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Abstract—The buoyancy-driven convection in an open-ended cavity with an obstructing medium such as
a porous material is analyzed in this work. The numerical results of the flow and temperature fields for the
range of Darcy—-Rayleigh number, Ra < 350 are given. The importance of the external corners in vorticity
generation and flow instability augmentation is discussed. The presence of ‘humps’ as well as the periodic
behavior in the variation of the Nusselt number with time are studied. The effects of important variables
such as the aspect ratio, the temperature difference, and the Darcy-Rayleigh number on the flow field and
the cavity Nusselt number are investigated. Comparisons are also made with previously reported studies
of natural convection in a cavity filled with a porous medium.

1. INTRODUCTION

BuovaNcy-driven natural convection is an important
mode of heat transfer in many engineering systems.
Among various problems in natural convection, inter-
nal flows within enclosures have been studied exten-
sively due to its widespread engineering applications
{1-6]. Numerous analytical, numerical and exper-
imental results are readily available for enclosures
with rectangular boundaries. The influence of impor-
tant parameters such as the Darcy-Rayleigh number
and the cavity aspect ratio has been thoroughly inves-
tigated for these enclosures. However, relatively few
studies have been directed to thermally induced
motion in open cavitics or partial enclosures. The
engineering applications of open cavities are impor-
tant; for example, fire spread in rooms, solar thermal
central receiver systems, connections between res-
ervoirs, nuclear waste repository, and the brake hous-
ing commonly employed in a number of aircraft
models. In recent years the buoyancy-driven con-
vection in open cavities with a regular medium such as
air has received some attention [7-9], but the flow and
heat transfer processes in open as well as open-ended
cavities with a porous obstructing medium remain to
be investigated. This paper concentrates on the later
case which is more general and complicated. The
results for the open cavity case can be deduced from
the open-ended cavity problem.

The importance of flow and heat transfer in open-
ended cavities is further enhanced due to its basic
geometry. This is because a number of complex
geometries can be constructed from this basic
geometry. An important consideration in an open-
ended cavity problem is the treatment of the boundary
conditions. In this study the open boundary conditions
were taken into account accurately and with relative
ease in the numerical scheme,

In the present work the buoyancy-driven flow and
heat transfer in an open-ended cavity are modeled as
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a transient two-dimensional problem. The effects of
important variables such as the aspect ratio, the
different temperature levels, and the Darcy-Rayleigh
number on the flow field and the Nusselt number are
investigated, The results are presented in terms of the
streamlines and the temperature contour plots.

The results show some interesting interaction
between the flow and temperature fields in an open-
ended cavity. The results also indicate that the flow
field inside an open-ended cavity and in the vicinity
of the aperture planes is relatively insensitive to the
boundary conditions provided that the computational
domain is extended far enough from the openings.
The results also illustrate the dependence of thermal
losses on temperature levels as well as the existence of
time-dependent variations in flow and in the Nusselt
number. The presence of ‘humps’ in the variations of
the Nusselt number with time is investigated. Fur-
thermore, the periodic behavior of the Nusselt number
as a result of the recirculating eddies next to the lower
block is illustrated and discussed. The results show
the influence of the external corners in an open-ended
cavity which augments the flow instabilities. The resuit
also indicates that decreasing the aspect ratio has a
stabilizing effect on the flow field.

2. MATHEMATICAL FORMULATION

The present study considers an incompressible,
transient, two-dimensional thermally driven buoyant
natural convection flow due to the temperature
differential in an open-ended cavity as shown in Fig.
1. The geometry corresponds to a two-dimensional
slot which is exposed to an ambient temperature T
The lower and upper temperatures of the slot are T,
and T, respectively. The vertical portions of the two
blocks are assumed to be adiabatic. The governing
equations for flow through homogeneous porous
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NOMENCLATURE

aspect ratio, A/d

horizontal extent of the open-ended cavity

[m]

gravitational acceleration [m s 77

vertical extent of the open-ended cavity [m]

