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The technology demonstrator is representative of a real aircraft wing tip section, and it was developed
following a complex, multidisciplinary design process. The model was fitted with a composite material
upper skin whose shape can be morphed, as a function of the flight condition, by four electrical
actuators placed inside the wing structure. The optimizations were performed with the aim of controlling

ﬁggﬁfé wing the extent of the laminar flow region, and the resulting shapes were scanned using high-precision
Morphing aileron photogrammetry. The numerical simulations were performed using Computational Fluid Dynamics (CFD)
CFD and included a model for predicting the laminar-to-turbulent flow transition over the entire wing surface.
Infra-red tests The analyses included cases with three aileron deflection angles and angles of attack situated within
Wind tunnel tests five degrees range. The CFD results were compared with infrared thermography measurements in terms

Laminar-to-turbulent flow transition of transition location, surface pressure measurements and balance loads measurements acquired during

subsonic wind tunnel tests performed at the National Research Council Canada.
© 2016 Published by Elsevier Masson SAS.

1. Introduction of greenhouse gas emissions is forcing the aerospace industry to
search for solutions to improve aircraft fuel burn efficiency.

One possibility of achieving this desired efficiency is through
the new-generation technologies of morphing various aircraft lift-
ing surface, that can be activated and deformed according to the
flight conditions, thus allowing a multi-point design of the air-
craft and improving aerodynamics performance. A morphing wing
could allow the aircraft to fly at optimal lift-to-drag ratios for
any condition encountered during flight by changing some of the
wing’s characteristics. Researchers have proposed different techno-
logical solutions for obtaining the desired wing adaptability, and
some concepts have achieved important theoretical performance
improvements compared to the baseline design. However, the tech-
nology is still in the early stages of development, its technological
readiness level is still low, and only a few concepts have suffi-
ciently progressed to reach wind tunnel testing, and even fewer
have actually been flight tested [3].

Wing morphing techniques can be classified into three major
types: plan-form transformations (sweep angle, span and chord),
out-of-plane transformations (twisting, dihedral and spanwise

E-mail address: ruxandra.botez@etsmtl.ca (R.M. Botez). bending) and airfoil transformations (camber and thickness) [3].

The air transportation industry is a key contribution to eco-
nomic development around the world. Since the beginning of civil
aviation, there has been a steady increase in the number of passen-
gers using airplanes as a fast and safe transportation method, with
airlines carried almost three billion passengers worldwide in 2014
alone. This high level of development that has been achieved has
also transformed the air transport industry into a non-negligible
source of pollution. It is estimated that in 2014, over 2% of the
worldwide carbon dioxide emissions were attributed to commer-
cial airline companies [1].

The current growth rate is anticipated to accelerate over the
next several decades. The International Civil Aviation Organiza-
tion (ICAO) estimates that the number of flights will triple by the
year 2050 [2]. This growth rate, together with growing global con-
cern for the preservation of the environment and the reduction

http://dx.doi.org/10.1016/j.ast.2016.03.014
1270-9638/© 2016 Published by Elsevier Masson SAS.
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Morphing wings were used to adapt the wing span and airfoil
camber [4,5] or the winglet’s cant and toe angles [6], and to
replace conventional high-lift devices [7,8], or the conventional
control surfaces [9].

Lockheed Martin developed the Agile Hunter Unmanned Aerial
Vehicle (UAV) [10-12], capable of folding the inner region of the
wing over the fuselage in order to achieve drag reductions during
transonic cruise at lower altitudes. A morphing wind tunnel proto-
type was built and tested up to a Mach number of 0.6. The model
demonstrated a successful and accurate actuation under aerody-
namic loads, achieving the desired wing shape change in approx-
imately one minute. An important project for the development of
morphing wings was the NexGen Aeronautics MFX1 UAV, show-
ing wing sweep and chord changes [13,14]. The wing was based
on a morphing truss structure that could be controlled using elec-
trical actuators. A prototype of the UAV was built and successfully
flight tested. The morphing wing sustained sweep angle variations
of 20° and area changes of 40% under aerodynamic loading, for
flight speeds up to 100 knots.

A detailed computational and experimental analysis was per-
formed by Smith et al. [15] on the wing of a conventional aircraft
equipped with two outboard morphing partitions capable of vary-
ing the twist and the dihedral angles. The morphing system was
capable of providing twist variations of up to 3°, and dihedral vari-
ations of up to 90°. Researchers from NASA Dryden Flight Research
Center conducted several flight tests with a UAV equipped with
inflatable wings whose span could be modified by adjusting the
pressure input [16]. The wings were made from several spanwise
inflatable tubes, surrounded by sponge and a flexible nylon skin in
order to maintain the airfoil shape during flight. A variable wing
plan-form UAV was designed and tested by Neal et al. [17]. The
system used pneumatic actuators to drive the telescopic and ro-
tating wing, capable of achieving significant wing span and sweep
angle changes. Wind tunnel tests were performed and showed that
only three morphing wing configurations were needed to signifi-
cantly increase the lift-to-drag ratio for the entire flight envelope
of the UAV.

Pecora et al. [18] demonstrated the effectiveness of replac-
ing the conventional segmented flap with a morphing compliant
high-lift device, in the case of a regional transport aircraft. Bil-
gen et al. [19,20] also presented the concept of replacing the wing
trailing-edge devices with a morphing surface, capable of achiev-
ing continuous camber variations instead of rigid deflections. The
morphing system was designed to replace the ailerons of a UAV,
and thus used rapid, electrical actuation mechanisms. Both wind
tunnel experiments and preliminary flight test were performed,
and demonstrated the effectiveness of the concept at providing
accurate roll control. Pankonien and Inman [21] presented a con-
cept for morphing ailerons designed to replace the conventional
wing control surfaces of a UAV. The aerodynamic performance of
the system was evaluated using wing tunnel testing, with mea-
surements focused on the drag coefficient penalty associated with
classic control surface deflections at off-design flight conditions.
The morphing trailing edge achieved drag reductions of up to 20%
compared to the original design, thus justifying its increased mass
and complexity.

The CRIAQ 7.1 project, which took place between 2006 and
2009, was realized following a collaborative effort between teams
from the Ecole de Technologie Supérieure (ETS), Ecole Polytech-
nique de Montréal, Bombardier Aerospace, Thales Canada and the
National Research Council Canada (CNRC). The objective of the
project was to improve and control the laminarity of the flow past
a morphing wing in order to obtain a substantial drag reduction
[22].

In that project, the active structure of the morphing wing con-
sisted of three main subsystems: a flexible skin; a composite ma-

terial upper surface spanning between 3% and 70% of the airfoil
chord, a rigid inner surface and a Shape Memory Alloy (SMA)
actuator group located inside the wing box, which could morph
the flexible skin at two actuation points, located respectively at
25.3% and 47.6% of the chord [23]. The reference airfoil chosen for
the project was the WTEA laminar airfoil and the morphing sys-
tem was designed for low subsonic flow conditions. A theoretical
study of the morphing wing system was performed [24], and very
promising results were obtained: the morphing system was able
to delay the transition location downstream by up to 30% of the
chord, and to reduce the airfoil drag by up to 22%.

