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LAMINAR NATURAL CONVECTION HEAT TRANSFER
IN AN ECCENTRIC RHOMBIC ANNULUS

F. Moukalled
Faculty ofEngineering and Architecture, American University of Beirut,
Beirut, Lebanon

S.Acharya
Mechanical Engineering Department, Louisiana State University, 2513B CEBA,
Baton Rouge, Louisiana 70803 USA

The effect of vertical eccentricity on natural convection in a rhombic annulus is studied
numerically for enclosure gap values (E.) of 0.5 and 0.75, eccentricity IE) values from
- 0.25 /0 0.25, and Rayleigh numbers IRa) from J04 to JO'. Negative values of E (inner
rhombus displaced downward) lead to an increase in heat transfer. AI low Ra there is a
critical positive E for which the flow strength is a maximum. At high RD., increasing
positive E results in a decrease in the flow strength and heat transfer. For any E > 0 there
is a critical Ra, beyond which there is a decrease in the total heat transfer. This critical No
increases with decreasing E II: values.

INTRODUCTION

Natural convection heat transfer in rectangular enclosures and cylindrical
annuli has been extensively studied, and a recent review on this topic is given by
Ostrach [1]. However, natural convection heat transfer in enclosures with a more
complex geometry has received rather limited attention.

Several experimental, numerical, and analytical studies on natural convection
in cylindrical annuli have been reported. Kuehn and Goldstein [2,3] have reported
a thorough literature survey and have also performed a detailed study of convec
tion within a horizontal annulus. Custer and Shaughnessy [4] obtained analytical
solutions for laminar flow of very low Prandtl number fluids in a horizontal
annulus. Turbulent flow computations were subsequently reported by Farouk and
Guceri [5]. More recent studies on natural convection in cylindrical annuli include
those of Castrejon and Spalding [6], Kumar [7], and Kolesnikov and Bubnovich [8].
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552 F. MOUKALLED AND S. ACHARYA

NOMENCLATURE

Cp specific heat of fluid x,X dimensional and dimensionless
E, dimensionless enclosure gap horizontal coordinate

[= (Lo - L,)/Lol y,Y dimensional and dimensionless
g acceleration due to gravity vertical coordinate
II, Ii local and average convection heat f3 coefficient of thermal expansion

transfercoefficient
,

dimensional and dimensionlesss,s
k thermal conductivity of fluid eccentricity t e = s'ILo)
Lit t.; main diagonal length of the inner e dimensionless temperature

and outer rhombic duct v kinematicviscosity
Nu,Nu local and average Nusselt number p density
p thermodynamic pressure I/J stream function
p dimensionless pressure n rhombic angle
Pr Prandti number I = !,-cplk)
Ra Rayleigh number [= g f3(Th - Subscripts

T,)Li,jva I
.I' distance along the wall c cold wall
S arc length h hot wall
T dimensional temperature inner pipe
utV dimensional and dimensionless lower part (0 < slsm" s 0.5)

velocityin x direction max maximum value
v,V dimensional and dimensionless a outer pipe

velocityin y direction u upper part (0.5 < slsm" < 1)

Natural convection heat transfer in eccentric horizontal cylindrical annuli has
also been studied. Typical studies include those reported in Refs. [9-14]. At very
small eccentricities the flow field and heat transfer characteristics were found to be
unaffected. Effects were noticed to be significant at large eccentricities.

As noted earlier, studies on natural convection heat transfer in an enclosure
between complex geometries are rather limited. Chang et al. [15] performed an
experimental and numerical study of natural convection around a square cylinder
placed concentrically in a horizontal circular cylinder. Lee and Lee [16] examined
the heat transfer characteristics in the annuli between confocal elliptic cylinders.
Heat transfer measurements in the enclosure between a cubical outer body and a
cylindrical, spherical, or cubical inner body were reported by Warrington and Powe
[17]. Boyd [18] reported heat transfer experiments for natural convection in a spent
nuclear fuel shipping cask represented by a horizontal annulus with a hexagonal
inner body and a circular outer body. Glakpe and Asfaw [19] reported predictions
for a similar hexagonal geometry. Moukalled et al. [20] have recently studied
laminar natural convection heat transfer in an enclosure between two concentric
rhombic bodies.