Nusselt number

Darcy-Rayleigh number, xgBhAT/va,
time [s]

temperature [K]

lower block temperature [K]
upper block temperature [K]
free-stream temperature [K]
x-component velocity [m s~
y-component velocity [m s™']
spatial coordinate, horizontal [m]
dimensionless spatial coordinate,
horizontal, x/d

¥

spatial coordinate, vertical {m]}

Y  dimensionless spatial coordinate, vertical,
yid.
Greek symbols
@, effective thermal diffusivity [m* s~ ]
B coefficient of volume expansion (K~}
£ accuracy of calculation
¢  dimensionless temperature,
x  permeability
v kinematic viscosity [m?s~")
¢ dimensionless vorticity
¢ thermal capacitance
T dimensionless time, o f/od?
¢  general dimensionless field variable
i  dimensionless streamfunction.

Ty

Too

FiG. 1. Schematic of an open-ended cavity with an obstructing porous mediun.
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media with Boussinesq approximation are

Ou Bv__ic_g_ﬂa_T

dy ox v 0x M
a_T a_T+ a_T_ 62_T az_T 2
Sty T\t ) @

This formulation is based on the following assump-
tions: (a) small temperature difference; (b) constant
fluid properties except for the temperature effect in
density variation ; (c) an incompressible fluid ; and (d)
neglect of viscous heat dissipation. It should be noted
that Darcy’s law is used to represent the flow field
which neglects the boundary and inertial effects. These
effects can become important for convective type flows
[10], however, they are neglected in this study. Equa-
tions (1) and (2) may be made dimensionless by intro-
ducing

_x _7Y
X=2, Y=>

_% __ %
“=aay N

T-T, o,
9=T1—Tm’ T=edt!

AT

Ra=Kg§hv , AT=T,—T,.

The resultant field equations in terms of the stream-
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function and the vorticity are
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The corresponding boundary conditions for an open-
ended cavity as shown in Fig. 2 are

A
Y=——= for

Yy=0,0=1 at 2

v=0,0=0, at Y= for

00
1/1=0,5(=0 at X=+1 as Y-+ (8)

00

V=0,5(=0 as X—- +o, forall Y (9)
oU a0
5?=0,5)—,=0 as Y- 4o, forall X. (10)

It should be noted that a number of numerical runs
were made with several different far field boundary
conditions. Among which equations (9) and (10) were
chosen since they provided consistent numerical
results.
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F1G. 2. Schematic of the geometry of the problem with symmetry consideration and the boundary conditions
used.
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Due to symmetry of the problem, the corresponding
boundary conditions at the line of symmetry are
A

l//~0%—0 t X=0, fi YL
= ’aX_ a =0, or —2\ x

S

(1n

The symmetry conditions were checked by performing
a number of numerical runs for the entire open-ended
cavity without using the symmetry conditions. It was
found that the symmetry conditions do indeed exist.
A preliminary experimental investigation based on
the open-ended cavity geometry also confirmed the
symmetry conditions. As a consequence of the sym-
metry consideration the geometry of the problem is
translated to that of an open cavity, i.e. a cavity of
rectangular cross-section with one side face removed,
as shown in Fig. 2. Therefore, the results presented
here are also valid for the natural convection in open
cavities with a porous obstructing medium subjected
to the above boundary conditions. The initial con-
ditions are

Yy=E=60=0 everywhereat 7=0 (12a)
except for
A
=1 at Y=—§, for —i<X<?i (12b)
A 1 1
0=86, at Y=—-E, for ;€ X<3. (12¢)

The analysis of natural convection in an open-
ended cavity with porous obstructing medium will
encompass the simultaneous solution of governing
equations (3)-(5) subject to the boundary and initial
conditions given by equations (6)-(12).

