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Abstract: The aeroelastic response of a highly flexible wing to periodic gust excitation is
determined experimentally. The integrated optical measurement approach that is applied pro-
vides combined measurements of the structural response of the wing and the unsteady flow
field around it. The aeroelastic loads acting on the wing are derived from these measurements
using physical models and validated against force balance measurements. It is observed that
both structural and aerodynamic responses to a periodic gust excitation of a given amplitude
depend strongly on the frequency of the gust. The obtained data set of results provides a com-
plete description of the aeroelastic response that is suited as a reference for the development of
aeroelastic simulation models.

1 INTRODUCTION

A current trend in aviation is towards the use of more flexible lifting structures, mainly driven
by the desire to improve efficiency by saving structural weight. As a consequence, larger struc-
tural deformations are observed and aeroelastic effects become more relevant. For very flexible
wings, the structural deformation can become so large as to introduce nonlinear aerodynamic
and structural effects that violate the assumptions employed in linear aeroelastic prediction
models [1]. These effects are amplified in the case of a gust inflow condition, which leads
to increased loads on the wing compared to steady inflow. While the development of novel
improved aeroelastic prediction methods that account for these nonlinear effects is currently
ongoing [2–4], an experimental benchmark of a highly flexible wing, known as the Pazy wing,
has recently been introduced to support these activities with experimental reference data [5].
This wing has been shown to sustain very large deformations, with wingtip displacements of up
to 50% of the span.

The production of reference data from aeroelastic wind tunnel experiments is challenging due
to the interaction of the three forces comprising Collar’s triangle (aerodynamic, inertial, elas-
tic) [6], which would ideally be all quantified based on the experimental measurement data. A
variety of diagnostics exists to measure the individual physical quantities that allow the deter-
mination of each of the forces locally (e.g., pressure transducers, accelerometers, strain gauges)
or in an integral sense by mounting the wing at the root to load cells or a force balance, but
their coordinated use results in complex and expensive experimental setups. Additionally, in-
stalled sensors are invasive to the experimental model, thus modifying its mass and stiffness
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distributions, as well as typically achieving only a relatively low spatial resolution due to space
limitations inside the model. As a result, the experimental reference data from aeroelastic wind
tunnel measurements on flexible wings that are available in the published literature are usually
limited to only a few parameters, such as the wingtip deflection or the frequency of the dynamic
motion [7].

Optical measurement techniques, such as photogrammetry [8] for measuring the structural re-
sponse and particle image or tracking velocimetry (PIV/PTV, [9]) for aerodynamic measure-
ments, permit non-intrusive field measurements and hence overcome many of the limitations
associated with the use of installed sensors. On the other hand, the drawback of these non-
intrusive techniques is that the determination of the aeroelastic forces from the measured quan-
tities, such as structural displacements or flow velocity, is not straightforward. This topic has
therefore been subject to considerable research efforts in recent years [10–12]. Despite this
additional effort, the advantages of optical measurement techniques are prevailing and several
recent studies have employed optical measurement techniques for characterizing fluid-structure
interactions in wind tunnel experiments [13–15]. A common issue in these studies is tackling
the complication of the experimental setup and the data processing that arises from the co-
ordinated use of different optical measurement systems or techniques to obtain the structural
and flow measurements. A measurement approach that does not suffer from this limitation
is Lagrangian Particle Tracking (LPT). It was recently shown that LPT, implemented via the
Shake-The-Box algorithm [16], can form the basis for a single system capable of providing an
integrated measurement of the structural displacements and aerodynamic loads on unsteady air-
foils on a relatively large scale (wingspan on the order of 1m) [17]. The structural response is
hereby determined by tracking fiducial markers on the surface of the wind tunnel model, while
the aerodynamic loads are inferred from flow field measurements. In a recent demonstration
study, this approach has been successfully used to determine the three forces in Collar’s triangle
acting on a flexible wing subjected to steady and unsteady inflow conditions [18].

In the present study, LPT measurements are used to characterize the aeroelastic response of a
highly flexible wing in a sinusoidal gust. The design of the wing is similar to the Pazy bench-
mark wing that was introduced in [5], and wingtip displacements of nearly 25% of the span
are observed. This study aims to extend the current state of the art in aeroelastic measurement
technology by providing complete flow field measurements around the wing along the entire
span, as well as structural deformation measurements, in unsteady periodic inflow conditions.

