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ABSTRACT - The heat transter rates inside rectangular air closures of aspect ratos
between 0.1 and 1.0 are siudied numerically for a Rayleigh number ranges berwern

10° and 10° and Pr = 0.73. The shallow enclosures have isothermal hot ¢ cold
vertical watls. The flow is considerd o be two-dimensional, laminar and steady. The
effect of the aspect ratio on the heat transfer and the natural convection flow is
discussed. A comparison has been made with the available data in the literature.

INTRODUCTION

Rectangular enclosures containing air are commonly used to provide thermal
insutation. Double pane windows and empty wall in frame construction houses are
examples of rectangular enclosures. Shallow cavides are rectangular enclosures, bul
with small aspect ratios (enclosures that are wider than they are high). In the
enclosures, one vertical wall is usually considered to be at a high temperature and the
other vertical wall at a low temperature. The horizontal surfaces of the enclosure are
nommally eated as adiabatic surfaces. Heat is transferred between the two vertical
walls by conduction and/for convection. A vast majority of research in enclosures has
been aimed at high aspect ratio (A) enclosures perhaps because there are many
applications of large aspect ratios enclosures. However, very few studies have been
reported for enclosures of aspect ratios less than one. The available analytical and
numerical studies were reported by Shiralkar and Tien [1], Boyack and Kearney [2},
Cormack et.al. (3-5], and Bejan and Tien [6). On the other hand, a considerable
amount of workshas been made for enclosures of aspect ratio equal to one. The
numerical results have been reported by Wilkes and Churchill [7], de Vahl Davis [8],
Shalaby, etat. {9], MacGregor and Emery [10], Newelt and Schimids [11], and Briggs
[12]. However, the numerical studies, except for Briggs [12] and Shalaby, et.al. [9)

were limited by numerical stability to Rayleigh numbers {Ra) 2,2 x 10°. Thus most of
the available data for A = | are in the low Rayleigh number range.



M. 27 Shalaby,M.A.* Shaheen,A.S. #+*andEISEdeek A% .

This paper presents astudy on the shallow cavity with different aspect ratios;
A =3/4,1/2, 1/4 and 1/10. This swudy shows the effect of the aspect ratio on the
Nusselt number, velocity profiile stream lines and isotherms. The Rayleigh number

values range between 103 and 106 and the Pr = 0.73.
FORMULATION OF THE PROBLEM

The problem considered is depicted schematically in Fig. (1) and referes to the
two-dimensional flow in a shallow cavity. The cavity is assumed to be of infinite
depth along the z-axis. The hot and cold vertical walls are considered to be isothermal
and the other two adiabatic. The resulting flow is treated as steady and depending on
the Rayleigh number (Ra). The compressibility of the fluid is negligible and there is no
heat generation, so 2 =c and q, = ¢. The temperature difference (T}, - T..) is small

cormpared to the absolute temperature T, of the cold boundary, so the viscosity,

specific heat and thermal conductivity are constants and the density 1s also constant
except for the effect of its variation in producing buoyancy forces.

Based on the above considerations, the set of partial differential equations
governing laminar free convection flow in the cavity are formulated in dimensionless
form, taking the cavity height as a charactenstic length. The governing equations are
presenied as follows;
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and the boundary conditions are:

Top wall Y=1 U=0, V=0, %ﬁ =0 )
Y
_ _n 26 _
Bottom wall: Y =0 U=0, v=0, 22 =0 6)
Left side: X =0 U=0, V=0, 6 =1 %)

Right side: X=A u=9 v=0 0 =90 (8)
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The dimensionless governing equations {1 - 4) in the primitive variable form are
solved on rectangular meshes with 34 X 34 grids in the domain. Finite difference
equations arc derived by integration of the differential equations over a small
rectangular control volume. The power-law difference scheme is used lor the finile
difference coefficient computations.

The finite difference equations are solved using line-by-line procedure. The used
method 15 the alternating direction implicit (ADI) procedure with under-relaxation.
Each one of the fields, U,V, P and 8 is advanced afier each iteration until the

convergence criteria is achieved ( § £ 5 x 10'4), and an overall energy balance is
sausfied. The details of the numerical derivation are mentioned in [13,14].

RESULTS AND DISCUSSION

As a test problem for the numerical method and the grid size, we considered the
case of the square cavity as mentioned in [14].

The numerical solutions were carried out over Ra values range from 103 to ]06
The other controllable vanable in the nuinerical solutions was the aspect ratio which
was varied from 0.1 to 1.0. The main results are presented in graphical and tabular
form, and as Nu vs Ra comrefations. The solutinn were computed for Pr = 0.73 (air).
The present values of Nusselt number are correlated by the least square linear
regression as follows:

Nu=a RaP (9)

where & and b are constants. This correlation (it the numencal results, obtained within
0.5 <.

Table (1} shows the obtained values of the constants a and b of the
correlation (9) corresponding to the aspect ratio (A).

