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Abstract

Panel-based aeroelasticity models are commonly used to conduct mid-fidelity aeroelastic
analysis. The unsteady vortex lattice method (UVLM) in particular is used when non-linear
aerodynamic corrections are needed, for example by utilizing the a-convergence method.
While this method is well tested for non-linear corrections in high-Reynolds transonic
flows for both steady and unsteady cases, its effectiveness has not been well researched
in unsteady low-Reynolds flows. This paper tests the effectiveness of the a-convergence
method in this regime by comparing modeling results with original wind tunnel test results.
In the steady aeroelastic displacement tests, the aerodynamic non-linearity improved the
modeling results significantly, with an error under +£10% at all tested angles of attack,
compared to a maximum error of —30.8% for the aerodynamically linear models. In the
flutter test case, the aerodynamic non-linearity had less of an impact, with structural non-
linearity being more important in this case. However, the maximum flutter speed error for
the aerodynamically non-linear model was still lower, at —14.4%, compared to +19.6% for
the aerodynamically linear model.

Keywords: vortex lattice method; non-linear aeroelasticity; flutter; wind tunnel experiment

1. Introduction

Aeroelastic modeling is highly relevant for modern aircraft design and control law
development. A variety of aeroelasticity models are used for aircraft design optimiza-
tion [1-4], flutter suppression system development [5-7], and gust load alleviation system
development [8-10]. Many of these applications are highly iterative, and require fast
aeroelasticity models in order to be viable without access to very-high-performance com-
puters. Because of this, many authors focus on fast aeroelasticity modeling [11-15], and
some of them propose data-driven methods, while others analyze physics-based methods.
Generally, data-driven aeroelasticity models have excellent performance, performing calcu-
lations much faster than high fidelity physics-based methods, while providing comparable
results [13,15]. However, by nature, the data-driven methods require a lot of pre-existing
data to develop, and have limited flexibility regarding changing structural or aerodynamic
parameters of the structure. These qualities make them well-suited for applications where
the analyzed geometry stays constant, such as control law development, but less suitable
for variable-geometry applications such as parametric design optimization. In comparison,
physics-based methods usually have a higher computational cost for comparable results,
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but are more flexible, easier to develop for a specific aircraft, and easy to adapt to changing
aerodynamic and structural properties.

The computational cost of physics-based methods varies greatly with complexity, with
CFD-based methods [2,16,17] generally being the most computationally expensive, panel-
based methods (mostly vortex lattice method (VLM) [18-20] and the doublet lattice method
(DLM) [21,22]) providing mid-fidelity results at average computational costs, and more
traditional strip-based aerodynamic methods [5,23,24] providing excellent computational
performance, but with lower accuracy. For many applications, the mid-fidelity panel-
based methods provide a good balance between performance and accuracy. DLM is
readily applicable to frequency-domain applications and is an industry standard for flutter
predictions; however, VLM is more flexible and easier to set up for complex geometries
when applied in the time domain. Additionally, while both are inviscid methods, there are
many implementations of non-linear VLM, taking viscous [25,26] and compressible [20,27]
effects into account, whereas DLM is usually used in the basic linear implementation.

One of the main methods to account for non-linear aerodynamic effects in VLM is
the a-convergence method, first described in [28]. It is well established for viscosity and
compressibility corrections for VLM, and more suitable for steady cases [1], but has also
been successfully applied to unsteady cases such as flutter prediction [27]. However, the
existing research mainly focuses on applications of the unsteady version of this method
in full-size aircraft analysis at Re > 1 x 10°. Some research describes the use of the very
similar hybrid unsteady vortex lattice-vortex particle method with a-convergence non-
linearity correction in the Reynolds number range 27 x 10° < Re < 170 x 103 [29,30].
However, while utilizing an unsteady model, the research focuses on the relatively steady
case of a small UAV rotor in hover conditions, and only compares the results with steady
experimental measurements.

There is an apparent research gap in evaluating the suitability of the non-linear UVLM
with a-convergence correction for unsteady aeroelastic modeling in low-Reynolds flows,
especially in relation to experimental results. Because the method only uses steady airfoil
lift data for the non-linear aerodynamic corrections, the accuracy for unsteady cases is
not guaranteed, and it requires additional validation. This paper focuses on evaluating
the effectiveness of this method for both steady and unsteady aeroelastic analysis in the
Reynolds number range 41.5 x 10% < Re < 100.3 x 10°, comparing the results of the model
with original results from wind tunnel testing. Inside this Reynolds number range, the
performance of an airfoil can greatly vary even for relatively small changes of Reynolds
number [31]. If proven to be reliable in this regime, the non-linear UVLM could be more
readily used for aeroelastic design and control law design of small fixed-wing UAVs, as
they often operate in this range of Reynolds numbers.

