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Abstract—The effects of sharp corners and the far field boundary conditions on vorticity generation and
flow instabilities are discussed. The importance of the far field boundary conditions and the interaction
between the controlling variables are discussed and an in-depth analysis of the fluid flow and vortex
interaction in the open-ended cavity is presented. The formation of a thermally stratified region and its
role in influencing the thermal instabilities is discussed. The transient behavior of the flow field through
the formation of vortices and the opposing interactions of the buoyant and suction mechanisms leading
to an oscillating central vortex and overshooting and oscillations in the heat transfer process are analyzed.
Finally, the effects of the geometric and thermophysical parameters as well as the influence of the Rayleigh
number and different temperature levels are thoroughly explored.

1. INTRODUCTION

IN THE buoyancy-driven convection, the problems can
be categorized in two different ways depending on
whether the density gradient is parallel or normal to
the gravitational field. If the density gradient is normal
to the gravitational field, convective motion starts
almost immediately following the initial conduction.
But, if the density gradient is parallel and opposed to
the gravitational field, convection will occur only if
the density gradient is large enough. The significance
of fluid motions, resulting from buoyancy forces, in
many engineering applications has prompted many
researchers to carry out numerous studies to improve
their understanding of the governing processes.
Among these investigations, two-dimensional natural
convection in enclosures or cavities has been the sub-
ject of many studies due to its important role in many
modern technologies. These studies have been applied
to several, different problems such as heat transfer
across unventilated air gaps, multi-layered walls,
design of efficient fire detection systems, analysis of
the solar collectors, and many environmental and geo-
thermal flow processes.

While two-dimensional natural convection in
enclosures constitutes a very large portion of these
investigations, a related but more complex problem
on partial enclosures and open cavities, has received
very little attention. One of the reasons for this asym-
metry can be traced to the difficulty in specifying the
proper boundary conditions for an open cavity con-
figuration resulting from its significantly more com-
plex geometry. Since it seems almost impossible to
impose known physical conditions in the aperture
plane, all the numerical studies included calculations
in an enlarged computational domain and therefore,
partly overcame the problem of unknown physical
conditions at the opening. The present study shows

that the extent of the enlarged computational domain
has a more pronounced effect on the results than
previously anticipated by other researchers. The
results of this study clearly show the importance of
buoyant forces on the heat transfer process in an open
cavity. Furthermore, by a rigorous examination of the
transient development of the flow field the present
investigation will constitute one of the very few works
that have illustrated the transient flow and thermal
characteristics of an open cavity configuration.
Among the previous studies Penot {1] demonstrated
the dependence of thermal losses on cavity orientation
including the existence of large scale variations in the
flow for specific conditions of Grashof number and
inclination angle. LeQuere et al. [2] studied the same
configuration with variable properties using primitive
variables. They found that flow unsteadiness arises
for values of Gr > 10° and that the thermal losses
diminish with increasing values of the inclination
angle resulting from stable stratification of the flow
and the subsequent decrease in the unsteadiness. They
also found that the flow field approaching the open
cavity depends on the far field boundary specifica-
tions. LeQuere er al. [2] had mentioned that the flow
field within the open cavity and in the aperture plane
is determined mainly by the local heat transfer effects
and is relatively insensitive to the far field specifica-
tions if the far field boundary is at a distance of two
cavity heights or more from the aperture plane. How-
ever, based on our analysis, these types of extensions
were quite inadequate for the present investigation.
Unlike the previous studies that involved a heated
bottom wall, Chan and Tien [3] examined natural
convection in a two-dimensional open cavity with
insulated top and bottom walls. In their study, steady
flow characteristics were explored up to a Grashof
number of 10°. They reported that the near field solu-
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d length of the cavity {m]

H open cavity height [m]

Nu, Nusselt number for the cavity

Pr Prandtl number, v/a

Ra Rayleigh number, gBH *AT/av

T temperature [K]

non-dimensionalized x-component velocity
non-dimensionalized y-component velocity
non-dimensionalized horizontal coordinate
non-dimensionalized vertical

coordinate.

AT SRS I

NOMENCLATURE

Greek symbols
a thermal diffusivity [m?s~]

B thermal expansion coefficient of fluid [K "]
{ wvorticity
0 dimensionless temperature
p dynamic viscosity [kgm~'s™ ']
v kinematic viscosity fm?s ']
p fluid density kg m~%
Y stream function.
Subscripts
1 lower block

2 upper block
o free stream.

tions inside the open cavity and close to the opening
are satisfactory if reasonable boundary conditions are
set far away from the opening. They also concluded
that this approach is necessary since the boundary
conditions at the opening are not specific and the flow
patterns in the region just outside the opening are also
of interest.

While the study of natural convection in an open
cavity configuration has received very little attention,
the analysis of thermally-driven flows in open-ended
cavities has not yet been studied. The only inves-
tigation in this area has been by Ettefagh and Vafai [4]
who performed a numerical investigation of natural
convection in open-ended cavities with a porous
medium. However, the natural convection in regular
open-ended cavities has not been studied. Although
by utilization of the symmetry consideration, the
geometry of half of an open-ended configuration will
have a superficial similarity to the open cavity, the
temperature boundary conditions on the open-ended
cavity and the physics of the process are very different.
Since the flow and temperature fields within the open
cavity are determined mainly by local heat transfer
events, the significance of the different temperature
boundary conditions also become more apparent. In
this work the transient Nusselt number which rep-
resents the heat transfer process is shown to exhibit an
overshooting followed by damped oscillations around
its steady state value. Furthermore, by presenting a
thorough and in-depth analysis of the specifications
of the far field conditions, etc. on the heat transfer and
fluid flow inside the open-ended cavity; the present
investigation will also directly extend and clarify
several unsolved issues in the open cavities.

