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Figure 4.32 — Flow evolution over the flap surface in the span region included between z* = 30% and
2* = 39% for F'* = 0.632. Isosurfaces on Q-criterion with vorticity scalar maps.

The cells are completely formed on the flap surface when the maximum peak lift condition is
achieved. Then, they are convected downstream leaving eventually the flap T.E. The length of the
recirculation bubble, appearing close to the flap L.E., increases extending toward the flap T.E. At
this moment, the minimum peak lift is achieved. Contemporary new stall cells start to arise on the

flap L.E., adjacent to the zone where the previous cells developed.
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4.4.5 Separated zones with the gust frequency

The presence of the stall cells modifies the flow features over the flap surface leading to a modifica-
tion of the wingsail performance. In Figure 4.33, the attached, separated as well as the recirculation

flow zones have been represented for both the maximum and the minimum peak lift conditions.

In the maximum peak lift condition, the flap effectiveness was constant with the variation of the
gust frequency while in the minimum peak condition the lift of the flap decreased with F'*. When
the maximum peak lift condition is achieved, the SC vortices and the SL vortex flowing on the flap

surface allow local flow reattachment improving the lift flap capabilities (Figure 4.33).

F+ =0.623 F+ =1.246 F+t =2.492

peak max Cf,

- Separated flow - Recirculation zone - Attached zone

Figure 4.33 — Instantaneous flow pattern on the wing surface at the different gust frequencies in the
maximum lift conditions.

Due to the shortening of the recirculation bubble close to the flap L.E., the attached zone moves
towards the L.E., in the region where the flap pressure peak takes place and the pressure suction
is more elevated. Because of the increase of the number of stall cells with the gust frequency, the
attached zone becomes more regular on the span direction leading then to a larger suction that
interests the entire flap span. Furthermore, the extent of the attached zone at the root of the flap
tends also to increase with ™. Because of these two mechanisms, the flap effectiveness tends then

to increase with the gust frequency as it can be observed from Table 4.6.

The main element lift contemporary increases with the gust frequency due to the augmentation of
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Table 4.6 — Main and flap lift at different gust frequencies in the maximum peak lift condition together
with the crossfield component of the jet at the main T.E.

F+  0.623 1.246 2.492
Chmain  1.202 1560  1.655
CrLjap 0.900 1.077  1.353
v;/Vee 045 051  0.82

the crossfield component of the jet velocity at T.E. (v;). This velocity increase affects the circulation
of the main element [49], improving then its lift performance. Thus, the lift of both the main and

the flap increases with F'T keeping, as showed in a previous section, a constant load distribution.

In the minimum peak lift condition, new stalls cells start to form on the flap surface while the
recirculation bubble has enlarged moving toward the flap T.E.(Figure 4.34). The flow remains
attached where the new cells originate. The extent of this zone is larger in the low frequency
condition due to the larger size of the cell in both spanwise and chordwise directions. Close to the
flap L.E., instead, the flow is dominated by the recirculation bubble that prevents the high suction

due to the pressure peak.

F+ =0.623 Ft =1.246 Ft =2.492

peak min Cf,

- Separated flow - Recirculation zone - Attached zone

Figure 4.34 — Instantaneous flow pattern on the wing surface at the different gust frequencies in the
minimum lift conditions.

At F™ = 0.623 the attached regions in correspondence of the stall cells are larger than at F'™ = 1.246

177



due to the larger dimension of the cells leading to a more elevated flap lift. At the highest frequency
Ft = 2,492, instead, a massive flow separation arises from the flap T.E. extending close to the
flap L.E. This massive separated region causes an important decrease of the flap effectiveness with

respect the lower gust frequencies. The decays in flap lift can be highlighted from Table 4.7.

Table 4.7 — Main and flap lift at different gust frequencies in the maximum peak lift condition together
with the crossfield component of the jet at the main T.E.

F+t 0.623 1.246 2.492
ClLmain 0.609 0.646 0.516
CLflap 0265 0.059 -0.128
v;/Voo  0.50 0.90 0.62

In this condition, the main element lift slightly increases up to F* = 1.246 for then reducing. The
variation in main lift is whatever smaller than in the maximum lift peak condition. The frequency

increase then just decreases the flap lift, lowering its load with respect to the main element.

The gust frequency acts, then, creating a pulse jet in the slot region leading to a local flow reat-
tachment close to the flap L.E. This reattachment makes possible the onset of the stall cells. The
frequency of the gust affects the position of the attachment line on the flap chord and the size of
the stall cells. Increasing the gust frequency the cells reduce in size, increase in number while the
reattachment line moves toward the flap L.E. The extent of the separated and attached regions
over the flap surface depends directly on the frequency of the gust affecting the lift performance of
the wingsail. The averaged lift tends to increase with the gust frequency but, at the same time, the
amplitude of the lift signal with the time amplifies. In the maximum lift peak condition, both the
main element and the flap generate more lift enhancing the wing performance when the frequency
increases. In the minimum lift peak condition, instead, the main element keeps a quite constant
lift performance when the frequency is modified while on the flap the lift decreases with the gust

increase.

4.5 Conclusions

A full size C-class catamaran was analyzed in downwind conditions performing at first a parametric
study on the trim of the wingsail using the unsteady RANS approach. The maximum thrust
coefficient can be achieved using low or moderate flap deflection angles at which the flow on the
flap remains attached. The low flap deflection configuration presents an elevated loss in thrust
when the stall occurs. At moderate angles, instead, the final stall is lower but an intermediate
stall occurs at low angles of attack. On both configurations the flow separates at first on the main

element and then on the flap surface. This larger sensitiveness of the main flow to separation with
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respect to the scale model is due to the thicker turbulent boundary layer caused by the reduction

of the laminar zone when the Reynolds number increases.

A further analysis was performed on the wingsail by modeling a wind gust to investigate the
response of the wingsail. In this case both a LES and an URANS approach were exploited. Due
to the elevated flap deflection angle, i.e. 35°, the flow on the flap appears completely separated.
However stall cells take origin on the flap surface when the wind gust is simulated. The wingsail
aerodynamic coefficients carried out from the two numerical approaches are in good agreement and
the stall cells can be observed on the two simulations. The URANS simulation however cannot

correctly predict the turbulent kinetic energy at the interior of the confluent boundary layer.

The influence of the gust was further investigated, using the URANS approach, modifying the
wind gust frequency. The flow evolves modifying the size of the stall cells on the flap affecting the
performance on the wing. In particular the averaged C'f, increases with the frequency, the maximum
peak lift increases too while the minimum peak lift becomes smaller and smaller. The stall cells
allow indeed a local flow reattachment on the flap increasing its effectiveness. A recirculation
bubble also appears helping in increasing the flap lift. Hence since the cell size reduces with the
gust frequency, increasing their number, the extent of non-separated flow on the flap is higher at
higher frequencies. In the minimum peak condition, the recirculation bubble is larger and get close
to the flap L.E. reducing the suction of the flap and hence its peak. The main element lift slightly

increases with the gust frequency.
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- 5 Numerical optimization of a

