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Abstract

The effects of vent aspect ratio on oscillatory flow regime through a horizontal opening were studied numerically. The physical model
consisted of a vertical rectangular enclosure divided into two chambers by a horizontal partition. The partitions contained a slot that
connected the two chambers. The upper chamber contains cold air and the lower chamber contains hot air. A density differential due
to the different temperatures drives the interaction between the two chambers. The opposing forces at the interface between the two
chambers create a gravitationally unstable system, and an oscillating exchange of fluid develops. Results were obtained for cases with
L/D = 1, 0.5, and 2.0, where L represents the thickness of the partition and D represents the slot width of the opening in the partition.
Results indicate that the flow exchange increases with partition thickness L/D = 0.5 and decreases for L/D = 2. The frequency of the
oscillatory flow pattern is also examined for the different cases. Sudden bursts of upflow with a corresponding downflow have been doc-
umented and compared with experimental observations in the literature. The time traces of velocity and temperature fields for this flow
regime reveal interesting mechanisms, which have been explained.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The problem of natural convection heat and mass trans-
fer has been studied extensively by many authors (see [1]).
The problem of natural convection in enclosures with the
top plate colder than the bottom plate has been treated
extensively in the literature as well. However, the problem
of heavier fluid on top of lighter fluid separated by a nar-
row vent has not been dealt with analytically or numeri-
cally. Such a flow configuration occurs in large ships and
buildings where elevator shafts, stairwells, service shafts,
etc. can act as vents connecting two floors. The flow in
these vents is buoyancy-generated due to a fire in the bot-
tom enclosure or due to leakage of contaminant gases. It is
known that the worst killer in fires is the smoke inhalation
because of the toxic gaseous species. In a context of world-
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wide concern about fire safety, engineers pay more and
more attention to the smoke management in buildings.
When focusing on how to conserve safety in buildings dur-
ing a fire catastrophe, the first thing that comes to mind is
to evacuate the smoke and heat released by the fire; there-
fore research is being done on optimization of the smoke
evacuation design. Predicting the smoke characteristics in
a building subject to a fire are depends on the geometry
of the fire compartment, type of fire, the ambient condi-
tions outside the buildings, etc. [2]. A literature review in
numerical modeling of movement and behavior of smoke
produced from fires in tunnels can be found in Kashef
et al. [3]. The transient flow of gases may have several
modes and the heat transfer mechanism is of interest espe-
cially when the flow becomes oscillatory. Early studies of
flow through apertures connecting two enclosures were
limited to openings in vertical partitions. The fundamental
deference between flow through a vent in vertical partition
and the flow through a horizontal partition is the stable
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Nomenclature

D width of the vent
g acceleration due to gravity
H1 width of the enclosure
H2 height of the enclosure
L height of the vent
L/D vent aspect ratio
Nu Nusselt number
p total pressure less the hydrostatic pressure
P dimensionless pressure = p/(qa2/L2).
Pr Prandtl number
Ra Rayleigh number = gbDTL3/ma
Racritical critical value of Ra for onset of flow through the

vent
ReD densimetric Reynolds number = VDH/m
t time
tc time constant
T temperature
Tcold, Tc

initial temperature of fluid in upper chamber
Thot initial temperature of fluid in lower chamber
Tref reference temperature
DTi initial temperature difference between upper and

lower chamber
u,v components of velocity in x and y directions,

respectively

U,V dimensionless components of velocity in x and y

directions, respectively
x,y horizontal and vertical coordinates
X,Y dimensionless horizontal and vertical coordi-

nates

Greek symbols

a thermal diffusivity of the fluid
b coefficient of thermal expansion of the fluid
m kinematic viscosity of the fluid
h dimensionless temperature = (T � Tref)/DTi

hav ¼ T ðtÞav�T c

DT i
instantaneous averaged non-dimensional-

ized temperature on left and right side walls
hb ¼ T ðtÞb�T c

DT i
instantaneous bulk (mass weighted aver-

age) non-dimensionalized temperature along a
cross section on the center of the vent at L/2

q0 reference density of the fluid
s = ta/L2 dimensionless time
Wb = Vbmag/Vmax instantaneous mass weighted average

velocity magnitude along a cross section located
at the center of the gap i.e. at L/2. This velocity
is normalized by the maximum velocity magni-
tude along the same location, where the maxi-
mum velocity magnitude is the highest velocity
magnitude found on the domain at any time
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stratification of fluid in the former case while the configu-
ration is unstable for later. In spite of this fundamental dif-
ference, these studies offer a unique insight into flow
mechanisms through apertures and different methodologies
available to model them. Some of the prominent studies are
reported here.

