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Abstract

In the current study, a numerical investigation of three-dimensional combined convection-radia-
tion heat transfer over an inclined forward facing step (FFS) in a horizontal rectangular duct is
presented. The fluid is treated as a gray, absorbing, emitting and scattering medium. To simulate
the incline surface of FFS, the blocked-off method is employed in this study. The set of governing
equations for gas flow are solved numerically using the CFD technique to obtain the temperature
and velocity fields. Since the gas is considered as a radiating medium, all of the convection, con-
duction and radiation heat transfer mechanisms are presented in the energy equation. For com-
putation of radiative term in energy equation, the radiative transfer equation (RTE) is solved nu-
merically by the discrete ordinates method (DOM) to find the divergence of radiative heat flux
distribution inside the radiating medium. The effects of optical thickness, radiation-conduction
parameter and albedo coefficient on heat transfer behavior of the system are carried out.
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1. Introduction

Forced convection flow over a backward or forward facing step in a three-dimensional channel is widely en-
countered in engineering applications. These geometries are important in industrial studies. In these types of
convection flow, separating and reattaching regions exist because of the sudden changes in flow geometry. Se-
paration flows accompanied with heat transfer are frequently encountered in many systems, such as cooling of
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electronic systems, power generating equipments, gas turbine blades, heat exchangers, combustion chamber and
ducts flows used in industrial applications. In some of the mentioned advices, specially, when soot particles exist
in the combustion product, the radiation effect may be important. Besides, the trend toward increasing tempera-
ture in modern technological systems has promoted concerted effort to develop more comprehensive and accu-
rate theoretical methods to treat radiation. Therefore, for having more accurate and reliable results in the analy-
sis of these types of flow, the flowing gas must be considered as a radiating medium and all of the heat transfer
mechanisms including convection, conduction and radiation, must be taken into account. The flow over back-
ward facing step (BFS) or forward facing step (FFS) has the most features of separated flows. Although the
geometry of BFS or FFS flow is very simple, the heat transfer and fluid flow over these types of step contain
most of complexities. Consequently, it has been used in the benchmark investigations. There are many studies
about laminar convection flow over BFS in a 2-D duct by several investigators [1]-[4]. Velocity measurements
were reported for three-dimensional laminar separated airflow adjacent to a backward-facing step using two-
component laser Doppler velocimeter by Armaly et al. [5]. The results showed some interesting flow behaviors
that could not be deduced from two-dimensional investigations. Beaudoin et al. [6] studied three-dimensional
stationary structure of the flow over a backward-facing step experimentally. That study revealed that actually
three-region of the two-dimensional flow was potentially unstable through the centrifugal instability. Iwai et al.
[7] studied three-dimensional numerical simulation for flows over a backward-facing step at low Reynolds
number in order to investigate the effects of the duct aspect ratio. In that study, distribution patterns of both
Nusselt number and the skin friction coefficient on the bottom wall were paid. They reported that an aspect ratio
of as large as AR = 16 at least was needed to obtain a 2-D region at the mid-plane for Re = 250. In a numerical
research work by Nie and Armaly [8], distributions of wall temperature, Nusselt number and friction coefficient
on all of the bounding walls of laminar three-dimensional forced convection flow adjacent to backward-facing
step in a rectangular duct were reported. Beside of the above works, laminar convection flow over BFS in a 3-D
duct was studied by several investigators [9]-[ 1 1]. Although there are many research studies about BFS geome-
tries, the fluid flow with heat transfer over forward facing step (FFS) received less attention in comparison to the
convection flow over BFS. In a recent study, Bahrami and Gandjalikhan Nassab [12] analyzed the convection
flow over forward facing step in a duct to investigate the amount of entropy generation in this type of flow. A
review of research on laminar convection flow over backward and forward facing step was done by Abu-Mu-
laweh [13]. In that study, a comprehensive review of such flows which have been reported in several studies in
the open literature was presented. The purpose was to give a detailed summary of the effect of several parame-
ters such as step height, Reynolds number, Prandtl number and the buoyancy force on the flow and temperature
distributions downstream of the step. Also at different points of view, this geometry (FFS) was studied by sever-
al researchers [14] [15].

