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ABSTRACT

The experimental results of flow energy harvesting where the bluff-bodies with different shapes of cross-section
are mounted at the ends of the cantilever beams were presented. Namely, bluff-bodies — as cylinders and rectangles
— were considered for the interaction with flowing air. The bluff-bodies are coupled through the joint suspension
frame where the other cantilever ends were clamped and coupled additionally by vortices created in the space
between them. Finally, piezoelectric patches with corresponding electrical circuits were attached to the cantilever
beams. They transduce the mechanical energy of the beam-bluff-body resonators into the electrical power. The
resulting structure oscillated interacting with the airflow with a range of velocities. High amplitude oscillations
caused by the interaction of vortices produced larger voltage response in the electric circuits. As the bluff-bodies
of different shapes respond differently, moderate voltage output over a wider velocity range was observed. For il-
lustration of the energy transduction mechanism and qualitative validation of the experimental results, numerical
simulations were performed. The differences in the vortex formation and shedding responsible for the vibrations

induced in the mechanical structure were shown.
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INTRODUCTION

The issues of energy demand, production and
optimization of energy consumption and its sav-
ing are the subject of many scientific and research
works (Gnap et al., 2020; Hurtova et al., 2018;
Jereb et al., 2021; Matek et al., 2023). The struc-
ture of energy demand in the Polish economy and
investments in the energy sector are presented in
(Derkacz and Dudziak, 2021). In many countries,
work is currently underway to transform energy
by moving away from coal in favor of energy
from renewable sources, including the share of
wind (Michael et al., 2021; Piotrowska et al.,
2022) and solar energy (Ghazouani et al., 2025;
Kettle et al., 2022; Kilikevi¢iené et al., 2019), as
well as hydropower (Jadon et al., 2020; Purin et
al., 2022; Thapa et al., 2022). Furthermore, there
is a visible increase in interest in development
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of alternative fuels for the automotive industry,
such as biomass (Kantova et al., 2021; Szyszlak-
Barglowicz et al., 2018; Trnka et al., 2021) or bio-
fuels (Adalieh 2022; Gis et al., 2016; Norhafana
et al., 2019). As it can be seen, the modern world
is characterized by a high demand for energy
sources in every form as well as in every sector of
the economy and human life, including suppliers
of small portable electronic devices and systems
for monitoring the condition of structures. Due to
the growing demand for energy, there has been
an increased interest in various technical systems
to reduce its consumption (Farghali et al., 2003)
and to obtain energy from the environment (Yu
et al., 2024). Among the various energy sources,
mechanical vibrations have also been considered
(White et al., 2001; Mitcheson et al., 2008; Erturk
et al., 2009; Borowiec 2015; Nowak and Pietrza-
kowski 2016; Yang et al., 2018; Ma et al., 2018).
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Corresponding energy harvesting devices usu-
ally consist of a mass resonator coupled with an
appropriately selected piezoelectric transducer
to keep the higher energy transduction efficiency
(Yang et al., 2018). Usually, the frame with the
resonator is excited kinematically to mimic the in-
fluence the surrounding environment under labo-
ratory testing conditions by inducing harmonic
vibrations in the assumed frequency range (fre-
quency sweep) (Ma et al., 2018). To obtain the best
effects, the piezoelectric transducer is placed along
the most flexible part of the cantilever beam. Final-
ly, the electrodes connect the piezoelectric patches
to an electrical circuit providing an electromotive
force induced as a result of the beam deformation.
It was checked that such a system works well in the
resonant region of the mechanical structure (White
etal., 2001; Mitcheson et al., 2008). Unfortunately,
in the case of environmental conditions (wind, sea
waves or vehicle traffic) that are characterized by
high variability in the frequency and amplitude, the
amount of energy harvested is not sufficient. This
limitation was removed by application of nonlinear
effects (Cottone et al., 2009; Friswell et al., 2012;
Daqagq et al., 2014; Zhou et al., 2018).

