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Buoyancy Induced Convection in

a Narrow Open-Ended Annulus
Results from a combined experimental and numerical investigation of buoyancy driven 
flow and heat transfer in a narrow annular gap between co-axial, horizontal cylinders 
are presented in this work. The annulus is open at both ends through which the 
ambient fluid can interact with the fluid inside the gap. In the experimental study, a 
constant heat flux was utilized to simulate buoyancy induced convection in an open 
ended annular cavity with a low gap to inner cylinder radius ratio; local surface 
temperature measurements were made to determine heat transfer characteristics of 
the convective flow. The heat transfer results are correlated by Nu = 0.134(Ra *)0-264

for the range of Rayleigh numbers considered (7.09 X 70s s Ra* =s 4.76 X W9)
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 show-
ing the interactions between the ambient and cavity flow fields agree favorably with 
experimental results. An investigation was also carried out to study the effect of axial 
length and the gap width of the annulus. A correlation for the average Nusselt number 
as a function of Rayleigh number, axial length and gap width has been obtained. 
The present work provides, for the first time, an experimental and numerical study 
of turbulent buoyancy induced flows in a narrow open-ended annulus. 

1 Introduction

Studies in natural convection in open-ended structures have
received a great deal of attention in recent years, as they could
serve as a valuable design aid in fire research, passive solar
heating, energy conversion in buildings, and cooling of elec-
tronic components to name a few. The free convection in an
annulus open at both ends, which constitutes a basic geometry,
is strongly dependent upon the interactions of the inner (inside
the cavity) and outer (the open region) flow and temperature
fields.

In the analysis of open cavity problems, there is the inherent
challenge of specifying boundary conditions at the open end.
A number of numerical studies on two-dimensional rectangular
open cavities have utilized the standard (and more viable) ap-
proach of performing calculations in a computational domain
extended beyond the cavity and applying the far field conditions
at the boundaries of the extended domain (Le Quere et al.,
1981; Penot, 1982; Chan and Tien, 1985; Humphrey and To,
1986; and Vafai and Ettefagh, 1990). It has been shown by
Vafai and Ettefagh (1990) that the extent of the enlarged com-
putational domain has a considerable effect on the results. Due
to the difficulty in controlling the ambient conditions, only a 
few experimental studies of natural convection in rectangular
cavities have been reported. Bejan and Kimura (1981) did an
experimental investigation to validate their theoretical study of
free convection penetration into a rectangular cavity. The stud-
ies of Sernas and Kyriakides (1982), Hess and Henze (1984),
and Chan and Tien (1986) provided further insight into two-
dimensional rectangular open cavity natural convection through
their experimental studies. Desai and Vafai (1996) provided
experimental and numerical results for buoyancy induced flow
and heat transfer in an annular cavity open at one end and
closed at the other.
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Of late, three-dimensional phenomenon of natural convection
in open annular cavities has been gaining attention. Vafai and
Ettefagh (1991) numerically studied the three-dimensional nat-
ural convection in an annulus in which the inner cylinder was 
maintained at a constant higher temperature while the outer
cylinder was maintained at the lower ambient temperature. Sev-
eral fundamental aspects of the flow field, such as the recirculat-
ing nature of the classical annular natural convection flow cou-
pled with the strong axial convective effects induced by the open
end, were revealed in their laminar, transient three-dimensional
analysis.

An experimental investigation of turbulent natural convection
in an annulus open at both ends has not been studied to date,
nor has there been any relevant numerical study in the turbulent
regime. In the present work, results from a combined experi-
mental and numerical study of natural convection flow and heat
transfer within and around an annulus open at both ends are
analyzed. Experiments were performed and heat transfer corre-
lations obtained for the range of heating conditions representa-
tive of several applications. A finite element model was also
developed to simulate conditions in the experimental investiga-
tion. The numerical and experimental results are shown to be
in excellent agreement. This investigation provides validated
heat transfer data and improved physical understanding of fun-
damental aspects of natural convection in an annulus open at
both ends.

2 Experimental Investigation

The purpose of the present experimental investigation is to
simulate well-controlled buoyancy induced convection in an
open ended annulus between co-axial horizontal cylinders. The
quantitative output required from the experiments were temper-
ature distributions and the heat transfer coefficients associated
with the free convective flow around the open-ended annulus.

2.1 Test-Section Assembly. A schematic representation
of the test-section assembly used in the present experimental
study is shown in Fig. 1. The outer cylinder, inner cylinder,
and the vertical faces on either side of the inner cylinder were
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Fig. 1 Schematic of the test section used in the experimental study

machined from aluminum alloy (6061-T6) plates of thickness
0.25 in (6.35 mm). The inner cylinder was machined into a 
tube of OD 18.28 in. (46.43 cm), while the outer cylinder had
an ID 20 in. (50.8 cm). The lengths of the inner and outer
cylinders were 9.6 in. (24.38 cm) and 9.75 in. (24.77 cm),
respectively. The two vertical faces (annular plates) were bolted
to the inner cylinder on either side. Each vertical face had an

OD = 18.28 in. (46.43 cm) and ID = 10 in. (25.4 cm). Wooden
rings were bolted to the heated (aluminum) vertical surfaces of
the inner cylinder in order to support the inner cylinder while
preventing conductive heat losses from the vertical surfaces to
the supporting pipe. The vertical insulated wall was fabricated
by assembling two rings—the inner ring was made of masonite
wood while the outer ring was made of lexan. These walls (one
on either side) were connected to the outer cylinder by means
of only four screw fasteners to minimize conduction losses to
the supports.

