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a b s t r a c t

This paper employs computational tools to investigate the cause of resistance reductions in calm water
and waves of the sharp bow form compared to the blunt bow in 66,000 DWT bulk carriers. A more
slender shape at the fore-shoulder without a bulbous bow is a prominent feature of the sharp bow. The
blunt bow incorporates a bulbous shape. A two-phase unsteady Reynolds averaged Navier-Stokes
equations have been solved; and a realizable k-ε model has been applied for the turbulent closure.
The free-surface is obtained by solving a VOF equation. The computational results have been validated
with model tests carried out at a towing tank. The pressure component of resistance in the sharp bow is
reduced by 8.9% in calm water, and 6.4e12.7% in regular head waves. The frictional components of
resistance in the sharp and blunt bows are largely the same.
© 2019 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The bow shapes of large and slow speed ships such as Very Large
CrudeCarriers (VLCC) or Bulk Carriers (BC) are generally blunt. A ship
with a blunt bow is usually designedwith a focus on lower resistance
and higher propulsion efficiency in calm water. Many researches
have shown that the blunt bow provides larger total resistance in
waves (RTM

W ). This is caused by the added resistance due to waves
(RAW) (Blok, 1983; Buchner, 1996; Hirota et al., 2005; Kuroda et al.,
2012; Tvete and Borgen, 2012). RAW is the difference between RTM

W

and total resistance in calm water (RTM) at the same ship speed.
To meet the increasingly tightening IMO MEPC regulations on

the Energy Efficiency Design Index (EEDI), shipbuilders are making
concentrated efforts to enhance the performance of ships at real sea
conditions. Several concepts of the bow shape have been developed
accordingly. If the vessel encounters short waves most of the time, a
sharper bow may be more suitable. A sharp entrance angle bow as
an arrow (SEA-Arrow) has been applied to medium-speed ships
such as LPG carriers (Ebira et al., 2004). A long and protruding bow
aptly named ‘beak-bow’ reduces the RAW, but increases overall
length (Orihara and Miyata, 2003; Hirota et al., 2005). The Ax-bow

was developed to reduce the overall length of the beak-bow
(Hirota et al., 2005). Hirota et al. (2005) showed the results of the
favorable effect inwaves to use the ‘Ax-bow’ and the ‘LEADGE-bow’.
The Ax-bow is to sharpen the bow only above design load waterline
(DLWL) and reduces the wave reflection above the DLWL main-
taining the same resistance in calm water (Guo and Steen, 2011;
Sadat-Hosseini et al., 2013; Seo et al., 2013). The LEADGE-bow is a
straightened bow to fill up the gap between the Ax-bow and the
bulb. The whole bow line including under the DLWL is sharpened.
Due to this, the bow was expected to reduce RAW in both ballast and
full load conditions. Hwang et al. (2013) applied the design concepts
of Ax- and LEADGE-bow to 300,000 DWT VLCC (KVLCC2). Yang et al.
(2017) pointed out that the local value of the added pressure, which
is the pressure difference between in waves and in calm water,
changes according to the slenderness and sharpness of the ship bow.

Predicting RAW is essential to optimizing the hull form, to pre-
dicting speed loss or power increases in waves, and to analyzing
speed sea trial tests. Many studies have been performed to predict
RAW using numerical and experimental methods. The RAW is
dependent on ship motions (have, pitch and bow relative motion),
ship speeds, wave conditions (length, height and heading angle) and
hull form. The RAW is mainly caused by wave radiation via the ship
motion and bow reflection of incident waves on the ship hull (Hirota
et al., 2005). The added resistance in short waves is an important
factor especially for a full-slow speed ship's performance, because
the significant frequency of a seawave spectrum coincides with this
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range. Shipmotion in short waves is nearly negligible and the RAW in
this range is primarily due to wave reflections. The RAW shows
strong nonlinear behaviors (Gerritsma and Beukelman, 1972;
Journee, 1976; Lee et al., 2013; Shen and Wan, 2013). The bow
relative motion has correlations with RAW in a manner that the peak
of the RAW is near the maximum bow relative motion (Blok, 1983;
Grigoropoulos and Chalkias, 2010; Shen and Wan, 2013).

The numerical methods based on the potential flow of strip or
frequency-domain Rankine panel methods have been applied to
solve the seakeeping and RAW problem. RAW is obtained from the far-
field method based on momentum-conservation (Maruo, 1960;
Newman, 1967; Gerritsma and Beukelman, 1972) and the near-field
method with the direct pressure integration (Faltinsen et al., 1980;
Lee et al., 2013). And a time-domain Rankine panelmethod has been
applied (Joncquez, 2009; Kim and Kim, 2011; Lee et al., 2013; Seo
et al., 2013) as well. However, they had fallen short of offering reli-
able results in short waves where the reflection effect is dominant.
The RAW obtained from Computational Fluid Dynamics (CFD)
methods based on Reynolds averaged Navier-Stokes equations
(RANS) and volume of fluid surface capturing aremore similar to the
experimental data than those obtained from the potential-flow
theory, especially, in short waves (Orihara and Miyata, 2003; Guo
and Steen, 2011; Jeong et al., 2013; Sadat-Hosseini et al., 2013; Lee
et al., 2013).

Yu et al. (2017b) obtained the sharp bow as optimal bow hull
form of the 66,000 DWT bulk carrier in calm water and in waves.
They applied the potential-flow solver and empirical formula of the
modified Fujii and Takahashi's formula as CFD solvers. Kim et al.
(2017) predicted the added resistance, heave and pitch motion in
regular headwaves for the KVLCC2 and its modified hull form using
RANS methods and compared the computation results with the
experiments. In this paper, the RANS solver of STAR-CCMþ is used
to investigate the reason why the sharp bow reduces resistance in
calmwater and in waves. The CFD results are validated with model
test results carried out at a towing tank.

