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Abstract—The 2D, viscous and incompressible flow around a single cylinder and then around two circular cylinders in 
tandem arrangement was numerically simulated using commercial software ANSYS FLUENT 13.0.0. Initially, the 
computational simulation for a single cylinder was performed in unsteady laminar regime (Reynolds Number, Re= 50, 80, 
100, 150, 200, 300). The results obtained were used for validation of working methodology and computational domain. 
Further, adopting the same methodology, a rigorous study was made for flow over two cylinders and the simulations were 
performed for different longitudinal gap ratios for tandem arrangement (1.5 < L /D < 5.5) in unsteady laminar (Re =100, 200) 
regime, where T is the distance between the centers of two cylinders in tandem arrangement and D is the diameter of cylinders. 
The Reynolds number is based on the diameter of cylinders, D. The pressure field and vorticity distributions along with the 
associated streamlines and the time histories of hydrodynamic forces were also calculated and analyzed for different gap 
ratios. Different flow patterns were observed as the gap ratio and Reynolds number varied. Accordingly, variation of 
hydrodynamic forces at lower and higher gap ratio was studied. This revealed the effect of the Reynolds number and tube 
spacing on the behavior of flow and vortex shedding characteristics. 
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I. INTRODUCTION 
 
The study of a pair of cylinders in cross flow has 
gained significant attention in the recent years. Flow 
past a circular cylinder has been a major research area 
in fluid mechanics, not only because of the geometric 
simplicity but also because of the great practical 
importance in engineering. At a very low Reynolds 
number (Re= UD/υ <<1), flow around a circular 
cylinder is steady and symmetrical upstream and 
downstream, where U is the free-stream velocity, D the 
cylinder diameter and υ the fluid kinematic viscosity. 
As the Reynolds number increases, the 
upstream-downstream symmetry disappears behind a 
cylinder. These eddies becomes bigger with increasing 
Reynolds number. For Re>45, unsteadiness arises 
spontaneously even though all the imposed condition 
are being held steady and vortex shedding appears 
behind a circular cylinder surface. Also, when 
vortex shedding occurs behind a circular cylinder, 
drag on the cylinder increases and body suffers from a 
periodic forcing in the normal direction to the main 
stream. These forces sometimes shorten the life of the 
structure. Cylinder-like structures can be found both 
alone and in groups in the designs for heat 
exchangers, cooling systems for nuclear power plants, 
off shore structures, buildings, chimneys, power lines, 
struts, grids, screens, and cables, in both air-and 
water-flow. In many of these engineering 
applications, Karman vortex shedding is responsible 
for problems with flow-induced vibration and noise. A  

 
complete understanding of the fluid dynamics for the 
flow around a circular cylinder includes such 
fundamental subjects as the boundary layer 
separation, the free shear layer, the wake, and the 
dynamics of vortices. As a matter of fact, less well- 
studied and understood are the changes to the flow 
around a single circular cylinder which may occur 
when two or more circular cylinders are placed in 
close proximity to one another. 
 In this regard, wake interaction between two 
cylinders in tandem and side by side arrangements 
was studied experimentally by some researchers such 
as Bearman and Wadcock, Zhang and Melbourn 
and Ryu et al. In 1997, Mittal et al. have investigated 
flow over two cylinders numerically using a stabilized 
finite element method and reported their study for the 
Reynolds numbers of 100 and 1000 in tandem and 
staggered arrangements for different spacings. 
Meneghini et al. (2001) employed a 2-D finite 
element method to study the vortex shedding and 
wake interference between tandem and side-by-side 
cylinders at Re = 200 at different spacing. Ding et al. 
(2007) has employed a mesh-free least square-based 
finite difference method to investigate the flow past 
two tandem and side-by-side cylinders for the 
Reynolds numbers of 100 and 200. 

 Singha and Sinhamahapatra, (2010) [17] 
employed a second-order implicit finite volume 
method to study the laminar flow around tandem 
circular cylinders at 40 <= Re <=150. Few other works 
done in the year 2011 also try to explain different 
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behavior of flow when occurring past a pair of 
cylinders. 

