
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

Toward the development of a hydrofoil tailored to
passively reduce its lift response to fluid load
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Abstract
The objective of this research is to explore the possibility of using Passive
Adaptive Composite (PAC) on structures to help control the lift generated
by hydrofoils on boats such as the International Moth. Intorducing compos-
ite fibres oriented at off-principal axis angles, allow a foil to passively control
its pitch angle to reduce the lift generated at higher boat speeds helping to
achieve a stable flight in a wide range of weather conditions. PAC utilises
the inherent flexibility of a composite structure to induce a twist response
under bending load which could be used to minimise the use of active control
systems, or even improve the dynamic response of foils in waves. However, to
design flexible foils requires numerical and experimental tools to assess the
complex fluid structure interactions involved. This paper eveluates a simpli-
fied hydrofoil geometry designed to reduce its lift coefficient with increased
flow speed. A coupled Computational Fluid Dynamics (CFD) and Finite
Element Analysis (FEA) methodology is presented to predict flexible foil
performance. Validation of these numerical tools is achieved through the use
of wind tunnel experiments including full field deformation measurements.
Twist deformations resulted in a reduction in the effective angle of attack
by approximately 30% at higher flow speeds reducing the foil lift and drag
significantly.
Keywords: Fluid Structure Interaction, Passive Adaptive Composites,
High Performance sailing
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Nomenclature
Symbol Definition [unit]
A Area [m2]
Aij In-plane stiffness [A]
Bij Bending-extension coupling [B]
C Asymmetric aerofoil constant
CFD Computational Fluid Dynamics
CD Drag coefficient
CL Lift coefficient
Dij Bending stiffness [D]
DIC Digital Image Correlation
DSBT Dirrential Stiffness Bend-Twist
FEA Finite Element Analysis
FSI Fluid Structure Interaction
K Lift curve slope
k Number of layer
kx,y,xy Laminate curvature
L Lift force [N]
Mij Moments per unit length [Nm]
Nij Forces [N]
PAC Passive Adaptive Composites
PIV Particle Image Velocimetry
Qij Stiffness matrix components
t Layer thickness [mm]
V Wind speed [ms−1]
W Weight [kg]
y+ y-plus value
z Layer distance from the ref. plane [mm]
α Angle of attack [deg]
γxy Shear strain
∆t Exposure time PIV camera [µs]
∂α
∂L

Bend-twist coupling term
ε Strain
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ρ Density [kgm−3]
σ Stress [MPa]
τxy Shear stress [MPa]

1. Introduction

The International Moth is a single-handed ultra-lightweight foiling devel-
opment class boat (International Moth Class, 2013). When foiling the mass
of the boat and helm remains constant but the lift produced by the dagger-
board and rudder T-foils increases with the square of the boat speed. The
daggerboard T-foil is formed of two elements with an adjustable rear flap
to modify the lift produced based on the vessel ride height. This constant
movement of the rear foil changes the viscous drag of the whole foil section.
Meanwhile, the angle of attack of the forward main element is slightly ad-
justed with dynamic body movements of the helm. The importance of being
a lightweight sailing boat enhanced the use of composite materials. Using
composite materials it is possible to design a structure tailored to a certain
load, in this case the mass of the boat plus the crew. Introducing plies ori-
ented at angles different than zero, 90 or 45 degrees that are normally used in
quasi-isotropic structures, it is possible to change the response of a composite
structure under load.

Moreover, with the recent increase of foiling boats there is still a lack of
accurate measures of structural response and shape of the hydrofoils. This
gives rise to scientific questions on whether there is a manufacturing consis-
tency between the port and starboard foil on a catamaran or different batches
of foils on mono-hulls.

The aim of the current research is therefore to develop numerical and
experimental tools capable of accurately describing the structural response
of a foil under fluid-load and to design and develop a foil structure tailored
to decrease its lift coefficient as the flow speed increases. In order to do
so a coupled CFD and FEA methodology is developed and validated using
full-field measurement techniques within a wind tunnel environment.

Those techniques are described in section 2 together with the advan-
tages of developing a robust and repeatible Fluid Structure Interaction (FSI)
experimental methodology. The FSI experimental technique was initially
developed at the University of Southampton (Banks et al., 2015; Marimon
Giovannetti et al., 2017; Marimon Giovannetti, 2017) and provides not only
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a measure of synchronised structural deformation and fluid response but also
the uncertainty values associated with coupling the two optical systems.

