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Abstract The present article encompasses the laminar ascending flow and combined mixed (free and
forced) convective-radiative heat transfer within symmetrically heated vertical parallel plates. Radiative
heat transfer between two opposite walls is considered and the gas is assumed as gray, absorbing,
emitting and scattering. Elliptic governing equations for the case of buoyancy assisted flow are solved
numerically employing a home-made CFD code based on the finite volumemethod. The radiative transfer
equation is solved using the discrete ordinates method, adopting its S6 quadrature scheme. The influence
of two important radiative parameters, namely, wall emissivity and scattering albedo,while the extinction
coefficient is either constant or not, on the occurrence of flow reversal, fanning friction coefficient, flowand
thermal fields, is investigated. Present results show that the occurrence of reversed flow enhances both
heat transfer and the fanning friction coefficient, and the radiation mode amplifies heat transfer, while
reducing the fanning friction coefficient. As wall emissivity increases from 0 to 1, effects of radiation on
flow and thermal fields rise. However, there is no linear relationship for thewhole range of ε. As scattering
albedo varies between 0 and 0.75, radiation effects on flow and thermal fields for the constant and variable
extinction coefficient are entirely opposite.

© 2011 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.
1. Introduction

Convective flow in channels has been of special interest over
the past years, due to vast applications, such as solar collectors,
electronic equipment, transistors and nuclear reactors. Some
researchers have dealt with studies comprising combined
multi-mode heat transfer. When convection and radiation are
of similar importance, separate calculation of these two modes
and superposition, without considering their interaction, can
result in significant errors. Therefore, in high temperature
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channels, where a more accurate design and analysis is
required, the momentum, energy and radiation transport
equations should be solved simultaneously.

Although free, forced and mixed convection through ver-
tical parallel plates has been studied abundantly [1–6], find-
ing an exact analytical solution to the highly non-linear
integro-differential Radiative Transfer Equation (RTE) is almost
impossible. In the past decades, a variety of computational
schemes has been developed to obtain an approximate so-
lution to RTE, each having individual advantages in its
application [7–10]. Fiveland [7,8] employed the Sn Discrete Or-
dinates Method (DOM) to find numerical solutions in two and
three-dimensional enclosures with a gray, absorbing, emitting,
isotropically and anisotropically scattering medium. His results
have shown that the S4, S6 and S8 solutions can be used for
various surface and optical conditions to predict the radiant
intensity and surface heat transfer. Combined radiative and
conductive heat transfer in rectangular enclosures has been in-
vestigated by Kim and Baek [9]. The accuracy and efficiency
of DOM, adopting its S4 approximation, have been validated
by comparing their numerical results for the non-scattering
radiation–conduction problem, as well as the anisotropically
scattering pure radiation problem, with other benchmark so-
lutions, giving unanimous agreement. Also, they have reported
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Nomenclature

a absorption coefficient, m−1

b width of channel, m
D width of channel in benchmark problem, m
f local fanning friction coefficient
f̄ total fanning friction coefficient
g acceleration due to gravity, m s−2

Gr Grashof number, = gβ∆Tb3/ν2

i intensity, W m−2 sr−1

I dimensionless intensity, = i/σ̄T 4
0

Ib dimensionless black body intensity
k thermal conductivity, W m−1 K−1

K extinction coefficient, = (a + σ) m−1

L channel height, m
N conduction–radiation parameter,

= kK/4σ̄T 3
0

nx, ny number of cells in X and Y directions
p pressure, Pa
P dimensionless pressure, (p − p0/ρv2

0)
Pe Peclet number, =Re Pr
Pr Prandtl number, = ν/α
Qr dimensionless radiative wall heat flux
Qt dimensionless total wall heat flux
Ra Rayleigh number, =Gr Pr
Re Reynolds number, = ν0b/ν
T temperature, K
∆T temperature difference = Tw − T0
u, v velocity components in x and y directions,

respectively, ms−1

U, V dimensionless velocity components in X and Y
directions, respectively: = ub/v, = v/v0

Vc dimensionless axial centre-line velocity
w weighting factor
x, y coordinates in Cartesian system, m
X, Y dimensionless coordinates in Cartesian system:

= x/b, = y/bRe

Greek symbols

α thermal diffusivity, m2 s−1

β thermal expansion coefficient, K−1

ε wall emissivity
θ dimensionless temperature,

= (T − T0)/(Tw − T0)
θb bulk temperature, =

 1
0 VθdX

µ, ξ direction cosines
ν kinematic viscosity, m2 s−1

ρ density, kg m−3

σ scattering coefficient, m−1

σ̄ Stefan–Boltzmann constant, 5.6697 × 10−8

Wm−2 K−4

τ optical thickness, = Kb
ω scattering albedo, σ/K
Ω solid angle, sr
ϕ phase function

Subscripts

m,m′ ordinate direction
0 inlet value
c centre-line
x, y coordinates directions in Cartesian system
that a reasonably short computational time is required to yield
quite accurate solutions. Baek and Lee [10] then studied an
unsteady two-phase radiation combined with conduction in
a two-dimensional rectangular enclosure. They have used the
DOM to solve the RTE, while the Finite Volume Method (FVM)
is employed to resolve the energy equations for gas and parti-
cles. They have investigated the effects of particle and total ab-
sorption, extinction coefficient and wall emissivity on the time
required to reach the steady-state condition. Conclusively, all
these works have confirmed that the DOM has an acceptable
capability to model the participating medium condition in ra-
diation problems.

