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1. Introduction

Sailboat foils are an innovative technology that
is revolutionizing the sailing world. Foils are hy-
drodynamic appendages that are mounted un-
der the boat’s hull and allow it to be lifted out
of the water, reducing friction and increasing
speed. Sailboat foils represent a real quantum
leap in sailing and are set to change the way we
think about this sport and about recreational
sailing. Since the hull is lifted out of the water,
the submerged surface in the water, i.e. that of
the foils, is much smaller. Wave resistance in the
flight phase no longer exists, so the shape of the
submerged appendages becomes more important
(from the original concept [9], to the new con-
tribution [17],[19]). These aerodynamic lifting
surfaces are highly sensitive to geometric mod-
ifications and even slight changes in the shape
can have a significant influence on the final de-
sign’s performance.

In the context of designing foils for sailboats, the
phenomenon of cavitation that can occur on the
surface of the appendages, due to high sailing
speeds, must be taken into account. Cavitation
is a physical phenomenon that occurs when the
pressure of a fluid reaches or drops below its va-
por pressure, leading to the formation of vapor
bubbles within the fluid. Avoiding cavitation is

crucial, since it will have a detrimental effect
on the hydrodynamic performance of the foil.
Such physical phenomenon is present in many
engineering systems, such as pumps, marine pro-
pellers, hydroelectric turbines and pipelines, and
can cause structural damage and efficiency losses
(e.g. 6] and [4]). In recent decades, cavitation
research has been the subject of increasing sci-
entific and technological interest due to its im-
plications in many industrial applications. In-
deed, understanding the dynamics of cavitation
bubbles and their interactions with surrounding
fluids is essential for improving the energy ef-
ficiency of systems and preventing damage to
structures.

Cavitation is indeed an important concern for
the hydrofoil performance, such as [15], but its
numerical prediction remains a difficult prob-
lem, [7], [3], [5], [1]. These difficulties explain
the reason why cavitation aspects are usually
not considered in hydrofoil shape optimization,
unless when the objective is precisely to delay
the cavitation, such as in [20|. The goal of
this thesis is not to simulate the cavitation phe-
nomenon, but rather to search for an optimized
shape to prevent its occurrence. Usually, op-
timization to avoid cavitation is performed us-
ing the inverse design method. This method
works by prescribing the desired pressure distri-



bution, based on which the profile deformation
is obtained. The disadvantage of this method is
that it is not trivial to determine the pressure
distribution to impose, especially in the three-
dimensional case. Instead, in this thesis, the
use of adjoint shape optimization is proposed
to obtain a profile where the potential cavita-
tion area is minimized. The advantage of ad-
joint shape optimization is that there is no need
to know the pressure distribution beforehand.
Usually, optimization to avoid cavitation is per-
formed using the inverse design method. This
method works by prescribing the desired pres-
sure distribution, based on which the profile de-
formation is obtained. The disadvantage of this
method is that it is not trivial to determine the
pressure distribution to impose, especially in the
three-dimensional case [10|. Instead, in this the-
sis, the use of adjoint shape optimization is pro-
posed to obtain a profile where the potential cav-
itation area is minimized. The advantage of ad-
joint shape optimization is that there is no need
to know the pressure distribution beforehand.
The research project aims to optimize the profile
shape of both a 2D and a 3D foil, with the ob-
jective of minimizing cavitation. To accomplish
this, in this thesis we worked inside the opti-
mization chain implemented in the open source
finite volume solver SU2, Stanford University
Unstructured software [12]. In particular, to
investigate this issue, a new objective function
has been coded to estimate an area of possi-
ble cavitation. This research contributes to the
existing body of knowledge in hydrofoil design,
exploiting a high fidelity optimization method
[2] and provide novel insights into the potential
of adjoint methods in tackling cavitation-related
challenges.