Two control approaches were used for providing the optimal
SMA actuator displacements for each different flight condition. In
the open-loop configuration, the desired displacements were di-
rectly imposed on the system [25], while a novel, adaptive, neuro-
fuzzy approach which was used to predict and control the mor-
phing wing performance [26]. In the closed-loop configuration, the
displacements were automatically determined as a function of the
pressure readings from the wing upper surface [27,28]. In addition,
two new controllers were developed; the first one was based on an
optimal combination of the bi-positional and Proportional-Integral
(PI) laws [29,30], while the second one was a hybrid fuzzy logic-
PID controller [31,32]. The wind tunnel tests were performed in
the 2 m x 3 m atmospheric closed circuit subsonic wind tunnel at
NRC. The wind tunnel measurements were analyzed to assess the
validity of the numerical wing optimizations [33] and the designed
control techniques [34].

2. Description of the CRIAQ MDO 505 project
2.1. Project information

The CRIAQ MDO 505 project is performed as a continuation
of the CRIAQ 7.1 project on adaptive upper-surface wing con-
cept. In this multidisciplinary project a real industrial wing and
aileron (classical and morphing) structure was considered and de-
signed following structural and materials optimizations based on
new aerodynamic optimization constraints and new morphing skin
control challenges, using an electrical actuation system along with
classical and adaptive ailerons.

The research presented in this paper was performed within the
framework of the MDO 505 project, a multiple partners project
involving an international collaboration between Canadian and
Italian industries, universities and research centers (Bombardier
Aerospace, Thales Canada and Alenia Aeronautica, on the indus-
try side, Ecole de Téchnologie Supérieure, Ecole Polytechnique de
Montreal and the University of Naples, on the academic side, and
NRC and the Italian Institute for Aerospace Research CIRA on the
research centers side).

The purpose of the CRIAQ MDO 505 project is to demonstrate
the structural, aerodynamic and control abilities of a wind tunnel
wing model equipped with an adaptive upper surface and both a
rigid and an adaptive aileron, designed for low-speed (subsonic)
wind tunnel tests. The novelty of this project consists in the mul-
tidisciplinary design, analysis and manufacturing of a wind tunnel
representative model that respects the structural and aerodynamic
properties of a real aircraft wing-tip section. The morphing wing
model structure was designed to closely follow the real aircraft
wing-tip section dimensions, while allowing the insertion of the
actuation system. Reynolds number similitude of the morphing
wing model with the real aircraft was achieved for the low-speed
aerodynamic tests by using the same spanwise chord distribution
as the one real wing-tip section, and maintaining the same mean
aerodynamic chord. Fig. 1 presents the position of the morphing
upper skin on a typical aircraft wing, while Fig. 2 presents the
structural elements of the morphing wing model.

Please cite this article in press as: O. Sugar Gabor et al., Numerical simulation and wind tunnel tests investigation and validation of a morphing wing-tip demonstrator
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Fig. 1. The layout of the morphing skin on the aircraft wing.

Actuators

Lower skin

Fig. 2. The structural elements of the CRIAQ MDO 505 morphing wing concept (the
morphing skin is not shown in the figure).

2.2. General details about the morphing wing model

The full-scale morphing wing model is a structure with a 1.5 m
span and a 1.5 m root chord, a taper ratio of 0.72, and leading
and trailing edges sweep angles of 8°. The chord distribution of
the wing model follows the chord distribution of the real wing-tip
section, while the sweep angle and the spanwise twist distribution
were modified in order to reduce 3D flow effects. The wing box
and its internal structure (spars, ribs, and lower skin) were man-
ufactured from aluminum alloy material, while the adaptive upper
surface was positioned between 20% and 65% of the wing chord.
The adaptive upper surface skin was specifically designed and op-
timized for the project, and was manufactured using carbon fiber
composite materials [35].

The deformation of skin shape, driven by actuators placed in-
side the wing box structure, is a function of the flight condition
(defined in terms of Mach number, Reynolds number and angle
of attack). These actuators were specifically designed and manu-
factured to meet the project requirements. Four electric actuators
were installed on two actuation lines; two actuators each, placed
at 37% and 75% of the wing span, fixed to the ribs and to the com-
posite skin. Each actuator has the ability to operate independently
from the others, and has a displacement range between +3.5 mm.
On each actuation line, the actuators were positioned at 32% and
48% of the local wing chord.

The aileron articulation was located at 72% of the chord. Two
ailerons were designed and manufactured. One aileron was struc-
turally rigid, while the other one represented a new morphing
aileron concept. Both ailerons were designed to be attached to the
same hinge axis of the wing box, and both are able to undergo a

Wind tunnel floor I
Wind tunnel lurmable/ I- 15m -I

/ Flexible skin

N
A-A
section

Flexible aileron

\ Rear spar

Dry bay area

Leading edge

Front spar

Actuator

Fig. 3. CRIAQ MDO 505 morphing wing concept.

controlled deflection between —7° and +7°. This interval is more
restricted than the normal deflection range of an aileron, but it was
considered sufficient to demonstrate the proof of concept for the
morphing aileron. This restriction was determined by the available
space inside the NRC wind tunnel and by the mechanical design of
the morphing mechanism. Fig. 3 presents a sketch of the morph-
ing wing model concept as it would be mounted and tested in the
NRC subsonic wind tunnel.

2.3. The structural design of the morphing wing model

The MDO 505 morphing wing was designed to have a structural
rigidity similar to a real aircraft wing-tip. This means that when
the wing model was subjected to in-flight 1g loads, the bending
moment, the torsional moment and the shear stresses at the ribs
were similar to those obtained for the real aircraft wing-tip. The
upper surface morphing skin was created not only to be an active
structural element, rigidly fixed around its perimeter and able to
withstand real flight loads, but also to allow the obtaining of the
required aerodynamic shape changes and actuator displacements
while remaining structurally loaded.

Two Finite Element Models (FEMs) were created for the design
process: a simplified, thus general model (GFEM) that was used
to design and optimize the carbon fiber upper surface skin, and a
detailed model (DFEM) that was used for the design and numeri-
cal analysis of the rigid structure (lower skin, spars, ribs, internal
actuators). The FEM’s were created using the Altair Hyperworks
software package, while NASTRAN was used as the FEM solver.
The aerodynamic loads used for dimensioning and calculating the
structural elements of the morphing wing model correspond to the
limit load factors of +2.5g and —1g typical of civil transport avia-
tion, multiplied by the ultimate security coefficient of 1.5 [35].
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Fig. 4. Overview of the morphing wing control system.

