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Abstract-—This paper presents experimental and numerical results for natural convection in a horizontal,
annular cavity which communicates with the surroundings through its open end. In the experimental study,
a known heat flux was applied to each component of the cavity (inner cylinder, inner cylinder tip, outer
cylinder and end-wall) and local surface temperature measurements were made to determine heat transfer
characteristics of the convective flow. Trends in the experimental data have been explained in terms of the
physical mechanisms underlying the buoyancy induced flow. Smoke flow visualization using laser-induced
lighting was performed to understand the flow field around the open end of the cavity. The heat transfer
results were correlated by Nu,, = 0.0131(Ra*)**"* for the range of Rayleigh numbers considered
(1.3x 10° < Ra* < 5.1 x 10°) in the experiments. In the numerical investigation, solutions to the three-
dimensional time-averaged (Reynolds’) steady-state equations of fluid motion and heat transfer, were
obtained using a finite element analysis. Results of the conjugate study including the local temperature
distributions, heat transfer coefficients and the flow field showing the interactions between the ambient and
cavity flow fields agreed favorably with experimental results. The present work provides, for the first time,
validated heat transfer data for high Rayleigh number buoyancy-induced flows in open annular cavities.
Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

The study of free convection in open-ended structures
has received a great impetus in recent years because
several applications of practical interest can be
modeled around the basic geometry associated with
it. Fire research, passive solar heating, energy con-
servation in buildings, cooling of electronic
components, cooling of aircraft brakes are some of
the areas in which these studies could serve as valuable
design aids. One of the main characteristics of buoy-
ancy induced flows in open-ended structures is its
basic geometry which, among other aspects, reveals
the interactions and the influence of the inner (inside
the cavity) and outer (the open region) flow and tem-
perature fields. A limited amount of work has been
done in the past to understand such interactions. In
addition to constituting a fundamental area of
research in heat transfer, understanding these inter-
actions allows a better identification of the design
parameters in a number of practical applications.

A theoretical analysis of open cavity problems poses
the inherent challenge of specifying boundary con-
ditions at the open end. Most numerical studies on
two-dimensional rectangular open cavities have util-
ized the standard (and more viable) approach of per-
forming calculations in a computational domain
extended beyond the cavity and applying the far field
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conditions at the boundaries of the extended domain
[1-6]. It has been shown by Vafai and Ettefagh [5, 6]
that the extent of the enlarged computational domain
has a more pronounced effect on the results than those
anticipated by previous researchers. A limited number
of experimental studies of natural convection in open
rectangular cavities have been reported, mainly due
to the additional complications of controlling the
ambient conditions. The experimental investigation of
Bejan and Kimura [7] served to validate their theor-
etical study of free convection penetration into a rec-
tangular cavity. It was shown that the flow consists of
a horizontal counterflow which penetrates the cavity
over a distinct length. Further insight into two-dimen-
sional rectangular open cavity natural convection was
provided by the experimental studies of Sernas and
Kyriakides [8], Hess and Henze [9], and Chan and
Tien [10].

While two-dimensional natural convection in open
rectangular cavities has been studied to some extent,
the more complex, three-dimensional phenomenon of
natural convection in open annular cavities has been
the subject of attention very recently. A numerical
solution to this problem was first obtained by Vafai
and Ettefagh {11]. In their study, the inner cylinder
was maintained at a constant higher temperature
while the outer cylinder was maintained at the lower
ambient temperature. The three-dimensional transient
laminar analysis performed in an extended com-
putational domain illustrated the effect of axial con-
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A exposed surface area of component
under consideration

Ay surface area of the heater on a
particular component

d4  elemental surface area

g gravitational acceleration

h heat transfer coeflicient

h, average heat transfer coefficient

k turbulent kinetic energy

L length of the open annular cavity

L length of the extended computational

domain

Nu  Nusselt number = AR jA

Pr Prandtl number = v/«

p pressure

0 total power supplied to the heaters

heat loss from the insulation and

radiation heat loss from the test section

q applied heat flux

q. convected heat flux

Ra Rayleigh number =
gﬁ(Tm_ TI)R;:/O(U

Ra* modified Rayleigh number =
gPqRS i

R outer radius of the inner cylinder

R, inner radius of the outer cylinder

NOMENCLATURE

R. radius of the extended computational
domain

r radial coordinate

T temperature

T, average cavity temperature

T ambient temperature

! thickness of the cavity components

U characteristic velocity of the natural

convection flow

u velocity

u, radial velocity

Uy azimuthal velocity

u. axial velocity

X Cartesian coordinate

z axial location.

