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dimensional Navier-Stokes equations. These governing equations are solved by the
finite volume method with the higher-order QUICK scheme (Quadratic Upstream
Interpolation for Convective Kinematics) for the convection fluxes. The numerical
model was validated for isolated cylinder at R, = 20 (steady flow) and R, = 100
(unsteady flow) and well agreement was found in terms of the global and flow
characteristics along the cylinder wall. The numerical results show that the periodic
vortex shedding is well reproduced without introducing any physical perturbation.
Compared to the isolated cylinder, the simulated results show that the vortex shedding
is considerably reduced under the effect of two grooves and two permeable plates.
The drag coefficient is reduced by 19% and the amplitude of fast Fourier transform
(FFT) of the lift coefficient signal is considerably reduced. The porosity is taken equal
to f = 0.22 and the length of the two plates is equal to one diameter of the cylinder.
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1. Introduction

The periodic vortex shedding occurs due to high adverse pressure gradient imposed by the
geometry of the bluff body. Then, the symmetry of the streamlines around the straight line crossing
the center of the bluff body disappears. This can induce the vibration of the structures and lead to
excessive drag and lift forces that can affect their integrity. The external flow around bluff bodies has
a great importance in many engineering applications such as offshore oil and gas platforms, cooling
systems in electronic devices, pipelines and microfluidics components and heat exchanger tubes [1].

* Corresponding author.
E-mail address: hafsia.zouhaier@gmail.com (Zouhaier Hafsia)
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Hence, it is important to propose an efficient method to control the dynamic loading over these
structures.

Periodic vortex shedding appears also around oscillating bodies and enhances both heat transfer
and hydrodynamics depending on oscillating amplitude, oscillation frequency and the Reynolds
number [2,3]. Mittal et al., analyze the laminar flow structure in the near wake region at the initial
stage of the flow induced by the harmonic oscillation of a circular cylinder [4]. It has been observed
that the increase in the rate of rotation alters the formation of the first vortex. Al-Mdallel et al.,
analyze the lock-on of vortex shedding characterized by the non-synchronized flow structure and by
the irregular pattern of lift coefficient [5]. Following the numerical study of Ghozlani et al., the flow
around an oscillating circular cylinder and a diamond prism is simulated by considering the body fixed
and oscillating the whole mass of fluid [6].

Several numerical and experimental studies concern the control of the near wake flow past a
fixed circular cylinder placed in uniform cross-flow. To reduce or completely suppress the loading
forces on a bluff body, active or passive methods can be used [7,8]. Due to the energy consumption,
the uses of active method are limited. Such method includes oscillations of the small circular cylinders
(control cylinders) mounted near the main cylinder [9].

Recently, different passive control methods have been proposed to control the vortex shedding
mechanism by alteration of the boundary layer, the wake patterns, and the flow separation. These
methods include the alteration of the bluff body geometry [10], or modification of the surface
roughness by the implementation of grooves in the upper and the lower sides of the cylinder [11].
For turbulent flow around a circular cylinder, the experimental study conducted by Zhou et al., shows
that the implementation of longitudinal grooves on the cylinder surface produces a small reduction
of the mean drag coefficient [12].

The effect of the attached or detached splitter plate, placed upstream or downstream the bluff
body, on the suppress of the vortex shedding was extensively studied [13-15]. Experimental results
show that the length, the thickness of the splitter plate and the gap between the bluff body and the
plate have an important role in the alteration of the near wake fluid structure. Liu et al., conducted
an experimental study to investigate the effect of the splitter plate on the control of vortex shedding
downstream of a circular cylinder on a confined and turbulent flow regime [16]. Following this
experimental study, there is an optimal value of splitter plate length on suppression of velocity
fluctuations. The confined walls stabilize the near wake flow structure and delay the vortex shedding
generation. For the shorter splitter plate, the vortex shedding frequency decreased compared to the
isolated cylinder case (without control device). Ozkan et al, show that the implementation of
permeable plates along the entire span of the cylinder and normal to the surface suppresses vortex
shedding by reducing the velocity fluctuations in the wake, elongating the vortex formation region
further downstream and attenuating the vortex shedding frequency [17].

