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In this paper a rectangular finite aspect ratio wing, having a wing trailing edge airfoil reference airfoil cross

section, was considered. The wing upper surface was made of a flexible composite material and instrumented with

Kulite pressure sensors and two smart memory alloys actuators. Unsteady pressure signals were recorded and

visualized in real time while the morphing wing was being deformed to reproduce various airfoil shapes by

controlling the two actuators displacements. The controlling procedurewas performed using twomethods which are

described in the paper. Several wind-tunnel test runs were performed for various angles of attack and Reynolds

numbers in the 6 � 9 foot wind tunnel at the Institute for Aerospace Research at the National Research Council

Canada. The Mach number was varied from 0.2 to 0.3, the Reynolds numbers varied between 2.29 and 3:36 � 106,

and the angle-of-attack range was within �1 to 2 degrees. Wind-tunnel measurements are presented for airflow

boundary layer transition detection using high sampling rate pressure sensors.

Nomenclature

b = span of wing model
Cp = pressure coefficient
c = chord of wing airfoil
M = Mach number
Re = Reynolds number
� = angle of attack of the wing

I. Introduction

T HE present work was performed under the 7.1 Consortium for
Research and Innovation in Aerospace in Quebec (CRIAQ)

collaborative project between academia and industries. The project
partners were the École de Technologie Supérieure (ETS), École
Polytechnique of Montreal, the Institute for Aerospace Research at
the National Research Council Canada (IAR-NRC), Bombardier
Aerospace, and Thales Avionics. In this project, the laminar flow
behavior past aerodynamically morphing wing was improved to
obtain significant drag reductions.

This collaboration calls for both aerodynamic modeling as well as
conceptual demonstration of the morphing principle on real models
placed in the wind tunnel. Drag reduction on a wing can be achieved
by modification of the airfoil shape which has a direct effect on the
laminar-to-turbulent flow transition location. The main objective of
this concept is to promote large laminar regions on the wing surface,
by delaying the transition location toward the trailing edge. Thus, the
wing viscous drag could be reduced over an operating range of flow

conditions characterized by a Mach number and angles of attack [1].
The airborne modification of an aircraft wing airfoil shape can be
realized continuously to maintain laminar flow over thewing surface
as flight conditions change. To achieve such a full operating concept,
a closed-loop control system concept was developed to control
the flow fluctuations over the wing surface with the airfoil skin
deformationmechanisms (actuators) [2]. A similar automatic control
of boundary layer transition using suction on a flat plane and
microphones was presented by Rioual et al. [3].

The wing model had a rectangular plan form of aspect ratio of 2
and was equipped with a flexible upper surface skin on which shape
memory alloys actuators were installed. The two shape memory
alloys actuators shape memory alloy (SMA) executed the displace-
ment at the two control points on the flexible skin to realize the
desired optimized airfoil shapes, see Fig 1.

The flexible skin wasmanufactured in a 4 ply laminate structure in
a polymermatrix,with twounidirectional carbonfiber inner plies and
two hybrid Kevlar®/carbon fiber outer plies. The hybrid Kevlar®/
carbon fiber was used in the chordwise direction, in which flexibility
was needed for profile modification, whereas the low-modulus
unidirectional carbon fiber was spanwise installed, in which case
rigiditywas preferred. The total thickness of the skinwas 1.3mm, the
total Young modulus was 60 GPa, Poisson’s ratios were 0.12 for
carbon/Kevlar® hybrid and 0.25 for unidirectional carbon [4].

As a reference airfoil, a laminar airfoil wing trailing edge airfoil
(WTEA) was considered; its aerodynamic performance was inves-
tigated at IAR-NRC in the transonic regime [5,6]. The flow over the
reference airfoil upper surface became turbulent in a certain point
near the leading edge due to the separation bubble for each airflow
case expressed by a combination of Mach number and angle of
attack. The separation bubble (the transition between laminar and
turbulent flow) appeared due to the steep curvature of the airfoil
shape. The principle beyond moving the separation bubble (the
transition) toward the trailing edge consisted in changing to a
milder curvature of the airfoil shape, which was presented by Popov
et al. [7].

