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In this paper, wind-tunnel results of a real time optimization of amorphingwing in thewind tunnel for delaying the

transition toward the trailing edge are presented. A morphing rectangular finite aspect ratio wing, having a wind

tunnel experimental airfoil reference airfoil cross section, was considered, with its upper surface made of a flexible

composite material and instrumented with Kulite pressure sensors and two smart memory alloys actuators. Several

wind-tunnel test runs for various Mach numbers, angles of attack, and Reynolds numbers were performed in the

60 � 90 wind tunnel at the Institute for Aerospace Research at the National Research Council Canada. Unsteady

pressure signals were recorded and used as feedback in real time control while the morphing wing was requested to

reproduce various optimized airfoils by changing automatically the two actuators’ strokes. This paper shows the

optimizationmethod implemented into the control software code that allows themorphingwing to adjust its shape to

an optimum configuration under the wind-tunnel airflow conditions.

Nomenclature

b = span of wing model, m
c = chord of wing airfoil, m
CD = drag coefficient
CL = lift coefficient
Cp = pressure coefficient
M = Mach number
N = natural logarithm of rapport between amplified

perturbation and initial perturbation in laminar flow
Re = Reynolds number
xtr = transition position, m
� = angle of attack of the wing, deg

I. Introduction

T HE Consortium for Research and Innovation in Aerospace in
Quebec 7.1 project was a collaborative project between the

teams from École de technologie superieure (ETS), École Poly-
technique, the Institute for Aerospace Research, National Research
Canada (IAR-NRC), Bombardier Aerospace, and Thales Avionics.
In this project, the laminarflowpast aerodynamicallymorphingwing
was improved to obtain important drag reductions.

This collaboration called for both aerodynamic modeling as well
as conceptual demonstration of the morphing principle on real

models placed inside the wind tunnel. Drag reduction on a wing
could be achieved bymodifications of the airfoil shape, which had an
effect in the laminar-to-turbulent flow transition point position. The
main objective of this concept was to promote large laminar regions
on thewing surface bymoving the transition point toward the trailing
edge of the airfoil wing, thus reducing drag over an operating range of
flow conditions characterized by Mach numbers, airspeeds, and
angles of attack [1].

To modify the laminar flow around a wing airfoil, it was
necessary to change the airfoil shape; therefore, one of the methods
for airfoil changes was developed at Kentucky University, which
consisted of deflecting the wing upper surface using adaptive
actuators [2–7].

It was shown that the actuators activated oscillatory motions of a
certain frequency to the boundary-layer flow over the upper surface.
These actuators were made of piezo-electric materials that changed
their shapes when connected to an electrical current differential
voltage. The wind-tunnel tests showed that the displacement of the
transition point to the trailing edge resulted in the drag decrease and
in the lift increase [3].

Another method for changing the airfoil shape involved the use of
a bump, which was inflated with air. This method was conceived by
researchers at Stuttgart University [8,9]. In this method, the airfoil
geometry was modified to decrease the negative effects of shock-
waves in transonic flow. The results obtained by the airfoil optimiz-
ation showed a 70% decrease in thewave drag and a 15% decrease in
the wing total drag.

At the German Aerospace Research Center (DLR), researchers
simulated the changes of the airfoil shape using an inflated bump
[10,11]. The results obtained showed a 10% drag reduction forMach
numbers between 0.72 and 0.77. A basic theory was developed for
changing the airfoil shape in transonic flow.

Another method for changing the airfoil shape was studied by the
aerospace company Embraer [12–15]. In this case, the leading and
trailing edges changed their shapes by curving the camber line. The
results obtained by Embraer were promising as they showed a
reduction in drag value by up to 24%.

A 1991 study conducted at NASALangleyResearch Center labor-
atory evaluated the application of the hybrid laminar flow control on
subsonic aircrafts and bimotor aircraft transporters [16]. The study
was realized by using the flight optimizing system as well as a
computational fluid dynamics (CFD) code. The researchers studied
the laminar flow over the upper surface of the wing, and over the
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vertical and horizontal stabilizers. They also studied the advantages
of the laminar flow over the nacelles.

The chordwise air collectionmethodwas designed in 1984. In fact,
laminar flow control over the upper surface of the wing was realized
by the boundary-layer suction, thereby moving the transition
position at 85% of the chord [17].

A numerical algorithm was developed for optimizing the suction
distribution, bymaintaining the transition at a desired location (chord
%) and maintaining the energy spent at a minimum [18]. Three steps
were considered: 1) boundary-layer computation, 2) transition
prediction, and 3) optimization of the suction distribution while
maintaining the transition location at a certain desired percentage of
the chord. In the third step, the gradient method was used. Optimized
wings were conceived by reducing the kinetic energy of the pertur-
bation and drag values, while the lift and pitch moment coefficients
were maintained at desired values [19].

