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Abstract

Purpose Vortex-induced vibration (VIV) of a single cylinder is different from the multiple cylinders, and energy harvesting
from the VIV of multiple cylinders by utilizing the piezoelectric technique is one of the promising techniques. The number
of cylinders, spacing between them, and structural condition of the interference cylinder influence the fluid forces on the
cylinders, and consequently, the efficiency of the harvested output power is affected.

Method A two-dimensional unsteady laminar flow condition is coupled with a spring-mass-damper system to analyze the
fluid-structure interaction. The influence of multiple cylinders arranged in tandem on the flow characteristics and energy
harvesting from VIV are investigated systematically in the present study. The number of cylinders is varied as N = 1, 2, 3,
and 4 and the spacing between the tandem cylinders is varied as, S * (8/D, D is the cylinder diameter) = 3, 6, 9. Also, a wide
combination of fixed and/or freely vibrating structural conditions are considered. The incoming flow velocity of wind is kept
very low as Reynolds number, Re = 100.

Results and Conclusions It is observed that, irrespective of the structural condition, critical value of S *is noticed at which
there is no wake undulation. The strength of the vortex increases with increasing S”, which is significantly dependent on the
vibrational condition of the cylinders. The output power harvested from VIV is found to be considerably reliant on spacing
as well as on the structural condition. A maximum harvested power of 10.55 mW is achieved at S = 9 and N = 4 in the
present considered cases when all the cylinders are allowed to vibrate freely. The present results provide knowledge on the
application of a set of tandem cylinders combining with vibrational mode for harvesting the power from VIV in a practically
engineered nano/micro energy harvesting system, as demanded by the specific application on hand.
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U, Reduced velocity, fUZ

U, Free stream Velocitgf, m/s

viv Vortex induced vibration

X,y Coordinates

y,yandy Transverse acceleration, velocity and displace-
ment of body

P Density, kg/m?

U Dynamic viscosity, N.s/m>

g Structural damping ratio

@ se Angular velocity, rad/s

vy Energy conversion efficiency

Introduction

In recent years, the development and demand for renewable
energy technology have intensified due to increased con-
cerns on non-renewable energy and its limited resources,
as well as different environmental issues [1]. As a typical
renewable energy, solar and wind energy have been acknowl-
edged exceptionally by an incredible number of researchers
in recent years throughout the world, as both of these ener-
gies are undoubtedly available all around the world with
varying concentrations. However, apart from the solar and
wind energy, wave energy has also great prospective for
energy harvesting as the energy fluctuation is less than solar
and wind power [2].

One of the many small scale energy harvesting tech-
niques, the piezoelectric energy harvesting method gains
more attention due to its enormous advantages, such as
sustainability, eco-friendly, moderately compact size, and
efficiency to generate small scale energy to run low-power
electronics devices [3, 4]. As the wind energy is extensively
available and the structure of a wind energy harvesting
device with a small piezoelectric strip is simple with a high
output voltage, a large number of research is being carried
out on piezoelectric energy harvesters [5, 6]. Several tech-
niques are being used in the piezoelectric wind energy har-
vesting system, viz., vortex-induced vibration (VIV), flutter,
and galloping energy harvesters [7, 8].

Wind energy harvesting is mainly done by the application
of wind-induced vibration using bluff bodies or other kinds
of structures that can convert wind energy into mechani-
cal vibration energy. Energy harvesting or the conversion of
energy significantly depends on the fluid flow characteris-
tics and the corresponding heat transfer behaviour [9-14].
The cylinder type bluff bodies can efficiently harvest elec-
tric energy from wind energy using the VIV technique at
a low wind speed [15-19]. Liu et al. [17] investigated the
VIV-based wind energy harvesting by a cylinder, and found
that the output voltage can increase from less than 2 V to
more than 10 V in the wind speed range of 2.5-5 m/s when
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the double plates are placed at upstream of the cylinder.
For efficient VIV energy harvesting from low wind speeds
of <2 m/s, a cylindrical bluff body should be aligned with
the piezoelectric beam, and a maximum average power of
30 uW can be achieved from that arrangement with a load
resistance of 800 kQ [15]. Three types of cross sections of
a bluff body, circular, triangular, and semi-circular were
investigated for low velocity of water flow energy harvest-
ing by Sun et al. [18]. It is observed that a maximum power
density of 1.949 mW/cm?® can be harvested at a flow veloc-
ity of 0.48 m/s. However, due to its self-excitation, and
self-restriction, impact of VIV on energy harvesting is less
compared to galloping and fluttering [20, 21]. Although, a
large number of numerical and experimental studies have
been accomplished till date using different transduction
techniques, viz., vibration [21-24], piezoelectric [25, 26],
electromagnetic [27-29], and electrostatic [30, 31]. Never-
theless, the efficiency of energy conversion by using VIV
is quite low due to a small bandwidth of the synchroniza-
tion (lock-in) region [32]. However, the output power from
wind energy harvesting needs to be improved for a large
range of wind speeds, and to do so, several methods such
as the shape of the bluff bodies, length of the piezoelectric
sheet, cylinder's tip mass, stiffness, and mass of damping
system have been endeavoured [17, 33-35]. A numerical
analysis of energy harvesting from VIV using a circular cyl-
inder is investigated within the range of Re, 96 <Re <118
and results revealed that the harvested power along with
voltage output is promisingly effected by the load resist-
ance [36]. Furthermore, the harvested energy from VIV of a
cylinder can be enhanced by attaching extra cylindrical rods
or by changing the cylinder geometry [37, 38]. Along with
these techniques, multi-cylinder arrangement is found to be
a resourceful technique to improve the power harvested from
VIV [39-42]. The wake developed by the upstream cylinder
produces a large VIV amplitude on the downstream cylin-
der when the spacing between them is less than 35D [38],
and accordingly, a large amount of lift force is experienced
by the downstream cylinder, resulting in an improvement
in output power [42]. The influence of cylinder diameters
and spacing between two tandem cylinders is found to be
prominent and the fluid forces are very sensitive to diameter
and spacing, with a maximum power conversion efficiency
of 88.6% of the Betz limit at flow speed of 1.08 m/s with
cylinder spacing 2.5-5.0D [39]. Consequently, it can be
noticed that the flow characteristic and vortex phenomenon
are different for the freely vibrating cylinder than the fixed
one [43]. A very recent study depicted that an interference
cylinder can enhance the energy generation of a single bluff
body piezoelectric energy harvester by an amount of 624%
compared to that of without an interference cylinder [44].
It can be noticed from the foregoing studies that multi-
ple cylinders are more efficient in energy harvesting from



