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Abstract

This research investigates the flow behavior around a cylinder with an attached splitter

plate (L*) using the lattice Boltzmann method (LBM). Although previous research has focused

on flow around bluff bodies without L* this study examines the effects of L* on flow control.

The key parameters analyzed include L*and the Reynolds number (Re). The vorticity contours,

Drag coefficients C, lift coefficients C,, and Strouhal numbers (St) are computed to elucidate

the relationships L* and Re. The results demonstrate that wake flow patterns, flow features, and

force coefficients are strongly influenced by both L* and Re. The flow is periodic at low Re, while

it becomes irregular at high Re. The L* effectively suppresses vortex shedding. Small L* causes

vortices to form near the cylinder, whereas large L* stabilizes vortex shedding. Overall, L* plays a

great role in controlling vortex shedding, reducing drag, and regulating the lift force.

Keywords: Passive Method; Lattice Boltzmann Method; Vortex Shedding; Contours

Nomenclature

LBM Lattice Boltzmann Method.

L* Splitter plate length.

Re Reynold’s number.

c, Drag coefficient.

C, Lift coefficient.

St Strouhal number.

MEMS  Microelectromechanical systems.
CFD Computational fluid dynamics.
FM Fluid mechanics.

C, Cylinder 1.

Coroan mean of C,.

Cpoms root mean of C,.

S mean of St.

tmean
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P Density.

p Pressure.

U Kinematic viscosity.
D, Two dimensional.
Q, Velocity directions.
e, Velocity set.

w, weighting coefficients.
U, Inflow velocity.

L Length.

D size of cylinder.
Corms root mean of C,.

S, nean mean of St.
Introduction

The suppression of fluid forces and flow control techniques have attracted a lot of attention recently due to their potential to improve
the performance and efficiency of many engineering systems, buildings and structures, aeronautical engineering, etc., at large Re. On
small Re applications can be are: cooling of electronic devices, microelectromechanical systems (MEMS) and computer equipment
[1]. Passive flow control techniques among them present an appealing option, since they do not require active control mechanisms or
external energy input. Reduction of the fluid forces acting on a cylinder with an attached splitter plate at different Re by the passive
method has not yet been studied extensively. In this research, flow around a cylinders with attached splitter plates can be examined
using the lattice-Boltzmann method (LBM). LBM is a recent advance in computational fluid dynamics (CFD). While standard CFD meth-
ods discretize and solve the macroscopic equations of fluid mechanics (FM) directly, the LB approach solves a discrete kinetic equation

that replicates the FM equations in the macroscopic limit.

The cylindrical structure is among the most often used engineering structures, such as chimneys, piers, offshore platform struts,
condenser pipes, and many others used for flow control purposes [2]. Flow across a cylinder is practically related to numerous techni-
cal applications, such as large buildings, bridges, and vertical columns of a sea platform placed side-by-side [3], tandem [4], or both [5].
An efficient flow control could conserve energy, improve propulsion efficiency, and reduce body vibration. Generally speaking, there
are two ways to actively [6] or passively [7, 8] manage a flow field and aerodynamic forces to achieve the desired technological change
based on their significance. Numerous strategies have been proposed to improve lift, reduce drag, delay transitions, and increase in the
event of turbulence. Compared to active control, passive control is simpler and easier. LBM can simulate a variety of flows, including
multiphase [9, 10], multicomponent [11-13], complex fluid flows [14], flows in intricate geometries, such as porous media [15] and
turbulent fluxes [16].

[17] used finite volume approach was to numerically evaluate how a flat plate affected the fluid force over a square cylinder in a
cross flow. The output reveals that the control plate has a great effect on drag, lift and vorticity contours. [18, 19] used splitter plate in
different arrangements and they reach on the conclusion that large splitter plate greatly control vortex shedding, drag, lift and strouhal
number. Using L* at different Re's is the main novelty of this work. Scientist Rahman [20] investigated the effects of splitter plate length,
gap spacing between three cylinders, and Reynolds’s number on flow past three cylinders arranged in a triangular configuration (two
downstream cylinders and one upstream cylinder with attached splitter plates). The study found that all three parameters significant-

ly influence the flow behavior, drag reduction, and lift control.

