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Increasing ship dimensions and maritime traffic have intensified maneuvering

] challenges in harbors and channels, particularly in shallow water under external wind
Wind force disturbances. This study investigates the effects of steady wind on ship turning
MMG model performance using a Maneuvering Modeling Group (MMG) model incorporating
regression-based aerodynamic coefficients. Simulations are conducted across
different ship speeds, depth-to-draft ratios (4/T), wind speeds, and wind directions.
The model is validated qualitatively and quantitatively against experimental turning
data in deep and shallow water. Turning performance is assessed through trajectories,
advance, transfer, yaw rate, drift angle, and forward speed. The results indicate that,
at 75 % of full ship speed, winds exceeding 5 m/s can either elongate or contract
turning trajectories, depending on wind conditions. Wind-induced trajectory changes
are more pronounced at 4#/7=1.2 and generally diminish with increasing water depth.
Yaw-rate magnitude shows greater wind sensitivity at 4/7=1.2, whereas drift-angle
magnitude is more affected at #/7=3. Headwinds produce the largest reduction in
forward speed, particularly at #/7=3 and reduced ship speed. Sensitivity analysis of
input and output variables indicates that their relationships are nonlinear (non-
monotonic), except for the 4/T ratio. Finally, drift angle shows the greatest variability
among the investigated scenarios.

Maneuvering performance

Shallow water

Turning maneuvering

1. Introduction

As the volume of commercial maritime transportation through coastal areas, waterways, and channels
continues to increase, for instance, in Panama, the St. Lawrence waterway, and the Suez Canal, which are
among the most heavily used, the probability of maritime accidents, including collisions, blockages, contact,
and groundings, also rises. Therefore, ships must take greater precautions and remain more aware when
maneuvering in shallow water. Maneuvering becomes even more challenging when combined with external
disturbances such as wind, waves, water currents, and bank-interaction effects. In the case of wind, the
situation becomes critical for two reasons. First, hydrodynamic interaction affects the ship's wetted surface
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due to viscous effects and bottom restrictions; second, aerodynamic forces act on the superstructures due to
wind disturbances. These combined effects significantly influence ship maneuvering performance.

Numerous researchers have investigated ship maneuvering in shallow water; for instance,
Kim et al. [1] examined the impact of waves on the maneuvering performance of a KRISO container ship
using CFD by solving the URANS model. Based on URANS, the added resistance in short regular waves [2]
and the scale effects of viscous roll damping [3] have been studied. Atasayan et al. [4] predicted the zigzag
maneuvering performance of a tanker using an offline grey box method. El Moctar et al. [5] studied
maneuvering performance in calm water and waves through model tests and numerical simulations for a
container and a tanker, solving the Reynolds-Averaged Navier-Stokes (RANS) equations. Hasnan et al. [6]
investigated ship turning in regular waves using a free-running model test. Their analysis, based on the
linear Nomoto model, showed satisfactory prediction of drift induced by wave action. Investigating these
external influences on ship maneuvering behavior provides mariners and captains with valuable safety
insights to help avoid potential issues under complex operational conditions. The recommendation by Sutulo
and Guedes Soares [7] further confirmed the importance of studying the influence of wind on ship
maneuvering behavior.

One of the most recent shallow water incidents that attracted global attention was the blockage of the
Suez Canal by the container ship MV EVERGIVEN, as shown in Figure 1. This incident highlighted the
complexity of ship maneuvering in restricted waterways, where grounding, collisions, and blockages may
result from the combined effects of vessel characteristics, environmental conditions, navigation conditions,
and operational factors. Wind effects were among the environmental factors discussed in relation to the
maneuvering challenges experienced during the incident [8]. Therefore, understanding how wind forces
affect ship maneuvering performance is essential for evaluating vessel behavior under various operational
conditions, particularly for large ships operating in confined waters. However, studies on maneuver
prediction that account for environmental disturbances in coastal areas and restricted waterways remain
limited [9].
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Fig. 1 Blockage of the Suez Canal by the EVERGIVEN container ship. (March, 2021)

The assessment of maneuvering trajectories and indices is important from a navigational safety
perspective. Ship maneuvering performance with/without accounting for external disturbances has been
widely studied using the MMG and Abkowitz models. Regarding system-based approaches, Du et al. [10]
studied ship maneuvering on the Esso Bernicia tanker in a confined waterway using a nonlinear model and
an optimization technique to estimate optimal hydrodynamic coefficients, which were then used to predict
ship maneuvering. Gadelho et al. [11] numerically identified the hydrodynamic coefficients at various
sections of the S175 hull model using a time-domain CFD model in both deep and shallow water.
Liu et al. [12] predicted ship maneuvering in deep and shallow water using a system-based empirical method
for the KCS and DTC container models, based on the MMG model. Li et al. [13] studied turning and zigzag
maneuvers of the KVLCC2 model using CFD with an overset-grid technique. Their results demonstrated
that turning capability was worse under low depth-to-draft ratios. Carrica et al. [14] studied the 20/5 zigzag
maneuver numerically and experimentally for the KCS model, showing satisfactory agreement between
EFD and CFD, except for yaw and yaw rate, where the errors exceeded 15 %. Kim et al. [15] examined the
sensitivity of hydrodynamic derivatives at low speeds for the KVLCC2 model using the Abkowitz modular
mathematical model. They showed that these derivatives are more sensitive to zigzag maneuvers than to
turning maneuvers.
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Based on an empirical modular maneuver model, Inoue et al. [16] predicted maneuvering forces and
moments using the hydrodynamic coefficients. Wang et al. [17] predicted ship maneuvering under the
combined effect of waves, wind, and currents in 3-DOF in deep water. Sukas et al. [18] developed the
MANSIM code to predict ship maneuvering in deep water using a 3-DOF modular mathematical model.
Their results ascertained a nonlinear relationship between hydrodynamic derivatives and maneuvering
indices. Taimuri et al. [19] developed a 6-DOF model to investigate the ONRT benchmark ship, considering
the influence of regular wave and shallow water corrections obtained from circular motion tests. The results
confirm that the proposed method can predict maneuvering trajectories for current and future vessel designs
and determine the necessary evasive velocity to mitigate grounding risk. Kostoulas et al. [20] evaluated
maneuvering performance in 4-DOF using time-domain simulations based on the Son and Nomoto model in
deep and shallow water. Tang et al. [21] developed a numerical model for ship maneuvering that accounts
for shallow water effects, using the fourth-order Runge—Kutta method. Their results showed that shallow-
water effects increase ship resistance and reduce maneuverability. Novaselic et al. [22] investigated the
effect of wind forces on the turning maneuver of a Ro-Ro ship model in deep water. The results provide an
improved understanding of vessel trajectories and reveal that vessels may, in some cases, exhibit unexpected
responses.

More recently, researchers have applied identification methods to ship maneuvering models.
Zhu et al. [23] presented a deterministic 3-DOF model based on the Abkowitz model and the Support Vector
Machine (SVM) identification method to analyze the impact of wind forces on the hydrodynamic
coefficients in deep water. Their results showed the method's effectiveness for scenarios with wind speeds
not exceeding 8 m/s and measurement noise below 13 %. Wang et al. [24] used a similar approach across
varying perturbation levels; their results showed that models identified under mild and moderate
environmental conditions yielded deviations below 10 %, which is deemed acceptable. As the perturbation
level increases, the fidelity of the identified model decreases. Using Automatic Identification System (AIS)
data, Huang et al. [25] evaluated maneuvering risks at the port entrance and inner traffic lanes. Zhu [26]
applied a hybrid optimization algorithm to improve the prediction of maneuvering coefficients under wind
disturbances. Yasukawa et al. [27] studied a pure car carrier vessel operating under steady wind conditions.
The results demonstrated that course instability is mainly caused by aerodynamic derivatives that modify the
yaw-restoring forces under the head and following wind conditions.

Most previous studies have investigated the hydrodynamic and aerodynamic forces on ships
maneuvering separately. While several studies have focused on wave effects and some on wind effects in
deep water, research on the combined influence of wind and shallow water on maneuvering performance, in
terms of maneuvering indices, remains limited. This is critical, as the growing dimensions of modern
vessels, combined with increasing traffic in shallow harbors and channels, demand a more comprehensive
understanding of maneuvering behavior for various ship types under environmental disturbances. To address
this gap, the present study provides a detailed investigation of the turning maneuver performance of the
KVLCC2 benchmark hull under the combined effects of wind forces and shallow water conditions, using the
MMG model. The KVLCC2 is selected as a representative hull type that serves as a benchmark in SIMMAN
workshops and MASHCON conferences. The present study assumes steady wind conditions. Therefore, the
aerodynamic forces are calculated from prescribed wind scenarios and are not updated according to the
instantaneous ship velocity or heading. Consequently, the model is interpreted as a one-way wind-disturbed
MMG model. The contributions of this study are summarized as follows:

(1) A 3-DOF MMG maneuvering model is established incorporating shallow water corrections for

hydrodynamic coefficients, added mass, resistance, propeller, and rudder effects.

(2) Aerodynamic forces and yaw moment obtained using regression-based aerodynamic coefficients

are incorporated as prescribed external disturbances, enabling assessment of wind-induced changes in

turning performance under different water-depth conditions.

(3) A systematic parametric analysis is conducted to quantify the influence of wind speed, wind

direction, ship speed, and depth-to-draft ratio (4/7T) on turning maneuver characteristics.

(4) Analyzing the sensitivity of indices relevant to input variables and estimating the variability of

various indices across wide operational conditions.
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The remainder of the article is structured as follows: Section 2 describes the problem statement and
methodology for establishing the maneuvering mathematical model. Section 3 presents the validation of the
maneuvering model. Section 4 presents the results and analysis of simulation scenarios. Section 5 presents
the sensitivity and variability analysis for the input and output parameters. Finally, the conclusion is
presented in Section 6.

2. Problem statement

The turning maneuver under wind disturbances at different depth-to-draft ratios (4/7) is investigated
using the MMG mathematical model. The aecrodynamic force and moment coefficients are calculated over a
range of wind angles from 0° to 180°. These forces are used as inputs to the mathematical model. The
simulation scenarios include two directions: when the wind acts in the same direction as the ship turns, and
when it acts in the opposite direction.

The turning trajectory, including maximum advance and transfer, yaw rate, drift angle, and forward
speed changes, is then analyzed in both directions. Moreover, the sensitivity and variability of input and
output maneuvering parameters are evaluated. The turning maneuver is simulated at 15° intervals to capture
variations in trajectories and maneuvering indices accurately. For clarity, the wind scenarios are presented at
45° intervals, including headwind, oblique headwind, beam wind, aft quartering wind, and following wind.

2.1 Coordinate system definitions

To analyze the ship maneuvering problem under combined wind and shallow-water effects for the
KVLCC2 model, a 3-DOF MMG-based maneuvering model is employed in the horizontal plane [28]. Two
right-hand coordinate frames are used, as shown in Figure 2. An inertial fixed coordinate frame (Earth
coordinate), op—xgyozo, has a pivot point centered at (Op), and its plane represents the still water surface. v,

and v, are true and apparent wind angles, respectively, as shown in the angles from the xy axis;U ,U,, are

the true and apparent wind velocities, and the angle of ship heading is referred to as y . The ship's fixed
coordinate frame is a moving frame fixed to the hull, with its origin at midship. The plane xoy coincides
with the still water surface with the xyz axes, and the x, y, and z axes are located at the bow, starboard side,

and vertically directed downward, respectively. Moreover, r, f, and J, are the yaw rate, drift angle, and
rudder angle, respectively. ,and , are the ship surge and sway velocities, respectively, which are used to

estimate ship speed U , where U=+u’+v’ . Figure 3 shows the schematic view of the scenarios

investigated. These scenarios are investigated in two directions: when the wind acts in the same direction as
the ship turns and in the opposite direction, at various wind angles.