wingsail in upwind conditions

Résumé

Un probléeme d’optimisation a été défini et résolu afin de trouver la meilleure géométrie et
réglage de ’aile rigide dans des conditions de vent et une fonction objectif donnés. A ce propos,
la plateforme MDOLab, développée par I’Université de Michigan a été adoptée. MDOLab
couple un solveur RANS pour un maillage structuré, ADFlow, avec 'optimisateur SNOPT
développé a Stanford. Le solveur calcul les gradients avec une méthode adjointe qui sont ensuite
utilisés par SNOPT pendant le processus d’optimisation. La paramétrisation de la géométrie
est basée sur la méthode de "Free Form Deformation" ou la déformation de la géométrie est
modélisée par le déplacement des points de contrdle répartis la surface de Iaile.
L’optimisation a été effectuée sur la géométrie de I’élément principal dans une condition de vent
au pres. La géométrie et de l'incidence I’aile sont des parameétres du probléme d’optimisation.
La fonction objective maximisée est le coefficient de poussée de l'aile sous la contrainte du
coefficient de moment de gite maximal supportable par le catamaran. Des contraintes ont aussi
été imposées sur la surface de laile et sur ses profils qui doivent garder une forme symétrique et
une épaisseur minimale. La géométrie initiale d’optimisation est rectangulaire avec des profils
NACAOQ0025. Le premier probleme d’optimisation résolu considere uniquement ’optimisation de
la forme en plan de ’aile (loi des cordes). La forme en plan optimisée converge vers une forme
elliptique qui permet de réduire la trainée induite I’aile. I.’amélioration de la poussé dans ce cas
est limitée (moins de 5%). Pour obtenir une augmentation plus importante des performances il
est nécessaire d’augmenter les capacités de portance de ’aile en agissant sur la forme des profils.
Le second probleme d’optimisation résolu considere uniquement ’optimisation des profils de
I’aile le long de ’envergure en laissant la loi de corde inchangée. La forme optimisée de l'aile
a une épaisseur moins élevée par rapport aux profils d’origine avec une inversion de courbe et
un point de rebroussement au bord de fuite. De cette facon les profils sont caractérisés par un
pic de pression plus élevé et une réduction de la zone décollée au bord de fuite. L’amélioration
du coefficient de poussée est cette fois-ci de 30%. L’optimisation finale résolue considere &
la fois la forme en plan et la forme des profils d’ailes comme parametres. La solution finale
de la géométrie optimisée a été successivement simulée avec STAR-CCM+ pour valider les
résultats. Les deux solveurs, ADFlow et STAR-CCM+, donnent des solutions comparables avec
une bonne correspondance des coefficients aérodynamiques et de la distribution de pression.
Des analyses ultérieures ont été effectuées en couplant I’élément optimisé avec un flap et un
angle de braquage de 25°. Les simulations ont été réalisées en RANS avec STAR-CCM+ et les
résultats comparés avec ceux de la géométrie d’origine non optimisée. La géométrie optimisée
de I'élément ne donne pas les meilleures performances quand il est couplé avec le flap. En
effet, le couplage de I’écoulement du "main" avec celui du flap agit de fagon a réduire la zone
décollée dans la région du bord de fuite de 1’élément principal en rendant inutile 'effet de
la modification de la géométrie des profils réalisés par 'optimisation. Les deux dessins d’aile
bi-éléments ont des performances comparables par contre le décrochage est moins brutal sur
la géométrie optimisée.
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The aerodynamic analyses exposed in the previous Chapters showed an extreme sensitivity of the
aerodynamic performance of the wingsail to the slot design characteristics. Two parameters were
used to describe the slot geometry, the overlap (o) and the transverse distance (yr) between the
main T.E. and the flap L.E. Both these parameters modify the flow physics of the slot region
contributing in improving or worsening the lift capabilities of both the main element and the
flap. On a wingsail, due to the flap kinematic, these two parameters are not independent to
each other and, in turn, they depend on the flap deflection angle. This constraint makes harder
the determination of a rule to enhance the wingsail aerodynamic performance. An optimization
analysis is then needed to search for the optimal wingsail design and its trim conditions. The
analysis can point out different aspects of the wingsail design: a research for the best planform
shape of the wingsail to reduce the induced drag as well as a modification of the airfoil shape and
the kinematic of the flap to improve the slot flow physics leading to an increase of the lift and/or a
soft stall behavior. The research of the right twist law for the flap to reduce the heeling moment of
the wingsail in strong wind conditions or to increase the lift-to-drag ratio in light wind conditions
for a given atmospheric boundary layer twist. Furthermore a multipoint optimization must be

performed in a way to take into account for the two points of sail of upwind and downwind.

In this Chapter, the optimization analysis performed on the wingsail is then presented. However,
only a first preliminary optimization investigation was carried out analyzing only the main element
of a C-class wingsail. One of the objectives of this analysis is to demonstrate the ability to perform
an optimization of design and trim of a wingsail using a full 3D RANS approach, extending then
the methodology applied by Graf et al. (2014) [199] based on a lifting line method. This last
methodology encountered indeed difficulties in model the aerodynamic coefficients of the wing at

high angles of attack, in the pre-stall condition.

The optimization problem as well as the optimization tools is described followed by a presentation of
the optimization results. A further analysis was carried out coupling the optimized main geometry
with a flap. These results were compared with the one of the Class-C trapezoidal wingsail analyzed
in Chapter 4.

5.1 Optimization problem

The wingsail optimization search for the design of the main element maximizing the thrust force
provided to a C-class catamaran. This maximum thrust point the constraint on the maximum
heeling moment bearable by the hull has to be considered, to avoid any risk of capsize during the
navigation. During the optimization process, the wingsail geometry is modified in both planform

and airfoil shape. The angle of attack is also modified during the optimization.
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5.1.1 Baseline geometry and flow conditions

The baseline geometry of the main element chosen for the optimization problem consists in a
rectangular wing made of NACA0025 airfoils (Figure 5.1), i.e. the same airfoils constituting the
trapezoidal main element of the C-class wingsail studied in Chapter 4. The rectangular main has
also the same height of the trapezoidal one with the chord length that was adjusted to keep the
same surface of the original C-class main element. The hull of the catamaran is not taken into

account during the simulations.

An upwind point of sail was chosen for the analysis. The velocity characteristic of a C-class
catamaran in this point of sail was taken by Magherini et al. (2014) [10]. Considering a true wind
speed (TW.S) of 20 kts, the AW S felt by the wing is 17.2 m/s corresponding to M = 0.05.

Baseline wing characteristics Upwind flow conditions
Surface (S) 14.420 m? AW S 17.2 m/s
Height (H) 11.580 m AW A 23.7°
chord (c) 1.245 m M 0.05
Airfoils NACA0025 Re 1.4 x 108

z

Figure 5.1 — Geometry of the baseline main element with its geometric parameters and the flow conditions.

Due to this low Mach number, the compressible aerodynamic solver used during the optimization
had difficulties to achieve the convergence of the flow solution. To alleviate this problem, the flow
velocity was increased to M = 0.202 scaling the entire volume mesh of 0.25 in a way to keep the

same Reynolds number (1.4 x 10°).

5.1.2 Objective function

The objective function chosen for the optimization problem is the thrust coefficient C'7. This
coefficient is estimated by the flow solver, by projection of the lift and drag coefficients in the yacht

frame (Equation 5.1).

Cr = Crsin(AWA) — Cp cos(AW A) (5.1)

The calculation of the C'r demands then the calculation of both C and C'p and of their gradients

for each aerodynamic problem solved during the optimization process. The computational cost
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is then more elevated with respect to the case the objective function was dependent on only one

function.

5.1.3 Constraints

During the navigation, the aerodynamic force generated by the wingsail gives origin to the heeling
moment that can lead to lateral stability problems to the catamaran. For this reason, the moment
must not exceed the righting moment of the hull to prevent any risk of capsizes. The righting
moment for the C-class catamaran was estimated in Chapter 4 to be 12.4 kNm. The maximum
Cirm limit was imposed to 3.82, after normalization with respect to the dynamic flow pressure
(0.5pV?) wingsail surface (S) and the wing chord (c) rather than the wing height. A further
constraint was applied on the geometry parameters of the main element to keep the symmetry of

its airfoils.

The wingsail surface keeps also the same area for each new wing configuration. The reference sur-
face, with which the variables are made non-dimensional, is then constant during the optimization

process.

