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This work deals with the numerical analysis of a radiating gas flow caused by both 
temperature and buoyancy concentration gradients in a square cavity; in this regard, the 
set of governing equations, including conservation of mass, momentum, species, and energy 
are solved by a numerical technique. In terms of radiation, since the fluid is considered 
as a semitransparent medium, the radiative term in the energy equation appears and is 
calculated by numerical solving of the radiative transfer equation (RTE). Furthermore, all of 
the surrounding cavity walls are considered to be opaque, gray, and diffuse with constant 
emissivity. All of the flow equations are solved by the finite difference method (FDM) and 
the RTE by the discrete ordinate one (DOM). In the present study, an attempt is made 
to verify the optical thickness effects on flow, thermal behavior, and mass transform in a 
cavity flow, such that reciprocating trends were seen in this manner. Our numerical results 
show that the thermal field in double-diffusive convection flow reaches very fast its steady-
state situation in comparison to the concentration distribution. Besides, it is found that the 
thermohydrodynamic characteristics of a double-diffusive convection flow of a radiating 
gas are much affected by optical thickness.

© 2019 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

There are many industrial applications in which the phenomena of double-diffusive natural convection play a vital role. 
One can recall oceanography geophysics, petrology and crystal growth in material processing. The buoyancy forces due to 
simultaneous temperature and concentration gradients are driving factors in many types of convective flow. It is evident 
that in high-temperature systems, the radiative energy transfer becomes important beside the convective and conductive 
ones.

Many studies about combined convection radiation heat transfer in different geometries and in the absence of any 
concentration gradient have been released. Kumar and Eswaran [1] analyzed combined radiation and natural convection in 
a three-dimensional differentially heated rectangular cavity by the finite volume method. Their numerical results include 
a wide range of optical thickeners from 0 to 100, for a fixed Rayleigh number Ra = 105. As a noticeable finding, it was 
explained that the behavior of the temperature field is two dimensional, but the velocity field is three dimensional. Chang 
et al. [2] investigated combined radiation and natural convection in square enclosures with partitions mounted at the 
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Nomenclature

c Concentration . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

C Dimensionless concentration
D Diffusion coefficient . . . . . . . . . . . . . . . . . . . m2·s−1

D f Dufour coefficient
g Gravitational acceleration . . . . . . . . . . . . . . . m·s−2

I Radiation intensity . . . . . . . . . . . . . . . . . . . . W·m−2

I∗ Dimensionless radiation intensity
Ib Black body radiation intensity . . . . . . . . W·m−2

Kc Dufour coefficient . . . . . . . . . . . . . m5 K·kg−1·s−1

KT Soret coefficient . . . . . . . . . . . . . . kg·m−1·K−1·s−1

L Width of cavity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
Le Lewis number
N Buoyancy ratio
Nu Nusselt number
Pl Plank number
Pr Prandtl number
Q Total heat transfer
Ra Rayleigh number
Sh Sherwood number
Sr Soret coefficient
t Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
t∗ Dimensionless time
T Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
(U , V ) Dimensionless horizontal and vertical velocity 

components
(u, v) Dimensional horizontal and vertical velocity 

components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

(X, Y ) Dimensionless horizontal and vertical coordi-
nates, respectively

Greek symbols

α Thermal diffusivity . . . . . . . . . . . . . . . . . . . . m2·s−1

βc Solute volumetric expansion . . . . . . . . . m3·kg−1

βT Coefficient of thermal expansion . . . . . . . . . K−1

ε Emissivity coefficient
ζ Albedo coefficient
θ Dimensionless temperature
ν Kinematic viscosity . . . . . . . . . . . . . . . . . . . . m2·s−1

σs Scattering coefficient . . . . . . . . . . . . . . . . . . . . . m−1

σ Stefan–Boltzmann 
constant . . . . . . . . . . . . . 5.67 × 10−8 W·m−2·K−4

σa Absorption coefficient . . . . . . . . . . . . . . . . . . . . m−1

τ Optical thickness
φ Dimensionless temperature parameter
ψ Stream function . . . . . . . . . . . . . . . . . . . . . . . . m2·s−1

