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A concept of generating power from a circular cylinder undergoing vortex-induced vibration (VIV) was investigated. Two lead
zirconate titanate (PZT) beams which had high power density were installed on the cylinder. A theoretical model has been presented
to describe the electromechanical coupling of the open-circuit voltage output and the vibration amplitudes based on a second-
order nonlinear Van der pol equation and Gauss law. A numerical computation was applied to measure the capacity of the power
generating system. The lift and drag coeflicient and the vortex shedding frequency were obtained to verify how the nondimensional
parameter reduced velocity U, affects the fluid field. Meanwhile, a single-degree of freedom system has been added to describe
the VIV, presynchronization, and synchronization together with postsynchronization regimes of oscillating frequencies. And the
amplitudes of the vibration have been obtained. Finally, the vibrational amplitudes and the voltage output could go up to a high
level in the synchronization region. The maximum value of the voltage output and the corresponding reduced velocity U, were

8.42V and 5.6, respectively.

1. Introduction

Energy harvesting from ambient environment has been pro-
posed for powering electronic components. Many published
literatures were focused on the microsized power generator
harvesting energy from vibration, temperature difference,
and rotating or some others [1-5]. Some traditional ways like
batteries that have a finite life span and require expensive
and hard maintenance cannot be employed in many places.
Nowadays a great effort has been made to the develop-
ment of wireless sensor works (WSN) [6-9], which can be
used in many fields like environmental protection, military
monitoring, and structural health. Energy harvesting from
environment can produce an enduring and battery-free
power source for the WSN. However, the power harvester
using vortex energy in small scale millimeter and micron is
not commonly reported as many as others. Vortex power is

a kind of nonpollution energy source ever presented in the
natural environment. Converting the flow power into useful
electrical power is very important for the WSN and other
autonomous systems in various applications.

Flow behaviour around a cylindrical obstacle has become
the subject of much discussion and measurement [10], and
vortex-induced vibration (VIV) is a kind of self-excited
vibration [11]. Here a nondimensional parameter reduced
velocity U, = U/f.D (where f, is the natural frequency
(Hz), D is the feature size of the bluff body (m), and U is
the coming flow velocity (m/s)) has been used to indicate the
intensity of flow field. When U, has come to a suitable value,
which means the vortex shedding frequency is under a similar
value of the natural frequency of vibrational system, then a
lock-in or synchronization phenomenon will happen. VIV
is experienced in many situations; for instance, VIV on the
cables of bridges, electric wires, high buildings, pipes, towing



cables and mooring lines [12] subjected to vortex, and water
currents may suffer fatigue damage. Thus the reduction of
VIV has become a major topic in design engineering [13-
18]. However, due to the fact that the concepts of focusing
on collecting power by VIV are proposed in recent decades, it
has to be taken into account in the design of microelectronics
devices and electrical equipment like sensors requiring for
sustaining power supply [6-8]. As a development of models
focusing on crosswise VIV which follow the idea of a wake
oscillator model [19-22], a variable model of the fluctuating
nature of vortex shedding was created to describe the wake
dynamics and it was conceived to satisfy a Van der Pol or
Rayleigh equation modelling a self-sustained oscillation of
finite amplitude [11]. Thus, a second-order nonlinear equation
has to be solved to get the vibrational amplitude to catch the
energy of the vortex shedding.

VIV under different Reynolds numbers (Re) has been
overviewed by Williamson and Govardhan [10, 23]. For
systems at low Reynolds numbers of a few hundreds, the
characteristics of the laminar physics in VIV of circular
cylinder and long elastic bodies of aerodynamically bluff
cross-section (noncircular) have been studied by Pakinson,
Naudascher, and Rockwell [24-26]. What is more, for some
cases at high Reynolds numbers like 100000 < Re < 400000,
characteristic of the severe turbulence has been discussed by
Macdonald and Larose [27, 28] in recent years.

