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Abstract: As part of a morphing wing technology project, the flutter analysis of two finite element
models and the experimental results of a morphing wing demonstrator equipped with aileron are
presented. The finite element models are representing a wing section situated at the tip of the wing;
the first model corresponds to a traditional aluminium upper surface skin of constant thickness and
the second model corresponds to a composite optimized upper surface skin for morphing capabilities.
The two models were analyzed for flutter occurrence and effects on the aeroelastic behaviour of the
wing were studied by replacing the aluminium upper surface skin of the wing with a specially
developed composite version. The morphing wing model with composite upper surface was
manufactured and fitted with three accelerometers to record the amplitudes and frequencies during
tests at the subsonic wind tunnel facility at the National Research Council. The results presented
showed that no aeroelastic phenomenon occurred at the speeds, angles of attack and aileron
deflections studied in the wind tunnel and confirmed the prediction of the flutter analysis on the
frequencies and modal displacements.
Key Words: morphing wing, aeroelasticity, flutter analysis, control, wind tunnel experiment

I. INTRODUCTION
Today’s aircrafts are not just flying machines; their design relies on a compromise between
aerodynamic efficiency, structural optimization, fuel consumption minimization and
environment requirements. This compromise asked for new methods in flight management,
a

The paper surpasses the page limit imposed by the journal due to the presentation of a high number of both
numerical and experimental results. These results were needed to offer a better understanding of the research
conducted on the Morphing Wing Tip demonstrator, particularly the research done on aeroelastic behaviour.
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in aircraft design, structure, aerodynamics and controls. Many types of answers were found
depending on the objective problem; for the minimization of fuel consumption or for the
improvement of the aircraft flight envelope, the morphing methods are considered the most
promising solutions. Morphing consists in changing the structure or appearance of an aircraft
during flight by modifying the wing sweep1, span2, chord3 or camber4, 5, by the high lift
devices6, 7 or the fuselage, for small aircraft and for UAV’s8, 9. A state of the art in aircraft
morphing, particularly on wing morphing, were given by Sofla et al10, Vasista S, Tony L.,
Wong K.11 and Barbarino et al12. The common features of all morphing configurations are a
flexible structure, or skin. and free or unconventional structural elements, e.g. actuators or
morphing mechanisms. These configurations need aero-elastic studies13 to prove that they
meet safety requirements demanded in aircraft industry and therefore flutter or divergence
phenomena would not occur at certain flight conditions (speeds, angles of attack or aileron
deflection angles). For example, many of the morphing structures use composite materials,
for example Huo S, Yuan Z, Wang F and Yue Z14 have studied the aero-elastic effects of
composite wings using Nastran-Fluent coupling with implications for engineering
applications. Many other aero-elastic studies were performed to prove the excellent qualities
of the morphing structures with regards to their static and dynamic aero-elastic effects.
Pecora R, Magnifico M, Amoroso F and Monaco E. have proposed the study of wing twist
morphing on the aircraft roll control15 and also they explored the flutter effects of a
morphing wing trailing edge16. Xie C, Liu Y and Yang C17 have explored methods to realize
aero-elastic static and flutter analysis using lifting –line theory for very flexible wings, which
were encountered at high-altitude long-endurance aircrafts with high-aspect-ration wings.
Also, Murua J, Palocios R and Peiro J 18 investigated the effects of chord-wise flexibility on
the dynamic stability of compliant airfoils using a classical two-dimensional aero-elastic
model expanded with an additional degree of freedom to capture time-varying camber
deformations. A review of the progress made in aerodynamic and aero-elastic analysis of
flapping wings was presented by Shyy W, Aono H and Chimakurthi S.K.19. In 2002, the
Aerospace Industry Association of Canada, the Government of Quebec and key university
research centers formed the Consortium for Research and Innovation in Aerospace Quebec
(CRIAQ) to encourage mostly Civil Aviation research. One of their projects, called CRIAQ
7.1, was focused on shape changing wings and was realized between teams from Canadian
aerospace industry companies, such as Bombardier and Thales, the IAR-NRC Research
Center and two universities, the École de Téchnologie Supérieure and École Polytechnique2022
. The purpose of the CRIAQ 7.1 project was to prove that controlling the position of the
transition point and pushing it towards the trailing edge using shape-changing techniques can
reduce the drag coefficient, and implicitly, the fuel consumption23-25. As shown in the
obtained results, it was possible to obtain up to 40% laminar flow improvement on a laminar
airfoil-based wing model, and at the same time to achieve up to 20% drag coefficient
reduction by using active control with smart material alloy actuators (SMA). A subsequent
aeroelastic study proved that the morphing technique would not induce flutter phenomena
during wind tunnel testing26-27. In addition, many breakthroughs were achieved in active
open-loop and closed-loop control using Proportional – Integrate (PI)28-29 and Fuzzy Logic
based controllers in wind tunnel testing30-32under the auspices of this same project. The
research presented in this paper was completed in the frame of the CRIAQ MDO 505 project
realized as an international collaboration between Canadian and Italian industries,
universities and research centers. The purpose of this project was to demonstrate the
structural, aerodynamic and control abilities of a real aircraft wing tip equipped with an
adaptive upper surface and an adaptive aileron during subsonic wind tunnel tests. The
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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novelty of the project consists in the design, analysis and manufacturing of an
aerodynamically and structurally optimized real wing tip. The wing tip was tested for
structural 1g loads, and, during these tests, the composite upper surface and the adaptive
aileron were controlled with electrical actuators situated in the wing and in the aileron boxes.
The present paper is concerned with the aero-elastic behavior, specifically flutter
phenomenon, of the wing tip during wind tunnel testing, especially at the Mach number of
0.25 which was the highest speed to be tested in the wind tunnel. The behavior of the wing
was of outmost concern due to the composite flexible skin attached on all four sides of the
wing box and of the electrical actuation system installed inside. For this purpose, a
comparison of the flutter behavior was made between the wing model with flexible
composite upper surface and its version with classic aluminium upper surface. To these
configurations, a rigid aileron was added, actuated by an external actuator rigidly fixed to the
wing mounting support under the wind tunnel floor. Finally, acceleration results obtained
over a range of 1 second from the accelerometers installed on the wing were presented to
show that the wing demonstrator suffered no aero-elastic phenomena during wind tunnel
tests.

