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This study investigates energy harvesting from vortex induced vibrations of a flexible cantilevered
flapper placed in the wake of a rigid circular cylinder. The effect of the gap between the cylinder
and the flapper on the energy harvested is investigated through wind tunnel experiments and
numerical simulations. As the flow speed is varied, a transition in the flapper dynamics is observed,
which in turn affects the power extracted by the harvester. Numerical investigations reveal that the
flapper dynamics is different depending on whether the vortices are shed ahead or behind the
flapper. This study concludes that the choice of the gap influences the energy harvesting potential
of such harvesters. Published by AIP Publishing. https://doi.org/10.1063/1.5001863

Devices that harvest energy based on flow induced vibra-
tions can be broadly classified into either flutter based or vor-
tex induced vibration (VIV) based energy harvesters.'” The
former category essentially involves a streamlined body, such
as an airfoil or a plate, behaves as a coupled fluid-structure
interaction (FSI) system, and undergoes sustained oscillations
when the flow speed is above a critical velocity. The trigger
for flutter oscillations comes from mechanical perturbation or
movement of the body, which in turn generates aerodynamic
loads. Beyond a critical wind speed, these loads are strong
enough to sustain the oscillation. Hence, it is also called a
movement induced (FSI) excitation (MIE).” In classical pitch-
plunge airfoil based harvesters, flow induced oscillations (and
hence harvesting of energy) occur only beyond a critical wind
speed.* However, energy harvesting is possible even at lower
speeds by providing actuation mechanisms along, say the tor-
sional mode, that increases the aerodynamic lift which in turn
enhance the bending movement. In the aeroelastic literature,
this is known as aerodynamic coupling. Thus, with the help of
external actuation force and through aerodynamic coupling,
combined bending-torsion oscillation can be achieved even
below the critical wind speed.’ In flutter based harvesters, the
use of a streamlined body such as an airfoil or a plate is cru-
cial in order to generate the necessary aerodynamic loads.
Comprehensive reviews on flutter based energy harvesters are
available in the literature.*®

On the other hand, VIV is the result of flow instabilities
behind bluff bodies. A bluff body, by the virtue of its shape,
releases a von Karman wake behind it. The wake with its
repetitive structure can induce oscillations in the bluff body
itself if it is free to move. As opposed to MIE systems (like
flutter), vortex induced vibration of bluff bodies comes under
instability induced (FSI) excitation (IIE). However, a wake
can also impart input fluctuations to a flexible structure kept
at the downstream of the bluff body. When the wake induces
oscillation to the downstream structure, essentially behaving
like an external source of oscillation to the structure, it is a
case of externally induced (FSI) excitation (EIE).? The har-
vester proposed in this study belongs to the second kind of
VIV based systems.
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These type of VIV based smart energy harvesters usually
consist of a rigidly fixed bluff body upstream of a thin flexible
plate like structure called the flapper.”™" These flappers are typ-
ically made of smart materials-usually piezoelectric materials
which develop an electric potential under mechanical strains.
The vortices generated by the flow due to the presence of the
bluff body induce time varying forces on the flapper causing it
to vibrate, which in turn leads to the development of an electric
potential that can be harvested as electrical energy."”* The har-
vester being considered in this study belongs to this genre.

In the absence of any downstream structures, the vortex
shedding past a bluff body—typically taken to be a cylin-
der—depends on the Reynolds number (Re).'? The presence
of downstream structures—such as the flappers—Ileads to
variations in the wake structures, modifying the shedding
frequencies or even suppressing them.'>'* Usually, these
flappers are either attached to the downstream side of the
bluff body' or placed leaving a gap between itself and the
bluff body.” Comparative studies of similar configurations of
harvesters but with attached and detached flappers showed
that more power was extracted from the latter.'® A similar
increase in power output due to detachment has also been
made recently for a harvester with a static cylinder placed in
the wake of a vibrating cylinder.'?

The focus of this study is to investigate the energy
extracted using a VIV based harvester comprised of a rigidly
fixed bluff body cylinder and a detached flapper made up of
a thin flat plate in the downstream side (Fig. 1). In particular,
the effect of the gap between the flapper and the cylinder on
the extracted power is investigated. The cylinder is assumed
to be of length s and diameter D. The flapper is taken to be
of length L, breadth » <, and thickness 4 and is attached to
the downstream side of the cylinder at a distance d using a
rigid bar. The leading edge of the flapper is fixed to a trans-
verse rigid bar such that the flapper behaves like a cantilever
plate. The direction of upstream flow with velocity U m/s is
as shown in Fig. 1. Macro-fiber composite (MFC) patches of
dimensions ¢ X a are pasted near the fixed end of the flapper
on the dorsal side. The mean power, P,,, harvested from the
system in duration [¢, £,] is given by

Published by AIP Publishing.



