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Abstract: Dam break is quite a common and hazard phenomenon in shipbuilding and ocean engineer-
ing. The objective of this study is to investigate dam break hydrodynamics with improved Moving Par-
ticle Semi-implicit method (MPS). Compared to traditional mesh methods, MPS is feasible to simu-
late surface flows with large deformation, however, during the simulation, the pressure oscillates vio-
lently, due to misjudgment of surface particles as well as particles gathering together. To modify these
problems, a new arc method is applied to judge free surface particles, and a collision model is in-
troduced to avoid particles from gathering together. Hydrostatic pressure is simulated by original
and improved MPS. The results verify that improved MPS method is more effective. Based on these,
dam break model is investigated with improved MPS.
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1 Introduction

Dam break flood resulting from a sudden release of water due to the catastrophic collapse
of dam (Fig.1) is a serious emviromental hazard, which causes loss of lives and huge enco-
nomic damage[1]. For exmaple, the dam break accident in Xiangfen in 2008, as shown in Fig.2,
casued about 300 death and the direct economic losses of 16 million dollars. Dam break flow
becomes more challenging when it propagates over some obstacles, which plays an important
role on the flow regime behavior at down stream. As a result, strong hydraulic jumps and dis-
continityor large deformation can occur. Hence, it is of great significance to minimize the catas-
trophic effects of the flood waves by forecasting the hazards. Both experimental[2-4] and numeri-
cal[5-7] methods are applied to investigate dam break problems. Among these numerical meth-
ods, meshless methods show great advantages in capturing free surface effeciently.

In recent years, meshless methods[8-9] have drew more and more attention in shipbuilding
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and ocean Engineering. Messless methods substitute meshes with particles to discretise the re-
search object. Compared to traditional mesh methods, the difficulties of generating mesh and
dealing with mesh mutation or drift can be avoided subtly, so mesh methods have absolute ad -
vantages in solving problems with large deformation. There are a variety of particle methods [10].
Among these methods, SPH and MPS are widely accepted and applied in many areas.

MPS is first proposed by Koshizuka and Oka[11] in 1996. MPS solves the Navier-stokes e-
quation in a complete Lagrange way so that the numerical diffusion resulted from solving the
convection term can be avoided. MPS becomes the hotspot of computational fluid dynamics in
shipbuilding and ocean engineering. It has been applied successfully to simulate multi-phase
flows[12-13], bubble dynamics[14], free surface flows[15] and fluid-structure interaction[16] problems.
However, the oscillation of pressure is a barrier to the complete application of MPS in engineer-
ing. In this study, arc method and a collision model were employed to improve original MPS.
And it was verified by hydrostatic pressure simulation. Based on these, different dam break
models are investiged and analysed.

2 Basis of MPS

Prediction-correction model is applied to solve the Navier-Stokes equation. The first step
is called prediction step. In this step, intermediate velocities and coordinates are calculated
explicitly by the information of last time step. The second step is called correction step. The
intermediate velocities are modified by solving Poisson equation. And then all the information
in next time step is achieved.
2.1 Governing equations

For impressible viscous flows, the continuity equation (Law of mass conservation) and
Navier- Stokes equation (Law of momentum conservation) are given by:

dρ
dt = 坠ρ

坠t +荦· ρ荦 荦v =0

dv
dt =f- 1

ρ 荦p+υ荦
2

荦
荦荦
荦
荦荦
荦

v
(1)

where ρ is fluid density, v is fluid velocity, f is the external force, p is pressure and υ is the

Fig.1 The instant of dam break Fig.2 Dam accident in Xiangfen (Xi’an, 1980)
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kinematic viscosity coefficient.
2.2 Prediction-correction model

In the first step, the intermediate velocity components v* are calculated using viscous dif-
fusion term and external forces term (as shown in Eq.2), which are explicitly calculated with

the values of r
n
and v

n
. Then intermediate r* can be calculated by Eq.3:

v*=v
n
+△t* f

n
+υ荦

2
v
n△ △ (2)

r*=r
n
+△t*v* (3)

