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ABSTRACT: Energy harvesting from aeroelastic instabilities is a recent solution to provide alternative power generators. In
particular, the two-degrees-of-freedom classical flutter involves relevant amounts of energy that can be extracted to generate
electricity through a suitable conversion apparatus. To provide effective generators, stable steady-state oscillations after the
instability onset are required. The problem involves several parameters and an important open issue is the basic post-critical
dynamics of flutter on which the research is evolving nowadays. In the present study, the parametric space is investigated in
order to understand its main features. The critical condition and the role of some parameters on the power efficiency were
preliminary explored with linear analyses. Wind tunnel tests were conducted to experimentally validate the numerical results
and to focus the investigations on the system behavior after the instability threshold. The energy generation is simulated through
additional damping on the degree of freedom in which the conversion apparatus is assumed to act. According to the obtained
results, optimal powering systems based on flutter should mainly operate at low reduced flow velocities. Furthermore, the
position of the mass and elastic centres can be used as tuning parameters of the operative range and they should be moved
downstream the midchord of the cross section to anticipate the instability onset and to enhance the powering performance.
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1  INTRODUCTION

In the common practice of wind and aeronautical engineering, dynamic fluid-structure interaction is considered as a dangerous
phenomenon and the design of structures prone to flow-induced vibrations usually focuses on limiting any excursion in the post-
critical range. In particular, several aeroelastic phenomena (see for example [1] for a general review) can arise when slender
structures are excited by the wind flow to produce cross-flow, self-induced aerodynamic loads with important nonlinear effects,
sometimes leading to catastrophes [2]. These kinds of dynamic instability can exhibit limited Limit Cycle of Oscillation (LCO),
as in case of Vortex-Induced Vibrations (VIV), or unrestricted LCO with the flow velocity after a critical threshold, as in case of
galloping, stall flutter and classical flutter. The latter usually features rapidly increasing LCO, where the mechanism for the
energy transfer between airstream and structure relies on elastic and/or aerodynamic coupling between two modes, mainly
bending (or heaving) and torsional (or pitching) modes, as well as a phase lag between a displacement and its aerodynamic
reaction (e.g. [3, 4]). In addition, nonlinear aerodynamic reaction to the motion of the structure due to pitching excursions
beyond the stall angle and other nonlinear effects of mechanical nature, such as internal material hysteresis and friction, can
dissipate energy and modify the system response as well (e.g. [5]).

From a different perspective, recent studies on alternative energy production showed the possibility of exploiting fluid-elastic
instabilities to capture the flow energy and generate electricity. Coupling the mechanical system with a suitable energy
conversion apparatus, mainly based on electromagnetic induction and piezoelectric effect (e.9. [6]), usable power is available
during steady-state oscillations. According to this principle, some authors have preliminary explored the capability of aero-
/hydro-elastic generators, mainly focusing on elastically suspended rigid bodies that rely on: VIV [7]; transverse [8, 9], torsional
[8, 10] and wake [11] galloping; flapping [12, 13, 14, 15, 16, 17, 18] and fluttering [19] wings. Continuous flexible bodies were
also investigated [20, 21, 22, 23, 24], especially exploiting internal coupling effects between structure, piezo patches and electric
circuit [25, 26]. The most promising results were obtained for two-Degree-of-Freedom (2-DoF) fluttering systems, though they
often involve externally driven pitching motion and specific airfoil-shaped cross sections. Nevertheless, research on power
generation from flow-induced vibrations is still a recent topic and most of the previous studies were essentially limited to
theoretical and numerical analyses.

The present work focuses on wind-induced, 2-DoF classical flutter, in particular from the experimental point of view. For
energy harvesting purposes, the system needs to perform self-sustained oscillations beyond the instability threshold to
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effectively produce power and the post-critical behaviour becomes of crucial importance. The main issues are the critical
reduced velocity, at which instability arises, and the features of the LCOs. Despite the many available studies on dynamic stall
flutter mechanism (e.g. [27, 28, 29, 30, 31]), due to the importance for wings operating at high angles of attack (rotor blades of
wind turbines and helicopters), research on post-critical classical flutter is not extensive. The common interest for conventional
civil/aeronautical structures is devoted just to the prediction of the linear instability threshold (e.g. [32]) and the available
predictive models mainly concern dynamic stall (e.g. [33, 34, 35]). In addition, there are some not well-known problems about
the physical sources of nonlinearity, because the literature studies often focused on classical flutter LCOs under specific
nonlinear mechanical boundary conditions (e.g. [36, 37, 38]). Hence, further research is required on reliable aeroelastic models
and experimental setups for large oscillations to adequately face the post-critical behaviour in case of classical flutter.