� Dimensionless stream function
ω Dimensionless vorticity
� Solid angle

Subscripts

c cold
h hot
m time step

midpoint of the ceiling and the floor in order to study the effects of both radiative gas and walls on the velocity and 
temperature fields and on the overall heat transfer. Webb and Viskanta [3] carried out a numerical study of the coupled 
heat transfer problem that involved both convection and radiation in a rectangular cavity. Lari et al. [4] analyzed the effect of 
radiative heat transfer on natural convection in a square cavity in standard room conditions. It was reported that neglecting 
the radiation effect in this combined heat transfer introduces considerable error in computing temperature distribution.

Recently, some authors published a paper in which the combined radiation and natural convection of a radiating gas 
inside a double-space cavity with conducting walls is numerically simulated [5]. The set of governing equations, includ-
ing conservation of mass, momentum, and energy for the working fluid along with the RTE for radiation computation is 
solved by a numerical approach in transient conditions. The effect of optical thickness on the cooling rate of the system is 
thoroughly explored.

Regarding the process of double-diffusive natural convection in non-radiating media, there are also several papers in the 
literature. Teamah [6] presented a paper in which a double-diffusive convective flow in a rectangular cavity with upper and 
lower surfaces insulated and impermeable was investigated. On left and right walls, constant temperatures and concentra-
tions were imposed, and a laminar flow was considered at steady-state conditions. Varol et al. [7] analyzed a steady-state 
natural convection in a right-angle triangular enclosure, with insulated vertical wall, while its inclined and bottom surfaces 
were differentially heated. Moreover, the set of governing equations was numerically solved by the finite difference method. 
A numerical study of the double-diffusive laminar free convection in a right-angle triangular solar collector was performed 
by Rahman et al. [8]. Governing equations in vorticity-stream function form were discretized by the finite element method. 
The effects of the buoyancy ratio, inclination angle and thermal Rayleigh number on the flow and the thermal behavior of 
the system were explored.

As far as the process of double-diffuse free convection in the presence of volumetric radiation is concerned, there are a 
few published papers. In this respect, Moufekkir et al. [9] analyzed the aforementioned combined heat transfer in a square 
enclosure with constant temperature and concentration at the vertical surfaces, whereas other walls were assumed to be 
impermeable and insulated. The governing flow equations were numerically solved by a hybrid technique employing the 
lattice Boltzmann method. In the gas energy equation, the radiative term was computed by a radiant intensity field inside 
the participating medium via the radiative transfer equation. Also, this equation was solved by the well-known discrete 
ordinates method. Numerical results were presented by plotting the streamlines and isotherm lines under a fixed optical 
thickness. Besides, the influence of the buoyancy number and of the boundary wall emissivity on the flow field and mass 
transfer were completely examined.
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Fig. 1. Scheme of the thermal system.

Although there are a few works about the double-diffuse free convection combined with volumetric radiation, the ra-
diative properties effects of the participating medium such as optical thickness were not analyzed clearly in transient 
conditions. This motivated the authors to numerically investigate the radiative thermal behavior of double-diffusive con-
vection in a square cavity.

The set of flow equations in vorticity-stream function forms are considered and numerically solved by the finite differ-
ence method, while the solution to the RTE is obtained by DOM. Also, so as to find the thermohydrodynamic characteristics 
of the thermal system in the transient period of its working, the governing equations are considered in unsteady forms. The 
main goal is to verify the effect of optical thickness on the performance of the thermal system in the transient time period 
of the thermal system.

2. Mathematical formulation

The schematic of system considered in this study is shown in Fig. 1. The cavity is filled with a binary participating 
gas that behaves as a Newtonian, incompressible, and gray medium. On the horizontal boundary surfaces, insulated and 
impermeable conditions are assumed, whereas different temperatures (Th, Tc) and concentrations (Cc, Ch) are imposed on 
the left and right walls, respectively. All thermophysical properties of the semitransparent gas are assumed constant, except 
density, which is varied according to the Boussinesq approximation. The driving forces for introducing the gas flow are the 
buoyancies due to temperature and concentration gradients.

