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Abstract: The spreading-solidification behaviour of the stratified molten metals was investigated.
This is important in understanding the practical fuel debris distribution spread and solidified in the
primary containment vessel (PCV) of Fukushima Daiichi Nuclear Power Plants (1F NPPs). In this
study, the effect of outflow diameter on the material distribution before discharging was studied both
experimentally and numerically. The two simulant metals were chosen so that the density ratio could
be similar to the practical fuel and structure elements of the plant. They were arranged in a vessel
and discharged on a receiving plate. The spreading experiments were performed using various outlet
diameters with a density and reverse density stratification arrangement. After the experiment, X-ray
analysis was performed to evaluate the material distribution in the solidified material. Moreover, a
numerical analysis was performed to reveal the mechanisms that affect the material distribution after
solidification. As a result, the low-density metal accumulated at the centre region regardless of the
outlet diameters in the density stratification. In contrast, the outlet diameters affected the material
distribution in the reverse density stratification because they affected the material outflow order.
These findings may help increase our understanding of the fuel debris distribution in 1F NPPs.

Keywords: molten metal spreading; severe accident; fuel debris; particle method; stratification;
decommissioning; Fukushima Daiichi nuclear power plants

1. Introduction

The retrieval of fuel debris in Fukushima Daiichi Nuclear Power Plants (1F NPPs) is
one of the most challenging activities in 1F NPP decommissioning because the fuel debris
distribution in the primary containment vessel (PCV) is not sufficiently revealed even
though approximately 10 years have passed after the accident. The lack of information
makes the retrieval of fuel debris more difficult and complicated. Although the past nuclear
severe accidents have provided some information to promote the decommissioning of 1F
NPPs, there are obvious differences. Specifically, the differences of the fuel debris in 1F
NPPs and Chernobyl NPP are as follows.
1© A lot of control rod drive mechanisms (CRDMs) were penetrated from the bottom of

the reactor pressure vessel (RPV) in 1F NPPs. Thus, a lot of metal-fuel debris might
be formed in 1FNPPs compared to Chernobyl [1–3].

2© A lot of seawater was injected into the PCV in 1F NPPs. Therefore, the sea salt might
dissolve into the fuel debris [4], which did not happen in Chernobyl.

Therefore, it is essential to obtain the specific fuel debris characteristics in the 1F NPPs
through investigations.
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According to Tokyo Electric Power Company Holdings reports (TEPCO HD) [5,6], part
of the fuel handle was observed in Unit 2, while a portion of the control rod was detected
in Unit 3. These internal investigation results indicate that fuel debris with different
characteristics might be generated in each unit. Table 1 is the summary of accident scenarios
in 1F NPPs based on the SAMPSON result [7]. The results also indicated that different
accident scenarios might happen in 1F NPPs. Predicting the fuel debris distribution by
considering accident scenarios is a critical approach to retrieve the fuel debris in 1F NPPs.
Understanding the molten corium spreading and solidification phenomena is crucial for
evaluating the fuel debris distribution in 1F NPPs because they might determine the initial
distribution and further accident progression after reactor pressure vessel (RPV) failure,
such as molten core concrete interaction (MCCI).

Table 1. Summary of accident scenarios in 1FNPPs [7].

Unit 1 in 1F NPPs Unit 2 in 1F NPPs Unit 3 in 1F NPPs

1 h: Stop cooling by IC 70 h: Stop RCIC cooling 41 h: Control rod start melting
5 h: Fuel start melting 78 h: Control rod start melting 42 h: Fuel rod melting
24 h: Open PCV vent system 81 h: Fuel start melting 50 h: Fuel debris fall down onto PCV
25 h: Reactor building is destroyed by explosion 82 h: Corium relocated to lower head
50 h: PCV shell attack, MCCI 90 h: Degradation of lower head