Prahl and Emmons [4] conducted an experimental and
theoretical study of the fire induced flow through an open-
ing in vertical partition. The experiments involved steady
flows through a single opening with reduced scale kero-
sene/water analog. Inflow and outflow orifice coefficients
were determined and found to be significantly different at
low values of Reynolds number based on flow height but
reached an asymptotic value of approximately 0.68 at large
values of Reynolds number.

In the same year Leach and Thompson [5] carried out an
experimental investigation of flows in horizontal circular
tubes. For the whole range of 0.5 6 L/D 6 9.4 and 3 �
104
6 Re 6 1.5 � 105 investigated, they found that CD =

0.09, a constant independent of L/D and ReD. A large-scale
experiment with carbon dioxide and water as working flu-
ids was used to verify the above results for gases. They also
investigated the forced flow rate requirements to prevent
the counter current flow in the tube.

Brown [6] was first to study flow through square open-
ings in horizontal partition with heavier fluid above the
partition both analytically and experimentally. In his anal-
ysis, he assumed that all heat transfer is due to advection
only and no mixing occurs within the vent. Assuming fric-
tion to be negligible, he invoked the Bernoulli’s equation to
predict that Nusselt number is proportional to product of
square root of Grashof number and Prandtl number, the
reference length being height of the vent. Brown and Salva-
son [7], did a similar analysis for a vent in a vertical parti-
tion to derive a theoretical relationship between Nu and Gr.
An experimental study was reported by Epstein [8] of buoy-
ancy driven exchange flow through small openings in hor-
izontal partitions for the same geometric configuration as
this study, Experimental apparatus consisted of two enclo-
sures, one on top of the other, with brine and fresh water as
working fluids. The study concentrated on finding the effect
of height to diameter aspect ratio of the vent (L/D) on the
dimensionless exchange flow rate as defined by Mercer and
Thompson [9] in their study on inclined ducts. Four differ-
ent flow regimes were identified as L/D was varied from
0.01 to 10. The first of these was named oscillatory
exchange flow regime where plumes of fluids periodically
broke through the opening. He used Taylor’s wave theory
to predict the motion of the interface and showed that the
Froude number is a constant for this regime. Second flow
regime was called the Bernoulli flow regime due to the fact
that data showed same trends as predicted by Brown [6].
For this regime, he found that Froude number, Q =
0.23(L/D)1/2 (length/width of the vent). For large L/D,
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the flow rate was observed to be smaller than the other two
regimes due to violent mixing within the vent. He used an
analysis similar to that reported by Gardner [10] to provide
correlations for his regime. An intermediate regime was
also identified having combined characteristics of turbulent
diffusion and Bernoulli flow.

Brine–Water analog was also studied experimentally by
Conover and Kumar [11] and Conover et al. [12] studied
experimentally the buoyant countercurrent exchange flow
through a vented horizontal partition using a two-compo-
nent laser Doppler velocimeter. Detailed measurements of
velocity were made a small distance above a circular tube
with an aspect ratio of 1. Even for this aspect ratio and a
Reynolds number ranging between 2400 and 7700, the mix-
ing in the vent was found to be turbulent and unsteady. He
also found that the flow coefficient was nearly constant for
a Reynolds number as low as 2400. This finding was in con-
trast with the work of [13] and [14] who showed that
exchange flows reached self similarity only for Reynolds
number greater than 10,000. Tan and Jaluria [15] and Jal-
uria et al. [16] studied cases where the vent flow was gov-
erned by both pressure and density differences across the
vent.

Myrum [17] conducted heat transfer experiments using
water in a top-vented enclosure heated by a disk on the
enclosure floor. He observed four modes of flow, which
were unstable and oscillated randomly from one to the
next. More on this flow situation will be given in the results
and discussion section.
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A numerical study of unsteady buoyant flow through a
horizontal vent placed slightly asymmetrically between two
enclosed vents was performed by Singhal and Kumar [18].
A numerical investigation of countercurrent flow exchange
through a vent in horizontal partition is performed by Spall
and Anderson [19] for an infinitesimally thin partition.
Harrison and Spall [20] studied numerically effects of
axisymmetric partition thickness on counter current
flow with water as the working fluid. They concluded that
the flow exchange increases with increasing partition thick-
ness over the range of 0.0376 < = L/D < = 0.3, and
decreases in the range of 0.3 < = L/D < = 1. In their study
the dimensions of the enclosure were fixed, while only the
thickness of the partition is varied over a range of up to
1 only.