A
X
U, ¢

w, aw

Y, aw
z

Ve

)
Fig. 2 Definition of coordinate systems
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Fig. 3 Schematic view of the simulation scenarios

2.2 Equations of motion

The equations of motion form the core of the maneuvering model, which were established based on
Newton's second law for a rigid body. The 3-DOF (surge, sway, and yaw) ship maneuvering motion can be
expressed as:

(m+,u11)zl—m(vr+xGr2) =X+ Xy + X, + X,
(m+,uzz)1>+mru+(mxc+,uzé)f:YH+YR+YE (1)
(]ZZ +mx; +,uﬁé)z> +(mxg + g, )V +mxgur = Ny + Ny + Ny

where ,,, 1s the ship mass, /_is the moment of inertia, x, is the longitudinal coordinate of the center of

gravity, i,v are the surge and sway accelerations in the x and y directions, respectively, and 7 is the yaw
angular acceleration. The ship velocities are u# and v in the x and y axes, and » is the yaw rate.
15ty Heoo Hers 1y are the added mass. On the right-hand side, the surge, sway forces, and yaw moments are
denoted by X, Y, and N, respectively. The subscripts H, P, R, and E stand for the hull, propeller, rudder, and
external forces, and Xg, Vi, and Nk are the wind forces.

2.3 Hydrodynamic coefficients of a hull

The hydrodynamic coefficients are determined using existing formulas in the literature that have been
extensively validated for maneuvering trajectory and its indices in both deep and shallow water. The
equations for the added masses and moment components that explain the influence of the external forces on
ship acceleration are determined as per Brix [29] and Clarke et al. [30].

The hydrodynamic forces and moments of the hull are expressed as follows:
X, =05pLTUX,,(V',r"),
Y, =0.5pLTU?Y, (V,r"), (2)
N, =0.5pL’TU’N},(v',r")
where p is the density of the fluid, L is the length of the ship, and T is the ship draft, 7' =»L/U is the non-
dimensional yaw rate, and v/ =v/U is the non-dimensional sway velocity. The force and moment
coefficients in a horizontal plane X},,Y;, N are expressed as follows:
X, (V) ==R+ XV + X V' + X+ XV
YV, =YV Y Y VY VY VY

444 wr vrr rrr

A3)
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where R] is the ship resistance, estimated using Raven's method [31], as recommended by ITTC [32]. The

hydrodynamic derivatives are calculated using existing empirical formulas, which X| ,X X

w2t

!
and N, are

estimated as per Yoshimura and Masumoto [33]; X,V Y]

v Sy T

[34]; ¥/ and N/ are estimated according to Clarke et al. [30]; Y .Y, , N

v > Twvrd e 2T Tvwr

Kijima et al. [35];Y.is calculated as per Norrbin [36], and N’ is estimated as per Khattab [37]. The first

and N/  are calculated as per Lee and Shin

,and N are calculated according to

and third-order polynomial derivatives in Equation (3) provide superior estimation accuracy compared with
the first and second-order polynomials for Y,, and N, [28]. The shallow water correction factors for

hydrodynamic derivatives, added mass, and the ship resistance coefficient are estimated according to [32,
35, 38-40] (see Appendix A and B).

The ship resistance is estimated by:

R,=0.5pUS,,C, 4)
where §,, is the wetted surface area of the hull and C; is the drag coefficient. The C; coefficient is
dynamically evaluated from the instantaneous ship velocity.

C; =1.06C; (1+k)+C, +AC, (5)
where C, is the coefficient of frictional resistance on the hull surface, (1+ k) is the form factor, and C, is the

wave resistance coefficient.

_ 0.075
' (log,, Re—2)’ ©)
2
(1+k)=1.017+20C, (B/L,,) T/B (7)
The drag coefficient caused by the roughness of the ship is:
k L
AC; —0.044[[ > J—lORe 3]+0.000125 (8)
LPP
The empirical formula for shallow water correction on ship resistance is:
CT shallow T v
—=140.57| — 9)
T deep h

where C, is the viscous resistance coefficient; 7" and 4 are the ship draft and water depth, respectively. In

this study, the fourth-order Runge-Kutta method is used to solve the time-domain equations of ship
maneuvering motion.

2.4 Propeller force
The surge force as a result of the rotation of the propeller is estimated as:

X, =(1-1,)pi*DiK, (J,) (10)
where 7, is the thrust deduction factor, n, is the propeller rotation frequency, and D, is the propeller
diameter. The propeller thrust coefficient K, is approximated as:

K.(J,) =k Jo+kJ,+k, (11)
where k), k ,k, are the approximating coefficients, and J, is the advance ratio:

B u(l-w,)

J =— P
r npDP (12)
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where w, is the wake fraction.

2.5 Rudder forces
The hydrodynamic forces induced by the rudder can be expressed as:
X, =—(1-t,)F, sino,
Y, =—(1+a,)F, cosd, (13)
N, =—(x; +a,x,)F, coso,
where 9, is the rudder angle, 7, is the reduction factor of steering resistance, a, is the rudder force increase

coefficient, x, andx, are the longitudinal references of the rudder location and the acting point of additional

sway force, respectively. The rudder normal force (Fy) is calculated according to Yasukawa and
Yoshimura [28]. The rudder normal force Fx is:

F, =05p4U.f, sina, (14)
where 4, is the rudder area, f, is the rudder lift gradient coefficient, a, is the attack angle, U, is the rudder

velocity with respect to the rudder, where U, = \/u, +v;, , and the rudder surge force is given by:

u, =eu(l—-w,) n l-l-l('[ 1+8§2 —1]} +(1-n), (15)

P

and the sway velocity of the rudder is estimated by:

Ve =UribBy (16)
where 7 is the ratio of propeller diameter to rudder span, ¢ is the ratio of wake fraction for the propeller
and rudder position, 7, is the flow straightening coefficient, k¥ is an empirical constant, f, is the effective
rudder inflow angle in maneuvering motion. The shallow water effect on ¢ ,x,y,,w, 1s estimated according

to Amin and Hasegawa [41] (see Appendix C).

2.6 Aerodynamic forces

Various regression-based formulae have been developed to calculate the aerodynamic force on the
ship. In this study, the aerodynamic coefficients are calculated using the method of Fujiwara et al. [42]. This
method relies on the ship's form parameter and was developed through a regression analysis of various
wind-tunnel experiments. The advantage of this method is that its standard error is smaller than that of other
developed regression-based methods [42]. Furthermore, such methods are recommended by ITTC [43] for
use when experimental work is unavailable. The longitudinal, transverse, and yawing coefficients are
calculated for the KVLCC2 model, as shown in Figure 4. The forces and moments are then estimated and
considered as external disturbances in the maneuvering model.

The aerodynamic forces and moments are expressed as:
X, =0.5p,U> 4.C,(X,+X,cosy,, +X,cos3y, +X cos5y, )
Y, =05p,U2 A,C,(Y,siny, +Ysin3y, +Y,sin5y, ) (17)
N,=05p U2 AL, C,(N,siny, +N,sin2y, +N,sin3y, )
where C,,C;, and C, are the longitudinal, transverse, and moment coefficients; X.,Y;, and N, are the
calculated longitudinal, transverse forces, and yaw moments, respectively. p, is the air density, and U,y is
the wind speed. A1, Ar, and Loa represent the lateral and frontal projected areas and the ship's length overall,
respectively. X, X, X,,X,,Y,T,,Y,,N,,N,, N, are the regression parameters.

In the time-domain implementation, the aerodynamic forces are pre-calculated for each prescribed
steady wind condition and are then applied as constant external disturbances throughout the corresponding

7
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maneuvering simulation. These aerodynamic forces are not dynamically recalculated during the time-
domain integration. Therefore, changes in the instantaneous ship heading and velocity during the turning
maneuver do not update the aerodynamic forces. The true and apparent wind quantities associated with the
prescribed wind conditions are defined in Equations (18)-(22).

The true wind velocity vector in the Earth-fixed frame is:

=U, cosy,
Vi, = . (18)
© | =U, siny

where U, is the true wind speed and y, is the true wind direction measured from the Earth-fixed x-axis; the

negative signs in Equation (18) indicate that the true wind velocity vector points opposite to the wind-source
direction, which represents a headwind velocity vector pointing aft (from bow to stern). Since the initial ship

heading is 0° in all simulations, true wind angles of y,=0°, 90°, and 180° correspond to headwind, starboard
beam wind, and following wind, respectively. The ship's velocity in the Earth-fixed coordinate system is:
ucosy —vsiny
B Lt siny/+vcos1//}

(19)

where u is the surge velocity, v is the sway velocity, and y is the heading angle. The apparent wind velocity

S(E)

vector in the Earth-fixed coordinate system is:

vy T W Sce)
=U, cosy, —(ucosy —vsiny) (20)
“w | U siny, —(usiny +vcosy)

Transforming the vector in Equation (20) into the ship's body-fixed coordinate (where the x-axis points
forward and the y-axis points to starboard) yields:

cosy  siny
R =
) {—sinl// cosy/}
) 21
- Vo :{cosy/ SlIll//:| Vv,
aw Vi) —siny  cosy Vaw(b_),y

Based on the above equations, the apparent wind speed and angle relative to the ship are expressed as:

— 2 2
an - \/(I/aw(x) ) + (I/aw(y) )
v, =atan2(=V,__ =V )

aw,y b4 aw

(22)

In Equation (22), the negative signs applied to the apparent wind velocity components represent the
direction from which the apparent wind approaches, measured relative to the ship's bow. The apparent wind
angle v, is calculated from the relative wind velocity and therefore depends on both the true wind velocity

and the ship's velocity. Consequently, the apparent wind angle differs from the prescribed true wind angle.
The calculated angle is used to evaluate the aerodynamic coefficients in Equation (17), following the angular
reference and port-starboard sign convention of the adopted Fujiwara formulation.

For each prescribed wind scenario, the apparent wind angle is calculated once using the initial ship
heading and initial velocity components according to Equations (18)-(22). The corresponding aerodynamic
forces are then determined and held constant throughout that simulation. During time-domain integration,
the instantaneous ship heading and velocity are not used to update the apparent wind direction and
aerodynamic forces during the simulation. Consequently, the model represents a one-way wind-disturbed
MMG model rather than a fully time-varying aero-hydrodynamic coupling. Table 1 presents the numerical
implementation parameters and initial conditions used in the time-domain simulations. The sensitivity of the
time-domain code is tested with several time steps; errors are less than 1 %; therefore, a time step of 0.1 is
adopted.
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Table 1 Numerical implementation parameters

Parameter Value

Integration method 4th-order Runge—Kutta
Time step (At) 0.1s

Time-step sensitivity check 0.2, 0.1, 0.05 s (differences < 1 %)
Simulation duration 4000 s

Commanded rudder angle 35° port

Rudder rate 2.32°/s

Rudder saturation 35°

Time to reach maximum rudder | 15.09 s

Rudder execution Applied at =0

Initial sway velocity 0 m/s

Initial yaw rate 0°/s

Initial heading 0°

3. Validation of maneuvering model

Two turning maneuvers are conducted for the KVLCC2 model in calm water, both in deep and
shallow water. The maneuvering modular model is compared with experimental measurements conducted
under both deep and shallow water conditions. For the deep water validation case, experiments were
performed using a scale model with a geometric scale ratio of 45.714. The model was tested at an initial
speed of 1.18 m/s, corresponding to a Froude number of 0.142 and an equivalent full-scale vessel speed of
15.5 knots. The maneuvering tests were conducted with a model-scale rudder rate of 15.68 °/s, while the
water depth was maintained at 7.963 m. For the shallow water validation case, experimental tests were
carried out using a model with a geometric scale ratio of 75.0. The model was operated at an initial speed of
0.415 m/s, corresponding to a Froude number of 0.064 and an equivalent full-scale vessel speed of 7 knots.
The rudder rate was maintained at 15.68 °/s on the model scale, and the water depth was set to 0.3324 m.
These experimental cases were selected as validation benchmarks to assess the established maneuvering
model's capability to predict ship maneuvering behavior under different water-depth conditions. The
validation uses a full-scale model, with an initial ship velocity of Uy = 15.5 kn (7.973 m/s) in deep water and
7 kn (3.60 m/s) in shallow water, with a rudder rate of 2.32 °/s. The model tests used for validation purposes
in deep and shallow water are presented in SIMMAN [44]. Table 2 displays the ship particulars of the
KVLCC2 model, and Figure 5 shows its profile and body plan.

