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Unsteady Laminar Buoyant Flow Through
Rectangular Vents in Large Enclosures
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This computational study concentrates on transient laminar flow of air through rectangular vents in horizontal
partitions between two large enclosures. For a vent aspect ratio of 1, three flow regimes were identified as the
Rayleigh number (Ra) was varied from 1 x 10% to 5 x 10* based on flow parameters in the vent and corresponding
modes of heat transfer through it. The Rayleigh number was found to be the critical control parameter, which
determined the flow regimes of conduction, countercurrent, and oscillatory flow regimes. As the effective driving
potential decreased with time, flow changed from one regime to the other so that higher-Rayleigh-number results
showed all three regimes over time. Circulation patterns within the vent for the conduction regime (Ra <1500)
appeared to follow Chandrasekhar’s well-known linear stability results. At higher Ra, sudden bursts of upflow with
corresponding downflow have been documented 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.

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 = dimensionless
pressure = p/(pa®/L?)

Pr = Prandtl number

p = total pressure less hydrostatic
pressure

Ra = Rayleigh number = gBAT L3 /va

Racsisical = critical value of Ra for onset of flow
through the vent

Ren = densimetric Reynolds
number = VA H /v

T = temperature

Teotds Te = initial temperature of fluid in
upper chamber

Thot = initial temperature of fluid in
lower chamber

Tret = reference temperature

t = time

t. = time constant

u,v = dimensionless components of
velocity in x and y directions,
respectively

u,v = components of velocity in x and y

directions, respectively
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X,Y = dimensionless horizontal and
vertical coordinates

X,y = horizontal and vertical coordinates

o = thermal diffusivity of the fluid

B = coefficient of thermal expansion
of the fluid

AT; = initial temperature difference
between upper and lower chamber

0 = dimensionless

temperature = (T — Tr1)/AT;
instantaneous averaged
nondimensionalized temperature on
left and right sidewalls
instantaneous bulk (mass-weighted
average) nondimensionalized
temperature along a cross section on
the center of the vent at L/2

On = [T (t)ay — Tc]/ATz =

0, =T (1), — T.J/AT, =

v = kinematic viscosity of the fluid
Lo = reference density of the fluid
T=ta/L? = dimensionless time

Wy, = Vomag/ Vinax = instantaneous mass-weighted
average velocity magnitude along a
cross section located at the center of
the gap, i.e., at L/2

instantaneous vertical velocity at a
point located at the center of the

vent, i.e., at D/2 and L/2

V.= Vy/ Vinax =

Introduction

HE problem of natural convection heat and mass transfer has
been studied extensively by many authors.! 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 a heavier fluid on top of a lighter fluid
separated by a narrow vent has not been dealt with analytically or
numerically. Such a flow configuration occurs in buildings where
elevator shafts, stairwells, service shafts, and the like can act as
vents connecting two floors. The flow in these vents is buoyancy-
generated due to a fire in the bottom enclosure or to leakage of
contaminant gases. This transient flow may have several modes and
the heat-transfer mechanism is of interest, especially when the flow
becomes oscillatory.
Flow through apertures connecting two enclosures has been a sub-
jectof study for more than four decades. Early studies were limited to
openings in vertical partitions. The fundamental difference between
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flow through a vent in a vertical partition and flow through a vent in
a horizontal partition is the stable stratification of fluid in the former
case, whereas the configuration is unstable for the latter. In spite of
this fundamental difference, these studies offer a unique insight into
flow mechanisms through apertures and different methodologies
available to model them. Some prominent studies are reported here.

Prahl and Emmons? conducted an experimental and theoretical
study of fire-induced flow through an opening in a vertical parti-
tion. The experiments involved steady flows through a single open-
ing with a reduced-scale kerosene/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 high values
of Reynolds number.

In the same year Leach and Thompson® carried out an experi-
mental investigation of flows in horizontal circular tubes. For the
whole range of 0.5 <L/D <9.4 and 3 x 10* < Re<1.5x 10° in-
vestigated, they found that Cp =0.09, a constant independent of
L/D and Rex. A large-scale experiment with carbon dioxide and
water as working fluids was used to verify these results for gases.
They also investigated the forced-flow rate requirements to prevent
countercurrent flow in the tube.