There are many engineering applications, in which the forward or backward-facing step is inclined. Simula-
tions of three-dimensional laminar forced convection adjacent to inclined backward-facing step in rectangular
duct were presented by Chen et al. [16] to examine the effects of step inclination on flow and heat transfer dis-
tributions. Velocity, temperature, Nusselt number and friction coefficient distributions were presented in that
study. The effects of step inclination angle on Nusselt number and friction coefficient distributions were showed
by plotting many figures. In a recent study, Gandjalikhan Nassab ef al. [17] studied the turbulent forced convec-
tion flow adjacent to inclined forward facing step in a duct. In that study, the Navier-Stokes and energy equa-
tions were solved in the computational domain by computational fluid dynamic (CFD) method using conformal
mapping technique. By this method, the effect of step inclination angle on flow and temperature distributions
was determined. In all of the mentioned studies, the effect of radiative heat transfer in fluid flow was not studied,
such that the gas energy equation only contains the convection and conduction terms. In a forced convection
problem, when the flowing gas behaves as a participating medium, its complex absorption, emission and scat-
tering introduce a considerable difficulty in the simulation of these flows. There are limited numbers of litera-
tures about the radiative transfer problems in convection flows with complex 2-D and 3-D geometries.

Bouali and Mezrhab [18] studied heat transfer by laminar forced convection with considering surface radia-
tion in a divided vertical channel with isotherm side walls. They found that the surface radiation has important
effect on the Nusselt number in convective flow with high Reynolds numbers. Azad and Modest [19] investi-
gated the problem of combined radiation and turbulent forced convection in absorbing, emitting and linearly
anisotropic scattering gas particulate flow through a circular tube.

Simulations of laminar forced convection flow of a radiating gas adjacent to backward and forward facing
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steps in two-dimensional ducts under different conditions were presented in several studies [20]-[23]. The re-
sults of these works show that the radiative parameters have great effects on the thermal behaviors of the con-
vective flow. In addition, 3-D numerical analysis of combined convection-radiation heat transfer over a BFS and
a recess in horizontal ducts were studied by several researchers [24]-[26].

The study of mixed convection heat transfer in 3-D horizontal and inclined ducts with considering radiation
effects has been numerically examined in detail by Chiu et al. [27] [28]. Those works were primarily focused on
the interaction of the thermal radiation with mixed convection for a gray fluid in rectangular ducts. The vortici-
ty-velocity method was employed to solve the three-dimensional Navier-Stokes equations while the integro-
differential radiative transfer equation was solved by the discrete ordinates method. Results revealed that radia-
tion effects have a considerable impact on the heat transfer and would reduce the thermal buoyancy effects. Be-
sides, it was revealed that the development of temperature was accelerated by the radiation effects.

Although there are limited studies about laminar forced convection flow of radiating gas over a BFS and FFS,
but base on the author’s knowledge, 3-D combined convection and radiation heat transfer over an inclined for-
ward-facing step in a duct, is still not studied by DOM and block-off method. Therefore, the present research
work deals the three-dimensional simulations of incompressible laminar forced convection flow of a radiating
gas over an inclined forward facing step in rectangular duct, while the well known DOM and block-off method
are employed to solve the radiation problem.

2. Problem Description

Three-dimensional combined convection and radiation heat transfer in a horizontal heated rectangular duct with
an inclined forward facing step is numerically simulated. Schematic of the computational domain is shown in
Figure 1. Fluid enters the duct with uniform velocity U, and uniform temperature 7;,. All of the duct’s walls
are kept at a constant temperature 7, which is greater than the fluid inlet temperature. The upstream and
downstream heights of the duct are H and A, respectively, such that this geometry provides the step height of s,
with contraction ratio (CR = h/H) of 0.5. The width of the duct is D with an aspect ratio of AR = D/h, which is
considered equal to 4 in the present computations. The upstream length of the duct is considered to be L; = 5SH
and the rest of the channel length is equal to L, = 15H. This is made to ensure that the flow at the inlet and outlet
sections is not affected significantly by the sudden changes in the geometry and flow at exit section becomes
fully developed. Also, the step inclination angle indicated by @ is considered to be 45° in all subsequent cal-
culations.

