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Abstract In the present paper, an ‘in-house’ genetic algorithm was numerically and experimentally

validated. The genetic algorithm was applied to an optimization problem for improving the aero-

dynamic performances of an aircraft wing tip through upper surface morphing. The optimization

was performed for 16 flight cases expressed in terms of various combinations of speeds, angles of

attack and aileron deflections. The displacements resulted from the optimization were used during

the wind tunnel tests of the wing tip demonstrator for the actuators control to change the upper

surface shape of the wing. The results of the optimization of the flow behavior for the airfoil mor-

phing upper-surface problem were validated with wind tunnel experimental transition results

obtained with infra-red Thermography on the wing-tip demonstrator. The validation proved that

the 2D numerical optimization using the ‘in-house’ genetic algorithm was an appropriate tool in

improving various aspects of a wing’s aerodynamic performances.
� 2017 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nowadays, applications of optimization algorithms can be
found in almost all industrial and academic research venues,

such as optimization electric circuitry,1 stock market predic-
tions,2 image quality problems,3 software implementation
problems,4 to optimization of aircraft structures, aerodynam-

ics or flight trajectories, etc.
In the aerospace field, many research projects and collabo-

rations include the successful implementation of the more tra-
ditional metaheuristic optimization algorithms such as genetic

algorithm,5 bee colony algorithm,6 artificial neural net-
works,7,8 or ant colonies optimization in their research for
new optimized flight trajectories, for new optimized wing

shapes or improved control.
One such collaboration took place between the teams from

the Laboratory of Applied Research in Active Control, Avion-

ics and Aeroservoelasticity (LARCASE) laboratory and CMC
electronics-esterline on the Green Aviation Research Develop-
ment Network (GARDN) project, which was funded by the

Green Aviation Research Development Business Led Network
in its second round.9,10 The main objective of the collaboration
was to optimize the vertical and horizontal paths 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.

Morphing also consists in changing the structure or appear-
ance of an aircraft during flight by modifying the wing
sweep,11 span,12 chord13 or camber,14,15 by the high lift

devices16,17 or the fuselage, for small aircraft and for
unmanned aerial vehicle (UAV).18,19

Applications of optimization techniques for UAVs were

described by Gamboa et al.20 who designed an UAV wing cap-
able of independent span and chord changes, using a telescopic
spar and a rib system. The numerical analysis demonstrated a
drag reduction of up to 23% when compared to its non-

morphing base geometry. Falcão et al.21 designed and tested
a morphing winglet for a military UAV and achieved impor-
tant performance improvements by changing the winglet cant

and toe angles. Other research on UAV wing morphing was
done by Sugar et al.,22,23 where the upper-surface of the wing
was optimized on a segment between its leading edge and 55%

of the chord, and also explored morphing of the full wing’s
geometry. Hu and Yu24 developed a multi-disciplinary opti-
mization for improving aerodynamic, stealth and structural
performances of an unmanned aerial combat vehicle. Li et al.25

developed a methodology for aerodynamic optimization aimed
at demonstrating the performances of a blended wing body
transport, while Xie et al.26 studied the effects of static aeroe-

lastic phenomena on very flexible wings.
Few projects concentrate on the effect of the morphing

technologies on the aerodynamic performances of the wing;

the majority concentrate mostly on aerodynamic and struc-
tural interactions for the purpose of demonstrating the
increased safety against undesired aeroelastic phenomena such

as flutter.27–29

A recent experiment, where the aerodynamic performances
of active morphing wings were studied, was the CRIAQ 7.1
project, in which collaboration took place between aerospace

industrial teams from Bombardier Aerospace and Thales
Canada, and academic partners from the École de Téchnologie
Supérieure (ETS) and École Polytéchnique of Montreal, and
the Canadian National Research Council (CNRC) team. The

purpose of the project was to demonstrate the capabilities of
morphing wings in a wind tunnel for developing the flow tran-
sition from laminar to turbulent.30,31 Morphing was achieved

by replacing the upper surface of the wing, spanned between
7% and 70% of the wing chord, by a flexible carbon-Kevlar
composite skin. The skin morphing was achieved using two

shape memory alloy (SMA) actuation lines with the aim to
obtain an optimized shape for each flight condition tested in
the wind tunnel.32 The optimization was done using a genetic
algorithm method coupled with the aerodynamic solver XFoil.

