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Abstract: An alternate renewable energy source, through a piezoelectric vibration energy harvester
with a bluff splitter body, could lead to higher efficiency in energy harvesting, through vortex-induced
vibration at a near-resonance condition at 20 m/s high wind speed. However, wind energy is not as
popular as solar energy, as the main renewable energy source in Malaysia, due to the relatively low
wind speed available in the country. The INVELOX machine, introduced in 2014, was one of the most
recent systems used to harvest wind power by accelerating wind speed. This omni-directional wind
funnel could capture wind from all directions and tunnel it through a convergent-divergent nozzle,
where the coupled bluff splitter body and piezoelectric vibration energy harvester (PVEH) are located
at its venturi throat, which could lead to an increase in wind speed to fulfil the task of VIV energy
harvesting. The proposed modified design is found to achieve 2.7 times the wind speed amplification
at the venturi, which outperformed previously proposed designs. To achieve the optimum wind
speed of 20 m/s for the coupled bluff splitter body and the PVEH plate, a free-stream wind speed
of 7.4 m/s is recommended. The integration of the PVEH plate and the wind funnel is expected to
harvest maximum voltage output at 20.99 V or 4.96 V, with a maximum power output of 0.82mW at
20 m/s.

Keywords: wind energy; INVELOX wind funnel; vortex-induced vibration; piezoelectric vibration
energy harvester

1. Introduction

In 2019, petroleum and natural gas remained as the primary energy sources of con-
sumption in Malaysia, at 37% and 36%, respectively. The country’s coal consumption is
at about 21% of total consumption, whereas renewable energy is only consumed at 6%.
In 2020, renewable energy accounted for 15.2% of the total electricity capacity in Peninsular
Malaysia and Sabah, which is an increase of 6.6% compared to 4.3% in 2019. The renewable
energy capacity is targeted to achieve 31% by 2025 and 40% by 2035. Therefore, it shows the
promising potential of renewable energy sources in Malaysia’s power-generation plan [1,2].

However, wind energy is not as popular as solar energy as the main renewable energy
source in Malaysia, because of the relatively low wind speed, and, thus, it is not suitable for
the establishment of large-scale wind-energy farms. Wind-energy plants should be selected
wisely based on the wind-power potential at the site [3]. It is noted that Malaysia’s mean
annual wind speed is recorded at around 1.8 m/s, with the highest wind speed recorded
at 5.4 m/s [4]. It is noted that towns on the east coast of Peninsular Malaysia, such as
Mersing, Kota Bharu, and Kuala Terengganu, experience stronger wind [5]. Previous work
by Mudathir Funsho Akorede et al. showed that the wind turbine sites at Mersing recorded
the highest wind-capacity factor, of 4.39% [6].
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In recent decades, vibration energy harvesting (VEH) received greater attention due to
its potential for the renewable- and sustainable-energy supply. Inspired by vortex-induced
vibration energy harvesting development as a new source of renewable energy, as proposed
by the authors earlier, a T-shaped-design vibration energy harvester was proposed to
enhance the vortex-induced VEH performance. It was recommended that the proposed
VEH model is only suitable to be installed at high-speed flow locations, such as pipelines
or exhaust fans, to generate VIV and maximum power output consistently [7].

This research proposes the design of an omni-directional wind funnel, which is in-
stalled together with the coupled bluff splitter body and PVEH plate, to fulfil the energy
harvesting objective, especially in Malaysia, which has a relatively low mean wind speed.
One of the most recent systems used to harvest wind power by accelerating wind speed is
the INVELOX machine, introduced in 2014 by Allaei and Andreopoulos [8]. They achieved
the goal of INVELOX, as they have achieved a maximum speed ratio (SR) of 1.8 at the
venturi throat.