2. Objective SHIPS and wave conditions

The objective ship is a 66,000 DWT Supramax BC. Three hull
forms have been incorporated - the first one is an original hull form
designed by Daewoo Shipbuilding & Marine Engineering Co., Ltd.
(DSME) which features a bulbous bow (hereafter ‘K-Supramax’);
the second one is an initial hull form designed by Korea Advanced
Institute of Science and Technology (KAIST) which applied the
LEADGE bow shape concept to reduce RAW with the stern also
modified to improve viscous resistance performance (hearafter ‘the
Initial’); the third one is an optimized hull form based on ‘the Initial’
(hereafter ‘KW-Supramax’) by Pusan National University (PNU)
which applied two objective functions (minimum values of the
total resistance in calm water and the added resistance in regular
short head waves (Yu et al., 2017b)). KW-Supramax features a more
slender shape at the fore-shoulder part without a bulbous bow. Ke
and KW-Supramax are selected as the blunt and sharp bow hull
forms, respectively. The body plans and the side view of the Ke and
KW-Supramax are presented in Fig. 1.

The principal dimensions at the full-load draft are listed in
Table 1. Note that the stern of ‘the Initial’ is also modified to
improve viscous resistance performance and the LPP becomes
larger by 4.0m. The displacement of the KW-Supramax is
decreased by 0.8% comparing to that of the K-Supramax.

The model tests were performed at 15 regular head waves as
listed in Table 2. A rudder is not fitted to the model ship. The scale
ratio is 33.33. For the regular waves, the wave length (l) ranges
from 0.3 L to 2.0 L and the wave amplitude (za) is 0.005 L. Here, L is
LPP of the K-Supramax.

The design speed (VS) is 14.5 knots. The values of FN are 0.172
and 0.170, and those of RN are 6.091� 106 and 6.216� 106 for K-
Supramax and KW-Supramax, respectively. The values of the FN and
RN slightly vary due to the difference of LPP. The FN and RN are non-
dimensionalized by the VS and LPP.

The computations are carried out at the same scale of the model
tests at a towing tank. Four incident wave conditions of l¼ 2.90,
6.92, 8.02 and 10.22m are selected for the computations.

Fig. 1. Body plans and side view of Ke and KW-Supramax.

Table 1
Principal dimensions at full-load draft.

K-Supramax Initial KW-Supramax

Length overall [m] LOA 200.0 200.0 200.0
Length between

perpendiculars [m]
LPP 192.0 196.0 196.0

Length on waterline [m] LWL 196.0 200.0 200.0
Breadth [m] B 36.0 36.0 36.0
Draft [m] T 11.2 11.2 11.2
Wetted surface area [m2] S0 9816 9778 9773
Displacement [m3] V 65,005 64,900 64,472
LCB from midship (þ:

forward) [m]
LCB 5.76 5.78 5.27

Height of center of
gravity [m]

KG 7.02 7.02 7.02

Water plane area [m2] WPA 6489 6549 6501

Table 2
Conditions of incident regular waves in model scale.

l[m] l/L za [m] H/l

2.29 0.40 0.028 0.025
2.90 0.50 0.028 0.019
3.47 0.60 0.028 0.016
4.05 0.70 0.029 0.014
4.63 0.80 0.027 0.012
5.17 0.90 0.029 0.011
5.72 0.99 0.030 0.011
6.36 1.10 0.029 0.009
6.92 1.20 0.029 0.008
8.02 1.39 0.028 0.007
9.17 1.59 0.026 0.006
10.22 1.77 0.029 0.006
11.34 1.97 0.029 0.005
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3. Theoretical background

The ship is advancing at a constant mean forward speed VS in
sinusoidal waves with an arbitrary heading. The ship fixed righted-
handed global coordinate system (x, y, z) is defined as positive x in
the flow direction, positive y in the starboard, and positive z up-
ward, as shown in Fig. 2. The origin is the intersection point of the
midship, the centerplane and the undisturbed free surface. The
translatory displacements in the x, y, and z directions are surge (x1),
sway (x2) and heave (x3), and the angular displacement of rotational
motion about the x, y, and z axes are roll (x4), pitch (x5) and yaw (x6)
respectively. Note that surge to bow, sinkage to downward and trim
by head are negative.

Potential-flow theory combined with the empirical formula is
used for the calculation of the RAW. The 3-D panel source distri-
bution method is applied. The details and formulations using po-
tential flow theory are well described in Chun (1992). Fujii and
Takahashi's formula with correction is applied for the empirical
formula (Yu et al., 2017b).

3.1. Governing equations

The governing equations for the incompressible turbulent flow
are the instantaneous conservation of mass (continuity equation)
andmomentum (RANS) equation. These equations are expressed in
tensor notation as follows:

vUi

vxi
¼ 0 (1)

r
vUi

vt
þ rU[

vUi

vx[
¼ �vp

vxi
þ v

vx[

�
m
vUi

vx[
� ruiu[

�
þ rgi (2)

where Ui¼(U,V,W) is the velocity component in xi¼(x,y,z) direction,
while p, r, m,�ruiu[ and gi are the static pressure, fluid density, fluid
viscosity, Reynolds stress and gravitational acceleration in i-direc-
tion, respectively.