Introducing an overall cavity Nusselt number as
the sum of the lower and upper blocks Nusselt num-
bers and employing the dimensionless variables yields

O e L [0
“TTh oy Yo, )

Y=—4/2 8, ﬁ
The rate of heat transfer from the lower and upper
blocks to the fluid inside the open-ended cavity
requires the solution of equation (13).

dx. (13)

Y=A)2

3. NUMERICAL SOLUTION

In most natural convection flows of practical in-
terest, a complete analytical solution is not possible
and one has to depend on the numerical technique to
obtain the desired results. The governing equations
(3)-(5) form a coupled non-linear partial differential
equation that must be solved subject to the boundary
conditions given by equations (6)—(10). The numerical
scheme is based on finite difference versions of the
governing equations. The time-dependent energy
equation (5) was solved by ADI, a two-step implicit
method. This method leads to a tridiagonal matrix of
unknown temperatures which is then inverted by the
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Thomas algorithm. It should be noted that at any
node, the velocities are evaluated at time # and are
treated as constant over that time step. The numerical
solution to the streamfunction equation (4) was
obtained by SOR, an implicit iteration method. The
over-relaxation parameter of 1.75 was found to cause
the optimum convergence rate. The convergence
criterion for steady state solution was met when
the relative difference in two consecutive time steps
satisfied a prescribed tolerance given by

n+ 1 n
i _¢i.f

aif

<e¢

where ¢, ; is a general symbol used for y, ¢, and 6.
The tolerance & was set to 107 for all three variables.
It should be noted that at higher Darcy-Rayleigh
numbers convergence was significantly faster for both
temperature and streamfunction than the vorticity.

To increase the accuracy and stability of the
numerical scheme, the derivatives at the boundaries
were incorporated through the governing equations.
The vorticity boundary conditions were calculated
directly from the vorticity transport equation (3) whith
is more consistent with the assumptions that are
inherent in Darcy’s law. Since there are two kinds
of temperature boundary conditions imposed on the
convex corners, the numerical temperature evaluation
of these points requires special consideration. For this
reason at convex corners a multi-valued procedure
[11,12] for the temperature calculations was used.
This method assumes a different temperature value at
the corner point for each directional derivative. In
order to simulate the open-ended region, the com-
putational domain was systematically extended in
both the horizontal and vertical direction. It was
found that the reduction of the numerical domain to
twice the length of the slot (2d) in the + x-direction
and twice the height of the opening (24) in the +y-
direction was sufficient enough to simulate the open
boundaries without any significant changes of the flow
field inside the open-ended cavity. It should be noted
that the effects of open boundaries and their exten-
sions should be further studied.

4. RESULTS AND DISCUSSION

Calculations were performed for values of
Ra < 350. The bulk of the numerical runs were per-
formed for an aspect ratio of § (which translates to an
open cavity of square cross-section), a lower block
temperature of 8, =1, and an upper block tem-
perature of 6, = 1. In order to study the effects of
aspect ratio, numerical solutions for aspect ratios of
1 and } were obtained. Furthermore, the effects of the
relative temperature variations between the lower and
upper blocks were investigated. In all cases the full
transient behavior of the cavity Nusselt number were
studied. In the remainder of this work, the term ‘open
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cavity’, which corresponds to the geometry of half of
an open-ended cavity, will be used for convenience.
The present results were obtained on an equally
spaced grid of 51 x 51 points with 121 points inside
the open cavity for an aspect ratio of { The total
number of grid points varied for the cases with differ-
ent aspect ratios, but in all cases, at least 121 points
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were used inside the open cavity, The typical time
increment used was 3 x 10~%, Due to the uniform grid
spacing employed in this work and the extensions of
the open boundaries, increasing the number of grid
points inside the open cavity would result a large
increase in computational time. Although for low
Rayleigh flows the results are fairly accurate, the
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F1G. 3. Streamlines and isotherms for @, = 1, 4 = 1 and Ra = 20 at steady state.
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results for higher Rayleigh flows Re > 250 do give a
good qualitative representation of the results. For
more accurate results we need to employ the variable
grid spacing. In fact, based on some preliminary runs
with variable grids, we know that the given results
especially for lower Rayleigh flows are fairly accurate.

