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Abstract

Seaborne transportation accounts for ~2% of global greenhouse gas (GHG) emissions. The
International Maritime Organization (IMO) has stipulated that GHG emissions should be
reduced by 50% before 2050 compared to 2018. The use of wind-assisted ship propulsion
(WASP) is considered an effective way to reach the target. In this context, this thesis aims to
promote wingsails with crescent-shaped profiles through the assessment of their aerodynamic
and aeroelastic performance, as well as long-term propulsive efficiency. This thesis provides
an in-depth investigation into the unsteady aerodynamic and aeroelastic characteristics of
wingsails, setting it apart from other related work.

Conceptual designs of crescent-shaped wings were investigated using high-fidelity numerical
simulations. Wind tunnel (WT) tests were conducted for validation. Flows were simulated with
the unsteady Reynolds-averaged Navier-Stokes equations (URANS) and improved delayed
detached eddy simulation (IDDES). Structures were analyzed with finite element methods. To
simulate the fluid-structure interaction, a two-way coupled algorithm was used. Additionally,
the long-term propulsion performance was assessed with an in-house program, ShipCLEAN.

The aerodynamic analyses revealed that the crescent-shaped wingsails generate higher thrust
forces compared to traditional symmetric airfoils, especially under sidewind conditions.
However, unsteady aerodynamic characteristics due to strong flow separation were observed.
Different structural configurations were evaluated, with a focus on balancing the weight,
strength, and rigidity. The aeroelastic analyses pointed out significant fluid-structure interaction
effects. The structural deformations have a notable influence on thrust generation. It means that
aeroelasticity must be considered in the wingsail design and operation in practice. A long-term
case study demonstrated that a large commercial ship equipped with a selected crescent-shaped
wingsail achieves fuel savings of up to 10%, depending on wind conditions and operational
strategies.

Keywords: aeroelasticity, cambered profile, fluid-structure interaction, wind-assisted ship
propulsion, wingsail
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Nomenclature

Frontal area of the wingsail [m?], i.e. Ag projected in the X direction.
Cross-section area of the wingsail [m?].
Wingsail reference area [m?]. A; = L. - H.

Streamwise sectional area of the WT test section [m?].

.. . . F F
Drag coefficient [-]. C), is defined as ——=—— for full scale and ——=— for model
EpairASVAW EpairASVoo

scale. (Cp) represents the time-averaged drag coefficient. Cp ., represents the drag
coefficient measured in the WT tests before blockage correction.

F

Lift coefficient [-]. C;, is defined as ﬁ for full scale and 1F—LZ for model

SPairAsViw 5PairAsVo
scale. (C;) represents the time-averaged lift coefficient. C, p., represents the lift
coefficient measured in the WT tests before blockage correction.

M

Moment coefficient [-]. Cy, is defined as 5 — for full scale and x for

EpairASLCVAW EpairASLcVo%
model scale. (C,,) represents the time-averaged moment coefficient.

2 for model

Pressure coefficient [-]. C,, is defined as ——=—— for full scale and
14 2 2
sPairVaw SPairVs

scale. (C,) represents the time-averaged drag coefficient.

Thrust coefficient [-]. Cy is defined as —=

EpairASVjW.

Wall friction coefficient [-]. C, is defined as # for full scale and ﬁ for model
FPairVaw ZPairVeo

scale. Crgy, { } = X, Y, Z, represents the component of the wall friction coefficient in a

certain direction, e.g., C,x is the wall friction coefficient in the X direction.

Young’s modulus [GPa].
Drag [N].

Lift [N].

Side force [N].

Thrust [N].

Frequency [Hz].

Eigenfrequency [Hz]. f.¢y, {} = 1,2,3,4 ..., represents the eigenfrequency in different
modes, e.g., f,1 is the fundamental eigenfrequency.

Wingsail height [m], i.e., the spanwise length of the wingsail.
Turbulent kinetic energy [m?/s?], or TKE for short.
Chord length [m].

Xi



Re

St

Mach number [-]. The Mach number of a wingsail is defined by Ma = V“‘TW for full scale

and Ma = Vj” for model scale, where c is the speed of sound.

Relative pressure [Pa]. Relative pressure is the difference between absolute pressure
and the atmospheric pressure.

Q-criterion [s72].

Reynolds number [-]. The Reynolds number of a wingsail is defined by Re = £air’awte

i+Voo L
for full scale and Re = % for model scale.

Strouhal number [-]. The Strouhal number of a wingsail is defined by St = Ifi for full
AW

L
scale and St = % for model scale.

o)

Flow velocity [m/s]. Vi3, {} = X, Y, Z, represents the component of the flow velocity
in a certain direction, e.g., Vy is the streamwise velocity and V; is the spanwise velocity.

Apparent wind speed [m/s]. The definition of the apparent wind speed is illustrated in
Figure 17.

Ship speed [kn].

True wind speed [kn].

Inlet velocity in the WT [m/s], corresponded to V,y,, in practice.
Non-dimensional wall normal distance [-].

Angle of attack [°], or AOA for short.

Critical angle of attack [°].

Yaw angle in the WT [°], corresponded to 6, in practice. The definition of the yaw
angle is illustrated in Figure 9(c).

DES length scale [m].
Boundary layer thickness [m].

Apparent wind angle [°], or AWA for short. The definition of the apparent wind angle
is illustrated in Figure 17.

True wind angle [°], or TWA for short.

Tip displacement [m]. Ay, {}=X,Y,Z, represents the component of the tip

displacement in a certain direction, e.g., Ay is the streamwise tip displacement and Ay
is the cross-flow tip displacement.

Dynamic viscosity [Pa - s].
Poisson’s ratio [-].

Material density [kg/m3]. p,; represents the density of aluminum, and pg..; represents
the density of steel.
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Pair  Air density [kg/m3].

o Stress [MPa]. ogy¢3, { } = i, ], k, represents stress in a certain direction. oy;, 0j;, and oy
are the normal stresses. g, gj, and oy are the shear stresses.

Opuck Buckling stress [MPa].

Oumises VON Mises stress [MPa].

Oyieta Yield stress [MPa].

T Wall friction [MPa]. 7(3, { } = X, Y, Z, represents the component of the wall friction in
a certain direction, e.g., Ty is the streamwise wall friction.

1) Vorticity [s1]. wgy, {} = X,Y, Z, represents the component of the vorticity in a certain
direction, e.g., wy Is the streamwise vorticity and w, is the spanwise vorticity. w*
represents the non-dimensional vorticity defined by w* = “I’/:C e.g., wy is the non-
dimensional streamwise vorticity and w3 is the non-dimensional spanwise vorticity.

Abbreviations

ALE Arbitrary Lagrangian—Eulerian.

AOA Angle of attack.

AWA Apparent wind angle.

BC Boundary condition.

BL Boundary layer.

CFD Computational fluid dynamics.

CMEMS Copernicus Marine Environment Monitoring Service.

DDES Delayed detached eddy simulation.

DES Detached eddy simulation.

DNS Direct numerical simulation.

DOF Degree of freedom.

FEA Finite element analysis.

FFT Fast Fourier transform.

FSI Fluid-structural interaction.

FVM Finite volume method.

GHG Greenhouse gas.

IDDES Improved delayed detached-eddy simulation.

IMO International Maritime Organization.

LES Large eddy simulation.

LESB Leading-edge separation bubble.
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LSQ Least squares.

NACA (The United States) National Advisory Committee for Aeronautics.
NSGA-II Non-dominated sorting genetic algorithm.
PCTC Pure car and truck carrier.

PINN Physics-informed neural networks.

PIV Particle image velocimetry.

PPP Power prediction program.

PSO Particle swarm optimization.

RANS Reynolds-averaged Navier—Stokes.

RBF Radial basis function.

RBD Rigid body dynamics.

SIMPLE Semi-implicit method for pressure-linked equations.
SST Shear stress transport.

TKE Turbulent kinetic energy.

TWA True wind angle.

URANS Unsteady Reynolds-averaged Navier—Stokes.
VLCC Very large crude carriers.

VLM Vortex lattice method.

VIV Vortex-induced vibration.

VPP Velocity prediction program.

WASP Wind-assisted ship propulsion.

WT Wind tunnel.
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1 Introduction

This Chapter begins with an introduction to the thesis, providing a brief overview of the
background, and a discussion of current knowledge gaps, objectives, and limitations. The
outline of the thesis is also presented at the end of this Chapter.

1.1 Background

Climate change, particularly global warming driven by greenhouse gas (GHG) emissions, is
widely acknowledged as one of the most significant threats facing human society. Today,
shipping accounts for over 80% of all freight transport by volume (UNCTAD, 2024), which
shares ~2% of the global GHG emissions (Faber et al., 2020; Ritchie et al., 2020), as shown
in Figure 1. The energy demands of shipping are immense, with an estimated annual fuel
consumption of ~330 million tonnes (IMO, 2020; Kass et al., 2018). For example, a pure care
and truck carrier (PCTC), may consume 30-60 tons of fossil fuel per day, depending on the
various operational practices, strategies, and conditions under which the vessel is managed and
run (Bialystocki & Konovessis, 2016).

Industry processes and  \yagte. 3.20% o Railway and other
product use, 5.2% Shipping,  transport, 0.70%
1.70%
Agriculture, Aviation,
forestry and 1.90%
land use,

18.4%
Road

transport,
11.90%

Transport,

Other energy 16,29,
. 0

use, 15.3%

Energy, 73.2%

Energy use in

buildings, 17.5% Energy use in

industry, 24.2%
Figure 1. Global GHG emissions from different sectors based on the data in 2017 (Ritchie et al., 2020).

According to the International Maritime Organization (IMO), by 2050, the shipping industry
should reduce its GHG emissions to 50% of the level in 2008 (IMO, 2018). Wind-assisted ship
propulsion (WASP) for large commercial ships is seen as one promising solution, both for new
ship designs and retrofitting, to achieve this goal. According to data from Lloyd’s Register
(Register, 2024), bulk carriers have been the largest adopters of WASP to date, with 10 vessels
already installed and 18 more on order. This segment of the fleet is also expected to account for
a significant portion of retrofitting projects, which will complement new builds as the adoption
of wind propulsion technologies accelerates. Different sail technologies have been proposed,
such as Flettner rotors, wingsails, DynaRigs, and kite sails. Flettner rotors utilize the Magnus
effect to generate lift, making them highly effective under sidewind conditions. Kite sails



primarily rely on drag forces for propulsion, which optimizes their performance under
downwind conditions. In contrast, wingsails offer efficient operation across a broader range of
wind directions compared to other WASP concepts (Zhu, 2023).

Since winds can come from either the starboard or the port side of a ship, wingsails should
withstand winds equally from both sides. Consequently, early wingsail designs featured
symmetric profiles without camber, such as the NACA 00xx series (Atkins, 1996). These
profiles were originally designed to achieve a high lift-to-drag ratio since drag is always
negative for airplane wings or wind turbine blades. However, for wingsails, drag can also
contribute to thrust under some conditions, e.g., downwind (Kimball, 2009). Modern designs
target high lift and drag coefficients instead. In this context, to achieve higher lift, which is the
major contributor to the trust under sidewind conditions, modern wingsail profiles have
incorporated cambers, e.g., segment (Atkinson et al., 2018; Atkinson, 2019; Atkinson & Binns,
2018), arc (Chen et al., 2022; Zeng et al., 2024a; Zeng et al., 2023), and crescent (Nikmanesh,
2021; Ouchi et al., 2011; Ouchi et al., 2013; Zhang et al., 2023; Zhu et al., 2022b), as shown
in Figure 2. Among these cambered profiles, crescent-shaped profiles often have a smoother
and more gradual curvature, which helps reduce abrupt flow separations compared to other

profiles.
R

(a) (b) (©) (d) (e)
Figure 2. Schematics of cambered wingsail profiles: (a) segment (Atkinson et al., 2018); (b) arc (Chen et
al., 2022); (c) crescent (Ouchi et al., 2011); (d) crescent (Nikmanesh, 2021); (e) crescent (Zhu et al.,
2022h).

