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ABSTRACT
An experimental validation of an optimised wing geometry in the Price-Païdoussis subsonic
wind tunnel is presented. Two wing models were manufactured using optimised glass fibre
composite and tested at three speeds and various angle-of-attack. These wing models were
constructed based on the original aerofoil shape of the ATR 42 aircraft and an optimised
version of the same aerofoil for a flight condition of Mach number equal to 0.1 and angle-
of-attack of 0°. The aerofoil’s optimisation was realised using an ‘in-house’ genetic algorithm
coupled with a cubic spline reconstruction routine, and was analysed using XFoil aerodynamic
solver. The optimisation was concentrated on improving the laminar flow on the upper surface
of the wing, between 10% and 70% of the chord. XFoil-predicted pressure distributions
were compared with experimental data obtained in the wind tunnel. The transition position
was estimated from the experimental pressure data using a second derivative methodology
and was compared with the transition predicted by XFoil code. The results have shown the
agreement between numerical and experimental data. The wind-tunnel tests have shown that
the improvement of the laminar flow of the optimised wing is higher than the value predicted
numerically.
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NOMENCLATURE
Af attraction factor
E1 longitudinal elastic modulus
E2 transversal elastic modulus
Cd drag coefficient
Cl lift coefficient
Cp pressure coefficient
Ff fitness function
G12 longitudinal shear strength
H wind tunnel height
L wind tunnel length
μ dynamic viscosity
M mach number
P pressure
Ps probability of selection function
S1T longitudinal tension strength
S2T transversal tension strength
S1C longitudinal compression strength
S2C transversal compression strength
UpTr upper surface transition
u x direction speed component
v y direction speed component
w z direction speed component
W wind tunnel width
x probability of selection function parameter
y probability of selection function parameter
z probability of selection function parameter

Abbreviations
2D bidimensional
CRIAQ Consortium de Recherche et Innovation en Aerospatiale du Quebec
ETS Ecole de Technologie Superieure
GARDN Green Aviation Research & Developement Network
LARCASE Aeronautical Research Laboratory in Active Control, Avionics and

Aeroservoelasticity
NRC National Research Center
PID Proportional Integral Derivative
PTA Pressure Transducer Array
SMA Shape Memory Alloy
UAV Unmanned Aerial Vehicle
UD/1D Uni-dimensional

1.0 INTRODUCTION
In the context of a world in continuous change, the aerospace industry has to develop greener
and more efficient aircraft, which consume less fuel and have a smaller CO2 footprint. The
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aerospace industry has therefore developed methods to improve the aerodynamical properties
of aircraft. A number of international collaborations and projects were established to tackle
this problem.

One research direction regards the development of new methods for flight trajectories
optimisation. Several methods are underway at various academic laboratories, mostly in
collaboration with industrial partners. One such collaboration took place between the teams
in the LARCASE laboratory and CMC Electronics-Esterline in the GARDN project. The
main objective of the collaboration was to optimise the vertical and horizontal path of the
aircraft within the Flight Management System by taking into account the Required Time of
Arrival, the wind grids and meteorological conditions. The main motivation of the project
was to reduce overall carbon emissions and flight costs. This project was funded by the Green
Aviation Research Development Business Led Network GARDN in its second round(1,2).

Another research direction regards the optimisation of the aircraft itself, which can be
achieved by modifying any or all of its parts: wing, fuselage, nose, tail, etc. The most common
area, and the one with the greatest impact, is the aircraft wing. There are several ways in
which a wing can be modified: in-plane modifications, which can be done by optimising the
span or chord for example, out-of-plane modifications, which refers to modifying the twist and
bending of the wing, and optimisation of the aerofoil or aerofoils that compose the wing. Also,
adaptive, morphing wings can be effectively used to replace conventional high-lift devices(3,4),
or the conventional control surfaces(5).

In-plane and out-of-plane wing modifications are radical types of optimisation that require
complete reconstruction of the wing and, thus, cannot be introduced directly onto an existing
aircraft due to certification considerations and high costs. In addition, their aerodynamic
properties were not completely demonstrated, with the exception of projects dedicated to
UAV developments. Gamboa et al6 designed an UAV wing capable of independent span and
chord changes, using a telescopic spar and a rib system. The numerical analysis demonstrated
drag reductions of up to 23% when compared to the non-morphing geometry. Falcão et al7

designed and tested a morphing winglet for a military UAV, achieving important performance
improvement by simply changing the winglet cant and toe angles. Another research on UAV
wing morphing was done by Sugar Gabor et al(8,9), where the upper-surface of the wing was
optimised between the leading edge and 55% of the chord and they also explored morphing
of the full wing’s geometry.

For further references on these types of optimisation, Sofla et al(10) and Vasista et al(11) have
presented an exhaustive state-of-the-art list of wing geometry modifications.

‘Aerofoil optimisation’ is a much more accessible method of modifying wing geometry.
It is a branch of the wing modification domain that has been well studied, as attested by the
large number of different aerofoils that represent compromises to obtain specific performance
levels. The aerofoil geometry (e.g. symmetric shape, more cambered aerofoil, thicker aerofoil)
was manipulated to improve its performances for subsonic, transonic or supersonic flight or
across a range of speeds passing from one regime to another(12,13).

The purpose of the ‘in-flight modification’ of the aerofoil shape was to enable the aircraft
to improve its wing parameters as a function of the flight conditions in which it flies (speed,
global or local angle-of-attack, aileron deflection, flap deflection, etc.). This approach enables
the aircraft to extend its flight envelope and to become more flexible during flight without
having to change its wing shape radically. The climbing and descending phases of the flight
are two practical situations in which the optimisation of the wing shape can improve the
performances of the aircraft and could also lead to further improvements in the design of
the landing gear. Another practical situation would be the minimisation of the shock wave or
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‘buffet’ on the wing for the transonic flight regime by modifications to the upper surface of
the wing. The minimisation of the shockwave could lead to important reductions in drag.

Several experiments were conducted in the area of ‘active aerofoil optimisation’. One of
the most recent experiments was performed in the CRIAQ 7.1 project, in which collaboration
took place between aerospace industrial teams at Bombardier and Thales, and academic
partners from the École de Téchnologie Supérieure (ETS) and École Polytéchnique, and the
National Aerospace Research Center (NRC). The purpose of the project was to demonstrate
the capabilities of morphing wings for developing the flow transition from laminar to
turbulent(14,15). Morphing was achieved by replacing the upper surface of the wing between
7% and 70% of the wing chord with a flexible carbon-Kevlar composite and by morphing it
using two SMA actuation lines to obtain an optimised shape for each flight condition studied
in a wind tunnel(16). The optimisation was done using a genetic algorithm method coupled
with the aerodynamic solver XFoil. The wind-tunnel tests have proven that the concept of
upper surface morphing was viable, controllable, and gave good results, confirming the delay
of the transition from laminar to turbulent flow as well as a reduction of the drag coefficient(17).
PID(18) and neuro-fuzzy controllers(19) were tested to prove that the ability to control the shape
of the morphing system to determine the delay of the transition. They gave excellent results
in both open(20) and closed loops(21).

Based on the CRIAQ 7.1 experience, another project was developed at the LARCASE
laboratory. Its purpose was to develop a wind-tunnel active morphing model using electrical
actuators, optimised epoxy-glass fibre composite skin, a PID controller and an ‘in-house’
genetic algorithm coupled with the XFoil aerodynamic solver. Another goal of this project
was to demonstrate the morphing-aerofoil concept on a different wing, and therefore with
different lengths of morphing upper-surface skin (10%c to 70%c). In this project, the ATR
42 wing model was manufactured totally from composite, instead of a combination of an
upper-surface composite and aluminium wing body.