In all studies discussed above, only high Ra number
ranges were investigated so that the effect of viscosity could
be neglected and in general, flow coefficient or Froude
number was considered a function of L/D only, indepen-
dent of the driving potential. Also, the scaled brine – fresh
water models used may not give comparable results to full
scale air models due to large changes in the Prandtl number
and the Schmidt number values at low Ra. Therefore, these
models may not be applicable to the Ra of 10,000 investi-
gated in this study.

An earlier study by the authors, Kumar et al. [21] iden-
tified the different flow regimes encountered for small to
high Rayleigh number in a vented enclosure and discussed
the physical mechanisms using the time trace of tempera-
ture and fluid flow results for a vent aspect ratio of one.

The objective of this study is to identify the effect of
decreasing vent aspect ratio L/D to 0.5 and increasing it
to 2 on the flow regimes found for the case of L/D = 1
for the same Ra = 10,000. The flow exchange between
enclosures for L/D = 0.5, 1 and 2 is studied as well.
2. Governing equations and formulation

The time dependent governing equations for the lami-
nar, two dimensional flow were derived from fundamental
laws of conservation of mass, momentum and energy and
are presented as follows:
L and a/L are used to normalize length and velocity respec-
tively, a/L2 to non-dimensionalize time and DTı to non-
dimensionalize temperature.

The transient calculation approach considered in this
study is not using the Boussinesq model that treats density
as a constant value in all solved equations, except for the
buoyancy term in the momentum equation. Instead the
approach used here is that the initial density is computed
from the initial pressure and temperature, so the initial
mass is known. As the solution progresses over time, this
mass will be properly conserved. When this approach is
used the operating density, q0 must appear in the body-
force term in the momentum equation as (q � q0)g. The
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definition of the operating density q0 is thus important for
this buoyancy driven flow.

No slip conditions were used for velocity boundary con-
ditions at all walls including the vent walls. Initially fluid is
at rest everywhere in the domain, therefore velocity compo-
nents were set equal to zero at non-dimentionalized time
s = 0. All the walls were treated adiabatic and hence the
normal gradients of temperature were set equal to zero at
all fluid-wall interfaces. At s = 0, the lower chamber con-
tains hot fluid with h = 1, while the upper chamber and
the vent contain cold fluid with h = 0. The flow parameters
of interest are Ra and Pr. Pr is maintained constant at 0.7.
Referring to Fig. 1, the geometric parameters are vent
aspect ratio, L/D, H1/L and the enclosure aspect ratio,
H1/H2. In this study these parameters are given in Table
1. Geometry for case 2 with L/D = 0.5 was achieved by
scaling geometry of case 1 by a factor of 0.5 in the vertical
(Y) direction. Similarly, geometry for case 3 with L/D = 2
was achieved by scaling geometry of case 1 by a factor of 2
in the vertical (Y) direction. For all three cases Ra was kept
equal to 10,000.

Although the problem of natural convection in a hori-
zontal cavity with bottom heating is highly three dimen-
sional, it can be treated as two-dimensional problem for
very long vents, which is the case considered in this paper.
L

D

@ τ = 0, θ = 0.0

H1

H2

H2
@ τ = 0,  U = 0, V = 0

@ τ = 0, θ = 1.0

@ τ = 0,  U = 0, V = 0

Adiabatic walls

g

Fig. 1. Schematic diagram of the model.

