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ABSTRACT 
 
In the present paper, our in-house meshless solver MLParticle-SJTU, 
based on the improved MPS (moving particle semi-implicit) method, is 
employed to simulate the liquid sloshing in the tuned liquid damper 
(TLD). For the validation purpose, parameters from experiments in 
previous literature are adopted in first numerical simulation, the roll 
angle and wave shapes inside the TLD show agreement with the 
experimental data. Then, the influence of various external excitation on 
the damping characteristic of TLD has been studied through the 
changing of motion amplitude and frequency of a sliding mass. The 
numerical results indicate that the damping characteristic is more 
distinct when the excitation frequency falls near the natural frequency 
of the TLD system, and the flow in the TLD turns from traveling wave 
into the quasi-dam-break flow when the excitation amplitude increases 
from 50 mm to 200 mm. 
 
KEY WORDS: Particle method; MPS (moving particle semi-implicit); 
MLParticle–SJTU solver; TLD (tuned liquid damper); sloshing; roll. 
 
INTRODUCTION 
 
In this paper, the sloshing phenomenon in a tuned liquid damper (TLD), 
which is mainly composed of rectangular tank with the freedom of roll 
motion, is numerically studied. In the ship engineering, the TLD is 
commonly employed as the anti-roll device to suppress the roll motion 
of ship operating in severe sea. Compared with active ship stabilizer, 
the TLD have advantages of simple structure, low cost and easy 
maintenance, so a lot of attention has been paid to both experimental 
(Vera et al., 2010) and numerical researches on the sloshing in TLD 
(Bulian et al., 2010).  
 
The damping characteristic of TLD mainly depends on the sloshing in 
the tank and the properties of liquid in it. The physical behavior of 
sloshing flow in the partially filled TLD is similar to shallow water 
waves (Verhagen and Van, 1965), and shows high non-linear when 
violent sloshing occurs. Due to the phase lag between the roll motion 
and the wave movement, the roll motion of tank is damped by the 
moment induced by the impact loads of waves acting on inner wall of 

tank.  
 
One of the oldest papers concerned with experimental examination of 
fluid dynamics in a moving container is probably that by Housner 
(1963). Souto et al. (2011) design a series of experiments to study the 
sloshing characteristics of different fluid in a free-surface tank. 
However, only the local flow field information can be obtained from 
experiments. To acquire the global information, we need turn to 
Computational Fluid Dynamics (CFD). In recent years, with the 
ongoing development of CFD, many numerical methods have been 
applied to the sloshing phenomenon in TLD. Van (2001) simulated the 
problems of water sloshing in free-surface and U-tube anti-roll tanks 
with VOF method, and obtained results which are in good agreement 
with experimental study, including the water height, the sway force and 
roll-moment amplitudes and phases. Bulian and Souto (2010) used SPH 
method to treat the coupling problems same as the one in this paper, 
and gained the motion response of the TLD in resonance region and 
off-resonance region. However, few researches are conducted with the 
moving particle semi-implicit (MPS) method, which can handle the 
steep deformation of the free surface well and provide high precision 
and good stability in solving such a sloshing problem.  
 
This paper focuses on the simulations of the sloshing phenomenon with 
the moving particle semi-implicit (MPS) method (Koshizuka and Oka, 
1996), which is a Lagrangian meshless method for incompressible 
flows with a free surface, is distinguished from SPH method that the 
pressure field is obtained by solving a Poisson pressure equation at 
every step (Cummins and Rudman, 1999). Therefore, an explicit 
geometric compatibility between the mass and the volume can be 
achieved. Besides, the incompressible treatment allows a second semi-
implicit amendment of velocity field, which can significantly improve 
the stability of numerical simulation. As so far, the MPS method has 
proven to be valid in liquid sloshing, water-entry flow, dam break flow, 
fluid-structure interaction and so on. Lee et al. (2011) improved the 
accuracy and efficiency of MPS method by using optimal source term, 
optimal gradient and collision models, and improved solid-boundary 
treatment and search of free-surface particles. Hwang et al. (2016) 
successfully applied MPS method to the simulation of sloshing flow 
interacting with elastic baffles by proposing a new scheme, 
corresponding to fluid–structure coupling force. The major drawback of 
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MPS is that the pressure of free surface must be explicitly set to zero at 
every step. However, the problem has been alleviated because a lot of 
numerical nice work have been carried out to enhance the ability of the 
MPS method (Kondo and Koshizuka, 2011; Zhang and Wan, 2012).  
 
