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Abstract

This work consists of the development of a design tool that allows the user to investigate the
behaviour of a windsurfer fin, made of composite materials, in operation. This project can be divided
in three main sections: (i) the development of a structural model (FEA) to study the response of the
composite material to the loads applied at the fin. (ii) the development of a hydrodynamic model
(CFD) which studies the behaviour of the surrounding fluid and the pressure fields generated by the
fluid on the fin. (iii) the coupling of these two models to create a fluid-structure interaction (FSI)
model. A parametric analysis was done, using the developed tool, in different operating conditions,
with velocities ranging from 10 to 35 knots and angles of attack from 2 to 8 degrees. This work marks
an improvement of the knowledge of the structural behaviour of the fin under operating conditions.
Also, the developed design tool facilitates the study of fins with respect to parameters such as the

composite materials composition, its orientation, fluid velocity and angle of attack.
Keywords: FSI, CFD, FEA, Composite Materials, Windsurf Fin

1. Introduction

The rising popularity of windsurf has been remark-
able in the past decades, with the competitive as-
pect of the sport gaining lots of supporters. The
increase in competitiveness has led to big efforts by
engineers and designers to build the best equipment
possible. The aspiration for a design tool that al-
lows the user to analyse and improve the design of
a fin is the main goal of this work.

With the improvement of technology, specifically
engineering softwares, it is now possible, through
computational analysis, to take into account mul-
tiple aspects of the design of a fin simultaneously.
These technologies include Finite Element Method
(FEM) analysis to study the structural behaviour
of complex and, in this case, anisotropic structures.
The use of Computational Fluid Dynamics (CFD),
which allows a trustworthy analysis of the fluid
around the structure, as well as the ability to calcu-
late the load exerted on the structure by the moving
fluid. Finally, joining both of these simulations, a
Fluid-Structure Interaction (FSI) problem is gener-
ated, where both softwares will communicate with
each other, sharing fields in order to arrive to a final
solution.

Previous research around this topic was made in
the University of Exeter and Southampton [1], in
the United Kingdom, in 1992, where the effect of
platforms and surface finishes of fins on the perfor-
mance and manoeuvrability of a sailboard was in-

vestigated. Uncovering fluid dynamics involved in
the design of fins. Afterwards, the effect of the tip
flexibility on the performance of a new windsurf fin
was also investigated [2]. This fin was better than
other fins, especially for high-speed windsurfing and
it was found that a slight increase in tip flexibility
resulted in higher performance comparatively to us-
ing rigid tips.

Two researchers from the University of
Bournemouth investigated if changing the ge-
ometric cross-sectional shape to one with camber,
would lead to an increase of lift on the windsurf
fin [4]. Fins on a windsurf board must be able to
operate on both directions, or tacks, and because
of that a symmetrical cross-section is often used.
However, this has the drawback of limiting the
amount of lift that the fin is able to generate in
a given angle. In this paper, it was shown that
the symmetrical cross-section has a lift coefficient
with a low ceiling, while the camber can increase
this value while maintaining the same thickness to
chord ratio. The camber solution has better lift
coefficient for a range of angles of attack, while
also decreasing the drag coefficient, making it a
superior design for some angles of attack. However,
this solution has the obvious drawback that it is
optimal for one angle of attack, while windsurf
fins will operate in very different conditions. The
solution to overcome this problem is to use variable
fins with mechanically hinged leading or trailing



edges, a resource used often in the aeronautical
field. This solution was tested afterwards, with one
of the researchers coming up with a design solution
which consisted of a hinged deck mechanism on
the board which would activate flaps on the fin,
generating camber [3].

In a more recent paper, from 2007 [5], the maxi-
mum velocity of a windsurfer was studied through
modelling of the movement of the rider over a finite
number of sails with a prescribed shape, with many
environmental variables taken into account. The
conclusions showed that a larger sail would turn
into higher velocities, however the windsurfer needs
to be able to withstand the sail with his hands and
body weight, in addition the fin will also have to
resist the high hydrodynamic loading.

