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Abstract—Numerical computations are conducted for turbulent mixed convection of air in a horizontal
concentric annulus between a cooled outer cylinder and a heated, rotating, inner cylinder. Time-averaged
equatiors of turbulent fluid motion and heat transfer are solved using the Launder—Sharma low-Re eddy-
viscosity two-equation model coupled with the Yap correction and the Kato—Launder modification.
Numerical results are obtained for the Rayleigh number, Ra, ranging from 107 to 10'°, the Reynolds
number, Re, from 0 to 10° and the radius ratio, RR, from 2.6 to 10 for a constant Prandtl number of 0.7.
The effects of these parameters on the flow and heat transfer characteristics are discussed in detail.
Predictions are also compared with published studies of other investigators. A good agreement with
the results from the published experimental data and other computations is found. A comprehensively
comparative analysis shows that the Kato-Launder modification is an essential ingredient, which can
effectively reduce the unrealistic turbulence energy at impingement regions. Therefore, the modification
can return more satisfactory prediction for the considered cases. Results show that the mean Nusselt
number, Nu, increases with an increase in Ra, but decreases with an increase in Re or RR. When Ra > 10°,
a crucial phenomena, the peak value of local Nusselt number occurring in the vicinity of thermal plume
region, is first discovered and discussed. For the centrifugal configurations, it is found that rotation has
caused significant reduction in the mean heat transfer and it generally increases the strength of the secondary
flows. © 1998 Elsevier Science Ltd. All rights reserved.

1. INTRODUCTION

The problem of the buoyancy-driven turbulent flow
in a concentric rotating system has recently attracted
considerable attention because of its numerous appli-
cations. Such applications are encountered in seeking
improvements for crystallographic perfection in
industrial process [1, 2], food processes [3], heat
removal from nuclear reactor fuel rods, and under-
ground electric transmission cable using pressurized
gas. Although the influence of rotation, especially for
a higher angular velocity, on the turbulent convective
flow is important, very little work has been reported
in the literature. In the turbulent mixed convection
problem, rotation affects not only on the mean flow
through Coriolis force but also, in a more subtle
manner, directly on the fluctuating motion itself.
During the last few years, many numerical inves-
tigations pertain to the turbulent flow in the stationary
annulus. Also, relatively little amount of experimental
work has been made to investigate buoyancy-induced
annular flow in the turbulent regime. Kuehn and
Goldstein [4] measured the heat transfer coefficients
in air and water in concentric and eccentric horizontal
annuli. Recently, Bishop [5] reported an experimental
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investigation of turbulent natural convection of
helium between horizontal isothermal concentric cyl-
inders at cryogenic temperature. He measured overall
heat transfer rates and time-averaged temperature
profiles for the Prandtl number Pr = 0.688, radius
ratio RR = 3.36, with the Rayleigh numbers, based
on gap thickness, ranging from 6 x 10° to 2 x 10°, and
with the expansion numbers from 0.25-1.0. Later,
Mcleod and Bishop [6] used the same experimental
apparatus of Bishop [5] to obtain the temperature
fluctuations for helium at RR = 4.85. It was found
that the heat transfer rates depend on the magnitude
of the expansion number as well as on the Rayleigh
number.

Because of the viscous shearing effects at the end
walls, a three-dimensional analysis of the turbulent
natural convection flow, in general, is needed when the
annulus has a finite length. More recently, turbulent
transport in a horizontal cylindrical annulus has been
modeled by Desai and Vafai [7], employing the k—¢
turbulence model. Their results revealed that, if the
annulus is sufficiently long (when the annulus length
is 7.5 times larger than the gap between inner and
outer cylinders), there exists a core region over a sub-
stantial length of the cavity, which could be approxi-
mated by a two-dimensional approach. Farouk and
Guceri [8] used the k—¢ turbulence model proposed
first by Launder and Spalding [9] to simulate the
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g gravitational acceleration vector,
0, —2)

k turbulent kinetic energy

L gap width, R,— R

n normal vector on the wall

Nu, ‘Nu local and mean Nusselt number

P pressure

P, turbulent production

Pr molecular Prandtl number

r radial coordinate

R;, R, radius of the inner and outer cylinders

radius ratio, R,/ R,

Ra  Rayleigh number, gL} (O, —O,)/va

Re Reynolds number of the inner cylinder,
RwL/v

uu;  Reynolds stress tensor

u8  kinematic turbulent heat flux

U, V mean-velocity components at X- and
Y-directions

U, mean velocity in the X; direction

y the distance from the wall

yr dimensionless value of y, y(z,.p)"/u.