Wind induced mechanism leading to vibra-
tion of mechanical resonator was also under study
by last few years (Ma and Zhou 2022; Wang et
al., 2020; Zhang et al., 2023). Especially, the
mechanism of vortex induced vibration and gal-
loping effect were present for various bluff-body
shapes and air flow velocities (Wang et al., 2020).
Nonlinear interaction between air flow and bluff-
body lead to creation of vortices and eddies and
a frequency lock phenomenon (Zhang et al.,
2023). Two side-by-side cylinders arrangement
was discussed elsewhere (Munir et al., 2017;
Irawan et al., 2023; Weilin et al., 2019); however,

combinations of different cross-sectional shapes,
mechanical couplings and mistuning were not
investigated. Furthermore, the piezoelectric cou-
pling was not present in these studies.

In this study, the experimental results were
presented for the flow energy harvesting, where
the two bluff-bodies with different shapes of the
cross-section were placed at the ends of the canti-
lever beams in the side-by-side arrangement. Two
piezoelectric material patches, one on each beam,
were bonded for transduction of mechanical
strain into the electrical output. This investiga-
tion was aimed at finding out the better combina-
tion of bluff-body cross-sections, which produces
enough dynamical response for piezoelectric
energy harvesting. The testing structure oscil-
lated on the flowing air with several flow velocity
ranges. For illustration of the energy transduction
mechanism and qualitative validation of the ex-
perimental results, Computational Fluid Dynam-
ics (CFD) simulations were performed. Owing to
these, it is possible to show the differences in the
formation and shedding of vortices that cause vi-
bration of experimental mechanical structure in
simulated various environmental conditions.

EXPERIMENTAL ANALYSES

Description of the experimental setup

In order to analyse the oscillations of the two
bluff-bodies of various cross-sections, a side-
by-side arrangement of the two cantilevered
beams attached with the piezoelectric elements
is mounted in the HM 170 open-type wind tun-
nel (GUNT Hamburg). Such an arrangement is
shown in Figure la. An enlarged view as shown

Displacement
measurements
- usingHigh-speed
Camera

Anemometer

Side-by-side
arrangement of
bluff-bodies

Wind-tunnel

Piezoelectric Patch

DAQ for recording
the Measurements

Figure 1. Experimental arrangement of the two side-by-side beam oscillators is shown here with the description
of components and orientation of the system with respect to the wind-flow (b) A magnified view of circular-
square combination of the two bluff-bodies
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in Figure 1b presents further details. More de-
tails about the wind-tunnel can be found in
(Ambrozkiewicz et al., 2021; Ambrozkiewicz et
al., 2022; Ambrozkiewicz et al., 2024).

The system parameters and details of cylin-
der configurations are included in Table 1. Ad-
ditionally, length of the bluff-bodies is 100 mm,
the length, width, and thickness of beams are
170 mm, 20 mm and 0.6 mm, respectively. The
center-to-center gap between the two beams was
maintained at 81.5 mm. The free stream flow ve-
locity (in m/s) is considered over a range of 3.5 to
10 m/s. The linear spring constant for the beam
was computed as 46.16 N/m.

The voltage signals from the piezoelectric el-
ements attached to the beam, at various air flow
rates, for the geometries mentioned in Table 1 are
obtained using NI-UX4351 data acquisition sys-
tem. The reduced velocity denote ratio of wind
velocity divided by the natural frequency of the
mass-spring system and the diameter of the bluff-
body. The air flow rates are measured using a dig-
ital anemometer mounted behind the side-by-side

Table 1. Details of cylinder configurations

arrangement, as shown in Figure 1. By varying
the air flow rates through the wind tunnel, the
voltage signals are recorded for 10 minutes. The
NI-DAQ card has data acquisition limitation of
+10 to -10 V; hence signals recorded beyond this
range are truncated.

