18 9 Vol.18 No.9
2014 9 Journal of Ship Mechanics Sep. 2014

Article ID: 1007-7294(2014)09-1044-11

An Improved Moving Particle Semi-implicit Method
for Dam Break Simulation

WU Qiao—rui', TAN Ming—yi?, XING Jing—tang*
(1. Vibration and Shock Lab, Harbin Engineering University 150001, China; 2. FSI Group, Faculty of Engineering
and the Environment, University of Southampton, SO17 1B]J, UK)

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!". 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®™ and numeri-
cal®” 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®® 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".
Among these methods, SPH and MPS are widely accepted and applied in many areas.

MPS is first proposed by Koshizuka and Oka"! 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!"> ™, bubble dynamics, free surface flows!" and fluid—structure interaction"® 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.

Fig.1 The instant of dam break Fig.2 Dam accident in Xiangfen (Xi’an, 1980)

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:
do _p 7. (p =0
dt o
d’U 1 v vz (1)
Y = +
i -f- ) p+vV v

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



1046 18 9

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 7 and v". Then intermediate r* can be calculated by Eq.3:
vi=0 A ) 2)

r=r +Ar¥p* (3)
In the second stage, the intermediate particle number densities n* are obtained by the tem-

n+l

poral coordinates r*. The pressure in n+1 time p  is calculated implicitly by Poisson equation

in the following form:

2 n+l n*—n
Vip =P @
(Ac ) "o
n+l n+l
where n, is the initial particle number density. Then v and r  can be obtained by the follow-

ing two equations respectively:

n+l At n+l
v =F-=—V 5
o P (5)
rn+] :rn+%At* (Un+vn+l ) (6)

3 Numerical model of original MPS

3.1 Interaction model of particles
The kernel function proposed by Koshizuka and Oka" in 1996 is employed, which is used
most widely in MPS:

, e -1 (r<r,)
wlr)=y r (7)

0 (r>r,)
where r is the distance between particle, r, 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:
()= 2wl
i%

The Gradient model is described by:

<vd)>l :io 2

n /7

r-r|) (8)

W

J 13

) 9)

2
J i

where d is the dimemion, ¢, is the minimum value of the neighboring particles of particle 7, ¢

i
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=min (¢, ), which is effective to avoid instability resulting from minus pressure gradient.

The Laplacian model of ¢ at point i is expressed as

(V) =21 [~ )W (|1,

) (10)
n /\ JjF
where A can be calculated by the following equation:

2 N 5

]w(r)rdl/ Z[W(‘rj_ri‘)‘rj_ri‘ }
Aot == (1)

[wiridv 2 W]
J7t

The effective radius r,=2.1L, (L, 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)" must be satisfied:

Ar<01 Lo (12)

v

where L, is the initial distance of particles, v, 1is 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!" should be

taken into account:
2

Ly
mip
where w is the dynamic viscosity coefficient. Combining these two constraints, the time step is

Ar<0.125

(13)

determined by:
2

At<min o‘1i, 0.125 Ly
' U nax Iu’/p !

3.3 Boundary condition

(14)

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)*<Bn (15)

where 8 is a parameter below 1.0 and 8=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=p , =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!™ is employed to prevent fluid particles from penetrating the solid boundary, which is cal-

culated in the following equation:
Pl PZ
ro | |
-\ 2
;

flri=D| | "o (r>7y) (16)

r ‘o

where r, is usually set as L,, D=5gH, H is the height of water column, P,=4, P,=2.

4 Two improvements of MPS

4.1 Arc method
Tab.1 Arc method

Particle 3 Particle 7
Neighboring particle Covered arc (clockwise) Neighboring particle Covered arc (clockwise)
1 (0, 0.367Pi) 1 (0, 0.417Pi)
10 (0.228 Pi, 0.706P1) 8 (0.367 Pi, 0.711Pi)
2 (0.617P1, 0.861Pi) 5 (0.644 Pi, 0.989Pi)
4 (0.906 Pi, 1.311P1)
6 (1.278 Pi, 1.678Pi)
9 (1.561 Pi, 1.844Pi)
10 (1.756 Pi, 2.11Pj)
Overall covered arc: (0, 0.861Pi) Overall covered arc: (0, 2.11Pi)
Conclusion: Particle 3 is a free surface particle Conclusion: Particle 7 is an inner particle

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™ 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

flui o1 h .. 1 iudeed as f of . Fig.3 Tllustration of
uid particle; other conditions are all judged as free surface parti- Arce method

cles.

