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Abstract

A numerical study is performed to investigate the effect of aspect ratio on the natural convection of a fluid contained in a rectangular
cavity with partially thermally active side walls. The active part of the left side wall is at a higher temperature than that of the right side
wall. The top and bottom of the cavity and inactive part of the side walls are thermally insulated. Nine different relative positions of the
active zones are considered. The equations are discretized by the control volume method with power law scheme and are solved numer-
ically by iterative method together with a successive over relaxation (SOR) technique. The results are obtained for Grashof numbers
between 10 and 10° and the effects of the aspect ratio on the flow and temperature fields and the rate of heat transfer from the walls
of the enclosure are presented. The heat transfer rate is high for the bottom—top thermally active location while the heat transfer rate
is poor in the top-bottom thermally active location. The heat transfer rate is found to increase with an increase in the aspect ratio.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

A natural convection flow that has engineering and geo-
physical applications is that arising in a rectangular cavity
with differentially heated side walls. In the fields like solar
energy collection and cooling of electronic components, the
active walls may be subject to abrupt temperature non-uni-
formities due to shading or other effects. With a view to
understand the above problem, we shall first look into
the studies related to the above problem. The effect of the
aspect ratio on the two-dimensional steady natural convec-
tion in a porous rectangular cavity is numerically analyzed
by Prasad and Kulacki [1]. Multicellular flow has been
found for 4 < 1 and the flow structure comprises a primary
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recirculating cell with smaller secondary cells inside. The
Nusselt number is always increased when the aspect ratio
is increased and this increase is more rapid in shallow cav-
ities than in tall cavities.

Paolucci and Chenoweth [2] studied the natural convec-
tion in shallow enclosures with differentially heated end
walls. They find that the classical parallel flow solution,
accurate in the core of the cavity in the Boussinesq limit,
does not exist when variable properties are introduced.
Ho and Chang [3] numerically and experimentally studied
the effect of aspect ratio of natural convection heat transfer
in a vertical rectangular enclosure with two-dimensional
discrete heating. Numerical simulation is conducted for
aspect ratio varying from 1 to 10 with given relative heater
size and location. From the numerical simulation, they find
that the effect of enclosure aspect ratio on the average
Nusselt number of the discrete heaters tends to decrease
with the increase of the modified Rayleigh number. The
predicted temperature and flow fields were found to be in
good agreement with the experiments.
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Nomenclature

g acceleration due to gravity

Gr Grashof number

H height of the cavity

L length of the cavity

Nu local Nusselt number

Nu average Nusselt number

p pressure

Pr Prandtl number

t time

T dimensionless temperature

u, v velocity components

U, V' dimensionless velocity components
X,y coordinates

X, Y dimensionless coordinates
Greek symbols

o angle of inclination

p coefficient of thermal expansion

thermal diffusivity

kinematic viscosity

vorticity

stream function

dimensionless stream function
density

dimensionless time
temperature

dimensionless vorticity

DA g =R

Subscripts
c cold wall
h hot wall

A numerical study of natural convection of air in rectan-
gular cavities was conducted by Frederick [4]. He concludes
that the overall Nusselt number decreases rapidly with
increasing aspect ratio. The circulation rate increases
always with the Rayleigh number and with aspect ratio.
Tong [5] studied the effect of the aspect ratio on natural
convection in water near its density maximum. He con-
cludes that aspect ratio has a strong impact on the flow
patterns and temperature distributions in rectangular
enclosures. Wakitani [6] numerically presented oscillatory
natural convection at low Prandtl number in rectangular
enclosures. His numerical results agreed with available
experimental results.

Effect of the surface waviness and aspect ratio on heat
transfer inside a wavy enclosure is studied numerically by
Das et al. [7]. They show that the heat transfer is changed
considerably when the surface waviness changes and also
depends on the aspect ratio of the domain. Effect of the
aspect ratio of thermal-fluid transport phenomena in cav-
ities under reduced gravity is studied numerically by Torii
[8]. Valencia and Frederick [9] numerically analyzed the
natural convection of air in a square cavity with partly
thermally active side walls for five different heating loca-
tions. They find that the heat transfer rate is enhanced
when heating location is at the middle of the hot wall.