II. PRESENTATION OF THE RESEARCH CONTEXT
The research presented in this present paper was done within the framework of the
international CRIAQ MDO505 Morphing Wing project. The participants in this project were
the Ecole de Technologie Supérieure (ETS), Ecole Polytehnique of Montreal and University
of Naples ‘Federico II’ as academia research partners, the Canadian National Research
Council (CNRC) and the Italian Aerospace Research Center (CIRA) as research center
partners, and Bombardier Aerospace, Thales Canada and Alenia Aermacchi as industrial
partners. The objectives of the project were to design, manufacture and control a wing
demonstrator based on a real aircraft wing tip equipped with both a conventional and an
adaptive aileron. The CRIAQ MDO 505 project was a continuation of the earlier research
project CRIAQ 7.1, and was aimed at a higher Technical Readiness Level (TRL) by
considering a real wing internal structure, a certifiable electric control system and
controllers. The objectives of the active morphing wing tip project were mainly: (1) an
improvement of the aerodynamic performance of the wing, through the active control of the
boundary layer transition from laminar to turbulent states, (2) the design and manufacturing
of a morphing wing model that withstand gust loads of up to 1g, and (3) the design,
implementation and integration of control systems and a morphing mechanism to control the
shape of the wing in wind tunnel experiments. The morphing wing demonstrator represents a
wing section situated between the fuel tank section and the winglet. Figure 1 presents the
position of the wing section under discussion.

Figure 1. Layout and position of the morphing skin on the aircraft wing
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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Unlike a full wing, the demonstrator does not display a sweep angle, this aspect being
eliminated to reduce the tridimensional effects of the flow on the wing. In addition, at this
section of the wing the aileron would occupy half of the wing section’s span, but for the
demonstrator, the span of the aileron was chosen to equal that of the wing.
The wing demonstrator internal structure contains the same components as a real wing:
ribs, spars, stiffeners, etc, which was designed in accordance with the designs and positions
of such structural elements on a real wing. Figure 2 shows the structural elements of the
CRIAQ MDO 505 project morphing wing concept, where the morphing skin is not shown.

Figure 2. Structural elements of the CRIAQ MDO 505 morphing wing concept

However, the leading edge was simplified by using a thin aluminium skin supported by
ribs. The dimensions of the wing demonstrator were slightly adapted to respect the
dimensions of the IAR-NRC subsonic wind tunnel chamber which has a section of 2m x 3m.
Therefore, the wing demonstrator has a span of 1.5 m and a root chord of 1.5 m. Despite the
modifications that were made to the structure of the demonstrator, its trapezoidal shape was
conserved (tapered wing), with a taper angle of 8° on both leading and trailing edge sides.
The chord varies progressively between 1.5m at its root to 1.08m at its tip and has a
maximum thickness of 143 mm at the root section. Figure 3 presents the geometrical design
of the wing demonstrator and its main dimensions.

Figure 3. View of the wing demonstrator with its dimensions

The aileron’s hinge was located at 72% of the chord. Two types of ailerons were
designed and manufactured. One aileron was structurally rigid, while the other was a new
morphing aileron. Both ailerons were designed to be attached to the same hinge axis on the
wing box, and both were able to undergo a controlled deflection between -7° and +7°.
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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In order to ensure the best multidisciplinary optimization of the wing-tip, structural
constraints were, in a first step, discussed and imposed. The multidisciplinary optimization
was a combination of integrated aerodynamic, structural and control optimization processes.
The aerodynamic optimization was carried at airfoil level, and was done by controlling four
points situated on the upper surface of the airfoil. These four points corresponded to the
leading and trailing edge fixation points of the skin defining the morphing region, and to two
vertically mobile points, situated at 32% and 48% of the chord, which represent the
actuator’s displacements. The four points were used in conjunction with cubic splines
method33 to retrace the upper surface of the airfoil and obtain a new shape. For a specific
combination of angles of attack, speeds and aileron deflection angle, the mobile points were
displaced with values between -3.5 mm and 3.5 mm during the optimization iteration process
until it was achieved the objective of delaying the transition from laminar to turbulent flow.
Further information on the aerodynamic optimization process and its results, obtained both
numerically and experimentally, was presented by Koreanschi et al34-36 and Sugar et al37.
In order to maintain the structural integrity of the demonstrator, the aerodynamic
optimization was constraint by geometry and skin deformation limitations. The positions of
the leading and trailing edge spars represented the main geometric constraint. They were
situated at 20% and 65% of the chord, and these positions represent the actual delimitation of
the morphing skin. In return, to better comply with the aerodynamic spline reconstruction,
the skin was fixed to the spar caps, and it remained continuously tangent to them at all
moments.

Figure 4. Example of the morphed versus original airfoil shape with spar optimization constraint.