5.1.4 Design variables

The design variables can be distinguished in trim and geometric variables. In the optimization
of the main element, the only trim variable is the angle of attack which can be adjusted by wing
rotation. The angle of attack in the initial configuration was set at 2°. The minimum and maximum

bounds for the incidence during the optimization were imposed at 0° and 8° respectively.

The geometric variables are instead the displacement of control points, correlated to the wing
geometry, to provide the geometry deformation. The points can move in both the chord (x) and

transverse (y) direction for modifying respectively the planform and the airfoil shapes.

5.2 Computational tools

A standard optimization problem can be summed up as follows:

minimize f(z)=0
subject to : gj(z) <=0 j=1m
hi(x) =0 E=1,p
T, < x; < XU 1=1,n
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where f(x) is the objective function to minimize, x the design variables and g;(x) and hy(x) the

constraint functions.

In the present optimization problem the MDOLab platform, developed by the Michigan University,
was used. A scheme of MDOLab is represented in Figure 5.2.

Adjoint solver

Optimizer X
SNOPT
v
A y
G d Mesh
eometry and Mes ADFlow
- - - T L 72
X 1
£ : Flow solver v :
1
|
| Rexye0)=0 ! !
! 1
df/dx : 1
1
| 1
! 1

Figure 5.2 — Scheme of the MDOLab platform.

In MDOLab the objective function f(x) is calculated by the flow solver resolving the Navier-
Stokes equations, R(x,y) = 0 in Figure 5.2, where (z) are the design variables and (y) the flow
state variables. MDOLab couples a RANS aerodynamic solver, ADFlow, which computes also the
gradients of the aerodynamic function, with a gradient-based optimizer, SNOPT. The value of the
objective function (f) and its gradients with respect to the design variable (df /dx) carried out by
ADFlow are given as input to the optimizer which estimates the new design parameters (x) defining
the optimization problem. The geometry is then modified exploiting the free form deformation
approach and consequently the mesh for the numerical analysis is perturbed with respect to the
new geometry. A new aerodynamic analysis is then performed on the updated wingsail geometry

for a new optimization loop. The iterations carry on up to the convergence of the optimizer.

5.2.1 CFD solver

The aerodynamic analyses are carried out with ADFlow, a structured compressible solver. The
solver uses the Jameson-Schmidt-Turkel (JST) scheme [200] augmented with artificial dissipation to-
gether with an explicit multi-stage Runge-Kutta method along with a geometric multi-grid scheme.
When the residuals get down of seven order of magnitude the solver switched on the Newton-Krylov
approach [201] allowing a faster final convergence. The Spalart-Allmaras [107] model was applied

for computing the turbulence.

ADFlow also estimates the gradients that will be used by the gradient-based optimization algorithm.
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The gradients are calculated adopting the adjoint methodology (Chapter 1) using an automatic
differentiation approach [152] [144]. The advantage of the adjoint methodology in computing the
gradients is the computational cost that is almost independent on the number of the optimization
parameters [202]. In this way, it is possible to solve complex problems using a large number of

design and flow variables.

5.2.2 Optimization algorithm

The choice of the optimization algorithm have to be considered carefully since the algorithm itself
may have a strong impact on the computation cost of the problem depending on the number of
function call it needs during the optimization. Indeed, an efficient algorithm requires a low number
of function calls reducing then the number of aerodynamic problems to be solved by the CFD
solver. Genetic algorithms, even if they have the advantage to converge to a global minimum, need
a large number of function calls making unfeasible the solution of problems with a large number
of design variables. A gradient-based approach exploiting the adjoint method for the estimation of
the gradients was then chosen allowing solving the problem efficiently. In this case, whatever, the

achievement of the local minimum is not ensured.

The optimization algorithm used is SNOPT (sparse nonlinear optimizer) [203] through the Python
interface pyOpt [204]. SNOPT is a gradient-based optimizer that can solve large-scale nonlinear
optimization problems with thousands of constraints and design variables [168]. It uses a smooth
augmented Lagrangian merit function, and the Hessian of the Lagrangian is approximated using a
limited-memory quasi-Newton method applying a sparse sequential quadratic programming (SQP)
method [203]. The non-linear problem is then solved using the sequential quadratic programming
(SQP) algorithm involving major and minor iterations. At each major iterate a quadratic program
subproblem (QP) is used to generate a search direction towards the next iterate [203] [205]. The
QP subproblem is solved exploiting the sparse sequential quadratic optimization program tool
(SQOPT) solver [206] forming the minor iterations of the original problem. After the solution of
each QP subproblem, new estimates of the optimization problem are computed using an augmented
Lagrangian merit function. The linesearch determines a step such that then new solution gives a

decrease in the merit function.

5.2.3 Geometric parametrization

The parametrization of the geometry during the optimization process is made by FFD (Free Form
Deformation) approach. A volume of control enveloping the main geometry was created imposing
control points uniformly distributed in the chord and in the spanwise directions. Deeply 9 control
points are imposed along the chord direction, 2 in the transverse direction on 5 sections along the

wingspan (Figure 5.3). The total number of control points is then 90.
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During the optimization process all the geometric deformations are performed on the outer bound-
ary of the FFD volume. The FFD approach parametrizes the geometric changes rather than the
geometry itself resulting in a more efficient set of design variables [168]. Any modification of this

outer boundary indirectly modifies the embedded object, i.e. the main element.

z¥=1 z
=
X
z*=0.75
2 points in the transverse direction

z*=0.50
z¥=0.25 {

T 9 control points chordwise
z¥=0 '

Figure 5.3 — Volume of control and control points enveloping the main element geometry.

The planform variation of the main element is obtained adopting a global modification of the control
points. The chord variation derives then from a scale of the point x-components with respect to a

reference axis located on the T.E.

For the deformation of the airfoils, instead, each control point moves independently from the
other ones in the y-direction under the constraint to keep the symmetry of the airfoil during the
deformation. The thickness of the airfoil section was imposed to be higher than 60% of the baseline
value for the section lower than z* = 0.75 and higher than 30% of the baseline for the sections lying
above z* = 0.75.

5.2.4 Mesh perturbation

The structured mesh for the aerodynamic analysis was generated by extrusion of the surface mesh
created on the main element with ICEM CFD. This surface mesh has 66 points on the chord
direction and 201 points in the spanwise direction. The volume mesh was obtained extruding the
surface mesh with a hyperbolic law. The extrusion distance is 30H covered with 97 cells. The wall
layer is set at 1.5 x 107° m in a way to have a non-dimensional y* < 1. The volume domain has a
semispherical shape (Figure 5.4). Farfield conditions are applied on the outside walls of the domain

while on the floor a symmetric condition was used. The final mesh counts 3.3 x 10° cells.
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30H
(97 points) z

Figure 5.4 — Surface mesh and volume mesh obtained by surface mesh extrusion.

During the optimization, the FFD volume modifies the wing geometry. However, to make possible
the aerodynamic analysis on the deformed wing the mesh has to be perturbed. The mesh warping
is obtained exploiting a hybrid algorithm mixing the algebraic and linear elasticity methods [207]
allowing a high-quality perturbed mesh with lower costs compared the ones obtained using linear
elasticity scheme. The linear method manages the large low frequency perturbations while the

algebraic method attenuates the small high frequency deformations.

The final optimization problem on the main element is summarized in Table 5.1.

Table 5.1 — Optimization problem for the main element.

