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In this paper, wind tunnel results of a real time @timization of a morphing wing in wind
tunnel for delaying the transition towards the trailing edge are presented. A morphing
rectangular finite aspect ratio wing, having a WTEA reference airfoil cross-section, was
considered with its upper surface made of a flexilel composite material and instrumented
with Kulite pressure sensors, and two smart memonglloys actuators. Several wind tunnel
tests runs for various Mach numbers, angles of attk and Reynolds numbers were
performed in the 6'x9’ wind tunnel at the Institute for Aerospace Research at the National
Research Council Canada (IAR/NRC). Unsteady pressersignals were recorded and used as
feed back in real time control while the morphing ving was requested to reproduce various
optimized airfoils by changing automatically the two actuators strokes. The paper shows the
optimization method implemented into the control séiware code that allows the morphing
wing to adjust its shape to an optimum configuratio under the wind tunnel airflow
conditions.

Nomenclature

a = angle of attack of the wing

b = span of wing model

c = chord of wing airfolil

G = pressure coefficient

CRIAQ = Consortium for Research and Innovation ardspace in Quebec
ETS = Ecole de Technologie Superieure

FFT = Fast Fourier Transform

IAR-NRC = Institute for Aerospace Research - NagldResearch Council Canada
LVDT = Linear Variable Differential Transducer

M = Mach number

Re = Reynolds number

RMS = Root Mean Square

SMA = Shape Memory Alloy
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[. Introduction

he CRIAQ 7.1 project is a collaborative projectvixstn the teams from Ecole de technologie superi@irs),
Ecole Polytechnique, the Institute for AerospaceseRech - National Research Canada (IAR-NRC),
Bombardier Aerospace, Thales Avionics. In this @cgj the laminar flow past aerodynamically morphivigg is
improved in order to obtain important drag redutsio
This collaboration calls for both aerodynamic mauglas well as conceptual demonstration of the magp
principle on real models placed inside the winchelnDrag reduction on a wing can be achieved bgifications
of the airfoil shape which has an effect in theilzan flow to turbulent flow transition point positi, which should
move toward the trailing edge of the airfoil winhe main objective of this concept is to promotegédalaminar
regions on the wing surface, thus reducing drag emeoperating range of flow conditions charactstiby Mach
numbers, airspeeds and angles of attack [1]. THemie modification of an aircraft wing airfoil gbex can be
realized continuously to maintain laminar flow owlee wing surface as flight conditions change. Ghieve such a
full operating concept, a closed loop control systoncept was developed by us to control the fllmetfiations
over the wing surface with the deformation mechasigactuators) [2].
The wing model has a rectangular plan form of asp® of 2 and is equipped with a flexible uperface
skin on which shape memory alloys actuators arglies. Two shape memory alloys actuators (SMApterehe
displacement of the two control points on the téiskin in order to realize the optimized airfgtiapes.

Actuators
Flexible skin

Rigid part
Cavities for instrumentation

Figure 1. Cross section of the morphing wing model

As reference airfoil, a laminar airfoil WTEA wased; its aerodynamic performance was investigatddR:
NRC in refs. [3, 4], and the optimized airfoils wegreviously calculated by modifying the refereaaéoil for each
airflow condition as combinations of angles ohekt and Mach numbers such that the transition gmisition was
found to be the nearest as possible to the atri@iling edge. Several optimized airfoils were fduior the airflow
cases combinations of Mach numbers and anglesadkatThe optimized airfoils configurations arerstbin the
computer memory by means of a database and aretextlas needed by the operator or computer in dodbe
realized by the morphing wing. But this strategyeseon the previously calculated aerodynamicalattaristics of
the airfoils which usually are determined by useC&D codes and optimization algorithms. The idezsented in
this paper is to implement the same optimizatigo@dhm into the computer controller that will sefathe optimal
configuration with the real system, in real timelam real aerodynamical airflow conditions.

II. Experimental setup description

A. Mechanical and electrical control system

The concept of this morphing wing consisted rectangular wing model (chocd= 0.5 m and spab = 2.1 m)
incorporating two parts. One fixed part was builtaluminum by the IAR-NRC team and sustained tlséstance
forces acting during wind tunnel tests. The otteat pvas flexible consisted in its flexible skin talded on the wing
upper surface and was designed and manufacture@&t(Fig. 1). The flexible skin was required to e its
shape through two action points in order to realime optimized airfoil for the airflow conditions iwhich tests
were performed.

