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In this work, numerical simulations are performed in order to study the effects of aspect ratio (AR) and Reynolds number (Re) on
flow characteristics of three side-by-side rectangular cylinders for fixed spacing ratio (g), using the lattice Boltzmann method
(LBM).,e Reynolds number varies within the range 60≤Re≤ 180, aspect ratio is between 0.25 and 4, and spacing ratio is fixed at
g � 1.5. ,e flow structure mechanism behind the cylinders is analyzed in terms of vorticity contour visualization, time-trace
analysis of drag and lift coefficients, power spectrum analysis of lift coefficient and variations of mean drag coefficient, and
Strouhal number. For different combinations of AR and Re, the flow is characterized into regular, irregular, and symmetric vortex
shedding. In regular and symmetric vortex shedding the drag and lift coefficients vary smoothly while reverse trend occurs in
irregular vortex shedding. At small AR, each cylinder experiences higher magnitude drag force as compared to intermediate and
large aspect ratios. ,e vortex shedding frequency was found to be smaller at smaller AR and increased with increment in AR.

1. Introduction

Fluid flow around multiple bluff bodies like circular, square,
or rectangular cylinders has practical significance in many
branches of science and engineering such as aerodynamical
systems, high-rise buildings, underwater structures, over-
head power-line bundles, microelectromechanical systems,
and cooling towers. In some of the cases, these structures
have circular or square cross section, but mostly the
structures are of rectangular cross section. ,e rectangular
cross section components can also be found in beams,
fences, and other building construction materials. Based on
these applications, the study of flow around rectangular
cross section cylinders needs much attention compared to
circular/square cylinders because in available literature, very
limited studies have been conducted regarding the flow
around such cross-sectional structures. ,e main objective

of the present study is to fully understand the flow char-
acteristics of three side-by-side rectangular cylinders in
terms of vorticity contours, time-trace analysis of drag and
lift coefficients (CD and CL), power spectrum analysis of lift
coefficient, fluid forces, and its resulting effects. Flow
structure mechanism behind multiple rectangular cylinders
depends on many nondimensional parameters, which are
Reynolds number (Re), spacing ratio (g), and aspect ratio
(AR). Another aim of this study is to understand the effect of
these nondimensional parameters on flow around three
side-by-side rectangular cylinders.

In open literature, numerous studies can be found for
flow around an isolated single cylinder. Islam et al. [1]
numerically found single primary vortex frequency for all Re
with the periodic nature of physical parameters. According
to Golani and Dhiman [2] the drag coefficient decreases
while shedding frequency increases by increasing Re. Gera
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et al. [3] found significant variations in Strouhal number
(ST) under the effect of Reynolds numbers. Numerical
simulations were conducted by Islam et al. [4] to study the
effect of AR on flow around a single rectangular cylinder.
,ey noticed a decrease in drag coefficient and ST with
increment in Re for Re� 100 and 150, while irregular var-
iations in STwere found for Re� 200 and 250. Abdollah et al.
[5] reported longer near wake region for rectangular cyl-
inder. Okajima [6] concluded that at high Reynolds numbers
the value of Strouhal changes abruptly when the value of AR
is about 2.6 or 6. From this discussion, it is deduced that the
Reynolds number and aspect ratio are important flow pa-
rameters which affect the flow structure mechanism behind
an isolated single cylinder.

Contrary to single cylinder flow, flow around two side-
by-side cylinders is more complex because of the gap be-
tween the cylinders from which a complex flow structure
arises. Agrawal et al. [7] concluded that the vortices develop
at Re� 10 and the flow becomes oscillating at Re� 30 behind
the two cylinders at g� 2.5. Furthermore, they observed that
the amalgamation of the vortices was gradual in case of
synchronized flow pattern and in case of flip-flopping flow
pattern the amalgamation was rapid. Kang [8] numerically
examined the flow behind two side-by-side circular cylinders
and observed steady flow, single bluff-body, deflected flow,
flip-flopping, in-phase synchronized, antiphase synchro-
nized flow patterns. His analysis showed that both Re and g

affect the wake structure mechanism, but the effect of g was
much stronger than Re in case of small g. Alam and Zhou [9]
investigated the flow structure mechanism around two side-
by-side square cylinders and categorized the flow into the
single bluff-body, asymmetric wake, transition, and couple
street regimes. Han et al. [10] numerically observed the
single bluff-body, the gap flow interface, and the antiphase
synchronized flow patterns for flow behind two side-by-side
square cylinders. Zhang et al. [11] reported that vortex
shedding changed from one pattern to another with Re for
two side-by-side circular cylinders.