Linear aeroelastic models were used herein to parametrically explore the critical conditions. Wind tunnel tests were conducted
to observe the aeroelastic behaviour of an aluminium sectional model, with a 15:1 (width-to-depth) cross section, chosen to
exploit previous results [39, 40] and to allow feasible experiments according to the characteristics of the available wind tunnel
facility. A coil-spring-based aeroelastic rig was developed to explore the effect on the flutter instability of some dominant
parameters, mainly the positions of the stiffness and mass centres (c.e. and c.m. in Figure la). In the configurations tested
(Figure 1b), the total participating masses ranged between 13.4 and 15.4 kg, the oscillation frequencies were around 2 Hz, while
the investigated flow speeds were in the range 7-18 m/s. An electromagnetic device was used to increase the damping of the
system up to about 5.7%, simulating also the energy extraction process [6].

2  METHODOLOGY

2.1  Linear aeroelastic models

According to the available linear models for the self-excited loads, Theodorsen’s model [3] derives from potential flow theory
applied on a theoretical flat plate and is taken here as reference for comparisons. Nevertheless, the investigated width-to-depth
ratio of the cross-section is 15:1 and the flat plate assumption is not fully suitable. Thus, the Scanlan’s model [32] is considered,
exploiting the experimental flutter derivatives reported in [40], to perform more appropriate predictions for this case study.

The 2-DoF flutter problem is sketched in Figure la and the governing equations are reported in nondimensional form
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The heaving amplitude is normalized by the chord (width) B=2b and the length L of the model is used to obtain aerodynamic
and mechanical quantities per unit span. Moreover, g, and g, are the coefficients of rate-independent damping for heaving and
pitching modes and are used instead of the ratio-to-critical damping &, = &9 + &r and &y

n = 2677 w/wno = Gno + GnE S o
Jao = 2800 W/ Wqo ;

where @y =27,y and @,y =27N, are the circular frequencies of the modes in still air. Concerning the notation of &, and g,
the subscript “0” stands for the mechanical damping, while “E” for the external damping that can be varied with the
electromagnetic dampers. In Eq. (4), @, and @, are assumed (and experimentally verified) to not vary with the external
heaving damping. The parameters C,' and Cy’' are the slopes of the lift and moment aerodynamic coefficients, that for a flat
plate are equal respectively to 27 and 27 (1/4+ %), while C(K) is Theodorsen’s circulatory function [3] depending on k= wb/U.
The dimensionless acrodynamic derivatives H; (K) and A’ (K) (i=1, 2, 3, 4), which depend on K =2k, required corrections as
compared to those experimentally obtained in [40], hereinafter called H;o (K) and A ¢ (K), to account for eccentricity of the
elastic centre with respect to the midchord. Moreover, experimental flutter derivatives were measured up to reduced velocities
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(Ure in Eq. (6)) lower than those achieved in the present tests. Thus, after an interpolation with a 3™-order polynomial and an
extrapolation in the range of interest, they were assumed to follow the relationships in Eq. (5):

Hi(K) = Hio(K) ;
H;(K) = H3,(K) = x.H{ (K) ;
H3(K) = H30(K) — x.Hi(K) ;
Hi(K) = Hyo(K) ;

AT(K) = A1 o (K)[1 + 4x,] ; 5)
T T TX,

A3(K) = [A30(K) + G| 11+ 4] — g = xe AL (K) + 57

A3(K) = [A3,000) - =] 11 + ol + o= %A

AL(K) = Ao (O + 4x] ——= .

The main assumption behind these equations is that circulatory, apparent inertias and centrifugal terms [3] contribute to the
aerodynamic derivatives according to the same structure as that deduced from Theodorsen’s theory.

(b)

Figure 1. Sketch of the two-dimensional flutter problem (a), in which Scanlan’s convention is followed. Internal view of the test
section with the model installed (b).