The actuators were composed of two oblique candinglirods span-wise positioned that converted the
horizontal movement along the span in vertical orotperpendicular to the chord (Fig. 2). The positad each
actuator was given by the mechanical equilibriutwieen the Ni-Ti alloy SMA wires that pulled thedsfig rod in
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one direction and the gas springs that pulled tigéng rod in the reverse direction. The gas smingle was to
counteract the pulling effect of aerodynamical &sr@cting in wind tunnel over the flexible skin whte SMA’s
were inactive. Each sliding rod was actuated by nweaf three parallel SMA wires connected to a curre
controllable power supply which was the equivatgingix wires acting together. The pulling actiontloé gas spring
retracted the flexible skin in the undeformed-refexe airfoil position, while the pulling action thfe SMA wires
deployed the actuators in the load mode i.e. mar@hidoil in the optimized airfoil position (seed-i2). The gas
springs used for these tests were charged withiial load of 225 Ibf (1000 N) and had a charastar rigidity of
16.8 Ibf/in (2.96 N / mm).

flexible skin

o o ! Second
SMA actuating line

First actuator
actuating line

Figure 2. Schematics of the flexible skin mechanitactuation

The mechanical SMA actuators system is controlledtecally through an “open loop” control systefirhe
architecture of the wing model open loop contrategn, SMA actuators and controller is shown in Féegs. The
two SMA actuators have six wires each, which amgpbked with power by the two AMREL SPS power supgli
controlled through analog signals by the NI-DAQ UGR9 data acquisition card. The NI-DAQ is connédtea
laptop through an USB connection. A control progrianimplemented in Simulink which provides to thewgr
supplies the needed SMA current values throughnatog signal as shown in Figure 3. The control &igif 2 V
corresponds to a SMA supplied current of 33 A. Bliraulink control program uses as feedback thregésature
signals coming from three thermocouples installeceach wire of the SMA actuator, and a positiomaidgrom a
LVDT sensor connected to the oblique cam sliding o each actuator. The temperature signals servhe
overheat protection system that disconnect theentisupply to the SMA in case of wire temperatwuaespover the
set limit of 120°C. The position signals serve esdback for the actuator desired position coniroé oblique cam
sliding rod has a horizontal versus vertical r&ib; hence the maximum horizontal displacemenhefdliding rod
by 24 mm is converted into a maximum vertical dispiment of the actuator and implicit of the flegiskin by 8
mm.

JI
E}/FA e,
2 SMA#1 H SMA#2

¥ 3 Thermocouples SMA#1

|
3 Thermocouples SMA#2

SMA SMA LVDT LVDT
POWER POWER Position sensor SMA#1 Position sensor SMA#2
SUPPLY SUPPLY
100V /33 A/ 100V /33 A/ B .
3kW 3kwW NI-DAQ USB <;> Matlab/ | Position desired SMA#1
Output 6229 Simulink Position desired SMA#2
AMREL SPS AMREL SPS analgng/ignal i
. N

Figure 3. Architecture of the morphing wing model ontrol system.
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A user interface is implemented in Matlab/Simulimkich allows the user to choose the optimizedasgfshape
from database stored on the computer hard diskpamddes to the controller the vertical needed ldispments in
order to obtain the desired optimized airfoil shafiee controller activates the power supplies wlighneeded SMA
current values through an analog signal as showrigore 3. The control signal of 2 V correspondsatS§MA
supplied current of 33 A. In practice, the SMA wir@ere heated at an approximate temperature of @fttCa
current of 10 A. When the actuator reached theréd@giosition the current was shut off and the SM#swycled in
endless heating/cooling cycles through the comralivitching command on/off of the current in ortemaintain
the current position until another desired positothe entire system shut off was required.

In support of the discrete pressure instrumentatidrared thermography (IR) visualization was perfed to detect
the transition location on the morphing wing upperface and validate the pressure sensor analyséstransition
detection method using IR is based on the diffezerin laminar and turbulent convective heat transéefficient
and was exacerbated by the artificial increase adethair flow temperature differences. In the réaglimages, the
sharp temperature gradient separating high tempergivhite intensity in image) and low temperatydark
intensity) regions is an indication of the tramsitilocation. The infrared camera used was an Ag8@a000
camera, equipped with a 240x320 pixels QWIP deteoperating in the infrared wavelength region ¢ 8m and
cooled to 70°K to reduce thermal noise. The camesaided a resolution of 0.02°C and a maximum fraate of
60 Hz. It was equipped with the default lens (FO¥202x15°), and was installed 1.5 m away from thelehavith
an optical axis oriented in the horizontal planealaput 30° with respect to the wing surface midrdhaormal.
Optical access was provided through an openindherside wall of the test section opposite to thpeagsurface.
More details about the methodology and processiagwaailable in [REFX].

