
A numerical investigation on the nominal wake of KVLCC2 model ship
in regular head waves

Hyun-Woo Shin a, Kwang-Jun Paik a, *, Yoon-Ho Jang a, Myeoung-Jin Eom a,
Sungwook Lee b

a Department of Naval Architecture and Ocean Engineering, Inha University, Incheon, Republic of Korea
b Division of Naval Architecture and Ocean Systems, Korea Maritime and Ocean University, Busan, Republic of Korea

a r t i c l e i n f o

Article history:
Received 17 January 2019
Received in revised form
14 January 2020
Accepted 14 January 2020

Keywords:
Nominal wake
Ship motion
Computational fluid dynamics
Regular wave

a b s t r a c t

Analysis: of the propulsion performance considering ship motion in waves is an important factor for the
efficient operation of a ship. The interaction between the propeller and the free surface due to the ship
motion in waves has a significant influence on the propulsion performance. However, most recent
studies regarding the hydrodynamic performance of ships in waves focus on the added resistance, and
experimental and numerical data on the propulsion performance considering the ship motion in waves
are very rare. In this study, a numerical investigation of the nominal wake in regular head waves is
performed for a KVLCC2 model ship for the fully-loaded condition. Phase-averaged wake fields for one
period are compared with experimental data measured using Stereo PIV, showing good agreement. The
effect of the ship motion on the characteristics of the wake field and the axial velocity in the propeller
plane are investigated while varying the wave length.
© 2020 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 International Maritime Organization introduced the Energy
Efficiency Design Index (EEDI) standard in 2013 and has been
strengthening regulations on air pollutants to lower the pollutant
emission standards, e.g., SOx, in ship fuel until 2020. As such reg-
ulations have been strengthened, there has been increased interest
in improving the operational efficiency of ships for saving fuel. As a
result, studies have been conducted on the performance of ships
under wave conditions similar to actual marine environments.

Previous studies on the resistance and propulsion performance
of ships inwaves have been performedmainlywith regard to added
resistance. However, the EEDI formula for improving the opera-
tional efficiency of a ship includes weather factors ðfW Þ. The
weather factor is determined by the propeller propulsion perfor-
mance as well as the added resistance (Jung et al., 2017). Therefore,
it is essential to analyze the flow phenomenon on the propeller
plane in terms of the propulsion performance for successful pre-
diction of the hydrodynamic performance of a ship operating in

waves. In the case of a ship operating in waves, the variation of the
dynamic position of the ship caused by vertical motion is predicted
and, especially, the propeller submerged depth changes according
to the behavior of the stern part. According to the change of the
propeller submerged depth, the interaction between the propeller
and the free surface can cause risks, such as air ventilation and
surface piercing running (Paik, 2017; Lee and Paik, 2018). Therefore,
to accurately analyze the propulsion performance of a ship, it is
necessary to clarify the flow phenomenon on the propeller plane
considering the vertical motion of the ship.

Kim and Park (2016) estimated the relationship between the
added resistance and the vertical motion of the ship according to
the ship speed. Guo et al. (2012) investigated the contribution of
vertical motion to the added resistance for different wavelengths.
When the wave length is < 0.6 Lpp, the added resistance due to
vertical motion can be ignored. Wu et al. (2014) examined the
nominal wake in the ballast condition of a KVLCC2 model ship in
waves and showed that the vortex on the nominal wake field
changes periodically with the motion of the stern part in the low-
velocity region. Ohashi et al. (2013) investigated cases with no
ship motion and cases with forced vertical motion of the ship. It
was shown that the change of the vortex position at a large wave
length was influenced by the ship motion and that the nominal
wake was induced by the interaction of the wave and the ship. Wu
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(2013); Wu et al. (2016) investigated the nominal wake variation in
the fully loaded condition for the KVLCC2 model ship in waves and
showed the periodic change with phase lag for the volume-
averaged axial velocity and circulation. In addition to numerical
studies, Kim et al. (2016) measured the nominal wake for the
KVLCC2 model ship by using a Stereo PIV system and analyzed the
flow characteristics.

