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ABSTRACT 
 
A numerical study is conducted on two-dimensional flow over two staggered cylinders 
at a Reynolds number of 100. The governing equations are solved numerically through 
a pressure-correction-based iterative algorithm (SIMPLE) with the quadratic upwind 
interpolation for convective kinematics (QUICK) scheme for convective terms. The 
incident flow is a linear shear flow. The downstream cylinder is square, of height A, 
positioned near a wall with a gap height of 0.5A. The upstream cylinder is also square, 
but of different sizes, with height ratio a* = a/A = 1 and 0.5, respectively. In order to 
investigate the effect of position and a* of the upstream cylinder on the flow around and 
aerodynamic forces acting on the downstream cylinder, the gap height between the 
wall and upstream cylinder L*(= L/A = 0.1-3.0) and the streamwise spacing between the 
cylinders S*(=S/A= 0.5-7.0) are varied systematically. The flow structure around the 
downstream cylinder is highly dependent on L* and a*, experiencing several 
discontinuities. For the same L*, the interaction between vortices from the two cylinders 
is weaker for a* = 0.5 than for a* = 1.0, as such very small peaks are observed in the 
spectra of the lift coefficient of downstream cylinder for a* = 0.5. 
 
NOMENCLATURE  
a   :height of the upstream square cylinder (m) 
A   :height of the downstream square cylinder (m) 
L*   :nondimensional gap height from upstream cylinder to plane wall 
S*   :nondimensional gap spacing between the cylinders 
Re  :Reynolds number (UA/ν) 
CD   :normalized time averaged drag coefficient 
CL    :normalized time averaged lift coefficient 
CL   :rms of lift coefficient  
St   :Strouhal number 
U   :velocity at height A from the wall (m/s) 
V   : kinematic viscosity of fluid 

PC   : time averaged pressure coefficient  
 
 



  

1. INTRODUCTION 
 
Flow past cylinders is found in many practical engineering applications such as, 
compact heat exchangers, cooling of electronic components, drying of different 
materials (textiles, veneer, paper and film materials), cooling of glass, plastics and 
industrial devices, and so on. In order to accurately design the devices and structures, 
forces and interference effect of the neighbouring structures should be well understood. 
Both position and shape of neighbouring structure affect the flow pattern around a 
structure. For two tandem cylinders, the downstream cylinder is submerged in the wake 
of the upstream one. However, when the upstream cylinder is offset with respect to the 
downstream cylinder, vortex shedding mechanism and the force characteristics differ 
significantly from the inline case. There is a significant volume of articles on the flow 
around a single and tandem square cylinders. To our knowledge, there is no article 
available on the flow around a square cylinder in presence of the upstream cylinder of 
different heights. In the present study, square cylinders are chosen because they can 
easily be given a Cartesian grid system with higher accuracy. This study is important 
for many applications mentioned above, providing also some fundamental information 
of the flow around cylinders in the staggered arrangement. 
 
Studies on the problems of wake development and vortex shedding behind a 
rectangular cylinder in free-stream flows were investigated both numerically and 
experimentally by Davis and Moore (1982), Franke et al. (1990) and Okajima et al. 
(1990). When the cylinder is placed in the proximity of a solid wall, the strength of the 
upper and lower shear layers separated from the surfaces of the cylinder is not identical 
and the vortex shedding pattern is therefore distorted. The effect of wall proximity on 
the flow around a single cylinder was investigated by Martinuzzi et al. (2003), 
Bhattacharyya and Maiti (2004), Mahir (2009), Harichandan and Roy (2012) and Maiti 
(2012). Bhattacharyya and Maiti (2004) observed that the vortex shedding frequency 
from a square cylinder near a wall is higher for a shear flow than the uniform flow. The 
dependence of flow characteristics of a rectangular cylinder near a wall on the incident 
shear flow velocity and gap height has been reported in the previous studies (Maiti, 
2011, 2012). 
 
The flow around two staggered circular cylinders has been extensively studied 
experimentally (Sumner (2000), Alam et al. (2005), Zhou et al. (2009)) and numerically 
(Lee et al. (2009), Akbari and Price (2005)). Nine flow patterns are identified, and 
processes of shear layer reattachment, induced separation, vortex pairing and 
synchronization, and vortex impingement, are elucidated by Sumner (2000). Akbari and 
Price (2005) identified five flow patterns, depending on the geometrical arrangement of 
the cylinders at a subcritical Reynolds number (Re) of 800. Lee et al. (2009) 
numerically identified ten distinct flow patterns for two circular cylinders at Re≤160. 
Alam et al. (2017) investigated flow around four side-by-side circular cylinders at Re 
=100. They identified four flow regimes (single bluff-body, flip-flopping, quasi-
interlocked, and interlocked flow) depending on the gap spacing between the cylinders. 
 



  

Balachandar and Parker (2002) considered the onset of vortex shedding in a periodic 
array of rectangular cylinders in both inline and staggered arrangement. They observed 
that the interaction between the cylinders becomes negligible when the transverse 
spacing between the cylinders is large enough and the critical Re approaches that of 
an isolated cylinder. Niu and Zhu (2006) in a numerical study of three-dimensional flow 
around two identical square cylinder in staggered arrangements evaluated the 
dependence of aerodynamic characteristics on the streamwise spacing. Sewatkar et al. 
(2009) performed a numerical study of the flow around a row of nine square cylinders 
placed normal to the oncoming flow. They identified different flow regimes based on the 
gap spacing of cylinders and proposed that wake interaction is strongly influenced by 
the jets in the gap region. Chatterjee et al. (2010) performed a numerical study for the 
flow around five square cylinders placed side-by-side and normal to the oncoming flow 
at Re = 150. Burattini and Agarwal (2013) with change in spacing between two side-by-
side square cylinders observed various flow structures. Chern et al. (2010) observed a 
jet-like structure when oscillatory flows are given through the gap of two side-by-side 
cylinders. 
 
