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NEW BOUNDED SKEW CENTRAL DIFFERENCE
SCHEME. PART II: APPLICATION TO
NATURAL CONVECTION IN AN
ECCENTRIC ANNULUS

F. MoukaUed and M. Darwish
American Univmity ofBeiTU~ FacultyofEngineering& Architecture,
MechanicalEngineering Department, P.O. Box 11-0236, Beirut, Lebanon

71re bou1uktl sm t:nIIuJ differtrl« selmM (NYF SCDS) l1J is used to slUdy IIUIIIDial/Jy
1Mcombin«f ejJm ofvtI'timJ (e,) and IwrizontllJ (e.) ta:mlridlia on IUIIII1rII COIWIdion
ill an tJIIIIUIus between IJ '-ted IwrizontllJ cylbu1u and ib squan endosun. FourRDykigh
IIUIIIbtrs (& = 10', 10', 10', and 10'), t1uw tuptd ratios (R / L = 0.1, 0.2, and OJ),
and tet:mtridIy vallus nmging from -0.3 to 0.3 an~. AI _ endosun
tuptd 1Ulio, 1MtoIIJ1/ua1traMfao inmIases willi I1u:muing RDyleigh 1UURbn'. For _
RDyldp-1UURbn' vtllua, corwldion conJrlInItimI to toIIJ1 '-' traMfer d«Traus willi
I1u:muing vallus of R / 1- For cotuludion-dominaled jIows, /uaI~ inmIases willi
I1u:muing le,l and / or le.l. For COIWIdion-<lominoJedj/Dws,/ualtraMfer inmIases willi
d«rrtulng e1 fOl' e1 < 0, d«Traus willi inn'tG.ring e1 for I!1 > 0, and d«Traus willi
d«rrtulng e. for e. < O. FOI' 1M CGse when condudion and corwldion an of equal
importJuu:t, there is II critktJ1 e. for wlUdl 1M toIIJ1/ua1traMfer is minimum.

INTRODUCTION

Several studies dealing with natural-convection heat transfer in enclosures
have been reported in recent years because of their relevance to a large number of
practical engineering problems. However, most of the numerical and experimental
investigations have concentrated on natural convection in isothermal horizontal
cylindrical and spherical annuli, with little attention being focused on natural
convection heat transfer in more complex enclosures. In this study, natural convec
tion in the annulus between a heated horizontal circular cylinder placed eccentri
cally inside a cooled square cylinder is investigated numerically.

Extensive work on natural-convection heat transfer in horizontal cylindrical
annuli has been undertaken. Kuehn and Goldstein [2] presented experimental and
numerical results for such an annulus, together with an extensive review of the
previous research done in the area. Custer and Shaughnessy [3]obtained numerical
results for natural convection of liquid metals in a cylindrical annulus. Results for
turbulent natural convection using the k-f! turbulence model were reported by
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NOMENCLATURE

A surface area for heat transfer v,V dimensional and dimensionless y
cp specific heat of fluid velocities
g gravitational acceleration x,X dimensional and dimensionless
h,7i local and average convection heat coordinates along the horizontal

transfer coefficients direction
k thermal conductivity y,Y dimensional and dimensionless
L width of cavity coordinates along the vertical

Nu,Nu local and average Nusselt numbers direction
p,P dimensional and dimensionless a coefficient of thermal diffusivity

pressures 13 coefficient of thermal expansion
Pr Prandtl number I = p.cp/k) 8 dimensionless temperature
Q total heat transfer from surface v kinematic viscosity
R radius of inner cylinder p density
Ra Rayleigh number

'"
stream function

(= g I3(T. - T,)L3/ va )
5 arc length Subserlpts
5, distance along the enclosure surface
T dimensional temperature C cold wall
u,U dimensional and dimensionless x h hot wall

velocities max maximum value

Farouk and Guceri [4]. The transient natural-convection behavior was investigated
experimentally and numerically by Castrejon and Spalding [5]. The effect of
conduction along the walls of a cylindrical annulus on unsteady natural convection
was studied by Bubnovich and Kolesnikov [6] and by Kolesnikov and Bubnovich [7].
A comprehensive numerical study of natural convection in horizontal annuli for a
wide range of Rayleigh numbers and diameter ratios was performed by Kumar [8].
Recently, Clemes et al. [9] reported on measurements of natural-convection heat
transfer in air from isothermal horizontal cylinders of circular and noncircular
cross sections at various orientations and for a wide range of Rayleigh number.

