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Abstract

This study delves into the design optimization of a hydropower harvesting system,
exploring various parameters and their influence on system performance. By modifying
the variables within the model to suit different flow conditions, a judiciously optimized
design is attainable. Notably, the lift force generated is found to be intricately linked to
the strategic interplay of the bluff body's location, cylinder dimensions, and flow velocity.
The findings culminate in the establishment of empirical equations, one for lift force and
another for displacement, based on the force equation.

Many energy harvesting approaches hinge on the reciprocating motion inherent to the
structural system. The methodology developed in this study emerges as a potent tool for
generating optimal designs for such energy harvesting devices, contingent on the
specified assumptions and constraints outlined in this paper.

The foundational steps in the design process commence with the formulation of modeling
equations, contingent on four critical design parameters. This comprehensive model is
implemented in ANSYS, yielding an optimized system configuration. Subsequently, the
values representing the generated power for these optimal design parameters are
ascertained.

The culmination of this research underscores that superior outcomes are achieved with a
0.5 D separation between the beam and cylinder, a cylinder diameter of 50 mm, and a
flow velocity of 1.25 meters per second.

Keywords: ANSYS, Piezoelectric Energy, hydropower.

1. Introduction

The concept of harnessing energy from vortex-induced vibrations around a circular
cylinder has undergone extensive investigation. Utilizing computational analysis and
experimental work, we concurrently addressed the piezoelectric transducer, flow
dynamics, and roller movement. The results reveal a significant correlation between
cylinder placement, deflection of the piezoelectric energy harvester, vortex shedding, and
captured power. It is evident that bringing the cylinder closer to the harvester expands the
synchronization zone. As the energy output depends on vortex characteristics, frequency,
and amplitude, studying different cylinder locations, fluid velocities, cylinder diameters,
and beam geometries is crucial for optimal harvester design.
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Piezoelectric polymer strips, often referred to as piezoelectric rods, were equipped with
scour sensors for soil scanning. The sensor's structural dynamics and stimulating fluid
velocity influence the voltage response. Monitoring both flow rate and shedding
frequency enables the measurement of pressure rod exposure [1].

A mechanical solution is proposed by coupling cantilever piezoelectric vibration energy
harvesters with inertial amplifiers. This technique can achieve significant inertial
amplification orders under specific circumstances. Both broadband random excitation and
harmonic excitation scenarios are considered, employing harvester circuits with and
without inductors. We demonstrate how tuning different inertial amplifier parameters
optimizes power collection under various excitations and circuit designs. When ambient
excitation is aligned, the potential for harvesting five times the energy at 50% lower
frequency is realized [2].

The introduction of an attraction magnet halts harvester ringing, establishing a nearly
constant balanced state. The energy harvester's output is modeled using a distributed
parameter model based on modal analysis. This model incorporates passive stiffness in
higher mechanics, incorporating force-displacement data. At 9Hz and 3g of input
acceleration, the highest RMS power reaches 1.20mW [3].

In MATLAB optimization research, model size, flow velocity, and resistance are explored
as design parameters to determine the optimal range for energy extraction. Vortex-
induced vibrations, resulting from the connection of a half-cylinder to a water-based
beam, lead to piezoelectric deformation. The extended Hamiltonian principle of the
cantilever (cylinder-like) beam, along with parametric equations based on the modified
van der Pol model of the bluff body, elucidates the mechanical system [4 & 5].

The enhancement of the original PSMC agent-based sliding mode control, incorporating
an AAC term of adaptive approximation compensator, simplifies stability proofing,
accounting for non-model dynamics. Lyapunov's theorem systematically proves the
stability of the proposed control method. Galperin's approach establishes the multimodal
equation of  motion.  Simulation  experiments  were  conducted  using
MATLAB/SIMULINK [6].

The nonlinear van der Pol equation encapsulates the flow-solid-electric coupling
equations used to determine output voltage. The finite central difference approach
enhances output performance and vibration responsiveness. Theoretical findings indicate
that as water velocity decreases, vibration frequency, amplitude, and average power
increase. Adjusting structural mass and load resistance to available water velocity further
augments average collected power [7, 8].