The main purpose of this study is to propose a passive control method permitting to suppress
vortex shedding behind a circular cylinder at rest placed in uniform cross-flow. In the first stage, the
laminar flow past a circular cylinder is validated based on flow variables on the cylinder surface and
the drag and lift coefficients. In the second stage, the combined effects of two grooves and two
permeable plates (or control plates) on the reduction of the drag force over a circular cylinder are
analyzed. This proposed passive control method constitutes an alternative to one longer splitter
plate.
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2. Problem Configuration and Model Validations
2.1 Governing Equations and Numerical Methods

For an incompressible fluid and laminar flow, the unsteady and two-dimensional Navier-Stokes
equations can be written in Cartesian coordinates in the following form

* Mass conservation equation

u v
ax tay =0 W

* Momentum equation in x direction

ou ou ou 1dp (62u azu)
au ou ou_ _29 gu,odu 2
6t+u6x+v6y p6x+v 6x2+6y2 (2)

* Momentum equation in y direction

v, v ov_ _10p (_ _)

e tus v =+ v (5t oy (3)
where (x, y) are Cartesian coordinates, u and v are the velocity components respectively in x and y
directions; v is the kinematic viscosity of the water and pis the fluid density; p and t are respectively
the pressure and time. These transport equations can be written in the following general form

S0P+ (o) = =+ (ugt) @)

axi axi

where ¢is a transport variable corresponding to ¢ = 1 for the mass conservation equation and ¢ =
u or v for the momentum equations; p is the dynamic viscosity of the water. These non-linear
transport equations are discretized in space using the finite volume method (FV). The convective
fluxes are discretized using the QUICK higher-order scheme for computing the ¢ variable at the cell
face from the cell centers values. This convection scheme was first used by Franke et al., to
investigate laminar vortex shedding past a circular cylinder [18]. Preliminary numerical tests show
that the first-order upwind convection scheme lead to symmetric flow around the cylinder over each
time step and this scheme is not suitable for vortex shedding flow. The time discretization is based
on the implicit Euler scheme where the transport variable ¢ is determined in terms of unknown
variables. It is unconditionally stable, but only a first-order accurate. The velocity-pressure coupling
is solved based on the Pressure Implicit with Splitting of Operators (PISO) algorithm [19]. This
algorithm was developed originally for non-iterative computation of unsteady compressible flow. It
was adapted successfully for the iterative solution of steady flow. It involves one predictor step and
two corrector steps. The computational domain is discretized in a Cartesian grid and a cut-cell
method is used to represent the circular cylinder. This method permits to discretize more complex
mesh by truncating the Cartesian grid at the boundary surface of the cylinder. The boundary variables
are determined by solutions interpolation procedure.
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2.2 Computational Domain

The main difficulties to accurately simulate the vortex shedding past a circular cylinder is the
selection of a computational domain and the specification of outlet boundary condition to
approximate the external flow having an infinite domain. Qu et al., used a grid of O-type and a
convective outlet boundary is fixed at 40 D for R, up to 200 where R, is the Reynolds number based

on the cylinder diameter D and the free stream velocity Ueo given by: R, = % [20]. A C-grid system

is used by Park et al., and a convective outlet boundary is fixed at 50 D for R, up to 160 [21]. In the
present study, numerical tests show that the suitable computational domain size is the same as
chosen by Tawekal [22]. The shape and size of the domain are illustrated in Figure 1.

The circular cylinder with diameter D = 0.5 m is placed in the middle part of the considered
computational domain in y-direction. To reduce the effect of the inflow and outflow boundaries
conditions on the flow field, numerical tests show that the length of the domain from the cylinder
center to inlet and outlet L, and L; have the following values: L,, = 16 D and L; = 40 D. The width
of the computational domain W is taken equal to L,. Following these values, the blockage ratio

defined by By = % = 0.025. The same domain size is adopted for R, = 20 and R, = 100.

To alter the vortex shedding, the main passive control methods tested in the present study are
shown in Figure 2: two permeable plates attached to the base of the cylinder denoted PP2 (Figure
2(a)), two square grooves placed on the upper and lower side of the cylinder denoted G2 (Figure 2(b))
and the non- permeable and single splitter plate (standard splitter plate): standard splitter plate
denoted IP (Figure 2(c)). The combined effect of permeable plates and grooves are also considered
(Figure 2(d)).

