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Abstract: This work discusses the experimental challenges and processing of unsteady experiments
for a pitching wing in the low-speed wind tunnel of the Vrije Universiteit Brussel. The setup used for
unsteady experiments consisted of two independent devices: (a) a position control device to steer the
pitch angle of the wing, and (b) a pressure measurement device to measure the aerodynamic loads.
The position control setup can pitch the wing for a range of frequencies, amplitude, and offset levels.
In this work, a NACA-0018 wing profile was used with an aspect ratio of 1.8. The position control
and the pressure measurement setups operate independently of each other, necessitating advanced
signal processing techniques to synchronize the pitch angle and the lift force. Furthermore, there is a
(not well-documented) issue with the (sampling) clock frequency of the pressure measurement setup,
which was resolved using a fully automated spectral analysis technique. The wing was pitched using
a simple harmonic sine excitation signal at eight different offset levels (between 6◦ and 21◦) for a fixed
amplitude variation (std) of 6◦. At each offset level, the wing was pitched at five different frequencies
between 0.1 Hz and 2 Hz (that correspond to reduced frequencies k ranging from 0.006 to 0.125). All
the experiments were conducted at a fixed chord-based Reynolds number of 2.85 × 105. The choice
of operating parameters invokes the linear and nonlinear behavior of the wing. The linear unsteady
measurements agreed with the analytical results. The unsteady pressure measurements at higher
offset levels revealed the nonlinear aerodynamic phenomenon of dynamic stall. This confirms that a
nonlinear and dynamic model is required to capture the salient characteristics of the lift force on a
pitching wing.

Keywords: unsteady aerodynamics; dynamic stall; unsteady experimental setup; signal processing

1. Introduction

The study of pitching wings is crucial for the design and development of rotary
and flapping wing configurations [1–3]. Recent interest in the development of small-
scale unmanned aerial vehicles (UAVs) and micro aerial vehicles (MAVs) is sparking an
increasing interest in the unsteady aerodynamics of low aspect ratio (AR) wings at low
Reynolds numbers [4] and in the construction of reduced-order models thereof [5–7]. The
aerodynamic forces on the pitching wing in air at low altitude depend upon a range of
geometrical (wing profile, aspect ratio, pitch angle, etc.) and flow parameters such as the
Reynolds number and the turbulence intensity level [8–10]. Thus, a versatile experimental
setup is required to reproduce the relevant unsteady flow conditions such as the active
aeroelastic test bench setup developed in [11,12]. This setup was modified in this work to
conduct pitching-wing experiments at high pitch angles to measure the unsteady surface
pressure distribution and capture dynamic stall. The aerodynamic terminologies used in
this work are illustrated in the conceptual drawing in Figure 1. The experimental setup
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consisted of a wing position control mechanism and the wing pressure measurement setup
was installed in the low-speed wind tunnel (see Figures 2–4) of the Vrije Universiteit Brussel.
The setup allowed us to impose any arbitrary motion (within the bandwidth of the system).
However, we focused on simple harmonic motions in this work.
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When considering the lift force on a pitching wing as an “output signal” produced by
a causal “dynamic system” as a response to a varying angle of attack, the “input” signal, the
modeling, and analysis of the pitching wing can be approached as a typical vibro-acoustic
problem. The lift force will be a linear or nonlinear (dynamic) function of the angle of attack,
depending on the reduced frequency and the pitch angle [13] (for computational details
see Section 3.4). At higher pitch angles, the lift force exhibits nonlinear phenomena such
as higher harmonics and bifurcations [14,15]. These nonlinearities are mainly triggered
by the interaction of the boundary layer and the dynamic stall vortex (DSV) [16,17]. A
number of experimental [18–22] and numerical studies [23–27] have addressed the effect of
the DSV on the lift distribution of wings. Most of these studies were for a wing aspect ratio
of more than 3. In the case of low aspect ratio (LAR) wings, which are generally defined as
an aspect ratio below 3 [28], the lift force is strongly dominated by the tip vortices and their
interaction with the DSV [4,19,26]. In addition, there is a limited number of studies for LAR
wings with conventional (non-flat-plate) wing profiles [4] such as the NACA-0018 used in
this work. Such profiles could be more interesting for use in UAVs and MAVs [29,30].

