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Abstract

The KVLCC2 and its modified hull form were investigated in regular head waves using Unsteady Reynolds Averaged NaviereStokes
(URANS) methods. The modified KVLCC2 (named KWP-bow KVLCC2) is designed for reducing wave reflection from the bow. Firstly, the
original KVLCC2 is studied for verification of the present code and methodology and the computed time history of total resistance and 2DOF
motions (heave and pitch) for the selected two wave length conditions are directly compared with the results obtained from KRISO towing tank
experiment under the identical condition. The predicted added resistance, heave and pitch motion RAOs show relatively good agreement with the
experimental results. Secondly, the comparison of performance in waves between KVLCC2 and KWP-bow KVLCC2 is carried out. We
confirmed that newly designed hull form shows better performances in all the range of wave length conditions through both the computation and
the experiment. The present URANS method can capture the difference of performance in waves of the two hull forms without any special
treatment for short wave length conditions. It can be identified that KWP-bow KVLCC2 gives about 8% of energy saving in sea state 5
condition.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

When a ship navigates in a seaway, additional resistance is
exerted by winds and waves. It is commonly known that
resistance is increased about 10e40% of the calm water
resistance and this takes the form of decrease of the sea speed.
Recently, International Maritime Organization (IMO) defines
Energy Efficiency Design Index (EEDI) for the powering
performance of commercial ships and regulates ship building
companies to satisfy EEDI for the new ships. The powering
performance in waves is included in EEDI in terms of the

index of EEDI_weather and therefore, the prediction methods
of added resistance in waves are very important.

The present study shows the prediction of seakeeping re-
sponses and added resistance in waves using CFD approach.
This paper consists of the major two parts. In order to verify
the present method, the original KVLCC2 is tested. Grid de-
pendency test using three grid system with non-integer grid
refinement ratio is provided. The added resistance and motions
obtained by applying the present method to the KVLCC2
(KRISO VLCC tanker) advancing forward in regular waves
are compared with the experimental results under the identical
conditions. Secondly, the computation of the added resistance
and 2 DOF motions were carried out for KVLCC2 and its
modified hull form (KWP-bow KVLCC2) for improving per-
formances under wave conditions and we compare the per-
formances in waves of two different hull forms.
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2. State-of-the-art review

The added resistance in waves is caused by the radiating
waves and the reflection or diffraction of incident waves. The
former mainly stems from ship motions and is well predicted
with potential theory (even strip theory), which is either far-
field method based on momentum conservation theory
(Maruo, 1960; Gerritsma and Beukelman, 1972) or near field
method by integrating the hydrodynamic pressure on the hull
surface (Fang and Chen, 2006; Joncquez et al., 2008). On the
other hand, the prediction of the added resistance caused by
reflecting waves from a ship bow shows large scattered results
according to the method used. The added resistance primarily
due to wave reflection in short waves is an important factor in
a large ship's performance, because the significant frequency
of the sea wave spectrum coincides with this region. There are
several methods proposed to predict the added resistance in
short waves. Fujii and Takahashi (1975) suggested the for-
mula to predict the added resistance from the wave reflection
around the bow region and Faltinsen et al. (1980) derived
asymptotic formula including ship speed. Kuroda et al. (2008)
proposed the improved asymptotic formula for fine and high-
speed ships. The Reynolds averaged NaviereeStokes (RANS)
approach has been widely used in the prediction of calm
water resistance and propulsion performances of a ship.
However, due to a large amount of computing time and re-
sources, RANS approach to a ship motion is recently reported
with the high performance computing resources (Carrica
et al., 2007; Sadat-Hosseini et al., 2013; Simonsen et al.,
2013).

2.1. Potential based methods

The added resistance and ship motions in waves have been
studied by many researchers with their own approaches (EFD
and computational studies). Since 1960's, potential theories for
estimating the added resistance force have been introduced.
Salvesen (1978) and Faltinsen et al. (1980) introduced the
pressure integration method based on a near-field method and
Maruo (1960) and Gerritsma and Beukelman (1972) suggested
energy method and radiated energy method based on a far-
field method, respectively. Loukakis and Sclavounos (1978)
extended the application of the dynamic theory to the prob-
lem of a ship moving with constant forward speed to include
the exiting forces in oblique regular waves. Blok (1983)
developed a potential-based program to predict the motion
and the added resistance on the basis of the insight gained
from the various model experiments. Kashiwagi (1995, 2009)
showed the influence of surge motion using EUT (Enhanced
Unified Theory). Fang and Chen (2006) used a second-order
steady-state approach and a 3D pulsating source distribution
method and compared the non-linear hydrodynamic forces
with 2D method. Zeraatga and Abed (2006) investigated the
effects of different parameters such as heading angle, ship
speed, etc. on added resistance using a computer program
based on Gerritsma and Beukelman (1972) hypothesis. The