3. Basic Equation

For incompressible, steady and three-dimensional laminar flow, the governing equations are the conservations of
mass, momentum and energy that can be written as follows:
Ou Ov 0O
U vLoM_H (1)
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Figure 1. Schematic of computational domain.
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In the above equations, u, v and w are the velocity components in x-, y- and z-directions, respectively; o the
density; p the pressure; 7 the temperature; g the dynamic viscosity; c, the specific heat; x the thermal con-
ductivity and ¢, is the radiative flux vector.

The boundary conditions are treated as no slip condition at the solid walls (zero velocity) and constant tem-
perature of at all boundary surfaces. At the inlet duct section, the flow has uniform velocity of with uniform
temperature of 7;,, which is assumed to be lower than. At the outlet section, zero axial gradients for velocity
components and gas temperature are employed.

3.1. Gas Radiation Modeling

In the energy equation, besides the convective and conductive terms, the radiative term as the divergence of the
radiative heat flux, i.e. V-q, also presented. This radiative term can be computed as follow [29]:

V.q =0, (471[,) (r) —Lnl(r,s)dQ) (6)

In the above equation, [ (r,s) is the radiation intensity at the situation r and in the direction s and

is the black body radiation intensity where o, is the absorption coefficient. For calcula-

tion of V-g, , the radiation intensity field is primary needed. To obtain this term, it is necessary to solve the radia-
tive transfer equation. This equation for an absorbing, emitting and scattering gray medium can be expressed as [29]:

(s-V)I(r,8)=—=pI(r,s)+o,I,(r) +% [ 1(r,5)¢(s.s")dY %
(4 4n

where o, is the scattering coefficient; [ =0, + 0, is the extinction coefficient and ¢(s, s’) is the scattering

phase function for the radiation from incoming direction s’ and confined within the solid angle dQ’ to scat-

tered direction s confined within the solid angle dQ . In this study, the phase function is equal to unity be-

cause the assumption of isotropic scattering medium. The boundary condition for a diffusely emitting and re-
flecting gray wall is:

l-¢
I(r,,s)=¢,, (rw)+( ) I I(rw,s)|nw-s'|d§2' n,-s>0 ®)

w? w
T

n,-s'<0
in which &, is the wall emissivity; 1, (rw) is the black body radiation intensity at the temperature of the
boundary surface and n,, is the outward unit vector normal to the surface. Since, the RTE depends on the tem-

perature fields through the emission term 1, (rw), thus it must be solved simultaneously with overall energy

equation. RTE is an integro-differential equation that can be solved with discrete ordinates method.
In the DOM, Equation (7) is solved for a set of n different directions, s,, i=1,2,3,---,n and integrals over
solid angle are replaced by the numerical quadrature, that is,

[£(s)a@=Ym s (s) ©
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where w, are the quadrature weights associated with the directions s, . Thus, according to this method, Equa-
tion (7) is approximated by a set of n equations, as follows:

(sl..V)[(r,sl.):—ﬂ[(r,sl.)+0'alb(r)+Z-—SZn:I(r,sj)¢(sj,si)wj i=1,2,3,,n (10)
T Jj=1
subjected to the boundary conditions:

()= 2,0, () + 1= ) L 1{nos;)lm

Also V-q, isrepresented as:

J|w. n,-s >0 11

V-4, =0, (%(r)—il(r,s,-)w,-j (12)

At any arbitrary surface, heat flux may also be determined from the surface energy balance as:

o) =o. [, 2 1 a3

ny,-s;<0

In 3-D Cartesian coordinate system, Equation (10) becomes as follows [29]:

561 oI —+ﬂl B, i=1234n (14)
"oy
where
O .
= (=o)L, + 231 )o{ss ), 112300 as)

In fact S, is a shorthand for the radiative source function. In Equation (15), @ is the albedo coefficient,

o
defined as @ =—2

the following form for radiant intensity

[29]:

; _lSlALily, +n| ALy, +lu|ALily. + BYS,
g B+ G| Ay +[m| 4, [y, +|m

inwhich &, 7, and y, are the direction cosines for the direction s, and V is the element cell volume.

