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The current study presents a novel piezoelectric design that converts vortex-induced vibrations caused by flow
across a circular cylinder. This design can be implemented as a passive control method for energy harvesting. It
encompasses the novelty of employing circular arc plates around a circular cylinder integrated with flexible
splitters downstream. To assess the merits of the proposed design, a comprehensive parametric study for flexible
splitters is conducted to specify the optimum layout of piezoelectric harvesters. The analysis is carried out at a
low Reynolds number, Re = 100, at which accurate non-intrusive experimental assessment of flow structure is
difficult. The results indicate that the drag can be halved by adding circular arc plates to the cylinder. Moreover,
it is demonstrated that the plate displacement increases by 18.29 folds for dual splitters compared with a single
plate. By adding the arc plates, a further increase of 3.97 folds is obtained. Following this, the maximum strain
with the inclusion of arc plates is 170.17% higher than the cylinder without arc plates (bare cylinder) for dual
flexible splitters downstream, enhancing the energy harvesting performance remarkably. Finally, using the
proposed design, the generated electrical power figures out at 3.13 yW at 77.7% conversion efficiency.

Abbreviations (continued)
Nomenclature f Force in the spatial frame
ALE Arbitrary Lagrangian-Eulerian U Non-dimensional mean [N]
streamwise velocity (o RMS of lift coefficient F Force in the material
FFT Fast Fourier transform X/Y  Reference coordinates in frame [N]
material frame Cr Time-averaged pressure coefficient dv Scale factor for the
FSI Fluid-structure interaction x/y Spatial coordinates in material frame
spatial frame Cop Time-averaged base pressure uy Fluid velocity [m/s]
CAP Cylinder with arc plates F Deformation gradient coefficient
tensor Cq Time-averaged drag coefficient Un Fluid velocity in moving
PEH Piezoelectric harvester R External electrical load coordinates [m/s]
resistance [Q] Dgy Horizontal distance between two Vs Velocity of splitter plate
RMS Root-mean-square t Time [s] successive vortices [m] [m/s]
VIV Vortex-induced vibration C Fourth-order elasticity St Strouhal number E, Electric field [v]
tensor d Cylinder diameter [m] v Electric potential [v]
MEMS  Micro-electro-mechanical systems Re Reynolds number d Diameter of arc plates[m] e Piezoelectric coupling
WSNs Wireless sensor networks U Displacement vector [m] tensor
BDF Backward differential formula A Tip amplitude of splitter D Electric displacement [C/m?] ko Vacuum permittivity [F/
plates [m] m]
CFL Courant-Friedrichs-Lewy A" Non-dimensional form of L Length of splitter plate [m] K Second-order tensor of
tip amplitude dielectric
PTC Passive turbulence control I Unit diagonal matrix P Fluid pressure [Pa] Greek symbols
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(continued)
P Distance between splitter plates [m] ¢ Green-Lagrange strain
P Non-dimensional splitters’ distance Emax Maximum strain of
splitter plates
S Cylinder-first splitter distance [m] n Power conversion factor
W]
* Non-dimensional form of S [ Angle of cylinder surface

Non-dimensional RMS of streamwise Coverage angle of arc

velocity plates
Vv Non-dimensional RMS of transverse o Cauchy stress [Pa]
velocity
Prys RMS of static pressure [Pa] r Stress tensor of fluid [Pa]
w, Non-dimensional spanwise vorticity — u Dynamic viscosity [Pa.s]
Uy Freestream velocity [m/s] p Fluid density [kg/m%]

1. Introduction

With the growing application of microtechnologies, microelectronic
devices including actuators, health monitors, medical implants, and
biosensors attract more attention (Xiong and Wang, 2016). Therefore,
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micro-electro-mechanical-systems (MEMS) and wireless sensor net-
works (WSNs) (Benedetti et al., 2019; Stamatellou and Kalfas, 2019;
Zhao et al., 2019) is on the rise. However, the main power source for
these devices is batteries with limited operational life and rather high
decommissioning costs as chemical waste (Rezaei et al., 2022). A sus-
tainable and environmentally-friendly alternative is to convert vibra-
tional energy to electricity on the spot through small-scale micro-power
plants; for instance, using piezoelectrics. Piezoelectric polymers are
simple structures that generate power at high voltage (Abdelkefi, 2016).
Similarly, electricity generation through transverse galloping (Xu et al.,
2021; Yu and Zhang, 2021), vortex-induced vibration (VIV) (Asok et al.,
2024; Lai et al., 2021; Su and Lin, 2020; Wang et al., 2021b), flutter
(Caracoglia, 2018; Zhang et al., 2020), and a combination of these
techniques (Qin et al., 2019; Yu et al., 2019) have been investigated in
the literature. For instance, circular cylinders in cross-flow are known to
cause vortex-induced vibration (Amini and Zahed, 2024). The VIV
provides high amplitude vibration, but its application is limited to a
narrow range of wind speeds within which the lock-in or synchroniza-
tion phenomenon happens. Also, the frequency of vortex shedding

the demand for low-power electronic devices such as
Table 1
Literature review on wake control and energy harvesting from various cross sections.
Authors Study Exp./ Cross Re Finding Wake Energy
Num. section control harvesting
Durhasan ( Investigation of hollow square cylinder Exp. Square 6000 The most drag reduction of 42% at slot
Durhasan, 2020) with five different slot ratios ratio of 0.05
Eydi et al. (Eydi Effect of detached flexible and rigid Num. Circle 100 Significant effect of doubling number of
et al., 2022) splitter plates in the form of single and splitter plates on the performance of wake
dual plates. control and energy harvesting
Chauhan et al. ( Wake control using control rods Exp. Square 485, 805, 22% decrease in drag coefficient
Chauhan et al., 1290
2019)
Binyet et al. ( Piezoelectric energy harvesting using Exp. Square 9200-14300 Lower conversion efficiency in spite of
Binyet et al., flexible plate great power output in long plates
2020)
Mashhadi et al. ( Effect of Re and aspect ratio (AR) of a Num. Rectangle  30-200 Increase of vortex strength with Re and
Mashhadi et al., rectangular cylinder decrease with AR
2021)
Zhangetal. (Zhang  Effect of Re on piezoelectric energy Exp. Circle 500-3300 More sensitivity to Re at low damping
et al., 2021) harvesting from VIV ratio
Sun et al. (Sun Investigation of VIV response of flexible =~ Num Square 100 Significant impact of bending rigidity and
et al., 2021) plate plate length on VIV
Ozkan et al. ( Effect of permeable and inclined short Exp. Circle 5x 10° Significant drag reduction of 74% for
Ozkan et al., plates on vortex shedding suppression porosity of 0.4 and plate angle of 45°
2017)
Assi et al. (Assi Wake suppression by eight controlled Num. Circle 100 Decrease of overall drag coefficient with
et al., 2019) rotating cylinders increase of rotation speed
Zhu and Liu (Zhu Effect of length and surface undulation Num Circle 150 27.5% and 54.9% decrease in mean drag
and Liu, 2020) of rigid wavy plate on vortex shedding and lift fluctuations
Sharma and Dutta(  Influence of rigid and flexible splittersat ~ Exp. Square 600,1000, Maximum reduction of Strouhal number
Sharma and different ratios of L/B (B: blocking width 2000 (77.31% and 79.41%) at L/B = 8 in cases
Dutta, 2020) of cylinder, L: length of splitters) of rigid (Re = 1000) and flexible (Re =
2000) plates
Taheri et al. ( Mass ratio and the Keulegan-Carpenter Num. Circle 150 Independence of the best power from
Taheri et al., number effects on output power from mass ratio and its reduction with
2021) oscillatory flow Keulegan-Carpenter number
Chehreh and Effect of two attached plates at £55° on ~ Num. Circle 100, 200 Observation and classification of different
Javadi (Chehreh back of cylinder, oscillating at different flow patterns
and Javadi, ratios of the natural frequency
2018)
Nam and Yoon ( Flow control with the help of wavy Num Ellipse 100 Observation of three modes in
Nam and Yoon, geometry at different aspect ratios bifurcation: steady, unsteady and
2022) coexistent
Zhu et al.(Zhu Study of flow induced vibration using Num Circle 120 Elimination or excitation of galloping at
et al., 2020) upstream and downstream splitters that different arrangements of splitters
placed individually and simultaneously
Eydi and Mojra ( Investigation of using two arc plates for ~ Num. Circle 22 x 103 Significant drag reduction of 39% by
Eydi and Mojra, flow and noise control inclusion of arc plates
2023)
Wang et al. (Wang Enhancing the effectiveness of energy Exp. Circle 27 x 103 — The efficient plate is a
et al., 2021a) harvesting system using downstream 189 x 103 2D-high in the 0.2D~0.4D space of
rectangular plate at different dimension cylinder