2. Background

In this work a slalom windsurfer fin was studied.
The fin in question is manufactured by F-Hot, a
leading supplier of fins to professional sailors, and
has a 37 centimeter length, or span, 10 centimeters
length root chord, and a rake angle of 2°to the aft.
The leading edge of the fin being the round front,
while the trailing edge is the straight side. A rep-
resentation of the windsurf fin studied is presented
in figure 1.
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Figure 1: 37cm windsurf slalom fin, produced by

F-Hot

The profile of the fin is shown in figure 2. It has
a maximum relative thickness of 8.10% and it is
located at x/c=40%.
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Figure 2: F-Hot windsurf slalom fin profile

As for the composite laminate of this fin, each
half is composed of 19 layers of carbon and glass
fibres in a matrix of epoxy resin. There are 3 differ-
ent fabrics that compose this laminate: carbon wo-
ven , carbon UD (unidirectional) and E-glass UD.
The layup scheme for the laminating process is as
follows:

e 3 layers of carbon woven fabric at an angle of
45° in relation to the trailing edge

e 11 layers of epoxy carbon UD fabric at 0° with
the trailing edge

e 5 layers of E-glass UD fabric at 0° with the
trailing edge

The fluid used in the simulations completed during
the process of this work is seawater with a salinity of
35 g/kg [6], which has the following characteristics,
presented in table 1.

Table 1: Operating Conditions for the simulations
on_the Windsurf Fin

Parameter Value Units
Temperature (T) 20 °C

Density (p) 1024.9  kg/m?
Dynamic Viscosity (u) 1.077E-3  Pa-s

Additional conditions for which the fin is numer-
ically tested are related to the fluid continua. The
fluid is assumed to have a constant density, to be
incompressible and the flow to be steady and tur-
bulent. All these conditions are then inputted into
the CFD software for the numerical simulations.

3. Structural Model
The first step towards developing the design tool is
to build a structural model in order to being able to
assess the fin’s behaviour when hydrodynamically
loaded. The model here presented was built from
scratch, in ABAQUS.

The main steps involved in the development of
the FEA model are shown in figure 3:
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Figure 3: Diagram of a FEA analysis

The geometry of the fin was supplied by the man-
ufacturer, as that used to make the moulds. The
next important step is to arrive at the final material
properties. The process of obtaining the properties
estimation was quite difficult, due to the fin and
the composites used being hand-crafted. This sig-
nifies that there are no prescribed properties and an
iterative process of estimating and validating mate-
rial properties had to be done. The final composite
properties are presented in table 2.

The next step of the FEA process is to build the
computational model. In ABAQUS, there is a need
to partition the geometry in different “pieces” so the



Table 2: Final Composite Properties

Parameter E-glass Carbon UD Carbon WR
Eyp [Pa]  223E10  5.66E10 2.84E10
Esy [Pa] 7.9E9 5.11E9 5.54E9
Vay 0.29 0.31 0.04

Vys 0.4 0.42 0.3

Ve 0.29 0.31 0.3
G12 [Pa] 4.12E9 3.26E9 3.3E9
G13 [Pa] 3.50E9 3.08E9 2.70E9

I
Displacement [mm]

1,50E-04 1,00E-04

1/numberof elements

Figure 5: Displacement behaviour with mesh den-

software can properly mesh the geometry. In this
model, the partitions shown in figure 4, also help to
define the position of each ply in the fin. The model
is composed by 38 plies of different widths (50 and
70 mm) many different lengths (from 14 cm to 24
cm) and different composite materials, along with
a “skin” layer, for the resin used on the mould, and
an “epoxy” layer, which defines the paste used to
fill the vacant spots between each side of the fin.

| | l

Figure 4: Partitions made in ABAQUS

Having defined all the plies and loads applied to
the fin, the next step on the FEA process is to gen-
erate the mesh. In this meshing process, the ele-
ment type chosen was SC8R, a first-order reduced-
integration element. Since these types of elements
may suffer from hourglassing effects, the generated
mesh has to be reasonably fine. A mesh validation
study was conducted in order to choose the global
size for the FEA mesh. Figures 5 and 6 show the
convergence study done on the mesh for the 80%
span point load case. The mesh size influence was
studied both on the displacement of the fin’s tip
and on the computational cost, represented by the
wall-clock time. Taking into account both param-
eters, the approximate global size of 4 was chosen,
which means that the average cell will have 4 mm as
its defining size, this results in a mesh with 13824
elements and 7.23 x 1075 1/number of elements.
This value was chosen for the global seed due to
its accuracy on the displacement of the fin, having
a relative difference to the finest mesh studied of
under 0.1 %. While not having an excessive com-
putational cost, taking approximately a third of the
time of the finest mesh.
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Figure 6: Wall-clock time with mesh density

4. Hydrodynamic Model

The second step in the process of developing the
design tool is to build a CFD model in Star-CCM+.
In figure 7, the major steps needed to develop this
type of model are shown.
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Figure 7: Diagram of a CFD analysis

After generating the appropriate CAD model to
represent the fin’s geometry, the second major step
in developing a CFD model is the mesh generation.
In order to generate a mesh, every surface has to
be identified, assigned to a specific region and be
identified with a type of boundary condition. In this
analysis, the boundary conditions used are: Velocity
Inlet for the Inlet and side surfaces, Pressure Outlet
for the outlet surface, and Wall for the Fin surface.