B. Aerodynamical detection system and graphical usenterface

The morphing wing goal is the improvement of taminar flow over the upper surface of the wingotder to
ensure that the improvement is real, we built @ct@&n system that gives information about the fharacteristics.
An array of twelve Kulite pressure sensors wasitedd on the flexible skin.

The pressure data acquisition was performed usiNg@AQ USB 6210 card with 16 analog inputs, abtat
sampling rate of 250 kS/s. The input channels vearenected directly to the IAR-NRC analog data asitjoh
system which was connected to the twelve Kuliteseen The IAR-NRC served as an amplifier and comuitr of
the signal at a sampling rate of 15 kS/s. One eghannel was used for the wind tunnel dynamic piress
acquisition to calculate the pressure coefficiedf's from the pressure values measured by the twetessure
sensorsThe signal was acquisitioned at sampling rate ok3( in frames of 1024 points for each channekttvhi
allowed a boundary layer pressure fluctuations Bpdctral decomposition up to 5 kHz for all channatsa rate of
0.1024 Samples/s using Matlab/Simulink softwaree Plot results were visualized in real time on teenputer
screen in dedicated windows (see Figure 4) ateaafal.024 Samples/sec. Figure 4 shows an exanigephical
user interface in which all the aerodynamical aratphing shape information were centralized togethigh the
control buttons of the controlling software. Thendow shows information about the Mach number, thgleaof
attack, the airfoil shape of the morphing wing, dhd two actuators vertical displacements needeabtain the
desired airfoil shape. In the two plots, are shdtva coefficients pressure distributi@y's of the twelve Kulite
sensors, and the noise of the signal (RMS) of gaebsure signal. Left figure shows the wing un-rhetpposition,
while the right figure shows the wing under its ptoed position. The results obtained are qualitbtivery similar
to those obtained in previous studies [5].
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Figure 4. Graphical User Interface (GUI) where allthe aerodynamical and morphing shape information
are centralized together with the control buttons dthe software.

The transition between laminar and turbulent fiewdetected by means of each pressure signal's RM8.
lowest RMS plot given in Figure 4 shows the quantitthe pressure signal noise from each Kuliteseefred star
curve). In the example shown in Figures 4, the R&tEplot in the un-morphed configuration (Figura)does not
show any transition due to the fact that all twedeasors show the turbulent flow.

In Figure 4.a, on the GUI is shown an un-morphefbiaby use of a black colour. The actuators refee
positions correspond to dY1 = 0 mm and dY2 = 0 rttme,C, distribution calculated by XFoil for the reference
airfoil (black curve), and th€, theoretical values of the sensors shown as bliacles on theC, distribution curve.

In the lower plot of Figure 4.a is shown the Ntéaiaused by Xfoil to predict transition for the eeénce airfoil
(black curve). In the case of an un-morphed conméition, the predicted transition position is fouadbe the 8§
position of the sixteen available sensors posititm¢he beginning of wind-tunnel tests, a numbfesixteen sensors
were installed, but due to their removal and reaittegtion during the next two wind tunnel testsyf@f them were
found defective, therefore a number of twelve sensemained to be used during the last third winthel tests so
only twelve Kulite sensors were used for plottihg €, distribution and RMS distribution (red star plots)

Results predicted for the morphed airfoil are shamvblue color. The morphed airfoil coordinates ahown as
blue curves in the upper part of Figure 4.b, @alistribution is calculated by XFoil for the optineid airfoil (blue
curve), and theC, theoretical values of the sensors are shown as difeles on theC, distribution curve. In the
lower plot of Figure 4.b, the N factor used by Xftw predict transition is shown for the optimizaifoil (blue
curve). In this case of morphed configuration, pedicted position of transition is the"™gosition of the sixteen
available sensors positions.

