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INTRODUCTION

The subject of flow around objects and the 
phenomenon of vortex shedding caused by that 
due to practical applications in engineering is 
of great importance. Among the practical appli-
cations of these types of streams, flows around 
chimneys, high rise buildings, marine structures, 
suspended bridges, aircraft’s wing, ship’s propel-
ler, masts, and many more can be mentioned. This 
type of flow often involves complex phenomena 
such as flow separation, vortex flow and vortex 
shedding. The formation of a vortex behind a rigid 
fixed cylinder is a complex phenomenon, and de-
spite all theoretical and laboratory studies, there 
are still many unknown aspects. An important ad-
vantage of this method is that there is no compul-
sion to adapt the points of the fluid mesh and the 
object mesh. Tatsutani et al. studied, numerically 
and in laboratory, voluminous two-dimensional 
unsteady flow around two cylinders in a chan-
nel with a 20% obstruction ratio. They examined 

the effect of the gap between cylinders on flow 
behavior with Reynolds numbers (Re) between 
Re=200 and Re=1600 [1]. Sohankar et al. [2] 
considered the fluid flow around the rectangular 
cylinders at various angles numerically. Their 
calculations are made for numbers Re≤200 and 
angles between zero and 90 degrees. They found 
that the behavior of all flow parameters at angles 
of less than 20 degrees and more than 70 degrees 
had a clear difference with other angles. Sohan-
kar [3] presents a numerical study on the non-sta-
tionary flow around a cylinder. His calculations 
were carried out in the range of numbers Re=45 
to Re=200. Sohankar’s results showed that for 
Reynolds number Re≤50 flows behind the cyl-
inder are steady and with increasing Reynolds 
number takes on an unsteady state. Patnike et al. 
[4] simulated the flow of a circular cylinder us-
ing finite element method. In the range of Re=41 
to Re=200, they examined the flow through the 
effects of buoyancy. Bruno et al. [5] investigated 
the flow around the cylinder with the Re=40000 
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by means of a finite volume dissociation method. 
While Lee and Bienkiewicz [6] applied a finite 
element method for simulating a large vortex flow 
through a cylinder with Re=22000. In this study, 
we use the Immersed Interface Method (IIM) to 
simulate the flow around the rigid cylinders. In 
this method, the effect of the presence of a body 
immersed in a fluid by adding a force term to the 
Navier-Stokes equations is considered. Xu [7] 
have extended the IIM to the 3D Navier-Stokes 
equation for simulating fluid-solid interaction. In 
[8] the no-slip boundary conditions are imposed 
directly by determining the correct jump condi-
tions for stream function and vorticity. Another 
Cartesian grid approach has been presented by Ye 
et al. [9] and Udaykumar et al. [10] using finite 
volume techniques. Ghafuri et al. [11] simulated 
the fluid-solid interaction in a barrier microchan-
nel. In their work, the change in membrane hard-
ness is considered to be an important factor in 
changing hematocrit of the blood. Falavand et al. 
[12] examined fluid-solid interaction in the shear 
and poiseuille flow and also examined the effect 
of the capsule hardness on the flow velocity pro-
file. In this study we use IIM, which is a non-con-
forming meshes method. The flow around a rigid 
cylinder is simulated. The goal is to reduce the 
drag force on the cylinder through one and two 
horizontal plates.

GOVERNING EQUATIONS

Navier-Stokes equations for the incompress-
ible flow are as follows:

𝛻𝛻 ∙ �⃗�𝑢 = 0  (1)

𝜌𝜌 (𝜕𝜕�⃗�𝑢 
𝜕𝜕𝜕𝜕 + �⃗�𝑢 ∙ 𝛻𝛻�⃗�𝑢 ) = −𝛻𝛻𝛻𝛻 + 𝜂𝜂𝛻𝛻2�⃗�𝑢 + 𝐹𝐹  (2)

where �⃗�𝑢   is the fluid velocity,
 p is the pressure,
 ρ is the density, and
 µ is the viscosity of the fluid. The force 

�⃗�𝐹  which has the form

�⃗�𝐹(�⃗�𝑥, 𝑡𝑡) = ∫ 𝑓𝑓(𝑠𝑠, 𝑡𝑡)𝛿𝛿(�⃗�𝑥
𝛤𝛤(𝑡𝑡)

− �⃗�𝑋(𝑠𝑠, 𝑡𝑡))𝑑𝑑𝑠𝑠 (3)

where �⃗�𝑋(𝑠𝑠, 𝑡𝑡)  is the arc-length parameteriza-
tion of Γ(t) is the arc-length, 

 �⃗�𝑥 = (𝑥𝑥, 𝑦𝑦)  is spatial position, and

 𝑓𝑓(𝑠𝑠, 𝑡𝑡)  is the force density. Here, δ (x) is 
the Dirac function. 