Another structural constraint for the aerodynamic optimization was the imposition of a
maximum allowable skin length deformation. Such a constraint was imposed because
without it the skin would have been submitted to high elastic deformations which would
have affected the quality and quantity of structural optimization process needed for the
composite skin. The maximum allowable deformation was set at +/- 0.03% of the original
spline length which was equivalent to the chord-wise skin length. Further details on the
structural optimization of the wing and on the composite skin optimization process can be
found in Michaud, F.38

III. DETAILED FINITE ELEMENT MODEL PRESENTATION
The model used for the flutter analysis was a Detailed Finite Element Model or DFEM. The
morphing wing demonstrator was constituted of several structural elements: two spars, four
ribs, 12 stiffeners (six for each surface), six leading edge ribs, nine trailing edge ribs, five
skins (two skins for the wing box, one for the leading edge and two for the trailing edge),
four internal actuators and one external aileron actuator. The finite element model or FEM
was designed using Altair Hypermesh software39. Two FEM models were created, one model
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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was equipped with a traditional aluminium upper surface skin of 3mm constant thickness,
and another model with carbon fiber composite upper surface optimized for morphing
behavior, this latter model corresponded to the wing demonstrator that was tested in the wind
tunnel. The purpose of this research was to determine whether the replacement of the
aluminium skin with constant thickness by a composite skin with variable number of plies
and thickness per ply would affect the dynamic aero-elastic behavior of the wing
demonstrator.
The FEM model has used of a mixture of 3D, 2D and 1D elements, where the 1D
elements were used to represent the connectors, the aileron shaft and the four internal
actuators. The 1D elements used for connectors to model the connections between the skins,
spars and ribs were of the type SPRING, and were associated to PBUSH properties which
defined the material and type of connections used. The four internal actuators were modeled
using BEAM elements; Figure 5 presents an example of the modeled actuators installed
inside the wing box. A BEAM element is a 1D representation of a simple beam with its
associated physical and geometrical properties. This type of element is capable of sustaining
all efforts in translation and rotation at its extremities. The cross-section for this type of
element was defined by the menu Hyperbeam where the dimensions are defined by the user.
For the four actuators, the diameter of the BEAM was chosen to be 25 mm which was
representative of the real actuator diameter, while the material associated with the actuators
was aluminium. RBE2 rigid elements were added to the extremes of the BEAM to ensure a
representative contact surface with the upper and lower skins. The RBE2 defines a rigid
body whose independent degree of freedom was specified at a single ‘master’ node, while
the dependent degrees of freedom were specified at a number of ‘slave’ nodes chosen by the
user. The aileron shaft was also modeled using BEAM elements of circular area with a
variable diameter along the span – the diameter of the shaft varies between 25 mm at the root
to 12.5 mm at the tip of the wing – and steel material properties were assigned to it.

Figure 5. View of the BEAM elements modeling the actuators and their connections to flexible skin

The rigid fixation of the wing demonstrator to a steel mount, as it was installed in the wind
tunnel, was done using rigid elements called RBE3, Figure 6 shows a representation of the
rigid fixation and constrains applied. The RBE3 elements define a rigid body similar to the
RBE2 element described in the previous paragraph with the difference that the RBE3
element allows the natural deformation of the rigidly fixed structure which minimizes the
stress concentration that usually were associated with RBE2 elements. The RBE3 were
constrained in all directions and similar constraints were used for the area surrounding the
mounting holes.
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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Figure 6. RBE3 rigid elements and constraints simulating the mounting of the wing in the subsonic wind tunnel

All structural components of the wing, with the exception of the aileron leading edge,
aileron shaft and external actuator were defined as surfaces and were meshed using a
combination of quadrilateral CQUAD4 and triangular CTRIA3 elements in order to ensure
the optimal progression of the mesh on the trapezoidal shape of the wing. All surface
elements were of the type SHELL to which either PSHEL or PCOMP properties were
assigned in function of the section of the wing.
The PSHELL or PCOMP properties ensured a thickness and a material was associated
to each element. The PCOMP property characterized the composite skin section of the wing
and it allowed the user to indicate the number of plies and the direction of the carbon
composite fibers in both chord- and span-wise directions, as well as the thickness for each
individual ply.
The PCOMP property was given to all elements that meshed the upper surface skin and
stringers of the wing demonstrator. All other surfaces of the wing, that were not composite,
were assigned PSHELL property with aluminium as associated material (E = 71GPa, G =
27GPa and ν = 0.33).

Figure 7a. Left – View of the upper surface skin designed in composite material; Right – Close-up view of the
upper-surface skin

The different colors, shown in Figure 7a, represent various sections of the upper surface
skin that have different number of plies, different thickness per ply and different orientations
of the carbon fibers.
For wing model with the aluminium upper surface skin, the same number and type of
elements was used as for the composite skin.
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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Figure 7b. View of the upper surface skin of the wing in aluminium

The aileron’s external actuator was meshed using 3D tetrahedral elements of the CTETRA
type to which PSOLID and steel properties were associated. The PSOLID properties
associate a number and a reference system for each CTETREA element. The aileron leading
edge was also meshed using CTETRA elements but the material associated to it was
aluminium.