Greek symbols

o thermal diffusivity

B volume expansion coeflicient

g dissipation of turbulent K.E.

v kinematic viscosity

It dynamic viscosity

/ thermal conductivity

0 angular location measured from the
top.

vection on the flow and temperature fields inside the
cavity. The recirculating nature of the classical annu-
lar natural convection flow coupled with the strong
axial convection effects induced by the open end eluci-
dated several fundamental aspects of the flow field.
Desai and Vafai [12] reported results from a laminar
three-dimensional analysis for natural convection
cooling of an open ended annular cavity. Numerical
results were obtained for Ra = 10* and 10° and it was
discovered that, at the higher Rayleigh numbers, there
exist two spirally rotating cells inside the cavity, sep-
arated by an axially stagnant flow region. Reducing
the inner cylinder length pushed this stagnant zone
away from the open end, resulting in higher heat trans-
fer rates due to increased interaction of ambient fluid
with the cavity fluid.

High Rayleigh number natural convection in open
annular cavities has not been studied to date. In the
present work, results from a combined experimental
and numerical study of natural convection flow and
heat transfer around an open annular cavity are dis-
cussed. Experiments were performed and heat transfer
correlations obtained for the annular cavity over a
wide range of heating conditions. In a concurrent
numerical study, a finite element model of the open
annular cavity was developed to simulate conditions
in the experimental investigation. The numerical and
experimental results are shown to be in excellent

agreement. An additional purpose of this inves-
tigation was to obtain validated heat transfer data
and improved physical understanding of fundamentatl
aspects of natural convection in open annular cavities.

2. EXPERIMENTS

2.1. Experimental apparatus and procedure

A schematic sketch of the test section and its com-
ponents is shown in Fig. 1. The test section is an open
annular cavity bounded by the inner cylinder, outer
cylinder and end-wall. High conductivity aluminum
alloy (6061-T6) was utilized for fabricating the heated
portion of the test-section assembly. The thickness of
each cavity component was 6.35 mm. A tube of 508
mm i.d. and 88.9 mm length constituted the outer
cylinder while the inner cylinder had an o.d. of 190.5
mm and 82.55 mm length. The inner cylinder tip facing
the ambient air had a 190.5 mm dia. The end-wall was
machined into an annular plate 520.7 mm o.d. x 177.8
mm i.d. These components were assembled to obtain
the open annular cavity for testing purposes. The
experimental errors were minimized by using high
conductivity screw fasteners and high conductivity
paste during assembly. Adequate insulation was pro-
vided at the points of contact between the main hold-
ing frame and the test section to minimize heat loss
by conduction through the frame. Concentric rings
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Fig. 1. Test section components used in the experimental study.

(6.35 mm in thickness) of masonite wood and lexan
were joined together to construct the outer insulated
wall of the test-section. The inner ring was made of
masonite wood which was capable of withstanding
the high temperatures attained during the exper-
iments. The i.d. of the masonite ring was equal to the
o.d. of the outer cylinder and it was mounted flush on
the outer cylinder. The wooden ring was then attached
to a larger lexan ring to increase the o.d. of the outer
wall to 1143 mm. The outer wall was secured in posi-
tion by four springs attached to the main holding
frame of the assembly. The assembled components
were then mounted on a base to allow easy movement
and change of orientation of the test-section.

The cavity was heated by applying a constant heat
flux to each of the cavity components. Flexible silicon
rubber thermofoil heaters were attached to the alumi-
num components by means of a high conductivity
pressure sensitive adhesive (PSA) to provide enhanced
thermal contact. The heaters were capable of raising
the temperature of the test-section up to 260°C. The
backside of the heaters was covered with Fiberfrax
Durablanket S insulation (thermal conductivity =
0.029 W m~' K~') to minimize heat losses. For
thermocouple insertion, 3 mm dia. holes were drilled
through the heaters and corresponding locations in
the test-section components. In the test-section, these
thermocouple wells were drilled to a depth of 6.2 mm
measured from the heater side. Each well was com-

pletely filled with OMEGA high thermal conductivity
cement to minimize the effects of removing the
material from the test section. The thermocouples (30-
AWG K-type) were secured in place inside these wells
by the high conductivity cement, taking care to ensure
that the tip of the thermocouple was in contact with
the bottom of the well. Since the well was drilled to
within 0.15 mm of the surface of the aluminum parts
in contact with the circulating air, it can be assumed
that the thermocouple output was indeed the tem-
perature of the surface in contact with the surrounding
air. To determine the heat loss through the insulation,
the temperature drop across the insulation on the
backside of the heaters was recorded by two thermo-
couples. The temperature of the ambient air was also
measured continuously by a thermocouple placed at
an adequate distance away from the test-section.