3.2. Turbulence modeling

A realizable k-ε eddy viscosity model with standard wall func-
tion was applied for the turbulence closure. Turbulent kinetic en-
ergy (k) transport equation is expressed as

r
vk
vt

þ rU[
vk
vx[

¼ v

vx[

�
Ck

k2

ε

vk
vx[

þ n
vk
vx[

�
� ruiu[

vUi

vx[
� rε (3)

Dissipation of turbulent energy (ε) equation is expressed as

r
vε

vt
þ rU[

vε

vx[
¼ v

vx[

�
Cε
k2

ε

vε

vx[
þ n

vε

vx[

�
�C

ε1
ε

k
uiu[

vUi

vx[
�C

ε2
ε
2

k
(4)

The values of model constants are Ck¼ 0.09, Cε¼ 0.07, Cε1¼1.44

and Cε2¼1.92.
Reynolds stresses can be written using Boussinesq's isotropic

eddy-viscosity hypothesis;

�ruiu[ ¼ mt

 
vUi

vxj
þ vUj

vxi

!
� 2
3
rkdij (5)

Where turbulence eddy viscosity is expressed as

mt ¼ rCm
k2

ε

(6)

Cm ¼ 1
��

A0 þ AS
U*k
ε

�
(7)

Details of Eq. (7) are well describes in STAR-CCM þ user guide
(CD adapco, 2016).

3.3. Free surface

The Volume of Fluid (VOF) model is used to model the air and
water free surface interactions. The VOF is an interface-capturing
type scheme used to capture the free surface between two fluids.
The fraction of fluid in each cell represented by a function a, whose
value is 1(one) in a cell full of fluid, while 0(zero) no fluid, and
0<a< 1 contains a free surface. The volume of fraction is governed
by the following transport equation:

va

vt
þ Ui

va

vxi
¼ 0 (8)

3.4. Wave damping zone

Grid and numerical wave damping zones are applied to ensure
that no unwanted wave reflection occurs at the boundaries of the
solution domain.

In grid damping zone, the grids are expanded. These coarse
grids support wave damping by numerical dissipation, and the
waves can't propagate well.

In numerical damping zone, the source term (Szd) is introduced.

Szd ¼ rðf1 þ f2jW jÞ e
k � 1

e1 � 1
W (9)

k ¼
�

x� xsd
xed � xsd

�nd

(10)

Where xsd is starting point for wave damping (propagation in x-
direction) and xed is end point for wave damping (boundary); f1, f2
and nd are parameters of the damping models.

3.5. Fourier series analysis

The time history of the experimental and computational results
for encounter wave elevation, resistance, sinkage and trim are
analyzed by Fourier Series (FS). Each unsteady history 4ðtÞ can be
expanded into the sum of FS:

4ðtÞ ¼ 40
2

þ
XN
n¼1

4n cosðuent þ gnÞ n ¼ 1;2;3 (11)

where, 4n is the nth harmonic amplitude and gn is the corre-
sponding phase. Their values can be obtained by followingsFig. 2. Coordinate system.
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equations:

4n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2n þ b2n

q
(12)

gn ¼

8>>><
>>>:

tan�1
�
� bn

an

�
; if bn � 0

tan�1
�
� bn

an

�
þ p; if bn <0

(13)

in which,

an ¼ 2
T

ðT
0

fðtÞcosðuentÞdt (14)

bn ¼ 2
T

ðT
0

fðtÞsinðuentÞdt (15)

The 0th harmonic amplitude 40 is the averaged value of time
history of4ðtÞ. The 1st harmonics 41stands for the linear term of the
unsteady histories. The 0th and 1st harmonics are the primary
components in linear system. However, the amplitude of the higher
order harmonics (n� 2), which represent non-linear term of un-
steady histories, play a crucial role in non-linear problems. The
larger the amplitudes are, the more non-linear the problem is.

4. Computational methods and conditions

To solve the governing equations, the flow domain is subdivided
into a finite number of cells and the equations are changed into
algebraic form via the discretization process. The cell-centered
finite volume method is used for the space discretization. The
convective terms are discretized using the second order upwind
scheme. The diffusion terms utilize the central difference scheme.
The SIMPLE algorithm is applied to the velocityepressure coupling.
The temporal discretization is the 2nd order Adams-Bashforth
scheme. A High-Resolution Interface-Capturing (HRIC) scheme to
compute the evolution of free surface by solving equation for vol-
ume fraction of liquid was employed.

4.1. Computational domain and boundary conditions

The computational domain and boundary conditions are pre-
sent in Fig. 3. The computational domain is a shape of rectangular
with �1.5< x/L< 4.5, 0< y/L< 1.5, and �1.0< z/L< 0.4, where the

fluid is water for the region of �1.0< z/L< 0.0 and air for 0.0< z/
L< 0.4 at the initial condition. Half domain is used where symmetry
condition is applied at the centerplane.

No-slip condition is applied for the hull surface. Standard wall
function is utilized. Velocity inlet and pressure outlet boundary
conditions are applied for the inlet and outlet boundary plane,
respectively. Symmetry condition is applied on symmetry and side
boundary plane. Slip wall boundary condition is applied on top and
bottom boundary plane.

The 1st order linear wave theory is applied for the inlet
boundary plane expressed as;

zðx; tÞ ¼ za,cosðk0x� uetÞ (16)

Uðx; z; tÞ ¼ u0,za,e
k0z cosðk0x� uetÞ (17)

Wðx; z; tÞ ¼ u0,za,e
k0z sinðk0x� uetÞ (18)

pðx; z; tÞ ¼ u2
0,za,e

k0z

k0
cosðk0x� uetÞ �

u2
0,z

2
a,e

2k0z

2
(19)

Here, k¼ 2p/l is wavenumber and u is wave frequency.
Subscript o and e are circular and encounter wave, respectively.