Two different factors for generating the convective flow are the temperature gradient and the concentration gradient, 
which lead to heat and mass buoyancy forces, respectively. These forces may be in the same direction or in the opposite 
sense regarding the boundary conditions.

The density of the mixture is computed from the reference state as a base line (c = c0, T = T0, ρ = ρ0) as follows [10]:

ρ = ρ0 [1 − βT (T − T0) − βc(c − c0)]

where βT and βc are the thermal and solatal volumetric expansion, respectively. Their values can be found using the 
following relations.

βT = −1

ρ0

(
∂ρ

∂T

)
C

and βc = −1

ρ0

(
∂ρ

∂C

)
T

The governing differential equations for transient, incompressible, laminar buoyancy convection and constant property flow 
with Soret and Dufour effects are non-dimensionalized by the following parameters:

X = x

L
, Y = y

L
, U = u L

α
, V = v L

α
, θ = T − Tc

Th − Tc
, C = c − cc

ch − cc
, Pr = ν

α
(1)

N = βc(ch − cc)

βT (Th − Tc)
, Le = α

D
, Sr = kT (ch − cc)

α(Th − Tc)
, D f = kc(Th − Tc)

α(ch − cc)
Ra = gL3βT (Th − Tc)

να

Vorticity equation:

∂ω
∗ + U

∂ω + V
∂ω = Pr

(
∂2ω

2
+ ∂2ω

2
) + Ra·Pr (

∂θ + N
∂C

)
(2)
∂t ∂ X ∂Y ∂ X ∂Y ∂ X ∂ X
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where

ω = −
(

∂2�

∂ X2
+ ∂2�

∂Y 2

)
(3)

Mass equation:

∂C

∂t∗ + U
∂C

∂ X
+ V

∂C

∂Y
= 1

Le

[(
∂2C

∂ X2
+ ∂2C

∂Y 2

)
+ Sr

(
∂2θ

∂ X2
+ ∂2θ

∂Y 2

)]
(4)

Energy equation:

∂θ

∂t∗ + U
∂θ

∂ X
+ V

∂θ

∂Y
=

(
∂2θ

∂ X2
+ ∂2θ

∂Y 2

)
+ D f

(
∂2C

∂ X2
+ ∂2C

∂Y 2

)
− 1

Pl·ϕ ∇∗·Q (5)

∇∗·Q represents the divergence of the radiative heat flux, which has appeared as a source term in the energy equation of 
the participating gases. It can be calculated as follows [11]:

∇∗·Q = τ (1 − ζ )·
⎡
⎣4 (θ φ + 1)4 −

∫
4π

I∗d�

⎤
⎦ (6)

in which τ is the optical thickness, ζ is the albedo coefficient, φ is the dimensionless temperature parameter, and I∗ is a 
non-dimensional form of the radiation intensity. The radiant intensity inside the participating medium is obtained from the 
radiative transfer equation as follows [11]:

1

τ
(�·∇) I∗ = 1 − ζ

π
(θf φ + 1)4 − I∗ + ζ

4 π

∫
4 π

I∗d�′ (7)

To summarize the paper, the numerical solution to the RTE by DOM, which was explained in the previous study by the 
authors [12], is not explained here.

