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ABSTRACT

The present problem deds with the numericd study of two-
dimensional, steady, incompresshle, laminar natura
convedion in air filled cavity with a entrally heaed bdatom
wall and cooled upper wall. The verticd walls and the rest of
the bottom walls are ssaumed to be insulated. Results are
presented for Ra = 10° - 3x10°, A = 1-3, W = 0.25 - 1 and
Pr = 0.7. The governing equations, written in terms of stream-
function-vorticity formulation, are solved using a finite
volume method. The influence of heaed surface dimension
on the fluid flow and thermal patterns is also presented by
comparing the present results against those obtained by the
author in an ealier study within a square cvity heaed from
below. Based on numericd data a orrelation has been
developed for convedive hea transfer.

INTRODUCTION

Natural convedion flows caused by buoyancy forces occur in
many thermal engineeing systems, such as olar energy
efficient buildings, double-pane windows, coding of
eledronic equipment and so forth. Despite significantly lower
values of hea transfer coefficient, coding by natural
convedion using air is preferred, for example, in numerous
eledronic ooding applicaions becaise of its low cost,
inherent reliability, simplicity and noiseless method o
thermal control.

To date, many experimental and numericd studies have
been conducted on the natural convedion hed transfer in the
redangular closed cavities. Most of the numericd studies
previously reported in the literature have wmnsidered one of
the vertical walls heaed and the other one @ded with
horizontal insulated walls. Excdlent reviews of laminar
natural convedion have been presented by Ostrach [1] and
Hoogendoom [2]. Benchmark numericd solutions for natural
convedion in a square enclosure with two isothermal and two
adiabatic walls have been obtained by de Vahl Davis and
Jones [3]. Akiyama and Chong [4] studied the problem for
coupled natural convedion and radiation in a sguare
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enclosure fill ed with air and having gray surfaces. Using the
finite volume method, Mezrhab and Behir [5] studied the hea
transfer by radiation and natural convedion in an air-fill ed
square enclosure with a verticd partition of finite thickness
and varying height. Mahapatra € al. [6] reported a finite
element solution on the interadion of surface radiation and
variable property laminar natural convedion in a
differentially heaed sguare caity. Colomer et a. [7]
analyzed the natural convedion phenomenon coupled with
radiant hea exchange in a three —dimensional differentially
heaed cavity.

NOMENCLATURE

A [-] asped ratio, H'/L’

g [m/s] accéeration due to gravity

Gr F1 Grashof number

H, L [m] height and width of the cavity

m [] number of grid pantsin horizontal
diredion

n [-] number of grid pdntsin verticd diredion

Nus  [-] convedion Nusselt number

Nuc [-] average convedion Nusslt
number

Pr [-] Prandtl number, v/a

Ra [] Rayleigh number, Gr x Pr

T [°C] variable temperature & any wall

Tn [°C] temperature & centrally heded
boundary

u [m/s]  verticd velocity

U [-] dimensionless verticd velocity,
uL’/a

% [m/s]  horizontal velocity

\% [-] dimensionless verticd velocity,
vL'/a

w [m] centrally heaed batom part

W [ heaed batom part ratio, w/H’

X [m] verticd coordinate



X [-] dimensionless verticd coordinate,

x/H’

y [m] horizontal coordinate

Y [-] dimensionless horizontal coordinate,
y/H

Subscripts

c convedion

h hot

i number of variables of nodal pointsin
Y and X diredions respedively.

00 ambient

Greek symboals

a [m?/s] fluid thermal diffusivity, m¥s

v [m?s] kinematic viscosity of fluid

0 [-] dimensionlesstemperature,

(T-Te)/(Th - Ter)

¢ [m%s]  stream function,

U] [-] dimensionless gream function, Y’ /a

w [/9] vorticity

w [-] dimensionlessvorticity, & H'?/ v

When the heaing/cooling scenario switches from verticd to
horizontal walls, Hasnaoui et a. [8] have demonstrated
numericdly the existence of multiple stealy-state solutionsin
the asence of radiation in a redangular cavity partialy
heaed from below. Recently, while studying coupling
between radiation and natural convedion in a square cavity
entirely heaed from below, Ridouane & a. [9, 10|
demonstrated also that the multiplicity of solutions is
possble. Recently, Ridouane and Hasnaoui [11] numericdly
studied the effed of surface radiation on multiple natural
convedion solutions in a square cavity partially heaed from
below. Singh and Venkateshan[12] have discussed the
importance of surface radiation coupled with netura
convedion in side vented open top cavities. Sharma d al.[13]
numericdly investigated turbulent natural convedion in an
enclosure partially heaed from below. Oztop and Abu
Nadu[14] have numericdly investigated the natura
convedion in partialy heaed enclosures filled with
nanofluids.

