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ABSTRACT

In this paper, the flow field between two vibrating systems and the potential to increase the harvested energy by the interference of flow fields
was numerically evaluated. A combined configuration of a cylinder-splitter hyperelastic plate placed at the wake of a vortex-induced oscillat-
ing cylinder was studied in a laminar channel flow at a Reynolds number of 200. A finite-volume method was adopted for solving the flow
field over polyhedral cells. Overset grid and mesh morpher algorithms were employed to handle different mesh motions. On the other hand,
a finite element method was exploited to solve the structural displacement of the hyperelastic plate. Having validated two individual similar
systems, the effects of different spacing values and the reduced frequency of the vibrating cylinder on the amount of harvested energy were
investigated in the combined configuration. According to results, no flow unsteadiness took place for the small spacing values at low reduced
velocity. Increasing the natural frequency, the oscillation of the vibrating cylinder excited its boundary layer, causing it to separate. Moreover,
the presence of such oscillations at downstream of the vibrating cylinder altered its response yielding higher energy production. Results
showed that at some specific reduced velocities of the oscillating cylinder, the vortex shedding phenomenon did not occur if the spacing
between the cylinders was small. However in other cases, the relative power efficiency of the oscillating cylinder in the combined system was
increased from 29% to more than five times of the isolated oscillating cylinder depending on the parameters.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0185041

50:22:80 G20z AInr 2z

I. INTRODUCTION

Due to daily rise of energy demands and global concerns on cli-
mate change caused by fossil-based traditional ways of energy conver-
sion, clean and renewable sources of energy generation have been
greatly noticed. In the context of energy harvesting by mechanical sys-
tems from different dynamic systems including wind and water flows,
several influential principles of modulations and parameters were
reviewed in the literature.” A variety of flows were investigated by
researchers to evaluate different mechanisms of extracting energy by
flow-induced vibrations (FIV). There are four recognized types of
physical phenomena in FIV including flutter, wake galloping, vortex-
induced vibrations (VIV), and galloping. In a VIV problem, the maxi-
mum amplitude of harmonic oscillations is expected to take place
while the frequency of vortex shedding behind the bluff body gets close
to the natural frequency of structure eigenmode. A wide range of
research work either experimentally or numerically conducted from
FIV was reviewed in the literature.” It is known that for a one degree-
of-freedom elastic cylinder, the maximum amplitude of oscillations

can be obtained when the frequency of cylinder vortex shedding lies
close to the natural frequency of structure and “lock-in” condition
happens.” ° Results show synchronization occurs when the multiplica-
tion of structural mass-damping ratios is close to 0.25 over a range of
reduced velocities.”

For a confined oscillating cylinder at low Reynolds laminar flow,
it is also reported that the maximum extracted energy is possible when
the mass-damping parameter, m*{, is close to 0.25-0.3.° To increase
the amplitude of a VIV harvester over a broad range of flow speed, dif-
ferent shapes of bluff body were evaluated in the literature.””'° In the
context of two tandem cylinders in an unconfined laminar flow, pub-
lished results reveal that for a spacing distance of more than 4.5 times
the cylinder diameter, the root mean square values of lift coefficient for
both upstream and downstream cylinders increase significantly.'”
There are extensive reviews in this field describing the flow characteris-
tics and lift/drag force variations in terms of flow Reynolds number
and distance between tandem cylinders with or without the same
shape or diameter and the effects of wake interference.'*
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From energy extraction perspective, it is reported that VIV of an
elastic isolated cylinder in a confined laminar channel flow can
increase the amount of peak power efficiency up to an order of mag-
nitude greater than that of an unconfined case.” The hydrodynamic
flow features of in-series bluff bodies with two different cross sections
were numerically studied for circular-square cylinder system for vari-
ous spacing and radius ratio in confined channel.”"*” The effect of
spacing and cross-section configuration are reported for different
reduced velocities. On the other hand, a number of work is published
on energy conversion by using piezoelectric harvesters (PEH) by
either placing the PEH in the wake of a bluff body at some specific
distances or attaching it to a bluff body as a splitter flexible plate gen-
erating electrical voltage from plate deformations in both laminar
and turbulent flows.'"”>*” The potential application of such small
scale devices can be to supply energy for micro sensors which are
working with chemical batteries.” Although extensive work was pub-
lished on oscillating isolated or tandem cylinders as well as splitter
flexible plate attached to bluff bodies for energy harvesting applica-
tions, to the best of authors’ knowledge, no study has been established
to investigate the flow field interaction between the tandem cylinders
and a hyperelastic splitter plate in downstream to evaluate the flow
interference and any possibility for improving the power efficiency
generated by such combined systems. Thus, in this research, a com-
bined configuration of tandem cylinders and a hyperelastic splitter
plate confined in a channel are numerically studied using STAR-
CCM+. The aim of this study is to investigate the two-way interac-
tion between the shed vortices from one vibrating cylinder in front
and one fixed cylinder-elastic plate system in rear locations and to
explore if the interaction of such combined system could produce
more energy than each individual system. The upstream cylinder is
mounted on a spring-damper system and undergoes oscillations due
to the VIV effect. The downstream cylinder, however, is kept station-
ary, and the attached splitter plate experiences elastic deformations.
The distance between two cylinders as well as the reduced velocity of
the upstream cylinder are changed, and the power -efficiency
extracted from the VIV cylinder and the tip displacement of the split-
ter plate are computed and discussed. To avoid high computational
cost for fluid-structure interactions in three dimensional domain, a
one-cell thickness approach is employed following the literature for a
laminar flow.”'