In this work, we aimed (1) to describe the experimental setup and the use of advanced
signal processing tools to deal with practical challenges related to unsteady aerodynamic
experiments, and (2) to present the unsteady dynamic lift forces on a pitching LAR wing
from a vibro-acoustic perspective. In particular, we identified the linear and nonlinear
responses of the pitching wing and showed that any model of these unsteady loads should
be nonlinear and dynamic.

The rest of this article is structured as follows. The experimental setup is described in
Section 2. The details of the pitch control setup (Section 2.2) and the pressure measurement
setup (Section 2.3) are important to understand the data-post processing explained in
Section 3. Quasi-steady experiments are shown in Section 4, which highlight the linear
and nonlinear regions of the pitching wing. The unsteady pitching wing experiments for a
range of frequencies and offset levels are discussed in Section 5, with conclusions drawn in
Section 6.

2. Experimental Setup

In this section, we describe the experimental setup that was used to acquire the lift
forces on the pitching wing. From the perspective of an input–output system block, the
pitch angle α can be considered as the input, and the lift force coefficient cl is the output
of the system. The input and the output were generated and measured with two separate
setups in the wind tunnel. The details of the wind tunnel are given in Section 2.1 and the α

(pitch angle) control, which was attached to the wind tunnel sidewall, are elaborated in
Section 2.2. The lift force coefficient cl is calculated from the pressure measurements on the
wing. The pressure is obtained from pressure taps on the wing, which are connected to the
pressure measurement system (further elaborated in Section 2.3).
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2.1. Wind Tunnel

All experiments were conducted in the large low-speed open-circuit wind tunnel of
the Vrije Universiteit Brussel. The test section has dimensions of 2000 mm × 1000 mm
and an overall length of 12 m. The wind tunnel can operate at a maximum wind speed
of 20 m/s. The wind velocity was measured using a pitot-static tube located upstream of
the test section. The turbulence intensity of the freestream was less than 0.5% for all of the
speeds at which the experiments were conducted.

The wing was a NACA–0018 with a 300 mm chord length and a span of 540 mm. The
chord-based Reynolds number used in this study was 285 × 103, which corresponded to
a freestream velocity of 15 m/s. The boundary layer at this Reynolds number and level
of turbulence intensity will transition from laminar to turbulent over the wing surface.
Small vertical-axis wind turbines and UAVs typically operate in this range. The freestream
turbulence has a significant effect on the aerodynamic forces on the wing [31]. For the
sake of simplicity, in this study, we limited the analysis to a single Reynolds number and
turbulence intensity level.

2.2. Position Control Setup

The position control mechanism can arbitrarily move the wing with a frequency band
up to 5 Hz and pitch amplitudes up to a 30 degree pitch angle. In this study, we only used
simple harmonic pitching. The pitching motion was achieved by the movement of a linear
actuator connected with the wing using a pitch beam, as shown in Figure 2. The pitch
mechanism was designed as a closed kinematic loop. Thus, the position of the wing was
completely defined by the position of the actuator rod. Since the movement of the actuator
rod is measured continuously, the position of the wing is also known at every time instant.

At the heart of the position control setup is a dSPACE® ds-1103 real-time controller
that imposes the motion of the actuator and hence the wing. The dSPACE® controller
has a PC-based controller card that is programmed using SIMULINK® block diagrams
that are downloaded into the memory of the controller. The SIMULINK® program is then
executed on the controller, and communication with the PC is only used to update the
controller parameters or for data acquisition purposes. Thus, the dSPACE® controller
offers an interactive and flexible platform for actuator control. To ensure a precise position
control, the dSPACE® was run at 2 kHz. The data captured by the controller were logged
at a 200 Hz sampling frequency ( fs). The choice of 200 Hz was due to the limitation of the
pressure measurement setup, as will be explained in Section 3.3.
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Figure 2. Schematic representation of the position control mechanism attached to the wind tunnel.
(a) Actual view; (b) CAD model.
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The desired pitch command was coded in SIMULINK® and loaded in dSPACE®

memory. The controller converts the pitch command into a position command for the
linear actuator. The linear actuator was fitted with a digital encoder that provided the
actual position of the linear actuator with an accuracy of 0.0125 mm. This position was then
translated into the pitch angle and sent back to the PC. A classical PID control algorithm
was used in dSPACE® for the pitch angle control [32]. The schematic of the experimental
setup with the details of the position control setup is shown in Figure 4.