Function/variable Description Quantity
maximize Cr Thrust coefficient
with respect to Q@ angle of attack 1
T scale sections 5
Yy FFD control points 90
subject to Cum<CHmmaz Heeling moment constraint 1
S = Shaseline Wing surface constraint 1
Y Symmetrical constraint of the airfoils 45
t > 0.6tpgseline for z* < 0.75 Thickness constraint 90

t > 0.3tpgseline for z* > 0.75
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5.3 Main element results

For the optimization of the main element, different analyses were solved increasing step by step
the difficulty of the problem. In a first time, the only platform shape of the main element was
modified. A second analysis acts exclusively in the airfoil deformation for improving the main
element performance. The final optimization merged the first and seconds preliminary problems to

obtain the complete analysis on the entire main element geometry.

5.3.1 Planform shape optimization

The first test in the main optimization considers exclusively the planform modification varying the
chord distribution of the wing. The chords were scaled of the same value in both the x and y
directions for keeping the NACAQ025 on the entire wing.

In a first test the number of control points was reduced to 54 considering only the points on three
sections on the wingspan, i.e. 2* =0, z* = 0.50 and z* = 1. In this case, only three design variables
were applied, i.e. the chord length scaled during the optimization process. The problem converged
after 3 iterations and 2 major iterations of the optimizer, and 8 aerodynamic evaluations. The

results of this optimization are represented in Figure 5.5.

Baseline cp — Planform Optimization o5
£T=0.229 e 2
CHm=2.794 CHm=2.642 s
alpha=8~ alpha=8° -

0.5

05

I
|
9!
b o b oo o

15
: S ——
B 25
C
25

‘ 05

z 5 0
El 05
TE. LE. TE L.E. 1
15
15
Normalized Lift 2 @

25

Slipfical ™7

25

0

® Normalized drag i

2 15
4

! -05

0s 05
tic

. @
0.z 2

o 25
. LE} T T 1
z A

p
=

Figure 5.5 — Reduced planform wing optimization.
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The angle of attack was increased up to the maximum bound, i.e. 8°, for approaching the maximum
L/D point of the wing. The optimal geometry has a shape close to the elliptical one except on
the higher sections where the constraint on the reference surface prevents to further reduce the
chord size on the tip section. Due to this elliptical planform, the lift distribution on the wing
is also elliptical leading to the minimization of the induced drag. The pressure distribution does
not evidence modifications with respect to the baseline since the airfoils are unchanged. The Cp
improvement is in this case only due to the induced drag reduction of the wing an increase 2.3%

with respect to the baseline configuration at the same angle of attack of 8°.

The increase to 90 control points distributed on 5 sections larger increases the performance of the

wing with an improvement in Cr of 3.5% (Figure 5.6).
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Figure 5.6 — Planform wing optimization.

Because of the larger number of design variable with respect to the previous case, the convergence
of the problem required in this case 16 iterations (8 major iterations) of the optimizer and 51
aerodynamic solutions. The evolution of the objective function as well as the evolution of the
optimal residuals with respect to the major iterations of the optimizer is represented in Figure 5.7
for both the three chords (O1P3C3) and five chords (O1P5C5) planform optimization problems.

In the optimization with 5 chords, having more degrees of freedom to adapt the design of the wing,
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Figure 5.7 — Evolution of the objective function (Cr) and of the optimal residuals during the planform
optimization.

the planform assumes a shape closer to the elliptical one than in the previous case. The chord is
smaller on the tip zones increasing more on the lower sections of the wing. The modification of the
planform shape slightly improves the main element performance due to a reduction of the induced

drag. The lift performance as well as the other drag components is not affected.

5.3.2 Airfoil shape

The second test in the optimization of the main element concerns exclusively the airfoil shapes on
the five wing sections with the 90 control points distributed on the wing surface. To achieve the
final solution, the optimizer needed 854 iterations with 16 major iterations and 72 aerodynamic
solutions. The objective function and the optimal residuals with respect to the major iterations

are represented in Figure 5.8.
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Figure 5.8 — Evolution of the objective function (Cr) and of the optimal residuals during the airfoil
optimization.
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The optimizer reduces the thickness of the airfoils with respect to the baseline geometry (Figure 5.9).
At the root of the wing the airfoil thickness is 17%c; increasing moving tipwards up to achieve 22%c;

at the wingtip.
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Figure 5.9 — Airfoil optimization of the main element.

The thinner airfoils allow a faster acceleration of the flow on the L.E. zone with the suction peak
that moves toward the L.E. and assumes more negative pressure values with respect to the baseline
configuration. The airfoil, furthermore, has a cusp in the T.E. with a change in curvature down-
stream of the maximum thickness zone. This characteristic affects the pressure distribution on the
pressure side of the airfoil. The flow tends indeed to compress at around the half of the chord for
then achieving a plateau region that develops for almost three quarter of the chord length. Com-
pared to the baseline geometry, the new airfoil has an improved lift capability due to the pressure
differential between the suction and pressure surfaces in correspondence of the T.E. zone, where on
the classic NACA0025 the difference in pressure was null. The optimizer, then, acts for maximizing
the extent of the wing chord that provides lift. In this way, the lift coefficient improves from 0.634
to 0.740 with a slight increase in drag, from 0.028 to 0.031.

The increase in Cp is then 28% with respect to the baseline configuration at the angle of attack of 8°.
Therefore the airfoil design has, then, a major role in the increasing of the geometric performance
during of the main element. The optimizer searches to recover the lift on the entire wingspan and
in particular in the rear zone of the wing where the baseline design had a zero or even a negative
lift.
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5.3.3 Full geometry optimization

The final phase of the optimization of the main element acts on both the planform shape and the
airfoils. The chord distribution is modified with a scale of the point position in the z-direction, while
the airfoil shape is obtained by y translation of the control points. The optimized solution converged
in 1850 iterations and 22 major iterations. During the optimization process the aerodynamic

problem was solved 80 times.
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Figure 5.10 — Airfoil and planform optimization of the main element.

The angle of attack, even in this case, is increased at 8°. The result couples the characteristics
of the two previous geometries obtained (Figure 5.10). The planform is changed to achieve the
elliptical shape for reducing the induced drag. The airfoils have the same characteristics of the
airfoil optimization case, with a low thickness and a cusp in the T.E. region. The airfoil thickness
is almost constant on the wingspan up to z* = 0.75, 18%¢y, increasing then to 25%c; on the tip
section. The smaller relative thickness leads to a higher pressure peak on a larger extent of the

wingspan compared to the previous case.

The thrust is increased by 1% with respect to the airfoil optimization case, leading to a total increase
of 29.2% when compared to the baseline geometry. The major improvement is given by the airfoils
shape with a further increasing in performance due to the induced drag reduction provided by the
planform modification. In this last analysis, the heeling moment largely increased from 2.70 to
3.23 remaining, however, below the constraint limit. In case of full wing analysis, then, the heeling

moment constraint can affect the geometric optimization process since in this case the aerodynamic
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forces will be larger due to the presence of the flap. The convergence process of the problem is

showed in Figure 5.11.
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Figure 5.11 — Evolution of the objective function (C7) and of the optimal residuals during the full geometry
optimization.

The main features and results of the different optimization problems are summarized in Table 5.2

Table 5.2 — Summary of the main characteristics of the different optimization problems performed on the
main element.

MjI Mol A Cr Cym
3 chord planform  O1P3C3 2 3 9 0.235 2.642
5 chord planform  O1P5C5 5 8 16 51 0.237 2.603
Airfoil O1P90C54 90 54 16 854 72 0.293 3.464

Full geometry O1P90C59 90 59 22 1850 80 0.296 3.231

Problem ID P C
3 3
5

Legend P=N of design parameters C=N of Constraints MjI=Major iterations
MnI=Minor iterations A=N of aerodynamic probl.

