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Natural convection in air between two infinite horizontal concentric cylinders at different
constant temperatures is numerically investigated. The study covered a wide range of the
Rayleigh number, Ra from 102 to 10, and the Radius Ratio, (RR) was changed between
1.25 and 10. The differential governing equations (mass, momentum, and thermal energy
together with their boundary conditions) were solved using a finite difference method. The
numerical method and the computer program are checked for the case of pure conduction.
The results were presented graphically in the form of streamlines and isotherms. The local
and average Nusselt numbers, velocities and temperature distributions are also presented.
The flow starts in the conduction regime at low Rayleigh numbers (Ra < 102) and low radius
ratios. It changes to the laminar boundary layer regime as the Rayleigh number or the ra-
dius ratio was increased. The study showed that the average Nusselt number increased
with the increase of each of Ra and RR in the laminar boundary layer regime. For any fixed
value of Ra, the laminar convection starts earlier at higher values of the radius ratio. The
annular gap will act as a single inner cylinder in an infinite medium at RR= 10 for Ra < 105.
For Ra > 105, the radius ratio has to be increased much over RR=10 in order for the annu-
lar gap to behave as a single cylinder. The numerical results were correlated as a function
of Ra and RR. A good agreement is shown between the present correlation and previous
data and correlations. The present correlation lies between the other correlations with a
maximum deviation of 9.6 %.
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1. Introduction

Natural convection in a horizontal annu-
lus kept at constant surface temperatures has
been the subject of interest of many research-
ers due to its theoretical interest and its
various engineering applications such as solar
collectors design, thermal storage systems,
nuclear reactors, cooling of electronic compo-
nents, aircraft fuselage insulation, under
ground electrical transmission lines, etc.
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Extensive survey on natural convection
between two horizontal concentric cylinders is
given by Kuehn and Goldstein [1]. They per-
formed both experimental and theoretical-nu-
merical studies for air and water at Rayleigh
numbers (based on gap width, L) from 2.1x104
to 9.8x105 at a diameter ratio of 2.6. A nu-
merical parametric study was carried out by
Kuehn and Goldstein [2], in which the effects
of the Prandtl number and the radius ratio on
heat transfer coefficient were investigated. The
Prandtl number and diameter ratio are each
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varied over several orders of magnitude (0.001
< Pr <1000, 1.0 < RR <»). Cho et al. [3] used
a bi-polar coordinate system to investigate
the local and overall heat transfer between
concentric and eccentric horizontal cylinders
for Rayleigh numbers less than 5x10% (based
on gap width, L). They found that the very
small eccentricity gives an overall thermal be-
havior similar to that of the exactly concentric
cylinders. Farouk and Guceri [4] applied a
turbulence model to study the turbulent
natural convection for high Rayleigh numbers
ranging from 106 to 107 with a radius ratio of
2.6. They also accounted for the buoyancy ef-
fects on the turbulence structure. The results
for both the laminar and turbulent cases were
in good agreement with results obtained ex-
perimentally by other investigators. Hessami
et al. [5] and Mahony et al. [6] investigated the
effect of variable properties on natural con-
vection in horizontal annulus. They found
that the Boussinesq approximation is valid for
Th—Tc
Te

0.1. It also can be used for a ratio of ¢ up to
0.2 with reasonable accuracy in the calcu-
lated heat transfer. They also found that the
Boussinesq approximation does overestimate
the tangential velocity and the temperature
gradient near the hot inner cylinder. Tsui et
al. [7] investigated numerically and experim-
entally the transient natural convection be-
tween two concentric isothermal cylinders.
They covered Grashof numbers from approxi-
mately 1x103 to 9x104 and diameter ratios
from 1.2 to 2.0. Several authors such as Ta-
kata et al. [8] and Feirao et al. [9] have carried
out numerical investigations on the three di-
mensional convective flow. Feirao et al. [9]
considered the steady convection in a wide
gap annulus and found that nearly two-di-
mensional crescent eddies establish in the
central region and that the fluid particles
move along a coaxial double helix. Hessami et
al. [10] investigated experimentally and theo-
retically the effect of changing the fluid prop-
erties within the annulus. They used air, glyc-
erin and mercury in the ranges of 0.023 < Pr
<10000 and 0.03 < Gr <3x10%, and showed

