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Driven by environmental policies, the maritime sector is increasingly utilising sustainable energy sources, with
wind energy emerging as a primary strategy for achieving zero-carbon emissions. These wind-propulsion devices
augment the ship’s propulsion, while the lateral force they generate causes a yawing moment that induces a
leeway angle and added resistance. This study uses computational fluid dynamics (CFD) simulations to inves-
tigate the hydrodynamic behaviour of a ship at various leeway and rudder angles. It also examines how the
leeway angle affects the wave-making resistance coefficient at different speeds. Model-scale evaluations were
first performed with 0° rudder and 0° leeway (straight-ahead) at ship speeds from 8 to 14 knots. Then, the effects
of various leeway and rudder angles were investigated at 11 and 14 knots. The combination of a 10° leeway angle
with a 20° rudder angle was identified as the worst-case scenario, causing approximately a 100 % increase in
total resistance at 11 knots and a 40 % increase at 14 knots in calm water. Understanding the hydrodynamic
behaviour under these conditions is crucial for improving ship design and operational strategies, ultimately
contributing to zero-carbon maritime transportation goals.

1. Introduction encouraging the adoption of greener technologies and enhancing oper-
ational efficiency in practices. Shipowners must now adopt the Ship
Energy Efficiency Management Plan (SEEMP), which details specific

energy-saving measures and vessel adjustments to adhere to IMO reg-

1.1. Context

In the field of maritime transportation, striving for efficiency and
optimal vessel performance remains an ongoing effort. The resistance
encountered by a ship as it moves through water is a significant factor
that affects fuel efficiency, travel time, and operational expenses. Naval
architects and marine engineers endeavour to reduce resistance by
employing advanced hull designs, propulsion systems, and operational
methodologies. However, providing accurate predictions and reducing
resistance requires an in-depth understanding of the complex in-
teractions between a vessel and its surrounding environment.

Simultaneously, environmental regulations are pushing the maritime
industry to minimise its carbon footprint. The International Maritime
Organization (IMO) regulatory framework plays a crucial role in

ulations (Yalama et al., 2022). To achieve international sustainability
targets, the integration of technological advancements with renewable
energy solutions is essential. For example, wind-assisted propulsion
systems (WAPS) may enable the maritime industry to meet these goals
(Chou et al., 2021; Oduro et al., 2024).

1.2. Literature review and scientific challenges

Wind-assisted propulsion systems (WAPS), such as Flettner rotors,
wing sails, and kites, are being incorporated into ships to decrease fuel
consumption and emissions. WAPS technologies utilise wind energy to
propel vessels, leading to significant fuel savings and reduced emissions.
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For instance, Talluri et al. (2018) carried out a case study on a merchant
vessel equipped with Flettner rotors, indicating that the implementation
of these rotors could lead to a reduction of fuel costs by as much as 20 %,
along with a notable decrease in CO3 and NOy emissions. Furthermore,
Pradana et al. (2022) emphasised that the fuel savings achieved through
Flettner rotors can vary from 0.4 % to as high as 50 %, influenced by
different environmental factors including wind angle and velocity.
Additionally, a study conducted by Seddiek and Ammar (2021) illus-
trated that Flettner rotors have the potential to achieve annual fuel
savings of as much as 22.28 % for bulk carriers. This is consistent with
the findings from the Enercon E-Ship 1, which realised fuel savings of
around 22.9 %, following the installation of four Flettner rotors
(Schmidt, 2013). In a case study by Issa et al. (2022), for a vessel routed
across the Adriatic Sea, possible fuel savings were analysed using wind
data from Copernicus Marine Services. From the wind data of the route,
it was concluded that an average of 12.5 % in fuel reduction is possible if
calculated using monthly mean wind values. Furthermore, it was found
in another study that the aerodynamic efficiency of the wingsails is
critical to gain a meaningful thrust contribution (Viola et al., 2015).
Wang et al. (2022) presented that the propeller thrust decreased by
about 10 % when sailing crosswind, and the maximum benefit was
achieved by sailing at low speed in strong wind conditions.

Improvements in control systems and vessel design are enhancing
these technologies for different wind conditions. To maximise the ad-
vantages of the aerodynamic forces generated by WAPSs, Dupuy et al.
(2023) analysed both the forces affecting ship hydrodynamics and those
contributing to propulsion benefits through route optimisation. Upon
examining Flettner rotors, suction wings, and wing sails individually,
they found that the Flettner rotor yielded the most favourable results in
the optimisation process. Werner et al. (2023) emphasised that opti-
mising the design of wind-assisted propulsion systems—aimed at
enhancing energy efficiency and reducing carbon emissions on
ships—requires a comprehensive evaluation of aerodynamic, hydrody-
namic, control, routing, and logistical processes in an integrated
manner. Accordingly, they argued that new designs necessitate more
complex decision-making mechanisms compared to retrofit systems.
Thies and Ringsberg (2023) highlighted the importance of WAPS device
placement and the non-linear benefits of high lift-to-drag sails in larger
systems. Key factors for accurate predictions include sail lift, hull drift
drag, and wind angle. In conclusion, they emphasised that the impact of
a large sail area on drift uncertainties represents a particularly complex
aspect of WAPS design. However, a key disadvantage of wind-assisted
propulsion systems is their tendency to generate a leeway angle dur-
ing cruising due to the lateral forces (Charlou et al., 2023), which then
necessitates rudder deflections to maintain course.

The leeway angle is a critical hydrodynamic parameter: it alters the
hull’s effective angle of attack, which in turn changes the pressure dis-
tribution on the hull surface and modifies flow patterns and drag (Elger
et al.,, 2020; Galic¢ et al., 2022; Sun et al., 2015). Experimental in-
vestigations also show that an increase in rudder angle results in an
overall increase in ship resistance (Bi et al., 2024; Lu et al., 2023).
However, in practice, the dynamics of this relationship are further
complicated by the presence of the propeller, which significantly in-
fluences the flow conditions encountered by the rudder through its
wake. The interaction may result in complex flow phenomena, including
vortex shedding and cavitation, which can negatively impact the func-
tionality of both the rudder and the propeller (Lu et al., 2023; Song et al.,
2022), resulting in both increased resistance and suboptimal manoeu-
vring (Park et al., 2021; Sunarsih et al., 2024).