2.3. Pressure Measurement Setup

The pressure measurement setup consisted of the wing with pressure taps connected
to a pressure scanner system via urethane tubes, as shown in Figure 3. The wing was made
in three sections: two outer carbon fiber sections and a 3D-printed section in the middle.
The 3D-printed section had 48 taps with the diameter of 0.8 mm. Each of the pressure taps
was connected to the pressure scanner using a urethane tube with a length of 400 mm. All
the tubing used in the experiments were of the same length. Using the analytical techniques
described in [33], we found that the maximum amplification in the pressure signal for the
maximum frequencies applied in our work was 0.03% and the phase lag was −0.3◦, which
we considered negligible for our purpose.
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The schematic of the pressure measurement setup is shown in Figure 4. The pressure
scanner used was a ZOC33/64Px Scanivalve measurement system that can measure the
64 channels simultaneously. A miniaturized data acquisition unit GLE/SmartZOC-100
from Greenlake Engineering was used, which is specifically designed to be interfaced
with the Scanivalve ZOC pressure scanner systems. The unit provides the regulated and
isolated voltage supply to the Scanivalve ZOC module, controls the scanning sequence,
the conditioning for the analogue pressure transducers, and the 16-bit A/D conversion of
the signals. The acquired data can be stored on a PC via an Ethernet bus connection. The
specifications for the data acquisition (DAQ) system are given in Table 1. The DAQ system
gave an offset in the sampling frequency settings, which is discussed in Section 3.3.

Table 1. The GLE/SmartZOC-100 specifications.

System accuracy 0.08 % FS or better, accordingly to the used pressure scanner
A/D resolution 16 bit

Scan rate Ethernet data transfer: up to 500 S/ch/s with 64 ch ZOC
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3. Post-Processing of the Experimental Data

This section describes the different post-processing steps performed on the experimen-
tal data. This included a step to ensure that the input and output data were synchronized
and had the same sampling frequency. Any bias in the pitch angle due to geometric
uncertainties/initial offset in the wing was also removed.

3.1. Synchronization of the Input and Output Data

The dSPACE drive system, which controls the input (pitch angle α) signal, and the
GLE/SmartZOC, which records the output (pressure), were not connected to a single
interface. Initial attempts to integrate the pressure scanner system with the dSPACE®

controller failed since the GLE/SmartZOC data acquisition system is a proprietary device,
prohibiting such an interface. A second attempt to directly integrate the Scanivalve® to the
same PC that was running the dSPACE program also failed. A programmable LabVIEW-
steered DAQ similar to the GLE/SmartZOC hardware proved unable to achieve the desired
sampling frequency. Additionally, the use of a trigger signal to synchronously start the
pressure scanner system with the wing pitching was prohibited by the GLE/SmartZOC.
Finally, we decided to synchronize in the post-processing step.

From a theoretical point of view, the proper synchronization of the two datasets is
essential as it may result in falsely interpreting the distortions as frequency leakage/time
variations (skirt-like shapes in the spectrum) or a false type of nonlinearity at a high level
(where phases of input-output data play an important role) [34–37]. Our first tries involved
linear cross-correlation of the input and the output signal to determine the starting position.
However, this technique cannot be used reliably at a high angle of attacks near the stall
region because the relationship between the input and output is nonlinear.

