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Abstract

A comparative study is performed on a circular cylinder with both flexible and
rigid splitter plates (SPs). This study has the novelty of using single and dual
detached SPs located downstream of the cylinder. The dimensionless gap
distance between the first splitter plate and the cylinder as well as the distance
between the SPs are varied. The strain of flexible SPs can be used for energy
harvesting from the flow. Therefore, a parametric study is performed to find the
optimal design for placing piezoelectric polymers. The two-dimensional fluid
structure-interaction analysis is performed based on the arbitrary Lagrangian—
Eulerian scheme using COMSOL Multiphysics. Flow characteristics quantities,
tip amplitude, and strain are evaluated at different arrangements of the SPs. The
results reveal that wake control enhances effectively by doubling the number of
SPs. The amplitude of the dual SPs increases by a remarkable ratio of 18.29
compared to the single plate. In the case of rigid and flexible SPs at a certain
arrangement, dramatic reductions of 97.8% and 76.35% in the Strouhal number
are obtained compared to a bare cylinder. In addition, 18% drag reduction
compared to the bare cylinder is recorded for the rigid SPs. The presented passive
method can be used as an attractive approach in flow control as well as energy
harvesting from ocean waves and sea currents.
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Abbreviations L  length of the SP [m]
ALE arbitrary Laragia-Eulerian P gap between the SPs [m]
FFT  fast Fourier transform p  fluid pressure [Pa]
FSI  fluid structure interaction p,  pressure at the rear stagnation point [Pa]
RMS root mean square Do  free stream pressure [Pa]
Re  Reynolds number ps  Static pressure at the cylinder surface [Pa]
SP  splitter plate t  time[s]
St Strouhal number ur  Fluid velocity [m/s]
VIV  vortex induced vibration um  fluid velocity (moving coordinate) [m/s]
VS  vortex shedding Urms Non-dimensional RMS of streamwise velocity
Nomenclature U,  freestream velocity [m/s]
A SPstip amplitude [m] vs  Velocity of SP [m/s]
Cp drag coefficient vrms NoONn-dimensional RMS of traverse velocity
CL lift coefficient W;  non-dimensional spanwise vorticity
Cp pressure coefficient X,Y  reference coordinates of the material frame
Cpp  base pressure coefficient X,y  spatial coordinates of the spatial frame
D cylinder diameter [m] S gap between the cylinder and first SP [m]
Fp drag force [N] Greek symbols
F, lift force [N] € strain
fs frequency of VS [Hz] 6 angle
h thickness of the SP [m] i dynamic viscosity [Pa.s]
I unit diagonal matrix p  fluid density [kg/m®]
ps  solid density [kg/m?]

1. Introduction

The topic of fluid flow past a circular cylinder has been extensively studied in literature due to
its importance in the industry [1]. Examples include submarines [2], wind industry [3], heat
exchangers [4], automobiles [5], transmission lines [4], tall buildings [6], and bridges [5].
Vortex shedding (VS) is a well-known phenomenon that occurs on the back of a bluff body in
the flow field [7, 8]. It causes oscillations in drag and lift forces on the structure and
consequently induces vibration, which is known as vortex-induced vibration (VIV) [9]. The
VIV may cause destructive effects on the structure such as fatigue failure, structural clashing,
and lifetime reduction [10]. Hence, the reduction of VIV through wake modification has
received prominent consideration in engineering within the past few decades [11-13]. The wake
structure downstream of a cylinder can be modified using active or passive methods. In the
active methods, external energy is used to weaken the flow wake, such as rotation [14, 15],
blowing and suction [16-19], electromagnetic force [20], and synthetic jets [21-23]. In contrast,
in the passive methods, improvement of the structure surface or adding additional parts is taken
into account. Examples include slotted circular cylinder [24, 25], splitter plates (SPs) [26-29],
shape modification [30, 31] and surface bumps [32-34]. The significant advantages of the
passive strategies are their low costs of implementation and maintenance because they do not
need additional energy [35]. Among passive methods, the implementation of SPs in the wake
region of bluff bodies has been one of the most successful methods to suppress VS [36, 37]. It
can effectively modify the key flow characteristics by inhibiting the interaction between the
two shear layers that form in the wake region [38]. Using SPs can lead to wake stabilization,
the extension of vortex formation length, elongation of vorticities, suppression of VS, reduction
of hydrodynamic forces, and the Strouhal number [36, 39]. The influence of multiple rigid SPs
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with varying angles attached to the rear surface of a cylinder at Re=100 was studied by Abdi
et al. [7]. The results revealed that two and three attached SPs were more effective than one SP
in drag reduction. Furthermore, it was found that the attachment angle had a significant effect
on the wake control and the maximum drag reduction occurred for two SPs case at an angle of
45°, Hwang et al. [40] examined the influence of two detached rigid SPs placed upstream and
downstream of a cylinder on drag reduction. Their numerical study showed that the SP located
upstream of the cylinder reduced the stagnation pressure and the SP located downstream of the
cylinder increased the base pressure of the cylinder. The combination of both led to 38.6%
reduction in the drag coefficient. Bao and Tao [41] investigated the influence of two rigid SPs
attached symmetrically at the rear of cylinder. They found that the attachment angle influenced
the wake control, and the maximum efficiency of suppression was achieved for the range of
40° < 0y < 50°. Gerrard [27] investigated the influence of the length of a rigid SP on flow

structure at Reynold number of 2x 10%. The results revealed that the best length to achieve the
lowest Strouhal number (St) was equal to the cylinder diameter. In an experimental study by
Roshko [28], it was demonstrated that when the ratio of the rigid SPs length to the cylinder
diameter was equal to 5, the VS was completely suppressed. An attached hinged rigid SP was
investigated by Shukla et al. [38]. It was observed the communication between the shear layers
was not completely disrupted since the SP rotated about the hinged point. Other studies have
investigated the effect of permeable and inclined SPs [42], an attached rigid wavy SP [43], and
an upstream rod [44] on the flow structure around a cylinder.