At the same time, there are mainly two piezoelectric mate-
rials employed in the vortex-induced vibration harvesters:
polyvinylidene difluoride (PVDF) and lead zirconate titanate
(PZT). PVDF film is usually used in vortex-induced vibration
[29-31] because of its large elastic compliance whilst its poor
piezoelectric performance and large impedance lead to a low
energy harvesting efficiency in energy harvesting. At Cornell,
Allen and Smits [29] worked on the behaviour of long and
very flexible piezoelectric strips (called “eels”) in the wake of
a flat plate perpendicular to a flow. They presented the results
of the structural response of the eels based on modal analysis
and provided particle image velocimetry (PIV) images to
support their predictions. A conclusion was drawn that for
the maximum coupling between the eel and the vortex street,
small stiffness, a matching of the eel’s natural frequency alone
with the vortex shedding frequency, is required. Akaydin et
al. [31] explored aspects of energy harvesting from turbulent
fluid flow using piezoelectric generators. It was found that
matching the fluid flow’s predominant frequency with the
natural frequency of the piezoelectric generator appears to
maximise the piezoelectric output voltage.

For harvesting energy from flow induced vibration (FIV),
Akaydin et al. [32] designed an experiment of a piezo-
electric energy transducer in the uniform flow field. Both
experimental and computational results have been gotten
and compared to estimate the aeroelectromechanical effi-
ciency and level of harvested power. Abdelkefi et al. [33]
and Mehmood et al. [34], investigated the possibility of
harvesting energy from elastically-mounted circular cylin-
ders. They used, respectively, a wake oscillator model and
direct numerical simulations to determine the fluctuating lift
force. Abdelkefi et al. [33] reported that the aerodynamic
nonlinearity results in the presence of hardening behavior.
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Both research studies determined the effects of the load
resistance on the synchronization region and level of the
harvested power. They demonstrated that maximum level of
the harvested power can be associated with minimum values
in the transverse displacement due to the shunt damping
effect.

To investigate the possibility of harvesting energy from
other flow-induced vibrations, different investigations have
been performed [35-40]. Abdelkefi and Nuhait [35] inves-
tigated the effects of cambered wing-based piezoaeroelastic
energy harvesters on the flutter speed and the performance
of the harvester. Abdelkefi and his coauthors [36, 37] investi-
gated the potential of harvesting energy from a combination
of base excitations and VIV or galloping, respectively.

In Marine Renewable Energy Labortory (MRELab) at
the University of Michigan, Bernitsas et al. [41] and Lee
and Bernitsas [42] have developed the VIVACE (vortex-
induced vibration for aquatic clean energy) to utilize the VIV
phenomenon to generate power. To solve the VIV problem
of a single cylinder with PTC, Wu et al. [43] has developed
a CFD code in OpenFOAM software. Ding et al. [44] has
developed a CFD code in OpenFOAM to solve the VIV of
multiple circular cylinders.

Compared with PVDE, PZT has a good piezoelectric
performance. The piezoelectric strain coefficient d5, of PZT
is 10 times larger than PVDE, while the flexibility coefficient
is 40 times smaller than PVDE Correspondingly, there
appears to be a technological problem of how to make PZT
cantilevers vibrate in environmental wind or water flow.
Several researches have been conducted to put a rigid PZT
cantilever beam behind the bluff body [45-47]. For instance,
Gao et al. [46] have designed an energy harvester by putting
a piezoelectric beam behind a cylinder. However, the PZT
cantilever beam plays a role as a splitter plate, which can
delay and eventually prevent the vortex-induced vibration
(VIV). Hobbs [47] fixed a PZT transducer at the root and
employed a cylinder as a sail to enhance the transducer
vibration by vortex shedding in wind, with only 20 yw output
power. Previous works have been carried out to harvest
energy by the principle of rectangular flexible beam self-
exciting to amplify PZT cantilever vibration and generate
power [29-34]. While a few researches focus on the lock-in
or synchronization phenomenon which can largely enhance
the vibrational amplitudes, and for the purpose of energy
harvesting, it is significant to generate energy at low flow
velocities for a better adaptation to sensors or actuators.