and location
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approaches the natural frequency of the structure. Out of this range,
high amplitude vibration occurs (Song et al., 2017). Accordingly, the
performance of cylinder-based wind energy harvesters by VIV is
restricted. Hence, numerous studies have been conducted on designing,
improving, or developing wind energy harvesters. Hu et al. (2018)
performed an experimental study on wind energy harvesting from the
cylinder based on the VIV mechanism. They increased the harvester
efficiency by three rods with different shapes of cross-sections such as
circular, triangular, and square. It was found that the highest harvested
energy belonged to the triangular one compared to other shapes of cross
sections. Liu et al. (2020) amended the harvested wind energy using
double upstream plates at different horizontal and vertical distances
from the cylinder. Their results revealed that the plates changed the
vibration amplitude from the VIV region to the galloping. Ding et al.
(2015) studied the flow-induced vibrations and energy harvesting from
a cylinder in a 2D unsteady RANS simulations with different shapes of
cross-sections including circular sections with passive turbulence con-
trol (PTC), square, Q-trapezoid, and triangular sections. Based on their
findings, the PTC and Q-trapezoid have greater flow-induced motions
than other cross-sectional shapes, which resulted in enhanced energy
harvesting with maximum efficiency of 37.9% and 45.7%, respectively.
In the fully-developed galloping region, maximum energy harvesting
from the PTC-cylinder and Q-trapezoid cross-sections were equal to
25.67W and 24.45W, respectively. Wang et al. (2019) improved the
wind energy harvester’s performance by attaching Y-shaped structures
to the cylinder. It was found that the proposed structure performed
better than a square, which is one of the most effective structures for
galloping mechanisms. Kan et al. (2021), coupled the VIV and the
galloping using a diamond-shaped baffle at the cylinder downstream to
alter the aeroelastic instability and improve the harnessed vibrational
wind energy.

Although vortex shedding leads to a significant amount of vibra-
tional energy, it has a destructive effect on the circular structure due to
the VIV (Duranay, 2024; Moradi and Mojra, 2024b; Zhu et al., 2017),
which makes it crucial to control the wake formation using active and
passive control methods. In active control, the flow is weakened using an
external energy source. Examples are blowing and suction (Rastan et al.,
2019; Xue et al., 2021), rotation (Karimi-Zindashti and Kurg, 2024),
electromagnetic force (Jiang et al., 2022), and synthetic jet (Wang et al.,
2016). However, passive control relies on modifying the surface or
shape of the structure for instance slotted circular cylinder (Bao et al.,
2018; Sharma and Barman, 2020), splitter plates (Eydi et al., 2022;
Moreno et al., 2023), passive-jet flow control (Liu et al., 2024), arc plates
(Eydi and Mojra, 2023), shape modification (Moradi and Mojra, 2024a;
Yang et al., 2020), and surface bumps (Derakhshandeh and Gharib,
2021). Compared with active counterparts, passive control strategies do
not need additional energy and are easier to implement with lower
maintenance costs (Mishra et al., 2020). Table 1 provides an overview of
recent studies based on wake control and energy harvesting of various
cross sections.

A review of the literature shows that only a handful of studies
investigate both wake control and energy conversion (see the last two
columns in Table 1). Thus, in this work, besides control objectives, a
high-efficiency cylinder-based harvester is designed with piezoelectric
polymers.

This design includes arc plates around the cylinder with
piezoelectric-attached-flexible splitters further downstream. The hy-
pothesis is that while these two additional features, arc plates, and dual
splitters, will lead to higher energy conversion efficiency, they will also
lead to effective flow control. To optimize the proposed design, the
plate-cylinder distance is parametrically varied to specify the optimum
placement of the piezoelectric harvesters (PEHs). The analysis is carried
out at Re = 100. At such low Re values, accurate experimental in-
vestigations are prohibitively difficult (Zhu and Zhou, 2019). In addi-
tion, three-dimensional flow inherence appears at Reynolds number
above 160 (Mansy et al, 1994). Thus, manipulation of the
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Fluid flow

——

Cylinder diameter: d —/ \ .
= Arc plate diameter: d’

Fig. 1. Illustration of a cylinder with three arc plates (CAP): d is the cylinder
diameter, d is the diameter of arc plates, and « is the coverage angle of
arc plates.

two-dimensional FSI (fluid-structure interaction) problem using ALE
(arbitrary Lagrangian—Eulerian) method can provide reasonable results
for this study.

There are four sections in the remainder of this work. Section 2
provides further details on numerical methods and the validation of the
simulation model. The results of flow quantities and energy harvesting
performance are discussed in Section 3, and eventually, Section 4 draws
the conclusions.