added resistance computations by a potential-flow BEM
(Boundary Element Method) for Wigley, Series60, and a bulk
carrier was introduced by Joncquez et al. (2008). Zhang et al.
(2009) suggested LAMP-4 (Large Amplitude Motion Pro-
gram) including the boundary conditions applied on the
instantaneous position of free surface and body. Liu et al.
(2011) used frequency domain 3D panel method based on
Maruo's method (Maruo, 1960) and conducted wide range of
case studies for different hull forms. Kim and Kim (2011)
showed the time-domain 3D Rankine panel method can be
applied for practical purpose. Seo et al. (2013, 2014) showed
comparison between strip theory, Rankine panel method, and
Cartesian grid method based on Euler equation.

2.2. Experiments and hull form design

As the recent experimental contributions, Valanto and Hong
(2015) investigated wave added resistance for HSVA model in
head, oblique, beam, and following waves by experiment and
Park et al. (2015) studied the experimental uncertainty anal-
ysis of added resistance for KVLCC2 using ITTC recom-
mended procedure. Concerning the studies of wave reduction
hull forms, Japanese researchers introduced many design
concepts. Hirota et al. (2004) verified the Ax-bow effect and
the LEADGE-bow was introduced in SEA-JAPAN (2016).
Appendage around the bow to reduce added resistance of a fast
ship called STEP was studied by Kuroda et al. (2012).
Mizutani et al. (2015) suggested SPRAY for a bluntebow
ship.

2.3. CFD approaches

Orihara and Miyata (2003) applied the RANS-based solver,
WISDAM-X to compute the added resistance of SR108
container ship and medium-speed tankers. Carrica et al. (2007)
computed 6DOF motions of DTMB 5512 using single-phase
level set scheme with dynamic overset grids. Castiglione
et al. (2009) carried out the computation for the DELFT 372
catamaran by the URANS solver (CFDShip-Iowa). Sadat-
Hosseini et al. (2013) investigated the motions and added
resistance of KVLCC2 with free and fixed surge in short and
long head waves using URANS approach and also showed
local flow analyses. Simonsen et al. (2013) showed EFD and
CFD (CFDSHIP-Iowa, Star-CCMþ, AEGIR) results for KCS
in regular head waves. Recently, Tezdogan et al. (2015)
introduced full scale RANS CFD in head sea for KCS.

3. Computational method

The present study extended the RANS based WAVIS 2.2
(Kim et al., 2005, 2010, 2011), which is widely used for the
evaluation of hull form resistance and propulsion problems in
Korean shipbuilding companies, to predict the ship motion and
added resistance in waves. The finite volume and level-set
schemes are combined to solve the free surface flow based
on RANS equations. The rigid body equations of motion are
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solved with forces and moments acting on a ship obtained with
the unsteady RANS solver. The unsteady RANS equations are
formulated in the non-inertial reference frame to enable to use
the fixed grid system instead of overset grid or re-meshing.
The Validation and Verification (V&V) analysis of WAVIS
2.2 for steady state solution was already presented in CFD
workshop in 2010 (Larsson et al., 2010). The governing
equations for two-phase viscous free surface flows in this
study are the continuity equations for mass conservation and
the RANS equations for momentum transport. The Cartesian
coordinate system is introduced with x positive backward, y
positive starboard of centerline, and z positive upward to
waterline at the center of gravity shown in Fig. 1.

