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Effect of Reynolds Number on Flow past a Square
Cylinder in Presence of Upstream and Downstream
Flat Plate at Small Gap Spacing
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Abstract—A two-dimensional numerical study for flow past a
square cylinder in presence of flat plate both at upstream and
downstream position is carried out using the single-relaxation-time
lattice Boltzmann method for gap spacing 0.5 and 1. We select
Reynolds numbers from 80 to 200. The wake structure mechanism
within gap spacing and near wake region, vortex structures around
and behind the main square cylinder in presence of flat plate are
studied and compared with flow pattern around a single square
cylinder. The results are obtained in form of vorticity contour,
streamlines, power spectra analysis, time trace analysis of drag and
lift coefficients. Four different types of flow patterns were observed
in both configurations, named as (i) Quasi steady flow (QSF), (ii)
steady flow (SF), (iii) shear layer reattachment (SLR), (iv) single
bluff body (SBB). It is observed that upstream flat plate plays a vital
role in significant drag reduction. On the other hand, rate of
suppression of vortex shedding is high for downstream flat plate case
at low Reynolds numbers. The reduction in mean drag force and root
mean square value of drag force for upstream flat plate case are89.1%
and 86.3% at (Re, g) = (80, 0.5d) and (120, 1d) and reduction for
downstream flat plate case for mean drag force and root mean square
value of drag force are 11.10% and 97.6% obtained at (180, 1d) and
(180, 0.5d).

Keywords—Detached flat plates, drag and lift coefficients,
Reynolds numbers, square cylinder, Strouhal number.

[. INTRODUCTION

LOW over bluff bodies plays an important in practical

engineering applications. Most of the work on bluff bodies
is related to the study of flow induced vibrations, their
resulting effects on the structures, dependence of wake
patterns and aerodynamic force characteristics on different
parameters [1]-[3]. Many applications of bluff bodies can be
found in road vehicles, cooling towers, cable suspension
bridges, high-rise buildings, heat exchangers, and energy
savers at higher Reynolds numbers (Re = U,d/v, U,, is inflow
velocity, d is size of an object and v is the kinematics
viscosity), whereas at low range of Reynolds number, these
applications can be obtained in the computer equipments and
micro-electro-mechanical-systems (MEMS) etc. [1].
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The geometry of bluff body is simplest but it has complex
flow structure in near wake. It is essential to investigate the
flow structure when near wake is interfered with a flat plate.
Because of that, all-inclusive understanding about flow
structure mechanism can be obtained at a great extent. The
researchers developed different methods to achieve better flow
control in order to suppress the vortex shedding behind the
main object and to reduce the magnitude of drag and lift force
that may cause structural damage under some antagonistic
conditions [1]. Among these methods, one of the methods is
known as passive control method. This method controls the
vortex shedding by transmogrifying the shape of bluff body or
by attaching some devices in flow stream. Much of the
literature based on passive control methods.

Roshko [1] carried out experimental study to suppress the
vortex shedding for flow past a circular cylinder with detached
flat plate at downstream location. He found that g~ 2.7 (g is
the spacing between circular cylinder and flat plate) is a
critical gap spacing, where vortices suppressed completely and
Strouhal number (St = fid/Uma, fi is vortex shedding
frequency) diminishes.

Apelt et al. [2] experimentally examined the effect of
detached flat plate placed downstream to a circular cylinder in
order to control the vortex shedding. They studied different
Reynolds numbers. They investigated that if the length L = 1d,
then drag force will be reduced and attain its minimum value,
whereas St will also be decreased. Furthermore, Apelt and
West [3] experimentally introduced constant drag coefficient
with no vortex shedding by using the length of control plate L
> 5d.

Sakamoto and Hanui [4] conducted an experiment for
reduction of fluid forces. They examined different stream wise
arrangement of main circular cylinder and control cylinder and
observed maximum reduction at Re = 6.5 x10* in root mean
square value of drag (Cdrms) and lift (Clrms) coefficients. The
effect of control plate at near wake of semicircular cylinder
was studied experimentally by Boisaubert and Texier [5].
They used Re = 200 and 400 and deduced the generation of
secondary vortices in recirculation zone.