To date, Saydam et al. (2022) have examined the impact of leeway
angles on ship resistance at 5-degree intervals within a range of 0°-15°,
combined with heel angles of 5° and 10°. They concluded that the in-
fluence of heel on resistance can be considered negligible up to 10°. The
leeway angle was observed to increase the viscous component of resis-
tance beyond 5°. Additionally, asymmetry in wave formation and
pressure distribution resulted in an increase in the normal component of
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resistance as leeway angle grew. Consequently, it was noted that the
hull’s tendency to generate side force aligns with expectations, with the
force increasing proportionally to the leeway angle. Separately, Zhang
et al. (2024b) analysed leeway angles of 0°, +10°, and —10° in their
study. For a 0-degree leeway angle, they utilised a static rudder angle
ranging from —35 to +35° in 5-degree increments. Their findings
showed that during straight-ahead motion, a rudder angle of 35°
resulted in approximately a 20 % increase in total resistance. This in-
crease was much more modest (approximately 2.5 %) for rudder angles
up to 10°. When assessing the effect of a 10-degree leeway angle with the
rudder at zero degrees, the resistance increase was limited to 30 %. The
combined effect of a +10-degree leeway angle and a rudder angle
resulted in an approximately 33 % increase in total resistance compared
to the reference value. In addition, Reche-Vilanova et al. (2021) evalu-
ated the impact of three different wind-assisted propulsion systems on
the energy efficiency of ships under various operational conditions. Ship
performance was assessed by considering factors such as velocity, wind
speed and direction, as well as rudder angles of —20° and +20° at leeway
angles of —10° and +10°. Rotor sails were determined to be the most
efficient WAPS based on force generation per square meter of antici-
pated sail area, achieving 7.76 % normalised efficiency. Most recently,
Hosseinzadeh et al. (2025) presented a high-quality experimental
dataset for a model-scale KCS ship tested in calm water and waves,
aimed at improving the understanding of hull-propeller-rudder in-
teractions under various leeway, rudder, propeller, and wave condi-
tions. The results obtained were used for comparison with performance
data from both calm water and regular wave condition tests previously
conducted by other researchers. Additionally, they asserted that
defining a ship’s hydrodynamic properties, supported by a compre-
hensive examination of vessels with WAPS, ultimately aids ship design
optimisation for improved efficiency and reduced emissions.

In summary, leeway and rudder angles significantly impact ship
resistance and manoeuvrability. Studies show that even modest leeway
angles can significantly increase viscous resistance. Resistance typically
increases with rudder angle, and combinations of leeway and rudder
angles, further complicated by the propeller-rudder interactions, can
lead to even greater resistance increases.

1.3. Paper contribution and outline

The main strength of this paper lies in its comprehensive verification
methodology, which distinctively combines CFD simulations with
model-scale experimental data and full-scale sea trial results provided by
the ship’s operating company, resulting in a more detailed verification
than is often found in related literature. This study also performs an
extensive parametric analysis of the combined impacts of various leeway
and rudder angles on ship resistance, specifically measuring their in-
fluence on the wave-making resistance coefficient —a depth and focus
not routinely seen in available literature. The study utilizes an advanced
CFD methodology, adopting a numerical planar motion mechanism
approach with the Dynamic Fluid Body Interaction (DFBI) model to
accurately simulate ship motions (free to trim and sink for this study) in
Star-CCM + version 18.04.008, and with a detailed verification analysis,
thereby enhancing the reliability of its results on hydrodynamic forces.
These factors combined offer substantial insights into optimising ships
with wind-assisted propulsion.

The paper is organised as follows: Section 2 details the case ship,
describes the methodologies for resistance calculation, and Section 3
outlines the validation and verification process. Section 4 presents the
results and key findings. Finally, Section 5 offers conclusions and rec-
ommendations for future work.

2. Research methodology

The study leveraged data from sea trials and experimental fluid dy-
namics (EFD) methodologies to enhance the reliability of CFD analyses.
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By benchmarking both numerical and experimental techniques, an
efficient framework for ship performance analysis was developed.

2.1. Case study ship model

Fig. 1 illustrates the ship’s hull, and the coordinate system used in
this study. The coordinate system was defined according to the right-
hand rule: the keel lies along the x-axis (bow in +x direction), the
port side is +y, and +z extends upward (opposing gravity). Wind-
assisted propulsion devices generate aerodynamic forces, including a
lateral (side) force component resulting from the wind. This lateral
force, applied at the device’s position on the ship, creates a lever arm
relative to the vessel’s centre of gravity (CoG), thereby producing a
yawing moment. This rotational moment alters the ship’s heading,
affecting its directional stability and potentially requiring rudder ad-
justments to maintain the desired course. Additionally, the technical
specifications of the ship and its scaled model correspond to a 1:32
model-to-full scale ratio, are given in Table 1.

2.2. Resistance calculations

This section outlines the methods employed for the ship resistance
analyses. A precise calculation of a vessel’s resistance is essential for
optimising both the design and operation. This includes a comprehen-
sive analysis of complex hydrodynamic forces, with various approaches
being established to tackle this issue. As mentioned above, this study
emphasises the computational fluid dynamics methodology by high-
lighting the critical importance of experimental data gathered from
towing tank tests and sea trials.

The towing tank experiments for the scale model were conducted in
the University of Southampton’s Boldrewood towing tank in 2024
(Garad et al., 2024). The facility measures 138 m in length, 6 m wide,
and has a water depth of 3.5 m. The resistance experiments were con-
ducted at two speeds (at 0.194 and 0.246 Froude numbers, corre-
sponding to 1 m/s and 1.273 m/s, respectively), with the model towed in
calm water for each case. Additionally, experimental uncertainty was
evaluated at a model speed of 1 m/s through five repeated runs. More-
over, sea trials conducted by the ship operator at 1-knot speed in-
crements (8-14 knots) provided real-world verification and a calibration
basis for extrapolated model-scale results. Resistance tests at these
speeds directly compared CFD and experimental results under condi-
tions without leeway or rudder angles.
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Table 1

The particulars of the case hull.
Particular Value Unit

Ship Model

Displacement volume 5865 0.179 m®
Draft amidships (T) 5.45 0.170 m
Waterline length (L) 87.10 2.722 m
Beam maximum 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 -

2.2.1. Dimensionless numbers

The fundamental distinction between model-scale and ship-scale is
characterised by the Reynolds number (Re) in Eq. (1), where p is the
density of fluid [kg/m®], V is for the ship or model speed [m/s], L rep-
resents the characteristic length (ship or model) [m], and y is used for
the dynamic viscosity of the fluid [Ns/m?]. For model-scale analysis, Re
is around 10°, and for ship-scale assessments, it is around 108.

oL
H

The Froude number (Fr), as indicated in Eq. (2), is another crucial
dimensionless parameter in naval architecture, with g denoting the ac-
celeration due to gravity.

