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Abstract. A numerical investigation is performed for heat transfer phenomena occurring in enclosures with
different aspect ratios, emissivities and Rayleigh numbers. Interaction of surface radiation and turbulent natural
convection of differentially heated enclosures with different positions of heat source and sink has been assessed
systematically. The mass, momentum and energy equations have been solved in two-dimensional cartesian
coordinates. The turbulence has been modeled using k - e model. The simulations have been performed on
rectangular enclosures with different aspect ratios (0.5, 1, 1.5 and 2) ﬁlled with air having Prandtl number 0.7.
Surface to Surface radiation model has been incorporated to study the effect of surface radiation on the heat
transfer characteristics. The results have been presented in terms of Nusselt number, isotherms and streamlines
for various cases. It is concluded that the results can provide insight when designing enclosures for complex
engineering applications involving turbulent conditions.
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1. Introduction
Natural convection in enclosures of diverse sizes plays a
signiﬁcant role in many engineering applications like
thermal insulation of buildings, electronic cooling of
components, decay heat transfer in the nuclear reactor
vessel, etc. The natural mode of heat transfer is a desirable
choice in many of these applications due to its reduced cost,
reliability and maintenance-free working. In many cooling
systems, the radiative heat exchange from surfaces also
plays a key role and signiﬁcantly affect the convective ﬂow
pattern. There are many complex situations where the
thermal sources (source and sink) are encapsulated at different locations inside closed enclosures containing a ﬂuid.
In the last few decades, experimental and numerical analysis involving natural convection and surface radiation with
source and sink has been the area that received attention
from many researchers.
It is important to note that natural convection boundary
layers are not alone restricted to laminar ﬂow. Instead, ﬂuid
motion is characterized by chaotic and random changes in
pressure and ﬂow velocity leading to turbulent ﬂow. This
*For correspondence

