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Abstract. A two-dimensional solution for steady natural convection in enclosures partially open with a body generating
heat is presented. An analysis is made based on two aspects of the radius, H/W = 1 and 2. The left and right walls are
maintained at different constant temperatures while upper and bottom walls are thermally insulated. The physical
model considered here are enclosures that have an opening on the right wall and a heating source located on the
bottom or left vertical walls, occupying three different positions. Numerical simulations were performed for several
values of the Rayleigh number (Ra,) in the range between 10° and 10, while the intensity of the two effects — the
difference in temperature of the vertical walls and the internal heating source (Ra) — was evaluated based on the
relation R = Ra;/Rae,in the range between 0 and 2500. In addition, simulation results for the local and average Nusselt
numbers on the heated and colded walls of the enclosures are presented and discussed for different values of the
parameters R, Ra,, W4 and H/W. It is founded that the parameter s modifications have significant effects on the average
and local Nusselt number of the enclosures
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1. INTRODUCTION

Can to classify two elementary classes of natural convection flows in enclosures. The first is a vertical cavity with
two vertical walls at different temperatures and with adiabatic horizontal surfaces. Natural convection flows in a vertical
cavity are probably the most considered configuration in the studies of natural convection because of their relative
simplicity and practical importance. Two-dimensional and three-dimensional numerical analysis for a vertical cavity
with and without a body at the center has been performed in the past over a wide range of Rayleigh numbers. The
second class of natural convection flows is a horizontal cavity with heating from below. Natural convection in a
horizontal layer of fluid is relevant in practical problems of electronic equipment cooling, heat exchanger design,
meteorology of the Earth’s atmospheric boundary layers, and so on.

The study of natural convection in enclosures is important from both theoretical and practical points of view. The
fluid dynamic behavior of air in open and closed environments with the presence or not of heat generating sources is
extensively applicable in both industrial and residential environments. The interaction between the buoyancy and shear
forces in partially open enclosures represent a physical problem found in a variety of industrial applications. The
generation of heat inside the environment affects the characteristics of heat transfer associated with the flow field.
Various studies have been dedicated to natural convection in closed and partially open enclosures, some of these studies
are cited below.

Buoyancy-driven flows in rectangular enclosures arise frequently due to the horizontal temperature gradient caused
by heating from the lowest surface a due to the vertical temperature gradient between two vertical surfaces held at
different temperatures [1-7]. These studies investigate the effects of variation of temperature gradients, Rayleigh
numbers, and aspect ratio on natural convection in enclosures. More recently the case of natural convection in closed
enclosures has been analysed by Saeid [8] that investigated numerically the flow in two-dimensional cavity filled with a
porous medium. It was found that the average Nusselt number increases with increasing amplitude of the hot wall
temperature variation for all the values of Rayleigh number and different heat source length considered in the analysis.
Peng e a. [9] studied natural convection in a three dimensional cubic geometry heated differently on the two vertical
walls. Corcione [10] studied the flow in closed rectangular two-dimensional domains with heated lower wall and cooled
upper wall, investigating different boundary conditions on the lateral walls. Various simulations were carried out,
varying the length of the enclosures and the Rayleigh number.

Considerable research has also been performed with various obstacles placed inside the enclosure. This research
([11]-[17]) reveded that these kinds of obstructions could change the characteristics of flow and heat transfer in the
enclosure. Moreover, House et al. [18] examined the numerical effect of a centered, squared heat conducting on natural
convection in a vertical square enclosure. They found that heat transfer across the enclosure may be modified due the
thermal conductivity ratio less than or larger than unity. Oh et al. [19] investigated the steady flow inside the enclosure