a temperature difference ratio &= <

that glycerin is more sensitive to the constant
properties assumption, while air had not been
significantly affected by this assumption. This
is due to the large radii ratio they wused
(RR=11.4). Finally their experimental data
have been correlated with some other data
from the literature for smaller values of RR .
It has been shown that the heat transfer from
the inner cylinders should be almost the same
as that in an infinite medium when RR >10.
Kolesnikov and Bubnovich [11] studied nu-
merically a conjugate problem of natural con-
vection in a horizontal annulus and compared
the solution with non-conjugate problems.
Kumar [12] presented the numerical results
for constant heat flux at the inner cylinder
and isothermal condition at the outer cylin-
der. A lower effective sink temperature is ob-
tained when it is compared to isothermal
heating, thus a higher heat transfer rate is
expected. Choi and Kim [13] studied the linear
stability of the crescent-shaped convection of
air (Pr = 0.71) by solving the linear equation
for three-dimensional disturbances with a
time marching method. It was shown that the
principle of exchange of stabilities is valid
fordj/L>2.1, which implies that the resultant

three-dimensional spiral flow is not periodic in
time for di/L=2.1. Most of the past research
has focused on the heat transfer at the sur-
face of cylinders as given in [2]. Recently, Yoo
[14, 15] considered the natural convection
problem in a narrow horizontal annulus, and
investigated the effect of the Prandtl number
on the stability of conduction regime and
transition of flow patterns. Yoo [16] investi-
gated the flow patterns and bifurcation phe-
nomena for fluids of 0.3 < Pr < 1, in a wide-
gap annulus of di/L=2. He found that when
Ra exceeds a critical value, two kinds of flow
patterns are realized according to initial con-
ditions, and two kinds of bifurcation phenom-
ena are observed, which are dependent on the
Prandtl number. The origins of the change of
flow patterns and dual steady solutions for
the convection were clarified by Mizushima et
al. [17]. They obtained the whole bifurcation
structure of the convection of air (Pr= 0.7) by
numerically calculating the stable and unsta-
ble steady state solutions and analyzing their
linear stability. They concluded that the so-
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called “ instability ” is not an instability of the
crescent shaped convection in its strict
meaning. It was shown that the transitions of
the convection and the appearance of dual
stable steady solutions are explained by im-
perfect trans-critical and saddle-node bifur-
cations instead of the instability. For natural
convection, the Boussinesq approximation
simplifies the Navier-stokes equation by ne-
glecting the compressibility effect everywhere
except for the buoyancy force terms. Regions
of validity of this approximation is presented
by Gray and Giorgini [18]. Finally, Kuehn and
Goldstein [19] also presented a correlation
equation that improved upon previously pub-
lished results. In all of the numerical studies,
the cylinders are assumed to be long, hence
the flow is two dimensional, with the inner
cylinder hotter than the outer cylinder.

Our basic aim here is to investigate
numerically the natural convection heat
transfer between two horizontal concentric
and isothermal cylinders as to get the com-
plete image about the heat transfer
characteristics of this problem.

The present numerical investigations will
cover diameter ratios of (1.25-10) and
Rayleigh numbers (based on inner diameter,
di) ranging from 102 to 106 at Prandtl number
=0.71.

2. Mathematical formulation

In the present study, air between the two
concentric cylinders will be considered a
Newtonian constant property fluid except for
the density in the buoyancy force components
existing in the momentum equations. The
Boussinesq approximation will relate the vari-
able density to the local temperature.