All the flow variables are non-dimensionalized by the ship
speed U∞ and the length between perpendiculars (Lpp) of
model ship, and water density rw. The unsteady RANS
equations can be expressed in integral form.

d

dt

Z
U

rdUþ
Z
S

ruinidS¼ 0 ð1Þ

d

dt

Z
U

ruidUþ
Z
S

ruiujdS¼
Z
S

tijnjdSþ
Z
U

rbidU ð2Þ

where r is non-dimensionalized mixture density between
water and air. ui are velocity components in the Cartesian
coordinate. The stress tensor tij includes turbulent eddy vis-
cosity. The governing equations are discretized based on the
finite volume method. The Euler implicit is used for time
integration. Sufficiently small time step (order of 10E-4) is
used. The 3rd order MUSCL (Monotonic Upstream-centered
Scheme for Conservation Laws (van Leer, 1979)) and cen-
tral difference scheme are adopted for the convection and
diffusion terms respectively. The SIMPLE algorithm is used
for the velocity pressure coupling with satisfaction of the
continuity equation. The detail discretization method is
described in Kim et al. (2005) The realizable k-ε model is used
for turbulence closure (Shih et al., 1995). Free surface is
captured by the level-set method (Sussman et al., 1995). The
incoming waves are given from the linear wave theory
(Newman, 1977) and superposed to the computational domain.

4ðx0;y0; z0; tÞ ¼ zðx0;y0; z0; tÞ � z ð3Þ

zðx0;y0; z0; tÞ ¼ Acosðkwx0 � 2pftÞ ð4Þ

uðx0; y0; z0; tÞ ¼ U∞ þ A

Fn

ffiffiffiffiffi
kw

p
ekwðz0þminð4;0ÞÞcosðkwx0 � 2pftÞ

ð5Þ

wðx0;y0; z0; tÞ ¼ A

Fn

ffiffiffiffiffi
kw

p
ekwðz0þminð4;0ÞÞsinðkwx0 � 2pftÞ ð6Þ

f ¼ 1

l
þ 1

Fn
ffiffiffiffiffiffiffiffi
2pl

p ð7Þ

where 4 and z are the level-set function and wave surface
elevation with the amplitude A. kw is the wave number, l wave
length, and f the encounter frequency. (x0,y0,z0) are the Car-
tesian components oriented on the free surface at the midship
(Fig. 1). All the dependent variables in the inertial reference
frame are transformed to the non-inertial reference frame with
the relation of Euler angles. The incoming wave given from
Eqs. (3)e(7) is superimposed to all computational domain as
the initial condition and then the fully unsteady simulation is
carried out.

The ship motion is solved with the following equations of
motion along with flow solver. The 1st order Euler method is
used with the given forces and moments from the flow solver.
The obtained translational and rotational velocities are
substituted into Eq. (9) and then applied to the governing
equation (Eq. (2)) in terms of body force.

mð _ub � vbrþwbqÞ ¼ Fx

mð _vb �wbpþ ubrÞ ¼ Fy

mð _wb � ubqþ vbpÞ ¼ Fz

Ix _pþ
�
Iz � Iy

�
qr ¼Mx

Iy _qþ ðIx � IzÞrp¼My

Iz _rþ
�
Iy � Ix

�
pq¼Mz ð8Þ

where m and (Ix,Iy,Iz) are mass and mass moment of inertia of a
ship. (ub,vb,wb) and ( p,q,r) represent the translational and
rotational velocity components of a ship based on the origin of
the center of gravity. (Fx,Fy,Fz) and (Mx,My,Mz) are hydrody-
namic forces and moments acting on a ship hull.

bi ¼�2u� u�u� ðu� rÞ � du

dt
� r� dVB

dt
ð9Þ

4. Verification studies

In order to verify the present scheme, the original KVLCC2
without rudder is selected. Grid dependency test is carried out
using three grid systems. Then, computational results for
KVLCC2 in waves are compared with the results obtained
from KRISO towing tank experiment.Fig. 1. The coordinate system.
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4.1. Grid dependency study

Grid dependency test procedures refer to Stern et al. (2005).
Total resistance coefficient of l/Lpp¼0.5 is used for the integral
variable in the V&V procedure. The computations are carried
out for the original KVLCC2 model of which scale ratio is 1/
39.44. Three geosim models are used such as coarse, medium
and fine grid systems. The grid refinement ratio (rG) is not

accurately
ffiffiffi
2

p
because we keep the number of grid around the

stern region in order to keep the flow stability. The total number
of grid points is presented in Table 1, and the grid distributions of
three grid systems are depicted in Fig. 2. Table 2 shows the grid
convergence of total resistance coefficients of the l/Lpp ¼ 0.5
case. The error E is defined as Eð%Þ ¼ ðD� SÞ=D� 100. The
grid convergence ratio is expressed by definition,

