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Abstract The problem of steady, laminar, natural con-
vective flow of a viscous fluid in an inclined enclosure
with partitions is considered. Transverse gradient of
temperature is applied on the two opposing regular walls
of the inclined enclosure while the other walls are
maintained adiabatic. The problem is formulated in
terms of the vorticity-stream function procedure. A
numerical solution based on the finite volume method is
obtained. Representative results illustrating the effects of
the enclosure inclination angle and the degree of irreg-
ularity on the contour maps of the streamlines and
temperature are reported and discussed. In addition,
results for the average Nusselt number at the heated wall
of the enclosure and the difference of extreme stream-
function values are presented and discussed for various
Rayleigh numbers, inclination angles and dimensionless
partition heights.

Nomenclature

A Enclosure system’s aspect ratio = L=H
B Dimensionless partition height, h/H
g Gravitational acceleration
h Partition height
H Enclosure system’s height
l Partition length
L Enclosure system’s total length
n Normal direction
Nu Average Nusselt number at heated wall
p Fluid pressure
Pr Prandtl number = m=at

Ra Thermal Rayleigh number = gbTðTh � TcÞH3
�

ðatmÞ
t Time
T Temperature
Th Hot wall temperature (source)
Tc Cold wall temperature (sink)
u x-component of velocity
U Dimensionless X-component of velocity = uH=at
v y-component of velocity
V Dimensionless Y-component of velocity = vH=at
x Distance along insulated walls
X Dimensionless distance along insulated walls =

x=H
y Distance normal to insulated walls
Y Dimensionless distance normal to insulated walls

= y=H

Greek Symbols

a Enclosure inclination angle
at Thermal diffusivity
bT Thermal expansion coefficient
m Kinematic viscosity
h Dimensionless temperature =

ðT� TcÞ=ðTh � TcÞ
q Density
s Dimensionless time = att

�
H2

X Vorticity
w Dimensionless stream function = W=at
W Stream function
f Dimensionless vorticity = XH2

�
at

�2 Laplacian operator

1 Introduction

Buoyancy-induced flow and heat transfer in different
finite geometries has been the subject of many research
investigations. This interest stems from the significance
of buoyancy-induced flows in various engineering and
technological applications such as convective heat loss
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from solar collectors, thermal insulation, nuclear reac-
tors, heat-recovery systems, energy conservation in
buildings, air conditioning and ventilation, cooling of
electronic equipments, crystal growth and semiconduc-
tor production. The books by Bejan [1], Platten and
Legros [2] and Yang [3] report reviews on various
investigations dealing with natural convection heat
transfer.

For many years, natural convection from differen-
tially heated rectangular cavities over a range of Ray-
leigh numbers has received considerable attention. De
Vahl Davis and Jones [4] Jones [5], Saitoh and Hirose
[6], and De Vahl Davis [7] have considered various as-
pects and comparisons of steady-state natural convec-
tion of air in a square cavity. Chenoweth and Paolucci
[8] and Paolucci and Chenoweth [9] have studied tran-
sient natural convection in an enclosed vertical air layer
with large horizontal temperature differences. Le Quere
and Roquefort [10] have solved unsteady natural con-
vection in two-dimensional cavities with Chebyshev
polynomials. This problem was also solved for different
Prandtl number by Gresho et al. [11], Marshall et al.
[12] and Usmani [13]. Catton [14] has studied the effect
of wall conduction on the stability of a fluid in a rect-
angular region heated from below and has reported a
review on natural convection in enclosures [15]. Oertel
[16] has considered steady and time-dependent convec-
tion in a rectangular box. Torrance [17] has reported on
natural convection in thermally stratified enclosures
with localized heating from below. Kamotani et al. [18]
have studied natural convection heat transfer in a water
layer with localized heating from below. Also, Fusegi
and Farouk [19] have analyzed natural convection in a
thermally stratified square cavity with localized heating
from below.

Furthermore, various studies dealing with natural
convection in inclined enclosures have been reported.
These studies show that tilting the enclosure have sig-
nificant effect on the flow and heat transfer character-
istics. For instance, in crystal growth processes from
melts, it has been reported by Markham and Rosen-
berger [20] that larger transport rated are obtained by
tilting the ampoule. Motivated by this, Bontoux et al.
[21] have carried out a numerical and experimental
investigation on three-dimensional buoyancy-driven
flows in a tilted cylinder (ampoule) with axial heating.
Many other examples on the effect of inclination on
natural convection flows have been reported by Del-
gado-Buscalioni and Crespo del Arco [22]. For example,
it has been proven that significant heat transfer
enhancement can be obtained when the tube in a heat
exchanger is optimally inclined (see Lock and Fu [23]).
Wirtz and Tsheng [24, 25] have studied natural convec-
tion across tilted rectangular enclosures of small aspect
ratio. Also, Cerisier and Rahal [26] have employed in-
clined geometries in their experimental investigation on
natural convection in enclosures with axial and lateral
heating to study the interaction between longitudinal
and transversal instabilities.