Figure 8. View of the aileron leading edge, shaft and actuator

IV FLUTTER ANALYSIS
The FEM models used during the flutter analysis were described in section III above. The
Hyperworks software Hypermesh was used for the development of the FEM model and to
export all information as a Nastran deck file,’.bdf’, for MSC Patran/Nastran40 aero-elastic
flutter analysis. MSC Patran was used to correct errors that were obtained from importing a
model from a platform to another, from Hypermesh to Patran in this case. Most of the errors
encountered concerned nodes duplication, errors in the definition of the boundary conditions,
and different definitions for the multi- point constraint (MPC) – the multi-point constraint
have a different name associated in each of the software used.
Figure 9 presents the workflow diagram for the aero-elastic analysis of the wing
demonstrator.
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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Figure 9. Workflow diagram of the aeroelastic flutter analysis of the CRIAQ MDO wing tip

1. Aero – Structure modeling
For the flutter analysis a definition of the aerodynamic model and its coupling with the
structural FEM model was needed, and MSC’s Flight and Loads Dynamics (FLDS) software
was used to create them. The aerodynamic model was defined through reference lifting
surfaces or flat plates. For the FEM wing model, two lifting surfaces were created: one for
the wing box and another for the aileron. The reference lifting surfaces were defined by a
reference chord (mean aerodynamic chord), span and sweep angle (for the model presented
in this paper no sweep angle was considered). To minimize the time needed for doing mesh
convergence, MSC Nastran recommendations41 were used to establish the number of
aerodynamic elements or DLM boxes needed to obtain the best results:
𝐷𝐿𝑀_𝑏𝑜𝑥𝑒𝑠
> 15
𝑣
𝑓𝑐

(1)

where v is the reference speed, f is the reduced frequency of the flow and c is the reference
chord of the wing. In this case, eight boxes in the span directions with 5 boxes in the chord
direction, for a total of 40 DLM boxes, were used to model the wing body lifting surface,
and eight boxes in span direction with three boxes in chord direction were used to model the
aileron lifting surface. Figure 10 presents the wing tip demonstrator FEM model with lifting
surfaces for the wing body and aileron.

Figure 10. View of the model with lifting surfaces
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The flow properties are described by the Mach - reduced frequencies (Mk), the velocity
and densities list. All three are requirements of the PK method used for the flutter analysis.
The coupling of the structural and aerodynamic models was realized through splining or
interpolation between the structural and aerodynamic grids. The Thin Plate Spline (TPS)
method that was provided by the FLDS software was used. The ‘Thin Plate Spline’ is an
interpolation method used for structures which have elements in the three-dimensional space
(x, y, z), and it was developed from the Infinite Plate Spline (IPS) method which is used for
structures developed in a bi-dimensional space (2D plates) 42. Due to lack of information for
the treatment of the selection of the structure nodes or their location for the splining process,
‘two test procedures’ were proposed to find the optimal combination of the number and
positions of nodes. The first test proposes a selection of all the nodes on the upper and lower
surfaces. The test showed that such a high number of nodes made the analysis almost
impossible in terms of calculation time; thus, some of the resulted files – e.g. the ‘.DBALL’
file hosting the splining matrix or the ‘.F06’ file hosting the analysis results - attained
prohibitive dimensions – several Gb of data which were difficult to manage. In the second
test, several combinations of number of nodes and locations were used. Six groups were
created, each group contained 137, 194, 266, 298, 330 and 391 nodes, respectively. The
results of the second test made for finding the optimal number and positions of nodes are
presented in Figures 11 and 12 for the first two modes in terms of frequency versus speed
curves. It can be observed that regardless of the number of points (N) used or their location
on the upper and lower surfaces, the results are close and the differences are negligible; still,
a sufficient number of nodes, no less than the number of DLM boxes, and an even
distribution of the nodes were desired.

Figure 11. Frequency versus velocities for 1st Mode obtained by using six combinations of number of nodes

Figure 12. Frequency versus velocities for 2nd Mode obtained by using six combinations of number of nodes

For the finite element model of the wing equipped with flexible upper surface and an
aileron, a number N of 110 nodes was used for the splining process.
INCAS BULLETIN, Volume 8, Issue 1/ 2016
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2. P-K method
As mentioned before, the aeroelastic flutter analysis was done using the PK method offered
by Nastran. This method was chosen due to its pertinence in the results it offers, especially at
low speeds regimes, in which the presented test speeds were also considered43, 44.
The fundamental equation describing the PK method is given by equation (2):
[

𝑉2
1
𝑀𝑝2 + 𝐾 − 𝜌𝑉 2 𝑄(𝑖𝑘)] {𝑞} = 0.
2
𝐿
2

(2)

For simplification purposes, equation (2) excludes the structural damping matrix C. M
and K represent the mass and stiffness matrixes, V is the speed and Q(ik) the vector of
external forces. In equation (2), p is the Laplace non-dimensional parameter that is defined
by equation 3:
𝑝 = 𝑔 + 𝑖𝑘

(3)

(4)
𝑔 = 𝛾𝑘
where, g represents the damping coefficient, calculated using the reduced frequency k and an
under-relaxation coefficient γ, as shown in equation (4).
Rodden45 has modified the PK equation by adding an aerodynamic damping matrix to it,
thus in Nastran solver the PK equation is expressed as shown in equation (5):
[

𝑉2
1 2 𝑄𝐼
1 2 𝑄𝑅
2
𝑀𝑝
+
𝑘
−
𝜌𝑉
𝑝
−
𝜌𝑉
] {𝑞} = 0.
𝐿2
2
𝑘
2
𝑘

(5)

Where QI and QR are the imaginary and real parts of the force matrix Q(ik). Equation (5) can
also be expressed in the following state space formulation:
[𝐴 − 𝑝𝐼]{𝑞} = 0.