2 NON-INTRUSIVE LOAD DETERMINATION
In the approach followed in this study, the separate aeroelastic loads are derived from the in-
tegrated aeroelastic measurements using appropriate physical models. The inertial load is de-
termined from the wing shapes that are reconstructed from the structural displacement mea-
surements, whereas the aerodynamic load is determined from the phase-averaged flow field
measurements. The elastic force is not determined explicitly in this study, it can however be
derived from the other two forces based on the equilibrium of forces acting on the wing, as it
is done in this study for the comparison of the non-intrusive loads with the root force measured
with the force balance (see Section 4.4).

2.1 Inertial load
For the characterization of the aeroelastic interaction in response to the gust, only the dominant
motion degree of freedom is considered, which is the out-of-plane deflection w of the wing
in the direction perpendicular to the wing chord. A simplified one-dimensional model of the
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wing with a single coordinate z along the span is therefore considered for the inertial load
determination, while the other motion degrees of freedom are not taken into account.

The inertial force per unit span I ′ on the wing can be determined as the product of mass density
and acceleration:

I ′(z, t) = −µ(z)ẅ(z, t) (1)

where µ(z) is the mass per unit span, and ẅ is the second temporal derivative of the out-of-plane
wing deflection, which is calculated from the time series of reconstructed wing shapes using a
second-order central finite difference scheme in this study.

2.2 Aerodynamic loads

The component of the aerodynamic force that predominantly determines the aeroelastic gust
response is the lift force. Therefore, the drag force is not taken into account in this study.
Following classic unsteady potential flow theory, the lift per unit span L′ of an airfoil can be
divided into three contributions: the lift due to bound circulation around the airfoil, the lift due
to the circulation in the wake, and the lift due to added mass [19].

In the case of a relatively small degree of unsteadiness (reduced frequency k ≪ 1) and non-
zero geometrical angles of attack α, the unsteady lift response will be dominated by the lift
due to bound circulation, so that the flow can be approximated as quasi-steady. In this case,
the time-dependent lift per unit span L′(t) is related to the bound circulation Γ(t) through the
Kutta-Zhukovsky theorem:

L′(t) = ρU∞Γ(t), (2)

where ρ is the air density and U∞ is the freestream velocity. The value of Γ(t) can be obtained
from a measured flow velocity field u⃗(t) with a line integral of the velocity over a path C
enclosing the airfoil:

Γ(t) = −
∮
C

u⃗(t) · ds⃗ (3)

Previous studies on viscous flows around airfoils have shown little or no systematic dependence
on the integration contour C on the determined circulation, as long as the contour is not placed
in the direct vicinity of the airfoil, i.e. outside of the boundary layer [20–22]. In this study, 25
different rectangular integration contours with a distance from the airfoil between dmin = 0.1c
and dmin = 0.3c in all four directions are used per spanwise section of the wing, as shown in
Figure 1.

U∞ 𝛼

x

y

z

c

𝑑𝑚𝑎𝑥

𝑑𝑚𝑖𝑛

Figure 1: Sketch of a wing section with an example rectangular integration contour (black) and the limits of the
range of the different contours (gray dashed)
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The result from the different contours is averaged to reduce the influence of random measure-
ment errors on the result for the lift. The effect of the circulation in the near wake downstream
of the trailing edge is considered negligible in this procedure and not corrected for.

3 EXPERIMENTAL SETUP

3.1 Delft-Pazy highly flexible wing model

The experimental model in this study is nearly identical to the benchmark Pazy wing that is
described in detail in [5]. The wing has a reference span of s = 550mm, with a chord length
of c = 100mm and a NACA 0018 airfoil section. The wing is furthermore equipped with a
300mm long wingtip rod that can be be used to change the dynamic aeroelastic properties of
the wing. The wing structure consists of an aluminum spar and a 3D printed nylon chassis.
The assembly of the Delft-Pazy wing is performed analogously to the procedure described
in [5]. The main difference to the benchmark Pazy wing design is the reduced thickness of
the aluminum plate representing the spar of the Delft-Pazy wing, which is 1.5mm, as opposed
to 2.25mm for the original benchmark wing. The purpose of this design modification is to
achieve similarly large deformations as observed in [5] at the reduced wind tunnel speed, which
was adjusted downwards to facilitate the LPT measurements of the wing with the optical setup
present in the wind tunnel test section (see Section 3.4). The mass of the wing without the
base is estimated to be 300 g, based on the information given in [5] and considering the reduced
plate thickness. The skin of the Delft-Pazy wing is made of Oralight black foil with a grid of
white circular markers with a diameter of 1.5mm at the spanwise locations of the ribs and on
the wingtip rod, to perform the measurements of the structural response of the wing in the wind
tunnel. The wing geometry and the fiducial marker grid specifications are shown in Figure 2.

