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Abstract

The use of new materials into airframe enabled
lighter and more flexible aircraft. The structural
flexibility of aerodynamic surfaces can signifi-
cantly change aircraft performance. In this con-
text, the present article aims to furnish experi-
mental data (lift and drag coefficients) of flexi-
ble wings by tests performed at EESC-USP open
circuit wind tunnel. The model consists of a
rectangular wing with 0.60 m semi-span and as-
pect ratio of 8.88 with a Clark-Y airfoil with two
possible stiffness. The stiffer configuration was
adopted as a reference condition. Non-invasive
techniques were employed to measure twist an-
gle and the displacement of the wing. For this
wing model tested with 20.5 m/s (Re ~ 191,000),
it was shown that the effects of flexibility on
the aerodynamic coefficients considering perfor-
mance parameters were adverse, especially for
high angles of attack, where the aerodynamic
loads are higher. Also, the identification of wing
displacement and its torsion contributes to a bet-
ter understanding of the aerodynamic behavior.
Wing torsion and displacements measurements
are presented for three angles of attack (0°, 6°
and 14°). The experimental results presented
herein can be used for validation of computa-
tional codes on flexible wings.

1 Introduction

With the advent of new materials on aeronauti-
cal industry, the shape of modern aircraft compo-

nents may change during flight due to high struc-
tural deflections. For instance, the wings with-
stand aerodynamic loads which can change their
format significantly, especially on airplanes with
high aspect ratio wings. Some airplanes, like
Boeing 787 [1] and Airbus A380 [2], when un-
der the ultimate-load wing-up bending test, have
their wing tips deflected more than 7.5 m. This
change in the wing shape plays an important role
on the aircraft aerodynamic coefficients and, con-
sequently, on its performance. In such a way, it
is important to estimate the losses on the aircraft
performance due to these effects. To accomplish
this, it is necessary to understand the influence
of the geometric nonlinearities of a wing on its
aerodynamic coefficients. In this context, some
authors investigated experimentally and analyti-
cally the aerodynamic behavior of flexible lifting
surfaces.

Tang and Dowell [3] performed wind tunnel
tests to investigate the effect of bursts on flexible
wings with high aspect ratio. Albertani [4] car-
ried out wind tunnel tests in MAVs (Micro Air
Vehicles), integrating visual image correlation to
measure structural deflections.

Hooker et al. [5] presented a method to pre-
dict aeroelastic deformation (twist and bending)
via FEM (Finite Element Method) which was
validated by wind tunnel tests.

Nguyen and Chaparro [6] presented a cou-
pled aerodynamic-nonlinear finite element model
for a wind tunnel model designed to have about
10 % wingtip deflection. This wind tunnel model
represents the state of the art of high aspect ratio



wings and was used to validate a real-time adap-
tive drag optimization control strategy. The de-
scription of this wind tunnel model was presented
by Vassberg et al. [7] and was motivated by the
need for contemporary experimental databases to
validate computational fluid dynamics (CFD) ap-
plications.

This highlights the importance of experimen-
tal aerodynamic data of flexible lifting surfaces.
The present article aims to investigate the influ-
ence of structural flexibility on the aerodynamic
coefficients of a high aspect ratio flexible wing
via wind tunnel testing, providing experimen-
tal data of flexible wings to validate FSI (Fluid-
Structure Interaction) computational codes.

2 Experimental procedure

2.1 Wing model

The model consists of a rectangular wing with
0.60 m semi-span and aspect ratio of 8.88 with a
Clark-Y airfoil. The airfoil was selected due to its
horizontal lower surface, which facilitates its po-
sitioning at the wind tunnel. In addition, as pre-
sented by Marchman and Werme [&], the Clark-
Y airfoil performs well at low Reynolds numbers
(50,000 < Re < 200,000) for wind tunnel tests.

The wing model was designed to allow the
change in stiffness by introducing or removing
the spars, as shown in Figure 1. This way, the
same model can be used for tests with different
stiffness levels, diminishing the influence on the
results due to causes other than the variable wing
curvature and twist in span direction when sub-
mitted to aerodynamic load. The model consists
of a hexagonal brass spar 5.6 mm width across
the flat and a removable 8.0 mm diameter steel
bar. For the configuration with higher stiffness,
the steel spar is introduced to increase the stiff-
ness of the system. These spars are connected to
the aerodynamic balance located at the right wall
side of the test section.

The wing ribs are made of epoxy resin and
have weight relief holes, which are also used
to accommodate the inertial measurement units
(IMUs) used to measure the twist angle along the
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wingspan. In both configurations, the wing de-
flection is allowed by the introduction of small
gaps between the ribs, as shown in Figure 1.
Thus, the ribs do not influence the wing stiffness,
even when the deflection is high. The wing model
in its configuration with two spars is shown in
Figure 2.
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Fig. 1 Wing model: (a) scheme of the wing
model; (b) wing segment made of epoxy resin;
(c) wing sockets for different spars.