2. ANALYSIS

Consider the two-dimensional open-ended cavity of
length d and height H shown in Fig. 1. The lower
block and upper block temperatures of the slot are

maintained at T and T,, respectively, while the sur-
rounding fluid communicating with the open-ended
cavity is at an ambient temperature T, which is lower
than T, and T,. The vertical portions of both blocks
are assumed to be adiabatic. The equations governing
the conservation of mass, momentum and energy for-
mulated in terms of vorticity, stream function, and
temperature with the fluid medium regarded as Bous-
sinesq-incompressible are written as
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Fi1G. 1. Schematic of an open-ended cavity.
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The equations were made dimensionless by scaling the
length variables by the open cavity height, A, the time
by H?/a, where a is the thermal diffusivity of the
medium, temperature by the temperature difference
between lower block and the ambient and the velocity
by a/H. The resultant three non-dimensional par-
ameters in the above equations are the Rayleigh num-
ber defined as Ra = gBH *AT/av, the Prandtl number,
Pr = v/a and the aspect ratio, 4 = H/d. In the above
expressions g is the gravitational acceleration, B the
coefficient of volume expansion, and v the kinematic
viscosity of the fluid medium. As mentioned before,
the treatment of the far field boundary conditions in
the open cavity geometry requires careful consider-
ation. The open boundary conditions were approxi-
mated by specifying zero normal gradients for the vel-
ocities and temperature at these locations. The above
approximations supplied enough accuracy (as will be
discussed in more detail) provided that the com-
putational domain is extended far enough. In this
investigation, many numerical runs were carried out in
which several, different far field boundary conditions
plus different extensions of the open boundaries were
examined. The numerical tests showed that the far
field flow characteristics were quite sensitive to the
type of boundary conditions which were used. The
results also showed that, the flow and heat transfer
characteristics inside the open-ended cavity and in its
immediate surroundings did not alter significantly if
the computational domain was extended at least 60
times the cavity height for cases with high Rayleigh
number. It should be noted that these type of exten-
sions are far more than what was previously con-
sidered being needed by other investigators. For
example, LeQuere er al. (2], in relation to predicting
laminar natural convection in a heated cavity (while
they have noted that a realistic calculation of the far
field flow pattern does call for careful attention to
the specification of the far field boundary conditions)
have used a maximum extension of only about twice
the cavity height in specifying the outer boundary
conditions.

To reduce the size of the computational domain,
the expected symmetry condition was used at the center-
line of the open-ended cavity. The validity of using
the symmetry conditions at the centerline of the cavity
was checked through a series of numerical runs.
Specifically this was done by comparing the numerical
results which were obtained for half of the open-ended
cavity, using the symmetry conditions, vs the full
numerical simulation of the entire open-ended cavity.
As a result of the above-mentioned comparisons it
became apparent that the use of the symmetry con-
ditions on half of the open-ended cavity is equivalent
to simulating the entire open-ended cavity. Further-
more, we also perturbed the flow and again observed
a return to a symmetrical state. This was done by
performing a number of separate runs using a series
of different and asymmetrical initial conditions. The
results of the runs were also used to show that the
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initial conditions do not have any influence on the
steady state results.

The lower and upper block Nusselt numbers are
defined as the ratio of actual heat transfer rate to pure
conduction heat transfer rate. The rate of heat transfer
across the open-ended cavity was calculated in terms
of a cavity Nusselt number which represents the non-
dimensional total rate of heat transfer from the entire
cavity, and is given as

172 16
Nu, = — 4 j bt
o C¥

A4 (Ve
dx+ — <

< dx.
02 o CV

v = A/2

y=—4/2

The presence of a large computational domain and
the complex interactions between the boundary layers
along the blocks and the rest of the flow field, and the
presence of an oscillating vortex inside the cavity at
higher Rayleigh numbers (discussed in detail later)
demanded the use of an efficient and accurate algo-
rithm for the present problem. This was established
by developing:

(2) a very stable implicit finite differencing scheme
in which at each time step the internal and the bound-
ary nodes for y or 6 were updated within one sweep
of the computational domain;

(b) a highly vectorized algorithm

(c) a variable grid structure.

Figure 2 displays the non-uniform grid distribution
for the portion of the domain which concentrates on
the cavity and its immediate surroundings. The non-
uniform grid network used in this work possesses a
very fire grid structure near the symmetry line which
gradually converts to a fine grid structure inside the
cavity. In the extended computational domain, the
grid distribution is fine near the vertical portions of
the cavity and then it gradually becomes coarser
towards the far field. In this work the grid distribution

FIG. 2. The non-uniform grid distribution for the portion of
the computational domain which concentrates on the cavity
and its immediate surroundings.
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was chosen such that the second-order accuracy
would be preserved. This required that the variable
grid space would undergo a gradual increase or
decrease such that the truncation error for the utilized
grid system would be locally of the same order of
magnitude as that which would occur in a uniformly
spaced grid system. It should be noted that the mesh
layout covers a far larger region than what is shown
in Fig. 2. However, for clarity, only the cavity and its
immediate surroundings are shown since the inclusion
of the entire region in Fig. 2 would obscure the mesh
layout pattern in the cavity region.

The two parabolic equations (vorticity and energy
equations) are solved in a variable grid mesh by a
modified 4DI method which incorporates the upwind
differencing and accounts for the convective insta-
bilities. The diffusion terms were approximated in the
non-uniform grid system (x;,,—x, = Ax;, y;.1— ), =
Ay;) by a central differencing scheme. The initial con-
ditions used in this work were : a uniform temperature
fluid (at the ambient temperature) which is initially at
rest. Aside from being quite basic, these type of initial
conditions, were motivated by physical considerations
as they prevail in a variety of practical problems. Since
the transient simulation of the flow and heat transfer
characteristics were among the major concerns in this
work, the same initial conditions, i.e. fluid being at rest
and having the same temperature as the surroundings
were used for all the numerical results which were
presented in this work. By performing a series of
separate runs, using different initial conditions it was
ascertained that the initial conditions do not have any
influence on the steady state results. At each time step,
the elliptic equation (Poisson equation) is solved by
an extrapolated Jacobi scheme, an iterative method
with optimum over-relaxation.