The steady state dimensionless equations
governing the transport of mass, momentum
and thermal energy in the cylindrical coordi-
nates (r,¢4) for the case of incompressible fluid
flow are:

Ny Ve Ny

=0, (1)
R R Ro¢
v ov, V7 Py R
r_r+ ¢_I‘__¢ :__d_igcos¢+
R RO R 2R 8Pr
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"RR 52 n2-2 o2 ’ @)
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The following dimensionless variables are
used:

v T-T,
VI’: Yr ’ V¢: d R:L79:[ CJ,

(v/a) (v/ia)”  a Th =T
py ——Pd CproCPe
p(v/af’ k
3
yol pa (2B -Te) gk
va P Cp

(5)

The above equations are subjected to the
following boundary conditions:

atR=1and0<¢<7:
VR =V¢=0, 9=1, (6—3)

R
atR=—2and 0<g¢<7 :
i

VR=V4=0,0=0, (6-)

R

atlsRSR—oand ¢=0 or 7:
i

V

Nr R_po 0 _

il a¢_0' (6-¢)

V4 =0,

Since the flow and heat transfer is
symmetrical about the vertical axis, it suffices
to consider only one half of the flow field on
either side of the vertical axis. This is shown
in fig. 1.
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2.1. The nusselt number

The local Nusselt number, Nu, is defined
as:

h,(2a)
y 06
Nug =— —=-2"R1: (7)

The average Nusselt number, Nu over the
inner cylinder perimeter is defined as:

00
Nu =" :—j— p=—" [8R] Ag. (8)

2.2. The calculation grid

The number of nodes for the solution in
the half annular space was taken as 50 nodes
in the radial direction and 90 nodes in the
circumferential direction. The spacing be-
tween the nodes in the circumferential direc-
tion was taken uniform. However, in the ra-
dial direction, non- uniform spacing was used
for better accuracy, with smaller spacing near
each of the two cylinders.

3. The numerical solution

The governing egs. (1-4) along with the
boundary conditions given by eqs (6-a, 6-b
and 6-c) can not be solved analytically. So,
the numerical methods remain the only possi-
ble solution one could take. The computer
program used to solve the above equations is
based on the finite difference technique devel-
oped by Patankar [20]. This was based on the
discretization of the governing equations us-
ing the central differencing in space. The
discretization equations were solved by the
Gauss-seidel elimination method. The itera-
tion method used in this program is a line by
line procedure, which is a combination of the
direct method and the resulting Tri Diagonal
Matrix Algorithm (TDMA). The procedure used
by Patankar is to solve simultaneously the
continuity and momentum equations then the
thermal energy equation. The accuracy of the
solution and the number of iterations were
checked. The iteration is stopped according to
a certain tolerance in the variation of the

value of the Nusselt number. So, the accuracy
was defined by the change in the average Nus-
selt number through one hundred iterations
to be less than 0.01% from its value. This
check showed that 1500 iterations were
enough for the required accuracy.

4. Results

Before proceeding with the numerical so-
lutions, the numerical method and the com-
puter program were checked for the case of
pure conduction in the present configuration.
This is done by solving only the energy equa-
tion alone with the given boundary conditions.
Other equations (continuity and momentum
equations) are ignored in the numerical solu-
tion.

As shown in egs. (4, 6), the pure conduc-
tion solution depends only on the radius ratio
and is independent of the Rayleigh or Prandtl
numbers. The exact value for the average
Nusselt number for pure conduction between
two isothermal concentric cylinders is derived
from the analytical solution of the energy
equation. It is given as:

2

= T RR)

(9)

The numerical values of the conduction
solution for 1.25 < RR < 10 are exactly the
same as the analytical values given by eq. (9).

Fig.1. Boundary conditions of the natural convection
problem.
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4.1. Streamlines and isotherms

The streamlines and isotherms for the flow
between the two concentric horizontal cylin-
ders due to natural convection are plotted
with the aid of the Surfer software version
6.01 in figs. 2 up to 5. The results in these
figures are obtained at different fixed values of
Rayleigh numbers between 102 and 106, and
the radius ratio was varied from 1.25 to 10.

