
Abstract— In this paper, the onset of vortex shedding and flow 
configurations over two equal square cylinders in tandem 
arrangement are carried out on a finite volume code based on the 
SIMPLEC algorithm and non-staggered mesh for both steady and 
unsteady incompressible laminar flow in the two dimensional regime. 
The calculations are performed for a Reynolds number range varying 
from 1 to 200 and spacing between the cylinders is five widths of the 
cylinders. The mesh is finer close to the cylinders walls in order to 
have a better description of boundary layer. In this research, the 
influence of Reynolds number and the onset of vortex shedding on 
the flow patterns around the cylinders are presented in detail. In 
addition, the quantities such as pressure and viscous drag 
coefficients, RMS lift and drag coefficients, recirculation length and 
phase lag are presented and explained. It is found that the onset of 
vortex shedding occurs for a Reynolds number varying 35 to 40. 
 
   Keywords—Control Volume, Laminar Flow, Square 
Cylinder, Unsteady Flow, Vortex Shedding. 

I. INTRODUCTION 
HE main anxiety about flexible structures exposed to the   
flow is vibration and fluctuating forces which are caused 

by vortex shedding phenomenon. The interaction of the flow 
about groups of cylinders is becoming an increasingly popular 
field of many studies. Flow interference is responsible for 
several changes in the characteristics of the flow around pairs 
of cylinders which can provide a better understanding of the 
vortex shedding and aerodynamic forces, in cases involving 
more complex arrangements. Some examples including; group 
of electrical transmission lines, tall buildings and skyscrapers 
in a city, cooling towers, chimneys, pipelines, cables and 
bundles of tubes in heat exchangers. These flows usually 
include some complex events such as separation flow, wake 
region, shear flow and eddy shedding. 

Square cylindrical geometries often appear in many 
structures and industrial applications. Although these 
structures are very simple, the flow pattern around them is not. 
The square cylinder is a bluff body and can forms a large 
separated region and a massive unsteady wake downstream. 
Separated wake and its patterns are nearly impossible to 
predict analytically and hence must be solved either through 
experimental and numerical methods. 

It seems that is some similarity between the flow structures 
of the single and tandem cylinders. Zdravkovich [1], [2] has 
reviewed the problem of flow interference when two cylinders 
are placed in side-by-side, tandem and staggered arrangements 
in a steady flow. Quoting his words, he observed that “when 
more than one bluff body is placed in a fluid flow, the 
resulting forces and vortex shedding patterns may be 
completely different from those found on a single body at the 
same Reynolds number”. A variety of flow patterns, 
characterized by the behaviour of the wake region, may be 
discerned as the spacing between two square cylinders is 
changed. The large separated wakes from each of the square 
cylinders interact with each other to form a flow that is greatly 
different than the flow around a single cylinder. The exact 
form of the interaction is highly dependent on the Reynolds 
number of the flow and on the cylinder placement. 

Mani and Mahjoob [3] compared aerodynamic 
performances of two set finned bodies with circular and non- 
circular cross sections. They studied flows over two circular 
and square bodies with rounded corners, which are attached to 
two fins in the free stream Mach number of 0.83 
experimentally and numerically. The experiment data in 
different angles of attack indicate that the square fin body 
configuration has higher aerodynamic lift and drag 
coefficients than the circular one. Also, the results indicate the 
same aerodynamic performance for both bodies. The results of 
CFD confirm the deduction obtained from experiment and, 
also they explain the aerodynamic parameters of different 
parts of fin-body configurations which are very important. 

Portugaels et al. [4] determined aerodynamic force 
coefficient acting on octagonal lighting columns 
experimentally. The aerodynamic forces induced by the wind 
on octagonal cylindrical elements with different diameters, 
different edge curvature radii and different roughness have 
been measured in a wind tunnel in order to determine the 
influence of these parameters on the aerodynamic force 
coefficients. Their database showed that the force coefficients 
for octagonal cylinders depend strongly on the surface 
roughness and rounded edge radius. They are also more 
important than for the circular cylinders, especially at high 
Reynolds number. 
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S.R Sabbagh et al. [5] numerically simulated the wind 
around circular cylinder. They solved two dimensional 
Navier-stokes equations for an incompressible fluid combined 
with a SGS eddy viscosity model to simulate turbulent. Their 
computed results are presented in terms of color coded maps 
of pressure and velocity fields as well as velocity vectors on 
boundary surfaces of the solution domain. The results show 
that, there are differences in computed pressure fields on the 
wall surface of the circular cylinder due to application of SGS 
turbulent eddy viscosity model. 