Brown* was the first to study flow through square openings in
horizontal partitions with heavier fluid above the partition, both
analytically and experimentally. In his analysis, he assumed that all
heat transfer was due to advection only and no mixing occurred
within the vent. Assuming friction to be negligible, he invoked the
Bernoulli equation to predict that the Nusselt number is proportional
to the product of the square root of the Grashof number and the
Prandtl number, the reference length being the height of the vent.
Brown and Salvason® did a similar analysis for a vent in a vertical
partition to derive a theoretical relationship between Nu and Gr.

An experimental study of buoyancy-driven exchange flow
through small openings in horizontal partitions for the same ge-
ometric configuration as this study was reported by Epstein.® The
experimental apparatus consisted of two enclosures, 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 ra-
tio of the vent (L/D) on the dimensionless exchange flow rate as
defined by Mercer and Thompson’ in their study on inclined ducts.
Four different flow regimes were identified as L/ D was varied from
0.01 to 10. The first of these was named the 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. The second flow regime was called the Bernoulli flow
regime due to the fact that data showed the same trends as pre-
dicted by Brown.* For this regime, he found that Froude number
0 =0.23(L/D)"* (length/width of the vent). For large L/D, 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® to provide correlations for his regime.
An intermediate regime was also identified having combined char-
acteristics of turbulent diffusion and Bernoulli flow.

A brine-water analog was also studied experimentally by
Conover and Kumar.” Conover et al.! studied experimentally the
buoyant countercurrent exchange flow through a vented horizontal
partition using a two-component laser Doppler velocimeter. De-
tailed measurements of velocity were made a small distance above
acircular tube with an aspect ratio of 1. Even for this aspect ratio and
a Reynolds number ranging between 2.4 x 10° and 7.7 x 103, the
mixing 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 2.4 x 10%. This finding was in contrast with the
work of Stecker et al.,'"*!> who showed that exchange flows reached
self-similarity only for Reynolds numbers greater than 10*. Tan and
Jaluria!® and Jaluria et al.'* studied cases where the vent flow was
governed by both pressure and density differences across the vent.

Myrum" 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.

A numerical study of unsteady buoyant flow through a horizontal
vent placed slightly asymmetrically between two enclosed vents
was performed by Singhal and Kumar.'®

In all the studies discussed, 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 func-
tion of L/D only, independent of the driving potential. Also, the
scaled brine—fresh water models used may not give results compa-
rable to those of full-scale air models due to large changes in the
Prandtl number and Schmidt number at low Ra. Therefore, these
models may not be applicable to the range of Ra investigated in this
study.

The objective of this study is to identify the different flow regimes
encountered for low to high Rayleigh number in a vented enclosure
and to discuss the physical mechanisms using the time trace of
temperature and fluid flow results for a vent aspect ratio of 1.

Governing Equations and Formulation

Time-dependent governing equations for the laminar, two-
dimensional flow were derived from fundamental laws of conserva-
tion of mass, momentum, and energy as follows:
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The variables L and o/L are used to normalize length and ve-
locity respectively, «/L? to nondimensionalize time, and AT; to
nondimensionalize temperature.

The transient calculation approach considered in this study is
not using the Boussinesq model, which treats density as a con-
stant 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 tem-
perature, so the initial mass is known. As the solution progresses
over time, this mass will be properly conserved. When this ap-
proach is used the operating density, p,, appears in the body-force
term in the momentum equation as (p — p,)g. The definition of
the operating density p, is thus important for this buoyancy driven
flow.

No-slip conditions were used for velocity boundary conditions at
all walls, including the vent walls. Initially fluid is at rest everywhere
in the domain; therefore velocity components were set equal to
zero at nondimensionalized time v = 0. All the walls were treated
adiabatically and hence the normal gradients of temperature were set
equal to zero at all fluid—wall interfaces. At T =0, the lower chamber
contains hot fluid with 6 = 1, whereas the upper chamber and the
vent contain cold fluid with & =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 aspectratio, L /D, H1/L, and the
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Adiabatic walls

@1=0, 6=00
@1t=0,U=0,V=0

@t=0,6=10
@t=0,U=0,V=0

! H1 1

Fig. 1 Schematic diagram of the model.

enclosure aspect ratio, H1/H?2. In this study these parameters are
fixed at 1, 10, and 1 respectively. Although the problem of natural
convection in a horizontal cavity with bottom heating is highly three-
dimensional, it can be treated as a two-dimensional problem for very
long vents, which is the case considered in this paper.