The project described in the paragraph above was a multi-disciplinary project, in which
aerodynamic optimisation and analysis, composite material optimisation and manufacturing
and active control of the morphing structure work together to obtain an active morphing wing.

This project was developed in two phases. The first phase of the project, presented in this
paper, concentrated on several aspects: development of the aerodynamic shape optimisation
algorithm, optimisation of the composite material and the manufacturing of two rigid wing
models. The rigid wing models were based on the original ATR-42 aerofoil and one optimised
version of the same aerofoil at a specific flight condition (angle-of-attack 0° and speed
34.6 m/s). The two rigid wing models were designed and developed with the purpose of
validating the optimisation algorithm and the wind-tunnel experimental set-up. In addition,
another purpose was to determine the necessity of wind-tunnel corrections and to test the
composite material in wind-tunnel conditions.

The second phase of the project, which is not described in the present paper, treated
the design and development of the morphing mechanism, numerical optimisation results
for multiple flight conditions, control of the morphing upper surface and wind-tunnel
experimental results for the active morphing wing.

The present paper is concentrating on the presentation of the general aspects of the project
for three of the disciplines involved (aerodynamic optimisation, manufacturing, experimental
testing) and on the results that validate the aerodynamic optimisation for two aerofoil shapes
(original and one optimised shape) and on the validation of the method of post-processing
the experimental data for obtaining information that can be successfully compared with the
numeric results.
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2.0 METHODOLOGY
2.1 Problem description

Aerofoil shape changing can refer to the whole aerofoil or to just one section of it; for example,
the aerofoil’s upper surface, aileron section or leading edge, etc. The geometric characteristics
of an aerofoil are its coordinates, chord length, thickness and camber. Based on these, the wing
aerofoil is also described by its aerodynamical parameters, such as lift, drag, aerodynamic
moment and pressure coefficients, and the region where the flow passes from laminar to
turbulent, also known as transition regime. The purpose of the optimisation depends on the
flow conditions for which the wing will be deployed. For an aircraft, and implicitly for a
wing, these conditions are related to flight manoeuvres: take-off, cruise, landing, stall, etc.
For example, in a take-off configuration the purpose would be to increase the maximum lift
while keeping the drag constant, while for landing the purpose would be to maintain the lift
and increase the drag at the same time. In both cases, the results could lead to the development
of an aircraft that can safely operate with a shorter take-off or landing strip.

For the ATR 42 wing aerofoil, the morphing region was situated on the upper surface of
the aerofoil and the objective was to obtain delay of the transition onset with the purpose of
reducing the drag coefficient.

2.2 Genetic algorithm general description

For the optimisation of the aerofoil, an ‘in-house’ genetic algorithm was developed and
verified with the Monte Carlo method. The aerodynamic analysis was done using the XFoil
aerodynamic solver; a brief description of this solver is given in Section 2.4.

The genetic algorithm is a meta-heuristic method of optimisation inspired from nature,
which uses various characteristics of the object to be optimised as ‘genes’. The genes were
used to create new objects or individuals, based on the initial ones but having different
characteristics. The creation of new individuals was done using two processes found in nature:
‘cross-over’ and ‘mutation’. The cross-over is a process where the genes of two individuals
are mixed in various proportions, usually equal, but more complicated functions can be used.
The mutation process affects a percentage of the individuals resulted from the cross-over
function(s), and changes the values of the genes using a percentage of mutation.

A fitness function was used to evaluate the optimisation level of the new individuals with
respect to the original ones. This fitness function is a representation of the purpose of the
optimisation and describes the ideal characteristics of the optimised individual.

The genetic algorithm method was well studied and validated in various problems; it uses
different combinations of cross-over and mutation functions as well as problem-dependent
fitness functions(22,23).

2.3 Application of the genetic algorithm to the aerofoil shape
optimisation problem

This algorithm was applied in this paper to the geometric optimisation of the ATR 42 wing
aerofoil upper surface.

In this project, the upper surface of the aerofoil was optimised between 10% and 70%
of the chord, and no aileron was considered for the wing models. The length of the upper
surface to be modified was chosen based on the fact that the leading edge part of a wing is
manufactured separately for most civil aircraft, and thus from a morphing point of view it
would be extremely difficult to introduce continuous modifications between a leading edge
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Figure 1. (Colour online) Shape of the ATR 42 wing aerofoil.

and the rest of the wing. The 70% end-limit was chosen because most aircraft have an aileron
or flap starting near this point.

The area to be optimised was modified using two actuation points situated at 30% and 50%
of the chord. Several other positions and number of actuators were tested: (a) one actuator
situated at 30% of the chord; (b) one actuator situated at 50% of the chord; (c) two actuators
situated at 30% and 50% of the chord; (d) two actuators situated at 25% and 40% of the chord;
(e) three actuators situated at 20%, 35% and 50% of the chord and (f) four actuators situated
at 20%, 35%, 45% and 60% of the chord. From all these combinations only version (c) has
given the best results in terms of compromise between aerodynamic optimisation, structural
forces need to push the skin, shape of the skin obtained after actuator deployment and coupled
with the small space inside the wing box and actuator system design.

For the ATR 42 aerofoil, the optimisation objective was to obtain a reduction of the
aerofoil’s drag coefficient at constant angle-of-attack by delaying the position where the flow
passes from laminar to turbulent, for small variations of speed and angle-of-attack. Because
only small variations in speed were studied, only one optimised shape was considered for the
first phase of the project and then analysed and tested over a range of angles of attack to
observe its performances.

From the various geometrical characteristics that describe an aerofoil (the geometric
characteristics of an aerofoil are its coordinates, chord length, thickness and camber), the
authors have chosen to use the coordinates of the actuation points as ‘genes’, thus reducing
the number of unknowns to two – the two vertical displacements of the ‘genes’. The upper
surface of the aerofoil, between 10% and 70% of the chord, was reconstructed using cubic
splines, which proved to be a sufficiently accurate method(24).
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As mentioned before, for the aerofoil reconstruction of the upper surface cubic splines were
used. The cubic splines give sufficient accuracy in reconstructing small curvatures. The spline
functions are characterised by their shape on subintervals, between two control points. They
are also known as piece-wise polynomial real functions. In interpolating problems, spline
interpolation is often referred to as polynomial interpolation, due to the fact that it yields
similar results; when using lower degree splines (e.g. bi-splines or cubic splines) the resulted
curve is just as well traced as if interpolated with high-degree polynomials, but with the benefit
of avoiding instability due to Runge’s phenomenon.

The most-used spline interpolation is the cubic spline, which insures continuity up to, and
including, the second-order derivatives, which allows the calculation of the curvature radius.

For the reconstruction of the aerofoil using cubic splines, the coordinates for the morphing
skin which starts at 10%c and ends at 70%c and the ‘genes’ (actuation points), which are now
defined as control points, were used.

As mentioned above, the optimisation method was coupled with the aerodynamic solver
XFoil to calculate the aerodynamic characteristics of each new aerofoil that resulted
from the optimisation process. The solver calculated the lift, drag, moment and pressure
coefficients as well as the transition position based on the shape of the aerofoil and the flight
conditions introduced. The methods employed by XFoil for the calculation of the aerodynamic
parameters are presented in Section 2.4 of the Methodology. Given that the purpose of the
optimisation was to reduce the drag coefficient by delaying the transition on the upper surface,
the fitness function, Ff, was developed as a sum of multiple single-objective functions based
on the aerodynamic parameters calculated with the XFoil solver:

Ff = w1 · Cl + w2 · 1
Cd

+ w3 · U pTr + w4 · 1
U pTr

+ w5 · Cl

Cd
+ w6 · U pTr

Cd
, … (1)

where wi represent weights given by the user as natural numbers, positive or negative,
depending on the purpose of the optimisation, UpTr represents the transition point and Ff

represents the fitness function.
The fitness function presented in Equation (1) is a multi-objective single-point optimisation

function. Its purpose was to show that, by using all the aerodynamic characteristics provided
by the XFoil analysis, and that, based on the particular objective of the optimisation, the fitness
function used for the actual optimisation could be reduced to one of the functions presented
in Equation (2).

