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a b s t r a c t

There are three different well-known methods for predicting the manoeuvrability of ships: (1) free
running model test, (2) direct manoeuvring simulation using CFD and (3) system-based manoeuvring
simulation. In this paper, the manoeuvrability of the KVLCC2 was estimated using CFD with rigid body
motion and body force propeller method. The free running manoeuvre at the different time steps were
also simulated. The yaw checking ability and the turning ability of KVLCC2 were predicted using CFD and
could have been confirmed that the IMO criteria was satisfied. When the results were compared with the
model test and system-based method, the free running simulation showed better agreement to that of
the model test. It could also be confirmed that the results vary depending on the time step. Overall, the
CFD results using the body force propeller method estimated most accurately the test results.
© 2021 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/).
1. Introduction

The transition to eco-friendly ships is an inevitable obligation
under international norms. In the recent years, the MEPC, an affil-
iate of the International Maritime Organization (IMO), has put
forward the energy efficiency design index Energy Efficiency
Design Index (EEDI) regulations to reduce greenhouse gas emis-
sions from shipping.

Shipyards are designing and introducing new types of engines
and propellers with relatively large/low rotational speed for new
ships in order to improve the EEDI. This leads to a decrease in the
flow velocity in the wake of the propeller and a decrease in the lift
of the rudder, which result in a decrease in efficiency in IMO
manoeuvring tests (Yasukawa et al., 2017). Thus, it is necessary to
review the influence of the hull shapes and the propellers of the
newly designed ships via manoeuvrability analyses.

The methods mainly performed to examine these effects can be
divided into manoeuvring simulations based on system (system-
).
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based method), and direct manoeuvring simulation with CFD that
performs turning manouevre and zig-zag manoeuvre etc. System-
based methods involve performing simulations using the hydro-
dynamic derivatives for manoeuvrability through captive model
tests. Compared to the free running analysis method, the result is
obtained faster, and it is easy to analyze the effect of the hydro-
dynamic force. However, conversion with a mathematical model is
required to analyze the manoeuvrability, and the manoeuvrability
may vary slightly depending on the model's configuration. Free
running analysis methods have an advantage of directly deriving
the results via simulating the IMO's manoeuvr test, but they have a
disadvantage of requiring greater computational resources when
compared to a system-based method.

Numerous studies have been conducted to analyze the
manoeuvrability of ships mathematically. Abkowitz (1964), Ogawa
and Kasai (1978), Inoue et al. (1981), Matsumoto and Suemitsu
(1983) for the analyze the manoeuvrability mathematically by
expressing the hydrodynamic force acting on the ship in the form of
equations.

On the determining of the hydrodynamic derivatives for the
mathematically expressed hull motion, Yoshimura and Ma (2003)
presented the hydrodynamic derivatives and coefficients
including rudder and interactive forces using CMT. Kim et al. (2003)
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Nomenclature

Symbol Name
ARmov Profile area of movable part of rudder
B Breadth
CB Block coefficient
d Draught
Fr Froude number
fbq Body force component in tangential direction
J Advance ratio
KT Thrust coefficient
Q Propeller torque
r Yaw rate
T Propeller thrust
tdisk Virtual disk thickness
u Surge velocity
XH ;YH ;NH Surge, sway force, yaw moment around midship

acting on ship hull
XR;YR;NR Surge, sway force, yaw moment around midship by

steering
xH Longitudinal coordinate of acting point of the

additional lateral force
D Displacement

l Scale ratio
j Ship heading angle

Symbol Name
aH Rudder force increase factor
bR Rudder span length
D Propeller diameter
FN Rudder normal force
fbx Body force component in axial direction
Iz Moment of inertia of ship
KQ Torque coefficient
LPP Length between perpendiculars
R Propeller radius
rh Propeller hub radius
t Thrust deduction factor
tR Steering resistance deduction factor
v Sway velocity
XP Surge force due to propeller
xG Longitudinal coordinate of center of gravity of ship
xR Longitudinal coordinate of rudder position
d Rudder angle
h0 Propeller efficiency
f Radial coordinate
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simulate using PMM results. They carried out the tests with a 4-DOF
PMM system and obtained the hydrodynamic derivatives including
the roll motion.