In recent years, many works have reported on the study of the INVELOX design, to
further enhance its performance through some modifications and configuration changes.
Anbarsooz et al. studied the effects of several geometrical parameters affecting the aerody-
namic performance of the INVELOX. It was found that the area contraction at the venturi,
the inlet area, inlet height, and funnel height have a considerable effect on the SR. Mean-
while, the wind speed has negligible effect on the SR [9]. In 2019, Anbarsooz et al. then
proposed a few possible curtain designs to reduce or fully eliminate this escaping air. It is
noted that the best design can lead to a 25% increase in the average wind speed inside
the venturi and achieve a maximum SR of 1.95 [10]. Gohar et al. proposed to reduce the
diameter of the venturi throat, and the wind speed at the venturi section was increased
with an SR of 2.3 [11]. Meanwhile, Sotoudeh et al. revealed that by increasing the assemble
height, i.e., a two-storey INVELOX, it was found to be effective to reach higher performance
than the conventional design, with an SR of 1.90 [12]. The effect of geometric changes
in the nozzle-diffuser section was further investigated by Hosseini et al. Some geomet-
rical changes were applied, including changes in the nozzle length, diffuser length, and
diffuser-opening angle, and by replacing the conical nozzle with an ideal one and adding
an exit flange. However, the best SR obtained was 1.67 in this study [13]. In Ding’s study,
the flow-field characteristics of increased speed in INVELOX system under different wind
directions were studied. It was found that after considering the atmospheric boundary
layer (ABL) wind profile, the SR of the system decreased. The best SR obtained in this
proposed design was 1.9 [14]. A study conducted by Nardecchia et al. proposed several
possible configurations for the INVELOX system. It was found that the lower cone and
elbow sections and the presence of the duct with a constant section after the elbow had
led to unsatisfactory results. In addition, the introduction of a constant section after the
venturi section decreased system performance. Meanwhile, optimal performance could
be obtained by changing the convergent-divergent diameter. From this study, the best SR
obtained was 1.74, which was slightly lower than the first design [15].

Based on the reported previous work on the effects of the INVELOX design parameters,
there is room to further improve its performance. In this research, a new omni-directional
wind funnel is proposed by considering a few design parameters, such as the length of each
guide vane, the number of guide vanes, the elbow diameter, the ratio of the diameter of the
intake to the venturi (aiming to effectively direct the winds from multiple directions and
amplify to an optimum wind speed range), and the channel to the coupled bluff splitter
body and PVEH plate. It is expected to generate maximum energy output if an optimum
vortex frequency is produced to match with the resonant frequency of the PVEH plate.

2. Methodology
2.1. New Ommni-Directional Wind-Funnel Design

The first INVELOX omni-directional wind funnel was introduced by Allaei and An-
dreopoulos [8] to harvest wind power by accelerating wind speed at the venturi throat.
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This system works based on capturing wind from all directions and tunnelling it through
the convergent-divergent nozzle, where the wind turbine is located at its throat, leading to
an increase in wind speed. The detailed dimension and geometry of the first INVELOX
were introduced in 2014.

In this research, a few design parameters are considered, such as the length of each
guide vane, number of guide vanes, the elbow diameter, and the ratio of diameter of intake
to venturi. Figure 1 includes details of the changes, dimensions, length of guide vane,
number of guide vanes, elbow diameter, and the ratio of diameter of intake to venturi to
increase the inlet air, reduce the escaping air, avoid the formation of re-circulation zone,
increase the pressure drop in the passage, and direct more air to the venturi throat.
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Figure 1. (a) Schematic drawing of the omni-directional wind funnel; (b) detailed dimension and
geometry of the omni-directional wind funnel; (¢) 3D model of the omni-directional wind funnel
with the configuration of five fins at 72° each; (d) cross section of the 3D model.

The most prominent changes as compared with the conventional INVELOX are sum-
marized in Table 1.

The overall wind funnel height was doubled to reduce the amount of air entering the
INVELOX and the amount of air escaping from the opposite side of the INVELOX, and
thus, increase the pressure drop of the air passage inside.

Instead of increasing the diameter of the lower funnel like previous research, the lower
funnel diameter is fixed at 2 m and extended to the bottom of the funnel at the circular
diameter of 7.8 m, giving a narrowing effect on the escaping air path, while the extended
length of the guide vane also helps to guide the air towards the venturi throat section and,
thus, prevent the early escape of the inlet air flow at the opposite end, directing sufficient
speed of the air flow to enter the venturi throat and creating a low-pressure region at the
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venturi. Meanwhile, the extended length of lower-funnel diameter and guide vane could
also prevent the formation of recirculation zone in the passage, which is undesirable and
would reduce the amount of air to the venturi throat.

Table 1. Comparison of changes in dimension and design between conventional INVELOX and
newly proposed omni-directional wind funnel.