Recently the application of flexible SPs has become popular for the flow control.
Because in addition to high capability in control, it also can be used for energy harvesting from
the flow. For instance, the SPs deformation due to VS can be utilized to harvest energy from
the flow using piezoelectric polymers. These polymers are able to generate electric charges
when they are under pressure or strain by converting mechanical energy into electrical energy
[45]. Shukla et al. [46] have carried out experimental studies with a flexible SP and examined
the influence of the SP’s flexural rigidity, length of SP, and Reynolds number on the flow
characteristics of a cylinder. Results showed that that at high values of Reynolds number, two
different oscillation regimes for the SP can be observed. The frequency of both regimes was
close to the cylinder frequency. Moreover, it was found that the SPs that were considerably
larger than the wake length had similar responses, whereas shorter SPs had significantly
different responses. Wu et al. [47] numerically studied a detached flexible SP, which was
placed at the downstream or upstream of a fixed cylinder using the immersed boundary-Lattice
Boltzmann method. The SP was under a forced oscillation and was deformed in a fish-like
movement at Re=100. The results indicated that the flexible downstream SP has more effect
on drag reduction compared to the rigid one due to the fish-like motion of the SP. In addition,
a further drag reduction was achieved using upstream flexible SP compared to downstream
one. Sun et al. [48] investigated flow-induced-vibration of aflexible SP attached to a cylinder
at Re=100. It was observed that the cylinder with the SP has less drag, but a higher oscillation
amplitude compared to a bare cylinder. Chehreh and Javadi [49] numerically studied the effect
of two SPs that were attached at specific angles (£55 degrees) behind a cylinder at Re=100 and
200. The SPs were under forced oscillation at various ratios of the natural VS frequencies.
Results showed that by increasing the frequency ratio and the oscillation amplitude, an in-phase
VS pattern in the wake structure was observed resulting in complete VS suppression. In another
work, Abdi et al. [8] studied the effect of adding single and multiple attached flexible SPs
downstream of a cylinder at Re=100 using Arbitrary Lagrangian—Eulerian (ALE) scheme.
They evaluated the effect of SP flexibility and attachment angle on drag, lift, and the Strouhal
number. Results showed that in contrast to rigid cases, a slight increase in the Strouhal number
(St) was observed in flexible cases. The increase in St originated from formation of a tiny
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vortex in the tip of SP, which was called tip vortex. Pfister and Marquet [50] numerically
studied the dynamics of a hyperplastic attached SP subjected to a laminar flow at Re=80.
Numerical approach was based on the ALE formulation of the incompressible Navier—Stokes
equations (flow modeling), coupled with a Saint-Venant Kirchhoff model (SP modeling).

As discussed above, several studies have focused on the rigid SPs. Some others focused on
the attached flexible SPs. The usage of detached SPs and the possible advantages of using
several SPs should be studied further. In addition, electricity generation from flexible SPs by
piezoelectric polymers requires more information related to the SPs’ strain. To this aim, a
comparative study is done on a circular cylinder with both rigid and flexible SPs. One and two
detached SPs are considered downstream of a circular cylinder. The distance between the first
SP and cylinder as well as between the SPs are varied. For flexible SPs, the tip amplitude and
strain were measured to harvest energy from the flow. The optimum arrangements of the SPs
for placing piezoelectric polymers in terms of both flow control and electricity generation are
obtained. This study focuses only on Re=100 in a two-dimensional FSI problem to avoid the
three-dimensional flow nature that occurs at Re > 160 [49]. Considering the current worldwide
energy demands, and transition into clean energy, the use of such flexible SPs provides
significant benefits over the conventional cylindrical structure which include benefit of energy
harvesting along with reducing structural fatigue failure and increasing the lifetime.

The remainder of this paper is structured in four sections. The numerical methodology and
validation of the simulation model are described in section 2. The results that include amplitude
and strain of the SPs during fluctuation and flow characteristic variables are provided in section
3. Eventually, the summary and conclusions are discussed in section 4.

2. Materials and methods

2.1. Problem statement

As illustrated in Fig. 1(a), in this study a circular cylinder with one and two detached rigid SPs
was modeled. A similar geometry with flexible SPs was modeled as well (Fig. 1(b)). The SPs
are located downstream of the cylinder in a horizontal line crossing center of the cylinder. The
ratio of the gap between the cylinder and the first SP (S), to the cylinder diameter (D) varies in
the range of 0 < S/D < 2.5, and the ratio of the gap between the SPs (P) to the cylinder
diameter (D) is in the range of 0 < P/D < 3. It should be noted that the first SP can be attached
to the cylinder as well. The lengths of the SPs are the same and equal to the cylinder diameter
(L/D=1) to minimize the Strouhal number [27]. The thickness (h) of the SPs is set at 0.03D.
The computational domain size and the related boundary conditions are displayed in Fig. 2.
The dimension of the computational fluid domain is 80Dx60D [8]. The distance between the
inlet to the center of the cylinder is 20D. The upper and lower boundaries are located at 30D
from the cylinder’s center. Hence, the dimension of the computational domain is sufficiently
large, so that the effect of the blockage ratio is negligible. No-slip boundary condition is applied
to the surface of the cylinder and SPs. Therefore, the fluid velocity (uy) on the cylinder is equal

to zero, and on the flexible SPs uy = v, (vs is the SP velocity).
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FIG. 1. Configuration of the cylinder with one and two SPs: (a) rigid, (b) flexible.