In the second stage, the intermediate particle number densities n* are obtained by the tem-

poral coordinates r*. The pressure in n+1 time p
n+1

is calculated implicitly by Poisson equation
in the following form:

荦
2
p
n+1

=- ρ
△△ △t

2
n*-n0

n0
(4)

where n0 is the initial particle number density. Then v
n+1

and r
n+1

can be obtained by the follow-
ing two equations respectively:

v
n+1
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n+1
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3 Numerical model of original MPS

3.1 Interaction model of particles
The kernel function proposed by Koshizuka and Oka[11] in 1996 is employed, which is used

most widely in MPS:

w△△r =
re
r -1 r＜re△ △

0 r＞re△ △

△
△
△
△
△

(7)

where r is the distance between particle, re is the effective radius of particle, the value of which
directly affects the number of neighboring particles.

The number density of particle can be obtained by:

〈n〉i =
i≠j
Σw ri -rj△ △ (8)

The Gradient model is described by:

〈荦准〉i =
d
n
0

j≠i
Σ 准j-准赞 i

△ △ rj-ri△ △

rj-ri
2 W rj-ri△ △Σ Σ (9)

where d is the dimemion, 准赞 i is the minimum value of the neighboring particles of particle i, 准赞 i
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=min 准j� �, which is effective to avoid instability resulting from minus pressure gradient.
The Laplacian model of 准 at point i is expressed as

〈荦
2
准〉i =

2d
n
0
λ

N

j≠i
Σ 准j-准i� �W rj-ri� �Σ Σ (10)

where λ can be calculated by the following equation:

λ= V
乙w��r r

2
dV

V
乙w��r dV

艿

N

j≠i
Σ W rj-ri� �rj-ri

2Σ 艿
N

j≠i
ΣW rj-ri� �

(11)

The effective radius re=2.1L0 (L0 is the initial distance of particles) is applied for particle
number density, Gradient model and Laplacian model.
3.2 Stepping time condition

Since pressure is calculated implicitly by solving Poisson equation, the size of time step
must be contrained in order to ensure stable and accurate results. The following Courant-Fren-
drichs-Levy(C-FL)[17] must be satisfied:

△t≤0.1 L0

vmax
(12)

where L0 is the initial distance of particles, vmax is predicted maximun particle velocity during
the simulation. The factor 0.1 is introduced to ensure the particle moves only a fraction of par-
ticle spacing at each time step.

At the same time, another constraint prosposed by Cummins and Rudman [17] should be
taken into account:

△t≤0.125 L0

2

μ/ρ (13)

where μ is the dynamic viscosity coefficient. Combining these two constraints, the time step is
determined by:

△t≤min 0.1 L0

vmax
, 0.125 L0

2

μ/ρ� � (14)

3.3 Boundary condition
For the free surface boundary condition, the kinetic and dynamic boundary conditions are

imposed. In the vicinity of free surface, the particle number densities decrease because of in -
cluding the empty air region, where no particles exist. Thus, the free surface particles can be
judged by:

〈n〉i*＜βn
0

(15)
where β is a parameter below 1.0 and β=0.97 is selected in the study.

On the other hand, the dynamic free surface condition is satisfied by taking the atmo -
spheric pressure p=patm=0 for the free surface particles.
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In order to avoid misjudging the fluid particles near the boundary as free surface parti -
cles, the solid boundary is dicretised into three layers of particles. Moreover, a repulsive
force[19] is employed to prevent fluid particles from penetrating the solid boundary, which is cal-
culated in the following equation:

frrr =D r0
rr r

P1

- r0
rr r

P2r rr
r
2 r＞r0r r (16)

where r0 is usually set as L0, D=5gH, H is the height of water column, P1=4, P2=2.