Tests in a wind tunnel reveal that the energy harvester, when inserted into a formation of
up to 25 cylinders, significantly amplifies power output through vortex interactions.
Experiments demonstrate power production at the nano-watt level, highlighting the
potential of formation effects in enhancing micro-scale wind energy harvesting [9].

The Lamb wave method proves effective for structural health monitoring using low-
energy sensors. The five-layer fiberglass/polyester composite laminated plate undergoes
theoretical, numerical, and experimental examination for damage detection. Using
piezoelectric wafer transducers (PZT) as actuators and sensors, experimental results
validate theoretical findings. A strong agreement between experimental and numerical
results, obtained through FEM using ABAQUS, is reported [10 & 11].

Three alternative actuation strategies are employed to drive flaps, altering vortex
shedding from a nominally two-dimensional blunt trailing edge (BTE). Wind tunnel
experiments, at a Reynolds number of 2600, reveal an increase in turbulent kinetic energy
associated with two-dimensional vortex shedding from 70% to 90% when actuation
frequency matches that of the natural wake process [12].
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A magnetically connected piezoelectric harvester is examined, aiming to enhance
responsiveness to broadband frequencies by adjusting the angular orientation of external
magnets. Electromechanical equations incorporate multiple transverse magnetic force
boundaries, empirically determined based on magnet angle, to describe nonlinear
dynamic behavior. Notably, in cases of continuous acceleration exceeding the 0-25 Hz
range [13 & 14].

Thin-film piezoelectric transformers are employed to generate Pico-level electricity
through Carman Vortex Street. Using SOLIDWORKS software, a system of spiral streets
capable of generating specific frequencies at defined water speeds is developed for
simulation. The final prototype speed file of the nozzle is verified through testing,
demonstrating increased speed over free current [15-18].

Wind energy harvesting can be used to power wireless sensors embedded in bridges,
buildings, etc. One difficult issue is that the wind speed in some electronic environment is
low, which leads to inefficient milled energy harvesting. This paper presents a novel
nonlinear magnetic flap-based aerial energy harvester to enhance energy harvesting at
low wind speeds. The presented harvester is mainly composed of a photoelectric beam,
two 2D beams, and two external magnets [19-20].

Detecting and identifying damage to composite structures is an important part of
monitoring and repairing structural systems in service to avoid immediate failure. Cost
effectiveness and reliability are essential during the detection process. The Lamb wave
method is an effective technique that is sensitive to small damages and can be applied to
monitor structural integrity using low-power sensors. It can provide good information
about the state of the structure during its operation by analyzing the wave propagation in
the plate [21-22].

2. Materials and Method
a- The system

The piezoelectric patch is put under internal strain by the system's solid-cylindrical bluff
body, which is coupled to a cantilever beam composed of 1060 aluminum because of its
good elastic properties to induce internal strain on the piezoelectric patch. A substrate
layer and a piezoelectric layer make up the cantilever beam. The piezoelectric is a double-
layer product of piezo ceramic wafers (Piezo Protection Advantage PPA-2014). The
cylinder is placed forward of the piezoelectric energy harvester, and both the cylinder and
beam are immersed in the water. The water hit the cylinder to generate vortex shedding
behind the cylinder. Vibrations are only carried out transversely. With consideration of the
velocity of the water. The cantilever beam and cylinder are shown in figure (1a), and the
dimensions and properties are listed in Tables 1 and 2. The harvester and circular cylinder
are simulated in this study by using ANSYS WORKBENCH 2021 R2. First, the elements
beam and piezoelectric were created by using SOLID45 and SOLID5, respectively.
Second, the boundary condition is expended. SOLID45 contains 8 nodes, and there are 3
degrees of freedom (DOF) for each node. 3D solid constructions are represented using it.
It has plasticity, creep, and stress stiffness swelling, large deflection, and large strain
capabilities. SOLID5 comprises 8 nodes, and each node has 6 degrees of freedom. It has a
restricted ability for coupling between fields and a 3D magnetic, piezoelectric, and
structural field capacity.

In figure 1b, the computational domain is displayed. Its dimensions are 30 D for width
and 20 D for depth. The domain is 10 D in length. The cylinder was placed at 10 D from
the inlet boundary and in the symmetry of the other sides. The boundary conditions
employed consisted of a velocity inlet on the right side and a pressure outlet on the left
side, and all the walls were slipping on the duct.
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Figure (1): a- Schematics of the piezoelectric energy harvester under concurrent loading,
b-Computation domains, and boundary conditions.