2. Aeroelasticity Model

The core aeroelasticity model is the same as described in an earlier study by the
authors [32]. The structural dynamics part of the model is based on Euler beam elements,
with an implicit generalized-« time integration scheme and proportional damping. The
aerodynamic part is based on UVLM with a ring-vortex deformable wake formulation.
Different from the earlier work, the a-convergence method is applied to UVLM in order
to account for airfoil lift nonlinearity. In the model description and result overview, the
chordwise direction is labeled X, the spanwise direction is Y, and the normal direction is Z.

2.1. Structural Dynamics Model

The structural dynamics of the aeroelasticity model are based on a beam structure
of Euler beam elements. The standard stiffness and consistent-mass matrices are used
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for the beam, with an addition in the mass matrix to account for the inertia moment of
the cross-section, the same as in the authors’ earlier work [32]. Proportional (Rayleigh)
damping is used. In the non-linear version of the structural model, the global stiffness and
mass matrices are adjusted based on the angular position of each element (a corotational
non-linear approach).

2.2. Aerodynamics Model

The aerodynamic model is based on standard ring-vortex UVLM with a deformable
wake [33]. The steady aerodynamic force is evaluated at each bound vortex line of the
vortex lattice, and the unsteady force is evaluated at each panel. The a-convergence
method is applied to each chordwise strip of the wing at each time-step using the following
algorithm [28]:

Set adjustment angle Ax = 0.

Solve the regular UVLM equations.

Calculate the local steady lift coefficient c;3p for the chordwise strip.
Calculate the effective local airfoil angle of attack arp = arcsin(@).

27
Lookup the expected airfoil lift coefficient c;op at app.

CL3D
Rotate UVLM panel normals around Y-axis by Aa.

Calculate the new Ax = &geom — arcsin( CL2D sin(ucgmm)).

N O

Repeat steps 2—7 until for each strip the local lift coefficient converges |cr3p,; — cr3p,i—1| < €.

For this paper € = 1072 is used for convergence control. To confirm the validity of
this value, a steady aeroelastic displacement analysis is performed using the fully non-
linear aeroelasticity model (model D as described at the end of Section 2.3), comparing the
results when using values € = 1072 and € = 10~3. The maximum negative and positive
relative differences in wingtip displacement between the two epsilon values are —0.27%
and +0.29%, showing that the ¢ = 1072 value is appropriate and does not significantly
impact the accuracy of the model.

2.3. Model of the Test Case Wing

For the wing used in the wind tunnel experiments, described in Section 3.2, the
structural properties of the computational model are derived from the main spar properties,
and then scaled to match the real wing. The main spar is made of 51CrV4 alloy spring
steel, with a tensile modulus of 210 GPa, density of 7800 kg/ m?3, and Poisson ratio of 0.30.
The cross-section of the spar is rectangular, 40 mm wide and 0.5 mm thick. The resulting
cross-sectional properties of the wing spar are given in Table 1. Because the total wing is
both heavier and stiffer than just the spar, additional adjustment ratios were introduced
to adjust some structural properties of the wing. The adjustment ratios and the resulting
structural parameters of the full wing are also given in Table 1. The adjustment ratios
for the out-of-plane (OOP) bending stiffness and torsional stiffness are determined based
on static structural tests of the manufactured wing model, the mass adjustment ratio is
calculated by weighing the manufactured wing, and the Y-rotational inertia adjustment
ratio is determined from the inertial properties of the CAD model of the wing. Additionally,
to account for the deformations at the clamping point of the wing, a 3 mm long part
of the main spar is added to the structural model at the wing root (it is omitted from
aerodynamic calculations); this additional part uses the structural properties of the wing
spar cross-section, without the adjustment ratios applied.
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Table 1. Cross-section properties of the wing spar, and adjusted properties for the full wing.

Parameter Wing Spar Cross-Section ~ Adjustment Ratio  Total Wing Cross Section
Axial stiffness EA 42 x 10°N 1.00 42 x 10°N

OOP bending stiffness Elyy 8.75 x 10~2 Nmm? 2.19 1.92 x 10~ Nmm?

