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Abstract

Wind-assisted ship propulsion is being studied as a means to reduce a ship’s fuel
consumption and emissions by using wind energy to provide auxiliary thrust. Rigid
wingsail is a rising application because it generates aerodynamic forces in a more
controlled manner than flexible sails. However, the performance of the wingsail
depends on the airfoil geometry, flap settings, apparent wind direction, and the
balance between useful thrust and side force.

This thesis investigates the aerodynamic performance of a NACA 0018-based
rigid wingsail with hinged-flap and gap configurations using Computational Fluid
Dynamics. Two-dimensional steady Reynolds-Averaged Navier Stokes simulations
were performed in OpenFOAM using the SST k–ω turbulence model. The numerical
setup was first validated for the plain NACA 0018 airfoil and was then applied
to investigate the influence of flap deflection, hinge position, and gap size on the
aerodynamic coefficients and flow behaviour. In addition, the wingsail orientation
was analyzed to identify operating conditions that can produce larger thrust.

The validation results showed that the OpenFOAM setup reproduced the main
lift and drag trends of the plain airfoil over the investigated angle-of-attack range.
The hinged-flap results showed that increasing flap deflection increased lift by in-
creasing the effective camber of the airfoil, but this was also accompanied by an
increase in drag in several cases. The hinge position affected the aerodynamic
behaviour by changing the effective flap length, although its influence was less con-
sistent than that of flap deflection. The gap sensitivity analysis showed that the
investigated gap configurations increased drag and did not improve overall aerody-
namic efficiency relative to the plain-airfoil baseline.

The wingsail-orientation analysis showed that the highest lift condition is not
necessarily the most useful condition for ship propulsion. This is because both lift
and drag can contribute to thrust, depending on the apparent wind direction and
sail orientation. Therefore, the aerodynamic forces were resolved into thrust and
side-force components to identify operating conditions with high useful thrust and
manageable side force.

Due to the limited available project time and computational resources, only
two-dimensional simulations were carried out. Therefore, the results should be
interpreted as sectional aerodynamic trends rather than full ship performance pre-
dictions.

Keywords: Wind-assisted ship propulsion, rigid wingsail, hinged flap, NACA 0018,
OpenFOAM, CFD, RANS, SST k–ω
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1 Introduction

1.1 Background

1.1.1 Environmental and Economic Drivers for Sustainable Shipping

International shipping is an important component of global logistics and facilitates ap-

proximately 90% of world trade by volume, Von Klemperer et al. (2023). However, the

shipping sector still relies heavily on traditional fossil fuels and is responsible for approx-

imately 3% of total global greenhouse gas (GHG) emissions, equivalent to approximately

940 million tonnes of CO2 annually, Xu et al. (2025). In response to this issue, the Inter-

national Maritime Organization (IMO) has introduced targets to reduce carbon intensity

by at least 40% by 2030 and to reach net-zero GHG emissions by 2050, Xu et al. (2025).

In addition to environmental regulations, fuel consumption is an important economic bur-

den, as fuel typically accounts for 40%–60% of total ship operating costs, Von Klemperer

et al. (2023).

1.1.2 Wind-Assisted Ship Propulsion as an Alternative

The transition to sustainable energy sources has renewed interest in Wind-Assisted Ship

Propulsion (WASP), which supplements conventional engine propulsion with wind energy.

WASP systems, such as rotor sails, suction sails, and wingsails, typically do not replace the

main engine but instead reduce required propulsive power by providing auxiliary thrust,

Malmek et al. (2024). These technologies are discussed in more detail in Section 2.1. In-

dustry data indicate that these systems can achieve fuel savings of approximately 5%–20%,

with peak reductions exceeding 30% under favourable weather conditions, Von Klemperer

et al. (2023). As of 2025, adoption of these technologies has increased, with approximately

52 ships in operation and 97 additional ships on order, Hoffmeister et al. (2025).

1.1.3 Aerodynamic Efficiency of Wingsails and Hinged Flaps

Among emerging wind-assisted technologies, wingsails are notable for functioning as rigid

aerodynamic lifting surfaces. Their operation relies on airfoil theory, generating aero-

dynamic forces through pressure differences across the profile, Ma et al. (2025). Unlike

traditional soft fabric sails, rigid wingsails maintain a stable airfoil shape during opera-

tion, enabling more predictable aerodynamic performance and higher lift-to-drag ratios,
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also known as glide ratios, Xu et al. (2025).

The aerodynamic performance of a wingsail is significantly affected by its geometry,

especially the camber of the airfoil section. Cambered airfoils can generate greater lift

than symmetric profiles at the same angle of attack; however, a fixed camber may not be

optimal for all apparent wind directions. Hinged trailing-edge (TE) flaps are employed to

change the effective camber of the wingsail. Adjusting flap deflection and hinge position

allows control over lift, drag, and thrust-producing force for various operating conditions,

Von Klemperer et al. (2023). Research on articulated wingsails demonstrates that im-

proving hinge position can increase the maximum lift coefficient, CL,max, compared to a

fixed profile of the same cross-section, Von Klemperer et al. (2023).

1.2 Problem Statement

Rigid wingsails represent a promising technology for WASP due to their ability to generate

aerodynamic forces that supplement conventional ship propulsion, Jiang et al. (2024);

Von Klemperer et al. (2023). Their effectiveness, however, is highly dependent on sail

geometry and operating conditions, including the apparent wind angle (AWA), Jiang et al.

(2024); Ma et al. (2025). While rigid wingsails maintain a stable aerodynamic shape, they

lack the adaptability of soft fabric sails to changing wind conditions, Von Klemperer et al.

(2023). To address this limitation, hinged flaps are introduced to modify the effective

camber and control aerodynamic force generation, Ahmed et al. (2013); Hoffmeister et al.

(2025); Von Klemperer et al. (2023).

Although hinged flaps can enhance lift, their impact on overall propulsion performance

is not uniformly positive. Excessive flap deflections or suboptimal hinge positions may

increase aerodynamic drag and diminish the useful thrust generated by the sail, Jiang et al.

(2024); Kamliya Jawahar et al. (2018); Von Klemperer et al. (2023). Consequently, the

configuration yielding the highest lift does not necessarily correspond to the most effective

arrangement for ship propulsion, Jiang et al. (2024); Von Klemperer et al. (2023).

Because the lift direction is typically not aligned with the ship heading, the effects of

hinge position and flap deflection must be assessed using not only lift and drag coefficients

but also the thrust-producing force component and associated flow behaviour, Jiang et al.

(2024); Ma et al. (2025). A comprehensive understanding of these factors is essential for

identifying wingsail configurations that enhance aerodynamic performance while providing
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useful thrust by keeping the side forces, flow separation, and the aerodynamic loading

under reasonable limits. Ma et al. (2025); Zhang et al. (2025).

1.3 Aim of the Study

This thesis aims to investigate the aerodynamic performance of multi-element wingsail

airfoils equipped with hinged trailing-edge flaps using Computational Fluid Dynamics

(CFD). The research focuses on the effects of angle of attack (AoA), flap deflection angle,

hinge position, and gap size on lift, drag, thrust-related force, and overall aerodynamic

behavior. Additionally, the thesis seeks to develop and validate an OpenFOAM-based

CFD workflow for comparing various wingsail configurations.

1.4 Research Objectives

The objectives of this thesis are:

1. Develop a two-dimensional CFD workflow for NACA 0018 airfoils using Open-

FOAM. This includes geometry preparation, mesh generation, boundary condition

definition, solver selection, and convergence assessment.

2. Validate the baseline CFD setup by comparing numerical results with published

aerodynamic data for the plain NACA 0018 airfoil. This validation determines

whether the CFD method accurately reproduces the primary lift, drag, pressure,

and stall characteristics before application to modified wingsail configurations.

3. Examine the influence of hinged flap deflection angle and hinge position on the

aerodynamic characteristics of the wingsail airfoil, comparing configurations based

on lift, drag, and flow behavior.

4. Investigate the influence of the gap between the main element and flap element of

a two-element airfoil, as gap size is expected to affect aerodynamic forces and flow

interaction compared with the plain NACA 0018 baseline airfoil.

5. Evaluate the thrust-related force component for selected apparent wind directions,

recognizing that the lift force is not necessarily aligned with the ship-forward direc-

tion.
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1.5 Scope and Limitations

Due to the limited available computing resources and the large number of configura-

tions considered in this thesis, the study was restricted to two-dimensional simulations.

A two-dimensional approach enabled comparison of several angles of attack, flap deflec-

tions, hinge positions, and gap configurations within the available project time. This

was considered suitable because the main objective of the thesis was to compare aerody-

namic trends between different wingsail airfoil configurations, rather than to predict the

complete full-scale performance of a ship-mounted wingsail.

The simulations were executed using Reynolds-Averaged Navier–Stokes (RANS) mod-

elling with the SST k–ω turbulence model in OpenFOAM. This approach provided a

practical balance between computational cost and fluid-dynamic accuracy for the present

comparative study. The two-dimensional RANS setup was used to evaluate the lift coeffi-

cient CL, the drag coefficient CD, the moment coefficient CM , the maximum lift coefficient

CL,max, the lift-to-drag ratio CL/CD, the thrust coefficient CT , the side-force coefficient

CS, and selected pressure and velocity contours.

The study includes a baseline validation case and a limited parametric analysis of

articulated flap configurations. The main parameters considered are angle of attack, flap

deflection angle, hinge position, and selected gap sizes. The gap study compares two

selected two-element gap configurations, g/c = 0.018 and g/c = 0.028, with the plain

NACA 0018 baseline.

However, the two-dimensional RANS approach also introduces limitations. Three-

dimensional effects, such as tip vortices, spanwise flow, finite-span effects, and interaction

with the ship deck and superstructure, are not captured. In addition, structural deforma-

tion, fluid–structure interaction, ship-motion effects, and direct coupling with a complete

vessel model are outside the scope of this work.

Therefore, the results should be interpreted as two-dimensional aerodynamic trends

rather than complete full-scale ship performance predictions. The results are useful for

comparing the relative influence of flap deflection, hinge position, gap size, and apparent

wind orientation, but further three-dimensional and ship-level studies are required before

applying the findings directly to practical wingsail design.
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2 Literature Review

2.1 Wind Assisted Ship Propulsion

The wind-assisted ship propulsion (WASP) refers to technologies that use the wind energy

to support the main propulsion system of a ship. These systems do not replace the

main conventional engine but can also reduce the required engine power by producing

additional aerodynamic thrust force. In this regard, WASP can contribute to the lower

fuel consumption and reduce emissions depending upon the ship type, route, apparent

wind conditions and control strategy, Gaul and Rutkowski (2025); Von Klemperer et al.

(2023).

There are several WASP technologies that have been proposed and tested for mar-

itime applications. These included the rotor sails, soft sails, rigid wingsails, suction sails

and multi-element or hinged wingsails. Although all these systems use the wind as an

additional source of energy, the aerodynamic principles and practical implementations are

very different. Figure 1 shows the main types of WASP technologies, which are discussed

in this review.

2.1.1 Rotor Sails

Rotor sails, also known as Flettner rotors, are vertical rotating cylinders mounted on

the ship’s deck. Their operation is based on the Magnus effect, where a rotating body

placed in an incoming flow generates a force that is perpendicular to the flow direction.

When the rotor spins in the apparent wind, the velocity distribution around the cylinder

becomes asymmetric. This creates a pressure difference between the two sides of the rotor

and produces the aerodynamic lift force, Seifert (2012).

For the propulsion of the ship, the lift produced by the rotor is useful only when part

of it acts in the forward direction of the ship. Therefore, the effectiveness of a rotor sail

depends strongly on the AWA, the rotational direction, and the spin of the rotor. The

spin ratio describes the relation between the surface speed of the rotating cylinder and

the incoming wind speed. The higher spin ratios can increase the lift force, but they

also require more power and may increase the practical limitations related to control and

efficiency, De Marco et al. (2016); Khan et al. (2021).

