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ABSTRACT 
 

In this paper, the effects of the location of one horizontal baffle on liquid sloshing under angular excitation are investigated. 

An in-house solver MLParticle-SJTU developed based on improved moving particle semi-implicit (MPS) method is used for 

numerical simulation. Firstly, a rectangular tank without baffles is modeled to show the validity of solver. Then, one 

horizontal baffle is installed in the tank and the location of it is changed. The results show that the arrangement of horizontal 

baffle makes significant effects on the impact pressure on the tank walls and the deformation of free surface. 
 

KEY WORDS:  Liquid sloshing; MPS; horizontal baffle; MLParticle-SJTU solver. 

 

INTRODUCTION 
 

In recent year, many countries focus on the exploitation and transportation of oil and natural gas with the rapid 

development of economy and the increasing demand of energy. LNGs, LPGs and VLCCs which can transport oil 

and liquefied gas have been built by large scale. For these liquid cargo vessels, the liquid sloshing is a common 

phenomenon in a partially filled container under external excitations, which will affect the structure of tank walls 

and the ship stability. The violent fluid induced by external excitations produces so high impact pressure acting on 

the tank walls that the structure may be destroyed. And the sloshing moment may disturb the ship stability and 

cause shipwreck. In order to reduce the damage of liquid sloshing, the filling level between 10% and 95% should 

be forbidden. But with the wide use of liquefied cargo vessels, the containers partially filled are inevitable. Many 

researchers have devoted themselves to studying the characters of liquid sloshing. 

 

The investigations on the liquid sloshing can be classified as three main types: theoretical analysis, experimental 

study and numerical simulation. In past years, many analytical models were developed by some researchers. 

Faltisnen (1974) developed the boundary element method (BEM) to study the sloshing in a two-dimensional (2-D) 

rectangular tank under translational excitation
[1]

. Chen and Chiang (2000) used finite difference method (FDM) to 

analyze the effect of sloshing on the floating body in waves
[2]

. Faltinsen et al. (2000) derived the multidimensional 

modal system to describe nonlinear sloshing based on the Bateman-Luke variational principle and verified the 

validness of this theory by experiments
[3]

. Faltinsen and Timokha (2001) applied this theory to the analysis of 2-D 

nonlinear sloshing in a rectangular tank
[4]

. Frandsen et al. (2003, 2004) made a series of numerical analysis of 2-D 

liquid sloshing under horizontal and vertical excitations by σ-transformed finite difference method
[5,6]

. Maleki and 

Ziyaeifar (2008) developed a theoretical damping model based on Laplace’s differential equation to investigate 

the effect of ring baffle and vertical baffle on reducing sloshing amplitude
[7]

. 

 

The experiment is a common method to investigate the characters of liquid sloshing, which can provide the 

reliable data to numerical simulation and the design of liquid tank. Panigrahy and Saha (2009) investigated the 

effects of multi baffles and ring baffles on reducing the sloshing in 3-D tank under translational excitation
[8]

. 

Delorme et al. (2009) carried out a series of experiments to research the impact pressure of sloshing in 2-D 

shallow filled tank under roll excitation
[9]

. Kim et al. (2009) studied the sloshing in 1/25 scale longitudinal and 
transverse models 138K LNGC tank with two different filling levels and two different excitation amplitudes

[10]
. 

Kimmoun et al. (2010) compared the impact pressures in two scale tanks and achieved the Froude similarity of the 
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global flows when correcting the transfer function of the flap wave maker in the low frequency region
[11]

. Marsh 

et al. (2010) studied the effectiveness of employing liquid sloshing as a structural control mechanism by many 

experiments
[12]

. Xue and Lin (2013) conducted a series of experiments to study liquid sloshing problems in a 

rectangular liquid tank with perforated baffle
[13]

. 