4.1.1. Isothermal lines

For low Rayleigh numbers (Ra=102), the
isotherms for RR < 5 consist of concentric
cylinders approaching the inner hot cylinder
as RR increases. This indicates that conduc-
tion heat transfer regime prevails in these
cases. For RR >5, the boundary layer regime
is dominant with the isotherms concentrated
at the hot inner cylinder. The lower part of the
annular gap is not affected by the flow.

For high Rayleigh numbers (Ra=109), the
flow changes from the conduction regime (at
RR=1.25) to the boundary layer regime for RR
> 2. As the radius ratio increases; a stratified
region is developed in the middle region be-
tween the two cylinders (figs. 4-b and 5-b).
This leaves the lower part below the hot cylin-
der almost unaffected by the flow.

4.1.2. Streamlines

For low Rayleigh numbers (Ra=102 ), the
flow consists of a big single cell filling the
whole domain with its center of rotation
moving upwards as the radius ratio is in-
creased from 1.25 to 10 . For high Rayleigh
numbers (Ra=109), the conduction flow at
RR=1.25 changes continuously to the bound-
ary layer regime with the streamlines getting
closer to the cylinder surfaces. The lower part
of the annular gap becomes more and more
stagnant as the radius ratio increases above
RR=2. For = RR > 5, the flow takes the shape
of a plume where the streamlines are concen-
trated around the inner hot cylinder and the
flow is entrained and raised above the top of
the hot cylinder, then falls down along the
cold cylinder.

4.2. The average nusselt number

Fig. 6-a shows the average Nusselt num

-ber versus the radius ratio for Pr =0.71 and
fixed different values of the Rayleigh number.
It shows that the flow always starts in the
conduction regime for low RR (RR=1.25) and
low Ra (Ra =102). As the radius ratio in-
creases, the gap thickness increases, thus the
conduction Nusselt number decreases. A plot
of the conduction Nusselt number is shown
on the same figure as given by eq. (9). This
decrease in Nu continues until the free con-
vection starts in the gap and thus Nu starts to
increase. The onset of convection depends on
the values of Ra and RR. As Ra increases from
102, convection starts earlier at higher values
of the radius ratio. This is clearly shown in fig.
6-b where conduction Prevails for RR=1.25 up
to Ra =10°6. However, the convection started at
Ra = 10% for RR=2, and Ra = 103 for RR=2.6.
For RR > 5 the convection was already domi-
nant at Ra = 102.

4.3. Local nusselt number

The distribution for local Nusselt number
along the hot cylinder, Nu, for Pr =0.71 and
102 < Ra < 10¢° for different values of RR in the
range 1.25 < RR < 10 is given in fig. 7. For
RR=1.25, the conduction regime (Nuy is con-
stant along the cylinder surface) prevails for
Ra <105. At Ra =105, the free convection starts
and the local Nusselt number is maximum at
the bottom of the inner hot cylinder (¢ =00°). As
the angle, ¢ increases, Nu, monotonically
decreases up to a location where flow separa-
tion occurs at ¢ =2165°. The local Nusselt
number starts to increase after separation till
¢ =180e.

For RR>1.25, the same behavior occurs
except that the conduction regime ends at
lower values of Ra and for RR > 5, convec-
tion is dominant for Ra >102.

4.4. Velocities and temperature distributions

The angular and radial velocities and tem-
perature distributions along a radius in the
annular gap at ¢ = 90° are shown in fig. 8 for
Pr =0.71, and RR =2 in the Rayleigh number
range 102 < Ra < 106.
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Fig. 2. Isotherms (left) & Streamlines (right) for Pr=0.71, RR=1.25 (a) Ra=102, (b) Ra=106°.
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Fig. 3. Isotherms (left) & Streamlines (right) for Pr=0.71, RR=2 (a) Ra=102, (b) Ra=106¢.
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Fig. 4. Isotherms (left) & Streamlines (right) for Pr=0.71, RR=5 (a) Ra=102, (b) Ra=106¢.
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Fig. 5 Isotherms (left) & Streamlines (right) for Pr=0.71, RR=10 (a) Ra=102, (b) Ra=106¢.
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Fig. 7 Local Nusselt number distribution for Pr=0.71.
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The dimensionless angular velocity, V; is
very small for Ra <103 since the flow is domi-
nated by the conduction regime. For Ra>10%,
the laminar boundary layer regime prevails
and the location of maximum or minimum ve-
locities moves closer to the cylinder surfaces.
This indicates thinner boundary layer thick-
ness as Ra increases. The absolute value of
maximum angular velocity near the hot inner
cylinder is higher than its value near the cold
outer cylinder. This shows that the flow
speeds up near the hot cylinder.

