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Abstract

A growing need for sustainable maritime transport has driven the development
of rigid wing sails. Symmetrically cambered profiles offer high thrust potential
across many apparent wind angles, but their aerodynamic design and installa-
tion layout can still be further optimised. This licentiate thesis addresses these
challenges through two complementary studies: the development of an aerofoil
optimisation framework and an exploratory analysis of multi-sail layouts.

The first study develops a surrogate-based Bayesian optimisation method
to reduce reliance on costly CFD simulations. A Gaussian Process surrogate
model uses prediction uncertainty to guide the search for maximum average
thrust over apparent wind angles from 10° to 150°. A hybrid parametrisation
enables flexible aerofoil geometry variation. The optimised configuration has a
more uniform thickness distribution and achieves an 8% thrust increase over
the D2R10 benchmark, validated by high-fidelity IDDES.

The second study investigates the aerodynamic interference in multi-sail
layouts using a two-dimensional inviscid method. Two configurations are
considered: a triple in-line and a quad-sail parallel layout. Under a fixed
total spacing, optimisation yields only limited performance improvements. The
in-line layout experiences thrust losses of up to 6% compared to isolated sails.
The parallel layout exhibits larger reductions ranging from 10% to 28%. These
findings indicate that aerodynamic interference significantly affects multi-sail
performance.

This thesis develops a Bayesian optimisation framework for multi-fidelity
wing sail design. It shows how using a fast lower-fidelity solver can deliver
measurable 3D aerofoil performance gains. The new parametrisation enables
broad shape variation, revealing how geometric characteristics affect thrust. The
framework also identifies trends and limitations in different layout configurations.
These results provide insights to guide future wing sail design strategies.

Keywords

Aerodynamics, installation layout, machine learning, multi-point optimisation,
rigid wing sail, wind-assisted ship propulsion
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Chapter 1

Introduction

1.1 Background

In an effort to reduce greenhouse gas emissions, the modern shipping industry
is exploring renewable technologies to replace or supplement fossil fuel-based
propulsion systems (Zhu et al. 2023al). In this search, the old technology of
wind propulsion is making its return. One of the most promising solutions is
rigid wing sails supported by modern materials and control systems. They can
be imagined as wings mounted vertically on a ship that produce thrust through
aerodynamic lift and drag. This leads to a potentially substantial reduction in
engine power demand and fuel consumption.

However, despite their conceptual similarity, wing sails do not operate like
aircraft wings. The latter are designed under the assumption that the incoming
flow is roughly parallel to the aircraft’s movement, as the aircraft’s forward
speed dominates the local wind speed. This means that the generated lift
force, which by definition is perpendicular to the flow direction, will provide
an upward force on the aircraft. Contrarily, wing sails must operate in varying
wind directions, and cannot guarantee that the lift vector aligns with the ship’s
movement direction. Instead, wing sails must be able to rotate to adapt to
varying wind directions and harness lift and drag together to produce a thrust
vector in the ship’s movement direction. This puts different requirements on
the aerodynamic shape of a wing sail and the arrangement of multiple wing
sails on a ship.

To date, various industry groups have been developing prototypes and
products with a range of cross-sectional aerofoil shapes. These include a
two-element flapped aerofoil type by OceanbirdEI, a three-element type by
Bar Technologiesﬂ and a symmetrically cambered crescent-shaped type by
ScandiNAOS’} Much of the research in this field has focused on the acrodynamic
performance of an individual wing sail and multiple sails working in tandem.
However, there is relatively little research on how to optimise geometries

1Wallenius Marine AB |2025|
2BAR Technologies Ltd. 2025/
3ScandiNAOS AB [2025!
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and layout arrangements to improve the aerodynamics. Furthermore, it is
interesting to investigate hybrid optimisation involving both aerodynamics and
structure.

1.2 Literature Study

The 2010 America’s Cup marked a turning point in sailing technology with the
introduction of rigid wing sails, which demonstrated superior aerodynamic per-
formance and renewed interest in wing sail research (Blakeley et al.|2012). These
sails typically featured a two-element configuration, with a larger wing and
an attached flap. Early investigations into such sails were largely proprietary,
limiting access to experimental data.

One of the first publicly available studies was by Blakeley et al. (2012),
who conducted wind-tunnel tests on a two-dimensional, two-element wing sail
model. They observed that the gap between the main element and the flap had
a strong influence on the stall angle. Building on this work, Furukawa et al.
(2015) found that, while the gap size and pivot location had relatively minor
effects, the deflection of the flap was a dominant factor in determining lift and
drag. They also reported that at high camber and angle of attack (AOA), low
Reynolds numbers (below 6 x 10°) could trigger early flow separation and reduce
performance. Li et al. (2020) extended the analysis using both 2D and 3D CFD
simulations. Their results indicated that at high flap deflections, moving the
flap rotation axis aft increases the lift coefficient, particularly when the axis
is positioned between 85% and 95% of the chord. More recently, Hillenbrand
et al. (2024)) investigated stall behaviour through wind tunnel experiments and
showed that separation occurs in two stages: starting on the flap, then followed
by the entire wing, with the latter exhibiting hysteresis effects.

1.2.1 Symmetrically Cambered Wing Sail

As an alternative to conventional aerofoils, the symmetrically cambered wing
sail concept is receiving increasing attention. One of the earlier studies on this
concept was by Ouchi et al. (2016, who explored a ship with nine symmetrically
cambered wings whose height could be telescopically adjusted. This concept
has since developed into a four-wing sail configuration known as the “Wind
Challenger”, which is estimated to achieve a 30% cut in energy consumption on
a trip between Yokohama and Seattle (Ouchi et al.|2016]). A physical prototype
of the wind challenger sail has been in operation since 2022, having been fitted
to the forecastle of a bulk carrier called the Shofu Maru (Ouchi et al. |[2023]).
According to the manufacturelﬂ the prototype saves an average of 5% to 8%
in fuel consumption per voyage.

Furthermore, Ma et al. (2019) introduced a coupled wing sail design that
integrates an arc-shaped wing with a NACA 0018 aerofoil to enhance aerody-
namic performance. The geometry was described using 14 parameters based
on a modified PARSEC method. Particle Swarm Optimisation (PSO) was

4Mitsui O.S.K. Lines, Ltd. [2025|
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employed to maximise the power factor, defined as C}°/Cp, averaged over
AOAs ranging from -15° to 40°. The optimal configuration achieved a 30%
improvement in average power factor over the baseline arc-shaped sail.

The Swedish company ScandiNAOS developed a new type of symmetrically
cambered wing sail, often referred to as the “crescent-shaped” wing sail. Zhu et
al. (2023a) conducted a parametric CFD study on this new design. This study
employed the unsteady Reynolds-Averaged Navier—Stokes (RANS) equations
to examine different geometric configurations, resulting in a shape called the
“D2R10” that generated the highest lift. The configuration was then further
analysed with Improved Delayed Detached Eddy Simulation (IDDES) (Zhu
et al. 2024) in order to confirm the improved performance. The D2R10 would
serve as the benchmark configuration to be improved with the optimisation
method developed by van Reen et al. (2025]), which is included in this thesis as
Paper 1.