For the leading edge, lower skin and ribs, the GFEM was gener-
ated using 2D CQUAD4 and CTRIA3 elements, having the PSHELL
property. The flexible upper skin 2D elements had the PCOMP
property attributed. The spars and stringers were modeled with
1D BEAM elements, having the PBEAML property. The complete
GFEM model had approximately 180000 elements. The DFEM com-
prised almost 4 million elements, allowing to perform a more de-
tailed numerical simulation. A mixture of 1D, 2D and 3D elements
(CTETRA having the PSOLID property) was used, while both upper
and lower skins were modeled using only 2D CQUAD4 and CTRIA3
elements, but with much higher mesh density than the GFEM [35].

The flexible skin design and optimization were performed us-
ing the Altair Optistruct solver, while trying to match structurally
as close as possible the aerodynamically optimized upper surface
shapes [35]. The optimization approach was done in three stages.
The free-size optimization focused on determining the global thick-
ness of the skin and of the composite plies. The dimensional opti-
mization refined the plies thicknesses as function of their orienta-
tion and topography. The final stage was the optimizations of the
plies layout as function of manufacturing constraints.

An error analysis performed for a number of optimized cases
showed that the average shape error between the skin FEM and
the spline target shapes was 0.25 mm, or 7% of the maximum
actuator displacement. Given the multidisciplinary nature of the
MDO 505 project and the high number of structural requirements
on the carbon fiber skin, a good reproduction of the desired opti-
mized shapes was numerically obtained using the FEM analysis.

2.4. The wing model control system

The core of the wing control system was the embedded real
time controller PXI-e 8135 of National Instruments. This controller
ran on a real time operating system, and was connected to all
the system hardware peripherals through several input and out-
put modules. All four upper skin actuators (BLDC motors), the rigid
aileron actuator, the LVDT sensors for providing the actuators po-
sitions feedback, as well as the upper skin Kulite pressure sensors
were connected to the PXI-e 8135 system. The controller was mon-
itored by the host PC via an Ethernet network using the TCP/IP

communication protocol, which had a static IP address that was
personalized and fixed by the system operator. The Windows OS
machine (the host PC) served for the control program deployment,
system state control, and data monitoring in real time. All com-
munication tasks, control and data logging were entirely operated
by the PXI-e 8135, which ran independently of the host PC. Fig. 4
presents an overview of the integrated controller and data moni-
toring system of the morphing wing model.

3. Flow equations, turbulence and transition models

CFD simulations were performed to simulate the flow past
the wing under the wind tunnel test flow conditions and set
up. The dynamics of fluid flow are governed by the Navier—
Stokes equations, which represent the fundamental principles of
mass, momentum and energy conservation. For turbulent flows,
the Reynolds Averaging technique is used to decompose the instan-
taneous flow variables into their average values and turbulent fluc-
tuations, while the Boussinesq eddy-viscosity hypothesis is used to
relate the Reynolds stress tensor and turbulent heat flux terms to
the average flow variables. With these assumptions, the Reynolds
Averaged Navier-Stokes (RANS) equations (with Reynolds average
flow variables) can be written as follows:

ap d

—_— — U' :0 1
at + axj(;O ) (1)
3( Ui+ 9 (pU;Uj)

PY: pPU; 0x; pU;jU;

_ 9P, @ aul+au 2
T Tox ox N ) 3

9 ——P+— U;H
3t( H) (oU;H)

9 )LBT_'_,LL[ oh n d 3U,+3Uj
T oxj| dxj  Predx; 8x] | e 3x;
2 U, } ok }

_z ks e
3:l'Leff % ij +M3X1

U,
Meffgkc&j] (2)

(3)
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where p is the fluid density, U; are the velocity components, P
is the sum of the static pressure and the (204;jk)/3 term result-
ing from the Boussinesq assumption, (e is the effective viscosity,
given by the sum of the molecular viscosity n and the turbulent
viscosity ¢, &jj is the Kronecker delta function, H is the total en-
thalpy, T is the fluid temperature, A is the thermal conductivity,
Pr; is the turbulent Prandtl number, h is the static enthalpy and k
is the turbulent kinetic energy.

The turbulent viscosity and the kinetic energy are determined
using the k-w Shear Stress Transport (SST) model [36]. The SST
model represents a blend of the k-w model, used in the near wall
region, and the k-¢ model, used for the rest of the flow. Thus,
it achieves both accurate boundary layer representation up to the
viscous sub-layer and insensitivity to boundary conditions at free-
stream flow. The SST turbulence model equations are presented
below:

a ; ] Uido) = P — D d ok )
3t(10<)+ ox; (oUjk) = Py k+ ox; |:(M+Ukﬂt)axj]

0 d
—(p0) + ——(pU )

Xj
y 5, 0 ow
= —P _— _— D
" k— Bpw +axj [(M+le/«t)axj:|
4201 — Fy)pog, - 2K @ (5)
RES wzw an 8Xj

where k is the turbulent kinetic energy, Pj is the turbulent ki-
netic energy production term, Dy is the turbulent kinetic energy
destruction term, w is the specific turbulence dissipation rate, Fq
is a blending function related to the SST model, and y, B, ok, 0,
and o, are the constants of the model. The turbulent viscosity is
calculated as:

. [ pk ajpk
= = 22 6
Wt mzn(w S 2) (6)

where a; is a damping coefficient, S is the strain rate magnitude
and F; is a second blending function related to the SST model.

In order to include the effects of laminar flow and model the
laminar-to-turbulent transition process, the y-Rep; model is used
[37]. This model includes two more equations, one for the inter-
mittency and one for the transition momentum thickness Reynolds
number:

el a a e\ 0y
— —(oU;y)=P, — E — == 7
at(m/)+axj(p iv) =Py V+axj[(“+af>axj] (7)

aﬁ]

I 9
—(pRe —(pU iRegt) = P, —
8t('0 ot) + ox; (pU jRegt) ot + [UGI(M + Mt) ox;

0X;j
(8)

where y is the intermittency, P, is the intermittency production
term, E, is the intermittency destruction/relaminarization term,
Reg; is the transition momentum thickness Reynolds number, Py,
is the transition momentum thickness Reynolds number produc-
tion term, and oy and o are model constants.

The transition onset is controlled by an empirical correlation
between Reyc, the critical Reynolds number where the intermit-
tency starts to increase in the boundary layer, and Rey; [37]. The
model contains correction terms to account for laminar separation-
induced transition and strong pressure-gradient flows. Coupling of
the y—Rey; transition model with the k-w SST turbulence model
is done by modifying P, and Dy, the turbulent kinetic energy
production and destruction terms, and thus deactivating the tur-
bulence model for the laminar boundary layer region.

The numerical computations were performed with the ANSYS
FLUENT solver [38]. The steady-state flow equations were solved

using a projection method, achieving the constraint of mass con-
servation by solving the pressure equation, with the pressure-
velocity coupling accomplished by using a high-order Rhie-Chow
scheme. The cell-face values of the pressure were interpolated us-
ing a second-order central differencing scheme, while for all other
variables, including the turbulence and transition model equations,
a second-order upwind scheme was used. The discrete nonlinear
equations were solved in a fully implicit, coupled manner. Conver-
gence acceleration was achieved with a coupled algebraic multi-
grid (AMG) approach, using a block-method Incomplete Lower-
Upper (ILU) factorization scheme as the linear system smoother.

