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Numerical Study of Double Diffusive Convection in
presence of Radiating Gas in a Square Cavity

F. Moufekkir!, M.A. Moussaoui', A. Mezrhab!:?, H. Naji*** and M. Bouzidi’

Abstract:  The problem related to coupled double diffusive convection in a
square enclosure filled with a gray gas in the presence of volumetric radiation
is examined numerically. The horizontal walls are assumed to be insulated and
impermeable. Different temperatures and species concentrations are imposed at
vertical walls. In particular, we propose a 2-D numerical approach based on a hy-
brid scheme combining a multiple-relaxation-time lattice Boltzmann model (MRT-
LBM) and a standard finite difference method (FDM). The radiative term in the
energy equation is treated using the discrete ordinates method (DOM) with a S8
quadrature. The influence of various parameters (such as the Rayleigh number, the
buoyancy number, the optical thickness and Lewis number) on fluid flow, heat and
mass transfer is evaluated. Results show that for the case of cooperating flows, the
isotherms and isoconcentrations are inclined in the core cavity and the flow is rela-
tively stable whereas multicellular recirculations appear in the opposing-flows case.
Generally when the mass effect is dominant, the flow is slowed and the influence
of radiation is considerable on the thermal field and negligible on the dynamic and
concentration fields. However, when thermal effects are dominant, the volumet-
ric radiation accelerates the flow and significantly alters the structure of velocity,
concentration and temperature fields.
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Nomenclature

C molecular concentration, m 3

g gravitational acceleration, m.s~2

ig black body radiation intensity, Wm™2sr~!

I dimensionless radiation intensity, = i/40'T04

k thermal conductivity, Wm~'K~!

L enclosure width, m

Le Lewis number, = a/D

Nur average total Nusselt number at the side walls
Pl Planck number, = (k/L)/(40T})

Pr Prandtl number, = v/o

Qr dimensionless radiative heat flux, = gg/ 4GTO4
Ra Rayleigh number, = gB(T;, — T.)L* /va

S dimensionless concentration, = [(C —Cy)/AC]
Ty, T, hot and cold wall temperatures, K

To average temperature, =(7j, +T.)/2, K

U,v dimensionless velocity components, (U = uL/a,V = vL/)
XY dimensionless coordinates, (X=x/L,Y=y/L)
Greek symbols

a thermal diffusivity, m?.s~!

ﬁT(C) thermal (mass) expansion coefficient, K- (m?)
€ emissivity of radiative surface

[ inclination angle, K

w, & direction cosines

v kinematic viscosity, m2.s ™!

(o] Stefan-Boltzmann constant, W.K~%.m 2

Q collision operator

optical thickness

dimensionless temperature, = (T — Ty) /(T — T..)
reference temperature ratio, = 7 /(7;, — T,)
dimensionless stream function

scattering albedo

cEQ @
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1 Introduction

The double-diffusive natural convection continues to be a very attractive subject
in research in reason to its importance in natural and industrial applications such
as oceanography, astrophysics, geophysics, petrology, food processing, chemical
processes, crystal growth process and solidification in material processing, etc.
This phenomenon occurs when the flow is generated by buoyancy due to simul-
taneous temperature and concentration gradients. Reviews on this subject can be
found in the publications of [Hu and EI-Wakil (1974)], [Trevisan and Bejan (1987)],
[Viskanta; Bergman and Incopera (1985)], [Mohamad; Bennacer and El-Ganaoui
(2010)], [Choukairy; Bennacer; Beji; El Ganaoui and Jaballah (2006)], [Gobin;
Goyeau and Neculae (2005)] and [Ghorayeb; Khallouf and Mojtabi (1999)].

