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Abstract—This paper presents an experimental investigation for
the characteristics of an energy harvesting device exploiting flow-
induced vibration in a wind tunnel. A stationary bluff body is
connected with a downstream tip body via an aluminium cantilever
beam. Various lengths of aluminium cantilever beam and different
shapes of downstream tip body are considered. The results show that
the characteristics of the energy harvester’s vibration depend on both
the length of the aluminium cantilever beam and the shape of the
downstream tip body. The highest ratio between vibration amplitude
and bluff body diameter was found to be 1.39 for an energy harvester
with a symmetrical triangular tip body and L/D; = 5 at 9.8 m/s of
flow speed (Re = 20077). Using this configuration, the electrical
energy was extracted with a polyvinylidene fluoride (PVDF)
piezoelectric beam with different load resistances, of which the
optimal value could be found on each Reynolds number. The highest
power output was found to be 3.19 uW, at 9.8 m/s of flow speed (Re
=20077) and 27 MQ of load resistance.

Keywo rds—Downstream structures, energy harvesting, flow-
induced vibration, piezoelectric material, wind tunnel.

[. INTRODUCTION

ARVESTING energy from ambient sources has been the

subject of several studies in recent years for operating
self-powered devices [1]-[3]. Many researchers have devoted
their attention to studying flow-induced vibrations as a
sustainable power source, because it can be used in small
volumes. One of several methods to convert this wasted
mechanical vibration into usable electrical energy is through
the use of piezoelectric materials [4]-[7].

When a bluff body is immersed in fluid flow, aero-elastic
vibration will occur. In additional, a vortex generated from an
upstream bluff body can induce downstream structures to
vibrate. Many studies have found that an optimal spacing
between the upstream bluff body and downstream structure
can cause downstream structures to severely oscillate
compared to a single bluff body [8], [9]. However, in term of
energy harvesting applications, it can enhance the energy
harvester performance [10], [11].

This work presented an experimental optimization and
study of piezoelectric-based energy harvester exploiting flow-
induced vibration. Based on the concept to enhance
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downstream energy harvester performance, the energy
harvesters were designed to have an aluminium cantilever
beam and a tip body behind a fixed cylindrical bluff body.
With a suitable length of cantilever beam and a suitable shape
of downstream tip body, vortices from upstream bluff body
can interact with the downstream structure directly causing
high amplitude vibration. Many studied rarely paid attention to
an effect of downstream tip body’s geometries for oscillation-
based energy harvesting application. Hence, the different
configurations of downstream tip body and various length of
cantilever beam were experimentally investigated in a wind
tunnel at Reynolds number between 3000 and 20100 to study
energy harvester vibration behavior. The configuration with
the largest deformation of cantilever beam is considered as an
optimized energy harvester. The PDVF piezoelectric type then
attach to the trailing edge of a cantilever beam where the
maximum strain can be obtained. Power output was then
presented with different load resistances which can be found
an optimal value to provide the highest electrical power
output. Such a harvester has an advance of simplicity which
deserves further developments.

II. EXPERIMENT SETUP

The experiments were conducted in a low turbulence wind
tunnel with open loop and 300 mm x 300 mm test section (Fig.
1). The flow speed is produced by an axis fan which sucks the
air in the end of the tunnel. By varying frequency voltage
input of fan motor, the flow speed in this section was varied in
the range of 1.55 to 9.8 m/s (3000-20100 Reynolds number).

Fig. 1 Low turbulence wind tunnel

Fig. 2 illustrates the designed energy harvester in this study.
The energy harvester comprises a stationary aluminium
cylindrical bluff body (D;=32 mm and H=300 mm) affixed to
a 3D printed polylactide (PLA) type downstream tip body via
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a 0.5 mm thick, 25 mm width and variable length (L)
aluminium cantilever beam. The trailing edge was kept free in
order to permit vibration only at the cross flow. To optimize
the energy harvester’s operating conditions, the vibration
characteristics of the energy harvester were analyzed from
different configurations which consisted of different shapes of
tip body: symmetric triangular, cylindrical, and square prisms;
and varied lengths of aluminium cantilever beam (L/D,= 3, 4
and 5). The dimensions of the downstream tip body were all
identical, 32 mm in width and 100 mm in height.