The mesh is then created using the Automated
Mesh feature of Star-CCM+, with the characteris-
tics of the grid chosen based on previous research
[7]. The used meshers were : Surface Remesher,
Polyhedral Mesher, and a Prism Layer Mesher.



The mesh is not uniform across all the domain
because, to have the accuracy needed in the areas
of interest, close to the fin, there would be a need
for a very large number of cells. In order to save
computational space and, at the same time, accu-
rately determine the responses of the fin to the sur-
rounding fluid, Volumes Of Refinement (VOR) were
created. The most important VOR is the one clos-
est to the fin, which in this study was constructed
to have an approximate geometry of the fin being
studied, while being slightly larger so it contains it.
The shape used for the VOR is very impactful on
the computational cost, as a VOR that closely hugs
the shape of the fin allows for more precise analysis
when compared with a simple block. These VOR
improve the performance of the prism layer mesh-
ing, which is useful to analyse the boundary layer,
and the performance of the overall mesh, due to
a more accurate definition of the fluid around the
fin. This marks a significant improvement over the
previous work done on this topic.

Figure 8 shows the mesh used in all CFD and FSI
simulations, which has the following main charac-
teristics, presented in table 3.

Table 3: Mesh main parameters

Base size 0.05 m
Number of Prism Layers 25
Prism Layer Thickness 0.002 m
Prism Layer Stretching 1.17
Wall y+ approx. 1
Domain Relative Cell Size 150%
VOR 1 Relative Cell Size 3%
VOR 2 Relative Cell Size 10%
VOR 3 Relative Cell Size 50%
Number of Cells 3M

Figure 8: Mesh Discretization of 3D Computational
Fluid Domain.

The next step in the CFD process is running the
simulation, until solution convergence occurs. The
convergence of the numerical results is a fundamen-

tal part of the simulation process, as it does not
present meaningful results if the residuals do not
converge. The criteria used to know if the simu-
lation has converged is usually the residual values
and the analysis of a specific quantity of interest.
For the specific study of the windsurf fin, the con-
vergence criteria used was the convergence of the
residuals.

In some cases, the solution did not satisfy the
convergence criteria, usually due to the residuals of
the turbulent kinetic energy, which is to be expected
due to some very quick phenomena. However, an
analysis was made to investigate the influence of
these events on the final solution. In this case, this
will not affect the results since they occurred away
from the fin.

In the search for convergence of the residual val-
ues, some parameters of the simulation can be
tuned. A small refinement of the mesh can be done,
specifically near the fin’s surface. Relaxation Fac-
tors (RF) can be changed, particularly changing the
velocity RF to 0.5, the pressure RF to 0.1 and the
turbulence RF to 0.5. Finally, changing the analy-
sis from a steady solution to an unsteady one, espe-
cially one with a very small time-step, can get rid of
very quick phenomena which would otherwise im-
pact the residuals convergence.

5. FSI Model

The final step in developing the design tool, shown
in figure 9, is the coupling of both models into a
FSI model.

FSI Simulation

FEA simulation
CFD
simulation

Preparing both
CFD and FEA
simulations

Displacement
from FEA

Analysis Post-
v Processing

./

Figure 9: Diagram of a FSI analysis

The FSI analysis can only be initiated after hav-
ing developed both FEA and CFD models previ-
ously, however these simulations have to be slightly
altered in order to being able to communicate with
one another while running. It is very important to
correctly define the co-simulation controls both in
ABAQUS and Star-CCM+.

The same surface must be present and defined
with the same name in both solvers. In this region,
the displacements will be exported from the FEA
solver and the pressures normal to the element sur-
faces, as well as the wall shear stress are imported



back [8]. Extra attention has to be given to the sim-
ulation’s units, due to the fact that ABAQUS does
not have an integrated units system. In this case,
since the geometry was constructed in millimeters,
all units have to be in accordance to this, which, in
the case of pressure, for instance, is MPa instead of
the SI Pa.