In this study, the flow velocity changes and flow phenomena on
the propeller planewere analyzed according to thewave length as a
basic investigation for the improvement of the propulsion perfor-
mance of a ship operating in waves. The model ship is KVLCC2 in
the fully loaded condition, and the ship speed is Fr ¼ 0.142. Nu-
merical calculation was performed using the commercial program
Star-CCMþ. The results were validated by comparison with the
nominal wake measurement results of Kim (2014).

2. Mathematical and numerical model

2.1. Governing equation and numerical analysis method

The continuity and Reynolds-averaged NaviereStokes equations
were used as the governing equations for the analysis of the
incompressible viscous flow around a moving ship in waves. The
volume-of-fluid technique was employed for multiphase flow
simulation considering a free surface. The Realizable Two-Layer k-ε
Model was employed as the turbulence model. Table 1 shows the
details of the numerical analysis method. The governing equations
are expressed as follows:
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where r and p are the density and pressure, respectively; ui is the
velocity tensor; and bi is the tensor of body forces. tij is the effective
stress of the viscosity and turbulence and is defined as
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where me is the dynamic viscosity.
The model ship used in this study is KVLCC2 the second model

of a VLCC designed by the KRISO. Table 2 shows the details of the
ship. As shown in Table 3, the numerical simulations were classified
into calm water (C0), short-wave (C1), medium-wave (C2), and
long-wave (C3), and the ship speedswere the same for every case to
Fr¼ 0.142. The encounter frequency and the wave period according
to the ship speed are defined as follows:

fe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g=ð2plÞ

q
þ Uship

.
l (4)

Te ¼ 1
fe
; (5)

where g is the gravitational acceleration, l is the wavelength, and
Uship is the ship speed.

2.2. Grid system and boundary condition

The computational domain and boundary condition for the
numerical simulations are shown in Fig. 1. The Cartesian coordinate
system was used. According to the center of gravity of the hull, the
X-axis, Y-axis, and Z-axis were set as the direction from stern to
bow, the portside direction, and the direction opposite the

Table 1
Numerical analysis method.

Time term 2nd order backward difference scheme
Diffusion term 2nd order central difference scheme
Convection term 2nd order upwind difference scheme
Velocity-pressure coupling SIMPLE algorithm
Free surface model Volume of Fluid (VOF)
Turbulence model Realizable k-ε model
Wall function Two-layer formulation of Wolfstein
Coordinate system Carriage coordinate
Motion Heave and pitch free

Model ship and numerical analysis condition.

Table 2
Details of KVLCC2 model ship.

Length between perpendiculars LPP 3.20 m

Beam B 0.58 m
Draft T 0.208 m
Displacement V 0.313 m3

Longitudinal center of buoyancy LCB (%), fwdþ 3.48
Vertical center of gravity KG 0.186 m
Radius of gyration iXX/B 0.40

iZZ/LPP 0.25
Propeller plane location x/LPP 0.98

Table 3
Simulation conditions.

Case no. Fr Wave length
(l/Lpp)

Wave height
(H) [m]

Wave steepness
(H/l)

C0 0.142 e e e

C1 0.6 0.06 0.031
C2 1.1 0.06 0.017
C3 1.6 0.06 0.012

Fig. 1. Computational domain and boundary conditions.
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gravitational acceleration, respectively. The distance from the inlet
to the bow was 1LPP. Because the hull is physically symmetrical,
numerical analysis was performed with the negative y direction
was modelled as a symmetric condition. The side positive y direc-
tion also was set as a symmetric condition to reduce the distortion
of the reflected wave. The inlet surface, the bottom surface, and the
top surface were set as the velocity inlet, and the outlet surface was
set as the pressure outlet. When the length of the hull was set as
1LPP, the distance from the inlet to the bow was 1LPP, from the
outlet to the stern was 2LPP, and the distance from bottom to the
free surface was 1.5LPP.

A grid convergence test for the total resistance coefficient was
performed to find the optimum calculation efficiency. Test condi-
tions are resistance test in calmwater and, the grid refinement ratio
around the hull is about

ffiffiffi
2

p
. The dimensionless wall distance, yþ, is

kept as 50 for all cases. The total resistance coefficient was verified
by comparing with the experimental results of NTNU (Bingjie and
Steen, 2010). The total cell number and grid convergence test
result are presented in Table 4. As a result of the test, considering
the numerical efficiency and accuracy, it is effective to apply the
medium grid around the hull.

