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ABSTRACT

Ambient energy harvesting from the airflow environment is defined through an additional mechanical structure
exposed to wind force. Using a simplified vortex shedding model, the cylinder was modelled like a bluff body
interaction with flowing air. The mechanical resonator was composed of the cylinder attached to the beam with a
piezo patch. The vortex shedding on the cylinder was modelled as Van der Pol oscillator. In particular, the effect of
cylinder diameter on the output voltage was analysed. The growth of the wind speed interval the top voltage output
were reported as a result of the increasing diameter. The uncertainty the power output caused by the uncertain bluff

body diameter increased considerably at the upper edge of Vortex Induced Vibration mechanism.

Keywords: energy harvesting system, piezoelectric, flow structure interaction, vortex induced vibration.

INTRODUCTION

The current huge demand for energy is visible
in many human activity areas. The use of an alter-
native power source for various systems and sen-
sors that are part of the equipment of various tech-
nical facilities has become very important (Ali et
al., 2024; Ambrozkiewicz et al., 2022; Ceponis et
al., 2019; Galgzia et al., 2012; Kindrachuk et al.,
2019; Naifar et al., 2024). Energy management in
technical facilities has become a very important
issue, for example energy management systems
in motor vehicles. This resulted from the need to
manage the energy generated from fuel and re-
covered during vehicle operation. Additional sys-
tems for energy harvesting systems are instated in
the suspension (Chen et al., 2022; Li et al., 2019)
and braking system of a vehicle (Gechev et al.,
2017; Labuda et al., 2010; Szumska and Jurecki
2022). Thermoelectric energy generators recover
energy from the exhaust system (Caban 2021;

Wang et al., 2022), while piezoelectric or electro-
magnetic transducers recover it from mechanical
vibrations of the combustion engine (Caban et al.,
2024). Other applications include airflow and ro-
tational energy sources (Barta et al., 2022; Ikbal
et al., 2025; Naik et al., 2023). The harvested en-
ergy can be used for various purposes depending
on its size. Some of the energy can be reused to
drive vehicles and other smaller energy sources to
power selected sensors or micro-sensors (Kosze-
wnik 2024, Nowak et al., 2020). In addition, en-
ergy converters can be used in road infrastructure
to monitor traffic or weather conditions, monitor
the condition of bridge structures, etc. (Bacins-
kas 2013; Gatezia et al., 2012; Kilikevicius et al.,
2019). Transport is just one of the sectors in which
waste energy can be collected. Similar systems
can be used in construction, electrical engineer-
ing and other sectors. The possibilities offered by
converting mechanical vibration energy into elec-
trical energy allow for an increasingly wide range
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of applications for such systems (Borowiec et al.,
2021; Camut et al., 2023; Nowak and Pietrza-
kowski 2016; Kim et al, 2023; Yu et al., 2024).

Energy harvesting from ambient vibration can
be defined directly on the air-flow environment
or through the mechanical structure exposed to
the windy conditions. Similarly, energy from see
waves and water flow movement can captured and
transformed to electrical power. Finally, energy
harvesting can be also realized via coupling to vi-
brating technical systems (Yang et al., 2018; Giri
et al., 2022; Friswell et al., 2012; Ma and Zhou
2022). Air flow and mechanical structure interac-
tions are dependent on the bluff body shape. In
particular, curved shapes are crucial for vortex
induced vibration (VIV) with vortex creation and
release at the corresponding surface bends, while
inclined shapes lead to the galloping effect involv-
ing pressure drop during the flow through variable
cross-section and restore force of the spring struc-
ture (Giri et al., 2022; Ma and Zhou 2022).