5.4 Analysis of the optimized wing with STAR-CCM--+

The optimized main element obtained by the optimization process was further analyzed using
STAR-CCM+. This solver was used and validated on the wingsail geometry in both the scale and
the full scale model giving solutions in good agreement with both the experimental data and the
LES solution carried out with CharLES X. For verifying the accuracy of the ADFlow solver, used
during the optimization, its aerodynamic solution on the optimized main element was compared
with the one obtained from STAR-CCM+.

In a second time, the performances of the optimized main element were compared with the original

trapezoidal one. A final test was then carried out on the two element wingsail design. The
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performance of the original wingsail was compared to the one of the two-element wing made by the
optimized main and a trapezoidal flap. The aim, in this case, is to check if the optimization of a

single element can still lead to benefic effects in the multi-element wing configuration.

5.4.1 Comparison of STAR-CCM+ and ADFlow on the optimized main

To simulate the flow on the optimized main element under STAR-CCM+, the main geometry
had to be recreated starting from the mesh points on the airfoils in correspondence of the five
reference sections along the wingspan. These points were imported in CATIA v5 for designing the
splines constituting the airfoils and then creating the entire surface of the wing. The geometry was
imported in STAR-CCM+ for the simulation.

A box was created as computation domain. The wingsail lies directly on the bottom surface of the
domain as it was the case for the ADFlow analyses. The height of the box is 2H while the length
and depth is 40c. The wing is located at 12¢ from the inlet boundary. A velocity inlet condition
was imposed on the inlet boundary as well as on the top, the windward and leeward boundaries.
A pressure outlet was instead applied on the outlet boundary while a symmetry condition was

considered for the bottom surface.

The domain was meshed with polyhedral and prism layers upon the wing surface. The final mesh
counts 10 Millions cells. The simulation was run using the RANS approach for 4000 iterations, i.e.
up to achieve the convergence. The k — w SST model was used for modeling the turbulence. The

analysis was run on 64 cores for 6 hours.

The solution obtained with STAR-CCM+ was compared with the one obtained with ADFlow. The
aerodynamic coefficients of the main element carried out from both the solvers are reported in
Table 5.3.

Table 5.3 — Aerodynamic coefficients for the optimized main element carried out from ADFlow and STAR-
CCM+.

ADFlow STAR-CCM+ A (%)

Cr 0.7967 0.7858 -1.36
Cp 0.0269 0.0270 0.38
Cr 0.2956 0.2912 -1.48

The results agree very well in both lift and drag. The difference in lift is less than 1.5% while for
the drag the discrepancy is less than 0.5%. Consequently even the thrust coefficient of the wing,
depending on the Cf, and Cp coefficients, has a discrepancy of less than 1.5% between the solutions
carried out from the two solvers. In Figure 5.12 the pressure distributions on the three sections
located at z* = 0.25, z* = 0.50 and z* = 0.75 are represented together with the Cp scalar map on

the suction side of the wing.

On the three sections, the pressure curves extracted from the ADFlow and the STAR-CCM+
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computations are in very good agreement. The curves are completely superimposed on the entire
chord length on both the pressure and suction surface. It can be also noticed the agreement on the

C'p scalar map on the wing on the entire main element surface.

—— ADFlow
-- STAR-CCM+

O ADFlow STAR-CCM+

—— ADFlow
-- STAR-CCM+

—— ADFlow
-- STAR-CCM+
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Figure 5.12 — C'p comparison on the optimized main element carried out with ADFlow and STAR-CCM+.

The result obtained in the optimization process with ADFlow is then coherent with the one com-
puted by STAR-CCM+. The accuracy of the solution obtained with ADFlow is elevated confirming
the quality of the optimization analysis carried out on the main element. The STAR-CCM+ solution
on the optimized main element was compared to the analysis performed on the initial trapezoidal
main element to investigate the improvement of the wing performance with respect to the original

main element design.

5.4.2 Original trapezoidal main vs. optimized main element

The original trapezoidal main element geometry was analyzed in the same flow conditions as the

optimized main, for directly comparing the performance of the two designs.
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The initial main element was scaled at the same dimensions of the optimized main element. The
same box domain was also used with the main lying directly on the bottom surface. The mesh was
generated under STAR-CCM+ using polyhedra and prism layers on the wing surface counting 9
million cells The RANS approach was used for the simulations using the k& — w SST turbulence

model. The angle of attack was imposed at 8° as it was the case in the optimized main element.

The trapezoidal main has lower performance in both lift and drag coefficients and hence in thrust
(Table 5.4) with respect to the optimal geometry. On the initial wing, the Cf, is 26% smaller with
a Cp 5% more elevated. The thrust coefficient is then 29% lower than the optimized main.

Table 5.4 — Aerodynamic coefficients on the optimized and the trapezoidal main element.

Optimal Trapezoidal A (%)

Cr 0.789 0.576 -26.6
Cp 0.027 0.028 +5.3
Cr 0.291 0.206 -294

The trapezoidal main has indeed the same airfoils (NACA0025) of the optimization baseline con-
figuration and only a different plan shape. During the optimization analyses, it was observed how
the performance characteristics of the wing largely depend on the airfoil shape and less on the
planform of the wing. In particular, the flow on the trapezoidal wing starts to separate on the
region close to the T.E. while, thanks to the modified airfoils, on the optimized wing the flow is
entirely attached on the wing surface (Figure 5.13). The lift capabilities of the optimized main are
hence enhanced on the rear region of the wing. The flow separation leads to a decrease of the lift

capabilities increasing its drag.

Figure 5.13 — Separated zones on the optimal and trapezoidal main element.
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5.4.3 Analysis of the two-element wingsail

The optimization analysis treated the single main element only. However, in a multi-element
configuration, the flow physics on the wing is highly perturbed by the strong interactions between
the two elements. The flowfield characteristics on the single element can be then completely different

to the case in which this same element is coupled with a flap.

The optimization of the single element could not provide the same benefits in term of performance
when the optimized main is used to compose a multi-element wing. For investigating this aspect,
further simulations were performed on the original two-element wingsail and a wing composed by

the optimized main element together with a trapezoidal flap.

5.4.3.1 Geometry and setup of the problem

The original two-element geometry was considered in the narrow slot configuration (g/c; = 0.8%)
at a flap deflection angle of 25° and a rotation axis located at 95% of the main chord at its root.

The two wingsail geometries analyzed are showed in Figure 5.14.

Flap characteristics
Airfoils NACAO0012

0 25°
g/c1 0.8%
Trot 95%
C2root 1.609 m
Cotip 0.697 m

Trapezoidal wing Optimized main wingsail

Figure 5.14 — Trapezoidal wingsail and wingsail composed by the optimized main element coupled with a
flap.

The wingsail made by the optimized main element was coupled with a flap composed of NACA0012
airfoils, as on the original wingsail configuration. The chord distribution of the flap is also the same

of the one of the initial wing geometry. However the L.E. of the flap is not swept in a way to be
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parallel to the main T.E. A sweep angle was then imposed on the flap T.E. to keep then the chord

distribution (Figure 5.14). The flap was trimmed in the same conditions as the trapezoidal wing.

The computation domain is made by the box domain already used for the main element simulations.
In the two cases, the wingsail is located directly on the bottom surface of the domain where a
symmetry condition was imposed. A velocity inlet condition was in turn applied on the inlet,
leeward, windward and top surfaces, while a pressure outlet condition was imposed on the outlet
surface. The flow conditions are the same imposed on the single element simulations. The domain
was meshed with polyhedral cells and prism layers on the wing surface. The mesh was particularly
refined on the main wake and slot regions with a final cell count of 35 million cells for both the

wing designs.

The flow was simulated at different angles of attack. From the initial 8°, the angle of attack («)
was then modified to 0°, 10° and 12°. Simulations were run using the RANS approach with the

k — w SST turbulence model for 4000 iterations on 64 cores.

