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Application of Spectral Collocation Method to Conduction and
Laminar Forced Heat Convection in Eccentric Annuli

Woo Gun Sim* and Jong Min Kim*
(Received June 3, /995)

Numerical approach based on the spectral collocation method has been utilized for analyzing
heat convection and conduction in eccentric annuli. An eccentric instead of concentric annular
duct is sometimes used as a fluid-flow and heat-transfer device especially in nuclear power
plants. The hydrodynamically and thermally fully developed laminar flow with uniform heat
flux through the inner and outer walls has been analyzed. Also, the conductive heat transfer
problem, with uniform rate of internal heat generation in long hollow cylinder, has been solved.
The governing equation for the present analysis is Poisson's equation with constant non­
homogeneous term. Considering temperature and velocity distributions in eccentric annuli,
Nusselt numbers and wall shear stresses are presented for various range of eccentricities. The
spectral collocation method used in this study is verified by comparing the numerical solutions
from the existing analytical solution and it is clear that this method is appropriate for assessing
a more complicated heat transfer problem.
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Nomenclature ----------

a
b
c
C(Z)

Dh

e
F k ( (J)

G
h
k
Nu

4
q'

: Radius of inner cylinder
: Radius of outer cylinder
: Specific heat
: Chebyshev polynominals
: Hydraulic diameter (=2G)

: Eccentricity
: Fourier function
: Annular gap (= bg+)

: Heat transfer coefficient
: Thermal conductivity
: Nusselt number (= hDh / k)
: Heat generated per unit volume
: H~at energy transferred through unit

length per unit time
: Heat flux
: Reynolds number (= pumDh / f.1)

: Dimensionless temperature (= (tw - t)/

(tw- .,»

tw : Wall temperature

u : Axial flow velocity
Z : Radial coordinates in computational

domain

Greek Letters

a : Thermal diffusivity (= k/ pc)

), : Friction factor
fl : Dynamic viscosity
p : Density of fluid
t : Shear stress

Superscripts

+ : Stands for nondimensional parameter
: Stands for average value

Subscripts

c : Stands for concentric case
: Refers to inner cylinder

} : Order of Chebyshev polynomials
k : Order of Fourier function
m : Stands for mean or mixed mean value
o : Refers to outer cylinder
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1. Introduction

A considerable interest in the problems of flow

and heat transfer in annuli, both concentric and

eccentric, has arisen in recent decades (Reynolds,

et. al., 1963; Cheng and Hwang, 1968; Trom­

betta, 1(71). Eccentric ann uli are employed in a

variety of heat transfer systems especially in

nuclear power plants. The eccentricity may stem

from design constraints, but more frequently it is

a result of manufacturing tolerances, misalign­

ment and deformation in service for the nomi­

nally concentric annular configuration; e. g.,

between guide tube and control rod in pressurized

water reactor and between pressure and calandria

tubes in pressurized heavy water reactor. An

engineered thermal switch with eccentric configu­

rations was proposed to increase the heat transfer

in the gap under accident conditions compared

with normal operation (Chang, et. al., 1994). In

this eccentric case, the heat transfer problem

becomes more complicated as compared to the

concentric case. Thus, there is a large number of

significant interest on the heat transfer in eccen­

tric annuli.

Exact analytical solutions for fully developed

laminar flow in eccentric annuli were presented

by Pierc:y et. al. (1933) and Snyder & Goldstein

(1965), based on bipolar transformation proposed

by Macdonald (1893) for torsion moment of an

eccentric annulus. The forced convection to

hydrodynamically and thermally fully developed

laminar flow in eccentric annuli was studied by

Trombetta (1971) analytically. An exact theoreti­

cal solution for heat conduction in an eccentrical­

ly hollow long cylinder with internal heat genera­

tion was presented by EI-Saden (1961). However,

for more complex engineering configurations,

involving complicated thermal boundary condi­
tion, steep configuration and diffuser in the annu­

lar passage, analytical solutions do not exist

sometimes. Thus, it is obviously required to

develop numerical approach instead.