El-Reface et al. [10] studied numerically natural convec-
tion in a partially cooled, differentially heated inclined cav-
ities with different aspect ratios. Deng et al. [11] numerically
studied steady state laminar natural convection in a rectan-
gular enclosure with discrete heat sources on the wall. They
conclude that the role of isothermal heat sources is generally
much stronger than the flux of heat sources.

Nithyadevi et al. [12] studied natural convection in a
square cavity with partially active side walls. Kandaswamy
et al. [13] investigated maximum density effects of water in

a square cavity with partial thermally active side walls. The
present study describes the natural convection in a rectan-
gular cavity with partially active side walls for nine differ-
ent heating locations. That is, for the hot region located
at the top, middle and bottom and the cold region moved
from bottom to top, to locate the regions where the heat
transfer rate is maximum and minimum. The results are
displayed graphically in terms of the streamlines and iso-
therms, which show the effect of the aspect ratio with differ-
ent heating locations of the side walls.

2. Mathematical formulation

A schematic diagram of the two-dimensional rectangu-
lar cavity of length L and height H filled with a fluid under
investigation is shown in Fig. 1. The partially thermally
active side walls of the cavity are maintained at two differ-
ent but uniform temperatures, namely, 0}, and 0. (0, > 0.),
respectively. The inactive parts of the side walls and hori-
zontal walls x =0 and x = H are thermally insulated. Nine
different cases will be studied here. That is, for the hot
region located at the top, middle and bottom and the cold
region moved from bottom to top. The length of the ther-
mally active part is H/2. Representing the position through
cartesian coordinate system and assuming all other fluid
properties to be constant, the flow of an incompressible
Boussinesq viscous fluid under the above specified geomet-
rical and physical conditions is governed by the equations:
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The appropriate initial and boundary conditions are

t=0: u=v=0, 06=0, 0<x<H, 0<x<IL,
t>0 u=v=0, @:O,xzoandH,
Ox
0 = 0., on the hot part, y =0,
0 =06., on the cold part, y=1L,
00

—=0, y=0andL.
Oy

Introducing the following non-dimensional variables

_ ¢t _ ¥ _ _ _u _ v _ X _y
= V=0 =y V=g V=pX=p Y=
T =l "with 0, > 0., we get the vorticity—stream function

0p—0c

formulation of the above problems (1)—(5) as
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where
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The initial and boundary conditions in the dimensionless
form are

t=0: ¥=0, T=0,0<X<1,0<Y«],
oY or
T>0 W—aT—O, 67—0, atX—Oandl,
oY
Y=—=0, T'=1, onthehotpartatY =0,
oX
'I’alP—OTO thecold partatY =1,
e on the cold partat ¥ =
or
Y =0, 520, atY=0and 1.

The non-dimensional parameters that appear in the equa-
tions are Gr = M the Grashof number, Pr=
*=0.71 the Prandtl number, g the acceleration due to
gravity, v the kinematic viscosity, o the thermal diffusivity,
f coefficient of thermal expansion, T dimensionless temper-
ature, ¢ time, 6 temperature and Ar = H the aspect ratio.
The local Nusselt number is defined by Nu = &7 |,—o result-
ing 1n the average Nusselt number Nu = j;lNudX where
h =4 is the length of heating location.

3. Method of solution

A finite volume method based on power law scheme is
used to solve numerically the non-dimensional governing
equations (6)—(8) by Patankar [14]. The region of interest
was covered with m vertical and »n horizontal uniformly
spaced grid lines. The numerical solution was true-transient
and fully implicit. At each time step the vorticity and tem-
perature distributions are obtained from Egs. (6) and (7),
respectively. The stream function distribution was obtained
from Eq. (8) using successive over relaxation (SOR) and a
known vorticity distribution. The above process is repeated
in the next time step until steady state is reached. The
dimensionless time step which yields convergence is taken
to be t=107". An iterative process is employed to find
the stream function, vorticity and temperature fields. The
process is repeated until the following convergence crite-
rion is satisfied

¢n+l(i’j) — d),,(i,j)
¢n+1(i7j>

The overall Nusselt number is also used to develop an
understanding of the grid fineness that is necessary for
accurate numerical simulations. The numerical solutions
are found for different grid systems from 21 x 21 to
101 x 101. After 41 x 41 grids, no considerable change in
the average Nusselt number is observed and hence a
41 x 41 grid is used in this study.