Fig. 2 Wing model with brass and steel spars
(rigid configuration).

2.2  Wind tunnel and model instrumentation

The instrumentation used in the experiments was
aimed at extracting aerodynamic data, such as the
drag and lift coefficients for a wing with different
stiffness levels, as well as data related to the rota-
tion of wing sections around the x and y-axes. Be-
sides, the wing was photographed in its y-z plane
to obtain data related to its deflection along the
Z-axis.

Concerning aerodynamic data, an NI-
9237 module in conjunction with a National
Instruments™ cDAQ-9191 chassis was used
to communicate the software LabVIEW with
the balance coupled with the wind tunnel. For
the dynamic pressure measurement, it was used
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a Pitot tube connected to a TSI™ DP-CALC
8705-M-GB micromanometer. For the acquisi-
tion of the temperature and the local atmospheric
pressure an ITWH-1170 meteorological station
of Instrutemp™ was used.

Along the wingspan, IMUs (MPU 6050-GY
521) integrated into an Arduino Mega™ board
were arranged in five sections, and thus, the ro-
tation around the x and y-axes of these sections
were calculated from measurements of the com-
ponents of the gravitational acceleration in the x,
y and z directions.

For the acquisition of the deflections of the
wing in the z-direction, a Canon™ EQS-Rebel
T7i camera was used along with a Canon™ EF-
S 18-55 mm {/4-5.6 IS STM lens.

The deflection of the wing was computed by
post-processing the images acquired throughout
the tests. The images obtained are in RGB for-
mat. The color of a pixel in an RGB image is the
combination of three colors: red (R), green (G)
and blue (B). Then, the color of a pixel located at

X = (x,y) is
I(x) =a,L(X) +ag L,(x)+aplp(x) (1)

where I,(x), I;(x) and I(x) are the red, green
and blue layers of I; and a,, ag, a, are multipli-
ers.

In the first step, the multipliers were chosen to
highlight the region of interest. The green layer
had an intensity distribution that highlighted the
wing, but the red layer was also required since the
walls of the closed test section interfered in the
identification of the wing root. Then, a thresh-
old filter based on I, and I, binarized the image,
giving a new image 1(x), i.e.

I(x) = (I(x) >armax(Lg)) N (I, — I,) > ar,
2)
where max( ;) returns the maximum intensity of
I, and a7, and a7, are threshold parameters.
Next, the wing contour was identified and
midpoints between the upper and lower bounds
were computed. These points were transformed
to the aerodynamic coordinate system and the
pixels coordinates were converted to millimeters.

This conversion factor was obtained by correlat-
ing the dimensions of a checkerboard and its re-
spective dimensions in pixels on the plane con-
taining the midpoints. Finally, a cubic curve was
used to fit the data.

2.3 Wind tunnel tests

The wind tunnel tests were performed at the
Aeronautical Engineering Department of the Sao
Carlos School of Engineering of the University
of Sao Paulo in a blowing type wind tunnel with
a closed test section. The experimental procedure
was conducted as follows:

1. The wing model was positioned at the
wind tunnel and connected to an aerodynamic
balance at an angle of attack of -8 degrees.

2. The balance was tared in a wind-off con-
figuration.

3. The wind tunnel was turned on and the
aerodynamic forces measurements were taken
from the angle of attack range of -8 to 16 de-
grees for the configuration with lower stiffness.
For each angle of attack, the temperature, the dy-
namic pressure of the flow and the atmospheric
pressure were measured.

4. An 8.0 mm steel spar was introduced to the
wing model to increase its stiffness.

5. The steps 1 to 3 were repeated for the new
wing configuration.

After the aerodynamic forces measurements,
the same wing was instrumented with the pre-
viously described IMUs along the semi-wing
span and the photographic camera was posi-
tioned downstream of the wing model to take the
pictures used for the deflection measurements.
Then, the steps 1 to 5 were repeated for this
instrumented wing for both stiffness configura-
tions. This time, for each angle of attack, the
IMUs data and a photo was taken for each angle
of attack. These data were used to compute wing
deflection and twist along the semi-span. All the
tests were performed at the same Reynolds num-
ber, approximately 191,000.

The results obtained for the aerodynamic
forces (lift and drag) and measured dynamic pres-
sure were corrected for the solid blockage, the



wake blockage and the downwash effects. The
correction methods used were presented by Pope
et al. [9].