The fluid flow enters the computational domain from the inlet boundary with a velocity of U,
and exits from the outlet boundary with zero gradient pressure. The open boundary condition
with no viscous stress is applied to the upper and lower boundaries. The cylinder and the front
edge (left side) of the detached flexible SPs are fixed. Table 1 presents the material properties
for fluid and solid domains. The choice of material for this study is based on several
requirements. The flow must be able to deform the SPs and the typical fluid candidate for such
a numerical study is glycerin which has a relatively high viscosity [51]. For solid domain, the
stiffness of SPs must be low enough to oscillate at reasonable amplitude. For this reason, the
SPs are made of cork which has a high elasticity.

Table 1. Material properties used in the computational domain.

Material Density Poisson’s ratio ~ Young’s modulus Dynamic viscosity
Fluid domain Glycerin 1260 kg/m3 - - 1.42 Pa.s
Solid domain Cork 180 kg/m? 0.3 32 MPa
—! 1V + (Tup)")=0 —
i y
30D f —>
I:)iU:U u =0 U =0 —>
=tv=0 | ppT NS NS —
g fixed fixed
—> 5 ; o —>
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FIG. 2. The computational domain and boundary conditions.

2.2. Governing equations

The numerical procedure is based on the finite element method using the COMSOL
Multiphysics software (version 5.4, COMSOL Inc., Burlington, MA). The Arbitrary
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Lagrangian-Eulerian (ALE) scheme is used to simulate this fluid-structure interaction problem
with a fully coupled approach. In the ALE scheme, the equations of the fluid domain are
formulated based on the Eulerian description at a spatial frame, and the deformation equations
of the solid material are formulated based on the Lagrangian description at a material
(reference) frame. Due to the flexibility of the grid in the ALE method, it is beneficial in
problems with large deformations [52]. The governing equations of fluid flow, solid mechanics,
coupling interface, and moving mesh are described in the following sections.

2.2.1. Fluid dynamics

The fluid flow is considered to be incompressible and Newtonian. The Navier-Stokes equations
in the spatial coordinate system are as follows [53]:

Vo =0 1)

Por V.[-pl + u(Vur + Vur)"| + p(ur — up).Vup = 0

where (+)" represents a transpose, | denotes the unit diagonal matrix, p is the pressure, u is the

dynamic viscosity, p is the density of the fluid, u,, is the fluid velocity corresponding to a

moving coordinate system, and t is time. The initial conditions for the fluid domain are:
p=0andus =0 (3)

Furthermore, a force transformation is required due to the adoption of different coordinate
systems in the ALE method [8]:

d
F=f. (ﬁ (@)

Here, f and F denote the force in the spatial and the material frames, respectively, and dv and
dV are the scale factors for the spatial frame and the material frame, respectively.
2.2.2. Solid mechanics

Numerical formulation of the SPs in the material frame (undeformed) coordinate system is as
follows:

(§—S8p) =C:(e— &) )

Here, S 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), S,
and &, stand for the initial quantities. In the above equation, ¢ is given by:

e =0.5[(Vuy)T + Vus + (Vug)TVug] (6)

where u is the displacement vector. Based on linear elastic assumption, the deformation of SP
is calculated by:

9%ug
S at2

—-V.o=F )


http://mostwiedzy.pl

A\ MOST

202
203

204

205
206

207

208
209

210
211

212

213
214

215
216

217
218
219
220
221
222

223
224

where p; is density of solid domain, F is the force per unit volume at the SPs surface, and o
is the Cauchy stress. The initial conditions for the solid domain are adjusted as:

— Ous _ 8
u; =0and —*=0 (8)
2.2.3. Coupling and interface consideration

In the coupling process of the fluid domain with the solid one, it is essential to satisfy the
boundary conditions related to the contact interface. The uy is obtained from the flexible SPs

velocity (vg) at the interface:

Ur = Vs 9)

The stress on the SPs at the interface of the two domains is computed from the following
equation:

rn+o.n¥=0 (10)

where I' and ¢ are the stress tensors and n/ and n® are the normal vectors of the fluid and SPs,
respectively. The I" is the sum of pressure and viscous stresses of the fluid:

2.2.4. Moving mesh

The computational mesh deforms to adjust to the deformation of the flexible SPs. In the moving
mesh interface, the Winslow smoothing equations are applied [54].

920X N 020X 0 (12)
dx20t dy20t
929y 429y (13)

ax20t " ayzar ©

where, X and Y denote the reference coordinates of the material frame (solid domain), and x
and y are related to the spatial coordinates of the spatial frame (fluid domain) [8].

2.3. Non-dimensional flow parameters

It is a common approach to describe physical phenomena in non-dimensional forms in order to
achieved generalized results comparable with other studies. Accordingly, important non-
dimensional parameters associated with flow characteristics are defined by equations (14) to
(23):

2.3.1. Strouhal number

The frequency of VS is characterized by a dimensionless parameter known as the Strouhal
number (St), which is defined as follow:

D 14
St:(j_ ( )
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where f; is the frequency of VS, D is the cylinder diameter and U, is the free stream velocity
of flow.

2.3.2. Hydrodynamic coefficients

The most frequently used flow quantities in an unsteady flow regime are lift coefficient (C;)
and drag coefficient (C,), which are defined by:

F (15)
G =05p02D
5pU2
C, = te (16)
47 0.5pU2D

Here, F; and F; are lift and drag forces, which are the force components that are applied to the
bluff body perpendicular and parallel to the flow direction, respectively.