2. Numerical method
2.1. Conceptual design of system

Considering the successful application of flexible splitter plates in
flow control or energy fields (Naseer et al., 2017; Sun et al., 2019), this
study explores the benefits of downstream flexible splitters accompanied
by arc plates. To this end, three concentric arc plates are located around
the cylinder symmetrically as presented in Fig. 1. One of them is placed
in front of the cylinder to directly influence the front stagnation point of
the cylinder by which the pressure drag significantly reduces and
consequently the total drag reduces. The other two arc plates are placed
at the top and bottom of the rear portions of the cylinder, affecting
separation points, and ultimately influencing the flow structure. The
coverage angle (a) and the diameter of arc plates (d) are equal to 45°
and 1.2d (d is the cylinder diameter), respectively. As demonstrated in
Fig. 2, for this study, two-cylinder cases are considered: (1) cylinder with
arc plates which for the sake of convenience is called CAP in the rest of
this study, and (2) bare cylinder. In addition, flexible splitters are placed
downstream of these two-cylinder cases in the single and dual forms.
The gap distances between cylinder-first plate and plate-plate are
considered by parameters of S and P, respectively. The ratios of S and P
to the cylinder diameter (d) are defined by S* and P*, which vary in the
ranges of 0 < S" < 2.5 and 0 < P* < 3, respectively. Furthermore, the
leading edge of all splitter plates is fixed. However, in the dual config-
uration of the CAP case, the trailing edge of the second plate is fixed to
enhance the plate’s oscillation for energy harvesting. In addition, a
piezoelectric sheet with an external resistance of 1 k<2 is attached at the
free tip of each splitter (two in total) as cantilever beams. The piezo-
electric sheets are electrically insulated at their left and right edges. In
all configurations, the length of splitters (L) are similar and set to cyl-

inder diameter (¢ = 1). The thickness of all splitter plates is considered

to be 0.03d (Abdi et al., 2017; Turek and Hron, 2006). Additionally, the
thickness of arc plates and piezoelectric sheets are assumed 0.01d, and
0.005d, respectively. Such dimensions are chosen based on structural
integrity requirements and empirical design practices commonly used in
similar studies (Eydi and Mojra, 2023). The selected thicknesses aim to
provide enough mechanical strength to withstand expected
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Piezoelectric sheet
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Fig. 2. Schematic of flexible splitter plates in the single and dual forms for: (a) CAP and (b) bare cylinder; L is the length of flexible splitter plates, and S and P are the
cylinder-first plate and plate-plate gap spacings. The leading edge of all splitter plates is fixed except the second plate of CAP in which the trailing edge is fixed.
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Fig. 3. Computational domain and the assigned boundary conditions.

hydrodynamic loads while minimizing unnecessary material usage that
could affect flow dynamics negatively.

Fig. 3 shows an illustration of the computational domain and the
assigned boundary conditions in the presence of the CAP in the origin.
The size of the rectangular domain is 80d x 60d which is sufficiently
large in both flow and cross-flow directions (Abdi et al., 2019; Eydi et al.,
2022). The two lateral borders are set 30d away from the cylinder
center, while the cylinder center is located at the distance of 20d from
the inlet. In this problem, the blockage ratio is found to be 1.66%, which
is significantly lower than the threshold commonly accepted in the
literature (typically less than 5%) for negligible blockage effects. Given
this low blockage ratio, the influence of the domain boundaries on the
flow field around the cylinder is minimal. Therefore, the results are
unaffected by domain constraints and blockage effects.

Regarding the inlet boundary in Fig. 3, the U variable refers to the
velocity component of the fluid in the horizontal direction (along the x-
axis). In the present simulation, U = U,, indicates a horizontal uniform
inlet flow to the computational domain. The variable V represents the
velocity component of the fluid in the vertical direction (along the y-
axis). At the inlet V = 0, which means there is no vertical movement of
the fluid as it enters the domain. At the outlet, the fluid flow exits
without experiencing any pressure gradient (p = 0). Top and bottom
domain boundaries expose the open boundary condition. The surface of

the cylinder and arc plates are subject to the no-slip boundary condition.
In all simulations, the domain associated with the cylinder and the arc
plates is modeled as a rigid body. However, the splitter plates are
modeled using a flexible body approach that interacts with the fluid
domain based on the principles of two-way fluid-structure interaction.
With regards to this, a cylinder diameter of 0.1 m, a fluid density of 1260
%, a dynamic viscosity of 1.42 Pa.s and a flow velocity of 1.127 &, which
corresponds to Re = 100 are considered. The solid domain is charac-
terized by material properties including a Young modulus of 32 MPa, a
Poisson’s ratio of 0.3, and a density of 180 % (Eydi et al., 2022; Turek
and Hron, 2006).

2.2. Governing equations

Fully coupled interaction between a flexible splitter and an incom-
pressible fluid is studied using the ALE method which couples the fluid
flow equations based on the Eulerian description with the equations of
solid deformation based on the Lagrangian description (Averweg et al.,
2024; Monteleone et al., 2022; Richter and Wick, 2010). Moreover, the
moving mesh strategy is utilized which adjusts mesh refinement with the
structural motion. The governing equations of fluid flow, solid me-
chanics, energy generation by piezoelectric sheets, coupling, and
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moving mesh are discussed in the following.

2.2.1. Fluid dynamics

Mass continuity and Navier-Stokes equation for an incompressible
Newtonian fluid flow in the spatial (deformed) coordinate system are
(Diaz-Ojeda et al., 2019):

V=0 @
0
p (% + (us — um)‘Vuf> =V.[ - pI+u(Vus + (Vi) ")) 2

where, p is the fluid density, u; and uy, are the velocity vectors in fixed
and moving coordinate systems, p is the pressure, I is the unit diagonal
matrix, and y is the dynamic viscosity. The initial conditions for solving
fluid equations are uf = 0 and p = 0. Moreover, as ALE uses different
coordinate systems, a force transformation is also required:

For () o

Here, f and F are the force in the spatial and the material frames,
respectively, while the scale factors in two frames are denoted by dv and
dV, respectively.

2.2.2. Solid mechanics
Based on the constitutive law, solid mechanics can be numerically
formulated as follows:

(SPKZ - przo) =C: (8 - 60) 4

Here, Spko is the second Piola—Kirchhoff stress tensor and C is the
fourth-order elasticity tensor, ¢ is the Green-Lagrange strain, “:”’ is the
double-dot tensor product (double contraction). Spxy, and &, are the
initial values. The Green-Lagrange strain (¢) is formulated as:

e=0.5 [(Vuy)" + Vi, + (Vi) V] (5)

Here, u; denotes the displacement vector which is calculated by:

2
psa b S P Fy (6)

where, p, is the density and Fy is the force per unit volume at the fluid-
solid interface, o is the Cauchy stress which is related to the second
Piola-Kirchhoff stress by ¢ = J-'FSF”, in which F = I 4 Vu; and is the
deformation gradient tensor, and J = det (F) (Eydi et al., 2022). The
initial conditions used to solve Eq. (6) are u; = 0 and % = 0.

2.2.3. Piezoelectric sheet
The balance equation in piezoelectric material based on Gauss’s law
is as follows:

V.D=0 @
Here, D is electric displacement, which is given by:

D=ee+ koKE, (8)

where, e is the piezoelectric coupling tensor, ko is the vacuum permit-
tivity, K is the second-order tensor of dielectric relative permittivity
measured at constant applied stress, and E,; = —VV is the electric field,
in which V is the electric potential in the piezoelectric material
(Curatolo et al.).

The average harvested power of piezoelectric (P) is obtained by:

p=—1s 9
R (C)]
where, R is the resistance load and has a fixed value of 1 k2 in the rest of
this study and 1 kQ ;s is the RMS of the output voltage. The output
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voltage is computed through E; = —VV in Eq. (8). Based on this, the
power can be achieved.

Furthermore, to evaluate the efficiency of energy harvester system,
power conversion factor (i) is calculated by:

p
- 10
1 Pruia
where, Pgq is the available fluid power, which is given by:
1 3
Pruia = P fuid U_bL an

Here, pg,q is the fluid density, U, is the flow velocity, and b and L are the
flow ward width and length of the body.