drivened by two temperature differences. one across the enclosure and another caused by the heat source. They
investigated the effects of Rayleigh number and temperature difference ratio. Ha et al. [20] studied the unsteady natural
convection process when a temperature difference exists acrossthe enclosure (right cold wall and left hot wall) and, at
the same time a conducting generates heat within the enclosure using numerical procedures. They found that fluid flow
in the enclosure grows with increasing Ra, increasing the convective heat transfer rate at the cold and hot wall. Ben-
Nakhi and Chamkha [21] solved numeri cally steady, laminar, and natural convective fluid flow in a square enclosure
with an inclined heated thin fin of arbitrary length attached to the hot wall. It was found that the Rayleigh number and
the thinfin inclination angle and length have significant effects on the average Nusselt number of the heated wall
including the fin of the enclosure. Bazylak et al. [22] presented a computational analysis of the heat transfer due to an
array of distributed heat sources on the bottom wall of a horizontal enclcsure. Optimum heat transfer rates and the onset
of thermal instability triggering various regimes are found to be governed by length and spacing of the sources and the
width-to-height aspect ratio of the enclosure.

Some studies exist in enclosures with a side removed. Angirasa et al. [23] explored unsteady and steady numerical
calculations for an isothermal cavity (all three sides heated). The underlying physical phenomena are explained in detail
and Nusselt number data are provided. Earlier investigators ([24]{26]) carried out numerical calculations in a domain
that extended to far outside the cavity to determine the effect of the far field on the flow and heat transfer within the
cavity. Large calculation and storage are required to obtain accurate solutions.

Indirectly related to the present study, Xia and Zhou [27] investigated a square and partially open enclosure with an
internal source generating heat. These authors change the position on the bottom or left vertical walls only for three
relations of R Xia and Zhou [27] found that the opening presented advantageous to the flow and heat transfer in the
cavity. In this case, the characteristics of flow and heat transfer were change with heated source location, external and
internal Rayleigh number, and opening size. Reinehr et al. [28] examined the natural convection using the aspect of
ratio H/W = 2, with an internal source heating varying its position only on the bottom wall. In that work, no heat transfer
result was reported and a limited number of Ra, and relation Rwere also studied.

Hence the present work proposes a study of natural convection in two partially open rooms (enclosures) submitted
by temperature difference between left and right walls and an internal heat conduction source, to which few results have
heen reported in the literature. The enclosures present an opening in the cooled right vertical wall, while the left vertical
wall is heated and the upper and lower walls are adiabatic. Natural convection is induced by the difference of
temperature between the vertical walls, and it is represented by the Rayleigh number (Rae), and by an internal heat
conduction source represented by the Rayleigh number (Raj), occupying approximately 1% of the enclosures volume.
The study is conducted numericaly under the assumption of steady laminar flow, for two different values of the width-
to-height asg;ect ratio of the enclosure in 1 and 2, and the Rayleigh number based on the enclosure height in the range
between 10° and 105, the relation R= Ra/Ra is evaluated in the range between 0 and 2500, while the internal heat
conduction source position is evaluated in 0.25, 0.5 and 0.75 on the bottom and left vertical walls. In this context, the
influence in the flow patterns, the temperature distributions and theheat transfer rates are analyzed and discussed.

This paper is organized as follows. Section 1 presents a brief review of some of the reports found in the literature on
flowsinside enclosures, with particular focus on work involving natural convection. Section 2 presents the conservation
equations of mass, momentum and energy in dimensionless form and the boundary conditions used in the work.
Representative results illustrate the effects of relation R in the local and average Nusselt numbers on the heated and
colded walls of the enclosures are presented and discussed in Section 3 for various Ra, numbers for different values of
the parameters Wy and H/W. Lastly, Section 4 discusses our conclusions.

2.STATEMENT OF THE PROBLEM

To model the flow under study, we use the conservation equations for mass, momentun and energy for the flow two-
dimensional, steady and laminar. For the moderate temperature difference considered in this work all the physical
properties of the fluid, m k and @, are considered constant except the density, in the buoyancy term, which obeys the
Boussinesq approximation. In the energy conservation equation, we neglect the effects of compressibility and viscous
dissipation. Thus, the dimensionless equations that govern the flow are,
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The definitions of the dimensionless parameters are listed in the section nomenclature. The fluid considered in the
interior of the enclosures is the atmospheric air using the Prandtl number, Pr = 0.71. The Rayleigh number (Rac) is
represented by the difference of temperature between the vertical walls, 10°£ Ra. £ 10° The intensity of heat produced
by the source is represented by the Rayleigh number (Ra), which is based on the volumetric heat generation rate. The
influence of the intensity of the two Rayleigh numbersis evaluated by means of the relation,

