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The International Moth is a single-handed ultra-lightweight foiling development class boat, and it fol-
lows open class rules. Therefore, the designer and builder have full liberty to develop and produce the
fastest boat [1]. It is possible to adapt the internal structure of the fixed foil to achieve a tailored twist
angle for a given load. Exploring the possibility of using Passive Adaptive Composite (PAC) on the moth
hydrofoil to control its pitch angle enables the boat to achieve a stable flight in a wide range of weather
conditions whilst reducing the induced drag, passively decreasing the angle of attack in increased boat
speed. Using PAC in a multi-element foil, such as the International Moth one, will allow the structure
to achieve a constant lift force with speeds higher than the design take-off speed with less need to con-
stantly modifying the rear foil section. Toward the development of a PAC moth fixed foil, experimental
and numerical results for a single element aerofoil, able to achieve a linear decrease in lift coefficient with
increase in wind speed, are presented and discussed. The results present the aero-elastic response of the
foil explaining the complexity involved in fluid-structure interaction problems.

NOMENCLATURE
Symbol  Definition [unit]
Ayj In-plane stiffness [A]
AoA Angle of Attack [deg]
Byj Bending-extension coupling [B]
CFD Computational Fluid Dynamics
Cy, Lift coefficient
D;; Bending stiffness [D]
DIC Digital Image Correlation
DSBT Dirrential Stiffness Bend-Twist
FEA Finite Element Analysis
FSI Fluid Structure Interaction
k Number of layer
ky.y.oy Laminate curvature
M;; Moments per unit length [Nm]
Nij Forces [N]
PAC Passive Adaptive Composites
PIV Particle Image Velocimetry
Qij Stiffness matrix components
t Layer thickness [mm)]
Vs Wind speed [ms—1]
w Weight [ke]
yt y-plus value
z Layer distance from the ref. plane [mm]

o Angle of attack [deg]
Yzy Shear strain
At Exposure time PIV camera  [pus]

€ Strain
o Stress [MPa]
Tzy  Shear stress [MPa]

1 INTRODUCTION

Among the sailing community there were developments on
rig-tension gauges in the past twenty years in order to achieve
accurate and repeatable tuning guides for static load on rig-
ging. Cable tension gauges generally operate using the same
principle, bending the cable between three points and measur-
ing the reactive force on one of those points either mechani-
cally with a spring or electronically with a strain gauge [2].
With the recent increase of foiling boats there is still a lack
of accurate measures of structural response and shape of the
foils. This gives rise to scientific questions on whether there
is a manufacturing consistency 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 an ex-
perimental methodology capable of accurately describing the
structural response of a full-scale foil under fluid-load and to
design and develop a foil structure tailored to decrease its lift
coefficient by mean of increased flow speed.

The experimental technique used to measure foil deforma-
tions is Digital Image Correlation (DIC). DIC has been used at



a variety of scales from high magnification [3], to large-scale
structures [4] and has previously been used to measure foil
deflections under fluid loads, with a technique developed at
the University of Southampton [5,6]. This technique involves
the use of digital cameras that register a series of images of
a surface onto which a randomised speckle pattern is applied.
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 [7]. Within
the DIC software, 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 [8]. 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 [9]. 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 pre-
sented in [10].

Figure 1: Forces acting on an International Moth whilst sail-
ing.

Having investigated the tip deflection and twist in char-
acteristic sailing loads during a laboratory test, as described
in [9], 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 re-
sulting in a 5% decrease in the generated lift force. Therefore
it is clear that even under steady sailing loads the foil struc-
tural characteristics for a quasi-isotropic composite will have
a noticeable effect on the performances of the boat.

The current paper will initially describe two techniques that
can be used to change the performance profile of an Interna-
tional Moth foil. Moreover, the experimental and numerical
results for a single element aerofoil, able to achieve a linear
decrease in lift coefficient with increased wind speed, will be
discussed.

