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KEYWORDS Abstract This paper presents the design and manufacturing of a new morphing wing system car-
Aerodynamic performances; ried out at the Laboratory of Applied Research in Active Controls, Avionics and AeroServoElas-
Aileron; ticity (LARCASE) at the ETS in Montréal. This first version of a morphing wing allows the
Morphing wing; deformation of its trailing edge, denote by Morphing Trailing Edge (MTE). In order to characterize
Trailing edge; the technical impact of this deformation, we compare its performance with that of a rigid aileron by
Wing tunnel tests testing in the LARCASE’s price—Paidoussis subsonic wind tunnel. The first set of results shows

that it is possible to replace an aileron by a MTE on a wing, as an improvement was observed
for the MTE aerodynamic performances with respect to the aileron aerodynamic performances.
The improvement consisted in the fact that the drag coefficient was smaller, and the lift-to-drag
ratio was higher for the same lift coefficient.

© 2019 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction aircraft’s design. As the aircraft passes through different flight
phases (climb, descent, and cruise), a compromise is considered

Due to its monitoring function, an Unmanned Aerial Vehicle to obtain the best efficiency of the global flight. If this effi-
(UAV) makes irregular flights, in which, the flight conditions ciency is compared to the optimal efficiency for each flight
change frequently and significantly. For a conventional air- phase, the efficiency of each phase will be less optimal than
craft, the surface of the wing is fixed. That is, airfoils represent- the total efficiency. This loss of efficiency would results in

3 : . . At ; 1-3
ing wing shapes are chosen and utilized throughout the higher fuel consumption and/ ora shorter operating time.
The first objective is to modify the geometrical shape of the

wing according to flight conditions with the aim to reach as
much as possible its optimal shape for each flight condition.
The morphing wing will be designed to increase its aerody-
namic performance by increasing lift-drag ratio, which there-
fore would be equivalent to the increase of the lift and
reduction of the drag. This fact will have the effect of reducing
fuel consumption, increasing flight autonomy, etc.
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Nomenclature
Cr lift coefficient y displacement of the trailing edge
Cp drag coefficient p depth of slit
e airfoil thickness / width of slit
t thickness of the slit o Angle of the morphing trailing edge
L distance between slit and trailing edge n number of slits
b2 total displacement

The second objective is to keep the wing weight less than or
equal to its current weight. To perform this objective, the
structure of the current wing should be analyzed to establish
its design criteria (weight, flexural strength and torsion, maxi-
mum permissible load), and to further design a new wing that
meets these design criteria.

The morphing wings are studied at our Laboratory of
Applied Research in Active Controls, Avionics and
AeroServoElasticity (LARCASE) at the ETS since 2003.
Indeed, this team has already explored numerous development
strategies for morphing wing technologies. This research was
carried out as part of two major projects of the Consortium
of Research and Innovation in Aerospace in Quebec (CRIAQ).
CRIAQ projects are carried out within the framework of
signed agreements between universities, industrial partners
and research institutes. Each of these projects has led to the
designing and manufacturing of prototypes and their experi-
mental wind tunnel tests, and to publications of results in sci-
entific journals and conferences. These projects, CRIAQ 7.1
and CRIAQ MDO 505, were carried out in collaboration with
Bombardier, Thales, NRC-IAR and Ecole Polytechnique in
Canada. In addition, the CRIAQ MDO 505 project was real-
ized in collaboration with Italian partners, Alenia, CIRA, and
the University of Naples—Frederico II. These two studies car-
ried out under the leadership of LARCASE team aimed at
deforming the upper surface of the morphing wing in order
to improve its aerodynamic performance. The first project
was called CRIAQ 7.1, in which the deformation of the upper
surface was applied to a wing using “Smart Material Actua-
tors” (SMA).*® The resulting deformation made it possible
to delay the flow transition on the wing. An ideal rectangular
“wing” was used, and therefore no existing structural con-
straints for a real wing were considered. This concept was
experimentally validated in the NRC-IAR wind tunnel. The
second CRIAQ project was called the CRIAQ MDO 505 pro-
ject,"™ where MDO stands for “Multidisciplinary Design
Optimization”. The objective was to design and validate a
wing with an aileron. For that wing, it was necessary to move
the passage of the air flow along the chord of the wing in order
to delay the transition from the laminar to the turbulent flow.
In order to perform this motion, the wing tip was equipped
with four punctual actuators to change its aileron shape design
for a real regional Bombardier aircraft that exhibited struc-
tural constraints. The experimental results showed that the sys-
tem could produce the delay of the airflow transition. A
subsequent project with an airfoil of an ATR 42 (Regional
Transport Aircraft) made it possible to modify the morphing
wing upper surface by means of two oval spars.” When those
spars rotated, the surface was pushed outwards. This system
therefore makes it possible to change the surface outward