Moreover, in section 3 two techniques that can be used to change the
performance profile of an hydrofoil are described, namely Passive Adaptive
Composites (PAC) that tailors the response of a structure by changing the
orientation of the composite plies (Veers et al., 1998) and Differential Stiff-
ness Bend-Twist (DSBT) that utileses the internal stiffness of a structure to
change the aero-hydrodynamic response to fluid load (Raither et al., 2012).
These two techniques, if used in parallel, can substantially change the ef-
fective angle of attack of a foil structure under load. The current research
presents the first steps in investigating the possibilities of applying those
techniques to the design of a daggerboard T-foil of the International Moth.
PAC have been researched in applications for wind-turbine blades (De Goeij
et al., 1999; Lin and Lai, 2010; Maheri and Isikveren, 2009), tidal turbines
(Nicholls-Lee et al., 2009; Barber, 2017), propeller blades (Khan et al., 2000;
Young and Motley, 2011) and Micro Air Vehicles (Hu et al., 2008; Tamai
et al., 2008), so it is now possible to use the knowledge from other applica-
tions for high performance sailing boats.

After the two background sections, an idealised section that can be adapted
in future research to high speeds boats such as the International Moth is pre-
sented. Utilising the inherent flexibility of PAC at high speeds and relatively
large tip deflections the angle of attack can be passively reduced to decrease
the induced drag. Twisting an aerofoil section toward feather indeed reduces
the effective angle of attack of the foil. The equations of an analytical model
that relates the lift force to the plies orientation within the structure are also
described.

The design of the flexible aerofoil is presented in section 5. The position
and layup of the internal stiffener are presented as well as the manufacturing
techniques.

Finally, the full-scale experimental and numerical setup as well as the
results from an idealised section are presented to demonstrate the passive-
adaptive response to fluid load. This research merely represents the findings
on FSI of a full-scale flexible model. Those results can be used in future
projects as base to build a main element foil of the International Moth.
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2. Background on FSI experimental measures

Within the available literature there is a lack of analytical solutions and
experimental measures of FSI problems (de Borst et al., 2013; Hou et al.,
2012). Therefore, research in this area has mainly focused on coupled numer-
ical solutions or approximations extensively utilising Blade Element Momen-
tum (BEM) theory, Computational Fluid Dynamics (CFD) and structural
Finite Element Analysis (FEA) simulations. Even though numerical studies
have been extensive, especially in recent years with the increase in computer
power, there is a lack of experimental validation cases for FSI problems and,
for the limited cases that there are, the uncertainty in measurements is often
unknown.

The first FSI experiments were developed with known experimental tech-
niques re-adapted to allow the capture of both structural deformations and
load capture. Fedorov (2012) presents a numerical and experimental ap-
proach where the effects of loads on a composite bend-twist full-scale wind
turbine blade are measured. In particular they measured deflection and twist
using Digital Image Correlation (DIC). However, his research lacks the dy-
namic coupling from the aerodynamic forces, as a known hydraulic load was
applied whereas in a complete FSI experiment the aerodynamic force will
actually change due to fluid-induced deformation and twist.

High speed cameras and laser Doppler vibrometers were employed to
measure the pitch motion of a flexible hydrofoil and the areas of cavitation
by Ducoin et al. (2012). These experiments present the displacement and
pitch angle for the tip section of a two-dimensional hydrofoil under real flow
conditions. The study developed by Ducoin et al. (2012) provides useful val-
idation material for cavitation simulations, including structural deformation,
but does not provide the hydrodynamic forces or flow field information to
assess non-cavitating CFD models. Malijaarsl and Kaminski (2015) present
a review of the published studies on flexible propellers. The possibility of
using composite propellers to reduce cavitation problems is addressed, but
they identify a need for experiments to validate the hydro-elastic numeri-
cal simulations, as well as measurements of the deformed shape of flexible
propellers. More recently, Barber (2017) tested in a flume-tank two sets of
PAC marine hydrokinetic (MHK) turbine blades alongside one non-adaptive
composite and a set of aluminium blade. The magnitude and direction of the
torque on the rotor applied by the flow were measured with two load cells.
The flow velocity was recorded so that the capacity for power generation
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could be calculated. Those tests were however performed at model scale,
meaning that the bend-twist coupling of the composite structure could not
be related to a full-scale MHK turbine as the composite blades were com-
posed of a flat carbon fibre spar, twisted to follow the chord line of the blade
geometry and a semi-flexible urethane body cast around the spar to create
the hydrodynamic blade shape.

To assess the validity of numerical FSI simulations we require the ability
to measure the influence of fluid load on the structural response. It is im-
portant that this is conducted in a controlled manner, to provide data with
known uncertainties for comparison with numerical FSI simulations. CFD is
often validated in isolation using flow field data captured with Particle Im-
age Velocimetry (PIV) and measured aero-hydrodynamic forces (Jones et al.,
2008). Similarly FEA models can be validated against full-field deformation
measurements acquired using DIC (Siddiqui, 2014).