Recently, most attention was focused on the coupling of natural convection (single
or double diffusive) and radiation owning to its prominent engineering applications.
As consequence, several studies have been carried out on the interaction of radia-
tion and natural convection in a rectangular cavity differentially heated contain-
ing a gray fluid participating in emission and absorption ([Balaji and Vankateshan
(1994)], [Lauriat (1982)], [Tan and Howell (1991)], [Kassemi and Naraghi (1993)]
and [Yucel; Acharya and Williams (1989)]). From these works, the investigation
of coupled natural convection and radiation can be classified into two categories.
In the first categories, only the surface radiation (the fluid is assumed to be trans-
parent) is taking into account. In the second category, the radiative participation of
fluid (fluid semi-transparent) is considered. In the light of these studies, one can
conclude that the surface radiation changes significantly the temperature distribu-
tion at low Rayleigh number and contributes at the increase of the total heat flux by
more than the half. The results showed also that volumetric radiation intensifies the
velocity fields for high Rayleigh numbers and standardizes the temperature field. In
addition the discrete ordinate method was found more accurate than the P1 method
to evaluate the radiative information [Yucel; Acharya and Williams (1989)].

Concerning coupled double diffusive convection and volumetric radiation, gener-
ally in the related literature, the active fluid was always considered as a medium
with a uniform absorption.

[Ganesan and Loganathan (2002)] have considered this type of coupling for a two-
dimensional flow around a semi-infinite vertical cylinder placed in a gray radia-
tive participating fluid using the Rosseland approximation to compute the radiative
flux. A little later, [Ramachandra Prasad; Bhaskar Reddy and Muthucumaraswamy
(2007)] have considered the same problem for an infinite vertical plate. [Borjini;
Ben Aissia; Halouani and Zeghmati (2006)] studied the effects of radiative prop-
erties of a semitransparent medium on double diffusive natural convection in the
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presence of an external magnetic field in a rectangular cavity using the finite vol-
ume method. The authors concluded that the radiative effects are greater when the
thermal forces are dominant or comparable to mass forces. Indeed these effects in-
crease the velocity fields in the cavity core, destroy the symmetry of the dynamic,
thermal and concentration fields and reduce the total heat flux.

The present work is focused on double diffusive convection in presence of volu-
metric radiation where the fluid is a binary mixture which absorbs and emits ra-
diation depending to its local concentration (or temperature). This assumption is
only addressed by [Rafieivand (1999)] and [Mezrhab; Lemonnier; Meftah and Ben-
brik (2008)], [Moufekkir; Moussaoui; Mezrhab; Lemonnier and Naji (2012)]. The
hybrid scheme based on MRT-LBM and FDM coupled to DOM has not been pre-
viously used at the author’s best knowledge.

The LBM is considered actually as an efficient CFD tool owning to the advantages
that can provide as the simplicity in calculation, the adaptation to complex geome-
tries and boundary conditions, stability, accuracy and gain in computing time.

The use of the numerical combination between HTLBM and DOM is recommended
since the hybrid scheme of the LBM and the finite differences method has proven
its capability to solve various complicated problems [Mezrhab; Moussaoui and
Naji (2008)], [ Moussaoui; Jami; Mezrhab and Naji (2010)], [Lallemand and Luo
(2000)], [Lallemand and Luo (2003)], [Semma; El Ganaoui and Mohamad (2008)]
and also because the DOM was found more accurate and compatible when it’s cou-
pled with others CFD solvers [Yucel; Acharya and Williams (1989)].

The aim of this work is to study numerically the double diffusive natural convec-
tion in square cavity asymmetrically heated filled with gray gas, the numerical ap-
proach adopted uses a hybrid scheme with lattice Boltzmann method (LBM-MRT)
for fluid velocity variables, the finite difference method (FDM) for solving differ-
ential equations governing the transfer of energy and mass and the radiative source
term in energy equation is evaluated using the discrete ordinate method (DOM).
Some physical parameters are studied numerically to highlight their effect on the
flow, temperature and concentration fields such as the ratio of buoyancy forces and
thermal mass, the opacity of the fluid, the Rayleigh number and the Lewis number.