3 Results

The airframe stiffness influences the aircraft per-
formance, and it must be quantified to get closer
to the real aircraft characteristics. Herein, as
mentioned before, its influence is experimentally
investigated by the testing of two configurations:
rigid (R) and flexible (F). The wing aerodynamic
coefficients — lift coefficient vs. angle of attack
and lift coefficient vs. drag coefficient — can be
seen in Figure 3. For low values of lift coefficient,
C; between —0.25 and 0.25, the stiffer and flex-
ible configurations present almost the same be-
havior. With the increase of the lift coefficient
magnitude, Cy > 0.25, the difference between the
curves also increases, with the stiffer configura-
tion presenting the higher values. On the other
hand, the significant differences for the drag oc-
cur for Cp < 0.6. The flexible configuration — in
comparison with the stiffer one — decreases the
aircraft performance in takeoff and landing due to
the Crnax reduction. The reduction of Cy,,,y Was
5.85 % for a Reynolds number about 191,000.
Also, for typical climb and cruise lift coefficients,
0.3 < Cr < 0.6, the flexible configuration shows a
higher drag coefficient, leading to a performance
reduction in these mission profile phases. For in-
stance, for a Cy, equals to 0.4, the drag coefficient
difference is 16 %.

For the flexible configuration, the aerody-
namic coefficients depend on the dynamic pres-
sure, once the wing shape varies with the air-
speed. The wing motion due to the dynamic pres-
sure decomposes into flexion and torsion. The
model was built to be flexible only along the axis
y, so that, the lift is the driving force of the wing
movement. The wing flexion was monitored by
the camera and its torsion by the inertial sen-
sors embedded into the wing. The wing displace-
ment for the stiff and flexible configurations can
be seen in Figure 4(a) and 4(b), respectively, for
the angles of attack 0°, 6°, and 14°. The flex-
ible configuration presented a wingtip displace-
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ment equals 90, 128, and 168 mm, for a = 0°, 6°
and 14°, respectively.

The identification of the wing displacement
is a non-invasive technique and does not influ-
ence the wing response. However, improvements
must be implemented to take into account the
wing profile geometry during the post-processing
of the images. For instance, for low angles of
attack, the algorithm identifies as the upper and
the lower bounds, the higher profile thickness,
and the trailing edge, respectively. Notwithstand-
ing, for higher angles, it identifies the tangent
point formed by the camera line-of-sight with the
profile and the trailing edge as upper and lower
bounds. At last, for small angles of attack, the
opposite occurs.

The inertial sensors embedded into the wing
measured the wing torsion. The angle measure-
ments for o0 = 0, 6 and 14 degrees can be seen
in Table 1. The average values obtained are
in agreement with the expected wing behavior.
The location of the shear center leads to a wing
washout when the wing is loaded. For the previ-
ous angles of attack, a washout of 1.00, 1.28, and
1.71 was observed, respectively. The significant
deviations observed are considered to be mainly
due to the model oscillations during the tests and
the IMU signal conditioning. Authors consider
that improvements in the signal conditioning al-
gorithms can reduce the angle deviation. It is
important to highlight that the sensors and ca-
bles weight, as well as their location, influence
the wing response. Although these sensors can
change the wing response, they do not interfere
directly in the surrounding airflow. The values
observed for IMU 5 (located closer to the wing
root) show that the angle of attack set differs from
the wing root one. Unconstrained 150 mm be-
tween the wing root and balance fixture can ex-
plain this difference.

4 Conclusions

The experimental investigation showed that dif-
ferent levels of airframe stiffness for a given wing
planform and flow condition have significant ef-
fects on its aerodynamic lift and drag coefficients
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Fig. 3 Aerodynamic coefficients for rigid and flexible configurations: (a) lift coefficient vs. angle of
attack and (b) drag vs. lift coefficient. (c) snapshots.
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Table 1 Angles measurements from inertial sen- N o
sors for flexible wing configuration. —
o= 00 OO 100 2(110 3(I)0 4[I)0 5(I)O G(I)O
y [mm]
IMU 0:[°] 0, [°] (a)
1 932+3.58 0.06+6.2478 0
2 857+£3.00 -0.01+4.0649 _ "0
3 7874331 041+ 33693 £ 100
4 645+292 031+ 62923 " s
5 371£297 1.06 £ 8.0587 0 : . . . . .
0 100 200 300 400 500 600
o=06° y [mm]
(b)
MU 6,[7] 6, [°]
1 13.2+£458 459 +7.75 Fig. 4 Wing displacement in z-direction identi-
2 123 £391 468+ 1.30 fied by image processing: (a) stiff and (b) flexible
3 11.3+456 520+£2.35 configurations.
4 9524328 5.04+£498
5 536+3.04 5.88+6.50
o = 14° and, for consequence, in some performance pa-
IMU 0. [°] 0,[°] rameters. In general, the effect of flexibility for
1 165+694 10.1 & 5.82 the presented wing was negative, showing that
2 1564485 102+ 276 these effects must be taken into account in the
3 1434665 108 L2724 aircraft design since its initial steps. However,
4 12.3 + 5.28 10.6 £+ 5.16 investigations of the phenomenon for different
5 701 & 327 11.8 - 6.82 wing planforms, stiffness and Reynolds numbers

must and will be conducted in the continuity of
the present work. Also, the usage of non-invasive
measurement techniques for wing displacements



and twist showed to be very useful and reliable,
although special care must be taken to avoid wing
spar torsion between the wing model root and the
balance. The results of the present article can be
used in the validation of computational codes re-
garding the flexible wings modeling.
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