2.3.3. Pressure coefficients

The drag force is a combination of pressure and viscous forces applied to the surface by the
fluid. Meanwhile, the pressure force is the dominant part of the drag, which is highly dependent
on shape of bluff bodies. Due to the importance of pressure drag, the pressure coefficient is
introduced, which describes the pressure difference between reference pressure and surface
pressure as follows:

_ Ps— D (17)
Cr = 0.5pU2

where py is the static pressure on the cylinder surface, p, is the free-stream static pressure far
from the bluff body and 0.5pU2 is the dynamic pressure. If the pressure of the rear stagnation
point (pp) is used in equation (17), the base pressure coefficient (Cp;,) can be obtained [55,
56]:

_Pp 7P (18)
0.5pU2

2.3.4. Root-mean-square (RMS) of velocity

Cpp

In the wake region of a bluff body, the root-mean square of streamwise velocity (u,,,s) and
transverse velocity (v,,s) show the roll-up position of shear layers and the interaction between
them, which are defined by:

- (19)
1 )2
Urms = NZ(ui —u)
i=1
p (20)
1 7\ 2
Vrms = NZ(UL' - 17)
i=1
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In these relations, & and ¥ are the time averaged of streamwise and transverse velocities, N is
the number of samples in the time history, and u; and v; denote the temporal series. The
dimensionless forms of them are as follow:

u
Upms = [;ms (21)
pr = Zrms (22)
rms —
Us

2.3.5. Spanwise vorticity

Vorticity is rotation of the fluid particles around a fixed axis. It can represent the boundary
layer, the shear layer growth, and VS phenomena. The dimensionless spanwise vorticity (W)
is given by [57]:

dv odu_D (23)

2.4. Mesh description

As displayed in Fig. 3 (a), an unstructured mesh is employed for the computational domain due
to the high adaptability of the triangular elements with the fluid domain. The circumferences
of the cylinder and SPs are discretized by extremely fine cells. For accurate estimation of
velocity and pressure gradients, two layers of structural cells are utilized for the SPs and
cylinder surfaces (Fig. 3(b)). Table 2 demonstrates the dependence of the Strouhal number and

time average of the drag coefficient (C;) on the mesh resolution for the cylinder with two SPs
(S = P = 0.5D). According to the results, the setting of case “c” is selected.
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FIG. 3. Meshing of the computational domain, (a) view of the whole domain, (b) zoomed view of the mesh
around the cylinder and SP.
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271 Table 2. Grid independence study for a fixed cylinder with two detached flexible SPs (S = P = 0.5D).

Case  Number of elements St Cy
a 8001 0.157  1.152
b 10673 0.158  1.153
c 15556 0.159  1.157
d 30830 0.159  1.158
272
273 2.5. Validation of the model

274  The model is validated by the numerical and experimental results of flow past a circular
275  cylinder as well as flow past a cylinder with one attached rigid SP at Re=100 in the literature.
276  As can be seen in Table 3, the results of St, C4, and RMS of the lift coefficient (G, arein
277  good agreement with the corresponding results of other studies. Furthermore, the results of one
278  attached flexible SP case are compared with the numerical results of Turek and Hron [51] in
279  Table 4. In this case, Re=200 and the length and thickness of the SP are 0.35 m and 0.02 m,
280  respectively. Both frequency and magnitude of F; and F;, on the cylinder and SP are compared
281 in Table 4. The results again show a good agreement with the corresponding ones.

282
283 Table 3. Validation of the results of a cylinder with and without attached rigid SP at Re=100.
One attached rigid SP
Test case Bare cylinder (Re=100)
(Re=100, L/D=1)

Flow quantity St [ Cre St C,
Sudhakar and Vengadesan [4] 0.165 1.37 - 0.139 1.174
Norberg [58] 0.164 - 0.22 - -
Williamson [59] 0.164 - - - -
Hwang and Yang [40] 0.167 1.34 - 0.137 1.17
Present study 0.164 1.33 0.228 0.136 1.161
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Table 4. Validation of the results of a cylinder with one flexible SP at Re=200.

Drag force Lift force
Test case
Magnitude (N) | Frequency (Hz) | Magnitude (N) | Frequency (Hz)
Turek and Hron [51] 149.78+2.22 10.9 457.3+£22.66 5.3
Present study 150+4.49 10.43 45442478 5.33

3. Results and discussion

In this section, flow characteristics including contours of vorticity, streamlines, velocities, and

values of St, C;, Cp, Cpp, and Cl,.,¢ at different arrangement of SPs are studied. The results are
evaluated as a function of S/D and P/D.

3.1. Contours of vorticity and streamlines

Figure 4(a) demonstrates an example of instantaneous dimensionless spanwise vorticity
contours (W) for a half cycle of SPs oscillation in the case of two flexible SPs (S/D = 2.5
and P/D = 1.5). The x and y coordinates become dimensionless with the cylinder diameter
(D). The beginning of the cycle (OT) is attributed to the highest displacement of the first SP.
Two shear layers consisting of positive vorticity (counterclockwise) and negative vorticity
(clockwise) can be observed in the vorticity contours [60]. These shear layers roll up
simultaneously with the SPs flapping movement. Under the shedding mechanism, the first SP
(the SP close to the cylinder) interacts with shear layers of the cylinder. Then, the second SP
experiences the shear layers affected by the first SP. The movement of the SPs has a phase
difference of 180° and they deform in the opposite directions to each other. When the first SP
is at the maximum displacement in the +y direction, the second SP is at the maximum
displacement in the -y direction. In addition to the main shear layers of the cylinder, small shear
layers extend over and below of the SPs. The small shear layers slip at the SPs surfaces and
roll up at the tip of the plate. The interaction between the main shear layers of the cylinder and
the small shear layers at the tip of SPs results in two different mechanisms which will be called
here after destructive mechanism and constructive mechanism. When the shear layers (from
the cylinder and from the SPs) have the same sign, vorticities merge with each other and
produce a shear layer with higher strength and if they have opposite sign, they weaken each
other. It can be seen that the shear layers of the first and the second SPs have destructive and
constructive mechanisms, respectively. The displacement of the first SP is more than the
second SP. Because the cylinder shear layers that interact with the first SP are strong and after
contacting with the first SPs shear layer, they become weak. Figure 4(b) indicates the
corresponding contour for the case of rigid SPs. Similar to the flexible case, the shear layers of
the first and the second SPs have destructive and constructive mechanisms, respectively.
However, in the second SP of the rigid case, a new destructive mechanism appears at the fixed
edge of the SP. In both rigid and flexible cases, the SPs prevent the main shear layers to interact
with each other. Consequently, they expand and interact with each other after the second SP.
In this arrangement of SPs, the elongation of vortices along two flexible and rigid SPs leads to
15% and 29.55% reduction in the St compared to the bare cylinder, respectively. The reason
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for the higher wake suppression in the case of rigid SPs compared to the flexible ones in this
arrangement of SPs is attributed to the flexibility of the SPs which is discussed in the following
paragraph.