Ozono [6] conducted an experimental study for flow past a
rectangular and circular cylinder. He put a thin splitter plate
downstream to the cylinder and examined complete vortex
suppression. Igarashi [7] experimentally observed two
different flow behaviors at Re = 30 x 10® with and without
vortex shedding. These behaviors depend on the transverse
distance and diameter of the control plate and found a critical
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gap (g.) at which the transition occurred. For gap spacing g >
g., there would be a decrease in St and it increases when g <
g.. He pointed out that when g < g, the maximum reduction
in drag occurred. A study on semi-circular cylinder with a
downstream flat plate of chord length is also done by Farhadi
et al. [8]. They investigate different phenomena for Re ranging
from 100 to 500 at fixed g. They calculated the critical gap
spacing g. = 4.6d where maximum reduction in fluid forces
occurred. Further, they concluded that the critical gap spacing
for this configuration is larger than a critical gap spacing of
circular cylinder which is g. - 2.6d. One can also find some
numerical investigation for fluid forces reduction.

Kwon and Choi [9] conducted numerical simulation study
to find out the effect of detached flat plate on vortex shedding
behind a circular cylinder with respect to Re and L (L = length
of plate placed at downstream of main cylinder). They
deduced that the vortices disappeared throughout the
computational domain is related to Re. Islam et al. [10]
numerically examined that gap spacing from 2d to 2.5d is the
critical gap spacing, where the force statistics reach either
maxima or minima. As a result, the shed vortices behind the
detached flat plate are also affected. They studied the force
reduction and flow patterns for detached flat plate at the
downstream position.

Turki [11] numerically found the vortex shedding using a
control volume finite element method. He used detached flat
plate behind a square cylinder for Reynolds number ranging
from 110 to 200 and investigated that St increases as g
increases and approaches to single cylinder value without flat
plate. Furthermore, he found that at Re = 200, St decreases as
by increasing g and reaches to its minimum value at g = 2.82d.
Islam et al. [12] numerically examined the reduction of fluid
forces using the control plate in detached configuration for
various gap spacing and Reynolds numbers using the lattice
Boltzmann method. They investigated the critical gap spacing
at g = 2d - 2.25d, where the maxima or minima in physical
parameters exist and they classified the flow behavior into
three different regimes on the basis of small, moderate and
high gap spacing.

Alam et al. [13] investigated suppression of fluid forces
acting on two tandem square cylinder in presence of thin plate
by taking Re = 56000 and found maximum reduction on mean
and fluctuating forces occurs. A numerical study on fluid force
reduction acting on a square cylinder in presence of
downstream control plate is carried out by Zhou et al. [14]
using a parabolic velocity profile at inlet of channel. They
varied the length of control plate from 10% to 100% of
cylinder width and gap spacing from 0.5d to 3d of cylinder
width and not found drag reduction.

Ali et al. [15] reported the effect of control plate lengths on
square cylinder with fixed Re of 150 through Open FOAM
numerical simulation system based on finite element method.
They obtained three flow regimes depending upon length of
control plate in their study: (i) for L< d, (ii) for 1.25d <L <
4.75d, (iii) for L> 5d and found that most appropriate length
is L < 4d. Sohanker et al. [16] conducted a numerical study
on fluid force reduction for flow past a square cylinder in

