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Abstract - With the advancement in nanotechnology and wireless electronic devices, it has become necessary to build an utterly
self-powered device that relies on micro-power sources. Due to adverse and complicated conditions of the environment in the
sea, supplying energy and voltage to ships, submarines, and other sea equipment has become a very tough task. So, green energy
harvesting system has made remarkable progress in this field. Keeping this in view, there is a scope to develop an effective,
efficient and stable model for piezoelectric energy harvesting that can withstand the high pressure of flowing water. The main
vision of the present system is to offer a renewable source of energy that may not only produce continuous energy from waste
flowing water and available energy of surroundings but can be used as a feasible solution to power portable electronic devices.
Therefore, in the current proposed work, an effort has been made to design the proposed setup of the piezoelectric energy
harvesting structure with hydro-dynamism via mathematical modelling and simulation. Modelling and simulation have been
done by ANSYS software by the striking of laminar flowing water with a mean velocity of 30 m/s’ on a circular cylindrical
structure of length ‘1000 mm’ with diameter ‘200 mm’, containing a rectangular beam and PZT piezoelectric plate at a distance
of 202.698 mm’ from an inlet of the cylinder. The phenomena of vortex shedding occurred behind the bluff body by striking
flowing fluid. Consequently, the piezoelectric beam structure started to oscillate. As a result of this vibration, a voltage of 0.026V

has been generated within the beam and piezoelectric patch arrangement, and it can be stored in batteries for future purposes.

Keywords - Renewable energy harvesting, Fluid-structure interaction, Simulation, Mathematical modeling, Computational fluid
dynamics (CFD), Voltage generation.

1. Introduction

The 21% century is an era of industrial and technological
revolution, and there is a massive requirement for self-power
sources for moveable gadgets and wireless setup of
networking models [1]. With the substantial rise in demand for
electricity and equally huge concern about carbon emission,
clean energy, and the global warming issues created by the
consumption of fossil fuels resulting in pollution created by
chimneys of coals and fired power plants. The pollution
created by the chimneys of coal hits many health hazardous
problems for the public. Six power plants remain inoperative
in Delhi from 16" November to 30" November 2020 to
improve air quality in India's Commission for Air Quality
Management (CQAM) [2]. As a result, the whole world has
been shifting toward renewable clean energy harvesting
sources [3-6]. In this modern area of renewable energy
harvesting, such as piezoelectric energy harvesting, has

noticed a critical improvement in the past few decades [7-8].
Consequently, investment in piezoelectric energy harvesting
has been hiked from $145 million to $667 million from 2018
to 2022[9]. This growth evidently shows the importance of
renewable energy harvesting with piezoelectric materials from
the previous century. The increasing demand for renewable
green energy harvesting in the current scenario is due to its
environmental-friendly behaviour, ease of coping with other
systems, inexpensive and smoothly accessible in the
environment [10].

Harvesting energy from piezoelectric materials plays a
significant role in this direction of their capability to transform
amechanical vibrational form of energy into an electrical form
of energy [11]. Due to the downfall in electricity of frequently
applicable devices, researchers are concentrating on
innovating smart circuits, models, and grid techniques that can
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yield energy from mechanical devices and transfer electricity
to moveable electronic gadgets [12]. Piezoelectric materials
can generate electric power from stress and vibrations induced
by flowing fluid. When the fluctuating force of flowing fluid
strikes a piezoelectric material, it generates electricity [13-14].
The generated energy can be preserved in storage systems for
various purposes. The source of flowing fluid can be wastes
of factories, power plants, industries, and households which
can be freely available in the environment for generating
electricity at a micro level [15-16].