5.4.3.2 Analysis of the wingsail performance

The lift and drag curves for the wingsail with the optimized and the trapezoidal main were reported

in Figure 5.15
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Figure 5.15 — (', and Cp curves for the two-element wingsail with the optimized and the trapezoidal main.

The optimized flapped wingsail, contrarily to the single main element case, does not provide the
best lift performance with respect to the original geometry. At o = 0°, the lift coefficient is almost
similar for the two geometries. Increasing the angle of attack, the lift discrepancy enlarges with the
trapezoidal wingsail that achieves higher C, than the wingsail configuration with the optimized
main. In the maximum lift condition, achieved at a = 10°, the difference in lift between the two
geometries is 7%. The optimized wing configuration presents instead a softer stall condition since

its lift slope starts decreasing already at o = 8° limiting the maximum lift performance and the post
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stall condition the Cf, is more elevated than on the trapezoidal wing. The drag coefficients in the
two wings, contrarily to the lift, are almost superimposed. The Cr — Cg,, curves are represented

in Figure 5.16 for both the wingsail geometries.
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Figure 5.16 — Thrust - heeling moment coefficients curves for the two wingsail geometric designs.

The maximum gap in C7 is 6% measured in the maximum thrust points of the two designs. For low
angles of attack, a < 8°, the performance of the two wings are equivalent in both thrust and heeling
moment. The trapezoidal wingsail, however, can achieve higher C'r with a consequent larger C'y, .
Increasing further the angle of attack beyond the stall limit, the optimized main wingsail presents
a lower reduction in thrust than the trapezoidal wing. Furthermore, the onset of the stall leads to
a reduction of 3% in heeling moment on the optimized wingsail design, while on the trapezoidal
wingsail C'grp, decreases of 21%. Also, the heeling moment, at this trim, exceeds the capsize moment
of the catamaran already at o = 0°. Therefore a reduction in camber and angle of attack should

be preferred to avoid lateral instability during the navigation.

The maximum thrust point, objective of the optimization problem, is achieved at high angles of
attack close to the stall limit. The use of the RANS approach allows correctly detecting this point
contrarily to the low-fidelity approach of Graf et al. (2014) [199] where, instead, the stall was not
captured by the lifting line method they employed.

5.4.3.3 Pressure loads distributions

In the optimization of the main element, the airfoil design was highly modified for improving
the loads on the T.E. region of the airfoil. As it was observed in the comparison between the
optimized and the trapezoidal main elements, the modification of the airfoils allows delaying the

flow separation in the T.E. region increasing the lift capabilities of the wing. The pressure load
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was then distributed on the entire chord length while, on the baseline geometry, the rear regions
of the airfoil did not contribute to the lift.

For analyzing the influence of the flap element on the main element flow physics, the pressure
distributions on the two wingsail design were extracted at two different angles of attack, respectively

10° and 12°, corresponding to the stall and post-stall conditions (Figure 5.17 and Figure 5.18).
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Figure 5.17 — Cp comparison on the trapezoidal and optimized main wingsails at o = 10°.
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At o = 10° (Figure 5.17), the difference in Cp concerns exclusively the main element while the
pressure curves on the flap are indeed completely superimposed. On the main, the trapezoidal
wingsail has pressure suction higher than the optimal main wing design except on L.E. zone, where

the pressure peak is 20% higher on the latter configuration due to its thinner airfoils.
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Figure 5.18 — Cp comparison on the trapezoidal and optimized main wingsail at o = 12°.
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At a = 12° (Figure 5.18), the pressure load of the main element is more elevated than the one of
the trapezoidal wing especially on the z* = 0.50 and z* = 0.75 sections where the pressure peak is
70% more elevated in the optimal wingsail configuration. On the z* = 0.25 section, the aft 70% of
the main chord is completely separated on both the wingsail designs. At z* = 0.50, the pressure
distribution of the two wingsails is similar, except in the pressure peak zone, without the occurring
of a flow separation. On the highest section of the trapezoidal wing a flow separation takes place
interesting the aft 50% of the chord while, on the optimal wingsail, the flow is completely attached.
The Cp on the flap remains, instead, similar in the two configurations with quasi constant pressure
distributions on the flap chord due to the onset of a off-surface flow separation on the wingsail
surface. The flow separates from the main element while the jet of the slot keeps flowing on the
flap surface preventing a massive flow separation on it. Under the effect of the modified airfoils of
the optimized main, the flow separation is slower than on the original main leading to a softer stall

condition.

To summarize, the flap interaction with the main element increases the main load perturbing the
flow in correspondence of its T.E. region. Because of the higher flow velocity in this zone due to the
presence of the jet of the slot [49], the pressure recovery on the suction side of the main is favored
delaying the possibility of a flow separation. Hence, if in the single main condition the trapezoidal
design presented a separated zone on the rear part already at o = 8°, in the two-element case the
separation does not occur. Thus, the same benefic effects brought by the geometry modifications
during the optimization process are also introduce by the presence of the flap element. This is true
up to the onset of the stall. In the post-stall condition, the flow separation on the two-element
wingsail is characterized by an off-surface process with the separation involving firstly the main
element. Due to the modified airfoil shape, the separation on the T.E. region of the main develops
slower than on the original wingsail, leading then to a softer stall condition. The stall condition is

further analyzed in the next section.

5.4.3.4 The post-stall condition

As it was the case for the C-class wingsail of Chapter 4, the flow separation occurs on both the
trapezoidal and optimized wing through an off-surface flow separation process. The off-surface
separation is highly sensitive to Reynolds number [65] and it was observed on multi-element con-
figurations at Reynolds number of the order of 10% [62] [65], i.e. the same order of magnitude
of the present case. Hence, even using the same slot parameters analyzed in the scale wingsail,
g/c1 = 0.8% with x,o = 95% at 6 = 25°, the separation process on the full scale wingsail has not

the same characteristics of the scale model.

The scalar maps of the velocity magnitude were carried out for both the wingsail designs, on the
three sections located at z* = 0.25, 2z = 0.50 and z* = 0.75 in both the stall and post-stall
conditions (Figure 5.19 and Figure 5.20).
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At a = 10° (Figure 5.19), in the stall condition, the flow starts to separate from the T.E. region of
the flap with the main wake that starts to spread on the same zone. The spread is larger on the
optimized wingsail leading to a larger decambering of the flow and hence to a lower lift condition.

Optimized Trapezoidal

z* =0.50 z*=0.75

z*=0.25

0 0.5 1.0 1.5 2.0 2.5

ViV,

Figure 5.19 — Velocity scalar maps on the three reference sections on the wingspan for the two wingsail
designs at a = 10° (Re = 2.8 x 10°).

At a = 12°, (Figure 5.20), the main wake keeps spreading on the rear zone of the flap while the
jet of the slot still continues to blow on the flap surface preventing a flow separation. The wake
spreading affects the flow over the main element which has the tendency to separate close to the

T.E. region. This separation provokes a thickening of the wake accelerating the spreading process.

On the z* = 0.25 section, the flow is separated on the downstream zone of the main element up
to the maximum thickness section of the airfoil on both the wingsail geometries. Moving upwards,
at z* = 0.50, the main wake on the optimized wing configuration is spread in the T.E. region of
the flap. On the trapezoidal wing, instead, the wake spreads up to the flap L.E. leading to an
initial flow separation on the main T.E. Also on the z* = 0.75 section, the flow on the optimized
main wingsail is starting spreading on the rear part of the flap surface without involving the main
element. On the trapezoidal geometry the spreading is instead more developed leading to the flow
separation on the T.E. region of the main. This separation thickens the wake zone accelerating the
spreading process with respect to the z* = 0.50 section. With respect to the scale wingsail, the flow
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Optimized Trapezoidal

Figure 5.20 — Velocity scalar maps on the three reference sections on the wingspan for the two wingsail
designs at a = 12° (Re = 2.8 x 10°).

tends to separate faster from the main element since the transition, here, is not modeled. The flow
is hence fully turbulent and consequently the boundary layer thickness is more elevated than on
the scale model. The boundary layer, hence, is also more prone to separate while, on the flap, the
jet remain attached on the flap surface pushed by the normal-to-flow pressure gradient which has
a large strength because of the small yr. The wing on the trapezoidal wing starts then to separate

on the low wing section where the local chord and hence the local Reynolds is more elevated.

