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Abstract. A two-dimensional numerical study has been conducted to analyze forced con-
vective confined flow and heat transfer from a pair of side-by-side square cylinders with a
transverse gap ratio (defined as the ratio of the distance between the obstacles to the size of
an obstacle) of 1.5. The flow is steady Newtonian in a viscous dominant flow field, investi-
gated at Reynolds numbers (Re) ranging from 10 to 40 for Prandtl numbers (Pr) = 0.7 and
50. The present results are found to be in the excellent agreement with the literature, with
a maximum deviation of 1.5%. It is observed from the streamlines that the wake formation
increases with Re. The onset of flow separation was observed at Re = 7 and further a
correlation connecting wake length with Re is stated.
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1. Nomenclature

β [ - ] ratio of the side of one square cylinder to the channel height (called
here blockage ratio),

ρ [kg/m3] fluid density,
µ [Pa s] viscosity of the fluid,
τ [Pa] shear stress,
CD [ - ] drag coefficient,
Cp [ - ] pressure coefficient,
FD [N/m] drag force per unit length of the obstacle,
H [m] transverse height of the domain,
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Lr [ - ] recirculation length per unit length of the obstacle,
Nu [ - ] average Nusselt number,
Pr [ - ] Prandtl number,
Re [ - ] Reynolds number,
S [m2] surface area,
T [ - ] temperature,
Umax [m/s] maximum velocity at the inlet,
V [ - ] dimensionless velocity,
X [ - ] distance between the obstacle boundary and inlet or outlet per

unit size of the obstacle,
cp [J/kg K] specific heat capacity of the fluid,
d [m] side length of a square cylinder,
h [W/m2 K] heat transfer coefficient,
k [W/m K] thermal conductivity of the fluid,
n [ - ] direction vector normal to the plane,
p [ - ] pressure,
s [m] gap between the two square cylinders,
t [ - ] time,
x, y [ - ] position of flow parameters in the domain.

Subscripts and superscripts

]

d downstream,
u upstream,
S control surface,
x direction of vectors along horizontal axis,
y direction of vectors along vertical axis.

2. Introduction

Ever since the inception of study for fluid flow and heat transfer past a bluff body in
a confined domain, decades have passed for research mainly on an experimental basis,
which has incurred huge cost. As a result several attempts have been made to analyze
this process through numerical modeling and simulation. Modern numerical method-
ologies like finite volume method (FVM), lattice Boltzmann method (LBM), optical
density method, etc. have profound applications in decoding the sets of complicated
partial differential equations which define the flow and heat transfer processes. This
field has heavy application in process heat transfer equipment, structural dynamics
and mechanical, chemical and other related engineering applications.

When two or more bluff bodies are placed in proximity, the intricacy in predicting
momentum and heat transfer around it is aggravated and interference effects are
severe. As a result, the flow and thermal patterns differ from those of a single circular
cylinder.