Fr= L 2)

VL

Reynolds and Froude numbers ensure dynamic similarity between
model tests and full-scale ships, making them vital for ship resistance
calculations. Re drives viscous resistance scaling (Korkmaz et al., 2021),
while Fr governs wave-making resistance scaling (Mikkelsen et al.,
2019). Thus, extrapolating model test findings to predict full-scale ship
resistance requires knowing Re and Fr (Elsherbiny et al., 2020).

For each CFD simulation case defined by a model speed, leeway
angle, and rudder angle, the side force (Fy) and yawing moment (M,) on
the model were obtained. All of these forces and moments were recorded
as time histories (just as resistance is tracked over time). This approach
captures detailed hydrodynamic properties of the ship’s hull. Equations
are given for Y’ and N/, describing the non-dimensional values of side
force and yawing moment coefficients, respectively, in Eq. (3) and Eq.
(4) (ITTC, 2024).

Re= (@]

positive |
rudder \
angle

Fig. 1. The hull form of the ship and global coordinate system.
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Fy

Y= ®
M,
N =G @

where, Uc is for the carriage speed (that is called the overset region’s
advancing velocity for CFD) [m/s] and T represents the draft [m].

2.2.2. Extrapolation calculations

Despite extensive research and numerous experiments, scaling
viscous forces remains a persistent challenge (Terziev et al., 2021). The
International Towing Tank Conference (ITTC) recommends using a
method that accounts for the 3D viscous effects on a ship’s surface to
achieve a more accurate evaluation of those forces. This approach uti-
lizes the form factor (1+k), which is assumed to be consistent for both
the model and the ship, regardless of the ship’s speed.

Crs = Crs(1+k) + ACp + Ca + Cy + Cans )

where.

Crs: total resistance coefficient for ship
Crs: frictional resistance coefficient for ship
ACr: Roughness allowance

C,: Correlation allowance

Cw: wave resistance coefficient

Caas: air resistance coefficient

Cw =Crm — Cru(1 +k) (©)

The ITTC-1957 frictional resistance coefficient is calculated using Eq.
(7)
0.075
Cr=——""> 7
(logyo Re — 2)

However, several methods are available for determining the fric-
tional resistance coefficient. One of the most widely used is the Prohaska
(1966) method, which employs low Froude number resistance data so
that the wave-making component can be neglected (Purnamasari et al.,
2022); the coefficient is then obtained from Eq. (8).

Cv
1+k=— 8
+ G (8)
Another widely used approach is the Hughes formula for the
frictional-resistance coefficient, presented in Eq. (9).
0.066

o ©
" (log,o Re — 2.03)°

The form factor of the case study ship model was calculated using
double body CFD analysis. Double body simulations employ a symmetry
plane instead of a free surface, which inherently means the wave resis-
tance coefficient is zero. Consequently, Eq. (6) is expressed as Cry =
Cmu(1 + k). For context, in multiphase simulations (which include a free
surface), the total resistance coefficient is typically decomposed into
pressure resistance (Cp) and frictional resistance (Cr); thatis, C; = Cp +
Cr. In such cases, Cp includes contributions from both viscous pressure
and wave generation. In the double body simulations discussed here,
however, since Cy = 0, the total resistance consists of the viscous
pressure resistance coefficient (Cyp) and the frictional resistance coef-
ficient (Cr); Cr = Cyp + Cr (Terziev et al., 2019). Eq. (10) was then used
in this study to determine the form factor (1 + k).

1+k= CTdouble body / CFdaublu body (10)

2.2.3. Computational fluid dynamics methodology
The Navier-Stokes equations are partial differential equations that
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describe the motion of viscous fluids. However, solving these equations
precisely is difficult, especially in turbulent flows. The Reynolds-
averaged Navier-Stokes (RANS) equations form the basis of many nu-
merical models used in ship-hydrodynamics studies. In the RANS
approach, flow variables such as velocity and pressure are decomposed
into mean and fluctuating components, and the governing equations are
then written for the time-averaged quantities. This averaging procedure
captures the effects of turbulence without requiring every instantaneous
fluctuation to be resolved. While steady-state RANS offers only a coarse
time-averaged picture of the flow, unsteady RANS (URANS) simulations
capture the temporal evolution of turbulence in far greater detail. As
noted earlier, the Reynolds-averaged Navier-Stokes equations were
solved in this study with the commercial CFD package Star-CCM+
(CD-Adapco, 2023).

2.2.3.1. Computational domain and boundary conditions. The CFD
boundary conditions were chosen to mimic the physical characteristics
of the towing tank. However, the CFD analyses were themselves per-
formed in a virtual tank domain replica measuring 6 m in width and 3.5
m in water depth. The fluid volume was configured to sustain a 50-s
analysis period at each towing speed, featuring a 2-m air layer above
the water. Domain lengths of 60 m and 74 m were used for Froude
numbers 0.194 and 0.246, respectively, to replicate the carriage motion
in the physical tank. To mirror the experimental setup, the side and
bottom surfaces of the domain were modelled as no-slip walls (grey in
Fig. 2). The area behind the hull was set as a pressure outlet (red) to
allow the model’s wake to exit. It should be noted that the wave pattern
in the simulation was generated by the hull-fluid interaction at the free
surface, not by the outlet boundary. The outlet’s role is simply to
terminate the domain and let waves exit without reflection; a 1.4 m
damping zone was applied near the outlet to absorb outgoing waves. The
bow-facing outer surface and the top surface (green surfaces) were
designated as velocity inlets to establish a calm water condition. In this
study, the ship’s movement was managed using an overset mesh;
therefore, the inlet boundaries for both water and air were assigned a
velocity condition of 0 m/s, mimicking a captive towing tank experi-
ment. Fig. 2 illustrates the ship’s hull (black surfaces) along with the
overset domain surrounding the model (yellow surfaces), and the other
domains. The simulation employs an overset mesh in which a region
containing the ship’s hull translates along with the hull’s movement.
This moving region is superimposed onto a stationary background mesh
that represents the entire computational domain. A key advantage of
this method is the reduction of computational expense while main-
taining fine mesh resolution near the hull and free surface.

2.2.3.2. Mesh generation, overset mesh and y" value selection. The
trimmer mesh serves as an effective tool for simulating complex geom-
etries in Star-CCM+. When implemented effectively, it significantly
boosts the accuracy of fluid dynamics simulations and increases
computational efficiency. To improve the accuracy and reliability of the
simulation results, mesh elements were refined in areas where water and
air interact, especially close to the ship hull and the free water surface.
During this process, zones of volumetric mesh refinement (with varying
extents) were established. Fig. 3 illustrates portions of the mesh struc-
ture used in this study (approximately 20 million cells for the Fr 0.194
case).