4. Morphed geometries and mesh generation
4.1. The theoretical optimized upper surface shapes

The core concept of an active morphing of the wing upper
surface is to provide an optimized airfoil shape for each flight con-
dition. A single point optimization must be performed for each
combination of Mach number, Reynolds number and angle of at-
tack. This procedure increases the aerodynamic performance of the
shape-changing airfoil (with respect to the desired optimization
objective) compared to the multi-point designed baseline airfoil.

Aerodynamic optimizations were performed to determine the
actuator-driven displacements required to improve the perfor-
mance of the morphing wing with respect to the original wing.
In order to reduce greatly calculation times, the aerodynamic op-
timizations were performed under two-dimensional flow assump-
tion using the XFOIL solver [39] and an in-house genetic algorithm
optimizer [40], for local flow conditions (local Reynolds number
and angle of attack) corresponding to the mean aerodynamic chord
of the wing model [41].

For the numerical optimizations, the upper skin shapes were
approximated using cubic splines, as function of the actuator dis-
placements. This mathematical model was chosen because it en-
forces the tangency condition with the rigid part of the airfoil
(up to the curvature continuity given by the second derivative),
it provides an iso-arc-length condition and it shares mathemati-
cal properties with a beam bending under an applied load. Due to
constraints related to structural rigidity of the composite skin, the
actuator displacements were limited to £3.5 mm, while the max-
imum difference between the two displacements was limited to
6 mm.

4.2. Measurement of the real upper surface shapes

Due to the high degree of multidisciplinary involved in the
development of the MDO 505 morphing wing project, the con-
tradictory requirements that the morphing upper surface had to
satisfy (rigid in order to withstand flight loads, but at the same
time flexible enough to allow proper controlled deformations) and
the very high precision required for the aerodynamic optimization,
it was decided to scan the shapes obtained after the completion
of the manufacturing process. This way, the simulations would be
performed on geometries that were practically achieved, and not
on surfaces reconstructed using mathematical modeling.

To construct the geometries required for the 3D calculations,
the real shapes of the morphing skin surface for all flight cases
were scanned using a high precision photogrammetry procedure,
utilizing three 3D-tracking cameras (Prime 41 from Natural Point)
[42]. Circular retro-reflective markers were applied on the wing
upper surface, and their positions were recorded for each skin
shape. Fig. 5 presents the marker positions for the un-deformed
skin, as measured with the scanning procedure. The estimated
maximum position error with this procedure is 0.07 mm, using
the known positions of the four actuators axes.
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Fig. 5. Marker positions for the un-deformed upper skin.

To increase the resolution of the scanned data, a bi-harmonic
spline interpolation procedure was performed between the marker
positions, and the number of points was increased to 100 in both
chord-wise and span-wise directions. Fig. 6 presents the 100 x 100
grid points obtained by interpolation for the un-deformed skin
(upper image), and the deformed shape of the flexible skin for the
C41 configuration (lower image).

The procedure of determining the marker positions through the
photogrammetry technique and then interpolating using splines to
increase the density of surface points was repeated for all of the
morphing cases. The data was further used to construct the ge-
ometries required for the 3D calculations by patching the upper
surface skin shapes on the rigid geometry representing the rest of
the wing model. An accurate representation of the real skin shapes
was therefore available for performing the numerical simulations.

4.3. Comparison between target and obtained shapes

Following the reconstruction of the morphed wing geometries
using the scan data, comparisons were performed between the
target skin shapes (obtained after the aerodynamic optimization
process) and the real skin shapes. Fig. 7 presents the comparison
between the target and obtained shapes for Case 75.

The comparison was made at four stations along the wing
span, located at 0.55 m, 0.75 m, 0.95 m and 115 m, as mea-
sured from the wing root section. The first and the last section
correspond to the positions of the two ribs where the electrical
actuators were installed. From Fig. 7 it can be seen that for these
two sections there is an excellent agreement between the target
shapes obtained from the numerical optimization and the obtained
skin shapes. The other two sections correspond to positions be-
tween the two ribs. For these sections, there is a more significant
difference between the desired and the scanned shapes. At cer-
tain points, this difference can reach magnitudes of approximately
2 mm, thus an important percentage of the maximum displace-
ment range of the electrical actuators (3.5 mm).

Since the three-dimensional numerical study is performed us-
ing the scanned upper surface shapes, this difference does not
have an impact on the numerical versus experimental compar-
isons in terms of laminar-to-turbulent transition location. However,
the performance of the morphed geometries with reference to the
original, un-deformed wing is expected to be smaller than pre-
dicted, since the targeted optimal shapes are not obtained for the
entire wingspan.

4.4. Grid convergence study
The structured meshes used for the numerical simulation were

generated using the ICEM-CFD software. A grid convergence study
was performed in order to evaluate the mesh density required for

Marker coordinates (undeformed skin) and interpolated (100x100) data
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Fig. 6. Interpolated point grid constructed from the scanned marker positions for the
un-deformed upper skin (upper) and the Case 41 morphed upper surface (lower).
(For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)

Table 1
Details about the four generated meshes.

Mesh type Chord-wise cells Span-wise cells Maximum y+
on wall on wall

Coarse 100 40 2.66

Medium 200 80 133

Fine 400 160 0.66

Extra fine 800 320 0.33

grid-independent aerodynamic coefficients values. Four meshes of
increasing cell density were generated, and each one was analyzed
at a Mach number of 0.15, a Reynolds number of 4.53E+06 (as
calculated with the wing mean aerodynamic chord) and an angle
of attack of 0°. The details regarding the wall cell density for the
generated meshes are presented in Table 1.

The wing aerodynamic coefficients values (lift, drag and pitch-
ing moment coefficient about the root section quarter chord point)
and the transition point locations on the upper surface, at 37% and
75% of the span stations are presented in Table 2. The transition
point locations were determined using the intermittency variable
y distribution. The table shows that the difference in aerodynamic
coefficient values between the Fine mesh level and the Richardson
extrapolation of the convergence study is less than 1%, and thus
the Fine mesh provides sufficiently accurate results. It can be ob-
served that the y-Reg; model requires a good stream-wise mesh
refinement level before the grid convergence of the transition point
location is achieved (thus also affecting the grid convergence of the
drag coefficient, through the variation of the laminar flow region
length).

The characteristics of the meshes used to perform the simu-
lations were determined based on the results of the grid conver-
gence study. In order to ensure that the same meshing parameters
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Fig. 7. Comparisons between the upper surface skin shapes of the target airfoil and of the scanned airfoil, at four stations along the wingspan: Y =0.55 m (a), Y =0.75 m

(b), Y=0.95m (c)and Y =

1.15 m (d).

Table 2
Results obtained for the grid convergence study.