<107, 9)

4. Results and discussion

Numerical study is conducted for different heating loca-
tions, Grashof numbers and aspect ratios. The flow pattern
and isotherms for different heating locations, Ar =2 and
Gr = 10’ are displayed in Figs. 2 and 3a-i. The flow is uni-
cellular with clockwise rotation. There exist two secondary
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(b) top/middle

(c) top/bottom

(a) top/top

(f) middle/bottom

(g) bottom/top

(h) bottom/middle (i) bottom/bottom

Fig. 3. Isotherms for all heating locations, 4r =2 and Gr = 10°.

cells within the primary cell since both the locations are at
the top of the side walls of the cavity, Fig. 2a. The mirror
image of the top-top active locations exists for bottom-—
bottom thermally active locations, as seen in Fig. 2a and
i. When the heating location is either top—middle or mid-
dle-bottom, the flow is activated around the active zones

while the remaining portion of the cavity remains stagnant.
It is observed in Fig. 2c that a peculiar phenomenon occurs
for the top—bottom thermally active location. The flow is in
two cells and centers of the cells are located near the ther-
mally active parts of the side walls. When compared to
other positions the heat transfer rate is much less in this
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Fig. 4. Streamlines for middle-middle heating location, aspect ratios 0.5, 1, 2, 3 and 5 and Gr = 10°.

S

a b

Fig. 5. Isotherms for middle-middle heating location, aspect ratios 0.5, 1, 2, 3 and 5 and Gr = 10°.

case. There exist some small eddies within the clockwise = remaining thermally active zones. The heat transfer rate
rotating eddy, occupying the whole cavity for all the  is maximum at the bottom—top active location.
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a

Fig. 6. Streamlines for middle-bottom heating location, aspect ratios 0.5, 1, 2, 3 and 5 and Gr = 10°.

c d e

Fig. 7. Isotherms for middle-bottom heating location, aspect ratios 0.5, 1, 2, 3 and 5 and Gr = 10°.

Fig. 3a depicts the convection mode of isotherms mostly  the cold active wall moves from top to bottom, Fig. 3b
at the top region where the active walls are located. When  shows the modifications that the isotherms are transformed
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towards conduction at the central region and convection
near the active locations. As the cold wall is moved to
the bottom, the isotherms predict almost conduction at
the middle of the cavity. In this case, the circulation rate
and velocity are very low compared to all the other cases.
Fig. 3i and f seems to be the mirror images of Fig. 3a
and b, respectively. In the middle-top and bottom-middle
active locations there is a boundary layer formed at the
active walls and the existence of convection is seen from
the isotherms of Fig. 3d and h. In Fig. 3e, the middle-mid-
dle active location exhibits convection near the active loca-
tions. Strong thermal boundary layers are formed at the
active locations as seen in Fig. 3g. The circulation rate
and the heat transfer rate are maximum in this case com-
pared to all the other cases.

The flow patterns for the middle-middle thermally
active location, different aspect ratios and Gr = 10° are dis-

Gr=10’ 10*

middle / middle heating location

Fig. 8. Streamlines for different Grashof numbers and Ar = 3.

played in Fig. 4a—e. When Ar = 0.5, in Fig. 4a, a single cell
pattern is observed. For the case of square cavity, there
exist two inner cells each at the top left and bottom right
corners of the cavity. The remaining two corners are less
activated but this type of behaviour does not exist in the
case of rectangular cavities. The two inner cells are moved
to upper and lower parts of the cavity when Ar = 2. This is
due to the dominating buoyancy force inside the cavity.
Further increasing the aspect ratio, the two inner cells grow
in size and strength, while two small recirculating eddies
occur in the middle of the cavity. Increasing the aspect
ratio to 5 the recirculating zones in the middle of the cavity
disappear.

The isotherms for the middle-middle thermally active
location, different aspect ratios and Gr= 10" are pre-
sented in Fig. Sa—e. For all the aspect ratios, a thermal
boundary layer exists along the active zones. Large veloc-

N
10* 10°
bottom / top heating location

—

Fig. 9. Isotherms for different Grashof numbers and Ar = 3.
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Fig. 10. Mid-height velocity profile for middle-middle heating location
and Gr=10°.
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Fig. 11. Time history of average Nusselt number for different, aspect
ratios and Gr = 10°.

ity and temperature gradients characterize the region
immediately adjacent to the thermally active side wall
locations while negligible gradients (normal to the hot/
cold wall location) prevail in the rest of the cavity. Such
behaviour is indicative of the thermal boundary layer
structure.