2.1. Boundary and initial conditions in the non-dimensional forms

The following boundary condition is applied to solve the RTE:

I∗ = εw Ib
∗ + (1 − εw)

π

∫
�nw·�s′<0

I∗
∣∣�nw·�s′∣∣d�′ �nw·�s > 0 (8)

In the numerical solution to the flow equations, a no-slip boundary condition is considered at the solid boundaries, so the 
boundary and initial conditions can be written as follows:

Y = 0
∂ψ

∂ X
= ∂ψ

∂Y
= Q = ∂C

∂Y
= 0 (9)

Y = 1
∂ψ

∂ X
= ∂ψ

∂Y
= Q = ∂C

∂Y
= 0 (10)

X = 0
∂ψ

∂ X
= ∂ψ

∂Y
= 0, θ = 1, C = 0 (11)

X = 1
∂ψ

∂ X
= ∂ψ

∂Y
= 0, θ = 0, C = 1 (12)

t∗ = 0
∂ψ

∂ X
= ∂ψ

∂Y
= 0, θ = 0, C = 0 (13)

3. The main physical quantities

According to the double-diffusive natural convection due to both temperature and concentration gradients, the rates of 
heat and mass transfer through the cavity can be characterized by the overall Nusselt and Sherwood numbers as follows 
[5,9]:

Nuove = ∂θ

∂ X

∣∣∣∣
X=0

+ D f
∂C

∂ X

∣∣∣∣
X=0

− 1

Pl φ

(
(1 + φ θ)4 −

∑
I∗

∣∣�nw·�s′∣∣�i

)
(14)
n·sw
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Sh = ∂C

∂ X

∣∣∣∣
X=0

+ Sr
∂θ

∂ X

∣∣∣∣
X=0

(15)

where the first, second, and third terms in Eq. (14) indicate the Fourier heat flux due to conduction, the diffusion thermo-
flux owing to the Dufour effect and the radiative flux, respectively. Moreover, in Eq. (15), the first and second terms 
represent the Dufour and Fourier parts of mass transfer.

4. Numerical procedure

The finite difference method is used for discretizing the vorticity, energy, and mass equations, while the time linearization 
technique is employed to compute nonlinear terms. The values of vorticity at time steps m+1 and m+2 based on the ADI 
technique can be obtained as follows [13,14]:

∂ω

∂t∗ +
(

U
∂ω

∂ X

)
m+1

+
(

V
∂ω

∂Y

)
m

= Pr

((
∂2ω

∂ X2

)
m+1

+
(

∂2ω

∂Y 2

)
m

)
+ Ra·Pr

(
∂θ

∂ X

)
m

(16)

∂ω

∂t∗ +
(

U
∂ω

∂ X

)
m+1

+
(

V
∂ω

∂Y

)
m+2

= Pr

((
∂2ω

∂ X2

)
m+1

+
(

∂2ω

∂Y 2

)
m+2

)
+ Ra·Pr

(
∂θ

∂ X

)
m+1

(17)

where the stream function at time steps m+1 and m+2 is calculated by Eq. (18) and Eq. (19):

ωm+1 = −
(

∂2�

∂ X2
+ ∂2�

∂Y 2

)
m+1

(18)

ωm+2 = −
(

∂2�

∂ X2
+ ∂2�

∂Y 2

)
m+2

(19)

Based on the numerical technique, for calculating the gas temperature at time steps m+1 and m+2, the following equations 
are used:(

∂θ

∂t∗

)
+

(
U

∂θ

∂ X

)
m+1

+
(

V
∂θ

∂Y

)
m

=
(

∂2θ

∂ X2

)
m+1

+
(

∂2θ

∂Y 2

)
m
+ (20)

D f

(
∂2C

∂ X2 + ∂2C

∂Y 2

)
m

− τ (1 − ζ )

Pl·φ

⎛
⎝4 (θ φ + 1)4 −

n′∑
i=1

I∗i wi

⎞
⎠

m(
∂θ

∂t∗

)
+

(
U

∂θ

∂ X

)
m+1

+
(

V
∂θ

∂Y

)
m+2

=
(

∂2θ

∂ X2

)
m+1

+
(

∂2θ

∂Y 2

)
m+2

+ (21)

D f

(
∂2C

∂ X2
+ ∂2C

∂Y 2

)
m+1

− τ (1 − ζ )

Pl·φ

⎛
⎝4 (θ φ + 1)4 −

n′∑
i=1

I∗i wi

⎞
⎠

m+1

In the calculation of concentration, a similar method is used, and the linearization forms of the mass equation along with 
the ADI technique become:(

