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Summary

This paper investigates a flow-induced vibration energy harvester comprising a
piezoelectric beam (piezo-beam) installed within a hollow circular cylinder.
Under the flow excitation, the energy-harvesting system including the cylinder
and the piezo-beam vibrates and generates electricity. A lumped parametric
model incorporating the fluid-structure interaction (FSI) is developed to evalu-
ate the performance of the proposed energy harvester. Based on the theoretical
analysis, several guidelines on the design and optimization of the proposed
energy harvester are provided. Subsequently, a numerical model is used to
simulate the FSI between the proposed system and the external flow field.
Finally, a physical prototype is fabricated and an experiment is conducted to
test the actual performance for validation. The theoretical analysis results are
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1 | INTRODUCTION

In the past two decades, the piezoelectric energy scaveng-
ing technology has been an ever-increasing focus due to
its potential for letting micro-electro-mechanical systems
(MEMS)'” to get rid of chemical batteries. This technol-
ogy can be an alternative of the chemical batteries that
require to be frequently recharged or replaced from the
sensors and devices. Under such a context, various
methods have been developed to model and analyse pie-
zoelectric energy harvesters (PEHs).®'® On the other
hand, various performance enhancement methods for
vibration energy harvesting have been extensively
explored, including using multimodal techniques,
nonlinear mechanisms, and active tuning strategies."* "’
Fluid flow ubiquitously exists in the environment and
could be converted to structural vibrations.'®'® Based on

“These authors contribute equally to this work.

verified by the numerical and experimental results.

built-in cantilever cylinder, energy harvesting, flow-induced vibration, piezoelectric

the mechanism of flow-induced vibration, researchers
have proposed various aeroelastic PEHs.*>*' Amini
et al*® presented an accurate numerical method for
modelling a PEH placed in fluid flow. An experiment
was carried out to validate the numerical model. Erturk
et al*® proposed an energy harvester that is composed of
a curved airfoil section bonded with a piezoelectric patch.
The theoretical and experimental results matched well
and validated the potential of the proposed system for
energy harvesting. Akaydin et al**** examined the per-
formance of a vortex-induced vibration (VIV) PEH that
comprised a hollow cylinder and a cantilever beam.
Under the wind with a speed of 1.192 m/s, the proposed
energy harvester generated a power output of 0.1 mW.
Dai et al**?” presented a theoretical study of a VIV-PEH
that comprises a piezo-beam and a round-shaped bluff
body. The governing equation was derived using the
Euler-Lagrange principle. Yang et al*® investigated vari-
ous bluff body cross-sections for harvesting energy from
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galloping. The square-sectioned one exhibited the advan-
tages of decreasing the threshold wind speed and improv-
ing the high-peak power output. Zhang et al*® presented
a wake-induced vibration (WIV) PEH. The experiment
showed that there existed an optimal configuration of the
cylinders for maximizing the output voltage and power.
Wang et al*® proposed a novel wind energy harvester by
loading the bluff body with Y-shaped attachments. The
VIV was transformed into galloping and the energy-
harvesting performance was proved to be enhanced.
Molino-Minero-Re et al*’ mounted a series of cylinders
on a cantilever beam and estimated the energy output
from the VIVs of the cylinders. The preliminary results
showed that some of the configurations can generate a
power of up to 0.31 pW. Mehmood et al** harnessed
energy from the VIV at low Reynolds numbers. The
results showed that increasing the load resistance widens
the synchronization region. Zhang et al** built the flow-
machine-electric coupling model for the PEH. The model
was established by combining the steady and quasi-
steady VIV model and lumped electromechanical model.
It was found that increasing the size of the cylinder
increases the harvested power.

Research on VIV-based and WIV-based energy
harvesting shows that there are two common features
of these two cases. First, an optimal velocity exists in
achieving the maximum vibration amplitude and power
output efficiency.>® Second, there is a certain lock-in
range that can be classified into several different evolu-
tion stages.’>>° The energy harvesters in the above liter-
atures are composed of bluff bodies and piezo-beams,
and the adverse effects of splitter plate®” will inevitably
occur due to the connection of the piezo-beam,
resulting in the decline of the vibration intensity.
Although the piezo-beam width is smaller than the cyl-
inder length, there is a relative motion between the
piezo-beam and the surrounding fluid field during
transverse vibration. The structure-fluid interaction
interferes the flow field, and thus affects the energy
conversion efficiency.* Moreover, the fluid damping has
a great influence due to the large dynamic viscosity of
water when the energy harvester operates underwater.
In addition, an insulation coating is needed to be
designed for the protection of underwater devices. How-
ever, research on this topic is still rare.

This paper proposes a novel flow-induced vibration
PEH with an insulation coating. The piezo-beam acting
as the energy generator is placed within a hollow cylin-
der. The external flow directly interacts with the cylinder
rather than the piezo-beam. The piezo-beam does not
directly interfere the flow field but the cylinder does. The
flow separation of the piezo-beam is thus avoided. In
addition, the built-in design makes the cylinder system to
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protect the piezo-beam from external debris and
corrosion.