Benra and Dohmen [6] numerically simulated interaction 
between fluid and structures with square cross section. They 
found the fundamental relations for the calculation of the flow 
behavior and of the structure dynamics. 

The literature review has been declared, there is a much 
shorter history of flow over two square cylinders than that of 
flow over a single square cylinder. The fundamental fluid 
dynamics problems of single circular and square cylinders 
have been examined extensively in both numerical and 
experimental studies [7]-[11]. Some of them reviewed results 
of numerical and experimental carried out over a wide range 
of Reynolds numbers and vortex shedding of more-or-less 
bluff bodies. Their results showed that the flow patterns 
around 2D bodies can be highly three-dimensional. Tatsutani, 
et al. [12] studied tandem square cylinders in a channel for 
Reynolds numbers between 200 and 1600 based on the 
downstream cylinder. They observed distinct flow patterns 
that are dependent on a critical inter-cylinder spacing. Below 
the critical spacing, two counter-rotating eddies formed in the 
gap between the square cylinders and vortex shedding was 
only observed for the downstream cylinder. At the critical 
spacing, vortex shedding was initiated for the upstream square 
cylinder. A reduction in the size of the eddy promoter caused 
an increase in the frequency of vortex shedding from the 
downstream square cylinder. 

Flow structure and heat transfer from two equally sized 
tandem rectangular cylinders in a channel were numerically 
simulated by Valencia [13], [14]. He observed that the 
channel blockage ratio was the dominant parameter for heat 
transfer enhancement. He also found that, the drag coefficient 
and the pressure loss increases due to the existence of the 
rectangular cylinders in the channel. 

Devarakonda and Humphrey [15] performed experimental 
and numerical investigations for the unsteady flow past a 
tandem pair of square cylinders for a Reynolds number of 592 
based on the downstream cylinder. The presence of an eddy 
promoter enhanced the heat transfer of the downstream 
cylinder and reduced the drag experienced by the two 
cylinders. The channel flow had a uniform inlet profile. 

Subsequently, Devarakonda [16] numerically showed that 
the heat transfer from the downstream cylinder was 
maximized for certain inter-cylinder separations. 
Configurations that yielded a negative or zero drag coefficient 
for the downstream square cylinders were also found. 

A comprehensive review of earlier work on rectangular 
cylinders is available in Rosales et al. [17]. They numerically 

simulated the fluid flow and the heat transfer around two 
square cylinders with different sizes and arrangements in a 
channel, 500Re = . In this study, the channel walls and the 
upstream cylinder are considered insulators whereas the 
downstream cylinder is hot. It was shown that the drag 
coefficient and the Nusselt number of downstream cylinder 
decrease, when the inline or offset tandem pair of cylinders is 
positioned closer to a channel wall. 

Zhang et al. [18] and Dejong et al. [19] in their numerical 
and experimental model of offset-strip and louvered fins as a 
periodic inline and staggered array of rectangular cylinders, 
observed that the Karman vortices have a strong influence on 
heat transfer as they continually bring far-field fluid towards 
the cylinder surface and thereby thin the local thermal 
boundary layer. However, the associated pressure drop 
increases with the onset of vortex shedding. It is thus of 
interest to know when the onset of vortex shedding or Hopf 
bifurcation occurs in a periodic array of cylinders and how it 
is related to that of an isolated cylinder. 

Liu and Chen [20] performed an experimental study on the 
flow over two unconfined square cylinders in a tandem 
arrangement, 160002000Re −= . They reported that there is 
hysteresis with two discontinuous jumps, which is associated 
with two different flow patterns. The suppression of the fluid 
forces on the two square cylinders in a tandem arrangement in 
which a flow approaching the upstream cylinder was 
controlled by a flat plate was examined, with variation in 
spacing between the plate and upstream cylinder, 56000Re =  
[21]. Two square cylinders were installed in tandem in a 
vertical water tank and the effects of Reynolds number, 
spacing ratio and rotation angle of the downstream cylinder on 
the flow characteristic modes, drag coefficients and the vortex 
shedding frequency were experimentally studied by Yen et al. 
[22]. Mizushima [23] are investigated the interactions of 
wakes in a flow past a row of square bars, which is placed 
across a uniform flow, by numerical simulations and 
experiments. They are found that the vortices are shed 
synchronously from adjacent square bars in the same phase or 
in anti-phase depending upon the distance between the bars. 
The critical Reynolds numbers of the transitions are evaluated 
numerically. 