Material and Method
Problem description

The geometry of the chosen problem shown in Fig. 1 represents the 2D computation region, where a cylinder is fixed and remain

PriMera Scientific Engineering https://primerascientific.com/psen


https://primerascientific.com/psen

Numerical Investigation of Passive Flow Control around a Cylinder with an Attached Splitter Plate 2

motionless, designated as cylinders C,. The goal of this research is to control the flow when a cylinders is placed in a chennel by the
passive method. Passive methods in flow control refer to techniques that alter the flow characteristics without requiring external
energy input. The study is carried out for two different Re's with L* ranging from 0 to 5. Periodic boundary conditions are utilized at
the inlet and outlet of the channel, while no-slip boundary conditions are employed on the surface of the cylinders. The front position

of the domain includes the uniform inflow condition (u=U__, v = 0). On the surface of the cylinder no slip boundary condition using a

max’

bouncing-back scheme are adopted.

— » U=Ugai v=0 Periodic B.Cs
—_— b
u=v=0

Ci iw x | Ly

—_— I

Inlet Periodic B.Cs Outlet

I—X

Figure 1: Geometry of problem.

Governing equations

The flow around a cylinder with a splitter plate attached is investigated numerically, taking into account the coupling, the bluff body
structure and the flow field. The flow field model takes into account the two-dimensional Newtonian, laminar, and incompressible

fluid. The Navier-Stokes equation as the governing equation.
Vau=0 (1)

ou
at

pl— +uVu)+Vp=puAu+ f (2)

Where p is the density, p is the pressure, u is the velocity, u is the kinematic viscosity and fis the force on fluid.
Numerical Method
The LBM equation can be used to express equations (1) and (2).
filz + e Aty + e, At t+ At) — fi(z,y.t) = Q(f) (3)

Where Q (f) is found by Bhatnagar-Gross-Krook (BGK) which is:

) = -1 (4
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The Boltzmann equation with BGK collision operator is:
fi('r + eiAt:- Y + eiAtw t+ At) - f’i(x:- Y, t) =
1 ) (5)
T[f’t(r* y*t) o fi ('T'a y*t)}

Equilibrium distribution function is:

civ  1(e;u)*  1u?

-3

The fluid density and velocity can be find are defined as:

uwt) = 5 3 eafila.0.0) (®)

Here in Eqn. (3) to (8), f, is the particle distribution function for velocity component j, e, is the velocity of particle, At is time step, T is
relaxation time, and fi-o is equilibrium distribution function, w, is weighting coefficient which has different values for different system,
and c_is speed of sound.

The D,Q, model’s bounce-back boundary conditions were employed in this investigation.

e are the velocity and Fig. 2 represents 9 different velocities for the D,Q, model.

c(0,0) for i=0
ei = c(cos(5(i — 1)), sin(5(i — 1)), for i=1,2,3,4

. 9

V2c(cos(3(i — 2)), sin(5(i — 9))), for i=5,6,7,8

o1
For the D,Q, model, the c_value is 7 The w, values for D,Q, are:
4 M
g for =0
wi=9q% for i=1,234 (10)
1 L=
5 for 1=15,6,7,8
The dimensionless Reynolds number (Re) is determined by
Us L
=— (11)

Re

v

where U_ is the inlet velocity, L is the characteristic length and v is the kinematic viscosity. Drag coefficients C, can be determined by

25y (12)

o = pUZ D

Here F, is the drag force and D is the size of the cylinder. Lift coefficients C, can be determined as
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2F;
Cr=——= 13
L= D (13)
Here F, is lift force. The St can be determined as
D
g1 -2 (14)
U
Where f; is the frequency of vortex shedding. C, and C, _can be computed by these relations
T
CDrms — Z[CD (t) - CDmea.n]z/n (15)
t=1
n
OL-rms — \ Z{CL (t) - CLmemzP/n (16)
t=1

Where n is how many time steps there are.

€s (('.\

S5

Figure 2: D,Q, model.