30

38
.2
5

Ø1.5

55
0

100

300

Ø10

Figure 2: Sketch of the dimensions of the Delft-Pazy wing with detail of the fiducial marker grid

It should be noted that the density of the marker pattern is insufficient to directly measure the
wing deformation in terms of the local strain. Instead, the purpose of the structural marker
measurements is threefold; firstly, the marker measurements are used to transform the measure-
ment coordinate system into wind tunnel coordinates as described in Section 4.1, and secondly,
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they are used to determine the deformed wing shape according to the procedure described in
Section 4.2, which is in turn used for the determination of the inertial force. Additionally, the
marker-based wing shape is used for selecting the circulation integration contours during the
aerodynamic load determination based on the flow field measurements.

3.2 Ground vibration test

A ground vibration test (GVT) of the Delft-Pazy wing was conducted to characterize its struc-
tural dynamic behavior. The GVT measurements were conducted with a Polytec PSV-500 laser
scanning vibrometer in the frequency range up to 800Hz and post-processed with SimCenter
TestLab. An overview of the experimental setup of the GVT is shown in Figure 3(a). Vibra-
tion data was acquired at 37 different measurement points on the wing (see Figure 3(b)), and
the data from 10 measurements were averaged for each measurement point. The excitation of
the wing model was achieved with a Maul-Theet vlmpact-61 automatic modal hammer. The
impact point of the modal hammer was near the leading edge of the wing at around one quarter
of the wingspan measured from the base, between the third and the fourth rib, as visible in Fig-
ure 3(b). The results of the GVT in terms of the first five mode types and the modal frequencies
are summarized in Table 1.

(a) (b)

Figure 3: a) Experimental setup for the ground vibration test. 1: Delft-Pazy wing, 2: modal hammer, 3: laser
scanning vibrometer, 4: data acquisition computer, b) CAD model of the wing without skin, with an
indication of the GVT measurement points (blue squares) and the driving point (red cross)

Table 1: Results of the ground vibration test

mode no. mode type modal frequency
1 first bending 3.2Hz
2 second bending 22.5Hz
3 first torsion 29.5Hz
4 third bending 65.0Hz
5 second torsion 119.7Hz
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3.3 Wind tunnel setup

The wind tunnel experiments were conducted in the Open Jet Facility (OJF) at the Delft Uni-
versity of Technology. The OJF is an open test section, closed-loop wind tunnel with an octag-
onal outlet that spans 2.85m × 2.85m, which was operated at a freestream velocity of U∞ =
18.3m s−1 during the experiments, corresponding to a Reynolds number of Re = 122 000 based
on the wing chord. The Delft-Pazy wing model was mounted vertically in the test section on a
six-component force balance, which is attached to a rotating table that allows setting the geo-
metric angle of attack, α, defined with respect to the steady inflow direction. The balance and
the rotating table are located underneath a splitter plate to reduce wind tunnel interference ef-
fects. The wind tunnel setup with an indication of the relevant components is shown in Figure 4.

Figure 4: Photo of the wind tunnel setup in the OJF, looking upstream. 1: Delft-Pazy wing, 2: gust generator
vanes, 3: six-component balance, 4: 3x high speed cameras, 5: 3x LED illumination units, 6: HFSB
seeding generator, placed in the wind tunnel settling chamber (not visible in the photo)

For the experiment, a gust generator is mounted at the wind tunnel nozzle exit, which consists of
two vertically mounted movable vanes that span the height of the wind tunnel nozzle [23]. Two
different test cases are considered for this study, which correspond to different levels of wing
deformation and degrees of unsteadiness in the periodic inflow conditions. The unsteady inflow
is generated by a continuous sinusoidal operation of the gust generator during the measurement,
with the gust vane angle described by β = βg sin(2πfgt), where βg and fg are the amplitude
and frequency of the gust vane motion, respectively. The test conditions of the two test cases
investigated in this study are summarized in Table 2.