The approach chosen to model the FSI coupling
between the structure and the fluid is a dynamic im-
plicit solution, as there is a strong physical coupling,
due to the fact that the composite fin is lightweight
and highly flexible.

The iterative coupling scheme allows one analy-
sis to lead, highly recommended to be the struc-
tural solver, in this case ABAQUS, while the other
analysis lags the co-simulation [9]. The structural
analysis uses the data from the previous time-step,
as the initial prediction of the fluid loads at the end
of the current time-step.

Lastly, the coupling step size needs to be speci-
fied in both solvers, which will define the period be-
tween two consecutive exchanges, in this case 0.1s.
This coupling step size was established after many
iterations with different time steps were unable to
converge, either due to the step-size being too big
or too small. Also in this study, it was found that
the step size of both softwares should be constant.
The coupling step size is established at the begin-
ning of each coupling step and a constant coupling
size will be used, allowing both analyses to advance
in parallel. In the following equation, dt. defines
the coupling step size, t;4; is the target time, or
the next iteration time, and t; is the current time
at the start of the step

tiy1 = ti + Ote (1)

Finally, a study on the use of a ramping param-
eter of the pressure was done. It was found that
not using a ramping model led to the solution di-
verging rapidly and the simulation being unable to
run, especially for operating conditions where the
deflection and expected pressure field on the fin
would be higher. The ramping time and the to-
tal displacement define the rate at which the fin
deflects. Therefore, when expecting more deflec-
tion, higher ramping time was used. Otherwise, the
simulation cannot withstand the large pressure dif-
ferences that would occur with a smaller ramping
time. This is particularly important at the start of
the simulation, since the structure is initially un-
loaded and the initial flow field is calculated with a
rigid structure. The initial parameter was set to 0
in the Co-Simulation Time and the second param-
eter was increased with the increase of the velocity
and the angle of attack, due to an expected higher
deflection.

6. Parametric Study

Having developed the design tool, a parametric
study will now be done to study the influence of
certain input parameters on the behaviour of the
windsurf fin, as well as the tool’s performance. The
changed parameters were the speed and angle of
attack. The speeds chosen are typical for a slalom
windsurfer. They range from 10 knots to 35 knots,
with 35 knots being close to the design limit of the
slalom windsurf fin. The angles of attack from 2 to
6 degrees are also thought to be typical of leeway
angles experienced when windsurfing. Overall, over
7500 computational hours were spent during this
parametric study.

e Speed : 10, 15, 20, 25, 30, 35 (knots)
e Angle of attack: 2, 4, 6, 8 (degrees)

The main aspects of the simulation that will be
studied and analysed, from which conclusions will
be taken from are:

e Lift Force

e Fin Deflection

e Fin Twist

e One-way vs two-way coupling

The Lift Force is a hydrodynamic parameter, which
corresponds to the force acting on the fin perpendic-
ular to incoming flow, when steadily sailing without
accelerating nor curving, the fin’s lift forces balance
with the aerodynamic side force acting on the sail.
Fin deflection and twist are related to the fin struc-
tural response to the surrounding fluid loads. These
two parameters change various behaviours like stall
occurrence, the vertical lift forces and, most impor-
tantly, the controllability of the fin. They are often
coupled together, as the bend-twist effect. Finally,
the difference between one-way and two-way FSI
coupling will be studied. This is a very important
result of this study, because it allows the user of the
design tool to know if the use of the two-way cou-
pling is worth the extra computational costs relative
to the faster, but less accurate, one-way coupling.
The one-way coupling was done by analysing the
fluid around the initial rigid undeflected body and
calculating the pressure field around the fin. These
fields were then exported into ABAQUS, where they
were inputted as a loading force on the fin. Finally,
the response of the fin to these new loads was cal-
culated and the deflection and twist of the fin’s tip
was analysed. Two-way coupling was done by using
the design tool developed as described in section 5.



6.1. Lift Force

For all the simulations studied, the lift force was cal-
culated in Star-CCM+. The lift force calculation is
possible by knowing the pressure distribution along
both surfaces of the fin. The lift force is the vector
sum of the pressure times the surface area around
the entire fin, in other words, the surface integral of
the pressure along the fin’s surface area.