IP bending stiffness E 1, 5.6 x 10> Nmm? 1.00 5.6 x 10> Nmm?
Torsional stiffness GI,, 1.35 x 10~ Nmm? 2.95 3.98 x 10~ Nmm?
Mass pA 1.56 x 10~ 'kg/m 1.38 215 x 10~ kg/m
X-rotational inertia pljyy 3.25 x 10~ kgm 1.00 3.25 x 10~ kgm
Y-rotational inertia plp, 2.08 x 1075 kgm 1.57 3.27 x 10 5 kgm
Z-rotational inertia pI},, 2.08 x 107° kgm 1.00 2.08 x 107° kgm

Some elements are added to the model as point masses, shown in Table 2. The
accelerometers, their amplifier and holder are modeled as a pure point mass, and the
threaded wingtip rod and extra weights are modeled as an extra mass with rotational
inertia (although the rotational inertia around the X-axis is neglected). The masses are
determined by weighing the components, the rotational inertia of the threaded rod is
calculated using the equation for a thin rod rotating around its center (with a length of
100 mm), and the inertia of the extra weights is calculated using the equation for two point
masses rotating around their central point (with the distance to the rotation axis equal to
46 mm).

Table 2. Point masses added to the aeroelastic model.

Component Spanwise Position, m m, kg Ix, kgm? Iy, kgm? Iz, kgm?
Accelerometers, amplifier, holder 0.316 0.0058 0.0 0.0 0.0
Wingtip rod 0.330 0.0070 0.0 583 x107% 5.83x107°
Wingtip weights 0.330 0.0106 0.0 224 x 1075 224 x107°

For the aerodynamic model, the wing is split into 8 chordwise and 16 spanwise ele-
ments, distributed uniformly. For the aerodynamically linear model with no corrections
applied, the effective airfoil lift slope is C;, = 27, equivalent to the thin-airfoil case. The air-
foil lift curve for the a-convergence method is shown in Figure 1; it is based on experimental
results at Re = 80 x 103 from [31]. Based on these experiments, at low angles of attack, the
airfoil has a lift slope steeper than 27, resulting in more lift than in the aerodynamically

linear, inviscid case.
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Figure 1. Airfoil lift curve used for the non-linear aeroelastic modeling, compared with the linear
Cr, = 27 lift model.
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To evaluate the importance of structural and aerodynamic non-linearity for the ana-
lyzed test case, four configurations of the aeroelasticity model are evaluated:

1. Model A—structurally and aerodynamically linear.

2. Model B—structurally linear, aerodynamically non-linear.
3. Model C—structurally non-linear, aerodynamically linear.
4.  Model D—structurally and aerodynamically non-linear.

The structurally linear models (A and B) use a constant stiffness matrix that does
not change when the structure is deformed, and for the non-linear models (C and D), the
element stiffness matrices are rotated based on the local angular displacement before being
added to the global stiffness matrix. The aerodynamically linear models (A and C) use
standard UVLM, and the non-linear models (B and D) use the a-convergence method as
described in Section 2.2. Even for case A, the complete aeroelastic model is not completely
linear, because of the two-way coupling between the aerodynamic and structural models.

2.4. Computational Flutter Detection

The implemented unsteady aeroelasticity model works in the time domain, and
because of this, the flutter speed cannot be directly computed by the model. In order to
determine the flutter speed and obtain the computational results presented in Section 4.2, a
separate flutter detection script was used as a wrapper for the aeroelasticity model.

It begins by running the model at an initial guess of flutter speed for 0° angle of attack,
obtaining a steady-state solution, then introducing a disturbance exciting the 200P (second
out-of-plane bending) mode. The excitation is achieved by adding a 1.0 N out-of-plane
force at the half-span and a —0.5 N out-of-plane force at the wingtip for a duration of 103 s.
The model then continues to run for 0.7 s of model time, after which an automated FFT
analysis is used to determine if the 200P mode has an increasing or a decreasing amplitude.
If the amplitude is increasing, the script registers that flutter is happening at this speed,
and repeats the test case with decreasing flow speeds in 0.1 m/s increments, until flutter
stops, which is then noted as the flutter boundary for that angle of attack. If initially flutter
does not develop, the speed is instead increased in the same increments until flutter is
reached, and this is noted as the flutter boundary. After detecting the flutter boundary
for the current angle of attack, the angle of attack is increased by 0.1° and the process is
repeated, using the previous flutter speed as the initial guess.

