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Abstract A numerical study of uniform flow past a row of rectangular rods with aspect ratio

defined as R= width/height = 0.5 is performed using the Lattice Boltzmann method. For this

study the Reynolds number (Re) is fixed at 150, while spacings between the rods (g) are taken in

the range from 1 to 6. Depending on g, the flow is classified into four patterns: flip-flopping, nearly

unsteady-inphase, modulated inphase-antiphase non-synchronized and synchronized. Sudden

jumps in physical parameters were observed, attaining either maximum or minimum values, with

the change in flow patterns. The mean drag coefficient (Cdmean) of middle rod is higher than

the second and fourth rod for flip-flopping pattern while in case of nearly unsteady-inphase the mid-

dle rod attains minimum drag coefficient. It is also found that the Strouhal number (St) of first, sec-

ond and fifth rod decreases as g increases while that of other two have mixed trend. The results

further show that there exist secondary interaction frequencies together with primary vortex shed-

ding frequency due to jet in the gap between rods for 1 6 g 6 3. For the average values of Cdmean

and St, an empirical relation is also given as a function of gap spacing. This relation shows that the

average values of Cdmean and St approach to those of single rectangular rod with increment in g.
� 2016 Faculty of Engineering, Alexandria University. Production and hosting by Elsevier B.V. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Bluff structures, for example, circular and rectangular rods are

the most common configuration in numerous practical appli-
cations. At high Reynolds numbers (Re) these applications
can be found in bridges, chimneys, tall buildings, fences, over-
head power-line bundles, masts, chemical-reaction towers, etc.

Flow around a bluff body often involves various fluid dynamic
phenomena, such as reattachment, separation and vortex shed-
ding, while at low Re these applications can be found in micro-

devices, such as in micro-electro-mechanical-system (MEMS)
and cooling of fibers. Due to these applications the study of
bluff body flow gained attractiveness in both science and engi-

neering. Numerous studies have concentrated on flow past a
square rod [1–3]. However, much less work has been con-
ducted for a rectangular rod. The flow around a rectangular

rod can result various local instabilities which can lead to glo-
bal instabilities [4]. A small change in aspect ratio (R) can
result drastic changes in the fluid dynamic characteristics
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around the rod [5–7]. Further, the wakes of multiple bluff bod-

ies placed next to each other create complex flow structures
which also create instabilities and may cause acoustic noise
or structural vibrations, which in some cases can trigger struc-

ture failure. Okajima [1] and Islam et al. [7] found that the drag
coefficient undergoes significant changes in the range of
R= 0–1. Abdollah et al. [5] experimentally and Islam et al.
[7] numerically observed that the vortex formation region is

smaller in the case of small aspect ratio compared to square
rod (R= 1). Islam et al. [7] also observed that the physical
parameters, such as drag coefficient (Cd) and Strouhal number

(St) values for R < 1 are higher than those at R= 1 case. On
the basis of above mentioned findings we chose the middle
value of R from 0 to 1 in this numerical investigation.

Numerous experimental and numerical studies around two,
three and four circular as well as square rods have been widely
carried out. In spite of its great relevance to practical engineer-

ing problems, the flow past rectangular rods with different
aspect ratios has received much less attention. Zdravkovich
[8] categorized the flow interference between rods in proximity
interference, wake interference and a combination of these

two. To cite a few more examples, Sumner et al. [9] examined
the wake of two and three side-by-side circular rods in a range
of gap spacing (g) from 1 to 6 with Re= 500–3000 using par-

ticle image velocimetry and hot film anemometry. In their
studies, for two rods case, single vortex street flow, deflected
gap flow and synchronized vortex shedding, observed as g

increased. In case of three rods, symmetric and asymmetric
biased flow patterns were observed at g= 1.25. Alam and
Zhou [10] studied the wake features, gap vortices, flow switch,

and merging of two streets into one and also gave the quanti-
tative information for flow around two side-by-side square
rods using water tunnel experiment at Re= 300. In their
investigation, they found four flow patterns, each character-

ized in terms of wake mechanism and vortex formation length.
Agrawal et al. [11] found the inphase and antiphase vortex
shedding behind two rods at g= 3, and biased flow pattern

at g = 1.7, at Re= 73. Kang [12] investigated the wake of

three side-by-side circular rods at a Reynolds number of 100
at g < 5. He observed five different kinds of flow patterns: sin-
gle bluff-body (g < 0.3), deflected (g � 0.3), flip-flopping

(0.3 < g 6 1.2), inphase synchronized (g � 1.5) and modula-
tion synchronized patterns (g P 2). The effects of gap spacing
and Reynolds number on flow past three side-by-side square
rods were investigated by Rahman et al. [13] and Islam et al.

[14]. They found that the flow structure is strongly dependent
on Reynolds number and gap spacing while the later one is
more effective in case of unequal g.

On the other hand, investigations on flow past row of rods
(more than three rods) are relatively scarce. In most of the
studies emphases were on flow patterns for varying gap spac-

ing in terms of wake structures and experimentally Guillaume
and LaRue [15] observed flopping regime for flow past two,
three and four rods array. Investigation in terms of physical

parameters and time-trace analysis of each rod has not been
well documented in the literature. Huang et al. [16] investi-
gated vortex shedding characteristics on flow around row of
circular rods, at a Reynolds number of 150, using FLUENT.

They found that the vortex streets are stable and keep the same
form for large distance at downstream of the computational
domain for g = 4 and for g < 2.5 the wake behind the rods

merges to form clusters and moves in a synchronized inphase
pattern. Awale [17] observed that the inner two circular rods
experience high drag compared to outer two rods in his study

of flow past row of circular rods using ANSYS software. He
investigated synchronized flow at g P 6, Quasi-Periodic-I flow
at 3 6 g 6 5, Quasi-Periodic-II flow at g = 2 and chaotic flow

at g 6 1. Mizushima and Akinaga [18] experimentally and
numerically investigated the interactions of flow past a row
of square and circular bars. They identified the inphase vortex
shedding at g= 1 and antiphase vortex shedding at g= 3. In

the aforesaid studies mostly emphasis was given on flow pat-
terns but in some studies the time-trace analysis of drag and lift
coefficients and spectrum analysis are also given [19,20].

Nomenclature

c1 first rod

c2 second rod
c3 third rod
c4 fourth rod
c5 fifth rod

cs speed of sound
Cd drag coefficient
Cl lift coefficient

Cdmean mean drag coefficient
Cdrms root-mean-square value of the drag coefficient
Clrms root-mean-square value of the lift coefficient

D space dimension
E spectrum energy
ei particle velocity directions
fi particle distribution function

fi
(eq) equilibrium particle distribution function

fs vortex shedding frequency
Fd force component in the in-line direction

Fl force component in the transverse direction

g gap spacing between rods

H height of the computational domain
h height of the rectangular rods
L length of the channel
Lu upstream distance from inlet to five rods

Ld downstream distance from five rods to outlet
boundary

p pressure

Q number of particles
Re Reynolds number
s surface-to-surface distance between rods

St Strouhal number
u macroscopic velocity components
U1 uniform inflow velocity
w width of the rectangular rods

wi weighting coefficients
x position of particle
s single-relaxation-time parameter
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