The power can be generated from the micro-watt range to
mega-watt depending on various factors like the velocity of
flowing fluid, the pressure of striking on the piezoelectric
patch, properties of the piezo-patch, arrangement of the
circuit, orientation of the fluid-structure body and distance of
patches from flowing fluid, number of patches and dimension
of patches [60-65]. Hydro-mechanical power of piezoelectric
materials has a wide range of applications [67]. This technique
helps utilize the pressure of flowing fluid and convert it to
usable electric energy for portable electronic devices [18].
Harvesting of energy using hydro dynamism can be used to
fabricate a computerized submerge machine for supplying
regular electrical energy for underwater imaging. Such energy
harvesters can be applicable to mimic biomimetic movements
like an eel and fish motion. Blood flowing in human arteries
and veins is also a feasible type of fluid streaming source for
nano-scale devices that can act as a bio-sensor. Nano pumps
and nanogenerators are designed to generate hydroelectricity
using piezo materials that can be used to power NEM devices
[19]. The concept of hydroelectricity generation with
piezoelectric materials is quite feasible to remove the extra
burden and dependence on non-renewable energy harvesting
sources. In the surroundings, there a;e large numbers of water
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bodies like rivers, canals, waste sewages, etc. which have
flowing water having kinetic energy. This waste Kinetic
energy produces vibrations [20].

Piezoelectric materials can easily convert these vibrations
into electrical energy [21-22]. Since the batteries have the
disadvantage of having a finite lifespan, the piezoelectric
material may be the ideal solution. [23]. Thus, the PEHF
system can be the best energy source for powering MEMs and
NEMs as it can easily convert fluid vibrations into valuable
electric energy[68]. Yadav et al. have done the modeling and
simulation of piezoelectric green energy harvesting for an
open channel flowing fluid by considering various parameters
like the flowing rate of fluid, configurations of circuits,
turbulency, location of piezoelectric patches, and film[25-28].
Different optimization techniques have been developed from
time to time for the solution of non-linear numerical models
[54-57]. Yadav et al. have done the simulation of a turbulent
flowing model with a finite element analysis technique for
piezoelectric energy harvesting [58,59]. An initial literature
review has been done, covering all the bases for energy
harvesting using mechanical vibrations. [29-30].

The interaction of several categories of piezoelectric
materials and mechanical vibrations has been used to examine
numerous aspects of energy harvesting, as shown in Figure 1.
Using different piezoelectric materials, many researchers
developed models to analyze and compare the efficiency of
PEH devices[31]. To investigate the direct and converse
piezoelectric effect, many micropower generators designed
using different piezoelectric  structures have been
discussed[32].
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Fig. 1 Sources of energy harvesting with interaction of piezoelectric smart materials
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Furthermore, a review of many aspects of energy
harvesting from sources like electric/magnetic field sources
and human body movements using various piezoelectric
materials has been given by Panda et al. [66]. Hu et al. have
been harvested piezoelectricity from different fluid sources
like vortex flow(V.F.), river, ocean waves, close channel flow,
open channel flow, flutters, and freely falling drops using
different structural configurations like cantilever beam, plate,
film, shell, ring, patch, circular diaphragm [34-38]. With the
growing field in energy harvesting and their storage medium,
many researchers have looked upon the ability to extract the
maximum amount of energy from piezoelectric materials[39-
41].

Various research has been done by scientists on numerical
modeling and optimization of piezoelectric renewable energy
harvesting sources by considering the various parameters such
as the wvarious arrangement of fluid structures, the
configuration of circuit patches in series and parallel, the
velocity of flowing fluid with various distances and angles, the
amplitude of striking sea wave on piezo-patches[42-45].
Various sources of green energy harvesting sources can be
seen in fig. 1.

The work done to design and optimize voltage, power, and
energy with different structural configurations to obtain
maximum benefits from the harvesting system has been
investigated [46-47]. Many researchers use different circuit
configurations or develop piezoelectric actuators and circuits
to obtain maximum benefits from the harvesting system [48-
52]. The main part of previous research is focused on
modeling the cylinder and simulation results. For the small
size right circular cylinder, the phenomenon of wake
oscillation of striking fluid has happened, while for large size
cylinder, the vibration induced by vortex flow has been

Diameter of
Circular Cylinder

accurately predicted by researchers for simulation and
modeling purposes. Since the development of hybrid systems
has received much less attention than other energy harvesting
systems, so, it is necessary to design an efficient, feasible and
stable model which can bear the impact of flowing water for
various configurations of piezo patches, circuits and harvest
energy in the most feasible way.

A good mathematical model has been designed such that
it can be easy to understand, and all the included parameters
in modeling have some physical interpretation with a wide
variety of applications. Due to mathematical modeling, the
phenomenon can be easy to understand for prediction and
software results. The model guarantees the validity and
reliability of the phenomenon and has various scopes for
growth in the future.