Valencia and Paredes [1] performed a numerical study to examine the flow and heat
transport characteristics in a plane channel with two square cylinders (or square bars)
placed side-by-side to the impending flow for a transverse gap ratio (s/d) ranging from
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0 to 5 for Reynolds number Re varying from 25 to 125 at a constant blockage ratio
β of 12.5%. The mathematical outcomes divulge the complicated formation of the
flow. The flow remains steady at Re = 200; whereas, periodicity or unsteadiness is
observed as the Re is further increased. Peng [2] studied the fluid flow past two side-
by-side square bluff bodies with a constant gap ratio of 2 in an unconfined domain by
both mathematical simulation as well as investigational flow-visualization methods
at Re = 100. Bi-stable flows were observed, with both in-phase and anti-phase
synchronized patterns, as a result of adjusting the initial conditions. Agrawal et al.
[3] examined the flow over two side-by-side square cylinders using the LBM, identified
regimes with both synchronized and scattered vortex formation, and determined the
type of vortex shed from the square cylinder in either regime for a uniform flow field
at the upstream. Numerical outcomes for two gap ratios of 0.7 and 2.5 for the fixed
Re = 73 and blockage of 5.55% had been reported. Later, Rao et al. [4] carried out
an extension work of Agrawal et al. [3] and performed a quantitative study of the flow
over two side-by-side square bluff bodies, for transverse gap ratio varying from 1 to
2.7 and Re varying from 73 to 200 at the blockage of 5.55%. They revealed that for a
transverse gap ratio lesser than 1.5, the flow demonstrates a flip-flop behavior known
as chaotic; however, for s/d greater than 1.5, the flow tends to synchronize, known
as quasi-periodic and for s/d > 4 synchronized flow was observed. The transition
between chaotic and quasi-periodic regimes occurs at s/d = 1.5. Durga Prasad and
Dhiman [5] analyzed the steady and unsteady laminar flow and heat transfer in a
confined domain for a pair of side-by-side square cylinders for Re = 10 to 100 at
Pr = 0.7 to 50 with the gap ratio from 1.5 to 10 in a transverse domain height of
18d [3, 4]. It was shown that the overall drag coefficient decreases with increasing
Re and Pr for all values of gap ratios. The enhancement in average Nusselt number
was found more than 76% for the range of settings covered. They also found the
occurrences of in-phase and anti-phase flow past the square cylinders at various Re.
They also found that beyond a gap ratio of 2.5 the steadiness in flow was observed
till Re < 60 which was limited to Re = 50 for a smaller gap ratio.

Furthermore, sufficient information is now available in the literature on the flow
around two side-by-side square cylinders in the turbulent regime. For instance, Wong
et al. [6], Kolar et al. [7] and Alam et al. [8] executed experimental investigation of
the wake formation around a pair of side-by-side square cylinders. Harichandan and
Roy [9] displayed the strong dependence of flow characteristics on the transverse gap
ratio and Re, with the former being more dominant than the latter.

Mizushima and Akinaga [10] studied wake interactions in the flow past a row of
square bars by both numerical replication and experimental determination on the
postulation that the flow is two-dimensional (2D), incompressible. Kumar et al. [11]
reported the presence of synchronous, quasi-periodic, and chaotic flow regimes for
s/d ranging from 0.3 to 12 for nine square cylinders in side-by-side arrangement at
Re = 80. Along the same line, Sewatkar et al. [12] determined the effects of transverse
gap ratio and Re on the flow around a row of cylinders for Re ranging from 30 to
140 and s/d 1 to 4. Chatterjee et al. [13] executed numerical simulation for the flow
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around a row of five square bluff bodies kept at a side-by-side display for transverse
gap ratios of 1.2, 2, 3, and 4 at Re = 150.

Thus, from the foregoing argument, one can summarize that no work is available
on the onset of flow separation and the wake length at varying s/d in the confined
flow around two side-by-side square cylinders in a cross flowing domain. Because the
multiple bluff obstacles create a complex flow and thermal structures even at low
Reynolds numbers, and owing to the engineering relevance in various applications
(compact heat exchangers, plate type heat exchangers, etc.); the analysis of flow and
thermal prototype is necessary. A close look at momentum and heat transfer processes
in a highly viscous force dominated steady laminar flow regime (10 = Re = 40) inside
a confined domain has been attempted. It is also seen that very few papers have
mentioned the occurrence of a recirculation zone quantitatively. Hence, an attempt
has been made to study recirculation length from the flow field and domain parameters
Re = 10 to 40, Pr = 0.7, 50 and s/d = 1.5.

3. Mathematical formulation and solution methodology

Any flow problem involves sets of partial differential equations which need to be
solved using some numerical techniques. The sequence of approaching the solution
methodology involves initial statement of the problem followed by mention of the
governing equations coupled with its boundary conditions. Further, generation of an
optimal grid is solved here using ANSYS FLUENT. The basics regarding these topics
are well explained in Chabra and Richardson [14].