Table 2: Summary of the test conditions

geometric angle
of attack α

gust vane
amplitude βg

gust
frequency fg

reduced
frequency k

test case 1 5◦ 5◦ 5.7Hz 0.10
test case 2 10◦ 5◦ 3.2Hz 0.055

6



IFASD-2022-132

The first test case has a moderate geometric angle of attack and a gust frequency that is high
enough to reach a reduced frequency k = fπcU−1

∞ that typically produces considerable un-
steady aerodynamic effects [24]. The second test case has a higher geometric angle of attack,
thus producing more lift, and is excited with a gust frequency that is equal to the first natural
bending frequency measured in the GVT, to produce large dynamic deflections of the wing.

3.4 Lagrangian particle tracking system

For conducting the LPT measurements of the flow, the freestream is seeded with helium-filled
soap bubbles (HFSB) with a diameter of about 0.5mm that are used as flow tracers [25]. The
HFSB seeding generator, which consists of 200 bubble-generating nozzles covering an area of
approximately 0.5m in width and 1m in height, is placed in the settling chamber of the OJF
upstream of the wind tunnel nozzle, to minimize the influence of the seeding generator on the
freestream quality as well as to improve the seeding particle concentration in the test section.
The working principle of the nozzles is described in [26]. The seeding particle concentration
during the experiment was on the order of 1 cm−3. The optical measurement setup consists of
three Photron Fastcam SA1.1 high-speed cameras that are operated at a frequency of 5.4 kHz
with a resolution of 1 megapixel (12-bit, 20 µm pixel pitch). The illumination of the HFSB flow
tracers and the fiducial markers on the wing is achieved with three LaVision LED-Flashlight
300 illumination units. The LPT data acquisition is performed with the LaVision Davis 10
software. The LPT measurement setup in the wind tunnel is shown in Figure 5.

𝑈∞

x

yz

1

2

3

4

Figure 5: Photo of the Lagrangian particle tracking measurement setup in the wind tunnel. 1: Delft-Pazy wing,
2: high speed cameras, 3: LED illumination units, 4: stream of illuminated helium-filled soap bubbles

The size of the measurement volume that is obtained with this setup is about 300mm in the x, y,
and z directions, respectively. To achieve the complete aeroelastic characterization of the Delft-
Pazy wing, which has a span width of 550mm, measurements of the flow field around the entire
wing are necessary. Considering the measurement volume size and the limited optical access of
the measurement setup, four separate measurements are performed for each test case to achieve
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this, each covering one part of the entire investigated domain: one measurement on the suction
and one on the pressure side for the upper and the lower half of the wingspan, respectively.
For each measurement volume, five independent measurements of 1 s each are performed. All
acquisitions from the four different measurement volumes are then combined into an integrated,
phase-averaged representation during the LPT data processing. This averaging is beneficial to
improve the measurement resolution, considering the limited HFSB particle concentration. The
adjustment of the spanwise position of the measurement volume is performed by changing
the position of the cameras and illumination with respect to the wing. In contrast, the LPT
measurements on the suction and pressure side of the wing are performed without moving the
optical measurement setup and instead by changing the angle of attack from a positive value of
α to the corresponding negative value −α, thereby exploiting the symmetry of the Delft-Pazy
wing.

4 INTEGRATED MEASUREMENT APPROACH

The processing steps that are applied in this study to achieve the dynamic aeroelastic charac-
terization of the periodic gust response of the Delft-Pazy wing are visualized in Figure 6. The
data processing of the integrated optical measurements to obtain separate LPT measurements
of the flow and the structure is described in Section 4.1. The further post-processing of these
measurements to obtain the wing shape reconstruction and the phase-averaged volumetric flow
fields are described in Sections 4.2 and 4.3, respectively. These results are then further pro-
cessed using the physical relations described in Section 2 to achieve the aeroelastic loads on
the wing in terms of the inertial loads and the lift distributions along the span in response to
the periodic gust forcing, which are the key results of this study. To validate the results from
the integrated measurement approach, a comparison is made to force balance measurements in
terms of the root force on the wing; the procedure for this validation is described in Section 4.4.