Journal of Vibration Engineering & Technologies

Table 1 Summary of previous

. . Author (s)
studies on energy harvesting

No. of cylinders

Style of arrangement Structural condition

from VIV of multi-cylinders Hobbs and Hu [45] 4 Tandem Freely vibrating
Kim and Bernitsas [39] 1,2,3,4 Tandem Freely vibrating
Shan et al. [46] 2 Tandem Freely vibrating
Zhang et al. [41] 2 Tandem Freely vibrating
Zhang et al. [47] 2 Tandem Downstream cylinder-fixed
Sun et al. [48] 2 Tandem Freely vibrating
Zhang et al. [40] 4 Staggered Freely vibrating
Ding et al. [23] 3 Tandem Freely vibrating
Zhang et al. [21] 2 Tandem Downstream cylinder-fixed
Hu et al. [49] 3 Tandem Freely vibrating
Han et al. [50] 3 Equilateral Triangular Freely vibrating
Chenetal. [51] 2 Tandem Upstream cylinder-fixed
Tamimi et al. [52] 2 Tandem Freely vibrating

VIV than a single cylinder. A number of available studies
related to VIV of single or multi cylinders are summarized
in Table 1. It is pertinent from Table 1 that most of the stud-
ies were for two or three cylinders, and very few studies are
available for four cylinders that are also allowed to vibrate
freely. As mentioned earlier, the space, number of cylin-
ders, and structural condition of the interference cylinder
influence the fluid forces on the cylinders, and consequently,
the efficiency of the harvested output power is affected.
Although, few questions are remained unanswered to date.
Are multiple cylinders always needed to allow vibrate freely
for maximum energy harvesting? What are the effects of the
static and vibrating conditions of cylinders on the flow char-
acteristics and the corresponding energy harvesting? What
are the detailed comparisons of flow phenomena and energy
harvested from VIV between single and multi-cylinders
arrangements at very low Re=100? Can the overall energy
harvesting from VIV always be increased by increasing the
number of multi-cylinders, and the spacing between them?

Thus, the present work aims to explore the flow charac-
teristics around the four cylinders organised in tandem at
different spacings with different structural combinations of
static and freely vibrating conditions, and their correspond-
ing effect on the energy harvesting from VIV to address the
above mentioned issues. In addition, the influence of the
number of cylinders (N) is also investigated for an over-
all understanding of flow behaviour and energy harvesting
for different cylinder arrangements. For this, four differ-
ent values of N are considered as; N=1, 2, 3 and 4 with
cylinder diameter, D for different spacing, S/D=3, 6, and
9 at very low Reynolds number, Re =100. The structural
conditions; static and freely vibrating states are varied, and
different combinations are taken into account at the same
time. The stream lines, vorticity, lift-coefficient, transverse
displacement of the vibrating cylinder, frequency of trans-
verse oscillation, energy harvested, and energy conversion

efficiency are calculated and are considered for the detailed
comparison.

The rest of the present study is prepared as follows:
Sect. "Problem description" covers the problem descrip-
tion, including the numerical domain and different cases of
present analysis; Sect. "Governing equations and numeri-
cal methods" discusses governing equations and numerical
methods, including the grid independency study and numeri-
cal validation. The present results, including the fluid flow
characteristics of single and multi-cylinder arrangements
and their impact on the energy harvesting, are thoroughly
discussed in Sect. "Results and Discussions”, whereas the
concluding remarks are summarized in Sect. “Conclusion”.

Problem Description

A combination of multiple cylinders of the same size of
diameter, D, is placed in a tandem arrangement in a rectan-
gular computational domain. A combination of one, two,
three, and four circular cylinders is considered for the pre-
sent numerical analysis of energy harvesting from Vortex
Induced Vibration (VIV). Figure 1 depicts the schematic
representation of the four cylinders configuration in a tan-
dem arrangement. Two structural conditions of a cylinder
are considered as static (S) and vibrating (V). The different
conditions of multiple cylinder arrangements considered in
the present numerical analysis are summarized in Tables 2,
3, and 4 for two, three, and four cylinders arrangement
respectively. Each numerical case is characterized by the
number of tandem cylinders, the space between the cylin-
ders, and its motion; static or vibrating. The vibrating cylin-
der is spring and damper mounted and allowed to oscillate
in the transverse direction only. The spring-damper arrange-
ment is characterized by the spring stiffness of the spring,
K, and the damping coefficient of damper, C respectively.
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Fig. 1 Schematic representation of the present numerical model

Table 2 Details of different cases considered in the present numerical
analysis of two cylinders arranged in tandem for varying space and
structural combinations

The cylinder diameter, D is preferred as the characteristic
length to represent all the length quantities and Reynolds
number, Re. In the numerical domain, the Cartesian coordi-