The present research is intended to investigate natural convection in the
annulus between two horizontal eccentric bodies of rhombic cross sections (Figure
O. Possible applications of such a geometry are in thermal storage, and in the
transportation and storage of spent nuclear material and assemblies. Results are
compared with those reported by Moukalled et al. [20] for the concentric case in
order to reveal the effects of eccentricity on the heat transfer and the flow field.
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Figure I. (a) Physical domain and an
illustrative grid; (b) control volume in
physical plane; (e) control volume in
transformed plane.

GOVERNING EQUATIONS

Figure 1 shows a physical schematic of the eccentric rhombic enclosure,
which consists of an inner rhombic body that is heated and maintained at a
uniform temperature Th and is eccentrically placed in a cooled outer rhombic body
maintained at a uniform temperature Te • The working fluid is taken to be air, and
the flow is considered 10 be steady, laminar, and two-dimensional. The fluid is
assumed to satisfy the Boussinesq approximation, according to which the density
appearing in the body force term is related to temperature by the following
equation:

p = pell - f3(T - T)]
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where Pc' Tc, and f3 are the reference density, the reference temperature, and the
coefficient of thermal expansion, respectively. In the present paper, conditions at
the cold wall temperature are assumed to be the reference conditions. The
dimensionless variables chosen are

X =xlLo Y = YIL o (2)

u u
u=-- V=-- (3)

vlLo vlLo

p=
P + pgy

0=
T - T,

(4)
2p(vILo) Th - Tc

With the aforesaid assumptions and dimensionless variables, the governing
differential equations in nondimensional form can be written as

V· U = 0

U·VU=-Px+ V2U

Ra 0
U· VV = -Py + V 2V + -

Pr

(5)

(6)

(8)

Due to the symmetry around the Y axis, computations are performed in only
the right half of the physical domain. The boundary conditions used are

U= V= 0 (9)

on all walls,

V, = Ox = U = 0 (10)

on vertical symmetry lines,

0=0 (I 1)

on the outer cold wall, and

0=1 (12)

on the inner hot wall.

SOLUTION PROCEDURE

Due to the geometry of the eccentric rhombic annulus, a curvilinear coordi
nate system is used. To obtain the numerical solution to the governing differential
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equations, Eqs. (5}-(8) are first transformed into curvilinear coordinates (g, 1/) and
then discretized in the g, 1/ computational domain using a control-volume-based
procedure. The computational domain is generated by solving a system of Poisson
equations for x( g,1/} and y( g,1/} as described by Thompson [21]. An illustrative
grid network generated is shown in Figure 1. The transformed governing differen
tial equations are discretized by first integrating them over each control volume
and then using Green's theorem to replace the volume integral by the surface
integral. With suitable profile approximations in each coordinate direction (the
power law approximation of Patankar [22] is used in this study), a system of
algebraic equations results and can be solved iteratively.

The solution to the resulting algebraic system of equations is generally
obtained on a staggered grid to avoid checkerboard pressure and velocity fields. In
curvilinear coordinates this becomes cumbersome, since three sets of grid positions
(one each for the two components of velocity and one for pressure) and associated
metric quantities have to be calculated and stored. It is therefore desirable to use a
nonstaggered grid arrangement that will suppress checkerboard pressure and
velocity fields. In this paper a nonstaggered grid arrangement is adopted, and the
method of Rhie and Chow [23] that embodies the semi-implicit method for
pressure linked equations (SIMPLE) algorithm of Patankar [22] is used to suppress
oscillatory checkerboard fields. In the SIMPLE method an equation for pressure
correction (p') is derived from the continuity equation, and a predictor-corrector
procedure is invoked to update pressures and velocities until the velocity field
satisfies both momentum and continuity equations.

Results have been generated on a 42 x 32 nonuniform grid with denser
clustering of the grid points near the walls, where higher gradients are expected.
The choice of the grid point distribution is based on a number of preliminary
calculations with successively finer grids. Comparison of the solution on a 42 x 32
grid with the solution on a 62 x 42 grid revealed that the maximum differences
were less than 2.15% in the peak Nusselt number value and less than 1.87% in the
maximum strength of the flow (Il/Jmax I). Conservation of mass, momentum, and
energy was found to be satisfied to within 0.01% in each control volume.