The heaters were connected to a d.c. power supply
(Sorensen DCR 300) capable of providing up to 10
kW. The voltage and current through the heaters was
measured by a voltmeter and ammeter built in with
the power supply. The temperature data was recorded
by a data acquisition unit (HP3497A) and a high
accuracy digital voltmeter (HP3458). The heating and
data acquisition procedures were fully automated.
The experimental set-up including the instru-
mentation used is depicted in Fig. 2. The experiments
were carried out in an isolated room with precise con-
trol over the air circulation. The air supply to the
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Fig. 2. Schematic layout of experimental set-up and instrumentation.

room was completely shut off at least an hour prior to
the start of each experimental run. The thermocouple
readings were scanned by the data acquisition unit
while the DVM measured the thermocouple output
(in volts) for each channel. The temperature values
were written to disk before beginning the next scan.
Data was collected until steady state, which was satis-
fied as follows. First, the experiment was allowed to
run for at least 5 h. Then, steady-state conditions were
assumed to have been reached when the temperature
variations were no more than +0.1°C for a time span
of at least 30 min. Duplicate experimental runs carried
out at each Rayleigh number showed results to be
repeatable within +1°C and even these differences
were mainly due to the change in ambient tempera-
ture. At the end of each experimental run, the heater
power and temperature data was stored for sub-
sequent data reduction and analysis.

Flow visualization studies were made to gain a
qualitative understanding of the flow patterns near
the open end of the cavity. A Nd: Yag laser with a
frequency doubling crystal provided the light source
for these experiments, giving a well-collimated beam
of green light (wavelength = 532 nm). A lens and
mirror assembly, mounted on high precision optical
tables, expanded the light beam into two orthogonal
sheets, one parallel to the radial (r-8) plane and the
other parallel to the axial (r—z) plane of the cavity.
The generation of light sheets and their motion using
a stepper motor driven traversing mechanism, was
fully automated and controlled by the CPU. Incense
sticks were ignited in two separate plexiglas chambers,
to generate a large quantity of seeding particles for
flow visualization. The smoke from these chambers
was then led to a plexiglas stagnation chamber
through four PVC pipes, each approximately 90 cm
long, to ensure that the seeding particles were neu-
trally buoyant. The stagnation chamber which had a
lid at its top was placed near the test section. When

sufficient amount of smoke was accumulated in the
stagnation chamber, the lid was gradually opened so
that the seeding particles entered the natural con-
vection flow field. Images of the flow field were then
recorded by a CCD camera and stored for image
processing.

2.2. Data reduction and uncertainty analysis

An average heat transfer coefficient for each cavity
component and also for the entire cavity was defined
as

9e

=TT,y

(H

where ¢, the convected heat flux, is calculated using

_ LAh _ Qleoss

4 =" y (2)

In the above expression, Q is the total heat input from
the power supply, Q.. includes the radiation heat loss
from the test section as well as heat loss from the
backside of the heaters (through the insulation), A, is
the heater area, A4 is the exposed area and g is the
effective input heat flux. The mean temperature (7,,)
is a weighted area average given by

j TdA
- 3
[

The Nusselt number and modified Rayleigh number
are defined as

T, =

hR,

Nu =*‘}‘( (4)
R4

Ra*:—%%;i. (5)
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The thermophysical properties of air were evaluated
at the film temperature, which is defined as the average
of the mean cavity surface temperature (7},) and the
temperature of the ambient air (T,).