Case no. Space Cylinder 1 Cylinder 2 nate is kept stationary. The boundary conditions associated
Static Vibrating Static  Vibrating with the present numerical analysis are also depicted in the
Fig. 1. The origin of the coordinate system is located at the
2NxS-1 3D’36l6)’ a‘zldggD Y N N Y center of the first cylinder. The distances of the upstream
2Nx$-2 A= 0an N Y Y N (inlet) and downstream (outlet) boundaries from the origin
2NxS-3 N Y N Y of the coordinate system are denoted by L, and L, respec-
Yyes; N no tively. In the present study, the value of L, and L, is consid-
ered as 10D, and (N — 1) X § + 40D, respectively. Where,
Table 3 D§tails O.f different Case no. Space Cylinder 1 Cylinder 2 Cylinder 3
cases considered in the present
numerical analysis of three Static Vibrating Static Vibrating Static Vibrating
cylinders arranged in tandem
for varying space and structural 3N6S-1 6D Y N N Y N Y
combinations 3N6S-2 N Y Y N N Y
3N6S-3 N Y N Y Y N
3N6S-4 N Y N Y N Y
3N6S-5 Y N N Y Y N
3N9S-1 9D N Y N Y N Y
Yyes; N no
Table 4 D§tails qf different Caseno. Space Cylinder 1 Cylinder 2 Cylinder 3 Cylinder 4
cases considered in the present
numerical analysis of four Static ~ Vibrating  Static  Vibrating Static  Vibrating  Static =~ Vibrating
cylinders arranged in tandem
for varying space and structural 4N6S-1 6D N Y N Y N Y N Y
combinations 4NG6S-2 N Y Y N N Y Y N
4N6S-3 Y N N Y Y N N Y
4N9S-1 9D N Y N Y N Y N Y
Yyes; N no
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N is the number of cylinders and S is the center to center
distance between two tandem cylinders. The space between
two consecutive cylinders, S is varied as 3D, 6D and 9D. The
top and bottom boundaries are symmetrically placed each
10D away from the center of the coordinate system, provides
a blockage ratio of 0.05 [53].

Governing Equations and Numerical
Methods

Equation of Flow

In the present work, the flow around the multiple cylinders is
numerically investigated using a two-dimensional, laminar,
unsteady, and incompressible flow equations. The governing
equations are the continuity and Navier—Stokes equations
which can be written in dimensional form as follows,

Vu=0 €))
Ju Vp u,_,
— Nu=——+=(V
% +u.Vu ) + p( u) 2)

where u=f (u,v) is the velocity field, p is the static pressure
and ¢ is the time. Here, p is the density and u is viscosity of
the fluid.

The fluid properties of the flowing air are dependent on
the Reynolds number, Re and is defined as follows,

_pUD
H

Re 3)
The different fluid forces i.e. drag and lift are evaluated by
using the viscous and pressure forces acting on the cylinder
surfaces.
The drag force is calculated as follows,

F, =05C,pUD @)

where C, is the drag coefficient.
The force exerted on the cylinder by the periodic fluctua-
tions of flow is characterized by the lift force and is given by,

F, =0.5C,pU2D 5)

where C; is the lift coefficient.

The flow at the inlet is set uniform, u= U, and v=0. At
the outlet, pressure outlet boundary condition is applied
as Vp = 0. Slip boundary condition (du/dy=0, v=0) is
imposed for the lateral boundaries. No-slip boundary con-
dition (u =0, v=0) is applied at the cylinder surfaces for the
stationary cylinder and u =0, v = y for the vibrating cylinder.

Equation of Cylinder Motion

When the fluid flows over a solid body, it develops
unsteady forces as well as moments around the surface
of the body. As a result, the body may experience motion.
The present numerical investigation aims to study the char-
acteristics of free vibration in flexibly mounted circular
cylinders arranged in tandem. The dynamics of the cyl-
inders due to fluid forces is characterized by a combined
mass-spring-damper system (refer Fig. 1). The equation
of motion in the y-direction with one degree of freedom
is given as [54];

My + Cy + Ky = F 11, () (6)

where, M is the total mass of the cylinder, K is the spring
stiffness, C is the damping coefficient, y is the transverse
displacement of the oscillating cylinder; F,,,, , is the total
force acting in the y-direction due to inertial, pressure and
viscous force.

The non-dimensional form of the transverse motion
equation can be written in the following form [55],

20,

m*

Y 4+ @rF\O)Y + QaFy)*Y =

N

where, Fy (=f,D/U,, f,,=Natural frequency) is the normal-

ized natural frequency of vibrating cylinder, { is the struc-

4m

tural damping ratio, m* (: e is the non-dimensional
zp.

mass of the body, where m is the actual mass of the cylinder
per unit length and p is the density of the fluid, and C;, is the
instantaneous lift coefficients of the cylinder induced by
VIV. The free-stream flow is assumed to be along the x-axis.
Y, Y, and Y denote the normalized transverse acceleration,
velocity, and displacement of the body, respectively. In the
present numerical study, the structural damping ratio is set
equal to zero ({=0) to allow maximum amplitude oscilla-
tions, and m" is set equal to 10 [56].

Energy Harvesting System and Formulation

The electrical equivalent circuit to harvest wind energy
from VIV using multiple piezoelectric sheets, along with
the block diagram of the system, is shown in Fig. 2. The
energy harvesting system consists of multiple piezoelectric
beams to generate electricity from vibration, a rectifier, a
DC-DC converter, an energy storage device, and a load.
The transverse motion of a vibrating cylinder induced
by VIV when fluid flows over the cylinder can be utilized
to harvest energy from the motion by using rack-pinion
arrangements, electro-magnetism, and piezoelectric beams
as discussed earlier. Here, an arrangement of multiple
piezoelectric beams for energy harvesting from VIV is
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Fig.2 Elementary block
diagram of energy harvesting
system from VIV using piezo-
electric

discussed. The total vortex induced motion converted to
the power of the cylinder in one cycle is expressed as,

1 Tcycle
Powery, = T
cycle 0

F tolal,yy dt (8)
where, T, is the time period of one complete cycle of
oscillation of freely vibrating cylinder and is defined as,

L

T ge=77—= 9
o fcycle Wpse ( )
where, f.,, is the frequency of the cylinder oscillation in
transverse direction and w,,, is the angular Velocity of a
sinusoidal oscillation.
Using Eq. 6, the Eq. 8 can be written as,

cycle
Poweryy, = / (M5 + C3 + Ky)yr (10)
0

cycle

Then finally, the efficiency of total energy conversion,
nyyy 18 calculated as [2, 51, 54];

Powery,y,

Ny = X 100% an

Power ;4 X BetzLimit
where Powery,,, is the fluid power available in the fluid that
flows over the cylinder, and according to Bernoulli’s equa-
tion, it is calculated as,
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Powerg,q = %pUi (D + 2,0 )L (12)

Here y,,,, is the maximum vibration amplitude and L
is the length of cylinder, which is set as unity in the two-
dimensional simulations.