This study aims mainly explaining the effects of 
changing gap spacing between two cylinders when 
placed in tandem arrangement. A significant 
discussion regarding the variation of drag and lift 
forces has been made in this context. Also, the 
importance of the non-dimensional parameter 
Strouhal number has been explained in the end. 
 
II. NUMERICAL METHODOLOGY AND 

BOUNDARY CONDITIONS 
 

The basic principles of conservation of mass, 
momentum and energy when applied to fluid flow lead 
to the governing equations of fluid flow. They are 
popularly called as the Navier-Stokes equations and 
describe the motion of fluid substance. Solving any 
problem in fluid mechanics numerically basically 
means solving these equations under some conditions 
specific to the problem. Conservation of mass applied 
to the fluid flow leads to the continuity equation which 
can be written, in one of its forms, as: 

0)( 

 udiv

t


     

 (1) 
 
Similarly, the momentum conservation equation in 

its most useful form, as far as present study is 
concerned, can be written as: 
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In the above equations,  denotes the density of 
fluid which is treated constant here as we are dealing 
with incompressible fluid flow. Here, u and µ refer to 
velocity and dynamic viscosity respectively. Without 
considering the body forces in much detail their 
overall  effect  can  be  included  by  defining  a  source 
SMx of  x-momentum  per  unit volume per unit time. 
Similarly, we have SMy for y-momentum.  The 
z-momentum equation is not required as we are 
dealing with 2-dimensional flows. For detailed 
discussion on governing equations of fluid flow, one 
may refer to any standard textbook on Computational 
Fluid Dynamics. [9] 

 
Boundary conditions and other specific details have 

been discussed under individual headings as follows. 

III. FLOW PAST A CIRCULAR CYLINDER 
 

In this section, flow past a cylinder in transient 
laminar regime is studied using laminar viscous 
model in 2D. As our main focus is flow past a pair of 
cylinders, we shall briefly explain this work which 
was done as a validation of our adopted methodology. 
The flow quantity on cylinder surface were calculated 
and compared with those from the published 
experimental and numerical literature. Very good 
agreement was obtained which proves that the current 
computational domain and adopted methodology is 
valid and can be readily extended for the case of two 
cylinders. 

Computational domain: The computational 
domain and the boundary conditions for the 
simulation of the flow are shown in Figure 1(a). The 
cylinder is simulated with a diameter (D) of 1 cm. The 
computational domain consists of an upstream of 10 
times the diameter to downstream of 25 times the 
diameter of the cylinder and 8 times the diameter on 
each cross-stream direction. 

 

 
 

Fig. 1(a) Computational domain 
Meshing: An unstructured triangular mesh is 

employed in these simulations. Unstructured mesh is 
generated using ANSYS GAMBIT 2.3.16, and then 
imported into ANSYS Fluent 13.0. Figure 1(a) 
displays the mesh generation in the computational 
domain. Figure 1(b) shows the grid near the cylinder 
surface of the domain. Near to the cylinder wall and in 
the wake, very fine mesh is required to resolve 
boundary layer separation and the vortex street.  

     
Fig. 1(b) Mesh near the cylinder 

Material Properties: In Fluent, while simulating 
this case, fluid material is taken as air with constant 
density of 1Kg/m3 and viscosity 0.001 Kg/m-s for all 
Reynolds number. 

 Boundary conditions: Longitudinal uniform 
velocities of 0.5 m/s, 0.8m/s, 1m/s, 1.5 m/s, 2 m/s and 
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3 m/s are introduced at the inlet correspond to the 
Reynolds number of 50, 80, 100, 150, 200 and 300 
respectively. The outlet boundary is defined with an 
average static reference pressure of 0 Pa. The cylinder 
wall is no slip wall boundary condition where velocity 
increases from zero at the wall surface to the free 
stream velocity away from the surface and the rest of 
the boundaries (top and bottom wall) are symmetry 
boundary condition. 

