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Abstract. Modern rigid wing sails have received increasing attention in recent years due to their po-

tential to reduce ship fuel consumption. While most analyses focus on the aerodynamic performance

of wing sails, little research has been conducted on their structural response to aerodynamic forces.

This paper seeks to address this gap by performing a fluid-structure interaction (FSI) simulation of a

symmetrically cambered wing sail with a simplified structure. The goal is to analyse the global defor-

mation and stress state of the structure at a 15° angle of attack. The study builds upon previous work

on a two-dimensional aerofoil shape, extended to three dimensions. The full wing sail is 72 meters

tall and tapers from a chord length of 14 meters at the root to 7 meters at the tip. The focus on global

deformation allows the use of a simplified structure comprising three main components: the mast, five

ribs, and the skin that wraps around the ribs to form the aerodynamic surface. The FSI simulation is

set up as a co-simulation between STAR-CCM+ and Abaqus. The airflow has a Reynolds number

of 1e7 and is assumed to be incompressible. Turbulence is modelled using the k − ω SST informed

Improved Delayed Detached Eddy Simulation approach. Preliminary FSI simulation results indicate

the flow induces an increase in effective angle of attack, leading to a corresponding increase in lift

and drag. Frequency analysis shows no resonance between the unsteady aerodynamic loads and

the first ten structural modes, with minimal induced deflection.

Keywords: rigid wing sail; fluid-structure interactions; wing sail structure; symmetrically cambered;

frequency analysis; aerodynamic load.
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NOMENCLATURE

CD Time-averaged drag coefficient [-]

CL Time-averaged lift coefficient [-]

CM Time-averaged aerodynamic moment coefficient [-]

T Time [s]

b Sail span [m]

cr root chord length [m]

ct Tip chord length [m]

f Frequency [Hz]

tpipe Mast pipe wall thickness [mm]

trib rib thickness [mm]

tskin Sail-skin thickness [mm]

λ Taper ratio [-]

CFD Computational Fluid Dynamics

FEM Finite Element Method

FSI Fluid-Structure Interactions

IDDES Improved Delayed Detached Eddy Simulation

1 Introduction

Wind-assisted propulsion has re-emerged as a promising pathway for reducing fuel consumption and

emissions in commercial shipping, driven by increasingly stringent environmental regulations and the

global push toward sustainable maritime transport. Among the various wind-propulsion technologies,

wing sails have gained particular traction due to their significant thrust production over a large range

of angles of attack (Reen et al., 2025a).

Among wing sail configurations, symmetrically cambered wing sails have attracted attention due to

their capability to have camber without losing symmetry (Reen et al., 2025a), leading to high lift pro-

duction at low angles of attack (AOA). One of such sails, as part of the wind challenger concept, has

been in operation since 2022 on the bulk carrier Shufo Maru, and has been able to achieve 5%-8%

fuel savings with a single sail (Ouchi et al., 2023).

Recent research has focused on refining the aerodynamic performance of symmetrically cambered

wing sails. The D2R10 configuration emerged as a high-lift design, which has been examined in great

detail using advanced turbulence modelling to capture unsteady flow effects (Zhu et al., 2024). van

Reen et al. (2025b) developed an optimisation framework to optimise the symmetrically cambered

profile further, using the D2R10 as a benchmark. The resulting profile, called the BN4, achieved an

estimated 8% improvement in average thrust over the D2R10 over an apparent wind angle range of

10° to 150°. The next step in developing this framework is to incorporate fluid-structure interactions

(FSI).

The available literature on the structural design of wing sails is sparse. For the design of the Wind

Challenger, Ouchi et al. (2013) developed a glass fibre-aluminium composite structural model. Fi-

nite element analysis showed that it can withstand a drag force of 700 kN. Later, Zhu et al. (2023)

conducted a quasi-static finite element analysis of two simplified D2R10 wing sail structures: a shell-

and-stiffener design and a box-shaped mast frame. Uniform pressure and suction loads, derived from

earlier CFD at 16 m s−1, were applied to the sail surfaces. Their results showed that the box-shaped
mast frame lowers weight, reduces stress concentrations, and satisfies strength requirements better
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than the shell-dominated concept. The study also compared a hybrid steel–aluminium design with an

all-aluminium one, finding that although the latter is much lighter, its tip deflection is nearly twice as

large.

Beyond academic studies, the wing sail patent by Razola et al. (2024) provides a structural description

of a full-scale rigid wing sail, outlining a two-wing sail structure with a stowing mechanism specifically

engineered to withstand harsh operational conditions. However, the patent does not provide structural

analyses or performance results. Qin et al. (2025) provides a brief description of the structure used

for a model wing sail in their aerodynamic experiments. It consists of a mast, seven ribs, and a skin

covering the frame. Even so, no dimensional information or further structural discussion is included.