The optimized main element was designed expressly to maximize the wing performance reducing
the extent of the separated zone on the main T.E. These characteristics allow reducing the loss in
lift in the post-stall condition. On the NACAQ0025 airfoil indeed the flow separation on the main
T.E. brings to a thickening of the spread wake which acts enlarging the separated zone on the
main itself. On the optimized airfoil instead the wake spreading development is slowed down by
the delay of the flow separation on the main element. Since the flow does not separate from the

main element, the main wake cannot thicken.

The optimized main element even if it does not hold the best performance in the multi-element
configuration allows whatever retarding the onset of the flow separation leading to a softer stall
with respect to the trapezoidal wing. Nevertheless, for the research of the optimal characteristics of
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the wing, the optimization analysis must be performed on the two-element wingsail configuration
and not just on one single element. The interaction between the two elements strongly modifies

the flow physic features modifying the characteristics of the final optimized wingsail.

5.5 Conclusions

An optimization study was performed on the main element of the wingsail for extracting the design
and the trim characteristics that improve the wing performance. The optimization was performed
using the MDOLab platform developed by the Michigan University. A first analysis was performed
modifying the only planform shape of the main element. In a second time the optimization acted
on the airfoil design and in the final analysis both the planform shape and the airfoil design were
considered. The objective function to maximize is the thrust brought to the catamaran under the

constraint of the capsize moment.

The optimal planform shape is close to the elliptical one in a way to minimize the induced drag
of the wing. However, the gain in thrust obtained with the planform modification is small. The
airfoil design instead allows increasing the thrust of about 30%, optimizing the load of the wing
on the entire chord length and reducing the extent of the separated zones. The lift is in this case

more elevated leading to an improvement of the thrust of the wing.

The results obtained from the optimization were compared with the simulation carried out with
STAR-CCM+. The results agree very well in both the aerodynamic coefficients and in the pressure
distribution over the wing. A further analysis was performed on two complete two-element wingsail.
The first geometry is the original trapezoidal wing already analyzed in the previous chapters and
the second one is made by the optimized main element coupled with a flap. This time, the optimized
main wingsail does not achieve the best performance since the interaction between the main element
and the flap strongly modifies the flow characteristics on each element. The flap, in particular, acts
reducing the separated zone on the main element recovering then the benefits of the optimization
process. The optimized wing configuration presents a softer stall characteristic with respect to the

trapezoidal wing.

These results demonstrate the feasibility of the high-fidelity full wing optimization problem using
RANS approach. Running on 256 cores the problem should take about one week to converge to
the optimal solution. This represents an important progress since, contrarily to the low-fidelity
models based on the lifting line method, the RANS approach allows detecting the stall of the wing
and hence a realistic maximum thrust condition of the wingsail which is achieved at high angles of

attack close to the maximum lift point.

The optimization process for maximizing the wing performance should be performed on the com-
plete wing made by the two elements. Furthermore, since the wingsails are light and flexible
structures, their bending and twist is elevated during their utilization. The effects of the deforma-

tion may be beneficial or detrimental for the aerodynamic performance as it was also observed from
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the analysis of the scale wingsail. Furthermore, the aerodynamic flow physic around a deformed
wingsail can be strongly different from the one of the ideal undeformed wing. The aeroelastic effect,

hence, have to be considered in a further optimization analysis.
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Conclusions and Outlooks

The flow on a two-element wingsail was investigated through wind tunnel tests, numerical analyses
on a scale model and on a full scale C-class catamaran and resolution of an optimization problem
based on high-fidelity 3D RANS approach.

The URANS approach was exploited to reproduce the flow around the scale model and the full-scale
wingsail. The numerical solutions well agree with the experimental data, when the wind tunnel
domain is modeled, reproducing also the laminar/turbulent transition on the wingsail surface. The
numerical analysis is however complicated by the presence of non-unique physical solutions caused
by the hysteresis existing on the wingsail. The URANS, in the simulations performed at a fixed
angle of attack, converges on the "decreasing angle of attack solution" (the second solution). To
obtain the "increasing angle of attack solution" (the first solution), the whole process of increasing
the angle of attack has to be reproduced by the set-up of an overset modeling. Starting from an
initial incidence at which the flow is still not separated, the rotation of the wingsail has to be
modeled up to the achievement of the target incidence. In the modeling of the full-scale wingsail in
gust conditions, the URANS approach is in good agreement with the LES solution in the estimation

of the global aerodynamic coefficients and the flowfield patterns.

The slot geometry affects the performance of the wingsail especially at high angles of attack, before
the onset of the stall. For a slot size of the order of 2.5% of the main chord, a multi step stall
behavior combined with a soft final stall is observed on the mid-cambered configuration (§ = 25°)
of the wingsail. The multi-stall is caused by a non-uniform flow separation on the flap span and
between the flap and the main element (the flow on the flap is more prone to separate than on the
main element). The increase of the flap deflection angle at 6 = 35°, contrarily to the expectations,
does not lead to an improvement of the lift capabilities of the wingsail since the slot section, which
is function of the flap deflection angle, becomes too wide to make possible a flow reattachment on

the flap surface which, instead, takes place at lower J.

A widening of the slot size (by enlargement of the distance between the flap leading edge and the
main trailing edge) induces an early flow separation on the flap surface also on the low (6 = 15°)
and mid-cambered (6 = 25°) configurations worsening the high-lift capabilities of the wing. A
narrowing of the slot size, in turn, does not affect the lift performance of the low-cambered setting
but it improves the maximum lift of the mid-cambered configuration since the flow is less inclined
to separate from the flap surface. The multi-stall behavior also disappears while a final abrupt stall
takes the place of the soft stall.

Since the slot size have an impact on the wingsail performance, each factor acting on the geometry
of the slot section, for instance the wingsail deformation or, indirectly, a variation of the Reynolds
number, can modify the wing performance and the stall behavior. Furthermore the increase in
Reynolds number from 0.5x 10° on the scale model to 1.0 x 10% on the full-scale wingsail, contributes

to change the evolution of the flow separation with the flow that, this time, is more prone to separate
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from the main element than from the flap surface.

The slot accentuates also the influence of a flow unsteadiness, like a gust, on the aerodynamic
features around the wingsail. The gust effect on the slot gives indeed origin to a pulse jet which
modifies the circulation of the main element (and hence its lift) and helps the local reattachment
on the flap surface. This flow reattachment is responsible for the appearing of three dimensional
stall cells which contribute to extend further the attached flow zone on the flap. The effect of the
jet depends on the pulse frequency and hence on the gust frequency. The increase in gust frequency

provokes an enhancement of the averaged lift of the wingsail and an amplification of the lift signal.

The optimization performed on the main element geometry gave an indication of the parameters
defining the main element shape that have more influence on the wingsail performance. The plan-
form design has a minor influence on the thrust performance of the wingsail while the modification
of the airfoil shape leads to an improvement close by 30% with respect to the baseline geometry.
The airfoil shapes are indeed modified for reducing the extent of the separated zone in the T.E.
region, increasing the effectiveness of the wing surface. However, comparing the optimized main
element coupled with a flap with the original wingsail, the former has lower performance even if it

has a soft stall behavior.