3.1 Validation for deep water

Figure 6 shows the turning maneuver trajectory at 35° port side and its indices, including yaw rate,
drift angle, and speed change in deep water. The deep-water maneuvering performance is validated against
the FRMT experimental benchmark as shown in Table 3. The numerical results show satisfactory agreement
with the experimental measurements. The relative errors for the maneuvering indices remain below 10 %,
with errors of 5.5 %, 4.8 %, and 2.3 % for advance, transfer, and tactical diameter, respectively. The yaw
rate is predicted with a relative error of 1.4 %, while the speed change and drift angle show errors of 17.2 %
and 4.3 %, respectively. The large relative error percentage of speed change between the experimental and
numerical results may be due to the empirical resistance formulation and differences in the damping ratio
and viscous effects arising from the different scale models. Despite this deviation in the speed magnitude,
the model adequately captures the qualitative evolution of the speed during the maneuver.
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Table 2 Ship particulars of the KVLCC2 model

Parameters Symbol (Units) | Value
Scale A 1.00
Ship Length Lpp (M) 320.0
Length overall Loa(m) 325.5
Breadth B (m) 58.0
Displacement volume V (m%) 312600
Longitudinal gravity center xc (m) 11.2
Draft T (m) 20.8
Block coefficient Cs 0.810
Diameter of propeller Dp (m) 9.860
Rudder area Ag (m?) 112.5
Rudder height Hg (m) 15.80
Waterplane area Ay (m?) 16750
Radius of gyration kz, (m) 80
Propeller Longitudinal Position | X} (m) —154.33
Rudder Longitudinal Position X, (m) ~160.00
Frontal projected area Ar (m?) 1056
Lateral projected area A(m?) 4524.2

Table 3 Quantitative validation of the KVLCC2 turning maneuver simulation in deep water at 15.5 kn
Variables | Experiment (FRMT) | Simulation | Absolute error | Relative error
AD/Lyp, 3.08 3.25 0.17 55%
TR/Lyp 1.25 1.31 0.06 4.8 %
TD/Ly, 3.08 3.01 0.07 23 %
r —0.428 —0.422 0.006 1.4 %
U/Uy 0.36 0.298 0.062 17.2 %
S (deg) 20.2 21.07 0.87 4.3 %

3.2 Validation for shallow water

Figure 7 shows the turning maneuver in shallow water. The comparison is with three measurement
experiments. The turning circle diameter of the 35° port side increased due to the shallow water effect. The
variance among the three experimental conditions is normal due to typical increases in uncertainty in
shallow water, and each experiment has a distinct setup. The shallow-water validation is performed for the
extreme condition at 4/7=1.2, where the influence of shallow-water depth becomes significant. Table 4
presents the numerical results, which are compared with the FRMT-15 experimental data, while the FRMT-
99 and EMP results are included as additional references to evaluate prediction consistency. Larger
deviations are observed in the speed change and drift angle, with relative errors of 16 % and 32.6 %,
respectively. These deviations are mainly attributed to stronger shallow-water effects, including increased
hydrodynamic interactions, blockage effects, and uncertainty associated with empirical shallow-water
correction formulations. Nevertheless, the predicted values remain close to the EMP results, with smaller
differences in speed change and drift angle at 10.5 % and 3 %, respectively. This indicates that the
established model captures the main physical trends of shallow water maneuvering behavior. To further
validate the drift angle and speed change in shallow water, numerical results reported by Li et al. [13] for
KVLCC2 under shallow water conditions are compared with the present study. At 4A/7T=1.2, they predicted
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the speed change during steady turning and the drift angle with corresponding values of 0.6650 and 2.73°,
respectively, indicating the established modular model's ability to replicate extreme shallow water
conditions. The Raven shallow-water resistance correction is applied beyond its formal ITTC applicability
range (h/T > 2.5) for the h/T=1.2 case. Therefore, the shallow-water validation results at this depth are
interpreted as model predictions rather than fully validated quantitative results. The agreement with
experimental data confirms the qualitative trends, but independent experimental or CFD validation at these
extreme shallow-water conditions remains desirable.

Table 4 Quantitative validation of the KVLCC2 turning maneuver simulation in shallow water against FRMT and EMP results

at 7 kn

) Experiment . . Absolute :

Variables | FRMT-15 FRMT-99 Simulation error Relative error
EMP-15

AD/ Ly 292 | — 5.04 3.21 0.297 9.9 %
TR/Lyp 2.08 | — 4.18 2.174 0.094 4.5 %
TD/Lyyp — — 8.52 4.347 — —
r' -0.45 | -0.44 | -0.25 -0.459 0.009 2%
U/Uyp 0.81 0.86 |0.76 0.68 0.13 (16 % FRMT-15), (10.5 % EMP-15)
6] 1.9 4.4 2.6 2.52 0.62 (32.6 % FRMT-15), (3 % EMP-15)

3.3 Comparison of turning maneuver at various 4/7 ratios

As shown in Figure 8, the diameter of the turning circle decreases as the 4/T ratio increases, and
hydrodynamic interaction with the bottom is reduced, allowing the ship to turn easily. In shallow water, the
added mass coefficients increase due to water inertia and bottom effects. In addition, the hydrodynamic
damping coefficients are higher in shallow water and decrease as //T increases.

As seabed interaction decreases and the vessel turns smoothly, the yaw rate increases with increasing
h/T ratio. Additionally, as water depth increases, the lateral force causes the ship to swing more quickly,
increasing the drift angle. The speed change U/Up increases as the /T ratio is decreased.

In this study, three water depth-to-draft ratios (4/T) are selected (1.2, 1.5, and 3). Five wind type
conditions are analyzed, including headwind, oblique headwind, beam wind, aft quartering wind, and
following wind. Simulations are conducted at wind speeds of 5, 10, 15, and 20 m/s, for both full ship speed
(design speed) and 75 % of full ship speed. Table 5 summarizes the simulation scenarios, corresponding to
the schematic view shown in Figure 3. The results presented for A/7=1.2 and 1.5 are based on the
extrapolated shallow-water correction; therefore, they are interpreted as model predictions. The trends are
physically consistent, and the validation at #/7=1.2 shows reasonable agreement with experimental data.
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1 08
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06
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04
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Fig. 4 The acrodynamic coefficients related to the KVLCC2 model
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Fig. 5 Hull plan and profile of the KVLCC2 model
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Fig. 8 Comparison of the turning circle trajectory at different 4/7T ratios at 15.5 kn (7.973 m/s)

Table 5 Simulation scenarios

Scenarios | Ship speed (m/s) True wind angle (bow to wind) (°) | A/T m;i speed
1 No wind 0
2 Headwind (0 °)
3 Full at (7.973 m/s) 15.5 knots and | OPlique headwind =

75 % of full speed at (5.980 m/s) (15°,30°, 45°, 60°, 75°) 1.2,
4 11.625 knots Beam wind (90 ©) 15,3 ;b 10, 15,
i Aft quartering wind

(105°, 120°, 135°, 150°, 165°)

6 Following wind (180°)

4. Simulation and analysis of results

Table 6 presents the numerical values of the turning maneuver indices at various 4/7T ratios and ship
speeds, without wind effect, to clearly illustrate changes across operational conditions. The maneuvering
indices are estimated using the following equations:

AD/L _ |x(t90)—x0|

TR/L _ |y(t90)_y0|
L

TD/L _ |y(t180)_y0|
L

B=tan”" (—=v/u)

s

ot

L, =max(Y(z))

UJU, =u® +v* U,

13

(23)
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Table 6 Maneuvering indices values without wind influence at various water depths

Ship speed | Full speed (7.973 m/s) 15.5 kn | 75 % of full speed (5.980 m/s) 11.625 kn
T 1.2 1.5 3 1.2 1.5 3

AD/Lyp 3.217 3.147 2.77 3.204 3.14 2.767
TR/Lyp -2.174 | -1.84 -1.493 | -2.1605 -1.834 -1.49

r -0.458 | -0.389 |-0.353 |-0.463 -0.392 -0.354
U/Uy 0.6759 | 0.609 0.414 0.6758 0.610 0.415

B (°) 2.516 6.056 16.85 2.519 6.07 16.87

In this section, the shallow-water correction employed in this study is applied beyond its formal ITTC
applicability range for the #/7=1.2 and 1.5 cases. Consequently, the results presented for these two depth
ratios are model predictions based on the extrapolated correction, rather than fully validated quantitative
results. The 4/T=3.0 case lies within the formal applicability range of the adopted shallow-water resistance
correction. In addition, predicted wind-induced changes of the order of 1-4 % are treated as small or
marginal trends within the present model rather than as quantitatively significant effects, particularly when
these changes are comparable to or smaller than the corresponding response-specific validation
discrepancies.

4.1 Headwind scenarios

In the case of a headwind, at full ship speed and wind speeds exceeding 10 m/s, the diameter of the
turning circle is slightly reduced. This occurs because the headwind helps maintain the ship along its turning
path, allowing the ship to turn tightly, as shown in Figure 9(a). When the ship speed is reduced to 75 % of
full speed, wind speeds exceeding 5 m/s become influential. However, the reduction becomes noticeable in
terms of maximum advance and transfer at 4/7=1.2. This reduction effect diminishes as the A/T ratio
increases.

As the headwind counteracts the natural yawing oscillation of the ship, the variation in heading is
reduced, resulting in a decrease in yaw-rate magnitude |r|, as illustrated in Figure 9(b). As the water depth
increases, the reduction of yaw rate magnitude decreases, with the largest reduction observed under shallow
water conditions at #/7=3. As the 4/T ratio decreases, the reduction in yaw rate becomes less pronounced.

In Figure 9(c), the headwind increases the lateral drift tendency, increasing the drift angle magnitude.
The drift angle increases by 1.2 %, 2.8 %, and 5.2 % at h/T=3, with corresponding values of 17.05°, 17.32°,
and 17.7° at wind speeds greater than 5 m/s at full ship speed; reaching to 2.1 %, 5.2 %, and 10.2 % with
corresponding values of 17.2°, 17.7°, and 18.6°, respectively, when the ship speed reduced to 75 %. These
percentages decrease as the 4/T ratio increases. Further reducing ship speed increases the drift angle across
all 4/T ratios.

Figure 9(d) shows that increasing headwind speed reduces forward speed, with the effect becoming
pronounced at wind speeds above 5 m/s. Under full speed conditions, the largest reduction is observed at
h/T=3, with reductions of approximately 2.1 %, 4.7 %, and 8.5 % as wind speed increases, corresponding to
values of 0.406, 0.395, and 0.379, respectively. At 75 % of full speed, the reduction becomes more
pronounced across all /4/T ratios. These results indicate that reduced ship speed increases sensitivity to wind-
induced resistance, while water depth effects modify the hydrodynamic response. The combined influence
of aerodynamic forces and depth-dependent hydrodynamic effects therefore governs the variation in forward
speed.

