fig. 3. Experimental apparatus of debris bed relocation.
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locations on relocation, we designed three kinds of gas-injection
plates, as shown in Fig. 4. The gas-injection area of shape 1 is a
circle with a diameter of 300 mm, the shape 2 is a circle with a
diameter of 150 mm, and the shape 3 is an annulus with an inner
diameter of 200 mm and an outer diameter of 280 mm. Since there
are many possible compositions of debris particles in CDA of SFR, in
order to cover these possibilities, four different materials, alumina,
zirconia, stainless steel and lead, were used in the experiment, with
the densities from 3620 kg/m3 to 11,300 kg/m3. We chose a rela-
tively concentrated diameter range of UO2 particles as the experi-
mental particle diameter range, the particle diameters range from
Fig. 4. The detail shapes of t
0.3 mm to 6.0 mm [12]. And the stainless steel particles have both
spherical and non-spherical shapes. Some particle samples are
shown in Fig. 5 and the specific physical properties of particles are
shown in Table 1. The relocation behaviors of different debris beds
were obtained by choosing different particles with different di-
ameters, shapes and materials.

We have conducted 23 cases for the bottom gas-injection
experiment. The detailed parameters of these cases are shown in
Table 2. To analyze the effects of particle density, particle diameter,
gas-injection flow rate, gas-injection location, horizontal flow rate
and other factors on the relocation behavior of debris bed, we
he gas-injection plates.



Fig. 5. Demonstration of experimental particles.

Table 1
Materials and physical properties of experimental particles.

Particle
Material

Particle
Diameter [mm]

Particle
Shape

Particle
Density [kg/m3]

Particle
Porosity [�]

Alumina 1.0 spherical 3620 0.39
2.0 spherical 0.39
6.0 spherical 0.41

Zirconia 0.3 spherical 6050 0.30
1.0 spherical 0.32

Stainless Steel 1.0 spherical 7850 0.33
1.0 (volume mean diameter) non-spherical 0.38

Lead 1.0 spherical 11,300 0.28
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divided 21 cases into 8 groups of comparative experiments, as
shown in Table 3. Fig. 6 shows the relocation processes of several
typical experimental cases, which are case 04, case 10 and case 11,
respectively. With the injection of nitrogen, the debris bed relo-
cated and became flat gradually during the experiment.
2.2. Experimental analysis

According to the instantaneous images extracted from the
experimental video, the relocation behavior of the debris bed can
be analyzed, and the change of the inclination angle q of the debris
bed with time can be obtained as the experimental analysis data.
Fig. 7 is the definition of the inclination angle during the debris bed
relocation. The tangent value of q is the ratio of peak height to tank
inner radius. Therefore, the inclination describes the overall
average shape of the particle bed rather than the local shape. In
order to quantify the transient process of relocation phenomenon
and reduce the influence of initial inclination angle, the dimen-
sionless variable RðtÞ is further defined.

RðtÞ¼ inclination angle q

initial inclination angle q0
(1)

The influences of different parameters on the relocation
behavior of debris bed were studied by evaluating the variation of
RðtÞ with time in the eight groups of experiments. During the
experiment, the inclination angle of the debris bed decreases
gradually with the injection of nitrogen from the bottom, while the
local slight rise of the inclination angle curve is due to the influence
of measurement error and external fluid convection.

The experimental group 01 is to compare and analyze the effect
of particle size on debris bed relocation. The experimental cases of
alumina particles at gas-injection rate of 2.62 m3/h were compared.
The particle diameters of case 02, case 03 and case 14 are 6.0 mm,
2.0 mm and 1.0 mm, respectively. Fig. 8 shows that under the
current gas-injection rate, the relocation phenomenon of debris
bed with diameter of 6.0 mm is very weak, and the inclination
angle of debris bed decreases less than 10%, while the trends of
inclination angle of alumina particles with diameter of 2.0 mm and
1.0 mm are very close and their relocation phenomena are obvious.
This is because the diameter of particles is larger, the gap between
the particles is larger. The gas mostly flows out of the larger gap
with small flow resistance, and the drag force of external fluid
(nitrogen and water) acting on the per unit volume of particles is
smaller, and the particles are harder to be driven.