,e flow structure mechanism around three or more
cylinders is much complex because of the multiple gaps
between the cylinders. Some studies for flow around
multiple circular as well as square cylinders, arranged
side-by-side, can also be found in the open literature. But
the effect of aspect ratio and Reynolds numbers is not
studied for flow behind side-by-side rectangular cylinders,
to the best of authors’ knowledge. Sewatkar et al. [12]
numerically investigated the combined effect of Reynolds
number and spacing ratio for flow around a row of
cylinders and found that Re affects the flow structure
mechanism behind the square cylinders at g� 3 and 4.
,ey also found that the secondary cylinder interaction
frequencies diminished at large Re. Harichandan and Roy
[13] found increment in ST for flow around multiple
cylinders for increasing Re. Han et al. [14] categorized the
flow around three side-by-side circular cylinders into
eight different patterns depending on Re and g: single

bluff-body, deflected flow, flip-flopping, nonidentical
steady state flow, identical steady state flow, antiphase
synchronized flow, in-phase synchronized, and combined
in-phase and antiphase synchronized. ,ey reported that
CD and CL showed periodic oscillations for single bluff-
body flow, static value for deflected pattern. For flip-
flopping pattern the drag and lift curve shows variation,
for antiphase synchronized pattern the CL1 and CL2 show
antiphase periodic behavior while CD1 and CD2 coincide,
and for in-phase synchronized pattern the curve of CD2
and CD3 and CL1 and CL2 are in-phase. Kang [15] nu-
merically analyzed the flow around three side-by-side
circular cylinders and characterized the flow into mod-
ulation-synchronized, in-phase synchronized, flip-flop-
ping, deflected, and single bluff-body flow patterns.
Rahman et al. [16] found that, in case of multiple cylin-
ders, as the spacing ratio increases the effect of gap flow
vanishes and each cylinder behaves like a single isolated
cylinder. ,ey also observed the bistable, asymmetric, in-
phase-antiphase, and modulated synchronized flow pat-
terns. Lattice Boltzmann simulations were carried out by
Ul Islam et al. [17] in order to study the effect of equal and
unequal spacing ratios on flow behind three side-by-side
rectangular cylinders. ,ey categorized the flow into
bistable, asymmetric, in-phase-antiphase, and modulated
synchronized flow patterns. ,ey also reported that slight
change in unequal spacing ratio caused drastic changes in
fluid forces. Rahman et al. [18] characterized the flow
behind three side-by-side rectangular cylinders into
deflected, bistable, flip-flopping, chaotic, symmetric and
synchronized flow patterns. Steady, modulated, sym-
metric, and periodic flow patterns were reported by
Rahman et al. [19] for flow behind three side-by-side
rectangular cylinders for different aspect ratios and
Reynolds numbers. ,ey found the aspect ratio more
influential on flow characteristics of the cylinders com-
pared to Re at large g while for small spacing the fluid
forces and flow structure mechanism changed abruptly
due the jet flow generation within the gap.

From above literature review, it is clear that the
analysis of flow around rectangular cross section cylin-
ders was lacking and needs attention as compared to
square or circular cylinders. It can also be deduced from
the above discussions that Re, AR, and g affect the flow
characteristics around side-by-side arranged cylinders.
Some reference data are available for the effect of Re and
spacing ratio for flow past circular or square cylinders in
side-by-side arrangement, but there is one reference
paper [19] available regarding the effect of Re for flow
behind three side-by-side rectangular cylinders. ,e first
aim of the present study is to analyze the effect of aspect
ratio and Reynolds number on flow structure mechanism
around the three side-by-side cylinders at g � 1.5 as it is a
well observed fact that the flow becomes fully developed
[14–16] at this spacing value. ,e second aim of the
present study is to investigate the variation of flow
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induced forces and their dependence on g and AR. ,e
analysis of the effect of jet flow on fluid flow character-
istics of three side-by-side rectangular cylinders is the
third objective of the present study. ,e fourth objective
of the present study is to enrich the database of fluid
structure interaction problems.

