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Abstract: In this report, we propose a technique to adapt the shape parameterisation of an
aircraft wing in the course of an optimisation of aerodynamic performance. The M6 Onera
transonic wing was chosen as a test case, in particular the objective of the optimisation was
the minimisation of drag, keeping constant the lift and the total volume of the wing.

In afirst step, the parameterisation of the cross sections by Bézier curves consisted on keeping
constant the control points abscissa distribution and changing the ordinates, while, in further
steps, the constant abscissa distribution was modified, in order to regularise progressively
the Bézier control polygon.

Our numerical experiments have demonstrated that a self-adaptive parameterisation (%)
permits to account for a larger set of feasible solutions, (%) results in a quantitatively notably
improved optimisation performance, and (i) converges towards a non-intuitive distribution
of control points, revealing the necessity and usefulness of self-adaptive algorithms.
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Paramétrisation auto-adaptative pour la conception
optimale de forme aérodynamique

Résumé : Dans ce rapport, on propose une technique d’auto-adaptation de la para-
métrisation de voilure au cours de son optimisation aérodynamique. Des conditions clas-
siques d’écoulement transsonique autour de I’aile ONERA M6 sont utilisés comme cas-test
d’optimisation de forme. Plus précisément, on réduit la trainée, en maintenant la portance
et le volume de l’aile.

Dans une premiére étape, on a paramétré des sections de la géométrie 3D par des courbes
de Bézier dont les points de controle ont des abscisses prescrites (uniformément distribuées)
et des ordonnées optimisées. Dans les étapes suivantes, ces abscisses ont été redistribuées
en fonction d’un critére de régularisation du polygone de contréle. Les expériences numé-
riques ont démontré que 'auto-adaptation de la paramétrisation (7) permet de prendre en
considération un plus grand nombre de solutions compatibles, (i) améliore notoirement le
résultat quantitatif de 'optimisation, et (7i1) converge vers une paramétrisation non-intuitive
de la distribution des points de contrdle, revélant la nécessité et Defficacité des algorithmes
auto-adaptatifs.

Mots-clés :  paramétrisation de forme, courbe de Bézier, optimisation, algorithme géné-
tique, conception optimale de voilure, simulation numérique en mécanique des fluides
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1 INTRODUCTION

Regardless the field of application, an optimisation procedure, and particularly an optimum-
shape design based on genetic algorithm [1],[2],[3], is characterised by one or more objectives
to be reached, and by a parameterisation technique.

The parameterisation directly affects the object of the optimisation, for example, in aero-
dynamic design, it may be the shape of one or more wing cross-sections, so that every
individual (so is called every different configuration obtained by the parameterisation) may
be confronted with the others, on the basis of how much it satisfies the objective that is
pursuited.

So clearly, any optimisation procedure, even very efficient, is strongly influenced by each
particular parameterisation strategy adopted. In particular, the objective improvements
may be limited by a parameterisation that does not allow a complete exploration of the
design space of the individuals.

The parameterisation reduces the exploration space to a finite dimension, and it is desirable
that this limitation be as little restrictive as possible.

Intuitively, we would like the range of the parameterisation (i.e. the set of functions exactly
represented by it) to contain elements as close as possible to the continuous optimum func-
tion, which of course is unknown. This ’functional approximation’ property is difficult to
achieve rigorously, but numerical optimisation algorithms should be constructed to adapt
the parameterisation during the course of convergence in view of an improved satisfaction
of this goal.

A common practice is to start with a limited range of variation for the variables defined by
the parameterisation and then to change it during the course of optimisation, according to
the direction of potentially improved results. In any case, when the genetic algorithm seems
to converge to a unique solution (or to a Pareto front in the case of several objectives),
the algorithm would experience difficulties to explore other eventually better solutions. So,
in this case particularly if a satisfactory solution has not been achieved, it is necessary to
change the parameterisation, and restart the optimisation keeping into account the best
individuals of the previous step.

In this report, we provide a preliminary demonstration that self-adapted parameterisation
provide significantly improved optimisation results, in the case of a (3D) wing design. We
have chosen for this demonstration, a classical test-case [4].