type of ﬂow is one of the most complicated ﬂuid dynamic
problems for various reasons: (1) the ﬂow near the walls
and the core region cannot be determined by the boundary
conditions alone; (2) ﬂow in the enclosure can include
simultaneously laminar, transitional and turbulent regions
when the Rayleigh number exceeds a critical value; (3) the
only driving force for ﬂuid motion is the buoyancy and it
imposes signiﬁcant effects on the turbulence evolution in
the near-wall boundary layer. Envisaging such intricate
phenomena that exhibit muddle behavior has become
extremely important for many technological applications.
Henceforth, it is an interesting area for theoretical studies,
where numerical computation is an increasingly important
tool, which is possible with the advent of computing power.
Many studies are available for turbulent natural convection in enclosures. Most of them analyze the convective
phenomenon with different width to height aspect ratios of
enclosures and Rayleigh numbers. The earlier works with
the features as mentioned above are Batchelor [1], Poots
[2], De Vahl Davis [3], Wilkes and Churchill [4], Chu et al
[5], Samaika and Gebart [6], Jones [7] and Gollub and
Benson [8]. The two-dimensional (2-D) convective motion
in a rectangular enclosure had been studied by Gill [9] with
two vertical sides maintained at different temperatures. The
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system had been considered a special case in which the
temperature difference between the two vertical walls is
large that the transfer of heat from one vertical wall to the
other is achieved by convection. Kimura and Bejan [10]
modiﬁed Gill’s boundary layer model by imposing adiabatic boundary conditions on the top and bottom. Cormack
et al [11] obtained numerical solutions of full NavierStokes equations for the problem of natural convection in
closed cavities of small aspect ratio with differentially
heated end walls. Patterson and Imberger [12] reported a
simple scale analysis to give an insight into the problem of
transient natural convection in an enclosure of aspect ratio
B1 with differentially heated end walls.
Aydin et al [13] investigated the effect of aspect ratio
and Rayleigh number in which rectangular enclosures were
heated from one side and cooled from the ceiling. Berkowsky and Polevikov [14] numerically investigated the
convection of various ﬂuids in rectangular cavities with
Prandtl number ﬂuids ranging Pr B 105, Ra B 1010 and
obtained heat transfer correlations for the aspect ratio
1 B H/L B 10. Sharma et al [15] studied the conjugate
turbulent natural convection and surface radiation in rectangular enclosures numerically. The enclosure was heated
from below and cooled from side walls in their study,
typically encountered in a liquid metal fast breeder reactor.
The Rayleigh number was varied from 108 to 1012 and for
various aspect ratios. Kuhn and Oosthuizen [16] numerically studied 2-D unsteady natural convective ﬂow in a
rectangular enclosure with a partially heated vertical wall.
Experimental and numerical study on natural convection in
a rectangular enclosure with a heating source was carried
by Bae et al [17]. The correlation between the mean Nusselt
and Grashof number was established. Hall et al [18]
described that transient natural convection heating of a twodimensional rectangular enclosure had two distinct phases
when one of the walls was heated. Their ﬁndings unveiled
that even though conduction dominated early phases, a later
period was dominated by convection. A 2-D mathematical
model was adopted by Akyuzlu and Chidurala [19] to
investigate the development of buoyancy-driven circulation
patterns and temperature stratiﬁcation inside a rectangular
enclosure. Their results indicated that unicellular circulation patterns characterized the transition from laminar to
turbulent ﬂow. These unicellular patterns break up into
multicellular and increase the values of predicted wall heat
ﬂuxes and Nusselt number as the ﬂow becomes turbulent.
Ampofo and Karayiannis [20] conducted an experimental study of natural turbulence convection in an air-ﬁlled
vertical square enclosure. Their results were the experimental benchmark data, which have been used for the
validation of existing computational ﬂuid dynamics (CFD)
codes. Davis [21] used a benchmark numerical solution in
the laminar region to obtain an accurate solution of the
equations describing 2-D natural convection in a differentially heated square enclosure. Davis and Jones [22] performed the comparison exercise to conﬁrm the accuracy of
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the benchmark solution. They had compared the number of
contributed solutions on natural convection in a square
enclosure to assess the various methods and computer
codes used. Khatamifar et al [23] numerically studied the
natural convection ﬂow and heat transfer in a differentially
heated square enclosure (Ra * 105 to 109). Calcagni et al
[24] studied the natural convection heat transfer numerically and experimentally in a square enclosure. The discrete
heater was located on the lower wall and cooled from the
lateral walls in their study. Corvaro et al [25] studied the
natural convective heat transfer generated by a source
located in two different positions inside a square enclosure.
Simulations were performed by Le Quere and Behnia [26]
for Rayleigh numbers up to 1010 to study the onset of
unsteadiness and chaotic natural convection. They have
analyzed this in an upright square air-ﬁlled differentially
heated enclosure. Markatos and Pericleous [27] presented a
computational methodology to obtain buoyancy-driven
laminar and turbulent ﬂow solutions. They had analyzed the
heat transfer in a differentially heated square enclosure for
Ra ranging from 103 to 1016. Barakos et al [28] reworked to
ﬁll the gap area of laminar and turbulent ﬂow in a square
enclosure for a range of Ra up to 1010. Qi-Hong Deng [29]
numerically investigated the laminar natural convection
due to two and three discrete heat source-sink pairs on the
vertical sidewalls in a 2-D square enclosure. Namprai and
Witayangkurn [30] presented the ﬂuid ﬂow and heat
transfer characteristics of natural convection in a 2-D
square enclosure with discrete two source-sink pairs. Nardini et al [31, 32] reported the results of experimental and
numerical analysis for Ra range of the order 106 for natural
convection in a square enclosure with two source pairs [31]
and three different active source conﬁgurations [32].
In case of natural convection, the existence of a temperature gradient between the surface and the surroundings
causes the radiation effect to be dominant. The importance
of radiation heat transfer interacting with natural convection was generally well recognized [33]. The inﬂuence of
radiation has a more signiﬁcant impact on natural convection than forced convection [34]. This is due to forced
convection having higher heat transfer coefﬁcients than
natural convection. Many studies include the effect of
surface radiation in turbulent natural convection. The
studies of Martyushev and Sheremet [35], Saravanan and
Sivaraj [36], Sun et al [37], Saravanan and Raja [38]
indicate that omission of surface radiation in enclosures
presents ﬂawed results. Their research also shows that
surface radiation considerably improves the cooling process
in a signiﬁcant manner. Ibrahim et al [39] reported the
radiative effects on a 2D natural convection ﬂow for humid
air in a differentially heated enclosure with Ra of
1.58 9 109. Ramesh and Venkateshan [40] and Velusamy
et al [41] found that radiative heat transfer was substantial
at temperatures as low as 273 K in systems coupled with
natural convection. Extensive reviews of turbulent natural
convection in a closed enclosure can be found in Ostrach
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[42], Miroshnichenko and Sheremet [43], Fusegi and Hyun
[44]. The results of a variety of researches on natural
convection and radiation interaction had been revisited and
elaborated by Bairi et al [45].
The detailed literature survey concluded that no detailed
research has been carried out on the study of natural convection heat transfer in the turbulent regime for distinct
source and sink positions for enclosures with various L/D
ratio, large Ra and surface radiation consideration. In this
work, the source is considered on the enclosure’s left wall
while the sink on the right wall. The top, bottom and parts
of side walls other than the source and sink are insulated.
The turbulent model so chosen has been validated against
available experimental benchmark data. Flow and heat
transfer characteristics are investigated for high Rayleigh
numbers ranging from 109 to 1012 for nine different geometrical arrangements. A series of solution graphs are
presented to illustrate the ﬂow and temperature ﬁeld for
different cases.