The uncertainty associated with the length scale
(R,) used in the data reduction procedure was +0.1
mm. The accuracy in the temperature measurements
based on in-house calibration of the thermocouples
against a standard thermometer, showed temperature
measurement capabilities within +0.2°C. The
thermocouple outputs were measured within +0.01
uV, corresponding to a sensitivity of 2.5 x 107*°C. The
uncertainties in the measurement of the heater current
and voltage were +1.5%. The uncertainty in the
applied heat flux was estimated between 4 and 6%.
The thermophysical properties of air were assigned an
uncertainty of +3.0%, based on the observed vari-
ations in the reported values in the literature. The
uncertainties in the Nusselt number and modified
Rayleigh number were calculated by the method
described by Kline and McClintock [13] and Moffat
[14]. The uncertainty in the Nusselt number obtained
from the experiments is calculated to lie between 5.1
and 7.2%, whereas that in the modified Rayleigh num-
ber was between 7.9 and 9.1%.

3. NUMERICAL STUDY

The physical model and coordinate system for the
open annular cavity under consideration are illus-
trated in Fig. 3. The thermophysical properties of the
walls and the working fluid, i.e. air, were assumed to
be independent of temperature. Air was assumed to
be Newtonian, incompressible and the Boussinesq
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approximation was invoked. The governing equations
are the Reynolds’ time-averaged equations of fluid
motion coupled with the energy equation in the fluid
and in the solid walls of the computational domain.
The k—& model was used to simulate turbulent charac-
teristics of the convective flow.

The application of the turbulence modeling
approach used in the present work to complicated
forced flows involving strong and subtle flow reversal
has already been demonstrated by Haroutunian and
Engelman [15]. This model was found to be more accu-
rate and computationally more effective than the k—¢
model using standard wall functions. In this approach,
the elliptic form of the mean conservation equations
(conservation of mass, momentum and energy) was
solved throughout the computational domain. The
viscosity-affected region between the wall and the fully
turbulent region away from the wall was connected
by means of a single layer of special elements. These
specialized shape functions which were based on uni-
versal near-wall profiles accurately resolved the vel-
ocity and temperature profiles near the wall.

It was assumed that no exchange of energy occurs
across the vertical symmetry plane of the annular
cavity. This fact was also confirmed by the exper-
imental results. Therefore, the boundary conditions
at this symmetry plane are:

du,  Ou,
90~ 00 90 08 o6
at 0=0,n. (6)

u6=0’

The no-slip boundary condition for velocity was
applied at all the solid walls of the computational
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Fig. 3. Physical model and computational domain for the open annular cavity test section.
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domain. Further details of the turbulence model can
be found in our earlier paper [16] and have not been
presented here for brevity.

At the aperture plane. where fluid enters and leaves
the cavity, prescribing the boundary conditions
requires special care. Two alternate approaches can
be used:

(i) imposing boundary conditions at the aperture
plane itself;

(it) applying the far-field conditions at the boun-
daries of an extended computational domain.

Chan and Tien [17] showed that the simplified
approach (i) can provide fairly accurate mean heat
transfer results. However, this approach does not
account for the corner and outer region. The second
approach, on the other hand, has the advantage of
including the aperture plane in the computations and
therefore provides more realistic results, especially
near the cavity opening. In the present work. the
second approach was adopted and numerical cal-
culations were performed in a computational domain
extended beyond the open end. The extension to the
computational domain is basically a cylinder of radius
R, and length L., as shown in Fig. 3.

Different far-field boundary conditions were exam-
ined for obtaining a realistic set which rendered accu-
rate solutions. After extensive numerical exper-
imentation, the most appropriate set of far-field
boundary conditions was obtained (based on an earlier
study by Desai and Vafai [12]). The zero gradient of
temperature was imposed at the radial boundary of
the computational domain while applying a constant
ambient temperature at the axial end of the com-
putational domain. This is expressed as

PT_

= and
ar

0 at r=R, T'=0 at -=L+L.

(7

Based on further numerical experimentation, it was
determined that the following boundary conditions
on velocity resulted in the most realistic simulation of
far field conditions.

cu,  u
u.=0, —=-—"=0 at r=R.
ér cr
cu.
and u, =u, =0, — =0 at -=L_. (8)

For kinetic energy and dissipation, zero normal gradient
was imposed on both the radial as well as axial boun-
daries of the domain:
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were obtained by rigorous numerical experimentation.
Calculations were first made using an extended com-
putational domain equal to three times the size of the
cavity. Maintaining the same grid configuration up to
three times the cavity size, the domain extension was
then increased to six times the cavity size and results
were obtained. Comparison showed that results
differed by less than 1% in regions close to the cavity
(for distances up to 1.5 times the cavity size). The
procedure was repeated with a finer grid and the same
observations were made. Next, the extension was
reduced to twice the cavity size. This time, the results
changed by as much as 5% when compared against the
results obtained above. Hence, in the present work, all
calculations have been performed with an extended
computational domain of size equal to three times the
cavity size.