Meanwhile, studies addressing combined multi-mode heat
transfer are relatively scarce. Combined thermal radiation
and laminar forced convection with axial conduction and
axial radiation in a circular pipe has been investigated by
Yang and Ebadian [11]. They have modeled thermal radiation
by the method of moments. Their study has demonstrated
that the Peclet number is the first important parameter
when considering the effects of axial conduction and axial
radiation. Also, axial thermal radiation can safely be neglected
when Pe × N > 50. Yan and Li [12], numerically, and
Krishnan et al. [13], experimentally, presented the effect of
radiation on mixed convection heat transfer in vertical ducts.
Combined mixed convection and radiation of an absorbing,
emitting and scattering fluid in an inclined square duct has
been investigated by Yan and Li [14], reporting that axial
distributions of the fanning friction coefficient and Nusselt
number are characterized by a drop near the duct inlet, due to
the entrance effect. However, the decay is attenuated by the
onset of secondary flow. Also, they have found that when the
effect of radiation gets stronger, the extent of enhancement
in the Nusselt number increases with a decrease in the
conduction–radiation parameter.

Coupled convection–radiation heat transfer through parallel
plates, with both heated and cooled walls, has been carried
out by Talukdar and Simonson [15]. They have considered
the flow as hydrodynamically and thermally developing, and
reported that the axial radiation has a significant effect on the
flow and thermal fields. Moreover, by assuming the flow as
hydrodynamically developed, it can just reduce computing time
and does not have a significant effect on results. Also, they
have illustrated the effects of the extinction coefficient and
wall emissivity on the Nusselt number and bulk temperature.
Rao [16] has studied numerically the interaction of surface
radiation with conduction and convection in a vertical channel
with multiple discrete heat sources. The effect of Gr/Re on
mixed convection and combined mixed convection–radiation
heat transfer within a vertical channel, with variable wall
temperature, has been investigated by Bazdidi-Tehrani and
Nezamabadi [17]. They also solved the RTE using the DOM,
adopting its S4 quadrature scheme. They have reported that in
the combined mixed convection–radiation case, the lower the
ratio of Gr/Re, the less the variations of axial centre-line velocity
from the beginning up to the end of the channel, and the more
rapidly the fully developed flow will be attained.

Neither of the above works has paid attention distinctively
to the occurrence of flow reversal. For a heated vertical chan-
nel, when the buoyancy parameter becomes large, the heated
buoyant flow along the side wall becomes substantial. Depend-
ing upon the direction of themainstream, the buoyant flowmay
cause different kinds of flow reversal, which can change the en-
tire flow characteristics and enhance heat transfer in different
manners. Flow reversal, as a significant phenomenon in ducts,
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is conducted by some researchers [18–20]. Barletta [21,22] an-
alytically investigated this phenomenon occurring under the
fully developed conditions for mixed convection in a vertical
duct. He has also analyzed flow reversal affected by a choice
of boundary conditions, showing that it takes place near the
cold wall, while the walls are heated asymmetrically. Ingham
et al. [23] have studied numerically the occurrence of flow
reversal for mixed convection in vertical and ducts with no
consideration of radiation. Furthermore, Desrayaud and Lau-
riat [24] have numerically demonstrated the occurrence of flow
reversal in laminarmixed convection flow in the entry region of
symmetrically heated walls, and they have displayed that the
vertical channel length has no influence on the occurrence of
reversed flow when L/D > 10.

Radiative parameters also have a significant role to play
in the occurrence of flow reversal in mixed convective flows.
Bazdidi-Tehrani and Shahini [25] investigated numerically
the effects of two radiative parameters, namely, the con-
duction–radiation parameter and optical thickness, on the
occurrence of flow reversal within a vertical constant wall tem-
perature channel. Their results have displayed that when the
radiation effects increase, the occurrence of flow reversal is
postponed to the higher values of Gr/Re.

As mentioned above, the influence of extinction coefficient,
K , on flow and thermal fields, particularly on the Nusselt
number and bulk temperature, has been presented by Talukdar
and Simonson [15]. They have assumed that while K alters
the other radiative parameters, N and τ are not constant.
Therefore, the effects of radiative properties, such as absorbing
and scattering, on the flow and thermal fields have not been
made distinctively clear. However, scattering albedo,ω, is based
on the absorption coefficient and scattering coefficient, each
of which has its own particular effect on the RTE. In previous
studies, the effects of these two parameters have not been
addressed separately. This has motivated the present work
to pay particular attention to the effects of absorption and
scattering coefficients on the flow and thermal fields and in
particular on the occurrence of flow reversal.