Table 1. Domains of the parameters tested through numerical investigations, with B=0.15 m and n,,=2.28 Hz. A indicates the

discretization step of the generic interval [-,-] while {-; -; -; ...} denotes set of values.
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The other dimensionless parameters that play a role in the flutter problem are: X, position of the centre of elasticity; 4, ratio
between the masses of model and moved air; Xy, position of centre of mass; I, radius of polar inertia; ¥4, frequency ratio in still
air of the uncoupled modes; X, unknown nondimensional frequency of flutter; Ur,, reduced flow velocity:

e 2M, /L a [ Ngo Ngo\ 2 U
_ . _ . _ . _ 2. _ a0, _ (Zla0) | — - . 6
xe_B' n= sz ’ xm_B' Ta = Ia/MnB , Vn—n , X—(n) , URa_naOBH ()
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2.2  Experimental setup

The experimental campaign was conducted in the Eiffel-type (open-return), boundary layer wind tunnel of the Stahlbau
Institut, of TU in Braunschweig, Germany (Figure 2). The geometry of the test section is 1.40x1.20 m? (widthxheight) and the
55 kW fan, placed at the outlet, allows to vary the flow speeds in the range 2-25 m/s through an inverter. The present tests were
conducted in smooth flow conditions with a free-stream turbulence intensity of about 1%.

The aeroelastic setup (Figure 2), arranged immediately downstream the inlet, was supported by an independent aluminium
structure, externally enveloping the test section. Four coil springs (with an individual nominal stiffness of 220 N/m and a
maximum elongation of 8§33 mm) and two analog laser displacement transducers (with an operative range of 50-300 mm and a
sampling frequency of 1000 Hz) were installed at both ends of the model to observe the pitching () and heaving (77) motion.
The damping of the heaving motion was controlled by an electromagnetic system, shown in Figure 2: setting the current
intensity in a pair of electromagnets (with a nominal power of 15 W corresponding to a force of about 2800 N on a 9 mm iron
plate in contact) at a small face-to-face distance, the magnetic field produced eddy currents in a copper/aluminium plate
connected to the oscillating system and moving in the gap and thus a damping force.

Figure 2. View of the wind tunnel facility from the inlet side (top) and detail of the aeroelastic setup, showing the measuring
apparatus and electromagnetic dampers (bottom).
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Figure 3. Example of the mechanical characteristics of the aeroelastic setup: heaving (left) and pitching (right) stiftness. The
intrinsic geometrical nonlinearity of the setup in the pitching degree of freedom is negligible in the test range.

Table 2. Parameters of the configurations tested during the experimental campaign.

. . P M, I, S, Nyo N & &, Xe U Xm la *
Configuration 1, o) kgl  [kem)] [kem] [Hz  [H [ (%) [] [ [] [ []
#1 119 13404 02107 0047 1839 2387 009 020 000 8319 0025 0836 1298
#2 " " ” ” ” 0.93 " 832.5 " " "
#3 " 15.364 0.2521 0.079 1.706 2.207 0.05 0.13 953.8 0.035 0.854 1.294
#4 1.20 0.86 947.5
#5 " " 951.3
#6 1.19 " " " 2.57 " 953.2 " " .
#7 1.20 0.2439 0.306 2.244 0.11 0.17 947.5 0.135 0.840 1.315
#8 2.01
#9 " " ” 3.08 " " "
#10 1.19 0.2438 0.130 0.07 953.8 0.055 1.316
#11 1.20 3.11 945.0
#12 1.19 " " 5.67 " 956.9 " "
#13 0.185 2.357 0.08 0.21 956.9 0.080 1.382
#14 " " " " " " 5.40 " 956.9 " " "
#15 1.17 14.822 0.2308 0.073 1.720 2.172 0.05 0.17 935.6 0.035 0.832 1.263
#16 1.19 " ” ” " 925.5 " "
#17 1.17 5.66 941.8
#18 1.19 " " " " " " " " 926.1 " " "
#19 14.850 0.2386 0.092 1.718 2.136 0.07 0.14 -0.10 926.8 0.040 0.845 1.243
#20 " ” ” " " " " "
#21 0.2352 0.029 2.151 " 0.15 0.10 " 0.015 0.839 1.252
#22 4.95 9243

The aluminium model, shown in Figure 1b, has a rectangular cross section with sharp edges and is 150 mm wide (B), 10 mm

deep (D) and 1200 mm long (L); the smaller dimension D is the one facing the wind. The ad-hoc designed system to connect the
model ends to the spring suspension also allowed to vary the position of the elastic centre. Circular aluminium end-plates,
400 mm large and 2 mm thick, were provided to ensure time-averaged bi-dimensional flow conditions. Additional masses were
attached to the suspension system to shift the mass centre position. The along-wind motion was suppressed connecting cables to
the model ends, close to the internal walls of the test section, and verifying that the variations of the vertical and torsional
stiffness were small. The operative Reynolds number was in the range 70,000-180,000 (Re= UB/v, with v=0.15 cm*/s) and the
mean flow speed was measured by a Pitot tube installed downstream the model and corrected through known flow maps to infer
the velocity at the model centreline. The maximum blockage ratio was about 2.4 %, reached at a~14°.