Finally, the interfacial boundary conditions
between the cavity walls and air, the outer wall and
air and also the outer cylinder and outer wall were
satisfied. The discretization of the set of governing
equations along with boundary conditions was
accomplished by using a finite element formulation
based on the Galerkin method of weighted residuals
(FIDAP [18]). The discretization procedure yielded
a system of highly coupled and non-linear algebraic
equations. These equations were solved by using an
iterative solution scheme based on the segregated solu-
tion algorithm which involves decomposition of the
entire system of equations into smaller subsystems
corresponding to each independent variable. Each
subsystem was then solved by using an iterative solver
based on a combination of the conjugate residual and
conjugate gradient schemes. Convergence was
assumed when the relative change in variables between
consecutive iterations was less than 0.1%.

4. RESULTS AND DISCUSSION

The annular cavity had a radius ratio (R/R,) of
0.375. length to outer cylinder radius ratio (L/R,) of
0.35 and a wall thickness to outer cylinder radius ratio
(1/R,) of 0.025. Several experiments were performed
for the test-section at different levels of power input
which produced average cavity temperatures ranging
from 49 to 132°C. During the experimental runs, the
ambient air temperature was between 22 and 23°C.
The experiments thus covered a modified Rayleigh
number of Ra* = 1.3 x 10°-5.1 x 10°.

Numerical results corresponding to some of the
experimental runs were obtained using the finite
element analysis described in the previous section.
Various combinations of grid size were tested to
ensure that the results were invariant with respect to
the grid size. A systematic grid refinement procedure
was adopted and is briefly mentioned here. Initially,
the grid-size in the axial direction was held constant.
The number of grid points in the radial direction was
increased successively with a fixed number of points
in the angular direction. Next, the mesh was refined
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in the angular direction by using the grid size in the
radial direction obtained from the previous step. The
number of points required in the radial plane of the
cavity was thus established. The number of points in
the axial direction was then varied. Finally, the num-
ber of grid points in all three directions was increased
from the above values to determine the grid size
required to obtain a grid-dependent solution.

Within the cavity, 41 points in the radial direction,
45 points in the angular direction and 27 points in the
axial direction were required to obtain grid-inde-
pendent results for the range of Rayleigh numbers
considered. A minimum of three grid points were
always used in the solid wall thickness of the com-
putational domain. Further, in the fluid region, a vari-
able mesh strategy was adopted. The mesh was always
finer near the walls (typically the mesh size near the
walls was one half the size of the mesh in the interior
of the domain). In the domain extension beyond the
open end of the annular cavity, the maximum mesh
size (i.e. the mesh size at the far-field locations) was
of the order of 10 times the mesh size inside the cavity.
For all computational runs, approximately 100000
elements were required to obtain grid-independent
results.

The turbulence modeling approach was rigorously
checked by focusing on turbulent buoyancy-driven
flow in an annulus bounded by concentric, horizontal
cylinders and adiabatic end walls using both two-
dimensional and three-dimensional analyses. Results
were obtained for Rayleigh numbers ranging from 10°
to 10° and the effects of Prandtl number and radius
ratio on the flow and heat transfer characteristics were
examined [16]. Good agreement was obtained
between the results from this investigation and pre-
vious works [19, 20]. Comparison of results from the
three-dimensional model with experimental results of
McLeod and Bishop [21] showed good agreement.
Furthermore, to establish the two-dimensionality of
the flow field in the core region of the annulus, the
velocity profiles and temperature distributions
obtained from the two models were compared and
found to be in excellent agreement with each other.

4.1. Flow field

The flow field in each radial plane of the annular
cavity is exemplified by the velocity distribution in
the mid-axial location shown in Fig. 4a. The velocity
magnitudes were non-dimensionalized with respect to
the characteristic velocity

o057

0

used to non-dimensionalize the governing equations.
The radius of the outer cylinder (R,) was chosen as the
reference length in all the figures. The peak velocities
occur close to the outer cylinder and inner cylinder,
indicating the sharp velocity gradients in the turbulent
regime. The core flow has low velocities and is driven
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by the upward flows along the inner cylinder, outer
cylinder and end-wall. Boundary layer separation
occurs near the top of the inner cylinder which results
in a buoyant plume rising toward the outer cylinder.
After impinging on the outer cylinder, part of this
flow turns and encounters the upward counterflow
along the outer cylinder. The interaction of these flows
leads to the formation of a mixing zone near the outer
cylinder at approximately 5-10° from the top angular
position. The location of this point is dictated by the
relative strengths of the buoyant plume from the inner
cylinder and the flow along the outer cylinder. The
velocity distribution in the symmetry plane (Fig. 4b)
shows the axial inflow into the open annular cavity
through the lower region. Furthermore, the exiting
flow velocity is much higher than the velocity of the
incoming fluid.