Inner particles are misjudged as
free surface particles.

Free surface particles are

Q/ misjudged as inner particles.

(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.

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

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<BL,, then the collision model is applied as:

_ ' ’
mu, +mv, =mv,+mo, (17)

where m is the particle mass, v, '=—ow, . The optimal combination is «=0.2, 8=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.

035

0 01 02 03 04 05 06

(a) Hydrostatic model (b) Compassion of pressure at P
Fig.6 Hydrostatic pressure simulation

6 Dam break simulation

6.1 Model of dam break without obstacle
The dam break model® is adopted here. As shown in Fig.7, the length and height of wa-
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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 L, is 0.01 m, the time step is 0.000 5 s. The kinematic viscosity coefficient v

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.

bl 28
(3. 22m, 2m) 26{ #  Experiment
—&— Original MPS
Pressure outlet 24l —e—improved MPS
22
) Air > 2
— — x
1.8
}7
(1. 2m, 0. 6m) e
P(3.22m, 0. 16m) -
—~ 1.2
Wall
T— 1 L ¥ =t =
[} 0.5 1 1.5 2 25 3
(0, 0) x 2
Fig.7 Model of dam break without obstacle Fig.8 Comparison for position change of leadingedge
of collapsed water column
12 1.2
| * G
Ly 1] —— Wil IMPS
14 [
12 ’
a !
o | S
08
" ’
02
0 - o y
o 2 <4 ? e 10 12 12
(a) Pressure change with original MPS (b) Pressure change with improved MPS

Fig.9 Comparison of pressure at point P

7=0.4044 7=0.910 7=2.224

T=4.549 7=6.571 T=9.9066
Fig.10 Dam break 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 , respectively. L is1.2 m, the
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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/
pgh. 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 7= 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- Daxi
ticles L is 0.01 m, the time step is 0.000 5 s. The I o obetacle
kinematic viscosity coefficient v is set as 0.001. The 2Z bleok
pressure at P1, P2, P3, P4 (the height is 0.016 m, O.
032 m, 0.048 m and 0.032 m) is invetigated. p‘fﬁim n
It can be seen from Fig.14 that the simulation f"'* L=t L~ B
; 4L i

results agree well with the experiment. Fig.11 shows
. Fig.11 Model of dam break with obstacle
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 Pland P2, the peak
pressure at P3 and P4 is smaller, but the peak repeats many times.
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Fig.12 Pressure change with time at Pland P2 Fig.13 Pressure changing with time at P3and P4

t=0.1 s
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1=0.2 s

1=0.3 s

=04 s

1=0.5 s

=10 s

Fig.14 Dam break with obstacle: experimental results (photo) by Koshizuka et al® 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-

?1994-2014 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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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.
Acknowledgements

This work is supported by the Fundamental Research Funds for the Central Universities
(Grant No. HEUCF140115) and the Research Funds for State Key Laboratory of Ocean Enginee—
ring in Shanghai Jiao Tong University (Grant No. 1310).

References

[1] He X Y, Liang Z Y. The influence of dam break and overview of related risk estimate[J]. China Flood Control and Drought
Relief, 2008, 6: 51-55.

[2] Martin J C, Moyce W J. Experimental study of the collapse of liquid columns on a rigid horizontal plan[J]. Philo— sophical
Transactions of the Royal Society of London, 1952, 244: 312-324.

[3] Carrivich J L, Jones R and Keevil G. Experimental insights on geomorphological processes within dam break outburst floods
[J]. Jounal of Hydrology, 2011, 408: 153-163.

[4] Xue Y, Xu W L, et al. Experimental study of dam—-break flow in cascade reservoirs with steep bottom slope[J]. Journal of
Hydrodamics, 2011, 23(4): 491-497.