2 | THEORETICAL MODELLING

Figure 1A shows the proposed energy harvester. One end
of the piezo-beam is clamped within a hollow cylinder.
The other end is attached with a mass block. Two springs
horizontally connect the upper edge of the cylinder to the
wall of the wind tunnel. The lower edge of the cylinder is
tightened to the tunnel bottom wall through a spring to
avoid cylinder inclination in the wind flow. Thus, the
whole cylinder resembles a complex pendulum that can
rotate around the z-axis. The incoming flow in the wind
tunnel is parallel to the piezoelectric plate surface. Once
the wind speed increases up to the threshold value, the
cylinder begins to swing in the cross-stream direction
under the fluid-structure interaction. The motion of the
hollow cylinder plays the role as a base excitation for the
built-in piezo-beam, driving it to vibrate and the electri-
cal energy is generated through the direct piezoelectric
effect.

2.1 | Electromechanical-coupled model

The cylinder can be equivalently viewed as a compound
pendulum that swings around the z-axis during the entire
working process. The y-component of elastic force by the
front spring k provides the cylinder an additional restor-
ing force, which is also considered in the oscillation equa-
tion of the cylinder. The internal piezo-beam is
represented by a lumped electromechanical model that is
composed of two degrees of freedom (DOFs), namely the
displacement and the voltage. The entire system is thus

B)
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FIGURE 1 A, The schematic of the proposed vortex-induced
vibration (VIV)-piezoelectric energy harvester (PEH); B, simplified
model [Colour figure can be viewed at wileyonlinelibrary.com]
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simplified as a lumped parameter model of three DOFs,
which is shown in Figure 1B. The motion equation of the
external cylinder is written as

2
1
Ccii +c%+ —mcL.gsind +k,L2sind=M(t), (1)

where J, = m.D*/8 + m.L:/3 is the rotational inertia of
the hollow cylinder about z axis, D is the diameter of the
cross-section of the cylinder, ¢ = 2J,éw, is the damping
coefficient, m, is the cylinder mass, k, is the y-direction
component of the stiffness of the front spring,
w, = (mgL, + Zkchz)/ZJz is the natural frequency of the
compound pendulum, and M(¢t) is the moment of the
transverse force. Considering small-amplitude oscillation
of the cylinder, the governing equations of the entire sys-
tem consisting of the motion equation of the compound
pendulum (ie, the hollow cylinder) and the electrome-
chanical equations of the piezo-beam can be written as

0 do 1 . .
Ji— T 7o s mc g sind + k,L.* sind
dg dy,1
2027 s 2(p_ —
+Cequ <dt dt Ls) +kequ (0 ys/LS) M(t)’ (2>
d*y dy dae
Mg —5 4 Ceq dts + KeqVs—9eqV = iy (ceq bt keqOLs )
(3)
v v dy, do
Cr— + — + 8 [ 2 — "Ly | =0, 4
Pdt+R+""’(dt dt ) “)

where p, is the correction coefficient of beam transverse
vibration." Meq, Ceq» and k., represent the equivalent
mass, damping coefficient, and stiffness, respectively. y;
is the tip displacement of the piezo-beam. C, is the
clamped capacitance, and 9.4 denotes the equivalent elec-
tromechanical coupling coefficient which can be calcu-
lated using the following equation:

h, + h
8eq = d31kegbpLy (Lp + L) pI , (5)
p

where L, is the length of the tip mass and I, is the inertia
moment of the cross-section of the piezo-beam.

2.2 | Aerodynamic effect

Considering a uniform flow of velocity U in the direction
of z as shown in Figure 2, the fluid force SF(t) exerted

onto a section at x of the cylinder is the combination of
drag 6F, and lateral lift 6F;.

Due to the movement of the cylinder, the direction of
the flow and the direction of the exerted force deviate
from each other and the angle of attack thus changes. As
the lateral velocity varies along the cylinder length, the
attack angle also changes accordingly. The deviation
angle of 6F; and 6F, from the original directions is
assumed to be a, then the lateral force on an elemental
length éx of the cylinder at a distance x is

SF(t) = 6F 4 sina + 5F cosa. (6)
The attack angle « is represented by the velocity vec-

tor diagram in Figure 3B and obtained below. Assuming
a is small,

. -y —y
= & . 7
sina iU (7)
U
cosa= ——=~1. (8)

According to Lighthill,*® the lift 6F; in Equation (6)
consists of the added inertia force 6F, and vortex-induced
force 6F,, thus

SF(t) = 6F g sina + (6F, + 6F,) cosa. (9)

In the current 2D model, the added inertia force
equals

ax -

N

FIGURE 2 A, The cylinder bluff body; B, cross-sectional view
of the force and velocity vector diagrams [Colour figure can be
viewed at wileyonlinelibrary.com]|
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oF,cosa=—Cy 7 Y,

(10)

where C4 = 1 is the added mass coefficient for an oscillat-
ing cylinder. The moment of the inertia force about the
rotation axis can be calculated as

My=—J, (11)

dr?’