The optimized airfoils were previously calculated by modifying
the reference airfoil for each airflow condition as combinations of
angles of attack and Mach numbers. The optimized airfoil shapes
were realized using an optimizing routine that varied the vertical
position of each actuator. The optimizing routine was coupled with a
spline curve model of the flexible skin and the XFoil CFD code, and
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then the first generation of optimized airfoils C1XX was obtained.
The XFoil CFD code is free software in which the eN transition
criterion is used [8,9]. The imposed conditions of the first
optimization were expressed in terms of the transition point position
displacement as near as possible to the airfoil trailing edge while
maintaining a constant lift. The first generation of optimized airfoils
was tested and validated by scanning using a laser during bench tests,
as shown in Fig. 2 [10]. The second generation of optimized airfoils
was obtained by coupling the optimizing routinewith afinite element
model (FEM) of theflexible skin [4] and theXFoil CFDcode, and the
conditions imposed were to minimize the drag by moving the
transition point as near as possible to the trailing edge while
maintaining a constant lift [11].

Thirty five optimized airfoils were found for the airflow cases
combinations of Mach numbers and angles of attack. Table 1 shows
the optimized airfoils shapes denoted by C201–C235 for angles-of-
attack variations from�1 to 2 deg, theMach number variations from
0.2 to 0.3 and the Reynolds numbers variations from 2.29 to
3:37 � 106.

II. Experimental Setup Description

A. Mechanical and Electrical Control System

The morphing wing model had a rectangular plan form (chord
c� 0:5 m and span b� 2:1 m) and consisted of two parts; one
metal fixed part, which was designed to sustain the wing loads at a
Mach number of 0.3 and an angle of attack up to 6 deg, and a
morphing part, consisting of a flexible skin installed on the wing
upper surface and the SMAactuator system (Fig. 1). Theflexible skin
was required to change its shape through two action points to realize
the optimized airfoil for the airflow conditions under which the tests
were performed.

The actuators were composed of two oblique cams sliding rods
spanwise positioned that converted the horizontal movement along
the span into vertical motion perpendicular to the chord (Fig. 2). The
position of each actuator was given by the mechanical equilibrium
between the nickle–titanium alloy SMAwires that pulled the sliding

rod in one direction and the gas springs that pulled the sliding rod in
the adverse direction. The gas springs role was to counteract the
pulling effect of aerodynamical forces acting in wind tunnel over the
flexible skin when the SMAs were inactive. Each sliding rod was
actuated bymeans of three parallel SMAwires connected to a current
controllable power supply which was the equivalent of six wires
acting together. The pulling action of the gas spring retracted the
flexible skin in the undeformed-reference airfoil position, while the
pulling action of the SMAwires deployed the actuators in the load
mode, i.e., morphed airfoil in the optimized airfoil position (see
Fig. 3). The gas springs used for these tests were charged with an
initial load of 225 lbf (1000 N) and had a characteristic rigidity of
16:8 lbf=in (2:96 N=mm).

Themechanical SMA actuators systemwas controlled electrically
through an open-loop control system. The architecture of the wing
model open-loop control system; SMA actuators and controller are
shown in Fig. 4. The two SMA actuators have six wires each, which
were supplied with power by the two AMREL SPS power supplies,
controlled through analog signals by the NI-DAQ USB 6229 data
acquisition card. The NI-DAQ was connected to a laptop through a
USB connection. A control program was implemented in Simulink,
which provided to the power supply unit the needed SMA current
intensity through an analog signal as shown in Fig. 4. The Simulink
control program used as feedback three temperature signals coming
from three thermocouples installed on each wire of the SMA

Table 1 Test flow conditions for 35 wing airfoils

Angle of attack, degrees)