NOMENCLATURE

Greek symbols

thermal diffusivity

coefficient of volumetric expansion

turbulence energy dissipation rate

isotropic part of ¢ associated with

spectral transfer, ¢ — 2v[k /]

0 temperature fluctuation

® temperature

® temperature of inner and outer

cylinders

dynamic and turbulent viscosity

u¥ dimensionless turbulent viscosity, u,/u

kinematic and eddy viscosity

P density

oy turbulent Prandtl number for 0
transport

Ty shear stress on the wall

¢ azimuthal angle measured from the
positive Y axis

¥ stream function

o) rotating speed of the inner
cylinder.

m Ty R

e

steady-state, two-dimensional natural convection in
the annulus. The results were obtained for Rayleigh
number range of 10°-107 at a fixed radius ratio of
2.6. Still, the natural convection flow in a cavity with
different turbulent models was studied by Henkes et
al.[10]. As compared with the experimental data, they
found that the low-Reynolds number k—& model gave
better predictions than the standard k—¢ model with
wall functions.

In this study, simulations of turbulent mixed con-
vection in the concentric horizontal rotating cylinders
have been investigated. Turbulence model adopted
here is the low-Reynolds number k- model proposed
by Launder and Sharma [11] in conjunction with the
Yap correction [12] and the Kato—Launder modi-
fication [13]. It is known that in boundary layers
approaching separation the k—& model returns near-
wall length scales which are too large [12, 14]. The
turbulence energy generated far from the wall is
diffused toward the surface. To overcome this weak-
ness, an extra source term in the ¢ equation is added,
originally devised by Yap [12] to prevent excessive
near-wall length scales developing in separated flows.
In addition, a well-known defect of the Launder—
Sharma model is that it always overpredicts tur-
bulence energy at the impingement region due to large
generation of the turbulent kinetic energy. To remedy
this deficiency, the Kato—Launder modification [13] is
implemented to depress the turbulence energy in the
vicinity of impingement region. The rationale of these
two modifications will be further discussed in the next

section. The predictions are compared to numerical
and experimental results available in the literature.
The effects of the Rayleigh and Reynolds numbers
and the radius ratio on the mean Nusselt number are
investigated in detail.

Recently, Kenjere§ and Hanjali¢ [15] have per-
formed a numerical simulation for turbulent natural
convection within annuli using a k—e—6” model. The
authors demonstrated that the model can achieve
fairly good predictions for mean temperature and the
local Nusselt number. However, this model involves
a further differential equation for #* which introduces
more coupling among variables and inevitably
increases the CPU demands. Similar, not necessarily
as good, improvement can also be obtained by the
present modelling approach which is much simpler
and requires no further increase in CPU time.

2. MATHEMATICAL MODELLING

The present work focuses on the problem of tur-
bulent mixed convection flows enclosed in the annuli,
consisting of two concentric horizontal cylinders with
the heated, rotating inner one. A schematic diagram
of the physical model and coordinate system is shown
in Fig. 1. In the analysis, we now assume that the flow
is steady and the thermophysical properties of the
fluid are taken to be constant, except for the density
in the buoyancy term in the momentum equations. If
the annulus length is sufficiently large compared to
gap-width (the annulus length to gap-width ratio of
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Fig. 1. The physical model and coordinate system.

at least 7.5), the viscous shearing effects at the end
walls can be neglected [7]. Therefore, the Boussinesq
approximation and the two-dimensional model are
applicable. To this end, equations describing the mean
flow and temperature in the annulus can be given as:

U,;=0 )

|
UU,;=— ;; P.i_giﬂ®+[v(Ui\j+ l]j,i)—uiuj],ﬂ 2)

U®, = [(a+ ﬁ)@,,] : 3
o0 i

The relationship between Reynolds-stresses and mean
strains are:

;:E = %5,/6 —v[Uy,+ Ul 4
Within the low- Re k—¢ eddy-viscosity framework, the

turbulent viscosity v, arises as:

kZ
v= Gy, ©)

where the turbulence energy k and & (the isotropy
part of the turbulence energy dissipation rate) are
determined from the following transport equations :

Ujk,j =[(v+ Vz)k‘j],/‘*‘ Py _giﬂu—ie_e (6)

