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Abstract

In the past, traditional methods of research on ship maneuvering performance were estimated in calm waters. 
However, the course-keeping ability and the maneuvering performance of a ship can be influenced by the pres-
ence of waves. Therefore, it is necessary to understand the maneuvering behavior of a ship in waves. In this study, 
the force acting on a moving ship and a rudder behind the model ship will be performed in regular waves in 
Changwon National University (CWNU). In addition, the prediction force acting on the rudder in calm waters was 
carried out and compared with those of Computational Fluid Dynamics (CFD). Model test in regular wave was 
performed to predict the force acting on the ship and the rudder behind the model ship in various wave directions.
The effects of wavelength and wave direction on hydrodynamic forces acting on the ship hull versus rudder angle 
is discussed.
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1. Introduction

The maneuvering characteristics of ship can be dramatically affected by the real sea condition. Therefore, it is 

necessary to understand the maneuvering behavior of a ship in waves in the viewpoint of ship safety in the de-

sign stage. According to ITTC (2008), the ship maneuverability in waves is of vital importance for navigation 

safety of seagoing ships. Various researchers have investigated the maneuverability of a ship in waves. The add-

ed resistance, steady drifting lateral force and yaw moment acting on an obliquely moving ship in regular waves 

were measured using the S-175 container ship model (Adnan and Yasukawa, 2006). An experimental research 

on ship maneuverability in waves which included a series of a Planar Motion Mechanism (PMM) tests in waves

was conducted to measure the forces on the model (Xu et al., 2007). The unified theory of seakeeping and ma-

neuverability of ships in regular waves has developed (Skejic et al., 2008). The numerical analysis on ship ma-

neuvering coupled with ship motion in waves was performed (Seo and Kim, 2011). These researchers only men-

tioned the ship maneuverability in waves in the case of head sea, and beam sea, but they did not evaluate the 

influence of incident wave which poses the real challenge in the maneuverability of the ship. In this study, the 
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Table 1. Principal particular of KCS and appended rudder

Item Symbol Unit Full Model

Scale - - 1 230.000

Ship length L m 230 1.000

Breadth B m 32.2 0.140

Depth D m 19 0.083

Draft d m 10.8 0.047

Displacement Ñ m3 52030 0.004

Froude number Fn - 0.26 0.26

Pitch radius of gyration yyk - 0.25 L 0.25 L

Rudder area RA m2 54.45 1.03E-03

Mean chord length C m 5.5 2.39E-02

Rudder height b m 9.9 4.30E-02

Table 2. Brief test condition for KCS model

Item Real ship Model
Speed [m/s] 12.35 0.814

Wave direction [deg.] 180, 135, 90, 45, 0

force and yaw moment acting on a moving ship in regular waves with different wavelength and wave direction 

was performed in the square wave tank in Changwon National University (CWNU). First, experiments on forces 

and moment were conducted in waves and calm waters using the KCS container ship model. In addition, to veri-

fy the force acting on the rudder in calm waters, the comparison of the experiment of force acting on the rudder 

in calm waters between EFD and CFD was carried out. Second, forces and moment acting on ship hull and rud-

der in wave were obtained by taking value of harmonic oscillatory component in wave. Finally, the effect of 

wavelength and wave direction on the forces and moments acting on the ship hull was discussed. The force and 

yawing moment acting on the rudder behind KCS model versus rudder angle in various wave directions were 

investigated in detail.

2. Experimental Method and Test Conditions

2.1 Test Facility

The model tests were conducted in the square wave tank in CWNU as shown in Fig. 1. The tank is 20 m 

long, 14 m wide, and 1.8 m deep. The maximum carriage speed is 1.0 m/s. In this experiment, two load cells 

were used to measure the force acting on the ship hull. In addition, the lift force and drag force acting on the 

rudder were measured using a rudder load cell. The wave probe and its amplifier used in this experiment to 

evaluate the quality of the waves. Fig. 1 shows the measuring device were used in this experiment. Surge, 

yaw, roll and sway were fixed in this experiment.