The vorticity is then advanced in time using
methods analogous to those used on the energy trans-
port equation. The stream function is then updated
by the extrapolated Jacobi scheme. The heat flux is
calculated by three point differencing of the tem-
perature gradients at the walls, and the cavity Nusselt
number is found by numerical integration using
Simpson’s rule. It is assumed that the steady state
conditions have been reached when the following con-
vergence criteria :

n+l__ hn
ij i j _3
¢n+l < 10
]

for temperature, stream function, and vorticity have
been met. In the above expression, n refers to any
particular time level and ¢ represents either one of the
three dependent variables. In practice, the tem-
perature and the stream function satisfy a more strin-
gent convergence criteria than what is given in the
above expression.

The vorticity at sharp corners require special con-
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sideration. Several methods of handling this corner
vorticity are discussed in Roache [5]. Such dis-
continuous treatment for the vorticity evaluation were
suggested by Thom and Apelt [6], Roache and
Mueller [7], and Kacker and Whitelaw (8] and used
by several different researchers. Here to model as
appropriately as possible the mathematical limit of a
sharp corner, the method of discontinuous vorticity
values is used. The bifurcation of the vorticity at the
corners is essentially handled through introduction of
two different vorticity values. These are w, and w,,
where both are evaluated by using the no-slip wall
equation, but w, is evaluated by considering the corner
being part of the horizontal wall while w, is evaluated
by considering it to be part of the vertical section of
the block. Then in an interior point difference
equation, w, or w, is used for the corner vorticity
depending on the differencing direction. The tem-
perature condition at the sharp corners also requires
special attention. Since there are two kinds of tem-
perature boundary conditions (specified temperature
on horizontal portion and adiabatic on vertical por-
tion) imposed on the corner, a multi-valued procedure
similar to vorticity evaluation is also used for the
temperature differencing at the corners.

The proper magnitude of the time increment (used
in the numerical calculations) was primarily depen-
dent on the Rayleigh and the Prandtl numbers; once
the proper extension of the computational domain
was established. For example, a typical non-dimen-
sional time increment used for the range of low to
moderately high Rayleigh numbers, Ra < 10° (with
air as the working fluid), was 10~°. However, for
larger Rayleigh numbers, Ra > 10°, the non-dimen-
sional time increment had to be reduced to about 10~*
or lower. For fluids with higher Prandtl number, time
steps of 10~ *-10~° were used. To examine the depen-
dency of the results on the chosen time interval, many
numerical runs with smaller time steps were per-
formed. All these runs resulted in identical solutions.
During our investigations many different boundary
conditions. such as constant values, first and second
gradients of the stream function and the temperature
field, were investigated in applying the outer boundary
conditions. As a result of these extensive investi-
gations, it was determined that the most representa-
tive set of boundary conditions are those which are
depicted in Fig. 3.

3. RESULTS AND DISCUSSIONS

The influence of governing physical parameters
such as the Rayleigh number, Prandtl number, and
different temperature ratios between two blocks on
the temperature and velocity distributions for the
buoyancy-driven flows in open-ended cavities were
thoroughly explored. The effects of geometric par-
ameters such as aspect ratio of the open-ended cavity
and the importance and influence of the far field con-
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FiG. 3. Schematic of the probiem with boundary conditions.

ditions on the flow and heat transfer characteristics
within the open-ended cavity and its immediate sur-
roundings were also examined. The bulk of the resuits
were obtained for cases with the lower block surface
temperature of 6; = I, the upper block surface tem-
perature of 6, = 1, an aspect ratio of 4 = 0.5, and
using air as the working fluid. In all cases, the full
transient behavior of the heat transfer characteristics
inside the cavity were studied. To accurately detect
the detailed information about the flow field especially
for higher Rayleigh numbers, the variable mesh net-
work having a mesh size of 0.01 (translating into 651
points) was used inside the open cavity for an aspect
ratio of 0.5. The typical time increment used was 103
for air, and 10~ *~10~ for fluids with higher Prandtl
number.

The open boundaries were systematically extended
in both directions and it was found that it was necess-
ary to extend the computational domain at least 16
times the height of the cavity to eliminate the effects
of the far field solution on the flow field and the heat
transfer characteristics inside the open cavity and in
its immediate opening. This extension was doubled
for cases with Ra > 10* and tripled for cases with
Ra > 10%. It should be mentioned that the magnitude
of this extension is in sharp contrast to the limited
number of studies which were carried out on the par-
tially closed cavity problem, i.e. Penot [1], LeQuere et
al. [2], and Chan and Tien [3]. In these studies, the
maximum extensions reported were only twice the
height of the cavity. Based on our investigation, this
was found to be quite inadequate. To illustrate the
results of the flow and temperature fields inside the
open cavity, only the portion which concentrates on
the open-ended region and its close vicinity is

presented. However, always, the much larger domain
was used for numerical calculations and interpret-
ation of the results. It should be noted that the values
of isotherms start with 0.1 and are incremented by 0.1
for all figures throughout this work. The streamline
contour values are set to zero on all solid boundaries
and are incremented by two for all the steady results
except Fig. 4, in which they are incremented by one.

3.1. The effects of Rayleigh number

As shown in Fig. 4(a) for Ra = 10°, the heat trans-
fer inside the open cavity is mainly by conduction.
However, the convective heat transfer is surely not
negligible as seen by the distortion of the isotherms at
the opening. The hot buoyant fluid rises like a buoyant
plume into the outside domain as it escapes from
the restrictive horizontal top surface. Because of this
‘ejection mechanism’, caused by the energy transfer
from the internal surfaces of the cavity to the fluid,
the cold fluid from the outside creeps into the lower
part of the open cavity and replaces the departing hot
fluid. Even at this Rayleigh number the flow field
inside the open cavity is not symmetric about the mid-
height plane. This is because the ‘ejection mechanism’
acting on the hot exiting fluid gives rise to higher
velocities associated with the departing flow than that
of the entering flow. Hence, as a direct consequence
of the conservation of mass, the cold incoming fluid
occupies a larger part of the aperture plane than the
hot exiting flow.