Integrated 

measurements   

of flow and 

structure

Particle tracks  

of the flow 

tracers

Particle tracks   

of the structural 

markers
Post-processing

(section 4.2)

Phase-averaged 

volumetric flow 

fields

Spanwise lift 

distributions

Inertial loads

Force balance 

measurements

Root force from 

force balance 

measurements

Root force from 

integrated 

measurement 

approach

Post-processing

(section 4.3)

Wing shape 

reconstruction

Post-processing

(section 4.4)

Validation

Newton’s 

second law

Kutta-

Zhukovsky 

theorem

Measurement 

volume merging
Circulation integration 

contour definition
Post-processing

(section 4.1)

Figure 6: Flow chart of the data processing steps applied in this study
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4.1 LPT data processing

The processing of the integrated optical measurements is performed with the LaVision Davis 10
software and begins with the geometrical calibration of the measurement system and a volume
self-calibration [27]. Successively, the flow tracers are separated from the structural markers in
the acquired images, so that a non-uniform optical transfer function [28] can be generated for
the structural markers and the flow tracers separately. The removal of the structural informa-
tion from the integrated measurement images is achieved with a temporal high-pass filter [29],
exploiting the different time scales between the flow and the structural motion. The reverse
operation is applied to obtain the image data of the structural markers without the flow tracer
information, by using a temporal low-pass filter [30]. The image separation procedure is il-
lustrated in Figure 7. After separating the flow and structural information and completing the
optical calibration, the next step is to perform the LPT analysis, for which the Shake-The-Box
algorithm is used [16]. The results are obtained in terms of individual Lagrangian particle
tracks, with position, velocity, and acceleration of each particle over time, for both the struc-
tural markers and the flow tracers in separate data sets. These measurements are post-processed
in a phase-averaged sense based on the gust excitation, as described in Sections 4.2 and 4.3.

(a) (b) (c)

Figure 7: Image data processing: (a) integrated optical measurement of flow and structure, (b) image data of the
flow tracers, (c) image data of the structure

A further necessary post-processing step of the LPT data is the transformation of the mea-
surement coordinate system to the wind tunnel coordinates. This is achieved by acquiring a
reference measurement of the structural markers on the wing without wind tunnel operation
after each modification of the measurement volume. This data is then correlated with the refer-
ence positions of the markers painted on the model to determine the translations and rotations of
the measurement coordinates with respect to the wind tunnel coordinates, which are then used
to transform the LPT measurements into the wind tunnel coordinate system. The accuracy of
the employed merging procedure can be assessed by comparing the measured flow velocity at
corresponding positions with respect to the wing from different acquisitions. Typical values of
these differences were between 1% and 3% of the local velocity magnitude. Since these values
are of the same order of magnitude as when the merging of different flow measurement acquisi-
tions is performed automatically based on position measurements with a robotic arm [31], these
differences are considered acceptable and not further investigated.
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4.2 Wing shape reconstruction

To reconstruct the wing shape, the marker measurements are analyzed in a phase-averaged
sense, which means that measurements from different periods are collected at the respective
time expressed as a fraction of the period, t/T . To reduce the effect of random measurement
noise and outliers that may result from light reflections in the acquired images, a temporal
smoothing procedure using a sinusoidal curve fit is applied. In the case of large wing deflections,
the temporal behavior of the wing is not expected to be sinusoidal in the wind tunnel reference
coordinate system, due to the rotation of the wing sections with respect to the global coordinate
system. The temporal smoothing is therefore performed after transforming the marker mea-
surements per wing section into the reference system of the static deflected wing shape at the
respective angle of attack, which has been determined in a previous study [32]. When analyzed
in their local reference system, the measurements of the marker position are obtained in terms
of displacements normal to the static deflected position, which diminishes the effect of the wing
section rotation. To ease the data processing, the marker measurements are averaged along the
chord for each spanwise section where the markers were painted. This means that the twist
angle of the wing ϵ is not analyzed in this study, as it was found to be relatively small (|ϵ| < 1°),
and its value is not directly required for the analyses performed in this study.

The displacement measurements and the corresponding curve fits are shown for both test cases
in Figure 8. With the described approach, the sinusoidal curve fit provides a very good approxi-
mation of the temporal behavior, with a standard deviation of the residual of the fit on the order
of σ = 0.1mm in test case 1 and σ = 0.2mm in test case 2.

