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This study investigates the combined effect of a ship’s leeway angle and regular waves on the added wave
resistance of a general cargo vessel, which is a key factor in energy efficiency. Computational Fluid Dynamics
(CFD) simulations are performed on a vessel model at leeway angles ranging from 0° to 10°, across a range of
regular head wave frequencies and two Froude numbers (0.194 and 0.246). The CFD results are compared with
experimental data, showing an average difference of 5.65% under regular wave conditions and 1.63% under
calm water conditions. The results indicate that increasing the leeway angle consistently increases the total
resistance in both calm water and wave conditions. The added wave resistance coefficient (64w) increases
markedly with leeway angle, particularly at a wavelength ratio (1/Lwl) of approximately 1.6. The zeroth-order
harmonic, corresponding to the mean value of the heave motion, is also strongly affected by leeway, whereas the
influence of leeway on the first-order harmonics, representing the oscillation amplitudes of pitch and heave
motions, is relatively small. The results further demonstrate that the combined action of leeway and waves leads
to an increase in added resistance that exceeds the linear superposition of leeway-induced resistance and wave-

induced resistance considered separately.

1. Introduction

Increased hydrodynamic resistance has a substantial impact on ship
energy efficiency, especially in marine transport, where fuel consump-
tion and greenhouse gas emissions are major problems. To address these
concerns, the International Maritime Organization (IMO) has enacted
regulations such as the Energy Efficiency Design Index (EEDI), the En-
ergy Efficiency Existing Ship Index (EEXI), and the Ship Energy Effi-
ciency Management Plan (SEEMP), which encourage energy-efficient
ship designs and operations (IMO, 2023). It is therefore crucial to
comprehend the implications of added resistance, which are directly
associated with greenhouse gas emissions and fuel consumption, in
order to comply with these regulations.

During the navigation of a vessel through wave conditions, there is
an increase in resistance that may account for 15% to 30% of the total
resistance (Tezdogan et al., 2015). This observed rise in resistance re-
quires an increase in propulsion power to maintain speed, resulting in
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high-level fuel consumption. Degiuli et al. (2019) emphasized the sig-
nificant role of added resistance in waves on increased fuel expenses and
CO;, emissions. They highlighted that precise prediction is essential for
improving ship efficiency and reducing environmental consequences.
This correlation is especially significant in adverse weather conditions,
where the energy needed to counteract this resistance can increase
significantly (Jimenez et al., 2022). The reason for this is that the
interaction between wave conditions and added resistance is complex,
shaped by factors including the ship’s hull design, mass properties, and
specific environmental conditions (Chen et al., 2018; Lee et al., 2022). In
addition to that increasing wavelength typically results in a significant
rise in added resistance (Lee et al., 2022; Marti¢ et al., 2020). Further-
more, the added resistance is greatly affected by the ratio of the wave-
length (1) to the waterline length (Ly;) of the vessel. Different types of
motion result in distinct peaks in the added resistance observed at
particular frequencies. Head seas also generally result in greater added
resistance when compared to following and beam seas (Cepowski, 2024;
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Kim et al., 2017). One of the reasons could be that the impact of the hull
form above the waterline on added resistance in waves fluctuates with
wave height (Jawa and Munehiko, 2023).

In the context of energy efficiency of ships, wind-assisted systems
have become a crucial element in the transition towards sustainable
maritime propulsion. The integration of wind energy into propulsion
systems, commonly known as Wind-Assisted Propulsion Systems
(WAPS), utilizes the natural force of wind to enhance conventional fuel-
based propulsion techniques, consequently reducing dependence on
fossil fuels and minimizing environmental impacts (Inal et al., 2022; Pan
et al., 2021). Additionally, numerous studies emphasize the potential of
wind-assisted systems to significantly decrease emissions, demon-
strating their effectiveness in this regard (Cairns et al., 2021; Julia et al.,
2020; Liu et al., 2024).

On the other hand, WAPS reduce fuel consumption by generating
forward thrust, they also produce considerable lateral forces that must
be balanced by the ship, causing the vessel to sail at a non-zero leeway
angle. This leeway angle — defined as the angle between the ship’s
heading and its actual course through the water — has been shown to
increase calm water resistance (Goksu et al., 2025). It is therefore a key
parameter in assessing the total resistance experienced by a vessel
equipped with WAPS. When navigating in waves, the leeway angle may
further increase due to lateral forces induced by both the waves and the
wind acting on the WAPS. This alters the effective hull configuration
exposed to incoming waves, potentially changing the resulting resis-
tance. A larger leeway angle can significantly alter the area where the
ship hull encounters the water and the surrounding flow patterns,
leading to higher frictional resistance, which, in turn, may exacerbate
the added resistance due to waves (Cepowski, 2024; Tezdogan et al.,
2015). Numerical simulations have shown that the leeway angle has a
substantial effect on a ship’s motion responses and resistance charac-
teristics, particularly in head seas where waves directly oppose forward
motion (Kim et al., 2017; Seo et al., 2017). Saydam et al. (2022)
concluded that a leeway angle greater than 5° has a substantial effect on
total resistance. Zhang et al. (2024) reported a 30% increase in total
resistance at a 10° leeway angle. However, a critical knowledge gap
remains regarding in how this leeway-induced flow interacts with
incident waves and influences the added resistance due to waves.

Besides experimental techniques, fluid dynamic simulations have
played a crucial role in evaluating the performance of various devices in
WAPS applications. Such simulations provide valuable insights into how
different configurations can maximise the benefits of wind energy across
a range of sea states and wave conditions (Khan et al., 2021; Talluri
et al., 2016). Computational fluid dynamics (CFD) methods have proven
to be powerful tools for predicting the complex motions of vessels in
waves. For example, Zhang et al. (2024) compared experimental (EFD)
and numerical findings to support the reliability of the CFD results and
verified the 10-degree static drift results by employing a minus 10-de-
gree drift angle in CFD simulations. Additionally, total drag coefficient
differences varied from —1.2% to —2.6% between CFD and EFD results
depending on the grid resolution, and it should be noted that these
findings are limited to the specific calm water and drift conditions
investigated in their study. The integration of CFD in the evaluation of
WAPS signifies substantial progression in maritime engineering. Such
methodologies enable detailed assessment of vessel performance under
diverse maritime conditions, offering valuable insights into the effec-
tiveness of different hull configurations in reducing hydrodynamic
resistance (Soding et al., 2014; Tezdogan et al., 2015). The capacity to
model complex interactions among wind, water, and vessel configura-
tions makes CFD a key tool for enhancing ship designs that utilize wind
assistance. Recent studies demonstrate the adaptability of CFD in eval-
uating wind-assisted propulsion. Plessas and Papanikolaou (2024)
emphasize the optimization of ship design for wind propulsion,
demonstrating how CFD models can simulate the effects of wind on
hydrodynamic and aerodynamic properties, thereby enabling design
enhancements to improve fuel efficiency and decrease emissions. Cali¢
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et al. (2024) highlight the significance of CFD by utilizing a mathe-
matical model to predict propeller and engine performance under
different wind assistance conditions, illustrating how these simulations
indicate potential fuel savings on various vessel types. Additionally,
Vigna and Figari (2023) employed CFD simulations to assess the efficacy
of Flettner rotors in combination with controllable pitch propellers,
facilitating a comprehensive understanding of the synergistic operation
of these systems to optimize thrust and reduce fuel consumption. Huang
et al. (2023) examined the aerodynamic properties of the Flettner rotor
by CFD, indicating that optimizing rotor geometry can significantly
enhance its efficacy in wind-assisted applications. Moreover, the com-
bination of CFD with other modelling tools, encompassing sophisticated
data analysis methodologies, could transform performance evaluations.
The integration of CFD with machine learning can improve the predicted
accuracy of wind propulsion research, revealing insights that may be
hidden in conventional modelling approaches (Guerri et al., 2016). The
application of CFD facilitates the comprehensive simulation of fluid
dynamics, enabling researchers and engineers to assess the efficacy of
various wind propulsion technologies in reducing fuel consumption and
emissions in maritime transport (Goksu et al., 2025).

