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Abstract—An analytical solution is obtained for a fully developed, forced convection in a gap between two
concentric cylinders. The inner is exposed to a constant heat flux and the outer is thermally insulated. A
porous layer is attached to the inner cylinder. The effects of the permeability, thermal conductivity and the
thickness of the porous material are investigated using a Brinkman-extended Darcy model. It is shown
that there exists a critical thickness of the porous layer at which heat transfer is minimum in the case of
low thermal conductivity materials, while this does not show for highly conducting materials. The obtained
results show that increasing either the permeability or the thermal conductivity improves the heat transfer.
Further, for highly permeable and conducting porous media, it may not be necessary to fill the gap
completely to attain the maximum heat transfer.

1. INTRODUCTION

Heat transfer in porous media has received con-
siderable attention and has been the field of a number
of investigations during the last decade. The need for
a better understanding of heat transport in these
media is motivated by the numerous engineering
applications encountered, in which a porous medium
is present, such as geothermal systems, solid matrix
heat exchangers, thermal insulation, oil extraction,
storage of nuclear waste materials, etc.

A review of the related literature shows that most
of the previous studies dealt with natural convection in
cavities [1-6]. However, several authors [7-15] treated
the annular geometry completely filled with a porous
material and studied the natural convection heat
transfer mode. Different numerical methods were used
and the effects of parameters such as Rayleigh number
and aspect ratio were discussed. Prasad et al. [16]
performed an experimental work in steady state con-
ditions and studied the effects of the same parameters.

Forced convection in porous filled ducts received
less attention. Cheng and Hsu [17] treated the wall
effects in a fully developed, forced convection in an
annular duct with variable porosity, using a Brinkman
model and a matched asymptotic expansion based
method. A numerical work showing the channeling
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effect was done by Vafai [18]. Poulikakos and Renken
[19] considered two geometries, parallel plate channel
and a cylinder, totally filled with a porous medium
with prescribed temperatures at boundaries. Taking
in account the porosity variation, inertial effects and
the Brinkman term, they showed that the heat transfer
rate was increased in comparison with Darcy model.
A similar work applied to chemical reactors was done
by Hunt and Tien [20]. Chou et al. [21] did an exper-
imental-numerical comparison of the dispersion and
channeling effects on heat transfer for a non-Darcian
regime in a square channel completely filled with a
porous medium. Wang and Du [22] studied and pro-
posed a thermal dispersion model for forced con-
vection in an annulus totally filled with a porous
material.

Most of the reported work is either numerical or
experimental. However, analytical solutions are pre-
sented for few specific cases. Vortmeyer and Schuster
[23] used a variational method to solve the Brinkman
equation. Vafai and Thiyagaraja [24] treated ana-
lytically the porous—fluid interface problems. Forced
convection in a plane channel or a cylinder partially
filled with a porous medium was the topic of the paper
presented by Poulikakos and Kazmierczak [25]. An
exact solution was proposed for the constant heat flux
case, while a numerical solution was derived for a
constant temperature case, for a thermally fully
developed flow and a Brinkman model. Results were
obtained for small values of effective thermal con-
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, integration constant in u:(r)

a  Darcy number (Da = K/H?)

a hydraulic diameter (D, = 2H)
e dimensionless porous layer thickness

(e = e*/H)

E constant in N(r) expression
F constant in N(r) expression
H
h

A
B
C
C, integration constant in u;(r)
C
D
D

gap width (H = r¥ —r}¥)
: heat transfer coefficient

k thermal conductivity
permeability
N(r) expression in 6 (0 = Nu; N(r))

Nusselt number at the inner wall

(Nu; = hDy/k.)

Nu  Nusselt number at the inner wall with
respect to k; (Nu = Dy /ky)

Gw wall heat flux

dimensionless radial position

dimensionless radial position of the

porous—fluid interface

NOMENCLATURE
constant in N(r) expression T temperature
integration constant in u,(r) u dimensionless axial velocity
integration constant in u,(r) X axial position
z transformed radial variable

(z = r//Da).

Greek symbols
7 constant in temperature expression

i
0 dimensionless temperature
0= (T%—T%)/qu/h)
A binary parameter
A thermal conductivity ratio (A = k./k;)
u dynamic viscosity
¢ function of r* in temperature
expression.
Subscripts
e effective
fluid
i inner
4] outer
p porous.
Superscript
* dimensional quantities.

ductivity. Lauriat and Vafai [26] analyzed a forced
convection in a parallel plate channel partially filled
with a porous medium with a small effective thermal
conductivity. An analytical solution was given for the
Brinkman regime and approximate solutions were
proposed when the Forchheimer term was taken in
account. Vafai and Kim [27] worked out analytically
a forced convection problem in a porous filled parallel
plane channel using the Brinkman-Forchheimer—
extended Darcy model.

