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a b s t r a c t

Laminar natural convection flow around horizontal heated cylinder with and without confinement is
numerically studied. Confinement is done above or below the cylinder at various vertical positions.
Two-dimensional computational models using finite volume formulation have been developed and
validated against experimental data. Local heat transfer predictions are correlated for an unconfined
single cylinder. The significance of confinement on the top and bottom side of the cylinder is clearly
demonstrated for a wide range of Ra, and spacing between the cylinder and the confinement. In case
of top confinement, the increase in Nuh at the upper portion of the cylinder depends on the position of
the wall. The confinement below the cylinder caused a reduction in Nu at the bottom half of the cylinder
as compared to the top half. For both cases, the effect of confinement can be neglected at high H=D ratios.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Natural convective flows around heated horizontal cylinders are
relevant to many applications. The nature of the flow around the
cylinder can be affected when the flowing medium around the cyl-
inder is vertically or horizontally confined. With the case of com-
bined horizontal and vertical confinement (rectangular
enclosure), the interactions between the finite fluid and the enclo-
sure walls can still be different. In this paper, numerical analyses
are performed for natural convection from a single horizontal
heated cylinder with and without horizontal confinement to dis-
tinguish the effects when the confinement is above or below the
cylinder.

Studies on natural convection around a horizontal cylinder
stretch way back into the days of Nusselt. Ackerman [1] under
the supervision of Nusselt carried out experiments on a horizontal
cylinder to verify Nusselt’s theory. Survey of current literature
shows extensive studies for horizontal, isothermal cylinder with
and without adiabatic or conductive ceiling in various arrange-
ments such as horizontal, vertical and rectangular. The more
famous work in this area is that of Morgan [2] and Churchill and
Chu [3]. Morgan compared large number of experimental data
and found major discrepancies between different data. It was
found that the wide dispersion in experimental data was due to
various factors associated with the experiments. He proposed a

time and area-averaged Nusselt number correlation for range of
Ra varying from 10E�10 to 10E + 12 and Chu [3] proposed a time
and area-averaged Nusselt number correlation valid for all Pr and
Ra. Many researchers including Hermann [4], Sako et al. [5], Chen
and Yoon [6] and Farinas and Garon [7] have theoretically pre-
dicted the temperature distributions in space around heated cylin-
ders. Nakai and Okazaki [8] studied natural convection around
horizontal wires of small diameter for uniform temperatures. Sim-
ilarity solution obtained were compared with experimental results.
De Socio [9] and Herrez and Belda [10] used holographic interfer-
ometry to study the corresponding temperature fields. Herrez
and Belda [10] proposed equations for surrounding temperature
fields, local and average heat transfer coefficients. Morgan [11]
conducted a review of analytical, experimental and numerical
results available for the prediction of Nu around horizontal heated
cylinders. It was concluded that the Nu predicted by analytical and
numerical methods was in agreement within 4% of the experimen-
tal values for Ra of the order of 104. At Ra of the order of 105, the
experimental values were higher by around 8%, and at Ra � 107

the experimental values were higher by 11%. Kitamura’s [12]
experimental investigations showed higher local heat transfer
coefficients in the regions with transitional (laminar-turbulent
transition) behaviour. Numerical investigations by Kuehn and
Goldstein [13] showed a decrease in boundary layer thickness with
an increase in Ra. Their experimental results obtained using a cop-
per cylinder and Mach–Zehnder interferometer compared fairly
well with the numerical data and experimental data from other
researchers. The buoyant plume generated above the heated
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cylinder was experimentally investigated by Grafsrnningen et al.
[14]. The flow exhibited non-laminar behaviour at a height above
the cylinder. It was also observed that with the increases of Ra,
flow becomes transition and the starting point of the separation
moves along the cylinder to the bottom.

It can be noted that investigations over the years have mainly
concentrated on improving the empirical correlations for the time
and area-averaged Nusselt numbers at different Ra. The absence of
a simple correlation for the prediction of local natural convection
heat transfer coefficients around the horizontal cylinders at various
conditions defined one of the objectives of the present study.