Owing to various applications, interest in the study of
natural convection heat transfer in repetitive or irregu-
larly partitioned geometries has increased in recent
years. For example, the easiest way to remove the heat
generated by the presence of many elements in an elec-
tronic circuit board is accomplished by natural convec-
tion. The rate of heat transfer through an enclosure may
be controlled by the presence of dividers within the
enclosure. The length, thickness and location of the
dividers can have a significant effect on the heat transfer
and fluid flow in the enclosure. Jacobs et al. [27] have
considered the case of a fluid mass of infinite extent
above an array of uniformly spaced rectangular cavities.
The bottom of the cavities was assumed to be isothermal
with either adiabatic or isothermal sidewalls. Later, the
same problem was reconsidered by Jacobs and Mason
[28] with the bottom of the cavities subjected to a uni-
form heat flux rather than constant temperature. They
have found that the imposition of a uniform heat flux at
the bottom of the cavities lead to the development of
strong secondary flow circulation cells and, ultimately,
to a reversal flow in the cavity. Hasnaoui et al. [29] have
later considered natural convection above an array of
open cavities heated from below. They have found that
the transition to steady-state flow sustained oscillatory
behavior in several cases. Jetli et al. [30] have studied the
influence of baffle location on natural convection in a
partially divided enclosure. Raji et al. [31] have analyzed
natural convection in interacting cavities heated from
below. They have found that the symmetry of the solu-
tions is considerably affected by the relative height of the
cavities and their number. Dagtekin and Oztop [32] have
investigated natural convection heat transfer by heated
partitions within an enclosure. They have found that as
the partitions, height increases, the mean Nusselt num-
ber increases and that the position of partitions have
more effects on fluid flow than that of heat transfer.
More recently, Yucel and Ozdem [33] have studied
natural convection in partially divided square enclo-
sures. They have concluded that the mean Nusselt
number decreases with increasing the height and number
of partitions.

Motivated by the above investigations, the objective
of this work is to consider laminar, two-dimensional
natural convection flow due to sidewalls temperature
gradient inside an inclined partitioned enclosure. The
upper and bottom walls are assumed to be insulated.
Three repetitive insulated partitions (cavities) exist along
the bottom wall of the major enclosure. Various aspect
ratios of these partitions will be considered in the present
work.

2 Mathematical model

Consider steady laminar, two-dimensional, natural
convective flow inside an inclined partitioned enclosure.
The temperatures Th and Tc are uniformly imposed on
two opposing walls such that Th> Tc while the other
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walls are assumed to be adiabatic. Figure 1 shows the
schematic and coordinate system of the problem under
consideration. The fluid is assumed to be incompressible,
Newtonian and viscous has constant thermo-physical
properties except the density in the buoyancy term of the
momentum equations. The effect due to viscous dissi-
pation is assumed to be negligible.

The governing equations for this problem are based
on the balance laws of mass, linear momentum and
energy. Taking into account the assumptions mentioned
above, and applying the Boussinesq approximation for
the body force terms in the momentum equations, the
governing equations can be written in dimensionless
stream function–vorticity form as:

f ¼ @V
@X
� @U
@Y
¼ �r2w; ð1Þ

@f
@s
þ U

@f
@X
þ V

@f
@Y
¼ Prr2fþRaPr cos a

@h
@X

� �

�RaPr sin a
@h
@Y

� �
; ð2Þ

@h
@s
þ U

@h
@X
þ V

@h
@Y
¼ r2h; ð3Þ

where the dimensionless stream function and vorticity
are defined in the usual way as

U ¼ @w
@Y

; V ¼ � @w
@X

; f ¼ � @2w

@X2
þ @

2w

@Y2

� �
: ð4Þ

In writing Equations (1) through (4), the following
dimensionless parameters are employed:

X ¼ x
H
; Y ¼ y

H
; s¼ att

H2
; f¼XH2

at
; w¼W

at
;

h¼ T �Tcð Þ
Th�Tcð Þ ; Pr¼ m=at; Ra¼ gbT Th�Tcð ÞH3

atm
;

ð5Þ

where all parameters appearing in the above equations
are given in the Nomenclature list.