This paper is organized as follows: Sec. IT describes the governing
equations of both fluid and solid dynamics, the fluid—structure interac-
tion, the mesh motion technique, and the power extraction formula-
tions for both the oscillating cylinder and the piezoelectric plate. In
Sec. 111, validation of the numerical methods used in this study is
reported on two different benchmark problems, i.e., a hyperelastic
plate attached to a fixed cylinder in a channel flow and an oscillating
vortex-induced low mass-ratio cylinder in farfield. Having assured on
the reliability of the numerical methods for the hyperelastic plate
deformation and the cylinder rigid body oscillation, the main problem
is extensively studied. A schematic introduction of the combined case
including of an oscillating low-mass ratio cylinder placed in the
upstream of a stationary cylinder attached to a splitter flexible plate is
presented in Sec. IV. The results of fluid-structure coupled simulations
for different parameters of interest are given in Sec. V and compared
to the isolated conditions. In the end, a summary and conclusion is
expressed in Sec. V1.

ARTICLE pubs.aip.org/aip/pof

Il. NUMERICAL APPROACH
A. Fluid dynamics model

The Navier-Stokes governing equations for a laminar, incom-
pressible Newtonian fluid flow on a moving domain are as follows:

V- =0, (1)
ouy =2
w(ay7) - ewg. o

where p; and u are the density and dynamic viscosity of the fluid,
respectively, and #/ and p are the fluid velocity vector and pressure of
the flow, respectively. The equations are discretized using the second-
order accuracy in space and time using a finite volume approach.
Polyhedral grids were adopted to discretize the CFD domain whose
great advantage is more accurate approximation of gradients because
of inclusion of more neighboring points.”"’ Moreover, this type of
grid is more robust to stretching than tetrahedral ones, thus making it
more popular for predicting flows with separation and highly vortical
patterns.

B. Structural dynamics model

To compute the deformation of the hyperelastic plate, the follow-
ing momentum equation is numerically solved using a finite element
approach:

N
0*u, —

o ZV'Us+psf, (3)

where p, is the hyperelastic plate density,_)ﬁg is the dislacement vector,
o is the Cauchy stress tensor, and f denotes any body force.
Assuming a Saint Venant-Kirchhoff material, the constitutive equa-
tion can be recast using the second Piola-Kirchhoff stress tensor and
the Green-Lagrange strain tensor.

To include the dynamics of the two-dimensional oscillating cylin-
der, it is modeled as a rigid body of mass m attached to a linear spring
and viscous damper. The spring and damper constants are k; and c,
respectively. The cylinder has only transverse motion in the y direc-
tion. Thus, the governing equation is a second-order ordinary differen-
tial one, i.e.,

Ps

F
J+ 2o+ oy =—, (4)
where F, is the flow force on the cylinder in the y direction, @, =

\/ks/m is the angular frequency, and { is the damping coefficient,
defined by

{= . (5)

C. Fluid-structure coupling

Similar to the procedure exploited and described in a recent two-
way ESI work on hydroelastic analysis of slamming induced impact,”*
Fig. 1 demonstrates the fully coupled algorithm employed in this study
to control the acceleration effects of the highly flexible plate on the
solution stability. Having initialized the flow domain, the CFD solver
updates the flow variables and interpolates the pressure values to the
hyperelastic plate interface. Then, the FEM solver calculates the nodal
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FIG. 1. Fully coupled FSI algorithm.

displacements. While the residuals are above a threshold or the mini-
mum iterations are not reached, the fluid and structure solvers iterate
simultaneously to obtain an equilibrium solution at each time step.
Having met the prescribed convergence criteria, the node position in
the flow domain is updated using the mesh morphing algorithm and
the time advances. This procedure is continued until the outer stop-
ping conditions are met.