Although some information is available on the flow over 
two square cylinders in cross flow, virtually no analogous 
results are available for the very low-Reynolds number flow 
regime and its details such as separation point and the onset of 
unsteadiness. The objective of the present work is to study 
free-stream flow over two square cylinders and explore the 
link between fluctuating forces and the two dimensional 
laminar flow regimes for various Reynolds number. Although 
the flow regimes have been studied previously, the physics of 
flow patterns around two square cylinders, which is the focus 
of the present work, is largely unexplored. Another objective 
of this work is to generate a numerical database for the flow 
parameters with respect to the Reynolds number for the 
considered boundary conditions. 
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II. PROBLEM DISCRIPTION, NUMERICAL DETAILS, BOUNDARY 
CONDITIONS AND GOVERING EQUATIONS 

The problem under consideration is depicted in Figure 1. 
Two equal-sized tandem square cylinders with sides (d) are 
exposed at zero angle of attack to a constant free stream with 
uniform velocity represented by uin. Incompressible viscous 
flow with the constant fluid properties is assumed. All 
dimensions are scaled with side (d). The vertical distance 
between the upper and lower boundaries, H, defines the 
blockage of the confined flow (blockage parameter, B=d/H). 
It is expected that if the width of the computational domain 
(H) is chosen adequately large, the lower blockage parameter, 
the flow in the lower and the upper boundaries goes to the 
free-stream conditions. In the other words, these boundaries 
should be sufficiently far away from the cylinders to satisfy 
this boundary condition. Reference [24] was studied the effect 
of blockage, for a single square cylinder. They have shown 
that the free-stream condition is satisfied and that the 
boundaries have little effect on the flow patterns if %5=B . 

Also, Etminan [25] determined %5=B , i.e. 20=H  for two 
square cylinders to gaining the free stream conditions. In the 
present work, the blockage ratio is %5=B , The distance 
between the cylinders is selected as a constant value, i.e. 

5=G , and the upstream and downstream distances of the 
computational domain are selected 5=Xu  and 15=Xd , 
respectively, see Figure 1. These values are chosen based on 
the accomplished studies in the mentioned references. 

 
Fig. 1 Computational domain for flow around the square cylinders. 

 

A typical generated grid is shown in Figure 2. Owing to the 
existence of the cylinders and their effect on the flow, a non-
uniform grid is made around the cylinders using a hyperbolic 
tangent stretching function. This type of stretching functions 
and their advantages in non-uniform grid distribution have 
been discussed by Thompson et al. [26]. 

 

 
Fig. 2 Non-uniform computational grid structure. 

Beyond this non-uniform region (one d from cylinders 
surfaces), a uniform grid is established with the same size as 
the latest generated cell in the places with non-uniform grid 
distribution. The distribution of control volume size in X and 
Y direction are shown in Figure 3. The domain is divided into 
five and three separate zones in X and Y directions 
respectively included both uniform and non-uniform grid 
zones. The grid distribution was made uniform with a constant 
cell size, 0.18, outside a region around the cylinder that 
extended upstream, downstream, and sideways. A grid of 
much smaller size, d, is clustered around the cylinder, with the 
smallest cell size, 0.0053, over a distance of one unit to 
adequately capture wake-wall interactions. 

 

 
(a) 

 
(b) 

Fig. 3 The control volume size distributions: (a) in Y direction and 
(b) in X direction. 

 
The employed boundary conditions are as follows: 
Top and bottom boundaries: 0,0/ ==∂∂ VYU  
No-slip condition on the cylinders walls: 0==VU  
Uniform velocity at the inlet: 0,1 == inin VU  
Outlet boundary condition: 0/ =∂∂ XU  
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The unsteady Navier-Stoks equations in dimensionless form 
for incompressible flow by constant properties assumption are 
given as follows: 

Continuity: 0, =iiU                                                       (1) 

Momentum: ( ) jjiijjii UPUUU ,
1

,,, Re−+−=+τ
                  (2) 
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All of the above equations are presented with regard to 
constant density and viscosity. The Reynolds number is 
defined as ν/Re duin= . In above equations uin , d , ρ and ν 
correspond to the inlet flow velocity, the side of cylinders, the 
frequency of vortex shedding, density and kinematic viscosity 
of fluid.  