While this flutter detection procedure might overlook the development of 100P (first
out-of-plane bending) flutter, a preliminary manual modeling run of different test cases
spanning the full range of tested angles of attack indicates that this flutter mode is not
present in the modeling results. Because of this, the 200P excitement technique was chosen
instead of a 100P excitement. A manual review of some of the automated modeling cases
confirms that the script successfully identifies the cases where no flutter is present and that
they are true negatives, rather than cases of different flutter modes (1OOP or 300P) that
the script fails to detect.

3. Experimental Methodology

Aeroelasticity experiments were performed in a wind tunnel in order to validate the
developed aeroelastic model. During the experiments, a specially made wing was tested
at a set of different angles of attack and flow speeds. The wingtip displacements were
measured to determine the steady aeroelastic displacement of the wingtip. Additionally,
accelerations were measured at the wingtip in order to determine the aeroelastic modal
properties of the wing.
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3.1. Wind Tunnel

For the experiments, the wind tunnel at the Lithuanian Energy Institute is used. The
wind tunnel is of closed return type, with an open test subsection. The diameter of the
tunnel at the test subsection is 400 mm, and the maximum achieved airflow speed is 40 m/s.
An ultrasound-based airspeed sensor is installed in the tunnel for speed measurement.

3.2. Wind Tunnel Model

The wind tunnel model used for experiments is a rectangular planform wing with a
half-span of 324 mm and a chord of 50 mm. A drawing of the wind tunnel model is shown
in Figure 2. The symmetrical NACA 0018 airfoil is used for the wing.

N 324

+ATNNRRRRINENIND

1 &# e b
Figure 2. Drawing of the used wind tunnel model with main dimensions shown. a—wing spar section

100
=
40
50

used for cantilever mounting, b—wing rib with leading and trailing edge extensions, c—wingtip rod
for attaching extra mass, and d—accelerometers.

The main structural element of the wing is a steel spar. The spar is made out of
hot-rolled 51CrV4 alloy spring steel. The thickness of the spar is 0.5 mm, and the width is
40 mm. It extends from the root of the wing up to 308 mm from the root, leaving the last
16 mm of the wing without the spar. The wing spar also extends 32 mm past the root of the
wing; this part is clamped to mount the wing (Figure 2, a).

Wing ribs (Figure 2, b) are mounted on the wing spar to create the outer aerodynamic
shape of the wing. The wing ribs are 3D-printed out of PCTG plastic. The ribs are positioned
every 20 mm along the span of the wing, with 14 regular ribs in total, and one thicker rib at
the wing root. The main ribs are 2 mm thick, with a hole for routing sensor wires. The rib at
the root of the wing is 4 mm thick. At the leading and trailing edge of each rib is a spanwise
extension that extends to the next rib, in order to make the leading and trailing edge shape
more consistent along the span. The wingtip rib is replaced with a plastic housing for
accelerometers, with an additional hole for mounting a threaded rod (Figure 2, c), used to
attach additional masses at the wingtip.

Three accelerometers are mounted at the wingtip (Figure 2, d), as well as a PCB
amplifier, described in more detail in Section 3.3.

The wing is covered with a thin heat-shrink film, providing the outer aerodynamic shape.

At the wingtip, a 100 mm long M4 threaded rod is attached (Figure 2, c), with a mass
of 7.0 g. The rod is centered at the mid-chord of the wing. At the tips of the rod (46 mm
from the mid-chord), additional masses are attached, which are 5.3 g each.

An overview of the mass properties of the wing is provided in Table 3. The total mass
of the wing spar is 52.8 g. A 32 mm long part of the wing spar extending out of the root
of the wing is used to mount it, and is not part of the unsupported mass of the wing. The
mass of this mounting part is 5.0 g, leaving the unsupported mass of the spar equal to
47.8 g. The 14 regular wing ribs have a total mass of 12.2 g (average of 0.87 g per wing
rib), and the thicker wing rib at the root has a mass of 1.2 g. The accelerometer housing
has a mass of 5.3 g. The total mass of all 3D printed parts is 18.7 g. The accelerometers
have a manufacturer-specified mass of 0.28 g, giving a total mass of 0.8 g (rounded) for
three of them. The amplifier PCB with all soldered components has a mass of 2.4 g, and
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the accelerometer wires have a total mass of 0.4 g. These components make the total
unsupported mass of the wing without adhesives and skin equal to 87.7 g (including the
wing tip rod and extra weights). The measured mass of the assembled wing is 98.1 g,
making the total unsupported mass 93.1 g.