3.1. Problem statement. The following problem has been assumed to be a sim-
plified case of the flow of a fluid past a pair of square cylinders in a 2D domain.

square cylinders H
adiabatic

wallss

X
u d X

d

y

x

 

Figure 1. Schematic diagram for fluid flowing past side-by-side
square cylinders
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Here, the square cylinders are assumed to be infinitely long and perpendicular to the
main flow. The variation of physical process parameters along this direction is zero
till Re about 150. Following Durga Prasad and Dhiman [5], the domain has been
set in a standardized format, where the upstream distance from the square cylinders,
Xu is set at 8.5 and downstream distance, Xd as 16.5. The side length of the square
cylinder, d is set as unity. The transverse gap ratio, s/d, is taken as 1.5.

Figure 1 aptly depicts the aforesaid problem statement. The 2D approximation
is well established in a highly viscous force dominant flow field along with a small
thermal gradient which is significant enough to catch the change in flow and thermal
patterns due to flow around a pair of side-by-side square cylinders with good numerical
accuracy.

3.2. Governing equations. For a 2D convective laminar flow, the corresponding
dimensionless equations are:

Continuity equation for incompressible fluid flow

∂Vx
∂x

+
∂Vy
∂y

= 0 . (1)

Momentum equations neglecting the body forces

∂Vx
∂t

+
∂VxVx
∂x

+
∂VyVx
∂y

= −∂p
∂x

+
∂1

Re

(
∂2Vx
∂x2

+
∂2Vx
∂y2

)
, (2)

∂Vy
∂t

+
∂VxVy
∂x

+
∂VyVy
∂y

= −∂p
∂y

+
∂1

Re

(
∂2Vy
∂x2

+
∂2Vy
∂y2

)
. (3)

Energy equation neglecting viscous dissipation and considering a pure forced con-
vection heat transfer process

∂T

∂t
+
∂VxT

∂x
+
∂VyT

∂y
=

∂1

RePr

(
∂2T

∂x2
+
∂2T

∂y2

)
. (4)

Further

Re = ρUmaxd/µ and Pr = cpµ/k . (5)

3.3. Boundary conditions. At inlet: for a parabolic velocity inlet:

Vx = 1− (|1− 2βy|)2 (for 0 ≤ y ≤ H/d, β = d/H),

vx = 0, T = 0 .
(6)

On the surface of the square cylinders, the standard no-slip and constant wall
temperature conditions are used:

Vx = 0, Vy = 0, T = 1 . (7)

On the upper and lower boundaries, the standard no-slip and adiabatic conditions
are used:

Vx = 0, Vy = 0,
∂T

∂y
= 0 . (8)
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At the exit boundary
∂φ

∂x
= 0 (9)

where φ is a dependent variable, Vx, Vy or T .

The output parameters are summarized as follows:
Total drag coefficient, as explained by Patnana et al. [15] for the flow around a
circular cylinder, in a horizontal cross flowing domain is as follows:

CD =
FD

1
2ρU

2
maxd

=

∫
S

Cp nx dS +
2

Re

∫
S

τnxdS (10)

Average Nusselt number:

Nu =
hd

k
. (11)

3.4. Grid generation and solution technique. Figures 2a and 2b display the
overall grid structure and close view of the grid structure around the square bluff
bodies, respectively. The grid, using quadrilateral cells, generated for this problem
is non-staggered in nature. It is generated using the commercial grid generation tool
ANSYS Workbench. A finer grid size is maintained near the square cylinders to
capture the changes that occur in the flow around the square cylinders. The smallest
grid spacing is kept around the square cylinders and confined walls is of 0.008d, and
the coarsest one is 0.5d which can be seen at the inlet or outlet part of the flowing
domain. The number of grid points placed on each surface of the square cylinders
are 100, following Durga Prasad and Dhiman [5]. The meshing procedure in the zone
connecting the square cylinders and the confined walls is done in a manner which can
take into account the wall effects in flow process.