0 0.2 0.4 0.6 0.8 1

t/T

-40

-30

-20

-10

0

10

20

30

40

d
is

p
la

ce
m

en
t,

 m
m

test case 1

0 0.2 0.4 0.6 0.8 1

t/T

-40

-30

-20

-10

0

10

20

30

40

d
is

p
la

ce
m

en
t,

 m
m

test case 2

Figure 8: Displacement measurements over the period at two spanwise locations with sinusoidal fit

After the phase-averaged marker measurements per spanwise location are determined, a curve
fitting procedure is applied per phase instant to yield the phase-averaged behavior of the wing
deformation, where a polynomial is fitted through the measurements along the spanwise direc-
tion. Following this procedure, the polynomial curve fit can be used as a reference spanwise
axis to calculate the deformed wing shape.
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A fourth order polynomial is used in this study for the curve fit, which satisfies the geometric
boundary conditions of a wing clamped at the root, w(z = 0) = 0 and w′(z = 0) = 0, and is
defined as:

w(z) = Az4 +Bz3 + Cz2, (4)

where the coefficients A, B, and C are optimized to provide the best fit to the experimental
measurements in a least-squares sense. The results of the polynomial curve fit to the marker
measurements for both test cases at the phase instant with the maximum tip deflection are shown
in Figure 9. The polynomial fit accounts for the large deflections by maintaining the arc length
of the curve constant with respect to the undeformed shape, assuming that the arc length does
not change during deformation. This is achieved by numerically integrating the arc length of
the polynomial curve, to determine the value of ztip in the deformed case.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

z/s

0

0.05

0.1

0.15

0.2

0.25

w
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test case 1, data

test case 1, fit

test case 2, data

test case 2, fit

Figure 9: Wing shape measurement at maximum deflection for both test cases with polynomial curve fit

After the polynomial curve fit has been performed for all phase instants in both test cases, the
obtained time series of the fitting coefficients allows the reconstruction of a smooth deformed
wing shape over the entire period. These reconstructions can be directly used to compute the
inertial loads along the span, and to define the circulation integration contours for the lift de-
termination from the flow field. The main features of the dynamic gust response of the wing,
determined based on the wing shape reconstruction, are summarized in Table 3.

Table 3: Summary of the dynamic gust response of the wing for both test cases

max. tip deflection min. tip deflection phase shift Φ/π
test case 1 56mm (0.103s) 37mm (0.067s) -0.97
test case 2 133mm (0.243s) 43mm (0.079s) 0.57

The dynamic response to the two different gusts is different in terms of the deflection amplitude
and the phase shift Φ/π with respect to the gust arriving at the wing, despite the identical forcing
amplitudes. These differences can be related to the different forcing frequencies of the gust (see
Table 2) with respect to the frequencies of the dynamic modes of the Delft-Pazy wing that were
identified in the GVT (see Table 1). The gust frequency of test case 1 is well above the first
bending frequency of the wing, but clearly below the higher frequency modes. As a result,
the dynamic response of the wing is relatively small in amplitude, with a phase shift of nearly
Φ/π ≈ 1 with respect to the gust forcing. In test case 2, the frequency of the gust is identical to
the frequency of the first bending mode. The dynamic response to this forcing is observed to be
much larger in amplitude and shifted in phase by around Φ/π ≈ 0.5.
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4.3 Flow data ensemble-averaging

The particle tracks of the flow tracers obtained from the LPT analysis provide the time series
of a large number of discrete measurements of the flow velocity, obtained in the measurement
coordinates of the LPT system. These measurements are then transformed into the coordinate
system of the wind tunnel as described in Section 4.1 and afterward assigned a phase value t/T .
Subsequently, the measurements are ensemble-averaged to a Cartesian grid as described in [33].
The ensemble-averaging is performed with 25 temporal bins along the period, each spanning a
fraction of 4% of the period T . A Cartesian grid with a grid spacing of 3.75mm is used, and an
overlap of 75% is applied in the ensemble-averaging.

The result of the flow data post-processing is visualized in Figures 10, 11 and 12. In Figure 10,
the three-dimensional reconstructed wing shape is shown in the phase instant of maximum
deflection for both test cases. The ensemble-averaged flow field is visualized in four slices
along the span and with two isosurfaces of the streamwise velocity. In Figures 11 and 12,
the phase-averaged flow field is shown in four different phase instants for test case 1 and 2,
respectively, for the spanwise location z/s = 0.5. The reconstructed wing position is indicated
in the plots as well. The relative position of the wing section in the flow field on the Cartesian
grid is used to define the circulation integration contours for the lift determination per wing
section as described in Section 2.

