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Abstract

The paper presents a numerical study of steady combined laminar natural convection and surface radiation heat transfer
dimensional side-vented open cavity for different aspect ratios, side-vent ratios, and surface emissivities using air as the fluid
Results have been compared with experimentalresults available in the literature. Surface radiation is found to alter the basic flow patter
well as the thermal performance substantially. The numerical investigation provides evidence of the existence of thermal boundary la
along adiabatic walls of the cavity as a consequence of the interaction of natural convection and surface radiation. Based on num
correlations have been developed for convective as well as radiative heat transfer.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Despite significantly lower values of the convective h
transfer coefficient, cooling by natural convection using a
is preferred, for example, in numerous electronic cooling
plications because of its low cost, inherent reliability, si
plicity and noiseless method of thermal control. In natu
convection systems, even moderate temperature differe
give rise to significant radiation effects so that the radia
and convective contributions may become comparable
thus influence the total heat transfer rate. It is therefore unre
alistic to ignore interaction of surface radiation and conv
tion. In an open cavity there is a continuous intake of fr
air from the ambient and exhaust of heated air back to
ambient and hence stratification effects are reduced. Th
offers one method of heat dissipation from electronic eq
ment and, to protect the components from external dis
bances, housing the components in a slot may be requ
although mounting it on a vertical flat plate may be adv
tageous for both convective and radiative heat transfer. H
the opening affects the flow and temperature fields is an
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portant outcome of the present study. The present study
ulates the cooling of an electronic component placed in
slot similar to the one considered experimentally by Ram
and Merzkirch [1]. Natural convection in cavities with ope
ings has received a sustained attention in the heat tra
literature [2–16]. Those that are important among them
ther directly or indirectly, from the present point of vie
are discussed here. Abib and Jaluria [6] numerically inves-
tigated a partially open enclosure having all sides insula
with a heat source at the bottom of the left wall and a p
tially open right wall. They used open boundary condit
at partial opening. Angirisa and Mahajan [10] numerica
analyzed free convection fromL-shaped corners with adia
batic and cold isothermal walls. They discussed the im
tance of using proper boundaryconditions along the ope
boundaries. Rodighiero and de Socio [4] experimentally
alyzedL-shaped corners with adiabatic bottom wall. Ba
and Venkateshan [14] studied the same problem using fi
volume based method that used the vorticity-stream func
formulation of the governing equations. Ramesh et al. [
provided results of experiments using Differential Interf
ometer and also semi-experimental results for an open c
having left heated wall and bottom and right adiabatic w
for a range of Rayleigh number, aspect ratio, and emissi
Both these studies included theeffect of surface radiation.
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Nomenclature

A aspect ratio,= H/d
d spacing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Fij view factor between elementi and elementj
g acceleration due to gravity . . . . . . . . . . . . . m·s−2

G′ elemental irradiation . . . . . . . . . . . . . . . . . W·m−2

G elemental dimensionless irradiation,
= G′/σT 4

h
GrH Grashof number based onH ,

= gβ(Th − T∞)H 3/ν2

H height of the cavity . . . . . . . . . . . . . . . . . . . . . . . m
hT height of the total computational domain. . . . m
J ′ elemental radiosity . . . . . . . . . . . . . . . . . . W·m−2

J elemental dimensionless radiosity,= J ′/σT 4
h

k thermal conductivity of fluid . . . . . W·m−1·K−1

m number of grid points in horizontal direction in
the computational, domain

n number of grid points in vertical direction in the
computational domain

Nrc radiation conduction parameter,
= σT 4

h d/[(Th − T∞)k]
Nuc convection Nusselt number,= −( ∂θ

∂Y
)

atY = 0, orY = 1 as needed
Nuc average convection Nusselt number,

= − 1
A

∫ A

0 Nuc dY
NuR radiation Nusselt number,= Nrc(J − G)
NuR average radiation Nusselt number,

= 1
A

∫ A

0 NuR dY

Nut average total convection and radiation Nusselt
number,= Nuc + NuR

Pr Prandtl number,= ν/α
Qc heat transfer due to convection . . . . . . . . . . . . W
QR heat transfer due to radiation . . . . . . . . . . . . . . W
RaH Rayleigh number based onH , = GrH Pr
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
Th temperature of left wall of the cavity . . . . . . . K
T∞ ambient temperature . . . . . . . . . . . . . . . . . . . . . . K
TR temperature ratio,= T∞/Th

u vertical velocity . . . . . . . . . . . . . . . . . . . . . . m·s−1

U dimensionless vertical velocity,= ud/α
v cross velocity . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

V dimensionless cross velocity,= vd/α
w vent height . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
W vent ratio,= w/H