Mach Re, 106 �1:00 �0:50 0.00 0.50 1.00 1.50 2.00

0.200 2.29 C201 C202 C203 C204 C205 C206 C207
0.225 2.56 C208 C209 C210 C211 C212 C213 C214
0.250 2.83 C215 C216 C217 C218 C219 C220 C221
0.275 3.10 C222 C223 C224 C225 C226 C227 C228
0.300 3.36 C229 C230 C231 C232 C233 C234 C235

Fig. 1 Cross section of the morphing wing model.
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Fig. 2 Two examples of optimized airfoil shapes for the aerodynamic cases C127 (M � 0:275, �� 1:5 deg) and C130 (M � 0:3, ���0:5 deg).
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actuator, and a position signal from a linear variable differential
transducer (LVDT) sensor connected to the oblique cam sliding rod
of each actuator. The temperature signals were used for the overheat
protection system that disconnect the current supply to the SMA in
case of wire temperature pass over the set limit of 120�C. The
position signals served as a feedback for the actuator desired position
control. The oblique cam sliding rod had a horizontal versus vertical
ratio 3:1; hence the maximum horizontal displacement of the sliding
rod by 24 mm was converted into a maximum vertical displacement
(8 mm) of the actuator.

A user interface was implemented in Matlab/Simulink which
allowed the user to choose the optimized airfoils shape from database
stored on the computer hard disk and provided to the controller the
required vertical displacements to obtain the desired optimized
airfoil shape. The controller activated the power supplies with the

required SMA current intensities through an analog signal as shown
in Fig. 4. The control signal of 2 V corresponded to a SMA supplied
current of 33 A. In practice, the SMA wires were heated at an
approximate temperature of 90�C with a current of 10 A. When the
actuator reached the desired position the current was shut off and the
SMA was cycled in endless heating/cooling cycles through the
controller switching command on/off of the current to maintain the
current position until another desired position or the entire system
shut off was required.

In support of the discrete pressure instrumentation, infrared
thermography (IR) visualization was performed to detect the
transition location on the morphing wing upper surface and validate
the pressure sensor analysis. The transition detection method using
IR was based on the differences in laminar and turbulent convective
heat transfer coefficient andwas exacerbated by the artificial increase
of model-air flow temperature differences. In the resulting images,
the sharp temperature gradient separating high temperature (white
intensity in image) and low temperature (dark intensity) regions is an
indication of the transition location. The infrared camera usedwas an
Agema SC3000 camera, equipped with a 240 � 320 pixels quantum
well infrared photodetector (QWIP), operating in the infrared
wavelength region of 8–9 �m and cooled to 70�K to reduce thermal
noise. The camera provided a resolution of 0.02�C and a maxi-
mum frame rate of 60 Hz. It was equipped with the default lens
(FOV� 20 � 15 deg), andwas installed 1.5m away from themodel
with an optical axis oriented in the horizontal plane at about 30 deg
with respect to the wing surface midchord normal. Optical access
was provided through an opening on the side wall of the test section
opposite to the upper surface. More details about the methodology
and processing are available from Mébarki et al. [12].

x

z

flexible skin

spring

SMA
actuator

rod

roller cam

First
actuating line

Second
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Fig. 3 Schematics of the flexible skin mechanical actuation.

Fig. 4 Architecture of the morphing wing model control system.

Fig. 5 Fast Fourier transform decomposition of the 12 channels’ pressure signals showing the transition development in the boundary layer over the

morphing wing upper surface.
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B. Aerodynamical Detection System and Graphical User Interface

The morphing wing goal was to improve laminar flows over the
upper surface of the wing. To ensure that the improvement is
achieved, a detection systemwas incorporated to thewingmodel that
gives information about the flow characteristics. An array of 12
Kulite pressure sensors was installed on the flexible skin.

