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Abstract: One of the main concerns in the design of high aspect ratio wings is the constant
change in the aerodynamic and inertial properties during flight which consequently affects its
performance. To account for the structural flexibility in the preliminary design stage and ad-
equately explore the design space, an aeroelastic framework that considers the fluid-structure
interaction is employed. There are some aeroelastic frameworks specially developed to study
this type of wings, although the experimental data required to evaluate and validate these frame-
works is scarce, particularly in what concerns flight tests. In this work, the experimental data
from the ground vibration tests, static tests and flight tests carried out for a highly flexible un-
manned flight test demonstrators are used to evaluate and validate both the ASWING and an
in-house nonlinear aeroelastic frameworks.

1 INTRODUCTION

In view of the current green aviation initiatives and requirements, the interest in High Aspect-
Ratio Wings (HARWs) is growing for application in transport aircraft. High aspect-ratio wings
allow higher lift to drag ratios. On the other hand, in order to design structural efficient air-
frames, these designs exhibit higher deflections under normal flight conditions than conven-
tional aircraft. By increasing the wing structure’s flexibility, geometric nonlinearities may
appear causing a change in the dynamic behavior of the wing, which generally degrades its
aeroelastic behavior. Reported effects include reducing the flutter speed (in its classic form cor-
responds to a coupling between two elastic modes) [1–3], changing the limit cycle oscillation
(LCO) onset [3, 4], modifying the dynamic response [5], high sensibility to disturbances (e.g.
gusts) [6], changes in flight dynamic behavior [1, 7, 8] and the coupling of a rigid body mode
with an elastic mode (known in the literature as body-freedom flutter) [9, 10].

Several frameworks (e.g. ASWING [11], NATASHA [7], UM/NAST [6, 8, 10], NANSI [12]
and SHARP [13]) have been developed to study this type of very flexible wings allowing for:
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computing steady and unsteady aeroelastic responses; stability analyses; flight dynamic simu-
lations which can include disturbances (usually in the form gust profiles); and flutter boundary
predictions. These frameworks are normally benchmarked with existing experimental wind tun-
nel data and/or numerical simulations. Although, for accurately assessing the impact of wing’s
flexibility on the flight dynamics one requires flight test data, which is scarce in the open litera-
ture. Recent efforts have been made by Cesnik and his co-workers towards the goal of providing
flight test data of a very flexible aircraft to validate these frameworks [14].

In this work, the data from the flight test campaign of a highly flexible Unmanned Air Vehicle
(UAV) has been processed and used to validate an in-house nonlinear aeroelastic framework
[15,16] and ASWING [11]. The UAV has a wing aspect-ratio of just 13, and its wing frame was
designed such that it reaches large deformations at low subsonic flight conditions (the airspeed
in the flight tests was always lower than 30 m/s). The highly flexible aircraft planform allows
to validate and evaluate the effects of geometric nonlinearities on the aeroelastic behavior and
flight dynamics of HARWs. Experimental data includes results from ground vibration tests,
static tests and flight tests and it is be used to compare with the modal, nonlinear static elastic
and nonlinear unsteady aeroelastic solvers, respectively.

2 AEROELASTIC FRAMEWORK

To study the performance of aircraft with highly flexible wing structures, a nonlinear aeroelas-
tic framework has been developed in-house. This tool allows to perform nonlinear aeroelastic
analyses in the time domain with both constrained and unconstrained flight simulation capabil-
ities [15, 16]. The code was implemented in C++ and is composed of 5 modules: aeroelastic,
aerodynamic (3D panel method with viscous and compressibility corrections), structural (con-
densed 3D nonlinear beam model), propulsion (electric powered propeller) and payload distri-
bution. The aeroelastic module coordinates the remaining modules through a Fluid-Structure
Interaction (FSI) algorithm that can run both steady and dynamic analyses. This FSI algorithm
was defined such that the disciplines are individually solved and the coupled solution only pro-
gresses if convergence between disciplines is reached. Linear and nonlinear aeroelastic analy-
ses are allowed. The nonlinearities are only geometrical and are accounted for in the structural
solver and transferred to the aerodynamic solver by generating a different aerodynamic mesh
at each load step. A description of this in-house framework steady and unsteady formulations
is provided in [16] and [15], respectively. The aerodynamic, structural and aeroelastic models
were compared with available (numerical and in some cases experimental) data in the literature
presenting good results for the analyses carried out: steady aerodynamics; nonlinear static and
dynamic analyses (structural); free-vibrations; flutter boundary calculation.