but not inward, and therefore the improvement of the aerody-
namic performances was limited. These deformation methods
allowed modification of the airflow, but they proved to be lim-
ited in modifying the coefficients values for aerodynamic per-
formance improvement on the morphing ATR-42 wing (less
than 5% for the lift and less than 2% for the drag’). From
these three projects, in order to significantly improve the aero-
dynamic coefficients of a wing'® (for example, an increase of
more than 50% of the lift with an increase of lift-to-drag ratio
L/D), the deformation of the upper surface alone was not suf-
ficient. Therefore, in this work, the design and experimental
validation of a morphing wing trailing edge system are
analyzed.

Concerning the state of the art in wing morphing, we can
refer to the work of Sofla et al."’

2. Design of the morphing wing system

2.1. Deformation of the camber

Studies have shown that the most promising type of deforma-
tion to meet this study objectives would be the deformation of
an airfoil’s camber.'” Indeed, by modifying the camber of an
airfoil, it could be possible, for example, to convert a
NACAO0012 airfoil into a NACA4412 airfoil, thereby attaining
a significant increase of the lift of the wing while incurring a
smaller increase of the drag, thus resulting in a higher L/D.
National Advisory Committee for Aeronautics (NACA) air-
foils, whose names consist of two digits and a two-digit num-
ber (convention for NACA airfoil with 4 digits), follow the
following standard: the first digit denotes the maximum cam-
ber of the airfoil as a percentage of the chord; the second digit
gives the position of this maximum camber in tens of percent
of the chord; the third number (the last two digits) represents
the thickness of the airfoil at a percentage of the chord.'”

Two types of deformations, combined together, made pos-
sible to change an airfoil’s camber; and these deformations are:
the deformation of the leading edge and the deformation of the
trailing edge.'* However, an often encountered problem when
the shape of the airfoil deforms consists in the occurrence of
waves on the surface of the wing dues to the interactions
between the actuating system and the wing structure.'”

Another difficulty encountered in the development of a
morphing wing mechanism for reduced sized aircraft is its
weight and its bulk. Any gain in aerodynamic performance
(lift, drag) could thus be cancelled out by the additional weight
of the mechanism. This is our motivation for developing a
mechanism that can improve the aerodynamic performance
of a morphing wing without increasing its weight.
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2.2. Deformation of the trailing edge

A morphing aileron system was developed as part of the
CRIAQ MDO 505 project.'® This system made it possible to
operate an articulated aileron from an arm that was rotated,
which allowed the shape of the aileron to be changed without
the need for a mechanism external to the aileron. Research in
Germany at Braunschweig presented a concept of the defor-
mation of the ribs at the trailing edge of the wing using an
articulated skeleton.'” Their report concluded that using the
deformation of the trailing edge, it would be possible to replace
the ailerons at the end of the wing, but that this deformation
alone would not be sufficient to replace the flaps on the wing.

Many research studies have been carried out on the morph-
ing trailing edge, using different actuators types (mechanical,
piezoelectric, smart materials actuators). The mechanical
deformations were mainly done using articulated ribs like
fingers'®!? using a morphing structure®®>' (compliant mecha-
nisms). These mechanisms made possible to control the defor-
mation of the structure, but the surface of the wing did not
completely respect the desired deformations (wave formations
on the surface). In addition, the necessary actuators were often
heavy and bulky. The use of smart material actuators® >* made
it possible to replace mechanical actuators. This reduced the
weight of the system but required greater power consumption
in return. Another method considered the acting on the surface
directly using piezoelectric materials.”>>® However, these mate-
rials only allowed small displacements, and required large elec-
trical consumption.

In our work, to obtain a deformation of the trailing edge
rib, vertical incisions were made. Depending on the length,
the number and the width of these incisions, it is possible to
modify the flexibility of the rib and the amplitude of the defor-
mation. To control the deformation of the rib, a servomotor is
used that acts directly on the trailing edge as shown in Fig. 1.

In order to analyze the aerodynamics of the deformed rib, it
is firstly necessary to compute its structural deformation using
a Finite Element Analysis (FEA) modelling in CATIA V5 as
illustrated in Fig. 2.

