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ABSTRACT

The current regulations of the International Maritime Orga-
nization (IMO) aims to increase the reduction of carbon dioxide
(CO») emissions from shipping by providing mandates to improve
the Energy Efficiency Design Index (EEDI) of new ships. This has
prompted newer vessels to be equipped with low-powered engines
as compared to the previous vessels of similar size. However, the
low power may potentially cause some vessels to be ill-equipped
to maneuver effectively in the presence of waves. Although, tradi-
tionally turning characteristics of a vessel is considered in calm
waters, in light of the new regulations it is important to consider
course-changing ability in waves during the design process. This
study aims to compare the maneuvering simulations and exper-
iments of a scaled KRISO container ship (KCS) in calm water
and in regular waves. The MMG standard method was developed
by the Maneuvering Mathematical Group (MMG) which was or-
ganized by the Japan Society of Naval Architects and Ocean
Engineers. This model is used to simulate the motions of the
vessel in still water. A potential flow theory-based MDLHydroD
software is used for calculating second-order wave drift forces
and these drift forces are added to the MMG model. The simu-
lations are compared with free-running model tests in both calm
water conditions and in regular waves.

Keywords: Maneuvering, MMG model, Hydrodynamic,
IMO, EEDI, (CO;), KCS, Second-order wave drift force, Added
resistance, Numerical simulation, Regular waves.

NOMENCLATURE

AR Profile area of a movable part of mariner rudder
ag Rudder force increase factor

B Ship breadth

Cp Block coeflicient

D,  Propeller diameter

dem  ship draft (d)

Fn Rudder normal force

F, Froude number based on ship length

Lpp

UR
UR

Um
wp

wpo

Rudder spank length

Moment of inertia of ship around center of gravity
Propeller advance ship

Added moment of inertia

Propeller thrust open water characteristic
Coefficient representing K1

Coefficient representing K1

Coefficient representing K1

Ship length between perpendiculars

Effective longitudinal coordinate of rudder position in
formula of Br

Yaw moment acting on the ship around the center of
gravity

Ship’s mass

Added mass in x direction

Added mass in y direction

Propeller revolution

Ship fixed coordinate system taking the origin at
midship. X,y,z axis

Space fixed coordinate system, xg, yo, Zo axis

Ship resistance coefficient in straight moving

Yaw rate

Propeller Thrust

Time

Thrust deduction factor

Steering resistance deduction factor

Resultant speed = Vu? + 0?2

Desired ship speed

Resultant inflow velocity to rudder

surge velocity at the center of gravity

the lateral velocity at the center of gravity
Longitudinal inflow velocity components to rudder
lateral inflow velocity components to rudder

lateral velocity at midship

Wake coefficient at propeller position in maneuvering
motions

Wake coefficient at propeller position in straight moving
Surge force around midship except for added mass
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components

Y lateral force around midship except for added mass
components

N, yaw moment around midship except for added mass
components

Xy Surge force around midship acting on ship hull

Yy lateral force around midship acting on ship hull

Ny yaw moment around midship acting on ship hull

Xp Surge force due to propeller

XRr Surge force around midship by steering

Yr lateral force around midship by steering

Ng  yaw moment around midship by steering

XG Longitudinal coordinate of the center of gravity of ship

XH Longitudinal coordinate of the acting point of the
additional lateral force component induced by steering

Xp Longitudinal coordinate of propeller position (0.5L, )

xr  Longitudinal coordinate of rudder position (=0.5L )

Xw second order drift surge forces

Yo second order drift sway forces

Ny second order drift yaw moment

aR Effective inflow angle to rudder

B Hull drift angle at midship

Bp Geometrical inflow angle to propeller in maneuvering

motions
Br Effective inflow angle to rudder in maneuvering motions
YR Flow straightening coefficient

0 Rudder angle

n Ratio of propeller diameter to rudder span (Dp/HR)

A Rudder aspect ratio

b d Ship heading angel

ol Water density

€ Ratio of wake fraction at propeller and rudder positions

(1 =wgr)/(1 —wp)

1. INTRODUCTION

The International Maritime Organization (IMO) has im-
plemented a technical measure (EEDI) to prevent air pollu-
tion coming from ship emissions which helps to reduce green-
house gas (GHG) emissions coming from existing ships such as
CO,,NOx,CH4, and PM (. These gases have been increasing the
global average temperature in the world and are also harmful to
the environment.