As shown in Fig. 2, a rapid change of the flow phenomenon is
predicted around the bow and stern, and free surface for simulating
wave propagation; thus, the grid size of refinement grid around
free surface was expanded vertically to simulate inwaves. The total
number of grids was approximately 2.9 million. Meanwhile, in the
case of a ship operating in waves, a relatively large movement is
expected. Therefore, the overset grid is applied to analyze the
vertical movement of ship. The least squares interpolation is used
for the overset approach.

In this study, waves were simulated by applying fifth order
stokes wave theory. Forcing condition was set in Inlet and Outlet to
prevent distortion of incident wave due to reflected wave. Wave
validation test was performed to confirm that the generated wave
coincided well with the theory wave. For grid size and time-step
according to wave properties, the following criteria were applied. D
x � l=80; Dy � l=40; Dz � H=15 and C ¼ u Dt

Dx � 0:4 are set. The

Table 4
The result of grid convergence test.

Exp. (NTNU) Coarse 1 Coarse 2 Medium Fine

Total cell number (Half body) e 0.42 M 0.87 M 2.00 M 4.73 M
CT ð�103Þ 4.568 4.715 4.650 4.591 4.577
Error (%) e 3.215 1.787 0.512 0.359
s=Lppð�102Þ �0.116 �0.099 �0.104 �0.111 �0.112

Error (%) e 14.66 10.34 4.310 3.448
t(deg) �0.130 �0.135 �0.132 �0.127 �0.127
Error (%) e 3.846 1.538 2.308 2.308

Fig. 2. Grid system for the hull and free surface.

Fig. 3. The comparison of wave phase and elevation for theory wave and generated
wave.
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result of wave validation test is shown in Fig. 3 and Table 5. The
wave elevation measurement position is 1LPP from the Inlet when
there is no ship in the computational domain. The overall wave
elevation and phase agree well with the theory wave. The wave
elevation error is less than 4%. The error is defined as the difference
between the RMS value of the theory wave elevation and the RMS
value of the generated wave elevation.

3. Results and discussion

3.1. Resistance analysis in calm water

Prior to the analysis of the added resistance and nominal wake
in waves, to validate the numerical results of this study, the results
for the resistance performance in calm water was compared with
those of Osaka University (Wu, 2013). Table 6 compares the
experiment fluid dynamics (EFD) and computational fluid dy-
namics (CFD) results. The model ship length used at Osaka Uni-
versity was 3.2 m, and Osaka university set on the free surge
condition; however, in this study, we fixed the surge condition. The
ship speed was Fr ¼ 0.142. CT is the total resistance coefficient, s is
the sinkage, and t is the trim. The trim shows a good agreement
with the results of the model test, with error was less than 1%, but
the total resistance coefficient and sinkage show relatively large
errors, which are attributed to the inconsistency of the experi-
mental conditions for the surge motion. Therefore, further study of

the error may be needed.

3.2. Motion response and added resistance

Unlike the situation in calm water, the effect of vertical motion
caused by waves is dominant in the dynamic position of a ship
operating in waves. To verify the numerical calculation of the ver-
tical motion for a ship operating in waves, the motion of the ship in
waves was analyzed using the response amplitude operator (RAO).
The numerical results were converted into values of a transfer
function and compared with the experimental results of KRISO
(Kim et al., 2017), Osaka University (Wu, 2013) and the CFD results
of The University of Iowa (Sadat-Hosseini et al., 2013).

Fig. 4 shows the calculation results for the heave and pitch RAOs
in the short-wave (C1), medium-wave (C2), and long-wave (C3)
conditions. The heave RAO showed a tendency to match the
experimental results. However, a relatively large error occurs in the
long-wave condition. As the wave length decreases, the contribu-
tion of the wave to the vertical motion decreases; thus, the value of
the heave RAO is also reduced. The pitch RAO is consistent with the
experimental value for all three wave conditions.

