Siham Laouar-Meftah 
  
Denis Lemonnier 
email: denis.lemonnier@ensma.fr
  
Amina Laouti 
email: a.laouti@univ-boumerdes.dz
  
  
  
  
  
Impact of wall Temperature Difference on Heat and Mass Transfers in gray and non-gray gas Mixtures

Keywords: Double diffusion, convection flow, SLW model, radiative transfer, square cavity, heat-mass transfer

may come    

Impact of wall temperature difference on heat and mass transfers in gray and non-gray gas mixtures

Siham Laouar-Meftah, Denis Lemonnier, Amina Laouti

NOMENCLATURE

x,y in the x-or y-direction 0 reference quantity

INTRODUCTION

The transport phenomenon involving a coupling between radiative heat transfer and double-diffusive convection is present in several industrial processes and engineering applications (cooling of electronic devices, solar collectors, thermal comfort, pollution transport in air ...). While most of the studies, dealing with this kind of coupling, neglect the radiative participation of the medium (even if it contains absorbing species such as water vapor [START_REF] Alvarado-Juárez | Numerical study of heat and mass transfer in a solar still device: Effect of the glass cover[END_REF][START_REF] Saleem | Double-diffusive natural convection in a solar distiller with external fluid stream cooling[END_REF] or CO2 [START_REF] Serrano-Arellano | Heat and mass transfer by natural convection in a square cavity filled with a mixture of Air-CO2[END_REF][START_REF] Serrano-Arellano | Numerical study of the double diffusive convection phenomena in a closed cavity with internal CO2 point sources[END_REF][START_REF] Koufi | Double-Diffusive Natural Convection in a Mixture-Filled Cavity with Walls' Opposite Temperatures[END_REF] others were addressed based on the simple assumption of a medium with uniform absorption over space and wavelengths (gray gas model) [START_REF] Borjini | Effect of optical properties on oscillatory hydromagnetic double-diffusive convection within semitransparent fluid[END_REF][START_REF] Prasad | Radiation and mass transfer effects on two-dimensional flow past an impulsively started infinite vertical plate[END_REF][START_REF] Abidi | Effect of radiative heat transfer on three-dimensional double diffusive natural convection[END_REF][START_REF] Albadr | Simplified PN finite element approximation s for coupled natural convection and radiation heat transfer[END_REF] or proportional to the absorbing species' local concentration [START_REF] Mezrhab | Numerical study of double-diffusion convection coupled to radiation in a square cavity filled with a participating gray gas[END_REF]. This approach is very unlikely to accurately represent real situations [START_REF] Dhurandhar | Application and comparative analysis of radiative heat transfer models for coalfired furnace[END_REF], because the radiative transfer in a semitransparent medium (particularly in gases)

depends on the fluid's absorption properties that vary with , the temperature, the concentration (or partial pressure) and the wavelength of the radiating species. In this case, an interesting, but complex, coupling between dynamic, thermal and concentration fields occurs (which does not exist with a transparent gas): Gas radiation influences directly the temperature field (via a volumetric heat source in the energy equation) and indirectly the dynamic field (via buoyancy forces) and the concentration field (through the dynamic field). In turn, these fields (T and C) influence radiative transfer through the emission term and the absorption coefficient, which are affected by the local temperature and concentration of pollutant. Among the first works analyzing the double-diffusive natural convection in non-gray gas mixtures, we cite the numerical study of Ibrahim and Lemonnier [START_REF] Ibrahim | Numerical study of coupled double diffusive natural convection and radiation in a square cavity filled with a N2-CO2 mixture[END_REF], which considered the transient processes in 2Dconfigurations filled with a N2 -CO2 mixture with the Rayleigh number up to 1,5×10 9 .