2. Methodology

In this work, the discrete adjoint formulation
is implemented using automatic differentiation
(AD) to simplify the process. AD was developed
based on the understanding that any simulation
code, no matter how complex, can be broken
down into a series of basic operations with well-
known differentiation rules. By applying the
chain rule iteratively within the computer pro-
gram, it becomes possible to compute both the
simulation output and its derivative with respect
to specific design variables simultaneously.

SU2 is a tool for solving partial differen-
tial equations, multiphysics analysis, and pde-
constrained optimization problems on struc-
tured and unstructured grids. The software in-
cludes a RANS iterative solver for simulating
compressible, turbulent flows commonly found
in problems in aerospace engineering. A num-
ber of convective fluxes discretization schemes
have been implemented, such as the Jameson-
Schimdt-Turkel (JST) scheme [18] and the up-
wind Roe scheme [13]. The turbulence can be
either modeled by the Spalart-Allmaras(S-A)
model [16] or the Menter Shear Stress Transport
(SST) Model [8]. The discretization of Navier-
Stokes equations is performed using the Finite-
volume method on a vertex-based median-dual
grid, with several numerical schemes to solve
the convective fluxes implemented. The software
can also be used for multi-physics problems, in-
cluding fluid-structure interaction problems and
acoustics, as well as for automatic shape opti-
mization. The surface sensitivity is computed
using the discrete adjoint and projected into the
design space, with the body described using the
Free Form Deformation (FFD) method [14]. The
mesh around the body is updated, and the opti-
mization algorithm used is gradient-based. One
notable advantage of AD, thanks to its construc-
tion, is that it avoids introducing truncation er-
rors typically associated with traditional finite
difference methods. In other words, the deriva-
tives calculated using AD are accurate up to the
precision of the machine, without any loss of ac-
curacy.

2.1. Cavitation Objective Function

Cavitation is the physical phenomenon accord-
ing to which the pressure of water decreases un-
til it equals or exceeds the vapor pressure under
given conditions of pressure and temperature.
Cavitation leads to the formation of air bubbles
on the surface of the profile, which strongly im-
pacts the aerodynamic performance of the pro-
file. They can also affect the properties of the
material from which the surface is made. The
work reporting this thesis is the implementation
of a part of SU2 code that checks for cavita-
tion on a profile and optimizes the shape of the
profile with the goal of nullifying this damaging
phenomenon. The implemented code works by
calculating for each grid element the difference



between pressure and vapor pressure, in dimen-
sionless terms. In case the following inequality
occurs:

—Cp,—0>0 (1)

the code computes the cavitation coefficient:

i1 Ai| = Cpi —
CoeffCav — Zl:l i Cp U| <2>
ref

where o is the cavitation number in the simulat-
ing condition, C); is the pressure value in the i-th
element, A; is the area of the i-th element, A,.f
is the reference area chosen to dimensionalize.
Then the cavitation coefficient is given by the
summation of the product of the pressure differ-
ence by the area of the element, for each element
in which cavitation occurs (i.e., the inequality
given above is true). This is made dimension-
less by dividing by a reference area chosen by
the user and given in the configuration file. In
the case of 2D analysis, the quantity used for
adimensionalization is not an area, but rather
a length. It is also possible to derive the total
cavitation area by summing the areas of the el-
ements in which the phenomenon is evidenced:

AC(w = Z Az (3)
i=1

The cavitation number, o, is defined by the user
within the configuration file. When a simula-
tion is launched, the code is able to print the
cavitation coefficient values in the history file.
In the case of shape optimization, the cavitation
coefficient itself can be defined as an objective
function. Infact it is possible to choose as ob-
jective function either the cavitation coefficient
either the cavitation area, to be reduced.

The cavitation number is obtained by the fol-
lowing formula:

o= -fref P;)ap <4>
Pref Uref

substituting the values of the quantities charac-
teristic of the case being studied. In the equation
above, P,..r represents the reference pressure at
which the simulation is conducted, p,.; denotes
the reference density, and v,.; corresponds to
the reference velocity. The values employed for
these quantities in the simulations of this project
are listed in the 2D results section.

