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Abstract 
 
Since sloshing effects influences ship motions including floater’s natural frequencies. The significant factors 

changing ship motions are inner liquid impact loads and inertia forces and moments with respect to its filling ra-
tio. This means that changing sloshing loads with sloshing effects reduction device (SERD) may control ship mo-
tions. In this regard, conceptual model for adjustable SERD was suggested by authors and then implanted into 
fully coupled program between vessel motion and sloshing. By changing clearances of baffles in the inner tank 
which were component of SERD, then the roll RAOs from each case were obtained. It is revealed that using well-
controlled SERD can maintain natural frequencies of floater even inner tank has different filling ratio.  
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neuvering, Moving particle simulation 

 

 
 

1. Introduction 

During many decades, the capacity of LNG carrier was dramatically increased due to increased demand of 

LNG. As result, inner sloshing effect was one of critical issue for large size LNG carrier. In this regard, many 

efforts for expiscating sloshing effects on vessel motions were studied. 

Generally, investigations of inner sloshing were focused to minimizing sloshing effects on vessel motions. 

Passive anti-rolling tank is one of examples of it (Faltinsen, 1993). Another effort to reduce sloshing effects was 

sloshing effect reduction device (SERD). By putting floaters which had less density compared to inner liquid, 

impact loads were reduced due to bumper effects. Locating baffles into tank can suppress flow, and then tank 

may have less impact loads and different phase. 

Kim et al. (2003) and Kim et al. (2007) investigated coupling effects of sloshing on vessel motions in time 

domain. Lee and Kim (2010) studied coupling between ship motion and sloshing in time domain by using poten-

tial theory based ship motion program and 3-D viscous finite difference method based computational fluid dy-

namics (CFD) program. Kim et al. (2011) investigated similar problem by coupling between potential based ship 

motion program and particle based moving particle semi-implicit method in order to simulate more violent inner 

liquid behaviors.  

Moving particle semi-implicit (MPS) method was used for CFD simulation in this study. It was originally pro-
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posed by Koshizuka and Oka (1996) and it was modified by Toyota et al. (2005) and Lee et al. (2010) to sup-

press non-physical pressure fluctuation by adding multi-term Poisson source and adopting free-surface particle 

searching model. 

In this study, the sloshing effects adjusted by SERD were focused. If natural frequencies of vessel may be in-

fluenced by inner liquid, it is possible to control natural frequencies of vessel with controlled inner sloshing ef-

fects. The coupled program used in Kim et al. (2011) was employed to simulate effects of adjusted sloshing 

loads on vessel motions. More detail information about coupled program can be found in Kim et al. (2011).  

After validation of coupled program by corresponding experiments, SERD unit was located into inner liquid 

tanks. The SERD designed to adjust clearance between baffles and bottom of inner tank. By changing the clear-

ance, the inner sloshing behavior can be controlled. Obtained RAOs from each were compared at various clear-

ances.  

2. Ship Motion/Liquid Sloshing Coupling In Time Domain 

2.1 Ship Motion 

In order to obtained hydrodynamic coefficients for vessel and inner liquid, 3D diffraction/radiation panel pro-

gram were used (Lee et al. 1991). By using convolution integral including Volterra expansion, all corresponding 

forces were converted and then put into time domain program as shown in Eq. (1) 
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where ( )M ¥  is added mass at infinite frequency, t  is time, t  is reference time, ( )R t  is retardation 

function at time t and convolution integral represents wave force on the body from the waves. Since from 3D 

panel program which is the frequency domain program, added mass at infinite frequency need to calculate from 

following equation: 
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here, the retardation function is used to implement time memory effect which is related to frequency domain 

solution of radiation problem. The retardation function can be written as follows: 
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where ( )C w  is radiation damping coefficient which can be expressed as 

  

 ( ) ( )2 aC M M Kw g wé ù= +ë û   (4) 

 
where K  is restoring matrix and g is damping ratio. From the Eq. (1) to Eq. (4), the added mass and damp-

ing coefficients at each frequency can be converted to those at the infinite frequency. Since floating body has 
six-degree-of-freedom, it is necessary to calculate 6 6´ matrix for radiation damping coefficients. From ob-

tained and converted hydrodynamic coefficients, the vessel motions can be calculated at each time step from 

following formula: 
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where ( )F t  includes wave forces and hull viscous damping force. 

2.2 Sloshing 

In this study, particle based CFD program, MPS, was used to simulate sloshing problem. The governing equa-

tions of MPS are continuity and Navier-Stoke’s equations as follows: 
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where r  is density, t  is time, u

r
 is particle velocity, P  is pressure, m  is absolute viscosity, Ñ  is gra-

dient, 2Ñ  is Laplacian, F
r

 is external force including gravitational force. Since MPS is following Lagrangian 

approach, all differential operators should be replaced by form of particle method. More detail information can 

be found in Kim et al. (2011).  