Result and Conclusion: 
We carried out the simulations for an unsteady 
laminar regime (50 ≤ Re ≤ 300). The choice of the 
Reynolds numbers of simulation depends largely on 
the numerical and experimental data available. 
Moreover, as the flow past the cylinder in this regime 
is two dimensional, all the simulations have been 
performed in transient and 2D. In order to better 
understand the flow characteristics and wake 
interference between two tandem cylinders, analyzing 
the vortex shedding behind a single circular cylinder 
can be used as a guiding problem. Critical flow 
parameters, which are non-dimensional vortex 
shedding frequency, time-averaged drag coefficient 
and fluctuating lift coefficient, have been predicted 
and some of them calculated values are compared with 
available numerical and experimental data. In 
addition, time averaged pressure distribution are 
calculated around the cylinder surface. 

First mesh independency test was performed 
through different grids at Re = 100. We took four types 
of grids- coarse, standard, fine and very finer and it 
was revealed that the standard mesh is best for our 
study. Grids fineness in the region of cylinder was 
controlled by number of nodal points on cylinder 
circumference. We set the non-dimensional time step 
to approximately 0.02, to maintain the Courant 
number less than 1 for solution stability. 

The drag coefficient and lift coefficient as a 
function of the dimensionless time for different values 
of the Reynolds number is shown in Fig. 3 and 5. 
These results were obtained using Equation 4 and 5 
written below: 

    Cd  = Fd/(0.5 U2A)       (4) 

    Cl   = Fl / (0.5 U2A)      (5) 
where A is the projected area in the flow direction 

and Fd is the sum of the pressure force and the viscous 
force components on the cylinder surface acting in the 
horizontal direction whereas Fl is that in the vertical 
direction. 

 
We observed that above Reynolds number 50, the 

flow shows unstable behavior. This is in accordance 
with established literatures as the critical Reynolds 
number is approximately Re = 47, as predicted by the 
linear theory of stability. 

 

           
 
Fig. 2. Streamlines, Vorticity and pressure field 
contours at t = 30.55 s, Re = 50 
(Note- In thses figures, Flow has been shown to 

occur from bottom towards top) 

Fig. 3: Variation of Cd & Cl with time at Re 

=50    
Fig. 4. Streamlines, Vorticity and pressure field 
contours at t = 1.04, Re = 100 
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Fig. 5: Variation of Cd & Cl  with time at Re = 100 
 

Similarly, for other Reynolds number also, we got 
desirable results (contours and Cd & Cl curves) which 
have not been incorporated here unnecessarily as our 

main target is investigation of flow over two cylinders. 
However, validation of methodology was done by 
study on a single cylinder only and hence the 
corresponding tables and curves are presented below 
for each Reynolds number. We need to compare any 
two parameters, which in this paper; we have chosen 
to be drag coefficient and strouhal Number. Strouhal 
number is a dimensionless parameter which describes 
the shedding of the vortices in the wake region of a 
flow. It relates the frequency of vortex shedding to the 
incident wind speed, 
               S = fD/u          (6)
 where D is the diameter of the cylinder and u is the 
velocity of the flow. f is the shedding frequency of 
vortices equal to 1/T and f is called the Strouhal 
frequency or the vortex shedding frequency where T 
denotes the period. 

Table 1: Comparison of Coefficient of Drag “Cd” at 50 ≤ Re ≤ 300 

Re Presen

t 

Sucker et 

al.  [21] 

Ye et 

al. 

Triton 

[22] 

Meneg-hini 

et al. [14] 

Mahir 

et al. 

Singha 

[17] 

Kang 

[24] 

Silva 

et al 

Park 

et al. 
50 1.51 1.65 - - - - - - 1.46 - 
80 1.46 1.51 1.37 - - - - - 1.4 1.35 
100 1.39 1.45 - 1.29 1.37 1.35 1.36 1.33 1.39 1.33 
150 1.37 1.36 - - - - - - 1.37 - 
200 1.36 - - - 1.3 1.376 1.337 - 

 
- 

300 1.31 1.22 1.38 - - - - - 1.27 - 
 

Table 2: Comparison of Strouhal Number “S” at 50 ≤ Re ≤ 300 

Re Presen

t 

Silva et 

al. [7] 