Thus, a great deal of work has been done in this paper
by making use of the synchronization phenomenon in the
vortex-induced vibration of circular cylinders under the low-
velocities (94 < Re < 150, 0.06 m/s < U < 0.094m/s) free
stream to harvest energy. In the present work, fluid flow over
a circular cylinder is studied under low Reynolds number
range of 94 < Re < 150 and an electromechanical coupling is
achieved. In Section 2, the fluid flow and the piezoaeroelastic
model and the coupling scheme are discussed. In Section 3,
the validation of the fluid flow solver and the coupling scheme
with previous experimental data as well as numerical results
are presented. In Section 4, the effects of Reynolds number
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FIGURE 1: A schematic of the proposed cylinder-based piezoaeroelastic energy harvester.

on the vibrational amplitudes and electromechanical voltage
output are demonstrated. Then in Section 5 the conclusions
are given to summarise the work presented in this paper.

2. The Present Approach

We consider a VIV-based piezoaeroelastic energy harvester
consisting of an elastically mounted circular cylinder and
piezoelectric transducer attached to its transverse degree of
freedom, as shown in Figures 1(a) and 1(b).

When this system is subjected to an incoming flow, the
cylinder undergoes vortex-induced vibration in the trans-
verse direction. If the vortex speed exceeds a critical value,
the vibrational frequency will be locked near the natural
frequency of the structure that is so-called the “lock-in” or
“synchronism” phenomenon. From the performance analysis
for inertial harvesters [48], the voltage output (V) and the
harvested power (P) are proportional to vibration amplitude
and the cube of the operation frequency

2
v

R (1)
P oy,

where y, is related to the tip displacement of the circular
cylinder and R is the electrical load resistance; in present
approach, only the “lock-in” frequency is considered, and the
computation and verification of the “lock-in” will be shown
below.

2.1. The Fluid Solver. 'The key of solving the VIV of a circular
cylinder is the fluid-structure interaction. In this work, a
parallel CFD code is used. The incompressible continuity
and unsteady Navier-Stokes equations are directly coupled
with the cylinder motion. These mutual interactions can be
described by the governing equations of the vibrating and
flow system. For fluid flow, if flow speeds are less than 0.3

times of the speed of the sound, the flow can be considered
incompressible. The incompressible flow of a Newtonian fluid
such as air and water can be demonstrated by continuity and
N-S (Navier-Stokes) equations as follows:

D,
H’Z + pSkk = 0, (2)
DV, o 97
E = —a—Xi + gj, (3)
D d 0
o= 3 +Vka_xk’ (4)

where p is the fluid pressure, p is the fluid density, V; is the
vector of velocity, and 7;; is the stress tensor. The equations are
based on the nonslip wall boundary conditions on the surface
of the moving bluft body. The displacement of the bluff body
modifies the flow field through the boundaries. Equations (3)
and (4) are given under the no slip boundary conditions on
the surface of the moving structure:

V(xy)=Vy(xy), (5)

where x, y € II. IT is the wet surface of the circular cylinder
and V7 is the velocity of the moving cylinder; the variable
quantity pp acting on IT can generate the forcing term F,
in the structural equation as shown below; the piezoelectric
transducer to the transverse degree of freedom is attached,
meaning that the effects of F, are not available.

2.2. The Structural Solver. As depicted in Figure 1(a), the
kinematic and electromechanical equation of the single-
degree of freedom (SDOF) system can be given by Akaydin
et al. [31-33]; a second-order nonlinear Van der pol equation
and Gauss law are coupled as follows:

mj)t+cj/t+kyt—0v:Fy, (6)

X . 14
03+ Cyi+ 2 =0, @)
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TABLE 1: Properties of the electromechanical system.
Symbol Property Value

Mass of the cylinder per

" unit length 02979 kg
k Stiffness per unit length 579 N/m
c Damping per unit length 120 Nm/s
D Diameter of the cylinder 1.6 mm
3 Damping ratio 0.0012
fa Natural frequency 7.016 Hz
C, Capacitance 120 nF
0 Electromechanical coupling 1.55¢7° N/V

where m is the mass of the oscillation cylinder per unit, ¢
is the structural damping, and k represents the stiffness. F,
characterizes the time-dependent excitation of the fluid flow
applied on the circular cylinder, 0 is the electromechanical
coupling term, R is the electrical load resistance, v is the
voltage across this load resistance, and C 5 is the capacitance of
the piezoelectric layer. The geometric and material properties
are the same as Mehmood et al. [35] shown in Table 1 which
is used to verify the solver.

