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Abstract

Combined radiation and convection heat transfer in a porous medium confined between gray isothermal parallel

plates is investigated. The medium is absorbing, emitting and scattering. Cases of boundaries at temperatures higher or

lower than the medium are considered. In the porous medium, the boundary effect on the fully developed laminar

velocity field as proposed by Kaviany is accounted for. For various values of the extinction coefficient, the scattering

albedo, the conduction–radiation parameter and the boundary emissivity, Nusselt number, temperature and heat flux

distributions are found for the range of values including the extreme limits of the porous medium shape parameter

(PMSP), c ¼ ðW 2/=KÞ1=2, where W is the channel width, / the porosity and K the permeability. For the lower limiting

value of the PMSP c, the effect of the porous medium is negligible and the situation approaches that of Poiseuille flow.

For this limiting case, results from the present work are compared with those available in the literature. For medium to

high values of the PMSP c, for the purpose of comparison, some results are presented in tabular form. Radiation is

found to have a significant effect on various parameters studied. The discrete transfer method was used for the solution

of the radiative part of the energy equation. An iterative finite difference scheme was used to solve the energy equation.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous media have played an important role in im-

proving the performance of many thermal systems. In

recent years, in high-temperature applications, a great

deal of attention has been focused on the usage of po-

rous media [1–9]. Apart from many other applications,

porous media have been utilized for enhancement of

heat transfer in coolant passages [10,11] and in thermal
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insulation systems [1,5]. The analysis of such systems

require consideration of radiation along with conduc-

tion and/or convection.

There have been various studies of the analysis of the

combined radiation and convection modes of heat

transfer [12–16]. In all these analyses, the medium con-

sidered is a general fluid continuum. In some investiga-

tions [2–5], combined conduction, convection and

radiation heat transfer problems in porous media have

been analysed with known uniform velocity across the

medium. When the porosity and permeability of the

porous medium are relatively high, boundary and inertia

effects come into play, and in this situation, the as-

sumption of uniform velocity across the medium is not

valid [17]. In this case, the velocity distribution near the

wall is non-uniform and hence it affects the heat transfer

to or from the wall [17]. This aspect of non-uniform

velocity distribution near the wall has been accounted by

Kaviany [17]. He obtained the solution for the velocity
ed.
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Nomenclature

Cp specific heat at constant pressure

Dh hydraulic diameter¼ 2W
G incident radiant energy

i intensity

K permeability of the porous medium

k thermal conductivity

M number of intensities/rays

N conduction–radiation parameter¼ kb=
ð4rT 3

refÞ
Nu Nusselt number¼ qwDh=ðkðTw � TmÞÞ
Pe Peclet number¼UmDh=ae
Pr Prandtl number¼ mf =ae
q heat flux

Re Reynolds number¼UmDh=m
S source function

T dimensional temperature

Um mean velocity

u x-direction velocity

v y-direction velocity

x, y spatial coordinates, parallel and perpendic-

ular to the direction of flow, respectively

W width of the channel

Greek symbols

a polar angle

b extinction coefficient

h non-dimensional temperature

hm non-dimensional mean temperature¼R 1

0
u�hdgy=Um

g non-dimensional length

s optical thickness/depth

/ porosity

W non-dimensional heat flux

x scattering albedo

l dynamic viscosity

q density

r Stefan–Boltzmann constant

c porous medium shape parameter¼
ðW 2/=KÞ1=2

� emissivity

Subscripts

c convective

L length

r radiative

ref reference

w wall

Superscript

� non-dimensional quantities
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distribution which is applicable to flow with or without a

porous medium. The solution for the velocity distribu-

tion over the complete range, including the limiting case

of flow with or without a porous medium, was devel-

oped by Kaviany [17] by introducing a parameter called

the porous medium shape parameter (PMSP), c ¼
ðW 2/=KÞ1=2, where W is the channel width, / the po-

rosity and K the permeability. When the PMSP c ! 0, a

fully developed velocity profile for Poiseuille flow is

obtained. When the PMSP c ! 1, the slug flow con-

dition is achieved and, in this case, the velocity distri-

bution is uniform. Kaviany found the Nusselt number

Nu and the temperature distributions over a wide range

of values of the PMSP c. He showed that Nu for fully

developed fields varies from 7.54 for c ! 0 to 9.87 for

c ! 1. The PMSP c has also been found to have a

significant effect on the temperature distribution. Kavi-

any did not consider the effect of radiation.

Chawla and Chan [12] carried out an analysis for the

combined radiation and convection in thermally devel-

oping Poiseuille flow. They showed that in the presence

of radiation, unlike the case of pure convection, there is

no fully developed thermal field. Nu varies in the flow

direction, and the radiation contribution to the total

heat flux, Nu and temperature increases along the flow

direction. Further, radiative parameters such as the ex-
tinction coefficient, the scattering albedo and the

boundary emissivity have significant effects on heat flux,

Nu and temperature. The work of Chawla and Chan [12]

can be viewed as a study of convection–radiation heat

transfer for the limiting case of the PMSP c ! 0.

Kaviany’s work [17] can be seen as the limiting case

of the convection–radiation problem with a general po-

rous medium in which the radiation effect is negligible.