Fig. 6a—e shows the flow pattern for the middle-bottom
thermally active location, different aspect ratios and
Gr=10°. For Ar=0.5, a single cell pattern is observed.
In the case of square cavity, the two inner cells exist in
the middle left and bottom right active parts of the cavity.

16

147

121

107

10° 10* 10°
Gr

Fig. 12. Average Nusselt number for different aspect ratios.

On increasing the aspect ratio, the two inner cells disap-
pear and the major cell is skewed upward along the hot
wall and downward along the cold wall. Further on
increasing the aspect ratio, upper part of the cavity
remains stagnant while the lower part of the cavity is
more activated. A secondary cell exists within the primary
cell in the lower part of the cavity. With increase in the
aspect ratio of the cavity, the buoyant convection flow
is increasingly strengthened. The isotherms for the mid-
dle-bottom thermally active location, for different aspect
ratios are displayed in Fig. 7a—e. The same behaviour is
observed as in Fig. Sa-e.

Figs. 8 and 9a show the streamlines and isotherms for
different Grashof numbers, middle-middle thermally active
locations and Ar = 3. There exists a clockwise rotating cell
in the middle portion of the cavity for Gr = 10°. The fluid
in the upper and lower parts of the cavity is stagnant.
When Gr = 10%, the circulation rate of the eddy is increased
and the unicellular pattern is enlarged and occupies the
whole cavity. Further increasing Gr (=10°), there exist four
secondary cells inside a large primary cell. Figs. 8 and 9b
show the flow pattern and isotherms of the bottom-top
thermally active location for different Grashof numbers.
For all the values of the Grashof number, there exists a
unicellular pattern. The velocity of the fluid particle inside
the cavity and also the buoyant convection flow increase by
increasing the Grashof number.

Fig. 10 shows the mid-height velocity profile for differ-
ent aspect ratios and middle-middle thermally active loca-
tions. The increase in the vertical velocity of the fluid
particles at mid-height of the cavity for increasing aspect
ratio near the active locations is shown in Fig. 10. The time
history of the average Nusselt number for different aspect
ratios and middle-middle active locations are displayed
in Fig. 11. Thus the average Nusselt number is increased
as the aspect ratio increases. Increasing the aspect ratio
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Fig. 13. Average Nusselt number for different heating locations and Gr = 10°.

increases the time to reach the steady state situation of the
solution. Average Nusselt number for different aspect
ratios, different Grashof numbers and middle-middle ther-
mally active locations is depicted in Fig. 12. The heat trans-
fer rate is increased by increasing both the aspect ratio and
the Grashof number.

In order to evaluate how the aspect ratio and different
heating locations affect the heat transfer rate, the average
Nusselt number is plotted as a function of aspect ratio for
different thermally active zones in Figs. 13 and 14. Heat
transfer rate is increased on increasing the aspect ratio.
There is no considerable variation in the average Nusselt
number for Ar <1 when the heating/cooling locations
are changed. But the variation in the average Nusselt
number when changing the cooling location is increased
by increasing the aspect ratio, Fig. 13a—c. It is observed
that from Fig. 14c, there is no remarkable change in the
heat transfer rate when the heating location is changed
for a fixed cooling location. The heat transfer rate is

enhanced when a cooling location is at the top of the
enclosure. When changing the heating location from top
to bottom the average Nusselt number is increased by
increasing the aspect ratio. It is clearly seen from
Fig. 14a—c.

5. Conclusions

The heat transfer rate is high for the bottom-top ther-
mally active location while the heat transfer rate is poor
in the top-bottom thermally active location. The heat
transfer rate is found to increase with increase in the
aspect ratio. There is no considerable variation in the heat
transfer rate for Ar < 1 when the heating/cooling loca-
tions are changed. No remarkable change in the heat
transfer rate is observed when the heating location is
changed for a fixed cooling location. The heat transfer
rate is enhanced when a cooling location is at the top
of the enclosure.
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Fig. 14. Average Nusselt number for different cooling locations and Gr = 10°.
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