Evaluating the combined impact of leeway angle and regular wave
phenomena on added wave resistance is essential for improving vessel
operational performance and efficiency. This study provides important
insights into the interaction between a vessel’s leeway angle - induced
by a wind-assisted propulsion system - and the added resistance caused
by regular waves, addressing a notable gap in the literature. Unlike
previous studies that have examined these effects in isolation, this
research aims to quantify their combined influence under controlled
experimental and numerical conditions. By analysing this complex
relationship, naval architects can optimise hull designs and propulsion
systems to reduce resistance, thereby by improving fuel efficiency and
lowering operational costs. Furthermore, such understanding enables
ship operators to make well-informed decisions on route planning, speed
optimization, and fuel management, contributing to a more sustainable
and economically viable maritime sector.

This study addresses this gap by examining the combined effect of
leeway angle and regular waves on a ship’s hydrodynamic performance.
Building upon the foundation laid in the preceding sections, it presents a
rigorous investigation into resistance calculations for a general cargo
ship model. A CFD approach was employed to explore the resistance
components in detail. The methodology section outlines the specific
procedures and CFD parameters used, while the Results and Discussion
section outlines the core findings in relation to existing literature,
highlighting their broader implications. Finally, the conclusion synthe-
sizes these elements, emphasizing the study’s contributions and sug-
gesting potential directions for future research to further refine and
expand the knowledge presented.

2. Research outline and limitations

This study investigated the total resistance of a case vessel using a
1:32 scale model for both CFD analysis and EFD tests at the University of
Southampton’s Boldrewood Towing Tank. The full-scale vessel’s speeds
(11 knots operational, 14 knots maximum) correspond to model speeds
of 1 m/s and 1.273 m/s. The primary aim was to determine total
resistance under calm water and regular head wave conditions using
CFD. In the CFD analyses, a fixed wave amplitude of 0.015 m was used
across 11 distinct wave frequencies, and five leeway angles (0° to 10°)
were tested at both model speeds. EFD tests were crucial for refining
CFD parameters and validating results; they were performed only at the
operational speed of 1 m/s and 0° leeway, covering a subset of 5 wave
frequencies (0.700, 0.732, 0.768, 0.858 and 1.086 Hz) to provide
comparative data for the CFD results. Table 1 serves to introduce the
summary of the CFD analysis and EFD test conditions.

This investigation establishes a foundational analysis of coupled
hydrodynamic effects by focusing on the interaction between leeway
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Table 1

Summary of CFD and EFD test conditions.
Parameters Details
Model scale 1:32

Full-scale speeds

Model-scale
speeds

Fluid conditions Calm Water and Regular Wave

Leeway angles 0°, 2.5°, 5°,7.5°, 10°

Wave 0.450, 0.500, 0.550, 0.600, 0.650, 0.700, 0.732, 0.750, 0.768,
frequencies 0.858, 1.086 Hz

11 knots (Operational) and 14 knots (Maximum)
1 m/s (Operational) and 1.273 m/s (Maximum)

angle and regular head waves at a fixed 0° rudder angle. To isolate the
interaction effects between rudder and leeway angle, this investigation
focuses on controlled conditions involving regular head waves and a
fixed rudder angle of 0°, establishing a fundamental baseline before
extending the analysis to irregular, multidirectional seas and dynamic
steering scenarios.

This research aims to replicate towing tank tests within a computa-
tional framework. Consequently, although the leeway angle phenome-
non analysed in this study shares certain similarities with oblique sea
conditions, it does not present an identical scenario. Within the adopted
CFD methodology, changing the wave encounter angle can influence
ship motions through wave reflection from the numerical domain
boundaries. In contrast, introducing a leeway angle generates a condi-
tion analogous to that encountered in wind-assisted propulsion, as it
produces a persistent modification of the viscous resistance and pressure
distribution around the ship. This comprehensive evaluation of coupled
effects advances vessel design, enhances operational efficiency, and
supports safer shipping practices.

In this study, only heave and pitch movements were allowed to
isolate the fundamental vertical responses in the head waves, while roll
movement was constrained. Nevertheless, asymmetric flow induced by
leeway was observed to generate a residual roll moment (K), particu-
larly at higher leeway angles such as 10° Allowing roll motion could
alter the instantaneous waterline geometry and introduce secondary
effects on wave added resistance. While the present results remain valid
within this modeling framework, future studies should consider
releasing roll motion to provide a more comprehensive assessment of
vessel performance under leeway conditions.

3. Research methodology

This section presents the methodology used to assess the resistance of
the case ship through the Computational Fluid Dynamics approach. The
CFD analyses were supported by towing tank experimental data (Garad
et al., 2024) to enhance the accuracy and reliability of the numerical
method’s results. By integrating the strengths of both numerical and
experimental techniques, an efficient framework for evaluating ship
resistance performance was established. To ensure consistency and
contextual clarity, a fixed rudder angle of 0° was maintained throughout
the simulations. The following subsections detail the key methodologies
and technical procedures employed, including the CFD configuration,
verification process, and the extrapolation of model-scale resistance
results to full-scale conditions.

3.1. Definition of the case ship

Table 2 presents the particulars of the full-scale vessel and its cor-
responding 1:32 scale model used in this study.

The ship hull and the coordinate system used in this investigation are
shown in Fig. 1. The coordinate system was defined according to the
right-hand rule. The ship’s keel was aligned with the x-axis at an
elevation zero, with the bow pointing in the positive x-direction. The
port side was oriented towards the +y direction, while the +z direction
extended vertically from the keel to the deck, opposite to the direction of

Table 2

The particulars of the case ship and the model.
Particulars Values Units

Ship Model

Displacement volume 5865 0.179 m®
Draught amidships (T) 5.45 0.170 m
Waterline length (Lwl) 87.10 2.722 m
Beam maximum (B) 15.20 0.475 m
Wetted area 2049 2.001 m?
Prismatic coefficient (Cp) 0.828
Block coefficient (Cp) 0.826 -
Maximum section area coefficient (C,) 0.997 -

gravitational force.

3.2. Dimensionless parameters

For each CFD simulation case - defined by model speed, leeway
angle, and incident wave conditions - the model ship’s motions, along
with the rolling (M,) and yawing (M,) moments, were obtained. These
variables were recorded as time histories, similar to the resistance
measurements, enabling detailed characterisation of the hull’s hydro-
dynamic behaviour. The non-dimensional rolling and yawing moment
coefficients, K and N respectively, are defined in Egs. (1 and 2) (ITTC,
2024).