Table 3. Mass components of the wind tunnel model (for the wing spar, only the unsupported mass
is included).

Component Mass, g
Wing spar 47.8
Wing ribs 134

Accelerometer housing 53
Accelerometers 0.8
Amplifier 24

Wires 0.4

Skin and adhesive 5.4
Wingtip rod 7.0
Wingtip masses 10.6
Total 93.1

At the root of the wing, a round steel plate is mounted to act as the aerodynamic
ground plane. The diameter of the plate is 240 mm.

3.3. Measurement Setup

One laser triangulation distance measurement sensor and three uni-directional ac-
celerometers are used to perform the measurements during the wind tunnel experiment.

The laser triangulation sensor is mounted externally and is used to measure the dis-
placement of the wingtip in the normal direction. A Micro-Epsilon optoNCDT-1220 sensor
(Micro-Epsilon Messtechnik GmbH, Ortenburg, Germany) is used, with a measurement
range of 100-600 mm. The sensor has a specified linearity error of less than 1.5 mm, or
0.30% of the full scale output, and a specified repeatability of 0.05 mm. The analog output
mode of the sensor is used, in order to have the measurement synchronized with the analog
accelerometers. The digital readout is used to check the validity of the analog output.

The accelerometers are mounted 9.5 mm from the wingtip. Two are mounted at the
leading and the trailing edge to measure OOP accelerations, and the third one is mounted
at the mid-chord and situated to measure in-plane accelerations. Knowles BU-23173
piezo-ceramic accelerometers (Knowles Corporation, Itasca, IL, USA) are used, chosen
for their low mass equal to 0.28 g. The accelerometers can measure accelerations of up
to 100 m/s?, and have a relatively constant specified sensitivity in the 30-3000 Hz range
(the manufacturer does not provide sensitivity data at lower frequencies). The nominal
sensitivity is 0.2 (m/s?)/mV according to manufacturer data. This sensitivity value was
checked by comparing the acceleration and displacement measurement data, and appears
to be accurate.

A three-channel amplifier is mounted on the wingtip to amplify the accelerometer
signal close to the source. The amplifier uses the LM2902PT four-channel operational
amplifier (STMicroelectronics NV, Geneva, Switzerland), and is setup in an inverting
configuration, with an integrated band-pass filter. The amplification factor of each channel
is 10, the —3 dB high-pass cutoff is 0.034 Hz, and the low-pass cutoff is 340 Hz. The total
mass of the amplifier is 2.4 g.

A DaqBook/2020 digital acquisition system (Measurement Computing Corporation,
Norton, MA, USA) is used to capture the data from all four sensors. The system has a 16-bit
analog-to-digital converter, and a maximum sampling rate of 200 kHz (split between all
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active channels). It has an integrated adjustable amplifier with a maximum gain of 64, and
an input voltage range of —10 V to +10 V. For this experiment, internal amplification is
disabled, and a 5 kHz sampling rate is used.

3.4. Test Cases

The wind tunnel testing is performed at angles of attack between 0° and 10°, with a
step of 2.5°. After setting each angle of attack, the laser triangulation sensor is repositioned
to measure the wingtip deflections in the normal direction. At each angle of attack, the
flow speed is set at 11.8 m/s (the minimum possible in the wind tunnel without adding
a mesh), then increased to 14 m/s, and further in 2 m/s intervals. At 0°, the interval
is initially increased, because flutter is only expected at higher speeds. In all cases, the
interval is reduced if the wing appears to approach flutter. When flutter is reached, the
flow speed is slowly decreased, stopping the flutter with a manual flutter brake each time,
until flutter no longer develops. At each speed, a 20 s long acceleration and displacement
sample is measured. At low speeds, the wing is impacted during measurement to induce
vibrations; at higher speeds, this was unnecessary because of vibrations induced by wind
tunnel turbulence. Each tested angle of attack and flow speed combination is shown in
Table 4. With a minimum speed of 11.8 m/s and a maximum of 28.5 m/s, the Reynolds
number during testing varied between 41.5 x 10% and 100.3 x 10°.

Table 4. Angle of attack—flow speed combinations tested in the wind tunnel.