120 h: Corium discharge from RPV

Even before the 1F NPP accident, there were the following research programs on
molten corium spreading. CORINE (CEA, France) [8,9], Green (BNL, USA) [8,10], S3E
(KTH, Sweden) [8], SPREAD (Hitachi, Japan) [8,11], KATS (KIT, Germany) [8,12], EKOCATS
(KIT) [13,14], COMAS (Siempelkamp, Germany) [8,15], FARO (JRC, Italy) [8,16], and
VULCANO (CEA) [8,17] are experimental programs using simulant materials. However,
these experiments did not consider the downward jet flow of the molten simulants and
their interaction with the lower structures, although such phenomena could happen in
1F NPPs.

Therefore, experimental programs considering the above issues were conducted after
the 1F NPP accident in small scale experiments [18–22]. Ogura et al. [18,19] conducted
experiments using a high-speed thermocamera to explore the spreading and solidification
behaviour, focusing on the relationship between the outlet diameters and the falling height
under both dry/wet surface conditions. Furthermore, Yokoyama et al. [23] examined the
effect of the amount of molten metal and outlet diameters on the melt spreading behaviour.

The majority of the experimental programs before and after the 1F NPP accident used
simulant materials that were well mixed. However, in practical accidents, molten corium
stratifies between fuel and structural components due to density differences [24,25]. If the
material distribution in the fuel debris were not homogeneous, it would affect the selection
of the cutting devices [26], aerosol removal management [26,27], and even re-criticality
management for fuel debris retrieval [28].

Numerical simulation is useful as well as experiments to understand the melt spread-
ing behaviour. Particle methods [29,30] are useful in capturing the material flows during
melt spreading. The moving particle full-implicit (MPFI) method [31–33] is one such
particle method recently developed by Kondo [31]. Since the MPFI method ensures the
conservation of angular momentum, it can capture the rotational motion of the solid. This
aspect is vital because the molten metal spreading phenomenon is quite complicated due
to the phase change among the solid-state, liquid state, and liquid-solid-state.

In this study, the outflow and the spreading-solidification behaviour of the strati-
fied molten metal discharged downward from the outlet was investigated. The molten
metal spreading experiments considering the stratifications were performed under the
various outlet diameters. The solidified material distribution depending on the outlet
diameters was studied with the density stratification and the reverse density stratification
conditions, respectively. The investigation was done both experimentally and numerically.
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In Section 2, the experiment set-up is described, and the experimental results including
X-ray analysis are shown in Section 3. In Section 4, the MPFI method [31–33], which is the
numerical method adopted in this study, is presented. The simulation results are shown in
Section 5. Moreover, the mechanism with respect to the spreading-solidification behaviour
is discussed in Section 6. Finally, the conclusion of this study is shown in Section 7.

2. Experimental Set-Up

In this study, the spreading-solidification behaviour of the stratified molten metal
discharged downward from the outlet was observed. After solidification, X-ray analysis
was performed to visualize the material distribution.

A schematic of the test facility is shown in Figure 1. The test facility consists of a vessel
to heat the simulants and a receiving plate to observe the melt spreading-solidification
behaviour. Furthermore, a detailed image of the test vessel is shown in Figure 2, produced
from stainless steel (SS), and a thermocouple (TC) measures the simulant temperature
20 mm from the bottom. The receiving plate is also made of SS. It is a square shape with
a length and width of 20 cm and a 5 mm thickness.

In this study, two simulant materials, U-alloy47 and U-alloy109, were adopted such
that their density ratio was closer to that between the fuel components and the structural
components. U-alloy47 has a higher density for the fuel components, and U-alloy109 has a
lower density for the structural components. The detailed characteristics of both simulants
are summarized in Table 2. These simulants were arranged in the vessel shown in Figure 3.
In this study, two stratification patterns were adopted. One is density stratification, in
which the high-density simulant is prepared under the low-density simulant. The other is
reverse density stratification, in which the low-density simulant is organized under the
high-density simulant.

