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Abstract—The convection-to-radiation converter (CRC) made of porous ceramics has been proven to be
an effective means in the enhancement of heat transfer in burners, combustors, industrial furnaces and
high temperature plug flow systems. The paper proposes a novel application using this CRC technique in
a partial bypass flow system for potential heat transfer enhancement. Hydrodynamically fully-developed
and thermally developing laminar flow is assumed in a circular duct which is fitted with a porous core to
enhance both convective and radiative transfer from a high-temperature gaseous medium to a heat-
absorbing wall. The Navier-Stokes and modified Darcy equations are applied, respectively, to the flow
field in a gas layer and porous core region. The radiation field is modeled by a two-dimensional S-type
integral equation of transfer for its accuracy and efficiency in the numerical calculations. The effects of
heat transfer augmentation using a porous CRC are investigated numerically for various flow and thermal
parameters. Numerical solutions which include velocity profiles and flow characteristics of the CRC system
as well as isotherm patterns, parameterization of the heat fluxes, mean bulk temperature and Nusselt

number distributions along the flow direction are presented. Copyright © 1996 Elsevier Science Ltd.

1. INTRODUCTION

Techniques for the enhancement of combined radi-
ative and convective heat transfer have become
increasingly important during the last two decades
in developing compact and efficient high-temperature
thermal energy systems. Applications include indus-
trial furnaces, heat exchangers, combustors and ther-
mal energy storage devices, where the convection and
radiation modes of heat transfer are both important.
One of the promising techniques is to use porous
materials to increase heat transfer by convective-radi-
ative exchange due to a significantly large surface area
of the porous medium. This technique has been
applied to various industrial furnaces and combustor—
incinerators, and remarkable energy savings and heat
transfer enhancement have been demonstrated [1-6].

From the beginning of the 1980s, Echigo [1, 3, 4]
has successfully developed techniques using a foam
ceramic and metal matrix porous structure, which has
been termed as a convection-to-radiation converter
(CRQ), to enhance heat transfer and recover heat
from exhaust gas in industrial furnaces and com-
bustion systems. As indicated by Echigo [1], the heat
transfer enhancement in a high-temperature plug flow
channel with a porous segment placed normal to the
flow direction is mainly due to two effects: one is
the radiation shield effect of the porous medium, the
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second is the effective combined convection—radiation
heat transfer process, i.e. the convective heat transfer
on the gas—solid interface to raise the temperature of
the porous medium and then the conversion of ther-
mal energy in the porous medium to radiation. Since
the porous materials have a very large surface area
per unit volume and usually possess a much stronger
thermal radiation emittance than gas media, the radia-
tive flux emitted by the porous insert at high tem-
perature is much larger than that emitted by the gase-
ous fluid. In addition, the temperature of the gas—solid
medium decreases sharply along the flow direction,
the thermal radiation emitted by the porous medium
propagates mainly back in the upstream direction.
This makes the upstream side a strong thermal radi-
ation field and the downstream a weak radiation area
for the plug flow. The numerical analysis of heat trans-
fer from a plug flow in a rectangular channel has been
performed by Echigo [1] based on the assumptions
that the gas is nonradiating and the scattering effect
in a porous medium is negligible. It is found that a
drastic temperature drop (more than 300 K) in the
flowing gas can be achieved within a very short dis-
tance (on the order of 1 cm) due to the strong direc-
tionality of the convection-radiation converter. Wang
and Tien [7] presented a two-flux gray radiation model
which includes the scattering property of the porous
medium by direct application of the electromagnetic
Mie theory. Their numerical results indicate that both
the scattering albedo and back-scattering fraction fac-
tor play an important role in the heat transfer per-
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h dimensionless characteristic pore size
1 radiation intensity

k conductivity

K permeability of the porous medium
L length of the circular duct

W

Ni

mass flow
u  modified Nusselt number
n reflection index
p pressure

Pe Peclet number
Pr Prandtl number

q heat flux

R radius of the circular duct

Re Reynolds number

r radius

S radiative source function

$ distance from boundary to a point in
the medium along a ray of intensity
temperature

u velocity

X segment of traveling length of a
radiation ray

z axial length.