(16)

The details of the numerical solution of RTE by DOM were also described in the previous work by the second
author, in which the thermal characteristics of porous radiant burners were investigated [30].

For the radiative boundary conditions, the walls are assumed to emit and reflect diffusely with constant wall
emissivity, ¢, =0.8. In addition, the inlet and outlet sections are considered for radiative transfer as black
walls at the fluid temperatures in inlet and outlet sections, respectively.

3.2. Non-Dimensional Forms of the Governing Equations

In numerical solution of the set of governing equations including the continuity, momentum and energy, the fol-
lowing dimensionless parameters are used to obtain the non dimensional forms of these equations:

(X.Y,2)= (%% Ej UV, W)= (lll]

U'U U
. T-T T T
V_VW’P: pZ’ _ zn’glz in ’QZZi’
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The non-dimensional forms of the governing equations are as follows:

u v o as)
oxX oY oz

i UZ_LG_U +i UV_L@_U +i UW_LG_U :_6_P (19)
oX RedX ) oY Re oY ) 0Z Re 0Z oX

i UV_Lﬁ_V +i VZ_La_V +i VW_LO_V :_6_P (20)
oX RedX ) 0Y Re oY) o0Z Re 0Z oY
i UW_L@_W +£ VW_L@_W +i w? _Lﬁ_W 2_6_P @2n
oX Re 0X ) oY Re 0Y ) 0oZ Re 07 oz

o U@_Laﬁj+i V@_Lﬁ_e’jJri(W@_La_@
ox Pedx ) oy PedY) oz Pe 07

4 (22)
+T(1_a))—RC%{i[9+1J _ZI;W"] =0

Pe g\ 6

3.3. The Main Physical Quantities

The main physical quantities of interest in heat transfer study are the mean bulk temperature and Nusselt number.
The mean bulk temperature along the channel was calculated using the following equation:

(23)

In the combined convection-radiation heat transfer, the energy transport from the duct wall to the gas flow
depends on two related factors:
1. Fluid temperature gradient on the wall;
2. Rate of radiative heat exchange on boundary surface.

Therefore, total heat flux on the wall is the sum of convective and radiative heat fluxes such that

oT
qlzqc+qr:_k a_ +qr'
v

Therefore, the function of total Nusselt number (Nu, = k(th—H)] is the sum of local convective Nusselt
w M
number ( Nu, ), and local radiative Nusselt number ( Nu, ).

Total Nusselt numbers is given as follows [22]:

Nu, = Nu,_ + Nu, __ -1l o +RC’—91'62 : (24)
©,-0, dY,, 0, -0,
where
1
j@UdY
0, =% (25)
[udy
0

Equation (24) contains two parts. The first term on the right hand side represents the convective Nusselt
number, whereas the second term is the radiative Nusselt number. It should be considered that for pure convec-
tive hat transfer, total Nusselt number is equal to the convective one.
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4. Numerical Procedure

Finite difference forms of the continuity, momentum and energy equations ((18) to (22)) were obtained by inte-
grating over an elemental cell volume with staggered control volumes for the x-, y- and z- velocity components.
Other variables of interest were computed at the grid nodes.