In this case the parameterisation was obtained by changing the ordinates of Bézier curve
control points, having chosen the Bézier curves to define the wing sections shape. The limit
of the parameterisation is due to the fact that the abscissa positions are fixed (otherwise, the
number of design parameters would twice as large, and this would make the optimisation
process stiffer), and it is easy to understand how, in that way, we would not be able to
explore all the infinite curves we may obtain. So, at the end of a first optimisation step in
which the abscissa are fixed and uniformely distributed, we decide to change the abscissa
positions, and repeat this operation for more steps, until we are not more able to improve
the objective, in this case the drag reduction. The parameterisation has been here adapted
to increase the regularity of the Bézier control polygon (see section 3.3).

RR n° 4428



4 A. Clarich € J.A.Desideri

2 TEST CASE AND MESH DESCRIPTION

2.1 Geometry of the M6 Onera wing

The M6 Onera wing [4] is a swept back wing produced in the 1972 by the ONERA AeroDy-
namics Department, with the purpouse to study three-dimentional flows characterised by
high Reynolds number and transonic conditions. In our test, we adapted this wing geome-
try to prepare the numerical model, as we were interested in reducing the drag resistance in
transonic flow conditions. In figure 1, the wing geometry is depicted.
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Figure 1: Geometry of the M6 Onera wing

The main chord at the root is 805.9 mm, the swept angle is 30° in the leading edge and
15.9° in the tailing edge, while the semi-span length is 1196.3 mm. The profile sections are
defined ortogonally to the axis placed at 40.19% of the root section, and the geometry of
these sections is expressed in terms of x and y co-ordinates relatively to the chord length of
each of them. The orthogonal sections are symmetric with respect to the chord.

To construct the geometry, we have calculated the co-ordinates of the root and tip cross
sections only, other sections being obtained by linear interpolation.

INRIA
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Flow conditions were defined as follows:

Reynolds number 1.1-107
Mach number 0.84
angle of flow incidence | 3.06°

2.2 Computational mesh

To simulate the flowfield around the wing, we have realised a multi-block structured mesh,
using the fluid-dynamic code StarCd of the Computational Dynamics [5].

The geometry of the root and tip sections are read by StarCd in a text file, in which we define
the co-ordinates of each section points, then some splines (polynomial curves) are created
interpolating these points. Between these splines and the domain boundary lines (placed to
at least 4 airfoil profile chords away from the wing in order to represent the undisturbed flow
conditions), we create a total of 27 contiguous blocks that fill this space. These blocks are
defined in a parametric way in terms of the number of airfoil section points. If the sections
geometry is changed, the blocks shapes are automatically updated. Using this large number
of blocks it is easy to define in each direction the cell distribution that is most appropriate
to refine the mesh in the proximity of the boundary layer of the wing and to relax it in
the direction of the domain boundaries. A final operation of smoothing is made to give the
refinement differences between two contiguous blocks less evident.

In figure 2, the principal region of the multi-block structure is shown, with a detail of the wing
surface and a transversal section mesh. The total number of cells is more than 120,000, as
previous tests on some more refined meshes have not revealed significantly different flowfields.
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Figure 2: Mesh blocks and mesh surface details

RR n° 4428



6 A. Clarich € J.A.Desideri

At the inlet boundary we have defined a flow velocity V of 288 m /s, a static temperature T
of 257 K and a density p of 0.866 kg/m? all constant, while on the other domain boundaries
we have defined a constant pressure P equal to 63830 Pa, accordingly to the flow Mach
number set to 0.84 and to the isoentropic one-dimensional theory [6], of which we report
below the most important formulas:

V = MVERT 1)
T =Tyl + %M"’]‘l (2)
P=Rl+ k—;lMﬂ% (3)
p=po[l + %Mz]l_k (4)

In this case the subscript index ( indicates the standard condition of temperature, pressure
and density, while R is the constant of perfect gases and k is the air isoentropic coefficient
(ratio of specific heats C,/C,) set to 1.4. The Mach number M is set to 0.84 as defined by
the test-case conditions.

The flow solver is based on the Navier-Stokes equations, the fluid is considered compressible
and no turbulence model is applied, in order to avoid an excessive calculation effort.