Computation Domain

Fig. 1. shows a schematic illustration of the suggested problem. In an unconfined computational domain, one obstacles of dimension
“D” are inserted to a cross-flow with a continuous inlet velocity (U_). The subscript oo in U_ denote quantities that are distant from
the cylinders. Downstream attaches a stiff, thin splitter plates to the cylinders, each measuring L* in length and W in thickness. The L*
thickness is fixed at w = 0.1D. In this study, the thin, stiff plate is referred to as splitter plates. To make the study of the chosen problem
computationally viable, the borders of the computational domain are positioned effectively far from the cylinders and bounce back
scheme is adopted. The two-dimensional flow is represented by a Cartesian coordinate system (x and y), where the cross-sectional
and streamwise directions are represented by the y-axis and the x-axis, respectively. The grid points in the transverse and streamwise
directions is denoted by L, and L, respectively. L is the upstream distance from the inlet position to the front surface of the upstream
cylinders. The downstream distance from the downstream splitter plate rear surface to the computational domain’s exit is denoted
by L . This study uses L = 10D and L, = 25D for calculations. By altering the values of L* the grid points in the horizontal and upward

directions can be changed. The complete details of our codes are available in our previously published papers [21-23].
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Code Validation
Table 1 compares this study with previous research on a square cylinder at Re = 100.

Table 2 shows the effect of the L*on C C

Dmean’ ™ Lrms

is attached (L* = 0). When the L*is attached, the value of C

Dmean

, and St at two Re's. For Re = 100, the values of C c

Dmean’ ™ Lrms

, and St are high when no L*
decreases; however, a further increase in L* does not produce significant

changes. In the case of C,

e the value reduces with increase in L* and becomes zero for L*= 4 and 5. The St is not significantly affected

by small values of L* but for larger values of L* it decreases to zero. Thus, St is more strongly affected by large L* For Re = 200, the
effect of L* is more pronounced than for Re = 100. The values are again high when no L*is attached and decrease when the L*is added.

The reduction in C is 20.09 % for L* = 1, whereas for Re = 100 it was 16.28%. For L* = 2, the value first increases and then decreases.

Dmean

This behavior occurs because the L* causes flow reattachment on the cylinder, which increases the value; this effect is not observed for

Re = 100. For larger values of L*, C; decreases again. The value of C, _also decreases with increasing L¥, but it does not reach zero

at Re = 200. A similar trend is observed for the St.

References C, C St Method
Sarwar et al. (2023) 1.38 - 0.144 LBM
Wei et al. (2023) 146 | 0.184 | 0.144 | IBLBM
Sen et al. (2015) 1.52 | 0.192 | 0.142 FEM
Berrone et al. (2009) 1.46 - 0.144 FVM
Present work 1.3729 | 0.168 | 0.145 LBM

Table 1: Comparison with previous studies.

Re | L* omean | %0 ReductioninC, Coms % ReductioninC, St % Reduction in St

100 | 0 | 1.3729 0 0.1688 0 0.1448 0
1 | 1.2101 16.28 0.0642 10.46 0.1302 1.46
2 | 11921 1.8 0.0282 3.6 0.1302 0
3 | 1.1752 1.69 0.0016 2.66 0.1167 1.35
4 | 1.1798 0.46 0 0.16 0 11.67
5 | 1.1811 0.13 0 0 0 0

200 | 0 | 1.3930 0 0.3787 0 0.1494 0
1 | 11921 20.09 0.1977 18.1 0.0972 5.22
2 | 1.2429 5.08 0.1947 0.3 0.1671 6.99
3 | 1.2191 2.38 0.2315 3.68 0.1448 2.23
4 | 1.1948 243 0.2308 0.07 0.1179 2.69
5 | 11779 1.69 0.2066 2.42 0.0972 2.07

Fig. 3 shows the variation of C

Dmean’

The values of C

Dmean

increase in L* produces only a minimal effecton C,  and
'mean

Table 2: Splitter plate effects on three parameters.

c

Lrms’

Lrms*

and St with L* at two different Re's. The values are higher for Re = 200 than for Re = 100.
and €, are high when no L*is attached (L* = 0) but decrease significantly when the L*is added. However, a further
c

The value of €, becomes zero for L* = 4 and 5 at Re = 100, whereas it does not reach zero at Re = 200, indicating that flow distur-
bances still exist even at L* = 5. The St at Re = 100 shows little change for small values of L* but decreases to zero for L* =4 and 5. In

contrast, for Re = 200, the effect on St is small and it does not reach zero, indicating the presence of oscillations.
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Figure 3: Splitter plate effect with two Reynolds numbers on: (a) C, . (b) C, and (c) St.