Table 1: Dimensions and Proierties

Pcylinder Circular Cylinder Oscillator Density 2700 Kg/m3
Pfluid Fluid Density 997 Kg/m3
Pbeam Aluminum Beam Density 2700 Kg/m3

D Cylinder Bluff-body Diameter 50 mm
Leyt. Length of the Cylinder 200 mm
L Length of the Beam 300 mm
B Width of the Beam 40 mm
h The Thickness of the Beam 14 mm
L, Length of the Piezo 53 mm
B, Width of Piezo 20.4 mm
hy, Thickness of Piezo 0.83 mm

Ey Modulus of Elasticity of Aluminum  70E+9 Pa
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) Poisson’s ratio 0.34

Table (2): - The mechanical properties of piezoelectric (PZT) as the following.

Symbol Description Value Units
coul/N*10-12
dsq Piezoelectric Charge
- e Qarl or
dss (displacem4el2ent) coefficient
(m/v*10-12)
831 . .. 19
piezo. voltage coefficient V.m/cm3
£33 -9.5
K3, Piezoelectric coupling factor 0.38
sE Piezoelectric compliance 15.8 x 10712 m?/N
Density 7350 kg/m3
E Modulus of Elasticity 68E+9 Pa
) Poisson’s ratio 0.31
Material PZH-5H
b- Modeling

Research first determines the equation of the government system. The modeling equation
relates the vibration of a bluff body (cylinder) to fluid flow. The equation also links these
vibrations to the piezoelectric layer deformations in the cantilever beam. The energy that
was extracted from the deformation of the piezoelectric layer is then computed. The
modeling equation is established, and then ANSY'S enhancements are researched. For this
project, many design parameters have been found, and optimization has been done to
identify the set of design parameters that collects the most power. To identify the best data
that would optimize effort, a variety of distances between the cylinder and cantilever
beam have been identified. The design parameters also include the cylinder's diameter,
the fluid's velocity, and the beam's shape.

A set of parameter equations based on a set of design parameters regulate the ideal design
parameters of the piezoelectric energy harvester to find optimal voltage and power, as
stated in the preparation portion of this study. These equations are applicable to the
piezoelectric energy harvesting system as intended.
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Figure (3): Finite element model for PEH.

c- Lifting Force Analysis

Our aim here is to create a linear force that vibrates. So, the electro-mechanical
coupling can be increased. The confrontation and rationale of the optimized design of
PEH are presented in this section.

Due to the nature of the vibrations resulting from the vortex shedding being
irregular and nonlinear and the fact that there is no equation describing or controlling the
lifting force that it exerted on the cylinder, the following equation has been extracted to
describe the lifting force of the vortex induced vibration of the cylinder designed in this
system to supply the greatest energy of the piezoelectric energy harvester.

To extract the equation of lifting force, the dimension-less analysis method was
used, where the equation was obtained that correlates (material property) with (dynamic
part), as well as the effect of the variables that have been studied and the effect of (vortex
frequency of the system).

The lifting force is dependent on the geometry of the beam and flow parameters. Factors
related to the geometry and dimensions of the test section, which can be summarized in
Reynolds number (Re). The lifting force depend on the size of the cylinder (characterized
by the diameter D in mm), the fluid velocity (V in m/s), the distance between bluff body
(cylinder) and beam (S in mm), fluid and beam density (p and pg respectively in kg/
m3), beam cross-section area and second moment of inertia (A and I in m? and m*), the
frequency (fin 1/s), and young modulus (E in N/m?).

The Buckingham n theorem and method of indices were used for finding dimensionless
groups appropriate for this problem, and new empirical correlations were developed using
the Multiple Linear Regression Method. The force exerted on the beam, it is assumed,

F = f(pS' AS' II El V' LI pr fr Re)
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Where F is a function. This equation consists of nine variables with three basic primary
dimensions needed to express the variables: distance [S] in mater, velocity [V] in meters
per second, and diameter [D] in mater.

Based on the above, the number of dimensionless variables applicable to this problem
was Six.

