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Abstract. In the area of blu� body aerodynamics, controlling the vortex shedding is of
great importance to prevent damages caused by the vortex-induced forces. Accordingly, a
short and thin splitter plate has been utilized at di�erent downstream positions to interfere
with the vortex wake of a con�ned square cylinder in the framework of an optimal passive
control study. Vorticity-stream function formulation and �nite-di�erence method have been
used to numerically simulate the two-dimensional laminar 
ow. For preventing the 
ow
from becoming three-dimensional, the Reynolds number is kept below 250. Validation of
the code and mesh dependency analysis are o�ered. Based on the 
ow patterns acquired,
the optimal position of the splitter plate behind the cylinder can prevent the detachment
of the pair of vortices from the cylinder and will keep the streamlines symmetric around
the zero streamline. Consequently, vortex shedding does not occur and the vortex-induced
forces are eliminated entirely. Interestingly we showed that the vortex can be suppressed
even when the splitter plate is asymmetrically arranged behind the cylinder, especially in
the case of positioning the body close to the surrounding walls.
© 2015 Sharif University of Technology. All rights reserved.

1. Introduction

Fluid 
ow over blu� bodies has been of great concern
in a variety of engineering research for a long time.
Aerodynamics of blu� bodies is an important issue in
those studies. Separation and vortex shedding are the
common phenomena which take place in relatively low
Reynolds numbers due to high positive pressure gra-
dient. Vortex shedding causes 
uctuation of pressure
distribution on the body surface. Due to the vortex-
induced forces, the body oscillates with a de�nite
frequency. This may cause serious damages to di�erent
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structures such as suspended bridges and o�shore oil
platforms. However, nature takes advantage of these
vortices intelligently. For example, box�sh which has a
bony blunt body is able to move and maneuver easily
even in highly turbulent water streams due to shedding
of vortices.

In the current study, incompressible laminar 
ow
over a square cylinder as a blu� body, and the e�ects
of a short and thin splitter plate in tandem have
been analyzed. Most researches on blu� bodies have
been devoted to 
uid 
ow over circular cylinders and
analysis of 
ow over square cylinders is rare in the
literature. Among those considering two-dimensional
square cylinder as the blu� body, Okajima et al. [1],
Davis et al. [2], Mukhopadhyay et al. [3], Suzuki et
al. [4], and Breuer et al. [5] have investigated the 
ow
over a con�ned square cylinder with di�erent Reynolds
numbers and blockage factors. It should be noted that,
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when the cylinder is con�ned, two extra parameters
have to be taken into account. These parameters are
in
ow velocity pro�le and blockage factor which is
de�ned as the ratio of square side length to the channel
width. In the following, a brief literature review of the
control of vortex shedding from a square cylinder is
presented.

Obasaju [6] carried out an experiment to inves-
tigate the e�ect of end plates on pressure distribution
on a three-dimensional square section cylinder with a
span-to-side ratio of 18:1. He measured mean pressures
for Reynolds numbers in the range of 30,000 to 120,000.
His results exhibited sensitivity of base pressure in
the separated 
ow region to the type of end plates
used. Particularly for high angles of incidence (� �
15�), small end plates were found to decrease the
base suction whereas large end plates were found to
increase the base suction and drag. Nakagawa [7]
experimentally explored the e�ects of a small airfoil-
shaped splitter plate on the vortex shedding from
a single square prism at free-stream Mach numbers
between 0.15 and 0.91 and a constant spacing ratio.
He found out that, when no shock waves exists in
the 
ow, the Strouhal number is almost independent
of the Mach number and takes about 0.11, which is
smaller than the value of 0.13, known for a single
square prism. However, as soon as shock waves
appear in the 
ow, the Strouhal number increases
suddenly and then further increases with increasing of
the Mach number. Park and Higuchi [8] simulated the
unsteady separated 
ow around a square cylinder to
investigate the wake 
ow control by a splitter plate
attached to the base of the cylinder. Instantaneous 
ow
patterns were scrutinized to see how the splitter plate
a�ects the vortex formation behind the body and the
downstream shedding. They concluded that the drag
and the frequency were signi�cantly reduced by the
splitter plate, suppressing vortex shedding in the wake.
Bruneau and Mortazavi [9] investigated the passive
control of blu� body (square cylinder) 
ows using
porous media by means of the penalization method.
This method is used to create intermediate porous
media between solid obstacles and the 
uid in order
to modify the boundary layer behavior. Their study
covered a wide range of two-dimensional 
ows from low
transitional 
ow to the fully established turbulence by
direct numerical simulation of incompressible Navier-
Stokes equations. They illustrated the e�ect of the
porous layer permeability and thickness on the passive
control. The results revealed the ability of porous
media to both regularize the 
ow and to reduce the
drag forces up to 30%. Zhou et al. [10] placed a control
plate upstream of a square cylinder. The control plate
height was varied from 10% to 100% of the square side
width, and for each height, the distance between the
control plate and the cylinder was varied from 0.5 to 3.0