One major objective in the present experimental study was
to study the interaction between the inner and outer flow fields 
near the opening. To obtain meaningful experimental data, it
was necessary to ensure that extraneous influences from the
surroundings were minimized. Hence, a special supporting
mechanism for the test section was designed to ensure that the
effect of any external supports on the flow and temperature
fields around the annular region of interest would be minimized.
A schematic sketch of the supporting mechanism is shown in
Fig. 2. The inner cylinder was supported by means of a central
aluminum pipe which was mounted on two adjustable supports,
one on either side of the inner cylinder and equidistant from it.
These supports were placed at a sufficient distance from the
test section to minimize its effect on the flow field. The diameter
of the aluminum pipe was large enough to withstand the weight
of the inner cylinder. Furthermore, to prevent heat transfer from
air to the supporting pipe, a sleeve made of insulating PVC
material was mounted on either side of the inner cylinder. Fi-
nally, longitudinal slots were milled in the supporting aluminum
pipe to allow access to the thermocouple and heater lead wires.
Also, the entire room in which the experiments were done was 
totally cut off from any air-conditioning currents.

2.2 Heating and Temperature Measurement System.
The constant heat flux thermal boundary conditions on the inner
cylinder and the two vertical aluminum faces were applied by
means of flexible silicon rubber thermofoil heaters. The heaters,
capable of raising the temperature to 260°C, were attached to
the back side of the aluminum components by means of a high
conductivity pressure sensitive adhesive (PSA) to provide good
thermal contact. The backside of the heaters was insulated using

N o m e n c l a t u r e

A = exposed surface area of compo-
nent under consideration

Ah = surface area of the heater on a par-
ticular component

b = gap width between inner and outer
cylinders, R„ — /?,

dA = elemental surface area

g = gravitational acceleration
g* = dimensionless gap width

h = heat transfer coefficient
h,„ - average heat transfer coefficient
k = turbulent kinetic energy

kc = thermal conductivity of annulus

wall
kw = thermal conductivity of outer wall
kf = thermal conductivity of the fluid
L = length of the open annular cavity

Le = length of the extended computa-
tional domain

Nu = Nusselt number = hRal\
Nu = Average Nusselt number

Nuft = Nusselt number based on gap
width = hbl\ 

Pr = Prandtl number = via 
p = pressure

Q = total power supplied to the heaters
gioss = heat loss from the insulation and

radiation heat loss from the test
section

q = applied heat flux
qc = convected heat flux 

Ra = Rayleigh number = g/3(Tm -

TJ)R\lav
Ra t = Rayleigh number based on gap

width = gP(Tm - T„)b'/au 
Ra* = modified Rayleigh number = 

gPqR*l\av
R, = outer radius of the inner cylinder
R0 = inner radius of the outer cylinder
Re = radius of the extended computa-

tional domain
r = radial coordinate
T = temperature

Tc = temperature at surface of annulus

wall
Tm = average cavity temperature
T„ = temperature at surface of wooden

wall
Tt = temperature at surface of inner

cylinder

Too = ambient temperature
t = thickness of the cavity components

U = characteristic velocity of the natu-
ral convection flow

u = velocity
ur = radial velocity
ue = azimuthal velocity
uz = axial velocity
x = cartesian coordinate

x* = dimensionless length of annulus
z = axial location

Greek symbols

a = thermal diffusivity
(5 = volume expansion coefficient
e = dissipation of turbulent K.E.
v = kinematic viscosity
fj, = dynamic viscosity

fj,t(f = effective viscosity
/x, = turbulent viscosity
A. = thermal conductivity

\eff = effective thermal conductivity
\, = turbulent thermal conductivity
6 = angular location measured from

the top
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31 in.

Fig. 2 Schematic of the supporting mechanism for the test-section assembly

Fiberfrax Durablanket insulation. This material provides excel-
lent insulation characteristics due to its low thermal conductivity
(0.029 W m~' K " ' ) . With this arrangement, the maximum heat
loss incurred was of the order of 4 percent of the total power
supplied to the heaters.

A total of ninety-six holes (each 3 mm dia.) for thermocouple
insertion were drilled into the test-section components to within
0.15 mm of the surface in contact with the surrounding air.
AWG K-type thermocouples were inserted in these holes and
held in place by high thermal conductivity cement. Each hole
was completely filled with the high conductivity cement to mini-
mize the effects of removing the material from the test section.
Care was taken to ensure that the tip of the thermocouple was 
in contact with the bottom of the hole. The temperature reading
which is obtained can be assumed to be indeed the temperature
of the surface in contact with the surrounding air. In addition,
two thermocouples were always used to measure the tempera-
ture drop across the insulation on the backside of the heaters.
These temperature measurements were necessary to determine
the heat loss through the insulation and thus, the actual heat
supplied to the test section. Finally, one thermocouple continu-
ously measured the temperature of the ambient air in the room.

A DC power supply capable of supplying up to 10 kW was
used to provide the requisite power to trie heaters. The voltage
and current through the heaters was measured by means of a 
voltmeter and ammeter built into the power supply. The temper-
ature data was recorded using a data acquisition/control unit
and a high accuracy digital voltmeter. The heating and data
acquisition procedures were fully automated.