Greek symbols
i) extinction coefficient

NOMENCLATURE
Cp specific heat at constant pressure é porosity of the porous medium
distance e wall emissivity
function of inertial terms ¢ azimuth angle
incident radiation i) nondimensional divergence of

radiative flux

ratio of conductivity

inertial coefficient
nondimensional axial distance
ratio of pressure gradient
dynamic viscosity

kinematic viscosity
conduction-radiation parameter
nondimensional temperature
density

Stefan—Boltzman constant
optical thickness

single scattering albedo
nondimensional radius.

AT DZ TR > T

AL

Superscript

¥ nondimensional quantity.
Subscripts

0 inlet condition

C convection

f fluid

i interface

m mean value

p porous medium

R radiation.

formance. The effect of gaseous radiation was inves-
tigated by Echigo er a/. [8], and the transient heat
transfer response (simultaneous conduction, con-
vection and radiation) was analyzed theoretically and
experimentally in the subsequent work [9]. However,
it should be pointed out that the analyses performed
in the previous studies were mostly based on the one-
dimensional assumption or simplification. For low
temperature applications (i.e. negligible radiation heat
transfer), the enhancement in heat transfer using
porous inserts has been considered by Tong ez al. [10].

Since the porous materials of large permeability
possess a large surface area per unit volume and a
radiative extinction coefficient on the order of 100
m~', it is expected that the insertion of a porous core
in the flow system in Fig. 1 can effectively improve
the heat transfer performance due to its combined
convection-radiation effects. For a complete under-
standing of the combined heat transfer process in the
proposed system, numerical investigations are per-
formed for various flows and thermal conditions. The
Navier—Stokes and modified Darcy equations are
applied to the flow in the fluid layer and porous core,
respectively. The newly developed S-type integral

equation of radiative transfer [11] is used to predict
radiation in the two-dimensional nonhomogeneous
participating medium. An iterative scheme is
employed to solve the highly nonlinear system of
equations. The results of the heat transfer aug-
mentation are presented for a wide range of
parameters.

2. FORMULATION OF THE PROBLEM

For the flow system shown in Fig. 1, a steady,
incompressible, hydrodynamically fully-developed
laminar flow is assumed. The working fluid, a radi-
ative gas medium, enters the duct with a uniform
temperature 7, and is cooled by the heat-absorbing
wall at constant temperature 7,,. The porous core is
assumed to have a foam-type structure and thus has
a very high permeability. For radiation transport, the
whole flow region including the porous core is con-
sidered as a gray, nonhomogeneous participating
medium.

Momentum and energy equations
Since the flow is assumed to be hydrodynamically
fully-developed and thermally developing, the equa-
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:porous core "

Fig. 1. A schematic of the flow system and coordinates.

tions governing the velocity and temperature fields in
the gas layer can be written as

dp 1d/ du
& m(’a) W

and

oT 16/ ¢ 2T
pepu = k,~|:;5;<r:£)+ &zz}_v w9

where qg is the net radiative heat flux because the
medium is considered to be radiatively participating.

Further, it is assumed that local thermal equi-
librium is established in the porous core, and the iner-
tial effects are important because of the high per-
meability and high local velocity involved. The
modified Darcy and energy equations are applied to
this flow region, which are given by

dp u  poF 1d/ du
dz = _<K+ JrS T e ®

and

oT 10/ ¢ 3T
pcpu5=ke|:;5(l‘a%>+ 0:2:|_V qe. @)

It should be noted that the second term on the right
side of equation (3) represents the inertial term and
the third term is the viscous term. These two terms
represent the higher order correction to the Darcy’s
law. Strictly speaking, the effective viscosity u.
involved in the viscous term is different from the fluid
viscosity u. However, due to the lack of definitive
information on g, it is customarily assumed that it
has the same value as the fluid viscosity. The effective
conductivity k. is the conductivity of the porous
medium, including the fluid which saturates the
porous medium, and can be estimated using the mix-
ture rule,

ke = Sko+(1—8)k,. )