For the MPS, kernel function was introduced to maintain continuum system and measure influences from 

neighboring particle. In this study, 6th-order kernel function was used as follows: 
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where subscription  ijr  denotes, ( ),j i ir r r-  is position of particle I, er  is effective range which default 

value is 0 02.1 ,l l´ is particle distance at initial arrangement. According to Eq. (8), it says when neighboring par-

ticle is out of effective range, there is no influence to center particle.  

For having accuracy of simulation for fragmentation and/or coalescent due to large deformation, the free-

surface searching is important factor. In this study, the free-surface searching method proposed by Lee et al. 

(2010) was used.  

The free surface particle should be lower particle number density compared to normal fluid particle due to the 

comprisal of the air region. In this regard, following simple conditions were used: 

 

 0
1in nb<   (9)  

 
 0

2iN Nb<   (10) 

 
where in  is particle number density of particle i, 0n  is maximum particle number density at initial stage, 

iN  is number of neighboring particle, 0N  is maximum number of neighboring particle at initial stage, and 

1 2andb b  are parameters. The parameters set to 0.97 and 0.85, respectively, and they were selected from inde-

pendent numerical test.  

By applying free surface searching method, the free surface particle can be detected properly. Then, apply at-



152  Kyung Sung Kim, and Moo Hyun Kim 
 Journal of Advanced Research in Ocean Engineering 3(3) (2017) 149-157 

 

mosphere pressure on the free surface particle to satisfy kinematic free surface boundary condition. The dynam-

ics free surface boundary condition can be satisfied automatically by tracking each particle. 

2.3 Coupling 

In order to couple two programs for real time simulation, coupling at the program source code level were im-

plemented. Sloshing force vector was added to Eq. 5 as external force term. Thus, the right-hand-side of Eq. 5 

can be express as follows: 

 

 ( ) ( ) ( )ext sloshingF t F t F t= +   (11)  

 
The sloshing force consists of inertia force and moments of the liquid. The dynamic coupling has been em-

ployed for data exchanging in every time interval. For example, ship motion program expected motions due to 

wave forces and inner liquid force, meanwhile sloshing program was stood by getting data from ship motion 

program. When ship motion expectation was done, the information about displacement, velocity and accelera-

tion of floating vessel would be provided into sloshing simulation program. With fed data about vessel motion, 

inner tank has forced motions account for achieved information. During simulating sloshing, difference of time 

interval between ship motion program and sloshing program can be adjusted by linear interpolation. The calcu-

lated sloshing forces and moments would give to ship motion program as external forces and moments. It is in-

deed, the ship motion program should be on standby for data from sloshing program. By adopting aforemen-

tioned technique of dynamic coupling, the fully coupled program between ship motion and sloshing can be ac-

complished. 

 

 

 Table 1. Environmental Conditions 

Wind N/A 

Current N/A 

Wave 

Heading Angle [°] 90 (Beam) 

Height [m] 5.0 

Peak Period [sec] 8.0/12.0 

JONSWAP Parameter ( )g  3.3 

Filling Ratio 18%, 37%, 56% 

 

 

 Table 2. Characteristics of floating vessel 

Description Magnitude 

Length between perpendicular [m] 285.0 

Breadth [m] 63.0 

Draft [m] 13.0 

Mooring System 

(Linear Spring) 

Surge [N/m] 
56.5 10´  

Sway [N/m] 
62.43 10´  

Yaw [Nm/rad] 
81.76 10´  
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 Table 3. Specifications of inner liquid tanks 

Classification Magnitude (AFT tank) Magnitude (FWD Tank) 

Tank AFT from AFT perpendicular [m] 61.08 209.54 

Tank bottom from keel [m] 3.3 3.3 

Tank 

Length [m] 49.68 56.616 

Breadth [m] 47.0 47.0 

Height [m] 32.0 32.0 

 

 
Fig 1 (a) panel model for obtaining hydrodynamic coefficients (b) schematic model of vessel with inner liquid tank, 

 

Filling Ratio Roll RAO Sway RAO 

 

18% 

  

 
  
 

37% 

  

56% 

  

Fig. 2. Comparisons of RAOs between experiment And Simulation 
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3. Numerical Simulations 

In this study, adjusted sloshing effects on vessel motions were investigated. For the simulation, environmental 

conditions are given in Table. 1. The vessel used in this simulation is box-barge shape FPSO which equips two 

inner liquid tanks. The simulation model was referred Gaillarde et al. (2004). Characteristics of vessel and slosh-

ing tanks are given in Table 2. In the Table 3, characteristics of inner tanks and their location were descripted. 

Fig. 1(a) shows schematic model for floating vessel with two inner liquid tanks. Fig. 1(b) represents panel model 

to obtain hydrodynamic coefficients including added mass, radiation damping and wave excitation forces in 

frequency domain. Corresponding coefficients were converted and then used as input parameters in time domain. 

