
INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN FLUIDS
Int. J. Numer. Meth. Fluids 2005; 49:569–582
Published online 9 June 2005 in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/�d.1013

Numerical investigation of natural convection inside
an inclined parallel-walled channel
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SUMMARY

Steady two-dimensional natural convection in an inclined parallel-walled channel was investigated nu-
merically. The full elliptic forms of conservation equations were solved together and the velocity vectors,
temperature contours and local and average Nusselt number distribution were obtained. The comparisons
of local and average Nusselt number with published experimental and numerical results indicate very
good agreement. Results are presented for a single aspect ratio, L=b=24, over the range of Rayleigh
number of 3–1000 and angle of inclination 0–90◦. The results indicate that the overall channel average
Nusselt number is reduced as the inclination angle is increased. Signi�cant reductions in the overall
Nusselt number are exhibited at high angle of channel inclination. Copyright ? 2005 John Wiley &
Sons, Ltd.
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1. INTRODUCTION

Laminar natural convection �ows are of interest in a number of engineering applications such
as computers, electronic cooling, solar collection systems and building energy systems. Heated
channel con�gurations, which are cooled by natural convection, are found in electronic cabinets
containing circuit boards, which are aligned in vertical or inclined arrays, with channels formed
between each of the two boards. Many diverse �ow con�gurations are of interest in this
regard. The case where the channel walls are parallel and vertical have been investigated
theoretically as well as experimentally. Several investigators [1–10] have made contributions
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to the literature on the subject where the channel walls are parallel and vertical and many
aspects of �ows are now well understood.
In comparison with vertical channels, the inclined channel has received little attention.

Recent contributions to the literature have been made by Azevedo and Sparrow [11], Hajjai
and Warek [12], Straatman et al. [13], Onur and Aktas [14], Baskaya et al. [15], Bianco
et al. [16] and Manca et al. [17]. Azevedo and Sparrow [11] carried out experiments on
an inclined isothermal channel using water as the working �uid. They investigated three
modes of heating in which either both walls were heated, or only the top wall only was
heated or only the bottom wall was heated. Hajjai and Worek [12] analysed fully developed,
combined, natural convection heat and mass transfer in an inclined channel using air as the
working �uid. For the case of fully developed �ow, close form expressions for the velocity,
temperature and mass fraction pro�les, and the Nusselt and Shroud numbers were obtained.
Straatmen et al. [13] studied the e�ects of inclining an isothermal, parallel-walled channel on
the local heat �ux distribution along the walls.
Onur and Aktas [14] studied experimentally the e�ect of plate spacing and the inclination

angle on air natural convection between inclined parallel plates in which the upper plate was
heated isothermally whereas the lower plate was insulated. Experiments were performed for a
plate inclination of 0◦, 30◦ and 45◦ with respect to the vertical position. The results indicated
that both the plate spacing and inclination in�uence the heat transfer rate.
Baskaya et al. [15] studied the numerical e�ects of the channel width and inclination on

laminar air natural convection between asymmetrically heated parallel plates. The upper plate
was isothermally heated while the lower plate was passively heated by the upper one. They
observed that the channel width and inclination in�uence the overall heat transfer rate. Bianco
et al. [16] described in a review article experimental and numerical studies in symmetrically
and asymmetrically inclined channels. They considered utterly as well as discretely heated
channel walls. The e�ects of the channel width, inclination angle, walls emissivity, the dis-
sipated heat �ux, the number and position of the discrete heat source along the walls were
reported.
Manca et al. [17] studied experimentally the e�ect on air natural convection of the distance

between an inclined discretely heated plate and a parallel shroud below. Several inclination
angles were tested. The results indicated that for angles not greater than 85◦, increasing the
distance between walls does not reduce the wall temperature whereas for angles greater than
85◦ there is an opposite tendency.
The present study concerns a numerical investigation of laminar natural convection in a

parallel-walled channel inclined with respect to gravity. The study covers a wide range of
angles of inclination 0◦6�690◦ and Rayleigh numbers 36Ra61000.