The divergence of radiative heat flux for the whole
medium can be expressed as

V-qr = Bl —w)(dn’e T - G), %)

where § and w denote the space-dependent extinction

coefficient and single scattering albedo, respectively.
The appropriate boundary conditions for the momen-
tum and energy equations are

u=0 forr=R0O<z<L (7a)
u=uw forr=r,0<z<L (7b)
a0 ey —r0<z<L ()
ar,:,f or), -
d
d—”:o forr=0,0<z<L 7d)
v
=T, for0<r<Rz=0 (8a)
=T, forr=R0O0<:z<L (8b)
T=T forr=r,0<z<L (8¢c)
) o]
0T
kfo,,_?-‘ =ke(~_ forr=ri,0<ZSL
(8d)
dTr
F=O for0<r<R,z=1L. (8e)

Selecting T, and R as the reference temperature and
length, and defining the characteristic velocity as

R/ dp
U, = - 9
u ( dz)r,o @)

one can write the nondimensional variables and par-
ameters as follows:

é = I‘/’R, = Z//R (10),(11)
0= u‘/'uc 0 = T//TO (12),(13)
G = GladoT) T=Ij4oT} (14),(15)
N q: N 4.
= = 16),(17
“=r1gr T wryr  1OU7
t=PBR 1,=fR (18),(19)
: R
Pr——"  Re=* (20),(21)
kf/pcp 4
k/R SRF
N= == (22),(23)
46T VK
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24),(25)

(26)

In the dimensionless form, the governing equations,
i.e. equations (1)—(4) and (6), are rewritten as

1d/ da
Ekdfc:idf): —A 27
o8 18/ 06 o0 1.
RePrii _3'1 = I:E 7%(5 —86>+ _@VIZ:|_ N (28)

&de\~de) \p2
o6 10/ 00\ &% T
yRePri— =~ —( = - 2@ (30
7RePrics, [§a§<5aé>+ aﬂz:l N/y (30)

O =(1—w)(n*0*-G). (31)

Radiative transfer equation (RTE)

In the present study, radiation heat transfer is cal-
culated using the newly developed S-type integral
equation of transfer [11]. This method is preferred,
because it can exactly calculate the radiation heat
transfer in a two-dimensional, emitting, absorbing
and isotropically scattering nonhomogeneous par-
ticipating medium. For the reason stated above, it is
believed that the results thus obtained are more accu-
rate than those obtained by the Sy, discrete coordinate
or differential approximation methods. From the
computational aspect, this method is also very efficient
in handling combined heat transfer problems.

The incident radiation and two components of net
radiative heat flux in the - and z- directions are expre-
ssed as

F G(E,n) | )

Ng (&) |=2 f 0, .0
=0 Jop=0

NG.(&,) ’

r’ \
M&~¢& cosp)/d(&, & n, ¢))
n* (& & n, ¢)

rdéd ] 7
X#Hj J

M (N &=0 Jo=0
Ho—n

x| —m(E—E& cos )/ d(&, & n—n., $)
— (= A n—n, P)

o 4# d w
"= C,,é é +2J'L J
A& & n—nw, @) 7=0 Jo=0

f(is n, é/s ¢s rlL)

&, 1,¢,1)

/ 1—¢&cos¢
X ((1 ~¢cos@)(&—cosd)/d(&, 1,n—n', )
L (r—n)(1—=¢cos &)/ A Ly—n, )
dedy’
— for0<¢<], O<p<y,
EG -8 T

(32), (33), (34)

where the distance between a point (&', ¢,%") on the
boundary and a point (£, 0,#) in the flow region can
be evaluated by

A& En—n's )
= 8+ +(—n)? —2EE cos §.

The formal solution of the intensity at (¢,0,#),
which directs from (&', ¢, 7") to the point under con-
sideration, is given by

r(é’ ”’ };:,’ ¢’ '7,)
= iw(é/s ’I/) €Xp [_T d(§5 é/’ n— 7{/! ¢)]

(3%

deen-nd) }
+J S n)exp { —1,(¢, 8 n—n',¢)}
s=0

x t(&,n')ds,

where (&, ') is equal to either 1, or 7, depending on
whether the point (¢, #’) is within fluid layer or porous
core. The source function is

(36)

~

1 5
S(&n) = [ =00, n) + 0G (&, m)).