The representation of the CFD boundary layer is influenced by tur-
bulence modelling. Pena et al. (2020) also observed that the selection of
a turbulence model can significantly impact boundary layer predictions;
however, the literature lacks definitive guidelines for choosing numer-
ical modelling methodologies for ship boundary layers.

In this study, overset mesh technology was utilised to prevent mesh
distortion during large-amplitude movements. In essence, the overset
mesh serves as a numerical analogy to the towing tank’s moving car-
riage, enabling analysis of vessel motions and performance under
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Fig. 2. Definition of boundary conditions.

] e

Fig. 3. Generated computational mesh.

various conditions.

The accurate selection of time step and y* values is essential to 0= T, an
ensure the precision, stability, and efficiency of CFD simulations, P
particularly in scenarios that involve turbulence and wall-bounded . . .
flows, such as ship resistance analysis. The ITTC guidelines (ITTC, Non-dimensional wall velocity (u™):
2014) are expressed in terms of the non-dimensional wall distance of the L u
first point from the wall, y*, as illustrated in Fig. 4 for the ship’s hull. - 12)
Maintaining a uniform y" distribution on the hull is crucial for simula- Non-dimensional wall distance (y*):
tion accuracy, especially in resolving the boundary layer. In this study,
the target y* (y" value of 30) was consistently achieved under all speed yr= & y (13)
conditions, according to our numerical analysis. H

Friction velocity (u"):
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.
The choice of turbulence model and the associated wall treatment

Fr0.141 - Fr 0.158

<30 543 5.0 P 98 5.0
. —— S r— . S e———

Fr0.176 Fr0.194
. <0 Ex 555 . o= o Iy
Fr 0.211 - Fr0.229
<30 s m L oew .
Fr 0.246 .

. <w 700
e S e

Fig. 4. Distribution of y* values on the hull surface.
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strategy is directly dependent on the required near-wall mesh resolution,
y*. Since the use of wall functions is preferred, a relatively coarse mesh
targeting y*>>30 is appropriate, positioning the first cell within the log-
law region. This decision reflects a balance between near-wall accuracy
requirements and computational cost, and verification of the resulting
y " values after simulation is essential to ensure compatibility with the
selected turbulence modelling approach.

2.2.3.3. Physics modelling. The finite volume method was utilised to
conduct ship resistance analyses using Star-CCM+, which offers a high-
resolution interface-capturing (HRIC) methodology that improves the
characterisation of the free surface. Consistent alignment between the
overset domain and the towing tank domain ensures accurate tracking of
the ship’s position, providing an ideal framework for modelling ship-
water interactions.

The Volume of Fluid (VOF) method, in conjunction with the K-e
Realizable turbulence model, offers a strong foundation for simulating
intricate multiphase flows (Atreyapurapu et al., 2014), where precise
modelling of interfacial dynamics and turbulent mixing is crucial. The
VOF method accurately captures the changes in the fluid interface, while
the K-e¢ Realizable model reliably presents (or predicts) turbulent
stresses. Together, they provide valuable insights into flow behaviour,
supporting the optimisation of designs across various engineering
applications.

Resistance analyses in calm water conditions for the ship model were
conducted using water properties with a density of 999.1026 kg/ m® and
a dynamic viscosity of 0.001138 Pa.s. Air properties were specified as a
density of 1.18415 kg/m® and a dynamic viscosity of 1.855x10~° Pa.s.

As mentioned previously; to accurately replicate the ship’s dy-
namics, the Dynamic Fluid Body Interaction (DFBI) model was
employed, allowing the vessel to trim and sink freely. This approach
enables the RANS solver to calculate the hydrodynamic forces and
moments acting on the hull, which are then used to solve the rigid body
motion equations and update the vessel’s position and orientation
accordingly.

2.2.3.4. Time step selection and CFL calculations. To ensure accurate
turbulence modelling, all simulations employed a fixed time step of
0.004 s and a second-order time-discretisation scheme. In comparable
studies, the time step value is typically limited to an upper limit of
0.0035L/U, where L is for model length [m] and U defines model speed
[m/s]. The time step employed in this study adheres to this guideline,
being below the upper limit for the Froude numbers of 0.194 and 0.246.

The Courant-Friedrichs-Lewy (CFL) number —a dimensionless ratio
of local flow velocity to numerical-grid travel distance- is a key stability
criterion for time-dependent simulations. A value below 1 is generally
recommended, and this guideline was observed in the present study (see
Table 2). The exact upper limit, Cpqy, can vary with the problem type, as
indicated by Eq. (14) and the ITTC guidelines (ITTC, 2014).

At|u
L < Chax (14)
Ax
where.
Table 2
Numerical solution parameters related with CFL number.
Vs [knot] Vi [m/s] At [s] Ax [m] CFL
8 0.727 0.004 0.00625 0.466
9 0.818 0.004 0.00625 0.524
10 0.909 0.004 0.00625 0.582
11 1.000 0.004 0.00625 0.640
12 1.091 0.004 0.00625 0.698
13 1.182 0.004 0.00625 0.757
14 1.273 0.004 0.00625 0.815
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At: is for the time step [s]
u: is for the local velocity [m/s]
Ax: is for the mesh length on the longitudinal direction [m]

For consistency with the base-mesh dimensions adopted in the un-
certainty analysis (see Verification Study), the streamwise cell size was
fixed at Ax = 0.00625 m. At this resolution, the chosen time step keeps
the CFL number safely below 1.

3. Verification study

The convergence test is an essential element of computational
modelling. It quantifies the uncertainties in model inputs, tracks how
they propagate through the simulation, and assesses their impact on the
results’ reliability. Over the years, many researchers have proposed
strategies to reduce numerical discrepancies (Coleman et al., 2001; Eca
et al., 2010; Roache, 1998; Wackers et al., 2017; Wilson and Stern,
2002).

A series of geometrically comparable grids are necessary to estimate
numerical convergence check, ensuring consistent grid attributes and a
proportional refinement ratio throughout the computational domain.
Generating a succession of embedded grids by coarsening a fine grid or
refining a coarse grid is feasible with grid generators, and an example of
this series is shown in Fig. 5 (ITTC, 2021).