Thus, in the particular case of optimising for drag coefficient reduction at constant angle-
of-attack, the fitness function Ff was reduced to any of these expressions:

Ff = w2 · 1
Cd

or Ff = w3 · U pTr or Ff = w6 · U pTr

Cd
… (2)

Using either of the fitness functions presented in Equation (2), the optimisation results, in
terms of the aerodynamic performances (lift and drag coefficient and upper surface transition)
of the aerofoils, were similar.

In this genetic algorithm, the final value of the fitness function was not imposed, because
the optimisation was considered free – no fixed value was associated to the objective, for
example, there was no specific percentage of reduction that was demanded to be achieved – it
was preferred to limit the number of generations and individuals. Based on convergence tests,
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20 generations and 40 individual aerofoils were considered sufficient, as changes in results
were not obtained with higher values.

Because a maximum value for the fitness function was not imposed, a method for evaluating
the performances of the aerofoils was developed based on the values of the fitness function
the aerofoils obtained.

Thus, the maximum and minimum values of the fitness function were calculated for each
generation. Then an interval was determined by using Equation (3):

Interval = Fitnessmax + Fitnessmin

10
… (3)

Based on the fitness function values and the ‘intervals’, groups of fitness values were
created. Each group was awarded a grade. The higher the fitness function values in a group,
the higher the grade, with the highest grade awarded being 10. The group that contained the
lowest values of fitness function was awarded grade 1.

New aerofoils were created using the genes of the analysed ones, and all of the aerofoils in a
generation had at least one chance of being used as providers of genes for the next generation
of aerofoils. The likelihood of each aerofoil to be used as a gene provider or parent was
established based on its grade. A function to represent this probability was developed and is
presented below:

PS = 11 − x; x ∈ Z, PS ∈ N … (4)

x =
{

y, y ≥ 1
1, y ≤ 1

; x, y ∈ Z … (5)

y =
{

zA f , zA f ≤ 10
10, zA f ≥ 10

; y, z ∈ Z … (6)

z =
⎧⎨
⎩

|λ,λ ≥ 0
;λ ∈ R; z ∈ Z

λ|,λ ≤ 0

λ = δ · 10
1

A f ; random δ ∈ [0, 1] ; … (7)

where PS is the probability of selection and Af represents the attraction factor given by the
user, which is set at 2, for the present case. The attraction factor shows with how much an
individual with a high grade is more attractive to become a parent. The PS function returned
values between 1 and 10, corresponding to the grades associated to the aerofoils. The value
of PS was compared to the grades allocated to each aerofoil based on the fitness function. All
aerofoils whose grades were equal to the PS value were grouped and one of them was selected
at random to play the role of parent. The process was repeated until all the required parents
were chosen. In order to solve the problem of aerofoil shape modification, two parents were
considered sufficient for each new individual aerofoil.

The new set of aerofoils was created using cross-over and mutation functions applied to
the randomly chosen parents. Two cross-over functions were used, depending on the number
of aerofoil generations deemed necessary to achieve the optimum in drag reduction. It was
observed that, for this algorithm, the optimum region was reached after the analysis of ten
generations of aerofoils using a simple cross-over function, which mixed equal shares of
the genes. To avoid finding a local optimum instead of a global one, another cross-over
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function was added and it affects the generations beyond the tenth. This function was based
on the simulated binary cross-solver technique(25) and used a random number in the following
manner:

child =
{

childequalshare, generation ≤ 10
child�=equalshare, generation > 10

… (8)

childequalshare(genei ) = genei_parent j ;
i ∈ [1, number_of_genes], j ∈ [2, number_of_parents]

… (9)

child�=equalshare =
{ 1

2 · (1 + δ) · genei_parent j , δ ≥ 0.5
1
2 · (1 + δ) · genei_parent j+1 , δ < 0.5

;
random δ ∈ [0, 1]; i ∈ [1, number_of_genes], j ∈ [2, number_of_parents]

… (10)

The mutation affected a percentage of the aerofoils resulted from the cross-over function(s),
and changed the values of the genes with a percentage of mutation. Two variables were used
to achieve mutation. One variable gave the ‘chance of mutation’, which gave a percentage
of the number of aerofoils in a generation that would be affected by the mutation process
and was always a very small value (in percentage) that did not lead to a degeneration of
the optimisation. For our problem, the chance of mutation was set at 0.01% of the number of
aerofoils in a set. The second variable was the ‘percentages of mutation’ that gives the amount
of genes, which were to be modified. This variable must always be sufficiently small, so that
the modified value of the gene does not surpass the upper or lower limits, if there are any
imposed. In our case, the percentage of mutation was set at a maximum of 2% of the value of
the genes it affected.

A final step in the genetic algorithm that ensures a rapid convergence towards the optimum
was the tournament. The tournament is a process in which some of the worst members of the
current generation of airfoils are replaced with some of the best members from the previous
aerofoil generation. This process gives more chances to those aerofoils that are close to the
optimum to contribute with their genes to the next set of aerofoils. For our problem, the
maximum number of aerofoils and generations used was 40 aerofoils per generation for a
total of 20 generations. The maximum number of generations was imposed after convergence
tests have shown that, for more than 20 generations and 40 aerofoils, no extraordinary
modifications in the shape of the optimal aerofoils occur.

Figure 2 presents the ‘step by step’ process of optimisation from input, which contains
the original aerofoil coordinates, the flight and optimisation conditions, to the result, which
contains the optimised aerofoil coordinates and its pressure and aerodynamic characteristics.

2.4 XFoil code description

The code used for the calculation of the two-dimensional aerodynamic characteristics of
the wing’s control sections is XFoil, version 6.96, developed by Drela and Youngren(26).
The XFoil code was chosen because it has proven its precision and effectiveness over time,
and because its rapid convergence. In XFoil, inviscid calculations were performed using
a linear vorticity stream function panel method, to which a Karman-Tsien compressibility
correction(27) was added, allowing for the obtaining of good predictions of subsonic flow.
For the viscous flow calculations, XFoil uses a two-equation lagged dissipation integral
boundary layer formulation(28) and incorporates the en transition criterion(29). The flow in the
boundary layer and in the wake interacts with the inviscid potential flow by using the surface
transpiration model.
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Figure 2. (Colour online) Schematic of the genetic algorithm/XFoil coupled software.

Figure 3. Components of the Price-Païdoussis wind tunnel (reproduced from Ref. 30).

3.0 PRICE-PAÏDOUSSIS SUBSONIC WIND TUNNEL
Before the presentation of the wing model design and manufacturing in the following section,
a short presentation of the Price-Païdoussis wind tunnel is given, as the dimensions of the test
chamber and some of the characteristics of the wind tunnel have an impact on both models’
dimensions.

The Price-Païdoussis wind tunnel is an experimental facility at the École de Téchnologie
Supérieure under the supervision of Professor Ruxandra M. Botez, head of the
LARCASE laboratory (Aeronautical Research Laboratory in Active Control, Avionics and
Aeroservoelasticity) and the Canada Research Chair for Aircraft Modeling and Simulation
Technologies. The Price-Païdoussis facility is a 12 m blow-down subsonic wind tunnel. The
main components of the wind tunnel are represented in Fig. 3 and its dimensions in Fig. 4.
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Figure 4. Dimensions of the Price-Païdoussis wind tunnel (reproduced from Ref. 30).