The appropriate initial and boundary conditions for
the problem under consideration can be written in
dimensionless form as:

U ¼ V ¼ w ¼ h ¼ 0 for s ¼ 0 ð6aÞ

X ¼ 0 :

U ¼ V ¼ w ¼ 0; f ¼ � @2w
@X 2

� �
; h ¼ 1 ð6b)

X ¼ A :

U ¼ V ¼ w ¼ 0; f ¼ � @2w
@X 2

� �
; h ¼ 0: (6c)

Insulated walls:

U ¼ V ¼ w ¼ 0; f ¼ � @2w
@Y 2

� �
;

@h
@n
¼ 0; ð6dÞ

where A=L/H is the enclosure system’s aspect ratio and
n is the normal direction.

Equations (2) and (3) governing f and h can be cast in
the general canonical form (see Patankar [34]) as:

@/
@s
þ @

@X
U/�C/

@/
@X

� �
þ @

@Y
V /�C/

@/
@Y

� �
¼ S/; ð7Þ

where / stands for f or h and C / and S/ are given by

Ch ¼ 1; Sh ¼ 0;

Cf ¼ Pr; Sf ¼ PrRa
@h
@X

cos a� @h
@Y

sin a

� �
: ð8Þ

The average Nusselt number at the heated wall of the
enclosure system is given by:

Fig. 1 Problem schematic and
coordinate system

313



Nu ¼ �
Z1

0

@h
@X

� �
dY ð9Þ

3 Numerical algorithm

In the present work, the boundary-value problem rep-
resented by (1) through (3) is solved subject to its cor-
responding initial and boundary conditions given in (6)
by the control-volume method discussed by Patankar
[34]. In this method, the ADI procedure along with the
Successive Over-Relaxation (SOR) scheme is imple-
mented in the spatial and temporal environments,
respectively, to accelerate the convergence of the solu-
tion towards steady state. Additionally, the application
of the ADI procedure enhances the accuracy of the
solution since it allows the power-law scheme to be ap-
plied locally in a one-dimensional sense for each sweep
in the coordinate directions. In order to test and assess
grid independence of the solution scheme, many
numerical experiments were performed. These experi-
ments showed that, in general, an equally spaced grid
mesh of 121·65 is adequate to describe the flow and
heat-transfer characteristics accurately. Further increase
in the number of grid points produced essentially the

same results. The convergence criterion employed to
reach the steady-state solution was the standard relative
error, which is based on the maximum norm given by

D ¼
fmþ1 � fm
�� ��

1
fmþ1
�� ��

1
þ

hmþ1 � hm
�� ��

1
hmþ1
�� ��

1
� 10�6; ð10Þ

where the operator gk k1 indicates the maximum abso-
lute value of the variable over all the grid points in the
computational domain and m and m+1 represent the
old time and advanced time step, respectively.

The accuracy of numerical scheme is validated by
comparing the present results with various cases of the
problem of Raji et al. [31] who considered a configura-
tion that is very similar to the present geometry, and
excellent agreement is observed as is evident from Fig-
s. 2a-c. These favorable comparisons lend confidence in
the numerical results to be presented in the next section.

4 Result and discussion

In this section, numerical results for the steady-state
streamline and temperature contours within the parti-
tioned enclosure for various values of the Rayleigh
number Ra, inclination angle a and the dimensionless
partition height B will be reported. In addition,

Fig. 2 a Comparison of present work with that of Raji et al. [31]
for B=0.5, Pr=0.72, Ra=104 and a=0�. b Comparison of present
work with that of Raji et al. [31] for B=0.5, Pr=0.72, Ra= 5·104
and a=0�. c Comparison of present work with that of Raji et al.
[31] for B=0.25, Pr=0.72, Ra= 5·104 and a=0�
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representative results for the Nu for various conditions
will be presented and discussed. These results corre-
spond to free convective flow of air (Pr=0.72) confined
in a partitioned enclosure of aspect ratio of 2.5 subject to
a transverse temperature gradient across the non-adia-
batic walls of the enclosure.

