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SUMMARY

In this paper, we address the problem of sailirghyaig design through the development of a contpmrtal framework

based on viscous CFD modelling for the aerodyngait and on a non linear structural modelling fer $tructure part.
The FSI coupling used is a loose coupling. Ther@stebut also the expertise needed to use RANSIbaseous CFD
for the aerodynamic modelling is justified througkamples and validations with a focus on compleassed flow

configurations. The originality of the presentednpuitational framework is its ability to address @bex, non linear
optimization problems with a derivative free evaugry strategy. This capability is enhanced byféwt that it is based
on a remeshing technique rather than on a deformmagh one. After the description of the main elamef this

computational framework for FSI, it is used for gaa sail optimization problems and for the rigidesof a 18 footer
to illustrates its capabilities and limitationspduce accurate aeroelastic solutions on sail@oyrigs.

NOMENCLATURE

B - Apparent wind angle interaction, mast effect, coupling mechanism betwbe

¢ - Sail chord mainsail and the foresail, upwind and downwindisgil
Cu G- Drag and lift force coefficients conditions, sail twist and atmospheric boundaryetay
C, - Driving force coefficient flow separation, fluid structure interaction, etc..

Cy - Heeling force coefficient In a more general sense, this membrane design
C, - Pressure coefficient problem is a complex multidisciplinary problem aet

d - Sail trim angle crossroads of the research developments needédidn f
dcv - Mainsail trim angle structure coupling with numerous fields of applicat

& - Foresail trim angle This complex and multidisciplinary problem implyath

f - Sail camber various approaches are currently in developmenh wit
Fn- Aerodynamic heeling force various hypotheses. Rigorous comparisons betweem ea
F, - Aerodynamic driving force of them are of high benefit to promote a criticahchin a

i - Aerodynamic angle of attack community where passion is sometimes dominant.

M- Aerodynamic heeling moment For the aerodynamic part of the FSI problem,
S - Sail surface existing tools that are based on inviscid modellargl

x; - Location of the sail maximum camber those that are based on viscous flow modelling.

V - Apparent wind velocity Velocity Prediction Programs (VPP) that are

frequently used in sailing yacht design are based o

simplified aerodynamic and hydrodynamic models to
1. INTRODUCTION predict aero-hydrodynamic forces and there depeseden

to design parameters. These models are crude

The design of interacting sails for highly representation of the real forces acting on saiaghts

competitive sailing yachts is a multidisciplinargsign [23, 19, 24-26]. Some of their drawbacks are kndan
problem addressed by sail designers, sailors and€Sult in some misleading predictions but increthesr
scientifics from years [1]. Sail design is an asing  Performance is not an easy task [23, 19, 24-26]sd#d
considerations from membrane structures and Pefore [9], experiments are probably the best metioo
aerodynamics. The sail designer is interested ttebe Predict theses forces by taking into account reatldv
know the global three-dimensional flow around sailth effects like viscous separation, unsteadiness, Bt it

particular attention on wakes and peculiar phen@men iS difficult to discard scaling effects during the
linked to rig layout. He is interested to have a {ransposition to real yachts. It is always diffictd take

quantitative analysis of aerodynamic loads anccatral ~ into account aero-structural coupling which may be
stresses and their dependency to design changissisTh important in sail design. Another difficulty specifto
part of the design process. experiment is the ability to access all physmai@bies .
Historically, many papers address a part of theseneeded to better ur)derstand rovy around bodies hwhic
questions from various scientific points of viewJ2]. ~ May be helpful to guide future design. _
These researches put some light on sail designer ~ The best aerodynamic model we have today is
questions and their main parameters like sail dspgio, ~ Viscous Computational Fluid Dynamics (CFD) through
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drawbacks when used to predict forces acting oacaty

They may be time-consuming and they need some op 0 _

expertise to be accurate. But, the highest timeswaing E*'g(pui) =0

task in the process is the engineer time needed to P) P) p_ 0
generate meshes with a high quality standard orplaom a(/ﬂi)*'&(puiuj) = ‘&*a[fu +R;]

geometries. These facts drive two questions to make i i

RANS methods useful for yacht and sail designer:
With the viscous stress tensor

* Is it possible to automate mesh generation and r.=2u[S, _1odu 1]
1 ] 1

integrate RANS simulations into a user-friendly 3 0%,
environment?