4.2. Grid generation

The overset grid systems are applied, in which the overlapping
grids move with the ship motion, which is obtained using the 6-

Fig. 4. Overset grid system and hull surface grid.Fig. 3. Computational domain and boundary conditions.
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degrees of freedom (DOF) model. In this work, only the 2-DOF is
taken into account, i.e., heave and pitch.

Theoversetgrid systemispresent inFig. 4. Thegridsaregenerated
using STAR-CCM þ by means of the trimmed mesh approach. Grid
damping zone is applied in the region of 2.5 < x/L < 4.5 including
numerical damping zone of 3.8 < x/L < 4.5. A prismatic layer is
generated near thewall to resolve the boundary layer. Five layers are
used. The space of the 1st grid from thehull is yþz120. Fine grids are
set near free-surface.More than 50 cells perwave length and 20 cells
per wave height for the computation of the shortest wave condition

(l/L¼ 0.5) are used. The same grid system is used for the computa-
tions at the calmwater and the other wave conditions.

4.3. Wave generation test

Wave generation tests are performed to know the mesh's quality
and to find the computational parameters which give high resolu-
tion. This is done using background grid, in which there is no hull.
The computed results are compared with the theoretical values as
expressed in Eq. (16) as presented in Table 3. The R%T denotes the
percentage ratio of the computational value to the theoretical.

Fig. 5 displays snapshot of wave profile of wave-generation tests
using CFD at t/Te¼ 0.7 in l/L¼ 0.5. Here, t is time and Te is

Table 4
Resistance characteristics in calm water of Ke and KW-Supramax at model scale.

K-Supramax KW-Supramax RR%

Exp CFD Exp CFD Exp CFD

RTM [N] 33.57 33.08 31.91 32.20 �4.9 �2.7
RPM [N] 8.82 8.04 �8.9
RFM [N] 24.26 24.16 �0.4
Sinkagex103 [m] �8.60 �8.66 �8.10 �8.02 �5.8 �7.4
Trim [deg] �0.50 �0.18 �0.41 �0.16 �8.5 �13.3

Fig. 8. Comparison of pressure distribution on the hull.

Fig. 7. Measured and filtered experimental data of the total resistance in waves: l/L¼ 0.50.

Table 3
Simulated incident wave length and height at model scale.

Test case (l/L) l [m] H [m]

Theory CFD R%T Theory CFD R%T

0.50 1.112 1.117 100.4 0.029 0.0287 99.1
1.20 3.561 3.560 100.0 0.029 0.0313 107.9
1.39 4.334 4.338 100.1 0.029 0.0316 108.9
1.77 5.940 5.940 100.0 0.029 0.0307 105.8

Fig. 5. Snapshot of wave profile of wave-generation tests using CFD at t/Te¼ 0.7 in l/
L¼ 0.5.

Fig. 6. Model test setup for free surge condition.
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encounter wave period. The wave length of l/L¼ 0.5 is selected
because the short waves easily become unstable. The time of

t/Te¼ 0.7 is randomly chosen. The wave lengths are nearly same,
however, the wave heights show a small difference of 0.9e8.9%.
Thus, the generated waves are confirmed to be stable, and it is
reasonable to non-dimensionalize the heave or pitch motions by
using the computed wave amplitude.

The time step is set 0.0025 s corresponding to 1/500 of the short
wave period (l/L¼ 0.5). The number of iterations per time step is
set to 20. The under-relaxation factors are set to 0.2 for momentum
and 0.8 for pressure.

5. EXPERIMENTS

The model tests were performed in calmwater and regular head
waves at PNU's towing tankwhich has dimensions of 100m� 8m x
3.5m (length x width x depth). Surge-free tests with ‘constant
speed’ have been conducted. Fig. 6 displayed the test setup. Details
are well described in Yu et al. (2017a).

The incident and encounter wave elevations using wave probes,
total resistances using a resistance dynamometer, and surge, heave
pitchmotions using laser displacementmeters have beenmeasured.

The sampling rate of the data acquisition is 200 Hz. The
measured data are filtered using Moving Average Filter (MAF)
method to remove the higher frequency noise. Fig. 7 displays the
example of the measured and filtered data using MAF for the RTM

W

measurements in the case of l/L¼ 0.50.

6. Results

The time histories of the computational results and the exper-
imental filtered data for the encounter wave elevation, resistance,

Table 5
Harmonic amplitudes and phases of the total resistance, sinkage and trim in head wave: l/L¼ 0.50.

(a) Total resistance [N]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th 39.00 0.0 38.71 �0.4 37.51 0.0 37.13 1.0 �3.8 �4.1
1st 10.81 �124.5 115.02 �62.5 �964.2 6.32 �108.4 107.90 �60.2 �1608.0 �41.6 �6.2
2nd 0.48 57.5 17.83 27.4 �3648.9 0.69 �168.6 10.41 86.4 �1412.8 44.7 �41.6
3rd 0.74 70.0 2.54 96.6 �244.0 0.48 174.2 1.81 �46.0 �280.6 �35.5 �28.7
4th 0.36 �25.0 0.92 �85.7 �155.5 0.08 �36.4 0.90 92.8 �1101.5 �79.2 �2.2
5th 0.41 �67.5 1.10 6.2 �166.7 0.60 72.5 0.59 �127.3 2.6 45.8 �46.7