2. Numerical Details

,e lattice Boltzmann method (LBM) is a powerful
technique for the computational modelling of a wide
variety of complex fluid flow problems. LBM can be easily
implemented to the problems having complex geometries
and can easily handle the nonlinear term in Navier-Stokes
equation (Sukop and ,orne [20]). LBM is second order
accurate in both time and space and explicit in nature
(Wolf-Gladrow [21]). Also the pressure term is calculated
using the equation of state and there is no need to solve
Poisson equation in each time-step (Mohamad [22]).
Another advantage of LBM is that it can easily be par-
allelized due to its local nature (Guo et al. [23]). Based on
these advantages, for the present study LBM is adopted as
a numerical method. In this section a brief introduction of
LBM will be discussed and for more details the readers are
referred to [20–23].

,e governing Navier-Stokes equations for the problem
under consideration are

∇ · u � 0, (1)

zu

zt
+(u.∇)u � −

1
ρ
∇p + ]∇2u. (2)

Equation (1) represents the continuity while equation (2)
represents the momentum equation. ,ese equations can be
recovered by applying the Chapman Enskog expansion
(Chapman and Cowling [24]) to the discretized lattice
Boltzmann equation given as

gi x + eiδt, t + δt(  − gi(x, t)
√√√√√√√√√√√√√√√√√√√√√√√√

Streaming

� −1/τ gi(x, t) − g
eq
i (x, t)( 

√√√√√√√√√√√√√√√√√√√√√√
Collision

,

(3)

where gi is the density evolution function at position x and
time t, and τ is the single relaxation time parameter which
should be greater than 0.5 for stable simulations. In equation
(3) the left-hand side represents the streaming step in which
the particles propagate to the neighbor node while the right-
hand side of equation (3) represents the collision step in
which the particles collide. ,e equilibrium distribution
function g

eq
i is given by the relation

g
eq
i � ρωi 1 + 3 ei · u(  −

3
2
u
2

+
9
4

ei · u( 
2

 , (4)

where ωi are the weighting coefficients. ,ese weighting co-
efficients are different for different models used in LBM. For
the two-dimensional nine-velocity-particles (D2Q9) model,
used in the present study, the weighting coefficients are

ωi �

4
9
, i � 0,

1
9
, i � 1, 2, 3, 4,

1
36

, i � 5, 6, 7, 8.
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(5)

,emass density (ρ) and the velocity (u) are calculated as

ρ � 
8

i�0
gi,

u �
1
ρ



8

i�1
eigi.

(6)

,e speed of sound and pressure are calculated as

cs �
e
�
3

√ ,

p � ρc
2
s .

(7)

,e kinematic viscosity is calculated as

] � τ −
1
2

 c
2
sδt. (8)

3. Statement of the Problem and
Flow Parameters

,e schematic diagram of flow behind three side-by-side
rectangular cylinders is presented in Figure 1. ,ree rect-
angular cylinders with height “h” and width “w” are exposed
to uniform incoming flow with velocity (u�Umax; v � 0) in a
channel of length “L” and width “W.” ,e cylinders are
placed in the channel from bottom to top in side-by-side
arrangement. Computational domain varies in stream-wise
direction (x) by varying the aspect ratios and fixed in
transverse direction (y) as g � 1.5. In Figure 1, L1 represents
the upstream length and L2 represents the downstream
length. Surface-to-surface distance between the cylinders is
denoted by “s” and c1, c2, and c3 represent the lower, middle,
and upper cylinder, respectively. On the lower and the upper
wall of the computational domain and on the surfaces of
each cylinder no-slip boundary condition is applied (Gal-
livan et al. [25]). At the outlet of the channel convective
boundary condition is used for the smooth passage of flow
(Sohankar et al. [26]). ,e flow parameters used in the
current study are aspect ratio, spacing ratio, Reynolds
number, Strouhal number, drag coefficient, lift coefficient,
and mean drag coefficient and these parameters are defined
as AR � w/h, g � s/h, Re � Umaxh/v, ST � fsh/Umax (where
fs is the vortex shedding frequency), CD � 2Fx/ρU2