W1 port ratio,= w1/H
x vertical coordinate . . . . . . . . . . . . . . . . . . . . . . . . m
X dimensionless vertical coordinate,= x/d
y horizontal coordinate . . . . . . . . . . . . . . . . . . . . . m
Y dimensionless horizontal coordinate,= y/d

Greek symbols

α fluid thermal diffusivity . . . . . . . . . . . . . . m2·s−1

β isobaric coefficient of volumetric thermal
expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K−1

ε emissivity of the walls
ν kinematic viscosity of the fluid . . . . . . . . m2·s−1

θ dimensionless temperature,
= (T − T∞)/(Th − T∞)

ψ ′ stream function. . . . . . . . . . . . . . . . . . . . . . m2·s−1

ψ dimensionless stream function,= ψ ′/α
σ Stefan Boltzmann constant,

= 5.67× 10−8 W·m−2·K−4

ω′ vorticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

ω non-dimensional vorticity,= ω′d2/ν
δ convergence parameter in percentage,

= |(ζnew− ζold)/ζnew| × 100
ζ dependent variable(ψ,ω, θ, J,G) over which

convergence test is applied

Subscripts

c convection
H based on height of the left wall of the side-vented

cavity
h hot
i, j any two arbitrary area elements of an enclosur

used in radiation analysis
new, old values of the dependent variables

(ψ,ω, θ, J,G) obtained from the present and
previous iterations, respectively

R radiation
rc radiation conduction
T total height
t total average
∞ ambient
l right open portion

Superscript
′ dimensional value
ent
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pen
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ailed
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Apart from applications mentioned earlier, the pres
study is important from a fundamental point of view. T
proper choice of the boundary condition across the o
boundaries is essential to properly understand the
physics. The proper choice of the boundary conditi
across opening helps in restricting the computational dom
and hence helps in saving of computational effort. T
present study also presents numerically the effects of su
radiation on natural convection in side-vented open cav
for a wide range of parameters and develops correlation
convective and radiative Nusselt numbers based on a det
numerical study.

2. Mathematical formulation

2.1. Formulation for convection

The two-dimensional, steady, incompressible, lam
natural convection heat transfer from a side-vented ca
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Fig. 1. Schematic of the problem geometry showing the computationa
domains.

with a heightH , spacingd and vent wall heightw, is
considered using the system of coordinates shown in Fi
The governing equations in stream function(Ψ ) vorticity
(ω) form, for a constant property fluid under the Boussin
approximation, in the non-dimensional form are:

U
∂ω

∂X
+ V

∂ω

∂Y
= Pr

[
∂2ω

∂X2
+ ∂ω2

∂Y 2

]
− Ra

∂θ

∂Y
(1)

∂2ψ

∂X2
+ ∂2ψ

∂Y 2
= −Pr ω (2)

U
∂θ

∂X
+ V

∂θ

∂Y
= ∂2θ

∂X2 + ∂2θ

∂Y 2 (3)

whereU = ∂ψ
∂Y

, V = − ∂ψ
∂X

andω = ∂V
∂X

− ∂U
∂Y

2.2. Formulation for radiation

The radiosity-irradiation formulation is used to descr
surface radiation (Balaji and Venkateshan [11]). For an a
element on a boundary of the cavity the non-dimensio
radiosity is given by the equation

Ji = ε(Ti/Th)
4 + (1− ε)

2(m+n−2)∑
j=1

Fij Jj

i = 1,2(m + n − 2) (4)

The walls are assumed diffuse and gray. At the adiab
bottom and right walls convection and radiation bala
each other. Hence
Bottom wall:

− ∂θ

∂X
= Nrc(J − G) (5)

Right wall:

∂θ = Nrc(J − G) (6)

∂Y
The view factorsFij are evaluated using Hottel’s crosse
string method [18].

2.3. Computational domain

From a purely practical point of view one would like
know the flow and temperature fields in the domain labe
(1) in Fig. 1. However, this choice for the computational d
main would need the specification of the boundary con
tions along the inclined lineAB joining the topmost point o
the left wall and the topmost point of the right wall. In vie
of the difficulty in specifying the proper boundary conditi
alongAB it is convenient to extend the domain by includi
the triangular domain (2) also in the computational dom
A third possibility that seems to be appropriate is to inclu
an extension (3) in the computational domain. However,
tension of the domain in the last three cases requires
specification of the boundaryconditions along the bound
aries of the respective extended domains. The selectio
domain and the appropriate boundary conditions is base
a numerical experiment presented later. Another possib
that one may think of is to extend the computational dom
to include a region to the right of the opening on the ri
wall. The last one is not considered in the present study.
primary reason for this is the lack of information regard
the nature of the right adiabatic wall, its thickness and th
mal properties used in [1]. Further assumptions and sim
fications would have to be made that may in fact be har
validate.