In addition, in mixed convection, the occurrence of reversed
flow increases the amount of heat transfer between the
mainstream and walls [24]. On the other hand, it causes a
growth in the fanning friction coefficient [26]. Hence, this issue
should be particularly noticed in order to find the optimum
design in a practical design situation. Even though the effect of
radiation parameters, such as K and ε, on the Nusselt number
and bulk temperature has received attention recently [15], the
influence of the presence of both thermal radiation and flow
reversal on the fanning friction coefficient in mixed convection
flows has drawn no attention. Hence, it will be addressed in
detail in the present work.

In continuation of previous work [25], the objective of the
present paper is to deal with the numerical analysis of a
combined mixed convection–radiation heat transfer problem
within symmetrically heated vertical parallel plates, where the
radiation effects (i.e., emitting, scattering and absorbing) have
been considered both for walls and the participating medium.
Thus, a home-made CFD code is developed to investigate the
influence of two radiative parameters, namely, wall emissivity,
ε, and scattering albedo, ω, while the extinction coefficient
is kept either constant or not (i.e., K varies by changing
the scattering coefficient, and it represents the reality of
ω variations, which is not addressed in the previous work
of [12,15]) on the occurrence of flow reversal, fanning friction
coefficient, flow and thermal fields extensively.
Figure 1: Schematic view of the vertical parallel-plates channel and the
boundary conditions.

2. Mathematical formulation and calculation procedure

The physical model and boundary conditions under consid-
eration, as illustrated in Figure 1, consist of a two-dimensional
channel of width, b. Channel walls, as two vertical parallel
plates, are maintained at a temperature, Tw , greater than the
temperature, T0, of the inlet fluid. The channel is open at both
ends and the fluid entering from the bottom has uniform v0.
The flow is both thermally and hydrodynamically developing.
The working fluid is taken to be air, with constant Pr = 0.71,
and the flow is assumed to be incompressible, laminar and two-
dimensional. Also, viscous dissipation is regarded as negligible.

The axial conductive heat transfer in the channel walls is
neglected. All thermodynamic properties of the fluid are taken
as constant, except the density in the buoyancy term in the
y-momentum equation. The variation of density follows the
Boussinesq approximation [1], as follows:

ρ = ρ0[1 − β(T − T0)]. (1)

The channel walls are considered as diffuse-gray surfaces, and
the inlet and outlet of the channel are assumed as imaginary
surfaces, with ε = 1. The participating medium is assumed as
Newtonian, incompressible and gray, comprising all the radia-
tive properties (i.e., absorbing, emitting, and scattering), where
the scattering is isotropic and the phase function (ϕ) is assumed
to be 1.

For the numerical solution of equations, first the following
dimensionless parameters are defined:

X = x/b, Y = y/b Re, U = ub/υ0,

V = v/v0, θ = (T − T0)/(Tw − T0),
∆T = Tw − T0, P = (p − p0)/ρv2

0,

Re = v0b/υ, Gr = gβ∆Tb3/υ2,

Pr = υ/α, I = i/σ̄T 4
0 , N = kK/4σ̄T 3

0 ,

ω = σ/K , τ = Kb, K = a + σ . (2)

The governing equations and boundary conditions are ex-
pressed in a dimensionless form as follows:

conservation of mass:

∂U
∂X

+
∂V
∂Y

= 0, (3)
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conservation of transverse and axial momentum:

U
∂U
∂X

+ V
∂U
∂Y

= −Re2
∂P
∂X

+
∂2U
∂X2

+
1

Re2
∂2U
∂Y 2

, (4)

U
∂V
∂X

+ V
∂V
∂Y

= −
∂P
∂Y

+
∂2V
∂X2

+
1

Re2
∂2V
∂Y 2

+
Gr
Re

θ, (5)

conservation of energy:

U
∂θ

∂X
+ V

∂θ

∂Y
=

1
Pr


∂2θ

∂X2
+

1
Re2

∂2θ

∂Y 2
+ Sr


, (6)

µ
∂ I
∂X

+ ξ
1
Re

∂ I
∂Y

= −τ I +
τ

4π


4(1 − ω)


T
T0

4

+ ω

∫ 4π

0
IdΩ


. (7)

The last term in Eq. (6) signifies the radiative energy source,
which is obtained from the Radiative Transfer Equation
(RTE) [27], as presented by Eq. (7). The three right-hand-side
terms represent the changes in intensity, due to absorption and
out-scattering, emission and in-scattering, consecutively. The
Re parameter is produced in the process of the nondimension-
alization of governing equations.