They showed that radiation accelerates the convergence to steady state in aiding case and delays the arrival to a stable solution in opposing one. The same coupled phenomena is considered in 2D and 3D square cavity, filled with air-CO2 and air-H2O mixtures, at different concentrations of pollutant [START_REF] Meftah | Coupled radiation and double diffusive convection in non-gray air-CO2 and air-H2O mixtures in cooperating situations[END_REF][START_REF] Laouar-Meftah | Gas radiation effects on opposing double-diffusive convection in a non-gray gas air-H2O mixtures[END_REF][START_REF] Laouar-Meftah | Comparative study of radiative effects on double diffusive convection in nongray air-CO2 mixtures in cooperating and opposing flow[END_REF][START_REF] Laouar-Meftah | Buoyancy ratio effects on coupled radiation and double-diffusive convection in non-gray air-H2O mixtures[END_REF][START_REF] Cherifi | Interaction of radiation with double diffusive natural convection in a three dimensional cubic cavity filled with a non-gray gas mixture in cooperating cases[END_REF]. The obtained results show that radiation breaks the centro-symmetry of the thermal field, concentration field and flow structure compared to the transparent cases. It was also pointed out that the fluid is accelerated in both the horizontal and vertical boundary layers when thermal and concentration gradients cooperate. In the same order of ideas, X. B. Nguyen et al. [START_REF] Nguyen | Coupled natural convection and radiation in a cubic cavity filled with an air-H2O mixture in the presence of a heated obstacle[END_REF] considered a cubic cavity of size L=0.25 m containing an obstacle (diffusion source of heat and pollutant) located on its floor. The enclosure was filled with either a gray gas or a binary real gas mixture (air -H2O or air-CO2). The impacts of real gas radiation on the double-diffusive convection were taken into account using the SLW model (for predicting the radiative properties of mixtures). All simulations were performed by using an adapted version of Code Saturne v5.0.4. For a cooperating steady-state flow, the results have reported that gas radiation slightly accelerates the boundary layers but reduces the maximum velocity inside the plume. It tends to lower the temperature in the upper part of the cavity, and thus, homogenizes the thermal field but a higher mass-tothermal buoyancy ratio has an opposite effect. In all considered cases, the concentration field remains insensitive to radiation. Very recently, Laouar-Meftah et al. [START_REF] Laouar-Meftah | Influence du rapport de forme sur la convection naturelle de double diffusion dans un mélange gazeux nongris[END_REF] highlighted the influence of the rectangular cavity aspect ratio on the double diffusion natural convection in a non-gray gas mixture. The 2D steady state simulations, in enclosure of width L = 0.1m and 0.3m, have been conducted for a range of aspect ratios Ar (height to width) varying from 0.5 to 2. It was found that, for a cavity with a small dimension (L=0.1m), the radiative effects on the structures of the fields (𝜓, T and C) become visible only when Ar =2. For a larger dimension (L = 0.3 m), the effects of gas radiation are more pronounced and increase with Ar.

The present study analyzes the effect of wall temperature difference (∆T) on the coupling of gas radiation with laminar double-diffusive natural convection, in a square enclosure filled with a gray and non-gray participating mixture (air-H2O or air-CO2).

The characteristics of the flow are calculated by taking into account the real radiative participation of the mixture: the radiation sources and fluxes are evaluated by using the discrete ordinate method [START_REF] Fiveland | Discrete-ordinates solutions of the radiative transport equation for rectangular enclosures[END_REF] together with the SLW spectral model [START_REF] Denison | The Spectral line-based weighted sum of gray gases model in nonisothermal and nonhomogenous media[END_REF]. Changes in the characteristics of thermal, mass and dynamic fields, due to gas radiation, are determined by comparison to a nonparticipating medium (transparent gas) having otherwise the same thermophysical characteristics as the mixture.

PHYSICAL MODEL AND ASSUMPTIONS

The studied physical system is represented in Figure1. It consists of a square cavity of width L, filled with air-H2O or air-CO2 gas mixture. The vertical walls of the cavity are black and maintained at constant and uniform temperatures (TH >TC) and concentrations (CH >CL). The horizontal walls are adiabatic, impermeable and purely reflecting.

We assume that the flow is two-dimensional, stationary and laminar. The fluid is incompressible and Newtonian, satisfying the Boussinesq approximation, with constant thermophysical properties. The binary mixture consists of pure air (considered perfectly transparent) mixed with either H2O or CO2 (an absorbing, emitting, and non-scattering species) that acts as a pollutant.