At DLR, the DoAL3 airfoil was designed for aircraft wings at
moderate Mach numbers M � 0:45–0:6, and at Reynolds numbers
up to Re� 14 � 106. Transition measurements were performed in
the Brunswick Wind Tunnel at Mach number of 0.48. The effects of
Reynolds number and the thermal transfer on the laminar flow
separately were studied, and the numerical results were validated by
experiments.

A controller was developed at Southampton University with the
aim of maintaining the desired turbulence level over a flat plate
equippedwith a suction porous panel. The pressure fluctuationswere
measured with microphones at the boundary layer over the flat plate,
and the signal was conditioned andfiltered to remove the background
noise of thewind-tunnel fan.Then, the turbulence levelwas estimated
by computing the rms pressure signal. The controller used the error
between the rms values of themeasured pressures and the desired rms
values at the spots where the microphones were installed, thus
maintaining the transition on the specified area over theflat plate [20].

Three devices were capable of modifying wing structure on a test
bed aircraft [21]. The first device was the Hyper-Elliptic Cambered
Span (HECS) wing mechanism, used to increase loiter time. During
cruise, induced drag accounted for 50% of the total aircraft drag.
Compared with a planar elliptic wing of the same span, the HECS
wing provided a lift-to-drag ratio (L=D) increase of as much as 15%,
with a 10% increase in surface area. The second device was the
oblique joint mechanism, located at the root of a standard planar
elliptical airfoil, and capable of independently rotating each wing on
an aircraft through variations of dihedral, sweep, and incidence
angles, by use of three sequential motors per wing that can be
operated independently. The third device employed a Stewart plat-
form concept as a constrained version of the six degree-of-freedom
(DOF) mechanism commonly used, with a central pivot preventing
translational motion and allowing rotation about the center of the top
and bottom plate using three Haydon Switch and Instrument 1

2
stroke

linear actuators. Compliant skin materials were also discussed.
A strain energy model took into account the actuation cost of a

morphing airfoil, where a multi-objective optimization found
tradeoff solutions between low-energy/high-drag and high-energy/
low-drag morphing airfoils [22]. The aerodynamic work term was
added to the strain energymodel to compute the total energy required
for the airfoil shape change. The effect of the morphing airfoil’s
relative stiffness on the multi-objective solutions was presented.

Stabilators were used for various applications such as primary and
secondary flight control, buffet-load alleviation, flutter testing, active
flow reattachment, and vortex generation. However, most of the
adaptive aerostructures’ applications were found in unmanned aerial
vehicles (UAVs), missiles, and munitions [23].

Closed-loop control of the morphing planform (wing-shape
control) and simultaneously enforced prescribed closed-loop aircraft
dynamics (flight control) were modeled [24]. The N-MAS wing
designed byNextGenAeronauticswas considered. Theflight control
law actively used the leading-edgemorphing wing sweep angle as an
actuator to assist in manoeuvres while guaranteeing aircraft stability.
An aircraft model (morphing wing, aircraft body, and control surface
locations) was developed using CAD drawings, mass and geometry
specifications, and NACA airfoil designations. The Simulink

model included variable (center of gravity) and DATCOM-derived
aerodynamic coefficients as a function of the wing configuration and
angle of attack. The morph between the twomodes of loiter and dash
was modeled by a first-order transfer function, and hence the morph
rate was governed by the transfer function time constant.

The empirical structural weights for variouswing geometries were
obtained by implementing two finite element-based structural
optimization methods: 1) an aggregate, and 2) a simultaneous
analysis [25]. These methods were applied on a morphing wing with
2 DOF: the wing sweep and the root chord length. Two linear
actuators were used: one positioned along and parallel to the forward
spar and the other one positioned along and parallel to the wing root
chord. These geometrical variations produced four configurations
with changes in area, aspect ratio, and sweep: the high-lift config-
uration for the largest area and minimal sweep angle, the loiter
configuration for the maximum aspect ratio and minimum sweep
angle, the dash/cruise configuration for the maximum sweep and
minimal area, and the manoeuvre configuration for the maximum
area at the maximum sweep.

Northrop Grumman Corporation has built and tested two 16%
scale wind-tunnel models (conventional and smart) of a fighter
aircraft under the Defense Advanced Research Projects Agency
(DARPA)/Air Force Research Laboratory (AFRL)/NASA Smart
Wing Phase I project [26]. Hinge-less, contoured trailing-edge (TE)
control surfaces with embedded shape memory alloy (SMA) wires
and spanwise wing twists effected by SMA torque tube mechanisms
were compared with the conventional hinged control surfaces.
Benefits were expressed in terms of increased pitching and rolling
moments, and improved pressure distributions. Successful results
were expressed in terms of: 1) 5 deg of spanwise twist and an 8–12%
increase in rollingmoment using a single SMA torque tube, 2) 12 deg
of deflection and 10% increase in rolling moment, and
3) demonstration of optical techniques for span twist and deflected
shape measurements.