The moment of inertia of the added mass is

2 2
Jo="  Mls © and  the additional mass s
my = %ﬂszch. By defining C; and Cp, respectively, as
the lift and drag coefficients, we can rewrite 6F, and

OF, as

Dox

5F, =, 1, (12)
Dox

SF4= CDprUZ. (13)

Substituting Equations (7), (8), (12), and (13) into
Equation (9) and neglecting the potential force, we can
obtain

Déx
CLL

Déx
Ur— CDpr

SF(t) = Uy. (14)

Here, y and y are, respectively, the transverse acceler-
ation and velocity of the cylinder section at the distance
of x measured from the rotation centre. Since the cylinder

£833 0.0300
30t
[ 1 0.0295
7.825)
N 7820} 10029 o
T g
! {00285 5
§ 7.810F g
g 7.805} 10.0280 E
= a)
7.800¢ { 0.0275
7.795}
1 0.0270
7.790}
7.785 b1 0.0265

104 10° 10° 107
Resistance R (Q)

FIGURE 3 Damping ratios and natural frequency against
¢ of simulation; [], f,, of
fn of simulation [Colour figure can be viewed at

load resistances. o, £ of experiment; —,
experiment; —,
wileyonlinelibrary.com]
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performs a swing motion, the relationship between trans-
verse and angular accelerations are written as

do

y= PTRa (15)
N

Inserting Equations (15) and (16) into Equation (14),
one obtains

Dox Dox
PO o PrDOX,d0

OF(t)=Cr= T

(17)

Subsequently, the moment of the transverse force
without added inertia force on an infinitesimal section at
the distance of x is

D D
5M(t):<C P cpf U(jlex>x6x. (18)

By integrating SM(t) over the entire length of the cyl-
inder, we can obtain the total moment on the cylinder as

L. D D
M(t):J SM(t) = J (C Py, Py, ) Xx6%,
0 0 2 2 dt

(19)

do

1 1
M(t)==p,U?DCL.2— =p,UDCpL.>—. 2
() 4ﬂfU CrL. 6ﬂfU CpLc a (20)

Further, considering the influence of the additional
mass, the total torque acting on the cylinder can be
obtained by adding Equations (11) and (20) as follows:

d2

1 do
e 2/U°DCLL ——prDCDL }

M(t) = -T2 - @

By substituting Equation (21) into Equation (2), the
PEH model under the flow-induced vibration is
developed.

3 | EXPERIMENTAL STUDY AND
PARAMETER IDENTIFICATION

A free decay test of the piezo-beam oscillation is
first performed to determine the natural frequency
and electromechanical coupling coefficient. The nat-
ural frequencies under open-circuit and short-circuit
conditions can be used to calculate the
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electromechanical coupling coefficient. The system
parameters for the fabricated physical prototype are
listed in Table 1.

The free decay experiment is repeated 10 times under
the same load resistance to ensure that the results are
repeatable. The natural frequencies of the piezo-beam
under different load resistances are obtained from the
power spectrum analysis of the voltages across the load
resistance, acquired by an oscilloscope. In the free decay
experiment, the ratio of the sum of the adjacent peaks is
defined as the attenuation coefficient as follows:

_ IAN|+ |AN +1] + |AN 42| + - JAN +n-1] _ 157;2
|AN 41|+ [AN 12| + |An 3]+ |An 4

(22)

Then, the damping ratio can be determined by

0.7331gy Igp

}:: = .
V1+(0.7331gp) (/1862 + (Igo)’

(23)

For the piezo-beam, the variations in the natural
frequency and damping ratio with the increase of the
load resistance can be obtained by using the linear
analysis method.>® The linear analytical results are
compared with those from the free decay experiment,
as shown in Figure 3. Both results are in consistent.
The natural frequency first increases until the load
resistance increases up to R = 9x 10°Q then keeps
almost constant even R further increases larger than
9 x 10° Q. The increase in the natural frequency is,
however, small, less than 0.5%. With the increase of the
load resistance, the effective damping ratio of the piezo-
beam first increases then decreases and reaches the

maximum of 0.03 at R = 1.34 x 10°Q. The electrome-
chanical coupling coefficient is 9,, = 1.725 X 10*NV ™!

as follows?>:
2
(J%) - 1] . (24)

Here, k., = 21.89Nm™"' represents the short-circuit
stiffness of the piezo-beam; f,, = 7.828 Hz and
fse = 7.789 Hz represent, respectively, the natural fre-
quencies under the open-circuit (R = 5 MQ) and short-
circuit (R = 6.745 kQ) conditions.

The air flow within the wind tunnel is generated by a
fan system, which is driven by a motor of 370 W. The
stepless speed regulation is realized by using a frequency
converter. The wind speed range lies between 2 and
12m/s. The cross-section of the wind tunnel is
190 x 190 mm? and the length is 783 mm. The prototype
is placed in the middle of the wind tunnel. A laser sensor
is installed outside the wind tunnel, 200 mm away from
the prototype to measure the displacement of the lower
edge of the cylinder. The adopted laser displacement sen-
sor is the Panasonic HG-C1200 model, which has the
maximum range of —80 to 80 mm and a resolution of
0.01 mm. The voltage signals from the laser sensor and
the load resistance are recorded by an oscilloscope.

Similarly, the natural frequency of the built-in cylin-
der system (including the piezo-beam) is measured as
fn = 3.44 Hz. The natural frequency of the cylinder only
(ie, without the piezo-beam) is f, = 4.36 Hz. The entire
experimental setup and its installation are shown as
Figure 4. In order to reduce the signal-to-noise ratio, the
load resistance is set at 1 MQ.