A separate study by Guzelbulut et al. (2024)) also carried out a parametric
shape optimisation of the D2R10 profile. Three design variables were proposed
to be varied across three levels to either enhance thrust or reduce propeller
power. Rather than evaluating all 27 possible combinations generated from
the profile parametrisation, they selected nine representative samples for CFD
analysis and examined them at a range of wind directions and AOAs. For each
configuration, the most favourable angles were averaged to characterise the
aerodynamic behaviour. These results were then used to construct a second-
order polynomial surrogate model. The thrust-focused design yielded a 12.3%
improvement, whereas the power-focused variant achieved a 22% reduction in
required propeller power relative to the original D2R10.

1.2.2 Multiple Wing Sails

Real-world ships will not always have just one wing sail mounted on them,
but will likely operate with multiple sails. These large structures affect the
airflow around them, and thus, to get a good understanding of wing sail
performance in the field, it is crucial to understand how they interfere with
each other. Research in this area dates back more than a decade, but it is still
relatively sparse. It had seen an earlier introduction of optimisation models. Jo
et al. (2013) harnessed a genetic algorithm with a Kriging surrogate model to
minimise interference between three morphing flapped wing sails in an in-line
layout. They varied the flap deflection angle, flap length and AOA, and found
that optimising these parameters could yield a 10% thrust increase.

Using steady RANS simulations, Hussain et al. (2021) evaluated the thrust
performance of a bulk carrier fitted with five rigid wing sails. The sails were
designed with a NACA 4412 profile, optimised for wind coming from a single
board side. The simulations predicted a reduction in required brake power
of approximately 30% under zero-drift conditions and 20% at larger drift
angles compared to a ship without wing sails. Later, Giovannetti et al. (2022)
experimentally examined how three rigid wing sails interact under turbulent
flow to optimise thrust for wind-powered ships. Their results showed that
adjusting individual sheeting angles and wing placement significantly improves
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efficiency.

Makram et al. (2023]) explored the design and aerodynamic optimisation
of flapped wing sails for a Suezmax-class tanker. The first step involved a
comparative analysis of 13 symmetrical aerofoil profiles using the XFOIL tool
(Drela [1989)). A single profile was selected for its favourable aerodynamic
characteristics, namely, strong lift, low drag, small pitching moment, and
moderate stall characteristics from medium to high Reynolds numbers. This
selected profile was subsequently employed in the development of nine three-
dimensional wing sail arrangements, each differing in aspect ratio, taper ratio,
and the number of sail pairs. Notably, the research underscored the importance
of accounting for aerodynamic interference between sails, as omitting these
effects was shown to significantly over-predict the thrust and lateral force.

In the same year, wind tunnel tests for a triple in-line wing sail layout
were performed by Zhu et al. (2023b). The sails had the D2R10 profile and
were tested under varying wind speeds, apparent wind angles (AWA), and
AOAs. The results showed that the front sail produced the greatest thrust,
the middle sail exhibited the strongest structural vibrations, and the aft sail
produced the smallest thrust. Moreover, Malmek (2023) developed a lifting
line model for multiple wing sails, which was then further improved by Malmek
et al. (2024) by adding a potential flow-based interaction method, as well as an
optional boundary layer correction. This allows for better 3D aerodynamic force
prediction in upwind conditions without sacrificing computational efficiency.

That same year Yasuda et al. (2024)) investigated a two-sail configuration of
symmetrically cambered wing sails with CFD, looking to understand how the
two sails affect each other at large AWAs of 150° and 180° (tailwind). They
sought to optimise each sail’s AOA to achieve maximum thrust at the two
wind angles, and concluded that they require opposite AOA combinations: fore
small and aft large at 150° and fore large and aft small at 180°.

1.3 Goals and Objectives

The overarching aim of this research is to develop a general and robust op-
timisation framework for the design of individual wing sails and multi-sail
arrangements, and to ultimately incorporate structural responses into the
framework. This licentiate thesis represents the first stage of the work. It
establishes the overall framework, demonstrates its feasibility and provides
initial insights through systematic studies of symmetrically cambered aerofoils
and multi-sail layouts. The preliminary steps based on aerodynamic analysis
are intended to identify which modelling assumptions, performance metrics,
and design variables are most influential, and to clarify the main trade-offs that
need to be addressed in later structural response extensions of the framework.
The current stage also defines suitable parametrisations, numerical settings, and
optimisation strategies that remain computationally tractable in subsequent
extensions to coupled fluid-structure solvers. The specific objectives are:

1. Develop a general, modular optimisation framework that integrates sur-
rogate models and numerical solvers, which can be implemented with
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different algorithms or fidelity levels. The goal is to reduce reliance on
computationally expensive simulations while maintaining accuracy and
robustness, and to validate the resulting optimal designs using higher-
fidelity CFD simulations.

2. Construct an efficient parametrisation method for symmetrically cambered
aerofoil shapes and optimise these geometries to achieve the largest thrust
under realistic constraints. This includes assessing the sensitivity of per-
formance to key geometric parameters to identify compact but expressive
design spaces.

3. Perform an exploratory optimisation of multi-sail layouts to assess aero-
dynamic interference effects across a representative range of spacings.
Identify trends and layout principles for efficient deck arrangements,
which could support industrial design and preliminary layout decisions
for wing sail-equipped vessels.

1.4 Limitations and Assumptions

The present study is carried out under a number of assumptions and limitations
that should be kept in mind when interpreting the results. These choices are
partly dictated by the need to keep the optimisation and validation compu-
tationally tractable, and partly by practical constraints related to available
computational resources. They also indicate directions for future extensions of
the optimisation framework.

e The present optimisation is based on two-dimensional reduced-order
aerodynamic modelling, with validation via three-dimensional CFD sim-
ulations. This reduces the computational cost but means that fully
three-dimensional effects, such as spanwise flow and tip vortices, are only
indirectly accounted for through these validation cases rather than being
embedded in the optimisation loop.

e No experimental validation has been performed. Modern wing sails are
very large structures; for example, the reference wing sail in the validation
is 72 m tall with a 14 m chord, corresponding to a Reynolds number of
order 107. There are currently no full-scale facilities capable of testing
such a large structure, and achieving a comparable Reynolds number at
model scale in laboratory tests would require conditions that significantly
alter the Mach number or introduce other scaling distortions. As a result,
the assessment of accuracy relies entirely on numerical simulations with
thorough method validation, such as a mesh sensitivity study.

e The aerodynamic analyses are performed over a limited number of AOAs
and inflow conditions. Therefore, the behaviour outside the sampled
range, especially near stall or in highly unsteady regimes, is not fully
resolved.
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Side forces induced by the wing sail are not included in the optimisation,
since no representative ship configuration is specified from which to
derive the influence of side forces on overall propulsion performance. The
present results should therefore be interpreted primarily in terms of thrust
generation rather than full vessel-level performance.

