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1. Introduction 

 

After Three Mile Island (TMI) and Fukushima 

accidents, safety analysis in severe accidents condition 

has become a major topic in nuclear research. During a 

postulated severe accident scenario involving failure of 

emergency core cooling, molten corium can be generated 

and released from the RPV, and behavior of the molten 

corium can influence the aspect of the severe accident 

scenario. Especially, as the crust layer may exist as 

obstacle of heat transfer and flow behavior at surface of 

the molten corium, calculation of crust formation 

behavior also major topic for prediction of severe 

accident scenario. Behavior of molten corium and 

solidification of crust layer have been studied through 

preceding studies. The studies mainly have been 

conducted through experimental studies and 

computational analysis including empirical correlation.  

Many studies simulate behavior of molten corium by 

pouring molten corium into stainless-steel substrate. 

KATS [1], SPREAD [2], FARO [3] and VULCANO [4-

6] was one of the representative spreading test facility 

using oxide simulant. The interpretation of heat removal 

and solidification by radiative heat transfer was 

sufficiently observable. While the experimental studies 

provide information for behavior of molten salt in a 

specified environment, the experimental studies have 

limit that they cannot evaluate behavior in various 

environments. 

Many computational studies have also been conducted 

to predict the melt spread process. Firstly, MELT 

SPREAD [7], THEMA [8-9] and CORFLOW [10] were 

developed in Eulerian-based Lumped parameter codes, 

to simulate behavior of molten corium in severe accident 

scenario. The Eulerian-based numerical tools have 

advantages including high accuracy and calculation 

efficiency, but also have limit that it should rely on the 

above empirical formula and computational domain.  

Lagrangian approaches can be more proper candidate 

for substitute to predict the phase change and thermal 

behavior in condition of various environment and 

changes in computational domain. Moving Particle 

Semi-implicit (MPS) which is one of the main 

Lagrangian-based simulation method, can provide high 

accuracy in fluid dynamics, heat transfer, and phase 

change of incompressible fluids for Corium analysis. The 

previous study [11] about corium analysis using MPS 

method has been sufficiently achieved, while 

interpretations still show a little high error rate caused by 

assumptions for changes in thermal properties in phase 

change of molten metal. 

 

Thus, the objective of this study is development of 

heat transfer and phase change calculation technique in 

MPS which does not rely on empirical formulas. The 

calculated results were compared with data from some 

spread experiments and results of preceding numerical 

studies and to verify and validate the numerical model 

developed in this study.  

 

2. Numerical Method 

 

 

2.1. Governing Equation for MPS Method  

               

MPS is one of the Lagrangian-based computational 

fluid dynamics (CFD) methods which means particle -

tracking simulation methods developed to analyze 

incompressible fluid such as water or metals. The MPS 

calculates fluid dynamics using the interaction with 

neighboring particles existing within effective radius 

which is a certain distance radius from the calculating 

particles. For this purpose, Kernel function in equation 

(1) was used and it quantifies the degree of interaction 

over distance. without generating a computational grid, 

Lagrangian-based CFD employ numerical models using 

partial differential operators such as gradient, divergence 

and laplacian operators with Kernel function. 

 

𝑤(𝑟) = {

𝑟

𝑟𝑒

− 1 (0 < 𝑟 ≤ 𝑟𝑒)

0 (𝑟𝑒 ≤ 𝑟)
(1) 

 

The value 𝑟𝑒  means effective radius, and r means 

distance between the computing particle and neighboring 

particles. The effective radius is determined by 

multiplying the average distance between particles with 

effective radius factors. If the factors get larger, as the 

particles get more interacting particles, computation has 

larger accuracy but more computational load. Thus, 

appropriate effective radius should be used.  

 

While the MPS method basically calculates fluid 

dynamics using two kinds of equation, mass and 

momentum conservation for flow analysis, this study 

additionally treated Energy conservation to calculate 

heat transfer behavior and phase change of melt spread 

through Equations (2), (3) and (4). 