The distribution of the dimensionless ra-
dial velocity, Vr is given in fig. 8-b. It shows
that its value increases with Ra. It is in gen-
eral directed towards the center of the cylin-
ders except for Ra =105 in a small region
near the hot cylinder.

The dimensionless temperature distribu-
tion, € is shown in fig. 8-c. For Ra <10% it is
logarithmic distribution as the flow is in the

conduction regime. For Ra >105, the laminar
boundary layer regime prevails and the tem-
perature change concentrates near the two
cylindrical walls with higher temperature
rates at higher Ra. The core of the annular
gap is almost isothermal and the temperature
drop is higher near the inner hot cylinder.

To study the effect of the radius ratio on
the distributions, fig. 9 shows the velocities
and temperature distributions for Pr =0.71
and RR=10. From figs. 8 and 9, increasing RR
moves the flow quickly to the boundary layer
regime with higher velocities at higher Ra. The
magnitude of the radial velocities increased
with RR and the laminar boundary layer was
more confined near the hot inner cylinder
where most of the temperature drop occurs.
The temperature is almost constant over a
large part of the middle portion of the annular

gap.

250

200

180

100

501

-100

-150

-200

\%

(a) Angular velocity component

(b) Radial velocity component

(c) Temperature distribution

Fig. 8. Velocities and Temperature distributions along a radius for Pr=0.71, RR=2, ¢ =90e.
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5. Correlations and comparison with
previous work

The correlating method suggested by Chur-
chill and Chu [21] is used and the form of
correlation given by Kuehn and Goldstein [2]
is adapted. The Least- Squares method is
used to get the optimum constants of the cor-
relations which are given as:

1s) 419, (10-2)

15
Nu = (Nucond + Nugony

where,

2

Nucond :m. (].O—b)

250 4
200 4 Ra=10°
150
100 w

50 0
Vv L

p 0

50 3
-100 4 R
-150 4
-200 4
-250
-300 7

(a) Angular velocity component

2 (10-c)

NUcony =

1+ 6.659 Ra~0-294
)—0.206

Ln
1—2.441(Ra _RR?

The numerical results along with the
correlations are shown in fig. 10. The maxi-
mum deviation is 7 % and the standard devia-
tion is about 0.014. A comparison with previ-
ous work for RR=2.6 is shown in fig. 11. A
good agreement is shown with a maximum
deviation of 9.6 %.

10f

V.

Ra=10"

(b) Radial velocity component

0.8+

0.6+

0.4+

0.2 4

(c) Temperature distribution
Fig. 9. Velocities and temperature distributions along a radius for Pr=0.71, RR=10, ¢ =90c°.
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Fig. 11. Comparison between correlation and previous data.

6. Conclusions

Laminar natural convection in the air
annular gap between two infinite horizontal
isothermal cylinders is numerically studied.
The study covered a wide range of Ra from 102
to 105 and the radius ratio changed between
1.25 and 10. A computer program is devel-
oped to solve the governing equations. It was
initially checked for the problem of pure
conduction in the annular gap where the nu-
merical and analytical solutions were exactly
the same. Streamlines and isotherms are pre-
sented as well as average and local Nusselt
numbers. Also, velocity and temperature
distributions are given. The study shows that
the annular gap can represent a single inner

cylinder in an infinite medium for RR=10 if Ra
< 105. For higher Ra, the radius ratio should
be increased much over 10. For Ra < 102 and
RR < 5, the flow represents pure conduction.
The laminar boundary layer regime starts at
higher Ra or larger RR. A correlation equation
is given by eq. (10) where a good agreement is
shown between present and previous work
with a maximum deviation of 9.6 %.