Table (1) Constants of Correlation (9)

| A a b
1 0.142 0.302
3/4 0.1223 03112
172 0.1002 0.3243
/4 0.0456 0.3715
1/10 0.0016 0.5975

The constants a and b were obtained for the square cavity (A =1) when Ra ranges

from 103 to 107, but for the other aspect ratios when Ra ranges from lO3 to 106.
Fig. (2) presents the Nusselt number versus the Rayleigh number values at different
aspect ratios. Tt is seen that, as the aspect ratio, for the enclosure, decreases the
corresponding Nusselt number values decreases. One may also observe that, there is
no significant difference between the Nu values obtained for the aspect ratio
range from 0.5 10 1.0. However, there is a significant decrease in the Nu values as the
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aspect ratio decreases to be equat 10 1/4 and 1/10. The figure shows that, the plotted
Nu values in general, increase with Ra. However, the heat transfer data show some
asymptotical effect with the increase of Ra,

FLOW REGIMES

Fig. (3-left) illusirates the isotherms for Ra = 10° and at A = 3/4, 1/2 and 1/10.
These lines are plotted in uniform increments equal to 0.1. In Fig, (3-a), at A = 3/4, the
isothermal lines are vertical at the ends of the walls and are parallel to the vertical
sides. These lines are concentrated at the starting ends of the boundary layer in which
the local heat transfer coefficients are higher than the corresponding values at the
departure corners of the boundary layer. On the cther side, the isotherms have a
negative slope at the center of the cavity. However, as the cavity becomes a little
more shallow (A = 0.5} the isotherms at its core become more horizontal as seen in Fig.
(3-b-1zft). The above observation, means that the boundary layer regime starts, i.e.
(2 8/02X)=0, at the cavity center, It is also seen that the temperature in the vertical
direction in the core region depends almost linearly on Y and the temperature gradient
in vertical direction is positive. As the aspect ratio of the enclosure decreases to be
0.1, as seen in Fig. (3-c-left) the isotherms become almost vertical. This means that the
boundary layer flow is vanishand the secondary flow exists in the cavity, and the
main flow of heat takes place between the wo vertical walls by conduction.

Fig. ( 3-right) also shows the contour maps of siream lines for A = 0.75, 0.5 and

0.1 at Ra = 107, The stream lines are plotted in uniform increments of A thich 1s
different for each aspect ratio, for example Al,//equalsto 1.5 for the case of A =075
and 0.5 decreases 1o be equal to 0.1 for the cavity A = 0.1. On the other hand, the
maximum stream lines strength inside the consisied vortices are 11.5, 8.5 and 0.5 for
the enclosures of aspect ratios equal to 0.75, 0.5 and Q.1 respectively. One may
observe thar the fluid motion decreases sharply as the aspect ratio of the enclosure
varied from 0.75 and 0.5 and 0.1. This means that the most of heat ransferred
between the two vertical walls takes place by conduction, i.e. the more shaltow cavity
is a good thermal insulation. One may also observe thal, in the domain of the enclosure
of aspect ratio eugal to 0.75 there is only one eddy existed, but it takes place near the
hot side. As the aspect ratio becomes 0.5 the core of the cavily seems 1o have two
eddies. This cbservation becomes clear when the aspect ratio decreases to be equal to
0.1 in which one may observe that there are two eddies existed so closed to the
vertical sides and separated by a semi stagnant zone. These types of the secondary
motion occur at small aspect ratio A = 0.1 and cause a tertiary motion located
between the secondary motion described above. This tertiary motion appears more

clear in the domain of the enciosure at Ra = 10°  The secondary motion has the same
rotation as the primary motion, while the tertiary motion rotates in the opposite
direction {14]. It appears that this type of secondary motion has an important effect
on the stratification in the core region. The stratification in the side wall region
produces the secondary motion and causes a decrease of the buoyancy force, but as
long as the buoyancy force exceeds the viscous forces, there is an acceleration of the
upward moving fluid.

COMPARISON WITH AVAILABLE DATA

The results obtained in the present paper are plotied in Fig. (4), for A = 0.1, in
comparison with the same obtained by Shiralkar and Tien (1]). The figure shows a quite
good agreement between the present data and the same of [1].
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Fig. (5) shows the Nussell number value versus the aspect ratio. The figure has
the present data (for the shallow cavity) as well as the duta obtained in part-1 for the

long enclosure of the same authors {14], for Ra ranges between 103 and l()6, {t is seen
that the Nu value increases with the increase of A 10 have the maximum value at
A = 1. And then, the figure shows that as the aspect ratio increases more than unity
the Nu value starts to decrease with the increase of A. One may also obscrve that the
Nu value increases with Ra and the aspect ratio effect becomes less at ihe higher
values of Ra.

NOMENCLATURE

A aspect ratio, (H/L), (frem 0.1 10 1),
ab correlation constants,

Cp specific heat,

g acceleration of gravity,

Gr Grashof number (g8 AT u3 .’Vzl
H cavity height, '

h heal wansfer coefficient,

k thermal conductivity of fluid.

L cavity width,

lg scale for length,

No average Nusselt number, (hifk;,
Ra Rayleigh number (Gr. Pr),

P dimensionless pressure, p/ (U ).
Pr Prandd number. (nCp/k ).

T lemperature,

s reference temperature.

AT characterisiic temperaiure difference,

- . . . . . - u ¥
UV component of dimensionless velocity in X and Y direction respectively,— , ——.
' Ui‘. Ul:-

u scale for velocity.

XY  Dimensionless distances in x and y cartesian coordinates, x/l,, /.

GREEK LETTERS

B volumerric expansion coefficient,
) dimensionless temperawre ( T-T, /AT),
A fluid density,

u dynamic viscosity,

V kinematic viscosity,

‘,b stream function

SUBSCRIPTS

c cold side,

h hot side,
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Fig. (1) Geomemy of Shallow Cavity

Nu

Fig. {2)  Nusselt Number Versus Rayleigh Number
at Different Aspect Ratios
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present result
---Ref. [ 1]
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Fig {4) Nusselt Number Versus Ragleigh Number as a Comparison
with Shiralkar (1] for A=0.1
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Fig. (5)  Nusselt Number Versus Aspect Ratio