Betz Limit is the theoretical maximum efficiency that
can be harnessed from the wind or water in flow. The value
of it considered as 16/27 (=0.593), and is known as Betz
Limit coefficient [2, 51, 54].

Numerical Methods

The numerical analysis is carried out in a commercial Finite
Volume Method based solver ANSYS Fluent to solve the
unsteady, incompressible governing equations. The laminar
viscous model is considered to represent the low Reynolds
number flow condition. The pressure-correction-based itera-
tive algorithm SIMPLE (semi-implicit method for pressure
linked equations) is employed for the coupling between the
velocity and pressure fields [57]. The STANDARD scheme
is adopted to discretize the pressure term, while the power-
law scheme is used to discretize the momentum equations.
A first-order implicit formulation is adopted for the time
discretization due to its unconditional stability and compat-
ibility with the dynamic mesh [58]. The solution is consid-
ered to be converged once the residuals reach 107 for the
continuity and momentum equations.

The motion of the cylinders induced by the VIV is mod-
elled by the dynamic mesh scheme in the present study. The
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movable boundaries, and/or bodies are progressed during
the numerical simulation by the dynamic mesh model, and
accordingly, the corresponding adjacent boundary mesh is
adjusted. A UDF (User Defined Function) is embedded into
the solver for computing the motion of the oscillating cylin-
ders. At each time step, (i) the deformation of the domain is
taken care of by the dynamic meshing tool, and the mesh is
updated using the Laplace smoothing method, and (ii) the
lift force on the cylinder is calculated by solving the Egs. 1,
2, and 5. The lift force is then used in Eq. 7 to solve the
transverse motion equation in the UDF.

Grid Independence Study and Model Validation

For a numerical study, a minimum number of grids in the
computational domain are required to obtain considerable
accurate results with the least computational time. For
this purpose, a comprehensive grid independence study is
required to perform before analysing the all cases. Figure 3
shows the quadrilateral grid distribution for two circular cyl-
inders arranged in tandem, separated by a distance, S*=6.
A similar structured grid distribution is adopted in the pre-
sent study for all the considered cases. A square region of
size 2.5D x2.5D around the cylinder is generated to enclose
the vibrating cylinder and is shown in Fig. 3 (left bottom

view). As a result, the outer boundary of the enclosure
square region is separated by four interface lines (red dash
lines) from the moving and stationary regions. This square
region moves along with the vibrating cylinder, and adjacent
top and bottom domains are adopted as deforming zones to
adjust the mesh.

The finest mesh is developed in the central block, which
encloses the cylinder to effectively capture the wake wall
interactions in both directions, and the grids become finer
non-uniformly in the direction normal to the square block.
The spacing between the first level of the grid and the cylin-
der wall is fixed at 0.005D for an adequate resolution of the
boundary layer. Then the grid spacing linearly increases to
a value of 0.01D within the central square region. After that,
the grid size is increased to a maximum value of 0.1D with
an expansion rate of 1.05 in the normal direction. The same
spacing and expansion factor are used in all the considered
cases, resulting in an increment in the number of cells with
the increasing number of cylinders.

At first, grid and time-step sensitivity tests are conducted
to further analyse an extensive number of cases. As the pri-
mary goal is to investigate the effect of the number of cyl-
inders on the VIV and its corresponding energy harvesting,
thus two freely vibrating cylinders arranged in tandem at a
spacing, S“=6 and Re =100 is considered for the sensitivity

Deforming Zone

Zone

Fig.3 Local grids distribution within the whole computational domain. Also, grids around the multiple cylinders along with zoomed view of

grids around a cylinder is depicted
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Fig.4 Details of grid and time-step sensitivity test on (a) Total C; ,,,, and (b) Total Y,,, /D

test. A total of five different mesh sizes, along with three
different time-steps, are adopted for the independency study.
Two different quantitative data, viz., total maximum lift
coefficient (Cy ,,,,), and total normalized maximum cylin-
der displacement (y,,,,/D), is selected for comparing dif-
ferent mesh sizes at different time steps. The detailed study
of grid and time-step sensitivity test on C; ., and Y, /D
is shown in Fig. 4. The percentage deviation in between
the two corresponding grids is also shown in the figure as
error bar. It is observed that the percentage deviation of total
Cy naw and total y,, /D between the two grid sizes, 1,08,400
and 1,52,000, is 0.324 and 0.344, respectively, for time step
0.025 and 0.353 and 0.387, respectively for time step 0.01.
However, with a further increment of grid size to 1,96,000;
the percentage deviation is found to be insignificant. In addi-
tion, the percentage deviation of total Cy ., and total y,,,/D
between two time steps, 0.025 and 0.01 is 0.294 and 0.255
respectively, for grids 1,08,400. However, this percentage
deviation between time steps 0.025 and 0.05 is 1.294 and
1.854, respectively. Thus, in the present numerical analysis,
a grid size of 1,08,400 and a time step of 0.025 is considered
for simulation of all the cases to reduce the computation cost
with considerable accuracy.

In order to examine the accuracy and consistency, the
numerical results are compared with some benchmark
results for a single vibrating circular cylinder in the range of

reduced velocity (Ur = ;]—;), 2<U,.L10, m'= 10,{=0and

Re=100. The discrepancy of the r.m.s lift coefficient (C ,,,,,)
and maximum normalized transverse displacement (y,,,,/D)
of the vibrating cylinder calculated from the present numeri-
cal analysis with the published results [59, 60] are shown in
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Fig. 5. It can be observed from the Fig. 5 that both the quan-
titative parameters are in close agreement with the data

reported in the previous studies with a maximum error of
4.5%.