times of the square width. The simulation was carried
out by considering the Reynolds number to be 250.
The results showed a signi�cant reduction in drag and
suppression of 
uctuating lift on the square cylinder.
Doolan [11] in his recent work placed an in�nitely
thin 
at plate downstream of a square cylinder with
a length of 0.834 of the cylinder side length along the
zero streamline. Furthermore, the distance between the
square cylinder and the plate was considered to be 2.37
of the cylinder side length. The 
ow was simulated with
a Reynolds number of 150 and he reported that the
force on the square cylinder was reduced signi�cantly.
However, the amplitude of the lift coe�cient on the
downstream plate was found to be the same as that for
the single square cylinder.

One of the important issues which must be ad-
dressed is the fact that, for 
ow over square cylinder,
in contrast to 
ow over circular cylinder, the separation
points are de�nite. At Reynolds numbers lower than
100, 
ow separates at the trailing edge, and at higher
Reynolds numbers, separation occurs at the leading
edge. Etminan et al. [12] analyzed 
ow over two
equal square cylinders in tandem arrangement in order
to study the in
uence of Reynolds number and the
onset of vortex shedding on the 
ow patterns. The
distance between cylinders had been kept constant.
They found that the onset of vortex shedding occurs
for a Reynolds number varying from 35 to 40. Ali
et al. [13] numerically investigated the interaction of
a square cylinder wake with a downstream plate at
Re = 150. They concluded that, if the position
of the plate is optimal, considerable reductions in
vortex shedding frequency, root mean square of lift
and drag of the cylinder occur. Gnatowska [14] studied
aerodynamic loads of two prismatic bodies in tandem
arrangement. The 
ow had been considered turbulent.
It was found that periodical 
ow disturbances bring
about a rapid growth of surface pressure and wall shear
stress 
uctuations.

The passive control of 
ow induced forces which
is also the case study of the present paper has been
addressed in some works in nearly the past decade.
Kwon and Choi [15] have studied the laminar vortex
shedding behind a circular cylinder and its control
using attached splitter plates downstream. The passive
control is achieved through changing the length of the
splitter plate, and results stated that the critical length
of the plate would be close to that of the cylinder
diameter. Anderson and Szewczyk [16] investigated
the near wake of a circular cylinder at subcritical
Reynolds numbers between 2700 to 46000. Two and
three-dimensional con�gurations of the cylinder and
the downstream attached splitter plate were incor-
porated inside a wind tunnel. Experimental results
with di�erent 
ow characteristics showed that a split-
ter plate reduced the level of three-dimensionality
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in the formation region by stabilizing the transverse
`
apping' of the shear layers. As one of the most
comprehensive studies, Ozono [17] studied the 
ow
around a circular/rectangular cylinder behind which
a short thin splitter plate was inserted horizontally
as an interference element. This plate is moved
streamwise and spanwise in order to achieve an optimal
position. The mainly used Reynolds number was 17000
and all experimental results showed the increase in
Strouhal number due to vortex suppression. In more
recent works, Mahbub Alam et al. [18] addressed the
suppression of 
uid force acting on two square prisms
in a tandem arrangement in which a 
ow approaching
the upstream prism was controlled by a thin 
at plate.
The position of the control plate upstream and also
the position of the downstream prism were varied in
order to achieve an optimal position and a signi�cant
decrease in 
uid forces acting on both prisms was
observed for a certain range of control plate positions.
In a similar approach, Zhang et al. [19] examined
the aerodynamic characteristics of a square cylinder
with an upstream rod in a staggered arrangement.
The pressure measurement was conducted in a wind
tunnel at a Reynolds number of 82000 and the 
ow
visualization was carried out in a water tunnel at a
Reynolds number of 5200. The passive 
ow control
method using di�erent positions and staggered angles
of the upstream rod leads to the reduction of the drag
coe�cient of the square cylinder. In this framework
of upstream positioning of the control plates, Mahbub
Alam et al. [20] investigated the e�ect of a T-shaped
plate on reduction of 
uid forces on two tandem circular
cylinders in a uniform cross-
ow at a Reynolds number
of 65000. The T-shaped plate is used as the control
object and is placed upstream of the cylinder in order
to control the approaching 
ow. Experimental results
of the wind tunnel test section prove that the opti-
mum reduction in 
uid forces occurs with an optimal
trail length of the T-shape plate carefully positioned
upstream. Finally, in one of the most recent works
in this �eld, Ali et al. [21] studied the e�ects of an
attached splitter plate on the passive control of the