Taken together, these contributions highlight the need for focused research on the structural design

and performance of wing sails.

This paper establishes the three-dimensional fluid model and the simplified structural model required

for the extension to FSI. It also presents preliminary FSI results, including their influence on aerody-

namic loads, and a comparison of the force-excitation spectrum with the first 10 structural modes. The

structural ideas referenced in this work are informed by standard principles of lightweight structural

analysis (Megson, 2013).

2 Method

The FSI simulation is set up as a co-simulation between Computational Fluid Dynamics (CFD) and

the Finite Element Method (FEM), using STAR-CCM+ and Abaqus, respectively. The wing sail in this

study is similar to the three-dimensional extruded version of the BN4 aerofoil developed by van Reen

et al. (2025b). The major change is that the new wing sail is tapered from the root to the tip, with a

taper ratio λ of 0.5. The root chord cr is 14 m, and the tip chord ct is 7 m. The height of the wing sail
b is 72 m, and the cross-sectional aerofoil profile is the BN4. The external configuration is illustrated
in Fig. 1.

Figure 1. Schematic drawing of the external wing sail geometry.

2.1 Structural Model

The structural model consists of three components: the sail skin, five ribs, and the mast. The sail

skin and ribs are modelled with shell elements, while the mast is represented by a beam model with

a circular pipe cross-section whose diameter equals the maximum thickness of the tip aerofoil: 1 m.
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A schematic of the model is shown in Fig. 2. The mast serves as the primary load-bearing member

and has a fixed boundary condition at the root. The ribs transfer loads from the skin to the mast. Five

equally spaced ribs are used, numbered 1-5 from root to tip. This configuration provides sufficient

stiffness to avoid unrealistic local deformations, while keeping the model simple for efficient FSI cou-

pling. A more detailed structural layout would be required in a real design, but this would also require

prior knowledge of the global aeroelastic response, which this work seeks to establish. Because there

is no available reference design, the structural dimensions are based on engineering judgment: rib

thickness trib = 20 mm, sail-skin thickness tskin = 2 mm, and mast pipe wall thickness tpipe = 100 mm.
All components are made of steel with a Young’s modulus of 200 GPa, and a density of 7800 kg m−3

(Kuhn, 2000).

Figure 2. Schematic drawing of the structural model.

2.2 Fluid Model

The fluid is modelled as incompressible using CFD at a Reynolds number of 1e7. Turbulence is

modelled using the k − ω SST Informed Delayed Detached Eddy Simulation (IDDES) approach. The

incomingwind ismodelled as a uniform inflow, providing a clean baseline FSI result without introducing

additional assumptions about the ship or mounting height.

The CFD domain is shown in Fig. 3. The front face has a velocity inlet, while the back face has a

pressure outlet. The top, bottom, left and right faces all have a symmetry boundary condition. The

inflow is aligned with the positive x-direction. The wing sail root sits on the xy-plane, with its cross-
sectional centroid at the origin. The domain spans y = ± 210 m and x = -140 m to 280 m, giving

a width and length of 420 m (30 chord lengths). The z-direction extends from -14 m to 210 m (16

chord lengths), allowing flow beneath the sail to represent the gap between a real ship’s deck and

the root. The exposed part of the mast at the bottom is not modelled, as this would require additional

assumptions about the structure and the ship.
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Figure 3. CFD domain schematic drawing.

The mesh consists of 4.9 million cells, with a base cell size of 1.5 m and a background cell size of

15 m. The cell size on the wing sail is 0.15 m, and a 400 m long wake expands from the wing sail,

incrementally increasing in cell size to 15 m. The number of prism layers is 16, with a first-layer

thickness of 2e-5 m to achieve a y+ below 1. Mesh independence is demonstrated by comparing the

time-averaged lift coefficient CL for 5 mesh sizes: 2 coarser and 2 finer than the current mesh. The

first layer thickness of the prism layers is held constant, while the number of prism layers increases.

The base cell size of each mesh is: 3.0 m, 2.0 m, 1.5 m, 1.2 m, and 1.04 m, becoming increasingly

fine. The coarsest mesh is roughly twice as coarse as the current mesh, and the finest mesh is roughly

twice as fine.

The resulting mesh dependence plot is presented in Fig. 4, which shows that CL changes significantly

from the coarsest to the current mesh, but that the current mesh has almost the same CL value as

the finest mesh. The 1.2 m base size mesh has a lower CL than its neighbours, but the difference is

less than 1%. The time-averaged drag coefficient CD shows a similar trend with small variations, and

is not shown for brevity. We can therefore conclude that mesh independence has been reached.
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Figure 4. Mesh dependence of CL.