While much progress has been acomplished in
understanding flow and heat transfer in the dosed cavities for
combined natural convedion and surfaceradiation, there ae
il some important areas requiring attention. However, to
the best of my knowledge, average hea transfer coefficient
for the hot portion of the bottom wall has not been examined
in detail. In this study, the analysis of hea transfer has been
investigated by pladng centrally hot to full bottom hot walls
and verticd walls as insulated and top horizontal wall as a
cold wall of a cavity. The present investigation also focuses
on development of an empiricd correlation in terms of
average onvedive Nusslt humber which is the function of
independent parameters like Rayleigh rumber, asped ratio
and hot bottom surfaceratio.

MATHEMATICAL FORMULATION

The natural convedion in a square avity with having
centrally heaed from bottom shown schematicdly in Fig. 1,
can be formulated as gream function and vorticity (o —v)
form for a constant property fluid under the Boussinesg
approximation, in non-dimensional form as
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BOUNDARY CONDITIONS

The velocity boundary conditions are based on the assumption
that the wall s are rigid and impermeable and that the trapped air
does not dip on the walls. In terms of stream function, this
assumption can be translated to Y = 0 at all the surfaces.

At the left and right verticd walls:
2
10 00
w=0 —2 ¥ = and — =0 )
Pray 2 oY
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At thetop d the horizontal wall of the cavity:

2
w=0 =9 _ _ade=0 ©)
Pra)(2

At the bottom of the aliabatic walls of the cvity:

2
0 20V aa 220
Prax 2 aX

At the centrally heaed wall of the cavity:

2
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Prox 2
METHOD OF SOLUTION
The governing equations (1) - (3) are first transformed into
finite difference euations using a finite volume based finite
difference method o Gosman et al [15]. Gauss- Seidel iterative
procedure is used to solve the resulting algebraic eguations.
The detail s of solution procedure ae available in Singh and
Venkateshan [12]. A 41x41 non-uniform grid system for the
computational domain is employed. The grid sizes have been
fixed based on gid sensitivity analysis, the results of which are
presented in the ensuing sedion in Table 1. A cosine function
has been chosen to generate the gridsin both along the X and Y
diredions in the caity region. With reference to the
implementation of derivative boundary conditions, three point
formulae using second degree Lagrangian polynomia have
been used. Upwinding has been used for representing the
advedion terms. The integrations required in al cdculations
are performed using Simpson’s 1/3 rule for nonruniform step
size Under relaxation with a relaxation parameter of 0.5 was
used for all three g@uationsto oktain convergent resuilts.

RESULTSAND DISCUSSION

Calculations have been made kegping in view the objedive of
evolving useful correlation for convedive Nusslt number.
Before proceeding further the result of a grid sensitivity study is
presented.

GRID SENSITIVITY TEST

Table 1 shows the eff ect of the grid sizeon the N_Uc for a
typicd case with Ra=1x10°, A =1, W =1and Pr=0.7. It can
be seen from Table 2 that the differencein N_Uc between the

grid sizesof 41x 41 and 51x 51is0.277% which is the lowest.
Thus grid pattern used in the present study is41x 41.
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Table 1 Grid independence study( Ra= 1x10°, A=1, W =1

and Pr=0.7)
mxn Nug % changein Nug
31x 31 17.177 -
41x 41 17.121 0.326
51x 51 17.138 0.277

Numerical code validation and comparison with benchmark
results

The numericd code was extensively validated against the
benchmark results of Ridouane and Hasnaoui [11] for pure
natural convedion, in terms of maximum and minimum of
stream function values in a square cavity heaed from below to
ched its validity as given in the next section for predicting the
further results.

Comparison with streamline contours of present result

with Ridouane and Hasnaoui[11]

Present results for typicd values of various parameters are
compared with numericd results of Ridouane and Hasnaoui[11]
in trerms of streamlines and comparative results in terms of
stream functions are given in the Table 2.

Table 2 Comparison of present results with Ridouane
and Hasnaoui[11] in terms of stream function

Present Hasnaoui[11] Present

result result Hasnaoui[11]
quax lI-Jmin l«I—’max l«I—’min quax l«I—’min l~|Jma>< lI-Jmin
15 -15 | 1339 | -1249 20 | -20 1973 | -

The aove results show good agreement with the present results
and results obtained by Ridouane and Hasnaoui[11].

Typical resultsfor closed cavities partially heated from
below

Having vali dated the present code with previous gudies
available in the literature, a detail ed parametric study has been
undertaken. Typicd results from this gudy are presented here
for a dosed cavity partialy heaed from below. The parameters
set istaken asRa=1x10° - 3x10°, A = 1-3, W = 0.25 - 1 and Pr
=0.7.