In the past, CFD was used for the prediction of course stability
calculating the linear hydrodynamic derivatives, Yv; Yr ;Nv, and Nr .
Ishiguro and Ohmori (2003) utilized CFD for the evaluation of
manoeuvrability at initial design stage. Yamasaki et al. (2001)
simulated trajectories for numerous tankers.

With exponential growth of computing power, research on free
running simulation using CFD has been actively conducted using
results of free running model tests through SIMMAN 2008
(SIMMAN, 2008). Araki et al. (2012) performed a free running
simulation using CFD for the ONR Tumblehome and used it to
derive the fluid force coefficient of a system-based simulator.
Harmid et al. (2014) compared the results of a free running simu-
lation of a propeller model and two types of body force propeller
models. Quadvlieg and Brouwer (2011) conducted a study on how
to perform an uncertainty analysis for free running model test.
Stern et al. (2011a, 2011b) provided an overview of the results and
comparing manoeuvrability estimation results according to various
methods such as experimental methods, simulations, and CFDs
received in SIMMAN 2008.

According to the ITTC recommendations for ship CFD applica-
tions (ITTC(a), 2014), the propeller's rotation angle per time step
should be selected within 2� in order to increase the accuracy of
flow into the propeller and the rudder. The rudder force and
turning motions are therefore affected by the flow into the pro-
peller and the rudder. The downside of free running simulation is
its relatively long simulation time, i.e., selection of short time steps
can be limited due to the computational resources. To perform free
running simulation, the body force propeller method (with a virtual
disk) can be also be selected as it can have reduced the time step
and grid dependencies than the actual propeller models, but this
method is limited to reflect the effects of flow caused by propeller
rotation and other factors.

In this study, the manoeuvrability of a KVLCC2 was estimated by
the free running manoeuvre using CFD in calm water. The
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difference in manoeuvrability according to the thrust imple-
mentation method was tested by comparing the results of the free
runningmanoeuvrewith the virtual disk and the rotating propeller.
Also the effect of the time step on the manoeuvrability estimation
was investigated; the simulations of rotating propeller at different
time step for the same propeller rotation speed were compared.
The results of each manoeuvrability estimation were compared
with the results of the experimental data published in SIMMAN
2008 and the system-based method using MMG (Maneuvering
Modeling Group) model with hydrodynamic derivatives published
in other papers.

This study is the basis of two future studies; (1) On the analysis
of ship's manoeuvrability in waves using free running manoeuvre
by CFD. (2) To simulate a straight sailing ship in oblique waves with
CFD to predict ship's motion only with the information of ship's
motion in real time, and to perform control based on motion pre-
diction. Based on these, the research on improvement of the ship's
course keeping performance will be conducted.

2. Numerical analysis conditions

A. Coordinate system

In this paper, the earth-fixed coordinate system and the ship-
fixed coordinate system were used as shown in Fig. 1. The origin
of the ship-fixed coordinate system is on the center of the hull. The
bow direction of the ship is defined as the positive x-axis, the
positive y-axis is in the horizontal starboard direction, and the
ship's bottom direction is the positive direction of the z-axis. The
direction of rotation of the rudder was expressed using the same
coordinate system applied to the hull. The earth-fixed coordinate
system is defined with the ship's initial direction as the positive X
direction.

B. Target ship

One of the public domain hull model, KVLCC2, was used in



Fig. 1. Coordinate system.

Fig. 2. KVLCC2 model ship.

Table 2
Boundary conditions.

Boundary Type

Inlet Velocity inlet
Outlet Pressure outlet
Top Velocity inlet
Bottom Velocity inlet
Side (Port, Starboard) Velocity inlet
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SIMMAN 2008 (SIMMAN, 2008), 2014 (SIMMAN, 2014), and 2020
(SIMMAN, 2020), and also selected it as the target ship in this paper.
The scale of the target model ship is 1/45.7, and the main specifi-
cations are shown in Table 1. The shape of the model ship is shown
in Fig. 2.

C. Grid system and calculation conditions

Simcenter STAR-CCMþ is commercial CFD software that has
proven useful in the study by Simonsen et al. and was used in this
study. The boundary conditions are shown in Table 2, and domain
size is shown in Fig. 3, and the conditions were decided by referring
to ITTC recommended (ITTC(b), 2014).