�⃗�𝑢 (𝑋𝑋 (𝑠𝑠, 𝑡𝑡), 𝑡𝑡) = 𝜕𝜕𝑋𝑋 (𝑠𝑠, 𝑡𝑡)
𝜕𝜕𝑡𝑡 = ∫ �⃗�𝑢 (𝑥𝑥 , 𝑡𝑡)𝛿𝛿 (𝑥𝑥 − 𝑋𝑋 (𝑠𝑠, 𝑡𝑡)) 𝑑𝑑𝑥𝑥 

£
 

�⃗�𝑢 (𝑋𝑋 (𝑠𝑠, 𝑡𝑡), 𝑡𝑡) = 𝜕𝜕𝑋𝑋 (𝑠𝑠, 𝑡𝑡)
𝜕𝜕𝑡𝑡 = ∫ �⃗�𝑢 (𝑥𝑥 , 𝑡𝑡)𝛿𝛿 (𝑥𝑥 − 𝑋𝑋 (𝑠𝑠, 𝑡𝑡)) 𝑑𝑑𝑥𝑥 

£
 

(4)

The force density using an expression of the 
form,

𝑓𝑓(s, t) = ĸ (�⃗�𝑋𝑒𝑒(s) − �⃗�𝑋(s, t)) (5)

where ĸ is a constant,
 ĸ>>1, and �⃗�𝑋𝑒𝑒   is the arc-length param-

eterization of the required boundary po-
sition. The respective normal and tan-
gential components of the force density 
𝑓𝑓1 = 𝑓𝑓(𝑠𝑠, 𝑡𝑡). �⃗⃗�𝑛  and 𝑓𝑓2  =  𝑓𝑓(𝑠𝑠, 𝑡𝑡). 𝜏𝜏  can 

be related to the jump conditions for pres-
sure and velocity as follows [13]:

[µ�⃗�𝑢 𝜂𝜂𝜂𝜂] = ĸ𝑓𝑓2𝜏𝜏 ,       [µ�⃗�𝑢 𝜉𝜉𝜂𝜂] = − 𝜕𝜕𝑓𝑓2
𝜕𝜕𝜂𝜂 �⃗�𝜏 − ĸ𝑓𝑓2�⃗⃗�𝑛 , 

[µ�⃗�𝑢 𝜂𝜂𝜂𝜂] = ĸ𝑓𝑓2𝜏𝜏 ,       [µ�⃗�𝑢 𝜉𝜉𝜂𝜂] = − 𝜕𝜕𝑓𝑓2
𝜕𝜕𝜂𝜂 �⃗�𝜏 − ĸ𝑓𝑓2�⃗⃗�𝑛 , 

(6)

[µ�⃗�𝑢 𝜉𝜉𝜉𝜉] = −[µ�⃗�𝑢 𝜂𝜂𝜂𝜂] + [𝑝𝑝𝜉𝜉]�⃗�𝑛 + [𝑝𝑝𝜂𝜂]𝜏𝜏 + 𝜌𝜌[�⃗�𝑢 𝜉𝜉]�⃗�𝑢 . �⃗�𝑛  

[µ�⃗�𝑢 𝜉𝜉𝜉𝜉] = −[µ�⃗�𝑢 𝜂𝜂𝜂𝜂] + [𝑝𝑝𝜉𝜉]�⃗�𝑛 + [𝑝𝑝𝜂𝜂]𝜏𝜏 + 𝜌𝜌[�⃗�𝑢 𝜉𝜉]�⃗�𝑢 . �⃗�𝑛  
(7)

We note that from above terms the values of 
the jumps of the first and second derivatives of 
velocity and pressure taken with respect to the (x, 
y)coordinates are achieved by a simple coordi-
nate transformation. We consider the below rela-
tions as a simple:

[�⃗�𝑢 𝑥𝑥] = [�⃗�𝑢 𝜉𝜉]𝑛𝑛1 + [�⃗�𝑢 𝜂𝜂]𝜏𝜏1 (8)

[�⃗�𝑢 𝑦𝑦𝑦𝑦] = [�⃗�𝑢 𝜉𝜉𝜉𝜉]𝑛𝑛2
2 + 2[�⃗�𝑢 𝜉𝜉𝜉𝜉]𝑛𝑛2𝜏𝜏2 + [�⃗�𝑢 𝜉𝜉𝜉𝜉]𝜏𝜏2

2 (9)

where �⃗�𝑛 = (𝑛𝑛1, 𝑛𝑛2)  and
 𝜏𝜏 = (𝜏𝜏1, 𝜏𝜏2)  are the Cartesian compo-

nents of the normal and tangential vectors 
to the interface at the point considered.
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RESULTS AND DISCUSSION

Separation of the flow from the cylinder sur-
face causes a high pressure drop in some parts of 
the cylinder, resulting in a dramatic increase in 
drag force. Drag force reduction is very important 
in some engineering issues, and several methods 
have been proposed to achieve this goal. Among 
these methods, the use of the plate has been ex-
tensively investigated; in these researches, most 
researchers have focused their attention on re-
ducing drag force by placing the plate at the suc-
tion point [14–18]. First, for the validation of the 
method used, the flow around a cylinder with or 
without horizontal plates is simulated and com-
pared with the results of Hwang et al. [19]. The 
results indicate that the use of horizontal plates 
affects the reduction of drag force on the cylin-
der. The numerical results show a good agree-
ment with the results of of Hwang et al. [19]. The 
results for circular cylinders, with and without 
separator, are given in Table 1 and Figure 1 and 
Figure 2. G1 is the distance between the cylinder 
and the upstream plate, and G2 is the distance be-
tween the cylinder and the downstream plate. The 
parameters of this article are dimensionless. The 
drag force is the sum of the frictional and pres-
sure drag force. In fact, the drag force is the sum 
of the horizontal forces applied by the fluid to 
the cylinder.

In this paper, the effect of separating plates on 
the flow around the cylinder as well as the drag 
coefficient for the ratio of a/b=0.5 is investigated. 
a is the smaller diameter and b is the large ellip-
tic diameter . First, the streamlines and vortices 

around the cylinder is examined without separa-
tor, and then the effect of a separator at the up-
stream on the flow behavior is investigated, and 
finally, by choosing the optimum value of G1 
(which produces the lowest drag coefficient), 
the effect of the second plate at downstream on 
the flow around the cylinder and the drag coef-
ficient is investigated, and the optimum G2 value 
is determined.

Figure 3 shows the streamlines at Re = 100 
for elliptical cylinders at the instant of 120 sec-
onds. In Figure 3a on the right of the elliptical 
cylinder there are two wake values, one of which 
is being detached and the other one is growing. 
The drag coefficient obtained for this cylinder 
(with no separating plate) is 1.43. In the follow-
ing the effect of placing a separating plate in top 
of flow on flow behavior and drag coefficient 
is investigated. Initially we attach the separator 
plate to the cylinder, see Figure 3b. It is notice-
able that the size of the vortexes is reduced, and 
in this case the drag coefficient is equal to 1.14. 
Increasing the gap between the cylinder and the 
separator plate up to G1=1, see Figure 3c, the drag 
coefficient is equal to 0.99. By increasing the gap 
between the separator and the cylinder to G1=1.5, 
the size of the vortex suddenly decreases dramati-
cally and the size of the drag coefficient reaches 
its minimum of 0.98, as shown in Figure 3d. As 
the distance increases to G1=2, the size of the vor-
tex increases again, and the drag coefficient also 
increases, and in this case it will be equal to 0.99. 
Finally, it is observed that with further increase, 
the distance between the cylinder and the vortex 
size separator will be almost constant, and the 

Figure 1. Vortex around and behind the cylinder for cylinder with downstream separating plate 
with G1/d =2.0 and Re=100 in the present work.

Table 1. Comparing Cd the results with the results of Hwang et al. [19] for a cylinder, with and without separat-
ing plates.