2.3 Experimental Procedure. The experimental site was
an isolated room with precise control over the air circulation.
The supply of air to the room was completely shut off at least
an hour prior to the start of each experimental run. To begin
the experiments, the required amount of power was supplied to
the heaters by means of the DC power supply. The voltage and
current through the heaters for a given run were recorded for
heat flux calculations. The data acquisition unit scanned all the
thermocouples while the digital voltmeter measured the thermo-
couple output (in volts). At the end of each complete scan, the
temperature values (the surface temperatures of the test section,
the temperatures across the insulation, and the ambient tempera-
ture) were written to disk before the next scan was initiated.
The total time per scan was approximately 20 seconds, produc-
ing three sets of temperature readings per minute. Data was
taken continuously without interruption until steady state was
reached. The requirement to obtain steady state was satisfied as
follows: the experiment was allowed to run for at least 5 hours

and steady state was assumed to be reached when the thermo-
couple variations were no more than ±0.1 °C for at least a time
span of 30 min. Duplicate experimental runs were performed
at each Rayleigh number to verify repeatability of results. Re-
sults were found 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 subsequent data reduction and
analysis.

2.4 Data Reduction and Uncertainty Analysis. The
Nusselt number and modified Rayleigh number are defined as

Nu

Ra*

hRo

\
and (1)

(2)

where the heat transfer coefficient is defined as the ratio of the
convected heat flux to the difference in temperatures between
the mean temperature (T,„) and the ambient temperature (T„). 
The convected heat flux is calculated by subtracting the radia-
tion heat loss from the total heat input from the power supply.
Heat loss by radiation occurs from the test section and from the
backside of the heaters (through the insulation). The mean
temperature (Tm) is the weighted-area average temperature. The
thermophysical properties of air were evaluated at the film tem-
perature, which is defined as the average of the mean cavity
surface temperature (Tm) and the temperature of the ambient
air(T„).

The temperature measurement capabilities were within
±0.2°C. The outputs of the thermocouple were measured within
±0.01 /xV, which corresponded to a sensitivity of 2.5 X 10~4°C.
The uncertainties in the measurement of the applied heat flux 
and that in the measurement of the heater current and voltage
were 4 to 6 percent and ±1.5 percent, respectively. The length
scale used in the current study had an uncertainty of ±0.1 mm
associated with it, while an uncertainty of ±3.0 percent was
assigned to the thermophysical properties of air (based on the
observed variations in the reported values in the literature). The
above uncertainties resulted in the uncertainty in the experimen-
tal Nusselt number to lie between 5.1 and 7.2 percent and in the
modified Rayleigh number to lie between 7.9 and 9.1 percent.

3 Numerical Analysis

3.1 Physical Model and Assumptions. In the numerical
study, the physical model, as illustrated in Fig. 3, was used.
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Fig. 3 Physical model and computational domain for the open-ended

annulus

The computational domain includes the solid walls of thickness
t and the extensions beyond the open end required to simulate
the far-field boundary conditions. The annulus is bounded by
aluminum walls in addition to the wall which extends into the
ambient surroundings. The constant heat flux applied on the
walls of the annulus causes natural convection currents to de-
velop in the surrounding fluid. It is assumed in the analysis
that the thermophysical properties of the walls and fluid are
independent of temperature. The flow is in the turbulent regime
for the range of Rayleigh numbers considered in the present
study. The fluid is Newtonian, incompressible, and satisfies the
Boussinesq approximation. This study concentrates only on the
natural convection phenomenon within and outside the annulus.
Hence, the contribution due to radiation heat transfer has been
subtracted from the experimental data for subsequent compari-
sons. The physical model and coordinate system used for study-
ing the effect of variations in geometric parameters is the same
as before except that a constant temperature is applied on the
surface of the inner cylinder.

3.2 Governing Equations. 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-e model is used to simulate
turbulence characteristics of the convective flow. The governing
equations, using indicial notation, are written as follows:

For the Fluid. 

Continuity:

uu = 0 (3)

Momentum:

UjUij g,T + {HeffiUij + Uj,i)] 

nergy:

(4)

inetic Energy

Pr Uj J ~ 

VRa*Pr (ujl ]j) = (Kf(Tj)j 

+ &-H-T-

(5)

+ n& (6)

Dissipation:

/Ra*
1 + 

<*c

e \i, +
 °>«-«>-k£«

T
->

e ^ Ra* e2 ^ 
+ c, 7 / / , $ - — - c2 — ( 7 )

k \ Pr k 

For the Solid Walls. 

Conduction:

0 (8)

All variables in the above equations are nondimensionalized as
follows (superscripts have been dropped, except for Ra*, for
convenient):

Xf
Xi

Uf
U (qRJ\) P nU 

k* = —- e* = — 
U2 U3IR„

$*
$

U2/Rl

Further, the turbulent and effective viscosities are, respectively,
given as

M* = C„ /4f = l + //,*

while the turbulent and effective thermal conductivities are,
respectively, given as

X,* ^ P r ,
Pr,

Mf = 1 + K* 

and

U = (a/ifD)VRa*Pr is the characteristic velocity of the buoy-
ancy induced flow. 

The values of the constants appearing in the governing equa-
tions are c, = 1.44, c2 = 1.92, c3 = 1.44, c„ = 0.09, Pr, = 1.0,
ak = 1.0, and ae = 1.3. Excluding c3, all the preceeding con-
stants are well-established from data obtained for turbulent
forced convection flows. A sensitivity analysis of c3 was carried
out alone since this constant influences the buoyancy contribu-
tion in the e equation. The results of this analysis revealed very
little change in the Nusselt number and flow variables with a 
significant variation of c3.