2. PROBLEM FORMULATION

The present study considers the steady state, laminar, incompressible, two-dimensional natural
convection �ow of air (Newtonian �uid) that occurs in an inclined parallel-walled channel as
shown in Figure 1. All the thermophysical properties are assumed to be constant, except for
density in the buoyancy term that can be adequately modelled by the Boussinesq approxima-
tion [18] and that compression work, viscous dissipation and radiative transport are negligibly
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Figure 1. Flow geometry.

small. Thus, the governing equations are as follows:
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where u and v are the velocity components in the x and y directions, T the temperature,
P the ‘motion pressure’ (de�ned as the channel to ambient pressure di�erence), g the mag-
nitude of the acceleration due to gravity, �; �; �; Cp and k are, respectively, the �uid den-
sity, kinematic viscosity, coe�cient of thermal expansion, constant pressure speci�c heat and
thermal conductivity of air all evaluated at some reference temperature T0. The boundary
conditions corresponding to Equations (1)–(4) are given as

u= v=0
T = TW

; for 06y6L; x=0 (5)
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u= v=0
T = TW

; for 06y6L; x=2b (6)

P=PO
T =TO

; for y=0 (7)

P=PO; for y=L (8)

At the inlet, the total pressure (ps) is speci�ed as ambient pressure. The inlet total pressure
and static pressure, ps, are related to the inlet velocity via Bernoulli’s equation

pO =ps + 1
2 �v

2 (9)

With the resulting velocity magnitude and the �ow direction vector assigned at the inlet, the
velocity components can be computed. The inlet mass �ow rate and �uxes of momentum,
energy, and species can then be computed as

ṁ=
∫
�v dA (10)

Only the velocity component normal to the control volume face contributes to the inlet
mass �ow rate. Density at the inlet plane is computed using Boussinesq approximation.
At the outlet, FLUENT uses the boundary condition ambient pressure as the static pressure

ps of the �uid and extrapolates all other conditions from the interior of the domain.
Computations were carried out for air (Pr=0:707). The plates were maintained at a constant

temperate TW above the ambient TO.

3. NUMERICAL SOLUTION

In the present study, the numerical solutions were carried out using the general purpose
computer code FLUENT designed for the solution of incompressible �uid dynamic problems.
The computational scheme that is used by Fluent Inc. [19] is based on the �nite volume
discretization method, which was described in su�cient detail by Patankar [20] and Versteegh
and Malalasekera [21]. FLUENT uses SIMPLE algorithm [22] for pressure–velocity coupling.
Choudhury [23] has reported �uid �ow and heat transfer calculation using FLUENT for two
benchmark problems. One of them was laminar natural convection. The FLUENT results were
in close agreement with experimental measurements.

4. RESULTS AND DISCUSSION

Numerical results were obtained for uniform wall temperature conditions in an inclined parallel-
walled channel. The channel was investigated for a single aspect ratio, L=b=24, over the range
36Ra61000, 0◦6�690◦. Typical local heat transfer coe�cients and average Nusselt number
(Nu) calculations were carried out. The results of these calculations are presented graphically.
The �rst set of results pertains to the grid independency test. Sequences of calculations at

an increasing grid density were performed for the vertical channel. These calculations included
the in�uence of mesh sizes of 25× 100, 50× 100, 50× 200 and 100× 300 on the mean vertical
velocity at section y=L=0:77. The results of these calculations are shown in Figure 2. The
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Figure 2. Grid independence test.

results indicate that the maximum numerical error in the mean velocity is reduced from 0.4
to 0.14% as the mesh is re�ned from 50× 100 to 50× 200 and from 50× 200 to 100× 300.
A mesh size of 50× 200 was adopted for the present numerical calculations.
The second set of results pertains to the validation of the numerical code used in carrying

out the present numerical solutions. The comparison is conducted for a vertical channel with
uniform wall temperature boundary condition. Figure 3(a) shows a comparison of the present
numerical results for the local Nusselt number with similar experimental results by Wirtz
and Haag [6] and similar numerical results by Naylor et al. [7]. The comparison is for the
same Rayleigh number (3.11) and aspect ratio (L=b=24). The present results for the local
Nusselt number are in better agreement with the experimental ones as shown in Figure 3(a). A
comparison of the average Nusselt number (Nu) with experimental results by Elenbaas [1] and
numerical results by Naylor et al. [7] for di�erent Rayleigh number is shown in Figure 3(b)
and Table I. Good agreement between the present results and similar ones reported in the
literature is indicated by Figure 3(b).
The third set of results pertains to velocity vectors and velocity contours. Figure 4(a) shows

the velocity vector plot for a 60◦ inclination angle. The results indicate that no reverse �ow
regions occur for inclination angles of up to �=60◦. Figure 4(b) shows velocity contours
for a 60◦ inclination angle. It indicates a negligible velocity gradient along the centreline and
high velocity gradients close to the upper and lower walls. The �gure also indicates that the
velocity contours exhibit symmetry around the centreline. A slight deviation of this symmetry
is indicated at the exit section. This is attributed to the component of momentum towards the
upper wall near the exit section. The same trend of symmetry is indicated by the temperature
contours. Since all inclination angles less than or equal to 60◦ exhibit the same trend, the
velocity vector plots for these inclination angles are not shown.
The corresponding velocity vector and velocity contours for the angle of inclination of