D. Mesh motion

In order to handle large deformations of hyperelastic splitter plate
as well as cylinder oscillatory motions due to the fluid flow, two differ-
ent techniques were employed in this study. In the hyperelastic splitter
plate, a mesh morphing method was selected. In this approach, a pre-
conditioned conjugate gradient method and a fast multipole technique
are applied to the typical radial basis functions used for displacement
control points around the moving boundary. To include the displace-
ment of oscillatory cylinder on the other hand, an overset grid motion
was utilized which preserves the original mesh quality and is beneficial
for rigid body displacement of the cylinder resulting from the net value
of the fluid flow, spring and damper forces. In this case, the overset
domain containing the oscillatory cylinder is being displaced at each
time step based on the solution of Eq. (4).

E. Energy conversion and power extraction
The power harnessed by an oscillator from the flow kinetic
energy through a period of motion, T, is computed as

Tose

1
Pose = —— Ej )
Tasc .[0 )’ydt (6)

where y is the transverse velocity of the oscillator. Furthermore, the
total kinetic energy of the flow passing over the oscillator with a unit
length is given by

1
Py = EPUSD- (7)
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Therefore, the extracted power efficiency of the cylinder under VIV
can be evaluated as

Pose

P, tot

Moving on to the dynamics of the elastic plate subjected to fluid

motion, many studies have introduced two governing nondimensional
35-37
parameters as follows:

(8)

Nyry =

3
E,
Ky = (ﬁ) , ©)
M= (10)
prL

where Eq. (9) denotes the bending stiffness and Eq. (10) represents the
mass ratio. In this context, the elastic plate fixed at one end is treated
as an Euler-Bernoulli beam, and its natural frequency can be com-
puted by the following equation:**

K,
P ) 11
Fi =\ o ()

where i = 1, 2, 3 represents the mode numbers of plate and k; are
three constants, respectively. In this framework, the generated power
of a piezoelectric plate as an inertial harvestor is identified to be pro-
portional to the amplitude of tip displacement, y;, as well as to the
third power of response frequency, f, of a cantileverd piezo-beam

Ppiezo (th O(f3- (12)

1. METHODOLOGY VALIDATION

In this section, two benchmark cases were investigated and com-
pared with references to ensure the correctness of numerical settings
and considerations for the fluid-structure interaction treatment. The
first one is a highly flexible flat plate attached to a fixed cylinder within
a channel and exposed to the laminar flow, and the second one is a
low mass-ratio oscillating cylinder subjected to freestream flow.

A. Isolated stationary cylinder-elastic plate in a laminar
channel flow

Turek and Hron™ extensively studied the effects of solid material
properties as well as flow Reynolds number on the displacement
behavior of a hyperelastic plate attached to a fixed cylinder in a laminar
channel flow. The accurate capturing of vortex shedding and added
mass effects of highly deforming plate and the proper grid motion in
the presence of channel walls characterizes the problem as a challeng-
ing benchmark which has been widely simulated by the literature to
validate different fluid-structure interaction schemes and numerical
algorithms.”** The computational domain is the same as Ref. 39. The
Reynolds number is 200 based on the cylinder diameter. At inlet, a
parabolic velocity profile was imposed. No-slip wall was set on lateral
sides of channel, as well as cylinder and splitter plate faces and a
pressure-outlet condition was considered for the exit boundary. To
avoid any discontinuity at the fluid-structure interface, the following
physical relations are met:

=
uS‘/

s =l

or.1n =o;- n (13)
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TABLE I. Properties of the solid elastic material.
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TABLE Il. Grid independency analysis.

Parameters E/( s U?) 0./ s Vs Grid size  Frequency (Hz) Yiip/D
Value 1400 1 0.4 Base 5.28 (0.016 +0.337)
Fine 5.29 (0.017 = 0.341)

where @ is stress tensor and 7 is the unit normal vector of the
interface.