presence of upstream flat plate using volume code based on
SIMPLEC algorithm at Re ranging from 50 to 200. They
found maximum reduction in fluid forces at g = 3d and Re =
160. Furthermore, they identified three types of flow regimes.
The vortex shedding completely suppressed in regime I and II.
Gupta [17] numerically examined the reduction of vortex
shedding using splitter plate in the wake of cylinder by direct
numerical simulation (DNS) by taking the width of control
plate 0.2d which controlled the flow around the cylinder at
Re = 100. He also observed that on the edge of cylinder
where shear layer separates and control plate ashore, the
complete vanishing of vortex shedding. Furthermore, he also
pointed out that the reduction of drag force on the main
cylinder was also due to the suppression of vortex vortices.
Hawang and Yang [18] studied the significance of two
splitter plates with same length as diameter of circular
cylinder. One is placed at upstream location and second one is
placed is downstream location of circular cylinder in order to
reduce drag force by using finite volume method. They
examined that both plates play a vital role to reduce a drag; the
upstream plate reduces pressure with secondary effect of
increasing base pressure, while the downstream one suppress
the vortices. The maximum drag reduction is observed at g; =
1.5d and g, = 2.4d that is 38.6% (where g; is surface to surface
distance from upstream plate to main cylinder and g, is surface
to surface distance from main cylinder to downstream plate).
Lu et al. [19] numerically examined the fluid flow past a
circular cylinder with multiple control rods and systematically
studied the VIV suppression mechanism under the influence
of gap spacing, rods and cylinder diameter ratio, Reynolds
number, number of control rods and angle of attack on
hydrodynamics of main circular cylinder. They identified four
different flow regimes on the basis of drag and lift reduction.
Also, they observed that drag and lift coefficients are
increased slightly compared with right angle of attack (6 = 0).
The peak frequency of drag coefficient decreases by
increasing angle of attack. Furthermore, their results shows
that use of six control rods gives better performance in force
reduction of man cylinder than using one, three or four control
rods. Vamsee et al. [20] numerically examined the effect of a
single splitter plate present at upstream location and presence
of upstream and downstream splitter plates for low Reynolds
numbers using finite difference discretization and MAC
algorithms. They found that upstream plate has a vital role in
drag reduction but has less effect in stabilizing the flow behind
the cylinder. For upstream location of splitter plate, percentage
reduction in drag force occurred was about 27% and for the
case of fixing upstream plate by varying the length and gap
spacing between the downstream plate and cylinder, the drag
reduction obtained was 35%. From above mentioned
literature, it is clear that a little attention is paid to investigate
the effect of Reynolds number on flow past a square cylinder
in presence of upstream flat plate and comparison of drag
reduction obtained due to presence of upstream fat plate and
downstream flat plate alone at different Reynolds numbers.
Main objective of this work is to find the effect of Reynolds
number on flow characteristics and to reduce drag force due to
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passive control method by putting flat plates at upstream and
downstream locations of main cylinder at fixed length of plate
(L = 4d) and small gap spacing g = 0.5d - d between the
cylinder and flat plate.

This paper is organized as follows. After the introduction in
Section I, problem description and boundary conditions are
given in Section II. In Section III, we presented the results and
discussions. Finally, conclusions are drawn in Section V.

II. PROBLEM DESCRIPTION AND BOUNDARY CONDITIONS

Figs. 1, 2 show a two-dimensional computational domain
consists of flat plates of length ‘L’ and square cylinder of size
d (confined between the channel walls.). In first case, a flat
plate is placed at upstream position of cylinder, while in other
one flat plate is placed at downstream position of main
cylinder. L, is the upstream position from inlet to flat plate, Lq
is the distance from the downstream flat plate to exit of the
computational domain, h is the width of the splitter plate, Ly is
the length and H is the height of the computational domain,
respectively. Due to the confined flow the velocity profile we
adopted here is parabolic (u = 1.5U.(1-(y/h)?), where y is the
vertical distance from the centerline and U, is the mean flow
velocity). The length of plate is fixed for both configurations.
In the experimental study, done by [3]; it was observed that
the maximum flat plate thickness up to 10% of cylinder
diameter could be taken for longer plates without edge effect
making any significant contribution. Therefore, thickness of
control plate taken here is 0.1d. The gap spacing between the
plate and cylinder is chosen from g = 0.5d to 1d at to study the
effect of Reynolds number having the range from 80 to160.
The higher range of Re converts the flow into three
dimensional as proposed by [23] and [24].
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Fig. 1 The schematic flow configuration for upstream flat plate

at top and bottom walls of channel, while the convective
boundary conditions are applied at the exit of the
computational domain [25]. To investigate the effects of force
statistics on main cylinder, the drag and lift coefficients are