Figure 5A-D shows the time histories and power spec-
trum of the cylinder displacement under different reduced

Beq =y | KegCp

TABLE 1 The system parameters for the proposed flow-induced PEH
Parameter Description Piezoelectric layer (PZT-5H) Substrate (Cu) Tipmass Cylinder
Lp, Ly, L, L, Length (mm) 30 90 5 130
by, b, b, Width (mm) 15 15 15 —
hy, hg, hy Thickness (mm) 0.2 0.2 5 —
D Diameter (mm) = = = 52
Pps Ps Density (kg/m>) 7600 8900 - -
mp, ms, m, m.  Weight (g) 1.37 2.70 8.65 16.50
dsn Piezoelectric constant (10> C/N) 550 - - -
&, Dielectric constant (nF/m) 30.1 = =
C, Capacity (nF) 1354 - -

Abbreviation: PEH, piezoelectric energy harvester.
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FIGURE 4 Experimental setup. A,
Photograph of the experimental
facilities; B, close-up view of the energy
harvester [Colour figure can be viewed
at wileyonlinelibrary.com]
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FIGURE 5 Time-histories of the cylinder displacement and the corresponding frequency spectra for (A) U* = 21.80, (B) U* = 38.01,
(C) U* = 46.96, and (D) U* = 65.97 [Colour figure can be viewed at wileyonlinelibrary.com]

velocity U'(U" = U/f,D) of wind. The corresponding vibra-
four wind velocities
fe~327Hz, f.~327Hz, f.~3.45Hz, and f.~ 3.64Hz,
respectively. For the reduced velocities in Figure 5, the

tion frequencies under

are

natural vortex shedding frequency (fixed cylinder) is about
16, 28, 35, and 48 Hz, respectively, which are much higher
than the natural frequency (ie, f,, = 3.44 Hz) of the cylin-
der system. The entire system thus performs a self-excited
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oscillation. The vibration mechanism and phenomenon
are very similar to those of the galloping vibration. There
are three reasons to identify why it is galloping. First, the
vibration frequency is close to the natural frequency of the
cylinder. Second, the vibration amplitude increases with
increasing U*. Third, the natural vortex shedding fre-
quency is much higher (4.5-14 times) than the vibration
frequency. All these indicate galloping vibration.

Figure 6A-D shows the time-histories and power spec-
trum of the output voltage under different U*. The response
of the output voltage is more complex than that of the cylin-
der displacement. As can be seen in Figure 6A, the output
voltage is low when the wind speed is U" = 21.80. The
corresponding power spectrum displays three peaks at
fn~327, fin~891, and fi5~ 16.18 Hz, respectively.
Obviously, fi, is the vibration frequency of the external
cylinder. fy» is close to the natural frequency of the piezo-
beam, while fy; is close to the natural vortex shedding fre-
quency of the external cylinder. Thus, the excitation
involves the external cylinder vibration, vortex shedding,
and piezoelectric-beam inertial force. Note that the ampli-
tudes of the output voltage and cylinder displacement are
low, fy5 is thus close to the vortex shedding frequency. This
may not be the case when the amplitude is high. When U"
is increased to 38.01 (the case in Figure 6B), the output volt-
age is increased. The frequency spectrum are unchanged,
that is, fin ~ 3.27, fi» ~ 8.18, and fy3 = 9.27 Hz. As the
vibration amplitude continues to increase, the oscillation of
the external cylinder will have a greater influence. There-
fore, the vibration frequency of the external cylinder

(A)1.05 .
0901 oz [F16.18Hz
060 0.081f=3 27Hz
0.45 g'gg f=8.91Hz
< 0.30 "0 10 20 30 40 50
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il

co=aNNw
owowouwo
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becomes the dominant frequency of the output voltage. As
can be noted in Figure 6C, the output voltage monotoni-
cally increases when U’ is increased up to 46.96. Under this
case, there are only two peaks in the frequency spectrum,
that is, fy; = 3.45 and fi» = 8.73 Hz. And, the vibration fre-
quency of the external cylinder is still dominant. For the
case presented in Figure 6D, the result at U" = 65.97 is simi-
lar to that at the wind speed of U" = 46.96 and the two fre-
quency peaks change slightly, that is, fi; = 3.64 Hz and
fin = 8.36 Hz.

Figure 7A-C shows the variations in the mean cylinder
displacement amplitude, mean output voltage amplitude,
and corresponding power as U* increases. Both displace-
ment and output voltage amplitudes increase with the
increase of U*, as well for the average power. When U < 40,
the increase rates of these three quantities are small. How-
ever, their increase rates are high when U’ is greater than 40.
At the largest wind speed (ie, U" = 65.97) examined, the dis-
placement amplitude, output voltage, and average power are,
respectively, A, = 7.66 mm, V,, = 3391 V, and
Pae = 5.75 pW. It is worth mentioning that the impedance
matching in the experiment was not attained, so the actual
optimal power could be larger than 5.75 pW.