The cavitation number provides a measure of
the relative difference between the local pressure
and the vapor pressure of the fluid. When the
cavitation number is close to or exceeds unity
(o > 1), cavitation is likely to occur. Conversely,
when the cavitation number is significantly be-
low unity (0 < 1), cavitation effects are mini-
mal.

The typical values of the cavitation number for
profiles can vary depending on the specific ap-
plication and operating conditions. In general,
for hydrofoils, propellers, and other underwater
profiles, typical cavitation numbers range from
0.2 to 2.0. These profiles experience varying de-
grees of cavitation depending on factors such as
the flow velocity, pressure distribution, and ge-
ometry.

For aircraft wings, which operate in air rather
than water, the cavitation numbers are typically
much lower. The cavitation number for airfoils
can be in the range of 107 to 1072 or even
lower. This is due to the higher vapor pressure of
air compared to water, making cavitation effects
less prevalent in aerodynamic applications.

3. Verification

The research focuses on finding the optimal
shape using gradient-based algorithms. To
achieve this, it is necessary to determine the sen-
sitivity of the objective function with respect to
the design variables. Generally, the objective
function J can be comprised of ny individual
functions denoted as Ji, each of which must be
defined and differentiated with respect to the de-
sign parameters. The relationship between the
objective functions, and the mesh can be clari-
fied by the following expression:

Ji(o) = Jp(U(a), X () for ke {l,...,ns}
(5)

Initially, the objective was to calculate the par-
tial derivatives a‘g’;(_a), which would involve n s x
N, derivatives. Hovlvever, more recent codes cal-
culate the total derivative % for k € {1..ns}.
These codes incorporate both the direct influ-
ence of node positions and the indirect influence
caused by changes in the flow field to achieve
steady-state convergence. The Finite Difference
method is a straightforward and traditional ap-
proach for obtaining the gradient of the objec-
tive function. This method does not require any




modifications to the solver. To calculate the
object function gradient, the discrete flow so-
lution needs to be computed for the given foil
described by the design variables «, as well as
for perturbed values (a+da) and (o —dar). Typ-
ically, a second-order finite difference scheme is
employed.

If the geometry of the body is defined using an
FFD box, as in this work, a perturbation in the
direction m of a quantity da is represented by
shifting a designated vertex, which serves as a
design variable. This leads to two mesh defor-
mations, X (a + day,) and X(a — dayy,), that
need to be performed, and two flow solutions
are computed on the morphed grids, satisfying
the following conditions:

R(U(a—dar), X(a—dar)) =0 (6)
RU(a+da),X(a+da)) =0 (7)

However, this method becomes impractical
when dealing with a large number of design vari-
ables because computing the matrix % incurs a
cost equivalent to 2 X n,, times the cost of a sin-
gle flow solution. The verification of the adjoint
solver is performed by comparing the obtained
gradients with a second-order centered finite dif-

ference method:

/ fl@+h)—flx—h)
f@) = » )
where h represents the step size. One critical
aspect to consider is how to determine the ap-
propriate step size. The choice of step size sig-
nificantly impacts the accuracy of the computed
gradient. If the step size is too small, round-
ing errors become significant. Conversely, if it is
too large, the truncation of higher-order terms
in the Taylor expansion is no longer valid.

In the current study the verification is carried
out considering the NACA 0015. The surface
is parameterized using a two-dimensional FFD
box, with 14 design variables. The box con-
taining the profile and the DVs are riported in
Figure 1, where it is also shown the direction
of the possible displacements. The shape can
be modified changing the thickness and cam-
ber of the airfoil. Before reaching this size of the
box, other dimensions were tested, starting from
larger sizes and gradually reducing the box, so
that the edges were much closer to the profile.
A reasonable value for the step size for finite

differences was found to be 107°. Very good
agreement is found between the sensitivities cal-
culated with finite differences and with the dis-
crete adjoint method. A direct comparison be-
tween the two methods is observable in Figure2,
where the cavitation sensitivity is plotted with
respect to the design variables.
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Figure 2: Cavitation sensitivity computed with
the adjoint method and with the finite difference

4. Results

This section presents the results of the cavitation
optimization, which is divided into two parts:
the first part focuses on the 2D case using the
NACA 0015 airfoil, while the second part dis-
cusses the 3D Moth foil.