As the Rayleigh number increases from 10° to 10°,
the cold fluid penetrates further inside the open cavity.
However, since the flow penetrates in the cavity from
both sides with equal vigor, it is forced to turn around
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FIG. 4. Streamlines and isotherms for 8, =1, 4 = 0.5, Pr = 0.71: (a) Ra = 10°, (b) Ra = 10* at steady
state.

the centerline of the cavity. As shown in Fig. 4(b), the
departing streamlines are spaced closer together along
the vertical wall showing the higher speeds associated
with the outgoing fluid. It also shows the early stages
of the wall plume formation along the upper insulated
wall. It should be noted that the interaction of the
wall with the plume is to attract it as a result of the
boundary layer formation on the wall. The approach-
ing flow from the far field is sucked into the open
cavity to fill the space left behind by the departing
plume. At higher Rayleigh numbers, the cold creeping
flow is sucked inside the open cavity at higher speed.
This ‘suction mechanism’ is responsible for an almost
parallel flow along the lower block. While this flow
travels inside the open cavity, the fluid is heated along
the lower block. Therefore, the fluid particles traveling
along the lower block are subjected to two different
driving mechanisms with respect to time. While the

‘suction mechanism’ gives rise to an almost parallel
flow, the ‘buoyant mechanism’ forces the fluid
elements to rise up in a direction which is opposite to
that of the gravitational field. These different driving
forces on the entering fluid are the cause of the ‘oscil-
lations’ in the transient variations of the lower block
Nusselt number which will be discussed in more detail
later. Comparison of Figs. 4(a) and (b) shows that,
as Ra increases, the streamlines and isotherms become
closely spaced together along both blocks. As a result
of this higher temperature gradient, the heat transfer
from the lower block increases. The heat transfer from
the upper block which is mainly governed by con-
duction also increases. The comparison also shows
that as Ra increases, the horizontal temperature gradi-
ent in the upper part of the open cavity decreases,
resulting in a thermally-stratified flow along the upper
block.
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As Rayleigh number increases further (10°-
5 x 10°), the cold incoming fluid entets the open cavity
at much higher speeds and penetrates much further
inside. As shown in Fig. 5(a), near the lower block,
the streamlines and isotherms are more closely spaced
together resulting in the formation of a thermal
boundary layer along the block. The thickness of this
thermal layer decreases with an increase in Ra, as seen
in Fig. 5(b). Comparison of Fig. 5(b) with Fig. 5(a)
and especially Fig. 4(b) shows that the thermally-
stratified region in the upper part of the open cavity
becomes more apparent with an increase in Ra. The
comparison also shows that, as Ra increases, the out-
going fluid rises up at much faster speeds resulting in
a thinner wall plume. Due to this thinner thermal
boundary layer which is responsible for most of the
heat transfer to the quiescent and far field fluid, the
overall plume temperature decreases as Ra increases.
The formation of a circulating flow region inside the
open cavity as a result of viscous effects associated
with high speeds of both incoming and outgoing flows
is depicted in Fig. 6(b).
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3.2. Transient results

Figures 7-9 show the transient behavior of the flow
and temperature fields for the general case of the
lower block temperature of 8, = 1, the upper block
temperature of 6, =1, an aspect ratio of 4 = 0.5,
Prandtl number of Pr = 0.71, and the Rayleigh num-
ber of Ra = 10°. For both primary and recirculating
flows, the streamline contour values are set to zero
on all the solid boundaries. These contour lines are
incremented by two for all the transient results except
in Fig. 7 in which they are incremented by one. Figure
7 clearly illustrates the effects of the sharp corners in
vorticity generation. As a result of the flow over the
external corners, two vortices rotating about the same
axis are generated. As time progresses, the lower vor-
tex moves up along the aperture plane while, the top
vortex moves out of the upper corner of the opening
as seen in Fig. 7. These vortices eventually combine
and continue to move upward and away from the
opening as shown in Fig. 8(a). In the early stages of
the flow development (0 < t < 9At), the dominant
heat transfer mechanism inside the open cavity is by

X

(a)

(%)

FIG. 5. Streamlines and isotherms for 8, = 1, 4 = 0.5, Pr = 0.71: (a) Ra = 10°, (b) Ra = 2 x 107 at steady
state.
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(a)

FiG. 6. Streamlines and isotherms for 8, = 1, 4 = 0.5, Pr = 0.71: (a) Ra = 3x 10 (b) Ra = 5x 10° at
steady state.

conduction, however, the contribution of the con-
vective heat transfer near the opening is still present.
Figure 7(b) illustrates the beginning of the formation
of a weak secondary circulation along the lower block.
The onset of this recirculating flow is the result of the
viscous interaction between the primary flow and the
stagnant flow which occupies the end portion of the
cavity. Figures 7(c) and (d) show that, as the cold
incoming fluid continues to penetrate further inside
the open cavity, it is being opposed by the secondary
flow which becomes stronger in time. This recircu-
lating flow is responsible for the temperature inver-
sion of the fluid inside the open cavity away from the
opening as shown by the isotherms in Fig. 7(d). The
secondary circulation continues to become stronger
in time until it occupies the central half portion of the
open-ended cavity as presented in Fig. 8(a). It should
be noted that for the full cavity we have two vortices
over the central portion of the open-ended cavity. The
isotherms in Fig. 8(a) show that, the temperature of
the fluid near the symmetry line is increased by the
heat removal process of the secondary flow from the
lower block. Simultaneously, due to the heat input

from the secondary flow as it approaches the lower
block, the temperature of the fluid in the central part
of the open cavity increases even further. This is
clearly seen by the shapes of the isotherms in Fig. 8(a).
Hence, the horizontal temperature distribution of the
fluid in the lower part of the open cavity exhibits a
parabolic shape over the entire lower block. The heat-
ing process of the fluid by the secondary circulation
continues to a point in time when the peak in strength
of the recirculating flow is reached. After this time,
due to an increase in the overall temperature of the
fluid inside the open cavity, the strength of the recir-
culating flow begins to decay in time as shown in Figs.
8(b) and (c). This decline continues in time to a point
after which it completely submits to the primary flow
as it starts to occupy the entire cavity as illustrated in
Fig. 8(d). Figure 9 presents different stages of the flow
development in the period from the total decay of the
secondary flow up to and including the steady state.