Nomenclature
a is the radius of inner hot cylinder , (a
=ril;) , m,

Cp is the specific heat , J/kgK,
di is the diameter of inner cylinder |,
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(dj=2a) , m,

is the gravitational acceleration , m/ s2 ,

is the Grashof number,

op(Th - Tc)(2a)*/v?,

is the average heat transfer coefficient,
W/m?K ,

is the local heat transfer coefficient,
W/m?K ,

is the thermal conductivity, W/mK,

is the gap width, (r, —r;), m,

is the

h(2a)/k,
is the local Nusselt number, h¢ (28.)/ Kk,

average Nusselt number,

is the dynamic pressure, N/ m?
is the dimensionless dynamic pressure,

__ bd
p(v/af
is the Prandtl number, 4 C, /k ,
is the radial coordinate, m,
is the radius of inner cylinder, m,
is the radius of outer cylinder, m.
is the dimensionless radial coordinate,
rla,

Fy

is the radius ratio, I, /r;,

is the Rayleigh number based on inner
diameter gﬂ(Th - TC) (2a)3 / va,

is the local fluid temperature, K,

is the temperature of hot inner cylinder,
K.

is the temperature of
cylinder, K.

is the radial velocity , m/s,

cold outer

is the dimensionless radial velocity,
is the angular velocity , m/s, and

is the dimensionless angular velocity.

Greek symbols

[

B

310

is the thermal diffusivity , k/cpp

m?/s,
is the coefficient of volumetric thermal

expansion, K1 ,

SRS o

is the local density, kg/ m?3 ,
is the dynamic viscosity, kg/ms,

is the kinematic viscosity, u/p, m? /s ,

is the angular coordinate, rad, and
is the dimensionless temperature,

(T-Te)/(Th-Te) -

Subscripts

c
h
i

o

is the cold,

is the hot,

is the inner, and
is the outer.

References

(1]

(2]

(3]

[4]

5]

(6]

T.H. Kuehn and R.J. Goldstein, “An Ex-
perimental and Theoretical Study
of  Natural Convection in The
Annulus Between Horizontal
Concentric cylinders”, J. Fluid Mech.,
Vol. 74 (4), pp- 695-719 (1976).

T.H. Kuehn and R.J. Goldstein, “A
Parametric Study of Prandtl
Number and Diameter Ratio Effects on
Natural Convection Heat Transfer in
Horizontal Cylindrical Annuli”, J. Heat
Transfer, Vol. 102, pp. 768-770 (1980).
C.H. Cho, K.S. Chang and K.H. Park,
“Numerical Simulation of Natural
Convection in Concentric and
Eccentric Horizontal Cylindrical
Annuli”, J . Heat Transfer, Vol. 104,
pp- 624-630 (1982).

B. Farouk and S.I. Guiceri, “Laminar and
Turbulent Natural Convection in the
Annulus Between Horizontal
Concentric Cylinders”, J. Heat
Transfer, Vol. 104, pp. 631-636 (1982).
M.A. Hessami, A. Pollard and R.D.
Rowe, “Numerical Calculation of
Natural Convective Heat Transfer
Between Horizontal Concentric
Isothermal Cylinders- Effects of the
Variation of the Fluid Properties”, ASME
J. Heat Transfer, Vol. 106, pp. 668-671
(1984).

D.N. Mahony, R. Kumar and E.H.
Bishop, “Numerical Investigation of
Variable Property Effects on Laminar
Natural Convection of Gases Between

Alexandria Engineering Journal, Vol. 43, No. 3, May 2004



[7]

(8]

9]

[10]

(11]

(12]

[13]

(14]

S.M. Elsherbiny, A.R. Moussa / Convection between concentric cylinders

Two Horizontal Isothermal Concentric
Cylinders”, J. Heat Transfer, Vol. 108,
pp- 783 =789 (1986).