2 Model and Formulation

As represented in Fig. 1, the physical model consists of an asymmetrically heated
square cavity filled with a binary gas which is considered as gray, Newtonian, in-
compressible and participating in emission and absorption. The vertical walls are
maintained at temperatures (Tj, T,) and concentrations (C,., Cj), while the hori-
zontal walls are perfectly insulated and impermeable to mass transfer.
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Natural convection of double diffusion occurs when the flow is generated by buoy-
ancy due to simultaneous temperature and concentration gradients. Cooperating or
opposing flows can take place depending to the boundary conditions configuration
on the temperatures and the concentrations at active walls. The basic assumptions
considered presume that the convective flow is two-dimensional and laminar, the
viscous heat dissipation is neglected in the energy equation and all physical proper-
ties are constants except for the density, which is assumed to vary in the Boussinesq
sense. Furthermore, the density of the mixture is assumed to be lower than that of
the impurity and the pollutant is assumed to participate in radiation depending of
the impurity absorption coefficient. So, the fluid density is done by [Trevisan and
Bejan (1987)]:

p = po[l = Br(T —To) — Bc(C — Co)] (D
where Br and B¢ are respectively defined by:

1 [(dp
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Figure 1: Physical model: (a) aiding flow case, (b) opposing flow case.
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2.1 Lattice Boltzmann equation

Actually, the Lattice Boltzmann models (LBM) is considered as an alternative CFD
tool, on the ground of its remarkable ability to simulate fluid flows. The evolution
of this model consists in two steps that take place during each time step (advection
and collision).

In this study, we use the multiple relaxation time Boltzmann equation (MRT-LBE)
model, this model was developed by [D’Humieres (1992)] to enhance the stability
of the LBE in the low viscosity regime. Consider a two-dimensional model of the
LBM method to nine discrete velocities called D2Q9 model on a square grid with
O0x =8y =1. The fluid particles moves from one grid node to neighbouring node
with discrete velocities are given by:

(0,0), i=0
e; =1 (cos[(i—1)m/2],sin([(i— 1)7/2]))c, 1<i<4 3)

V2 (cos[(2i —9)m /4] ,sin ([(2i —9)m/4]))e, S<i<8

where ¢ = 8x/68t, with 8¢ =1, the time step.

The equation of time evolution of the fluid state is:
filx+ent+1)— fi(x,1) =Qfi(x,t) i=0,...,8 4)

where f; is the distribution function of a particle, Q is the collision operator and x
is the node where the particle is localised at time ¢. The linearization of this op-
erator around the distribution function in local equilibrium f;? brings a significant
simplification of the method LBM.

With BGK approximation [Bhatnagar; Gross and Krook (1954)], Eq. (4) can be
written as:

filetent+ 1)~ fi(nr) = jC (i) — £9(x0)) 5)

where y is the relaxation time defined by: ¥ = 3v +0.5.

In each domain node, we compute a set of nine times, M(x,t) ={m; (x,t), my (x,t),...,
mg (x,t)}, associated with the nine distribution functions, F(x, t) = { f1 (x, 1), f> (x,
t),..., fo (x,t)}, which are related by the linear transformation [Lallemand and Luo
(2000)]:

M=PF F=P'M (6)

where P is the matrix of passage from F to M and P~! is the inverse matrix.
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During the collision step, which is local operation in space, three moments are
conserved (the density and the components of momentum), the six remaining mo-
ments, non conserved, are calculated from a simple linear equation in reason to be
relaxed to the equilibrium values which depend on conserved quantities:

mg = my + S (mzq—mk), k=3,...,8 (7

where s; =At/y is the relaxation rate, m{ the moment after collision and m;? is the
moment at equilibrium.

After the collision step, the new distribution functions f¢ are calculated from the
new times:

fe=P e (8)
The density and velocity are given by:

t):Zfi(xvt)7 ”(x’y):Zfi(xvt)ei/p(xvt) (C)]

2.2 Energy and mass equations

According to the stated assumptions, the energy and species equations are derived
as follows:

Energy:

20 00 226  9%0 ®p

Usx Vor = (ax2 aw)‘sz'QR (19)
Concentration:

28 as 1 (9% 9%S

Uox ™ V&YZLe<aX2+aY2) an

As shown by [Yucel; Acharya and Williams (1989)], the radiative source term, in
the energy equation is evaluated by solving the radiative transport equation (RTE).
In fact for each of the finite number of directions (KTm), m = 1, M, the luminance
field I(X,Y, ﬁZ) = I,,(X,Y) is calculated on the entire domain by solving the fol-
lowing equation:

dl, T o\*
aX+<§—+ Ty = 1 (1—w) (1+®0> +w4/1d£2 (12)
T
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where 7 is the opacity of the medium. Then the integrals of the incident radiation
and the radiative flux vector by quadrature are done by:

G= / Q=YY" Wul,
%4 -

and

Or = A Q1 =YY" W.l,Q, (13)
T

where the coefficient W, is the weight of the quadrature, i, & are direction cosines
and I is the black body luminance. Reviews on this subject can be found in the
publications of [Chandrasekhar (1950)], [Truelove (1988)] and [Fiveland (1984)].