A comprehensive research effort for eccentric

configuration has been initiated by the leading

author, aiming at unsteady flow solution to be

eventually used in the study of the dynamics and

stability of various systems (Sim and Cho, 1993 ;

Mateescu, et. al., 1994; Sim, et. al., 1995). Suit­

able spectral expansions for the fluid-dynamic

parameters were used, such as Chebyshev

polynomials and Fourier functions of the spatial

expansions, as well as complex exponential func­

tions of time and frequency. A brief review on the

spectral method was shown in the reference

(Mateescu, et. aL, 1994).

In most of the recent spectral method to flow

problem, the spectral expansions for spatial di­

scretization are used in conjunction with a tempo­

ral discretization, using a time splitting method

based on finite-difference approach (Marcus, 1984

a & b). Fractional time steps with time splitting

method were used to solve the Taylor-Couette

flow problems by computing separately the pres­

sure and viscous contributions. In contrast to the

spectral methods using a finite-difference time

discretization, the present spectral method is fully

spectral approach with only spatial expansions

based on collocation method. The present spectral

method was found to have excellent accuracy and

computing efficiency and can be implemented on

any personal computer vis-a-vis the spectral

method using a time splitting approach which

was implemented, for example, on a CRAY-1.

The initial motivation of this paper is to

develop a numerical approach with sufficiently

accurate solution, without using the bipolar coor­

dination (Trombetta, 1971; EI-Saden, 1961),

based on a spectral collocation method. Using the

numerical method, hydrodynamically and ther­

mally fully developed laminar flow, with uniform

heat flux through thermal boundaries in eccentric

annuli, has been studied. Eventually, this numeri­

cal method will be extended for more complicated

problems, of which analytical solutions do not

exist, as future work. The steady temperature
distribution, in an infinitely long eccentrically

hollow cyli nder with uniform rate of internal heat

generation, has been evaluated. To verify the

present spectral collocation method on the heat

transfer problem, the numerical solutions are

compared to the existing analytical solu­
tions (Cheng and Hwang, 1968; Snyder and
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Goldstein, 1965).

In the present study, thermal and hydro­

dynamic parameters are expanded in the terms of
Chebyshev polynomial for radial coordinate and

Fourier function for circumferential coordinate.
The problem is solved in computational domain

with aid of coordinate transformation. Governing
equation and boundary conditions are expressed

in matrix form, applying the equations on equally

distributed collocation points or wall surface. The
unknown coefficients defined in the parameters

are determined from the matrix form of the alge­
braic equations by Gauss Seidel iteration method
based on pivot point.

2. Spectral Collocation Method
Formulation

The governing equations of a convective heat

transfer problem, represented by the Navier­

Stokes and energy equations, may be expressed in
general matrix form as

E(aaf, aaf, ... , aa2~, aa2~, ... ,
Xl X2 Xl X2

(f·V) l', "', X" X2, ... )=0 (I)

where Xl' X2, ... are independent variables re­

presenting geometrical coordinates and f=(j" f2'

fN) T is the vector of thermal and

hydrodynamic parameters, such as the velocity

components and temperature. The above govern­
ing equations are subjected to specific boundary

conditions, forming in general N; algebraic or
differential equations;

where Fq jk are a priori unknown coefficients.
The spatial expansion is usually performed in the

computational domain, obtained by a convenient
transformation from the physical domain, when a

more complex geometry involved, such as in the
case of eccentric annular configurations. The a

priori unknown coefficients r; jk are determined

in the present method using a collocation
approach, by which the governing equations and

boundary conditions are rigorously satisfied at a

number of specified collocation points within
computational domain and on its boundaries. In

the mathematical sense, the collocation approach

belongs to the class of methods of weighted resid­
ual for the discretization of differential equations,

in which the test functions are represented by
translated Dirac delta functions, centered at the

collocation points.
As a result, the residuals of the governing

equations and boundary conditions, obtained by

using truncated expansions of the form (3), are set
to zero at specified collocation points. This leads

in the case of expansions (3) to algebraic systems
of equation, obtained from Eqs. (I) and (2) in the

form

Es(Fl: 1" ''', Fq:jk., "', FN:MfMk Xl} • X2K)

=0
sE{I, N+Nb }, ]E{1, MJ }

KE{1, MK } (4)

where (Xl}. X2K) are the coordinates of the colloca­
tion points. This system of equations is then

solved for the unknown coefficients r: jk of the
spectral expansions of the fluid parameters.