It should be mentioned that two- and three-element profiles are currently also popular concepts
(Blakeley et al., 2012). These concepts are combinations of a main foil with one or two small
foils. The small foils are utilized to increase the generation of lift and drag (Smith, 1975).
Conventional airfoil profiles, such as NACA 0015, are typically used in these concepts. From
a practical perspective, conventional airfoil profiles always have the same leading edge, so the
wingsail needs to make a half turn when the apparent wind direction is changing between the
starboard and the port side under downwind conditions (64,,~180°), as shown in Figure 3(a).
However, a crescent-shaped wingsail is easier to operate under downwind conditions, since it
can swap the leading and trailing edges when changing tack (Zhu et al., 2022a), as shown in
Figure 3(b).

In 2022, the first ship with a crescent-shaped wingsail developed by the Wind Challenger
project (Ouchi et al., 2023), Shofu Maru, started its voyage. The cargo ship was reported to
save an average of 30% on fuel on the Yokohama-Seattle route (Zhang et al., 2024). There are
also two very large crude carriers (VLCCs) operated by China Merchants Energy Shipping CO.,
LTD, New Vitality (in service since 2018) and New Aden (in service since 2022), which are
both equipped with crescent-shaped wingsails. The fuel consumption reductions of these two
VLCCs are up to 5% and 9%, respectively (Ma et al., 2022; Wang et al., 2022).
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(a) Symmetric profile (NACA 0015). (b) Crescent-shaped profile.

Figure 3. Changed tacks of a symmetric profile (left) and a crescent-shaped profile (right). Here 6,4,
represents the apparent wind angle, and the blue hollow arrows indicate the apparent wind direction.

1.2 Objectives

From a performance evaluation perspective, several knowledge gaps persist in WASP. A key
issue is the lack of standardized methodologies to accurately assess the performance of WASP
technologies under varying operational and environmental conditions. Besides, the fundamental
physical mechanisms of WASP facilities, such as aerodynamics, have not been deeply
investigated yet, which limits further development of WASP. Closing these gaps is essential to
establishing reliable performance benchmarks and ensuring consistent, real-world efficiency
gains.

Specifically for cambered wingsails, although they have shown great potential, there have been
several unresolved issues that still require further investigation.

Aerodynamic characteristics. The current understanding of the aerodynamic
characteristics of cambered wingsail profiles remains incomplete, particularly regarding
their complex flow dynamics. The profiles, characterized by large cambers, exhibit
significantly different aerodynamic characteristics compared to traditional symmetric
airfoils (Atkinson, 2019; Nikmanesh, 2021; Zhu et al., 2022b). The flow around these
wingsails experiences strong separation, making accurate predictions of lift and drag
coefficients challenging (Chen et al., 2022; Zeng et al., 2023). Understanding these
aerodynamic characteristics is crucial as they directly influence design and aerodynamic
optimization, thereby impacting the efficiency of wingsails in real-world operations.

Feasibility of simulation and experiment methods. When this thesis work was initiated
in 2020, few numerical studies has been conducted on crescent-shaped wingsails.
Furthermore, it was unclear whether model-scale simulations and wind tunnel (WT) tests
remained valid for the evaluation of full-scale characteristics. These limitations could lead
to inaccurate aerodynamic predictions and potentially mislead the wingsail design process.
Therefore, it is essential to discuss the capabilities of the various existing computational
fluid dynamics (CFD) methods.

Structural responses to wind loads. Wingsails are usually designed as light-weight thin-
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wall structures, which can be significantly deformed due to wind loads. The structural
deformation of wingsails can alter flow patterns, thereby impacting the generation of
aerodynamic forces (Souppez, 2023). This effect is known as fluid-structure interaction
(FSI). It was unknown whether neglecting the FSI in the wingsail design process could lead
to an overestimation of aerodynamic loads. Despite its critical importance, the FSI had not
been explored when this thesis work was begun.

Long-term performance. The shipping industry is focused on fuel savings (Khan et al.,
2021; Lu & Ringsberg, 2020; Thies & Fakiolas, 2022). However, accurately predicting
long-term improvements poses significant challenges due to the need to account for diverse
meteorological and oceanographic conditions, i.e., metocean.

The overall aim of this thesis is to address the aerodynamic and aeroelastic performance of
crescent-shaped wingsails, with particular focus on their unsteady characteristics. To achieve
this aim and fill the knowledge gaps, four objectives are set below.

Reveal the aerodynamic characteristics of wingsails with cambered profiles, with an
emphasis on the quantification of the unsteady characteristics due to significant flow
separation.

Evaluate different CFD and WT test approaches for wingsail aerodynamics to propose
suggestions for best practices. This evaluation will focus on the accuracy and relevance of
different methods, particularly in relation to model-scale effects.

Explore the FSI characteristics of cambered wingsails and address the impact of FSI on
their aerodynamic performance, i.e., to how much extent, the FSI affects the propulsive
performance.

Demonstrate long-term energy efficiency by integrating ship motion dynamics and
metocean databases. Estimate the potential fuel savings for commercial vessels within an
extended operational period.

1.3 Scope and delimitations

This work concentrates on a technological niche (Nykvist & Whitmarsh, 2008). The scope is
confined to crescent-shaped wingsails that have cambered profiles. Other WASP concepts such
as Flettner rotors, kite sails, soft sails, and two- and three-element wingsails are not investigated.
The assumptions below are adopted.

The external geometry of the wingsail design is generated by ScandiNAOS AB and further
improved by (Nikmanesh, 2021). This thesis focuses on assessing the aerodynamic and
aeroelastic performance of the wingsails, so re-evaluating the fundamental geometric design
process is not included. The aerodynamic shape of the wingsail is simplified when
performing CFD and FSI simulations. In the three-dimensional CFD simulations, the
wingsail is modeled as a uniformly extruded geometry.

The wind gradient is only considered in the long-term propulsive performance case study,
and the interactions among wingsails, ship hull, and superstructures are not considered. The
wingsail on a cargo vessel operates in a highly dynamic and turbulent environment. The
large freeboard height causes significant air-sea interaction disturbances, compounded by
the vessel’s forward speed. This results in a complex vertical profile of airflow influenced
by large-scale turbulence. Additionally, the movement of the wvessel and varying
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meteorological conditions further disrupt the flow, which significantly impacts
aerodynamic performance. Although this thesis acknowledges the complexity, the apparent
wind, i.e., the inlet velocity, is still assumed to be a uniformly distributed horizontal flow.
This assumption allows for a clearer understanding of wingsail performance under
controlled conditions. Since the Re of the wingsail profiles is normally in the range of
3 X 10° to 3 x 107, in which the force coefficients are not sensitive to the Re, this
assumption is considered reasonable.

» The wingsails are assumed to be installed on a fixed deck without any motion. The heeling
angles, rolling motions, and leeway caused by the wingsails are neglected. One exception
is the long-term fuel saving case study where the ship motion dynamics are integrated.

* In two-way coupled FSI simulations, the internal substructures of the wingsail are
simplified. The simplification method is explained in Section 3.4.2. The material properties
of the structure are assumed to be linear elastic, so plastic deformation is not considered.
With this assumption, the FSI is regarded as an aeroelastic problem.

1.4 Thesis outline

This thesis is divided into six Chapters. In Chapter 1, a brief introduction is provided. In Chapter
2, relevant literature is reviewed. Detailed information about the methods applied and
developed is given in Chapter 3. An overview of the five appended Papers is presented in
Chapter 4, and selected results from the appended Papers are summarized in Chapter 4. In
Chapter 5, conclusions are listed. Future research is suggested in Chapter 6.






2 Literature review

The purpose of this literature review in this Chapter is to provide a comprehensive overview of
the current state of knowledge in the field of wingsails, especially those with crescent-shaped
profiles. The review aims to identify existing technologies and methodologies related to
crescent-shaped wingsails. Meanwhile, this Chapter also points out specific knowledge gaps
that remain unaddressed, which are critical for further advancements. These knowledge gaps
will guide the research focus of this thesis, ensuring that it targets the most pressing challenges
in the field.

It also needs to be noted that the research work for this thesis started in 2021, with the first
publication released in 2022. Related studies including those from the author are reviewed for
a comprehensive understanding of both historical and contemporary perspectives on wingsail
research is presented.

2.1 Aerodynamic investigations

Accurately predicting the wind loads on a sail is essential for assessing its propulsive
performance, as this is inherently an aerodynamic challenge. This can be solved with
theoretical, numerical, experimental, and empirical methods.

2.1.1 Theoretical and empirical calculations

Theories such as the thin-airfoil theory can be used to deduce wind loads. Recently, these
methods were applied to predict wingsail aerodynamics. von Klemperer et al. (2023) used
XFOIL (Drela, 1989) to analyze the aerodynamic loads on a double articulating wingsail based
on NACA 0020. The XFOIL results were found to agree with two-dimensional CFD. Malmek
et al. (2020) developed an efficient method based on the lifting-line theory of potential flow in
combination with CFD data that was obtained by solving the two-dimensional Reynolds-
averaged Navier—Stokes equations (RANS). On this basis, Malmek et al. (2024) used the vortex
lattice method (VLM). The theoretical methods provided acceptable forces, moments, and stall
predictions, with negligible computational cost compared to three-dimensional CFD
simulations. These theoretical methods are typically efficient, especially for thin airfoils at low
angles of attack (AOA). Nevertheless, theoretical methods are always based on some
assumptions, limiting their applicability to real-world problems. For instance, aerodynamic
performance under stall conditions with strong flow separation is typically difficult to
accurately calculate by these methods.

It should also be mentioned that hybrid theoretical-empirical methods exist for engineering
problems, which adjust theoretical calculations based on engineering experience to compensate
for the limitations. Empirical methods provide quick, but approximate solutions, to fluid flow
problems, sometimes being limited in their accuracy and reliability. Additionally, when
compared with other engineering applications, such as airplane wings and propeller blades,
wingsails are a relatively newer concept with a limited history of use in design and operation,
leading to rare and underdeveloped empirical methods for predicting propulsive performance.

2.1.2 Numerical simulations

Numerical simulations have some advantages over theoretical simulations. Numerical methods
can be used to simulate complex fluid flow problems with high accuracy, providing
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visualizations and detailed information about flow characteristics. It has been demonstrated that
wingsails with large-camber profiles always suffer from strong flow separation, even with very
low AOA, which is difficult to capture using theoretical methods. In such cases, numerical
simulations are more appropriate although they have high computational costs.

Numerical studies have been conducted for wingsails with cambered profiles. Ouchi et al.
(2011); Ouchi et al. (2013) proposed the crescent-shaped profile and performed three-
dimensional CFD simulations to evaluate the propulsive performance of a nine-wingsail system
in full scale. This study indicated that crescent-shaped wingsails can provide appreciable thrust
for ship propulsion. Atkinson and Binns (2018) simulated a wingsail with a segment-shaped
profile for a wide range of angles of attack («); the authors reported that the critical angle of
attack (a.) of this kind of profile is notably larger than that of symmetric airfoils. It was shown
that wingsails with cambered profiles can provide notably stronger thrust force. Subsequently,
Atkinson (2019) studied a multiple wingsail system in three dimensions and found that the
system can be significantly improved by adjusting the spacing, orientation, and rotation angles
of the wingsails. Nikmanesh (2021) introduced the concept of a crescent-shaped wingsail with
round edges and performed two- and three-dimensional CFD simulations based on unsteady
RANS (URANS). It was found that the flow field around the wingsail experiences strong
separation due to the large camber, as visualized in Figure 4, which leads to significant
oscillation of the force coefficients over time.

V,
N
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Figure 4. Distribution of the ratio of the streamwise flow velocity (V) and the apparent wind speed (V4,)
around a crescent-shaped wingsail at different angles of attack (a) (post-processed based on two-
dimensional CFD simulations conducted by Nikmanesh (2021)).

Hussain and Amin (2021) considered various drift angles of ship motions, and carried out CFD
simulations for a five-wingsail system with a NACA 4412 profile, indicating substantial
aerodynamic interactions among multiple wingsails and between wingsails and the ship. Chen
et al. (2022) applied overset technigues to two-dimensional CFD simulations for a triple-sail
system and summarized the effects of sail geometry and position on lift and drag. On this basis,
Zeng et al. (2023) analyzed the flow around DynaRigs, particularly the wake flow, indicating
that the decrease in speed and the oscillations in the wake cause negative effects on the
propulsive performance. Based on CFD simulations with RANS, Zhang et al. (2023) used
particle swarm optimization (PSO) to improve the design parameters of a double-wingsail
system. Further, Zhang et al. (2024) used RANS to analyze vertical wind gradients, hull-sail
interaction, and heeling angles from —15° to 15° of a ship. It was found that the heeling angle
is detrimental to the propulsive performance.