Conventional Newly Proposed

Dimensions INVELOX Wind Funnel Change (%)
Overall height (m) 19.81 45.30 +128%
Upper-funnel diameter (m) 12.20 25.00 +105%
Lower-funnel diameter (m) 1.86 2.00 +7.5%
Inlet height (m) 6.10 7.80 +28%
Venturi diameter (m) 1.86 1.70 —8.6%
Elbow diameter (m) 3.05 2.70 —11.4%

In addition, the reduction in the size of the venturi throat and elbow diameter by
8.6% and 11.4%, respectively, as compared with the conventional INVELOX, has created
the contraction effect at the venturi throat and, thus, increased the trapped air speed to
satisfy the law of mass conversion. This could also increase the overall pressure drop of the
wind funnel.

Finally, the upper diameter is also doubled, while the inlet height is increased by 28%,
as compared with the conventional INVELOX, to increase the amount of the inlet air to
overcome the pressure drop effect, which limits the amount of air entering the wind funnel.
The configuration of five fins at 72° each, compared with the four fins in the conventional
configuration, aims to collect and direct the winds from all directions more efficiently.
Figure 1b shows the best design.

2.2. Numerical Model
2.2.1. Governing Equations

The mathematical model used in this study is based on the three-dimensional Reynolds-
averaged Navier-Stokes (RANS) equations for the turbulent flow of incompressible Newto-
nian fluid with constant thermophysical properties. The differential form of these equations
in the Cartesian coordinate system of an inertial reference frame at steady-state condition
can be written as follows [16]:

do O B

at T ax, PU) =0 (1)
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where U is the averaged component of the velocity vector, p is the density of air, y is the
viscosity of air, pg; is the gravitational body force, p is the static pressure, and pi;1; is the
Reynolds stress terms, which will be modelled by an appropriate turbulence model.

2.2.2. Turbulence Model

The turbulence model used in this study is a k-w-based shear-stress transport (SST)
turbulence model. The k-w model consists of two transport equations of the turbulence
kinetic energy (k) and turbulence frequency (w), which are linked to the turbulence viscosity
to determine the energy of the turbulence and the specific dissipation rate to predict the
turbulence scale, and its properties are as follows [16]:
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where y; is turbulence viscosity given as p%, Py is the production rate of turbulence, Py,
and P, are the buoyancy production terms in k-equation and w-equation, respectively,
and g = 0.09, « = 0.556, B = 0.075, and 0}, = 0, = 2.

The k-w-based SST model accounts for the transport of the turbulent shear stress and
gives highly accurate predictions of the onset and the amount of flow separation under
adverse pressure gradients. The k-w-based SST turbulence model combines the advantages
displayed by both k-¢ and k-w turbulence models. The k-w turbulence model is used
when solving the inner parts of the boundary layer, making the model directly usable all
the way down to the wall through viscous sub-layer. A k-¢ turbulence is switched when
the flow behaves like a free stream away from the boundary layer. Therefore, by using
k-w-based SST turbulence model, low Reynolds number turbulence flow can be calculated
without any wall functions and prevent over-prediction of inlet free-stream turbulence
properties [17].

2.2.3. Solution Procedure

Figure 2 shows a typical flow domain used in the computations. The computational
domain used in the ANSYS computations had a size of 70 m length, 50 m width, and
70 m height. The wall function is adopted for the airflow through the system. The air
density is considered to be 1.225 kg/m3, and the dynamic viscosity is considered to be
1.81 x 10 kg/(m-s). The mesh is decreased in size, until the difference in the results
is within 2%. As shown in Figure 3, the flow domain was discretized with a mesh of
tetrahedral elements. In total, 2,153,969 nodes and 9,553,863 elements were used for the
simulation in ANSYS CFX. Higher mesh resolution was used near the wall regions with
inflation layer applied. The boundary condition is chosen as the following: wall-surface
body condition is stationary wall, wall roughness is 0.5, and turbulence intensity is 5%.
The convergence criterion is achieved when the variation in the speed between successive
iterations is 0.1%. A constant input speed field, representing the free-stream wind, was
assigned to the entire frontal plane of the flow domain. The magnitude of the speed was set
at 6 m/s. The exit plane was assigned as pressure-outlet boundary condition. The reference
pressure was assumed to be the atmospheric pressure throughout the domain.

