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ABSTRACT

Wind-assisted ship propulsion (WASP) presents a promis-
ing option for reducing emissions and decarbonizing the
maritime industry. To better understand how wind sails in-
fluence ship performance, this study examines the effect of
leeway angle on thrust deduction. The side forces and re-
sistance components are also analyzed.

Computational Fluid Dynamics (CFD) simulations based
on the Reynolds-Averaged Navier—Stokes (RANS) equa-
tions are conducted at model scale for the JoRes! tanker at
Froude number of 0.162. To minimize computational costs,
a double-body approach is used, ignoring free-surface ef-
fects, and the propeller is modeled with a virtual disk ap-
proach. Resistance and self-propulsion simulations are per-
formed across a range of leeway angles and sail thrust lev-
els. The results indicate that the leeway angle affects re-
sistance and side forces, with pressure resistance becom-
ing more dominant at larger leeway angles. The traditional
thrust deduction formula is shown to be inadequate for
wind-assisted propulsion, as it produces values that differ
from those of conventional vessels under high sail thrust.
A modified thrust deduction formulation provides a more
consistent representation of propulsion performance. The
modified thrust deduction factor ¢t* and the resistance in-
crement coefficient r are more appropriate for analyzing
the effects of the leeway angle and sail thrust on ship resis-
tance and propeller thrust.

Keywords
Ship hydrodynamics, Leeway angle, Resistance, Thrust de-
duction, Wind-assisted ships.

1 INTRODUCTION

Global shipping produces about 3% of the world’s Green-
house Gas (GHG) pollution (Fadaie et al. (2025)), and the
industry aims to reach net-zero emissions by 2050. One
alternative proposed by the International Maritime Organ-
isation (IMO) is to use wind as an energy source for com-
mercial ships (IMO, 2023). WASP can reduce fuel con-
sumption by 8.5% to 16.2%, as well as NOx and CO4 emis-
sions by 17% per year (Ammar and Seddiek, 2022). Under
appropriate wind conditions, it may even reduce fuel con-
sumption by 30% (Ouchi et al., 2013). To fully take advan-

tage of WASP, it is crucial to develop a comprehensive un-
derstanding of how wind sails impact both hydrodynamic
and aerodynamic effects.

A ship’s performance must be analyzed under various load-
ing conditions to properly integrate a wind-assisted propul-
sion system. Running numerical simulations for these dif-
ferent conditions is therefore a necessary and important
step. While the aerodynamic aspect of WASP has been
widely addressed in recent work for example, Bordogna
(2020) studied sail aerodynamics, very few studies have
addressed the hydrodynamic effect. According to Clayton
(1987), when a ship operates with sails, the hull is sub-
jected to aerodynamic side forces, resulting in leeway and a
heel angle relative to the direction of motion. The effect of
leeway and heel angle on a bare hull has been investigated
by Saydam et al. (2022). Their results show that the heel
angle has less effect on resistance and side force when heel
is below 10 degrees; however, variations in leeway angle
cause significant changes in forces. Additionally, bare hull
simulations conducted by Bakari et al. (2025) studied the
effect of leeway angle on forces, finding that at high leeway
angles the side force can be two times higher than the resis-
tance force. Overall, many investigations have been made
for bare hull simulations, but very few numerical studies
have addressed self-propulsion.

Most of today’s ship design and analysis tools assume un-
changed propulsive factors for WASP for different wind
contributions. The objective of this study is to evaluate
the accuracy of this assumption by investigating the lee-
way angle effect on ship thrust deduction and forces. This
includes how to define the thrust deduction for WASP and
how thrust deduction changes with leeway and different
sail thrust conditions. It also involves analyzing the side
force and resistance components.

2 METHODOLOGY

This section presents the numerical approach used to study
the propeller—hull interaction under drift and wind-assisted
conditions. It describes the ship geometry, computational
domain, mesh, and virtual propeller model. It also ex-
plains the definition of sail thrust, the assessment of nu-
merical uncertainty, and the evaluation of thrust deduction




and changes in resistance.

2.1 Test case

The ship geometry used in this study is the single-screw
JoResl1 tanker shown in Figure 1, with simulations con-
ducted at model-scale with a scale factor of 26 (JoRes
(2023)). The ship’s speed corresponds to a Froude number
of 0.162. The details of the ship are presented in Table 1.
This geometry is an mono asymmetric hull. The propeller
is a 4 blades propeller and at full scale has a diameter of
6.5m. The propeller rotates in the clockwise direction. The
main particulars of this propeller are shown in Table 2.