(6)

where p represents the spectre of all the eigenvalues. Its solution is expressed by the
eigenvalues of matrix A:
0
1
𝑅
1
𝑄
1
𝑄𝐼 ]
(7)
𝐴= [
−𝑀−1 [𝑘 − 𝜌𝑉 2 ] −𝑀−1 [− 𝜌𝑉 2 ]
2
𝐾
2
𝐾
where A and q, from equation (7), include the speeds and modal displacements. For this
nonlinear system, the solution is found through an iterative process.
3. Flutter analysis results
As mention in the above section III, two FEM models were created; the first model had a
traditional aluminium upper surface while the second model had an optimized flexible
composite upper surface skin. The purpose of the analysis was to demonstrate that although
the wing model with composite skin was designed and optimized for its morphing behavior,
its aero-elastic behavior remained close to that of the wing normally equipped with an
aluminium skin of constant thickness. Also, the analysis served to demonstrate that for the
speeds used during the wind tunnel tests, no flutter phenomenon was expected to occur. The
maximum speed at which the wing demonstrator was tested in the wind tunnel was 85 m/s or
Mach number of 0.25.
Table 1 present the first five natural modes obtained for the wing models, as the natural
frequencies of the structure were calculated first during the flutter analysis.
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Table 1. Comparison between the natural frequencies of the wing models with upper surface aluminium skin and
composite skin

Mode No.
I
II
III
IV
V

Frequency(Hz)
Wing Model with aluminium
Wing Model with composite
upper surface skin
upper surface skin
2.04E+01
2.08E+01
2.17E+01
2.22E+01
7.31E+01
7.37E+01
1.28E+02
1.29E+02
1.38E+02
1.39E+02

From the table above, it can be summarized that there is almost no change in the values
of the natural frequencies whether the upper surface of the wing demonstrator was made
from aluminium and had a constant thickness or from optimized carbon composite material
with variable thickness.
Table 2 presents the frequencies and damping values for the first 5 modes for the
following three speeds used during wind tunnel tests: 50 m/s, 70 m/s and 90 m/s.
Table 2. Comparison of the frequencies and damping values for speeds of 50, 70 and 90 m/s

Mode
No.
I

II

III

IV

V

Speed
(m/s)
50
70
90
50
70
90
50
70
90
50
70
90
50
70
90

Wing Model with Aluminium
upper surface
Frequency (Hz)
Damping
2.04E+01
-5.82E-03
2.04E+01
-8.26E-03
2.04E+01
-1.05E-02
2.16E+01
-5.62E-03
2.16E+01
-7.84E-03
2.16E+01
-1.02E-02
7.29E+01
-8.26E-03
7.29E+01
-1.32E-02
7.29E+01
-1.82E-02
1.28E+02
1.40E-04
1.28E+02
-7.90E-04
1.28E+02
-1.72E-03
1.38E+02
-8.07E-03
1.38E+02
-9.29E-03
1.38E+02
-1.05E-02

Wing Model with Composite
upper surface
Frequency(Hz)
Damping
2.08E+01
-4.02E-03
2.08E+01
-5.70E-03
2.08E+01
-7.23E-03
2.21E+01
-7.23E-03
2.21E+01
-1.01E-02
2.21E+01
-1.32E-02
7.35E+01
-8.12E-03
7.35E+01
-1.31E-02
7.35E+01
-1.81E-02
1.29E+02
-6.27E-04
1.29E+02
-1.55E-03
1.29E+02
-2.48E-03
1.39E+02
-7.02E-03
1.39E+02
-8.20E-03
1.39E+02
-9.36E-03

From Table 2 it can be observed that no flutter tendencies appear at any of the studied
speeds. The analysis was performed up to a speed of 110 m/s which is the maximum speed
of the IAR-NRC wind tunnel, and no flutter behavior was predicted. In Figures 13 and 14,
the evolution of the frequency and damping with speed is presented for the five modes
mentioned above.
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Figure 13. Frequencies of the first five modes over a range of speeds

Figure 14. Damping behaviour of the first five modes over a range of speeds

From Figure 13 it is observable that the wing model with composite upper surface skin
has close frequency to those obtained for the wing model equipped with aluminium upper
surface skin, the average absolute error was less than 1Hz. From Figure 14, it can be deduced
that for the first and second mode the composite skin has some influence in the damping
behavior of the model. For mode I, the vibrations of the wing model with composite skin are
dampened slower than for the wing model with aluminium skin. For mode II, the vibrations
of the wing model with composite skin are dampened faster than for the wing model with
aluminium skin.
Also, from Figure 14.1 and 14.2, for the wing with composite skin, the first and second
modes show a tendency to separate, whereas for the model with aluminium skin the two
modes almost overlap. The behavior of the wing models for the last three modes is almost
the same, the absolute error being approximately +/- 0.5*10-3.
Figures 15 to 18 present, in terms of modal displacements, the behaviour of each mode
for both aluminium and composite upper surface wing models, with the first and second
modes representing the bending behavior around the x, respectively the y axis; the third
mode representing the torsion behavior while the 4th mode representing the coupling
behavior between torsion and bending.
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15 a)

15 b)
Figure 15. First mode behavior – bending

Figure 15 a) presents the first mode behavior for the FEM model with upper surface
aluminium skin, while Figure 15 b) presents the first mode for the FEM model with upper
surface composite skin. The behavior is identical for both models but the displacement of the
composite skin model is smaller than for the aluminium skin model, which shows that the
model with composite skin was developed, through the optimization process, to be more
rigid in the span direction.