Accordingly, wind-induced changes of only a few percent (approximately 1-4 %) are interpreted as
small or marginal predicted trends within the present model.
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4.2 Oblique headwind scenarios

When the wind acts in the same direction as the ship's turning motion, as shown in Figure 10(a), the
reduction in maximum advance and transfer increases with increasing wind obliqueness from 15° to 75° and
with increasing wind speed, even at 4#/7=3. This effect is more pronounced in shallow water (4/T=1.2) and
decreases as the A/T ratio increases. At 4/T=1.2, the maximum advance decreases by 1.5 %, 3.2 %, and
5.5 % with values of 3.169, 3.114, and 3.039, while the transfer decreases by 2.0 %, 4.5 %, and 7.5 % with
values of 2.1285, 2.0765, and 2.0095 at wind speeds of 10, 15, and 20 m/s, respectively. When the ship
speed is reduced to 75 % of full speed, these reductions become more noticeable, reaching 2.6, 5.5, and 9 %
for advance, with corresponding values of 3.121, 3.028, and 2.913, and 3.5 %, 7.5 %, and 12.5 % for
transfer, with values of 2.084, 1.9985, and 1.896 under the same wind conditions. Conversely, when the
wind acts opposite to the ship's turning direction, as shown in Figure 10(a*), the turning trajectory is
markedly affected, with increases in both advance and transfer, particularly at #/7=1.2. This effect decreases
as the A/T ratio increases. The increase becomes more pronounced with increasing wind obliqueness and
wind speed. At #/T=1.2 and 75 % of full speed, the changes in advance and transfer are relatively limited at
lower wind speeds (5 and 10 m/s) but become pronounced under higher wind speeds and larger oblique
wind angles. At a wind angle of 75°, 75 % of full speed and wind speeds of 10, 15, and 20 m/s, the advance
increases by 4.7 %, 12 %, and 25.5 %, with corresponding values of 3.356, 3.587, and 4.023, while the
transfer increases by 6.0 %, 15 %, and 34 % with values of 2.289, 2.492, and 2.9005, respectively. These
results indicate that increasing wind obliqueness and wind speed, combined with reduced ship speed,
intensify the adverse effect of wind on turning performance, with a noticeable influence even at 4#/T=3 for
wind speeds above 5 m/s. The smaller changes of approximately 1-4 % are interpreted as marginal predicted
trends within the trajectory, considering the corresponding validation discrepancies, rather than as
quantitatively significant changes.

When the wind acts in the same direction as the ship's turning motion, the yaw-rate magnitude |r|
increases with increasing wind speed, with a more pronounced effect at 4#/7=1.2 than at 4/T=1.5. This
indicates that the wind-induced yaw moment amplifies the natural turning response under shallow-water
conditions. At 4#/T=3, however, the yaw-rate magnitude decreases slightly, indicating that the wind partially
counteracts the turning response in deeper water. As shown in Figure 10(b), at #/T = 1.2, |r| increases to
0.47, 0.48, and 0.49 at wind speeds of 10, 15, and 20 m/s, corresponding to increases of 1.7 %, 3.6 %, and
6 %; the changes of 1.7 % and 3.6 % are interpreted as marginal trends within the present model, while the
6 % change at 20 m/s is described as a more pronounced predicted trend. In contrast, at 4/7=3, |r| decreases
to 0.35, 0.34, and 0.335, corresponding to decreases of 1.2 %, 2.8 %, and 5.1 % under the same wind
conditions. The influence of wind becomes more significant when ship speed is reduced to 75 % of full
speed. At i/T=1.2, |t| increases to 0.48, 0.49, and 0.51, corresponding to increases of 3.0 %, 5.9 %, and
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9.6 % for wind speeds above 5 m/s. At h/T=3, |r| decreases to 0.35, 0.34, and 0.32, corresponding to
decreases of 2.2 %, 5 %, and 9.3 % under the same conditions. The increase in |r| at #/7=1.2 and 1.5
becomes more pronounced as wind obliqueness increases up to 75°, whereas at 4#/7=3, |r| decreases with
increasing obliqueness. When the wind acts opposite to the turning direction, as shown in Figure 10(b*), the
yaw-rate magnitude decreases at 4/7=1.2 and 1.5 because the wind-induced yaw moment opposes the
natural turning moment. At 4/7=1.2, |r| decreases to 0.45, 0.44, and 0.42, corresponding to decreases of 2 %,
4.3 %, and 8 % for wind speeds above 5 m/s; these reductions increase to 3.4 %, 7.9 %, and 14.9 % with
values of 0.45, 0.43, and 0.39 when ship speed is reduced to 75 %. At h/T=3, the yaw-rate magnitude
slightly increases rather than decreases, indicating that the opposing wind has a weaker influence on the yaw
response in deeper water. These changes become more pronounced as wind obliqueness increases up to 75°.

The drift angle magnitude increases with both wind obliqueness and wind speed when the wind acts
in the same direction as the ship's turning, with a more pronounced effect observed at 4/7=3. As shown in
Figure 10(c), this increase becomes less pronounced as the 4/T ratio decreases. At 4#/T=3, the drift angle
increases by 5.6 %, 13.3 %, and 25.3 %, with values of 17.8°, 19.1°, and 21.1° for wind speeds of 10, 15,
and 20 m/s, respectively. These values increase further to 10 %, 25 %, and 49.7 % when the ship speed is
reduced to 75 %. This behavior is attributed to reduced hydrodynamic resistance to lateral moment, leading
to an increase in the drift angle. These results indicate a more pronounced predicted drift response as wind
obliqueness and wind speed increase. When the wind acts in the opposite direction, the drift angle
magnitude decreases; this reduction occurs because the wind-induced yaw moment counteracts the natural
turning motion, reducing the lateral deviation during maneuver, with reductions of 4.8 %, 9.7 %, and 17.1 %
with values of 16.1°, 15.2°, and 13.97° for wind speeds of 10, 15, and 20 m/s, respectively. These reductions
increase to 7.6 %, 17 %, and 29.5 % with values of 15.6°, 14°, and 11.9° as the ship speed decreases, as
shown in Figure 10(c*), because the lower forward speed decreases the hydrodynamic resistance against
wind-induced lateral motion, allowing the wind-induced yaw moment to have a stronger influence on the
ship’s trajectory.

In Figure 10(d), the reduction in forward speed change becomes more pronounced at #/7=3, where the
wind-induced aerodynamic force has a larger relative influence on the longitudinal force balance because the
shallow water-induced increase in hydrodynamic resistance is smaller. This effect decreases as the 4/T ratio
decreases, indicating weaker sensitivity of forward speed to wind forces under shallow water conditions.
When the ship speed is reduced to 75 % of full speed, the relative influence of the aerodynamic forces
increases further, resulting in a more pronounced change in speed. Conversely, when the wind acts opposite
to the ship's turning direction, as shown in Figure 10(d*), the forward speed change has a relatively small
decrease at #/T=1.2, while it becomes more pronounced as the //T ratio increases. The largest increase
occurs at h/T=3, where reduced hydrodynamic resistance allows wind-induced forces to have a greater
relative influence on the longitudinal force balance. This tendency becomes more pronounced as the ship
speed decreases. In addition, increasing wind speed and obliqueness increase aerodynamic forces and
consequently amplify the change in speed response.
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4.3 Beam wind scenarios (90°)

When the wind acts perpendicular to the turning path in the same direction as the ship is turning, as
shown in Figure 11(a), advance and transfer decrease noticeably at #/7=1.2. The advance decreases by
2.8 %, 5.8 %, and 9.6 %, with corresponding values of 3.129, 3.031, and 2.907, while the transfer decreases
by 3.5 %, 7.1 %, and 11.7 %, with corresponding values of 2.1, 2.019, and 1.92 for wind speeds of 10, 15,
and 20 m/s, respectively. These reductions further increase to 4.6 %, 9.6 %, and 15 % with corresponding
values of 3.056, 2.898, and 2.72 in advance, and to 5.6 %, 11.5 %, and 18 %, with values of 2.0375, 1.9115,
and 1.7695 in transfer, as the ship speed is reduced to 75 % of full speed. Even at 4/7=1.5 and 3, the
reduction trend remains evident. In contrast, when the wind acts in the opposite direction, as displayed in
Figure 11(a*), both advance and transfer increase significantly at #/7=1.2. The advance increases by 3.4 %,
7.3 %, and 14.3 % with corresponding values of 3.315, 3.451, and 3.676, while the transfer increases by
4%, 9.1 %, and 18.3 % with corresponding values of 2.2555, 2.372, and 2.571, respectively, at the same
wind speeds. When ship speed is reduced, these increases intensify to 5.5 %, 14.1 %, and 31 % with values
of 3.381, 3.656, and 4.202 for advance and 7 %, 18 %, and 41.8 % with values of 2.31, 2.5495, and 3.063
for transfer, respectively. It is worth noting that at a wind speed of 10 m/s and when the wind acts in both
directions, the increase in advance and transfer is interpreted as marginal at full ship speed. However, when
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the ship speed is reduced, the wind effect becomes noticeable at all 4/T ratios, with the highest impact at
h/T=1.2 and diminishing as the 4/7T ratio increases.

In Figure 11(b), the yaw-rate magnitude |r| increases at A/7=1.2 and 1.5 when the wind acts
perpendicularly in the same turning direction. At 4/T=1.2, [r| increases to 0.47, 0.49, and 0.52 at wind speeds
of 10, 15, and 20 m/s, corresponding to increases of 3.4 %, 7.4 %, and 12.5 %, respectively. The 3.4 %
change reflects a marginal predicted trend in the current model, whereas the 7.4 % and 12.5 % changes
represent more pronounced predicted trends. These increases become larger when the ship speed is reduced
to 75 %: [r| rises to 0.49, 0.52, and 0.56, corresponding to increases of 5.8 %, 12.3 %, and 20 %. This
indicates that the beam wind amplifies the yaw response under shallow-water conditions. However, at
h/T=3, the yaw-rate magnitude decreases slightly, indicating that the wind-induced yaw moment partially
counteracts the turning response in deeper water. When the wind acts opposite to the turning direction, as
shown in Figure 11(b*), the yaw-rate magnitude decreases at all 4/7 ratios due to the opposing wind-induced
yaw moment. At 4/T=1.2, |r| decreases to 0.44, 0.42, and 0.39, corresponding to decreases of 3.6 %, 8.4 %,
and 15.8 %, respectively, at wind speeds above 5 m/s at full speed. The 3.6 % change reflects a marginal
predicted trend in the current model, whereas the larger reductions at higher wind speeds indicate a
noticeable predicted response. These reductions become larger when ship speed is reduced to 75 %: [t
decreases to 0.43, 0.39, and 0.32, corresponding to decreases of 6.5 %, 15.6 %, and 30.8 %.

In Figure 11(c), the drift angle magnitude reaches its highest values at all 4#/T ratios when the wind acts
perpendicular to the ship's turning direction, with an evident increase at 4/7=3. This behavior is attributed to
the strong lateral aerodynamic force generated by the beam wind and the reduced hydrodynamic restoring
capability against wind-induced lateral motion as the 4/T ratio increases. At 4/T=3, the angle increases by
6.8 %, 15.9 %, and 29.5 % with corresponding values of 18°, 19.5°, and 21.8° for wind speeds of 10, 15, and
20 m/s, respectively; these values further increase to 12.3 %, 29.2 %, and 55.6 % with corresponding values
of 18.9°, 21.8°, and 26.3° when the ship speed is reduced to 75 %, due to the reduced hydrodynamic
resistance against lateral motion. When the wind acts in the opposite direction, as shown in Figure 11(c*),
the drift angle decreases at all 4/T ratios. This reduction is significant at #/7=3 and diminishes as 4/T
decreases. At h/T=3, the drift angle decreases by 6.5 %, 14.2 %, and 24.1 % with corresponding values
15.8°, 14.5°, and 12.8° for wind speeds of 10, 15, and 20 m/s, respectively; these values further decrease to
11.2 %, 23.9 %, and 39.7 % with corresponding values of 14.9°, 12.8°, and 10.2° as the speed of the ship is
reduced, indicating that lower ship speed enhances the influence of the wind-induced lateral force on drift
behavior.

