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Abstract: A meshless numerical simulation method, the moving-particle semi-implicit method (MPS) is 

presented in this paper to study the sloshing phenomenon in ocean and naval engineering. As a meshless 

method, MPS uses particles to replace the mesh in traditional methods, the governing equations are 

discretized by virtue of the relationship of particles, and the Poisson equation of pressure is solved by 

incomplete Cholesky conjugate gradient method (ICCG), the free surface is tracked by the change of 

numerical density. A numerical experiment of viscous liquid sloshing tank was presented and compared 

with the result got by the difference method with the VOF, and an additional modification step was added 

to make the simulation more stable. The results show that the MPS method is suitable for the simulation 

of viscous liquid sloshing, with the advantage in arranging the particles easily, especially on some 

complex curved surface.  
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1 Introduction
1
 

Liquid sloshing is the to-and-fro motion of a partially 

filled tank. With the ship’s movement (rolling, 

pitching and so on), the ballast tank, oil tank of the 

ship will show sloshing phenomenon. The liquid 

sloshing loads action on the wall of tank, and that can 

cause local structural damage, some can influence the 

stability or maneuverability of the ship
[1-2]

. 

 

Recently, with the development of the LNG, LPG and 

VLCC, except the ballast tank and oil tank, more 

tanks of ship need to be considered, so more attention 

are paid to the sloshing of the liquid tanks in ship. In 

the last century, many researches used mesh to study 

the liquid sloshing, resolving the free surface with 

Marker and Cell (MAC) or Volume of Fluid (VOF), 

others used experimental methods by virtue of the 

potential flow theory for the liquid sloshing. 

Numerical simulation plays an important role in the 

liquid sloshing study. 

 

In recent years, the viscous CFD technology has been 

developed, and many meshless methods have been put 
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forward, such as smoothed particle hydrodynamics 

(SPH), Moving-Particle Semi-implicit Method (MPS), 

and so on. These meshless methods provided new 

tools for studying the hydrodynamic phenomena, 

which have the advantage of arranging the particles on 

some complex curved surface more easily than mesh 

methods.  

 

MPS is a new fully Lagrangian meshless method
[3]

, 

which substitutes particle for mesh in traditional 

methods, so MPS is called particle method too. Some 

ocean engineering problems have been studied by 

MPS method in Japan
[4-6]

. In this paper, MPS is used 

to simulate the liquid sloshing and demonstrate the 

possibility that MPS is suitable for simulating the 

liquid sloshing. 

 

2 MPS method 

The continuity and the Navier-Stokes equations are 

used as governing equations for incompressible flow: 

Continuity equation: 

D

Dt

ρ
ρ= − ∇U .             (1) 

Navier-Stokes equation: 

2D 1

Dt
ν

ρ
= − ∇ + ∇ +

U
P U F .        (2) 
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In Eqs.(1) ~ (2), ρ is the density of fluid, t the time, U 

the velocity vector, P the pressure and F the 

acceleration of body forces. 

 

2.1 Kernel function  

In MPS method, the particles’ relationships substitute 

for the differential operators in traditional methods. 

The kernel function is used for a particle’s interaction 

with others. This concept has been used in SPH, 

another meshless method. Study shows that the kernel 

function plays a very important role in simulations. In 

this paper, 5 different functions are employed for 

simulations of sloshing (see Fig.1 and Table 1). 

 

With these different functions, particles only interact 

with a finite number of neighboring particles. The 

range of interaction is determined by parameter re.

Table 1 Different kernel functions 

Kernel 

function 
KF1 KF2 KF3 KF4 KF5 
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Reference [7] [7] [7] [7] [3] 

The function w(r) depends on the distance r between 

the two particles. This function only works when 

distance r is less than re, the distance is closer, and the 

function w(r) is biger, which guarantees that two 

particles cannot hit each other. 

 
Fig.1 5 different kernel functions 

 

2.2 Particle number density 

Particle number density is defined as 

( )
j i

i i j
n w

≠

= −∑ r r .             (3) 

It is the sum of kernel functions of one particle i that 

works with other particles within the range of particle 

i, the contribution from i itself is not considered. 

Vectors ri and rj are the coordinates of particles i and j, 

respectively. 

2.3 Modeling gradient and laplacian 

MPS uses the gradient model and Laplacian model to 

replace terms of governing equation. These two 

models only work for one particle in its range 
e
r , 

which is the same range in kernel functions. 