A number of workers have also studied natural convection in eccentric
cylindrical annuli. The work undertaken by Cho et al. [10] and by Prusa and Yao
[11] quantified the effects of eccentricity of the .inner cylinder on natural-convec
tion heat transfer. The numerical analysis of Ho and Lin [12] dealt with natural
convection of cold water within an eccentric annulus. The flow patterns and heat
transfer characteristics were found to be strongly affected by the density inversion
of water and the position of the inner cylinder of the annulus. Naylor et al. [13]
presented an experimental and numerical study of natural convection between two
eccentric tubes.

Sparrowet al. [14] investigated natural convection in enclosures with off-center
innerbodies. Lacroix [15] conducted a numerical study of natural convection
around two heated horizontal cylinders inside a rectangular cavity cooled from
above. A study reported by Ho et al. [16] dealt with natural convection between two
horizontal cylinders (one heated and one cooled) in an adiabatic circular enclosure.

Natural-convection heat transfer from a square cylinder placed in a cylindri
cal enclosure was reported by Chang et al. [17]. More recently, Oosthuizen and
Paul [18] studied natural convection from a prismatic cylinder in a square enclo-
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sure. Experimental studies of natural convection between concentrically mounted
bodies (spheres, cylinders, and cubes) and their spherical and cubical enclosures
were undertaken by Warrington and Powe [19] at moderate Rayleigh numbers and
by Warrington et al. [20] at low Rayleigh numbers. In both studies, correlations
between Nusselt number and Rayleigh number were presented and the effect of
the enclosure shape was seen to be small so long as the appropriate length scale
was employed. Ghaddar [21] investigated natural convection around a cylindrical
rod placed in an enclosure with a hydraulic diameter that is nearly 40 times the
cylinder diameter. The study of Moukalled and Acharya [22] was for a similar
geometry with a dimensionless gap width in the range of 3 to 10 and for a
uniform-temperature boundary condition. This work was then extended [23] to the
situation where the inner heated circular cylinder is vertically eccentric.

In most of the work mentioned above, an upwind or upwindlike scheme for
the calculation of the convective flux was used. This class of schemes, however, is
known and was shown in a companion article [1] to be highly diffusive in both the
cross-stream and streamwide directions. In order to minimize numerical errors and
to exploit the high accuracy of the NVF SCDS in recirculating flows (as was shown
in [lD, this scheme is adopted in this article to extend the work reported by
Moukalled and Acharya [22, 23] into situations where the inner cylinder is
eccentric in both the horizontal and vertical directions (Figure 1a) and to study
numerically the details of natural-convection heat transfer of air in the annulus.

GOVERNING EQUATIONS

The physical situation under consideration is depicted in Figure 1a. The
equations governing the flow and temperature fields are those that express the
conservation of mass, momentum, and energy. The flow, driven by buoyant forces,
is assumed to be steady, laminar, and two-dimensional. The Boussinesq approxima
tion is used to incorporate the temperature dependence of density in the conserva
tion equations. Further, density fluctuations in the fluid are assumed to be
sufficiently small that they need only be included in the body-force term of the
y-momentum equation. With these assumptions, the nondimensional mass, mo
mentum, and energy equations become

au av
-+-=0ax aY

au au ap a2u a2u

u- + v- = -- + -- +--ax aY ax ax 2 ay 2

av av ap a2v a2v Ra (J
u-+v-= --+--+--+--ax ay aY ax 2 ay 2 Pr

(4)
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FIgure I. (a) Physical domain and an illustrative grid network generated. (11) Horizontal
eccentricity, vertical eccentricity, and boundary conditions. (c) Comparison of temperature
profiles along the horizontal centerline of the domain, generated using different schemes and
grid densities.

where the following dimensionless variables have been used:

x
x=

L

y
y=

L
(5)
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u
u=

v/L

p + pgy
P = -=---.:....::.".

p(V/L)2

v
v=

v/L

T-T
(J = c

Th - T"

(6)

To close the system of equations, hydrodynamic and thermal boundary
conditions are needed. Along the walls of the enclosure the velocity components
are set to zero, while, the nondimensional uniform temperatures of 1 and 0 are
maintained along the hot and cold walls, respectively (Figure Ib).