The DFBI (Dynamic Fluid Body Interaction) technique was used
to consider the motion of a rigid body in response to forces exerted
by the physics continuum. In order to consider the motion of the
rudder separately from the hull motion, the grids around the
rudder and the entire computational area were discretized using
the overset mesh technique. Fig. 4 shows the generated grid for the
manoeuvring analysis, and the total number of grid mesh was
about 10.83 million elements when using the rigid body motion
Table 1
Specifications of KVLCC2 tanker.

Model ship Full scale

l 1/45.7 1.0
LPPðmÞ 7 320.0
B ðmÞ 1.27 58.0
d ðmÞ 0.46 20.8

D ðm3Þ 3.27 312,600
CB 0.81 0.81
D ðmÞ 0.216 9.86
bR ðmÞ 0.345 15.80

ARmov ðm2Þ 0.0539 112.5
Fr 0.142 0.142
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and 7 million elements when using the virtual disk. For the flow
field around the ship, the trimmed mesh and prism layer tech-
niques provided by Simcenter STAR-CCMþ were used. For the
trimmed grid, the mesh size was relatively small in the free surface
and around the hull, but it was relatively large in the simple flow
region. For rotating propeller, a polyhedral mesh was used. The
governing equations and numerical calculation techniques used in
this study are shown in Table 3 and were referenced from Kim et al.
(2019).

D. Body force propeller method

The body force propeller method (SIEMENS, 2018) is used to
model the effects of propellers such as thrust and torque and
thereby creating propulsion without actually resolving the geom-
etry of the propeller. The method employs a uniform volume force
distribution over the cylindrical virtual disk. The volume force
varies in radial direction. The radial distribution of the force com-
ponents obeys the Goldstein optimum as represented in Eq. (1)
below.
Fig. 3. Numerical domain in calm water conditions.



Fig. 4. vol mesh.

Table 3
Governing equations and numerical scheme.

Governing equations Reynolds-averaged Navier-Stokes (RANS) equations
Free surface Volume of fluid method (VOF)
Body motion Dynamic fluid body interaction (DFBI), 6-DoF free
Turbulent model Reynolds Stress Turbulence, High y þ Wall Treatment
Mesh Trimmed mesh and prism layer with wall function

Table 4
Hydrodynamic derivatives used in simulation.

R0
0 0.022 Y 0

v �0.315 N0
v �0.137 tp 0.220

X 0
vv �0.040 Y 0

r 0.083 N0
r �0.049 tR 0.387

X 0
vr 0.002 Y 0

vvv �1.607 N0
vvv �0.030 aH 0.312

X 0
rr 0.011 Y 0

vvr 0.379 N0
vvr �0.294 x0H �0.464

X 0
vvvv 0.771 Y 0

vrr �0.391 N0
vrr 0.055

Y 0
rrr 0.008 N0

rrr �0.013

Fig. 5. Wave pattern in
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fbx ¼ Axf
*

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f*

q

fbq ¼
Aq$f

*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f*

q

f*�1� r0h
�þ f0

h

f* ¼ f0 � f0
h

1� f0
h
;f0

h ¼ rh
R

f0 ¼ f

R

(1)

Where fbx is the body force component in axial direction, fbq is the
body force component in tangential direction, f is the radial coor-
dinate, rh is the propeller hub radius and R is the propeller radius.
The constants Ax and Aq are computed as follow Eq. (2).
resistance analysis.



Table 5
Comparison of resistance analysis result.

Model test CFD Difference (%)

CT 4:05� 10�3 4:08� 10�3 0.74
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Ax ¼ 105
8

$
T

ptdiskð3rh þ 4RÞðR� rhÞ

Ax ¼ 105
8

$
Q

ptdiskð3rh þ 4RÞðR� rhÞ

(2)

where T is the propeller thrust, Q is the torque, and tdisk is the
virtual disk thickness. The computation of the body force compo-
nents requires several user inputs. A propeller performance curve
needs to be specified, which gives the dimensionless thrust
Table 6
Legend division.

Manoeuvrability prediction methods EFD VD RBM

Free running model test Free running simu

Thrust Propeller Virtual disk Rigi
RPS 10.332 11.136 10.5
Time step e 0.01 0.00
Propeller rotate rate e e 10 d

Fig. 6. Comparison of time histories of heading an
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coefficient KT , the torque coefficient KQ , and the propeller efficiency
h0, as functions of the advance ratio J.