* Is it possible to validate RANS predictions by the deformation tensor
comparisons with experiments representative to 1 du Ou,
real flow conditions? S = > (67' +—1)

X; 0%

This problem has been addressed in previous papers
[15, 16] by developing a computational framework and the turbulent Reynolds stress tenspwich should

ADONF for two-dimensional aerodynamic problems. It & modelled (see turbulence modelling part). Faligw
has been shown that it was possible to resolveBoussinesq hypothesis this tensor may be approginat
optimization problem about sail design and sail PY: 5

interactions by simulating a large number of flow O[S _E&d _2 5
configurations through high-fidelity RANS solver. R DA 1S, 3 0%, 2 3('0k) !

Examples illustrated have been focused on questions

like: how to better design and trim interactinglsaor 2 > SOLVER

complex rigs. How to maximize a given function like

driving force chosen to evaluate the sailing boat The solver used for the resolution of the Navier-
performance and taking into account some cons§aint giokes equations is Fluent. It is a steady or adste
like the maximum heeling moment? compressible or incompressible, three-dimensioolaks

In this paper, the extension of the computational hich resolve the previously given Reynolds Averhge
framework ADONF is proposed to address three- Nayier-Stokes (RANS) equations. In the presentystud
dimensional FSI problem. o _ the segregated solver and the Spalart-Allmaras

The fluid model is briefly presented in its main {,rpulence model [27] in its vorticity-based or adtr
components and key elements for accurate resufts. T yorticity-based production term have been used. Whe
structural model is described with a special ait@nto not explicitly specified, second-order spatial and

the fluid structure interfacing methods used. The emporal schemes were used in its steady versidriren

computational framework and the optimization algori  jmportance of that point will be shown in resul¢ten.

are also described. Then examples are used tdrafles To solve the Navier-Stokes equations, proper
capabilities of ADONF for sail design and optimipat  poyndary conditions are required on all frontiefsthe
with an FSI formulation for three-dimensional flaws flow domain. At wall boundary, the no-slip conditigs

applied. A pressure outlet boundary condition iplieg
at the outlet. A symmetry boundary condition iscusa
2. FLUID MODEL the top and bottom faces of the domain. A velotitgt

) ) ) boundary condition is applied on other frontiensl€(,
In this section, main elements of the |eeward and windward).

computational model are described. Fluid dynamics

equations used to simulate the flow around intergct 5 3 MESH ISSUES

sails are presented with the solver and physicalaiso

and limitations. Viscous Navier-Stokes equations on The mesh generation is a crucial step in the
hybrid meshes with structured and unstructured raesh  5rocess of RANS simulation. It is a time consuming
conformal or non-conformal interfaces between doai 4ctivity which need engineer experience and long

have been used. This is a powerful technology which practice to rigorously clean the CAD geometry and d

increases flexibility to generate high quality mesh {he pest choice for the mesh topology and generatio
around interacting sails for two and three-dimemalo  The mesh influence on the results on typical sails

flows. configurations may be important and should be céigef
evaluated and bounded by relevant choices in migsh s
2.1 GOVERNING EQUATIONS FOR FLUID and distribution over the flow domain. Boundarydes

) ) ) ) have to be resolved on bodies (mast and sails)tlard

~ The viscous flow modelling around interacting jmpose some criteria on mesh size in the normal and
sails is based on the numerical resolution of theangential direction to walls. Flow gradients shibble
following Reynolds Averaged Navier-Stokes equations  e|| resolved. This may be a difficult task on tyali sails
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because of the zero thickness and the subseqaetimde
edge pressure gradient when angle of attack isdead.
Based on these constraints, hybrid mesh technatogy
be a critical issue for high-fidelity RANS simulatis
[13].

In fact, results are never totally independent to
the chosen mesh. The relevant question when
interpreting RANS results on sails is: how boungethe
mesh influence on physical quantities of interest the
required precision. This should be investigated on
simplified geometry through validation with windrtoel
results [13].