RESULTS AND DISCUSSION

The governing parameters in the problem are the dimensionless enclosure
gap Eg , the rhombic angle 0, the Rayleigh number Ra, the Prandtl number Pr,
and the eccentricity 8. Eccentricity is defined as the dimensionless vertical distance
between the centers of the inner and outer cylinders and is taken to be positive for
upward displacement of the inner cylinder. In order to reduce the number of
parameters involved, 0 is fixed at 30° and Pr is assigned the value of 0.71,
corresponding to air. Results are obtained for two different values of Eg (= 0.75
and 0.5), with Ra ranging from 104 to 108 and 8 varying from -0.25 to 0.25.
Results generated are presented in the form of streamline, isotherm, and Nu plots.
In addition, maximum stream function and average Nu values are tabulated in
Tables 1-3.
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Table t. Maximum Absolute Values of the Stream Function

Eg ~ 0.75 Eg = 0.5

Ra e = -0.25 e~-O.l25 e=O e = 0.125 e = 0.25 e = -0.125 e=O e=O.l25

10' 0.378 0.377 0.246 0.347 0.317 0.211 0.0754 0.208
10' 5.02 4.36 2.37 2.55 1.93 2.2 0.753 1.9
10' 22.8 21.3 14.2 9.84 6.06 15.2 7.12 9.81
10' 62.8 55.5 39.1 27.5 15.3 46.3 35.7 23.5
5 X 10' 96.9 81.2 64.1 50.3 29.8 83.7 64.6 43
10" 120 99.3 81.2 62.6 38.2 106 79 57

Streamlines and Isotherms

The influence of 8 on the flow and temperature fields is revealed by the
isotherm and streamline plots depicted in Figures 2-7. Figures 2-4 are for
Eg = 0.75, while Figures 5-7 are for Eg = 0.5. Streamlines are normalized by the
maximum stream function values "'max in the field. The "'max values are presented
in Table 1 and are also indicated alongside the figures. Results for the concentric
annulus (8 = 0), reported earlier, are included for comparison.

At low values of Ra the convective flow is weak (see Figures 2 and 5, for
example) and is characterized by a single eddy. Isotherms indicate a conductionlike
behavior, and flow-induced stratification effects are very small. The flow patterns
and isotherms for both positive and negative 8 are qualitatively similar. At low Ra,
where stratification effects are weak, both positive and negative 8 lead to an
increase in the convective flow strength, which occurs above the inner rhombus for
negative 8 and below the inner rhombus for positive 8. The increase in flow
strength on one side of the eccentric annulus is linked to the greater flow area or
length scale on that side resulting from moving the inner rhombus up or down. At
Ra = 104

, a careful examination of the isotherms for 8 = 0.25 (Figure 2j) and for
8 = -0.25 (Figure 2[) indicates a stratification (stabilizing) in the lower half of
Figure 2j compared with the destabilizing isotherm pattern in the upper half of
Figure 2f. Therefore, the flow strength for negative 8 is higher than the flow
strength for positive 8.

Table 2. Average Nusselt Number Values

Eg = 0.75 Eg - 0.5

Ra e = -0.25 e = -0.125 e=O c = 0.125 c = 0.25 e = -0.125 e=O e= 0.125

Conduction 4.15 2.50 2.23 2.50 4.15 6.62 5.08 6.62
10' 4.33 2.57 2.23 2.55 4.16 6.72 5.08 7.29
10' 4.65 2.97 2.37 2.70 4.27 6.87 5.08 7.33
10' 5.89 4.76 4.49 4.12 4.90 8.93 5.94 8.06
10' 8.57 8.74 8.10 7.86 7.15 12.77 11.55 10.74
5 X 10' 13.91 13.49 12.70 12.07 11.43 18.9 18.29 16.37
10K 17.24 16.51 15.51 14.75 13.92 23.28 22.21 19.99
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Table 3. Average Nusselt Number Values over the Lower and Upper Half of the Cold Wall (E. ~ 0.75)

Lower half Upper half

Ra e ~ -0.25 e ~ -0.125 e~O c ~ 0.125 e = 0.25 e = -0.25 c ~ -0.125 e~O e ~ 0.125 c ~ 0.25