2. Construction and Operating Mechanism of
Model

The current proposed model is composed of a circular
cylinder with an outer diameter of 200 mm', an inner diameter
of 180 mm’, a thickness of '10 mm' and a length of cylinder'
1000 mm'. A beam with the dimension 47.973x20x20 mm' and
rectangular piezoelectric smart material PZT 5A having
dimension 37.973x20x20 mm' has been attached inside it with
a distance of 202.698 mm from an inlet of the circular cylinder
as demonstrated in fig. 2.

The primary aim of the current setup is to change the
kinetic energy (K.E) of flowing water with an average velocity
‘'of 30 m/s into electrical energy via piezoelectric smart
material. The overall configuration and dimensions of the
model which have used in this proposed work are listed in
Table 1.
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Fig. 2 Flow-based piezoelectric energy harvester as a 3- dimensional geometry
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Fig. 3 Workflow of piezoelectric energy harvester through simulation

3. Modeling and Simulation of Fluid-Structure

Interaction in ANSYS

The modeling and simulation of various engineering
challenges can be accomplished effectively with the help of
the ANSYS software. In the current proposed setup, an effort
has been made to design the piezoelectric green energy
harvesting structure's feasible model using hydro-dynamism
via mathematical modeling. The model has been simulated
using ANSYS software to assess different mechanical
analyses of the small-scale energy harvesting model, such as
the physical state of strain and stress in the circular cylindrical

299

systems. The finite element analysis (FEA) technique is used.
Stationary analysis has been used to express the practicability
of the proposed model. The combination of a rectangular
piezoelectric patch of type PZT 5A and a beam mechanism
has been attached to the circular cylinder. A step-by-step
explanation of the modeling process, as well as the simulation
results of the mechanical structure, is provided and can be seen
in fig. 3. The findings provide validity to the hypothesis that
the MEMS energy harvester will be based on fluid flow. The
following section demonstrates the stages involved in
modeling and simulating a circular cylinder piezoelectric
energy harvester using ANSYSS software.
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Table 1. Parameters with their dimensions of the proposed energy harvester

Parameters Description Values | Unit | Parameters Description Values Unit
Outer Diameter of Inner Diameter of
Do Circular Cylinder 0.20 m D; Circular Cylinder 0.18 m
T, Thickness of Cylinder 0.01 m L. Length of Cylinder 1 m
Pss Density of Structure Steel | 7850 | kg/m? lg Length gzslf:bEddEd 0.047 m
Width of Embedded Thickness of Embedded
Wpg Beam 0.02 m Tg Beam 0.02 m
Length of PZT 5A Piezo- Breadth of PZT 5A
Lpzr patch 0.037 m Bpzr Piezo-patch 0.02 m
Thickness of PZT 5A .
hpzr Piezo-patch 0.02 m u Inlet Flow Velocity 30 m/s
. . The density of the
3 3
Pw Density of Fluid 997.77 | kg/m Dst Structure Steel 7850 kg/m
n Viscosity of Fluid 0.001 | Kg/ms v Kinematic Viscosity 1 mm?/s
- - (o} - ] A E
2 Bl Geometry -—lzﬁe:-me*-y - 2 @ ErgneeringData  ,———8 2 & EngneerngData  ,——— 82 & EngneeringData '
Geometry 3 @ Mesh o ‘—\'l3 Bl Geometry W 4g——@ 3 i Geomebry + y——23 B Geomety v
+ [f senp “ 4 @ Model W4 P Madel v W3 @ Model v .
5 @8 soution W a5 (@ setp -/‘—/qsﬂ:;en,p v 4 5 (§ sehp v .
6 (B Resuts v 4 6§ Soluton v g & 33 Souton v 4 & @3 Soutien v .
Fluid Flow [Fluent) 7 @ Resis g 7 ) Resdts v 4 7 @ Resuts v .

Static Structural
Fig. 4 Classic workflow for simulating fluid-structure interaction with ANSYS

3.1. Developing Geometry in ANSYS

The device's geometry is an essential design issue that must
be taken into account. Because of the space limitations
imposed by the application, the geometry needs to be
optimized to have a low natural frequency while preserving a
high power density. The device geometry can be seen in figure
2, and it comprises a circular cylinder attached material with a
rectangular piezoelectric patch PZT 5A and beam inside it.
The geometrical and mechanical characteristics of the device
are detailed in table 1.

