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Abstract: Steady laminar natural convection in air-filled, 2-D rectangular enclosures heated from

below and cooled from above is studied numerically for a wide variety of thermal boundary conditions

at the sidewalls. A specifically developed numerical model based on the SIMPLER algorithm is used

for the solution of the mass, momentum and energy transfer governing equations. Simulations are

performed for several values of both the width-to-height aspect ratio of the enclosure in the range

between 0.25 and 1, and the Rayleigh number based on the cavity height in the range between 1.00e3

and 5.00e5, whose influence upon the flow patterns, the temperature distributions and the heat transfer

rates are analyzed and discussed.
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INTRODUCTION

Natural convection in enclosures has been extensively studied both experimentally and numerically, being

of considerable interest in many engineering and science applications, e.g., collection of solar energy, operation

and safety of nuclear reactors, energy efficient design of buildings and rooms, effective cooling of electronic

components and machinery. Most of the papers in this field are substantially oriented toward the study of

rectangular enclosures wherein the heat flow is typically unidirectional, i.e., the buoyancy is induced by

imposing a heating either from the side (for conventional convection) or from below (for thermal instabilities),

as also reported in the general review works on natural convection in closed cavities by Catton, (1978) and

by Ostrach, (1988). Studies on natural convection in rectangular enclosures heated from below and cooled

along a single side or both sides have been carried out respectively by Anderson and Lauriat (Shohadaee,

1984) and by Ganzarolli and Milanez, (1995). More recently the case of heating from one side and cooling

from the top has been analyzed by Aydin et al. who investigated both the effects of Prandtl number upon heat

and momentum transfer inside square cavities  and the influence of the aspect ratio for air-filled, rectangular

enclosures. In this framework, the aim of the present paper is to investigate natural convection in rectangular

cavities simultaneously heated from below and cooled from above with adiabatic thermal boundary condition

at the sidewalls. The study is conducted numerically under the assumption of steady laminar flow, for different

values of both the width-to-height aspect ratio of the enclosure in the range between 0.25 and 1, and the

Rayleigh number based on the cavity height in the range between 10  and 10 , whose influence upon the flow3 6

patterns, the temperature distributions and the heat transfer rates are analyzed and discussed.

Analysis:

Mathematical formulation:

An air-filled, rectangular enclosure of height H And length L is heated from the bottom, kept at

temperature TH and cooled from the top, maintained at temperature TC as sketched in Fig. 1, where the

coordinate system adopted is also represented. Both sidewalls are adiabatic.

Fig. 1: Sketch of the geometry and coordinate system of the cavity.
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The buoyancy-driven flow is considered to be two dimensional, steady and laminar. The fluid is assumed

to be incompressible, with constant physical properties and negligible viscous dissipation. The buoyancy effects

upon momentum transfer are taken into account through the Boussinesq approximation. Once the above

assumptions are employed into the conservation equations of mass, momentum and energy, and the following

dimensionless variables are introduced:

           (1)

           (2)

           (3)

           (4)

With the following boundary conditions

           (5)

           (6)

           (7)

The nondimensional parameters including stream function and vorticity are defined in the following forms:

           (8)

the following set of governing equations is obtained:

            (9)

          (10)
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          (11)

Through the introduction of the nondimensional parameter into the physical boundary conditions

mentionede above the following nondimensional boundary conditions are obtained:

          (12)

          (13)

          (14)

Where                                   is the Rayleigh number based on the cavity height.

Solution Procedure:

Finite difference equations are derived by integrating the governing differential equations (4)–(7) over an

elementary control volume. A power law scheme is adopted for the convection–diffusion formulation. Pressure-

velocity coupling is handled by using the SIMPLER algorithm (semi implicit method for pressure linked

equations revised) described in full details by Patankar. The discretized equations obtained are solved

iteratively, using a line-by-line application of the Thomas algorithm. The non-linear coefficients are substituted

successively with updated values. Underrelaxation is used to ensure the convergence of the iterative procedure,

and the block correction scheme illustrated by Settari and Aziz is incorporated to accelerate the convergence

rate. The solution domain is covered with a non-equidistant grid, having a concentration of grid lines near the

boundary surfaces and a uniform spacing in the interior of the cavity. Furthermore, since multicell flow

structures are expected, especially at the largest width-to-height aspect ratios investigated, and the location of

the cell interfaces is not known a priori, a fine mesh spacing is used everywhere in the horizontal direction.

The solution is considered to be fully converged when the maximum absolute value of the mass source and

the percent changes of the dependent variables at any gridnode from iteration to iteration are smaller than a

prescribed value, i.e., 10  and 10 , respectively.-4 -5

In addition, the percent difference between the incoming and outcoming heat transfer rates is used as a

further indication of the accuracy of the solution achieved.