NUMERICAL SCHEME 
 
Governing Equations 
 
The governing equations in the MPS method include the mass and 
momentum conservation equations:  
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where ρ  denotes the density, P  is the pressure, V  is the velocity, g  
is the gravity acceleration, ν   the kinematics viscosity and t is the 
flow time. 
 
Particle Interaction Models 
 
In the present work, we adopt the following modified kernel function 
suggested by Zhang and Wan (2012): 
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Where | |i jr r r= − denotes the distance between two particles, er  is the 

supported radius of the particle interaction domain. 
 
To calculate the weighted average in MPS method, particle number 
density is defined as (Koshizuka et al., 1998): 
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Gradient Model 
 
In this paper, the gradient operator can be discretized into a local 
weighted average of radial function as follow (Tanaka M. and 
Masunaga T, 2010): 
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Where D  is the number of space dimension, r  represents coordinate 
vector of fluid particle, ( )W r  is the kernel function and 0n  denotes 
the initial particle number density for incompressible flow. 
 
 
 
Laplacian Model 
 
Laplacian operator is derived by Koshizuka et al. (1998) from the 

physical concept of diffusion as: 
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In Eq.6, the parameter λ  is introduced to keep the increase of variance 
equal to analytical solution. 
 
Model of Incompressibility 
 
In the present work, we adopt a mixed source term for PPE which is 
proposed by Tanaka and Masunaga (2010), this improved PPE is 
rewritten by Lee et al. (2011) as: 

* 0
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Where ： γ  is a blending parameter to account for the relative 
contributions of the two terms. The range of 0.01 0.05γ≤ ≤  is better 
according to numerical experiments conducted by Lee et al. (2011). 
 
Free Surface Boundary Condition 
 
In the MPS method, the kinematic condition is directly satisfied in 
Lagrangian particle method, while the dynamic condition is 
implemented by assigning zero pressure to the free surface particles. In 
traditional MPS method, particle satisfying (Koshizuka et al., 1998): 

* 0
in nβ< > < ⋅                                                                                         (9) 

is considered as on the free surface, where β  is 0.97 in this paper. 
 
To improve the accuracy of surface particle detection, we adopt a new 
detection method in which a vector function is defined as follow 
(Zhang and Wan, 2011): 
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The vector function F represents the asymmetry of arrangements of 
neighbor particles. Thus, particles satisfying: 

| |   i α< > >F                                                                                      (11) 

are considered as surface particle, where α  is a parameter with a value 
of 0.9 0| |F  in this paper, 0| |F  is the initial value of | |F  for surface 
particle. 
 
Wall Boundary Condition 
 
As shown in Fig. 1, the wall boundary condition is represented by three 
layer of wall particles. One layer of wall particles is set along the solid 
wall, and involved in the pressure calculation. In order to prevent the 
fluid particles near the solid wall from been misjudged as free surface 
particles, two layer of ghost particles are included inside the wall and 
only involved in the calculation of particle number density. In the 
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original MPS method, all the wall particles are unmovable, so the wall 
boundary condition is not flexible. 

 
Fig. 1 Particles distribution near the wall 
 
NUMERICAL SIMULATION 
 
Simulation Model 
 
The simulation model in this paper is based on the TLD device used by 
Souto (2010), displayed in Fig. 2. The device consists of two parts, i.e., 
a rectangular tank limited to roll motion and a horizontal linear guide 
fixed on the rotation center. Along the guide a sliding mass moves with 
a defined harmonic motion, to excite the roll of the tank.  
 