As shown in Fig. 3 for Ra = 20, the heat transfer
mechanism inside the open cavity is conduction domi-
nated. However, the convection mode of heat transfer
is not totally insignificant, as indicated by the dis-
tortion of the temperature field in Fig. 3. This dis-
tortion lowers the conduction heat transfer in the
vicinity of the aperture plane, where the convection
contribution is responsible for most of the heat trans-
fer. The flow field inside the open cavity is almost
symmetric about the mid-height plane. Since the
streamlines cannot cross over, the symmetry line
serves to turn the flow 180°. The hot fluid exiting the
open cavity will rise due to buoyancy and is faster
than the flow inside the open cavity. The cold
incoming fluid is sucked inside the open cavity from
the lower part of the aperture at an angle. This is
primarily because of the replacement of hot fluid exit-
ing from the upper part of the open cavity. This suc-
tion mechanism is responsible for an almost parallel
flow along the lower block due to the replacement of
fluid rising up along the symmetry line. At the same
time as this flow travels along the lower block, the
fluid is also heated from below due to the higher
temperature of the lower block. As a result, there
exists a conflict between the buoyancy forces and hori-
zontal driving forces acting on the fluid particles with
respect to time. These conflicting driving mechanisms
are expected to cause ‘humps’ in the transient vari-
ations of the cavity Nusselt number. This effect is
indeed observed, as it is discussed in more detail later
on.

As Ra increases (20~100), the cold fluid penetrates
further inside the open cavity. The streamlines and
isotherms are spaced closer together in the vicinity of
the lower block, as shown in Fig. 4. As a result of
larger temperature gradient, the heat transfer from
the lower block increases. The heat transfer from the
upper block, which is mainly by conduction, also
increases. The outgoing flows are much faster than
the incoming flows. As a result, the flow field is no
longer symmetric since the incoming flows occupy a
larger portion of the open cavity. The approaching
flow from the far field is either sucked into the open
cavity or is carried up due to the viscous effect. As
the Darcy—-Rayleigh number increases, the horizontal
temperature gradient for the outgoing flows close to
the upper block decreases. As shown in Fig. 4 for
Ra = 100, the isotherm near the upper block is almost
horizontal and the thermally-stratified flow occurs
along the upper block. The outgoing streamlines are
also spaced closer together along the vertical insulated
wall. This indicates the early stage of the wall plume
formation. The interaction of the wall with the plume
is to attract the plume toward it, as shown in Fig. 4.
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As Ra increases from 100 to 350, the incoming cold
fluid penetrates much further inside the open cavity.
Comparison of Figs. 4 and 5 shows that the streamlines
and isotherms near the lower block are more clustered
together for higher Ra. It also indicates that, as Ra
increases, the incoming flow enters the open cavity at
much faster rates. As a result of these higher velocities,
the thermal boundary layer development along the
lower block, which was witnessed for the case of
Ra = 100, becomes thinner, as shown in Fig. 5. As it
can be seen from Figs. 5 to 7, as Ra increases, the
number of horizontal isotherms close to the upper
block increases, resulting in a thicker region of the
thermally-stratified flow in the upper part of the open
cavity. The outgoing hot fluid also exits the aperture
and rises up at much faster velocities, leading to a
thinner wall plume along the upper insulated vertical
boundary.

As discussed earlier, there are two conflicting driv-
ing mechanisms, i.e. horizontal driving forces and
buoyancy forces, acting on the fluid particles along
the lower block. For larger Ra, the buoyancy forces
become more important and are responsible for the
shape of isotherms close to the lower block, as shown
in Figs. 6 and 7. This effect eventually leads to thermal
instabilities for Ra = 350, where it was not possible
to reach the steady state solution. Figure 7 shows the
formation of a vortex in the central region of the open
cavity. This is due to the viscous effect associated with
the high velocities of the incoming and outgoing fluids.
This vortex formation causes the incipience of the
temperature distribution instabilities in the vicinity of
the lower corner.