Table 1
Investigated parameters

L/D H1/L H1/H2

Case 1 1 10 1
Case 2 0.5 20 2
Case 3 2 5 0.5
3. Numerical procedure

Eqs. (1)–(4) are discretized over the computational
domain using a control volume approach as documented
in FLUENT documentations. Another approach for dis-
cretization can be found in Patankar [22]. The resulting
algebraic equations for velocity components and tempera-
ture were solved using SIMPLE algorithm, which involves
the use of pressure correction equations for enforcing mass
conservation. FLUENT Code is used for this simulation.
Segregated solver with first order implicit unsteady formu-
lation is employed for this study. The air properties i.e.
density, thermal conductivity, specific heat and dynamic
viscosity are varied as a piecewise functions of temperature.
By default, the solver will compute the operating density,
q0 that appears in the body-force term in the momentum
equations as (q � q0)g, by averaging over all cells. The dis-
cretization schemes used are second order for pressure,
SIMPLE for pressure–velocity coupling and second order
upwind for momentum and energy. The under-relaxation
factor is 0.3 for pressure, 1 for density, body forces and
energy and 0.7 for momentum. The code was tested by
the authors in Ranganathan Kumar et al. [21] against cer-
tain benchmark solutions to validate the results. The pre-
dicted results were within 3% of these benchmark solutions.

Fig. 2 shows the numerical grid generated for this study
using Gambit grid generator. Since FLUENT is an
unstructured solver, it uses internal data structures to
assign an order to the cells, faces, and grid points in a mesh
and to maintain contact between adjacent cells. It does not,
therefore, require i, j,k indexing to locate neighboring cells.
This gives the flexibility to use the grid topology that is best
for the problem, since the solver does not force an overall
structure or topology on the grid. For the 2D problem con-
sidered here, quadrilateral cells are used to form multi-
block structured mesh. More details on grid generation
are provided in FLUENT documentation. A grid indepen-
dent study is performed using three non-uniform grid dis-
Fig. 2. Numerical grid.
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tributions: coarse grid with 91 � 63 grid points used for
every enclosure and 21 � 13 grid points used for the vent,
medium grid with 133 � 91 grid points used for every
enclosure and 31 � 19 grid points used for the vent and fine
grid with 201 � 135 grid points used for every enclosure
and 47 � 29 grid points used for the vent. The results for
temperature and the two components of velocity at the cen-
ter of the vent and at different locations inside the two
enclosures for different Ra values were compared using
all three grids. The maximum difference in temperature
and velocities between coarse and medium grids found to
be less than 1.5% when results from both grids are com-
pared over the full time domain. The maximum difference
between medium and fine grids found to be less than
0.2%. Finally, the non-uniform grid of 133 � 91 grid points
was used for every enclosure and a grid of 31 � 19 grid
points was selected for the vent with 7 grid points are clus-
tered near every sidewall inside the boundary layer. One
complete unsteady solution for one geometry and average
Rayleigh number involved computation of up to 70,000
time step with approximately 30–40 iterations for every
time step to have more confidence in results although a
convergence usually is achieved after 10–15 iterations.

Convergence criteria were set to ensure converged
results for continuity, X-velocity, Y-velocity and energy.
A solution was assumed converged if the maximum scaled
residuals of the continuity, X-velocity, Y-velocity and
energy are 10�3, 10�5, 10�6 and 10�7, respectively. The
residual is scaled using a scaling factor representative of
the flow rate of / through the domain. This scaled residual
is defined as

R/ ¼
P

cells Pj
P

nbanb/nb þ b� aP/P jP
cells PjaP/P j ð5Þ

For the momentum equations the denominator term ap /p

is replaced by ap vp, where is the magnitude of the velocity
at cell P.

The scaled residual is a more appropriate indicator of
convergence. For the continuity equation, the solver’s
scaled residual is defined as

Rc
iterationN=Rc

iteration5 ð6Þ

The denominator is the largest absolute value of the conti-
nuity residual in the first five iterations.

For the enclosure under consideration, a fixed time step-
ping method is used for time marching scheme. The time
step used was based on estimating the time constant as
Bejan [23]:

tc ¼
L
U
� L2

a
ðPrRaÞ�1=2 ¼ Lffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

gbDT iL
p

where L and U are the length and the velocity scales,
respectively.

Then the time step is determined such that Dt ¼ tc
20

. Note
that this time step value used in this study is five times less
than the recommended time step in open literature to
ensure time convergence. After oscillations with a typical
frequency have decayed, the solution reaches steady state.

The time step independence was tested prior to obtain-
ing solution for the desired problem. The time independent
study is established by tracking the changes in temperature
and the two components of velocity at a point located at
the center of the vent by increasing and decreasing the time
step for all cases of Ra studied. Decreasing the time step
from Dt ¼ tc

20
to Dt ¼ tc

25
resulted in less than 0.05% differ-

ence in temperature and velocities when results from both
time steps are compared over the full time domain. Increas-
ing the time step from Dt ¼ tc

20
to Dt ¼ tc

15
resulted in less

than 0.1% difference in temperature and velocities when
results from both time steps are compared over the full
time domain. Based on this, the time step used for all sim-
ulations is Dt ¼ tc

20
. Fig. 3 shows sample convergence plots

of the scaled residual for Ra = 10,000 at different time
steps.