A symmetric wing structure was created with two tapered
graphite/epoxy composite plates and a steel body. Four pairs of SMA
wires were attached to the wings’ bottom surfaces in the chordwise
direction. Lift and drag forces were measured at various angles of
attack. Dynamic vibration signals were measured by Fiber Bragg
Grating sensors at thewing root andwere used tomonitor aeroelastic
unstable flutter phenomena at various angles of attack [27].

Awingstructurecomposedofanoptimized internal layoutofcables
and strutswas able to change its shape. Cableswere used as actuators,
and struts provided rigidity to the wing. In addition to achieving
continuousmorphingbychangingcable lengths, this structurehad the
advantages of being lightweight and having a distributed actuation.
Topologyoptimizationwasusedtooptimallyplacecablesandstruts in
a bay or in a wing section. The nondominated sorting genetic
algorithm II (NSGA II) was used for modeling the NASAHECS and
the NextGen TSCh wings [28].

An integrated multidisciplinary optimization procedure for
morphing wing optimization was mainly based on off-the-shelf
analysis codes. It allowed the computation of theminimum structural
weight of morphing wings (for which swept angle and aspect ratio
change). This optimization was performed with a general-purpose
optimization code, called Optimus, distributed by Noesis Solutions.
For aeroelasticity studies, MSC/Nastran and ALIS (for steady and
unsteady linear aerodynamics) codes were used. Two approaches
were presented: sequential and fully integrated. An LMSVirtual Lab
Morphing tool was also used [29].

Wings roll performances were achieved by use of articulated
conformal control surfaces. Analysis results were compared with
experimental results obtained for a 16% scalemodel of a fighter wing
equipped with embedded smart materials used to deform a control
surface. The control surface design was found suitable for low-rate
applications such as takeoff and landing configurations [30].

Lockheed Martin built an unmanned combat air vehicle for
morphing A/C studies. Its configuration had two folds that allowed
the radical morphing of the span and wetted area. The multirole
aerodynamic performance was defined by a combination of cruise/
loiter efficiency and dash/penetration capability in a single vehicle,
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and by significantly increasing the mission performancewith respect
to the conventional platforms. Both inboard and outboard flaps were
required formanoeuvring and pitch/yaw stability [31].An articulated
large-scale half-span wind-tunnel model-validated morphing system
operation under realistic flight loads was realized [32].

Four applicationfields of the SMA’s technology on an aircraft have
been investigated: vibration/acoustic control, shape control, multi-
functional smart structures, and morphing structures. Tail-buffet
suppression, flutter damping, engine-vibration control, smart wing,
smart skin, adaptive micro air vehicle, vortex wake control, and
biology-inspired aircraft were reviewed. The best technology appli-
cation would be a reconfigurable configuration for which perform-
anceswouldbeadjustedandoptimizedundervaryingconditions [33].

The MFX-1, created under a DARPA sponsored program called
NextGenerationMorphingA/C Structures (N-MAS) and realized by
NextGen Aeronautics, had a 9.3 ft wing span, a length of 6.8 ft, V-
tails, nonretractable landing gear with a steerable nose wheel, three
onboard cameras with one download link, and a GPS system. It was
powered by a single jet engine with 45 lb of maximum thrust. Other
key features included independently activated ailerons, flaps,
rudders, GPS, microelectric mechanical system gyros and accelero-
meters as flight control system sensors, altitude telemetry, airspeed,
GPA headings, battery conditions, maximum flight time of 20 min,
and a parachute flight termination/recovery system. The primary
purposes of these tests were to 1) demonstrate in-flight operation at
subscale, and stability and control of the MFX-1, and 2) test flight-
test procedures including communications and pilot skills for
N-MAS aircraft.

During the first test a fixed wing was flown, which provided good
training for the flight-test crew. During the second test, performed on
the morphing wing, multiple checks of the morphing wing actuation
and power systemswere performed beforeflight to reduce the overall
test risk [34]. The flight took place at altitudes between 400 and
600 ft, and at speeds between 100 and 120 kt. The remote pilot had no
cues except aircraft views from the ground. Onboard recorded data
included GPS location and altitude, and three video cameras, mount-
ed on the twin tails of the aircraft and in its nose, provided flight
pictures to be downloaded after landing. The wing area changed
40%, the wing span changed 30%, and the wing sweep varied from
15 to 35 deg to successfully morph during flight, of less than 15 sec.
During Phase II of the N-MAS program, a 200 lb, autonomous,
twin-jet morphing UAV had a larger and improved wing design that
rapidly morphed during manoeuvres required for agile hunter–killer
operations.