The wind tunnel tests had proven that the concept of upper
surface morphing was viable, controllable, and provided tangi-
ble results by confirming the delay of the transition from lam-

inar to turbulent flow, which induced a substantial reduction
in the drag coefficient.33 Proportional integrated derivative
(PID)34 and neuro-fuzzy controllers35 were tested to prove

the controllability of the flexible skin shape and the morphing
mechanisms towards the transition delay. It appeared that the
controllers demonstrated an excellent performance in both

open36 and closed loops.37

The research presented in this present paper was done
within the framework of the international CRIAQ MDO505
Morphing Wing Project, which was a continuation of the pre-

vious research project CRIAQ 7.1, and aimed at a higher tech-
nical readiness level by considering a real wing internal
structure and a certifiable electric control system and con-

trollers. The participants in this project were ETS, Ecole Poly-
tehnique and University of Naples ‘Federico II’ as academia
research partners, the CNRC and the Italian Aerospace

Research Center (CIRA) as research center partners and Bom-
bardier Aeronautique, Thales Canada and Alenia Aermacchi
as industrial partners.

The objectives of the project were to design, manufacture
and control a wing demonstrator based on an aircraft wing-
tip equipped with both a conventional and adaptive aileron.
The novelty of the CRIAQ MDO 505 project consisted in its

multidisciplinary approach, where structure, aerodynamics,
control and experimental design were combined to design
and manufacture an active morphing wing demonstrator and

test it under subsonic wind tunnel conditions.
Part I of this paper established the design and optimization

of a wing-tip demonstrator airfoil using an ‘in-house’ genetic

algorithm coupled with the XFoil aerodynamic 2D solver that
used the eN method for the numerical determination of the
transition point.38,39 The algorithm was described in detail,
and its results were compared with the results obtained by

other optimization methods, namely the bee colony method
and the gradient method. Also, another experimental valida-
tion of the genetic algorithm was performed for the ATR 42

wing airfoil in Koreanschi et al.40 Validation of the optimiza-
tion technique and numerical results were achieved through
experimental data obtained through wind tunnel tests of a

wing model demonstrator. The optimization concentrated on
the improvement of the upper-surface behavior of the flow
by manipulating the position of transition from fully laminar

to fully turbulent flow. The optimization was carried at the air-
foil level and in practice, was applied to a full scale wing tip
with aircraft-look-alike internal structure. The validation was
done through comparison of the numerical and experimental
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results for a specific region on the wing, where Kulite sensors
were installed for pressure measurements.

2. Wing tip demonstrator with conventional aileron

The full-scale morphing wing model was an optimized struc-
ture with a 1.5 m span and 1.5 m root chord, a taper ratio of

0.72 and leading and trailing edges sweep angle of 8�. The wing
box and its internal structure (spars, ribs, and lower skin) were
manufactured from aluminum alloy material, while the adap-

tive upper surface was positioned between 20% and 65% of
the wing chord. The adaptive upper surface skin was specifi-
cally designed and optimized to meet industrial partner’s

requirements. The adaptive skin was manufactured using car-
bon fiber composite materials.41

