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Natural Convection Heat Transfer in Rectangular Cavities
Partially Heated from Below

M. Hasnaoui,* E. Bilgen,t and P. Vasseurt
Ecole Polytechnique de Montreal, Montreal, Quebec H3C 3A7, Canada

Natural convection in an enclosed cavity with localized heating from below has been investigated by a finite
difference procedure. The upper surface is cooled at a constant temperature and a portion of the bottom surface
is isothermally heated while the rest of the bottom surface and the vertical walls are adiabatic. Parameters of
the problem are the cavity aspect ratio (A = 1 and 2), dimensionless length (B = 0.06 to 1.0) and position of
the heat source with respect to the vertical symmetry line of the cavity (e = -0.6 to 0.7), the Prandtl number
and the Rayleigh number (Ra = 0 to 5 x 106). The effects of the thermophysical and geometrical parameters
on the fluid flow and temperature fields have been studied. The existence of multiple steady-state solutions and
the oscillatory behavior for a given set of the governing parameters are demonstrated.

Nomenclature
A = aspect ratio, L'lH'
B = dimensionless length of heat source, t'/L'
g = acceleration due to gravity, m/s2

H' = cavity height, m
h = local heat transfer coefficient, W/m2-K
h = average heat transfer coefficient, W/m2-K
k = thermal conductivity of fluid, W/m-K
L' = cavity width, m
€' = length of heat source, m
m, n = wave numbers of initial disturbance, Eq. (15)
Nu = Nusselt number based on cavity height, hH'/K
Pr = Prandtl number,'via
p'_ = pressure, Pa
Q = dimensionless heat transfer averaged over all

lines of the mesh grid
Ra = Rayleigh number, (gpbT'H'3)/(va)
Sf = dimensionless reduced shape factor
T = dimensionless temperature of fluid,

(T - T'C)I(T'H - T'c)
T' = temperature of fluid
AT" = temperature difference, (T'H - Tc)
t = dimensionless time, t'alH'2
t' = time, s
u, v — dimensionless velocities in x and y directions,

( u ' , v ' ) H ' - / a
u', v' = velocities in'x' and y' directions, m/s
x, y — dimensionless Cartesian coordinates, (x', y')/H'
x', y' = Cartesian coordinates, m
a = thermal diffusivity, m2/s
/3 = volumetric coefficient of thermal expansion, K-1

e = dimensionless position of heat source, 2s'/L'
e' = position of heat source, m
v - kinematic viscosity, m2/s
p = fluid density, kg/m3

a)' = vorticity, s'1
¥ = dimensionless stream function, ^/a
^ext = extremum value of V (either ^max or ^min)
O = dimensionless vorticity, o)'H'2la

Subscripts
cr
h
ext
max
min

= critical value
= heated wall
= extremum value
= maximum value
= minimum value
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Superscript
1 = dimensional variables

Introduction

T HE natural convection in enclosures has been of interest
to engineering applications for many years. Well known

examples are the thermal design of buildings, solar collectors,
circulation of fluid in electronic or computer equipment, and
thermal energy storage systems. These applications require
knowledge of natural convection in various geometries and
angle of the geometry to the gravitational field. Ostrach1 and
Catton2 have reviewed the work done on various internal flow
problems.

Most of the previous work has addressed natural convection
in enclosures due either to a vertically or horizontally imposed
temperature difference. However, little work has been carried
out on flows driven by localized heating from below. Torrance
and Rockett3 numerically studied the convection of air in a
vertical cylindrical enclosure, induced by a small hot spot
centrally located on the bottom. Solutions were obtained for
Rayleigh numbers from 2.84 x 104 to 2.84 x 1010. The the-
oretical flows were found to be in excellent agreement with
experimentally observed laminar flows (Ra < 8.5 x 108),
which are discussed in a companion paper by Torrance et al.4
Experimental results were also presented for the case of rec-
tangular geometry but were not complemented by an analytic
investigation. Tamotsu et al.5 experimentally and numerically
investigated natural convection in a rectangular enclosed cav-
ity, of which a part of the bottom was heated and the other
walls were kept at a low constant temperature. The influence
of the Rayleigh number, up to Ra = 6.9 x 105, was discussed
and the results of the computation were observed to agree
qualitatively with experimental observations. The natural
convection in an inclined box with the half of the lower surface
heated and the other half insulated was investigated experi-
mentally and numerically by Chao et al.6 It was found that
the asymmetry due to insulating half of the heated surface
resulted in circulations for all positive Rayleigh numbers. An
experimental investigation was conducted by Kamotani et al.7
to study natural convection heat transfer in a water layer with
localized heating from below. The flows were driven by main-
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256 HASNAOUI, BILGEN, AND VASSEUR: NATURAL CONVECTION IN CAVITIES