To illustrate the mesh convergence, figure 1, the
lift-to-drag ratio convergence with mesh number of
points on a typical sail (ffc = 12.5%, Re = 1.4 ®)1

Figure 2: hybrid mesh example

2.4 TURBULENCE MODELING

Sail aerodynamic is highly concerned with

calculated on four meshes have been shown. On thigeparation bubble, turbulent transition and turbule

particular example, a good convergence on a dritica
physical quantity may be observed.
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Figure 1: lift-to-drag ratio convergence with mesfinement
(number of points divided by 1000

Another important feature of mesh is their
flexibility to be used with different kind of sail
geometries and trim angles. A critical point foclgarig
aerodynamic studies is the necessity to generaghese
on multiple bodies (mast, mainsail, jib, etc...) whic
interact and may be displaced relative to eachrstfidhe
challenge is to generate good quality meshes in th
boundary layers regions of each body without usoa
high aspect ratio cells which may generate numikrica
scheme instability and too much grid points for
computational efficiency reasons. To
topologic constraints and obtain good mesh control,
hybrid meshes (figure 2) is a useful technology. fRore
flexibility, it may be completed by non conformal
interface between the inner structured region atoun
masts and sails and the outer unstructured regmme
all interacting structured domains (figure 2) aswane
with Gambit 2 [28]. The mast trailing-edge withKimo
the zero-thickness sail is a region of difficultyr fthe
structured mesh part and need much more attentidn a
some tricks.

€,

respect these

reattachment process and it is well known that ghes
phenomenon and their associated pressure losses may
have a critical influence on pressure and friction
distribution on sails. Also an accurate represéeniapf
laminar and turbulent separated flow regions isicaii
when we are concerned with drag prediction.

In a previous paper [14] detail flow analysis
with separation regions on mast and mainsail
configurations have been computed and for validatio
purposes. Comparisons were made with wind-tunnel
results of Wilkinson [29-31]. It has been shownt tthee
Spalart-Allmaras turbulence model may have coherent
gualitative behaviour on mast-sail geometries aray m
reveal to be better than more sophisticated turtwae
models based on two transport equations.

The Spalart-Allmaras turbulence model used in
this paper is a one equation model with standard
coefficients values. The equation is a transpouaégn
for the turbulent viscosity as follow:

3. STRUCTURE MODEL

The structural modelling is based on the
software RELAX. It is an interactive, fully non-gar
finite-element code to analyse fabric structuresigig
state of the art relaxation method. RELAX specail s
analysis features enables it to predict the behavid
almost any large-displacement structures. It isoadg
candidate for sail analysis through a fluid-struetioop.

The method of resolution is based on Barnes
studies [32], using dynamic relaxation and kineosati
damping. The model is based on membrane elements fo
sail modelling and beams elements for battens. This
model is described like a parametric surface (ogall
coordinates). Sails materials can be described as a
composite material: each ply contains a filameiut ¢a a
film. The behaviour of the material can be non dine
Resolution method is based on an explicit schentle avi
first order time and space discretization.

RELAX has a sophisticated meshing tool which
can automatically mesh sail geometry given by a CAO
software, such as RHINO 3D. Sail meshing is redlize
using Delaunay triangulation. The grid relates to
boundaries of panels and is refined in regionsreétpst
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curvature. During analysis nodes move to their new aerodynamic solver sends the pressure field on the
equilibrium position. There is no remeshing of the geometry to the structural solver and the strutsobrer

structure.

communicates the new shape of the geometry regultin

Knowing that a membrane element has no from the given pressure field. Also it is necessary

resistance in compression, a wrinkling model
implemented in RELAX to take into account the

is provide a mapping of the pressure field from theédfl

mesh to the structural mesh with no prior knowled§e

compressive stresses. As a membrane has an infinite¢he target mesh.

number of kinematics degree of freedom (possibiiity
deform without a change of stress) and a grid Hasita
number of kinematics degrees, the wrinkling modglli
allows a better prediction by adding freedom degjrée
that time, the membrane is considered as an odictr
material with a linear behaviour.

To achieve this, the coordinate of the structural
surface is mapped onto the unit square using a
development of the texture-mapping method describbed
Desbrun [33].

When the structural mesh geometry is exported
for CFD, we also save a record of the relation leetw

RELAX is a robust solver but excess material the texture-map coordinates and the current global
which is not supported by a batten is a source ofCartesian coordinates. We do this by constructing a
instability. This is a consequence of the choice of NURBS surface approximating the structural modehwi

membrane elements which have no resistance in fogndi
Also, extended foot modelling can be problematic.

RELAX interface presents various possibilities
of trimming. This is useful to modify sail shape an
realistic way. In particular, halyard, stay andwcliength
can be changed, as carriage location.

All data are saved from the last analysis. This is

a useful point in the case of FSI loop. From a lemgthe
next one, just the pressure field has to be updatetd

surface parameterization chosen to match the textur
coordinates. This provides a good record of thatiaa
between global Cartesian and texture coordinates,
although the tensor product NURBS surface cannot
capture all the shape details. This NURBS surface i
saved in a neutral CAD format.