The simulations were run on a bi-processor Linux machine, Red Hat release 6.1, and to
simulate each different wing configuration we give, as initial input, the original M6 Onera
wing flowfield calculated once.

To simulate the original wing flowfield it was necessary to start the simulation with a low
Mach number, and then to increase it progressively taking as initial input for each new
simulation the previous flowfield, otherwise, no convergence may be obtained at high Mach
numbers. Then, for any new wing configuration, each simulation takes less than 10 minutes.
In this way, running two processes simultanously on the bi-processor machine, we can sim-
ulate about 300-400 individuals in a day time.

StarCd provides a tool to calculate directly the total lift and drag coefficients, which are
expressed in the following formulas.

P
G = 1/2pSV? (5)
p— Fd
Ca=1 /2pSV? (6)

In these formulas, V and p are the velocity and density of the undisturbed flow, it means the
values calculated by formulas (1) and (4) and assigned to the boundary domains. S is the
reference surface of the wing, calculated by the semi-span length of the wing times the root
main chord, while F; and F,; are the total force components normal to the flow direction
and parallel to it respectively, obtained by the integration of pressure and viscous forces on
the wing surface.

INRIA
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3 PARAMETERISATION AND OPTIMISATION STRAT-
EGY

3.1 Programs for the parameterisation

A Bézier curve [7],[8] is a continuous and smooth curve defined by the abscissas and ordinates
of its control points, which may be connected as a polygon. !

n

o) = Yol gt (1= 0" ©
i=0 ) ’
~ n! . ,
y(t) = Z[yimt’(l —t)"7] (8)
1=0

Generally, to reproduce an airfoil profile through a Bézier curve [9] (one for the upper side
and one for the lower), the first and second control points are placed on the y-axis, because
in that way we force the curve to have a vertical tangent in the origin, as this round nose
shape is better represented in subsonic and transonic conditions [6].

The first and the last points are then also placed and fixed on x-axis, while the positioning
of the other points is free.

0 20 40 60 80 100

Figure 3: Example of two 7-degree Bézier curves and of their control polygons applied to
define an airfoil profile

Note that a given Bézier curve admits an infinite number of associated control polygons.
In fact, by degree elevation, the curve may be sought as the limit of control polygons of
increasing number of edges [10]. As a remark, if the control polygon is convex, also is the
curve itself; however the converse results not true.

To define in a parametric form the sections of the Onera wing, we have used three different
programs, that we describe in the following paragraphs.

n the formulas 7 and 8, n is the degree of the Bézier curve (n + 1 is number of the control points),
while x; and y; are the co-ordinates of the control points.

RR n° 4428



8 A. Clarich € J.A.Desideri

3.1.1 INGEOM program

INPUT FILES: onera.txt

OUTPUT FILES: | shape 1/2.dat
This program is used to reproduce the original geometry of the M6 Onera wing. It reads
from the onera.tzt file the x and y dimensionless co-ordinates of the profiles orthogonal to
the main axis of the wing, placed at 40.19% of the root chord as described in section (2.1).
Then, for the root and tip cross sections, it calculates the corresponding co-ordinates of the
points, and writes them in the two files, shape I.dat and shape_ 2.dat, corresponding to the
two sections. These co-ordiantes are still expressed relatively to the chord length, thus, the
abscissas vary from 0 to 100, and the ordinate is expressed as a percentage of the section
chord length.
In this way, we produce the section points necessary to define completely the geometry of
the original M6 Onera wing, as the sections from root to tip are interpolated linearly.

3.1.2 BEZIER program

INPUT FILES: xcurve.dat, xbez.dat, ybez.dat

OUTPUT FILES: | ycurve.dat
This program is used to calculate the points ordinates of any Bézier curve, whose control
points are defined in the files zbez.dat and ybez.dat. Reading the x; and y; co-ordinates
of these points (see formulas 7 and 8), it is in fact possible to define the y(¢) ordinate
corresponding to the abscissa x(t) read in zcurve.dat (in particular, for each value of x we
find the corresponding t, and then we obtain the corresponding y), and then to write the
ordinate in the output file.