Table 2. Simulant material properties.

High-Density (U-alloy47) Low-Density (U-alloy109)

Density, ρ (kg/m3) 9360 8640
Composition, (at.%) Bi44.7, Pb22.6, Sn12.3, Cd5.3, In17.1 Bi66, In34

Melting Temperature, Tm (◦C) 47 109
Thermal Conductivity, k (W/m K) 36 30

Specific Heat, Cp (J/kg K) 190 250
Viscosity, µ (Pa s) 3.3 × 10−4 6.4 × 10−4

Thermal expansion coefficient, β (K−1) 2.4 × 10−5 3.9 × 10−5

After arranging the stratified simulants, the vessel was heated to 200 ◦C with the
ribbon heater and the temperature controller. When the simulant temperatures in the vessel
reached 170 ◦C, the plug was pulled out, and the liquefied molten metals flew out from the
vessel and spread on the receiving plate. The spreading and solidification behaviours were
recorded using a video camera at 60 fps (HANDYCAM HDR-CX485, SONY, Tokyo, Japan).

After the spreading-solidification experiment, the solidified materials were removed
from the plate, and the upper surface and the surface detached from the plate were analysed
with an X-ray analytical microscope (XGT-7200, HORIBA, Japan). Figure 4 illustrates
the X-ray analysis procedure where two types of analysis were conducted. A mapping
analysis visualized the element distribution derived from the high-density simulant in the
solidified metal. X-rays were irradiated for the entire area of the solidified metal, and the
concentration distribution of the substances was pictured. A point analysis was used to
obtain quantitative data on the atomic percentage of substances derived from the high-
density simulant. In the point analysis, X-rays are irradiated at five points from the centre
to the edge. In this analysis, since the measurement points on the surface are targeted,
X-ray analytical microscope can measure regardless of the sample shape. The experiments
and X-ray analysis were performed twice to confirm the validity of the experiment results.
The experimental conditions are summarized in Table 3. In this experimental condition,
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the Rayleigh number (Ra) of the molten metal was less than critical Ra number and the
experiments were quickly carried out. Therefore, it is expected that the stratification was
maintained in the vessel before discharging.
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Table 3. Summary on the experiment conditions.

Values

Sample amount, M (g) 200
Sample temperature, T (◦C) 170

Outlet diameter, D (mm) 3,5,7,9
Falling height from vessel to receiving plate, H (mm) 50

Environmental temperature, Te (◦C) 30 ± 0.5
Receiving plate temperature, Tr (◦C) 25 ± 1.0

Rayleigh number, Ra (-) Approximately 1000

3. Experimental Results
3.1. X-ray Analysis Results under the Density Stratification Condition

The mapping image analysis results on the density stratification are depicted in
Figure 5. Pb was chosen to trace the migration of the high-density simulant. The white
region corresponds to the high concentration of Pb. The mapping results demonstrated
that high-density materials accumulated around the edge region on the front side with
all outlet diameters tested. On the backside, the high-density materials tend to spread
throughout the entire area regardless of outlet diameter.
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The point analysis results on Pb distribution are shown in Figure 6. The horizontal
axis represents the distance from the centre to the edge shown in Figure 5. The vertical axis
represents Pb ratio obtained from the analysis at the measurement point. As a result, the
Pb ratio gradually increased as it approached the edge region on the front side. On the
other hand, Pb was distributed in the entire area on the backside.
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3.2. X-ray Analysis Results under the Reverse Density Stratification Condition