The boundary conditions for the present problem are
defined as follows:

At 0 < X < 1, Y = 0:
U = 0, V = 1, θ = 0, ε = 1,

At X = 0, Y > 0 :

U = 0, V = 0, θ = 1, 0 ≤ ε ≤ 1,
At X = 1, Y > 0 :

U = 0, V = 0, θ = 1, 0 ≤ ε ≤ 1,
At 0 < X < 1, Y = L/b Re:
P = 0, ∂θ/∂Y = 0, ε = 1. (8)

In the present work, the radiative transfer equation (7) is solved
by using the Discrete Ordinates Method (DOM), adopting its S6
quadrature scheme [7]. This method is described, in detail, by
Siegel and Howell [27]. The solid angle, 4π , is discretized over
a finite number of directions and the RTE is applied to these
directions, with the integral term replaced by a quadrature. The
discrete ordinates representation of the RTE is:

µm
∂ Im
∂X

+ ξm
1
Re

∂ Im
∂Y

= −τ Im +
τ

4π

4(1 − ω)


T
T0

4

+ ω
−

µm′<0

µm′wm′ Im′

 .

(9)

Boundary conditions for the RTE:

Left wall µm > 0,

Im = ε +
1 − ε

π

−
µm′<0

wm′ |µm′ | Im′ ,

Right wall µm < 0,

Im = ε +
1 − ε

π

−
µm′>0

wm′µm′ Im′ ,

Inlet Im = 1,
Outlet Im = 1. (10)
In the above equations, the values, m and m′, denote outgoing
and incoming directions, respectively; w is a weighing factor,
and ε is the wall emissivity assumed to be unity for both walls.

The finite volume-based finite difference method, together
with the well-known SIMPLE algorithm of Patankar [28], is
employed for solving the simultaneous governing equations
(3)–(6), along with the relevant boundary conditions. The
radiative transfer equation is integrated over a 2D control
volume, and tomake the relation between boundary intensities
and upstream nodal intensities, the step scheme [27] is used.

The Grashof number to Reynolds number ratio, Gr/Re, is one
effective parameter in the study of mixed convective flows,
which has been widely used previously [17–25]. Also, it has
been found that the flow reversal takes place when Gr/Re
surpasses a threshold value. Consequently, this ratio is used
as a flow parameter to particularly investigate the occurrence
regime of flow reversal corresponding to radiative parameters.
Gr/Re usually varies between 400 and 2000, and this is a
safe range to study the onset of flow reversal presently under
investigation.

2.1. Grid sensitivity analysis

To ensure the independence of the present grid points, a
test is made on the grids in the transverse and axial step size.
Grids are arranged to be uniform in the axial direction but non-
uniformly distributed in the transverse direction, because of
wall effects imposed by velocity and thermal boundary layers.

In order to show that the present results are independent of
mesh size, eight different mesh sizes are examined, as depicted
in Table 1. By approaching the reference grid size (i.e. 23 ×

152) from lower and higher levels in both stream-wise and
transverse directions, it is observed that the percentage of
deviations in the centre-line velocity and temperature descend,
and when one moves far from the reference grid size, a
significant difference between the results is obtained. Hence,
the mesh size of 23 × 152 is regarded as the optimum and is
adopted throughout the present study. For the solution of RTE,
the same mesh sizes are adopted and there is no need to create
new meshes.

Eqs. (3)–(8) are solved through an iterative procedure. The
relevant convergence criteria presently employed are defined
as follows:

max
Vi+1 − Vi

Vi

 < 5 ∗ 10−7,

max
θi+1 − θi

θi

 < 5 ∗ 10−7, (11)

where i and i+1 denote two successive iterations in the solving
procedure.

3. Results and discussion

In the present work, the influence of two radiative
parameters, namely, wall emissivity, ε, and scattering albedo,
w, while the extinction coefficient is kept either constant or not,
on the occurrence of flow reversal, fanning friction coefficient,
flow and thermal fields, is studied.

3.1. Numerical model validation

To validate the accuracy of the present numerical model,
two direct comparisons are made between the present data
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Table 1: Comparison of centre-line velocity and temperature at Y = 0.2 for various grids (Gr/Re = 1000, N = 0.4, τ = 0.25,
ω = 0.5, ε = 0.5).

Number nx × ny Vc Deviation from Ref. grid (%) θc Deviation from Ref. grid (%)

1 23 × 76 1.032739821 1.15 0.933571138 0.52
2 23 × 100 1.036834836 0.76 0.935704498 0.3
3 23 × 152 1.044829547 – 0.938482278 –
4 23 × 200 1.031026304 1.32 0.937356116 0.12
5 23 × 300 1.003051937 4 0.940653364 0.23
6 33 × 152 1.017663978 2.6 0.940359242 0.2
7 43 × 152 1.014529490 2.9 0.940453091 0.21
8 43 × 350 1.012439831 3.1 0.940546939 0.22
Figure 2: Variation of axial centre-line velocity with channel height for three
values of channel width, D.