Owing to the boundary conditions used for concentration, N > 0 stands for the
cooperating flow and N < 0 for the opposite flow. In the present, the boundary
conditions are expressed as:

e At the left cold wall: U =V =0, 6, =-0.5, S;=0.5 for aiding case (-0.5 for
an opposite flow).

* At the right hot wall: U =V =0, 68, = 0.5, S;,= - 0.5 for aiding case (0.5 for
an opposite flow).

e At the adiabatic walls: U =V =0, 3—5 =0,

(1va)
4 () 7.9/ <0

2.3 Heat and mass transfer

20 0 — N

=0.

.
I (X,Y, Q’) dQ’

The heat transfer through the cavity is characterized by the Nusselt number, which,
in our problem, involves a radiative contribution. The averaged Nusselt number
along the Y-axis is expressed by:

1
N”T(XW):X
Al 196 @ |1 0\ IS o
_ |20 o 1+ — ‘ 01 (x,y,9)d' | Yay
/0 [ X]XW’YjLPlEW 4( +®0> Z " ( )

(14)
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In other side, the mass transfer in the enclosure is done by the Sherwood number.
The averaged Sherwood number along the side walls is given by:

L//4 S
W_A X

2.4 Validation

5)

XY

In this investigation, the computer code was checked for accuracy against the ear-
lier published numerical results reported in the literature related to heat and mass
transfer in asymmetrically heated square enclosures.

The numerical code is validated for double diffusive natural convection in the pres-
ence of gray gas (Tab. 1) at Ra=5.10° and N=4. Our results are compared with
those of [Mezrhab; Lemonnier; Meftah and Benbrik (2008)], [Rafieivand (1999)]
and [Meftah (2010)]. As can be seen, the Nu, and Nuy are successfully compared
to those given by the cited references with a maximal deviation about 1.57% for
total Nusselt number.

Table 1: Code validation in coupled double diffusive convection and volumetric ra-
diation for Ra=5.10° and N=4. Note that here, the abbreviation CW means current
work.

Nllc NllT
T |Meftah|Rafieivand|Mezrhab| CW |Meftah|Rafieivand|Mezrhab| CW
(2010) | (1999) (2008) (2010) | (1999) (2008)

0.1] 21.66 | 21.77 21.59 |21.62| 56.62 56.9 56.35 |56.29
12183 22.06 21.82 |21.78] 48.55 48.9 48.06 |48.14
511986 | 19.83 19.82 |19.77| 36.12 | 36.25 35.81 [35.79

To be sure about the accuracy and the reliability of the present code, we compared
the structures of streamlines, iso-concentrations and isotherms with those available
in the literature. Fig. 2 shows that the results obtained with our code compare
very well to those given by, [Rafieivand (1999)], [Mezrhab; Lemonnier; Meftah
and Benbrik (2008)] and [Meftah (2010)].

From these findings, the code is deemed fit to evaluate the effect of physical param-
eters characterizing the problem on the temperature, concentration and flow fields.

3 Results and discussion

In this section, two types of flows, opposing (heat and mass buoyancy forces are
opposite) and cooperating (heat and mass buoyancy forces cooperate) are studied
for the double diffusive convection in the presence of radiation, in steady regime.
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Figure 2: Validation code with streamlines, iso-concentrations and isotherms for
Ra=5.10%, N=1

The configuration considered is a square cavity, filled with a binary gas. The left
and right vertical walls are kept isothermal at the hot (T;) and cold (T.) tempera-
tures, respectively. For the mixture with pollutant, zero concentration of pollutant
(heavier than air) is imposed on the hot wall (C. = 0) while the cold wall is set at the
concentration (Cj). We set the Prandtl number at Pr = 0.71, the Planck at 0.02 and
the calculation parameters are fixed at Ra=5.10°, ®=1.5 and Le=1 respectively.