E. Manoeuvre motion equation for system-based method

The manoeuvring motion equation used for system-based
manoeuvrability estimation in this study is expressed with 3 de-
grees of freedom (surge, sway, and yaw), as shown in Eq. (3). The
subscripts H, P, and R mean the hull, propeller, and rudder,
respectively.

m0
�
_u0 � v0r0 � x0Gr

02
�
¼ X0

H þ X0
P þ X0

R

m0
�
_v0 þ u0r0 þ x0Gr

02
�
¼ Y 0

H þ Y 0
R

I0z _r
0 þm0x0G

�
_v0 þ u0r0

� ¼ N0
H þ N0

R

(3)
10 RBM5 RBM2 SB

lation (CFD) Equation of motion

d body motion Rigid body motion Rigid body motion e

48 10.442 10.442 11.54
263 0.00137 0.00057 e

eg/Time step 5 deg/Time step 2 deg/Time step e

gle and rudder angle in zig-zag manoeuvres.



I.-T. Kim, C. Kim, S.-H. Kim et al. International Journal of Naval Architecture and Ocean Engineering 13 (2021) 466e477
The mathematical model for estimating the manoeuvrability is
the MMG model. This model considers the hydrodynamic forces
acting on the hull, propeller, and rudder separately (Matsumoto
and Suemitsu, 1983; SIMMAN, 2008), as well as the fluid force on
the hull, propeller, and rudder. These are expressed as Eqs. (4)e(6),
respectively.

X0
H¼X _u

0 _u0þX0
vvv

02þX0
vrv

0r0þX0
rrr

02þR00
Y 0
H¼Y _v

0 _v0þY _r
0 _r0þY 0

vv
0þY 0

vvvv
03þY 0

rr
0þY 0

rrrr
03þY 0

vrrv
0r02þY 0

vvrv
02r0

N0
H¼N _v

0 _v0þN _r
0 _r0þN0

vv
0þN0

vvvv
03þN0

rr
0þN0

rrrr
03þN0

vrrv
0r02þN0

vvrv
02r0

(4)

XP¼ð1� tÞT (5)

XR ¼ �ð1� tRÞFNsind
YR ¼ �ð1þ aHÞFNcosd
NR ¼ ��

xR þ aHx
0
H
�
FNcosd

(6)

The hydrodynamic derivatives used to calculate the hydrody-
namic force acting on the hull are shown in Table 4. The hydrody-
namic derivatives and the mathematical model derived from the
model test were published by Yasukawa and Yoshimura (2015).

3. Resistance analysis results in calm water condition

A resistance analysis was first performed to verify the grid
before calculating the manoeuvrability analysis in free running
manoeuvre. And the result was compared with model test results
(Larsson et al., 2011). Fig. 5 shows the wave pattern obtained from
the resistance analysis, and the result is compared with the model
test in Table 5. The comparison with the model test results
Fig. 7. Comparison of time histories of
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confirmed that the difference was within 1%, therefore the
manoeuvrability analysis in free running manoeuvre could have
been performed using the current grid system with confidence.
4. Free running analysis results

A. Simulation conditions

The free running manoeuvre using CFD to evaluate the
manoeuvrability was performed with tests of zig-zag and turning
circle manoeuvre. The results were compared with the model tests
and system-based method. The results of the KVLCC2 free running
model test were published in the SIMMAN 2008 workshop
(SIMMAN, 2008).

The numerical simulations were calculated by dividing it into a
virtual disk and a rigid body motion according to the method of
implementing the ship's thrust. The simulations using the rigid
body motion were performed at different time intervals for the
same propeller rotation speed and compared. Table 6 shows the
manoeuvrability estimation method as stated in the legend of the
graph; The thrust implementation method used in the calculation,
the RPS, the time step used, and the rotation angle of the propeller
model per time step. The RBM2 was the only CFD simulations
conducted for the 20/20 zig-zag simulation. For �20/-20 zig-zag
simulation, only the VD, RBM10, and RBM5 were used.

