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1. INTRODUCTION

Nowadays, the critical problem in the world is the environmental pollutants and the energy crisis due
to the increase of oil, coal, and other fossil fuels which will cause the depletion of fossil energy. These two
critical issues trigger consideration of various clean, sustainable, and renewable energies such as solar energy,
bioenergy, thermal energy, wind-energy, water-energy, and mechanical energy to replace fossil fuels [1]-[3].
Energy stands as one of the aspects that play a role in green economy-based development. Energy harvesting is
a promising tool that can produce renewable energy and clean energy. This tool can increase the green
economic utilization of infrastructure. Energy harvesting tools capture useless environmental ambient energy
and convert it into more functional energy [4], [5]. Mechanical energy harvesting is a process that converts
potential energy, kinetic energy, vibration energy, and deformation energy into electrical energy [6], [7]. Energy
harvesting devices can collect and convert various forms of wasted energy into electrical energy for powering
electronic circuits or devices. Vibration is one of the mechanical energies that is easy to produce. Vibration is
the embodiment of mechanical energy in an elastic system of some sort continuously changing from mechanical
kinetic to potential energy smoothly over and over again. Many conversions of mechanical energy (waste
vibration) converted into electrical energy have been done using electromagnetic [8]-[10], piezoelectric [11]-[16],
and electrostatic [17]-[20].
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The piezoelectric energy harvesting system is related to the mechanical strength of energy
harvesting using piezoelectric under large pressure and mechanical impedance matching, involving the
electromechanical coupling factor of piezoelectric structure and piezoelectric comprising and coefficient
electrical impedance [21]. Piezoelectric energy harvesters (PEH) have been widely used as a way to produce
small electrical power for electronic devices due to their high energy density and easy integration system.
A wind turbine combined with a piezoelectric energy harvester with flow-induced vortex-induced vibration
was proposed to explore and to interpret the energy translation process. The piezoelectric is connected to the
round bluff body and implemented at different wind speeds (2 m/s to 19 m/s). The maximum output that can
be produced is about 8.97 pW at 19 m/s wind speed [22]. Design and built of the blub cylinder bluff body
(circular and square cylinders) to maximize the output voltage and a quick increase with low wind speed range.
The results indicate there is an increase in the average power generated by 75%. In addition, a slow wind speed
will produce 193% greater output power than a reference using a square body bluff [23]. The bi-stable
piezoelectric energy harvester (BPEH) was built to increase the efficiency of scavenging wind energy using
a cruciform cantilever substrate (a circular cylinder, two square cylinders, a tip magnet, two external magnets, and
PZT). The results show, for low wind speed vortex-induced vibration (VIV) takes effect and makes the system
undergo snap-through while for high wind speed galloping happens and drives the system to execute snap-through.
This BPEH can produce constant high-output energy in different speeds (low to high) [24].

However, the study of integrated design performance of energy harvesting systems is rare.
The correlation of the bluff body with the piezoelectric energy harvesting needs to be observed. The main
objective of this research is to study the fluid flow pattern through the bluff body and the effect of VIV in
piezoelectricity to generate voltage. This research develops bimorph vortex-induced vibrations using a
piezoelectric energy harvester on a wind tunnel with three different bluff body shapes (rhombus, square, and
triangle) and various wind speeds (5 m/s, 7 m/s, and 9 m/s) based on the electrical energy produced and
airflow pattern. The energy harvesting for wind tunnels using 3 types of bluff body shapes and 3 types of
wind speed is analyzed and compared in this paper. Analysis of fluid flow pattern using the finite element
method to explain the phenomena in the experimental result. Based on these results, the energy harvesting
enhancement for the vortex-induced vibration energy harvester with the proposed bluff body and wind speed
was obtained and discussed in this research.