 

With the development of computer, Computational Fluid Dynamics (CFD) has been a significant method to study 

the complex sloshing problems which are limited by experimental conditions. Kim (2001) used SOLA scheme to 

solve the N-S equation with free boundary and simulated the sloshing flow in 2-D and 3-D tanks based on a finite 

difference method
[14]

. Kim et al. (2004) studied numerically slosh-induced impact pressures in 3-D and 2-D 

prismatic tanks by using VOF method
[15]

. Price and Chen (2006) applied modified Level-set method to the 

sloshing problems
[16]

. The results showed that the modified method can numerically simulate the nonlinear 

fragmentation of free surface. Xue and Lin (2011) also used VOF method to model a 3-D numerical tank with ring 

baffle and investigated the effect of different ring baffle arrangements on sloshing
[17]

. Shao et al. (2012) applied 

smoothed particle hydrodynamics method (SPH) to model 2-D liquid sloshing
[18]

. Koh et al. (2013) simulated 

liquid sloshing with constrained floating baffle in 3-D prismatic tanks by the improved consistent particle method 

(CPM)
[19]

. Yang et al. (2014, 2015) used another mesh-free method, moving particle semi-implicit method (MPS), 

to simulate liquid sloshing in 3-D tank under translational and angular excitations
[20,21]

. Zhang et al. (2014) used a 

parallel MPS method which adopts a domain decomposition strategy based on a background grid strategy and 

combines a dynamic load balance method to simulate 3-D liquid sloshing problem
[22]

. Tang et al. (2015) adopted 

the MPS method to research the effect of baffle height on sloshing in 2-D rectangular tank under angular 

excitation
[23]

. 

 

The objective of this paper is to study the effect of the location of horizontal baffle on liquid sloshing. For this 

purpose, a series of numerical simulations are carried out. At the beginning, sloshing in a partially filled 

rectangular tank without baffles under angular excitation is modeled to prove the effectiveness of our in-house 

solver. Then, the rolling frequency of the tank is increased to investigate the effect of horizontal baffle in 

suppressing the liquid sloshing. One horizontal baffle is installed in the tank. And the location of this baffle is 

changed to investigate its effects on impact pressure on walls and the deformation of free surface. 

 

METHOD 
 

The moving particle semi-implicit method (MPS) is a mesh-free method which is developed for incompressible 

flow with free surface. The mass, velocity and other information of fluid are included in particles. Because of this 

character, MPS method can simulate the complex deformation of free surface effectively. Koshizuka and Oka 

(1996) have introduced the MPS method
[24]

. In the following study, MPS method has been modified by many 

other researchers (Tanaka and Masunaga (2010)
[25]

, Lee et al. (2011)
[26]

, Zhang and Wan (2014)
[27]

). In this 

section, a brief introduction of numerical models is provided for MPS method. 

 

Governing Equations 

 
Governing equations are described as conservation laws of mass and momentum. For incompressible and viscous 

fluid, they can be presented as: 
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where  is the fluid density, t is the time, V


 is the velocity vector, P  is the pressure, is the kinematic viscosity 

and g

is the gravitational acceleration vector. 

 

Particle Interaction Models 

 

Kernel Function 

 

In MPS method, governing equations are transformed to particle interaction equations. A kernel function is used 

to describe the interaction between two particles. In this paper, kernel function is as follows: 
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where r is the distance between two particles and re is the radius of the particle interaction. re = 2.1l0 is applied for 

the particle number density and gradient model and re = 4.0l0 is used for the Laplacian model, where l0 is the 

initial distance between two adjacent particles. 

 

Gradient Model 

 
The gradient operator is modeled by using a local weighted average of the gradient vectors between particle i and 

its neighboring particle j. 
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where D is the number of space dimension, n
0
 is the initial particle number density and r


 is coordinate vector of 

fluid particle.  

 

Laplacian Model 

 

The Laplacian operator is modeled by weighted average of the distribution of a quantity   from particle i to its 

neighboring particle j. 
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where  is used to guarantee that the increase of variance is equal to the analytical solution. 

