
604 J. THERMOPHYSICS, VOL. 14, NO. 4: TECHNICAL NOTES

2Onsager, L., “Reciprocal Relations in Irreversible Processes. I,” Physical
Review, Vol. 37, No. 4, 1931, pp. 405–410.

3Hirschfelder, J. O., Curtiss, C. F., and Bird, R. B., Molecular Theory of
Gases and Liquids, Wiley, New York, 1954, pp. 462, 480– 490, 552.

4Ali, A. H., “Statistical Mechanical Derivation of Cattaneo’s Heat Flux
Law,” Journal of Thermophysics and Heat Transfer, Vol. 13, No. 4, 1999,
pp. 544–546.

5Ali, A. H., “Non-Fourier Heat Flux Law for Diatomic Gases,” Jour-
nal of Thermophysics and Heat Transfer, Vol. 14, No. 2, 2000, pp. 281–

283.
6Morandi, G., Statistical Mechanics, World Scienti� c, Singapore, 1995,

pp. 148–157.

Enhancement of Natural Convection
by Eccentricity of Power Cable
Inside Underground Conduit

Chun-Lang Yeh ¤

National Huwei Institute of Technology,
Huwei, Yunlin 632, Taiwan, Republic of China

and
Keh-Chin Chang†

National Cheng-Kung University,
Tainan 701, Taiwan, Republic of China

Nomenclature
Dh = hydraulic diameter
e = eccentricity
Gr = Grashof number, Ra/ Pr
g = gravitational acceleration
k = thermal conductivity
l = radial distance between the inner and outer cylinders
Nu = Nusselt number, h ¤ D ¤

h / k ¤
ref

Pr = Prandtl number, t ¤ / a ¤

q = heat � ux
Rao = modi� ed Rayleigh number, g ¤ b ¤ D ¤ 4

h q ¤
w / t ¤ a ¤ k ¤

T = temperature
Tb = bulk temperature
Ts,max = maximum cable surface temperature
V = velocity
(x , y, z) = Cartesian coordinates, (x ¤ , y ¤ , z ¤ ) / D ¤

h
a = thermal diffusivity
b = thermal expansion coef� cient
h = nondimensionalizedtemperature,

(T ¤ ¡ T ¤
ref) / q ¤

w D ¤
h / k ¤

t = kinematic viscosity
u = azimuthal angle

Subscripts

b = bulk
i = inner cylinder
l = local
o = outer cylinder
ref = reference state (at atmospheric pressure and room

temperature)
w = wall
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Superscripts

– = averaged quantity
¤ = dimensional quantity

Introduction

P LACING the power cableundergroundis a currentengineering
tendency due to the limited available space, particularly in city

areasand industrialzones.The powercable(innercylinder) is placed
inside a concrete conduit (outer cylinder) buried underground.The
con� guration of this layout is an annulus between two horizontal,
highly eccentric cylinders as schematically shown in Fig. 1. Heat
is generated due to the electrical resistance of the power cable, and
the heat dissipationprocess in the annulus relies on the natural con-
vection heat transfer from both open ends of the conduit, which
penetrate onto the manhole surfaces. As described in our previ-
ous study,1 the geometric con� guration of this eccentric annulus
between two horizontalcylinders and its associated thermal bound-
ary conditionslead to a three-dimensional,noncavity-typeproblem,
which was seldom reportedon in publishedwork. An up-to-datere-
view on the natural convection heat transfer in the annulus between
two horizontal cylinders for two-/three-dimensional and concen-
tric/eccentric con� gurations may be found in our previous work1

and is not repeated here.
It was found from our previous work1 that the highest temper-

ature of the power cable is always located at the contacting point
of the cable and the concrete conduit. The cause can be apparently
understood from the azimuthal distributions of the local Rayleigh
number, which is de� ned by