RESULTS

For the experiments, the sequential cases of
configurations from Table 1 were used. The corre-
sponding voltage outputs are presented in Figures
2-5 and the corresponding Tables. Figure 2 shows
the voltage results of two bodies (S-S) of Case 1
configuration. The red curve denotes the piezo-
electric voltage from the right-side beam and it
is shifted up on the graph by the 1V level flow,
while the blue plot represents the left beam and
denotes the left beam piezoelectric voltage. The
discrepancy between the amplitude are caused
by the small mistuning of the beams (Table 1)
and the dynamical effect of multiple asymmetric

Natural
frequency Aspect Reduced
Sr. No Bluff-body combination (I\/qusss) of beam-mass ratio velocity Rniymngﬁs
9 system (L/D) u*
(f, Hz)
Case-1 Squares R-10.16 R-10.73
(S-S) (21 mm side) L-10.12 L-10.75 4.76 15-45 5000-14000
R- circular
Case-2 (21 mm dia.) R-8.03 R-12.07 15-45
(C-S) L- square L-8.09 L-12.08 4.76 13-40 5000-14000
(21 mm side)
Case-3 Circular — hollow R-13.57 R-9.29
(CH-CH) (30 mm dia.) L-13.70 L-9.24 3.33 13-36 6900-19000
Variable (22 mm dia. on top side
Case-4 R-15.35 R-8.73
(V-V) and 20 mm square on bottom L-15.46 L-8.70 4.54 18-52 5000-14500
side)
a) b)
15 Flow=5m/s 15 Flow=3m/s
10 10
5 5 }1 e 'n,HiJl"\|,||]i-~l|,|;””‘l}“‘p” I tH]H’”u;
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Figure 2. Case-1 Square-Square combination (S-S). Induced voltages from the piezoelectric patches are shown
(a) for 10 sec and (b) for 20 sec
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Figure 3. Case-3 Cylinder-Square combination (C-S). Induced voltages from the piezoelectric patches are shown
(a) for 10 sec and (b) for 20 sec

a) b)
U ik

Figure 4. Case-3 hollow cylinder- hollow cylinder combination (CH-CH). Induced voltages from the
piezoelectric patches are shown (a) for 10 sec and (b) for 60 sec. Note that the voltage oscillations are going
around the 0V level, but it is not kept in the figures
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Figure 5. Case-4 two prismatic bluff-bodies with circular shape at top and square shape at the bottom
combination (V-V). Induced voltages from the piezoelectric patches are shown (a) for 10 sec and (b) for 20 sec

solutions. Table 2 summarizes the results from
Figure 2 for various air speeds. For all the wind
speeds, the left beam piezoelectric voltage is
higher signalling that the displacement oscilla-
tions of the left beam are of higher amplitude with
respect to the right beam.

In Figure 3, the results of voltage outputs for
the harvester with circular — square cross-sections
were presented. In this case, the Left and right
beams results are balanced. The results show

periodic responses. On the other hand, Figure 4
indicates the corresponding voltage results for the
system of two hollow cylinders. Here, the oscilla-
tions are of much smaller range and they are evi-
dently nonperiodic. Interestingly, these voltage
oscillations and simultaneous beam vibrations are
not balanced in the amplitude, but their maximum
is passing from one beam to another with evolv-
ing time. It seems to be an alternative exchange of
energy through a coupling of fluid medium.
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Table 2. RMS voltages at different reduced velocities for the Case -1 S-S. The sign > is used to indicate the large

scale oscillations beyond the measurement range

Voltage (V)
Flow velocity (m/s) R L
Vrms Vpeak Vrms Vpeak
4 2.51 4.64 >10 >10
5 2.00 4.75
6 0.98 6.02
7 >10 2.96 8.07
8 0.82 9.03
9 5.49 >10

Finally, the results for the system composed
of two prismatic bluff-bodies with a circular
shape at the top and square shape at the bottom
(V-V) are studied. The results are presented in
Figure 5 and summarized for various air flow ve-
locities in Table 3. Here, the results indicate the
right beam (red color) dominancy over the left
one (blue color). This effect was presumably due
to the small mistuning and possibilities of two or
more asymmetric solutions.

General observations

The following are some of the general obser-
vations made during the experiments.

1. The bluff-bodies (for all the cases) initially vi-
brate with the torsional vibrations, and finally
results in the transverse oscillations. In particu-
lar, with the square shapes, the torsional vibra-
tion persists for larger periods before its transi-
tion into the transverse oscillations.

2. When the oscillations are established, either of
the beam, depending on the flow velocity, pro-
duces higher amplitude of oscillations. Such a
behavior may be attributed to the mistuning of
the beams and the air flow across the cylinders.