Streamline and isotherm patternsfor closed cavities
Fig. 2 and Fig. 3 showing the streamlines (on left side) and
isotherm lines (right side) corresponding to the given set of
parameters as mentioned against figure cations indicate the
influence of Rayleigh number. For Ra = 5x10°, streamlines of
Fig. 2 shows that the flow is organized in asingle vortex
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Fig. 2 Streamline (left) and isotherm patterns (right) Fig. 3 Streamline (left) and isotherm patterns (right) for

for Ra=5%x10°, A =1, W=05

Ra=1x10* A=1, W =05

For left Figure

l~|Jmax =0.006

l~|Jma>< =-0.006

For right Figure x

quax =15

l~|Jma>< =-15

Y Y

Fig. 4 Streamline (left) and isotherm patterns (right)

for Ra=1x10°, A =3, W =05

Y

Fig.5 Streamline (left) and isotherm patterns (right)
for Ra=1x10°, A =3, W =05

For left Figure

l~|Jma>< =-40 x
For right
Figure

=

l~|Jmax = 30
l~|Jma>< =-30

Fig. 6 Streamline (left) and isotherm patterns (right) Fig. 7 Streamline (left) and isotherm patterns (right)

for Ra=1x10°, A =3, W =05

for Ra=1x10°, A=1, W =1

rotating in the ati-clockwise diredion. The arresponding  appearance of higher value of | in the core of the cavity. High
isotherms show weak convection effed; they charaderize a temperature gradients are obtained nea the adive walls
situation for which the @nduction regime is gill dominating.  whereas the vortex moves warm fluid from the hot element
The vortex moves warm fluid from the hot element along the  along the right insulated verticd wall, which results in higher
right insulated vertica wall, which resultsin higher temperature  temperature gradients at the right part.

gradients at the right part of the cavity. At dlightly higher Ra,

Fig. 3 shows, for Ra=1x10", that the increase of Raleals to the
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For left Figure
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For right Figure

quax =4
qum( =4

Fig. 8 Streamline (left) and isotherm patterns (right)
for Ra=1x10°, A =2, W =1
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For left figure
Wirex = 15
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For right
Wi = 40
llJmm= -40

Fig. 10 Streamline (left) and isotherm patterns (right)
for Ra =1x10°, A=3, W =1

quax = 301 quax =-30

1

Fig. 12 Streamline (left) and isotherm patterns (right)

for Ra =1x10°% A =1, W = 0.25
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Fig. 9 Streamline (left) and isotherm patterns (right)

for Ra=3x10*, A=2, W=1
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Fig. 11 Streamline (left) and isotherm patterns (right)
for Ra=3x10°, A=3,W=1

Winex = 40, Yrnex = - 40

X

185/

Fig. 13 Streamline (left) and isotherm patterns (right)

Fig. 4 and Fig. 5 show the streamlines and isotherm lines for
the aped ratio, A= 3 and W = 0.5 hut for different Rayleigh
numbers, Ra as mentioned with figure cations. For Ra =
1x10° streamlines of Fig. 4 indicaes that the two symmetricd
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for Ra =1x10°, A =2, W = 0.25

flow vortices are developed. The right vortex rotating in the
clockwise diredion, (Yma = 0.04) isthe mirror image of the left
vortex rotating in anti-clockwise diredion ({,i, =-0.04). The
magnitude of stream function is very smal and so the
conduction dominant flow is present in the domain. Fig. 4 of the
isotherm contours clealy indicates that the temperature lines



areflat and parallel from the bottom to top part of the cavity for
asped ratio, A = 3. For the same W = 0.5 and asped ratio = 3
and for higher Ra = 1x10°, streamlines of Fig. 5 shows the
development of three vortices aong the height due to
convedion heaing of the fluid from the bottom to the top. The
corresponding isotherm lines dow that the hed is transferred
from the heaed element to the lower vortex, then from the
lower vortex to the upper one, and finally from the latter to the
cold wall astestified by the presence of the sharp gradients nea
the adive walls and between the vortices.

Fig. 6 and Fig. 7 show the streamlines and isotherm lines for
the parameters shown with corresponding figures. Fig. 7 of
streamlines for Ra= 1x10°, A =1, W = 1 shows that ead vortex
is in contad with only one ative wall. The structure of the
isotherms shows that the hed is transferred from the heaed

Wrmax = 0.06, Yryin = -0.02and in seconchry vortexP) = -0.02

1

Fig. 14 Streamline (left) and isotherm patterns (right)
for Ra= 1x10°, A =1, W = 0.25

element to the lower vortex, then from the lower vortex to the
upper one, and finally from the latter to the cold wall astestified
by the presence of the sharp gradients nea the adive wallsand
between the vortices. In addition, the central part of eat half of
the cavity, containing the horizontal vortices, is isothermal.
Fig. 6 of streamlines for Ra = 1x10°, A =3, W = 0.5 indicates
that four paralel vortices along the height of the caity are
developed. So as asped ratio increases at higher Rayleigh
number, more stratification loops are ohserved. In this case,
ead vortex is in contad with only one adive wall. The
isotherm lines are simil ar to the ealier case.