In the present paper, an analytical solution for
forced convection in an annular duct partially filled
with a porous medium is derived. A porous layer is
attached to the inner cylinder on which a constant
heat flux is prescribed while the outer one is thermally
insulated. The Brinkman—extended Darcy model is
used for flow regime. Analytical solutions are pre-
sented for a hydrodynamically and thermally
developed flow. It is shown that the porous material
may be used for insulation or enhancement of heat
transfer according to its physical properties, which are
permeability and thermal conductivity. Thus, effects
of parameters such as Darcy number, thermal con-
ductivity ratio and porous layer thickness are
considered.

2. HYDRODYNAMIC ANALYSIS

A fully developed flow, using the Brinkman—
extended Darcy model is analyzed for the domain
shown in Fig. 1. Under the following assumptions

'\\ adiabatic
Fig. . Schematic of the physical domain.

uE=pf=p*

dp*\  [dp*\ [(dp*

dx* ) \dx* ) \dx*)’
Momentum equations for the porous and fluid regions
are written as:

(i) in the porous medium:

dp* 1 d du¥\ p*
0= (@ g ()

(ii) in the fluid layer:
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B dp* LLod o/ dut
0=- <dx*>+u r* dr* (r dr* @)

with the following boundary conditions :

at r*=r* uf=0
at r*=r} uf=0
at the porous—fluid interface
r*=r¥t+e* ub=ut
duf  dut 3)
dr*  dr+”
Introducing the dimensionless variables defined as:
r* D,
r=— where H=r}—r¥=—
H ° 2

and D, is the hydraulic diameter

o s rfFtet
=g =g s = H
u* K
Uu=————— Da=—
H* (dp* H?

u* \dx*

equations (1) and (2) become:

(1) in the porous medium: r, < r < s

1d/ du, 1
m(’ﬂ—a“v—‘ @
(i) in the fluid region: s < r < r,
1d duf
The associated boundary conditions are:
at r=r, u,=0
at r=r, u =0
at r=s5 U, =y
du, du
dr — dr’ ©)

2.1. Analytical solution
Equation (5) is easily integrated to yield the velocity
distribution in the fluid, which is of the form

5

re i}
uf(r)=Z+Cl Inr+C,. 7
Introducing a new variable z = r/\/ Da, equation (4)
may be written as
d’u, 1 du,

dz? z dz

—u, = Da 8)

which is a modified Bessel equation of zeroth order,
with a non-zero right hand side. The solution of equa-
tion (8) is of the form

u,(z) = Bl,(2)+ CK,(z) — Da C)}
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where I, and K, are the modified Bessel functions of
zeroth order of first and second kind, respectively.

The constants C,, C,, Band C are determined using
the boundary conditions and making use of the fol-
lowing properties of Bessel functions:

I,(z) = 1,(2)
and
K,(2) = — K (2). (10)

I, and K, are the modified Bessel functions of first
order of first and second kind, respectively. After some

" algebraic calculation the constants are obtained as:

2
Koi (SZ - rg) - %h’](;‘s_>l<oi + Da(Koi - Km)

- ln(i)K,sDa
Da \lo

u In (;) (I Ko+ Ky 1)

VDa

B=

IasKox - IoiKos -

(Imn

Da I
C= . — K-UiB (12)
s 2
Cl = (B[]s—CKls)_’? (13)
Da 2

r2
C= —Ciin(r) =7 (14)
The modified Bessel functions K, I;, K., K, Is and
I, introduced in equations (11)—(14) stand for the
values of the functions at the positions #, /\/—b—a and
s/\/D—a, respectively.