3.3. The effects of Prandt! number
To study the effects of the Prandtl number on the
flow and temperature fields, two different working
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(c)

>

Fia. 7. Streamlines and isotherms for 8, = 1, 4 = 0.5, Pr = 0.71, Ra = 10° at: (a) t = 6Ar, (b) T = 9Ar,
(c) T = 1241, (d) = = 15Ar.

fluids other than air, namely water and heavy oil were
used. The numerical results are presented for the gen-
eral case of the lower block temperature of 0, = 1,
upper block temperature of 6§, = 1, aspect ratio of
A = 0.5, and a Rayleigh number of Ra = 10°, Figures
10(a)—(c) present the streamlines and isotherms for

three different fluids with Pr=0.71, 7.0, and 100
respectively. Comparison of the streamlines in Figs.
10(a) and (b) indicates that the flow field for the
water (Pr = 7) is stronger than the flow field for air
(Pr =0.71). This Prandtl number influence on the
flow field is contributed by the fact that the buoyancy

.

{c)

a8

F1G. 8. Streamlines and isotherms for 6, = 1, 4 = 0.5, Pr = 0.71, Ra = 10° at: (a) © = 21Ar, (b) T = 26Ar

(c) t = 31Ar, (d) t = 36Ar.
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FiG. 9. Streamlines and isotherms for 6, = 1, 4 = 0.5, Pr = 0.71, Ra = 10° at: (a) t = 40A1, (b) t = &60A7,
(c) t = 120Ar, (d) © = 260Ar.

parameter (gf/av) of the water is almost one order of
magnitude higher than that of the air.

As Pr increases (0.71-7), the cold fluid enters the
open cavity at higher speeds and penetrates further
inside as shown in Fig. 10(b). Comparison of the
isotherms in Figs. 10(a) and (b) indicates that the

thermal boundary layer along the lower block
becomes thinner yielding higher heat transfer rates
for higher Prandtl numbers. The above-mentioned
comparison also indicates that the thermally stratified
region along the upper block becomes more apparent
with an increase in Pr. As illustrated in Fig. 10(b), an

FiG. 10. Streamlines and isotherms for 6, = 1, 4 = 0.5, Ra = 10°: (a) Pr = 0.71, (b) Pr =7, (c) Pr = 100
at steady state.
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increase in the Prandtl number significantly increases
the wall plume thickness while decreasing its average
temperature. Figure 10(b) also illustrates the for-
mation of a vortex which is caused by stronger viscous
interactions between the incoming and outgoing
flows. The above-mentioned characteristics are fur-
ther pronounced as the Prandtl number is increased
from 7 to 100 as can be seen in Fig. 10(c). In the case
of Pr = 100, the additional, viscous damping caused
by an increase in Prandtl number has an amplifying
effect on the stratification. This phenomenon can be
clearly seen by the depicted flow field in Fig. 10(c) and
is expected to cause an earlier incidence of instabilities
for higher Prandtl number fluids.

3.4. The effects of temperature ratio

The effects of different temperature ratios between
the two blocks on the flow field and the temperature
distribution inside the open cavity were studied for
the general case of the lower block temperature of
6, =1, an aspect ratio of 4 = 0.5, Pr=0.71, and
Ra = 10%. The streamlines and isotherms for the cases
of the upper block temperatures of 6, = 0.5, 1, and 2
are presented in Figs. 11(a)—(c). The results for differ-
ent upper block temperatures illustrate essentially the
same characteristics as were observed earlier for the
case of 8, = 1. As seen from Fig. 11, there is no
appreciable change in the entire flow field except for
the presence of higher buoyancy forces for higher
values of 8,. This in turn causes the outgoing flow to
rise up at greater speeds, thus resulting in a thinner
wall plume. Because of higher temperatures associated
with the outgoing flow, the average plume tem-
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perature also increases as 0, increases. Comparison
of the results in Fig. 11 shows that the thermally
stratified region along the upper block becomes more
established as the upper block temperature is
increased. As presented by the isotherms in Fig. 11,
there is hardly any significant change in heat transfer
from the lower block while the heat transfer from the
upper block is greatly enhanced due to an increase in
the upper block temperature.

Due to a large temperature drop across the thermal
boundary layer for Ra = 10°, the fluid with dimen-
sionless temperature range of 8 > 0.5 is confined
within the thermal boundary layer along the lower
block for all the cases considered in Fig. 11. Therefore,
the heat transfer continues to occur from the upper
block to the fluid inside the open cavity even when the
upper block temperature is 8, = 0.5. This is because
the rest of the fluid within the open cavity has a tem-
perature range of 6 < 0.5 as shown by the isotherms in
Fig. 11(a). However, this situation changes drastically
for lower Rayleigh numbers such as Ra = 10*. For
this Rayleigh number and the upper block tem-
perature of 8, = 0.5, first the heat transfer occurs from
the upper block to the fluid inside the open cavity
since the average temperature of the fluid within the
cavity is lower than that of the upper block. But, for
larger times, the fluid inside the open cavity warms up
and since the thermal boundary layer formation does
not happen (for Ra = 10%), the temperature of the
fluid in the upper part of the open cavity continues to
increase in time until it becomes higher than the upper
block temperature. As a result, the direction of the
heat transfer is reversed and heat is transferred from

(a)

FIG. 11. Streamlines and isotherms for 4 = 0.5, Pr=0.71, Ra = 10°: (a) 6, =05, (b) 0. =1, (c) 8, =2
at steady state.
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the fluid to the upper block from that time up to and
including the steady state. This phenomenon has been
confirmed by our numerical experiments.