The streamlines pattern is provided for a half cycle of SPs oscillation in Fig. 5 for flexible SPs
at S/D = 2.5 and P/D = 1.5. The corresponding results of the rigid SPs are depicted on the
right column of Fig. 5. The better performance of rigid SPs in St reduction compared to the
flexible ones could be justified using three mechanisms that can be seen in streamlines. Firstly,
the downward motion of the first flexible SP gives more space to the upper vortex near the
cylinder to grow. Therefore, it grows faster than the corresponding vortex of the rigid SPs.
Secondly, on the other side of the first SP, the lower vortex at the same period is bigger in the
case of flexible SPs compared to the rigid ones. The third mechanism is related to the
generation of a tiny vortex near the tip of the first SP (here after called “tip vortex”) in both
rigid and flexible cases. This tip vortex develop more instability in the wake structure. As can
be seen in Fig. 5(a) for flexible case, the “tip vortex” generates at the tip of the first SP in a
time cycle of 0.1T, and then separates at 0.2T. However, in the rigid case, it forms between the
time cycles of OT and 0.1T and eventually, it is completely separated from the first SP at 0.1T.
In both cases, the separated tip vortices joins the converging streamlines. These observations
confirm the better performance of rigid SPs compared to the corresponding flexible ones in
terms of St reduction.
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P/D = 1.5): (a) flexible SPs during a half cycle of SPs oscillation, (b) rigid SPs.
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FIG. 5. Streamline patterns for a half cycle of oscillation in the case of two SPs (S/D = 2.5 and P/D = 1.5):
(a) flexible SPs (b) rigid SPs.

3.2. Strouhal number

In this section, the Strouhal number is evaluated at different arrangements of the SPs. The St
represents VS phenomenon and is calculated from FFT (Fast Fourier Transform) algorithm
over the time history of the lift force. The variation of St against S/D for the cases of flexible
SPs is demonstrated in Fig. 6(a). The corresponding results for the cases of rigid SPs are
presented in Fig. 6(b). In addition, the result of the bare cylinder case is included in both plots.
Using the rigid and flexible SPs as a passive control method reduces the St compared to the
bare cylinder except some specific arrangements of flexible SPs (one SP at S/D < 0.5 as well
astwo SPsat S/D =0 and 2 < P/D < 3) in which a slight enhancement in St is observed.
Maximum enhancement of St among these cases occurs in one attached SP case (S/D = 0)
with 8.0% increase compared to bare cylinder. It is in agreement with the numerical study of
Abdi et al. [8]. The increase in St is due to the formation of a “tip vortex” in the first SP. It
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interacts with the main vortices shedding from the cylinder and causes an increase in instability
in the shear layers of the cylinder. As shown in Fig. 6(a), the Strouhal number of two flexible
cases monotonically decreases for P/D > 0.5 as S/D increases (except the case with S/D =
0.5,P/D = 3). There are three local minimum in the St graphs: In one SP at S/D = 1 and in
two SPswhen S/D = 0.5and P/D = 3aswellasatS/D = 1.5andS/D =2inP/D = 0.The
reason for these sudden drop will be discussed later #r below Fig. 7. As shown in Fig. 6(b), the
St in all cases with rigid SPs decreases compared to bare cylinder. The VS from the cylinder is
very sensitive to arrangements of the SPs. Similar to flexible cases, there are some sudden
reductions at S/D = 1.5 and S/D = 2. These sudden reductions are due to significant
modifications in the flow patterns in which the VS is suppressed perfectly. As the distance
between the rigid SPs increase to P/D > 2, the effect of SPs on wake structure becomes less
and the St number increases. The rigid SPs at a close distance to each other act like a long SP
and interrupt the contact between the shear layers of the cylinder. The most noticeable St
reduction in both cases of rigid and flexible SPs occurs in the case of two SPs with the gap
ratio of S/D = 1.5 and P/D = 0. This configuration results in a dramatic reduction of 97.8%
and 76.35% in St compared to the bare cylinder in the case of rigid and flexible SPs,
respectively. In addition, compared to the attached cases (S/D =0 and P/D = 0), the
corresponding configuration of S/D = 1.5 and P/D = 0 reduce the St by 97.2% and 71.2% in
the case of rigid and flexible SPs, respectively. It indicates that the wake control can enhances
effectively using detached SPs instead of attached ones.

0.18
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(a) (b)
FIG. 6. Strouhal number at various P/D and S/D: () flexible SPs, (b) rigid SPs.

To further explore the underlying mechanisms of the sudden St reductions in the cases of two
flexible SPs at P/D = 0 & 3 and one flexible SP at s/D = 1, the streamlines at different S/D are
presented in Fig. 7. As shown in Fig. 7(a), as S/D increases in the case of two flexible SPs at
P/D = 3, two strong cylinder vortices expand further from the cylinder, and consequently the
St number decreases. In contrast to other cases, at S/D = 0.5 in Fig. 7(a), it is observed that
the expanded cylinder vortices divided into four vortices in the wake region. The two stronger
ones are transferred downstream with the fluid flow and two smaller vortices near the cylinder
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grow and expand to repeat the same cycle. Similar to Fig.7(a), vortices elongate by increasing
the S/D in Fig. 7(b). There is a distinct flow pattern for one SP case at S/D = 1 in which the
shear layers cannot interact with each other properly. As can be seen in Fig. 7(c), the vortices
are elongated more compared to Fig. 7(a) and Fig. 7(b) and they reach to their maximum length
at S/D = 1.5 and 2 corresponding to their lowest St number. From these observations, it is
expected that significant reduction occurs in drag and lift forces in the unsteady flow (as can
be seen in Fig. 10(a) and Fig. 13). These effective control performances are achieved using
detached SPs, which has a noticeable effect on the wake stabilization. It is interesting to note
that these two flexible SPs cases, do not have any oscillations in the mentioned arrangements
and only low amplitude oscillation exist in the one SP case at s/D = 1 (Fig. 16).