RG ¼ ε21=ε32 ð10Þ
where ε21 ¼ S2�S1 and ε32 ¼ S3 � S2. Order of accuracy pG,
correction factor CG, and grid uncertainty UG are defined as
follows,

pG ¼ lnðε32=ε21Þ
lnðrGÞ ð11Þ

CG ¼ rpGG � 1

rpthG � 1
ð12Þ

UG ¼
����CG

ε21

ðrpGG � 1Þ
����þ

����ð1�CGÞ ε21

ðrpGG � 1Þ
���� ð13Þ

where the limiting order of accuracy ( pth) in Eq. (12) is used
as 2.0 which is the formal order of accuracy of the CFD code.
The simulation numerical uncertainty, USN is affected by the
iteration number and grid size. The iteration uncertainty, UI%
S1 calculated in the fine grid is 4.3%. Table 3 shows the ob-
tained RG, pG, UG%S1, USN%S1, and the validation uncertainty

ðUV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

SN þ U2
D

q
Þ, where the experimental uncertainty

(UD) is assumed as 1.0%D. Although the uncertainty of a
resistance test is commonly 1.0%D, it might be higher in this
case where incoming waves are applied. RG less than 1.0
means the monotonic convergence of Ct. Since jEj<UV for
this case, the validation of total resistance is achieved at the
level of UV.

4.2. KVLCC2

KVLCC2 is the 300K tanker with slow ship speed. This
hull form was selected as one of the benchmark cases in
Gothenburg 2010 (Larsson et al., 2010) for the CFD validation

of flow around a ship. Fig. 3 and Table 4 show the hull shape
and the principal dimension of KVLCC2, respectively.

4.2.1. Computational and experimental setup
The experiment and computation are conducted for bare

hull of KVLCC2 with variation of incoming wave lengths. The
single flap type wave maker is pre-calibrated to produce the
desired wave conditions, A/Lpp ¼ 1/200. The generated waves
are measured with servo-needle type wave height gauge in
front of 0.98Lpp from FP during experiment (Hwang et al.,
2011) at the same time of all measures. Table 5 shows
measured wave conditions. The wave slope of short wave
length cases is set to somewhat large in order to keep the wave
amplitude in the experiment. Under this condition, incident
wave may be in Stokes 2nd order wave region, but it is
inevitable considering the experimental condition. Computa-
tion is carried out for some of all wave conditions. The
experiment is conducted under surge-fixed condition.

The longitudinal computational domain is set as
�1:6< x=Lpp< 1:6 to cover various conditions of incoming
waves considering the previous verification studies. For the case
of short wave (l/Lpp¼ 0.4), 8 sinusoidal waves are advancing in
computational domain and about 2 sinusoidal waves for long
wave condition (l/Lpp ¼ 1.4). The O-H type grid topology is
adopted for the present computation and no-slip condition is
applied to the hull surface, the symmetry condition at y/Lpp ¼
0 plane, inlet and outlet conditions are applied at x/Lpp ¼ �1.6
and x/Lpp ¼ 1.6, respectively. The wave-prescribed zone
ð�1:6< x=Lpp< � 1:1Þ using the linear wave theory and wave
damping zone ðy=Lpp> 0:7; x=Lpp> 1:3Þ is used in order to
eliminate the unwanted wave reflection from the grid boundaries
as shown in Fig. 4. The grids are sufficiently distributed in the
longitudinal direction and near free surface area on the basis of
grid dependency test shown in Section 4.1. Total number of cells
is 3.5M which is between medium and fine grid. Sufficient grids
are inserted according to small Fn.

4.2.2. Calm water resistance
Table 6 shows the comparison of the experimental and

computational results for calm water case. The RANS
computation is conducted at Fn ¼ 0.142 and Re ¼ 4.6 � 106,
which corresponds to KRISO experiments with 5.5172m ship
model (Kim et al., 2001; Hwang et al., 2011). The computed
total resistance shows about 6%D error compared with the
experimental data. The KVLCC2 resistance in calm water was
studied as part of the Gothenburg 2010 workshop test cases
(Larsson et al., 2010). The average prediction error for all
participants was 7.18%D and so the present prediction error is
acceptable for the blunt bow hull form. The computed pitch and
heave motions show lower values than the experimental mea-
surement but the absolute values are very small compared to the
ship length scale. These computed and measured calm water
resistances are used to compute the added resistance in waves.

4.2.3. Global variables in time domain
Fig. 5 shows the comparison of the experimental and

computational results for the resistance and motions at

Table 1

Grid information.