Mesh type CL CD Cm Transition at 37% of Transition at 75% of
span (% of local chord) span (% of local chord)

Coarse 1.531E-01 1.308E-02 —9.235E-02 13.4% 3.4%

Medium 1.587E-01 9.855E-03 —9.264E-02 48.2% 32.8%

Fine 1.593E-01 9.621E-03 —9.273E-02 57.5% 36.9%

Extra fine 1.596E-01 9.609E-03 —9.274E-02 58.0% 37.1%

Richardson 1.597E-01 9.605E-03 —9.276E-02 58.2% 37.1%

extrapolation

were used for all the morphed wing cases, an automatic mesh gen-
eration procedure was implemented by creating a script to be used
for the ICEM-CFD code. The automatic procedure can also han-
dle rigid aileron deflections between +7°. The meshes were con-
structed based on the Fine mesh level created for the convergence
study, and include 400 cells around the wing section (200 cells on
both the lower and upper surfaces), and 160 cells in the direc-
tion of the span (80 cells on both the lower and upper surfaces).
The wall normal spacing was set to 3.0E-06 m, refined enough
to provide the required y+ < 1 condition. Figs. 8 and 9 present
two cross-section views of the mesh constructed around the un-

morphed wing.

Fig. 8. Chord-wise cross-section view of the mesh.
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Fig. 9. Spanwise cross-section view of the mesh.

Fig. 10. MDO 505 wing model setup in the wind tunnel test section.

5. Experimental testing and data acquisition

The wind tunnel tests were performed at the 2 m x 3 m at-
mospheric closed circuit subsonic wind tunnel of the National
Research Council Canada. The tunnel has a maximum speed cor-
responding to a Mach number of 0.40, at atmospheric pressure.

The upper surface flexible skin was equipped with 32 high pre-
cision Kulite piezoelectric-type transducers [43] for pressure mea-
surement on the flexible skin and then processed to determine
the laminar-to-turbulent transition location. These sensors were
installed in two staggered lines (with 16 Kulite sensors on each
line), situated respectively at 0.600 m and 0.625 m from the wing
root section. In addition to the Kulite piezoelectric sensors, at the
same two spanwise stations, 60 static pressure taps were installed
(30 taps on each line), on the wing leading edge, lower surface
and aileron, thus providing complete experimental pressure distri-
bution around the wing cross section at 40% of the wing span.

The experimental measurements also included the use of a
wake rake pressure acquisition system, to measure the wing profile
drag at different span-wise positions, and the use of a wind tun-
nel balance for measuring the aerodynamic forces and moments.
Fig. 10 presents the MDO 505 morphing wing model installed in
the tunnel test section, viewed from both the leading edge (left
figure) and the trailing edge (right figure).

Infra-red (IR) thermography camera visualizations were per-
formed for capturing the transition region over the entire wing
model surface. The wing leading edge, its upper surface flexible
skin and the aileron interface were coated with high emissivity

black paint to improve the quality of the IR photographs. The
span-wise stations where the two pressure sensors lines were in-
stalled were not painted, in order to not influence the pressure
measurements. A Jenoptik Variocam camera [44], with a resolution
of 640 by 480 pixels, was used to measure the surface tempera-
tures. This camera was equipped with 60° lens in order to capture
the flow transition on the entire upper surface of the wing. A cus-
tom wooden window was installed on the wind tunnel test section
wall, through which the IR camera operated.

The IR thermography visualization allows the identification of
the laminar-to-turbulent transition region based on the tempera-
ture gradient between the two flow regimes, which is determined
by the different convective heat transfer coefficients and heat flux
dissipation existing in the two regimes when the surface is heated
to a fixed temperature. Fig. 11 presents an example of the IR vi-
sualization of the wing model upper surface transition, for one
flight condition (Mach number of 0.15, angle of attack of 1° and
no aileron deflection) and for both un-morphed (left figure) and
morphed (right figure) skin shapes.

The black line represents the average transition line on the up-
per surface, and its variation as function of the span-wise position
can clearly be observed. The two dashed white lines represent the
estimated extent of the transition region, determined as function
of the chord-wise temperature gradient existing between laminar
and turbulent regimes. The transition from laminar to turbulent
flow occurs over a narrow region and it was automatically detected
for the wing upper surface using a MATLAB code that was specif-
ically developed for the IR images post-processing [44]. The red
dot corresponds to the estimated transition in the span-wise sec-
tion situated at 0.612 m from the root section (40% of the model
span), that is half-way between the two Kulite piezoelectric pres-
sure sensors lines. The accuracy of the transition detection for this
section was estimated to +£2% of the local chord, based on the
known Kulite positions and their thermal signatures in the images.

6. Results and discussion
6.1. The test cases

The two-dimensional aerodynamic optimizations that deter-
mined the electrical actuators displacements were performed with
the objective of controlling the extent of laminar flow on the up-
per surface of the wing model.

These optimizations were performed for several flight condi-
tions (expressed in terms of Mach number, Reynolds number and
angle of attack) and several rigid aileron deflection angles. The
cases that were optimized, analyzed and experimentally tested for
laminar flow increase are presented in Table 3. The Reynolds num-
bers that correspond to the two Mach numbers are 4.28 x 108
and 5.27 x 10%. A downwards aileron deflection was considered
positive, while an upwards aileron deflection was considered as
negative.

For each case, the transition point location on the pressure sen-
sors line was determined from the numerical simulation and was
compared to the experimentally measured transition location, de-
termined using the IR thermography. The transition point location
in the numerical results was determined by plotting the turbu-
lence intermittency y versus the local chord, for the upper and
lower wing surfaces. In order to consistently extract the transition
location, the first derivative of the intermittency plot was used.
Since the intermittency is approximately constant for the laminar
boundary layer and its value significantly increases in the transi-
tion region, the first derivative can be used to identify this region
of high gradient. The transition point was considered to be the
most upstream point where the derivative becomes non-zero. As
an example, Fig. 12 shows the intermittency distribution at 0.612
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Fig. 11. IR visualization of the laminar-to-turbulent transition region on the upper surface for both un-morphed (left) and morphed (right) skin shapes. (For interpretation of
the references to color in this figure, the reader is referred to the web version of this article.)

Table 3
Test cases optimized for laminar flow improvement.