The deformation of the skin shape, driven by actuators

placed inside the wing box structure, was a function of the
flight condition (defined in terms of Mach number, Reynolds
number and angle of attack). These actuators were specifically
designed and manufactured to meet in-flight and wind tunnel

test requirements. Four electrical actuators were installed on
two actuation lines; two actuators were installed on each line,
were placed at 37% and 75% of the wing span, and were fixed

to the ribs and to the composite skin. Each actuator has the
ability to operate independently from the others. On each actu-
ation line, the actuators were positioned at 32% and 48% of

the local wing chord.
The aileron’s hinge was located at 72% of the chord. Two

ailerons type were designed and manufactured. One aileron
was structurally rigid, while the other one represented a new

morphing aileron concept. Both ailerons were designed to be
attached to the same hinge axis of the wing box, and both were
able to undergo a controlled deflection between �7� and +7�.
Fig. 1 presents a sketch of the morphing wing model concept
as it was mounted and tested at the NRC subsonic wind
tunnel.
Fig. 1 CRIAQ MDO 505 morphing wing concept.
3. Wind tunnel description and infra-red data acquisition

The wind tunnel tests were performed at the 2 m � 3 m atmo-
spheric closed circuit subsonic wind tunnel of the CNRC. This

atmospheric wind tunnel can operate at a maximum Mach
number of 0.33.

The upper surface flexible skin was equipped with 32 high

precision Kulite piezoelectric-type transducers42 for pressure
measurement on the flexible skin that were further processed
to determine the laminar-to-turbulent transition location.
These sensors were installed in two staggered lines (with 16

Kulite sensors on each line), situated respectively at 0.600 m
and 0.625 m from the wing root section. In addition to the
Kulite piezoelectric sensors, at the same two spanwise stations,

60 static pressure taps were installed (30 taps on each line) on
the wing leading edge, lower surface and aileron, thus provid-
ing complete experimental pressure distribution around the

wing cross section at 40% of the wing span. The pressure sen-
sors were installed in a staggered fashion to minimize the inter-
ference between sensors.

The experimental measurements also included the use of a
wake rake pressure acquisition system for the purpose of mea-
suring the wing profile drag at different span-wise positions,
and also the use of a wind tunnel balance for measuring the

aerodynamic forces and moments. Fig. 2 presents the MDO
505 morphing wing model installed in the tunnel test section,
viewed from both the leading edge (LE) (Fig. 2(a)) and the

trailing edge (TE) (Fig. 2(b)).
Infra-red (IR) thermography camera visualizations were

performed for capturing the transition region over the entire

wing model surface. The wing leading edge, its upper surface
flexible skin and the aileron interface were coated with high
emissivity black paint to improve the quality of the IR pho-

tographs. The span-wise stations, where the two pressure sen-
sors lines were installed, were not painted, in order to not
influence the pressure reading quality. A Jenoptik Variocam
camera,43 with a resolution of 640 by 480 pixels, was used to

measure the surface temperatures. This camera was equipped
with 60� lens in order to capture the flow transition on the
entire upper surface of the wing.

The IR thermography visualization allowed the identifica-
tion of the transition region between laminar and turbulent
regimes, based on the analysis of the model surface tempera-

ture. Examples of infra-red photography results are given in
Section 5. The turbulent flow regime increases the convective
heat transfer between the model and the flow with respect to
the laminar boundary layer. As a result, a flow temperature

change, introduced by the wind tunnel heat exchanger system,
Fig. 2 MDO 505 wing model setup in wind tunnel test section.
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will cause different temperature changes over the model,
depending on the behavior of the boundary layer.

4. Optimization algorithm

The genetic algorithm was applied to the problem of airfoil
upper-surface morphing. The problem objective was the search

of the optimum shapes for an airfoil through local thickness
modifications with the aim to improve the upper surface flow
and thus the aerodynamic performances of the wing’s airfoil.

The local wing thickness modification was obtained
through four actuations points, as described in the previous
section. The shape of the flexible upper-surface was obtained
Table 1 Morphing problem variable values for MDO 505

wing demonstrator airfoil.