The experimental group 02 is used to compare and analyze the
effect of debris bed height on debris bed relocation. The experi-
mental cases of 1.0 mm alumina particles under the 1.96 m3/h gas-
injection rate were compared. Among them, the bed heights of case
05, case 06, case 07 and case 08 are 160 mm, 140 mm, 180 mm and
200 mm, respectively. Under the same gas-injection rate, the gas
velocity at the interface between debris bed and water does not
changewith the different bed heights. Therefore, the bed relocation
trends with different bed heights are similar, and there is no certain
regularity, as shown in Fig. 9.

The experimental group 03 is used to compare and analyze the
effect of gas-injection flow rate on debris bed relocation. We
selected 6.0 mm and 1.0 mm alumina particles as experimental
cases to compare. The gas flow rate of cases 01 and 05 is 1.96 m3/h,
and the gas flow rate of cases 02 and 14 is 2.62 m3/h. From Fig. 10, it
can be seen that due to the large gap of 6.0 mm diameter particles,
the drag force acting on the per unit volume of particles is small.
The relocation inclinations of cases 01 and 02 change very little, and
the relocation phenomena under the current two gas-injection
rates are weak for the 6.0 mm particles. For cases 05 and 14, the
diameter of particles is 1.0 mm. The larger the injection gas flow
rate is, the stronger the impact of gas on particles is, and the more
obvious the relocation phenomenon is. It proves that the drag force
between particles and gas is the main reason to promote particles
relocation.

The experimental group 04 is used to compare and analyze the
effect of particle density on debris bed relocation. The particle
diameter is 1.0 mm, and the gas-injection flow rate is fixed at
2.62 m3/h. The material of case 10 is zirconia with a density of
6050 kg/m3. The material of case 12 is stainless steel with a density
of 7850 kg/m3. The material of case 13 is lead with a density of
11,300 kg/m3. Fig. 11 shows that the effect of particle density on the
relocation of spherical particles with the 1.0 mm diameter is not
significant, and the actual relocation process may also relate to the
surface properties of particles. Compared with stainless steel par-
ticles, lead particles have higher density and larger unit volume
gravity, and they relocate more slowly. For the zirconia particles,



Table 2
List of experimental cases.
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although the particle density is very small, the surface of zirconia is
very smooth and the drag force of fluid acting on zirconia particles
is smaller than other particles, the relocation of zirconia particles is
the slowest.

The experimental group 05 is used to compare and analyze the
effect of particle shape on debris bed relocation. The gas-injection
rate is 2.62 m3/h. The non-spherical stainless steel particles with
the volume mean diameter of 1.0 mm were used in case 11. The
spherical stainless steel particles with the diameter of 1.0 mmwere
used in case 12. Fig. 12 shows that the relocation phenomenon of
spherical stainless steel particles is very obvious under the current
gas-injection rate, while the relocation of non-spherical stainless



Fig. 7. Definition of bed inclination angle.

Table 3
Grouping of the experimental cases.

Group Number Case Number Evaluated Parameter

01 2,3,14 particle size
02 5e8 bed height
03 1,2,5,14 gas-injection flow rate
04 10,12,13 particle density
05 11,12 particle shape
06 15e18 horizontal flow rate
07 5,19,20,21,22 gas-injection location
08 2,3,23 mixed particles with different sizes

C. Teng et al. / Nuclear Engineering and Technology 53 (2021) 111e120116
steel particles is weak, indicating that the surface roughness and
eccentricity of particles have great influence on the relocation
process of debris bed. Under the same driving force and effective
diameter of particles, the flow resistance of non-spherical particles
is larger, so the relocation phenomenon is weaker.

The experimental group 06 is used to compare and analyze the
Fig. 6. Demonstration of re
effect of horizontal flow rate on debris bed relocation. We selected
the experimental cases of bottom gas-injection flow rate of
2.62 m3/h and the alumina particles of 1.0 mm diameter for anal-
ysis. Among them, horizontal flow rate was not introduced in case
location experiments.



Fig. 8. Study on the effect of particle size.

Fig. 9. Study on the effect of bed height.

Fig. 10. Study on the effect of gas-injection flow rate.

Fig. 11. Study on the effect of particle density.