(37

The formulations for the optical distances, 7 and t,,
are given in the Appendix. The position coordinates
(&, n) are evaluated by

e _pger & —Ecosd
o | TS
(@ En-n'¢)
and
n—nw
=0 +Ss—. 38b
(A TR R

The boundary conditions for the radiative transfer
equation are the isotropical, external incident radi-
ation from the free surface at the two ends (where
n = 0 and #,, respectively) and the diffuse cylindrical
wall. The entering intensities from the three bounding
surfaces can be specified by

I;(E,O) = 0*(&,0)/4n

1~w(CV, ) = 64(5, nL)/An

(39a)
(39b)

a
- e P
L) = =00+ = deou(l,n).  (39¢)
4n /N
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It is noted that equations (32)—(34) are defined for
all locations within the participating medium. The
incident radiation and two components of net radi-
ative heat flux on the three bounding surfaces are
given as

G(&) = 27L& 1) + Gou (€ 1)

for0<¢<l,p=0o0rn and =1,0<ny" <y

(40)
¢:(1,n") = —nly, (1, )N+, 0u(l, 1)
for0<ny <y (@41
4.0y = —nd(& 1) N+G.0u(&, 1)
for0< & <1,p=00rn, (42)

where Gou(&,1), §rou(l,n) and §. .. (&, n’) are the
incident radiation and normal component of heat
fluxes irradiated from the medium onto the cor-
responding boundaries, respectively ; their values can
be calculated by substituting the proper coordinates
(¢,%) into equations (32)-(34).

Solution method

For the fluid layer (i.e. & < & < 1), the velocity
distribution and velocity gradient at the interface are
obtained by direct integration of equation (27), i.e.

A , 1—&A\In¢
a(Q =, (1-&)+ (u(i,) —A%)ﬁg @3)
and
A A da
&) = “‘(l—ﬁf?)'f’(-éi‘*‘ 1z )é; Ing, (44)
4 2 dé -

while for the porous medium, the flow field is solved
by applying an iterative scheme to the finite difference
equation of equation (29) with the aid of analytical
solutions of equations (43) and (44). Starting with
an initial guess for the velocity profile and velocity
gradient at the interface, an approximate velocity
solution is obtained for two flow regions and then is
used to improve the interface velocity gradient, with
which a better velocity profile is obtained. The iter-
ation continues until the velocity solution converges.
It is found that an under-relaxation factor is required
to ensure the convergence.

A grid size, 41 x 201 (radial x longitudinal), is selec-
ted for solving the energy equations of the fluid layer
and porous core. Grid dependence has been checked
by repeating the calculations with finer mesh sizes.
Nearly identical results were obtained. Since it is
found that solution of the S-type integral radiative
transfer equation is rather insensitive to the grid size
used [11], the number of nodes used for the radiation
transfer is half of that used for the temperature field.
For the intermediate points, the radiative quantities
required for the solution of energy equation are
obtained by linear interpolation. Using this approach

the solutions obtained remained nearly unaffected,
but the computational effort is greatly reduced. Same
as the flow equations, the combined energy and radi-
ative transfer equations are solved numerically by an
iterative procedure. With the grid specified, the CPU
time for a typical run on a CRAY C-90 supercomputer
is about 2 h.

For evaluations of the combined convection-radi-
ation heat transfer, the local Nusselt number is defined
as

gQ,n)
0,0,

Nu(n) =2 (45)

where the mean bulk temperature, 8, is calculated by

1
J 6, ma()cde

Om(n) = (46)

j #(f)¢dé

0

and the net heat flux, (1, ), transferred from the fiuid
to the heat-absorbing wall may be separated into two
terms to take into account individual contribution
from convection and radiation modes.

_ 06, m)

am = - = )

+4.(1,m).
Thus, the local Nusselt number can be further

expressed by
Nu(n) = Nuc(n) + Nug(n), (48)

where the contribution from convection is given by

2 06(1,m)
= —_— 4
Nue =4 9, e (49)
and the contribution by radiation is
2

0,.—0,

From the local Nusselt number, the averaged Nus-
selt number can be evaluated by

1 [
Nug, () =’7—J Nu(n) dn. (51)
LJo

3. RESULTS AND DISCUSSION

In this study, the porous core is assumed to have a
foam-type structure with a high porosity. In addition,
the length of the duct is fixed at L = 10R (or 1, = 10).
The radiative properties and structural characteristics
are taken from the available data in the literature [14,
15]. The representative values of the related non-
dimensional parameters are: 1, =10, w,=0.75,
v=03, A=0.1 and T" = 1.7. For simplicity, it is
assumed that the gas layer is nonscattering, and the
optical thickness ; is specified as 0.0, 0.01 and 0.1 in
the parametric analysis. The test runs show that the
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Fig. 2. Velocity distribution for ¢ =0.3, 0.4, 0.5;
I'Re = 8500.

numerical results are quite insensitive to the variations
of the parameter t,, w, and y.