By using a step-by-step approach, the six prime variables are selected, and another three
repeated variables are found. The selected prime-dimensional variables are:

os [5] A PLIIALE [ oo [ [F] e (1)
The other repeated three-dimensional variables are:
L[L],V [%],D L )

The results of the dimensional analysis are in the following form:
F = (my, Ty, T3, Ty, M5, TWg) evenenn 3)

M\? /L\P ML
= =ML =1

m=oviF=(5) () O
M=a+1=0—-»a=-1
L= -3a+b+c+1=0 »c=-2
t=-b—-—2=0 ->b=-2
F

As per the same procedure, find the other 7 groups.

m,=pVLps = nzz% ...... 4

m3; = pVLA; - 1'[3=% ........ (6)
m=pVLl - m== ... (7)

mg = pVLE - 15 =pVE e (8)

Mg = pVLf - n6=%f ...... )

ﬁ: (%,%,ﬁ,pVE,éf,Re) ....... (10)

The groups on the right side can be reduced by multiplying some groups to produce one
group, so the correlation becomes:

(mass)°(length)°(time)° = {(%)1/2 VL} * Re {m} {f+t} ... (11)

F _ psA 1/2
1/2pV2A f((ﬁ) VL, Re, ft) ....... (12)

A general formula for the lifting force can be set in the format

1
ot (COR

where C, a, b, ¢ are constants

a

, (Re)P, (ft)C] ....... (13)

Solving for the force under different conditions using the experimental data generated by
the multiple linear regression method will give the following correlation:
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0.3

%pVLZA =316+ 1076 [((%*)% VL)
()

* (Re)073% « (ft)°'9] ....(14)

0.3
F(t) = 1.58 x 107° = (pV?A)

* (Re)0734 x (ft)o'gl e (15)

d- Mathematical Approach

Fluid forces can cause an excitation known as VIV, and the fluid-structure reaction must
be studied. A system of block springs in the transverse direction can be used to
characterize structural elasticity, as demonstrated in (2). This system may be simplified to
have just one degree of freedom since the vortex vibration primarily occurs in the
transverse direction (SDOF) [3]. Mathematical modeling, employing the second-order
system known as "mass-spring-damper,” as shown below, is one area of interest in the
vibration behavior of the prototype.

4
mIF

Figure (4):- A schematic of the proposed cylinder-based piezoelectric energy harvester.
My+Cy+Ky=Fy()  ...... (16)

Where M is the structural mass, ¢ is the structural damping, k is the structural stiffness, x
is the tip displacement in the harvester and Fy (t) is the time-dependent transverse force
acting on the model (the force by the vortex shedding on the cylinder) can be modeled as

psA %
() w)
This force is applied to the flexibly mounted cylinder using a stiffhess spring to assemble
K. The motion of the object described in the equation.

(€2 w)
(18)

wy, is the natural frequency of the cylinder (rad/s), y is the vertical displacement of the
cylinder, where the apostrophe represents a differential with respect to time, and ¢ is a
structural damping factor. For the linear oscillator model, the damping factor as a medium
is estimated to be constant. This differential equation solves the equation for the linear
displacement of the resulting cylinder with respect to time.

F®
- v

In fact, the maximum capacity will occur in a frequency range rather than a precise
resonance. However, the use of linear harmonic oscillator models provides an almost
relatively accurate roller motion subject to VIV.

0.3

F(t) = 1.42 x 107°f * (pV2A)

* (Re)073% « (ft)_o'll ...... (17)

0.3
My + 2miw,y + Ky = 1.58 * 1076 * (pV2A)

« (Re)0734 « (ft)os]_

y(t) = e (19)
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The linear harmonic oscillator model of VIV also allows the theoretical maximum energy
to be calculated. Velocity as a cylinder time function can be obtained by distinguishing
the displacement by the formula, resulting in the following equation:

V(O = F©O
Jo-ey oy
Power as a function of time is found by multiplying the lift force and the cylinder
velocity, which gives:

P=v(t)*F(t) ... 2n

3. Experimental Work

The test sample to be used in the experimental work is two aluminum cantilever beams
with two piezoelectrics, one on the top of the beam and the other on the bottom of each
beam. The piezoelectric used in the energy harvester is a double-layer product PPA-2014
of 53*20.8*0.83 mm that has been fixed at the fixed end of the cantilever beam with
epoxy glue. We used two shapes for the cantilever beam: one is the traditional beam, and
the other is the optimized shape of the beam by adding a delta wing at the free end of the
beam.