EN+P(fl, f2' .... XI' X2, )

= Bp(f,. f2. "', x" X2, )

p=l. 2, "', N" (2)

3. Numerical Formulation of the
Governing Equations

The present spectral collocation method is

based on suitable spatial expansion for fn' using
concomitantly Chebyshev polynomial Tj(xI) and
Fourier functions F k ( X2), such as sine and/or
cosine functions. For example, the following type
of expansion is used for the thermal and
hydrodynamic parameters in a two dimensional
heat transfer problem;

fqCtl> x2)=2:.2:.Fq: jkT;(Xl)Fk(X2) (3)
j k

The fundamental study of the heat transfer is

performed for a hollow cylinder with uniform
heat sources, and then convective heat transfer
problem is treated. The governing equation for
steady-state annular flow can be obtained from
Navier-Stokes equation, considering both axial
flow velocity and axial pressure gradient. In the
energy equation, the viscous dissipation effect is
neglected. The inner and outer cylinder radii are
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collocation method based on the Chebyshev

polynomials, it is convenient to transform the

physical plane (r, 8) into the orthogonal plane of

computational domain (Z, 6) as shown in Fig. I.

For this purpose, the following coordinates with

respect to origin of outer cylinder are defined as

Fig. 1 Geometry of the annular space between two
eccentric cylinders in the physical plane (r.

8) and in the computational domain (Z, 6))

i~+J_ au +~ _a~Y_=_L dp (5)
or 2 r ar r 2 a82 /1 dx

ilt +~ at +..l.ZL=J:l. dtm__ .!L (6)
or 2 r ar r 2 a82 a dx k

where a( = k/ pc) represents heat diffusion rate,
q denotes heat source generated per unit volume.

In the above equation, dtm/ dx is assumed to be
constant and the heat source term is null for heat

convection problem. The boundary conditions

are

denoted by (1, and b, respectively, as shown in

Fig. I. Annular gap between two eccentric cylin­

ders is G( = bg-( 8» and the eccentricity ('. The

annular gap is a function of eccentricity and

azimuthal angle.

The axial pressure loss is constant in the fully

developed laminar flow. In consideration of the

characteristics of fully developed flow for

convective heat transfer problem, the dimension­

less temperature, l+=(tw-~t)/([w--tm) based on

mixed mean temperature defined later, are con­

stant with axial direction. Variations of mixed

mean temperature, t-; and wall temperature, tw ,

are linear with axial direction. Therefore, the

governing equation including conduction heat

transfer can be expressed in the form of a Poisson

equation,

(II)

C;= bg t ( (J) = h - eeos 8 ~ (1E1' 2 (10)

where E is a function of relative eccentricity, e/
(1, as

where

The coordinate transformation with respect to

origin of inner cylinder instead of outer cylinder

was introduced in the previous work (Mateescu,

et. al., 1994). For brevity, transformation of the

governing equations to the origin of inner cylin­

der was not given here. In the present paper, an

annular space G is defined as

E= I -(~rsin28

The application of chain rule of partial differ­

entiation enables the transformation of partial

differential equation from physical domain to

computational domain. Considering the Eq. (9),

the partial differentiations of variable, 1 = l(Z,
6) in the radial direction becomes,

~1 =b~~-*-, ~~ = ( b~-+r~iz- (12)

The partial differentiations of nondimensional

coordinate, Z( r , 8), to radial direction are writ­

ten as

(7)
(8)

u I r~b=O
t I "~b=t()

u I r~b-G=O,
t I r~b'-G=ti'

where subscripts i and () stand for inner and outer

cylinders, respectively.
The physical properties of steady fluid flow

between two eccentric cylinders including concen­

tric cylinder arrangements are a function of radial

and circumferential coordinates. In order to gen­

eralize the problem by introducing a spectral

afe~ =-~in8++*(~rsin28E-O.5,

a2g + e a( e)2 ~_ 0.5
a8i-=-Eeos8+f){I eos201~

+ I a ( C.,)4 _. 2~ 8E - 1.5 ( 14)4ha' Sin L.

