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Abstract. An aerodynamic numerical optimisation procedure for an AC72 rigid wing sail was developed. The core of the method is 
the geometric parameterisation strategy based on a mesh morphing technique. The morphing action, which uses radial basis 
functions, is integrated within the Reynolds-averaged Navier-Stokes solver and provides an efficient parametric sail aerodynamic 
analysis method which is integrated in an optimisation environment based on a velocity prediction program. A hydrodynamic model 
is coupled to the parametric numerical solver in an iterative procedure. The shape modifiers operate on angle of attack and twist of 
the fore and aft wing element. For each true wind condition, the velocity of the boat is maximised by iterating between the solution of 
the velocity prediction program and the solution of the fluid dynamic solver. The effectiveness of the proposed method is 
demonstrated testing a range of wind speeds.  

NOMENCLATURE 

 Angle between main and flap chord (deg) ߜ
௚௔௣ݔ∆  Gap between wing elements along the main 

longitudinal axis 
௚௔௣ݕ∆  Gap between wing elements perpendicular to 

the main longitudinal axis 
 Deflection of the main trailing edge (deg) ߛ
 Leeway angle (deg) ߣ
 Angle of attack, between the main element ܣ݋ܣ

axis and the apparent wind direction (deg) 
 Aspect ratio ܴܣ
 Apparent wind angle (deg) ܣܹܣ
 Apparent wind speed (m/s) ܹܵܣ
 Boat beam (m) ܤ
ௌܸ Boat speed (m/s) 
ܿ Wing chord (m) 
 ஽೑ Foil drag coefficientsܥ

 ௅೑ Foil lift coefficientsܥ

௙ܦ  Foil drag (N) 
 ௑ೢ Wing sail force component along X axis (N)ܨ
௒ೢܨ  Wing sail force component along Y axis (N) 
݃ Gravitational acceleration  (m/s2) 
݄௙ Hydrofoil centre of pressure distance from 

waterplane (m) 
݄௪ Wing centre of pressure distance from 

waterplane (m) 
 ௒೑ Hydrofoil lift components along Y axis (N)ܮ

 ௓೑ Hydrofoil lift components along Z axis (N)ܮ

݉ Boat mass (kg) 
 True wind angle (deg) ܣܹܶ
ܹܶܵ True wind speed (m/s) 
ܷ Non-dimensional flow velocity 

1. INTRODUCTION 

This paper describes a shape design tool, suitable for 
rigid wing sails, which couples a Reynolds-averaged 
Navier-Stokes (RANS) solver with a Velocity Prediction 
Program (VPP) within a numerical optimisation 
environment. The code was developed for an AC72 
double element wing configuration. A shape 
parameterisation strategy, based on a mesh morphing 
techniques, was employed. The mesh morphing is based 
on Radial Basis Functions (RBF). This approach allows 
for the solution of both the geometric parameterisation 
problem and the computational domain adaptation. An 
aerodynamic polar formulation was used to model the 
foil hydrodynamic forces. The boat equilibrium system 
of equations is solved by iterating between the VPP and 
the RANS solution. This coupling is integrated with a 
single-objective numerical optimisation procedure.  

RBF are a class of interpolation functions that can be 
used to drive mesh morphing of the discretised domain of 
computational models by applying predefined 
displacements to a set of purposely generated points, 
called source points. The main characteristics of this 
approach are: 