In both the works, analyses were done by assuming

thermo-physical properties to be constant.

After the work of Chawla and Chan [12] and Kavi-

any [17], many studies have been performed for different

geometries [14,15,18,19]. However, none of the previous

studies took into account the effect of convection and

radiation for a general medium with PMSP c, and

therefore results for the variations of the Nusselt num-

ber Nu, heat flux and temperature are not available for

various values of the PMSP c. The present work was

aimed at extending the work of Chawla and Chan [12]

by incorporating a general medium with PMSP c, and
that of Kaviany [17] by considering the effect of radia-

tion. The present work thus bears significance in pro-

viding more accurate predictions especially in the area of

porous medium combustion where the analysis is done

either by considering fluid and solid phases as a single

continuum [9] or separate continua [1–8]. In all these
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studies [1–9], analysis was performed for the slug flow

condition.

In the present work, the effect of radiation on flow

through a porous medium bounded between two iso-

thermal parallel plates was investigated. For parame-

ters such as extinction coefficient, scattering albedo,

conduction–radiation parameter, wall emissivity, etc.,

Nu, temperature and heat flux values at different ax-

ial locations were found for various values of the PMSP

c, including the two limits c ! 0, and 1. For c ! 0,

results from the present work were validated against

the results of Chawla and Chan [12]. When the extinc-

tion coefficient b ! 0, the radiation effect is absent, and

in this case, the present problem is the same as that

of Kaviany [17]. For this case, results from the pres-

ent work were found to match those of Kaviany [17].

For the purpose of comparison, results are presented

in both tabular and graphical forms. The discrete

transfer method (DTM) [20] was used to solve the

radiative part of the energy equation, and an implicit

finite difference scheme was used to solve the energy

equation.
2. Formulation

Consider a porous medium with uniform porosity /
and permeability K bounded between two gray isother-

mal parallel plates as shown in Fig. 1. An absorbing,

emitting and scattering porous medium is embedded in a

fluid with a fully developed velocity field. The fluid and

the solid matrix are in local thermal equilibrium and the

two phases are considered as a continuum. The density

q, specific heat Cp and dynamic viscosity l of the fluid

are uniform and constant. The thermal conductivity k
and extinction coefficient b of the fluid–solid continuum

are also assumed to be uniform and constant.

By incorporating the effect of radiation, the steady-

state energy equation for the fluid–solid continuum for a

planar geometry [17] is modified to
Fig. 1. Schematic diagram of the problem under consideration.
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where u and v are velocities parallel and perpendicular to

the flow, respectively. In Eq. (1), the left-hand side is the

contribution of the fluid convection, and the first and the

second terms on the right-hand side represent contri-

butions of conduction and radiation by the fluid–solid

continuum, respectively. Neglecting the conductive and

the radiative heat fluxes in the axial direction, for a fully

developed velocity field, in non-dimensional form, Eq.

(1) is written as

u�
oh
ogx

¼ 2

Pe

� �
o2h
og2y

� bW
2NPe

� �
oWr

ogy
ð2Þ

where gx ¼ x=W and gy ¼ y=W are the non-dimensional

lengths in the x and y directions, respectively, b is the

extinction coefficient and W the physical thickness of the

porous medium (Fig. 1). In Eq. (2), non-dimensional

values of axial velocity u�, temperature h, Peclet number

Pe, conduction–radiation parameter N , and radiative

heat flux Wr are defined as

u� ¼ u
Um

; h ¼ T
Tref

; Pe ¼ RePr

¼ qUmDh

l

� �
lCp

k

� �
; N ¼ kb

4rT 3
ref

; Wr ¼
qr

rT 4
ref

where Um is the mean x-direction velocity, Tref is some

reference temperature and Dhð¼ 2W Þ the hydraulic dia-

meter.

At the entrance to the porous medium (Fig. 1), the

fluid has uniform velocity Um and temperature T0. The
temperatures of both the plates Tw are the same. For

the problem under consideration, the boundary condi-

tions in non-dimensional form are

Entrance ðgx ¼ 0:0Þ : v� ¼ 0:0; u� ¼ 1:0;

h ¼ h0 ¼
T0
Tref

Solid boundaries ðgy ¼ 0:0; 1:0Þ : v� ¼ 0:0;

u� ¼ 0:0; h ¼ hw ¼ Tw
Tref

ð3Þ

In flows though a porous medium with relatively high

porosity / and permeability K, boundary and inertia

effects are important, and the velocity field develops in a

short distance from the entrance at a distance of the

order of KUm=m, in contrast to a developing velocity field

where no rigid matrix is present [17]. For the boundary

conditions as given in Eq. (3), for flow through a porous

medium with PMSP c, the fully developed velocity

profile u� obtained by Kaviany [17] is
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u� ¼
1� e�2c � ð1� e�cÞ ecðgy�1Þ þ e�gyc

� �
1� e�2c � 2ð1� e�cÞ2c�1

ð4Þ

It should be noted that the PMSP c ¼ ðW 2/=KÞ1=2 is the
ratio of the two natural length scales, viz., the pore-

particle dimension ðK=/Þ1=2 and the channel width W .