2. Mathematical modeling
Authors have considered the radiation effect on natural
convection boundary layer ﬂow of air in a two-dimensional
enclosure. The source temperature of the enclosure Th is
higher than the sink temperature Tc. Thus, as a result of the
buoyancy force, a convective ﬂuid movement is induced.
The Rayleigh number describes the behavior of ﬂuids
when the mass density of the ﬂuid is non-uniform. Rayleigh
number, in our case, is given as
Ra ¼

gbDTH 3
ma

In order to explore various geometries of enclosures, the
difference in temperature (DT) of 40 K is considered. The
2-D enclosures of length (L) and depth (H) are modeled
with an aspect ratio (L/H) 0.5, 1, 1.5 and 2. The depth (H) is
varied accordingly in order to achieve the desired geometry. Air is considered as the medium inside the enclosure.
The change in density with temperature is incorporated
using Boussinesq approximation. The source is maintained
isothermally at temperature Th = 343 K and sink at temperature Tc = 303 K. The results and contours generated
from the study involving radiation are valid only for the
mentioned boundary conditions.
Figure 1 depicts the computational domain with source
and sink for aspect ratio 1 (square enclosure). It is worth
noting here that only a pair of source and sink are considered per study. The identical boundary conditions are
applied to geometries with different aspect ratios and
emissivity ð2Þ when radiation is involved. The positions of
source and sink are equidistant between walls and to each
other for all cases studied. The height of the source and sink
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Figure 1. Physical domain and boundary conditions for A.R = 1.

th

are equal and is approximately 16 of the total height of the
enclosure. A total of 9 cases are analysed for different
Rayleigh numbers and aspect ratios. The cases considered
are: source-1 & sink-1, source-1 & sink-2, source-1 & sink3, source-2 & sink-1, source-2 & sink-2, source-2 & sink-3,
source-3 & sink-1, source-3 & sink-2, source-3 & sink-3
respectively.

2.1 Governing equation
The turbulent ﬂow of air is described mathematically by the
Reynolds Averaged Navier Stokes (RANS) equation,
including the time-averaged energy equation for the mean
temperature ﬁeld that drives the ﬂow of ﬂuid by buoyancy
force. These equations in transient form, along with the
conservation equation for turbulent kinetic energy k and its
dissipation rate e are
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of the ﬁrst ﬂuid node from the wall. Since air exhibits
nominal optical thickness, the air medium is excluded in the
study of radiation. Radiation is made to take place between
the surface of the walls. The walls are assumed to be
opaque, grey and diffuse with constant emissivity. Therefore, generalized energy balance equation for any wall [47]
is given by,
h1 ðT1  Tw Þ þ h2 ðT2  Tw Þþ 21 I1 þ 22 I2
¼ ð2; þ 22 ÞrT 4w

The subscripts 1 and 2 indicate the inner and outer parts
of the enclosure. For isothermal hot wall, h1 is set to a
higher value with T1 = Th and 21 = 0. Similar conditions
are set for the cold wall with T2 = Tc and 21 = 0. The
K,
enclosure’s side heat transfer coefﬁcient h2 is given by Dx
w
where Dxw is the horizontal path length of the nearest ﬂuid
node from the wall. Similarly, for the adiabatic walls,
K , where Dy is the vertical path
h1 = 21 = 0 and h2 = Dy
w
w
length of the nearest ﬂuid node from the wall. The irradiation (I) is related to radiosity (B) by,
Bi ¼2i rT 4wi þ ð1 2i ÞIi

