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Abstract 3D violent free-surface flows are modelled by
multi-resolution moving particle semi-implicit (MPS) method.
Firstly, a 2D dam-break flow with an obstacle is performed.
This shows that multi-resolution MPS can provide the inte-
grated and clear shape of free surface as that by universally
fine (Uni-Fine) with high-resolution particles in the entire
domain. Then the multi-resolution MPS method is employed
to carry out 3D violent free-surface flows, including dam-
break and water entry. In the dam-break case, a relative
rational pressure field can be provided and the predicted
impact pressures are also compared with experimental data.
In the 3D water entry case, the present method can capture
complex phenomena including largely free-surface deforma-
tions and splashing. The penetration depth of the cylinder is
also close to experimental data.

Keywords MPS (moving particle semi-implicit) · Multi-
resolution method · 3D violent free-surface flows ·
Dam-break · Water entry

1 Introduction

Moving particle semi-implicit (MPS) method is one of the
meshless particle methods. It was originally introduced by

B Decheng Wan
dcwan@sjtu.edu.cn

1 State Key Laboratory of Ocean Engineering, School of Naval
Architecture, Ocean and Civil Engineering, Shanghai Jiao
Tong University, Collaborative Innovation Center for
Advanced Ship and Deep-Sea Exploration, Shanghai 200240,
China

2 Department of Naval Architecture, Ocean and Marine
Engineering, University of Strathclyde, Glasgow, UK

(Koshizuka and Oka 1996; Koshizuka et al. 1998) for a
truly incompressible fluid. Numerous 2D works have been
reported in the literature (Khayyer and Gotoh 2008, 2013;
Zhang and Wan 2012; Zhang et al. 2013, 2014a; Tang and
Wan 2015; Tamai and Koshizuka 2014; Shakibaeinia and Jin
2011). Moreover, the MPS method is also applied for violent
free-surface flows in naval architecture and ocean engineer-
ing (Tang et al. 2016a, b). However, its high computational
cost may limit its further application to 3D free-surface flows
due to its semi-implicit algorithm, and the corresponding
computational efficiency for 3D applications is a severe prob-
lem.

Up to now, many MPS researchers have attempted to
accelerate computations in the frame of MPS by employ-
ing GPU and multi-CPU parallel techniques. Hori et al.
(2011) and Zhu et al. (2011) discussed the efficiency of
GPU computations for 2D free-surface flows. Kakuda et al.
(2012, 2013) investigated GPU-accelerating performance
using both 2D and 3D dam-break. Ovaysi and Piri (2012)
presented a multi-GPU acceleration based on modified mov-
ing particle semi-implicit (MMPS) method. Iribe et al. (2010)
discussed the optimization algorithm to reduce communica-
tion time among cores based on particle decomposition. Duan
and Chen (2015) compared the performance of six kinds of
pressure Poisson equation (PPE) methods by their parallel
MPS solver. Gotoh et al. (2009) developed a 3D parallelized
CMPS solver adopting a static domain-decomposition strat-
egy. Zhang et al. (2013) also implemented a 3D parallel
particle solver based on improved MPS and message pass-
ing interface (MPI) libraries and further applied it to green
water flows. The above works have proved the capability
of GPU and multi-CPU parallel in a particle-based MPS
method, where the acceleration computations can be imple-
mented based on increasing the hardware resources. Another
alternative tool to accelerate the computation is the spatially

123

http://crossmark.crossref.org/dialog/?doi=10.1007/s40722-016-0062-6&domain=pdf


356 J. Ocean Eng. Mar. Energy (2016) 2:355–364

local refine technique, which can be considered as an indirect
acceleration method. Until now, there have been numerous
spatially local refine techniques in the frame of weakly com-
pressible SPH method (Oger et al. 2006; Vacondio et al. 2013;
Omidvar et al. 2013; Barcarolo et al. 2014) and they have
also been applied to free-surface flows, such as bow break-
ing wave (Marrone et al. 2011) and dam-break (Vacondio
et al. 2012). However, a few of the relative works on the
MPS method have been studied (Yoon et al. 1999; Shibata
et al. 2012; Tanaka et al. 2009). The variable kernel size tech-
nique (Yoon et al. 1999) was mainly employed to investigate
the 2D bubble dynamics by Heo et al. (2002), Tian et al.
(2009) and Chen et al. (2010). In addition, the overlapping
particle (Shibata et al. 2012) and multi-resolution techniques
(Tanaka et al. 2009) were proposed for 2D free-surface flows
and the relative 3D applications are rarely reported.