Results and Discussions

A two-dimensional, laminar, unsteady, and incompressible
fluid flows over a single and/or multiple circular cylinders
and develops a transverse oscillation motion on the vibrat-
ing cylinder induced by VIV. As the present study mainly
focuses on the multi cylinder arrangements, however, the
detailed analysis of fluid flow and its effect on the energy
harvesting from VIV for a single cylinder is also presented
in the study in Appendix — A. It is found that the maximum
power developed from VIV is found as 2.53 mW at U,=5
within the considered cases of a single vibrating cylinder
in the present study. The present numerical investigation is
further focussed on multi cylinder arrangement at variable
spacing between the cylinders, and for different combina-
tions of static and vibrating conditions for each cylinder at
Re=100, U,.=5, m”*=10, and £=0. The following sections
describe the VIV response and corresponding power har-
vesting from VIV of single, two, three, and four circular
cylinders arranged in tandem, respectively, and a detailed
comparison between each considered case.
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Fig.5 Validation of the present numerical results for single vibrating circular cylinder (a) of y,,,./D and (b) C; ¢

Fig. 6 Instantaneous (¢*=250) streamline pattern for different space and different structural combinations at U,=5, m."=10 and Re= 100

Streamline Characteristics

The flow pattern of fluid flowing over a body can be easily
understood by analysing the streamline pattern and vorticity
contour. Figures 6 and 7 depict the instantaneous stream-
line pattern when fluid flows over multiple cylinders, N=2

and 4, respectively, at U =5, m =10, {=0 and Re = 100.
Three different values of space between the cylinders are
considered as S*=3, 6 and 9, and the corresponding cases
are summarized in Table 2.

Figure 6 illustrates the instantaneous streamline pattern
of fluid flow over the two cylinders at different values of
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I

BN - e ey
———— 2

Fig.7 Instantaneous (#*=250) streamline pattern for different space and different structural combinations at U,=5, m."=10 and Re=100 and

N=4

S”. The flow behaviour in the locality of both the circular
cylinders exhibits a very discrete nature for different values
of the inter-cylinder spacing. When S*=3, the wake formed
by virtue of the boundary layer separation behind the first
cylinder reattaches at the surface of the second cylinder for
all the cases considered. The wake formed behind the second
cylinder is symmetric by reattaching at a certain point from
the rear stagnation point of the same cylinder. This stream-
line pattern signifies the steady behaviour of the flow around
the two cylinders at S” =3 irrespective of its structural condi-
tions. It is also noted that the width of the standing recircula-
tion regimes, or the wake of the upstream cylinder, is larger
than the width of the wake of downstream cylinder. This
wake characteristic implies that the more pressure drag is
associated on the upstream cylinder than the downstream
cylinder [61]. When §” =6, the wake becomes wavy, and no
reattachment is observed behind both cylinders. The wake
formed behind the upstream cylinder stretches along the
flow and streams over the downstream cylinder. However, a
substantial amount of fluid that initially streamed over the
upstream cylinder now flows over the top of the downstream
cylinder. This phenomenon of fluid flow produces a signifi-
cant enhancement in the lift force on the downstream cylin-
der compared to the upstream cylinder. For §*=9, undula-
tion of the streamline in all the considered cases is observed,
however the wake developed behind the upstream cylinder is
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less wavy before contacting the downstream cylinder when
the upstream cylinder is vibrating (refer to cases 2N9S-2
and 2N9S-3).

Figure 7 depicts the instantaneous streamline pattern for
the four cylinders arranged in tandem for m" =10, U,=S5,
{=0 and Re=100. Here, only two values of non-dimen-
sional spacing are considered as S“=6 and 9. The primary
reason for selecting such cases are as discussed earlier for
the two and three tandem cylinder cases, that the total vibra-
tion of all the cylinders is found to be maximum at S*=6
and 9. However, at S" =9, the total vibration is greater when
all the cylinders are allowed to vibrate freely. Thus, a sin-
gle structural condition is considered to analyze the VIV
of the four cylinders at S*=9. A very unique characteristic
of streamlines is observed for the flow over four cylinders
arranged in tandem at Re=100. There are single to four
wakes observed in between the Cyl-I and Cyl-II for the dif-
ferent structural conditions and spacing. It can be noticed
that the wake is wavy behind each and every cylinders for
all the considered cases. However, the characteristics of
the wake structures are different for every case depending
on the structural conditions of the cylinders and spacing.
At §"=6 and when all the cylinders are allowed to vibrate
freely (4N6S-1), three wakes are observed behind the Cyl-1.
Although, at $“=9 and for all the vibrating cylinders (4N9S-
1), only one wake is noticed with stretched in nature. When
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Fig.8 Instantaneous (z."=250) vorticity contour for different space and different structural combinations at U, =35, m*=10 and Re= 100

Cyl-II is fixed, it can be seen that four wakes are formed
behind the Cyl-I and one wake behind the Cyl-II. Although,
only one wake is seen behind the Cyl-I when Cyl-IIT is fixed.

Vortex Shedding Characteristics

In order to investigate the dynamics of the vibrating cyl-
inder thoroughly, the instantaneous vortex structures
(t"=250) are shown in Figs. 8 and 9 for different values
of N=2 and 4, respectively, at m*=10, ¢=0and Re=100.
For, §" =3, two shear layers of the opposite magnitude
separate from the top and bottom surfaces of the upstream
cylinder and reattach on the downstream cylinder in a

completely stable form (2N3S-1, 2N3S-2 and 2N3S-3).
A steady flow region in between the two cylinders is
observed. The space between the cylinders is less than the
wavelength of vortex shedding, which restricts the forma-
tion of Vortex Street behind the upstream cylinder. The
vortex formed behind the downstream cylinder is found
to be elongated without a Vortex Street, as the vortex
formed by the upstream cylinder supresses the vortices
formed behind the downstream cylinder and thus becomes
elongated. At S"=6, typical characteristics of the vortex
shedding are observed. Two different vortices shed per
cycle of the oscillation are found separated from both
cylinders when the upstream cylinder is static (2N6S-1).
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Fig.9 Instantaneous (+*=250) vorticity pattern for different space and different structural combinations at U,=35, m."=10 and Re=100 and