4. Quantities of interest

The Rayleigh number was defined as Ra = (gbDTiL
3)/

ma, where DTi, is the initial temperature difference between
the two enclosures (i.e. at s = 0). As the interaction
between the fluids in the two enclosures proceeds with time,
the effective driving potential is the temperature difference
across the vent and not DTi. Magnitude of the temperature
difference across the vent decreases with time. Therefore,
new quantities need to be defined which would reflect this
change in driving potential with time. To this end, we
define the following quantities:

(1) Instantaneous averaged non-dimensionalized temper-
ature (hav) on left and right side walls of the vent
defined as: hav ¼ T ðtÞav�T c

DT i
. Thus (hav) will vary from 0

to 1.
(2) Instantaneous bulk (mass weighted average) non-

dimensionalized temperature (hb) along a cross sec-
tion on the center of the vent at L/2 defined as:
hb ¼ T ðtÞb�T c

DT i
. Thus (hb) will vary from 0.0 to 1.0.

(3) Instantaneous mass weighted average velocity magni-
tude (Wb) along a cross section located at the center
of the gap i.e. at L/2. This velocity is normalized by
the maximum velocity magnitude along the same
location (Wb = Vbmag/Vmax), where the maximum
velocity magnitude is the highest velocity magnitude
found on the domain at any time. Thus (Wb) will vary
from 0.0 to 1.0. All quantities described above are
then calculated at every time step through out the
simulation.

5. Results and discussion

The interaction between the two enclosures takes place
through the vent and the flow patterns within the vent
determine the mode of heat transfer and the rate of heat



Fig. 3. Scaled residuals for Ra = 10,000, time = 4616 s and L/D = 1.
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and mass transfer across it. These flow patterns in the vent
are dependent on the vent geometry, the magnitude of the
buoyancy force which drives the flow across it and to a
great extent the flow patterns in enclosures themselves.
The last category mentioned above makes the flow config-
uration difficult to analyze. However, from the results pre-
sented, an attempt has been made to explain the localized
phenomena. Based on the mode of heat transfer and the
associated flow characteristics, three categories have been
identified by the authors in previous work [21] for L/
D = 1. These are the conduction regime, the countercurrent
regime and the oscillatory regime. The Rayleigh number as
explained below largely governs these regimes. In this study
the effect of vent aspect ratio is studied for fixed initial
Ra = 10,000, which is found to be an oscillatory flow
regime for the case of L/D = 1.

5.1. Baseline case of L/D = 1

Fig. 4 shows overall velocity field and Fig. 5 gives a
magnified view of the velocity field in the vent for the case
of L/D = 1. At s = 1.35 the oscillatory flow regime is dom-
inating, which is characterized by sudden bursts of both
upflow and downflow. At s = 2.31 the flow still oscillatory
but with higher frequency as shown in Fig. 6. At s = 14.37
the flow regime is starting to change to counter current. At
this time the flow in upper and lower enclosures is not sym-
metrical yet. The symmetry is achieved around s = 42
where the flow regime becomes conduction one. The con-
duction flow regime continues until the flow comes to com-
plete rest at high s values.

The average temperature of the right and left walls of
the vent and the mass weighted average temperature in
the vent are shown by Figs. 7–9, respectively. The differ-
ence in temperature between left and right walls at L/
D = 1 is obvious and is a result of the unsymmetrical flow
patterns inside the vent, especially for the oscillatory flow
regime.

5.2. Case of L/D = 0.5

Figs. 10 and 11 show overall velocity field and magnified
view of the velocity vectors inside the vent for L/D = 0.5.
At low s = 0.8 the heavier and slower flow from the top
enclosure tends to penetrate through the vent towards the
lower enclosure. The resistance from the lighter hotter fluid
in the lower enclosure is increasing until finally it penetrates
to the upper enclosure at s = 4.3. At this time level the
highest velocities are found in upper enclosure. At
s = 10.73 the fluid of the upper enclosure is trying to resist
to penetrate to the lower enclosure where at this time level
the highest velocities are found in lower enclosure. It is
found that the flow at this L/D = 0.5 does not have that
signs of oscillatory flow regime observed for L/D = 1
where a large vortex formed in the vent. Instead the flow
is oscillating with higher frequency between the two enclo-
sures until it reaches the conducting flow regime at high
time levels of s more than 50. The full symmetry of the flow
in the upper and lower enclosures is reached at time levels
of around s = 63.