Ug,;= |:(v+ %g)%} + %[CEI(PI: —g.pud) — C,,é]
. ;

k3/2 k3/2 252
2 — —
+ 2w U4 +0.83[8~ ~ 1}[%&”] G

Turbulent heat flux vector is approximated by :
uf="0, ®)
[

where 6, = 0.9. In these equations, ¢, the total dis-
sipation rate of k, equals &+ 2v[k}/*]* while P, denotes
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the generation rate of turbulence energy. Here, only
the Launder—Sharma model [11] is investigated, both
in its original form and in conjunction with Kato—
Launder modification [13] pertaining to the pro-
duction term P,, namely :

P, =C, f,,.sIS?2 (Launder and Sharma [11])
P, =C,f,£S0 (Kato and Launder [13]).  (9)
The various coeflicients are prescribed as follows:

34 K’
:Ia Rt ="

C,=0.09, f,=exp| —-—
- S % (1+ R/50)? ve

C, =144, C, =192[1-03exp(—R?)], C;; =24

JO5(U,— U, (10)

The boundary conditions for this problem, with
heated inner cylinder rotating at an angular velocity
w, can be given as: no-slip conditions of the velocity
at the boundary, uniform but different temperatures
of the inner and outer cylinders, and vanishing of the
pressure gradient on the boundary. Thus, the bound-
ary conditions are:

o | &

O'S(Ui,j+ (Jj,i)za Q =

o | &

r=R;:U= —Rwcos¢p, V= Rwsing,

oP
— =0, ©=0, k=0, £¢=0
on
r=R,:U=0, V=0, Q=0, =0,
on
k=0, £=0. (11)

The governing parameters of Ra, Re and RR, are
given as follows:

Ra = gBL*(©,—0O,)/v,

Re = RoL/v, RR=R/R, (12)

where ©; and @, are temperature at inner and outer
cylinders, respectively. The dimensionless parameters
are

k* = L*k/v?, W* =Y)y,

wr=ufp. (13)

As mentioned, there are two modifications to the
original Launder—Sharma model in the present com-
putation. First, the last term in the & equation is the
near-wall length-scale correction (the Yap correction
[12]) mentioned in the introduction section, where y
is the distance from the wall. This term acts to decrease
turbulence length scale when it is larger than the local
equilibrium value 2.4y. The second and more impor-
tant modification is made to the turbulence pro-
duction term P,. It is known that Launder—Sharma
model and other similar models always overpredicts
turbulence energy at impingement region due to the
formula of P,. Thus, this leads to the overestimation
of turbulence viscosity, u,. When p, is overestimated,



1636

k... =6.594 x 10¢

k.., = 4.427 x 10*

(b)

Fig. 2. Time-averaged turbulent K.E. at Ra = 2.51 x 10°,
Re=0, RR=26 and Pr=0.7: (a) Launder-Sharma
model ; and (b) Kato—-Launder modification.

heat transfer in the region will be unrealistically
enhanced through equation (3). The defect can be
easily resolved by the introduction of Kato-Launder
modification [13]. This modification simply replaces
$?in P, by $Q. The idea is that (} is approaching zero
at the impingement region, leading to a significant
reduction of P, at the region, hence, y, is effectively
decreased and so is the heat transfer.

The effects of Kato—Launder modification can be
demonstrated by Fig. 2, the contour of turbulence
energy upon the impingement region where a thermal
plume arising from inner cylinder hits the wall of the
outer cylinder. As seen, the Launder—Sharma model
predicts very large turbulence energy around impinge-
ment point. The Kato—Launder modification, on the
other hand, greatly reduces turbulence energy and
then improves heat transfer prediction. The advantage
of this modification is easily demonstrated by the com-
parison of the local Nusselt number with experimental
data shown in Fig. 3. In this figure, the coupled Kato—
Launder and Yap modifications give a much closer
prediction than that of the Launder—Sharma model.
Thus, the modifications can effectively reduce the
unrealistic turbulence energy at impingement regions.
In order to identify the primary modification which
contributes to the above improvement, results
obtained by applying only Kato-Launder modi-
fication are also in Fig. 3. One can see that the results
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Fig. 3. Local Nusselt number distributions for a test case
with Ra = 2.51 x10°, Re =0, RR=2.6and Pr=0.731ina
concentric annulus.

are close to those obtained with both modifications.
Therefore, the Kato-Launder modification is of pri-
mary importance to the reduction of turbulence
energy upon impingement. In the following, com-
putations are performed with the use of both Yap
correction and Kato-Launder modification.