        (15)

The temperature gradients at the walls are evaluated by assuming a second-order temperature profile among

each wall node and the next two interior nodes. The integrals are approximated by the trapezoid rule. Grid-

dependence tests have been conducted for all the configurations investigated. 

RESULTS AND DISCUSSION

Numerical simulations are performed for Pr = 0.71 (air is the working fluid) and different values of both

the Rayleigh number in the range 10 �Ra�10 , the aspect ratio of the cavity in 0.25�Ar�1, and for three3 6

different qualities of Grashohoft number; 1.00e5, 4.00e4, 5.00e3.  In order to point out the influence of Ra

and Ar upon the flow structure type and the temperature distributions throughout the cavity, sample local

results are reported in terms of isotherms and streamlines. In all the isotherm plots, the contour lines

correspond to equispaced values of the dimensionless temperature è in the range between 0 and 1. In all the

streamline plots, the contour lines correspond to equispaced absolute values of the normalized dimensionless

stream function        in the range between 0 and 1, where the dimensionless stream function ø defined as

usual through �ø/�y and v=-�ø/�x.
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Streamline Investigation:

With investigating of thermal conditions we see that, because of presence of hot bottom and cold upper,

air near the under surface, will be heated in the result of conduction and its density will be decreased and so

move up. Conversely, the air near the upper surface which its density is more, and is cooler, will move down.

This will cause to produce columns of cold and warm air that move up and down. Moving of these columns

will cause of appearing vorticity in the enclosure. We consider the manner in which Ar1.00and Gr=4.00e 4

as reference manner. In this manner there is one vorticity that is spinning about center of the enclosure and

is symmetric about the vertical midplane of the cavity. Considering Figure 2. it can be seen that with

decreasing aspect ratio, number of vorticity will be increased. For instance, when the aspect ratio is half, we

see two vorticities, which are circulating in the opposite directions. It can be seen that with decreasing aspect

ratio, there are more possibility of appearance of more columns of cold and hot air which causes more

vorticity. These effects could be in the result of braking of of regular layering in the upper and bottom of the

enclosure.

With increasing Grashoaf number, streamline contours will trend toward corners. Also, small vorticities

will be produced in the corners. The reason of this phenomena could be increment of velocity and decrease

of boundary layer in the corners. Summarily, in the all manner, the center of cavity is more stable than the

corners of that. Also, we seen that with the increase of Grashof number, the number of vorticities may be

decreased, and it is as a result of increase of velocity and disappearing of local turbulences. 

Isotherm Lines:

As mentioned above, and is obvious from Fig. 2, in the lower rang of Gr numbers, they are very close

to the typical temperature distribution that corresponds to the limit of pure conduction. It is because of low

buoyancy-driven circulation inside the cavity relative to interceptor viscosity force. Gradually, with increasing

of Grashof number, convection contribution will be increased. This is that we could investigate for various

aspect ratios.

HWhen Gr =5.00e3 and Ar=1.00, there is single-cell, symmetric about the center of the enclosure. However,

we can see that in this manner, because of the effects of boundary layers near side walls, the temperature is

still linear. In the case Ar=0.5, we have two-cell flow pattern which are symmetric about the vertical midplane

of the cavity. In the cases with larger Ar isotherm lines, as well as streamlines, will be more erratic and there

will be more vorticities.

The other important point is that, temperature gradient is larger at center and near the sidewalls of cavity,

so it is expected that the most heat transfer will occur at in theses regions. By investigating figure 3 we

understand that, for larger Gr number, temperature gradients in the center of cavity alter 

Nusselt Number:

which is as result of strong vorticities in theses cases. These results are in the good accordance with

experimental results (Shohadaee, 1984).

By calculating Nusselt numbers, we reach the following results:

With increasing Grashof number, nusselt number will be increased. However, as can be seen from Figure

4, this increment is more phenomenal in lower nusselt numbers. This is in good agreement with the result of

(Ganzarolli and Milanez, 1995) and the difference between them is about 15%.

As can be seen from Figure 4, by reducing Ar, Nusselt number will be increased. However, this increment

is true until the conduction heat transfer is more effective than the convection heat transfer. These results re

in good agreement with experimental results too. 

Conclusion:

Natural convection heat and momentum transfer in air filled, rectangular enclosures heated from the bottom

and cooled from the top has been studied numerically for width-to-height aspect ratios of the enclosure in the

range between 0.25 and 1, and for values of the Rayleigh number based on the cavity height in the range

between 10  and 5.00×10 . Heat transfer dimensionless correlation-equations have been developed for each3 5

boundary surface of any thermal configuration investigated.

It is investigated that with correct selected parameters, such as configurations and dimensions of the

enclosure, we can control the heat transfer and obtain the optimal heat transfer in it.
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Fig 2:

Fig. 3: Temperature gradients in vertical direction for different  number
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Fig. 4: variation of Nusselt number versus  for different aspect ratio
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