2. METHOD

Generally, a typical PEH consists of a cantilever beam as a substrate layer in one (unimorph), two
(bimorph), or multi-piezoceramic layers attached on its surfaces as the sensing or acting layers [25].
Unimorph is attached to a substrate where the one-layer piezoelectric material is laminated with different
elastic stiffness. Two layers of laminated piezoelectric material on both sides of the substrate are called
bimorphs. PEH called in this paper consist of piezoelectric bimorph and rectangular-trapezoid fin.
Piezoelectric bimorphs used in this study are composed of lead zirconate titanate (PZT) and have the
dimensions of 8 cm in height, 3 cm in width, and 0.6 mm in thickness. PZT is the most commonly used
piezoelectric material due to its piezoelectric strain and stresses constantly being higher than other
piezoelectric materials. PZT is a ferroelectric material in a polycrystalline form that has a maximum value of
electromechanical coupling coefficients and dielectric. The properties of PZT that were used in this
experiment are shown in Table 1.

A rectangular-trapezoid fin with material polypropylene has a length dimension of 12 ¢cm and
a width ratio dimension of 14:10 cm. It was added to the top of the piezoelectric with the purpose to expose
the area where the wind blow causes the vibration. Bluff bodies with various cross-sectional areas, namely
rhombus, square, and triangle were set up in front of the fin at 80 cm. Detail of PEH experimental setup and
bluff body in the Figure 1 with Figure 1(a) configuration of head of wind tunnel, Figure 1(b) positional
configuration of bluff body and PEH, and Figure 1(c) dimension of the bluff body used in the experiment.

Table 1. Material properties of PZT

Properties Unit Value
Density (10° kg/m?) 7500
Young modulus (GPa) 56
Poisson’s ratio 0.36
Piezoelectric strain coefficient (d;;)  Coulomb/Newton  -186 x 10°%?
Permittivity at constant stress (%01 3130
Permittivity at constant strain (ii:) 3400
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Figure 1. Experimental setup with (a) PEH with head of wind tunnel; (b) bluff body and the position of PEH;
and (c) dimension of the bluff body

Two experiments were implemented in this paper which are laboratory experimental and simulation
methods. All of the units in the laboratory experiment were in the wind tunnel with a cross-section of
250 mm x 250 mm. A 12-inch blower with a power of 550 watts and static pressure of 350 Pa was generated
by the wind blow in the tunnel. The various air velocities are set up in 5, 7, and 9 m/s and the anemometer
used to measure it. To stabilize the incoming wind, mini tube pipes were equipped in the wind tunnel. This
experiment was set up to investigate the performance of energy harvesting in Figure 2. Data acquisition using
DATAQ DI-245 with the setup duration of the measurement in 60 seconds with a record of 25 data per
second. The objective of this experimental research was to study the output voltage that generates in different
bluff bodies with various airflow velocities.
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Figure 2. Experimental set-up

The simulation method used computational fluid dynamics with the software Fluent Solver Ansys
R2 2020. The scope of work in this study includes creating geometry based on experimental material,
meshing, determining the boundary type, deciding the solver, and analyzing the outcomes. AutoCAD
Autodesk was used to draw the geometry and saved in format SAT file (*.sat) for suitable use in Ansys
Workbench for educational purposes. Meshing is a step to perform accurate simulation by arranging elements
containing nodes to represent geometric shapes. The number of elements was set up for rhombus, triangle,
and square namely in 474030, 458583, 488227, and nodes of 90716, 87941, and 93086. The boundary
condition was set close to the experimental, in which the inlet area consists of air velocities 5, 7, and 9 m/s and
the turbulence intensity of 5% under boundary circumstances. The air properties are set to absolute viscosity
1.859 x 10-5 N.s/m?, density 1.17 kg/m3 with operational at room temperature 27 °C. K-epsilon (k — &) was
used as a turbulence model in this simulation. This model consists of two transport equations of turbulence
which are turbulent energy (k) and dissipation of turbulent kinetic energy (). A three-dimensional (3-D) flow
simulation technique with a high level of precision is used to get accurate and reliable results computationally.
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The air from the blower is flowing through the stabilizer and set to meet the rhombus bluff body,
thus allowing the airflow to create a turbulent effect which then deforms the piezoelectric fin and generates
elastic waves. This method is deployed based on a cantilever, where the piezoelectric fin will move around
and produce a longitudinal and transversal displacement thus allowing the generation of electricity.
Displacement of the piezoelectric fin is one of the key aspects to generating electricity, thus the analysis of
this displacement is necessary for understanding the generation of electricity with piezoelectric. In this case,
the displacement field at time t and beam point x has components,

[u,w]™ = [—zg—:,w ! 1)

Where u(x, t) represents the longitudinal displacement and w(x, t) represents the transversal displacement in
the mid-plane where the elastic deformation most likely occurs.