The main objective of the present work is to simulate 3D
violent free-surface flows by multi-resolution MPS, where
the multi-resolution technique is embedded into our in-house
solver MLParticle-SJTU based on improved MPS (Zhang
and Wan 2012; Zhang et al. 2016). The paper is organized
in the following way. Firstly, the improved MPS method and
the multi-resolution technique are described, such as parti-
cle interaction models and cutoff radii for two different-size
neighboring particles. Next, the motion computation equa-
tion is described briefly. Finally, the multi-resolution MPS is
applied to 3D violent free-surface flows, including 3D dam-
break and water entry of cylinder flows. The comparisons
between the numerical results and experimental data are also
made.

2 MPS numerical models

2.1 Governing equations

In the MPS method, the governing equations are the conti-
nuity and Navier–Stokes equations, which can read as

1

ρ

Dρ

Dt
= −∇ · V = 0, (1)

DV
Dt

= − 1

ρ
∇P + ν∇2V + g, (2)

where D/Dt denotes the substantial or material derivative, ρ

is the fluid density, V is the velocity vector, P presents the
pressure, ν is the kinematic viscosity, g is the gravitational
acceleration vector, and t is the time.

2.2 Particle interaction models

Kernel function is quite significant in the particle-based
method. In the present work, we adopt an improved ker-

nel function without singularity (Zhang and Wan 2012) as
follows:

W (r) =
{ re

0.85r+0.15re
− 1 0 ≤ r < re

0 re ≤ r
, (3)

where re denotes the cutoff radius of the particle interaction
domain, and it is similar to the treatment by Koshizuka and
Oka (1996). In addition, particle number density (PND) is
defined as follows:

〈n〉i =
∑
j �=i

W (|r j − ri |). (4)

In the MLParticle-SJTU solver, all differential operators
in Eqs. (1) and (2) can be formulated as follows (Koshizuka
et al. 1998; Tanaka and Masunaga 2010; Yoon et al. 1999;
Shakibaeinia and Jin 2012):

〈∇P〉i = D

n0

∑
j �=i

Pj + Pi
|r j − ri |2 (r j − ri )W (|r j − ri |), (5)

〈∇ · V〉i = D

n0

∑
j �=i

(V j − Vi ) · (r j − ri )
|r j − ri |2 W (|r j − ri |), (6)

〈∇2φ〉i = 2D

n0λi

∑
j �=i

(φ j−φi )W (|r j − ri |), (7)

λi =
∑

j �=i W (|r j − ri |)|r j − ri |2∑
j �=i W (|r j − ri |) , (8)

where n0, D, r and φ are the constant particle number den-
sity, the number of space dimensions, the coordinate vector
of fluid particle and a physical quantity, respectively. In the
following section, the left hand side of pressure Poisson equa-
tion (PPE) is discretized by Eq. (7).

2.3 Model of incompressibility

The incompressibility condition is expressed by the combi-
nation of the constant particle number density condition and
divergence-free condition (Tanaka and Masunaga 2010; Lee
et al. 2011):

〈∇2Pk+1〉i = (1 − γ )
ρ

�t
∇ · V∗

i − γ
ρ

�t2

〈nk〉i − n0

n0 , (9)

where the superscripts k and k+1 indicate the physical quan-
tities in the previous and current time level, �t denotes the
calculation time step and γ is a parameter. For uniform res-
olution particles, γ = 0.01 is adopted here. In addition, γ is
smaller for interface particles than that for uniform resolution
particles.
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2.4 Time stepping

In the improved MPS method, a projection algorithm is
employed to decouple the pressure–velocity problem. There
are two stages in each time step (Tanaka and Masunaga
2010): firstly, a temporal velocity is predicted based on vis-
cous and gravity force,

�V∗
i = �t (ν∇2Vk

i + g), (10)

V∗
i = Vk

i + �V∗
i . (11)

Then, the particle number density nki (Eq. (4)) and velocity
divergence ∇ · V ∗

i (Eq. (6)) are calculated and the Poisson
equation of pressure (Eq. (9)) is solved to obtain the pressure
field.

Finally, the velocity based on the pressure obtained from
PPE is updated:

Vk+1
i = V∗

i − �t
1

ρ
∇Pk+1, (12)

rk+1
i = rki + �t · Vk+1

i . (13)

2.5 Boundary conditions

Numerous algorithms are developed to assess the free-
surface particles for particle-based simulations on the basis
of small particle number density (Koshizuka et al. 1998),
the number of neighboring particles (Tanaka and Masunaga
2010), the virtual light source and virtual screen (Shibata et al.
2015), and the asymmetry of neighboring particles (Khayyer
et al. 2009; Zhang and Wan 2012). Here, the detection method
by Zhang and Wan (2012) is employed. The function based
on the asymmetric arrangement of neighboring particles is
defined in Eq. (14):

Fi = D

n0

∑
j �=i

1∣∣ri − r j
∣∣ (ri − r j )W (ri j ), (14)

|Fi | > α, for free-surface particles, (15)

where α = 0.9 |F|0 and |F|0 is the initial value of the sur-
face particle. F is a vector with a large absolute value for
surface particles or particles in the vicinity of free surface,
since the distribution of their neighboring particles is largely
asymmetric as shown in Fig. 1.