Figure 4a. (Colour online) Wing model installed in the wind-tunnel chamber.

The wind tunnel is powered by a 40 HP, 67 Amps electrical engine, from North Western
Electric Co and is fitted with a double impeller centrifugal fan. The maximum speed it can
reach is approximately 61 m/s or 0.18 Mach in the smaller of the two test chambers that
complete the wind tunnel. The chambers are made of wood, with Plexiglas removable doors
on each side, for greater accessibility to the models installed inside. The main test chamber
has dimensions of 0.62 × 0.91 × 1.83 m (H × W × L) and the speeds that can be sustained in
it are around 40 m/s, equivalent to 0.12 Mach, with a maximum Reynolds number of 2.4 m.
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The smaller of the two chambers is 0.31 × 0.61 × 1.22 m (H × W × L) and can sustain the
maximum speed of the wind tunnel and a Reynolds number of 3.5 m. Reynolds numbers were
calculated using a chord of 0.8 m, which is the maximum chord that a model can have, in
order to be tested in either of the test chambers.

The wind tunnel’s turbulence level is approximately 0.3, corresponding to a critical
amplification factor of 5.5 for the XFoil analysis. The correspondence between the flow
turbulence level (T) and the critical amplification factor (N), used in the ‘en’ transition
estimation method, was given by Mack’s formula(30):

N = −8.43 − 2.4 ln(T ) … (11)

A. Ben Mosbah et al(31) presented a detailed description of the wind-tunnel components
and flow measurements, for ISO certification.

In order to decide which one of the test chambers should be used, it was necessary to
determine the dimensions of the models. The requirements for the models dimensions were
determined by the requirements for a bi-dimensional wing model, as recommended by J.
Borlow, W. Rae and A. Pope(32). In addition, the models’ dimensions were determined by
the requirements of the active morphing wing model developed in the second phase of the
project. The active morphing model included a morphing mechanism and pressure sensor
cables installed inside the model, which indicates the need for a model large enough to house
them.

Based on these considerations, the larger testing chamber was chosen. The final dimensions
of the models were calculated using the testing chamber length and width, the thickness of the
aerofoil and the formulas indicated in Ref. 32. Thus, the wing models have a span of 0.6 m and
a chord of 0.244 m, and their thickness is 35 mm. This thickness was considered more than
enough to house the pressure taps used for pressure measurement on the rigid wing models in
the first phase of the project, presented in this paper, and sufficiently large to house most of
the morphing mechanism of the active morphing wing developed in the second phase of the
project.

4.0 MANUFACTURING OF THE RIGID WING MODELS
As mentioned in the first section, the wings were manufactured from fibreglass-epoxy resin
composite material, which was selected because it meets several of the requirements for
the morphing area material. The proposed materials were aluminium, carbon-Kevlar and
unidirectional TG-18_U glass fibre combined with epoxy resin (fibreglass). The criteria, on
which the material was chosen, were based on mechanical properties as well as on the financial
and technological availabilities. The Carbon-Kevlar material was successfully used during the
CRIAQ 7.1 project and it was considered as a possible candidate, but it was not chosen because
it was not easily available and reproducible and also because it was considered more beneficial
to explore other materials and optimisation techniques. The aluminiums’ intrinsic mechanical
properties makes it an unlikely choice for a flexible skin that needs to change shape while
minimising the forces needed for the actuation system, therefore it is difficult to optimise
aluminium and the amount of time needed for such a process was considered too high. The
final weight of the model was also one of the parameters considered in the choice of materials.

The final decision was to create an optimised uni-directional TG-18_U fibre-epoxy resin
composite best-suited to the project’s needs. The fibers used were J.B. Martin’s UD TG-9U
fibres infused with epoxy at a fibre volume fraction of 50%. The optimisation, of the number of
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Table 1
Properties of the composite components(33)

Property Unit (SI) Epoxy/Glass UD Bonding Paste

E1 GPa 48 4
E2 GPa 13 -
G12 GPa 4.75 1.2
S1T MPa 848 62
S2T MPa 62 -
S1C MPa 579 100
S2C MPa 239 -
S12 MPa 76 13.35
ν12 - 0.26 0.31

plies along the span and chord of the wing and the direction of the glass fibres, was carried out
using the Hyperworks software. The optimisation process and the evaluations of the resulted
composite are presented by F. Michaud et al(33).

Table 1 presents several characteristics of the composite material that was used for the
manufacturing of the wing models.

The composite optimisation process took into account the deformations obtained with the
aerodynamic optimisation software in a multidisciplinary loop between the aerodynamic and
structural parts of the project.

The goal of the material optimisation process was to match the structural shape to the
theoretical shape provided by the aerodynamic optimisation.

The composite material for the rigid models was found to have a constant thickness of
0.25 mm per ply, four plies in both the span and the chord lengths, while the glass fibres were
oriented at 0° and 90° to insure sufficient rigidity in both directions of the chord and span.
The composite material was stiffened with an epoxy-based bonding paste.

Initially, it was planned to use the composite material only for the region between 10%c
and 70%c on the upper-surface (where c represents the chord of the wing), but, due to the
complications in manufacturing a small model from two different materials and in the interest
of observing the behaviour of the composite material, it was decided to use it for the full
surface of the wing models.

Several materials (metal, wood, composite, etc.) were proposed for the manufacturing of
the wing models moulds. Since the models were made one after another and the moulds
were to be used for the manufacturing of the morphing wing in the second phase of the
project, the material from which the moulds were made must provide precision and reliability
for the manufacturing process without deteriorating. Thus, the moulds were machined from
aluminium blocks and the base of the wing models was made from solid steel that was cut to
shape with laser tools.

Two moulds were created for each wing model – one for the upper surface part and one for
the lower surface part of the wing – and after the installation of the pressure tap’s cables, the
two parts were assembled together using EPIKOTE Resin MGS BPR 135G.

The manufacturing process, the assembly and the finishing of the models was done at ETS
in our LARCASE laboratory.

The wings were placed in the wind-tunnel testing chamber with tufts (small wool fibres)
placed on the upper surface and were tested to verify that the effects of the wing model edges
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were attenuated and disappeared at the centre of the wing. This meant that the flow around
the wing had bi-dimensional characteristics in the region where the pressure sensors were
installed.

A detailed description of the realisation of the rigid wing models for the Price-Païdoussis
wind tunnel was given in R. Caléstreme’s Master’s thesis(34).

The testing of the wing models in the Price-Païdoussis wind tunnel confirms that the simple
optimisation of the composite was sufficient for this phase of the project. The material has
resisted to the aerodynamic forces developed by the wind tunnel at the highest speed and
angle-of-attack without any visible deterioration.

5.0 PRESSURE MEASUREMENT SYSTEM
As mentioned earlier, the pressure in the wind tunnel was measured using pressure taps
connected to an AeroLab PTA (pressure transducer array) measurement system. These
pressure taps were chosen because they are used in experimental set-ups and represent an
economical solution(35,36).

The AeroLab PTA system was chosen to record the data without the inaccuracies of
interpretation inherent to traditional fluid-filled multi-tube manometers, which need manual
recording. The PTA is an adaptable and configurable system that comes completely fitted with
pressure sensors that allows the measurement of the absolute atmospheric pressure between
800 and 1200 mbar and absolute pressure between 0 and 10 bar with an accuracy of ±0.05%
of the basic range and a resolution of 0.002% of the basic range. The connecting vinyl tubes,
from the taps on the upper and lower surfaces of the wing, needed to be connected to the
24 pressure fittings installed on the PTA system box, which was equipped with its own, easy
to use, executable program, LabView. More details on this PTA system can be found on the
AeroLab site(37).