 Morphing requires significantly less 
computational time than re-meshing 

 Preservation of mesh consistency and topology 
 Low disk usage 
 Exact control of node position 
 Low remeshing noise 
 Can be integrated in the computational fluid 

dynamic solver 
 Capable of handling large grids 

Despite all aforementioned benefits there are still some 
open issues that are limiting the potentials of RBF mesh 
morphing. The first limit is given by mesh distortion 
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occurring after morphing. Even if it can be alleviated 
using smooth morpher (e.g. RBF based on bi-harmonic 
kernel), there are applications where reusing the same 
mesh for topological or room reasons is impractical (i.e. 
too much compression or stretching). The second limit is 
the high computational cost of RBF. In fact, while at 
each iteration the mesh is morphed with minimal 
computational time, the RBF fitting, which is performed 
just one time to build the parameterisation, is 
computationally intensive. This can be overcome using 
fast solvers whose implementation can be delicate and 
complex. In previous years [1, 2], the high numerical 
cost has limited the application of RBF. In fact the direct 
solution grows by ܰଷ, where ܰ is the number of RBF 
source points. A recent study about mesh morphing using 
tri-harmonic RBF kernel [3] demonstrates the good 
potential of the method, but even in this case 
performance was perceived as a barrier. The first 
industrial implementation of RBF mesh morphing was 
introduced in 2009 [4] where a fast RBF solver for the 
bi-harmonic kernel, RBF Morph, was employed, showing 
a scalability with ܰଵ.଺. A complete description of the 
method is given in [5]. 

Mesh morphing techniques based on RBF Morph was 
used to deal with several problems as shape optimisation 
[6], ice accretion simulation [7] and fluid-structure 
interaction [8]. Industrial applications include: 
automotive [9], motorsport [10, 11], nautical [12], 
medical [13] and aerospace [14, 15]. 

In the 34th America’s Cup all teams adopted two-
element wings, similar to an aircraft single slotted flap 
wing configuration with symmetric airfoils. The forward 
element, also called the main element, may have a 
flexible trailing edge that introduces camber and provides 
an additional control system. The rear element is also 
called the flap.  

The AC72 Class Rules regarding the wing are hereby 
summarised. The rules refer to the wing measurement 
grid reported in [16]: 

 The wing shall be designed to be symmetrical 
about the wing centreplane in wing 
measurement position 

 The wing is divided into 12 parts with a 
limitation on the maximum and minimum chord 

 The total wing area in measurement position 
shall not be greater than 260.00 m2 nor less than 
255.00 m2 

 When viewed perpendicular to the wing base 
plane, the projected area of the wing shall not 
exceed:  

o 2.25 m2 above 33.850 m from the wing 
base plane 

o 5.50 m2 below 2.000 m from the wing 
base plane 

 The leading edge of the wing shall be straight 
below 8.300 m from the wing base plane 

According to these rules, assuming the maximum 
reference surface and a span ranging from 36.5 m and  
38 m, the possible wing aspect ratio ranges between 
around 10.2 and 11.1. In Figure 1 the maximum and 
minimum wing planform limits, imposed by the rules, 
are showed by red and blue curves respectively. Within 
these limits, the planforms with the maximum and 
minimum aspect ratio (with constant reference surface) 
are plotted with thick black lines in Figure 1a and Figure 
1b, respectively. 

 

Figure 1. Side view of different aspect-ratio planforms 

2. 2D SECTION ANALYSIS 

In order to identify the optimum gap between the wing 
elements, a set of preliminary parametric 2D 
aerodynamic analyses were performed. Figure 2 shows, 
as example, the non-dimensional velocity (ratio between 
the local flow velocity and the free stream velocity) for 
two positions of the flap with respect to the main 
element. The angle of attack is AoA=11° and the flap 
angle relative to the main element is 7°=ߜ. The distances, 
along the main element chord, between the trailing edge 
of the main and the leading edge of the flap (Δݔ௚௔௣) are, 
in this analyses, 0.02ܿ (Figure 2a) and 0.04ܿ (Figure 2b). 
Figure 2 shows that the smaller Δݔ௚௔௣ allows an attached 
boundary layer on the suction side of the flap, and thus 
higher performance, while the higher Δݔ௚௔௣ leads to a 
stalled flap and to lower performance.  