In fact, in their study of natural convection in a side op
cavity, Polat and Bilgen [16] did restrict the computatio
domain by specifying suitable boundary conditions acros
the side opening. The boundaryconditions were justified
based on the flow and temperature fields within the ca
region in comparison with those that were obtained with
tended computational domain. Radiation was not consid
in that study. That there is no uniqueness about the boun
conditions to be used across openings is clear from the
ous boundary conditions that have been used in earlier s
ies. In the present problem there are multiple openings
surface radiation plays an important interactive role al
with natural convection. Hence the appropriate bound
conditions are to be found by studying the streamline
terns and temperature distribution within the cavity. Thou
there may be many possibilities those that hold promis
the present type of situation only have been dealt with.

2.4. Boundary conditions

The boundary conditions are specified for stream func
and vorticity on all the boundaries based on Balaji a
Venkateshan [11] and Gururaja Rao et al. [17]. The bound
conditions onU and V are also indicated for the sake
clarity. Left isothermal wall:

Y = 0, 0 < X < A, U = 0, V = 0 or
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tions
ψ = 0, θ = 1, ω = − 1

Pr

∂2ψ

∂Y 2
(7)

Bottom wall:

X = 0, 0< Y < 1, U = 0, V = 0 or

ψ = 0, ω = − 1

Pr

∂2ψ

∂X2 , − ∂θ

∂X
= Nrc(J − G) (8)

Side-vent wall:

Y = 1, 0 < X < W, U = 0, V = 0 or

ψ = 0, ω = − 1

Pr

∂2ψ

∂Y 2 ,
∂θ

∂Y
= Nrc(J − G) (9)

Extended domain(1) + (2):
Along the boundaryBC there are several options. Th

are:

(I) Y = 1, W < X < A, U = ∂ψ

∂Y
= 0

∂V

∂Y
= ∂2ψ

∂X∂Y
= 0 (10)

The vertical velocityU is set to zero. The boundary co
dition on V , the cross velocity, is obtained from contin
ity equation as∂V

∂Y
= 0. These velocity boundary condition

were partially implemented by Abib and Jaluria [6] in pa
tially open enclosures. They set vertical velocity(U = 0) on
right open part but did not implement the condition∂V

∂Y
= 0

because the fluid enters and leaves from the same ope
Angirasa and Mahajan [10] used the same velocity boun
condition as that used in Abib and Jaluria [6] on right op
boundary in a partially open cavity.

(II) Y = 1, W < X < A, V = −∂ψ

∂X
= 0

∂U

∂X
= ∂2ψ

∂X∂Y
= 0 (11)

The cross velocityV is set at zero, then the bounda
condition on the vertical velocity, is obtained from equat
of continuity as∂U

∂X
= 0.

(III ) Y = 1, W < X < A, ω = 0

A < X < 2A,
∂U

∂X
= ∂V

∂Y
= ∂2ψ

∂X∂Y
= 0 (12)

Neither U nor V is assumed to be zero in this cas
The mixed boundary condition provides “smooth” variati
of velocity components across the opening. By definit
of stream function the equation of continuity is satisfi
everywhere. However, the smoothness conditions make
equation of continuity satisfied all along the bound
identically by making both the derivatives zero along
opening. Gururaja Rao et al. [17] have implemented
above boundary condition on the right side of computationa
domain of a heated vertical plate in mixed flow, in t
presence of surface radiation. After studying the flow pat
they concluded that thisboundary condition is the most
appropriate.
.

Along the boundaryAC:
The boundary conditions proposed by Balaji and Venk

shan [11] are made use of as given below:

X = A, 0 < Y < 1,
∂ψ

∂X
= 0,

∂ω

∂X
= 0

U = ∂ψ

∂Y
> 0,

∂θ

∂X
= 0, or U = ∂ψ

∂Y
< 0

V = −∂ψ

∂X
= 0, θ = 0 (13)

Extended domain(1) + (2) + (3):
Along the left boundaryAD of the extended domain, w

have, by symmetry

Y = 0, A < X < 2A, V = −∂ψ

∂X
= 0

∂θ

∂Y
= 0 (14)

Along the right side extended boundaryBE:
Three options as in the case of boundaryBC.