Variable Value

Morphing surface start point (%c) 20

Morphing surface end point (%c) 65

No. of actuators/chord 2

LE actuator (%c) 32

TE actuator (%c) 48

Maximum displacement (mm) 3.5

Type of displacement Vertical in both directions

Requirements for actuators Dactuators < 6 mm

Fig. 3 Diagram of ‘in-ho
by an optimized combination of the four vertical displace-
ments, representing the local ‘pushing and pulling’ actions of
four electric actuators installed inside the wing box. The verti-

cal displacements resulted from the genetic optimization of the
wing’s airfoil.

For the theoretical thin airfoil provided by Bombardier,

considered under the name CRIAQ MDO 505 wing demon-
strator airfoil, the optimization and design approach was more
conservative in nature, as many structural requirements and

constraints were taken into account when performing the
optimization.

Table 1 presents the morphing surface limits, number and
position of actuators on each rib as well as the maximum dis-

placements, %c means the percentage of the chord.
The problem of airfoil upper-surface morphing for

improvement of the aerodynamic behavior of wings is not a

problem with a single solution. More often than not, as it
was presented in Section 1 of this paper, there is an optimum
region where several possible solutions coexist and any of them

can be considered as the final solution to the problem.
A full description of the methodology used for the opti-

mization algorithm and its numerical results was provided in

Section 1 of this paper. Fig. 3 presents the workflow diagram
of the algorithm that was used for the optimization.

Table 2 presents the parameters used for the optimization
of the 16 cases tested during the wind tunnel tests of the wing

demonstrator.
use’ genetic algorithm.



Table 2 Input blocks and parameters for MDO 505 demonstrator airfoil.

Input block Parameter Value Observation

Optimization No. of individuals 40

No. of generations 20

Probability of mutation 1% % of total population

Amplitude of mutation 2% % of the maximum displacement value

Optimization objective The objective is given through weights associated with aerodynamic

characteristics, such as lift and drag coefficients and flow transition

Geometry Airfoil coordinates

Chord of the airfoil (m) 1.332

Morphing surface start

point

20% % of chord

Morphing surface end point 65% % of chord

No. of actuators 2 can accept up to 4

LE actuator 32% % of chord

TE actuator 48% % of chord

Maximum displacement of

the actuators (mm)

3.5

Type of displacement Both positive (push) and negative (pull) actions are allowed

Spline

reconstruction

Number of splines 8

Atmosphere

data

Density (kg/m3) 1.22

Dynamic viscosity (Pa�s) 1.82 � 10�5

Temperature (K) 293

Altitude (m) 0

Flight data No. of cases 16

Speed Range of Mach speeds

Angle of attack Range of angles

Aileron deflection Range of angles

Fig. 4 Example of IR results for Case 3 from Table 3 (un-

morphed wing demonstrator shown without aileron).
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5. Optimization simulation vs experimental results

In this section, the optimization of the MDO 505 wing airfoil is

presented. The optimization was performed using the parame-
ters provided in Section 4, Table 2. The optimization results,
provided as actuator displacements in mm, were used by the

control team to perform the upper-surface morphing of the
wing-tip demonstrator during the wind tunnel tests.

The results were presented as numerical transition points
for the wing section, and as experimental transition regions

extracted from Infrared Thermography for the same wing sec-
tion where the pressure sensors were installed (Figs. 4 and 5).

The two sets of results, numerical and experimental, were

firstly compared to assess the agreement between numerical
and experimental values, and secondly to assess the optimiza-
tion success during experimental tests and compare it to the

numerical optimization expectation.
The optimization was run for two main objectives: transi-

tion delay towards the trailing edge (Eq. (1)), which means
possible drag coefficient reduction, and transition advance-

ment towards the leading edge (Eq. (2)), which could stabilize
the boundary layer at high speeds or high angles of attack and
aileron deflections.

Ff ¼ 100� UpTr morphed �UpTr original

UpTr original

� �
ð1Þ

Ff ¼ 100� UpTr morphed �UpTr original

UpTr original

� �2

ð2Þ
where Ff represents the fitness function and UpTr represents
the airfoil’s upper surface transition position.