The stiffness linearity of the aeroelastic setup, in both the pitching and heaving degrees of freedom, were verified through
static tests (Figure 3), measuring static displacement for different known loads. The participating inertia in the heaving and
pitching motions, M,, and |,, were calculated from the previously estimated stiffness and the corresponding frequency of
oscillation in still air. Dynamic tests, in which the frequencies were measured for different additional inertias, confirmed the
results. Moreover, for each configuration several free decay tests were performed in still air for different initial conditions, in
order to evaluate the natural frequencies of oscillation (N, Ng) and the structural ratio-to-critical damping coefficients
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(&0=0.07%, £0~0.17%). Higher levels of &, were reached through the electromagnetic system, up to a value of 5.67%. The
static unbalance, S,, was estimated by measuring the frequencies of oscillations of the system during coupled pitching-heaving
motion [4]. Table 2 summarizes the governing parameters of the experimental system.

3 RESULTS AND DISCUSSIONS

3.1  Parametric linear analyses

In general, the linear analyses confirmed the expected difference between Scanlan’s and Theodorsen’s models, due to the 15:1
rectangular cross-section as compared to the hypothesis of flat plate. In particular, observing Figure 4, Theodorsen’s model
usually overestimates both the critical reduced velocity and the unknown dimensionless flutter frequency.

Figure 4 shows that both the critical reduced velocity and X always increase with the parameters i, % and &,y. In the
perspective of flutter-based generators, these two parameters have to be as low as possible in order to develop efficient powering
systems, as explained by Eq.7 in section §3.3, in which the main parameter for the efficiency is Ur, that appears in the
denominator with a power of three. Furthermore, the ratio between the natural frequencies of the structural modes involved in
the instability plays a key role and has to be close to 1. This condition implies a fast coupling and energy exchange between the
modes, fostering the flutter motion at low Ug,. In this way, also the unknown nondimensional frequency of flutter, X, is close to
1, thus it produces small effects on the energy performance in comparison to those ones of Ug,,.

The damping in the pitching DoF has to be exceeded by the negative aerodynamic damping to give rise to the instability and
therefore the former should be as small as possible. By contrast, the polar inertia parameter r, plays a particular role as it
increases the critical reduced velocity while decreases the unknown dimensionless flutter frequency so that, according to Eq. 7,
its effect on the powering efficiency is not immediately quantifiable.

Key parameters for lowering the critical reduced velocity are the position of elastic and mass centres. Designing systems with
large eccentricity downstream the midchord of the cross section entails significant reduction of Ug,. In Figure 4, decrements
above 25% were simply achieved moving the elastic centre to the downstream quarter-chord position. A decrease of the critical
reduced velocity was also obtained moving the mass centre toward the trailing edge. In particular, observing the predictions of
Theodosen’s model in Figure 4, which can be considered representative of width-to-depth ratios above 20:1 [40], a local
minimum of Ug, occurs around Xn=0.2. By contrast, X increases with both X, and X, and can slightly affect the energy
performance, especially due to the marked dependence on the latter.

The power conversion process extracts energy form the fluid-structure system inducing a proportional damping into the
system. Thus, the understanding of the system response to increments of the heaving damping is crucial, assuming that the
energy convertion is performed only in the heaving DoF. Generally, the effect of damping on aeroelastic phenomena is to limit
the instability. This is confirmed by Figure 4 that reports the evolutions of Ug, and X with the ratio-to-critical heaving damping
coefficient &,. Also in case of eccentricity of the elastic centre (right-hand side of Figure 5), which are particularly efficient
configurations to reduce the critical velocity, an increase of &, implies flutter stabilization with negative consequences for
energy harvesting purposes. By contrast, for configurations with positive eccentricity of the mass centre (left-hand side of Figure
5), a significant increase of heaving damping produces small increments of Ug, but considerable reduction of X. In case of
relevant positive mass eccentricity, saturation of these flutter parameters is achieved for values of &, beyond 20-25 %, therefore
higher levels of power production are supposed to not considerably affect the system dynamics. In case of small eccentricity of
the mass centre (X, =0.05), both Scanlan’s and Thodersen’s models exhibit a local minimum of the critical reduced velocity for
values of &, around 15-20%.