243903-2 Kumar et al.

Fixed support

Resistor

FIG. 1. Schematic diagram for the energy harvester.
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where R and V(¢) are the resistive load and the voltage output
of the harvester at any instant of time 7, respectively.

A prototype of the harvester shown in Fig. 1 is con-
structed for the wind tunnel experiments. The test section is
700 mm long with a cross section of 750 x 700 mm (Fig. 2).
A steel cylinder is considered such that D=80mm and
s=250mm. The flapper is made of aluminium having
dimensions L =170mm, »=90mm, and 42 =0.3mm. The
gap is taken to be d =2 D =160 mm and is as per the recom-
mendations in Refs. 10 and 16 for maximum displacements
at the trailing edge of the flapper. A MFC patch of dimen-
sions @ =50 mm and ¢ =20mm was attached to the flapper
by vacuum pressing, close to the leading edge and placed
symmetrically about the midsection of the flapper. The wind
tunnel was operated in the suction mode to ensure uniform
flow conditions.

The electrical power output was measured by passing the
MEFC patch voltage through a resistance of R =300kQ.
Additionally, the flapper displacements were measured at a
point 20 mm from the trailing edge along the midsection of the
flapper, using a Wenglor opto NCDT type laser displacement
sensor. The displacement and voltage measurements were

FIG. 2. Photograph of the harvester setup in the open-loop, closed section

Eiffel type wind tunnel in the Biomimetics and Dynamics Laboratory of the
Department of Aerospace Engineering in the Indian Institute of Technology
Madras.
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FIG. 3. MFC voltage time histories for flow velocities (a) 2.5 m/s, (b) 6.5 m/s,
(c) 8.5my/s, and (d) 10.5m/s.

acquired through a 4-channel ATALON Data Acquisition
system.

Wind tunnel tests were carried out for flow velocities
2—11m/s, and the MFC voltage time histories were recorded
(Fig. 3) for segments of time histories at different flow veloc-
ities U. The voltage signal is observed to be weak at low
flow velocities and gradually gains strength with an increase
in U, barring a local spike about U =3 m/s. The correspond-
ing frequency spectra shown in Fig. 4 reveal an interesting
phenomenon. The frequency spectrum for MFC voltage has
a single peak at 9.69 Hz for U = 2.5 m/s. However, for higher
U, an additional frequency component emerges whose
strength increases with U. As U is increased, both the peaks
have a rightward shift along the frequency axis.

The mean power output P,, computed using Eq. (1) for
the range of flow velocities is shown in Fig. 5(a). It is
observed that the power curve can be qualitatively demar-
cated into three regimes. Regime 1 shows a local peak for
U =3m/s. In regime 2, the extracted power varies linearly
with U with a small positive slope; the magnitude of the
power extracted is lower than the peak power extracted in
regime 1. Regime 3 is characterized by significantly higher
power extraction. An inspection of the efficiency of the
power extracted in regime 3 as U varies [see Fig. 5(b)]
reveals a steady increase in efficiency till U= 10m/s; subse-
quently, even though the power extracted is higher, there is a
saturation in #. Here, n = P}, /P/.., where P/ is the power
output per unit volume of the MFC. P/, is the input flow
power density per unit volume of the harvester'’ and is
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FIG. 4. Frequency spectra for the MFC voltage for flow velocities (a) 2.5 m/s,
(b) 6.5m/s, () 8.5m/s, and (d) 10.5 m/s.



243903-3 Kumar et al.

(a)
[ Regime 1

Regime 3

Regime 2

Py (uW)

6 10
U (m/s)

0.017
(b)

0.015f
£ 0.013f

0.011f

00095 9 105 12
U (m/s)

FIG. 5. (a) Variation of mean power output P, and (b) variation of effi-
ciency with a change in flow velocity U m/s in regime 3.

Pl = (1/2)AspU?/(As(D +d + L)), and Ay is the frontal
area of the harvester.