Table 3 presents the 16 cases studied and the numerical
results obtained with the genetic algorithm optimization for

both objective functions.
The experimental tests were done at the CNRC subsonic

wind tunnel located in Ottawa/Ontario. The wind tunnel and



Fig. 5 Example of IR results for Case 7 from Table 3 (morphed

wing demonstrator shown without aileron).
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the MDO 505 wing demonstrator used during the experiments
were described in the above Section 2 of the present paper.

The experimental transition location results were obtained
with IR thermography; the results for the section of interest
on the wing were extracted using MATLAB software; the IR

system was described in Section 3. The IR data post-
processing steps consisted of: correction of the lens distortions,
of the perspective view and projection onto the physical geom-

etry. The detection of the transition region was fully auto-
mated by looking at the local temperature gradients on the
wing surface. The final outputs of the data analysis were: the

transition region (delimited by white dotted lines on the
images), the mean transition front spanning the whole wing
span, and the mean transition at the Kulite pressure sensors
station to compare with the CFD simulations. Figs. 4 and 5

present examples of IR results for three of the cases from
Table 3.
Table 3 Optimization cases and results for wing tip demonstrator.

Case No. Ma Angle of attack (�) Aileron deflection (�) Type of op

1 0.15 0.68 0 Delay tran

2 0.15 1.50 0 Delay tran

3 0.15 2.10 0 Delay tran

4 0.15 �2.39 2 Delay tran

5 0.15 1.93 �2 Delay tran

6 0.20 1.88 4 Delay tran

7 0.20 3.03 4 Delay tran

8 0.20 3.45 �4 Delay tran

9 0.15 �0.33 5 Advance t

10 0.15 �0.95 �2 Advance t

11 0.25 �2.99 1 Advance t

12 0.25 �2.26 3 Advance t

13 0.15 �2.30 2 Advance t

14 0.15 �1.64 3 Advance t

15 0.15 �3.22 �2 Advance t

16 0.25 �1.52 5 Advance t
The black dashed lines in Figs. 4 and 5 correspond to the
section of the wing demonstrator where the Kulite pressure
sensors were installed, and also, represent the section chord

for which the optimization was performed. The optimization
was done for the section where the first line of actuators was
installed, then it was linearly extrapolated for the second line

of actuators, which is close to the tip of the wing demonstrator.
The experimental transition was presented as a ‘region’ and

the numerical transition point obtained with XFoil’s eN

method was matched to this region. If the numerical transition
point was inside the experimental transition region, then it was
considered that the numerical and experimental results were in
good agreement. If the numerical transition was outside the

experimental transition region, then an error was calculated
between the numerical value and the closest boundary value.
If the calculated error was less than 6%, the error was consid-

ered as acceptable.44

Fig. 6 presents an example where the numerical transition
matched the experimental transition region and an example

where the numerical transition did not match.
As shown in Fig. 6, the numerical transition point was

found to be situated inside the experimental transition region

boundaries for Case 5, and in this case, a good agreement
between numerical and experimental data existed, while in
Case 6, the numerical transition was situated with 6% of the
chord outside the lowest boundary of the experimental transi-

tion region, and it was viewed as having an acceptable error
between numerical and experimental transition.

5.1. Comparison between numerical and experimental transition
data

Figs. 7 and 8 show the comparison that was made between the

numerically determined transition point and the experimental
transition region from Infrared readings for the un-morphed,
and for the morphed wing demonstrator. This comparison

was done to show the agreement between the numerical and
the experimental transition data.
timization Transition (%c) Improvement (%c)

Original airfoil Optimized airfoil

sition 53.62 54.47 0.85

sition 48.35 53.85 5.5

sition 46.09 52.41 6.32

sition 63.71 66.19 2.48

sition 43.34 52.97 9.63

sition 41.91 53.82 11.91

sition 33.44 50.62 17.18

sition 30.35 41.30 10.95

ransition 74.90 43.05 �31.85

ransition 60.01 50.92 �9.09

ransition 60.09 44.92 �15.17

ransition 59.46 45.05 �14.41

ransition 65.58 44.01 �21.57

ransition 67.43 43.48 �23.95

ransition 64.83 44.27 �20.56

ransition 64.52 41.77 �22.75



Fig. 6 Comparison between Case 5 when numerical transition

has matched experimental region and Case 6 when numerical

transition was found outside experimental region.