3.2. Addition of Materials in Model

In the simulations, circular cylinders and beams were
assigned with structural steel as material. The piezo-smart
material employed as Lead Zirconate Titanate (PZT 5A), the
material used for fluid flow, has been assigned as water.

3.3. Addition of Physics in Simulation

The rectangular piezoelectric devices physics are added
to the study, which consists of fluent, static structure, and solid
mechanics with the harmonic response as an additional study
area can be seen in fig. 4. Maximum displacements, strains,
and stress are some of the findings of solid mechanical

1.20E +11 7.52E +10 7.51E+10
7.52E +10 1.20E +11 7.51E+10
751F +10 751E+10 1.11E+11

0 0 0

0 0 0

0 0 0
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physics. Through the use of a static structural, electric field,
electric potential distribution, frequency response, phase
response, and output voltage can be analyzed. Setting the
boundary conditions means fixing the bottom faces of the
beam and piezoelectric patch, which are attached to a circular
cylinder while letting all the other domains move around
freely. Linear elastic characteristics such as young modulus,
density, Poisson ratio, Anisotropic dielectric permittivity
matrix, Anisotropic elastic stiffness polarization matrix, and
piezoelectric stress matrix with electric field vector can be
selected from the library of ANSYS engineering data, and
their values retrieved automatically.

The velocity of the flowing fluid for the inlet wall is taken
as 30 m/s while the pressure value for outlet backflow is set to
zero. The top of the piezoelectric layer is given a floating
potential. The wvarious used matrices in fluid-structure
interaction (FSI) are as follows:

1. Anisotropic elastic stiffness polarization matrix in the y
direction is
0 0 0
0 0 0
0 0 0
2.26E + 10 0 0
0 2.11E + 10 0
0 0 2.11E + 10
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2. Anisotropic  Dielectric  Permittivity at  constant

mechanical strain matrix in the y direction is

1.99E — 09 0 0
0 1.99E — 09 0
0 0 5.78E — 10
3. Matrix for Piezoelectric stress with an electric field vector
is
0 0 5.35116
0 0 5.35116
0 0 15.78347
0 0 0
0 12.29474 0
12.29474 0 0

3.4. Modification of the Model and Implementation in
ANSYS

The cylinder is assumed to be stiff in three-dimensional
simulations (as seen in fig. 2). Five distinct interfaces have
been used in the simulation.

1. Viscous flow: to simulate the flow pattern by modeling

2. Meshing: to model the deformation that occurs in the fluid
domain.

3. Static Structural: for simulating the piezoelectric solid
domain structures and to model the charge conservation
in piezoelectric materials.

0,000

4. Electric Circuit: to simulate the workings of the harvester
circuit.

5. Harmonic Response: For the purpose of simulating the
phenomena like stress-strain, phase response, frequency
response, and voltage frequency phenomena.

Two different mechanical interfaces are incorporated into

the model.

1. Piezoelectric Effect: for the purpose of linking the fields
of Static-Structural and Solid Mechanics.

2. Fluid-Structure Interaction (FSI): to couple
Mechanics and laminar flow model.

Solid

3.5. Creation of Meshing

The ANSYS software comes with various meshing
options that can be used at any level with any method and
element size. Fluent uses the face selection command to
specify the solid-fluid interface as well as the inlet and outlet
for meshing. In this investigation, the triangular mesh was
employed with an element size of 0.00025 m. A total of
220218 domain elements have been found to constitute a full
mesh as a result of the meshing process. The meshing has been
calibrated by general physics with a predefined normal type
size. The maximum element expansion rate of 1.2 has smooth
transition inflation with a ratio of 0.272 and pinch tolerance of
0.00046 m.

Y
@
04‘00<m)

0100

0300 X

Fig. 5 Free triangular meshing structure of the circular cylindrical structure
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Fig. 6 The meshing of beam-piezoelectric patch structure
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Figure 5 depicts the final mesh geometry that was
generated. Meshing has been done by software with 150
iterations in residual form with different velocity components
in the x,y, and z directions. The graph of velocity residuals vs
no. of iterations can be shown in fig. 7.