M,

K= zpuzis M
M,

N = zpuai @

where, Uc is the current speed (equivalent to the model’s forward ve-
locity in the towing tank) [m/s], p is the density of fluid [kg/m3], Bis the
beam [m], L represents the characteristic length (ship or model) [m],
and T represents the draught [m].

3.3. Calm water resistance

The International Towing Tank Conference (ITTC) formulates the
technique for assessing ship resistance by examining its components and
describing the necessary procedures for this computation. It also indi-
cated that vessels with design speeds corresponding to Fr lower than
0.45 are typically described as conventional displacement ships. The
total resistance coefficient (Cr), described in Eq. (3), for vessels is a
dimensionless parameter that signifies the total resistance of a ship to
navigate through water. It is defined as the ratio of the total resistance
(R7) [N] to the dynamic pressure of the fluid, multiplied by the wetted
surface area (S) [m?] of the vessel’s hull (ITTC, 2021a).

Rr
Cr=1—o 3
T 1psv? 3)
Cr=Cy+Cy @

where, Cy represents viscous resistance coefficient and Cy is for wave-
making resistance coefficient.

Cy =Cp(1+k) %)

The form factor approach was employed to determine the total
resistance. The Hughes formulation, given in Eq. (6), was used to eval-
uate the frictional resistance coefficient (Cg), as it is well suited to the
form factor method by providing a strictly two-dimensional friction
baseline. Using the Holtrop and Mennen (1982) formulation, the vessel
form factor (1 + k) was determined to be 1.334. To assess the reliability
of this relatively high value, a high-fidelity CFD double-body simulation
was conducted in a related study by the authors on the same hull form
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Fig. 1. The hull model of the case ship and the global coordinate system for CFD analysis.

(Goksu et al., 2025). That investigation yielded a form factor of 1.33,
demonstrating close agreement with the empirical estimate. This con-
sistency supports the validity of the viscous resistance components
adopted in the present added resistance analysis.

0.066

Cp=—""-"7T-—"— (6)
' (log,oRe — 2.03)*

The Cr parameters are calculated based on the Reynolds number and
are determined independently for both the model and ship scales. The
Cpy value is determined from the Ry value derived from the model-
scale analysis results. Subsequently, the Cyy and Cy values are
derived by computing the Re at the model scale velocity. As the wave-
making coefficient, influenced by the hull’s shape, remains constant
throughout both model and ship scales, the total resistance coefficient of
the vessel (Crs) is determined using Crs derived at full-scale.

3.4. Added wave resistance

Wave-induced resistance, known as added wave resistance, increases
resistance compared to calm water because the vessel experiences six
degrees of freedom of motion and direct hull-wave interactions. This
resistance fluctuates with the vessel’s movement on wave slopes and
changing water pressures, depending on the wave’s frequency and
amplitude, and it is typically calculated as a time-averaged value.

The added resistance due to waves (Raw) is calculated, given in Eq.
(7), by subtracting the calm water resistance (Ry cqr,) from the average
drag force value in waves (Rt wave), and defined as non-dimensional form
in Eq. (8).

Raw = RT,wave — Rrcaim (7)
Raw
Caw = ——5 >~ (8
1248 tiZvl/ L
where,

{4 is the harmonic amplitudes of the incident wave profile [m],
B,,: is the width of the hull at waterline [m]

The added wave resistance coefficient (caw) enables the comparison
of wave resistance performance among various vessels and enables the
extrapolation of model test results to full-scale ships.

3.5. Computational fluid dynamics methodology

The section explains that solving the Reynolds-Averaged Navier-
Stokes (RANS) equations is a key numerical method in ship hydrody-
namics, used to model turbulent flows by decomposing flow variables
into mean and fluctuating components and using time-averaged quan-
tities. While standard RANS is used to model turbulent flows, the Un-
steady RANS (URANS) method offers improved accuracy by specifically
capturing the temporal fluctuations of these flows. In this study, the
RANS equations were solved using Star-CCM+ (version 18.04.008), a
commercial CFD software developed by (CD-Adapco, 2023).

3.5.1. Computational domain and boundary conditions
The boundary conditions for the CFD simulations were defined based
on the cross section of the Boldrewood Towing Tank at the University of

Southampton, where the experimental tests were conducted. The
computational domain measured 16 m in length, 6 m in width, and 3.5
m in water depth, with an additional 2 m air layer above the waterline.
To replicate the experimental setup, the sidewalls and bottom surface of
the domain were treated as no-slip wall boundaries (grey surfaces). The
region downstream of the hull was specified as a pressure outlet (red
surface) to allow for the development of the wake generated by the
model. The upstream boundary and the free surface above the air layer
(green surfaces) were defined as velocity inlets to establish the incoming
flow conditions. Additionally, a no-slip wall boundary condition was
used on the ship hull surface (black surfaces) to accurately model the
viscous resistance and boundary layer features. Fig. 2 shows the hull
model within the overset domain (yellow surfaces), together with the
surrounding background domain.

The fluid flow arriving at the overset mesh region passes through a
distance of ~ 1Lwl. Upon exiting, it covers a distance of ~ 3.5Lwl,
contributing to the formation of the ship wake region. The dimensions of
the overset mesh region are characterized by a height that is ~2.3 times
the depth of the model, a length is ~ 1.3Lwl, and a width that is ~ 2.1B
for a 2.5° leeway angle. The width of the overset region depends on the
leeway angle, a necessary adjustment to maintain full coverage of the
vessel’s hull.

3.5.2. Mesh generation

The trimmer mesh in Star-CCM+ is well-suited for representing
complex geometries. In this study, the surface remesher tool was
employed to create a customised mesh configuration. Particular atten-
tion was given to smoothing mesh elements in regions where water and
air interact—especially around the hull and free surface—to improve
accuracy. Several volumetric refinement zones of different sizes were
introduced: three were applied to capture the free surface with high fi-
delity, while two were used to resolve hull motions relative to the
overset mesh boundaries, both internally and externally. This refine-
ment strategy enabled a more detailed representation of free-surface
wave conditions, thereby improving the prediction of vessel motions.
Fig. 3 illustrates the mesh configuration, which comprised approxi-
mately 14 million elements for the 0° leeway angle case.

The mesh was created in accordance with the ITTC (2011) re-
quirements for ship CFD applications that simulate ship motions in
waves. These standards demand a minimum of 80 cells per wavelength
and 10 cells per wave height on the free surface. On the other hand, the
overset mesh serves as a numerical equivalent to the moving fluid region
surrounding the hull, facilitating the analysis of vessel motions under
various wave conditions.

3.5.3. Physics modelling

The CFD solver employed the finite volume method (FVM) in com-
bination with a high-resolution interface-capturing (HRIC) scheme to
accurately resolve the free surface and complex flow patterns around the
hull. To simulate the ship’s motions, Star-CCM+’s overset mesh capa-
bility was used to generate a high-fidelity mesh around the model,
embedded within a finer region of the static background domain. As the
fluid evolves within the computational domain, the overset mesh
dynamically updates its translation and orientation relative to the
background mesh, enabling precise tracking of the vessel’s motion and
accurate resolution of near-field flow features. This overset mesh
approach is widely applied in hydrodynamic and aerodynamic studies
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Fig. 2. Boundary conditions and fluid domain for regular wave analysis.