Compared with traditional soft fabric sails, rotor sails can be controlled by varying
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Figure 1: Various types of WASP Technologies. Source : Reproduced after Hoffmeister
et al. (2025)
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their rotational speed. However, they require electrical power to rotate and generate

aerodynamic drag during operation Khan et al. (2021). When it is inactive, it may still

add resistance unless it is folded or tilted, depending on its design. Their height, weight,

and deck space requirements affect the ship’s stability, visibility, and cargo operations,

Zhang et al. (2025).

2.1.2 Soft Sails and Rigid Wingsail

Soft sails are flexible fabric-based sails whose shapes can change under aerodynamic load-

ing. Their exposed area and aerodynamic loading can be reduced by reefing or trimming

the sail. However, this flexibility implies that the sail profile changes under aerodynamic

loading, which often leads to loss of propulsion efficiency. Due to this reason, the soft

sail is sensitive to wind conditions, fabric deformations, and control settings, Chen et al.

(2018).

Rigid wing sails, also referred to as hard sails, are vertical airfoil-shaped structures

mounted on a ship’s deck. Unlike the soft sails, rigid sails maintain a fixed and stable

profile under operations, Gaul and Rutkowski (2025). It is important because the aero-

dynamic forces produced by the sail depend strongly on the shape of the profile and its

relative angle to the incoming apparent wind. A rigid wingsail produces more predictable

lift and drag behaviour than a flexible sail, Ma et al. (2025); Xu et al. (2025).

A single-element wingsail is the simplest type of rigid wingsail. It consists of a sin-

gle continuous aerodynamic element without any separate flap, slat, slot, or gap. This

single-element wingsail is useful as a reference or validation case before studying more

complex wingsail designs like the hinged articulated flap or any multi-element wingsail

configurations, Von Klemperer et al. (2023); Fang et al. (2024).

In addition to the single-element rigid wingsail, more advanced rigid wingsail concepts

include hinged flaps or multiple aerodynamic elements to modify the effective camber and

improve aerodynamic performance. These concepts related to high-lift devices, including

trailing-edge flaps, multi-element configurations, and flow controls, are discussed in 2.4.

2.1.3 Suction Sails

Suction sails, also known as suction wings or Ventifoils, are vertical airfoil-shaped struc-

tures that are mounted on the ship’s deck in order to generate auxiliary propulsive force

7



from the wind, Seifert (2012). Unlike the rotor sails, suction sails do not rely on the

Magnus effect because their outer surfaces remain stationary, Gaul and Rutkowski (2025).

However, their operating principle is based on active boundary layer control, which means

they use internal fans or suction systems to control airflow and enhance propulsive force.

Their useful thrust depends on the apparent wind direction; they generate little useful

thrust when the apparent wind comes mainly from either the forward or rearward direc-

tions of the ships, Kolodziejski and Sosnowski (2025).

2.2 Aerodynamic Fundamentals and Boundary Layers

This section will discuss the airfoil nomenclature, relevant forces and the respective aero-

dynamic coefficients, boundary layer (BL) theory, adverse pressure gradients, flow separa-

tion, stall, and its characteristics which will provide a basic fundamental knowledge. An

airfoil (see Figure 2) is defined as a cross-sectional shape of a wing, which is taken parallel

to the flow direction. The airfoil geometry is described by several standard parameters.

The leading edge (LE) is the frontmost point of the airfoil, whereas the trailing edge (TE)

is the rearward point where the upper and lower surfaces of the airfoil meet. The chord

line is a straight line connecting the LE and TE, and the chord length c is the distance

between the LE and TE points. The mean camber line is a curve formed by the locus of

points that is located in the middle of the upper and lower surfaces of the airfoil. The

camber is the maximum distance between the mean camber line and the chord line, which

is measured perpendicular to the chord line. The angle of attack (AoA, α) is the angle

between the chord line and the relative wind direction, Anderson (2017).

The aerodynamic forces acting on the airfoil (Figure 3) are mainly produced by pres-

sure and viscous shear stress. The pressure acts normal to the airfoil surface, while shear

stress acts tangentially along the point of the airfoil surface. When these forces are inte-

grated, they produce the resultant aerodynamic forces: lift and drag. Lift (L) is the force

that acts perpendicular to the wind direction, and the drag (D) force acts parallel to the

wind direction. In addition to these fundamental forces, the pressure distribution also

produces a pitching moment (M) that rotates the airfoil and tends to change the AoA.

These forces have respective dimensionless coefficients that are used to compare forces

and moments across different configurations. For a two-dimensional airfoil, the lift and

drag are expressed per unit span. Anderson (2017)
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Figure 2: Airfoil nomenclature. Source: Wikimedia Commons, Wing profile nomencla-
ture, CC0 1.0 Public Domain.

Figure 3: Forces acting on the airfoil
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The aerodynamic coefficients were calculated from the aerodynamic forces obtained

using OpenFOAM. The lift, drag, and momentum coefficients are defined as:

CL =
L

q∞Aref

(1)

CD =
D

q∞Aref

(2)

CM =
M

q∞Arefc
(3)

where CL is the lift coefficient, CD the drag coefficient, and CM the moment coefficient.

The terms L and D are the lift and drag forces, respectively, while M is the aerodynamic

moment. The reference area is denoted by Aref , the chord length by c, and the free-stream

dynamic pressure by q∞.

The dynamic pressure is defined as:

q∞ =
1

2
ρU2

∞ (4)

where ρ is the air density and U∞ is the free-stream velocity.

Boundary layer theory is vital to understanding the airfoil performance because the

viscous effects dominate at the airfoil surface. The boundary layer is a thin region of

flow near the wall where viscosity has a tremendous effect. At the airfoil surface, the no-

slip condition requires the fluid to be zero relative to the wall. With increasing distance

away from the wall, the velocity increases until it reaches the outer flow velocity, where

the viscous effects are much weaker, and the flow is treated as inviscid flow as the flow

reaches outside the BL, (Schlichting and Gersten (2017); Vos and Farokhi (2015)).

As the fluid flows over the airfoil surface, it may experience adverse pressure gradients,

which occur when the static pressure increases in the flow direction near the TE of the

airfoil. Under such conditions, the near-wall flow loses its momentum, and if the pressure

rise is strong enough, the flow slows and reverses direction. This point is the beginning

point of the flow separation (see Figure 4). After separation, the flow separates from the

airfoil surface and forms a recirculation zone with unsteady vortex structures, Schlichting

and Gersten (2017).
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Figure 4: Schematic illustration of boundary-layer separation. Source: Olivier Cleynen,
Wikimedia Commons, Boundary layer separation, licensed under CC BY 3.0.

The stall of an airfoil is a major concept in aerodynamics, as it indicates the airfoil’s

limiting capacity. Stall occurs when flow separation becomes too large, causing a sudden

loss of lift ,Anderson (2017). It happens when the airfoil exceeds a certain AoA called as

the stall angle. As the AoA increases, the adverse pressure gradient strengthens, and the

separation regions continue to grow. There are several factors influencing stall, like airfoil

geometry, thickness, and LE shape. For thicker airfoils, the TE stall is very common,

in which separation starts near the TE and gradually moves forward as AoA increases,

Morris and Rusak (2013); Vos and Farokhi (2015).

2.3 Rigid Wingsail Aerodynamics

A rigid wingsail, as discussed in the previous subsection, is a vertical airfoil-shaped struc-

ture that uses the apparent wind to generate the aerodynamic forces. A rigid wingsail is

not changing due to interaction with the flow, which makes it easier to study using CFD

analysis (compared to soft sails). Wingsails are suitable for aerodynamic analysis because

their fixed airfoil shape allows the aerodynamic forces to be defined more clearly than

in flexible, soft sails. The lift and drag forces are first defined relative to the apparent

wind direction. For ship propulsion, these forces can then be resolved into thrust and

side-force components relative to the ship heading. This makes it possible to evaluate not

only the total aerodynamic force, but also how much of that force contributes to forward
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Figure 5: Force decomposition for a rigid wingsail

propulsion and how much acts sideways on the vessel, (Jiang et al., 2024; Fang et al.,

2024). The aerodynamic forces are based on the apparent wind, which is a result of the

wind created by the forward motion of the ship and the environmental wind,Ma et al.

(2025). Therefore, the apparent wind speed and direction depend on the true wind, ship

speed, and sailing direction.

In the force diagram (Figure 5), the apparent wind direction is used as the reference

direction for the lift and drag. The AoA α is the angle between the airfoil chord line and

incoming apparent wind direction. The AWA β is the angle between the apparent wind

direction and the ship heading. The sail orientation angle θ represents the rotation of the

wingsail chord line relative to the ship heading. These are important because studying

the aerodynamic forces determines the useful thrust and side force.

When the apparent wind flows around the wingsail, a resultant aerodynamic force

is generated, Jiang et al. (2024). For ship propulsion, this resultant force has to be

decomposed relative to the ship’s heading. The component acting in the ship’s forward

direction is the thrust force FT ; it contributes to propulsion and reduces the main engine’s

power requirement. The side force FS is acting perpendicular to the ship head and must

be balanced by the hull, rudder, etc. Makram et al. (2023). It is also important to

note that the wingsails are also generating moments, which are important for the vessel’s

stability; however, this is not in the scope of the thesis.

The wingsail orientation study was included to assess how the same aerodynamic
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force can have different propulsive effects depending on its direction relative to the ship’s

heading. Although lift and drag describe the aerodynamic performance of the airfoil

relative to the apparent wind, they do not directly show how much of the force contributes

to ship propulsion. Therefore, the aerodynamic force was resolved into thrust and side-

force components. This allowed the influence of sail orientation and AWA to be evaluated

in terms of useful forward force and the side loading imposed on the vessel. In this way,

the analysis shows that the most suitable operating condition is not necessarily the one

with the highest lift, but the one that provides a good balance between thrust generation

and reasonable side force.

The configurations with the highest lift are not necessarily the best configuration

for the ship’s propulsion. A large lift force may also produce large side forces or drag

depending on the apparent wind direction. Hence, the aerodynamic performance of the

rigid wingsail must be understood in terms of wind-force components such as lift and

drag, as well as ship-based components such as thrust and side force. This has also been

described in detail in section 4.3.

2.4 High Lift Device and Flow Control

High-lift devices are artificial or additional enhancements implemented to improve the

lift force of an airfoil, Ahmed et al. (2013). In the aviation sector, these devices are

used during take-off and landing, where high lift is required at relatively low speeds. In

maritime wind propulsion, the same principle applies: increasing the aerodynamic forces

produced by the wingsail can improve thrust over a wide range of AWAs, as discussed in

the previous section. High-lift devices are commonly categorized by their position on the

airfoil, such as LE and TE devices, Arra et al. (2021).

A common type of LE device is a slat, which is an auxiliary element placed near the

LE of the airfoil. The main purpose is to increase the maximum CL and delay the stall

by allowing the airfoil to operate at higher AoA before any large flow separation occurs,

van Dam (2002). The slats work by modifying the pressure distribution and reducing

the adverse pressure gradient on the suction side. It helps the BL attach over a longer

distance on the airfoil surface, delaying flow separation and allowing the lifting surface to

remain effective at higher angles of the incoming flow, Li and Yang (2016).

The TE flaps are also an important type of high-lift device, commonly used to modify
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Figure 6: Hinged Flap Geometry of the airfoil

airfoil and wingsail performance. When the flap is deflected, it increases the airfoil’s

effective camber and changes the pressure distribution. Hence, the airfoil with a TE flap

generates higher lift than the plain, undeflected flap airfoil at the same AoA. Different

types of flaps are used depending on the required aerodynamic performance and design

complexity, including plain, slotted, and hinged flaps, Ahmed et al. (2013).