In open-circuit analysis, the load resistance is set as R =
00, then the relation between the displacement y, and the
open-circuit voltage V, . can be obtained:

¥, = Ly (8)

9 oc*
Substituting V. in (8) for (6), the open-circuit aeropiezo-
electric coupling equation can also be given as

. . 0?
myt+cyt+<k+c—p)yt:Fy. 9)
Thus (9) can be considered a new type of second-order
nonhomogeneous equation given by a Van der pol formation.
Substituting the constant in Table 1 for (5) we obtain

ayi+ay + a3y = Fp, (10)
Voc = byt’ (H)

where a; = 0.2979, a, = 0.0325, a; = 599.2, and b =
12916.7. Equations (10)-(11) are the minimum form to solve
the electromechanical coupling in present work.

3. Validation of the Solver of Fluid-Structure
Interaction

The fluid-structure interaction solver is verified by comparing
the circular cylinder’s displacement with experimental results
of Bearman [49] and other numerical results by Mehmood
et al. [35], Yang et al. [50] and Schulz and Kallinderis [51].
The global range of computation is 25 x 25D. The Reynolds
number is increased from 94 to 150 with small increments.
Correspondingly, the nondimensional velocity U, = U/ f.D
is increased from 5.34 to 8.49. We also note that the cylinder
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FIGURE 2: Comparison of maximum displacement amplitudes in
present work (57) with the experimental measurements of Bearman
[49] (-°) and numerical computations of Yang et al. [50] (s) and
Schulz et al. [51] (+) and Mehmood et al. [35].

moves only in the transverse direction under the action of the
flow force. The settings allow the cylinder to vibrate in the
region of “lock-in” or “synchronization.”

Figure 2 represents the nondimensional maximum oscil-
lation amplitude A/D of the cylinder as a function of
the Reynolds number. From the pattern, we note that an
obvious location of the bifurcation point or called onset
of synchronization is captained and agrees well with the
experimental results of Bearman [49]. Still, there are some
small differences between our simulation and the previous
simulations [35, 50, 51] when comparing the maximum value
of amplitude and the range of “lock-in”. This can be due to the
three-dimensional effects.

4. The Effect of Reynolds Number on the
System Power OQutputs

To estimate harvesting energy from the considered piezoelec-
tric coupling system, we perform numerical simulation of the
fluid flow around a rigid cylinder that moves in the transverse
direction and has a piezoelectric beam attached on it. The
goal of the present study is to power the sensors of small size.
We limit the flow fluid to a Reynolds number in the range
of 94 < Re < 150 that corresponds to a circular cylinder
having a diameter of 1.6 mm and placed in a water stream
of 0.06m/s < U < 0.094m/s. The corresponding reduced
velocity is in the range of 5.34 < U, < 8.49.

Time histories of the cylinder displacement, lift coeffi-
cient, and open-circuit voltage output are shown in Figures
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FIGURE 3: Time histories of the oscillating displacement, fluctuating lift coefficient, and open-circuit voltage output for the regions of

presynchronous (Re = 94) ((a), (b), and (c)), synchronous (Re = 100) ((d), (e), and (f)), and postsynchronous (Re

(@ (j), (k), and (1)).

3(a)-3(1), and three different regimes are given as presyn-
chronous, synchronous, and postsynchronous. In presyn-
chronous region (Re 94), the vibration of the cylinder
remains very weak (Y/D ~ 1072) and is enhanced gradually,

109, 113) ((g), (h),

as shown in Figure 3(a), and the reason is that the cylinder
is in the transition state to the synchronous region. In
Figure 3(b), the lift coefficient oscillates around a zero mean

with a peak value of

0.28. The response in this regime is
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FIGURE 4: The vorticity contours of the two peak value times: (a) the cylinder moves to the bottom position in the flow and (b) the cylinder
moves to the top position in the flow. Note that these two contours represent the synchronization region.
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FIGURE 5: Synchronization region of (a) frequency and oscillating amplitude and (b) open-circuit voltage output of the circular cylinder.