SOLUTION PROCEDURE AND COMPUTATIONAL DETAILS

The conservation equations [Eqs. (1)-(4)] are transformed into curvilinear
coordinates and solved numerically using the control-volume approach. The details
of the method are described in a companion article [1] and are not repeated here.
This includes the use of the new NVF SCDS and the treatment of the nonorthogo
nal terms in the pressure correction equation suggested by Cho and Chung [24]. An
additional and important issue to be considered here is the discretization of the
computational domain. Grid points should be distributed in such a way as to
resolve accurately the physics involved.Therefore, denser clustering is needed near
walls, where hydraulic and thermal boundary layers develop. For that purpose, the
method of Thomas and Middlecoff [25] is used. This method generates grids by
solving a system of Poisson equations and allows the grid-point distribution in the
interior of the domain to be controlled directly by the selection of the grid-point
distribution along the boundaries. An illustrative grid network generated is de
picted in Figure Ia.

Furthermore, since the transformation from the physical domain into the
computational domain involves a branch cut, the boundary conditions are not
known explicitly at the common interface. In order to incorporate their values
smoothly, the cyclic tridiagonal matrix algorithm [26] is used when solving the
system of equations in the € direction, while the normal tridiagonal matrix
algorithm is employed in the 'IJ direction.

The results presented next are computed using 54 x 44 unevenly distributed
grid points. This grid is found to be more than sufficient to produce grid-indepen
dent results. Comparison of the solution on a 54 x 44 grid (2,376 grid points) with
the solution on a 75 x 54 grid (3,996 grid points) revealed that the maximum
differences were less than 0.22% in the peak Nusselt number value and less than
0.16% in the peak mid-height horizontal velocity. Conservation of mass, momen
tum, and energy was found to be satisfied to within 0.0001% in each control
volume. Comparison was also made with results obtained using the upwind and
SMART schemes and is displayed in Figure Ie. From this figure it can be inferred
that results generated by SMART on a denser grid (62 x 62) are similar to those
generated by the NVF SCDS on a grid of size 54 x 44, which is an indication of
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the high accuracy of the scheme used. On the other hand, results obtained by the
upwind scheme are very diffusive even on a much denser grid of size 73 x 73.

RESULTS AND DISCUSSION

The main parameters of interest in this study are the enclosure aspect ratio
(R/L), the Rayleigh number Ra, the Prandtl number Pr, and the eccentricities in
the horizontal, ~Z' and vertical, ~Y' directions. Vertical/horizontal eccentricity is
defined as the dimensionless vertical/horizontal distance between the centers of
the inner circular and outer square cylinders and is taken to be positive for
upward/right displacement of the inner cylinder. Parameter values considered are
three different aspect ratios (R/L = 0.1, 0.2, and 0.3), four Rayleigh number
values (Ra = 103, 104

, lOS, and 106 ) , and eccentricity values ranging from -0.3 to
0.3. Air is considered to be the working fluid, and the Prandtl number is fixed at
0.71.

The results are presented in the form of representative streamlines and
isotherms, mid-height and mid-width velocity and temperature profiles, and local
and average Nusselt number values.

Streamlines and Isotherms

The influence of Rayleigh number and eccentricity on the flow and tempera
ture fields is revealed by the streamline and isotherm plots depicted in Figures 2-5.
Figures 2 and 3 show the effect of Rayleigh number on natural convection for
given values of the horizontal and vertical eccentricities. Figures 4 and 5 reveal the
effect of eccentricity on heat transfer at a given Rayleigh number.