Other high-lift devices use flow control methods. A flow control refers to techniques

that are used to modify the flow field to improve the aerodynamic performances, such as

an increase in lift, drag reduction, and delay BL separation, Ali et al. (2018). They are

commonly divided as active and passive flow control depending upon the external energy

input required. Active flow control requires an external energy input, such as suction,

blowing, or synthetic jet actuation. Passive flow control does not require continuous

external energy input; instead, it relies on geometric modifications such as slats, flaps,

vortex generators, or multi-element configurations.

Multi-element airfoils use two or more aerodynamic elements separated by a slot or

gap. The interaction between these elements can improve lift generation by allowing

the downstream element to operate with a more favourable pressure distribution and a

refreshed boundary layer. The slot between the elements can delay separation and increase

the maximum lift, although the aerodynamic benefit depends strongly on the gap size and

position. If the gap is not suitable, viscous losses and wake interaction can increase drag

and reduce the overall aerodynamic efficiency ,van Dam (2002).

For the present thesis, the most relevant high-lift concept is the hinged trailing-edge

flap (see Figure 6). Hinged flaps provide a relatively simple way to modify the effec-

tive camber of a rigid wingsail section without requiring a more complex multi-element
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mechanism or active flow-control system. By changing the flap deflection angle and hinge

position, the pressure distribution, lift generation, drag penalty, and flow-separation be-

haviour can be altered. Therefore, hinged-flap configurations are suitable for investigating

how geometric changes affect the aerodynamic performance of a wingsail airfoil.

2.5 Research Gap

Previous studies like Fang et al. (2024), Von Klemperer et al. (2023),Jiang et al. (2024), etc

have shown that the rigid wingsails, hinged flaps, and multi-element airfoils can improve

the aerodynamic performance for the WASP. However, performance depends strongly on

the selected geometry, flap configuration, apparent wind direction, gap element spacing,

and other factors. For the ship propulsion, a high lift coefficient is not sufficient by itself

because the useful aerodynamic thrust acting in the ship’s direction is critical. Therefore,

the present thesis discusses about the research objectives which were presented in the

Research objectives.

Several studies have investigated the effect of the TE flaps, articulated profiles, and

modifications of the camber. Ahmed et al. (2013) studied the flapped NACA 0012 airfoil

using a two-dimensional CFD setup with SST k-ω turbulence model, which showed that

the deflection of the flaps changed the lift and drag behavior. In Obeid et al. (2017)

investigated a NACA 0015 airfoil with a 30% TE flap. The results showed that increasing

flap deflection increased the maximum lift coefficient and adjusted the zero-lift AoA to

negative angles; despite this fact, it reduced the stall angle. The reported maximum lift

coefficient was around 2.2 at flap deflection of 50◦. Fatahian et al. (2020) studied the

flap airfoil at Re = 5× 105 with flap deflection of 15◦ with hinge positions considered as

0.7c to 0.9c. The results showed that the hinge position influenced the performance, with

the lift coefficient increasing as the hinge moved closer to the TE. They also showed the

suction flow control may increase the lift-to-drag ratio by approximately 35.8% for the

perpendicular suction and 25% for the tangential suction at 12◦ AoA and hinge position

of 0.9C. Kamliya Jawahar et al. (2018) showed experimental and numerical results that

the morphing TE camber profiles can affect the lift, drag, pressure distribution, and wake

development. The results indicated that cambered flap profiles produce more lift than

moderate-cambered profiles. In the context of WASP, Jiang et al. (2024) studied a foldable

three-element wingsail using the unsteady RANS with SST k-ω. The results showed that
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a concave wingsail configuration produced higher lift, lower drag, and stable surface flow

than a plain wingsail. At an AoA of 8◦, the concave configuration produced a thrust

coefficient approximately 23.5% higher than the plain wingsail configuration. Ding et al.

(2025) investigated a rigid wing-tail sail configuration using the NACA 0020 as the main

sail and a NACA 0018 as the tail sail. The tail sail area varied from 25% to 40% of the

main sail area and considered tail deflection angles from 0◦ to 15◦ over the AoA 0◦ to 30◦.

The results showed that the hybrid wingtail system achieved the maximum lift coefficient

of 29.5% higher than the single wingsail and an 11.6% improvement over the slotted flap

sails.

Ma et al. (2025) studied the isolated, tandem, and parallel double wingsail arrange-

ments and showed that AWA influences the aerodynamic interference. The isolated wing-

sails experienced a 57% thrust coefficient loss at an AWA of 180◦ while parallel double

wingsails showed a 39% thrust coefficient reduction at 100◦. They also reported that the

spacing to chord ratio of 3.33 improved the mean thrust coefficient by 2.7% for the tandem

wingsails and 6.5% for the parallel wingsails. Wang et al. (2024) studied the two-element

wingsail arrangements at relative wind angles of 30◦, 90◦, 120◦. The results indicated

that the minimum horizontal spacing between the wingsails should be about 1.5c while

an optimum arrangement was obtained with a horizontal spacing of 4c and longitudinal

spacing of 10c. Lee et al. (2016) optimized multiple wingsails arranged in a single row by

considering the flap length, deflection angle, AoA, and wind directions of 45◦, 90◦, 135◦.

Their optimizations improved the average thrust performance compared with the baseline

configurations.

The gap between the main element and the flap of the multi-element airfoil affects the

pressure distribution, BL development, and flow separation on the downstream element

van Dam (2002). Cvetelina Velkova et al. (2015) studied the gap sizes of 1.8%c, 2.8%c

for the NACA 2412 airfoil. The results showed that changing the gap between the main

airfoil element and the flap element can influence the lift and drag behaviour. Kuang et al.

(2023) where a two-element wingsail was studied and reported that the chord length ratio

between the front and rear sails increased in lift and thrust. The optimal chord length

ratio was around the range of c1/c2 of 1.5 to 3, but it was also observed that the smaller

chord ratios and larger sail deflection angles lead to unstable flow.
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2.5.1 Summary of the Research Gap

Overall, the reviewed studies show that hinged flaps, AWA, and gap spacing influence

the aerodynamic performance of wingsails and multi-element airfoils. Previous work re-

ports improvements in lift, thrust, or aerodynamic efficiency using articulated wingsails,

flap deflection, multi-element arrangements, and optimized spacing between aerodynamic

elements. However, these studies are not directly comparable because they use differ-

ent airfoil sections, Reynolds numbers, turbulence models, geometries, and performance

measures. Some focus mainly on aircraft-type high-lift systems, while others examine

complete wingsail arrangements or multiple-sail interactions on ships.

A further limitation is that many studies do not combine the effects of hinge position,

flap deflection, apparent wind direction, and gap size within a single consistent CFD

framework. Several studies focus mainly on lift improvement, although high lift alone is

not sufficient for ship propulsion. For a wingsail on a ship, the aerodynamic force must

also be resolved into thrust and side-force components relative to the ship’s direction.

Therefore, a configuration with a high lift coefficient may still be less useful if it produces

high drag or an unfavorable thrust component.

Another gap is that many previous works are based either on simplified two-dimensional

airfoil studies or on complete three-dimensional wingsail arrangements. However, direct

comparison between these studies is difficult because they often use different geometries,

Reynolds numbers, turbulence models, and performance measures. In particular, the com-

bined influence of hinge position, flap deflection, and gap size on lift, drag, thrust-related

forces, and local flow behaviour has not been fully addressed for the NACA 0018-based

wingsail configuration considered in this thesis.

Therefore, a controlled CFD study is needed to compare these geometric parame-

ters using the same numerical setup. In this thesis, a two-dimensional approach is used

to isolate the aerodynamic effects of hinge position, flap deflection, and gap size before

introducing the additional complexity of three-dimensional effects and full-ship installa-

tion. The results should therefore be interpreted as sectional aerodynamic trends, while

three-dimensional and ship-level effects remain important topics for future work.

This thesis is motivated by this gap. It uses a common OpenFOAM-based CFD work-

flow to compare selected hinged-flap and gap configurations for a NACA 0018-based rigid

wingsail airfoil. It evaluates not only lift and drag, but also thrust-related force and
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selected pressure and velocity fields. In this way, the thesis provides a consistent aero-

dynamic comparison of the main parameters that affect the performance of a simplified

rigid wingsail section for wind-assisted ship propulsion. These are discussed in detail in

the methods and results sections.

18



3 Methods

3.1 Physical Modelling and Solution approach

The numerical simulations in this thesis were performed to investigate the aerodynamic be-

haviour of NACA 0018-based rigid wingsails. The main purpose of the simulations was to

compare how different geometric parameters influence the aerodynamic force coefficients

and the surrounding flow field. The flow has been considered Newtonian, incompress-

ible, and turbulent, with constant fluid properties. These assumptions are appropriate

for the present low-speed simulations because the inlet velocity was sufficiently low for

compressibility effects to be neglected.

The simulations were carried out using a steady Reynolds Averaged Navier Stokes

(RANS) model. In this approach, the mean flow field is solved, while the effects of tur-

bulence are represented by using turbulence modelling. RANS modelling was selected

because the study involved a relatively large number of cases, including hinge positions,

flap deflections and gap configurations. Compared to LES or DNS, a steady RANS ap-

proach provides a practical balance between computational cost and aerodynamic trends

for the CFD study.

The SST k–ω model was used for the RANS simulations. It was selected because the

flow around the airfoil and flap configurations is wall-bounded and can involve adverse

pressure gradients and flow separation. These effects, which are important near the TE

and flap region, strongly influence the lift and drag coefficients. It is suitable for the

external aerodynamic flow because it combines the near-wall behaviour of the k–ω model

with the freestream robustness of the k–ϵ. This makes the SST k–ω well suited than

the simple two-equation turbulence models for the cases where the separation may occur.

Hence, it was suitable for comparing the aerodynamic trends of the plain, hinged flap and

gap configurations.

These simulations were carried out in the OpenFOAM software using the steady in-

compressible solver simpleFoam. This solver is based on the finite volume (FV) method

and uses the SIMPLE pressure-velocity coupling algorithm. The steady RANS approach

was used because the study required many simulations for different angles of attack and

geometric configurations. This made LES less practical within the available project time,

as it would have required much higher computational resources. Therefore, steady RANS
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was considered suitable for comparing the main aerodynamic trends between the different

cases.

A two-dimensional approach was used to reduce computational cost and enable test-

ing of many other configurations within the available project time. This simplification is

suitable for comparing the relative aerodynamic trends between the flap configurations.

However, it also introduced a limitation that three-dimensional flow structures, unsteady

vortex shedding and detailed post-stall behaviour cannot be fully captured using the

steady two-dimensional RANS simulations. Therefore, the results are to be interpreted

as a comparison of the aerodynamic trends rather than exact wingsail performance pre-

dictions.

3.2 Geometry Definition

The reference geometry used in this study was the NACA 0018 airfoil. This airfoil was

selected because it is symmetric, well-documented, and sufficiently thick to represent a

simplified rigid wingsail section. The symmetric profile is relevant for wingsail applications

because the apparent wind may approach the sail from either side. The 18% thickness

also provides a simple representation of a rigid profile with sufficient structural thickness.

The airfoil coordinates were obtained from the AirfoilTools database for the NACA

0018 airfoil AirfoilTools (2026). Approximately 180 coordinate points were used to de-

scribe the airfoil surface with sufficient geometric smoothness. These coordinates were

imported into FreeCAD, where the airfoil geometry was reconstructed and prepared for

export as an STL surface for meshing in OpenFOAM. The geometry was scaled so that

the chord length was c = 1m. This chord length was used as the reference length for the

aerodynamic coefficient calculations.