3. THERMAL ANALYSIS

The analysis is carried out for a thermally fuily
developed flow. The governing energy equation is
written as:

(i) in the porous medium:

oT¥ 1 0 oT}
P =k () 09
(ii) in the fluid layer:
oT?} 1 ¢ oT¥
p*c’;u}"w = k;r—* ;’}F (7‘* “é;;) (16)

Introducing a binary parameter A, which takes values
of 1 in the porous medium and 0 in the fluid, the two
previous equations may be combined into a single
form as follows:

oT* 1 6 (. oT*
T e~k +ke) (r*° >

% %,
cru = — — |
LT r* or* or*

)
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The boundary conditions are:

. x oT*
at r¥=r] qm:_c'\*
Or* | -
at r*=r¥ Guwo =0
at r¥*=r¥+e* Tr=TF
cTx oT}
: 0T}
kL= ke (18)
©or* or*

A dimensionless temperature 6, a thermal con-
ductivity ratio A and Nusselt number Ny, are defined
as:

po Doy Ky, Dol
T gk k. T
Ywi/ T " e

Fully developed conditions implies that d7*/0x* is
constant. Therefore equation (17) may be written as

(19)

where T'¥ and A; are the wall temperature of the inner
cylinder and the heat transfer coefficient, respectively.
@ is the mean velocity over the whole cross section
given by the relationship

- 2

Bs DaI,S—Cs\/DaK,S—Da%

J —Bri/Dal,+Cr\/DaK,

2
azrl_’l b r2+ 4+C rv c 2 f
o | ADay et iyt Gy
st Cus ,lns o5 $° Ci
16 FAE )

4

(20)

The corresponding boundary conditions reduce to

00
at r=r, u—Z—
o0
at r=r, — = 0. (21)
(’ar V:f“

At this point, Nu; being unknown and function of the
temperature profile, a non-linearity is introduced in
equation (19) and, implicitly, in the boundary con-
dition (21). A modification is then necessary and thus,
since the regime is thermally fully developed, we can
write

TH(x*,r*) = yx*+¢(r¥) (22)
y beifig a constant, and
* KY _nyyek *
g _ TN vt~ () 23

qw1/hi

or

— Dyh; xy *
0= ( v ){ WRERl ))} 24

0 = NuyN(r). (25)

N(r) is a function of r given by the expression between
brackets in equation (24). Making use of the dimen-
sionless temperature, equation (21) is also modified
and written as

0(r,) =0 or N(r)=0. (26)

Energy equation (19) is then transformed to

/\“777‘;', u _d dN (27
AN —Trtrja ~dar\"ar 21

with the boundary conditions

dN

dr =0

N(r)=0 and (28)

rer,

or in another form of equation (27)

BN AN A e
4 d {().(l—/\)—l)( +,‘,>}7’

(29)

which is of the form of the Euler or Cauchy equation.

3.1. Analvtical solution
Equation (29) is of the classical form

,d? dy
_d }~+avd +by = S(x) (30)
wherea=1land b =0
Let x = exp (1), then equation (30) becomes
) l)g by=3S§ 1) 31
ar- q Tov= (exp (1) 30

and its solution is given by
y=F+ Ff—f-fJS(e‘)dt—JIS(e‘)dt. (32)

The solution of equation (29) is then deduced and
written as

N(r) = E+F1nr+lnrjAgrdr~JAgrlnrdr

(33)

where 4 = —r,/(r; +r,) and u given by equation (9) in
the porous region and 4 = —r,A/(r;+r,) and u given
by equation (7) in the fluid.

The constants E and F for both regions are deter-
mined using the boundary conditions, equations (18),
expressed in terms of N(r).
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After tough analytical integrations and employing
recurrence formulas of the Bessel functions, we get

N,(r) = E,+ F,In (r) — —

(ri+ro)a
r r Da

BDal,| — |+ CDaK, {——}|— —r*

X{ “ <\/Da> ¢ (\/Da) 4 r}

(34)

and
rA

N((r)=E(+Ffln(r)'~m

N LN c—cnl s
64 14n(r)—( 1= 2)4 (35)
where the subscripts p and f indicate porous and fluid
regions, respectively. The expressions of the constants
E,, F,, E;and F; are given in the Appendix.

3.2. Determination of Nusselt number
Employing the relationship 6 = Ny, N(r), we may
write

J " Qu2nrdr = Nu, J "N(@u2nrdr  (36)

’l

J " Qurdr

J ’ N(@)urdr

rl

or
Nu; =

37

Defining the bulk temperature and introducing the
dimensionless temperature, we obtain

r 2 _ 2
J Qurdr = a("’ i ) (38)
. 2
and, hence,
ri — riz 7]
Ny, = 5 - . 39)
J N(@)urdr

Tough analytical caliculations of different integrals
(see Appendix) yield the Nusselt number.