∂C

∂t∗

)
+

(
U

∂C

∂ X

)
m+1

+
(

V
∂C

∂Y

)
m

= 1

Le

[(
∂2C

∂ X2

)
m+1

+
(

∂2C

∂Y 2

)
m

+ Sr

(
∂2θ

∂ X2
+ ∂2θ

∂Y 2

)
m

]
(22)

(
∂C

∂t∗

)
+

(
U

∂C

∂ X

)
m+1

+
(

V
∂C

∂Y

)
m+2

= 1

Le

[(
∂2C

∂ X2

)
m+1

+
(

∂2C

∂Y 2

)
m+2

+ Sr

(
∂2θ

∂ X2
+ ∂2θ

∂Y 2

)
m+1

]
(23)

The discretized forms of equations (16) to (23) are solved by a line-by-line procedure, along with the tridiagonal matrix 
algorithm (TDMA) and the successive over-relaxation (SOR) technique.

So as to estimate the derivative terms in the non-uniform grid (Fig. 2), the following relations are employed [15]:

fx

∣∣∣∣∣i, j = 1

�x−�x2+ + �x+�x2−

[
�x2− f i+1, j + (�x2+ − �x2−) f i, j − �x2+ f i−1, j

]
(24)

f y

∣∣∣∣∣i, j = 1

�y−�y2+ + �y+�y2−

[
�y2− f i, j+1 + (�y2+ − �y2−) f i, j − �y2+ f i, j−1

]
(25)

fxx

∣∣∣∣∣i, j = 2

�x−�x2 + �x+�x2

[
�x− f i+1, j − (�x+ + �x−) f i, j + �x+ f i−1, j

]
(26)
+ −
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Fig. 2. Discretized computational non-uniform grid.

Fig. 3. Grid study in the calculation of the V -velocity component inside the cavity.

f yy

∣∣∣∣∣i, j = 2

�y−�y2+ + �y+�y2−

[
�y− f i, j+1 − (�y+ + �y−) f i, j + �y+ f i, j−1

]
(27)

where f can be one of the dependent variables, namely, ω, �, θ , and C .
The numerical procedure can be summarized as follows:

1) initialize all of the dependent variables;
2) the mentioned discretized continuity, vorticity and energy equations are solved;
3) the RTE is solved by DOM for computation of radiant intensity at each time level;
4) the radiative term (divergence of radiative heat flux) in the gas energy equation is computed;
5) steps 2 to 4 are repeated until the aforementioned equations converge;
6) initialize new time step and dependent variables;
7) steps 2 to 6 are repeated until the steady state achieves.

Numerical calculations were carried out by writing a computer program in FORTRAN. It should be mentioned that, to 
compute the divergence of the radiative heat flux, which is needed for the numerical resolution of the energy equation by 
DOM, a S6 approximation, which represents the numbers of directions being used for discretizing the RTE, has been used in 
this study (SN denotes to N(N+1) discrete directions). Numerical solutions are iteratively obtained such that iterations are 
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Fig. 4. Discretized computational domain with non-uniform grids.

Fig. 5. Distributions of the isotherm lines N = 5.0, Ra = 105, Le = 2, and Sr = D f = 0.1.

Fig. 6. Distributions of the iso-concentration lines N = 5.0, Ra = 105, Le = 2, and Sr = D f = 0.1.

ended when the sum of the absolute residuals is less than 10−6 for vorticity, mass, and energy equations at each time step. 
Moreover, in the numerical solution to the RTE, the maximum difference between the radiative intensities calculated during 
two consecutive iteration levels did not exceed 10−7 at each nodal point for the converged solution. It is worth to mention 
that the numerical results for each dependent variables reach their steady values by marching in time with the optimum 
time step.
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Fig. 7. Distribution of the streamlines.

Fig. 8. Distribution of the isotherm lines.