Figure 3 shows how the flap separation can be avoided 
also  deflecting the trailing edge of the main element and 
thus decreasing the gap between the two wing elements.  
The contours of non-dimensional velocity are shown for 
AoA=2° and 20=ߜ. While Figure 3The use of a flexible 
trailing edge to control the gap between the elements 
showed good potentialities but introduced additional 
variables and complexities and therefore it will not be 
considered in the following 3D analysis.  

The optimum range of flap position and deflection 
resulting from this parametric study are summarised in 
Table 1. Interested readers can find a dissertation on 2D 
high lift device design in [17]. 
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Figure 2. Contours of ܃ for ઢܘ܉܏ܠ ൌ ૙. ૙૛܋ (a)  
and ઢܘ܉܏ܠ ൌ ૙. ૙૝܋ (b) 

 

Figure 3. Contours of ࢁ for ࢽ ൌ ૙° (a) and ࢽ ൌ ૚૙° (b) 

Table 1. Optimum 2D parameters 

 ௚௔௣  0.02ܿ – 0.03ܿݔ∆

 ௚௔௣  0.015ܿ  – 0.025ܿݕ∆

~ ߛ
ߜ
2

 
 

3. 3D ANALYSIS 

The proposed algorithm couples the RANS solver with 
the VPP in an optimisation environment. The objective 
function of the optimisation is the maximum boat speed 
along the sailed course ( ௌܸ). The maximum aspect ratio 
planform and the optimum gap between wing elements 
without main trailing edge deflection were adopted to 
define the 3D geometry. 

3.1 Wing trim 

The vertical profile of the angle of attack of the main and 
flap elements are defined by a 2D quadratic Bézier 
curves (Figure 4). The first control point, located at the 
root section, has as abscissa the reference element angle 
of attack. The mid point controls the shape of the twist 
profile. This results in four degrees of freedom per wing 
element: the angle of the three points and the height of 
the mid point. However, the same height and angle were 

used for the mid control points of the two elements, 
leading to six parameters in total. It was found that the 
computational time required to optimise all six 
parameters with a standard workstation was impractical. 
Therefore, in the  results presented here, for each 
iteration the twist is set to match that of the updated 
apparent wing angle vertical profile, while the root angle 
of attack of the main element (AoA) and the root 
deflection of the flap (ߜ) are optimised. 

 

Figure 4. Example of twist distribution  
defined by three points 

3.2 Mesh morphing 

Mesh morphing and shape parameterisation are 
performed with RBF Morph. The range of grid nodes 
displacement is set a priori and the morphing is 
controlled by source points, which define the dimension 
of the RBF problem. The mesh morphing is performed in 
two steps: the nodes of the moving walls are first moved 
according to the defined kinematics, the RBF action is 
then extended in the volume, smoothing the grid up to 
the prescribed surrounding limits. The obtained RBF 
solution is sent to the RANS solver.  

3.3 RANS 

The domain is made of a cube, whose faces are 30 m 
from the wing in all directions, but for the bottom face 
that models the water plane. The wing is fixed and the 
twisted apparent wind velocity profile is used as a 
Dirichlet boundary condition on the two upstream faces, 
symmetry condition is used on the bottom and top face, 
while a Neumann condition for the pressure is applied on 
the two downstream faces. A coarse multi-block 
structured hexahedral grid (Figure 5) with only 200.000 
cells is used to demonstrate the effectiveness of the 
proposed method, however it is anticipated that a finer 
grid would be necessary to decrease the numerical 
uncertainty. Future works should include the 
quantification of the uncertainty of the computations, and 
the propagation of the RANS uncertainty on the 
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optimised solution. This analysis should provide the 
requirements, including grid and time step resolution, 
and convergence criteria, for the specific design purpose. 
The rig and the hull are not modelled in the present 
simulations but these should be included for industrial 
applications of the proposed method. 

The incompressible steady RANS equations for 
Newtonian fluids are solved together with the two 
equation k-ω Shear Stress Transport (SST) turbulence 
model [18]. A steady pressure-based solver, with a 
coupled scheme for pressure-velocity coupling, and 
second order upwind scheme for spatial discretisation is 
adopted. 