3.1.3 CREATECURVE program

INPUT FILES: xbez_1/2.dat, var

OUTPUT FILES: | section_new.1/2, beziernew.1/2
This is the main program used for our parameterisation. At first, it reads from the file var,
produced in the optimisation cycle for every new configuration, the 24 variables that define
each new wing configuration.
The first 12 are relative to the root section, while the remaining to the tip section. Each of
the two groups is then again divided into two subgroups, so that we have six variables to
define each of the two half-sides of the section (upper and lower surfaces). These six variables
represent the ordinates of the six control points free to move, the abscissa being fixed. In
fact, to represent each side of the sections, we have chosen an 8-control points Bézier curve
(fig.3), but as the first and the last point are fixed on the x-axis, we have effectively six
design free parameters for each side.
Then the program runs a loop two times, one for each section. It puts the six variables
that define the upper side of the section to the file ybez.dat, it copies the file zbez 1.dat
or zhez 2.dat to zbez.dat (depending on if we are considering the control points abscissa

INRIA
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distribution of the root or tip section, defined respectively in those input files), and then it
calls the BEZIER program, in which results a unique zcurve.dat file. Once the ycurve.dat
file containing the Bézier curve ordinates is produced, the program reads it and repeats the
same operations for the lower side of the profile, changing the variables in ybez.dat. Once
all the new points of the section are calculated and read, they are written in an output file,
beziernew.1 or beziernew.2 depending on which section we consider, and the same operation
is repeated for the other section.

At this point, we calculate the real 3D co-ordinates of the sections, multiplying the Bézier
co-ordinates for each section chord length, and considering the translation due to the swept
angle of the wing and the rotation due to the angle of incidence of the wing with respect
to the flow direction. The x-y-z co-ordinates are written in the two files section new.1
and section_ new.2, that become the input files for the StarCd mesh writer, as described in
section (2.2).

3.2 Primary optimisation

In each primary optimisation step, we represent the 3D wing sections with 24 variables,
as described in section 3.1.3, and these variables represent the ordinates of Bézier control
points, the abscissa distribution being fixed for each of the two sections. To set up and
run the optimisation step we have implemented the Frontier environment [11]. Frontier is a
platform-independent optimisation tool, which allows to define any particular optimisation
case and to run the optimisation in batch mode, using different type of algorithms. In figure
4 we depict the environment set up for our optimisation.

ProcessFlow ————— R O N

pHr pl2r p13r1 nHr p15r
L Pzt plat pﬁl\t p15t

= il obj
ith —J
i e
star preprocessor e o concd
star_analisys o volume | can_ vl
aly, &
star pampmcessar cl con_cl

Figure 4: Frontier optimisation environment

[
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The 24 variables are represented at the top of the figure, each of them requires setting
a range of variation. For each configuration proposed during the optimisation, its variables
are written in the file var, represented by the first icone with a disk. Then a first application
is run, star_preprocessor, which reads the input files, runs the CREATECURVE program
(section 3.1.3), and then runs the StarCD pre-processor program in batch mode. StarCD
reads a macro in which all the commands needed to define the wing geometry and mesh are
defined, and just the section points co-ordinates change accordingly to the section new.1
and section_new.2 files produced by the CREATECURVE program.
At this point a second application, star analysis, is run, and its function is to execute in
batch mode the StarCD numerical analysis. If the calculations are converged and no error
file is produced (as would occur, for example, when the wing geometry is so unsatisfactory
that the mesh is distorted), a last application, star postprocessor, is run. The last one is
used to calculate the drag and lift coefficient on the wing surface, and to calculate the total
volume of the wing. All these data are written in the text file fit.out, which is represented
in fig.4 by the last icone with a disk.
We can see that from this icone there are three arrows directed to three other symbols, that
represent the output variables, cg, ¢; and volume. For each of them we define a constraint,
represented by a chain, and only for ¢; we define also an objective. In table 1 below
we summarize the constraints and the objective of the optimisation, the constraints being
derived from the original Onera wing output variables.