There have been some numerical studies for other wingsail profiles, such as two- and three-
element profiles as mentioned in Section 1.1. Lee et al. (2016) studied the NACA 0012 profile
and applied optimization techniques to maximize the thrust. Ma et al. (2018) studied NACA
23012, NACA 0012, and NACAOQ0018 using RANS with k—w shear stress transport (SST)
turbulence model. Persson et al. (2019) presented simplified approaches to model WASP
systems with the NACA 0015 profile. Blount and Portell (2021); Zhu (2020) performed
detached eddy simulation (DES) of a NACA 0015 profile under downwind conditions. Li et
al. (2019) performed two- and three-dimensional CFD simulations for two- and three-element
foils, and optimized the foil gap length. Ljungberg (2023) conducted a parametric sensitivity
study for two- and three-element wingsails based on two-dimensional URANS and three-
dimensional improved delayed detached-eddy simulation (IDDES). The importance of the gap
length was highlighted in these studies.

Furthermore, wingsails have been investigated for small sailing boats that are operated at
relatively lower Reynolds numbers. For example, Viola et al. (2014) performed DES for soft
and rigid sails, and compared it with previous WT test results (Viola & Flay, 2012). They found
that aerodynamic loads are sensitive to small changes in the Reynolds stresses. Viola et al.
(2015) carried out a RANS-based optimization for an AC72 rigid wing sail. Zeng et al. (2024a)
studied a NACA 0012 sail for unmanned vessels at a Reynolds number (Re) of 3.6 x 10°
through large-eddy simulation (LES). They explored the unsteady characteristics of the force
coefficients, e.g., the spectral features. However, it should be noted that the order of magnitudes
of the Re for sails (based on the chord length) on small sailing boats is typically 10>, while it
can be 107 for wingsails installed on large commercial ships. From a physics perspective, the
differences in Re lead to distinct aerodynamic characteristics, which will be discussed in detail
in Section 2.1.3.

As noted by Nikmanesh (2021), crescent-shaped wingsails are prone to strong flow separation,
which increases turbulence. As a consequence, structural vibrations induced by vortices are
increased. High-fidelity numerical approaches may be required to better resolve and understand
these effects. Figure 5 shows the differences among different CFD approaches according to
(Salim, 2011). Direct numerical simulation (DNS) resolves all scales down to the Kolmogorov
scale of eddies. However, the computational costs of DNS are extremely expensive. LES
models sub-grid scales using turbulence models, whereas RANS models all scales (Davidson,
2019; Yao et al., 2008).

DES is a method combining RANS and LES, making it more computationally efficient than
LES (Frchlich & Von Terzi, 2008). In this method, boundary layers are solved using RANS to
reduce the requirement on the mesh resolution. The DES length scale (Apgs) determines the
allocation of RANS and LES regions (Davidson, 2019). Zhu (2020) compared different DES
approaches, such as DES97 (Spalart, 1997), delayed detached eddy simulation (DDES) (Spalart
et al., 2006), and IDDES, in the context of wingsail analysis (Shur et al., 2008). It was found
that IDDES provided the most reasonable allocations of the RANS and LES regions, as shown
in Figure 6.
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Figure 5. CFD approaches for resolving turbulent flow (regenerated from Salim (2011)).
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Figure 6. Distributions of LES and RANS regions based on A, in different DES approaches, near the
leading edge of NACA 0015 at Re = 1 x 107 (Zhu, 2020).

2.1.3 Experimental tests and model-scale effects

Although numerical simulations provide a comprehensive analysis of aerodynamic
characteristics, experimental tests are usually necessary for validation. In recent years, model-
scale WT tests have been conducted for wingsails. Burden et al. (2010) investigated wingsail
spacing, stagger, and wingsail-container interactions, to maximize the performance of a multi-
wingsail system. Hu et al. (2012) proposed a concept called ellipse wingsails, the sectional
profile of which is similar to a crescent-shaped profile, tested the model-scale wingsail in a WT,
and found that the aerodynamic performance of this wingsail profile is better than arc-shaped
profiles. Furukawa et al. (2015) studied two wingsails with different symmetrical profiles at
low Re. Bordogna et al. (2018) measured a single sail and a two-sail arrangement. Zhang et al.
(2022) addressed the parametric sensitivity of arc-shaped wingsails. Giovannetti et al. (2022)
analyzed the sail interaction for a triple-wingsail system for a Re above 1 x 10°. Nevertheless,
these WT tests were primarily for conventional airfoil profiles without cambers, i.e., the NACA
series. Cambered profiles have not been extensively studied in the context of vortex shedding,
as well as flow separation and reattachment.

Additionally, experimental studies have been conducted for sailing yachts (Viola, 2013). The
sectional profiles of sails have typically been simplified as a cambered arc with sharp edges in
previous studies (Larsson, 1990; Viola, 2013). For example, Viola and Flay (2012) measured
the pressures on three horizontal sections of a downwind sail for several wind directions and
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sail trims. Aubin et al. (2018) measured the effects of a flapping leading edge for a spinnaker
ina WT. Yin et al. (2023) carried out outdoor experiments to analyze coupling parameters for
arc sails of unmanned sailboats. Souppez and Viola (2024) used water tunnel tests with particle
image velocimetry (PIV) to analyze wings with low aspect ratios, large cambers, and sharp
leading edges.

It is worth noting that the Re achieved in WT tests is generally on the order of 10°, which is
similar to those of full-scale yachts. However, for large commercial ships, the order of the Re
is normally 107 (Malmek et al., 2024), raising the question of whether model-scale WT test
results remain valid for full-scale configurations, i.e., the dependence of the aerodynamics on
Re.

It is necessary to address the model-scale effects of experiments to fill the knowledge gap above.
The viscous effect is a classic perspective, and the Re sensitivity of curvature geometries has
been investigated for decades (Forouzi Feshalami et al., 2022). In cambered geometries, flow
separation ordinarily occurs under moderate- and high-Re conditions even at low angles of
attack (a), e.g., @ = 0° (Souppez et al., 2022; Tank et al.,, 2021). Consequently, the
characteristics of the resulting flow field share similarities with those induced by bluff bodies,
I.e., non-streamlined objects (Rockwood & Green, 2019). Studies on the model-scale effects of
typical bluff bodies, such as cylinders and prisms, can be traced back to decades ago
(Williamson, 1996). Among all these reviewed studies, the circular cylinder most closely
resembles the suction side of the cambered profiles depicted in Figure 2 (Souppez et al., 2022).

In the field of aeronautical engineering, the model-scale effects of cambered airfoils are also of
interest. Bot et al. (2016) conducted water tunnel experiments for an arc-shaped foil and found
that the foil suffers from lift and drag crises, i.e., the force coefficients sharply drop at a critical
Re. Nava et al. (2016) detected similar phenomena in water tunnel tests. Tank et al. (2021)
analyzed the flow transition for a cambered airfoil at moderate Re in a wide range of AOA.
Souppez et al. (2022) analyzed the leading-edge separation bubble (LESB) for an arc profile.
However, these previous studies mainly focused on low or moderate Re. There are few studies
for high-Re conditions (Re > 10°), where the laminar-turbulent transition happens very early
and the turbulent flow dominates the boundary layer. Besides, in WT tests, the inlet wind
velocity (V) is usually high to make Re as close to the real condition as possible. For example,
if V,, is 100 m/s, the Mach number (Ma) is approaching 0.3, leading to compressibility effects.

In addition to the viscous effects in tests, blockage effects and wall interferences are also caused
by surrounding tunnel walls (Forouzi Feshalami et al., 2022). Studies of blockage effects have
been conducted for several decades. However, most have focused on low Re from 103 to 10°
(Madhavan et al., 2014; Rehimi et al., 2008), which is approximately 2—3 orders of magnitude
lower than the practical operation of wingsails and one order of magnitude lower than the
model-scale WT tests. In addition, the majority of previous studies were based on circular or
rectangular cylinders. The flow field around cambered profiles, particularly on the pressure
side, exhibits distinct characteristics, which have been rarely studied. Although the thickness
of the boundary layers near tunnel walls should be much thinner at high Re, the influence on
the aerodynamic loads has not been quantified. That is, it is unclear whether the wall
interferences are negligible in the measurement of aerodynamic loads.
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2.2 Structural response analysis

Wingsail structures must be strong and sufficiently durable to withstand the bending moment
caused by wind loads. Hence, investigating the structural responses of crescent-shaped
wingsails, including ultimate strength, fatigue characteristics, and the response to operational
loads, particularly regarding plastic deformation, is of significant interest. DNV has released a
standard for WASP systems (DNV-ST-0511) (DNV, 2022), which provides strength and
fatigue criteria for wingsail structures.

2.2.1 Structural design and analysis

Though the concept of wingsails has been proposed for decades, mature structural designs for
wingsails are very limited. The three ships mentioned in Section 1.1 (Shofu Maru, New Vitality,
and New Aden) are equipped with crescent wingsails, which have many vertical stiffeners to
bear the global bending and torsion (Ma et al., 2022; Ouchi et al., 2013; Wang et al., 2022).
This structural design strategy is commonly seen in naval architecture, as the hull structures of
ships are always arranged in this way. On the other hand, the wingsail structure can usually be
considered a cantilever, and the wind load is a distributed load on the wingsail surface.
Therefore, the boundary and loading conditions of wingsails have greater similarity to those of
airplane wings (Sofla et al., 2010) and wind turbine blades (Chen et al., 2013), which mainly
use a strong internal frame, e.g., a spar, to bear the global bending. Although gravity acts in the
spanwise direction of the wingsail, it has a minimal impact on the global bending moments
compared to the aerodynamic loads distributed along the wingsail surface. Consequently,
structural analysis of wingsails focuses primarily on the effects of wind loads rather than gravity
(Zhu et al., 2023).

Currently, finite element analysis (FEA) has been utilized to compute wingsail structures.
Ouchi et al. (2011); Ouchi et al. (2013) proposed a conceptual design for a telescopic rigid
wingsail and analyzed deflection and stress distribution. Hu et al. (2015) investigated the
structural design, dynamic performance, and control strategy for large, ocean-going, sail-
assisted ships. Additionally, Hussain and Amin (2021) conducted static FEA for cambered
wingsails. It was noted that the stress value is maximum in the mast, but much lower in the sail
shells.

However, the above studies were preliminary structural analyses based on static FEA.
Revealing structural responses due to unsteady aerodynamic load requires the application of
dynamic FEA coupled with CFD. In addition, the telescopic function makes the structural
design more complex, which further complicates modeling.

2.2.2 Aeroelasticity analysis

Due to its camber, a crescent-shaped wingsail induces strong flow separation, which results in
vortex-induced vibration (VIV) and fatigue (Storhaug et al.,, 2022). These structural
deformations can in turn affect the flow field. Consequently, it is necessary to fully understand
wingsail aeroelasticity in relation to the FSI (Bak et al., 2013; Souppez, 2023).

Studies on wingsail aeroelasticity are rarely seen in the literature, necessitating the reliance on
findings from other FSI case studies. The Tacoma Narrows Bridge is a well-known FSI problem
(Matsumoto et al., 2003). From the perspective of global bending and torsion, if the
eigenfrequency (f,) of the structure is similar to the vortex shedding frequency, resonance may
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occur, leading to relatively strong structural responses (Billah & Scanlan, 1991). It should also
be mentioned that due to turbulence, the light-weight panels of a wingsail can also vibrate
(Thies & Fakiolas, 2022).