The most convenient method of installing the pressure sensors was to integrate them, using
flexible connecting vinyl tubes connected to a cavity on the model surface at one end and the
pressure measurement system at the other end. This method was chosen because it eliminated
the need to disassemble the models after manufacturing, and to assemble them again in order
to change a pressure sensor without damaging other sensors in the process.

The holes in the upper and lower model skins had to respect a number of constraints.
The literature in this domain(38-40) states that the dimensions of the holes should be between
0.5 and 3 mm in diameter, the ratio between their lengths and diameters must be between 5
and 15, and the cavity for the connecting vinyl tubes should have a greater diameter than
the hole. The last condition, when respected, will minimise the length of the hole’s channel.
These three conditions were necessary to obtain good precision in measurements and to avoid
parasitic effects, for example, turbulence in the cavity, which would change the measured
values. In our case, the holes had a diameter smaller than 1 mm; thus, it was not necessary
to respect all of the above conditions, because for a hole with a very small diameter the
geometry and inclination of the hole’s channel would have no effect on the measurements,
thereby facilitating the process of puncturing the holes during the skin manufacturing
process.

Twenty pressure taps were installed on the upper and lower surfaces of the original wing
model. Eighteen were installed on the upper and lower surfaces of the optimised wing model.
The wing reproducing the original shape of the ATR 42 aerofoil has 14 taps on the upper
surface and six taps on the lower surface, while the model reproducing the optimised shape
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Table 2
Pressure taps positions on the upper and lower surface of the rigid

original model

Original Rigid Wing model upper-surface
Chord position

(%)
5 10 15 20 25 30 32.5 35 37.5 40 45 50 60 70

Chord position
(mm)

12.2 24.4 36.6 48.8 61 73.2 79.3 85.4 91.5 97.6 109.8 122 146.4 183

Original Rigid Wing model lower-surface
Chord position

(%)
2.77 10 20 40 60 80

Chord position
(mm)

6.8 24.4 48.8 97.6 146.4 195.2

Table 3
Pressure taps positions on the upper and lower surface of the rigid

optimised model

Optimised Rigid Wing model upper-surface
Chord position

(%)
5 10 15 20 25 30 35 40 45 50 55 60 65 70

Chord position
(mm)

12.2 24.4 36.6 48.8 61 73.2 85.4 97.6 109.8 122 134.2 146.4 158.6 170.8

Optimised Rigid Wing model lower-surface
Chord position

(%)
3.1 10 20 30

Chord position
(mm)

7.6 24.4 48.8 73.2

has 16 taps on the upper surface and only four on the lower. Fewer pressure taps were used for
the lower surface because the upper surface was considered of more importance because of
the morphed region. Tables 2 and 3 present the distribution of the pressure taps on both wings.
In Table 2, it can be observed that the distribution of the pressure taps on the upper surface of
the rigid wing model has a variable step in the chord direction. The variable step was chosen
after analysing the numerically calculated transition point positions. On the optimised model
(Table 3), the step between pressure taps is maintained constant in order to observe how much
the position of the pressure taps, determined in function of the numerical transition, influences
the accuracy of determining the experimental transition.

Figures 5(a) and 5(b) present the wind-tunnel set-up for the wing models.
Before the installation of both models in the wind tunnel, the positions of the pressure taps

and the dimensions of the holes were measured and compared with the theoretical values
from the CAD files. The measurements were done using a ‘contour gauge’ with a precision of
0.1 mm and an ‘electronic caliper’, and the results show small, negligible differences between
the theoretical and the actual values.
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Figure 5(a). (Colour online) Optimised wing model installed inside the test chamber ready for testing.

Figure 5(b). (Colour online) Original rigid wind model installed in the wind-tunnel test chamber and
connected to the AEROLAB measurement system.
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Figure 6. (Colour online) Optimised ATR 42 aerofoil shape vs. Original ATR 42 aerofoil shape.

6.0 RESULTS
The numerical analysis results were compared with the experimental data, for the two rigid
models discussed above, for the pressure distributions along the chord and for the second
derivative of the pressure coefficient. One of the objective of the first phase of the project,
presented in this paper, was to ascertain whether wind-tunnel correction were needed. From
the analysis of the experimental data and comparison with the numerical results no wind-
tunnel corrections (wall effects) were needed for the pressures or the angles of attack used
for the experiment; as the validation of numerical versus experimental data gave very good
results for the subsonic Price-Païdoussis wind tunnel.

6.1 Wind-tunnel test cases

As mentioned in the previous sections, there were two rigid wing models. The first model
was a representation of the original aerofoil, while the second was the reproduction of an
optimised version of the original aerofoil. The aerofoil was optimised for Mach number of
0.1 and angle-of-attack of 0° using two control points situated at 30% and 50% of the chord.
Figure 6 shows the shapes of the two aerofoils used for the development of the wing models.

The optimisation function used was described in section 2.3 on optimisation (eq. 1.2). Forty
randomly modified aerofoils based on the original ATR 42 aerofoil and 20 generations were
needed to obtain the final aerofoil shape that was used for manufacturing.

The numerical and experimental tests were done to validate the aerodynamic and
composite material optimisation procedures and to prove that the modification of the upper
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Table 4
Numerical and experimental test cases for both rigid models

Case Speed(m/s) Mach Angle-of-attack(°) Reynolds No.

1 27.2 0.08 − 2 4.30E+05
2 − 1
3 0
4 1
5 2
6 30.6 0.09 − 2 4.85E+05
7 − 1
8 0
9 1
10 2
11 34 0.1 − 2 5.40E+05
12 − 1
13 0
14 1
15 2

surface of the ATR-42 aerofoil (one aerofoil shape presented as optimised wing model)
produces improvements in the transition location, and implicitly in the value of the drag
coefficient.

Table 4 presents a complete list of the tests performed for both the experimental setup in
the Price-Païdoussis wind tunnel and the numerical analysis with XFoil.

In this section, only the results obtained for three test cases, 2, 8, and 15 (Table 4), are
presented and discussed, for different speeds and angles of attack, because of the similarity of
the results obtained for the group of cases. In the final part of the results section, the numerical
results for all test cases are given in Tables 7(a)-7(d).

Figures 7-9 show a comparison between the pressure distribution calculated with XFoil and
the pressure distribution determined from wind-tunnel experimental data for each of the rigid
models. For each set of figures, (a) represents the comparison between the experimental and
numerical data for the original model, (b) represents the comparison between the experimental
and numerical data for the optimised model, and (c) represents the comparison between the
experimental data for both models.

6.2 Analysis of the pressure distributions

Case 2 – Analysis and testing for Mach number of 0.08 and angle-of-attack of −1°
Case 8 – Analysis and testing for Mach number of 0.09 and angle-of-attack of 0°
Case 15 – Analysis and testing for Mach number 0.1 and angle-of-attack of 2°
From the results presented in Figures 7-9(a and b) it was observed that the experimental

data agrees with the XFoil predictions without applying any wind-tunnel corrections, which
confirms that at very small speeds and angles of attack, 2D wind-tunnel corrections are
not necessary. On the upper surface, the good agreement between the experiment and the
numerical prediction was due to the sufficiently high number of pressure taps installed, and it
was observed that the pressure taps’ readings closely follows the XFoil predicted curve. On
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Figure 7(a). (Colour online) Comparison, for the original model, of the pressure distribution calculated
with XFoil vs. experimental pressure distribution.

Figure 7(b). (Colour online) Comparison, for the optimised model, of the pressure distribution calculated
with XFoil vs. experimental pressure distribution.
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Figure 7(c). (Colour online) Comparison of the experimental pressure distribution for the optimised model
vs. experimental pressure distribution for the original model.