Mach Delta Angle of attack [°]
] 0 050 075 100 125 150 200 250 3.00 400 5.00
015 0 - - 39 C40 C41 C42 (43 (44 (45 - -
0.20 4 68 €69 - 70 - 71 C72 (73 - - -
020 -4 74 5 - 76 - c77 C78 C79 C80 (81 (82
. . A 0.04 -
m span-wise section, for case C39 un-morphed. The laminar-to- |
turbulent transition corresponds to the region of high gradient. -
6.2. Upper surface transition location 0.035 |
Fig. 13 presents a comparison between the predicted and the - 5
measured transition location for the un-morphed and morphed % I
wing upper surface skin, at a spanwise station corresponding to E g0l
40% of the wing span. The comparison shows both numerical and £ |-
IR experimental results for cases C39 to C45 (Mach number of 0.15, % i ” ;
. . - | Lower Surface Transition Upper Surface Transition
no aileron deflection and angles of attack between 0.75 and 3°). |
Fig. 14 displays the experimental transition location measure- 0.025}
ment compared to the numerical predictions for cases C68 to C73 -
(Mach number of 0.20, 4° downwards aileron deflection and an- I
gles of attack between 0 and 2.5°). No IR experimental data was t J
available for case C68 (0° angle of attack). 0.02 81 —l —— —L —J
. . . . . 0 0.2 0.4 0.6 0.8 1
In Fig. 15, the experimental and numerical transition location X/C

detection for cases C74 to C82 (Mach number of 0.20, 4° upwards
aileron deflection and angles of attack between 0 and 5°) is pre-
sented for both un-morphed and morphed wing geometries. No IR
experimental data was available for cases C74 (0° angle of attack)
and C80 (3° angle of attack).

In Fig. 13, it can be seen that a reasonable agreement exists be-
tween the experimental and the numerically determined transition
point location at the pressure sensors section for the un-morphed
wing. For these cases (C39 to C45, with no aileron deflection), the

Fig. 12. Transition detection for Case 39 un-morphed using the turbulence intermit-
tency distribution.

un-morphed wing error is around 5% of the local chord (corre-
sponding to 0.05C in the figure). The IR experimental results show
a successful improvement of laminar flow for the section of inter-
est. The transition is delayed towards the trailing edge by 3-5%
of the chord (equivalent to 0.03-0.05C in the figures). For the
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Fig. 14. Comparison between numerical and IR experimental transition detection for
the station located at 40% of the span, for the un-morphed and morphed wings of
cases C68-C73.

morphed geometries results presented in Fig. 13, the agreement
between the numerical and IR transition positions is better than
for the un-morphed wing, even though the predicted performance
improvement is smaller.

In Fig. 14 (cases C68 to C73, having a 4° aileron deflection), for
angles of attack smaller than 1°, there is a very good agreement
between numerical versus experimental results obtained for the
un-morphed wing. The discrepancy is seen to increase for angles of
attack higher than 1.5°, as the experimental measurements show
an early shift of the transition occurrence towards the wing leading
edge. Again, a successful improvement of laminar flow is observed,
with delays of 9% of the chord obtained for two angles of attack
values (1.5° and 2°). The morphed geometries presented in Fig. 14
show a very good level of agreement between numerical and IR
experimental results, with errors of maximum 2-3% of the chord
(equivalent to 0.02-0.03C in the figure).

For cases C74 to C82 (—4° aileron deflection), presented in
Fig. 15, there is a rather good agreement between the IR data and
the numerical results for the un-morphed wing (transition position

Angle of Attack

Fig. 15. Comparison between numerical and IR experimental transition detection for
the station located at 40% of the span, for the un-morphed and morphed wings of
cases C74-C82.

errors of around 5% of the chord), but the differences are higher for
the morphed wing geometries. For the angles of attack between 1°
and 3° the laminar flow delay predicted by the numerical results
is not observed in the IR measurements.

Since all of the above presented results were obtained for the
section located at 40% of the span, they only offer local information
about the performance of the morphing upper skin. To provide a
qualitative assessment of the skin’s influence on the transition re-
gion for the entire upper surface, 2D plots are presented in Figs. 16
to 18, for cases C40 (Fig. 16), C72 (Fig. 17) and C77 (Fig. 18),
respectively. These cases were chosen among those for which im-
portant transition location delays were observed on the pressure
sensors span-wise section (as shown in Figs. 13 to 15), and they
cover all three aileron deflection angles. This choice verification
whether the extension of laminar flow was a phenomenon present
on the entire upper surface, or if it was limited to a certain span-
wise interval.

In the numerical results, the disturbances in transition position
appearing near the wing root section were given by the 6.5 mm
gap between the wing root rib and the symmetry plane. This gap
was present in the experimental setup and included in the simu-
lations. Its effect was not captured with the IR measurements due
to the decrease in data quality in the region close to the wing root
section.

For the wing tip region, the precision of the numerical sim-
ulations breaks down and an unrealistic laminar flow appears in
all the results. This can be explained by the fact that the y-Rey;
model contains one empirical correlation for the transition onset
that was calibrated especially for natural transition (stream-wise
Tollmien-Schlichting instabilities) and laminar separation bubbles,
while in reality the wing tip region is strongly contaminated by
complex, cross-flow instabilities induced by the presence of the
wing tip vortex.

An analysis of Figs. 16 to 18 shows that the behavior of the
laminar flow region (under the actuation of the upper skin) that
was observed from the pressure sensors line (indicated by the red
dot in the experimental IR data and by the black line in the nu-
merical results) can also be observed for other span-wise sections.
Thus, when a successful transition delay was obtained for the pres-
sure sensors line, this delay can be seen occurring not only locally
but also over a high percentage of the wing's span, indicating the
effectiveness of the upper surface morphing skin.
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Fig. 16. Comparison between experimental and numerical transition location on the wing upper surface for case C40, for both un-morphed (left) and morphed (right)
geometries. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

6.3. Pressure coefficient distribution comparisons

A comparison between the experimental and numerical pres-
sure coefficient distributions for the section located at 40% of the
wing span is presented in Figs. 19 to 22, for the following 4 cases:
C40 (Mach number of 0.15, angle of attack of 1° and no aileron
deflection), C68 (Mach number of 0.20, angle of attack of 0° and
4° aileron deflection) and for C79 and €82 (Mach number of 0.20,
angles of attack of 2.5° and 5° and —4° aileron deflection).

Good agreement exits between numerical predictions and the
wind tunnel measurements for the two sets of results given by
case C40 and C68 (Figs. 19 and 20). The influence of the upper
skin shape change can be observed from the differences between
the un-morphed (left) and morphed (right) pressure coefficient

distributions, for the chordwise interval between 25% and 60% of
the chord. The skin morphing extends the region where the air
accelerates over the upper surface, thus creating more favorable
conditions for laminar flow, this effect being clearly visible in the
two figures.

For cases C79 and C82 (shown in Figs. 21 and 22), a small dif-
ference exists in the upper surface pressure coefficient up to 50%
of the chord, and very good agreement exists between the numer-
ical and experimental results for the aileron, rigid lower skin and
the upper surface downstream of 50% of the chord. Again, the in-
fluence of the morphing skin is clearly observable by comparing
the left (un-morphed) and right (morphed) pressure distributions
for the two figures.
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Fig. 17. Comparison between experimental and numerical transition location on the wing upper surface for case C72, for both un-morphed (left) and morphed (right)
geometries. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

6.4. Aerodynamic coefficients comparison

In Tables 4 and 5, a comparison is made between the lift and
drag coefficients for the un-morphed and morphed geometries, ob-
tained through the numerical simulations and the experimental
tests. The comparison is presented for cases C38 to (45, which
were analyzed at a Mach number of 0.15 and had no aileron de-
flection.