In FSI simulations, the coupling between fluid and structural domains can be classified as one-
way or two-way. The solution algorithms illustrated in Figure 7 use FSI simulations based on
CFD and FEA as an example, (Bazilevs et al., 2013; Benra et al., 2011; Bisplinghoff et al.,
2013; Ezkurra et al., 2018). In one-way coupled FSI, the fluid forces act on the structure, but
the structural response does not influence the fluid flow. This approach assumes that the
structural deformations have a sufficiently negligible effect on the fluid domain, making it
computationally less expensive but limiting its accuracy in scenarios where fluid-induced
deformations are significant. In contrast, two-way coupled FSI accounts for the influence on
the flow field due to structural deformation. The fluid exerts forces on the structure, causing
deformations, while the structural response, in turn, alters the fluid flow. This two-way coupled
method is more accurate for complex, highly interactive systems but requires significantly
greater computational resources for solving both fluid and structural equations simultaneously.
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Figure 7. Solution algorithms for one- and two-way coupled FSI simulations based on CFD for fluid and
FEA for solid (regenerated from Benra et al. (2011); Ezkurra et al. (2018)).

The Arbitrary Lagrangian—Eulerian (ALE) method is commonly employed in FSI simulations
to deal with the dynamic coupling between fluid and solid domains (Bazilevs et al., 2013;
Richter, 2010). In FSI problems, the fluid domain often has significant deformations. Unlike
purely Lagrangian methods, where the mesh moves with the structure, or Eulerian methods,
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where the mesh remains fixed, the ALE approach allows the mesh to move arbitrarily, enabling
the ALE method to mitigate excessive mesh distortion in the fluid domain while accurately
tracking structural boundaries. The ALE method maintains computational accuracy and
stability by updating the mesh in a controlled manner, making it especially useful in simulations
involving large deformations, such as flexible structures interacting with turbulent fluids
(Basting et al., 2017).

Considering similar structures to wingsails, many studies on two-way coupled FSI simulations
applied to airplane wings (Ajaj et al., 2021) and wind turbine blades (Ageze et al., 2017; Della
Posta et al., 2021; Della Posta et al., 2022) have been conducted in recent years. Among these,
aeroelasticity, which is specifically concerned with the interaction between aerodynamic forces
and structural elasticity, is frequently focused (Bisplinghoff et al., 2013). These simulations
aim to predict how aerodynamic forces cause structural deformations and how these
deformations alter the flow field. The structural models are usually simplified and considered
linear elastic in aeroelastic simulations, making these simulations cost-effective.

2.3 Energy saving evaluation

Several studies have been carried out to analyze and evaluate the propulsive performance of
WASP systems. Kijima et al. (1990) developed the velocity prediction program (VPP). Ship
motions are solved in terms of aero- or hydrodynamic forces and moments (Larsson, 1990).

Ouchi et al. (2013) conducted voyage simulations to estimate the reduction of fuel consumption
of a ship equipped with Wind Challenger wingsails in the real sea. They also optimized the
shipping route based on the WASP performance. Tillig et al. (2017) developed a generic ship
energy system model, including the VPP and the power prediction program (PPP). This model
was later named ShipCLEAN (Tillig et al., 2019). It is aimed at predicting the fuel consumption
of ships at sea while considering the external loads caused by several factors, such as wind,
waves, and currents, using this model, Lu and Ringsberg (2020) compared the true fuel savings
of three sail technologies (the Flettner rotor, the DynaRig, and a wingsail) for a specific ship
sailing in specific voyage routes, showing that WASP technologies reduced fuel consumption
by several percentage points but not as much as expected. One of the crucial factors found was
the sail performance related to the heading direction of the ship. The performance also depends
on the aerodynamic interactions among multiple sails.
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3 Methodology

This Chapter presents the benchmark crescent-shaped wingsails and methods that are developed
or applied in this thesis. This thesis investigates the aerodynamic and aeroelastic performance
of crescent-shaped wingsails. The framework consists of several stages that systematically
address the research objectives through a combination of conceptual design, numerical
simulations, experimental validation, and long-term performance analysis, as illustrated in
Figure 8.
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Figure 8. Research path and framework.

The research process begins with the initial concept design, followed by CFD simulations based
on URANS to refine the aerodynamic properties of the wingsail. Mesh verification is carried
out at this stage to ensure accuracy. This is further expanded into CFD simulations based on
IDDES to capture unsteady aerodynamic behavior. The aerodynamic results are validated
against WT tests, considering the model-scale effects. The structural integrity is analyzed using
FEA, including quasi-static FEA, modal analysis, and frequency domain characteristic analysis,
with an emphasis on structural design and model simplification. This leads to a comprehensive
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two-way coupled aeroelastic simulation to predict how the wingsail behaves under wind-
induced deformation. The propulsive performance is calculated based on the principle of sailing,
while the long-term energy performance is estimated by ShipCLEAN.

3.1 Study benchmarks

3.1.1 Conceptual design

A conceptual design of telescopic wingsails with crescent-shaped profiles is selected as the
benchmark in this thesis, as shown in Figure 9.
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Figure 9. Conceptual design of the WindStruc project.

3.1.1.1 Crescent-shaped profile

The crescent-shaped profile is a simple geometry that is comprised of arcs and circles, as
illustrated in Figure 9(a). The shape is controlled by four main design parameters: the chord
length (L.), edge radius, suction-side arc radius, and mast diameter. The L is held constant at
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14 m, and the edge radius is 0.2 m. The dimension parameters are suggested by ScandiNAOS
AB according to its practice.

A series of profiles are generated and labeled as “DxRy,” where “x” represents the mast
diameter and “y” represents the suction-side arc radius. For example, for the profile named
“D2R8,” the mast diameter is 2 m and the suction-side arc radius is 8 m, which results in an
arc radius of 10.67 m on the pressure side.

3.1.1.2 Telescopic function

The real wingsail has a telescopic function, as shown in Figure 9(b). It is divided into four
sections. The wingsail can be expanded at low wind speeds, while it can be semi- or fully
retracted to prevent structural failures at high wind speeds. The fully expanded height is 72—
74 m, and the fully retracted height is 26 m. The height of the mast section between the
wingsail bottom and the deck is 4 m.

3.1.1.3 Triple-wingsail arrangement

Multiple wingsails are installed on ships to capture additional wind power (Li et al., 2017).
Figure 9(c) shows a triple-sail system with three wingsails installed along the centerline of the
ship. The wingsail design presented in Sections 3.1.1.1 and 3.1.1.2 is followed. The distance
between the mast centers is 1.5L., which is suggested by industry experts at ScandiNAOS AB,
based on their experience with WASP systems. For the purposes of this discussion, the sail
closest to the bow of the ship is referred to as “Sail 1”.

3.1.1.4 Structural design

The wingsail should have a lightweight design to reduce its influence on the ship’s cargo
capacity and fulfill any stability requirements. Another challenge is that wind loads cause
bending and torsion in the structure. This increases the required strength-to-weight ratio.

As presented in Figure 9(d), two structural design concepts are proposed and analyzed in this
thesis. “Concept 1” uses the global shell structure to bear global bending, so several vertical
stiffeners and web structures are used to increase the strength and rigidity. “Concept 2” explores
the use of a square prism mast to prevent stress concentration in the mast and reduce the weight
of the wingsail rig. The entire structure can be divided into two parts: the frame, which is
expected to bear global bending and torsion, and the panels, which are assumed only to suffer
under local wind pressure. The mast only extends to the lowest section.

For “concept 1,” all parts are made of steel (S275) (BS EN, 2004). In contrast, aluminum (6061-
T4) (ASTM, 2004) is used for “concept 2.” Detailed information about the material properties
can be found in Paper V. Two material arrangements are studied in “concept 2”: “steel frame,
aluminum panels” and “all in aluminum.”

In this thesis, each structure is evaluated in terms of its weight, strength, and rigidity. Since
there is no guidance for the crescent-shaped structure, Paper V formulates a series of
conservative criteria listed below. These criteria are suggested by ScandiNAOS AB according
to its practice, which is slightly stricter than those proposed by DNV (2022).

* The total weight of the wingsail must be as low as possible.

* The maximum von Mises stress (oy;ses) Should not exceed the yield stress. With a safety
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factor of 2.0, the allowable von Mises stress for steel (S275) (BS EN, 2004) is 140 MPa,
while the allowable stress for aluminum (6061-T4) (ASTM, 2004) is 105 MPa. The
maximum normal stress in compression should not exceed the buckling stress (g,,cx)- The
buckling stress is calculated based on Euler’s formula. For the mast, 6;,,,cx is 252 MPa for
steel (S275) and 126 MPa for aluminum (6061-T4). The maximum shear stress should be
less than 50% of the allowable von Mises stress; therefore, the permissible shear stress is
70 MPa for steel and 53 MPa for aluminum.

* Rigidity or flexibility is also relevant because if the structure is not sufficiently rigid, the
telescopic function will not work. The maximum deflection, which usually occurs at the tip,
should not be larger than 5% of the full-expanded height. In the fully expanded state, the
maximum allowable tip deflection is 3.7 m. The relative displacement of the panels should
not exceed half of the mast diameter (i.e., 1 m).

3.1.2 Coordinate systems

For the sake of convenience in expression, a set of Cartesian coordinate systems is introduced,
as shown in Figure 10. Figure 10(a) shows the global coordinate system. The X axis is aligned
with the inlet flow, i.e., the streamwise direction. The Y axis points from the pressure side to
the suction side. The Z axis points vertically upward from the bottom to the top, i.e., the
spanwise direction. The origin is located at the wingsail bottom surface. It is at the center of the
mean camber line for the crescent-shaped profile, whereas it is located at the leading edge for
NACA 0015. When discussing the pressure and shear stress on the surfaces, an in-section
coordinate system x0Oy, as shown in Figure 10(b). The x axis is along the chord. When post-
processing FEA results for shell structures, local in-element coordinate systems are defined
(Dassault Systemes, 2020), as shown in Figure 10(c). The n axis is normal to the surface.

! ‘ Shell element
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(a) Global coordinate system. (b) In-section coordinate system. (c) In-element coordinate system.
Figure 10. Coordinate systems.

NACA 0015 (a = 16° )

3.2 CFD

CFD simulations are used to compute flows. The present study uses mesh generators and
solvers in the commercial software STAR-CCM+ (Siemens PLM Software, 2021).
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3.2.1 CFD simulation model

3.2.1.1 Domain and boundary conditions

The numerical simulations adopt two types of cuboid computational domains, as shown in
Figure 11. The dimensions of the computational domains were verified by Nikmanesh (2021).
The first type is referred to as “periodic top and bottom”, where the sail geometry extends across
the entire domain in the spanwise direction. This setup is used to reveal the aerodynamic
characteristics of the crescent-shaped profile. The other type is referred to as “symmetry bottom
and freestream tip,” where the distance between the sail’s top end and the domain’s top
boundary is 4 times the sail’s spanwise length. The setup is used to evaluate more realistic flow
features, such as tip vortices.

A no-slip boundary condition (BC) is specified at the wingsail walls for both types of
computational domains. The domain inlet uses a velocity inlet BC with a uniformly distributed
flow speed, corresponding to the apparent wind speed. The side boundaries and outlet are set
with a pressure outlet BC, with the pressure loss coefficient set to zero.
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(a) “Periodic top and bottom.” (b) “Symmetry bottom and freestream tip.”

Figure 11. Two types of computational domains.

3.2.1.2 Meshing and sensitivity study

Unstructured meshes with trimmed cell topologies are used for the simulations. Figure 12
illustrates the “symmetry bottom and freestream tip” mesh. The base size is denoted by [} ;-
The cells maintain a uniform size within each region at each refinement level. Both the regions
near the foil and the wake are refined, as shown in the section plane at Z = 0.5H in Figure
12(b). Wake region refinement is controlled by two parameters: the length and separation angle.
Additionally, a cylindrical volumetric mesh refinement with a length of 1.1H is introduced near
the foil. The diameter of this cylinder is 1.4L.. Flow separation points are expected to distribute
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around the two edges, so refinement is applied near the edges, as shown in Figure 12(c) and
(d).

Prism cells are generated to resolve the boundary layers. The absolute total thickness of the
prism layer is 0.036 - L., and the number of prism layers is 55. The y* of the first-layer cells
near the wall is set to be less than 1, while the values in most of the surface areas are
approximately 1071, The near-wall thickness of the prism layer is set to 7.14 X 1077 - L, to
achieve this.

Y'\T/'X’w |

(a) Entire domain.

T T P T T 20dse

(c) Attached region near the foil, at the section plane of (d) Attached region near the leading edge, at the
(b). section plane of (b).

