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ABSTRACT

In this paper, the energy harvesting by porous beams exposed to the external fluid flow is studied. The
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electromechanical nonlinear differential equations of the transverse vibration behavior of porous beams exposed
to external fluid flow are derived using the Euler-Bernoulli beam theory. A porous beam with concentrated mass
which is equipped with a piezoelectric layer at its upper surface is considered energy harvesting. After
numerically solving the governing nonlinear equations, the effect of different parameters on the generated energy
is investigated. The results show that in the lock-in area, the maximum amount of energy is taken. Also, the
porosity distribution has a significant effect on the maximum amplitude of the oscillations as well as the energy
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harvesting by the porous beam. In addition, for electrical resistance of 1000 kΩ, the maximum voltage generated
for the beam with symmetrical porosity distribution in the form of wall stiffness, asymmetric porosity
distribution, and uniform porosity distribution is equal to 0.39 V, 0.44 V, and 57 V, respectively, which indicates
the highest energy harvesting capability of the beam with the porosity distribution of the third type.
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Introduction

ν( z )

0.221 p

Defects in mechanical structures are one of the main
reasons for the error in the mathematical modeling of
mechanical systems. Porosity [1-3] is one of the most
common defects in these structures. Avoiding porosity in
parts made in the additive manufacturing process by
metal 3D printers, which have also recently developed
extensively, is inevitable [4-6]. Accordingly, considering
these defects in the mathematical modeling of
mechanical structures, especially beams, can increase the
accuracy of modeling and achieve results consistent with
experimental data.
Extensive research has been done on the production
of electrical energy from the forced vibrations of the
beam [7]. Li et al. [8] studied the energy harvesting
capability of the bridge using the finite element method.
Dai et al. [9] investigated energy harvesting by fluidinduced vibrations flow and the base excitation.
Radgelchin et al. [10] investigated the electrical energy
harvesting from a beam under basic excitation. Qi [11]
analytically studied the energy harvesting from a
functionally graded beam.
In this paper, using Euler-Bernoulli beam theory
and considering the interaction of structure and fluid the
coupling nonlinear differential equations of the motion
governing the induced vibration behavior of porous beam
fluid with piezoelectric layers as energy harvesting are
extracted. The nonlinear equations are discretized using
the Galerkin method, and finally, by numerically solving
the discretized equations, the effect of different
parameters on the vibration characteristics and energy
harvesting of these beams is investigated.

ρ( z)

ρmax 1 e0 q( z)

coefficient of the beam is between zero and one.
Using dimensionless variables, the nonlinear
equations governing the fluid-induced vibration behavior
of the porous beam as an energy harvesting system in
terms of dimensionless variables are obtained as follows:
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By substituting Eq. (7) in Eqs. (5)-(6), the system of
nonlinear differential equations with ordinary derivatives
with unknown 2N is obtained, which must be
numerically solved in order to calculate the unknown
parameters including beam transverse deflection,
instantaneous oscillation coefficient, and generated
voltage. By solving these equations using the Rangokota
method, in the next section, the effect of different
parameters is studied.
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According to the Galerkin method, the hypothetical
solution of the differential equation is considered as
follows:
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Electrod Porous Beam Tip Mass

(3)

in the direction of the beam thickness. e0 is the porosity

As shown in Fig. 1, the beam is a porous beam with a
rectangular cross-section and a piezoelectric layer of PZT
5A is used on the upper surface of the beam as energy
harvesting layers.
PTZ 5A

(2)

where q( z ) represents the porosity distribution function
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2- Equations of motion

νmax (0.342 p 2 1.21 p 1)

V(t)

3- Results and discussion
As can be seen from the results shown in Fig. 2, the
amplitude of steady-state vibrations for the lock-in zone
is greater than for the other regions. In addition, the
results show that the porosity distribution has a
significant effect on the lock-in area as well as the
maximum amplitude of the porous beam oscillations. The
maximum vibration amplitude for the third type
distribution of porosity occurs in the velocity of u=0.015,
the value of which is equal to 0.27. Also, the lock-in area
for the beam with two other types of porosity
distributions is created in this speed range, but the
maximum amplitude created is different and for the first

Fluid Flow

Three different porosity distributions are
considered in terms of beam thickness. Continuous
changes in Young's modulus (E), shear modulus (G),
density (ρ), and Poisson's ratio (ν) can be obtained using
the following equations [12]:
E( z) Emax 1 e0 q( z)
(1)
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Fig. 1 Configuration of piezoelectric energy harvesting
with the core made of porous material
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and second type distributions is equal to 0.22 and 0.13,
respectively.
Type 3
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Fig. 2 Maximum amplitude of oscillations of the
midpoint of a porous beam in terms of external fluid
flow velocity
Fig. 4 Time response of porous beam for different fluid
flow velocities u=0.5

Figs. 3 and 4 show the voltage generated by the
porous beam for three different porosity distributions. At
low fluid velocities, the output voltage, which is directly
related to the system response, is oscillating with a
constant amplitude. At the velocity of u=0.5, it causes
different behavior in the time response of the porous
beams. In this case, the beating phenomenon occurs in
response. At this speed, the maximum voltage generated
by the piezoelectric layers in the steady-state for the first
type porosity distributions, second and third types is
2.38V, 2.52 V, and 2.87 V, respectively, which indicates
the high energy production capability in the use of
porosity beams with uniform porosity distribution (third
type).
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Table 1 provides a comparison between the maximum
voltage obtained by the presented porous biomorphic
beam in the present study and some of the models
presented in the previous research. According to the
results shown in this table, it can be seen that the use of
porous beams has a very good ability in energy
production and can replace similar existing systems.

N
MA

Table 1 Comparison between the maximum voltages of
porous beams presented in the present study with some
of the models presented in previous research
Present
Ref.
Ref.
Ref.
work
[13]
[14]
[15]
Max.
Voltage
0.57
1.07
0.05
0.02
(V)

Fig. 3 Time response of porous beam for different fluid
flow velocities u=0.015
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4- Conclusion
In the present study, the effect of energy harvesting
from porous beams exposed to external fluid flow was
analyzed. A summary of the important results of the
present study is:
- The porosity distribution has a significant effect on
the time response as well as the maximum amplitude of
the porous beams oscillations and affects the energy
harvesting of this type of beam.
- The results show that the porosity distribution does
not have a significant effect on the lock-in area, but the
maximum amplitude of porous beam oscillations is
strongly affected.
- The amount of energy that can be extracted in lockin areas is much higher than in other areas, which is due
to the existence of high dynamic strains in these areas.
- The results show that the maximum voltage of the
porous beam is about 1.6 times higher than the
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corresponding beam without porosity. Based on this, it
can be concluded that the use of porous beams
significantly increases the ability of energy harvesting
due to fluid-induced vibrations, which is due to the high
flexibility of porous beams.
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