The numerical lift coefficient values in Table 4 were found to
be in good agreement with the experimental values included in
Table 5, a small underestimation being observed for the 2.5 and
3° angles of attack. Concerning the drag coefficient, the numerical
values are always under-predicted compared to the experimental
ones, the average error being around 25%. The experimental drag

coefficient data shows that the morphing of the upper surface skin
caused a reduction of the wing model drag coefficient, with re-
ductions between 0.20% and 0.60%, for all analyzed cases, while
the numerical simulations did not capture this reduction. Table 6
shows the detailed differences obtained between the numerical
and experimental coefficients.

Another comparison was done between the lift and drag co-
efficients obtained for the un-morphed and morphed geometries,
through the numerical simulations and the experimental tests, and
is presented in Tables 7 and 8. Cases C68 to C73, analyzed at a
Mach number of 0.20 and with a 4° aileron deflection were in-
cluded in the comparison. Details about the differences obtained
between the numerical and experimental results are shown in Ta-
ble 9.
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Fig. 18. Comparison between experimental and numerical transition location on the wing upper surface for case C77, for both un-morphed (left) and morphed (right)
geometries. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

The qualitative behavior of the results remains the same as for
cases C39 to C45. A good agreement between the experimental and
numerical lift coefficients, and a 20-25% under-estimation of the
numerically calculated drag, compared to the experimental values.
The upper skin morphing determines 0.15-0.40% reduction of the
wing drag coefficient, as confirmed by the results shown in Table 7.
The numerically calculated drag coefficient for the morphed wing
was higher than the value calculated for the un-morphed wing,
thus not predicting the reduction effect observed experimentally.

Tables 10 and 11 show the comparison between the lift and
drag coefficients for the un-morphed and morphed wing geome-
tries, using the results that were obtained through the numerical
simulations and the experimental test. This comparison is pre-
sented for cases C74 to C82, analyzed at a Mach number of 0.20
and an aileron deflection angle of —4°.

Concerning the comparison between the numerical and exper-
imental results, the remarks made in the paragraph above also
apply for cases C74 to C82. There is an under-estimation of the cal-
culated drag coefficient, and there is a better agreement in the case
of the lift. The impact of the upper surface skin morphing on the
drag coefficient was not uniform. In some cases a slight reductions
of up to 0.67% were obtained, while for others, an increase was
obtained. These drag variations were present in both experimen-
tal and numerical results. Table 12 shows the detailed differences
obtained between the numerical and experimental results.

6.5. General observations about the morphing concept

The drag coefficient reductions obtained following the wing
tunnel experimental testing are relatively small. It must be noted
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Fig. 19. Comparison of experimental versus numerical pressure coefficient distribu-
tion for case C40 corresponding to un-morphed (left) and morphed (right) wing.
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Fig. 21. Comparison of experimental versus numerical pressure coefficient distribu-

tion for case C79 corresponding to un-morphed (left) and morphed (right) wing.
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Fig. 20. Comparison of experimental versus numerical pressure coefficient distribu-
tion for case C68 corresponding to un-morphed (left) and morphed (right) wing.

that the aerodynamic loads balance that was used during testing
was a very high precision instrument, with drag measurement un-
certainties that were estimated to be of the order of 0.10-0.15% of
the drag values. Thus, for the cases where the drag reduction be-
tween the morphed and un-morphed geometries was higher than
the measurement error, the morphing upper surface has shown the
ability of generating a small level of quantifiable improvements.

Upper skin morphing reduces the friction drag coefficient
through the extension of the laminar flow region. Due to its very
low aspect ratio, the wing model gives a poor performance in
terms of the lift-induced drag, which has a much higher contri-
bution to the total drag than in the case of a typical high aspect
ratio wing (the complete wing of an aircraft). Thus, when the fric-
tion drags’ percentage contribution to the total drag is higher (as,
for example, a high aspect ratio wing during cruise flight), the drag
reduction obtained by the concept could be higher.

During the design phase of the flexible composite skin, special
attention was given to the reduction of the weight of upper sur-
face, in comparison with the original aluminum design. This was

Fig. 22. Comparison of experimental versus numerical pressure coefficient distribu-
tion for case C82 corresponding to un-morphed (left) and morphed (right) wing.

achieved by varying the skin thickness as function of the local
stress and by using composite material stringers (instead of the
original aluminum stringers). The composite skin weight was more
than 2 kg lighter than the original aluminum skin, and this weight
reduction perfectly compensated the introduction of the 4 actua-
tors inside the wing box, whose overall weight was approximately
2 kg. Thus, the difference in terms of weight between the non-
morphing and morphing structure was negligible.

In the present multidisciplinary CRIAQ MDO 505 project, an in-
dustrial wing-tip was designed and morphed, and for this reason,
several strict structural constraints and upper skin behavior uncer-
tainties existed, which were added to the errors existing between
numerical models/simulations and experimental results. Detailed
tests must be performed in order to quantify the impact of the skin
shape variations (differences between target and obtained shapes)
on the quality of the laminar flow optimizations. In order to con-
tinue performing other types of research studies on upper surface
morphing wings and aero-structural optimizations, it will be in-
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cases C39 to C45.

Numerical results

Case Angle of Un-morphed wing Morphed wing Drag
attack [°] cL cD cL D variation [%]
39 0.75 0.2058 0.0118 0.2059 0.0118 —0.01%
C40 1 0.2191 0.0126 0.2196 0.0126 0.24%
Cc41 1.25 0.2325 0.0134 0.2330 0.0134 0.18%
Cc42 1.50 0.2460 0.0142 0.2464 0.0142 0.10%
43 2 0.2729 0.0161 0.2736 0.0161 0.19%
C44 2.50 0.3002 0.0183 0.3009 0.0183 0.13%
45 3 0.3276 0.0206 0.3278 0.0206 0.18%
Table 5

Comparison between the experimental un-morphed and morphed wing lift and drag coefficients for

cases C39 to C45.

Experimental results (loads balance measurements)

Case Angle of Un-morphed wing Morphed wing Drag
attack [°] cL D cL D variation [%]
c39 0.75 N/A N/A N/A N/A N/A
C40 1 0.2150 0.0156 0.2165 0.0156 —0.20%
C41 1.25 0.2324 0.0168 0.2329 0.0167 —0.47%
C42 1.50 0.2483 0.0180 0.2490 0.0178 —0.51%
C43 2 0.2794 0.0206 0.2788 0.0204 —0.60%
C44 2.50 0.3102 0.0235 0.3109 0.0234 —0.40%
C45 3 0.3434 0.0267 0.3424 0.0266 —0.23%
Table 6
Deltas between the numerical and experimental wing lift and drag coefficients for cases C39 to C45.
Case Angle of Un-morphed wing Morphed wing
attack [deg.] ACL[-1072] ACD [-1073] ACL[-1072] ACD [-1073]
c39 0.75 N/A N/A N/A N/A
C40 1 —0.409 3.030 —0.305 2.968
C41 1.25 —0.015 3412 —0.007 3.308
C42 1.50 0.228 3.753 0.257 3.648
C43 2 0.652 4.444 0.524 4.291
C44 2.50 0.999 5.220 1.001 5.101
C45 3 1.578 6.110 1.457 6.013
Table 7

Comparison between the numerical un-morphed and morphed wing lift and drag coefficients for

cases C68 to C73.