Table 1: Objectives and constraints of the optimisation

1%t constraint | cg < 0.0485
2nd constraint | ¢; > 0.0244

rd : \volume—3.715~107mm3|
37¢ constraint 31 10T

objective minimise cq4

<€, €=0.005

Of course we impose that the drag should be not greater than the original one and the lift
must not be less than the original one, but this is not sufficient. In fact, it may happen
that the wing sections become very small during the optimisation and although this may
result in acceptable aerodynamic coefficients, we want to avoid this situation that could
cause structural problems due to the pressure stresses on the wing. For this reason we force
the relative difference of the total wing volume (volume) with respect to the original one
(3.715- 10"mm?) to be less than a fixed tolerance .

During the optimisation, a classic genetic algorithm is used. The probability of directional
cross-over is set to 0.85, while the selection and mutation one is set to 0.05. Due to the large
number of variables, we have set the number of individuals for each generation to 40, while
the constraints have been treated with some penalty functions.

INRIA



Self-adaptive parameterisation 11

3.3 Secondary optimisation

As discussed in the introduction, at the end of a first step in which a classic genetic algorithm
is used, considering as variables of the optimisation the Bézier control points ordinates and
the abscissas being fixed, we have to perform a secondary (static) optimisation, whose ob-
jective is to regularise the Bézier control polygon that define the best configuration obtained
in the first step.

As mentioned in section 3.1, a given Bézier curve may be sought as the limit of a sequence
of control polygons of larger and larger number of edges ('degree elevation’). Starting with
a very irregular polygon (made of a small number of edges), this convergence process has
the effect of a regularisation, since in the limit, the curve itself is achieved.

QOur intuition is that very irregular polygons correspond to the early stage of this conver-
gence. Thus, if we can replace a polygon by one of equal number of edges (equal degree),
but ’more regular’, we anticipate a convergence rate improvement, or conversely, a better
approximation of the smooth optimum shape, for a given degree. Our experiment aims at
confirming this intuitive claim.

8

T T
— - target curve
— new curve l
A~ initial control polygon
o

new control polygon

0 2‘0 4‘0 Gb Bb 100
Figure 5: Example of regularisation of the control polygon of a Bézier curve

In figure 5 we see an example of a target Bézier curve obtained by a former abscissa distri-
bution (uniform) of the control points, in particular we can notice how the Bézier control
polygon is very irregular. The new curve obtained by a new abscissa distribution is char-
acterised by a slight difference of its points ordinates (that we can express by the Lo norm
(eq.10) forced to be less than a fixed tolerance € [13]) and by a higher regularity of its control
polygon, measured by the Total Variation TV (eq.9).

Thus, in this secondary optimisation, the variables considered are both the abscissas and
the ordinates of the Bézier control points, while the objective of the optimisation is the

RR n° 4428



12 A. Clarich € J.A.Desideri

minimisation of the total variation TV with a constraint on the Ly norm 2 , as we want to
reproduce the original curve with the lowest error possible.

TV =" lyi = yi-1l 9)
7=1
il Tri — X5
L, = (yri — yi)z% (10)
=1

In the following section we describe the programs we have used for this optimisation.

3.3.1 EXAMI1.FOR and OPT4.FOR programs

The main program we use to perform this optimisation is called EXAM1.FOR[13]. As input
files it considers the beziernew 1.dat and beziernew 2.dat files that describe the sections
geometry of the best configuration obtained during the primary optimisation last step and
considered as target one, and the file polg.dat that defines the abscissa distribution considered
in that step, and used here as initial point for the optimisation. A gradient-based method
[12] is used to obtain the convergence of the fitness function TV. Beside the non-linear con-
straint on the Ly norm, there are other n linear constraints on the abscissa variables, n
being the degree of Bézier curve, as we have to force the abscissa of each control point to
be greater or equal to the previous one. All the information about the constraints are given
by the oput.dat file. The optimisation is repeated independently for both the two sections,
whose new abscissa distribution may then be different.

Once the new abscissa distributions are obtained, they are written to primary optimisation
new step files zbez 1.dat and zbez 2.dat and then the TRANSLATE program is run. The
function of this program is to define the initial generation for the primary optimisation next
step. In fact we need to conserve the information obtained in the last primary step, but
the variables that describe the best individuals of that step now are changed, as the Bézier
control points abscissa are different.