3. NUMERICAL PROCEDURE

Calculations have been performed with the general
non-orthogonal, fully collocated finite-volume
approach STREAM [16]). Advective volume-face
fluxes are approximated using van Leer’s MUSCL
scheme [17]. The velocity components, pressure and
temperature are stored together at cell-centered nodes.
At all speeds, mass continuity is enforced by solving
the pressure-correction equation. The usual sequence
of operations may be performed precisely in the same
manner as detailed by Patankar SIMPLE [18] pro-
cedure for the staggered arrangement.

3.1. Calculation of Nu and Nu
The local Nusselt numbers for the inner and outer
cylinder walls are defined, respectively, as:

Nu = -k 1 _Riﬁ 6_8_
“Tece,"\R)ur|_
—R R\ OO
= ° iy Bk 4
Nu, ®i—®oln<Ri) ol _a (4
The mean Nusselt number is determined from :
o 1 2n o 1 2
Ny, = Z_L Nuydop, Nu, = EEJ; Nu,do,
— 1 —
Nu = E(Nui+NuD). (15)
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4. RESULTS AND DISCUSSION

A wide range of parameters (107 < Ra < 10",
0 < Re < 10°, 2.6 < RR < 10) was considered in the
present study. Some values were chosen to facilitate
comparisons with published experimental and
numerical data. The majority of the numerical results
presented here are through streamlines and isotherms.
The local and mean heat transfer results were then
given by plots showing the Nusselt number variation
with the angular position along the inner and outer
cylinders for the discussion of the interaction between
fluid flow and heat transfer.

To examine the grid independency, computations
for velocity and Nusselt number in a concentric
stationary annulus with RR = 2.6, Ra= 10° and
Pr = 0.7 are carried out using three different meshes,
61 x41, 121 x&1 and 181 x121. The local Nusselt
number variation over both cylinders as a function of
the angular position for different mesh sizes is shown
in Fig. 4. In fact, refinement from 121-181 nodes only
makes 1% changes in maximum velocity and the mean
Nusselt number, hence further refinements are
thought to bring negligible change. This indicates that
grid independent solutions can be obtained by
121 x 81 mesh. However, to ensure y* of the first
node is always less than unity, the nonuniform
121 x 181 mesh is used for computing lower Ra num-
ber cases, and the 181 x 121 mesh, for higher Ra num-
ber cases.

Based on the finer near-wall mesh, one can find an
interesting phenomena which the local Nusselt num-
ber distribution decreases firstly then increases later
in the vicinity of zero-degree region. In this higher
Ra regime, the combined action of inertial and wall-
viscous force initiates a reverse eddy flow at the plume
root region. This phenomena is exemplified in Fig. 5.
It can be seen that as long as the reverse eddy flow
occurs, more viscous dissipation makes the flow vel-
ocity lower, hence, which leads to the decrease of heat

120 T T T T T
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- Iy T 181 x 121 mesh
g
Q 80
g
3
=]
=
o 60
123
El
z
S 40
Q
-3
20

0 30 60 20 120 150 180
Angle ¢ (degrees)

1637

Streamlines Isotherms

Inner cylinder

[ VRS S S W S S S SR D SR A

-9.00 -5.00 0.00 5.00 9.00

Angle ¢ (degrees)

Fig. 5. Streamlines and isotherms in the vicinity of thermal
plume region—Ra = 10°, Re =0, RR =2.6 and Pr=0.7.

transfer. These are the reasons for the peak phenom-
ena occurring near the zero-degree region in Fig. 4. If
a coarse mesh is adopted in the higher Ra cases, it can
not provide a theoretical view of near-wall viscous
effect in this region. Therefore, a finer near-wall mesh
is thus necessary to predict accurately the wall-vis-
cosity effect and the heat transfer characteristic.