taining a small circular heat source, centrally located on the
bottom, at a uniform temperature. For a shallow cavity the
flow within the fluid layer was found to have a single elongated
unicellular pattern. As the aspect ratio was increased, the
flow structure became more complex with the appearance of
two secondary cells superposed on the basic unicellular flow
structure^ one near the center and the other near the side
wall. The tendency for the flow to give rise to one eddy near
the side wall as Rayleigh number increased was also observed
by Torrance and Rockett3 and Torrance et al.4 A few studies
have also been conducted on enclosure flows driven by lo-
calized heating from below in a medium with ambient strat-
ification. This particular topic has been reviewed recently by
Fuseki and Farouk.8

The present study considers the recirculating flows induced
in a rectangular two-dimensional enclosure by localized heat-
ing from below. Recently, it was demonstrated that, under
certain conditions, multiple steady-state solutions can be sus-
tained within a porous material heated from its bottom (Walch
arid Dulieu,9 Caltagirorie and Bories,10 Moya et al.,11 Rob-
illard et al.12 among others). This multiplicity is not merely
theoretical as there is experimental evidence for at least two
different stably convective flows under identical heating and
geometric conditions (Acosta et al.13). Here also multiple
steady-state solutions are expected and the conditions of their
occurrence are studied.

Problem Formulation
Consider the motion of a viscous fluid within a rectangular

cavity of length L' and height H' (see Fig. 1). It is assumed
that the flow and heat transfer are two-dimensional. The lower
surface is maintained at a temperature TH, which is higher
than the temperature Tcof the top. The rest of the bottom
Wall is insulated. The distance between the center of the heated
element and the vertical axis of symmetry of the cavity is e',
such that when e' = 0 the heat source is centrally located at
the bottom surface.

All properties of the fluid are considered constant, except
the density of the fluid that gives rise to the buoyancy force.
This so-called Boussinesq approximation is practically valid
for small temperature and pressure variations within the flow
region. Neglecting viscous dissipation, the governing equa-
tions are written as

dx'

Du'
Dt' Po

DT'
Dt' = aV2T'

(1)

(2)

(3)

(4)

where p0 is the reference density taken at 7c.
Using nondimensional variables defined in the nomencla-

ture and introducing the stream function and vorticity, the

Tc

I
t ar— ay-

y't
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dimensionless governing equations are written in stream func-
tion-vorticity formulation as

Dt dx

DT
Dt

where

(5)

(6)

(7)

(8)

(9)

No-slip boundary conditions are considered for the velocity
components along the walls and the vorticity boundary con-
dition is obtained directly from the definition, Eq. (9). For
the temperature, following boundary conditions are used:

u = - dy v =
dx

dr-
aw

T = 1 for heated surfaces

T = 0 for y = 1

= 0 for adiabatic surfaces

(10)

where n denotes the normal at the surface.
The governing equations and geometry of the cavity intro-

duce five dimensionless parameters, which are the Rayleigh
number Ra, the Praridtl number Pr, and the geometric pa-
rameters e, A, and B. The geometric parameters e arid B
denote the position and dimensionless length of the heated
element, respectively. The case with B = 1 corresponds to
natural convection in a cavity fully heated from below, while
the case e - 0, B < 1 corresponds to a cavity with a hot spot
centrally located on the bottom.

Numerical Method
Equations (5-7) with appropriate boundary conditions were

solved with a time-marching, finite-difference technique. The
first and second derivatives were approximated by central
differences and the time derivatives by a first order forward
difference. The finite difference form of the vorticity transport
and energy equations was written in conservative form for the
nonlinear convective terrris in order to preserve the conser-
vative property.

The numerical results presented here employed a 41 x 41
or 61 x 31 mesh in the x and y directions for the aspect ratio
of 1 or 2, respectively. The grid independence of the solutions
has been checked with these grid configurations. For instance,
when Ra = 5 x 105,A = 1, B = 0.5, and e = 0, Table 1
shows the mesh influence on the results.