The discretized forms of the governing equations were numerically solved by the SIMPLE algorithm of Pa-
tankar and Spalding [31]. Numerical solutions were obtained iteratively by the line-by-line method. Numerical
calculations were performed by writing a computer program in FORTRAN. Based on the result of grid tests for
obtaining the grid-independent solutions, six different meshes were used in the grid independence study. Nu-
merical solutions are obtained iteratively such that iterations are terminated when sum of the absolute residuals
is less than 10 for momentum and energy equations. But in the numerical solution of RTE, the maximum
difference between the radiative intensities computed during two consecutive iteration levels did not exceed
107 at each nodal point for the converged solution. By this numerical strategy, the velocity, temperature and
radiation intensity distributions inside the flow domain can be obtained. The corresponding maximum values of
convective and radiative Nusselt numbers along the centerline on the bottom wall are calculated and tabulated in
Table 1. As it is seen, a grid size of 360 x 36 X 36 can be chosen for obtaining the grid independent solution,
such that the subsequent numerical calculations are made based on this grid size. It should be mentioned that
near the top, bottom and step walls clustering is employed in the x- and y- directions for obtaining more accura-
cy in the numerical calculations. To simulate the incline surface in the computational domain, the blocked off
method is used in this study (see Figure 2). Also, for computation the divergence of radiative heat flux, which is
needed for the numerical solution of the energy equation by DOM, S, approximation has been used in this study.

11111 frjrfjrjyrfjrfryrfrjrjrjrjrfrjrjynrj1y1
1|1 jrfrjrfrjrjrjrjofrjrjrfrjrfrjrjrjrj1j1y1
11111111y frfafrjrjrjrjrjryry1]1f1
11 {11 fryrfjryrjrfryrfrjryrjrjrfrjrjynrj1y1
11 {1 jrfryrfjrjyrjrfryrfrjrjrjrjrfrjrjynrj1y1
111|111 frfrfjrjrjrg1fj1rjry1rj1rjrjrfrjrf1g1
T jrjrjrfrfjrjrjrfrifjofofojojojojfofojofo
tfr e fafafafofafr[ofojfo]o]ofofo]ofofof0]o
v fofofofafafa]a|t|@]offofo]ofofo]ofofo]o]o
11111 frj1f{1y|1 / ojojfofojofoJojofo]ofOfoO
1111 f1f{1]1]1 y 0Ojojojjojojojojojofod0(0]O
L[t fifafr]1pofofo]offojofofo]o]ooffo]o]o
i Jili]ifi]1]@lololofollofololofofofollo]o]o
p——
v ¥
Active Region True Boundary Blocked-off Region
Nominal Boundary
Figure 2. Blocked-off region in a regular grid.
Table 1. Grid independence study, R = 250, RC = 100, @= 0.5, = 0.005.

Grid size Value of the maximum convective Nusselt number Value of the maximum radiative Nusselt number
100 x 15 x 15 22.351 -
160 x 20 x 20 26.354 16.738
240 x 25 x 25 29.172 18.957
300 x 30 x 30 31.259 20.554
360 x 36 x 36 32.183 21.275
420 x 40 x 40 32.301 21.352
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5. Blocked-Off Method

In many cases, a computer program written for a regular grid can be improved to handle an irregularly shaped
computational domain using the blocked-off method [32]. In this technique, the whole 3-D region is divided into
two parts: active and inactive or blocked-off regions. The region where solutions are done is known as the active
region and the remaining portion is known as the inactive or the blocked-off region. Therefore, by rendering in-
active some of the control volumes of the regular grid, the remaining active control volumes form the desired ir-
regular domain with complex boundary. By this technique, the surface of inclined step in the present analysis is
approximated by a series of fine rectangular steps, Figure 2. It should be mentioned that the control volumes,
which are inside the active region, are designated as 1 and otherwise they are 0, as shown in Figure 2. It is ob-
vious that using fine grids in the interface region between active and inactive zones causes to have an approx-
imated boundary which is more similar to the true boundary.

According to the blocked-off technique, known values of the dependent variables must be established in all
inactive control volumes. If the inactive region represents a stationary solid boundary as in the case, the velocity
components in that region must be equal to zero, and if the region is regarded as isothermal boundary, the
known temperature must be established in the inactive control volumes.