In order to fully capture the behaviour of a structure or a fluid under
investigation without interfering with it, full-field non-contact measurement
techniques can be used. These techniques have been employed extensively
in the last two decades, as described by Raffel et al. (2007), Rastogi and
Hack (2012), and Grediac and Hild (2012), and are capable of recording
the data necessary to describe the surface’s structural behaviour or the flow
surrounding an object without modifying the nature of the structure or of
the flow itself. These capabilities, which are beneficial with respect to point
measurement techniques, together with the recent developments in sensor
cameras and computer power, has permitted an increase in use of Digital
Image Correlation and Particle Image Velocimetry in recent years.

Particle Image Velocimetry (PIV) and Digital Image Correlation (DIC)
are both full field, non-contact, light based optical techniques and have been
extensively used in a wide variety of experiments separately since the 1980s
(Wieneke, 2014; Chen et al., 2013).

Digital Image Correlation (DIC) is a measurement technique used to anal-
yse problems in solid mechanics. It is a white light full-field non-contact mea-
surement technique (Tang et al., 2012) which involves the use of CCD digital
cameras that register a series of images of a surface on which a randomised
speckle pattern is applied. From these images, the displacement, the strain,
and the stress of the specimen can be measured, using a correlation algo-
rithm, tracking the motion of each speckle within the field of view (Rastogi
and Hack, 2012). The speckle pattern is applied to the surface, providing
a grey-level distribution which should be adequately illuminated in order to
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achieve a smooth histogram. This technique has been used for different scale
problems, from high magnification (Crammond et al., 2013) to large scale
structures (Mccormick, 2012). Within the DIC software, the speckle pat-
tern is mapped to calculate its deformation, allowing the displacements and
strains of the underlying structure to be measured. DIC has previously been
used to measure foil deflections under fluid loads, with a technique developed
at the University of Southampton (Banks et al., 2015; Marimon Giovannetti
et al., 2017). The key advantages are the use of simple equipment (i.e. cam-
eras, lenses, light and computer), the fact that is a non-contact measurement
and its high fidelity of precision (Tang et al., 2012). Within the DIC soft-
ware, the correlation between speckle pattern in subsequent images is used
to determine how the structure has deformed in time, thereby allowing the
derivation of the full-field deflections and strains of the investigated object in
a dynamic environment (Rastogi and Hack, 2012). The use of two cameras,
in a stereo configuration, allows for the measurement of deformations both
in the plane normal to the camera and out-of-plane.

Measuring the deformation and twist of a foil under known static load
allows the assessment of its bending and torsional stiffness (Banks et al.,
2016). Once the structural properties of the foil are known, it is possible to
understand the effects of bending and twisting of the foil on the overall sailing
performances. For the International Moth, shown in Figure 1, the change
in lift coefficient with angle of attack for a Vendor T-foil was presented by
Beaver and Zseleczky (2009).
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Figure 1: Forces acting on an International Moth whilst sailing.

Having investigated the tip deflection and twist in characteristic sailing
loads during a laboratory test, as described by Banks et al. (2016), it was
possible to assess that the tip deflection reduces the component of lift in the
vertical direction as each end of the T-foil curves upward. Furthermore, the
twist deformation associated with a downstream shift in centre of pressure
(i.e. a 8% chord distance between the shear centre and the centre of pressure),
reduces the local angle of attack by 0.23 degrees resulting in a 5% decrease
in the generated lift force at take-off speed. It is clear that even under steady
sailing loads the foil structural characteristics for a quasi-isotropic composite
will have a noticeable effect on the performances of the boat.

3. Background on bend-twist coupling

In developing the design of a single-element foil that can twist toward
feather with increased flow-speed, two bent-twist techniques are brought to-
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gether: the bend-twist coupling due to the orientation of the plies utilising
Passive Adaptive Composites and the bend-twist coupling due to stiffness
variation along the aerofoil chord utilising Differential Stiffness Bend-Twist
(DSBT).

PAC presents fibres oriented in the same direction at opposite sides of
the neutral axis, introducing an interaction between the hydrodynamic forces
and the laminate curvatures and between the hydrodynamic moments and
the laminate strains. Wind turbine blade design and adaptivity were initially
investigated during the 70s and 80s as a way to alleviate tip loads during
wind gusts. Using the anisotropy of the material, it is possible to design
components presenting elastic couplings that will enhance the performance
of the whole structure (Fedorov, 2012; Veers et al., 1998). In those structures,
the relationship of the stresses and strains must take into consideration the
complete stiffness matrix as the stresses (σ and τ) and strains (ε and γ) are
coupled to σ1 and/or σ2 in the two principal directions, leading to: σx

σy

τxy

 =
 Q̄11 Q̄12 Q̄16
Q̄12 Q̄22 Q̄26
Q̄16 Q̄26 Q̄66

 εx
εy
γxy

 (1)

where Qij represents the stiffness matrix in principal axis. Changing the
ply angle in each lamina influences the stiffness matrix Q as the material
axis is not aligned with the laminate axis. Under fluid loading, the forces
and moments experienced by the composite will be related to the strains at
laminate level as: 