When c ! 0, the permeability K ! 1, meaning that

obstructions are absent from the flow field. This is the

situation with fully-developed Poiseuille flow. When

c ! 1, K ! 0. This is the case of a slug flow. In this

situation, the boundary and the inertia effects are neg-

ligible, and the velocity profile across the porous me-

dium is uniform. The velocity u� profile given by Eq. (4)

is applicable to all values of c.
With the velocity distribution u� known from Eq. (4),

for the solution of the energy equation Eq. (2), infor-

mation about the divergence of radiative heat oWr

ogy
is re-

quired. This is obtained from

oWr

ogy
¼ 4bW ð1� xÞ h4

�
� G�

4p

�
ð5Þ

where x is the scattering albedo and G� the incident

radiation. If the radiation is azimuthally symmetric,

which is always true for planar geometry, G� in the

DTM [21] is numerically computed from

G� ¼ G
rT 4

ref

p

¼ 2p
Z p

a¼0

i�ðaÞ sin ada

� 2p
XM
j¼1

iðajÞ sin aj sinDaj ð6Þ

where i� ¼ i
rT 4

ref
=p

� �
is the non-dimensional intensity, a the

polar angle, and M the number of intensities/rays i�

considered over the complete span of að06 a6 pÞ.
For the evaluation of G� at any optical depth s, the

angular distribution of the intensity i� in the DTM is

found from the recursive use of the following equation:

i�nþ1 ¼ i�n expð�sÞ þ S�½1� expð�sÞ� ð7Þ

Eq. (7) is based on the fact that the optical distance s
between the upstream point ðnþ 1Þ and the downstream

point n in the ray direction a is small enough and the

source function S� given by the following equation can

be assumed to be constant over the optical distance s.

S� ¼ ð1� xÞh4 þ x
4p

G� ð8Þ

For use in Eq. (7), this value of the source function is

taken as equal to the average of the source function

values at the upstream and downstream points.

In a ray tracing method such the DTM, rays are al-

ways traced from the boundaries to obtain the radiative

information at any point in the medium. In tracing

the rays, when in Eq. (7) the downstream point is next

to the boundary ðnþ 1 ¼ 1Þ, the upstream point is at the

boundary ðn ¼ 0Þ. In this case, for the diffuse-gray
boundary with emissivity �w and temperature Tw, the

boundary intensity i�0 is found from

i�0 ¼
�wT 4

w

T 4
ref

þ 2ð1� �wÞ
Z p=2

a¼0

i�ðaÞ cos a sin ada

� �wh
4
w þ 2ð1� �wÞ

XM=2

j¼1

i�ðajÞ cos aj sin aj sinDaj ð9Þ

where the first and the second terms on the right-hand

side of Eq. (9) represent emitted and reflected compo-

nents of the boundary intensity i�0, respectively.
With the intensity i� distributions known, at any

point, the non-dimensional net radiative heat flux Wr is

given by, and in the DTM it is numerically computed

from

Wr ¼ 2

Z p

a¼0

i�ðaÞ sin a cos ada

� 2
XM
j¼1

i�ðajÞ cos aj sin aj sinDaj ð10Þ

To solve energy Eq. (2), the divergence of radiative heat

flux given by Eq. (5) is substituted in Eq. (2), which

yields the desired governing integro-differential equation

to be solved:

u�
oh
ogx

¼ 2

Pe

� �
o2h
og2y

� 2ðbW Þ2ð1� xÞ
NPe

 !
h4
�

� G�

4p

�

ð11Þ

With the radiative component known, Eq. (11) is solved

using the implicit finite difference scheme in which gx is
the marching direction. For the grid independent situa-

tion, depending on the extinction coefficient b, the re-

quirement for the control volumes has been found to be

between 200 and 500. Depending on the conduction–

radiation parameter N , the length increment in the axial

direction has been taken between 1 · 10�6 and 1 · 10�4.

For all cases, a maximum of 64 rays has been found

sufficient for the ray independent situation.

The Nusselt number Nu at the boundary is computed

from

Nu ¼ 2

ðhw � hmÞ

 
� oh
ogy

þ bDh

4N
Wr

!
gy¼0:0

¼ Nuc þ Nur ð12Þ

where hm ¼
R 1

0
u�h dgyR 1

0
u� dgy

 !
is the bulk mean temperature of

the fluid. The total Nusselt number Nu can be split as the

summation of the convection Nusselt number Nuc and

the radiation Nusselt number Nur. It should be noted

that this Nu number is different from the conventional

Nu used in the study of convective heat transfer prob-

lems.
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3. Results and discussion

Results for variations of the Nusselt number, tem-

perature and heat flux are presented for both the hot-

plate and the cold-plate condition. For the hot-plate

condition, results for the Nusselt number and heat flux

are presented in tabular form and, for the limiting case

of Poiseuille flow, these are compared with the results

available in the literature. All Nusselt number and heat

flux values are calculated for the wall-porous medium

interfaces.