In applying convergence test to the CFD analysis, we systematically
refined the mesh (see Table 3) and used four time steps (0.008 s,
0.00528 s, 0.004 s, 0.0032 s), resulting in a total of 16 simulations. The
base mesh size was varied (with corresponding adjustments to surface
mesh and boundary layer settings) to produce a series of hull mesh
configurations. Notably, we kept the local hull surface mesh properties
constant across these configurations, so any differences in results reflect
mesh coarseness. As expected, coarser meshes yielded results that
diverged more from the fine-mesh solution (the objective baseline). The
refinement process used for the base mesh size is similarly applied to the
time step values to assess the impact of the computational time step on
the results.

The total resistance values [N] for the model ship operating at a Fr
0.194, with a leeway angle of 0° and a rudder angle of 0°. Table 4 lists
the total resistance values obtained for each mesh/time-step combina-
tion, and Fig. 6 compares the resistance results across different mesh
densities to illustrate grid convergence.

Fig. 6 is provided to help visualize and compare the resistance results
for the different mesh and time-step parameters in the convergence test.

To evaluate the effect of mesh density on the accuracy of solutions in
numerical analyses, the grid convergence index (GCI) is recommended
by Celik et al. (2008). In this study, four distinct mesh structures were
created for the convergence analysis. To assess solution convergence,
the group of mesh structures M3 (coarse), M2 (medium), and M1 (fine)
were analysed, and an MO (extra-fine) mesh was generated for cases
where the convergence criteria were not satisfied. Similarly, a finer time
step of 0.0032 s was used as a reference to assess convergence against
larger time steps (0.008 s, 0.00528 s, and 0.004 s). This approach
ensured that the numerical solution was convergent. Subsequently, the
results related to solution accuracy were determined.

Upon acquiring the aforementioned solutions, one can ascertain if
the solution converges monotonically, oscillates, or diverges. This is
executed according to the convergence ratio, as indicated in Eq. (15)
(Celik et al., 2008).

R=¢y /€3 (15)
where, f1,f2 and f; are the results and changes between medium-fine
(¢21 = f2— f1), and changes between coarse-medium (e32 = f3 — f2).

The convergence conditions defined by the (ITTC, 2021).

e for 0 < R < 1; Monotonic convergence,
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Fig. 5. Example mesh structure cases from coarser (a) to finer (d) (ITTC, 2021).

Table 3
Defined mesh properties of the convergence test for CFD analysis.

Mesh label Mesh name Base mesh sizes [m] Total number of mesh
M3 Coarse mesh 0.500 5,126,579
M2 Medium mesh 0.350 9,754,971
M1 Fine mesh 0.250 20,196,960
MO Extra-Fine mesh 0.175 42,186,892
Table 4

Resistance values, as Newton, obtained by convergence test of CFD parameters.

Base mesh sizes [m] Time steps [s]

0.00800 0.00528 0.00400 0.00320
0.500 6.458 6.639 6.700 6.682
0.350 5.863 5.930 5.826 5.907
0.250 5.613 5.543 5.501 5.490
0.175 5.546 5.505 5.496 5.567

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

To calculate the order of accuracy (p), Eq. (16) is given (Celik et al.,
2008).

In

1
P=ir 832/621’+q(p)’ (16)

where the function g(p) = 0 for uniform refinement ratio, for the non-

uniform refinement ratio it is given in Eq. (17).

(TS
atp) =tn(73=) a7)

where s = sign(esz /€21), refinement ratios between medium-fine (rgl)
and coarse-medium (rg2). Then, the calculation of extrapolated solution
is predicted by Eq. (18).

Joa =(5fr = f2) / (1 = 1) as)

For grid convergence index, Eq. (19) was given.

/(r’él -1) 19)

The objective of this investigation is to analyse the influence of base
mesh size and time-step on convergence assessment, leading to the
derivation of the values presented in Table 5. The results indicate that
the grid convergence has a GCI value of 6.90 %, accompanied by a GCI of
2.98 % for time-step convergence. This shows that the sufficient
convergence criterion was reached by M3, M2, and M1 meshes, and the
time step values of 0.008 s, 0.00528 s, and 0.004 s. It is important to
acknowledge that the implementation of the GCI procedure results in the
generation of an extrapolated solution. The extrapolated solution is
commonly known as the mesh-independent solution. Nevertheless, it is
inappropriate to consider this value (f.) as the definitive solution. This
is due to the inability to establish that such solutions adhere to the
principles of conservation laws.

The convergence study conducted using various parameter values to
assess solution sensitivity, utilised a coarsest base mesh size of 0.500 m

GClL, :1.2#{l —f2
f




B. Goksu et al.

Ocean Engineering 338 (2025) 121952

= 0.008s
+ 0.00528s
0.004s
* 0.0032s
z
3
<
=
g
]
%
-
g
=1
=
s4— — 1 R R M S A S S S N S S R M S 1
0.5 1 1.5 2 25 3 35 4 4.5
Total mesh element quantity %107

Fig. 6. Comparison of resistance values for convergence check.

Table 5
Grid and time step convergence study for total resistance.

R for mesh base size convergence
(with monotonic convergence)

R¢ for time step convergence (with
monotonic convergence)

21, 2.0;1.9 1.32; 1.5
I32

f 5.501 5.501

fy 5.586 5.543

f3 6.700 5.613

R 0.372 0.600

P 1.444 0.628

q 0.170 —0.476
fext 5.197 5.370
GClIy, 6.90 % 2.98 %

and the finest base mesh size of 0.175 m, in accordance with ITTC rec-
ommendations. It is evident that as the mesh size decreased, discrep-
ancies between results diminished, demonstrating mesh independence.
When examining the impact of the time step on the solution, it was
observed that the results remained largely consistent. However, the
impact of the time step increased as the base mesh size increased (i.e.,
mesh became coarser). Conversely, this impact was minimal in analyses
performed with smaller mesh units.

The results were comparable across simulations conducted with time
steps of 0.004 s and 0.0032 s for a base mesh size of 0.250 m. Notably,
using a time step of 0.004 s instead of 0.0032 s for the same base mesh
size resulted in a 25 % reduction in overall solution time. Additionally,
as the mesh is refined (i.e., base mesh size decreases and the total
number of mesh elements increases), the computational time required
for each phase would approximately double with each significant
refinement step. Taking these factors into account, a base mesh size of
0.250 m and a time step of 0.004 s were deemed appropriate for this
study.

As mentioned in Section 2.2.2, the double body model was to
determine the form factor for the extrapolation studies and to calculate
the friction resistance coefficients at model scale. The form factors
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obtained at different speed conditions are presented in Fig. 7. For sub-
sequent calculations, the average form factor value of 1.33 was used.

