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Abstract. Fluid sloshing simulations and tests were performed in a nuclear 

reactor scheme, especially core meltdown, using the moving particle semi-

implicit (MPS) method. The MPS method is a method for analyzing the in-

teractions between incompressible particles. In this method, the fluid is rep-

resented by particles, and each particle carries physical information such as 

position, velocity, pressure, and temperature. The fluid sloshing experiment 

was carried out using a glass bowl with dimensions of 11 cm x 20 cm x 9 cm 

and a glass cup with a diameter of 7 cm. The fluids used are water and cooking 

oil. The results of experiments and simulations with MPS show that the slosh-

ing of the water in the bowl's middle and outer wall is higher than oil due to the 

greater water viscosity. The fluid becomes thinner and easier to move as the vis-

cosity increases. In addition, the fluid's sloshing peak at the bowl's wall is 

always greater than in the center of the bowl due to the forces acting on the 

fluid. The sloshing height from the experiment is greater than the simulation 

results due to the lifting process of the glass. This study conducted experi-

ments and simulations to determine the fluid dynamics and the effect of fluid 

differences during fluid sloshing on a representative surface with a core 

catcher. 

Keywords: Fluid Sloshing, Core Catcher, Nuclear Accident, Moving Particle, 

Semi-Implicit Method 

1 Introduction 

In the nuclear energy fields, there were three major accidents that, within its disaster, 

many things can become the object of improvement. The accidents start with an in-

crease in the temperature of the fuel rod above its melting point [1,2]. Since the melting 

point of the fuel rod is the highest among material structures inside the reactor, when 

the fuel rod, including cladding, becomes molten other structural material will also melt 

and mix with the molten fuel, the so- called molten corium. Without any further cooling  
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approach, the temperature of molten corium will increase continuously due to decay 

heat. Based on that phenomenon, the viscosity of the molten will decreases due to high 

temperature and act like a viscous fluid. 

Some researchers have studied the relocation of the molten corium inside the reactor. 

Fukano et al., conducted the CAFÉ experiment to study the flow and the erosion [3,4]. 

MPS is a particle method fluid dynamic simulation that can easily simulate surface 

deformation cases. Regarding severe accident phenomena, MPS has been utilized and 

agreed well with some experiments devoted to imitating the accident. MPS have been 

used to calculate melting in the reactor lower plenum [5–7]. The MPS also calculates 

the molten outside vessel [8]. Research about the relocation of molten corium has been 

made to improve the MPS method to calculate eutectic phenomena [9–12]. 

The objective of this study is to simulate the sloshing experiment using by MPS 

method. This is the first step to evaluate its capability to simulate severe accident mech-

anisms, especially molten relocation in the core catcher where sloshing can happen. 

2 Method 

2.1 Sloshing experiment 

The sloshing experiment was conducted using a bowl made of glass and glass, see 

Fig. 1. The lower diameter of the bowl was about 11 cm, and the upper diameter was 

about 20 cm. The height of the bowl was 11 cm. The glass diameter was about 7 cm. 

The fluids for the sloshing were water and oil with detail density, and kinematic vis-

cosity shown in Table 1. 
 

  
(a) (b) 

Fig. 1. Initial condition of experiment (a) water (b) oil 

Table 1. Characteristics of the fluid used in the simulation 

Material 
Fluids 

Water Oil 

Density (kg.m-3) 1000.00 890.13 

Kinematic viscosity (mm2/s) 1.004 54.89 

2.2 MPS method 

The governing equation of the Newtonian incompressible fluid are the continuity and 

momentum equations, as equations 1 and 2, respectively. 
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Where 𝑢 is the velocity vector, t is time, 𝜌 is the fluid density, P is pressure, υ is kine-

matic viscosity, and g is the gravitational acceleration. 

As for the MPS calculation, the initial mechanism is explicit location modification 

of particles, and then the number density is renewed [13]. The next mechanism is an 

implicit modification where the particle number density is modified to the initial num-

ber to keep the fluid incompressible. 

The MPS method draws the fluid as a group of fluids interacting. However, even 

though it is assumed as a particle, there is no volume decrease since one particle has a 

volume equal to a cube with a side length equal to the particle diameter. The 𝑟𝑒 is the 

cutoff radius of particle interaction. The force between particles is defined according to 

the kernel function, weight function in the calculation of the number density model, 

Laplacian model, and gradient model. Equation 3 is the weight function of this calcu-

lation.  

𝑤(𝑟) = {
1 −

𝑟

𝑟𝑒 , 0 ≤ 𝑟 ≤  𝑟𝑒

0, 𝑟𝑒 ≤ 𝑟
 (3) 

All the interaction parameters will affect the calculated particle as long as the neigh-

boring particle is inside the cutoff radius. Those interactions are represented by a weight 

function w(r), as shown in equation (3). For comparison of MPS calculated results with 

experiment results, the geometry used in the calculation is similar to the sloshing ex-

periment in the previous section with some simplifications, see Fig. 2. The simulation 

was conducted in 2D system. 

 

 

Fig. 2. Initial condition of simulation 
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3 Result and Discussion 

3.1 Water experiment 

Fig. 3 shows the sloshing process for both experiment and MPS simulation using water. 