It should be noted that in the absence of radiation,

for both hot- and cold-plate conditions, the asymptotic

value of the Nusselt number Nu is independent of the

Peclet number Pe [17]. In the presence of radiation, the

minimum Nu for the hot-plate condition or the asymp-

totic value of Nu for the cold-plate condition are inde-

pendent of the Peclet number Pe. However, for low Pe
the position of the minimum or the asymptotic values

shift towards the entrance. When comparing results

from the present work, values of Pe are taken according

to the literature [12]. For other cases, Pe has been

specified in the text.

3.1. Hot-plate condition

For plate temperatures higher than that of the fluid,

some numerical results are presented in tabular form.

For different values of the PMSP c, these results are

presented for various values of the extinction coefficient

b, the scattering albedo x, the conduction–radiation

parameter N and the emissivity of the plates �. The

emissivities � of both plates are the same. PMSP c ! 0

represents the Poiseuille flow condition. For this limiting

case, the results of the present work are validated against

those of Chawla and Chan [12]. In the present study, this
Table 1

Effect of the PMSP c on Nuc, Nur, Nu, Wc and Wr at various axial locat

gx c Nuc Nur

5 · 10�5 0.1 18.2650 (18.2631) 1.4373 (1.4357)

10 22.0936 1.4603

100 32.6706 1.5166

300 34.9135 1.5301

1 · 10�3 0.1 8.0035 (7.9930) 1.7027 (1.7010)

10 9.1020 1.8058

100 10.8249 2.0147

300 10.9447 2.0428

1 · 10�2 0.1 7.4369 (7.4661) 4.2898 (4.2452)

10 8.3656 4.7297

100 9.6861 5.4027

300 9.5178 5.3230

Numbers in brackets are values from [12].
lower limiting value of c is 0.1. For this case, results

from the present work have been found to match those

of Chawla and Chan [12].

In Tables 1–9 values of the convection Nusselt

number Nuc, the radiation Nusselt number Nur, the total
Nusselt number Nu, the conductive heat flux Wc and the

radiative heat flux Wr are given for c ¼ 0:1, 10, 100 and

300. In all these tables, numbers in the bracket are taken

from [12]. All results are given for gray plates with

emissivity � ¼ 0:5. The Peclet number Pe corresponding

to b ¼ 0:2, 2.0, 10.0 are 0.08, 8 and 200, respectively.

It should be noted that the locations gx in the axial

direction and the values of b, x, N and � have been

chosen so as to compare the results from the present

work for c ! 0:0 (which is 0.1 in this study) with those

from [12]. For various values of the radiative parame-

ters, after comparing the results for the limiting value of

the PMSP c, for the purpose of comparison with the

future work, tabulated results have been provided for

different values of c.
It can be seen from Tables 1–9 that for c ! 0:0, the

results from the present work compare very well with

those from [12] for Poiseuille flow.

Comparison of the results from Tables 1–9 shows

that at a particular location gx, the Nusselt number in-

creases with decrease in the conduction–radiation pa-

rameter N . This means that when the effect of radiation

increases, heat transfer is greater and as a result the

Nusselt number increases. From these tables, it is also

seen that with increase in the extinction coefficient b, the
Nusselt number increases. Therefore, the maximum

value of the Nusselt number can be found when b is high

and N is low (Table 9). Further, it is seen that the value

of the Nusselt number is very high near the entrance and

it continues to decrease, reaches a minimum value, and

then increases again. This behaviour can be explained
ions gx corresponding to b ¼ 0:2, N ¼ 0:01, � ¼ 0:5 and x ¼ 0:5

Nu Wc Wr

19.7023 (19.6988) 1.7624 (1.7621) 0.1387 (0.1385)

23.5539 2.1152 0.1398

34.1872 3.0478 0.1415

35.9135 3.1822 0.1416

9.7062 (9.6940) 0.5880 (0.5868) 0.1251 (0.1249)

10.9078 0.6376 0.1265

12.8396 0.6845 0.1274

12.9875 0.6820 0.1273

11.7261 (11.7113) 0.0507 (0.0509) 0.0292 (0.0289)

13.0953 0.0408 0.0231

15.0888 0.0270 0.0151

14.8407 0.0257 0.0144



Table 2

Effect of the PMSP c on Nuc, Nur, Nu, Wc and Wr at various axial locations gx corresponding to b ¼ 0:2, N ¼ 0:1, � ¼ 0:5 and x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

5· 10�5 0.1 18.3555 (18.3507) 0.1096 (0.1094) 18.4651 (18.4600) 17.7387 (17.7330) 0.1059 (0.1057)

10 22.1614 0.1114 22.2728 21.2507 0.1068

100 32.6992 0.1156 32.8148 30.5568 0.1080

300 34.4083 0.1166 34.5250 31.8991 0.1081

1· 10�3 0.1 8.1762 (8.1765) 0.1271 (0.1267) 8.3032 (8.3032) 6.2001 (6.1998) 0.0964 (0.0961)

10 9.2270 0.1343 9.3614 6.6866 0.0973

100 10.8915 0.1492 11.0406 7.1546 0.0980

300 11.0108 0.1512 11.1620 7.1320 0.0979

1· 10�2 0.1 7.5355 (7.5272) 0.2974 (0.2947) 7.8330 (7.8219) 0.9928 (0.9914) 0.0392 (0.0388)

10 8.3506 0.3302 8.6807 0.8651 0.0342

100 9.6204 0.3848 10.0052 0.6652 0.0266

300 9.6356 0.3866 10.0222 0.6462 0.0259

Numbers in brackets are values from [12].