2.2.4. Coupling and interface considerations
The following boundary condition is applied at the fluid-solid
interface:

Uus =V 12)
where, v = % is the plate velocity. Additionally, the stress equilibrium
at the interface of the two domains is calculated by:

r“+oen=0 13)

Here, i and n® are the outward normal vectors, and I" and ¢ are the
stress tensors of fluid and solid structure, respectively. The addition of
the pressure with the viscous stress yields the fluid tensor equation:

r=—pl+u(Vus + (V) ") 14

For the contact interface of the piezoelectric and the structural solids,
a null reference electrical potential (V= 0) is applied. Furthermore, an
electric potential of V = Vis imposed on the top edge of the piezoelectric
sheet, such that the following equation holds (Curatolo et al.):

. 1%
D.nds=— 15
[ Dnds— 15)
Here, R denotes the external electrical load resistance.

2.2.5. Moving mesh

The computational mesh is deformed to adapt to the flexible plates’
deformations. By utilizing the Winslow smoothing method for the
moving mesh, the deformation of the mesh domain is related to the
original shape (Knupp, 1999). According to this method, the mesh
matches the structure movement, and a new mesh is obtained for the
fluid domain.

X  d%ox
a2at ayrar (16)
RoY Py
o o =" a”

Here, X and Y stand for the reference coordinates in the material
frame, and x and y are the coordinate system in the spatial frame.

2.3. Flow characteristics parameters

The flow parameters include the spanwise vorticity (W), the mean
drag coefficient Cy, the lift coefficient (C;), the Strouhal number (St), the
time-averaged of pressure coefficient Cp, the time-averaged of base
pressure coefficient CT,;,, the RMS of streamwise and transverse velocities
(trms and Vems), the lift coefficient (C;,, ), the static pressure (Ppps), and
the time-averaged streamwise velocity (u) are defined as follows:
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N
— Fy
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_fd
Stfum (21)
N
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Cr= ;—Osp% (22)
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o Pbg 7Poo
b = ; 05/ 23
— 1 S 7\2
Uppns = N;(uifu) 24)
IS 2
Vims = N;(Vi_v) (25)
_ 1 S D)2 2
P = N;(Pi—P) (26)
1 & —\2
%=ﬁ;mfm @27
1 N
uzﬁg;mg (28)

Here, f; is the frequency of vortex shedding, F; and F, are the drag and
lift forces, P, P, and P, denote the static pressure, reference pressure of
the inlet and the pressure at the rear stagnation point, respectively. u and
v are the velocities parallel and perpendicular to the flow, respectively.
N is the number of samples in the time history, u;, v; , P; and C;, are the
temporal series.

The non-dimensional parameters are as follows:

Table 2
Mesh independence test for selected cases.
Case study Number of St Cq
elements
Bare cylinder 1962 0.167 1.35
4567 0.165 1.34
8254 0.164 1.33
17245 0.164 1.33
Bare cylinder with an attached rigid splitter 1985 0.139  0.164
plate 4589 0.137 0.162
10933 0.136  0.161
19456 0.136  0.161
Bare cylinder with an attached flexible splitter 2017 0.179  1.294
plate 6446 0.177 1.292
12745 0.177 1.291
30830 0.177 1.291
Cylinder with three circular arc plates and two 8972 0.116  0.713
downstream flexible plates at S =P = 0.5 11673 0.117  0.715
16556 0.118 0.717
31830 0.118 0.718
Bare cylinder with two downstream flexible 8001 0.157  1.152
platesat S =P" = 0.5 10673 0.158  1.153
15556 0.159 1.157
30830 0.159 1.158
s Wzd
w, = Wed (29)
AT
o Upms
u=— 30
. (30)
v Vrms
Y= Yms 31)
Us
. U
U=— (32)
UOO

2.4. Computational mesh

As seen be seen in Fig. 4, an unstructured mesh with triangular el-
ements is employed to discretize the computational domain. The grid
becomes finer as it reaches the solid boundaries and meets the
requirement of y* < 0.25. The deformation of the mesh domain with the
structural movement is done utilizing the Winslow smoothing method
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Table 3
Verification of the flow parameters for bare cylinder and cylinder with an

L
attached rigid plate (a = 1) at Re = 100.

Test case Bare cylinder One rigid
splitter plate
attached to the
cylinder

Flow quantity St Cq Clrms St Cq

Sudhakar and Vengadesan ( 0.165 1.37 - 0.139 1.174

Sudhakar and Vengadesan, 2012)
Bao and Tao (Bao and Tao, 2013) 0.164 1.335 - - -
Kwon and Choi (Kwon and Choi, - - - 0.137 1.18
1996)

Williamson (Williamson, 1989) 0.164 - - - -

Norberg (Norberg, 2003) 0.164 - 0.22 - -

Hwang et al. (Hwang and Yang, 0.167 1.34 - 0.137 1.17

2007)
Present study 0.164 1.33 0.228 0.136 1.161

for the moving mesh (Knupp, 1999). As provided in Table 2, the flow
quantities including the Strouhal number (St) and the mean drag coef-
ficient (C4) are considered to evaluate the mesh independence study by
four different mesh resolutions. The selected cases are validation cases
including bare cylinder, bare cylinder with an attached rigid and flexible
splitter plate and also bare cylinder and CAP with two detached splitter
plates at S* = P* = 0.5. According to Table 2, for all cases, the third
grids have adequate resolutions to extract other results. Additionally, for
the time-independence study, four different time steps of 0.05, 0.01,
0.005, and 0.001s were considered, and accordingly, the results of Cyq
and St were investigated. Finally, a time step of 0.005s was selected to
ensure accurate convergence, stability of the solution, and effective
computational cost.
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2.5. Numerical scheme

The simulation is conducted using COMSOL Multiphysics. In this
work, in addition to the characterization of fluid dynamics, the electrical
energy harvesting by the piezoelectric deformation is simulated. The
fluid-solid interaction is addressed with a fully-coupled FSI problem
based on the ALE method (Donea et al., 2004). For the discretization of
fluid flow and structure equations, the second-order element and
quadratic Lagrange schemes are employed. Direct algorithm with
PARDISO solver is implemented. For the moving mesh, the Winslow
smoothing method is utilized. Due to the grid flexibility, the
time-dependent solver of BDF (backward differential formula) is used to
achieve the best CFL (Courant-Friedrichs-Lewy). The second and linear
orders are set for the maximum and minimum BDF, respectively.

2.6. Validation

The fluid flow model is verified using the results of flow past a cir-
cular cylinder and a rigid splitter plate attached to the cylinder in
(Hwang and Yang, 2007; Kwon and Choi, 1996; Norberg, 2003; Sud-
hakar and Vengadesan, 2012), as provided in Table 3.