A numerical analysis is carried out to gain an under-
standing about this variation in the power extracted from the
harvester. The flow, the rigid bluff body, and the flexible
flapper are numerically modelled taking into account the
coupled dynamical interaction effects. The fluid-structure
interaction (FSI) numerical framework consists of an incom-
pressible Navier-Stokes (N-S) solver coupled with a nonlin-
ear elastic structural model through a partitioned approach
based strong coupling method.'® The N-S equation expressed
in the arbitrary Lagrangian-Eulerian (ALE) formulation is
solved over a time varying computational domain using a
moving grid. A large strain elastic stress analysis solver
based on Lagrangian displacement formulation is imple-
mented for resolving the structure dynamics.'® The FSI
solver has been tested and validated with the existing litera-
ture.'”?° A rectangular computational domain of length 15D
along the longitudinal axis of the harvester and breadth 10D
along the transverse axis is considered. The harvester is
placed along the mid-axis of this domain, such that the inlet
is 1D upstream of the cylinder. The domain dimensions are
selected so that wall effects are negligible in the
Computational Fluid Dynamics (CFD) computations. The
domain is discretized using a structured grid; the mesh reso-
lution has been chosen through a grid independence study.*’

For flow past a circular cylinder with no downstream
structures disturbing its wake, vortex shedding results in a
von Karman vortex street downstream of the body. Prior to
shedding, vortices are built-up when the two opposite sense
shear layers emanating from either side of the cylinder inter-
act at a distance 1D-2D downstream of the cylinder, in what
is known as the vortex formation length (Lp). However, in
the presence of a downstream structure, the shear layers sep-
arately impinge on the flapper as their interaction is
obstructed. Depending on the length of the flapper, the shear
layers may shed vortices downstream of the flapper or sim-
ply reattach to the flapper, forming a nearly steady recircula-
tion bubble.”!'*1416-2122 Thyg, for a given flow velocity and
small values of gap d, the vortex shedding may be totally

Appl. Phys. Lett. 111, 243903 (2017)

absent or happen downstream of the flapper; for higher d,
vortices are shed ahead of the flapper. Since these vortices
are the driving forces for the flapper vibrations, any spatio-
temporal changes in the vortices affect the flapper vibrations
and, in turn, the energy harvested.

Rather than changing the gap length d for a specified U,
an equivalent parametric study can be carried out by keeping
d constant and increasing U. This leads to a decrease in Lfl4
and beyond a critical velocity can eventually lead to the vor-
tices being shed between the cylinder and the flapper. For
sub-critical velocities, the shedding may altogether be sup-
pressed or happen downstream of the flapper depending on
the relative numerical values of d and L.

The detailed flow field for a range of Re is investigated
to understand the effect of the gap between the cylinder and
the flapper in the vortex shedding. Two qualitatively distinct
flow patterns are presented in terms of vorticity contours for
Re =500 and 1000 in Fig. 6. At Re =500, the presence of
the flexible flapper with a gap twice the diameter of the cyl-
inder is seen to inhibit the shedding immediately behind the
cylinder. Rather, the vortex cores deform by convecting over
the flexible plate, inducing in it a moderate vibration, and
subsequently sheds downstream of the flapper. The spatio-
temporal impingement of the vortices on the flapper leads to
a deformation of the flapper that resembles the first mode
shape, causing it to vibrate in the first natural frequency. At
Re =1000, the vortices are observed to shed in the gap with
smaller Ly, which subsequently triggers the vibration of the
flapper. In other words, a natural von Karman shedding starts
taking place. Moreover, it is evident that the shedding fre-
quency is higher than the previous cases, as indicated by the
rapid change in the flow pattern with every snapshot.
Besides, vortex induced vibration of the flexible plate is seen
to be enhanced remarkably in terms of its higher mode
shapes. The shape of the flapper seems to be governed by the
number of vortices convecting along its surfaces at a given
time instant which, in turn, excites higher modes.

From the flow fields presented here, it is evident that a
transition in the mode of vortex shedding happens due to Ly
decreasing with increasing Re. For the pre-transition case,

FIG. 6. Comparison of vorticity contours at Re =500 and Re = 1000 at dif-
ferent time instances.
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the vortex formation length could be greater than 5D
(D+d+L) since the interaction between the shear layers
happens only beyond the flapper. On the contrary, in the post
transition regime, the formation length Ly is lower than the
gap (2D), as Ly decreases with an increase in U. The change
from an inhibited vortex shedding to a natural shedding
behaviour seems to occur almost abruptly. A change in the
formation length also causes a similar abrupt change in the
vortex shedding frequency, denoted non-dimensionally as
the Strouhal number St=f,Ls/U. Here, f; is the vortex shed-
ding frequency and Ly is taken to be the diameter of the bluff
body.