Ii ¼

N
X

Bj Fij

ð9Þ

j¼1

qk2
e

Keff ¼ K þ

ð8Þ

There is N number of elemental segments in x and y
directions. Substituting for I in terms of B and using the
inverse relationship,

leff ¼ l þ lt
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ð7Þ
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The model constants are:
Cl ¼ 0:09; Ce1 ¼ 1:44; Ce2 ¼ 1:92; Ce3 ¼ tanh

m
;
u

rT ¼ 1:0; rk ¼ 1:0; re ¼ 1:3
The value of Ce3 is taken as tanhðm=uÞ which was suggested by Henkes [46].

2.2 Coupling of natural convection and surface
radiation
In a bounded geometry, radiation occurs in numerous places from the surfaces. The Surface to Surface (S2S) model
available in the FLUENT is used to study the effect of
radiation between the walls. The local values of heat
transfer coefﬁcient and ﬂuid temperatures are required to
calculate the wall temperatures. The heat transfer coefﬁK, where K is the
cient is calculated by using the relation Ds
thermal conductivity of the ﬂuid and Ds is the path length

where Fij corresponds to shape factor from segment i to j.

3. Numerical methodology
The spatial derivatives in the equations are discretized
using the ﬁnite volume method. The enclosure is divided
into a non-uniform rectangular standard grid. The minimum
size is of order 2.34 9 10-4 m near the walls, which can
accurately resolve the steep gradients in the thin buoyancydriven boundary layers. A grid distribution suggested by
Henkes [46] is used to enable the ﬁne grids near the walls
and course grids away from the wall. The Semi Implicit
Method for Pressure Linked Equations (SIMPLE) algorithm proposed by Patankar and Spalding [48, 49] is used to
resolve the pressure-velocity coupling. Surface radiation is
invoked on all the walls of the enclosure. The surface
radiosity is expressed as a function of the local surface
temperature of wall, emissivity, and shape factor as
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Table 1. Grid sensitivity study for different grid sizes from a distance of 0.16 m from the horizontal wall.
Grid
100 9 100
150 9 150
200 9 200

Nu (numerical)

Nu (Expt)

33.2
34.5
34.7

31.9

% Change within Numerical results
–
3.9
0.57

Figure 2. Computational mesh generated for different A.R.

Figure 3. Comparison of different turbulence models.

% Change from Expt
4.07
7.53
8.77
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Table 2. Deviation of vertical velocity with the experimental value.

Turbulence models
% Deviation from the experimental
value

k-e
realizable

k- e
RNG

k- e
Standard

k- x
BSL

k- x
SST

k- x
Standard

Spalart
Allmaras

4.79

4.06

0.46

3.53

17.14

5.06

17.02

Figure 4. Comparison of Nu with aspect ratio for all combinations of source and sink at Ra * 109 without radiation.

indicated in equations (7)–(10). Hottel’s cross-string
method is used for the evaluation of shape factors.
The time-dependent equations have been solved in order
to investigate the possibility of instability in the natural
convection process. A fully implicit method is used for the
time integration. A ﬁxed time-stepping method with a time
step size (Dt) of 0.2 and 30 iterations per time step is
considered in the entire study. At any time step, the solution
is assumed to converge when the normalized absolute sum
of the residuals in the discretization equations is reduced by
at least three orders of their magnitude. Moreover, the
mass-weighted average of temperature and velocity at the
center of the enclosure is continuously monitored to check
whether the continuity equations are satisﬁed during the
simulation for the inlet source and outlet sink.