B Simulation results
i Zig-zag manoeuvres

The 10/10 and 20/20 zig-zagmanoeuvre tests were conducted to
both port and starboard directions. Fig. 6 shows a comparison of the
time histories of the heading angle and rudder angle in zig-zag
yaw rate in zig-zag manoeuvres.
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manoeuvres, and Fig. 7, Fig. 8, Fig. 9, Fig. 10 and Fig. 11 show the
time histories of the non-dimensional yaw rate and ship speed,
drift angle, heel angle, non-dimensional thrust.

Table 7 shows a comparison of the overshoot angles of different
estimation method in accordance with the IMO criteria. According
to IMO standards for ship manoeuvrability (IMO, 2002), the yaw-
checking of KVLCC2 should meet the following criteria; (1) for 10/
10 zig-zag manoeuvre, the 1st and 2nd overshoot angle should not
exceed 20� and 40� respectively. (2) For 20/20 zig-zag manoeuvre,
the 1st overshoot should be less than 25�.

The 1st and 2nd overshoot angles estimatedwith themodel test,
CFD results, and system-based method have been confirmed
satisfying the IMO criteria, while there exists difference in values
depending on which methods were used for the estimation.

The experiment data for �10/-10 zig-zag manoeuvres was
compared and the estimated RBM10 for 1st and 2nd overshoot
angle was smaller by 0.2� and 2.2� respectively. For VD, the 1st
overshoot angle was 1.2� greater and 2� smaller for 2nd overshoot
angle than that of experimental data. For 10/10 zig-zag manoeuvre,
the 1st overshoot angle of RBM10 was calculated to be 0.7� higher,
whereas 2nd overshoot angle was less than 3� than that of exper-
imental data. Overall, the CFD results showed much higher accu-
racy than the overshoots estimated with system-based method.

For the �20/-20 zig-zag manoeuvre, the differences of 1st
overshoot angle between estimated and experimental data are
Fig. 8. Comparison of time histories of
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about 1.3�, 0.4� and 0.3� for VD, RBM10 and RBM5, respectively.
Similarly, the differences of 1st overshoot angle between estimated
and experimental data for the 20/20 zig-zag manoeuvre are about
0.5�, 1.7�, 1.3�, and 1�, for VD, RBM10, RBM5 and RBM2, respectively.

In Fig. 7 it is shown the time history of yaw rate. The overall
trend shows VD results are much closer to the experiment data
than RBM10 results, and the trends are the similar for the RBM 5
and 2. In general, ships with right handed propellers have much
faster port side turning speed than starboard side turning due to
the propeller rotating effect. Therefore, the VD reflects the influ-
ence of the propeller rotation direction relatively well than the
RBM10. In addition, 2nd peaks of the 10/10 and 20/20 zig-zag
manoeuvre are relatively larger than �10/-10 and �20/-20 zig-
zag manoeuvre. The ship speed during the 1st peak is relatively
high that the propeller's rotating effect is influenced less.

In Fig. 8 it is shown the time history of ship speed. For the RBM
case, the absolute ship speeds values are lower than the experi-
mental data, but it shows thewell-matched trends. As the time step
decreases, the difference between calculated and experiments
become much smaller. In case of simulation using the virtual disk,
the estimation accuracy is much higher than that of the simulation
using a rigid body motion. For the results from the system-based
method, the change in ship speed was estimated relatively well
at the beginning of the simulation, but the ship speed becomes
higher than the experimental results as the simulation proceeded.
ship speed in zig-zag manoeuvres.
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In Fig. 9, the drift angle of the free running simulation is close to
that of the model test, and the difference increases for RBM10. In
addition, the system-based method has difference in the drift angle
as the heading angle changes earlier than the other methods.

Fig. 10 shows the change of the heel angle. The heel angle result
from RBM10 is different from all other methods (RBM5, RBM2, VD,
and the experimental data). This could be due to the influence of
the yaw rate difference caused by the propeller rotation effect. The
system-based method does not consider the effect and change of
the roll motion as the model is assumed as a rigid body with 3-DOF
of motion.