Fig. 12. Study on the effect of particle shape.
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15. The horizontal flow rates of case 16, case 17 and case 18 are 1.5 L/
min, 3.0 L/min and 4.5 L/min, respectively. Fig. 13 shows that the
change of relocation inclination is greater with the larger horizontal
flow rate. In general, the larger the horizontal flow rate is, the more
obvious the relocation phenomenon is. However, the effect of
horizontal flow rate on relocation needs further experimental
analysis and verification.

The experimental group 07 is used to compare and analyze the
effect of gas-injection location on relocation behavior of alumina
particles with the diameter of 1.0 mm under the same gas-injection
rate. By comparing the cases of 05, 19 and 21 in Fig. 14, under the
condition of 1.96 m3/h bottom gas-injection rate, the relocation
phenomenon is more obvious with the shape 2, in which the gas-
injection location is close to the center of the plate. By comparing
the cases of 14, 20 and 22 in Fig. 14, it can be seen that under the
condition of 2.62 m3/h bottom gas-injection rate, the relocation
phenomenon of central gas-injection location is still more obvious,
but compared with the condition of 1.96 m3/h gas-injection rate,
the effect of gas-injection location is relatively small. When the gas



Fig. 13. Study on the effect of horizontal flow rate.

Fig. 14. Study on the effect of gas-injection location.

Fig. 15. Study on the effect of mixed particles with different sizes.
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is injected into the center of the debris bed, more gas will be
released at the peak of the debris bed, whichwill cause the particles
to relocate from the higher positions to the lower positions, and the
relocation phenomenon is more obvious.

The experimental group 08 is used to compare and analyze the
effect of mixed particles with different sizes on relocation behavior.
We selected alumina particles with bottom gas-injection rate of
2.62 m3/h. The particles in case 02 are 6.0 mm diameter. The par-
ticles in case 03 are 2.0 mm diameter. The particles in case 23 are
the mixture of 2.0 mm and 6.0 mm in equal volume. As shown in
Fig. 15, under the current gas-injection condition, the relocation
velocity and the inclination angle change of mixed particles are
between the 2.0 mm and 6.0 mm diameter particles. It also proves
that the drag force between particles and gas is the main reason to
promote particles relocation.

By comparing and analyzing the effects of experimental pa-
rameters on the relocation process of debris bed, it can be seen that
all the experimental parameters we studied have a certain influ-
ence on debris bed relocation phenomenon except the bed height.
In general, the larger gas-injection flow rate, the larger horizontal
flow rate and the concentrated gas-injection near the center can
promote the relocation of debris bed. While the larger particle size,
the irregular particle shape, the larger particle density and the
smooth particle surface can hinder the relocation of debris bed. The
relocation velocity and the inclination angle change of the mixed
size particles are between the uniform size particles we used for
mixing.
3. Model study

3.1. Onset model

During the accident, debris beds are usually submerged in
subcooled sodium pool. Subcooled sodium is heated to boiling by
the heating of decay heat from the debris bed. The relocation
process involves solid phase (debris particles), liquid phase (liquid
sodium) and gas phase (sodium vapor), which forms the complex
dynamic multiphase flow. It is not easy to establish an onset model
on such system to determine the starting point of relocation. Zhang
et al. have developed a semi-empirical onset model with the reli-
able prediction ability, which inevitably needs to introduce as-
sumptions and simplifications [6]. First, we assume that the debris
bed consists of a large number of independent spherical particles,
and we focus our attention on a single particle rather than the
whole debris bed. Next, considering the critical state of the relo-
cation phenomenon, when the vertical velocity of the top particle
vp is positive, the relocation process begins. Therefore, for the
relocation process, we have the following single criterion:

vp >0 (2)

By specifying the velocity of gas-liquid two-phase fluid as vg ,
and the relative velocity between the particle and the surrounding
two-phase fluid as veq, we can get that

vp¼ vg � veq (3)

According to Eq. (2) and Eq. (3), we can get

vg � veq >0 (4)

In order to obtain the critical state parameter in the relocation
process, it is assumed that the relative velocity veq between particle
and two-phase fluid in the critical state is the same as that in the
force balance state, the veq can be deduced from the force balance
equations [6].



Table 4
The comparisons between the onset model and the experiments.