80◦ are shown in Figures 5 and 6 for the same modi�ed Rayleigh number of 190. Figure 5
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Figure 3. (a) Comparison of local Nusselt number distribution with experimental data of Wirtz
and Haag [6] and Numerical data of Naylor et al. [7] for a vertical channel; and (b) comparison
of average Nusselt number results with experimental data of Elenbass [1] and numerical data of

Naylor et al. [7] for a vertical channel.

Table I. Comparison of present numerical results with experimental [1] and numerical [7] results.

Present Ra2b(2b=L) 5 9.5 50 95 190 491.6 983.3
calculation Nu 0.8945 1.1476 1.7765 2.094 2.4603 3.075 3.5973

Elenbass [1] Ra2b(2b=L) 6 10 50 100 200 500 1000

Nu 0.25 0.4 1.15 1.9 2.2 2.9 3.3

Naylor et al. [7] Ra2b(2b=L) 3.9289 7.1089 55.09161 69.466 194.9651 472.44 661.4115

Nu 0.660207 0.854028 1.62435 1.7233 2.18032 2.721 2.882919

indicates a reverse �ow region in the vicinity of the lower plate close to the exit section. It
shows a dramatic change in the velocity vector pattern at �=80◦ in comparison with that
of �=60◦. The velocity pattern exhibits higher velocity gradients close to the upper wall in
the vicinity of the channel inlet. In the vicinity of the channel exit, the �ow moves upward,
causing a higher velocity gradient close to the upper wall. A similar trend of temperature
pattern as in the case of �=60◦ is observed for �=80◦ but with higher rates of temperature
increase as the �ow moves towards the channel exit. Thus, higher rates of thermal di�usion
occur as the inclination angle increases.
The fourth set of results pertains to the local Nusselt number for three inclination angles.

Figure 7 shows the variation of the local Nusselt number over each wall for inclination angles
of 30◦, 60◦ and 80◦ for Ra′=190. As can be seen, the local Nusselt number decreases along
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Figure 4. (a) Velocity vectors for 60◦ inclination angle at Ra′=190; and (b) velocity contours for 60◦
inclination angle for Ra′=190. All velocities are in m=s.

Figure 5. Velocity vectors for 80◦ inclination angle at Ra′=190.
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Figure 6. Velocity contours for 80◦ inclination angle for Ra′=190.
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Figure 7. Local Nusselt number distribution along upper and lower walls for a
modi�ed Rayleigh number of 190.
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the upper and lower walls in the direction of �ow except at the channel exit where the e�ect
of inclination becomes more signi�cant. The local Nusselt number along the upper wall in
the region close to the channel exit increases for all inclination angles. This is due to the
increase in velocity gradients at the upper wall in the region close to the exit. On the other
hand, the local Nusselt number along the lower wall in the region close to the channel exit
decreases for inclination angles �660◦. This decrease is due to the decrease in the velocity
gradients along the lower wall in the region close to the channel exit. For the case of 80◦

inclination, the local Nusselt number increases sharply along the lower wall in the vicinity
close to the channel exit. This sharp increase is caused by the large temperature gradient due
to the reverse �ow that takes place as shown in Figure 5.
The �fth set of results pertains to the e�ect of the inclination angle on the overall channel

average Nusselt number. Figure 8 shows the plot of the average Nusselt number (Nu) versus
the modi�ed Ra(Ra′=GrPr b=L). As can be seen from Figure 8 the overall channel average
Nusselt number decreases as the inclination angle increases. The rate of reduction increases
as the inclination angle is increased at all values of Rayleigh numbers (Ra′). The amount of
reduction is in good agreement with results reported by Straatman et al. [13] for the inclination
angle range 0◦6�630◦. It can also be observed that the rate of reduction decreases as the
Rayleigh number (Ra′) increases. As in the case of the vertical channel, the overall inclined
channel average Nusselt number increases as the Rayleigh number (Ra′) is increased. Figure 9
shows the plot of the overall channel average Nusselt number (Nu) versus the product of the
modi�ed Ra′ and the cosine of the angle of the inclination (Ra′ cos �) for the entire range of
inclination (0◦6�680◦). As clearly shown in the �gure, all the 10 curves plotted in Figure 8
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Figure 8. The overall channel average Nusselt number versus modi�ed
Rayleigh number for 0◦6�690◦.
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Figure 9. The overall channel Nusselt number versus the product of modi�ed Rayleigh number and the
cosine of angle of inclination (Ra′ cos �) for 0◦6�680◦.