These black (un-morphed) and blue (morphed) cusesse as theoretical validations of the red curves
reflecting the aerodynamic parameteZs ndRMS provided by Kulite sensors in real time with angding rate of
1 S/sec. In Figure 4.b is shown the actuated &irfdhe morphed position (dY1 = 4.92 mm and dYZ.24 mm).
The transition position is given by the sensor fiecawhere the maximum RMS is found, which in tbise is the
10" Kulite sensor out of 12 sensors. The instant Vizaton allows us to find the exact position peadi by XFoil.
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lll.  Simulation and Experimental results obtained in thewind tunnel
A. Optimization control

The basic idea of optimization control is to byspdhe necessity of a previously calculated optuhizirfoils
database, and to generate in real time the optiharéoil for the exact conditions of the wind flowor such a task
it is necessary to develop a subroutine that op#siithe airfoil shape in the same way the optimiaietbils
database was generated. The method of optimizased in this case is a mixed method between ‘thdignt
ascent’ or ‘hill climbing’ method and the ‘simuldtennealing’ which is a meta-heuristic search nektite reason
why is needed a mixed method is that the cost fomdbr such complex problem (minimize tg, maximize the
C./Cp or maximize the transition point positiog for a morphing wing) is not defined analyticallpdathe
implementation of ‘gradient ascent’ method is natable. Also, due to time cost (very long timepasse of the
SMA actuators due to heating but especially cootintgg) a purely probabilistic meta heuristic seaatdorithm is
not suitable too. The mixed method that was founblet the quickest and in the same time most aetoafinding
the transition point positior, maximum is shown in the following paragraph.

The simulation of the system used as platform thas Matlab/Simulink software. The simulation usée t
optimization subroutine exactly the same as in baasts and wind tunnel tests, except that in caermimulation
and bench test the aerodynamical pressures thahagion the skin and stimulates the sensors werglae by use
of XFoil software. As mathematical model of thexftde skin was used a B-spline with four flexioniqts. Two
points were fixed where the skin is glued on thagwiigid structure and two points were mobile arg @laced in
the actuators coordinates on the wing structure Bispline shape that define the airfoil’s flexilslken does not
have the same coordinates as the flexible skinidbwt good approximation for the purpose of designém
optimization subroutine in closed loop with a CFBde. The logic schematic of the optimization subineuis
shown in Fig. 8.

Start optimization Flow cond’s Cp
Yi=4Yv2=4 o, M (Re) distribution

B-spline r xtr

- ——» »  XFoil
Optimizer Model »| CFD ch)de Transition
Find max(xtr) | Y2 + New position
WTEA airfoil | morphed
airfoil

Figure 5. Optimization logic schematic
B. Simulation and experiment results compared

The domain in which the optimizer search the lmestfiguration is defined by the bi-dimensional spaxd
actuators strokes {dY1 = [0, 8], dY2 = [0, 8]}. Ti@tial point of the optimizer is defined as dY14=mm and dY2
= 4 mm. Then the first round of evaluation pointsisist of eight points situated in a circle witke ttay of 4 mm
around the initial point. For each evaluation poihie X value is evaluated by use of XFoil and storedha t
memory. After the first round of evaluations thdimpzer decides which evaluating point had the mmaxin value
of Xy, which will became the initial point for the naxiund of evaluations. Figures 6.a, 6.b and 7 sth@aresult of
WTEA airfoil optimization after four evaluation rods, first evaluation with a radius of 4 mm, secendluation
with a radius of 2 mm, third evaluation with a maliof 1 mm and fourth and last evaluation with dius of 0.5
mm. As seen in Figure 6.b the last round of evanais almost unnecessary because the maximuis found
inside a plateau of maximums with very small défeces between them. Before doing the optimizatiomais
performed a mapping of the search domain, i.eeédmh combination of dY1 and dY2 in the intervahjth, 8 mm]
with a step of 1 mm it was found the and was built the surface x f (dY1,dY2). Figure 6.c and 6.d show the
same optimization routine that run during the witndnel tests in the same airflow conditions asahes simulated
except that there is no map of the searched fumclibe result is slightly different because thdadishape of the
real flexible skin under wind tunnel conditionsdigferent than the airfoil shapes defined by us®iplines. Still
the result is similar, in terms of actuator strokéd and dY2 as well as the position of transiti@imilarly there
can be observed in Figure 6.d a plateau of evalugtdints that had the transition occurrence oritffesensor.
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Figure 6. Optimization in simulation using XFoil cale a) and b) vs. optimization in real time during vind
tunnel tests c) and d) for the same airflow conditinsM = 0.25 anda = 0.5°.