Therefore, the partial differentiation of physical
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(21)

Urn = (b/ 2) (2" rr~b urdrdd
7r - a Jo Jr~b-G

tm (~2 2) [2" t :' utrdrdtl (22)
Urn/[ - a Jo Jr~b-G

and the boundary conditions for the two cylinders

at the identical temperature are

in terms of the unknown coefficients, To•.
Imposing the governing equation on (m-I)

collocation points equally distributed in the

radial direction and tn + I) points in the direction

of circumference and considering the boundary

condition, the algebraic equations of matrices are

obtained, from which the a priori unknowns

Ui; & r j k can be determined. The number of

collocation point in the radial and circumferential

directions should be carefully selected to achieve

the desired level of accuracy and, at the same

time, good computing efficiency. The unknowns

in the algebraic equation are solved by Gauss­

Seidel iterating method based on pivot points,

and then fluid velocity and temperatures are

calculated. Now, it is not difficult to obtain the

mean fluid velocity and the mixed mean tempera­

ture inside the annuli by integrating the equations

as follows:

where C/Z) and F; =coskB stand for Cheby­

shev polynomials and Fourier function, respec­

tively. The choice of Fourier series, F.=cosk8,
for the interpolation functions in the circumferen­

tial direction stems from the obvious periodic

character of the parameters with respect to and

symmetric configurations.

Substituting Eq. (19) into Eq. (17), the energy

equation is written as

( 16)

(17)

(18)

u( -I, 8)=0

t*( -I, 8)=0

u(l, B)=O

t*(I, 8)=0

In the above equations, prime and double prime

denote %B and 02/082
, respectively. For the

sake of simplification, the surface temperatures of

two cylinders are assumed to be equal. Thus, the

solution satisfies the following boundary condi­

tions

With straightforward application of the confor­

mal transformation, Eq. (9), and the partial differ­

entiation, Eqs. (12) and (15), the governing equa­

tions become

A= I +D[(I-Z)G'/GF,
B= +.fl5+D( 1-Z)[ c:/G-2(G'/ G)2],

C=2D(I- Z)G'/G,
D= {G/[2b - (1- z)G]}2

where

and t*= tw - t, ti= to= tw

Using spectral collocation method, the axial

fluid velocity and temperature in annuli are

expanded as

property with respect to circumferential direction

in physical domain is now transformed into the

partial differential equations in the computational

domain, as
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(25)

(27)

4. Friction Factor and
Nusselt Number

Local wall shear stress acting on the wall is

calculated by evaluating the velocity gradient at

the wall, rwall= ± /l(dU/ dn)Wali where n is the

unit normal to the wall, and the average values of

the wall shear stresses are given by

- 1("
rJavg= t, =-7i:)o r,dOo,

ti=/l ~~ li=Wj} '~~ IZ~1 (23)

- 11"fo)avg = fo=- tsdt),
H 0

fo= - f1 ~~ 10 = W7r~ IZ~1 (24)

where the integration is performed only over the

range O:s; 0 :s; H because of symmetry and H

denotes annular gap at 00 , In the above equations,

the flow velocity gradient normal to the wall is

calculated in the corresponding computational

domain; e. g., for the inner wall, the compu­

tational domain was defined using Z = I - 2( r

- a)/H, as shown in the previous work (Matees­

cu, et. al., 1994). A friction factor, Ii, is defined

relative to both the inner wall and outer wall

average shear stresses by the relations

t,
l1 i = pu~T2-

110=_fg/
2

(26)
pUm

where Um is the mean velocity defined as in Eq.