N=4

However, when the upstream cylinder is freely vibrating,
the shear layers are elongated longitudinally, irrespective,
whether the downstream cylinder is static or vibrating.
An asymmetric shear layers are observed where alterna-
tive reattachment takes place. These elongated shear layers
develop instabilities. Further increment on the spacing to
§"=9, two different vortices are found separated from the
cylinder surfaces; one is a clockwise rotating vortex sepa-
rated from the bottom surfaces (continuous lines) and the
other one is counter-clockwise rotating vortex detached
from the top surfaces (dashed lines) when the upstream
cylinder is static (refer to 2N9S-1). However, when the
downstream cylinder is in vibrating condition, the two
separated vortices are shed per cycle of oscillation behind
the upstream cylinder. The stretching of these vortices are
found more when both cylinders are in the vibrating state
(refer 2N9S-3). At the instantaneous time, ¢ =250, the
merging of upstream vortices with the downstream one
is observed (refer to inset views) and further advection
occurs along the flow direction. As a result, a stretch in
the vortices formed over the downstream cylinder is found.

Figure 9 depicts the instantaneous vortex flow pattern
for N=4 at " =250, U.=5, m*=10 and Re=100. It can
be noticed that the vortex pattern is highly dependent on
the structural coalitions of the cylinders for §*=6. When
all the cylinders are allowed to vibrate at S*=6 and 9
(4N6S-1 and 4N9S-1), two different vortices are found
separated from all the cylinder surfaces; one is a clockwise
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rotating vortex separated from the bottom surfaces (con-
tinuous lines), and the other is counter-clockwise rotating
vortex detached from the top surfaces (dashed lines). How-
ever, when the Cyl-II and Cyl-IV are in static condition
at " =6, separation of the vortices is observed only from
the Cyl-IV. The vortices from the other three cylinders are
stretched and overlapped with the next vortices, resulting
in the merging of the vortices. This merging of the vortices
from the Cyl-II enhances the transverse movement of the
Cyl-III (discussed later). Although, a distinct character-
istic of the vortex is observed when Cyl-I and Cyl-III are
in static conditions. There is no separation of the vortices
behind the Cyl-1II and the vortices are stretched enough
to merge with the vortices around the Cyl-IV. Due to this,
the cylinder experiences more vibration in the transverse
direction.

Flow-Induced Force

The energy that can be harvested from the VIV is related to
the total force acting on a body in the transverse direction of
the incoming fluid, i.e., the lift force (refer to Eq. 8). Thus,
the non-dimensional form of the maximum lift-force as the
maximum lift-coefficient (Cy ) for the different number of
cylinders, spacing, and structural conditions of the cylinders
is shown in Fig. 10a—c. In addition, C; ,,,, developed from
the other corresponding lower number of cylinders is also
depicted in the Fig. 9 for a simple comparison.
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Fig. 10 Variation of maximum lift-coefficient for cylinders in tandem of different structural conditions for different number of cylinders a N=2,

bN=3,andc N=4

The lift force experienced by a cylinder in cross flow is
mainly the result of the vortex shedding developed by the
movement of the vortex from top to bottom and bottom to
top surfaces of a body. The characteristics of C; . of 2 cyl-
inders is shown in Fig. 10a. As discussed earlier, no undu-
lation is observed on the streamline S*=3, thus no signifi-
cant lift is developed at §"=3. However, when the spacing
becomes S =6 and 9, a noteworthy lift force is observed.
Although, C; . of the Cyl-I and Cyl-II is very much less
than the C; . of a single vibrating cylinder, irrespective
of the structural conditions of the Cyl-I. It is found that the
Cy nax Of Cyl-1 is much higher compared to C; . of a sin-
gle vibrating cylinder for two cases of structural conditions,

2NxS-2 and 2NxS-3 at §"=6 and 9. Whereas, the Cp max Of
the Cyl-II is greater than that of the single cylinder only in
one case, 2NxS-2 for " =6 and 9. However, the total Crmax
is always higher than the C; ,,,, of a single vibrating cylin-
der, irrespective of the structural conditions at S*=6and9.

The maximum lift-coefficient (Cy ,,,,) for N=3 and for
the different spacing and different structural conditions is
shown in Fig. 10b. It can be observed that the maximum C;
exists either in the Cyl-I or in the Cyl-II depending on the
structural conditions. When the Cyl-I is in static condition,
it experiences maximum lift force. However, when the Cyl-1
is allowed to vibrate freely, the maximum C; is found in the
Cyl-IL. In addition, C; ., developed from an arrangement
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of the two cylinders is also depicted in Fig. 10b to compare
the impact of the three cylinders on the lift-force. It is found
that the total C, of 3 cylinders is always greater than the
total maximum C; of the 2 vibrating cylinders when the
spacing is S“=6, and an insignificant difference is observed
at S =9 (3N9S-1)

The variation of the lift force of each cylinder of N=4 for
the different structural conditions is shown in Fig. 10c. The
maximum of total C; ,,, for N=2 and 3 is also shown as a
dotted line for a clear comparison. When all four cylinders
are allowed to vibrate freely at S = =6 (4N6S-1), C Imax

is more in the Cyl-I and gradually decreases to the Cyl-IV
as separation of the vortices is observed from each of the
cylinders. Also, it is noticed that the strength of the vortices
reduces gradually with spacing. However, when S*=9, the
Cy nax 1s maximum and is equal in both the Cyl-I and II. For
the other considered structural conditions, it is noticed that
the C; .. is greater in the Cyl-IL. It can also be observed that
the total C; ,,,, of the four cylinders is always more than the
total C7 ,,,,, of 2 and 3 cylinders. However, when Cyl-I and
Cyl-III (4N6S-3) are in static condition, the total Cy ,,,, of
the four cylinders is less than C; . of the three cylinders.
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Fig. 11 Variation of normalized maximum transverse displacement for cylinders in tandem of different structural conditions for different number
of cylindersa N=2,b N=3, and ¢ N=4
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Normalized Maximum Transverse Displacement