Figure 2. Dimensions of computational domain.
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Figure 3. Meshing of the omni-directional wind funnel.

3. Results and Discussions
3.1. Performance of New Omni-Directional Wind-Funnel Design

Figure 4 shows that the maximum speed of 16.24 m/s is achieved with a free-stream
wind speed of 6 m/s, which leads to a 2.71-times wind-speed amplification at the venturi
throat. The velocity vector and pressure distribution, as in Figures 5 and 6, also show how
the importance of the length of the guide vane in the current study, preventing the early
escape of the inlet air flow at the opposite end and directing sufficient speed of the airflow
to enter the venturi throat, create a low-pressure region at the venturi.

Figure 4. Velocity contour of the omni-directional wind funnel.
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Figure 5. Velocity vector of the omni-directional wind funnel.

Figure 6. Pressure distribution of the omni-directional wind funnel.

Table 2 shows the comparison with previous research of the performance of the
proposed omni-directional wind funnel in terms of its speed ratio (SR). It is noted that the
speed ratio (SR) obtained by the proposed omni-directional wind funnel design in this
study outperforms the conventional design of INVELOX as well as other designs from
previous research working on the performance enhancement of INVELOX.
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Table 2. Comparison with previous research of the performance of the proposed omni-directional
wind funnel in terms of its speed ratio (SR).

Related Work on INVELOX Performance Study Max Speed Ratio (SR)
Allaei and Andreopoulos, 2014 [8] 1.80
M. Anbarsooz et al., 2019 [10] 1.95
Gohar et al., 2019 [11] 2.30
Sotoudeh et al., 2019 [12] 1.90
Hosseini et al., 2020 [13] 1.67
Ding, 2020 [14] 1.90
Nardecchia et al., 2021 [15] 1.74
Current study 2.71

Different free-stream wind speeds were tested to study their effect on the speed ratio
(SR) and to understand the suitability and performance of the proposed omni-directional
wind funnel in Malaysia’s low wind-speed condition. The speed ratio (SR) of the proposed
omni-directional wind funnel is found to be consistent and steadily increase, i.e., 2.47-2.78
over the increase in free-stream wind speeds, i.e., 1-10 m/s, as shown in Table 3. It is noted
that at the maximum wind speed in Malaysia of 5.4 m/s, it is expected to achieve output
wind speed at the venturi throat of the wind funnel at 14.45 m/s.

Table 3. Performance summary of the proposed omni-directional wind funnel in terms of its speed
ratio (SR) under different inlet wind speeds.

Inlet Wind Speeds (m/s) Max Speed Ratio (SR)
1 247
1.8 2.49
2 2.51
3 2.57
4 2.62
5 2.66
54 2.68
6 2.71
74 2.72
8 2.74
10 2.78

3.2. Performance of Vibration Enerqy Harvester Located at Its Venturi Throat of New
Ommni-Directional Wind-Funnel Design

Figure 7 shows a PVEH plate with dimensions 57.3 mm x 31.8 mm x 0.51 mm fixed at
a rectangular bluff splitter body (2 mm x 31.8 mm X 30 mm). The first three fundamental
resonant frequencies, i.e., first bending mode, twisting mode, and second bending mode
under Direct Piezoelectric Effect (DPE), when it was excited by an electrodynamic shaker,
were recorded at 81 Hz, 299 Hz and 478 Hz, respectively, by amplitude-fluctuation electronic
speckle pattern interferometry (AF-ESPI).

To study the electromechanical coupling piezoelectric materials voltage and power
output in ANSYS, the conversion of the material properties of PZT or piezoelectric ceramic-
based material is required. Based on the relation of Equations (5)—(7), the compliance matrix,
permittivity at constant stress, and piezoelectric-strain matrix in mechanical, electrical,
and electromechanical coupling disciplines, respectively, which are usually provided by
PZT manufacturers, are converted to stiffness matrix, permittivity at constant strain, and
piezoelectric stress matrix, as required by ANSYS. The full material properties are tabulated

in Table 4.
=" 0
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where

[cF]= compliance matrix at constant electric field;

[sE] = stiffness matrix at constant electric field;

[d] = piezoelectric matrix relating strain/electric field;
[e] = piezoelectric matrix relating stress/electric field;
[¢T] = dielectric matrix evaluated at constant stress;
[¢°] = dielectric matrix evaluated at constant strain.