2 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 tech-
niques are brought together: the bend-twist coupling due to
the orientation of the plies utilising Passive Adaptive Com-
posites and the bend-twist coupling due to stiffness variation
along the aerofoil chord utilising Differential Stiffness Bend-
Twist (DSBT).

e PAC presents fibres oriented in the same direction at op-
posite sides of the neutral axis, introducing an interaction
between the hydrodynamic forces and the laminate cur-
vatures and between the hydrodynamic moments and the
laminate strains. Wind turbine blade design and adap-
tivity were initially investigated during the 70, and 80,
as a way to alleviate tip loads during wind gusts. Us-
ing the anisotropy of the material, it is possible to de-
sign components presenting elastic couplings that will
enhance the performance of the whole structure [11, 12].
In those structures, the relationship of the stresses and
strains must take into consideration the complete stiff-
ness matrix as the stresses (o and 7) and strains (e and
) are coupled to o; and/or o in the two principal direc-
tions, leading to:
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where Q;; 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 re-
lated to the strains at laminate level as:
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where N, N, N, are the fluid forces, M, M,,, My,
are the fluid moments, k, k, k;, are the laminate cur-



vatures and
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represents the in-plane stiffness of the laminate (and

presents values also for symmetric and balanced layups)

N

Bij = Z(Qij)ktkzk; i,j=1,2,6
k=1
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represents the bending and/or extension coupling (i.e.
the coupling term between moments and direct strains
and forces and curvatures) and

N 3
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represents the bending stiffness of the component. In
equations (3-5) k is the layer number and ¢, is the thick-
ness of the k*" layer. In equations (4-5) % is the distance
from the mid-plane to the centroid of the k*" layer. In or-
der to correctly design Passive Adaptive Composites, it
is necessary to account for the Bj; matrix as it gives the
coupling terms for the bending-twist and extension-twist
from the fluid-loads to the laminate structure. The B;
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 hy-
drofoil section.

e DSBT has been introduced initially in [13] with a con-
ceptual investigation of a beam-like structure and its re-
sponse 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 particularly important in hydrofoil structures and their
hydro-elastic behaviour. Indeed, by stiffening the lead-
ing 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 mod-
ify the shear centre position with respect to the centre
of pressure is further analysed in [14] as a way of load
alleviation in wind turbine blades.

Investigating the literature available to date on both tech-
niques is important, during the development of the new foil-
design, to understand the influence of both stiffness and pas-
sive adaptivity on the changes in effective angle of attack.

3 OPTIMISED DESIGN FOR BEND-TWIST COU-
PLING

Conventional foil performances assume a rigid shape, there-
fore the lift and drag coefficients are measured in experimen-
tal and numerical simulations for rigid sections. However,

once analysing composite flexible foils, it is important to un-
derstand the effects of deflections on performance outcome.
The International Moth horizontal foil provides the lift neces-
sary to counteract the crew-hull weight, as presented in Figure
1. The produced force is dependant on the pitch angle as well
as the boat speed squared. It is formed of a fixed and a mov-
ing elevator, as shown in Figure 2. In current foil design, both
the fixed foil and elevator are made of quasi-isotropic com-
posite material and the lift coefficient is controlled constantly
changing the flap angle, and therefore section shape, with the
bow-wand to maintain a constant lift force for different boat
speeds.

Moving elevator

Figure 2: Passive Adaptive Composite main foil associated
with moving elevator. In increased boat speeds the main el-
ement would twist toward feather and the elevator would re-
duce the total camber of the foil, following the red arrows.

An ideal lift profile aims to achieve a constant level of lift
at a chosen take-off speed, Figure 3.
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Figure 3: Ideal lift over velocity profile for a hydrofoil section.

In order to achieve a constant lift-curve, not only should the
angle of attack change substantially but also the shape of the
aerofoil, so as to decrease C'y, linearly over V2. The blue ar-
row in Figure 4 represents a way in which the hydrofoil could
achieve a constant lift value, combining a PAC foil with a rear
elevator to change the shape of the overall foil at different
wind speeds. Figure 4 shows two typical lift coefficient curves



for a cambered and a symmetric section. Using passive adap-
tivity it is possible to change the angle of attack, decreasing
the C', value with increasing speed. This leads to a linear vari-
ation 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 flap is still needed. De-
creasing 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 in-
duced 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 skin
friction, 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 current research proposes to
understand the influences of building a PAC fixed foil that can
twist toward feather in high boat speeds (i.e. when large tip
deflections are occurring) to decrease the induced drag reduc-
ing the inflow angle.