The computations were done on an IBM 3090 computer.
Both heat flux and circulation were monitored as sensitive
indicators of the approach to steady state. Time steps as low
as 0.0004 were used in obtaining stable solutions. The mul-
tiplicity of solutions was a main objective of this study. Hence,
the entire domain was considered without symmetry lines.

Table 1 The mesh influence on the results

Mesh hpcxt I 6

Fig. 1 Geometry and boundary conditions of the problem.

33
41
53

X 33
x 41
x 53

55.24
55.34
55.38

5.046
5.046
5.044
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For each time step the dimensidnless heat transport for a
given horizontal line of the network was determined by means
of the expression

The overall heat transfer Q was obtained by taking the
average of Q at all lines. It is also appropriate at this stage
to define a mean Nusselt number, based on the height of the
cavity as

(12)

where Qc is the dimensionless heat transfer by pure conduc-
tion.

_ Hahne and Schalling14 give the dimensionless heat transfer
Qc for pure conduction with e = 0 as

Qc- i
0.55/

(13)

where the dimensionless reduced shape factor is given ap-
proximately by

S - ,;f 77 " 1 - sin 0.57r(l - 2B) (14)

In this investigation, the multiplicity of steady states for a
given geometry is explored. Naturally, the time-dependent
governing Eqs. (5-7) can be presumed to have a unique so-
lution as in an initial value problem. So when multiple steady
states do exist, initial conditions determine the final steady
state achieved. Thus, in addition to the boundary conditions,
Eq. (10), it is also necessary to specify some initial conditions
at time t = 0. This is done by using a "stirred" flow as the
initial condition of the evolutive problem; this is written as
follows:

sin mry (15)

where M^ is the amplitude of the initial perturbation. In order
to obtain antinatural solutions the initial "stirred" flow had
to be made large enough in order to "survive" over the natural
state. A value of ^p = 40 has been chosen for all the anti-
natural solutions presented in this study. Provided that Wp is
large enough, the resulting antinatural solutions have been
found numerically to be independent of the amplitude of the
initial perturbation.

The accuracy of the numerical model was verified by com-
paring results from the present investigation with several re-
sults reported in the literature. Results for the limiting case
of a cavity fully heated from below B = I were compared
with those obtained by Ozoe et al.15 The numerical model
was also validated by comparing the results with the bench
mark solution of De Vahl Davis16 for a square cavity with
vertical sides differentially heated. Maximum differences were
found to be within 2% with the first case and 4% with the

4= 26.11

=-28.50..

b)

= 31.39

c)

Fig. 2 Steady-state streamlines and isotherms for Ra
€ = 0.5.

10s. a-c) A - 2, B = 0.5, € = 0; d-e) A = 1, B = 0.5, 6 = 0, f-g) A = 1, B = 0.5,
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.* | = 13.70

d)

\9etl\ = 25.14

|*ex(| = 21.89

= 22.64

9)
Fig. 2 Steady-state streamlines and isotherms for Ra = 10s. a-c) A = 2, B = 0.5, e = 0; d-e) A = 1, B = 0.5, e = 0, f-g) A = 1, B = 0.5,
« = 0.5.
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second and this agreement with the results obtained from
various authors as discussed by De Vahl Davis and Jones.17

Finally it must be mentioned that, in the pure conduction
regime (Ra = 0), the numerical model was found to predict
the analytical solution, Eqs. (13) and (14), with an accuracy
of 0.5%.

Results and Discussion
Flowfields, temperature fields, and heat transfer rates for

ranges of Rayleigh numbers Ra, aspect ratio of the cavity A,
size of the isothermal heat source B, and position of the heat
source e are examined in this section. All results are presented
for Pr = 0.72.

Figures 2a-2g illustrate the various modes of convection
that can be observed in a cavity for Ra = 105, B = 0.5, and
some typical values of A and e. Streamlines are shown on the
left and isotherms on the right. The heat source on the bottom
is indicated by a heavy line. As noted earlier, the solid walls
have the value ^ = 0. Positive and negative W values cor-
respond respectively to clockwise and counterclockwise cir-
culation. Contour locations were determined by linear inter-
polation.