(b) Sinkage� 103[m]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �8.10 0.0 �8.73 �7.7 �8.18 0.0 �8.10 1.0 1.0 �7.1
1st 0.39 71.4 0.20 44.7 49.9 0.29 63.0 0.18 58.1 37.5 �25.1 �6.5
2nd 0.07 105.2 0.02 �152.0 72.0 0.19 �25.9 0.02 �108.0 90.0 157.5 �7.8
3rd 0.07 159.6 0.00 49.2 98.2 0.11 144.8 0.00 144.0 98.1 46.0 53.8
4th 0.02 �135.7 0.00 119.2 92.2 0.05 �20.2 0.00 �102.3 98.1 184.9 �30.8
5th 0.06 168.8 0.00 147.4 98.6 0.12 �134.0 0.00 �69.0 99.7 99.7 �50.0

(c) Trim [o]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �0.45 0.0 �0.18 60.3 �0.33 0.0 �0.16 52.9 �25.2 �11.2
1st 0.07 113.6 0.05 93.8 30.2 0.08 131.7 0.05 97.9 37.5 11.5 �0.2
2nd 0.01 �91.7 0.00 �162.0 83.6 0.01 �28.3 0.00 �110.3 84.0 �25.3 �27.1
3rd 0.01 136.4 0.00 58.3 98.9 0.00 �172.1 0.00 143.9 88.9 �66.9 224.9
4th 0.00 80.7 0.00 114.7 97.5 0.00 �134.4 0.00 �142.0 97.6 41.3 37.5
5th 0.00 31.6 0.00 140.4 93.0 0.01 3.4 0.00 �111.9 98.7 848.7 78.8

Fig. 10. Comparison of wave profiles on the hull and centerplane.

Fig. 9. Comparison of wave patterns in calm water.
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sinkage and trim are analyzed by FS.
In the case of resistance, sinkage and trim, the 40 denotes total

resistance, averaged sinkage and trim in waves, respectively. The
1st FS harmonics 41stands for the linear term of the unsteady
histories. In the case of the sinkage and trim, 41 denotes the heave
and pitch motions, respectively.

6.1. In calm water

Total resistance, resistance due to friction and pressure com-
ponents in calm water of the Ke and KW-Supramax are compared
in Table 4.

Where RR% denotes the reduction percentage ratio as
expressed:

RR% ¼ 4KW�Supramax � 4K�Supramax

4K�Supramax � 100 (20)

The RTM of KW-Supramax is reduced by 4.9% in the experiment
(or 2.7% in the CFD), which is due to the resistance reduction of
pressure component (RPM) by 8.9% in the CFD. The resistances of
frictional component (RFM) of KWe andK-Supramax are nearly same
each other. The sinkage and trim are negative values, that is, KWe

and K-Supramax are sunken and trimmed by head in calmwater.
The pressure distributions on the hull are compared in Fig. 8.

Dashed line denotes the plane at x/LPP¼�0.4271 (18.5 St. of K-
Supramax) around fore-shoulder, where the difference between
wave profile of Ke and that of KW-Supramax is the largest. The area
of stagnation pressure at bow of KW-Supramax is smaller than that
of K-Supramax. The pressure gradient near fore-shoulder of KW-
Supramax is gentler than that of K-Supramax. The pressure

distributions of KW-Supramax at the other regions except these
regions are nearly same as those of K-Supramax. These are the
reasons why the RPM of KW-Supramax is reduced by 8.9%.

Fig. 9 presents the comparison of wave patterns. The wave
elevation is non-dimensionalized by L. The wave elevations of KW-
Supramax are nearly same as those of K-Supramax except near
fore-shoulder as explained in Fig. 8.

Fig. 10 displays the comparison of wave profiles on the hull.
Relatively lower wave elevation is present around fore-shoulder of
KW-Supramax. The wave elevations of KW-Supramax at the other
regionexcept this regionarenearly sameas thoseofK-Supramax. This
is consistentwith thehull pressuredistributionsasexplained inFig. 8.

6.2. In waves

The harmonic amplitudes and phases from the 0th to the 5th for
the total resistance, sinkage and trim in waves are listed in
Tables 5e8. The phases are defined according to the time lag when
the crest of the incident wave locates at the LCG. The E%D denotes
the comparison error expressed as:

E%D ¼ ðD� SÞ=D� 100 (21)

Where D is the experimental value and S is the CFD value.
The mean values of total resistances and their differences be-

tween KWe and K-Supramax (DRTM¼ RTM
KW�Supramax-RTM

K-Supramax) in
calm water and in waves are summarized in Table 9. The mean
values of total resistance of KW-Supramax are lower than those of
K-Supramax in calm water and in waves by 0.20e4.06N in experi-
ments (1.57e2.07N in CFD).

KW-Supramax is optimized not only in calm water but also in

Table 6
Harmonic amplitudes and phases of the total resistance, sinkage and trim in head wave: l/L¼ 1.20.