To avoid the occurrence of “shear-locking” in deformations with
large bending, quadratic hexahedron elements were used to discretize
the governing equations on the hyperelastic plate. In addition, the
polyhedral grids were employed for discretization of the flow field to
increase the accuracy of gradients of such highly vortical flows." One-
cell thickness approach was adopted in depth direction to reduce com-
putational cost.”" The first grid over the cylinder was placed at 10D,
and the grid base size of 0.05D was selected for the fluid domain. Since
only the pressure force acting on the hyperelastic plate was of interest,
no boundary layer mesh was made on the plate surfaces. The solid
domain was divided into 450 hexahedral grids. A normalized time step
size of 0.02 was utilized for temporal integration of simulations where
the flow timescale was computed based on the cylinder diameter and
the mean inlet velocity. Normalized values of elasticity and density of
the solid plate and the Poisson ratio used in this simulation are given
in Table I.

Figure 2 shows the velocity contour of this benchmark problem.
A low velocity region is formed near the no-slip channel walls interact-
ing with the accelerated flow region generated by the favorable pres-
sure gradient of the cylinder. This region is further affected by the
plate deformation causing it to become elongated in the streamwise

0.00 0435 0.869 130 174 217

FIG. 2. Contour of normalized velocity magnitude, U/ U,.s.

O Ref. [39]
——Present work

0.6
0.4

0.2
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direction. The shed vortices are confined by walls of the channel and
get merged soon after the plate tip, as seen here.

The vortex shedding from the cylinder makes the splitter plate
vibrate with a frequency close to its natural mode in a vacuum condi-
tion. In Fig. 3, normalized tip displacement and lift coefficient of the
plate obtained from the present simulation are compared with litera-
ture” demonstrating appropriate accordance in both amplitude and
frequency values. The reference frequency and normalized tip dis-
placement amplitude are 5.3 Hz and 0.0148 = 0.343, respectively.

To ensure the independency of the plate deformation from grid
and time step sizes, a resolution analysis was performed for both. In
Table TI, grid sensitivity results are reported where two different base
sizes of 0.05D and 0.025D for fluid domain and two total solid cell
numbers of 450 and 700 were used. These two grid sizes are named
“Base” and “Fine” for further simulations. Here, the normalized time
step size of 0.02 was adopted. As observed, a change in both frequency
and amplitude of the plate deformation is negligible. This approves the
sufficiency of the Base grid for the analysis of this problem.

B. Freely vibrating low mass-ratio cylinder in a laminar
flow

As the mass ratio decreases, the influence of added mass on the
level of interaction between flow and structure rises causing a remark-
able deviation of the response frequency from the Strouhal number.**
Moreover, the numerical simulation encounters with challenging
instabilities due to the effects of comparable added mass. In this part, a
two-dimensional laminar flow at Re = 150 is simulated passing over a
freely vibrating cylinder where the mass ratio, m* is set as in Eq. (14)

m" = 4ms/(pan2) =2. (14)

Here, a unit length is considered for the depth of the domain, and a
damping factor of { = 0.007 is set. The cylinder is attached to a linear

0.4 T T T T T
o Ref[39]
—Present work

-0.4 1 1 1 1 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 18 2

FIG. 3. Lift coefficient and tip displacement validation for the cylinder-splitter plate system.
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FIG. 4. Numerical domain and the grid refinement in the wake and the overset
zones.

spring and damper in a free-stream rectangular domain whose bound-
ary conditions are velocity inlet and pressure outlet. The cylinder sur-
face is set as no-slip wall and its motion is handled by overset
technique. To validate the results with literature,”*° the reduced veloc-
ity, V, = U/f,D is changed over the range of 3 — 10. The size of the
domain is 36D x 40D. A base grid size of 0.5D was set for the domain
while a zone with finer grid was adopted in the wake of the cylinder
with size of 0.05D. Furthermore, an overset region with a grid size of
0.03D was generated which provides a more robust handling of cylin-
der motion without any remeshing need. This region is demonstrated
in a close picture mentioned by a red arrow. It is noteworthy that the
motion of cylinder as well as the fixed end of the spring-damper sys-
tem must be defined in appropriate coordinate systems to accurately
calculate the spring-damper forces. Figure 4 illustrates the domain and
grid topology used in this simulation.