The maximum amplitude of the cylinder vibration is one
of the crucial aspects that can effectively quantify the VIV
and is shown in Fig. 11a—c for N=2, 3 and 4 for different
cylinder spacing and structural conditions. The maximum
amplitude of the cylinder vibration is normalized by using
the cylinder diameter as y,,,,/D. Here, the zero value of
Yma/D for a particular cylinder implies the static condition
is applied to that cylinder. Figure 11a depicts the variation
of y,,./D for N=2 and it is observed that y,, /D is much
lower than the y,,, /D of a single vibrating cylinder for the
two structural conditions, 2NxS-1 and 2NxS-2, at S*=3 and
6. However, when the upstream cylinder is allowed to vibrate
freely, y,,../D is always higher than the y,, /D of a single
vibrating cylinder at S*=6 and 9. The strength of vortices
is higher when the spacing is greater than 3D, as discussed
earlier, and these vortices push the vibrating cylinders more
in the transverse direction of the flow.

The variation of the maximum value of the normalized
transverse displacement for N=3 is shown in Fig. 11b for
the different cylinder spacing and structural conditions. It
is observed that the y,,, /D of the three cylinders is much
lower than the y,,,./D of the two cylinders, irrespective of the
spacing and structural conditions. This is due to the lesser
strength of the vortices around the three cylinders arrange-
ment than the vortices around the two cylinders, and the

movement of the vibrating cylinders in the transverse direc-
tion of the flow is directly proportional to this strength of
the vortices. The maximum value of y,,,./D is found as 0.41
in Cyl-I at §*=6 when all three cylinders are in vibrating
condition.

Figure 11c shows the characteristics of the maximum
amplitude of the normalized transverse displacement of the
vibrating cylinders of N=4 for different non-dimensional
spacing and structural conditions. A simple comparison of
the maximum of total y,,,./D between the two, three, and
four cylinders is also depicted. At S"=6 and 9, y,,,/D is
more in the Cyl-I when it is allowed to vibrate freely. Thus,
the transverse displacement is significantly dependent on the
S* When S™ is greater than 6, the contact of vortices with the
Cyl-I is more intense, resulting in more transverse displace-
ment. It is observed that the total y,,, /D of the four cylinders
is greater than the y,,, /D of the three cylinders in two cases,
4N6S-1 and 4N9S- 1. However, the four cylinder arrangement
is found to be more effective than the two and three cylinder
arrangement in terms of total y,,, /D only when §"=9.

Frequency of Oscillation and Power Generation

Figure 12 illustrates the characteristic of the non-dimen-
sional frequency of transverse oscillation, f* (eyetelf) of
VIV with varying S”, and the number of cylinders arranged
in tandem. Here, f., ., is the total frequency of transverse

yele
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oscillation of all cylinders. A lock-in region can be observed
where the frequency of oscillation is equal to the frequency
of vortex shedding, i.e., f = 1. This lock-in region is noticed
for different structural conditions considered in the present
study and for the number of cylinders 2 and 3 at space,
§“<6. It increases with a decreasing number of cylinders,
and space between the cylinders along with the structural
conditions imposed on the cylinders. It can also be noticed
that when the space and number of cylinders is greater, the
f reaches its maximum value of 2.840 for all the considered
cases. As discussed earlier, the separation of vortices takes
place in a very short time, and with higher strength, when
the space is larger with more number of cylinders arranged
in tandem.

The impacts of two significant parameters, viz., the
number of cylinders arranged in tandem () and the non-
dimensional spacing between the cylinders (S”) on the
power developed by VIV are profoundly examined and
shown as a three-dimensional contour in Fig. 13. The con-
tour plot in Fig. 13 shows the dependency of harvested
power for different spacing values, and numbers of tan-
dem circular cylinders when the other parameters are kept
constant as U,=5, m*=10 and Re = 100. It is noticed that
the harvested energy from VIV (Powery,, ) is significantly
dependent on S* and N for all the considered cases. The
value of harvested power from the single cylinder is not

Fig. 13 Dependency of
Powery, on §* and number of
cylinders, N
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shown in the contour, however, it is very important for the
comparison with the multiple cylinder arrangement. The
maximum value of Powery,, is found as 2.5 mW for the
single cylinder arrangement at U,=35. For multiple cyl-
inders,Powery;, is found to increase with increasing of
both the $* and N. A maximum Power,;, of 10.55 mW is
developed for four cylinders arranged in tandem at a non-
dimensional distance, S*=9, when all the cylinders are
allowed to vibrate freely. As discussed earlier, an increase
in the spacing is followed by an increase in the natural fre-
quency of the energy harvester (refer to Fig. 12). In addi-
tion, it is clear that the vibration amplitude of the cylinder
in the lock-in region is increased, and hence the output
power is enhanced with the increase in spacing distance
[16]. Besides, greater strength of vortices are formed with
an increasing number of cylinders and space and strike the
cylinders with more force, resulting in a higher lift force.
As a result, more power is developed at higher S* and V.
The VIV power is in relation to the frequency (see
Eq. 8 and 9). Therefore, the vibrational frequency has a
great effect on the VIV power. The influence of the non-
dimensional frequency of transverse displacement (f*) of
cylinders on the Powery,, along with the space between
the cylinders is depicted in Fig. 14. As discussed earlier,
the f* increases with the increasing of both parameters, the
number of cylinders and non-dimensional space, Powery,
is also found to be increased with the increment of f*. The
local average velocity of flow at downstream increases

Power,,, (mW)
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. 316
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Fig. 14 Dependency of
Powery,y, on S” and f* —

S

s
w2,

when cylinders are kept at downstream, resulting in dis-
turbance in the flow which is significantly influenced by
the number of cylinders, the space between them, and
most importantly, the structural conditions of the cylinders
arranged in tandem. In particular, due to slower flow sepa-
ration (image not included), the frequency of the cylinders
is obviously low for the few cases considered in the pre-
sent study. However, the total frequencies of the cylinders
increase with S”, resulting in more Power,,. Again, it can
be seen that when the spacing ratio, S™is small (S*< 6), a
blocking effect is apparent (refer to Fig. 6). Thus, insig-
nificant power is developed at very low space.