[Figure 1]

MATHEMATICAL FORMULATION

The following equations expressed in the vorticity 

𝑢 = 𝜕𝜓 𝜕𝑦 , 𝑣 = - 𝜕𝜓 𝜕𝑥 (5) 
The mass and thermal expansion coefficients are defined as follows:

𝛽 𝐶 = - 1 𝜌 ( 𝜕𝜌 𝜕𝐶 ) 𝑃,𝑇 , 𝛽 𝑇 = - 1 𝜌 ( 𝜕𝜌 𝜕𝑇 ) 𝑃,𝐶 (6) 
In Eq. ( 2), 𝐼 𝑘,𝑚 denotes the local radiation intensity (of k th gray gas in the m th discrete direction) obtained by solving the Radiative Transfer Eq. ( 7) by the Discrete Ordinates Method (DOM).

𝜇 𝑚 𝜕𝐼 𝑘,𝑚 (𝑥, 𝑦) 𝜕𝑥 + 𝜂 𝑚 𝜕𝐼 𝑘,𝑚 (𝑥, 𝑦) 𝜕𝑦 + 𝜅 𝑘 (𝑥, 𝑦)𝐼 𝑘,𝑚 (𝑥, 𝑦) = 𝜅 𝑘 (𝑥, 𝑦)𝑎 𝑘 (𝑥, 𝑦) 𝜎𝑇 4 𝜋 (7) 
(𝜇 𝑚 , 𝜂 𝑚 ) are the direction cosines of the m th discrete direction associated with the weighting coefficient 𝑤 𝑚 in the quadrature set. The local absorption coefficient (𝜅 𝑘 ) of each gray gas is proportional to the concentration of pollutant:

𝜅 𝑘 (𝑥, 𝑦) = 𝐶𝑎𝑏𝑠 𝑘 𝐶(𝑥, 𝑦) (8) 
In this equation, the absorption cross-section of the kth gay gas (𝐶𝑎𝑏𝑠 𝑘 ) and the local blackbody weight (𝑎 𝑘 , Eq. ( 7)) are deduced from the SLW weighted-sum-of-gray-gases model of Denison and Webb [START_REF] Denison | The Spectral line-based weighted sum of gray gases model in nonisothermal and nonhomogenous media[END_REF]. The values of 𝑎 𝑘 vary in the medium with the local concentration and temperature (atmospheric pressure is assumed everywhere).

Boundary conditions

The dynamic, thermal, and mass boundary conditions of the problem are depicted in Figure1. Concerning the radiative conditions, intensities leaving the vertical (black) walls correspond to the blackbody emission at the wall temperature:

𝐼 𝑘,𝑚 (0, 𝑦) = 𝑎 𝑘 (0, 𝑦) 𝜎𝑇 𝐻 4 /𝜋 , 𝑓𝑜𝑟 𝜇 𝑚 > 0 (9a) 
𝐼 𝑘,𝑚 (𝐿, 𝑦) = 𝑎 𝑘 (𝐿, 𝑦) 𝜎𝑇 𝐶 4 /𝜋, 𝑓𝑜𝑟 𝜇 𝑚 < 0 (9b) while the horizontal walls are assumed to be perfectly diffusively reflecting:

𝐼 𝑘,𝑚 (𝑥, 0) = 1 𝜋 ∑ |𝜂 𝑚 | 𝜂 𝑚 <0 𝑤 𝑚 𝐼 𝑘,𝑚 (𝑥, 0) , 𝑓𝑜𝑟 𝜂 𝑚 > 0 (10a) 𝐼 𝑘,𝑚 (𝑥, 𝐿) = 1 𝜋 ∑ |𝜂 𝑚 | 𝜂 𝑚 >0
𝑤 𝑚 𝐼 𝑘,𝑚 (𝑥, 𝐿), 𝑓𝑜𝑟 𝜂 𝑚 < 0 (10b)