Figure 1: Joresl Tanker geometry

Table 1: Full-scale and model-scale particulars of JoResl
tanker

Parameter Full scale Model scale
Length between perpendiculars Lpp (m)  178.50 6.86
Breadth B(m) 32.26 1.24
Draught at fore perpendicular Trp (m) 10.56 0.406
Draught at aft perpendicular 74 p (m) 10.38 0.399
Draught at midship 7'/ (m) 10.47 0.402
Wetted surface area S (m?) 8337.10 12.68
Displaced volume V (m®) 46648 2.86
Speed V' (m/s) 6.82 1.346
Table 2: Main particulars of propeller
Parameter Full Scale Model Scale
Diameter, Dp (m) 6.50 0.250
Mean pitch ratio, Pp/Dp 0.790 0.790
Hub diameter ratio, Dy /Dp 0.140 0.140
Disc area ratio, Ag /Ao 0.449 0.449
Number of blades, Npp 4 4

2.2 Numerical setup

The numerical simulations were performed using Simcen-
ter STAR-CCM+ (version 2024.10.1). In this study, the
flow of an incompressible Newtonian fluid is considered.
Because of the high Reynolds number and the dominant
influence of turbulence, the Reynolds-averaged Navier—
Stokes (RANS) equations are solved. To reduce the com-
putational cost, the free surface is not included in the sim-
ulations; therefore, a double-body approach is adopted and
free-surface effects are neglected. This approach is widely
used for the computation of self-propulsion problems ac-
cording to Yao et al. (2016), and provides reasonable re-
sults. The governing equations are discretized using the
finite volume method. A segregated solver based on the
SIMPLE algorithm is employed for pressure velocity cou-
pling. All simulations are performed under unsteady con-
ditions with a time step of 0.01 s. The y™ target is main-
tained below 1, ensuring a wall-resolved approach for all

simulations. The k-w SST turbulence model is employed
throughout the study, as recommended by the ITTC (2011)
guidelines. The water density p is set at 999 kg/m?>.

The computational domain is defined following the recom-
mendations of ITTC (2022) as shown in Figure 2. The total
domain length is equal to 6 L,,,, with 2 L, from the inlet to
the hull and 3 Ly, from the ship to the outlet. The distance
from the side boundaries and the bottom to the ship is set
to 2 L,,,. The top boundary is located at the draft position.
The applied boundary conditions, the propeller position,
and the flow direction are also illustrated in Figure 2. The
coordinate system used to evaluate the forces and define the
leeway (drift) angle is presented in Figure 2b. The drift an-
gles covered in the computations are 0°, 2°, 4°, 6°, 8°, 9°,
—2°, —4°, —6°, —8° and —9°. The computational mesh,
shown in Figure 3, consists of unstructured trimmed hex-
ahedral cells with local refinements around the propeller
and near the hull. Prism layers are generated along the hull
surface to properly resolve the boundary layer. All meshes
are created using the automatic mesh generator in STAR-
CCM+.

b e~ —
Symmetry Plane L “

Virtual Propeller Disk

Flow direction -

= Pressure Outlet

Velocit'y Intet Velocity Inlet

(a) Boundary conditions (Side view)

Velocity Inlet

Velocity Inlet dm=]
= Pressure Outlet

Flow direction . |

Velocity Inlet
£

(b) Boundary conditions and coordinate system (Top
view)

Figure 2: Computational domain, boundary conditions and
coordinate system

a) Side Section View

Virtual Disk

c) Top Section View

b) Propeller Refinement Zone

Figure 3: The mesh details



2.2.1 Virtual propeller setup

The open water curve data used to setup the virtual disk
setup are from the experimental model test conducted
by Hamburgische Schiffbau-Versuchsanstalt GmbH HSVA
(2023). The propeller open water tests are conducted to
quantify how the propeller performs in isolation, free from
hull-induced wake effects. The Figure 4 shows the mea-
sured thrust K7, torque K¢, and efficiency 79 of the open
water test.

0.6 oA 70 ‘."