6. Code Validation

As it was mentioned before, there are limited theoretical and experimental research works about heat transfer in
laminar forced convection flow over FFS. First, the present numerical implementation was validated by repro-
ducing the results of Iwai et al. [7] in which a forced convection gas flow over a BFS in a three-dimensional
duct was studied. An attempt is made to compare the variation of Nusselt number along the centerline on the
bottom wall with that obtained by Iwai ef al. [7] in the cases of ER =2 and AR = 4. The results are presented
graphically in Figure 3. In this test case, at the upstream boundary, inlet flow is assumed to be fully developed.
Other velocity components V and W are set to zero at the inlet, while the fluid is assumed to have a uniform
temperature at this section. The side walls are treated adiabatic, while the other walls are isotherm with uniform
temperature 7, which is greater than the fluid inlet temperature. It is seen from Figure 3 that the value of
Nusselt number increases downstream the step corner after which Nu,, —occurs near to the reattachment point,
and then approaches to a constant value far from the step location. However, Figure 3 shows a good consistency
between the present numerical results with those reported by Iwai et al. [7]. It should be mentioned that as the
radiating effect of the gas flow is neglected in the study by Iwai et al. [7], therefore, the optical thickness of the
media is set equal to zero in the computations of Figure 3.

To validate the present calculations in solving the RTE by DOM using the block-off method, there is not any
theoretical result in combined convection and radiation heat transfer over an inclined forward facing step (FFS)

2
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Figure 3. Comparison of numerical result for distribution of total Nusselt num-
ber along the centerline on the bottom wall in pure convection flow.
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in a three-dimensional duct. But there is a research work about two-dimensional laminar forced convection of
radiating gas flow over an inclined FFS by Ansari and Gandjalikhan Nassab [22].

Therefore, second validation is done based on the results of Ref. [21] in which a 2-D laminar forced convec-
tion of gas flow was analyzed. In that work, the block-off method was considered for simulate the incline sur-
face, with inclination angle of ® =45 . Distributions of mean bulk temperature and convective Nusselt number
are compared with that presented by Ansari and Gandjalikhan Nassab [22]. The results are presented graphically
in Figure 4. As it is seen from this figure, a good agreement exists between the present numerical results with
those obtained theoretically in Ref. [22].

7. Results and Discussion

In this study, numerical results are presented for combined convection and radiation heat transfer over an in-
clined FFS in a three -dimensional duct with a contraction ratio of CR = 0.5 and aspect ratio of AR = 4 at differ-
ent conditions. The fixed inclination angle of ® =45" is considered for FFS. In numerical calculations, the
Reynolds number is equal to 250, while the Prandtl number is kept constant at 0.71 to guarantee the constant
fluid physical properties.

35
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A Ansari and Gandjalikhan Nassab [22]
30 Re=400 4 !
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(a)
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Present Work
A Ansari and Gandjalikhan Nassab [22]
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(b)

Figure 4. Comparison of numerical results with theoretical findings by
other investigators. (a) Distribution of convective Nusselt number along

the duct; (b) Distribution of convective Nusselt number along the duct.
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7.1. The Effect of Radiation Heat Transfer in Forced Convection Flow of Radiating Gas

In order to illustrate the radiation effect in thermal behavior of a convection flow, contours of total Nusselt
number on the bottom wall with and without considering the radiation term in energy equation are presented in
Figure 5. Figure 5(a) which is due to convection flow of a transparent fluid presents that the total Nusselt
number starts from a high value at the inlet section (X = 0), which is due to the high heat flux encountered in the
development of thermal boundary layer. Then, the Nusselt number decreases along the flow direction such that
the value of Nusselt number nearly becomes zero closed to the step corner on the bottom wall where the fluid is
at rest. After this point, there is a sharp increase in the convection coefficient as the flow passes over the inclined
step which is due to the impact of relatively cooler fluid on the heated step surface and also due to the flow
mixing in that region. After the inclined step, the value of local Nusselt number decreases and approaches to a
constant value as the distance continuous to increase in the stream wise direction.