 

Figure 5. Surface grid of the wing 

3.4 VPP 

The boat is modelled as flying upright on the leeward foil 
and the equilibrium is computed for four degrees of 
freedom, pitching and yaw moments excluded. Figure 6 
shows the equilibrium of boat in the front plane and the 
equilibrium of the forces. 

The system of equilibrium, assuming the X axis aligned 
to the boat direction, is: 

 

ሺܵሻ ൌ

ە
ۖ
۔

ۖ
ۓ

௑ೢܨ ൌ ௙ܦ
௒ೢܨ ൌ ௒೑ܮ
݉݃ ൌ ௓೑ܮ

௒ೢܨ ൫݄௪ ൅ ݄௙൯ െ ݉݃ ௙ܾ ൌ 0

																		ሺ1ሻ 

 

where ܨ௑ೢ and ܨ௒ೢ  are the sail aerodynamic forces along 
the X and Y axis, respectively; ܦ௙ is the hydrofoil drag; 
 ௓೑ are the hydrofoil lifts in the side and verticalܮ ௒೑ andܮ

direction, respectively; ݄௪ and ݄௙ are the distances from 
the water plane of the centre of pressure of the wing and 
hydrofoil, respectively; ௙ܾ is the distance between the 

centre of pressure of the hydrofoil and the boat’s 
symmetry plane; and ݉݃ is the gravitational force.  

 

Figure 6. Schematic diagram of the boat equilibrium 

The hydrodynamic forces are computed using 2D foil 
experimental coefficients and potential flow theory, 
assuming that the hydrofoils are isolated symmetrical 
elliptical untwisted wings [19]. The lift and drag 
coefficients can therefore be computed as: 

஽೑ܥ  ൌ ஽೑బܥ ൅
௅೑ܥ

ଶ

ܣߨ ௙ܴ
 (2) 

௅೑ܥ  ൌ
௅೑బܥ

1 ൅
2
ܣ ௙ܴ

 (3) 

where ܥ௅೑ and  ܥ஽೑ are the lift and drag coefficients of 

the hydrofoil; ܥ௅೑బ  and ܥ஽೑బ  are the 2D lift and drag 

coefficients of the hydrofoil section taken from 
experimental database; and ܣ ௙ܴ the aspect ratio of the 
hydrofoil. 

The process is led by Matlab scripts that drive the RANS 
solver, extract the aerodynamic forces, solve the 
equilibrium equations of the VPP, run the optimisation 
algorithm, update the RANS boundary conditions and 
repeat the cycle until convergence is reached. Figure 7 
shows the workflow of the procedure. The objective is to 
find the trim that maximises the boat speed ሺ ௌܸሻ at fixed 
true wind speed (TWS) and angle (TWA). The process 
starts guessing ௌܸ, ݄௙, the leeway angle ሺߣሻ and a 
wingsail trim. The apparent wind speed profile is 
computed and imposed as the RANS boundary 
conditions. When the RANS simulation is converged, the 
time-averaged forces acting on the wing are extracted 
and used to solve the system (S), which provides new 
values of ௌܸ, ߣ and ݄௙. The boat speed is estimated by an 
iterative procedure in which an optimisation criterion, 
based on the Nelder-Mead Simplex algorithm [20], finds 
the optimum ݄௙ and leeway angle ߣ that maximise the 

y 

z 

FYw 

LZf 

mg 

LYf 

hw 

hf 

bf 
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boat speed and satisfy the constraint ܨ௒ೢ െ ௒೑ܮ ൌ 0. The 

RANS simulation is run again updating the onset 
velocity profile based on the computed ௌܸ, ߣ and ݄௙. 
Convergence is achieved when the absolute value of the 
difference between the latest two computed boat speeds, 

ௌܸ
௡ and ௌܸ

௡ାଵ, respectively, is smaller than an acceptable 
error ߳. 