The added resistance coefficient for the waves is shown in Fig. 5.
The added resistance in waves is calculated by the difference from
the resistance in calmwater, and the added resistance coefficient is
defined as follows:

Caw ¼ Fr2 � 1

ðA=LÞ2
�
�
L
B

�2
� Df ; (6)

where Fr is the Froude number, B is the ship breadth, and Df is the
difference between the resistance in waves and the resistance in
calm water.

The calculated numerical values for all threewaves are similar to
the experimental value. The resistance added by the waves is the
highest at l=LPP ¼ 1, which is similar to the length of the ship and
the wave length. Results similar to previous studies were obtained,
where the added resistance due to vertical motion can be ignored
for short-wavewith l=LPP < 0.6. The values of heave and pitch RAOs
and added resistance are compared with the experimental data for
the three wave conditions (C1, C2, and C3) in Table 7.

Table 5
The result of wave validation test.

Case no. C1 C2 C3

Error (%) 3.61 2.51 2.16

Table 6
Comparison of EFD and CFD results.

CT ð�103Þ CF ð�103Þ s=LPPð�102Þ t(deg)

Osaka Univ. 5.093 3.864 �0.099 �0.129
Present (C0) 4.591 3.741 �0.111 �0.127
Difference
(% of EFD)

9.86 3.18 12.1 1.55

Fig. 4. Comparison of heave and pitch RAO in waves.
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3.3. Nominal wake

3.3.1. Nominal wake in calm water
Prior to the nominal wake analysis in waves, a validation

procedure of the numerical results is required through comparison
with the experimental values in calm water. The numerical results
were verified by comparison with the experimental values in calm
water obtained by Kim et al. (2016) using the SPIV method, and the
nominal wake in waves was also compared with the experimental
results measured via SPIV (Kim, 2014).

The nominal wake is compared with the experimental results
for calm water in Fig. 6. For both the experimental result and nu-
merical calculation, the upward flow along the stern part is shown
outside the propeller radius, and the flow into the hub is shown
within the propeller radius.

3.3.2. Nominal wake in waves
When a ship is operating in waves, the vertical motion of ship

changes according to the phase of the wave encountered by the
ship. Incident wave also affects the motion of stern part and causes
a change in the nominal wake over time. Owing to this change of
motion, it is necessary to analyze the change of the wave phase
with time at a fixed position.

Therefore, to analyze the nominal wake considering the phase of
the incident wave, the time t at which the ship encounters thewave
is nondimensionalized according to the encounter period T. t/T ¼ 0
represents the moment when the wave crest is located on the
forward perpendicular (FP) of the ship. Fig. 7 shows the wave
elevation and the amplitude of the heave and pitch for one period
in the short-wave (C1) condition. The vertical lines represent the
four different time points. Fig. 8 shows the nominal wake when the

Table 7
Comparison of experimental data and numerical results for heave and pitch RAOs and added resistance in waves.

Case no. RAO EXP.
(KRISO)

EXP.
(Osaka Univ.)

CFD
(Univ. Of Iowa)

CFD
(Present)

C1 z=A 0.050 0.068 0.058 0.050
q=Ak 0.023 0.029 0.024 0.038

Raw=ðrgA2B2 =LÞ 4.032 2.681 1.694 2.097
C2 z=A 0.635 0.670 e 0.648

q=Ak 0.544 0.506 0.511 0.465

Raw=ðrgA2B2 =LÞ 8.004 6.935 6.532 6.310
C3 z=A 0.978 0.893 0.840 1.038

q=Ak 1.074 0.883 0.950 0.919

Raw=ðrgA2B2 =LÞ 2.399 1.855 3.931 1.794

Fig. 6. Comparison of the velocity distribution at the propeller plane in calm water.

Fig. 5. Comparison of added resistance in waves.
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ship encounters the wave at time t/T ¼ 0.026.
In the cases of the medium-wave (C2) and the long-wave (C3),

the wave period is analyzed by dividing it into four-time point. At
the FP, one encounter period is divided into four different time
points: when the wave elevation is maximum (t/Tz 0.0), when the
wave elevation decreases (t/T z 0.25), when the wave elevation is
minimum (t/T z 0.5), and when the wave elevation increases (t/
T z 0.75). As shown in Fig. 8, the flow pattern of the short-wave
(C1) shows similar results to the nominal wake in calm water.