Figures 8 and 9 illustrate the time evolution of the
flow and temperature fields for Ra =200 at con-
secutive times within a cycle of 3At apart. The effect
of the external corners in vorticity generation is clearly
depicted in Fig. 8. As the time progresses, the central
vortex moves out of the upper part of the aperture
plane. The shapes of isotherms along the three bound-
aries of the open cavity in Fig. 8 clearly show the
presence of thermal instabilities inside the open cavity.
These thermal instabilities may be explained by the
two conflicting driving mechanisms acting on the fluid
particles traveling along the lower block of the open
cavity, as discussed earlier, i.e. horizontal driving
forces and buoyancy forces. As a result, there exist
small recirculating flow regions, or eddies, which are
convected along the lower block and vertically up-
ward along the symmetry line. Figure 9 indicates
that, as the circulating flows move out of the top
boundary of the computational domain, their viscous
effects tend to smear out, giving rise to a parallel
flow coming from the right boundary. The presence
of the parallel flow clearly verifies the existence of
rotational flow away from the openings and the
accuracy of the far field boundary conditions used.

In order to study the effects of different temperature
levels on the flow and temperature fields, numerical
runs were performed with upper block temperatures
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Fi1G. 4. Streamlines and isotherms for ¢, = 1, 4 = L and Ra = 100 at steady state.
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F1G. 5. Streamlines and isotherms for 8, = 1, 4 = 1 and Ra = 200 at steady state.
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FIG. 6. Streamlines and isotherms for &, = 1, 4 = { and Ra = 250 at steady state.
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FiG. 10. Streamlines and isotherms for 8, = 2, 4 = } and Ra = 100 at steady state.
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FIG. 11. Streamiines and isotherms for 8, = 1, 4 = } and Ra = 100 at steady state.
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of 6, =2 and 1 The results were obtained for an
aspect ratio of § and lower block temperature of
#, = 1, and the Darcy-Rayleigh number of Ra = 100.
These results are presented in Figs. 10 and 11, respec-
tively.

As the upper block temperature increases (6, = 2),
the general observations made for the case of 6, = 1
are also valid for this case with few remarks. Com-
parison of Fig. 10 with its corresponding case of
8, = 1, shown in Fig. 4 indicates that, as 8, increases,
the thermally-stratified flow region in the upper part
of the open cavity is much thicker and forms at lower
Darcy-Rayleigh number. Consequently, due to higher
buoyancy forces associated with the outgoing flows,
they rise up with higher velocities, resulting in a
thinner wall plume.

As the upper block temperature decreases (8, = 1),
most of the general observations made for the case of
8, = 1 are also valid for this case with few exceptions.
The major difference lies in the rate of heat transfer
from the upper block to the fluid particles inside the
open cavity. In general, the major heat transfer con-
tribution due to the temperature difference between
the upper block and that of the environment is by
conduction. However, for the case of 6, = 1, the con-
duction effect is only limited to the early parts of the
flow development when the initially cold fluid particles
have not yet assumed high enough temperature levels.
Once the fluid inside the open cavity reaches the tem-
perature levels above that of the upper block, then the
direction of heat transfer is reversed and heat would
be transferred from the fluid to the isothermal upper
block. But, for the case of 8, = 1, the direction of the
heat transfer from the upper block to the fluid remains
unchanged. This is basically due to the fact that the
temperature of fluid particles everywhere inside the
open cavity is less than the upper block temperature.
Consequently, as it can be seen from Fig, 11, the
formation of the thermally-stratified flow region along
the upper block does not occur for the case of 8, = 4.

Numerical runs with aspect ratios of 1 and § were
performed to investigate the effects of aspect ratio on
the flow and temperature fields. The solutions were
obtained for a fixed Darcy-Rayleigh number of
Ra = 100, lower block temperature of 8, = 1, and
upper block temperature of 8,=1. The cor-
responding streamlines and isotherms are presented
in Figs. 12 and 13. Comparison of these results with
the corresponding case of 4 = }(Fig. 4) indicates that,
as the aspect ratio increases, the incoming cold fluid
penetrates further inside the open cavity. As a result,
the fluid flow instabilities are expected to occur
earlier. This fact has been indeed confirmed by the
numerical results. The above comparison also indi-
cates that, as the aspect ratio increases from 1 to 1,
the thickness of the thermally-stratified flow region
increases while, for the case of 4 = J, the thermal
stratification does not occur. It should be noted that,
for the case of 4 = i, a stagnant fluid region exists
where the heat transfer mechanism is conduction
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dominated. An increase in aspect ratio also has an
effect on amplifying the unsteady behavior of the heat
transfer from the lower block.