Ry ®

Ra,

where 0 £ R£ 2500.
The stream function is defined &

u= /%, (6)
v=- X (7

but the numerical results illustrating the fluid’s behavior are presented in terms of the dimensionless stream function
given by
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Other physical quantities of interest in the present sudy are the local and average Nusselt numbers along the hot and
cold walls. These variables are defined, respectively, as
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The fluid is investigated in two rectangular enclosures with length W and height H heated on the left vertical wall
and cooled on the upper half of the right vertical wall. These two walls have a temperature prescribed, while the
horizontal walls are adiabatic. The two-dimensional computational domain and the Cartesian system of co-ordinates
used here areillustrated in Fig. 1. The position Wy (= 0.25, 0.5 and 0.75) illustrated in Fig. 1 is the distance considered,
for example, from the left -hand lateral wall to the center of the heating source. The internal heat source is located on the
bottom or left vertical walls at different places and it is occupying 1% of the total volume of the enclosures, eg.,
occupying 4x4 control volumes of the enclosures. The lower half of the right wall is open and is in contact with the air
outside of the enclosure. The boundary conditions used are,

U=V=0andq =1aX=0andO£ YEH, (12a)
U=V=0andq =0at X=WandH/2E£ YEH, (12b)
U=V=0and fq/fY=0a0£ X£Wand Y=0, (120)
U=V=0and fq/TY=0a0£ XEWand Y=H, (12d)
K 1gs/fn=1lq ¢ /fin at the source-fluid interfaces, (12¢)

where K is the ratio of the thermal conductivities between the heated source and the fluid, gs is the dimensionless
temperature in the heated source and ¢ is the dimensionless temperature in the fluid.The velocity and temperature
profiles in the opening are assumed as,



if U>0then 7q/1X =0 elseq =0, V=0a X=Wand 0£ Y£ H/2. (13)
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Figure 1. Geometries employed.

The differential equations, represented by equations (1) to (4), together with respective boundary conditions,
equations (12) to (13), are solved using the Finite Volume Method described in Patankar [29]. In this method, the
solution domain is divided in small finite control volumes. The differential equations are integrated to each of those
control volumes. From this integration there were algebraic equations as a result which, when solved, simultaneously or
separately, supplied pressure and velocity components. A power law scheme is adopted for the convection-diffusion
formulation. For the coupling pressure-velocity the SIMPLEC agorithm (Semi Implicit Method for Pressure Linked
Equations Consistent) is used [29].

The discretized equations are solved iteratively, using the line by line method known as Thomas algorithm or
TDMA (TriDiagonal Matrix Algorithm). An under-relaxation parameter of 0.5 was used in order to obtain a stable
convergence for the solution of momentum and energy equations while there was no need for such a parameter in the
solution of pressure equation.

The validation of computer code of this work has been verified for the natural convection problem in an enclosure
closed without a heat conduction source. The results presented here are for two Rayleigh numbers, Ra, = 10 and Rae =
10%. Hortman et al. [5] found the average Nusselt numbers 4.616 and 4.525 for Ra, = 10° and grids 42 x 42 and 82 x 82,
respectively, whle in our study were found 4.604 and 4.535, respectively. For the Ra. = 10°, they found the average
Nusselt numbers 9.422 and 8.977 for the same grids, while in our study were found 9.487 and 8.975, respectively.

Grid-independence tests have been conductel for all the configurations studied in this work. Three different grid
sizes (22 x 22, 42 x 42 and 82 x 82) were used. Because of the minor differences for 42 x 42 and 82 x 82 grids, the 42 x
42 uniform grid is chosen for all the ssimulations presented in this work. Staggered storage of the variables is used. The
numeri cl%l solution is considered to be converged when the maximum absolute value of the mass conservation is smaller
than 10™.