The forward speed change response under perpendicular wind conditions is strongly influenced by
wind direction, 4/T ratio, and ship speed, as shown in Figure 11(d) and Figure 11(d*). Forward speed change
decreases when the wind acts in the same direction, particularly at 4/7=3; this reduction becomes less
pronounced as 4/T decreases, as shown in Figure 11(d). This behavior may be attributed to wind-induced
lateral force and yaw moment, which modify sway and yaw motion, drift angle, and turning trajectory and
consequently increase hydrodynamic resistance. At 4/T=3, the speed change decreases by 2.8 %, 6.2 %, and
10.5 % with corresponding values of 0.403, 0.389, and 0.371, respectively, for wind speeds above 5 m/s;
these values further decrease to 4.9 %, 10.5 %, and 17.3 % with corresponding values of 0.39, 0.37, and 0.34
as the ship speed is reduced. In the opposite direction, as shown in Figure 11(d*), the change in forward
speed increases, with a more pronounced predicted effect at 4/7=3; this response is associated with the
modified turning behavior caused by the opposing wind-induced lateral force and yaw moment, which alter
the sway/yaw dynamics and the resulting hydrodynamic resistance balance, producing a smaller speed loss
during the turn. This increase becomes less pronounced as the A/T ratio decreases. The forward speed
increases by 3 %, 6.7 %, and 12.3 % with corresponding values of 0.42, 0.44, and 0.47 at wind speeds
exceeding 5 m/s; these ratios increase to 5.3 %, 12.2 %, and 23 % with corresponding values of 0.44, 0.47,
and 0.51 as the ship speed is reduced to 75 %. The smaller predicted changes of the order 1-4 % in forward
speed are interpreted as a marginal predicted response.
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Fig. 11 Comparison of turning trajectory and indices at different /4/T ratios at full and 75 % of full ship speed for the beam wind
scenarios (90°)

4.4 Aft quartering wind scenarios

When the wind acts in the same or opposite direction to the ship's turning motion, the turning
trajectory exhibits the maximum reduction or increase in advance and transfer, respectively, at a wind angle
of approximately 120°. This effect is most noticeable at #/7=1.2 and gradually decreases as the A/T ratio
increases. At this wind angle, when the wind acts opposite to the ship's turning direction, the advance
increases by 3.9 %, 9.4 %, and 18.8 %, with corresponding values of 3.342, 3.519, and 3.822, while the
transfer increases by 4.9 %, 12.2 %, and 24.9 %, with values of 2.281, 2.438, and 2.7155, for wind speeds
above 5 m/s. The 3.9 % change in advance is interpreted as a small, predicted trend within the present
model, whereas the larger changes at higher wind speeds indicate a noticeable response. These increases
become more pronounced when the ship speed is reduced to 75 % of full speed, reaching 7.1 %, 18.5 %, and
43.3 % for advance, with values of 3.431, 3.797, and 4.590, respectively; and 9.2 %, 24.6 %, and 60.0 % for
transfer, with values of 2.3585, 2.6915, and 3.462, respectively. A noticeable influence on the turning
trajectory is also observed at 4#/7=1.5 and h/T=3 for wind speeds above 5 m/s, although the effect is less
pronounced. The highest impact at a wind angle of 120° is attributed to the large aerodynamic yaw moment
generated by the wind force acting with a relatively large lever arm, resulting in significant changes in both
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advance and transfer. Beyond this angle, at approximately 135°, as shown in Figure 12(a) and (a*), the
trajectory variation gradually decreases as the wind shifts further toward aft-quartering wind angles.

At approximately 120°, the yaw-rate magnitude |r| exhibits its largest increase at #/7=1.2 when the
wind acts in the same direction as the ship's turning. This behavior is attributed to the stronger shallow-water
influence on hydrodynamic maneuvering characteristics, which modifies yaw damping and restoring forces
and increases the sensitivity of the yaw response to wind-induced moments. At #/7=1.2, |r| increases to 0.49,
0.51, and 0.53 at wind speeds above 5 m/s, corresponding to increases of 4.3 %, 9.3 %, and 15.7 % relative
to the no-wind baseline. These increases become more pronounced when the ship speed is reduced to 75 %
of full speed, reaching 7.3 %, 15.5 %, and 25.6 % with values of 0.51, 0.53, and 0.58. At #/7=1.5 and 3, the
maximum response occurs at larger wind angles due to the changing balance between the wind-induced yaw
moment and hydrodynamic restoring effects. As the wind angle increases further, the increase in |r| begins to
diminish, as shown in Figure 12(b) for a wind angle of 135°. When the wind angle increases to 135°, the
maximum magnitude of yaw response shifts toward 4/7=1.5, while at 150°, it becomes more pronounced at
h/T=3, where the reduced shallow-water constraints allow the aerodynamic yaw moment to have a stronger
relative contribution. Beyond these angles, variation in yaw-rate magnitude |r| gradually decreases as the aft-
quartering wind becomes more aligned with the ship's longitudinal direction, reducing the effective yaw
moment. When the wind acts in the opposite direction, the yaw-rate magnitude |r| exhibits its largest
decrease at a wind angle of approximately 120°, with the most pronounced effect observed at #/T=1.2. At
this ratio, |r| decreases to 0.44, 0.41, and 0.37, corresponding to decreases of 4.2 %, 10 %, and 19 % at wind
speeds exceeding 5 m/s. These decreases become larger at lower ship speeds, reaching 7.6 %, 18.5 %, and
36.4 % with corresponding values of 0.43, 0.38, and 0.29. As the wind angle increases beyond 120°, the
decrease in [r| begins to diminish gradually at all A/T ratios, as the wind shifts further toward the aft-
quartering direction, as shown in Figure 12(b*) at a wind angle of 135°.

As the wind angle exceeds 90° and shifts toward the aft-quartering direction while acting in the same
direction as the ship's turning motion, the drift angle magnitude gradually decreases under all 4/T conditions,
as shown in Figure 12(c). This reduction is associated with the decreasing lateral component of the wind
force as the wind direction moves away from the beam condition. The influence of wind direction becomes
less pronounced as the 4/T ratio decreases, where stronger shallow water effects modify the hydrodynamic
response. As the lateral wind force diminishes, the balance between aerodynamic forces and hydrodynamic
restoring forces becomes the dominant factor governing the drift angle. In contrast, when the wind acts
opposite to the ship's turning direction, the drift angle magnitude decreases, with the maximum reduction
observed around a wind angle of approximately 120° for all #/T conditions. The reduction is pronounced at
h/T=3; the drift angle reductions reach 6.7 %, 14.3 %, and 23.7 % for wind speeds above 5 m/s, with values
of 15.7°, 14.4°, and 12.8°. These reductions become more significant under reduced-speed conditions,
increasing to 11.5 %, 23.5 %, and 37.4 %, with corresponding drift angles of 14.9°, 12.9°, and 10.6°,
respectively. This behavior results from the changing balance between wind-induced lateral forces and
hydrodynamic restoring forces under different water depth conditions. As the wind angle increases further
toward the aft-quartering direction, the reduction in drift angle becomes less pronounced due to the
decreasing lateral component of the wind force, as shown in Figure 12(c*).

When the wind angle exceeds 120° and acts in the same direction as the ship turning, the forward
speed change increases slightly at 4/7=1.2 and 1.5 as the aft-directed longitudinal wind component becomes
larger and partially compensates for the hydrodynamic resistance, while at #/7=3, the forward speed change
becomes less sensitive to the wind direction, indicating a weaker influence of the wind-induced longitudinal
force on the overall resistance balance. This behavior is governed by the interaction between the wind-
induced force and the hydrodynamic resistance under different water-depth conditions, as shown in
Figure 12(d). When the wind acts in the opposite direction to the ship's motion, as shown in Figure 12(d*),
the increase in forward speed becomes more pronounced, with the largest effect observed at 4/7T=3. This
behavior is attributed to the increased contribution of wind-induced resistance to the overall force balance at
larger A/T ratios, where the relative influence of hydrodynamic resistance is reduced. For wind speeds above
5 m/s, the change in forward speed increases by 5.1 %, 11.6 %, and 21 %, with values of 0.44, 0.46, and
0.50, respectively. These values increase when ship speed is reduced to 75 % of full speed, reaching 9 %,
20.8 %, and 38.1 %, with corresponding values of 0.45, 0.50, and 0.57, respectively.
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Fig. 12 Comparison of turning trajectory and indices at different //7 ratios at full and 75 % of full ship speed for the aft-
quartering wind scenarios (135°)

4.5 Following-wind scenarios (180°)

Under following wind conditions, as shown in Figure 13(a), the turning trajectory exhibits a slight
increase in maximum advance and transfer. This effect is attributed to the longitudinal wind component,
which reduces aerodynamic resistance and allows the ship to maintain a higher forward speed during
maneuvering. The influence becomes more pronounced at #/7=1.2 and gradually decreases as the 4/T ratio
increases. At h/T=1.2, trajectory elongation becomes noticeable for wind speeds above 10 m/s under full-
speed conditions and increases further when the ship speed is reduced to 75 % of full speed.

In Figure 13(b), the magnitude of yaw rate |r| increases under following wind conditions for all 4/T
ratios, with the most pronounced increase observed at #/7=3. The influence decreases as the A/T ratio
decreases. At h/T=3, the yaw rate magnitude increases by 1.4 %, 3.1 %, and 5.5 %, with corresponding
values of 0.35, 0.36, and 0.37, at wind speeds of 10, 15, and 20 m/s, respectively. These increases become
more pronounced when the ship speed is reduced to 75 % of full speed, reaching 2.4 %, 5.4 %, and 9.4 %,
with values of 0.36, 0.37, and 0.39. This behavior indicates that, under the following wind conditions, the
wind-induced yaw moment has a greater relative influence at larger 4/7, where the ship's hydrodynamic
response becomes less restrictive to wind-induced yaw motion.
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The drift angle magnitude decreases at all /4/T ratios under the following wind conditions, as shown in
Figure 13(c). This reduction results from the longitudinal wind component, which reduces the relative
aerodynamic forces and limits lateral deviation during maneuvering. The effect is pronounced at 4/7=3 and
becomes less pronounced as the //T ratio decreases. At #/T=3, the drift angle decreases by 1.7 %, 3.6 %, and
6.0 %, with corresponding values of 16.6°, 16.2°, and 15.8°, at wind speeds of 10, 15, and 20 m/s,
respectively. These reductions become more pronounced when the ship speed is reduced, reaching 2.8 %,
5.9 %, and 9.5 %, with values of 16.4°, 15.9°, and 15.3°. This indicates that lower ship speed increases the
sensitivity of the drift response to wind effects due to the reduced hydrodynamic resistance against wind-
induced lateral motion.

In Figure 13(d), the forward speed change increases under following wind conditions for all 4/T ratios,
indicating that the positive longitudinal wind force assists the ship's forward motion and reduces the loss of
surge speed during the turning maneuver. The increase is larger at #/7=3 and gradually decreases as the 4/T
ratio decreases. At 4/T=3, the forward speed increases by 3.1 %, 7 %, and 12.3 %, with corresponding
values of 0.43, 0.44, and 0.47, at wind speeds of 10, 15, and 20 m/s, respectively. These increases become
more pronounced when the ship speed is reduced to 75 % of full speed, reaching 5.5 %, 12.2 %, and 21.2 %,
with values of 0.438, 0.466, and 0.503.
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Fig. 13 Comparison of turning trajectory and indices at different //7 ratios at full and 75 % of full ship speed for the following-
wind scenarios (180°)

4.6 Lateral drift and tactical diameter

Figure 14 illustrates the influence of wind direction on the lateral drift response. When the wind acts in
the same direction as the ship's turning motion, the lateral drift is mainly governed by the balance between
the wind-induced lateral force and the hydrodynamic restoring forces. The drift response becomes more
pronounced under oblique and beam wind conditions, where the lateral component of the wind force
increases. The effect is most significant at 4/7=1.2 and gradually decreases as the 4/T ratio increases due to
decreased shallow water influence. Conversely, when the wind acts opposite to the ship's turning direction,
the lateral drift becomes larger because the wind-induced yaw moment counteracts the natural turning
motion, increasing the lateral deviation during maneuvering. The maximum drift response occurs under
beam and quartering wind conditions, where both the lateral wind force and opposing yaw moment
contribute to the increase in drift. In both wind-direction cases, reducing the ship speed to 75 % of full speed
amplifies the lateral displacement response across all /T ratios, as the lower forward speed reduces
hydrodynamic resistance to lateral motion and increases the relative influence of wind-induced forces. These
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results demonstrate that the combination of shallow water effects, reduced ship speed, and adverse wind
direction significantly increases the sensitivity of lateral maneuvering performance to wind disturbances.
Figure 15 shows the effect of wind direction on the tactical diameter under different wind speeds, 4/T
ratios, and ship speeds. When the wind acts in the same direction as the ship's turning motion, the wind-
induced yaw moment assists the rudder-induced turning, resulting in a reduction in tactical diameter,
particularly under oblique and quartering wind conditions. Conversely, when the wind acts opposite to the
turning direction, the adverse yaw moment reduces turning capability and increases the tactical diameter.
The wind influence becomes more effective at lower ship speeds, where the reduced hydrodynamic forces
increase the relative contribution of wind-induced moments. Overall, the tactical diameter response is
governed by the balance between aerodynamic yaw moment and hydrodynamic restoring forces, with
stronger sensitivity observed under beam and aft quartering wind conditions and reduced speed operations.
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5. Sensitivity and variability

5.1 Sensitivity analysis

Morris' method is used to identify the input parameter that influences the output variables, which is
known as the Elementary Effect (EE) [45, 46]. This global sensitivity analysis technique provides a
qualitative assessment of input importance. It employs a trajectory-based sampling approach to estimate the

standard deviation (o), which is related to nonlinearity or interaction effects, and the absolute mean (u"),

which represents the overall influence of an input parameter on the output. Additionally, the ratio 0'/ u

indicates the relative importance of nonlinearity and the interaction effects among input variables. One of
the key advantages of this method is its ability to capture interaction effects and nonlinear (non-monotonic)
relationships.