As far as the authors’ knowledge, no experimental
data could be found in the literature for the turbulent
mixed convection flow with the geometry and bound-
ary conditions studied here. Hence, the validation of

60 T T T T
(b)Inner cylinder
50 |-

40

61 x 41 mesh
121 x 81 mesh 4
——--— 181 x 121 mesh

20 i eneereeane

Local Nusselt number (Nu)

o 1 1 A 1 1
0 30 60 %0 120 150 180
Angle ¢ (degrees)

Fig. 4. Grid-size independence of local Nusselt number values—Ra = 10°, Re = 0, RR = 2.6 and Pr = 0.7:
(a) outer cylinder ; and (b) inner cylinder.
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Fig. 6. Mean-temperature profiles for a test case with
Ra=1.15x10°, Re = 0, RR = 3.36 and Pr = 0.688 in a con-
centric annulus.

the turbulent model can only be performed in natural
convection stationary annulus cases where exper-
imental data are available. In Fig. 3, the local Nusselt
number distribution at Ra = 2.51 x 10%, Pr = 0.7 and
RR = 2.6 for inner and outer cylinders shows that
the present results are in good agreement with the
experimental data of Kuehn and Goldstein [4]. Ano-
ther comparison with the experimental data in a hori-
zontal annulus at cryogenic temperatures performed
by Bishop [5] is given in Fig. 6. In this test case, the
outer and inner radius ratio RR, Rayleigh number Ra
and expansion number BAT are 3.36, 1.15x 10° and
0.5, respectively. The dimensionless mean-tem-
perature profiles at different cross sections show good
agreement with the experimental data.

4.1. Effect of Reynolds number

Figure 7 illustrates the influence of forced con-
vection due to the rotating inner cylinder on the mixed
convection flow structure and temperature field at
various Reynolds number with fixed RR = 2.6 and
Pr=0.7 at Ra = 10%, As seen from these contours,
when Re increases, the basic structures of the flow
field consist of : the predominant growth of the right-
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hand cell; the increase of the intensity of stream-
function appearing around the inner cylinder ; the rise
of the thermal plume tending to the descending side ;
the decrease of the thickness of the thermal boundary
layer along the inner cylinder; and the more mono-
tonic and asymmetric contours in the annulus gap.
When Re increases up to 10°, it can be seen that
separation flow is diminished and the concentric circu-
lation appears, resembling the uniform flow observed
in isothermal flow configuration. This is a clear indi-
cation of a centrifugally dominated flow structure.

The effects of rotation on the local Nusselt number
are illustrated in Fig. 8. An overview of these figures
shows that the increase in Re causes the location of
maximum local heat flux on the outer cylinder moving
to the descending side, and the peak value of the local
Nusselt number is reduced. The point of minimum
local heat flux on the inner cylinder, which cor-
responds to the location of the root of the thermal
plume, also moves in the same way while the peak
value increases. At constant Ra, Table 1 shows that
the mean Nusselt number Nu decreases with increas-
ing Re because the centrifugal effects reduce the total
heat transfer. With stronger rotation, the centrifugal
effects become more important in the vicinity of the
inner cylinder, which increases the isotherm space and
a corresponding reduction in Nu around the inner
cylinder.

4.2. Effect of Rayleigh number

Figure 9 depicts the streamlines and isotherms for
various Rayleigh number with fixed Re = 10%
RR =2.6 and Pr=0.7. As seen from these figures,
stronger buoyant effect results in more symmetric pat-
tern of these contours. When Ra increases, the inten-
sities of the recirculation, turbulent energy and tur-
bulent viscosity are increased. The isotherms become
closer along surfaces of inner and outer cylinders as
Ra increases, and large temperature gradients come
up accordingly which lead to higher local heat flux
around inner and outer cylinders. The local Nusselt
number, Nu, distributions are illustrated in Fig. 10.
When Ra increases, the buoyancy-driven flow
becomes more predominant, the maximum local heat
flux on the outer cylinder and the minimum local heat
flux on the inner cylinder are increased and moved

Table 1. Mean Nusselt number Nu for various cases studied

Parameter

Ra = 10’ 108 10° 10
RR = 2.6 5.0 2.6 2.6 3.5 5.0 10.0 2.6
Re=0 10.286 9.953 21.823 42.084 40.932  38.179  36.231 86.432
Re = 107 10.129 9.578 20.826 41.937

Re = 10° 10.006 9.162 20.512 41.672

Re = 10* 8.826 7.583 19.340 41.328  39.541 35.621 30.074  85.478
Re = 10° 6.091 5.211 15.832 40.803
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Fig. 7. Streamlines and isotherms at Ra = 105, RR = 2.6 and Pr=0.7: (a) Re =0; (b) Re = 10°; (c)
Re = 10%; and (d) Re = 10°.

toward the mid-line (¢ = 0°) of the annulus. This dem-
onstrates that the effect of the buoyant convection is
larger than the centrifugally forced convection. For
fixed Reynolds number, Table 1 shows that Nu values
increase with increasing Ra due to the increase in
convection heat transfer. In the rotating annuli, flow
induced by centrifugal effects along the inner cylinder
is promoted, especially, in the low Ra regime. This
decrease in Nu is higher at iower Ra when centrifugally
forced convection is predominant. For example, when
Re increases frora 0~10°, the decreasing rate in mean
Nusselt number Nu with 40.78% and with 27.45% at
Ra = 107 and 10%, respectively.