This Energy Efficiency Design Index (EEDI) measurement
is mandatory for all new ships that have more than 400 Gross
Tonnage (GT). The Ship Energy Efficiency for Management Plan
(SEEMP) is essential for all ships. EEDI aims to reduce CO;
emissions from ships. Consequently, In phase 4, IMO has planned
to reduce it to 40% by 2030 and up to 50% by 2050. [1]

Generally, there are two EEDI calculations essential for all
ships - reference or required EEDI and attained EEDI. The ref-
erence EEDI calculation is based on the reference line value
parameters which is varying based on the ship type. The at-
tained EEDI formula is based on the power of the engine, specific
fuel consumption, fuel conversion factor, ship capacity, and ship
speed. The attained EEDI must be smaller than the reference
EEDI. This result indicates the ship emits less CO, and it is an
energy-efficient ship.

One suggested approach to reduce CO, emissions is by re-
ducing the design speed of the ship and thereby the main engine
power [2]. This results in a reduced attained EEDI value which
makes the ship more energy efficient and indirectly emits lesser
CO;. Due to this speed reduction, CO, emission will be reduced
by up to 10% — 15%. However, there is a significant concern
that reducing the power will leave the vessel vulnerable to course
keeping in high seas and might even cause issues such as surf
riding and broaching in following waves. Thus, it is important
to study the effect of waves on maneuvering motions of the ship
before it can be incorporated into the ship design process.

Several studies in the past and present have investigated this
problem to varying level of detail [3, 4]. Evgeni Milanov et al. [4]
conducted experimental study in which a scaled ship model was
tested for a turning circle maneuver in a range of regular waves.
The study concluded that in low speeds, the rudder effectiveness
decreases significantly and it is difficult to change course. The
study also concluded that short waves influence the initial turning
characteristics strongly as compared to longer waves. Zhitian Xie
et al.[5] developed a simulation framework that combines second
order drift forces together with calm water maneuvering model
to simulate the drift of vessel in waves.

This study aims to study the effect of waves on maneuvering
motions by comparing the maneuvering simulations and exper-
iments of a scaled KRISO container ship (KCS) in calm water
and in regular waves. The MMG prediction method [6] is used to
simulate the motion of the vessel in still water. A potential flow
theory-based panel method code [7, 8] is used to calculate the
second-order wave drift forces in regular waves. The standard
MMG mathematical model is modified by incorporating mean
wave drift forces to simulate the dynamics of ship motions in
waves.

2. MMG MATHEMATICAL MODEL

The Maneuvering Modeling Group (MMG) model is used
for the maneuvering prediction of the vessel in calm water and
in waves which are explained in detail herein [6]. This model
was proposed by the Maneuvering Modeling Group (MMG), a
research group at the Japanese Towing Tank Conference (JTTC).

The non-dimensionalized 3 degree of freedom (3-DOF) ma-
neuvering equations of motions given in [6] are modified and are
given as follows:

(m' +mx)u —mo'r —x'Gm'r'2 =X (1a)
(m’ +my)v +mu'r +lem/r" =4 (1b)
2 % Y
(I;Z +x/Gm/ +J;Z)r +x/Gm/(u +ur)=N (1¢)

In this article, prime ’ stands for non-dimensionalized val-

ues. The forces and moment are non-dimensionalized by
(1/2)pLppdUg and (1/2)pL3,dU; respectively.  Similarly,
mass and moment of inertia are non-dimentionalized by
(1 /2)pL,2, pd and (1 /2)pL;‘,pd.Velocity and length components
are non-dimentionalized by Uy and L, , respectively. Yaw rate r
is non-dimentionalized as v’ = rL,, /Up.

X', Y, and N’ represent the hydrodynamic forces and mo-
ment acting on the mid-ship of the hull. These forces can be
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further described by components with different physical mean-
ings, which are:

X' =Xy + Xp + Xp + Xy (2a)
Y =Y, +Ye+Yy (2b)
N,, =Ny +Ng+Np+Ny, (2¢)

According to MMG, the subscripts H, P, and R refer to the
hull, propeller, and rudder. The terms corresponding to waves
forces X;»v’ Y;V and N’W are second-order drift forces which are
obtained from a panel method code [7, 8]. The panel method
code computes the drift forces using the near field method [9]
rather than the far-field approach utilized by Maruo [3].