E:/Pdff

The lift force was evaluated at every operating con-
dition (velocity from 10 knots to 35 knots, AoA
from 2°to 6°), with both the multiple iteration
model, as well as the single iteration model. The
overall behaviour of the lift force is as expected,
with the lift force following a parabolic path with
the increasing velocity. This is supported by the
theory that states that the lift force is directly pro-
portional to the lift coefficient and has a quadratic
response to the increasing velocity, seen in equation

(2)

1
L= CLipVQA (3)
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Figure 10: Lift force comparison between one-way
and two-way FSI

From figure 10, it is possible to compare the re-
sults using both methods of FSI. It is clear that

while the fin’s behaviour is similar, using two-way
FSI leads to higher lift forces overall, which means
that the one-way coupling underestimates the fin’s
lift force response to the incoming flow.

The difference seems to increase with the veloc-
ity, up until 35 knots, where the difference in lift
plateaus, which is understandable given its near the
limit for the windsurf fin and an unrealistic condi-
tion for a windsurf board. At the same time, the
relative difference between the results seems to be
independent from the angle of attack, meaning that
the relative error does not change with an increase
or decrease in AoA. The difference reaches a max-
imum of 33% for 35 knots at an AoA of 2°and a
minimum of 3.7% for 10 knots at an AoA of 4°.

Observing the results of this comparison, it can
be seen that as the relative error between the two
coupling modes increases, it becomes too big to ig-
nore. Therefore a compromise must be done be-
tween the accuracy of the results and computational
costs. Defining the two-way FSI as the accurate
analysis and expecting a relative error under 5%,
there are only two operating conditions where the
one-way FSI analysis meets this criteria. In all other
sailing conditions, the relative error is not worth the
savings in computational costs or time.

Important findings are summarized below:

e Lift force increases with both velocity and an-
gle of attack for both FSI models

e Two-way FSI increases lift force compared to
one-way FSI

e Difference between both models indicates that
it is useful to use two-way FSI in almost all
simulations

6.2. Fin Deflection

Deflection is a natural behaviour of a cantilever type
structure clamped at one end and loaded along its
surface. In the particular case of this work, the
windsurf fin is fixed by the base to the board and the
pressure loads are hydrodynamically induced by the
surrounding flow. In all simulations here presented,
load oscillations and the dynamic study of natural
frequencies were disregarded.

A comparison between the numerical results ob-
tained by using the Multiple Iteration FSI model
and using the simplification of a single iteration
analysis is possible. For every condition analysed,
a significant difference is clear between the ” 1-way
FSI” and ”2-way FSI” results, being the results ob-
tained by the single iteration simplification method
always lower than the multiple iteration ones. This
means that simplifying these simulations by not us-
ing the automated FSI model, will again, similarly
to the lift force results, underestimate the maximum
tip deflection.
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Figure 11: Tip deflection comparison between one-
way and two-way FSI

The relative error between one-way and two-way
FSI drops significantly, when compared to the lift
force graphs, as can be seen in figure 11. The differ-
ence increases for higher velocities, reaching a max-
imum of 21.6%, for 30 knots at an AoA of 4°, and
with a minimum value of 2.5%, for 10 knots at an
AoA of 2°.

Another conclusion that can be taken is the fact
that this discrepancy is highly influenced by the ve-
locity but not so much by the angle of attack, mean-
ing that there is not a clear correlation between the
error and the angle of attack.

The most important findings are summarized
here:

e Fin deflection increases with both velocity and
angle of attack for both FSI models

e Two-way FSI increases fin deflection compared
to one-way FSI

e Difference between both models indicates that
it is useful to use two-way FSI in almost all
simulations

6.3. Fin Twist
The twist parameter, similarly to the deflection, is
a natural structural behaviour of the fin when it is

being pressure loaded along its surfaces. Contrar-
ily to the previous two parameters studied, twist is
very sensitive to small changes in the domain char-
acteristics, which means that it is expected for the
value to fluctuate more than lift force and tip deflec-
tion. Physically, this can be explained due to small
differences in the pressure distribution around the
fin, generation of separation bubbles on the bound-
ary layer and the small dimensions of the fin’s tip
(around 23 mm of chord and maximum thickness
of 2 mm ). All of this phenomenona are sufficient
to alter the tip twist, whilst not being sufficient to
change the lift force and tip deflection. Because of
this, tip twist was not one of the main convergence
parameters opposed to the former two, and this will
be clear in the results obtained.