Change Shape

v

Passive adaptive
+
Change Shape

Angle of Attack

Figure 4: Lift coefficient curves for cambered and symmetric
sections. The arrows show the influence of using PAC com-
posites that change the angle of attack, and the change in sec-
tion shape that can be achieved with multi-elements foils or

flaps.

The design development of a PAC main foil element that
can subsequently be adapted to an International Moth fixed
foil is herein described together with results from full-scale
experimental and numerical tests.

In order to achieve a level of twist high enough to reduce

the rate of change of lift with speed, it is necessary to max-
imise 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 tor-
sional stiffness are increased, a reduction in coupling effects
is seen. This leads to the necessity to chose a C-beam internal
stiffener which enables to use the benefits of both bend-twist
coupling techniques described in section 2.

The section shape of a daggerboard tip from the America’s
cup team Land Rover Ben Ainslie Racing was assessed and
the shape was compared to a NACA 2412, as can be seen
from Figure 5.

® Real Hydrofoil Section CFD
¢ NACA 2412 Pitch 3 deg

=
S Y do*e% 0 9 o
L M
i &. ¢ .'o
0“00. .’z
¢ 3',-,.,. op oo P° ". .9‘ .: 0“

X-position

Figure 5: Section shape of a real hydrofoil tip and of a NACA
2412 aerofoil.

The NACA 2412 shape presents a very similar shape and
camber to the daggerboard tip section. Therefore, in order to
create a design that can be reproduced, the NACA section was
chosen. It has to be noted that in order to reach the take-off
speed in a foiling boat a pitch angle of ~ 3° is often set.

A large twist angle, induced by the internal C-spar being
close to the leading edge of the foil and by the PAC oriented
plies, could create inverse loading conditions during tests on
a cambered aerofoil fixed at one end. An inverse loading con-
dition would result in the failure of the structure as the cam-
bered tip section would be loaded with an effective negative
angle of attack. Therefore, an initial pre-twist is introduced
along the span of the aerofoil. Furthermore, 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. NACAO0015) 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 between a NACAO015 and a NACA2412,
especially considering the glueing process of the Mylar sheet.
Finally, at the tip, a NACA2412 is chosen with a pre-twist of
3 degrees, as presented in Figure 6.
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Figure 6: Foil technical drawing showing the different sec-
tion shapes and the principal dimensions. All the dimensions
shown are in millimetres.

4 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 6 was modelled 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 C-beam was
laminated with 4 plies as quasi-isotropic in the three surfaces
[¢p = 0/45/ — 45/0] and two bend-twist coupling plies on
the top and bottom surfaces [¢ = 30/30]. So the top sur-
face laminate was modelled as [¢ = 0/45/ — 45/0/30/30]
from bottom to top. The finite element model of the foil sec-
tion closely represents the wind tunnel specimen, Figure 7(a).
The material properties of the carbon, foam and Mylar were
tested independently at the University of Southampton. The
CFD environment was also set to replicate the wind tunnel ex-
periments, representing the same dimensions of the working
section of the wind tunnel in the y and z directions (i.e. width
and height of the wind tunnel). For the CFD domain it was
also important to represent correctly the boundary layer mesh,

shown in Figure 7(b), and the transition along the span from
the symmetric aerofoil section to the asymmetric one. The
CFD mesh was approximately formed of 4.8 million cells and
the FEA mesh of 50,000 elements.

C-Beam Top Section
Lamination

(b) CFD tip section boundary layer mesh

Figure 7: FSI numerical model mesh.

The settings used for the fluid-structure interaction numer-
ical model are summarised in Table 1.