Fig 2 shows RAOs of sway and roll with various partially filled inner liquid tanks without SERD. The simula-

tion results were compared with corresponding experiment and they shows well-agreement. The interesting 

points in these results are natural frequencies of vessel were shift and split due to filling ratio of inner liquid 

tanks, and it might to affect to operator of floating vessel should consider both of environmental date including 

incident waves and current filling level of inner liquid tanks. Considering both factors is not very difficult, how-

ever, sometimes, it can be very critical point, so floating vessel should have down time to avoid accident. As 

stated above, the inner liquid behavior influenced to vessel motions, it is, oppositely, vessel motions can be con-

trolled by inner liquid effects. 

The validated coupled program was employed to simulate vessel motion with SERD equipped inner liquid 

tanks. The concept of SERD in this study is shown in Fig. 3. In the box shape sloshing tank, two baffles without 

porous are located and it extended from top of tank to bottom. The length of baffle can be adjusted by mechani-

cal technique, thus the clearance between bottom of tank and tip of baffle can be controlled. 

In order to investigate the baffle effects on inner liquid tank, the free decay test with various clearance were 

performed. Inner liquid in the tank was inclined by 10 degrees and released. The inner liquid moved spontane-

ously by gravitational force. Fig. 4 represents the results of free decay test at each clearance. The results of FFT 

(Fast Fourier Transfer) at (a) left of tank wall and (b) left baffle. When there is no gap between bottom and baffle, 

which means no clearance, there is only one peak around 0.45 rad/s. According to size of tank, the fully divided 

tank has natural frequency of 0.45 rad/s. As clearance increases, the magnitude of first peak was reduced and 

second peak was observed. It is because the liquid can be flew through the gap and it led split and shift natural 

frequencies of sloshing.   

Fig. 5 represents roll RAOs of the case of 18% filled inner liquid tank from coupled program. In this simula-

tion clearance was adjusted from 0m to 10m. Figs. 6 and 7, represent roll RAOs of the case of 37% and 57% 

filled inner liquid tank, respectively.  

 

 
Fig. 3. Schematic of sloshing tank with baffles 
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Fig. 4 FFT results from free decay test at (a) left wall of tank and (b) left baffle. 

 

According to numerical results in Figs. 5~7, it was shown that the peak of roll RAOs had been deformed as 

clearance changes. When the clearance is 0m, which means inner liquid tanks divided by three small parts rigid-

ly, the peak was observed at same as natural frequency of vessel even tanks had different filling ratio. As clear-

ance increased, frequency of peak was shift from low frequency region to high frequency region in all the cases. 

When clearance large enough not to affect inner liquid motion, the roll RAO was shift and then encountered 

same peak frequency as the case of without SERD.  

As shown in the various RAOs at different clearance, it is possible to control the natural frequencies of floating 

vessel which can avoid resonant motions induced by incidence waves. Fig. 8 represents one example that shows 

even inner liquid tanks have different filling level; the peak frequencies of floating vessel were exactly same 

among all the cases. Furthermore, when floating vessel under operation meet unexpected environment which can 

occur dangerous resonance for body, it is not difficult to change natural phenomena including natural frequency 

by adjusting clearance of baffles inside inner liquid tanks. 

4. Concluding Remarks 

The SERD is originally designed to suppress sloshing effects for inner liquid tanks because effects of sloshing 

might be influenced to vessel motions including natural frequencies of vessel. In this regard, barge type floating 

body with two inner liquid tanks was simulated by using fully coupled program between ship motion program 

and sloshing program. For the ship motion program, the Boundary Element Method (BEM) based potential pro-

gram was used. In order to simulate vessel motion in time domain, hydrodynamic coefficients were obtained by 

3D panel radiation/diffraction program as pre-processing for time domain program. All the corresponding force 

and moment were converted by using convolution integral including Volttera expansion. For the sloshing pro-

gram, MPS which is particle based computational fluid dynamics (CFD) program was applied because of proper 

simulation of fragmentation of free surface due to large deformations. Both programs were coupled by dynamic 

coupling method, so real time simulation of vessel motion considering inner liquid effects was possible. 

The fully coupled program demonstrated sloshing effects on vessel motion at various filling ratio of inner liq-

uid tanks, and all the results were compared with corresponding experimental results. Both numerical and exper-

imental results showed well-agreement. The validated program was used to investigate effects of SERD on ves-

sel motions. Since SERD was originally designed to suppress inner liquid effects by adjusting phase angle, im-

pact loads and inertia forces and moments due to free surface. In this regard, adjusting SERD, (i.e. changing 

clearance between tip of baffles and bottom of tank) may change physical phenomena of inner sloshing and 

well-designed adjusted inner liquid effects may control vessel motion including natural frequencies of floating 

body. Thus various clearance at several filling ratio of inner liquid tanks were simulated and the results shows 

that natural frequencies of floating vessel can be controlled by adjusting inner sloshing effects due to SERD. 

Conclusively, controlling inner liquid effects with SERD can control vessel motions for any targeted natural 

frequency, and it can increase vessel’s operability and safety with respect to incidence waves. 
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Fig. 5. Roll RAOs with various clearances at 18% filled tanks  Fig. 6. Roll RAOs with various clearances at 37% filled tanks 

 

  

Fig. 7. Roll RAOs with various clearances at 56% filled tanks 
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