Detail a

Detail b

Section B-B

Fig. 3. Details of the generated mesh configuration for 0° leeway angle.

due to its effectiveness in handling complex geometries, modelling
moving bodies, and enhancing overall simulation accuracy (Carrica
et al., 2011; Kim et al., 2021).

A complex multiphase flow around the ship model was simulated
using the Volume of Fluid (VOF) approach and the K-e¢ Realizable tur-
bulence model. This robust combination was ideal for modelling com-
plex water-air interactions, where interfacial dynamics and turbulent
mixing must be accurately represented. VOF accurately tracks wave
production, breaking, and air inlet on the free surface (water-air inter-
face). The K-¢ Realizable turbulence model improves upon the standard
K-¢ model by more accurately predicting turbulent stresses, which is
especially important in ship hydrodynamics where pressure gradients
and flow separation are dominant.

Calm water resistance analyses were performed to represent a
reference scenario to compare the hydrodynamic performance under
regular wave conditions. The following fluid properties were used to
define the characteristics of the fluids: water with a density of
999.1026 kg/m® and a dynamic viscosity of 0.001138 Pa.s, and air with
a density of 1.18415 kg/m® and a dynamic viscosity of 1.855x10~° Pa.s.
These values are crucial input parameters for the simulation, directly
influencing the forces and moments acting on the model.

Finally, to assess the hull’s dynamic behaviour beyond resistance,
the Dynamic Fluid-Body Interaction (DFBI) model in Star-CCM+ was
employed to capture the heave and pitch motions (2-DOF). These de-
grees of freedom were selected as they represent the dominant responses
of the hull under head-wave conditions, while surge, sway, roll, and yaw
were constrained to isolate the primary vertical motions.

3.5.4. Time step and y" value selection
Accurate selection of time step and y* values is critical for CFD
simulations, particularly in turbulence modelling and wall-bounded

flows such as ship resistance analysis. These parameters directly influ-
ence simulation accuracy, stability, and computational efficiency,
affecting both flow field resolution and the prediction of forces and
moments. In transient flow analyses, quasi-static assumptions are often
applied, where the system is considered to change slowly enough to be
approximated as a sequence of steady states. This governs the choice of
time step and temporal resolution required to capture the relevant
physical phenomena without incurring excessive computational cost. In
the present ship resistance analysis, performed at a model velocity of 1
m/s (Fr = 0.194) and a wave frequency of 0.450 Hz (encounter wave
period of 1.721 s), a time step of 0.0067 s was adopted. Together with
second-order discretisation schemes and a target y* ~ 30, these settings
ensured the fidelity of the turbulence model and the overall accuracy of
the simulation.

In calm-water simulations, a commonly applied guideline for the
maximum time step is 0.0035L/U, where L is the model length [m] and
U is the model speed [m/s]. This criterion provides adequate temporal
resolution to capture the principal flow features. However, for the reg-
ular wave analyses conducted in this study, a more stringent approach
was adopted: the time step was set to the encounter wave period divided
by 256. This refinement was necessary to accurately resolve the rapidly
varying flow field generated by wave-hull interactions.

The ITTC (2014) guidelines provide recommendations for the
non-dimensional wall distance of the first grid point from the wall, and
Fig. 4 represents the y* values for leeway angles of 0°, 2.5°, 5°, 7.5°, and
10° at a Fr of 0.194 and a 0.450 Hz wave frequency. For accurate CFD
simulations of the ship’s hull, capturing the boundary layer’s complex
details and modelling turbulence requires an appropriate and uniformly
distributed y* value. This study’s numerical analysis carefully verified
that a consistent y* value, close to 30, was reached across all simulated
speed situations, assuring compliance with these standards and ensuring
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Wall Y+

1.08 16.1 31.2
Leeway 5°

Wall Y+
094 14.2 27.5 40.7 54
N
Leeway 10°

40.3 61.3 76.4 91.5 107

0971

Leeway 7.5°

0.908 144 279

704 879 105 123

Fig. 4. Distribution of y* values on the hull at a Fr of 0.194 and a wave frequency of 0.450 Hz.

the results’ dependability. This meticulous attention to y* values re-
solves near-wall flow, improving skin friction and total resistance pre-
dictions. The uniform application provides confidence when comparing
simulation results internally or to other investigations.

Friction velocity (u*):

u = \/TTV ©)]
p

Non-dimensional wall velocity (u™):

=X (10)
T

Non-dimensional wall distance (y*):

L opu
— an
y 4 y

where, T, is the skin friction, u is the local velocity, u is the dynamic
viscosity of the fluid, and y is for the wall-normal coordinate.

This study adhered to the general recommendation of maintaining a
Courant-Friedrichs-Lewy (CFL) number below 1 to ensure the stability
of the numerical simulations (see Table 3). The CFL number is a
dimensionless parameter relating flow velocity through a cell to the cell

Table 3
Numerical solution parameters associated with the CFL number.
Vs Vi Wave Wave At [s] Ax [m] CFL
period freq. number
[knots]  [m/s] T [s] [Hz]
11/14 1/ 2.222 0.450 0.0067 / 0.0125 0.5377 /
1.273 0.0063 0.6447
2.000 0.500 0.0059 / 0.4721 /
0.0055 0.5633
1.818 0.550 0.0052 / 0.4189 /
0.0049 0.4976
1.667 0.600 0.0047 / 0.3750 /
0.0044 0.4435
1.538 0.650 0.0042 / 0.3383 /
0.0039 0.3984
1.429 0.700 0.0038 / 0.3071 /
0.0035 0.3603
1.366 0.732 0.0036 / 0.2896 /
0.0033 0.3389
1.333 0.750 0.0035 / 0.2804 /
0.0032 0.3277
1.302 0.768 0.0034 / 0.2717 /
0.0031 0.3171
1.166 0.858 0.0029 / 0.2341 /
0.0027 0.2715
0.921 1.086 0.0021 / 0.1689 /
0.0019 0.1932

size. While a value below 1 is a common guideline, the specific stability
threshold (Cpmgx) can vary depending on the analysis, as defined by Eq.
(12).

At

A < Conax 12)

where,

At: is for the time step
u: is for the local velocity
Ax: is for the linear size of the flow direction

3.5.5. Regular wave generation

First-order numerical wave generating techniques in CFD, charac-
terised by truncation errors that scale linearly with the discretization
step size (Stagonas et al., 2018), offer notable advantages in terms of
stability and robustness, particularly in simulations involving complex
flow topologies or strong gradients. Their inherent dissipative nature
suppresses oscillatory instabilities but also introduces numerical diffu-
sion, which can smooth sharp features and reduce solution accuracy
(Gao et al., 2021). To achieve accuracy comparable to higher-order
schemes, first-order methods therefore require finer grid resolutions.
Nevertheless, their lower computational cost per cell and enhanced
stability make them suitable for CFD applications where solution
convergence is critical. In wave modelling, first-order linear wave the-
ory provides a simplified framework for generating regular wave con-
ditions, based on the assumptions of small-amplitude waves and
deep-water conditions (Klein et al., 2020).