Results and Discussions

The investigations are computed for 6 L* lengths starts from zero and incremented by 1. Two Re's are taken into account. Results

with significant affects are discussed here to avoid repetition.
Effect of L* on Re=100

For Re = 100, three L*lengths are considered. Vorticity contours, streamlines, C ' c . and the St are computed to evaluate the effect of
L*length on the flow behavior. Vorticity contours for Re = 100 and three different values of L* are presented in Fig. 4. For L* =1, vortices
form near the cylinder, more flow reattaches on the cylinder, and the vortices are periodic. For L* = 3, the vortices become stronger and
more stable, and vortex deflection starts farther away from the cylinder. Since L* is still relatively small, some deflection is observed.
In the case of L* =5, a fully developed flow pattern is formed. The vortices are stable, and no deflection is observed. This flow pattern

is referred to as a fully developed flow pattern.

(8)Re=100,1'=10 aqp LRz 0. =30
20

0100 200 300 400 500 600 700 &0 %00 1000 U 100 200 300 400 500 600 70D 800 %0 1000
XD
g LRe=100'250

250

20
Q

100
50

00 100 200 300 400 )5(;)3 600 700 800 900 1000

Figure 4: Vorticity contours on Re = 100.

PriMera Scientific Engineering https://primerascientific.com/psen


https://pubmed.ncbi.nlm.nih.gov/27812521/

Numerical Investigation of Passive Flow Control around a Cylinder with an Attached Splitter Plate &

The corresponding streamlines for the vorticity contours are shown in Fig. 5. For small values of L* two eddies are formed, one of
which appears in front of the L* and has a strong effect on the flow behavior. The deflection of the streamlines indicates the presence
of flow disturbances. For L* = 3, the streamlines are better organized compared to L* = 1. No eddy is formed in front of the L*; however,
side eddies still produce some disturbances. For L* = 5, two eddies are formed along the sides of the L* but their effect diminishes due
to the larger L*. No eddy is formed in front, and the streamlines show no deflection. The fully developed flow pattern observed in the

vorticity contours is also evident in the streamlines.

The €, and C, corresponding to the vorticity contours and streamlines are shown in Fig. 6. Both €, and C, are periodic due to Re =
100. The value of C, is maximum for L* = 1, and strong oscillations are observed. Similarly, C, has higher values and larger oscillations
for L* = 1. For L* = 3, the values of C, and C, decrease, and the oscillations are reduced due to the more stable vortices observed in Fig.
4. However, the oscillations in C, increase with time as vortex deflection begins farther from the cylinder. For L* =5, C, reaches its min-
imum value and shows no oscillations because of the stable and fully developed flow pattern seen in Fig. 4. The value of C, becomes

zero, indicating a stable flow with no disturbances.

The power spectra of the St are shown in Fig. 7. The power spectrum of St is high for L* = 1 due to strong oscillations in the flow. The
power spectrum decreases for L* = 3 because the vortices become more stable and the oscillations are weaker. In the case of L* =5, the

power spectrum vanishes and approaches zero, indicating stable vortices and the absence of oscillations.

(a) Re=100,L*=1.0 (b) Re =100, L*=3.0

(c) Re =100, L*=5.0

Figure 5: Streamlines on Re = 100.
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Figure 6: Drag and lirft coefficients on Re = 100: (a,b) L* =1 (c,d) L* =3, (e, f) L* =5.
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Figure 7: Power spectra of strouhal number on Re = 100: (a) L*=1 (b) L*=3, (c) L* = 5.