S/ID=0 v of [ — — | & | E{ s

S/D=0.5 v+ of

S/D=1 v+o { 7‘, —_— — b \b | —_—

S/ID=1.5 veof | | e = & ) =]

S/D=2 v-of ( ) == = , | EF —

S/ID=2.5 v=of | : B = ) = = — ]

i "
4 0.6 0.8 0 0.2 04

(@) (b) ©)

L L
0.2 04 0.6 0.8 0 0.2

FIG. 7. Time-averaged streamlines for flexible SPs at different S/D: (a) two SPs case (P/D = 3), (b) one SP
case, (c) two SPs case (P/D = 0).

To investigate the dynamics of the mean wake flow for the case of flexible and rigid SPs,
contours of dimensionless RMS of streamwise velocity (u;,,,s) and transverse velocity (vyms)
at different P/D and fixed S/D = 2 are displayed in Fig. 8 and Fig. 9, respectively. In von-
Karman Street, the vorticity diffusion mechanism is affected by the fluctuations in velocity.
Hence, the reduction of velocity fluctuations can be a representative of elimination of the VS.
Using the SPs in this study leads to a reduction in velocity fluctuations and consequently
suppression of the VVS. Depending on the position of the SPs, there are two or four peaks in the
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profile of u;,,s (Fig. 8). The peaks coincide with the roll-up locations of the shear layers and
are distributed symmetrically with respect to the centerline of the cylinder [55]. For flexible
SPs at P/D = 0.5, the velocity fluctuations between the two SPs are very small, so only two
peaks can be observed after the second SP. By increasing the distance between SPs (P/D >
1), more space is available for rolling up the shear layers in the wake structure. As can be seen
in Fig. 8 for P/D > 1, two peaks are generated between the SPs and gradually becomes
stronger. A similar trend can be seen for the rigid cases. However, the peaks between the SPs
as well as after the second SP are generated at P/D > 1.5. The distribution of v,,,,; can be
attributed to the variation of the lift force [61]. So, it can be utilized as a representative of the
lift variation to evaluate the effectiveness of the proposed control method. Moreover, v,
indicates the interaction between the wake vortices. The value of v}, for all cases decreases
significantly compared to the bare cylinder. As can be seen in Fig. 9 (a) , the peak location
alters by changing P/D. For the flexible cases, it forms between the two SPs at P/D = 0.5,
and it increases gradually in both size and value of the v,,,,. the second plate moves further
away, there is more free space for the interaction of the shear layers and consequently, the
velocity fluctuation increases. There are two main regions for formation of the large peaks: the
frontal edge of the second SP, where the sharp edges facilitate growth of the shear layers, and
downstream area of the second SP, where the vortices can form freely. For the rigid cases (Fig.
9 (b)), there is no peak at P/D < 1. By increasing P/D, in contrast to other cases, four peaks
are captured in the wake region at P/D = 1.5 and P/D = 2. Two peaks are formed between
the SPs in the vicinity of the SPs edges. Also, two peaks are apparent after the second SP,
which tend to be asymmetric relative to the wake centerline. By further increase of
P/D (P/D = 2.5), the distribution of v, becomes symmetric with respect to the wake
centerline. Moreover, one strong peak is formed on the front edge of the second SP. For the
rigid SPs, the maximum value of v;,,,; occurs on the front edge of the second SP at P/D = 2
due to strong curling of the shear layers besides the constructive mechanism of interactions of
shear layers of the cylinder and SP. As can be seen in Fig. 8 and Fig. 9, the velocity fluctuations
for specific arrangement of the flexible case (P/D = 0) and the rigid case (0 < P/D < 1), are
almost zero and no peak is captured. The reason is that the short distance between the two SPs
(P/D), causes the SPs to behave like a continuous long SP. Hence, the SPs prevent the contact
between shear layers and the symmetric vortices form along the SPs. Consequently, the
velocity fluctuations are negligible.
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3.3. Hydrodynamic coefficients

Hydrodynamic forces are evaluated in this section to assess the effect of the SPs in the
suppression of VS. Oscillations in drag and lift forces resulted in vibration of the structure,
which has a destructive impact on lifetime. The drag coefficient is calculated in two ways in
this study; forces are integrated over the cylinder surface (C,), or they are integrated over the
cylinder and SPs surfaces (C,,). Fig. 10(a)-(b) display the C; versus S/D for flexible and rigid
SPs and the corresponding results of C, are depicted in Fig. 10(c)-(d), respectively. Fig. 10(a)-
(b) clearly shows significant reductions in the mean drag coefficients compared to the bare
cylinder. For the flexible case (Fig. 10(a)), the overall trend of C, is descending as S/D
increases with a sudden reduction in one SP case at S/D = 1 and intwo SPsat S/D = 0.5 with
P/D = 1.5 and 3. The sudden reduction can be attributed to the base pressure coefficient which
will be discussed at the end of this section.
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FIG. 10. Variation of the time-averaged drag coefficients against S/D at various P/D: (a) C, in flexible SPs, (b)
C, inrigid SPs, (c) C,, in flexible SPs, (d) C,, in rigid SPs.