The CFD typically returns a surface pressure
field at global Cartesian positions of the fluid she For
each pressure sample point, we associate the peessu

stresses, geometry and mesh are conserved in mdayory value to texture coordinates by finding the clogesnt

the soft. This allows saving computing time.

4, FLUID STRUCTURE COUPLING

With actual computing power and accessibility
of specialized software, it is now possible to jeed
flying shape of sails through FSI coupling [18]. €Th
resolution in the same time of aerodynamic ancctiral
equations is the best way to join this goal buisita
computationally expensive way [41]. A loose couglin

on the NURBS surface. This operation is loss-less
because every pressure sample is mapped. It irtesdu
position errors of order of the square of the erio
NURBS approximation.

Then the new sail shape corresponding to this
pressure field is given by the structural solveingisan
iges file. The new sail shape is used by the aeraahjc
mesher to generate a new mesh instead of usingda gr
moving technique. This choice is more time consgmin
than moving grid techniques but it is more robust f
large displacement membranes and small cells regess

method allows a reasonable prediction with smalleston sail boundary layers for accurate pressure field

means by using specialized software for the fluid the
structural part.

4.1 PRINCIPLE

In a loose coupling method, aerodynamic and

structural equations are solved independently. st i
possible to use two different software, one dediteb
structural analysis and the other dedicated todflui
analysis even if they are not developed to comnaieic
together. Once the loop initialized the structucalde
send to the fluid code the data concerning thestaipe
and the fluid code send it back the pressure figldail
surfaces. Iterations are made until convergence.

4.2 INTERFACING

The aerodynamic and structural solvers are

different and don't have the same needs concertfiag
meshing. So there respective meshes are
independent and an efficient interfacing methoddede
be developed to link these modules. In the FSI |dbg

prediction. The meshing time is about 10% of the
calculation time, which seems reasonable.

4.2 LIMITS

This type of loose coupling FSI is not a perfect
solution [41]. Maintaining accuracy in data exchesig
between structural and aerodynamic software is
important to obtain relevant aeroelastic results ibis

not easy. Stability can also be a problem in paldic
when aerodynamic stiffness and structural stiffrazesof

the same order. Tests and comparisons are necdssary
evaluate different coupling techniques.

5. COMPUTATIONAL FRAMEWORK

Fluid motion around deforming and interacting

totallysails in their real environment is a complex naredir

problem. This may be more complex if separated flow
sail configurations with unsteady phenomena reldted
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deformations and wrinkling are considered. Because

there are a lot of parameters that define a commpigt Design Vector ) CAD
design, there is a crucial need to integrate aridnaate (Xor X -1 %) > Design
the entire simulation process. If this is donewill be L ) \ )
easier to understand flow physics and gain insfght
better rig design and trim. Turnaround time of the N —Y
simulation process is a major constraint in comrose New o Mesh
software. ADONF is a response to this problem. It gives Design Vector "| generation
us the ability to analyse or optimize a large numbfe \ ‘ J ——
rigs configurations. It opens a new way to the giesi v
process by using a computational framework. It peas ’ o ) )
to enhance the classical design process, whichtieer Opt|m|.zat|0n Flow
based on the designer experience and a trial amd er Algorithms solver
process, by a computational design process able to Y g —T1
explore the design space through the resolutiommrof A 4

i At s N )
optimization problem. Objective Vector Flow

ADONF is a computational framework which (fo, f1, ..., Fo) < Analysis

integrate  and automate the entire computational (. PP )

environment for flow simulation from CAD definitioho

mesh generation, flow simulation, flow analysis and

design modifications using an optimization loop.isTh Figure 3:ADONF optimization diagram
optimization loop is symbolically described on the

diagram of figure 3. The main bottleneck is thesme

generation process automation. But it is also ticati 6. OPTIMIZATION ALGORITHM

advantage over hand made mesh generation as it

generates meshes of high reliability and reprodiityib Many optimization algorithms may be used
This specific property of automated meshes incease ~ depending on the properties of the objective fiomcin
ability to compare and rank different design ot tin. the explored design space. Gradient or simplex ouisth

It also increases ease to study the mesh denéiypiite  are well known optimization algorithms. They haweeb

on results. used but they have some disadvantages. They may be

As it will be shown through examples, in the slow to converge close to the optimum and this @y
next section, it becomes possible to investigatd an Problem when the evaluation cost of the objective
resolve new questions about fluid motion around function is high. This is precisely the case for OCF
designed bodies and their related performances. applications. Another disadvantage is the zigzagrdo