Rosales et al. (2001) compared results of the inline and offset square cylinder pairs at a 
fixed spacing ratio of 2. Their study revealed pronounced differences in the unsteady 
flow behaviour between the inline and offset pairs. Devarakonda (1994) examined the 
case of offset square cylinders exposed to a uniform flow at a fixed spacing ratio of 3 
and observed that the Strouhal number is larger than that for an inline cylinders. 
Malekzadeh and Sohankar (2012) reported three major flow regimes depending on the 
height and position of a control plate upstream of a square cylinder. Bao et al. (2012) 
showed six different flow patterns, which appeared successively with the increase of 
spacing between six inline square cylinders. For a pair of inline square cylinders, 
Bhattacharyya and Dhinakaran (2008) observed that the onset of vortex shedding 
occurs for Re beyond 125 for all spacing (0.5- 5) examined. Maiti and Bhatt (2014a, 
2014b) extended the above study considering the upstream cylinder as rectangular 
shape of different heights and widths in a tandem arrangement. It is reported that the 
transition (-from unsteady/steady to steady/unsteady-) of the flow over the 
upstream/downstream cylinder strongly depends on the shape and the position of the 
upstream cylinder.  
 
The above literature review indicates that shedding frequencies, aerodynamic forces 
and wakes of two or a group of cylinders are dependent on the inter-cylinder spacing, 
flow incidence angle and the cylinder shape. Although there are a number of studies on 
single cylinder and pair of cylinders, the flow past a square cylinder in presence of 
another square cylinder in staggered or tandem arrangement has not received much 
attention, especially for the case of incident shear flow. Here the objective of the work is 
to examine the wake flow structure, aerodynamic forces, and shedding frequency of a 
square cylinder lying in the wake an upstream square cylinder where the height and 
position of the upstream cylinder are varied. The effect of inter-cylinder spacing, shape 
of upstream cylinder, and gap height of upstream cylinder from a plan wall on the flow 
characteristics of the downstream square cylinder are investigated for uniform shear 
flow. Simulations have been performed for two different heights of the upstream 
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uniform shear flow the flow field is similar to a single bluff body flow. For the inline 
tandem arrangement the flow remains steady from both the cylinders and the 
recirculation length behind the downstream cylinder is increased.  
 
With the increase of gap height (L* ≈ 1.0) for lower S*, the shear layers either wraps 
around or reattaches on the downstream cylinder. The positive shear layers from the 
upstream cylinder are enveloped by the negative shear layer of both the cylinders and 
then forced the negative shear layers pf the downstream cylinder interact with positive 
counterpart. If one compares the formation of vortices from the cylinders with the larger 
S*, it is clearly perceived that the upstream cylinder vortices shed in the gap between 
the cylinders. Further increase in L* results small positive vortices from the wake of the 
downstream cylinder for intermediate spacing. When the cylinder is located in the 
higher velocity zone a wider wake is formed behind the cylinder. The negative vortices 
from the upstream cylinder has less impact on the shear layers of the downstream 
cylinder. However, the positive vortices from the upstream cylinder hit the downstream 
cylinder and then roll. As results, the positive vortices are stretched towards the wake 
of the cylinder. The strength of the negative shear layers around the downstream 
cylinder is effectively reduces. The negative vortices found in the wake are mainly from 
the upstream cylinder.  
 
For L* ≥ 2, the vortices shed from the upstream cylinder evolves in the vertical 
direction. Higher the gap height of upstream cylinder from the wall, the more elongation 
of the positive shear layers from the upstream cylinder towards downstream. The shear 
layers do not roll-up completely and the effect of the vortices on the downstream 
cylinder reduces. The vortices behind the downstream cylinder are fairly close to each 
other. They interact with each other, forming a very complex wake. Such vortex 
interaction results in more complex wake interference around the downstream cylinder. 
The vortex shed from the upstream cylinder attacks the front face of the downstream 
cylinder at lower L*. However, at higher L* instead of impinging on the front face, 
vortices pass through the upper surface of the downstream cylinder.  
 
Fig. 5 shows the effect of reduction of height of the upstream cylinder on flow structure 
for different S* and L*. The effect of decreasing the height of the upstream cylinder is 
clearly visible from the vorticity contours. The flow pattern for the case of a*=1.0 is 
more complex in comparison to the case of a*=0.5. The positive and negative vortices 
shed alternately from the upstream cylinder and consequently move downstream. It is 
noticed that with reduction in height the elongated vortices are reduced. With the 
increase of L*, the positive vortices are more elongated and dominate the wake. The 
negative vortices from the upstream cylinder are fairly round whereas positive vortices 
being oblate in shape. With the increase in L* the interaction between the vortices 
decreases. The wake flow of the upstream cylinder of square shape is similar to the 
wake of a single square cylinder under the shear flow (Saha et al. (2003) and Cheng et 
al. (2005)). 
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effect of size and position have negligible effect on the average forces of the 
downstream cylinder at large spacing. 

 
⊙ For closely spaced the intensity of peak of spectra decreases with increase in L* 

for both the values of a*. The shedding frequency increases with increase in L* 
and this value is more for the case of a*= 0.5. However, the CLrms value is more 
for a* = 1.0. Beyond certain L* these values either remain constant or decrease 
with increase in L*. It is therefore noticed that at large L* the presence of 
upstream cylinder is negligible.  
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