Fig. 7 Comparison between numerical transition point and

experimental transition region for the first 8 cases.

Fig. 8 Comparison between numerical transition point and

experimental transition region for the second set of Cases 9–16.
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It was possible to successfully compare the numerical
results obtained for the wing’s airfoil to the experimental tran-
sition results extracted for a specific section corresponding to

Kulite sensors localization from the global experimental results
of the entire wing demonstrator.

In Figs. 7 and 8, the presented results show that with the

exception of 3 un-morphed wing cases (Cases 6, 7 and 9), the
numerical transition was situated inside the experimental tran-
sition boundaries.

Tables 4 and 5 present the errors found for the 16 cases
described in Table 3; Table 4 presents the errors for the un-
morphed wing demonstrator transition results and Table 5
for the morphed wing demonstrator transition results.

The error was calculated as the difference between the
numeric transition value and the closest experimental transi-
tion region boundary:

Error ¼ Transitionnum � Transitionexp ð3Þ
When the error is 0 the numerical transition was situated

inside the experimental transition region.

5.2. Evaluation of experimental transition optimization

This section presents the behavior of the upper-surface morph-

ing during experimental testing on the MDO 505 wing demon-
strator. In Fig. 9, the experimental un-morphed and morphed
wing section transition regions were overlapped for a better

view of the effects of the upper-surface morphing on the length
and position of the transition region in the studied section.

The experimental transition region is characterized by an

upper and a lower boundary. The lower boundary of the tran-
sition region represents the point where the flow starts its tran-
sition from fully laminar flow towards turbulent, while the

upper boundary of the transition region represents the location
at which the flow can be considered as being fully turbulent.
Therefore, the optimization of the transition region refers to
modifications in the desired direction of the upper and lower

boundaries, depending on the optimization objective to be
accomplished.

As such, two parameters were calculated: s, which repre-

sents the difference between the morphed and un-morphed
transition region (TR) upper boundary values and describes
how much the onset of the fully turbulent flow was modified,

s ¼ TRMorphed;UB � TRUnmorphed;UB ð4Þ
where UB means upper-boundary, and k, which represents the
difference between the morphed and un-morphed TR lower

boundary values and describes with how much the boundary
of the fully laminar flow was modified.

k ¼ TRMorphed;LB � TRUnmorphed;LB ð5Þ
where LB means lower-boundary.

Fig. 9(a) shows the comparison between the un-morphed
and morphed wing transition regions for the objective of flow

transition delay from fully laminar to fully turbulent. It could
be observed from the above figure that the onset of the fully
turbulent flow was delayed for 7 cases out of 8, with the max-

imum delay being achieved for Case 7 with 7.65%c. The end of
the laminar flow was also delayed in 6 cases, with the maxi-
mum delay being again for Case 7 with 5.65%c. For Case 1,

the transition region of the morphed wing was extended in



Table 4 Transition intervals and values for numerical and experimental cases and error between the results (un-morphed wing).