(@) (b)

Tip Body
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Fig. 2 Illustration of the proposed oscillation-based energy harvesting
devices: (a) Isometric view (b) side view (c) illustration of the
various tip body configurations, from left to right symmetrical

triangular, cylindrical and square prisms

Table I presents properties for each configuration. The
structure natural frequency (f,) can be estimated with (1)

3EI (1)
ml’
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where F is the Young’s modulus of aluminium, / is a moment
of inertia for each configuration which can be estimated using

@
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where d is width of aluminium cantilever beam, and b is its
thickness. While total mass consists of tip body mass (m,) and
approximately 33/144 of aluminium cantilever beam mass
(m;) as shown in (3)

33 3)

=——m, +m,
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Fig. 3 illustrates the energy harvester installed in the test
section of the wind tunnel. The experiment conducted through
varied Reynolds number based on upstream bluff body
diameter calculated with (4).

TABLE I
ENERGY HARVESTER’S STRUCTURE PROPERTIES
Shape of tip Tip Width, Total Natural
body Mass, D, (mm) L/D, Mass, frequency,

my(g) m(g) fo(Hz)
Symmetrical ~ 8.699 32 3 11.2770  11.6987
Triangular 4 11.8793  7.4034
Prism 5 12.4816  5.1680
Cylindrical 8.666 32 3 11.2440 11.7158
Prism 4 11.8463  7.4137
5 12.4486  5.1749
Square 10.508 32 3 13.0860  10.8600
Prism 4 13.6883  6.8968
5 14.2906  4.8299

Re = =21 “4)

14

where, v is the kinematic viscosity of air, while U, is the flow
speed varied from 1.55 m/s to 9.8 m/s measuring via a Pitot
tube anemometer before the start of the experiments. As a
result, Reynolds number has range between 3000 and 20100.
A 120 frames-per-second video camera was installed above
the test section to record harvester’s respond to subjected
flow. The recorded videos were then analyzed in image
processing program to generated vibration amplitude response
as a function of time. The transverse vibration amplitudes (4)
were measured from equilibrium base line (Fig. 4) and then
summarized into root mean square amplitude (4,,) for each
Reynolds number. Applying fast Fourier transformation
technique to experimental results resulted in obtaining energy
harvester’s frequency respond (f;). The RMS amplitude and
frequency response were then presented as non-dimensional
value, RMS amplitude ratio (8) and frequency amplitude ratio
(fratio) calculated using (5) and (6) respectively.

P (5)
Dl
L 6)
Suw =%

The RMS amplitude ratio and frequency ratio were then
compared with the non-dimensional reduced velocity (U,),
which is calculated with (7).

v - U ™)

" LD,

The presented characteristics of energy harvest for each
configuration was analyzed and investigated to seek the
optimal condition for energy harvesting. The proper
configuration was then selected to find electrical energy
output in the next step.
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Fig. 3 Schematic diagram of experiment in the wind tunnel

where Vs is root mean square value of voltage for each
Reynold number and R is load resistance ranged from 1 MQ

U Y, lransverse to 100 MQ. According to Guyomar et al. [12], the optimal
« T A__VA_F»”"_'?“F“,” Equilibrium load resistance (R,,) that provides the maximum electric
X ' i 'j;/base line power output can be estimated using (9)
| __! ©)
Fig. 4 Top view of energy harvester’s encounter of incoming flow ” 24,C,
The selected configuration was attached with a piezoelectric The electrical response of energy harvester in term of power

beam on one side of the root of aluminium cantilever beam  output as a function of load resistance was analyzed and
where the maximum strain can be obtained. A PVDF presented to study the influence of load resistance and to seek
piezoelectric beam (Fig. 5) (LDTI1-028K/L wi/rivets, the maximum power output on the optimal configuration of
Measurement Specialties, Inc., U.S.A) is 41.40 mm in length  energy harvester.
and 16.26 mm in width and has 1.38 nF of capacitance (C,).