Figure 12. An unstructured mesh for the crescent-shaped wingsail with the D2R10 profile at AOA of 20°.

A mesh sensitivity study is conducted from two perspectives: the refinement strategy and cell
size. The refinement strategy examined three factors to exclude mesh influence: the existence
of near-foil refinement, and the length and separation angle of wake refinement. The optimal
configuration is determined to be a wake refinement with a separation angle of 0.3 rad and a
length of 60 m. The cell sizes in the domain are globally adjusted by changing the base cell
size. Detailed information regarding the mesh sensitivity study can be found in Paper 1.

3.2.2 Turbulence modeling

As reviewed in Section 2.1.2, significant flow separation was observed for the crescent-shaped
wingsails. When studying propulsive performance, it is sufficient to solely consider time-
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averaged loads. However, unsteady characteristics should also be considered when analyzing
structural response. Low-frequency fluctuations of the external loads may cause VIV of the
entire sail, and high-frequency fluctuations may cause local vibrations within the shell panels.
Accurately simulating turbulence requires the introduction of LES or DES, since sub-grid scales
are modeled in these methods (Davidson, 2019; Salim, 2011; Yao et al., 2008). However, the
LES method imposes costly near-wall meshing requirements. Therefore, the DES method of
IDDES is selected for use in this work. The k—w SST turbulence model is applied to the IDDES
(Shur et al., 2008). This model is also used for the URANS simulations.

The blended wall treatment approach (Workinn, 2021) is applied to the RANS equations in
both IDDES and URANS, offering the advantage of accommodating complex geometries with
varying local flow characteristics. Given that the velocity over complex walls varies and the
geometry of the wingsail profile exhibits curvature, it is difficult to ensure that y* in all cells
adjacent to the walls are either above or below specified values, as required in a conventional
wall treatment model. In contrast, the blended wall treatment adapts to local y*. Blended wall
laws are employed to model smooth variable changes in the buffer layer between the viscous
sublayer and the logarithmic region.

At high Reynolds numbers, the laminar-turbulent transition can occur very early, leading to
turbulence-dominated boundary layer. Therefore, transition models are not applied in high-Re
simulations for full-scale wingsails. However, the y transition model (Menter et al., 2015) is
included in moderate-Re simulations for model-scale wingsails.

3.2.3 Discretization schemes and solvers

The finite volume method (FVM) is utilized to discretize the governing equations. This method
employs a segregated flow solver based on the semi-implicit method for pressure-linked
equations (SIMPLE) algorithm (Patankar, 1980). It is worth noting that the flow is assumed to
be incompressible because of the low freestream Mach number.

Convection fluxes on cell faces are discretized using a hybrid second-order upwind and
bounded-central scheme, while diffusion fluxes on both the internal and boundary cell faces are
discretized with a second-order scheme. The second-order hybrid Gauss-LSQ method is applied
in gradient computation, which involves the reconstruction of field values at a cell face. This
includes the secondary gradients of the diffusion fluxes and pressure gradients, as well as the
rate-of-strain tensors used in the turbulence model. A second-order implicit method is utilized
to discretize the time derivative, and the Reichardt law (Reichardt, 1951) is utilized for the
momentum equations.

3.3 WT test

A series of WT tests are carried out to validate the numerical simulations. In the WT tests, the
aerodynamic loads on the wingsails are measured.

3.3.1 WT facilities

The WT is located at the Laboratory of Fluids and Thermal Science, the Department of
Mechanics and Maritime Sciences, Chalmers University of Technology. A schematic of the
WT is shown in Figure 13, which has a closed test section. A motor and fan are installed in the
return channel to drive air within the closed circuit. A honeycomb and three screens are utilized
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upstream of the test section to homogenize the speed and direction of airflow. An air gap is
created at the rear end of the test section to regulate the pressure.

The inlet velocity is controlled using the graphical interface of LabVIEW VI. The maximum
tested inlet velocity is 40 m/s. The environmental conditions, such as the temperature, air
density, and viscosity, are monitored during the tests. The turbulence length scale is maintained
below 0.1% under normal testing conditions in the present study.
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(a) Two-dimensional schematic of the WT in the (b) Dimensions of the cross-section of the WT test
laboratory of Fluids and Thermal Science at Chalmers section.

University of Technology.

Figure 13. Schematic of the Chalmers WT.

3.3.2 Wingsail models of WT tests

The test models are made of aluminum. The model is on a scale of 1: 100, i.e., the chord length
(L¢) is 0.14 m and the height H is 0.74 m.

The tested layouts are a single model and a triple-line-up model, as shown in Figure 14. The
deck holding the test models is designed to rotate to control the AOA and apparent wind angle
(AWA). A gearbox is installed beneath the deck panel to control the rotation. The distance
between the rotational axis of each sail in the triple model is 1.5L,.

A rough sand-paper tape (Borgoltz et al., 2019) with a thickness of 0.0036 - L. and a width of
0.036 - L., is attached to the sail surface at 10% of the chord near the leading edge to trigger
the transition from laminar to turbulent flow. This location is based on the laminar-turbulent
transition position indicated by the full-scale CFD simulations in Paper II.

3.3.3 Measurement

An external balance is placed under the floor of the test section to measure lift and drag forces.
The balance is adapted to hold the deck installed with wingsail models. The balances are
connected to LabVIEW, which displays measured data in real time. The method of calculating
the force coefficients, i.e., C; and Cp, is presented in Paper II1.

The total pressure is measured with two Pitot probes that are set upstream and downstream of
the test model. An automated traversing system controlled by LabVIEW is used to move the
downstream Pitot tube during the tests. The flow velocity is measured with hot-wire
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anemometer sensors, which are made of tungsten with a length of 1 mm and a diameter of
5 um. The hot wire is operated at an overheat ratio of 1.7.

The absolute pressure and the temperature in the wind tunnel are measured with dedicated
sensors and logged during the tests. The measurements exhibit negligible differences, so both
variables are assumed constant in the analysis.
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Figure 14. Schematic of WT test setup.

3.3.4 Correction and verification

Two types of wall interference are considered: the boundary layer flow of the WT floor and the
blockage effect (Hoang & Bui, 2019). The measured momentum thickness is less than 5 mm
and the measured boundary layer thickness on the WT floor is less than 25 mm. These values
are similar to those estimated using Equation (1) (Schlichting & Gersten, 2016).

Soo(X) ~ 0.37 1)

0.2
Rey

Since the boundary layer on the WT floor is not thicker than 2% of H, its influence on the
wingsail aerodynamic loads is neglected.

Additionally, since the physical presence of the wingsail model reduces the cross-sectional area
of the WT test section, an acceleration of the airflow around the model is induced, i.e., the solid
blockage. The blockage ratio, i.e., the ratio between the frontal area of the wingsail models (Ar)
and the streamwise sectional area of the WT test section (Ay,r) varies with a. For a single
wingsail model, the blockage ratio ranges from 1.59% (a = 0°) to 4.97% (a = 90°). The
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blockage effects can be corrected by introducing a blockage correction coefficient (Barlow et
al., 1999). Then, the corrected drag force coefficient (Cp) can be obtained as Equation (2).

AF
Ch=(1-
p=( A

)2 ) CD_Mea (2)

wT

where Cp e, represents the drag force coefficients based on the measured force. The corrected
lift force coefficient (C;) is calculated similarly. For a single full-expanded wingsail at AOA of
a =90°, the force coefficients are overestimated by approximately 9.69% , while the
overestimation is approximately 10.11% for the triple-sail system at « = 20°.

Four sets of verifications of measurement consistency are conducted:
» A before- and after-check of both 6-component balances by applying known loads.
» A cross-check of the aerodynamic forces measured by the two balances.

» A cross-check of consistency between the integral aerodynamic pressure load and the lift
force.

» A cross-check of consistency between the momentum deficit in the wake (Betz, 1925;
Laboratory, 1936) and the drag force.

All sets of verifications produced satisfactory results, leading to the conclusion that the
measurements provide reliable data with acceptable margins of error.

3.3.5 CFD validation against WT tests

The time-averaged lift and drag coefficients ((C,) and (Cp)) are compared with WT results to
validate the CFD simulations, as shown in Figure 15. The WT tests are described in Section
3.3. Two series of tests have been conducted at Re = 3.6 x 10°: one with sand-paper tapes to
trigger the laminar-turbulent transition, and the other without any triggering addons. Using
sand-paper tapes is widely adopted in aerodynamic testing to trigger early boundary layer
transition from laminar to turbulent, thus better approximating the flow conditions experienced
in real-world applications (Borgoltz et al., 2019). A good overlap of CFD and experimental
data without tape for Re = 3.6 x 10° can be seen. Besides, the force coefficients of the CFD
simulations at the highest Re agree well with the experimental data with sand-paper tapes,
which suggests that using the tripping can help to simulate the high Re aerodynamics in low-
Re experiments. The CFD simulation presented in this study is considered convincing.

3.4 FEA and FSI

In addition to studying the aerodynamic characteristics, another objective is to investigate the
structural responses of the wingsail structures. FEA is used to analyze the stress and strain
distribution, eigenfrequencies, and dynamic structural deformation resulting from aerodynamic
loads. This section introduced the structural analysis methods based on quasi-static FEA that
are applied to detailed internal structures.

3.4.1 Quasi-static FEA

Quasi-static FEA is performed to compare different structural design concepts and provide an
overview of structural integrity. Structural analysis of the full-expanded wingsail is based on
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the apparent wind speed of V,,,, = 16 m/s. The external load is divided into the forces on the
pressure and suction sides of the wingsail. Both forces are assumed to be uniformly distributed.
According to the CFD results, the magnitude of the total force on the suction side is
approximately twice that on the pressure side. The gravity of the wingsail structure (i.e., the
inertia loads due to self-weight) is ignored since it does not significantly influence the stress
distribution (Zhu et al., 2023).
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Figure 15. Comparison of (C;) and (Cp) between WT tests and CFD simulations.

A cantilever boundary condition is applied. The bottom of the mast is fixed, so no translation
or rotation is allowed. The structure of the sail panels is modeled as a group of shell elements
in the quasi-static implicit FEA. Five thickness integration points are set, and Simpson’s Rule
is applied for integration. Each pair of sub-parts is tied together at the contact surface for the
strong frame of “concept 1,” as shown in Figure 9(d), to ensure that there is no relative motion
between them. However, the panels are allowed to have small relative tangential displacements
in the vertical direction since the panels are not expected to bear global bending. The FEA are
performed using the commercial software ABAQUS (Dassault Systemes, 2020). The
geometrical nonlinearities are accounted for by enabling the NLGEOM option in ABAQUS
(Mian et al., 2014).

A quad-dominated mesh is applied to the FEA model, and the quadrilateral elements are set as
S4R elements. The triangular mesh elements, which are primarily distributed on the horizontal
section plates, are assigned the S3 element type. The typical element size is 0.2 m, which is
selected based on a mesh sensitivity study. Elements near the edges are refined according to
the stress distribution. Additionally, curvature control is applied to the mesh generator to
resolve the crescent shape. The maximum deviation factor is set to 0.1 so that the approximate
number of elements per circle at the edges of the crescent profile is 8.

3.4.2 Simplified solid model

Two-way coupled FSI simulations are performed to address the aeroelastic effects in detail.
Based on the results of the quasi-FEA results, “concept 2 (see Figure 9(d)) is selected for FSI
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analysis. The wingsail sections and the mast are uniformly extruded solid bodies. The structure
frame and panels are both made of aluminum.

Since the real structural design is too complex, the simulation is established based on a
simplified solid model, which has the same bending stiffness, i.e., Young’s modulus (E) times
the moment of inertia (1), as the actual wingsail structure. Each section of the wingsail and the
mast is simplified independently. A quad-dominated mesh is used for FEA, as shown in Figure
16.

Sail 4

Sail 3

(c) Tip panM

Sail 2

Sail 1

(a) Pressure side. (b) Suction side.
Figure 16. The FEA mesh with the simplified solid model.

To understand the FSI patterns, it is important to know the structural eigenfrequencies (f2).
Based on the beam theory (Rao & Yap, 1995), the wingsail is modeled as a cantilever beam.
The fundamental eigenfrequency (f,;) can be calculated as Equation (3).

a? | EI

M 3
2r |pAyH* ®)

fel

where «; is the first root of the characteristic equation for a cantilever beam and is set to a; =
1.875, E is the Young’s modulus, I is the moment of inertia of the cross-section about the
bending axis, p is the averaged density of the structure, and Ay is the cross-sectional area.