The pressure data acquisition was performed using a NI-DAQ
USB 6210 card with 16 analog inputs, at a total sampling rate of
250 kilo samples=s. The input channels were connected directly to
thewind-tunnel analog data acquisition systemwhichwas connected
to the 12 Kulite sensors. The data acquisition system served as an
amplifier and conditioner of the signal at a sampling rate of 15 kilo
samples=s. One extra channel was used for the wind-tunnel dynamic
pressure acquisition to calculate the pressure coefficients Cp’s from
the pressure values measured by the 12 pressure sensors. The signal
was acquisitioned at sampling rate of 10 kilo samples=s in frames of
1024 points for each channel which allowed a boundary layer
pressure fluctuations fast Fourier transform spectral decomposition
up to 5 kHz for all channels, at a rate of 9:77 samples=s (Fig. 5) using
Matlab/Simulink software. The plot results were visualized in real
time on the computer screen in dedicated windows (see Fig. 6) at a
rate of 1 sample=s. Figure 6 shows an example of graphical user
interface in which all the aerodynamical and morphing shape
information were centralized together with the control buttons of the
controlling software. Thewindow showed some data about theMach
number, the angle of attack, the airfoil shape of the morphing wing,
and the two actuators vertical displacements needed to obtain the
desired airfoil shape. Shown in the two plots, were the pressure
coefficients distributionCps of the 12 Kulite sensors and the noise of
the signal root mean square (RMS) of each pressure signal. The left
figure shows the wing unmorphed position, whereas the right figure
shows the wing under its morphed position. The results obtained
were qualitatively very similar to those obtained in previous studies
[13,14].

In Fig. 5a, the 12 spectra of the pressure signals are shown, for the
unmorphed wing. The noise amplitude of the signals is about the
same for the whole bandwidth, with the exception being of the first
signal channel which has obviously the smallest noise. The laminar-

to-turbulent transition is detected by the slight peak of the fourth
sensor positioned at 35% of the chord in the root mean squares
(RMS) plot shown in Fig. 6a (star curve). The laminar-to-turbulent
transition is not visible in signals spectra from Fig. 5a, but two peaks
are visible at 1.7 kHz and 2.8 kHz, which may be due to
electromagnetic-induced noise by the wind-tunnel electrical system.
The two peaks were visible all the time during wind-tunnel tests, for
both unmorphed and morphed configurations.

In Fig. 5b, the 12 spectra of the pressure signals are shown when
the wing is morphed. The noise amplitude of the 10th channel is the
highest, showing that the laminar-to-turbulent transition occurs in
that position. The spectra of the 11th and 12th channels show the
turbulent flow noisewhich is higher than the laminar flownoise but is
lower than the transition flow noise. In Fig. 6b, the transition is
detected by the peak of the 10th sensor positioned at 59.2% of the
chord in the RMS plot (star curve).

In Fig. 6a, the data display graphical user-interface (GUI) is
shown. Data for an unmorphed airfoil are illustrated. The actuators
reference positions correspond to dY1� 0 mm and dY2� 0 mm,
the Cp distribution calculated by XFoil for the reference airfoil
(lower curve), and the Cp theoretical values of the sensors (circles)
are displayed.

In the lower plot of Fig. 6a is shown the N factor used by Xfoil to
predict transition for the reference airfoil (higher curve). In the case
of an unmorphed configuration, the predicted transition position was
found to be at the sixth position of the 16 available sensors positions.
In the beginning of wind-tunnel tests a number of 16 sensors were
installed but, due to their removal and reinstallation during
successive wind-tunnel tests, four of them were found defective,
therefore, a number of 12 sensors remained to be used during the last
wind-tunnel tests. TheCp distribution and its RMSwere illustrated in
star symbols.

Results predicted for themorphed airfoil are shown in Fig. 6b. The
morphed airfoil coordinates (higher curves), the Cp distribution
calculated by XFoil for the optimized airfoil (higher curve) and the
Cp theoretical values of the sensors (circles) are displayed. In the
lower plot of Fig. 6b, the N factor predicted by Xfoil for transition
location prediction is shown for the optimized airfoil (lower circles

Fig. 6 GUI where all the aerodynamical and morphing shape information are centralized together with the control buttons of the software.
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curve). In this morphed configuration case, the position of the
transition was predicted at the 14th sensor position positioned at
59.2% of the chord.

