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a b s t r a c t

The present numerical study performs a geometrical evaluation of a triangular arrangement of circular
cylinders subjected to transient, two-dimensional, incompressible, laminar, and aiding mixed convective
flows by means of Constructal Design. It is investigated a multiobjective problem: maximize Nusselt
number (NuD) and minimize drag coefficient (CD). In order to investigate the influence of buoyancy forces
over design of the arrangement of cylinders five different Grashof numbers (GrD) are studied leading to
different Richardson numbers: Ri = GrD/ReD2 = 0.1, 0.5, 1.0, 5.0 and 10.0. For all simulations, constant
Reynolds and Prandtl numbers (ReD = 100 and Pr = 0.71) are considered. For geometric evaluation, the
problem is subjected to two constraints (cross-sectional area of three cylinders and an occupation area
for the arrangement) and two degrees of freedom (the ratio between the longitudinal pitch and cylinder
diameter (SL/D) and ratio between the transversal pitch and cylinder diameter (ST/D)). In numerical sim-
ulations, the conservation equations of mass, momentum and energy are solved using Finite Volume
Method (FVM). Results showed that buoyancy forces in mixed convective flows have strong influence
over design of the studied cylinders arrangement. For instance, the effects of ST/D and SL/D over CD and
NuD changed significantly for different Ri evaluated. Concerning the multiobjective evaluation, for
Ri = 0.1 (forced convective flows) intermediate ratios of ST/D and SL/D, different from that achieved for
the isolated purposes, conducted to the best multiobjetive performance, while for Ri = 10.0 (natural con-
vective flows) the best shape is the same reached for the thermal objective, i.e., the multiobjective anal-
ysis for natural convective flow was guided by thermal purpose.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Flows around circular cylinders have been widely studied in lit-
erature due to its common occurrence in many different applica-
tions. Chief examples have been reported for design, operation
and maintenance of heat exchangers, condensers, evaporators,
steam generators, wind converter towers, thermal plants, water
heating installations, cooling of water and/or oil for ships, radiators
of automotive vehicles, HVAC (Heat, Ventilation and Air Condition-
ing), cooling of electronic packaging and others [1–3]. Other impor-
tant aspect is the physical phenomenology complexity (vortex
formation, detachment of vortex, wakes, vortex streets and turbu-
lent patterns) which brings difficulties for the treatment of this
kind of problem. As a consequence, experimental and numerical
investigations about the comprehension of fluid flow and heat

transfer over one, two and more cylinders with different geometric
configurations are still important for achievement of several rec-
ommendations for engineering problems [1,2,4].

Isothermal flows over one cylinder or a pair of cylinders for var-
ied configurations (tandem, side-by-side or staggered) have been
highly evaluated in literature and important review works were
presented in [1–3]. In Sumner [3], deep discussions about the influ-
ence of longitudinal and transverse spacing between a pair of
cylinders and the effect of Reynolds number on the flow patterns,
aerodynamic forces and other parameters are realized. For the
investigation of flows over arrangement of cylinders, Bansal and
Yarusevych [5] performed an experimental study of flow through
a cluster consisting of three equally spaced circular cylinders. It
was considered a fixed ratio between the cylinder spacing and
diameter (P/D = 1.35), constant Reynolds number (ReD = 2.1 � 103)
and different cluster orientation angles in the range 0� � a � 60�.
Other studies about staggered or aligned arrangement of four
cylinders have also been presented in literature [6,7].

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.07.010
0017-9310/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: giulio.lorenzini@unipr.it (G. Lorenzini).

International Journal of Heat and Mass Transfer 114 (2017) 1188–1200

Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2017.07.010&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.07.010
mailto:giulio.lorenzini@unipr.it
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2017.07.010
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Concerning the convective heat transfer problems, experimen-
tal and numerical works have been dedicated to improve the com-
prehension about fluid dynamic and thermal behavior of forced or
mixed convective flows over one cylinder [8–10]. In spite of similar
geometry, different focuses are defined for distinct works. For
instance, Mohammed and Salman [8] performed an experimental
work on combined (free and forced) convective flows to improve
the knowledge about local and average heat transfer for hydrody-
namically fully developed and thermally developing laminar air
flow in a horizontal circular cylinder intruded in a channel. Rashidi
et al. [9] numerically studied forced convective flows around a
cylinder embedded in a layer of homogeneous porous media for
different Reynolds and Darcy numbers. Authors investigated the
effect of some parameters as porous layer thickness, permeability,
Darcy and Reynolds numbers over fluid dynamic and thermal char-
acteristics of the flow. Sarkar et al. [10] evaluated numerically
mixed convective flows of nanofluids past a rotating cylinder. For
all cases it was considered Reynolds number of ReD = 100 and
two fixed values of Richardson number (Ri = 0.5 and 1.0). For the
nanofluid, it is considered nano sized copper (Cu) particles sus-
pended in water (Pr = 6.9).