3. Nevertheless, for the square-circular (C-S)

arrangement, the oscillations are found to be
steady periodic and of a large amplitude. As it
was observed earlier, the torsional vibrations
are enhanced in the square cylinder compared
to that of the circular cylinder. The oscillations
in the square shape start prior to that of the
circular cylinder (Fig. 3). Accordingly, the dis-
placement of the beam with the circular cylin-
der, in the C-S case, is found to be higher than
that obtained for the other cases.

4. In most of the cases, except for Case-2, unbal-
anced (or asymmetric) solutions were found
with one bluff-body larger in activities. In-
terestingly, Case-4 produced different results
where the higher excitation amplitude of the
beams was exchanged by the two beams alter-
natively with time.

Remarks and conclusions on the
experimental observations

The following remarks can be made based on
the experimental observations:

1. The reduced velocities in the present experi-
ments are significantly different from the ones
expected for the vortex-induced vibrations.

2. Among the cylinder configurations considered

Table 3. RMS voltages at different reduced velocities for the Case-5 V-V

Voltage (V)
Flow velocity Reduced velocity L
(m/s)
Vrms Vpeak Vrms Vpeak
4 20.86 3.30 3.88
5 26.07 4.43 8.83
6 31.28 4.36 8.96
7 36.50 >10
8 41.71 >10
9 52.13
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in the present experimentation, the square-
square (S-S) and square-circular (C-S) ar-
rangements provide enhanced oscillations and
voltage output.

3. The torsional mode of vibrations is generally
observed in all the cases; however, the torsion-
al vibrations are greater in amplitude for the
square-shaped bodies.

4. At higher flow rates, the mutual hitting of the
bluff-bodies can be avoided by increasing the
span between the cylinders or by installing
stoppers. These solutions will add further non-
linear effects. However, increasing the span be-
tween the cylinders may possibly be restricted
by the walls of the wind tunnel test section.

NUMERICAL SIMULATION EXAMPLES

In order to establish qualitative validation and
similarities, numerical simulations of a few cases
of bluff-body combinations were performed. In
this section, the results of computational fluid
dynamics (CFD) simulations performed using
ANSYS (vR23) software are presented. The fluid
structure interaction motion of the bluff-body is

assumed to take place only in the transverse di-
rection to the wind-flow. Thus, the linear stiffness
(46.16 N/m) of the cantilever beam is considered
to offer the restoring force to the lift forces ex-
erted by the fluid on the bluff-body. It is assumed
that mass (10 gms) of all the bluff-bodies remains
same irrespective of the shape and the orienta-
tion with the direction of the wind-flow. Also,
the hydraulic diameter and length of the bluff-
bodies are considered to be 21 mm and 100 mm,
respectively. Two side-by-side bluff-bodies are
separated with a distance of 3 times the hydraulic
diameter (Weilin et al., 2019).

The computational domain considered for the
CFD simulations is shown in Figure 6a, in which
the inner and outer domains are highlighted.
Block meshing strategy is used for better imple-
mentation of boundary conditions. Mesh instanc-
es around the circular and square shapes of the
bluff-bodies are also shown in Figure 6b. These
meshes are built using the O-grid technique to
maintain the smooth transition of element sizes,
so as to maintain consistent higher quality of
mesh and capture precisely the developed pat-
terns of the vortices. Table 4 describes the bound-
ary conditions used at different locations in the

Table 4. Description of the boundary conditions used for the numerical simulations

Sr. No. Bonduary Type Specified conditions
1 Inlet — outer and Inner domains Velocity Inlet 0.5t0 4.0 (m/s)
2 Top wall Symmetry Symmetry
3 Bottom wall Symmetry Symmetry
4 Outlet Pressure outlet 1 Bar
Inner domain — top, bottom, and
5 Interface Interface
Back end

Outer domain

Discretized model - Outer domain

Inner domain

Discretized model — Inner Domain

Figure 6. (a) Details of the computational domain and meshing scheme used for the numerical simulations are
shown here, (b) O-grid meshing used around the bluff-bodies is shown in the exaggerated views
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mesh domain. Although several wind speeds
ranging from 0.5 — 4.0 m/s are used in numerical
simulations, the results obtained at 3 m/s of wind
speed were presented to compare various combi-
nations of the bluff-bodies.