 

Model of Incompressibility 

 
Tanaka et al. (2010) proposed a mixed source term method, which combines velocity divergence and particle 

number density
[25]

. Lee et al. (2011) rewrote the Poisson equation of pressure (PPE) as
[26]

: 
* 0

2 1 *

2 0
(1 )k i

i i

n n
P V

t t n

 
    

      
 


                                                                                                     (7) 

where  is a blending parameter which varies from 0 to 1, n* is the temporal particle number density and Δt is the 

time step. In this paper,  = 0.01 is employed for all numerical simulations. 

 

Free Surface Detection 

 
Zhang (2012a) developed a modified surface particle detection method, which is based on the asymmetry 

arrangement of neighboring particles, is employed in this paper
[27]

. 
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where F


 is a vector which represents the asymmetry of arrangements of neighbor particles, 
0

F


 is the initial 

value of F


. 

 

RESULTS AND DISCUSSIONS 
 

Numerical Validation 
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In this case, 3-D liquid sloshing in a rectangular tank under angular excitation is simulated to validate MLParticle-

SJTU solver. The tank model is the same as Akyildiz’s experimental model
[28]

. The parameters of tank are shown 

in Fig. 1: the length (L) is 0.92 m, the width (B) is 0.46 m and the height (H) is 0.62 m. The filling ratio is 50%, 

corresponding liquid depth (D) is 0.31 m. According to linear potential theory, the lowest natural frequency is    

ω1 = 5.128 rad/s. The tank is subject to the rolling motion: 

0 sin( )t                                                                                                                                                            (11) 

where θ is the angular amplitude of excitation which is set to 8° and ω is the excitation frequency with the value 

of 2.0 rad/s. The center of rotation is the geometric center of tank. Two pressure probes are located at the wall, 

0.06 m and 0.25 m away from the bottom. In following cases, the initial particle space is 0.007 m and 548161 

particles are used. The time step is Δt = 5  10
-4

 s. 

Fig. 2 compares the pressure on P1 between experiment and MPS. The overall changing tendency of experiment 

and MPS with time shows a favorable agreement. The variation of the pressure is periodic with the forced rolling 

motion of the tank under external sinusoidal excitation. Only a pair of minimum and maximum pressures can be 

observed in each period. The agreement between experiment and MPS proves that MLParticle-SJTU solver is 

valid for the simulation of liquid sloshing. 

 

Effects of horizontal baffle 

 
In this section, the excited frequency is changed to ω = 4.0 rad/s. One horizontal baffle is installed in the tank. 

And the location of baffle is changed to investigate its effect on impact pressure on side wall and the deformation 

of free surface. The baffle is 0.3 m long with the thickness is 0.014 m. And the distance between baffle and the 

bottom of tank is 0.1 m (Case 2), 0.2 m (Case 3) and 0.31 m (Case 4), respectively. Fig. 3~6 show many snapshots 

of numerical simulation. Fig. 7 gives the variation of impact pressure on P1 and P2. 

From Figs. 3(a)~(d) and Fig. 7(a), the deformation of free surface and variation of impact pressure in no baffled 

tank (Case 1) are periodic and sinusoidal. The fluid flow follows the movement of tank. There is no obvious 

nonlinear fragmentation of free surface in wave propagation. The max pressure of P1 and P2 is about 3249 Pa and 

1459 Pa, respectively. 

 

 
 (a) t = 10.6 s 

 
 (b) t = 11.0 s 

 
 (c) t = 11.4 s 

 
(d) t = 11.8 s 

Fig. 3 The snapshots of Case 1 

 

Figs. 4(a)~(d) present some instants of fluid field when the horizontal baffle is placed at 0.1 m height. From      

Fig. 7(b), the first pressure peaks of P1 and P2 are synchronous and earlier than that of no baffled tank. Two 

successive pressure peaks can be observed in the figure. When the fluid moves to the left side and runs along the 

wall, the horizontal baffle prevents the movement of bottom water. The bottom water impacts the baffle which 

produces the first pressure peak. Though the bottom water is blocked, the upper water still runs along the wall. 