uid 
ow induced forces acting on a square cylinder.
The numerical study was carried out at a Reynolds
number of 150 and the length of the attached splitter
plate was varied systematically in order to achieve
the optimal con�guration. The e�ect of the plate on
suppressing the 
uctuating lift forces is shown through
the numerical results.

In the present study, the e�ects of a short and
thin splitter plate on vortex shedding from a square
cylinder in an incompressible laminar 
ow has been
investigated. Flow patterns in an instant of time
and the time history of the Lift force acting on the
cylinder have been examined to explore the e�ect of
the splitter plate on vortex formation downstream

of the cylinder. Previously, Chan and Jameson [22]
utilized this method to suppress vortex-induced forces
on a circular cylinder. However, application of this
method to two-dimensional square cylinders conducted
by the current authors is a new attempt to control the
vortex shedding phenomenon. Here, the position of
the cylinder inside the channel has been changed and
the ground e�ects have been analyzed. The splitter
plate is also moved vertically and horizontally in order
to obtain the optimum position which will have the
best e�ect on suppressing the lift force oscillations
through an extensive optimal passive control problem
which will be addressed in Section 4.2. Therefore,
the detachment of the downstream plate, streamwise
and spanwise positioning of the control object at low
Reynolds number 
ow and extensive numerical and
parametric studies distinguish the present work from
the previous e�orts in this �eld.

2. Governing equations

The 
uid in the current investigation is considered to
be incompressible, viscous, and Newtonian. Due to
the fact that temperature is constant throughout the

ow �eld, density and viscosity of the 
uid remain
constant as well. As a result, energy equation can
be decoupled from the governing equations and the
incompressible Navier-Stokes equations as well as the
continuity equation have to be solved simultaneously.
These equations in two-dimensional form are:
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where u and v are velocity components in x and y
directions, respectively; p is pressure; � is density; and
# is the kinematic viscosity of the 
uid.

It should be noted that the body forces have
been neglected for simplicity. Moreover, due to vortex
shedding, the 
ow is unstable and the terms containing
time derivatives cannot be neglected. In this study,
pressure distribution in the 
ow �eld is not of great
concern. Pressure is eliminated from Eqs. (2) and (3)
by cross-di�erentiation. Thus, we obtain:
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where ! is vorticity in the z direction. Considering the
de�nition of stream function,  , and vorticity are:
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The governing equations can be declared in the follow-
ing form, i.e. the vorticity transport equation and a
Poisson's equation relating vorticity to stream function:
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Eq. (8) is actually the famous Helmholtz equation
of hydrodynamics which has been simpli�ed by elim-
ination of the vortex-stretching term due to the
fact that vortex-stretching is a three-dimensional phe-
nomenon and this term vanishes in the two-dimensional

ows [23].

3. Discretization of equations

Finite-di�erence method has been utilized for dis-
cretization of governing equations. Accuracy of dis-
cretizations is �rst order in time and second order
in space. Moreover, forward di�erence quotient has
been used for time derivative while central di�erence
quotient has been applied for space derivatives. The
algebraic equations which approximate the governing
partial di�erential equations are as follows:
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3.1. Boundary conditions
To solve the discretized equations, no-slip boundary
condition has been imposed on all solid walls. Further-

more, stream function on each solid wall is a constant
value. At the in
ow section, a parabolic velocity pro�le
has been prescribed. Since the component of velocity
in the y direction is zero at the in
ow section, stream
function is a function of y only and its pro�le can
be obtained using Eq. (5), where H is the channel
height:

 1;j = umax

 
yj � 4y3

j

3H2

!
: (12)

At the out
ow section, the y-component of the ve-
locity has been taken to be zero. Based on Eq. (6),
derivative of stream function in x direction must be
zero, too. Accordingly, the following relation would
be derived for the stream function at the out
ow
section:

 N;j =
1
3

(4 N�1;j �  N�2;j): (13)

Vorticity boundary condition on each solid wall is
acquired by Taylor expansion of stream function [24].
For example, the vorticity boundary condition on the
channel lower wall is:

!i;1 =
2

(�y)2 ( i;1 �  i;2): (14)

At the in
ow section, using Eq. (9) and a relation
similar to Eq. (14), the vorticity boundary condition
would be:
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For the out
ow section, a similar boundary condition
can be obtained. The boundary conditions as
discussed above are shown in Figure 5.

3.2. Pressure computation
In order to obtain the pressure distribution inside
the computational domain, the well-known Poisson's
equation of pressure must be implemented:
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where P is the pressure. The pressure equation is
solved using Successive-Over-Relaxation (SOR) itera-
tive method and the relaxation factor is set to be 1.6
for the improved convergence behavior. By integrating
the pressure over the cell faces (lines in 2D case), the
pressure-induced lift and drag forces can be evaluated
on body.
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Figure 1. Portion of the generated mesh.

3.3. Computational domain and generated
mesh

The computational domain has been extended 10 times
the square side length at the upstream and 20 times
of this value at the downstream of the cylinder. The
length and thickness of the splitter plate are considered
to be equal to that of the square side length and 0.1 of
the square side length, respectively. Grid points in the
domain have been distributed uniformly as �x = �y =
0:005 based on a mesh convergence study addressed in
Section 4.1. Also, a time step size of �t = 0:002 (s)
is maintained in order to keep the maximum Courant
number below unity for stability reasons. Moreover, all
the instantaneous results are shown at the time t = 190
(s). It is known that at this instant of time, the 
ow is
fully developed and vortices have been distributed all
over the downstream of the 
ow. In Figure 1, a portion
of the generated mesh has been presented.

4. Results and discussion

As discussed earlier, in order to keep the two-
dimensionality of the 
ow patterns and vortices, the
Reynolds number should be kept below 250. As a
result of this and in order to broaden the extents of
this study, 
ow simulations have been carried out for
two di�erent cases, i.e. for Reynolds numbers of 100
and 200. In each case, the distance between the square
cylinder and the splitter plate has been varied vertically
and horizontally in order to �nd the optimal position
for the splitter plate in the framework of an optimal
passive control problem discussed in Section 4.2.

4.1. Validation of the numerical code
In the absence of any existing data regarding the case
with a splitter, an attempt is made to validate the
results for the case without a splitter for which there is
an existing data available. Once the validation veri�es
the accuracy of the code, parametric studies will be
performed to examine di�erent e�ects of the splitter
on the vortex shedding.

The developed CFD code has been validated by
comparing the recirculation lengths obtained by the
developed code at relatively low Reynolds numbers
(10 � Re � 50), to those obtained by Breuer et al. [5].

Figure 2. Streamlines in 
ow over the con�ned square
cylinder with � = 1=8: (a) Re = 20; and (b) Re = 40.

Figure 3. Recirculation length versus Reynolds number
for � = 1=8.

It should be noted that the Reynolds number is based
on the maximum inlet velocity and the square side
length, just the same as what is done by Breuer et
al. Furthermore, all of the results presented are at the
time instant of 5.0 seconds.

Figure 2 shows the streamlines in 
ow over the
con�ned square cylinder with the blockage factor of
1/8 and Reynolds numbers of 20 and 40.

Comparison between the obtained recirculation
length and that obtained by Breuer et al. [5] is
illustrated in Figure 3 which shows good agreement.

As discussed above, in order to evaluate the
e�ciency of the splitter plate, the lift forces acting on
the cylinder should be measured and compared with
the case without the splitter plate. Based on this
approach, one can �nd out where the splitter plate
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Figure 4. Evaluated lift force on the cylinder using
di�erent grid sizes in comparison with previous numerical
results [25].

should be placed to obtain minimum lift amplitude
acting on the cylinder. Also, the dependency of the
results on the grid size should be studied which leaves
us with a mesh convergence analysis. The pressure lift
force acting on the body will then be compared to some
numerical results in the literature [25] using di�erent
grid size. Consequently, the validity of the lift force
evaluation and the mesh convergence will be achieved.