The atmospheric boundary layer is not explicitly modelled in the three-
dimensional validation simulations. A uniform inflow profile is used,
consistent with the two-dimensional optimisation, which cannot represent
height-dependent velocity profiles. This choice simplifies the compar-
ison between two- and three-dimensional results but limits the direct
applicability of the simulations to realistic atmospheric boundary-layer
conditions.

The aerofoil design optimisation is only done in two dimensions. While
three-dimensional effects such as spanwise vortices influence performance,
high-fidelity CFD validation confirmed that the 2D-optimised aerofoil
maintains superior thrust compared to the benchmark design in three
dimensions.

The multi-sail optimisation focuses on layout design, aiming to evaluate
the aerodynamic interference among wing sails for different spacings.
Operational variables, such as the individual sheeting angles for each
wing sail, are not considered because their necessity depends on the level
of aerodynamic interference.

Given computational constraints and the exploratory nature of this stage,
the structural model of the wing sail will be deliberately simplified for the
next-step development of the optimisation framework. The model will
not capture detailed internal layouts, local stiffness variations, or joint
conditions. Consequently, deformation-induced aerodynamic changes,
stress concentrations, and structural failure modes such as buckling or
fatigue are excluded from the optimisation loop.

Only steady or quasi-steady aerodynamic forces are taken into account
for the structural analysis of the simplified wing sail models. Unsteady
phenomena such as gust loading, dynamic stall, motion-induced effects,
and fully coupled FSI would be either neglected or modelled in a highly
simplified manner in the optimisation. Consequently, the optimisation
framework cannot address dynamic structural responses.



Chapter 2

Methodology

The modular optimisation framework developed in this thesis integrates a
range of numerical methods and tools to perform aerodynamic optimisation.
To demonstrate its modularity and interchangeability, different geometric
parametrisations, surrogate modelling algorithms, and flow solvers have been
implemented and tested within the same framework, which are presented in
the published papers. This chapter elaborates on the methods that are used
to achieve this goal. For brevity, only the methods down-selected for the final
framework are presented.

It starts with definitions of the relevant wind conditions and force compon-
ents acting on a wing sail in This is followed by the parametrisation
of the wing sail profile geometry and the multi-wing sail layout used for optim-
isation in Next, the two aerodynamic analysis methods employed
in Papers I and II are introduced in The optimisation model is
described in Lastly, the CFD simulation setup for validating the
optimised wing sail profiles is presented in

2.1 Sailing Forces

Two wind angle definitions are commonly used in sailing: the true wind angle
(TWA) and the apparent wind angle (AWA). The TWA is the wind angle
measured by a fixed external observer, for example, on shore, whereas the AWA
is the wind angle relative to the moving ship itself. When the ship is stationary,
the AWA and TWA are identical. Once the ship moves, the AWA results from
the vector sum of the true wind and the ship velocity. For aerodynamic analysis,
only the apparent wind needs to be considered, as it directly determines the
wind loads acting on the sails (Kimball|2009). In this study, the AWA is defined
as positive in the counter-clockwise direction when viewed from the top of the
ship, as illustrated in

The thrust vector is defined as the projection of the resultant aerodynamic
force Fy.s onto the ship’s forward sailing direction, representing the portion of
the aerodynamic load that contributes directly to propulsion. This definition is
shown in Here, the AOA is denoted by «, the apparent wind vector

7
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and angle by Vaw and 64y, respectively, the lift force by L (perpendicular to
Vaw), the drag force by D (aligned with Vaw ), and the resulting thrust by 7T
For a given apparent wind condition, the balance between L and D, together
with their orientation relative to the ship’s motion, determines the magnitude
and sign of T', and thus the effective propulsive performance of the wing sail.

OO

270°

90°

180°

Figure 2.1: Definition of the apparent wind angle from a top-down view, where
the ship is in blue.

Figure 2.2: Diagram of sail force decomposition, outlined with the AOA («),
the lift (L), the drag (D), the resultant aerodynamic force (F.s) and the thrust
(T') with respect to the apparent wind vector (Vaw ) at the AWA (04w ).

From the definition illustrated in the thrust can be derived as:
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T = L(a)-sin(@aw) — D(a) - cos(faw) , (2.1)

where L and D are dependent on . When non-dimensionalised, the thrust,
lift, and drag coefficients are defined as:

T L D
Ce=1—7 Cr=1—5 Ca=1—7> (2.2)
5pVic 5pVzc 5pVzc

where p is the air density, V., is the speed of the incoming flow and c is the
chord of the aerofoil.

According to the thrust coefficient varies directly with the
AWA and indirectly with the AOA through C; and Cy. A wing sail can fully
rotate in the horizontal plane, that is, be freely adjustable to any AOA. Thus,
for an arbitrary AWA, the thrust is calculated for the AOA that maximises
thrust. This thrust variance means that one cannot simply assign a single
thrust value to a certain geometry. Instead, the optimisation objective is not
strictly the thrust but the average thrust over a range of AWAs. This yields:

1 X
Ct == N Zl Ot,i ) (23)

where i represents the ith AWA of interest, and N is the total number of
angles involved in the evaluation. This thesis considers AWAs from 10° to 150°.
Beyond 150°, drag becomes a significant thrust component (Zhu et al. 2023a)),
allowing deep-stall configurations. Forward motion makes these angles less
common, so they are less critical for analysis. The 10° lower bound reflects the
negligible thrust in near-headwinds, when wing sails are typically retracted.

In the case that multiple wing sails are arranged on the deck, it makes sense
to define the total thrust produced by all wing sails together at an arbitrary
Oaw as Ctmue. The definition is presented in where j is the jth
sail unit, and M is the total number of sails. Note that C; 1t is written as
C7 sum in Paper II

M

M
Crmue = »_Crj=> [Crjsin(0aw) — Cajcos(@aw)]- (2.4)

j=1 j=1

2.2 Wing Sail Profile Parametrisation

To optimise a wing sail aerofoil, its shape needs to be parametrised. In Paper I,
a new hybrid parametrisation method for symmetrically cambered aerofoils
proposed by Yao (2025)) is used to generate various geometric samples during
the optimisation process. The parametrisation is formulated in reference to
NACA-series foils and cambers.

The camber line is based on the NACA 4-digit definition (Jacobs et al.|{1933).
Since the crescent aerofoil is symmetric, the front section from the leading edge
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to mid-chord is used, and then mirrored to form a complete camber line. The
resulting definition for the local camber height y. is:

Ye 4he |z A x
= = e <-<1 2.
¢ c [c (c)}’ O_C_ 25)

where h. is the maximum camber, ¢ the chord length and z is the chord-wise
coordinate.