Along the boundaryDE:

X = A, 0 < Y < 1, ω = 0, U = ∂ψ

∂Y
> 0

∂θ

∂X
= 0, or U = ∂ψ

∂Y
< 0, V = −∂ψ

∂X
= 0

θ = 0 (15)

3. Method of solution

The governing equations (1)–(3) are first transform
into finite difference equations using a finite-volume ba
finite difference method of Gosman et al. [19]. Gau
Seidel iterative procedure is used to solve the resul
algebraic equations. A 31× 51 non-uniform grid system
for the computational domain is employed. The grid si
have been fixed based on grid sensitivity analysis, the re
of which are presented in the ensuing section. A se
cosine function and a cosine function have been cho
to generate the grids respectively along theX and Y

directions in the cavity region. Uniform grids are us
in region (3) along theX direction. The use of sem
cosine function ensures very fine grids near the bounda
where the gradients are steep, with progressively coa
grids in the rest of the domain. The grid patterns u
are shown in Fig. 2(a) and (b). With reference to
implementation of derivative boundary conditions, th
point formulae using second degree Lagrangian polyno
have been used. Upwinding has been used for represe
the advection terms. This ensures stable and conve
solutions. The integrations required in all the calculatio
are performed using Simpson’s 1/3 rule for non-uniform
step size. Under relaxation witha relaxation parameter of 0.
was used for all three equations and the radiosity equa
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Fig. 2. Typical grid patterns used in the analysis: (a) Grid size= 31× 51,
A = 4, HT = H , W = 0.5; (b) Grid size= 31× 51, A = 4, HT = 2H ,
W = 0.5.

to obtain convergent results. A convergence criterion (δ), in
percentage form, has been defined as

δ = ∣∣(ζnew− ζold)/ζnew
∣∣ × 100 (16)

where ζ is any dependent variable(ψ,ω, θ, J,G) over
which the convergence test is applied, while the subsc
“old” and “new” represent the values ofζ calculated from
two successive iterations. A convergence criterion of 0
has been used on stream function and temperature, w
on vorticity, a convergence criterion of 0.5% has been u
A convergence criterion of 0.01% has been used for
radiosity.

4. Results and discussion

Table 1 shows the range of parameters considered in
present study. Calculations have been made keeping in
the objective of evolving useful correlations for the radiat
and convection Nusselt numbers. Before proceeding furthe
the result of a grid sensitivity study is presented.

4.1. Grid sensitivity study

Tables 2(a) and 2(b) show the effect of the grid size on
solution for a typical case withRaH = 1.075× 106, A = 4,
W = 0.5, Nrc = 70.774,TR = 0.844,εL = εb = εr = 0.85.
The present problem involves an interaction between na
convection and radiation. Since the grid size affects th
two to different extents, it is necessary to look at the eff
of grid size on both the convection and radiation Nus
numbers in order to decide on the grid system that is to
used to get acceptable results. The computational do
l

Table 1
Range of parameters considered in the present study

Parameters Range

Rayleigh number,RaH 1.038× 104–1.058× 107

Conduction–radiation parameter,Nrc 3.924–46.175
Emissivity,ε 0.05–0.85
Temperature ratio,TR 0.844–0.952
Aspect ratio,A 2–8
Vent ratio,W 0.25–0.50

Table 2(b)
Grid independence studyn = 31,m varied(Pr = 0.7, RaH = 1.075× 106,
A = 4, W = 0.5, Nrc = 10.774,ε = 0.85)

m × n Nuc NuR Nut % change in % change in % change
Nuc (abs) NuR (abs) Nut (abs)

21× 31 12.711 13.641 26.352 – – –
31× 31 12.097 13.663 25.760 4.830 0.161 2.246
41× 31 11.859 14.154 26.013 1.967 3.593 0.982
51× 31 11.726 14.859 26.585 1. 121 4.980 2.199
61× 31 11.668 15.431 27.099 0.495 3.849 1.933

Table 2(b)
Grid independence studym = 31,n varied

m × n Nuc NuR Nut % change in % change in % change
Nuc (abs) NuR (abs) Nut (abs)

31× 21 12.168 14.507 26.675 – – –
31× 31 12.097 13.663 25. 760 0.583 5.818 3.430
31× 41 12.030 13.649 25.679 0.554 0.102 0.314
31× 51 12.017 13.780 25.797 0.108 0.960 0.459
31× 61 11.980 13.747 25.727 0.308 0.239 0.271

considered is(1) + (2). The grid sensitivity analysis is don
in two parts—(a) ‘n’ fixed with varying ‘m’ and (b) ‘m’
fixed—with varying ‘n’ and the optimum grid size is arrive
at. It can be seen from Table 2(a) that the differences inNuc

between the grid sizes of 51× 31 and 61× 31 is 0.495%
which is the lowest. However, the differences inNuR and
Nut are comparatively higher than for other grid sizes. T
difference inNuR between the grid sizes of 21×31 and 31×
31 is 0.161% is the lowest. However, the differences inNuc

andNut are the biggest. Also 21× 31 is a relatively coars
grid. The difference inNut between the grid sizes of 31×31
and 41×31 is the lowest and itsNuc andNuR comparatively
smaller than others. Based on these observationsm has been
fixed as 31. Similarly, Table 2(b) shows that the differenc
Nut between the grid sizes of 31×51 and 31×61 is 0.271%
which is the lowest andNuc andNuR have a comparativel
smaller value than others. Based on these observation
n is chosen as 51. Thus the grid pattern used in the pre
study is 31× 51.