Total cell number (Half body)

Coarse grid 0.67M

Medium grid 2.0M

Fine grid 4.34M
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incoming wave, l/Lpp ¼ 1.378 and A/Lpp ¼ 1/204. The time
is synchronized when the crest of incoming wave is matched at
0.98Lpp upward from FP, where the incoming wave height is
measured in the experiment. Both experimental and compu-
tational incoming wave is plotted together with the linear wave
theory line. The incoming wave elevation ðz=LppÞ corre-
sponds well with the linear wave theory in both the experiment

Fig. 2. Grid distribution of three different grids.

Table 2

Comparison of Ct(�10�3) at l/Lpp ¼ 0.5.

Coarse (S3) Medium (S2) Fine (S1) Exp.(D)

(water temp. ¼ 13.4 deg.)

Ct 5.051 4.674 4.662 4.612

E%D �9.52 �1.34 �1.08

Table 3

Verification & validation of total resistance.

RG pG UG%S1 USN%S1 UV%

0.0318 9.9469 0.5063 4.32 4.43

Fig. 3. The hull shape of the KVLCC2 model.

Table 4

Principal dimension of the KVLCC2.

Ship Model

Scale ratio 1.0 1/58

Design speed V[m/s] 7.9739 1.047

Froude number Fn 0.142

Reynolds number Rn 2.1�109 4.6�106

Length between perpendiculars Lpp[m] 320 5.5172

Breadth B[m] 58 1.0

Depth D[m] 30 0.5172

Draft T[m] 20.8 0.3586

WSA w/o rudder SW[m
2] 27,194 8.0838

WSA of rudder SR[m
2] 273.3 0.0812

Displacement V[m3] 312,622 1.6023

Block Coeff. CB 0.8098

Longitudinal CB from midship LCB[m] 0.0348Lpp

Vertical CG from keel KG[m] 18.6 0.3207

Metacentric height GM[m] 5.71 0.0984

Pitch radius of gyration Kyy 0.25Lpp

Table 5

Incoming regular wave conditions.

A/Lpp l/Lpp Computation

1/188 0.294 e

1/169 0.393 performed

1/204 0.491 performed

1/209 0.588 performed

1/200 0.695 performed

1/194 0.782 e
1/217 0.878 performed

1/221 0.989 e

1/213 1.074 performed

1/213 1.216 performed

1/204 1.378 performed

1/200 1.579 e

1/202 1.964 e

Fig. 4. Grid topology and boundary conditions for KVLCC2.

Table 6

The coefficient of calm water resistance.

CFD EFD(2012) E%D(2012)

w/o w/o w/o

rudder rudder rudder

Ct � 103 4.346 4.096 6.1

z/Lpp � 103 �1.098 �1.217 9.8

q(deg.) �0.126 �0.156 19.1
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and computation. However, the crest and hump of computa-
tional results are a little smaller than the experiment and
theory. The computed time history of the total resistance
shows a good agreement with the experimental result but the
higher harmonic component or non-linearity in the experiment
is not shown in the computation. The difference between the
experiment and computation for the mean value of the total
resistance are almost negligible comparing with the harmonic
amplitude of the total resistance. The heave and pitch motions
are in good agreement with the experiment. However, the
computed phase of the heave motion delays a little compared
to the experiment. Fig. 6 shows the comparison of the
experimental and computational results for the resistance and
motions at the short wave length condition, l/Lpp ¼ 0.491 and
A/Lpp ¼ 1/204. For this short wave case, the computed
amplitude of incoming wave elevation is smaller than the
experiment and theory. It can be guessed that the numerical
diffusion takes place and reduces the wave amplitude. The
computed 1st harmonic amplitude of Ct is about half of the
experiment. It stems from the fact that the time signals
measured by the dynamometer can be different from the hy-
drodynamic forces acting on the model ship due to the fre-
quency response of the dynamometer system. However, the
difference between the experiment and computation for the
mean value is very small as same as the case of long wave.
The 1st harmonic amplitudes of the heave and pitch motions

are almost negligible as shown both in the experiment and
computation. The under prediction of the sinkage can be
explained from the computed incoming wave results.