Piezoelectric transducers are based on the property of the electrical polarization of
piezoelectric material under the action of a mechanical stress. In this case, the direct
effect of piezoelectric materials will be investigated. The exploration of this technigque
aids in the enhancement of the system’s total harvested electrical power. The design
characteristics of the piezoelectric layers are depicted in Tables 1 and 2.

A material-class N42 block magnet has been fixed at the free end of the cantilever beam
with epoxy glue. There are two anther magnets on the two sides of the cantilever beam,
using the attraction force between two magnet sheets.

The system was put in duct with dimensions of 30D, 20D, and 10D as length, width, and
height, respectively. Put the cylinder in front of the cantilever beam at a distance of 0.5 D
and a cylinder diameter of 50mm. After that, it is tested with an optimal velocity of 1.25
m/s. These parameters are selected after testing, and if the optimal one is selected, the
water will enter the duct and hit the cylinder to cause vortex shedding. Therefore, the
vortex is used to vibrate the beam. The dimensions of the beam and piezoelectric are
given in Table 3. The mechanical properties of aluminum 1060 are given in Table 4. The
smart cantilever beam is shown in Figure 5. The experimental system is shown in Figure

(6).

Table (3): Geometric Parameter of Beam and Piezoelectric

Geometric Parameter of Beam Geometric Parameter of Piezo
L =300 mm L =53 mm
B = 40 mm B = 20.4 mm
H = 1.4 mm H = 0.83 mm

Table (4): Mechanical Properties.

Properties Aluminum
Young Modules 70 GPa
Density 2700 Kg/m3

Mass variable
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Poisson Ratio 0.34

Figure (5): the smart cantilever beam.

Figure (6): Experimental system.

The NIPXle 1062Q is used as an analog input to receive signals from piezoelectric. When
a voltage is generated in Piezoelectric, NIPXle 1062Q simultaneously receives the output
of the harvester signal as an analog signal and converts it into a digital signal for
calibration and display in the LabView software. The program deals with the digital
signal only. The harvester-controlled algorithms are embedded in the LabView software.
Isolation transformers are used to isolate the system and provide electrical insulation as
well as complete electrostatic insulation with noise insulation. A schematic view of the
experimental system is shown in figure 7.

The computers that have data acquisition work as controllers in a real-time control
application. The concordance of multiple data acquisitions is very important for sending
and acquiring the data. The time step for data acquisition in an open-loop control system
experiment is 0.001 s.
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Figure (7): Schematic view of the experimental active vibration control setup.

4. Optimization Results

The force should be identified before looking at the coupling mechanism of the proposed
piezoelectric energy harvester, PEH. A set of parameter designs is selected to optimize the
PEH system. Using different locations between the bluff bodies (cylinder) and the beam
(S), the fluid velocity (V) ranges between 0.5 and 2 m/s, the cylinder's diameter (D)
ranges between 35 and 65mm, and the geometry of the cantilever beam is changed by
adding a delta-wing to the free end. To understand the effect of a set of design parameters
on the performance of PEH, the curves were simulated under different values of them.

a. Results of the Location of the Bluff Body

The following sites will be taken, and their impact on the overall performance of the
harvester will be studied in this section. These sites are 3D, 2D, 1D, and 0.5D (where the
D is the cylinder's diameter), and when studying the effect of these factors, we install the
other factors. Where the following figure (8) shows the extent of the impact of the
distance on the performance of the system. When selecting the first site, which is 3D, we
see that there is no response to the system and no energy is generated under the influence
of this site. After that, the site changes to 2D. We see that there is little response to the
system, but this response did not generate energy from the harvester. After that, when
using the third site, which is 1D, we see that the response is clear to the system, which
resulted in the generation of energy from the harvester, but the generation was better
when using the 0.5D site. The onset distance is 0.5 D.