2F 2F
defined as Cd = =% and Cl = —L-.
pU%d pUsd

stream-wise x direction and Fi acting in transverse directions
respectively. The gap spacing between the flat plate and

The force Fa acting in

. . . . . S .
cylinder in dimensionless form is defined as g = T s is

surface to surface distance between the cylinder and flat plate.
The hydrodynamic forces on the control plate and square
cylinder are calculated using the momentum exchange method
[27]. All the computations are carried out on an Intel® Core™
i5-2450M CPU @ 2.50GHz processor and 8GB RAM.
Different values of relaxation parameters on different
Reynolds numbers are shown in Table. 1.

TABLEI
VALUES OF RELAXATION PARAMETERS

Reynolds Uniform inflow velocity (U.) Single relaxation-time
number (Re) parameter (1)
80 0.043859649122807 0.532894736
100 0.043859649122807 0.526315789
120 0.043859649122807 0.521929824
140 0.043859649122807 0.518796992
150 0.043859649122807 0.517543859
180 0.043859649122807 0.514619883
200 0.043859649122807 0.513157894
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Fig. 2 The schematic flow configuration for downstream flat plate

The no-slip (u = v = 0) boundary conditions are used at the
surfaces of the square cylinder and flat plates [26], as well as

One can find more detail about the lattice Boltzmann
method, grid independence, effect of computational domain
and some more interesting observations in [28]-[34].

III. RESULTS AND DISCUSSIONS

The effects of Reynolds number on fluid force reduction
and suppression of vortex shedding flow past a square cylinder
in presence of upstream and downstream flat plate alone are
discussed by taking small gap spacing g = 0.5d and 1d at fixed
length of flat plate L = 4d using single-relaxation-time lattice
Boltzmann method (SRT-LBM). The variation of Reynolds
number is chosen from 80-200. Wake structure mechanism,
time signal analysis of drag and lift coefficients and power
spectra analysis of lift coefficients are discussed. The
variations of physical parameters obtained in presence of flat
plates are compared with force coefficients of single cylinder.
The obtained results are divided into two sections. In first
section we will discuss the effects of Re in presence of
downstream flat in the form of flow field behavior and
analysis of force statistics. Similarly, in second section we will
discuss Re effects due to presence of upstream flat plate.

A. Downstream Flat Plate

In order to study the effect of Reynolds on flow structure
mechanism and reduction of fluid forces, a flat plate is used at
downstream position of square cylinder having diameter 4d in
detached configuration by taking gap spacing g = 0.5d and 1d.
The Reynolds number is varied from 80 to 200. Typical wake
pattern in terms of vorticity plots for different Reynolds
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number are shown in Figs. 3 (a)-(d) for chosen both gap
spacings. The variation of drag and lift fluctuations against
time and corresponding power spectra analysis of lift
coefficients are plotted in Figs. 3 (a)-(e) and 5 (a)-(e). Two
types of flow patterns were observed, named as (i) SFpattern,
(ii) SLRpattern. At small Reynolds number that is from 80-
120 flow does not generate any vortices, steady stream lines
form into whole computational domain for g = 0.5d and d.
After increasing Re as shown in Figs. 4 (b), (d), (e), an
alternate vortex shedding is observed behind the detached flat
plate for all chosen Reynolds number. The shear layer
generated from main cylinder reattaches with flat plate, rolled
up and transform into vortices that travel downstream in an
alternate manner. The length of vortex formation reduced as
Re increases. The strength and size of vortices shed at near
downstream position is also different. The number of vortices
increases with the increment in Reynolds number. We also
observed that the length and width of shed vortices near flat
plate reduced by varying Reynolds number. At high Reynolds
number, vortices spread throughout the computational domain
and greatly effect on upper and lower wall as well as
compared to small and moderate Reynolds number as shown
in Fig. 4. Due to small gap spacing, we did not observe any
vortices between the gap. It is because shear layer generated
from cylinder quickly reattach to flat plate. This SLRflow