Numerical Procedure

Equations (1) through (4) are discretized over the computa-
tional domain using a control volume approach as documented by
Patankar.!” The resulting algebraic equations for velocity compo-
nents and temperature were solved using the SIMPLE algorithm,
which involves the use of pressure correction equations to enforce
mass conservation. The FLUENT code is used for this simula-
tion. A segregated solver with first-order implicit unsteady formu-
lation is employed for this study. The air properties, density, ther-
mal conductivity, specific heat, and dynamic viscosity, are varied
as piecewise functions of temperature. By default, the solver will
compute the operating density, p,, which appears in the body-force
term in the momentum equations as (o —p,)g, by averaging over all
cells. The discretization schemes used are second-order for pressure,
SIMPLE for pressure—velocity coupling, and second-order upwind
for momentum and energy. The underrelaxation factor is 0.3 for
pressure, 1 for density, body forces, and energy, and 0.7 for mo-
mentum. The code was tested against certain benchmark solutions
to validate the results. For the unsteady case, results obtained by
Patterson and Imberger,'® and for the steady case, results obtained
by Davis'® were selected for comparison with the results predicted.
Both these papers deal with enclosure geometries with heated and
cooled vertical walls and adiabatic bottom and top walls. The pre-
dicted results were within 3% of these benchmark solutions.

Figure 2 shows the numerical grid generated for this study us-
ing the Gambit grid generator. Because 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 ad-
jacent 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, because the solver does not force an
overall structure or topology on the grid. For the two-dimensional
problem considered here, quadrilateral cells are used to form a multi-
block structured mesh. More details on grid generation are provided
in the FLUENT documentation. A grid-independent study is per-
formed using three nonuniform grid distributions: coarse grid with
91 x 63 grid points used for every enclosure and 21 x 13 grid points
used for the vent, medium grid with 133 x 91 grid points used for
every enclosure and 31 x 19 grid points used for the vent, and fine
grid with201 x 135 grid points used for every enclosure and 47 x 29
grid points used for the vent. The results for temperature and the
two components of velocity at the center of the vent and at differ-
ent locations inside the two enclosures for different Ra values were

Fig. 2 Numerical grid.

compared using all three grids. The maximum difference in temper-
ature and velocities between coarse and medium grids found to be
less than 1.5% when results from both grids are compared over the
full time domain. The maximum difference between medium and
fine grids was found to be less than 0.2%. Finally, the nonuniform
grid of 133 x 91 grid points was used for every enclosure and a
grid of 31 x 19 grid points was selected for the vent with seven grid
points placed 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 steps with ap-
proximately 30 to 40 iterations for every time step to have more
confidence in results, although a convergence usually was achieved
after 10 to 15 iterations.

Convergence criteria were set to ensure converged results for con-
tinuity, 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 were equal to 107*, 107>, 1079,
and 1077, respectively. The residual is scaled using a scaling fac-
tor representative of the flow rate of ¢ through the domain. This
“scaled” residual is defined as

ZcellsP | Znh anb¢nb + b— aP¢P|
ZcellsP |aP¢P|

For the momentum equations the denominator terma p ¢ p is replaced
by apvp, where vp is the magnitude of the velocity at cell P.

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

RY = (%)

C c
Rileralion N / Rileralion 5 (6)

The denominator is the largest absolute value of the continuity resid-
ual in the first five iterations.

For the enclosure under consideration, a fixed time-stepping
method is used for a time-marching scheme. The time step used
was based on estimating the time constant as®

te=L/U~ (L*/a)(PrRa)" = L /\/spAT,L

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

Then a time step is determined such that Ar =1./20. Note that
this time-step value used in this study is five times less than the
time step recommended in the open literature to ensure time con-
vergence. After oscillations with a typical frequency have decayed,
the solution reaches steady state.

The time-step independence was tested prior to obtaining a
solution for the desired problem. The time-independent study is
established by tracking the changes in temperature and the two com-
ponents 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 At =1./20 to At =t1./25 resulted
in less than 0.05% difference in temperature and velocities when
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Fig. 3 Scaled residuals for Ra = 2500, time =250 s 1) and for Ra =10000, time =4616 s 2).

results from both time steps are compared over the full time do-
main. Increasing the time step from Ar=1z./20 to At =1t./15 re-
sulted 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 simulations is
At =1./20. Figure 3 shows sample convergence plots of the scaled
residual for Ra of 2,500 and 10,000, respectively, at different time
steps.