Table 3

Effect of the PMSP c on Nuc, Nur, Nu, Wc and Wr at various axial locations gx corresponding to b ¼ 0:2, N ¼ 0:5, � ¼ 0:5 and x ¼ 0:35

gx c Nuc Nur Nu Wc Wr

5· 10�5 0.1 18.3612 (18.3560) 0.0345 (0.0344) 18.3957 (18.3905) 88.7290 (88.699) 0.1665 (0.1664)

10 22.1659 0.0350 22.2010 106.2850 0.1679

100 32.7014 0.0364 32.7378 152.8085 0.1699

300 34.4103 0.0367 34.4470 159.5200 0.1700

1· 10�3 0.1 8.1885 (8.1883) 0.0399 (0.0398) 8.2283 (8.2281) 31.1024 (31.0990) 0.1514 (0.1513)

10 9.2370 0.0421 9.2791 33.5330 (0.1529)

100 10.8986 0.0468 10.9454 35.8738 0.1539

300 11.0181 0.0474 11.0655 35.7615 0.1538

1· 10�2 0.1 7.5503 (7.5392) 0.0923 (0.0920) 7.6426 (7.6312) 5.1385 (5.1290) 0.0628 (0.0626)

10 8.3609 0.1024 8.4632 4.4954 0.0550

100 9.6256 0.1192 9.7448 3.4815 0.0431

300 9.6448 0.1197 9.7646 3.3843 0.0420

Numbers in brackets are values from [12].

Table 4

Effect of the PMSP c on Nuc, Nur, Nu, Wc andWr at various axial locations gx corresponding to b ¼ 2:0, N ¼ 0:01, � ¼ 0:5 and x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

5· 10�4 0.1 38.0285 (38.1617) 38.3328 (38.2953) 76.3613 (76.4570) 0.3758 (0.3784) 0.3788 (0.3771)

10 47.7491 38.6457 86.3947 0.4709 0.3811

100 84.3904 39.3199 123.7103 0.8264 0.3850

300 100.5869 39.5239 140.1109 0.9817 0.3857

1.7· 10�2 0.1 12.1285 (12.3321) 43.1489 (43.0596) 55.2774 (55.3917) 0.0949 (0.0964) 0.3374 (0.3367)

10 14.6493 45.3705 60.0198 0.1120 0.3468

100 20.1548 49.5306 69.6854 0.1451 0.3566

300 20.6410 50.1743 70.8153 0.1467 0.3567

7.5· 10�2 0.1 14.9881 (15.8528) 78.4209 (77.9556) 93.4089 (93.8084) 0.0419 (0.0442) 0.2192 (0.2175)

10 17.6969 89.4096 107.1065 0.0427 0.2158

100 22.4731 106.8565 129.3296 0.0413 0.1964

300 22.9721 108.8939 131.8660 0.0404 0.1917

Numbers in brackets are values from [12].
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Table 5

Effect of the PMSP c on Nuc, Nur, Nu, Wc and Wr at various axial locations gx corresponding to b ¼ 2:0, N ¼ 0:1, � ¼ 0:5 and x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

5 · 10�4 0.1 38.9269 (38.9057) 3.8212 (3.8174) 42.7481 (42.7232) 3.8627 (3.8604) 0.3792 (0.3788)

10 48.4780 3.8503 52.3283 4.8016 0.3814

100 84.7300 3.9153 88.6454 8.3333 0.3851

300 100.5869 3.9354 104.7597 9.8833 0.3858

1.7 · 10�2 0.1 12.4103 (12.4267) 3.8731 (3.8661) 16.2835 (16.2928) 1.1300 (1.1315) 0.3527 (0.3520)

10 14.7206 3.9955 18.7160 1.3181 0.3578

100 19.6965 4.2643 23.9608 1.6820 0.3642

300 20.1436 4.3113 24.4550 1.6526 0.3636

7.5 · 10�2 0.1 8.5077 (8.5302) 4.3560 (4.3456) 12.8637 (12.8758) 0.6337 (0.6353) 0.3245 (0.3237)

10 9.7774 4.6207 14.3981 0.6977 0.3297

100 11.8253 5.1447 16.9700 0.7671 0.3337

300 11.9618 5.2149 17.1767 0.7649 0.3334

5 · 10�1 0.1 9.1921 (9.3705) 9.6248 (9.4918) 18.8170 (18.8623) 0.1347 (0.1370) 0.1411 (0.1387)

10 10.4825 10.7989 21.2814 0.1196 0.1232

100 12.4876 12.7332 25.2208 0.0910 0.0928

300 12.5015 12.8150 25.3165 0.0876 0.0898

Numbers in brackets are values from [12].