4.3. Effect of radius ratio (R,/R))

Another parameter, the radius ratio of the annulus,
can significantly affect mixed convection in the gap.
In the following cases, the gap-width has been main-
tained constant and the radii of inner and outer cyl-
inders have been changed to achieve different radius
ratios. Figure 11 depicts the streamlines and isotherms
for various radius ratio with fixed Ra = 10°, Re = 10*
and Pr = 0.7. When RR decreases, based on the same
gap-width L, the increasing of heat transfer area near-
wall region comes up accordingly. The intensities of
the recirculation, turbulent energy and turbulent vis-
cosity increase with the decrease in radius ratio. The
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Fig. 8. Circumferential distribution of local Nusselt number Nu for various Reynolds number Re at
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Fig. 10. Circumferential distribution of local Nusselt number Nu for various Rayleigh number Ra at
Re =10%, RR = 2.6 and Pr = 0.7: (a) outer cylinder; and (b) inner cylinder.
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Fig. 11. Streamlines and isotherms at Ra = 10°, Re = 10* and Pr = 0.7: (a) RR = 2.6; (b) RR = 3.5; (c)
RR = 5.0;and (d) RR = 10.
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Re = 10* and Pr = 0.7: (a) outer cylinder; and (b) inner cylinder.

local Nusselt number distribution is illustrated in Fig.
12. The variations of Nu become more uniform and
monotonic when the radius ratio increases. When RR
increases, the maximum local heat flux on the outer
cylinder decreases and moves downward near the mid-
line (¢ = 0°). On the other hand, the minimum local
heat flux on the inner cylinder decreases and moves
to the descending side in the annulus. At constant Ra
and Re, Table 1 shows that Nu values decrease with
increasing RR value due to greater centrifugal effects.
This decrease in heat transfer over the rotating case
value is higher at higher RR. For instance, when Re
increases from 0-10%, the decreasing rate in Nu with
16.99% for RR = 10 and Ra = 10° compared with
1.8% for RR = 2.6 and Ra = 10°.

5. CONCLUDING REMARKS

Numerical simulation has been obtained for tur-
bulent mixed-convection of air in an annulus con-
sisting of two concentric horizontal cylinders, one
being a cooled outer cylinder and the other a heated,
rotating, inner cylinder. The following major con-
clusions can be drawn from this study.

1. In order to correct the deficiency, the over-pre-
diction of turbulence energy around the impinge-
ment region by the Launder—Sharma model, it is
essential to depress the turbulence energy in the
impingement region. This has been achieved by
adopting the Kato—Launder modification, which
gives a much more satisfactory prediction than that
of the Launder—Sharma model in the impingement
region.

2. For all configurations, the results indicate that the
mean Nusselt number, Nu, increases with an
increase in Ra, but decreases with an increase in
the Reynolds number, Re, or radius ratio, RR.

3. The higher Reynolds number can enhance the

strength of the secondary flow, as evidenced by the
increasing values of the maximum streamfunction
¥ .ax- The locations of the thermal plume and the
maximum streamfunction ¥,,,, are moved to the
descending side, in accordance with the peak values
of the local Nusselt number around the outer and
inner cylinders. When Re > 10°, the conduction
effect becomes predominant in the gap.

4. In the centrifugal annulus with a stronger buoy-
ancy-driven turbulence flow (Ra > 10°), an inter-
esting phenomena, the peak value of the Nusselt
number distribution occurs in the vicinity of the
thermal plume region, is firstly discovered and dis-
cussed. This peak phenomena is due to the occur-
rence of a reverse eddy flow at the plume region
which gives rise to a reduction in the local heat
transfer rate.

5. At lower Ra and higher Re, the centrifugal effects
in the vicinity of the inner cylinder are promoted.
An increase in the centrifugal effects results in a
decrease in the mean Nusselt number. The decreas-
ing rate in Nu is higher at lower Ra as well as higher
RR because centrifugally forced convection is the
dominant mode of heat transfer.
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