The Morris sensitivity is an index of the sensitivity of uncertain inputs. For a certain model f'(X) where
n independent inputs (x1, x2, ..., xn) are known as:

EE‘I — f(xl’x2”""xi+A"xi+A+1""’xn)_f('x) (24)
A

R
u ==Y |EE, | (25)

ra

1 < T
o =\/—Z(EEU——ZIEE,») (26)
r—143 Yo ’

where EE;; is the j-th elementary impact of the input parameter, » is the number of trajectories, and

(EE, _122—1 EE, ) is the mean of elementary effects. The sensitivity indices are reported as non-
[ L ,

normalized values calculated directly from the simulated maneuvering responses, as different outputs have
different magnitudes. The Morris sampling design used 50 optimal trajectories with four input variables
(wind speed, wind angle, 4/T, and ship speed) and six levels selected to discretize each input variable and
maximize space coverage. The step size A =levels/(2(levels —1) 1s determined according to the Morris grid

definition. The convergence of the Morris results is verified by increasing the number of trajectories until
the ranking of the dominant parameters remains unchanged, indicating convergence of the results. The four
input variables considered in the Morris analysis are wind speed, wind angle, (4/7), and ship speed. Among
these, 4/T and ship speed are available at discrete conditions in the simulation database: 4/T takes the values
1.2, 1.5, and 3.0, and ship speed takes the values 100 % and 75 % of full speed. The Morris trajectories are
generated over the normalized bounds of the four input variables using six grid levels. Because the
sensitivity analysis is performed using the existing simulation database rather than by executing the
maneuvering model at every Morris sample, each sampled point is mapped to the nearest available
combination in the simulation database using Euclidean distance. The corresponding simulated response is
then used to calculate the elementary effects. Thus, the reported Morris indices provide a screening
assessment based on the available discrete simulation cases.

Table 7 shows the values of standard deviation o and absolute mean " for input parameters affecting
output, including yaw rate, drift angle, and speed change in both directions. The Morris analysis shows that
h/T significantly influences the maneuvering indices, particularly yaw rate and drift angle. The ratio 0/ u for
h/T is low, indicating that its effect is primarily linear (monotonic), but the magnitude of 4" confirms that it
is an important parameter.

Figures 16(a) and (b) present the ratio 0'/ u*, which characterizes the relative contribution of nonlinear

and/or interaction effects to the elementary-effect variability. The overall influence is assessed using u°,
whereas o represents the dispersion of the elementary effects associated with nonlinearity and/or
interactions. The value of the 0/ 4 ratio indicates a predominantly linear effect when (0/ 4 <1) or a nonlinear

and interactive effect when (a/ 4 >1). In Figure 16(a), the 0/ 1 ratio for ship speed exceeds 1 for drift angle,
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indicating that nonlinear and/or interaction effects are important relative to its overall effect. A similar
tendency is observed in Figure 16(b). The depth-to-draft ratio (4/7) shows (0'/ 4 <1), indicating a
predominantly linear (monotonic) effect, except for yaw rate, where 0/ 4 approaches 1, indicating a
transitional behavior between linear and nonlinear. The wind angle exhibits relatively high 0/ U values,
particularly for drift angle in Figure 16(b), indicating substantial nonlinear and/or interaction contributions.
A similar tendency is observed in Figure 16(a), with notable 0'/ u values for yaw rate and drift angle,
indicating nonlinearity due to variations in force and moment with the relative wind direction. Wind speed
shows moderate G/ u° values in Figure 16(b) compared to Figure 16(a), indicating a comparatively lower
relative contribution of nonlinear and/or interaction effects except for the forward speed change.

Table 7 Morris sensitivity analysis results for ship maneuvering response parameters

same direction opposite direction
parameters |[Yaw rate drift angle speed change |yaw rate drift angle speed change
o u o u o u o u o u o u
ship speed |0.0108]0.0071|1.4679 [0.8941 [0.031 [0.0215/0.0123]0.0092[1.2859/0.671 0.0329]0.0216
h/T 0.0498]0.079 [3.1275 [18.7326/0.049 ]0.3258]0.0423|0.0893|2.5147|17.1496|0.0496(0.3051
wind angle |0.0361/0.0195(4.2723 |2.3909 [0.0773|0.062 [0.0185]0.0147|3.3178]1.9531 ]0.0897|0.06297
wind speed|0.018 [0.0124(2.09981(1.6742 0.0457|0.0408|0.0226/0.0193]1.7153{1.394 ]0.0556/0.0458

5.2 Bootstrap-based variability assessment

In this study, the bootstrap method is employed to characterize the sampling behavior of the mean
response computed over the pooled simulation dataset. The bootstrap analysis evaluates how the estimated
mean of the pooled response varies across resampled datasets, providing a measure of the sampling
variability and precision of the estimated mean across the full set of investigated cases, particularly for
nonlinear relationships in small datasets, without requiring assumptions about the data distribution. This
method estimates variability, confidence intervals, standard errors, and other measures to characterize the
sampling behavior of the estimated mean of the pooled simulation outputs and is not a direct measure of
scenario-to-scenario dispersion or a probabilistic model of physical or model uncertainty. Moreover, it
provides a robust estimate even for multiple input and output variables [47]. The bootstrap variability
assessment is performed using the complete simulation database consisting of 780 numerical cases.
Resampling the available simulation outputs is performed using a total of 1300 samples. The 95 %
confidence interval of the bootstrap mean is obtained using the percentile method. The standard deviation of
the bootstrap statistics represents the sampling variability of the estimated response mean across resampled
datasets. Additionally, the Shapiro-Wilk test is used to assess the normality of the bootstrap-mean
distributions [48]. For all outputs, the p-values are greater than 0.05, indicating that normality is not rejected
at the 5 % significance level. This result supports using the percentile method for the confidence intervals.

Figure 17 displays the bootstrap histogram distributions of the estimated mean responses for yaw rate,
drift angle, and forward speed change. In Figure 17(a), the yaw rate shows a mean of 0.4112 and a standard
deviation of 0.0029, indicating low sampling variability; the narrow confidence interval (CI) of (0.4172,
0.4057) confirms the low sampling variability of the estimated mean. The drift angle shows a higher mean
of 9.1997 and a relatively large standard deviation of 0.3538, indicating greater sensitivity to variations
across the investigated scenarios; the CI of (8.5058, 9.9211) is correspondingly wider, reflecting the ship's
limited ability to resist aerodynamic lateral forces. The mean speed change is 0.5586 with a standard
deviation of 0.0060, indicating that the ship decelerates under wind effects due to increased drag; the narrow
confidence interval (0.5462, 0.5705) indicates low sampling variability. The Skewness and excess Kurtosis
values are close to zero for all output variables, which is consistent with the Shapiro—Wilk results for the
bootstrap-mean distributions. In Figure 17(b), the yaw rate (mean=0.3910, standard deviation=0.0021, CI =
(0.3951, 0.3870)) and speed change (mean=0.5847, standard deviation=0.0056, CI = (0.5742, 0.5955)) show
small standard deviations and narrow CI ranges, confirming low sampling variability. In contrast, the drift
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angle shows a relatively high standard deviation of 0.2790 and a wide CI of (7.2589, 8.3335), indicating
substantial variability.

I Speed change|
) I Drift angle I Speed change
Wind speed I Yaw rate Wind speed I Drift angle
B Yaw rate

Wind angle Wind angle

Inputs
Inputs

T T

Ship speed Ship speed

00 02 04 06 08 10 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20

(@) (b)
Fig. 16 Morris sensitivity analysis of the influence of input variables on the output variables when the wind acts in the same
direction (a) and in the opposite direction (b)
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b) The output variability when the wind acts in the opposite direction to the ship turning
Fig. 17 The variability of the output variables when the wind acts in both directions

6. Conclusion

This study investigates ship turning maneuvering under a combination of shallow water and wind
disturbances. Based on the MMG mathematical model, a modular maneuvering model is developed to
evaluate the trajectory characteristics and maneuvering indices of the KVLCC2 benchmark hull under
different operational conditions, including ship speed, depth-to-draft ratio (4/7), wind speed, and wind
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direction, which are systematically evaluated. Based on the findings, some concluding remarks from the
safety perspective are drawn as follows:

e The shallow water effects significantly modify ship maneuvering characteristics by changing
the hydrodynamic force and moment balance. Among the investigated parameters, the depth-
to-draft ratio (4/7) strongly influences the turning response, with the strongest effects observed
under extreme shallow-water conditions (#/7=1.2). The influence of wind disturbances
becomes more pronounced as the water depth decreases.

e Wind forces produce small changes in turning trajectories, yaw rate response, drift angle, and
forward speed change in some cases. The present model describes changes of the order of 1-
4 % as small or marginal predicted trends rather than as quantitatively significant changes. The
magnitude and direction of these effects depend strongly on the relative wind direction because
the aerodynamic sway force and yaw moment vary with the wind angle relative to the ship.
Higher wind speeds within the investigated range (5-20 m/s) lead to larger deviations from the
corresponding no-wind baseline cases, particularly under extreme shallow water conditions.

e Reducing ship speed increases the relative contribution of aerodynamic forces to the total
maneuvering force balance because the hydrodynamic forces decrease with ship speed.
Consequently, reduced speed cases show stronger wind-induced variations in trajectory and
lateral motion. However, the appropriate operational speed in practical navigation should be
determined considering the complete navigation environment, including traffic conditions,
under-keel clearance (UKC), heel angle, roll response, trim variation, maneuvering
requirements, and the master’s risk assessment.

e The influence of environmental conditions is not identical for all maneuvering indices. The
trajectory characteristics (advance, transfer, tactical diameter) and yaw response are more
sensitive under extreme shallow water conditions 4/7=1.2, while drift angle and speed
variations become more significant under other combinations of water depth and wind
conditions. These results highlight that different maneuvering criteria such as trajectory
deviation, yaw stability, drift angle, and speed loss should be considered when evaluating ship
behavior in shallow water.

e The Morris sensitivity analysis indicates that the depth-to-draft ratio (4/T) is one of the most
influential parameters affecting the predicted maneuvering responses. Wind-related parameters
mainly contribute to variations in aerodynamic response and nonlinear interactions. The
bootstrap-based variability assessment shows that drift angle exhibits the largest dispersion
among the investigated scenarios, indicating that lateral motion prediction is more sensitive to
changes in operating and environmental conditions.