At the end of this experiment, this factor was fixed at 0.5D because this site generates the
best amount of energy for the harvester, and therefore, when conducting the rest of the
experiments on other factors, only this site is used.
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Figure (8): Vibration of the structure displacement with time for various distances, a)
numerical result, b) experimental result.

b. Results of the Cylinder Diameter and Flow Velocity

Examine how the performance of the PEH system is affected by altering the diameter of
the cylinder and the flow velocity in this section.

The vibration displacement perpendicular to the direction of the entering water is
primarily responsible for the voltage generated by the piezoelectric cantilever beam. To
ascertain the displacement waveform of the structure that varies over time, one may
employ the central finite difference method. Water is entering at a rate of 0.75 to 2 m/s at
V. The ideal velocity is 1.25 m/s, as can be observed by the maximum harvester power
occurring at this velocity.

The vibration displacement's amplitude and frequency increase as water velocity
increases, as shown in Figure 9. Additionally, it takes less time for the structure to sustain
its oscillation cycle as the incoming water velocity increases. According to the wake
angular frequency formula, the velocity of the entering water is precisely proportional to
the frequency of the fluid. The energy harvester's damping and stiffness terms and wake
frequency are connected. It results in a rise in frequency and displacement amplitude with
the increase of

To further bolster the theoretical mathematics and solution model of the piezoelectric
harvester underwater, an experimental study is carried out, with the results shown in
Figure 10.

The cylinder diameter D is varied between 35mm and 65mm with a step of 15mm.
According to the figures (11 and 12), the optimum diameter is 50mm due to the
maximum harvester power generated.
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Figure (9): Vibration of the structure displacement with time for various incoming water
velocities, numerical results.
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Figure (10): Vibration of the structure displacement with time for various incoming water
velocities, experimental results.
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Figure (11): Vibration of the structure displacement with time for various incoming water
velocities, numerical results.
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Figure (12): Vibration of the structure displacement with time for various incoming water
velocities, experimental results.

To learn more about the structural vibration response, fast Fourier transform (FFT)
analysis may be used to determine the oscillation frequency. The frequency spectrum is
depicted in Figure 13 for water velocities of 0.5 m/s, 1.25 m/s, and 2 m/s, respectively. It
is evident that each frequency spectrum has a displacement peak at 0 Hz that is caused by
the specified stimulating force.
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Figure (13): Fast Fourier Transform analysis with the velocity of (a) 0.5 m/s, (b) 1.25m/s,
(c) 2 m/s, and diameter (d) 35mm, (e) 50mm, (f) 65mm.

C. The Results of the Geometer of the Beam

In this section, study the effect of changing the geometry of the beam on the
performance of the PEH system.

By adjusting the piezoelectric cantilever's design and material, which will also have an
effect on its strength condition, the PEH yield may be raised. This study implements the
step, which suggests a delta-wing structure to further enhance the output, in order to boost
PEH production.

The geometry of the cantilever beam changes from a traditional beam to an optimal shape
by adding a delta-wing to make the width of the beam 40mm at the fixed end and 50mm
at the free end. There is an optimization in the generated power of the harvester, as shown
below.
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Figure (14): Vibration of the structure displacement with time for optimized shape, a)
numerical results, b) experimental results.

5. Conclusion

The design optimization of a hydropower harvesting system was thoroughly examined in
this study, considering various parameters. Depending on the prevailing flow conditions,
the model's variables can be readily adjusted, leading to a rationalized optimal design. As
expected, the lift force generated is markedly influenced by the interplay of factors
including the bluff body's location, cylinder dimensions, and flow velocity. From these
findings, empirical equations correlating the lifting force and displacement, derived from
the force equation, were established.

Numerous energy harvesting methodologies hinge on the reciprocating motion inherent in
the involved structural system. The methodology developed in this study has
demonstrated its effectiveness in yielding optimal designs for such energy harvesting
devices, provided that the stipulated assumptions and constraints detailed in this paper are
met.

The design process commences with the formulation of modeling equations, which are
functions of four critical design parameters. Executed within ANSYS, this model
produces an optimized system configuration. Consequently, the values representing the
generated power for these optimal design parameters are determined.

Through the exploration of various design factors, the most favorable outcomes were
attained with a distance of 0.5 D between the beam and the cylinder, a cylinder diameter
of 50 mm, and a flow velocity of 1.25 meters per second.
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