3 AIRCRAFT MODEL

An aircraft platform developed in-house was used for this work. In order to allow studying
the effects of flexibility on the flight dynamics, the wing was specially designed such that the
frequency of the first flap bending mode becomes closer to the short period frequency as the
airspeed increases. This wing has an aspect-ratio of 13.22, an area of 0.96 m2 and a mean
aerodynamic chord of 0.27 m while the aircraft weight is 19.8 kg.

The structural model in both aeroelastic framework and ASWING was defined based on the
cross-sectional data (bending and torsional stiffness values) and material properties defined
in the NASTRAN model after updating it with experimental results. Non-structural weights
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such as batteries and payload were considered as mass points rigidly linked to the structure, in
the aeroelastic framework the inertial properties of these weights are computed in the payload
module. For the aerodynamics, 3D panel code and vortice lattice method were used in the
in-house framework and ASWING, respectively. An electric propulsive system was defined in
the aeroelastic framework, where a semi-empirical electric motor model based on experimental
data was employed.

4 EXPERIMENTAL WORK DESCRIPTION

As aforementioned the wing structure was designed to be very flexible such that its first elastic
mode (flap bending) couples with the short period within a reachable airspeed. Preliminary
studies were carried out in ASWING to evaluate the aeroelastic behavior of different struc-
tures and provide valuable guidelines for the wing design in what concerns to the bending and
torsional stiffness values. After selecting a suitable bending and torsional stiffness, a wing
structure was designed in CAD (Computer-Aided Design) software and built considering the
in-house experience.

Before performing the flight tests, several tests were made to characterize the structure and
update the computational models. First the inertia properties were determined using bifilar
pendulum tests, followed by static load tests and ground vibration tests. Also, control surface
calibration, pre-flight and non-instrumented flight tests were carried out to ensure that aircraft
was ready to fly.

The airworthiness of the flexible aircraft was evaluated for different flight control instructions
applied to the elevator, ailerons, flaperon, rudder and throttle.

5 FRAMEWORK EVALUATION AND VALIDATION

A NASTRAN model of the structure was defined and integrated in an optimization problem to
achieve the same dynamic behavior captured in the experiments after a few manual adjustments,
which include the definition of the mass points (e.g. electric motor, batteries and payload).
The resulting model was then used for modeling the wing in both ASWING and aeroelastic
(in-house) framework. For this task, the cross-sectional dimensions, material properties, mass
points and joints’ stiffness values were parametrized in the NASTRAN model and set as design
variables for the optimization. The objective function comprises the relative errors of natural
frequencies, mode shapes (in the form of Modal Assurance Criteria) and static deflections in
reference to the collected data. Overall mass and center of gravity (cg) location were set as
constraints for this optimization problem.

With the resulting NASTRAN model (values for bending and torsional stiffness, mass points,
material properties and joints’ stiffness) that has converged with a small error, the ASWING and
aeroelastic framework models were defined. Herein, the results from the experiments, aeroe-
lastic framework and ASWING are compared for 4 different analyses: inertia properties; static;
natural frequencies; steady non-linear elastic. The experimental flight test data is used to com-
pare the results obtained with ASWING for unsteady and unconstrained aeroelastic analysis.

5.1 Inertia Properties

Since the data from the bifilar pendulum tests was already used to generate the updated NAS-
TRAN model, which was then employed to define the aeroelastic models (in both ASWING
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and in-house framework), the differences between experimental and computational results are
expected to be low. This was verified (see Table 1) for the cg location (xcg, ycg, zcg), overall
mass and inertia moments (computed with reference to the aircraft cg) with errors lower than
5.09%, except for the cross product of inertia Ixz which was predicted to be much higher in
the computational models than in the experiment. The reason for this discrepancy is due to the
fact that the inertia moments were not accounted for in the computational model update (i.e.
optimization problem).