Figure 3 presents steady-state contour plots for the
streamline and temperature for various values of the
Rayleigh number Ra with B=0.5 and a=0�. For small
Rayleigh numbers (Ra=103), the free convection cur-
rents are small and the streamline contours exhibit a
primary cell consisting of three weak secondary recir-
culating cells extending throughout the partitioned
enclosure. The temperature contours within the enclo-
sure are almost vertical and show little activity in the
core of the enclosure indicating the existence of a quasi-
conduction regime. As the Rayleigh number increases
due to increased transverse temperature gradient, the
convection currents increase causing the primary recir-
culation cell to rotate faster in the clockwise direction
and to be stretched more and more towards the heated

wall. This causes more flow to exist in the region close to
the hot wall resulting in more flow in the small cavity
made by the first partition close to the heated wall. This
is evident from the increases in the value of the extreme
stream function as Ra increases. This increased flow
within the whole partitioned enclosure is accompanied
by significant distortion in the temperature contours
especially in the core of the enclosure as well as the non-
adiabatic walls. For relatively high Rayleigh numbers
(Ra=106), the temperature contours are almost hori-
zontal and show significant boundary-layer effects. This
behavior has the tendency to increase the overall wall-
heat transfer as will be shown later.

Figure 4 illustrates the effects of the enclosure
inclination angle a on the contour maps of the
streamlines and temperature for B=0.5 and Ra=105.
For a=0� (non-inclined partitioned enclosure), a pri-
mary stretched recirculating cell or vortex composing
of three weaker secondary cells exists in the whole
partitioned enclosure. As the enclosure is tilted, the
recirculation speed within the enclosure tends to

Fig. 3 Effects of Rayleigh
number on the stream function
and temperature contours.
B=0.5, Pr=0.72 and a = 0�
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increase and the secondary vortices within the parti-
tioned enclosure starts to separate. For example, when
a=60�, a separated cell is predicted close to the heated

wall while the other two vortices remain connected.
Further tilting of the enclosure until a=90�, the two
vortices break up and become distinctive. In addition,

Fig. 4 Effects of inclination
angle on the stream function
and temperature contours.
B=0.5, Pr=0.72 and Ra=105
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as the enclosure inclination angle changes from 60� to
90�, an additional small vortex forms within the core of
the enclosure. Thus, for the case when a=90�, four
separated recirculating cells are predicted. Further-
more, for a=0� the isotherms are somewhat uniform
and parallel to the insulated walls. For a=30�, they

become more crowded close to the heated and cooled
walls away from the core region of the partitioned
enclosure with some distortion in the core region of the
enclosure. However, for a=60�, the isotherms show a
behavior of significant distortion in the boundary-layer
region close to the heated wall while they remain

Fig. 5 Effects of B on the
stream function and
temperature contours.
Pr=0.72, Ra=105 and a = 0�

Fig. 6 Effect of B and Ra on
the average Nusselt number
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somewhat more uniform in the partitioned enclosure
core region. The distorting isotherms behavior close to
the heated wall is associated with the existence of a
separated vortex interacting with two connected vorti-
ces as discussed before. For a=90�, the degree of dis-
tortion in the isotherms behavior increases considerably
within the whole partitioned enclosure. This is associ-
ated with the existence of four distinctive cells as
mentioned before. In general, it is predicted that
inclination of the partitioned enclosure has the effect of
exhibiting a multi-cellular structure. The number of

recirculating cells is a function of the enclosure incli-
nation angle for the same parametric values of B, Pr
and Ra.

Figure 5 depicts the influence of the dimensionless
partition height B on the contour maps of the stream-
lines and temperature. When B=0.125, a single clock-
wise recirculating cell or vortex stretched within the
whole enclosure exists and the isotherms in the core re-
gion of the enclosure are parallel to the insulated walls
indicating strong convection currents. As B increases to
0.25, the streamlines become squeezed within the

Fig. 7 Effects of a and Ra on
the average Nusselt number for
B=1/8

Fig. 8 Effect of a and Ra on the
average Nusselt number for
B=1/4
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enclosure and tend to rotate at a lower speed. They also
exhibit the formation of a secondary cell within the
primary vortex close to the heated wall. For this case,
the isotherms within the core region of the partitioned
enclosure become less parallel to the insulated walls
depicting less convective flow and therefore, less heat
transfer at the heated wall. As B is increased further
reaching 0.5, three secondary cells are formed within the
primary vortex due to further squeezing of the flow and
the isotherms in the core region are uniform but much
less parallel to the insulated walls. The squeezing of the

convective flow in the enclosure causes the air within the
enclosure to rotate at lower speed and the heat transfer
at the heated wall decreases as well. These behaviors are
clearly illustrated in Fig. 5.

Figure 6 illustrates the effects of both Ra and B on
the Nu at the heated wall for a partitioned enclosure
with no inclination. As mentioned before, increasing the
Rayleigh number Ra produces higher buoyancy-induced
flow within the enclosure and therefore, higher heat
transfer at the heated wall. The degree of heat transfer
enhancement is greater for greater values of Ra.