Meneghini et 

al. [14] 

Mahir et 

al. [10] 

Singha 

[17] 

Kang 

[24] 

Williamson 

[29] 

Roshiko 

[1] 
50 0.129 0.123  -  - -  -  0.123 -  
80 0.154 0.153  - -  -  -  0.153 0.152 
100 0.166 0.162 0.165 0.172 0.165 0.165 0.164 0.162 
150 0.184 0.18 -  -  -  -  0.185 0.18 
200 0.194 -  0.196 0.192 0.192 -  0.2 -  
300 0.207 0.19  - -  -  -  0.22 0.19 

 
Fig.6 : Validation curve between Cd and Re ≤ 300

The comparison of the drag coefficient, obtained in 
the present work, with other numerical and 
experimental results, is presented in Table 1. 

Excellent agreement has been obtained [6,21,22,23], 
as it can be seen in validation curve in Fig.6. This 
suggests that a similar numerical approach shall be 
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desirable for study of flow over two cylinders as well and would yield significant results. 
 

 
 

Fig. 7. Validation curve between S and 50 ≤ Re ≤ 300 
 
Table 2 and Fig. 7 establish that the results of present 
work fully match with the published works done in 
past years. Hence, our choice of computational 
domain, standard mesh and working method is 
correct. Now, we are in a position to proceed for 
simulation of flow over two cylinders and to study the 
effect of tube spacing on vortex shedding and 
hydrodynamic forces. 
 
IV. FLOW PAST A PAIR OF CIRCULAR 

CYLINDERS IN TANDEM 
ARRANGEMENT 

 
In this section, numerical simulation of the 2-D 

unsteady laminar flows around two circular cylinders 
in a tandem arrangement has been discussed. The 
computations were carried out at Re = 100 for the 
spacing of 2.5 and 5.5 diameters and at Re = 200 for 
1.5 ≤ L / D ≤ 4, in our work. The remarkable 
observations made shall be discussed here. 

 
Computational domain: The computational 

domain and the boundary conditions for the 
simulation of the flow are shown in Fig. 8. The 
cylinders are simulated with a diameter (D) of 1 cm. 
The computational domain consists of an upstream 
of 10D to downstream of 25D and 8D on each 
cross-stream direction. The downstream cylinder was 
placed on downstream streamline at (L/D X D = L), 
for tandem arrangement.  

 

 
Fig. 8 (a) Full computational domain with boundary 

conditions 
 
Material properties: : Again, while simulating 

this case, fluid material is taken as air with constant 
density of 1Kg/m3 and viscosity  0.001 Kg/m-s for 
Reynolds number 100 and 200. 

Boundary conditions: Longitudinal uniform 
velocities of 1m/s and 2 m/s are introduced at the inlet 
correspond to the Reynolds number of 100 and 200 
respectively. The outlet boundary is defined with an 
average static reference pressure of 0 Pa. The cylinder 
wall is no slip wall boundary condition where velocity 
increases from zero at the wall surface to the free 
stream velocity away from the surface and the rest of 
the boundaries (top and bottom wall) are symmetry 
boundary condition 

Meshing: An unstructured triangular mesh is 
employed in these simulations. Unstructured mesh is 
generated using ANSYS GAMBIT 2.3.16, and then 
imported into ANSYS Fluent 13.0. Figure 8(a) 
displays the mesh generation in the computational 
domain. Figure 8(b) shows the grid near the cylinder 
surface of the domain. Near to the cylinder wall and in 
the wake, very fine meshes are required to resolve 
boundary layer separation and the vortex street. 
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Fig. 8(b) Enlarged view near the cylinders 
 

V. RESULT AND CONCLUSION: 
 

Presence of another circular cylinder of the same size 
in the flow field will cause different flow behaviors 
around two cylinders in comparison to the single 
cylinder situation. More complex vortex shedding is 
observed and depending on the spacing between 
cylinders and the wake interference, different vortex 
patterns can be seen.  