With regards to the effectiveness of arc plates on the flow charac-
teristics of a cylinder, investigation of the hydrodynamic forces could be
beneficial. According to Fig. 5a, employing arc plates around the cyl-
inder affects the hydrodynamic forces applied on the structural surface.
The root-mean-square (RMS) of the lift coefficient (Cy,,s) increases by
23.59% related to a bare cylinder. Furthermore, a 30% reduction in the
Cg is observed in the CAP related to the bare cylinder case. It is worth
noting that the mean drag coefficient and RMS of the lift coefficient for
the proposed system (cylinder and three arcs) increases by 26.73% and
66.56% compared to the bare cylinder, respectively. Since the major

(a)120 - r . ) .s : . : () 3000 r ; r T
,E e cmr~ae ~me=- - - CAP e (O A\ P
~ are-(v
Z Bare-Cyl £ 2400 | Bare-Cyl
730 Fs onom o r s o] 0.65 | =
3 Lift-Bare-Cyl 2
5 = Drag-Bare-Cyl — 1800 | E
= - Drag-CAP a &
E 40 ——— Lifi-CAP 1 k&' 0 b
L
= 21200 | 8
g =
@
Tof 1 -065 z
5 < 600 f .
=
-40 : . : -1.3 . L 0
16 165 17 175 18 0 9% 180 270 360 0 1 2 3 4 5
Time (s) a(°) Frequency(Hz)

Fig. 5. Comparison of the results of two-cylinder cases with and without implementation of the arc plates; (a) hydrodynamic forces (b) Mean pressure coefficient

over the cylinder surface (Cp) (c) Power spectral density function of the lift force.

(@)1s5.

(b) 15—

Fig. 6. Time-averaged streamline pattern: (a) CAP, (b) bare cylinder; Points 1, 2, 3, and 4 for the CAP correspond to the points with increased mean pressure

coefficient in Fig. 5b.
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Table 4

Validation of the results of a flexible splitter attached to the cylinder at Re = 200.

Ocean Engineering 313 (2024) 119393

Test case Drag force Lift force Plate tip displacement (x) Plate tip displacement (y)
Magnitude Frequency Magnitude Frequency Magnitude Frequency Magnitude Frequency
N) (Hz) ) (Hz) (mm) (Hz) (mm) (Hz)
Turek and Horn (Turek and 149.78 + 10.9 457.3 + 5.3 —2.69 + 2.53 10.9 34.38 + 1.48 5.3
Hron, 2006) 2.22 22.66
Present study 150 + 4.49 10.41 454 + 24.8 5.31 —2.7+£25 10.45 33.50 £ 0.5 5.35

part of the drag coefficient is the pressure drag, to better understand the
underlying mechanism of drag reduction, the mean pressure coefficient
(Cp) is plotted on the cylinder surface in Fig. 5b 6 is the angle along the
cylinder surface which is determined from the front stagnation point (¢
= 0° or 360°). As seen, the pressure changes within a narrower range
when arc plates are added; hence, a lower drag coefficient is obtained.
Moreover, the frontal arc plate decreases the Cp in the front stagnation
point of the cylinder and as a result, the effective drag reduces. In
addition, noticing the pressure variation, the base pressure coefficient
decreases compared to the bare cylinder (Fig. 5b at ¢ = 180°).

Fig. 5¢ indicates the power spectral density function of the lift force
for both cylinder cases. The frequency assessment shows that the fre-
quency decreases from 1.848 Hz to 1.690 Hz, consequently, the Strouhal
number declines by 8.54%.

The time-averaged streamlines are plotted for the CAP and the bare
cylinder in Fig. 6. For CAP, the wake region includes one strong vortex in
the vicinity of the cylinder. The center of this vortex is associated with a
low-pressure region. So, parts of the cylinder surface that interacts with
these vortices have low Cp. The absence of the second vortex formation
in the back of the CAP surface causes a pressure gradient at 135° < 6 <
225°. However, for the bare cylinder, two vortexes are generated in the
wake region leading to higher oscillations. Moreover, for the CAP, two
tiny vortices are generated in the space between the frontal arc and the
cylinder surface. Based on this, at points 1 and 4 in Fig. 5b and 6a, two
peaks in the mean pressure coefficient can be detected. Furthermore, an
enhancement of this coefficient can be detected at points 2 and 3 owning
to the impacts of the upper and lower arc plates in the passing fluid flow.

Additionally, to validate the simulation of flexible plates, the results
of an attached flexible plate to the cylinder are compared with the
experimental results of Turek and Horn (Turek and Hron, 2006). Based
on this, Table 4 provides comparisons for the frequency and magnitude
of drag and lift forces, as well as the tip displacement of the flexible
splitters. As can be seen from Tables 3 and 4, the present numerical
results are in agreement with the relevant studies.

For the energy harvesting results, the average electrical power of a
cantilever beam is investigated under a base excitation with the classical
experimental results of Erturk and Inma (Erturk and Inman, 2011) and
Priya and Inman (2009). The corresponding electrical power of the

(a) 018

- CAP without plate
—0O— Single plate

0 0.5 st

25

(b) 0.18

present study is 0.5™%, which in close agreement with the experimental
data reported by (Erturk and Inman, 2011; Priya and Inman, 2009).

3. Results and discussion

Downstream vortex shedding has a destructive effect on the circular
structure due to the VIV, which makes it crucial to control the wake
formation using control methods. The design of control methods is based
on the flow structure and characteristics of the wake region. Therefore,
in this section, the design parameters are selected based on comparisons
of hydrodynamic parameters targeting at reducing the drag and the lift
fluctuations. Additionally, the impact of the design parameters is eval-
uated on the energy harvesting from the VIV to maximize the level of the
harvested energy.

3.1. Wake control results

Variations of the Strouhal number against of S* for the CAP with
downstream flexible plates are demonstrated in Fig. 7a and compared
with the results of our previous study for the bare cylinder (Eydi et al.,
2022) in Fig. 7b. The case of a single splitter is also presented along with
double splitters simulated at different pitch (S*) values. Comparing the
two figures for the limiting case of no plates, one notes a drop in the St.
The frequency assessment in Section 3.1. showed that the wake sup-
pression is improved by adding circular arc plates to the cylinder. Thus,
it is expected that by combining the effect of arc plates with flexible
splitter plates as a passive control method, the Strouhal number will
decrease dramatically. However, according to Fig. 7a, there is an
exception for the single plate case for which the Strouhal number ex-
ceeds that of the CAP at S” < 0.5. This can be attributed to a tiny vortex
known as the tip vortex that formed near the tip of the splitter (Eydi
et al., 2022). It communicates with the main vortices and increases the
flow instability as it approaches the CAP. Also, there are enhancements
in the St of bare cylinders followed by a single plate at S* < 0.5, and
followed by dual splitter plates at S* = 0 and 2 < P* < 3.

For a single plate, the highest values of the Strouhal number for both
CAP and bare cylinder are pertinent to the case of an attached plate
(S" = 0); these maximum values are 7.27% and 7.93% higher than those

— « — Bare-Cyl without platc
---0--- Single plate

2 25

0 0.5 1 s* 15

Fig. 7. Variation of the Strouhal number for cylinder cases with single and dual splitters at different S* and P": (a) cylinder with arc plates (CAP), (b) bare cylinder

(Eydi et al., 2022).
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Fig. 9. Time histories of vibration amplitudes of the first and the second flexible splitter plates: (a) CAP, (b) bare cylinder, for S"=15and P* = 0.5.

of no-plate cases, respectively. One notes that the same trend was
observed by Abdi et al. (2019).