The effects of Rayleigh number on heat transfer for negative eccentricities of
the inner cylinder are depicted in Figure 2. As shown, the main flow consists of two
recirculating eddies, with the one in the wide gap region rotating clockwise and the
left vortex rotating counterclockwise. This indicates that air is moving up along the
heated inner cylinder and down along the vertical cold sides of the enclosure. At
low Ra (Ra = 103, not shown for compactness), the eye of the left rotating eddy is
close to the hot wall; as Ra increases, however, the eye moves upward toward the
upper cold wall of the enclosure. This phenomenon is more pronounced at lower
R/L values (R/L = O.l) because of the larger available convective area above the
inner circular cylinder. Moreover, the center of the right vortex, located close to
the center of the domain at low Ra, also moves upward as Ra is increased, and at
the highest Rayleigh number presented, this recirculating eddy exhibits two vortex
cores, which rotate in the clockwise direction (Figures 2a-2d.). Furthermore, at
the higher aspect ratio (R/L = 0.2), the flow separates and forms a weak vortex
below the left-hand portion of the inner cylinder because of higher viscous effects
in combination with higher stratification levels.

As mentioned above, at low values of Ra the convective flow is weak (Figures
2a and 2c), and isotherms (Figures 2e and 2g) indicate a conductionlike behavior,
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and flow-induced stratification effects are very small. As Ra is increased from 103
to 106, the convective flow strength increases. However, because of the small
convective area below the inner cylinder, flow-induced stratification effects remain
small. As shown, flow-induced thermal stratification in the primary flow area above
the inner cylinder does not occur, and the effect of moving the inner cylinder
downward is to increase the primary flow area or the effective length scale, thus
increasing the convective flow strength above the inner cylinder. Moreover, at high
Ra, the convective flow strength being significant, isotherm plots (Figures 2{ and
2h) clearly show the boundary-layer behavior on the lower part of the heated
cylinder and the upper part of the cooled enclosure. The boundary layer along the
inner cylinder separates near the top of the cylinder, and forms a thermal plume.
One can easily notice that the plume is not rising vertically above the inner tube.
Rather, because of a stronger recirculating vortex in the wide gap region, the
plume is shifted off the top of the inner cylinder. Moreover, the phenomenon of
temperature inversion, which indicates that fluid in the region close to the hot
inner circular cylinder is cooler than that close to the outer square cylinder, is
observed at high Rayleigh numbers (see Figures 2{ and 2h). The extent of
temperature inversion is seen to be much higher for lower R/L values as a result
of enhanced natural convection at lower R/L values.

Figure 3 reveals the influence of buoyancy forces on heat transfer for positive
vertical eccentricities (that is, Ey > 0 and E. < 0). At low Ra, the flow patterns and
isotherms are qualitatively similar to those for negative eccentricities. The strength
of convection is higher at higher Ra values. In contrast with negative eccentricities,
flow-induced thermal stratification effects become increasingly important at high
Ra, and in view of the fact that the cooled outer surface is proportionately larger
than the heated inner surface, stratification effects are primarily significant below
the horizontal diameter of the inner cylinder. Therefore, for positive Ey , where a
greater proportion of the flow area is in the bottom half, stratification effects are
significantly more important than for the case with negative Ey •

The weak recirculation bubble increases in size with increasing values of Ra.
This is caused by stratification, which makes it difficult for the flow descending the
cooled wall to penetrate the lower region. Moreover, the core of the strong
clockwise-rotating vortex moves upward. Because of the relatively narrow gap near
the top of the enclosure, no evidence of plume development is found above the
heated inner cylinder (see Figures 3e-3h). Instead, near the top of the heated
cylinder, a local region of conduction-dominated heat transfer is produced, a
phenomenon that is usually found at the bottom portion of the annulus where the
flow is inert and stably stratified. Isotherm plots indicate a weak distortion even at
high Rayleigh-number values. The 1I/Im.. 1 values presented in Figures 2 and 3
indicate that the flow strength increases with increasing Ra and/or the convective
area above the inner cylinder.