(a) Total resistance [N]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th 47.11 0.0 48.61 �3.2 45.61 0.0 46.53 �2.0 �3.2 �4.3
1st 29.85 72.9 82.37 153.4 �176.0 5.07 63.4 71.57 155.3 �1311.5 �83.0 �13.1
2nd 1.10 10.0 18.47 43.5 �1579.4 1.96 149.3 13.13 �29.4 �570.8 78.1 �28.9
3rd 6.31 �138.3 5.67 43.9 10.1 1.00 �155.7 1.19 �94.9 �18.4 �84.1 �79.1
4th 1.12 11.5 0.60 �98.9 46.0 0.45 �86.6 0.07 �104.0 83.9 �60.2 �88.2
5th 0.20 109.4 0.47 �137.1 �134.9 0.50 166.9 0.14 �101.2 71.2 149.7 �69.4

(b) Sinkage� 103[m]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �6.85 0.0 �8.58 �25.2 �9.67 0.0 �8.21 15.1 41.2 �4.3
1st 21.48 �60.5 21.69 �66.2 �1.0 20.83 �79.0 22.03 �62.8 �5.8 �3.0 1.6
2nd 0.17 �110.6 0.14 �20.4 19.7 0.80 �33.2 0.18 �34.7 77.6 360.0 28.6
3rd 0.33 16.1 0.02 88.7 94.0 0.30 65.5 0.02 40.6 94.9 �9.2 �22.3
4th 0.16 �165.3 0.01 �52.1 93.9 0.07 �150.6 0.01 �140.5 93.2 �55.1 �50.0
5th 0.13 �11.3 0.01 105.1 93.3 0.08 �3.3 0.01 6.4 93.8 �33.4 �38.8

(c) Trim [o]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �0.27 0.0 �0.18 33.5 �0.19 0.0 �0.17 12.2 �28.5 �5.7
1st 0.99 �7.3 1.02 2.0 �3.7 1.10 �21.8 1.00 1.6 9.2 11.6 �2.3
2nd 0.00 45.1 0.01 21.2 �81.4 0.02 88.2 0.01 �5.5 53.2 409.6 31.5
3rd 0.01 137.5 0.00 �130.1 97.8 0.01 125.9 0.00 39.4 97.5 10.6 26.7
4th 0.01 �43.5 0.00 69.2 81.7 0.01 �159.2 0.00 11.1 96.8 141.5 �57.2
5th 0.00 77.0 0.00 �97.3 86.7 0.00 �88.7 0.00 142.9 91.2 �35.1 �57.1
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waves. If the resistance performance is explained using the RAW, the
superiority of hull may bemisjudged because of following reason. If
the total resistance difference in waves between KWe and K-
Supramax (DRTM

W ) is less than that in calm water (DRTM¼ 1.66N in
experiment or 0.88N in CFD), the RAW of KW-Supramax is larger
than that of K-Supramax even though the RTM

W of KW-Supramax is
less than that of K-Supramax. Thus, the RTM

W is used for the com-
parisons. Fig. 11 displays the mean values of total resistance in
regular head waves and ITTC wave spectra of sea state (SS) 4e6.
Filled and blank symbols denote the results of experiment and CFD,
respectively. Dotted and solid lines stands for combined results
using potential-flow solver in l/L> 0.8 andmodified Fujj-Takahashi
formula in l/L< 0.8 (Yu et al., 2017b). The experimental results
show that the RTM

W is nearly constant in short wave lengths (l/
L< 0.8). After l/L¼ 0.8, the RTM

W increases as l increases before the
peak value. After the peak value, the RTM

W decreases as l increases.
The peak value of RTM

W occurs around l/L¼ 1.2.
The mean values of the resistance due to pressure and frictional

components in calmwater and waves of Ke and KW-Supramax are

compared in Table 10. The RPM due to pressure component of KW-
Supramax is reduced by 6.4e12.7% in waves, whereas the RPM due
to frictional component is reduced by within 0.9%. This is the same
tendency as that in calm water.

Time histories of the total resistance in regular head waves are
displayed in Fig. 12. The amplitudes of RTM

W of KW-Supramax are
smaller than those of K-Supramax.

The mean values of the RTM
W in the experiments are nearly same

as those in the CFD. However, themagnitudes of the 1st order in the
CFD are quite larger than those in the experiments. The amplitudes
and phases of the experiments are different from those of CFD due
to the differences between the free- and fixed-to-surge conditions;
spring stiffness and added mass in surge motion. Note that the
experiments are conducted under the free-to-surge condition,
whereas the CFD under the fixed-to-surge condition.

The hydrodynamic force (X) obtained from the 1 DOF surge
equation of the present experimental method as shown in Fig. 6 is
(Yu et al., 2017a);

X ¼ RTM þ RAW

þ
�
K �mue

2
�
Fwn

K � ue
2ðmþmxÞ

o2 þ ðrS0U0CTMueÞ2
hn

K � ue
2ðmþmxÞ

o
cosðuetÞ þ rS0U0CTMue sinðuetÞ

i

�m
�
K þ us

2 � a2
�
e�at

�
C1 cos

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
us

2 � a2
q

t þ C2 sin
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
us

2 � a2
q

t
�

(22)

Table 7
Harmonic amplitudes and phases of the total resistance, sinkage and trim in head wave: l/L¼ 1.39.

(a) Total resistance [N]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th 44.18 0.0 45.88 �3.9 40.12 0.0 44.31 �10.4 �9.2 �3.4
1st 7.90 47.6 73.24 110.6 �827.6 5.93 4.8 63.25 104.9 �967.1 �24.9 �13.6
2nd 1.36 119.4 20.78 37.1 �1424.2 0.80 �24.1 16.22 13.6 �1916.8 �41.0 �21.9
3rd 0.27 115.5 3.90 13.0 �1341.2 1.31 80.2 0.78 22.3 40.8 384.9 �80.1
4th 0.61 113.0 0.61 �107.2 0.5 0.59 138.6 0.43 128.1 26.5 �3.3 �28.6
5th 0.58 �146.3 0.46 161.1 20.8 0.23 165.8 0.34 158.2 �50.1 �60.6 �25.4