Y. T. Tsui and B. Tremblay, “On
Transient Natural Convection heat
Transfer in the Annulus Between
Concentric, Horizontal Cylinders with

Isothermal Surfaces”, Int. J. Heat Mass
Transfer, Vol. 27 (1), pp. 103-111 (1984).
Y. Takata, K. Iwashige, K. Fukuda and
S. Hasegawa, “Three-Dimensional
Natural Convection in an Inclined
Cylindrical Annulus”, Int. J. Heat Mass
Transfer, Vol. 27 (5), pp. 747-754 (1984).
Y.F. Rao, Y. Miki, K. Fukuda, Y. Takata
and S. Hasegawa, “Flow Patterns of
Natural Convection in Horizontal
Cylindrical Annuli”, Int. J. Heat Mass
Transfer, Vol. 28 (3), pp. 705-714 (1985).
M.A. Hessami, A. Pollard, R.D. Rowe and
D.W. Ruth, “A Study of Free Convective
Heat Transfer in a Horizontal Annulus
with a Large Radii Ratio”, J. Heat
Transfer, Vol. 107, pp. 603-610 (1985).
P.M. Kolesnikov and V.I. Bubnovich,
“Non-Stationary Conjugate Free-
Convective Heat Transfer in Horizontal
Cylindrical Coaxial = Channels”, Int. J.
Heat  Mass Transfer, Vol. 31 (6), pp.
1149-1156 (1988).

R. Kumar, “Study of Natural Convection
in Horizontal Annuli”, Int. J. Heat Mass

Transfer, Vol. 31 (6), pp. 1137-1148
(1988).
JY. Choi and M.U. Kim, “Three-

Dimensional Linear Stability of Natural
Convection Flow Between Concentric
Horizontal Cylinders”, Int. J. Heat Mass
Transfer, Vol. 36 (17), pp. 4173-4180
(1993).

J.S. Yoo, “Natural Convection in a
Narrow Horizontal Cylindrical Annulus:
Pr < 0.3”, Int. J. Heat Mass Transfer,
Vol. 41, pp. 3055-3073 (1998).

Alexandria Engineering Journal, Vol. 43, No. 3, May 2004

[15]

[16]

[17]

(18]

[19]

[20]

[21]

J.S. Yoo, “Transition and Multiplicity of
Flows in Natural Convection in a Narrow
Horizontal Cylindrical Annulus: Pr=0.4",
Int. J. Heat Mass Transfer, Vol. 42, pp.
709-722 (1999).

J.S. Yoo, “Prandtl Number Effect on
Bifurcation and dual Solutions in
Natural Convection in a Horizontal

Annulus”, Int. J. Heat Mass Transfer,
Vol. 42, pp. 3279-3290 (1999).

J. Mizushima, S. Hayashi and T. Adachi,
“Transitions of Natural Convection in a
Horizontal Annulus”, Int. J. Heat Mass
Transfer, Vol. 44, pp. 1249 -1257
(2001).

D.D. Gray and A. Giorgini, “The Validity
of the Boussinesq Approximation for
Liquids and Gases”, Int. J. Heat Mass
Transfer, Vol. 19, pp. 545 — 551 (1976).

T.H. Kuehn and R.J. Goldstein,
“Correlating Equations for Natural
Convection Heat Transfer Between

Horizontal Circular Cylinders”, Int. J.
Heat Mass Transfer, Vol. 19, pp. 1127-
1134 (1976).

S.V. Patankar, Numerical Heat Transfer
and Fluid Flow, McGraw- Hill, NewYork
(1980).

S.W. Churchill and H.H.S. Chu,
“Correlating Equations for Laminar and
Turbulent free Convection from a
Horizontal Cylinder”, Int. J. Heat
Mass Transfer, Vol. 18, pp. 1049-1053
(1975).

Received December 16, 2003
Accepted February 10, 2004

311