The effects of eccentricity on the flow and temperature fields can be inferred
from the maximum stream function estimates and the streamline and isotherm
plots presented in Figures 4 and 5, respectively. At a given horizontal eccentricity,
as the inner cylinder is moved upward (Figure 4), flow-induced thermal stratifica
tion below the cylinder increases, leading to a reduction in the flow strength. This



In F. MOUKALLED AND M. DARWISH

is clearly seen from the 11/1....1values shown in Figure 4. Moreover, the increase in
thermal stratification below the inner cylinder as it is moved upward is evident in
the isotherm patterns shown in Figure 5.

At a given vertical location of the inner cylinder, increasing IE.I results in an
increase in the flow strength in the wide gap region due to a higher convective area
as revealed by the 11/1....1values presented in Figure 4 and the higher distortion of
isotherms depicted in Figure 5. However, this increase in flow strength in the right
portion of the domain is associated with a reduction in the available convective
area in the left portion and a splitting of the left vortex into two. This reduces the
left contribution to heat transfer and may lead to a reduction in total heat transfer,
as discussed later.

Finally, streamline plots for R/L = 0.3, not presented here for compactness,
did not reveal any separation of the flow above the cylinder for all cases considered
in this work. This is in contrast with results displayed in [22, 23] for the case when
E. = O. In order to eliminate any doubt about the computations, the concentric
case for R/L = 0.3 and Ra = 10', a case for which separation was predicted in
[22], was solved, over the whole physical domain and not half of it, using the
numerical techniques presented in this work. The results generated were in
accordance with those reported in [22] and revealed separation at the top of the
cylinder. The difference in Nusselt-number values between the two results was less
than 0.04% (this slight difference, even though a high-solution scheme is used, is
due to low convection effects at high R/L values). The disappearance of separa
tion is attributed to enhanced convection effects as E. increases.

Velocity and Temperature Profiles

The temperature profiles along the horizontal and vertical centerlines are
shown in Figure 6, for R/L = 0.1 and E. = -0.3. The plots depicted in Figure 6a
reveal that for a negative vertical eccentricity (Ey = - 0.3), the temperature pro
files along the horizontal centerline are steeper near the left vertical wall of the
domain at higher Ra because of stronger convection effects. Moreover, the
maximum temperatures at all Ra values are seen to occur in the thermal plume
region above the inner hot cylinder, as expected. Furthermore, the phenomenon of
temperature inversion is clearly evident from the profiles at Ra = lOS and 106• For
a positive vertical eccentricity (Figure 6b, Ey = 0.3), the level of temperature
decreases as Ra increases, because of higher stratification effects below the hot
cylinder, which in this case is above the horizontal centerline of the enclosure.

Along the vertical centerline and for Ey = -0.3 (Figure 6c), the maximum
temperature, close to the bottom wall at Ra = 103

, moves upward toward the top
wall as Ra increases, because of higher stratification effects in the lower part of the
domain and stronger convective motion in the upper portion. This is associated
with a decrease in the temperature gradient in the vicinity of the bottom wall and
an increase near the top wall. The peak in the profiles for Ey = 0.3 (Figure 6d) is
similar but less pronounced, because of the fact that the hot cylinder is near the
top wall of the enclosure.
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Flgure 6. Temperature profiles at: (a) Y = 0.5 (R/L = 0.1, E. = -0.3,
~ = -0.3); (b) Y = 0.5 (R/L = 0.1, E. = -0.3. Ey = 0.3).

The vertical and horizontal velocity components along the horizontal and
vertical centerlines of the domain are displayed in Figure 7 for R/L = 0.1 and
E. = -0.3. These velocity components are very small at Ra = 103, indicating
negligible convection effects and a weak flow field. Moreover, as Ra increases,
their magnitude increases, indicating an increase in the flow strength. Further-
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Figure 6. Temperature profiles at (Continued): (c) X = 0.5 (R/L = 0.1,
E. = -0.3, Ey = -0.3); (d) X = 0.5 (R/L = 0.1, E. = -0.3, Ey = 0.3).

more, the boundary-layer behavior in the vicinity of the walls is evident and the
velocity gradient there increases with Ra.