 

A gradient vector between two particles i and j 

possessing scalar quantities fi and fj at coordinates ri 

and rj is given as (fj - fi)(rj - ri)/|rj - ri|
2
. For one particle 

i, it needs to calculate the gradient vectors with any 

combination of two particles which are in the range re 

of particle i. The gradient vectors between particle i 

and its neighboring particles j are weighted by the 

kernel function and added to obtain the gradient 

vector of particle i: 

( ) ( )2

0

i j

i j i j i

j i

f fd
f w

n j i

⎡ ⎤−
⎢ ⎥< ∇ > = − −∑
⎢ ⎥≠ −⎣ ⎦

r r r r

r r

,  (4) 

where the number d of space dimensions is 2 for the 

2-D space and 3 for the 3-D space. The gradient 

model is applied in MPS for the pressure gradient 

term, and n0 is the initial particle number density 

which can be got by Eq.(3) in the initial step of the 

simulation, vectors ri and rj are the coordinates of 

particles i and j respectively. 
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The Laplacian model ▽
2
f can be got by diffusion 

equation, which simulates the change of the quantities 

fi and fj between particles i and j, the kernel function 

should be considered between the two particles: 

( ) ( )
0

2
i j i j i

d
f f f w

n j iλ

⎡ ⎤< ∇ > = − −∑ ⎣ ⎦≠
r r .    (5) 

λ  in Eq.(5) can be got as follows: 

( )

( )

2

j i j i

j i

j i

w

w

λ
≠

− −

=

−

∑ r r r r

r r

.           (6) 

Other parameters are similar to Eq.(4). 

 

2.4 Modeling of incompressibility 

The continuity equation of governing equation 

requires that the density of fluid should be constant, 

MPS keeps n0 as a constant to ensure the fluid’s 

incompressibility. In the simulation, if the number 

density n
*
 is not n0, it needs to be implicitly corrected 

to n0 by 

*

0
n n n′+ = ,                         (7) 

where n′  is the correction value related to the 

velocity correction value u′ : 

0

1 '
'

n
u

t n

= −∇ ⋅
Δ

.              (8) 

△ t is the increment of time, and the velocity 

correction value can be derived from the implicit 

pressure gradient as follows: 

1
'

n
t

u P
ρ

+
Δ

= − ∇               (9) 

With Eqs.(7) ~ (9), a pressure Poisson equation is 

obtained as 

*

2 1 0

2

0

n i
n n

P
t n

ρ
+

< > −
< ∇ >= −

Δ
.      (10) 

The pressure Poisson equation can be solved by super 

over relax method (SOR) or incomplete Cholesky 

conjugate gradient method (ICCG). 

 

2.5 Modeling of free surface 

In a full Lagrangian motion of particles, free surface is 

clear to be traced by: 

*

0i
n nβ< > < .              (11) 

n0 is the initial particle number density calculated in 

the initial step of the simulation, <n
*
>i is the number 

density of particle i in any simulation step, β can be 

chosen between 0.8 and 0.99. 

 

3 Algorithm of simulation 

In each step of simulation, the source terms are 

explicitly calculated and the temporal velocities △ui

*
 

are got, then use the temporal velocities to calculate the 

motion of particles, and temporal coordinates ri

*
 are 

obtained. And then, the number density of each particle 

is changed. Use the number density and initial number 

density to set the pressure Poisson equation, then solve 

the pressure Poisson equation, and then get the pressure 

of the next step of simulation. Finally, the new 

velocities and coordinates of the next step of simulation 

are obtained by adding the pressure gradient terms with 

the next step pressure values, particularly, 

1) Calculate the initial velocities u
0
 and coordinates r

0
 

of each particle; 

 

2) In one increment of time △ t, calculate the 

increment of velocities △ui

*
 by  

( )* 2 n

i i
t νΔ = Δ ∇ +u u F ;         (12) 

 

3) Obtain the temporal velocities ui

*
 and ri

*
 

coordinates by △ui

*
: 

* *n

i i i
= + Δu u u ,              (13) 

* *n

i i i
t= + Δ ⋅ Δr r u ;            (14) 

 

4) Obtain the new number density of each particle 

<n
*
>i by Eq.(3) and set the pressure Poisson Eq.(10); 

 

5) With the next step’s pressure of each particle, 

calculate the correction velocities: 

' 1n

i i

t
P

ρ

+
Δ

= − ∇u ;            (15) 

 

6) With the correction velocities, obtain the new 

velocities ui

n+1 
and coordinates ri

n+1 
of the next step of 

simulation: 

1 * 'n

i i

+

= +u u u ;             (16) 

1 * 'n

i i
t

+

= + ⋅Δr r u .           (17) 

 

4 Numerical results of sloshing 

The sloshing of a partially filled tank is presented in 

this paper. The geometry is depicted in Fig.2. The tank 

was surging to-and-fro with the frequency of 1.0 Hz, 

which was close to the first order linear frequency of 

an ideal fluid (1.008 Hz), the amplitude of the surging 
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was 0.005 m. Result of this sloshing was compared 

with the result of the difference method with the 

VOF
[8]

. 