Before meshing, the geometry was checked for alignment and positioning. The airfoil

was oriented with the leading edge facing upstream and the trailing edge facing down-

stream. This check was performed to prevent incorrect orientation or geometric offsets

before generating the computational mesh.

The angle of attack was implemented by rotating the STL geometry relative to the

fixed incoming flow direction. Therefore, the free-stream velocity direction was kept

constant, while the airfoil geometry was rotated and remeshed for each angle of attack.

The validation cases were simulated for angles of attack from 0◦ to 20◦, using increments of
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5◦. Negative angles of attack were not included for the baseline NACA 0018 airfoil because

the profile is symmetric. Therefore, the corresponding force behaviour is expected to be

symmetric apart from the sign convention for lift.

3.3 Computational Domain and Boundary Conditions

The figure 7 shows that the computational domain was defined around the airfoil, with

the airfoil positioned near its centre. The domain was chosen to be sufficiently large so

that the far-field boundaries did not significantly influence the near-airfoil flow field. In

the present setup, the domain extended from −24c to 24c in the streamwise direction

and from −24c to 24c in the transverse direction. Since the chord length was c = 1m,

this corresponds to a domain size of 48m × 48m. The spanwise thickness of the two-

dimensional domain was 0.05m.

A constant free-stream velocity of U∞ = 10m/s was used for all validation cases. This

velocity was selected as a representative low-speed inflow condition for the wingsail airfoil

study. At this speed, compressibility effects were negligible, so the flow was treated as

incompressible. The air density was set to ρ = 1kg/m3.

The computational domain consisted of the patches inlet, outlet, topAndBottom,

wing, front, and back. The inlet patch was used to prescribe the incoming free-stream

velocity, while the outlet patch allowed the flow to leave the domain. The wing patch

represented the airfoil surface and was treated as a no-slip wall. The front and back

patches were treated as empty boundaries so that the simulation could be solved as a

two-dimensional case.

The initial turbulence quantities were estimated from standard inlet turbulence rela-

tions for the k–ω model. The freestream velocity was U∞ = 10 m/s and the Reynolds

number was approximately Re = 200000, based on a chord length of c = 1 m. Therefore,

the kinematic viscosity used for the validation case was

ν =
U∞c

Re
=

10× 1

200000
= 5.0× 10−5 m2/s.

A turbulence intensity of Tu = 5% was used. The turbulent kinetic energy was

calculated as

k =
3

2
(U∞Tu)2,
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which gives

k =
3

2
(10× 0.05)2 = 0.375 m2/s2.

The specific turbulence dissipation rate was estimated using the eddy-viscosity relation

ω =
k

ν(µt/µ)
.

Using an eddy viscosity ratio of µt/µ = 1225, this gives

ω =
0.375

(5.0× 10−5)(1225)
≈ 6.123 s−1.

Therefore, the inlet turbulence quantities used for the validation simulations were

k = 0.375 m2/s2 and ω = 6.123 s−1. These values were kept constant for the validation

cases so that the effect of changing AoA could be compared under consistent inflow

turbulence conditions.

Table 1: Boundary conditions used for the two-dimensional airfoil simulations.

Patch Field Boundary condition

inlet U fixedValue

inlet p zeroGradient

outlet U zeroGradient

outlet p fixedValue

topAndBottom U, p far-field/slip-type condition

wing U noSlip

wing p zeroGradient

front, back all fields empty

The wing surface was modelled as a solid wall. For the velocity field, a noSlip bound-

ary condition was applied on the wing surface, while a zero-gradient pressure condition

was used for the pressure field (OpenCFD Ltd., 2023a). In addition to the velocity

and pressure boundary conditions shown in Table 1, near-wall turbulence treatment was

applied using OpenFOAM wall-function boundary conditions (OpenCFD Ltd., 2023c).

The turbulent viscosity was specified using nutkWallFunction, the turbulent kinetic en-
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ergy using kqRWallFunction, and the specific dissipation rate using omegaWallFunction.

The nutkWallFunction boundary condition is documented as a turbulent-viscosity wall

function based on turbulent kinetic energy (OpenCFD Ltd., 2023b). These boundary

conditions were identified directly from the OpenFOAM case files 0/U, 0/p, 0/k, 0/nut,

and 0/omega.

3.4 Mesh Generation

The computational mesh was generated using the OpenFOAM utilities blockMesh and

snappyHexMesh. First, blockMesh was used to create the structured background mesh

and to define the far-field computational domain. This background mesh provided the

domain discretisation before the airfoil geometry was introduced.

After the background mesh was generated, the NACA 0018 STL surface was imported

into the computational domain. The mesh was then refined locally using snappyHexMesh.

Local refinement was applied around the airfoil surface and in the downstream wake

region. The refinement near the airfoil was used to improve the resolution of pressure and

velocity gradients near the wall, while the wake refinement was used to better capture

downstream flow behaviour.

The far-field region was kept relatively coarse in order to reduce the total number

of cells. This was considered suitable because the highest mesh resolution was mainly

required near the airfoil surface and in the wake, where the strongest velocity and pressure

changes occur. This refinement strategy allowed the important flow regions to be resolved

without unnecessarily increasing the cell count throughout the entire domain.
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(a) Overall computational domain.
(b) Refined mesh in the downstream wake re-
gion.

(c) Local mesh refinement around the airfoil. (d) Near-airfoil mesh resolution.

Figure 7: Computational mesh used for the airfoil simulations, showing the global domain
and local refinement regions.

Figure 7 shows the computational mesh used for the airfoil simulations. The full-

domain view shows the position of the airfoil inside the far-field domain, while the closer

views show the refinement around the airfoil and in the downstream wake region. The

refinement was concentrated in these regions because the strongest pressure and velocity

gradients occur close to the airfoil surface and in the wake. The far-field region was kept

relatively coarse to avoid unnecessary increases in the total cell count.

3.5 Mesh Independence Study

The mesh independence study was carried out to ensure that the aerodynamic coefficients

were independent of mesh resolution. The study was performed for the plain NACA 0018

airfoil at an AoA of 5◦, using the same computational domain, boundary conditions, solver
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settings, etc., which have been discussed in 3.3. The AoA of 5◦ was selected because the

flow is attached still, and the aerodynamic coefficients are expected to be sufficiently

steady for comparing the effect of the mesh refinement.

There were four mesh resolutions, which were tested, and the refinement level is de-

noted by resf, which is a mesh refinement factor used in the meshing script. These values

are specific to the present OpenFOAM setup; the mesh comparison is mainly interpreted

using the total number of cells Ncell instead of resf itself. Increasing the resf increased

the total number of cells from 26,739 cells for the coarsest mesh to 165,844 cells for the

finest mesh.

Table 2: Mesh independence study for the plain NACA 0018 airfoil at α = 5◦.

resf Ncells Fx Fy CL CD y+avg ∆CL ∆CD y+min y+max

2 26739 8.99× 10−2 1.1922 0.47688 3.60× 10−2 13.2805 – – 4.74319 85.171

3 59726 3.69× 10−2 1.2900 0.51648 1.477× 10−2 13.6800 0.03960 −2.12× 10−2 3.47060 96.1778

4 106771 3.70× 10−2 1.2613 0.50452 1.48016× 10−2 13.7900 -0.01196 3.16× 10−5 4.94670 69.1778

5 165844 3.70× 10−2 1.256272 0.5025088 1.48× 10−2 13.9193 -0.0020112 −4.00× 10−6 4.38025 44.468

Table 2 is used to summarize the mesh independence results. This indicated that the

lowest mesh resolution was insufficient to resolve the near-wall flow and its development.

As the mesh was refined, both the lift and drag coefficients became less sensitive to

increases in the number of cells. The large change occurred between the two coarse

meshes, while the difference between the two finest meshes was small. The numerical

solution should gradually converge to a mesh-independent value as the grid resolution is

increased. The drag coefficient was sensitive to the coarsest mesh because drag depends

strongly on near-wall gradients, pressure distribution, and wake resolution.

The y+ values were checked in order to evaluate the near-wall mesh resolution. The

average y+ values were almost in a similar range for the meshes, while the maximum y+

values reduced for the finer meshes. Additionally, the y+ values depended on the local

wall shear stress, which varied as the flow changed with the refined mesh. Hence, y+

should be understood as an implication of consistent near-wall treatment rather than of

the mesh-refinement trend near the airfoil.

Figure 8 shows the variation of CL with the number of cells. The lift coefficient differs

between the coarsest and intermediate meshes, indicating that the coarse mesh was not

refined sufficiently to yield mesh-independent lift variations. By further refining the mesh,

the variation of CL became more smaller and it implied that the lift became less dependent
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Figure 8: Comparison of Number of cells vs CL

on the mesh resolution as the number of cell increases.

Figure 9 shows that the drag coefficient varies with the number of cells and is more

sensitive to the coarse mesh than the lift coefficient. It is because the drag prediction

depends strongly on the near-wall velocity gradients, pressure distribution, and wake

resolution. The coarsest mesh gives a very varied drag value, while the finer meshes

produce very similar CD values. The drag became almost flat, indicating that the drag

prediction became mesh-independent for the finer mesh. The CL and CD trend discussed

here showed that the values changes at the low mesh resolution but becomes almost

constant when the mesh is refined more then resf = 4. Therefore, resf = 4 was chosen,

as it yielded force coefficients closer to those of the finer mesh while avoiding the higher

computational cost and time required by resf = 5.

3.6 Numerical Setup

The simulations were carried out using the steady incompressible OpenFOAM solver

simpleFoam. This solver was selected because the aim of the simulations was to obtain

converged mean aerodynamic coefficients for different angles of attack and geometric con-

figurations, rather than to resolve unsteady flow fluctuations. Since the study included

several validation and parametric cases, a steady solver was suitable, as it reduced com-

putational cost while still allowing the main aerodynamic trends to be compared. Cases

that did not reach acceptable convergence in the residuals and force histories were not
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Figure 9: Comparison of Number of cells vs CD

used for the final quantitative comparison.

The numerical settings were defined using the OpenFOAM dictionaries controlDict,

fvSolution, and fvSchemes. In the steady-state framework, the simulation time was

used as an iteration counter rather than as physical time. The simulations were run until

the force coefficients reached steady behaviour or until a maximum of 30,000 iterations was

reached. The results were recorded every 100 iterations to monitor solution development

during the run. The aerodynamic forces were extracted using the OpenFOAM force

function object.

Pressure–velocity coupling was handled using the SIMPLE algorithm. Two non-

orthogonal correctors were used in the pressure correction procedure. This was included

because the locally refined mesh may contain non-orthogonal cells, especially near the

airfoil surface and refinement regions. The correction improved the robustness of the

pressure solution on the adopted mesh.

The pressure equation was solved using the GAMG solver. The velocity equation and

the turbulence transport equations for turbulent kinetic energy and specific dissipation

rate were solved using smoothSolver with Gauss–Seidel smoothing. Under-relaxation

factors were applied to improve the stability of the iterative solution. A relaxation factor

of 0.04 was used for pressure, while a value of 0.15 was used for velocity, turbulent kinetic

energy, and specific dissipation rate. These low relaxation factors were used to reduce the

risk of oscillations or divergence during the simulations.
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The spatial discretisation schemes were defined in fvSchemes. Since the simulations

were steady state, the time-derivative terms were set to steadyState. Gradient terms

were discretised using a Gauss linear scheme. The convection term in the momentum

equation was discretised using a bounded Gauss linear-upwind scheme based on the ve-

locity gradient. The convection terms in the turbulence equations were discretised using

bounded upwind schemes. Diffusion terms were discretised using a Gauss-linear-corrected

scheme to account for mesh non-orthogonality. Linear interpolation and corrected surface-

normal gradient schemes were also used.

The same numerical settings were used for the comparable validation and parametric

cases. This ensured that differences in the aerodynamic coefficients were mainly due to

changes in angle of attack or geometry, rather than to changes in the numerical setup.