The vertical velocity component along the horizontal centerline for a negative
vertical eccentricity (Figure 70) reveals the upward flow motion above the hot
inner cylinder and the descending flow motion near the left and right walls of the
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FIgure 7. V-velocity profiles at: (a) Y = 0.5 (R/L = 0.1, E, = -0.3,
Ey = -0.3); (b) Y = 0.5 (R/L = 0.1, E, = -0.3, Ey = 0.3).

enclosure, which is in accordance with the streamline plots presented earlier. For a
positive vertical eccentricity (Figure 7b), the magnitude of the V-velocity compo
nent is seen to be much lower, especially in the left portion of the domain below
the hot inner cylinder, where the flow is thermally stratified. The V-velocity
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Figure 7. U-velocity profiles at (Continued): (c) X = 0.5 (R/L = 0.1,
E. = -0.3, Ey = -0.3); (d) X = 0.5 (R/L = 0.1, E. = -0.3, Ey = 0.3)

profiles along the vertical centerline are depicted in Figure 7c for a negative
vertical eccentricity and in Figure 7d for a positive one. As shown, for Ey < 0,
thermal stratification is not important and the velocity is high in the lower and
upper parts of the domain. For Ey > 0, however, thermal stratification is important
in the lower part of the enclosure, where the velocity is seen to be very small.
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NU888lt Numbers

The local heat transfer coefficient and Nusselt number along the hot and cold
walls are computed using the following definitions:

k[aTlanh

[Th - Tel h =e

k[aTI anle

[Th - Tel
(8)

(9)

where n denotes the normal distance from the wall and S the distance along the
wall measured from its lowest point for the hot inner cylinder and from the lower
left comer for the cold, square enclosure. The average heat transfer coefficients
and Nusselt numbers are calculated as

h=c (10)

Nu = h~c,max
c k (10

where Qconv is the overall convection heat transfer and A h and A c are the heat
transfer areas along the hot and cold walls, respectively. Since hhSh max = h~c,max'

it follows that NUh = Nuc = Nu. '
The normalized local Nusselt number distributions Nu" (Nu" = Nu/Nuo,

where Nu o is the value of Nusselt number for pure conduction, that is, Ra = 0)
along the hot and cold walls are presented in Figure 8, for positive and negative
vertical eccentricities of the inner cylinder. In this normalized form, the relative
"effect of convection can be assessed directly. Values are plotted as a function of
S/Smax, where Smax is the maximum possible value of S.

The profiles presented show that, at low Ra, conduction is the dominant heat
transfer mode in the whole enclosure (Nu" "" 1) for both positive and negative
eccentricities of the inner cylinder. At high Ra, convection contribution to total
heat transfer is shown to be important, with its magnitude being dependent on the
eccentricity of the inner cylinder. The variations in Nu" along the hot and cold
walls are presented in Figures8a and 8b for Ey < O. Over the hot wall, Nu"
increases along the right lower quarter of the cylinder and decreases along the
right upper quarter. The peak close to the right end of the horizontal diameter
(ShISh.mu "" 0.25) is due to the rising cold fluid impinging on the hot cylinder, as
revealed by the streamlines presented in Figure 2. As expected, minimum heat
transfer occurs close to the highest point on the cylinder (ShlSh,mu "" 0.5), where
the two streams rising around its left and right faces separate to form a thermal
plume. The left face contribution (0.5 $ ShlSh,max '" 0 to convection heat transfer
is much lower than the right face contribution because of weaker flow strength
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(a)

(b)

Figure 8. Nusselt-number distribution along: (a) the hot wall (R/L =

0.1, 'x = -0.3, " = -0.3); (b) the cold wall (R/L = 0.1, 'x = -0.3,
" = -0.3).

caused by lower available convective area. A second minimum in convection occurs
at the left end of the horizontal diameter (ShiSh max "" 0.75), where the convective
area is minimum. A second peak (of lower value) is observed over the left upper
quarter of the cylinder (0.5 <lO; ShiSh max <lO; 0.75) and is due to the two counteract
ing effects of increase in fluid temperature and flow strength. The decrease in
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Figure 8. Nusselt-number distribution along (Contilwed): (c) the hoI
wall (R/L = 0.1, E, = -0.3, Ey = 0.3); (d) the cold wall (R/L = 0.1,
E, = - 0.3, Ey = 0.3).

convection over the lower left quarter (0.75 .;; ShlSh,mBA .;; 1) as the fluid rises is
due to the increase in fluid temperature and decrease in the flow strength.