3.1 Grid independent test
Grid Independent tests have been carried out for three grid
sizes, namely 100 9 100, 150 9 150 and 200 9 200
respectively (Table 1). The numerical results obtained at a
distance of 0.16 m from the horizontal wall have been
compared for all grid sizes. These results are also compared
with the experimental benchmark data available in the literature [20]. Since the changes between the results were not

signiﬁcant, 100 9 100 mesh was chosen due to lower
complexity and computational time. A standardized quad
mesh of 100 9 100 grid size is used in all the cases and
meshed using the default mesher of ANSYS, as shown in
ﬁgure 2. The enclosures are ﬁlled with a non-uniform
rectangular standard grid, whose minimum size is
2.34 9 10-4 m near the walls. As suggested by Henkes [46],
very ﬁne grids are used near the boundaries of the wall in
order to enable the integration of the wall. The y? value for
mesh is in the range of *35 to *50. Also, the present
study does not involve any adverse pressure gradient or
separation of ﬂow and hence considered y? range justiﬁed.
The computational mesh generated for aspect ratio 0.5, 1,
1.5 and 2 is shown in ﬁgure 2. The computational grids are
found to be clustered and staggered towards the walls.
Since the grids are staggered, the scalar variables like
pressure, temperature, density and turbulent quantities are
stored in the center of the cell control volume. In contrast,
vector variables like velocity and momentum are located in
the faces of the cell. All variables are calculated up to the
walls using the standard wall function. On the surface of the
walls, the boundary values for the velocity components and
the turbulent kinetic energy are set to zero in accordance
with the no-slip boundary condition.

3.2 Sensitivity and validation analysis of various
turbulence models
Near the wall, the resolution is of concern for ﬂows
involving natural convection and heat transfer. In this
section, the predictions of various turbulence models are
compared with available experimental benchmark data for
air subjected to high Rayleigh numbers. The experimental
benchmark results of Ampofo and Karayiannis [20] are
considered for the comparison of the numerical results. A
sensitivity study is carried out using various turbulence
models, namely k - e Standard, k - e RNG, k - e Realizable, k - x Standard, k - x BSL, k - x SST and
Spalart Allmaras.
The boundary conditions of the benchmark literature are
adopted to a 100 9 100 quad mesh with ﬁne grids enabled
near the walls of the enclosure. The comparison of local
Nusselt number along the horizontal wall and vertical
velocity proﬁle near the hot wall obtained numerically is
carried out with the experimental results. Figures 3(a) and
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Figure 5. Variation of Nu for different A.R corresponds to Ra of order 109 to 1012 without radiation.

(b) depict the local Nusselt number variation and vertical
velocity at the midplane. Comparing the different k - e
models, it is inferred that k - e Realizable model shows
maximum deviation from the experimental data than k - e
RNG and k - e Standard. This can be seen up to a distance
of 0.2 m from the horizontal wall, as depicted in ﬁgure 3(a).
After 0.2 m, the behavior of k - e RNG shows the highest
deviation compared to other k - e models. It is seen in
ﬁgure 3(a) that all the k - e models converge at a distance
of 0.35 m from the hot wall. The k - e Standard model
interlays between the other two models in the mentioned
distance range and shows a better closeness with experimental data. The k - x Standard, k - x SST, k - x BSL,
Spalart Allmaras shows minimum deviation than k - e
models in the lower side of the abscissa, however there
exist signiﬁcant deviations when moving away from the hot
wall. Overall, k - e standard model performs better and
gives results that are more close to the experiment.

Similarly, vertical velocity near the hot wall is compared
with different numerical models and presented in ﬁgure 3(b). Table 2 indicates the percentage deviation of
vertical velocity in the peaks between experimental and
numerically generated values. The values indicate that
k - e Standard model had the least deviation with the
experimental data. It is also found to take less computational time and provide desirable results with experimental
standards. The detailed analysis serves to emphasize the
adequacy of the k - e Standard turbulence model for
enclosures for the problem under consideration.

4. Results and discussion
The present study is carried out to analyze the interaction of
surface radiation when coupled with turbulent natural
convection in rectangular cavities with different source and
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Figure 6. Isotherms and streamlines for different combinations of source and sink (A.R = 1, Ra * 109 without radiation).
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Figure 6. continued

sink positions. Simulations have been carried out for various cases with different source and sink positions, emissivity (2= 0, 0.3, 0.5 and 0.7), aspect ratios (0.5, 1, 1.5 and

2) for a wide range of Rayleigh numbers (109 to 1012). The
working ﬂuid is air (Pr = 0.71). The Boussinesq approximation is kept valid by maintaining the characteristic
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Figure 7. Isotherms and streamlines for different A.R when source at topmost and sink at bottom-most positions (without radiation at
Ra * 109).

temperature difference DT as 40 K and the average temperature of the air as 323 K. Results have been obtained by
solving the transient form of the governing equations.