The effect of radiation in Nu distribution can be found if one compares Figure 5(a) and Figure 5(b) with
each other. Figure 5(a) and Figure 5(b) illustrate similar pattern for distribution of convection coefficient, but,
it can be seen that the radiative effect increases the value of total Nusselt number especially near to the duct
walls, because of the surface radiation. Also, it should be mentioned that in combined convection-radiation heat
transfer, total Nusselt number has a peak value before the FFS. This behavior will be explained in the explana-
tion of the next figure. In order to show more clearly the variation of convection coefficient on the heated wall,

the distribution of total Nusselt numbers on the bottom wall in the mid-plane of the duct [z = %) is plotted in

Figure 6, for two different cases (with and without considering the radiation effect). This figure shows the same
thermal behavior for the convective flow as it was presented before in Figure 5. As it is seen from Figure 6 and

B
N [=))
N S
(=) W
W
2
h b
0 i "
0 5 10 15
X
()
2
z 1 '
0
0 5 10 15
X

(b)

Figure 5. Distribution of total Nusselt number contours on the bottom wall, RC = 50, o=
0.5, 7= 0.005. (a) without radiation effect; (b) with radiation effect.
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Figure 6. Distribution of total Nusselt numbers on the bottom wall in the duct
mid-plane.

also from Figure 5, in the case of radiating gas flow, a local maximum Nusselt number takes place upstream to
the step location. This behavior is due to the incoming radiant heat flux from the step surface towards the bottom
wall that affects directly the radiative Nusselt number. It is obvious that as we move in downstream direction
along the bottom wall towards the step, the rate of incoming radiation from the step surface on the bottom wall
increases that causes a decreases in the radiative Nusselt number and then in Nu,. On the step surface, the
amount of total Nusselt number suddenly increases after which Nu, decreases and then approaches to a con-
stant value far from the step.

In the convection flow of a radiating fluid, the optical thickness (7), the radiation-conduction parameter (RC)
and the albedo coefficient (w) are the main parameters that affect the thermal behavior of the radiation-convec-
tion system. In the next sections, an attempt is made to study the effects of these parameters on thermal behavior
of the thermal system.

7.2. The Effect of Optical Thickness

A well-known radiation property and one of the important parameter in participating medium is the optical
thickness that affects the temperature distribution inside the participating medium. High optical thickness means
that the medium has great ability to absorb and emit radiant energy. For the convective flow with radiating heat
transfer in the channel including an inclined 3-D forward facing step, as shown in Figure 1, the contours of
convective, radiative and total Nusselt numbers along the bottom wall at different values of the optical thickness
are presented in Figures 7-9, respectively.

Figure 7(a) and Figure 7(b) show that convective Nusselt number has a very small decrease by increasing in
optical thickness. Because by increasing in the optical thickness, the amount of temperature difference inside the
flow domain decreases that leads to decrease in temperature gradient on the heated walls. However, it can be
concluded that the optical thickness has a small effect in convective Nusselt number, such that increasing in 7
leads to small decrease in Nu,, as it seen from Figure 7. But a different trend is seen from Figure 8 for the
variation of radiative Nusselt number with optical thickness. This figure shows that Nu, starts from a high
value at the inlet section, then Nu, decrease and after having a peak value upstream the step, Nu, decreases
until it reaches to a constant value as the distance continues to increase in the stream-wise direction. Further-
more, Figure 8(a) and Figure 8(b) show that the radiative Nusselt number increases by increasing in optical
thickness, which is due to the increase in bottom wall’s outgoing radiative heat flux.

It is seen that optical thickness has a greater influence on the radiative Nusselt number than the convective

O,
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Figure 7. Distribution of the convective Nusselt number contours on the bottom wall
at different optical thickness, RC = 100, = 0.5. (a) z=0.01; (b) 7= 0.05.
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Figure 8. Distribution of the radiative Nusselt number contours on the bottom wall at dif-
ferent optical thickness, RC = 100, = 0.5. (a) 7= 0.01; (b) z= 0.05.
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Nusselt number. For more study about the effect of optical thickness on the thermal behavior of the convec-
tion-radiation system, the counters of total Nusselt number on the bottom wall for two different values of the
optical thickness are plotted in Figure 9. It is seen that as the medium’s ability to absorb and emit thermal radia-
tion becomes greater at high values of the optical thickness, such systems have high values for the total Nusselt
number.