The total forces acting on cylinders that can be breakdown 
to the two components, e.g. drag and lift defines as follows: 

LiftDrag FFF
rrr

+=                                                   (3) 
Also, the total drag and lift forces that can be divided to 

pressure and viscous components are given as follows: 
)()(Pr)( dfSheardpessuredDrag FFF +=                                  (4) 

)()(Pr)( lfShearlpessurelLift FFF +=                                    (5) 

Now, the drag and lift coefficients are given as follows: 

CdfCdp
du

FCd
in

d +== 2

2
ρ

                                         (6) 

ClfClp
du

FCl
in

l +== 2

2
ρ

                                                              (7) 

An incompressible SIMPLEC finite volume code is used 
employing collocated grid arrangement. The scheme is 
implicit in time, and a second order Crank-Nicolson scheme, 
has been used. The convective and diffusive terms are 
discretized using QUICK and central differencing schemes, 
respectively. The time-marching calculations are commenced 
with the fluid at rest and a constant time step 025.0=Δτ  is 
used for all simulations. This value is chosen based on the 
presented numerical results by Sohankar [24] and the first 
author work [25]. 

III. RESULTS 
In what follows, the both of steady and unsteady flow 

around two square cylinders in tandem arrangement are 
investigated for 2001Re −=  at 5=G . It is observed that the 
flow is steady for 35Re ≤  and it changes to unsteady for 

40Re ≥ . In the steady cases, the selected Reynolds numbers 
for the present study are 1, 2, and 5 to 35 in steps of 5 and the 
chosen Reynolds numbers in the unsteady cases are from 40 to 
60 in steps of 5, from 60 to 100 in steps of 10 and from 100 to 
200 in steps of 25. For all simulations, the distance between 
the cylinders is considered as 5=G . In the unsteady flow 
regime, the time-averaged quantities of the fluid flow 
parameters are calculated over approximately 20 shedding 
cycles in the saturated state where the starting processes are 
negligible. At the first next part, flow patterns are presented 

and discussed, in that following, some global quantities versus 
the Reynolds number are studied. 

Instantaneous streamlines colored by x-velocity component 
and vorticity contours around tandem cylinders are shown at 
nine instants during a period of the vortex shedding for 

100Re =  in Figure 4. Owing to periodicity of the flow in the 
fully developed state, where the force signal amplitude 
reaches approximately to the constant levels, only nine 
instants during a shedding period are considered here. It is 
seen that a clockwise vortex is in development due to the 
separation at the upper rear corner of the upstream cylinder, 
see Figure 4(a,i). As it grows, with increasing strength but 
being fixed in position, the attachment point on the rear side is 
pushed downward, see Figures 4(b) and (c). As the attachment 
point more or less reaches to the lower rear corner at an 
instance between the corresponding time for Figures 4(c) and 
(d), a new anti-clockwise vortex is about to be formed at the 
lower rear corner, see Figure 4(e). As this new vortex grows, 
the old clockwise vortex is pushed away and is eventually 
shed into the wake of the upstream cylinder. In general, the 
same trend is also observed for the other time instants during 
the next half a shedding period but due to the separation 
occurs from the lower rear corner, see Figures 4(e-i). 

Figure 5 shows instantaneous pressure contours around the 
cylinders when the maximum lift force acting on upstream and 
downstream cylinder for different Reynolds number. As 
mentioned that earlier, the lift force has two part namely, 
pressure and viscous components (see equations 5 and 7). The 
pressure lift has the main role in lift force acting on cylinders. 
Non uniform pressure distribution on cylinder’s walls and 
vicinity of them, makes lift force. Also, from this figure can 
be found when maximum lift acts on upstream cylinder, the 
lift force acted on downstream is not at same phase. It is 
indicated phase lag, that will study at the following. 

Figure 6 shows the steady and unsteady streamlines and 
vorticity contours around the cylinders for the different 
Reynolds numbers. At very low Reynolds numbers, the 
streamlines stick to both the cylinders walls completely and 
flow separation does not occur (see Figure 6 for 1Re = ). As 
Reynolds number is increased, the flow is not fully attached 
and separation occurs. In this case, a pair of steady symmetric 
vortices forms behind the cylinders for 5Re ≥ . At higher 
Reynolds numbers, the formation length of the recirculation 
region behind the cylinders grows and the vortices become 
stronger. At a critical Reynolds number approximately   

4035Re −= , flow becomes unsteady and the vortex shedding 
occurs. This critical Reynolds number for the single square 
cylinder is reported in the range of 5540Re −= , [27]-[29]. 