4.1 Natural convection without surface radiation
Although the effect of radiation has a signiﬁcant role in
heat transfer, as inferred from many literatures, the
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Figure 8. Nusselt number variation for different emissivity (Ra * 109 and A.R. = 1).

Figure 9. Effect of radiation on vertical velocity and temperature (Ra*109 and A.R. = 1).

phenomenon of natural convection without radiation is
initially examined. This way, authors would compare the
results in a more detailed manner. The analysis of Nu is
carried out with respect to aspect ratio and for different Ra
numbers.
4.1a Effect of aspect ratio: Figure 4 shows the variation
of Nusselt number with respect to aspect ratio in the
absence of radiation for all possible combinations of source
and sink for Ra of order 109.
Results indicate that the Nu number seems to show a
decreasing trend for increasing aspect ratio except for few
cases. For an aspect ratio of 0.5, maximum Nusselt number

is obtained when source and sink are placed opposite to
each other at the top and bottom of the enclosure (i.e., for
source 1—sink 1 and source 3—sink 3 respectively). In this
position of source and sink, maximum heat transfer occurs
as compared to other conﬁgurations.
However, for the position source 1—sink 3, low Nu is
obtained, indicating poor heat transfer. This may be interpreted due to the phenomenon of thermal stratiﬁcation
since the negative temperature gradient is present. The ﬂuid
is found to be almost stationary and the heat transfer occurs
primarily via conduction mode. It can be concluded from
the observations that an improved heat transfer rate is
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Figure 10. Variation of Nu with emissivity ranging from 0.3 to 0.7 for all combinations of source and sink at Ra * 109.

obtained when the source is exactly opposite or beneath the
sink. For source 2—sink 3 and source 1—sink 2, the trend
of percentage change of Nu are found to be similar and
increases with higher aspect ratios. Source 1—sink 1 and
source 3—sink 3 shows a similar result with a decreasing
trend in Nu ranging from 2% to 7%.
4.1b Effect of Rayleigh numbers: Figure 5 shows the
variation of Nu number with increasing Rayleigh numbers
of different aspect ratios. In the cases with source above the
sink (except source 1—sink 3) and for an aspect ratio of
0.5, the Nu number is found to be unresponsive and
increases after Ra *1011. Moreover, it is noticed that for
aspect ratio 1.5 and 2, the Nu number increases rapidly at
Ra of 1010 except for source 1—sink 3 position. However,
in the case of source beneath the sink positions and for
sources and sink positions exactly opposite to each other, a

gradual increase of Nu is noticed for the ranges of Ra (109
to 1012). The maximum Nu is obtained for all aspect ratios
for ﬂuid ﬂows with Ra * 1012.
A correlation is developed between Nu vs Ra using least
squares regression and is given as:
Nu = [1.56 ? 0.65 Ra1/8]2
109 B Ra B 1012
0.5 B A.R B 2
The above equation holds good for all cases except for
source 1—sink 2, source 1—sink 3 and source 2—sink 3.
The equation’s correlation coefﬁcient is 99% and the data
agree to within ±8% of the numerically predicted results.
4.1c Temperature contour and velocity stream functions:
In order to visualize the ﬂuid ﬂow and distribution of
temperature inside enclosures, isotherms and streamlines
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Figure 11. Variation of Nu with Ra for different aspect ratio [emissivity = 0.3].

are displayed in ﬁgure 6 for all positions of the source and
sink for Ra * 109 and A.R = 1. It is found from the
temperature contours that when the source position is below
the sink, the mean temperature in the range of 319–329 K
prevail inside the enclosure. Fluid ﬂow is abundant near the
source’s walls and sinks, particularly when the source is
below the sink (ﬁgure 6). However, when the source is
placed above the sink, higher temperatures prevail at the
top region of the enclosures. Stratiﬁcation is observed for
all cases when the source is above the sink. In this case, the
conduction phenomenon is found to dominate for all aspect
ratios and Ra * 109, as seen in ﬁgure 7.