In order to have another form of figures about the influence of optical thickness on the Nusselt number in
convection-radiation system, the distributions of convective, radiative and total Nusselt numbers along the cen-
terline on the bottom wall are plotted in Figures 10(a)-(¢) for different value of the optical thickness. These fig-
ures show the same trend for variations of all types of Nusselt number as it was seen before in Figures 7-9.

7.3. The Effect of Radiation-Conduction Parameter

Radiation-conduction parameter (RC) is another one of the main parameters in the combined radiation-conduc-
tion systems, which show the relative importance of the radiation mechanism compared with its conduction
counterpart. High value of RC parameter shows the radiation dominance in a thermal system. The effect of RC
parameter on the contours of total Nusselt number is showed in Figure 11.

This figure illustrates that the total Nusselt number increases by increasing in RC parameter. This is due to
this fact that under the effective presence of radiation mechanism at high values of RC, the radiative Nusselt
number gets increase that consequently leads to an increase in total Nusselt. Distribution of total Nusselt number
along the bottom wall on the centerline is represented in Figure 12 for three different values of the RC parame-
ter. This figure which is in consistence with the previous figure, clearly presents that how total Nusselt number
affected by the variation of RC parameter.

To study the effect of radiation-conduction parameter (RC) on the mean bulk temperature distribution along
the duct Figure 13 is plotted. This figure shows that the mean bulk temperature increases along the duct because
of both convection and radiation mechanisms. As it is seen from Figure 13, increase of RC parameter and con-
sequently increase of radiation heat transfer mechanism causes an increase in the amount of the gas mean bulk
temperature.
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Figure 9. Distribution of the total Nusselt number contours on the bottom wall at different
optical thickness, RC = 100, @= 0.5. (a) z=0.01; (b) z=0.05.
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Figure 10. Effect of 7 on the Nusselt number distribution along the centerline on the bottom wall.
(a) Convective Nusselt number; (b) Radiative Nusselt number; (c) Total Nusselt number.
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Figure 11. Effect of RC on the total Nusselt number contours along the bottom wall, @ =
0.5, 7=0.005. (a) RC = 100; (b) RC = 200; (c) RC = 300.
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Figure 12. Effect of RC on the total Nusselt number distribution along the centerline on the

bottom wall.
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7.4. The Effect of Scattering Albedo

The scattering albedo is an important parameter in radiating systems that can show the ability of participating

. .. . . . . o
medium to scatter thermal radiation. As it was mentioned before, scattering albedo, w, is defined as o =—=.

The extreme values of scattering albedo, i.e., @ = 1.0 and w = 0.0 correspond to pure scattering and non-scat-
tering cases, respectively. Therefore, the medium changes from pure absorption to pure scattering by increasing
o from 0 to 1.

The effect of scattering albedo coefficient on the mean bulk temperature is presented in Figure 14. This fig-
ure show that the mean bulk temperature decreases by increasing in scattering albedo coefficient. Because, less
radiative heat flux is converted to gas thermal energy in a pure scattering case compared to a pure absorption
one. Besides, it can be found from Figure 14 that when the radiation term is omitted from the energy equation in

0 5 1.0 15
X
Figure 13. Effect of RC on the mean bulk temperature distribution along the duct.
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Figure 14. Effect of @ on the mean bulk temperature distribution along the duct.
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the case of no-radiation problems, the convective system has the same trend and behavior as pure scattering case
with w = 1.0.

8. Conclusion

Simulation of combined convection and radiation heat transfer over an inclined forward facing step (FFS) in a
rectangular duct with constant step inclination angle in a 3-D horizontal duct is studied in this research work.
The set of governing equations consisting of the continuity, momentum and energy is solved numerically by the
CFD techniques in the Cartesian coordinate system. The blocked-off method is used in this study to simulate the
incline surface of FFS. For calculating the radiative term in the energy equation, the RTE is solved by the DOM
to obtain the distribution of radiant intensity inside the radiating medium. The effects of optical thickness, the
radiation-conduction parameter and albedo coefficient on thermal behavior of the convective system are tho-
roughly explored by plotting the variations of Nusselt number (total, radiative and convective), and mean bulk
temperature under different conditions.
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