According to Fig. 7, for all investigated cases, the results of CAP are
more promising than those of the bare cylinder, except for dual plates
with P =0and 1 < §" < 2. The most notable reduction in the Strouhal
number for dual-splitters in CAP and bare cylinder occurs when S™ = 0.5,
P"=3 and S* = 1.5, P" = 0, respectively. As a result, the Strouhal
numbers are 37.80% and 76.35% lower than that of the bare cylinder. It
can be seen that the performance of designs with dual plates is ubiqui-
tously better than those of single plates for the CAP and the bare
cylinder.

Fig. 8 demonstrates the instantaneous non-dimensional spanwise
vorticity contours (W) for the CAP and the bare cylinder followed by
dual flexible plates during a half cycle of shedding, at S* =1.5and P* =
0.5. The cycle’s starting (0T) corresponds to the maximum deformation
of the first splitter plate. The development of two distinct shear layers in
the voracity contours is evident.

Different periodic oscillation regimes of two splitter plates are
observed especially for the CAP case. The vibrating harmonic oscilla-
tions driven by alternating low-pressure vortices lead to different peri-
odic regimes of flexible splitter plates for the CAP and bare cylinder
cases. The local pressure difference across the plates causes periodic
traveling wave-type deformations of splitters. It is noticeable that the
splitters of the CAP move in the opposite direction due to the positions of
the shear layers, while the splitters of the bare cylinder move in the same
direction.

Fig. 9 displays the time histories of vibration amplitudes for both
plates in mentioned configuration, where A" =4 denotes the maximum
plate deformation which is anticipated to be observed at the free tip of
the plate. It is observed that with both CAP and bare cylinder, the second
plate’s amplitude is greater than the first plate because of the more
frequent and severe shear layer presence downstream. Nonetheless, for
the CAP, fixing the end of the second plate also triggers more oscilla-
tions. Furthermore, assessments of the normalized tip amplitude (A")
reveal that the CAP plates have a larger amplitude compared with the
bare cylinder because the shear layers interact more strongly. As a
result, a considerable increase in tip amplitude, about 183%, compared
with the bare case improves the energy harvesting performance.

The implementation of flexible splitter plates suppresses vortex
shedding (Murali and Petha Sethuraman, 2024). Accordingly, using
splitters in the proposed case of bare cylinder leads to an 8.53% decrease
in the Strouhal number. Here, combining the arc plates with flexible
splitters results in a noticeable reduction of 18.29% in the St compared
with the bare cylinder case. For a more comprehensive understanding of
the problem, streamlines are demonstrated for a half cycle of plate os-
cillations in Fig. 10.

In the vortex shedding process, the vortex formation and inter-vortex
distances between consecutive vortexes determine the Strouhal number.
Hence, the horizontal distance between the positive and negative peaks
of two successive vortexes is measured for the CAP and bare cylinder
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cases and it is denoted by “Dsy”. It is observed that Dgy is longer for the
CAP than the bare cylinder. In fact, in the CAP, one strong peak appears
adjacent to the cylinder while the second strong vortex appears further
away in the vicinity of the splitter plates. However, for the bare cylinder,
both of the strong vortices are generated in the cylinder-first plate gap
spacing at a shorter distance. These observations confirm the smaller
Strouhal number for the CAP case related to the bare cylinder. Addi-
tionally, for the CAP, the proximity of the second strong vortex between
the plates provides more propulsion and consequently higher tip
amplitude. Moreover, as demonstrated by the streamline pertinent to
the CAP case, the separation of tiny vortices in the vicinity of the plates’
tips is slower compared with the bare cylinder, illustrating higher flow
instability of the plates. All of these factors contribute to an improved
wake control and enhanced energy harvesting capacity for the CAP case
compared with the bare case.

To explore the dynamics of mean wake flow, non-dimensional con-
tours of RMS streamwise and transverse velocities (u” andv") at
different S* (0 < S" < 2.5) and fixed P* (P" = 0) are provided in Figs. 11
and 12. In this study, employing the splitter plates diminishes the level
of velocity fluctuations and consequently suppresses vortex shedding.
According to Fig. 11, there are peaks in u” based on the plates’ positions,
corresponding to the roll-up locations of the shear layers. Notably, in the
case of a bare cylinder, two symmetric peaks appear in the wake area of
the second splitter. However, in the case of CAP, two additional sym-
metric peaks form between the two plates due to the specific flow
characteristics. As shown in Fig. 11, both cases show a higher potential
for the rolling up of shear layers after the location of the second splitter
plate. However, this potential is higher in the case of CAP. Subsequently,
the rolling of shear layers grows strongly with the introduction of arc
plates, showing more disturbance. The strongest peaks are observed for
the CAP and bare cylinder cases at S" = 0.5 and S* = 2.5, respectively.
The distinct feature of u” contours based on the S” is due to the specific
interaction of vorticities. Furthermore, the lateral distance between the
two peaks, known as the wake width, becomes lower with the inclusion
of the splitter plates. At the same time, a lower wake width corresponds
to a lower drag coefficient. In contrast to u* contours, there are single or
multiple strong peaks in the middle wake region of the cylinders,
depending on the numerical value of S*, as displayed in Fig. 12. Vyps
evaluates the interaction between wake vortices and also the trend of
Vs indicates alterations in the lift force. Tracing the location of large
peaks, they are captured at the leading edge of the second splitter, and at
downstream, where vortices are freely formed. Similar to the u" con-
tours, stronger peaks of v are observed in the CAP cases compared to
bare cylinder cases. This is due to the effect of arc plates in increasing the
lift coefficient which significantly influences on vyms. The highest peaks
of v" are observed for the CAP and bare cylinder cases at S* = 0 and S
2.5, respectively.

For three cases of bare cylinder with dual plates (S* = 1, 1.5, 2),
numerical values of both transverse and streamwise velocity fluctua-
tions (u" and v") are very small, and no peak is captured for attached
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2

(a)

Fig. 10. Streamline patterns for a half cycle of dual plates (S* = 1.5 and P* = 0.5): (a)—(f) present OT, 0.1T, 0.2T, 0.3T, 0.4T, and 0.5T, respectively, where T is the
period. Left column: CAP, Right column: bare cylinder; Dgy is the horizontal distance between two successive vortexes.

plates (P* = 0) as demonstrated by Figs. 11 and 12. This is because of the
limited communication between shear layers imposed by the splitter
plates. As a result, shear layers shed independently of one another, and
velocity fluctuations become insignificant. The control performance of
the bare cylinder cases is better compared to the CAP cases only with
P* = 0, as mentioned before. Thus, the rate of velocity oscillation

11

reduction is improved for these cases.

RMS contours of static pressure (Pp) is depicted in Fig. 13. In the
vortex shedding process, alternating vortices are shed from either side of
the centerline, while their centers have low pressure. Therefore, vortices
are shed in the low-pressure region while much higher pressure is
observed across the other side of the plate. As a result, pressure
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Fig. 11. Non-dimensional contours of RMS streamwise velocities (u*) for two-cylinder cases with dual splitters at fixed P* = 0 and at different S* = 0, 0.5, 1, 1.5, 2

and 2.5: (a)-(f): CAP, (g)-(1): bare cylinder.

fluctuations occur. As seen, the wake region, where vortices are gener-
ated, exhibits the highest pressure fluctuations.