Table 6

Effect of the PMSP c on Nuc, Nur, Nu, Wc and Wr at various axial locations gx corresponding to b ¼ 2:0, N ¼ 0:5, � ¼ 0:5 and x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

5 · 10�4 0.1 39.0108 (38.9758) 0.7640 (0.7633) 39.7749 (39.7391) 19.3623 (19.3440) 0.3792 (0.3788)

10 48.5449 0.7698 49.3147 24.0503 0.3814

100 84.7604 0.7828 85.5431 41.6974 0.3851

300 100.8453 0.7868 101.6321 49.4459 0.3858

1.7 · 10�2 0.1 12.5557 (12.5587) 0.7676 (0.7662) 13.3233 (13.3249) 5.7882 (5.7893) 0.3539 (0.3532)

10 14.8170 0.7907 15.6077 6.7201 0.3586

100 19.7197 0.8424 20.5621 8.5375 0.3647

300 20.1639 0.8515 21.0154 8.6398 0.3649

7.5 · 10�2 0.1 8.5888 (8.5942) 0.8357 (0.8337) 9.4245 (9.4280) 3.3923 (3.3942) 0.3301 (0.3293)

10 9.7817 0.8810 10.6626 3.7150 0.3346

100 11.7250 0.9731 12.6981 4.0763 0.3383

300 11.8564 0.9857 12.8421 4.0668 0.3381

5 · 10�1 0.1 7.7343 (7.7450) 1.4958 (1.4868) 9.2300 (9.2318) 1.1881 (1.1893) 0.2298 (0.2283)

10 8.6370 1.6700 10.3017 1.1435 0.2211

100 10.0718 1.9871 12.0588 1.0214 0.2015

300 10.1630 2.0171 12.1801 1.0033 0.1991

Numbers in brackets are values from [12].
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well by Fig. 2(a) and (b). In Fig. 2(a), the effect of b on

variation of the Nusselt number along the axial length gx
is shown, and in Fig. 2(b) the same is shown for the

effect of N . The value of N in Fig. 2(a) is 0.1 and the

value of b in Fig. 2(b) is 1.0. Both plates are black

ð� ¼ 1Þ and an absorbing–emitting situation ðx ¼ 0:0Þ is
considered in both cases. The Peclet number Pe in both

cases is 20. The plots in these figures clearly explain the

trends described above.
Another important finding from Tables 1–9 and Fig.

2(a) and (b) is that the value of the Nusselt number in-

creases with increase in PMSP c. For particular b and N ,

this trend is the same for all c values. The Nusselt

number reaches a maximum as the situation approaches

the slug flow condition ðc ! 1Þ. It also indicates that

with the insertion of a solid porous matrix, the heat

transfer increases and with the consideration of radia-

tion, more and more heat is transferred. In Fig. 2(a) and



Table 7

Effect of the PMSP c on Nuc, Nur, Nu, Wc and Wr at various axial locations gx corresponding to b ¼ 10:0, N ¼ 0:01, � ¼ 0:5 and

x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

1.25· 10�2 0.1 40.0834 (40.0439) 191.4109 (191.0990) 231.4943 (231.1430) 0.0777 (0.0776) 0.3708 (0.3702)

10 47.2705 200.2732 247.5437 0.0914 0.3871

100 79.5535 214.4573 294.0109 0.1525 0.4110

300 93.2099 217.3074 310.5173 0.1779 0.4147

0.25 0.1 31.0859 (33.5402) 188.3844 (185.9680) 219.4703 (219.5080) 0.0367 (0.0396) 0.2227 (0.2195)

10 34.8296 207.8403 242.6699 0.0391 0.2334

100 40.7965 238.7365 279.5330 0.0415 0.2429

300 41.4571 242.0937 283.5508 0.0415 0.2425

0.8375 0.1 36.6441 (76.0301) 479.6952 (439.1020) 516.3393 (515.1320) 0.0053 (0.0109) 0.0696 (0.0627)

10 54.5008 517.2532 570.0750 0.0030 0.0576

100 43.4243 611.1619 654.5862 0.0038 0.0376

300 41.5927 621.1797 662.7094 0.0036 0.0361

Numbers in brackets are values from [12].

Table 8

Effect of the PMSP c on Nuc, Nur, Nu, Wc andWr at various axial locations gx corresponding to b ¼ 10:0, N ¼ 0:1, � ¼ 0:5 and x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

1.25· 10�2 0.1 38.2455 (38.2081) 19.7157 (19.6944) 57.9613 (57.9024) 0.7544 (0.7568) 0.3905 (0.3901)

10 47.8008 20.1942 67.9950 0.9419 0.3992

100 83.0224 21.1173 104.1396 1.6257 0.4143

300 97.1288 21.3529 118.4817 1.8941 0.4172

0.25 0.1 14.7375 (14.8006) 17.0947 (17.0401) 31.8322 (31.8407) 0.2649 (0.2683) 0.3099 (0.3089)

10 17.4104 18.3143 35.7247 0.3087 0.3274

100 23.9488 20.4925 44.4413 0.4083 0.3517

300 24.6617 20.7712 45.4383 0.4161 0.3527

0.8375 0.1 11.8354 (11.9335) 16.4123 (16.3170) 28.2477 (28.2505) 0.1791 (0.1821) 0.2505 (0.2490)