(a)g=0.5d;L=4d; Re=80

regime also occurred in [22], [11] and [12]. The flow behavior
can also be seen from streamline graph (Figs. 4 (a)-(e)). For
SFbehavior no separation zone developed. Streamlines travel
downward in wavy form. For moderate and high Reynolds
number, separation zone formed, which assured the existence
of alternate vortices travelling towards downstream position.
As changing the Re, separation vortex also changed its
position and became wider for large Reynolds number. Two
bubbles can be visualized in streamlines graph, which assures
the existence of symmetric flow behavior between the gaps.
Figs. 5 (a)-(e) show time trace analysis of drag and lift
coefficients. The drag coefficients represent a constant
behavior at all Reynolds numbers. The magnitude of drag
coefficient having negative values at g = 1d and Re = 120,
because of adverse pressure. The lift coefficients having a
periodic behavior for unsteady flow pattern at Re > 120 and
having constant nature for SFpattern. The magnitude of drag
and lift coefficients both increases as Reynolds number
increases. The power spectra analysis of lift coefficients
represents a sharp single peak without any secondary
frequency. Because no modulation in lift coefficients
generated, only an alternate vortices generated and travelled
downward. The magnitude of power spectra increases with
increase in Reynolds number. For high Reynolds number,
sharp peak transformed into broad banded peak.

(b)g=0.5d; L =4d; Re =140
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Fig. 3 Vorticity contours visualization for flow past a square cylinder with downstream flat plate at different Reynolds number
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Fig. 4 Streamlines visualization for flow past a square cylinder with downstream flat plate at different Reynolds number
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Fig. 5 Time trace analysis of drag and lift coefficients for flow past a square cylinder with downstream flat plate at different Reynolds number
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Fig. 7 Variation of (a) Cdmean (b) Cdrms (c) Clrms (d) St for flow past a square cylinder with downstream flat plate at different Reynolds
number

The data of physical parameters of present results are
plotted versus Reynolds number in Figs. 7 (a)-(d) and 8 (a)-(c)
together with single cylinder data for comparison. It can be
observed that present results show minimum values than
single cylinder for all physical parameters such as mean drag
coefficients, root mean square value of drag and lift
coefficients and Strouhal number. The value of Cdmean first
decreases up to Re = 140 then showing increasing behavior for
140 < Re <200; here flow pattern changes from steady to
unsteady flow pattern. The mean drag coefficient of single
cylinder has increasing trend with increasing Re till 180, then
remain almost constant at Re = 200. The maximum value of
Cdmean occurred at Re = 80 for detached flat plate case at g =
0.5d, that is 1.1502. The existing flow pattern here is in steady
state. No vortices appear between the gap as well as
downstream positions of flat plate. The root mean square

values of drag and lift coefficients are smaller than that of
single cylinder for both chosen gap spacing at fixed length of
flat plate. For g = 1d, Cdrms increases with the increasing Re,
but at g = 0.5d, it represents an irregular behavior some time
increasing or decreasing. But, this increment or decrement is
small that is almost negligible. The maximum Cdrms value is
0.001 at g = 1d and Re = 140.The root mean square value of
lift coefficients have constant behavior and almost same
values at 80 < Re < 120, because here no lift force exists.
Flow behaves as a steady streamlines. After Re > 140, Clrms
start to be increase due to alternate generation of vortices (Fig.
7 (c)). The root mean square value of single cylinder is
maximum than root mean square values of detached flat plate
with cylinder. The power spectra analysis of lift coefficient is
shown in Fig. 7 (d). Unsteady flow exists for Re > 120. The
values of St for single cylinder is little bit greater than other
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cases of flat plate. It represents increasing or decreasing for
Re> 120 at g = 0.5d, but for g = d, St remains constant as
Reynolds number increases. It is because of the reason that
vortex shedding frequency almost remains same at higher
Reynolds number. The maximum value of St is 0.1108 at Re =
200 and g = d, where strong interaction between the vortices
exist, and flow remain critical near downstream position of
flat plate.