3.7 Post-processing and Aerodynamic Coefficients

After the simulations were completed, the aerodynamic forces and moments acting on the

airfoil were extracted using the OpenFOAM force function object. The total force was

obtained from the pressure and viscous contributions acting on the airfoil surface. Since

the free-stream velocity direction was fixed in the streamwise direction and the geometry

was rotated to set the angle of attack, the force component in the x-direction was treated

as drag, while the force component in the y-direction was treated as lift. The moment

about the specified reference point was also extracted for the calculation of the moment

coefficient.

The aerodynamic coefficients were calculated using the same reference quantities for

all comparable cases. The airfoil chord length was c = 1m, and the reference span used

in the two-dimensional simulations was b = 0.05m. This gave a reference area of

Aref = cb = 1× 0.05 = 0.05m2. (5)

The air density was set to ρ = 1kg/m3, and the free-stream velocity was U∞ = 10m/s.

Based on these values, the dynamic pressure was:-

q∞ =
1

2
ρU2

∞ =
1

2
(1)(10)2 = 50N/m2. (6)

Therefore, the denominator used for the lift and drag coefficient calculations was
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q∞Aref = 50× 0.05 = 2.5N. (7)

The lift, drag, and moment coefficients were calculated using the definitions introduced

in Equations 1–3. For all comparable cases, the same reference quantities were used. The

airfoil chord length was c = 1 m, and the reference span used in the two-dimensional

simulations was b = 0.05 m.

In the validation and hinged-flap studies, the main quantities used for comparison

were the lift and drag coefficients. These coefficients were plotted against the AoA to

assess how the airfoil and flap configurations influenced aerodynamic performance. The

moment coefficient was also calculated where required, but the main discussion focused on

lift and drag because these quantities directly describe the aerodynamic force behaviour

of the wingsail section.

For the wingsail-orientation analysis, the lift and drag coefficients were transformed

into thrust-related and lateral-force coefficients using the apparent wind angle relative to

the ship direction. The thrust-related coefficient was used to estimate the useful forward

force component, while the lateral-force coefficient represented the side-force component.

These coefficients were calculated as

CT = CL sin β − CD cos β, (8)

CS = CL cos β + CD sin β, (9)

where β is the apparent wind angle relative to the ship direction. This post-processing

step enabled the interpretation of the airfoil simulation results in the context of simplified

wingsail propulsion.

Pressure and velocity contours were generated in ParaView to support the interpre-

tation of the force-coefficient results. The velocity contours were used to observe wake

development, acceleration around the airfoil, and possible regions of separated flow. The

pressure contours were used to identify changes in pressure distribution around the airfoil

and flap surfaces. For a fair comparison between cases, the same colour scale and camera

view were used for similar configurations.
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Figure 10: Comparison of CL with AoA

4 Results

4.1 Validation Study

The validation study was carried out for the plain NACA 0018 before analysing the

hinged-flaps and gap configurations. The purpose was to assess whether the OpenFOAM

setup could reproduce the expected aerodynamic behaviour of a symmetric airfoil in the

converged AoA range. The present result was compared with the reference data from

Eggert and Rumsey (2017) and with the AirfoilTools polar dataset for the NACA 0018

airfoil. The AirfoilTools dataset used for the comparison was the XFOIL prediction polars

for the NACA 0018 airfoil, specifically (naca0018-il) at a Re = 200,000, Ncrit = 9, and

M = 0 AirfoilTools (2026).The simulations were performed for the AoA from 0◦ to 20◦ in

the increaments of 5◦. The cases from 0◦ to 15◦ reached acceptable convergence and are

used for the main quantitative comparison. The 20◦ case is retained, but it did not reach

convergence and is therefore to be interpreted qualitatively only.

Figure 10 compares the lift coefficient CL, which was obtained from OpenFOAM,

with the reference data. At 0◦, the present simulation gives CL=0, which is expected for
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Figure 11: Comparison of CD with AoA

a symmetric airfoil. From 5◦ to 15◦, the lift coefficient increases from approximately 0.505

to 1.261. This follows the same trend observed in the Eggert and Rumsey (2017) reference

data and the Airfoils Tools data. The results in this range indicate that the OpenFOAM

setup captures the attached flow and pre-stall behaviour of the plain airfoil. At 20◦, the

lift coefficient decreases sharply to an approximate value of 0.354. However, the case was

not converged; this value is not used as a valid quantitative validation point. Instead, it

was used to indicate that the steady 2D RANS setup becomes unreliable when the airfoil

enters a strong separated regime.

Figure 11 compares the drag coefficient CD. In the converged range from 0◦ to 15◦,

the drag coefficient increases with AoA. The present OpenFOAM results gives CD=0.0148

at 5◦, CD=0.0209 at 10◦, and CD=0.0479 at 15◦. At 20◦, the CD increases sharply to

approximately 0.237. This was included to show the behaviour of the solver at the high

AoA, but should not be treated as a converged drag prediction. The large drag value is

consistent with the development of a large separated wake.

The lift-to-drag ratio CL/CD in Figure 12 provides further indication of the airfoil’s
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Figure 12: Comparison of CL/CD with AoA
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Figure 13: Velocity magnitude contours for the validation case at different AoA.

aerodynamic efficiency. In the present OpenFOAM results, the ratio increases from 34.1

at 5◦ to 45.8 at 10◦, which shows that the airfoil becomes more aerodynamically efficient

while the drag remains relatively low. After 10◦, the ratio decreases to approximately

26.3 at 15◦, even though the CL continues to increase. At 20◦, the ratio decreases sharply

to approximately 1.5, consistent with a large increase in drag and a reduction in lift due

to flow separation.

The velocity and pressure contours support the interpretation of the coefficient plots.

At 0◦, the pressure and velocity fields are almost symmetric, which corresponds to the

near-zero lift coefficient. At 5◦ and 10◦, the flows remain mostly attached, and the wake

is narrow. At 15◦, the wake becomes more visible, and the pressure difference across

the airfoil is bigger, corresponding to the increase lift and drag. At 20◦, the contours

show a larger distributed wake effect and stronger flow separation behaviour. Overall, the

validation shows that the OpenFOAM setup reproduces lift and drag trends of the plain

NACA 0018 airfoil in the converged range from 0◦ to 15◦. Therefore, the setup is suitable

for comparing aerodynamic trends across the wingsail configurations in this thesis.
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Figure 14: Pressure contours for the validation case at different AoA.
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4.2 Hinged Flap Study

The hinged-flap study was conducted to examine how TE flap deflections and hinge po-

sition affect the aerodynamic performance of the NACA 0018 wing sail section. In this

study, the hinged flap modifies the airfoil’s effective camber. This changes the pressure

distribution around the airfoil, thereby affecting the aerodynamic coefficients and pro-

moting flow separation. The following subsections explain how the hinge position and

flap angle configurations were implemented. The initial physical conditions and turbulent

properties were kept constant, as in the validation study.

Table 3: Candidate hinge positions, flap deflections, and screening status in the hinged
flap study

Hinge position (% chord) Flap deflection angles, δ (◦) Status
40 0, 20, 40 Geometrically infeasible
50 0, 20, 40 Geometrically infeasible
60 0, 20, 40 Retained
65 0, 20, 40 Partially retained
70 0, 20, 40 Retained

Table 3 presents the hinge positions and flap deflection angles considered. It should

be noted that the flap deflection angles were taken as only 3 variations to reduce com-

putational time. In the following, ’HXX’ denotes hinge position at XX% of the chord,

’DYY’ flap deflection angle of YY◦. For example, H70 represents a hinge located at

x/c=0.7, and D20 represents the flap deflection of 20◦. Several hinge positions and flap

deflections were considered during the initial geometry screening. The hinge positions

at 40% and 50% chords were excluded because the generated flap geometries were not

suitable for the CFD study. These configurations produced poor geometry near the hinge

region, leading to poor mesh quality and unreliable flow solutions. The flap deflections

considered were 0◦, 20◦, and 40◦. The zero-deflection case was geometrically identical

across all hinge positions, since the flap is not rotated; hence, the D0 case was reported

only once as a baseline configuration. The retained cases were H70D0, H70D20, H70D40,

H60D20, H60D40 and H65D40. The H65D20 case was generated and meshed, but the

solver did not converge on the force histories. Hence, the H65D20 case was excluded from

the quantitative comparison.

Figure 15 shows the geometries for different flap deflection angles at a fixed hinge

position of 70% of the chord. Increasing the flap deflection from 0◦ to 40◦ changes the TE
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Figure 15: Airfoil geometries for different flap deflection angles at a fixed hinge position
of 70% chord.

Figure 16: Zoomed flap-region view of airfoil geometries for different hinge positions at a
fixed flap deflection of 40◦.
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section and increases the camber. The main airfoil element remains the same while the

flap modifies the TE region. Figure 16 shows the effect of changing the hinge position at

a fixed flap deflection of 40◦. Moving the hinge position forward increases the length of

the deflected flap, while moving the hinge rearward reduces the flap length.

Figure 17: Lift coefficient variation with AoA for the retained hinged flap configurations.

Figure 17 shows the variation of the lift coefficient CL with the AoA for the retained

hinged flap configurations. The undeflected baseline case produces the lowest lift coeffi-

cient CL over the AoA range. When the flap is deflected, the lift coefficient CL increases

because the effective camber of the airfoil is increased. This effect is clearly observed for

both the 20◦ and 40◦ flap deflections. For H70 cases, increasing the flap deflection from

0◦ to 20◦ and then 40◦ produces clear increases in the lift coefficient CL. This shows that

flap deflection strongly affects the aerodynamic characteristics.
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Figure 18: Drag coefficient variation with AoA for the retained hinged flap configurations.

However, this increase in lift is also accompanied by an increase in the drag as shown in

Figure 18. The drag coefficient CD increases with both the AoA and flap deflection. The

H70D0 case has the lowest drag because there is no flap deflection and the airfoil remains

closest to the plain NACA 0018 profile. The deflected cases produce higher drag because

the flap increases the pressure difference and promotes stronger wake development near

the airfoil’s TE. The 40◦ flap deflection gives the largest drag values among the remaining

H70 cases.

Compared to the flap deflections, the hinge position has less direct effects. Placing

the hinge closer to the leading edge increases the length of the deflected flap and changes

the TE camber distribution. For the 20◦ deflected cases, the H60 configuration produces

higher lift at lower AoA than the H70. This nature is expected because the H60 has a

longer deflected flap, which produces higher drag. At higher AoA, the influence of the

hinge positions becomes less distinct because the flow is increasingly affected by the flow

separation and development of the wake.

Figures 19 and 20 are the pressure and velocity contours for H60D20 and H70D20 at

AoA of 10◦ used to examine the effect of the hinge position at the same flap deflection

of 20◦. The comparison shows the change of hinge locations and how it influences the

flow field. The pressure contours show a clear pressure difference between the upper

and lower surfaces in both configurations. For the H60D20, a larger portion of the TE

is deflected because it is located further upstream. As a result, the pressure variation
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Figure 19: Pressure contour Comparison between H60D20 and H70D20 at AoA = 10◦.

Figure 20: Velocity magnitude contour Comparison between H60D20 and H70D20 at AoA
= 10◦
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around the flap region is greater than in the H70D20 case. This is consistent with the

previously discussed coefficient results, in which H60D20 produced higher lift at low AoA.

The velocity contour shows the difference in the wake effect near the flap’s TE. The wake

for the H60D20 is clearer, indicating a stronger disturbance caused by the longer-deflected

flap. The H70D20 case produced a less disturbed wake, and these contours support the

trends in the lift and drag coefficients.