maxh

(where Fx is the force component along the x-axis), CL �

2Fy/ρU2
maxh (where Fy is the force component along y-axis),
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and CDmean � 
n
i�1 CD(i)/n (where n is the number of

time-steps), respectively.

4. Domain Independence and Code Validation

For channel flow the selection of a suitable computational
domain is essential. For this purpose, at three different
upstream positions (L1 � 6 h, 8 h, and 10 h) and downstream
positions (L2 � 25 h, 30 h, and 35 h) and three different
widths of the channel (W� 8 h, 9 h, and 10 h), the Strouhal
number is computed in order to choose a suitable domain.
,e simulations are performed for three side-by-side rect-
angular cylinders at aspect ratio of 1.5 and a Reynolds
number of 150. ,e simulated results are tabulated in
Table 1. Table 1 shows that the differences in results in the
domain size L1 � 8 h, L2 � 30 h, W� 9 h and other domain
size combinations are very small for all three cylinders. ,at
is why in the current study, all the simulations are performed
at L1 � 8 h, L2 � 30 h, and W� 9 h (excluding the cylinders
and spacing ratios).

Before performing the computations of the current flow
problem, first we have validated our code. For this purpose a
code based on LBM is written for flow behind a single
isolated square cylinder and after validation, this code is
extended to flow around three side-by-side rectangular
cylinders. Domain size selected for numerical investigations
is 37 h in longitudinal direction, while 10 h is selected for
transverse direction. To validate our code, computations for
Strouhal number are done at Re � 100 and 150 and are
compared with different experimental and numerical studies
already available in the literature. ,is comparison is given
in Table 2. From the table it is clear that, at Re� 100, our
results are in better agreement with the experimental
measurements of Okajima [27] and Norberg [28] and nu-
merical results of Sohankar et al. [29] and Gera et al. [3]. Also
at Re � 150, our results are very close to the experimental
work of Norberg [28] and numerical work of Sohankar et al.
[29]. Some negligible discrepancies can be found which are
due to the use of different domain size, numerical method,
boundary conditions, etc. (Table 2). From the discussion
above, it can be deduced that our results and the results of
other researchers coincide for flow behind a single isolated

square cylinder. So, the current code can also be used for
flow behind multiple cylinders’ case.

5. Results and Discussion

In the present study, flow behind three side-by-side rect-
angular cylinders is analyzed for different Reynolds num-
bers, aspect ratios, and fixed spacing ratio (g �1.5). ,e
reason for fixing g at 1.5 is that at g � 1.5 the flow around
side-by-side cylinders fully developed [14–16] and our main
focus is to analyze the effect of Re and AR on flow structure
mechanism and fluid forces. ,e Reynolds number is taken
in the range from 60 to 180. Values of Re selected for analysis
are Re� 60, 80, 100, 120, 140, 160, and 180 and aspect ratio is
varied in the range from 0.25 to 4. Selected values of different
aspect ratios for analysis are AR� 0.25, 0.5, 0.75, 1, 1.25, 1.5,
1.75, 2, 2.5, 3, 3.5, and 4. Important findings of this study are
discussed below.

5.1. Effect of Reynolds Number on Flow Structure at Different
Aspect Ratios. ,e analysis of the effect of Re on flow
structure mechanism for all values of AR considered in this
study revealed that the flow behavior for 0.25≤AR≤ 1,
1.25≤AR≤ 2.5, and 3≤AR≤ 4 is similar. So, for the sake of
brevity only some representative cases of AR will be dis-
cussed here, which are AR� 0.5, 2, and 4.