Nx

Ny

Nxy

Mx

My

Mxy

 =
[

A B
B D

]


εx
εy
γxy

kx

ky

kxy

 (2)

where Nx, Ny, Nxy are the fluid forces, Mx, My, Mxy are the fluid moments,
kx, ky, kxy are the laminate curvatures and

Aij =
N∑
k=1

(Q̄ij)ktk; i, j = 1,2,6 (3)

represents the in-plane stiffness of the laminate (and presents values also for
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symmetric and balanced layups)

Bij =
N∑
k=1

(Q̄ij)ktkz̄k; i, j = 1,2,6 (4)

represents the bending and/or extension coupling (i.e. the coupling term
between moments and direct strains and forces and curvatures) and

Dij =
N∑
k=1

(Q̄ij)k
(
tkz̄

2
k + t3k

12

)
; i, j = 1,2,6 (5)

represents the bending stiffness of the component. In equations (3-5) k is
the layer number and tk is the thickness of the kth layer. In equations (4-
5) z̄k is the distance from the mid-plane to the centroid of the kth layer.
In order to correctly design Passive Adaptive Composites, it is necessary to
account for the Bij matrix as it gives the coupling terms for the bending-twist
and extension-twist from the fluid-loads to the laminate structure. The Bij
matrix for symmetric and balanced laminate structures is zero as there are no
coupling terms between moments and direct strains. The bend-twist coupling
is deriving from plies oriented at the same angle at each side of the neutral
axis. The oriented plies allow to achieve tailored designs for an expected
load, inducing a twist on the hydrofoil section (Marimon Giovannetti, 2017).

DSBT has been introduced initially in (Raither et al., 2012) with a con-
ceptual investigation of a beam-like structure and its response to flexural
load with different web-stiffness. By stiffening one side of the web more than
the other, it is possible to induce twist to the structure. This concept is par-
ticularly important in hydrofoil structures and their hydro-elastic behaviour.
Indeed, by stiffening the leading edge of a foil, the shear centre is moved
forward, away from the centre of pressure, resulting in a structure twisting
toward feather under bending load.

Changing the stiffness along the aerofoil chord to modify the shear centre
position with respect to the centre of pressure is further analysed in (Herath
et al., 2015) as a way of load alleviation in wind turbine blades.

Investigating the literature available to date on both techniques is im-
portant, during the development of the new foil-design, to understand the
influence of both stiffness and passive adaptivity on the changes in effective
angle of attack.
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4. Optimised design for bend-twist coupling

Conventional foil design assume a rigid shape, therefore the lift and drag
coefficients are measured in experimental and numerical simulations for rigid
sections. However, once analysing composite flexible foils, it is important
to understand the effects of deflections on performance outcome. The In-
ternational Moth horizontal foil provides the lift necessary to counteract the
crew-hull weight, as presented in Figure 1. The produced force is dependent
on the pitch angle as well as the boat speed squared. It is formed of a fixed
and a moving elevator, as shown in Figure 2. In current foil design, both the
fixed foil and elevator are made of quasi-isotropic composite material and the
lift coefficient is controlled by constantly changing the flap angle, and there-
fore section shape, with the bow-wand (Figure 3) to maintain a constant lift
force for different boat speeds. The sensor wand is passively pushed by the
water as the ride height changes and the elevator is moved accordingly via a
road in the vertical element on the foil to maintain a sufficient level of lift to
sustain the crew and boat weight.

Figure 2: Idealised Passive Adaptive Composite main foil associated with moving elevator.
In increased boat speeds the main element would twist toward feather and the elevator
would reduce the total camber of the foil, following the red arrows. At current stage both
the main element and the flap are built as quasi-isotropic structures.
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Figure 3: Bow wand sensor schematics showing the control line that moves the flap via a
pushing rod.

An ideal lift profile aims to achieve a constant level of lift, resisting the
constant mass of the sailor and the boat, at a chosen take-off speed, Figure 4.
In current International moth design this is achieved by constantly adjusting
the rear flap and therefore the camber of the overall section. The present
research aims to investigate the possibility of passively changing the angle of
attack of the main foil utilising bend-twist coupling techniques of composite
materials, thus reducing the number of movements needed by the rear flap.
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Figure 4: Ideal lift over velocity profile for a hydrofoil section achieved in the International
moth by constantly changing the chamber of the foil with the movable rear flap.

In order to achieve a constant lift-curve, not only should the angle of
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attack change substantially but also the shape of the aerofoil, so as to decrease
CL linearly over V 2. The blue arrow in Figure 5 represents a way in which
the hydrofoil could achieve a constant lift value, combining a PAC main foil
with a rear elevator to change the shape of the overall foil at different boat
speeds.