Efficiency of Total Energy Conversion, 1,

The dependency of harvested power from VIV on the
number of cylinders arranged in tandem, spacing ratio,
and non-dimensional frequency is discussed. It is noticed
that the discussed parameters have a significant effect
on the Powery,,. The harvested power increases with an
increasing spacing ratio (S”) and number of cylinders (N).
However, the efficiency of power harvesting may have a
different kinds of dependencies. Thus, the dependence of
VIV efficiency, 5,y (Eq. 11) on the number of cylinders
arranged in tandem (N), and spacing ratio (S") for different
combinations of structural conditions is shown in Fig. 15.
For a single cylinder, a maximum value of 0.58 of #y;;, is
found, and a straight line is drawn for comparison with the
multiple cylinder arrangement, irrespective of the spac-
ing ratio. The maximum efficiency is achieved at U,.=5
for N=1. When the number of cylinders increased to 2
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Fig. 15 Characteristic of efficiency of total energy conversion, #y;,
with spacing ratio and number of cylinders

for §* =3, insignificant VIV efficiency is observed. How-
ever, at =6, the minimum and maximum efficiencies
are noticed for N =4, and the values are 0.03, and 0.47,
respectively. When S” increases to 9, minimum and maxi-
mum efficiencies are found for N=3 and 4, respectively.
The corresponding minimum and maximum values of
are 0.06 and 0.61, respectively. From all the considered
cases, the maximum value of #y,;, = 0.61 is achieved for
N=4 and at S"=9 when all the cylinders are allowed to
vibrate freely. The maximum value of #y;;, is observed as
0.36 at S*=9 for N=2. Whereas, the maximum value of
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vy is 0.41 for N=3 at §*=6. The corresponding cases
are highlighted in Fig. 15, which are 2N9S-2 (V-S), 3N6S-2
(V-§-V), and 4N9S-1 (V-V-V-V) for N=2, 3, and 4, respec-
tively. The letters in the parenthesis denote the structural
condition of the cylinders arranged in tandem in the direc-
tion of flow accordingly. The value of #y,, (maximum is
0.61) in the present investigation can be found to be insig-
nificant. However, a maximum value of harvested power
efficiency is found as 0.52 in the earlier studies where the
corresponding Reynolds number is of order 10* [2, 51,
54], whereas the Reynolds number in the present study is
kept as very low as 100. The efficiency can be enhanced
by increasing the wind velocity, which ultimately increases
the Re and also by increasing the number of cylinders
and number of piezoelectric strips, as depicted in Fig. 2.
Although, the number of piezoelectric strips cannot be
increased arbitrarily as it increases the overall mass of the
arrangement, which will further reduce the vibrational fre-
quency. Thus, a trade-off between the harvested power and
efficiency needs to be investigated for achieving optimized
harvested power from the VIV by using multiple cylinders
arranged in tandem.

Conclusions

A numerical analysis of vortex induced vibration of single
and multiple circular cylinders arranged in tandem for a
constant Reynolds number, Re =100, is reported in the
present study. The number of cylinders in a multiple cylin-
der arrangement is varied by 2, 3, and 4 along with a single
cylinder arrangement. The spacing between adjacent cyl-
inders varies as 3D, 6D and 9D; where D is the cylinder
diameter and a combination of structural conditions; static
and freely vibrating are also considered at the same time.
The effects of spacing, structural combination, and number
of cylinders on flow characteristics, fluid forces, transverse
displacement, and energy harvested from VIV are studied,
and the following conclusions are drawn.

1. For a single vibrating cylinder, primary wake, primary
wake with secondary wake, and no wake is observed for
different U,. Whereas, the wake is noticed to be wavy
when N=2, 3, and 4 at S'=6, and 9, resulting in vor-
tex shedding irrespective of the structural conditions.
A very unique characteristic of the vorticity pattern of
single to four vortices is observed between Cyl-I and
Cyl-1I for N=4 at different values of S”.

2. The maximum lift-force is found to be dependent on
both the spacing and the structural condition. The values
of Cy ,q are 1.02, 1.74, 1.68, and 1.60 for N=1, 2, 3,
and 4, respectively. The corresponding structural condi-
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tions are S-V, S-V-V, and S-V-S-V when N=2, 3, and 4
at $*=9, 6, and 6, respectively. Whereas, the maximum
transverse displacement is found as y,,, /D =0.59, 0.62,
0.41, and 0.56 when N=1, 2, 3, and 4, respectively. The
transverse displacement is maximum when all the cylin-
ders are allowed to vibrate freely in multi-cylinder cases.

3. The energy harvested from VIV, (Powery,y) is signifi-
cantly dependent on S, N, and the frequency of trans-
verse oscillation, f* (foyetelfy)- A maximum value of
Powery,;,, of 10.55 mW is achieved for the maximum
values of $*=9, N=4, and f =2.84. The corresponding
maximum value of 7,y is achieved as 0.61 for N=4 and
at S“=9 when all the cylinders are allowed to vibrate
freely.

However, when N=3, 7, is maximum at S* =6 instead
of §*=9. Although, 7, is maximum at §*=9 for N=2.
Thus, an increase in number of cylinders does not always
enhance the energy conversion efficiency, as the efficiency
is highly dependent on the spacing between the cylinders.
It can also be concluded that the harvested output power
can be multiplied by increasing the number of piezoelectric
strips, as discussed earlier (refer to Fig. 2). Although, the
overall mass of the arrangement is then increased that needs
to be optimized to achieve maximum lift force, transverse
displacement, and frequency of oscillation.

The present results provide knowledge on the applica-
tion of a set of tandem cylinders combining with vibra-
tional mode for harvesting the power from VIV in a practi-
cally engineered nano/micro energy harvesting system, as
demanded by the specific application on hand.
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