Figure 10: Marker-based wing reconstruction at the phase instant of maximum wing deflection, with isosurfaces
of the ensemble-averaged streamwise velocity (blue: 0.75U∞, red: 1.25U∞) and four slices of the
streamwise velocity field at z/s = 0.2, z/s = 0.4, z/s = 0.6, and z/s = 0.8
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Figure 11: Ensemble-averaged streamwise velocity at mid-span in four different phase instants for test case 1
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Figure 12: Ensemble-averaged streamwise velocity at mid-span in four different phase instants for test case 2
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4.4 Validation with force balance measurements

The force balance data were acquired simultaneously with the optical measurements, which
means that there are 20 separate measurements for each test case (five acquisitions for each of
the four measurement volumes). The results for the root force in the y-direction from the force
balance measurements are phase-averaged and shown in Figure 13 for both test cases.
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Figure 13: Balance measurements: individual acquisitions (gray), mean with standard deviation (black)

The 20 individual measurements are phase-averaged and plotted in gray in Figure 13, while
the mean and the standard deviation of all measurements are depicted in black with error bars.
Despite the phase-averaging of the individual measurements, the force balance data still exhibits
a considerable amount of random measurement error, with standard deviations on the order of
σ ≈ 0.6N in both test cases.

To perform a validation of the aeroelastic load results obtained with the integrated measurement
approach against the force balance measurements, the aerodynamic and inertial loads from the
integrated approach are numerically integrated along the span.

Fy,root(t) =

∫ s

0

(L′(z, t) + cosαI ′(z, t)) dz

=

∫ s

0

L′(z, t)dz − cosα

∫ s

0

µ(z)ẅ(z, t)dz

(5)

While the lift force acts in the y-direction of the wind tunnel reference system, the inertial
force was determined according to Equation 1, considering the out-of-plane deflection in the
reference system of the wing, w. To obtain the integral force in the y-direction, the contribution
of the inertial load is therefore reduced by a factor of cosα.
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5 AEROELASTIC LOADS RESULTS

5.1 Inertial loads

The inertial loads as determined from the time series of the reconstructed wing shapes with
the method described in Section 2 are shown in Figure 14. The results were calculated using
Equation 1, based on the assumption that the mass density of the wing is constant along the span,
except for the tip rod, which is taken into account as an additional tip mass. The plots show
the variation of the sectional inertial force over the period at three different spanwise locations
for both test cases. The temporal behavior of the inertial load is qualitatively identical for the
different spanwise locations, with the load magnitude increasing with the spanwise coordinate.
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Figure 14: Sectional inertial load variation over the period at three different spanwise locations

The spanwise-integrated inertial force is shown in Figure 15 for both test cases. The magnitudes
of the inertial forces are similar for both test cases, as test case 1 has a higher gust frequency
while test case 2 exhibits a larger dynamic wing deflection amplitude. The phase difference
between the inertial force of the two cases is around a quarter of the period as a result of the
phase lag differences in the wing dynamic response (see Table 3).
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Figure 15: Inertial force variation for both test cases
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5.2 Aerodynamic loads

The aerodynamic loads on the wing as determined with Equation 2 are displayed in Figures 16
and 17 in terms of the section lift coefficient, Cℓ = L′(1

2
ρU2

∞c)−1. In Figure 16, the spanwise
lift distribution is shown at four different phase instants, while the temporal variation of the lift
over the period at different spanwise locations is shown in Figure 17. The error bars in the plots
indicate the standard deviation of the lift when calculating the section lift with the 25 different
integration contours for obtaining the circulation as described in Section 2.
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Figure 16: Sectional lift distribution along the span at four different phase instants
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Figure 17: Sectional lift over the period at three different spanwise locations

As visible in Figure 16, the lift distributions along the span for different phase instants are
qualitatively similar in test case 1 but vary in lift magnitude. This is following the sinusoidal
temporal behavior of the lift for this test case that is observed in Figure 17, which only varies to
a small extent in magnitude and phase for the different spanwise locations. From both figures
it is evident that in this test case the maximum lift occurs near t/T = 0.25 over the entire wing
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span. In contrast, the spanwise lift distributions in test case 2 do not vary strongly in magnitude
but exhibit a qualitatively different behavior depending on the phase instant. This is reflected in
the temporal behavior as well, where the lift in the lower part of the wing is still quasi-sinusoidal
but shows a more complex behavior for the top part of the wing.