Figure 7 presents the mapping image analysis results on the reverse density strati-
fication. It was determined that the substance distribution was remarkably affected by
the outlet diameters. Unlike the results obtained with the density stratification condition
shown in Figure 5, the backside distribution was not uniform. It is considered that the
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velocity of the melt due to the outlet diameters influenced the heterogeneous distribution.
Specifically, the high-density simulant tended to accumulate around the centre with 5 mm
and 3 mm outlets. In contrast, the opposite tendency i.e., edge accumulation was detected
in the case with 9 mm.
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The point analysis results on the Pb distribution under the reverse density stratification
condition are shown in Figure 8. For large outlets, i.e., 9 mm and 7 mm, larger amounts of
Pb tended to be observed at the edge. In contrast, for small outlets, i.e., 5 mm and 3 mm,
the Pb distribution was detected near the centre. These findings signified that the outlet
difference affected the eventual material distribution.
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4. Numerical Method
4.1. Basic MPFI Method

For the numerical simulation, the MPFI method [31–33] was applied, which is one of
the particle methods [29,30]. Since the method has thermodynamic consistency, a stable
calculation can be conducted. In the MPFI method, the following Navier-Stokes (N-S)
equation is adopted to simulate the incompressible free-surface flow. The equation is
expressed as:

ρ
dui
dt

=
∂

∂xi
µ

.
εij +

∂

∂xi
Pi+ρgi , (1)
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where g, P, u, ρ, µ and ε are gravity acceleration, pressure, velocity, fluid density, fluid
viscosity, and strain rate, respectively. The first term on the right-hand side is the viscosity
term and the second-hand term is the pressure term. Here, the pressure is expressed as:

P =

(
−λ

.
εkk+κ

ρk−ρ0
ρ0

)
. (2)

where λ and κ are bulk viscosity and bulk modules, respectively. In this study, λ and κ
were set to 1.0 × 1010 and 1.0 × 109, respectively. When these values are set large enough,
they have almost no effect to the calculation. The first term on the right-hand side is bulk
viscosity term and the second-hand term is bulk strain term. In particle methods, the
governing equations are replaced by particle interaction forces. To save computational
costs, the particle interactions are limited in a finite range using an effective radius and
a weight function. In the MPFI method, the particle interaction models for gradient,
divergence, and Laplacian operators are formulated as:

∇φ = ∑
j

(
φj + φi

)
rij

r
w′ij

dij , (3)

∇·A =∑
j

(
Aj−Ai

)
rij w′ij

dij , (4)

∇ 2φ = ∑
j

(
φj − φi

)w′ij

dij , (5)

where φ, A, rij, and dij are an arbitrary scalar, an arbitrary vector, the relative position
between particles i and j, the particle distance, respectively. w′ij is a differential of the
weight function with respect to particle distance dij defined as:

wij =

{ (
re−dij

) (
dij< re

)
0
(
dij> re

) (6)

In this study, the effective radius, re = 2.0l0, was adopted, where l0 is the initial
particle spacing. When Equation (1) is discretized using the particle interaction models
(Equations (3)–(5)), the force acting on the particle is expressed as:

dui
dt

= 2µ ∑
j

(
uj

r−ui
r
ω

j
P+ωi

P
2

rij
q εpqr

)
w′ij

dij −λ ∑
j

( .
ε

j
+

.
ε

i
)

rij wij

dij +ρg, (7)

where:

Pi= −λ ∑
j

(
uj−ui

)
rij w′ij

dij +κ
ni−n0

n0
, (8)

∑
j

(
uj

r−ui
r−ωi

prij
q εpqr

)
rij

s εrst
wij

dij ∆t = 0. (9)

Here, an angular velocity ω and an equation (Equation (9)) are additionally introduced
to conserve angular momentum by subtracting the rotational element [33]. Equations (7)–
(9) are linear matrix equations including unknown values of velocity u, angular velocity ω,
and pressure P. Since its coefficient matrix is symmetric, it can be solved by the conjugated
residual method.