Other works have investigated convective laminar flows over
one cylinder with modifications in geometry as fins, protusion
insertions and semi-circular cylinders seeking to evaluate the
influence of geometry modifications over mean parameters as
drag, pressure coefficients and Nusselt numbers [11–13]. In a gen-
eral sense, it is possible to notice that even the study of convective
flows over one cylinder (with or without geometry modifications)
has been considered an important subject.

Concerning convective flows over a pair or arrangement of
cylinders, Song and Chang [14] evaluated flow patterns and vortex
shedding of laminar mixed convective flows over a pair of cylin-
ders placed transversally to the main direction of an opposing flow,
i.e., an arrangement with side-by-side configuration. The pattern of
Karman vortex street breakdown changed in a range of Richardson
numbers in contrast to the sudden breakdown noticed for a single
heated cylinder. Salcedo et al. [15] performed an experimental
study of laminar mixed convective flows with aiding and opposing
buoyancy forces over two heated cylinders in tandem array and
confined inside a vertical rectangular water channel. The study
was performed for two different Reynolds (ReD = 100 and 200)
and Richardson numbers in the range (1.0 � Ri � 3.0). Authors

observed that vortex shedding patterns exhibited a strong depen-
dence on Richardson number. Ambesi and Kleijn [16] investigated
forced convective flows in laminar regime over equidistantly and
non-equidistantly spaced parallel cylindrical wires in a transversal
configuration (all cylinders in side-by-side arrangement). Different
open frontal area fractions between 0.04 and 0.95 were evaluated.
Moreover, the investigations were performed for several Reynolds
and Prandtl numbers (0.7 � Pr � 10 and 0.001 � Re � 600). In spite
of several important contributions, none of the above mentioned
works employed Constructal Design for geometric evaluation of
the arrangement of cylinders.

Constructal Design is a method that uses constraints and perfor-
mance indicators for geometric evaluation of any animated or
inanimated flow system of finite dimensions predicting its evolu-
tion along the time. The geometric configurations of flow systems
are ruled by a physical principle named Constructal Law. In other
words, Constructal Design is the method used to apply Constructal
Law to any flow system. Constructal Law states that a finite flow
system with freedom to morph along the time will evolve in such
way to improve the access to the internal currents that flow
through it [17–21]. Into the engineering realm, Constructal Design
has been employed for geometric evaluation of several problems,
e.g., design of cavities, fins and highly conductive pathways, solid
mechanics, refrigeration and renewable energy [22–29]. It is also
worthy to mention that Constructal Design is dedicated for geo-
metric evaluation of the flow systems (it is not an optimization
technique). To find the best geometrical configurations, optimiza-
tion techniques must be associated with Constructal Design. In this
sense, different methods have been applied, since Exaustive Search
(trying all geometrical possibilities) to stochastic methods as
Genetic Algorithms, Simulated Annealing and more recently
Luus-Jaakola [22,30–32].

For the geometric evaluation of external convective flows
employing Constructal Design, which is the main scope of the pre-
sent work, Matos et al. [33] performed a numerical and experimen-
tal study to maximize the total heat transfer rate between a bundle
of finned or non-finned tubes in a given volume for circular and
elliptic arrangements of ducts. The tube-to-tube spacings and
eccentricity of the elliptic tubes were evaluated. Afterwards,
Bello-Ochende and Bejan [34] investigated natural convective
flows over assemblies of cylinders. It was tested smaller cylinders
placed closer to the entrance of the assembly in a region occupied

Nomenclature

A area of occupation of cylinders [m2]
At cross-sectional area of the three cylinders [m2]
CD drag coefficient (FD/0.5q0V2DW)
cp specific heat at constant pressure [J/(kg K)]
D diameter of cylinder [m]
g gravitational acceleration [m/s2]
GrD Grashof number (gb(TS - T1)D3/ t2)
h convective heat transfer coefficient [W/(m2 K)]
H height of computational domain [m]
k thermal conductivity of the fluid [W/(m K)]
L length of computational domain [m]
NuD Nusselt number (hD/k)
P pressure [N/m2]
Pr Prandtl number (µcp/k)
q‘‘ heat flux [W/m2]
ReD Reynolds number (q0V1D/µ)
Ri Richardson number (GrD/ReD2)
SL longitudinal pitch [m]
ST transversal pitch [m]

T1 fluid temperature at the free stream [K]
TW cylinder surface temperature [K]
V1 velocity at the free stream [m/s]
W depth of cylinder (z-direction) [m]

Greek symbols
b thermal expansion coefficient [K�1]
l dynamic molecular viscosity [kg/m.s]
m kinematic viscosity [m2/s]
q0 density [kg/m3]

Subscripts
m once maximized or minimized
mm twice maximized or minimized
o once optimized
oo twice optimized
F fluid dynamic objective
T thermal objective
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