Coefficients

Figure 4: Open water curve of the JoRes 1 tanker propeller

2.3 sail thrust definition
To evaluate the impact of sail thrust on propeller—hull in-
teraction, no actual sail model is used in this work. Instead
the propeller is unloaded at a constant ship speed by ap-
plying an external force representing the sail thrust. A PID
controller is used to control the propeller rotation rate to
provide the thrust needed to balance the forces in the x di-
rection, as shown in Figure 2b. The resistance obtained at
self-propulsion for a drift angle of 0°, RgF,, is used as a
reference to estimate the sail thrust. The target sail thrust is
defined as:

Tw = puw(Rsr, — Ra), )]
where R 4 is the towing force and p,, the percentage of sail
thrust. Rsp, is a constant reference value.

2.4 Thrust deduction definition

The thrust deduction (¢) represents the ratio between the
resistance of the ship (Rpy) and the thrust produced by
a ship’s propeller (1,). As also shown in 1, by conven-
tion, the hydrodynamic resistance of a ship is defined in
the direction of advance, while the propeller thrust is de-
fined along the propeller shaft axis. It expresses the ratio
between bare-hull resistance and propeller thrust. A large
thrust deduction implies strong propeller-hull interaction
effects, and vice versa.

According to the ITTC (2022), the conventional thrust de-
duction is defined as:
_ Rpum —Ra

t=1
T,

@)

When wind sails provide additional thrust to the ship, the

sail thrust 7', must be included in the thrust deduction for-
mulation. Sauder and Alterskjer (2022) accounted for this
effect by redefining the thrust deduction fraction as:

Rpg — Ra—Ty
7 .

p

t=1- 3)

In addition to this formulation, a new expression is pro-
posed in the current work to quantify the resistance change
between bare hull and self-propelled hull associated with
changes in hull equilibrium position and sail thrust. This
quantity, referred to as the resistance increment coefficient
r, is defined as:

r=1-—

“4)

)
Rsp

where, Rgp is the resistance in self-propulsion. Rgp can
be obtained from a numerical simulation; however, it is not
straightforward to measure in a towing tank test.

2.5 Numerical uncertainty

The numerical uncertainty in the CFD simulations must be
carefully evaluated. Numerical uncertainty defines an inter-
val that is expected to contain the true or exact solution. In
this study, the numerical uncertainty is calculated to assess
simulation accuracy using the procedure developed by E¢a
and Hoekstra (2014). Due to the unstructured grid topol-
ogy, exact geometric similarity could not be achieved, al-
though all other parameters were kept as consistent as pos-
sible. Following the procedure of Eca and Hoekstra (2014),
four systematically refined grids were generated to enable
numerical uncertainty estimation for thrust and hull forces.
The refinement process started from a coarse baseline grid
of approximately 2 million cells (Table 3), with each sub-
sequent grid created by applying a constant refinement ra-
tio of A = v/2 to the characteristic cell size. Following this
systematic approach, the finest grid in the sequence reached
approximately 33.3 million cells after three refinements.

3 RESULTS AND DISCUSSION

This section presents the numerical results of the bare hull
and self-propelled simulations. First, a verification study is
conducted to assess the numerical uncertainty of the CFD
simulations. Following this, the force components (resis-
tance and side force) are analyzed for both bare-hull and
self-propelled configurations at various drift angles and sail
thrust conditions. Finally, the thrust deduction is examined,
comparing classical and modified formulations to highlight
the implications for wind-assisted ship performance assess-
ment.

3.1 Uncertainity analysis

Verification is carried out to assess the numerical accuracy
of the simulations. For different drift angles, the number
of cells may vary slightly and the flow behaviour may dif-
fer. For this reason, the numerical uncertainty analysis is
conducted for drift 0° and drift 9° under zero sail thrust
conditions.

Tables 3 and 4 present the uncertainty analysis for drift an-
gles 0° and 9°, respectively. The analysis includes resis-
tance components, namely pressure resistance (Rp), fric-



tional resistance (R ), and total resistance (R), as well as
side force components: pressure side force (Sp), frictional
side force (Sr), and total side force (S). Additional param-
eters such as propeller thrust and propeller rotational speed
(n) are also considered. The total resistance (1) is equal
to the longitudinal force F, and the total side force (S) is
equal to the transverse force I, as shown in Figure 2b.