Mass and Heat Transfer

The average Sherwood number (𝑆ℎ ̅̅̅ ) and Nusselt numbers (convective 𝑁𝑢 𝑐 , radiative 𝑁𝑢 ̅̅̅̅ 𝑅 and total 𝑁𝑢 ̅̅̅̅ 𝑡 ) at vertical walls are defined as follows:

where 𝑞 𝑅 𝑛𝑒𝑡 represents the net wall radiative flux (emitted -absorbed) given by :

𝑞 𝑅 𝑛𝑒𝑡 | 𝑥=0 = 𝜀 (𝜎𝑇 𝐻 4 -∑ ∑ |𝜇 𝑚 | 𝜇 𝑚 <0 𝑤 𝑚 𝐼 𝑘,𝑚 (0, 𝑦) 𝑁 𝑔 𝑘=1 ) (15a) 
𝑞 𝑅 𝑛𝑒𝑡 | 𝑥=𝐿 = 𝜀 (𝜎𝑇 𝐶 4 -∑ ∑ 𝜇 𝑚 𝜇 𝑚 >0
𝑤 𝑚 𝐼 𝑘,𝑚 (𝐿, 𝑦)

𝑁 𝑔 𝑘=1 ) (15b) 

NUMERICAL PROCEDURE

Initially, the fluid is motionless, homogeneous and isothermal at the average concentration 𝐶 0 = (𝐶 𝐻 + 𝐶 𝐿 )/2 and temperature 𝑇 0 = (𝑇 𝐻 + 𝑇 𝐶 )/2. To solve Eqs.

(1)-( 3), a finite difference method, based on an ADI scheme, is used. The Poisson Eq. ( 4) is solved by the successive over relaxation method. A non-uniform grid (8080)

with hyperbolic tangent distribution in x and y direction is used herein. All the calculations are performed using a false transient method. When the two following criteria are met, a steady-state solution is assumed to be reached: 1) and double-diffusive convection with gray gas radiation (Figure 2) or without (Table 2). The comparison shows a good agreement with a maximum deviation of 1% on the Sherwood and average Nusselt numbers.

𝑆ℎ ̅̅̅ = [1/(𝐶 𝐻 -𝐶 𝐿 )] ∫ |𝜕𝐶/𝜕𝑥| 𝑥=0 ,𝐿 𝐿 0 𝑑𝑦 (11) 
𝑁𝑢 𝑐 = [1 (𝑇 𝐻 -𝑇 𝐶 ) ⁄ ] ∫ |𝜕𝑇/𝜕𝑥| 𝑥=0,
[Table 1]

[Figure 2] [Table 2]
Finally, the accuracy of the SLW spectral model was more particularly assessed by comparison to reference [START_REF] Denison | Development and Application of an Absorption-Line Blackbody Distribution Function for CO2[END_REF], where a homogenous air-CO2 mixture subject to a cosine temperature distribution 𝑇(𝑥) = 𝑇 0 + 0.5(𝑇 𝐻 -𝑇 𝐶 )cos (𝜋𝑥/𝐿), is placed between two infinite, parallel, and differentially heated black walls (Figure 3).

[Figure 3]

RESULTS AND DISCUSSION

We recall that numerical computations are conducted for a square cavity of width L = 0.35 m, filled with a mixture of air-H2O or air-CO2 at the average temperature T0=555 K and concentration C0, corresponding to a molar fraction of 15%

H2O or 15% CO2. The temperature and concentration (in terms of molar fraction) prescribed along the hot and cold walls are presented in Figure 1. We consider two walls temperature differences (∆𝑇 = 𝑇 𝐻 -𝑇 𝐶 = 5°𝐶 and 50°𝐶) to highlight their effects on heat and mass transfers, in a non-gray semi-transparent medium. For the radiative model, we use Ng =11 fictitious gray gases to represent the non-gray mixture (with the SLW model) and the S8 quadrature set to solve the RTE equation (with the DOM method. The cases of double-diffusive convection with gray gas radiation (𝜅 𝜀 𝑠𝑙𝑤,𝐶𝑂2 = 0.28 m -1 and 𝜅 𝜀 𝑠𝑙𝑤,𝐻2𝑂 = 0.52 m -1 ) and without gas radiation (transparent gas, 𝜅 = 0) are also computed for comparison. Note that the gray gas absorption coefficients (𝜅 𝜀 𝑠𝑙𝑤 ) are calculated from the total emissivity of an isothermal (at 𝑇 0 ) and homogeneous (at 𝐶 0 ) gas layer of thickness L :

where ℓ 𝑚 , represents the average mean beam length [START_REF] Modest | Radiative Heat Transfer[END_REF], defined as:

Here, the total emissivity 𝜀 𝑠𝑙𝑤 is calculated from the SLW model [START_REF] Webb | The spectral line weighted-sum-ofgray-gases (SLW) model for prediction of radiative transfer in molecular gases[END_REF], as:

Based on the previous data, the thermal Rayleigh (Ra), mass-to-thermal buoyancy ratio

𝜅 𝜀 𝑠𝑙𝑤 = - 1 ℓ 𝑚 𝑙𝑜𝑔 (1 -𝜀 𝑠𝑙𝑤 ) (17) 
ℓ 𝑚 ≅ 3.6 𝑉/𝐴 = 0.9 × 𝐿 (18)

𝜀 𝑠𝑙𝑤 = ∑ 𝑎 𝑘 (1 -𝑒 -(𝜅 𝑘 ℓ 𝑚 ) ) 𝑁 𝑔 𝑘=1 (19) 
(N), Prandtl (Pr), Lewis (Le) and Planck (Pl) numbers relating to our problem are summarized in Table3.

[Table 3]

Flow structures, temperature and concentration fields

air-CO2 mixture

We firstly deal with an air-CO2 mixture. Figure 4 displays the streamlines, temperature and concentration contours for transparent, non-gray and gray gases at ∆𝑇 = 5°𝐶 and 50°𝐶. When the gas is transparent (that is, when gas radiative effects are neglected), at low temperature difference (∆𝑇 = 5°𝐶), the dominant mass forces (massto-thermal buoyancy ratio N= -5.38 at ∆𝑇 = 5°𝐶 , Table 3) create an anticlockwise motion (Figure 4a1), which places cold fluid in the upper part of the cavity and hot fluid in its lower part. Inversely, at higher temperature difference (∆𝑇 = 50°𝐶), the prevailing thermal forces (N=-0.538) drive the fluid in a clockwise direction (Figure 4a4), which brings hot fluid to the upper part of the cavity and cold fluid into its lower part. However, in both cases, the main structure of the flow corresponds to a boundary layer regime (with thin vertical boundary layers and stratification of the thermal and mass fields across a motionless core). This does not significantly change with ∆𝑇.

In a non-gray gas case, at ∆𝑇 = 5°𝐶, radiation strongly modifies the temperature field (Figure 4b2): isotherms are tilted inside the cavity and distorted near the horizontal walls, where the gradients of temperatures are also augmented.

Furthermore, radiation cools (by emission) the fluid in the right part of the cavity and warms it (by absorption) in the left part (Figure 5a1). This creates strong (negative) horizontal temperature gradients in the center of the enclosure and weakens the gradient of temperature (practically) all along vertical walls (presence of warmer fluid at the hot wall and colder one at the cold wall). Regarding the fluid dynamics, as the flow is strongly driven by mass forces (less sensitive to radiation than thermal forces), it becomes very little affected by radiation (Figure 4a2): The structure of the flow field remains essentially unchanged except for a (slight) partially slowing of the boundary layers (Figure 6a). We also note that radiation somewhat reduces the concentration gradients at vertical walls (Figure 5b1), where the boundary layers are slowed down (left wall at y/L < 0.5 and right wall at y/L > 0.5), what produces weak (and negative) horizontal concentration gradients in the core of the cavity. This slightly inclines the iso-value lines of the concentration field (Figure 4c2), without any significant disturbance of the structure.

The same characteristics are observed when using a gray gas model (Figure 4a3-4c3).