Figure 5 depicts the maximum normalized amplitude of the cylin-
der response compared with Refs. 45 and 46. As it can be noted, the
lock-in phase takes place in 4 < V, < 7 where the maximum response
occurs which is interesting for the energy harvesting applications. It is
also noticeable that the computational grids used for those two numeri-
cal references were quadrilateral whereas the polyhedral cells were
adopted here which are known to be superior in terms of more accurate
computation of gradients in highly vortical flows. Moreover, the grid
motion applied in this work was the overset technique which main-
tained the original quality of the grid with high accurate linear interpo-
lation between the background and the overset domains. However,
diffusion-based morphing mesh motion was used in those two referen-
ces where the shape and orthogonality of cells normally change during
the simulation time. Nevertheless, satisfactory agreement in capturing
different branches of the cylinder oscillatory response proves the adop-
tion of proper numerical techniques including overset grid interpola-
tion, spring-damper fixed reference locations, and reliable vortex

ARTICLE pubs.aip.org/aip/pof
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FIG. 5. Normalized amplitude of the vibrating cylinder at different reduced
velocities.

shedding detection over and behind the oscillatory cylinder which are
all employed for the main combined problem studied in Sec. IV.

In Fig. 6, the von Karman vortex street is observed behind the
induced-vibrating cylinder. Since the cylinder is oscillating in the
transverse direction with remarkable velocity, the shed vortices have
also a significant velocity component in transverse direction causing a
wider distance between the core of vortices right after the cylinder
which gradually get closer to each other due to the viscosity effects and
energy dissipation in the downstream of the cylinder.

In the validation process, the reliability and accuracy of the FEM
solver of STAR-CCM+ for precise handling of a hyperelastic plate and
the morphing mesh solver was first examined. Due to low stiffness of
the plate, it was difficult to numerically converge the deformation of
the plate and also obtain physical outcome. Results of Fig. 3 and
Table 1T ensured the authors that the flow field around the hyperelastic
plate was properly captured and the solution data were grid-
independent. Then, the results of Fig. 5 confirmed the reliability and
validity of flow field interaction with the rigid motion of the spring-based
cylinder using the overset mesh motion algorithm. Having validated all
these relevant physics and the numerical techniques, the main problem,
ie., the flow interference between the upstream oscillating cylinder and
the downstream hyperelastic plate is explored from energy harvesting
point of view. In other words, it was crucial to first validate and ensure
about the following technical steps before studying the main problem:

* Hyperelastic deformation of the piezoelectric splitter plate which
depends on mesh morpher robustness, accurate flow field

1.32e-05 400 8.00 2.0 16.0 20.0

FIG. 6. Contour of normalized vorticity magnitude, w;D/U,..
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computation around the plate, the interface data interpolation,
and time step size of integration.

* Interface data interpolation between the overset and background
grids and second-order time integration of the vibrating cylinder
equation of motion [Eq. (4)].

IV. COMBINED CONFIGURATION

Having presented the results of validation for two benchmark
studies, the main problem consisting of a channel-confined oscillating
one degree-of-freedom cylinder placed in the upstream of a fixed one
to which a hyperelastic plate is attached, is further investigated and the
influence of different concentric distances between the two cylinders
(x/D = 1.5, 2, 3, 4) as well as the reduced velocity of the vibrating
cylinder (V, = 3, 3.5, 4) are investigated. Figure 7 illustrates a sche-
matic of the problem.

The downstream cylinder and the attached splitter plate are at
fixed location in the domain while the upstream cylinder is placed at
four different distances from the downstream one. The Reynolds num-
ber is fixed at 200 based on the diameter of the cylinders, and the m*{
is set to 0.3 to reach the maximum extracted power.” It should be
noted that in Ref. 8, different ratios of channel width to the cylinder
diameter (H/D =2, 2.5, 3, and 4) were studied, and the optimum m"{
was found to be in the range of 0.2-0.3 in terms of the maximum
energy production. For H/D =4 which is the ratio in this study, the
maximum value of m*{ is 0.3. Therefore, this value was selected and
fixed for this study.

The structure properties of the flexible plate are the same as in
Table 1. The geometrical properties of the splitter plate, the base grid
size of fluid and solid domains, and the normalized time step size are
all adopted based upon the findings from Sec. III A. The total number
of cells in the solid and fluid domains were 450 and 75000, respec-
tively. At each time step, 40 iterations were considered so that all resid-
uals reached 10~ or below. A close view of the grid within the plate
and fluid domains including the overset region is displayed in Fig. 8.