From the results of the Finite Element Analysis, the con-
tour of the deformed rib was extracted using the PROFSCAN
tool.”” PROFSCAN can draw a curve from an image to create
a “.DAT” file that is used further in the XFLRS software
(Fig. 3). To compare the aecrodynamic efficiency of the two air-
foils, a wing was defined with the same geometrical dimensions
as the reference wing previously studied at the LARCASE?®:
10 in (254 mm) for the chord and 11.5in (292.1 mm) for the
span. This wing was analyzed for the inclined, rigid aileron,

Trailing edge

Fig. 1  Control of the trailing edge rib deformation.

di ...

Deformed rib in CATIA V5.

Fig. 2

(a) NACAO0012 airfoil with inclined aileron

(b) NACAO0012 airfoil with a MTE deformation

Fig. 3 NACAO0012 airfoil with inclined aileron and MTE.

and then, for the Morphing Trailing Edge (MTE), both with
a vertical displacement of trailing edge corresponding at
6.8% of the chord.

The curves presented in Fig. 4 compare the performance of
a wing with an inclined aileron and that of a wing with a MTE
for the airfoils presented in Fig. 3(a), and in Fig. 3(b). The cal-
culations were carried out for a speed of 20 m/s (65.62 ft/s)
using the 3D Panels method of the XFLR5 code.”” The 3D
Panels method calculates the acrodynamic flow around a wing
quickly. This method alone does not allow to obtain the vis-
cous flow characteristics (parameters), but by using the XFoil
analysis on the wing airfoils (2D), an extrapolation was made
to calculate the viscous flow for the wing (3D). XFLRS5 pro-
poses another method of calculation, but we prefer this
method because it allow us to recover the distribution of the
coefficients of pressure on the upper and lower surfaces of
the wing in order to carry out an aero structural analysis on
CATIA V5% The calculation method does not allow for the
aerodynamic coefficients to be computed after the stall of the
air flow, and for this reason, the calculations stop at the angle
of 14°.

Regarding the drag coefficient reduction, the MTE gener-
ates less drag than the inclination of the aileron for the same
displacement, which meets our goal. This decrease in drag
comes mainly from the fact that the deformation of the camber
takes place on a larger portion of the wing chord than the
deformation of the camber induced by the aileron. The size
of the aileron was chosen accordingly to its required geometry
by the aircraft model (~25% of the chord), and the length of
deformation according to the chord of the MTE was chosen to
be close to a NACA4412 airfoil chord, so that a variation of
camber from 40% of the chord to the leading edge was
obtained.

The wing with an inclined aileron generates more lift than
the MTE for their same vertical displacement of the trailing
edge of 6.8% of the chord. Wing with inclined aileron gener-
ates more lift but they incur more drag, while the MTE gener-
ates less drag but also less lift. Therefore, it is difficult to
determine which system is the most efficient from the point
of view of these two forces. However, the variation of the
L/D with the angle of attack is traced in Fig. 4(c) to indicate
which system would have the best L/D.

The L/D variation with the angle of attack presented in
Fig. 4(c) shows that the MTE has a better /D than an inclined
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a(®)
—+— Wing with aileron —@— Wing with MTE

(a) C,, variation with the angle of attack

a(®)
—+— Wing with aileron —@— Wing with MTE

(b) C, variation with angle of attack

a(®)

—+— Wing with aileron —@— Wing with MTE

(¢c) L/D variation with angle of attack

Fig. 4 Comparation of the performance of a wing with inclined
aileron and MTE.

aileron for angles of attack higher than —5°; thus, the MTE is
more efficient than the inclined aileron for positive angles of
attack. These first theoretical results encouraged us to continue
in this direction in order to obtain experimental results.

In the next section, we will discuss on the ways in which the
slits in the ribs were sized through design to obtain the MTE
that was manufactured using wood.

3. Sizing design and control of the MTE

3.1. Sizing design

To achieve rib flexibility, the anisotropic property of wood was
used. Using the fibers in the direction of the chord of the airfoil
and making a slit section on the thickness of the airfoil, the
bending points were created according to the characteristics
of the “compliant mechanisms”.>° These bending points
behave like “pivot points™®' by allowing the simplification of
the calculation of the maximum displacement of the MTE.
The advantage of this design using bending pivots with respect
to a conventional design with mechanical pivots is that there is
no need for a mechanism to allow the rotation of the MTE.
This fact reduces the weight of the assembly, and facilitates
wing maintenance. In order to reduce the force required to
bend the rib, the slit (see Fig. 1) must be designed as deep as
possible, while keeping enough material for the rib structure
to withstand tangential stresses. In order to find out the values
of these stresses, the aerodynamic forces were firstly computed
on the MTE.