From this reference, the actual camber line in the new parametrisation is
constructed using a Bézier curve defined by control points. These points shape
the curvature of the front half of the camber line, while the rear half is generated
by mirroring the front. Any number Q of control points can be used, but control
points 1 and @ are always the same. Control Point 1 (CP 1) is fixed at the
leading edge of the foil with nondimensionalised coordinates (z/c,y/c) = (0,0),
and Control Point @ (CP Q) is fixed at (z/c,y/c) = (0.5, h./c). The remaining
Q) — 2 control points are left unfixed to allow for flexibility in adjusting the
curvature. The initial Bézier curve is obtained by fitting it to the reference
camber line defined in

The thickness distribution of the new symmetrically cambered aerofoil
parametrisation is derived from a modified NACA 4-digit series (Mason [2018)).
The front half of the thickness distribution is defined as:

2o (2 fofZ (2) s ) ()] 0= <05 e

where h; is the maximum thickness. The coefficient ag is given as:

ap ~ 0.296904 - Y15, (2.7)
and / ;
1/6, or I <8
XLE = {10.3933, for I =9 (2:8)

where T is the index used to specify the leading/trailing edge radius.
The other coefficients are:

a1 ~ 0.477 — 2.650a0 (2.9)
as ~ —0.708 + 3.536ag (2.10)
as ~ 0.308 — 2.121ay (2.11)

According to [Equation 2.61{2.11] the thickness distribution requires h; and
I as inputs. The front half is mirrored about the mid-chord to form a sym-
metric profile, following the same approach used for the camber line. The
resulting camber and thickness distributions are then combined to produce a
symmetrically cambered aerofoil.

In Paper I, the sample aerofoils are generated with () = 4 control points. A
geometry example and its parameters are presented in The variable
parameters are I, hy, and the x and y-coordinates for CP 2 and CP 3 of the
Bézier curve.
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< CP2

cp 1k’

Figure 2.3: A parametrised crescent aerofoil with a camber that is symmetric
about the mid-chord. Control points such as CP 1-CP 4 are used to define a
Bézier curve for half of the camber line.

The parameter ranges for the proposed parametrisation are constrained
using the D2R10 as a reference. The minimum thickness is set to 14.29% of the
chord, matching the D2R10 to allow mast integration, while the upper bound
is 20% above this value. The maximum camber height remains fixed at 14.25%
of the chord, as preliminary studies show its strong influence on aerodynamic
forces, which could obscure the effects of other parameters. The coordinates of
the four control points (z2, yo, 3, y3) may vary by £5% from those fitted to
the NACA 4-digit camber line. Finally, I can vary from 4 to 8.

2.3 Multi-Sail Layout Parametrisation

To study the interaction between multiple wing sails in different configurations,
two installation layouts are developed. These layouts are investigated in

Paper II and are presented in

Inﬂow direction Inflow direction

I::) Q
. (XOA) |
o (AOAY =

\ Q
\ \
\
\ \
\ \
\ \
\ \
BAWA)), __peway, /
(a) Trlple layout (b) Quad layout

Figure 2.4: Schematics of conceptual wing sail installation layouts: (a) the
triple units in-line (TL), and (b) the quad units in parallel (QP).

The first layout assembles three sails in a triple in-line layout (TL), and
the second layout has two lines of two sail units in parallel, referred to as quad
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in parallel (QP). The distances between the sail units, I; and Iz, are defined in
different ways for the two layouts. In the first layout, {; is the distance between
the first and second sail, and [, is the distance between the second and third
sail. In the second layout, [; and [5 are the distances between the longitudinal
and lateral rows, respectively.

In Paper II, both layouts are optimised under the constraint that the sum
of l; and [y remains constant at 2.4 chord lengths. This constraint reflects
the structural, maintenance, and stability requirements, resulting in compact,
retrofit-friendly layouts. By enforcing these limits, both configurations operate
under the same practical conditions, enabling a fair comparison between TL
and QP setups.

also illustrates the definitions of the AWAs and AOAs. Three
AWAs are analysed: 60°, 90°, and 120°. These angles are selected because
they represent the area of highest thrust generation according to Paper I.
Accordingly, only the higher AOA of 15° is considered, as it is high enough
to produce potential interference effects. This choice avoids coming too close
to the expected stall angle of the D2R10 at 20° (Zhu et al. |2023a)), which the
current aerofoil resembles.

2.4 Aerodynamic Analysis

Paper I and Paper II use two different modules from the open-source aero-
dynamic analysis tool AeroSandbox (Sharpe |2024) to calculate lift and drag.
Paper I uses Neuralfoil (Sharpe et al.|2025), a physics-informed neural network-
based fast aerofoil analysis tool. Paper II uses the inviscid module for two-
dimensional aerodynamics.

2.4.1 NeuralFoil Analysis

NeuralFoil (Sharpe 2023)) is a machine learning model trained on data gen-
erated by XFOIL, designed for two-dimensional aerodynamic analysis under
both viscous and inviscid conditions, as well as steady, incompressible, and
compressible flows. Its predictions match the accuracy of XFOIL while offer-
ing significantly faster computation times (Sharpe et al. 2025)). Furthermore,
XFOIL can occasionally fail to converge when handling complex simulations
(Sharpe et al.|2025)), making it difficult to analyse unconventional symmetrically
cambered wing sails. In contrast, NeuralFoil produces reliable results across
a wide range of geometries. NeuralFoil also integrates analytical relations
developed by Truong (2020) into its architecture, extending its capabilities
beyond XFOIL-based predictions. These formulations enable the estimation
of Cy and Cy across a full 360° AOA range and include models that capture
moderate to deep stall behaviour.
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2.4.2 Inviscid Analysis

The inviscid solver in AeroSandbox applies a two-dimensional vortex-panel
formulation to model multiple independent lifting surfaces. Each panel is
associated with a degree of freedom, represented by its vortex strength, and
a corresponding equation enforcing the no-penetration condition. The Kutta
condition introduces an additional constraint, which is implemented via a
distributed source term. This results in a dense linear system that is solved
to reconstruct the flow field. While this inviscid method is computationally
efficient, it neglects viscous phenomena, such as the boundary layer, separa-
tion, and wake interactions, thereby limiting the accuracy of drag predictions.
Nevertheless, it provides reliable lift estimates and computes much faster than
Reynolds Averaged Navier-Stokes (RANS)-based CFD approaches.