The normalized Nusselt-number distribution along the cold wall (Figure 8b)
shows that, at relatively high Ra, convection is most important over the top and
right walls of the enclosure. Along the lower portion of the right wall and the left
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portion of the bottom wall, where the flow is weak, conduction is the dominant
heat transfer mode (Nu" < 1). A maximum is observed in the upper region and is
due to the hot fluid from the inner wall rising upward and impinging on the cold
top wall, thereby increasing convection heat transfer. Heat transfer then decreases
as the fluid moves on the top wall in both directions (left and right). The second
peak in Nu" along the upper part of the right cold wall is due to the tendency of
the relatively hot fluid to be deflected away from the upper right comer of the
domain (where a local minimum in convection heat transfer occurs) and to
encroach upon the right cold wall of the enclosure.

For a positive vertical eccentricity, convection heat transfer is important over
the lower portion of the hot inner cylinder (Figure Sc), Maximum convection heat
transfer occurs at the location where the cold fluid from the lower right part of the
enclosure, not being able to penetrate the lower left part of the domain because of
high thermal stratification, rises and impinges on the lower right quarter of the
cylinder. Then, this fluid splits into two streams which move around the cylinder in
opposite directions. As the two streams progress, they become hotter and convec
tion heat transfer decreases. Along the upper portion of the hot cylinder, conduc
tion is the dominant heat transfer mode, as revealed by the values of Nu"
(Nu" < 1) and the isotherm plots in Figure 3. The Nu" distribution over the cold
wall (Figure 8d) shows an increase in convection heat transfer on the right and top
walls of the enclosure. Convection effects are seen to maximize near the right
upper comer of the outer square cylinder because of low conduction heat transfer
at Ra = O. Along the lower and left walls, where the flow is stratified, heat transfer
is governed by conduction (Nu" < 1).

The average Nusselt-number values for all cases studied are given in Table 1.
For comparison purposes, the Nu values presented by Moukalled and Acharya [22,
23] for Ex = 0 are also included in the table. At Ra values of 103 and 104

, the
overall heat transfer appears to be strongly dominated by conduction. Convection
contribution to heat transfer is important at Rayleigh number values of lOS and
106

• This seems to be true for R/L = 0.1 and 0.2. At constant R/L values, the
average Nusselt number increases with increasing Rayleigh number because of the
increase in the magnitude of the buoyancy forces. When the Rayleigh number is
held constant, Nu increases with increasing R/L values, because of the increased
heat transfer surface area. Furthermore, pure conduction heat transfer is increased
with increasing absolute values of the vertical and/or horizontal eccentricities. At
constant Ex, heat transfer is seen to be minimum, for conduction-dominated flows
(Ra = 103 and 104

) , at Ey = O. For convection-dominated flows (Ra = lOS and
106

) , total heat transfer increases with increasing IEyl for negative eccentricities,
because of enhanced convection effects. For R/L = 0.1 and 0.2 and Ey > 0, Nu
decreases and then increases for Ra = lOS, while it decreases for Ra = 106 as Ey
increases. The presence of a positive Ey value for which heat transfer is minimum
at Ra = lOS is due to the counteracting effects of increasing conduction and
decreasing convection with increasing Ey • As Ey is increased, convection is de
creased, while conduction~ increased but at a lower rate. Further increase in Ey

reverses the picture and Nu increases again. For Ra = 106, stratification effects
being very high, the increase in conduction for Ey > 0 does not offset the higher