The probabilistic modeling of actuator failure and stochastic
robust control provided a novel and flexible means of failure com-
pensation for a morphing tailless, delta-wing fighter aircraft
operating arrays of large numbers of actuation devices [35]. Lateral
equations of motion were linearized at Mach number M� 0:6 and
altitude H � 15; 000 ft. The equilibrium trim angle of attack was
approximately 4.4 deg. Control moments required at the trim con-
dition were generated by conventional hinged surface actuators. The
shape-change effectors/device arrays were used to stabilize and
manoeuvre the vehicle at the trim condition. Among the four dis-
tributed arrays of shape-change devices on each wing, three are
situated on the upper surface and one is on the lower wing surface.
There were a total of 156 devices, 78 on each wing [36].

NextGen developed an in-plane morphing geometry concept.
Flexible elastomeric skins with out-of-plane stiffeners accommo-
dated the wing motion while transmitting air pressure loads to the
wing substructure. Wind-tunnel testing of a full-scale wing for a
2400 lb vehicle and flight testing of a subscale UAVwere performed.
The following issues were identified: 1) the need to address multiple
geometries and flight envelopes to account for morphing shape
changes, and 2) the in-plane wing flexibility resulting from its
mechanism restraint by linear actuators. Another half-span wind-
tunnel model was tested in the NASATransonic Dynamics Tunnel
for aeroelasticity studies [35].

The miniature trailing edge effector was a small TE device located
at 1–5% chord, deflected vertically into the flow. A stable separation
region ahead of the flap and a pair of counter-rotating vortices aft

were realized. Aerodynamic analysis results provided a database for
the development of the aerodynamic wind-tunnel test model. The
aeroservoelastic test model successfully proved an active flutter
suppression concept for an UAV [37].

An aeroelastic numerical code took into account the morphing
energy coupled with a 3-D beam finite elements model in a
corotational framework to a lifting line aerodynamic code. The
morphing energy was calculated by the sum of actuation moments,
applied at the beam nodes, multiplied by the required angular
rotations of the beam elements. The code results were validated with
Nastran Aeroelasticity Module. This code was tested for a sweep
morphing manoeuvre, and it was demonstrated that sweepmorphing
improved aircraft aerodynamic performances such as the lift-to-drag
ratio (L=D) values.

The flight-test results of a mission adaptive compliant wing
(MAC-Wing) variable geometry trailing-edge flap with a natural
laminar flow airfoil have been described. The MAC-Wing
technology provided lightweight, low-power, variable geometry
reshaping of the upper and lower flap surfacewith no discontinuities.
The airfoil-flap system was optimized to maximize the laminar
boundary-layer extent over a broad lift coefficient range for
endurance aircraft applications. The expanded laminar bucket
capability allowed the endurance aircraft to extend their range, by
15% or more, by optimizing the lift-to-drag ratio (L=D) throughout
the mission. The wing was tested at full-scale dynamic pressure,
Mach number, and reduced-scale Reynolds numbers on Scaled
Composites’ Knight Aircraft. Laminar flow regime occurred up to
60% chord of the wing during tests. Significant fuel and weight
savings as well as high-control authority were verified by tests and
analyses. Fifteen Dantec Dynamics hot film sensors measured the
boundary-layer transition position [38].

The MORPHEUS wind-tunnel model of a morphing air vehicle
was designed for the following five purposes: quasi-steady aerody-
namic modeling of an aircraft with large planform changes, optimiz-
ation studies to achieve efficient flight configurations, transient
aerodynamic modeling of high-rate planform changes, planform
manoeuvring evaluations as control effectors, and gimballed flight
control simulation of a morphing aircraft [39].

In the air-to-air fighter (AAF) model consisting of a propulsion
subsystem and an airframe subsystem-aerodynamics (AFS-A), the
morphingwingwas allowed to change its sweep, length, root, and tip
chord lengths within set constraints for its AAF mission of 19 flight
segments. Using minimum fuel burned as an objective, the most
efficient wing configuration and the overall aircraft system operation
were achieved for each segment of the mission [40].

A DARPA-sponsored wind-tunnel test model of a Lockheed
Martin morphing concept was designed and tested. The wind-tunnel
model incorporated the key features representative of a full-scale
vehicle model: out-of-plane morphing through a coordinated
actuation system integrated with seamless skins and a composite
support structure that encompassed the actuator system along the
wing fold hinge lines, structural layout and materials featured in the
full-scale vehicle design, and a first-time thermopolymer actuator
integral to a leading-edge device for smooth contour between the
inner wing and fuselage when fully morphed. The model was
instrumented with strain gauges, accelerometers, and pressure
transducers; data were acquired and correlated with aircraft design
and analysis methods [41].