Because the contribution of the wave to the vertical motion of the
ship is very small in the short-wave condition, there is no signifi-
cant difference in the behavior of the stern part.

Fig. 9 shows the wave elevation and the amplitude of the heave
and pitch for one period in the medium-wave condition (C2). The
vertical lines represent the four different time points. Fig. 10 shows
the nominal wake at the four different time points in the medium-
wave condition (C2). t/T ¼ 0.22 is the time point at which the wave
elevation decreases (t/T z 0.25). At this time, the movement of the

Fig. 7. Wave elevation and heave and pitch amplitude at l=LPP ¼ 0:6.

Fig. 8. Comparison of the velocity distribution at the propeller plane in waves ðl=LPP ¼ 0:6Þ.

Fig. 9. Wave elevation and heave and pitch amplitude at l=LPP ¼ 1:1.
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Fig. 10. Comparison of the velocity distribution at the propeller plane in waves (l=LPP ¼ 1:1; t=T ¼ 0:041; 0:220; 0:541; 0:720 from top; CFD and EFD from left).
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downward flow along the stern is clearly observed. Additionally,
the range of the low-velocity fields developed inside the propeller
radius has been reduced, and the flow into the hub inside the radius
has disappeared. As the rotating flow disappears, it can be shown
that the downward flow rapidly moves without delay. This phe-
nomenon continues until the wave elevation is minimum (t/
T z 0.5).

Fig. 11 shows the wave elevation and the amplitude of the heave
and pitch for one period in the long-wave condition (C3). The
vertical lines represent the four different time points. Fig. 12 is the
nominal wake at the four different time points in the long-wave
condition. The numerical analysis results of nominal wake and
experimental values are also compared.

As shown in Fig. 4, the motion response of ship in long-wave
condition shows a large amplitude. Thus, the variation of flow
characteristics according to time point due to the difference of
incident wave phase are most distinct. This means that the velocity
fluctuation of the propeller plane is large at each time points in one
period of the wave, and consistent propulsion performance cannot
be expected. When the heave motion of the stern part is large, it
influences not only the velocity of the propeller plane but also the
behavior of the vortex. This may interrupt the inflow to the pro-
peller and ultimately degrade the propulsion performance.

When the nominal wake of Fig. 12 is compared with Fig. 10, it is
observed that the vertical behavior of the center of the vortex in the
medium-wave (C2) is smaller than that of the long-wave (C3).
When the stern part rises, the center of the vortex is generated
below the hub, in both the long-wave and middle-wave conditions.
When the stern part descends, the center of the vortex of the long-
wave is formed above the propeller hub; however, in the case of the
medium-wave, it is generated from the hub center to the upper
region. This flow phenomenon appears to be caused by the differ-
ence in the heave amplitude of the stern part. When the stern part
rises in the medium-wave condition, the vortex is emitted and is
formed in a narrow range; however, in the case of long-wave, the
vortex is spread over a wide range.

3.4. Axial-velocity contour

3.4.1. Axial-velocity contour in calm water
Fig.13 (a) shows the axial-velocity contour for the analysis of the

flow phenomenon on the propeller plane. The horizontal axis is set
as q, and the vertical axis is set as r=R. q is defined as shown in
Fig. 13 (b). As shown in Fig. 13 (a), the axial velocity varies from low
to high around q ¼ 180� according to r=R, however around q ¼ 0�,
the difference of the axial velocity due to r=R is relatively small.

3.4.2. Axial-velocity contour in waves
Figs. 14e16 show the axial-velocity contours for the medium-

wave (C2), long-wave (C3), and calm-water (C0) conditions at the

corresponding r=R. The axial-velocity contour for calm water in
Fig. 14 is the area around r=R ¼ 0:2, which is part of Fig. 13 (a). The
axial velocity in waves varies with respect to the phase of the
incident wave, even at the same position in the propeller radius.
Therefore, the vertical axis is set as t/T, which shows the fluctuation
of the axial velocity with the phase change of the incident wave. As
shown in Fig. 14, in case of the medium-wave (C2), the variation of
the axial velocity according to t/T around q ¼ 180� is larger than
that at other positions. That is, the axial velocity at this position is
greatly affected by the phase of the incident wave, and the differ-
ence in the propulsion efficiency is expected to be large.