4.2.4. Added resistance and motion responses in waves
The 1st harmonic amplitudes of heave and pitch motion

responses obtained from the computation and experiment are
shown in Figs. 7 and 8, respectively. The figures also show the
experimental results of Osaka University and the computa-
tional results of Sadat-Hosseini et al. (2013). However, they
are a little different from the present condition that the smaller
model (scale ratio of 1/100) was used and surge-free condition
was applied. The computation shows a relatively good
agreement with the experimental result while there are some
discrepancies in the long wave conditions. This might be
caused from the fact that computationally undesirable condi-
tion occurs as the motions are getting larger because the non-
inertial reference frame is used for body motion. In this grid
all moving system with structured grid, it is difficult to
maintain sufficient grid density at far-field in order to cover
the free-surface region. Therefore, non-inertial reference
frame might be appropriate for small amplitude motion case.
This might be a possible source of errors. The peak value of
heave motion occurs near l/Lpp ¼ 1.4 in the experiment.
Similarly, the peak response of pitch motion occurs near
1:4< l=Lpp< 1:6. It is reasonable result that as the wave

Fig. 5. Time history of global variables for l/Lpp ¼ 1.378 and A/Lpp ¼ 1/204.
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length is getting longer, the 1st harmonic amplitudes of heave
(z/A) and pitch (q/Ak) motion get close to value 1.0 because
free-floating ship motion is dominant in the long wave length
condition.

The added resistance is defined as

RAW ¼ RT �RSW ð14Þ

where RAW is the added resistance, RSW calm water resistance
and RT total resistance in waves. Fig. 9 shows the comparison
of the added resistance coefficient of KVLCC2 between the
computation and the experiment. The unsteady RANS based
method shows a good agreement with the experiment for the

Fig. 6. Time history of global variables for l/Lpp ¼ 0.491 and A/Lpp ¼ 1/204.

Fig. 7. Heave motion RAO.

Fig. 8. Pitch motion RAO. Fig. 9. Added resistance in waves.
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various incoming wave length. Especially in the range of short
waves (l/Lpp < 0.6), the present method predicts the added
resistance with reasonable accuracy except the case of smallest
wave length, l/Lpp ¼ 0.393. In this wave diffraction

dominated condition, the potential based method usually needs
a special treatment such as Fujii and Takahashi (1975) or
Faltinsen et al. (1980) The difference from the experiment at
l/Lpp ¼ 0.393 mostly comes from smaller amplitude of
incoming wave due to the numerical diffusion and it might be
improved using more grids in the longitudinal direction.

The actual sea spectrum is plotted with black line in Fig. 9,
which corresponds with the sea state 5. The real added resistance
in sea way is obtained from the integral of the added resistance
curve in regular waves and wave spectrum. The ability to predict
the added resistance in the short wave length range is crucial for
a large commercial ship such as KVLCC2 because the wave
energy is concentrated in this wave length range.

5. Added resistance prediction of KWP-bow KVLCC2

In this section, we predict the added resistance performance
of KVLCC2 and its modified hull form using CFD and
compare the results with the experimental results (Hwang
et al., 2016). The scale ratio of KVLCC2 is different from
that of Section 4. This model is larger (scale ratio ¼ 1/39.44)
and free surge condition is applied in the experiment while
CFD applies surge-fixed condition.

5.1. Computational setup

WAVIS 2.2 verified in Section 4 is applied to the KVLCC2
and its modified hull form (KWP-bow KVLCC2). The design
concept of the KWP-bow KVLCC2 is adopted from the
LEADGE-bow hull form (SEA-JAPAN, 2016; Hwang et al.,
2013). The only difference between the two hull forms is
the shape of bow region as depicted in Fig. 10. The difference
of the displacement is less than 0.2% and the increase of
wetted surface area due to no-bulb shape is about 0.5%. The
bow shape is modified to be sharpened in order to reduce the
wave reflection. Table 7 shows the principal dimension of the
two hull forms. Almost same grid systems are used for two

Fig. 10. Comparison of the bow shapes (top: KVLCC2, bottom: KWP-bow

KVLCC2).

Table 7

Principal dimensions of the KVLCC2 and KWP-bow KVLCC2.