4.2 Natural convection with surface radiation
The inclusion of radiation with convection plays a crucial
role in determining the heat transfer occurring in enclosures. Authors have compared the results with varying
emissivity and found a signiﬁcant jump in heat transfer.
Figures 8(a) and (b) depict the average as well as local

Nusselt number change with emissivity. We have seen a
linear increment in the Nu as emissivity increases from 0 to
1. As the material emissivity increases, radiative heat
transfer dominates. This shows that radiative heat transfer
has a major role in overall heat transfer in the enclosure.
Figures 9(a) and (b) show the vertical velocity and temperature at midplane for A.R= 1 and Ra*109. It is clear
from ﬁgure 9(a) that the velocity proﬁle is less steeper for
higher emissivity and penetrates toward core region. This
ﬂuid penetration towards core region shrinks the stagnant
ﬂuid zone and thereby increases the Nusselt number. We
have also compared the results for Nu with respect to
increasing emissivity and at higher Ra for different aspect
ratios. It is essential to understand the radiation effect on
natural convection heat transfer.
4.2a Effect of Emissivity for different aspect ratios:
When the effect of radiation on natural convection is considered, Nu is found to be minimum for all aspect ratios for
low emissivity, as indicated in ﬁgure 10. However, they are
appreciably higher for higher aspect ratios i.e. Nu increases
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Figure 12. Variation of Nu with aspect ratios for emissivity values of 0.3, 0.5 and 0.7 and Ra = 109.

linearly for increasing emissivity for all aspect ratios.
Maximum heat transfer occurs when emissivity () is 0.7
for all aspect ratios. Similarly, to the case without radiation,
the heat transfer is higher and much efﬁcient when the
source position is below the sink, or both the source and
sink are exactly opposite to each other. The higher rates of
heat removal in these positions are due to the positive
temperature gradient, which is necessary for buoyancy ﬂow
to occur. This also leads to turbulent inside the enclosure,
enhancing heat removal when the source position is exactly
opposite or beneath the sink. However, for the source at the
top and sink at the bottom, Nu is comparatively lower than
the former but is signiﬁcantly higher than without radiation
case. It is observed that for cases, source 1—sink 2, source
1—sink 3 and source 2—sink 3 showed a similar percentage increase of Nu ranging from 30 to 58% for all aspect

ratios. Moreover, the percentage increase of Nu for emissivity 0.7 is almost twice that of the emissivity of 0.5 for all
cases. This indicates that surface radiation clearly aids the
heat transfer rate in enclosures in addition to convection for
Ra numbers of order 109 [ﬁgure 10].
4.2b Effect at different Rayleigh numbers: For all cases,
Nu number increases for increasing Rayleigh number at all
aspect ratios, unlike cases without radiation as depicted in
ﬁgure 11. The maximum Nu is signiﬁcantly higher compared to cases reported without radiation. All cases, irrespective of their source and sink positions, exhibit higher
Nu. However, similar to the case without radiation, source
1 and sink 3 reports the least Nu for all aspect ratios. The
results clearly indicate the importance of surface radiation
in aiding heat transfer since stratiﬁcation is not observed
when radiation is involved.
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Figure 13. Isotherms and streamlines for all combinations of source and sink positions (square enclosure with emissivity 0.5 and
Ra * 109).
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Figure 13. continued

A correlation is developed between Nu vs Ra using least
squares regression as:
Nu = [1.1 ? 0.51 Ra1/7]2
109 B Ra B 1012
0.5 B A.R B 2
2 = 0.3