V. RESULTS AND DISCUSSION

In order to realize the influence of the combined system on the
power efficiency, the response of the isolated oscillatory cylinder being
placed between the parallel walls was computed first. Due to the pres-
ence of blockage effect of the channel walls, the vortex shedding from
the oscillating cylinder, the vortical flow field in the wake and conse-
quently the dynamic response of the cylinder are different from those
of oscillating cylinder at far field which was studied as a validation

x

FIG. 7. A schematic of the combined configuration problem.

pubs.aip.org/aip/pof

FIG. 8. Close view of the fluid, solid, and the overset grids.

problem in Sec. IIIB. As a result, the level of maximum power effi-
ciency can rise up to an order of magnitude compared to the uncon-
fined oscillation in far field for laminar flow.” Figure 9 shows the
velocity contour of the flow field at various time instances correspond-
ing to different cylinder location normalized with maximum velocity
at each time instance. The left column represents the flow field during
downward motion while the right one demonstrates the velocity field
in the upward direction both following a sinusoidal trend. The forma-
tion of low velocity region close to the confined walls of the channel is
clearly due to no-slip condition. As the cylinder approaches the lower
wall, the distance between the cylinder and the channel wall decreases
and thus the flow accelerates more at the lower surface of cylinder. In
addition, the wake of cylinder is shifted to the upward direction by
high local momentum over the lower surface. As can be observed in
the first instance of the upward motion in right column, a remarkable
high velocity region is shaped over both lower and upper surface of the
cylinder. At this time instance, the velocity of cylinder is zero and the
direction of the motion is being changed toward the upward direction.

Now, we present the results of the combined configuration. The
power efficiency of the vibrating cylinder in the combined configura-
tion, i.e., 1, computed according to Eq. (8) is expressed in Table III.
At V, = 3 for x/D = 1.5 and 2, no oscillation was experienced by the
upstream cylinder and hence the amount of cylinder velocity was zero
yielding in no power produced according to Eq. (6). This happened
due to the absence of vortex shedding from the upstream cylinder as a
result of relatively high spring stiffness for such a small spacing dis-
tance preventing from the shedding phenomenon over the upstream
cylinder. However, the unsteady shedding takes place at higher distan-
ces. Moreover, it was found that at V, = 3.5 and 4, the maximum effi-
ciency value can be harvested at x/D=2. Based on the results, the
highest expected efficiency was obtained at x/D = 3 and V, = 3.

The power efficiency extracted by an isolated cylinder oscillating
in the absence of cylinder-splitter plate in downstream, denoted by 1,
is shown in Table IV with maximum power efficiency at V, = 3. As
can be noticed, by increasing the reduced velocity, the efficiency
remarkably drops due to getting farther from the lock-in condition. In
order to make an assessment between the amount of maximum effi-
ciency of combined configuration presented in Table IIT and the one
given for the isolated cylinder, the second row of Table I'V gives the rel-
ative change. Interestingly, results confirm a substantial rise in effi-
ciency value of the oscillating cylinder while being placed in the
upstream of this combined arrangement in comparison to the isolated
configuration. This relative change is from 29.7% at V, = 3% to 566%
at V, = 4 which approves by adding the second cylinder-splitter elastic
plate in downstream, the presence of such vortical flow can
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FIG. 9. Contour of the normalized velocity field for isolated vibrating cylinder, U/ U,y.qx.

TABLE Ill. Power efficiency of the oscillatory cylinder in the combined configuration.

V,=3 V, =35 V, =4
x/D=15 0 0.3009 0.2647
x/D=2 0 0.4308 03017
x/D=3 0.4521 03108 0.1962
x/D =4 0.3461 0.1955 0.0778

significantly impact on the upstream flow pattern and consequently,
improves the energy harvesting efficiency of flow-induced vibrating
cylinder.

A comparison among lift coefficients, cylinder velocities, and
power efficiencies of the combined system with those of the isolated
oscillatory cylinder is plotted in Fig. 10. According to the results of
Table 111, the maximum efficiency condition at each reduced velocity
is chosen for comparison with the isolated cylinder at the same
reduced velocity. The time axis is normalized with the period of natu-
ral frequency corresponding to each reduced velocity. It is seen that at

TABLE IV. Relative increase in power efficiency of the oscillating cylinder.

V,=3 V, =35 V, =4
Isolated cylinder 0.3486 0.1778 0.0453
(ncam, max ’11‘50) 29.7 142.3 566

x 100
Niso

V, = 3 for x/D = 3, lift and velocity of the isolated oscillatory cylinder
are although less but still close to the combined system and therefore,
the amount of power efficiency in the combined system is slightly
higher than the isolated case, i.e., 29.7%. However, for V, = 3.5 and 4,
the difference becomes completely noticeable such that at V, = 4 for
x/D = 2, the value of power efficiency of the oscillatory cylinder for
the combined system reaches almost 6.66 times of the one in isolated
case.