In the case of a rectangular piezoelectric patch and beam,
a total of 448 domain elements and 2566 nodes were found to
constitute a full mesh as a result of the meshing process, as
shown in fig 6. The meshing has been calibrated by general
physics with a predefined normal type size. The element size
of 0.005 m parameters has been taken maximum element
expansion rate of 1.2, having a smooth inflation transition
ratio of 0.272, pinch tolerance of 0.0059 m, and minimum and
maximum face size is 0.00656 m to 0.032 m, respectively.

3.6. Selection of Structural Components and Body Sizing in
ANSYS
3.6.1. inlet

The inlet for the flowing fluid of the circular cylinder can
be shown in fig. 8 by selecting the red portion as the face of
the cylinder in the y direction.

3.6.2. Outlet
The outlet for the flowing fluid of the circular cylinder

can be shown in fig. 9 by selecting the red portion as the face
of the cylinder.

3.6.3. Wall

The wall for the flowing fluid of the circular cylinder
can be shown in fig. 10 by selecting the red portion of the
cylinder.

3.6.4. Fluid Solid Interaction(FSI)

The interaction of flowing fluid with a solid structure of a
circular cylinder can be shown in fig. 11 by selecting the red
portion of the cylinder.

3.7. Post-Processing CFD Simulation and Static Structural
Analysis

This research aims to analyze the consequence of varying
the factors on the voltage generation capacity of a
piezoelectric energy harvester with a circular cylinder and
beam arrangement. All the equations and analysis of models
have been solved mathematically in three dimensions using
the finite element technique with the ANSYS software. In
addition, during preprocessing, the boundary conditions for
the piezo-patch, such as fluid-solid interface, fixed support,
and preliminary operational setting, are approached in the
analytical environment. This is done to obtain the constants
for the mathematical solution produced using the finite
element technique. Moreover, the viscous laminar fluid is
simulated with water as the flowing material (fluent). This
modeling is performed in collaboration with the boundary
conditions. The setup's initialization, an average velocity of 30
m/s at the inlet, while fluid pressure has been imported at the
piezoelectric plate and outlet. As the flowing fluid strikes on
piezoelectric material with an average velocity of '30m/s', then
the velocity and pressure contour plots can be observed by
assuming the yz plane as a working coordinate system in fig.
12 & 13, respectively. At the peak of inflow velocity as
'37.720 m/s', the ANSY'S simulation produced the following
pressure contour with the maximum pressure value of
590.1002 [Pa].
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Z
@
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L EEE——
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Fig. 8 Inlet of the cylindrical structure
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Fig. 9 Outlet of the cylindrical structure
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Fig. 10 Wall of the cylindrical structure
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Fig. 11 Interaction of fluid-solid interaction

Under post-processing, the solution for fluent can be  variables. Figure 16 depicts the corresponding stress on the
found by examining various factors such as deformation, VVon patch; Figure 17 depicts the change in a patch's deformation at
Mises equivalent stress, strain energy, and pressure. its various nodes. Figure 18 depicts the maximum deformation
Piezoelectric patch undergoes periodic deformation when over six frequencies at various mode-shape frequencies. It can
subjected to a fluctuating force, with the highest deformation be seen from the simulated results that the maximal stress at
equaling 7.0689*107(-10) Figures 14 and 15, respectively, the bottom of the piezo-patch and beam act is located towards
present the simulation results for the velocity contour, the boundary of the fixation.
pressure contour, Von misses stress and deformation
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Fig. 12 Velocity contour
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Fig. 13 Pressure contour
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Fig. 14 Pressure exerted on the face of the piezoelectric patch
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Fig. 15 Imported pressure on the piezoelectric patch and beam arrangement

Von misses equivalent stress at piezoelectric during the  structure with an average velocity of 30 m/s along the cross-
course of the simulation; the stress fluctuates from 19.496 Pa  section of the body. Before it gets to the other side, The
to 4288.1 Pa.The stationary analysis of this research has been  distribution of Von-Mises equivalent stress along the circular
done. When the fluid passes through the circular cylinder  cylinder is shown in fig. 16 as