For the 40◦ flap deflection cases, H60D40 and H70D40 were stable over the tested

AoA range. The H65D40 case had reached stable convergence only up to 15◦; hence, the

H60D40 and H70D40 cases were used to discuss the effect of the hinge position at larger

flap deflection. The results show that the 40◦ flap deflection produces high lift values

for all retained hinge positions and also a clear increase in drag. The large deflection of

the flap increases the aerodynamic lift but also has a drag penalty. The effect of hinge

position is less consistent than the flap deflection. Therefore, the main conclusion from the

40◦ case is that the flap deflection has the stronger influence, whereas the hinge position

effects should be interpreted more cautiously.

Overall, the hinged flap study shows that increasing flap deflection increases lift but

also increases drag. The 40◦ flap deflection produces the largest aerodynamic lift, while

the 20◦ deflection gives the more moderate increase in lift with a smaller drag penalty. The

hinge position also affected the aerodynamic coefficients, but its influence is less direct

than that of flap deflection. Therefore, the retained cases suggest that flap deflection is

the dominant parameter, while the effects of hinge position require careful interpretation,

especially in cases with convergence issues.

4.3 Wingsail Orientation Study

Evaluating the wingsail operating conditions is one of the main objectives of this study.

In the previous sections, the aerodynamic performance of the plain airfoil and hinged-flap

airfoils was primarily evaluated using the lift and drag coefficients. However, when the

wingsail is in the air, the lift and drag are not sufficient to determine whether a particular

wingsail configuration is useful, unless the force components, such as thrust and side force,

are studied, as explained before in 2.3

The thrust component is important because it can reduce the power required by the

main engine. If ship speed can be maintained at a lower engine load, fuel consumption
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Figure 21: Comparison of CL vs AoA

and emissions can be reduced. The side force component does not directly impact the

propulsion but must be balanced by the hull, rudder, keel, and control system. A large

side force increases the yawing moment and hydrodynamic resistance, etc. Therefore, the

most useful wingsail condition is not necessarily one with high lift but one that produces

high thrust with a reasonable side force.

The first step in this wingsail study was to determine the aerodynamic force coefficients

for the plain NACA 0018 airfoil over an AoA range of 0◦ to 90◦. This was necessary

because the wingsail can encounter different effective AoA depending upon the apparent

wind direction and sail orientation. This allowed the force decomposition to include lift

and drag components at the AoA sweep. The simulations were carried out using the same

numerical setup described in 4.1.

Figure 21 shows the variation of the lift coefficient with the AoA. The highest lift coef-

ficient increases from low to moderate angles. The results up to 15◦ AoA were converged

and were treated as more reliable for the analysis. Beyond this 15◦, the simulations did

not converge, and the higher AoAs were not interpreted as fully validated predictions.

They are included to provide an approximate trend for the wingsail orientation, where

high effective AoA values may occur at large AWAs.

Figure 22 shows the variation of the drag coefficient, where up to the converged range

of 15◦, the drag coefficient remains relatively low when compared with the higher an-
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Figure 22: Comparison of CD VS AoA

gles. The drag increases more drastically than the max lift value as the AoA increases.

However, since the results above 15◦ were not converged, these values were used only as

the characteristic data for the post-processing calculation of the CT , which is the thrust

coefficient, and CS is the side force coefficient.

A simplified mapping approach was used in this wingsail study. CFD simulations

were not performed for every AWA and sail orientation angle. Instead, the aerodynamic

coefficients from the AoA sweep were used for the force decomposition. Using the angle

definitions introduced in Section 2.3, the sail orientation angle was obtained from

θ = β − α. (10)

For each AWA, all available AoA cases were evaluated. The lift and drag coefficients

were then resolved into thrust and side-force coefficients using Equations 8 and 9. The

AoA giving the highest thrust coefficient was selected, and the corresponding side-force

coefficient was taken from the same operating point. This approach is more suitable than

selecting the operating point based only on CL or CL/CD, because the aim of a wingsail

is not only to generate lift, but to generate useful thrust in the ship-forward direction.

The selected operating conditions based on the maximum thrust coefficient are shown

in Table 4.
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Figure 23: Comparison of Thrust Coefficient CT vs AWA

Table 4: Selected operating conditions based on maximum thrust coefficient for each
AWA.

β (◦) α (◦) θ (◦) CL CD CT CS |CS|/CT

0 0 0 -0.000 0.013 -0.013 -0.000 –

15 15 0 1.261 0.048 0.280 1.231 4.39

30 15 15 1.261 0.048 0.589 1.116 1.89

45 45 0 2.034 0.814 0.863 2.014 2.33

60 45 15 2.034 0.814 1.355 1.722 1.27

75 45 30 2.034 0.814 1.754 1.312 0.75

90 45 45 2.034 0.814 2.034 0.814 0.40

105 60 45 1.868 2.201 2.374 1.642 0.69

120 60 60 1.868 2.201 2.718 0.972 0.36

135 60 75 1.868 2.201 2.877 0.235 0.08

150 60 90 1.868 2.201 2.840 -0.518 0.18

165 90 75 0.450 2.858 2.878 0.305 0.11

180 90 90 0.450 2.858 2.858 -0.450 0.16

The figure 23 should therefore be interpreted as the useful propulsion trends where

the thrust is weak at low AWAs and increases through the middle range and reaches the

43



Figure 24: Comparison of side force coefficient CS vs AWA

highest value at larger AWAs. Figure 24 shows the lateral force, which is relatively large

compared with the thrust at low AWAs, but becomes more reasonable in the higher thrust

region.

The calculated results show that the thrust coefficient CT and side force coefficient

CS depend strongly on the AWA, as it determines whether the airfoil section is effective,

depending on the wind’s direction relative to the ship’s direction. At very low AWAs, the

apparent wind comes almost from the front of the ship. In this condition, no aerodynamic

force produces useful thrust, where at β = 0◦, the maximum CT is negative. It implies

that the aerodynamic force acts against the ship’s direction rather than helping it move

forward. Hence, this condition is not useful for the wingsail propulsion.

At low AWAs like β = 15◦ and β = 30◦, the wingsail starts to produce the positive

thrust. However, it was observed that the side force coefficient remains much larger than

the thrust coefficient. It means that most of the aerodynamic forces act sideways instead

of forward, which is again not an ideal condition. This side force must be balanced by

the hull and rudder, which causes additional resistance. As a result, the wingsail may

produce forward force, but it is countered by the side force.

As the AWA increases, the aerodynamic force becomes more useful for propulsion.

From around AWA β = 75◦, the thrust coefficient CT becomes bigger, and the side

force becomes reasonable, as a larger part of the aerodynamic force is converted into
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useful thrust. This implies that the region where the wingsail becomes more effective can

support the ship’s forward propulsion without producing excessive side loads.

The highest calculated thrust coefficient occurs at β = 165◦, where CT = 2.878. Using

the reference dynamic pressure and reference area from this study, q∞Aref = 2.5, this

corresponds to an equivalent thrust force of approximately

T = CT q∞Aref = 2.878× 2.5 = 7.20 N. (11)

However, this value occurs at a selected AoA of 90◦. At this angle, the airfoil is

highly separated and behaves more like a bluff body than an efficient lifting surface.

Therefore, although this case gives the highest numerical thrust coefficient, it should not

automatically be treated as the best practical operating point.

A more practically favourable region is found between approximately β = 120◦ and

β = 150◦. In this range, the thrust coefficient is high while the side-force coefficient is

relatively low. For example, at β = 135◦, the selected AoA is 60◦, giving CT = 2.877 and

CS = 0.235. The equivalent thrust force is:-

T = 2.877× 2.5 = 7.19 N. (12)

This is almost the same as the highest calculated thrust at β = 165◦, but the side-force

coefficient is lower, and the selected AoA is less extreme. Therefore, β = 135◦ can be

considered one of the most favourable operating points in this simplified analysis. It gives

very high thrust while keeping the side force comparatively small.

At β = 150◦, the thrust coefficient is also very high with CT = 2.840, which is equiv-

alent to producing a thrust of 7.10 N approximately. The side force coefficient, however,

becomes negative, indicating that the lateral force changes direction. The sign convention

is not a problem, but it shows that the load direction on the ship changes as the apparent

wind approaches the downwind direction. This is important for controlling the wingsail

and rudder, as well as structural loading.

From a ship performance perspective, the results suggested that the wingsail has the

greatest fuel saving potential in the AWA range where CT is high, and CS is relatively

low. Considering both thrust and side force, the most favourable operating point in this

simplified analysis is around β = 135◦. Under these conditions, the selected AoA is
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α = 60◦, giving CT = 2.877 and CS = 0.235. The equivalent thrust force is approximately

7.19 N, which is almost the same as the highest calculated thrust value, but with a much

smaller side-force contribution. Therefore, β = 135◦ provides the best balance between

high useful thrust and reasonable side force.

For the shipbuilders and engineers, this type of calculation is useful at the initial stage

of the wingsail design. It identifies the wind angle at which the wingsail is most effective

and shows that the side force becomes more critical. This is important for estimating

the loading on the sail foundation, mast structure, rudder system, etc. The results also

suggested that the sail should not just maximize lift force, but it should be controlled to

achieve a suitable balance between thrust and side force.Tillig and Ringsberg (2020).

The present results obtained do not directly predict the exact fuel saving of a real

ship, as it was not in the scope of this thesis. Therefore, the present analysis should be

interpreted as an indication of fuel-saving potential rather than a complete prediction of

fuel consumption and cost.

4.4 Gap Sensitivity Analysis

The figure 27 shows the gap size between the main element and the flap element is a very

important geometric parameter in multi-element airfoils, as it affects the aerodynamic

characteristics between the two elements. The slot allows flow from the pressure side

of the main element to the suction side of the flap, thereby modifying the downstream

BL and influencing flow separation. The aerodynamic performance of the configurations

depends on the balance between increased circulation and viscous losses. Smaller gaps

may strengthen the aerodynamic interaction between the elements, while excessively small

gaps can increase viscous losses when the wake of the upstream element interacts with

the BL of the downstream element van Dam (2002). Previous studies have shown that

the gap size can affect drag more strongly than lift at higher AoA Cvetelina Velkova et al.

(2015). Based on this background, two gap configurations with 0.018c and 0.028c were

studied and compared with the plain-airfoil baseline.

Figure 25 shows that the plain airfoil produced the highest lift coefficient CL over

the AoA studied. Both slotted-gap configurations generated lower lift than the baseline.

For a 0.018c gap, the lift coefficient CL increased from a near-zero value at 0◦ to its

maximum value at 10◦ and slightly reduced at 15◦. The 0.028c gap produced lower lift at
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Figure 25: Comparison of CL for the plain and gap size for NACA 0018 airfoil

Figure 26: Comparison of CD for the plain and gap size for NACA 0018 airfoil

the moderate AoA, indicating weaker aerodynamic interaction between the two elements.

However, the 0.028c gap cases produced a slightly higher lift coefficient CL at 15◦ than the

0.018c case. Overall, the results show that introducing a slot gap modifies the aerodynamic

characteristics but does not improve lift performance relative to the plain-airfoil baseline.

Figure 26 shows that the drag coefficient CD increases with the AoA. Compared with

the plain airfoil, both slotted-gap configurations produced higher drag at moderate and

higher AoA. The 0.018c gap showed an increase in drag at 10◦, but this should be consid-

ered carefully, as it does not align with the other AoA trends. The 0.028c gap produced

lower drag than the 0.018c gap at moderate AoA. This suggests that the larger-gap

arrangement resulted in a lower drag penalty in this range. However, since no quantita-

tive wake, BL or separation analysis was carried out, the increase in drag should not be

directly attributed to viscous interaction or wake effects. Instead, the results show that

changing the gap size affects the aerodynamic resistance of the two-element configuration,
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Figure 27: Velocity magnitude contours for gap size 0.018c (left) and 0.028c (right),
α = 10◦

while the influence on lift is comparatively smaller.