2.5 Optimisation Model

2.5.1 Optimisation Algorithm

The optimisation model developed for this research uses the Bayesian optim-
isation method (Snoek et al. |[2012; Hebbal et al. [2021), where an objective
function is minimised by approximating it with a probabilistic surrogate model.
A surrogate model is a mathematical approximation of a complex system, such
as one represented by CFD simulations or experimental data, that enables the
estimation or prediction of outputs at new points not included in the original
dataset. In this case, the surrogate model is a Gaussian Process (GP) (Snoek
et al. |2012]).

A GP is defined as a collection of random variables, where any finite subset
of these variables has a joint Gaussian distribution (Rasmussen [2004; Hebbal
et al.2021)). It is specified by a prior mean function m(¢) and a prior covariance
function k(¢, @), also known as a kernel, where ¢ and ¢’ are inputs in the
input space ®:

f(z) = GP(m(e),k(e. ¢)) (2.12)

The mean function describes the prior belief about the trend of the function
that the surrogate model seeks to approximate. If nothing is known, a constant
mean function may be used. The covariance function captures the prior belief
about the correlation between individual samples (Shan et al. [2025} Hebbal
et al. [2021)).

This study uses the Matérn kernel (Rasmussen et al. 2006|), which is
particularly suitable for modelling functions that are not overly smooth. The
Matérn kernel with smoothness parameter v = 5/2 and a length scale [ =1 is
defined as (Rasmussen et al. 2006):

V5 (¢ - &)
K 6) = (14516 - ¢/l + L e Ble gl 21y
The algorithm that creates a GP is called the Gaussian Process Regression
(Rogers et al. |2023). When the GP observes sample data S,(¢,,%,), with
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observed inputs ¢, and observed objective values 1, it updates its prior
beliefs to form a posterior distribution. This posterior is defined by a predictive
mean /i, (¢, ) and variance o2(¢,) (Rasmussen 2004). These functions describe
a Gaussian distribution over the objective value at any new input ¢, € &,
capturing both prediction and uncertainty (Snoek et al. Hebbal et al.

2021)). The functions are defined as:
pe(@.) = k" (K + 03 1) ", (2.14)

o2(p,) = k(.. p,) — ki (K +021) "k, (2.15)

To guide the optimisation, an acquisition function is derived from the
GP posterior. This function determines where to sample next by balancing
exploration (uncertainty) and exploitation (high predicted value) (Wang et al.
2023)). The acquisition function used in this study is the Upper Confidence
Bound (UCB), defined as:

UCB(¢.) = («(.) + kow(e.)), (2.16)

The parameter k controls the trade-off between exploration and exploitation
(Snoek et al. . A higher value of k encourages exploration by favouring
regions with high uncertainty, while a lower value promotes exploitation of
regions with high predicted objective values. In this study, k is set to 2.576,
corresponding to the 99% confidence interval of a standard normal distribution.

ecision
Surrosate Input/output |
Training data |—>| Gaussian process |—> modg;l Process I
[ Function ]

(¢next» lpnext) <

Ppest unchanged
No T

L

Minimize function

- Evaluate Ypext "
NevY candidate | with simular;iegn Check if: (Prext: Ynext)s ﬂi
point: ¢next software l/’next > Ipbest (Pbestr 1I"besl:)
Yes

Figure 2.5: The flowchart of the optimisation process.

2.5.2 Optimisation Process

The optimisation process is illustrated in The process begins by
generating the initial dataset S, using simulation software. The best sample in

S,, defined as the one with the highest 1), in this case Cy, is selected as ¢y,
This initial dataset is then used to train the Gaussian Process surrogate model
GPo. Both GPy and ¢, are passed to the minimize function from Scipy.
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To maximise UCB(¢), the function is set to minimise a(¢) = —UCB(¢,),
using the SLSQP algorithm (Virtanen et al. 2020; Kraft [1988). The minimize
function returns the minimised sample ¢,,.,;. The simulation software is then
used to evaluate v,,.,;. If ¥,,..; is greater than ..., then ¢,,.,, becomes
the new ¢, ,. Otherwise, ¢,,.,, remains unchanged. In either case, the pair
(Drexts Wnert) 18 added to the dataset to refine the surrogate model. In the
next iteration, ¢,.,; is input to the minimize function. This process is repeated
for a specified number of iterations. In summary, the corresponding algorithm
is shown in Algorithm 1 as follows.

Algorithm 1: Bayesian optimisation using minimize

Input: Initial dataset S,(¢,,?,), number of iterations T, constraints
C

Output: Best found point ¢,

Train Gaussian Process surrogate model GPy on S,

Set ¢best < arg maXd’oESo 'd"o
fort+ 1to T do

Set ¢0 — ¢best

Define acquisition function a(¢,) = —UCB(¢,)
Drert < Minimize(a(d), ¢y, GPo,C)

P, < Simulation software(¢,,..+)

if ’l/)ne;ct > ¢(¢best> then

‘ ¢best — ¢nemt
end

Add (@00, Chert) to dataset
Retrain Gaussian Process on updated dataset

end
return ¢,

2.6 CFD Validation Setup

The optimisation results from Paper I were validated with three-dimensional
CFD simulations using IDDES. This is a hybrid method that combines Large
Eddy Simulation (LES) in separated or free-shear regions and the RANS
equations near wall boundaries. In the present work, the k — w SST turbulence
model is employed within the IDDES. The simulation setup closely follows
the methodology described by Zhu et al. (2024) and Zhu et al. (2023b)), where
the current setup has been validated. The Reynolds number is 1 x 107. The
commercial software STAR-CCM+ is used for the simulations.

The three-dimensional wing sail model is generated by scaling the optimised
aerofoil profile to a chord length of 14 m and extruding it vertically to a height
of 72 m along the z-axis. The computational domain, illustrated in
is a rectangular box measuring 600 m in length, 300 m in width, and 360 m in
height. The wing sail is placed 150 m downstream of the inlet, which is the
upstream face of the domain.
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A velocity inlet boundary condition is applied to the inlet. A symmetry
boundary condition is imposed on the bottom face to avoid modelling the
free surface. All remaining outer faces are assigned pressure outlet boundary
conditions, allowing the flow to convect out of the domain with minimal
reflection. A no-slip wall condition is applied to the surface of the wing sail.
The bottom end of the wing sail is fixed to the domain bottom to represent a
mast or support structure anchored to the deck.

Pressure
outlet

/\

Pressure
outlet

Pressure
outlet

S

) ) 7
Velocity inlet 7
7

360 m ﬂ

Figure 2.6: Schematic of the computational domain, including its dimensions
and boundary conditions, for the CFD simulations. Note that the cylinder is
representative of the wing sail.

Near-field mesh Leading edge mesh

Figure 2.7: Cut-plane views of the mesh, with the D2R10 (Zhu et al. |2023al) as
example. Includes the near-field view and the view around the leading edge at
a = 10°.