This research investigates the hydrodynamic behaviour through the
application of computational fluid dynamics simulations alongside
towing tank experiments, specifically validating Froude numbers of
0.194 and 0.246. Seven different speeds were evaluated at both ship
scale and model scale (Table 6). The corresponding Reynolds numbers
and friction coefficients were calculated using Eq. (1) and Eq. (9),
respectively.

Fig. 8 shows the resistance coefficients obtained from CFD for the
zero-leeway, zero-rudder case. As speed (Fr = 0.141-0.246) increases,
the friction coefficient Cp falls, whereas the wave-making resistance
coefficient Cyy rises. These opposing trends almost cancel, producing the
nearly horizontal curve observed for the total-resistance coefficient. The
rise in Cw—which exceeds the compensating drop in Cg—is linked to the
hull form, especially the geometry of the forebody at the first point of
water contact. The combined evolution of Cyw and Cg therefore con-
strains the ship’s energy-efficient operating speed.

Fig. 9 compares resistance values obtained by three methods: CFD,
EFD, and sea trials. CFD and EFD results are shown at both model scale
and full scale (the latter extrapolated as described in Section 2.2.2),
whereas sea-trial data are available only at full scale. Because the sea
trials reflect the vessel’s true operating conditions, they provide the
reference for estimating the main engine’s instantaneous power de-
mand. Accordingly, the numerical and experimental parameters must be
selected so that model-scale results extrapolate realistically to full scale.
In the present study, the extrapolated CFD predictions agree closely with
the sea-trial measurements, and the model-scale CFD results differ from
the EFD data by no more than approximately 10 %. This agreement
confirms that the chosen modelling parameters fairly represent real-
world conditions.

Table 7 compares full-scale resistance values derived from the three
approaches—extrapolated CFD, extrapolated EFD, and sea-trial mea-
surements. The EFD data reported by Garad et al. (2024) were used to
calibrate the CFD model, and the side-by-side evaluation of calibrated

0.20 0.22 0.24 0.26
Fr

Fig. 7. The form factor values at different speed conditions.



B. Goksu et al.

Ocean Engineering 338 (2025) 121952

Table 6
Description of the analysis cases and some key parameters.
Case Fr Vs [knot] Vum [m/s] Re (ship) Re (model) Crs Cem
1 0.141 8 0.727 3.014E8 1.74E6 0.001587 0.003723
2 0.158 9 0.818 3.391E8 1.96E6 0.001562 0.003635
3 0.176 10 0.909 3.767E8 2.17E6 0.001540 0.003558
4 0.194 11 1.000 4.144E8 2.39E6 0.001521 0.003490
5 0.211 12 1.091 4.521E8 2.61E6 0.001504 0.003431
6 0.229 13 1.182 4.898E8 2.82E6 0.001488 0.003377
7 0.246 14 1.273 5.274E8 3.04E6 0.001474 0.003328
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Fig. 8. Resistance coefficients of the model ship at a range of speeds, derived from CFD analysis (rudder and leeway angles are 0°).
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Fig. 9. Total resistance coefficients.

Table 7
Total resistance value differences at ship scale.

Case  Model-scale Full-scale

Difference between
EFD and Sea Trials [%]

Difference between
CFD and Sea Trials [%]

Difference between
CFD and EFD [%]

- 1.19 -
- 1.42 -
- 5.18 -
-7.08
- -2.15 -

- -3.57 -

7.40 —10.26 2.67

NouhwN =
o
w
@

CFD predictions, EFD values, and sea-trial results enables robust con-
clusions. In a comparative analysis of EFD and CFD methodologies, it
was observed that the CFD approach yielded resistance values 6.38 %
higher than those of EFD at a Fr 0.194, and 7.40 % higher at a Fr 0.246.
When comparing both methods against sea trial data, the CFD results
aligned more closely with real-world measurements at Fr = 0.194,

whereas the EFD method showed better agreement at Fr = 0.246.

4. Results and discussion
4.1. Ship resistance in model and full scales

To achieve the study’s objectives, we defined an analysis matrix that
produced 41 distinct resistance values at each speed. These values were
resolved along the x- and y-axes, representing the longitudinal and
lateral resistance components, respectively. The data correspond to five
different leeway angles (0°, 2.5°, 5°, 7.5°, and 10°) and nine different
rudder angles (—20°, —15°, —10°, —5°, 0°, 5°, 10°, 15°, and 20°). The
resistance values were obtained through CFD analyses conducted at
Froude numbers, 0.194 and 0.246. Fig. 10 presents the total resistance
increase ratios at Fr = 0.194 and 0.246. In Fig. 10, each bar chart in-
dicates the increase in total resistance for various combinations of
rudder and leeway angles, relative to the reference case (0° leeway,
0° rudder). Using the zero-angle case as a baseline allows a compre-
hensive evaluation of hydrodynamic behaviour under different oper-
ating conditions.
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Fig. 10. Total resistance-increase ratios at model scale (Fr = 0.194 and 0.246).

The reference values are derived from the CFD analyses conducted
without rudder or leeway angle, specifically at Fr 0.194 and 0.246. The
data indicate that even with zero leeway, deflecting the rudder increases
the longitudinal (x-axis) resistance, primarily due to the rudder’s added
drag (angle of attack effect). For instance, at a rudder angle of 20°, the
total resistance increased by about 5 % at Fr = 0.194, and the lateral (y-
axis) force contributed approximately 20 % of the total resistance
(compared to the calm-water case).

With the rudder fixed at 0°, any non-zero leeway causes added
resistance. For example, at 5° leeway (approximately corresponding to
1 m/s model speed), the longitudinal resistance increases by ~9 %, and
at 10° leeway it increases by nearly 50 %. Based on these findings,
limiting leeway to about 5° or less is advisable, as this keeps resistance
increases below about 10 % (in model-scale results).

Laterally (y-axis), at Fr = 0.194 with rudder angle 0°, a leeway of 5°
generates a side-force resistance component approximately 70 % as
large as the reference resistance. At 10° leeway, this lateral resistance
component grows to approximately 190 % of the reference case
resistance.

Extrapolation is used to predict a full-scale vessel’s resistance per-
formance based on model-scale CFD results. This process accounts for
changes in flow mechanics and turbulence characteristics at the much
higher Reynolds numbers of a real ship. Accurate extrapolation is crucial
for reliable ship design and performance prediction, and it helps mini-
mise the uncertainties of relying solely on model tests.

In this study, we extrapolated the model-scale CFD results to full
scale to understand how ship size affects the findings. Fig. 11 was
generated to estimate the impact of leeway and rudder changes on full-
scale propulsion and total resistance. It shows that increasing leeway
above about 5° causes a significant rise in total resistance (consistent
with the findings of Hosseinzadeh et al., 2024). This means the benefits

Da=0 deg.
o 4

of the wind-assisted propulsion system become limited at higher leeway
angles, indicating that additional measures or design adjustments would
be needed to maintain efficiency at full scale.