The simulation aimed to explore the airflow pattern between the bluff body and PEH in the wind
tunnel. The result of the simulation shows the area with minimum and maximum air velocity in the wind
tunnel. This Ansys result is used to analyze the correlation of generated voltage with the vibration possibility
due to the flow pattern through the bluff body.

3. RESULTS AND DISCUSSION
3.1. Experimental result

The result of output voltage in energy harvesting experiments using piezoelectric and bluff bodies is
shown in Figure 3 with different air velocity, they are Figure 3(a) 5 m/s, Figure 3(b) 7 m/s, and Figure 3(c) 9 m/s.
Based on Figure 3, the graph of the output voltage fluctuations due to the unstable vortex taking the air to hit
the PEH. The unstable vortex affects the lift force and drag force in PEH and has bad synchronization in
oscillation. Cantilever systems that are used to stand the piezoelectric create the motion of PEH upward and
downward when the air velocity hits them. This up-and-down movement generates the output voltage in
negative and positive results that describe the voltage as an alternate current (AC). The experimental result
was found that a bluff body with a rhombus cross-sectional area can generate voltage more than a triangle
and square. It is due to the shape of the rhombus bluff body that might have produced more vortex than
triangle and square. When fluid flows around a bluff body, the vortex occurs periodically in the wake behind
the bluff body [2]. Besides that, the inlet area in the wind tunnel becomes narrow due to the presence of a
bluff body, and leads to an increase in air velocity. With a similar length of the side, the presence of a
rhombus cross-sectional bluff body leads the inlet area narrower than the triangle and square.

A comparison of the bluff body in generating peak and average voltage with increased air velocity is
shown in Figure 4. Rhombus is the greatest cross-sectional bluff body in this experiment to generate peak
voltage in 5, 7, and 9 m/s namely 3.98-volt, 5.15-volt, and 5.58-volt. Triangle bluff bodies have less output
voltage, namely 1.95-volt, 2.6-volt, and 3.59-volt. Rhombus gets a maximum average voltage of 1.53 volts
higher than square and triangle. Gap voltage found in peak and average voltage. Peak voltage occurs once
and average voltage means that the amplitude has a range of 0 to 1.5 volts. The conversion of mechanical
power to electrical power is obtained from the great performance of the amplitude [26]. The amplitude
addressed to good oscillation in the sinusoidal wave. To generate more voltage, the amplitude must increase
in number where the factor to improve the performance of PEH such as stiffness and piezoelectric effect
correlate it. Stiffness identifies the material as difficult to deflect or having minimum deflection when the
load takes place on the material. The piezoelectric effect takes place when mechanical pressure or load
change the polarization of electrons in a material. More stiffness in PEH causes the piezoelectric effect to be
minimum and the amplitude to be small. Therefore, the oscillations and output voltages generated are
minimal. The output voltage in Figure 4 increased along with the increase of the air velocity for all of the
bluff bodies. The air velocity through the bluff body has a greater influence on the output voltage energy.
When the blower generates circular airflow through the bluff body, it is induced to vibrate as a series of
regular and irregular vortex shedding. The rise of air velocity led to an increase in the force that created more
deformation in the PEH. It is caused mainly by the influence of the turbulence which induces the vortex
street instability, and then leads to fluctuating oscillation of output voltage. Impulse and momentum take
place during the vortex street instability, where the initial force from the air velocity hits the PEH.
The deformation of the piezoelectric film with the stress is directly connected to the output electric voltage
based on the piezoelectric effect [22].
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Figure 3. Voltage produced with various air velocity: (a) 5 m/s, (b) 7 m/s, and (c) 9 m/s
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Figure 4. Voltage produced by different air velocity and bluff bodies: (a) peak voltage and (b) average voltage