In figure 12, both models are compared with each
other for each sailing condition, in order to further
understand the fin’s behaviour.
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Figure 12: Tip twist comparison between one-way
and two-way FSI

Looking at figure 12, it is obvious the difference
between the prediction of the fin behaviour for each
model. While the one-way FSI clearly predicts an
increase in the twist with the increases of both ve-
locity and angle of attack. This translates into an
increase of the angle of attack of the fin’s tip which,



subsequently, should increase the lift force and tip
deflection in the next iterations. This was seen in
the previous results, where the two-way FSI, with
multiple iterations, increased both of those param-
eters with the rise of velocity and angle of attack.
The two-way FSI predicts a low angle of twist across
all operating conditions, making the single iteration
method a clear over-prediction. It can also be seen
that the gap between both values increases with the
increase in velocity across all AoA. With this dif-
ference in mind, it is clear that more research has
to be done, especially investigating why the twist
behaves as it does in both models, and what is the
fin’s behaviour throughout the multiple iterations
of the two-way FSI that leads to the final results.

The twist of a composite aerofoil shaped struc-
ture, like the fin, may come from two main effects:
the hydrodynamic forces on the fin’s profile and
twisting moments resulting from bending moments
due to the coupling between these two effects. The
hydrodynamic forces acting on the fin’s profile may
cause a pitching moment considering that the elas-
tic axis of the fin does not coincide with the pressure
centre (point at which the hydrodynamic forces are
applied). Considering that the fin is not a 2D aero-
foil but a finite wing, with a non-constant chord
and is built from composite materials, this pitching
moment should exist. It is however very difficult
to determine the location of these points, and due
to that, difficult as well to determine this moment.
Therefore it falls out of the scope of this work. The
coupling between bend and twist can come from
three main effects: the layup of an anisotropic mate-
rial; the shape of the structure, for example a swept
back fin; and the section shape of the structure. In
this fin the effect most likely to be more dominant
is the effect due to the shape of the fin, particu-
larly, having a 2 °rake to the aft. Given that the ply
layup is totally symmetric and therefore should give
no bend-twist coupling by itself if perfectly applied.
A combination between these effects appears to be
the origin of the difference between the one-way FSI
and the two-way FSI, with no clear indicator as to
which one is the predominant one without further
work.

6.3.1 Two-way FSI iteration analysis

Further research into the twist behaviour, during
the multiple iterations, was done. Figure 13 shows
the evolution of the twist angle throughout the mul-
tiple iterations needed for the two-way FSI to con-
verge. Two cases with 4°AoA are here analysed: 25
and 35 knots.

While the deflection and the lift force, which
behave similarly, are increasing, due to numerical
ramping, the twist angle increases resembling the
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Figure 13: Twist angle and deflection evolution
through iterations

one-way FSI model. However, once the deflection
reaches a value closer to its final value, or equilib-
rium state, the twist seems to have two different re-
sponses, one for lower velocities and one for higher
velocities.

In low velocity cases, the twist stabilizes at an
angle close to its maximum value, seen just before
the deflection converges. However, at higher ve-
locities, the twist decreases dramatically after this
maximum value for all angles of attack, as illus-
trated in figure 13. This sudden drop in twist an-
gle may be caused by the appearance of separation
bubbles during the FSI iterations, which dissipate
as the flow field reaches a final state. In order to
investigate this assumption, the flow field after one
iteration, was compared with the flow field at the
end of the multiple iteration FSI, as shown in fig-
ures 14 and 15. Where the vectors define the flow
direction and the scalar values are defined by the
colour.

In figure 14, for 25 knots, there does not appear
to be any big difference between the two fields dis-
played. This corroborates the twist angle results,
since the twist angle after the numerical ramping is
very similar to the final twist value. However, in
figure 15, for 35 knots, differences in velocity near
the leading edge can be seen between the two plots.
This difference in velocity can be explained by a
bigger angle of attack after one iteration than in
the final step.