The outlooks of these projects concern in particular the further development of the optimization of
the wingsail that needs to be performed on a complete two-element geometry taking into account
for the optimization of the slot. The analysis carried out on the main element demonstrated the
feasibility in solving the complete problem, adopting a gradient-based optimization approach, using
the computational means available nowadays. The optimization campaign must consider the search
of the design and trim parameters allowing maximizing the wingsail performance during the entire
navigation. The investigation may include the search of a twisted law for the flap, used on real
wingsails to improve the thrust force without affecting the heeling moment. Since the wingsail is
used at two different operating points (the upwind and the downwind points of sail), a multipoint
optimization problem needs then to be solved at different wind velocities. Furthermore, due to
the large flexibility of the wing structure, the aeroelastic effects need also to be considered during
the optimization process. As pointed out by the wind tunnel tests, indeed, the deformation can

strongly affect the flow physics and then the aerodynamic performance of the wingsail.

The LES simulation needs to be further exploited for the analysis of the turbulent features in the
confluent boundary layer region above the flap surface. In the present study, the analysis was
limited to the extraction of the averaged velocity fluctuating components and the Reynolds shear
stress components. A more refined mesh can be eventually used to details more the turbulence

characteristics especially on the slot region.
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Abstract

Wingsail is a propulsion system substituting the conventional main soft sail on the America’s
Cup and C-class catamarans. This rig is similar to a slotted-flap aeronautical wing, made by two
elements divided by a slot. With respect to soft sails, the wingsail improves the performance of the
yachts allowing navigating faster than the wind in both the upwind and downwind points of sail.
However, the abrupt stall characteristics of the wing and its sensitiveness to the wind unsteadiness
make difficult its management during the navigation. The modification of the strength of the
aerodynamic forces acting on the wingsail, due to a gust or to the achievement of the stall limit,
can compromise the stability of the catamaran. Thus, the wingsail has to be designed and trimmed
to avoid the possibility of a capsize but, to do this, the aerodynamic envelop of the wingsail must
be known. The aim of the Ph.D. project is, hence, to characterize the flow around the wingsail

investigating the influence of the geometric and trim parameters on the wing performance.

An experimental campaign was set up on a two-element wingsail scale model. The wing was ana-
lyzed at different flap deflection angles and slot sizes, modifying also its angle of attack. Load and
pressure measurements were performed together with tuft, viscous oil, PIV and photogrammetric
tests. In a second time, URANS numerical analyses were performed on the scale wing reproducing
the experimental conditions. After a numerical validation by comparison with the experimental
data, a parametric analysis was performed modifying the slot size of the wing at different flap
deflection angles. The URANS approach was also used, together with the LES, to analyze the
flow around a full scale catamaran taking into account for the sea environment conditions. A final
optimization of the shape and trim was carried out on the geometry of the main element of the
wing. The optimization framework used consists of a gradient based optimizer, and a discrete

adjoint method for the gradient evaluation.

The URANS analyses on the scale model are in good agreement with the experimental data when
the wind tunnel domain is modeled. On the full-scale catamaran, the URANS and the LES simu-
lations are in agreement in the estimation of the global aerodynamic coefficients and of the global
flow pattern. The analyses highlighted the impact of the slot size, which depends also on the flap
deflection angle, on the wingsail performance and the stall behavior. A widening of the slot size
accelerates the flow separation on the flap surface reducing its effectiveness when the flap deflection
is increased. The slot is also responsible for a non-uniform flow separation on the flap span and
between the flap and the main element leading to a multi-step stall behavior. A narrowing of the
slot size improves the flow capabilities to remain attached on the flap surface, enhancing the lift of
the wing at high angles of attack and making disappear the multi stall behavior. The gust affects
the physics of the jet of the slot increasing the wingsail performance. The increase of the gust
frequency contributes to enhance the circulation of the main element and to enlarge the extent of
the attached zone on the flap surface. The results of the optimization problem on the main element
geometry showed the larger impact of the airfoil design, with respect to the planform shape, in
the improvement of the thrust capabilities of the wingsail. However, these improvements disappear

when the main element is coupled with the flap.



Résumé

L’aile rigide navale est le moyen de propulsion qui se substitue a la grande voile souple sur les cata-
marans de classe Coupe de I’América et Class-C. Ce gréement est similaire & une aile aéronautique,
composée de deux éléments, avec le volet séparé de I’élément principal par une fente. Comparée
a une voile souple, 'aile rigide permet d’améliorer les performances du bateau en naviguant a des
vitesses plus grandes que celle du vent. Cependant, le décrochage brutal qui caractérise ’aile et
sa sensibilité a l'instationnarité du vent rendent difficile la correcte maitrise de ’aile pendant la
navigation. La modification des forces aérodynamiques qui agissent sur l'aile, dii a ’action d’une
rafale ou au dépassement de la limite du décrochage, peuvent compromettre la stabilité du catama-
ran avec un possible risque de chavirage. L’aile doit donc étre dessinée et réglée correctement pour
éviter cette possibilité de chavirage, mais il est nécessaire de connaitre I’enveloppe aérodynamique
de l'aile. Le projet de thése vise donc a caractériser ’écoulement autour d’une aile rigide pour

investiguer 'influence des parametres de géométrie et de réglage sur ses performances.

Une campagne expérimentale a été réalisée sur une aile a I’échelle bi-éléments. L’aile a été analysée
a différents angles de braquage du volet et taille de fente, en modifiant en méme temps son angle
d’incidence. Mesures des pesées et de pression on été effectués avec aussi le déroulement de tests aux
fils textiles et aux huiles visqueux et de tests PIV et photogrammetriques. Des analyses numériques
ont été mises en place en URANS sur laile a I’échelle en reproduisant les conditions de soufflerie.
La géométrie de la soufflerie a été modélisée pour prendre en compte des effets d’interaction avec
I’écoulement autour de 'aile. Une étude paramétrique a été finalement effectuée en modifiant la
taille de fente aux différents angles du volet. L’approche URANS et LES ont été aussi exploitées
pour analyser 1’écoulement autour d’un catamaran complet a pleine échelle. Les conditions envi-
ronnementales du vent ont été modélisées pour investiguer son influence sur les performances de

I’aile. Une analyse finale d’optimisation a été effectuée sur I’élément principal de aile.

Les analyses URANS sont en bon accord avec les données expérimentales si le domaine de soufflerie
est pris en compte. Sur 'aile & pleine échelle, les solutions URANS et LES sont en accord lorsque les
caractéristiques aérodynamiques globales de 1’écoulement sont comparées. Les analyses montrent
I'impact de la taille de fente, qui dépend aussi de I’angle de braquage du flap, sur les performances
de laile. Une augmentation de la section de la fente accélere le décollement de 1’écoulement de la
surface du flap en réduisant ’efficacité du flap aux grands braquages. La fente est aussi responsable
du décollement non uniforme le long de 'envergure du flap et du flap par rapport a I’élément
principal qui conduisent a un décrochage en plusieurs étapes. Une réduction de la taille de fente
améliore la capacité de I’écoulement a rester attaché sur la surface du flap, en augmentant la
portance de l'aile aux incidences élevées et en faisant disparaitre le décrochage en plusieurs étapes.
La rafale affecte la physique du jet du slot modifiant les performances de l'aile. L’augmentation de
la fréquence de la rafale améliore la circulation de I’élément principal et élargie la zone d’écoulement
attaché sur la surface du flap. Les résultats du probléme d’optimisation ont montré la forte influence
du dessin des profils par rapport & la forme en plan pour 'amélioration de la force de poussée de

I’aile. Cependant ces améliorations disparaissent quand 1’élément est couplé avec le flap.