The temporal variation of the spanwise-integrated lift force is shown for both test cases in
Figure 18. The mean value of the lift over the period is about twice as high in test case 2
when compared to test case 1, as a result of the difference in geometric angle of attack. On
the other hand, the variation of the lift is considerably larger in test case 1 with a peak-to-peak
amplitude of almost 3N, compared to less than 1N in test case 2. The standard deviation of
the lift variation due to the choice of the integration contour as indicated by the error bars is not
significant, having typical values of less than 0.05N or 1% of the mean force.
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Figure 18: Aerodynamic force over the period for both test cases

5.3 Validation of the root force

The root force obtained with the integrated measurement approach as the sum of aerodynamic
and inertial force according to Equation 5 is compared to the force balance measurements in
Figure 19.

0 0.2 0.4 0.6 0.8 1

t/T

1

2

3

4

5

6

7

8

ro
o

t 
fo

rc
e,

 N

test case 1

integrated measurement

force balance

0 0.2 0.4 0.6 0.8 1

t/T

4

5

6

7

8

9

10

11

ro
o

t 
fo

rc
e,

 N

test case 2

integrated measurement

force balance

Figure 19: Comparison of the root force measured with the integrated approach and the force balance
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The comparison shows a good agreement between the two methods, within the measurement
uncertainty. In test case 1, the root force remains relatively constant in response to the sinusoidal
gust, while an inverse cos-shaped variation is observed for test case 2. When compared to the
integrated measurement result, the force balance signal shows larger variations over the period,
but also larger error bars than the integrated measurement result in test case 1. The root mean
square of the difference between the integrated measurement and the force balance data over
the period is 0.47N for test case 1, which corresponds to 11.0% of 4.27N, which is the mean
root force over the period measured with the force balance. In test case 2, the results from the
different methods appear qualitatively identical, the root mean square difference between force
balance and integrated measurement amounts to 0.48N, which corresponds to 6.3% of the mean
root force 7.47N, as measured with the balance.

6 CONCLUSION

In this study, the dynamic aeroelastic response of a highly flexible wing to a periodic gust
excitation was determined experimentally in a wind tunnel test. The wing that was investi-
gated is the Delft-Pazy wing, an adaptation of the Pazy aeroelastic benchmark wing for lower
freestream velocities. Two test cases were considered, which differed in mean angles of attack
as well as excitation frequency, where one was close to the first natural bending frequency of
the wing. The measurements were performed with an integrated optical system, which provides
Lagrangian particle tracking measurements of the wing motion via surface marker tracking and
the flow field around the wing via the tracking of helium-filled soap bubble flow tracers. These
measurements were post-processed to obtain a reconstruction of the wing shape as well as the
phase-averaged flow field. It was observed that the dynamic structural response in terms of de-
flection amplitude and phase lag to the gust forcing depends strongly on the gust frequency; the
sinusoidal gust with the frequency close to the natural bending frequency of the wing produced
wingtip of deflections of nearly 25% of the span, whereas the gust with a higher frequency re-
sulted in smaller deflection amplitudes with a larger phase lag. After the post-processing of the
measurements, the aerodynamic and inertial loads acting on the wing were determined through
the application of physical models to the measured data. The analysis of the lift distribution
on the wing during the periodic gust encounter revealed that for small wing deflections, the lift
variation is sinusoidal and can thus be directly linked to the gust forcing, whereas for the test
case with larger deflections, the temporal behavior of the lift varied depending on the spanwise
location. The results of this analysis were compared to force balance measurements in terms of
the force at the wingroot, yielding differences between 6% and 11%.

The results of the integrated measurement approach presented in this study provide insights into
the aeroelastic gust response in a level of detail that is unattainable with conventional measure-
ment approaches based on installed sensors. Particularly relevant are the measurements of the
lift distribution along the entire span during the gust encounter, which have previously never
been determined experimentally. The results of this study are therefore useful for the validation
of aeroelastic simulation models, in particular with respect to the unsteady aerodynamic model.
The use of a single measurement system for aerodynamic and structural measurements simpli-
fies the experimental setup and data processing compared to the coordinated use of multiple
measurement systems, which makes the approach presented in this study a promising method
for producing experimental reference data for dynamic aeroelastic problems of different kinds
in the future, such as limit-cycle oscillations. Future studies on the accuracy of the experimental
approach should investigate the application of more sophisticated physical models for the load
determination to improve the agreement of the results with the force balance measurements.
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