Fig. 9 Effect of a and Ra on the
average Nusselt number for
B=1/2

Fig. 10 Effects of B, Ra and a
on the difference of extreme
stream-function values
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However, as the dimensionless partition height B in-
creases, the flow speed within the partitioned enclosure
decreases resulting in less wall heat transfer. These
behaviors are depicted in the increases and decreases in
the Nu as Ra and B increases, respectively, as evident
from Fig. 6.

Finally, Figs. 7–9 present the effects of the partitioned
enclosure inclination angle a on the Nu for the three
different values of B=1/8, 1/4 and 1/2, respectively. It is
observed that the Rayleigh numbers for which the con-
vection mode arises increases as B increases. Different
behaviors in the profiles of Nu with Ra are observed
depending on the value of B. For B=1/8 and B=1/4 the
values of Nu decrease as a increases for values of
Ra>2·105 for B=1/8 and Ra>4·105 for B=1/4. While
this trend is the same for lower values of Ra for which
the values of Nu decrease with increases in the values of
a>30�, it is not the same for a=0� in which Nu is lower
than that corresponding to a=30� (and for some cases
a=60�) for the same value of Ra. These behaviors are
associated with the fact that inclination of the parti-
tioned enclosure in large amounts (a=90�) has the effect
of forming a multi-cellular structure. In general, the
separation of cells induces a further increase in the vis-
cous forces between the vortices located close to the
heated wall of the enclosure. Consequently, the corre-
sponding Nu decrease. However, for relatively smaller
Rayleigh numbers and angles between 30� and 60� and
values of B between 1/8 and 1/4, the main vortex in the
enclosure remains connected and rotates at a faster rate
than that of the non-inclined case (a=0�). This results in
higher average Nusselt numbers. These trends are clear
from Figs. 7 and 8. For B=1/2, the Nu decreases as a
increases beyond 30� for all considered values of Ra.
However, the values of Nu for a=0� are lower than
those of a=30� and a=60� for the whole range of Ra
values considered in the study as shown in Fig. 9. It can
be concluded from Figs. 7–9 that the Nu is strongly
dependent on the inclination angle.

Figure 10 illustrates the effects of B and Ra on the
difference of extreme stream-function values D wext for
the two different conditions a=0� (non-inclined parti-
tioned enclosure) and a=60� (inclined partitioned
enclosure). As expected, as the Rayleigh number in-
creases, the convection currents due to buoyancy-effects
increases causing more induced flow. This results in
higher values of D wext. This is true regardless of the
value of B as is obvious from Figure 10. Also, as men-
tioned before, inclination of the partitioned enclosure by
60� from the non-inclined position causes the flow re-
circulation speed within the enclosure to increase. This is
reflected by the increase in D wext as a increases for all
considered values of B in Fig. 10. Furthermore, in gen-
eral, as B increases, D wext decreases since increasing the
partition height presents obstacle to flow. However, for
Ra values greater than 2·105 the values of D wext do not
follow this trend depending of the value of a. For a=0�
and Ra>2·105, the values of D wext increase as B in-
creases. On the other hand, when a=60� and

Ra>2·105, the values of D wext for B=1/8 lie between
those corresponding to B=1/4 and B=1/2. These
behaviors are obvious from Fig. 10. It can be concluded
from Fig. 10 that the wall heat transfer is also strongly
dependent on the value of B.

5 Conclusions

Natural convective airflow in an inclined enclosure with
partitions of different heights due to a transverse tem-
perature gradient was studied numerically. The governing
equations for this investigation were put in the dimen-
sionless vorticity-stream function formulation and were
solved by the finite volume method. Graphical results for
the streamline and temperature contours as well as the
Nusselt number for various parametric conditions were
presented and discussed. A multi-cellular streamline
structure was predicted for enclosure inclination angles
between 60� and 90�. Also, it was predicted that the wall
heat transfer and the flow characteristics inside the par-
titioned enclosure depended strongly on the dimension-
less partition height, Rayleigh number and the enclosure
inclination or tilting angle. It was found that the average
Nusselt number increases with increase in the Rayleigh
number. Also, as the dimensionless partition height in-
creases, the flow speed within the partitioned enclosure
decreases resulting in less wall heat transfer. In addition,
the average Nusselt number was predicted to decrease as
the partitioned enclosure inclination angle was increased
beyond 30�. However, a different trend in the values of the
average Nusselt number was predicted for an untilted
enclosure depending on the value of the dimensionless
partition height. It is hoped that the results obtained in the
presentworkbe useful for design and validation purposes.
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