10' 7.92 3.88 2.19 1.13 0.46 0.74 1.26 2.27 3.97 7.86
10' 7.31 3.21 1.65 0.83 0.28 1.99 2.73 3.10 4.57 8.26
106 6.81 2.39 1.11 0.69 0.19 4.97 7.13 7.88 7.55 9.61
10' 5.97 3.22 2.07 0.84 0.12 11.l7 14.26 14.13 14.88 14.18
5 X 10' 6.75 4.65 3.05 1.07 0.096 2l.07 22.33 22.35 23.07 22.76
108 7.84 5.67 3.33 1.23 0.081 26.64 27.35 27.69 28.27 27.76



558

"""'mal,
0.001
0.01
0.1
0.3
0.5

., "" - 0.7
a.s

F. MOUKALLED AND S. ACHARYA

(a) (b) (c) (d) (e)

8 ,·0 £·O.12~

0,01

~
0.1

i\\'~0.3 1\\ ~
0.5

.~0.7 r/a.s

I

if) (g) (h) (i) (j)

Figure 2. Streamline and isotherm plots (Eg = 0.75, Ra = 104
) .

As Ra is increased from 104 (Figure 2) to 108 (Figure 4), the convective flow
strength for all cases (8 ~ 0, 8 < 0) expectedly increases. However, flow-induced
thermal stratification effects become increasingly important at higher 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 diagonal of the inner rhombus. Therefore for positive 8, where a greater
proportion of the flow area is in the bottom half, stratification effects are
significantly more important than in the case with negative 8. Thus, at higher Ra,
where stratification is important, the velocity and temperature profiles for 8 > 0
are quite different from the corresponding profiles for 8 < O. As the inner
rhombus is moved upward (8) 0), flow-induced thermal stratification below the
inner rhombus increases, leading to a reduction in the flow strength. This is clearly
seen from the o/rnax values listed in Figures 3 and 4, and in Table 1. The thermally
stratified field for 8 » 0 is clearly evident in the isotherm patterns, for example,
Figure 4j.

For negative 8, flow-induced thermal stratification in the primary flow area
above the inner rhombus does not occur, and the effect of moving the inner
rhombus downward is to increase the primary flow area or the effective length
scale and, thus, to increase the convective flow strength above the inner rhombus.
At the higher Ra (Figure 4) the isotherm and flow patterns clearly reveal the
boundary layer behavior along the upper half of the cooled wall and lower half of
the heated wall. In view of the stronger convective flow strength at negative 8, the
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boundary layer behavior is much stronger for e < 0 (compare Figure 4f for
s = - 0.25 with Figure 4j for e = 0.25).

As noted above, and as shown in Table 1, for low Ra, the "'max for e > 0 is
greater than the "'max for e = 0 (see Figure 2), while at higher Ra, the "'max for
e > 0 is less than the "'max for e = 0 (see Figure 3). Thus, for positive e, there
exists a value of Ra for which the maximum strength of the flow is unaffected by e
within a certain bound for e. This critical value for Ra decreases with sand
increases with Eg (see Table 1). In addition, at a constant Ra, Table 1 indicates the
presence of an optimum positive e that maximizes the strength of the flow. The
value of this e decreases with increasing Ra. To explain this behavior, it is noted
that as s is increased from 0, two counteracting effects occur. The first is that the
primary flow area below the horizontal diagonal increases, leading to an increase in
the flow strength. The second effect is that flow-induced thermal stratification in
the lower half increases, and this leads to a reduction in the flow strength. With
increasing Ra, the second effect becomes more important and therefore the value
of e for which "'max peaks is smaller at a larger value of Ra.

At low and moderate Ra (Figures 2, 3, 5, and 6) the flow field is characterized
by an eddy rotating in the clockwise direction. At high Ra (Figures 4 and 7) the
recirculating flow exhibits two vortex cores within one large eddy rotating clock
wise. In addition, at high Ra, flow separation occurs in the lower part of the
domain, leading to a counterclockwise separated eddy. Flow separation is caused
by thermal stratification in the lower part of the rhombic annulus, due to which the

~/lJ.'mal

0.'
0.7
0.5
03
0.1
0.01
0.001

(aJ (b) (d) (e)

(k)

8
0.'