4.1. NACA 0015 Optimization

Starting with the two-dimensional profile, the
chosen free stream conditions are provided in
Table 1. The target of the optimization is to
reduce the possible area of cavitation. The op-
timizations are carried out with a fixed value
of Cj, which was determined through prior di-
rect simulations. The angle of attack is let free
to vary in order to more easily respect the con-
straint about the lift.



The free stream velocity was chosen to be equal
to that in the paper [11], as mentioned above.
The density and dynamic viscosity are typical
values for water. The Reynolds number was
calculated considering the chord length of the
profile, which is equal to 1 m, as the reference
length.

Velocity 8 m/s
Temperature 20°C
Density 998.2 kg/m3
Viscosity 8.9 x 10~ *kg/(m - 5)
Reynolds 8.97 x 108

C) constraint 0.876

Table 1: Free stream conditions

Given the boundary conditions mentioned
above, the cavitation number ¢ is found to be
1.937. This value is obtained using Equation 4,
knowing that the reference pressure is computed
as Prep = prefvfef = 63884.8Pa. Considering
the water temperature to be 20°C, the vapor
pressure value Py,q, = 2000Pa is extracted from
the tabulated data. By comparing the value of
o with the pressure coefficient visualization in
Figure 7, it confirms the presence of cavitation
on the upper surface of the profile, specifically
in the leading edge region. Here, the magni-
tude of the pressure coefficient is greater than
the cavitation number. The same result is visi-
ble in Figure 6, which depicts the cavitation area
Agay before optimization. The cavitation area
includes elements on the profile that satisfy the
inequality stated in Equation 1.

The body is parameterized with a single FFD
box and has 14 design variables that can be
moved in the y direction (see Figure 1). The
mesh deformation in this two dimensional study
follows the linear elastic equation ELA. The his-
tory of optimization is reported in Figure 3. It
can be noticed that, after 9 design loops, cavi-
tation decreases to zero. Additionally, the trend
of the cavitation area is also shown in the same
graph, demonstrating a clear decrease. The cav-
itation area is expressed as a percentage relative
to a reference area A,.r. The chosen reference
area has a value of unity.

Figure 3: Objective function and cavitational
area wrt design loops

Figure 4 depicts the evolution of the airfoil shape
after 9 design loops of optimization. The ob-
tained profile is asymmetric, with a downward-
leading edge and an upward-trailing edge. The
modification of the leading edge is a character-
istic feature of profiles aimed at increasing the
pressure ahead of the flow. The increase in cur-
vature on the leading edge generates a lower
peak in the pressure coefficient. The last part
of the profile is deflected upright, to compensate
for the change in the leading edge, as well as to
satisfy the constraint on the lift. Graph 5 com-
pares the pressure coefficient distribution of the
NACA 0015 airfoil with that of the optimized
airfoil. It highlights that the magnitude of the
pressure coefficient decreases in the leading-edge
region, eventually becoming lower than the cav-
itation number.

This result is further confirmed by the compar-
ison of Figures 7 and 8. The first image repre-
sents the NACA 0015 profile, while the second
image represents the optimized profile. We can
observe that the peak value of the coefficient of
pressure (Cp) has decreased, and simultaneously,
the area of minimum C), along the profile’s up-
per surface has increased. In the given operat-
ing conditions, the previously existing cavitation
area on the NACA 0015 profile has now been
completely eliminated through shape modifica-
tion. This remarkable achievement signifies that
the air bubble, which used to occupy the dark
blue-colored region along the profile, has been
effectively flattened due to the optimized profile
shape.
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Figure 4: Comparison between NACA0015 (blu)
and the optimized profile (red)