Case
Number

Cross-Sectional Area
A [m2]

Porosity
ε

Initial Water Level
[mm]

Water
Level After 10s
[mm]

Water Level Increase
[mm]

agExp Cag ag vg[m/
s]

veq[m/
s]

Model
Predictions

Experimental
Results

1 0.071 0.41 305.0 306.0 1.0 0.014 0.65 0.009 1.508 0.719 ✓ �
2 0.071 0.41 357.5 363.0 5.5 0.075 0.65 0.049 0.380 0.742 � �
3 0.071 0.39 300.0 305.0 5.0 0.072 0.65 0.047 0.412 0.351 ✓ ✓

4 0.071 0.39 327.5 331.5 4.0 0.058 0.65 0.037 0.386 0.349 ✓ ✓

5 0.071 0.39 330.0 335.0 5.0 0.072 0.65 0.047 0.307 0.190 ✓ ✓

6 0.071 0.39 331.0 335.0 4.0 0.065 0.65 0.042 0.332 0.189 ✓ ✓

7 0.071 0.39 354.0 356.5 2.5 0.032 0.65 0.021 0.672 0.186 ✓ ✓

8 0.071 0.39 375.5 380.0 4.5 0.053 0.65 0.035 0.403 0.188 ✓ ✓

9 0.071 0.30 384.5 390.0 5.5 0.101 0.65 0.065 0.353 0.079 ✓ �
10 0.071 0.32 404.5 412.5 8.0 0.138 0.65 0.090 0.244 0.295 � �
11 0.071 0.38 358.0 371.0 13.0 0.190 0.65 0.124 0.120 0.363 � �
12 0.071 0.33 304.0 310.0 6.0 0.102 0.65 0.066 0.329 0.350 � ✓

13 0.071 0.28 372.0 378.6 6.6 0.129 0.65 0.084 0.283 0.459 � �
14 0.071 0.39 346.5 351.6 5.1 0.038 0.65 0.024 0.410 0.190 ✓ ✓

15 0.071 0.39 450.0 456.7 6.7 0.096 0.65 0.062 0.310 0.191 ✓ ✓

16 0.071 0.39 450.0 457.4 7.4 0.106 0.65 0.069 0.281 0.192 ✓ ✓

17 0.071 0.39 450.0 458.7 8.7 0.125 0.65 0.081 0.242 0.194 ✓ ✓

18 0.071 0.39 450.0 460.5 10.5 0.151 0.65 0.098 0.198 0.196 ✓ ✓

19 0.018 0.39 314.0 322.0 8.0 0.115 2.00 0.230 0.241 0.215 ✓ ✓

20 0.018 0.39 299.5 305.5 6.0 0.087 2.00 0.173 0.458 0.206 ✓ ✓

21 0.030 0.39 363.5 369.5 6.0 0.087 2.00 0.173 0.172 0.209 � �
22 0.030 0.39 372.0 374.5 2.5 0.036 2.00 0.072 0.559 0.194 ✓ ✓

23 0.071 0.39 369.0 380.0 11.0 0.174 0.65 0.113 0.167 0.198 � �
1. The “√” means that the relocation has taken place.
2. The “�” means that the relocation has not taken place.
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veq ¼
�
4
3

�
rp
rm

� 1
�

gd
Cd

�1=2
(5)

In Eq. (5), d is particle diameter or average diameter, g is grav-
itational acceleration, Cd is dimensionless drag coefficient, rp is the
particle density, rm is the average density of two-phase fluid and it
can calculated from rm ¼ agrg þ ð1 � agÞrl, ag is the cross-sectional
average void fraction at the average height of the debris bed, rl is
the coolant density, rg is the gas density. Since Cd is defined as a
function of veq, it is necessary to iteratively solve the value of Cd.

The velocity vg of two-phase fluid in Eq. (4) is based on the
assumption of no-slip and the assumption that the mean flow area
in the debris bed is a ¼ Aε2=3 [6]. Where A is the cross-sectional
area of the debris bed, and the dimensionless coefficient ε is the
porosity of the debris bed. Therefore, the two-phase fluid velocity
vg can be expressed as:

vg ¼ Q
Aagε2=3

(6)

where Q is the volume flow rate of the injected gas at the bottom of
debris bed. After getting veq and vg , the onset of relocation can be
judged by Eq. (4).