Fig. 11 shows the change of the non-dimensional thrust, where
T0 mean the initial thrust of manoeuvre. The thrust is influenced by
the drift angle and change of ship speed. When the drift angle or
the speed increases, the thrust decreases, and vice versa (Yasukawa
and Yoshimura, 2015). When are compared, The overall trends for
change of speed and drift angle for the VD and the RBM are similar,
however it could have been confirmed that RBM is much sensitive
to the changes in drift angle and ship speed. The difference be-
tween VD and RBM results in the zig-zag manoeuvre could be due
to the difference in thrust generated as mentioned above.

ii �35 turning manoeuvre

For the turning maneuvers, Fig. 12, Fig. 13 and Fig. 14 shows the
comparison of the turning trajectories, change of yaw rate & ship
speed and the change of drift angle & heel angle over time,
Fig. 9. Comparison of time histories of
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respectively. Table 8 represents the IMO criteria for the advance
distance and the tactical diameter and its corresponding values
estimated from different method.

According to IMO standards for ship manoeuvrability (IMO,
2002), the criteria of turning ability of KVLCC2 are the advance:
4.5 times ship length, the tactical diameter: 5 times ship length in
the turning manoeuvre. The advance and the tactical diameter
estimated by themodel test, CFD results, and system-basedmethod
satisfied the IMO criteria, but when compared with experiment
data, there is a difference depending on the estimation methods
used.

The CFD results using the virtual disk showed the values lower
than the model test; 0.13 lower for the advance distance, and 0.09
lower for the tactical turning diameter.

Fig. 12 shows the comparison of turning trajectory results for
different estimation methods. The turning trajectory of RBM10 was
the closest to the experimental data. The turning trajectory of VD
shows smaller advanced and tactical diameter when compared
with the experimental data. This is due to the difference in flow
velocity distribution caused by the propeller's direction of rotation.
When the right-handed propeller model is used, the flow velocity
on the left side is much slower than the right side due to the
rotation effect of the propeller. In case of the body force propeller
method (Virtual Disk), the flow velocity on the left side was faster
than the rigid body propeller model (Lee et al., 2021). In conclusion,
the force exerted on rudder for the model with body force propeller
method was much larger than the propeller model or the
drift angle in zig-zag manoeuvres.



Fig. 10. Comparison of time histories of heel angle in zig-zag manoeuvres.

Fig. 11. Comparison of time histories of thrust in zig-zag manoeuvres.
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Table 7
Comparison of overshoot angles of zig-zag manoeuvres.

IMO
Criteria (�)

EFD (�) VD (�) RBM10 (�) RBM5 (�) RBM2 (�) SB(�)

1st OSA (�10/-10Z) 20 9.5 10.7 9.3 e e 7.2
2nd OSA (�10/-10Z) 40 15.0 13.0 17.2 e e 9.1
1st OSA (10/10Z) 20 8.2 8.7 9.0 e e 5.0
2nd OSA (10/10Z) 40 21.9 21.8 18.9 e e 14.0
1st OSA (�20/-20Z) 25 15.1 16.4 15.5 14.8 e 13.9
1st OSA (20/20Z) 25 13.7 14.2 15.4 15.0 14.7 10.4

Fig. 12. Comparison of trajectory in turning manoeuvres.
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experiment test, thus the advanced and tactical diameter were
reduced.

In Fig. 13 it is shown that the yaw rate and ship speed change.
The yaw rates of RBM10 and VD are compared with the experiment
data at the peak point; for RBM10, the values were lower whereas
VD had higher values than the experimental data. After the peak
Fig. 13. Comparison of yaw rate (left) and sh
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point, the results were similar to the experimental data. SB showed
low value at the peak point and higher values than all other
methods after that region. The ship speed derived from the CFD is
close to that of the experiment data in the non-dimensionalized
time region between 0 and 5. After that region, the value main-
tains lower than experiment data. SB is generally showed higher
values than the experiment data.

In Fig. 14 it is shown that the drift angle and the heel angle. The
drift angle derived from the CFD showed its value close to that of
the model test from non-dimension time 0 to 5. From then on, the
difference in values were around �5%e14.5%. In heel angle graph
when starboard is deeper in thewater is positive. In the experiment
data, there was a change in the speed of the ship in the u and v
directions according to the change of the heel angle.

In the model test, there was a change in the speed of the ship in
the u and v directions according to the change of the heel angle.
From the CFD results, it is estimated that the change in the heel
angle is small, resulting in the difference in the drift angle. The
system-based method does not consider the effect of the heel
angle, i.e., the estimated drift angle is smaller.