,e vorticity contour visualization for Re� 60–180 and
AR� 0.5 is shown in Figure 2. ,e flow structure observed at
(AR, Re)� (0.5, 60) is termed as symmetric vortex shedding,
which is further subdivided into nearly symmetric and sym-
metric flow patterns. Figure 2(a) shows nearly symmetric flow
pattern, inwhich the vortices are generated only from lower and
upper cylinder. ,ese vortices diminish quickly in the down
wake region, while the middle cylinder shows nearly steady

Table 1: Domain independence study.

g � 1.5; AR� 1.5; Re� 150
Cases ST1 ST2 ST3
L1 � 6 h; L2 � 30 h; W� 9 h 0.1884 0.2241 0.1759
L1 � 10 h; L2 � 30 h; W� 9 h 0.1815 0.2310 0.1759
L1 � 8 h; L2 � 25 h; W� 9 h 0.1815 0.2241 0.1897
L1 � 8 h; L2 � 35 h; W� 9 h 0.1747 0.2241 0.1828
L1 � 8 h; L2 � 30 h; W� 8 h 0.2089 0.2103 0.1897
L1 � 8 h; L2 � 30 h; W� 10 h 0.1678 0.2310 0.1697
L1 � 8 h; L2 � 30 h; W� 9 h 0.2031 0.2311 0.2031

Table 2: Validation of code for flow around a square cylinder.

References
Strouhal number

Re� 100 Re� 150
Present 0.1445 0.1544

Experimental
Okajima [27] 0.1410

(2.422%) 0.1420 (8.3%)

Norberg [28] 0.1402 (2.98%) 0.1500
(2.84%)

Numerical
Sohankar et al.

[29] 0.1450 (0.48%) 0.1610 (4.3%)

Gera et al. [3] 0.1290 (10.7%) 0.1410 (8.6%)
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Figure 1: Schematic configuration of three side-by-side rectan-
gular cylinders.
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behavior.,e time signals of lift coefficients for cylinder c2 show
nearly steady behavior while those for cylinders c1 and c3 are
antiphase to each other (Figure 3(b)).,e drag signals for nearly
symmetric flowpattern are periodic with varying amplitude (see
Figure 3(a)). It can be seen from Figure 3(a) that the lower and
upper cylinder’s drag are identical and both the cylinders (c1 and
c2) experience higher drag compared to middle cylinder (c2).
Similarly, the lift coefficient magnitude of lower and upper
cylinders is also identical but due to symmetry CL of these
cylinders are mirror images of each other (Figure 3(b)). Inoue
and Suzuki [30] also observed similar flow pattern for three
side-by-side square cylinders. ,e vorticity contours shown in
Figures 2(b)–2(g) represents the regular vortex shedding in
which the generated vortices are either in-phase or antiphase or

combined in-and-antiphase. ,e vortices shed from the upper
and lower side of each cylinder merge with each other in down
wake region. In-phase vortex shedding can be seen for (AR,
Re)� (0.5, 100) and (0.5, 120) (see Figures 2(c) and 2(d)). ,e
shear layers detaching from cylinders c1-c2 and c1-c3 are anti-
phase with each other (see Figure 2(e)). ,e in-phase and
antiphase vortex shedding behavior can also be verified from the
lift signals shown in Figures 3(d) and 3(f). Figure 3(d) shows the
in-phase vortex shedding while Figure 3(f) illustrates the
antiphase vortex shedding. From Figure 3(h), it can be seen that
the lift signals are antiphase for some time and then become in-
phase. ,at is why this pattern is termed as combined in-and-
antiphase flow pattern. ,e same flow pattern also occurs for
(AR, Re)� (0.5, 80). ,e periodicity of lift signals for in-phase,

100 200 300 400 500 600 7000
x-axis
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100 200 300 400 500 600 7000
x-axis

(b)

100 200 300 400 500 600 7000
x-axis
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100 200 300 400 500 600 7000
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Figure 2: Vorticity contour visualizations at AR� 0.5 and Re� 60–180. (a) (AR, Re)� (0.5, 60), (b) (AR, Re)� (0.5, 80), (c) (AR, Re)� (0.5,
100), (d) (AR, Re)� (0.5, 120), (e) (AR, Re)� (0.5, 140), (f ) (AR, Re)� (0.5, 160), and (g) (AR, Re)� (0.5, 180).
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Figure 3: Continued.