The reason is that as the real gas (non-gray) undergoes only relatively weak temperature and molar fraction variations (ΔT= 5°C and ∆𝑥 𝐶𝑂2 =15%, respectively). Therefore, the medium absorption coefficient does not vary much across the cavity and (globally) does not exhibit a significant difference from that of a gray gas. Indeed, even the local distribution of the concentration (Figure 5b1) and velocities in the cavity (Figure 6a) are the same for a gray and a non-gray gas.

[Figure 4]

[Figure 5]

When ∆T increases to 50°C, the thermal forces are strengthened (N = -0.538, Table 3). They govern the fluid dynamic and create clockwise motion, in absence of gas radiation (Figure 4a4). Non-gray gas radiation, by enhancing these dominant forces, strongly affects the flow pattern (Figure 4a5-4c5). Unlike the previous case (at ∆T = 5°C), the vertical and horizontal boundary layers are now accelerated (Figure 6b) and the core of the cavity is no longer stagnant, but set in motion (Figure 4a5).

[Figure 6]

As the fluid circulates around the center, it induces a nearly homogeneous distribution of temperature (Figure 4b5) and concentration (Figure 4c5) in the cavity, instead of the vertically stratified fields, observed with a transparent gas (Figure 4b4 and4c4). Indeed, Figure 5a2 shows that the fluid temperature, in the upper part of the cavity (at y/L > 0.5), tends to be reduced to the average temperature T0, and in the lower part (at y/L < 0.5), it tends to be increased to T0. As consequence, the wall gradients of temperature are weakened on one part of the vertical walls and enhanced on the other part.

Now, if we consider the gray gas (at ∆T=50°C), we notice that radiative effects on field characteristics (Figures 4a6 to 4c6) deviate a little from those of a non-gray gas (Figure 4a5 to 4c5) and become more pronounced: Even the concentration (Figure 5b2) and velocity (Figure 6b) magnitudes are locally quite different in each case (while their profiles are confused at ∆𝑇 = 5°𝐶 (Figures 5b1 and6a).

air-H2O mixture

For the air-H2O mixture, the thermal, dynamic and mass field structures, at ∆T=5°C and 50°C, with the presence of gas radiation or without, are depicted in Figure 7. Here, the (non-gray and gray gas) radiative effects are similar to those previously recorded (with the air-CO2 mixture) but are more pronounced. Two reasons can be invoked for this: on one hand, at the same concentration (corresponding to a molar fraction of 15%), and under the present thermodynamic conditions (P=1bar, T0=555 K), H2O participates more to radiation than CO2 (its absorption coefficient, calculated from the total emissivity (Eq. ( 17)) is higher: 𝜅 𝜀 𝑠𝑙𝑤,𝐻2𝑂 = 0.52 𝑚 -1 and 𝜅 𝜀 𝑠𝑙𝑤,𝐶𝑂2 = 0.28 𝑚 -1 ). On the other hand, the Rayleigh number (Ra) and the buoyancy ratio (N) are lower than with CO2 (Table 3), which increases the radiative effects [START_REF] Mezrhab | Numerical study of double-diffusion convection coupled to radiation in a square cavity filled with a participating gray gas[END_REF][START_REF] Meftah | Coupled radiation and double diffusive convection in non-gray air-CO2 and air-H2O mixtures in cooperating situations[END_REF]. In this configuration (air-H2O mixture), at low difference temperature, the non-gray (Figures 7a2 to 7c2) and gray gas radiation (Figures 7a3 to7c3) affect essentially the thermal field (negative horizontal gradient of temperature and tilted isotherms in the core of the cavity) and the structure of the concentration and streamlines fields remains globally unchanged. In addition, the boundary layers are decelerated (Figure 9a), and here positive low horizontal concentration gradients are formed in the center of the cavity (Figure 8b1) (not negative as with air-CO2 mixture (Figure 5b1)).

[Figure 7]

[Figure 8]

When increasing ∆T to 50°C and including the radiation effect, the flow of thermal origin (N = -0.44) is strongly accelerated throughout the cavity (Figure 9b): in the center, the gray gas is more accelerated than the non-gray one, but this trend is inverted elsewhere (non-gray gas more accelerated). This new fluid dynamic homogenizes the temperature and the concentration of the fluid around T0 and C0

(Figures 8a2 and8b2), as previously observed with CO2 (Figures 5a2 and5b2).