Figure 7D presents the dominant frequency of the
output voltage response and evolution of the cylinder
vibration frequency as U* increases. When U" < 21.80,
the two dominant frequencies are not the same. In addi-
tion, the dominant frequency of the output voltage is the
same as the vortex shedding frequency and the vibration
frequency of the cylinder is close to the natural frequency
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FIGURE 6 Time-histories of the voltage output of the proposed vortex-induced vibration (VIV)-piezoelectric energy harvester (PEH)
and the corresponding frequency spectra for (A) U* = 21.80, (B) U* = 38.01, (C) U* = 46.96, and (D) U* = 65.97 [Colour figure can be
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FIGURE 8 A, The computational domain; B, comprehensive views of the grids near the cylinder [Colour figure can be viewed at

wileyonlinelibrary.com]

of the piezo-beam. Moreover, with the increase of U*, the
dominant frequency of the output voltage synchronizes
with the vibration frequency of the cylinder.

4 | NUMERICAL SIMULATION OF
FLUID-STRUCTURE INTERACTION

A coupled fluid-structure electrical model of the proposed
VIV-PEH is established using the lattice Boltzmann
method (LBM). Different from traditional CFD methods,
instead of solving the Navier-Stokes equations directly,
LBM simulates the macroscopic behaviour of fluids by
using a simple mesoscopic model. LBM is increasingly
attracting researchers from the field of computational
physics in recent years for several advantages, such as in
dealing with complex geometric boundaries. More details
of LBM, especially its application for FSI problems, can
be referred to previous studies.>**! Since the LBM theory

is not the focus of this study, the commercial software
XFlow that uses LBM technology is employed for con-
ducting the following simulation.** In order to make the
results be comparable with those from the above experi-
ment, we take the same system parameters for the wind
tunnel experiment in the simulation. The cross-section of
the computational domain is also the same as that of the
wind tunnel, except that its length is extended appropri-
ately (Figure 8A). The left and right boundaries are,
respectively, defined as the flow inlet and outlet, and the
remaining boundaries are set as walls. The wall-adapting
local eddy-viscosity model (which is a large eddy simula-
tion turbulence model) provided by XFlow is used to sim-
ulate the flow with a Reynolds number ranges from 8400
to 42 000. To verify the convergence of lattice size in the
numerical calculation by using the LBM, 3D flow around
a fixed cylinder is firstly conducted for U™ = 13.98
(U = 2.4 m/s). Three different grid sizes are employed.
The size of the far-field grid used here is four times that
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of the near-wall grid. Three different grid densities (ie,
0.025D, 0.0125D, and 0.00625D) near the cylinder are
tested. In the calculation, Courant = 1 is set to automati-
cally adjust the time step. Table 2 lists the corresponding
amplitudes for the lift coefficient C;, drag coefficient Cp,
and Strouhal number S,. Figure 9 shows the time histo-
ries of the drag force for the coarse, medium, and fine
meshes. It can be seen that the results are gradually con-
verged, with the maximum deviation declining. To bal-
ance the trade-off between the computational expense
and accuracy, we adopt the medium mesh density for the
following simulations. The total number of elements is
3 067 040. The entire calculation domain and grids in the
area near the cylinder wall are shown in Figure 8B.

41 | Comparison between numerical
and experimental results

The results from the numerical simulation and experi-
ment for the mean displacement amplitude and the
vibration frequency of the cylinder are compared in
Figure 10A,B, respectively. It is found that the intensive
vibration of the cylinder in the experiment begins earlier,

TABLE 2 The mesh convergence study results (U = 2.4 m/s)
Mesh Cr Cp St
Coarse 0.601 1.189 0.188
Medium  0.623 (3.66%) 1.202 (1.09%)  0.197 (4.79%)
Fine 0.631 (1.28%) 1.209 (0.28%) 0.202 (2.54%)

this may be due to the flow disturbance by supporting
wire and springs. It is worth noting that although the
numerical simulation did not consider the presence of
springs in the flow domain, the results from the simula-
tion and experiment are reasonably in consistent with
each other. Figure 10A,D compares the voltage output
and dominant frequencies obtained from the numerical
simulation and experiment. In terms of the output volt-
age, it is noted that the numerical calculation result is
very close to that from the experiment for U™ < 40 but
the former is lower than the latter for U™ > 40. This is
because, when the power is experimentally produced
through piezoelectric system, there may be a system loss
in the power production process. Also, the bonding of the
piezo-beam to the cylinder cap made of cardboard cannot
be perfect in the experiment. In addition, the rigidity of
the cardboard is not infinite. It can dissipate some
energy, affecting the output voltage. The piezo-beam is
rigidly connected to the cylinder cap in in the mathemati-
cal model. However, the variation trend of the output
voltage as the wind speed changes is in consistent with
the experimental results within the wind speed range. As
to the dominant frequencies of the output voltage, the
numerical result agrees well with the experimental result
when U" > 35. But for small U", the high-frequency
vibration of the piezo-beam is not captured in the simula-
tion, which is slightly different from the experimental
result. The explanation may be that since the piezo-beam
is simplified as a single-degree-of-freedom (SDOF) system
and the high-order modes are not considered in the
numerical modelling, the resonance generated by the
vortex shedding frequency, and the high-order modes are
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thus not captured. In addition, the displacement ampli-
tude is slightly larger than that measured in the experi-
ment under the low wind speed, which has a significant
influence on the flow field, resulting in the change of the
vortex shedding frequency. The forced vibration of the
piezo-beam is therefore mainly affected by the vortex-
shedding process. The system vibrates at its natural fre-
quency as the displacement amplitude of the cylinder
increases. Both simulation and experiment studies dem-
onstrate that the dominant frequency of the output volt-
age is close to the natural frequency.