The average values of physical parameters are shown in
Figs. 8 (a)-(c). The average Cdmean first decreases till R =
140, then increases for both chosen gap spacing. A jump can
also be seen in Cdmean between Re = 140-180 for g = d. At
that values of Re the vortex shedding frequency increases and
strong vortices generated at downstream of flat plate. The
maximum value of average Cdmean is 1.12 at g = 1d and Re =
160. The average value of root mean square values of drag and
lift coefficients for g = 0 and d having increasing trend with
increment in Re. The maximum increase starts to occur at Re

ranging from 140-200. Whereas Cdrms and Clrms for g = 0.5d
increases or decreases with Re. A jump can also be observed
at Re = 160, where maximum fluid forces occurred. Maximum
average root mean square values of drag and lift forces that are
0.00062153 and 0.0286 also occurred at Re = 200 and g =
0.5d. The percentage reduction in mean drag coefficients and
root mean square values of drag coefficients for both gap
spacing at different Reynolds numbers are shown in Figs. 9
(a), (b). The reduction in Cdmean increases first by increasing
Re, approaches to maximum reduction at (g, Re) = (1d, 180)
that is 11.10%, then decreases. The percentage reduction in
Cdrms increases or decreases with Reynolds number. The
maximum reduction in Cdrms is 97.6% at Re = 180 and g =
0.5d, where SLRflow pattern exists. Thus, present results
show that the force coefficients are reduced significantly by
using the flat plate in downstream position of square cylinder
and suppression of vortices also exists at small Reynolds
number.
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Fig. 9 Percentage reduction in (a) Cdmean (b) Cdrms for flow past a square cylinder with downstream flat plate at different Reynolds number

B. Upstream Flat Plate

The effect of Reynolds number on flow past a square
cylinder in presence of upstream flat plate of length L = 4d
with gap spacing g = 0.5d, d are investigated in this section.
The range of Reynolds number is chosen from 80-200 to study
the flow behavior and reduction of fluid forces. The acquired
results are in the form of vorticity contour visualization, time
trace analysis of drag and lift coefficients and energy
spectrum. Some physical parameters are also computed to find
the behavior of fluid forces such as Cdmean, Cdrms, Clrms

and St. Figs. 10 (a)-(f) show a wake structure mechanism in
terms of vorticity contour. Two different types of flow pattern
have been found, named as (i) QSF, (ii) SBB. At low
Reynolds number, flow is nearly unsteady; as the Reynolds
number increases, vortices start to be appeared near the
cylinder as well into whole computational domain. The effect
of vortices also felt at upper and lower walls of domain. In
both selected gap spacing g = 0.5d, the shear layer emerging
from upstream flat plate moves toward the cylinder without
causing any disturbance in flow. This shear layer is rolled up
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at near downstream and transformed vortices which travelled
downward in an alternate way. The Reynolds number
increases wake formation length next to cylinder reduces and
width increases. Also, the size and strength of vortices
enhanced with increasing Reynolds number, that is clear from
Fig. 10. The Re = 80 is considered as a critical Reynolds
number, a drastic change in flow pattern occurred here. For
case g = 1d, a steady stream formed between the gaps due to
passing the flow, but no flow can be seen between the gap for
g = 0.5d due to negligible gap spacing. In comparison of gap
spacing with different Reynolds number, the size of vortices
changes by increasing g. The higher range of Reynolds
number developed higher magnitude of lift coefficients as
compared to low range of Reynolds number. The flow
structure mechanism also can be seen from streamlines graph
(Figs. 11 (a)-(e)). For Re = 80, no separation zone observed
downstream which assures the steady streamlines near
downstream position due to existence of small eddies near the
cylinder. As the increment in Reynolds number hold, the

(2)g=0.5d, L =4d; Re =100

separation zone developed because of an alternate generation
of vortices.

