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ABSTRACT 
 

Main aim of present study is to develop reliable numerical methods that can be 
used to design a tuned liquid damper for a floating substructure of off-shore wind 
turbines. As a first step toward it, liquid sloshing phenomena in a rectangular tank are 
investigated with an emphasis placed on the validation of the numerical techniques. 
The dimension of the rectangular tank is 1000mm × 600mm × 250mm, and the filling 
ratio of liquid (water) is 20% of the tank height. The tank is excited into sway motion 
with amplitude of 0.1m at the frequency of 0.53Hz that is first natural frequency of water 
inside the tank. The time-history of pressure on the inside wall of the tank are 
measured and the motion of free surface of sloshing liquid are recorded using a high 
speed camera. The same sloshing phenomenon is simulated by employing the volume 
of fluid method implemented in a computational fluid dynamics code solving the 
Reynolds-Averaged Navier-Stokes Equations. The numerical results are validated 
against the measured data in terms of the time-history of the pressure on a specific 
point on the inside wall of the tank and the time-variation of free surface of sloshing 
liquid. Especially, the effects of turbulence models on the numerical results are 
assessed, through which more appropriate turbulence model is proposed to simulate 
the sloshing phenomena in a tank. 
 
1. INTRODUCTION 
 
   A floating wind turbine is an offshore wind turbine mounted on a floating structure 
that enables the turbine to generate electricity in water depths where underside-
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mounted towers are not available. Since there are no topographic features that disturb 
wind flow, the wind is typically more consistent and stronger over the sea than mid land. 
However, one of key techniques essential for developing a successful floating wind 
turbine is to design effective floating platforms that can withstand severe sea states and 
thus support wind turbines stably. Tuned liquid damper (TLD) is one of potential 
methods to control motion of the floating structure. TLDs have been already used as a 
device to reduce vibration of many high-rise buildings. Sloshing phenomena of liquid in 
TLD are a key physical mechanism enabling this control by producing reaction force to 
any possible external excitation.  
The phenomenon of fluid motion in a partially filled tank due to the tank motion is 
known as sloshing. Tank sloshing problems in ships or offshore structures are of 
increasing concern to naval architects and ocean engineers, as they are directly related 
to the safety of the ocean structure. Besides ship/offshore hydrodynamics, liquid 
sloshing is also an important physical phenomenon that needs to be considered in 
many applications; for example, fuel tanks on spacecraft, liquid tanks on highway 
trucks and railroad cars, large oil storage tanks and nuclear reactors under the possible 
influence of seismic wave.  
The methods used to study sloshing phenomena may be classified into three: analytical, 
experimental, and numerical methods. In the early days of sloshing studies, when 
computer simulation was in its immaturity, several analytic methods were proposed, 
and a good review of studies at that time in the 1960s was given by Abramson (1966). 
Later Faltinsen (1974) proposed a nonlinear analytic method using a perturbation 
theory that was basically applied to a potential flow. Many variations followed. However, 
as liquid sloshing includes in most cases so highly nonlinear and transient motions, 
analytic methods have clear limitations. Experimental studies have been the most 
common approach for liquid sloshing and have presented important insights into the 
physics, e.g., Abramson (1966); He evaluated the results from model tests performed 
with various shapes of tanks, and summarized the effect of viscosity and tank shape 
and of various damping devices. However, experimental approach has also difficult in 
scaling down all the physics involved and thus extending the model test measurements 
to full scale predictions.  
Numerical methods are the most important and broadly employed technique for 
handling highly non-linear problems. There have been four major streams to the 
numerical simulation of liquid sloshing: boundary element integral methods, finite 
element methods for potential flow, finite difference/volume methods solving the 
Euler/Navier–Stokes equations, and the smoothed particle hydrodynamics method. 
Cariou and Casella (1999) analyzed various numerical simulation results, and 
compared the performance of a variety of numerical methods. However, among four 
methods, the most popular approach for liquid sloshing today is to solve the Navier–
Stokes equations with a solution method for moving free surface employing the finite 
difference or finite volume discretization schemes. Celebi and Akyildiz (2002) used the 
finite difference method along with Volume of Fluid (VOF) technique for tracing the 
free-surface. Sames (2002) applied a commercial VOF technique to rectangular and 
cylindrical tanks. Rhee (2005) employed VOF methods implemented in a Navier-Stokes 
computational fluid dynamics code to study liquid tank sloshing at low filling level 
conditions. The recent advent of high speed computing allows these methods to be 



 
 

 

applied in more feasible way for more general problems, in which the traditional 
potential flow based methods have difficulties.  
As a first step to develop TLD for floating platforms of off-shore wind turbines, liquid 
sloshing phenomena are investigated experimentally and numerically in this paper. To 
focus on the validity of numerical method in resolving sloshing phenomenon itself, 
liquid sloshing in a rectangular tank is taken into account for its simplicity. The tank is 
excited into sway motion. To validate numerical results, the time-histories of pressure 
on the inside wall of the tank are measured and the motion of free surface are recorded 
using a high speed camera. Then, the same sloshing problem is simulated by 
employing the VOF method implemented in a framework of computational fluid 
dynamics (CFD) code solving Reynolds-Average Navier-Stokes (RANS) Equations. 
The numerical results are compared to the measurements. Especially, the effects of 
turbulence models on the numerical results are investigated.  
 