In Table V, the normalized tip displacement of the hyperelastic
plate in the combined arrangement is reported for different values of
reduced velocities and spacing distances. In accordance with Table I1I,
no vortex shedding and thus, no deformation is captured at V, = 3 for
x/D = 1.5 and 2. However, by increasing the distance between the
cylinders, the response of the flexible plate becomes considerable.
Though at higher reduced velocities, the shedding and plate deforma-
tion take place at the small spacing values as well. The highest ampli-
tude of tip oscillation occurs at x/D =2 for V, =3.5 and 4.
Reminding the mean amplitude of an isolated cylinder-splitter plate
system shown in Fig. 2, it is obvious that the combined system leads to
larger deformations of the flexible plate which is favorable for the
amount of power generated by a piezoelectric harvester based on Eq.
(12).

A comparison between the highest normalized tip displacements
of the splitter plate seen in Table V in the combined system with that
of the isolated cylinder-plate case is depicted in Fig. 11. After the initial
undeveloped flow field, a periodic behavior is observed in trends of all
results with higher amplitude of tip oscillations for the combined sys-
tem at x/D =2 for V, = 3.5 and 4 when the flow becomes fully
developed.
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FIG. 10. The difference between VIV response of the confined isolated cylinder and the one in combined system.

TABLE V. Normalized tip displacement of the plate in the combined case.

V,=3 V, =35 V, =4
x/D=15 0 0.019+0.391  0.006 = 0.278
x/D =2 0 0.026 +0.531  0.029 *+ 0.507
x/D=3 0.029 +0.357  0.026 =+ 0.42 0.026 + 0.448
x/D=4 0.028 + 0.357 0.03+0.377  0.033+0.378

The dominant frequency of the plate tip motion was computed
for different spacing and reduced velocities using power spectral den-
sity of the displacement and is given in Table VII. The highest fre-
quency is detected at V, = 3 for x/D = 3 and 4. It is noteworthy that
such thin elastic plates when subjected to fluid flow respond with a fre-
quency on the order of their second mode in vacuum.” The natural
frequencies of the under study elastic plate in vacuum were numerically
computed using Eq. (11), and the first three values are 0.98, 6.18, and
17.31 Hz, respectively. Thus, it seems that for V, =3 and x/D = 3
and 4, the frequency of plate tip response is approching to the value
of the second mode in vacuum. In other words, the value of fp /2
=815 = 0.995 for V, = 3 and x/D = 3 which denotes the occurance
of lock-in phenomenon for the plate tip displacement. Comparing the
values of frequency in Table VI with that of isolated cylinder-splitter
plate shown in Fig. 2 (5.28 Hz), one can conclude that at some spacing

and reduced velocities, the response frequency is increased in contrast
to some other circumstances.

According to Eq. (12), the ratio of the power generated by the pie-
zoelectric harvester for all combined cases to that of the isolated
cylinder-splitter plate, shown in Fig. 2, is computed and given in Table
VIL In this table, the power ratio is computed by dividing the corre-
sponding amplitude and third power of the frequency at each com-
bined case by those of the isolated case, as follows:

Ppieza,com _ Acom % <fmm) 3. (15)
P, piezo, iso Aisa fisa

As it is seen, a maximum rise of 67% is also obtained for the
amount of power generated by the piezoelectric plate deformation at
V, = 3and x/D = 3 in the combined system compared to the isolated
cylinder-splitter plate. This increase arises from the stronger fluid-
structure coupling caused by the presence of oscillatory cylinder in the
upstream of the elastic plate.

In Fig. 12, the normalized tip displacement of plate and the corre-
sponding power spectrum density of two combined cased are plotted
and compared with the isolated splitter plate case studied at Sec. III A.
The amplitudes of combined configuration at V, =3 for x/D =3
and 4 are the same and a little higher than that of the isolated case,
according to Table V, but due to the difference in the mean value, the
minimum value of tip displacement is almost the same. The
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FIG. 11. Comparison of normalized tip displacement.

TABLE VI. Frequency of the tip displacement. frequencies of the tip response for these two combined cases are also

greater than that of the isolated cylinder-splitter plate, as given in
V,=3 V, =35 V,=4 Table VI.