The airborne modification of an aircraft wing airfoil shape could
be realized continuously to maintain laminar flow over the wing
surface as flight conditions changed. 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 defor-
mation mechanisms (actuators) [42].

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 [43,44]. Two shape memory
alloys (SMA) actuators created the displacement of the two control
points on the flexible skin to realize the optimized airfoil shapes [45].

As reference airfoil, the laminar airfoil wind tunnel experimental
airfoil (WTEA) was used because it was already optimized for
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laminar flow in the transonic regime. Its aerodynamic performance
was investigated at IAR-NRC in [46,47]. The optimized airfoils were
previously calculated by modifying the reference airfoil for each
airflow condition as combinations of angles of attack and Mach
numbers such that the transition point position was found to be the
nearest as possible to the airfoil trailing edge [45]. Several optimized
airfoils were found for the airflow case combinations of Mach
numbers and angles of attack. The optimized airfoils configurations
were stored in the computer memory by means of a database and
were selected as needed by the operator or computer to be realized by
the morphing wing [48]. But this strategy relied on the previously
calculated aerodynamic characteristics of the airfoils, which usually
were determined by use of CFD codes and optimization algorithms.

The idea presented in this paper is to implement the same
optimization algorithm into the computer controller that will search
the optimal configuration with the real system, in real time and for
real aerodynamic airflow conditions. The basic idea of optimization
control is to bypass the necessity of a previously calculated optimized
airfoils database, and to generate in real time the optimized airfoil for
the exact conditions of thewind flow. For such a task it was necessary
to develop a subroutine that optimized the airfoil shape in the same
way in which the optimized airfoils database was generated. The
method of optimization used in this case was a mixed method
between the gradient ascent or hill climbing method and the sim-
ulated annealing, which is a metaheuristic search method.

The hill climbing method is a local search optimization algorithm.
It considers a random poor solution, which improves slowly by
iterations. When the solution cannot be further improved, it becomes
the final solution and the algorithm ends. In our case, the searching
domain is defined by the actuators’ displacements as variables, and
the cost function needed to be maximized is the transition point
position xtr. Normally the function is defined analytically and the
maximum is searched along the lines with the maximum local
derivatives or gradients. Although hill climbing would be very fast
and simple to program, the solution found is not guaranteed to be the
global maximum of the entire search domain∗∗. Other local search
algorithms such as stochastic hill climbing, random walks, and
simulated annealing would overcome this problem. The character-
istic of thesemethods is that the algorithm searches random solutions
within the search domain to cover all the possible local maxima and
to find the global maximum††.

The reason why a mixed method was needed was because the cost
function for such a complex problem (minimize the CD, maximize
the CL=CD, or maximize the transition point position xtr for a
morphingwing)was not defined analytically and the implementation
of the gradient ascent methodwas not suitable. Also, due to time cost
(very long time response of the SMA actuators due to heating but
especially cooling time), a purely probabilistic metaheuristic search
algorithm such as stochastic hill climbing, random walks, or
simulated annealing was not suitable either.

The idea of the present algorithm was the mixture of the hill
climbing method with the random walks or simulated annealing and
the search within the defined domain nine points, one being the
center of a circle and the other eight being situated on the circlewith a
predefined radius. When the maximum is found within the nine

points, the algorithm reset the next searching step by iterating with
eight points situated on smaller circles until the global maximum is
found. This mixed method was found to be the fastest, that is, it
considered the least number of points evaluated for converging to the
transition point position xtr maximum.

II. Experimental Setup Description

A. Mechanical and Electrical Control System

The concept of thismorphingwing consisted of a rectangular wing
model (chord c� 0:5 m and span b� 2:1 m) incorporating two
parts. One fixed part was built in aluminum by the IAR-NRC team
and sustained the resistance forces acting during wind-tunnel tests.
The other part consisted of a flexible skin installed on a metallic
structure on the wing upper surface and was designed and manufac-
tured at ETS (Fig. 1). The flexible skin was required to change its
shape through two action points to realize the optimized airfoil for the
airflow conditions in which tests were performed.