In the present work, the fixed dummy particle method
is adopted to present the wall boundary (Koshizuka et al.
1998), where three layers of boundary particles are fixed. In
the multi-resolution simulation, only the differential models
for the target wall particle i are replaced using the following
modified ones when the different-size particles are close to
the target wall particle i .

Fig. 1 Sketch of the asymmetry distribution of the neighboring parti-
cles

2.6 Multi-resolution technique

In the multi-resolution MPS, the cutoff radii for two neigh-
boring particles are replaced by their averages to prevent the
situation that the influence domains of these two particles
cannot contain each other (Tanaka et al. 2009). In the present
work, the influence radii of all particle interaction models are
modified as in the following:

re = (rei+rej )/2, (16)

re_lap = (rei_lap+rej_lap)/2, (17)

where Eq. (16) is available for PND, gradient and diver-
gence models, and Eq. (17) is used for the Laplacian model.
Specifically, note that these modified cutoff radii have effects
only for two different-size neighboring particles (hereinafter
denoted as interface particles). These radii modifications are
quite important for the conservation of the particle system,
since it is the prerequisite for two neighboring particles fol-
lowing Newton’s third law.

The same cutoff radii for two different-size neighboring
particles can ensure that they can both be located in the influ-
ence domain of each other, but their interaction forces may
not be equal since the particle size (or mass) is not involved
in the standard MPS, which is quite different from the SPH
method. Therefore, the differential models for interface par-
ticles in MPS should be modified by considering the particle
size before multi-resolution simulations. In the present work,
the modification for conservative pressure gradient (Eq. (5))
at particle i can be given directly as

〈∇P〉i = D

n0

∑
j �=i

Pj + Pi∣∣r j − ri
∣∣2 (r j − ri )W (

∣∣r j − ri
∣∣)A j→i ,

(18)
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A j→i =
m j
Li L j

(Li + L j )

mi
Li

+ m j
L j

, (19)

where m and L are the mass and diameter of the particle,
respectively, and A j→i can be considered as the modification
for the kernel function in pressure gradient. Similar to Tanaka
et al. (2009), PND and velocity divergence models are also
employed in this modification.

In addition, the Laplacian model for interface particles is
given as in the following by ignoring the nonlinear effect:

〈
∇2φ

〉
i
= 2D

n0

∑
j �=i

(
φ j −φi

)
W

(∣∣r j −ri
∣∣)

(
m j
Li

/λ j + m j
L j

/λi

)
mi
Li

+ m j
L j

.

(20)

3 Motion computations

In the present work, only the vertical displacement is allowed
for the rigid body, and all the angular velocities are set as
zero during the entire simulation. Therefore, the governing
equations can simply be expressed as follows:

M
d2rG

dt
= Mg + Ffluid–solid, (21)

where M and rG are the total mass and the gravity center of
the rigid body, respectively, and Ffluid–solid is the hydrody-
namic force acting on the rigid body. Furthermore, the force
Ffluid–solid can be given as follows:

Ffluid–solid = −
∫ ∫

S
PdS, (22)

where P is the pressure on the wetted surface of the rigid
body and dS is the area multiplied by the normal vector of
the wetted surface of the rigid body.

4 Numerical examples

4.1 2D dam-break with obstacle

In our previous work, the multi-resolution MPS was applied
to 2D free-surface flows, including a hydrostatic problem
and a 2D dam-break flow (Tang and Wan 2015). In the latter
case, the recorded pressure between Uni-Fine and multi-MPS
shows the overall tendency together with experimental data
(Buchner 2002). In addition, the required CPU time by Uni-
Fine is nearly 2.5 times of that by multi-MPS, while particles
in the latter is about a half of the former. In this section, a more

complex dam-break model with an obstacle mounted in the
bottom wall is also produced by both the uniform resolution
and multi-resolution MPS methods to further validate the
multi-resolution technique before discussing 3D applications
in the following sections. The computational model is shown
in Fig. 2. Three cases are considered and the main parameters
are listed in Table 1. In the Multi-MPS case, the initial particle
mass distribution is provided in Fig. 3, where the particles
are colored by their masses.