The (unmorphed) and (morphed) curves served as theoretical
validations of the star curves reflecting the aerodynamic parameters
(Cp and RMS) provided by Kulite sensors plotted on screen in real
time with a sampling rate of 1 S= sec. In Fig. 6b is shown the
actuated airfoil in the morphed position (dY1� 4:92 mm and
dY2� 7:24 mm). The transition position was given by the sensor
location in which the maximum RMS was found, which in this case
was the 10th Kulite sensor out of the 12 sensors. The instant
visualization allowed us tofind the exact position predicted byXFoil.
Figure 5b allows to see the fast Fourier transform spectral distribution
of the 10th sensor noise (higher spectra) having the highest noise in
the frequency domain of 4–5 kHz.

C. Closed-Loop Control Methods

Two methods of closed-loop control were designed to obtain and
maintain the optimized airfoil during the wind-tunnel tests:

1) First method used a controller which took as a reference value
the required displacement of the actuators from a database stored in
the computer memory to obtain the morphing wing optimized airfoil
shape. Thismethod used the position signal feedback from the LVDT
sensor connected to the oblique cam sliding rod of each actuator. This
method was called open-loop control due to the fact that this control
method does not take direct information from the pressure sensors
concerning the wind flow characteristics. The design concept of the
controller consists of a PID and an on/off switch that connects and
disconnects the SMA to a source of current which heats and lets
cool the SMA to allow its change in its length, this concept was
investigated by Popov et al. [2]. The initial input which is the
optimized airfoil for any flow condition is chosen manually by the
operator from the computer database through a user interface. Then
the displacements (dY1 and dY2) that are required to be reproduced
by the two control points on the flexible skin are sent to the controller.
This controller sends an analog signal 0–2V to the power supply that
provide a current of 0–20 A=20 V cc: to the SMA. The SMA will
change its length according to the temperature of the wire due to the
passing current and will change the position of the actuator which is

Fig. 7 Open-loop control using optimized airfoils database and actuator positions as feedback.

Fig. 8 Closed-loop control using optimized airfoils database and Cp values as feedback.
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sensed by a linear variable differential transducer (LVDT). The signal
position received from the LVDT is compared to the desired position
and the error obtained is fed back to the controller. The PID will
control the dynamics of the heating process. If the realized position is
greater than the desired position the switch will disconnect the
control current letting the SMA wire to cool down. During the
cooling down process the SMA will maintain its length due to the
hysteretic behavior. Also the controller uses three thermocouples
signals from each SMAwire to monitor the temperature of the wires
to maintain the temperature under 130�C limits.

2) Secondmethod used the same controller with the difference that
took, as a reference value, the theoretical Cp value calculated by
XFoil in the position of the sensor connected through aerodynamic
interdependence with the actuator position. The controller used as
feedback the pressure signal coming from the sixth position of the 16
Kulite sensors which was connected to the first actuator and the
pressure signal coming from the 12th position of the 16 Kulite
sensors which was connected to the second actuator. Their positions
were visualized on Fig. 6 at the two corresponding actuator points
Act1 and Act2. The theoretical Cp values were compared with the
measuredCp values, while the control signal based on the difference

between measured and theoretical Cp values was sent to the
actuators power supplies. In this case, the method was called closed-
loop control due to the fact that this control method used the pressure
information from the Kulite sensors.

1. Open-Loop Control

The schematics of the morphing wing open-loop control are
shown in Fig. 7. The input of the loop was the optimized airfoil
corresponding to the airflow conditions in the wind tunnel, which
was requested by the operator to be reproduced by the flexible skin.
The optimized airfoil was selected by the operator from the computer
database through the graphic interface listbox Airfoil and charged
into the software by activating the button CHARGE (see Fig. 6). The
software sent actuators coordinates required to reproduce the airfoil
displacements (dY1 and dY2) to the controller. When the operator
selected the push buttonOptim, the controller adjusted the position of
the actuators as required. The real position of the actuators was
measured through the LVDTand compared with the desired dY1 and
dY2 values. The horizontal displacement of the SMA oblique cam/
actuator was converted in vertical displacement by division in 3.