 

The increment of time △t is a dynamic state in this 

paper, the fastest particle in each simulation step is 

chosen, and the velocity of this particle is used in 

Courant’s law for calculation of △t: 

0

max

l
t αΔ =

v

.             (18) 

In Eq.(18), l0 is the distance of particles, vmax is the 

velocity of the fastest particle, α in generalized case is 

0.1. 

 

An open tank was used for sloshing at first, but it was 

found that at about 2.0 s of the simulation, one particle 

spattered out of the tank, with the gravity action, this 

particle became so fast that the increment of time △t 

became very little. So a close tank was chosen for 

sloshing in this paper (see Fig.2). 

 

 
Fig.2 Initial distribution of particles and scales of the tank 

 

At some steps of the simulation, a few of particles 

were too close and even passed through the wall of 

tank after the first correction of coordinates in Eq.(14), 

so the force given by kernel function was very big, 

and pushed the particle too far, while it could not 

happen in the real situation. It occurred because after 

the second correction of the last time step, the number 

density of each particle went back to the initial 

number density n0, but it couldn’t guarantee the 

distance of each particle with its neighbors going back 

to l0, so li

n
 may be less than 0.1l0, that caused the 

pass-through phenomenon in the first correction after 

Eq.(14) (see Fig.3). 

 

 
(a) Particle i and neighbors    (b) Particle i and neighbors 

 in initial step               in some time step 

Fig.3 Reason of the pass-through phenomenon 

 

Because of that, an additional modification is added 

after the correction of coordinates, by choosing a 

distance parameter. If two particles are close enough, 

pull them off by this additional modification (see 

Fig.4). 

 
Fig.4 Additional modification step 

 

Although the additional modification step has been 

taken, some kernel functions still cannot work in 

simulations, but in other functions, this additional 

modification step works well. 

 

Five different kernel functions in Table 1 were used 

for simulation, and in kernel function 2, 3.0 was 

chosen for α. The results show that kernel functions 2 

and 5 aren’t suitable for simulation of sloshing with 

0.005 m surging and 1.0 Hz frequency (see Fig.5). The 

other three kernel functions can be used in the 

simulation. 

 

Fig.5 One example of failure 



J. Marine. Sci. Appl. (2008) 7:184-189  188 

The simulation shows that results of kernel functions 

1, 2 and 4 are different in motions on each side of wall, 

and the results show that the motion of kernel function 

3 is the most close to the result of VOF (see Fig.6), so 

kernel function 3 is the most suitable for simulation of 

sloshing with 0.005 m surging and 1.0 Hz frequency. 

 

Fig.6 The surface of water on left wall in VOF 

 

         
T=18.0 s                          T=18.0 s                          T=18.0 s 

 

         
T=18.5 s                          T=18.5 s                           T=18.5 s 

 

         
T=19.0 s                          T=19.0 s                           T=19.0 s 

 

         
T=19.5 s                          T=19.5 s                           T=19.5 s 

 

           (a) Kernel Function 1                (b) Kernel Function 3                (c) Kernel Function 4 

Fig.7 Sloshing simulation using different kernel functions 

 

Comparing the result with the difference method with 

VOF
[8]

, it shows the velocities and coordinates 

simulated by MPS with kernel function 3 are very 

close to VOF (see Figs.6~7), and the pressure is 

acceptable too (see Figs.8~9). In pressure part, there 

are lots of fluctuation because the random of the 
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particles’ motion and every motion can influence the 

pressure of corresponding particle. 

 

As a full Lagrangian meshless method, MPS can trace 

the free surface easily and show the water condition in 

sloshing more easily, which are advantageous than 

some Eulerian numerical methods, but it’s difficult to 

trace the data of one fixed position, because of the 

continues moving particles. 

 

 

Fig.8 Pressure of left bottom (MPS, Kernel function3) 

 

 

Fig.9 Pressure of left bottom (VOF) 

 

5 Conclusions 

In this paper, a simulation of liquid sloshing is put 

forward by MPS and 5 different kernel functions. It is 

found that kernel function 3 is most suitable for 

simulation. Result shows that MPS can trace the free 

surface easily and show the fluid condition in each 

step. An additional modification step is added to make 

the simulation more stable. 

 

After comparing with other results, it shows the result 

of MPS is acceptable, and MPS is suitable for 

simulating the liquid sloshing. This paper just presents 

an initial study for the liquid sloshing using MPS, and 

more complicated sloshing simulations need to be 

studied based on MPS. 
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