10 13.4328 17.9809 31.4137 0.1965 0.2653

100 16.3539 20.6106 36.9645 0.2210 0.2809

300 16.5953 20.8843 37.4796 0.2210 0.2806

2.5 0.1 13.3499 (13.5552) 20.1011 (19.8900) 33.4510 (33.4452) 0.1232 (0.1257) 0.1865 (0.1844)

10 15.0317 22.4745 37.5063 0.1267 0.1905

100 17.9534 26.6272 44.5806 0.1268 0.1891

300 18.2783 27.1124 45.3906 0.1262 0.1883

Numbers in brackets are values from [12].
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(b), the result for b ¼ 0 indicates the absence of radia-

tion. The value of the Nusselt number is found to be a

minimum in this case. Also, it is seen that the results for

N ¼ 10 almost coincide with those for b ¼ 0. This is

because, for higher values of N , the effect of radiation is

lower. For N ¼ 10, the effect of radiation is negligible,

and situation becomes pure convection-like.

It can be seen from Fig. 2 that when the radiation

effect is negligible (b ¼ 0 in Fig. 2(a) and N ¼ 10 in Fig.

2(b)), the Nusselt number reaches an asymptotic value.

This is possible when the temperature profile reaches a

fully developed state. In the absence of radiation, it can
be interpreted from these figures that this fully devel-

oped temperature profile is achieved for all values of c.
However, with radiation a fully developed temperature

profile is not obtained and, therefore, an asymptotic

value of the Nusselt number is not achieved for any

value of c. This behaviour is consistent with the findings

of previous work [12,15] for Poiseuille flow ðc ! 0Þ.
As mentioned above, the trend of the developing

temperature profile, can be clearly understood from Fig.

3(a) and (b) where at four axial locations gx, similarity

temperature profiles ððhw � hÞ=ðhw � hmÞÞ are drawn

from the centreline ðgy ¼ 0:5Þ to the plate ðgy ¼ 1Þ. Fig.



Table 9

Effect of the PMSP c on Nuc, Nur, Nu,Wc andWr at various axial locations gx corresponding to b ¼ 10:0, N ¼ 0:5, � ¼ 0:5 and x ¼ 0:65

gx c Nuc Nur Nu Wc Wr

1.25· 10�2 0.1 38.8602 (38.8142) 3.9545 (3.9496) 42.8147 (42.7639) 3.8528 (3.8513) 0.3924 (0.3919)

10 48.3675 4.0420 52.4095 4.7871 0.4003

100 83.4446 4.2178 87.6624 8.1987 0.4146

300 97.5544 4.2640 101.8184 9.5435 0.4175

0.25 0.1 14.5551 (14.5670) 3.5020 (3.4932) 18.0571 (18.0602) 1.3641 (1.3677) 0.3288 (0.3280)

10 17.3984 3.6896 21.0879 1.6110 0.3422

100 24.2549 4.0504 28.3053 2.1640 0.3619

300 25.0294 4.1032 29.1326 2.2103 0.3628

0.8375 0.1 10.3223 (10.3334) 3.3320 (3.3186) 13.6543 (13.6520) 0.8843 (0.8872) 0.2861 (0.2849)

10 11.9906 3.5732 15.5637 1.0011 0.2990

100 15.1114 4.0052 19.1166 1.1817 0.3138

300 15.3448 4.0568 19.4016 1.1846 0.3138

2.5 0.1 8.4760 (8.4963) 3.3994 (3.3797) 11.8754 (11.8761) 0.5908 (0.5935) 0.2375 (0.2361)

10 9.5688 3.7045 13.2733 0.6332 0.2457

100 11.3123 4.2286 15.5410 0.6704 0.2512

300 11.4532 4.2873 15.7404 0.6680 0.2506

Numbers in brackets are values from [12].
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3(a) represents the situation of Poiseuille flow ðc ¼ 0:1Þ,
whereas Fig. 3(b) is a case of flow through a porous

medium with PMSP c ¼ 10. These two figures clearly
indicate that irrespective of the value of PMSP c, in the

presence of radiation, a fully developed temperature

profile does not occur.
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The increase in the Nusselt number with PMSP c is

shown in Fig. 4. For the results shown in Fig. 4(a), the

radiation effect is absent. The Nusselt number values

represented by the plot in Fig. 4(a) are the asymptotic

values found from the fully developed temperature

fields. This plot has been provided to show the correct-

ness of the results from the present work. The minimum

value of the Nusselt number (7.54) corresponds to

c ¼ 0:1 (Poiseuille flow) and the maximum value of 9.87

is found at c ¼ 1000 (slug flow). These values are iden-

tical with those found by Kaviany [17]. Since with ra-

diation there is no asymptotic value of the Nusselt

number, in Fig. 4(b) and (c) Nu variations with c are

shown at two different axial locations, gx ¼ 0:0001 and

0.001. In both the figures, at different gx, the trend for

the variation of Nu with c is similar to that without ra-

diation (Fig. 4(a)). With increase in PMSP c, the Nusselt
number changes, and at different gx, the trends are

similar.