This program has then to read the design variables of the last primary step best individuals
(from the file best.des), reproduce their sections geometry accordingly to the old abscissa
distributions, and run for each individual another program, OPT4.FOR, whose function is
to provide the design variables for the new abscissa distribution. In other words, it performs
a third-level optimisation, in which the variables are just the Bézier control points ordinates
and the objective is to minimise the Ly norm function, each last step individual being a new
target curve. Also for this third-level optimisation a gradient-based method is used, and due
to the few number of variables and to the low cpu-demanding fitness function, the results
are obtained immediately for each individual.

2 In eq.9, n is the curve degree and y; is the control point ordinate, while in eq.10 N is the number of
points of the discretized Bézier curve and with 7; we denote the abscissas and ordinates of the target curve,
that is the best configuration of the previous primary optimisation step.

INRIA



Self-adaptive parameterisation 13

In particular, we set the TRANSLATE program in order to reproduce, for the 70-80 % of
the next primary step first generation, the best individuals of the last primary step, and to
generate randomly the other indiduals, to avoid a premature convergence. The new design
variables are written to the file star.des, that will be read by FRONTIER as initial gen-
eration for the primary optimisation next step. However, it is important to note that the
individuals that are reproduced are not exactly the same ones of the previous step, as the
Lo norm is not necessary equal to zero, so it will not be surprising if the fitness of these
individuals are slightly different, perhaps corresponding to less efficient designs. But what
is really important to obtain, after an old primary step and before a new one, is just the
modification in the abscissa distribution, because if the individuals are better represented by
the Bézier curve, i.e. with a more regular polygon, they will have more chances to improve
their fitness function in the course of the next step in the optimisation.

In the next chapter we show how the primary and secondary optimisation have been alter-
nated in subsequent steps, and the results obtained prove the usefulness of this approach.

4 RESULTS OF THE OPTIMISATION

4.1 The optimisation process

In figure 6 we show a logic flow-chart that summarizes how the primary and the secondary
optimisation procedures have interacted in alternating steps.
As explained in the previous chapter, in the primary optimisation step, FRONTIER reads

stay.des xbez_1/2.dat «——

GA (FRONTIER )

Y

var

OPTIMISATION  creatkcurve

section_new.1/2

ST*AR
fit.out

repeat for 10-15
generations of
40 individuals

section_new.1/2 of the best individual
SECONDARY [ EXAMLFOR |
OPTIMISATION
STEP

new xbez_1/2.dat

TRANSLATE

new star.de:

repeat the 2-level
optimisation for
more steps

final best solution

Figure 6: Flow-chart of the optimisation procedure
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in star.des the first generation designs and in zbez 1/2.dat the initial Bézier abscissa distri-
bution, it produces for every individual the file var containing the Bézier ordinates, and by
the CREATECURVE program it writes the sections geometry in the files section new.1/2.
StarCD reads these files, creates the mesh, runs the simulations and produces the post-
processing file fit.out that defines the fitness of the individual.

In the first optimisation step, we have considered a number of generations equal to 15, as
we wanted to be sure that by this classic approach there would not be any further improve-
ment, while in the following steps the number of generations was fixed to 10. When the
primary optimisation step is completed, the best individual sections geometry is given to
EXAM1.FOR program, that performs the secondary optimisation step giving as output the
new abscissa distributions that minimize the total variation of the Bézier control polygon
respecting the target curve under a certain tolerance. A new primary optimisation step is
then performed, after obtaining a new initial generation of designs by the program TRANS-
LATE, that reproduces for 70-80% the last step best configurations using the new abscissas.
A total of four primary optimisation steps were performed, and in figure 7 we can see the
drag evolution history. In the first image we consider, for each of the 45 generations, the

Drag history

0.065 Cd reduction step by step
0.05 : : ‘
0.061
0.05}
0085, 1.

Qo0.05}

0.045—5 7
. -11.14%
0.04f. -

O'0350 5 10 15 20 25

2
generations step
Figure 7: Drag evolution history

fitness value of all the configurations simulated. In particular, the unfeasible designs, that
is those which violate one or more constraints, are represented by points. When the geom-
etry corresponding to a given design is so distorted that no fitness value is produced by the
analysis code, a case considered as ’error design’, no symbol appears on the plot. Instead,
the circles denote feasible values. The set of best (resp. worst) feasible design circles are
connectd by a solid (resp. dashed) line.