The time trace analysis of drag and lift coefficients are
given in Figs. 12 (a)-(e). The drag coefficients represent a
constant behavior for Re < 120. As vortices strengthen and
change their size due to increasing Reynolds number, a
periodicity seem to be observed in drag for 120 < Re < 180. At
higher Reynolds number Re = 200, shear layer reattaches to
cylinder and attains a complex structure and as a result drag
have modulated behaviour. The magnitude of drag increases
from Re = 100 to 180 whereas lift coefficients have
periodicity for all Reynolds number due to an alternate
generation of vortices. Its magnitude also depends on
Reynolds; increases by increasing Re. The power spectra
analysis has a sharp single peak due to existence of only
primary frequency (Figs. 13 (a)-(i)). The frequency of power
spectra increases with increasing Reynolds number, but
decreases with increasing gap spacing.
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Fig. 10 Vorticity contours visualization for flow past a square cylinder with upstream flat plate at different Reynolds number
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Fig. 11 Streamlines for flow past a square cylinder with upstream flat plate at different Reynolds number
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Fig. 12 Time trace analysis of drag and lift coefficients for flow past a square cylinder with upstream flat plate at different Reynolds number
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Fig. 13 Power spectra analysis of drag and lift coefficients for flow past a square cylinder with upstream flat plate at different Reynolds number

The variation of aerodynamic force coefficients and
reduction in aerodynamic force with Re at different spacing
values is presented in Figs. 14 (a)-(d), 15 (a)-(c). The Single
cylinder values are also plotted in the graphs for comparison.
It can be observed that the Cdmean of cylinder for both chosen
gap spacings is less than those of Single cylinder values at all
Re in the spacing range 0.5d-1d. The values of Cdmean
strictly increases with increasing Re for both g, reason to
increase Cdmean continually is that we observe vortices as
compared to Re = 80. The gap spacing g = 0.5d contains larger
values of mean drag force than g = 1d. It means that when flat
plate is close to cylinder, it disturbed the flow in a great extent
than large spacing. The maximum Cdmean value is 0.5094 at
(Re, g) = (200, 0.5d), where we obtained complex flow
structure near main cylinder and modulated drag coefficients.
Like Cdmean, Cdrms and Clrms of cylinder in presence of
upstream flat plate is less than Single cylinder values except at
Re = 80 and 100, where Cdrms of Single cylinder is close to
cylinder's Cdrms with flat plate present at upstream location.