5. Grid refinement

So as to find the grid-independent numerical solution, numerous attempts at choosing the parameter that is more sen-
sitive by grid size have been done. Consequently, the velocity components with high values of optical thicknesses have this 
feature. In this regard, the distributions of the V -velocity component of the buoyant gas flow at the vertical mid-plane of 
the cavity with optical thickness τ = 100 are calculated using different mesh sizes, as shown in Fig. 3. Based on the findings 
depicted in Fig. 3, the grid size of 100 × 100 is determined as the optimum one and will be used in subsequent calculations. 
It should be mentioned that the grid size for all of the governing equations, which are velocity, temperature, concentration, 
and also the radiant intensity, is the same, but with clustering near the solid walls for higher accuracy. The schematic of 
the discretized computational domain is shown in Fig. 4. Since the governing equations are solved in transient conditions, a 
time interval �t∗ = 10−6 is used in the time marching process up to steady-state conditions.
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Table 1
Values of the non-dimensional parameters [5,9].

Parameter Pl Pr φ ζ Le Sr D f N ε

Value 0.1 0.7
20

300
0.5 1.641 0.1 0.1 −2 0.8

Fig. 9. Iso-concentration lines for Ra = 104 for different optical thicknesses in steady-state conditions.

6. Validation

6.1. Double diffuse case

To validate the numerical scheme in solving the set of governing equations, a double-diffusive convection flow inside 
a rectangular cavity with adiabatic vertical walls is simulated, while the bottom and top walls are isotherm, with hot and 
cold temperatures. Moreover, a concentration gradient governs the entire convective flow because of the difference between 
the species concentrations on the bottom and top walls. The plots of isotherm and iso-concentration lines are displayed in 
Fig. 5 and Fig. 6. The numerical results reported by Wang et al. [10] are also shown in this figure. By comparing, a good 
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Fig. 10. Isotherm lines for Ra = 104 for different optical thicknesses in steady-state conditions.

consistency can be seen between the present numerical results and the theoretical findings of Wang et al. [10]. It is worth 
mentioning that, in the present test case, the flowing gas is assumed to be transparent in thermal radiation.

6.2. Combined radiation and natural convection case

To verify the radiative calculations in solving the RTE, a buoyant flow of radiating gas inside a cavity is simulated in 
the next test case, and the results are depicted in Fig. 7 and Fig. 8. In this test case, which was analyzed previously by the 
second author, a natural convection of gas flow in a cubic cavity with the hot right, cold left, and adiabatic top and bottom 
surfaces is considered. Fig. 7 shows a main recirculated flow inside the cavity because of the buoyant forces. In Fig. 8, the 
isotherm plots are demonstrated. It shows high temperature gradients along the horizontal sense, especially close to the hot 
and cold surfaces and uniformity in vertical direction. One should recall the fact that the isotherms are not perpendicular 
to the adiabatic walls owing to the existence of radiative heat transfer inside the gas flow in addition to the convective one. 
However, Fig. 7 and Fig. 8 show good consistencies between the present numerical analysis and the theoretical findings in 
Ref. [4].
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Fig. 11. Steady-state streamline distributions for Ra = 104 for different values of optical thickness.

7. Results

In this paper, an attempt is made to investigate the effect of volumetric radiation and of its properties on the thermo-
hydrodynamic characteristics in the double-diffusive free convection of a semitransparent gas inside a cavity in transient 
conditions. The set of governing equations is solved by numerical techniques to obtain the velocity, temperature and con-
centration distributions inside the computational domain. The numerical results are presented by plotting the streamline, 
isotherm and iso-concentration lines in the cavity. In calculations of all subsequent results, the values of non-dimensional 
parameters, which have appeared in the governing equations, are the same as those given in Table 1. The values of the 
other non-dimensional parameters such as the Rayleigh number and optical thickness are mentioned for each case, indi-
vidually. First, the concentration and temperature distributors for different values of the optical thickness (τ = 0–100) in 
the enclosure at steady-state conditions are shown in Fig. 9 and Fig. 10 for Ra = 104. It should be noted that zero optical 
thickness denotes only surface radiation, whereas in the case of pure double-diffusion the surface radiation is also emitted. 
As these figures show, high gradients of temperature and concentration take place close to the left and right surfaces and 
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Fig. 12. Distribution of concentration along the vertical mid-line of the cavity for Ra = 104 at steady-state conditions.