4. RESULTS AND DISCUSSION

Results of flow field and heat transfer are presented
in terms of velocity profiles and Nusselt numbers. The
effects of parameters based on physical properties of
the porous material such as Darcy number (Da) and
the thermal conductivity ratio (A =k, /k;) are
discussed. The effect of the porous layer thickness,
varying from 0% to 100% of the gap, is also
considered. All the results are presented for a radius
ratio kept at a constant value (ry/r, = 0.5). Quali-
tatively, the effects of the parameters considered are
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Fig. 3. Mean velocity as a function of Da for different thick-
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the same for any other value of the radius ratio. In
order to compare heat transfer results to the case
where no porous medium is present, the Nusselt num-
ber is redefined with respect to the thermal con-
ductivity of the fluid. Figure 2 shows the velocity
distribution for different values of Da when the porous
layer occupies 20% of the channel. For small Da, i.e.
low permeability, the porous material presents a high
resistance to the flow; hence the velocity profile is
flattened in that region, which basically corresponds
to a Darcian regime for Da less than 10~*. As the
permeability increases (higher Da), this resistance to
the flow decreases and the Brinkman-extended Darcy
regime is obtained for 10™* < Da < 10 as shown in
Fig. 3 in which the average velocity is plotted against
Da. The same effect is observed in Fig. 4, when 80%
of the channel is filled with the porous medium. As in
Fig. 2, it can be seen that, at higher Da, the resistance
due to the porous matrix has no effect and a fluid
velocity profile is recovered. The velocity profiles are
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Fig. 5. Velocity profiles for different porous layer thicknesses,
Da= 107>,

presented in Figs. 5 and 6 for various porous layer
thicknesses. It is shown that filling the annulus reduces
the flow rate whether the permeability of the porous
material is low or high.

Heat transfer results are presented in the remaining
figures. Variations of Nusselt number as a function of
the porous layer thickness, for different values of Da,
are shown in Fig. 7 for a low thermal conductivity
material (k./k; = 1) which may be used for insulation.
For a given permeability, the Nusselt number
decreases when the porous layer thickness increases,
up to a critical value beyond which, Nu increases to
end up at almost the same value as in the case of the
completely porous channel. The physical explanation
is that, when the porous layer thickness increases, the
flow rate is reduced and hence the prescribed heat flux
makes the wall temperature increase more than the
mean temperature of the fluid. The Nusselt number,
being inversely proportional to the temperature
difference, decreases until the critical thickness is
reached. Over this value, the inverse effect is produced,

S. CHIKH et al.
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Fig. 7. Nusselt number as a function of porous layer thickness
for different Da. k. /k; = 1.

that s the fluid mean temperature increases more than
the wall temperature and thus Nu is augmented. Simi-
lar results were shown by Poulikakos and Kazmierczak
[25] for a partially filled cylinder, by Lauriat and Vafai
[26] for a parallel plate channel, by Campos et al. 5]
and by others [1, 6]. It is worth noting that the limiting
case of no porous medium (Nu = 6.18101) agrees with
results given in the literature [28]. The effect of per-
meability is also seen in this figure through the differ-
ent values of Da. The more permeable is the medium,
the higher is heat transfer and the lower is the critical
thickness. One can deduce that there is no need to fill
up the channel with the porous material to obtain the
minimum heat transfer.

The critical thickness disappears as the porous
material becomes more conducting, for any per-
meability, as shown in Fig. 8 (Da = 10"* and 1077).
Beyond a certain thermal conductivity value, which
varies with the permeability, the presence of the
porous medium enhances heat transfer. The Nusselt
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Fig. 8. Nusselt number as a function of porous layer thickness
for different k,/ky, Da = 10~* and 1072

I

1007 107

boa g saald

PN

Da=10"*

1017

T T T T T T T T T T T T T T T T T T T T T T T Y T Y

0.0 0.2 0.4 0.6 0.8 1.0
]

Fig. 9. Nusselt number vs porous layer thickness for different
Da, k. fk: = 100.

number increases substantially, notably for a highly
conducting material (k./k; = 100}, up to nearly a con-
stant value which is reached when approximately 85%
of the annulus gap is filled (for Da = 107").

If the medium is more permeable, a higher Nu is
obtained and the constant value is reached for smaller
thicknesses. Thus, even with a highly conducting
material, it is sufficient to fill the channel just to a
critical thickness (about 85% for Da = 10™") to reach
the maximum heat transfer rate as shown in Fig. 9.
Figure 10 shows both the effects of permeability and
thermal conductivity of a porous layer which occupies
20% of the duct. It is clear that increasing either
Da or thermal conductivity ratio improves the heat
transfer.