KVLCC2 KVLCC2 KWP-bow KVLCC2

Ship Model Model

Scale ratio 1.0 1/39.44

V[m/s] 7.9739 1.2697

Fn 0.142

Rn 2.1 � 109 9.04 � 106

Lpp[m] 320 8.1136 8.3164

B[m] 58 1.4706

D[m] 30 0.7606

T[m] 20.8 0.5274

SW[m
2] 27,194 17.4823 17.5736

V[m3] 312,622 5.0958 5.0865

CB 0.8098 0.7886

LCB[m] 0.0348Lpp 0.0211Lpp

Fig. 11. Longitudinal distribution of the grid.
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hull forms except the bow region where the hull form is
modified. The size of computational domain and the boundary
condition setup are same as Section 4. We use the fine grid
system based on the grid study in Section 4.1. Fig. 11 shows
the longitudinal grid distribution. The number of grids in
longitudinal direction per the shortest wave length is set by 36
in upstream region and 58 in hull side region. Computational
domain consists of 4.6 million cells (510 � 89 � 96). The first
cell size is set as yþ is under 100. Only heave and pitch mo-
tions are considered in this calculation and Table 8 shows
applied wave conditions based on the experimental
measurement.

5.2. Computational results

The computed calm water resistances show about 2.5%
difference between two hull forms. The KWP-bow KVLCC2
shows the lower value of total resistance coefficient. Time
history comparison of the two hull forms is carried out for the
relatively short wave length condition (l/Lpp ¼ 0.3) and the
long wave length case (l/Lpp ¼ 1.1). Fig. 12 shows the time
histories of total resistance coefficient (Ct), heave and pitch of
the original KVLCC2 and KWP-bow KVLCC2. Under this
short wave length condition, the motion amplitude is very
small as expected but it is confirmed that periodic oscillation
of the force resulted from wave reflection occurs in both hull
forms. Since KWP-bow KVLCC2 has nearly wall-sided shape
in the bow region without bow bulb, the shape of Ct signal is
nearly sinusoidal. These characteristics are clearly confirmed
in the frequency domain as depicted in Fig. 13. The second
harmonic term in KVLCC2 is higher and the first harmonic
amplitude is also larger than that of KWP-bow KVLCC2. The
second harmonic amplitude of the KWP-bow KVLCC2 is less
than 1% of the first harmonic term while that of KVLCC2 is
about 10%. Comparison of free surface elevation of both hull
forms is depicted in Fig. 14. It is confirmed that reflected wave
around the bow region of the original KVLCC2 is definitely
bigger than that of the KWP-bow KVLCC2. It is understood
that the added resistance from wave reflection of the KWP-
bow KVLCC2 is less exerted.

The time histories for the long wave length condition of the
two hull forms are depicted in Fig. 15. As motion amplitude is
getting higher, high order harmonic components appears in the
time history of Ct. Heave and pitch motions oscillate periodi-
cally corresponding to the encountered frequency. In this large
amplitude motion case, wave radiation is the main cause of the
added resistance. Fig. 16 shows the spectral analysis of Ct. All
the harmonic amplitudes of the original KVLCC2 are larger
than those of the KWP-bow KVLCC2. Fig. 17 is the com-
parison of the wave elevation obtained at the position near the
hull side ( y/Lpp¼ 0.1). The left and right figures are the results
at the maximum and minimum pitch angle during a pitching
period, respectively. The red line obtained from the original
KVLCC2 has higher wave crest and lower wave hump, which
means more energy is consumed for making waves.

Figs. 18 and 19 show the 1st harmonic amplitude of heave
and pitch motion responses of the both hull forms at the cor-
responding incoming wave lengths for the present computation
with the experimental results in KRISO towing tank. The
symbols show the experimental results and the lines indicate
the computational results. The predicted heave and pitch
Response Amplitude Operators (RAOs) show relatively good
agreement with the experimental results except the case of long
wave conditions. This might stem from the use of non-inertial
reference frame as previously mentioned. Fig. 20 shows the
comparison of the added resistance of KVLCC2 and KWP-bow
KVLCC2 at Fn ¼ 0.142 with the experiments. The computed
added resistance shows a little difference from the experiment
where l/Lpp is higher than 1.0. This is similar result of heave
and pitch RAO. However, the present method shows a good
agreement with the experiment in the range of short waves in
which potential based method usually needs a special treat-
ment. It is also confirmed that modified hull form (KWP-bow
KVLCC2) for reduction of added resistance shows better per-
formances in all the range of wave length conditions. The black
lines (dashed, dash-dot, solid) mean wave spectrums in sea
state 4, 5 and 6, respectively. As previously stated, when a ship
is large, the energy of waves is concentrated on relatively short
wave length conditions in the typical operating condition.

Full scale prediction can be carried out assuming that the
non-dimensional coefficient of added resistance (shown in Eq.
(15)) is same in a full scale condition.

