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a b s t r a c t

The problem of unsteady natural convection induced by a temperature difference between a cold outer
square enclosure and a hot inner circular cylinder is studied in this paper. The cylinder temperature is
assumed to vary sinusoidally with time about a fixed mean temperature. The coupled momentum and
energy equations have been solved numerically over a wide range of values of the amplitude and the fre-
quency of the source temperature signal, as well as the source radius. It is found that the heat transfer rate
tends to increase by oscillating the source temperature signal. The maximum heat transfer augmentation
was obtained for frequency between 25p and 30p for a high amplitude and a moderate source radius.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Fluid flow and natural heat transfer from a heated body, espe-
cially cylinder inside enclosures has long been studied and has re-
ceived much attention due to its direct relevancy to many
engineering applications such as flooding protection for buried
pipes, solidification processes, heat exchangers, electronic packag-
ing and chemical reactors. House et al. [1] investigated the effect of
a centered, conducting body and concluded that heat transfer pro-
cess across the enclosure may be increased or decreased by a con-
ducting body with a thermal conductivity ratio lower or greater
than unity, respectively. Ghaddar [2] studied a uniformly heated
horizontal cylinder placed in a large air-filled rectangular enclo-
sure and found the maximum air velocity was at a distance of
about nine cylinder diameters along the vertical centerline above
the heated cylinder. Moukalled and Acharya [3] and Shu and Zhu
[4] analyzed the effect of the radius of the inner cylinder and the
aspect ratio to the fluid flow and heat transfer rate. Cesini et al.
[5] performed a numerical and experimental analysis of a horizon-
tal cylinder and reported in general the numerical and experimen-
tal result were in good accordance. Shu et al. [6] employed the
differential quadrature method and showed that the global
circulation, flow separation and the top space between the square

outer enclosure and circular inner cylinder have an important
influence on the flow and thermal fields. A heated cylinder kept
in a square enclosure with different thermal boundary conditions
was presented by Roychowdhury et al. [7].

Angeli et al. [8] developed a correlation for the average Nusselt
number as a function on both the Rayleigh number and the cylin-
der diameter. The heat transfer enhancement by increasing the cyl-
inder size and/or surface emissivity was obtained by Mezrhab et al.
[9]. Kim et al. [10] and Lee et al. [11] showed that the cylinder po-
sition could affect heat transfer quantities. The changes in heat
transfer quantities at Rayleigh number of 107 was presented by
Yoon et al. [12] and Yu et al. [13]. Hussain and Hussein [14] studied
a uniform heat source applied on the inner cylinder in a square air
filled enclosure in which all boundaries are assumed to be isother-
mal. They obtained a two-cellular flow field and found that the to-
tal average Nusselt number behaves nonlinearly as a function of
locations. The existence of local peaks of the Nusselt number along
the surfaces of the cylinder and the enclosure was investigated by
Lee et al. [11]. Recently, Nabavizadeh et al. [15] studied a heated
sinusoidal cylinder at various amplitudes and undulations. They
concluded that increasing amplitude or number of undulations or
changing the angle might change the heat transfer coefficient
which then influence the temperature and velocity fields. Very re-
cently, Sairamu and Chhabra [16] considered a heated tilted square
cylinder placed at the center of a square enclosure.

The transient behavior of fluid flow and heat transfer in an enclo-
sure has been extensively studied due to the relevance to many
industrial applications. For example, in the cooling of electronic
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equipment, the electrical components are periodically energized
intermittently and, therefore, the heating is an unsteady manner.
Kazmierczak and Chinoda [17] investigated natural convection of
water in a square enclosure by sinusoidal heating. Antohe and Lage
[18] reported the convection intensity within the enclosure in-
creases linearly with heating amplitude, while the resonance fre-
quency was shown to be independent of the heating amplitude.
Abourida et al. [19] and El Ayachi et al. [20] indicated that the heat
transfer in a system could be enhanced by a proper choice of the con-
sidered parameters. Cheikh et al. [21] concluded that the periodical
heating case causes an increase of the mean heat transfer in compar-
ison to the constant heating case. Liu et al. [22] studied a square con-
ducting body placed at the center of the enclosure. It was found that
the resonant frequency decreases by increasing the body size and
thermal conductivity ratio. In the problem of chaotic natural convec-
tion, Al-Taey [23] found the appearance of a new chaotic form in the
stream function pattern and temperature distribution when he stud-
ied a heated square enclosure with time periodic boundary condi-
tions. Recently, Zhang et al. [24] proposed the high-accuracy
solutions of the sinusoidal heating profile. The aim of the present
work is to investigate numerically the problem of unsteady natural
convection from a sinusoidally heated cylinder embedded in a
square enclosure. The sinusoidal heating is predicted to contribute
the heat transfer enhancement due to the pulsating local flow re-
sponse around the cylinder, for example the periodically on/off cir-
cular light in a room would enhance the heat transfer mechanism
across the room.

2. Mathematical formulation

A schematic diagram of a cold square enclosure having an inner
hot circular cylinder is shown in Fig. 1(a). The cylinder with radius
r is located in the center of the enclosure and its temperature var-
ies sinusoidally in time about a mean hot temperature Th, with
amplitude a and frequency x. The cylinder or source temperature
is hotter than the wall temperature at all times, as graphically de-
picted in Fig. 1(b). Under the influence of the vertical gravitational
field, the cylinder and walls at different levels of temperature lead
to a natural convection problem. The fluid is assumed Newtonian
and viscous dissipation and radiation effects are negligible. We as-
sumed the cylinder and walls were made from materials having
very low emissivity such as the polished aluminium, so that radia-

tion has a very small effect on the temperature of the cylinder and
walls. The governing equations are described by the NavierStokes
and the energy equations, respectively. The governing equations
are transformed into dimensionless forms under the following
non-dimensional variables
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Nomenclature

a, A amplitude, dimensionless amplitude
F dimensionless oscillating frequency
g gravitational accleration
n normal direction to the walls
‘ width and height of enclosure
p, P pressure, dimensionless pressure
Nu Nusselt number
Pr Prandtl number
r, R cylinder radius, dimensionless cylinder radius
Ra Rayleigh number
t time
T temperature
Th mean value of hot temperature
u, v velocity components in the x- and y-directions
U, V dimensionless velocity components in the X- and Y-

directions
W surface area of walls
x, y & X, Y space coordinates & dimensionless space coordinates

Greek symbols
a thermal diffusivity
b thermal expansion coefficient
m kinematic viscosity
h angle of circular cylinder
H dimensionless temperature
s dimensionless time
€s dimensionless time at stable state
sp dimensionless periodic time of cylinder temperature
q density
x oscillating frequency
Nuss average Nusselt number at basic steady state
Nu time-averaged Nusselt number

subscripts
c cold
h hot
ss steady

Fig. 1. Schematic representation of the model.
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