The flow pattern in each radial plane of the cavity
remains essentially similar to the flow field in the mid-
axial plane explained above. The axial velocities in
four planes of the cavity located one-quarter of the
length apart, including the aperture plane of the
cavity, are depicted by means of ‘“‘surface™ plots in
Fig. 5. In this figure, the zero axial velocity is identified
by the solid walls of the cavity. The values above this
reference plane indicate positive axial velocities (flow
away from the end-wall, i.e. toward the open end)
while values below the reference plane indicate nega-
tive axial velocities (flow toward the end-wall, i.e. into
the cavity). As mentioned earlier, the entry of fluid
into the cavity is mainly through the lower half of
the cavity. However, fluid influx is also observed in
regions around the upper portions of the inner cylin-
der. Fluid flow toward the open end is stronger in the
upper half of the cavity and is maximum at the top-
most location. The slight decrease in axial velocity
(about 5-10°) from the top is due to the impingement
of the inner cylinder plume on the outer cylinder.
The outflow velocities (positive component) increase
steadily toward the open end, indicating the influence
of the outer flow field conditions. The considerable
increase in the axial velocity in the exit plane is also
obvious from Fig. 6d. There is also an outflow of fluid
through small regions below the inner cylinder.

Figure 6 shows the fluid particle paths obtained
from the numerical results for Ra* = 3.71 x 10°. These
pathlines basically show the trajectories of massless
fluid particles injected into the flow field just outside
the cavity at z = 0.425. The particles were assumed to
be introduced in the flow field at angular locations 30°
apart at r=0.1 to 1.1 (Ar=0.1). Based on these
particle path plots and many other numerical and flow
visualization experiments, the flow structure within
the annular cavity in the turbulent regime can be
classified as follows. The suction mechanism yields an
axial inflow of ambient fluid into the lower half of the
cavity in the symmetry plane. Part of this incoming
fluid gets entrained into the boundary layers along the
inner and outer cylinders while the remaining fluid
proceeds along the axial direction toward the end-
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Fig. 4. Velocity vector field in the cavity; Ra* = 3.71 x 10°, (a) z = L;2 (mid-axial plane). (b) vertical
symmetry plane.

wall. Some of the fluid particles that penetrate the
cavity completely rise in a boundary layer along the
end-wall. The presence of the solid-wall induces the
fluid recirculation just below the inner cylinder. Fluid
motion in the upper half of the symmetry plane is
primarily characterized by the rising plume from the
top of the inner cylinder and a strong axial outflow of
the heated fluid. The “‘gjection” of fluid as a buoyant
jet from the top of the cavity is one of the distinct
characteristics of open cavity flows. At the aperture
plane, there is an outflow just below the inner cylinder
and an inflow just above it. An upward flow along the
inner cylinder tip can also be observed. Part of this
flow gets entrained into the cavity due to the local
suction effect at the top of the inner cylinder while the
remaining portion is entrained within the buoyant
plume rising from the inner cylinder at the aperture
plane.

Pertinent qualitative features of the flow were also
observed through the flow visualization experiments.
The presence of the strong buoyant outflow near the
top of the annular cavity could be observed in the
experimental investigation. The local inflow through

regions above the inner cylinder could also be
observed. Generally, the experimental studies showed
the smaller velocities in the lower regions of the cavity
while the velocities were significantly higher in the
upper region of the cavity. Hence, the area occupied
by the exiting flow was found by both the numerical
and flow visualization experiments to be significantly
smaller than that occupied by the flow entering the
cavity.