With both cylinder cases, P,s decreases compared to the cylinder
without any splitters. Furthermore, as Fig. 13 depicts, bare cylinder
cases are associated with lower P,,,; compared to the CAP cases. Addi-
tionally, for two cases of CAP, at " = 2 and S* = 2.5, region at the vi-
cinity of the second plate involves a high-pressure gradient. The same
high-pressure zone for bare cylinder cases is observed at S* = 0 and
§" = 2.5 downstream the second splitter plate. As previously displayed
in Figs. 11 and 12, pressure fluctuations are negligibly small for three
cases of bare cylinder with dual plates (S" = 1,1.5,2).

The oscillations of drag and lift forces play a major role in the
physical aspects of the VIV, which is a key factor for the fatigue failure of
the structure. Thus, variations of the mean drag coefficient (C4) and the
RMS of the lift coefficient (C,y,) against S” are depicted in Fig. 14a and b
and compared with those of the bare cylinder reported in our previous

study (Eydi et al., 2022). The results of CAP and bare cylinder without
flexible splitter plates are also included. Both graphs display a signifi-
cant reduction in C4. Comparing the two graphs, one observes that
combined effects of arc and flexible plates are more efficient in drag
reduction. By combining the effect of arc plates and dual detached
splitters (S* = 0.5, P* = 3), significant drag reductions of 53.3% and
34.0% can be achieved compared with the bare cylinder and CAP,
respectively. Comparatively to the results reported in (Bao and Tao,
2013; Chehreh and Javadi, 2018; Hwang and Yang, 2007), the perfor-
mance of the proposed structure is greatly improved. Furthermore, Ci,,,
can be used as an indicator to assess the effectiveness of wake control. As
mentioned before in Section 3.1 A, arc plates lead to 23.59% enhance-
ment in the RMS of the lift coefficient related to the bare cylinder.
However, for both cylinder cases, the implementation of splitter plates
leads to a dramatic reduction and even complete suppression of Ci;.
Fig. 14c illustrates how the base pressure coefficient varies on the
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Fig. 12. Non-dimensional contours of RMS transverse velocities (v") for two-cylinder cases with dual splitters at fixed P* = 0 and at different S* = 0, 0.5, 1, 1.5, 2 and

2.5: (a)-(f): CAP, (g)-(1): bare cylinder.

cylinder surface. One observes that the numerical value of — C for all
cases considered here within the newly-proposed design (different S
and P") has a lower value than that of the cylinder cases. The results
show the same trend as C; (Fig. 14a). This strong correlation of C; and —
Cy for bluff bodies can be explained by the predominance of pressure
drag over viscous drag.

For an inclusive interpretation of the results, the effect of changing S”
on the non-dimensional mean streamwise velocity (U") for a single
flexible splitter is studied with results reported in Fig. 15. Comparison of
the contours shows that increasing S*, expands the low-velocity and
high-pressure zone downstream of the cylinder, causing a reduction in
the drag related to both cylinder cases.

3.2. Energy harvesting results

In this section, the electricity generation characteristic of the pro-
posed design is investigated. Hence, the location of splitters is para-

13

metrically varied, and numerical simulations are performed for each
case. In response to the lift force fluctuations, the flexible plate bends
and undergoes a periodic wave-type deformation. The maximum
amplitude of oscillations is observed at the plate tip and can be achieved
through the vertical component of vector deformation (us) in Eq. (6).
Fig. 16 demonstrates the total non-dimensional plate tip amplitude

(A* = %) versus S”. In both cases, the amplitude of splitters is highly

sensitive to different arrangements. Also, in the majority of cases,
measurement of A” shows dual plate cases have a higher amplitude than
those with single plate. For dual plates of CAP, the overall trend of A"
with increasing S* is ascending. Hence, the highest amplitude at
different pitch (P*) values occurs at S* = 2.5. The displacement values
significantly increase, about four times, for dual plates compared with
that of a single plate at S* = 2.5.

For the bare cylinder case, the amplitudes of dual plates are zero at
fixed P* = 0and 1 < S" < 2, which is consistent with C,_ (Fig. 14b), due
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Fig. 13. Contours of RMS of static pressure (Pmms) for two-cylinder cases with dual splitters at fixed P* = 0 and at different S* = 0, 0.5, 1, 1.5, 2 and 2.5: (a)—(f): CAP,

(g)-(1): bare cylinder.

to a symmetric pattern of shear layers relative to the wake centerline, the
splitter plates do not experience any vertical force. Comparing the re-
sults for single and dual plates, at S* = 1, one notes an almost 18-fold
increase in the amplitude for the latter case compared with the former.

The Strouhal number is closely linked to the oscillatory behavior of
the flow, which affects the amplitude of the oscillations. The St value
directly influences the flapping amplitude, which in turn impacts the
efficiency of energy harvesting. In this study, the effect of varying St
across different P* and S” is analyzed to observe how it affects the flow
characteristics and the flapping amplitude. Variations in St are expected
to be closely associated with variations in amplitude, directly affecting
energy harvesting efficiency. Therefore, utilizing this integrated
approach the present study thoroughly considers the combined influ-
ence of St and amplitude on energy harvesting.

One notes that for both CAP and bare cylinder cases followed by a
single plate, the Strouhal number (Fig. 7) shows a similar trend to A" in
Fig. 16. When the tip displacement is higher, it results in greater

14

instability and consequently leads to a higher Strouhal number. Addi-
tionally, dual splitter plates have different tip amplitudes due to the
complex shedding mechanism and the negligible impact of plates on
cylinder oscillation farther downstream. Comparison of Fig. 16a and b
shows that the inclusion of arc plates has a strong effect on the plate
displacement amplitude.

The PEHs are capable of producing electrical charges when pressure
or strain is applied to them (Ramadan et al., 2014). Hence, a crucial
factor in producing power from PHEs is the material strain. To ensure
the adequacy of the proposed method for energy harvesting, the contour
plot of the maximum strain (emqx) for different configurations is shown
in Fig. 17. In fact, utilizing the maximum displacement values in Fig. 16,
the strain can be computed by taking the flexible plates as a cantilever
beam. The results of both graphs reveal that in the majority of cases, the
strain is higher with CAP. It is accomplished by imposing a fixed
boundary condition on the trailing edge of the second plate, which fa-
cilitates the deformation along with the implementation of the arc
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Fig. 14. Hydrodynamic parameter of wake control at different arrangements of flexible plates. (a) mean drag coefficients (Cy), (b) RMS of lift coefficient (Cipys), (¢)
time-averaged base pressure coefficient (— CT,b); Left column: CAP, Right column: bare cylinder (Eydi et al., 2022).

plates.