Quantities of Interest

The Rayleigh number was defined as Ra = (gBAT;L?)/va,
where AT; is the initial temperature difference between the two
enclosures (i.e., at T =0). As the interaction between the fluids in
the two enclosures proceeds with time, the effective driving po-
tential is the temperature difference across the vent and not AT;.
Magnitude of the temperature difference across the vent decreases
with time. Therefore, new quantities need to be defined that would
reflect this change in driving potential with time. To this end, we
define the following quantities:

1) Instantaneous averaged nondimensionalized temperature (6,,)
on left and right side walls of the vent, defined as

T([ )av - Tc
Oy = ———

AT;

Thus (0,y) will vary from O to 1.
2) Instantaneous bulk (mass-weighted average) nondimensional-
ized temperature (6,) along a cross section on the center of the vent

at L /2 defined as

T(t )b - Tc
Op = ———
AT,
Thus (6,) will vary from 0.0 to 1.0.

3) Instantaneous vertical velocity (W, ) ata point located at the cen-
ter of the gap, thatis, at D/2 and L /2. This velocity is normalized by
the maximum vertical velocity at the same location (W, =V, / Vinay),
where the maximum velocity is the highest velocity found in the do-
main at any time. Thus (W,) will vary from —1.0 to 1.0.

4) Instantaneous mass-weighted average velocity magnitude (W)
along a cross section located at the center of the gap, that is,
at L/2. This velocity is normalized by the maximum velocity
magnitude along the same location (W, = Vimag/ Vimax), Where the
maximum velocity magnitude is the highest velocity magnitude
found on the domain at any time. Thus (V¥,) will vary from 0.0
to 1.0.

All quantities described above are then calculated at every time
step throughout the simulation.

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 rates of heat 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 the enclosures themselves.



280 KUMAR, SLEITI, AND KAPAT

The last category makes the flow configuration difficult to analyze.
However, from the results presented, 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. These are the conduction regime, the countercurrent
regime, and the oscillatory regime. The Rayleigh number, as will
be explained, largely governs these regimes.

The Conduction Regime (Ra < 1500)

For small Rayleigh numbers, 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 enclo-
sure’s vertical walls. Consequently, there is no bulk fluid motion
within the vent, as shown by Fig. 4, and all the heat transfer is solely
by conduction for Ra < 1500.

Flow patterns for this Ra at different time steps are given in
Fig. 5. In this regime, the vent acts like a heater plate for the upper
chamber, which s 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 a temperature gradient in vent. A plume rises steadily into the

1.0
0.8
0.6
04 |
0.2
5> 00
-0.2 4
04 |
-0.6
-0.8
-1.0

Ra=1200
— - -Ra=2500
Ra=10000

1 10 100
T

Fig. 4 Time trace of instantaneous vertical velocity (¥,) for conduc-
tion, countercurrent, and oscillatory regimes.
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upper chamber, forcing the colder fluid to move along the sidewalls
to replace the rising fluid, forming two cells of equal strength on
either side of it. For a considerable length of time, the cells stay
symmetric in each chamber. Then the cells in the upper chamber
become asymmetric before merging into a single cell. There is a
time delay before the lower chamber behaves exactly like the upper
one, exhibiting a single cell. At large 7, the fluid in the chambers has
accelerated enough to drive the fluid in vent by entrainment/shear.
This singular phenomenon of no flow at low Ra numbers is anal-
ogous to the Benard convection problem. At r =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 ex-
change is inhibited by its own viscosity and for the flow to ensue,
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 sta-
bility theory and the power integral method. Chandrasekhar®' has
presented a comprehensive treatment of the linear stability theory
where he has shown mathematically the thermodynamic signifi-
cance of Raiicar. In his words: “Instability occurs at the minimum
temperature gradient at which a balance can be steadily maintained
between the kinetic energy dissipated by viscosity and the internal
energy released by the buoyancy force.” Rajca corresponds to this
minimum temperature gradient in conjunction with the dynamical
conditions at the two bounding planes. For the case of rigid constant
temperature surfaces, Ra.ica; has been calculated to be 1708; for
one rigid and one free surface it is 1100; and for both free surfaces
Raiica 1s found to be 658. The same line of reasoning can be ap-
plied to the flow in the vent. This is justified if one takes a closer
look at Fig. 6, which shows a magnified view of velocity vectors in
the vent. The following observation can be made. The magnitude
of velocity in the vent is extremely 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
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Fig. 5 Overall velocity field for Ra = 1000 (colored by velocity magnitude).
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Fig. 6 Magnified view of the velocity field in the vent for Ra = 1000.