PSI-5A4E (0.191mm)

Brass (0.128mm)

PSI-5A4E (0.191mm)

0.51mm

0.000 0.030 0.060 (m)
)

0.015 0.045

Figure 7. Dimensions and construction of bluff splitter body and PVEH plate.

Table 4. Material properties of PVEH plate model.

Material Properties Steel Bluff Splitter Body Piezoelectric Plate (PZT) Piezoelectric Plate (Brass)
Model Dimensions 31.8 x 30 x 2 mm thick 31.8 x 57.3 x 0.191 mm thick 31.8 x 57.3 x 0.128mm thick
Density 7850 kg/m?3 7800 kg/m?3 8830 kg/m>
6.6 x 1010 Pa (x-dir)
Young's Modulus 20 x 10'° Pa 6.6 x 10 Pa (y-dir) 1.03 x 10" Pa
5.2 x 1019 Pa (z-dir)
0.31 (vxy)
Poisson’s Ratio 0.3 0.242 (vyz) 0.34
0.242 (vy;)

Piezoelectric Constants

e15 = 8.745 Cm 2
- e31 = —12.77 Cm~2 -
e33 = 15.41 Cm—2

Computational modal analysis was performed on the coupled bluff splitter body
and the electromechanical coupled PVEH plate. It was then by the experimental results
obtained from Electronic Speckle Pattern Interferometry (ESPI). As shown in Figure 8, the
Finite Element Method (FEM) computational modal analysis results show good agreement
with the experimental results obtained, giving a small percentage difference ranging from
0.50% to 1.23% between the computational modal analysis and the experiment, hence, the
FE model is considered experimentally validated in terms of the structural aspect.
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Mode Mode Shape Error (%)

FEM DPE-ESPI

Frequency 80 Hz 81 Hz 1.23
2

Frequency

Frequency 478 Hz 1.05

Figure 8. Resonant frequency and corresponding mode shape of PVEH plate under cantilevered
boundary condition.

FSI simulation required the setup in the CFX module and mechanical APDL module
for computational fluid and structural dynamic analyses, respectively.

The standard Reynolds stress model in ANSYS CFX is based on the e-equation. The
CFX-Solver solves the following equations for the transport of the Reynolds stresses [16].

o pu;u; ) . ) k2 ou;u;
( T ) + Txk(UkPuiu]') ~ o Kll + %CSP?) axk]} 8)
=P;— %5ijp£ + (Dij + Pij,b

where ®;; = pressure-strain correlation, P; is the exact production rate of turbulence, P,
is the buoyancy production term, 517 is the Kronecker Delta function, and C; = 0.22 is the
Reynolds stress model constant.

One of the most important terms in Reynolds stress models is the pressure-strain
correlation, since it acts to drive turbulence towards an isotropic state by redistributing
the Reynolds stresses. The Speziale-Sarkar-Gatski (SSG) Reynolds stress model was
developed by Speziale, Sarkar, and Gatski and uses a quadratic relation for the pressure—
strain correlation. The SSG model is an approach towards the normal Reynolds stress
model, which makes it more accurate for homogeneous turbulence and, subsequently; it
simulates most flows, especially swirling flows, more accurately.

The material properties, as tabulated in Table 3, were used. The boundary of the bluff split-
ter body model was fixed. The surfaces of the PVEH plate model were set as fluid-structure
interfaces, which allow the data exchange of fluid and structure models. FSI simulation
results were used to simulate the electrical performance in terms of open-circuit voltage and
short-circuit optimal power output under the electromechanical-coupling condition.

The CFD module setup is shown in Figure 9 for input wind speeds of 5m/s, 7.4 m/s
10m/s, 15m/s, 20 m/s, 25 m/s, and 30 m/s at the inlet, when the outlet is set with the
reference pressure of 1 atm. In this study, the SSG Reynolds stress turbulence model was
applied. The total time steps set for the simulation were 600 or 0.3 s, with the time step
at5 x 10~% s used. For each time step, a maximum of 5 iterations were used for the CFD
solver and a maximum of 10 iterations were used for the FSI coupling solution, respectively.
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Figure 9. The 3D fluid domain simulation setup of coupled model of bluff splitter body and
PVEH plate.