3.1 Optical thickness effect

3.1.1 Cooperating flows

Firstly, the effects of radiation at different opacities of the medium are examined
for the case N = 0" (see Fig. 3), meaning that the molar mass between gas and
the polluting component is low enough that we can neglect the mass buoyancy
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forces. In this case, the coupling between the fields of concentration and temper-
ature disappears in the absence of radiation or when the absorption is independent
of concentration.

Isotherms Streamlines Iso-concentrations

¢ 0.2

T 0:5 T ():5 T ():5
Figure 3: Isotherms, streamlines and iso-concentrations for N=0" in the case 7 =
0,0.2,5.

In the absence of radiation effects (7y = 0), the fields of temperature and concen-
tration are identical, and the stratified distribution of temperature in the cavity core
explains the resting state of the fluid in this area. Symmetrical movement of the
fluid is generated by the strong temperature gradients formed near the active walls.
This flow is sensitive to the radiation effects, which is able to change the temper-
ature distribution, especially in the boundary layer near the wall at high concen-
trations. In doing so, it intensified the gradients along the cold wall. It is to be
noted that with increasing optical thickness, temperature profiles become identical.
The radiation also causes a general rise in temperature in the isothermal core of the
cavity. Some of this heat contribution is evacuated by convection along the cold
wall, which explains the increase of the velocity field at this level.
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When the environment is sufficiently absorbing, the cold fluid descending towards
the bottom wall is heated by absorbing radiant energy emitted by the hot wall. This
temperature gradient produces thermal forces that push up the fluid passing over
the lower horizontal wall, which explains the low slope of the streamlines near the
horizontal walls where 7 is greater than 1 (Fig. 3).

More the opacity of the fluid increases, more the concentration field is stratified,
due to the intensification of the convective mass transfer in the cavity core (Fig. 3).

3.1.2  Opposing flows

For the opposing flows, the heat and mass forces act in opposite directions. The
configuration examined here is the same as that seen previously in the aiding case,
with a supplementary permutation in the boundary conditions of concentration.
Still remember that this is a square cavity, filled with gas mixtures having the buoy-
ancy ratios N, selected to cover the three convective flow regimes: thermal regime
(N<1), intermediate regime (N=1) and mass regime (N>1). The difference between
the case N=0" and N = 0" is the permutation of high and low absorption locations
by changing the side of the boundary conditions in concentration.

The isotherms, streamlines and iso-concentrations corresponding to (N=0" ) are
illustrated in Fig. 4. In this configuration, for a transparent gas, the thermal forces
are predominant and govern essentially the dynamics of fluid: the flow is multi-
cellular and is circulating in the direction of clockwise, with stratified distribution
of temperature and concentration in the cavity core, which explains the resting state
of the fluid in this zone. We find that the stagnant cavity core is also set in motion
when thermal forces occurred. This behaviour destroys the stratified distribution
of concentration field and replaces it with a homogeneous field at the center of the
cavity (Fig. 4, gray gas).

The temperature distribution is less changed by the radiation effects (due to the low
concentration of radiating species, N=0" ). In the upper part, the mixture is cooled
by radiation emission, whereas the lower part is heated by the radiation absorption.

3.2 Effects of buoyancy ratio N
3.2.1 Cooperating flows

In the following, we study the influence of buoyancy ratio for different opacities 7.
Fig. 5 presenting the isotherms, the streamlines and iso-concentrations for various
values of N (N=0, 1 and 15). In the absence of radiation (7y = 0), the main structure
of the temperature and concentration does not change substantially according to N
variation. When the buoyancy ratio N is larger (greater than 1), the radiation has
less effect on the flow dynamics and therefore on the distribution of the pollutant
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Isotherms Streamlines Iso-concentrations

02—\

T ():5

Figure 4: Isotherms, streamlines and iso-concentrations for N=0"

in the cavity. This reflects the fact that when the flow is mainly caused by mass
forces, temperature is a passive contaminant and therefore the coupling between
the thermal and dynamic fields tends to disappear. Thus, the radiation field will
affect neither the velocity nor the concentration field.