Angle of Attack 

C
L

Passi
ve A

daptiv
e C

omposite

     
     

 [C
hange 

]   

Reduction in camber
   [Change Shape]

Passive adaptive
+

Change Shape

Figure 5: Schematic of potential ways to reduce lift coefficient. Ideal lift coefficient curves
for cambered and symmetric sections. The arrows show the influence of using PAC com-
posites that change the angle of attack, the change in section shape that can be achieved
with multi-elements foils or flaps, effectively reducing the camber, and a combination of
the PAC and multi-element foils.

Figure 5 shows two typical lift coefficient curves for a cambered and a
symmetric section. Using passive adaptivity it is possible to change the
angle of attack, decreasing the CL value with increasing speed. This leads
to a linear variation of lift with velocity, however, passive adaptive coupling
requires an increase in tip deflection, and therefore lift force, to achieve a
change in angle of attack. Therefore, bend-twist coupling is not able to
achieve a constant lift force alone and the change in shape given by the rear
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flap is still needed. Decreasing the lift coefficient with speed at high angles of
attack allows the delay of the stall angle, twisting the aerofoil toward feather.
The ability to reduce the lift coefficient with increased flow speed allows to
reduce also the induced drag, as the induced drag decreases proportionally
to a decrease in angle of attack. Presenting a PAC main foil leads to less
movements of the flap element, therefore leading to a reduction of viscous
resistance, associated with the change in shape. For a hydrofoil design the
effectiveness of passive adaptivity at low angles of attack (pitch angles) is
important, as the rake has a limited range of angles adjustments.

The PAC change in angle of attack in Figure 5 can be described in an
analytical approach analysing the lift equation

L = 1
2ρAV

2CL (6)

and the proportionality between the lift coefficient CL and the angle of attack
α, where α is formed of (α0 ± ∂α

∂L
L). In this case α0 is the set angle of attack

and ∂α
∂L

is the level of twist achievable with the bend-twist coupling. The
positive or negative sign of ∂α

∂L
depends on the orientation of the passive-

adaptive plies, i.e. if it changes the angle of attack toward feather or toward
stall. Therefore, rearranging the lift Equation (6) it is possible to obtain the
lift force as a function of the bend-twist coupling value. For:

CL = K

(
α0 ± ∂α

∂L
L

)
+C, (7)

the lift force can be calculated as:

L =
1
2ρAV

2Kα0 +C

1 ± 1
2ρAV

2K ∂α
∂L

(8)

where ρ is the fluid density, A is the aerofoil surface area, V is the flow speed,
K is a constant defined from the shape of the aerofoil and is derived from
the lift coefficient over angle of attack ratio, and C is the camber constant
for asymmetric aerofoils.

5. Design of a PAC foil

From herein an idealised flexible aerofoil is described and analysed nu-
merically and experimentally. The purpose of this study is to understand the
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effects of introducing a PAC stiffener inside an aero-hydrodynamic structure
capable of changing the performances of said structures with the introduction
of bend-twist coupling plies.

In order to achieve a level of twist high enough to reduce the rate of
change of lift with speed, it is necessary to maximise the distance between
the shear centre and the centre of pressure, and that the PAC oriented plies
should lie as far apart as possible from the neutral axis. When the bending
and torsional stiffness are increased, a reduction in coupling effects is seen.
This leads to the necessity of choosing a C-beam internal stiffener which
enables to use the benefits of both bend-twist coupling techniques described
in section 3.

A NACA 2412 is chosen as the base of the flexible aerofoil due to its simi-
larity to daggerboard sections and for being easy to reproduce. Investigating
a range of foiling boats, an ideal pitch angle of 3◦ is often set at take-off
speed as a trade-off between lift and drag. The flexible aerofoil was designed
with a NACA 2412 set at 3◦ at the tip. As the amount of twist increases
from the root to the tip, a section shape with no-camber is chosen at the
root (i.e. NACA0015) to create a small amount of lift in the root area. At
half-span a NACA1412 section is introduced with a pre-twist angle of 1.5
degrees. This section shape is introduced to allow a smooth transition be-
tween a NACA0015 and a NACA2412. The section shapes and the internal
C-beam can be seen in Figure 6.
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Figure 6: Section shapes of the flexible aerofoil under investigation.
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The aerofoil under investigation therefore is a combination of NACA 0015,
NACA 1412 and NACA 2412 sections containing a load-carrying beam, an
aerofoil-shaped foam-rib structure and a layer of Mylar to transfer the aero-
dynamic loading to the foam and the beam, see Figure 7. The manufacturing
process of C-beam structure involved the use of unidirectional (UD) prepreg
carbon and E-glass fibres (SE 84LV (Gurit, 2012; PRF Composite Materi-
als, 2015)). The aerodynamic aerofoil foam structure manufacturing process
was carried out using the hotwire technique to cut the foam to the desired
shape. The leading and trailing edge foam structures were cut as a linear
interpolation between the NACA 0015 and the NACA 2412 section shapes.
All the foam parts were joined together by means of a two-component epoxy
adhesive and the Mylar was then added to the structure.