Fig. 9 Reference airfoil vs C226 airfoil results for M � 0:275 and �� 1 deg.
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Figure 6 shows the optimized airfoil C219 obtained through open-
loop control of the two actuators displacements dY1� 4:92 mm and
dY2� 7:24 mm. The new shape of the morphing wing obtained
through the displacements of the SMA actuators was discussed in
paper [10]. The return of the airfoil shape to the reference position
was requested by filling up the dialog boxes dY1� 0 and dY2� 0
and afterward using the push button Request. Any actuators
displacements between 0 and 8 mm could be requested by the
operator.

2. Closed-Loop Control

In Fig. 8, the schematic of the morphing wing closed-loop control
is shown. The loop input was the optimized airfoil for each airflow
conditions in the wind-tunnel, which was requested by the operator
to be reproduced by the flexible skin. The optimized airfoil was
selected by the operator from the computer database through the
graphic interface list box Airfoil and was charged into the software
by activating the button CHARGE (see Fig. 6). The software
launched a subroutine calling the XFoil code that calculated the Cp
distribution for various airflow conditions �, M, and Re; they were
entered as inputs. The operator selected the position of the sensors
that were used to give feedback to the controller. In the example
shown on Fig. 6, the sensor located at the position No. 6 was selected
to close the loop for the first actuator, and the sensor located at the
position No. 12was selected to close the loop for the second actuator.

When the close loop switch button was activated, the close loop
control is activated. The two controllers gave commands to the power
supplies that changed the actuators positions. The positions of the
actuators had the effect of the shape changing, which had the effect of
change of the measured Cp values in the selected points. The
controller used as targets the theoretical Cp values calculated by
XFoil. When the Cp values of the sensors reached the target values
the controller stopped the SMA actuators activation and begun to
maintain the Cp values around the target. The control principle was
the same as in open-loop control case, even the controller was the

same, with the exception that theCp values errors were amplified by
10 and the feedbackwas given through two operator chosen pressure
sensors instead of LVDT position sensors.

III. Experimental Results Obtained in Wind Tunnel

The following sections outline the experimental results obtained
during wind-tunnel tests. The tests were performed in the 6 � 9 ft
subsonic wind tunnel at the IAR-NRC. The wind speed varied
between Mach numbers 0.2 (223 ft=s) and 0.3 (335 ft=s) at
Reynolds numbers between 2.29 and 3:36 � 106 (see Table 1).

A. Open-Loop Control

The following figures show the morphing wing with the actuators
at the zero position, i.e., the wing was the reference airfoil compared
to the morphing wing with the actuator in the requested position to
obtain the optimized airfoil C226.

In Fig. 9 the caseM� 0:275 and �� 1 deg is shown. On the left-
hand side of Fig. 8, there was a turbulent flow RMS pattern signature
which appeared following a small peak in the second signal (CH 2).
The typical RMS pattern signature of transition appeared when the
morphingwing actuators were at the C226 optimized airfoil position.
The RMS distribution peak at the ninth sensor is shown on the right-
hand side fast Fourier transform decomposition as the highest signal
(CH 9). These plots show that the transition location moved from
sensor No. 2 to sensor No. 9.

B. Closed-Loop Control

Figure 9 shows the wing morphing configurations achieved by
using two different control methods. The left-hand sides (LHS) of
Fig. 10 show the open-loop control and the right-hand sides (RHS)
show the closed-loop control data. The difference between the LHS
graphs show the control having the actuator positions feedback,
whereas the RHS curves show the control having the�Cp values as
feedback.