6 Mathematical Problems in Engineering



antiphase, and combined in-and-antiphase flow patterns in-
dicates the regular vortex shedding from cylinders. ,e gen-
erated vortices show amalgamation and distortion in the wake
of cylinders with different shape and size (see Figure 2). Due to
this amalgamation the drag coefficient amplitude varies (see
Figures 3(c), 3(e) and 3(g)). All the three cylinders’ experience
higher fluid forces in case of in-phase vortex shedding com-
pared to antiphase vortex shedding (see Figures 3(c)–3(f)). ,e
in-phase, antiphase, and combined in-and-antiphase flow
patterns were also observed by [14–16] for largeg while we have
observed the same flow pattern for intermediate g due to the
influence of aspect ratio.

,e vorticity contours and time dependent variation of
force coefficients at different values of Re for AR� 2 are shown
in Figures 4 and 5, respectively. Figures 4(a) and 4(b) illustrate
the symmetric flow pattern in which the flow from the middle
cylinder is steady. ,is can also be verified from the corre-
sponding lift signals given in Figure 5(b). Figure 5(b) shows that
the middle cylinders’ lift coefficient is steady while those for c1
and c3 are antiphase to each other. ,e drag coefficient for this
case is periodic. Also the middle cylinder experiences higher
drag compared to the identical drag of lower and upper cyl-
inders (see Figure 5(a)). For 100≤Re≤ 180 and 1.25≤AR≤ 2.5,
the flow structure mechanism behind three rectangular cylin-
ders is found to be the same and vortex shedding for these
combinations is named as irregular vortex shedding. ,e ir-
regular vortex shedding is further classified into modulated and
flip-flopping flow patterns. Here AR� 2 is discussed as a
representative case for 100≤Re≤180. At (AR, Re)� (2, 100)
and (2, 120), the vorticity contours show the irregularity of
vortices in the nearwake region (Figures 4(c) and 4(d)). Also the
vortices from triad do not have any relationshipwith each other,
as was observed for the case of AR� 0.5, throughout the
computational domain (see Figures 4(c) and 4(d)). ,at is why
this flow pattern is named as modulated flow pattern. From the
time-trace analysis of CD and CL of modulated flow, given in
Figures 5(c) and 5(d), it is clear that the variation of CD and CL
is random and does not follow any pattern. ,is is because of

the strong effect of jet flow between the gaps which destroys the
shape and structure of vortices (Figures 4(c) and 4(d)). It can be
seen from Figures 5(c) and 5(d) that the drag and lift signals are
modulated, unsteady with varying cycles. For (AR, Re)� (2,
140), (2, 160), and (2, 180) the flow pattern observed for ir-
regular vortex shedding is flip-flopping in which vorticity plots
show a very complex flow due to the strong effect of jet in gaps
(Figures 4(e)–4(g)). ,e generated jet from gaps bursts the
vortices and no distinct vortices are observed at downstream of
the computational domain (Figures 4(e)–4(g)). One important
property of the flip-flopping flow is that the two gap flows
asymmetrically merged and deflected to different sides and this
property is clearly visible in Figures 4(e) and 4(g). Both the drag
and lift are modulated and show chaotic behavior but it can be
seen that the drag is more chaotic compared to lift and also the
period of drag and lift coefficients is not the same (Figures 5(e)
and 5(f)). ,e flip-flopping flow pattern was reported by Han
et al. [14] and Kang [15] for flow behind three circular cylinders
while Rahman et al. [16] for three square cylinders.,edrag and
lift signals of the flip-flopping flow pattern show irregular
variations due to complex flow structure (Figures 5(e) and 5(f)).
,e time-trace analysis of drag shows more complex behavior
compared to lift. In flip-flopping flowpattern, the distortion and
merging of vortices are due to decoupling of wake dynamics of
CD and CL.

It should be noted here that, for 60≤Re≤ 180 and
AR� 3–4, the flow around cylinders was either symmetric or
nearly symmetric similar to that discussed above. So we have
not shown the vorticity and force coefficients graphs of these
cases for the conciseness.