Framework ASWING Experimental Difference 1 Difference 2
xcg 0.6634 m 0.6635 m 0.6653 m 0.01% 0.28%
ycg 0.0000 m 0.0000 m 0.0000 m 0% 0%
zcg 0.0619 m 0.0624 m 0.0652 m 0.85% 5.09%

Mass 19.98 kg 20.10 kg 19.80 kg 0.61% 0.89%
Ixx 3.3243 kg.m2 3.4187 kg.m2 3.4250 kg.m2 2.75% 2.94%
Iyy 3.8077 kg.m2 3.8130 kg.m2 3.8640 kg.m2 0.49% 1.46%
Izz 6.3842 kg.m2 6.4813 kg.m2 6.5270 kg.m2 1.00% 2.19%
Ixy 0.0000 kg.m2 0.0000 kg.m2 0.0000 kg.m2 0% 0%
Iyz 0.0000 kg.m2 0.0000 kg.m2 0.0000 kg.m2 0% 0%
Ixz 0.3376 kg.m2 0.3454 kg.m2 0.0060 kg.m2 1.70% 5525.87%

Table 1: Inertial properties of the aircraft in the aeroelastic framework model compared with the ASWING (Dif-
ference 1) and experimental data (Difference 2). The cg location is in reference to the aircraft nose; and
the inertia moments were taken about the cg location.

5.2 Static Tests

Three experimental static load tests were performed, although only a symmetric out of plane
bending test was employed for the computational model update. Thus, only the data regard-
ing this static test case is shown. This test case consisted in applying a vertical load at points
(676.01 mm; ±943.57 mm; 171.203 mm) with a magnitude varying from 0 N to 78 N. Deflec-
tions at different spanwise wing locations were used to compare the experimental and computa-
tional wing deflections. In Table 2 the vertical displacement at two different spanwise positions
are shown, from which one can observe that the differences between framework and experi-
mental results are small.

Spanwise position Framework Experimental Difference
0.864 m 0.1006 m 0.1020 m 1.40%
1.686 m 0.2318 m 0.2445 m 5.18%

Table 2: Vertical wing displacement in different spanwise positions when subjected to a bending moment.

5.3 Ground Vibration Tests

The ground vibration tests were conducted with two different boundary conditions yielding
two sets of modal parameters (natural frequencies, damping factors and mode shapes). These
conditions were simulated in the aeroelastic tools and compared with the experimental results.

Firstly, the main wing without body and empennage was cantilevered at the wing saddle (joint
between wing and fuselage) simulating a fixed-free boundary condition. The natural frequen-
cies corresponding to the first, second and third flap bending, first chord bending and first tor-
sion modes are shown in Table 3. The relative errors between the aeroelastic framework and
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ASWING are lower than 8.31% and the discrepancy was found to increase as the frequency
increase. For the comparison between the aeroelastic framework and experimental data, the
relative errors are smaller than 6.74%, being higher for the flap bending vibration modes than
for the chord bending and torsion vibration modes.

Mode Framework ASWING Experimental Difference 1 Difference 2
1st Flap 2.72 Hz 2.72 Hz 2.89 Hz 0.06% 6.02%

1st Chord 12.6 Hz 12.5 Hz 12.9 Hz 0.63% 2.22%
2nd Flap 16.6 Hz 17.3 Hz 17.8 Hz 4.29% 6.74%

1st Torsion 36.9 Hz 39.3 Hz 37.4 Hz 6.18% 1.29%
3rd Flap 52.9 Hz 57.8 Hz 55.9 Hz 8.31% 5.40%

Table 3: First natural frequencies of the cantilevered wing in the aeroelastic framework model compared with the
ASWING (Difference 1) and experimental data (Difference 2).

For the second test, the entire aircraft was suspended from bungees to simulate a free-free
boundary condition. The same mode shapes as on the previous case were selected for compar-
ison. Regarding the comparison between in-house aeroelastic framework and ASWING, the
same trend was observed: the relative error increase with the frequency value increase, achiev-
ing a maximum of 8.80% for the highest frequency vibration mode that was compared. From
the comparison between experimental data and aeroelastic framework, one can notice that the
relative errors are smaller than 5.70% for the considered vibration modes.