Figure 7 shows the optimization result airfoil gbgC, distribution and, transition point position on the upper
surface of the airfoil obtained through simulatigsing XFoil and B-splines model for the flexiblerskThe values
obtained for wind flow conditions of Mach = 0.25daam = 0.5 are dY1 = 3.3 mm and dY2 = 7.2 mm. Ats&igure
7 is shown the N factor distribution which is thergmeter used by XFoil to calculate the transipomt position.
When N factor reaches the,Mritical value the transition is triggered. Thiarameter was used in wind tunnel to
validate the transition position found through RMS measuring of the Kulite pressure sensors.

Figure 8 shows the optimization airfoil shafi&, distribution andx, transition point position on the upper
surface of the airfoil in wind tunnel test (red tslocompared to the optimal airfoil plots (blueaeference airfoil
plots (black) obtained through simulation. Alsalie lower subplot of Figure 8 the N factor useddbil to detect
the transition position is compared to the RMShef Kulite sensors. Both the N factor and RMS amenadized and
the purpose of the plots is to have a visual irtdicaf the transition position. The software coesidthe transition
position in the coordinates of the sensor withhiglest noise (RMS) as confirmed by previous stifbé
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Figure 7. Optimization simulation result of x, = 0.497 for dY1 = 3.3 mm and dY2 = 7.2 mm
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Figure 8. Optimization result of %, /c = 0.635 (¥ =317.5 mm) for dY1 = 2.6 mm and dY2 = 5.1 mm during
wind tunnel test for M = 0.25 anda = 0.5°

Figure 9 shows the time history of the optimizatfyocess in wind tunnel. Due to the long resparistke SMA
actuators — the time of cooling from maximum displaent to zero was approx 2 min — the entire podés
optimum search converged to the optimum valueppra 20 min. Also, there can be observed thatd¢geested
displacements of the actuators at the maximum akgphent of 8 mm were not realized, due to the datigf the
SMA’s accumulated in previous testes. The maximeftedtion was in fact 7 mm for the first actuatode.5 mm
for second actuator which could not physically beged over.
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Figure 9. Optimization time history during wind tunnel test for M = 0.25 anda = 0.5°

Figure 10 shows typical infrared results obtainedMa= 0.25,a = 0.5° for various configurations. Only the
composite portion of the wing at xf@.7 is shown. The white spots on the wing are thet®nically heated Kulite
pressure transducers. The two lines of SMA actsatoolder than the model surface, are also visablquarter
chord and near mid-chord. The locations of thesitaom in the images have been highlighted usimghae dashed
line: it corresponds to the location of a largefate temperature gradient, the laminar region beingut 2-3°C
hotter than the turbulent region. The referenciiditonfiguration (Figure 10-a) showed a trangitiocation at x/c
= 26%. The optimization (Figure 10-b) allowed a ilaan boundary layer run to x/c = 58%, which represea
significant improvement over the reference casguifé 10-a). Some turbulent wedges caused by leastigg
contamination, due to dust particles in the flowe &isible in Figure 10-a. In addition to providitmg on line
verification of the Kulite dynamic pressure signdle infrared measurement was particularly usefaetect those
early artificial turbulent regions. When the leeglcontamination was estimated unacceptable olyliieeaffect the
drag or the Kulite measurements, the test wasrimigad and the model was carefully cleaned.

Turbulent
wedges

0 01 02 03 04 05 06 07 0 01 02 03 04 05 06 07
x/c x/c

a) b)

Figure 10. Infrared results obtained atM = 0.25 anda = 0.5° in a) Reference, b) After optimization
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V. Conclusions

The results of the tests performed in wind tunrgghg a morphing wing were showhhe optimizationrmethod

does not use any CFD code but use the same optiomizagorithm in real time. This optimization carges in
approximately 10 minutes due to the slow resporisthe SMA actuators especially in the cooling phatehe

cycle. It was observed that the airfoil realized this method slightly differs from the optimizatiarsing CFD

codes. This result was due to the fact that thé ftoxction of the optimization (transition positiohas discrete
values (the sensors positions) and the maximurhefunction is a plateau of different dY1 and dY&ues. The
optimizer stops at a certain value in functionhd humber and magnitudes of the searching stepssltobserved
that the last searching step (searching of the mnaxi in eight points situated on a circle with rdy0cc mm — see
Figure 9) is not necessary due to the cost fungiiateau of maximums.
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