The present study is limited to the KVLCC2 benchmark hull under steady wind conditions using a 3-
DOF MMG maneuvering model. The aerodynamic forces are treated as constant for each prescribed steady
wind condition. The apparent wind and aerodynamic forces are not updated using the instantaneous ship
heading and velocity during the integration. Therefore, time-varying aero-hydrodynamic coupling is not
represented in the present model. Effects of wind gusts, waves, currents, bank interaction, loading-condition
variations, roll coupling, and dynamic trim/squat are not considered. The fixed-draft assumption may
influence the prediction of hydrodynamic and aerodynamic interactions in shallow water. In addition, the
wind-affected maneuvers are not directly validated due to the lack of available experimental datasets. Future
work will focus on incorporating dynamic sinkage and trim, higher-degree-of-freedom motion models, and
validation for different ship types and environmental conditions to improve the applicability of the approach.
Moreover, the Raven shallow-water resistance correction is applied beyond the ITTC applicability
conditions at #/7=1.5 and 1.2; therefore, the results at these very shallow-water conditions require further
validation against experimental or high-fidelity numerical data. Consequently, interpret the results at 4/7=1.2
and 1.5 as model predictions rather than fully validated quantitative results. Independent experimental or
CFD validation at these extreme shallow-water conditions remains desirable and is recommended for future
work.
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NOMENCLATURE
Symbol Description D Tactical diameter
CFD Computational Fluid Dynamics v’ Non—d1men§ ional
sway velocity
EFD Experimental Fluid Dynamics fp Thrust deduction
factor
DOF Degree of Freedom L/ Lyp Length . between
perpendiculars
MMG Maneuvering Modeling Group L Moment of inertia
SVM Support Vector Machine Kr Propellg r thrust
coefficient
h/T Depth-to-draft ratio r Non-dimensional yaw
rate
) . . , Non-dimensional
AIS Automatic Identification System t time
Yo Longitudinal center of gravity ITTC International Towing
Tank Conference
VsV True and apparent wind angle T Ship draft
Uw, Uaw True and apparent wind velocities h Water depth
Longitudinal
4 Heading angle Xp, Xy references of the
rudder location
Qo Pivot point of Earth coordinates 4 Rudder area
OR Rudder angle Dy Propeller diameter
b Drift angle CIl Confidence interval
r Yaw rate Fn Rudder normal force
m Ship mass n Absolute mean
u,v Ship velocities in x and y axes o Standard deviation
u,v,r Surge, sway and angular acceleration n Propeller rotation
o ge, sway st ’ frequency
Xu, Y, Ny Surge, lateral, and yaw forces of hull tr Redqctlon ‘factor of
steering resistance
Xg, Yr, Ng Rudder forces Jp Advance ratio
Xp propeller force wp Wake fraction
Xz, Yi, Ng External wind forces ky, k., k, Approglmatmg
coefficients
p Density of water kn knot
an Rudder force increase coefficient [-] Means . thp _ hon-
dimensionalization
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Subscripts for propeller, rudder, hull, and | m/s meter per second
PR H E
external forces
U Ship speed at midship 1, Rudder lift gradient
coefficient
CT shaliow Viscous resistance coefficient in shallow water | ¢, Attack angle
R, Ship resistance U, Rudder velocity
Sy Wetted surface area of hull C, Frictional resistance
Drag coefficient Wave resistance
Cr w .
coefficient
AC Roughness drag coefficient ks Average hull surface
f roughness
7 Ratio of propeller diameter to rudder span UpsVy Rudder surge and
sway forces
£ Ratio of wake fraction K Empirical constant
Flow straightening coefficient Jip Effective rudder
% inflow angle
P, Air density Loa Ship length overall
Aerodynamic coefficients Av, Ar Lateral and frontal
Cyx, Cy, Cy )
projected areas
True wind velocity vector in the Earth-fixed | Up Initial ship speed
e frame
ship's velocity in the Earth-fixed coordinate °/s Degree per second
S(E)
. Appar.ent wind velocity vector in the Earth-fixed | B Breadth of ship
. coordinate
k- Radius of gyration \% Ship displacement
Aw Waterplane area Cs Block coefficient
Maximum lateral
displacement due to
U/Uy Speed change max(Y) the change in ship
heading
AD Advance Lp Lateral drift
Transfer EE;; j-th elementary
TR impact of the input
parameter
r Number of trajectories A step size
X, X, X, X, Y, Y, Y, NN, N, Regression s s e My o Adt.ied‘ mass
parameters derivatives
fo0. tr0 Times when the change in heading reaches 90° | xo, yo Initial position on

and 180°

ship

[t

yaw-rate magnitude
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APPENDIX A: Empirical Formulas for Ship Hydrodynamic Coefficients

A1l: Empirical Formulas for Hydrodynamic Coefficients of Inertia
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Al.1 Empirical formula for viscous hydrodynamic coefficients of ships
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Al.1.1 Empirical formula for longitudinal viscous hydrodynamic coefficients
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A1.1.2 Empirical formula for transverse viscous hydrodynamic coefficients
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A.1.1.3 Empirical formula for viscous hydrodynamic coefficients of moment
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APPENDIX B: Empirical Formulas for Shallow Water Correction of Ship Hydrodynamic
Coefficients

B.1 Shallow Water Correction Formula for Ship Inertial Hydrodynamic Coefficients

3.77+1.14?—0.233§—3.43CB
Xishaow =| 1+ 7 1.30 Xchcp [39]
7Y
T
2
0.413+0.032?+0.0129(§)
Y, Shattow = 1+ h 0.82 Yv'Deep [39]
7]
T
Yr'Shallow =8v ><Y;’Deep [38]
2
0.413+0.0192?+0.00554[?j
Nisnatiow =| 1+ N [39]

h 0.82 7Deep
21
[+

B.1.1 Shallow water correction formula for ship viscosity hydrodynamic coefficients

NiShallow = gV X N Deep [3 8]

B.1.1.1 Longitudinal viscous hydrodynamic coefficient shallow water correction formula as per

Ankudinov et al. [38].
X vvShallow = ﬁ/V x X wDeep
X vwnShallow — ﬁ/v X X vwwDeep
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X

rrShallow

:fan)(ereep (BS)
X

vShallow — ﬁ/ rx X vrDeep (B9)
where the expressions fyv, fir, and fr are given in section B.2.

B 1.1.2 Shallow Water Correction Formula for Lateral Viscous Hydrodynamic Coefficients as per
Kijima et al. [35], Vantorre [40], and Ankudinov et al. [38].

igion =| T+ —— 55257 Vi (B10)
(1-7,) 7

Y, shation = VXY, ipeen (B11)

Y shatiow = (1 + Alyr T+ Az,r T; + A3yr T[-31 ) YrDeep (B12)

Y, Shatiow = 8NP XY, rirDeep (B13)

Y shatow = VXY, ywrDeep (B14)

Y statow =JVXY, ey (B15)

where T, fiv, 4, , 4, , 4; , gnr,and fyv are given in section B.2.

B 1.1.3 Shallow Water Correction Formula for Viscous Hydrodynamic Coefficients of moment ([35,

40, 38])
NvShallow = fl’lV X NvDeep (B 1 6)
N wiShallow — ﬁ/V X N vwDeep (B 1 7)
1
N, spatow = | T + 14287 N rDeep (B18)
(1-7,) +
N rmShallow — gnr X N rrrDeep (B 1 9)
N vwrShallow (1 + Al Nowr T, H + AZNW T, 1121 + ABNW T, 13 ) N wrDeep (Bzo)
N vrrShallow — (1 + AIN! T H + AZN! T Ij + A3N! T Ii )N vrrDeep (B2 1)

where finv fiv, T, gnr, 4, AZM , ASN“ 4 > A, ,and 4, are given in section B.2.

B.2 Formula Expressions

2 B 8 B Y
=K, +=K,—++—K,| =+ B22
gv oM T s 2(Tj ( )
8 B 40 (BY
nr=K,+—K, —L+—K,| =L B23
B = o 5™ T T 105 Z(T] (B23)
2 B 24 _(BY
r=K,+-K,—~+—K,| =+ B24
fr=kor 2k B2 g (2] (B24)
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frv=K,+K, % +K, E%)z (B25)
frr:KO+%K1%+%K2 (%)2 (B26)
Sv=1.5fur—0.5 (B27)
for =K, + %Kl %+ %Kz [%jz (B28)
fmv=K,+K, % +K, (%Jz (B29)
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B, = CBB(HEJ
B31
B, = 08350 (B31)
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T,=T/h (B32)
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y, T T
A4, =37(%)2 18558 4230 (B33)
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B
A =40C, = -88
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APPENDIX C: Empirical Formulas for Shallow Water Correction of Propeller and Rudder

Parameters
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(B36)

Empirical Formula for Shallow Water Correction of Propeller and Rudder Parameters as per Amin and

Hasegawa [41].
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APPENDIX D: Supplementary Material

Table D1 Fujiwara geometry parameters

~10.468(T/h)’

at r < —0.204£+ 1.930
h B

T

T

at —<-0.332—+0.581
h B

h

pShallow :1+(_4_932+(),6425CBL/T—0.0165(CBL/T)2)(T/h)l-éss

Parameter Symbol | Value
Length L) 325.5m
Breadth (B) 58 m
Frontal projected area (4r) 1056 m?
Lateral projected area (AL) | 4524.2 m?
Above-water projected area (4op) 675 m?
Distance from midship to center of lateral projected area (O) —13.3m
Distance from midship to center of the Ass (CBr) —116 m
Height of superstructure (Hgr) 30.5 m
Height to the center of lateral projected area (He) 8.34 m
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Table D2 Propeller revolution

Condition | Ship speed | Propeller revolution
Full speed 15.5 kn ~70 rpm
75 % speed | 11.625 kn ~53 rpm

Table D3 Rigid-body parameters
Parameter Symbol Value Unit
Mass (m) |312,622,000 | kg
Radius of gyration ks, 80 m
Longitudinal centre of gravity | (Xg) 11.136 m

Parameter | Value | Parameter | Value
fy 0.220 Xy —0.464
k, —0.1385 1, 2.747
k, ~0.2753 £ 1.09
ko 0.2931 K 0.50
W 0.35 | 7 (B <0) | 0.395
te 0.387 | 7 (B >0) | 0.640
ay, 0.312

Brodogradnja Volume 78 Number 1 (2027) 78108

Table D4 The hydrodynamic coefficients related to the propeller and rudder for the simulation in deep water condition

Table D5 The correction of hydrodynamic coefficients related to the propeller and rudder for the simulation in shallow-water

conditions
Parameters | Deep water | A/T=3 | h/T=1.5 | h/T=1.2
p 0.220 | 0.21186 | 0.19224 | 0.17875
K 0.5 0.49594 | 0.45209 | 0.18249
7 (Be<0) | 0395 |0.40188 | 0.66050 | 0.51116
7 (Be>0) | 0.640 |0.65114 | 1.07018 | 0.82820
"y 0.35 0.37910 | 0.44165 | 0.48259
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Table D6 Hydrodynamic derivatives in deep and shallow water conditions

Derivatives Deep water h/T=3.0 h/T=1.5 h/T=1.2

p 17209142.95 21304262.19 42037303.28 98917514.02
N; —2696727129955.26 | —3475183838125.81 | —=5122910705177.66 | —7839939596413.66
N, —6665206191 —7172463932 —11597547307 —22289414050
Y, —259623051.6 —348232676 —535788974.6 —845061034.4
Y, —6665206191 —7172463932 —11597547307 —22289414050
X, —0.000725766 —0.000780477 —0.00134168 —0.002727383
X! 0.007754013 0.008338544 0.014334388 0.029139105
X! —0.000334545 —0.000351358 —0.000523818 —0.000949648
X, —0.002428737 —0.002519414 —0.003574037 —0.006220472
Y —0.025265081 —0.02802116 —0.051324745 —0.106457578
Y —0.041378428 —0.044497716 —0.076493874 —0.155497603
Y! 0.004934964 0.00426099 0.005782887 0.007743289
Y —0.000381103 —0.00040272 —0.000611971 —0.001125273

i —0.013927931 —0.01497788 —0.02574775 —0.052340314
Y —0.026352345 —0.028338901 —0.048716035 —0.099030502
Ny —0.008707238 —0.009918648 —0.018579601 —0.038907553
N, —0.001197269 —0.001287524 —0.002213321 —0.004499264
N —0.003048687 —0.002827934 —0.003681418 —0.005952401