4.2. Heat transfer results

In the experimental investigation, 100 thermo-
couples were used to determine the temperature dis-
tribution over the surface of the test section. For the
inner cylinder, temperatures at 10 different angular
positions were recorded in three radial planes of the
cavity at z = 0.05, 0.15 and 0.25. For the outer cylin-
der, the planes of interest were located at z = 0.08,
0.16 and 0.24 with 10 thermocouples in the angular
direction in each plane. For the end-wall, tem-
peratures were measured at nine positions 40° apart
and at radii » = 0.53, 0.69 and 0.85, respectively. The
above radial and axial coordinates have been non-
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Fig. 5. Axial velocity distribution in different planes of the cavity; Ra* =3.71x10° (a) z = L/4,

(byz=1Lj2,(c) z=3L/4, (d)

dimensionalized with respect to the reference length,
i.e. the outer cylinder radius R,. Finally, for the inner
cylinder tip, a total of 13 thermocouples were used.
Figures 7 and 8 display the experimental steady-
state surface temperatures for the outer cylinder and
end-wall, obtained experimentally for three Rayieigh
numbers corresponding to different power inputs to
the test section. In each case, the 0° location denotes
the uppermost position of the cavity. The temperature
distribution over the outer cylinder and end-wall exhi-
bit the symmetry (+2%) about the vertical plane of
the cavity. The surface temperatures increased steadily
from the bottom to the top of the cavity due to an
increase in the thermal boundary layer thickness. This
situation is analogous to the natural convection flow

z = L (aperture plane).

over a vertical flat plate with an applied constant heat
flux, wherein the thermal boundary layer thickness
increases continuously along the upward direction as
the fluid convects heat from the surface. For the outer
cylinder, the temperature values were lower near the
open end of the cavity compared to locations near
the end-wall due to two reasons: (i) the decreased
boundary layer thickness near the open end of the
cavity (due to the penetration of cold fluid into the
cavity); (ii) heat conduction from the end-wall to the
outer cylinder. This difference in temperatures is more
pronounced near the bottom angular position
(6 = 180°), because the penetration of fluid into the
cavity is primarily through the lower half. For the
end-wall, at 6 = 180°, i.e. in the lower half of the
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vertical plane, the temperature values are highest for
r = 0.53 (this thermocouple is located at a greater
height than the other two thermocouples). Near the
top, this trend reverses, i.e. the temperature values
are highest at r = 0.845. This is consistent with the
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analogy drawn earlier with the vertical flat plate
boundary layer flow.

The averaged quantities including the mean cavity
Nusselt number from the experimental runs for
different heating conditions are given in Table 1. In
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Fig. 7. Experimental temperature distribution for Ra* = 3.71 x 10°; (a) outer cylinder, (b) end-wall.
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Fig. 8. Experimental temperature distribution for Ra* = 5.05 x 10%; (a) outer cylinder, (b) end-wall.

this table, the Nusselt number is a measure of the
convective heat transfer rates from each component
of the cavity. The cavity Nusselt number provides an
estimate of the total convective loss from the annular
cavity. The very good agreement between the exper-
imental and numerically predicted heat transfer rates
follows directly from the temperature comparisons
discussed above, i.e. the agreement is within 12% for
the highest Rayleigh number case analyzed numeri-
cally. Based on the experimental results, power law
correlations for the experimental heat transfer results
were obtained as follows:

The mean and maximum deviation of data from the
above correlations was 0.5% and 3.3% respectively.
Figure 9 shows the isotherms in different planes of the
cavity for Ra* = 3.71 x 10°. The temperature values
in the figure are non-dimensionalized using (T—T.)/
(gR./k). The temperature distribution shows the pres-
ence of sharp gradients around all the cavity surfaces.
At the top of the inner cylinder, flow separation leads
to the formation of a buoyant plume resulting in a
drastic reduction in the temperature gradients around
that location. For the outer cylinder, it can be seen
that the thermal boundary layer thickness increases