Cases Hwang et al. [19] Present Difference (%)
Cylinder without separating plates 1.33 1.30 2.25
Cylinder with a downstream separating plate with G2/d=2.0 1.14 1.20 5.26
Cylinder with an upstream separating plate with G1/d=2.0 0.96 0.92 4.17
Cylinder with two separating plates and G1/d =1.5 and G2/d =2.4 0.93 0.91 2.15
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drag coefficient will not significantly increase. 
Figure 4 shows the variation in the drag coeffi-
cient (Cd) by the distance of separator relative to 
the cylinder. As it is shown, the Cd first shows a 
decreasing trend so that at G1=1.5 it reaches its 
minimum value and then it shows an incremen-
tal behvior. Thus, for the next step, in which the 
effect of the size of G2 on the drag coefficient is 
examined, the second plan is held in place and G1 
kept constant, G1 = 1.5.

In the first case, the value of G2 is zero. By 
comparing the Figure 5 with Figure 3d, it is shown 
that in the absence of a second plane, there is only 
one wake on the downstream, but by placing the 
second plate, another wake is also observed. The 
drag coefficient, which in the case without second 
plate is 0.98, in this case its value has dropped 
to 0.93. In the next step, the distance G2 is set 
to 0.2 and then to 0.5. As shown in Figure 5, in 

these cases two wakes are also observed, but the 
center of the wakes moves away from cylinder 
compared with previous case, and therefore the 
size of the drag coefficient has slightly increased, 
reaching about 0.96 (for G2=0.2) and 0.98 (for 
G2=0.5). Then G2 is increased to 1.5, and it is 
shown in Figure 5 that one of the wakes get clos-
er to the cylinder and this phenomenon reduces 
the drag coefficient to about 0.95. By placing 
downstream plate away from cylinder, the center 
of second wake becomes closer to cylinder and 
this phenomenon causes further decrease of the 
drag coefficient. The value of the drag coefficient 
for the G2=3, G2=3.5 and G2=4 cases are 0.89, 
0.87 and 0.86, respectively. As the G2 distance 
increases, the sudden increase in the drag coef-
ficient to about 0.98 has been seen, which is due 
to the formation of a vortex at the downstream 
and a decrease in pressure in this region. Figure 6 
shows the variation in the drag coefficient (Cd) 
in terms of the distance of the second separator 
from the cylinder (G2). As can be seen, the graph 
first has an incremental trend, so that at G2=0.5 
it reaches its maximum value and then decreases 
until it reaches its minimum value in G2=4.0 and 
then increases suddenly at G2=4.5 and for higher 
values of G2, drag coefficient remains unchanged.

Figure 4. The variation in the Drag coefficient (Cd) in 
terms of the separator spacing from the cylinder (G1)

Figure 2. Comparison of streamlines in the present work (on the right) and Hwang et al. [26] (on the left). 
Re=100, G1/d =1.5, G2/d =2.4, Cd=0.91.

Figure 3. Stream lines around the cylinder for (a) 
no-separator plate, (b) G1 = 0, (c) G1 = 1, (d) G1 = 1.5
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CONCLUSIONS

In this study, we have used the immersed 
interface method, which is a non-conforming 
meshes method. The flow around a rigid cylin-
der is simulated. The goal is to reduce the drag 
force on the cylinder through one and two hori-
zontal plates. The results are in good agreement 
with other results. First, for the validation of the 
method used, the flow around a cylinder with or 
without horizontal plates is simulated and com-
pared with the results of Hwang et al. [19]. The 
results indicate that the use of horizontal plates 
affects the reduction of drag force on the cylinder. 
The numerical results show a good agreement 
with the results of of Hwang et al. [19].The reduc-
tion of drag force on a cylinder is investigated by 
means of two separated plates from the cylinder 
which is studied. To do this, two plates of identi-
cal length equal to the diameter of the cylinder (d) 
were placed along the horizontal center line, one 
on the upstream of the cylinder and the other near 
the separation zone. Their position is defined by 
the ratio of intervals G1 and G2. With changes of 
these two distance ratios, drag force changes, and 
in some specific G ratios, for each Reynolds num-
ber it has a minimum value. The upstream plate 
with producing friction reduces the stagnation 

pressure, and the downstream plate increases the 
pressure behind the cylinder by removing vor-
texes. The combination of these two effects will 
dramatically decrease drag forces on the cylinder. 
After passing through the optimal value of G2, the 
drag force increases sharply, this is due to the for-
mation of vortexes in the wake region.
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