Figure 2a illustrates the flow and temperature fields ob-
tained for a cavity of aspect ratio A = 2 with a centrally
located heated element (e = 0) of size B = 0.5. For a cavity
fully heated from below B = 1, the flowfield would consist
of one pair of counter rotating cells. The final direction of
rotation of the cells is not imposed by the physics of the
problem but rather induced by the round-off errors generated
in the numerical computation. In contrast, when the cavity is
partially heated from below B < 1 the fluid being ascendant
above the heated element, the direction of the rotation of the
cells seems to be imposed a priori (see Fig. 2a). These flows,
which develop from rest ^ = 7 = 0 , can be referred to as
"natural" flows as defined by Walch and Dulieu9 in their study
of natural convection within slightly inclined rectangular cav-
ity heated from below. However, it is also possible to obtain,
under certain conditions that are discussed later, another steady-
state flow pattern where the fluid motion above the heated
element moves down toward it. Such a reversed circulation,
which may be called "antinatural," is illustrated in Fig. 2b.
To obtain antinatural flows, the initial conditions must be
chosen carefully. Thus, the flow pattern in Fig. 2b was ob-
tained in the following way: A pair of counter-rotating cells
with a reversed circulation toward the heated element was

*max = 77.34 = -6.41

= 93.51

b)

= 51.92 = -54.80

c)

Fig. 3 Steady-state streamlines and isotherms showing the evolution of the unicellular convective mode with Ra. a) Ra
106, c) Ra = 2 x 106.

106, b) Ra = 1.5 x
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Fig. 4 Extremum stream function |¥ext| and average heat transfer
Q as a function of size B for A = 2, and c = 0. a) and b) unicellular
convective mode, Ra = 1C4, 5 x 104, and 105; c) and d) bicellular
convective mode, Ra = 104 and 105.

chosen as the initial condition of the evolutive problem. The
initial "stirred" flow condition can be specified, for instance
by Eq. (15), which allows initiation of m counter-rotating cells
in the x direction. The isotherms in Figs. 2a and 2b show that
in both natural and antinatural flows, the ascending streams
are warmer than the descending ones, providing the driving
force in the respective directions of motion. In general, for a
given set of governing parameters, not only the two bicellular
flow patterns discussed above can exist but other solutions
with different number of cells are possible. For instance, Fig.
2c shows the steady-state solution associated with unicellular
convection. The governing parameters are the same as those
considered in Figs. 2a and 2b; but the initial conditions are
different. Naturally, because the heated element in Fig. 2c is
centrally located (e = 0), the unicellular convective cell can
rotate indifferently in either direction as in a classical Benard
situation.

Figures 2d and 2e illustrate two possible convection modes
for A = 1, B = 0.5, and € = 0. The antinatural solution that
consists of two cells moving down toward the heated element
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Fig. 5 a) Extremum stream function ¥ext and b) average heat transfer
Q as a function of size B and eccentricity of heated element for Ra =
105 and 104.
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Fig. 6 Periodic solution for Ra = 2.45 x 106, A = 1, B = 0.5,
€ = 0.5. a) Average heat transfer Q variation with I; b) maximum
stream function ¥max variation with t; c) the trajectory in (¥max, Q)
phase plane.
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b)

c)

d)

= 51.26 = -68.13 = 64.69 *mt-n = -54.54

e) 9)

= 58.12 = -60.56 = 58.47 #m,n = -59.44

Fig. 7 Streamlines and isotherms over one complete cycle for Ra = 2.45 x 106.

was impossible to reach despite the adequate choice of initial
conditions. Generally, the final steady state achieved consists
of one unicellular mode when the initial conditions are dif-
ferent from the rest.

Figures 2f and 2g show the steady-state solution obtained
for a square cavity A = I when the heated element is moved
to the right lower corner of the cavity e = 0.5. Using the rest
state as initial values, the resulting flow pattern is similar to
that of Fig. 2a except that the symmetry is now destroyed due
to eccentricity of the heated element. As illustrated in Figs.
2f and 2g it is also possible, by using proper initial conditions,
to sustain a unicellular circulation within the cavity. Although
the unicellular counterclockwise circulation of Fig. 2f cannot
be started from rest conditions, it will be referred in the pres-

ent study as a "natural" flow because it corresponds to a
situation where the fluid is ascending over the heated element.
For the same reason, the clockwise circulation of Fig. 2g
corresponds to an antinatural flow.

Figures 3a-3c show the evolution of the unicellular con-
vective mode for A = 1, B = 0.5, e = 0, and Ra increasing
up to 2 x 106. All these figures represent steady states. Hence,
for moderate Rayleigh number Ra = 105, Fig. 2e shows small
distortion of isotherms in the middle of the cavity. This dis-
tortion is amplified with increasing Ra producing a small neg-
ative cell in the left upper corner of the cavity in Fig. 3a for
Ra = 106. Figure 3b shows another steady-state flow with
more distortion at Ra = 1.5 x 106 producing a more impor-
tant negative cell with a stronger flow strength. At Ra = 2
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x 106, Fig. 3c shows that the distortion breaks down and the
negative cell becomes as important as the positive cell.