For the first prototype, no sizing calculations were made,
and the already acquired experience in wooden wing design
and fabrication was sufficient for its manufacturing. In addi-
tion, to facilitate the prototype design, the symmetrical slits
were dimensioned with symmetrical airfoils that allowed the
MTE to change its shape by moving upwards and downwards.
The slit was considered as a pivot point, and its displacement
for a given width in the rib was calculated. Fig. 5 illustrates the
parameters required for the rib deformation calculation.

From Fig. 5, the following equations are obtained as the rib
is symmetrical:

p=(e—1)/2 )
/=pxtana 2)
y=1Lxtana (3)

The displacement y depends on the dimensions of the slit
according to the next equation:

y=(UxL)/p 4)

To obtain this equation, the slits were considered as pivot
and so the equation correspond to an angle return.

As we have n slits in the rib, we get the total displacement
given by

V=¥ (s)
i=1

n

yi=> (LixL)/p; (6)

i=1
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(b) Zoom-in slit section

Fig. 5 Deformation of the rib.

3.2. MTE control

The deformation of the MTE is controlled by a servomotor via
a rod connected to the trailing edge (see Fig. 1). In order for
the system to operate properly, the actuator must deliver suf-
ficient torque. A FEA was performed to obtain the needed tor-
que for the control of the wing under aerodynamical pressures
(20 m/s = 65.62 ft/s) with an angle of attack of 15°, as shown
on Fig. 6, the surface stresses caused by the acrodynamic pres-
sure were low. The servomotor must mainly counter the elastic
resistance of the ribs. The geometry of the ribs makes their
resistance to be very low. However, the servomotor provides
enough forces to counteract the aerodynamic forces on these
ribs. For the prototype, the same servomotor as the one for
a conventional aileron was used (Fig. 7). Therefore, the mor-
phing mechanism was transferred on a conventional wing
without changing its weight from the point of view of the
controls.

In the next section, the manufacturing of the MTE system
and, the results of the wind tunnel test are presented.

Von mises stress (nodal values),1
locked
Pressure (MPa)
21

240

150

ANNOUNCED SPECIFICATION OF
HS-5645MG STANDARD SPORT DIGITAL
HIGH TORQUE SERVO

1.TECHNICAL VALUFS

'CONTROL SYSTEM :+PULSE WIDTH CONTROL 1500usec NEUTRAL
'OPERATING VOLTAGE RANGE 4.8VTO6.0V
OPERATING TEMPERATURE RANGE 20 TO 460°C
TEST VOLTAGE AT 4.8V AT 6.0V
OPERATING SPEED :0.2356c/60°AT NO LOAD :0.18sec/80°AT NO LOAD
STALL TORQUE 10.3kg.cm(143.030z.in) :12.1kg.cm(163.0307.in)
OPERATING ANGLE :4590NE SIDE PULSE TRAVELING 400usec
DIRECTION :CLOCK WISE/PULSE TRAVELING 1500 TO 1900usec
IDLE CURRENT B3mA amA
RUNNING CURRENT :360mA :450mA
DEAD BAND WIDTH :lusec
'CONNECTOR WIRE LENGTH :300mm(11.81in)
DIMENSIONS 40.6x19.8x37 8mm(1.59x0.77x1.48in)
WEIGHT 60a(2.1102)
Fig. 7 Servomotor specifications.

4. Manufacturing and wind tunnel testing

4.1. Manufacturing of the MTE system

LASER cutting machine was used to manufacture both test
wings, and allowed obtaining their components quickly and
at a reasonable cost. To validate the functionality of this
MTE, a prototype was manufactured to deform three ribs as
shown in Fig. 8. Fig. 9 shows the system including the ribs
deformation. The trailing edge is shown on the right hand side
of Figs. 8 and 9. The structure of the wing is simple as is
equipped with a main spar and three ribs. The thin spars have
a main purpose of helping during the manufacturing process
but are not required in the wing structure because balsa sheet-
ing is added to cover the wing and the main spar is designed to
support all the loads on the wing.

4.2. Wind tunnel tests

The numerical results were validated by means of wind tunnel
tests on the various morphing wings. The morphing wings
have the same dimensions as the reference wing (Fig. 10(a)),
so that the impact of the system on the morphing wing was
compared to the same wing without any deformation system
(the reference wing). The reference wing has the NACA0012
airfoil with a chord of 10 in (254 mm) and a wingspan of
11.5 in (292.1 mm). The 10 in (254 mm) chord relates to the
chord of the test wing of the ATR42 research project at the
LARCASE which also was of 10 in (254 mm). The wing span
is 12 in (304.8 mm), which corresponds to the mid-height of the
wind tunnel test chamber, but 0.5 in (12.7 mm) is embedded in
the base of the wing that is attached to the aerodynamic scale,
which is the reason why the analysis is carried out on a wing
with a span of 11.5 in (292.1 mm). The aerodynamic scales is
used to measure the loads (forces and moments) on the aero-
dynamic model installed in the wind tunnel.