The grid uncertainty study is performed using four grid
refinements with total number of cells equal to 2.2, 5.08,
12.7, and 33.3 million cells. The numerical uncertainty is
evaluated on the third, less fine grid (Us), which contains
approximately 5 million cells. For most parameters, the nu-
merical uncertainty remains below 20%, except for the side
force components. At drift 0°, the side force is very close
to zero and would ideally be zero for a perfectly symmetric
geometry. However, the JoRes] Tanker is an asymmetric
ship, which leads to a non-zero estimation of the side force
at zero drift. Due to the very small value of the side force
at drift 0°, the associated uncertainty is high and not listed
in Table 3, mainly because pressure forces can change sign
and are difficult to estimate accurately at such low values.
At drift 9°, the uncertainty of the side force is reduced to
approximately 17%. At this drift angle, the side force mag-
nitude is sufficiently large, making its estimation more re-
liable and less sensitive to numerical fluctuations.

Table 3: Discretization error for different quantities at drift
angle 0°

Parameter Grid Resolution [million cells] Us [%]
2.21 5.08 12.7 333

Rp (N) 8.752 8913 9.083 9.207 8.2

Rr (N) 28.786  30.779  32.160  33.054 19.6

R (N) 37.538  39.693  41.243  42.260 18.3

Ty (N) 24518  26.669 28216  29.236 13.6

Sp (N) 1.341 2.464 2.330 2.422 -

Sr (N) -0.001 0.001 0.001 -0.001

S (N) 1.341 2.462 2.329 2.422 -

n (rps) 7.125 7.295 7.351 7.395 5.7

Table 4: Discretization error for different quantities at drift
angle 9°

Parameter Grid Resolution [million cells] Us [%]
221 5.08 12.7 333
Rp (N) 22.653  23.032 23.032 23.054 6.5
Rr (N) 29.933  32.022 33366 34.276 16.5
R (N) 52.586  55.054 56398  57.330 12.9
Tp (N) 39.567  42.034 43378 44319 17.3
Sp (N) 87.022  88.449 88220  87.945 4.8
Sr (N) -1.776 -1.723 -1.676 -1.643 16.7
S (N) 85.246  86.726  86.544  86.302 5.1
n (rps) 8.091 8.224 8.274 8.321 42

Figure 5 shows the total resistance. This quantity is pre-
sented as examples to illustrate how the uncertainty ranges
are delimited for drift angles of 0° and 9°. The fine grid
is taken as the reference case with a relative grid size of
1, while the coarse grid has a step size of approximately
2.5. The uncertainty range is calculated based on the third
refinement level, corresponding to the mesh with approxi-
mately 5 million cells. All following simulations are there-
fore performed using the 5 million cells grid.

—{— B=0° (U=18.3%)
-0= B=9° (U=12.9%)

0 T T T T T
0.0 0.5 1.0 1.5 2.0 2.5
Relative step size

Figure 5: Convergence with the grid refinement of total self-
propulsion resistance at drift angle 0° and 9°

3.2 Forces Components Analysis

Bare hull simulations are conducted to estimate the effects
of the leeway angle on resistance and side force. The resis-
tance coefficient is computed using Equation 5 and is ob-
tained as the sum of the friction (C;,) and pressure (C.,)
components. The side force coefficient is computed using
Eq. 6 and is decomposed into friction (Cs,) and pressure
(Cs,) components.

R
Cr=1—"3 (5)
108, V2
S
Cs =137 (6)
2p Sy V?

where S, is the wetted surface area of the model.

Figure 6 shows the bare-hull resistance components. The
total resistance increases significantly with increasing drift
angle, reaching 36% increase at a drift angle of 9° com-
pared to 0°. The component that changes the most is the
pressure resistance (C’Tp), which increases by up to 200%
from drift angles 0° to 9°. In contrast, the frictional resis-
tance (C;,) remains almost unchanged, with a variation of
only about 3%.
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Figure 6: Bare hull (BH) resistance component coefficients
with drift angle variation

Self-propulsion simulations are conducted for different
propeller unloading conditions. The Virtual Disk propeller



model in STAR-CCM+ combined with a PID controller is
used to automatically control the propeller thrust to balance
the forces in x-direction. Each sail thrust condition corre-
sponds to a sail thrust contribution 75,.

Figures 7a, 7b, 7c, and 7d show the bare hull and self-
propelled hull resistance components for sail thrust con-
tributions of 0%, 10%, 30%, and 50%, respectively. Due
to propeller induced suction in the aft, the total resis-
tance coefficient in self-propulsion is larger for all the self-
propulsion conditions compared to the bare hull. The pres-
sure component is the least dominant contribution to the to-
tal resistance but increases significantly, with an average in-
crement of approximately 40% as the drift angle increases.
As shown in Figure 8, the frictional resistance component
increases almost linearly with increasing drift angle. This
corresponds to about 4% increase from drift angle 0° to 9°.
The frictional resistance coefficient of self-propelled hull
remains nearly unchanged with varying sail thrust relative
to the bare hull frictional resistance coefficient at the same
drift angle.