As shown in Figure 10, a bell-curve trend of vibration amplitude against wind speed is
observed, in which the amplitude increases when the wind speed increases, until it reaches
the peak maximum amplitude at 20 m/s wind speed, before it starts the downward trend.
It could be related to the structural resonance phenomenon, in which a higher vibration
amplitude is produced when the vortex frequency is close to or coincides with the resonant
frequency of the model.

1.400 50

1.167 45
1.200
1.000
0.800

0.600

VIV Amplitude (mm)
N
(%)

Voltage Output (V)

Wind Speed (m/s)

—&— VIV Amplitude —@— Voltage (Open Circuit)

Figure 10. Vibration amplitude and voltage output of the PVEH plate under different wind speeds.

Meanwhile, Figure 11 shows that the vortex frequency increases proportionally with
wind-speed magnitude. When the vortex frequency lies near or coincides with the PVEH
plate’s resonant frequency, it causes structural resonance lock-in and leads to a high vortex-
induced vibration amplitude of the PVEH plate.

A vortex frequency of 80.1 Hz created at 20 m/s coincides with the model’s resonant
frequency of 80 Hz, and, thus, resonance happens and produces the highest VIV amplitude
of 1.167 mm and a voltage output of 20.99 V. At wind speeds below 20 m/s, it is noted that
the VIV amplitudes produced are low, as the vortex frequencies created are not close to
the model’s resonant frequency. It is also noted that at higher wind speeds, i.e., 25 m/s
and 30 m/s, which create the vortex frequencies of 93.5 Hz and 103.5 Hz, respectively, are
also far away from the resonant frequency of the model, and, thus, the resonant mode
contributes less to the overall vibration. Due to this, the PVEH plate is vibrating at a
relatively lower VIV amplitude, i.e., 0.438 mm and 0.264 mm, as well as an open circuit
voltage output, i.e.,, 7.99 V and 4.85 V, respectively, at these two wind speeds, despite having
a higher fluctuating lift force.
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Figure 11. Vortex frequency and lift force created under different wind speeds.

Figure 11 shows that when wind speed increases, the fluctuating lift force acting on the
surface of the PVEH plate also increases. It is noted that higher flow speed could induce lower
pressure surrounding the region of vortex and produce higher force, which acts on the
opposite of the plate’s surface. The vortex is unstable by nature and, when it achieves steady
condition, it usually produces a periodical fluctuating lift force with a certain frequency. It
is noted that a larger wind speed creates a higher vortex frequency because the alternating
lift force is created at higher rate and acts on the PVEH plate. Figure 11 shows that higher
wind speeds of 25 m/s and 30 m/s produce a larger lift force, acting on the surface of
the PVEH plate. However, the vibration amplitude produced is lower compared with
the vibration amplitude produced at an input wind speed of 20 m/s, because there is a
mismatch between the vortex frequency created and the resonant frequency of the model.
In summary, vortex-induced vibration amplitude is affected more by the vortex frequency
than the fluctuating lift force.

To achieve the optimum wind speed of 20 m/s at the venturi throat of the proposed
omni-directional wind-funnel design, it is recommended to have the free-stream wind
speed of 7.4 m/s collected at the inlet of the wind funnel. The speed ratio (SR) remains
at 2.71 in this case. The velocity profile and pressure distribution results are shown in
Figures 12 and 13.

If the coupled bluff splitter body and PVEH plate are placed directly at a low free-
stream wind speed of 7.4 m/s, it is noted from the electromechanical coupling FSI simula-
tion that the maximum VIV amplitude at the tip of the PVEH plate achieves only 0.012 mm,
and the generated voltage output is also insignificant, i.e., 0.22 V. Meanwhile, if the coupled
bluff splitter body and PVEH plate are placed at the venturi throat of the proposed wind
funnel, it is observed that the same low free-stream wind speed of 7.4 m/s could amplify
the wind speed at the venturi throat to 20 m/s, and this is expected to produce the maxi-
mum VIV amplitude at the tip of the PVEH plate at 1.167 mm, which is equivalent to the
open-circuit voltage output of 20.99 V at 80 Hz.