Selected velocity contours, shown in Figure 27, were used to qualitatively compare

the flow field around the plain airfoil and the gap configurations. At an AoA of 10◦, the

slotted cases show visible changes in the flow pattern near the gap region and downstream

of the flap. For the 0.018c gap, the velocity field indicates local acceleration through the

slot region and a more disturbed region behind the two-element configuration compared

with the plain airfoil. However, this observation is based only on the contour plot and

was not supported by a separate quantitative wake or boundary-layer analysis.

For the 0.028c gap, the downstream flow field appears less concentrated than for the

0.018c gap at the same AoA. This is consistent with the lower drag coefficient observed

for the 0.028c case at moderate AoA. However, the contour results should be interpreted

qualitatively, since the present study did not calculate wake thickness, momentum deficit,

wall shear stress, or separation length. Therefore, the results should not be described as

confirmed viscous losses or wake effects. Instead, the contours indicate that changing the

gap size modifies the local flow pattern between the main element and the flap, and this

is reflected in the aerodynamic coefficient trends.

Overall, the gap sensitivity study showed that the investigated slot gaps significantly

changed the aerodynamic behaviour of the airfoil configuration. Both gap configurations

increased drag relative to the plain-airfoil baseline. The 0.018c gap produced stronger
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drag growth at moderate AoA, whereas the 0.028c gap generally led to lower lift gener-

ation. Within the investigated range, the plain airfoil baseline retained the best overall

aerodynamic efficiency.

5 Analysis and Discussion

The aim of this thesis was to study how AoA, hinged flap geometry, apparent wind

direction and gap sizes influence the aerodynamic performance of a NACA 0018-based

rigid wingsail section. The results show that the aerodynamic performance of the wingsail

cannot be judged from the lift coefficient itself. Although the flap deflections increased

the lift coefficient, this improvement came with a drag penalty in several cases, especially

at higher AoA. Similarly, the wingsail orientation study showed that high lift force does

not necessarily correspond to useful propulsive thrust, because the aerodynamic forces

must be resolved into thrust and side-force components relative to the ship’s direction.

Therefore, the most important conclusion of this study is not just the configuration

with high lift but to optimize the thrust force maintaining the side force at small levels.

It is important for WASP that the useful force is the thrust component directed forward.

A configuration that produces high aerodynamic forces may still be less suitable if most

of it acts sideways or if the drag becomes large.

5.1 Reliability of CFD method and Validation Results

The validation study was used to assess whether the two-dimensional OpenFOAM setup

could reproduce the main aerodynamic behaviour of the plain NACA 0018 airfoil before it

was applied to the hinged-flap and gap configurations. The validation results showed that

the CFD model captured the general increase in lift with AoA and the increase in drag at

higher AoA. This behaviour is consistent with basic airfoil theory, in which increasing the

AoA strengthens the circulation and increases the pressure difference between the suction

and pressure sides until separation becomes significant Anderson (2017).

For the plain NACA 0018 airfoil, the simulation gave approximately zero lift at 0◦ AoA,

which is expected for a symmetric airfoil. From 5◦ to 15◦, the lift coefficient increased

with AoA, while the drag coefficient also increased gradually. This indicates that the

present setup reproduced the main pre-stall aerodynamic trend of the reference airfoil.

Therefore, the validation supports using the numerical method to compare aerodynamic
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trends across different wingsail configurations.

However, this should not be interpreted as a complete validation of all flow features.

The agreement with reference data is expected to be better at low and moderate AoA

than at near-stall AoA. At lower AoA, the flow remains more attached, and the aerody-

namic forces are mainly governed by the pressure distribution around the airfoil. In this

range, steady RANS simulations with the SST k–ω turbulence model can provide reason-

able engineering predictions. At higher AoA, however, the flow becomes more separated

and unsteady. Under these conditions, a steady two-dimensional RANS model has more

difficulty representing vortex shedding, large-scale separation, and three-dimensional flow

effects.

This limitation was observed in the 20◦ validation case. The case did not achieve

acceptable convergence and showed a sharp reduction in lift, accompanied by a large in-

crease in drag. This behaviour is consistent with strong separated flow, but the numerical

value itself should not be treated as a reliable quantitative prediction. Therefore, the

validation results are considered reliable primarily within the converged range of 0◦ to

15◦. The 20◦ case is useful for indicating the onset of strong separated behaviour, but it

should be interpreted qualitatively.

The mesh independence study also supports the reliability of the numerical setup, but

only within practical limits. The results showed that lift and drag coefficients became less

sensitive to further refinement after the selected mesh level. The mesh corresponding to

resf = 4 was selected because it provided a good balance between numerical reliability,

aerodynamic coefficient convergence, and computational cost. The change in lift and drag

between resf = 4 and the finer mesh was small, indicating that further refinement did

not significantly change the aerodynamic coefficients.

However, mesh independence does not mean that the simulation is exact. It only

shows that the numerical solution was not strongly changed by further mesh refinement

within the tested range. The y+ values and near-wall treatment remain important, es-

pecially because wall-bounded separation and adverse pressure gradients strongly affect

drag and stall behaviour. The average y+ value was similar across the tested meshes,

but the minimum and maximum values should also be considered, as the local near-wall

resolution can influence separation prediction. Therefore, the final CFD method should

be considered suitable for comparative aerodynamic analysis, but not for exact full-scale
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prediction of wingsail or ship performance.

Another important limitation is that the simulations were two-dimensional. Real

wingsails have a finite span, tip effects, structural supports, and interaction with the

ship deck and superstructure. These effects cannot be captured in the current model.

The results are therefore best interpreted as sectional aerodynamic trends rather than

direct predictions of a complete ship-mounted wingsail. This limitation is acceptable for

comparing hinge position, flap deflection, and gap effects, but it should be considered

before using the results in the final design.

5.2 Influence of Hinged-Flap Deflection and Hinge Position

The hinged-flap study showed that flap deflection strongly influences the aerodynamic

coefficients. Increasing flap deflection increased the airfoil’s effective camber, thereby

increasing the lift coefficient over most of the investigated angle-of-attack range. This is

consistent with high-lift theory and previous studies on flapped airfoils, in which trailing-

edge deflection increases circulation and shifts the lift curve.

However, the increase in lift was also accompanied by an increase in drag. This drag

penalty is caused by stronger adverse pressure gradients, increased curvature of the flow

around the flap, and stronger wake development behind the trailing edge. As the flap

deflection increases, the airfoil produces more lift, but the rear part of the geometry also

becomes a stronger source of pressure drag and separated flow. This means that flap

deflection is beneficial only up to the point where the lift increase is not outweighed by

the drag penalty.

The 20◦ flap deflection produced a moderate increase in lift while keeping the drag

increase smaller than in the 40◦ flap cases. This suggests that moderate flap deflection may

provide a better compromise for practical operation. In contrast, the 40◦ flap deflection

generated larger lift, but it also caused a stronger drag penalty and more separated flow.

Therefore, the 40◦ flap case is useful when maximum lift is desired, but it is not necessarily

the most efficient condition for propulsion. For a wingsail, where the useful output is

forward thrust rather than lift alone, the additional drag must be considered.

The effect of hinge position was less direct than the effect of flap deflection. Moving

the hinge position changes the effective flap length. A hinge located further forward, such

as H60, creates a longer movable flap than H70. This can increase the flap’s aerodynamic
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influence because a larger portion of the airfoil is deflected. Therefore, the H60 cases

generally produced greater changes in pressure distribution and wake behaviour than the

H70 cases at the same flap deflection.

The comparison between H60D20 and H70D20 at the same AoA showed that the

longer flap produced stronger pressure and velocity changes near the rear part of the

airfoil. The H60D20 case showed a stronger pressure difference around the flap region

and a more visible wake behind the trailing edge. This supports the idea that hinge

position affects the local flow structure and wake development by changing the effective

length of the deflected flap.

However, the hinge-position trend was not as consistent as the flap-deflection trend.

Some hinge configurations showed convergence issues or were excluded because the gen-

erated geometries were not suitable for the CFD study. For example, the H65D20 case

did not reach acceptable convergence and was excluded from the quantitative comparison.

This means that the hinge-position results should be interpreted with caution. The geom-

etry near the hinge and the quality of the mesh around the deflected flap can strongly

affect the numerical solution.

For this reason, the present results support the conclusion that flap deflection is the

dominant parameter, while hinge position requires further investigation with improved

geometry control, mesh refinement near the hinge, and additional simulations. The results

show the general trend that moving the hinge forward can strengthen the flap effect, but

they do not provide enough evidence to define one optimum hinge position for all operating

conditions.

5.3 Interpretation of Thrust and Side Force

The wingsail-orientation study is important because it connects the airfoil force coefficients

to ship propulsion. In ordinary airfoil analysis, lift and drag are defined relative to the

incoming flow. However, for a ship, the useful force is the component acting in the forward

direction of travel. This means that high lift does not automatically mean high thrust.

Depending on the apparent wind direction, a large part of the aerodynamic force may act

sideways instead of forward.

The results showed that the thrust coefficient depends strongly on the AWA and the

selected AoA. At low AWAs, the wingsail produced weak or even negative thrust because
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the aerodynamic force was not favourably aligned with the ship’s direction. Under these

conditions, the aerodynamic loading may exist, but it does not contribute effectively to

forward propulsion. This shows why lift coefficient alone is not sufficient for evaluating

wingsail performance.

As the AWA increased, a larger part of the aerodynamic force contributed to forward

thrust. This led to higher thrust coefficients at moderate and large AWAs. However, the

side-force coefficient also changed with AWA. At some apparent wind directions, the airfoil

generated a large resultant aerodynamic force, but a significant part of this force acted

laterally. This is not always desirable because side force can increase leeway, yawing

moment, heeling load, and additional hydrodynamic resistance. Therefore, the most

favourable operating condition is not simply the one with the highest thrust coefficient,

but the one that gives a high thrust coefficient while keeping the side force at a manageable

level.

In the simplified analysis, the operating region around 135◦ AWA gave a favourable

balance between thrust and side force. This condition produced a high thrust component

while avoiding the largest side-force penalty. This result supports the main argument

of the thesis: a wingsail should not be controlled only to maximise lift. Instead, the

control strategy should aim to maximise useful thrust while limiting drag and side loading.

This agrees with the practical requirements of wind-assisted ship propulsion, where the

aerodynamic benefit must be balanced against structural loads, manoeuvrability, and ship

stability

However, the orientation study should be interpreted as a simplified post-processing

analysis. The force decomposition was based on two-dimensional airfoil coefficients and

did not include the full ship hull, rudder response, sail height, heeling moment, or control

limitations. In a real ship application, the optimum sail angle would also depend on ship

speed, true wind speed, true wind angle, sea state, route, and the interaction between the

sail and the vessel.

Another important point is that some of the highest calculated thrust values were ob-

tained at high effective AoA. These high-angle-of-attack cases are less reliable because the

CFD simulations did not show the same convergence quality as the lower-angle cases. Un-

der these conditions, the airfoil is expected to be strongly separated and may behave more

like a bluff body than an efficient lifting surface. Therefore, although the mathematical
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force decomposition may give high thrust values, these points should not automatically

be treated as practical operating points.

The most useful interpretation is that the wingsail has the greatest potential when the

AWA allows a large part of the aerodynamic force to act in the ship-forward direction while

keeping the side force reasonably low. Therefore, the orientation study should be seen as

an indication of useful operating regions rather than a complete sail-control optimisation.