For Reynolds number larger than the onset one, the twin 
vortex arrangement becomes unstable, and a time periodic 
oscillation wake and a staggered vortex street are formed from 
both the cylinders. For 40Re ≥  (B=5%), the separated 
vortices are shed alternately from the upper and the lower side 
of the cylinders. For Reynolds number larger than the critical 
one, the time-averaged streamlines and vorticity contours are 
provided to gathered global quantities that presented later.
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     Fig. 4 Instantaneous streamlines colored by x-velocity components (right side graphs) and instantaneous  
         vorticity contours (left side graphs) around the cylinders at nine instants during a period of the vortex  
                                                          shedding (see the opposite graph) for 100Re =  
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As seen, the x-velocity component level at the center of 
domain is lowest than other zones. It is caused by the existing 
of cylinders, boundary layer effects and recirculation flows 
behind the cylinders. The front sides of cylinders opposite to 
the incoming flow make the stagnation points that velocity 
will be zero there and pressure will be so high. The negative 
value of x-velocity components shows backward flow caused 
by wake regions. 

In general, the critical Reynolds number depends greatly on 
the distance between the cylinders, inlet flow condition, and 
the blockage ratio. For example, it is found that the onset 
Reynolds number for the tandem square cylinders occurs in 
the range of 35-40, and 40-45 for %5=B  and %10=B , 
respectively. As mentioned before, the results become 
independent from the blockage effect for %5≤B . Thus, it is 
expected that the accurate critical onset Reynolds number 
happens at approximately 4035Re −=cr

. In the steady cases, 
the recirculation length behind the cylinders becomes larger 
by increasing the Reynolds number and it reaches to the 
maximum size at the onset Reynolds number. In all the cases, 

the recirculation length of the upstream cylinder is larger than 
the corresponding value for the downstream cylinder. 

In the unsteady cases, the upstream recirculation length 
decreases with increasing Reynolds number, whereas the 
corresponding value for the downstream cylinder first 
decreases and then gradually increases. It is reported that the 
recirculation length for a single square cylinder increases up 
to approximately the onset of vortex shedding and then 
decreases and the same trend also occurs for the upstream 
cylinder in the tandem arrangement. As seen from Figure 5, 
the level of vorticity is high at the sharp edges of the 
cylinders. 

In addition, the level of vorticity is lesser for downstream 
cylinder than for the upstream one. The vorticity levels greatly 
increase with the appearance of the vortex shedding at 

40Re ≥ . By increasing the Reynolds number, the number of 
separated eddy regions increases. In the other word, the 
frequency of vortex shedding has been increased by 
increasing the Reynolds number.  

 
 

 
Fig. 5 Instantaneous pressure contours around the cylinders when the maximum lift force acting on upstream cylinder (left side graphs) and on 

downstream cylinder (right side graphs) for, (a) 70Re =  (b) 100Re =  (c) 150Re =  (d) 200Re =  
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Fig. 6 Instantaneous vorticity contours (left side graphs) and instantaneous streamlines colored by x-velocity components (right side graphs) 

around the cylinders for different Reynolds numbers
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Fig. 7 The time history instantaneous lift and drag coefficients for the upstream cylinder (the upper graphs) and 

 for the downstream cylinder (the lower graphs). 
 

As mentioned earlier, the steady flow becomes an unsteady-
periodic flow for 40Re ≥ , and the alternative forces exert on 
the cylinders. This is clearly seen in Figure 7, where the time 
history of the drag and lift forces is shown for upstream and 
downstream cylinders. It is seen that the flow is steady for 

35Re ≤ and the aerodynamic forces remain constant during 
the time, e.g. at 94.14,1Re ≈= Cd  for upstream cylinder and 

2.9,1Re ≈= Cd  for downstream cylinder. 
In unsteady cases, the forces become periodic and their 

fluctuations increase with increasing the Reynolds number 
from the onset one. The mean values of drag coefficient for 
both cylinders are computed by averaging time history for 10 
time period in fully periodic flow. It is seen that the level of 
the force fluctuations on the downstream cylinder is larger 
than the corresponding values for the upstream one. This is 
because the flow interaction of the upstream cylinder with the 
downstream one causes to amplify the forces and their 
fluctuations.  