This led us to design a so-called starting signal, which was added at the start of every
measurement. The starting signal consisted of three periods (pitch cycles) of a simple
harmonic sine at a low frequency of 0.2 Hz (k = 0.013) with an amplitude of 5◦ at zero
offset. The lift response of the wing at these pitch conditions was expected (and later
demonstrated, see Section 4) to be linear. Therefore, a linear cross-correlation technique
could be used reliably. The lag was estimated using the Fourier transform of the two
datasets: the difference between the angles of the Fourier transform of the two signals
corresponded to the phase shift (delay). Once the delay is estimated, the two signals can
be properly resynchronized. Figure 5 shows the original output signal and the corrected
output signal after synchronization with the input data. The accuracy of the method is



Vibration 2023, 6 34

≤±1/ fs, which is ≤±5 ms for the sampling frequency used in this work. This method
can, in principle, be generalized to broadband signals such as multisines or swept-sines in
the future.
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3.2. Angle of Attack Correction

As mentioned earlier in Section 2.1, the kinematics of the pitching mechanism is
closed-loop, and the movement of the actuator can be used precisely to calculate the exact
pitch angle. It is important to explain here that the linear actuator rod fully relaxes when
powered off. At the controller start up, the user has to provide the exact pitch angle, which
the controller takes as the reference. Thus, each time during controller power up, the
wing was brought to a zero-pitch angle manually. This was achieved by using a digital
inclinometer with an accuracy of ±0.1◦. The inclinometer was first calibrated by placing it
on the wind tunnel floor, thus the zero-pitch angle was taken with reference to the wind
tunnel floor.

To cater for slight misalignment or manufacturing inaccuracies in the wing profile
design, the angle of attack can be further corrected in the post-processing step. This was
conducted by using the starting signal (i.e., single sine at 0.2 Hz with maximum pitch
amplitude of 5◦). Since the relationship between the lift and the pitch angle is linear
in this operating regime, a linear fit was carried out between the lift coefficient and the
angle of attack. The intercept of the linear fit gives the zero error in the angle of attack.
The intercept is then added to the angle of attack measurement to correct for any pitch
angle misalignment.

3.3. Sampling Frequency Correction of the Pressure Signal

The data acquisition system used for the pressure scanner (the GLE/SmartZOC)
provides several possibilities for the sampling frequency, depending on the number of
active channels. Since we used 64 channels, the device has a limitation to log the data at
the maximum of 500 Hz. However, the initial experiments at 500 Hz were plagued by
issues that were not evident in shorter and lower-frequency measurements. Experiments of
more than 250 s at a simple harmonic sine of 2 Hz (e.g., showed a constantly increasing
lag between the angle of attack and the lift force), as shown in Figure 6a. This kind of
undesired behavior is problematic due to two interrelated reasons. The output signal (lift
force) would lag more and more and eventually start to lead the (periodic sinusoidal) input
signal (angle of attack)—this happens when the phase rotation caused by the increasing
lag is larger than integer multiples of 180 degrees. From the signal processing point of
view, the advantages of periodic excitation such as averaging, avoiding issues with spectral
leakage would disappear, and at a given time, this synchronization issue would contradict
the causality constraint (implicitly) imposed in this framework. From an aerodynamic
viewpoint, the results would not make sense and violate basic aerodynamic principles.
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A detailed signal analysis revealed that the clock frequency of the pressure measure-
ment system was off. To determine the correct sampling frequency, we used two techniques:
a modified correlation technique and the FASA (fully automated spectral analysis of peri-
odic signals) approach [38]. The first technique makes use of the starting signal used for the
synchronization of the data. This signal contains three periods of a simple sine where the
relation between the input and output is linear. By synchronizing only the first period, the
lag observed in the third period confirmed the presence of the sampling frequency error in
the output measurements.

Next, we used a tailored FASA algorithm [38] that estimates the time period of any
periodic signal at least more than two periods long (an integer number of periods is not
required). The algorithm first estimates the time periods by autocorrelation of the signal
and measures the distance between the consecutive peaks. These estimates are improved
by reducing the cost function, which maximizes the power on the excited frequency line
relative to the non-excited lines. The algorithm divides the signal into different periods
based on the sampling frequency given to the algorithm.