Mode Framework ASWING Experimental Difference 1 Difference 2
1st Flap 2.87 Hz 2.93 Hz 3.04 Hz 2.01% 5.70%

1st Chord 13.2 Hz 13.5 Hz 12.9 Hz 2.05% 2.38%
2nd Flap 17.1 Hz 17.5 Hz 17.9 Hz 2.32% 4.71%

1st Torsion 37.3 Hz 39.4 Hz 37.7 Hz 5.44% 1.06%
3rd Flap 53.3 Hz 58.5 Hz 54.1 Hz 8.80% 1.46%

Table 4: First natural frequencies of the free aircraft in the aeroelastic framework model compared with the
ASWING (Difference 1) and experimental data (Difference 2).

5.4 Flight Tests

Flight tests were conducted in order to compare the experimental data obtained from flights with
prescribed control surfaces disturbances with data from aeroelastic simulations. The aeroelastic
simulations were performed only with ASWING. Three different flight tests with three different
control surfaces disturbances were performed, namely: elevator doublet; aileron doublet and
ruder doublet. Figure 1 shows the control surfaces’ deflections variation with time.
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Figure 1: Time variation of the doublets imposed to the elevator, rudder and aileron control surfaces.
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The results for the linear velocities, altitude, angle of attack, side-slip angle, angular velocity
and Euler angles are shown in Figures 2, 3 4 for both experimental and ASWING nonlinear
aeroelastic analysis data.
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Figure 2: Dynamic response of the aircraft to an elevator doublet for linear velocities (U, V, W), altitude (alt), angle

of attack (α), side-slip angle (β), angular velocities (p, q, r) and Euler angles (φ, θ, ψ).

Several observations can be made about the results. The first observation is that the effect of
the doublets can be noticed in the experimental data, particularly in the angular rates which are
most affected by the prescribed doublet. Thus, one can observe the changes in the pith rate when
the elevator doublet is prescribed and the changes in roll and yaw rates when aileron and rud-
der doublets are prescribed. The second observation is that the ASWING results do not match
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Figure 3: Dynamic response of the aircraft to a rudder doublet for linear velocities (U, V, W), altitude (alt), angle

of attack (α), side-slip angle (β), angular velocities (p, q, r) and Euler angles (φ, θ, ψ).

perfectly the experimental results in general. Discrepancies are significant but experimental
trends are in general captured by ASWING. The trends observed in ASWING results also al-
low the identification of the doublet effects in the angular rates. The deviation of ASWING
results comparing to experimental data starts at the initial conditions, which has an effect on
the subsequent time dependent results. Trimmed states were used to initiate the time domain
analysis in ASWING with the already deformed aircraft state, which do not correspond to the
initial conditions of the recorded experimental data. Even the trimmed state does not seem to
be accurate enough to maintain the aircraft in a static state up to the time the disturbances are
introduced. All these factors contribute to the discrepancies between the computational and
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Figure 4: Dynamic response of the aircraft to an aileron doublet for linear velocities (U, V, W), altitude (alt), angle

of attack (α), side-slip angle (β), angular velocities (p, q, r) and Euler angles (φ, θ, ψ).

experimental results. In addition to this, the used aerodynamic and propulsive models used in
ASWING are of low fidelity which possibly will not model accurately the effects of control
surfaces deflections and drag. This would lead to differences in linear and angular accelerations
which, even if with small magnitude, would cause accumulated errors in velocity and angular
rate components.
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6 CONCLUDING REMARKS

The current paper describes a comparison between experimental and computational data from
nonlinear analysis of a flexible wing aircraft. Results include stiffness, mass and inertia exper-
imental determination used to build structural models through optimization in order to match
the deformation and modal shapes and frequencies. The results from the analyses of the struc-
tural models showed good agreement with the experimental results. These structural models
were then analyzed using a nonlinear aeroelastic analysis framework (ASWING) in order to
simulate the aircraft behavior through a series of flight tests in which doublets were imposed
on the control surfaces as disturbances. The comparison of results shows that the ASWING
captures the major trends observed in the experimental data. The discrepancies in initial con-
ditions used to start the simulations in ASWING as well as the low fidelity models used in this
aeroelastic framework are two probable causes for the differences between the experimental and
computational results. This work illustrates the importance of accurately modelling the multi-
ple disciplines involved in flight simulation in order to obtain meaningful results in the aircraft
design process.

ACKNOWLEDGMENTS

This work was carried out under a collaborative research program between Embraer S.A. and
the University of Victoria, Canada. The MDO research team at IDMEC-LAETA-Instituto Su-
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