Velocity profiles are shown in Fig. 2 for porous
cores with various radius. For comparison, the vel-
ocity profiles are shown for two flow conditions ; one
is constant pressure gradient (A = 1) and the other a
constant flow rate (f'= 1). The mass flow ratio defined
as f = mjni;_, is calculated by

i
f= 16J a(¢)¢ de. (52)
0

For the first case (A = 1), the pumping power is
fixed and is the same as that without a porous core.
Due to the increased flow resistance (proportional to
the surface area of porous core), the mass flow rate is
reduced as the radius of porous core is increased. On
the other hand, if the mass flow rate is maintained
constant (f = 1), it is observed that the maximum
flow velocity is increased with the radius of the porous
core. Of course, it is understood that the increase in
the maximum flow velocity comes with the penalty of
increased pressure drop, as will be elaborated later.
However, for both cases, it can be seen that most
fluid flows through the annular region confined by the
porous core and bounding wall. Only a small portion
of the mass flow moves in the core region, which is a
direct consequence of the Darcy behavior of the
porous medium. Due to the high porosity (relatively
large 4 value), the inertial effect is appreciable near
the outer region of the porous core. It is conceivable
that this flow characteristic is beneficial for the
increase of the convective heat transfer on the heat
absorbing wall and in the fluid/porous core interface
region.

The mass flow ratio, f, as depicted in Fig. 3, shows
a linear dependence on the ratio of pressure gradient
A. In contrast to the effect of parameter ['Re, the
porous core radius &; shows a dominant role in deter-
mining the flow characteristics. When the ratio of
pressure gradient is unity, the mass flow rate is reduced

25 p

Mass Flow Ratio f, £, x 10
[ ; [

=4
n

-
[
w

>
F-N
wn
=

Fig. 3. Mass flow ratio as a function of the pressure gradient
ratio, A, for & = 0.3,0.5; I'Re = 4250, 8500, 17 000.

by 60-80% because of the presence of the porous core.
To maintain the original mass flow rate, the required
pumping power will be increased several times, as
indicated in Table 1. The mass flow rate in the porous
core, f,, is smaller than the total flow rate by an order
of magnitude for the cases considered.

The combined heat transfer enhancement using
porous CRC may be illustrated by the isotherms for
four different cases shown in Fig. 4. The radiation
effect is neglected in cases (a) and (b), but is included
in cases (¢) and (d) in which the optical thickness of
gas layer, 1y, is specified as 0.0 (negligible gas radi-
ation) and 0.1, respectively. With the insertion of the
porous core while maintaining the same flow rate, the
temperature gradient at the heat-absorbing wall is
noticeably increased from case (a) to (b), due to the
increase of the maximum flow velocity which results
in a substantial heat transfer enhancement by convec-
tion. With the inclusion of radiative heat transfer in
the energy equation, the isotherm in case (c) indicates
that the porous core is rapidly cooled by self radiation,
due to its strong radiative emittance and large surface
per unit volume. At a relatively low temperature, the
porous core also receives energy from the surrounding
gas layer through convective transfer at the fluid/
porous interface. Thus, a considerable amount of

Table 1. Effect of pressure gradient ratio, A, on the mass
flow ratio fand f

3 A 7 (%) 1o (%) [Re
0.3 1.0 34.0 1.2 8500
2.7 103.0 2.3 8500
0.4 1.0 292 1.7 8500
3.7 99.6 39 8500
0.5 1.0 204 2.1 8500
5.3 99.8 8.2 4250
5.6 99.5 6.5 8500
6.0 101.3 5.2 17000
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(b)

Fig. 4. Isotherms in four different flow systems: (a) & = 0.0 (no porous core); (b) & = 0.5 (pure con-
vection): (¢) & = 0.5, 7= 0.0 (negligible gas radiation); and (d) & =0.5, 7,=0.1 (combined con-
vection/radiation) ; A = 5.6; 0, = 0.2; N = 0.002 and PrRe = 4000.

energy carried by the fluid may be converted into
radiative heat flux and emitted toward the heat-
absorbing wall. For an optically thicker gas layer (gas
is hotter than the core), case (d) shows that more heat
transfer is obtained.