In the case, N=1, the volumetric radiation significantly alters the dynamic field,
including the increase of the fluid flow. But when the mass forces become dominant
(N> 1), the influence of radiation appears at the center of the cavity in term of
stratified and inclined isotherms and iso-concentrations (Fig. 5). Thus we find
that in this zone, the fluid is at rest, so the resultant force is zero, which explains
the inverse slope of the isotherms compared to that of iso-concentrations. Higher
values of N promotes the expansion of the central area, but at the same time, causes
a decrease of the iso-concentration slope, as shown in Fig. 5.

The distribution of heat transfer by convection along vertical walls, for gas mixture
considered, is illustrated in Fig. 6-a.

The average Nusselt number decreases, due to the attenuation of radiative transfer
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Isotherms Streamlines Iso-concentrations

N=0

N=15 N=15 N=15

Figure 5: Isotherms, streamlines and iso-concentrations for N=0, 1 and 15 at 7 ¢=5.

between active walls by the fluid. This attenuation is stronger for higher buoyancy
ratio. In other hand, for a given opacity the averaged Nusselt number increases with
the buoyancy ratio N. It should be noted that the mass transfer (averaged Sherwood
numbers) is slightly affected by the gas radiation (Fig. 6-b).

3.2.2 Opposing flows

When the results obtained for N = 0~ (Fig. 4) are compared with those obtained
for the case N = 0" (Fig. 3), we note that for a fixed opacity, the effects of radia-
tion in the first case are weaker than in the second (N = 07). The increase of the
temperature gradient along the cold wall is lower for N = 0~ than it was at N =
0". In fact, in the latter case, the fluid (concentrated, so absorbent) is heated by
radiation but in the case of N = 07, the fluid is weakly concentrated (and therefore
less absorbing in this region), which explains the low horizontal velocity along the
lower wall in case N = 0~. Conversely, the gradient along the hot wall is stronger
at N =0 than at N = 0. However, the flow is lower at N =0~ than at N =07, as
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Figure 6: (a) Average Nusselt number, (b) Average Sherwood number, versus 7

shown in streamlines obtained for both cases.

N=-15 N=-15 N=-15

Figure 7: Isotherms, streamlines and iso-concentrations for 7 =5

When the buoyancy ratio N is greater than 1 in absolute value, as illustrated in
Fig. 7. For transparent gas, the mass forces dominate the dynamics of the fluid
and create a mono-cellular flow in the opposite direction clockwise (transparent
gas). In the presence of gas radiation, thermal forces are reinforced in horizontal
walls (increased gradients) where the mass forces are dominant. Since these two
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types of forces are opposite, their resultant is reduced, causing a slowdown (or
even stop) of the horizontal boundary layers (Fig. 7). Vertical boundary layers
are also slowed, but only in lower part for the left wall and in higher part for the
right wall. This redistribution of velocities in the boundary layer (partial and non-
uniform slow) causes the inclination of the streamlines and slight destruction of the
centro-symmetry of the dynamic field. While the mass forces are dominant, the
monocellular structure of flow field is maintained.

Regarding the concentration field, Fig. 7 shows that the iso-concentrations in center
of the cavity are inclined in presence of radiation effects. This behaviour, already
observed in a cooperating flow is due to the slowdown of the boundary layers.
Indeed, at constant concentration imposed on the walls, an excess of pollutant will
appear near the middle of the left wall (at C; ) and a deficit near the middle of
the right wall (C.=0). Negative horizontal gradients of concentration (pollutant
diffusion from left to right) arise within the cavity, which gives this tilted structure
of concentration field.

Figs. 8-a-b show the variations of averaged Nusselt and Sherwood numbers as a
function of the opacity of the medium for different values of N in opposing flow.