Figures 4a and 4b show, respectively, the influence of B on
|¥eJ and Q for A = 2, e = 0 and typical values of Rayleigh
number. These graphs are derived for a unicellular flow where
the fluid circulation within the cavity is indifferently clockwise
or counterclockwise because the heated element is centrally
located (e = 0). As it can be seen, for a given value of
Rayleigh number, the flow strength and the heat transfer are
increasing functions of B with a maximum values for a cavity
fully heated from below. For B > 0.6, Q and |<Pext| variations
are moderate. They become more pronounced for B < 0.6
and high Rayleigh numbers. For Ra = 104, |\Pext| variation is
almost independent of B as far as the unicellular convection
mode remains possible. Also, the heat transfer variation with
B is weak. The reason for this is that the flow regime is not
too far from the pure conduction regime at Ra = 104. Also,
it is seen that there exists a critical value of B at about B =
0.3 for which the unicellular flow remains unstable. Hence,
despite the adequate initializations to obtain a unicellular flow,
the final steady-state solution is a bicellular one because the
fluid circulation is poor and the energy given to the system is
not enough to maintain the unicellular flow.

Figures 4c and 4d show, respectively, |M>ext| and Q vs B for
A = 2, e - 0, and two values of Rayleigh number. To obtain
a bicellular flow, the initial conditions were carefully chosen.
In these graphs, it is seen that the antinatural solution gives
better heat transfer and better flow circulation at Ra = 105

and B between 0.1 and 0.7. Similar observations were made
in the past by Sen et al.18 At Ra = 104, |¥ext| and Q are higher
for the natural solution. Also, it can be observed that there
is a critical value of B under which only the natural solution
is possible independent of the initial conditions chosen.

The eccentricity effects on |¥ext| and Q are shown in Figs.
5a and 5b for Ra = 105 and 104 and B = 0.15, 0.25, and 0.45.
The natural solutions are indicated by empty symbols and the
antinatural solutions are indicated by filled symbols. All these
results concern a unicellular flow. If the heated element is
centrally located (e = 0), the solution is natural because the
fluid circulation within the cavity may be indifferently clock-
wise or counterclockwise. For a positive eccentricity of the
heated element e > 0, the natural flow is counterclockwise
whereas for a negative eccentricity e < 0, it is clockwise. For
a given B and Rayleigh number, Fig. 5b shows that the heat
transfer increases first with increasing e and it reaches a max-
imum and decreases after that. The locations of the maximums
are dependent of B and Ra. For example, if B = 0.25, the
maximum occurs at about e « -0.11 for Ra = 105 and at
about e « 0 for Ra = 104. Similar trends can be observed on
Fig. 5a for |^ext| variations.

In order to prove the existence of the oscillatory behavior
of the flow and heat transfer at high Rayleigh numbers, the
values of the parameters A, B, and e were arbitrarily fixed
to 1.0, 0.5, and 0.0, respectively. Because two solutions are
possible for these specified parameters at a given moderate
Rayleigh number as demonstrated before, two ways can be
followed to reach the convective oscillatory mode.

The first is to initialize the problem from a unicellular con-
vective mode. The steady-state flow remains possible until Ra
= 2.4 x 106. For Ra = 2.45 x 106, a sustained oscillatory
convection is obtained, as shown in Figs. 6a and 6b. To ensure
that the nature of oscillation is sustained, the time integration
was continued up to t = 6 for all the oscillatory solutions.
The stable oscillations depicted in Figs. 6a and 6b are sinu-
soidal and characterized by the same oscillation period. As a
result, the projection on the (^max, Q) plane gives a single
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Fig. 8 Periodic solution for Ra = 2.45 x 106, A = 1, B = 0.5, and
c = 0.5. a) Average heat transfer Q variation with I; b) maximum
stream function ¥max variation with /; c) minimum stream function
^mm variation with t.
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€ = 0. a) Average heat transfer Q variation with t; b) maximum stream
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closed curve as presented in Fig. 6c. According to the con-
vention of Lennie et al. ,19 the oscillatory patterns are denoted
as Pl9 P2> • • ., Pn, etc., depending on the number of cycles
n per period. Hence, Fig. 6c gives a Pl solution. Figs. 7a-7d
show streamlines and isotherms for Ra = 2.45 x 106 and at
the time-steps indicated with a, b, c, and d in Fig. 6b, during
a single oscillation of the flow. As it can be seen in Figs. 7a-
7d, the form of the streamlines does not vary much. It can
also be seen that ^max takes importance to the detriment of
*min between a to b to c and loses importance in consideration
°f ^min between a to b to c. The corresponding isotherms are
consequently affected.