16 a)

16 b)
Figure 16. Second mode behaviour – lateral bending

Figure 16 a) presents the second mode behavior for the FEM model with upper surface
aluminium skin, while Figure 16 b) presents the second mode for the FEM model with upper
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surface composite skin. The behavior is identical for both models but the displacement of the
composite skin model is higher than for the aluminium skin model because the model with
composite skin was developed to be more flexible in the chord wise direction.

17 a)

17 b)
Figure 17. Third mode behaviour – torsion

Figure 17 a) presents the third mode behavior for the FEM model with upper surface
aluminium skin, while Figure 17 b) presents the third mode for the FEM model with upper
surface composite skin. The behavior is torsion for both models, where the maximum and
minimum displacements are almost identical. For this mode, the type of material and
optimization of the upper surface skin seems to have no effect on the behavior of the models.

18 a)

18 a)
18 b)
Figure 18. Fourth mode – Coupling between torsion and bending
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Figure 18 a) presents the fourth mode behavior for the FEM model with upper surface
aluminium skin, while Figure 18 b) presents the fourth mode for the FEM model with upper
surface composite skin. The difference in the overall maximum displacement between the
two FEM models is negligible, but the behavior of the aluminium upper surface skin model
close to the leading edge is slightly different than the behavior of the composite skin model,
which has a smaller displacement deformation in that area.
This difference is due to the bending component of the mode; in the fourth mode the
bending deformation takes place in the span direction, and as shown in Figure 15, the
composite upper surface wing model is more rigid in the span direction due to the constraint
that the composite skin had to be capable of supporting the same type of loads as the
aluminium upper surface skin would.
Based on the aero-elastic results presented above, the optimization process of the upper
surface skin which includes the introduction of variable thickness in both span and chord
directions as well, and different material, has succeeded in obtaining a skin that has the same
overall behavior as a traditional aluminium skin, but, is more rigid span-wise to account for
the constraint of being capable of resisting to the same loads as the aluminium skin and more
flexible chord-wise to permit deformation using two actuation points in the chord direction.
The analysis has also shown that there was no possibility of flutter phenomena occurring for
the speeds at which the wing demonstrator was tested and even for speeds beyond the
capacity of the wind tunnel, which has shown that the model was structurally rigid for the
tests that took place.

V. WIND TUNNEL TESTING
In this section the testing of the wing demonstrator and the results obtained from the
accelerometers installed inside the wing are presented.
1. Wind tunnel description
The wind tunnel tests were performed at the 2 m x 3 m atmospheric closed circuit subsonic
wind tunnel of the National Research Council Canada. This atmospheric wind tunnel can
operate at a maximum Mach number of 0.33.
The upper surface flexible skin of the wing demonstrator was equipped with 32 high
precision Kulite piezoelectric-type transducers46 for pressure measurement on the flexible
skin and the data was 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 span-wise 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 distribution around the wing cross section at 40%
of the wing span. The pressure sensors were installed in a staggered fashion to minimize the
interference between them.
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 to
use a wind tunnel balance for measuring the aerodynamic forces and moments
Figure 19 presents the MDO 505 CRIAQ project morphing wing model installed in the
tunnel test section, viewed from both the leading edge (Figure 19 a) and the trailing edge
(Figure 19 b).
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(a)
(b)
Figure 19. MDO 505 wing model setup in the wind tunnel test section; (a) front view, (b) rear view

To avoid the possibility of damaging the wing tip model during wind tunnel testing, and
to be able to observe the first installments of the flutter vibrations, if such a case occurred
despite the flutter analysis results, three accelerometers were installed on the wing. The
accelerometer model used was the ADXL32647, which is a small, low power, complete 3axis accelerometer with signal conditioned voltage outputs. The ADXL 328 card is an analog
three axes accelerometer of ± 16𝑔 of full scale range, with a zero g voltage of 1.5 𝑉 and an
output sensitivity of 57 𝑚𝑉/𝑔 when it is powered at 3 𝑉𝑠. It contains a poly-silicon surface
micro-machined sensor and signal conditioning circuitry for the implementation of openloop acceleration measurement architecture. The output signals are analog voltages that are
proportional to the measured acceleration. The accelerometer can measure the static
acceleration of gravity in tilt sensing applications, as well as dynamic acceleration, resulting
from motion, shock, or vibration. For the present case, the measurements were performed for
wing vibration and motions resulted from the wind tunnel testing at various speeds.
The three accelerometers were installed in the wing box, aileron and wind tunnel
balance respectively as shown in Figure 20.

Figure 20. Positions and orientations of the accelerometers on the wing
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2. Accelerometers results
The data recorded by the accelerometers is presented for several cases that were studied in
the wind tunnel tests. The cases, for which graphical results are presented, are shown in
Table 3.
Table 3. Wind tunnel test cases for which accelerometer results are presented

Case number
1
2
3
4
5

Angle of attack (°)
-3
-1.4
-1.5
-2
-3

Speed (m/s)
50
50
85
85
85

Aileron deflection angle (°)
-2
4
-4
5
1

To quantify the magnitude of the vibration of the wing and aileron, it is necessary to
find to boundaries of the amplitude of the recorded acceleration points. Therefore, we
suppose that the recorded waveform is the sum of sinusoids representing the vibration modes
acceleration as shown in equation (8).
𝐴(𝑡) = ∑ 𝐴𝑋𝑖 sin(2π𝑓𝑋𝑖 𝑡 + 𝜙𝑋𝑖 ) 𝑖⃗ + ∑ 𝐴𝑌𝑖 sin(2𝜋𝑓𝑌𝑖 𝑡 + 𝜙𝑌𝑖 ) 𝑗⃗
𝑖