4.2. Heat Transfer Model

In this study, the heat transfer model and phase change model were introduced
based on previous works [34–40]. Heat transfer calculations are essential to simulate
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melting-solidification behaviour. The temperature field is computed with the energy
conservation equation:

DH
Dt

= k∇ 2T + Q, (10)

where H, k, T, and Q are enthalpy per unit volume, thermal conductivity, temperature,
and the heat source, respectively. The first term of the right-hand side is the temperature
gradient and the second-hand term is the heat input term, respectively. The equation is
discretized with the Laplacian operator (Equation (5)) as:

DHi
Dt

= ∑
j

kij(T
j − Ti)

w′ij
dij

+Q. (11)

The parameter kij is the thermal conductivity between particle i and particle j given
as [38,40]:

kij =
2kik j

ki+kj
. (12)

In this study, the heat transfer coefficient between the solid and the liquid is calculated
based on the Nusselt number on the flat surface. Thus:

Nu= 0.664Re
1
2 Pr

1
3

(
Re < 3.2 × 105

)
, (13)

Nu= 0.037Re0.08Pr1/3
(

Re > 3.2 × 105
)

, (14)

h =
Nu ki

L
, (15)

where h, L, Re, and Pr are the heat transfer coefficient, the representative length, which is
the spread length of the molten metal, Reynolds number, and Prandtl number, respectively.
The energy conservation equation between the solid and the liquid can be formulated as
follows using this heat transfer coefficient:

DHi
Dt

= ∑
j

hL(T j−Ti)
w′ij
dij

+Q. (16)

In addition, the heat loss due to radiation from the free surface is considered. The
radiation heat loss is simply modelled as heat removal from the free surface particles based
on Stephan-Boltzmann’s law:

qradiation= σεA
(

T4−T4
e

)
, (17)

where σ, ε, A, qradiation, and Te denote the Stephan-Boltzmann constant, emissivity, surface
area of the particle, heat flux from radiation, and environmental temperature, respectively.
The energy conservation equation for the free surface particles can be expressed as:

DHi
Dt

= ∑
j

kij(T
j−Ti)

w′ij
dij
− qradiation

l
, (18)

where l denotes the particle diameter.

4.3. Phase Change Model

The phase change is a key factor for simulating the melting-solidification behaviours
of the molten metal. In this study, phase changes are expressed by changing the particle
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viscosity in accordance with its enthalpy and solid fraction. The temperature T and the
solid fraction γ are calculated by using the enthalpy as:

T =


Tm + h−h0

ρCps
(h < h0)

Tm + h−h0
ρCpm

(h0< h < h1)

Tm + h1−h0
ρCpm

+ h−hL
ρCpl

(h1< h)

, (19)

γ =


1 (h < h0)

h1−h
h1−h0

(h0< h < h1)

0 (h1< h)
. (20)

where Cps, Cpm, Cpl, h0, h1, and Tm are specific heat for solid state, specific heat at the melting
point, specific heat for liquid, solidifying enthalpy, liquefying enthalpy, and melting point,
respectively. When γ = 0, the particle is in a complete fluid state; when γ = 1, the particle is
in a complete solid-state; and when 0 < γ < 1, the particle is a mixture of solid-liquid states.

The reproduction of solidification is essential in this study. Ramacciottii [41] proposed
an empirical viscosity model that is a function of the solid fraction. In this model, the
viscosity was increased up to the immobilization solid fraction called the “critical solid
fraction”, and the viscosity was set as a constant value above the critical solid fraction
to stop flowing. This empirical equation has been widely used to reproduce melting-
solidification behaviour [34–40]. However, it was suggested that the critical solid fraction
for flowing is significantly affected by 1© the shear rate of the fluid, 2© the cooling ratio,
and 3© the material characteristics [42,43]. Therefore, the critical solid fraction should be
set in accordance with the expected flow rate because the flow rate changes depending on
the outlet diameters:

(Large outlet : outlet 9 and 7mm)

{
µ = µ0exp(2.5Cγ) (0 < γ < 0.30 )

µ = 1× 105 (0.30 ≤ γ < 1)
, (21)

(Small outlet : outlet 5 and 3mm)

{
µ = µ0exp(2.5Cγ) (0 < γ < 0.50 )

µ = 1× 105 (0.50 ≤ γ < 1)
, (22)

where µ0 and C are the viscosity coefficient and a constant value, respectively, which is
experimentally determined. In general, the C value is set from 4 to 8. In this study, C = 6.4
was adopted, which was determined by previous work [38].