The first level of new questions that can be valley problem but the more important problem isiith
investigated is the “what-if’ questions. What wbié the dependence to initial conditions for multi-modal
performance of this rig design if | change the mast OPtimization problems. It is not easy to show i§igen
section? What will be the performance of this fig i ~ CFD problem may have a multi-modal objective fumeti
change the sail overlapping factor preserving astzom when the objective function evaluation is high ahdt
sail surface? Etc... Only sail designer imaginationl a the design variable number is large [35]. But isiraple

time limits the process. optimization problem in CFD with a subset of théato
For the second level of questions, optimization design variables it has been shown that the objecti
algorithms have been implemented ADONF. With ~ function may be multi-modal [15]. It is one of the

optimization algorithms, a second set of questionse€asons we have chosen to use evolutionary strategy
becomes open for sail researches or sail desigw. tdo  rather than more conventional ones.

change the rig design or the deck plan to increhse An evolution strategy (ES) is an optimization
performance of that particular sailing boat in giwgind ~ Method based on Darwinian ideas of the natural
conditions? How to change rig trimming to incredsat ~ €volution. These techniques created in the ear049
speed in given wind conditions? What is the besthzr have been developed further for fluid flow problems

and trim of these two interacting sails to maximize the 1970s and later [34].

driving force or driving to heeling force ratio?cEt This ~In this paper, we use the CMA-EBdvariance
will be illustrated in more details through exanwpie the ~ Matrix Adaptation Evolution Strategy) evolutionary
results sections. algorithm. It is well adapted for non linear nomuex

optimization problems in continuous domain. It Isoa
well adapted for noisy problems when derivativeeas
methods fail. Because it doesn’t presume or reqthiee
existence of a derivative of the objective functidnis
feasible on non-smooth and even non-continuous
problems, as well as on multi-modal problems.
Following Hansen [36] it is a particularly reliab&nd
highly competitive evolutionary algorithm for local
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optimization and also for global optimization preivls
[37, 38].

One more advantage of this ES algorithm is that
it doesn't require a tedious parameter tuning fer i
application as opposed to commonly used genetic
algorithms.

Now we have defined all the ingredients of our
computational framework, examples will be given to
illustrate the possibility it open for sailing ydchg
optimization through an aerodynamic or an aeroelast
modelling of the problem.

7. RESULTS

Results will be presented through five sectionse Tirst
section illustrates the importance of viscous flow
modelling through RANS. The second, third and fourt
sections illustrate the interest of optimizationdsés for
sails. The fifth section illustrates FSI applicaso

7.1 VISCOUS FLOW PREDICTION

A first point is to understand why and when
viscous flow modelling is needed rather than indsc
potential flow modelling for sail design and trim.

To illustrate this point, it may be considered that
only 3D sails should be of interest. In this cass may
consider Jones & al. [7]. In this study, it is shoan a
IACC rig with mainsail and jibe that viscous andistid
solutions predict opposite ranking for two sail ¢em
design in same wind conditions. It will be of irdst to
know which modelling is wrong but no experimental
results are given.

If one accept to consider a more simple case
with only one 2D sall, it is interesting to lookrfthe
prediction of sail performances with viscous madell
for various sail camber. On figure 4 and 5 maxinmifm
coefficient and lift-to-drag ratio are presentedsus sail
camber value. It is interesting to see that viscous
prediction is able to predict that there is a maximlift
value which can’t be surpassed by increasing tlie sa
camber. Viscous flow modelling predicts a limiting
camber value as wind-tunnel do but as is not ptediby
potential flow modelling. Another interesting resulf
these viscous flow simulations is that dependingttan
numerical scheme used it may be possible to predict
maximum lift-to-drag ratio for a sail camber arout@.
Second-order scheme predict this known result iosit f
order one scheme doesn't.

It may be useful to know these results when

Clmax = f(flc)

5% 10% 15% 20% 25%  30%

Figure 4: RANS prediction of maximum lift coefficie
of a gennaker series of camber ratio ranging frémn®
30%.

fmax = f(fic)
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Figure 5: RANS prediction of maximum lift-to-dragtio
of a gennaker series of camber ratio ranging frémn&

30%.

7.2 OPTIMAL SINGLE SAIL

From F. Bethwaite [40], it is known that there
exists an optimum sail camber for a given mastsThi
observed fact has been chosen as a test caseidateal
ADONF and the implemented optimization algorithms
for sail design questions.