3.2. Simulation result

Figure 5 shows the flow separation and vortex evolution when the airflow is through the bluff body.
The different air velocity inlet in every bluff body has different maximum air velocity. The rhombus bluff body
has increased the air velocity at maximum, namely 11.33 m/s, 15.69 m/s, and 22.6 m/s. Triangle bluff bodies
have raised the air velocity to a maximum fewer than rhombus, namely 9.7 m/s, 13.64 m/s, and 17.57 m/s.
Rhombus and square bluff bodies have similar airflow patterns and velocities. It’s due to the symmetrical
shapes leading the flow pattern similar in upside and downside wind tunnel. The different airflow patterns
take place in the triangle bluff body due to the placement position in the base of a lower position leading to
airflow patterns in the upside and downside drawn unsymmetrical. The different airflow pattern leads to the
airflow velocity that hits the PEH for the triangle higher than the rhombus and the square bluff body.
Generally, the best maximum airflow velocity and the largest area of velocity vector are generated with the
rhombus due to the position of the rhombus at the inlet area in the wind tunnel becoming narrow and leading
to the air velocity increase.
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Figure 5. Simulation result in velocity vector

When the airflow passes through the bluff body, the air velocity increases along the walls of the
wind tunnel. Increasing the airflow velocity in all bluff bodies attributes to the wake disturbance becoming
stronger. The deformation of PEH increases when wake intensity increases. Besides that, a vortex is formed
near the bluff body and generates pressure fluctuation in its wake region. This pressure fluctuation takes
place until PEH vibrates. Airflow was separated after through the rhombus and square bluff body. It raised a
fluctuating force perpendicular to the direction of the flow. Many vortices are created when the airflow
through to this bluff body. Triangular bluff bodies have vortices in the wake region, but less in the PEH area
leading to the minimum fluctuation in PEH. Based on the Bernoulli equation, the minimum velocity has
maximum pressure. It indicates that the higher-pressure fluctuation in both bluffs occurs evenly in surface
PEH. Higher pressure causes the deflection of PEH to be upward and downward. It makes the PEH vibrate
and then generates a voltage in relatively high numbers. When the hit area occurs in a vortex shed, the force
can generate the PEH to move upward and downward simultaneously. Triangle bluff bodies generate higher
airflow velocity than others when the airflow hits the PEH with minimum vortices shed. This event leads the
PEH to move upward and get the minimum frequency to down due to minimum pressure fluctuation and
vortex shedding in that area. Thus, the output voltage in Figure 3 has a correlation with the velocity vector in
Figure 5, where the output voltage generated by the triangle bluff body is the lowest due to the highest velocity
vector in the strike line mode hitting the PEH and making the PEH leaning upward with minimum deflection.
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Figure 6 shows the pressure vector in airflow through the different bluff bodies. The periodic vortex
shedding generates asymmetric pressure distribution that provides the periodic force which consequently
leads to vibration. The high-pressure attribute more often the periodic vortex shedding takes place in the
wake region. The pressure vector has a positive and negative number. A positive number means the surface
of the bluff body is directly in contact or hit by air. A negative number means low pressure as a result of the
separation of airflow in the wake region. The result of pressure shows a negative number for the wake region
in the square and triangle bluff body. But the rhombus bluff body shows a positive number. The wake region
in the rhombus bluff body has higher pressure than squares and triangles. It’s led PEH to vibrate more often
and generate more output voltage.
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Figure 6. Pressure vector in various bluff body

4. CONCLUSION

PEH with the different bluff bodies with various airflow velocities has been tested in the wind tunnel
and simulated using Ansys Academic version. The highest peak voltage in this experiment is 5.58 volts with a
voltage average of 1.53 volts. It was found that a bluff body with a rhombus cross-sectional area can generate
more voltage than a triangle and square. The simulation result confirms that airflow passing through the rhombus
bluff body has maximum velocity and leads to a minimum pressure in the wind tunnel wall. It generates pressure
fluctuation in its wake region until airflow hits and leads PEH to vibrate and generate the voltage.
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