Table 1: 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
y™ on aerofoil >50
Boundary layer thick- 0.018 m
ness
Turbulence intensity 0.002
Turbulent viscosity ratio 34
k-w SST fully turbulent
Domain physics model

v Rey 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 pro-

duced to understand the influence of passive adaptivity in dif-
ferent materials. One C-beam was made only of pre-preg
unidirectional carbon plies [15]: in top and bottom faces
¢=[0/45/-45/0/30/30] . The second beam was manufactured



with pre-preg unidirectional quasi-isotropic E-Glass plies [16]
and carbon PAC plies: in top and bottom faces ¢=[0/45/-
45/0]¢+[30/30]¢. During the manufacturing of the beams,
the composite plies were layered, ensuring that the angle con-
ventions were the same as the ones modelled 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 ® frame, as described in [3, 6].

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 8. The same DIC set
up used in [6] was used in the new experimental set-up. The
high-speed stereo PIV equipment is detailed in Table 2.

Table 2: PIV performance table showing the equipment and
the setting used.

Equipment Set-up

2 Phantom v xx1

Sensor size: 25.6x 16 mm
Pixel size: 10 ym
Resolution (max): 2560 x
1600 pixels

Exposure time: 2498 us
Frame rate: 0.2-0.4 kHz
Stereo angle: ~ 39.5 deg.
At= 60-40-30-25-20 us for
Vs=10-15-20-25-30 m/s
Nikon 200 mm {4

Aperture: f-4

Depth of field: 16 mm
LD75-G PIV High repeti-
tion rate DPSS Nd:YAG
Wavelength: 532 nm

Output energy: 7.5 m] at
10kHz

Camera

Lens

Laser

Figure 8(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 (Caml) with
the front of the calibration plate and the right-hand camera
(Cam?2) with the back of the calibration plate.

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 cam-
eras with transmittance of 0% in the green-wavelength region.
The R-60 filter by [17] was installed 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. More-
over, 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.
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(a) Wind tunnel set up drawing
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Figure 8: Wind tunnel and equipment set-up.

5 FSIRESULTS

Figure 9 presents the lift force response for « = 10.02° and
a range of wind speeds. The two internal structures are com-
pared. Itis 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 pos-
sible to design a structure tailored to a design goal controlling
the level of bend-twist coupling. The presented results signif-
icantly 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 squared ratio.

The influence of both the deflection and the twist affect the
aerodynamic response and vice-versa. For this reason it is im-
portant 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 in-
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Figure 10: 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 a=20.04°
the closed marker indicates the carbon beam and the open marker the glass-carbon beam. The green markers presented for
a=10.02° show the FSI twist for the modelled aerofoil with a carbon spar.
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Figure 9: Lift force over wind speed for a = 10.02°: analyti-
cal, numerical FSI and wind tunnel results.

crease in twist values (Figure 10). From both figures it is pos-
sible 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 present a slightly
higher torsional stiffness (maximum twist error at Vg = 25
m/s of 7%) due to the discrepancies in the internal spar di-
mensions and the fillet of the C-spar edges manufactured to
easily slide the spar in the foam leading edge. The possi-
bility of achieving large changes in angle of attack even at
the lowest set-angles of attack, enables to use a PAC foil for
high-performance sailing boats. 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.

6 CONCLUSIONS

The possibility of using Passive Adaptive Composites in the
design of the fixed part of the International Moth foil has been
presented. The advantages deriving from using bend-twist
coupling techniques such as PAC and DSBT have been ex-
plained. Designing a foil for a high-performance boat taking
into consideration the flexibility of the structure, changes the
performance profile of the foil, leading to a decrease in in-
duced drag and of lift force whist the foil passively reduces its
angle of attack in increased boat speeds. Combining a fixed
PAC foil with a movable elevator, enables to change not only
the angle of attack but also the shape of the whole foil struc-
ture, leading to a plateau of lift force after the design take-off
speed. A fluid-structure interaction numerical model was used
as a design development tool for a single-element aerofoil.
An accurate experimental methodology was used to validate
simulations and assess the structural behaviour of the aerofoil
under wind load for two different internal structures. Both
the numerical and experimental results show 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 compared to the full-carbon
one, can achieve changes in angles of attack of almost 4 de-
grees for Vg = 25m/s and o = 14.95°. The results from the
numerical simulations and experimental tests show the com-
plexity of the interactions between a fluid and a structure and
the importance of capturing the deflections and twists of foils
when analysing their performances. The single-element aero-
foil presented will be the base for the design of a new foil for
the International Moth.
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