For a single sail the optimization problem may
be formulated as follow: for a given apparent wamgle,
what is the optimal camber and related trim anghiciv
maximize the driving force Fr? The apparent windlan
chosen wag = 30°. Other sail parameters are listed in
the following table:

more complex 3D rig configurations are analysed.

c
6500

fo
7%

X
30%

%o
13°

B
30°

In this example, a gradient based algorithm,
known as the Simplex method, is used. The optinanat
problem has been resolved by computing solutiossdba
on the viscous RANS model. Twenty designs
computation were sufficient to obtain a good
convergence to a sail design and trim (figure 6, The
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following optimal solutions for maximum driving foe
and maximum lift-to-drag ratio has been found:

Objective fov icv
Max(Fr)  18% 7°
Max(Fr/Fh) 8% 3°

A more challenging optimization problem is the
interacting sails problem. The mainsail-jib intdiac on

a sailing boat is a well known problem which has
generated long debates and controversies [1, 4¢ Th
guestion was to know ADONF may be used to explore
this problem in more detail, to clarify the relatio
between foresail and mainsail shapes and rig

The number of needed RANS simulations to performances by taking into accounts separated sflow
determine the optimal solution is dependent to the through viscous RANS modelling.

variable number. In this example with only 2 vales)
the convergence to the optimal solution is fasthds
been verified, by changing the initial conditiorattthe
optimal solution was independent to the initial dibion.
An example of algorithm convergence is given onifigs
2 & 3 for camber, trim angle and driving force.

It is interesting to note that the optimal solatio
maximizing the driving force, present a separati@ar
the trailing-edge on the suction surface (figure B)is
point clearly illustrates the ability of viscous BRo
make a trade-off, between high camber and maskive f
separation on the suction side of the sail, throRgINS
simulations.
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Figure 6: trim and camber convergence
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Figure 7: driving force convergence

Figure 8: stream function around the sail for maximdriving
force at} = 30°

7.3 OPTIMAL INTERACTING SAILS

The optimization problem may be formulated as
follow: for a given apparent wind angle, what ahe t
optimal cambers and related trim angles which maam
the driving force Fr? The apparent wind angle chose
wasf3 = 30°.

As in the previous case, the Simplex algorithm
has been used. The results for the optimum desigim&
are listed in the following table:

ObjeCtive fGV fJ|B iGV iJ|B
Max(Fr)  27%  30%  27° -2
Max(Ft/Fh) 4% 19%  20° 10

The solution that maximizes the driving force is
visualized on figure 9. As in the previous casealém
separation regions are found near the trailing-exgthe
suction surfaces.

W

Figure 9: stream function around two interactinidsdar
maximum driving force g = 30°

For further investigation, it will be possible to
take into account a constraint on the heeling madrten
obtain more realistic designs for a given boat.sThi
constraint may be added through a penalty method or
another constraint handling method [38, 39].

7.4 3D SAIL DESIGN OPTIMIZATION

Our computational framework ADONF has
been recently extended to three-dimensional opétiua.

A first example of an aerodynamic three-dimensional
optimization of a sail shape and trim based onotisc
RANS simulations we have considered a generic
mainsail in upwind conditions.

The sail optimization problem is defined as
follow: search to maximize the driving force of thail
through a parameterization of her camber and trigiea
on the three main sections (bottom, middle and top
sections). The six variables considered for optatiin
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are the camber and trim angle of the three sectilins Given optimization examples in two and now in
this first example no FSI loop is implemented yEhe three-dimensional flows illustrates what can beedon
optimization process resolves three-dimensionali®tav  sail design with the computational framework ADONF.
Stokes equations in RANS formulation with Spalart- It may be used to quantify the influence of maihphi
Allmaras turbulence model and the CMA-ES overlapping factor, sail camber position, entry ait
evolutionary algorithm search for optimal cambed an angles, etc, in a simple manner.

trim angle in the three sections of the sail.

The mesh is automatically generated on ; ; =
GAMBIT with sail surface boundary layer resolutioh 10 Lift to Idrag ratio Pbt cicd . feh
y+=0(300) and a total of 125 000 cells. This isoarse
but sufficient mesh resolution to test the optirticra as
was shown during previous tests. The resolution
constraint may be relaxed during optimization beeau 8+
as said before, automatic mesh generation has la hig
repeatability. Another reason is that we just neetank
various sail shapes not to predict there absolute 6
performance. In fact, as shown in a previous pajber,
important point is to be sure that main flow featuof
the explored rig configurations are well predic{é@].