The grooves act as surface roughness and splitter plate as an extension of the cylinder geometry.
In all tested cases, the length of the splitter plate is equal to 1.0 D (in the limit of shorter plate) and
its thickness was equal to 0.065 D. The location of the permeable splitter plates is defined by the
attachment angle 6; defined between the straight line crossing the attachment point and the center
of the cylinder and the wake centerline (Figure 2(a)).

The entire grid of the computational domain and the cut-cell grid in the case of an isolated
cylinder are shown in Figure 3. The grid is more refined close to the cylinder surface to well reproduce
the flow characteristics. However, the grid density is reduced in the region away from the wake.

Upperwall | 4
A s
| inlet D Outlet W
LV :
0o x lowerwall | v
Lu : Lu’

-l B |
| g Ll | L

Fig. 1. Physical model and coordinate system of flow past a circular cylinder
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Fig. 2. Circular cylinder with the main passive
control methods considered in the present study:
a) two permeable plates (2PP-15), b) two
longitudinal grooves (G2), c) single splitter plate
and d) G2+2PP-15
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Fig. 3. Grid of computational domain (a) Grid distribution around the circular cylinder (b) Cut-cell grid
of the cylinder boundary

2.3 Initial and Boundaries Conditions

In the present study, all numerical simulations started using quiescent initial conditions
(u(x,y,t =0) =v(x,y,t =0) = 0) which means that no physical perturbation was introduced to
initiate the vortex shedding formation. The vortex shedding outcome of the numerical solutions
triggered by round-off errors. The vortex shedding can be initiated by physical perturbation imposed
numerically for a short time such as a clockwise rotation of the circular cylinder followed by counter-
clockwise rotation [23]. The following boundaries conditions are considered

* At the domain inlet, a uniform free stream velocity is prescribed: u(x =0,y,t) = U, and
v(x = 0,y,t) = 0. The considered Reynolds number (R, = 20 and R, = 100) are obtained by fixing
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the inlet velocity U,, = 1 m/s. In order to avoid a very long transit time of simulation, the desired R,
are obtained by modifying the kinematic viscosity instead of U,,.

* At the cylinder surface described by the coordinates (x.,y.) and at the top and bottom walls, no
slip condition were applied

U(e Yo t) = 0,0(xe Yer ) = 0and u(x,y = 0,6) = 0,v(x,y = W, ) = 0 5

* At the outlet boundary the pressure is prescribed equally to zero: p(x = L,, + Ly, y) = 0 and the

o . - d
normal derivative of the tangential velocity is set to zero (—v) =0
X/ outlet

Inflow and outflow boundary conditions are placed far from the circular cylinder to reduce any
undesired interaction with the main flow region, especially between the outlet and the flow at the
rear end of the cylinder.

3. Validation of the Proposed Model
3.1 Validation Procedure

The steady and unsteady flow past a circular cylinder is extensively studied but a few
investigations contain details about the flow field on the cylinder surface. First, the steady flow
behind a circular cylinder for R, = 20 is presented in order to validate the cut-cell approach of the
present numerical model. Then, the periodic vortex shedding for R, = 100 is validated for an isolated
cylinder. In this study, the global flow characteristics and also the flow field variables on the cylinder
surface are compared with previous numerical or experimental results. The distributions of the
pressure coefficient Cp and the spanwise vorticity £2along the cylinder surface and the distribution
of streamwise velocity u along the wake centerline were presented and analyzed.