  
(a) Tank                                            (b) Sliding mass and guide 

Fig. 2 TLD testing device (Souto, 2010) 
 
The width of the tank is much smaller than the length and height, that 
the physical model can transformed into a 2D rectangular tank in 
numerical simulation, as shown in Fig. 3. The size of the tank is 900 
mm × 508 mm. The water depth is 92 mm, in order to keep the first 
sloshing frequency of water equal to the nature frequency of the TLD 
system. In the MPS method, the TLD system is substituted by 
uniformly distributed particles. The initial distance between particles is 
4 mm. The total number of particles is 7584, including 5424 fluid 
particles and 2160 boundary particles. 
 
The sliding mass is not included in the simulation model in the form of 
particles. Instead, an analytical model of the TLD system is introduced 
to incorporate the motion of the sliding mass into the MPS code. The 
analytical model is derived from the equation of moment of momentum 
of the tank, with the values of the parameters in the equation 
determined by a series of tests (Bulian et al., 2010). The analytical 
model is described as follow: 
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ϕϕ ϕ ⋅−⋅= BsignKtQ dfdamp )(- )(                                                     (13) 

 
Where, ϕ  [rad] is the roll angle, 81.9=g  [m/s2] is the gravitational 
acceleration, 9.260 =I [kg ⋅ m2] is the polar moment of inertia of the 
rigid system with respect to the rotation axis, 978.4=m [kg] is the 
mass of the moving weight, )(tmξ [m] is the instantaneous (imposed) 
position of the excitation weight along the linear guide (tank-fixed 
reference system), )(tmξ [m/s] and )(tmξ  [m/s2] are the first and 
second time derivatives of )(tmξ  [m], 2.29−=⋅= GRG MS η [kg ⋅ m] 
is the static moment of the rigid system with respect to the rotation 
axis, RM  [kg] is the total mass of the rigid system, Gη [m] is the 
(signed) distance of the center of gravity of the rigid system with 
respect to the rotation axis ( tank-fixed reference system), 

ϕϕ ϕ ⋅−⋅= BsignKtQ dfdamp )(- )( ̇ [N ⋅ m] is the assumed form of roll 
damping moment comprising: 

A dry friction term — )(ϕsignK df ⋅  with 540.0=dfK  [N ⋅ m] 
being the dry friction coefficient 

A linear damping term — ϕϕ ⋅B  with 326.0=ϕB  [N ⋅ m/ 
(rad/s)] being the linear damping coefficient 
 
When nϕ  is calculated at nth time step according to Eq. 12, 1+nϕ  and 

1+nϕ  can be get from the Eq. 14 and Eq. 15. 
 

tnnn Δ⋅+=+ ϕϕϕ  1                                                                      (14) 
tnnn Δ⋅+=+ ϕϕϕ 1                                                                      (15) 

 

 
Fig. 3 Simulation model 
 
 
Model Validation 
 
In this part, numerical simulations under two different conditions are 
carried out, to test the feasibility of the improved MPS model when 
applied to solve TLD sloshing problem. One condition is A=100 
mm, 0ωω =  , the other is A=150 mm, 00.9ωω = , where A is the 
motion amplitude of the mass, ω is the motion frequency of the mass, 
and 0ω is the natural frequency of the system. The A and ω also 
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represent excitation amplitude and frequency. With defined A and ω , 
the instantaneous positon )(tmξ  and the velocity )(tmξ  of the sliding 
mass are obtained. However, the values of )(tmξ  and )(tmξ  will not 
uniquely determined by A and ω  in this section. 
 
Different from numerical simulation, the motion of the sliding mass is 
technically difficult to be purely sinusoidal in real experiments. In fact, 
the motion curve is found to consist of four parabolic branches in every 
period. For better comparison between numerical simulation and 
experiments, )(tmξ  and )(tmξ  are set to the values get from 
measurement in experiments.  
 
Fig. 4 shows the motion response of empty tank in the condition of 
A=150 mm, 00.9ωω =  , corresponding to the off-resonance excitation. 
Nice beating phenomenon can be observed because the excitation 
frequency is very close to the natural frequency of the TLD system, and 
the curve obtained from numerical simulation match well with the 
curve from experiments, proving the validation of the MPS method. 
However, there are still some difference between numerical and 
experimental results over time, in both amplitude and phase. This is 
because the excitation amplitude and frequency in simulation is not 
absolutely consistent with experiments. 
 