To illustrate the effect of gap spacing, different gap 
spacing between cylinders were considered, at Re 
=100, this spacing was set to L / D = 2.5 and 5.5 and at 
Re = 200, it is set to 4 different values as L / D = 1.5, 2, 
3, 4. All the simulations have been performed in 
transient and 2D, as this is unsteady laminar 
regime. 

 

            
 

Fig. 9.Streamline and Vorticity contours at t = 8.24 s, t = 
8.27 s and t = 8.29 s respectively at Re = 100 L/D = 2.5 

      
  (a)                                      (b) 
 Fig. 10. (a )Corresponding pressure contours at Re= 

100 L/D = 2.5 and (b) Variation of Cd at Re = 100 with 
L/D=2.5    

 
Fig. 11. Variation of Cl at Re = 100 with L/D=2.5      
 
Moreover, It appears clearly that the downstream 

cylinder (abbreviated as DC) experiences greater life 
fluctuation than the upstream cylinder (UC). A close 
examination, shows that for L / D = 2.5 the 
downstream cylinder undergoes a negative drag. 
The reason may be attributed to the relatively 
low-pressure wake region behind the upstream 
cylinder which completely encases the downstream 
cylinder. Hence the downstream cylinder tends to go 
against flow if allowed. 

The figures below shows some snapshots of the flow 
pattern observed at Re= 100 with L/D =2.5 (left 
column) and 5.5 (right column).The time-dependent 
variations of drag and lift coefficients for both 
cylinders at Re =100 and L/ D = 2.5 are presented in 
Figure 10(b) and 11 respectively. From this, it can be 
seen that as time goes passes, the initial transient 
solution reaches a steady state and oscillating nature 
of the lift coefficient becomes constant. 

 

           
Fig.12. Streamline and Vorticity contour at t = 1.85 s, t = 
1.87 s and t = 1.89 s respectively at Re = 100, L/D = 5.5 

 

        
         (a)                                          (b) 
Fig. 13. (a )Corresponding pressure contours at Re= 

100 L/D = 5.5 and (b) Variation of Cd at Re = 100 with 
L/D=5.5    
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Fig. 14. Variation of Cl at Re = 100 with L/D=5.5      
 
The presence of the downstream cylinder leads to 

the pressure increase in this region. As a result, 
upstream cylinder experiences lesser drag force 
(L/D=2.5). 

The reason of more lift oscillations with the 
downstream cylinder is attributed to the dominance 
of wake interference effect for this small spacing. 
Also, if we increase the gap, the wake interference 
effects due to the presence of the downstream cylinder 
decreases. 

 
Now considering the higher gap ratio of L/D= 5.5, 

since the downstream cylinder lies in the full wake of 
the upstream cylinder, it will undergo significant 
changes in its force coefficients. At this gap ratio, 
vortex shedding happens from both cylinders, (see 
flow pattern) which leads to the variations of 
hydrodynamic forces to follow an oscillating trend 
with large amplitudes now as compared to the case 
of L / D = 2.5 . Observations revealed that the drag of 
the downstream cylinder becomes positive, which 
gives an idea that the pressure field created by the 
upstream cylinder must have been intensified. 

 
At L/D = 2.5,(fig. 9 and 10(a)), we notice another 

remarkable phenomenon, the reattachment of the 
separated shear layers from upstream cylinder onto 
the surface of the downstream one. Also, the flow 
pattern behind downstream cylinder shows a steady 
behavior because no vortex is impinged onto the 
downstream cylinder from the upstream one. Contrary 
to this, at L/D=5.5, (fig.12 and 13(a)), the pressure in 
front of both cylinders becomes higher than the one 
behind them (Fig.13 (a)). The vorticity contours reveal 
that besides the fact that vortices are also shed from 
upstream in this gap, co-shedding happens i.e. the 
separated shear layers from the upper cylinder form a 
short Karman vortex street in the gap. Streamlines 
show that the impact of vortices has caused the flow 

behind the downstream cylinder to become more 
unstable. 