2.3 FSI Solver

The FSI simulations are done using a co-simulation between Star CCM+ and Abaqus. The two solvers

are strongly coupled, meaning that at every time step, the CFD and FEM solvers perform inner iter-

ations in which they exchange data and update their respective solutions until they converge to a

consistent state of loading and deformation. Strong coupling assumes that the fluid and structure

significantly affect each other. The opposite is weak coupling, where the structural deformation neg-

ligibly affects the fluid and data exchange happens only once per time step. Strong coupling is more

computationally expensive but also the more conservative option, which is chosen in this study due

to the limited knowledge on wing sail FSI. The FSI simulation is run for 30 s at a time step of 0.01 s.

The Reynolds number of 1e7 gives an inflow speed of 11.48 m s−1, which allows for 24 flow passes

on the wing sail.

3 Results

The FSI simulations show that the fluid induces a bending toward the positive y-direction and a torsion
that increases the angle of attack. This is shown in Fig. 5, which presents the velocity magnitude

contour from a top-down view. The increase in angle of attack results in respectively higher and lower

speeds along the upper and lower surfaces of the wing sail, which in turn increases CL from 1.72 to

1.83. Consequently, the average drag coefficient CD also increases from 0.22 to 0.26, resulting in a

10% decrease in lift-to-drag ratio from 7.82 to 7.04.
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Figure 5. Velocity magnitude contour of the undeformed sail (left) and deformed sail (right).

To determine whether the FSI simulation predicts the excitation of a structural mode by aerodynamic

loads, the frequency of the force variation is compared with the structural modal frequencies. The

frequency plot in Fig. 6 shows the amplitude spectra of the drag, lift, and aerodynamic moment (CM )

obtained from the FSI simulation. The horizontal axis shows frequency f , while the vertical axis shows
the amplitude of the force/moment coefficient variation. Peaks in the spectra indicate the dominant

frequencies of each load. The black vertical lines represent the first ten modal frequencies.

The figure shows that none of the first ten structural modes coincides with the largest peaks in the drag,

lift, or aerodynamic moment spectra. However, the first mode at approximately 0.2 Hz overlaps with a

region of significant drag and lift coefficient amplitudes. Notably, both the lift-induced deformation and

the first mode correspond to the same bending motion about the x-axis, suggesting that this mode

could be excited by the aerodynamic lift despite the force coefficient not being at its peak amplitude.

The drag force does not align with the first modal motion.

In either case, the consequence of this potential excitation is minor. The FSI simulation shows that

the maximum tip displacement in the x-direction is only 0.28 m, found at the time-step T = 17.07 s,

and the maximum tip deflection in the y-direction is only 1.27 m, found at T = 3.53 s. This is small

compared to the 72 m span. The maximum stress predicted at the root of the structural model is

154 MPa at T = 3.53 s and 143 MPa at T = 17.07 s. Either case is still well below the yield strength

of 205 MPa, which is on the conservative end for steel (Kuhn, 2000).
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Figure 6. FSI frequency spectra for the drag, lift and moment coefficients CD, CL and CM , as well as

the modal frequencies of the first ten structural modes. Frequency is denoted as f .

4 Conclusions

This work established a three-dimensional CFD model, a simplified structural model and an FSI cou-

pling, as a foundation for future fluid–structure-interaction optimisation of symmetrically cambered

wing sails. Using a tapered BN4-based geometry, strongly coupled CFD-FEM simulations were con-

ducted to capture the key aeroelastic effects under realistic operating conditions.

The coupled FSI results indicate that the aerodynamic loading produces a combination of spanwise

bending and torsional twist. The latter increases the effective angle of attack, which in turn raises both

the mean lift and drag coefficients. As a result, the lift-to-drag ratio decreases by approximately 10%

relative to the rigid configuration. Although this deformation has a noticeable impact on aerodynamic

performance, the structural response remains modest: maximum tip deflections are small relative to

the 72 m span, and the stresses remain well below the material yield limit. The frequency analysis

indicates no resonance between the unsteady aerodynamic loads and the first ten structural modes,

though the first bending mode is located within a region of elevated forcing. Even so, the resulting

vibrations remain minor.

Overall, the study shows that aeroelastic effects meaningfully alter aerodynamic performance but

do not pose structural risks for the present design. The models developed here provide a necessary

stepping-stone toward future FSI-based optimisation, where structural flexibility and aerodynamic per-

formance can be jointly improved.
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