(b) Sinkage� 103[m]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �8.98 0.0 �8.52 5.2 �7.81 0.0 �8.12 �3.9 �13.0 �4.6
1st 32.91 �24.7 33.01 �34.6 �0.3 25.78 �14.7 33.24 �32.3 �28.9 �21.7 0.7
2nd 0.50 94.8 0.17 �24.2 65.8 0.20 �24.9 0.25 �1.1 �21.1 �58.8 45.9
3rd 0.34 �147.5 0.02 42.5 93.4 0.06 93.4 0.03 108.6 51.4 �81.7 33.9
4th 0.16 �46.4 0.00 �146.1 97.9 0.04 112.4 0.01 �66.7 62.7 �75.7 329.4
5th 0.08 57.7 0.01 �16.3 93.5 0.03 114.5 0.01 78.8 62.6 �56.8 150.0

(c) Trim [o]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �0.31 0.0 �0.18 42.1 �0.35 0.0 �0.17 51.9 14.5 �4.8
1st 1.04 28.5 1.25 24.7 �20.5 1.03 44.7 1.25 23.1 �21.6 �0.6 0.3
2nd 0.01 124.5 0.01 21.6 54.6 0.01 �142.5 0.01 31.1 �8.9 �24.4 81.2
3rd 0.02 45.8 0.00 76.3 93.0 0.01 �36.1 0.00 127.1 77.2 �61.8 24.4
4th 0.02 �47.2 0.00 �75.8 97.8 0.00 �39.2 0.00 �58.6 80.3 �80.5 74.3
5th 0.01 �109.0 0.00 34.9 95.1 0.00 18.8 0.00 96.1 85.4 �44.0 68.6
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Here, K is the spring stiffness, m ismass of amodel ship, Fw is the
amplitude of wave exciting force, mx is the added mass in surge
motion, U0 is carriage speed, C1 and C2 are the constants for the

general solution, a ¼ rS0U0CTM
2ðmþmxÞ and us ¼ K=ðmþ mxÞ.

Although the first two terms in Eq. (22) are interested, the other
terms are inevitably measured together, which can be varied with
the surge motion. Note that the other terms will oscillate and their
time average value in an encounter period is 0 (zero). Note that
these are not be related to the non-linearity effect on the RAW,

Table 8
Harmonic amplitudes and phases of the total resistance, sinkage and trim in head wave: l/L¼ 1.77.

(a) Total resistance [N]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th 36.30 0.0 36.15 0.4 34.52 0.0 34.54 0.0 �4.9 �4.5
1st 6.23 9.1 142.69 77.6 �2189.1 8.19 �3.7 143.02 74.6 �1645.4 31.5 0.2
2nd 0.95 56.2 5.96 148.3 �529.1 1.54 63.7 4.19 32.8 �172.7 62.3 �29.7
3rd 0.97 �26.9 1.58 167.3 �63.4 1.32 123.7 0.74 �13.3 44.1 35.7 �53.6
4th 0.57 �9.6 0.25 �121.5 56.7 1.13 �80.4 0.09 �4.5 92.2 98.7 �64.4
5th 0.74 �49.0 0.03 �85.2 95.8 0.58 63.2 0.09 13.3 85.1 �21.3 181.7

(b) Sinkage� 103[m]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �9.17 0.0 �8.56 6.7 �7.89 0.0 �7.97 �1.0 �14.0 �6.9
1st 23.73 �3.7 29.37 �6.9 �23.8 20.66 �3.7 28.84 �5.4 �39.6 �12.9 �1.8
2nd 0.44 64.6 0.13 �1.3 69.7 0.26 108.1 0.09 26.3 66.1 �41.7 �34.8
3rd 0.26 �30.9 0.06 147.7 78.0 0.22 �153.6 0.04 143.9 82.8 �17.6 �35.6
4th 0.04 �177.5 0.05 �57.3 �24.7 0.18 �25.6 0.02 �128.8 89.1 373.2 �58.5
5th 0.14 �30.3 0.03 101.5 76.0 0.11 94.9 0.02 �52.2 82.3 �22.1 �42.5

(c) Trim [o]

FS Order K-Supramax KW-Supramax RR%

Exp. CFD Exp. CFD

Amp. Phase[o] Amp. Phase[o] E%D Amp. Phase[o] Amp. Phase[o] E%D Exp. CFD

0th �0.35 0.0 �0.18 49.1 �0.33 0.0 �0.16 51.2 �5.5 �9.3
1st 1.02 50.6 1.13 56.2 �10.7 0.98 60.7 1.14 55.5 �15.2 �3.4 0.5
2nd 0.04 160.4 0.01 9.4 89.1 0.01 �162.2 0.00 28.3 80.0 �87.8 �77.5
3rd 0.02 37.2 0.00 169.3 90.8 0.01 �45.4 0.00 �171.3 93.6 �24.3 �47.6
4th 0.01 �47.0 0.00 �33.7 92.1 0.01 42.3 0.00 �115.7 94.1 �15.0 �36.8
5th 0.01 111.7 0.00 124.2 91.9 0.01 138.5 0.00 �45.5 95.5 �13.0 �51.0

Table 9
Mean values of total resistances and their differences between Ke and KW-
Supramax at model scale.

l/L K-Supramax [N] KW-Supramax
[N]

DRTM [N]

Exp. CFD Exp. CFD Exp. CFD

Calm 33.57 33.08 31.91 32.20 �1.66 �0.88
0.40 38.54 36.56 �1.98
0.50 39.00 38.70 37.51 37.13 �1.49 �1.58
0.60 39.11 36.95 �2.16
0.70 38.90 37.73 �1.17
0.80 38.51 36.67 �1.84
0.90 42.37 39.47 �2.90
0.99 43.80 43.60 �0.20
1.10 45.52 44.29 �1.23
1.20 47.11 48.61 45.61 46.53 �1.50 �2.07
1.39 44.18 45.88 40.12 44.31 �4.06 �1.57
1.59 37.54 36.52 �1.02
1.77 36.30 36.15 34.52 34.53 �1.78 �1.62
1.97 35.24 33.20 �1.66

Fig. 11. Mean values of total resistance in regular head waves and ITTC wave spectra.