Given the energy harvester in the same range of Reynolds

number, an electrical voltage (V) from energy harvester

through different load resistances (R) was obtained via a NI

USB-6211 data acquisition system in conjunction with

LabVIEW at a sampling rate of 1 kHz as shown in Fig. 6. The

electrical power output (P) was then presented as a RMS value

calculate with (8)

PVDF Beam

V'2
B, = 1';3 ®) Fig. 5 LDT1-028K/L w/rivets piezoelectric beam
Pitot tube Anemometer
Load Data
— — Computer
Test Section resistance acquisition
A
I
U,
- » [R——
Piezoelectric sensor
Tested Model

Fig. 6 Schematic diagram of experiment in the wind tunnel for measuring electric voltage

III. RESULTS AND DISCUSSION prisms downstream tip body as a function of reduced velocity
for L/D; ratio = 3. Given the rise in flow speed, the RMS
amplitude ratios for all configurations have a tendency to
increase except for the square prism tip body. The highest

A. Vibration Amplitude Response

Fig. 7 presents the RMS amplitude ratio of an energy
harvester with a symmetric triangular, cylindrical and square
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RMS amplitude ratio was found to be 0.39 for the cylindrical
prism tip body at approximately 35 of reduced velocity
(Re=20077).

For the symmetric triangular tip body, there was no
response of the RMS amplitude ratio unit as the reduced
velocity reached approximately 25 (Re = 16389), where it
began to respond. Afterward, the RMS amplitude ratio
continued to increase dramatically with the increase in flow
speed and hit its peak at 0.21 for the highest reduced velocity.

The peak amplitude related to the resonance of the upstream
shedding vortex was noted at a reduced velocity between 4
and 7 for the cylindrical tip body. Increasing the reduced
velocity further in this region, the RMS amplitude ratio
dropped-off and then increased at 12 of reduced velocity. The
RMS amplitude ratio continued to rise and reached a peak at
0.39 for 35 of reduced velocity. This value was considered the
highest RMS amplitude ratio for L/D; ratio = 3.

On the other hand, the square prism tip body seemed to
rarely vibrate compared to other shapes of tip body. Even
when the flow speed was boosted to its maximum speed, only
little buffering response was found.

Typically, when reduced velocity is between 4 and 7, the
strong vibration response may be caused by upstream
shedding vortices frequency resonant with the structure’s
natural frequency. However, the energy harvesters with a
symmetrical triangular and square prism tip body do not
display those types of responses. A strong vibration when
increasing the flow speed was noted only for the triangular tip
body and no response was found for the square tip body. This
might be due to the shape of the downstream tip body. When
the separated flow from an upstream bluff body flows over the
downstream tip body, the triangular and square prism tip
bodies diminish the upstream vortex, while the cylindrical tip
body allows an upstream vortex to form.

1.6
14
—#— Cylinderical Prism
12 5 -
= Square Prism
1 Triangular Prism

o 0.8

0.6

60 80 100
U,
Fig. 7 the RMS amplitude ratio as a function of reduce velocity for
L/D1 =3

The RMS amplitude ratio of energy harvester with a
symmetric triangular, cylindrical and square prisms
downstream tip body as a function of reduced velocity for

L/D, = 4 is presented in Fig. 8. The similar pattern of RMS
ratio response was found only for square prism tip body while
the others have changed. However, the RMS amplitude still
increased with the increasing flow velocity except for square
prism tip body. The highest RMS amplitude ratio was found to
be 0.89 for triangular tip body at approximately 50 of reduced
velocity (Re=20077).

For the symmetric triangular tip body, increasing the L/D;
ratio from 3 to 4, the reduced velocities with which the energy
harvester started to vibrate decreased from 25 to 15. The RMS
amplitude ratio continued to rise rapidly until a reduced
velocity of approximately 40. The RMS amplitude ratio then
gradually rose, which might be explained by the length of
cantilever beam to limit the transverse vibration amplitude.
However, The RMS amplitude ratio for L/D; ratio = 4 was
much higher than it had been with the L/D; ratio = 3.

On the contrary, when the L/D, ratio was raised from 3 to 4,
the RMS amplitude for the cylindrical tip body was reduced.
Furthermore, it turned out that a peak related to the resonance
of the wupstream shedding frequency had disappeared.
However, the reduced velocity where the harvester started
vibrating was approximately the same as 12 of reduced
velocity. With further reduced velocity 12, the RMS amplitude
ratio continued to increase steadily. The highest RMS
amplitude for the L/D; = 4 cylindrical tip body was 0.2 at
reduced velocity 50. Meanwhile, the square tip body still did
not respond to fluid flow, only a tiny vibration was detected.
The RMS amplitude was minuscule when compared to the
other shapes of downstream tip body.