The actuators were composed of two oblique cams sliding rods
spanwise positioned that converted the horizontal movement along
the span in vertical motion perpendicular to the chord (Fig. 2). The
position of each actuator was given by the mechanical equilibrium
between the Ni-Ti alloy SMAwires that pulled the sliding rod in one
direction and the gas springs that pulled the sliding rod in the reverse
direction. The gas springs role was to counteract the pulling effect of
aerodynamic forces acting in wind tunnel over the flexible skin when
the SMAs were inactive. Each sliding rod was actuated by means 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, and the pulling action of the
SMAwires deployed the actuators in the loadmode, that is, morphed
airfoil in the optimized airfoil position (see Fig. 2). 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 is
shown in Fig. 3. The two SMA actuators had six wires each, which
were supplied with power by the two Amrel SPS series 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 universal serial bus connection. A control program was
implemented in Simulink that provided to the power supplies the

Fig. 1 Cross section of the morphing wing model.

x

z

flexible skin

spring

SMA
actuator

rod

roller cam

First
actuating line

Second
actuating line

Fig. 2 Schematics of the flexible skin mechanical actuation.

∗∗Data about hill climbing available online at http://en.wikipedia.org/wiki/
Hill_climbing [retrieved 26 Nov. 2009].

††Data about simulated annealing available online at http://en.wikipedia.
org/wiki/Simulated_annealing [retrieved 26 Nov. 2009].
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needed SMA current values through an analog signal as shown in
Fig. 3. The control signal of 2 V corresponded to an SMA supplied
current of 33 A. The Simulink control program used as feedback
three temperature signals coming from three thermocouples installed
on each wire of the SMA actuator, and a position signal from a linear
variable differential transducer connected to the oblique cam sliding
rod of each actuator. The temperature signals served in the overheat
protection system that disconnected the current supply to the SMA in
case of wire temperature passed over the set limit of 120�C. The
position signals served as 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
of the actuator and implicit of the flexible skin by 8 mm.

Auser interfacewas implemented inMatlab/Simulink that allowed
the user to choose the optimized airfoils shape from a database stored
on the computer hard disk and provided to the controller the vertical
needed displacements to obtain the desired optimized airfoil shape.
The controller activated the power supplies with the needed SMA
current values through an analog signal as shown inFig. 3. In practice,
the SMAwires were heated at an approximate temperature of 90�C
with a current of 10A.When the actuator reached the desired position
the current was shut off and the SMAwas 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 transi-
tion 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 the laminar and turbulent convective
heat transfer coefficient andwas exacerbated by the artificial increase
ofmodel airflow temperature differences. In the resulting images, the
sharp temperature gradient separating high-temperature (white
intensity in image) and low-temperature (dark intensity) regions was
an indication of the transition location. The infrared camera usedwas
an Agema SC3000 camera, equipped with a 240 � 320 pixels
quantum well infrared photo detector, 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 maximum
frame rate of 60 Hz. It was equipped with the default lens
(FOV� 20� � 15�), and was installed 1.5 m away from the model
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 in [49].

B. Aerodynamic Detection System and Graphical User Interface

Themorphingwing goal was the improvement of the laminar flow
over the upper surface of the wing. To ensure that the improvement
was real, we built a detection system that gave 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 kilosamples=s. The input channels were connected directly to

Fig. 3 Architecture of the morphing wing model control system.

Fig. 4 GUI with the control buttons of the software.
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the IAR-NRC analog data acquisition system, which was connected
to the 12 Kulite sensors. The IAR-NRC served as an amplifier and
conditioner of the signal at a sampling rate of 15 kilosamples=s. One
extra channel was used for the wind-tunnel dynamic pressure
acquisition to calculate the pressure coefficients Cps from the
pressure values measured by the 12 pressure sensors. The signal was
acquisitioned at a sampling rate of 10 kilosamples=s in frames of
1024 points for each channel, which allowed a boundary-layer
pressurefluctuation fast Fourier transform spectral decomposition up
to 5 kHz for all channels, at a rate of 9:77 kilosamples=s using
Matlab/Simulink software. The plot results were visualized in real
time on the computer screen in dedicated windows (see Fig. 4) at a
rate of 1 samples=s. Figure 4 shows an example of a graphical user
interface in which all the aerodynamic and morphing shape
information was centralized together with the control buttons of the
controlling software. The window shows information about the
Mach 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. The two plots show the pressure coefficients
distribution Cps of the 12 Kulite sensors, and the noise of the signal
(rms) of each pressure signal. Figure 4a shows the wing unmorphed
position, and Fig. 4b shows thewing under its morphed position. The
results obtained are qualitatively very similar to those obtained in
previous studies [50,51].

The transition between laminar and turbulentflowwas detected by
means of each pressure signal’s rms. The lower rms plot given in
Fig. 4 shows the normalized quantity of the pressure signal noise
from each Kulite sensor (star points curve). In the example shown in
Fig. 4, the rms plot in the unmorphed configuration (Fig. 4a), the
transition is shown in the fourth sensor due to the fact that it had the
maximum rms value.