(22).

Generally, the average friction factor is defined

as

-(b-a) dp
11= pu~ dx

where the pressure-loss-dependent mean flow

velocity has been estimated by Eq. (22). From the

overall force balance, the following relations are

derived

2(' b' )-- -(b 2 - 2) dfJ.. (28)pUm aAi+ Ao - . a dx

Combining Eqs. (27) and (28) yields

'R - al1Re + bl1 0 Re (29)
Il e- a+b

where Reynolds number is based on hydraulic

diameter Dh=2G.

The transferred heat energy to the fluid per unit

length through cylinder surface increases the

mixed mean temperature and, in general, if no

heat sources in the fluid and constant heat flux

are assumed, the increasing rate of mixed mean

temperature is constant. The energy conservation

equation with respect to the unit cylinder length is

written as

i/== (L+ q~=H(b2_(l)1{mPC~~-

(30)

where q; and q~ represent heat energy transferred

through unit length of inner and outer cylinders,

respectively, per unit time. By inspection of the

above equation, it is true that the heat energy

transferred per unit length through wall increases

with mean flow velocity and the axial variation of

mean temperature, which is constant in the pres­

ent analysis.

The heat energy transferred through surface of

cylinder can be determined by taking into account

the normal temperature gradient on the cylinder

surface. Thus, the heat energy transferred through

unit length of outer cylinder, as an example, is

evaluated by

q~= -- k [" ~t I bdO = 2Hbh o( tw - tm) ,
)0 on r~b

q~(O)=-k.2..L1 (31)
dn r~b

Finally, considering the convective heat transfer

coefficient h obtained from the Eqs. (30) and

(32), Nusselt number becomes

N -- hD h where h=·Q!zo+elu. (32)
1{- k . a+b

5. Results and Discussion

It has been generally agreed that the approxi­

mate solutions obtained using spectral colloca­

tion method are accurate. In the study, however,

in order to investigate the accuracy of the spectral

collocation method in the heat transfer problem,

the numerical results obtained by this approxi­

mate method are compared with the available
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exact solutions. In addition, the numerical results

of Nusselt number are evaluated and are also

compared with existing analytical results. The

fluid considered in the present analysis is water.

As generally understood, it is found that the

numerical solution obtained by the spectral collo­

cation method exponentially converges to exact

solution with increasing the order of interpola­

tion functions. The order of Chebyshev

polynomials C.')Z) and Fourier function F k ( (J)

applied in the present analysis are m = 7 and n =

6, respectively, and these numbers are found to be

sufficient for the approximate solution with rela­

tively good agreement between the numerical

results and the analytical solutions.

The temperature gradient obtained by numeri­

cal method for the conductive heat transfer prob­

lem with uniform heat source is illustrated in Fig.

2 with a number of iso-temperature lines, where

the surface temperatures of the hollow cylinders

are t, = 20 'c , to= lODe and the heat source is qI
It: =4 X 105 'C 1m2

• The temperatures obtained

numerically show a fairly good agreement with

the analytical solution and the deviation is not

visible in the Fig. 2 since its maximum deviation

value is less than 10- 4
• Therefore, the error

through the whole calculation domain is extreme­

ly trivial. It is found that maximum values of

temperature gradient and temperature exist at the

widest region, (J= 180°, of the annular gap

between two cylinders.

Numerical calculations of the present work, on

the convective heat transfer problem generated by

uniform heat flux through inner and outer cylin­

der walls, are achieved for a] b=0.5 (with a=
0.025m), I/wdP/dx=-837.99 (m-sec)-l, a=

1.342xlO-9m2/sec and dtm/d,=0.5'C/m with

wall temperature t, = to' As a pre-process result

for convective heat transfer problem, iso-velocity

lines are presented for e/(h-a)=0.5 in Fig. 3.