As seen in Figure 7, the fluctuations of lift coefficient for 
both the cylinders are larger than the corresponding values of 
the drag one. 

Figure 8 shows the RMS of aerodynamic forces on right 
axis for drag and left axis for lift for both the cylinders. As 
mentioned that, the level of the force fluctuations on the 
downstream cylinder is larger than the corresponding values 
for the upstream one. 
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Fig. 8 The RMS of lift and drag coefficients for cylinders versus 

Reynolds number. 
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Therefore the values of RMS for downstream cylinder are 
greater than upstream cylinder. This is because the flow 
interaction of the upstream cylinder with the downstream one 
causes to amplify the forces and their fluctuations. As seen in 
Figure 8, the RMS of lift coefficient for both the cylinders is 
larger than the corresponding values of the drag one and 
increased gradually by increasing the Reynolds number. 

The vortex shedding of upstream and down stream 
cylinders is not at the same phase. The spacing between the 
cylinders and Reynolds number affected highly on form, grow 
and separation of eddy regions. Figure 9 shows the phase lag 
of vortex shedding versus the Reynolds number. As seen in 
this figuer, the phase lag increases due to the increasing the 
Reynolds number. 

It is observed that there is a relatively sharp variation in the 
phase lag of vortex shedding in the range of Reynolds 
numbers between 55 and 60 due to the change of the flow 
pattern in the space between the cylinders. 

In Figure 10, the drag coefficient and pressure to total drag 
coefficients ratio versus Reynolds number is shown. At very 
low Reynolds number ( 1Re = ), there is no flow separation 
and the drag is predominantly a friction drag.  
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Fig. 9 The phase lag distribution versus the Reynolds number 
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Fig. 10 The variation of drag coefficient (left axis) and the pressure 
drag to the total drag coefficients ratio (right axis) for the cylinders 

versus Reynolds number. 

As the Reynolds number is increased from 1Re= , the flow 
separation occurs and the drag force is a combination of 
friction and pressure components. By increasing the Reynolds 
number, the pressure drag starts to increase slowly, whereas 
the friction drag decreases sharply. Thus, the drag coefficient 
of both the cylinders drops continuously by increasing the 
Reynolds number up to 6055Re −= . The contribution of the 
pressure drag coefficient is about 80% of the total drag 
coefficient at 50Re = . At higher Reynolds number, the drag 
coefficient of the upstream cylinder is relatively constant, 
whereas the drag coefficient of the downstream cylinder 
increases gradually due to the change of flow pattern in the 
spacing between the cylinders. For 100Re > , the drag 
coefficient of the downstream cylinders becomes 
approximately constant and it approaches the corresponding 
value of the upstream cylinder. It is important to mention that 
the location of flow separation points changes from the 
upstream cylinder trailing edges to their leading edges at 

100Re > . 
The recirculation length, defined as the streamwise distance 

from the base of the cylinder to the re-attachment point along 
the wake centerline, has an empirical relationship, for the 
circular cylinder for 40Re4.4 ≤≤ (Zdravkovich [1]), and 
linear relation for 40Re5 ≤≤ (Sharma [29]) which is shown in 
Figure 10 for steady flow. Their studies clearly show that the 
recirculation length for the unconfined square cylinder flow is 
larger than for its circular counterpart. In the steady cases, the 
recirculation length behind the cylinders becomes larger by 
increasing the Reynolds number and it reaches to the 
maximum size at the onset Reynolds number, see Figures 11 
and 6. 

In the unsteady cases, the time-averaged recirculation 
length at the upstream cylinder decreases by increasing the 
Reynolds number, while the corresponding value for the 
downstream cylinder first decreases and then gradually 
increases, see Figure 12. In all the steady and the unsteady 
cases, the recirculation length of the upstream cylinder is 
larger than the corresponding value for the downstream 
cylinder. The size of the recirculation length of both the 
cylinders draws very close to a same value at approximately 

200Re = . 
Decreasing the recirculation length of the upstream 

cylinder by increasing the Reynolds number provides more 
opportunities for the flow to recover pressure before 
encountering the downstream cylinder. The following 
expressions for the recirculation length in the steady regime 
with a maximum deviation of 5% are derived using a linear 
curve-fit by the least-squares method: 

Upstream cylinder: Re094.0214.0 ×+−=
d
Lr                  (8) 

Downstream cylinder: Re031.0056.0 ×+=
d
Lr                (9) 

From Figures 11 and 12, it is also seen the recirculation 
length for a single square or circular cylinder increases up to 
approximately the onset of vortex shedding and then 
decreases, and the same trend also occurs for the upstream 
cylinder in the tandem arrangement. 
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Fig. 11 Variation of recirculation length with Reynolds number for 

 the steady flow regime. 
 