For the case of one SP, the rigid SP is more efficient in drag reduction compared to the flexible

one except for S/D =1 (Fig. 10 (a)-(b)). That is because in flexible case, two main strong
vortices turn into four weaker ones and only two small vortices remain to interact with the
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cylinder (Fig. 7(b)). Moreover, in some configurations of two SPs, the flexible SPs are more

efficient in the C, reduction than the rigid one (2 < P/D < 2.5and S/D > 2 and also P/D =
3 and S/D = 0.5 and 2.5. To clarify the reason for the higher reduction in the flexible SPs
cases, the case with P/D = S/D = 2.5 is selected for further discussion in which a sudden
jump occurs in C,; (Fig.10(b)) . Streamlines of this case are shown in Fig.11 for both flexible
and rigid SPs. The first rigid SP which is close to the cylinder, modifies the wake structure in
such a way that two small vortices are generated at the trailing edge of the first SP and the
cylinder vortices cannot significantly grow (Fig.11(b)). However, the cylinder vortices in the
flexible cases can grow freely because the first SP moves with the cylinder shear layers. The
wake region in the rigid cases has lower pressure and consequently a higher C, is observed in

the Fig. 10. For the rigid cases, the minimum of C, occurs in the case with two SPs when
S/D =2.5and P/D = 0.5 and 1. In these arrangements, 18% reduction is obtained compared
to the bare cylinder. For the flexible cases, the maximum reduction in C, is achieved for the
case of two SPs (S/D = 0.5 and P/D = 3) with 17.48% reductions compared to the bare
cylinder:

The main differences between the C;, and C,; graphs originated from the viscous drag of the
SPs because their pressure drag is not significant. As can be seen in Fig. 10, the trends of Cg,
graph is similar to C; with slightly bigger values which is due to the viscous drag over the SPs.
In all cases of flexible and rigid SPs, the value of C,, is lower than the bare cylinder except at
S/D =0 and P/D =3 in the flexible SPs and P/D = S/D = 2.5 in the rigid SPs. The
instantaneous dimensionless spanwise vorticity contours (W,") for a half cycle of oscillation in
the two cases with higher Cg, are provided in Fig. 12. For the flexible ones, it can be seen that
the main shear layers are under the destructive mechanism with the tip vortex of the first SP.
This effect does not let the main vortices of the cylinder to grow significantly and force them
to separate faster. In the rigid case (Fig12 (b)), this effect is not existed. However, the first SP,
do not let the main cylinder vortices to grow further.

0.2 T T T T T 0.2
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FIG. 11. Time-averaged streamlines for two SPs case at P/D = S/D = 2.5: (a) flexible SPs, (b) rigid SPs.
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FIG. 12. Instantaneous dimensionless spanwise vorticity contours (W) for two SPs case (a) flexible SPs at
S/D =0and P/D = 3.5, (b) rigid SPs P/D = S/D = 2.5.

Fig. 13 presents the variation of RMS of the lift coefficient (C;,... ) against S/D for the case of
flexible SPs. When flow past over a bluff body, vortices which have a low pressure region on
their center are shed alternately relative to the wake centerline [62]. Therefore, there is a low-
pressure region on one side of the cylinder (vortices side) and a high-pressure region on the
other side By shedding vortices, fluctuations in the lift force occur. Hence, the reduction of
C1,,s 1S @ representative of the wake oscillation. As can be seen, using flexible SPs reduces

C1,,,, dramatically compared to the bare cylinder. There is a noticeable reduction in all cases
forS/D = 0.5 which shows detached SPs have a better performance in terms of C;_ reduction
compared to the attached ones.  Also, it can be seen that C; . _ is completely suppressed in
oneSPatS/D =1andintwo SPsat0.5<S/D <2andP/D = 0aswellasS/D = 0.5 and
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P/D = 3. It should be noticed that the variation in C, and Ci,.ns 18 directly related to the time-
averaged pressure coefficient (Cp), which will be discussed in the next section.

0.25

—O— P/D=0.5 —a— P/D=1

02 T —+— P/ID=1.5 —A— PID=2
—O0— P/D=2.5 —— P/D=3

15 —{3— Single plate — - - Bare cylinder
—&o— P/D=0

0.05

FIG. 13. RMS of the lift coefficient (C; ., ) at different arrangement of the flexible SPs.
3.4. Pressure coefficient

The variation of C, and Ci,,s €an be justified by the pressure distribution over the cylinder

surface. Fig. 14 depicts the symmetric curve of Cp in the case of flexible SPs versus angle (6).
The 6 is the angle between the centerline of the cylinder and an arbitrary point on the surface

of the cylinder. It is defined from the front stagnation point. The Cp of the bare cylinder is also
plotted in Fig. 14. The trend of C, curve is similar for both cases of flexible SPs and the bare
cylinder. In addition, the Cp curve shares the same profile at all ratios of S/D and P/D.

The maximum Cp occurs at 8 = 0° (or 360°), where the flow slows down towards the frontal
stagnation point. By increasing 6, the flow accelerates at the upper and lower sides of the
cylinder, which causes drop in pressure until reach to the minimum at almost 6 = 83°. where
the time averaged separation is occurred [63]. After flow separation, Cp increases until it
reaches the rear stagnation point at & = 180°. Using SPs slightly increases the pressure in the
rear surface of the cylinder. The reason is that the presence of SPs downstream of the cylinder
modifies the flow wake and makes appropriate pressure balance on the cylinder surface. So,
there would be a significant reduction of the pressure component of the drag and lift coefficient,
which leads to lower values of C; _ and Cy.
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FIG. 14. The C; distribution for the case of flexible SPs at various S/D and P/D: (a) S/D=0, (b) S/D=0.5, (c)
S/D=1, (d) S/D=1.5, (e) S/D=2, (f) S/D=2.5.