An unstructured mesh consisting of approximately 21 million cells is em-
ployed for validation simulations. To accurately resolve the boundary layer,
65 prism layers are applied along the geometry walls, with a total thickness
of 0.5 m. The mesh is refined near critical regions, such as the leading and
trailing edges, with cell sizes around 0.08 m. presents an overview of
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the near-field mesh, along with a close-up view of the mesh refinement at the
leading edge, for the D2R10. The mesh independence was previously confirmed
by Zhu et al. (2023a).
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Chapter 3

Summary of Papers

This section summarises the main results and findings of Papers I and II to
show how they contribute to the overall optimisation framework developed
in this thesis. Together, the two papers form the aerodynamic stage of the
framework, focusing on the design and optimisation of single-sail profiles and
multi-sail layouts.

Paper I develops the Bayesian optimisation framework for individual sym-
metrically cambered wing sail profiles. It combines a dedicated geometry
parametrisation with a surrogate aerodynamic model to maximise average
thrust over a relevant range of apparent wind angles, and it demonstrates
that the modular setup can be linked to higher-fidelity CFD for validation.
In this way, Paper I establishes the basic optimisation workflow for aerofoil
profile design and identifies the most influential geometric parameters for thrust
production.

Paper II builds on the application of the optimisation framework at the
layout level for multiple wing sails installed within a limited deck area. Using
a reduced-order aerodynamic model and a genetic algorithm, it examines
how different spacings and arrangements affect thrust through aerodynamic
interference. The results provide preliminary layout guidelines and show how
the same modular framework can be used to address both shape and layout
design.

3.1 Summary of Paper I

The Bayesian optimisation framework presented in section is developed
in this paper. It introduces the wing sail profile parametrisation and uses
NeuralFoil to develop a profile shape that maximises average thrust across a
wide range of AWAs. The initial dataset contains 100 samples and wing sails
are evaluated at AOAs between 10° and 15°. This avoids reaching the stall
angle of the D2R10 at 20°, which is impractical due to gust risks and varying
stall behaviour. The AWAs are limited to 10° to 150°, since these angles are
more likely to be encountered. The Reynolds number of the flow is 1 x 107,
and the flow is assumed incompressible.

19
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shows the current and best candidate at each iteration (red
dashed and green solid lines, respectively). Tteration zero corresponds to the
best initial sample (Initial Aerofoil) with C; = 1.58. The algorithm explores
the design space for 17 iterations before converging, with small variations in
objective value, indicating a focus on exploitation over exploration.
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Figure 3.1: Predicted thrust results for each candidate aerofoil over 100 itera-
tions (dashed), along with the best candidate identified so far at each iteration
(solid).

The final optimised aerofoil (BN4) is compared with the Initial Aerofoil
and the D2R10 in Compared to the D2R10, the optimised foils are
thicker away from the chord centre, due to their blunter edges and their larger
values of y5, which is the y-coordinate of CP 2. The differences between the
BN4 and the Initial Aerofoil are smaller, as the BN4 has slightly larger y, and
reduced h;. The predicted C; is 1.65, a 4% and 26% improvement over the
Initial Aerofoil and the D2R10, respectively.

= TInitial
— BN4

Figure 3.2: The three foil profiles, including the D2R10 (Zhu et al. 2023al), the
Initial Aerofoil and the optimised BN4.

Sensitivity analysis further revealed that the average thrust indeed increases
notably with yo, which reflects a more uniform thickness distribution away from
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the chord centre. This strong influence of ys explains why the BN4, with its
higher CP 2 position, achieves a significant thrust advantage over the D2R10.
The maximum thickness shows a slight negative correlation with thrust, while
the leading/trailing edge radius index exhibits a slight positive correlation.

The Cj—a and Cy—«a trends for all three aerofoils are shown in
Across the entire AOA range, the BN4 delivers the highest Cj, with the Initial
Aerofoil close behind and the D2R10 consistently lower. The drag behaviour
contrasts with this: the D2R10 exhibits the largest Cy, while the Initial Aerofoil
and BN4 alternate in performance. Up to a = 13°, the BN4 produces slightly
more drag than the Initial Aerofoil, after which the trend flips. This pattern
may stem from limitations in NeuralFoil’s drag-prediction accuracy.
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—-- D2R10 —-- D2R10 7
2.5{ -—- Initial 0.09. —=- Initial d
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Figure 3.3: (left) The lift coefficient and (right) the drag coefficient of the
D2R10, the Initial Aerofoil and the optimised BN4, predicted using NeuralFoil.

The thrust coefficient is presented in as a function of §4y and
shows that the BN4 consistently outperforms the other aerofoils across the entire
wind angle range. The Initial Aerofoil generates slightly lower thrust, while the
D2R10 shows significantly poorer performance. These findings suggest that,
within the 64 range of 10° to 150°, higher lift is associated with increased
thrust. The greatest differences in thrust occur in the mid-range of 6y,
roughly from 50° to 110°, corresponding to crosswind conditions where wing
sails generate significant thrust through lift. In this region, the BN4 and the
Initial Aerofoil outperform the D2R10 due to higher lift production. Outside
this range, lift plays a smaller role relative to drag, and since the aerofoils’ drag
values are similar, the difference in thrust becomes smaller.

The three-dimensional IDDES simulations for the BN4 and D2R10 confirmed
the improvement in thrust production by the former, but with a more modest
8% increase. The BN4 results showed reduced flow separation and a larger
low-pressure region across the suction side, with a more uniform pressure
distribution. Together, these effects contribute to improved thrust performance.
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Figure 3.4: The distribution of the thrust coefficient, C}, as a function of the
AWA, for the three different foil profiles.

3.2 Summary of Paper 11

The study covers a preliminary analysis of the aerodynamic interaction between
multiple symmetrically cambered wing sails. It investigates the thrust of two
different layouts and compares them with individual sails. The optimal values
for I; and Iy of each layout are determined using a generic genetic algorithm.
The aerodynamic analysis is performed with a 2D inviscid model that provides
quantitative predictions of the lift production but does not provide accurate
drag predictions. The results are therefore primarily applicable to wind angles
where the lift dominates the sail thrust, and as an initial screening of different
layouts. The analysis uses a reference aerofoil with the same camber height and
maximum thickness as the D2R10. The aerodynamic performance analysis is
conducted at specific AWAs that should be most relevant to practical operations.
A matrix of these angles of high interest is defined in

Table 3.1: The matrix of AOAs and AWAs.

Layout type AOA AWA
TL 15° 60°, 90°, 120°
QP 15° 60°, 90°, 120°

The results for the TL layout are listed in in the form of the
ratio between C} mu1e and the sum of C; for M individual sails. The optimised
layout has [; is 1.151, and I is 1.249. The optimisation leads to a significant
improvement of the thrust ratio at 84y = 60°, but no changes at 90° and 120°.
The optimal layout shows similar values for each AWA, indicating improved
robustness. The TL layout shows a 4-6% penalty in thrust generation compared
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to three individual sails, indicating aerodynamic interference between the sails.
The penalty can be explained by looking at which illustrates the
pressure coefficient C), distribution of all three wing sails and the reference sail.
Sail 1 experiences a marked increase in suction, especially over x = 0.3-0.7,
which boosts its thrust. Conversely, Sails 2 and 3 display progressively weaker
suction, reflecting reduced thrust generation downstream. Overall, the TL
arrangement benefits the first sail but increasingly penalises the subsequent
sails, resulting in a total thrust below that of three isolated sails.