A wave probe was employed to measure the wave elevation at the
inlet in each analysis. Fig. 5 depicts the location of the wave probe sit-
uated between the inlet and the ship model. Fig. 6 illustrates the latest
40-second record history of wave elevation data according to the global
coordinate system (considering O m is the waterline) at the probe at a Fr of
0.194 and a wave frequency of 0.450 Hz at a 2.5° leeway angle.

Utilizing the Fourier Series on a segment of the time series of wave
oscillation depicted in Fig. 6, the average of the first harmonic wave
amplitudes for the last ten periods of the encounter was determined to
be 0.0144 m, which underestimates the actual wave amplitude (0.015
m) by 4.17%. The minor decrease in wave amplitude was deemed
acceptable for the existing cell size and time step and was considered
adequate for validating wave creation by the current CFD model.

3.6. Verification study

This section describes the verification study undertaken to ensure the
numerical accuracy and consistency of the CFD methodology, adhering
to ITTC procedures ITTC (2021b). Verification focuses on measuring the
discretization error and confirming that the simulation solution is
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Fig. 6. Wave oscillation history for Fr = 0.194 at 2.5° leeway angle and 0.450 Hz wave frequency.

independent of grid resolution. Discretization error arises from
approximating continuous equations on a computational grid, meaning
finer meshes (smaller grid spacing) should yield solutions closer to the
true value. The key to this process is a methodical mesh generation and
refinement strategy, which involves creating a sequence of increasingly
finer grids (typically using a consistent refinement ratio like 2, v/2 or ¥/2
while maintaining stringent control over mesh quality. The ultimate
goal is to balance computational expense with sufficient resolution to
capture flow characteristics accurately and ensure the solution is
grid-independent.

In this study, the verification analysis was implemented within the
CFD methodology by systematically refining the mesh parameters
described in Table 4. Additionally, three distinct time steps were
established: 0.0052 s, 0.0074 s, and 0.0104 s, facilitating the perfor-
mance of nine analyses. The notion of base size facilitates the propor-
tional modification of additional parameters, including surface
dimensions and boundary layer thickness, in relation to the base value.
Adjusting the base size value is sufficient for enhancing or reducing the
grid resolution. In this process, the mesh size and boundary layer on the

surfaces defining the ship geometry were maintained consistently to
generate varied ship hull mesh configurations, leading to analysis results
that deviate from the intended objective. The refinement ratio (v/2)
employed for the base mesh size is likewise utilized for the time step
values to evaluate the effect of the computation parameters on the
results.

The total resistance values for the model ship, operating at a Fr of
0.194 with a leeway and rudder angles of 0°, according to the wave
frequency of 0.550 Hz, are presented in Table 5.

Fig. 7 was created to improve understanding of the total resistance
results associated with the parameters incorporated in the verification
study, as the convergence test.

To assess the impact of mesh density on the accuracy of solutions in
numerical analyses, the grid convergence index (GCI) is suggested by
Celik et al. (2008). In this study, three particular grid resolutions (M1,
M2, M3) were utilized to conduct the verification analysis. This method
was implemented to guarantee the convergence of the numerical solu-
tion. The results concerning solution accuracy were subsequently

Table 5
Table 4 Values of total resistance [N] at model scale for the verification study.
Grid resolution details for the verification study. Base mesh sizes [m] Time steps [s]
Label Grid resolution Base mesh size [m] Total number of elements 0.0104 0.0074 0.0052
M3 Coarse mesh 0.500 12,727,693 0.500 6.8641 6.7660 6.7333
M2 Medium mesh 0.350 13,345,440 0.350 6.7856 6.5372 6.5025
M1 Fine mesh 0.250 13,993,170 0.250 6.6638 6.4572 6.4374
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Fig. 7. Total resistance results and mesh element quantities for the convergence test.

determined. By obtaining the previously mentioned solutions, one can
determine whether the solution converges or diverges. This is carried
out in accordance with the convergence ratio, as shown in Eq. (13)
(Celik et al., 2008).

R =€ /€3 13)

where, f1,f> and f5 are the total resistance values and difference be-
tween medium-fine meshes (¢21 = fo — f1), and between coarse-medium
meshes (e32 = f3 — f>). The convergence conditions defined by the
(ITTC, 2021b).

e for 0 < R < 1; Monotonic convergence,
e for R < 0 and |R| < 1; Oscillatory convergence,
e for R > 1; Divergence.

For the calculation of the order of accuracy (p), Eq. (14) can be used
(Celik et al., 2008).

1
p =y -[nles2/en| +q(p)] a4
where, the function g(p) = 0 for uniform refinement ratio.

If the refinement ratio is taken non-uniformly, q(p) is calculated by
Eq. (15).

(TS
ap) =n(12=2) as

where, s = sign(esz /€21), refinement ratio between medium-fine meshes
is depicted as r; and r}, is for between coarse-medium mesh refinement
ratio. Then, one can calculate the extrapolated solution is defined by Eq.
(16).

Joa = (PHi =f2)/(P - 1) (16)

The grid convergence index, depicted in Eq. (17), provides an esti-
mation of the percentage difference between medium-fine meshes.

GCI, = 1.25Hl 2
f

/(r"—l) a7)

The results shown in Table 5 indicate that the calculated resistance of
the hull is dependent upon the CFD parameters employed, particularly
the mesh density and time step size. As the mesh is refined or smaller
time steps are employed, the resistance force prediction typically de-
creases, indicating that the simulations are converging towards a
consistent result. This trend was further analysed in Table 6 using a
convergence analysis, utilizing data obtained directly from Table 5. The
estimated orders of accuracy (p) for both grid and time-step convergence
exceeded the theoretical order of the second-order discretization tech-
niques utilized. Eca and Hoekstra (2009) indicate that elevated p values
may result in an excessively optimistic (artificially low) GCI. To

Table 6
Verification study results for grid and time step convergence.

R; for mesh base size convergence
(with monotonic convergence)

R for time step convergence (with
monotonic convergence)

r V2 V2

fi 6.4374 6.4374

o 6.5025 6.4572

f3 6.7333 6.6638

R 0.282 0.096

P 3.652 (limited as 2.0) 6.767 (limited as 2.0)

fext 6.372 6.418
GCly;  1.264% 0.384%

establish a more cautious and dependable uncertainty constraint, the
accuracy order employed in the GCI formulation was restricted to the
theoretical value of p = 2.0, in alignment with the recommended safety
criteria for CFD verification. According to this investigation, the fo.
value, was approximated to be between 6.372 and 6.418 Newtons.

Additionally, the GCI was utilized to assess the uncertainty induced
by these factors. Despite the conservative adjustment, the identified
difference is that the uncertainty related to the mesh size is 1.264%,
while the uncertainty associated with the time step size is far lower, at
about 0.38%, based on the analysed fine mesh structure. This disparity
clearly demonstrates that mesh density currently acts as the most
important determinant of numerical accuracy, significantly exceeding
the effect of time step size. It can be concluded that when a more ac-
curate resistance estimate is needed, further mesh refinement is required
rather than further reducing the time step.