~~=::0.7
~.:.. 0.5

0.3
0.1
0.01

0.001

0)(h)(g)

Figure 3. Streamline and isotherm plots (Eg = 0.75, Ra = 10'),
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Figure 4. Streamline and isotherm plots (Eg ~ 0.75, Ra ~ lOB).

flow descending the cooled wall cannot easily penetrate the lower region. As seen
in Figures 4 and 7, the flow is essentially stagnant or very weak in the thermally
stratified region, and thus as the air adjacent to the heated inner rhombus rises, it
entrains a smaller fraction of air upward from the stratified region, and instead,
more of the air is entrained sideways above the stratified region. This leads to a
separated anticlockwise eddy. The size of this eddy is seen to decrease with
increasing eccentricity for e > 0 and to increase with increasing eccentricity for
e > O. For e < 0 the convective area below the inner rhombus is reduced, causing
a less significant temperature stratification in the lower part. Thus, the penetration
of this area by the flow is easier. In fact, for e = - 0.25, separation does not occur.
In contrast, for e > 0, a larger stratified stagnant area is seen in the lower part of
the enclosure, inhibiting the motion of the fluid and causing a larger separation
eddy.

The effect of decreasing the dimensionless gap ratio from Eg = 0.75 (Figures
2-4) to Eg = 0.5 (Figures 5-7) is to decrease the primary flow area and thus the
convective flow strength. Lower velocities imply smaller flow-induced stratification
effects below the inner rhombus, and therefore, as seen from Table 1, for positive
e, the critical Ra at which o/max decreases with e is larger at Eg = 0.5 compared
with the corresponding value at Eg = 0.75. Figure 7c when compared with Figure
4d shows further that the counterrotating separated eddy is smaller and weaker for
the smaller Eg value due to the lower associated thermal stratification effect.
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While some of the flow field features in the rhombic annulus are similar to
that in the cylindrical annulus, there are a number of important notable differ
ences. These include not only the differences in the strength of the flow patterns
and the extent of the stratification effects, but also differences in the basic flow
and isotherm pattern itself. For example, at higher Ra (of the order of 105 and
higher), Projahn et al. [9] reported the formation of a counterrotating eddy above
the inner cylinder in eccentric cylindrical annulus with to ,., 0.2 and Eg of the order
of 0.625. The formation of this counterrotating eddy distorts the Nusselt number
profiles and shifts the peak along the outer wall from near () = 0 to about
() = 300 -400 «() refers to the angular position measured from the upper vertical
centerline). For the configuration considered in this paper, for comparable values
of to, Eg , and Ra, no separate eddy above the inner cylinder is noted; on the
contrary, at sufficiently high Ra a counterrotating eddy is noted in the stratified
region below the inner rhombus.

Nusselt Numbers

Attention will now be focused on the effect of to on the total heat transfer.
This will be done by. presenting the average Nu for all cases under consideration
(Table 2) and by plotting the local Nu distribution along the hot inner and cold

"'/lI'max
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0.7
0.9
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·~__ O.~
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.~~~=:=== 0.010.1
O.~
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0.7
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(b)

(e)

(e)

if)

Figure 5. Streamline and isotherm plots (Eg = 0.5, Ra = 10').
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Figure 6. Streamline and isotherm plots (E. ~ 0.5, Ra = 10°).

outer walls for some selected cases (Figures 8-10). The local and average Nu at the
inner and outer walls were computed using the following definitions:

sr/ anlo
Nu = - -,---..,..---,----

o (T; - T)/Lo

OJ)

(14)

where n denotes the normal distance from the wall, S is distance along the wall
measured from its lowest point, and smax is the maximum possible length. Since
Nu; = Nu., the subscript will be dropped and the average heat transfer will be
denoted by Nu.

The Nu as defined above represents the heat flux (-k aT/an) made dimen
sionless with i.T, - T)/(L/k). Nu for pure conduction can also be defined and
represents the ratio of the two-dimensional conduction heat flux made dimension
less with the corresponding one-dimensional conduction value.