The experimental results show that when the L/D, ratio was
increased from 3 to 4, the range of reduced velocity shifted
from 5-32 to 8-50. As a result, the reduced velocity range has
raised the strong resonance region. This can explain why a
peak amplitude related to strong resonance of an upstream
shedding vortex could not be found in L/D; = 4 but could be
found in L/D; = 3 for the cylindrical tip body.
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Fig. 8 the RMS amplitude ratio as a function of reduce velocity for
L/D;=4

Fig. 9 shows the RMS amplitude ratio for L/D; = 5 for the
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energy harvester with a symmetric triangular, cylindrical and
square prisms downstream tip body. Increasing the L/D; ratio
from 4 to 5, the same pattern of RMS ratio response can be
found in all shapes of downstream tip body. The RMS
amplitude ratio of the triangular and cylindrical tip body still
grew with the increase in flow speed. Meanwhile a square tip
body barely responded to a rise in flow speed.

The same pattern as L/D;=4 response can also be found in
L/D;=5 for the triangular tip body. In addition, its RMS
amplitude ratio was higher than the RMS amplitude ratio for
L/D;=4 in every Reynolds number. The reduced velocity for
vibration to commence declined from 15 to approximately 10.
It can be found that increasing the L/D; ratio helps to reduce
the flow speed and reduced velocity in which the harvester
initiates harvester vibration. The highest RMS amplitude ratio
for this shape was 1.39 at the maximum flow speed (Re =
20077). Meanwhile, the RMS amplitude for the L/D;=5
cylindrical tip body was slightly decreased from the RMS
amplitude for L/D,=4. The highest amplitude ratio was only
0.15 compared with that of L/D;=4 which was 0.21. However,
the reduced velocity where the harvester with a cylindrical tip
body started vibrating was approximately the same as 12. For
the square tip body, there still was little sign of vibration
response for L/D, = 5. However, if comparing this result with
other shapes of tip body, it barely vibrated, even in a strong
resonance region. The differences among the L/D, ratio for
square prism tip body were not distinguishable.

Increasing L/D; ratio might result in re-location of separated
flow from an upstream bluff body to interact with downstream
tip body. The shapes of downstream tip body also had an
effect on vortex formation. A cylindrical tip body might allow
vortex to form behind it while triangular tip body allow vortex
to form on each side of it and square tip body diminish vortex.
This can cause different pressure distributions for each shape
of downstream tip body. As a result, different characteristic
for each configuration was found.
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Fig. 9 the RMS amplitude ratio as a function of reduce velocity for
L/D,=5
of downstream

In summary, different configurations

structure were investigated to study their characteristics and
search for the proper configurations for energy harvesting
applications. The experimental results showed that the RMS
amplitude ratio depended on the L/D; ratios and shapes of the
downstream tip body. The RMS amplitude ratio of the
triangular tip body got higher with an increase in L/D; ratio.
The reduced velocities in which the harvester started vibrating
are different for each configuration. The triangular tip body
had a lower reduced velocity for vibration to be induced when
L/D, ratios were raised. Meanwhile the cylindrical tip body
obtained a lower RMS amplitude ratio when the L/D; ratio
was increased. However, it had nearly the same reduced
velocity for vibration to start in all L/D; ratios. On the
contrary, the square tip body did not respond to changes in
RMS amplitude ratio in all configurations. The proper
configuration for the energy harvester should have a high
RMS amplitude ratio and robustness. The harvester with the
triangular prism tip body was found to possess such conditions
with the highest RMS amplitude ratio of 1.39 and started to
vibrate at a lower Reynolds number compared to the others.

B. Frequency Response

According to experimental results, the energy harvester
vibrated with almost the same frequency for each L/D; ratio.
The average of vibration frequency is shown in Table II. Their
vibration frequencies were approximately similar to their
downstream structure’s frequency for each L/D; ratio (see
Table I).