and those available in the literature. Firstly, the streamwise
variation of the centre-line axial velocity versus the duct height
(see Figure 2) is compared with the finite volume solution
related to the flow reversal of laminar mixed convection in the
entry region of symmetrically heated vertical plate channels,
as presented by Desrayaud and Lauriat [24]. Comparisons are
carried out at Re = 300 and L/D = 50 for three values of
Gr as 4.71 × 104, 1.6 × 105 and 3.77 × 105, corresponding to
channel width, D, equal to 0.02, 0.03 and 0.04 m, respectively.
It can be seen that the present results agree well with those
available from Ref. [24] and the overall deviation is less than 4%
on average. Furthermore, it is clear that the flow reversal takes
place when Gr increases with a growth of D.

Secondly, to verify the present subroutine developed for
solving the RTE, the DOM is applied to a two-dimensional
rectangular enclosure with black walls containing an absorbing
and emitting medium. The left wall temperature is kept
constant at T = 1000 K and the others are at T = 500 K (τ = 1,
ω = 0, ε = 1, N = 0.001, 0.01 and 1). Figure 3 represents the
temperature variations of the working fluid with X at the mid-
plane (Y = 0.5) for various conduction–radiation parameters,
N , and the present results are compared with those of Kim and
Baek [9] and Baek and Lee [10]. Although there is a difference,
particularly for N = 1 at 0.4 < X < 0.8, the agreement is
acceptable and the overall deviation is less than 7% on average.

The present results are illustrated as the profiles of centre-
line velocity, streamlines, the occurrence regime of flow
reversal, fanning friction coefficient, radiative and total wall
heat fluxes and bulk temperature for various values of the
radiative parameters in the following sections. The parameters
that are kept fixed are: T0

∆T =
1
2 , Pr = 0.71 and L

b = 14.
Figure 3: Comparison of mid-plane temperature profiles (Y = 0.5) for various
conduction–radiation parameters, N .

The local and averaged fanning friction coefficients are
defined as in Eq. (12).

f Re = 2
∂U
∂Y


x=0

, f̄ Re =
2
A

∫ A

0

∂U
∂Y


x=0

dX . (12)

The non-dimensional forms of Qr and Qt , the latter comprising
both conduction and radiation modes, are defined as follows:

Qr =

−
m′

µm′ωm′ Im′ , (13)

and:

Qt = Qr −
4
Nτ

∆T
T0

∂θ

∂X


x=0

. (14)

The bulk temperature, θb, is defined by Eq. (15):

θb =

∫ 1

0
VθdX . (15)

3.2. Variation of wall emissivity, ε

One of the most important parameters in radiation heat
transfer is emissivity, ε. Among all radiative properties in a
channel, ε belongs to the walls, and the rest (N , τ and ω) are
for the participating medium. It specifies how well a real body
radiates energy, as comparedwith a black body.Wall emissivity
varies between 0 and 1. A larger value of ε indicates a larger
radiative heat flux, which is emitted by thewalls, which behave
like a black body when ε = 1. Increasing ε means a greater
effect of radiation mode on thermal and flow fields. In this
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Figure 4: Variations of axial centre-line velocity with channel height for
various values of ε.

section, the effect of wall emissivity is investigated under the
following typical assumptions of Gr/Re = 1000, N = 0.4,
τ = 0.25 and ω = 0.5.

According to Figure 4, at the channel entrance (0.03 < Y <
0.06) near the wall, due to the presence of the buoyancy force,
axial velocity is enhanced. Since the flow rate at any cross sec-
tion is constant, satisfying the mass conservation law, the ve-
locity at the centre of the channel is a minimum. Under special
circumstances, the axial velocity becomes negative, which is re-
garded as ‘flow reversal’. This phenomenon is discussed, in de-
tail, in the following parts. One of the parameters employed to
show this phenomenon is the centre-line velocity. In Figure 4,
the influence of ε on the centre-line velocity, at constant Gr/Re,
is presented. It can be observed that for the no radiation condi-
tion, including ε = 0 and when ε = 0.12, the centre-line ve-
locity is negative at the channel entrance region. It means that
flow reversal occurs and the fluid is rotating at the centre of the
channel. Another noticeable point is that when ε increases to-
wards 1 (i.e., as the effect of radiation increases), the profile of
the centre-line velocity approaches its fully developed condi-
tion more rapidly.

Figure 5 depicts the streamlines for various values of ε, in
the range of 0–1. In line with the above-mentioned statement,
streamlines demonstrate that when the radiation effects are
negligible or they have aminor effect (ε ≤ 0.12), a recirculation
cell is observed at the centre-line near the entrance of the
channel, which is because of a moderate difference between
wall and inlet flow temperatures. This difference creates a large
buoyancy force in the vicinity of the walls, which accelerates
flow in the upward direction. When this acceleration is
high, the centre-line velocity force is negative and hence the
recirculation cell is produced and the streamlines are squeezed
near the wall.