BOUNDED SKEW CENTRAL DIFFERENCE SCHEME, PART D 131

Table 1. Average Nusselt number values

R/L - 0.1 R/L - 0.2 R/L - 0.3

R. <, Ex ... 0 Ex 0= - 0.15 .x c::I -0.3 <, Ex'" 0 Ex" -0.1 f x '" -0.2 <, Ex .... 0 Ex - - 0.1

0 -0.3 5..501 5.616 6.365 -0.2 8.273 9.549 - 0.1 12.512 13.061
-0.15 4.025 4.165 5.372 -0.1 6.933 8.283

0 3.672 3.974 5.233 0 6.52 6.657 8.027 0 10.738 11.918
0.15 4.025 4.165 5.372 0.1 6.933 8.283
0.3 5.501 5.616 6.365 0.2 8.273 9.549 0.1 12.512 13.061

10' - 0.3 5.639 6.393 -0.2 8.279 9.554 -0.1 13.068
-0.15 4.168 5.398 -0.1 6.934 8.29

0 3.981 5.243 0 6.66 8.033 0 11.92
0.15 4.167 5.397 0.1 6.936 8.284
0.3 5.618 6.392 0.2 8.274 9.552 0.1 13.063

10' -0.3 5.984 6.1 6.764 -0.2 8.776 10.137 -0.1 12.788 13.149
-0.15 4.605 4.741 5.876 -0.1 7.227 8.719

0 4.142 4.425 5.703 0 6.662 6.835 8.354 0 11.652 11.967
0.15 4.356 4.472 5.715 0.1 7.WI 8.575
0.3 5.696 5.871 6.571 0.2 8.448 9.83 0.1 12.584 13.11

10' -0.3 8.744 8.083 8.276 -0.2 11.974 13.038 - 0.1 15.412 15.817
-0.15 7.914 7.435 7.702 -0.1 10.606 11.811

0 7.650 7.313 7.685 0 10.16 9.974 11.231 0 12.424 13.809
0.15 7.222 6.811 7.339 0.1 9.497 10.636
0.3 7.356 6.986 7.473 0.2 10.429 11.519 0.1 14.344 14.75

10' -0.3 14.084 12.638 11.556 -0.2 18.727 18.13 -0.1 24.34 22.968
-0.15 12.943 12.453 11.486 -0.1 18.067 17.487

0 12.214 12.183 11.425 0 18.748 17.602 17.203 0 23.24 21.379
0.15 12.067 11.862 11.347 0.1 16.742 16.766

0.3 11.144 10.79 10.429 0.2 16.344 16.076 0.1 23.82 21.134

decrease in convection and Nu always decreases. For R/L = 0.3, the above
discussion still holds, but convection starts to dominate at Ra = 106

•

The effect of increasing IExI is to increase heat transfer for conduction
dominated flows, for the reasons stated above. At high Ra, total heat transfer
values are dictated by the relative influence of convection and conduction in the
wide and narrow gap regions. By increasing IExl, thermal convection by large
recirculating vortices in the narrow gap region becomes more and more difficult, in
contrast to the growing influence of the thermal conduction. At the same time,
convection is increased in the wide gap region. However, this increase may not
compensate for the decrease in heat "transfer on the other side, even with the
increased conduction there. This is in contrast to the case for which Ex = 0, where
the available convective area is the same on both sides of the inner cylinder and
convection is of equal importance. Depending on the relative effect of the above
mentioned factors, heat transfer may decrease or increase with varying Ex. At the
highest Rayleigh number considered, where convection is the dominant heat
transfer mode, maximum heat transfer is obtained for Ex = 0 and the total heat
transfer decreases with increasing IE.I-
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CONCLUDING REMARKS

The NVF SCDS, presented in a companion article [1], was used to study the
effect of eccentricity on natural convection in a horizontal annulus. At low
Rayleigh numbers, total heat transfer was found to increase with increasing leyl
and/or leJ At high Rayleigh numbers, predictions revealed that heat transfer
increases when moving the inner cylinder downward, decreases when moving it
upward, and decreases when displacing it horizontally away from the vertical
centerline of the enclosure.
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