Figure 9 presents the pressure resistance for all cases. The
self-propulsion pressure resistance is highest at large drift
angles in the absence of sail thrust. The self-propulsion
pressure resistance is significantly increased, reaching up
to 80% compared to the bare-hull case at a drift angle of
0°. As the sail thrust increases, the resistance begins to
decrease.

The hull side force is strongly influenced by increasing lee-
way angle. Figure 10 shows the side force coefficient C
for bare-hull as well as self-propelled hull at different lee-
way angles. The side force increases almost linearly with
increasing drift angle and grows at more than twice the rate
of the resistance force coefficient C,.. Interestingly, in self-
propulsion, the side force increases by approximately 5%
compared to the bare-hull at £9° drift. The side force is
slightly larger at positive drift angles in comparison to neg-
ative drift angles, which is attributed to the asymmetric ge-
ometry of the hull. The increase in side force under self-
propulsion conditions may be attributed to the contribution
of the propeller-induced side force.

Figure 11 shows the pressure distribution over the aft part
of the hull, at 0% and 50% sail thrust for drift angle 0°.
A small pressure difference is observed between these pro-
peller loading conditions, with higher pressure levels oc-
curring at 50% sail thrust. This occurs due to the reduced
propeller suction effect for the unloaded case.
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Figure 7: Bare hull (BH) and self-propelled hull (SP) resis-
tance components against drift angle for different sail thrust
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3.3 Thrust deduction

As explained in Section 2, the use of wind propulsion re-
quires a set of analysis procedures to assess the ship’s per-
formance. The thrust deduction is obtained based on a stan-
dard procedure which is developed for conventional vessels
with no wind assistance. The use of this procedure can lead
to different interpretation when applied to a ship that bene-
fits from wind propulsion as well. This subsection investi-
gates the outcomes of using different definitions for thrust
deduction for a wind-assisted ship.

Figure 12 shows the propeller thrust under self-propulsion.
As expected, the thrust increases significantly with increas-
ing drift angle, since the hull resistance increases.

0%
Sail thrust

50%
Sail Thrust

Figure 11: Pressure distribution over the aft hull at drift an-
gle 0° for different sail thrust

Figure 13 presents the thrust deduction factor obtained
based on Equation 2, where sail thrust is not included in
the equation. For sail thrust levels of 0% and 10%, the
thrust deduction has a slight change at high drift angles.
As the sail thrust increases to 30% and 50%, the thrust
deduction decreases significantly and even becomes neg-
ative. According to the conventional definition in ship hy-
drodynamics, the thrust deduction fraction represents the
increase in required propeller thrust due to the suction ef-
fect of the propeller on the aft hull, relative to the bare-hull
resistance. Under this definition, a negative thrust deduc-
tion value would imply that the required propeller thrust
is lower than the bare-hull resistance, which is physically
inconsistent.

Such a nonphysical result arises from neglecting the contri-
bution of sail thrust in the evaluation of the thrust-deduction
fraction. Therefore, this formulation is not appropriate for
determining the thrust deduction fraction of wind-assisted
ships. In the present study, it is used solely to demonstrate
the resulting implications.

Using the formulation proposed by Sauder and Alterskjer
(2022), the modified thrust deduction t* provides a more
appropriate representation. As shown in Figure 14, t* in-
creases with drift angle, reaching about 11% between 0°
and 9° for sail thrust levels from 0% to 50%. A slight in-
crease in t* is also observed under sail thrust conditions,
with a maximum variation of about 6%, while maintaining
a consistent trend across all drift angles. Overall, higher
sail thrust reduces the required propeller thrust, and this
formulation yields a more consistent estimate of thrust de-
duction. However, linking ¢* to the underlying physical
mechanisms remains difficult compared to conventional
vessels.

