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Introduction
It has been difficult to simulate the impulsive pressure by violent sloshing because of extreme deformation of the free
surface. Traditional techniques to treat free surface motion are not suitable for such problem due to limitation in the
deformation of grid or the numerical diffusion. However, in recent years, some new techniques are available to treat
violent motion of moving boundaries. One of such numerical techniques is a particle method. With this method, Landrini
et al. 2) show numerical and experimental results of the sloshing problem in a partially filled tank. Their numerical method
is the SPH (Smoothed Particle Hydrodynamics) method 1), whereas the present paper uses the MPS (Moving Particle
Semi-implicit) method introduced by Koshizuka et al. 3) to simulate violent sloshing.

MPS Method and Its Improvement
The MPS method is similar to the SPH method in that both are based on the Lagrangian co-ordinate system. However the
unique spatial discretization and the semi-implicit treatment of pressure-velocity coupling are salient characteristics. The
discretization model is called a particle interaction model. The gradient of a scalar Φ is described by
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where d is the number of dimension of computation region, i.e. d =2.0 for 2D computations and d =3.0 for 3D. r is the
position vector of a particle, rij is the distance between particles denoted by subscript i and j, and w(r) is a kernel function
described by
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The gradient of Φ can be described by the weighted average of products of the difference in Φ and the unit vector. This
discretized form is simple and does not need any information of connectivity relationship among computation points. In
addition to say, it does not depend on whether it is 2D or 3D computation. The discrete form for the diffusion of Φ is
described by
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This form is a distribution of Φ from particle i to neighboring particles j. λ is a constant to adjust the distributed quantity
to an analytical solution. 
The other important feature, semi-implicit velocity-pressure coupling, is similar to a usual fractional step method. The
first step of the sequence is the computation of temporal velocity and position vector, u* and r*. They are described by
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where g is the vector of the gravitational acceleration and ν is the kinematic viscosity. 
The diffusion term in (4) is discretized by using (3). The next step is the computation of the particle number density n as
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Then a Poisson equation of pressure P is solved by an appropriate iterative solver. The Poisson equation in the MPS



method is described with the particle number density by
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Last, the pressure gradient is calculated, which corrects
the velocity and position vectors at n+1 time step. They
are
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These steps are repeated until the end of all
computations.
This sequence is quite different from the usual SPH
method, which uses the equation of state to compute
pressure.
Free surface profiles simulated by the MPS method
shows good agreement with experimental results. Figure
1 is an example of comparison of the free-surface shape
in a dam-breaking flow between numerical and
experimental results. However it has been pointed out
that the calculated pressure includes violent fluctuation
in time and space. Therefore, to reduce it, an auxiliary
computation for the pressure is added to the original
MPS method 4). This auxiliary computation calculates a
sub-flow field on the particle arrangement calculated by
the original MPS method. The spatial discretization of
sub-flow field uses (1), (3) and their combinations. The
velocity-pressure coupling scheme is a simple fractional
step method similar to conventional methods using grids.
The first step is the computation of temporal velocity of sub flow field described by
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where uALE is the velocity vector on the sub-flow field, and u is the velocity vector of particle motion calculated by the
original MPS method. Spatially descretized points are treated as moving nodes as in the same in the ALE method. The
next step is computation of the divergence of u*

ALE.

( ) ( )
∑

∑ ≠≠

−
⋅

−
≅⋅∇=

N

ij ij

n
i

n
j

ij

iALEjALE
ijN

ij ij
iALEi rr

rw
rw

dD
rruu

u
**

* )(
)(

. (9)

Then a Poisson equation for the pressure on sub-flow field PALE is described by
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Finally, uALE at n+1 step is corrected from u*
ALE as
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The sequence is implemented in parallel with computation of the original MPS method shown in Figure 2.
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Figure 1 Comparison of free surface profiles between

numerical computation(by MPS method) and
experimental result.



Results and Discussion
Computed results of the pressure by both methods are shown in Figure 3 for a dam breaking flow. The time history of the
pressure by the original MPS method includes unrealistic violent fluctuation, whereas the present method using the
auxiliary computation shows a much smoother time history. 
The present method is applied to the sloshing problem and compared with the experimental result carried out by Hu and
Kishev 5) to validate the numerical result. The experimental tank and conditions are shown in Figure 4. 
Comparison of free surface profiles in the case of forced oscillation period of 1.3 sec. is shown in Figure 5, which is the
most violent case because 1.3sec. is about the resonant frequency. Good agreement is obtained for the free-surface
profiles at each time instant.
The most important quantity in this study is the impulsive load caused by violent sloshing. At point P1 in Figure 4, time
history of the pressure was experimentally measured and is numerically calculated. Results of two cases are shown in
Figures 6 and 7. For the period 1.3 sec., two characteristic peaks appear over one period in both of numerical and
experimental results. The time interval between two peaks is almost the same. For the period 1.7sec., a primary sharp
peak and secondary peak can be observed. These are also simulated clearly.
As a conclusion, good qualitative agreement is obtained for the time history of the pressure by the present method, even
when the flow is extremely violent. Quantitative agreement looks also very promising.
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Figure 2  Calculation flow by combination of the MPS method and an auxiliary computation.
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Figure 3 Comparison of time history of the pressure on
side wall at P1 between the original and the
present MPS methods in a case of dam-
breaking flow.
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Figure 4 Schematic of the set up for sloshing
experiment and  computation.
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Figure 5 Comparison of free surface profiles at
T=1.3(sec.), l0 = 2.5(mm)
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Figure 6 Comparison of time history of the pressure
between numerical simulation and experiment
(T=1.3(sec.)).
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Figure 7 Comparison of time history of the pressure
between numerical simulation and experiment
(T=1.7(sec.)).