3. RESULTS AND DISCUSSION

In order to compare the numerical code pecifically developed for the present study, some solutions obtained in
square cavity, WH = 1, when theinternal heat-conduction source is centrally located on the bottom wall (in the position
Wh = 0.5) have been compared with results of Xia and Zhou [27] and Reinehr et al. [28], showing a good agreement.
Such results are presented in Tab. 1, where occur different flow patterns with changing of Rae or R. The comparative
analysis between the values of Tab. 1 denote that relative deviation (RD),

RD = (100) Dlmaxl/Amar) % (14)

where g IS value proposed in Xiaand Zhou [27] or Reinehr et al. [28] asthe case, and Dghgy is the difference between
the results of this work and of two mentioned works. The results of Xia and Zhou [27] are situated in the interval of
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3.11% £ FD £ 8.3% while for Reinehr & al. [28] the interval is 0.2% £ RD £ 7%, showing a good agreement between
the results.

Table 1. Maximum dimensionless temperature ( Qe for H/W = 1 and W4 = 0.5.

Parameters Xiaand Zhou [27] Reinehr et al. [28] Present work
R =400, Ra, = 10° 1.80 1.82 1.95
R = 1000, Ra. = 10° 3.90 4.07 419
R = 2500, Ra. = 10° 15.40 15.69 16.08
R = 2500, Ra, = 10" 10.90 11.50 11.47
R = 2500, Ra, = 10° 8.30 8.46 8.56
R = 2500, Ra, = 10° 6.10 - 6.29

The maximum dimensionless temperature increases considerably with the increase of the relation R keeping Ra
constant, according to Tables 2 and 3, independent from the position of the heat source and from the geometric relation
H/W. The maximum dimensionless temperature decreases with the increasing of the Ra, when the number Ris kept
constant. A comparison of the maximum dimensionless temperatures at the same values of Rand Ra,, with the heat
source in different positions inside the enclosures, indicates that the differences are not significant. When the heated
source is located at the hot wall (left vertical wall), it can be seen by comparing the dimensionless temperature in Tables
2 and 3 that there are decreasing and increasing for the mgjority of the cases, respedively, for H/W = 1 and 2 in relation
the heated source located on the bottom wall. In Tables 4 to 5, note that the increase in the intensity of the fluid dynamic
flow is less pronounced with the increase in the relation Rfor the same Ra, than that observed with the increase of Rae
for the same relation of R a both H/W = 1 and H/W = 2. A comparison of the maximum and minimum values of the
dimensionless flow function for the same Rand Ra. values with the heat source in different positions inside the
enclosure, reveals that the differences are irrel evant.

Table 2. Maximum dimensionless temperature for H/W = 1.

Parameters Positions
Wy =0.25 W =0.5 Wy =0.75
R Ra, Bottom Left Bottom Left Bottom L eft
10° 3.241 1.667 3.458 1.674 2.954 1.707
10% 2.648 1.545 2.595 1.595 2.426 1.664
400 10° 2.018 1.379 1.905 1.468 1.828 1.565
10° 1.496 1.253 1.348 1.321 1.331 1.432
10° 6.900 2.787 7.590 2.786 6.989 2.839
10% 5.541 2.586 5.590 2.636 5.476 2.739
1000 10° 4.146 2.297 4.157 2.385 4.096 2.523
10° 3.043 1.976 2.956 2.093 2.898 2.254
10° 15.279 5.556 16.080 5.543 15.040 5.654
10* 11.913 5.118 11.467 5.179 11.341 5.383
2500 10° 8.492 4,496 8.553 4,599 8.576 4,822
10° 6.304 3.852 6.286 3.983 6.114 4,164

Table 3. Maximum dimensionless temperature for H/W = 2.

Parameters Positions
Wy =0.25 W, =0.5 Wy =0.75
R Rae Bottom Left Bottom Left Bottom Left
10° 1.787 1.963 1.767 2.003 1.317 2.052
10* 15901 1.806 1.547 1.865 1.181 1.945
400 10° 1.251 1.603 1.109 1.694 1.000 1.789
10° 1.000 1.419 1.000 1.513 1.000 1.632
10° 3.364 3.555 3.667 3.606 2.921 3.693
10* 2.960 3.207 3.205 3.275 2.734 3.399
1000 10° 2.355 2.808 2.385 2915 2.247 3.054
10° 1.795 2.442 1.686 2575 1.545 2.718
10° 7.297 7.409 8.342 7.490 6.899 7.705
10* 6.146 6.587 6.828 6.691 6.338 6.925
2500 10° 4.770 5.692 4.808 5.838 4.799 6.083
10° 3.208 4.963 3.255 5.131 3.150 5.311