  

Figure 2. (a) The overall grid structure and (b) close view of the grid
structure around the square bluff bodies

Following several books [16, 17], SIMPLE algorithm is used to avoid pressure veloc-
ity decoupling and because it offers good convergence for the type of problem under
consideration. The absolute convergence criteria is set at 10−15 for flow parame-
ters and 10−20 for thermal parameters. Discretization of the convective terms in the
momentum and energy equations is done using QUICK, a third-order upwind scheme.
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4. Results and discussion

4.1. Validation. The validation of the results obtained applying the above numerical
method was carried out against those of Durga Prasad and Dhiman [5] for the Re
ranging from 10 to 40 at Pr = 0.7 (resembling air) and 50 (resembling organic polymer
liquids) for a constant transverse gap ratio of 1.5. Tables 1 and 2 show that the values
of drag coefficient and Nusselt number stay well within 0.1% and 3.2%, respectively.

Table 1. Validation of CD with [5] in a steady laminar flow regime

CD from CD from
Re Durga current %

(s/d = 1.5) Prasad and simulation deviation
Dhiman [5]

10 3.6034 3.6039 0.02

20 2.6151 2.6153 0.01

30 2.2001 2.1998 0.01

40 1.9646 1.9628 0.09

Table 2. Validation of Nusselt number with [5] in a steady laminar
flow regime

Nu from Nu from
Re Durga current %

(s/d = 1.5) Prasad and simulation deviation
Dhiman [5]

Pr = 0.7

10 1.4856 1.4918 0.42

20 2.0726 2.0913 0.90

30 2.4446 2.4713 1.09

40 2.7402 2.7749 1.26

Pr = 50

10 6.0861 6.1320 0.75

20 8.4173 8.5673 1.78

30 10.2586 10.4862 2.22

40 11.6463 12.0215 3.20

It was seen that the drag coefficient remained the same for both square cylinders
because of the fact that the effect of gravity and the variation of the fluid’s density with
temperature have been neglected in this problem. The CD values reported above are
those of the upper square cylinder in the flow domain. It is also to be noted that the
average Nusselt number for both upper and lower square cylinders remains constant
owing to similar reasons.

4.2. Fluid flow patterns. Figure 3 shows the streamlines at s/d = 1.5 for Re = 20
and 40. The flow is found to be steady in this flow range and at the same time an
anti-phase pattern (wake structures generated from both square cylinders are equal
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Figure 3. (a-b) Streamlines along with the magnified views of upper
square cylinder for a transverse gap ratio of 1.5

and oppositely directed in a given plane) is seen. This pattern gradually glorifies as
Re is increased from 20 to 40, which clearly depicts the approaching unsteadiness in
the downstream.

A close look at the magnified image of the streamline contours reveals the formation
of wakes at the rear part of the square bluff bodies, which widen with increasing Re.
Further, it is to be noted that there is no possibility of reverse flow in the domain.
These streamlines also show a marginal interference of stream functions due to the
presence of two square bluff bodies. The transverse gap ratio falls under that needed
to produce a quasi-periodic flow regime in accordance with results from previous
studies [11].

4.3. Thermal patterns. Figure 4 shows the isotherm contours of the fluid flowing
past the pair of side-by-side square bluff bodies at Re = 20 and 40 for the Pr = 0.7
and 50. Following Merkin [18], who stated that during the flow process, cooling a
cylinder brings about separation near the stagnation point, this is also evident in this
case by the clusters of isotherms accumulating in front of the frontal surface of the
square bluff bodies. Despite the fact that the domain and flow structures are different
from Merkin [18], the concept of high heat transfer in the front part of the obstacle
stays intact irrespective of domain. In terms of magnitude factor, the results will
always vary with configurations. The observation of the above pattern remains the
same in all the cases in the direction of flow. This eventually leads to an increased
Nusselt number (heat transfer rate) at the front surfaces compared to that of other
surfaces. In fact one can also conclude that the heat transfer is maximum in the front
surface followed by an intermediate degree on surfaces parallel to the flow and the rear
face has the lowest heat transfer rate. The isotherms also seem to be steady and sym-
metric along the centerline with almost no interaction at Pr = 50, but the interaction
prevails at Pr = 0.7. This factor can be explained from the concept of boundary layer
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Figure 4. Isotherms along with the magnified views of upper square
cylinder for a transverse gap ratio of 1.5