As shown in Fig. 15, in both the medium-wave (C2) and long-
wave (C3), the region with a large axial-velocity fluctuation due
to the difference of t/T is expanded to q ¼ 100�e250�. The region
where the axial velocity is greatly affected by the phase of the
incident wave is enlarged. The axial velocity in waves fluctuates
from low to high in this region, but the axial velocity in clamwater
remains low.

In the case of r=R ¼ 1:0 as shown in Fig. 16, the region where
the axial velocity is greatly affected by the incident wave is larger
than that for r=R ¼ 0:6. However, the contour around q ¼ 0� is
drawn in the vertical direction. This means that the axial velocity is
independent of the phase of the incident wave. That is, as r=R in-
creases, the regionwhere the axial velocity is greatly affected by the
phase of the incident wave expands, but simultaneously it can be
seen that the region where axial velocity is unrelated to phase of
the incident wave develops together around q ¼ 0�. Therefore,
when the ship operating inwaves, propulsion performance analysis
considering the time point at which the ship encounters the inci-
dent wave is necessary because the influence of the phase of the
incident wave on the axial velocity varies depending on the posi-
tion in the propeller radius.

Figs. 17e19 show graphs of the mean wake for each radius at all
q for calm water (C0) and three waves conditions. As shown in
Fig. 17, the short-wave condition (C1) exhibits a consistent ten-
dency, although there is some difference in the mean wake at each
time point. The difference in r=R is a more significant factor
affecting the variation of the axial velocity on propeller plane than
the difference of time point. As shown in Fig. 18, in the case of the
medium-wave (C2), the variations of the meanwake respond more
to time point differences than to r=R. That is, the difference of time
point by the phase of the incident wave is the main cause for the
variation of the axial velocity on propeller plane rather than the
position in r=R. Therefore, the difference of the propulsion effi-
ciency is also expected to be more influenced by the difference of
the phase of the incident wave. As shown in Fig. 19, in long-wave
condition (C3), the variation of the mean wake according to the
difference of r/R is large, and the meanwake variation according to
the time point difference is also large. In the case of long-wave, both
the position in the propeller radius and the difference of the phase

Fig. 11. Wave elevation and heave and pitch amplitude at l=LPP ¼ 1:6.
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Fig. 12. Comparison of the velocity distribution at the propeller plane in waves (l=LPP ¼ 1:6; t=T ¼ 0:079; 0:235; 0:574; 0:727 from top; CFD and EFD from left).
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of the incident wave significantly affect the mean wake. Therefore,
it is necessary to analyze the propulsion performance considering
these two factors for ships operating in long-wave.

Fig. 20 shows a graph in which all the graphs of Figs. 17e19 are
averaged over time point. As shown in Figs. 14e16, as r= R in-
creases, the regionwhere the axial velocity is sensitive to the phase
of the incident wave expands. However, the axial velocity in waves
are averaged tends to be opposite. As shown in Fig. 20, when r= R >
0.8, the value of axial velocity in waves like those of calm water. In
contrast, when r=R < 0.6, the opposite tendency is observed. The
axial velocity inwaves at each time point is relatively large different
from in calm water as r/R increases however, the axial velocity in
waves are averaged for each time is similar to calm water. In other
words, as r=R increases, the axial velocity is sensitive to the phase
of the incident wave, but the time-averaged value is relatively less
affected by the phase of the incident wave.

3.5. Volumetric mean velocity

To understand the axial velocity change on the propeller plane

according to the propeller radius, time average of volumetric mean
nominal wake velocity uN is computed and compared by inte-
grating the axial velocity distribution inside the propeller radius
(Tokgoz et al., 2015). uN is defined as follows:

uN ¼ 1

p
�
R2 � rhub2

�
ðR

rhub

udA; (7)

Table 8 shows the details of time average of volumetric mean
nominal wake velocity. In all waves, nominal wake velocity
increased compared to the calm water, which is expected to
decrease the wake fraction of ship operating in waves under self-
propulsion condition. The volumetric mean velocity of short-
wave condition (C1) was in good agreement with that of calm
water (C0) compared to medium-wave (C2) and long-wave (C3). As
shown in Figs. 4 and 5, for the ship operating in short-wave con-
dition, it has small vertical motions and added resistance. In
contrast, medium-wave and long-wave conditions has relatively
large amplitudes of vertical motion. This is presumed to be the
cause for the large difference of volumetric mean velocity in

Fig. 13. Axial-velocity contour in calm water and definition of the circumferential position.ðqÞ.