Figure 5: Pressure coefficient of NACA0015 and
the optimized profile

Figure 6: Cavitation area on NACA0015

Figure 7: Pressure contours on the NACA 0015

Figure 8: Pressure contours on the optimized
profile

It can be noticed that the reduction in cavitation
area generates an increase of drag. This can be
expected since the two sensitivities are different
and have different local minima. Actually, we
are not able to simulate cavitation, so if we had
a cavitation model, the actual drag would likely
be higher. Therefore, reducing cavitation could
also mean reducing drag. It cannot be concluded
that reducing cavitation automatically leads to
an increase in drag, but it may depend on the
specific case and further studies are needed. For
example, in the next section, it will be shown
that the drag has not increased.

Leaving the angle of attack unconstrained aids
in the optimization process, but there is a sig-
nificant modification of 5 in the angle of attack,
which is a substantial change. In the future,
the optimization could be repeated while keep-
ing the angle of attack fixed, for example.

1 loop 9 loop
Cavitation Area 3.52788% 0.24247%
AoA 7.25413°  12.3547°
Cy 0.011729 0.012295

Table 2: 2D results

The elimination of the cavitation area is of sig-
nificant importance as it indicates a successful
mitigation of the detrimental effects caused by
cavitation. The modified profile shape encour-
ages smoother flow behavior and reduces the oc-
currence of low-pressure regions that could trig-
ger cavitation. Consequently, the negative ef-
fects associated with the presence of cavitation,
such as performance degradation and potential



damage, are effectively eliminated.

The successful elimination of the cavitation area
demonstrates the effectiveness and potential of
the adjoint shape optimization method in ad-
dressing cavitation-related challenges.

4.2. Hydrofoil Optimization

Regarding the 3D case, the main foil of the Moth
sailboat designed by the PoliMi Sailing Team
was optimized. The target of optimization is
the cavitation area, keeping constant the lift of
the baseline geometry. The main foil is equipped
with a central bulb, which serves as the junction
point with the vertical surface. In the analyzed
case, only half of the foil was considered, taking
advantage of its symmetry to reduce computa-
tional time.

The foil was encapsulated within a free-form de-
formation box, as shown below in Figure 9. The
vertices highlighted in black represent the con-
trol points with freedom of displacement in the
z-direction. The DVs are 126, 7 in the chord
direction, 9 in the span direction. Since the de-
sign variables are only allowed to move along
the z-axis, neither the chord length nor the span
length can change. The bulb is not part of the
optimization. First-order continuity properties
are applied at the intersection.

Similar to the 2D case, the boundary conditions
used for this optimization were applied, as the
Moth sailboat is assumed to operate at a speed
of approximately 15 knots in lake waters during
the summer. As a result, the cavitation num-
ber remains unchanged at 1.937. Only the fixed
value of () is different, in this case equal to 1.41.
The grid surrounding the foil was created us-
ing Pointwise and is an unstructured grid in the
shape of a hemisphere. The region around the
wing was structured using the T-Rex mode in
3D.

RANS equations are solved with SA turbulence
model, JST is used to calculate the fluxes. 27¢
and 4" order artificial dissipation coefficients
are 0.5 and 0.02. It is required to have at least
six order reduction of the relevant residuals and
the finals lower than 10(-13).

As mesh deformation method in this optimiza-
tion test case RBF has been used. RBF has
been settlend using Wendland C2 as baseline
functions are selected, using a number of control
points equal to 15% of total number of surface

elements.

Figure 9: 3D box

Figure 10: Cavitational area in the original foil

In Figure 10, the surface area affected by cavi-
tation is highlighted. It was visualized by exam-
ining the pressure coefficient, using a threshold
value of ¢ = 1.937. The reference area used to
compute the Acy, corresponds to 0.0287 m?2.
Due to limited computational resources, only 5
design loops were completed. The optimality
conditions are not fullfilled, but we are stuck in
a local minimum. We can consider the obtained
shape as optimized since the cavitation coeffi-
cient is reduced of the 3%. As can be seen from
Table 3, a decrease in cavitation area suggests
that the modifications made to the profile have
effectively mitigated the detrimental effects of
cavitation.