theory, where Pr = 0.7 indicates that the hydrodynamic boundary layer is smaller
than the thermal boundary layer, which means that the layers tend to move outward
which in turn leads to interaction of isotherms due to the presence of the two square
cylinders. But at Pr = 50, the thermal boundary layer is smaller than that of its
hydrodynamic counterpart, as a result, the isotherms tend to die down at a close
distance in the downstream from the rear surface of the square cylinders.

The magnified views of the isothermal contours also demonstrates that the wakes
formed at Re = 20 gradually increase in size at Re = 40. These figures also explain
clustering of isotherms near the rear surfaces of the square cylinders, which increases
with increasing Reynolds and Prandtl numbers.

4.4. Recirculation length. This is the distance from the rear surface of the obstacle
to the point of attachment for the near closed streamline on the axis of symmetry.
Figure 5 shows that the recirculation length varies linearly with increasing Re (Table
3). It increases with Re and the results fit linearly with a mere 0.001% deviation.
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Table 3. Variation of recirculation length with Reynolds number

Re Lr

10 0.4276

20 1.0039

30 1.6146

40 2.2406

Re

L
r
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1
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Figure 5. Variation of recirculation length with Reynolds number

The following simple correlation is established for the calculation of wake length
(Lr), for the intermediate values of physical parameters in the steady confined regime:

Lr = 0.06Re− 0.19 for10 ≤ Re ≤ 40 (12)

This linearity in recirculation length versus Re plot has also been observed by Sharma
et al. [19] for a single square cylinder.

Further, the variation in recirculation length with the change in transverse gap ratio
was studied with s/d varying from 0.7 to 10 for Re = 40. The recirculation length is
expected to be quite pronounced as compared to the lesser Re values, and at the same
time to maintain the steadiness in the flow. The trends observed from Table 4 show
that the recirculation length increases initially with increase in s/d to a maximum
value beyond which the value decreases with the increase in s/d. Small gap ratio
involves chaotic interactions of wake generated from both square cylinders, thereby
reducing the wake length but as the transverse gap ratio increases the wake formations
are subjected to minimum hindrance from the other body. But with further increase
in s/d, a decrease in wake length is observed, which accounts for a hindrance evolving
out of the confined walls.

Table 4. Variation of recirculation length with transverse gap ratio
(s/d) at Re = 40

s/d Lr (at Re = 40)

0.7 1.3083

1.5 2.2406

2.5 2.2035

5.0 2.1983

10.0 1.4395
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Figure 6. Streamlines along with magnified view of upper square
cylinder showing absence of any wake at Re = 6 and the onset of
wake formation at Re = 7

Furthermore, the onset of the flow separation is determined. It has been observed
that there is no presence of recirculation wake at Re = 6, whereas recirculation com-
mences at Re = 7 (as shown in Figures 6a and 6b, respectively). Hence, one can
infer that a higher the magnitude of viscous dominance in the flow field, the lower
or minimal is the recirculation or wake length formed at the rear side of the square
cylinders.

5. Conclusions

Summarizing the present study, one can make the observation that the drag coefficient
increases with the increase in Re, whereas Nu increases with the increase in both
Re and Pr as is evident from the stream function and isothermal contours. It has
also been seen that the recirculation length increases linearly with the increase in
Re in steady laminar flow regime (Re = 10 to 40). This paves a way for further
determination of recirculation length for various flow regimes for the flow over a
pair of side-by-side square cylinders. One can also correlate the results with that
their cylindrical counterpart thereby leading to the appropriate justification of choice
of obstacle shape during various industrial operations. The effect of s/d on Lr is
determined and the Lr correlation with respect to varying Re has been identified.
Finally, the onset of flow separation is determined for the current framework and it
occurs at Re = 7.
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