    
                (a) Square tank                   (b) Load cell             (c) Wave probe  d) Rudder load cell

Fig. 1. Test facility



Van Minh Nguyen, Tien Thua Nguyen, Juwon Seo, Hyeon Kyu Yoon, and Yeon Gyu Kim 107
Journal of Advanced Research in Ocean Engineering 4(3) (2018) 105-114

Table 3. Wave condition for KCS model

/ Ll l
Scale Frequency

[rad/s]

Scale 
period 

[s]

Real 
Wave height 

[m]

Scale Wave 
height [cm]

0.4 0.4 12.41 0.51 1.88 0.82

0.6 0.6 10.13 0.62 1.88 0.82

0.8 0.8 8.78 0.72 1.88 0.82

1.0 1.0 7.85 0.80 3.25 1.41

1.2 1.2 7.17 0.88 3.25 1.41

1.4 1.4 6.63 0.95 3.25 1.41

1.6 1.6 6.21 1.01 4.00 1.74

1.8 1.8 5.85 1.07 4.00 1.74

2.0 2.0 5.55 1.13 4.00 1.74

Table 4. Input parameters of wave maker system

Input Stroke
[cm]

Wave period [s]
Measured

Wave height [cm]
Target value

[cm]
Difference

[%]

1.31 0.51 0.79 0.82 3.88

0.97 0.62 0.80 0.82 2.73
0.87 0.72 0.79 0.82 3.12

1.49 0.80 1.36 1.41 3.83

1.49 0.88 1.40 1.41 0.64

1.48 0.95 1.41 1.41 0.10

1.84 1.01 1.73 1.74 0.36

1.86 1.07 1.73 1.74 0.43

1.88 1.13 1.73 1.74 0.82
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                            a)w = 7.17 rad/s b)w = 5.85 rad/s

Fig. 2. Measured time series of wave height

2.2 Test Condition

All tests in regular waves are concerned with experimental determination of the force acting on the ship 

hull in waves. Thus, it is necessary to record the sinusoidal force of the model in an effort to determine the 

motion amplitudes experienced for a variety of wavelengths or wave frequencies which are related by dis-

persion relation. In the present study, the KRISO container ship (KCS) designed in Korea by the KRISO 

was used. The principal particulars of KCS model and appended rudder are listed in Table 1.

The model is equipped with rudder has type of profile NACA 0018 for investigating the force acting on the 

rudder. The experiment was conducted in regular waves in five wave directions. Tables 2 shows the brief 
test conditions. In addition, the wave condition for KCS model are also listed in Table 3. l and / Ll are 

wavelength and ratio of wavelength to ship length, respectively.
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Fig. 3. Setup of rudder and ballasting of model, draft at bow and draft at stern
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Fig. 4. Inertia swing calibration and inertia test Fig. 5. Model test setup in square tank (3D tank)

Fig. 6. Real model test setup in square tank (3D tank)

3. Model Test

3.1 Wave Maker Calibration

This experiment is done to assess the force acting on the ship hull in waves, the wave characteristics should 

be analyzed in advance. Wave maker calibration is necessary in a bid to find the input stroke of the wave 

maker system for each wave frequency. Wave maker calibration for different frequencies were performed at 

three points to find the input stroke value in the wave maker system by interpolation. The results of the input 

stroke values of the wave maker system are listed in Table 4.

The measured time series of wave at different frequencies for KCS model is shown in Fig. 2. The blue line 

is the measured wave height and the red line is the fitted wave height.

3.2 Ballasting and Inertia Test

It is important to exactly match the mass distribution of the model ship to the real one. In order to match 

the same vertical and the longitudinal mass distributions, the mass moments of inertia about longitudinal and 

the transverse axes must be the same. Before ballasting the model ship, the rudder setup and the rudder load 

cell were performed and checked by a laser device as Fig. 3. In addition, the ballasted KCS model, the draft 

at stern of model KCS are shown in Fig. 3. Inertia test was performed by inertia swing in order to obtain the 

pitch radius of gyration. The inertia swing calibration test was performed using 2 kg weights at a varied dis-

tance from the center of the inertia swing. Fig. 4 shows the process of inertia swing calibration and meas-

ured mass moments of inertia, respectively. The pitch radius of gyration was obtained from the calibrated 

inertia swing. The results of target moment of inertia and the measured moment of inertia were 0.2673 kgm2

and 0.2615 kgm2, respectively.