0000 0040 0080 m)
]

0020 0060
Fig. 16 Von-mises equivalent stress
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Fig. 18 Static structural deformation for above six mode shape frequencies (a-f)

4. Governing Equations for Motion of Fluid Uy, Uz, Uy, — Initial velocity of the fluid along the x, z, and y-

with Constraints and Boundary Conditions axis, respectively, p;— Initial Gauge Pressure

The following equations can be considered the principal
equations of the flowing fluid, structure, and the interaction  4.3. Equations for Movement of Wall
among them. The laminar model is only applicable to regions In the case of the laminar layer's wall function of fluid-solid
with average Reynolds numbers. Therefore, the velocities are interaction zone with stationary wall movement in no-slip
seen in regions adjacent to the wall and caused by its impacts ~ condition, the shear condition is given by the mathematical
fall rapidly. In most cases, a wall function which relies on  equation
uniform velocity profiles is implemented to overcome this u=0 4)
delima. In near-wall regions, it is not mandatory to use high
mesh resolution. The stress caused by the tangential velocity ~ 4.4. Inlet Flow Equations for Fluid

vector in the cylindrical surface is equal to the normal stress. A normal component of the velocity of flowing fluid by
using the nodal constraint nodal method for inlet flow is given
4.1. Equation of Motion for Flowing of Fluid by
Incompressible Navier-Stokes equations in laminar flow u=-Uyn 5)
& continuity equations have been formulated and solved for
the discretization of fluids. Urer = Uy (6)
p(ueV)u = Ve[—pl + k] + F (1)
p(Veu) =0 2 U,represents the mean velocity of flow via fluid input,
k=u(Vu+ (Vw)h) (3)  Normal inflow velocity, U,=30 under a specific laminar
p— Density of fluid, u— Velocity of fluid, © —Dynamic length scale and intensity, and the normal unit vector is
Viscosity, I — Identity Tensor denoted by n.

4.5. Outlet Flow Equation for fluid

Outlet pressure has been taken w.r.t the absolute reference
frame, and the path of backflow pressure has been used as the
normal to the boundary with the specification method. The
exerted pressure of flowing water is given by equations

4.2. Initial Values of Parameters

The initial value that has been assigned for the inlet
velocity of the global coordinates system for the y-axis is 30
m/s, while for the rest of the axis, it is 0, as seen in table 2. The
initial value of gauge pressure was assigned to O [Pa]. The
relative cell zone is utilized as the coordinate system for the

standard initialization of the solution. [=pI +k]n = —pon )
Table 2. Initial Values of Assigned parameters Do < Po (8)
Parameters | Values )
u, 0 po= 0 with suppress backflow  (9)
u, 0 K is von karman constant
u, 30 ]
D 0 Where p, is the pressure at the outlet flow
L
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4.6. Vibrational and Oscillational Motion of Structure
As the interaction of fluid and the circular cylinder has
taken place, the phenomena of vortex flow vibrations came
into effect with fluid-induced motion. While, for the case of
steady-state flowing fluid, the relation of the cylinder with
vortices has been analyzed in the form of a Reynolds number.
The relation between Reynolds number (Re), the diameter of
the circular cylinder (D), kinematic viscosity(v), and stream
velocity (U) is given by
R;% (10)
As the moving fluid approaches the cylinder, then the
oscillating flow mechanism of the system generates the
frequency of vortex shedding, which has been concisely
explained by Strouhal number (S;). The relation between
Strouhal number (Sy) with streamflow velocity (U), the
diameter of the right cylinder (D), and the frequency of vortex
shedding (fs) is given by
_Dfs
St =
5. Constitutive Equations of Piezoelectric
The constitutive equations used in the piezoelectric
process have been given:
§=Ed+7 (12)

11)

D, =o0d + E¢ (13)

Where & — Mechanical strain, E— Electric field, d —
Coefficient of piezoelectric strain, Y— Young's modulus, ¢

— Mechanical stress, D,—Electric displacement, &
—Dielectric constant

6. Mathematical Modeling of Generation of
Voltage by the Piezoelectric Materials with
Fundamentals

For a uni-dimensional piezoelectric material, the electric
field E, the electrical induction D, mechanical strain S, electric
field compliance s, and stress T. The linear electrical behavior
of the material,