Mathematical modelling and solution
technique

A two-dimensional simplified model of a
beam integrated with the bluff-body has been
solved numerically through finite volume ap-
proach using ANSYS Fluent 23.2 commercial
CFD code. The fluid flow variations across vari-
ous bluff-body shapes were simulated by solving
the governing equations (Anderson et al., 2013),
namely, conservation of mass (Eq. 1) and mo-
mentum (Eq. 2a-b). The turbulence induced in
the flow has been captured by solving the Shear
Stress Transport (SST) k-® model of closure.

6u+6v_0 )
ox  dy

Scalar momentum equation of velocity com-
ponent in x direction is given by:

a)

Ju ou 7] 10
tu—tpy—= —=-L
at ox dy p 0x
(2a)
2%u , 9%u\ ot T
+9 (_ + _) _Ttexx T txy
dx2 ay? ox ay

The scalar momentum equation of the veloc-
ity component in the y-direction is given by:

ov 3} a 10
at ox ay p oy
IS (azv n azv) OTryx  OTryy (2b)
0x2 dy? x| ay

u
where: ¥ = o

Next, the turbulent kinetic energy & of the
standard k-w two-equation turbulent model is
given by Egs. 3(a—b). The turbulent dissipation

rate “o” is given by Eq. 3b.

ok
at

+ ak+ ak_ 6[(19+ )ak]_l_
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Figure 7. Time histories of the transverse displacement amplitudes of the bluff-bodies at (a) top and (b) bottom
position. Different colors of the plots correspond to the combinations of the bluff-bodies mentioned in the
legends.

244



Journal of Ecological Engineering 2025, 26(4), 238-249

6w+ 6w+ aw_ 6[(19+ )6w]+
ac " Yox TVay T ox 9w 8e) Gy
(3b)

i 2 [(8+ )aw]+ 2p 2

The turbulent viscosity (u,) is expressed as #r = p S
The governing eequation of motion for the struc-
tural side without including the damping term can
be given by Eq. (4) below.

mi + kx = F;(t) @)
where: the lift coefficient C(¢) is used to estimate
the lift foree Fy(t) = 2 pAU2Cy(t) .

In Figure 7, steady-state time histories of
transverse displacement oscillations of the bluft-
bodies are presented for the five combinations
of the shapes of the bluff-bodies. These combi-
nations are mentioned in the legends of Figure
7(a—b) and are referred to as circular-circular (C-
C), circular-square (C-S), circular-rotated square
(C-RS), square-square (S-S), and square-rotated
square (S-RS). The physical orientation of these
bluff-body combinations can be visualized in the
corresponding Figures 8(a-b), Figures 9(a-b),
and Figure 10, respectively. Figures 8 to 10 show
the patterns of the vortices induced due to the
wind interactions with the beam structures.

In Figure 8, for the case C-C shown by the
black lines, both the bluff-bodies can be observed

to oscillate with a similar amplitude and frequen-
cy. This is because the vortex shredding pattern,
shown in Figure 8a, shows the non-mixing na-
ture of the vortices, suggesting no influence on
the motion of each other. As the upper body is re-
placed by a square in the C-S case shown in Fig-
ure 8b, it can be seen that the oscillations of the
lower circular bluff-body are influenced and be-
come irregular and aperiodic. The square-shaped
bluff-body shreds larger vortices with eddies that
interact with the circular bluff-body causing such
aperiodic oscillations of the later one. It is known
from the literature that square-shaped bluff-
bodies operate with the combination of VIV and
galloping (Zhao et al., 2013), and hence produce
large amplitude of oscillations. When the upper
body is replaced by a rotated-square shape in the
C-RS case (Figure 9a), the influence on the circu-
lar bluff-body is similar to the previous case with
aperiodic oscillations of the circular bluff-body.
However, the top RS shape seems to enhance the
vortex size producing higher lift forces on the up-
per bluff-body.