KUMAR, SLEITI, AND KAPAT 281

complications arise in this problem, which makes stability analysis
difficult. One is the effect of sidewalls and the other is the influ-
ence of bulk fluid motion in upper and lower chambers, the latter
being more complex than the former. To date, several researchers
have addressed the issue of the effect of sidewalls on Racica. The
first complete analysis was given by Yih?? for the stability of a vis-
cous fluid between insulated vertical plates. Davis'® was the first
to consider a fully confined fluid. He used the Galerkin method for
his analysis. Later Catton?® improved on his results and produced a
chart for Raiicar as a function of H1 and H2 as parameters, where
H1 and H2 are spanwise dimension and depth respectively. Both
studies considered the sidewalls to be perfectly conducting walls.
Later, Catton and Edwards® performed an experimental study on
the effects of sidewalls on natural convection. They were able to
obtain Raica as a function of height to width ratio for insulat-
ing as well as conducting lateral walls. For an aspect ratio of 1.0
and insulating lateral walls, they reported that Raics Was in the
range of 1 x 10* and 2 x 10*. They also developed a heat transfer
correlation.

On the second issue mentioned, regarding the influence of bulk
fluid motion in enclosures on the vent, no prior works exist. Figures 7
and 8 give the change in 6,, on right and left walls of the vent re-
spectively as a function of time. Instantaneous bulk (mass-weighted
average) nondimensionalized temperature (6, ) along a cross section
on the center of the vent at L/2 is given by Fig. 9 and the instan-
taneous mass-weighted average velocity magnitude (W) is shown
by Fig. 10. In all figures mentioned above results for Ra of 1200
and 1300 are shown to demonstrate the process the authors went
through to find the limiting Ra for different regimes.

For very small values of t, a sharp gradient appears in (W)
because of the initial conditions imposed in the enclosures. How-
ever, the flow adjusts itself quickly to decrease this gradient as (6j,)
steadily decreases with time. Because all the heat transfer is by con-
duction only, the average wall temperature 6,, has a constant value
of about 0.5 for all values of 7.

1.0
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0.9 - Ra=1300
0.8 = = = Ra=2500
—— —Ra=10000

0.0

Fig. 7 Time trace of 6,y on the right wall of the vent.
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Fig. 8 Time trace of 0,y on the left wall of the vent.

1.0
0.9
0.8
0.7
0.6
S 05 fo
04 | oo
03 1 Ra=1200 | oo
0.2 Ra=1300 | -~~~
04 | — - - Ra=2500

— Ra=10000
0.0 T

Fig. 9 Time trace of instantaneous bulk (mass-weighted average)
nondimensionalized temperature (6).
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Fig. 10 Time trace of instantaneous mass-weighted average velocity
magnitude (¥;).

The Countercurrent Regime (1600 < Ra <3600)

This regime is characterized by a downflow along approximately
one-half of the vent and upflow along the rest to satisty continuity,
as can be seen in Fig. 11.

One essential difference in the flow patterns between Ra = 1000
and 2500 (Figs. 5 and 11) is that the cells in the top chamber for
Ra = 2500 become asymmetric at early nondimensional times. This
asymmetry arises at T = 5.0 during the onset of the countercurrent
flow at the vent. A closer look at the vent (Fig. 12) clearly shows
the upflow on the right side and downflow on the left side of the
vent at T =2.2. With time, the flow gradually reverts itself to the
conduction regime with one large cell in each chamber as seen for
Ra =1000.

As Rayleigh number is increased in this flow regime, the flow
patterns present the most interesting phenomenon. In Fig. 11 at
v =2.2, the flow patterns are strictly countercurrent in the vent;
however, at T = 8, the flow everywhere in the enclosure slows down.
This is evident from the magnified view of the vent in Fig. 12.
Following this deceleration, a flow reversal occurs at the vent at
T =11 and lasts as seen at T = 19 and the flow accelerates again,
as evident from the magnitude of velocity vectors. This is the only
flow reversal that occurs in this flow regime.