Table 4. Minimum and maximum dimensionless stream function for H/W = 1 with heat generation source on the bottom

wall.
Parameters Positions
R Ra Wy =0.25 Wyx=0.5 Wy =0.75

10° -1.995; 0.038 -1.660; 0.130 -1.060; 0.016

10* -7.972; 0.183 -8.226; 0.145 -7.767; 0.028

400 10° -13.871; 0.460 -14.674; 0.511 -14.598; 0.474

108 -22.142; 2.256 -26.934; 3.619 -27.260; 3.609

108 -3.052; 0.117 -2.752; 0.818 -0.934; 1.380

1000 10* -10.566; 0.586 -11.305; 1.635 -8.712; 4.576

10° -18.613; 2.043 -20.793; 1.884 -22.416; 1.314

108 -27.362; 5.406 -31.242; 5.561 -32.331; 5.641

108 -4.994; 0.292 -4.416; 2.663 -1.848; 4.490

2500 10* -14.299; 1.337 -14.279; 5.922 -8.114; 12.097

10° -25.208; 3.944 -28.213; 5.275 -31.510; 6.170

108 -37.989; 8.868 -42.773; 10.392 -45.252; 8.493

Table 5. Minimum and maximum dimensionless stream function for H/W = 2 with heat generation source on the bottom
g
wall.
Parameters Positions
R Ra. W = 0.25 W, =05 Wy =0.75

10° -0.389; 0.002 {0.359; 0.006 -0.358; 0.0004
10" -3.538; 0.017 -3.461; 0.023 -3.376; 0.0046
400 10° -12.109; 0.037 -12.453; 0.073 -12.807; 0.155
10° -20.598; 0.510 -21.193; 1.535 -21.552; 2.381
10° -0.457; 0.006 {0.376; 0.039 -0.340; 0.0147
10° -4.202; 0.051 4.172; 0.238 -3.635; 0.051
1000 10° -13.831; 0.289 -14.825; 0.852 -14.861; 0.572
10° -23.062; 1.376 -24.018; 3.458 -24.657; 5.583
10° -0.695; 0.019 0.664; 0.151 -0.3815; 0.169
10" -5.864; 0.137 -6.184; 0.788 -5.004; 0.801
2500 10° -17.616; 0.873 -19.416; 2.761 -19.823; 2.607
10° -27.374;, 3.772 -30.054; 5.301 -34.470; 9.599

Figs. 11a and 11b show the convective heat transfer, represented by the local Nusselt along the hot and cold walls,
respectively, for the square cavity at various R, i.e,, various intensity of internal heat conduction source located in the
center of bottom wall. For the hot wall, Nuincreases almost monotonically with distance Yaong the wall for R< 1000.
On the other hand, Nu passes through a minimum and then a maximum in Y = 0.25 for R > 1000, such behavior is
determined by the intensity of eddies between the heat source and heated wall. It is verified that Nu, increases when the
gproaches of the upper wall this occurs due the increasing of secondary eddy moves the position of the maximum
gradient for the top of cavity, as show the Figs. 4 and 5. For the cold wall, Nu increases with R, because the increase in
the value of R causes an increase in the flow intensity and soon increases the temperature gradient next to the cold wall.
TheNw is maximum in the position Y = 0.5, region of bigger temperature gradient, and increases along the cold wall.