The routine is implemented with the possibility to select, 
as optimisation criterion, between a pattern search [21] 
and a genetic algorithm [22]. 

 

 

Figure 7. Program flowchart 

3.5 Examples of results 

To demonstrate the potentialities of the presented 
method, the program was run for a true wind angle of 50° 
and for true wind speeds of 10 knots and 15 knots.  

The main trailing edge and the flap leading edge were 
maintained straight and parallel, and the gap between the 
elements was set constant along the span to 2% of the 
chord (Fig. 8). The twist profile was set equal to the 
vertical profile of the apparent wind angle, which was 
calculated every iteration of the “Equilibrium search” in 
Figure 7. The final optimised geometry has, therefore, an 
optimum main and flap angle, and a twist profile that 
replicates the AWA profile at the obtained sailing 
conditions. The optimisation was performed applying a 
pattern search algorithm.  

In Figure 9 and Figure 10 the convergence histories of 
the optimisation variables are presented. The main-
element angle of attack (AoA) is defined in terms of the 

wing root chord angle with respect to the boat symmetry 
plane. The flap angle ሺߜሻ is defined as the angle between 
the main and the flap chord. Figure 11 shows the 
maximum boat speed for each iteration. 

In 10 and 15 knots of wind at 50° true wind angle, the 
boat sailed on the foil at 27 and 32 knots, respectively. 
The optimum angle of attack of the wing fore element 
was 4° and 3°, respectively, at the root; while the 
optimum flap angle with respect to the fore element was 
5° and 4°, respectively. Similar boat speeds could be 
achieved by increasing the angle of attack of the fore 
element and decreasing the angle of attack of the flap, or 
vice versa.  

 

Figure 8. Side view of the tested wing planform 

 

4. CONCLUSIONS 

An aerodynamic optimisation procedure for an AC72 
wing sail was developed. It includes a RANS solver and 
a VPP. The boat performance is maximised identifying 
the optimum values of a set of parameters defying the 
wing trim. In particular, a four degrees of freedom 
equilibrium equation system is solved for a prescribed 
wing geometry, providing the sail forces by RANS 
computations. An optimisation algorithm guides the 
shape modifiers in order to drive the search by 
identifying the optimum wing trim for prescribed true 
wind conditions. The objective is to maximise the boat 
speed. 
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Figure 9. Convergence histories of main element angle of attack for the first set of results 

 

 

Figure 10. Convergence histories of flap element angle of attack for the first set of results 

 

 

Figure 11. Convergence histories of the boat speed for the first set of results 

 

The effectiveness of the developed code was 
demonstrated showing a two variable single objective 
optimisation. The variables were the trim angles of the 
two wing elements, and the angles of attack were 
optimised at two different true wind speeds.  

While the results could not be validated due to a lack of 
experimental data, the computed maximum boat speed 
and optimum wing trim had reasonable values compared 
to what has been observed in full scale. 

The gap between the main element of the wing and the 
flap was set constant to 2% of the chord. This value was 
found to be optimum within a preliminary parametric 2D 
analysis. This analysis showed that a difference of a few 
percent can lead to either attached flow on both the wing 
elements or to significant trailing edge separation on the 
main element and stall of the flap. Therefore future 
works should optimise the gap between the elements 
taking into account the 3D effects. Separation was also 

found controllable using a flexible trailing edge of the 
main element, and the optimum deflection angle was 
found equal to approximately half of the flap deflection 
angle.  

The novel optimisation method which is proposed in this 
paper can be employed for the design of wing sails and to 
identify optimum sailing conditions. The strength of the 
method is a robust and efficient mesh morphing approach 
that allows updating the mesh with a morphing action, 
which requires a very small computational effort 
compared to re-meshing. The robustness of the method 
has been demonstrated, without loss of generality, using 
a coarse grid and a basic hydrodynamic model. 
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