4.2 | Discussions on the numerical

results

The simulated results are presented in Figure 11 for dif-
ferent parameters. The variation in lift is basically sinu-
soidal with an amplitude of C; ~ 0.6, while the average
drag coefficient is Cp~ 1.2 for the entire cylinder
(Figure 11A). As noted from Figure 11B, the time-history
of the cylinder pendulum angle obviously shows that the
cylinder oscillation is sinusoidal. However, the torque
pulsation is relatively strong and its spectral components
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FIGURE 12 The vorticity contours of the flow field: (A) U* = 13.98, (B) U* = 27.95, (C) U* = 41.93, and (D) U* = 55.90 [Colour figure

can be viewed at wileyonlinelibrary.com]

are complex. According to Figure 11C, the response of
the output voltage and displacement of the piezo-beam
are basically opposite. The spectra of the lift coefficient
C1, the cylinder pendulum angle 4, and the output volt-
age V are shown in Figure 11D, from which we can see
that the responses of € and output voltage V have the
same dominant frequency which is close to the natural
frequency of the piezo-beam. There are two high-
frequency peaks in the lift power spectrum. The first one
corresponds to the cylinder vibration frequency, and the
other corresponds to the vortex-shedding frequency.
However, although there are two peaks in the lift force
power spectrum, the natural frequency of the cylinder is
quite different from the vortex-shedding frequency. The
vibration response of the cylinder has thus no frequency
component close to the vortex-shedding frequency. The
cylinder is thus under a state of self-excited vibration.
From the spectral analysis of the output voltage, we can
see that there are higher-frequency components close to
the natural frequency and the vortex-shedding frequency
of the cylinder, which shows that the piezo-beam is sub-
jected to the forced vibration under the excitation of the
cylinder, and on the other hand, the natural frequency of
the piezo-beam is close to the vortex-shedding frequency
in this case. Moreover, there are also higher-frequency
components near to the vortex-shedding frequency. This
phenomenon is also observed in the experiment.

Figure 12 shows the 3D vorticity cloud diagram for
U* = 13.98, 26.4, 41.93, and 55.90, and the plane vortic-
ity cloud diagram at the mid-section of the cylinder
when the cylinder is at its maximum displacement.
With the increase of the wind speed, the displacement
amplitude, the vorticity pattern varies significantly.
When U" = 13.98, the formation of vortices takes place
near the cylinder, with vortices dissipating gradually
during their convection downstream. As the wind speed
increases, especially when it is up to U = 26.4, the
increased cylinder vibration amplitude significantly
affects the flow field. Although the obvious vortex shed-
ding is not observed near the cylinder, some stream-
wise vorticity bands and visible vortices in the far wake
are discernible (see both 3D and 2D snapshots). For
U* = 41.93 or 55.90, the reconstruction of the vortex
shedding starts, with obvious vortex shedding identified
in the 3D figure. In the 2D figure, although the obvious
vortices are not discernible near the cylinder, the vorti-
ces in the far wake are significantly enhanced. In short,
the swing of the cylinder has a great influence on the
flow field and the vortex shedding from the cylinder
differs from that from nearly fixed cylinder (low ampli-
tude). In addition, the formation and evolution of vorti-
ces in the wake are very complex. The lift force
frequency cannot be simply understood as the vortex
shedding frequency when the cylinder oscillates.
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5 | THEORETICAL ANALYSIS AND
DISCUSSIONS

5.1 | Verification of the theoretical
model

On the basis of comparing and analysing the experimen-
tal and numerical results, this section improves the theo-
retical modelling for the proposed flow-induced vibration
energy harvester. As to the theoretical model, the key to
determine the aerodynamic parameters lies in identifying
the lift and drag coefficients and its frequency. We make
the following assumptions to simplify the parameter
identification process:

Assumption 1: The external cylinder is rigid, and the
influence of the elastic deformation when con-
necting it with the piezo-beam is ignored.

Assumption 2: The swing of the device has an effect
on the aerodynamic force that is similar to the
relationship between the acting force and
the reaction force. The excitation frequency is
the same as the natural frequency of the
coupled system.

Assumption 3: The lift and drag coefficients remain
unchanged across the cylinder in the considered
wind speed range.

Assumption 4: The lift coefficient changes sinusoidally
with time.

According to the above assumptions, the identified lift
coefficients are C; = 0.6 and Cp = 1.2. Since the lift force
is a sinusoidal function of time, it can thus be
expressed as

e el WILEY_L™

C1(f) = Cysin(2af ,b). (25)

Here, f, is the natural frequency of the coupled sys-
tem when implementing the piezo-beam within the cyl-
inder. After installing the piezo-beam, the free vibration
attenuation experiment is performed by pulling the cylin-
der to a small angle and then measuring the swing ampli-
tude at the lower edge of the cylinder. In the theoretical
equation, this frequency needs to be considered for the
restoring torque provided by the equivalent mass of the
piezo-beam. Thus,

_ megL, + 2kyL* + 2meqgLg
47d total .

fa (26)

Here, k, = 3.757N/m and Jip = J; + MegLs”. By
substituting Equation (25) into Equation (21) and com-
bining Equations (2) to (4), a complete theoretical model
of the built-in PEH can be developed.