C. Review of simulation results
- 10/10 zig-zag manoeuvre

The CFD results are closer to model test results than system-
based method. However, there was a difference in the results
depending on which propeller model was used. For the simulation
using the body force propeller method, the 1st & 2nd overshoot
angles of �10/-10 and 10/10 zig-zag manoeuvre were 10.7� & 13.0�

and 8.7� & 21.8�, respectively. The simulation using rigid body
motionwere 9.3� & 17.2� and 9.0� & 18.9�, respectively. The reasons
for having difference in valuesmight be due to the difference in yaw
ip speed (right) in turning manoeuvres.



Fig. 14. Comparison of drift angle (left) and heel angle (right) in turning manoeuvres.

Table 8
Comparison of advanced distance and tactical diameter in turning manoeuvres.

IMO
Criteria (LPP)

EFD (LPP) VD (LPP) RBM10 (LPP) SB (LPP)

Advanced 4.5 3.11 2.98 3.09 3.06
Tactical diameter 5 3.08 2.99 3.08 3.05
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rate as there are influence of the propeller rotating effect, and the
difference in sensitivity to conditions that affects the thrust
depending on the used propeller models.

- 20/20 zig-zag manoeuvre

The CFD results are closer to model test results than system-
based method. There was a difference in the results depending on
the method used for propeller models and the variation of time
step. The simulation using the body force propeller method showed
the 1st overshoot angles of �20/-20 and 20/20 zig-zag manoeuvre,
16.4� and 14.2� respectively. The overshoot angles of RBM10, the
model of Rigid Body Motion with the largest time step, for �20/-20
and 20/20 zig-zag manoeuvre were 15.5� and 15.4�, respectively.
The RBM5's overshoot angles for �20/-20 and 20/20 zig-zag
manoeuvre were 14.8� and 15.0� respectively. The RBM2 esti-
mated 1st overshoot angle for 20/20 zig-zag manoeuvre as 14.7�.
Overall, the difference between simulation results and the experi-
ment data decreased as the time step was shortened, which could
be due to the better prediction of the actual flow around the
propeller.

- -35� turning manoeuvre

The advanced and the tactical diameter estimated from system-
based method appeared to show result very close the experiment
data, but there showed relatively large difference in yaw rate, ship
speed, and drift angle when compared to the CFD results. The CFD
results were the results close to the experimental data among all
other methods, and it could have been confirmed that the simu-
lation using rigid body motion showed a relatively closer result
compared to the simulation using the body force propeller method.
5. Conclusion

In this study, we estimated themanoeuvrability in calmwater of
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a KVLCC2 ship by free running manoeuvre using CFD. The simula-
tions were performed using a virtual disk and a rigid body motion
according to the method of implementing the thrust. The yaw
checking ability and the turning ability of KVLCC2 were predicted
using a virtual disk and a rigid body motion, and the satisfaction of
the IMO criteria could have been confirmed.

In the simulation using the rigid body motion, the change of the
estimation accuracy according to the time step could have been
confirmed by varying the propeller's rotation angle per time step. In
order to compare the estimation accuracy, published model test
results and the system-based method results were compared with
the CFD results. The following conclusions were obtained.

Firstly, when calculating the thrust by applying the rigid body
motion during the CFD-based free running simulation, the esti-
mation accuracy increased as the time step decreased. When
comparing the results of the rotation angle of 2� per time step as
recommended by the ITTC and the results of 5�, the difference was
relatively small. Based on this result, the propeller's rotation angle
less than 5� per time step is reasonable for balancing the trade-off
between the accuracy and the efficiency in terms of computational
time.

Secondly, there was no significant difference in the manoeu-
vrability when comparing the results obtained from virtual disk
method with the one estimated with the method of calculating the
thrust using a rigid body motion. In conclusion, the overall time to
calculate the method of estimating the manoeuvrability using the
virtual disk was much advantageous.

In this study, the effectiveness of the virtual disk method could
have been identified. We will further investigate on the thrust of a
ship operating in waves with virtual disk method and perform the
manoeuvrability analysis using the free-running manoeuvre for the
future studies, as well as a simulation that predicts the motion of
the ship operating in waves in real time and controls based on the
prediction is to be implemented on the CFD. The research related to
the improvement of the ship's course keeping performance will be
conduct.
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