For unsteady flow field past a circular cylinder, a global validation based on time-averaged drag
coefficient < Cp >, time-averaged lift coefficient < C; > and Strouhal number S; are presented. The
< Cp > expresses the ratio of the time-averaged drag force < F,(t) > to the dynamic pressure
times the area (A = D * 1) and given by

<Fp(t)>

<Cp>= 0.5pUZ D

(6)

Using, the time-averaged lift force < F;(t) >, the < C, > can be defined by:

<FL(t)>

<G >= 0.5pU%D

(7)

Based on the fast Fourier transform (FFT) of C; signal, the frequency of the vortex shedding f; can
be determined. This frequency permits the calculation of the Strouhal number by the following
relation

s, =52 (8)

U

The drag and lift coefficients and Strouhal number are dimensionless.
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The flow field variables on the cylinder surface concern the distributions of time-average pressure
coefficient < Cp >and mean spanwise vorticity < (2 > along the cylinder wall and mean streamwise
velocity distribution along the wake centerline. The < Cp > is defined as

_ <P>"Px
< (Cp >= 05 UL (9)

where < p > and p,, are respectively the mean pressure and the reference pressure determined at
the inlet section which is depended on the domain dimension.

From the time-average velocity field, the spanwise vorticity component is determined by:

a<v> o<u>

<Q>= P 3y

(10)

where <u > and < v > are the time-average velocity components respectively in x and y
directions.

3.2 Validation for Steady Flow at R, = 20

For this Reynolds number, the flow is steady and the cut-cell method can be easily validated. Also,
the flow patterns past a circular cylinder at this Reynolds number is well documented which justify
the choice of this flow configuration for validation. The present numerical results are compared with
the available experimental results at the same Reynolds number reported by Tritton [24] and
computed results conducted by Nieuwstadt et al., [25].

The computed drag coefficient Cp = 2.12 is very close to the experimental value equal to
Cpexp = 2.05. As shown in Figure 4, the simulated streamlines are symmetrical around the
centerline of the cylinder and presented two attached vortices with two focal points.

The point where the velocity of the wake is equal to zero is known as the wake stagnation point
Sw. The distance between the cylinder base and wake stagnation point is known as recirculation
length Lg. The present study shows that L = 0.93 D which compares well with experimental results.
The separation point in the boundary layer of the circumference of the cylinder corresponds to the
point where the wall vorticity is zero. The corresponding separation angle from the rear stagnation
point occurred at 6; = 41.0° which is around the experimental value 6;.,, = 41.6°. The higher
pressure coefficient corresponding to the front of the stagnation point agrees very well with the
computed results of Nieuwstadt et al., [25]. However, the minimum value of Cp separating the
accelerating and decelerating regions is slightly different from the previously computed results. The
minimum fluid velocity in the wake occurs at position 0.42 D away from the cylinder base and the
minimum velocity in the wake is —0.03 U,. These results agree very well with the previous
experimental results of Tritton [24].
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Fig. 4. Streamlines for steady and laminar flow past a
circular cylinder at R, = 20

3.3 Validation for Unsteady Flow Characteristics at R, = 100

The isolated cylinder denoted a circular cylinder without a control device, constitutes a reference
case for comparison with the simulated results of a circular cylinder with control devices. The grid
and time-step independence for an isolated cylinder were conducted by comparison of the present
numerical results with the previous numerical results of Qu et al., [20]. Denoting Nx and Ny the grid
numbers along x and y directions respectively, three grids have been tested

* Grid1 (a fine grid): Nx; *x Ny; = 260 * 210
* Grid2 (a medium grid): Nx, * Ny, = 240 * 182
* Grid3 (a coarse grid): Nx3 * Ny; = 220* 170

In all tested grids, the cell size around the cylinder is D/20. There is no significant difference in
the results produced by the Grid; and Grids. The fine grid Gridi was adopted after a complete
validation of flow characteristics along the cylinder surface. The next step is to investigate the time
step independence. Three time steps were tested: At; = 0.020s; At, = 0.025s and At; =
0.030 s. Numerical results show that time step A4t; = 0.020 s is more convenient (Figure 5). This
corresponds approximately to 75 time steps per vortex shedding period.

After the grid and time step independence tests, a complete comparison of the present numerical
method base on the cut-cell method is presented in Table 1.

In the present study, the mean value of Cj, is equal to < C, >= 1.37 (Figure 6) which close to
the numerical value found by Hwang et al., equal to 1.34 [30]. This computed mean value is taken
after the vortex shedding formation with a fixed C; amplitude of fluctuation for a time equal to
several vortex shedding periods.