At the end of the process, when the best shapeiigdf it 4t
is always possible to increase the mesh resolaizimg
another RANS simulation for higher absolute accyrac

During the optimization process, which in this . i .
small case has been stopped at 91 RANS simulatidins, 0 092 0.4 06 08
the sail designs tested are represented in thgrdepiace ' ) ' )
and in the performance space. The history of the Figure 10: aerodynamic performances of all theetist
optimization process may be followed. As an example sail designs during the optimization process.
on the figure 10, the aerodynamic performance lathal
tested configurations is represented in the (lift;to-
drag ratio) plane. Because the optimization sedoch
maximum lift, an accumulation of tested designléady
visible in the maximum lift region during the enfitbhe
optimization. When you see that and you think it is
enough, it is time to stop the optimization process

A subset of designs, the non-dominated designs,
separates the aerodynamic performance plane in twc
regions (figure 10). On the left of the red curwe see
the region of accessible designs and on the ritjiat,
region of inaccessible designs (for the given ojatation
problem). The non-dominated solutions along the red
line gives the best compromises achievable in thaep
(lift, lift-to-drag ratio) with the parameterizedisstudied
during this optimization problem.

The friction lines on the leeward side of the sail
for selected designs extracted during the optiriinadre
shown on figure 11. On the three first sail desjgn
separation zones are clearly identified at the dbphe
sail for design 1 and 3 and in the mid-section ba t
design 2. On the following two sail designs (4,tb¢
flow is more attached along nearly all the sailfate
with only a very small separation at the top of Had.
Design 4 and 5 are not far from the optimal design
which show no separated zones.

This sail shape maximizes the driving force in
the range tested for camber and trim angle (4%4flés,
5°<d<25°). It is interesting to notes that for three-
dimensional sails, as opposed to two-dimensionid,sa
the solution found by the ES optimization, which
maximize driving force, is not far from a separatkeav
but is not separated.

Figure 11: selected sail designs showing the caarere
toward an optimal sail design.
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7.5 PRELIMINARY FSI RESULTS

7.5.1 FSIANALYSIS
As a first FSI analysis, we are considering the
flow around a genoa alone in upwind conditions.sThi
genoa design is taken first to quantify the infliceeiof the
aerodynamic model on the resultant flying sail €hapd
the influence of the structural model on the aenaahyic
loads for two apparent wind angle (30°, 33°).

Figure 12 gives a comparison of three salil
shapes. The design shape in cyan, the flying shxea

Figure 13, it is seen that the flow doesn't
separates on the leeward side of the sail for dheed
apparent wind angle but it may be observed that
separation is not far. Always on figure 13, at thgher
apparent wind angle, separation take place onawerl
part of the sail. For RANS converged flying shapess
seen on figure 14a, that the flow separates foh bot
apparent wind angles. Separation is present onlhen
middle part for the lower apparent wind angle. Bsten
of the separation region is far larger for the kigh
apparent wind angle. This last case is nearly Itotal
separated on the leeward side of the genoa.

The separation extension on the sail surface has
an impact on driving and heeling forces. On design

by RELAX with a constant pressure aerodynamic model shapes, the driving force increase by 10% whenrappa

resulting in the same aerodynamic force and thdly
shape given by RELAX with a pressure field obtaibgd
a three-dimensional RANS calculation.
differences may be observed. The stay and leecbngg
are important regions of differences with a high
dependence of the sail entry angle to the tensfatheo
stay. This will be seen in more details in the rssdtion.

Figure 12: design shape (cyan), flying shape / RANS
(grey), flying shape / p=Cte (red), (left) leewaide
(right) windward side (bottom) top view

Following figures 13, 14a give a comparison of
the friction lines along leeward genoa surface tigo
apparent wind angles (30°, 33°) on the design shape
on RANS flying shape.

wind angle increase by 3° despite the separatioichwh
take place on 20% of the sail surface. On flyingpss,

Regions of the driving force decrease by 20% when the apparent

wind angle increase by 3° because of the totalethre
dimensional separation on the leeward side of émoag.

These four visualizations of the leeward side of
the genoa clearly illustrate the relative importnaf
aerodynamic and structural effects that may takeepbn
sails.

Figure 14b shows friction lines on the windward
side of the genoa for both apparent wind angleshen
flying shapes calculated by RANS-FSI. This sailesisl
simpler to analyse with no strong non linear pheaan
except on the bottom part of the genoa with thedigiex
(figure 15) and the top part with a high verticalacity
component along the stay which is more pronounced o
the head part of the sail. This vertical comporigery
high for the highest apparent wind angle with altgt
separated flow on the leeward side (figure 14b).

