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a b s t r a c t

Transition of free convection flow in an inclined parallel walled channel has been investigated numeri-
cally by employing k–e turbulent model. Particular attention is paid on how the inclination angle and
width of the channel affect the transition process of the flow developing in the channel. The upper plate
of the channel is heated isothermally and facing downward, while the lower one is kept under the adi-
abatic condition. The inclination angle of the channel is varied from 0� to 85� with respect to its vertical
position while the distance separating the two plates is systematically reduced from 0.45 to 0.06 m. Dis-
tributions of velocity, turbulent kinetic energy and local heat flux are presented to examine the critical
distance and the results obtained show good agreement with experimental data available in the
literature.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Natural convection in inclined parallel plates has received great
attention in the recent years due to a wide range of engineering
applications including solar energy systems. Particularly, in mod-
ern buildings sloped roofs, multi-glazed windows and skylights
are frequently installed, and they are exposed to both free and
forced convections. As far as the flow of free convection on a tilted
plate is concerned, the first experiment was carried out by Rich [1]
in 1953. Average heat transfer rate along the heated plate at vari-
ous angles up to 40� was measured. The experimental data indi-
cated that the heat transfer drops when the heated plate is
moved from its vertical position.

After about three decades, Azevedo and Sparrow [2] performed
a comprehensive experimental study of laminar free convection in
an inclined isothermal channel. They investigated three heating
models: heating from above, heating from below, and symmetric
heating, where the channel was closed from both sides. The aver-
age of Nusselt number was evaluated in all the experimental con-
ditions in the range 0�–45� from the vertical position, and they
reported the data in a global correlation with an average error of
±10%. Later, Manca et al. [3] followed this work and concerned

the investigation of the Nusselt number with a uniform heat flux
condition.

Onur et al. [4] and Onur and Aktas [5] provided experimental
data of the effect of the inclination angle and width on developing
heat transfer between inclined parallel plates with different heat-
ing conditions. In particular, Onur et al. [4] considered the lower
plate isothermally heated and the upper plate insulated, while in
[5] the upper plate was heated isothermally whereas the lower
was insulated. The channel inclination was 0�, 30� and 45� with a
range of Rayleigh number between 3 � 107 and 9 � 107. The mea-
surement was carried out for different temperatures of air and
plate and the results indicated that both the inclination and width
influence the heat transfer rate.

In the late 90s and more recently, numerous numerical papers on
free convection have been published. Numerical investigation of the
free convention in inclined channel carried out by Baskaya et al. [6]
seems relevant to the work presented in this paper. However, they
particularly focused on the laminar convection flow. Recently,
two-dimensional turbulent natural convection flow inside an in-
clined parallel walled channel has been studied numerically by Said
et al. [7,8], where both the upper and lower plates were isothermal.
A k–e turbulent model (FLUENT code) was employed in the simula-
tion and the results satisfactory agreed with [9–11]. Their results
further indicated that the average of Nusselt number is reduced
with an increase in the plate angle. However, the process of transi-
tion that occurs from laminar to turbulence was not considered in
the study. In fact, all the papers cited above either considered
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laminar or turbulent flow and neglected the transition of developing
free convection in an inclined channel. Most recently, Alzwayi and
Paul [12] have investigated numerically the transition of thermal
boundary layer in a vertical parallel plate channel with an affect
of its width and temperature.

In the context of a heated surface facing upward, several
researchers [13–17] studied the transition stage under different
kinds of fluid and heating conditions. Recently, Paul et al. [18]
also looked into the effects of angle on the thermal boundary
layer stability. However, very little information is available on
the transition of flow on a heated surface facing downward. Has-
san and Mohamed [15] tried to investigate the transition of free
convection flow for both the downward and upward facing
heated surfaces but they were unable to get the transition point
for the heated surface facing downward due to the short length
of the plate. Even they could not get the transition stage in the
vertical case because of the same reason. Whereas, Lloyd and
Sparrow [14] mainly focused on the transition on the heated plate
facing upwards, but they provided experimental data of the crit-
ical Grashof number only at 10� for the heated plate facing
downward.

Motivation of this study is therefore on the transition of free
convection flow developing in a channel with the heated plate fac-
ing downward. Attention is restricted to the flow of air (Pr = 0.7)
with potential application linked to the convection occurring under
a photovoltaic panel (e.g. see [19]). Effects of the width and angle
of the channel on the transition stage will also be examined under
various air and plate temperatures by using the local values of
velocity, turbulent kinetic energy and heat transfer.

2. Geometry and numerical modelling

The channel is formed by two inclined plates each with length L,
and the distance between the plates is denoted by b. The wall on
the top side is isothermal and heated below, while the other one
is adiabatic. The numerical simulation is considered to be two-
dimensional free convection and steady state. Air is chosen to be
the test fluid. The model geometry along with the Cartesian coor-
dinate system is shown in Fig. 1.

The conservation equations of mass, momentum and energy for
a two-dimensional incompressible fluid flow are respectively writ-
ten in the following forms:

@ðquÞ
@x

þ @ðqvÞ
@y

¼ 0; ð1Þ

@ðquuÞ
@x

þ @ðquvÞ
@y

¼ � @p
@x
þ @

@x
l @u
@x

� �
þ @

@y
l @u
@y

� �
þ g

� sin hðq� q0Þ; ð2Þ

@ðqvuÞ
@x

þ @ðqvvÞ
@y

¼ � @p
@y
þ @

@x
l @v
@x

� �
þ @

@y
l @v
@y

� �
þ g

� cos hðq� q0Þ; ð3Þ

@ðquTÞ
@x

þ @ðqvTÞ
@y

¼ @

@x
C
@T
@x

� �
þ @

@y
C
@T
@y

� �
: ð4Þ

Nomenclature

b channel width
Cp air specific heat capacity
g gravitational acceleration
Gr Grashof number = gb(Tp � Ta)y3/v2

h heat transfer coefficient = gb(Tp � Ta)
k kinetic energy of turbulence
L channel height
_m mass flow rate

Nu average of Nusselt number = hb/k
ny, nx number of nodes in the y and x directions respectively
p, po static and ambient pressure respectively
Pr Prandtl number
qp heat flux of the plate =

R
@T
@x jx¼0 dy

Ra Rayleigh number = Gr Pr
T temperature
u, v velocity components in the x and y directions respec-

tively
x, y Cartesian coordinates

Greek symbols
h angle of inclination with respect to the vertical direction
b thermal expansion coefficient
U exchange coefficient for general transport defined as l/

Pr
p density
m kinematic viscosity
e dissipation rate of turbulent kinetic energy
l dynamic viscosity coefficient
lt turbulent molecular viscosity
rt turbulent Prandtl number
j thermal conductivity

Subscripts
a air
p plate
e experimental
n numerical
c critical
in inlet
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Fig. 1. Flow geometry with coordinate directions.
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