Overall, the multiple iteration FSI leads to a de-
crease of the angle of twist, when compared with the
single iteration FSI, with very small angles of twist
across all operating conditions. Using the same cri-
teria as before, although the low velocity cases seem
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Figure 14: Velocity fields for 25 knots and 4°AoA
(Single iteration FSI above; Two-way FSI below)
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Figure 15: Velocity fields for 35 knots and 4°AoA
(Single iteration FSI above; Two-way FSI below)

to have very similar angles of twist, the relative dif-
ference between results is larger than 5%. There-
fore the multiple iteration FSI should be used for
all simulation conditions. Most significant findings
regarding fin twist are summarized here:

e Fin twist increases with both velocity and angle
of attack for one-way FSI

e Fin twist for two-way FSI is overall lower than
one-way FSI, reaching negative angles for some
conditions

e There are two main effects responsible for the
fin twist: bend-twist coupling due to the spe-
cific layup of the anisotropic composite materi-
als used, which decreases the twist, and pitch-
ing moment due to the force applied on the fin,
which increases the twist

e Two-way FSI should be used for all operating
conditions

6.4. Case Study: Stall

Finally, to investigate the influence of a separation
bubble on the FSI model, a single test with 8 de-
grees of AoA at 20 knots was done.

In figure 16, the velocity field around the fin is
shown at 10 cm from the root of the fin. As shown
in figure 16, a separation bubble appears near the
leading edge of the suction surface of the fin.
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Figure 16: Velocity field for 20 knots and 8°AoA,
two-way FSI

Figure 17 not only shows the pressure around the
fin, but also shows the wall shear stress isolines.
Two different behaviours of these isolines can be
seen, in the suction surface the lines are sometimes
perpendicular to the flow direction, this indicates
where the turbulent flow reattaches to the fin’s sur-
face. On the other side of the fin, the pressure or
lower surface, the lines are parallel to the flow’s di-
rection, which indicates that the flow does not sep-
arate.
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Figure 17: Pressure field for 20 knots and 8°AoA,
two-way FSI

Some differences are observable when comparing
the FSI results of this case with a separation bubble



with all the other previous cases. For all previous
operating conditions, the deflection was greater for
the multiple iteration method than for the one-way
solution, but since here the fin has stalled, the same
behaviour is not expected. In fact, the deflection is
approximately the same here for both methods, the
2-way value being 2.5% less than the one-way value.
Similarly, the increase in lift force from 1-way to the
2-way solutions was small (4.1%) compared with
previous, non-stalled, scenarios. However, twist an-
gle change between 1-way and 2-way solutions was
similar to that for non-stalled operation, decreasing
from 1.23 degrees to 0.86 degrees.

The differences in behaviour seen for this stalled
case compared to the previous cases both confirms
that an AoA of 8 degrees would not occur under
regular sailing conditions, and also gives confidence
that the model behaves as expected even under ex-
treme conditions.

7. Conclusions

The main objective and accomplishment of this
work was the development of a design tool us-
ing an integrated fluid-structure interaction anal-
ysis model, in order to have a more accurate knowl-
edge of the behaviour of the fin in operation. Some
achievements during this project were: the selec-
tion of the material properties to do the structural
study; the generation of a FEA model in ABAQUS;
the development and improvement of a CFD model
in Star-CCM+; and perfecting the coupling process
between FEA and CFD into a fluid-structure inter-
action model. The FSI model created is a multiple
iteration, automated FSI model which is easy to use
and can be applied easily in other applications and
parametric studies.

Three parameters were studied in depth: the fin’s
lift force, the fin’s tip deflection and the fin’s tip
twist. A solid understanding of the response of the
lift force and the tip deflection in operating condi-
tions was achieved, both of which increased with
the increase in velocity and angle of attack, and
were higher for the two-way FSI when compared to
the one-way FSI model. The behaviour of twist was
not as simple, and hence required further research
regarding its evolution throughout the multiple it-
erations of the model. Two main effects causing
twist angle were identified: bend-twist coupling of
the composite material and pitching moment. The
influence of these two effects was isolated and it
was found that the bend-twist coupling led to a
decrease in the angle of twist, while the pitching
moment increased the twist. Overall, a lower twist
was predicted by the multiple iteration FSI model
than was by the one-way FSI. Finally, the study
of a operating situation with 8 degrees of angle of
attack was done, in order to investigate stall con-
ditions. As expected, stall condition was achieved
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for 20 knots with 8 degrees AoA, and the output re-
sults changed accordingly, with the lift force and tip
deflection not changing compared to one-way FSI,
while fin’s tip twist maintained the same behaviour,
decreasing compared to one-way FSI.

It was found that the two-way FSI model im-
proves the results across all operating conditions
and should be used in any analysis of the fin’s be-
haviour while in operation.
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