Three simple harmonic sine experiments with frequencies of 0.1, 1, and 2 Hz with a
long measurement time of 300 s were used, all with small amplitudes to remain within the
linear region. The frequencies of the input signal were checked and confirmed to be exact.
However, the FASA algorithm estimated a slightly different frequency of the measured
output signal due to the incorrect sampling frequency (nominally 200 Hz). A simple search
algorithm was then used to estimate a posteriori the sampling frequency that ensured that
the input and the output frequencies matched. Using empirical statistical analysis, we
found that the actual sampling frequency was 199.884 ± 0.001 Hz. These results were also
confirmed with an independent correlation analysis. Henceforth, the pressure measurement
data were re-sampled using the experimentally determined sampling frequency and a cubic
spline interpolation method. The input and the output signal after correction are shown in
Figure 6b.

The time–domain error caused by improper synchronization can be estimated as

ê(ttrue) = A(ttrue)− A
(

tspecified

)
= A(ttrue)− A

(
ttrue

fsspecified

fstrue

)
(1)

where fsspecified and fstrue are the incorrectly specified and the true (or in our case the esti-
mated) sampling frequencies; A is the measured signal (in our case it is the lift force); ttrue
is the correct observation (measurement) time; and tspecified is the incorrect time (due to
the imperfections of the sampling). This means that the longer the experiment, the more
pronounced the effect of the error caused by a varying lag (propagation time). However,
we would like to stress that the main issue is not the time–domain error caused by the
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sampling frequency error but the fact that the measurement(s) would violate the causality
assumption, thus making a meaningful analysis impossible. This error grows rapidly when
a higher frequency excitation (i.e., higher pitch variation rate) is used.

3.4. Aerodynamic Force Calculation

The pressure forces acting normal to the chord can be integrated from the wing leading
edge (LE) to the trailing edge (TE) to calculate the approximate cl as

cl =
1
c

∫ TE

LE

(
cpl − cpu

)
cos(α)dx (2)

where dx is the projection of a small area section along the chord (c) on which cp(l,u) is
acting. The cpl and cpu are the pressure coefficients at the lower and upper surface of the
wing, respectively, given by

cp(l,u) =
p − p∞

q∞
(3)

where p∞ and q∞ are the freestream static and dynamic pressure, respectively, and p is the
static pressure measured at the pressure tap.

The reduced frequency k is a dimensionless number that is commonly used to indicate
the level of unsteadiness of the flow and is defined as

k =
π f c
V∞

(4)

where f is the pitching frequency; V∞ is the freestream velocity; and c is the chord length.
The reduced frequency is a measure of the unsteadiness of the flow; a value of k > 0.002

can be regarded as unsteady flow [17,39].

4. Quasi-Static Experiments

The first set of experiments was to obtain a characteristic quasi-static lift curve: aero-
dynamic lift force against the pitch angle. This curve revealed the basic flow features and
provided a baseline for the dynamic tests. The quasi-static curve was obtained by slowly
moving the wing as

α = αo + αm sin(2π f t) (5)

where αo is the pitch offset (set to 0◦); αm is the pitch amplitude (set to 28◦); and the excited
frequency (f ) is 0.01 Hz, which corresponds to a reduced frequency (k) of 0.0006. The
quasi-static curve for the positive pitch angles is shown in Figure 7. The curve was obtained
by averaging three periods. The standard deviation of the data is shown as the shaded
region. Three different regions can be broadly identified from the lift curve.
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There was a linear region for α < 12◦ where the lift increased proportionally with
the pitch angle. Above 12◦, the lift curve slope decreased due to partial boundary layer
separation originating at the trailing edge. Beyond 16◦, the lift curve followed a different
path for pitch up and pitch down, so-called lift hysteresis. This hysteresis region shows
that even at low reduced frequencies, the lift is a nonlinear function of the angle of attack.
Above 22◦, the boundary layer fully separated from the suction side, and we observed a
fully stalled region during both the pitch up and ensuing pitch down motion.