It will be interesting to observe these flow fields
on the genoa in the interaction with a mainsaihdve a
finest understanding of the interaction consequernoe
the three-dimensional flow fields.

All these figures clearly show the interest of
three-dimensional FSI simulations. With these dedai
flow fields, it becomes possible to increase owhbgl
understanding of three-dimensional viscous flows, t
observe the emergence of separated regions wiigrdes
parameters variations and to quantify there coresecps
on aerodynamic forces and sail performances.



Figure 15: tip vortex on the bottom of the gefioa 30°

7.5.2 18 FOOTER RIG DESIGN

As a second step in FSI investigation, the
influences of main parameters have been quantdied
the design of an 18 footer genoa in upwind sailing
conditions (apparent wind A#20 knots, =21°). A
mainsail and a genoa are modelled but the fluidestire
interaction was studied only for the genoa. Thensegil
was considered as a rigid sail (figure 16).

The genoa is first designed with all its geometric
characteristics: seams, stripes, filaments, battens
reinforcements. Rhino 3D has been used to credde th
first model (figure 17). Mechanical characteristiase
applied on each part of the sail using RELAX.

Figure 16: 18 footer rig



driving force and 10% for the heeling force. Insticase,
sail deformation decreases sail performances.

Another interesting point is that our flying shape
is not totally smooth near the head (figure 20).v&o
have yet some work with the structural conceptiod a
the design of the sail to improve its performanaes
make the flying shape more efficient.

Figure 18: design shape (cyan) and flying shapeefor

Figure 17: genoa design with all its geometric
characteristics.

On this example, after only three iterations of
the FSI loop between the structural and the aeraayn
codes (OpenFOAM used here) the convergence is goo
with less than a centimetre of difference betwédentivo
last sail shapes and less than 1% on driving aednge
forces between the two last iterations (see folhgwi
table).

Aerodynamic loads convergence with FSI
iterations:

Figure 19: four sail cuts of the design and flygigpes

It. | Fr Fh | Fr/Fh
Designshape Q 31p 952 0.33
Flying shape| 1| 313 1077 0.29

! 2 | 305| 1051] 0.29
! 3 | 302| 1045] 0.29

Figure 19: the sail has a weird shape near the head

8. CONCLUSIONS

The first difference between the design shape
and the flying shape concerns the fullness of #ik the
sail moves downwind, the stay bend, the leech opeds
the twist changes (figure 18).

Considering what happens at 20%, 40%, 60%
and 80% high of the sail, we can see on figureha®the
flying shape is less twisted than the design shajih,
fewer camber. The camber moves forward.

Quantifications of these differences on salil
shape are resumed in the following table:

ADONF, the computational framework
developed for the three-dimensional simulation and
optimization of flows around bodies through viscous
RANS modelling is extended to fluid structure congl
in collaboration with Peter Heppel Associates. tFirs
results obtained in FSI mode have been presented to
illustrate the ability to do multi-disciplinary alyais and
optimization of sail flows through the coupling of
viscous CFD and nonlinear structural modelling.

20% 20% 50% 80% | Main results are the followings:

5 | 11°-14°| 19°-149 24°-16F 30°-18°
flc 8-7 13-10] 17-13 20-1p
x/c| 39-38| 33-28 35-26 40-27
o; | 44°-46°| 68°-6397 79°-70°F 86°-71°

¢ A user-friendly environment in development to
run a large number of RANS simulations and to
resolve multidisciplinary optimization problems
about sails.

) ) ¢ An expertise in viscous flow modelling through
The difference between global aerodynamic numerical simulations and validations by

loads on the design and flying shapes is aboutd&%he comparisons with wind-tunnel results.




* A validated high-fidelity RANS solver with
hybrid meshes to capture main flow features
like separated flows on mast and mainsalil
configurations [13].

* A derivative free optimization algorithm based
on evolutionary strategy implemented in
ADONF for the search of optimal rigs for
complex multi-modal rig configurations.

* A loose coupling FSI loop between an
aerodynamic solver and RELAX a non linear
structural solver.

This is the beginning of ADONF as a

multidisciplinary computational framework. This oyze

new possibilities for flow analysis and optimizatidn

the future, more detailed and accurate validations

through wind-tunnel tests comparisons on three

dimensional sails or rigs will be needed.
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