A rectangular section with length and height of
1 m is placed 5 m downstream of the inlet boundary
with an inlet velocity of 1 m/s. Reynolds number is
preserved at 100 while the 
ow is determined around
the rectangular cylinder. The lift force time history is
shown in Figure 4 and a comparison is made between
the results in the literature and the results obtained by
the current numerical code on di�erent grid sizes.

Results show that, with the increase of mesh
quality, the evaluated lift force will get closer to the
numerical results of Hu [25] and the results agreed
well using �x = �y = 0:005. The Strouhal number
of St = fD

U = 0:138 is calculated for the case of
Re = 100 which agrees well with the benchmark
solutions of [5]. Similar results were achieved at a
Reynolds number of 200 with nearly the same Strouhal
number, i.e. St = 0:139. In addition to the standard
grid convergence study, the rms magnitudes of the lift
coe�cient for di�erent levels of grid re�nement with
re�nement ratio of 2 were checked based on the Grid
Convergence Index (GCI) criterion [26]. The ratio of
0.997118 (nearly 1.0) shows that the solution is in the
asymptotic range and the GCI of 1.66% proves that
the grid resolution is �ne enough for the solution to be
independent of the mesh sizes. The obtained results
for the grid convergence study based on GCI are in
good agreement with the study and investigations of

Ali et al. [27] on this particular issue. Therefore, the
mesh dependency has been satis�ed and the grid size
of �x = �y = 0:005 will be used for other cases as
mentioned in Section 3.3.

4.2. Optimal passive control problem
As previously stated in Section 4, 
ow around the rect-
angular cylinder is analyzed for two di�erent Reynolds
numbers of 100 and 200. Contrary to the 
ow around
circular cylinder in which Reynolds number of 180
or 161 is introduced as the starting point for the
formation of 3D structures in the wake, there has not
been an accurate and comprehensive study on this
phenomenon for 
ow around rectangular cylinders. As
a hint, Reynolds number of 300 has been introduced
by Franke [28] as starting point of this phenomenon.
Breuer et al. [5] stated that this criterion is slightly
beyond the limit of 2D simulation and the disturbances
which occur in the periodic nature of 2D vortex shed-
ding has proved this theory. They studied 
ow around
rectangular cylinder for the blockage coe�cient of 1/8
by two di�erent methods of Finite Volume Method
(FVM) and Lattice-Boltzmann Method (LBM). The
experimental studies of Dutta et al. [29] have veri�ed
the results of Breuer et al. [5] and showed that beyond
the Reynolds number of 200, aspect ratio of cylinder
has to be taken into account due to the formation of
3D structures.

In the present study, the �nal Reynolds number
at which the 
ow has been simulated is set to be
Re = 200. The reason for this limit can be sought
in the change of principal behaviors in the 
ow pattern
with further increase of the Reynolds number from this
particular limit. The frequency of vortex shedding
will rise and therefore the laminar shedding will no
longer remain 2-dimensional. Further studies in 3-
dimensional case have proved this statement that the

ow at Reynolds numbers above 200 will experience
3-dimensional instabilities and vortices. Also, in 2-D
simulations, deviations from fully periodic structures
have been recorded which restate the above theory. It
should also be noted that Reynolds number based on
the height of the inlet boundary has already reached
the value of Re = 1000 and therefore further increase
of Reynolds number would need special treatment for
the turbulence 
ow parameters.

Also, the rectangular cylinder is moved closer to
the channel walls at two di�erent positions addressed
by a k factor de�ned as:

k =
Lw
D
: (17)

Dimensions of the computational domain and the
position of the rectangular cylinder and the splitter
plate can be seen in Figure 5.

Each case (i.e. combinations of two Reynolds
numbers and 3 rectangular cylinder vertical positions)
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Table 1. RMS magnitudes of lift force measured for all di�erent cases.

