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$EVWUDFW� ,Q WKLV ZRUN� WKH ODPLQDU QDWXUDO FRQYHFWLRQ LQ KLJK DVSHFW UDWLR WKUHH�GLPHQVLRQDO HQFORVXUHV KDV EHHQ QXPHULFDOO\
VWXGLHG� 7KH HQFORVXUHV VWXGLHG KHUH ZHUH KHDWHG ZLWK XQLIRUP KHDW IOX[ RQ D YHUWLFDO ZDOO DQG FRROHG DW FRQVWDQW WHPSHUDWXUH RQ
WKH RSSRVLWH ZDOO� 7KH UHPDLQLQJ ZDOOV ZHUH FRQVLGHUHG DGLDEDWLF� )OXLG SURSHUWLHV ZHUH DVVXPHG FRQVWDQW H[FHSW IRU WKH GHQVLW\
FKDQJH ZLWK WHPSHUDWXUH RQ WKH EXR\DQF\ WHUP� 7KH JRYHUQLQJ HTXDWLRQV ZHUH VROYHG XVLQJ WKH ILQLWH YROXPHV PHWKRG DQG WKH
GLPHQVLRQOHVV IRUP RI WKHVH HTXDWLRQV KDV WKH 3UDQGWO QXPEHU DQG WKH PRGLILHG 5D\OHLJK QXPEHU DV SDUDPHWHUV� 7KH LQIOXHQFHV RI
WKH 5D\OHLJK QXPEHU DQG RI WKH FDYLW\ DVSHFW UDWLR RQ WKH 1XVVHOW QXPEHU� IRU D 3UDQGWO QXPEHU RI ���� ZHUH DQDO\]HG� 5HVXOWV
ZHUH REWDLQHG IRU YDOXHV RI WKH PRGLILHG 5D\OHLJK QXPEHU XS WR �� � DQG IRU DVSHFW UDWLRV UDQJLQJ IURP � WR ��� 7KH UHVXOWV ZHUH
FRPSDUHG ZLWK WZR�GLPHQVLRQDO UHVXOWV DYDLODEOH LQ WKH OLWHUDWXUH DQG WKH YDULDWLRQ RI WKH DYHUDJH 1XVVHOW QXPEHU ZLWK WKH
SDUDPHWHUV�VWXGLHG�ZHUH�GLVFXVVHG�

.H\ZRUGV��1DWXUDO�FRQYHFWLRQ��WULGLPHQVLRQDO�HQFORVXUHV��XQLIRUP�KHDW�IOX[�

���,QWURGXFWLRQ�
Natural convection heat transfer has increasingly attracting the interest of researchers. This is due to its importance

on many engineering applications, such as solar collectors, environmental engineering and electronic packaging. Many
studies considering natural convection on plates, channels and enclosures with heated walls have been performed
(Ganzarolli and Milanez, 1995). De Vahl Davis (1983) studied numerically a two-dimensional square cavity with
isothermal walls, and the results are frequently used as a benchmark to validate new simulation softwares. Another
example is Oosthuizen (2000), who studied numerically a two-dimensional enclosure with uniform heat flux on a
vertical wall and constant temperature on the other vertical wall while the horizontal walls were considered adiabatics. 

However, two-dimensional models are still limited compared to the complexity of many real situations, where three-
dimensional effects are frequently present. Some of these effects have been included in the work of Jaluria (1976), who
considered an axisymmetric plume flow over hemispherical sources, and in the paper of Kurdyumov and Liñán (1999),
who studied flow over spherical sources.

Oosthuizen and Paul (1998) studied a horizontal three-dimensional cavity heated from below and cooled from
above with uniform temperatures. They analyzed the aspect ratio influence on the critical Rayleigh number, the value of
this parameter where the conductive regime becomes a convective regime.

Tric et al. (2000) obtained accurate results, with the pseudo-spectral Chebyshev algorithm based on the projection-
diffusion approach, for a vertical cubical cavity with isothermal opposite walls. According to them, the global relative
error of the results is in the range of 0.03-0.05% for Rayleigh number varying from 103 to 107.

In this work we studied three-dimensional enclosures and compared the results with those available for two-
dimensional geometries. In order to simulate a geometric configuration used frequently in two-dimensional experimental
approximation, we considered three-dimensional enclosures with uniform heat flux on a vertical wall and the opposite
one cooled with uniform temperature. The remaining walls were considered adiabatic. According to Oosthuizen (2000),
the enclosure width (:) was taken as the characteristic length, air was the working fluid (3U 0.7) and the depth aspect
ratio ($� ) was taken as equal to the aspect ratio $� . The study was carried out by varying $� from 1 to 20 and the
modified Rayleigh number from 103 to 106.
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Laminar flow and constant fluid properties except for the density change with temperature on the buoyancy term
were assumed. The finite volume control method was used for the discretization of the elliptic governing equations, the
steady three-dimensional versions of continuity, momentum and energy equations. Following Oosthuizen (2000), the
dimensionless parameters considered have been defined as below.