Figure 7 reported the time variation of the lift coefficient. Following this figure, the period of C;
is twice the vortex shedding period. The amplitude of C; fluctuation is + 0.286. This is very close to
the previously computed value reported by Park et al., [21].
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Table 1
Comparison of flow characteristics with previous
numerical and experimental studies for R, = 100

Reference < Cp,> < (C,>amplitude S;
[26] 1.369 - 0.162
[27] 1.322 0.226 0.164
[28] 1.431  0.226 0.165
[21] 1.330 0.235 0.165
[29] 1.336 - 0.164
Present study 1.369 0.286 0.164
1.75
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Fig. 5. Grid independence for time variation of the drag
coefficient for the isolated cylinder at R, = 100
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Fig. 7. Time step independence for time variation of the lift

coefficient for the isolated cylinder at R, = 100

The periodic character of C; is more obvious than the drag coefficient. Hence, the C; signal is
used to quantify periodicity and the strength of the vortex shedding. It should be noted that the
vortex shedding frequency f, can be obtained from velocity and pressure time histories which
oscillate within the same frequency as C; . In the present study, the frequency fs is determined based
on the fast Fourier transform (FFT) of C;, signal as illustrated in Figure 8 for grid: and At;.

250

L £.=0.337

200 |
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100 |
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N, A B B DU
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Frequency (Hz)

Fig. 8. Fourier spectrum for isolated cylinder at R, = 100

For an isolated cylinder and due to the periodic nature of vortex shedding, a dominant peak was
observed at f; = 0.328 Hz. The corresponding Strouhal S; = 0.164 for R, = 100. According to the
numerical study of Hwang et al., [30], the Strouhal number is 0.167. This small discrepancy between
these two results can be attributed to the discrepancy in the computation of the unsteady separation
angles in the upper and lower sides of the cylinder.

The distributions of the pressure coefficient Cp and the spanwise vorticity £2,, along the cylinder
surface and the distribution of streamwise velocity u along the wake centerline were presented
respectively in Figure 9, 10 and 11. A comparison with computed results of Qu et al., is found to be
satisfactory [20].
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In Figure 12, instantaneous streamlines in the near wake region are plotted at four instants over
a single period of vortex shedding T = 1/f;. Instant A (t = t, = 47.95 s), corresponds to the peak
of C;. At this instant, a large clockwise vortex is detaching from the upper surface of the cylinder.
This detached vortex moves toward the viscous wake (Figure 12(a)). Atinstant B (t = t, + T /4), (the
first zero value of C}), the anticlockwise structure detaches from the lower cylinder surface and is
incorporated into the viscous wake (Figure 12(b)). Figure 12(c) shows the instantaneous streamlines
at instant C (t = ty + T/2), (lowest value of C;). From Figure 12(c) and 12(a), the separated vortex
alternately shed from upper and lower sides of the cylinder with the defined frequency f; and the
vortex shedding is well simulated. Figure 12(d) shows the instantaneous streamlines at instant D (t =
to +3T/4), (the last zero value of C;). From Figure 12(d) and 12(b), the vortex is also shed
symmetrically.

—

1D

(&)
YTl

!

12.5 oo

7. I T T T E - = e . E
57.0 80 90 100 11.0 120 7'%.0 80 90 100 11.0 12.0
x(m) x(m)

(b)

1 I L | ] 7 ] 1 L | ]
7'57.0 8.0 90 100 11.0 120 57.0 80 9.0 100 11.0 12.0

x(m) x(m)
(c) (d)

Fig. 12. Instantaneous streamlines for the isolated cylinder at R, = 100:a)t = ty,b)t =ty + T /4,
c)t=to+T/2andd)t =t, + 3T/4

4. Effect of the Control Plates and Grooves
The effect of the proposed passive control device are analyzed in terms of mean streamlines

patterns, mean spanwise vorticity, the vortex shedding frequency, the variation of the C; amplitude
and the mean drag reduction compared to the isolated cylinder. To suppress the vortex shedding,
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two grooves with a pair of permeable plates were implemented and denoted (G2+PP2). These
grooves are located in the upper and lower cylinder surface and having the dimension illustrated in
Figure 2. Different numerical simulations were undertaken by varying the porosity factor fand the
attachment angle & relative to free stream direction. A comparison between numerical results
shows that the suppression of vortex shedding is obtained with two permeable plates with porosity
B = 0.22 and attachment angle &; = 15° relative to free stream direction.