As mentioned before, the study of the effect of the geometric
parameters is carried out up to a Rayleigh number of 106. The
Rayleigh number used in this portion of the study is defined as

Ra» = 
gp{T, - T„)b3

3.3 Turbulence Model. The main challenge associated
with the simulation of turbulent flows using the k-e model is
the resolution of sharp gradients of the flow variables in the
near-wall region. A large number of grid points would be re-
quired in the viscous sublayer close to solid boundaries leading
to a tremendous increase in CPU time and storage. Another
difficulty stems from the fact that the standard k-e approach
(essential to model the high Reynolds number flow in the fluid 
outside the viscous sublayer) cannot be used to model the ef-
fects of viscosity on the turbulence field in the viscous sublayer
(the low Reynolds number effects on turbulence).

In the scheme used in the present work, the fully turbulent
outer flow field and the physical boundary are "bridged" by
using a single layer of specialized wall elements. The interpola-
tion functions in these wall elements are based on universal
near-wall profiles. They are functions of the characteristic turbu-
lent Reynolds numbers which accurately resolve the local flow
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and temperature profiles. The turbulent diffusivity in the near-
wall region is calculated by using Van Driest's mixing length
approach. The standard k-e equations are solved in the part of
the computational domain excluding the wall element region.
The elliptic form of the mean conservation equations are solved
throughout the computational domain. However, the k-e model
is applied only up to and excluding the wall elements. Further
details of the turbulence model can be found in the FIDAP
Theory Manual (1993).

3.4 Boundary Conditions. Considering the symmetry in
the flow and the temperature fields, only half the annulus in the
angular direction and the axial direction were considered in the
present study (Fig. 3), as was also confirmed by the experimen-
tal results. Based on physical considerations, it was assumed
that no exchange of energy occurs across the vertical symmetry
plane as well as the mid-axial symmetry plane of the annulus.
Therefore, the boundary conditions at these symmetry planes
are:

&k_ de 

dr ' dr 
0 at — and

R„

d k . d e (L + L.) 
— = 0, — = 0 at z = 
dz dz R„ 

(13)

In order to arrive at the size of the extended computational
domain, computations were performed with various axial and
radial extension lengths of the computational domain. By com-
paring the results from these cases, an extended domain of size
equal to three times the annulus size (i.e., the diameter of the
annulus) was found to yield satisfactory results and hence, all
calculations in the present work have been performed with this
size of the computational domain.

Finally, the following interfacial boundary conditions need
to be satisfied: at the interface of the annulus walls and the fluid

T, | ' ^ ^ = ^ ^ 
dn dn 

. dur du. dT dk de n
— = — = — = 0 at
de de de 

r = — , 1 ; 0 < z < — and - s c « — ; z = — (14)
R„ R„ 2 R„ R„ 

6 = 0, 7T (angular symmetry) (9) a t t n e interface of the wall (vertical surface) and the fluid 

u, — 0,
dur

~dz~ dz

dT

dz

dk = de 

dz dz 
at

z = 0 (mid-axial symmetry) (10)

The no-slip boundary condition for velocity was applied at all
the solid walls of the computational domain.

As mentioned earlier, a lot of care has to be exercised in
specifying the boundary conditions at the aperture plane where
fluid enters and leaves the annulus. The following alternate
approaches can be used: ( i ) specifying boundary conditions at
the aperture plane itself, and ( i i ) specifying the far-field condi-
tions at the boundaries of an extended computational domain.

Approach ( i ) does not account for the outer region condi-
tions. More realistic results are obtained using the second ap-
proach, especially near the opening of the annulus, as it has the
advantage of including the aperture plane in the computations.
Hence, in the present work, the second approach has been
adopted. The extension to the computational domain is basically
a cylinder of radius R„ and length Le, as shown in Fig. 3.

Extensive numerical experimentation was done to arrive at
the most appropriate set of far-field boundary conditions. At the
radial boundary of the computational domain, the temperature
gradient was imposed as zero while a constant ambient tempera-
ture was applied at the axial end of the computational domain.
This is expressed as

dT n Re

— = 0 at r = — and
dr R„ 

T = 0 at z = 
(L + Le)

Rn
(11)

It was further determined that the following boundary condi-
tions on velocity resulted in the most realistic simulation of far
field conditions:

dur du6 „ Re , 
uz = 0, —- = —- = 0 at r = — and

dr dr R0

ur = ue = 0, — = 0 at z = . (12)
dz "„

For kinetic energy and dissipation, zero normal gradient was
imposed on both the radial as well as axial boundaries of the
domain.

_ T (K\dTw dT L Re

TW=T, — = — at z = —; l < r < — (15)
\kf J dn dn R„ R„ 

and at the interface of the annulus wall and the wall (vertical
surface)

T = T 
1 c * w 

r= 1 + - . (16)
Ro

where n is the normal to the surface. In the above equations,
the subscript c denotes the annulus walls (made of aluminum),
and the subscript w denotes the other wall (made of masonite
wood) . Also, "annulus wal l " refers to the curved surfaces, i.e.,
the convex surface of the inner cylinder and the concave surface
of the outer cylinder.