To sum up, a candidate flutter-based generator should feature low mass ratio and polar inertia, structural modes with close
frequency and low torsional damping. Then, the position of the elastic and mass centres can be designed to tune the operative
range of the system and the power output, controlled by the level of additional heaving damping.
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Figure 4. Results of the linear analyses, obtained varying one parameter by one according to Table 1, in terms of critical reduced
velocity (Ug,) and ratio of pitching still-air frequency to flutter frequency (vX). The vertical lines delimit no-flutter regions
within the range of investigated Ug,, (solid-line for Scanlan’s model and dashed-line for Theodorsen’s model).
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Figure 5. Results of linear analyses obtained varying the heaving damping level and the position of the mass centre (left) or of
the elastic centre (right), according to Table 1. Filled markers refer to Ug, while empty markers refer to vX.

3.2  Experimental LCOs

Wind tunnel tests aimed to experimentally verify the influence of the governing parameters, mainly Xe, Xn and &, on the
instability threshold in terms of critical flow velocity, frequency of oscillation and phase shift. Moreover, attention was paid to
explore the post critical behaviour and to investigate the stability features of the observed LCO branches, through the evaluation
of the system response to several manually-induced disturbances of different magnitudes.

Figure 6 shows the flutter critical condition estimated via the linear models presented in section 3.1, considering the
parameters reported in Table 2. Comparing these results with the experimental ones, a general agreement is found. Nevertheless,
the critical velocity of flutter is difficult to be identified experimentally when an hysteresis loop is present in the flutter response
and, generally, linear models give results closer to the end of the sub-critical branches.

The experiments confirmed that a significant reduction of the instability threshold is obtained when positive eccentricity of the
centre of mass or stiffness is introduced (cases #10 and #21 in Figure 7). In particular for case #21, the slope of the heaving-
amplitude vs. reduced-velocity curve is higher than for the other test cases, with relatively moderate pitching amplitudes. For
symmetric configurations, the increase of the heaving damping restraints the LCO amplitude in the range immediately beyond
the instability onset (Figure 8a) and, according to linear theory, this generally produces a delay of the flutter onset (see section
3.1 and [4]). In case of X.>0, low damping levels do not considerably affect the critical velocity in agreement to Figure 5 (right-
hand side). Moreover, it weakly decreases the slope of both heaving and pitching LCOs and strongly reduces the amplitudes in
the subcritical branch (Figure 8b). By contrast, the instability threshold is reduced when Xn> 0, according to section 3.1, without
affecting the LCO heaving amplitude (Figure 8c). The system seems to be able to compensate the increment of heaving viscous
forces increasing the phase shift between the vibration modes and producing larger pitching amplitudes [4]. Skipping of
damping levels, from higher values to the pure mechanical one, confirmed the coherence of the results, as it is clear in the left-
hand side of Figure 9. The right-hand side of Figure 9 corroborates the results also in terms of build-up, obtained from an
imposed rest position at a flow velocity higher than the critical one.

Usually long build-ups were required to reach stable LCO regimes, especially for symmetrical configurations, where neither a
stiffness nor a mass eccentricity fosters the instability. Then, the subcritical bifurcation was also observed, showing a stable
branch below the critical threshold for decreasing wind speed, in agreement with previous results [39]. This branch is
particularly remarkable for configurations with a downstream mass unbalance, as clearly shown in Figure 8c. In this case, the
system is able to oscillate down to about 0.85U, (being U, the critical velocity), featuring a quasi-periodic response (Figure 9).
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It has to be remarked that an undesired increase of the pitching mechanical damping was observed for large amplitudes of
oscillation, due to the friction between the tensioned cables, used to restrain the sway motion and the supports of the model.
Since the instability observed in tests seems to be of pitching-branch type, this effect could have non-negligibly influence on the
evolution of the LCO. Consequently, the slope of all the amplitude-velocity curves may have been higher in case of constant
pitching damping.