 

Re

Lr

60 80 100 120 140 160 180 200
0

1

2

3

4

5

Up Stream Cylinder
Down Stream Cylinder

 
Fig. 12 Variation of recirculation length with Reynolds number for  

the unsteady periodic flow regime. 
 

IV.   CONCLUSION 
This study focuses on the unconfined flow characteristics 

around the tandem square cylinders in the both steady and 
unsteady-periodic laminar flow regimes )5,2001(Re =−= G . 
The results show that the flow is steady for 35Re ≤  and 
unsteady-periodic for 40Re ≥ . In terms of separation, three 
different onset values have been predicted: the first is the 
onset of separation between 1Re =  and 2Re = ; the second, 
onset of vortex shedding (with trailing-edge separation) 
between 35Re =  and 40Re = ; and the third, onset of leading-
edge separation between 100Re =  and 125Re = .  

The model of laminar  vortex shedding shown by our 
computed streamlines pattern for the square cylinders matches 
with that for the single circular and square cylinder as 
described at literatures. The onset of vortex shedding occurs 
contemporaneous, but with phase lag. It is found that the level 
of the force fluctuations on the downstream cylinder is larger 
than the corresponding values for the upstream one due to the 

flow interaction of the upstream cylinder with the downstream 
one. It is observed that there is a relatively sharp variation in 
the global parameters of the downstream cylinder in the range 
of Reynolds numbers between 55 and 60 due to the change of 
the flow pattern in the space between the cylinders. 

With increasing Reynolds number, the recirculation length 
increases for steady flow, whereas for the mean periodic flow 
it decreases monotonically. The time-averaged viscous drag 
coefficient for upstream cylinder is predicted to become 
negative between 100Re =  and 125Re =  due to the eddy 
regions formation close to the top and bottom sides of 
upstream cylinder. The fluctuating lift and drag forces acting 
on the downstream cylinder increase when the reattachment 
position of shear layer precede forward and vice versa. 

The fluctuating lift force acting on the upstream cylinder is 
strictly influenced by the phase of the flow pattern of the 
downstream cylinder. When the phase of the flow pattern of 
the downstream cylinder coincides with the phase of the flow 
pattern of the upstream cylinder, the fluctuating lift force 
acting on the upstream cylinder become maximum, and when 
the phase of the flow pattern of the downstream cylinder is 
out-of-phase with the downstream cylinder’s flow pattern, the 
fluctuating lift force becomes minimum. 

 
 

NOMENCLATURE 
blockage ratio B 
total drag coefficient  Cd 
viscous drag coefficient  Cdf 
pressure drag coefficient Cdp 
root mean square (RMS) of the drag coefficient Cdrms 
total lift coefficient  Cl 
lift coefficient viscous Clf 
pressure lift coefficient Clp 
root mean square (RMS) of the lift coefficient Clrms 
width of square cylinders d 
total drag force Fd 

viscous drag force Fdf 

pressure drag force Fdp 

total lift force Fl 

viscous lift force Flf 

pressure lift force Flp 

spacing between the cylinders G 
width of computational domain H 
length of computational domain L 
recirculation length Lr 
pressure      p 
non-dimensional pressure P 
Reynolds number Re 
time t 
streamwise velocity u 
non-dimensional streamwise velocity U 
cross-stream velocity v 
non-dimensional cross-stream velocity V 
streamwise dimension coordinate x 
non-dimensional streamwise dimension coordinate X 
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non-dimensional streamwise distance between the rear 
side of the downstream cylinder and the exit plane Xd 

non-dimensional streamwise distance between the inlet 
plane and the front side of the upstream cylinder Xu 

cross-stream dimension of coordinate y 
non-dimensional cross-stream dimension of coordinates Y 

Greek letters 
fluid density ρ 
non-dimensional time τ 
fluid kinematic viscosity ν 
phase lag φ 
vorticity in the z-direction ωz 
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