When it arrives the highest point, the second pressure peak occurs. The max impact pressure of P1 in this case is 

2945 Pa, 9.36 % smaller than that of no baffled tank. Comparing Fig. 3(c) and Fig. 4(b), water arrives higher point 

in baffled tank. The pressure peak of P2 is 1669 Pa and little larger than no baffled case. Two opposite wave 

 
Fig. 1 3-D model of tank 

 
Fig. 2 Comparison of pressures on P1 
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propagations can be observed in Fig. 4(c). From Fig. 4(d), these two waves encounter with each other in the 

middle of tank and transmit to the right side wall. 

 
 (a) t = 11.2 s 

 
 (b) t = 11.48 s 

 
 (c) t = 11.68 s 

 
 (d) t = 11.88 s 

Fig. 4 The snapshots of Case 2 

 

In order to explain the complicated variation of impact pressure, Figs. 5(a)~(h) give more instantaneous pictures 

of fluid field for 0.2 m high horizontal baffle. From Fig. 7(c), there are many fluctuations of the impact pressure, 

especially for P1. The variation of impact pressure in one period is selected to explain in details. The wave 

transmits at the horizontal baffle and impacts the left side wall, corresponding the first pressure peaks of P1 and 

P2. Then the upper fluid runs up along the wall and some water splashes. Therefore, the impact pressure of P2 

increases gradually. When the tank moves in the opposite direction, the overturn of free surface happens. 

Accordingly, the impact pressure of P2 decreases. The falling water breaks on the free surface which induces the 

second impact pressure of P1 and P2. The subsequent deformations of free surface cause the fluctuation of impact 

pressure for P1. Then the fluid transmits to the right wall and hits the ceiling. Comparing the impact pressures, the 

horizontal baffle do not reduce the sloshing pressure, but makes a significant contribution to the high 

instantaneous impact pressure and complex variation. The function of horizontal baffle is to divide whole fluid 

field into two subfields. And the fluid flow in the upper field is similar to the partially filled tank. 

 

 
 (a) t = 11.24 s 

 
 (b) t = 11.36 s 

 
 (c) t = 11.48 s 

 
 (d) t = 11.72 s 

 
 (e) t = 11.84 s 

 
 (f) t = 11.96 s 

 
 (g) t = 12.2 s 

 
 (h) t = 12.48 s 

Fig. 5 The snapshots of Case 3 

 

From Figs. 6(a)~(d), some fluid can be seen on the horizontal baffle. When whole fluid flows to the left side wall, 

the water on the baffle moves in the reverse direction and falls into whole fluid field. In this case, the blocking 

effect of horizontal baffle on sloshing water is the strongest. Because of the movements of tank and fluid in the 

opposite direction, the water impacts the baffle fiercely. Owing to this reason, the first pressure peak of P1 and P2 

occurs in Fig. 7(d) and is larger than other cases. Then a small part of free surface turns over and moves on the 

horizontal baffle. When whole fluid field moves to the right side, the free surface is smooth which is similar to no 

baffled case. 

 

 
 (a) t = 10.8 s 

 
 (b) t = 11.16 s 

 
 (c) t = 11.32 s 

 
 (d) t = 12.32 s 

Fig. 6 The snapshots of Case 4 
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(a) Case 1 

 
(b) Case 2 

 
(c) Case 3 

 
(d) Case 4 

Fig. 7 The time history of pressure on P1 and P2 

 

CONCLUSIONS 
 

In this paper, the effects of one horizontal baffle on liquid sloshing are investigated numerically in 3-D tank by 

MLParticle-SJTU solver based on modified MPS method. The impact pressures of two pressure probes are 

measured and the deformation of free surface is observed. From the results, not all arrangements of baffle can 

reduce the sloshing amplitude. Incorrect location of baffle may increase the impact pressure. The function of 

horizontal baffle is to divide the fluid field. If the baffle is close to free surface, the sloshing liquid above the 

baffle will produce high impact pressure which is same to the tank with low filling level. And the horizontal baffle 

can block the bottom water flow in the process of sloshing, which generates instantaneous high pressure on baffle 

because of the slamming of liquid. 
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