Outer cylinder: Nu,, = 0.0136(Ra*)*7
End-wall: Nu,, = 0.0133(Ra*)*>"
Inner cylinder: Nu,, = 0.0113(Ra*)**®" »for 1.27 x 10° < Ra* < 5.05 x 10°.
Innercylindertip:  Nu,, = 0.0119(Ra*)*>™
Cavity: Nu,, = 0.0131(Ra*)**™
Table 1. Experimental mean heat transfer results
Mean temperature (non-dimensional)
Outer Inner Inner Nu,,
Ra* Pr cylinder End-wall cylinder cylinder tip Cavity (cavity)
1.27x10° 0721  2579x10°%  2.620x 1072  2.617x 1072 2.584x10°° 2.603 x 1072 36.72
273x10° 0702 2.014x1072 2.041x1072 2043x1072  2.014x1072  2.017x107%  47.08
371x10°  0.700  1.772x1072  1.799x 107 1.806x 1072 1.781x 1072 1.789x107*  53.41
448x10°  0.698 1.684x1072 1.703x1072 1.701x 1072 1.681 x 1072 1.694 x 1072 56.41
505x10°  0.697 1.582x1072 1.599x1072 1.589x107? 1.574x 1072 1.589x 1072 60.12
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Fig. 9. Isotherms in different planes of the cavity; Ra* = 3.71 x 10° (range: 10 *-1.9x 107, AT = 2x 1079,
(a) z= L/4.(b) z = L/2. (c) z = 3L/4, (d) - = L (aperture plane), (¢) symmetry plane.

steadily from bottom to top, indicating higher heat
transfer rates in the lower half of the cavity. As the
plume rising from the inner cylinder negotiates the
curved surface of the outer cylinder, it encounters the
upward flow along the outer cylinder resulting in a
stagnant zone about 5-10° from the top. This causes
the slight distortion of isotherms in the corresponding
location near the outer cylinder. The distortion was
observed to be more pronounced near the open end

of the cavity, due to the reduced resistance to the
buoyant flow.

A comparison between the numerical and exper-
imental results is shown in Fig. 10. The local tem-
perature distribution over the outer cylinder, end-wall
and the inner cylinder is compared for the heating
condition corresponding to Ra* = 3.71 x 10°. Con-
sidering the complexity of the physical phenomena
involved in the open annular cavity natural convection
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Fig. 10. Comparison of experimental and numerical surface temperatures; Ra* = 3.71 x 10%, (a) outer
cylinder, (b) end-wall, (c) inner cylinder.

flow, the very good agreement can be seen between
the experimental and numerical results. Upon closer
examination of the temperature values from the
numerical and experimental results, it was observed
that they display precisely the same trend at different
axial and radial locations. Additional computations
were carried out for Ra* = 1.27 x 10° and 5.05 x 10°.
A comparison between the experimental and numeri-
cally predicted mean component temperatures under
different heating conditions is shown in Table 2. Simi-
lar trends were obtained from a comparison of the
experimental and numerical Nusselt numbers.

5. CONCLUSIONS

Fluid flow and heat transfer characteristics of natu-
ral convection around an open annular cavity have
been investigated. The results presented in this paper
provide foremost experimental data pertaining to
buoyancy-induced flows in open ended annular cavi-
ties. This data can be used to validate numerical algo-
rithms for this category of flows, as was done in the
present work. Heat transfer correlations have been

obtained experimentally to predict the heat losses
from the cavity.

Table 2. Comparison between experimental and numerical results

Mean temperature (non-dimensional)

Outer Inner Inner
Ra* Method cylinder End-wall cylinder cylinder tip Cavity

1.27 x 10° Experimental 2.579x 107 2.620x 1072 2617x107%7  2.584x107?  2.603x 10"
Numerical 2593x 1077 2.593x 1072  2.582x 1072  2.582x107?  2.593x107°
% difference +0.2 —-0.61 —0.61 0.0 —-0.2

3.71%10° Experimental 1.772x107% 1.799x 1072 1.806x10°%  1.781x10"*  1.789x 10~
Numerical 1.907x1072  1919x107%* 1.888x1072 1.868 x 1072 1.907 x 10~
% difference +5.72 +5.00 +3.47 +3.61 +4.91

5.05x 10° Experimental 1.582x107% 1.599x 1072 1.589x107?  1.574x 107>  1.589x10~*
Numerical 1.796 x 1072 1.806x107% 1.777x1072 1.761x 1072 1.796 x 10~
% difference +11.2 +10.7 +9.75 +9.75 +10.7
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The experimental data has been verified by com-
parison against results obtained from a finite element
analysis of the problem. The results provided an in-
depth understanding of the basic mechanisms under-
lying the buoyancy induced flow in open ended cavi-
ties. The flow field results indicate the strong influence
of the open end on the flow field within the cavity.
The bulk flow is characterized by the suction of cold
fluid into the lower portions of the cavity and ejection
of hot fluid as a buoyant jet from the top of the cavity.
This interaction between tie inner and outer flow
fields is responsible for enhanced heat transfer rates
from open ended cavities.
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