The Cdrms has increasing and decreasing trend with
increasing all Reynolds number, while Clrms strictly increases
with increasing Re, because as Re increasing, the shedding
frequency increases which strengthens the vortices and root
mean square values of lift coefficients enhanced. The
maximum value of Cdrms and Clrms is 0.0059 and 0.1141 at
(Re, g) = (200, 0.5d). In short, we can say that small gap
spacing with high Reynolds number produced much
aerodynamics forces than high gap spacing with small
Reynolds number. The St values are shown in Fig. 14 (d),
which are less than single cylinder values for Re <140 except
g = 0.5d that attains larger St at Re = 80. As Reynolds number
increases from 140, then single cylinder St decreases as
compared to square cylinder in presence of flat plate. At high
Reynolds number, the influence of flat plate on square
cylinder, which enlarge the magnitude of vortex shedding
frequency. As a result, St values increases as compared to
single cylinder St value. The maximum value of St occurred at
0.1507 at (Re, g) = (200, 1d).
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number
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The dependence of average values of physical parameters
on Reynolds number is shown in Figs. 15 (a)-(c). The average
value of mean drag coefficients increases with increment in Re
for g = d, but at g = 0.5d, average value of mean drag force
first decreases at Re = 100 then increases up to Re = 200. The
maximum value of average Cdmean is obtained at (Re, g) =
(200, 0.5d) that is 0.2684. The average root mean square value
of drag coefficients has mixed trend decreasing or increasing.
For both gap spacings, it reduced from Re = 100-120 after that
it started to increase except for g = 0.5d and Re = 160 in
which it showed a jump. This jump basically represents
transition in flow pattern. The maximum average value of
Cdrms is 0.0055 at (Re, g) = (200, 1d). Like Average Cdmean,
average Clrms also has increasing trend with respect to all
selected Reynolds number for g = 1d but for g = 0.5d, average
Clrms decreases at Re = 100 then starts to increase up to Re =
200 and approaches to its maximum value 0.1141 at (Re, g) =
(200, 0.5d). In order to check the reduction in aerodynamics
fluid forces due to presence of flat plate, a percentage
reduction in Cdmean and Cdrms is computed against Re as
shown in Figs. 16 (a), (b). The percentage reduction in
Cdmean decreases with increase in Re. It is due to high mean
drag force at large value of Reynolds number. The gap spacing
g = 0.5d attains maximum reduction at Re = 80, that is §9.1%,
the reduction about 59.5% observed at (Re, g) = (200, 0.5d
The reduction in root mean square value of drag force shows
increasing or decreasing with increment in Re. The percentage
reduction in Cdrms for all chosen g decreases at small values
of Re that are 80-120, then increases till Re = 140-160. At the
end at high Re value 180-200 again it becomes minimum. The
maximum reduction in Cdrms is 86.3% at (Re, g) = (120, 1d).
Fig. 17 presents the observed flow patterns.

IV. CONCLUSION

Two dimensional numerical simulations were performed to
investigate the effect of Reynolds number (Re) on reduction of
fluid forces for flow past a square cylinder in presence of
single upstream flat plate and downstream flat plate. A two-
dimensional numerical code is developed using SRT-LBM.

First of all, code is validated for the flow past a square
cylinder in absence of flat plate at different Reynolds number.
The obtained results are compared to those available in
literature and found to be in good agreement. After the
validation, simulations were carried out first to find the effect
of Reynolds number to control vortex shedding and in
reduction of fluid forces at small gap spacing that are g = 0.5d
and d at fixed length of flat plate L = 4d. The range of

Reynolds number lies as 80 < Re < 200. The achieved results

of this study are mentioned below

1. Four different types of flow pattern were observed, two
patterns for upstream flat plate location named as (i) QSF,
(i) SBB and two pattern for downstream flat plate
location named as (i) SF, (ii) SLR.

2. For upstream flat plate location, significant drag reduction
takes place but no suppression of vortex shedding
observed.

3. For downstream flat plate location, suppression of vortex
shedding examined at low Reynolds number for both
chosen gap spacings. The flow remains steady at Re = 80-
100 for g = 0.5d and 80 - 120 for g = d. Unsteadiness in
flow seem to be exist at high range of Reynolds number
Re > 120.

4. Mean drag force increases due to increasing Reynolds
number for upstream flat plate case, but for downstream
flat plate mean drag force representing a mixed trend
increasing or decreasing through increasing Re.

5. For downstream flat plate case, Re = 140 is considered as
a critical Reynolds number, where fluid forces may start
to be increase or decreases. Re = 200 is the critical
Reynolds number for upstream case.

6. The maximum reduction in mean drag force and root
mean square value of drag force for downstream flat plate
case is 11.10% and 97.6% obtained at (180, d) and (180,
0.5d).

7. The maximum reduction in mean drag force and root
mean square value of drag force for upstream flat plate
case is 89.1% and 86.3% at (80, 0.5d) and (120, 1d)
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Fig. 15 Variation of Average (a) Cdmean (b) Cdrms (c) Clrms for flow past a square cylinder with upstream flat plate at different Reynolds
number
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