Angle of Attack, ° Flow Speeds, m/s
0.0 11.8 140 200 240 260 280 283 285
2.5 11.8 141 16.0 18.0 201 221 23.0 240 246 251
5.0 11.8 140 160 18.0 20.0 210 220 225
7.5 11.8 142 160 181 200 220 240 26.0
10.0 11.8 130 150 158 173 190 21.0 23.0
4. Results

In this section, a numerical comparison of the experimental and modeling results is
provided, without providing author opinions or possible explanations for the observed
results. A more in-depth analysis of the results, including author opinions about the causes
of some of the results, is provided in the Discussion (Section 5).

4.1. Steady Aeroelastic Displacement Analysis

The average displacement at different angles of attack and flow speeds is shown in
Figure 3 (plotted against dynamic pressure). As expected, the plot shows a near-linear
relation between the dynamic pressure of the flow and wingtip displacement. The highest
non-linearity is seen at 0° angle of attack, caused by an adjustment of the angle of attack
at high speeds in an attempt to get closer to the real aerodynamic zero angle. Before the
adjustment, displacements of up to 7.0 mm can be seen. In the other cases, the deviation
from a linear relationship is lower, and the lowest deviation is seen at 5°. The highest
measured displacement was equal to 128.4 mm, or 39.6% of the half-span of the wing.

The slope of the linear fit lines in Figure 3 is increasing with increasing angle of attack,
but the increase is non-linear. The change of the slope with angle of attack is plotted in
Figure 4. Because the tip displacement appears to have a nearly linear dependence on
aerodynamic force based on Figure 3, the non-linearity present in Figure 4 shows that the
dependence of aerodynamic force on angle of attack in these test cases is non-linear. While
the wing does not appear to reach its critical angle of attack, a deviation from the linear lift
slope region is clearly seen at 7.5° and 10° angles of attack.
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Figure 3. Wingtip displacement change with dynamic pressure at different angles of attack. The
linear fit for each angle of attack is shown with solid lines, and the dashed lines show a +95% fit
confidence interval.

The modeling results for steady aeroelastic displacement are shown in Figure 5. It
can be seen that, especially at low displacements, aerodynamic non-linearity has a bigger
influence than structural non-linearity, as both aerodynamically linear models A and C
provide very similar results. The same can be said for the aerodynamically non-linear
models B and D. When comparing models A and B (both structurally linear), or C and
D (both structurally non-linear), a much larger difference is seen. However, at larger
displacements, the structurally non-linear models start showing a larger difference in
results to the structurally linear models, with the non-linear models providing lower
displacement results. The experimental data appear to be closer to the structurally linear
results at all angles of attack, but most noticeably at 7.5° and 10°.
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Figure 4. The change of the tip displacement slope with angle of attack. The displacement slopes are
from the linear fits shown in Figure 3, and the dashed lines show a £95% fit confidence interval.
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Figure 5. Steady aeroelastic tip displacement results, model comparison to experimental data. (a) 2.5°,
(b) 5.0°, (c) 7.5°, and (d) 10°.

The errors of steady aeroelastic displacements are shown in Figure 6 and Table 5.
It can be seen that the aerodynamically non-linear models B and D both provide good
results, only exceeding +20% error at two points in the 2.5° case, and two points at very
low dynamic pressure in the 10° case. In comparison, at 2.5° and 5°, the aerodynamically
linear model A and C errors are never under —20%. At 7.5°, they get more similar results to
the aerodynamically non-linear models, and at 10°, the results between all models become
very similar. Structurally linear models A and B provide lower average errors than their
structurally non-linear counterparts C and D at all angles of attack, except for 10°.

Table 5. Average error of each model at each angle of attack.

Average Displacement Error, %

Model 2.5° 5.0° 7.5° 10.0° Overall
A —30.6 —25.2 —18.5 +6.9 —16.7
B -9.0 —6.0 —-7.5 +8.7 -3.5
C —30.8 —25.7 —20.0 +5.6 —-17.7
D —-9.5 -7.0 —-9.2 +7.9 —4.5
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Figure 6. Steady aeroelastic tip displacement model relative error compared to experimental data.
(a) 2.5° (b) 5.0°, (c) 7.5°, and (d) 10°.