Figures 8-11 show the Nu distributions along the hot and cold walls. Values
are plotted as a function of s/smax' In examining the Nu profiles for pure
conduction in the rhombic annulus (not shown), it is seen that for e = 0, the
profiles are symmetrical with the peaks in Nu occurring at s/smax = 0 and 1 along
the hot wall and at s/smax = 0.3 and 0.7 along the cold wall. For positive e the Nu
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peak along the hot wall occurs at s/smax = 1 and along the cold wall shifts toward
SIsmax = 1. For negative 6 the behavior is identically reversed, with the Nu peaks
shifting toward sismax = O.

At Ra = 104 (Figure 8) the Nu profiles are nearly identical to the profiles for
the pure conduction case. At this Ra the flow pattern at all values of 6 is weak,
and conduction is the dominant heat transfer mode. The isotherm patterns in
Figure 2 confirm this observed behavior. At high Ra (Figures 9 and 10) the Nu
profiles expectedly take on a different shape. Note that the Nu values represent the
effect of both two-dimensional conduction and convection. Along the cold wall, for
all 6, the peak moves closer to SI Sma x = 1 as Ra increases. This is expected in view
of the increasing importance, at higher Ra, of the convective flow rising up along
the heated rhombus and impinging on the cooled wall near sismax = 1. Note, as
mentioned earlier, for the cylindrical annulus, a separate eddy is formed above the
inner cylinder at Ra ;:; 105 that shifts the Nu peak away from s/smax = 1 [9]. For
6 = 0, due to thermal stratification, the region 0 :0; s/smax :0; 0.2 is nearly isother
mal (see Figure 4h) and is associated with very low Nu (Figure 9). As 6 is increased
to a positive value (6 = 0.125 and 0.25), an increasingly larger portion of the lower
part becomes stratified and therefore leads to a larger region of slsmax that is
associated with very low Nu values. At the same time, since the heated inner
rhombus is closer to the upper cooled surface, the cold wall Nu increase near
s/smax = 1. As 6 is decreased from zero to a negative value, stratification effects in
the lower portion decrease, and further, the heated inner rhombus is closer to the
lower cold wall; both these effects lead to higher Nu in the lower part as 6 is
decreased from zero. Along the upper part of the cold wall, and in the near vicinity
of the Nu peak (s ISmax > 0.9), there is a small decrease in the peak value
associated with a decrease in 6 from zero. As 6 becomes increasingly negative,
there are two counteracting effects: an increase in the strength of the flow and a
reduction in the conduction heat flux to the upper cold wall as the inner rhombus
is moved downward. The decrease in peak relative to the 6 = 0 value is due to the
latter effect. At Eg = 0.5 (Figure 10), a similar behavior is noted, except the peak
Nu value does not decrease with negative £ as observed for Eg = 0.75. This is
because as e decreases from 0 to - 0.125, the convective flow strength increases,
and the associated increase in heat transfer is greater than the reduction in
conduction heat transfer due to the inner rhombus moving downward.

Along the hot wall (Figures 9 and 10), the peak Nu always occurs at
s/smax = 0, where the cooled fluid from the cold wall first meets the heated
surface. For cylindrical annuli, for Ra > 5 X 104

, Projahn et al. [9] report a peak
near s/smax of 0.5 (0 = 90°). Negative 6 leads to higher heat transfer peaks, since
thermal stratification is reduced (leading to a stronger convective flow) and the
inner rhombus is closer to the lower cooled surface (leading to a higher value of
the two-dimensional conduction heat flux). In view of the stronger flow at negative
6, the Nu over most of the heated rhombus is higher than the corresponding values
for the concentric case. For positive e, due to greater stratification effects in the
lower portion, the Nu peak is always smaller than the concentric value. In general,
Nu values are progressively smaller for increasingly larger positive values of 6.

However, due to counteracting effects (increasing £ leads to decreasing convective
heat transfer and increasing conduction heat transfer from the upper portion of
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the rhombus), the Nu profiles show deviations from the above-described trends for
certain values of s/sm,,' _

At constant e, Table 2 shows that Nu values increase with increasing Ra due
to the increase in convection heat transfer, and with decreasing Eg value because
of t~increased conduction contribution to the total heat transfer. For negative e
the Nu is always greater than its corresponding value in the concentric case, and is
due to the increase in conduction heat transfer in the lower part of the annulus
and in the convection heat transfer in the upper part of the annulus. This increase
in heat transfer over the concentric case value is higher at lower Ra (94.17% for
Ra = 104 and B = -0.25 compared with 11.15% for Ra = 108 and e = -0.25)
where conduction is the dominant mode of heat transfer. At higher values of Ra,
convection heat transfer from the upper half is the primary contributor to the total
heat transfer (Table 3), and this value, due to counteracting effects of increasing
convection and decreasing conduction with increasingly negative e, is less sensitive
to changes in e. Further, in light of the increase in the contribution from
conduction heat transfer to the total heat transfer, this increase in heat transfer
with a decrease in e from 0 is generally greater at smaller Eg values.