Figure 7: Foil technical drawing showing the different section shapes and the principal
dimensions. All the dimensions shown are in millimetres.
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6. Numerical and experimental set-up

Given the high costs involved in experimental campaigns, it was necessary
to achieve enough confidence in the response of the foil prior to entering the
wind tunnel. Therefore, the numerical tools, validated against experimental
values for an earlier design case, were used as design and developing tools to
ensure a tailored response to load. The aerofoil shown in Figure 7 was mod-
elled in the numerical environment. The structural model was solved using
the numerical software ABAQUS 6.14, coupled to the fluid solver Star-CCM+
11.0.2 through the Co-Simulation Engine (CSE). The co-simulation between
ABAQUS and Star-CCM+ permits the creation of an interaction between
the two domains through a common physical interface surface - the aerofoil
surface. The interface conditions are the compatibility of the kinematics and
tractions at the fluid-structure interface. The structure domain is in motion
and its motion follows the material properties of the PAC beam. On the
interface surface the data are mapped from the fluid-solver to the structural
solver and vice-versa. Modelling the structural part in motion is known as
the Lagrangian description of the structural motion. As the structure moves
through space, the shape of the fluid sub-domain changes to conform to the
motion of the structure. The motion of the fluid mechanics domain needs to
be accounted for in the differential equations and boundary conditions. One
of the most well-known methods used to capture the interaction between
the structures and fluid is the Arbitrary Lagrangian Eulerian method (ALE)
developed by Donea et al. (1982). ALE follows the equation of motion in
a moving frame. This allows a control of the mesh geometry independently
from the material geometry (Sigrist, 2015). In Star-ccm+ an automatic mov-
ing mesh scheme is generated to move the model points where the motions
of the internal nodes is determined by solving the structural equations of
elasticity (Star-ccm+, 2015). In the time-domain, the approach chosen to
model the FSI coupling between the structure and the aerodynamic loading
for the wind-tunnel model is a dynamic implicit solution, as there is a strong
physical coupling deriving from the highly flexible aerofoil. In the implicit
iterative approach, the fields are exchanged multiple times per coupling step
until an overall equilibrium is achieved prior to advancing to the next cou-
pling step. In the co-simulation the Mylar sheet surface, as well as the tip
of the aerofoil and 50 mm of the PAC beam exposed to the wind, are chosen
as interface regions, as can be seen in Figure 8. The same surface must be
present and defined with the same name in the two solvers. The nodal posi-
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tion and the element topology information define the co-simulation interface
and a mapping between dissimilar surface meshes is performed. In this region
the displacements are exported into the global coordinate systems from the
FEA solver, and the pressures normal to the element surfaces are imported
back (ABAQUS Simulia, 2013).

Figure 8: Numerical FSI co-simulation representation of wind tunnel experiments.

The C-beam was laminated with 4 plies as quasi-isotropic in the three
surfaces [φ= 0/45/− 45/0] and two bend-twist coupling plies on the top and
bottom surfaces [φ = 30/30]. So the top surface laminate was modelled as
[φ = 0/45/− 45/0/30/30] from bottom to top. The finite element model of
the foil section closely represents the wind tunnel specimen, Figure 9(a). The
material properties of the carbon, foam and Mylar were tested independently
at the University of Southampton (Marimon Giovannetti, 2017).

A summary of the material properties used in the FEA analysis is found
in Table 1.
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Table 1: Material properties used in the FEA model.
Material ρ E11 E22 ν G12 G13

[g/cm3] [MPa] [MPa] [MPa] [MPa]
Carbon 3 117940 7840 0.25 4400 3600
Glass 38000 4100 0.35 4350 4350
Foam 0.0036 10.4 10.4 0.3 10.14 10.14
Mylar 2 2042.15 0.38

The CFD environment was also set to replicate the wind tunnel experi-
ments, representing the same dimensions of the working section of the wind
tunnel in the y and z directions (i.e. 3.5 m x 2.4 m width and height of the
R. J. Mitchell wind tunnel), see Figure 8. For the CFD domain it was also
important to represent correctly the boundary layer mesh, shown in Figure
9(b), and the transition along the span from the symmetric aerofoil section
to the asymmetric one. As in the wind tunnel the flow was not planned to be
tripped to be fully turbulent near the leading edge of the aerofoil, to avoid
surface defects, the γReθ transition model was used in the numerical CFD
environment to closely represent the wind tunnel conditions. The Gamma-
Re-Theta transition model is coupled to the k-ω SST model through the use
of the effective intermittency that in turn determines the percentage of time
in which the flow is turbulent (Sorensen, 2009). The Gamma-Re-Theta model
is generally used to accurately capture lift and drag on aerofoils, replicating
the complex transition from laminar to turbulent flows happening near the
leading edge of the foils.
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(a) FEA mesh and top surface lamination. FEA mesh
size: 50,000 elements.