In this three-dimensional case, an improvement
in fluid dynamics performance was also achieved,
as the drag coefficient decreased from the first to
the fifth design loop. The decrease in the drag
coefficient observed during the cavitation opti-
mization process is a positive outcome, despite
not being the objective of the optimization. In
this case, it can be observed that the angle of
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attack has changed much less compared to the
2D case.

1 loop 5 loop
Cavitation Area 7.11743% 4.58159%
AoA 7.91938°  9.76929°
Cy 0.052297  0.051707

Table 3: Design loops

Figure 11 compares the original foil with the op-
timized foil, displaying their respective cavita-
tion areas. The original foil is colored yellow,
and its cavitation area is depicted in blue, ex-
tending throughout the foil’s span, particularly
at the leading edge. In contrast, the optimized
foil is colored aqua green, and its cavitation area
is barely noticeable. A small red area is observed
near the junction with the bulb.

For further clarity, the pressure coefficient distri-
butions are shown from a top view, along with
pressure distribution isolines (Figures 12, 13). It
is noticeable that in the optimized foil the region
with the lowest C), is narrower compared to the
original case and close to the interface with the
bulb. However, this is nearby the area that is
not optimized. This suggests the possibility of
optimizing the junction region between the bulb
and the foil in the future.

The residual presence of cavitation is due to the
premature termination of the optimization; oth-
erwise, it would have decreased further.

Figure 11: Cavitational area in the original foil
and optimized foil
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Figure 12: Pressure coefficient of the original foil
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Figure 13: Pressure coefficient of the optimized
foil

5. Conclusions

This thesis is focused on the application of ad-
joint shape optimization techniques for reducing
cavitation on hydrofoils. Indeed, usually in this
field, the inverse design method had been pre-
dominantly used to search for the optimal shape
that avoids cavitation. The use of adjoint shape
optimization offers the advantage of not requir-
ing prior knowledge of the pressure distribution,
unlike inverse design. The objective of this re-
search project was to optimize the profile shape
of a 2D and a 3D foil, with the goal of minimiz-
ing cavitation. To achieve this, the optimiza-
tion framework implemented in the open-source
finite volume solver SU2 was exploited. In or-
der to address this objective, a new objective
function was developed to estimate the poten-
tial cavitation area.

A successful result has been achieved in both the
two-dimensional and three-dimensional studies.
By utilizing sensitivity information obtained
from the adjoint solver, it was possible to sys-
tematically modify the hydrofoil’s shape to mit-
igate cavitation-related issues. In the 2D case,



a profile with virtually no cavitation area was
achieved, accompanied by a significant change
in the angle of attack. In the 3D case, after only
5 design iterations, a reduction in the cavita-
tion area was observed, resulting in a decrease
in the drag coefficient as a side effect. In this
case, the variation in the angle of attack was
only 2°. The 3D hydrofoil studied in this case is
the main foil dseigned and produced for a Moth
by the PoliMi Sailing Team. The successful elim-
ination of the cavitation area demonstrates the
effectiveness and potential of the adjoint shape
optimization method in addressing cavitation-
related challenges.

It should be noted that the optimal solution
highly depends on the specific design require-
ments and operating conditions. The choice of
design variables, objective functions, and con-
straints must be carefully tailored to the hydro-
foil’s intended application and operational envi-
ronment. Future studies can explore additional
design variables and multi-objective optimiza-
tions to achieve a more comprehensive and ro-
bust hydrofoil design. Overall, the successful im-
plementation of adjoint shape optimization for
cavitation reduction presents a promising avenue
for further research and potential real-world ap-
plications. In the future, for instance, the opti-
mization could be repeated while keeping the an-
gle of attack fixed. It is hoped that the outcomes
of this study will contribute to the advancement
of hydrofoil design and optimization techniques,
ultimately benefiting the efficiency, sustainabil-
ity, and performance of hydrofoil-based systems
in various industries.
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