An objective of the design of the reference wing was to val-
idate firstly the functioning of the LARCASE aerodynamic

Fig. 6 FEA of MTE control under aerodynamical pressures.

Fig. 8 Structure of the MTE system.
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Fig. 9 Prototype with a MTE system.

(a) Top view of the reference rigid wing

10

11.5

I —L 0.5
| 10.7

Unit: in
(b) Side view of the reference rigid wing

Fig. 10 Reference rigid wing dimensions.

scales by comparing the measured values with the numerical
values of the loads (forces and moments) acting on the wing.
Fig. 10(b) shows the dimensions of the reference wing.

Wind tunnel tests were performed on this reference wing as
part of the Master’s thesis of the main author,*” in which the
experimental aerodynamic performances with respect to their
numerical values computed by XFLR35 software” were com-
pared, and further validated. The tests were carried out in

Fig. 11 LARCASE Price-Paidoussis subsonic wind tunnel.

the Price-Paidoussis wind tunnel’s rectangular test chamber
(2 ft (609.6 mm) x 3 ft (914.4 mm), Fig. 11) at speeds of
20 m/s (65.62 ft/s), 25 m/s (82.02 ft/s), 30 m/s (98.43 ft/s) and
35m/s (114.83 ft/s). The Price-Paidoussis wind tunnel can
reach a maximum speed of 37 m/s (121.39 ft/s) for this test
chamber.

The angle of attack of the wing was changed from —10° to
20° by 1° steps. The measurements were carried out with an
aerodynamic scales equipped with an Omega 160 force sensor
from ATI Industrial Automation. Its technical details
expressed in term of maximum loads (forces and moments)
are presented in Table I. This scale was designed by the
LARCASE team. Following the manufacturer’s specifica-
tions, it was possible to improve the resolution of the sensor,
as well as its accuracy by filtering the measurement given by
the aerodynamic scales. This filtering allowed us to obtain
resolution of 0.01 N with a maximum error of 0.1 N due to
the rotation mechanism of the aerodynamic scales. The
applied digital filtering enable higher accuracy sampling of
the drag force. The theoretical values of the lift, the drag
and the pitch coefficients were calculated with the “3D
Panels” method by using XFLRS code for a wing with the
span of 11.5 in (254 mm) and the chord of 10 in
(292.1 mm). The wing in the wind tunnel was in contact with
the floor of the test chamber, and this contact was simulated
using the symmetry of the span in the XFLRS5 code. The cal-
culated wing therefore had a total span of 23 in (584.2 mm).
Figs. 12-14 show the variation of the drag, lift and pitch
coefficients of the wing with the angles of attack. The mea-
sured values in the wind tunnel are compared to the calcu-
lated values using XFLRS5 code.

At a speed of 20 m/s (65.62 ft/s), the wing has a stall angle
of 18°, and at a speed of 25 m/s (82.02 ft/s), the stall occurs at
19°. For a speed of 30 m/s (98.43 ft/s) and 35m/s (114.83
ft/s), there was no stall occurrence before 20°. The stall angles
at 20m/s (65.62ft/s) and 25m/s (82.02ft/s) were not
obtained during the calculations because of the fact that
the calculation method does not allow the coefficients to be
computed.”®

The objective of the static test is to validate that the mech-
anism of the MTE is morphed when a command is sent to the
system. There is the need to validate that this experimental
deformation of the MTE corresponds to the calculated defor-
mation. For the static tests, a command was sent to the servo-
motor controlling the MTE, and the vertical displacement at
the tip of the trailing edge was measured.

Fig. 15 shows the dimensioned slits necessary to calculate
the total deformation of a rib of the wing. An optimization
method was not used to determine the number of slots and
their dimensions. Instead, an iterative method using FEA
module of CATIA V5 was used, by manually changing the
sizes of the slits according to the stresses on the ribs obtained
using FEA. The main objective of static tests was to obtain the
deformation of the inclined aileron presented in Fig. 15 with
the constraints, expressed in term of the torque available by
the actuator and the mechanical strength of the wood used
for the prototype (plywood™).

The Table 2 lists the dimensions of the slits from left to
right in inches.

According to Eq. (6) and values of /,, L, and p, given in
Table 2, the maximum displacement y; is calculated as
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Table 1

Range and resolution for ATI Omega 160 F/T sensor.

Technical index 1P, 17 F.