Case No. Xfoil un-morphed (%c) Experimental un-morphed (%c) Error (%c)

Upper boundary Lower boundary Average

1 53.62 52.57 48.57 50.57 1.09

2 48.35 49.91 45.91 47.91 0

3 46.09 51.26 45.26 48.26 0

4 63.71 66.30 62.30 64.30 0

5 43.34 48.73 42.73 45.73 0

6 41.91 50.35 48.35 49.35 �6.44

7 33.44 43.69 41.69 42.69 �8.25

8 30.35 40.20 36.20 38.20 �5.85

9 74.90 66.22 64.22 65.22 8.68

10 60.01 57.70 47.70 52.70 2.31

11 60.09 55.35 51.35 53.35 4.74

12 59.46 55.28 51.28 53.28 4.18

13 65.58 65.83 61.83 63.83 0

14 67.43 65.79 63.79 64.79 1.64

15 64.83 65.73 65.73 65.73 0

16 64.52 55.80 53.80 54.80 8.72

Table 5 Transition intervals and values for numerical and experimental cases and error between the results (morphed wing).

Case No. Xfoil morphed (%c) Experimental morphed (%c) Error (%c)

Upper boundary Lower boundary Average

1 54.47 53.54 45.54 49.54 0.93

2 53.85 53.67 47.67 50.67 0.18

3 52.41 53.44 47.44 50.44 0

4 66.19 66.95 62.95 64.95 0

5 52.97 47.63 41.63 44.63 5.34

6 53.82 53.68 49.68 51.68 0.14

7 50.62 51.34 47.34 49.34 0

8 41.30 42.39 38.39 40.39 0

9 43.05 48.55 46.55 47.55 �3.50

10 50.92 52.13 46.13 49.13 0

11 44.92 47.49 43.49 45.49 0

12 45.05 47.73 43.73 45.73 0

13 44.01 48.41 46.41 47.41 0

14 43.48 48.95 44.95 46.95 �1.47

15 44.27 47.09 45.09 46.09 �0.82

16 41.77 45.91 41.91 43.91 �0.14
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comparison with the original wing, while for Case 4 the differ-
ence between the two regions was almost negligible. Case 5 was

the one case where the transition optimization was not success-
ful, but the difference between the two transition regions was
also very small.

Table 6 presents the values for the two parameters
described in the first part of the section, s and k, for the cases
where the optimization was aimed at delaying the transition

from laminar towards turbulence of the upper-surface flow.
Fig. 9(b) shows the comparison between the un-morphed

and morphed wing transition regions for the objective of
advancing transition towards the leading edge.

From Fig. 9(b), it appeared that the onset of the fully tur-
bulent flow was advanced towards the leading edge for all
cases, with the maximum advancement being achieved for

Case 15 with 18.64%c. The end of the laminar flow was also
advanced towards the leading edge in all cases, with the max-
imum advancement being again for case 15 of 20.64%c. For
Cases 10 and 13 the length of the transition region was reduced
through the morphing of the upper surface, while for Cases

14–16 the length of the transition region was a little bit
extended; all the other cases had an unchanged length of the
transition region.

Table 7 presents the values for the two parameters
described in the first part of the section, s and k, for the cases
where the optimization was aimed at advancing the transition

on the wing upper-surface.
Fig. 10 displays a comparison between the numerical tran-

sition optimization prediction and the resulted experimental
optimization. Fig. 10(a) shows the comparison between the

numerical optimization prediction based on XFoil results
and the s and k results with the objective to delay transition,
while Fig. 10(b) presents the comparison between the numeri-

cal prediction and the s and k results with the objective of
advancing transition. The two figures assess the differences



Fig. 9 Comparison between experimental un-morphed and

morphed transition regions.
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between the numerical optimization predictions and the exper-
imental results.

From Fig. 10, it could be observed that for most of the

cases the numerical optimization had overestimated the transi-
tion delay or advancement, with some cases where the differ-
ence is almost double. For Cases 1–4, 10 and 15 the

numerical prediction was close to the transition obtained
experimentally during the wind tunnel tests.