𝑖

(8)

⃗⃗
+ ∑ 𝐴𝑧𝑖 sin(2𝜋𝑓𝑧𝑖 𝑡 + 𝜙𝑧𝑖 ) 𝑘
𝑖

where 𝐴𝑋𝑖 , 𝐴𝑌𝑖 , 𝐴𝑍𝑖 represent the acceleration amplitudes of the torsional mode on the X axis,
lateral-bending mode on the Y-axis, and the bending mode on the Z-axis, respectively, and
where 𝑓𝑋𝑖 , 𝑓𝑌𝑖 , 𝑓𝑍𝑖 are the frequencies, and 𝜙𝑋𝑖 , 𝜙𝑌𝑖 , 𝜙𝑍𝑖 are the phases.
The demonstration of the boundary is next shown only for the acceleration on the Zaxis, but is the same for the accelerations on the X and Y axes. By considering two sinusoids
(vibration modes), so that the bending acceleration equals to the sum of that two sinusoids,
we can write:
𝐴𝑍 (𝑡) = 𝐴𝑧1 sin(2𝜋𝑓𝑧1 𝑡 + 𝜙𝑧1 ) + 𝐴𝑧2 sin(2𝜋𝑓𝑧2 𝑡 + 𝜙𝑧2 )

(9)

The associated root mean square value verifies equation (10):
2

(𝑅𝑀𝑆𝑍1 +𝑍2 ) = 𝑅𝑀𝑆𝑍21 + 𝑅𝑀𝑆𝑍22
where
𝑅𝑀𝑆𝑍1 +𝑍2 is the root mean square of 𝐴𝑍
-

𝑅𝑀𝑆𝑍1 is the root mean square of the first sinusoid, and 𝑅𝑀𝑆𝑍1 =

(10)

𝐴𝑧1
√2

𝑅𝑀𝑆𝑍2 is the root mean square of the second sinusoid, and 𝑅𝑀𝑆𝑍2 =
Equation (10) gives
2

(𝑅𝑀𝑆𝑍1 +𝑍2 ) =
=>

𝐴𝑧2
√2

A2Z1 + A2Z2
2

2

4 (𝑅𝑀𝑆𝑍1 +𝑍2 ) = 2 (A2Z1 + A2Z2 )
2

It can be shown that 2 (A2Z1 + A2Z2 ) ≥ (𝐴𝑍1 + 𝐴𝑍2 ) for all 𝐴𝑍1 ϵ R and 𝐴𝑍1 ϵ R
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2

(𝐴𝑍1 − 𝐴𝑍2 ) ≥ 0

=> A2Z1 + A2Z2 ≥ 2𝐴𝑍1 𝐴𝑍2

(13)

=> 2 (A2Z1 + A2Z2 ) ≥ 2𝐴𝑍1 𝐴𝑍2 + A2Z1 + A2Z2
2

=> 2 (A2Z1 + A2Z2 ) ≥ (𝐴𝑍1 + 𝐴𝑍2 )
{
It is evident that equation (12) leads to
2

2

4 (𝑅𝑀𝑆𝑍1 +𝑍2 ) ≥ (𝐴𝑍1 + 𝐴𝑍2 )

(14)

=>2 ∗ 𝑅𝑀𝑆𝑍1 +𝑍2 ≥ 𝐴𝑍1 + 𝐴𝑍2 ≥ |𝐴𝑧1 sin(2𝜋𝑓𝑧1 𝑡 + 𝜙𝑧1 ) + 𝐴𝑧2 sin(2𝜋𝑓𝑧2 𝑡 + 𝜙𝑧2 )|

(15)

=>

|𝐴𝑧1 sin(2𝜋𝑓𝑧1 𝑡 + 𝜙𝑧1 ) + 𝐴𝑧2 sin(2𝜋𝑓𝑧2 𝑡 + 𝜙𝑧2 )| ≤ 2 ∗ 𝑅𝑀𝑆𝑍1 +𝑍2

(16)

Equation (16) has been demonstrated for two sinusoids, but this inequality can be
extended for n sinusoids, with n ϵ N. It can be rewritten under the following form:
𝑛

|∑ 𝐴𝑧𝑖 sin(2𝜋𝑓𝑧𝑖 𝑡 + 𝜙𝑧𝑖 )| ≤ 2 ∗ 𝑅𝑀𝑆𝑍1 +⋯+𝑍𝑛

(17)

𝑖=1

Table 4 gives the boundaries of the recorded accelerations on the three axes X, Y and Z.
Table 4. Limits or boundaries of the recorded accelerations
Case
number
1
2
3
4
5

X_max_aileron
(g)
0.1201
0.1086
0.1283
0.0864
0.0990

Y_max_aileron
(g)
0.1153
0.1182
0.1403
0.1070
0.1164

Z_max_aileron
(g)
0.1659
0.1913
0.4247
0.4287
0.4533

X_max_
wing (g)
0.0937
0.0754
0.0836
0.0492
0.0583

Y_max_
wing (g)
0.0924
0.0777
0.0994
0.0709
0.0860

Z_max_
wing (g)
0.0956
0.0845
0.1188
0.1120
0.1052

In Figures 21 to 25 (a) and (b), the post processed data from the accelerometers was
presented as behavior of the acceleration (measured in g) with time for a time range of 1s
and their correspondent power spectra density. The accelerations in time domain are
presented only for the bending vibration (Z-axis) because it's much greater that the other
axis.
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Figure 21. Case 1 - Wing with aileron deflection 2° up at Mach 0.15