An alternate way of looking at the data presented
Tables 2(a) and 2(b) is to consider the mean and deviatio
of the various values that have been calculated. In orde
do this it was decided that the coarse grid correspon
to m = n = 21 be not considered since the changes
Nusselt number values are the largest when we change
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Fig. 3. Effect of grid size on the temperature variation atX = 0 for
RaH = 1.075×106, A = 4,W = 0.5,ε = 0.85,TR = 0.844,Nrc = 10.774.

to 31. The mean convection Nusselt number is 11.93 wi
deviation of±0.16 and mean total Nusselt number is 26
with a deviation of±0.48. The point that is being mad
is that the values converge within a reasonably small z
of confusion for them × n range considered in the prese
numerical experiment.

It is noted that the total number of nodes in the dom
has been varied from 651 to 1891, a three-fold incre
from the lowest to the highest value. Further, when n
uniform grids are used, the smallest element reduces
linearly with an increase in the number of nodes. Si
the present study is confined tolaminar natural convection
only, it is not necessary to use very small grid sizes
are normally needed in turbulent flow calculations. Also
the near wall features of flow and temperature fields
adequately resolved with 31× 51 grids. This may be see
from Figs. 3 and 4 that showθ and U variations along
the width of the cavity (i.e., with respect toY ) for three
different grid sizes viz. 31× 31, 31× 41 and 31× 51. There
is hardly any effect of grid size on the temperature pro
The velocity profile, however, is affected marginally. T
difference between the profiles obtained with 31× 41 and
31×51 show very negligible change for allY . It therefore is
appropriate to choose 31× 51 for further computations. W
mention in passing that Balaji and Venkateshan [11] m
use of 31× 31 nodes in their treatment of similar problem

4.2. Effects of different boundary conditions on flow
patterns

Earlier we have mentioned the different types of bou
ary conditions that have been used in earlier studies in
relevant literature. The flow pattern will certainly be affect
-

Fig. 4. Effect of grid size on the vertical velocity (U ) X = 1 for
RaH = 1.075×106, A = 4,W = 0.5,ε = 0.85,TR = 0.844,Nrc = 10.774.

by the choice of the boundary condition. Consider the c
putational domain to be(1) + (2). The boundarycondition
(I) implies that the flow velocity is normal to the open boun
ary BC and the vertical velocity remains zero acrossBC.
Fig. 5(a) shows the streamline and isotherm patterns fo
pect ratios of 4 and surface emissivity of 0.80, correspo
ing to the case of strong radiation. The other parame
used are:RaH = 1.075× 106, W = 0.5, TR = 0.844 and
Nrc = 10.774. It is seen that there is inflow across subst
tial part of the boundaryBC and this flow reaches all th
way to the bottom of the hot wall and then raises para
to it. There is also some inflow acrossAC. There is a re-
circulating flow occupying a large part of the open cavity
shown. Thus there is considerable stratification in the r
bottom part of the cavity.

The state of affairs is as shown in Fig. 5(b) wh
the boundary condition (II) is chosen alongBC. There is
complete blockage of flow across the opening BC. All
flow enters acrossAC. The recirculation pattern near th
right bottom corner is not much different. The conditio
prevailing when the boundary condition (III) is chos
acrossBC is shown in Fig. 5(c). There is inflow and outflo
across bothAC andBC. Because of radiant heating of th
right wall a boundary layer type flow is expected next
it (Ramesh et al. [15] and Balaji and Venkateshan [1
The interaction between the weaker plume next to the r
wall and the inflow across the boundaryBC gives rise to a
complex feature near the top of the right wall. (It was verifi
that this feature is totally absent when radiation effect i
ignored, by settingε = 0. The boundary layer next to th
right wall is absent.) The stratification near the right bott
part of the cavity is weaker compared to the previous
cases. The thermal boundary layer next to the hot wall sh
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(a) (b) (c)

Fig. 5. Streamline and isotherm plots for combined natural convection and surface radiation with different velocity boundary conditions on the right open
portion of the cavity forRaH = 1.075× 106, A = 4, W = 0.5, ε = 0.80,TR = 0.844,Nrc = 10.774: (a)U = 0; (b) V = 0; (c) ∂U