5.4 Effect of Gap Size in the Multi-Element Configuration

The gap sensitivity study showed that the investigated slot gaps changed the aerodynamic

behaviour of the airfoil. In theory, a slot between a main element and a flap can improve

lift by allowing higher-energy flow to pass through the gap and re-energize the boundary

layer on the downstream element. This can delay separation and improve the pressure

distribution on the flap. However, the aerodynamic benefit of a slot depends strongly on

the size and position of the gap, the overlap between the elements, and the flap angle

In the present study, the gap configurations did not automatically improve the overall

aerodynamic performance. However, this conclusion is mainly limited to the small number

of cases considered in this study. Only two gap sizes were evaluated, and the results

should therefore not be interpreted as a general conclusion for all possible slotted-airfoil

designs. For the cases studied here, both gap configurations increased drag relative to the

plain-airfoil baseline. The smaller gap produced greater drag growth at moderate AoA,

suggesting stronger viscous interaction and wake development between the main element

and the flap. The velocity contours also showed stronger flow acceleration through the slot

and a more disturbed downstream wake. This indicates that the gap not only modified

the pressure distribution but also increased losses in the wake region.

The larger gap showed a different behaviour. It produced weaker interaction between

the two elements and generally lower lift generation at moderate AoA. This suggests that

the gap became too large to maintain a strong beneficial slot effect. Instead of improving

the flap performance, the larger gap reduced the aerodynamic coupling between the main

element and the flap. As a result, the plain baseline remained more efficient within the

investigated range.

This result is important because it shows that multi-element airfoils are sensitive to

geometric details. Adding a slot or gap does not guarantee better aerodynamic perfor-
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mance. Larger gaps may have a stronger influence on the aerodynamic interaction between

the main element and the flap because they change the spacing between the elements.

Similar observations have been made in previous studies of multi-element airfoils, where

gap size was shown to influence both lift and drag behaviour.

For the present thesis, the gap study should therefore be presented as an initial sen-

sitivity analysis rather than a final optimisation. The investigated gaps altered the flow

field but did not improve aerodynamic efficiency relative to the plain-airfoil baseline. A

more complete gap optimisation would require a larger design matrix including gap dis-

tance, overlap, flap deflection, and AoA. The local mesh quality in the gap region would

also need to be carefully checked, as small geometric changes there can strongly affect the

flow solution.

5.5 Limitations of the Present Study

Several limitations affected the interpretation of the results. First, the simulations were

limited to two-dimensional steady RANS. This approach is useful for comparing many

configurations at reasonable computational cost, but it cannot capture all unsteady and

three-dimensional flow structures. This is especially important near the stall, where vortex

shedding, separated flow, and spanwise flow may dominate the aerodynamic forces.

Second, some configurations had convergence difficulties. This was particularly rel-

evant for large flap deflections, high AoA, and certain hinge positions. If the residuals

and force histories do not stabilise, the calculated coefficients should not be treated as

fully reliable. These cases are still useful for identifying problematic geometries and flow

regimes, but they should not be used as the main basis for design conclusions.

Third, the study used a limited range of hinge positions, flap angles, and gap sizes. The

selected cases show important trends, but they do not represent a complete optimisation of

the wingsail geometry. Other combinations of hinge position, flap length, flap deflection,

gap size, and overlap may produce better performance. Therefore, the results should be

interpreted as a comparative investigation of selected configurations rather than a final

optimised design.

Fourth, the geometry generation process affected which cases could be studied. Some

hinge positions were removed because the generated geometries were unsuitable for mesh-

ing or produced poor-quality regions near the hinges. This is an important practical
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limitation because the aerodynamic performance of a hinged flap depends not only on the

selected hinge location but also on whether the resulting geometry is smooth, meshable,

and physically reasonable.

Fifth, the study did not include a full ship model. The thrust and side-force analysis

was based on aerodynamic force decomposition rather than a coupled aero-hydrodynamic

simulation. In practice, the net benefit of a wingsail depends on how the aerodynamic

forces interact with the ship hull, rudder, stability, route, and control system. Therefore,

the present results should be interpreted as aerodynamic indicators rather than direct

fuel-saving predictions.

Finally, the results are based on a fixed inflow condition and a simplified two-dimensional

reference area. Real operating conditions would involve changing wind speed, AWA, ship

motion, atmospheric turbulence, and control-system response. These effects were outside

the scope of this thesis, but they would be important for practical wingsail design.

5.6 Implications for Wingsail Design

The results have several implications for rigid wingsail design. First, flap deflection is

an effective means of modifying the aerodynamic performance of a rigid wingsail section.

Moderate flap deflection can improve lift without causing as large a drag penalty as high

flap deflection. This suggests that a smaller flap deflection may be more useful in practice

if it provides sufficient thrust while keeping drag and wake development lower.

Second, hinge position affects the pressure distribution and wake structure, but its

influence is more sensitive to geometry and convergence quality. A hinge located farther

forward increases the effective flap length and can strengthen the flap’s aerodynamic effect.

However, this can also increase drag and separation. Therefore, hinge position should not

be selected independently. It should be designed together with the flap deflection angle,

the expected operating AoA, and the structural constraints.

Third, the best aerodynamic configuration for ship propulsion is not necessarily the one

with the highest lift coefficient. The thrust and side-force balance must be considered. A

wingsail operating condition with slightly lower lift may be more favourable if it produces

lower drag and smaller side force. This is especially important for ship applications,

where excessive side force can increase rudder demand, yawing moment, heeling load, and

structural requirements.
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Fourth, the gap sensitivity results show that multi-element configurations require care-

ful design. A poorly selected gap can increase drag and reduce aerodynamic efficiency.

Therefore, the gap size should not be chosen only from geometric convenience. It should be

optimised together with flap angle, hinge position, overlap, and apparent wind direction.

Overall, the present study provides a useful CFD-based comparison of different wing-

sail configurations. The results show that hinged flaps can improve aerodynamic per-

formance, but the benefit depends strongly on the balance between lift increase, drag

penalty, thrust direction, side-force loading, and flow separation. This supports the need

for wingsail design methods that evaluate the complete aerodynamic force system rather

than lift alone.

5.7 Recommendations for Future Work

Future work should first extend the present two-dimensional study with a more systematic

parametric investigation. More hinge positions, smaller increments in flap deflection, and

additional gap sizes should be tested. This would allow clearer identification of the range

in which flap deflection improves thrust without producing excessive drag or side force.

A second step should be to improve the treatment of separated flow. Since the present

steady RANS setup showed convergence limitations at high AoA, unsteady RANS or LES

could be used for selected cases where wake dynamics and stall behaviour are important.

This would be especially relevant for the wingsail-orientation study, where some high-

thrust operating points were based on high effective AoA.

A third step should be to perform three-dimensional simulations. A finite-span wing-

sail would include tip effects, spanwise flow, and more realistic loading distributions. This

would make the aerodynamic coefficients more representative of practical wingsail oper-

ation. In addition,the aerodynamic forces should eventually be coupled with a simplified

ship model to estimate how thrust, side force, yaw moment, heel, and hydrodynamic

resistance interact.

Further work should also include a more detailed gap optimisation study. The present

study only considered selected gap configurations, but multi-element airfoil performance

depends strongly on gap size, overlap, flap angle, and element alignment. A wider design

matrix would help identify whether a better gap arrangement can improve lift without

causing excessive drag.
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Finally, experimental validation would improve confidence in the numerical results.

Wind-tunnel testing of selected flap and gap configurations could provide force mea-

surements and flow visualisation for comparison with the CFD results. This would be

particularly useful for cases involving separation, where numerical predictions are more

uncertain.

Overall, the present study shows that hinged flaps can improve the aerodynamic force

generation of a rigid wingsail section, but the improvement must be assessed using more

than just the lift coefficient. The most useful wingsail configuration is not necessarily

the one with the highest lift, but the one that provides useful thrust with acceptable

drag, side force, and flow stability. This conclusion supports the need for wingsail opti-

misation methods that combine airfoil aerodynamics, force decomposition, and practical

ship-operation constraints.

6 Conclusions

This thesis investigated the aerodynamic performance of a NACA 0018-based rigid wing-

sail section using two-dimensional CFD simulations in OpenFOAM. The study focused

on the effects of AoA, hinged flap deflections and hinge position, AWA, and gap size

on the lift coefficient CL, drag coefficient CD, thrust coefficient CT , side-force coefficient

CS, and the surrounding flow behaviour. The main purpose was not just to identify the

configurations with high lift coefficient CL, but also to understand whether the generated

aerodynamic force can contribute usefully to the WASP.

The validation study showed that the numerical setup was able to reproduce the main

aerodynamic trends of the plain NACA 0018 airfoil in the converged AoA range from 0◦

to 15◦. In this range, the lift coefficient CL increased with AoA, while the drag coefficient

CD also increased gradually. This behaviour agreed with the expected response of a

symmetric airfoil before strong stall effects occur. The 20◦ case did not reach acceptable

convergence and was therefore interpreted only qualitatively. This showed that the steady

two-dimensional RANS setup is suitable for comparing pre-stall and moderately separated

aerodynamic trends, but less reliable for strongly separated high-AoA cases.

The hinged-flap study showed that flap deflection has a strong influence on aerody-

namic performance. Increasing the flap deflection increased the effective camber of the

airfoil and produced a higher lift coefficient CL. However, this improvement was accom-
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panied by an increased drag coefficient CD and stronger wake development. The 20◦ flap

deflection gave a moderate lift increase with a smaller drag penalty, while the 40◦ flap de-

flection produced higher lift but also much larger drag. Therefore, the configuration with

the highest lift coefficient CL was not exactly the most efficient or useful configuration

when it comes to propulsion.

The hinge-position study showed that moving the hinge position does changes the

effective flap length and therefore affects the pressure distribution and wake behaviour. A

smaller hinge position, like the H60, creates a longer deflected flap and produces stronger

aerodynamic characteristics than H70 at the same flap deflection of 20◦. However, the

hinge-position effect was not so consistent when compared to the flap-deflection because

some configurations having geometry and convergence issues. Therefore, flap deflection

was found to be the important parameter in the present thesis, while hinge position

requires further investigation before an optimum location can be defined.

The wingsail-orientation study showed that the lift coefficient CL alone is not sufficient

for evaluating wingsail performance. For the propulsion of the ship, the aerodynamic force

was resolved into thrust and side-force components relative to the ship’s direction. The

results showed that low AWAs produced a weak or even negative thrust coefficient CT ,

whereas larger AWAs enabled a greater portion of the aerodynamic force to contribute

to forward propulsion. In the simplified analysis, the operating region around β = 135◦

gave a favourable balance between high thrust coefficient CT and manageable side-force

coefficient CS. However, some high-thrust-coefficient points were based on high effective

AoA values and should be interpreted qualitatively because these cases involved stronger

separation and lower convergence reliability.

The gap sensitivity study showed that the investigated gap configurations changed the

flow behaviour but did not improve the overall aerodynamic efficiency compared with the

plain-airfoil baseline. The gap cases generally increased the drag coefficient CD and did not

produce a higher lift coefficient CL than the plain airfoil in the tested range. The 0.018c

gap produced stronger drag growth at moderate AoA, while the 0.028c gap produced lower

lift generation. This implied that adding a slot or gap does not automatically improve

performance. The aerodynamic effects thus depends strongly on gap size, overlap, flap

angle, and element interaction. Therefore, the gap study should be understood as an

initial sensitivity analysis rather than a complete multi-element optimisation.
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Overall, the thesis shows that hinged TE flaps can improve the aerodynamic force gen-

eration of a rigid wingsail section, but their usefulness depends on the balance between

lift increase, drag penalty, thrust coefficient CT , side-force coefficient CS, and flow separa-

tion. The most suitable wingsail configuration is not necessarily the one with the highest

lift coefficient CL. Instead, a useful design should provide sufficient thrust coefficient CT

while maintaining acceptable drag, side force, and flow stability. The results should be

interpreted as section-wise aerodynamic trends rather than full-scale ship performance

predictions. Future work should include a wider parametric study, unsteady and three-

dimensional simulations, and additional experimental validation for those configurations.
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