The second method is to initialize the problem from a bi-
cellular convective mode. In this case, the two cells remain
stable until Ra = 8 x 105. For Ra = 106, the steady-state
solution is the same as in Fig. 3a, despite the initialization
with a bicellular convective mode. As indicated before, this
solution was an outcome of a unicellular initialization. The
oscillatory convective mode is different for the second kind
of initialization as seen in Figs. 8a-8c for Ra = 2.45 x 106,
A = 19 B = 0.5, and e = 0. The nature of the oscillations
is also periodic but much more complicated. The period of
the oscillations is the same for Q, ^max, and ^min. During
each time-step, the variation of ^max (^min (not shown here))
vs Q is a segment tangent to an ellipse in (^max, Q) plane as
shown in Fig. 9a. Figure 9b shows the evolution of ^max vs
Q in the same plane for a relatively long time period than in
Fig. 9a. All the space between the ellipse and its envelope
has been swept by the segments when the period time con-
sidered was long enough (Fig. 9c). This kind of convection
oscillatory mode is qualitatively different from that described
in Figs. 6a-6c. Only the ^max amplitude oscillation is impor-
tant while ^min amplitude oscillation is very weak as depicted

in Figs. 8b-8c. By increasing Ra up to 5 x 106, the periodic
oscillations give way to a chaotic one as seen in Figs. lOa-
lOc. The fluctuations are seen to be much larger in magnitude
in comparison with the periodic oscillations obtained in Figs.
6a-6c for the same initial conditions; this indicates a vigorous
convection.

Conclusions
A two-dimensional numerical study of natural convection

heat transfer in an enclosed cavity with localized heating from
below has been carried out. Multiple steady-state solutions,
as well as periodic and nonperiodic solutions have been ob-
tained by solving the Navier-Stokes and energy equations,
utilizing the Boussinesq approximation. The following con-
clusions can be made:

1) The existence of a multiplicity of steady-state solutions
for the present problem has been demonstrated numerically
through the use of appropriate initial perturbations. Single-
and multiple-cell convection take place, depending on the
aspect ratio, Rayleigh number, dimensionless length of the
heated segment, and its eccentricity. When two cells are in-
volved, the solution is termed natural or antinatural, de-
pending on whether the fluid motion above the heated ele-
ment is upward or downward. The natural solution may be
obtained for any values of the governing parameters (Ra, A,
B, e) investigated, because there are always driving forces
from the pure conduction temperature field acting to initiate
that flow. The antinatural solution requires a Rayleigh num-
ber above a critical value that is a function of the parameters
A, B, and e, and the number of cells within the cavity.

2) For a given set of the governing parameters, as the Ray-
leigh number is above a critical value, periodic and nonpe-
riodic solutions are observed. The existence of two different
periodic oscillatory behaviors for the same governing param-
eters is demonstrated with each periodic oscillatory behavior
dependent on the initial conditions. For A = 1, B = 0.5, and
e = 0, the unicellular mode remains Ra = 8 x 105. A small
negative cell appears in the left upper corner of the cavity at
Ra = 1 x 106. The negative cell becomes as important as the
positive one with two cells, one on top of the other, at Ra =
2 x 106.

3) Past studies have considered the present problem for the
particular case where the heated element is centrally located
e = 0. Owing to the symmetry of the problem, only half of
the cavity was considered for computational purposes in order
to "save computational time." However, as demonstrated by
the present study, a host of nonsymmetric solutions may exist
in a problem possessing "symmetry" in its geometry and
boundary conditions. Thus, the use of the symmetry in nu-
merical simulations of similar problems should be done cau-
tiously.

The multiplicity of solutions involved in this work closely
parallels those of natural convection in a closed circulation
loop (Acosta et al.13) and in slightly inclined cavity with op-
posite walls at different temperatures (Moya et al.,11 Walch
and Dulieu9).
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