To assess the convective heat transfer augment-
ation, the local convection flux at the wall g(1,#) is
presented in Fig. 5 for the cases with & = 0 and 0.5.
Given a mass flow rate (e.g. /= 1), the total convective
heat flux is found to be increased by more than 40%
using a porous core. Obviously, the increase is due to
the significant alteration of the flow field. In the case
of & = 0.5, about 93% of the fluid flows through the
annular region, but only accounts for 75% of the total
cross-sectional area. As the optical thickness of gas
layer increases from zero to 0.1, the increased radiative
heat transfer allows the gas medium to be cooled
more effectively, which results in a reduction in the
convective heat transfer rate.

It is noted that the heat transfer enhancement in

100
g
} 00 05
o w Io,o
o ¢ 1,=1001
a . [0.1
=
= 10
©
IS
1 I\ Il I3
0 2 4 6 8 10

n
Fig. 5. Distributions of convective heat flux, g(#), along the
cylindrical wall for & = 0.0,0.5;1,=0.0,0.01,0.1; A = 5.6;
B, = 0.2; N = 0.002 and PrRe = 4000.

radiation mode, as shown in Fig. 6, is most effective
for the optically thin case. For a nonradiating gas
layer (i.e. only wall and external incident radiation are
considered), the porous core yields an augmentation
in total radiative heat flux by 22% and a more uniform
flux distribution is observed. The high radiation flux
near the inlet is mainly due to the strong external
incident radiation. A stronger emittance/absorptance
of the gas layer tends to reduce the radiation enhance-
ment of the porous core. When 7; = 0.01, the increase
in radiative flux is found to be only 10% over the pure
flow case, while for 7; = 0.1 the radiative flux is even
further reduced.

Additional calculations show that the influences of
scattering albedo and optical radius of the porous
medium on the heat transfer rate are not significant.
Because of high radiation dissipation, the porous core
is cooled much faster than the gas layer along the flow
direction. Thus, it is expected that if more fluid is
allowed to flow into the porous core, the radiation

100
10
e
= 1
o
0.1
0‘01 — . ! A
0 2 4 6 10

Fig. 6. Distributions of net radiative heat flux, g (1, 1), along
the cylindrical wall for & = 0.0, 0.5; ;= 0.0, 0.01, 0.1;
A=356:0,=02;N=0.002and PrRe = 4000.
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Fig. 7. Variation of mean temperature, 0,(n), with longi-

tudinal distance # for different radii, ¢ = 0.0, 0.3, 0.4, 0.5;

f=10; =00, 001, 0.1; 6,=0.2; N=0.002 and
PrRe = 4000.

heat transfer could be further enhanced. This can be
accomplished by using CRC with a higher porosity
and less flow resistance. For example, a porous annu-
lus may be better than a porous core in terms of the
pressure drop involved.

The mean bulk temperature profiles 0, for different
porous core radii and wall temperatures are plotted
in Figs. 7 and 8. For the nonradiating gas case, the
exit mean temperature is lowered from its original
value of 0.87 to 0.79, 0.74 and 0.69 as the porous
core radius & is increased from 0.3 to 0.4 and 0.5,
respectively. Although the reduction in exit mean tem-
perature is doubled as the porous core radius ¢ is
increased from 0.3 to 0.5, a two-fold pressure drop is
required to maintain the same mass flow rate accord-
ing to Fig. 3. However, as discussed earlier, the penalty
arising from the increased pumping power can be
minimized through the optimal design of the CRC
structure. As the wall temperature increases, the heat
transfer enhancement becomes less effective due to

0.6 1 i L L
0 2 4 6 8 10

Fig. 8. Variation of room temperature, 8,,(y), with longi-
tudinal distance # for &= 0.0, 0.5; /= 1.0; ;= 0.0, 0.01;
N = 0.002 and PrRe = 4000.
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Fig. 9. Effect of conduction-radiation parameter on the ratio

of modified radiative to total Nusselt number for radiation

dominant cases, & = 0.5; A =5.6; 6, =0.2; 7= 0.0, 0.01,
0.1; and PrRe = 4000.

the stronger wall irradiation and reduced local radial
temperature gradient.