With the calculated velocities, the nondimen­

sional temperature, defined by t' =(tw- t)/(tw

- tm) based on the mixed mean temperature, is

estimated by energy eq uation and nondimen­

sional iso-ternperature lines are illustrated in Fig.

4. Similarly as shown in the conductive heat

transfer problem, it was found that the maximum

Fig. 2 Iso-temperature lines generated by uniform
heat source for alb=0.5, el(b-a)=0.5, and
qIk=4 X 105 DC 1m2 with constant wall tem­
perature t,= 20 'c, to = lODe

Fig. 3 Iso-velocity lines for al b =0.5(with a =0.025
m), el(b-a)=0.5 and llwdPldx=-837.
99 (m-sec)"!

Fig. 4 Nondimensional iso-temperature lines gener­
ated by constant heat flux for a] b =0.5 (with

a=0.025 m), el(b-a)=0.5, I/wdPld'(=
-837.99 (m'sec)-I, a= 1.342x 10-9 m2/sec

and dlmldx =0.5 'C1m with wall temperature
t.> to

temperature gradient and the maximum tempera­

ture appear at (J= 1800 where skin friction acting

on the wall and the heat energy transferred

through the wall are expected to have the maxi­

mum value on the inner cylinder. Fluid velocities

and maximum temperatures obtained numerically

are well consistent with the boundary conditions.
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0, c/(b-a)=O.OI; e, c/(b--a)=O.I;
6, c/(b-a)=0.2; ... , c/(b--a)=0.3;
D c/(h-a)=O.4; ., c/(h-a)=0.5

Fig. 5 Local shear stress rate. with respect to average
values, at surface of cylinders along circum­
ferential direction for a/ h=0.5 (with a~~O.

025 m), 1/p.·dP/dx= -837.99 (m·sec)-l

180135

2.00

2.50

0.50

1.50

0.00
0 45 110 135 180

80

(a) on inner wall

2.50

2.00

1.50

0.50

0.00 '--__-'-__......L L-__----l

o

• 'f --;--n
q, I qt

1.00 b-e-9-4r-4~~,p_-e--e--e-Ej

"~

qol Go
1.00 ~_&-<_&-<Eb:irF-~e-e-&-<9-it

e
(b) on outer wall

O. c/(b--a)=O.OI; e, c/(b-a)==O.I;
6. c/(b--a)=0.2; .... c/(h-a)==0.3;
[], e/(b-a)=O.4; •• c/(b-a)==0.5

Fig. 6 Local heat transfer rate, with respect to aver­
age values, at surface of cylinders along cir­
cumferential direction for 11/ b=0.5 (with a
=0.025 m), 1/ f-I." dp/ dx= - 837.99 (m·sec)-I,
a=1.342xI0- 9 m' / sec and dtm/dx=0.5°C/
m with wall temperature /1 = to

1.711

1.50

1.211

't;/
-
'ti

1.00
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0.25
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(a) on inner wall

1.711
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1.211

'tol
-
'to
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0.25
0 4.5 110 135 180e

(b) on outer wall

Before presenting results of total friction factor

and Nusselt numbers. local shear stress and heat

transfer rate per unit area are evaluated with

eccentricity and those rates with respect to the

average values are plotted in Fig. 5 and in Fig. 6,

respectively. with azimuthal angle. As predicted.

the maximum values of the local friction factor

and the heat transfer rate are shown at 0 = 1800

on inner cylinder. Variations of total friction

factor and heat transfer rate with eccentricity are
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(a) ARe=24 (24) for alb=0.99 and el(b-a)=O

Table 1 Total friction factor, ARe, obtained by present

numerical method with m=7 & n=6 and by

existing analytical method(Snyderand Goldstein,

1965) in Bracket for eccentricannuli with uniform

heat flux

\ elib-:a)
0 0.1 0.2 0.3 0.4

alb \
23.67 23.36 22.46 21.12 19.51

0.4
(23.68) (23.36) (22.47) (21.13) (19.52)

_.