4.1. Heat transfer results

The cavity Nusselt number calculations were per-
formed by numerically integrating expression (13)
using Simpson’s rule. The transient behavior of
the Nusselt number for 8, =1, 4 = { and different
Darcy-Rayleigh numbers are shown in Fig. 14.

Initially, the sharp gradients near the lower and
upper blocks are responsible for a rapid rate of heat
transfer and their corresponding high Nusselt
numbers. As shown in Fig. 14(a), for Ra < 200, the
cavity Nusselt number oscillates with a decaying
amplitude. These oscillations are due to the existence
of thermal instabilities in the early stages of the flow
development, as previously discussed. As time increases,
the cavity Nusselt number asymptotically approaches
a steady state value. Figure 14(a) shows that an
increase in Ra will result in earlier presence of ‘humps’.
This is expected since the time for the heating process
of the fluid particles along the lower block to take
place decreases for the higher Ra flows. For higher
Darcy—Rayleigh numbers, as these ‘heat bubbles’
move, diffusion effects have less chance to smear
out their thermal identities. Consequently, as Ra
increases, the frequency of the oscillations in the cavity
Nusselt number increases. For values of Ra > 250,
the unsteadiness appears as a sequence of recirculating
eddies, or ‘hot spots’, with respect to time. As a result,
the Nusselt number exhibits a periodic behavior with
respect to time, as illustrated in Fig. 14(a). It should
be noted that this type of quasi steady fluctuations of
the Nusselt number is characteristic of an open cavity
system with a porous obstructing medium and does
not appear to occur in a closed cavity system.

Figures 14(b) and (c) present the typical transient
behavior of the upper block, lower block and cavity
Nusselt numbers for Ra = 200 and 350, respectively.
As it can be seen from the above figures, the bottom
block Nusselt number, Nug, is higher than the one for
the top block, Nu;. This is primarily due to the fact
that the heat transfer from the upper block is mainly
by conduction, whereas the heat transfer from the
lower block is convection dominated. As discussed
earlier, due to thermal instabilities along both blocks,
the corresponding Nusselt numbers would exhibit an
oscillatory behavior, which are shown in Fig. 14(b).
Figure 14(c) shows that the periodic behavior of both
the upper and lower block Nusselt numbers have
the same period, which leads to an overall periodic
behavior of the cavity Nusselt number having an
amplitude equal to the sum of each individual ampli-
tude. Figure 14(c) also shows that the amplitude of
the upper block Nusselt number is greater than the
corresponding one for the lower block. This effect is
explained by the fact that the flow along the upper
block starts out with an inherent instability passed on
from the flow situation over the lower block. Figure
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Fic. 12. Streamlines and isotherms for #, = 1, 4 = 1 and Ra = 100 at steady state.
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FIG. 13. Streamlines and isotherms for 8, = 1, 4 = { and Ra = 100 at steady state.

15(a) indicates that, as @, increases, the oscillatory
behavior of the cavity Nusselt number becomes more
pronounced. Figure 15(b) presents the effect of aspect
ratio on the Nusselt number. It can be seen from Fig.
15(b) that decreasing the aspect ratio has a stabilizing
effect on the flow fluid.