1.1. Effect of horizontal confinement

Many investigations have reported the effect of horizontal con-
finement on a horizontal cylinder with various spacing to cylinder
diameter ratios. Model geometry of this type is shown in Fig. 1.
Saito et al. [15] noted that overall convection heat transfer from
the cylinder was minimum compared to a cylinder in an infinite
medium at a H=D � 0:12. Koizumi and Hosokawa [16] observed
unsteady three-dimensional flow at higher Ra below the isothermal
ceiling. The flow patterns depended mainly on Ra and the H=D ratio.
Karim and Farouk [17] showed that the effect of confinement
becomes negligible at higher Ra. Lawrence et al.’s [18] experiments
showed that when H=D > 1, the ceiling has almost negligible influ-
ence on heat transfer. Correa et al.’s [19] numerical results demon-
strated that the ceiling has no effect on heat transfer rate for
H=D > 2. Flow visualisation studies by Ashjaee et al. [20] confirmed
the above findings and reported the following. (i) Adiabatic ceiling
had no influence on free convection heat transfer for H=D P 1:5. (ii)
Considerable decrease in Nu between H=D ratios from 1.5 to 0.5. (iii)
For close spacing of H=D < 0:5, increase in Nu due to the vortex for-
mation below the ceiling. Atmanne et al. [21] studied natural con-
vection flow above a heated horizontal cylinder immersed in
water and confined by the water free surface. It was noted that var-
iation in separation distance between the cylinder and fluid bound-
ary resulted in higher Nu on the upper part of the cylinder. Large
scale fluctuations of the thermal plume were noticed when the dis-
tance between the free surface and the cylinder is roughly equal to
diameter of the cylinder. Optimal spacing between horizontal
cylinders placed in an array of fixed volume for maximum heat
transfer was determined by Bejan et al. [22]. They proposed corre-
lations for optimal spacing and heat transfer rates. It was observed
that the spacing is relatively insensitive to the cylinder conditions
such as isothermal and uniform heat flux. Sparrow and Ansari

[23] investigated heat transfer due to all participating modes for a
heated cylinder with a horizontal wall beneath the cylinder. It
was found that the bottom wall caused reduction in heat transfer
rates in about 5% more than those due to the side wall. The degra-
dation in heat transfer was negligible as the cylinder to wall dis-
tance increased. Ashjaee et al. [24] studied similar configurations
at various wall spacing and at Ra ranging from 100 to 105. He pro-
posed correlations for Nu of the cylinder as a function of Ra and H=D
ratio.

It is noted that when the cylinder is confined, studies done so far
confirm a reduction in Nu for lower H/D ratios. However there is no
consensus among researchers regarding the optimum spacing
between the cylinder and the confinement beyond which the effect
of confinement can be neglected. Atmane et al. [21] reported an
increase in Nuh at the top half of the cylinder for lower H=D ratios.
The possibility of transient flow phenomena cannot be ruled out for
such a case. It is also noted that the effect of bottom confinement at
various conditions is not studied in detail. The objective of the
present study is to address the above mentioned deficiencies in

Nomenclature

cp specific heat, J kg�1 K�1

D diameter of the cylinder, m
g gravitational acceleration, m s�2

H cylinder-to-ceiling distance from the tip of the cylinder,
m

h convective heat transfer coefficient, W m�2 K�1

k thermal conductivity of the surrounding media,
W m�1 K�1

Nuh local Nusselt number, hhD=k
Nu average Nusselt number
Nu normalised local Nusselt number given by Eq. (5)
Pr Prandtl number, m=a
q heat flux, W m�2

Ra Rayleigh number, gb Tw � T1ð ÞD3=am
Ra� modified Rayleigh number, gbqwD4=kam
T temperature, K

v velocity in the radial direction, m s�1

Greek letters
a thermal diffusivity, m2 s�1

b volumetric expansion coefficient, K�1

d boundary layer thickness, m
h angle from the bottom of the cylinder, �
m kinematic viscosity, m2 s�1

q density, kg m�3

Subscripts
max maximum
w at the cylinder surface
1 ambient condition

Fig. 1. Model geometry showing boundary conditions.
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