23.81 23.48 22.54 21.14 19.46
0.5

(23.81) (23.48) (22.54) (21.14) (19.46)

23.90 23.55 22.58 21.14 19.41
0.6

(23.90) (23.56) (22.59) (21.14) (19.42)

23.95 23.60 22.61 21.14 19.38
0.7

(23.95) (23.60) (22.62) (21.15) (1939)

23.98 23.63 22.63 21.15 19.37
0.8

(23.98) (23.63) (22.63) (21.15) (19.37)

than 10- 3 . Nusselt numbers, calculated by the

numerical method, are tabulated in Table 2. The

calculated Nusselt numbers were compared with

the available analytical results and it was found

0.500.25

1.00 <9-......::=-__-1... --1

0.00

1.:10

1.25

e/(b-a)

illustrated in Fig. 7. The subscript "c' stands for

concentric case in Fig. 7(a). With eccentricity, the

friction factor decreases and the total heat transfer

rate per unit length increases exponentially.

Total friction factors obtained by the present

analysis are shown in Table I and compared with

the analytical results. It is found that the maxi­

mum error with respect to analytical result is less

Nusselt numbers obtained by present numerical

method with m= 7 & n=6 and by existing ana­

lytical method(Cheng and Hwang, 1968) in

bracket for eccentric annuli with uniform heat

flux

Nu=8.236(8.235) for al b=0.99 and el(b-a)=O

Table 2

~ 0 0.1 0.2 0.3 0.4
alb

8.034
0.4 7.561 6.496 5.394 4.5II

(8.033)

8.117 7.619 6.473 5.316 4.393
0.5

(8.117) (7.608) (6.474) (4.393)

8.170
0.6 7.635 6.453 5.254 4.309

(8.170)

8.203
0.7 7.664 6.437 5.212 4.249

(8.203)

8.223
0.8 7.665 6.426 5.184 4.211

(8.235)

0.50.1
15.00

0.0

25.00

ARe

20.00

30.00 .-----,--.-----,--,---,

0.2 0,,] 0.4

e/(b-a)

(b)

Fig. 7 Variation of (a) total heat transfer rate with
respect to average value of concentric case per
unit length and, (b) friction factor on inner
wall, outer wall and total friction factor, for
al b =0.5 with eccentricity
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that the two results show a fairly good agreement.
In particular, both numerical results, friction fac­

tor and Nusselt number, for very narrow annular
gap were found to be very close to the solutions of
the problems between two flat plates, which might

be physically true.

6. Conclusions

A numerical study based on spectral colloca­

tion method has been performed on conduction
and laminar forced heat convection in eccentric

annuli. A simple but realistic model for
hydrodynamically and thermally fully developed

laminar flow with a uniform heat flux through

each wall has been established. Total friction
factor and Nusselt number have been obtained for

various radius ratios of inner cylinder to outer

ones with eccentricties. Using the same approach,

the conductive heat transfer problems with uni­
form rate of internal heat generation in infinitely

long hollow cylinder has been solved. This
study undertakes to define the validity of the
spectral collocation method for assessing heat

transfer problems. To verify the present numerical
method. the present results of Nusselt number and

total friction factor are compared with the avail­
able analytical results. It is clear that there is a

very good agreement between the two results.
The most important results under considera­

tions, but generally known, are that (a) the cir­
cumferential variations of heat transfer rate and

skin friction per unit area can be expressed in

Fourier function, which implies the variations
grow with eccentricity, (b) the maximum values

of the local friction factor and the heat transfer
rate exist at B= 1800 on inner cylinder, and (b)

with eccentricity, the total friction factor

decreases and the heat transfer rate per unit length
increases exponentially. As a result, the eccentric
configuration can be utilized as a thermal switch

to increase the heat transfer rate with constant
heat flux; since, the mean axial flow velocity
increases with eccentricity for a given pressure

loss per unit length.
The fundamental set of boundary conditions, e.

g., constant wall temperature, was not considered

in the present study. It remains as a subject of

future work involving a more complicated geome­
try, steep configuration and diffuser in annular

passage.
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