Also, when the radiation effects grow by increasing ε (ε ≥

0.5), mixed convection loses its power, since the radiation
makes a uniform temperature distribution across the channel
width. As a result, while ε reaches 0.5, the shape of cells is
changed, although the size of the recirculation region is reduced
and is finally vanished. After that,when ε increases to 1, stream-
lines do not undergo a considerable change. In Figure 5a, where
ε = 0, recirculation cells have their largest size and, when
ε ≥ 0.5 (Figure 5c and d), the recirculation cell is completely
vanished.
Figure 5: Streamlines for various values of ε. (a) ε = 0; (b) ε = 0.12;
(c) ε = 0.5; and (d) ε = 1.

As discussed in past literature, natural convection always
increases the rate of heat transfer and hence mixed convection
has a higher thermal efficiency in comparison with forced
convection in the same range of Re [12,24]. In addition, it
should be noticed that although the Nusselt number is an
important parameter in the evaluation of a thermal system, it is
unjust to neglect the effects of the fanning friction coefficient in
practical design situations. Radiation mode increases the value
of the bulk temperature, although it makes the temperature
distribution uniformly across the channel width [25], meaning
that the effect of the buoyancy force reduces by the growth
of radiative effects. Since the fanning friction coefficient is
related to the flow field, which is moderately affected by
the buoyancy force in mixed convective flows, this opposite
treatment of radiation and natural convection concerning the
fanning friction coefficient contains some interesting points,
which are presented in the following parts. Therefore, in
the present study, variation of this parameter is evaluated
for various values of the radiation parameters, namely, wall
emissivity and scattering albedo.

Figure 6 illustrates the variation of fanning friction coeffi-
cient, f Re, with the channel height, for a wide range of ε. The
linear sharp drop in f Re at the entrance section of the channel
is due to the developing hydrodynamic and thermal boundary
layers. It then increases slightly, reaching a peak, and then again
decreases exponentially until it approaches a constant value
(=11.918) under the fully developed condition. The value of
11.918 refers to the pure forced convection flow. The fanning
friction coefficient in both mixed and forced convective flows
reaches a constant value under the fully developed conditions.

Clearly, in the mixed convection flow, f Re has a larger
value as compared with the pure forced convection [12,14,22].
Although this coefficient is reduced by increasing the radia-
tion effects, it never reaches the range of pure forced convec-
tion [12,14]. According to Figure 6, after a sharp decrease at the
entrance region, f Re reaches a peak, which refers to the squeez-
ing of streamlines to the walls (see Figure 5a and b). It means
that flow reversal makes this coefficient larger than before [26]
and the radiation mode not only raises the rate of heat transfer
but also reduces the fanning friction coefficient [12,14].
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Figure 6: Variation of fanning friction coefficient with channel height for
various values of ε.

Figure 7: Flow reversal occurrence regime (N = 0.4, ω = 0.5, ε = 0.5).

Figure 7 shows the effect of wall emissivity on the
occurrence of flow reversal for a wide range of Gr/Re, while
the other radiation parameters are fixed. The bold symbols
represent the conditions at which flow reversal happens. It
is observed that as ε increases, the threshold value of Gr/Re
for flow reversal occurrence increases from approximately 700
to 1200. It demonstrates the significant influence of radiation
on the distribution of heat energy through the channel, which
results in avoiding an occurrence of flow reversal. It should,
however, be noticed that there is no linear relationship for the
whole range of ε. For instance, as ε increases from 0 to 0.5,
the value of critical Gr/Re changes approximately from 700 to
1100, and when ε rises from 0.5 to 1, it just changes from 1100
to 1200.

Figure 8 illustrates the variations of radiative and total wall
heat fluxes, Qr and Qt , versus the channel height for various
values of ε and at a fixed Gr/Re =1000. For the total heat flux,
the condition of no radiation is also displayed. It should be
mentioned that Qr is obtained by the summation of incoming
and outgoing radiative wall heat fluxes. The radiative flux that
reaches the wall from the inlet surface, outlet surface, opposite
wall and fluid is considered as the incoming flux, and the
radiative flux emitted and reflected from the wall is considered
as the outgoing flux. For all values of ε, at a height greater than
Y = 0.75, Qr is almost zero, which implies the equality of the
incoming and outgoing radiative heat fluxes. It is shown that
the radiative and total heat fluxes are affected by the variation
of ε. Also, there is a considerable change in Qr when ε varies
from 0 to 0.5, and this change is not however noticeable as ε
alters from 0.5 to 1. As a result, there is no linear relationship
between the occurrence of flow reversal and variation of ε for
the whole range of ε.

Figure 8 also implies that for all values of ε, Qt is greater
than Qr , due to the addition of the conduction heat flux to
the radiation flux. At the entrance region of the channel, due
to the steep gradient of the temperature near the wall, the
conduction heat flux is significantly greater than the other
sections throughout the channel wall and thus the difference
between Qt and Qr is remarkable.