quasi-periodic composing of two major frequencies, vortex
shedding frequency and the natural frequency of the cylinder.
The open-circuit voltage output in Figure 3(c) shows that its
time history follows quite closely the oscillating displace-
ment. Similar values for the displacement, lift coefficient,
and voltage are obtained for Reynolds number up to 100.
At Re = 100, as shown in Figure 3(d), the amplitude of
the oscillation reaches a synchronization region quickly and
gets steady in a value of Y/D = 0.42. Figures 4(a) and 4(b)
show the vorticity contours at this instance; two different
locations of the cylinder are identified by the offset of Y =
+0.42D to its initial position. A “2S” mode vortex street is
clearly shown in the region behind the circular cylinder. The
lift and voltage output in Figures 3(e) and 3(f) also show
periodic responses with a dominant frequency, that is, the
cylinder natural frequency. The large vibration amplitudes
extend up to U = 0.0687 m/s. The lift coeflicient gets up
to a value of C; = 1.2 and the open-circuit voltage output
reaches 8.42V high. This is due to the fact that the range

of 100 < Re < 109 corresponds to the synchronization
regime. From Re = 109, a bifurcates phenomenon of
synchronization occurs. Oscillation amplitude, lift, and open-
circuit voltage output shown in Figures 3(g), 3(h), and 3(j) go
into another transition region close to that opposite to Re =
94. Again, the oscillation of the cylinder consists of two major
frequencies. It is worth noting that the dominant frequency
in Re = 109 is the cylinder natural frequency. However, at
Re = 94, the dominant frequency is the vortex shedding
frequency. In Figures 3(j), 3(k), and 3(1), it can be confirmed
that the oscillation is in a continuous attenuation. For all
the considered cases, we note that the time histories of the
oscillation displacement and the output voltage have a same
trend. Thus, we can conclude that the generated voltage is
directly related to the displacement of the oscillating cylinder
through (10).

Further insight into the different aspects of the oscillating
displacement and frequency of different reduced velocities
U, = U/f.D is considered, as shown in Figure 5(a). The
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straight line plotted on the top of the figure represents the
experimental results of the Strouhal number S, = f,D/U by
Raghavan and Bernitsas [52]. From the comparison of the
nondimensional frequency f = f,/f, with the straight line,
the synchronization phenomenon can be clearly obtained
from 5.6 < U, < 6.2. The corresponding computational
results of the nondimensional oscillating amplitudes A/D
also show that the synchronization occurs in the same
region of U,. From Figure 5(b), a conclusion can be given
that the high level voltage output can be achieved in the
synchronization region. In this work, the max value of voltage
output is V, ., = 8.42V at U, = 5.6 or Re = 100. This means
that for the optimum flow velocities, the maximum power
generated from the VIV can be harvested.

5. Conclusions

The concept of energy harvesting from the vortex-induced
vibration of a circular cylinder was investigated. The fluid-
solid coupling of motion of the oscillating cylinder, piezo-
electric transducer, simultaneously, and the flow field was
solved using a server-class computer. The presynchroniza-
tion, synchronization, and postsynchronization regimes were
covered in the simulations performed in this work. Finally,
the electromechanical coupling was achieved by the deduced
formulas. The harvester response of open-circuit voltage
output was analyzed. The discussions above lead to the
following conclusions:

(1) a new concept to calculate harvested energy from
the vortex-induced vibration is presented by deduced
formulas in this paper. These formulas can be used
directly to estimate open-circuit voltage output in an
electromechanical VIV system;

(2) in the computational Re region, three different
branches of VIV are obtained under different reduced
velocities ranging from 5.34 to 8.49. In the presyn-
chronization regime, the dominant frequency of the
oscillation is the vortex shedding frequency, while the
dominant frequency of the oscillation is the natural
frequency in postsynchronization regime;

@3

~

at Re = 100, the oscillation of the cylinder circular has
come to a synchronization regime. The corresponding
reduced velocity is U, = 5.6, and the amplitude of the
oscillation increases rapidly to a peak value of A/D =
0.42. At Re = 109, the synchronization regime shifts
from a transition region to the postsynchronization
regime;

(4

~

in the synchronization regime, the voltage output of
the VIV system is considerable which has a peak value
of 8.42'V;

(5) based on the screening criteria of maximum net
power output, U, = 5.6 is optimum for the energy
harvesting in the current model.
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