Figure 13A compares the theoretical and experimen-
tal results of the cylinder swing angle amplitude, from
which we find that the theoretical results are in consis-
tent with the experimental results in the considered wind
speed range. Figure 13B compares the theoretical and
experimental results of the output voltage amplitude. As
expected, both the results are well in consistent with each
other. Therefore, we can conclude that the experiment
proves the accuracy of the theoretical model of the pro-
posed flow-induced vibration energy harvester.

5.2 | Parametric study

Based on the developed theoretical model, further analy-
sis is performed to understand the effects of the system
parameters on the performance of the proposed flow-
induced vibration energy harvester. First, the effect of the

(A) 0.07 (B) 4.0
| |
0.064 &4 Experiment 4 35 7T # Experiment is
005 —*— Calculation 3.04 —e— calculation
o) 2.5 1
& 0.04- S 7
\; 5 2.04
g 0.034 £ 1
QE 1 = 1.5 4
0.02 1ol
0.01 4 05 ] FIGURE 13 The comparison between
{ L o (A) oscillation angles, and (B) the harvested
0.00 +—— r r r r r 0.0 T voltages obtained from the theoretical
10 20 30 40 50 60 70 10 20 30 40 50 60 70

»

u

calculation and experiment [Colour figure
can be viewed at wileyonlinelibrary.com]

85U801 7 SUOWILLOD SAIERID 3ol jdde 8l Aq peusenob ake 9. VO '8sn J0 S9|NI o) ARIq1T8UIIUQ AB]1M UO (SUOTIIPUOD-PUE-SWLBIALIY" A8 | 1M Ake.q 1 pul|uo//SANL) SUONIPUOD pue sws | 81 89S *[9202/70/2T] uo Aleiqiauliuo A8|im *ABojouyas | 73 80us1os JO A1sieAiun Buoy| BuoH au L Aq ¥9TS B/200T 0T/I0p/wW0d" A8 1M Areiqijpul|uoy/sciy wouy papeo|umod 'S ‘0202 ‘X TT660T


http://wileyonlinelibrary.com

3774 INTERNATIONAL JOURNAL OF ZHANG ET AL.
7 | WiLEY- oI
FIGURI'E 14 Vaf'latlons in (A) (B)O.O10 (C) 3.50
(A) the cylinder amplitude, (B) tip 0.07 - 0.009 ggg ]
mass displacement, and . 0.06 - 0.008 4 2:75:
(C) harvested voltage under different g 0.05 - ggg; ] S %gg k
cylinder masses [Colour figure can T 0.04 4 £ 0005 ] s %gg E
be viewed at wileyonlinelibrary.com] <’E§ 0.03 -+ 0.004 1 >‘§ ] gg k
D 0.02 - 0.003 1 8(7)2 3
0.01 4 0202 050 3
0.001 4 0.25 4
0.00 4=—rrrrrrrrr—o 0 {11117 0.00 11117
1020304050607080 10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
U U U
— m¢= 16.5g Experiment —m. = 10g Simulation
—  mc= 20g Simulation — m¢ = 30g Simulation
A B C
Po.or Bl ot ©);50 :
~ 3.25
0.06 0.014 4 3.00 4
1 2.75 1
0.051 0.012 250 3
> 0.0104 < 225
g 0.04 4 = | < 2.00 1
= \-(/00.008- x1.75 1
0.03 4 1 £1.50 4
CD'E“ > 0.006 - > 405 ]
0.02 - 1 1.00
0.004 Diret
0.014 0.002 0.50 3
. 0.25
0.00 ————————TT 0.000 — T 0.00 — T
10 20 30 40 50 60 70 10 20 30 40 50 60 70 10 20 30 40 50 60 70
U U U
—Ls=0.09m Ls=0.10m —L;=0.11m —Ls=0.12m
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cylinder mass is analysed for three different m,, that is,
10, 20, and 30 g. The corresponding natural frequencies
of the three systems are respectively 3.80, 3.30, and
3.00 Hz. The calculated and experimental ranges of the
wind speed are 10 < U' <80 and 2 m/s < U< 12 m/s,
respectively.

For different cylinder mass m,, that is, 10, 20, and
30 g, Figure 14 shows the variations of the cylinder swing
angle amplitude, the displacement amplitude at the free
end of the piezo-beam, and the output voltage with an
increase in the wind speed U*. The swing angle ampli-
tude increases with the decrease of m,, regardless of the
wind speed. It is also true for the displacement amplitude
and the output voltage. This phenomenon is associated
with the three-degree-of-freedom characteristic of the
coupled system. With the decrease of the cylinder mass,
the natural frequencies of the cylinder and coupled sys-
tem increase due to the installation of the piezo-beam.
Since the internal piezo-beam is unchanged, the vibra-
tion frequency of the energy harvester is closer to the

natural frequency of the piezo-beam. In addition, a
decrease in the cylinder mass reduces the mass ratio of
the whole system while increases the vibration ampli-
tude. Consequently, much more wind energy is converted
into electricity during the vibrations of the cylinder and
piezo-beam.

The influence of the total length of the cantilever
beam on the performance of the energy harvester is rev-
ealed in Figure 15. For the given cylinder mass m. =10 g,
three cases with Ly = 100, 110, and 120 mm are analysed.
The corresponding natural frequencies of the coupled
system are 3.59, 3.39, and 3.21 Hz, respectively.