3.5. The effects of aspect ratio

Four different aspect ratios were considered to
study their influence on the heat transfer charac-
teristics and the flow field in an open-ended cavity.
The numerical runs were carried out for the general
case of the lower and upper block non-dimensional
temperatures of 1, Rayleigh number of Ra = 10°, and
using air as the working fluid. The streamlines and
isotherms for aspect ratios of 4 = 0.25,0.5, 1, and 2
are presented in Figs. 12(a)-(d), respectively. As the
aspect ratio decreases, the speed of the incoming fluid
increases and the thickness of the thermal boundary
layer keeps on increasing until it can no longer be
considered as a thermal boundary layer. This increase
in the thermal boundary layer can be seen in Fig.
12 for both the upper and lower blocks, though the
increase in the thermal boundary layer for the lower
block seems to be more pronounced. It also shows
that, for higher aspect ratios, the bulk of heat transfer
is more confined within the vicinity of the blocks
leaving much of the open cavity filled with the lower
temperature fluids. Furthermore, the formation of the
thermally stratified region along the upper block
becomes more established for cases with higher aspect
ratios as illustrated by the isotherms in Fig. 12(d).

3.6. Heat transfer results
The cavity Nusselt number defined as the sum of
the lower block and the upper block Nusselt numbers
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was determined by numerical integration of the given
expression. Figures 13(a) and (b) provide the time
history of the tower block, upper block, and the cavity
Nusselt number for Rayleigh numbers of 10* and 107,
respectively. The numerical results were obtained for
the cases with the lower and upper block temperatures
of 1, aspect ratio of 0.5, and air as the working fluid.
As indicated by the above figures, an overshooting of
the maximum Nusselt number for both blocks above
their corresponding steady state values is observed.
These overshootings are followed by damped oscil-
lations (these oscillations are more pronounced for
Ra = 10% around their steady state values. The nature
of these type of oscillations and their relation with
a central vortex oscillation inside the cavity are
thoroughly analyzed in ref. [9].

The lower block Nusselt number is greater than the
upper Nusselt number for the case of Ra = 10* while
for Ra = 10°, the upper block Nu has the higher value
as seen in Fig. 13(b). This very interesting phenom-
enon can be explained through a chain of physical
events based on Figs. 4(b) and 5(a). First, because of
the relatively small driving forces associated with the
case of Ra = 10% the thermal boundary layer along
the lower block is not fully established. This causes a
rise in temperature of the fluid everywhere in the lower
half of the open cavity. It should be noted that, the
heat transfer from the upper block is mainly by con-
duction in the thermally stratified region. Therefore,
for the case of Ra = 10%, when an already preheated
flow from the lower block which is established as a
result of this overall temperature rise, passes over the
upper block, its heat removal potential is decreased.
Consequently, because of smaller vertical temperature

b)

:

FIG. 12. Streamlines and isotherms for 8, =1, Pr=0.71, Ra = 10°: () 4 =025, (b)) 4 = 0.5, () A = |,
(d) 4 = 2 at steady state.
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gradients along the upper block than the cor-
responding ones along the lower block, the upper
block Nusselt number becomes less than the lower
block Nusselt number. However, as the Rayleigh
number increases (Ra = 10%), the thermal boundary
layer along the lower block becomes more pro-
nounced. It is within this layer that most of the
heat transfer takes place leaving part of the open
cavity filled with the colder incoming fluid. Therefore,
the temperature drop in the thermally stratified region
along the upper block becomes more pronounced as
it can be seen by the presence of almost four isotherms
in the stratified region for the case of Ra = 10° as
compared to the two isotherms present in the case
of Ra = 10% This effect in turn causes the vertical

temperature gradient along the upper block to be
greater than that of the lower block. Hence, the upper
block Nusselt number becomes higher than the lower
block Nusselt number for Ra > 10°. Also as expected,
the initial overshoot in the cavity Nusselt number
starts earlier in time and is steeper for higher Rayleigh
numbers. This is because the time that it takes to heat
up the fluid particles along the lower block
is decreased, due to steeper temperature gradients, as
the Rayleigh number is increased.

Figure 13(b) also depicts the oscillations that occur
in the Nusselt number variations as a function of
time. As discussed earlier, these oscillations in the time
history of Nusselt numbers are due to the existence of
thermal instabilities caused by the two driving mech-
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anisms acting on the incoming flow in the early stages
of the flow development. As it can be seen, the ampli-
tude of oscillations is higher for the upper biock Nus-
selt number compared to the corresponding values for
the lower block. The increase in amplitude is because
the flow along the upper block starts after the flow
has passed over the lower block. Therefore, the insta-
bilities which had been introduced after the flow had
passed over the lower block are further increased
when the flow passes over the upper block.

Figure 14 presents the Prandtl number effects on
heat transfer characteristics of the natural convection
in an open-ended cavity. The time history of the cavity
Nusselt number is obtained for the cases with the
lower and upper block temperatures of 1, aspect ratio
of 0.5, Rayleigh number of 10°, and three different
Prandtl numbers. The same phenomenon of an over-
shooting of the cavity Nusselt number followed by
damped oscillations around a steady state value is also
observed for cases with higher Prandtl numbers. As
it can be seen from Fig. 14, the initial overshoot of
the cavity Nusselt number becomes steeper and starts
earlier in time for higher Prandtl number cases. This
is expected since as a result of higher velocities associ-
ated with the incoming flow for higher Prandtl
numbers, the heating period of the fluid particles
traveling along the lower block decreases. An interest-
ing phenomenon which is clearly depicted in Fig. 14,
is that while the Nusselt number becomes steeper and
starts its overshoot earlier in time, the damping of
the oscillations, due to the stronger viscous forces
becomes more effective for higher Prandtl numbers.