Nr——————r——— 7 7 7 T T T T | ——————t—1.50
65 —8— U}, (Scanlan’s model) ; : : ; : : L —o— X (Scanlan’s raodel) 11 45
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Figure 6. Linear flutter predictions for all the configurations tested during the experimental campaign (see Table 2).
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and in the right-hand side the maximum pitching amplitude, during the steady-state regime. Empty-markers refer to tests with
decreasing wind speed.
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the maximum heaving amplitude and in the right-hand side the maximum pitching amplitude, during the steady-state

oscillations. Empty-markers refer to tests with decreasing wind speed.
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Figure 9. Test case with positive eccentricity of the mass centre: example of a test with a jump in the heaving damping level (a);
comparison of build-ups at a post-critical velocity for two damping ratios and time history for a subcritical wind speed (b).
Black lines describe the envelope of the motion signal while red-dashed lines indicate the average value of amplitude reached at
steady-state oscillations.

3.3 Power efficiency

As a preliminary study on flutter-based energy generators, the efficiency evaluation (in a similar way to conventional wind
turbines) can be computed according to:

Py 21 "\’ & n* sm¢ a’x
b ( ) <_) JSno M m / ] 7
" Py Upg [ B) yX B X3 B/D +Sm“ +leos ¢7] @

Efficiency, 7; ,,*, is here defined as the ratio of the power extracted by the system, P,, , to an ideal available flow power, Py, that
is the power per unit area, 1/2,0U3 times the area swept by the moving system, (D+27 +Bsine |cosg |)-L. This efficiency
refers to the total power extracted from the fluid-structure system, but, given that &, = &,y + &g (see §2.1), the available power
for electricity generation is the portion proportional to &g only. Therefore, the structural damping &,y should be as low as
possible in order to limit energy dissipation.

Although the parametric linear analyses, explained in sections 2.1 and 3.1, outlined information about optimal configurations
and parameters, these preliminary experiments were designed according to the characteristics of the wind tunnel facility to allow
post-critical measurements. Thus, the efficiencies shown in Figure 10 are low due to a not-calibration of the system for power
generation purposes, in particular due to high values of the reduced critical wind speed. However, the left-hand side of Figure 5
and Figure 8c clearly suggest the possibility to extract higher levels of energy from heaving vibrations simply increasing the
heaving damping. Furthermore, focusing the design on the positions of stiffness and mass centres, as well as on the value of the
inertial parameters and ratio of the still-air frequencies, more unstable (then rentable) configurations can be conceived.
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Figure 10. Evolution of nondimensional flutter frequency (a), phase angle (b) and resulting energy performances (c) for the
configurations with positive eccentricity of mass and elastic centres. In the latter, the governing parameters are approximated by
a linear fitting to extrapolate the power performance at higher reduced velocities.

4  CONCLUSIONS

A systematic theoretical and experimental approach was used to explore the behaviour of a flat plate model with rectangular
15:1 cross section undergoing two-degree-of-freedom classical flutter, for energy harvesting purposes. Linear models were used
to investigate the flutter critical condition and the influence of the governing parameters, performing parametric studies in order
to find optimal configurations. Wind tunnel aeroelastic tests on a sectional model were conducted to observe the critical and
post-critical behaviour for several configurations and to make comparisons with the analytical predictions. The role played by a
few key parameters of the system was systematically investigated, shedding light on the flutter phenomenon and preliminarily
discussing the energy harvesting performances. For power generation purposes, proper eccentricities of elastic and mass centres
downstream the midchord of the cross section can be introduced as tuning solutions for optimal operative ranges. An additional
reduction of the critical reduced velocity can be obtained by simply increasing the heaving damping in case of small positive
eccentricity of the mass centre.

The next step will be to focus the investigation on the power efficiency instead of the critical reduced velocity and flutter
frequency. The goal is to consider the combination of these two parameters directly in the efficiency of the system by Eq. (7),
looking for final optimal configurations. Hence, the combination of more effects will be studied to maximize the harnessed
energy.

In the future, improvements of the experimental setup are planned, for instance using ball bearings to restrain the sway
motion, since the influence of the pitching damping on the subcritical branch of some limit cycles of oscillation still needs to be
clarified. Static force coefficients and flutter derivatives measurements will be implemented to supply more information for the
analytical modelling. Furthermore, more powerful dampers (or directly an energy conversion apparatus, for example using
solenoid-based transducers) can be used to perform tests with very high damping levels.
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