5.3. Case of L/D = 2

Figs. 12 and 13 show overall velocity field and magnified
view of the velocity vectors inside the vent for L/D = 2.
The flow for this case is solely conducting at all time levels.
At low s = 0.135 the heavier slower flow from the top
enclosure tends to penetrate through the vent towards the
lower enclosure but the high resistance from the lighter
hooter fluid in the lower enclosure prevents its penetration.



Fig. 4. Overall velocity field for L/D = 1 (colored by velocity magnitude; m/s).
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The first mode of symmetry of the flow in the two enclo-
sures is reached at low s = 0.5. This symmetry is character-
ized by large vortex, which occupies the whole enclosure.
At s = 0.2 (not shown) a second vortex is starting to form
on the upper half of the upper enclosures as a results of the
motion of the flow, which is coming back from the vent
region. This flow, being not strong enough to travel all
the way to the upper wall of the upper enclosure, is turning
back at location above the center of the enclosure causing
two counter current vortices of different size and velocity.
At this time level no second vortex is found in the lower
enclosure. This second vortex in lower enclosure is starting
to appear only at s = 4 (not shown) and is completely
shaped at s = 10 (not shown). The flow in both enclosures
at all higher time levels is characterized by those four vor-
tices while the flow exchange in the vent is solely by
conduction.
This singular phenomenon of no flow at low Ra num-
bers is analogous to Benard convection problem. At
s = 0 fluid is at rest everywhere and the vent marks the
region of separation of large bodies of hot and cold fluid.
With respect to the vent, the denser fluid is at the top with
a natural tendency to exchange its place with the lighter
fluid at the bottom of the vent. However, this exchange is
inhibited by its own viscosity and for the flow to issue;
the adverse temperature gradient must exceed a certain
value. The onset of instability beyond a critical value of
the Rayleigh number has been thoroughly analyzed using
techniques such as linear stability theory and power inte-
gral method. Chandrasekhar [24] has presented a compre-
hensive treatment of the linear stability theory where he has
shown mathematically the thermodynamic significance of
Racritical. In his words: ‘‘Instability occurs at the minimum
temperature gradient at which a balance can be steadily
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Fig. 5. Magnified view of the velocity field in the vent for L/D = 1.
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maintained between the kinetic energy dissipated by viscos-
ity and the internal energy released by the buoyancy force”.
Racritical corresponds to the above-mentioned minimum
temperature gradient in conjunction with the dynamical
conditions at the two bounding planes. For the case of
rigid constant temperature surfaces, Racritical has been cal-
culated to be 1708, for one rigid and one free surface it is
1100 and for both free surfaces Racritical is found to be
658. The same line of reasoning can be applied to the flow
in the vent. This is justified if one takes a closer look at
Figs. 5, 11 and 13, which show a magnified view of velocity
vectors in the vent. The following observation can be made.
The magnitude of velocity in the vent for L/D = 2 is extre-
mely small as compared to those in the enclosures. In the
middle of the vent, velocities are negligible suggesting that
the fluid movement at the top and bottom edges of the vent
is due to bulk fluid motion in the enclosures. Two planes of
symmetry exist dividing the vent into four similar parts.
Several complications arise in this problem, which makes
stability analysis difficult. One is the effect of side walls
and the other is the influence of bulk fluid motion in upper
and lower chambers, the later being more complex than the
former. To date, several researchers have addressed the
issue of the effect of side walls on Racritical. First complete
analysis was given by Yih [25] for the stability of a viscous
fluid between insulated vertical plates. Davis [26] was the
first to consider the fully confined fluid. He used the Galer-
kin method for his analysis. Later Catton [27] improved on
his results and produced a chart for Racritical as a function
of H1 and H2 as parameters, where H1 and H2 are span-
wise dimension and depth, respectively. Both studies con-
sidered the side walls to be perfectly conducting walls.



Fig. 10. Overall velocity field for L/D = 0.5 (colored by velocity magnitude; m/s).

Fig. 11. Magnified view of the velocity field in the vent for L/D = 0.5.