Table 10
Mean values of the resistance due to pressure and friction in calm water and waves
at model scale.

l/L K-Supramax [N] KW-Supramax
[N]

RR%

RPM RFM RPM RFM RPM RFM

Calm 8.82 24.26 8.04 24.16 �8.9 �0.4
0.50 14.16 24.55 12.72 24.40 �10.2 �0.6
1.20 24.30 24.30 22.44 24.09 �7.7 �0.9
1.39 21.58 24.30 20.20 24.12 �6.4 �0.7
1.77 11.95 24.20 10.43 24.11 �12.7 �0.4
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which depends on the quadratic wave amplitude (Gerritsma and
Beukelman, 1972).

Fig. 13 displays the amplitude and phase of the X for various
spring stiffnesses using Eq. (22) including the experimental and
CFD results of the 1st order of the RTM

W about K-Supramax. The
range of K is from K¼ 127.4 N/m (corresponding to the K for the

free-to-surge condition of the experiment) to K¼ 106 N/m (infinite
value corresponding to the K for the fixed-to-surge condition of the
CFD). For the ellipsoid of a/b¼ 5.0, the mx is around 5.4% of the m
(Ghassemi and Yari, 2011). In the case of the objective ship, the mx
is assumed to be 10% of the m because of less streamlined body and
free surface effect. And Fws are the assumed values to agree the

Fig. 12. Time history of total resistance in regular head waves.

Fig. 13. Amplitude and phase of hydrodynamic force and total resistance in waves for various spring stiffnesses.

Fig. 14. RAOs and corresponding phases of heave and pitch in regular head waves.
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amplitude and phase of the X due to the K with those of the CFD
and the experiment. Those are 110 N, 80 N, 70N and 140 N for l/
L¼ 0.50, 1.20, 1.39 and 1.77, respectively. The filled symbols denote
the experimental and CFD results. These explain the reasonwhy the
amplitudes and phases of the experiments are different from those
of the CFD, that is, due to the surge condition (or spring stiffness).
Note that the amplitude and phase of the RTM

W will be constant if K is
greater than 2000.

The average values of sinkage and trim inwaves are nearly same
order as those in calmwater. Ke and KW-Supramax are also sunken
and trimmed by head in waves.

Fig.14 presents the RAOs and corresponding phases of the heave
and pitch in regular head waves. The magnitudes of the higher
order of the sinkage and trim are negligible comparing to those of
the 1st order. The experimental results show that there is little
difference between Ke and KW-Supramax in the RAO of heave
motions. However, the RAO of pitch motions of the KW-Supramax
are higher than those of the K-Supramax at the region of l/LPP>0.9.

This is due to the effect of the bulbous bow. The CFD results present
the same tendencies.

Fig. 15 displays snapshots of front and upper view of pressure
distribution on the hull. The smaller area of stagnation pressure at
bow and gentler pressure gradient around fore-shoulder of KW-
Supramax's are present. These are the same as those in calmwater.
These also show the reasons why the reduction of RPM of KW-
Supramax in waves.

Fig. 16 presents snapshots of wave profile on the hull and
waterline shape on the free surface at t/Te¼ 0.00, 0.25, 0.50 and
0.75 for 4wave lengths. The location of the highest wave profile and
the shape of wave profile near bow of KW-Supramax are nearly the
same as those of K-Suparamax. However, the wave profiles near
fore-shoulder are different from each other. In this region, the
shape of the waterline is shaper and the wave profile of KW-
Supramax is smaller than those of K-Supramax. These tendencies
occur at most of snapshots for 4 waves. These are also the same as
those in calm water as explained in Fig. 10.

Fig. 15. Snapshots of front view of pressure coefficient distribution on the hull.
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7. Conclusions

The reasons why the resistance of the sharp bow of 66,000 DWT
bulk carrier is reduced in calm water and in waves have been
investigated through analyzing the computational and experi-
mental results.

� The sharp bow of 66,000 DWT bulk carrier has about 0.8%
reduction in displacement.

� For the computations using RANS solver, the grid and numerical
wave damping zones are effective to remove unwanted wave
reflection at the boundaries. And the mean values of total
resistance inwaves obtained from the CFDwell agreewith those
of the experiment.

� The sharp bow hull makes the stagnation pressure area at bow
smaller and the pressure near fore-shoulder lower. These made
the resistance of pressure component lower. The resistances of
frictional component of the sharp and the blunt bow are nearly
same each other. These tendencies are shown not only in calm
water but in waves.

� The amplitudes of total resistance inwaves of the sharp bow are
less than those of the blunt bow.

� The wave elevation near fore-shoulder of the sharp bow hull is
lower than that of the blunt. This tendency is shown not only in
calm water but in waves.

� Total resistance in calm water and waves of the sharp bow are
less than those of the blunt by 4.9% in calmwater 4.5% in waves.
This is mainly due to the modification of the bow shape,
although partially due to the reduction of the displacement.

� There is little difference between the sharp and the blunt in the
RAO of heave motions. The RAO of pitch motions of the sharp
bow are higher than those of the blunt at the region of l/LPP>0.9
due to the effect of the bulbous bow.
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