In the fourth case S-S, the lower bluff-body
is also replaced by a square shape, as shown in
Figure 9b. The oscillations of both the bluff-bod-
ies are relatively higher as compared to the C-C,
C-S, and C-RS cases, possibly due to the higher
contribution from the galloping effects from both
the bodies. Even though the C-S case presents
the higher amplitude of square-shaped body, the

Figure 8. Patterns of induced vortices obtained using the numerical simulations are shown here for the
(a) Circular-Circular (C-C) and (b) Square-Circular (C-S) combinations of the bluff-bodies
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Figure 9. Patterns of induced vortices obtained using the numerical simulations are shown here for the
(a) Rotated Square-Circular (RS-C) and (b) Square-Square (S-S) combinations of the bluff-bodies. The
magnitude of vorticity can be estimated using the same color scale as show in Figure 8

combined motion with circular-shape is lower in
C-S case, which makes the S-S as the most in-
teracting vortex shredding case producing larger
oscillations for both the bodies.

In the last case, the upper body is replaced
by a rotated-square shape as shown in Figure 10.
Compared to the C-RS case, the upper RS shape
further produces larger oscillations when paired
with the square shape, owing to the stronger in-
teractions and mixing of the vortices shred from
both the bluff-bodies. It can be also noticed from
the time histories shown in Figure 7, that the
frequency of oscillations slightly increases with
the introduction of the square and rotated square

shapes. As contribution from the galloping effects
build up with the use of square shapes, the aperi-
odic nature of the oscillations increases. The VIV
mechanism of flow interaction seems to build up
and sustain for larger wind speeds when the circu-
lar shapes are used.

In the numerical simulations, coupling be-
tween the two beam structures existed only
through the flow interaction, and no other me-
chanical means of coupling the two structures
was considered. However, a weak mechanical
coupling between the two beam structures was
present through their common connection at the
base excitation point. It is observed that such a

Figure 10. Patterns of induced vortices obtained using the numerical simulations are shown here for the Square-
Rotated Square (S-RS) combination of the bluff-bodies
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coupling helps in transferring motion as well as
initial excitations and influences the oscillations
of the two bluff-bodies. In future numerical simu-
lations, such a weak coupling can be simulated
using spring or magnetic arrangements.

CONCLUSIONS

The effects of various geometrical shapes
of bluff-bodies in the side-by-side arrangement
are studied experimentally and numerically. The
combinations, namely, cylindrical-cylindrical
(C-C), cylindrical-square (C-S), cylindrical-
rotated square (C-RS), square-square (S-S) and
square-rotated square (S-RS) are considered.
Further, experimental investigation on the bluft-
bodies with varying cross-section has shown a
significantly higher voltage output compared to
the configurations with constant cross-sections.
The results of the numerical simulations showed
that the similar shape combination C-C produced
a non-mixing symmetric pattern of vortices with
oscillations of relatively small amplitude, but of
periodic nature. A noticeable improvement was
observed for the C-S case due to the possible
presence and interaction of both galloping and
VIV mechanisms. A similar trend with further
improvement in oscillation amplitudes was ob-
served for the C-RS case. The S-S case provides
higher amplitude of oscillations with continuous
mixing of vortices, which makes it suitable for
energy harvesting purpose. However, uncon-
trolled and monotonous increments in the am-
plitudes observed during experiments for such
shapes due to galloping at higher operating ve-
locities may damage the piezoelectric elements.
The geometric asymmetry in the S-RS case leads
towards an uneven pressure distribution and cha-
otic mixing of vortices, causing the bluff-body
to oscillate with highest amplitude among all the
cases considered in this investigation. Both the
experimental and numerical results have predict-
ed such a behavior with aperiodic oscillations.
Such a combination may exhibit widened lock-
in region at lower wind speeds and galloping at
higher wind speeds. As long as the oscillation
amplitudes are regulated, such combinations can
improve the effectiveness of these energy har-
vesting structures. In order to replicate the weak
mechanical coupling as observed in the experi-
mental conditions, numerical simulations with

spring or magnetic coupling between the two
beam structures can be performed as future tasks.
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