Figure 15 presents the effects of the piezo-beam
length on the cylinder swing angle amplitude, displace-
ment amplitude at the free end of the piezo-beam, and
output voltage. Figure 15A demonstrates that the swing
angle amplitude of the cylinder decreases with the
increase of the piezo-beam length, which agrees with the
variation tendency of the voltage output (Figure 15C).
However, an opposite scenario is observed for the

85U801 7 SUOWILLOD SAIERID 3ol jdde 8l Aq peusenob ake 9. VO '8sn J0 S9|NI o) ARIq1T8UIIUQ AB]1M UO (SUOTIIPUOD-PUE-SWLBIALIY" A8 | 1M Ake.q 1 pul|uo//SANL) SUONIPUOD pue sws | 81 89S *[9202/70/2T] uo Aleiqiauliuo A8|im *ABojouyas | 73 80us1os JO A1sieAiun Buoy| BuoH au L Aq ¥9TS B/200T 0T/I0p/wW0d" A8 1M Areiqijpul|uoy/sciy wouy papeo|umod 'S ‘0202 ‘X TT660T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

ZHANG ET AL.

displacement amplitude (Figure 15B) and an increase in
the beam length leads to an increase in the displacement
amplitude. This is because the mass ratio of the entire
harvesting system increases with the increase of the beam
length, while the equivalent stiffness and the natural fre-
quency of the beam become smaller. The relationship
between the output voltage amplitude and beam length is
similar to that between the swing amplitude and beam
length. The reason behind the decrease in the output
voltage amplitude is that the electromechanical coupling
coefficient becomes smaller when the length of the beam
increases. However, the natural frequency of the piezo-
beam also decreases at the same time and gets closer to
the natural frequency of the energy harvester. That is, the
entire system approaches the resonance state. The change
in the vibration frequency compensates in a certain
extent the effect of the decreasing electromechanical cou-
pling coefficient. Therefore, although all the output volt-
age levels for L,> 0.09 are lower than those for
Lg; = 0.09 m, the decline rate of the output voltage is
lower for larger L,.

From the above discussions, we know that the rela-
tionships between the system parameters of the proposed
flow-induced vibration energy harvester and its operating
performance are extremely complicated nonlinear. Varia-
tions in both mass of the external cylinder and length of
the piezo-beam have effects on the energy conversion
efficiency. And, reducing the mass of the external cylin-
der can directly increase the output voltage amplitude.

NOMENCLATURE
b bob width of the piezoelectric layer, substrate,
P79 P tip mass

c damping coefficient

Ceq equivalent damping coefficient

Cr, Cp lift coefficient, drag coefficient

(0 clamped capacitance of the piezoelectric
transducer

ds; piezoelectric constant

D diameter of the cylinder

Joes fsc natural frequency under open-circuit condi-

tion, short-circuit condition

I, inertia moment

J, moment of inertia

k, y-direction component of the stiffness of the
front spring

keq equivalent stiffness

me cylinder mass

Meq equivalent mass

L,, L, length of the piezoelectric layer, substrate
L;, L, beam, tip mass, cylinder

M moment of the transverse force

e el WILEY_L™

R load resistance

U wind speed

|4 voltage generated by the piezoelectric
transducer

Vs the piezo-beam displacement at the free end

a attack angle

i correction coefficient

Wy, natural frequency of the compound
pendulum

Ieq equivalent  electromechanical  coupling
coefficient

&, dielectric constant

Pp> Ps mass density of piezoelectric material, sub-
strate material

0 pendulum swing angle

13 damping ratio

6 | CONCLUSIONS

The paper proposes a novel flow-induced vibration PEH
consisting of a hollow cylinder and a built-in piezo-beam.
A three-degree-of-freedom electromechanical coupled
model is built by regarding the outer hollow cylinder as a
compound pendulum and integrating with the lumped
parameter model of the piezo-beam. Subsequently, a
physical prototype is fabricated and a wind tunnel experi-
ment is performed to test its real performance. From the
experiment, the output characteristics of the energy har-
vester is analysed when the wind speed is increased. The
results reveal that the output voltage increases with the
increase of the wind speed. The vibration frequency of
the energy harvester is relatively constant. After that,
based on the experimental research and the numerical
modelling, a parameter identification method to deter-
mine the lift coefficient and frequency for the theoretical
model has been proposed. A good agreement is found
between the theoretically calculated results and the
experimental results. Therefore, the theoretical model
can be used as a phenomenon-level model to perform a
calculation for this type of energy harvester. It is discov-
ered that a decrease in the cylinder mass can improve the
energy-harvesting efficiency. Moreover, decreasing the
piezo-beam length can increase the voltage output.

The main advantage of this proposed design is that
there are no direct interactions between the piezo-beam
and the flow. Besides this, the outer hollow cylinder can
provide protection for the piezo-beam. In a practical
working environment, especially underwater, the piezo-
electric layer can be protected from external debris and
corrosion. Rather than insulating the piezo-beam, it sim-
ply seals the cylinder. In summary, the proposed energy
harvester presented in the paper is capable of energy
harvesting. However, the approaches for improving its
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energy-harvesting performance are worth being further
explored.
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