Tx , Tv Tz

Sensing range 2500 N (600 Ibf)

6250 N (1500 Ibf)

400 N-m (3600 1bf-in) 400 N-m (3600 Ibf-in)

Resolution 1/2N (1/8 1bf) 3/4 N (1/4 1bf) 1/20 N-m (1/2 Ibf:in) 1/20 N-m (1/4 Ibf-in)
L)Q
a(®) a(®)
(a) Wind speed at 20 m/s (65.62 ft/s) (b) Wind speed at 25 m/s (82.02 ft/s)
0.3 0.3
02} 02}
UQ
-10 0 10 20 -10 0 10 20
a(®) a(%)
(c) Wind speed at 30 m/s (98.43 ft/s) (d) Wind speed at 35 m/s (114.83 ft/s)
—+— Experimental values —e—Theorical values
Fig. 12 Drag coefficients variation with angle of attack for the reference wing.
0.026 x 4911  0.026 x 4.635 0.021 x 3.609 arm. These calculations do not give a precise value fo.r the dis-
v, = 0,416 + 0d + 034 placement; a FEA method makes it possible to obtain a very
0.021 x 3.338  0.014 x 2.317  0.014 x 2.053 . good precision on the deformation value. .
=133 in Wind Tunnel Tests measurements were performed to vali-
0.317 0.233 0.205 . . . o
™ date the dynamic operation of the system. The main objective

Fig. 16 illustrates the measurement of the displacement of
the trailing edge during a 7° rotation of the actuator.

The distance between the axis of the servomotor that con-
trols the deformation and the axis that moves the trailing edge
18 4.25 in (107.95 mm) and the distance between the axis of the
servomotor and the trailing edge is 5.6 in (142.24 mm)
(Fig. 17). Thus, for a displacement of the servomotor axis of
7°, the displacement of the trailing edge axis is 0.52 in
(13.21 mm) according to the Eq. (3). For a linear displacement
of the trailing edge, this displacement would be 0.69 in
(17.526 mm). Since the deformation is given by six articula-
tions (joints) that are not aligned on the actuator axis, the
MTE does not move along the same axis as the actuator

of these measurements was to validate that the deformation
was well carried out in the presence of aerodynamic loads.
These tests allowed us to observe the influence of the mecha-
nism on the drag of the wing compared to the drag of the ref-
erence wing (without any mechanism). In this section, the
MTE is not moved (displaced) by the controller. Wind tunnel
measurements with controlled displacement of the MTE will
be presented in the next section. Fig. 18 presents the test wing
used to obtain the following results, shown in Fig. 19.

Two causes were identified for the increase in drag on the
morphing wing with respect to the drag for the reference wing:

(1) The discontinuity between the fixed section of the wing
and the moving section of the wing

Chin J Aeronaut (2019), https://doi.org/10.1016/j.cja.2019.03.016

Please cite this article in press as: COMMUNIER D et al. Experimental validation of a new morphing trailing edge system using Price — Paidoussis wind tunnel tests,



https://doi.org/10.1016/j.cja.2019.03.016

D. COMMUNIER et al.

a(®)
(a) Wind speed at 20 m/s (65.62 ft/s)

a(®)
(c) Wind speed at 30 m/s (98.43 ft/s)
—+— Experimental values

~10 0 10 20
a(®)
(b) Wind speed at 25 m/s (82.02 ft/s)

10 0 10 20
a(®)
(d) Wind speed at 35 m/s (114.83 ft/s)

—— Theorical values

Fig. 13  Lift coefficients variation with angle of attack for the reference wing.

(2) The presence of the slits on the surface of the wing
allowing deformations.

The first cause is common to both the aileron and the MTE
system. The second cause is due only to the specific design of
the MTE system. For this reason, it was chosen to work on
the second cause in order to improve the design of the MTE
system.

Four experiments were therefore defined to improve the air-
flow around the wing. The first experiment reproduced a rigid
wing by covering all the slits on the wing with tapes (Fig. 20).
For the second experiment, the tape covering the intersection
between the morphing part and the fixed part of the wing
was removed (Fig. 21). For the third experiment, the tapes
were installed on one side of the slits (leading edge side) with
the aim to hide them but without hampering the deformation
(Fig. 22). For the fourth and last experiment (Fig. 23), tapes
were installed on both sides of the slits that allowed some
deformation of the trailing edge (a bump or a hollow were
formed on the tape during the deformation).