Fig. 8 and Fig. 9 show the streamlines and isotherm lines
for the parameters shown with corresponding figures. Fig. 9 of
streamlines for Ra = 3x10%, A =2, W = 1 shows that two
vortices are developed along the height of the avity. Fig. 9 of
isotherm lines are simil ar to the ealier case. However, Fig. 8 of
sreamlines for Ra = 1x10°, A =2, W = 1 shows that
development of threevortices along the height of the cvity. So
it signifies that as Ra increases number of vortices aso
increases for the same asped ratio and same portion of bottom
heding.

Fig. 10 and Fig. 11 show the streamlines and isotherm
lines for the parameters sown with figure cations. Fig. 10 d
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streamlines for Ra = 1x10°, A =3, W = 1 indicates that three
vortices are present in the domain along the height of the cavity.
Thisis smilar to the cae for which Ra= 1x10°, A =2, W = 1 as
described in Fig. 8. The isotherm patterns are dso observed
similar to Fig. 8. However, the magnitudes of maximum and
minimum stream function values, Qs and Yy, are 15and  -15
respedively. The streamlines of Fig. 11 for the parameters
Ra = 3x10°, A =3, W = 1 indicaes the development of four
vortices along the height of the cavity. So it is clea that as Ra
increases for the same asped ratio and batom-heaing ratio, W
the development of number of vortices along the height of the
cavity increases. The development of isotherm lines is similar
to the ealier cases.

Fig. 12 and Fig. 13 show of streamlines and isotherm lines

Winex = 10 Yrin=-10

=

<

Fig. 15 Streamline (left) and isotherm patterns (right)
for Ra= 1x10°, A =1, W = 0.25

for the parameters st as indicated with figure cations. The
streamlines of Fig. 12 for Ra= 1x10°, A =1, W = 0.25 indicates
that the formation of two vortices along the width diredion. In
this case bottom-heding ratio is smaller than ealier cases and
therefore heaing amount to the aljacent fluid due to convedion
issmall.

Streamlines and isotherms, obtained for relatively low and
high Rayleigh numbers and W = 0.25, are presented in Fig. 14
and 15 For Ra= 1x10°, A =1, W = 0.25, streamlines of Fig. 14
(on the left) show that the flow is organized in two vortexesi.e.
the right primary vortex rotating in the dockwise diredion is
stronger than the left bottom corner secondary vortex. The
maximum value of the stream function,y is 0.06 which shows
conduction dominant flow. The rresponding isotherms (right
side) show wea convedion effed, they charaderize asituation
for which the @nduction regime is still dominating. Nea the
hea source the isotherms show the influence of the natural
convedion but at the upper part of the cavity the isotherms
bewmme parall el to eat other due to conduction effed.

Fig. 15 showing the streamlines and isotherms lines at higher
Ra dealy indicaes the dfed of convedion on the flow and




isotherm patterns. Streamlines (left side) show the development
of two vortexes having Yma = 10 (right vortex) and Y, = -10
(left vortex). Isotherms (right side) clealy show the buoyancy

effect on the flow.
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Average convective Nusselt number,(correlated data)

0 T T T T T
0 5 10 15 20 25 30

Average convective Nusselt number,(numerical data)

Fig. 16 Parity plot for average convectie Nusselt number for the range of parameters as shown in Table 1

CORRELATION

Based on alarge set of numericd data (some 40 data setsin all),
correlation for average wnvedion Nusselt number has been

derived as:

-1.82
0.21A WO.20

Nu.=1.16Ra 9)

As Rayleigh number diredly affects convedion hea transfer
becaise power law form is used for Ra. The exponent of asped

ratio (A) is negative, which signifies mc deaeases with
increase in asped ratio. But the exponent of W is positive and

hence as W increases, Nu. aso increases. A very high
correlation coefficient of 0.991and a standard deviation error of
0.129 indicae the goodhess of the fit as shown in the parity plot

of Fig.16.

CONCLUSIONS

Numericd results for laminar natural convedion in an air-fill ed
cavity having A = 1-3 partially heaed from below are presented
for wide ranges of Rayleigh rumber. Equations of momentum
and energy have been solved using constant properties and
Boussnesq approximations. As asped ratio increases, the
convedion hea transfer deaeases as obtained from correlation.
As bottom heaing ratio, W increases the nvedion heat
transfer also incresses. Average Nusslt number is gredly
influenced by Rayleigh number as found from correlation. The
number of vortices increases with increase in Rayleigh number

in vertical diredion.
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