In the initial process, a small disagreement occurs between the experiment and simula-

tion due to the raising process of the glass. Some water seems to attach to the glass and 

then, at some height, start to fall. The reason for the phenomena is air pressure and 

surface tension. The air pressure outside the glass is greater than the pressure inside, 

and the gravity force is acting on the water. This time adjustment is needed between 

the experiment and simulation. Time of 0.04 s in the simulation is the condition where 

the front edge of the water reaches the bottom part of the wall, while that condition is 

at 0.04 s of the experiment. After that, the qualitative figure is presented with the same 

time interval between the experiment and simulation. Qualitatively, the results of both 

methods were similar. However, at t = 0.44 s of simulation, the experimental result 

shows a higher peak than the simulation—mainly due to the simulation of 2D dimen-

sion. In addition, increasing the number of particles may improve the agreement. 
 

   
 

 

 

 

 

 
0 s 0.11 s 0.22 s 

   
 

   
0.33 s 0.44 s 0.55 s 

Fig. 3. Comparison of experimental and simulation results of water 

Fig. 4 shows the MPS simulation result of the pressure profile of water. In the be-

ginning, it can be seen that high pressure is focused in the bottom-middle, then as it 

proceeds to the wall, the pressure decreases when the water climbs the wall and the 

high-pressure shift to the corner between the wall and the floor. 
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Fig. 4. simulated pressure profile of water 

Fig. 5 compares the experimental and MPS simulation of height profile versus time. 

Fig. 5a shows the height profile of the middle point of the bowl. Experimentally, the 

water height falls from 4 cm to 3.2 cm at 0.11 s; however, below that time, some water 

attached to the glass then falls. The simulation shows that the height falls below 3 cm 

at 0.11 s. Fig. 5b shows the water height on the wall of the bowl. It shows that the 

simulation value increases earlier than the experiment, and the peak of the simulation 

is higher than the experiment. This may be due to the early attachment of the water with 

the glass that delays the peak formation. Another reason for the delay was the geometry 

of the wall between the simulation and the experiment, where the wall of the experi-

ment was steeper. 

3.2 Oil experiment 

Fig. 6 shows the sloshing process for both experiment and MPS simulation using oil. 

Fig. 6 shows good agreement between the experiment and simulation of MPS. Unlike 

the case of water, this time, less oil is attached to the glass. However, air pressure is 

still affected at the beginning of the experiment. At 0.05 s, the fluid started to climb the 

wall. The fluid reaches the maximum wall height between 0.17 s and 0.39 s. The peak 

of sloshing formed at 0.39 s. After the peak formation, oil starts to become stable. 

Fig. 7 shows the MPS simulation result of the pressure profile of the oil. The pressure 

profile is like what happened to the water case. The pressure was high at the fluid's 

bottom-middle and started to spread as time passed when the peak of the sloshing 

formed the pressure slightly higher in the bottom-middle of the fluid. 

Fig. 8 compares the experimental and MPS simulation of height profile versus time. 

Fig. 8a presents a profile of the fluid height from the middle of the bowl. In the exper-

iment, the oil height starts at 4 cm and rises following the glass, then falls and spreads. 

On the other hand, simulation without such effect slowly decreases in height. For ex-

ample, Fig. 8b shows that the oil starts climbing the wall at 0.05 s, while the experiment 

at 0.11 s. This is highly due to the initial raising process that did not calculate in the 

simulation. However, overall, the trend shows a similar profile. 
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Fig. 5. Sloshing height of water at (a) the center and (b) the wall 
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Fig. 6. Comparison of experimental and simulation results of oil 
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Fig. 7. Simulated pressure profile of oil 

 

Fig. 8. Sloshing height of oil at (a) the center and (b) the wall 

The experiment showed that the fluid did not spread out when the glass was lifted—

part of the fluid was attached to the glass for some height before falling and spreading. 

The phenomenon was similar to the upside-down glass of water experiment [14]. It was 

air pressure from outside against pressure inside the glass. As the fluid leak out due to 
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an opening at the tip of the glass and bowl surface, outside air can penetrate, then the 

fluid continues to flow out or fall after a certain height. 

Fig. 5 and Fig. 8 show the sloshing wave formation after the fluid climbed the wall 

and reflected. The experiment shows that the oil case has a lower peak than the water 

case, which is affected by its viscosity [15,16]. The viscosity resists the movement of 

fluid climbing the wall; thus, higher viscosity fluid may affect more even though the 

oil has more kinetic energy at the beginning. 

4 Conclusion 

An experimental and simulation study was presented for the sloshing phenomena uti-

lizing water and oil. The two- dimensional sloshing simulation was conducted using 

the MPS method. Experimentally, the two fluids showed a similar process of spreading 

at the beginning of the process, including raising the fluid following the glass due to 

the air pressure effect. The fluid climbs the wall before being reflected and forming a 

sloshing peak. Both experimental and calculational results show a similar phenomenon 

in that the fluid spread in the beginning, climbed the wall, and then reflected to form a 

sloshing peak. Based on the simulation results, the pressure profile shows similar re-

sults for both fluids. Therefore, it is important to conduct a future experiment using a 

transparent pipe, i.e., without a closing end cap, to hinder the effect of air pressure. 

Acknowledgments. This study is fully funded by PPMI ITB 2022. The source code of 

the simulation is adopted from the works of Prof. Koshizuka, Prof. Sakai, and Dr. Shi-

bata. 
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