Fig. 2 A schematic sketch of the computational domain for 2D dam-
break test

Table 1 Computational parameters used in the simulations

Cases Initial particle space (m) Description

Uni-Fine 0.002 Single resolution

Uni-Coarse 0.008

Multi-MPS 0.002/0.004/0.008 Multi-resolution

Fig. 3 Initial particle mass distribution for 2D dam-break problem
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Figures 4 and 5 show the comparison of free-surface defor-
mations between the numerical results and experimental data
(Koshizuka et al. 1995) at different instants of time. After the
water column is released at the gate, the water front firstly

moves along the bottom wall, and then impacts the obsta-
cle. Later, a tongue jet can be observed clearly. Then, the jet
moves toward the front right. It can be seen that the numer-
ical methods can capture these phenomena which are also

Fig. 4 Snapshots of 2D
dam-break flows at t = 0.2 s. a
Exp. (Koshizuka et al. 1995), b
Uni-Fine, c Uni-Coarse and d
multi-MPS

(a) (b) 

(c) (d)

Fig. 5 Snapshots of 2D
dam-break flows at t = 0.3 s.
(a) Exp. (Koshizuka et al. 1995)
(b) Uni-Fine, (c) Uni-Coarse (d)
Multi-MPS

(a) (b) 

(c) (d)
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Fig. 6 A schematic view of the
computational domain for 3D
dam-break problem (unit: m). a
geometry of dam-break and b
positions of pressure probes

(a) (b)

Table 2 Computational parameters used in the simulations

Case Initial particle space (m) Description

Multi-MPS 0.01/0.02/0.04 Multi-resolution

quite similar to the experimental photographs (Koshizuka
et al. 1995). However, the discrepancies can also be found
among the three numerical simulations. The particle distri-
butions by Multi-MPS is much more integrated than that
by Uni-Coarse, but is close to that by Uni-Fine, especially
before the jet impacting the right wall. In addition, the shapes
of free surface by Multi-MPS and Uni-Fine are also much
clearer than that by Uni-Coarse after the water front impacts
the obstacle. Furthermore, the CPU time by Multi-MPS is
nearly 30 % of that by Uni-Fine in this case. Therefore, only
the multi-resolution MPS is employed to carry out 3D cases
in the following sections.

4.2 3D dam-break flow

Dam-break is a violent free-surface flow accompanied by a
complex phenomena including the overturn of free surface,
the jet impacting water and liquid splashing. In this section, a
3D dam-break flow is simulated by the multi-resolution MPS
method. A schematic view of the computational domain is
shown in Fig. 6a, and two pressure probes are placed on the
right wall as shown in Fig. 6b. In this case, three kinds of
particle size are selected and the corresponding parameters
are listed in Table 2. In addition, the initial particle mass
distribution is shown in Fig. 7.

Some snapshots of the numerical flow fields are shown
in Fig. 8, where particles are colored employing their pres-
sures. Similar to the previous case, the water front first moves
along the bottom of the tank and then impacts the right wall,
resulting in water splashing as shown in Fig. 8b. Then, the
evolution of impact pressure at two pressure probes P1 and
P2 are both illustrated in Fig. 9, where the multi-resolution

Fig. 7 Initial particle mass distribution for 3D dam-break problem

MPS results are compared with the experimental data (Buch-
ner 2002). The overall tendency of pressure variations at both
P1 and P2 by the numerical method is in agreement with
the experimental data (Buchner 2002). The pressure peak
at P1 is also quite close to that in the experiments (Buch-
ner 2002), which occurs when the overturned free surface
impacts the underlying water. However, the phase difference
between the numerical results and experimental data can also
be observed at P1. The main reason behind this is that only
the one-phase model is adopted in the present work. After the
jet impacts the underlying water, a cavitation is formed and
air can also be entrapped in the cavitation. In this situation,
the air effect cannot be ignored and a two-phase model may
improve the results, which had been pointed out by Lind et al.
(2016).
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Fig. 8 Snapshots of the 3D dam-break problem using multi-resolution MPS at different instants of time. a t = 0.50 s and b 0.76 s

Fig. 9 The predicted dimensionless pressure at two pressure probes between experimental data (Buchner 2002) and the present results. a P1 and
b P2

4.3 3D water entry of a neutral buoyant circular
cylinder

In this section, a 3D water entry of the cylinder is car-
ried out by multi-resolution MPS, where the corresponding
experiment was carried out by Greenhow and Lin (1983). A
schematic view of the computational domain can be seen in
Fig. 10. The center of the cylinder with diameter 0.11 m is
0.5 m from the water level, and its density is 1000 kg/m3.
The cylinder is released at t = 0 s and only allowed to move
in the vertical direction. As reported by Sun and Faltinsen