collapse to a single curve with no observable scatter. The product of Ra′ cos � was used
by Azevedo and Sparrow [11] and Straatman et al. [13] in correlations describing natural
convection from inclined channels. In both Figures 8 and 9, the solid broken lines represent
the vertical channel (�=0) as a reference case. The results for the vertical channel were
computed as part of the present study.
The sixth set of results pertains to the heat transfer characteristics of a horizontal channel

(90◦ inclination angle). The velocity vectors plot Figure 10 indicate that cold air enters from
both channel openings at the region close to the lower wall and hot air exits at the regions
close to the upper wall. This results in a higher heat �ux, and consequently a higher Nusselt
number along the lower wall in comparison to the upper wall. The �gure indicates two
circulation zones having the middle section as a mirror image wall with an almost stagnant
�ow in the vicinity of the channel middle section. The results also indicate that as the Ra′

increases; the size of the recirculation zone increases with the �ow moving in almost parallel
to the lower wall and out almost parallel to the upper wall and having minimum velocity
values at around x= b. High velocity values appear at the channel middle section with the
�ow moving towards the upper wall.
The distribution of the local Nusselt number along the upper and lower walls for three

values of Ra′ of 190, 491 and 983 is shown in Figure 11. The �gure indicates a reduction in
the local Nusselt number in the direction towards the channel centre along the lower wall. The
reduction in the local Nusselt number is attributed to the reduction in the velocity gradients
in the region close to the upper and lower wall middle section for all values of Ra′. The
same trend is found to occur along the upper wall for the case of Ra′=190. As the Rayleigh
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number increases, the velocity of the �ow entering from both channel openings increases and
results in higher velocity gradients in the channel centre with a shift towards the upper wall
as can be seen by the velocity vector plots shown in Figure 10. The increase in the local
Nusselt number for higher Ra′ in the vicinity of the upper and lower walls middle section
is attributed to the increase in the velocity vector. As expected, the rate of increase is much
higher along the upper wall. Figure 11 also indicates that the local Nusselt number is much
greater along the lower wall in comparison to the upper wall at both channel openings.

5. CONCLUSION

The present study was carried out to investigate the e�ect of the angle of inclination (�)
on the heat transfer characteristics of a parallel-walled isothermal vertical channel. Velocity
vectors, velocity and temperature contours and local and average Nusselt number results are
presented graphically and discussed. The �uid �ow results indicate that reverse �ow regions
are observed in the vicinity of the lower wall for inclination angles greater than 60◦. The
heat transfer results indicate that the local and average heat transfer decreases and that the
rate of reduction increases as the angle of inclination is increased. The amount of reduction
in the overall heat transfer due to the channel inclination is quanti�ed by replotting them as
a function of the product of a modi�ed Rayleigh number (Ra′) and the cosine of the angle
of inclination (cos �) for the range of inclination 0◦6�680◦. Di�erent trends are observed
for the distribution of the local Nusselt number along the walls of the horizontal channel
(�=90◦). The local Nusselt number, in the vicinity of the upper and lower wall middle
section, increases as the Rayleigh number increases as a result of higher velocity gradients.

NOMENCLATURE

b half channel width
Cp constant pressure speci�c heat
g gravitational acceleration
Gr Grashof number = (g�b3(TW − T0)=�2)
h average heat transfer co-e�cient
hy local heat transfer co-e�cient
k thermal conductivity
L channel length
Nuy local Nusselt number = (hyL=k)
Nu average Nusselt number = (hL=k)
�P dimensional pressure
Pr Prandtl number
Ra Rayleigh number = (Gr Pr)
Ra′ modi�ed Rayleigh number = (Ra (b=L))
�T dimensional temperature
TO ambient temperature
TW channel wall temperature

Copyright ? 2005 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2005; 49:569–582
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u; v x- and y-components of velocities, respectively
x; y Cartesian coordinates

Greek symbols

� angle of inclination with respect to vertical
� density
� thermal di�usivity
� dynamic viscosity
� kinematic viscosity

Subscript

O refers to ambient
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