As in the quasi-static FEA, the NLGEOM option is used here. Gravity is ignored (Zhu et al.,
2023).
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3.4.3 Two-way coupled FSI

The Lagrangian and Eulerian reference frames are applied to the solid and fluid domains,
respectively, and the ALE algorithm is applied to couple the two domains. The mesh in the
fluid domain is allowed to move and deform without excessive distortions to accommodate the
displacement of the solid-structure interface.

In the two-way coupled FSI approach, the CFD and FEA exchange data at every iteration of
the simulation. The CFD utilizes the IDDES approach. The wall pressure and shear stress are
transferred from the fluid domain to the solid domain, where they act as external loads on the
solid surface. The structural displacement resulting from these forces is transferred back to the
fluid domain. In this process, the fluid and solid interact dynamically.

During every iteration, the traction at the fluid-solid interface is calculated as the vector sum of
the shear stress and the pressure component in the normal direction. The structural displacement
is then calculated based on the stress distribution using Hooke's Law. Since the vertices of the
CFD and FEA meshes at the fluid-solid interface are not conformable, conservative mapping
of the physical variables is required. After mapping, mesh morphing is performed to
accommodate the structural displacements and ensure the fluid mesh conforms to the deformed
shape of the solid. Additionally, the radial basis function (RBF) method is used for mesh
morphing to preserve mesh quality and avoid excessive distortion.

The complete fluid load is applied at the first time step. There is no under-relaxation for the
fluid-solid interface deformation to ensure stability and convergence during the coupling
process.

3.5 Power prediction program (PPP)
Strategies regarding wingsail operations under different wind conditions are suggested, and a
case study is carried out to estimate the long-term fuel-saving performance.

3.5.1 Principle of sailing

The principle of sailing follows Kimball (2009). Figure 17(a) presents the wind triangle. The
apparent wind is the wind experienced by the ship and sails. The apparent wind speed and angle
(V4w and 8,y,)) can be calculated using Equations (4) and (5), respectively.

VAW = JVSZ + Vr]gW + ZVSVTW * COS HTW (4)
VTW " Sin 9TW

Oy = tan™! ( ) 5

AW an VS + VTW * COS HTW ( )

The external loads on the sail include the force and moment, as shown in Figure 17. The lift
and drag (F, and Fp) are defined with respect to the apparent wind direction. On the other hand,
the thrust and side force (F; and Fs) are defined with respect to the ship cruising direction. The
side force accounts for heeling and rolling, as well as drift and additional induced resistance.
The thrust is calculated as Equation (6).

FT = FL - sin HAW — FD * COS GAW (6)
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Figure 17. Principle of sailing.

An enumeration method is used to predict the propulsive performance for apparent wind
directions, where 6,4, ranges from 0° to 180° and « ranges from 0° to 90°.

3.5.2 ShipCLEAN

Predicting the performance of a WASP system requires the inclusion of the full system, i.e., the
wingsails and the ship. The side force Fg and yaw moments must be compensated for by the
ship drift and rudder angle, both of which introduce an added resistance that reduces the net
thrust. Sail trim optimization is needed to achieve the best performance. Therefore, a model
considering four degrees of freedom (i.e., surge, drift, yaw, and heel) must be used. In this
thesis, a tanker with a deadweight of approximately 100,000 tons is considered. The crescent-
shaped wingsail is positioned on the centerline and 5 m behind the forward perpendicular.
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(a) Route of the case study ship during 2018. (b) Scatter plot of the experiences with 81y, and Vpyy.

Figure 18. Shipping route and metocean data of the case study.

ShipCLEAN (Tillig et al., 2019) is a generic model developed for performance predictions with
little input data. Polar plots for fuel savings are first created for different wind strengths and
true wind angles. Then, to calculate long-term fuel savings, the automatic identification system
(AIS) data of the tanker are used to derive the ship position and speed during 2018, as shown
in Figure 18(a). Environmental conditions are retrieved from the Copernicus Marine
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Environment Monitoring Service (CMEMS) and are updated every 3 hours. Figure 18(b) shows
the experienced wind conditions during 2018. Detailed information about the route and weather
conditions for the case study can be found in Paper I.
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4  Selected results
This Chapter presents the key results of the appended Papers.

4.1 Overview of studied cases

The sectional profiles and scales of the wingsail geometries are listed in Table 1. The Reynolds
numbers and AOAs are illustrated in Figure 19.

Table 1. Wingsail geometries that are studied in the Papers.

Sectional profile Scale L. H
NACA 0015
Paper 1 Full-scale 14 m 72 m
D2R10
74 m
Paper 11 D2R8 Full-scale 14 m
32m
0.50 m
Paper 111 D2R8 1: 100 model-scale 0.14m
0.74m
1: 100 model-scale 0.14m 0.74 m
Paper IV D2R8 1: 50 model-scale 0.28 m 1.48 m
Full-scale 14 m 74 m
Paper V D2R8 Full-scale 14 m 74 m
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Figure 19. The Reynolds numbers and AOAs studied in the Papers.
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In Paper I, the Reynolds number (Re) is 2.3 x 107. According to the wind tunnel tests
(Sheldahl & Klimas, 1981), when Re = 1 x 107, the critical angle of attack (a.) of NACA
0015 is approximately 16°. A previous study (Nikmanesh, 2021) indicated that «a,. of the
present crescent-shaped profile is approximately 20°. Therefore, NACA 0015 is simulated at
a = 16°, and the crescent-shaped profile at « = 20°.

In Paper I1, given that the wingsail with a telescopic function can be fully expanded or retracted
at different wind speeds, Re = 7.1 x 10° is used for the expanded condition, and is set at
2.9 x 107 for the retracted case. The AOAs are a = 19°,21°, 23°.

In Paper III, Re values ranging from 1.8 x 10°> to 3.6 X 10° are investigated using
simulations and WT tests. The AOA ranges from 0° to 90°. Specifically, at an AOA of 20°, the
triple-sail system is investigated at yaw angles () ranging from 80° to 120°.

In Paper IV, the AOAs are 15° and 20°. Re ranges from 3.6 x 10° to 1.3 x 10 for model-
scale cases; a full-scale wingsail with Re = 7.1 x 10° is also analyzed for comparison.

In Paper V, Re = 1.4 x 107 is applied for the external loads in quasi-static FEA, while Re =
7.1 x 10° is used for two-way coupled aeroelastic simulations. The AOAs are 20°, 40°, and
80°.

4.2 Results of Paper 1

Paper I aims to investigate the time-averaged characteristics of the crescent-shaped wingsail
aerodynamics and the long-term energy performance of ships applying this wingsail. Full-scale
CFD simulation models based on unsteady Reynolds-averaged Navier-Stokes (URANS)
equations are developed and verified for the prediction of aerodynamic loads. Based on the
time-averaged aerodynamic loads, i.e., force coefficients, predicted by CFD simulations, a
long-term case study is carried out using the in-house PPP platform, ShipCLEAN. The wingsail
with a crescent-shaped profile is compared with that based on NACA 0015, and the results
indicate that the former has notably better propulsive performance. However, stronger flow
separation is detected for the crescent-shaped wingsail. The case study highlights that installing
a wingsail with a crescent-shaped profile can reduce fuel consumption by 9% compared with
no wingsail.

4.2.1 Time-averaged aerodynamic loads

4.2.1.1 Crescent-shaped profile vs. NACA 0015

Although various simulation setups are adopted (see Figure 20), a general finding is that the
crescent-shaped profile of D2R10 produces much greater lift and drag than NACA 0015. Since
both lift and drag contribute to the thrust, the results indicate the good aerodynamic
performance of the crescent-shaped wingsail.

The three-dimensional simulations using “symmetry bottom and freestream tip” BC show the
development of vortices at the wingsail top tip, whereas simulations with the other domain type
do not. Therefore, the effects of tip vortices can be discerned by comparing the results of these
two types of simulations. Additionally, the tip effects of the crescent-shaped profile are less
significant than those of the NACA 0015 profile.
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Figure 20. The force coefficients of NACA 0015 and the crescent-shaped “D2R10” profile from the two-
and three-dimensional simulations with different computational domain types. The error bars represent the
amplitudes of oscillation.

4.2.1.2 Force coefficient curves

Plots of the force coefficients within a wider range of a based on the three-dimensional CFD
simulations are presented in Figure 21. There is no clear a,, and two peaks of (C;) occur. The
highest (C,) is approximately 1.915 at @ = 20°, which is the critical angle of attack (a,).
Another (C, ) peak occurs after stall at « = 35°. (Cp) increases as a increases, and the highest
(Cp) is approximately 1.595 at a = 85°.
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Figure 21. {(C.) and (Cp) vs. a for full-scale full-expanded wingsail with the “D2R10” profile based on
three-dimensional URANS simulations.
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4.2.2 Propulsive performance

4.2.2.1 Operation strategy

The propulsive performance is evaluated based on the force coefficients from the three-
dimensional simulations with the freestream tip computational domain type. The results for the
propulsion (the highest C; at different 6,4,,) and the corresponding operational AOA (a values
applied to obtain the highest C;) are plotted in Figure 22. Since the polar diagram is symmetric,
only half of the polar plot, i.e., 0° < 8,4, < 180°, is presented.

When the point of sail is luffing, close-hauled, or beam reach (84, from 30° to around 120°),
the lift is the main source of the thrust. When 120° < 8,,, < 150°, i.e., the point of sail is board
reach, the optimum « is approximately 40° where C;, ~ Cp, and the wingsail utilizes both Fj,
and F;, for propulsion. When the point of sail is running, meaning that 6,4, is approximately
180°, Fj, is the primary contributor to thrust, and the wingsail is operated with « =~ 80°.
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Figure 22. Polar diagram of C, a, and L/D versus 8., for the crescent-shaped profile at V,,, = 25 m/s.

4.2.2.2 Long-term fuel-saving performance

The polar diagram is applied to the in-house program, ShipCLEAN (Tillig et al., 2019) for a
tanker, as mentioned in Section 3.5.2. The fuel consumption analysis shows that the maximum
fuel savings is expected to be approximately 9% at 64, = 90°in V-, = 10 kn, and 25% in
Orw = 90° in V5, = 20 kn. However, the fuel savings vary depending on the true wind angle,
so the performance must be predicted using actual routes with realistic weather.

As shown in Figure 23, a single crescent-shaped wingsail achieves fuel savings higher than 5%
approximately 349% of the time, and the maximum fuel savings is 97.5%. It is deduced that the
total long-term fuel savings is 9.5%. Note that the maximum additional fuel consumption for
operating the wingsail is less than 1%.
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Figure 23. Histogram of the fuel savings achieved by a crescent-shaped wingsail at each waypoint.
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4.3 Results of Paper 11

Building on previous work, Paper II aims to reveal the unsteady characteristics of the
aerodynamic loads on the crescent-shaped wingsail and its induced flow field. Parametric
sensitivity studies are conducted to optimize the crescent-shaped profile. Based on the CFD
models developed in Paper I, full-scale CFD simulations, with both URANS and improved
delayed detached eddy simulation (IDDES) approaches, are performed. The spectral features
of the aerodynamic loads are analyzed, and the unsteady flow field characteristics, including
flow separation, vortex shedding, wake properties, and tip vortices are discussed in detail. The
results highlight that while URANS and IDDES simulations provide similar predictions for
time-averaged loads, their unsteady characteristics differ, particularly their high-frequency
features. The IDDES simulations reveal more complex vortex-shedding phenomena.

4.3.1 Unsteady aerodynamic loads

The force coefficients of the fully expanded crescent wingsail are plotted in Figure 24. URANS
and IDDES provide similar results for the time-averaged force coefficients. The difference
between these two methods is usually less than 10% for C; and Cp, and 15% for Cy,. This
suggests the viability of URANS for predicting time-averaged forces.

However, the URANS results exhibit larger fluctuation amplitudes than the IDDES results. This
can be attributed to more turbulent content contained in the flow field obtained from the IDDES.
This turbulence reduces large-scale fluctuations.