We can immediately note two important facts. One is that, step by step, the best feasible
values of the fitness are improving, and it is more clear in the second image, in which we
report for each step the percentage of fitness improvement. After the first classical optimi-
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sation step of 15 generations, the reduction of the cg drag coefficient was limited to 6.45 %,
while after the third or fourth step the reduction is of more than 18 %.

The other fact is that, while in the first step there is a large number of unfeasible or even
error designs, in the following steps the number of feasible designs is largely growing.

This confirms our hypothesis: by a parameterisation realising a better fitting of the
sections geometry, i.e. producing more regular Bézier control polygons, it is possible to
explore the search space more effectively, and this has the effect of increasing the percentage
of feasible individuals in each generation, that is a fundamental condition for the algorithm
efficiency.

In fact, if we had continued the first optimisation step without changing the parame-
terisation, it is clear that probably we wouldn’t have been able to improve very much the
fitness, because of the very high number of unfeasible and error designs.

In conclusion, this experiment confirms that a self-adaptive parameterisation effectively en-
larges the search space, and this permits improved optimisations.

4.2 Comparison of the best solution with the original one

In figure 8 below, we compare the original M6 Onera root and tip sections geometries with
the best configuration obtained in the optimisation, while in table 2 we compare the perfor-
mances of the two configurations, relatively to the drag and lift coefficients and to the total
wing volume.

STEP 3 TIP

STEP 3 ROOT - ggg{l’lﬁ)l tip
° | #—| o best polygon

-2 -2r

-4+ -4+

- - original root

- — best root 9
—@- best polygon
-8 . . . _8 . . . .
0 20 40 60 80 100 0 20 40 60 80 100

Figure 8: Comparison of the root and tip sections in the original and best configurations

As we can see, the improvement on the drag reduction is about 19 %, while the other
constraints have respected the fixed tolerances. In figure 8 the Bézier control polygons that
define the best root and tip sections are also indicated. We can see how the root section
is characterised by an edge part which is bended downward and by a trailing part which is
slightly thicker, while the tip section is importantly thicker in the trailing part and thinner
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Table 2: Comparison of the performances of the original and best configuration
| original M6 wing | best configuration

Cq 4.84-1072 3.99-10~2
C 2.44.1071 2.46-10~1
volume | 3.71-10"mm? 3.71-10"mm?3

in the edge and middle part. In figure 9 below we reproduce the pressure distribution on
the root and tip sections of the two configurations. The high peak of pressure at the tailing
point, especially in the tip sections, may be due to the sudden reduction of section thickness
in the last part of the tailing edge, as in the subsonic regions this is always followed by a
speed reduction and a pressure increment [6]. On the other hand, the reduction of the drag
force may be justified by the fact that, in the best configuration, the mean values of pressure
are higher than in the original one, so the Mach number is generally lower (eq. 3), and in
fact the viscous resistance is a direct function of Mach number, even though most of the
drag resistance is however due to the pressure force.

11X 10" pressure on root sections . 10* pressure on tip sections
1op 6.5} - best section
- best section .. original section

©
T

.. original section

@
T

pressure[Pa]
3

press%re[Pa]
(%))

0 02 04 06 08 1 0 02 04 06 _ 08 1
axial chord position axial chord position

Figure 9: Comparison of the root and tip pressure distributions in the original and best
configurations

In figure 10 we compare the pressure fields of the two configurations relatively to different
sections. On the left column we have the original geometry and on the right column the best
one. In the first row we have an isometric view and a root section normal to the span-wise
x-axis, while in the second row there is a tip section. In the third row there is a section
normal to the flow-wise z-axis and in the last row a section normal to the trasversal y-axis.
From all the comparisons, we see clearly that the regions of low pressure, especially in the
upper part of the profiles but also all around the tip, are very much reduced in the best
configuration.
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Figure 10: Pressure fields on original (left) and best (right) Onera wing configurations
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Figure 11:

Bézier control polygon before and
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after every secondary optimisation step
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In figure 11 we show the results of the secondary optimisation procedure at the end of each
primary step. We compare the control polygon which defines each step best configuration
before and after the regularisation. The better regularity of the new polygons is very evident,
especially after the first step, while in the last one it does not seem to change very much.
For this reason, and also because the fitness did not improve much in the last step, we have
not continued the optimisation with further steps.