5.2. Force Statistics. ,is section represents the variation of
fluid forces like mean drag coefficient and Strouhal number
for AR� 0.5, 2, and 4 and Re� 60, 80, 100, 120, 140, 160, and
180. ,e computed results for each cylinder along with their
averages are presented in Figure 6. It is important to state
here that the computations are performed on the width (w)
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Figure 3: Signals of drag and lift coefficients for regular vortex shedding flow. (a) (AR, Re)� (0.5, 60), (b), (AR, Re)� (0.5, 60), (c) (AR,
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180).
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of each cylinder in order to fully analyze the effect of AR.
Comparing all three cases of AR shown here, it can be seen
that the mean drag coefficient of all cylinders decreases as
aspect ratio increases (Figures 6(a)–6(c)) for different Re.
,is indicates the fact that increment in AR stabilizes the
flow and reduces the drag force acting on cylinders.
Figure 6(a) shows that CDmean values of all the three
cylinders increase with increment in Re at AR� 0.5 and
CDmean1 and CDmean3 values are identical and higher
from CDmean2 and CDmean(avg). It should be noted here
that, at AR� 0.5 and 80≤Re≤ 180, the flow structure was
categorized as regular vortex shedding in which complete
generation of vortices was observed (see Figure 2). ,e
increasing mean drag coefficient values with Re, at this AR,
indicate the robustness of drag force on cylinders due to
weakening viscous forces. ,e middle cylinder experiences

higher drag as compared to upper and lower cylinders at
(AR, Re)� 2, 60) due to jet flow effect while for other Re, this
trend reverses which indicates that the increase in Re values
reduces the effect of jet flow on the middle cylinder (see
Figure 6(b)). ,e upper and lower cylinders mean drag
values are identical for AR� 2 and 4 due to symmetry in
flow. ,e middle cylinder drag for AR� 0.5 exhibits the
increasing trend for increasing Re but for AR� 2 and 4, this
trend reverses due to change in AR (Figures 6(a)–6(c)). It
can be seen from Figure 6(a) that, at (AR, Re)� (0.5, 60–180),
the lower and upper cylinders experience identical drag
which is higher than the drag of middle cylinders. ,e drag
of all three cylinders is higher than their average drag
(Figure 6(a)). At AR� 2, the same behavior is observed at
Re� 80–180 and also the average drag curve decreases by
increasing Re (see Figure 6(b)). At (AR, Re)� (4, 60–100),
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Figure 4: Vorticity contour visualizations at AR� 2 and Re� 60–180. (a) (AR, Re)� (2, 60), (b) (AR, Re)� (2, 80), (c) (AR, Re)� (2, 100), (d)
(AR, Re)� (2, 120), (e) (AR, Re)� (2, 140), (f ) (AR, Re)� (2, 160), and (g) (AR, Re)� (2, 180).
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Figure 5: Temporal variations of CD and CL for irregular vortex shedding flow. (a) (AR, Re)� (2, 60), (b) (AR, Re)� (2, 60), (c) (AR,
Re)� (2, 120), (d) (AR, Re)� (2, 120), (e) (AR, Re)� (2, 160), and (f) (AR, Re)� (2, 160).
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the average drag is higher than the drags of all three cyl-
inders, at (AR, Re)� (4, 120), all the cylinders drag and the
average drag coincide, and at (AR, Re)� (4, 140–180), the
average drag is higher than the drags of all three cylinders
(see Figure 6(c)). ,e local maximum CDmean at all values
of AR and Re can be seen for c1 and c3 to be 5.9075 at (AR,
Re)� (0.5, 180). At this combination of AR and Re, the flow
pattern was combined in-and-antiphase vortex shedding.
,e local minimum value can be seen at (AR, Re)� (4, 180)
for cylinder c2, where symmetric flow behavior was ob-
served. From Figure 6(c) it can also be seen that, at (AR,
Re)� (4, 120), the CDmean of all cylinders coincides. Reason
for this similarity is that, due to larger AR, symmetry de-
velops in flow around each cylinder which results in simi-
larity of drag acting on cylinders. Also, it should be noted
that at this combination of AR and Re nearly symmetric flow
pattern was observed. ,is observation indicates the role of
AR in stability of fluid forces.