Figure 8(a). (Colour online) Comparison, for the original model, of the pressure distribution calculated
with XFoil vs. experimental pressure distribution.

https://doi.org/10.1017/aer.2016.30 Published online by Cambridge University Press

https://doi.org/10.1017/aer.2016.30


Botez ET AL 777Numerical and experimental validation…

Figure 8(b). (Colour online) Comparison, for the optimised model, of the pressure distribution calculated
with XFoil vs. experimental pressure distribution.

Figure 8(c). (Colour online) Comparison of the experimental pressure measurements for the optimised
model vs. the experimental pressure measurements for the original model.
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Figure 9(a). (Colour online) Comparison, for the original model, of the pressure distribution calculated
with XFoil code vs. experimental pressure distribution.

Figure 9(b). (Colour online) Comparison, for the optimised model, of the pressure distribution calculated
with XFoil code versus experimental pressure distribution.
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Figure 9(c) (Colour online) Comparison of the experimental pressure measurements for the optimised
model vs. the experimental pressure measurements for the original model.

the lower surface, the pressure taps’ readings do not follow the shape of the numerical curve
as closely. This was due to the small number of sensors installed, to a blocking of the second
pressure sensor on the lower surface, but, since the most accurate readings were needed on
the upper surface, where the optimisation took place, the experimental data obtained for the
lower surface was considered sufficient.

Figures 7-9(c) show the comparison between the experimental results of the original shape
model and the optimised shape model for each of the cases. It can be seen that even a
small difference in shape induced a visible change in the pressure distributions. Numerical
percentages of the improvements of the transition position for each of the cases are presented
in Tables 7(a)-7(d).

6.3 Second derivative analysis of the pressure data for transition
estimation

Figures 10-12 present the analysis of the second derivative of the pressure coefficient
measurements, which allowed us to predict the transition position from the experimental data
without requiring expensive or complicated equipment.

The transition of the boundary layer from laminar to turbulent has been an important topic
in aerodynamics since Osborne Reynolds(41) 1883 publication on this subject. Today there
is still no complete transition theory; instead, empirical or semi-empirical correlations and
expensive wind-tunnel measurements are used to determine transition.

The classical approach for determining transition in numerical aerodynamic calculations is
based on iterative methodology, by combining a panel code with a boundary layer code. To
be able to simulate the transition region, the boundary layer code needs to be coupled with a
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Figure 10(a). (Colour online) Variation of the second pressure derivative using XFoil pressure distribution,
experimental pressure distribution and the XFoil predicted transition point, for the optimised model.

Figure 10(b). (Colour online) Variation of the second pressure derivative using XFoil pressure distribution,
experimental pressure distribution and the XFoil predicted transition point for the original model.
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Figure 11(a). (Colour online) Variation of the second pressure derivative using XFoil pressure distribution,
experimental pressure distribution and the XFoil predicted transition point for the optimised model.

Figure 11(b). (Colour online) Variation of the second pressure derivative using XFoil pressure distribution,
experimental pressure distribution and the XFoil predicted transition point for the original model.
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Figure 12(a). (Colour online) Variation of the second pressure derivative using XFoil pressure distribution,
experimental pressure distribution and the XFoil predicted transition point for the optimised model.

Figure 12(b). (Colour online) Variation of the second pressure derivative using XFoil pressure distribution,
experimental pressure distribution and the XFoil predicted transition point for the original model.
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stability code based either on linear stability theory or on wind-tunnel-derived correlations.
However, this approach only works for cases where classical boundary layer theory(42) holds
true, which restricts it to cases with attached flow. More recently, codes such as ANSYS
Fluent(43) have introduced transition calculation in conjunction with modern aerodynamic
methods, but, even here, the methods used to determine transition are actually empirical
correlations. A different way of determining transition was proposed by Silisteanu and
Botez(44). They use the refining of the grid as the starting point to obtain accurate information
on the boundary layer.

The most commonly known empirical correlations are the ‘Granville’ method(45), the ‘one-
step’ method of Michel(46), the Wazzan method(47), and the en method implemented in XFoil
solver that was used for our numerical calculations.

Practically, even if no general transition theory exists, as of yet, there are a number of
methods that can be used to numerically determine the transition position with very good
accuracy(48-51).

From an experimental point of view, the detection of the transition region on a wing in
a wind tunnel needs expensive equipment during the tests, e.g. an infrared scanner, highly
sensitive optical sensors, Kulite pressure sensors, etc., as well as post-processing equipment
for the resulted experimental data. In an experimental set-up, such as the one presented in this
paper, in which a reduced scale wing model was fitted with pressure taps, it was not possible
to have all that equipment, but the estimation the transition position on the upper surface
with a reasonable degree of accuracy was necessary and it was done. Thus, pressure data was
collected during our experiment, and this data was used to determine, with a certain degree of
accuracy, the region on the upper surface where transition occurs.

The flow transition can be detected on an XFoil pressure distribution plot by a point with
a high gradient in the local pressure. This detection is shown analytically in the equation of
motion (12) of the boundary layer to which wall conditions are applied.

ρ

(
∂u
∂t

+ u∂u
∂x

+ v∂u
∂y

)
= −∂ p

∂x
+ ∂

∂y

(
μ

∂u
∂y

)

wall conditions

u = v = 0 at y = 0 … (12)

The results are given in Equation (13).

∂ p
∂x

= μ
∂2u
∂y2

∣∣∣∣
y=0

… (13)

When the pressure gradient is positive, a deceleration of the flow occurs until it becomes
reversed.

The transition onset is associated with the maximum of the velocity streamline curvature
and the maximum curvature in the pressure plot. To determine the maximum velocity
streamline curvature, it is sufficient to derive Equation (13) one time with respect to x.

∂

∂x

(
∂ p
∂x

)
= ∂

∂x

(
μ

∂2u
∂y2

∣∣∣∣
y=0

)
… (14)
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It was observed that the result corresponds to the second derivative of the pressure, which,
in turn, corresponds to the ‘maximum of the pressure curvature’.

The laminar separation point was defined at the point where:

(
∂u
∂y

)∣∣∣∣
y=0

= 0 … (15)

By considering Equations (14) and (15), it results that at the laminar separation point the
second derivative of the pressure must also be zero. Immediately downstream from this point,
the boundary layer may reattach itself, forming a turbulent boundary layer, or it may remain
detached, creating a highly unsteady shear layer. The ‘transition zone’ is the region situated
between the detachment point of the laminar boundary layer and its reattachment point as a
turbulent one.

Further details, demonstrations and comparisons on this method are presented in Popov and
Botez(52). Other active control methods for the transition detection on a morphing wing are
given(53,54).

Based on the above formulations, an approximation of the transition position can be
computed from the pressure data. This method was successfully applied to the experimental
pressure data collected during the Price-Païdoussis wind-tunnel tests to determine the
transition point on the upper surface of the two rigid models. The comparison of the
numerical transition prediction versus experimental transition estimated using the second
derivative method on the pressure distribution was presented in Figs 10, 11 and 12. The second
derivative method was applied on the raw experimental pressure data without the use of spline
interpolations.