A summary of the upper block, lower block and
cavity Nusselt number is presented in Table 1 for a
variety of different conditions. The results show that,
in general, the cavity Nusselt number increases with
increasing Darcy-Rayleigh number, increasing the
upper block temperature and increasing aspect ratio.
The influence of different upper block temperature
levels on the heat transfer from the lower and upper
blocks is complex. As &, increases, the upper block
Nusselt number increases considerably due to the
larger temperature gradients. At the same time, the

HMT 31:4-B

lower block Nusselt number increases slightly, This is
explained by analyzing the heat transfer from the
lower block to the fluid inside the open cavity. The
heat transfer from the lower block encounters two
opposing effects. The first effect is due to the nature
of flow along the lower block, which is more vigorous
for higher 6, that initially gives rise to higher heat
transfer to fluid elements. Secondly, due to higher core
temperature for higher 8,, the capacity of the fluid
particles next to the lower block to remove heat from
the block is decreased. Consequently, as 6, increases,
the lower block Nusselt number slightly increases.

4.2. Comparisons

In order to check the validity and the accuracy
of the numerical scheme used, the computer pro-
gram was slightly modified through its boundary
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Fic. 14. (a) Time history of the cavity Nusselt number for &, = 1, 4 = { and different Darcy-Rayleigh

numbers. (b) Time history of the lower, upper block and cavity Nusselt numbers for 6, =1, 4 = { and

Ra = 200. (¢) Time history of the lower, upper block and cavity Nusselt numbers for 8, =1, 4 = 4 and
Ra = 350.

conditions. This modification was done by imposing
the adiabatic far field boundary condition at the aper-
ture plane of the open cavity and changing its orien-
tation by 90° in the clockwise direction. The new
configuration is the familiar porous medium probiem,
which is enclosed by rectangular boundaries.
Comparisons were made with the work of Bankvall
[5] using the grid sizes of 21 x 21, aspect ratio of 1,
and Ra < 200. The results indicate a deviation of
about 14% in the worst case (Ra = 200) from that of
Bankvall’s. Due to the explicit scheme employed in
ref. [5], this type of deviation can be expected.
Furthermore, comparisons were also performed
with the work of Shiralkar et al. [6] for the grid sizes

of 81 x 51, an aspect ratio of 1, and Ra < 1000. As
mentioned in ref. [6] beyond a value of Ra > 1000,
convergence was not possible due to numerical insta-
bilities associated with higher rates of convection. The
computed Nusselt numbers from this investigation
and the corresponding ones reported in ref. [6] are
tabulated in Table 2. As can be seen from Table 2 the
agreement is quite good.

5. CONCLUSIONS

Buoyancy-driven flow in an open-ended cavity with
obstructing porous medium is investigated in this
work. A detailed study of the flow characteristics as
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well as the heat transfer analysis inside the open-ended
cavity is performed. Steady state as well as transient
results have been obtained through solution of the
momentum and energy equations for various Darcy—
Rayleigh numbers, aspect ratios and different tem-
perature levels.

The numerical results indicate that the flow field
inside the open-ended cavity and in the vicinity of the
aperture plane is relatively insensitive to the far field
boundary conditions provided that the boundaries are

set far enough from the opening. The results also
show that the external corners in an open-ended cavity
present a crucial influence on the flow pattern and the
heat transfer process. Their influence is identified as
the vorticity generation and flow instabilities aug-
mentation at the corners. The transient resuits show
that thermal instabilities initially develop along the
lower block but disappear at later times as the flow
penetrates further into the open cavity. The transient
results also indicate that the vorticity is fed into the
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Table 1. Summary of the steady-state Nusselt numbers for different cases

Ra (A=1/0,=4,0.=1,0,=2) (A=1/6,=1) (A=14/0,=1)
10 2.496%
1.5761
0.9208
20 3.664
2.445
1.219
50 0449 6.578 10.831
4271 4541 4873
—3.822 2037 5958
100 1.183 10.168 15.622 13.412 5.054
6.742 6.870 7.018 7.543 3.668
—5.559 3.298 8.604 5.869 1.386
200 2.590 14.884 21.643
9.416 9.439  9.463
—6.826 5.445 12.180
250 18.93-16.20
11.83-10.78
7.10-5.42
350 23.60-22.28
14.41-13.17
9.19-7.11
+ The cavity Nusselt number.
1 The lower block Nusselt number.
§ The upper block Nusselt number.
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CONVECTION NATURELLE DANS DES CAVITES OUVERTES AVEC UN MILIEU
POREUX OBSTRUANT