. —0.001254297 —0.001325441 —0.002014135 —0.003703525
N, —0.008969989 —0.009194159 —0.007358461 —0.008511924
N, 0.00619069 0.002500748 0.006235665 0.022366016
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Indices for various wind conditions

Table D7 Headwind scenarios

. Wind speeds
Indices Cases 5 10 15 20

(full) A/T=12 | —0.4588 | —0.4581 | —0.4568 | —0.4549
(full) //T=1.5 | —0.3890 | —0.3870 | —0.3836 | —0.3787
Vo ratc (full) /T=3 | —0.3528 | —0.3504 | —0.3462 | —0.3404
(75 %) W/T=1.2 | —0.4625 | 04611 | —0.4588 | —0.4551
(75 %) hIT=1.5 | =0.3910 | —0.3874 | —0.3813 | —0.3726
(75 %) hIT=3 | —0.3526 | —0.3482 | —0.3409 | —0.3303

(Rul) /T=12 | 2516 | 2.546 | 2.599 | 2.679

(ful) /T=15 | 6071 | 6.114 | 6.188 | 6.301

Drif angle (ful) /T=3 | 16.901 | 17.052 | 17.321 | 17.733

(75 %) WIT=12| 2537 | 2592 | 2.691 | 2.850

(75%) WIT=15| 6.095 | 6172 | 6312 | 6.535

(75%) WIT=3 | 16,958 | 17.232 | 17.743 | 18.597

(full) /T=12 | 0.6730 | 0.6643 | 0.6497 | 0.6290

(ful) /T=1.5 | 0.6074 | 0.5995 | 0.5862 | 0.5674

Soced change | (IDA/T=3 [ 0.4122 | 0.4057 | 03948 | 0.3792
p 875 %) WT=12] 0.6708 | 0.6554 | 0.6294 | 0.5921
(75 %) hIT=1.5 | 0.6061 | 0.5922 | 0.5685 | 0.5345

(75 %) WIT=3 | 0.4115 | 0.4000 | 0.3804 | 0.3523

Table D8 Oblique headwind scenarios

Same direction of ship turning | Opposite direction of ship turning
Indices Cases Wind speeds Wind speeds
5 10 15 20 5 10 15 20
(full) //T=1.2 |-0.4610/—0.4665|-0.4753|-0.4866|—0.4570|—0.4504|-0.4391|-0.4225
(full) //T=1.5 |-0.3900|—0.3909|—0.3921]|-0.3933|-0.3887|—0.3858|—0.3806|—0.3730
(full) A/T=3 |-0.3526|—0.3494|—0.3438|-0.3356|—0.3539|—0.3548|—0.3561|-0.3578
(75 %) W/T=1.2|-0.4663|—0.4758|—0.4903|-0.5075|-0.4592|—0.4474|—0.4266|—-0.3944
(75 %) W/T =1.5|-0.3928|—0.3942|—0.3958|-0.3963|—0.3905|—0.3852|—0.3756|-0.3607
(75 %) W/T =3 |-0.3522|—0.3464|-0.3361|—0.3209|—0.3545|—0.3560[—0.3582|-0.3607
(ful) /T=12 ] 2.54 | 2.66 | 2.85 3.14 | 248 | 239 | 225 2.04
(ful) /T=1.5] 6.12 | 6.32 6.67 | 720 | 6.00 | 5.85 5.58 5.19
(ful) /T=3 | 17.08 | 17.80 | 19.10 | 21.12 | 16.67 | 16.12 | 1522 | 13.97
(75%)WT=12] 259 | 279 | 3.14 | 3.68 | 247 | 232 | 2.05 1.65
(75 %) W/T=1.5] 6.19 | 6.55 7.20 8.22 5.98 569 | 5.21 4.50
(75%) W/T=3 | 17.28 | 18.60 | 21.10 | 25.27 | 16.55 | 15.59 | 14.01 | 11.90
(full) A/T=1.2 | 0.6735 | 0.6661 | 0.6540 | 0.6373 | 0.6756 | 0.6747 | 0.6734 | 0.6716
(full) A/T=1.5 | 0.6074 | 0.5995 | 0.5865 | 0.5684 | 0.6101 | 0.6105 | 0.6113 | 0.6125
(full) /T=3 [0.4116 | 0.4033 | 0.3897 | 0.3714 | 0.4151 | 0.4174 | 0.4214 | 0.4276
(75 %) W/T=1.2/0.6716 | 0.6588 | 0.6378 | 0.6092 | 0.6754 | 0.6739 | 0.6716 | 0.6689
(75 %) W/T=1.5/ 0.6061 | 0.5923 | 0.5695 | 0.5380 | 0.6109 | 0.6117 | 0.6132 | 0.6158
(75 %) W/T=3 10.4104 | 0.3959 | 0.3726 | 0.3425 | 0.4166 | 0.4208 | 0.4284 | 0.4406

Yaw rate

Drift angle

Speed change
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Table D9 Beam wind scenarios (90°)

Same direction of ship turning | Opposite direction of ship turning
Indices Cases Wind speeds Wind speeds
5 10 15 20 5 10 15 20
(full) &/T=1.2 |-0.4631|-0.4747|—0.4929|-0.5162|—0.4551|—0.4426|—0.4204|—0.3863
(full) /T =1.5 |-0.3914|-0.3963|-0.4039|-0.4135|—0.3880|—0.3825|-0.3727|—0.3571
Yaw rate (full) &/T=3 |-0.3537|-0.3535|—0.3529|-0.3514|—0.3537|—0.3535|-0.3527|—0.3503
(75 %) /T =1.2 |-0.4700|—0.4899|—0.5198|—0.5558|—0.4558|—0.4330|—0.3906|—0.3204
(75 %) /T =1.5 |-0.3953|—0.4037|—0.4159|-0.4301|-0.3891|-0.3791|—0.3598|—0.3254
(75 %) /T =3 |—0.3540|—0.3536|—0.3518|—0.3481|—0.3540|—0.3534|—0.3508|—0.3424
(ful) A/T=12 | 255 | 269 | 293 | 326 | 246 | 232 2.08 1.75
(ful) /T=15 | 6.14 | 639 | 680 | 739 | 597 5.73 532 | 474
Drift angle (full) A/T =3 17.14 | 18.01 | 19.53 | 21.83 | 16.57 | 15.76 | 14.46 | 12.78
(75%)W/T=12] 2.60 | 2.85 | 327 | 385 | 244 | 2.19 1.76 1.16
(75 %) W/TT=1.5| 622 | 6.65 | 740 | 847 | 593 5.49 4.77 3.72
(75%) W/T=3 | 17.37 | 1894 | 21.80 | 26.26 | 16.38 | 1498 | 12.83 | 10.18
(ful) ~/T=1.2 [0.6737]0.6673 | 0.6568 | 0.6427 | 0.6781 | 0.6847 | 0.6958 | 0.7116
(full) A/T=1.5 | 0.6076 | 0.6005 | 0.5891 | 0.5736 | 0.6124 | 0.6196 | 0.6321 | 0.6502
Speed chanee (ful) ~/T=3 [0.4114]0.4027 | 0.3888 | 0.3706 | 0.4173 | 0.4264 | 0.4422 | 0.4656
P g (75 %) /T=1.2 | 0.6721 | 0.6609 | 0.6431 | 0.6200 | 0.6797 | 0.6914 | 0.7112 | 0.7387
(75 %) /T =1.5 ] 0.6065 | 0.5943 | 0.5747 | 0.5490 | 0.6149 | 0.6279 | 0.6505 | 0.6844
(75%) /T=3 10.4101 | 0.3950 | 0.3719 | 0.3433 | 0.4205 | 0.4369 | 0.4661 | 0.5108

Table D10 Aft quartering wind scenarios

Same direction of ship turning | Opposite direction of ship turning
Indices Cases Wind speeds Wind speeds
5 10 15 20 5 10 15 20

(full) //T=1.2 |-0.4638|—0.4777|—0.4997|—0.5286|—0.4548|—0.4415|—0.4177|-0.3812
(full) //T=1.5 |-0.3925|-0.4008|—0.4140[—0.4313|-0.3882|—0.3834|—0.3745|-0.3600
(full) #/T=3 |-0.3552|-0.3596/—0.3666|—0.3758|-0.3538|—0.3539|—0.3535|-0.3515
(75 %) h/T=1.2|-0.4713|—0.4953|—0.5322|-0.5789|—0.4553|—0.4309|—0.3855|-0.3122
(75 %) h/T=1.5|-0.3972|—0.4116|-0.4338|-0.4619|—0.3895|—0.3806|—-0.3626|—0.3298
(75 %) h/T =3 |-0.3567|—0.3643|—0.3760—0.3909|—0.3542|—0.3541|—0.3519|-0.3442

Yaw rate

(ful) /T=1.2 | 2.54 264 | 279 2.99 2.45 2.30 2.05 1.71
(ful) #/T=1.5| 6.12 6.29 6.57 6.92 597 5.71 5.30 4.74

(fulh) #/T=3 | 17.05 | 17.64 | 18.59 | 19.87 | 16.56 | 15.72 | 14.44 | 12.86
(75 %) W/T=1.2| 2.58 2.75 3.00 3.32 243 2.15 1.73 1.19
(75 %) h/T=1.5| 6.17 6.47 6.93 7.49 5.92 547 4.76 3.82
(75%)W/T=3 | 17.22 | 18.24 | 19.87 | 21.97 | 16.36 | 14.94 | 12.90 | 10.56

Drift angle

(full) //T=1.2 ] 0.6764 | 0.6778 | 0.6802 | 0.6838 | 0.6813 | 0.6973 | 0.7239 | 0.7603
(full) #/T=1.5 | 0.6101 | 0.6106 | 0.6116 | 0.6134 | 0.6151 | 0.6306 | 0.6567 | 0.6936

(full) /T=3 |0.4135]0.4110|0.4072 [ 0.4028 | 0.4196 | 0.4355 | 0.4626 | 0.5016
(75 %) h/T=1.2| 0.6767 | 0.6792 | 0.6837 | 0.6907 | 0.6853 | 0.7135 | 0.7594 | 0.8201
(75 %) W/T=1.5/0.6110 | 0.6119 | 0.6142 | 0.6183 | 0.6198 | 0.6472 | 0.6934 | 0.7595
(75 %) h/T=3 | 0.4137 | 0.4096 | 0.4038 | 0.3979 | 0.4205 | 0.4369 | 0.4661 | 0.5108

Speed change
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Table D11 Following wind scenarios (180°)

) Wind speeds

Indices Cases 5 10 15 20
(full) A/T=1.2 |-0.4595|-0.4606]—0.4624-0.4647
(full) //T=1.5 |-0.3907]-0.3938|-0.3988|-0.4057

Vaw ratc (full) //T=3 |-0.3549]-0.3586/-0.3647/-0.3730
(75 %) h/T =1.2/-0.4636]-0.4656/-0.4686/-0.4725
(75 %) h/T =1.5/-0.3941]-0.3994/-0.4081|-0.4200
(75 %) W/T=3 |-0.3562|-0.3627|-0.3732]-0.3875
(Ful) WT=12| 249 | 245 | 238 | 2.29
(full) /T=1.5| 6.04 | 598 | 588 | 5.76

Drift angle QD AT=3 [ 1678 | 16.57 | 1625 | 1584
(75%) WT=12] 249 | 242 | 231 | 2.18
(75 %) WT=15] 603 | 593 | 577 | 5.59
(75 %) WT=3 | 16.74 | 16.39 | 15.87 | 15.28
(full) //T=1.2 | 0.6803 | 0.6934 | 0.7149 | 0.7444
(full) //T=1.5 | 0.6140 | 0.6258 | 0.6452 | 0.6719

Soced change(UID A/7=3_[0.4176 [0.4274]0.4434 | 0.4653

P (75 %) W/T=1.2] 0.6836 | 0.7064 | 0.7436 | 0.7939
(75 %) h/T=1.5] 0.6177 | 0.6384 | 0.6721 | 0.7176
(75 %) /T=3 | 0.4210 | 0.4381 | 0.4658 | 0.5032
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