In Fig. 4a on the graphical user interface (GUI) an unmorphed
airfoil is shown by use of a black color. The actuators’ reference
positions correspond to dY1� 0 mm and dY2� 0 mm, the Cp
distribution calculated by XFoil for the reference airfoil (black
curve), and the Cp theoretical values of the sensors shown as black
circles on the Cp distribution curve.

In the lower plot of Fig. 4a the N factor used by XFoil to predict
transition for the reference airfoil (black curve) is shown. The critical
value Ncr � 7:34was used in the simulation to match the turbulence
level T � 0:14%measured in the wind tunnel using Mack’s correla-
tion Eq. (1), and the plotted values on the figure are normalized
(N=Ncr) [52]

Ncr ��8:43 � 2:4 � log�T� (1)

In the case of an unmorphed configuration, the predicted transition
position was found to be the 6th position of the 16 available sensors’
positions. In the beginning of the wind-tunnel tests 16 sensors were
installed, but due to their removal and reinstallation during the next
two wind-tunnel tests, four of them were found to be defective.
Therefore, 12 sensors remained to be used during the last third wind-
tunnel tests so that only 12 Kulite sensors were used for plotting the
Cp distribution and rms distribution (star plots).

Results predicted for the morphed airfoil are shown in blue color.
The morphed airfoil coordinates are shown as blue curves in the
upper part of Fig. 4b, theCp distribution was calculated by XFoil for
the optimized airfoil (blue curve), and theCp theoretical values of the
sensors are shown as blue circles on the Cp distribution curve. In the
lower plot of Fig. 4b, theN factor used by XFoil to predict transition

Fig. 5 Optimization logic schematic.

Fig. 6 Optimization in simulation using XFoil code (parts a and b) vs

optimization in real time during wind-tunnel tests (parts c and d) for the
same airflow conditions M � 0:25 and �� 0:5deg.
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is shown for the optimized airfoil (blue curve). In this case of
morphed configuration, the predicted position of transition was the
14th position of the 16 available sensors’ positions.

These black (unmorphed) and blue (morphed) curves served as
theoretical validations of the measured value curves reflecting the
aerodynamic parameters (Cp and rms) provided by Kulite sensors in
real time with a sampling rate of 1 S=s. In Fig. 4b the actuated airfoil
in the morphed position (dY1� 4:92 mm and dY2� 7:24 mm) is
shown. The transition position was given by the sensor location
where the maximum rms was found, which in this case is the 10th
Kulite sensor out of 12 sensors. The instant visualization allows us to
find the exact position predicted by XFoil.

III. Simulation and Experimental Results
Obtained in the Wind Tunnel

The simulation of the system used the Matlab/Simulink software
as a programming platform. The simulation used the optimization
subroutine exactly the same as in bench tests and wind-tunnel tests,
except that in computer simulation and bench tests the aerodynamic
pressures that acted upon the skin and stimulated the sensors were
simulated by use of XFoil software. A mathematical model of the
flexible skin used a B-spline with four flexion points. Two points
were fixed where the skin was glued on the wing rigid structure and
two points weremobile andwere placed in the actuators’ coordinates
on the wing structure. The B-spline shape that defines the airfoil’s
flexible skin did not have the same coordinates as the flexible skin,
but was a good approximation for the purpose of designing an
optimization subroutine in closed loop with a CFD code. Laser
scanning during bench tests showed that the differences between the
scanned airfoils and the theoretical airfoils were less than 0.5 mm
(less than 6.25%of themaximumactuators’deflection of 8mm) [53].
The optimization initialized the algorithm with the values dY1�
4 mm and dY2� 4 mm. Afterward, the algorithm evaluated the
transition point position in eight points of coordinates �dY1; dY2�
situated on a circle centered on the initial point with a radius of 4 mm
within the search domain defined by the bidimensional space of
actuators strokes fdY1� �0; 8	; dY2� �0; 8	g. For each evaluation
point, the xtr value was evaluated by use of XFoil and stored in the
memory. After the first round of evaluations the optimizer decided
which evaluating point had the maximum value of xtr, which became
the initial point for the next round of evaluations. The logic schematic
of the optimization subroutine is shown in Fig. 5.