Dynamic Pressure, Pa

4.2. Flutter Analysis

By observing the wing at each angle of attack and analyzing the accelerometer data,
the flutter speeds for each angle of attack are determined. In most cases, the flutter behavior
consisted of the coupled 2nd OOP (200P) bending and 1st torsion modes (this flutter mode
will be referred to as 200P flutter). At 10° angle of attack, a flutter mode coupling 1st OOP
bending and 1st torsion modes (100P flutter) is also observed, starting much earlier than
the flutter at other angles. At higher flow speeds, the wing transitioned from 100P to
200P flutter. 100P flutter was not observed in any modeling results.

The change of the 200P flutter speed with angle of attack during the experiment is
shown in Table 6 and Figure 7. As expected, the flutter speed decreases with increasing
angle of attack. At higher angles of attack, the wing deflection is increased, which creates a
strong coupling of the in-plane bending and torsion modes, effectively reducing torsional
stiffness. This causes the wing to flutter at a lower speed than without deflection. Interest-
ingly, the flutter speed reduction is especially sudden when the angle of attack increases
from 7.5° to 10°. This might be caused by the already present 1OOP flutter at this angle
of attack, or by the stronger lift non-linearity near stall. The reduced frequency at flutter
onset ranged from 0.144 to 0.233, falling outside the range where the aerodynamics can be
considered quasi-steady.

The comparison between experimental and modeling results is shown in Figures 7 and 8.
The decrease in flutter speed with increasing angle of attack is correctly captured by both
structurally non-linear models (C and D). The aerodynamic non-linearity does not appear
to have a very strong effect in this case, with C and D showing relatively similar results.
However, both models C and D appear to fail to capture the more sudden drop in flutter
speed at 10°. Although the error for model C at 10° is only +1.2%, the calculated flutter
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speed decreases gradually and shows no sudden decrease at this angle of attack. Model
C error ranges starts at +19.6%, then gradually decreases and goes negative, reaching
—13.0% at —7.5°, then going to 4+-1.2% at 10°. Model D error starts lower, at +-1.8%, then
also gradually decreases, reaching —14.4% at —7.5°, then going to +10.9% at 10°.
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Figure 7. Experimental and modeling 200P flutter results.
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Figure 8. Modeling flutter speed errors compared to experimental results.

Table 6. 200P flutter speeds measured during the wind tunnel experiment.

200P Flutter Speed, Flutter Frequency at Reduced Frequency
Angle of Attack m/s Onset, Hz at Flutter Onset
0.0° 28.1 25.8 0.144
2.5° 25.1 24.8 0.155
5.0° 22.1 25.1 0.178
7.5° 21.5 24.4 0.178
10.0° 16.5 245 0.233
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The structurally linear models (A and B) both have much higher errors than the
structurally linear models at higher angles of attack. As expected, the results at 0° are nearly
identical to the corresponding structurally non-linear models, but as the angle of attack
increases, the structurally linear models both predict an increase in flutter speed, rather
than the experimentally observed decrease. At 5°, both models A and B have a flutter speed
error greater than +50%, and it further increases with angle of attack.

5. Discussion

The analyzed steady aeroelastic displacement and flutter cases highlight the necessity
for both aerodynamic and structural non-linearity when modeling low-Reynolds, high-
displacement aeroelastic cases with a UVLM-based aeroelasticity model.

In the steady aeroelastic displacement case, the aerodynamically non-linear models B
and D provide much better results than the aerodynamically linear models A and C. For
models B and D, the average displacement error is within the £10% range for all angles of
attack, whereas for models A and C, the maximum average error is —30.6% and —30.8%,
respectively. The highest error for models A and C is seen at 2.5°, caused by the lower
lift slope in the aerodynamically linear model at low angles of attack. At higher angles,
the lift slope of the aerodynamically non-linear model decreases, making the results more
similar to the aerodynamically linear models which have a constant lift slope of 27r. It
can be concluded that in low-Reynolds flows, aerodynamic non-linearity is important for
steady aeroelasticity modeling, even at low angles of attack.

Interestingly, structural non-linearity appears to have a relatively minor impact on
steady aeroelastic deflection prediction, with the structurally linear model B actually pro-
viding slightly more accurate results than the structurally non-linear model D, even at the
highest experimentally measured displacements. With the highest measured displacement
equal to 39.6% of the half-span of the wing, a stronger non-linearity of the experimental
displacement results could be expected. One possible explanation would be that the in-
creased Reynolds number at higher dynamic pressures increases the lift for the given angle
of attack, compensating for the decrease of displacement due to structural non-linearity. At
7.5°, this effect appears to be the strongest, with the displacement growing even faster than
the expected linear relationship.