∂X
= ∂V

∂Y
= 0.
ion
e
nly

he
k

p of

any
tive
se,
on

that
sselt
with
not
in

here
tal
nce
er.

is
g
ber
Table 3
Effect of Boundary condition alongBC (Pr = 0.7, RaH = 1.075× 106,
A = 4, W = 0.5, ε = 0.05, 0.80)

Boundary condition Nuc Nut

alongBC ε = 0.05 ε = 0.80 ε = 0.05 ε = 0.80

V = 0 12.333 10.180 13.301 21.331
U = 0 12.129 9.580 13.097 21.045
∂U
∂X

= ∂V
∂Y

= 0 12.379 12.014 13.347 24.794

significant changes with the type of boundary condit
used acrossBC. A study of Fig. 5(a)–(c) shows that th
proper flow and temperature variations are obtained o
with boundary condition (III) applied alongBC.

With respect to heat transfer from the hot left wall of t
cavity, Table 3 shows the results for two cases with wea
(ε = 0.05) and strong radiation(ε = 0.80), and with the
three different boundary conditions alongBC. The values
of all the other parameters are as mentioned at the to
the table. In the weak radiation case there is hardly
effect of the boundary condition on the average convec
Nusselt number. However, in the strong radiation ca
there is a strong influence of the boundary condition
the average convective Nusselt number. It is noted
the presence of radiation reduces the convective Nu
number, an observation that is in broad agreement
the findings of earlier studies. Total Nusselt number is
affected significantly by the type of boundary condition
the weak radiation case. In the strong radiation case t
is a significant effect of the boundary condition on the to
Nusselt number. This is entirely due to the strong influe
of the boundary condition on the radiation Nusselt numb

4.3. Effect of the height of computational domain

The computational domain considered in this case
(1) + (2) + (3). Boundary condition (III) is chosen alon
BE. Since the total number of grids is held fixed, the num
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of grids in the domain(1) + (2) changes to 31× 41 with
31× 11 in the extended domain (3).

The strong radiation case withε = 0.85 is considered
with all other parameters held fixed at the values t
were used in the cases presented in Fig. 5(a)–(c).
flow and temperature fields for three different cases
height of computational domain equal toH—computational
domain(1) + (2), 3H/2 and 2H—computational domain
(1) + (2) + (3), indicate that there is hardly any effect
the extension of the boundary beyondAC. In view of the
above the computational domain is limited to(1) + (2) with
boundary condition (III) applied alongBC, in the rest of the
present study.

5. Validation

The validations given below correspond to limiting form
of the right vented top open cavity when (a) the vent wa
either as tall as the left wall or (b) when it is totally absen

5.1. Validation for convection and radiation in an open-t
cavity

When the right side vent wall height is the same as
height of the left hot wall the geometry considered in
present study corresponds to a top open cavity that has
considered earlier [11,15]. Present results for typical va
of various parameters are compared with the experime
results of [15]. For example, at a median value of Rayle
number of 6.8× 105, Nrc = 39.14 and low emissivity walls
with ε = 0.05, the present calculation yields a value of 15
for the mean convection Nusselt number that compares
favorably with the experimental value of 15.11. Howev
the correlation proposed in [11] yields a significantly low
value of 13.64 for the same set of parameters.

5.2. Comparison with experimental and numerical data
a L-shaped geometry

When the right wall is removed altogether, the geom
try is the same as theL-corner studied earlier by variou
authors. For example, Balaji and Venkateshan [14] m
use of a computational domain that extended the bot
boundary to a width equal to that of the bottom adiab
wall. The boundary was not extended in the vertical dir
tion. They proposed a correlation based on their calc
tions in therange5 × 105–2× 106. The present computa
tions are based on truncating the computational doma
the width of the bottom adiabatic wall and the impositi
of the mixed boundary condition (III) along the right op
boundary. The isotherm patterns obtained here compare
closely with those presented in [14]. Also the heat tra
fer data shows a very good agreement as shown in Fi
The figure also shows the results of Angirasa and Ma
jan [10] and Rodighiero and de Socio [4], The trend lin
n

l

Fig. 6. Nusselt number comparisons for theL-corner.

due to these authors as reported in Balaji and Venkate
[14] agree very closely with the present data shown for f
Rayleigh numbers, viz., 105, 106, 107 and 108. The fit to the
data of Balaji when extrapolated for higher Rayleigh nu
bers tends to over estimate the results. These compar
vindicate the use of truncated computational domain and
use of the mixed boundary condition along the right open
boundary.