4 Two improvements of MPS

4.1 Arc method
Tab.1 Arc method

As shown in Fig.4(a), the misjudgment of free surface particles hap-
pens sometimes, which will affect the calculation of pressure di-
rectly. Koh, Gao and Luo[20] used a new method called arc method,
which is illustrated in Fig.3 and Tab.1. The principle of arc method
is to check whether the particle is completely surrounded by its
neighbouring particles. In other words, if the overal covered arc is
beyond (0, 2Pi) without intervals, the particle is judged as inner
fluid particle; other conditions are all judged as free surface parti-
cles.

Particle 7
Neighboring particle

1
10
2

Covered arc (clockwise)
(0, 0.367Pi)

(0.228 Pi, 0.706Pi)
(0.617Pi, 0.861Pi)

Neighboring particle
1
8
5
4
6
9
10

Covered arc (clockwise)
(0, 0.417Pi)

(0.367 Pi, 0.711Pi)
(0.644 Pi, 0.989Pi)
(0.906 Pi, 1.311Pi)
(1.278 Pi, 1.678Pi)
(1.561 Pi, 1.844Pi)
(1.756 Pi, 2.11Pi)

Overall covered arc: (0, 0.861Pi)
Conclusion: Particle 3 is a free surface particle

Overall covered arc: (0, 2.11Pi)
Conclusion: Particle 7 is an inner particle

Particle 3

Fig.3 Illustration of
Arc method

(a) Particle number density method (b) Arc method
Fig.4 Comparison of two judging methods
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It can be seen from Fig.4 that compared to the particle number density method, arc method
is more effective to identify free surface particles.
4.2 Collision model

In order to prevent particles from gathering, a collision model is introduced into MPS.

As shown in Fig.5, OXY is overall coordinate system, and the coordinate with origin in
the center of the particle is local coordinate system. When the distance of two particles satis -
fies d＜βL0, then the collision model is applied as:

mvix+mvjx=mvix′+mvjx′ (17)
where m is the particle mass, vix′=-αvix. The optimal combination is α=0.2, β=0.99.

5 Numerical verification

The hydrostatic model is selected as shown in Fig.6(a). The simulation results are shown
in Fig.6(b). It can be seen that the pressure calculated by original MPS fluctuates largely
around the theoretical value, and it takes about 2 seconds for the pressure to stay close to the
theoretical value, while the pressure obtained by improved MPS reaches the theoretical value
in a very short time. Hence, the pressure occillation can be lessened to great extent by im -
proved MPS.

(a) Before collision (b) After collision
Fig.5 Collision model

6 Dam break simulation

6.1 Model of dam break without obstacle
The dam break model[21] is adopted here. As shown in Fig.7, the length and height of wa-

(a) Hydrostatic model (b) Compassion of pressure at P
Fig.6 Hydrostatic pressure simulation
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ter column and tanker are 1.2 m, 0.6 m and 3.22 m, 2 m, repectively. The initial distance be -
tween particles L0 is 0.01 m, the time step is 0.000 5 s. The kinematic viscosity coefficient υ
is set as 0.001. The pressure variation with time at P (3.22 m, 0.16 m) on the solid wall is de-
tected and analysed during the simulation.

Fig.8 shows the position change of leading edge of collapsed water column, of which the

horizontal and longitudinal ordinate are X=x/L and T=t 2g/L姨 , respectively. L is1.2 m, the

Fig.7 Model of dam break without obstacle Fig.8 Comparison for position change of leadingedge
of collapsed water column

(a) Pressure change with original MPS (b) Pressure change with improved MPS
Fig.9 Comparison of pressure at point P

Fig.10 Dam break simulation
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length of the water column. It can be seen from Fig.8 that the velocity of the leading edge is
accelerated as soon as the dam break happens, then literally gets to a stable value. When T≈
2.5, the leading edge arrives at the front solid wall. In Fig.9, the longitudinal ordinate is P=p/
ρgh. There are two pressure peaks during the process of dam break seen as in Fig.9. One hap-
pens at about T≈3, just after the leading edge arrives at the front, and the other occures at
about T≈6, the reason of which can be deduced from the phenomenon of dam break shown
in Fig.10 that the flow with high velocty shock at the wall, walks up along the wall, and then
overturns, drops and hits the wall again. It also can be seen from Fig.9 that the second peak
of pressure is much larger than the first one, which should be paid more attention in the predi-
tion of hazards by dam break.
6.2 Model of dam break with obstacle