The comparison of the two methods suggests that the IDDES method is a better choice if the
intention is to accurately capture the FSI between the wingsail structure and winds because of
the capability of this method to resolve turbulent fluctuations. This will be further explained
based on the flow field characteristics in the next section.

4.3.2 Flow characteristics — wake and tip vortices

The URANS and IDDES methods exhibit several differences in the wake induced by the
crescent-shaped wingsail. The dimensionless vorticity in the spanwise direction, w7, is shown
at different streamwise positions in Figure 25. The IDDES predicts a flow field with much more
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complex vortex structures. In contrast, the wake from the URANS does not show significant
spanwise characteristics.
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Figure 24. Boxplots of time-averaged force coefficients of the full-expanded crescent wingsail.
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Figure 25. Distribution of the dimensionless spanwise vorticity, wy, at different streamwise positions in the
wake from the full-expanded wingsail at Re = 7.1 x 106, @ = 23°, computed using URANS and IDDES.

Another important characteristic of the flow field is the phenomenon of tip vortices, which is
believed to be the primary reason for lift reduction when changing the boundary conditions
from periodic top and bottom to free tip and symmetric bottom. The dimensionless streamwise
vorticity, wy, around the tip is shown in Figure 26. Two tip vortices, the tip separation vortex
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and the tip leakage vortex, develop at the suction and pressure sides, respectively. The vortices
from the IDDES are more complex than those from the URANS.
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Figure 26. The distribution of the dimensionless streamwise vorticity wy at different streamwise positions
around the tip, based on the IDDES simulations at & = 23°.

4.4 Results of Paper 111

Paper III aims to use experimental methods to study the aerodynamics of a crescent-shaped
wingsail across a range of moderate Re values in single- and triple-wingsail configurations. WT
tests are conducted for wingsails with two aspect ratios (5.3 and 3.6, corresponding to semi-
retracted and full-expanded sails in practice) at AOA from 0° to 90°, and Re values ranging
from 1.8 x 10° to 3.6 x 10°. Following the methods applied in Paper II, a CFD simulation
based on IDDES is also performed for the triple-wingsail system. The results indicate that in
addition to general aerodynamic characteristics, a specific crisis of the aerodynamic forces is
found at an AOA of 15° when Re is reduced to 2.7 x 105, which does not exist in conventional
NACA-profile wingsails. When triple wingsails are arranged in a row, the pressure field
between them interferes, although the vortex patterns in the wakes are similar. This interference
leads to significant redistribution of the aerodynamic forces among the wingsails. The total
thrust from the triple wingsail arrangement is approximately three times the thrust of a single
wingsail.

4.4.1 Single wingsail aerodynamics

The first experimental validation of the crescent-shaped wingsail is reported in this work. The
comparison of the numerical and experimental results has been shown in Figure 15 in Section
3.3.5. The pressure distribution is measured to allow for interpretation of the force
measurements and enable deeper insight into the aerodynamic loads. The measurement is made
at the midspan, Z = 0.5H, and the distribution of C,, is plotted in Figure 27.
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Figure 27. Surface pressure distribution of the wingsail model at Re = 3.6 x 10%, measured at Z = 0.5H.

As shown in Figure 27(a), at an AOA of a = 0°, the pressure on both the pressure and suction
sides of the wingsail exhibits an inverted sign at both the leading and trailing edges.
Additionally, the pressure is negative on the pressure side because of the flow separation
induced by the leading edge at small a. The pressure difference between the two sides of the
wingsail is smaller at « = 0° than that at « = 15° or 40°, leading to low C;, ata = 0°. At a =
15°, where the highest C;, is achieved during the WT tests, the pressure on the upstream half of
the suction side is very low, as shown in Figure 27(b), causing a strong suction force. According
to the numerical simulation results presented in Paper I and Paper 1II, the high-velocity flow
on the suction side is the primary cause. The location of stall, as indicated by pressure
measurements, is identified by a plateau with constant pressure, as the pressure inside a
separation bubble is constant. In Figure 27(a) and (b), constant pressure is achieved at 70%.
However, in Figure 27(c), it is found that at @ = 40°, where C; is close to Cp, stall occurs at
25% chord. Low pressure occurs on the suction side close to the leading edge, which
contributes to F; and produces a moment on the wingsail. When the AOA is between 0° and
15°, the stall location is fixed at 70% chord. Between 15° and 40°, the stall location gradually
moves upstream from 70% chord to 25% chord. The variation in lift performance (see Figure
15) is explained by the changes in stall location, as confirmed by the pressure measurements.
This current measurement provides the first validation of the pressure distribution for a crescent
airfoil.

4.4.2 Triple-wingsail interaction

The aerodynamic force coefficients, i.e., C; and Cp, measured for the three-line-up wingsails,
at different values of B and a Re = 3.6 x 10° are shown in Figure 28, where o = 20° for all
wingsails. The triple-sail system is seen in Figure 9(c). Sail 3, i.e., the downstream (stern)
wingsail, generates the least lift of the three wingsails for § € [80°, 120°], whereas Sail 1 (bow)
generates the most lift. In the case of the drag measurements, Sail 2 (middle) generates the
largest F, when 8 < 90°, but Sail 1 generates the largest F, when 8 > 100°. Sail 3 always
generates the smallest F},. The differences in force coefficients among the three wingsails

38



indicate that the flow interaction between the wingsails affects the distribution of the
aerodynamic loads.
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Figure 28. Force coefficients of the triple-sail system at different apparent wind angles of 8, but Re =
3.6 X 10° and a@ = 20°.

4.5 Results of Paper IV

On the basis of Paper III, Paper IV aims to determine whether laboratory model-scale
experiments (moderate Re~10%) remain valid for evaluations of real sail performance (high
Re~107). Following the methods applied in Paper II, a series of CFD simulations based on
IDDES are performed. The findings reveal that increasing Re not only improves the lift-to-drag
ratio but also increases the critical angle of attack, indicating that model-scale tests can
underestimate these parameters compared to those in full-scale practice. A critical Re range is
identified. Detailed analysis shows that changes in laminar-turbulent transition and, more
significantly, flow separation and reattachment patterns are crucial to understanding the
physical mechanisms of the force crisis.

4.5.1 Reynolds number sensitivity of aerodynamic loads

Figure 29 presents the time-averaged force and moment coefficients (denoted as (C.), (Cp),
and (C),), respectively) at @ = 15° and 20°. The length of the realizations used for the time-
averaging operation is 100 periods, for which one period is the time of the flow passing through
the chord. All coefficients are dependent on Re. The (C;) increases with Re, particularly when
a = 20°. This suggests that the aerodynamic efficiency at very high Re in the real world is
underestimated in WT tests which can only achieve moderate Re. At Re = 6.2 X 10> and
1.3 x 10°, the model-scale case shows larger (C,) at @ = 15° than & = 20°, while the full-
scale case exhibits an opposite trend. This phenomenon indicates that the critical angle of attack
(a.), is also affected by Re. It is observed that for Re values ranging from 6.2 x 10° to
7.1 X 10°, a increases with Re. The sharp decrease in (C,) (i.e., the lift crisis) happens when
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the Re value decreases from 6.2 x 10° to 3.6 x 10° for @« = 15°, and from 7.1 X 10° to
1.3 X 10° for a = 20°.

In Figure 29(b), although (Cj) of the case with higher Re is lower than that with a lower Re, it
is not as sensitive to Re as (C,). Additionally, (C,,) also increases with Re, especially when
a = 15°. For instance, when Re increases from 3.6 x 10° to 6.2 x 10>, the absolute value of
(Cy) at @ = 15° increases by 171.0%. This reflects that the position of the aerodynamic center
is also affected by Re.
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Figure 29. Time-averaged force and moment coefficients with &« = 15° and 20°, and various values of Re.

4.5.2 Laminar-turbulent transition

The laminar-turbulent transition is influenced by the Reynolds number, which scales differently
between model- and full-scale conditions, leading to discrepancies in flow features. Figure 30
shows the contours of the nondimensional turbulent kinetic energy (TKE), k. /V.2, in the mid-
span plane at « = 15° and 20°. As Re increases, the transition location shifts upstream. At the
lowest Re of 3.6 x 10>, the transition occurs at the mid chord, as shown in Figure 30(a) and
(b). When increasing Re, the laminar-turbulent transition location moves in the upstream
direction. The cases with the highest Re of 3.6 X 10° have the transition location near the
leading edge, as shown in Figure 30(g) and (h), meaning that the boundary layer is turbulent
along the entire suction side.

The transition location also depends on a, highlighting the impact of a on the critical Re. An
abrupt shift in the laminar-turbulent transition location occurs between Re = 6.2 x 10° and
Re = 7.1 x 10° for a = 15°, as shown if Figure 30(c), (e), and (g). For a = 20°, this shift
occurs between Re = 6.2 x 10° and Re = 1.3 x 10°, as shown in Figure 30(d) and (f),
indicating that the transition at the larger a of 20° begins earlier than at the smaller « of 15°.
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Figure 30. Distribution of nondimensional turbulent kinetic energy near the wingsail at the mid-span of the

sectional panel (Z = 0.5H), for « = 15° and 20°, with various values of Re.

4.5.3 Flow separation and reattachment patterns

Figure 31 shows the contours of the transient streamwise wall friction coefficient, C.x, on the
suction side of the wingsail at @ = 15°. For Re below 6.2 x 10>, three flow separation points
exist on the suction side at the lowest Re value. Recalling the transition location in Figure 30,
it can be observed that the first and second separation points are located in the laminar region,

while the third is in the turbulent region.

On the other hand, only one separation point is observed in the turbulent region for higher
values of Re, e.g., Figure 31(d). At the highest Re = 7.1 x 108, the distribution of C,x
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becomes relatively even, and the flow separation position is at downstream of the laminar-
turbulent transition location, within the region of the turbulent boundary layer. Despite adverse
pressure gradients, the flow separation is delayed by the turbulence. As shown in Section 4.5.3,
the location of the laminar-turbulent transition varies significantly between cases. This variation
results in substantial changes in flow separation patterns. These changes, in turn, affect the
aerodynamic forces presented in Figure 29. The delayed flow separation results in a larger C, .

2nd reattachment 2nd reattachment

2nd separation 2nd separation Wall friction line

3d separation

1st reattachment

KA

1st reattachment

v

st H o
1% separation 2.

f’d separation

1st separation

(a) Re = 3.6 x 105. (b) Re = 6.2 x 105. 0

¢Separation ¢Separation

< —0.02

() Re = 1.3 x 106. (d) Re = 7.1 x 10°. A

Figure 31. Distribution of C,x and the wall friction lines on the suction side of the wingsail within Z =
0.4H-0.6H and a = 15°.

Additional discussions regarding flow separation and reattachment patterns at @ = 20° are
presented in Paper 1V.

4.6 Results of Paper V

Paper V explores the aeroelastic behavior of the crescent-shaped wingsail and quantifies its
influence on propulsive performance. Several structural design concepts are proposed and
analyzed by performing quasi-static FEA, with comparisons made based on weight, strength,
and rigidity. The selected structural design concept is then simplified into a solid model for full-
scale aeroelastic simulation. The results indicate that the eigenfrequencies of the wingsails
dominate the frequency domain of the wingsail flutter, while the frequencies of the flow field
play a secondary role. Aeroelastic effects are found to negatively impact aerodynamic
performance.
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4.6.1 Structural design and evaluation

A series of FEA simulations are performed to determine the thickness of various parts of the
structure. The thicknesses of each of the parts are then adjusted for several iterations to satisfy
the strength requirement regarding the plastic deformation and minimize their weights.

A comparison of the two concepts shows that the total weight can be reduced by approximately
11% by dividing the wingsail structure into a strong frame and light panels, as indicated by
Table 2. The weight for the “all-aluminum” for “concept 1” can be significantly reduced, but
this results in a much larger tip displacement. Therefore, the “steel frame and aluminum panels”
design exhibits better rigidity, while the “all in aluminum” design is lighter.

Table 2. Weight, maximum von Mises stress, and maximum deflection of different structural designs.