 
 

Fig. 4 Roll angle of empty tank, A=150 mm, 00.9ωω =  
 
In Fig. 5, due to the liquid damping inside the TLD tank, the beating 
phenomenon shows up only at the beginning of roll motion. Then, the 
roll motion is modulated to a constant amplitude oscillation, with an 
amplitude about 5 degrees, smaller than the peak amplitude of empty 
tank, about 8 degrees. This means that the damping characteristic of 
TLD can be captured by the MPS method. Similar to the roll angle of 
empty tank, there is some difference between numerical and 
experimental results, which is acceptable. 
 

 
Fig. 5 Roll angle of TLD, A=150 mm, 00.9ωω =  
 
The two groups of pictures in Fig. 6 and Fig. 7 show the wave shapes 
in TLD tank at two different instants in the condition of A=100 mm, 

01.0ωω = , corresponding to resonance excitation. The breaking wave 
appears because larger motion amplitude oscillation can be induced by 
resonance excitation in this case, which has been found to be an 
important factor of damping characteristic of TLD (Bouscasse et al., 
2014b). The instantaneous shapes of breaking wave reach a good 
agreement with the results gained from experiments and SPH method. 
 

 
(a) Experiments 

 
(b) SPH method 
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(c) MPS method 

Fig. 6 Wave shapes, 0/Tt = 8.66, A=100 mm, 01.0ωω =  
 

 
(a) Experiments 

 
(b) SPH method 

 
(c) MPS Method 

 
Fig. 7 Wave shapes, 0/Tt = 8.85, A=100 mm, 01.0ωω =  
 
Damping Characteristic of TLD 
 
The roll motion of TLD in different conditions is simulated to study the 
damping characteristic of TLD. The sliding motion of the mass is 
determined as Eq. 16 and Eq. 17. 
 

)sin()( tAtm ωξ ⋅−=                                                                             (16) 

)cos()( tAtm ωωξ ⋅⋅−=                                                                        (17) 
 
With a variety of motion amplitudes and frequencies of the sliding 
mass, different external excitations are imposed on the TLD system. 
Table 1 shows the test matrix of numerical simulation in this part. 
Seven motion frequencies ( 00.7ωω = , 00.8ωω = , 00.9ωω = , 

01.0ωω = , 01.1ωω = , 01.2ωω = , 01.3ωω = ) are respectively 
applied to four motion amplitudes (A=50 mm, A=100 mm, A=150 mm, 
A=200 mm), so there are total 28 cases been simulated in this part. The 
nature frequency 0ω and the natural period 0T of the present TLD 
system  are equal to 3.26 rad/s and 1.925 s respectively.  
 
Table 1. Test matrix  

A  
( 0/ωω )   

50 mm 100 mm 150 mm 200 mm 

0.7 0.7/50 0.7/100 0.7/150 0.7/200 
0.8 0.8/50 0.8/100 0.8/150 0.8/200 
0.9 0.9/50 0.9/100 0.9/150 0.9/200 
1.0 1.0/50 1.0/100 1.0/150 1.0/200 
1.1 1.1/50 1.1/100 1.1/150 1.1/200 
1.2 1.2/50 1.2/100 1.2/150 1.2/200 
1.3 1.3/50 1.3/100 1.3/150 1.3/200 

 

 
(a) 00.7ωω =  

 

 
(b) 00.8ωω =  
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(c) 00.9ωω =  

 

  
(d) 01.0ωω =  

 

 
(e) 01.1ωω =  

 

 
(f) 01.2ωω =  

 

 
(g) 01.3ωω =  

Fig. 8 Roll angle of empty tank and TLD, A=150 mm 

 
The response amplitude of empty tank increases with the excitation 
frequency getting closer to the natural frequency of the TLD system. In 
off-resonance region ( 01.0ωω ≠ ), The beating phenomenon appears, 
and the beat period gets longger near the naturel frequency. In 
resonance region ( 01.0ωω = ), the response amplitude keeps increasing 
in a approximately linear law throughout the calculation time, and 
finally, the roll angle will exceed 180 degrees, which means the tank 
will be overturned.The damping characteristic of TLD is apparent 
under various external excitation frequency, with the roll motion of 
tank vastly suppressed. The tank is limited to a constant amplitude 
oscillation, in both resonance region and off-resonance region, and the 
constant oscillation is much smaller than the motion amplitude of 
empty tank under the same excitation. 
 