Next, the example of dam break with obstacle studied experimentally by Koshizuka et al[22]

is investigaed, as shown in Fig.11. Here, L is 0.146 m
and h is 0.024 m. The initial distance between par-
ticles L0 is 0.01 m, the time step is 0.000 5 s. The
kinematic viscosity coefficient υ is set as 0.001. The
pressure at P1, P2, P3, P4 (the height is 0.016 m, 0.
032 m, 0.048 m and 0.032 m) is invetigated.

It can be seen from Fig.14 that the simulation
results agree well with the experiment. Fig.11 shows
the variation of pressure at P1 and P2. The pressure
peaks happen when the collapsed water column arrives at the obstacle at about 0.17 s, then
after that, the pressure literally decreases to the hydrostacic pressure; while in Fig.13, the
pressure jumps due to the strong discontinity of water jet. Compared to P1and P2, the peak
pressure at P3 and P4 is smaller, but the peak repeats many times.

Fig.11 Model of dam break with obstacle

Fig.12 Pressure change with time at P1and P2 Fig.13 Pressure changing with time at P3and P4

t=0.1 s
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t=0.2 s

t=0.3 s

t=0.4 s

t=0.5 s

t=1.0 s

Fig.14 Dam break with obstacle: experimental results (photo) by Koshizuka et al[22] and numerical results

6 Conclusions

In the study, arc method and one collision model are introduced to the original MPS to im-
prove the pressure oscillation. Hydrostatic pressure is simulated to verify improved MPS. Based
on this, the models of dam break with and without obstacle are investigated, and the main con-
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clusions are listed in the following:
(1) Arc method is quite an effective way to identify free surface particles. And collision

model is feasible to avoid particles from gathering together The improved MPS with arc method
and collision model is more compatible to simulate free surface flows.

(2) For the dam break without obstacle, there exists two pressure peak. One results from
the direct shock of collapsed water column, and the other from overturning water shock. The
second peak is larger so that it must be catiously checked when assessing the safety of the dam.

(3) For the dam break with obstacle, the front side of the obstacle affords a large shock
force, which will be catactrophic to buildings suffered from a dam break nearby. Althogh pres-
sure peak on the solid wall is smaller, however, the repetive force still can not be neglected.
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基于改进的移动粒子半隐式方法的溃坝模拟

吴巧瑞 1， Tan Ming-yi2， Xing Jing-tang2
（1 哈尔滨工程大学 振动冲击实验室， 哈尔滨 150001； 2 南安普顿大学环境工程系流固耦合组，

英国 南安普顿 SO17 1BJ）

摘要: 溃坝现象在船舶与海洋工程中是常见而又危险的，甲板上浪、液舱晃荡等都可以看作是广义的溃坝现象。 溃坝是

一种典型的自由面流动问题，存在运动边界以及复杂大变形和流体强间断问题，因此此类自由面流动的数值模拟一直

是计算流体力学领域的一大难题。 文章基于改进的移动粒子半隐式方法（MPS），对溃坝问题进行了研究分析。 相对于传

统的网格法，MP 在模拟大变形自由流动中展示了很大的优势。 但是，在模拟过程中，由于自由表面粒子的误判以及粒子

的过于集中现象，导致压力发生剧烈的震荡现象。 针对这些问题，把角度判断法和一个碰撞模型引入传统的 MPS 进行

改进。 静水压力的模拟验证了改进后的 MPS 方法的有效性。 在此基础上，文中对无障碍物溃坝和有障碍物溃坝模型进

行了模拟和分析。
关键词: 粒子法； 半隐式； 溃坝
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