Ral ( u , z) =
g ¤ b ¤

ref T ¤
i ( u , z) ¡ T ¤

o ( u , z) l ¤ 3

t ¤
ref a

¤
ref

(1)

where l ¤ is the radial distance between the inner (cable) and outer
(concreteconduit) surfaces,with the pole located at the center of the
innercylinder,at a givenazimuthalangle u and longitudinalposition
z. For the ordinary con� guration of the cable inside an underground
conduit, the cable (inner cylinder) lies on the bottom of the concrete
conduit (outer cylinder). Clearly, the l ¤ value approaches zero as
u moves to the contacting point. As a result, the Rayleigh number
Ral ( / l ¤ 3) in the neighborhoodof the contactingpoint drops steeply
to very small values. By de� nition, the Rayleigh number is equal
to the Grashof number times the Prandtl number, and the Grashof
number providesa measure of the ratio of the buoyancy force to the
viscous force acting on the � uid. At small Rayleigh number Ral , the
local heat transfer is mainly through the heat conduction process,
and this leads to a poor heat dissipation rate.

It is known2 ¡ 6 that natural convection heat transfer rate in the
annulus between two horizontal cylinders can be enhanced by

Fig. 1 Computational domain and zonal grid distribution. Origin (0,
0, 0) is located at the top point (for e = 0:5) or the bottom point (for
the other cases) of the inner cylinder on the longitudinally symmetric
plane.
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changing its eccentricity.A typical example is the numerical study
of Hirose et al.5 In their work, a two-dimensional steady natural
convection problem within a horizontal eccentric annulus, whose
surfaces were maintained at two constant temperatures, was stud-
ied for the medium of air with Rayleigh numbers ranging from
104 to 105 . Their study revealed that the enhancement of the natu-
ral convection heat transfer rate in the annulus can be achieved by
adjusting the eccentricity and the radius ratio of the inner to outer
cylinders.However,very few three-dimensionalstudieson this topic
are found in the published literature. The one studied numerically
by Vaidya and Shamsundar6 is a cavity con� guration bounded by
two insulated end walls between two horizontal isothermal eccen-
tric cylinders,which is quite different from the con� guration of the
undergroundconduit of an electrical power cable to be investigated
here.

It is known that the existence of higher local temperatureson the
power cable will lead to earlier deterioration of the cable than its
designedusagetime.The scopeof this work is to studyhowandwhat
level of the maximum temperature decrement can be achieved by
adjusting the eccentricityof the power cable inside an underground
conduit.

Results and Discussion
Becausethe thermalboundaryconditionsat thewalls are speci� ed

in terms of heat � uxes instead of temperatures in the present work,
a modi� ed Rayleigh number is de� ned as follows:

Rao =
g ¤ b ¤

ref D
¤ 3
h

t ¤
ref a

¤
ref

q ¤
w D ¤

h k ¤
ref (2)

The caseofRao =106 , which leads to distincttemperaturevariations
on the power cable surface, is calculated for demonstration. See
Ref. 1 for information and discussion of the numerical aspects.

The de� nition of eccentricity is shown in Fig. 2. Six con� gu-
rations with various eccentricities, e =0.5, 0.45, 0.4, 0.25, 0, and
¡ 0.25, are examined to investigate the effect of eccentricityon nat-
ural convection heat dissipation inside the cable conduit. Note that
e =0.5 denotes the case of the ordinary con� guration of the power
cable inside an underground conduit, whereas e = 0 is the case of
the concentric annulus.

Figure 3 shows the axial distributions of the maximum cable
surface temperaturesTs,max , which are always located at the bottom
of the cable. The trend in Fig. 3. clearly reveals that an effective
decrement in Ts,max can be achieved by reducing the eccentric level
of the inner cylinder in the annulus. For example, about an 8-K
decrement in Ts,max can be achieved even with a small elevation
(10% ri ) of the inner cylinder from the ordinarycon� gurationof the
power cable inside the underground conduit. Furthermore, about a
20-K decrement in Ts,max can be achieved through the use of the

Fig. 2 De� nition of eccentricity.

Fig. 3 Axial distributions of the maximum cable surface temperature
for the six examined con� gurations.