Although TLD is a passive anti-roll device, its damping effect can be 
observed at the early stage of the motion, and its reaction time is short 
enough for practical application. In Fig. 8d, the response amplitude of 
TLD keep increasing in the beginning of roll motion in resonance 
region, but at a much smaller speed than that in empty tank. After 40 
seconds, the amplitude become constant. In off-resonance region, the 
beating phenomenon disappears after the first beat period and the roll 
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motion rapidly turns into a constant amplitude oscillation.  
 
The damping characteristic of TLD is stronger when the excitation 
frequency getting closer to the natural frequency of the TLD system. In 
order to characterize the size of the damping effect, one variable, 
amplitude reduction ratio, is defined. It is equal to the reduced 
percentage of maximum amplitude when the motion of empty tank 
turns to the constant amplitude oscillation of TLD. Fig. 9 shows the 
amplitude reduction ratio of TLD under different external excitations. 
In different excitation amplitudes, the same rule is discovered. With the 
excitation frequency below the natural frequency of TLD system, the 
damping characteristic is not distinct, even can be ignored in some 
cases. Along with the increase of the excitation frequency, the 
amplitude reduction ratio rapidly rises, and reaches to a peak in the 
resonance region. Then the damping characteristic of TLD gradually 
decreases if the excitation frequency keep increasing.  
 

 
Fig. 9 Amplitude reduction ratio under different external excitations 
 
Sloshing Wave in TLD 
 
Bouscasse (2014a) pointed out that the breaking waves in TLD can 
significantly affect the damping characteristic. In Fig. 10, the sloshing 
wave shapes of TLD obtained by the MPS method are shown, which 
match well with the results of experiments. The four resonance cases are 
chosen because the sloshing wave shapes are most evident in resonance 
region. Two instants are selected for each case, one with the maximum 
angle and one with a flat angle. 
 
In Fig. 10a, the sloshing waves train from one side of TLD tank to the 
other side, without breaking wave. In Fig. 10b, a plunge breaking event 
appears in the middle of the tank, and violent impact on the inner wall 
happens when the tank rolls to the maximum angle. In Fig. 10c and 10d, 
when the TLD rolls to the maximum angle, the water almost 
accumulates on one side of the tank, and the motion of water can be 
classified as a quasi-dam-break type flow. 
 

          

         
(a) A=50 mm, 01.0ωω =  
 

        

        
(b) A=100 mm, 01.0ωω =  
 

         

       
(c) A=150 mm, 01.0ωω =  
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(d) A=200 mm, 01.0ωω =  
Fig. 10 Wave shapes in TLD, MPS (left), Experiments (right). 
 
CONCLUSIONS 
 
In this paper, the in-house solver MLParticle-SJTU is employed to 
study the liquid sloshing in TLD system. The solver is developed based 
on the improved MPS method and has been applied into numerous free 
surface flows in our previous works.  
 
As a result of liquid sloshing, the TLD has excellent damping 
characteristic. The damping effect of TLD largely increases when the 
excitation amplitude getting closer to the natural frequency of the TLD 
system, and is strongest in the resonance cases, in which beyond 80% 
of the TLD oscillation is suppressed.  
 
The damping characteristic belongs to a passive function, but can come 
into effect within a short time after the motion begins, which is 
important in practical application of TLD. With the excitation 
amplitude increasing from 50 mm to 200 mm, different kinds of 
sloshing flow can be observed in the TLD, at first, only a wave trains 
without breaking waves, then a plunging breaking event takes place, 
finally a quasi-dam-break flow occurs. From comparison with 
experiments and SPH method, it can been seen that the MPS method is 
fully capable of capturing the sloshing feature of TLD system. 
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