D=¢E (14)

Hooks Law for linear elastic material,

S=sT (15)

When an external force has been exerted on piezo-smart
materials, it results in an electric charge density D in an

electric charge (Q)on the electrodes of area A as

Q =DA (16)
The voltage obtained from this is
v=2 17

The density of electric charge has been given by

D=dT (18)

T
Where T:dg, Cz% and t is the thickness of the piezo-patch
(19)
When a certain amount of force is applied to a
piezoelectric material, the resulting voltage can find out by

= (20)

Where F— Force applied on piezo-patch, t—

Piezoelectric material thickness, d— piezoelectric charge
coefficient, €7 — Dielectric permittivity

Area of the rectangular piezoelectric patch
(A) =LpzrBpzr (21)

Relative permittivity(e,) :Ei (22)
0
Where gy— Vacuum Permittivity
The generation of voltage is given by

y = kred 23)

Agrgg

Where K is the piezoelectric coupling factor

7. Mathematical Modeling of Interaction of

Fluid with the Rectangular Piezoelectric Patch

As the rectangular piezoelectric patch has been placed in
the fluid with density ‘p’, inertial coefficient (C;)and drag
coefficient (C;) have come into play. The total inline force has
been exerted by a fluid on the rectangular piezoelectric patch
can be calculated mathematically with the help of the Morison
equation as follows

1 nD? du
F =EpDqu|u| +=pCi—; (24)

Where
F— Exerted inline force in the direction of the fluidic wave,
p— fluid's density,
D— Rectangular Piezo-patch diameter,
u —Flowing fluid velocity,
C,— Drag's Coefficient,
C; —Inertial Coefficient,

‘;—’;-» Acceleration of flowing fluid
Voltage,

1 D? du
- [th]F B [th] 7,DDqu|u| + HTPCiE
= 5=

Eré€o Eré€o LpzrBpzr

(25)

If R denotes the resistance produced by the piezoelectric
patch having the distance L. of conductor with the area of
rectangular piezoelectric patch A, breadth of the patch By,
specific resistance p such as

R=2L.=| (26)

LPZTBPZT] ¢
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If r denotes conductivity, q denotes resistivity, and R
denotes the resistance of a rectangular piezo-patch with length
Lpzr and area A, then the power produced by this voltage V
as

2
1 nD? _ du
Ktdy |z PPuCalul + —7—pCi 77 LB
[Srfo LpzrBpzr par=pzr
VZ
P = —=
R pL,
(27)
Energy(E) generated by the piezoelectric patch is given by
2
Ktdy[1 nD? _ du
. [Vz] [[ﬁ] [jpDquh” + TPCL' E”
R PLcLpzrBpzr
(28)

So, in this way, a quite suitable relationship between flowing
fluid and voltage, power, and energy generation by
piezoelectric material has been obtained.

8. Results and Discussion

In the current study, experimental and analytical analysis
has been integrated to look into the feasibility of generating
micro-energy from flowing fluid-based induced vibration over
rectangular piezo-patch PZT 5A patches with a beam
mechanism system placed in a cylindrical bluff body. A
renewable energy harvesting model simulation was
constructed for the purpose of replicating the properties of a
piezo patch in the wake of a cylindrical structure. This was
done with the intention of providing additional vision into the
operation of fluid-based energy harvesters. An investigation
was conducted to determine the magnitudes and locations of
the most significant stresses. During the simulations, the flow
model of ANSY'S software was utilized, and water was chosen
as the fluid of interest. At the same time, structural steel was
used as the solid component for the cylinder. Rectangular
piezoelectric material employed was Lead Zirconate Titanate
(PZT 5A) patches, and The beam has been assigned with the
material structure steel annealed. The simulation duration was
noticed as 5 seconds, and the time steps were 0.01 seconds,
resulting in an approximate computation time of 41 seconds
when using an Intel Core i5-5300U CPU processing at 2.30
GHz,16 G.B. of RAM, and a 64-bit operating system. For a
certain diameter and length of the cylindrical bluff body and a
set of dimensions of Lead Zirconate Titanate (PZT 5A), an
analysis was carried out to determine the regions of peak
stresses and electrical potential on the body. Figure 2 and
figure 5 shows the geometry of the three-dimensional
cylindrical body and the mesh in the fluid domain with
structure, respectively. The displacement of the cylindrical
body and the accompanying induced electrical potential at a
certain velocity are the things that need to be determined for
the purposes of this investigation. It has been observed that the
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beam-piezoelectric patch arrangement system vibrates as a
result of the viscous and pressure forces of fluid strikes on the
system with an average velocity of *30 m/s’.