In the study of the influence of geometric parameters, the
nondimensionalization of the length-scale was carried out using
the inner radius (/?,) instead of the outer radius (R0). To study
the effects of axial and gap width variations, the following eight
boundary conditions were employed.

dT£ = 

dn

dTw

dn
at

(L-t)

Ro
=3- Z S 

L

R„

For the axial symmetry plane:

at z = 0 and 1 s r =s
Ro

R,

dur du„ dT 
uz = 0, — = —— = — = 0 

dz dz dz 

2 For the curved surface of the inner cylinder:

at r = 1 and 0 =s z =£ — , 
Ri

T, - Tm
ur = ue = uz = 0, T = = 1 

l j i an 

3 For the vertical surface of the inner cylinder:

at z = — and 0 s r < 1,
Ri

ur = Me = uz = 0, —- = 0 
dz

(17)

(18)

(19)
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Fig. 4 Particle path plots around the annular gap (Ra* = 1.82 x 10
9
),

particles introduced at z = 0.525, 0 , 9 < r < l . l , and (a) 0 = 180°, (ft) 0 
= 150°, (c) 0 = 120°, (d) 0 = 90°, (e) 0 = 60°, and (f) 0 = 30°

4 For the curved surface of the outer cylinder:

at r = — and 0 < z < — , 

Ur = W9 = Mz = 0 ,

<9r
= 0 (20)

5 For the curved surface of the extension:

Re J L 
at r = — and — 

R, Ri 

Z £ 
(L + Le) 

R,

= o — = — = o ®1-Q 
dr dr dr 

6 For the vertical surface of the extension:

a + u) , n R. 
at z = and 0 =s r s — . 

«, R, 

ur = Ug = 0, —- = 0 T = 0 
az

(21)

(22)

7 For the vertical surface of the extension at the plane of
the opening of the annulus:

L , R„ Re
at z = — and — < r < — , 

R, Rt Rt

dT
u, = U) = uz = 0, and — = 0 

dz

For the angular symmetry plane:

dur _ duz _ dT 
ug = 0 and = 0 (24)

3.5 Numerical Scheme. A finite element formulation
based on the Galerkin method of weighted residuals was used
to solve the discretized set of governing equations (Eq. ( 3 ) -
(8)) along with the boundary conditions. The highly coupled
and nonlinear algebraic equations resulting from these discretiz-
ations are solved by using an iterative solution scheme based
on the segregated solution algorithm which involves decomposi-
tion of the entire system of equations into smaller subsystems
corresponding to each independent variable. An iterative solver
based on a combination of the conjugate residual and conjugate
gradient schemes is then used to solve each of the above subsys-
tems. When the relative change in variables between consecu-
tive iterations was 10~3, convergence was assumed to have
been reached.

4 Results and Discussion

A number of experiments were performed for the test section
at different levels of power input resulting in average cavity
temperatures ranging from 37°C to 166°C. During the experi-
mental runs, the ambient air temperature was between 23°C
and 24°C. The experiments thus covered a modified Rayleigh
number of Ra* = 7.09 X 108 to 4.76 X 109.

In order to ensure that the results do not change with respect
to the grid size, various combinations of grid size were tested. A 
systematic grid refinement procedure was used. This procedure
consisted of varying the number of grid points in the radial and
the angular direction one at a time while the other one was kept
fixed, following this, the number of grid points in all the three

tl

(d) (e)

Fig. 5 Particle path plots around the annular gap (Ra* = 
(23 ) particles introduced at z = 0.25, 0.92 s r s 0.99, and (a) 0 

= 135°, (c) 0 = 90°, (d) 0 = 45°, and (e) 0 = 0° 

1.82 X 10"),
= 180°, (6) 0 
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uz

Angle (degrees)
0.92

Angle (degrees)

UZ

Angle (degrees)
0.82

Angle (degrees)

Fig. 6 Axial velocity distribution in different planes of the cavity; R a * = 1.82 x 1 0
9
: (a) z = L/4, (b) z = £ / 2 , (c) z = 3L/4, and (d) z = L 

(aperture plane)

directions were increased from the above values to determine the
grid size required to obtain a grid-independent solution. It should
be noted that a minimum of three grid points (and in most cases
five points) were always used in the solid wall thickness of the
computational domain. Furthermore, in the fluid region, a variable
mesh strategy was adopted. The mesh was always finer near the
wails (typically the mesh size near the walls was one hall" the size
of the mesh in the interior of the domain). In the domain extension

beyond the open end of the cavity, the maximum mesh size (i.e.,
the mesh size at the far-field locations) was about ten times the
mesl] size inside the cavity.

Both two-dimensional and three-dimensional analyses of tur-
bulent buoyancy driven flow in an annulus were conducted to
rigorously check the turbulence modeling approach. The Ray-
leigh numbers investigated ranged from 106 to 109, and good
agreement was obtained between the results from the present

i I l l l l l

(a)

Fig. 7 Velocity vector field in the vertical symmetry plane of the cavity;

Ra* = 1.82 x 10
9
: (a] Upper half and (6) Lower half
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investigation and previous works (Kuehn and Goldstein, 1976;
Farouk and Guceri, 1982; Fukuda et al , 1990, 1991; and Desai
and Vafai, 1994). There was also good agreement of the three-
dimensional model with experimental results of McLeod and
Bishop (1989). The results obtained from the numerical study
were checked to verify that the conservation of mass principle
was satisfied. This check was done by integrating the velocity
field across different axial planes, and each of them was found
to integrate to zero.