In Fig. 13, normalized velocity contour of the flow field for differ-

50:22:80 G20z AInr 2z

x/D=15 0 407 3.62 ent spacing and reduced velocity values are illustrated. All snapshots
x/D=2 0 527 4.84 are corresponding to the time instance at which the plate tip deflection
x/D=3 6.15 5.64 5.37 is maximum. As it is perceived, there is no vortex shedding and flow
x/D=4 6.05 5.65 5.75 unsteadiness at V, = 3 for the two smallest spacing values, ie., L/D =
1.5 and 2. Under these circumstances, the wake of the upstream cylin-
der unifies with that of the second cylinder and since no asymmetric
fluctuation takes place, the plate remains stationary leading to zero lift
TABLE VII. Ratio of piezoelectric generated power, Ppiczo, com /Ppiczoiso- and power values by the whole system. However, by increasing the
spacing distance between the two cylinders, the shedding phenomenon
V,=3 V, =35 V, =4 starts and the interaction between the vortices from the upstream and
the downstream cylinders becomes remarkable and influential on the
x/D=15 0 0.53 0.26 asymmetric flow field passing the flexible plate which yield in larger
x/D =2 0 1.56 L.16 deflection of the piezoelectric energy harvester. Interestingly, as the
x/D=3 1.67 1.52 1.39 spring stiffness and, consequently, the natural frequency of the
x/D = 4 1.59 1.37 1.45 upstream cylinder decrease, the oscillation of the cylinder excites its
boundary layer making it separate. As a result, vortex shedding occurs
4
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FIG. 12. Comparison of normalized plate tip response between combined and isolated cases.
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FIG. 13. Contour of the normalized velocity magnitude for the combined system, U/U.s.

even at the two smallest spacing values for V, = 3.5 and 4. It is also
clear that the maximum tip deflection has happened at L/D = 2 and
V, =35,

The results of sensitivity analysis of the numerical simulations for
L/D =2 and V, = 3.5 are plotted in Fig. 14. The effect of two differ-
ent normalized time step size is shown in Fig. 14(a). As observed, a
small variation in the plate tip displacement confirms the indepen-
dency of numerical outcomes from the adopted time step size in the
simulations. Moreover, the influence of the grid size on the resolution
of flow and structure fields was investigated and reported in Fig. 14(b).
Two grid sizes named Base and Fine in Sec. IIl A were considered and
negligible change in the plate tip displacement was achieved. This
approves the sufficiency of the Base grid used for the parameters study
reported in this section.

It is noteworthy that in order to more systematically identify the
grid independence and uncertainty quantification, a robust well-
studied validation and verification method proposed by ASME was
exploited in an FSI modeling of a flat plate water entry.”” However,
three grid size and discretization levels are required for that method to
compute some relevant parameters such as grid convergence index
while only two grid sizes were tested in this work.

VI. SUMMARY AND CONCLUSION

In this paper, numerical study of a combined energy harvesting
configuration was presented where a hyperelastic plate attached to a
fixed cylinder was placed at the wake of an elastically mounted cylin-
der. Comparing to each isolated system, the vortical flow field was
highly influenced by both the oscillating cylinder displacement as well
as the elastic plate deformation. Three reduced velocities and four
spacing values were studied to capture the effects on the flow field and
consequently, the displacement amplitude and frequency of the oscil-
lating cylinder and flexible plate. Based on the obtained results, no
flow unsteadiness and vortex shedding was observed in the two small-
est spacing values for V, = 3. Though for higher spacing distances
and reduced velocities, vortex shedding occurred, leading to larger dis-
placement of cylinder and the piezoelectric plate. This improved the
extracted power efficiency up to the maximum of five times for the iso-
lated oscillating cylinder as well as a maximum power rise of about
56% and 60% generated by the piezoelectric plate by an increase in the
tip displacement amplitude and frequency, respectively. Having
ensured about the effectiveness of such combinations on the perfor-
mance improvement in the context of energy harvesting, further
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analyses can be established about different elastic plate material prop-
erties, the effect of flow Reynolds number, the width of the channel
and the shape of the bluff bodies for additional enhancements.
Moreover, the method of fluid—solid momentum exchangem could be
assessed for predicting the response of the hyperelastic plate in such
confined low Reynolds flows in future studies. The flow field interfer-
ence effect provided a great potential for energy extraction improve-
ment from low speed flows in confined channels.
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