Figure 15(a) presents the time history of the cavity
Nusselt number for different temperature ratios. As
can be seen from Fig. 15(a), the cavity Nusselt
number increases as the upper block temperature
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increases. However, interestingly enough, the fre-
quency and the amplitude of oscillations in the cavity
Nusselt number decreases resulting in an earlier
approach to steady state for higher values of §,. The
reason for the aforementioned behavior can be traced
back to the presence of a more pronounced thermally
stratified region along the upper block for the higher
values of 6,. Therefore, in essence, for the higher
values of 8,, the more established stratified region has
a more stabilizing effect on the flow which is passing
through the cavity. The influence of aspect ratio on
the heat transfer characteristics within the cavity is
shown in Fig. 15(b). The results show that, as the
aspect ratio increases the cavity Nusselt number in-
creases. As seen from Fig. 15(b), the period of time for
the oscillations decreases while the amplitude of the
oscillations increases with an increase in aspect ratio.
Table 1 presents a summary of the lower block,
upper block, and the cavity Nusselt numbers at steady
state and pseudo steady state cases. As clearly shown
by the tabulated results, the cavity Nusselt number
increases with an increase in Rayleigh number, an
increase in Prandtl number, an increase in tem-
perature ratio, and an increase in aspect ratio. This
trend is followed by both the upper block and the
lower block Nusselt numbers. It should be mentioned
that as the temperature ratio increases, the heat trans-
fer from the upper block increases significantly
because of the larger vertical temperature gradients
along the upper block while the heat transfer from the
lower block remains almost unchanged. This can be
traced back to the flow over the lower block which
does not experience any noticeable changes as the
upper block temperature increases. Hence, the vertical
temperature gradients along the lower block do not
change significantly as seen in Figs. 11(a)—(c).
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FIG. 14. Time history of the cavity Nusselt number for , = 1, 4 = 0.5, Ra = 10° and 0.71 < Pr < 100.
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4. COMPARISONS

The validity and the accuracy of the numerical
scheme were checked against two different sets of prob-
lems. These were the buoyancy-driven flow in enclos-
ures with differentially heated walls and the natural
convection in square open cavities with insulated top
and bottom walls. In the first case, the results for
Rayleigh numbers of up to 10° are compared with the
benchmark solution prepared by De Vahl Davis [10].
The qualitative agreement of the calculated maximum
stream function and the Nusselt number with those of
the benchmark solution was very good. Comparisons
were also done for a range of different Prandtl num-

bers and aspect ratios. This was done by using the
heat transfer relationship reported by Catton [11].
This relationship is one of the few reliable correlations
that incorporates Prandtl number effects. Again, our
calculated Nusselt numbers compared quite favorably
with the above-mentioned correlation. Comparison
for the first set of problems were also made for a range
of Rayleigh numbers that were higher than those com-
monly reported in the literature. The streamline con-
tours and isotherms for Ra = 4 x 10® showed a very
good qualitative agreement with the corresponding
contours reported in Paolucci and Chenoweth [12].
In the second set of problems, comparisons were
first made with the work of Chan and Tien [3] for a
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Table 1. Cavity Nusselt number as a function of relevant parameters

A=025

A4=05

A=1

Ra

10° 0.71

10 1.616
1.857
—0.241
4.232
2.990

1.242

10° 4.176
2435
1.741

2x10°

3x10°

3.737
1.822
1.915
7.116
2.953
4.163

11.952
4.920
7.032

9.088
3.823
5.265

3.964

8.042-8.060

3.669-3.674
4.368-4.389

5x10°

8.656-9.812

3.990-4.350
4.410-5.656

10° 7.0
104
10°

10

10°

1.532
0.973
0.561
3.627
2.274
1.169
7.312
3.710
3.602
3.730
2.374
1.3513
7.687
4.174
3.513

?The cavity Nusselt number.
b The lower block Nusselt number.
“The upper block Nusselt number.

range of Rayleigh numbers Ra < 10%. The numerical
results were in very good agreement, both quali-
tatively and quantitatively with their results for the
same range of extensions in the far field bound-
ary conditions. For this type of geometry, quali-
tative comparisons were also made with the work of
Penot [1)].

Quantitative comparisons with the experimental
correlation presented by Catton [11], numerical solu-
tions given by De Vahl Davis [10] and the numerical
solutions presented by Chan and Tien [3] are sum-
marized in Table 2. The experimental correlation
given in Catton’s [11] work by

PrRa, PB|H]| ¥
Nu,_ =0.22 [m] z‘

2< H{L <10, Pr<10° Ra, <10'

and De Vahl Davis’s [10] numerical results were based
on a closed cavity while Chan and Tien’s [3] results
are based on an open cavity. It should be noted that
for the open cavity geometry Chan and Tien’s [3]

for

work constituted the only set of results that we could
make a quantitative comparison with. We could only
make qualitative comparisons with the work of Penot
[1] due to a lack of specific information needed to
make a quantitative comparison. The same problem
existed with the results given by LeQuere et al. [2].
For example, in Penot’s work [1] there is no explicit
information about the Nusselt number distribution or
the flow field and though this is the only open cavity
work that presents any transient results it contains
only one figure which pertains to any type of transient
results (with no related discussions). The afore-
mentioned figure cannot really be considered as a
transient result since it only presents a qualitative
description of the Nusselt number up to just a few
Ar’s. An overall accuracy check was also done on the
problem by using the global energy balance. Assuming
the temperature gradients and the excess temperatures
(above the ambient temperature) around the per-
iphery of the computational domain are negligible
and integrating the energy equation from =0 to
Lsieady sure WE Were able to show that the overall energy
balance is indeed satisfied.



The effects of sharp corners on buoyancy-driven flows with particular emphasis on outer boundaries

2327

Table 2. Comparisons between related previous experimental and numerical results and the present work

Percentage
Ra Pr H/L Source Nu (source) Nu (our results) Geometry  difference (%)
489.744 0.71 4 a 5.68 5.62 Cavity 1.06
785.904 0.71 4 e 6.49 6.48 Cavity 0.15
1056267 0.71 4 ‘ 7.05 7.09 Cavity 0.56
1000 1 1 6 1.117 1.116 Cavity 0.09
10000 1 1 b 2.238 2.242 Cavity 0.18
100000 1 1 6 4.509 4.522 Cavity 0.29
1 000 000 1 1 b 8.817 8.85 Cavity 0.39
1000 1 1 < 1.07 1.07 Open cavity 0
10000 1 1 € 341 3.44 Open cavity 0.88
100000 1 I ¢ 7.69 7.78 Open cavity 115
1000000 1 1 ¢ 15 15.5 Open cavity 33
10 000 000 l 1 ¢ 28.6 29.6 Open cavity 35
100 000 000 1 1 ‘ 56.8 576 Open cavity 14

" “ Experimenta! correlations (Catton [11]).
® Numerical solutions from DeVahl Davis [10].
“ Numerical solutions from Chan and Tien [3].