Consequently, a distortion generates in the domain of the
flowing fluid. The higher the flow velocity away from the
bluff body, the more intense the color of the streamlines.
Figure 16 shows the beam's Von-Mises-Stress distribution,
and the largest Von-Mises stress is found at the bottom of the
beam-piezo patch arrangement fixed with the stationary
circular cylinder. In contrast, the least value is found at the
upper portion of the piezo-beam arrangement of the circular
cylindrical bluff body that is free to move. An accompanying
color chart depicts the degree to which objects have moved. In
the case of harmonic response, finding out the solution phase
response and frequency response plot with respect to
deformation can be generated by ANSY'S simulation solution
by selecting the vertex of a beam with the direction of
deformation in y—axis, average spatial resolution.

The pressure output plot of the deformed structure w.r.t
sweeping phase(e) for 300 Hz frequency in the duration of
720°can is depicted in fig 19. It can be seen from the phase
response graph that as the value exerted increases with the
sweeping phase, the output response has been decreases and
vice versa. The frequency response amplitude plot with a
frequency range of 0 to 1000 Hz and subinterval of 10 Hz each
can be shown in fig. 20. As the frequency value increases, the
response amplitude decreases rapidly, i.e. behaves inversely
in the direction of deformation.

The voltage frequency plot can be seen in fig. 21 with
amplitude voltage and frequency plot. From fig. 21, it has been
noticed that the value of frequency rises, and the amplitude of
the voltage also rises. Similarly, it was observed that the
voltage that was produced by the laminar flowing water at the
middle of the patch as a result of the deformation of the piezo
material was 0.026 V. In order to confirm the novelty of the
current model, simulation findings and mathematical
modeling were compared for key output factors [28, 58].
Table 3 demonstrates that the output generated from the
simulation correlates well with mathematical findings with a
percentage error of 3.846.

Table 3. Evaluation of generated voltage

Sr. | Value of | Simulation Mathemz_itlcal Error
Modeling
No. | Factor Result Percentage
Result
Voltage
output
1. w.r.t 0.026V 0.025Vv 3.846
exerted
pressure




Output
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Fig. 19 Pressure output vs sweeping phase plot
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Fig. 20 Frequency response vs amplitude deformation plot
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9. Conclusion

The proposed work has concluded that a part of the
kinetic energy of a laminar, incompressible, and steady-
flowing fluid can be changed into electrical energy by placing
a beam and rectangular piezoelectric patch arrangement
system attached within the circular cylindrical structure. This
was accomplished by striking the fluid on a cylindrical
structure with an average velocity of '30 m/s' at a separation
of ‘202.698 mm’ from the inlet of the circular cylinder. A
laminar flow mathematical model has been used for the
numerical computation of circular cylindrical structures. To
simulate real-world conditions, ANSYS has been utilized
for finite element analysis (FEA). Following this, a 3D
simulation model was created to determine the voltage,
electrical power, total deformation, Von Mises stress, strain,
frequency response, phase response, and amplitude graphs.
With an average fluid flow rate of 30 m/s, an electric voltage
of amplitude of up to near 0.026 V across the piezoelectric
domain has been observed. It has been noticed that findings
obtained from the simulation efficiently validate the findings
of mathematical modeling with an error percentage of 3.846.
The assigned frequency directly influences the generation of
voltage. The resulting generated voltage can be efficiently
utilized for electrical appliances like bulbs, mobile charging,
and various other micro-devices. Hence, it is an efficient
source of voltage creation since it is quite simple to combine
with other structures, eco-friendly, non-expensive, weightless,
and requires much less setup space. Industrial wastes,
domestic wastes, and canal and river water can be used as
feasible sources of voltage generation. Turbulent flow also can
be an interesting source of voltage generation at the micro
level in the forthcoming future.
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