Fig. 4 Axial distributionsof the bulk temperature for the six examined
con� gurations.

optimal con� guration (e =0). This result is rather different from
two-dimensionalresults, such as the work of Hirose et al.5 Although
their work was based on two constant surface temperatures with
hot side on the inner cylinder, their results (see Fig. 5c in Ref. 5)
showed that the optimal con� guration was far different from the
concentric one (e = 0) in the Rayleigh number range of 104 –105.
This is because no axial � ow, which can be clearly observed in
the present � ow situation,1 occurs in two-dimensional (only radial
and angular) simulation. Obviously, the axial � ow motion plays an
important role in the process of natural convection heat transfer for
the present con� guration.

Figure 4 shows the axial distributionsof the bulk temperature Tb ,
which for the six examined con� gurations is de� ned as7

h b(z) =
°

A
h (r, u , z) q j V ¢ dA j

°
A
q j V ¢ dA j

(3)

The trend for Tb is similar to that for Ts,max , but the differences
among various Tb are smaller than those among various Ts,max . This
is because the area integrationin Eq. (3) alleviates the roles of Ts,max

and, therefore, leads to the results shown in Fig. 4.
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Fig. 5 Axial distributionsof the averaged Nusselt number on the inner
cylinder for the six examined con� gurations.

Figure 5 compares the averaged Nusselt number distributions
on the cable surfaces of the six examined con� gurations. Here the
averaged Nusselt number is de� ned by

Nu(z) =
1
p

p

0

Nu( u , z) d u (4)

where

Nu( u , z) = 1/ [h w ( u , z) ¡ h b(z)] (5)

Note that theNusselt numberde� ned on the outer (concreteconduit)
surface is identically zero due to the speci� ed adiabatic boundary
condition.Except for the case of e =0.5, the Nusselt number Nu for
the other � ve cases increase toward the open end.
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Introduction

I N recent years, there has been renewed interest in the pseu-
docompressibility method for computing incompressible � ows

due to its numerous advantages.1 This method, originally proposed
by Chorin,2 has found its application in many areas pertaining to
isothermal � ows.1,3 ¡ 7 However, to our knowledge, there is no de-
tailed investigation about the applicability of the pseudocompress-
ibility method to heat transfer problems.

The primary dif� culty in computing incompressible � ows is in
� nding a satisfactory way to link changes in the velocity � eld to
changes in the pressure � eld. This link must be accomplished to
ensure the divergence-free velocity � eld. Among the commonly
used methods for handling the velocity pressure coupling for three-
dimensional problems are the pressure-based method (PBM) and
the pseudocompressibility method (PCM). The basic idea in the
PBM is to formulate an elliptic equation for pressure correction to
update the pressure and maintain a divergence-free velocity � eld.
The PBM, although widely used in industry, is complex compu-
tationally in the treatment of boundary conditions.8 On the other
hand, in the PCM, an arti� cial compressibility term is introduced
in the continuity equation, which makes the system of equations
strongly coupled and hyperbolic–parabolic in nature. Because of
thisdirectcouplingbetween thecontinuityand themomentumequa-
tions the PCM has been found to yield better convergence than the
PBM.8

In the presentwork, thepseudocompressibility approachhas been
extendedto computeheat transferproblemsforboth laminar and tur-
bulent � ow situations. A few standard natural convection test cases
are evaluated to demonstrate the capability of the present formula-
tion,namely, laminar� ow in a two-dimensionaldifferentiallyheated
cavity,9 a concentric annulus,10 and a three-dimensional thermal
cavity,11 and turbulent � ows inside a differentiallyheated cavity.12

Mathematical Formulation
The governingequations consideredhere are the time-dependent

incompressible Reynolds averaged Navier–Stokes equations with
the shear stress transport (SST) turbulence model,13

@W

@t
+

@(F c ¡ F v )
@x

+
@(Gc ¡ G v )

@y
+

@(H c ¡ H v )
@z

= S

where

W = [p, u, v, w , T , k, x ]T

F c = b psu, u2 + p + 2/ 3k, uv , uw , uT , uk, u x
T

Gc = b ps v, uv, v2 + p + 2/ 3k, vw , vT , vk, v x
T

H c = b psw , uw , vw , w 2 + p + 2/3k, w T , wk, w x
T
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