In Fig. 11, the role played by the porous layer with
respect to heat transfer is shown. For a relatively
low permeability (Da = 107%), the porous medium
presents a resistance to heat transfer, unless the
material is nearly twice as much conducting as the

14.0

10.0

N
Y 8o

6.0

pvcvgraad e ey b s L

4.0 ;
10

T T T T

107 102

Da

Fig. 10. Nusselt number vs Darcy number for different ther-
mal conductivity ratios, ¢ = 0.2.
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8.0 1
Nu ] 1
6.0 A ]
4.0 3 S — — ]
1 10 100
ke/kf

Fig. 11. Nusselt number vs thermal conductivity ratio,
e=0.2,Da=10"*and 1077

fluid (k./k; = 2), beyond which point the medium
enhances heat transfer. For a higher permeability
material, it happens even at lower thermal con-
ductivity ratio (about 1.6 for Da = 1072).

5. CONCLUSION

Forced convection analysis is done in an annular
duct partially filled with a porous medium. The pres-
ence of a porous layer is shown to present a resistance
to the flow and heat transfer for low permeability
materials. However, for highly conducting porous
media, heat transfer is systematically augmented
whatever the Da value is. It is also shown that, whether
the porous material is used for insulation or for
enhancement of heat transfer, there is no need to fill
the gap completely, especially if the medium is highly
permeable.



1550

.czx

20.

21.

REFERENCES

. T. W. Tong and E. Subramanian, Natural convection

in rectangular enclosure partially filled with a porous
medium, Proc. ASME|JSME Thermal Engineering Joint
Conference, Vol. 1, pp. 331-338 (1983).

. C. Beckermann, S. Ramadhydni and R. Viskanta, Natu-

[dl LUIIVCL\.IU[I llUW dllu [lCdl lellblcl UCLWCCH a uum
layer and a porous layer inside a rectangular enclosure,
ASME J. Heat Transfer 109, 363-370 (1987).

. C. Beckermann, R. Viskanta and S. Ramadhyani, Natu-

ral convection in vertical enclosures containing sim-
ultaneously fluid and porous layers, J. Fluid Mech. 186,

257-284 (1988).

. S. B. Sathe and T. W. Tong, Comparison of four insu-

lation schemes for reduction of natural convective heat
transfer in rectangular enclosures, Int. Commun. Heat
Mass Transfer 16, 795-802 (1989).

. H. Campos, J. C. Morales, U. Lacoa and A. Campo,

Thermal aspects of a vertical annular enclosure divided
into a fluid region and a porous region, /nt. Commun.

Heat Mass Transfer 17, 343-354 (1990).
V. Prasad. K. Brown and Q

Prasad, K. Brown and Q.
and heat transfer experiments in ﬂuld superposed porous
layers heated from below, ASME, Winter Annual Meet-
ing (1989).

Tmn Flow visnalization

. C. E. Hickox and D. K. Gartling, A numerical study of

natural convection in a vertical annular porous layer,
ASME, paper 82-HT-68, pp. 1-7 (1982).

. M. A. Havstad and P. J. Burns, Convective heat transfer

in vertical cylindrical annuli filled with a porous medium,
Int. J. Heat Mass Transfer 25, 1755-1766 (1982).

. V. Prasad and F. Kulacki, Natural convection in a ver-

tical porous annulus, /nt. J. Heat Mass Transfer 27, 207-
219 (1984).

. V. Prasad, Numerical study of natural convection in a

vertical porous annulus with constant heat flux on the
inner wall, Int. J. Heat Mass Transfer 29, 841-853
(1986).

. V. D. Murty, C. L. Clay, M. P. Camden and D. B.

Paul, Natural convection in porous media in a cylindrical
annulus—effect of radius ratio, Proceedings of the Inter-
national Conference on Numerical Methods, pp. 487-496,
Swansea (1989).

. K. Muralidhar and F. A. Kulacki, Non Darcy natural

convection in a saturated horizontal porous annulus,
ASME J. Heat Transfer 110, 133-139 (1988).

. G. Lauriat and V. Prasad, Natural convection in a ver-

tical porous annulus. In Convective Heat and Mass
Transfer in Porous Media, NATO ASI Series, Series E,
196, 143172 (1991).