Fig. 10 C232 airfoil results obtained in a) open-loop, b) closed-loop control.
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The time histories of the same critical parameters are shown in
Fig. 10. The first plots at the top of Fig. 10a and 10b show the
theoretical (dashed lines) andmeasuredCp (solid lines) value for two
sensors, No. 1 and No. 8, located, respectively, at x� 38:1 mm and
x� 179:6 mm on the airfoil. The second plots display the desired
(dotted lines) and realized (solid lines) vertical displacements dY1
and dY2, in millimeters, of the two actuators (first actuator, lower
line; second actuator, higher line). The last two plots at the bottom
of Fig. 10a and 10b give the SMA actuators wires temperatures in
degrees C and control current intensity in A, respectively.

The LHS plots show the realization of the C232 optimized airfoil
using the open-loop method, having the displacements dY1 and dY2
as feedback parameters and using a PID coupled with an on/off
switch method controller.

The RHS plots show the realization of the C232 optimized airfoil
�Cp distribution using the close loop method having the sensors
No. 1 and No. 7�Cp values as feedback parameters, using the same
PID controller. The discontinuity in the �Cp desired value (lower
line) was due to switching the control sensor fromNo. 7 to No. 8 and

back. It is observed that the controller obeyed the command and
achieved the desired results.

The aerodynamic effect of the control in open loop versus closed
loop at the same airflow configuration and same optimized airfoil
command for the C232 airfoil are shown on Fig. 11.

The LHS plots show the realization of the C232 optimized airfoil
using the open-loop method, having the displacements dY1 and dY2
as feedback parameters (see the ovals in the figure). The RHS plots
show the realization of the C232 optimized airfoil �Cp distribution
using the closed-loop method, having the sensors No. 1 and No. 7
�Cp values as feedback parameters (see the ovals in figure). The
slight differences in the aerodynamical configuration shown are due
to zero calibration of the first actuator, which indicated its position
with an error of 0.5 mm lower than in reality.

Figure 12 shows typical infrared results obtained at M� 0:3,
�� 0:5 deg for various configurations. Only the composite portion
of the wing at x=c � 0:7 is shown. The white spots on the wing were
the electronically heated Kulite pressure transducers. The two lines
of SMA actuators, colder than the model surface, were also visible at

Fig. 11 C232 airfoil results obtained atM � 0:3 and �� 0:5 deg in a) open loop, b) closed loop.
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quarter chord and near midchord. The locations of the transition in
the images have been highlighted using a white dashed line; it
corresponds to the location of a large surface temperature gradient,
the laminar region being about 2�C hotter than the turbulent region.
The reference airfoil configuration (Fig. 12a) showed a transition
location at x=c� 25%. The open-loop control (Fig. 12b) allowed a
laminar boundary layer run to x=c� 57%. In the case of the closed-
loop control (Fig. 12c), the transition location was x=c� 58%,
which represents a small improvement over the open-loop control.
Some turbulent wedges caused by leading edge contamination, due
to dust particles in the flow, were visible in Fig. 12c. In addition to
providing an online verification of the Kulite dynamic pressure
signals, the infrared measurement was particularly useful to
detect those early triggered turbulent wedges. When the level of
contaminationwas estimated to be unacceptable or likely to affect the
drag or the Kulite measurements, the test was interrupted and the
model was carefully cleaned.

IV. Conclusions

The aerodynamic results of the wind-tunnel tests performed for
morphing wing model were analyzed. Two control methods for
obtaining optimized airfoil configurations for fixed wind flow
conditions were studied. The first and the second control methods
used a database of theoretical optimized airfoils using CFD codes.
The first and the second control methods (open loop versus closed
loop) were compared. It was observed that the first method (open
loop) realized with more fidelity the imposed airfoil shape and was
more accurate from the point of view of aerodynamic results. The
disadvantage of this method is its high sensitivity of the aerodynamic
effects due to the zero calibration of the actuators. The second
method (closed loop) has the advantage to reproduce the �Cp
distribution that can change over time. The disadvantage of this
method is the high sensitivity of the air flow external influences,
which in real life scenarios could interfere with the aircraft flight,
such as wind gusts.
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