5.3. Validation with experimental results of Ramesh and
Merzkirch[1]

Further validation is possible with the experimen
results of Ramesh and Merzkirch [1]. They have presen
results for a narrow range of Rayleigh numbers and
A = 2, W = 0.25, 0.5 andε = 0.05, 0.85. The paper als
presents very limited data on heat transfer from the left
wall. A typical case considered in [1] corresponds to
following parameter set:H = 0.07 m,d = 0.035 m,T∞ =
293 K, 
T = 43◦C, ε = 0.05 and 0.85. The total Nusse
numbers corresponding to the low emissivity case are
(present study) and 17 [1] while the corresponding numb
for high emissivity case are 26.4 and 28.7, respectiv
From this it may be concluded that the agreement betw
the present computations with the experimental value
very good. In problems that involve interaction betwe
convection and radiation it is also important to look at
relative share of convection and radiation heat transfe
the total heat transfer. Fig. 7 shows the variation of
percentage of heat transferred by natural convection
radiation with Rayleigh number for the low emissivity ca
and for twoW values. There is an excellent agreement w
the present calculations and the experimental results.
results also indicate that the vent wall height represente
W does not have any significant effect on the apportion
of the heat transferred form the left wall between convec
and radiation. From Fig. 8 it is apparent that there is
excellent match between the present results and thos
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Fig. 7. Effect of side vent on the percentage of heat transferred
convection and radiation from the left wall forA = 2, ε = 0.05.

Fig. 8. Effect of surface emissivity on the percentage of heat transferre
convection and radiation forA = 2, W = 0.5.

Ramesh and Merzkirch [1] forthe high emissivity case also
The ordinate shows the percentage of heat transferred b
natural convection and surface radiation. The percent
have been computed with respectto the total heat transferre
from the left wall of the cavity.

6. Typical results for side-vented top open cavity

Having validated the present code with previous stud
available in the literature, a detailed parametric study
been undertaken. Typical results from this study are
sented here for a side-vented top open cavity with hig
Fig. 9. Vertical velocity profilesacross the cavity across two sectio
for RaH = 1.075× 106, A = 4, W = 0.5, ε = 0.85, TR = 0.844 and
Nrc = 10.774.

emitting walls. The parameter set is taken asRaH = 1.075×
106, ε = 0.85,A = 4, W = 0.5, TR = 0.844,Nrc = 10.774.

6.1. Streamline and isotherm patterns for side-vented
cavities

Fig. 5(c) has already shown the streamline and isoth
contours for the above set of parameters (but withε = 0.8).
Streamline pattern indicatesthat the fluid enters from th
top as well from the port region (BC) of the extended
domain above the right wall. Some of the fluid enter
from the right comes down into the cavity and rises up a
picking up heat. It is seen that two flow loops are form
in the cavity due to thermal boundary layer formati
on all the cavity walls. Streamlines cut the dashed l
(AC in Fig. 1) at different angles showing the effect
the correct boundary condition.Isotherm contours show
the development of thermal boundary layers along the
isothermal wall, bottom and right adiabatic walls. T
development of thermal boundary layers along the hig
emissive adiabatic walls of the cavity provides proof for
existence of radiative interactions among the walls that f
the cavity.

6.2. Variation of vertical velocity (U )

Fig. 9 shows the variation of dimensionless verti
velocity across two different sections along the heigh
the cavity. The velocity profiles show that boundary lay
form adjacent to the left and right walls located atX = 1,2.
Two peaks are observed, larger one near the heated left
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Fig. 10. Temperature profiles across the cavity at different sections
RaH = 1.075×106, A = 4,W = 0.5,ε = 0.85,TR = 0.844,Nrc = 10.774.

and a second smaller one close to the right adiabatic w
Radiation heat transfer from the left wall heats both
right and the bottom walls, and, under equilibrium, these
walls lose heat convectively to air. Thus there are two plum
leaving the cavity. However, the streamline pattern indica
that some of the fluid moving parallel to the right wall leav
from the side just above the right wall after interacting w
the flow into the cavity across the opening.

6.3. Temperature distribution across the cavity

Fig. 10 shows the temperature distributions across t
different sections of the cavity atX = 0,1,2. It is seen tha
the bottom wall(X = 0) is substantially heated because
radiation whereas the air temperature across a substa
portion of the cavity is at the ambient temperature, exc
in the boundary layer regions near the left hot wall and
radiantly heated adiabatic right wall.