Fig. 12. Overall velocity field for L/D = 2 (colored by velocity magnitude; m/s).
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Later, Catton and Edwards [28] performed an experimental
study on the effects of side wall on natural convection.
They were able to obtain Racritical. as a function of height
to width ratio for insulating as well as conducting lateral
walls. For an aspect ratio of 1.0 and insulating lateral
walls, they reported that Racritical was in the range of 1 �



Fig. 13. Magnified view of the velocity field in the vent for L/D = 2.
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104 and 2 � 104. They also developed a heat transfer
correlation.

On the second issue mentioned above regarding the
influence of bulk fluid motion in enclosures on the vent
no prior works exists. Figs. 7 and 8 give the change in
hav on right and left walls of the vent, respectively, as a
function of time. Instantaneous bulk (mass weighted aver-
age) non-dimensionalized temperature (hb) along a cross
section on the center of the vent at L/2 is given by Fig. 9
and the instantaneous mass weighted average velocity mag-
nitude (Wb) is shown by Fig. 6.

For very small values of s, a sharp gradient appears in
(Wb) because of the initial conditions imposed in the enclo-
sures. However, the flow adjusts itself quickly to decrease
this gradient as (hb) steadily decreases with time. Since all
the heat transfer is by conduction only, the average wall
temperature hav is having a constant value of about 0.5
for all values of s.

For L/D = 1 case, the countercurrent regime is charac-
terized by a down flow along approximately one half of
the vent and upflow along the rest to satisfy continuity.
One essential difference in the flow patterns between con-
duction and countercurrent regimes is that the cells in the
top chamber for counter current regime become asymmet-
ric at early non-dimensional times. This asymmetry arises
during the onset of the countercurrent flow at the vent. A
closer look at the vent clearly shows the upflow on the right
side and downflow on the left side of the vent. With time,
the flow gradually reverts itself to the conduction regime
with one large cell in each chamber. As Rayleigh number
is increased in this flow regime, the flow patterns present
the most interesting phenomenon. In Fig. 10 at s = 2.31,
the flow patterns are strictly countercurrent in the vent,
however, at s = 8 (not shown), the flow everywhere in the
enclosure slows down. This is evident from the magnified
view of the vent in Fig. 11. Following this deceleration, a
flow reversal occurs at the vent at s = 11 and lasts as seen
at s = 14.37 up to s = 19 (not shown) and the flow acceler-
ates again as evident by the magnitude of velocity vectors.
This is the only flow reversal that occurs in this flow
regime. Such a phenomenon has also seen by Myrum
[17]. He conducted an experimental study to find the effect
of vent size and Ra on natural convection heat transfer
from a heated disk. This disk was located at the bottom
of a top vented enclosure. During the experiments, he also
studied the flow patterns in the vent and reported four
basic modes. In mode I, flow exited the vent along its axis
and entered around its circular perimeter. In mode II,
regions of outflow and inflow formed concentric rings
within the vent. In mode III, inflow occurred through
one half of the vent along the perimeter and corresponding
outflow through the rest. A non-periodic shift in sides of
inflow and outflow was also observed as seen in the current
flow situation.

Although a direct comparison cannot be made of the
current study and Myrum’s Myrum [17], the time history
of heat transfer along with numerical flow visualization
reveal mode III. At the time of this change in direction
near s = 8 as discussed above, the exchange flow rate
decreases drastically with corresponding decrease in heat
transfer across the vent as seen in Figs. 8 and 9. This
change, therefore, appears in hb and Wb time history as a
sudden decrease. A sharp decrease and increase in the
rate of change of instantaneous hav on the right and left
walls of the vent respectively occur as shown by Figs. 6
and 7 due to the flow reversal. As soon as the change in
sides is complete the average and bulk temperatures
and velocities resume at almost the same values as before
the change. At large values of s flow in the vent gradually
dies out due to lack of driving potential, namely the bulk-
mean temperature difference between the two enclosures.
As this happens, the plumes are no longer strong enough
to sustain two cells on either side and gradually, the two
cells merge to form a single cell. Since at this point of time
there is no flow across the vent, the heat transfer is by con-
duction only.