 
𝜕𝑛

𝜕𝑡
+  𝛻 ∙ (𝑛𝑢) = 0 (2) 
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𝐷𝑢

𝐷𝑡
= −

1

𝜌
𝛻𝑃 + 𝑣𝛻2𝑢 + 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑒𝑙 (3) 

 
𝜕𝐻

𝜕𝑡
=

𝑘

𝜌𝐶𝑝

𝛻2𝐻+𝑞′′′ (4) 

 

2.1.1. Flow analysis model.  

 

As mentioned earlier, the MPS method uses kernel 

function to represent partial differential operators to 

compute interactions with neighboring particles. 

Equations (5), (6) and (7) represent the gradient, 

divergence and Laplacian operators using Kernel 

function used in the MPS method, respectively. 

 

⟨𝛻𝜙⟩𝑖 =
𝑑

𝑛0
∑ [

𝜙𝑗 − 𝜙𝑖

|𝑟𝑗 − 𝑟𝑖|
2 (𝑟𝑗 − 𝑟𝑖)𝑤(|𝑟𝑗 − 𝑟𝑖|)]

𝑗≠𝑖

(5) 

⟨∇ ∙ 𝜙⟩𝑖 =
𝑑

𝑛0
∑

(𝜙𝑗 − 𝜙𝑖) ∙ (𝑟𝑗 − 𝑟𝑖)

|𝑟𝑗 − 𝑟𝑖|
2 𝑤(|𝑟𝑗 − 𝑟𝑖|)

 

𝑗≠𝑖

(6) 

⟨∇2𝜙⟩𝑖 =
2𝑑

𝑛0𝜆
∑(𝜙𝑗 − 𝜙𝑖)𝑤(|𝑟𝑗 − 𝑟𝑖|)

 

𝑗≠𝑖

(7) 

 

The value, 𝜙 stands for the computational variable. 𝑛0, 

d mean particle density and dimension, respectively. The 

subscript i and j represent the computing particle and 

neighbor particle. 𝜆 means kernel radius, the main factor 

used in the Laplacian calculation, which is the average 

value of multiplying radius with kernel function as 

shown in equation (8). 

 

𝜆 =  
∫ 𝑤(𝑟)𝑟2𝑑𝑣

 

𝑉

∫ 𝑤(𝑟) 𝑑𝑣
 

𝑉

(8) 

 

As mentioned earlier, the MPS method calculates flow 

analysis by developing numerical models of equation (2) 

and (3) using partial differential operators of equation (5) 

and (6). In this process, equation (2) and (3) are divided 

into Explicit Step and Implicit Step, and a temporary step 

is built for this purpose as an intermediate term. 

 

As shown in equation (9), the explicit step computes 

the velocity vector of the temporary step using terms of 

convection and external force in the right-hand side of 

equation (3).  

 

𝑢∗ = 𝑢𝑡 

+∆𝑡 [
2𝑑𝜈𝑖𝑗

𝑛0𝜆
∑(𝑢𝑗 − 𝑢𝑖)𝑤(|𝑟𝑗 − 𝑟𝑖|)

 

𝑗≠𝑖

+ 𝐹𝑒𝑥𝑡𝑒𝑟𝑛𝑒𝑙] (9)  

𝜈𝑖𝑗 =
2𝜈𝑖𝜈𝑗

𝜈𝑖 + 𝜈𝑗

(10) 

 

Thus, the coefficient, ν_ij in equation (10) was used as 

effective kinematic viscosity which is harmonic average 

between kinematic viscosity of each particle.  

 

On the other hand, in the implicit step for flow 

calculation, equation (11) calculates laplacian pressure 

using the pressure gradient term in equation (3), Navier 

Stokes equation.  

 

𝛻2𝑃𝑛+1 =
𝜌

∆𝑡
⟨𝛻 ∙ 𝑢∗⟩𝑖 (11) 

 

The following equation (12) is also derived by 

combining equation (11) and continuity equation, in 

equation (2). 