The study of parameters focuses on the solution of the average
effective void fraction ag . The value of the ag is difficult to calculate.
To accommodate the potential errors and extend the applicability
of onset model, an empirical formula was proposed to solve ag:

ag ¼agExpCag (7)

where agExp is the average void fraction in the debris bed obtained
from experiments, and Cag is the correction factor. And agExp can be
obtained according to the following formula:
agExp ¼
DV
Vpε

(8)

where DV is the volume increase of water after the gas injection,
and Vp is the total volume of the debris bed in the tank. Since the
bottom area of the tank is fixed, Eq. (8) can be written as follows:

agExp ¼
Dh
hpε

(9)

where Dh is the increase of the water level after the gas injection,
and hp is the total height of the debris bed in the tank. Note that ag
is a cross-sectional average at the average height of the debris bed,
while agExp is a volume average in the debris bed, so a correction
factor Cag is a regulating parameter. If the current model is
reasonable, a specific value of Cag can be applied to all cases.
Although the relocation onset model has been validated by the
depressurization boiling and bottom-heating boiling experiments
[5,6] before, these methods can not get the power density of the
decay heat under the real reactor accident conditions. Therefore,
we chose the bottom gas-injection experimental method with a
series of complicated relocation experimental cases to further
validate the onset model.
3.2. Model evaluation

According to the experimental data of above 23 cases, the spe-
cific values of vg and veq in the onset model were calculated, and the
relocation behaviors were judged according to the onset model.
The model predictions and experimental results are shown in
Table 4. The correction factors Cag were determined by the rigorous
calculation procedure from references [5,6], the Cag for experi-
mental cases 1e18 and 23 is 0.65. In the experimental cases 19e22,
the shapes of the gas injection plates are different from others,
which has a great influence on the relocation behavior. In order to
consider this factor, Cag takes 2.0 in cases 19e22. Because under the
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same gas injection flow rate, the more concentrated the gas in-
jection area is, the larger the ag is, so we take Cag as 2.0 in cases
19e22 for the preliminary analysis.

Table 4 shows that with the appropriate value of correction
factor Cag , the onset model predictions of the most cases of 23 cases
agree well with the experimental results, while 3 cases do not.
These cases are case 01, case 09 and case 12. Case 01 is the first
formal experiment, due to the occurrence of water leakage in the
experiment, the measurement of water level was not accurate,
which made the calculated value of the average void fraction agExp
smaller, and finally led to the calculated value of vg larger. After that,
we improved the connection between the experimental water tank
and the bottom gas-injection plate to avoid the recurrence of water
leakage. In case 09, zirconia particles with a diameter of 0.3 mm
were used. It was found that the diameter of zirconia particles in
case 09 was too small and the capillary force between liquid and
particle can not be ignored, which may hinder the relocation
behavior of debris bed. At present, onset model has not taken this
into account, so the experimental and simulation results are
different in case 09. In case 12, the spherical stainless steel particles
with the diameter of 1.0 mm were used, there is little difference
between the calculated values of vg and veq. The specific reason for
the deviation between the model prediction and the experimental
result in this case need to be further confirmed, and we will carry
out the repeated experiments for case 12 later to verify the appli-
cability of our model to this experimental condition. In general, the
current onset criterion model is still reasonable and applicable in
judging the onset of relocation behavior for our bottom gas-
injection experiments, including the conditions of different gas
injection locations and horizontal flow rates.

4. Conclusions

In order to simulate the relocation behavior of debris bed in
lower plenum of sodium-cooled fast reactor under the severe ac-
cidents, a large number of debris bed relocation experiments were
carried out by improved bottom gas-injection method to study the
effects of particle properties, gas-injection flow rate, gas-injection
location and horizontal flow rate on the relocation behavior. By
comparing and analyzing the effects of experimental parameters on
the relocation process of debris bed, most of the experimental pa-
rameters we studied have a certain influence on debris bed relo-
cation phenomenon. However, the effects of some experimental
parameters we studied still need further experimental analysis and
verification. Through the calculation and analysis of experimental
data, the current semi-empirical onset model is still reasonable and
applicable to judge the onset of relocation behavior for bottom gas-
injection experimental method, most of the prediction results are
in good agreement with the experimental results of current
complicated cases. For the smaller diameter particles, the model
needs to be improved by introducing the capillary force to get
better simulation results.
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Nomenclature
Roman letters
a The mean flow area in the debris bed [m2]
A The cross-sectional area of the debris bed [m2]
Cd Dimensionless drag coefficient [�]
Cag Correction factor [�]
d Particle diameter [m]
g Gravitational acceleration [m/s2]
Dh The water level increase after the gas injection [m]
hp The total height of the debris bed [m]
Q The volume flow rate of the gas injection at the bottom

of debris bed [m3/s]
RðtÞ The ratio of inclination angle [�]
vp The velocity of particle [m/s]
veq The relative velocity between particle and two-phase

fluid [m/s]
vg The velocity of gas-liquid two-phase fluid [m/s]
DV The volume increase of water after the gas injection