TABLE II
MEAN FREQUENCY RESPONSE FOR EACH CONFIGURATION
Mean structure’s vibration

Shape of tip body ~ L/D; frequency, £ (Hz)
Symmetrical 3 9.3491
Triangular 4 6.4130
Prism 5 43163
Cylindrical 3 8.8816
Prism 4 6.4350
5 4.6694
Square 3 8.5586
Prism 4 5.8432
5 4.1648
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Fig. 10 Frequency response ratio for each configuration (a) L/D, =3
(b)L/D;=4(c)L/D,; =5

The frequency response ratios between the energy
harvester’s vibration frequency and the energy harvester’s
natural frequency for each configuration are presented in Fig.
10. All configurations appear to have the same pattern of

4
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frequency ratio but a different range of reduced velocity. It can
be seen that at a reduced velocity between 4 and 7 where there
are the strong resonance of upstream shedding vortex region.
The Harvesters with L/D ratios 3 have a frequency ratio close
to St = 2 line which corresponded to a single cylinder undergo
resonance of vortex shedding. Increasing flow velocity further
that region, the frequency ratio depart from St = 2 line for all
L/D, ratios but the frequency ratio remained nearly identical,
even when the flow velocity was increased for all shapes of
downstream tip body.

It can be seen that the harvester vibrated approximately at a
natural frequency of each L/D; ratio, leading to the suggestion
that the harvester operated as a self-excited vibration system
[13]. Although all configurations displayed similar patterns of
frequency ratio response, their RMS amplitude ratios differed.

C. Electrical and Power Output Response

The influence of load resistance on the electrical energy
was investigated. The power generated from the optimal
energy harvester as a function of load resistance for each
Reynolds number is presented in Fig. 11. Overall, the power
output rose with the increase in flow speed which had the
same influence as the flow velocity did with the RMS
amplitude ratio. However, increasing the load resistance did
not always lead to a higher electrical power output. At load
resistances between 1 MQ and 3 MQ, the power output was
reduced sharply due to the fact that the load resistance
increased dramatically compared to the voltage output which
showed an insignificant increase. Upon increasing the load
resistance further in this region, the power output started to
increase dramatically and hit a peak at a load resistance
between 10 MQ and 30 MQ. Then, the power output gradually
fell. The maximum power output was found to be 3.19 pW at
20077 Reynolds number at a load resistance of 27 MQ.

—&—Re=3073
—— Re=4097
#— Re= 06164
Re=8154
—#—Re=10243
—8—Re=12252

Re= 14341
—i— Re= 16389
—o— Re= 18483
—i— Re= 20077

—_— g

60 80 100 120

Load Resistance (MQ)
Fig. 11 power output for energy harvester with a symmetric triangular prism tip body and L/D; =5 for each load resistance

476



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:12, No:5, 2018

Table IIT presented calculated optimal load resistance using
(9). The calculated optimal load resistances were found in the
range of 26-27 MQ. This suggest that these calculated load
resistance were in accordance with the obtained experimental
power output result for all Reynolds Number, except for the
range between 3000 and 6200 where there was a tiny response
voltage output.

TABLE III
CALCULATED OPTIMAL LOAD RESISTANCE

Flow rate (m/s) Reynolds Number Optimal load resistance, (MQ)
1.5 3073 27.536
2 4097 26.355
3 6146 26.713
4 8194 26.440
5 10243 27.044
6 12292 26.233
7 14341 26.474
8 16389 26.569
9 18438 26.953
10 20077 26.932

Based on the experimental results, increasing flow speed
resulted in a rise of power output. Meanwhile the load
resistance had a specific value which provides the highest
electrical power output. Equation (9) can be confirmed to
calculate such an optimal load resistance for piezoelectric type
energy harvester according to experimental results.

IV. CONCLUSION

The energy harvesters exploring flow-induce vibration via a
piezoelectric beam were designed and tested in a wind tunnel.
The experimental results show that the characteristics of
energy harvester depend on the shape of downs stream tip
body, length of the aluminium cantilever beam and the flow
speed. Take for example, the harvester with symmetric
triangular prism tip body, which had a tendency to increase in
amplitude response with a rise of L/D, ratio, while the square
prism tip body did not has any response when L/D, ratios was
increase and the cylindrical tip body vibration amplitude
decreased when L/D; ratio was increased. However, all
configurations turned out to have the similar pattern of
frequency ratio response which the harvesters vibrated with
frequency close to their structure natural frequency.

The optimization study was performed in order to seek a
proper configuration in which has a high vibration amplitude
response and robustness. The harvester with symmetric
triangular prism tip body had those abilities which it can
provide the highest RMS amplitude ratio and start to vibrate at
low Reynold number compare to others. This configuration
then was tested to generate electrical power output via a
piezoelectric beam. The power output of this energy harvester
ranged from 0.003 to 3 pW. Its advantage of simplifying and
low cost deserves the further study and development.
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