For positive s the picture is somewhat different. At low Ra, positive e results
in an increase in the overall heat transfer. This occurs due to the dominance of the
conduction heat transfer mode at low values of Ra, and conduction heat transfer
on the upper side increases as the rhombic enclosures approach each other. As Ra
is increased, the increase in conduction as e increases from zero is countered by
the decrease in convection heat transfer due to greater thermal stratification
effects. At a certain critical value of Ra (between 105 and 106 for e = 0.125 and
Eg = 0.75, for example), the increase in conduction heat transfer due to an
increase in B will be equal to the associated decrease in convection heat transfer.
This critical value of Ra depends on Eg and e. Beyond this critical value, the
increase in conduction cannot offset the decrease in convection created by the
large stagnant area in the lower part of the annulus, and the net effect of positive e
is a decrease in Nu.

Table 3 shows the contribution of the lower and upper parts of the cold wall
to the total heat transfer for Eg = 0.75. For negative eccentricity the general trend
is similar to that obtained in the concentric case, where the contribution of the
upper part to the total heat transfer is higher when convection is important and is
lower when conduction is important. The contribution of the lower part is seen to
increase with increasingly negative e due to the decrease in the distance between
the two rhombic enclosures, which promotes conduction heat transfer, and because
convection, which is important over the upper part of the lower wall, becomes
stronger at larger negative values of B. For positive e, however, the highest
contribution is always to the upper half due to higher conduction (walls are closer
in the upper half). Due to thermal stratification in the lower half, the heat transfer
contribution to the lower half decreases with increasing B. Nu variations over the
lower and upper parts of the hot wall show similar behavior and are not presented.

In the Ra regime where convection effects are clearly important (Ra ~ 106
) ,

the following correlations are applicable with less than 15% error:

e=O (lSe)
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Nu = 0.125 (Ra)O.24 (E
g

) -1.1 e(8
2

- e / 2)

Nu = 0.125 (Ra)O.24 (E
g

) -1.1 e(28 2-0.858)

CONCLUDING REMARKS

8<0

8>0

(I5b)

(I5c)

A numerical study is made to determine the influence of eccentricity on the
heat transfer and flow in an eccentric rhombic annulus. The following major
conclusions can be drawn from this study.

1. At low Ra « 105 in this study), where thermal stratification is not
important, negative or positive 8 leads to an increase in the flow strength
in the region (upper or lower) with the greater flow cross-sectional area.
With increasing 8, there is an associated increase in the overall heat
transfer.

2. At higher Ra, flow-induced thermal stratification effects in the lower half
of the annulus are promoted. With positive 8, thermal stratification in the
lower half increases, leading to flow retardation and reduction in heat
transfer. The opposite effect occurs at negative 8 and leads to a stronger
convective flow and greater heat transfer.

3. For positive 8 there is a critical Ra beyond which the overall convection
heat transfer progressively decreases with increasing 8. For the range of
parameters in this study, it was observed that this critical Ra increases with
decreasing Eg values. Convection heat transfer increases with increasingly
negative values of 8 at all Ra.

4. At lower Ra the Nu distribution is conductionlike, with the Nu peak along
both walls shifting upward with positive 8 and downward with negative 8.

At higher Ra the peak along the hot wall occurs at s/smax = 0 and that
along the cold wall near s/smax = 1 for all values of 8.

5. At lower Ra (Ra < 105 for 8 = - 0.125 and Ra < 106 for 8 = - 0.25),
and for negative 8, the heat transfer contributions from the lower half are
greater than those from the upper half; the reverse is true for 8 > O. At
higher Ra, where convection heat transfer is important, the heat transfer
contribution from the upper half is always greater.
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