Such a phenomenon was also seen by Myrum.'® 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 I, 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 cor-
responding outflow through the rest. A nonperiodic 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,' the time history of heat transfer along with numer-
ical flow visualization reveal mode III. At the time of this change
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in direction near T =8 as discussed above, the exchange flow rate
decreases drastically with corresponding decrease in heat transfer
across the vent as seen in Figs. 9 and 10. This change, therefore,
appears in 6, and W, time history as a sudden decrease. A sharp
decrease and increase in the rate of change of instantaneous 6,, on
the right and left walls of the vent respectively occur as shown by
Figs. 7 and 8, 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 7, 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. Because at this point of time there
is no flow across the vent, the heat transfer is by conduction only.
Hence the flow configuration is exactly as seen in Fig. 5 for large t.
Figures 4, 7, and 8 confirm this observation, where W, and 6,, are
the same as for the conduction regime.

The Oscillatory Flow Regime (Ra = 3600)

This regime is characterized by sudden bursts of both upflow and
downflow. This shows up as a periodiclike response in W, W, and
Oy, O, time history for large Ra numbers only. This type of flow
originates at nearly Ra = 3600.

The oscillatory flow with a single cell in the vent is dominant
at high Rayleigh numbers of 5000, 10,000, and 50,000. The flow
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Fig. 12 Magnified view of the velocity field in the vent for Ra = 2500.

patterns are qualitatively similar and hence the flow and temperature
time traces for Ra = 10,000 and the flow patterns for Ra = 50,000 in
the enclosures and the magnified vent have been chosen for discus-
sion and are given in Figs. 13 and 14. Unlike the other two regimes,
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 for Ra =50,000, as given in Fig. 14, reveals that the cell that
develops 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. 4, 7-10) give a unique perspec-
tive on 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 fre-
quency of bursts is a function of driving potential. Time traces of
V., W, and 6,,, 9, for Ra = 10,000 (Figs. 4, 7-10) suggest that there
are varying-amplitude oscillations in a narrow frequency range that
eventually die out and essentially reproduce the flow behavior quan-
tified in the countercurrent and conduction-flow regimes at large
nondimensional time. The Nusselt number trace was observed by
Mitchell and Quinn® 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 di-
rect comparison of our results with those of Mitchell and Quinn?
cannot be made because their mean flow was steady.
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Fig. 14 Magnified view of the velocity field in the vent for Ra = 50,000.

Conclusions

A numerical study of unsteady, laminar, buoyant flow through a
horizontal rectangular vent between two large enclosures was per-
formed. Based on the flow patterns in the vent and the corresponding
modes of heat transfer through it, three flow regimes were identified:
the conduction regime (Ra < 1500), the countercurrent flow regime
(1600 < Ra < 3600), and the oscillatory flow regime (Ra > 3600).
In the conduction regime there is no flow across the vent, the viscous
forces being as large as the buoyancy forces. This is analogous to
the Benard convection problem, where the Rayleigh number must
exceed a critical value before the flow can start, as explained analyt-
ically by Chandrasekhar?' using linear stability theory. However, no
closed form solution is available for the configuration under inves-
tigation to determine the exact value of critical Ra. In the counter-
current flow regime, the fluid moves through the vent in two distinct
streams with one going up and the other going down. A flow reversal
takes place in the vent soon after flow initiation, associated with a
flow deceleration and a significant decrease and increase in the rate
of change of instantaneous 6,, on the right and left walls of the vent,
respectively. As soon as the change in sides is complete the aver-
age and bulk temperatures and velocities resume at almost the same
values as before the change. Such a phenomenon was also observed
in a similar flow situation by Myrum,' although in his case, the
reversal occurred in a random manner. The third regime is char-
acterized by sudden bursts of upflow and corresponding downflow

with a well-defined frequency range. Temperature and velocity re-
sults associated with such bursts display interesting characteristics
of increasing amplitudes but nearly the same frequency. Such oscil-
lations were also documented by Mitchell and Quinn® for a steady
mean-flow convection experiment in an unvented enclosure.
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