Figure 9 shows the variations of bulk temperature with the
channel height for various values of ε, including the no radiation
condition. When the radiation mode is stronger, the bulk
temperature reaches its maximum value rapidly. It means that
as ε increases, the fluid flow reaches its thermally developed
state more rapidly. This is because the radiation is an extra
mode of heat transfer that makes the energy more distributed.

3.3. Variation of scattering albedo, ω

Scattering albedo is a known variable in radiation heat
transfer. Scattering is the redirection of radiation by the
interaction with particles or molecules within the medium.
Scattering albedo represents the ability of scattering to
attenuate the intensity of radiation [27] (see Eq. (7)). In the
present work, the variation of ω in the range of 0 to 1 is
investigated, while the conduction–radiation parameter, N , is
constant. Therefore, we have two choices: the first one is a
constant extinction coefficient, K , and the second is a variable
extinction coefficient.

Scattering coefficient, σ , may be varied to change the value
ofω, while K is constant (i.e., a+σ = constant) and the absorp-
tion coefficient, a, has to alter. In this case, optical thickness, τ , is
kept fixed (i.e., τ = 0.25). For instance, when σ increases, a has
to reduce and therefore the medium absorbs less energy from
the radiative heat flux. The outcome of this process is discussed
in the following parts. As for the second choice, a does not need
to vary and is kept constant. In this situation, τ varies between
0.125 and 0.5, giving the following values for ω: ω = 0 and
τ = 0.125, ω = 0.5 and τ = 0.25 and ω = 0.75 and τ = 0.5.
The effects of τ variation have been discussed previously [25].

By assuming constant K , a larger value of ω is resulted,
meaning that a higher amount of radiation is scattered and
only a little passes through the medium. Also, less energy is
absorbed by the medium. Hence, the radiation mode is not so
effective. Also, when ω is 0, the participating medium does
not decrease radiation effects. Although ω varies between 0
and 1, significant effects take place in the larger values. This
is discussed further in the following sections. However, for
the variable K condition, the treatment of radiation is changed
entirely and, in the present study, the variations are shown in
detail. In this section, the effect of scattering albedo is studied
under the assumptions of Gr/Re = 1000, N = 0.4 and ε = 0.5.

Figure 10 depicts the present variations of axial centre-line
velocity with channel height, for different values of ω, at a
constant Gr/Re. For the constant K condition, as ω increases
toward 1, the minimum centre-line velocity lessens, so that for
ω = 0.75 and also for the no radiation condition of ω = 1,
flow reversal takes place.When K is not constant, reversed flow
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Figure 8: Variations of radiative and total wall heat fluxes with channel height for various values of ε.
Figure 9: Variation of bulk temperature with channel height for various values
of ε.

occurs at both ω = 0 and ω = 1. Also, it can be seen from
Figure 10a that the effect of radiation increases when ω grows
from 0 to 0.75, and the minimum centre-line velocity increases
during this change. This is due to the fact thatwith an increase in
K , by an increase of σ , the influence of radiation as an additional
mode is enhanced, and the radiation flux can reach the centre-
line of the channel.

Figure 11 demonstrates the streamlines for various values of
ω at a constant Gr/Re. For the constant K (left column), for the
lowest value of ω = 0, implying that the radiation is effective,
energy is more distributed through the medium and the results
show no recirculation region. Also, streamlines indicate that
when the radiation effects are neglected or of a minor effect,
such as for ω = 0.75 and 1, a recirculation cell is observed at
the centre-line near the entrance of the channel. For the variable
K condition (right column), as discussed in Figure 10 for the
centre-line velocity, the presence of the radiation mode alters
the shape of the recirculation region and reduces the cells size
when ω is increased from 0 to 0.75. After that, the recirculation
region is produced again for the no radiation condition ofω = 1
and the flow reversal takes place. It can be concluded that the
influence of scattering albedo on the occurrence of flow reversal
for the constant K condition is not similar to the variable K .

Figure 12 shows the variation of fanning friction coefficient,
f Re, with the channel height for a wide range of ω. The
overall trends for both constant K and variable K conditions
are the same, which is quite similar to the variation of f Re for
various values of ε, as discussed previously in Figure 6. The
interesting behavior is the slight increase, which is the result of
the buoyancy force squeezing the streamlines to the walls. For
Figure 10: Variations of axial centre-line velocity with channel height for various values of ω; (a) K is constant, τ = 0.25; and (b) K is variable, 0.125 ≤ τ ≤ 0.5.
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Figure 11: Streamlines for various values of ω; Left column: K is constant, τ = 0.25 and Right column: K is variable, 0.125 ≤ τ ≤ 0.5.
Figure 12: Variation of fanning friction coefficient with channel height for various values of ω. (a) K is constant, τ = 0.25; and (b) K is variable, 0.125 ≤ τ ≤ 0.5.
constant K , f Re is reduced by a decrease of scattering albedo
due to the reduction of the buoyancy force effect. For variable
K , it is observed that while scattering coefficient, σ , increases,
f Re decreases for 0 ≤ ω ≤ 0.75 and then increases for 0.75 <