4. Results and discussion

This section presents the CFD analysis results and evaluates their
implications for the vessel’s resistance characteristics. The main objec-
tive is to quantify and understand the added resistance in regular waves
under varying operating conditions. To assess the accuracy of the nu-
merical approach, the CFD predictions were first benchmarked against
experimental data (Garad et al., 2024). Results are reported in terms of
the non-dimensional wavelength (1/Lwl, the ratio of wavelength to the
ship’s waterline length), vessel speed (Froude numbers Fr = 0.194 and
0.246), and leeway angle ( = 0° — 10°), focusing on their effects on the
added wave resistance coefficient (caw). The following subsections first
present the benchmarking results, followed by a discussion of the
observed parametric trends.

Table 7 compares the total resistance of the case ship, using CFD
results from the present study against the EFD data reported by Garad
et al. (2024). To improve the clarity and visibility of the values in
Table 7, Fig. 8 was generated. The comparison includes calm-water
conditions—serving as the baseline resistance at a Froude number of
0.194—as well as regular waves with frequencies ranging from 0.700 Hz
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Comparison of EFD and CFD values at regular wave and calm water conditions in model scale at Fr = 0.194 (for 0° leeway angle).
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Wave frequency Enc. wave oaw by oaw by oaw diff. bet. Crm (x10%) Crm (x10%) Crpy diff. bet. Crm by Crm by Diff. bet. EFD
(0) [Hz] period (Te) [s] EFD CFD EFD and CFD by EFD by CFD EFD and CFD EFD CFD and CFD [%]
Regular wave conditions Calm water conditions
0.700 0.983 5.848 4.118 —29.58% 6.405 5.943 —7.22% 5.335 5.249 —1.63%
0.732 0.927 6.138 3.443 —43.91% 6.457 5.829 -9.73%
0.768 0.869 5.339 3.120 —41.57% 6.311 5.774 —8.51%
0.858 0.749 2.746 2.801 1.99% 5.837 5.721 —2.00%
1.086 0.540 2.177 2.615 20.10% 5.734 5.689 —0.77%
Note: EFD analysis results were taken as the reference for deviation calculations.
-3
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Fig. 8. Results of the EFD and CFD methods under regular wave and calm water conditions at Fr = 0.194 (for 0° leeway angle).

to 1.086 Hz. In the regular-wave towing tank tests, sinusoidal waves
were applied, while the model ship’s forward speed (1 m/s) and wave
amplitude (0.015 m) were kept constant.

Table 7 presents a comparison between the available CFD findings
and the experimental data (EFD). The mean deviation in the total
resistance coefficient (Cr,,) remains within acceptable limits, amounting
to 1.63% in calm water and 5.65% under regular wave conditions.
However, examination of the added wave resistance coefficient (caw)
reveals that these relatively small differences in total resistance led to
more pronounced discrepancies in o4y, particularly at 0.732 Hz, where
a deviation of 43.91% is observed. This behaviour arises from the high
sensitivity of the wave amplitude square ({2) term in the denominator of
the oaw formulation. Numerical attenuation of the incident wave
amplitude is therefore identified as the primary source of this non-linear
sensitivity.

To ensure methodological consistency and alignment with current
ITTC recommendations, the attenuated wave amplitude measured at the
CFD wave probe, 0.0144 m, was used in the calculation of 64, instead
of the theoretical wave amplitude of 0.015 m. This adjustment led to
improved agreement between the CFD and experimental results,
particularly at higher wave frequencies, with deviations of 1.99% at
0.858 Hz and 20.10% at 1.086 Hz.

Overall, the discrepancies observed in o4y can be attributed in part
to the pronounced non-linear behaviour of low-frequency waves near
resonance conditions, as well as their increased sensitivity to transient
reflections, potentially originating from the experimental tank bound-
aries. Despite these effects, the consistent trend observed across the
investigated frequency range and the high level of accuracy in the short-
wave regime indicate that the adopted numerical configuration is suit-
able for analysing the coupled effects of leeway and waves. This level of
agreement supports further investigations, as outlined in Table 8, which
extend the analysed wave frequency range downward from 0.700 Hz to
0.450 Hz and include a broader set of leeway angles (0°, 2.5°, 5°, 7.5°,

Table 8
The outline of the regular wave condition CFD analysis.

Wave frequency Wave period Encountering wave Wavelength ()

(o) [Hz] (Tr) [s] period (Te) [s] [m]

for Fr for Fr

0.194 0.246
0.450 2.222 1.721 1.621 7.710
0.500 2.000 1.511 1.416 6.245
0.550 1.818 1.340 1.251 5.161
0.600 1.667 1.200 1.115 4.337
0.650 1.538 1.083 1.001 3.695
0.700 1.429 0.983 0.906 3.186
0.732 1.366 0.927 0.852 2.914
0.750 1.333 0.897 0.824 2.776
0.768 1.302 0.869 0.797 2.647
0.858 1.166 0.749 0.682 2.121
1.086 0.921 0.540 0.486 1.324

and 10°).

For any given leeway angle, the total resistance is consistently higher
in waves than in calm water (Fig. 9), demonstrating the presence of
wave-induced added resistance. In both calm water and waves, resis-
tance increases with leeway angle, with the effect becoming more pro-
nounced at larger angles (e.g., from 5° to 10°). Wave frequency also has
a marked influence: for many leeway angles, resistance rises as fre-
quency decreases from 1.086 Hz, reaching a peak around 0.600 Hz,
before diminishing at higher frequencies. This highlights the critical role
of wave conditions within the 0.550-0.650 Hz range at this Froude
number. Calm-water resistance values provide benchmarks for each
leeway angle, enabling direct comparison. Overall, the increase in
resistance due to waves depends on both leeway angle and wave fre-
quency, with the most pronounced added resistance occurring within
the peak period (0.550-0.650 Hz) and at higher leeway angles. Conse-
quently, the maximum total resistance in the examined range is
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Fig. 9. Cryy, values of the model ship for various leeway angles in regular waves and calm water at Fr = 0.194.

observed at a leeway angle of 10° and a wave frequency of 0.600 Hz.

To evaluate the non-linear coupling between leeway and wave ef-
fects, a superposition analysis was conducted. As shown in Table 9, for
the case with Fr = 0.194 at a wave frequency of 0.600 Hz, the increase in
resistance coefficient due to leeway alone (0.0019705) and due to waves
alone (0.0013290) sums to 0.0032995. In contrast, the resistance coef-
ficient increases measured under the combined wave-leeway condition
is 0.0033390, which is approximately 1.2% higher than the linear su-
perposition. This synergistic effect is attributed to modifications in the
pressure field and enhanced wave generation on the leeward side of the
hull, as evidenced by the asymmetric free-surface patterns shown in
Fig. 13. These results indicate that neglecting the coupled effects of
leeway and waves can lead to an underestimation of the total resistance
experienced by vessels operating under wind-assisted propulsion con-
ditions in realistic sea states.

Fig. 10 presents the total resistance in both regular wave and calm-
water conditions at a velocity corresponding to Fr = 0.246. The over-
all trend is similar to that observed at Fr = 0.194; however, the absolute
resistance values increase with the higher velocity.