4.2. Wave-making resistance

In ship hydrodynamics, accurately capturing the free-surface flow is
essential for examining wave-making resistance and pressure distribu-
tion around a moving hull. Precise modelling of the free surface leads to
better predictions of resistance, which is crucial for design and perfor-
mance analysis. Fig. 12 illustrates the free surface distributions for
various combinations of leeway and rudder angles obtained from CFD
simulations at Fr = 0.246. The results demonstrate that increasing
leeway angles (0°, 5°, and 10°) introduce greater asymmetry in the wake
patterns, highlighting the influence of lateral flow effects. Similarly,
larger rudder angles (e.g., +£20°) significantly amplify wake distur-
bances, altering the symmetry and strength of the vortices. The com-
bined effects of leeway and rudder angles generate complex wake
dynamics, with extreme cases such as Leeway 10°, Rudder —20°
exhibiting the most pronounced free surface deformation. Neutral con-
ditions (Leeway 0°, Rudder 0°) result in relatively symmetrical wake
profiles, while deviations from these settings lead to progressively
nonlinear interactions. These findings, captured effectively through the
CFD simulations, provide valuable insights into the hydrodynamic
behaviour of the hull and rudder, with implications for optimising ship
performance and manoeuvrability.

The wave-resistance coefficient is a key metric in ship-resistance
analysis because it quantifies the share of total resistance attributable
to wave making as the vessel moves through water. This numerical
measure reveals trends that are not evident from visual inspection of the
free-surface wave pattern alone. Tables 8 and 9 list the corresponding
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Fig. 11. Leeway () and rudder () angle effect on total resistance at ship scale.
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Fig. 12. Free surface distributions for selected cases, obtained from CFD simulations at Fr = 0.246

Table 8
Wave and total resistance coefficients in model scale at Fr 0.194 (values are multiplied by 10%).

Leeway angles [deg.]

0 2.5 5 7.5 10

Cw Crm Cw Crm Cw Crm Cw Crm Cw Crm
Rudder angles [deg.] —20 - - 1.396 6.038 1.441 6.083 2.145 6.787 3.402 8.045
—15 - - 1.291 5.933 1.354 5.996 2.069 6.711 3.308 7.951
—10 - - 1.230 5.872 1.303 5.945 2.045 6.687 3.294 7.937
-5 - - 1.100 5.742 1.314 5.956 2.051 6.693 3.323 7.966
0 0.857 5.499 1.274 5.916 1.340 5.982 2.104 6.746 3.430 8.073
5 0.879 5.521 1.260 5.902 1.360 6.002 2.216 6.858 3.602 8.245
10 0.947 5.589 1.336 5.978 1.502 6.144 2.342 6.984 3.821 8.463
15 1.046 5.688 1.532 6.174 1.596 6.238 2.594 7.236 4.044 8.686
20 1.118 5.760 1.598 6.240 1.755 6.397 2.738 7.380 4.230 8.872

11
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Wave and total resistance coefficients in model scale at Fr 0.246 (values are multiplied by 10%).

Leeway angles [deg.]

0 2.5 5 7.5 10

Cw Crm Cw Crm Cw Crm Cw Crm Cw Crm
Rudder angles [deg.] —20 - - 4.270 8.696 4.442 8.868 4.743 9.170 5.665 10.092
—15 - - 4.108 8.534 4.360 8.787 4.693 9.119 5.573 9.999
—10 - - 4.066 8.492 4.380 8.806 4.666 9.093 5.598 10.024
-5 - - 4.013 8.440 4.339 8.766 4.661 9.087 5.613 10.039
0 3.981 8.407 4.023 8.450 4.343 8.770 4.674 9.100 5.741 10.168
5 3.984 8.410 4.088 8.514 4.418 8.845 4.756 9.183 5.909 10.336
10 3.991 8.417 4.184 8.611 4.478 8.904 4.934 9.361 6.120 10.547
15 4.063 8.490 4.260 8.687 4.633 9.059 5.087 9.514 6.306 10.732
20 4.177 8.604 4.365 8.791 4.730 9.157 5.273 9.699 6.489 10.915

wave-resistance (Cy) and total-resistance (Cr) coefficients obtained
from the longitudinal (x-direction) force component, showing how
rudder and leeway angles affect Cy at Froude numbers of 0.194 and
0.246, respectively.

Figs. 13 and 14 plot the wave resistance coefficient as a function of
rudder angle for Fr = 0.194 and 0.246, respectively, under various
leeway angles. They illustrate that if the rudder is simply set to a positive
angle equal to the positive leeway angle (achieving a static force equi-
librium but not actually reducing the leeway), the ship continues to
experience elevated resistance. In contrast, counteracting a positive
leeway angle with a negative rudder angle slightly increases wave
resistance, but this method can be more favourable. It realigns the ship’s
path closer to the undisturbed flow direction, avoiding the excessive
turbulence and drag that occur with large rudder angles fighting a drift.

Molland et al. (2017) define total wave resistance as the component
of resistance that arises from the energy a ship expends to generate
waves while moving through water. A ship in motion produces waves
primarily at the bow and stern. There are divergent waves (spreading
outward, contributing relatively little to resistance) and transverse
waves (with crests perpendicular to the direction of travel, being the
main source of wave-making resistance). The ship’s propulsion must
supply energy to create these waves, effectively adding to the resistance
opposing forward motion. Thus, the wave-making resistance quantifies
the portion of energy lost to wave formation.

As shown in Fig. 12, the free-surface wave system is notably altered
by the leeway angle. In neutral conditions (0° leeway, 0° rudder), the
wave pattern resembles that of a conventional straight-running ship.
Deviations from this (non-zero leeway or rudder) introduce asymmetry
and additional wave-making. Figs. 13 and 14 delve further into these
effects, illustrating how leeway and rudder angles quantitatively influ-
ence the wave resistance coefficient. For a small leeway angle, rudder
angle has a limited effect on wave resistance. However, as the leeway
angle grows, the combined effect of leeway and rudder deflection pro-
duces a much larger increase in overall wave resistance.