Numerical results

Case Angle of Un-morphed wing Morphed wing Drag
attack [deg.] CL D CL D variation [%]
68 0 0.2990 0.0191 0.2994 0.0191 0.03%
C69 0.5 0.3254 0.0212 0.3260 0.0212 0.07%
C70 1 0.3519 0.0236 0.3527 0.0237 0.19%
71 1.5 0.3783 0.0263 0.3780 0.0263 0.13%
C72 2 0.4047 0.0292 0.4057 0.0292 0.15%
C73 2.5 0.4318 0.0323 0.4300 0.0322 —0.09%
Table 8

Comparison between the experimental un-morphed and morphed wing lift and drag coefficients for

cases C68 to C73.

Experimental results (loads balance measurements)

Case Angle of Un-morphed wing Morphed wing Drag
attack [deg.] CL D CL D variation [%]

C68 0 0.3023 0.0231 0.3034 0.0230 —0.15%
C69 0.5 0.3350 0.0261 0.3358 0.0260 —0.36%
C70 1 0.3671 0.0295 0.3671 0.0294 —0.41%
C71 1.5 0.3996 0.0333 0.3999 0.0332 —0.15%
C72 2 04318 0.0373 0.4329 0.0372 —0.26%
C73 2.5 0.4660 0.0417 0.4634 0.0416 —0.25%

15
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teresting to study other multidisciplinary approaches, as the ones

defined in [45].
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Table 9

Deltas between the numerical and experimental wing lift and drag coefficients for cases C68 to C73.

Case Angle of Un-morphed wing Morphed wing

attack [deg.] ACL[-102]  ACD[10-3]  ACL[-10-2]  ACD [10-3]
68 0 0329 3954 0.397 3914
69 05 0.963 4922 0.980 4813
c70 1 1516 5.892 1.437 5.726
c71 15 2132 6.960 2,093 6.878
72 2 2708 8117 2.718 7.979
73 25 3.412 9.447 3335 9.373

Table 10
Comparison between the numerical un-morphed and morphed wing lift and drag
cases C74 to C82.

coefficients for

Numerical results

Case Angle of Un-morphed wing Morphed wing Drag
attack [deg.] cL D cL D variation [%]
C74 0 0.0206 0.0061 0.0208 0.0061 —0.13%
C75 0.5 0.0461 0.0063 0.0461 0.0062 —0.28%
C76 1 0.0716 0.0064 0.0718 0.0065 0.67%
Cc77 1.5 0.0967 0.0069 0.0963 0.0070 0.20%
C78 2 0.1222 0.0077 0.1227 0.0076 —0.51%
C79 2.5 0.1477 0.0086 0.1470 0.0085 —0.34%
C80 3 0.1733 0.0098 0.1738 0.0097 —0.44%
C81 4 0.2250 0.0128 0.2243 0.0128 0.01%
C82 5 0.2765 0.0168 0.2766 0.0168 —0.05%
Table 11

Comparison between the experimental un-morphed and morphed wing lift and drag coefficients for

cases C74 to C82.

Experimental results (loads balance measurements)

Case Angle of Un-morphed wing Morphed wing

Drag

attack [deg.] cL D cL D variation [%]
C74 0 0.0082 0.0083 0.0082 0.0083 0.04%
C75 0.5 0.0383 0.0084 0.0382 0.0084 —0.09%
C76 1 0.0679 0.0088 0.0680 0.0088 0.33%
Cc77 1.5 0.0983 0.0094 0.0992 0.0095 0.76%
C78 2 0.1294 0.0105 0.1230 0.0105 0.09%
Cc79 25 0.1602 0.0119 0.1560 0.0119 —0.14%
C80 3 0.1917 0.0137 0.1912 0.0136 —0.67%
C81 4 0.2531 0.0182 0.2541 0.0183 0.59%
82 5 0.3175 0.0241 0.3171 0.02401 —0.03%
Table 12

Errors between the numerical and experimental wing lift and drag coefficients for cases C74 to C82.

Case Angle of Un-morphed wing Morphed wing

attack [deg.] ACL[1072]  ACD[103]  ACL[-102]  ACD[.1073]
74 o0 —1.241 2078 —1.252 2089
75 05 —0.774 2132 —0.788 2142
76 1 ~0.369 2349 —0.381 2334
77 15 0.158 2452 0.284 2510
78 2 0.726 2784 0.730 2832
79 25 1.252 3267 1.274 3279
o 3 1.845 3.876 1.737 3.828
81 4 2.813 5362 2.981 5.467
82 5 4102 7.307 4.047 7308

7. Conclusions

The experimental tests and results obtained up to this day and
presented in this paper included only the wing model equipped
with the rigid aileron. The CRIAQ MDO 505 project will continue
by performing the numerical studies and experimental tests on the
morphing aileron. The aim will be to realize the proof of concept,
where the new morphing aileron design would require lower de-
flection angles in order to provide the same degree of roll authority
as the rigid aileron.

The results obtained using CFD numerical simulation and exper-
imental wind tunnel testing for a morphing wing equipped with
a flexible upper surface and controllable rigid aileron were pre-
sented. The morphing wing tip was manufactured and fitted with
a composite material upper skin. Two-dimensional optimizations
were performed with the aim of controlling the extent of the lam-
inar flow region, and the resulting skin shapes were scanned using
high-precision photogrammetry. A grid convergence study was per-
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formed to determine the optimal mesh refinement required by the
numerical transition model. Subsonic wind tunnel tests were per-
formed at the NRC 2 m x 2 m wind tunnel, and the experimental
measurements included Infra-Red thermography, pressure sensors
measurements and balance loads measurements.

Three series of cases were analyzed, each consisting of a sweep
over a range of angles of attack, at a constant Mach number and
aileron deflection angle. Comparisons were made between the un-
morphed and morphed upper skin shapes, for the transition point
location at the station situated at 40% of the wing span, corre-
sponding to the pressure sensors station. Good agreement was
obtained between the numerical and IR results, with an average
prediction error of approximately 5% of the chord. Both the IR
measurements and the numerical results have shown that an in-
crease in the laminar flow region was obtained after the optimiza-
tion. The experimental transition delay was between 3 and 9% of
the chord, while the numerical improvements were smaller. The
laminar flow extension was obtained for a significant percentage
of the upper skin span. Pressure coefficient comparisons were per-
formed at the 40% of the span section, and a good match was
obtained. The lift and drag coefficients were determined for all
22 cases analyzed, for both un-morphed and morphed geometries.
The force balance results show reductions of the drag coefficient
of up to 0.67%. The numerical results predictions obtained with
the chosen turbulence and transition models do not appear to be
accurate enough to capture this drag reduction.
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