The derivative from the pressure distribution was calculated by using the second derivative
as shown in Equation (16):

∂2 p
∂x2

= ∂

∂x

(
∂ p
∂x

∣∣∣∣
iR

)∣∣∣∣
iL

∂ p
∂x

∣∣∣∣
iR

= pi+1 − pi

xi+1 − xi

∣∣∣∣∣∣∣∣
⇒ ∂2 p

∂x2

= pi+1 · (xi − xi−1) − 2 · pi · (xi+1 − xi−1) + pi−1 · (xi+1 − xi )

(xi+1 − xi ) · (xi − xi−1)2 … (16)

This formulation was chosen because of the non-uniformity of the steps between two
consecutive pressure taps. For the XFoil pressure distribution, the classic second derivative
approximation, expressed by Equation (17), and obtained from the Taylor series, was used:

∂2 p
∂x2

= pi+1 − 2 · pi + pi−1

�x2
… (17)

Case 2 - Analysis and testing for Mach number = 0.08 and angle-of-attack α = −1°
Case 8 - Analysis and testing for Mach number = 0.09 and angle-of-attack α = 0°
Case 15 - Analysis and testing for Mach number = 0.1 and angle-of-attack α = 2°
Numerically, XFoil gives a single point for the transition, experimentally it is impossible to

extract a discreet value for the transition on the upper surface; normally, there is a transition
region for which an average can be calculated with an uncertainty value. Thus, the results
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Table 5
Transition results for numerical and experimental pressure data – original

wing model

Angle-of-
Attack(°) Mach

Numerical
Original

(%c) Experiment
Original_min

(%c) Experiment
Original_average

(%c) Experiment
Original_max

(%c) +/− Experimental
Uncertainty(% c)

−1 0.08 34.50 33.00 36.50 40.00 3.50
0 0.09 31.13 31.00 32.50 34.00 1.50
2 0.1 27.58 20.00 27.00 34.00 7.00

Table 6
Transition results for numerical and experimental pressure data – optimised

wing model

Angle-
of-
Attack(°) Mach

Numerical
Optimised

(%c)

Experiment
Optimised_min

(%c)

Experiment
Optimised_average

(%c)

Experiment
Optimised_max

(%c)

+/−
Experimental
Uncertainty

(%c)

−1 0.08 54.70 55.00 60.00 65.00 5.00
0 0.09 37.01 30.00 35.00 40.00 5.00
2 0.1 29.78 23.00 29.00 35.00 6.00

were presented in terms of the most probable minimum, maximum and average transition
and the numerical prediction. Given that the speed interval is small, the transition interval
variation from one speed to another at the same angle-of-attack is also small. This means that
the pressure sensors show the transition is approximately in the same area for cases at the same
angles of attack and small variation of the speed. This does not apply if the speed variation is
high.

For the original wing model, Figs. 10(b)-12(b) show the comparison of the variation of the
second derivative of pressure for experimental and numerically calculated data.

Table 5 presents the interval of the experimental transition and the numerical prediction for
the cases presented in Figs 10-12(b). The transitions were presented in percentage of chord.

The uncertainty values were determined manually for each case, based on the pressure
measurements, and were calculated as half the distance between the transition point’s
maximum and minimum possible locations.

Table 6 presents the interval of the experimental transition and the numerical prediction for
the cases presented in Figs 10-12(a), which are for the optimised rigid wing model.
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Table 7(a)
Numerical transition results for all wind-tunnel cases

Angle-of-
Attack Mach

Original
(%c)

Optimised
(%c)

Numerical
improvement
(Original –

Optimised in %c)

−2 0.08 37.82 57.75 19.93
0.09 36.62 57.10 20.48
0.1 35.73 56.47 20.74

−1 0.08 34.50 54.70 20.20
0.09 33.34 53.67 20.33
0.1 32.75 52.43 19.68

0 0.08 31.67 40.75 9.08
0.09 31.13 37.01 5.88
0.1 30.64 35.17 4.53

1 0.08 29.91 33.22 3.31
0.09 29.44 32.43 2.99
0.1 28.99 31.73 2.74

2 0.08 28.34 30.82 2.48
0.09 27.93 30.27 2.34
0.1 27.58 29.78 2.20

For the cases presented above, on average, the error between the numerical and
experimental transition is between 0.5 and 2% for the original wing model and between 0.7
and 5% for the optimised wing model. However, the error can drop to less than 0.5% or go
as high as 10% if the uncertainty interval is taken into account. The large interval in the
experimental transition, especially in the case of the optimised wing model, is partially given
by the position of the pressure sensors. In Section 5, it was mentioned that a different step
was used when installing the pressure taps on the original and optimised wings. These results
show that the original wing model, on which the sensors were installed using a variable step
based on the numerical transition predictions, the uncertainty interval is much smaller than
for the optimised wing on which the sensors were installed at a constant step. The previous
observation confirms the attention that needs to be taken when installing the pressure sensors.
An analysis of the number and positions of the sensors should be done, while taking into
account numerical predictions, before tests are done in wind tunnel.

The differences between numerical and experimental transition were also dues to other
factors, the precision of the aerodynamic solver XFoil, an insufficient number of sensors in
regions where transition is expected to appear, the manner in which the experimental data was
interpolated, human error. By improving any of the above differences, the error between the
experimental readings and the theoretic prediction should decrease.

The results presented in Figs 10-12 show that using a reasonable number of sensors installed
on the upper surface, and even in the absence of an interpolation method for the pressure
data, preliminary results were obtained for the transition onset without the need of more
complex measurement systems. The following Tables 7(a)-7(d), present the numerical and
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Table 7(b)
Estimated experimental transition results with uncertainty for all wind-tunnel

cases for the original wing model

Angle-
of-
Attack Mach

Experiment
Original_min

(%c)

Experiment
Original_average

(%c)

Experiment
Original_max

(%c)

+/−
Uncertainty

(%)

−2 0.08 40.00 45.00 50.00 5.00
0.09 35.00 38.50 42.00 3.50
0.1 35.00 37.50 40.00 2.50

−1 0.08 33.00 36.50 40.00 3.50
0.09 33.00 35.00 37.00 2.00
0.1 31.00 33.50 36.00 2.50

0 0.08 31.00 33.00 35.00 2.00
0.09 31.00 32.50 34.00 1.50
0.1 27.00 31.00 35.00 4.00

1 0.08 29.00 30.50 32.00 1.50
0.09 28.00 30.00 32.00 2.00
0.1 26.00 29.00 32.00 3.00

2 0.08 23.00 28.00 33.00 5.00
0.09 23.00 28.00 33.00 5.00
0.1 20.00 27.00 34.00 7.00

Table 7(c)
Estimated experimental transition results with uncertainty for all wind-tunnel

cases for the optimised wing model

Angle-
of-
Attack Mach

Experiment
Original_min

(%c)

Experiment
Original_average

(%c)

Experiment
Original_max

(%c)

+/−
Uncertainty

(%)

−2 0.08 55.00 61.00 67.00 6.00
0.09 55.00 61.00 67.00 6.00
0.1 55.00 60.00 65.00 5.00

−1 0.08 55.00 60.00 65.00 5.00
0.09 50.00 55.00 60.00 5.00
0.1 50.00 55.00 60.00 5.00

0 0.08 30.00 35.00 40.00 5.00
0.09 30.00 35.00 40.00 5.00
0.1 30.00 35.00 40.00 5.00

1 0.08 No estimation No estimation No estimation No
estimation

0.09 30.0 35.00 40.00 5.00
0.1 30.00 35.00 40.00 5.00

2 0.08 23.00 29.50 36.00 6.50
0.09 23.00 28.50 34.00 5.50
0.1 23.00 29.00 35.00 6.00
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Table 7(d)
Estimated experimental vs. numerical transition improvement for all

wind-tunnel cases

Angle-of-
Attack Mach

Numerical
improvement

(%c)

Experimental
improvement

(%c)

−2 0.08 19.93 16.00
0.09 20.48 22.50
0.1 20.74 22.50

−1 0.08 20.20 23.50
0.09 20.33 20.00
0.1 19.68 21.50

0 0.08 9.08 2.00
0.09 5.88 2.50
0.1 4.53 4.00

1 0.08 3.31 No estimation
0.09 2.99 5.00
0.1 2.74 6.00

2 0.08 2.48 1.50
0.09 2.34 0.50
0.1 2.20 2.00

the experimental transition results for all the cases tested in the wind tunnel for the two wing
models and the transition improvement obtained both numerically and experimental.