L = 1D L = 2D L = 3D L=4D

Re k No
splitter

H1 H2 H3 H1 H2 H3 H1 H2 H3 H1

100

1:5 0.147543 8.49E-06 - - 1.41E-06 - - 0.193109 - - 0.221959

1:0 0.105846 2.83E-06 2.83E-06 2.12E-06 2.12E-06 1.41E-06 7.07E-07 0.132298 0.135127 0.13746 -

0:5 1.99E-06 3.54E-06 2.12E-06 3.54E-06 2.83E-06 1.41E-06 1.41E-06 1.41E-06 7.07E-07 2.83E-06 -

200

1:5 0.317134 0.095034 - - 1.41E-06 - - 0.301649 - - 0.330852

1:0 0.278315 0.065972 0.072973 0.067104 1.41E-06 7.07E-07 0.036628 0.270749 0.271668 0.275415 -

0:5 0.054871 0.016051 2.83E-06 2.83E-06 0.008132 2.83E-06 2.12E-06 0.009334 0.002546 0.00396 -

Figure 5. Rectangular cylinder along with splitter plate
inside the computational domain in their di�erent
positions showing the boundary conditions.

is �rst analyzed without the splitter plate and the
lift force amplitude is evaluated. The splitter plate
is then added and placed at 6 di�erent vertical and
horizontal downstream positions of the cylinder. For
all cases of study, rms magnitudes of the lift force are
measured based on a selected number of cycles after

ow parameters reach periodically steady states; these
values are listed in Table 1.

The highlighted cells in the right side of the
Table 1 show the best results achieved with the case
of the splitter plate. Region 0 < L < 2D demonstrates
the best horizontal position of the splitter plate stream-
wise while the case of L = 4D at symmetrical cylinder
position (i.e. k = 1:5) shows that, for the position
of L > 4D the splitter plate would have no e�ect on
the amplitude of the lift force acting on the cylinder.
Another conclusion which can be drawn from the above
mentioned results is that, in the case of k = 1:5 at
which the cylinder is in its closest position to the
wall, the splitter plate should be placed far from the
symmetric line of the cylinder in order to achieve better
results.

The Strouhal numbers for the symmetrical case
of k = 1:5 are plotted and compared in Figure 6
against the numerical results of Ali et al. [13] for the
case of vortex shedding attenuation using detached
plate placed at L = 2D. It has been clearly shown
that the same results are achieved for nearly all cases
where best cancellation is exhibited for L = 2D, but
in di�erent vertical positions of the splitter plate, i.e.
H1 for the symmetric case of k = 0:15, and H2 and

Figure 6. Instantaneous 
ow patterns and lift force time
history in the case of: Re = 100, k = 1:5 without splitter
(solid curve) and with splitter (dotted curve) in L = 2D
and H1 position (bottom geometry).

H3 for the cases of k = 0:1; 0:05 due to the wall
e�ects, respectively. Results of the present numerical
method agree well with the benchmark solutions and
prove that the e�ects of the channel walls are low
for the symmetric case. This is in contrast with the
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Figure 7. Instantaneous 
ow patterns and lift force time history in the case of: Re = 100, k = 1:0 without splitter (solid
curve) and with splitter (dotted curve) in L = 2D and H3 position (right geometry).

cases of k = 0:1 and k = 0:05 with lower Strouhal
numbers at both Re = 100 and Re = 200. Also, it has
been shown that the lift amplitudes or rms lift force
coe�cients are majorly attenuated where cancellation
is observed while Strouhal numbers will experience
minor attenuation even at the optimum position of the
splitter plate.

For the case of Re = 100 and k = 1:0, the splitter
has a signi�cant e�ect in the range of 0 < L < 2D while
the best result will be achieved at the cross stream
position of H3 (far below the symmetric wake line) and
more precisely at the streamwise position of L = 2D.
Results also provide the fact that 
uid 
ow induced

uctuations of the lift force is near zero for the case of
k = 0:5 (cylinder in its closest position to the wall) at
Re = 100. This suggests that in this con�guration, the
splitter plate is actually not needed but the �gures and
numbers show that the plate location of L = 3D and
H2 will lead to the best numerical results in the sense
of least lift force amplitude.

For the case of k = 0:15, where the rectangular
cylinder is placed in the middle of the channel with
equal distance from both surrounding walls, the 
ow is
symmetrical and the vertical positions of H2 and H3
(when the plate is placed below the symmetry line of
the rectangular cylinder) are not the case of study, and
as shown in Table 1, best cancellation will be achieved
for the case of L = 2D and H1. A same rationale can
be o�ered for the cases of k = 0:1 and k = 0:05 as
the shedding occurs closer to the cylinder and optimal
cancellation are favorably achieved with L = 2D on
most cases and L = 3D and H2 for k = 0:05 at Re =
100.