If the Cp is calculated at & = 180°, the base pressure coefficient would be obtained (equation
(18)). Figure 15 indicates the graph of time-averaged base pressure coefficient, which

multiplied by (-1) for convenience of analysis (—Cp;, ). The value of —Cjp,, for all arrangements
of SPs is smaller than the value of the bare cylinder. Since the SPs modifies the flow wake and
increase the pressure at the rear stagnation point. Furthermore, it shares almost similar trends

with ¢, (Fig. 13) and exactly the same trend with C, (Fig. 10(a)). It proves that the main
reason of the lift and drag fluctuations is pressure variation over the cylinder. The sudden drops
in C4 in Fig. 10(a) can be justified by Fig. 15 where a lower —Cp,, can be observed in the
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mentioned points (in one SP case at S/D = 1 and in two SPs at S/D = 0.5 with P/D = 1.5
and 3).
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FIG. 15. Time-averaged base pressure coefficient (—Cp;,) at different arrangement of flexible
SPs.

3.5. Amplitude of the SPs’ fluctuation

The flexible SPs have a periodic deformation due to the continuous local pressure difference
across them. The maximum deformation is observed at the tip of the SPs. Fig. 16 illustrates the
dimensionless SPs tip amplitude (A* = A/D) for the first and second flexible SPs. Both
diagrams share the same trends except for 0.5 < P/D < 1. That is because increasing the gap
between the SPs (P/D) changes the wake region. In several cases, measurement of the
normalized tip amplitude indicates a higher amplitude of the two SP cases compared to the one
SP cases in the corresponding arrangements. Comparison of the total normalized tip amplitude
shows that the amplitude of the two SPs increases with the ratio of 18.29 compared to the one
SP at S/D = 1. The maximum value of A* is observed at the second SP with S/D = 0 and
P/D = 2 due to the appropriate arrangement of the SPs for contacting with shear layers. The
same A" in one SP cases is obtained when the SP is attached to the cylinder (S/D = 0).
Moreover, the amplitude of the two SPscasesat1 < S/D <2andP/D =0andatS/D = 0.5
and P/D = 3 are zero, which is inconsistent with C; . results in Fig. 13. This is related to
wake stabilization effect of the SPs which causes vortices became symmetric with respect to
the wake centerline. As a result, the SPs are not subject to any resultant force in the
perpendicular direction to main flow stream. It should be noted that for a case of one SP, the
trends of the St graph (Fig. 6(a)) and A* graph (Fig. 16(a)) are the same. It can be concluded
that higher displacement of the SPs tip leads to increase of the wake instability and results in a
higher Strouhal number. However, for the case of two SPs, the behavior of St and SPs
amplitudes are different because of the complicated mechanism of VS and the negligible effect
of the SPs on cylinder oscillation at further distances.
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FIG. 16. The non-dimensional tip amplitude (A™) against S/D at various P/D for the case of flexible SPs: (a)
first SP, (b) second SP.

3.6. Strain

The strain is an essential parameter for generating electricity from a piezoelectric polymer.
Hence, to harvest more electricity from the flow, the strain (&) of the SPs should be investigated
in detail. In our study, the VS induces strain in the SPs. The maximum strain of flexible SPs
(&max) at various arrangements of SPs is shown in Fig. 17. The corresponding results of one
SP case are added to the figure. For the cases of two SPs, the presented strain is the sum of the
first SP strain and the second SP strain By performing a parametric study based on gap-ratios
(S/D and P/D), the effect of SPs arrangement on strain can be analyzed. As can be seen, in
the one SP case, the highest strain occurs at S/D = 0. The strain in the case of two SPs is larger
than the one SP in several arrangements of SPs. Hence, adding the second SP has a significant
effect on increasing the strain and higher energy can be harvested from the flow in the case of
two SPs compared to one SP. The highest value of ¢,,,,, in two SPs case occursat 1.5 < P/D <
3 and S/D = 0 which is the best arrangement for locating a piezoelectric polymer. In this

range, P/D = 1.5 is recommended due to less value of the C,.
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4. Summary and conclusion

In this study, fluid flow over a stationary cylinder at Re = 100 is investigated in the presence
of rigid and flexible SPs. The novelty of this work is the use of one and two detached SPs
downstream of a cylinder, in which the non-dimensional gap distance between the first SP and
cylinder as well as the distance between the SPs are varied. The results of this study can be
used energy harvesting by the piezoelectric polymer. A comprehensive parametric study is
performed to consider the effect of SPs-cylinder distance as well as the SPs’ distance to find
the optimal design for energy harvesting. To the best of authors’ knowledge, there is no
inclusive study in literature that aims at minimizing the unwanted wake effects, while
maximizing the harvested energy simultaneously. To make such an assessment, the drag and
pressure coefficients as well as the Strouhal number are evaluated. The tip amplitude and strain
of the flexible SP are calculated and the optimal arrangement of SPs for installing a
piezoelectric polymer are obtained (S/D = 0 and P/D = 1.5). It is found that the maximum
decrease in the St occurs at S/D = 1.5 and P/D = 0 for both cases of rigid and flexible SPs.
The arrangement of SPs results in a reduction of 97.8% and 76.35% for rigid and flexible cases
compared to the bare cylinder, respectively. The results also reveal that the rigid and flexible
SPs can successfully suppress the VS. However, the performance of rigid SPs is more effective

than the flexible SPs for eliminating the VS. Results indicate that the St, C;, Cp can be
controlled significantly by using detached SPs in certain arrangements. In addition, changing
the location of the SPs varies the strain in the SPs and can lead to different amounts of
electricity generation with piezoelectric polymer. With regards to the current worldwide energy
demands, and transition into clean energy, the use of such flexible SPs provides considerable
benefits over the typical cylindrical structure for energy harvesting. An efficient design of a
cylindrical structure for energy harvesting with significant applications in industry can be a
potential topic of future research in this area.
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