Fig. 13. Velocity distributions inside the cavity for Ra = 104 at steady-state conditions.
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Fig. 14. Variations of the Fourier, Dufour, and radiative fluxes with optical thickness for Ra = 104 at steady-state conditions.

Fig. 15. Distributions of the Dufour, Fourier, and radiation Nusselt numbers.

low gradients close to the cavity center. Owing to impermeable bottom and top walls, the iso-concentration lines are per-
pendicular to these surfaces, while for isotherm lines, a small derivation from the right angle is seen adjacent to insulated 
surfaces due to the existence of radiation heat transfer in addition to its convection counterpart. Fig. 9 shows that optical 
thickness does not have considerable effect on the distribution of the concentration inside the cavity. Ironically, it is seen 
that the temperature field inside the cavity is much affected by the variation of optical thickness along sweep behavior.

In order to show the flow pattern, the streamline plots for different values of τ are plotted in Fig. 11. In all cases, 
there is a main recirculated zone at the center of cavity, which occupies the entire region of the enclosure and four small 
recirculated domains near the cavity corners (which are not shown). Fig. 11 shows how the buoyant gas flow is affected by 
the ability of radiation heat transfer as the optical thickness increases. The minimum rate of flow vortices takes place for 
pure double-diffusion. To clarify, it increases with increasing in optical thickness up to a certain value, and then a reverse 
trend is seen. Consequently, a reciprocating behavior for the gas flow with increasing optical thickness is seen in Fig. 11 as 
it was seen before in the previous figures. It should be noted that this behavior was also reported by Lari et al. [4] and was 
discussed in detail there. Indeed, when the optical thickness becomes very large, all of the radiation intensities are absorbed 
near the walls and cannot penetrate into the cavity. Therefore, the cavity with large optical thickness (τ = 100) is like the 
one without radiation heat transfer (i.e. pure double-diffusion convective flow).
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Fig. 16. Distributions of Dufour and Fourier Sherwood numbers.

Fig. 17. Streamline for Ra = 104 at different time levels, τ = 10.

To have a more clear figure for depicting the variation of concentration inside the enclosure, the distribution of con-
centration along the y-axis at the mid-plane of the cavity is shown in Fig. 12. This figure shows almost a linear trend 
for concentration with a small deviation by wavy forms. This figure also shows reciprocal behavior for concentration with 
increasing τ from surface radiation (τ = 0) toward thick medium (τ = 100).



420 M. Foruzan Nia, S.A. Gandjalikhan Nassab / C. R. Mecanique 347 (2019) 406–422
Fig. 18. Isothermal lines for Ra = 104 at different time levels, τ = 10.

The U and V -Velocity distributions at the mid-lines of the cavity are drawn in Fig. 13. This figure shows the upward gas 
flow near the hot surface and the downward one close to the cold one. This figure also reveals that the gas flow is affected 
by optical thickness, the lowest gas velocity is for the pure double-diffusion case and again a reciprocal trend is seen. To 
elaborate, by ascending optical thickness from 0 to 10, the velocity components increase especially near the walls; after this 
behavior has occurred, there is a reverse trend.

As it was mentioned before, the overall Nusselt number is based on three different heat fluxes; those are the Fourier 
heat flux due to conduction, the diffusion thermo flux due to Dufour effect and the radiative flux. To demonstrate the 
contribution of each flux on heat transfer, the distributions of the Fourier, Dufour, and radiative fluxes with τ at Ra = 104

are shown in Fig. 14. This figure depicts that the greatest effect of optical thickness is for the radiative flux, such that 
it decreases by increasing τ from surface radiation (τ = 0) up to pure double-diffusion (τ>>1). This behavior was also 
reported in a previous study [5]. In contrast, the Dufour and Fourier fluxes have similar combined decreasing and increasing 
trends with τ and there are local minimum and maximum points in their distributions. Surprisingly, their extreme points 
take place at equal optical thicknesses, such that the minimum volumes of the Dufour and Fourier fluxes occur at τ = 10
and the maximum values at τ = 1000.