Table 3.2: The ratio of the thrust coefficient C 1/ (CeM) of the TL layout
at different AWAs.

I lo 60° 90° 120°
Equal spacing 1.200 1.200 0.790 0.949 0.933
Optimal 1.151 1.249 0.961 0.949 0.933
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Figure 3.5: The pressure coefficients, C),, along the chord for the sails in the
optimised TL layout (Sails 1-3) compared to the reference individual sail, at
«a = 15° and QAW = 90°.

The QP layout optimisation yields /; is 1.132 and [l is 1.268. The im-
provement from optimising the distances is minimal: thrust at 60° and 90°
remains unchanged, with only a 2% increase at 120°. Compared with the
sum of four individual sails, the QP layout produces substantially less thrust,
particularly at 60° (around 28% lower), and reductions at 90° and 120° are
also notable, approximately 17% and 10% respectively. presents
the C}, distributions for the optimised QP layout. The suction side of Sail 1
shows a clear increase in negative pressure compared with the individual sail.
Sail 3 experiences increased negative pressure on the rear half of the suction
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side (z = 0.5-1.0), but reduced negative pressure near the leading edge and
reduced positive pressure on the pressure side, due to the wake from Sail 1,
resulting in lower thrust than the reference sail. Sail 2 shows a decrease in
suction-side pressure, similar to the TL layout. Sail 4 generates markedly less
pressure overall, particularly in the front half of the suction side, due to wake
interference from Sail 2.

Table 3.3: The ratio of the thrust coefficient Cy mut/(Ce M) of the QP layout
at different AWAs.

I lo 60° 90° 120°
Equal spacing 1.200 1.200 0.722 0.833 0.889
Optimal 1.132 1.268 0.722 0.833 0.910
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Figure 3.6: The pressure coefficients, C),, along the chord for the sails in the
optimised QP layout (Sails 1-4) compared to the reference individual sail, at
a = 15° and O = 90°.

To gauge the influence of viscous drag on the inviscid results, a generic
viscous correction Cyq = Cyo + kC} (typical bounds Cyo € [0.01,0.02], k €
[0.01,0.02]) is added to the thrust prediction, using with the
reported Cj. The correction reduces absolute thrust but does not change
layout rankings, showing that the inviscid C'r proxy is sufficient for comparative
screening.

The symmetrically cambered profile generates lift mainly in the mid-chord
region, which is largely unaffected by interference, supporting its use in multi-
sail arrangements. The TL layout consistently produces less interference than
the QP layout, which suffers a particularly large penalty for Sail 4. Finally,
spacing optimisation showed limited effect, only meaningfully benefiting the
TL layout at 84y = 60°.
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Conclusions

Wing sails offer significant potential for reducing fuel consumption in the ship-
ping industry. The symmetrically cambered aerofoil concept has demonstrated
the ability to generate high thrust over a wide range of apparent wind angles.
However, its geometry is still far from fully optimised, and there remains room
to enhance thrust production and improve performance reliability. At the
same time, ships have limited deck space, so multiple wing sails must often be
installed in close proximity. A preliminary understanding of the aerodynamic
interactions between multiple symmetrically cambered aerofoils is therefore
needed to quantify interference effects and to inform the design of efficient
multi-sail configurations that can be used in realistic ship layouts.

This licentiate thesis represents the first stage of addressing these chal-
lenges, focusing on establishing the optimisation framework and on conducting
preliminary studies of symmetrically cambered aerofoils and multi-sail layouts.
The goals can be summarised as:

1. Develop a modular optimisation framework that combines surrogate mod-
els with numerical solvers to reduce computational cost while maintaining
accuracy, validated against high-fidelity CFD.

2. Create an efficient parametrisation for symmetrically cambered aerofoils
and optimise these shapes for maximum thrust under realistic geometric
and operational constraints.

3. Explore multi-sail layout optimisation to quantify aerodynamic interfer-
ence across different spacings and identify design principles for efficient
arrangements.

A surrogate-based Bayesian optimisation framework was developed for wing sail
design. By employing a Gaussian Process as the probabilistic surrogate model,
the method efficiently approximated the complex thrust objective function
while quantifying prediction uncertainty. This approach enabled the optimiser
to balance exploration and exploitation within the design space, significantly
reducing the number of computationally expensive CFD simulations required.
NeuralFoil served as a rapid aerodynamic analysis tool in the framework,
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providing accurate lift predictions across a wide range of apparent wind angles
and supporting the iterative optimisation process.

The integration of this optimisation framework with a novel hybrid para-
metrisation method allowed for systematic variation of key geometric features
under realistic constraints. A sensitivity analysis revealed that the y-coordinate
of the camber line control point CP 2 strongly influences thrust by promoting a
more uniform thickness distribution. This explains the superior performance of
the optimised BN4 aerofoil compared to the D2R10. In the three-dimensional
validation, the BN4 achieved an 8% improvement in predicted average thrust,
demonstrating the effectiveness of combining surrogate models with Bayesian
optimisation for wing sail design. Future work will extend this methodology to
multi-objective optimisation and incorporate high-fidelity CFD data to enhance
accuracy and robustness.

The thrust production efficiency of two multi-sail layouts was compared by
optimising sail spacing for three different AWAs. The first layout consisted
of three sails arranged in a line, while the second layout had four sails in a
rectangular pattern. The aerodynamic analyses were carried out with a two-
dimensional inviscid method. Under a fixed total spacing, the optimisation led
to only limited gains. The rectangular layout showed no significant improvement
overall, and the in-line layout only achieved a meaningful increase in efficiency
at a single wind angle.

Compared to the sum of three individual sails, the single line layout produced
up to 6% less thrust for the given AWAs. The rectangular layout performed
consistently worse, with a thrust loss of about 10-28% relative to four individual
sails. A semi-empirical drag correction confirmed this qualitative trend. This
indicates that the conclusions are robust to the inclusion of viscous effects.

In summation, the novel points that this thesis has achieved can be sum-
marised as follows:

e Introduced a new hybrid geometry parametrisation method for symmet-
rically cambered wing sails. Sensitivity analysis addressed key parameters
affecting thrust production.

e Developed a Bayesian optimisation framework with a Gaussian pro-
cess surrogate model, which integrated NeuralFoil for rapid 2D aerofoil
analysis to reduce CFD reliance. The viability of this framework was
demonstrated.

e Optimised multi-sail layouts for crosswind AWAs using a 2D inviscid
method. It was found that the single-line layout had less aerodynamic
interference than the rectangular layout, given the constraint of fixed
spacing.