Figure 22. Case 2 - Wing with aileron deflection 4° down at Mach 0.15
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Figure 23. Case 3 - Wing with aileron deflection -4° up at Mach 0.25
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Figure 24. Case 4 - Wing with aileron deflection 5° down at Mach 0.25

Figure 25. Case 5 - Wing with aileron deflection 1° down at Mach 0.25
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From Figures 21 to 25 (a), the influence of the airspeed was observed on the
accelerations; for the Mach number of 0.15 (50 m/s) the accelerations revolve around the 0.5
g for the accelerometer installed on the aileron, which is the accelerometer most sensitive to
changes in amplitude due to the fact that the aileron is an almost free element (fixed by the
external actuator), and therefore is the most flexible part of the wing demonstrator. The
magnitude of the acceleration extracted for the Mach 0.25 (85 m/s) cases is three times the
magnitude we have for Mach 0.15 (50 m/s) cases. Of course, these accelerations have small
values which show small displacements as well, which confirms that the order of magnitude
of the displacements predicted during the flutter analysis were correct.
In Figures 21 to 25 (b), the effect of the airspeed can also be seen, when passing from
Mach number 0.15 to 0.25, but here the presence of the modes is also visible in the range 0
to 450 Hz, corresponding to first 10 modes. Channels 1, 2 and 3 represent the x, y and z axis.
It can be observed that the axis on which the amplitude of vibrations is highest is the z axis,
which is in fact oriented in the span direction of the model; it should also be noted that the
amplitudes measured on the aileron are normally higher that those measured on the wing
because the aileron is a flexible and movable part compared to the wing box and even to the
morphing upper surface. But the magnitude of the amplitude of vibration remains less than
60dB, which for a rigid structure means that no aero-elastic effects, such as flutter, occurs at
these speeds. From the wing’s point of view, a mode appears at 1.3 kHz where a peak in
amplitude occurs for the y axis, while at the same frequency the aileron has a peak in
amplitude on the x axis (corresponding to the chord direction), but for both, the magnitude of
the peak is smaller than the amplitude seen in the frequency range of 0 to 400 Hz, which
means that this mode does not put in danger the structure of the wing demonstrator during
tests. Overall, it can be said that by using the recorded accelerometers’ data, it can be
confirmed that the flutter analysis was correct in the assumption that for the speeds at which
the wing demonstrator was tested, no aeroelastic dynamic or static phenomena occurred, and
that the wing with aileron is a sufficiently rigid system that can safely be tested at similar or
higher speeds (but remaining in the subsonic range) and no structural damages would occur.
VI. CONCLUSIONS
In the present paper, the flutter analysis and the experimental accelerometer results were
discussed for a wing demonstrator with a morphing composite upper surface. The research
was part of multi- disciplinary project aimed at developing a safe morphing wing technology
that would improve the performances of the wing and aircraft, and that could have a fast
implementation on an already existing structure. The finite element model was discussed in
detail, and presented the manner in which the structure was modeled as well as the
differences that occurred between the composite upper surface skin and the traditional
aluminium skin. For the flutter analysis, two models were developed. The difference
between the two FEM models was given by the material and properties of the upper surface
between the two spar components. One model had a traditional aluminium upper surface
with constant thickness, while the second model had a composite upper surface skin
optimized for morphing capabilities and deformation performances, with variable thickness
in both span and chord directions. The models were developed using Hypermesh software,
part of the HyperWorks software package. The flutter analysis was conducted using the
MSC Patran/Nastran software. For the flutter analysis the thin plate method was used to
generate an aerodynamic plate with DLM boxes for the aerodynamic analysis and the
coupling between structural and aerodynamic meshes was further done using thin plate
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splining method. The analysis was done using the p-k method for calculating the modal
displacements and frequencies. The numerical results have shown small displacements
corresponding to the first 5 modes, and the damping ratio curve for each mode calculated for
a range of speeds has shown that not flutter phenomena was expected to take place for the
speeds that were tested in the wind tunnel. The analysis of the two models has shown that the
composite skin had a minimal influence on the aero-elastic behavior of the wing; the wing
with composite upper-surface optimized for morphing capabilities performed in almost the
same manner as the wing with traditional aluminium skin of constant thickness. This fact has
shown that during the structural optimization and sizing, and through the composite skin
optimization process, the structural criteria demanded by the industry partner was respected,
and the results were successful in that the wing model equipped with composite upper
surface has its rigidity properties close to those of the aluminium skin, while the flexibility
needed for active controlled deformation was retained. The experimental data recorded by
three accelerometers installed on the aileron, wing box and balance, have confirmed that
analysis was correct in its prediction that flutter phenomenon would not occur and it had also
shown that the small changes in speeds, as from 50 to 85 m/s, had a visible influence on the
accelerations associated with the amplitudes of vibrations. Furthermore, on the frequency
graphs, it was possible to visualize the main acting modes in the range of 0 to 450 Hz and to
observe a mode that taking place at 1.3 kHz that was not predicted by the numerical analysis.
In conclusion, the analysis has shown that it was possible to develop a composite
morphing skin that retains the behavior of an aluminium skin for a wing without endangering
the structure of the wing. Both the analysis and the experimental data from accelerometers
have shown that for an actively morphing wing demonstrator tested at subsonic speeds, at
various angles of attack and aileron deflections, no aero-elastic effects could be observed.
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