4.1 Flow Field. In the open annular cavity considered in the
present study, the driving potential for the buoyancy induced flow 
is provided by the heated inner cylinder and its two vertical sur-
faces. As will be shown later, the steady state temperature attained
by the outer cylinder is above the ambient temperature and there-
fore, also contributes to the buoyancy effects to some extent. Fig-
ures 4 and 5 depict the fluid particle paths obtained from the
numerical results for Ra* = 1.82 X 109. The trajectories of fluid 
particles injected into the flow field is shown by these pathlines.
In Fig. 4, the particles were assumed to be introduced in the flow 
field just outside the cavity at z = 0.525 at angular locations 30
deg apart and radii r = 0.9 to 1.1 (Ar = 0.1). These radii were
chosen judiciously so as to cover the entire radial extent of the
annular gap (/?, - R0) as well as one grid point on either side. In
general, it appears that the bulk flow is characterized by cold,
ambient fluid entering the cavity axially through the lower regions
of the aperture plane (the "suction" effect) and hot fluid leaving
the cavity from the top (the "ejection" effect). The maximum
penetration of ambient fluid into the cavity is through the lower-
most angular location (180 deg); it diminishes in the upward
direction. However, a significant amount of axial penetration is
also observed up to the 90 deg location (Fig. 4(d)). The narrow
gap precludes any local outflow below the inner cylinder or local
inflow above it, which were observed in the air flow around annular
cavities with wider gaps. Fluid particles also rise along the heated
vertical surface and finally get entrained into the buoyant flow 
exiting from the top of the cavity. The pathlines originating at r 
= 0.9 show the buoyant plume rising along the vertical surface. To
gain an understanding of the flow field inside the cavity, pathlines
originating at z = 0.25 (= LIT) are also shown in Fig. 5. To
generate these pathlines, it was assumed that particles are injected
in the flow at angular locations 45 deg apart with radii r = 0.92
to 0.99. This figure further clarifies the axial flow toward the mid-
axial symmetry plane through the lower regions of the cavity and
flow toward the exit plane in the upper regions. In the r - 9 planes,

the pathlines inside the cavity are concentric circles, indicating a 
flow pattern similar to that in a narrow channel.

Figure 6 shows the axial velocity distribution in four planes
of the cavity located one-fourth of the annulus length apart,
measured from the mid-axial symmetry plane up to and includ-
ing the exit plane. This figure, as well as subsequent figures
showing the .flow field, present the nondimensional veloci-
ties (with respect to the characteristic velocity U = 

*Pr). The solid walls of the cavity are identified by
the zero velocity reference plane in the surface plots. The values
above the reference plane indicate positive axial velocities (flow
away from the mid-axial plane, i.e., toward the exit) while the
negative axial velocities indicate flow entering the cavity. The
maximum and minimum values of the axial velocity in each plane
are given in the figure. The axial velocity distribution in the exit
plane (Fig. 6(d)) indicates that air enters the gap through approxi-
mately the lower two thirds of the aperture plane. From Fig. 6(d) 
it is also observed that the axial velocities of the entering fluid are
significantly lower than those of the fluid leaving the cavity. It
should also be noted that the "vena contracta" effect causes in-
creased resistance to the flow field at the inlet, as compared to
that at the outlet. It is observed that the axial velocity magnitudes
increase continuously from the interior of the cavity toward the
exit plane. The fluid attains maximum axial velocities in the exit
plane through which it "gushes" out of the annular cavity into
the ambient surroundings.

The velocity vector field in the upper and lower halves of
the vertical symmetry plane (Fig. 7) clearly shows the axial
flow effects induced by the open end of the cavity. At the exit
plane, the velocity profile at the top of the cavity is significantly
different. The angular velocity component of the fluid dimin-
ishes significantly as fluid leaves the restrictive outer cylinder
surface and ejects as a buoyant jet from the top of the cavity.

4.2 Heat Transfer Results. Thermocouples were installed
at eight different angular locations 45 deg apart on the inner and
outer cylinder surfaces. For the vertical surfaces on either side of
the inner cylinder, the four angular locations were 90 deg apart.
For the inner and outer cylinders, the thermocouples were installed
at five different axial locations, while for the vertical surfaces, two
radii were chosen to install the thermocouples.

Figures 8-10 illustrate the experimental steady-state surface
temperatures for the three components of the test section, i.e.,
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Fig. 10 Experimental temperature distribution for the vertical surface;

Ra* = 4.29 X 10°
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Table 1 Experimental mean heat transfer results

Inner
Ra* Ra Pr cylinder

7.09 X 108
1.40 X 104 0.705 38.9

1.22 X 109
2.13 X 104 0.705 47.1

1.82 x 10" 2.86 X 104 0.704 56.8
2.33 X 109

3.45 X 104 0.703 70.7
3.20 X 109 4.36 X 104 0.702 89.8
3.42 X 10* 4.61 X 104 0.701 97.8
3.81 X 109

4.97 X 104 0.700 113.9
4.29 X I09 5.32 X 104 0.699 130.6
4.55 X 10" 5.50 X 10" 0.698 147.4
4.76 X 109 5.63 X 104 0.696 164.6

the inner cylinder, the vertical surfaces, and the outer cylinder.
In each figure, the 0 deg location denotes the uppermost angular
plane of the cavity. It can be seen that the temperature distribu-
tion over each of the components exhibits a good degree of
symmetry in the angular direction about the vertical plane of
the cavity. Also, for the inner and outer cylinders it was ob-
served that the results were symmetric in the axial direction
with respect to the mid-axial symmetry plane. However, to
clarify the axial trends in the temperature profiles the thermo-
couple outputs at three axial locations have been presented in
these figures.