Fig. 11 illustrates the behaviour of the added resistance coefficient
due to waves (o) as a function of the non-dimensional wavelength (4
/Lwl). Results are shown for five leeway angles (5; 0°, 2.5°, 5°, 7.5°, and
10°) at a constant speed corresponding to Fr = 0.194. Across all cases,
oaw increases with wavelength, reaching a peak when 1 /Lwl ~ 1.6), and
then decreases as the relative wavelength becomes larger. Increasing the
leeway angle generally (except for 2.5° leeway) yields higher 4y values
over most of the examined wavelength range, with the effect being most
pronounced near the peak region and at shorter wavelengths. When a
vessel moves with a small leeway angle, as concluded in this research for
the 2.5° leeway angle, the flow of water around the hull is slightly
asymmetric, which may lead to a beneficial modification of the pressure
field and wave system, particularly in the presence of head waves.
Moreover, for the longer waves (1/Lwl > 1.6), oaw decreases and the
influence of leeway angle diminishes, as indicated by the convergence of
the curves.

Fig. 12 shows the added resistance coefficient due to waves at a
higher velocity corresponding to Fr = 0.246. While the general

Table 9
Values for the synergistic effect calculation for 0.600 Hz at Fr = 0.194.

Scenarios Resistance coefficient [Crp] Increase value for Crp,
Calm water, g = 0° 0.0052468 -

Calm water, = 10° 0.0072173 0.0019705

Regular wave, f = 0° 0.0065758 0.0013290

Regular wave, = 10° 0.0085858 0.0033390

trend—an increase from shorter wavelengths, a peak, and a subsequent
decrease in longer waves—mirrors the lower-speed condition, several
distinctions are evident. At this speed, the maximum o,y shifts to a
slightly higher wavelength ratio (1/Lwl~ 1.7) and its peak value is
marginally lower than that observed at Fr = 0.194. As with the lower
Froude number, increasing the leeway angle leads to consistently higher
oaw values across most wavelengths. A notable feature at Fr = 0.246 is
the appearance of a local minimum around A/Lwl= 1.1. For longer
waves (1/Lwl > 1.7), the influence of leeway angle diminishes, with the
curves converging in a manner similar to the Fr = 0.194 results.

Fig. 13 provides a visual comparison of the free-surface wave pat-
terns generated by the model ship’s hull at five leeway angles. Contour
lines represent wave elevations, mapping both the diverging and
transverse wave systems. At zero leeway, the wave pattern remains
largely symmetrical; however, increasing the leeway angle introduces
marked asymmetry, visible both in the near-hull region and in the far-
field wake. The disturbance, particularly the divergent waves, in-
tensifies on the side toward which the hull drifts. This visual evidence
aligns with the quantitative results in Figs. 11 and 12, which demon-
strate that higher leeway angles lead to greater energy transfer into
wave generation and correspondingly higher o4y values. Moreover,
analysing the ship’s overall hydrodynamic behaviour requires consid-
eration of both the amplitude (first-order harmonics) and average
(zeroth-order harmonics) of its motions over a defined time period, as
summarised in Table 10.

It is important to note that the observed increase in 64y arises from
the combined effects of oblique wave incidence and leeway-induced
flow asymmetry. While changes in the wave encounter angle modify
wave reflection patterns, a non-zero leeway angle (p) significantly alters
the mean hydrodynamic pressure distribution and generates a quasi-lift
force. This behaviour is reflected in the systematic increase of the zeroth-
order heave component and the pronounced asymmetry observed in the
near-field wake. The results indicate that leeway introduces a synergistic
increase in resistance that exceeds the linear superposition of its indi-
vidual contributions, underscoring the importance of accounting for
coupled leeway-wave interactions when assessing the performance of
vessels equipped with wind-assisted propulsion systems.

Fig. 14 illustrates the vessel’s periodic pitch and heave motions, both
exhibiting a uniform cycle period of 1.2 s over the 6 s analysis interval
(the last 5 encountering wave periods). A clear phase relationship is
evident: the peak pitch angle occurs slightly before the maximum up-
ward heave. The results indicate that the leeway angle has little influ-
ence on the oscillation amplitudes of pitch and heave. Similarly, the
zeroth-order component of the pitch motion remains nearly constant
across all leeway cases. In contrast, the most notable effect of increasing
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the leeway angle is a consistent rise in the zeroth-order heave compo-
nent. This steady increase, independent of the first-order oscillations, is
attributed to changes in the mean hydrodynamic pressure distribution
around the hull. As the vessel assumes a leeway angle, the asymmetric
flow generates a quasi-lift force that alters mean sinkage, effectively

11

raising the hull in the water without significantly affecting its dynamic
response to incident waves. Notably, the heave motion exhibits a
negative zeroth-order component even at 0° leeway, suggesting that
under these conditions the hull submerges below the design waterline on
average.
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Fig. 13. Free surface formation for the 0.600 Hz wave frequency at a Fr of 0.194.

Table 10
Zeroth- and first-order harmonic components of pitch and heave motions under
regular waves at 0.600 Hz and Fr = 0.194.

Leeway Heave [mm] Pitch (0) [deg.]
angles
1st order Oth order 1st order Oth order
harmonics harmonics harmonics harmonics
0° 30.3 —5.06 0.325 0.161
2.5° 31.8 -5.13 0.305 0.150
5° 32.0 —5.48 0.321 0.159
7.5° 321 —6.03 0.343 0.172
10° 321 -6.79 0.370 0.186

Fig. 15 presents the wave cuts taken from three transverse positions
on both the port and starboard sides of the model at five leeway angles
(B) for Fr = 0.246 under regular waves of 0.600 Hz. The measure B
denotes the model’s beam, with positive values representing the port
side and negative values the starboard. A section offset by one beam
width to port from the centreline is designated as the “+B section”. The
rudder axis is located at x = 0 m, with the bow pointing in the +x

[ [3:00

Pitch angle (0) [deg]

74

77
Analysis time [s]

direction. The vertical coordinate system is defined relative to the global
reference frame, with z = 0 m corresponding to the keel line. In these
simulations, the model draught was fixed at 0.17 m, and a positive
leeway angle indicates drift toward port.

The results in Fig. 15 show that increasing the leeway angle amplifies
wave magnitudes on the port side bow region, where the flow is influ-
enced by both incident and ship-generated waves. By contrast, on the
starboard side, the wave magnitudes are comparatively smaller, and in
fact decrease with leeway angle, as this side is unaffected by the
superimposed wave effect. With increasing transverse distance (from B
to 2B), this asymmetry diminishes, and both sides exhibit more similar
wave characteristics. The forward motion of the model in regular waves
produces a pronounced bow wave, where first fluid contact occurs,
governed by the hull geometry and orientation. The modification of the
wave field due to leeway is most significant within the near- and mid-
wake, extending approximately one ship length downstream; beyond
this region, the effect of leeway angle on wave formation becomes
minimal.