(b) CFD tip section boundary layer mesh. CFD num-
ber of cells: 4.8 million. Boundary layer thickness:
0.018 m.

Figure 9: FSI numerical model mesh.

The settings used for the fluid-structure interaction numerical model are
summarised in Table 2.
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Table 2: FSI numerical settings within Star-CCM+.
Simulation item Set-up

Type of mesh
Trimmer
Surface remesher
Prism layer mesher

No. of elements 4.8 million
Aimed y+ on aero-
foil

>50

Boundary layer
thickness

0.018 m

Turbulence inten-
sity

0.002

Turbulent viscosity
ratio

34

Domain physics
k-ω SST fully turbulent model
γReθ transition model
ABAQUS co-simulation

Solver Implicit unsteady
Coupling step time 0.0025 s
Morpher solver Morph from zero
Inlet Velocity inlet
Outlet Pressure outlet
Bottom and sides
walls

Symmetry plane

Top wall Wall free stream velocity
Aerofoil + beam Wall no slip condition

The aerofoil was manufactured, built and tested at the University of
Southampton. Two internal spars were produced to understand the influ-
ence of passive adaptivity in different materials. One C-beam was made only
of pre-preg unidirectional carbon plies (Gurit, 2012): in top and bottom faces
φ=[0/45/-45/0/30/30]C . The second beam was manufactured with pre-preg
unidirectional quasi-isotropic E-Glass plies (PRF Composite Materials, 2015)
and carbon PAC plies: in top and bottom faces φ=[0/45/-45/0]G+[30/30]C .
During the manufacturing of the beams, the composite plies were layered,
ensuring that the angle conventions were the same as the ones modelled
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numerically.
The structure was tested in the R. J. Mitchell closed circuit wind tunnel.

The internal spar was fixed to the dynamometer via a Rexroth R© frame, as
described in (Banks et al., 2015; Marimon Giovannetti et al., 2017).

For the tests on the foil, both DIC and PIV were high-speed systems.
All four cameras and the laser were positioned in the viewing room, as can
be seen in Figure 10. The same DIC set up used in (Marimon Giovannetti
et al., 2017) was used in the new experimental set-up. The high-speed stereo
PIV equipment is detailed in Table 3.

Table 3: PIV performance table showing the equipment and the setting used.
Equipment Set-up

Camera

2 Phantom v xx1
Sensor size: 25.6×16 mm
Pixel size: 10 µm
Resolution (max): 2560 × 1600 pixels
Exposure time: 2498 µs
Frame rate: 0.2-0.4 kHz
Stereo angle: ≈ 39.5 deg.
∆t= 60-40-30-25-20 µs for V= 10-15-20-25-30 m/s

Lens
Nikon 200 mm f4
Aperture: f -4
Depth of field: 16 mm

Laser
LD75-G PIV High repetition rate DPSS Nd:YAG
Wavelength: 532 nm
Output energy: 7.5 mJ at 10kHz

Figure 10(a) shows a schematic drawing of the equipment in the wind
tunnel. The high-speed laser was positioned in the viewing room and the laser
beam was deviated through two mirrors angled at 45◦ to obtain a focused
sheet positioned 1/3 of chord downstream of the trailing edge. The PIV
calibration was performed calibrating the left-had camera (Cam1) with the
front of the calibration plate and the right-hand camera (Cam2) with the
back of the calibration plate.
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(a) Wind tunnel set up drawing

(b) Viewing room set-up

Figure 10: Wind tunnel and equipment set-up.

Having set the laser in the viewing room together with the DIC cameras,
in order to ensure optical isolation between the two systems, it was necessary
to apply a filter on the DIC cameras with transmittance of 0% in the green-
wavelength region. The R-60 filter by (Edmund Optics, 2016) was installed
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on the DIC cameras. The LED lights were also covered with magenta gel
filters to allow the high-speed DIC cameras to only detect two-thirds of the
white light histogram, cutting off the laser wavelength. Moreover, two low-
pass 532 nm ± 10 nm filters were applied to the PIV high-speed cameras to
allow them to only capture the laser wavelength. The high speed setup of
both DIC and PIV systems allows to capture the structure response to fluid
loading and the flow features around the aerofoil simultaneously in a dynamic
environment such as the wind tunnel. This allows for further understanding
of complex interactions occurring between fluids and structures.

7. FSI results

Figure 11 presents the lift force response for α = 10.02◦ and a range of
wind speeds. The two internal structures are compared. It is possible to see
that the glass-carbon C-beam, being more flexible and prone to twist, allows
a larger reduction in lift over velocity slope. This response is possible due
to the larger bend-twist coupling effects occurring in the structure with less
bending and torsional stiffness.