ω ≤ 1 reaching its peak.
Figure 13 depicts the influence of ω variations on the

occurrence regime of flow reversal for a wide range of Gr/Re,
while the conduction–radiation parameter, N , is constant.
The bold symbols represent the conditions under which flow
reversal occurs. From Figure 13a, as ω decreases, the threshold
value of Gr/Re for flow reversal occurrence increases, when K
is constant. It demonstrates the significant effect of radiation
on the distribution of heat energy through the channel, which
results in avoiding the occurrence of flow reversal. For the
variable K condition (Figure 13b), the behavior is on the
contrary. That is as ω decreases from 0.75 to 0, the occurrence
of reversed flow takes place in smaller Gr/Re. Also, while ω

increases from 0.75 to 1, the threshold value of Gr/Re is reduced
moderately from 1300 to 700.
Figure 14 represents the radiative and total wall heat fluxes,
Qr and Qt , along the channel height for various values of ω. For
all values of ω at a height greater than Y = 0.6, Qr and Qt are
approximately zero, meaning that equality exists between the
incoming and outgoing radiative and total heat fluxes. When K
is constant, for all values ofω, the radiative and total heat fluxes
are generally the same and do not change by any variation
of ω. This is because when ω varies between 0 and 1, σ is
changed. But it should be noticed that a has to be changed to
keep N as a constant parameter. Therefore, when scattering
increases, absorption decreases too, and vice versa. Thus, Qr
does not change for various values ofω. For variableK , Figure 14
indicates a slight growth in Qr and also a moderate increase in
Qt as ω is reduced from 1 to 0. This is due to the fact that with
an increase in ω, the effect of radiation as an additional mode is
decreased and less transfer of energy occurs between the fluid
and the walls.

Figure 15 represents the variations of bulk temperature
along the channel height for different values of ω and for a con-
stant Gr/Re. The results for the no radiation condition (ω = 1)
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Figure 13: Flow reversal occurrence regime. (a) K is constant, τ = 0.25, and (b) K is variable, 0.125 ≤ τ ≤ 0.5 (N = 0.4, ε = 0.5).
Figure 14: Variations of radiative and total wall heat fluxes with channel height for various values ω. (a) K is constant, τ = 0.25; and (b) K is variable,
0.125 ≤ τ ≤ 0.5.
illustrate that there is a slight growth in the variation of bulk
temperature, as compared with the case of ω = 0. Moreover,
for lower values ofω, the bulk temperature approaches itsmax-
imum more rapidly. It means that with a decrease in ω, similar
to the increase in ε presented in Figure 9, the fluid flow reaches
its thermally developed state more quickly.

4. Conclusions

The main objective of the present work is to investigate
the influence of two important radiative parameters, namely,
scattering albedo and wall emissivity, on the occurrence of
buoyancy-assisted flow reversal, flow and thermal fields. The
main points may be concluded as follows:

1. As ε increases, fluid flow reaches its hydrodynamically and
thermally developed state more rapidly. Also, it causes the
fanning friction coefficient to have a lower value.

2. The radiative wall heat flux and total heat flux are
significantly affected, while ε varies between 0 and 0.5. As ε
increases, the bulk temperature increases more quickly and
reaches the wall temperature.
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Figure 15: Variation of bulk temperature with channel height for various values of ω. (a) K is constant, τ = 0.25; and (b) K is variable, 0.125 ≤ τ ≤ 0.5.
3. Occurrence of flow reversal is delayed to higher values of
Gr/Re, with an increase of ε in the range of 0 ≤ ε ≤ 1, and
this is more distinct when ε varies from 0 to 0.5.

4. Except ω = 1, denoting the no radiation condition, as scat-
tering albedo varies between 0 and 0.75, radiation effects on
the flow and thermal fields for the constant and variable ex-
tinction coefficient are entirely opposite.

5. For constant K , as ω decreases from 0.75 to 0, fluid flow
reaches its hydrodynamically and thermally developed state
more rapidly. Also, the bulk temperature increases more
quickly and reaches the wall temperature. Moreover, f Re is
reduced by a decrease inω, due to the reduction of the buoy-
ancy force effect. For variable K , all these are entirely oppo-
site.

6. The radiative wall heat flux is not considerably affected by
the variation of ω when K is constant. However, for variable
K , as ω decreases, it increases slightly. Also, at the entrance
region of the channel, the total heat flux is greater than that
for constant K , especially for lower values of ω.

7. Except ω = 1, the occurrence of flow reversal is postponed
to higher values of Gr/Re, with an increase of ω, while K
is variable. But for the constant K condition, the threshold
value of Gr/Re falls with a rise in ω.
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