Different results are obtained at different P* values as one would
expect. For all cases of the bare cylinder, the highest strain is related to
dual splitters within the range of 1.5 < P* < 3atS" = 0. In the presence
of arc plates, this range is further limited to 1.5 < P" < 2.5, but the

15

optimal results are shifted to the other end of S* extremes, i.e. S* = 2.5,
which has a significant enhancement of 170.2% compared with the
highest stain pertinent to a bare cylinder. For single plate of CAP, the
highest strain occurs at S* = 0.5 with about 29.0% rise compared to the
top strain of bare cylinder cases (single plate at S* = 0).
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Fig. 15. Contours of non-dimensional mean streamwise velocity for two-cylinder cases with single splitters at different S* = 0, 0.5, 1, 1.5, 2 and 2.5: (a)-(f): CAP,
(g)-(1): bare cylinder.

Fig. 18 shows the average electrical power generated by both cyl- creases with the non-dimensional gap distancing between the CAP and
inder cases, bare cylinder and CAP, followed by those with single and the first plate (S*). Conversely, in most cases of cylinder-based har-
dual plates. The resonant flow speed of VIV is very low at a Reynolds vesters, with increasing S”, the efficiency decreases. Since, by increasing
number of 100, which considerably limits the generated power from the non-dimensional distance of splitter plate from the bare cylinder
bluff body vibration. (S"), the shedding process becomes weaker which provides lower

According to the results, for cylinder-based harvester, the average vibrational energy for strain. Consequently, the output voltage which
power increases from 0.34 uW to 0.90 uW by doubling the number of affects the efficiency decreases.
plates at S* = 2.5. It is even more interesting that by adding the circular On the other hand, no matter the base excitation of the harvester is
arc plates in the same configuration, the electrical power is further CAP or bare cylinder, maximum efficiency is achieved at 1.5 < P* < 2.5.
enhanced from 0.79 uW to a peak value of 3.13 yW. In comparison to the So, from the energy point of view, for the optimal placement of the
bare cylinder case, this is an order of magnitude higher. PEHs, the novel proposed structure of the arc plates followed by dual

The power conversion factor (1) (Barrero-Gil et al., 2010; Ding et al., flexible splitters is suggested.

2016) is calculated to assess the efficiency of energy harvester systems at In conclusion, it can be claimed that the proposed structure of cir-
various configurations. Fig. 19 illustrates the efficiency of single and cular arc plates integrated with downstream splitter plates while S* =
dual plates for two-cylinder cases. As seen, the efficiency of the case P* = 2.5 is an optimal configuration, which provides high efficiency of
without arc plates is quite low. High efficiency in CAP is achieved by 77.7% and a considerable drag reduction of 46.9% compared to the
high harvested power. uncontrolled case.

For dual plates of CAP-based energy harvester, the efficiency in-

16



F. Eydi et al.

(a)12

0.8

A*

0.4 0

Fig. 16. The total non-dimensionalized tip amplitude (
et al., 2022).

Single
(a) plate
3

2.5

0

2.5

0.056 (b)Single

Ocean Engineering 313 (2024) 119393

-=0-=-P*=0 --@--P*=1
== P*=15 pr=
- P25 B o

A") against S” for two-cylinder cases with single and dual flexible splitters: (a) CAP), (b) bare cylinder (Eydi

0.032
plate

3

2.5 1

xnw3

Fig. 17. Variation of the maximum strain (emqy) of single and dual flexible splitters against S”: (a) CAP, (b) bare cylinder.

(@)

Power (LW)

Smgle plate

0.5 0.5

(b)

w

o
h

Power (uW)
now

=
n

0. S
Single plate

2.5

Fig. 18. The average harvested electrical power of the energy harvesters for two-cylinder cases: (a) CAP, (b) bare cylinder.

There are inherent inaccuracies and uncertainty in any numerical
simulation of any continuum problem due to discrete approximation,
iterative convergence methods, and numerical limitations. The limita-
tions of this study, include the use of 2D simulations instead of 3D
models and the inability of the laminar model to accurately evaluate the
separation point, potential errors in discretization, and Round-off Er-
rors. Additionally, we acknowledge the limitations of the peresnt study,
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particularly regarding the use of a Reynolds number (Re 100) in 2D
simulations. While this specific flow regime may not directly relate to
offshore, naval, or aerodynamic applications, the methodology and
findings can potentially be extended to scenarios with higher Reynolds
numbers where turbulent flows are more prevalent. Although Re 100
may not be directly applicable to the mentioned industries, the insights
from this study provide a foundational understanding that could be
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adapted and applied in more complex and larger-scale contexts
involving turbulent flows, offering valuable contributions to broader
engineering and fluid dynamics applications. To further improve this
study, it is recommended to conduct this study in experimental settings
and at higher Reynolds numbers, which are more applicable to engi-
neering. Moreover, it would be beneficial to perform a comparative
analysis of different configurations using various numbers of arc plates
for future research. This analysis should take into account different
coverage angles, positions, and the normalized radius of the arc plates to
determine the best configurations. Additionally, to enhance the energy
harvesting performance, it would be helpful to optimize the amount of
resistance load.

4. Conclusions

The technological development of microelectronics has led to the
enhancement of the demand for small-scale energy harvesting. The PEHs
utilizing flexible splitters in circular structures with wide application in
the energy industries can supply this energy. Therefore, this paper
numerically studies the energy harvesting of a circular cylinder utilizing
three arc plates in the circumferential space around a cylinder. The
target is to improve wake control, as well as increasing the energy
harvesting potential. To achieve this aim, downstream flexible splitter
plates with approved performance are combined with circular arc plates
in the form of single and dual configurations.

Results show that equipping the cylinder with arc plates (CAP) in the
absence of splitters is hydrodynamically helpful. However, the RMS of
the lift coefficient increases for the energy harvesting targets. By adding
flexible splitters to the CAP, the hydrodynamic performance is
improved.

Evaluation of the control performance of two-cylinder cases with
splitter plates shows that the corresponding results of CAP are more
promising than bare cylinder except for dual plates at P* = 0 and 1 <
S" < 2. Moreover, it is found that in both cases, the control performance
of dual plates compared to single plate is improved. Based on this, the
Strouhal number for the bare cylinder case with dual plates at S* = 1.5
and P* = 0 is dramatically reduced by 76.35%.

Additionally, a significant drag reduction of 53.3% occurs for the
CAP with dual-splitters at S* = 0.5 and P* = 3 in comparison to the bare
cylinder.

From the energy harvesting point of view, it is found that the arc
plates have a strong impact on the plate displacement amplitude. The
increase of the plate displacement is more noticeable for dual splitters
than single plate. Additionally, strain assessments show that the highest
captured strain belongs to the CAP case, with an increase of 170.2%
relative to the top performance of the bare cylinder case. For the
cylinder-based harvester, by increasing the number of flexible splitters
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from one to two, the average power increases from 0.34 uW to 0.90 yW
at §* = 2.5. The inclusion of the arc plates further improves the har-
vested power to a maximum value of 3.13 uW.

Consequently, with the perspective of more drag reduction and
power generation, placement of piezoelectric polymers would be more
effective using CAP with dual flexible splitter plates at S* = P* = 2.5.

According to the approach of world energy projects and the leap
towards clean energy, the use of CAP with flexible splitters, due to the
benefits such as easy installation and simplicity, can be helpful in wind
energy industries, considering the wind as a huge renewable energy
source. High output electrical power of the novel proposed passive
control method, at low Reynolds numbers, considerably improves wind
energy harvesting applications.
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