𝛻2𝑃𝑛+1 =
𝜌

(∆𝑡)2

𝑛∗ − 𝑛0

𝑛0
(12) 

 

While the equation (12) alone is also enough to 

calculate flow calculation, the pressure field was 

calculated using multi-source term model [12] in 

equation (13) by adding equation (11) and equation (12) 

combined with the divergence operator for 

computational stability. 

 

⟨𝛻2𝑃⟩𝑖 = 𝛼1

𝜌

∆𝑡
⟨𝛻 ∙ 𝑢∗⟩𝑖 + 𝛼2

𝜌

(∆𝑡)2

𝑛∗ − 𝑛0

𝑛0
(13) 

⟨𝛻2𝑃⟩𝑖 =
2𝑑

𝑛0𝜆
∑(𝑃𝑗 − 𝑃𝑖)𝑤(|𝑟𝑗 − 𝑟𝑖|)

 

𝑗≠𝑖

(14) 

 

The factors, 𝛼1 and 𝛼2 in the above equation represent 

weights for each equation (11) and (12). As sum of the  

𝛼1 and 𝛼2 value should be one, 1.0 and 0.05 was used for 

each value. In this study, we successfully conduct 

implicit computation for equation (13) and (14) by using 

linear algebra, Conjugate Gradient method [13] for 

matrix calculation. 

 

2.1.2. Heat transfer model.  

 

Numerical models for heat transfer calculation in MPS 

are interpreted by heat transfer on interfaces between two 

particles. The model was derived by modifying the 

energy conservation equation of equation (4) using the 

laplacian operator of equation (7).  

 

 𝐻∗ = 𝐻𝑡 + 

∆𝑡 [
2𝑘𝑖𝑗𝑑

𝜌𝐶𝑝𝑛0𝜆
∑(𝐻𝑗 − 𝐻𝑖)𝑤(|𝑟𝑗 − 𝑟𝑖|)

 

𝑗≠𝑖

+𝑞′′′] (15) 

 

The mean value of thermal resistance of each two 

fluids or solid materials was used as thermal resistance 

on the interfacial boundary. Thus, the coefficient, 𝑘𝑖𝑗 

was used as effective conductivity which is harmonic 

average between thermal conductivity of each particle 

because it is inverse of thermal resistance.  
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𝑘𝑖𝑗 =
2𝑘𝑖𝑘𝑗

𝑘𝑖 + 𝑘𝑗

(16)  

 

In this study, the phase transition was determined by 

the enthalpy value which is calculated with equation (15).  

 

 
Fig. 1. Rigid body grouping after phase change 

 

In this study, when the heat transfer calculation result 

shows solidification or melting, the Rigid body group is 

designated as shown in the figure above, and the Rigid 

body analysis is performed according to 2.1.3. 

 

2.1.3. Rigid body dynamics model.  

 

Rigid Body Dynamics model was developed to 

calculation behavior of solid mass operating within the 

MPS code such as crust layer.  

 

 
Fig. 2. Relative coordinates in rigid body mass 

 

As shown in Fig 1 and equation (17) to (19), particles 

within the rigid body mass move as a mass and move 

with same speed,𝑢𝑔 and a constant relative coordinate, 

𝑞𝑖
𝑘∗.  

 

𝑟𝑔 =
1

𝑁
∑ 𝑟𝑖

𝑁

𝑖

  (17) 

𝑞𝑖
𝑘∗ = 𝑟𝑖 − 𝑟𝑔  (18) 

𝑢𝑔 =
1

𝑁
∑ 𝑢𝑖

𝑘∗

𝑁

𝑖

 (19) 

 

2.1.4. Boundary condition 

 

Before calculation with the MPS method, Free surface, 

which is particles near the void, should be detected using 

condition with particle number density ( 𝑛𝑖 ). If the 

particle number density of the target particle is lower 

than the threshold which is average particle number 

density multiplied with free surface coefficient (𝛽) and 

𝛽 was set up as 0.95 in this study.  