2. EXPERIMENT 
 

To validate the subsequent numerical results, the experiment was performed using 
a rectangular tank containing water. The dimension of the tank was 1000mm(L) ×	 250mm(B) × 600mm(H). The tank was made of plexi-glass with thickness of 20 mm. 
The filling ratio of water inside tank was 20% of the height of the tank. The excitation 
magnitude was set to be 10% of the longitudinal length of the tank. The pressure was 
measured at 12 locations (including three sensors on the top of the tank). The sampling 
frequency was set to be 20 kHz. Fig. 1 presents experimental setup with the pressure-
monitoring positions. The pressure measured at the position denoted by P1 in Fig. 1b 
was used for a comparison to predictions. The experimental results are presented with 
the simulation results in the following section. More detailed experimental conditions 
are given in the study by Choi (2012). 
 
 

 
(a) Experimental equipments  

 
(b) A target rectangular tank  

and the position of P1 (z=0.06m) 

Fig. 1 Experimental setup and a rectangular tank 

 



 
 

 

3. NUMERICAL SIMULATIONS 
 
3.1 Numerical Method 
The sloshing phenomena of water inside a rectangular tank are simulated by 

employing the volume of fluid (VOF) method implemented in a commercial Navier–
Stokes computational fluid dynamics code, ANSYS CFXTM. The VOF method is used to 
track the free-surface of water. Sloshing motion is simulated using moving grids. An 
inhomogeneous model is used as a multiphase model to solve water and air separately. 
Water is assumed to be incompressible and air is assumed compressible to get more 
accurate result because the sloshing phenomenon may contain bubbles. Shear Stress 
Transport (SST) model is used as a turbulence model. 
 

3.2 Preliminary Simulation 
First, numerical results using a three-dimensional model and a two-dimensional 

model are compared. The dimension of three-dimensional model is set to be the same 
as that in the experiment, and the dimension of two-dimensional model is 1000mm ×600mm. Fig. 2 shows the computational mesh of the models. 

 

 
(a) Mesh for 2D computation 

 
(b) Mesh for 3D computation 

Fig. 2  2D and 3D computational meshes 

 
ANSYS CFX doesn’t support full two-dimensional simulations. Thus, quasi-two-
dimensional simulation is enabled by making one-element in the width direction. The 
mesh size in two-dimension simulation is set to be ∆x = ∆y = ∆z = 20	mm and the 
mesh size in three-dimension simulation is set to be ∆x = ∆z = 20	mm, and ∆y =25	mm. Therefore, total element number in the quasi-two dimensional simulation is 
1500, and that in the three-dimensional is 15000.  
 



 
 

 

 
Fig. 3  Predicted time variation of 

pressure 

 
Fig. 4  Predicted time variation of force 

 

 
(a) 2D 

 
(b) 3D 

Fig. 5  Snap-shot of free surface of sloshing water 
 
The time history of pressure predicted at the point P1 shown in Fig. 1 is compared 
between two- and three-dimensional computations in Fig. 3. The force is exerted by 
water on the side wall of the tank in the sway direction are compared in Fig. 4. It can be 
seen from these figures that overall shapes of time variation of pressure and force are 
very similar between two results. This means that there is negligible motion in the width 
direction given the conditions of the problem. Fig. 5 shows the snap-shot of free 
surface of sloshing water inside the box. It can be seen that the overall shape of free 
surface is also very similar between two predictions. The two-dimensional model is, 
therefore, used in all of the subsequent computations to save the computation time. 
 

3.3 Validation of Numerical Methods with an Emphasis on Turbulence Model 
In this section, the effects of turbulence models on accuracy of present numerical 

method are investigated by comparing predicted data with the measurement. Three 
cases are considered: Laminar model, k − ε model, and Shear Stress Transport (SST) 
model.  
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Fig. 6   Comparison of the predicted pressure with the measurement 
 
Fig. 6 shows a comparison of the time history of predicted pressure with the 
measurement for each turbulence model. The prediction result using the k − ε 
turbulence model shows much faster convergence than others. However, the pressure 
predicted using the SST turbulence model is the most closest to the measured data. 
 

  

Fig. 7   Comparison of the predicted force 
 
Fig. 7 compares the predicted time history of force exerted by water on the wall 
boundary. The overall shape of variation of force is similar between three models. 
However, the prediction result using k − ε and laminar models include the peak spike 
but that using SST turbulence model doesn’t show such peak patterns. 
 



 
 

 

 
(a) Experiment  

(b)  Laminar model 

 
(c)   −  turbulence model 

 
(d)  SST turbulence model 

Fig. 8  Comparison of predicted snap shot of free surface of sloshing water in a tank 
with the measurement 

 
Fig. 8 compares the predicted motion of free surface of sloshing water with measured 
one. The predicted behavior of sloshing using the SST model is also most similar to the 
recorded one. Based on these numerical results, the SST model seems to be most 
suitable for simulating liquid sloshing phenomena in a rectangular tank. 
 
4. CONCLUSION 

 
Liquid sloshing phenomena in a rectangular tank was investigated using numerical 

method based on the volume of fluid method implemented in a Navier–Stokes 
computational fluid dynamics code. The filling ratio of liquid (water) was 20% of the 
tank height. The tank was excited into sway motion with sway amplitude of 0.1m with 
frequency of 0.53Hz. The prediction result using a two-dimensional model was shown 
to be similar to that using a three-dimensional model. Three turbulence models were 
employed to simulate the sloshing phenomena and their simulation results were 
compared with the measurement in terms of a static pressure on the wall and motion of 
free surface of water inside a tank. Through the comparison, it is shown that, although 
the predictions using k − ε turbulence model shows faster convergence, the predicted 
result using the SST turbulence model showed closest agreement to the measurement. 
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