Résumé—La convection naturelle dans une cavité & extrémité ouverte avec un milieu obstacle tel qu’un
matériau poreux est analysé darns ce travail. Les résultats numériques de I'écoulement relatifs aux champs
de vitesse et de température sont donnés pour le domaine de nombre de Darcy—Rayleigh Ra < 350. On
discute 'importance des coins externes dans la génération de tourbillon et d’augmentation d’instabilité
d’écoulement. On étudie la présence de “bosses” et le comportement périodique dans la variation du
nombre de Nusselt avec le temps. Les effets des variables importantes comme le rapport de forme, la
différence de température et le nombre de Darcy-Rayleigh sur le champ de vitesse et sur le nombre de
Nusselt de la cavité sont analysés. Des comparaisons sont aussi faites avec des études antérieures de
convection naturelle dans une cavité remplie par un milieu poreux.

NATURLICHE KONVEKTION IN OFFENEN, MIT EINEM POROSEN MEDIUM
GEFULLTEN HOHLRAUMEN

Zusammenfassung—In dieser Arbeit wird die natiirliche Konvektion in einem offenen, mit einem pordsen
Medium gefiillten Hohlraum untersucht. Es werden numerische Ergebnisse fir Stromungs- und Tem-
peraturfelder bei Darcy—Rayleigh-Zahlen Ra < 350 angegeben. Die Bedeutung von duBeren Ecken bei der
Wirbelbildung und bei der VergréBerung der Stromungsinstabilitit wird diskutiert. Der EinfluB von
‘Hockern® und das periodische Verhalten bei der zeitlichen Anderung der Nusselt-Zahl werden untersucht.
Es werden die Einfliisse wichtiger Parameter wie das Seitenverhéltnis, die Temperaturdifferenz und die
Darcy-Rayleigh-Zah! auf das Strémungsfeld und die Nusselt-Zahl im Hohlraum untersucht. Vergleiche
mit frither verSffentlichten Studien iiber die natiirliche Konvektion in einem Hohlraum, der mit einem
pordsen Medium gefiillt ist, werden angestellt.

ECTECTBEHHASA KOHBEKIIMA B OTKPBHITHIX IMTOJIOCTAX, 3AITIOTHEHHBIX
HOPHUCTON CPEROW, NPENATCTBYIOMENR TEYEHHIO

AmmoTaums—AHaNTH3HPYETCH BhI3RIBaEMas TIOOHEMROH CHIOR KOHBEKIHS B OTKPBITOH MOJIOCTH, 3ano-
HEHHOW MOPHCTHIM MATEPHAJIOM, KOTOPH NpenaTCTBYeT TedeHMo, IIpapenieHb YHCICHHBIE Pe3yabTaThl
U1 moneft TeYeHHs H TeMNEpaTYpPHl NpH 3HaueHHAX yHcna Mapcu-Panes Ra < 350, OGcywnaercs posb
BHYTPEHHHX YI/IOB TNOJNOCTH B T€HEPHUPOBAHHM 3aBHXPEHHOCTH M YCHW/IEHWH HEYCTONYMBOCTH TCHECHHS.
Hcecnenyrorcs nosisniene “ropGoB” HA KPHBBLIX M NEPHOIHYECKHE HMIMEHEHHA BO BpeMeHH uucna Hyc-
cenbra, U3yyaercs BIHAHHE TAKHX BAXKHLIX NEPEMEHHBIX, KAK OTHOWICHHE PAa3MEPOB NOJOCTH, PA3HOCTH
TemnepaTyp M uHciao Jdapcu-Panes, Ha nose tedeHus u uyucao Hyeccensra s nosocth. Ipobseaeno
CpaBHEHHE C HIBECTHBIMH PE3yJIbTATAMH 110 HCCIEMOBaHHIO ECTECTBCHHON KOHBEKIHH B MOJIOCTH, 3anoJ-
HEHHOH MOPHCTHIM MAaTCPHAIOM.
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