In all tested cases, the control plates are attached to the rear of the cylinder and plate length L is
maintained equal to 1D in order to determine the efficiency of a short and permeable plate in terms
of vortex shedding suppression. However, in the previous numerical or experimental studies, the
length L is varied, from 1D to 5D, to determine the optimal value of L that suppress the vortex
shedding.

4.1 Time-Averaged Flow Patterns

The computed results for permeable plates and longitudinal grooves are compared to the isolated
cylinder results at R, = 100. Figure 13 illustrated the mean streamlines and the mean spanwise
vorticity behind the circular cylinder with and without control devices implementation. Compared to
the isolated cylinder (Figure 13(a)), the two up and low grooves do not induce a significant difference
in the flow structure in terms of recirculation length but the magnitude of vorticity is changed (Figure
13(b)). Furthermore, the mean streamlines and spanwise vorticity remains quasi-symmetric with
respect to cylinder centerline (Figure 13(a) and 13(b)). The permeable splitter plate reduces the
vortex shedding near the circular cylinder by reducing the interaction between the two separated
free shear layers (Figure 13(c)).

The standard splitter plate elongates the recirculation region and the flow becomes unsteady
further downstream causing the shedding to be weaker (Figure 13(d)). The recirculation length for
two permeable splitter plates and two longitudinal grooves is longer than for isolated cylinder (Figure
13(a) and 13(e)). In addition, the amplitude of mean spanwise vorticity is the same as the isolated
cylinder.

4.2 Drag and Lift Coefficients

The suppression of vortex shedding can be analyzed in terms of the variation of C, and C; with
time. Figure 14 presents the time evolution of the drag coefficient for two types of control devices:
two grooves (G2) and two permeable plates at angle 15° combined to two grooves (G2+PP2-15). The
time evolution of Cj, is compared to the isolated cylinder. For (G2), the < C, >= 1.31 is significantly
lower than that of the isolated cylinder < C;, >= 1.37 (4.4 % lower). Under the effect of (G2), the
vortex shedding period is equal 1.50 s which is almost equal to the period of the isolated cylinder.

The combined grooves and plates reduce the < €, >to 1.12 and the reduction ratio is 19 %. The
time variations of C; for the grooves and permeable plates compared to the isolated cylinder are
illustrated in Figure 15. In all simulated cases, the lift force fluctuates at a regular frequency and the
maximum amplitudes of C; are only around * 0.074 for the proposed control devices (G2+PP2-15).
These amplitudes are around £ 0.25 for two grooves without plates.

Figure 16 reports the power spectrum of the lift coefficient. The FFT curve has a single sharp peak
at a predominant frequency for isolated cylinder and the amplitude is considerably reduced in the
case of the proposed solution (G2+PP2-15). Hence, by the implementation of this control device, the
vortex shedding is suppressed.
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5. Conclusions

The flow structure behind a circular cylinder is analyzed for two laminar flow regimes R, = 20
(steady flow) and R, = 100 (unsteady flow). The validation procedure was conducted in terms of
global and cylinder wall flow characteristics. For steady flow at R, = 20, numerical results show a
good agreement with the available experimental study in the main flow features including the
separation angle, drag coefficient, and recirculation length. For R, = 100, the flow becomes
unsteady and the periodic vortex shedding from the upper and lower cylinder surface is well
reproduced.

Numerical results show that the number of permeable plates and their positions considerably
affects the near wake flow. The maximum reduction of Cp equal to 19% is obtained with two
permeable splitter plates attached to the rear base point of the cylinder at an attachment angle of
15° combined with two longitudinal grooves for the considered R, = 100. As an extension of this
study, we can investigate the flow interference induced by multiple bluff bodies: tandem, side-by-
side or staggered arrangements. The positions and types of vortex shedding control for different gap
spacing will be tested by the proposed model based on the immersed boundary to reproduce a more
complex body shape.
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