The wing was mounted in a cantilever position from the wind tunnel sidewall. Since
there is no end-plate at the wing tip, the flow will leak from the high-pressure side to
the low-pressure side of the wing at the tips. This will create tip vortices and the energy
dissipated from these vortices will have a toll on the wing lift. Thus, the lift curve slope
of the wing will be lower than that of an airfoil. For lower aspect ratio (AR) wings, the
Helmbold equation can be used to calculate the lift curve slope [40]:

a =
πAR

1 +

√
1 +

(
AR
2

)2
(6)

The Helmbold equation gives the theoretical slope as 3.7 (the black line in Figure 7),
which is quite close to the estimated lift curve slope of the wing (a slope of 3.63, see the
colored lines in Figure 7). Gudmundsson [41] compared different relations for correcting
the lift curve slope for different aspect ratios and wing shapes and found that the Helmbold
equation agreed well with experimental data.

The laminar separation bubble (LSB) plays an important part in determining the char-
acter of the boundary layer, the stalling characteristics of the wing, and the lift hysteresis.
The LSB is formed when the laminar boundary layer separates over the wing surface due to
the adverse pressure gradient downstream of the point of minimum pressure. A schematic
diagram of the LSB and its determination from the pressure data can be found in [42]. They
showed a schematic diagram (reprinted here as Figure 8 for clarity) detailing the formation
of the LSB. ‘S’ indicates the point of separation. Downstream of the separation point, a
laminar shear layer is formed, separating the streamline flow and the reverse flow between
the boundary layer and the wing surface. The flow inside the shear layer is unstable and
the transition from laminar to turbulent flow takes place. The transition starts at ‘T’, a
short distance downstream of ‘S’, and converts into a fully turbulent flow at ‘T’. After the
complete transition at ‘T’, the large turbulent shear stresses energize the separated shear
layer by entraining fluid from the external stream so that it grows rapidly, causing the
pressure to rise. Reattachment occurs at point ‘R’ when the pressure is nearly equal to the
value for the turbulent boundary layer over the wing with no separation bubble present,
as shown in Figure 8. The region between separation and reattachment is referred to as
the laminar separation bubble. The fluid in the laminar portion (between ‘S’ and ‘T’) of the
bubble moves very slowly, while the fluid in the turbulent portion (between ‘T’ and ‘R’)
moves vigorously in a recirculating pattern.
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The LSB could also be observed in our pressure data for the quasi-static case. The
pressure coefficient cp at different pitch angles for the pitch-up and pitch-down motion is
shown in Figure 9. Different events on the lift curve are shown in numerals. Until point ‘1’,
the lift curve was linear, and the lift was mostly due to the pressure drop on the suction side
near the leading edge. After point ‘1’, a decrease in lift curve was observed, which indicates
the start of the boundary layer separation from the trailing edge. Since we had no pressure
tap after 77% of the chord, the trailing edge separation was not visible in the pressure data.
We can see the formation of LSB at points ‘2’, ‘3’, and ‘4’, indicated as a circle in Figure 9.
The separation, transition, and reattachment points can be identified similar to Figure 8.
Point ‘5’ indicates the region of the full boundary layer separation from the suction side, as
shown by a constant pressure distribution in the cp plots. Pitching down, starting from a
fully separated flow, no LSB was formed that would boost reattachment. This resulted in a
different, lower lift force during pitch-down between 24◦ and 16◦ (flow reattachment) than
that obtained during pitch-up. The points ‘2’ and ‘8’, ‘3’ and ‘7’, and ‘4’ and ‘6’, respectively,
are snapshots at the same pitch angles. Their differences clearly demonstrate the presence
of the lift hysteresis and how it is linked to the presence (pitch-up) or absence (pitch-down)
of the LSB.
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5. Monosine Experiments

Most of the work on understanding the unsteady motion of the wing involves harmon-
ically pitching the wing [21,22,25,43,44]. In this work, we conducted experiments using
simple harmonic sines (monosines) at different pitch offset angle, amplitude, and reduced
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frequencies. The list of all monosine experiments is given in Table 2. The pitch amplitude
was fixed at 6◦ and the pitch offset was gradually increased in steps. At each offset angle,
the wing was pitched with five different single-sine frequencies that corresponded to a
reduced frequency of 0.0063, 0.025, 0.063, 0.101, and 0.126.