To get a deeper insight into the Dufour, Fourier, and radiation parts of heat transfer, the distributions of three corre-
sponding Nusselt numbers along the y-axis at the left wall of the cavity (the hot surface) are plotted in Fig. 15. This figure 
shows that the radiative heat transfer is the dominant mechanism and that the maximum value of Nurad takes place near 
the bottom wall and the minimum on the top wall. The other two Nusselt numbers are almost uniform, whereas the value 
of the Fourier Nusselt number is about four times bigger than the Dufour one.

One of the other important parameters in double-diffusive convection is the Sherwood number, which consists of the 
Fourier and Dufour parts. In Fig. 16, the variations of these two parts along the left wall of the cavity are presented. Based 
on their definitions, it is expected that they have similar distributions, but different values with the Dufour and Fourier 
fluxes drawn in the previous figure, as it can be seen from Fig. 15.

In the present analysis, the transient forms of the governing equations are solved, such that the time histories of each 
dependent variable are also calculated. To demonstrate the transient characteristics of the double-diffusive convection cavity 
flow, the plots of streamlines, isotherms and iso-concentration lines inside the enclosure at different times are drawn in 
Figs. 17–19. These figures show how the thermal system spends its transient period up to the steady conditions. Comparing 
the streamline plots in Fig. 17 to each other shows that the buoyant flow starts from a stagnant position by forming a 
recirculated zone that occupies the entire space of the cavity, while its center is close to the cold surface. Then, the rate of 
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Fig. 19. Iso-concentration lines for Ra = 104 at different time levels, τ = 10.

vortices increases with time and the center of the recirculated zone shifts towards the cavity center. Besides, a reciprocating 
trend in the distributions of streamlines with time can be seen from Fig. 17. The temperature distributions inside the cavity 
at different time levels are depicted in Fig. 18. At the start of heat transfer, the isotherm lines are almost parallel to each 
other, which shows the dominance of conduction at that time. Then, because of the growing buoyant flow, some curvature 
appears in the isotherms, such that by increasing in time, the rate of temperature gradient in the horizontal sense decreases 
near the hot wall and is relaxed, such that, at steady-state conditions, there is almost a uniform temperature gradient inside 
the cavity from the hot surface toward the cold one. In the case of the concentration field that is shown in Fig. 19, a similar 
trend, as well as isotherm lines with severe curvature, is observed, although its buoyant force is due to the concentration 
gradient from the right surface toward the left one. Generally, it can be seen that, for the gas buoyant flow, the temperature 
and concentration fields spend their transient period from initial values up to the steady-state conditions, such that among 
these dependent variables the delay of the system to reach the steady-state condition is due to the need of the concentration 
field for more time for this purpose.

8. Conclusion

In the present work, a double-diffusive convection flow of radiating gas inside a square cavity due to both tempera-
ture and concentration gradients is simulated numerically. The set of governing equations, including continuity, vorticity, 
energy, and mass equations is solved by numerical techniques. The numerical results are presented by plotting streamlines, 
isotherm, and iso-concentration lines inside the enclosure. Since the gas is considered to be semitransparent, an attempt is 
made to investigate the effects of optical thickness on the thermal and hydrodynamic behavior of buoyant flow. As a main 
finding, it should be reminded that, under the presence of a radiating gas in the double-diffusive convection flow, both the 
velocity and temperature fields of the system are much affected by changes in the value of optical thickness with sweep 
behavior for these two dependent variables, as optical thickness increases from the non-radiating case (τ = 0) to that of an 
optically thick medium.
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