The electromechanical coupling FSI simulation was repeated with a load-resistance
condition. The value of the load resistance showed some effect on the vibrational charac-
teristics of the PVEH, including the vibration amplitude and the resonant frequency [18].
The first resonant frequency has dropped to 76.79 Hz at adjusted optimal load resistance
Roptaze.7onz = 28 k(). At 20 m/s wind speed, the vortex frequency of 76.79 Hz is created,
and, thus, the maximum power output under this optimal load resistance is generated. It is
noted that the VIV amplitude is recorded at 0.351 mm, and the maximum power output at
wind speed of 20 m/s is 0.82 mW, with a voltage output of 4.96 V.
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Figure 12. Velocity profile of the omni-directional wind funnel with free-stream wind speed of
74m/s.

Figure 13. Pressure distribution of the omni-directional wind funnel with free-stream wind speed of
74m/s.

It is noted that the 7.4 m/s wind speed is still considered high in Malaysia. By consid-
ering the wind condition in Malaysia, i.e., a maximum wind speed at 5.4 m/s, the coupled
bluff splitter body and PVEH plate may need to be re-designed or fine-tuned to lower down
its natural frequency, by either adding tip mass or adjusting the length of the PVEH plate,
so it matches the vortex frequency created at the venturi throat at 14.45 m/s. Based on
another electromechanical coupling FSI simulation conducted, when the natural frequency
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of the coupled bluff splitter body and PVEH plate is lowered down to 56.73 Hz, by adding
a tip mass of 1.25 g, it matches with the vortex frequency created at 56.71 Hz and, thus,
produces the maximum VIV amplitude at the tip of the PVEH plate at 0.645 mm, equivalent
to an open-circuit voltage output of 11.42 V. This shows a significant improvement of 323%
by achieving resonance condition at 56.71 Hz through VIV, as compared with the original
design of the coupled bluff splitter body and PVEH plate without a tip mass, which can
only achieve approximately 0.15 mm of tip displacement and an open-circuit voltage output
of 2.7V, if it is placed under a 14.5 m/s wind speed, as shown in Figure 10.

In summary, the maximum power output of the PVEH does not appear at the maxi-
mum vibrational displacement, as recorded during the open-circuit condition. The optimal
load resistance value Ropt is computed based on the assumption that the vibration am-
plitude is independent of the externally connected load resistor. However, it is worth
mentioning that under the electromechanical coupling FSI analysis, the load resistance
value changes the fundamental resonant frequency and vibration amplitude, and this
subsequently changes the optimal load resistance computation. Maximum power output
could be obtained with the adjusted R,y or through the impedance analysis.

4. Conclusions

An alternate renewable energy source through a vortex-induced vibration energy
harvester coupled with a bluff splitter body could lead to higher energy conversion ef-
ficiency, by achieving near resonance condition through vortex-induced vibration. This
study, inspired by the INVELOX design, integrates a newly designed omni-directional
wind funnel and a coupled bluff splitter body and PVEH plate, in which the wind funnel is
modified in terms of the length of each guide vane, the number of guide vanes, the elbow
diameter, and the ratio of the diameter of the intake to venturi is effectively capturing wind
from all directions, tunnelling it through the convergent-divergent nozzle to increase the
wind speed at its venturi throat, where the coupled bluff splitter body and PVEH plate are
located, with the aim to fulfil the task of VIV energy harvesting by achieving near resonance
condition at 80 Hz at 20 m/s wind speed, with a vortex frequency of 80.13 Hz. It is found
that the proposed design could achieve 2.71-times wind-speed amplification at the venturi
throat. It is noted that the speed ratio (SR) obtained by the proposed omni-directional
wind funnel design in this study outperforms the conventional design of INVELOX, as
well as other designs from previous research working on the performance enhancement of
INVELOX. To achieve the optimum wind speed of 20 m/s for the coupled bluff splitter
body and PVEH plate at the venturi throat of the proposed omni-directional wind-funnel
design, it is recommended to have a low free-stream wind speed of 7.4 m/s collected at the
inlet of the wind funnel. The integration of the PVEH plate and the wind funnel is expected
to harvest greater voltage output (i.e., 9440% enhancement) at 20.99 V or with a maximum
power output of 0.82 mW.
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