 
The effect of change in gap spacing is even more 

prominently visible at the higher Reynolds number 
of Re=200. This becomes clear from the figures 
presented below which were obtained from the 
simulation at Re= 200. This time we choose lower L/D 
= 2.5 but higher L/D = 4 only (instead of 5.5, to show 
increased effect of relatively less change in gap ratio, 
at comparatively higher Reynolds number) 

 

           
 

Fig. 15. Streamline and Vorticity contours at t = 6.70 s, t 
= 7.14 s  and t = 7.32 s respectively at Re = 200  L/D = 2.5 

         
Fig. 16 (a) Corresponding pressure contour at Re= 200, 
L/D=2.5 and (b) Variation of Cd at Re = 200 with L/D = 
2.5  

 

 
      

Fig. 17. Variation of Cd at Re = 200 with L/D = 2.5 
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Fig. 18. Streamline and  Vorticity contours at t = 1.42 
sec, t = 1.43 sec and t = 1.44 respectively at Re=200, 

L/D=4 

       
 

Fig. 19 (a) Corresponding pressure contour at Re= 200, 
L/D=4 and (b) Variation of Cd at Re = 200 with L/D = 4 
 

 
  
Fig. 20. Variation of Cd at Re = 200 with L/D = 4 

Table 3: Comparison of flow parameters for two tandem cylinders at Re =100 and Re= 200 

 Parameters 
results Mean drag coefficient Strouhal number 

Re=10
0 

L/D 
  Presen

t 

Hesam 
et al. 
[10] 

Mittal et 
al. [13] 

Ding et 
al. [16] 

Sharma 
et al. 
[25] 

Presen
t 

Hesa
m et 
al. 

[10] 

Mittal et 
al. [13] 

Ding 
et al. 
[16] 

Shar
ma et 

al. 
[25] 

2.5 
UC 1.221 1.238 1.271 1.63 1.714 - - - - - 

DC -0.078 -0.07
1 -0.075 -0.089

5 -0.062 - - - - - 

5.5 UC 1.371 1.334 1.433 1.329 1.254 0.16 0.165 0.168 0.16 0.15
4 

DC 0.885 1 0.858 0.952 0.654 0.16 0.165 0.168 0.16 1.54 
Parameters 

results Mean drag coefficient Strouhal number 

Re=20
0 

L/D 
  Presen

t 

Hesam 
et al. 
[10] 

Meneghin
i et al. [14] 

Mahir 
and 

Atlac 
[20] 

Slauti 
and 

Stansby  

Presen
t 

Hesa
m et 
al. 

[10] 

Meneghin
i et al. [14] 

Mahir 
and 

Atlac 
[20] 

Slaut
i and 
Stan
sby  

1.5 UC 1.41 1.05 1.06 - - 0.166 0.175 0.167 - - 
DC -0.21 -0.15 -0.18 - - 0.166 0.175 0.167 - - 

4 
UC 1.336 1.16 1.18 1.34 1.11 0.181 0.179 0.174 0.18

1 0.19 

DC 0.709 0.52 0.38 0.558 0.88 0.181 0.179 0.174 0.18
1 0.19 

 
As a conclusion, the case of Re=200 is similar to 

that of Re=100 in regard that for small gaps, as time 
advances, a steady solution takes the place out of the 
unsteady initial solution caused by small disturbances 
during the beginning of the flow. However, for larger 
gaps e.g. L/D=4, the case is entirely different and both 
cylinders show distinct behaviors. Unlike previous 

cases, at this spacing the drag coefficient becomes 
positive for the downstream cylinder. 

 
Finally, the importance of Strouhal number is worth 

mentioning here. Response of cylinders to changes in 
drags and lifts forces and hence, the possibility of 
failure of structure when the oscillation frequency 
comes near to the resonance frequency can be 
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predicted with the aid of this number. As such, we 
have presented above, the comparisons of the Strouhal 
numbers and mean drag coefficients in the present 
work with other data for Re =100 and 200 in Table 3. 
Also, the effect of wake interference in the variation of 
this number becomes significant by the obvious fact 
that the Strouhal numbers for both cylinders are the 
same and they are all smaller than those of a single 
cylinder. 
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