3.3 Model Setup

The model was attached in the middle of the measuring frame of the sub-carriage. Figs. 5~6 shows a de-
tailed setup of this experiment. 1 1,OX Y 2 2 ,OX Y R ROX Y and OXY are coordinate system for load cell #1, load 

cell #2, rudder load cell and model, respectively.
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4. Result

4.1 Data analysis

In this experiment, the value ',X ',Y 'N are non-dimensional value of force and moment ,X ,Y N

acting on the ship hull in calm water based on the Society of Naval Architectures and Marine Engineering 

(SNAME) definition as Eq. (1).
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Wave frequency, wave number, wave amplitude, and phase are ,w ,k az and ,ze respectively. X is the ax-

is in the direction of the wave propagation in the tank coordinate, x is the opposite direction X of axis.  

In addition, when the ship moves with speed U and wave direction y the wave force acting on the hull or 

the rudder can be expressed as a harmonic function with wave and difference phase. At this time, the force 

in calm waters does not take into account the wave force acting on the rudder. The same method is applied 

to the analysis of the hydrodynamic force acting on the hull.

cos( )a kx t zz z w e= - - + (2)

( ) F cos F sino a e F o ac e as eF F F kx t F t tz zw e e w w= + - - + + = + + (3)

where, 

cose kUw w y= + , 0 cosx x Ut y= +

cos( ' )ac a FF F V ze e= + , sin( ' )as a FF F z ze e= + , 'F Fkxz ze e= - +

Since the current speed is not measured, the phase difference between the wave and wave force cannot be 

accurately determined. After the measured signal is approximated by Eq. (3), the force due to the wave wF

can be obtained by Eq. (4). The drag force and lift force acting on the rudder in wave are denoted by 
,wD .wL These are dimensionless as Eq. (5).
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The wave force, yaw moment acting on the KCS model in various wave frequency and wave direction are 
denoted by ' ,wX 'wY and ' .wN In this experiment, the value ' ,wX 'wY and 'wN are obtained by subtract-

ing the experiment results in waves from the results obtained in calm waters. In addition, ' ,wX 'wY and 

'wN are dimensionless as Eq. (6) based on Ueno’s suggestion (2000).
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where, ,L ,RA ,DwC ,LwC ,r az are ship length, rudder area, drag coefficient in wave, lift coefficient in 

wave, water density and wave amplitude, respectively.
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Table 5. Numerical procedure

Numerical algorithm SIMPLE

Gradient of solution variables
Least-square cell 

based

Spatial discretization for face pressure Standard

Spatial discretization scheme for momentum, turbulent 

kinetic energy, and turbulent dissipation rate

Second Order 

Upwind

4.2 Test in Calm Water

To confirm the force acting on the rudder in calm water in square tank (3D), the experiment measuring the 

force acting on rudder in 2D tank (2D) and CFD simulation for calculating the force acting on rudder were 

carried out. Fig. 7 shows the model test setup in 2D tank (2D). The CFD-based model is simulated in a 

steady state. The fluid domain is then selected from convergent conditions of flow at inlet, outlet as well as 

avoiding the effect of walls on inflow to the rudder and the ship surface. The fluid domain with a length of 

5.5LPP, breadth of 3LPP, and height of 1.0LPP are used. Tetrahedral finite volumes are chosen to generate a 

mesh of a complete domain. Prism layer with first layer thickness of 5.0E-4 is generated for modeling fluid 

flow surround the ship. The fluid domain is discrete by approximately four million elements. Minimum 

skewness of mesh quality is 0.28. Boundary conditions are chosen to prevent back flow and their physical 

characteristics. No-slip wall is set for the rudder and ship surface. Details of the boundary conditions and 
mesh generation are illustrated in the Fig. 8. The realizable k e- turbulence model is used for solving fluid 

flow through the bodies. Spatial discretization scheme of momentum, turbulent kinetic energy and turbulent 

dissipation rate are listed in Table 5. Converged results are obtained after the scaled residuals were found to 

be less than 1.0E-06 for velocities and 10E-05 for kinetic energy. Experimental data for drag force and lift 

force of the rudder in calm waters, was carried out in 2D tank and 3D tank and was compared with the re-

sults of ANSYS FLUENT from computation fluid dynamics (CFD) technique as shown in Fig. 9. It can be 

seen that the force acting on the rudder from the experiments is in agreement with the CFD result. As shown 

in Fig. 9, the tendency of the changing force acting on the model ship due to rudder angle is reasonable, and 

the asymmetrical influence of the model on the sway force is large.