. A. Bejan and C. L. Tien, Natural convection in a hori-

zontal space bounded by two concentric cylinders with
different end temperatures, /nt. J. Heat Mass Transfer
22, 919-927 (1979).

. M. Kaviany, Non-Darcian effects on natural convection

in porous media confined between horizontal cylinders,
Int. J. Heat Mass Transfer 29, 1513-1519 (1986).

. V. Prasad, F. A. Kulacki and A. V. Kulkarni, Free

convection in a vertical porous annulus with constant
heat flux on the inner wall—experimental results, /nt. J.
Heat Mass Transfer 29, 713-723 (1986).

. P. Cheng and C. T. Hsu, Fully developed, forced con-

vective flow through an annular packed sphere bed with
wall effects, Int. J. Heat Mass Transfer 29, 18431853
(1986).

. K. Vafai, Convective flow and heat transfer in variable

porosity media, J. Fluid Mech. 147, 233-259 (1984).

. D. Poulikakos and K. Renken, Analysis of forced con-

vection in a duct filled with porous media, ASME J.
Heat Transfer 109, 880-888 (1987).

M. L. Hunt and C. L. Tien, Non-Darcian convection in
cylindrical packed beds, ASME/JSME (1987).

F. C. Chou, W. Y. Lien and S. H. Lin, Analysis and

23.

24,

25.

26.

27.

S. CHIKH et al.

experiment of non-Darcian convection in horizontal
square packed sphere channels—1. Forced convection,
Int. J. Heat Mass Transfer 35, 195-205 (1992).

. B. X. Wang and J.-H. Du, Forced convective heat trans-

fer in a vertical annulus filled with porous media, Int. J.
Heat Mass Transfer 36, 4207-4213 (1993).

D. Vortmeyer and J. Schuster, Evaluation of steady flow
profiles in rectangular and circular packed beds by a
variational method, Chem. Engng Sci. 38, 1691-1699
(1983).

K. Vafai and R. Thiyagaraja, Analysis of flow and heat
transfer at the interface region of a porous medium. /nt.
J. Heat Mass Transfer 30, 1391-1405 (1987).

D. Poulikakos and M. Kazmierczak, Forced convection
in a duct partially filled with a porous material, ASME
J. Heat Transfer 109, 653-662 (1987).

G. Lauriat and K. Vafai, Forced convective flow and
heat transfer through a porous medium exposed to a flat
plate or a channel. In Convective Heat and Mass Transfer
in Porous Media, NATO ASI Series, Series E, 196, 289—
327 (1991).

K. Vafai and S. J. Kim, Forced convection in a channel
filled with a porous medium : an exact solution. ASME.
J. Heat Transfer 111, 1103-1106 (1989).

. W. M. Kays and M. E. Crawford, Convective Heat and

Mass Transfer (3rd Edn), p. 139. Mc-Graw Hill, New
York (1993).

APPENDIX

Expressions of constants E,, F,, E,and F,

The constants E,. F,, E;and F; used in equations (34) and
(35) are determined using the boundary conditions equations
(18). Their expressions are given below :

p =

E,

Ee = E,+(F,— F) Ins—

F= rorA r}+( “Inr,+|C
= (' +r.,)u ) nr, 2

Civr,

22
rA

(rit+ry)i

44 2

ri—s?
+C, —T_lns+<C:f

C\ri—s"
2) 2t

— ) o st
Bs\/Dal,(s/\/Da)~ Cs/DaK(s/y/Da) ~ Da~

Flnl+m

x {B Dal(ri//Da)+C DaK,(r,j\/Da)— Da %}

(ri+r)a

N

BDal,(s//Da)+C DaK,(s/x/Da)— Da“X

4 §
(64 +C1 4 —(C,— C:)X)

Calculation of Nu

The intermediate analytical calculations of the different
integrals used in evaluating the Nusselt number in equation
(39) are given in the following:

~[}clo (x)dx = xI,(x)

SThe8

Jxlo (DK (x) dx = S { (DK + 1 (0K, ()]
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ijo(x) dx = —xK,(x) jx“Ko(x) dx = ~ XK, (x) = 2x* K, (x) — 4xK, (x)
2
jxlﬁ(X) dx = % HHESEIHEN J:: In xL(x) dx = xInxI, () — L,(x)
2 xl 2
jXKS (¥)dx =5 {K3(x) — KT} Jx InxK,(x) dx = —xIn xK, (x) = K.(x).

jr‘]o(x) dx = X', (x) = 2x2 L (x) +4xI,(x)