[m3]
Vp The total volume of the debris bed [m3]

Greek letters
ag The cross-sectional average void fraction at the average

height of the debris bed [�]
agExp The average void fraction in the debris bed [�]
q The inclination angle of debris bed [�]
q0 The initial inclination angle [�]
rp Particles density [kg/m3]
rm The average density of two-phase fluid [kg/m3]
rl Coolant density [kg/m3]
rg Gas density [kg/m3]
ε The porosity of the debris bed [�]

References

[1] K. Morita, K. Fukuda, T. Matsumoto, et al., reportFundamental Study on Dy-
namic Behaviors of Fuel Debris Bed. Research Report in 2007 (Joint Research).
JAEA-Research 2009-006.

[2] E.L. Gluekler, L. Baker Jr., Post-accident heat removal in LMFBRs, in:
O.C. Jones Jr., S.G. Bankoff (Eds.), Proc. Symp. On the Thermal and Hydraulic
Aspects of Nuclear Reactor Safety, Liquid Metal Fast Breeder Reactors, vol. 2,
ASME, New York, 1977, pp. 285e324.

[3] J.C. Hesson, R.H. Sevy, T.J. Marciniak, Post-accident heat removal in LMFBRs,
in: In-Vessel Considerations. ANL-7859, Argonne National Laboratory,
Argonne, USA, 1971.

[4] J.D. Gabor, Simulation experiments for internal heat generation, React. Deve.
Program Prog. Rep. ANL-RDP 32 (1974) 7e50.

[5] B. Zhang, Study on Self-Leveling Phenomena during a Core Disruptive Acci-
dent in a Sodium-Cooled Fast Breeder Reactor, Kyushu University Department
of Applied Quantum Physics and Nuclear Engineering, 2010.

[6] B. Zhang, T. Harada, D. Hirahara, et al., Self-leveling onset criteria in debris
beds, J. Nucl. Sci. Technol. 47 (4) (2010) 384e395.

[7] B. Zhang, T. Harada, D. Hirahara, et al., Experimental investigation on self-
leveling behavior in debris beds, Nucl. Eng. Des. 241 (1) (2011) 366e377.

[8] S. Cheng, H. Yamano, T. Suzuki, et al., An Experimental Study on Self-Leveling
Behavior of Debris Beds with Comparatively Higher Gas Velocities: the Eighth
Japan-Korea Symposium on Nuclear Thermal Hydraulics and Safety, 2012.

[9] S. Cheng, H. Tagami, H. Yamano, et al., Experimental study and empirical
model development for self-leveling behavior of debris bed using gas-injec-
tion, Mech. Eng. J. 1 (4) (2014) tep0022.

[10] S. Cheng, et al., Empirical correlations for predicting the self-leveling behavior
of debris bed, Nucl. Sci. Tech. 24 (2013) 43e52, 001.

[11] S. Cheng, et al., An experimental investigation on self-leveling behavior of
debris beds using gas-injection, Exp. Therm. Fluid Sci. 48 (2013) 110e121.

[12] H. Mizuta, Fragmentation of uranium dioxide after molten uranium dioxide-
sodium interaction, J. Nucl. Sci. Technol. 11 (11) (1974) 480e487.

http://refhub.elsevier.com/S1738-5733(19)30872-1/sref2
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref2
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref2
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref2
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref2
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref3
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref3
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref3
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref4
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref4
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref4
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref5
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref5
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref5
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref6
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref6
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref6
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref7
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref7
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref7
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref8
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref8
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref8
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref9
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref9
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref9
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref10
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref10
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref10
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref11
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref11
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref11
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref12
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref12
http://refhub.elsevier.com/S1738-5733(19)30872-1/sref12