For the inner cylinder (Fig. 8), the temperature values were
lower near the open end of the cavity, as compared to locations
in the interior portions of the cavity. The difference in tempera-
tures is more pronounced near the bottom angular position (6 
= 180 deg) because penetration of cold ambient fluid into the
cavity is primarily through the lower half of the annulus. As
fluid penetrates the cavity through the opening, its bulk tempera-
ture increases because it gains energy from the inner cylinder.

Fig. 11 Isotherms in the symmetry plane of the cavity; Ra* = 1.82 X 
10

s
: (a) Symmetry plane, (fa) Upper half, and (c) Lower half

Mean temperature (°C) — 
- Nu

Inner cylinder (Inner cylinder
Outer Vertical and vertical and vertical

cylinder surface surface surface)

27.3 38.6 38.8 29.9
27.6 46.6 46.9 33.6
29.1 56.2 56.6 37.4
33.1 69.7 70.3 39.8
34.9 88.3 89.3 43.2
37.2 96.3 97.2 43.7
41.0 112.1 113.2 45.2
44.1 128.3 129.8 47.5
47.5 144.8 146.5 48.7
50.9 161.7 163.6 49.8

Hence, the heat transfer rates from the inner cylinder decrease
as the distance from the mid-axial plane decreases. The tempera-
ture distribution over the outer cylinder (Fig. 9) indicates that
the axial variation of temperature was negligible. The increase
in temperature in angular direction was observed for the outer
cylinder also because of the increase in the bulk fluid tempera-
ture. This is due to the flow which moves primarily from the
bottom of the cylinder upwards. Furthermore, the difference
between the maximum and minimum temperature in the angular
direction for the outer cylinder was considerably higher than
the corresponding temperature difference for the inner cylinder.

The temperature distribution over each vertical surface (Fig.
10) was found to be identical, further verifying the axial symme-
try condition. Similar to the inner cylinder temperature distribu-
tion, for each vertical surface the trend of increasing temperature
in the angular direction was observed. The temperatures over
the vertical surface are highest at the top (8 = 0 deg) since the
air is hottest at the top after gaining heat continuously as it
convects heat from the vertical surface. As far as the trends in
the radial direction are concerned, it was observed that the
surface temperatures at the outer radius were higher than those
at the location near the center line. In the present case, there
was an unheated area over the aluminum portion of the vertical
surface since the heater could not be placed directly in contact
with the wooden portion of the vertical surface. This causes the
lower temperatures near the inner radii as the temperatures near
this unheated area are lower than at the outer radial locations.

In the experimental investigation, a wide range of Rayleigh
numbers was considered (7.09 X 10s < Ra* < 4.76 X 109)
which corresponded to average inner cylinder surface tempera-
tures ranging from 37°C to 166°C. The trends in the steady-
state temperature distribution over the entire range of Rayleigh
numbers were similar to the case described above. However,
the difference between the maximum and minimum tempera-
tures were found to increase at higher power inputs. For exam-
ple, the outer cylinder temperatures ranged from 26°C to 28°C
at the lowest Rayleigh number, while for the highest Rayleigh
number the temperatures vary from 41°C to 57°C. The same
effect was observed in the axial direction for the inner cylinder,
i.e., the temperature difference in the axial direction increases
with an increase in Rayleigh number. For the aluminum portions
of the vertical surfaces, the temperature differences increase in
the radial direction for the higher power inputs.

The mean Nusselt number is a measure of the convective
heat transfer rates from the inner cylinder and its two vertical
surfaces. The averaged quantities including the mean Nusselt
number from the experimental runs for different heating condi-
tions are given in Table 1. A power law correlation for the
experimental heat transfer results was obtained as

Nu = 0.134(Ra*)°'264 for

7.09 X 108 < Ra* s 4.76 X 109. (25)
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Fig. 12 Comparison between experimental and numerical results; Ra*
(fa) Vertical surface, and (c) Outer cylinder

7.09 x 10": (a) Inner cylinder,

Figure 11 shows the isotherms for Ra* = 1.82 X 109 predicted
by the numerical model. The temperature values in the figure
have been nondimensionalized using (T — T«,)l{qR0lk). The
isotherms in the lower half of the symmetry plane indicate the
penetration of cold ambient fluid through the open end in the
lower half of the cavity. The increase in the thermal boundary
layer thickness from the open end toward the mid-axial symme-
try plane is also apparent from the figure. At the top of the
cavity, the distortion of isotherms near the open end indicates
the buoyant jet leaving the cavity.

A comparison between the numerical and experimental re-
sults is shown in Fig. 12. One of the initial checks done for the
numerical heat transfer calculations consisted of verifying that
the amount of heat coming from the inner cylinder and that
leaving the aperture plane at z = LIR0 are the same. The local
temperature distribution over the inner cylinder, the outer cylin-
der, and the vertical surface are compared for the heating condi-
tion corresponding to Ra* = 7.09 X 10s. The temperature
values agree within 15 percent, even for the highest Rayleigh
number. 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. A comparison between the experimentally and
numerically predicted mean component temperatures under dif-
ferent heating conditions is shown in Table 2. It can be seen
that the results showed excellent agreement (approximately 5 
percent) at the lowest Rayleigh number considered while the
agreement deteriorated slightly, but was still within 13 percent
for the highest Rayleigh number case studied. It should be noted
that the agreement was better for the outer cylinder tempera-
tures. The Nusselt number results also displayed similar agree-
ment.