In the flutter case, the structurally non-linear models C and D show superior perfor-
mance to the structurally linear models A and B. For model C, the predicted flutter speed
always stayed within £20% when compared to the experiment, and for model D, it always
stayed within +15%. The aerodynamic non-linearity appears to play a less important
role in this case, mostly reducing the flutter speed in models B and D for the 0° angle of
attack. This is most likely caused by the increased airfoil lift slope at low angles of attack,
creating a stronger coupling between wing torsion and the produced lift. Models C and D
both appear to overestimate the decrease in flutter speed as the angle of attack increases
from 0° to moderate angles, with model C having a more significant decrease than model
D. Generally, model D appears to follow the decreasing flutter speed curve for angles of
attack 2.5° to 7.5° quite well, with a relatively constant negative error, giving somewhat
conservative results. Model C intersects the experimental flutter speed curve in this region,
so even though the average error is lower, the nature of the flutter speed change is not
as close to the experimental results. The fact that both models C and D fail to capture
the sudden flutter speed drop at 10° might indicate that this sudden drop is caused by
other non-linear effects, and not the change in airfoil lift slope, and a more sophisticated
aerodynamic model might be needed to capture it accurately.

The structurally linear models A and B completely fail to predict the change of flutter
speed as the wing deforms. This does not mean that traditional linear flutter models would
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produce equally bad results for this case. For most of them, the flutter speed stays constant
with angle of attack, and while in this case, this would significantly over-predict the flutter
speed at increasing angles of attack, it would still provide significantly more accurate
results than models A and B. This shows that when using an aeroelastic model based on
UVLM in high-deflection cases, the structural non-linearity is necessary for accurate flutter
speed predictions.

The aerodynamically non-linear models B and D provide higher accuracy at 0° than
A and C. This indicates that for low-Reynolds flows (even at low deflections), it can be
important to account for the increased airfoil lift slope in order to produce accurate flutter
results. Model D in particular seems to follow the changes in flutter speed the best out of all
models, so while the differences between models C and D are not major, taking aerodynamic
non-linearity into account appears to somewhat improve the flutter prediction results.

Overall, the fully non-linear model D appears to provide the best overall results,
giving adequate accuracy in both the steady aeroelastic displacement and flutter cases.
The structurally non-linear, aerodynamically linear model C has similarly good results
in the flutter case, but much poorer accuracy in the steady aeroelastic displacement case,
especially at low angles of attack. The aerodynamically non-linear, structurally linear
model B actually provides the best accuracy in the steady aeroelastic displacement case, but
is completely inadequate for flutter prediction, giving the worst results out of all models as
the angle of attack increases. Finally, the fully linear model A performed the worst, proving
completely inadequate for flutter modeling, and giving similarly poor results to model C in
the steady aeroelastic displacement case.

The overall results highlight the importance of taking into account both structural
and aerodynamic non-linearity for low-Reynolds, high-deflection aeroelastic modeling
using UVLM, with the structural non-linearity being more important for accurate flutter
prediction, and the aerodynamic non-linearity having more influence on steady aeroelastic
displacements. The results show that the a-convergence method for non-linear corrections
of UVLM is suited for use in the low Reynolds number range for unsteady aerodynamics
with a reduced frequency of up to 0.233, which was the highest tested in this paper.

6. Conclusions

This paper analyzes the effectiveness of an aeroelasticity model based on the non-linear
unsteady vortex lattice method with a-convergence in unsteady low-Reynolds flows by
comparing the results of the model with both steady (aeroelastic deflection) and unsteady
(flutter onset) experimental wind tunnel test cases. The results highlight the suitability of
the model for the analyzed Reynolds number range in moderately unsteady flow conditions.
The non-linear model provides better results than an aeroelasticity model based on the
linear unsteady vortex lattice method in both steady and unsteady cases, with a more signif-
icant result improvement in the steady aeroelastic deflection case. The effects of geometric
structural non-linearity are also analyzed, with a structurally non-linear model providing
significant improvements in the flutter onset test case, but no significant improvement in
the steady deflection case, even at very high wingtip deflection values.

The results highlight the requirement of both aerodynamic and structural non-linearity
in aeroelastic models that are used to model low-Reynolds, high-deflection cases. While the
current work limits the range of tested angles of attack to 10°, the authors intend to expand
this range in future work, testing the usefulness of the analyzed non-linear aeroelasticity
model in predicting stall flutter and other high-angle aeroelastic phenomena.
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