The resistance increment coefficient r was defined in Equa-
tion 4 and is shown in Figure 15. The resistance increment
coefficient directly represents the ratio of bare-hull resis-
tance to self-propelled hull resistance and therefore does
not involve the ambiguities associated with the aforemen-
tioned thrust-deduction coefficient. An increase in r indi-
cates that the bare-hull resistance Rgy has decreased rel-



ative to the self-propulsion resistance Rgp, implying the
ship produces less resistance when the sail thrust increases.
Conversely, a decrease in r indicates that Ry has in-
creased relative to Rgp, implying that the difference be-
tween Ry and Rgp becomes smaller.
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Figure 12: Propeller thrust 7}, for different sail thrust

Overall, as a consequence of the stronger propeller suction
effect acting on the aft hull, » becomes higher at lower sail
thrust levels. For the case with 50% sail thrust, a difference
of approximately 28% is observed between drift angles 0°
and 9°. These results indicate that, higher sail thrust leads
to a decrease in r. As the sail thrust increases, the differ-
ence in r between drift angles 0° and 9° increases. The
variation of r with drift angle is limited to about 15%.
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Comparison of different thrust deduction definitions indi-
cates that conventional thrust deduction is not fully appli-
cable to wind-assisted ships, as the classical thrust deduc-
tion might become non-physical at high sail thrust. The
thrust deduction formula ¢* gives a more consistent result
for all drift angles, however, it should not be mixed with the
conventional thrust deduction while interpreting its value.
The resistance increment coefficient directly compares the
bare-hull and self-propelled hull resistances and is there-
fore more straightforward to interpret in terms of the un-
derlying flow physics. The resistance increment coeffi-
cient 7 shows that there is a considerable decrease in self-
propulsion resistance for all drift angles, especially at high
sail thrust. The resistance increment coefficient 7 can only
be obtained in numerical simulations, as it is difficult to
measure or estimate self-propulsion resistance accurately
in experimental tests.

4 COMPUTATION COST

Evaluation of the computational cost is an essential part
of the study. In the present work, all simulations are per-
formed without modelling the free surface, thereby signif-
icantly reducing computational cost. Each individual sim-
ulation requires approximately 190 core-hours. A total of
11 drift angles are considered for each sail thrust condition.
With four sail thrust conditions, this results in 44 simula-
tions, corresponding to a total of 8360 core-hours. In ad-
dition, bare-hull simulations are carried out for all 11 drift
angles, requiring 2090 core-hours. An uncertainty analysis
is also performed, consisting of 8 additional simulations,
with a total cost of 1900 core-hours. The overall compu-
tational cost of the study, therefore, amounts to approxi-
mately 12350 core-hours, as shown in Table 5. Consider-
ing the number of simulated conditions and the scope of
the analysis, the computational effort remains reasonable.



Table 5: Summary of computational cost for the CFD simula-
tions

Core-hours
Simulations Cases per case Total
Sail thrust conditions 44 190 8360
Bare-hull simulations 11 190 2090
Uncertainty analysis 8 not fixed 1900
Total (core-hours) 63 12350
5 CONCLUSION

In this study, the thrust deduction characteristics of wind-
assisted ship propulsion were investigated. The simula-
tions were carried out for bare-hull and self-propulsion
conditions using a double-body approach, neglecting free-
surface effects. The virtual propeller disk approach was
used for the self-propulsion case. The study was conducted
at a model scale with the Jores 1 tanker.

The bare-hull resistance increases substantially as the drift
angle increases. The side force exhibits a similar trend and
exceeds twice the resistance at higher drift angles. The
comparison between the classical thrust deduction formula
t and the modified formula ¢* showed that the ship propul-
sion characteristics under wind-assisted conditions can be
accurately represented only with the modified formula ¢*.
The classical formula for thrust deduction ¢ was not appro-
priate to represent the wind-assisted ship propulsion char-
acteristics since it generates non-physical results at high
sail thrust levels. On the contrary, the modified formula
t* was seen to increase with an increase in sail thrust, up to
11%. The thrust deduction values obtained from the mod-
ified formula should not be interpreted in the same way as
thrust deduction for conventional vessels.

As an alternative approach to study the resistance change
between bare-hull and self-propelled hulls, resistance in-
crement coefficient r is introduced in this work. Resistance
increment coefficient shows a significant increase in self-
propulsion resistance for all drift angles relative to bare-
hull resistance. However, r can only be obtained from a
numerical simulation and not as straightforward to obtain
from towing tank tests.

In the future, free surface effects need to be included to
take into account the effect of wave resistance and the ef-
fect of changes in the speed on the propulsion factors such
as wake fraction, thrust deduction, and hull efficiency. Ad-
ditionally, a more accurate propeller model, together with a
rudder, will be used to better capture the interaction effects.
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