Fig. 16 illustrates the relationship between the angle $ and the cor-
responding residual (unstable or imbalanced quantity in CFD) yawing

Heave value [mm)]

78

79

Fig. 14. Pitch and heave motions’ time series of the 0.600 Hz regular wave condition for various leeway angles at a Fr of 0.194.
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Fig. 15. Wave cuts at different sections for a 0.600 Hz wave frequency and Fr = 0.246.

moment coefficient (N'), calculated over the last 5 encountering wave
periods. A remarkable observation is that for all non-zero values of , the
N has a distinct and regular periodic oscillation, similar to a sinusoidal
pattern, with a wave period of 1.2 s. The value of the $ substantially
affects the magnitudes of the residual yawing moment. As f increases,
both the first-order and zeroth-order harmonics of the yawing moment
coefficient significantly increase. At # = 0°, N' remains close to 0, as
expected under symmetrical flow, though this may also reflect a baseline

0.05 — T
——0deg
——2.5deg

Sdeg

0.04 — ——7.5deg
—— 10 deg

0.03 %

\

Z 0.02

level of numerical uncertainty. As f increases, both the zeroth-order and
first-order harmonic components of N’ rise significantly. Specifically, at
B =2.5°, N’ fluctuates between 0 and 0.01; at § = 5°, between 0.005 and
0.025; at g = 7.5°, between 0.005 and 0.035; and at # = 10°, between
approximately 0.005 and 0.050. At this maximum angle, the zeroth-
order harmonic is ~0.027, while the first-order harmonic reaches
~0.040. Across all non-zero f cases, the residual yawing moment is
predominantly oriented in the +z direction, indicating a consistent

0.01 ! !
0

25 35

t/T

Fig. 16. Residual yawing moment coefficients for a 0.600 Hz wave frequency at Fr = 0.194.
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tendency for portside rotation, though with varying magnitude
depending on leeway angle.

Fig. 17 presents the residual rolling moment coefficient (K') over the
last 5 encountering wave periods, classified by leeway angle . The re-
sults reveal a clear positive correlation between g and K. At g = 0°, K
remains close to zero, as expected under symmetrical flow. For non-zero
leeway angles, K exhibits a periodic oscillatory response whose
magnitude increases substantially with $. At g = 2.5°, fluctuations range
approximately from -0.02 to +0.02, while at # = 10°, the range expands
significantly from about —0.08 to +0.11. These results highlight that
increasing leeway induces progressively larger rolling moments, with
well-defined periodicity evident across all non-zero f cases.

Finally, this study offers important quantitative data on relevant
leeway-wave interactions; yet, it is important to understand the partic-
ular scope and limitations of the research. The study primarily focused
on incident head waves, which simplify the stochastic and directionally
distributed properties of real wave conditions. Moreover, assuming a
constant rudder angle (0°) disregards the dynamic effects of steering
systems. To improve environmental realism and the applicability of the
findings, future studies should overcome these limitations by investi-
gating scenarios with irregular waves and various wave directions (e.g.,
oblique and beam waves). Including the dynamic influence of the rudder
would help to fully evaluate ship motions and total resistance. Investi-
gating the responses of various hull forms to these coupled forces pre-
sents significant potential for future research. Adhering to these
recommendations is crucial for improving performance prediction
techniques and thereby promoting energy efficiency in vessel design and
operation in the maritime industry.

5. Conclusions

This study examines the relationship between a ship’s leeway angle
and the frequency of the regular waves it encounters. The objective of
the work was to quantify the combined impact of these factors on the
added wave resistance experienced by the investigated vessel. A nu-
merical methodology was developed to evaluate the vessel’s hydrody-
namic behaviour under various operating conditions through
comparison of CFD simulations with EFD measurements.

To assess the numerical reliability of the CFD model, a verification
study was conducted. The estimated order of accuracy (p) was conser-
vatively limited to its theoretical value of 2.0, in accordance with the
procedures proposed by Eca and Hoekstra (2009), to ensure a robust
estimation of numerical uncertainty. The results indicate that, within
the investigated refinement range, grid resolution has a greater influ-
ence on numerical uncertainty than time-step size. The numerical so-
lutions are shown to be well converged and effectively independent of

012~ I T
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the spatial and temporal resolutions employed, as evidenced by GCI
values remaining at approximately 1%, even after the conservative
adjustment of the accuracy order.

The results indicate that the total resistance of the vessel increases
consistently in both calm water and regular wave conditions when the
vessel is operated with a non-zero leeway angle (8 # 0°) compared to
operation at zero leeway angle (8 = 0°). This study additionally quan-
tifies the substantial influence of the leeway angle on the added wave
resistance coefficient (caw). A peak in 4w was consistently observed
when the wavelength (1) was normalized by waterline length (Lwl) to a
range of approximately i1/Lwl~ 1.6 — 1.7. This range is frequently
associated with resonant pitch and heave responses. The systematic in-
crease of sy across the majority of the wavelengths analysed was a
critical finding related to head seas and increasing /. This increase was
most pronounced in the shorter wave spectrum (4/Lwl < 1) and near the
aforementioned maximal resistance wavelength. Visualizations of the
free surface wave patterns corroborated these quantitative results by
demonstrating an increase in wake asymmetry and more energetic wave
generation, particularly on the leeward side, as f increased. This
observation is consistent with higher resistance and greater energy
dissipation. Although $ was discovered to have a substantial impact on
the vessel’s zeroth-order harmonics of the heave motion, which may be
attributed to changes in the effective submerged geometry and hydro-
dynamic pressure distribution, its impact on pitch and heave motions’
first-order harmonics was less pronounced within the scope of this
investigation. Furthermore, the magnitude and fluctuating properties of
the residual yawing and rolling moments were affected by the g, which
significantly influences their magnitude. The consistent in-phase oscil-
lations, with amplitudes directly related to # for non-zero moment
values, emphasize its substantial impact on the monitored dynamics.
These results have direct implications for the development of course-
keeping algorithms and control strategies, providing crucial insights
into the system’s behaviour under various drift conditions.

The findings of this study highlight the critical importance of ac-
counting for leeway angle dynamics in ship hydrodynamic assessments,
particularly when evaluating the performance and fuel consumption of
vessels equipped with Wind-Assisted Propulsion Systems. Such systems
inherently generate side forces that often result in non-zero leeway an-
gles during operation. The interaction between leeway-induced flow
asymmetry and wave-induced phenomena produces a synergistic in-
crease in resistance, which is significantly greater than the simple sum of
calm-water leeway resistance and wave-added resistance at zero leeway.
Neglecting this coupled effect risks a substantial underestimation of
propulsion requirements and fuel consumption in realistic operating
conditions where both waves and leeway are present.

The synergistic increase in resistance resulting from the interaction
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Fig. 17. Residual rolling moment coefficients for a 0.600 Hz wave frequency at Fr = 0.194.
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between leeway-induced flow asymmetry and wave-induced phenom-
ena exceeds the simple linear superposition of calm-water leeway
resistance and wave-added resistance at zero leeway. For example,
under combined conditions at a Froude number of 0.194 and a wave
frequency of 0.600 Hz, the measured resistance increase was 1.2%
greater than the sum of the individual contributions. This non-linear
increment is attributed to amplified wave generation and a modified
pressure distribution on the leeward side of the vessel. Under realistic
operating conditions, where waves and leeway occur simultaneously,
neglecting this coupled effect may therefore lead to an underestimation
of propulsion requirements and associated fuel consumption.

It is also acknowledged that a non-zero leeway angle induces a
rolling moment. In the present study, this effect was not captured, as
only heave and pitch motions were released in order to isolate the pri-
mary vertical responses. Constraining the roll degree of freedom rep-
resents a methodological limitation, since allowing roll motion could
further modify the effective submerged geometry and the associated
added resistance characteristics. Consequently, future studies should
consider employing a three-degree-of-freedom model to enable a more
comprehensive assessment of vessel dynamic performance under drift
conditions.
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