Both the numerical and wind tunnel data show that it is possible to
design a structure tailored to a design goal controlling the level of bend-twist
coupling. The presented results significantly reduce the increase in lift force
with speed, ensuring that is possible to use numerical FSI methods to aid
the design of tailored structures. Designing for the inherent flexibility of a
foil structure, it is possible to change the lift to velocity ratio, which for rigid
quasi-isotropic aerofoil would change as a function of V 2. The influence of
both the deflection and the twist affect the aerodynamic response and vice-
versa. For this reason it is important to understand and accurately measure
the interactions between the flow features and the structure.

The lower torsional rigidity of the glass fibres leads to an increase in
twist values (Figure 12). From both figures it is possible to see how the FSI
numerical model correctly captures the twist and the aerodynamic response
of the aerofoil with a carbon spar. The FSI numerical model presents a
slightly higher torsional stiffness (maximum twist error at V = 25 m/s of
7% - absolute error of 0.1◦) due to the discrepancies in the internal spar
dimensions and the fillet of the C-spar edges manufactured to easily slide
into the leading edge of the foil.

For high performance sailing boats such as the International Moth, it
is necessary to achieve large changes in angle of attack at high boat speed
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even at the lowest set-angles of attack. For a set angle of attack of 5.1◦ the
maximum change in angle of attack is 1.695◦, leading to a reduction in angle
of attack of ≈ 33%.
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Figure 11: Lift force over wind speed for α = 10.02◦: analytical, numerical FSI and wind
tunnel results.
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Figure 12: Change in angle of attack for different wind speeds and set-angles of attack
at 90% of aerofoil span. The solid lines represent the carbon spar and the dotted lines
represent the glass-carbon spar as measured in the wind tunnel. For α=20.04◦ the closed
marker indicates the carbon beam and the open marker the glass-carbon beam. The green
markers presented for α=10.02◦ show the FSI twist for the modelled aerofoil with a carbon
spar.

The foil can passively adjust its angle of attack to reduce the induced
drag associated with the foiling configuration and the lift once reached the
take-off speed. Figure 13(a) shows that for the more flexible glass internal
spar, for V = 15 m/s and α=14.95◦, the aerofoil twist is increased by ≈ 13%
and therefore a reduction in drag of ≈ 13% is seen. In Figure 13(a) the wind
tunnel and CFD results are also presented. It is possible to see that for the
whole range of angles of attack the aerofoil with the internal Carbon-Glass
spar has a lower drag coefficient due to the change in angle of attack that
results in a decrease in induced drag. Moreover, the aerofoil with the internal
Carbon-Glass spar presents a higher CL/CD meaning that the reduction in
induced drag has more impact than the reduction in lift due to deflection.
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(a) Drag coefficient over angle of attack.
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(b) CL/CD over angle of attack.

Figure 13: Numerical CFD and wind tunnel results for V = 15 m/s.
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A comparison of a PAC model with a quasi-isotropic structure of a similar
aerofoil was presented in (Marimon Giovannetti et al., 2016). From Figure 14
it is possible to see that the ratio of tip deflection between a quasi-isotropic
and a PAC for a range of angles of attack and wind speeds varies non-linearly.
The PAC structure, with its fibres oriented off-axis, is more prone to bend,
with an increase of tip deflection ranging between 5% and 30%. The non-
linear behaviour of bend-twist coupling structure requires the use of accurate
measures developed using full-field imaging techniques to correctly capture
the deflection of the whole tip of the foil and its influence on the flow around
it.
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Figure 14: Tip deflection ratio between a quasi-isotropic and a bend-twist coupling structure
for a range of angles of attack and wind speeds.

8. Conclusions

A fluid-structure interaction numerical model was developed to allow the
design and evaluation of passively adaptive hydrofoils for high-performance
sailing boats. This combined an FEA model of a bend-twist coupled com-
posite foil structure with a RANS CFD model to predict the performance
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of flexible foils. The numerical method was used to design a simplified hy-
drofoil geometry that passively reduces its angle of attack as the flow speed
increased. To validate this method the designed foil structure was tested
in a wind tunnel with full field deformation measurements. A close agree-
ment was found between the numerical and experimental results validating
the numerical methodology. The simplified test case has demonstrated that
is possible to design a structure tailored to a certain load. The increase in
lift with velocity is significantly reduced compared to a rigid section. The
glass/carbon-fibre C-beam, with a lower torsional and bending stiffness com-
pared to the full-carbon one, can achieve changes in angles of attack of almost
4 degrees for V = 25m/s and α = 14.95◦. This leads to a reduction of ≈ 13%
on the drag and an increase in CL/CD ratio. The results from the numerical
simulations and experimental tests show that the developed tools are able
to capture the complex interactions between a fluid and a structure and the
importance of capturing the deflections and twists of foils when analysing
their performances. The next step required is to investigate and validate the
dynamic response of passive adaptive foils to allow such techniques to be
used to improve the performance of sailing foils in the future.
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