Figure 8: (a) Average Nusselt number, (b) Average Sherwood number, versus T

The behaviour of the averaged total Nusselt numbers (convective and radiative)
in the presence of radiation (Fig. 8-a), is less affected than in it absence. Their
decline is due to the attenuation of radiative transfer between active walls by the
fluid. Logically, this attenuation is stronger when the average concentration of the
radiant species increases.
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Regarding mass transfer, the local Sherwood numbers in the opposing case (Fig.
8-b) are also more sensitive to radiation than for aiding case. The most important
effects are observed when mass and heat buoyancy forces are comparable, cor-
responding to the intermediate convective regime. The evolution of the average
Sherwood number depending on the optical thickness shows that the average mass
fluxes at the walls are almost insensitive to radiation in the thermal regime (as in
the cooperating flow case). They have increased in the intermediate regime (due
to increased flow in the heat cells) and reduced in the mass regime (because of the
slowdown of the boundary layers).

3.3 Effects of Rayleigh number

The isotherms and streamlines are shown in Fig. 9 for Rayleigh numbers ranging
from 10° to 107 characterizing the laminar flow regime. Two values of the optical
thickness (79=5 and -5) are considered. The Planck number is set equal to 0.02
and for the following calculations, Ra is varied by assuming that the temperature
difference AT between the hot and the cold walls varies while the mean temperature
To is fixed. Thus the reference temperature ratio is simultaneously adjusted by:
©®9=7.5/(Ra.107°).

According to the Fig. 9, when the radiation effects are taken into account especially
for small values of Ra, the isotherms are quasi-verticals and more intensified close
to the left cold wall of the cavity. The isotherms deviate from the initial vertical
state when Ra reaches 107. As can be seen on these figures, while the Rayleigh
number increases, the effect of radiation on isotherms and iso-concentrations is
restricted to the cavity centre where stratified and inclined profiles of temperature
and concentration appear (see Fig. 9). We note that in the core of the cavity, the
fluid is stagnant, i.e. the resulting force is null in this region, which explains the
opposite slopes of the isotherms and iso-concentrations.

The volumetric radiation causes an acceleration of the fluid in the cavity compared
to the case without radiation, but the structure flow is conserved. Generally for the
cooperating flows and when the optical thickness 7y is fixed, the radiation effect
decreases with increasing N.

The effect of the Rayleigh number on the isotherms and iso-concentrations in the
opposing flows case is the same as the cooperating flow for transparent and opaque
fluids with the existence of strong slope of the isotherms, which implies the pres-
ence of the high thermal gradients tending to counterbalance the mass forces in the
centre of the cavity. However, the inclined streamlines close to the horizontal walls,
owing to the radiation, are more apparent. When N is raised, the radiation influence
on the iso-concentrations and streamlines becomes negligible (Fig. 9) because, in
this case, the temperature plays just the role of a passive contaminant.
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Figure 9: Isotherms, streamlines and iso-concentrations for N=5, 7o=5 and Ra=10°-
107

Fig. 10-a shows in the cooperating flows that the averaged Nusselt number increase
as function of the increasing of Rayleigh number and decrease versus the increase
of the optical thickness. The heat transfer is augmented when the buoyancy ratio N
rises. The mass transfer follows the same behaviour versus the Rayleigh variation
but it is insensitive to the opacity of the medium (Fig. 10-b).

In opposing flow case (Fig. 11-a-b), the heat and mass transfer increase as the
buoyancy ratio N increase in absolute value and decrease as function of the opacity
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Figure 10: (a) Average Nusselt number, (b) Average Sherwood number, versus Ra

for N=0, 5

increase. It’s obvious that the heat and mass transfer has slightly the same magni-
tude as in the cooperation flows with the same buoyancy ratio N.
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Figure 11: (a) Average Nusselt number, (b) Average Sherwood number, versus Ra
for N=0, -5

It is found that, the increase of Rayleigh number always decreases the influence
of radiation in cooperating flow. However, in the opposing flow, it may, also in a
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certain interval, increase the effects of radiation. The width of this interval depends
on both the opacity of the medium and the buoyancy ratio. More 7y is large (we
studied up to 5), over the interval widens. Regarding mass transfer, generally, the
influence of Rayleigh number is practically the same in the presence or in absence
of radiation (the maximum difference is about 5%). Nevertheless, in opposing
flows where the thermal and mass forces are comparable (1 < N < 2), we see a
difference due to radiative effects.