The calculation geometry is depicted in Figure 9, where the red particle corresponds
to the high-density fluid, and the black particle corresponds to the low-density fluid. The
detailed calculation conditions are listed in Table 4. Three different particle diameters
(0.007, 0.009 m, and 0.012 m) were performed for the sensitivity analysis. The results with
0.012 m could not reproduce the experimental results. Since the calculation with 0009 m
could reproduce the experimental results with reasonable calculation time, the particle
diameter, 0.009 m, was selected in this study.
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Table 4. Calculation conditions for the simulation.

High-Density Fluid Low-Density Fluid

Particle spacing (mm) 0.009
Impact radius (mm) 0.017

Sample amount, M (g) 100 100
Nozzle diameter, D (mm) 3,5,9 3,5,9

Specific heats for the solid and liquid,
Cps, Cpl (J/kg K) 190 250

Melting point, Tm (◦C) 60 90
Thermal conductivity, k (W/m K) 36 30

Latent heat, h1 − h0 (J/kg) 25,000 30,000
Initial viscosity (170 ◦C), µ0 (Pa s) 3.3 × 10−4 6.3 × 10−4

Stephan-Boltzmann constant, σ 5.67 × 10−8

Emissivity, ε 0.15
Environmental temperature, Te (◦C) 30
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5. Numerical Simulation Results
5.1. Simulation Results in the Density Stratification

Snapshots of the molten metal spreading behaviour in density stratification with a
9 mm outlet and 3 mm outlet are depicted in Figure 10a,b, respectively. Although the flow
rate differed depending upon the outlet diameters, the low-density fluid flew out later and
accumulated on the high-density fluid in both cases.
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The material distribution after solidification with different outlet diameters is sum-
marized in Figure 11. Low-density fluid particles accumulated around the centre region
and high-density fluid particles were deposited around the edge of the front surface. On
the backside, many high-density fluid particles occupied the entire region regardless of
the outlet sizes. The simulation results qualitatively agreed with the mapping image in
Figure 5 obtained via experiments.

5.2. Simulation Results in the Reverse Density Stratification

The spreading behaviour in the reverse density stratification with 9 mm and 3 mm
outlets is shown in Figure 12a,b, respectively. The material distribution after solidification
with various outlets in reverse density stratification is summarized in Figure 13. In the
9 mm outlet case, high-density fluid particles accumulated at the edge on both the front and
the back sides. In contrast, the high-density fluid particles accumulated around the central
region on both sides in the 5 mm and 3 mm outlet cases. The simulation results on the
outflow rate with the 9 mm outlet and 3 mm outlet are shown in Figure 14a,b, respectively.
The outlet scale controlled the outflow order of the reverse stratified fluid. The high-density
fluid was sucked into the outlet, and the cumulative outflow rate of the high-density fluid
exceeded the low-density fluid at approximately 60% in the 9 mm outlet. In contrast, there
was no overtaking in the 3 mm outlet. According to the Koyaguchi experiment [44] and
Blake and Ivey’s analysis [45], the phenomenon was likely derived from the inertia effect.
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6. Discussion
6.1. Summary of the Spreading and Deposition Progression of the Stratified Material

Based on both the experimental and the simulation results, the spreading and deposi-
tion progression for each stratification condition is summarized. Figure 15 is a schematic
summary of the phenomena in this study.

<Density stratification condition>
1© High-density material was first discharged, spread on the receiving plate, and

solidified.
2© Low-density material spread on the high-density fluid and accumulated around the

centre region.
3© After solidification, the low-density material was observed only near the centre on

the front side.