VIV play a main role in excitation of cylin-
drical bluff bodies in the presence of fairly low
air flow speed. Consequently, for such bodies sus-
pended on the elastic spring, there are two char-
acteristic frequencies one coming from vortex
shedding and the natural frequency related to me-
chanical mass-spring system. Matching of these
two frequencies defines the resonance conditions.
In the mass-spring system, which is linear, the
natural frequency is fixed but the nonlinearity in
vortex creation and shedding make the shedding
frequency and vortex force correlation. Conse-
quently, the resonance conditions are defined in
the wind speed interval known as frequency lock
region. The dimeter of a cylinder bluff body and
the wind speed influence on vortex formation, its
evolution and finally shedding frequency. On the
other hand, the shedding phenomenon is impor-
tant for excitation of the bluff body. Energy har-
vesting from ambient conditions requires the ex-
tended efficiency for variable source parameters
(Wang et al., 2018; Jung and Seung-Woo 2011;
Wang et al., 2020; Li et al., 2024; Navrose and
Mittal 2019; Li et al., 2019).

In the present paper, the voltage response to
the sweep of wind speed was studied. It should
be noted that a closed cylinder on the elastic can-
tilever beam is subjected to vibrations. The en-
ergy transducer is attached to be the elastic beam
(Figure 1). Its deformation can produce the power
output on the resistor load in the circuit where the
electrodes are placed on the piezoelectric.
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MATHEMATICAL MODEL

The discussion starts from the system pre-
sented in the schematics (Figure 1). The structural
equation governing the vibration of the elastically
mounted cylinder, enabling transverse vibration
in the x-direction, is as follows (Li et al., 2024):

mx+cx + kx —0v = |
= 0.25pU2 DLCyyq — 0.5pUDLCyox V)

. . A ..
i+Pfws(@*—Di+wiqg= 7% (2

. v .
Cov+2+ 65 =0 3)

Where the Equation 1 governs the dynamics
of mechanical resonator, the second Equation 2
given by the common Var der Pol form. Here,
auxiliary variable ¢ changes constitute modelling
vortex dynamics initiating the oscillations of me-
chanical oscillator structure, and the third Equa-
tion 3 is related to the electrical circuit coupled
by the piezoelectric to the mechanical oscillator
(resonator). Consequently, x is the displacement
of the cylinder while v is the voltage output in the
resistor of the electrical circuit. L, D and define
geometry of the cylindrical bluff body (length and
diameter) while m, ¢ and k are inertial, damping
and spring properties of the mechanical resona-
tor, respectively. p is the air density, U is the wind
speed. C, and C, are lift and drag coefficients.
and A4 are fitting parameters (Li et al., 2024) while
o, and is the approximate shedding frequency.
The electrical circuit is defined by the electrical
capacity C, and the ohmic load R, while O is the

_.- Cylinder

Cantilever beam

N
Piczoelectric patch

Figure 1. Schematic plot of an aero elastic
resonator. Vibration direction (see x in Equation 1) is
perpendicular to the direction of wind velocity
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electromechanical coupling parameter. The val-

Table 1. System parameters used in calculations

ues of system parameters are provided in Table Symbol Value
1. They were adopted from the reference (Li et m 0.0078 kg
al., 2024) with further extension with respect to c 0.003 Nsm
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Figure 2. The displacement and voltage (amplitudes)
function of the wind speed U: (a—b) D = 0.

output for increasing diameter D of the cylinder as a
03 m; (c—d) D =0.06 m; (e—f) D =0.09 m
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Figure 3. The displacement and voltage (amplitudes) output for increasing diameter D of the cylinder as a
function of the wind speed U: (a-b) D =0.12 m; (c-d) D =0.15 m; (e-f) D=0.18 m

voltage amplitude curves versus the wind speed.
These two quantities are growing and decreasing
together as they are related by the linear coupling
(see Equation 3). The rise of the displacement/
voltage initiates for very small wind speed U =
0.8 m/s (for D =0.03 m, see Figure 2ab) and sys-
tematically grows with the increasing diameter
to U = 5.8 m/s (for D = 0.18 m, see Figure 3ef).
Simultaneously, the range of moderate values of
displacement and voltage amplitudes as well as
the top value are increasing. As far as the voltage
output is concerned, the top value starts 1.2 V (for
D =0.03 m) and going across 5.1, 9.0, 13.5, 16.5
(for D: 0.06 m; 0.08 m; 0.12 m; 0.15 m) to reach
the maximum 21.0 V (calculated for D = 0.18
m). This is a linear grow. The results of voltage
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Figure 4. Response vibration frequency as a function
of the wind speed for D = 0.09 m. The characteristic
plato (reflecting a lock-in phenomenon) indicates
output frequency matching with the natural frequency
of the mechanical resonator (the bluff-body and
elastic suspension) of 9.2 Hz
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and displacement amplitude outputs reflect the
frequency lock-in phenomenon (Figure 4) as the
shedding frequency is fixed (see Equation 3).