The numerical results suggest that there exist two dis-
tinct regimes of fluid flow around the flapper depending on
whether vortex shedding occurs behind or ahead of the flap-
per. This in turn affects the flapper vibrations. Figure 7
shows the variation of peak amplitude and the root mean
square (rms) displacement of the flapper at a location near
the trailing edge along the midsection. These observations
are qualitatively consistent with the reported literature.’ The
local peak at U =3 m/s can be attributed to a lock in of the
shedding frequency with the first natural frequency of the
flapper.'®

The frequency spectra of the flapper displacements for
various U are investigated. The frequency of the flapper
oscillations can be represented in terms of a non-dimensional
number St,=f,Ls/U, where f, is the dominant frequency
obtained from the displacement frequency spectra at a partic-
ular U and Lg is the length scale associated with the system,
which can be taken to be equal to L. This implies that
Lg¢=D when vortex shedding occurs ahead of the flapper
and Ly =L + d 4+ D when shedding occurs behind the flapper.
When Lg= D, the St,, values undergo a jump at U ="7.5m/s;
these values are close to 0.2 which is the Strouhal number
typically considered for the Reynolds number for the range
of flows considered in this study.'? This suggests that St,, and
St are closely related and indirectly confirm that the plate
oscillates at the frequencies of vortex shedding, and the flap-
per oscillations are indeed due to the forcing generated by
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cylinder wake vortices. A similar jump in S7, can be
observed when Lg=L 4 d+ D (see Fig. 8) although the val-
ues are much higher. However, using L¢=L+d+ D for
regime 2 and Lg= D for regime 3, it is observed that the vari-
ation of Sz, with U is without any significant jumps. This
trend is similar to the formation length based Strouhal num-
ber reported in the literature.'* These observations are signif-
icant as the convention in the energy harvesting community
is to consider a constant Strouhal number, typically taken to
be 0.2.

It is pertinent to note that despite the jump in f, as U is
varied, the mean power curve shown in Fig. 5 does not
exhibit any sharp jump. The relatively smooth trend is simi-
lar to that of the rms displacements of the flapper (see Fig.
7). However, it can be seen that a marked rise in rms dis-
placements, as well as in P, is observed only in the vicinity
of U="7.5m/s where there is a jump in St,. In regime 3, the
vortices are well developed and impinge larger forces on the
flapper, resulting in more vigorous vibrations. On the other
hand, in regime 2, the vortices either occur beyond the trail-
ing edge of the flapper or are not well developed over the
flapper resulting in weaker vibrations. This explains the
higher power extracted in regime 3, where U > 7.5 m/s.

Figure 5 shows that the power efficiency does not
increase beyond a specified flow speed. It can be hypothe-
sized that at these higher values of U, the vortex shedding
frequency is large enough so that more than two vortices
impinge on the flapper at each time instant. This implies that
the spatio-temporal deflection of the flapper induces higher
modes to be excited. As the placement of the MFC patches is
optimal only for efficient harvesting of energy when the flap-
per vibrates in the first mode, the power extraction is ineffi-
cient at flow speeds higher than U =9.8 m/s. More studies
need to be carried out to investigate this further.

It is a common trend in flow energy harvester commu-
nity to assume that an energy harvester would oscillate in its
first modeshape.'” From the results presented here, it is evi-
dent that the change in the regime of vortex shedding is
accompanied by a change in the dominant mode shape, lead-
ing to a sub-optimal power extraction despite stronger fluid
forces. The efficiency of power extracted is observed to be
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FIG. 8. Non-dimensional frequency of flapper oscillations for different flow
FIG. 7. Peak and RMS deviation of the flapper response for different flow velocities with two length scales, D and L +d + D. The dotted line shows a
velocities. more realistic Sz, with different Ly in different regimes.
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higher when the formation length is smaller than the gap, and
the vortices are well developed ahead of the leading edge of
the flapper. Thus, while designing a flapper to resonate with
vortex shedding frequency at a particular flow velocity, the
variability in St due to the presence of the flapper must be
taken into account. These observations imply that in addition
to the flapper stiffness, the gap should also be optimal to
permit resonant oscillations at a design flow velocity. The
presence of two different frequencies, and the possible depen-
dence on the plate length and gap, provides additional control
parameters in the design of the harvester. For instance, it
could be possible to choose d and L such that the two shed-
ding frequencies correspond to two natural frequencies of the
flapper. Thus, the phenomenon of frequency jump poses both
challenges and opportunities in the energy harvester design.
This behaviour has escaped the attention of researchers since
the configurations studied in the literature typically had a nar-
row gap between the cylinder and the flapper.
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