The effects of the PMSP c on the convection Nusselt

number Nuc, the radiation Nusselt number Nur, the total
Nusselt number Nu and the bulk mean temperature hm
are shown in Fig. 5(a)–(c). The variations of Nuc and Nur
in Fig. 5(a) explain the trends of the variation of Nu in

Fig. 5(b). It can be seen from Fig. 5(a) that effect of

radiation increases as the distance from the entrance

ðgx ¼ 0:0Þ increases. Nur increases very sharply in the

later part of the axial length and, as a result, the total

Nusselt number Nu increases again after it has reached a

minimum value. With increase in c, the values of Nuc,
Nur and Nu increase. The effect of c on Nuc is maximum

at the entrance and it decreases as the distance from the
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entrance increases. In Fig. 4(c), the effect of c on the bulk

mean temperature hm is shown. It can be seen that hm
increases with gx and also that with increase in c, hm
increases.

The effect of the PMSP c on temperature h distribu-

tions along the channel width at different axial locations

gx are plotted in Fig. 6. In Fig. 6(a)–(d), the gx values are
0.005, 0.0335, 0.05 and 0.8, respectively. To demonstrate

the effect of radiation ðb ¼ 2:0Þ, the results without ra-

diation ðb ¼ 0:0Þ are also considered. In Fig. 6(d), h
profiles are presented at two gx locations, viz. gx ¼ 0:08
and 1.

It can be seen from Fig. 6(a)–(d) that with radiation

ðb ¼ 2:0Þ, at a given axial location gx, the fluid temper-

ature is closer to the plate temperature than in the

case without radiation ðb ¼ 0:0Þ. In Fig. 6(d), for

b ¼ 2:0 and gx ¼ 0:08, the fluid temperature is closer

to the plate temperature than for b ¼ 0:0 at gx ¼ 0:08
and 1.0. This clearly shows the high rate of heat transfer

due to radiation. For b ¼ 0:0 (without radiation), (Fig.

6(a)–(c)), the temperature decreases with increase in c
close to the entrance, but far from the entrance ðgx ¼
1:0Þ, the opposite trend is observed (Fig. 6(d)). However,

in the presence of radiation ðb ¼ 2:0Þ, the tempera-

ture always increases with increase in c at all axial

locations.
3.2. Cold-plate condition

In Figs. 7 and 8, results for plate temperatures lower

than the fluid temperature are provided.

For various values of PMSP c, the effects of b and N
on the total Nusselt number Nu are shown in Fig. 7(a)

and (b), respectively. For x ¼ 0:0, � ¼ 1:0, and Pe ¼ 20,

in Fig. 7(a), results are shown for N ¼ 0.1, and in Fig.

7(b) results are given for b ¼ 1. Unlike the cases with

heating (Fig. 2(a)–(b)), in the present case of cooling, the

Nusselt number reaches an asymptotic value. This trend

for all values of the PMSP c is consistent with the earlier

work of Azad and Modest [22] for the cold condition of

gas-particulate tube flow ðc ! 0:0Þ. Like before, Nu is

higher for higher values of c, and when b ! 0:0 (Fig.

7(a)) or N becomes high (Fig. 7(b)), the effect of radia-

tion becomes negligible, and Nu for these cases approach
the Nu values obtained without radiation. Furthermore,

the Nusselt number is found to be higher for lower

values of N and higher values of b.
Results for the effects of c on variations of Nuc, Nur,

Nu and the bulk-mean temperature hm are given in Fig.

8(a)–(c). Unlike the case of heating (Fig. 5), the radia-

tion effect is found to be maximum at the entrance and

decreases downstream. Accordingly, Nur decreases along
the axial length and reaches an asymptotic value. With
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increase in c, both the Nusselt number and hm increase.

However, hm decreases along the axial length gx.
0.0001 0.001 0.01 0.1
η

x(c)

Fig. 8. Effects of PMSP c on variations of (a) convection

Nusselt number Nuc and radiation Nusselt number Nur, (b)

total Nusselt number Nu and (c) bulk-mean temperature hm
along the axial distance gx; b ¼ 2:0, x ¼ 0:35, � ¼ 1:0, N ¼ 0:01

and Pe ¼ 8:0.
4. Conclusions

With the insertion of a porous solid matrix, heat

transfer is significantly enhanced. Both the radiation

Nusselt number and the convection Nusselt number

increase with increase in PMSP c. The behaviour of the

total Nusselt number for all values of PMSP c is found

to be the same as that for the combined radiative and

convective heat transfer in Poiseuille flow ðc ! 0:0Þ. For
the hot-plate condition, the Nusselt number decreases

along the axial length, reaches a minimum value and

then increases again. For the cold-plate condition, the

total Nusselt number decreases along the axial length

and reaches an asymptotic value. For the hot-plate

condition, the effect of c on the radiation Nusselt num-

ber is smaller near the entrance region, but it increases

along the axial length. The opposite is the case with the

convection Nusselt number. For the cold-plate condi-

tion, the effect of c decreases gradually in the stream-

wise direction. In the presence of radiation, a fully

developed temperature field is not obtained. In the

limiting cases of c ! 0:0 and b ¼ 0:0, the results from
the present work were found to match those available in

the literature.
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