'LPHQVLRQOHVV�WHPSHUDWXUH�

)//()( NT:77 �−=θ (1)

where 7 �  is the temperature of the cooled wall, T is the heat flux, N is the thermal conductivity and : is the enclosure
width.

$VSHFW�UDWLR�$]

:+$ � /= (2)

where +�is the enclosure height.

0RGLILHG�5D\OHLJK�QXPEHU
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where β is thermal expansion coefficient, α is the thermal diffusivity and ν is the kinematic viscosity.
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where �7  is the mean temperature over the heated wall and �θ is the mean dimensionless temperature.

The boundary conditions have been established to simulate a geometric configuration used frequently in two-
dimensional experimental approximation. Three-dimensional enclosures were considered with uniform heat flux on a
vertical wall and the opposite one cooled with uniform temperature. The remaining walls were considered adiabatic. 

����1XPHULFDO�SURFHGXUH
The numerical solution was obtained using the SIMPLE algorithm, since the flow was assumed incompressible. The

interpolation of gradients of velocity and temperature used the QUICK algorithm, implemented on Fluent 5.4 software
package.

The resulting algebraic system was solved by the point-to-point Gauss-Seidel algorithm, which is known to have a
slow convergence. To accelerate this convergence the algebraic multigrid method was used.

The governing equations were solved in the dimensional form and then the results were changed to the
dimensionless form. The fluid properties were taken from Bejan (1994).

���5HVXOWV
The influence of the aspect ratio $� on the heat transfer rate in vertical three-dimensional enclosures has been

obtained and compared to two-dimensional results obtained by Oosthuizen (2000). 
Figure 1 shows one of the results obtained by Oosthuizen (2000). It is possible to observe the average Nusselt

number variation with the aspect ratio $� and the modified Rayleigh number, and a comparison between the two and
three-dimensional cases. It can be seen that the average Nusselt number increases with the modified Rayleigh number
for both cases and the difference between these cases increases with the modified Rayleigh number as the aspect ratio $�

increases. Therefore the two-dimensional configuration frequently used deviates from the experimental results obtained
for three-dimensional geometry as the modified Rayleigh number increases.

It can also be noticed a point where the average Nusselt number is a maximum, and this point and the corresponding
average Nusselt number change with the modified Rayleigh number too. This has been pointed out by Oosthuizen
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(2000), who derived an average Nusselt number function depending only on the aspect ratio $� . This curve was obtained
by dividing each 1X x $� by their corresponding 1X ��� � x $� ��� � , resulting in a function independent of the modified
Rayleigh number. 

Independently of the numerical results, it is important to analyze the dependence between the dimensionless
parameters used. As previously defined by Eq. (4), the average Nusselt number is inversely proportional to the
dimensionless mean temperature of the heated wall. And the dimensionless temperature is inversely proportional to the
heat flux (T) and to the enclosure width (:); thus, increasing the modified Rayleigh number, by increasing T or :, the
dimensionless temperature decreases and the average Nusselt number increases. Although the Oosthuizen’s study is
based on the average Nusselt number dependence on the modified Rayleigh number and on the aspect ratio $� , these
parameters are not independent variables. 

Figure 1. Average Nusselt number variation with aspect ratio $� .

Considering only the influence of the modified Rayleigh number, it increases with the heat flux, leading to a
decreasing of the dimensionless temperature, since the heat flux has been used in the temperature dimensionless
approach. To eliminate this dependence we have analyzed the relation between the average Nusselt number and the
modified Rayleigh number, as shown in Fig. 2.

Figure 2. Variation of average Nusselt number normalized by the modified Rayleigh number as a function of the
modified Rayleigh number.

Considering now only the aspect ratio influence, since this is a ratio between the height and the width of the
enclosure, its increasing is equivalent to a decreasing of the characteristic length (:), and this results in an increasing of
the dimensionless temperature and consequent average Nusselt number decreasing. A decreasing of : leads also to a
decreasing in the modified Rayleigh number, since this number depends on : �

, this meaning that 5D � is not independent
of the aspect ratio. Therefore, to eliminate the aspect ratio influence we have divided the average Nusselt number by the
aspect ratio to the third power and by the modified Rayleigh number, as shown in Fig. 3. It can be noticed that the point
of maximum has disappeared revealing the real behavior of the curve. This is important since this point of maximum
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could lead the reader to look for a change on the flow which could justify this point, an artifact arisen from the
dimensionless approach.

Figure 3. Normalized average Nusselt number variation with aspect ratio for the three-dimensional case.

���&RQFOXVLRQV
The results obtained in this work for the three-dimensional case indicate that the two-dimensional approximation,

frequently used, deviates from the experimental results obtained for three-dimensional geometry as the modified
Rayleigh number increases. 

It was shown that the point of maximum, pointed out by Oosthuizen (2000), has disappeared with a normalization
process revealing the real behavior of the average Nusselt number with the aspect ratio $� and with the modified
Rayleigh number. This is important since that point of maximum could lead the reader to look for a change on the flow
which could justify this point, an artifact arisen from the dimensionless approach.
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