Variation of ST for all cylinders with Re at different
values of AR is shown in Figures 6(d)–6(f). For nearly

symmetric flow pattern the ST values of upper and lower
cylinders are identical and the middle cylinder ST values are
not calculated due to steady flow (see Figure 6(f)). Com-
parison of Figures 6(d)–6(f ) reveals that the ST for all
cylinders increases with increment in AR.,is indicates that
as AR increases the vortices shed from the cylinders at higher
frequency. ,e local maximum value of ST for the chosen
cases is 0.7385, observed for both c1 and c3 at (AR, Re)� (4,
140). ,e flow pattern for this case was nearly symmetric
while the local minimum value 0.0938 for the ST is observed
at (AR, Re)� (0.5, 80), for middle cylinder, where the flow
pattern was combined in-and-antiphase vortex shedding. In
this flow pattern the formation of vortices behind the middle
cylinder was weaker compared to the upper and lower
cylinders due to small Re. ,e average ST is identical to the
middle cylinder ST and smaller than ST1 and ST2 for (AR,
Re)� (0.5, 100–120), while for (AR, Re)� (0.5, 140–180), all
the cylinders ST and their average are the same (see
Figure 6(d)). At (AR, Re)� (2, 100–180), the middle cylinder
ST is higher than ST of lower and upper cylinders and all
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Figure 6: Effect of Re on (a–c) mean drag coefficients and (d–f) Strouhal numbers, for three rectangular cylinders: (a) AR� 0.5, (b) AR� 2,
(c) AR� 4, (d) AR� 0.5, (e) AR� 2, and (f) AR� 4.
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three cylinders ST are higher than their average ST (see
Figure 6(e)). Figure 6 also shows that for all cases of AR the
STmonotonically increases with increment in Re.,is is due
to the fact that the dominancy of inertial forces results in
maximizing the vortex shedding frequency.

6. Conclusions

In this paper, the numerical simulations for flow around three
rectangular cylinders arranged side-by-side were presented in
order to fully analyze the effect of Reynolds number on flow
structures and fluid forces at different aspect ratios and fixed
spacing ratio of 1.5 using LBM. ,e Reynolds number was
varied in the range 60≤Re≤ 180 and twelve different values of
AR between 0.25 and 4 were selected. Different flow patterns,
variation of fluid forces, and vortex shedding frequency were
documented and analyzed in terms of the jet effects between the
gaps, downstream flow characteristics, and alteration of the
wake structures at different Re and AR in this work. ,e vortex
shedding mechanism behind cylinders was categorized into
regular (0.25≤AR≤ 1; 80≤Re≤ 180), irregular
(1.25≤AR≤ 2.5; 100≤Re≤ 180), and symmetric vortex shed-
ding (3≤AR≤ 4; 60≤Re ≤ 180, Re� 60; 1.25≤AR≤ 2.5 and
Re� 60, 80; 0.25≤AR≤ 1). ,e regular vortex shedding was
further subdivided into in-phase, antiphase, and combined in-
and-antiphase vortex flow patterns. ,e irregular vortex
shedding was further subdivided into modulated and flip-
flopping flow patterns while symmetric vortex shedding was
categorized into symmetric and nearly symmetric flow patterns.
In regular and symmetric vortex shedding patterns the drag and
lift coefficients were found to vary smoothly while in irregular
vortex shedding the behavior of force coefficients was abruptly
changingwith time. It was found that themean drag coefficients
of the three rectangular cylinders decreased while shedding
frequencies increased for increasing AR at all Re.,e upper and
lower cylinders experienced identical drag for symmetric vortex
shedding. Moreover, at AR� 0.5, all the cylinders had a higher
magnitude of drag compared to AR� 2 and 4. In symmetric
vortex shedding the lift signals for the middle cylinder became
constant due to steady flow behavior. Also, it was observed that
the ST values monotonically increase with increment in Re for
all cases of AR. AR was found to have significant effects on flow
characteristics.
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