5. CONCLUSIONS

The transient behavior of the flow field and the heat
transfer characteristics inside the open-ended cavity
and its surroundings are thoroughly investigated in
this work. The influences of the external corners on
the flow pattern and the heat transfer process and the
importance of the far field boundary conditions, their
extensions, and the interaction between the con-
trolling parameters are explored.

The numerical results show that the flow charac-
teristics are quite sensitive to the location where the
boundary conditions are applied. It was found that
the extent of the enlarged computational domain has
a more pronounced effect on the results than earlier
anticipated by other investigators. The results show
that the flow and heat transfer characteristics inside
the open-ended cavity and in its immediate sur-
roundings do not change significantly provided that
the computational domain is extended at least 60 times
the cavity height for cases with high Rayleigh
numbers. The significant effect of the sharp corners
on the flow field and heat transfer process in the open-
ended cavity is shown via the vorticity generation and
the introduction of the flow instabilities.

The transient behavior of the flow field is char-
acterized by the secondary recirculating flow for-
mation along the lower block in addition to the pri-
mary flow inside the open-ended cavity. The creation
of the secondary recirculating flow and the primary
flow, their interactions, fluctuations in their strengths,
and their approach towards the steady state are dis-
cussed at length. The opposing interactions between
the ‘suction mechanism’ and the ‘buoyant mechanism’
leading to the introduction of oscillation in the heat
transfer process are analyzed. The transient results
show that the damping of the oscillations decreases
with an increase in Rayleigh number while it

increases for larger Prandtl numbers. The transient
results also show that the frequency and amplitude of
the oscillations in the heat transfer process decrease
with an increase in the upper block temperature.
Furthermore, it is also found that the amplitude of
oscillations increase with an increase in the aspect
ratio.
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EFFET DES BORDS EFFILES ET DES CONDITIONS AUX LIMITES SUR LES
ECOULEMENTS FLOTTANTS

Résumé—On discute des effets des bords effilés et des conditions aux limites éloignées sur la génération des
tourbillons et des instabilités. L'importance des conditions aux limites et I'interaction entre les variables
opératoires sont discutées et une analyse en profondeur est présentée pour l'écoulement du fluide et
I'interaction des tourbillons dans une cavité ouverte. La formation d’une région stratifiée thermiquement
et son rdle dans les instabilités thermiques sont discutés. Le comportement variable du champ d’écoulement,
4 travers la formation des tourbillons et les interactions en opposition, est étudié a travers les mécanismes
de flottement et de succion qui conduisent a un vortex central oscillant, a une survitesse et 4 des oscillations
dans les mécanismes thermiques. Enfin, les effets des paramétres géométriques et thermophysiques ainsi
que I'influence du nombre de Rayleigh et de niveaux différents de température sont étudiés a fond.

EINFLUS VON SCHARFEN ECKEN AUF FREIE KONVEKTIONSSTROMUNGEN
UNTER BESONDERER BERUCKSICHTIGUNG DER AUSSEREN BERANDUNG

Zusammenfassung—Der EinfiuB von scharfen Ecken und der Randbedingungen auf die Wirbelbildung
und Stromungsinstabilititen wird untersucht. Ausfiihrlich wird auf die Bedeutung der Randbedingungen
und die Wechselwirkung zwischen den Kontrollvariablen eingegangen. Eine tiefgreifende Analyse der
gegenseitigen Beeinflussung von Stromung und Wirbelbildung in einem offenen Kanal wird priisentiert.
Die Ausbildung eines thermisch geschichteten Gebiets und seine Rolle bei der Entstehung von thermischen
Instabilitdten wird diskutiert. Das zeitliche Verhalten des Strémungsfeldes bei der Bildung von Wirbeln
und den gegensitzlichen Auswirkungen der Auftriebs- und Saugmechanismen, die zu einem oszillierenden
Zentralwirbel, einem UberschieBen und zu Oszillationen bei der Wirmeiibertragung fiihren, wird analysiert.
AbschlieBend werden sowohl die Einfliisse der geometrischen und thermophysikalischen Parameter als
auch der EinfluB der Rayleigh-Zah! und verschiedener Temperaturniveaus umfassend untersucht.

HCCNENOBAHHE BJIMAHUA OCTPBLIX YIJIOB HA CBOBOJHOKOHBEKTHBHOE
TEYEHHE C VYETOM BHEHNIHUX I'PAHULL

Amsoramms—HccnenyeTca BAHAHHE OCTPHIX YIJIOB M IPAaHHYHBIX YC/IOBHMH B NPHOMHKEHHH JaJIbHErO
noJs Ha BUXpeoOpa3oBanHe H HEYCTORYHBOCTD TeucHUA. O6CyRaaeTcs poib FPAHAYHEIX YC/IOBRIt B yKa-
3aHHOM OPHGIHAKCHHH K B3aHMONCHCTBHE MEXAY KOHTPONHDPYIOLMMH BETHYHHAMH, H NPOBOOHTCA
TIUATC/ILHBIA aHAIA3 TCHECHHA BHXpeil B HE3AMKHYTHIX nosnocTax. M3ydaerca 06pa3oBanHie TEPMHUYECKH
crpatHuKpoBanKoft 061aCTH H ¢ HEMOCPEACTBCHHOE BAMSHHUE HA TEIUIOBYIO HEYCTONYHBOCTD. AHAIN-
3UPYIOTCA HECTAUHOHAPHOCTh MOJA TCYCHHA B MNpolecce BHXpeobpa3oBaHHs M NMpOTHBOACHCTBHE
NOZBLEMHON CHJIH H OTCOCA, NMPOBOIKIUMX K BO3HHKHOBCHHIO MYJLCHPYIOWIErO LEHTPANLHOTO BHXpA, a
TaKke K BapbHPOBaHHIO H koncGanmsM mponecca Terutonepenoca. [oapo6uo HecnenyioTcs a Takxe
ancsia Pasies u pasnuvHbIX ypoBHelt TemnepaTyp.