4.3. Side force and yawing moment

Side forces and yawing moments contribute significantly to ship
resistance, as they require corrective measures—predominantly through
rudder usage—which directly increases resistance. Therefore, Fig. 15
shows the corresponding side force coefficients at two different speed
conditions related to five different leeway angles and nine different
rudder angles. Increasing the leeway angle raises resistance in the x-axis
direction and also generates a side force (y-axis), thereby increasing the
total resistance. Consequently, the energy efficiency gains provided by
the wind-assisted propulsion system may be affected. The ideal scenario
is to navigate without a leeway angle. This zero-leeway condition might
be approached by leveraging the aerodynamic forces of wind-assisted
propulsion devices (sails, Flettner rotors, wing foils, etc.), which pro-
vide forward thrust while minimising lateral force. Additionally, struc-
tural design elements (e.g., optimized masts or aerodynamic fairings)
can help reduce leeway by streamlining airflow and counteracting
lateral drift. Furthermore, real-world hydrodynamic influences (wave
direction, wave magnitude, currents) will cause a vessel’s leeway angle
to vary throughout a voyage. The results show that one can use rudder
deflection to counteract (eliminate) a leeway angle. Nevertheless, it is
evident that adjusting the rudder to reduce leeway will increase drag in
both the x and y directions. All of these factors should be considered
when operating a ship equipped with a wind-assisted propulsion system.

Fig. 16 illustrates the yawing moment coefficient curves for the
model as a function of rudder angle at several fixed leeway angles (p), for
Fr = 0.194 and 0.246. As expected, for a given leeway angle, yawing
moment varies with rudder angle — approximately linearly for small
rudder deflections. The sign and magnitude of the yawing moment
correspond to rudder deflection direction, producing the necessary
turning moment. Notably, leeway angle itself generates yawing
moment: at > 0° with rudder 0°, the yawing moment is positive. Thus,
a positive leeway angle induces an initial yawing moment that must be
counteracted by a rudder-generated yawing moment in the opposite
direction (e.g. a positive rudder angle yields a negative yawing moment
to balance a positive yaw from leeway).
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Fig. 13. Wave resistance coefficients at Fr 0.194 (p is for leeway angle degree).
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Fig. 14. Wave resistance coefficients at Fr 0.246 (p is for leeway angle degree).
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Fig. 15. Side force coefficients at Fr 0.194 and 0.246 for model scale.

Comparing the two speeds reveals that rudder effectiveness grows
with speed. The higher Froude case (V = 1.273 m/s model speed) pro-
duces much larger yawing moments for the same rudder and leeway
inputs — roughly scaling with the square of velocity. This underscores the
complex relationship between control-surface deflection, a vessel’s
motion through water, and the resulting hydrodynamic forces. All of
these factors are essential for analysing and predicting manoeuvring
behaviour.

5. Conclusions

Wind-assisted propulsion offers significant potential to reduce fuel
consumption in shipping. However, the lateral forces introduced by such
systems pose challenges for course-keeping, making some leeway angle
necessary to counteract drift. The objective of this study was to under-
stand the effects of leeway angles on ship resistance by using multiple
complementary analysis methods. This study has examined how leeway
and rudder angles together influence the wave resistance coefficient for
specific model speeds, emphasising the relationship between hydrody-
namic forces and overall resistance. Using CFD simulations, the obtained
results were compared against both experimental (EFD) data and full-
scale sea trial data.

Ship resistance was evaluated at seven distinct speeds, Froude

13

numbers ranging from 0.141 to 0.246, with resistance coefficients
calculated at both the ship and model scales. We calibrated the CFD
model using EFD results at Fr = 0.194 and 0.246 to ensure its accuracy
for various leeway and rudder angles. The use of EFD data for calibra-
tion, combined with the availability of full-scale sea trial data, greatly
strengthens the study. Sea trial data — while resource-intensive to
obtain — provide essential real-world validation for the marine in-
dustry. Integrating these experimental insights (towing tank and sea
trials) with CFD simulations broadened the scope of our analysis and
enabled more precise decision-making. This integration also allowed us
to assess scale effects between model and full scale and to refine
extrapolation parameters. Overall, the combination of experimental,
numerical, and full-scale methods proved advantageous in selecting
appropriate computational techniques and parameters for the case ship,
and it paves the way for future studies. Finally, the CFD simulations
showed good agreement with both the experimental and sea trial data,
validating our approach for assessing wind-assisted propulsion effects
across different leeway and rudder angles.

For example, at Fr = 0.194 (increasing leeway to 2.5°, 5°, 7.5°, and
10° (with rudder fixed at 0°) caused x-axis resistance increases of
approximately 7.6 %, 9.3 %, 22.7 %, and 46.8 %, respectively (model
scale). In fact, at 10° leeway the total resistance was nearly double the
zero-leeway reference. At the higher speed (Fr = 0.246), the x-axis
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Fig. 16. Yawing moment coefficients as a function of rudder angle, at various fixed leeway angles.

(resistance) force increased more modestly: approximately 1 %, 4 %, 8
%, and 21 % for leeway angles of 2.5°, 5°, 7.5°, and 10°, respectively
(again, rudder 0°, model scale). The study also revealed that certain
rudder-leeway configurations can drastically reduce energy efficiency.
For example, a +10° leeway combined with a +20° rudder increased the
wave resistance to approximately four times the baseline (0°/0°) value,
negating much of the propulsion benefit. On the other hand, adjusting
the rudder in the opposite sense can mitigate wave resistance. A case
with a +10° leeway and —20° rudder angle yielded a wave resistance
coefficient of approximately 3.39 x 1073, nearly the same as that for
+10° leeway and a 0° rudder. This outcome underscores that improper
rudder-leeway alignment (e.g., rudder deflected in the same direction as
drift) can maintain high resistance, whereas counteracting leeway with
rudder can avoid added resistance growth.

This is a significant insight for enhancing ship performance. The
misalignment between the rudder and leeway angles can maintain or
increase wave resistance instead of reducing it. These findings support
optimized ship design by balancing energy efficiency and stability, ul-
timately contributing to more sustainable maritime operations. By
optimising rudder settings, it aims to reduce resistance, ultimately
resulting in decreased operational costs and a reduced environmental
impact.

Building on this work, future research could focus on: (1) simulating
rudder-leeway interactions in more detail (and exploring hull design
modifications that inherently limit leeway), (2) conducting extensive
case studies or sea trials under diverse operating scenarios to validate
efficiency gains, and (3) performing static drift tests to gather additional
experimental data for manoeuvring analysis. Such static drift tests
would strengthen the conclusions of this study by providing direct
measurements of hydrodynamic forces at fixed leeway angles. In addi-
tion, deriving specific hydrodynamic coefficients via regression analysis
is recommended to develop more comprehensive manoeuvring models
and deepen understanding of the vessel’s behaviour beyond what was
covered here.
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