 

𝑛𝑖 < 𝛽𝑛0 (20) 

Heat loss mainly occurs at the free surface through 

radiation heat transfer. Equation (21) shows radiation 

model based on Stefan-Boltzmann’s law where 𝜀  is 

radiation emissivity, 𝜎 is Stefan-Boltzmann constant, A 

is surface area which determined only at the free surface 

particles.  

 

𝑄 = 𝜀𝜎𝐴𝑇𝑖
4 (21) 

 

𝐴 = 6 (1 −
𝑛𝑖

𝑛0

) 𝑙0
2 (22) 

 

3. Result 

 

The FALO L-26S test, which was conducted in 

Karlsruhe, Germany in 1997, was analyzed using the 2D 

MPS code developed in this study. In this experiment, 

melted UO2/ZrO2 (the weight percentage of 80/20) 

about 160 kg was dropped by gravity through a drain 

tube of dry stainless-steel plates. The test was conducted 

at the FARO facility. The stainless-steel drain tube 

diameter is 150 mm, and the length of the lower 

spreading plate is 3050 mm, which is connected to the 

FARO furnace through the discharge tube, cross valve 

unit and discharge container. The 40 mm-high weir 

divided the drain tube from the spreading plate. About 

190 kg of molten solution was generated and released to 

the test section via the discharge tube by gravity. The 

upper test condition was described as an input statement 

for MPS calculation and it was illustrated in Fig 3. 

 

 

 
Fig. 3.  Simple description of FARO Test 

 

 

The UO2/ZrO2 mixture used in the FARO experiment 

was molten using electrodes prior to the experiment. 

Temperature measurements were conducted in the drain 

tube to measure the initial temperature. Initial conditions 

of the test sections were set up with initial temperature 

about 2950 K and atmospheric pressure. 

The MPS calculation was successfully conducted with 

about 30 hours computation time to perform the 

calculation of 10 sec for flow analysis of 3,741 particles. 

The adaptive time step was set to about 0.0001 sec to 
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sufficiently reduce the error for each step, resulting in  

10-6 of conjugate gradient calculation error. 

The calculation results were derived using previously 

developed algorithm and input conditions, and the 

spreading length was calculated for proper comparative 

analysis. The spreading length which means maximum 

x-direction position of the core melt is compared with the 

result of preceding study and FARO-L26S experiment in 

Fig 4.  

 

 

 
Fig. 4.  Comparison with experimental results 

 

Black solid lines in the figure indicate experimental 

result, black pointed data indicate result of preceding 

MPS study, and red solid line with point data indicate the 

calculation result in this study.  

The computational results show linear tendency of 

spread behavior up to 10 seconds, with 1120 mm of 

spreading length at 10 seconds. The result showed lower 

error than previous study, which means that the flow 

analysis in this study has high stability and accuracy with 

given input conditions performed in this work. On the 

other hand, while the experimental result and preceding 

study shows a clear multistage curve with convex and 

concave curvature, the curve was not shown in this study. 

It is because, while the multistage curve can be caused 

by repeated solidification and melting process, sufficient 

solidification was not shown in this study. Fig 5 shows 

the morphology of spreading and solidification behavior 

with 2D MPS calculation. 

As mentioned above and shown in the Fig 5, the crust 

formation from solidification was not generated enough, 

and it seems that heat transfer from the bottom of the 

spreading plate and radiation transfer at the upper 

boundary of the melt have not occurred sufficiently. As 

a result, modification on the heat removal model in wall 

heat transfer and radiation heat transfer will be needed 

through future works. 

 

 

 
Fig. 5. Morphology of spreading behavior of corium mixture 

with 2D-MPS calculation. 

 

4. Conclusions 

 

Spreading behavior was measured using Moving 

particle semi-implicit method with modified algorithm 

which was developed by adding heat transfer 

computations to compute solidification, ablation, and re-

melting phenomenon. The development of the algorithm 

was validated using data from of FARO L26S 

experiments. The computation was successfully 

performed with enough low error rates and high 

convergence. The computational results showed that the 

flow analysis model showed high stability and accuracy, 

while the heat transfer model can not generate enough 

crust, and it seems that additional modification was 

required in further study. 
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