Fig. 14. Comparison of axial-velocity contours in waves and in calm water at r/R ¼ 0.2 (l=LPP ¼ 1:1; l=LPP ¼ 1:6, and calm water, from top).
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medium-wave and long-wave conditions. Therefore, it is expected
that the propulsion performance will greatly fluctuate under the
conditions that cause the large vertical motion of the ship.

4. Conclusions

A numerical study was performed using CFD for the nominal
wake considering the vertical motion of ships operating in waves.
The total resistance coefficient, sinkage, trim, and nominal wake in
calm water were investigated prior to the analysis of the nominal
wake in waves. The reliability of the numerical simulation used in
this study for the vertical motion and the added resistance inwaves
was verified through comparisonwith experimental data. The error

of the total resistance coefficient and the sinkage in calm water
might be caused by the difference between the experimental and
calculation conditions. The heave RAO tended to match the
experimental results, but there was some discrepancy in the long-
wave condition (C3). On the other hand, the numerical calculations
of the trim in calmwater, the pitch RAO in all wave conditions, and
the heave RAO in the medium- and long-wave conditions agreed
well with the experimental results.

In the cases of the medium-wave and long-wave with large
stern-part behavior, with a large value of r=R, the area in which the
axial velocity fluctuated according to the phase of the incident
wave was expanded at q ¼ 100�e250�; however, there was an area
where the axial velocity did not change with respect to the phase of

Fig. 15. Comparison of axial-velocity contours in waves and in calm water at r/R ¼ 0.6 (l=LPP ¼ 1:1; l=LPP ¼ 1:6, and calm water, from top).

Fig. 16. Comparison of axial-velocity contours in waves and in calm water at r/R ¼ 1.0 (l=LPP ¼ 1:1; l=LPP ¼ 1:6, and calm water, from top).
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the incident wave at q ¼ 0�.
The axial velocity was averaged at all q values of the corre-

sponding r=R and plotted as a graph. The results showed that the
mean wake for short-wave was similar to that for calm water, in
which case the axial velocity fluctuates with respect to r=R. In the
cases of medium- and long-wave, the axial velocity changed with
respect to the phase of the incident wave.

The graphs averaged over all the q were averaged over t/T, and
the results were plotted. These results were similar to those for
calmwater at the outer radii of 0.8 r=R. In the inner radii of 0.6, the
mean wake tended to fluctuate with respect to the phase of the
incident wave.

The analysis of time average of volumetric mean velocity was
performed according to the conditions (C0~3). The short-wave
condition showed similar tendency to calm water condition.
However, the nominal wake of medium- and long-wave conditions
are large difference from the calm water condition because of
relatively large vertical motions.

To achieve the ultimate goal of improving the operational effi-
ciency of the ship, it is necessary to accurately predict the fluctu-
ation of the propulsion efficiency caused by waves. Accordingly,
propulsion performance analysis and a new type of propeller
design are required. This study was a basic investigation for the
estimation of the propulsion efficiency in waves. Future research
will be conducted to investigate the effect of the change of the
nominal wake in waves on the propulsion efficiency.
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Fig. 17. Comparison of the mean wake for each radius at l=LPP ¼ 0:6.

Fig. 18. Comparison of the mean wake for each radius at l=LPP ¼ 1:1.

Fig. 19. Comparison of the mean wake for each radius at l=LPP ¼ 1:6.

Fig. 20. Comparison of the mean wake.

Table 8
Time average of volumetric mean velocity.

uN Difference (%)

Calm (C0) 0.434 e

l=LPP ¼0.6 (C1) 0.477 9.91
l=LPP ¼ 1:1 (C2) 0.517 19.12
l=LPP ¼ 1:6 (C3) 0.496 14.29
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