The first experiment was conducted to confirm that the drag
difference was not due to an imperfection on the wing. The sec-
ond experiment was performed to identify the influences of the
discontinuities between the fixed part and the morphing part of
the wing. Experiments 3 and 4 were conducted on improved
design of the morphing test wing and had the aim of improving
its aerodynamic performances. The drag coefficient measure-
ments obtained with experiments 1-4 were traced versus the

drag coefficients obtained numerically for the morphing and
reference test wings (Fig. 24).

During Experiment 1, difference was recorded in the stall
angles (from 9° to 16° for positive angles and from —16° to
—20° for negative angles). Further studies are necessary to
identify the cause of this difference. A drag coefficient curve
variation similar to that of the reference drag coefficients
was observed (Fig. 25).

Experiment 2 indicates that the discontinuity would have a
higher influence for an angle of attack close to 0° than the
influence for higher angles of attack (+5°). The comparison
between results obtained for Experiments 3 and 4 is not obvi-
ous. Thus Experiment 3 was found to be more efficient than
Experiment 4 for positive angles but less efficient for negative
angles (Experiment 3 shows an asymmetry in the results).
However, an analysis of the L/D variation with the angle of
attack makes it possible to determine that one experiment is
more effective than another (Fig. 26). In Fig. 26, the L/D
variation with the angle of attack between 4° and 8° for the
reference wing is due to the maximum error of 0.1 N on the
measurement of the drag force.

5. Comparison of aerodynamics coefficients for a MTE versus a
conventional aileron

Studies'’ revealed that elastic trailing edge could be used for
adaptive wing. To validate in this paper that the MTE is
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Fig. 15  Size and location of the slits in the MTE rib (unit: in).
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Fig. 19 Influence of the MTE on the drag coefficient at 15 m/s
(49.21 ft/s).

Fig. 16  0.75 in displacement of the trailing edge tip (19.05 mm)
for a 7° rotation.

5.6in |
4.25in

_,_JMEM A

Fig. 17 Controlling distance.

Fig. 20  Experiment 1 with all slits covered by tapes (continuous
surface).

Fig. 18 Test wing with MTE.

capable of replacing an aileron, wind tunnel tests were per-
formed on both, the MTE and also on an aileron.

To perform these wind tunnel tests, a wing was designed
and manufactured with its basic dimensions given in Fig. 27,
on which we placed an aileron. The width of the aileron is
25% of the wing chord and its span is 9.5 in (241.3 mm). There Slits
is 1 in (25.4 mm) on each side of the aileron as shown in Fig. 27.

To be able to retrieve data efficiently, a control interface
was added for the aileron to the Labview interface of the aero- Fig. 21  Experiment 2 tapes covering the intersection between the
dynamic balance. Labview software makes it possible to morphing fixed parts were removed.

Tape
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Slits =]

Fig. 22 Experiment 3 with tapes installed on one side of the slits
(deflector).

Tape
Slits

Fig. 23  Experiment 4 with tapes installed on both sides of the
slits.

program commands for actuator controls, and to read instru-
ment outputs through a graphical interface that displays
results. This interface controls a servomotor by indicating an
angle for its control arm. The force was calculated and dis-
played for each angle of the actuator. To obtain an angle of
the servomotor, the forces reading were averaged, and were
further saved in a table. As long as this position was kept con-
stant by the servomotor, its average value in the array was
updated; when the angle changed, it was the average value of
this new angle that was updated. By reviewing all the possible
angles, the graph of the forces was drawn as a function of the
angle of the servomotor, and the results were directly visual-
ized. A backup function was added to write the values table
of to a text file as a means to save the data. Then these values
were studied in order to analyze the wings’ aerodynamic
performance.

0.5
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i —e—Reference wing
04F —e—Experiment 1
—+—Experiment 2
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031l Experiment 4
<) -
02}
0.1

0 ; i ;
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Fig. 24  Cj variation with the angles of attack at the speed of
15 m/s (49.21 ft/s).
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Fig. 25 Zoom-in of the drag coefficients variation with the

angles of attack between —8° and 8°.
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Fig. 26 Wing L/D variation with the angle of attack.

5.1. Comparison of aerodynamics coefficients

In order to determine if the MTE system can replace an aileron
on a wing, the corresponding lift and drag coefficients of the
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Fig. 27 2D plan of the wing with an aileron.

two systems were compared. Since the angles of the two sys-
tems are different, their behaviors are also different; their
respective motions cannot be directly compared because of
the difference in size between moving surfaces (Fig. 15) and
the control arms (Figs. 16 and 17). However, a similar evolu-
tion of the lift coefficient was observed for the two systems.
As the goal of this paper is to determine if one system creates
more drag than another system, the drag of both systems was
compared for the same generated lift. The following graphs
(Figs. 28 and 29) show the variation of the lift and drag coef-
ficients C; and Cp with the angle of attack for the aileron and
the MTE compared to the C; and Cp of the reference wing.
From these figures, it was observed that the aileron can create
a C; greater than the C; of the MTE, but the Cj, of the aileron
was also larger than the Cp of the MTE. Analysis of the behav-
ior of the C; allowed to define the roll that it could induce, and
thus, to determine if the MTE can indeed replace ailerons.**
This observation alone made it possible to define if one system
was more efficient than another.