It was concluded conclude that the larger di-
ameter (for the constant mass) is useful to pro-
vide better performance in the case of variable
wind speed. The large range of wind speed is
related to nonlinear vortex interaction between
the air flow and the mechanical resonator. The
obrained results coincide with experimentaly

e
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(=)

Power [ W]
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(=

3 4 5 6
Wind speed [m/s]

validated case of D = 0.06 m (see Li at al. 2024).
Here, the extended studies to the diameter range
D €[0.03,0.18] m.

Effect of bluff body diameter uncertainty

To examine the uncertainty effect of the bluff
body diameter, multiple copies of the system with
a small deviation are studied (Li et al., 2019; Ku-
lik et al., 2022; Huang et al., 2020). For simplicity,

c-l
S’
7

<

Power uncertainty [ W]

s

3 4 5 6
Wind speed [m/s]

Figure 5. Mean power versus wind speed (a) and its uncertainty (b) for the mean diameter D, = 0.09 m and
uncertainty ¢, = 0.001 m
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Figure 6. Normalized probability distribution function (pdf) of power output for uncertain diameter the mean
diameter D, = 0.09 m and uncertainty o, = 0.001 m with the wind speed U = 3.25 m/s, 3.5 m/s, 4.5 m/s, 5.75 m/s
for (a-d), respectively
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the Gaussian distribution of the deviations of the
standard deviation ¢, of diameter was assumed
around its mean value D and the equations Equa-
tions 1-3 were solved multiple times. To obtain
good statistics N = 100 copies of the examined
system were performed (Figure 1).

The course of the mean power versus wind
speed and its uncertainty is shown in Figure 5.
The mean power output results for diameter D, =
0.09 m and uncertainty ¢, = 0.001 m are present-
ed in Figure 5a. It should be noted that the curve
is similar to results of Figure 2f. with the diame-
ter assumed of the same value. Additionally, the
uncertainty was observed, expressed as the error
bars. For better clarity, they were replotted as the
separate function of the wind speed U in Figure
5b). It has the two peaks signaling the stating and
finishing the effective mechanism of VIV in the
mechanical structure. Figure 6 shows the select-
ed probability distribution functions indicating
that for overlapping of solutions (including the
nodal solution) caused the increases of discrep-
ancies in power output.

The higher value of uncertainty at the upper
edge at U= 5.75 m/s (Figure 6d) is caused by larg-
er slop between the well developed VIV power
output and the neighbor bottom response with re-
spect to the lower edge at U =3.25 m/s (Figure 6a).

CONCLUSIONS

The resonance region is associated with the
frequency lock-in phenomena coinciding with the
natural frequency of the aero-elastic resonator is
strongly dependent on the diameter of the bluff
body used. This frequency lock-in region is the
most important for VIV energy harvesting. The
arguments to select the proper size of the bluff
body by increasing its diameter were provided. It
could be important to design the system of mis-
tuned bluff bodies (Ahmed et al., 2025). It should
be noted that in the performed calculations the
mass was fix to the same value despite of the en-
larging of the diameter. This is not easy to keep
in the real structure. To keep the adequate rela-
tion between the mass and diameter, experiments
with the styrofoam samples were carried out (Li
et al., 2024). In calculation results there was also
a an assumption of the fixed approximate shed-
ding frequency. In the next step, the Strouhal
number which can slightly change with the flow
conditions should be validated by the experiment
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(Soltani et al., 2023) for any geometrical varia-
tion of the bluff body. Power output uncertainty
is the principal result of the conducted investi-
gation. It increases rapidly at the edges of VIV
mechanism with respect to the bluff body diam-
eter. In the next step system, variable conditions
(as the wind speed and direction) will be adopted
and considered as uncertain.
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