In the reverse density stratification case, the outflow tendency depended on the outlet
diameters.

<Reverse density stratification with large outlet>
1© A part of the low-density material was discharged and spread on the receiving plate,

but shortly thereafter, the high-density material was sucked into the nozzle and
preferentially flowed out, and the high-density material spread on the low-density
material.

2© The residual low-density material was deposited on the high-density material.
3© On both sides, the low-density material was observed at the edge, and the high-

density material was around the centre.

<Reverse density stratification with small outlet>
1© Most of the low-density material was discharged and deposited on the receiving

plate.
2© High-density material flowed out and accumulated around the centre region.
3© After solidification, high-density material accumulated around the centre region,

and low-density material accumulated around the edge region.
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From the entire results, it was found that the outflow and the spreading-solidification
behaviour of the stratified molten metal were depending on the outlet diameters. However,
in order to represent the phenomena in 1FNPPs, the scale effect between the present study
and 1FNPPs should be taken into consideration. In 1F NPPs, due to the large mass flow rate
of the molten metal compared to this study, the inertia effect might be dominant. According
to Blake, S. Ivey, GN analysis [39], the large inertia effect induces the large suction effect of
the stratified material. Therefore, it is possible that the schematic phenomena shown in
Figure 15 occurred in 1FNPPs regardless of the scale effect.
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6.2. Comparative Study on the Fuel Debris Distribution between Present Study and the Fuel
Debris in 1F Unit 2

The summary of fuel debris in Unit 2 and the results of large-scale experiments carried
out by Cooperative Laboratories for Advanced Decommissioning Science (CLADS) is
described in Figure 16 [1–3,46]. Both TEPCO and CLADS results indicated the fuel debris
at the PCV of Unit 2 is derived from the structural elements because the fuel debris in Unit
2 might exist without mixing between the fuel, which is high-density material, and the
structural components, which is the low-density material. This tendency is qualitatively
the same as the results of the present study.
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7. Conclusions

The melting-solidification behaviours of the stratified molten metal discharged down-
ward were investigated. The molten metal spreading experiment was performed using
two simulant materials with a similar density ratio to the actual fuel and the structural
components in Fukushima Daiichi Nuclear Power Plants (1F NPPs). The simulant ma-
terials were arranged in the vessel with density and reverse density stratification. The
experiments were carried out with various outlet diameters. After the metal spread and
solidified, two types of X-ray analysis were conducted. Mapping image analysis was
completed to visualize the high-density material distribution in the solidified metal. A
point analysis is used to obtain the quantitative values of the high-density material in the
solidified metal. Moreover, numerical simulation using the moving particle full-implicit
(MPFI) method [31–33], a particle method conserving angular momentum, was performed
to reveal the outflow mechanisms and melting-solidification behaviours.

In the experiment with the density stratification, the low-density material accumulated
around the centre region on the front side, and the other areas were occupied by the high-
density material regardless of the outlet diameters. In the experiment with the reverse
density stratification, the material distribution was dependent on the outlet diameters. In
specific, the high-density material accumulated around the edge region for the larger outlet.
In contrast, with the smaller outlet, the high-density material was deposited around the
centre region. According to the existing theoretical estimation, this effect was derived from
the inertia effect [44,45].

Numerical simulation was also performed with various outlet diameters to reveal
the mechanisms that affect the material distribution after solidification. The simulation
results obtained with the density stratification and the reverse density stratification were
in good agreement with the experimental mapping image analysis. In the reverse density
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stratification, the outflow order and the material distribution after solidification were
significantly affected by the outlet diameters.

Overall, the results in this study imply that it is necessary to consider the failure size of
the RPV and the mixing/separation condition (e.g., stratification) of the multiple materials
in the RPV to understand the fuel debris distribution in 1F NPPs. This is because these
conditions may affect the outflow order and the subsequent spreading of the fuel debris.
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