The coordinate system is shown in figure - 1. The axes
for the earth’s fixed coordinate system are Oy — XoYpZo and the
body-fixed coordinate system is 0 — xyz where o is taken on the
midship of the hull, where x, y, and z axes point toward the ship’s
forward, towards the starboard side, and vertically downwards
respectively. The orientation of both frames is shown in Fig. 1.

Xo

0o " Yo

FIGURE 1: COORDINATE SYSTEM

Here, ¥ is the heading angle between the longitudinal di-
rection of Xy and x axis, # and v are the velocity components in
the longitudinal and transverse direction of the ship respectively.
Total velocity is given as U = Vu? + v? and the angle between the
resultant velocity and longitudinal direction of the ship is drift

angle S.

2.1 Non-dimensional hydrodynamic forces and moment
acting on the ship hull
Xy, Yy and Ny are expressed using the polynomials of
and the dimensionless turning rate r’, which are expressed as :

B= —tan~! (E) (3a)

u

/ L
r =r(U—0) (3b)

Expressions for hydrodynamic forces and moment acting on the
ship hull are obtained as follows [10]:

P
2
X AXgu > + XgoB® + (Xg, —m)Br +(X,,

Xpg +myvGrg = ( Ldeng) (4a)

+ Xgm,)r 24 XBBBB,B“}
Yy — magre = (ngeng) (4b)
XY+ (Y, —m)r +Ygp,p°
+ Y Bor + Y5, Bri+Y,,,r)
Ny = (ngeng) (4¢)
X{NgB+N,r + Nﬁﬁﬁﬁ3 + Nﬁﬁrﬁzr
+ N[;rrﬂrlz + N;rrr,3}

The hydrodynamic coefficients for the KCS vessel are taken
from [10] and are reported in Table 1.

2.2 Non-dimensional hydrodynamic forces due to propeller

The propeller thrust acts only in the longitudinal direction of
the ship and there is no force and moment due to the propeller
in other modes of motion. Hence, the surge force due to the
propeller is given as :

, Xp

Xp=5—""7"— &)
ELypdemU?

Xp=(1-1tp)T (6)

In order to maintain simplicity, the thrust deduction factor 7p is
considered to remain constant at the given propeller load. The
propeller thrust 7' is given as

T = p}’l%)D;‘JKT(JP) (7)

Kr is expressed as the second-order polynomial function of the
propeller advanced ratio Jp which is given by

Kr(Jp) = KoJp + K1Jp + Ko (8)
where, J,, is the advance ratio and is given by

_ u(l —wp)

J
F npr

€))

2.3 Non-dimensional hydrodynamic forces and moment by
the rudder
Rudder forces Xg, Yr and moment N are expressed as:

Xp = —(1—tg)Fysind (10a)
Yg = —(1+ay)Fy cosd (10b)
Ny = —(xg + apxy) Fy cos 6 (10c)

The coefficients tg, ay, and x/H primarily represent the
hydrodynamic interaction between the ship’s hull and rudder.
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TABLE 1: HYDRODYNAMIC FORCE AND MOMENT DERIVATIVES

Hydrodynamic Derivatives ~ Value

X, -0.0167
X/?ﬁ / -0.0544
Xg, —m, -0.1084
X, -0.0120
X,ﬁﬁﬁﬁ -0.0417
Y, 0.2253
Y, —m, 0.0398
Ym, 1.7199
Ym -0.4832
Y. 0.8341
Y., -0.0050
N/? 0.1111
N, -0.0465
N’ " 0.1752
Neﬁr -0.6168
Ng,, 0.0512
N, -0.0387

~
~
~

TABLE 2: HYDRODYNAMIC PARAMETERS FOR PROPELLER AND
RUDDER

Symbols Value

Ko 0.5228
K, -0.4390
K> -0.0609
m, 0.0063
m, 0.1552
- 0.0093
Xp -0.4565
x;,e -0.5
Xy -0.436
& 0.956
0.633
n 0.798
Iy -0.755
tp 0.207
wp 0.355
tR 0.258
an 0.361

yr (By > 0)  0.492
yr (B, <0) 0338
2 2.164
fa 3.0058

The rudder’s normal force is perpendicular to the rudder, hence,
Fy sina is its component in the longitudinal direction whereas
Fy cos a is in the transverse direction.
Here, non-dimensionalized rudder normal force is given by
/ A
F R

" .
N JoUg sinag (11D
Lpp-d

where, the resultant rudder inflow velocity Ugr and the angle ag
are expressed as

Ug = \Jup +v? (12)

v/
)zé——,’* (13)
u

v
QR =0 — tan”! —,R
Ug

and up and vy, are given by:

2
up = &u (1 - wp) n{1+k( 1+8£2T—1)} +(1-17)
nJp
(14)
v}e =YR - (U/ +rllR) (15)

The hydrodynamic parameters used in the simulation of mo-
tion of the KCS vessel are listed in Table 2.