[5] Park I R, Kim K S, Kim J and Van S H. Numerical investigation of the effects of turbulence intensity on dam—-break flows
[J]. Journal of Ocean Engineering, 2012, 42: 176-187.

[6] Chang T J, Kao H M, Chang K H and Hsu M H. Numerical simulation of shallow water dam break flows in open channels
using smoothed particle hydrodynamics[J]. Journal of Hydrology, 2011, 408: 78-90.

[7] Jeong W, Yoon J S and Cho Y S. Numerical study on effects of building groups on dam-break flow in urban area[J]. Jour-
nal of Hydro—environment Research, 2012, 6: 91-99.

[8] LiS, Liu W K. Meshfree and particle methods and their applications[J]. Applied Mechanics Reviews, 2002, 55(1): 1-34.

[9] Belytschko T, Krongauz Y, Organ D, et al. Meshless methods: An overview and recent developments[J]. Computer Meth-
ods in Applied Mechanics and Engineering, 1996, 139: 3-47.

[10] Thomas P F, Matthies H G. Classification and overview of meshfree methods[J]. Germany Brunswich Informa-tikbericht,
2003.

[11] Koshizuka S, Oka Y. Moving—paricle semi—implicit method for fragmentation of incompressible fluid[J]. 1996, 123: 421-
434.

[12] Sjalonaeomoa A, Jin Y C. MPS mesh—free particle method for multiphase flows[J]. Comput. Methods Appl. Mech. Engrg,
2012, 13: 229-232.

[13] Park S, Jeun G. Coupling of rigid body dynamics and moving particle semi—implicit method for simulation isothermal mul -
ti—phase fluid interactions[J]. Comput. Methods Appl. Mech. Engrg, 2011, 200: 130-140.

[14] Tian W X, Ishiwatari Y, et al. Numerical simulation on void bubble dynamics using moving particle semi—implicit method

[J]. Nuclear Engineering and Design, 2009, 239: 2382-2390.



1054 18 9

[15] Sun Z G, Liang Y Y and Xi G. Numerical simulation of the flow in straight blade agitator with MPS method[]]. Interna-
tioal Journal for Numerical Methods in Fluids, 2011, 67: 1960-1972.

[16] Sueyoshi M, Kashiwagi M and Naito. J] Mar Sci TechnolS. Numerical simulation of wave—induced nonlinear motions of a
two—dimensional floating body bu the moving particle semi—implicit method[J]. J] Mar Sci Technol, 2008, 13: 85-94.

[17] Shao S D, Lo Y M. Incompressible SPH method for simulating Newtonian and non—-Newtonian flows with a free surface[J].
Advances in Water Resources, 2003, 26(7): 787-800.

[18] Cummins S, Murray R. An SPH projection method[J]. J Coumut. Phys, 1999, 152(2): 584-607.

[19] Monaghan J J. Simulation free surface flow with SPH[J]. Journal of Computational Physics, 1994, 110: 399-406.

[20] Koh C G, Gao M, Luo C. A new particle method for simulation of incompressible free surface flow problems[]]. Interna-
tional Journal for Numerical Methods in Engineering, 2012, 89: 1582-1604.

[21] Abdolmaleki K, Thiagarajan K P and Morris—Thomas M T. Simulation of the dam break problem and impact flows using a
Navier—Stokes solver[C]// 15th Australian Fluid Mechanics Conference, December, 2004. The University of Sydney, Syd-
ney, Australia, 2004: 13-17.

[22] Koshizuka S, Tamako H and Oka Y. A particle method for incompressible viscous flow with fluid fragmentation[J]. Com-
putational Fluid Dynamics Journal, 1995, 4(1): 29-46.

', Tan Ming—yi*, Xing Jing—tang’

(1 , 150001 ; 2 ,
S017 1BJ))
. (MPS), .
,MP o , »
) o s MPS
. MPS - s

:U66 039 t A

(1986-), , , E—mail : qiaoruidhd@163.com;
Tan Ming-yi(1956-), , s ;

Xing Jing-tang(1951-), ’ °