(2006), the cylinder begins to impact the underwater at about
t0 = 0.301 s with an entry speed of 2.955 m/s. In our numer-
ical experiments, the computational domain is discretized by
three kinds of particle sizes listed in Table 3 and the initial
particle mass distribution is shown in Fig. 11, where the zone
close to the impact area is distributed with the finest particles
and one far from the impact area is represented by the coars-
est particles. In this case, the kinematic viscosity of water is
set to be 1.01×10−6 m2/s.

Figure 12 shows the snapshots of free-surface deforma-
tions and pressure fields during the 3D cylinder entering
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Fig. 10 A schematic view of the computational domain for 3D water
entry

Table 3 Computational parameters used in the simulations

Case Initial particle space (m) Description

Multi-MPS 0.005/0.01/0.02 Multi resolution

Fig. 11 Initial particle distribution for 3D water entry

water at different instants of time, where the particles are col-
ored by their pressures. From these figures, it can be observed
that the flow fields are quite violent after the 3D cylinder
enters the water. When the cylinder impacts the underlying
water, a high pressure area under the cylinder is generated. It
is expected that water exerts a large force on the 3D cylinder.
As the cylinder continues to move down, a jet is formed on
each side of the cylinder and the splashing is also very obvi-
ous. In addition, the area of high pressure region under the
cylinder decreases.

Furthermore, the comparison of depth of penetration
between the numerical results and referenced data is also
shown in Fig. 13, where the triangle indicates the experi-
mental data (Greenhow and Lin 1983) and the green line
represents the BEM result (Sun and Faltinsen 2006). Here,
the time axis represents the relative time from the initial
impact one t0. It can be seen that the overall tendency of
penetration depth by multi-resolution simulation is in agree-
ment with experimental data (Greenhow and Lin 1983) and
BEM result (Sun and Faltinsen 2006). From this figure, it
can be found that the cylinder does not touch the bottom
wall at t = 0.2 s, while it reaches the bottom wall in the
experiments. That is to say, the penetration speed in the sim-
ulations is slower than that in the experiments. The main
reason may be that the air effect is not considered in this
paper. In this case, the entry speed reaches nearly 3.0 m/s
and the flow is quite violent and complex; there may not be
enough time for air to escape from the surface of the 3D
cylinder.

5 Conclusions

In the present work, 3D violent free-surface flows are carried
out numerically. Firstly, a 2D dam-break flow is performed
to validate the performance of the multi-resolution MPS. The
comparisons of the shape of the free surface among uni-
form resolution and multi-resolution numerical results and
experimental photographs (Koshizuka et al. 1995) show that
Multi-MPS can portray more integrated free surface than that
by Uni-Coarse, but is similar to Uni-Fine. The profile of the
jet by the former is also clearer than that by the latter. In
addition, the CPU time by Multi-MPS is less than that by
Uni-Fine. Then, the multi-resolution MPS is applied for 3D
free-surface flows. In the dam-break case, the recorded pres-
sures at two probes are compared with the experimental data
(Buchner 2002). The overall tendency of pressure variation
and pressure peak by multi-MPS is in good agreement with
experiments except that the phase of pressure peak at P1

lags the experiments, due to the one-phase model adopted
in the present work. In the 3D water entry case, a cylinder
impacts the underlying water and a jet forms on each side
of the cylinder. When the cylinder further goes down, com-
plex phenomena such as largely free-surface deformation
and splashing can also be observed clearly. The penetration
depth of the cylinder is also very close to experimental data
(Greenhow and Lin 1983). The discrepancy between numer-
ical results and experiment may be caused by the one-phase
model used in this work.
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Fig. 12 Snapshots of 3D water entry flows using multi-resolution MPS at different instants of time. a t = 0.31 s, b t = 0.39 s, c t = 0.41 s and
d t = 0.50 s

Fig. 13 Depth of penetration of the circular cylinder among experi-
mental data (Greenhow and Lin 1983), BEM result (Sun and Faltinsen
2006) and the present results

However, improvements should be further made. For the
long time simulations such as violent liquid sloshing flows, it
is hard to ensure the situation where the initial refine region is
always occupied by high-resolution particles, and different-
size particles may mix randomly since no particle splitting
and coalescing algorithms are implemented in the present
work. Nevertheless, particle splitting and coalescing may
lead to pressure discontinuity. In the future, these problems
should be further investigated.
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