It was observed that the wing with the MTE created less
drag (Fig. 30), and therefore it had a higher L/D (Fig. 31) than
the wing with an aileron. It can be therefore concluded that the
MTE was more efficient than the aileron for angles of attack
between —10° and 10°. Therefore, by replacing the conven-
tional aileron with the MTE should result in a reduction in fuel
consumption and further in an increase in aircraft autonomy
and efficiency. This observation might also be valid for other
aircraft control surfaces such as elevator and rudder.

5.2. Electrical consumption

As the MTE requires deformation of the ribs actuated by the
servomotor, the MTE requires more electrical energy to oper-
ate than an aileron. For a conventional aileron, without exter-
nal aerodynamic forces, the servomotor does not need to act to
keep the aileron in a fixed position (the wing is placed verti-
cally) but for the MTE, the electrical resistance of the ribs
induces an increase of the current required by the servomotor
when its deformation is increased. In order to ascertain the

0.8 |
—@— Reference wing LR
0.6 - —®— Morphing wing 0°
> Morphing wing 7°
G
12
a (%)
(a) C, variation with the angle of attack
0.14
—@— Reference wing
0.12 —— Morphing wing 0°
Morphing wing 7°
0.10 —a— Wing with aileron 0°
Wing with aileron 20°
0.08F:
O 006
0.04
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0 1 1 1 | 1
-12 -4 4 12
a(®)

(b) C,) variation with the angle of attack

Fig. 28 Crand Cp variation with the angle of attack. At 15 m/s
(49.21 ft/s) for each system.
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—— Morphing wing 0°
15 Morphing wing 7°
—a—Wing with aileron 0° |

Wing with aileron 20°
10 | [,{
vl

LID

-12 -4 4 12
a(®)
Fig. 29 L/D variation with the angle of attack at 15m/s
(49.21 ft/s) for each system.

magnitude of this difference, the current consumed by the ser-
vomotors of the test wings was measured. For the wing
equipped with an aileron, the current consumption remains
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Fig. 30  C, variation with angle of attack zoomed-in around 0°.
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Fig. 31 L/D variation with angle of attack zoomed-in around 0°.

constant at 3.5 mA from —40° to 40°. For the wing with the
MTE, the current consumption varies from 3.5 mA at 0° to
70 mA at + 7° (with a jump from 16 mA at 6° to 70 mA at
7°). The current jump is due to the mechanical limit of the
MTE. It is therefore important to accurately measure the tra-
vel limits of the MTE to avoid over-consumption of the system
that could lead to a breakage of the servomotor. On the other
hand, for the two test wings, an increase of the current con-
sumption has not been noticed when an external aerodynamic
force was applied. The dimensions of our test wings and the
speeds used were too small for the forces, on the control sur-
faces, to disturb significantly the servomotors.

6. Conclusions

This paper describes the first phase of a new morphing wing
project at the LARCASE. The MTE was firstly studied in this
paper because this section of the wing was easier to deform
(morph) than its other sections. The next step will be to adapt
existing MTE design to modify also the leading edge of the
wing. That leading edge section is more complicated than the
trailing edge section to deform because of its smaller width
(20% width for the leading edge and 50% width for the trailing

edge), and thus, it is not evident that the morphing leading
edge design will achieve a reduction in the wing drag.
However, the results obtained in this paper have shown an
improvement in the effectiveness of the MTE on the wing drag,
in particular in the sections where the ailerons are located. This
comparative study between the MTE and the rigid aileron has
verified that the MTE had the same behavior as an aileron
regarding the increase of lift with the angle of attack. The drag
analysis showed us that the MTE generated less drag than the
aileron. Finally, analysis of the L/D has shown that the MTE
gave a lower drag for the same lift as an aileron, which led to
less fuel consumption. Moreover, the MTE has the same com-
ponents (rib and actuator) as an aileron, and thus does not
increase the weight of the wing (both test wings weight is a
total of 725 g (1.6 1b). The use of the MTE led to the satisfac-
tion of the following three criteria: to replace ailerons, to
reduce fuel consumption and to maintain the mass of the wing.
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