6.4. Temperature distribution along the right wall

The temperature distribution along the right wall, for t
same set of parameters as considered above, is show
Fig. 11. This figure indicates a rise in temperature of
right adiabatic wall above the ambient temperature.
dimensionless temperature first decreases and then incr
and drops at the top of the wall. The temperature distribu
is achieved because of a balance between radiation the
receives and the convective heat it loses. The temper
distribution along the wall mirrors the variation of radia
heating along its length. In general the temperature of
right wall increases with emissivity.
l

n

s

l

Fig. 11. Local temperature distributions along the height of the right
RaH = 1.057×106, A = 4,W = 0.5,ε = 0.85,TR = 0.844,Nrc = 10.774.

Fig. 12. Local convective and radiative Nusselt number distributi
along the left wall forRaH = 1.075× 106, A = 4, W = 0.5, ε = 0.85,
TR = 0.844,Nrc = 10.774.

6.5. Local convective and radiative Nusselt number
variation along the left wall(A = 4, W = 0.50,
TR = 0.844, Nrc = 10.77, RaH = 1.075× 106)

Fig. 12 shows the local convective and radiative Nus
number distribution along the left wall for the above set
parameters. It can be seen that convective Nusselt nu
reaches a maximum very close to the bottom and t
decreases continuously as one proceeds up along the su
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As the surface emissivity increases, the convective Nuss
number decreases marginally. The higher value of sur
emissivity causes a reduction of convective heat tran
from the left wall, but at the same time, increases radia
heat transfer from the left wall, because of intense sur
radiation interchange among the walls of the cavity. I
cavity with highly emissive walls, the walls get heated d
to surface radiation. Thus the air close to all the walls
the cavity get heated due to convection. In other wo
convective heating of the air takes place due to radia
heating of the walls. Figure shows that the radiative Nus
number increases as surface emissivity increases. How
the mean convective Nusselt number changes margin
with emissivity.

7. Correlations

The ranges of parameters for which calculations h
been done are shown in Table 1. All the walls were assu
to have the same emissivity. Based on a large se
numerical data (some 50 data sets in all), correlation
average convection Nusselt number has been derived a

Nuc = 0.359Gr0.275
H

[
Nrc

Nrc + 1

]0.14

× (1+ ε)−0.035A−0.26(1+ W)−0.057 (17)

As Grashof number directly affects convection heat tra
fer power law form is used forGrH · Nrc is a superfluous
parameter if only one fluid is considered. But if the tempe
ture level changes, while the temperature difference betw
the left wall and ambient remains the same, thenNuc will be
affected because of radiative effects. The exponent of as
ratio (A) is negative, which signifiesNuc decreases with in
crease in aspect ratio.

In evolving the above correlation,(1 + ε) has been use
as the most appropriate form forε, because, even whe
ε = 0, Nuc would be non-zero, as it still contains natu
convection component and the term has a moderate neg
exponent, which means that convection decreases withε. In
the above correlation,(1+W) has been used as the form f
W because, even whenW = 0, Nuc would be non-zero. The
exponent of(1 + W) is very small. A very high correlation
coefficient of 0.998 and a standard error of 0.129 indic
the goodness of the fit.

Average radiation Nusselt number (NuR), is correlated as

NuR = 0.261Gr0.179
H

[
1− T 4

R

]0.4
N0.48

rc ε0.94A0.59

× (1+ W)−0.38 (18)

As ε increasesNuR increases and hence the power l
form is used forε. With reference toT 4

h , it appears in the
Nrc term. Heat flux is proportional to(T 4

h − T 4∞). This can
be also written in the form asT 4

h (1 − T 4
R) where TR =

(T∞/Th). Hence, the temperature ratio is correlated in
r,

t

e

form given above. Aspect ratio (A) follows power law and
its exponent is large and thereforeNuR is greatly influenced
by A. The form ofW and its influence is similar to tha
encountered in the correlation forNuc. The influence of
convection is brought out by the term involving the Gras
number. The goodness of the fit is indicated by a very h
value of correlation coefficient of 0.998 and a standard e
of 0.205. In order to conserve space parity plots are
presented here. Such plots show that the numerical da
distributed around the parity line without any bias. Also
uncertainties in using the correlating equations is no m
than±1.5%. Range of parameters for which the correlati
are valid are as given in Table 1.

8. Conclusions

From the present study, the following conclusions
made:

(1) Mixed boundary condition is found to be the proper o
for the opening above the right wall.

(2) Emissivity of the walls affects the heat transfer to
larger extent than the right side wall height and
cavity aspect ratio.

(3) For low emissivities radiation part is only about 5%
the total heat loss from the left heated wall while it
comparable to the convective part for high emissiviti

(4) Thermal and velocity boundary layers develop alongall
the walls of the cavity. This is a consequence of surf
radiation and its interaction with convection.

(5) Useful correlations are presented for heat transfer f
the left wall, based on large number of calculatio
encompassing a useful range for various parameters
affect the problem.
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