The Reynolds numbers range from 430 000 for Mach number 0.08 to 540 000 for Mach 0.1.
The improvements presented in Table 7(d) columns 3 and 4 were calculated using the

following formula:

improvement = (
Transitionmorphed_wing − Transitionoriginal_wing

)
100 … (18)

Figures 13-15 present, for each speed, the comparison between the predicted and the
estimated improvement.

As seen in Tables 7(a)-7(d) and in Figs 13-15, the experimental data showed greater
improvement of the transition position than the numerical predictions for some of the cases,
while for others it obtains similar results. The exceptions were at angle-of-attack 2° where the
improvement percentage was smaller than what was numerically predicted.

Figure 16 represents the Lift versus Drag coefficient curve comparison between original
and optimised wing models. It is evident that at Mach 0.08 the optimised shape is particularly
performing, also that in all cases there is a marked reduction in the drag coefficient.
Numerically, the drag reduction varies between 3% and 10% between original and optimised
shape, with higher reductions at negative angles of attack.

Finally, for a better understanding of the optimisation results, both numerical and
experimental, the performances of the original aerofoil were compared with the performances
of the optimised shape (obtained from the optimisation at a single flight case, Mach
number 0.1 and angle-of-attack 0°). The purpose of this comparison was to show that
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Figure 13. (Colour online) Transition improvement numerical vs. experimental with uncertainty margins
for cases at Mach number = 0.1.

Figure 14. (Colour online) Transition improvement numerical vs. experimental with uncertainty margins
for cases at Mach number = 0.09.

Figure 15. (Colour online) Transition improvement numerical vs. experimental with uncertainty margins
for cases at Mach number = 0.08.
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Figure 16. (Colour online) Comparison of the numerical drag coefficient (counts, one count = 10−4)
between original and optimised wing.

Figure 17. (Colour online) Lift coefficient curve comparison between original and optimised wing models
for a large range of angles of attack and Mach number 0.1.

the optimised shape, although very efficient outside its optimisation condition, was not
sufficiently performing in order to replace the original aerofoil; and that based on the observed
performances of the optimised aerofoil, other optimal shapes should be researched to improve
the original aerofoil for as many flight conditions as possible.

It can be seen in Fig. 17 that the lift coefficient is not affected by the new optimised shape,
since the objective was concentrated on the drag and transition and curvature of the aerofoil
was not modified.

Figure 18 presents the Lift-to-Drag curve and Fig. 19 presents the Transition-to-Drag
curves for both original and optimised aerofoils. Both figures were drawn for a range of angles
of attack between −5° and 10°. It was observed that the optimised aerofoil has improvements
outside the design range at negative angles of attack up to −3° and small improvements at
2° and 3° angles of attack. Above and below these thresholds the optimised shape differs in
no way from the original aerofoil performances, with the exception of the negative (−4° and
−5°) and very high positive angles of attack (9° and 10°).
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Figure 18. (Colour online) Lift-Drag curve comparisons between original and optimised wing models for a
large range of angles of attack and Mach number 0.1.

Figure 19. (Colour online) Transition-Drag curve comparisons between original and optimised wing
models for a large range of angles of attack (−5° to 10°) and Mach number 0.1.

These results confirmed that the shape obtained with the genetic algorithm optimisation
software for Mach number of 0.1 and angle-of-attack of 0° can be successfully used as an
optimal shape for speeds and angles of attack situated in the immediate vicinity of the speed
and angle-of-attack at which the optimisation took place. This aspect could be particularly
useful when successive manoeuvres are done in a short period at small variations of speed
and angle-of-attack values (as, for example, in the presented cases where the speeds vary
between 20 m/s and 34 m/s). In these cases, it is sufficient to use a single optimal shape and
to morph the wing to another optimal shape when the range of speeds or angles of attack
increases beyond a problem-dependent value.

In this case, the optimised aerofoil has obtained improvements for both the angle-of-attack
and speed variation. It is evident from the results presented above, that for the higher angles
of attack (more than 1°) the original ATR 42 aerofoil should be optimised for each flight case
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instead of grouping them in order to maximise the chances of having a high improvement of
the transition region and by consequence of the drag coefficient for all flight cases.

7.0 CONCLUSIONS
In the present paper, the first phase of a multi-disciplinary project for the development of a
reduced scale morphing wing was presented. This first phase concerned the development,
testing and validation of an optimisation genetic algorithm coupled with the XFoil
aerodynamic solver, the development of a composite material and manufacturing of two rigid
wing models for wind-tunnel testing. The objectives of the paper were to validate, over a range
of angles of attack and speeds, the optimised shape of the ATR42 aerofoil for Mach 0.1 angle-
of-attack 0°, to validate the composite material choice for these models in the wind tunnel, to
analyse the relationship between the pressure sensors positions and numbers and the accuracy
of the readings, and to validate a method for estimating the transition improvement from the
pressure data collected during these tests.

The results, presented in Section 6.1, have shown that from an aerodynamic point of view
an agreement was obtained between the numerical pressure distribution and the pressure
distribution measured in the wind tunnel. On the lower surface of the models the agreement
was not as good as on the upper surface due to the loss of one of the pressure taps and to the
low number of sensors installed. Figures 7(c)-9(c), which presented a comparison between
the pressure distribution for the original shape and the pressure distribution of the optimised
shape, demonstrated that the pressure distribution was visibly affected by the skin’s small
vertical displacements, as the ones used for the optimised shape (less than 3 mm).

The results presented in Section 6.2 showed the estimation of the transition from
experimental data using the second derivative of the pressure coefficient and its comparison
with the numerically estimated transition. The results showed that the efficiency of the method
depends on the number of sensors on the upper surface and on the step with which they
were installed. Better results in the estimation of the transition were obtained for the original
shape wing model where the step was varied as function of the numerical prediction (of the
transition) compared with the estimations for the optimised shape model for which a constant
step was used. These results have shown that more care should be taken when determining the
number and positions of the sensors for a wind-tunnel model.

Regardless of these shortcomings, the method was useful for preliminary estimation of the
transition region within a certain degree of accuracy, especially when no complex methods
and tools are available, where the estimation time is an important variable or the collected
data consists to pressure measurements.

The results presented in Tables 7(a)-7(d) validated the second derivative estimation method
of the experimental transition and the optimisation of the aerofoil shape used for the optimised
wing model. For almost all cases, a significant transition improvement was obtained. The
average transition improvement was estimated to be at more than 10% of the chord with
the maximum achieved being 20% of the chord. The numerically predicted improvement of
the drag coefficient was also indirectly validated and the reductions were predicted to be
up to 10% of the original values, with the average reduction of the drag coefficient being
approximately 3% to 5%.

The present paper brings a multidisciplinary perspective on the upper surface morphing
technique by applying it to a different aerofoil, using an in-house developed genetic
algorithm, different from the algorithm that was used in the previous CRIAQ 7.1 project.
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The optimisation technique was validated with experimental testing in the Price-Païdoussis
wind tunnel on two rigid wing model with the aim to apply it on an active morphing wing
in the second phase of the project. In addition, this paper validates a method for determining
the transition region on the upper surface from experimental pressure data and discusses the
importance of the pressure sensors positions and numbers for obtaining accurate readings and
results. A composite material was optimised, used for the complete manufacturing of each of
the wing models and, was validated through wind-tunnel testing.
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