Table 2. Summary of the monosine experiments performed at different parameters.

Motion Type Pitch Amplitude Pitch Offset k

Single sine ≈6 6, 9, 11, 13, 15, 17, 19, 21 0.006, 0.025, 0.063, 0.101, 0.126

5.1. Aerodynamic Viewpoint

In Figure 10, the lift forces for different monosine experiments are shown for each of
the offset angles. The curves for each reduced frequency were superimposed to illustrate
the effect of increasing the pitch rate on the lift characteristics. The quasi-static curve was
also plotted for comparison. To ease the discussion on the results, we focused on the results
at the pitch offset of 6◦, 15◦, and 19◦ to cover the three regions identified in Section 4.
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Figure 10. The lift force comparison for increasing reduced frequencies at (a) 15◦ and (b) 19◦

pitch offsets.

At the lower offset angle (6◦), the curves for different reduced frequencies mostly fell
on the quasi-static curve. The cl variation with pitch angle is shown for the lowest and the
highest reduced frequency in Figure 11. The experimental results were filtered to consider
power only on the excited frequency line. This allowed us to compare the results with the
linear unsteady relation of Theodorsen [13]. Since the Theodorsen model is derived from
quasi-steady thin airfoil theory, it is valid only for airfoils [45]. Therefore, we adjusted the
lift curve slope to match the actual (measured) slope for the wing. The experimental forces
were in good agreement with the predictions from Theodorsen’s model.

At the offset angle of 15◦, since the maximum pitch angle now exceeded the static
stall angle, we observed hysteresis loops that grew with increasing reduced frequency
(see Figure 10a). This was due to the formation of a leading-edge vortex (LEV) near the
leading edge on the suction side of the wing. The strength of the LEV was increased with
the favorable upward motion of the wing. This delayed the boundary layer separation and
increased the maximum cl. However, during the downward motion, the LEV is shed, and
the same principle now keeps the boundary layer separated longer. Therefore, a hysteresis
loop is formed, which increases with reduced frequency.
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Figure 11. Comparison of single sine experiments at 6◦ offset with the Theodorsen and quasi-steady
results at (a) k = 0.006 and (b) k = 0.126 values.

At higher offset angles still (19◦), reattachment did not occur during the downward
motion, but near (or just past) the minimum angle of attack, as shown in Figure 10b. The
ensuing increase in the size of the hysteresis loop can be attributed to the formation of a
dynamic stall vortex (DSV). The DSV produces a localized drop in the suction pressure near
the leading edge and results in a rapid rise in the lift. The strength of the DSV increases with
the increase in the pitch rate. As the DSV sheds and traverses downstream, the leading-edge
suction peak collapses, resulting in lift stall. The presence of the DSV was confirmed by the
small kink near the maximum cl, especially at higher reduced frequencies [43].

5.2. Vibro-Acoustic Viewpoint

The complex aerodynamic lift force for a harmonically pitching wing can also be seen
as a classical nonlinear signal processing problem, not unlike a nonlinear vibro-acoustic
system [36,46]. We explore that viewpoint in the present section to determine what (data-
driven) model would be required to capture such nonlinear dynamics.

For most mechanical systems, small excitation levels lead to small, negligible nonlinear
effects hidden in the noise. This corresponded in our case to the low offset angle of attack
regions seen in Figure 11. When the excitation level increased, the nonlinearities tended to
appear (as it is shown in Figure 10).

Figure 12 illustrates how a system response consists of a linear and nonlinear part in
the frequency domain using a generic scenario. The major difference between the pitching
wing problem and the classical mechanical/vibro-acoustic engineering applications is that
the higher excitation level does not require an increase in the injected energy at all excited
frequencies. More precisely, by increasing the offset angle of attack, we effectively only
increased the energy of the DC (0 Hz) component.
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For a monosine excitation, we thus did not increase the amplitude of the sine wave
(i.e., the energy at the non-zero excited frequency, which would be the intuitive step) but
the pitch offset angle while keeping the higher frequency component constant. This implies
moving the range of the excitation by moving the mean value of the sine wave. With this
excitation technique, we tested multiple points on the static curve, as illustrated in Figure 9.