Effect of L on Re=200

The effect of the Re = 200 on the vorticity contours at different values of L* is shown in Fig. 8. When L* = 1, more flow reattaches on
the cylinder, and the vortex shedding is not periodic. The vortex deflection is larger compared to the case of Re = 100. For L* = 3, the
vortices become periodic; however, they do not strengthen with increasing L* at Re = 200. More flow reattach on cylinder compare to
L* = 1 because L* suppresses vortices. In contrast, for Re = 100, stable and stronger vortices are observed, which is not the case for
Re = 200. For L* = 5, the vortices become stronger and vortex deflection starts farther from the cylinder, whereas for Re = 100, a fully

developed flow pattern is observed. Overall, for small values of L*, the vortices are not periodic, while for larger values of L*, periodicity
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is regained.

The streamlines corresponding to the vorticity contours are shown in Fig. 9. For L* = 1, a large eddy forms in front of the L*, strongly
affecting the flow pattern and causing significant disturbances. Oscillations and irregularities are clearly visible in Fig. 9(a). For L* =3,
a small eddy forms below the L*, reducing its effect on the flow. The flow regains periodicity, and although oscillations are present, the
flow pattern is improved compared to Fig. 9(a). For L* = 5, two eddies form above and below the L*, but their effect persists due to Re

= 200. In contrast, for Re = 100, smooth streamlines were observed.

The C, and C, corresponding to the vorticity contours are shown in Fig. 10. For L* = 1, the oscillations are small at Re = 200 because
less flow reattaches on the cylinder. Non-periodic behavior is observed in both €, and C,, which vary differently over time. For L* = 3,
the oscillations increase compared to L* = 1 because the L* suppresses vortices, causing more flow to reattach on the cylinder. Period-
icity is regained, and both €, and C, show periodic behavior. The oscillations are larger than for Re = 100, where they are reduced. For
L* =5, the values of ; and C, are minimum and periodic, but oscillations are still present due to Re = 200. In contrast, for Re = 100, C,

shows no oscillation and C, is zero at L* = 5.

(a)Re=200,L*=10 (b)Re=200,L*=30

00 100 200 300 400 500 600 700 800 900 1000 0100 200 300 400 500 600 700 800 900 1000
xD

q0n Qe 2011250

20
2
NG
00
5

00 100 200 300 400 500 600 700 800 900 1000
XD

Figure 8: Vorticity contours on Re = 200.

(a) Re=200,L*=1.0 (b) Re =200, L*=3.0

Figure 9: Streamlines on Re = 200.
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Figure 10: Drag and lirft coefficients on Re = 200: (3, b) L* =1 (c,d) L*=3, (e, f) L* = 5.

The power spectra of the St corresponding to the vorticity contours are shown in Fig. 11. For L* = 1, the power spectrum is lower
than for L* = 3, but a noisy structure is observed. This is due to small L* which causes stronger disturbances and vortex deflection,
resulting in the noise. The power spectrum is maximum for L* = 3 because more flow reattaches to the cylinder as the L* suppresses
vortices. For L* = 5, the power spectrum decreases compared to L* = 3 due to the formation of stable vortices. The power spectrum is

still non-zero at Re = 200 because of the remaining disturbances, whereas for Re = 100, the power spectrum was zero.
Conclusion

The flow past to a cylinder with attached splitter plates was numerically investigated using the LBM to address fluid-structure in-
teractions. The study focused on the effects of splitter plate length (L*) and Reynolds number (Re) on fluid dynamics, including wake

structures, streamlines, C,, C,, and the St.

* The Re has a significant impact on C,, C,, and St, causing their values to increase or decrease.

e The L* strongly affects vortex suppression, C,, and St, helping to stabilize the flow pattern.

e Atlow Re, the flow is periodic, while at high Re, the flow becomes non-periodic.

e For small L*, vortices exhibit more deflection, whereas for large L*, the vortices are elongated.

e AtRe =200, small L* results in lower C, and St values, while large L* leads to higher values.
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Figure 11: Power spectra of strouhal number on Re = 200: (a) L* =1 (b) L*=3, (¢) L* =5.
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