“Concept 2
“Concept 17 “Steel frame, aluminum . . S
” All in aluminum
panels
Total weight [t] 130 116 74
Weight excluding the panels [t] 75 33
Max. von Mises stress  [MPa] 158 141 103
Max. deflection [m] 0.32 0.59 1.14

Figure 32 shows the von Mises stress distributions for the two material arrangements. When
the wingsail has a steel frame, as shown in Figure 32(a), the stress distributed throughout the
panels is much lower than in the frame, indicating that the frame bears the majority of the global
bending load. In contrast, the stress in the panels is higher for the “all in aluminum” concept
shown in Figure 32(b), although the distribution of von Mises stress throughout the frame
exhibits similar characteristics. The maximum von Mises stress is located at the contact area of
the mast and the bottom plate. Notably, the maximum von Mises stress occurs at the contact
area of the mast and the bottom for both material arrangements.

4.6.2 Full-scale FSI simulations

The cases based on rigid and deformable solid bodies where o = 20° are selected as examples.
Results and discussions for a = 40° and 90° can be found in Paper V.

4.6.2.1 Structural responses

The frequency characteristics based on fast Fourier transform (FFT) of the tip displacements
are plotted in Figure 33. The sampled time is 21s, i.e., 12 times L./V,y . The dominant
oscillation frequency of 0.58 Hz can be observed, which is close to the fundamental
eigenfrequency of the structure (0.62 Hz). In contrast, the simulations based on rigid bodies
indicate that the dominant oscillation frequency of C; is approximately 0.4 Hz. Therefore, the
flutter frequency of the wingsail is more dependent on the eigenfrequency of the structure,
rather than the Strouhal number (St).
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Figure 32. von Mises stress distribution for “concept 2.” ;4 is 279 MPa for steel and 210 MPa for
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Figure 33. Frequency characteristics of the tip displacement based on FFT. Full-scale aeroelastic
simulations at @ = 20° and V,;, = 8 m/s (Re = 7.1 x 10°). Ay is the tip displacement in the X direction,
and Ay is the tip displacement in the Y direction.

4.6.2.2 Aeroelastic effects on propulsive performance

Figure 34 compares (C;), (Cp), and (C,,) for deformable and rigid wingsails. The simulation
results for the rigid body indicate that (C, ) is 2.135, whereas the aeroelastic simulation predicts
a value that is approximately 3% lower. Comparing different sections of the deformable
wingsail, “section 1”” and “section 2” show lower (C;) and higher (Cp) compared with “section
2” and “section 3” due to the tip vortices at the top and bottom ends.
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Figure 34. Comparison of (C; ), {Cp), and {C;,) between deformable and rigid wingsail. Full-scale
aeroelastic simulations at @ = 20° and V,, = 8 m/s (Re = 7.1 X 10°).

Figure 35 shows the spectra of the force and moment coefficients. The main oscillation
frequency of the force coefficients for the rigid-body wingsail, the is approximately 0.4 Hz with
a relatively low amplitude. However, the high-frequency properties of the aerodynamic loads
are much stronger when aeroelasticity is considered. A peak at 3.46 Hz is observed for all
coefficients, while €, shows an additional peak at 2.85 Hz. These two peaks in the frequency
domain explain the oscillation of Ay in Figure 33. Additionally, the oscillation of the force and
moment coefficients is much stronger for the deformable wingsail.
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Figure 35. The spectra of C;, Cp, and C,, based on FFT. Full-scale aeroelastic simulations at « = 20° and
Vaw = 8m/s (Re = 7.1 x 10°).

45



The observed aeroelastic effects are critical for understanding the wingsail structural response
under operational loads, including fatigue, ultimate strength, and plastic deformation. The
dynamic stresses induced by fluctuations in aerodynamic forces can significantly impact the
material's fatigue life, potentially leading to premature failure if cyclic loads are not adequately
accounted for. Additionally, peak aerodynamic loads may push sections of the wingsail,
particularly near the tips, toward their yield strength, increasing the risk of plastic deformation.
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5 Conclusions

Driven by the need to improve energy efficiency in maritime transport, the overall aim of this
thesis, as formulated in Section 1.2, is to assess the aerodynamic and aeroelastic performance
of crescent-shaped wingsails. The novelty of this work lies in the deep investigation of unsteady
aerodynamic characteristics and the induced dynamic structural responses. This thesis
concludes that due to strong unsteady characteristics of the flow field induced by the crescent-
shaped wingsail, FSI is crucial for accurately predicting the propulsive performance and
structural integrity of the wingsails. Furthermore, the methods used in this thesis can be
extended to other sail types, such as two- and three-element wingsails, to evaluate their
aerodynamic and structural performance under varying conditions.

Referring objectives listed in Section 1.2, detailed conclusions are presented below.
» Aerodynamic characteristics

In this thesis, the aerodynamic characteristics of the wingsails with crescent-shaped profiles are
investigated using high-fidelity CFD simulations and validated with WT tests.

From the perspective of time-averaged aerodynamic characteristics, it is found that crescent-
shaped wingsails have demonstrated the potential to generate appreciable lift across a range of
wind conditions has been demonstrated. A high lift coefficient can be achieved over a wide
range of a from 15° to 35°. Notably, a specific lift increase is observed after stall due to a high-
velocity backflow near the suction side. The highest lift coefficient of 2.1 is obtained at an AOA
of ~20°for a full-scale wingsail.

This study identifies certain challenges related to unsteady aerodynamic characteristics. It is
concluded that strong flow separation intensifies flow unsteadiness, leading to increased
fluctuating surface loads, which may compromise the strength and stability of the wingsail
structure. The oscillation amplitude of the force coefficients can be ~10% of the time-averaged
value.

In the triple-sail arrangement, notable interferences are observed between the wingsails. The
largest propulsion is generated by the upstream (bow) wingsail, and the smallest propulsion by
the downstream (stern) wingsail. However, the mean thrust generated by the three wingsails is
close to that of an isolated single wingsail, so the arrangement does not affect the overall
performance.

* Model-scale effects

Re values ranging from 1.8 x 10> (model-scale experiments) to 2.8 x 107 (full-scale
applications) are studied.

It is found that C,, Cp, and C,, are all sensitive to Re. Two force crises, where the force
coefficients change dramatically with Re, are observed in the interval Re € [1.8 x 10°, 3.6 X
10°] (the first force crisis) and Re € [3.6 x 10°,7.1 x 10°] (the second force crisis). As Re
increases, C, and Cj typically increase and decrease, respectively. Moreover, a, is also
sensitive to Re, as a, decreases from approximately 30° to 15° in the first force crisis but
increases to approximately 20° in the second force crisis. Due to the force crisis, the
underestimation of C; in model-scale tests can be up to ~30%. Therefore, given that most
laboratory experiments are able to achieve moderate Re values up to 10°, without careful
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measures for proper tripping of the laminar-turbulent transition, their results are unlikely to be
suitable for direct use in the assessment of real-world wingsail aerodynamics where the value
of Re is on the order of 107.

As Re increases, the laminar-turbulent transition location in the boundary layer on the suction
side of the wingsail migrates upstream. This shift in the transition position affects the location
and nature of the resultant separation and reattachment patterns. The flow separation and
reattachment dynamics contribute to the observed force crisis. At lower Re values (e.g.,
3.6 x 10°), multiple separation points are observed at two different values of a: 15° and 20°.
This effect leads to more complex unsteady characteristics. However, only one separation
position is observed at the highest Re of 7.1 x 10° since the entire boundary layer on the
suction side is turbulent.

» Structural responses and aeroelasticity

Quasi-static FEA is conducted for several structural design concepts of the crescent-shaped
wingsail. Then, two-way coupled aeroelastic simulations are performed for a simplified solid
model based on the selected structural design concept.

The structural analysis reveals that the wingsail concept featuring a strong frame with
lightweight panels offers superior performance in terms of weight, strength, and rigidity. Of the
assessment criteria considered, strength, specifically, von Mises yield and compressive normal
stress, emerges as the most critical factor in evaluating wingsail structures.

It is concluded that the aeroelastic behavior of the wingsail is notably influenced by interactions
between aerodynamic forces and structural deformation. Flutter at the fundamental
eigenfrequency is a significant concern. Full-scale aeroelastic simulations demonstrate that
aeroelasticity negatively impacts the aerodynamic performance of the wingsail. For instance,
simulations show a reduction of ~3% in C, when aeroelastic effects are considered. Small-
scale vortex shedding on the suction side of the wingsail caused by flutter is identified as the
mechanism of lift reduction.

* Propulsive performance

The propulsive performance of wingsails with crescent-shaped wingsails is calculated based on
the principle of sailing. The long-term energy performance is then estimated by the in-house
platform, ShipCLEAN.

This thesis demonstrates the significant potential of wingsails with crescent-shaped profiles in
ship propulsion. The introduction of the novel crescent-shaped profile proves to be more
effective in generating thrust force compared to the NACA 0015 profile, since it is evidenced
that the potential thrust force coefficient is approximately 30% higher.

The implementation of crescent-shaped wingsails presents a promising avenue for enhancing
the efficiency and sustainability of maritime transportation since the case study highlights the
considerable fuel savings that can be achieved by installing a single crescent-shaped wingsail,
with anticipated savings ranging from 9% for V;,, = 10 kn to 25% for Vyy, = 20kn.
Furthermore, the long-term fuel savings prediction indicates that the overall savings attributed
to the crescent-shaped wingsail are 9.5%. One drawback of the new profile is the increased
resistance experienced when sailing against the wind; however, such occurrences are
infrequent.
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6 Future perspectives

In this Chapter, key topics and areas for further investigation are highlighted. Their importance
lies in their potential to enhance both the practical implementation and theoretical
understanding of crescent-shaped wingsails and related technologies. By addressing these areas,
future research can overcome current limitations, refine the methods employed in this thesis,
and extend their applicability to a wider range of sail configurations and operational conditions.
Each topic is aligned with the assumptions and constraints that framed the scope of this work,
ensuring a clear continuity between the findings presented and the recommended future
directions.

e Wingsail aerodynamics optimization

This thesis includes a preliminary parametric sensitivity study regarding the crescent-shaped
profile. Future work on wingsail profile optimization can focus on further refining the crescent-
shaped profile to enhance aerodynamic performance (Guzelbulut et al., 2024; Zhang et al.,
2023). Advanced optimization algorithms, such as the non-dominated sorting genetic algorithm
(NSGA-II) and PSO, can be employed to explore the design space. Recently, machine learning-
based methods, such as physics-informed neural networks (PINN), have become increasingly
popular, which can also be considered for establishing the optimization platform.

In addition, since strong interactions among multiple wingsails have been indicated, the
arrangement of wingsails on the deck can also be an aspect of optimization.

e Wingsail-hull interaction

As mentioned in Section 1.3, though the interaction among wingsails, ship hull, and
superstructures are basically not considered in this thesis. However, these interactions are
critical for evaluating the overall propulsion system (Zeng et al., 2024b; Zhang et al., 2024).
Aerodynamic and hydrodynamic interactions affect lift, drag, and vessel resistance. These
interactions can also influence vessel stability and maneuverability. Future studies can explore
the effects of different wingsail placements and orientations relative to the hull, with a focus on
optimizing the balance between aerodynamic efficiency and vessel performance.

Coupling aerodynamic, hydrodynamic, and rigid body dynamics (RBD) simulations will be
essential to accurately capture these interactions. Techniques such as two-phase flow
simulations, which model the interaction between the wingsails and the surrounding water, can
be employed.

e Further structural analysis

This thesis studies the aeroelasticity of the crescent-shaped based on a simplified solid model.
The two-way coupled aeroelastic simulations reveal the structural responses due to global
bending. However, the dynamic structural responses regarding ultimate stress, potential plastic
deformation, buckling, and fatigue are not deeply addressed. Therefore, the structural integrity
of wingsails remains a key area for further investigation. Future research can focus on
developing more advanced structural analysis techniques that account for complex loading
scenarios, including fluctuating wind forces and wave-induced motions.

Beyond the linear elastic structural response, fatigue analysis can be a primary focus in future
research, given that wingsails are subjected to constantly fluctuating wind loads, which can lead
to material fatigue over time. Moreover, buckling is another critical consideration, especially
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given the thin-walled nature of wingsails and the high aspect ratios involved. There is a
significant risk of both local and global buckling, particularly in the telescopic sections where
structural strength is reduced.
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