Figs. 12a and 12b show the local Nussdt along the hot and cold walls, respectively, for the square cavity at various
Ra, for interna heat conduction source located in the center of bottom wall. For the hot wall, Nu decreases
monotonically since Y = 0 even approximately Y= 0.35 for Ra, > 10° after increases with the distance Y along the hot
wall. For Ra, < 10° the Nuj increases along the hot wall as Y increases. These behaviors of variation of the Nu can be
attributed to the formation of secundary eddies and their decreasing size with increase for Rae. It is observed that for Rae
3 5000 the behavior of the Nu, is little modified this because the flow patterns also does not changed. The average Nu
on the hot and cold walls are shown in Figs. 13a and 13b, respectively, for W, = 0.5 and H/W = 1 for generation heat in
bottom and in Figs. 13c and 13d for generation heat in left vertical wall, as a function of R and Ra.. As shown in the
isotherms of Figs. 5 and 7 the fluid temperature increases with increasing of R in the square enclosure and decreases
with increasing of Rae Thus the temperature gradient on the hot wall decreases with increasing of Rand increases with
increasing of Rae giving, respectively, decreasing and increasing at Nun as shown in Figs. 13a and 13c. In these figures
for approximately R> 400 the Nuy, has negative values, meaning that the fluid temperature next to the hot wall is larger
than the hot wall temperature and the net heat flow at the hot wall changes its direction from the enclosure to the hot
wall. Figs. 13b and 13d show that Nu, increases with increasing of Ra and R, meaning that the heat flow from the
enclosure to the cold wall increases with the increasing this parameters. For example, Nuc and Nu, for Ra, = 10 are
larger than those for Rae = 10°for the same Rdueto increasi ng convective heat transfer with increasing Ra..
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Figure 11. Local Nusselt number along the (&) hot and (b) cold wallsvs. R, for Rae= 10° generation heat in bottom
wall, Wy =0.5and H/W =1
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Figure 12. Local Nusselt number along the (a) hot and (b) cold wallsvs. Rag, for R= 10% generation heat in bottom
wall, Wy = 0.5 and H/W = 1.
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Figs. 14a and 14b show the average Nu at the hot and cold walls, respectively for Wy = 0.5 and H/W = 2 for
generation heat in bottom wall. Figs. 14c and 14d show the sam e results for the generation heat in left vertical wall.
Comparing the Figs. 13a and 13b and Figs. 13c and 13d with Figs. 14a and 14b and Figs. 14c¢ and 14d, respectively, can
be observed that Nuy, in this last figure has the value almost duplicate with relation the first figure. In Fig. 14c, the Nu,
decreases with increasing R due to increased effects of temperature difference caused by heat generation. However, in
Fig. 14d, the Nu. maintains its level with increasing of R because the fluid flow direction is the same as the heat flow
direction. Fig. 14b shows that Nu, increases with increasing of Ra, and R meaning that the heat flow from the enclosure
to the cold wall increases with the increasing this parameters. However, for R > 1500 and Ra, < 5.10°, the N W decreases
with increasing of these parameters.

The Figs. 15a and 15b give the variation of average Nuy and Nu,, respectively, with the location of heating source.
With the heated source moving on the hot wall (vertical wall) or on the adiabatic wall (horizontal wall) occur some
changes in the average Nusselt humber. When the heating source is located near the opening the enclosures on the
bottom wall Nuy, is maximum for square cavity, while Nu, is maximum for heated source located in the middle region of
horizontal wall for retangular cavity.
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4. CONCLUSIONS

The present study investigates the variations of maximum temperatures and maximum and minimum stream function
streamlines as a function of different values of internal and external Rayleigh numbers, Rand Ra,, for enclosures with
two aspects of the radius, H/W = 1 and 2. When N, has negative values it shows that the fluid temperature close to the
hot wall is larger than the hot wall temperature and the net heat flow at the hot wall changes its direction from the
enclosure to the hot wall. When R has a small value, the heat transfer and flow in the enclosure during the transient
process maintain the natural convective mode, which is governed by the temperature difference between the hot and
cold walls. But when R has a large value, the mode of heat transfer and flow are changed from the natural convection
governed by the temperature difference between the hot and cold wall to that caused by heat generation. Fluid flow in
the enclosure increases with increasing Ra, increasing the convective heat transfer rate at the cold and hot walls. The
Nun, Nw and local Nusselt profiles are influenced by Ra, and R in both enclosures. T he position of the heating source
has influence on the flow and heat transfer in the enclosures. The heating source changes the flow and heat transfer
mainly in the region above it but has negligible influence on those in the region below it. The H/W aspect ratio has
significant influence in the results obtained.
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