4.3 Variation of Key Geometric Parameters. The geo-
metric parameters which will be considered are the length of
the annular cavity and the gap width between the cylinders. The
physical model used for the analysis is the same as before. The
only change is that the curved surface of the inner cylinder is
maintained at a constant temperature while the vertical face of
the inner cylinder and the curved surface of the outer cylinder
are assumed to be insulated. Dimensionless parameters used in
characterizing the effects of the geometric parameters identified
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Table 2 Comparison between experimental and numerical results

Ra Method

Temperature (°C)

Ra* Ra Method Inner cylinder Outer cylinder Vertical surface

7.09 X 108 1.40 X 104 Experimental 38.9 27.3 38.6
Numerical 36.8 28.4 36.6
Percent difference -5.4 +4.1 -5.2

1.82 X 109 2.86 X 104
Experimental 56.8 29.1 56.2

Numerical 50.7 30.1 50.2
Percent difference -10.7 +3.4 -10.7

3.20 x 109 4.36 x 10" Experimental 89.8 34.9 88.3
Numerical 78.1 36.4 77.2
Percent difference -13.0 +4.3 -12.6

above are now given. The dimensionless length of the annulus
in the axial direction is given by

* L

x* = — 
(26)

where L is the length of the annulus and Rt is the radius of the
inner cylinder. The dimensionless gap width is given by

RQ ~ RJ 

Ri

(27)

where Rj and R„ are the radii of the inner and the outer cylinder,
respectively. In order to study the effects of these geometric
parameters, several cases were investigated. For each case, the
average Nusselt number was compared with that for a baseline
configuration. The geometric parameters for the baseline con-
figuration and that for the different cases which were studied
are summarized in the following table:

Baseline
Case 1 
Case 2 
Case 3 
Case 4 

0.500
0.375
0.250
0.500
0.500

0.100
0.100
0.100
0.075
0.050

The results obtained are shown in Fig. 13 in terms of the per-
centage change in average Nusselt number between each of the
cases identified above and the baseline case. The studies were
carried out up to a Rayleigh number of 1 X 106 and at any
given Rayleigh number, the average Nusselt number was found
to increase with an increase in the gap width between the inner

160

Fig. 13 Effect of variations in key geometric parameters

Journal of Heat Transfer

and the outer cylinders. The average Nusselt number was found
to decrease by about 60 percent (as compared to the baseline
case for a dimensionless width of 0.075) and by about 80 per-
cent for a gap width of 0.05. As seen in Fig. 13, the effect of
the gap width increases with Rayleigh number up to 2 X 105.
Above that, the effect of the width does not change appreciably
with the Rayleigh number. The study of the effect of the length
of the annulus revealed a strong dependency on the Rayleigh
number. For a length of 0.25, the average Nusselt number was
found to be higher than that for the baseline case having a 
length of 0.5 up to a Rayleigh number of about 6 X 105, and
the trend reverses beyond that. This behavior was expected
because at lower Rayleigh numbers reduced length results in
greater interaction between the fluid inside the annulus and the
ambient fluid. However, at higher Rayleigh numbers, the higher
velocity of the influx fluid results in a greater penetration and
hence increased interaction between the fluid inside the annulus
and the ambient fluid. A similar behavior was found for a length
of 0.375, but the change in trends was observed at a Rayleigh
number of 2 X 105. Thus, the increase in the average Nusselt
number at lower Rayleigh numbers is caused by the reduced
length and at higher Rayleigh numbers by the increased length
which results in a higher heat transfer area. These two conflict-
ing factors suggest the existence of an optimum length at which
the heat transfer rate can be maximized. The results can be well
correlated by the following equation:

Nu = 0.292(Ra)a48(0.02 - 0 . 0 9 J C * ) ( - 0 . 1 2 + 2.61,?*) (28)

which is valid for a Rayleigh number up to 1 X 106. Equation
(28), which is obtained by using a curve-fitting procedure,
captures the effects of all the pertinent geometric parameters as
well as the Rayleigh number variations.

5 Conclusions

In the present study, the buoyancy driven fluid flow and heat
transfer characteristics of a narrow annular gap open at both
ends and bounded by co-axial horizontal cylinders have been
investigated. The numerical results provide insight into the basic
mechanisms underlying buoyancy induced flow in open ended
cavities. 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 the ejection of hot fluid, as a buoyant
jet, from the top of the cavity. This interaction between the
inner and outer flow fields is responsible for enhanced heat
transfer rates from open ended cavities. These observations are
consistent with the flow patterns obtained earlier for open annu-
lar cavities. The inner cylinder temperatures are lowest near the
open end of the gap and increase continuously toward the mid-
axial plane of the gap. Furthermore, buoyancy effects result in
higher temperatures in the upper regions of the cavity.

The experimental investigation confirmed the trends in the
temperature distribution obtained from the numerical results.
Experiments were carried out over a wide range of heating
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conditions (7.09 X 108 < Ra* < 4.76 X 109) and heat transfer
correlations were obtained to predict the heat losses from the
inner cylinder and its vertical side-faces.
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