The correlation coefﬁcient of the above equation is 98%
and the data agree to within ±8% of the numerically predicted results.
4.2c Effect of aspect ratio: It is observed that maximum Nu
is obtained at aspect ratio 0.5 for emissivity 0.3 and 0.5.
However, for emissivity 0.7, maximum Nu is obtained for the
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Figure 14. Isotherms and streamlines for source at topmost and sink at bottom-most position for all aspect ratios (Ra * 109 and
emissivity = 0.5).
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square enclosure (aspect ratio = 1), as seen in ﬁgure 12. The
Nu number obtained with the inclusion of radiation (ﬁgures 11 and 12) is higher than without radiation (ﬁgures 4 and
5) for all source-sink positions and different aspect ratios.
This reiterates the inﬂuence of radiation in aiding heat
transfer. Similar to results obtained in pure convection, low
Nu number is obtained for cases where sources are kept above
the sink. On the other hand, the Nu number for these cases
signiﬁcantly increased for all emissivity values. It is important to note that, source at position 1 and sink at 3 displays the
least Nu number for all aspect ratios. Upon observing the
effect of radiation with emissivity 0.7 [ﬁgure 12(c)], the Nu
number obtained is signiﬁcantly higher than in other cases. It
is worth mentioning that source at position 1 and sink at 3 is
the only arrangement in which Nu number increased for all
aspect ratios for emissivity 0.7 [ﬁgure 12(c)]. For emissivity
0.3 and 0.5, the percentage increase in Nu for source 1—sink
2 and source 2—sink 3 shows a similar trend in the range of
13 to 21% and 13 to 15%, respectively. However, for emissivity 0.7, the same cases show a slightly decreasing trend
compared to other emissivity of 12 to 13%. For cases where
source is exactly opposite to sink, a similar decreasing trend
in Nu for all emissivity is obtained in the range of 4 to 7 %.
4.2d Temperature contour and velocity stream functions:
The ﬂow, as well as temperature ﬁelds, have been analyzed
using streamlines and isotherms. Figure 13 shows the
variation of temperature and ﬂow characteristics for a
square enclosure having Ra*109 for different source and
sink locations. The isotherms and streamlines are concentrated on the surface of the hot and cold wall. The
streamlines indicated the formation of multiple recirculating convective cell patterns for different positions of source
and sink. For Ra = 109, the ﬂuid ﬂow is found to be more
dominant near the walls as indicated in the streamlines for
most source and sink positions. In case of temperature
distribution, stratiﬁcation is not observed in most cases,
unlike the case of without radiation. The mean temperature
range of 319–335 K is found to exist inside the enclosure,
indicating efﬁcient heat transfer.
As the aspect ratio increases, the bi-directional ﬂow
upsurges resulting in the formation of vortices (ﬁgure 14).
These vortices facilitate better mixing and thus enhanced
heat transfer. This is found to be true for all Ra numbers
and aspect ratios investigated.

has been observed on the upper portion of the enclosure
when the source is positioned above the sink. This leads to
the stagnation in ﬂuid ﬂow and inferior heat transfer occurs
near the sink. In such a scenario, conduction heat transfer
dominates rather than convection. However, for the cases
when the source at the bottom and the sink at the top,
higher Nu is attained signifying enhanced heat transfer.
Likewise, when the source and the sink are opposite to each
other (e.g. source 1 - sink 1), similar enhanced heat transfer
is obtained. For turbulent ﬂow involving radiation, the
streamlines and isotherms indicate that stratiﬁcation does
not exist for any cases irrespective of source and sink
positions. The numerical results show that the Nu is found
to be least when the source is at the topmost position and
sink at the bottom-most position when radiation effect is
either considered or not. It is concluded from the observations that an improved heat transfer rate is obtained when
the source is exactly opposite or beneath the sink.
The results further conﬁrm, there exist variations in Nu
for different emissivity in the enclosures under study. The
Nu is found to be minimum for low emissivity but found to
increase linearly with increasing emissivity for all aspect
ratios. Maximum heat transfer occurs when emissivity () is
0.7 for all aspect ratios. For emissivity 0.3 and 0.5, the
percentage increase in Nu for source 1—sink 2 and source
2—sink 3 shows an increasing trend in the range of 13 to
21% and 13 to 15%, respectively for increasing aspect ratio.
However, for emissivity 0.7, the same cases show a slightly
decreasing trend compared to other emissivity. This
envisages not only the surface radiation aids the heat
transfer rate in enclosures but proves heat transfer is much
efﬁcient when the source position is below the sink or both
the source and sink are exactly opposite to each other. The
inclusion of surface radiation with turbulent natural convection increases the Nu number for all source and sink
positions at all emissivity, aspect ratios, and Rayleigh
number, indicating a very good heat transfer compared to
cases with pure convection. Therefore, it can be concluded
that radiative heat transfer aids the heat transfer occurring
in enclosures
A numerical correlation is developed using least squares
regression between Nu vs Ra for pure convection and
surface radiation, which could guide to design enclosures
according to the speciﬁc engineering requirements in various engineering sectors.

5. Conclusion
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Aspect ratio of enclosure given as H
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Isobaric speciﬁc heat of ﬂuid (J/kg K)
Constants of turbulence model
Shape factor
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Boltzmann constant (W/m2 K4)
Subscripts
c
Cold wall
eff
Effective value
h
Hot wall
i
Index of elemental segment forming the enclosure
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