Figures 6a, 6b, and 7 show the result ofWTEAairfoil optimization
after four evaluation rounds, first evaluation with a radius of 4 mm,
second evaluation with a radius of 2 mm, third evaluation with a
radius of 1 mm, and fourth and last evaluation with a radius of
0.5 mm. As seen in Fig. 6b, the last round of evaluation was almost
unnecessary because the maximum xtr was found inside a plateau of
maximums with very small differences between them. Before doing
the optimization amapping of the search domainwas performed, that
is, for each combination ofdY1 anddY2 in the interval (0mm, 8mm)
with a step of 1 mm it was found the xtr and was built the surface
xtr � f�dY1; dY2� for the purpose of visualizing the form of the hill.
Figures 6c and 6d show the same optimization routine that ran during
the wind-tunnel tests in the same airflow conditions as the ones
simulated except that therewas nomap of the searched function. The
result was slightly different because the airfoil shape of the real
flexible skin under wind-tunnel conditions was different than the
airfoil shapes defined by use ofB-splines. Still, the result was similar
in terms of actuator strokes dY1 and dY2 as well as the position of
transition. Similarly, there could be observed in Fig. 6d a plateau of
evaluation points that had the transition occurrence on the 11th
sensor.

Figure 7 shows the result of the airfoil shape optimization, Cp
distribution, and xtr transition point position on the upper surface of
the airfoil obtained through simulation using XFoil and a B-splines
model for the flexible skin. The values obtained for wind flow
conditions of Mach� 0:25 and a� 0:5 are dY1� 3:3 mm and
dY2� 7:2 mm. Also in Fig. 7 the N factor distribution is shown,
which was the parameter used by XFoil to calculate the transition

point position. WhenN factor reached theNcr critical value the tran-
sition was triggered. This parameter was used in the wind tunnel to
validate the transition position found through the rms measuring of
the Kulite pressure sensors.

Figure 8 shows the optimized airfoil shape,Cp distribution, and xtr
transition point position on the upper surface of the airfoil in wind-
tunnel test (red plots) compared with the optimal airfoil plots (blue)
and reference airfoil plots (black) obtained through simulation. Also
in the lower subplot of Fig. 8, theN factor used byXFoil to detect the
transition position was compared with the rms of the Kulite sensors.
Both the N factor and rms were normalized and the purpose of
the plots was to have a visual indicator of the transition position.

Fig. 8 Optimization result during wind-tunnel test for M � 0:25 and

�� 0:5deg.
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The software considered the transition position in the coordinates of
the sensor with the highest noise (rms) as confirmed by previous
studies [50]. The values obtained in the wind tunnel for wind flow
conditions of Mach� 0:25 and a� 0:5 are xtr=c� 0:635
(xtr � 317:5 mm) for the actuator displacement values dY1�
2:6 mm and dY2� 5:1 mm.

Figure 9 shows the time history of the optimization process in the
wind-tunnel. Because of the long response of the SMA actuators (the

time of cooling from maximum displacement to zero was approx
2 min), the entire process of optimum search converged to the
optimum values in approximately 20 min. Also, it can be observed
that the requested displacements of the actuators at the maximum
displacement of 8 mm were not realized, due to the fatigue of the
SMAs accumulated in previous testes. The maximum deflection was
in fact 7 mm for the first actuator and 6.5 mm for second actuator.

Figure 10 shows typical infrared results obtained at M� 0:25,
�� 0:5 deg for various configurations. Only the composite portion
of thewing at x=c 
 0:7was shown. Thewhite spots on thewing are
the electronically heatedKulite pressure transducers. The two lines of
SMA actuators, colder than the model surface, were also visible at
quarter chord andnearmidchord. 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 regionbeing about 2–3�Chotter than the turbulent region.
The reference airfoil configuration (Fig. 10a) showed a transition
location at x=c� 26%. The optimization (Fig. 10b) allowed a
laminar boundary-layer run to x=c� 58%, which represented a
significant improvement over the reference case (Fig. 10a). Some
turbulent wedges caused by leading-edge contamination due to dust
particles in the flowwere visible in Fig. 10a. In addition to providing
an online verification of the Kulite dynamic pressure signals, the
infrared measurement was particularly useful to detect those early
artificial turbulent regions. When the level of contamination was
estimated unacceptable or likely to affect the drag or the Kulite
measurements, the test was interrupted and the model was carefully
cleaned.

IV. Conclusions

The results of the tests performed in a wind tunnel using a
morphing wing were shown. The optimization method did not use
any CFD code but used the same optimization algorithm in real time.
This optimization converged in approximately 10min due to the slow
response of the SMA actuators, especially in the cooling phase of the
cycle. It was observed that the airfoil realized by this method slightly
differs from the optimization usingCFDcodes. This result was due to
the fact that the cost function of the optimization (transition position)
had discrete values (the sensor’s positions) and the maximum of
the function was a plateau of different dY1 and dY2 values. The
optimizer stopped at a certain value in function of the number and
magnitudes of the searching steps. It was observed that the last
searching step (searching of the maximum in eight points situated on
a circle with ray of 0.5 mm, see Fig. 6) was not necessary due to the
cost function plateau of maximums.
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