CAWðf Þ ¼ RAWðf Þ
rgAðf Þ2B2=Lpp

ð15Þ

where A is wave amplitude at a certain wave frequency and B
is breadth of the ship. The added resistance at a specific sea
state is calculated by Eq. (16).

Radd ¼
Z
f

CAWðf ÞSWðf Þdf �
�
2rgB2

Lpp

�
ð16Þ

SW( f ) is the modified Pierson-Moskowitz (PM) spectrum of
ITTC 1978 according to a sea state. Actually, there are no data
where wave length is less than 0.3. Hence we assume the CAW

in this region as constants obtained by averaging three values

Table 8

Applied wave conditions.

Original KVLCC2 KWP-bow KVLCC2

l/Lpp A/Lpp l/Lpp A/Lpp

0.300 0.003660 0.300 0.003696

0.401 0.004922 0.400 0.005017

0.500 0.004821 0.500 0.005117

0.600 0.005155 0.600 0.004982

0.701 0.005035 0.700 0.004934

0.801 0.005122 0.800 0.004801

0.901 0.005001 0.900 0.004873

0.998 0.005028 1.000 0.004957

1.101 0.005183 1.100 0.005069

1.252 0.005271 1.250 0.003805

1.398 0.005187 1.400 0.003662

1.598 0.005167 1.600 0.003837

2.002 0.005014 2.000 0.003656
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Fig. 12. Time history of Ct, heave and pitch motion for l/Lpp ¼ 0.3.

Fig. 13. Frequency domain of Ct for l/Lpp ¼ 0.3.
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Fig. 15. Time history of Ct, heave and pitch motion for l/Lpp ¼ 1.1.

Fig. 14. Free surface elevation of each hull attitude for l/Lpp ¼ 0.3.
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(l/Lpp ¼ 0.3,0.4,0.5a). Fig. 21 shows the required-power
reduction of KWP-bow KVLCC2 in each sea state
comparing to the original KVLCC2. CFD result shows a good
agreement with the experiment while the power reduction is
over-predicted in the sea state 4. This difference might be due
to the lack of data in this study for very short wave length
conditions such as 0.1 and 0.2 in which region wave energy is
concentrated in sea state 4.

6. Conclusions

� The added resistance and 2DOF (heave and pitch) motions
of KVLCC2 tanker advancing at Fn ¼ 0.142 in regular
head waves are computed with the developed unsteady
RANS method. Time histories of Ct, heave and pitch
motion are directly compared with the results obtained in

Fig. 17. Comparison of the wave elevation at y/Lpp ¼ 0.1 (left: result at the maximum pitch angle position, right: result at the minimum pitch angle position).

Fig. 18. Heave motion RAO of KVLCC2 and KWP-bow KVLCC2.

Fig. 19. Pitch motion RAO of KVLCC2 and KWP-bow KVLCC2.

Fig. 16. Frequency domain of Ct for l/Lpp ¼ 1.1.

Fig. 20. Comparison of added resistance in waves.

Fig. 21. Prediction of the required-power reduction of KWP-bow KVLCC2 in

each sea state.
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KRISO towing tank experiment. The computational re-
sults of added resistance and 2DOF motion responses are
in good agreement with the experiments while the present
method shows the under-prediction of added resistance for
the shortest wave length condition due to numerical
diffusion. However, CFD approach in application to the
problem of added resistance and ship motion has strong
advantages to resolve the physics of wave diffraction
without additional effort for short wave formulation.

� The added resistance and 2DOF motions of KVLCC2 and
its modified hull form are computed. The modified hull
form is designed for reduction of the added resistance in
waves with changing shape of the bow region. The
computational results of added resistance are in good
agreement with the experiments and show the ability to
capture the difference between the two hull forms. The
prediction of required-power reduction of the modified
hull form shows a good agreement with the experiments in
sea state 5 and 6. However, data acquisition for the very
short wave length conditions should be carried out in both
computation and experiment for more reliable comparison
for the sea state 4. Although some technical improvements
are needed, the present RANS approach to predict the
added resistance performances of low speed full ships
might be useful from a practical point of view.

It is learned that higher order numerical scheme to reduce
the numerical diffusion or high fidelity computation should be
considered in order to improve the present study. Additionally,
the technical improvement such as dynamic overset scheme
might be needed for the large amplitude motion case.
Although realizable k-ε model is adopted in this study, the
effect of turbulent closure model must be further studied.
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