In the flow system with a porous core, the radiative
transfer mode is found to be dominant over the con-
vection mode for n > 0.5y, where a strong radiation
field is formed by the porous medium at a high tem-
perature. The ratio of the averaged radiative Nusselt
number to the total one, as plotted in Fig. 9, indicates
that when the conduction—radiation parameter
N < 0.003, most of the heat transport is by radiation
mode, especially for a stronger radiating gas medium.

To illustrate the effect of Peclet number on the heat
transfer, several comparative cases with and without
a porous core are listed in Table 2 for Pe = 2000,
4000 and 8000. Apparently, the Peclet number has a
significant influence on both the averaged convective
and radiative Nusselt numbers when a porous core is
present, while for the pure pipe flow the only notice-
able effect is on the convective Nusselt number. This

Table 2. Variations of modified convective and radiative
Nusselt number and mean bulk temperature with PrRe,
0, =0.2and N = 0.002

& PrRe  Nupc (1) Nty g (1) O (1)
17, = 0.0
0.0 2000 7.26 15.67 0.80
4000 8.99 15.31 0.87
8000 11.29 15.10 0.92
0.5 2000 11.82 17.62 0.65
4000 14.87 20.64 0.69
8000 17.58 23.45 0.78
1= 0.01
0.0 2000 7.26 18.59 0.74
4000 8.99 18.56 0.82
8000 11.26 18.80 0.89
0.5 2000 13.10 21.16 0.53
4000 14.89 22.73 0.67
8000 17.58 25.99 0.77
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is because the averaged radial temperature gradient at
the wall and temperature in the outer porous core
region are increased for a larger Peclet number, which
leads to a stronger convection and radiation. As the
Peclet number increases, the augmentation of heat
transfer diminishes, and a smaller reduction in the exit
mean temperature is found.

4. CONCLUSION

The enhancement of combined convective and radi-
ative heat transfer using a porous core in a circular
duct has been numerically investigated. An integral
equation method is employed for the calculation of
the radiation field in a two-layer nonhomogeneous
participating medium. The highly nonlinear gov-
erning equations for the temperature and radiation
fields are solved using an iterative scheme.

The numerical results show that the insertion of a
porous core in a circular duct will not only increase
the convective heat transfer, but also enhance the heat
transport by radiation. It is found that the proposed
system is particularly effective for a gas medium with
a weak emittance, a slower velocity and a lower wall
temperature (i.c. a smaller t;, Pe and 6,,). Although
an increase in the porous core radius will lead to an
increase in the heat transfer enhancement, it does have
a penalty, in that the required pumping power also
increases. Further heat transfer augmentation and
power requirement reduction are possible if more fluid
is directed through the porous core. This can be real-
ized by optimizing the pore structure such that it has
a higher porosity and less flow resistance. Also, the
core geometry can be modified to have a hollow or
partially hollow configuration. These possible
improvements over the proposed system are currently
under investigation.
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APPENDIX

The optical distance t and 7, in equation (36) are deter-
mined according to the path a radiation beam travels
through. For the porous core region where 0 < ¢ < &, we
have

(@) I'<&andy =0ory =

&&=, ) =1, dE.n—n'.¢) (A1)
(&= ) = tld&. & n—n', ¢) —s]
for0 <s<d(& & n—n.,¢): (A2)
(b) <& <land 0Ky <
€1, @) = Texi +Txp, (A3a)

where
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=7, ¢) = wd(&, & n—n". d) (A7)
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1, (&, n—n.¢) =1 {x;—9)+1,%, forO<s<x (&, &y
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<7
forx; s < d(& & n—n.¢). (A4db) ¢
. (& E =1 @) = Te(xp + Xe) + TpXp, (A9a)
For the fluid layer where & < & < 1, we have
where
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