Instantaneous streamlines and 
ow patterns for
the cases of di�erent Reynolds numbers, and cylinder
distance from the wall are shown in Figures 6 through
11, once without the splitter plate and once with the
splitter plate at its best position along with the lift
force time history on the top. The attenuation of the
pressure oscillations are clearly shown in these �gures
which will result in a less oscillating lift force with
much lower amplitude. Due to the large number of
simulations that have been performed for the present
study and in order to reduce the number of plots,
only the instantaneous streamlines showing the 
ow
patterns at a fully developed vortex shedding condition,
or later enough after initial cancellation, are shown in
these �gures. Also as previously stated, in addition to
the full time-series and time history diagrams of the
lift force, the rms magnitude of the lift for all di�erent
cases is given in Table 1.

5. Conclusion

In this study, 
ow around a rectangular cylinder at
low Reynolds numbers is investigated. The rectangular
cylinder is con�ned in a channel with limited width,
and the wall e�ects are taken into account with a
parameter, k, which is introduced k = Lw

D , and
shows how close the rectangular cylinder is placed
with respect to the surrounding walls. The 
ow
simulation is studied at two low Reynolds numbers
of Re = 100 and Re = 200 where vortex shedding
phenomena appear. Laminar 
ow over a con�ned
square cylinder and a short and thin splitter plate
arranged in tandem has been simulated numerically,
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Figure 8. Instantaneous 
ow patterns and lift force time history in the case of: Re = 100, k = 0:5 without splitter (solid
curve) and with splitter (dotted curve) in L = 3D and H2 position (right geometry).

Figure 9. Instantaneous 
ow patterns and lift force time history in the case of: Re = 200, k = 1:5 without splitter (solid
curve) and with splitter (dotted curve) in L = 2D and H1 position (right geometry).

considering two di�erent Reynolds numbers and three
di�erent vertical positions of the cylinder. In this
regard, with the aid of a detached splitter plate, the
e�ect of the downstream obstacle on the shedding of
vortices is studied.

In each case, the e�ect and optimal distance
of the splitter plate have been investigated using a
combination of vertical and horizontal positions of the
splitter plate. It has been revealed that according to

the 
ow patterns and the rms magnitude of the lift
force amplitude acting on the cylinder, the splitter
plate at its best position can attenuate pressure and
thus the lift force oscillations which will also lead to
much lower lift force amplitudes. Also, in the case of
symmetrical 
ow (k = 1:5), when the splitter plate is
placed at an appropriate position downstream of the
square cylinder, streamlines would become completely
symmetrical and the pair of vortices will stay attached
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Figure 10. Instantaneous 
ow patterns and lift force
time history in the case of: Re = 200, k = 1:0 without
splitter (solid curve) and with splitter (dotted curve) in
L = 2D and H2 position (bottom geometry).

to the cylinder. As a result, vortex shedding which is
the source of 
uctuation of the drag and lift forces on
the square cylinder can be prevented entirely in some
cases using this method. The e�ect of the channel
walls proves to be substantial, especially for the cases
of k = 0:1 and k = 0:05 where the rectangular cylinder
is moved closer to the wall. In these conditions, the
splitter plate acts more e�ective, leading to better
suppression of the vortex shedding. Due to the large
number of cases in the present study and its high
computational cost, the blockage factor was set to a
constant value which can be changed in future works
in order to show the role of this parameter on the
e�ectiveness and the position of the optimum splitter
plate. Future works can also be done in the study of

Figure 11. Instantaneous 
ow patterns and lift force
time history in the case of: Re = 200 and k = 0:5 without
splitter (solid curve) and with splitter (dotted curve) in
L = 2D & H3 position (bottom geometry).

di�erent aspect ratios for the splitter plate in order to
examine their e�ects.

Nomenclature

u x-velocity
v y-velocity
! Vorticity
 Stream function
� Kinematic viscosity
H Channel height
D Cylinder side length
� Blockage factor
L Cylinder to splitter plate distance
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k Ratio of side distance of the cylinder
from the wall to its width
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