Chapter 5

Future Work

5.1 Fluid Structure Interactions

The ultimate goal is to integrate Fluid—Structure Interaction (FSI) into the
optimisation process to address its influence on wing sail design. This is because
aerodynamic loads deform a wing sail by bending and twisting the geometry and
changing the effective angle of attack, and the structural deformations, in turn,
alter the flow, redistributing the loads. Unlike conventional rigid-body assump-
tions in flow simulations, FSI requires coupling flow and structural deformation
in simulations that resolve displacement, strain and internal structural forces.
This coupling can be achieved in a weak form, where the information exchange
between fluid and structure is performed once per time step with minimal
iteration, or in a strong form, where fluid and structural solutions are iterated
to mutual convergence at each time level to improve accuracy and stabil-
ity (Venkatesh et al. 2024)). The solving and coupling procedure is typically
implemented either in a partitioned framework, where separate fluid and solid
solvers are linked through interface conditions, or in a monolithic framework,
where a single solver advances the coupled fluid—structure system in one step.
Each approach involves different trade-offs in terms of numerical robustness,
implementation complexity, and computational cost. A key challenge is to
identify FSI strategies that are sufficiently accurate for design optimisation
while remaining affordable for large sets of candidate geometries and operating
conditions.

To make a coupled aerodynamic and structural optimisation, FSI effects
must be expressed as objectives and design parameters. The most intuitive
objective would be structural weight minimisation. FSI is inherently three-
dimensional, requiring a three-dimensional wing sail model. This model can
be split into an external aerodynamic shape and an internal structural model.
The structural model ought to be simplified to a large extent in order to reduce
the complexity of the FSI problem and to save computational resources.

The external shape for the 3D wing sail has four key parameters: the height
b, the root chord length c,..t, the taper ratio A, and the cross-sectional aerofoil
profile. The last parameter encompasses the aerofoil design, which is developed
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separately with the optimisation method from Paper I. The reason to keep the
profile optimisation separate from the other parameters is that the effects of
spanwise coherent vortex structures and wing tip vortices are much smaller
than the streamwise flow passing over the aerofoil profile.

The complexity and computational costs of optimisation are, in general,
increased by the number of optimised parameters. Given that FSI involves
both flow and structural aspects, it is intuitive to take into account only the
most critical design parameters and to consider simple models, while preserving
physical fidelity. The structural model consists of three major components: the
sail skin, the ribs and the mast. The sail skin and ribs use shell models. The
mast has a circular pipe cross-section and is represented by a beam model. The
pipe diameter is equal to the maximum thickness of the tip aerofoil. Therefore,
the key variable parameters for the structural design include the number of
ribs N,ips, their spacing [, the shell thickness of the sail skin ¢4k, and ribs
trips, and the wall thickness of the mast ¢,,45. A schematic drawing of all the
parameters is shown in It is worth noting that N, and L., will
be fixed during the optimisation process, while further investigation will be
conducted after a feasible design is down-selected from the optimisation.

Ct Wing Skin
b Beam Model
lribs Beam model
cross-section
Beam|Model
—
Cr

Figure 5.1: Schematic of the external wing sail shape and its simplified internal
structural model, outlined with the key design parameters.

In the context outside the current scope, the structural dynamics properties
could be explored in more detail, including the role of bending and torsional
stiffness, damping coefficients, and other parameters governing the modal
response. Variations in stiffness distribution along the span and chord may shift
natural frequencies and mode shapes towards or away from critical excitation
ranges. This directly affects the risk of resonance and flutter in the coupled
FSI. Likewise, material and structural damping are able to control the decay
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of oscillations and the amplitude of limit-cycle responses under unsteady
loading. A systematic parametric study of these properties, together with
reduced-order modelling, would help identify combinations that lead to robust,
well-damped structural behaviours without excessive weight penalties. On
this basis, structural failure modes such as fatigue, buckling, and ultimate
strength exceedance should be assessed using appropriate stress-cycle (S-N)
curves, under both steady design loads and realistic gust or manoeuvre load
histories. Integrating these failure metrics into the optimisation framework
would allow the design space to be constrained not only by instantaneous stress
limits but also by long-term durability and safety margins.

5.2 Future Research

Beyond FSI analysis, several directions for future work are identified. A first
interesting study is to incorporate structural weight as an additional design
objective in the newly developed optimisation framework. The problem is
reformulated with multi-objectives to find the performance balance between
structural weight and time-averaged thrust. Suitable normalisation measures of
the objective functions need to be defined, so that their relative importance can
be compared in a physically meaningful way. On this basis, different scaling
approaches or Pareto-based formulations can be tested to quantify acceptable
trade-offs and to map out design families that are structurally efficient without
degrading propulsion capability or compromising dynamic response in FSI.

A related task is to understand how the structural-weight objective interacts
with constraints such as maximum stress, strain, or tip deflection. Introducing
weight as an explicit objective may shift the location of the optimal designs
towards lighter, more flexible solutions, which, in turn, may alter the aeroelastic
behaviour. Systematic sensitivity studies are therefore needed to assess how
changes in material properties and thickness distributions influence both the
structural weight and the thrust response, and to identify regions in the design
space where small mass reductions cause disproportionate losses in thrust. Such
analyses would provide a clearer basis for deciding how strongly structural
weight should be prioritised in different application scenarios.

The surrogate model can also be refined by training it on higher-fidelity CFD
data, for example, viscous RANS or hybrid RANS-LES simulations, covering
the full (0°-360°) wind-angle range. Extending the database in this way
would improve the reliability of performance predictions under off-design inflow
conditions, including strongly separated flows and highly three-dimensional
wake structures. It would allow the model to capture directional asymmetries
that are invisible in a limited-angle training set. At the same time, generating
such a database is substantially more expensive than the current low-fidelity
simulations, so there is a need for sparse sampling and possibly adaptive
refinement driven by surrogate error indicators. The goal is to identify a
sampling strategy that delivers the most informative high-fidelity data given
limited computational resources.

Finally, the thrust production trends reported in Paper II should be re-
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examined using high-fidelity viscous simulations. Such simulations would resolve
boundary-layer development, separation and reattachment, vortex shedding,
and three-dimensional effects that are either absent or only approximately
represented in the original study. Comparing thrust, power, and unsteady load
histories across fidelities would clarify to what extent the main conclusions of
Paper II remain valid once realistic viscous and turbulent effects are included.
Any systematic discrepancies could then be analysed to refine the underlying
physical interpretation and to calibrate correction factors. This step would
provide a more reliable foundation for subsequent optimisation and FSI studies
and help bridge the gap between idealised numerical analyses and practical
design conditions.
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