This oscillatory regime is characterized by sudden bursts
of both upflow and downflow for case 1 of L/D = 1. This
shows up as a periodic-like response in hav, hb and Wb time
history for L/D = 0.5 and 1 only as shown in Figs. 6–9.
This type of flow originates at nearly Ra = 3600 for case
1 with L/D = 1. For case 2 with L/D = 0.5 similar sudden
bursts of upflow and downflow seen with L/D = 1 can be
observed clearly. The periodic like response in havis shifted
with higher frequency and less magnitude as a result of the
higher frequency and larger magnitude of Wb. The mass
weighted average temperature in the gap, hb is no longer
originating at 1 with low frequency as with the case of L/
D = 1, instead hb is characterized by high frequency bursts,
which can be explained as the result of the initial high tem-
perature difference between the two enclosures used to
maintain Ra = 10,000.
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For case 3 with L/D = 2, the flow regime is no longer
oscillatory. A very similar patterns to those observed for
conduction regime when L/D = 1 can be seen clearly for
L/D = 2. In the conduction regime, the buoyancy forces
are not strong enough to overcome the viscous forces in
the vent where the vertical walls of the vent are closer to
each other as compared to the enclosure’s vertical walls.
Consequently, there is no bulk fluid motion within the
vent, as shown by Fig. 13, and all the heat transfer is solely
by conduction. In this regime, the vent acts like a heater
plate for the upper chamber, which is filled with colder
fluid and as a cold plate for lower chamber, which is filled
with warmer fluid. Thus, in the enclosures bulk fluid
motion ensues immediately after the initial establishment
of temperature gradient in vent. A plume rises steadily into
the upper chamber forcing the colder fluid to move along
the side walls to replace the rising fluid forming two cells
of equal strength on either side of it. For some time, the
cells stay symmetric in each chamber. Then the cells in
the upper chamber become asymmetric before splitting into
two cells. There is a time delay before the lower chamber
behaves exactly like the upper one exhibiting two cells.
At large s, the fluid in the chambers has accelerated enough
to drive the fluid in vent by entrainment/shear.

In the oscillatory flow regime, unlike the other two
regimes (conduction and counter current), the flow in the
bottom chamber reaches a unicellular pattern earlier than
the top enclosure. A close look at the flow patterns within
the vent, as given in Fig. 13, reveals that the cell that devel-
ops in the vent persists for a longer period before they
undergo a flow reversal as seen before. Temperature and
velocity plots for Ra = 10,000 at different times (Figs. 6–
9) give a unique perspective of occurrences in the vent.
Temperature and velocity inversions occur at different
times corroborating the fact that the flow oscillates with
a well-defined frequency in the entire domain.

It is suspected that these bursts are periodic in nature
and the frequency of bursts is a function of driving poten-
tial. Time traces of Wb and hav, hb for Ra = 10,000 (Figs. 6–
9) suggest that there are varying amplitude oscillations in a
narrow frequency range that eventually die out and essen-
tially reproduce the flow behavior quantified in the
countercurrent and conduction flow regimes at large non-
dimensional time. The Nusselt number trace was observed
by Mitchell and Quinn [29] in a confined layer heated from
below. They found that as the plate temperature was
increased, the fluid oscillated in a narrow frequency band.
They also noted that the oscillations were stable over a
large Rayleigh number range. Once again, a direct compar-
ison of our results with those of Mitchell and Quinn [29]
cannot be made since their mean flow was steady.

6. Conclusion

A numerical study of unsteady, laminar, buoyant flow
through a horizontal rectangular vent between two large
enclosures was performed for three cases of L/D = 0.5, 1
and 2. Based on the flow patterns in the vent and the cor-
responding modes of heat transfer through it, the three
flow regimes identified for the case of L/D = 1: the conduc-
tion regime, the countercurrent flow regime and the oscilla-
tory flow regime are no longer exists for the case of L/
D = 2. Instead only the conduction flow regime is
observed, where there is no flow across the vent, the viscous
forces being as large as the buoyancy forces.

Temperature and velocity results associated with bursts
in the oscillatory flow regime for L/D = 0.5 and 1, display
interesting characteristics of increasing amplitudes but
nearly the same frequency. Such oscillations were also doc-
umented by Mitchell and Quinn [29] for a steady mean flow
convection experiment in an unvented enclosure.

Decreasing partition thickness from L/D = 1 to 0.5
increases the flow exchange between the upper and lower
enclosures with increasing frequency of the oscillatory flow
pattern. Increasing partition thickness from L/D = 1 to 2
decreases the flow exchange between the two enclosures
and flow regime becomes conduction with low frequency.
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