3. MODEL AND EXPERIMENTAL SETUP
3.1 KCS Model

A scaled model (1 : 75.5) of the KCS vessel has been fab-
ricated and preliminary tests were conducted for this ship model.
The model is ballasted to achieve displacement and the center of
gravity is determined from an inclining experiment. From the
decay tests, the roll natural frequency of the model is determined
as 5.236 rad/s. The main particulars of the model ship and the
full-scale ship are given in Table 3.

3.2 Experimental setup

The maneuvering tests for the KCS model ship were con-
ducted in the wave basin facility at IIT Madras. The dimensions
of the wave basin are length L = 30m, width B = 30m and
depth d = 3.05m. The wave basin is equipped with a flap-type
wavemaker capable of generating regular, irregular, directional,
oblique, and random waves. A schematic of the wave basin is
shown in Fig. 2. The maneuvering study of the KCS model ship
is conducted in regular waves as shown in Fig. 3.

The experiment was performed by keeping the initial position
of the model ship in head sea condition to the wave-maker as
shown in Fig. 2. The vessel started from rest and was commanded
to 35-degree rudder and full propeller RPM at time ¢t = 0. The
vessel was allowed to complete two circles in calm waters. At
the completion of the second turning circle, the wave maker was
activated to generate regular waves of a particular period and
amplitude. Table 4 shows the experimental parameters in full
scale and model scale.

The motion of the vessel is tracked using an in-house tracking
system developed at IIT Madras. The angular velocities and ori-
entations are obtained from an inertial measurement unit (IMU)
mounted on board the vessel.
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TABLE 3: PRINCIPLE PARTICULARS OF KRISO CONTAINER SHIP

Parameters Model Full-scale
Scale 1/75.5 1.00
Ly, (m) 3.0464 230
B (m) 0.4265 322
dem (m) 0.143 10.8
V (m?) 0.1209 52030
Cp 0.651 0.651
xg (m) -0.04786 -3.614
zG (m) -0.0165 -1.2468
KB (m) 0.0801 6.04746
KG (m) 0.12653 9.55317
GM (m) 0.06846 5.168428
np (rps) 18.15 1.925
Dp (m) 0.1046 7.9
AR/(Lpp - d) 1/54.86 1/54.86
F, 0.26 0.26
Length L =30 m
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FIGURE 2: IIT MADRAS WAVE BASIN

FIGURE 3: MANEUVERING OF KCS MODEL SHIP IN WAVE BASIN

TABLE 4: TEST MATRIX

Parameters Model Full scale
experiment simulation
v(m/s) 1.42 12.34
n(rps) 18.5 115.5/60
a(°) +35° +35°
A/L 0.513 0.513
T (sec) 1.00 8.6891
H(m) 0.031 2.358

4. RESULTS AND DISCUSSIONS

Fig. 4 shows the comparison of results of the turning circle
maneuver in calm water. From the experiment, the turning circle
diameter is 2.691L and for simulation, it is 2.733L. There is a
difference of 1.537% between the simulation and experiment.

Turning circle trajectory

HS_02_S_E 03
25F = o
,2 -
— Experiment
151 Simulation
|
=
Ak
051
0 -

x/L

FIGURE 4: TURNING CIRCLE MANOEUVRE IN CALM WATER
It is also seen that the transient phase of the turn is signifi-

cantly different between the simulation and the experiment. This
can be attributed to the inherent assumption in the simulation that
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the hydrodynamic coefficients will be the same when the speed
of the vessel is significantly less than the design speed. Also,
another reason could be that the effect of propeller side wash on
the wake fraction is assumed to be constant in the simulation but
need not be so in the experiments [5].
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FIGURE 5: YAW ANGLE

Fig. 5 shows the plot of non-dimensionalized time vs yaw
angle. This plot clearly shows that the simulation achieves the
yaw angle slightly faster compared to the experiment.
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FIGURE 6: YAW RATE VS TIME

The variation in yaw rate is shown in Fig. 6. It is observed
that the magnitude of the yaw rate is slightly higher in the simu-
lation as compared to the experiment.