To make the results more accessible, in the next figure, the frequency-domain input–
output signals are shown at three offset angles: at 6◦ (low level), 15◦ (medium level), and
19◦ (high level), and at the excitation frequencies of 0.1 Hz (k = 0.006), 1 Hz (k = 0.063),
and 2 Hz (k = 0.126), respectively. The input (angle of attack) measurements are shown
in Figure 13a. We observed that the excitation signals were almost identical; the only
significant difference could be found at 0 Hz: the mean (offset) value of the pitch angle
(comparing the green (low), blue (medium), and red (high) bars at 0 Hz).
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Figure 13. Frequency–domain overview of nine selected experiments grouped by excitation fre-
quencies. (a) Angle of attack spectra for three 3-levels of excitation, and (b) lift coefficient spectra
are shown. The green, blue and red bars refer to the excitation at low- (6◦), medium- (15◦), and
high-levels (19◦), respectively.

The post-processed output (lift coefficient) measurements are shown in Figure 13b. The
level-wise spectral characteristics varied with the excitation levels, even in the nonexcited
frequency band, as could be expected for a nonlinear system. The output/input ratio varied:
the higher the level of excitation, the higher the energy injected at and around the frequency
bin of the excitation line. These output/input ratios at the excited (non-zero) frequency
lines are also a function of the frequency and the excitation level. This means that the
system indeed shows complex nonlinear dynamical behavior; an appropriate (data-driven)
model should thus be able to represent a (strongly) nonlinear and dynamic system. A
detailed frequency domain analysis of the pitching wing using broadband excitation can
be found in [5,6,47].

One way to illustrate the importance of the nonlinear dynamics of a pitching wing is
through the variation in the maximum lift force with reduced frequency for different pitch
offsets. This is shown in Figure 14 for all the experiments listed in Table 2. The curves for
which the maximum pitch angle exceeded the static stall angle displayed a steeper rise in
the maximum cl.
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6. Conclusions

The unsteady lift force on a pitching wing plays an important role in many engineering
problems in aeronautics and wind energy. Often, empirical models are used to predict
the lift force as a function of a (harmonically) varying angle of attack. From a vibro-
acoustic viewpoint, the unsteady aerodynamic force acts as a spring, albeit a strongly
nonlinear one. A small-order model that captures the salient (nonlinear) characteristics of
the aerodynamic force would greatly improve the existing tools (such as digital twins) for
design optimization or for real-time control.

This work demonstrates unsteady measurement on a low aspect ratio pitching wing to
allow for the construction of data-driven small-order models. However, the experimental
setup used for the experiments posed unique measurement challenges that were addressed
in the post-processing using advanced signal processing techniques.

1. The lack of synchronization was solved through a so-called starting signal specifically
constructed for the proper synchronization of the pitch angle and lift force data. This
allowed for synchronization of the two datasets with an accuracy of <5 ms.

2. The faulty clock frequency of the pressure measurement DAQ was determined
through a fully automated spectral analysis tool that estimates the period time of a
periodic signal for a given sampling frequency. The analysis revealed that the correct
sampling frequency of the DAQ was 199.88 Hz instead of 200 Hz.

The quasi-steady experiments showed a bi-stable behavior at higher pitch angles,
also termed as static hysteresis. The pressure distribution on the suction side revealed
the formation of a leading-edge separation bubble (LESP); the hysteresis behavior was
attributed to the formation and bursting of the LESP during the pitch-up motion of the wing.

Unsteady (harmonic) measurements at different offset levels revealed that the wing
behaves in a linear dynamic fashion at lower pitch offsets. The results agree with the
theoretical (linear) unsteady models corrected for the low wing aspect ratio. At higher pitch
offsets, beyond stall, the maximum lift force varies dynamically due to the formation of
dynamic stall vortex (DSV). Indeed, the strength of the DSV (which influences the lift force)
grows nonlinearly with an increase in reduced frequency. Therefore, proper modeling of the
unsteady lift force on a pitching wing necessitates the use of a nonlinear dynamic model.
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