Fig. 7. Model test setup in 2D tank (2D)

Fig. 8. Boundary conditions and mesh generation
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    (a) Drag coefficient             (b) Lift coefficient

Fig. 9. Force acting on rudder in calm water
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(a) Surge force                  (b) Sway force                   (c) Yaw moment

Fig. 10. Force acting on model ship

4.3 Test in Wave

The experimental results of wave force acting on the rudder in wave versus rudder angle in different wave 

directions were investigated as shown in Figs. 11~12. 
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Fig. 11. Drag coefficient of rudder in wave
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Fig. 12. Lift coefficient of rudder in wave

The experimental results of wave force acting on the rudder in wave versus rudder angle in different wave 

directions were investigated as shown in Figs. 11~13. It can be seen that drag force becomes largest in the 
head sea, and smallest in the beam sea condition. The peak value of drag force occurs at / Ll = 1.6 and the 

drag force changes slightly when rudder angle increases. In short waves, the drag force is small and it be-

comes large in very long waves. On the other hand, the lift force becomes largest when wave direction ap-

proaches. It is smallest in following sea. The peak value of lift force occurs around and lift force increases 

significantly when rudder angle increases. Experimental results of wave force acting on the KCS model in 

wave versus rudder angle in various wave directions were investigated as shown in Fig. 13. In theory, the 

wave force around ship is constructed by diffraction wave, radiation wave, and the steady wave made by 

ship running in calm water. Diffraction component is component originating from the reflection wave by 

ship while radiation component caused by non-stationary wave caused by motion. It can be seen that peak 

value of surge force decreases when wave direction approaches 0o. As shown in Fig. 13, the diffraction 

component dominates in the high frequency region because the displacement of the vertical absolute motion 

has a minimum value. In addition, the radiation force caused by the ship’s motion is predominant in the fre-

quency domain where vertical relative motion of a ship is at its maximum. Normally, the influence of the 

radiation force component on the wave resistance is greater than that of the diffraction component. The peak 

value of surge force occur when relative motions of a ship a maximum. The surge force becomes large in 
short wave and small in a long wave. In short wave as with / Ll range from 0.4 to 1.0, it caused by the 

diffraction components which is dominant. Maximum surge force occurs in case of bow quartering sea 

while maximum sway force occurs in beam sea condition. The sway force decreases when wave direction 

approaches 180o or 0o. Sway force is largest in short wavelength, but it decreases when the wavelength in-

creases. Furthermore, the maximum value of yaw moment occurs in case of stern quartering sea and bow 

quartering sea.
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Fig. 13. Hydrodynamic forces acting on ship hull in wave
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5. Conclusions

In this study, the force and yaw moment acting on a moving ship in regular waves with different wave-

lengths and wave directions was performed in a square wave tank in Changwon National University. The 

concluding remarks are as follows:

First, the prediction force acting on the rudder in calm waters at different rudder angle was investigated and 

found to be reasonable. The results of drag force and lift force in calm waters were in agreement with the 

CFD results. The effect of wavelength and wave direction have a clear effect on drag force and lift force 

acting on the rudder in regular waves. Furthermore, experimental results of lift force in various wave direc-

tions changed dramatically when the rudder turned to the port side thus increasing the rudder angle. Howev-

er, we proposed for future investigations on the lift and drag force acting on the rudder behind the propeller.

Secondly, the effect of wavelength and wave direction have a clear effect on force and yaw moment acting 

on ship in regular waves. The force and yaw moment acting on ship small hull in various wave directions 

become large in short wavelength and small in long wavelength.

Finally, the experimental result of force and yaw moment acting on the ship hull in regular wave can be 

used as an input parameter to the equation of motion considering the wave effect can improve to predict ship 

maneuvering in regular waves in various wave directions
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