Fig.7 shows that both the experiment and simulation reach
a steady speed at almost the same time. However, the speed
achieved in the simulation is slightly higher than that achieved in
the experiment. Due to this discrepancy in the achieved speed,
there is a considerable difference in the trajectory obtained from
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FIGURE 7: SPEED VS TIME

the experiment to that in the simulation. The model in the exper-
iment makes a tighter turn compared to the simulation.

Turning circle trajectory

HS 02_S E 03
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|
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FIGURE 8: TURNING CIRCLE TRAJECTORY

A comparison of the turning circle trajectory of the vessel in
experiments and simulations is shown in Fig. 8. It is observed
from the experiment and numerical results that the vessel drifted
along the direction of the wave. However, in simulations trajec-
tory shows that the drift is significantly smaller compared to the
experimental results.

From Fig. 9 it can be seen that the surge velocity u in the
experiments is lesser compared to that in the simulation whereas
the sway velocity v is more in the experiments compared to that in
the simulation. This discrepancy occurs because the simulation
only considers a three-degree-of-freedom model and does not
consider the vessel roll dynamics. The roll motion coupled with
sway and yaw motions causes a significant difference between the
simulated and experimental velocities.
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It is also seen that when the waves are encountered from
t’ = 40, the sway experiences considerable oscillations. From
the experiment, it was also observed that the vessel experienced
considerable roll motion too. In the simulation, this coupled
effect between sway, roll, and yaw modes is not considered.

. HS_02_S_E_03
u Experiment
09r v Experiment
— — = u Simulation
0.8 - |[= = = v Simulation

0.7 r

Surge and Sway Velocities: u' and v'

Non-dimensional time t'

FIGURE 9: SURGE AND SWAY VELOCITIES VS TIME

Turning circle trajectory
HS_02_S_E_03

251
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15} Simulation

y/L

05

FIGURE 10: VESSEL DRIFT DISTANCE

Fig.10 shows that the vessel has drifted in the direction of the
waves in both experimental and simulation trajectories. However,
it is clearly seen that the experimental model ship drift distance
is significantly larger than the simulation results and this can be
attributed to the coupled sway and roll motion effects and the
presence of first-order wave motions present in the experimental
trajectory. The vessel drift distance has been calculated from the
consecutive turning circles at the yaw angle of 270 degrees i.e.
at the time the vessel yaw angle or longitudinal axis is exactly
perpendicular to the wave direction.

—_—
‘Wave direction

The KCS vessel drift distance is considerably large in the
experimental model test compared to the full-scale numerical
simulation results. Especially, when the vessel turns perpendic-
ular to the wave direction, the coupled sway and roll motion is
remarkably significant. Due to this coupled effect, the vessel
drift is considerably which is clearly seen from the experimental
results in Fig. 10.

TABLE 5: PARAMETERS OF THE TURNING CIRCLE TRAJECTO-
RIES IN CALM WATER AND WAVES

Test Diameter Yaw angle Drift
distance
Unit m deg m
Experiment 8.1978 -269.934 0.7679
model
Experiment 618.93 -269.934 57.9740
Full-scale
Simulation 8.3256 -269.472 0.3302
model
Simulation 628.59 -269.472 24.9284
Full-scale

The turning circle diameter value for the model and full-
scale in calm water is 2.691L and 2.733L. It has been already
discussed in section 4. However, the value of the model and full-
scale turning circle diameter is shown in Table 5 which is based
on the length of the vessel.

The drift distance discrepancy between the experiments and
simulations is 57%. The reason for this notable discrepancy is
that the numerical simulations did not consider the coupled roll
motion and first-order wave forces.

5. CONCLUSION

In this study, the simulation results partially match the exper-
imental results. This discrepancy occurs because the simulation
considered only a three degree of freedom model and did not
include roll motion. It is observed from the experiments that a
four-degree of freedom model is needed to capture the relevant
dynamics. It is also important to note that the simulations con-
sider only the second-order wave drift forces coming from the
regular waves and did not include the first-order wave motions.
A thorough study of maneuvering motions in different wave con-
ditions allows us to understand the performance of the vessel in
a much better way and helps improve the simulation models to
better mimic the experiments.

In future studies, a four-degree-of-freedom model will be
investigated that takes into account the first-order coupled wave
motions along with the second-order forces so that transient roll
motion and resulting coupled sway and yaw motion dynamics can
be accurately captured.
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