4.3 Further optimisation of control points abscissas

At the conclusion, we have thought to perform a last different optimisation step. This time,
we reversed the roles played by abscissa and ordinata of control points: holding the ordinata
fixed, we optimise (with respect to drag reduction) the abscissas.

This approach is done just as a local refinement of the best solution, as the variation in
geometry allowed by this method is not very large, and of course we need not explore
solutions that are completely different. However, also this time it was possible to improve
the fitness: in figure 12 we can see the final geometry obtained confronted with the step 3
best one. Table 3 summarizes the performances relative to the drag coefficient of these two
configurations and of the M6 Onera original one. In this last step we have performed 2 series
of 10 generations of 30 individuals each one, we have just modified the range of variations
for the variables after the first series according to the direction of the best designs variables.
After the second series the variables and the fitness function seem however to converge, so
we didn’t change any more the parameterisation.

ROOT SECTIONS TIP SECTIONS

Xe
—— step3 curve
A step3 polygon |
@ - new polygon
— — new curve

. . . . . .
0 20 40 60 80 100 0 20 40 60 80 100

— step3 curve
—A- step3 polygon H
@- new polygon
- - newcurve

Figure 12: Comparison of the best root and tip sections after step3 and after ascissa adjust-
ments
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Table 3: drag coefficient for step 3 and abscissa adjusted best configurations

configuration | Ca | % improvement
original M6 4.84-1072 0

best step3 3.99.10~2 18.7%
best abscissa adjusted | 3.81-102 22.2%

4.4 A last remarck

Observing further Figures 8-11-12, it appears that the best parameterisation, or should we
say ’improved’ parameterisation, corresponds to non-intuitive location of abscissas.

In particular, we observe 3 control points very close (near x=0.3) perhaps to counterbalance
the effect of the first two points at x=0 necessary for a vertical tangent (infinite rope at
leading edge). In the rear portion of the airfoil, the control polygon is smoothly closer to
the curve, perhaps because the geometry is not complex at the tailing edge (x=1).

This observation confirms that further efforts should be made to better understand the
parameterisation, since non-intuitive adapted parameterisations results in significant im-
povement of performance.

5 CONCLUSIONS

The purpose of this work was to demonstrate that the choice of an improved parameteri-
sation is very effective to improve an optimisation process, especially in the case of a 3D
airfoil shape optimisation.

A classic approach, in which the airfoil sections are represented by Bézier curves and the
abscissas are fixed and uniformly distributed while the ordinates are taken as design vari-
ables, has produced in our test-case a drag reduction of 7 % only, and it seemed impossible
to obtain further improvements. In fact, the classical parameterisation produced only very
few feasible airfoils. Most of the designs were unfeasible, very often producing flow solver
errors, because of some geometry distorsions.

We then decided to change the parameterisation, in particular we were searching for the
abscissa distribution that might represent the best configuration, under a certain geometry
tolerance, with the most regular Bézier control polygon possible. We have repeated four
different primary optimisation steps, each of these step being followed by a procedure mod-
ifying the abscissa distribution accordingly to a secondary objective. In this way it was
possible to improve the fitness function of more than 22 %. In particular, a last further
improvement has been obtained by fixing the Bézier ordinates of the best configuration and
considering as variables just the abscissas, and this method was just used as a final refine-
ment due to the small geometry variations that were admitted.

Finally, our experiment indicated that a self-adaptive parameterisation results in (3) a larger
number of feasible solutions (indicating a larger explored region), (4) a notably more efficient
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design optimisation, and (%4) a non-intuitive distribution of abscissas for the Bézier control
points, indicating the necessity and usefulness of constructing self-adaptive algorithms.
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