The overestimation of the transition optimization cannot

be imputed to a single aspect or point in a single direction
where an error could be found; as the designed and manufac-
Table 6 Parameters k and s describing effects of morphing wing o

Case No. Ma Angle of attack (�)

1 0.15 0.68

2 0.15 1.50

3 0.15 2.10

4 0.15 �2.39

5 0.15 1.93

6 0.20 1.88

7 0.20 3.03

8 0.20 3.45

Table 7 Parameters k and s describing effects of morphing wing

objective.

Case No. Ma Angle of attack (�)

9 0.15 �0.33

10 0.15 �0.95

11 0.25 �2.99

12 0.25 �2.26

13 0.15 �2.30

14 0.15 �1.64

15 0.15 �3.22

16 0.25 �1.52
tured MDO 505 wing demonstrator was the result of a multi-
disciplinary project, where many aerospace disciplines
interacted, any variation of any of the multiple variables per-

taining to structure, aerodynamics, control, integration or
experiment could have affected the outcome of the results.
Nonetheless, despite the existing differences between the

numerical predictions and the experimental results, the opti-
mization of the MDO 505 wing through morphing of the
upper surface by using actuator displacements resulted from

a numerical optimization with an ‘in-house’ Genetic Algorithm
coupled with a bi-dimensional aerodynamic solver using the eN

method was considered as successful.

6. Conclusions

In this paper, an ‘in-house’ genetic algorithm was applied to

the problem of optimizing the shape of the upper surface of
an airfoil by using actuator displacements. In the first part of
the paper it was shown that the genetic algorithm used for
the optimization of the wing tip demonstrator airfoil gave very

good results in comparison with two other optimization meth-
ods and it always reached the global optimum region. It was
shown that the algorithm was robust and that it converged

towards the optimum area in less than 10 iterations or gener-
ations, while other 10 generations were used to ensure the sta-
bility of the solution and that this solution was found in the

global optimum area.
Finally, the genetic algorithm was used to optimize the air-

foil shape for 16 cases, with the aim to satisfy two objectives:
delay of the transition towards the trailing edge of the airfoil,

and advancement of the flow transition towards the leading
edge. The displacements resulted from the optimization were
used for the upper surface morphing controller during wind

tunnel testing on the MDO 505 wing demonstrator and
n flow behavior for transition delay objective.

Aileron deflection (�) s (%c) k (%c)

0 0.97 �3.03

0 3.76 1.76

0 2.19 2.19

2 0.66 0.66

�2 �1.10 �1.10

4 3.33 1.33

4 7.65 5.65

�4 2.19 2.19

on flow behavior, for transition advance towards leading edge

Aileron deflection (�) s (%c) k (%c)

5 17.67 17.67

�2 5.57 1.57

1 7.86 7.86

3 7.55 7.55

2 17.42 15.42

3 16.84 18.84

�2 18.64 20.64

5 9.89 11.89



Fig. 10 Comparison of numerical optimization transition and

experimental resulted optimization.
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comparisons were conducted between the experimental transi-

tion regions of the morphed and un-morphed wing – section by
using Infrared Thermography. For the success of this opti-
mization, two new parameters were introduced, s and k, to
describe the behavior of the flow when it passed from fully
laminar to fully turbulent. Both objectives were successfully
attained for most of the cases using the displacements provided

by the numerical optimization. Maximum delays of the transi-
tion region were up to 7.6% of the chord and for the forward
displacement of the transition region were of up to 20% of the
chord.

The experimental optimization results were then compared
with the numerical simulation results, it was found that the
numerical optimization was overestimated due to a multitude

of factors starting with the numerical solver, and ending with
the multidisciplinary aspect of the project that introduced a
high number of variables that could affect the numerical opti-

mization. Nonetheless, the numerical optimization was an
important tool for preliminary estimation and evaluation of
the morphing possibilities and the GA presented in this paper

and could be successfully used for performing optimization of
the wing’s upper-surface morphing problem. Also it would be
interesting to compare its results to those that could be
obtained with more recent optimization methods such as those

based on mathematical behavior.
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