3.4 Effects of the Lewis number

The working fluid considered in this study as a binary mixture of gases, this implies
that the Lewis number can hardly be outside the interval [0.1, 10], so this area of
variation is retained in this study.

For thicker media (Fig. 12) when Le<l1, the strong slope and the distortion of
isotherms lines signify the existence of a high gradients of temperature in the
core cavity which tends to counteract the mass buoyancy forces, but for Le>1 the
isotherms stratification is found. There is bicellular configuration of streamlines
at Le<1 and monocellular one otherwise. The concentration distribution is less af-
fected when Le<1 except the inclination of iso-concentration lines noted in the case
Le=1, in other hand a low mass diffusivity is observed at the center of cavity for a
high Lewis numbers.

The analysis of Fig. 13(a) shows that the averaged Nusselt number decreases as
function of Lewis number for fixed opacity. For given Lewis number, the averaged
Nusselt number decrease when the optical thickness increase. Whereas, the Sher-
wood number increases with increasing Lewis number. It seems from the Fig. 13
that the optical thickness variation doesn’t affect the mass transfer (see Fig. 13(b)).

In the opposing flow case, the isotherms, iso-concentrations and streamlines are
examined for the case when the thermal and mass forces are equivalents.

The analysis of Fig. 14, shows that the isotherms are denser at boundary layers and
the resting state of the core is broken (Le<1). For Le=1 a strong slop is observed
in isotherms, but the high temperature gradients in active walls homogenize the
temperature structure in the core for Le>1. A multicellular structure is noted for
the case Le<1 and monocellular flow is done for Le>1. The structure with three
cells characterizes the Le=1 case. The stratification of iso-concentration is slightly
destroyed at Le<1 and the iso-concentration lines are inclined for Le=1. These lines
move out the core of the cavity when Le greater than 1.

From the Fig. 15(a), we note that the heat transfer decrease as function the Lewis
number increase for fixed opacity and also decrease when the optical thickness in-
crease at given Lewis number. Regarding the mass transfer, the averaged Sherwood
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Figure 12: Isotherms, streamlines and iso-concentrations for 7 (=5 and N=1

number increase with Lewis number and it is not much sensitive to the opacity vari-
ation (see Fig. 15(b)).

According to the previous analysis, when the Lewis number increased in the ab-
sence of radiation, the intervention area of mass forces is reduced and the flow
velocity decreases. This causes a sharp drop in heat transfer by convection at the
walls (remember that the flow velocity near the wall was directly related to heat
transfer by conduction at this level). Contrary, in the presence of radiation, the
temperature gradient along the hot wall becomes weak, which favours the domi-
nance of mass forces and reduces the drop in velocity due to the increase of Lewis
number.

4 Conclusion

In conclusion, the radiation accelerates the boundary layer but maintains the cav-
ity core stagnant. In other hand the temperature and concentration fields are also
altered, especially by creating a structure with tilted iso-values. The gas radiation
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Figure 13: (a) Average Nusselt numbers, (b) Average Sherwood numbers, versus
Le for N=2
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Figure 14: Isotherms, streamlines and iso-concentrations for 7 o= 5 and N=1
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Figure 15: (a) Average Nusselt number, (b) Average Sherwood number, versus Le
for N=2

reduces the heat transfer (convective and total), but has practically no influence
on mass transfer. The increase of the optical thickness causes an increase in tem-
perature and thereafter modifying the fluid flow. In general, the flow is lower in
opposing case than in the cooperating case. In other side the effect of radiation,
longer changes the flow dynamics in the aiding case that in opposing case, espe-
cially when the buoyancy forces ratio N is increased.

We can deduce for cooperating flows that in the presence of radiation, the temper-
ature gradient along the hot wall becomes weak, which favours the dominance of
mass forces and reduces the drop in velocity due to the increase of Lewis number.
The opposing flows with a smaller Lewis number are characterized by stratified
structure having a conduction mode dominance and oscillatory structure flow oth-
erwise. Generally, the heat transfer is less important than it is for transparent media,
but the mass transfer is not much affected when the optical thickness is varied.
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