[Figure 9]

Heat and Mass Transfer

Figures 10 and 11 illustrate the distribution of local convective heat transfer at the cold and hot walls for air-CO2 and air-H2O mixtures when the fluid is considered as a transparent, gray or non-gray gas (real gas). At ∆T=5°C, as (non-gray) gas radiation locally reduces the convective flux along all walls, owing to the weakening of the temperature gradient (Figure 5a1, for air-CO2 mixture and Figure 8a1, for air-H2O) and the slowing down of the boundary layers (Figures 6a and9a), the average convective Nusselt (𝑁𝑢 ̅̅̅̅ 𝑐 ) strongly diminishes when the radiative participation of the fluid is included (Table 4, non-gray gas at ∆T=5°C). This reduction is stronger at the hot wall, for air-H2O mixture, and at the cold wall, for air-CO2. Table 4 shows that neglecting the (non-gray) gas radiation leads to overestimating of the convective transfer rate by about 75% (at the hot wall) with air-H2O mixture and 60% (at the cold wall) with air-CO2.

[Figure 10] At a greater difference temperature (∆T=50°C), the reduction of convective flux, previously observed (at ∆T=5°C), is reduced (Table 4, non-gray gas). This is due to the acceleration of the boundary layers (Figure 6b, for air-CO2 mixture and Figure 9b, for air-H2O), that favors convective transfer, on the one hand, and on the other hand, to the partial (and not total) weakening of the local temperature gradients at the hot wall (Figures 10a and11a, ∆T=50°C, y/L< 0.5) and the cold wall (Figures 10b and11b, ∆T=50°C, y/L > 0.5).

Regarding the total Nusselt number (convective+radiative), as the absorbent species (CO2 or H2O) attenuates the radiative exchange between active walls, it decreases 𝑁𝑢 𝑡 ̅̅̅̅̅ (Table 5). This reduction is more important for air-H2O than air-CO2 mixture (H2O participates more to radiation than CO2), and for a low value of ∆T (due to the strong reduction of convection transfer at 5°C) than a high value (50°C).

[Figure 11]

With a gray gas (Table 5), the radiative effects on 𝑁𝑢 ̅̅̅̅ 𝑐 and 𝑁𝑢 𝑡 ̅̅̅̅̅ display the same trend (reduction) as with non-gray gas. The use of this model predicts the thermal behaviour of real gas better than with transparent gas since the maximal deviation of 𝑁𝑢 ̅̅̅̅ 𝑐 from the case of a non-gray gas is about only 13% (instead of 75% with transparent gas, Table 4, air-H2O mixture at ∆T = 5°C). Also, for 𝑁𝑢 𝑡 ̅̅̅̅̅ , the relative deviation from the non-gray gas does not exceed 1%, with the gray gas model, while it reaches 10.3% when the radiation is neglected (transparent gas).

[Table 4]

[Table 5]
On the other hand, the mass transfer is weakly affected by the presence of an absorbing gas (gray or non-gray). One note that at ∆T= 5°C (for the two gas mixtures) the average Sherwood numbers (𝑆ℎ ̅̅̅ ) are very little reduced (Table 5), because the parietal concentration gradients and the boundary layers have been a little weakened.

At a higher value of ∆T (50°C), the important acceleration of the boundary layers manages to reverse this tendency (reduction of 𝑆ℎ ̅̅̅ ) and slightly enhances the mass transfer (increase of 𝑆ℎ ̅̅̅ ).

CONCLUSIONS

In this study, we analyzed the effects of temperature difference ∆T (between the active vertical walls of a square cavity) on the characteristics of flow fields and mass and heat transfer, in a binary gas mixture (air-H2O or air-CO2) at a fixed average concentration in pollutant (15% H2O or CO2). The real radiative participation of mixtures is accounted for by the SLW spectral model [START_REF] Denison | The Spectral line-based weighted sum of gray gases model in nonisothermal and nonhomogenous media[END_REF]. According to the temperature difference (∆T) magnitude, different radiative effects are observed, when the thermal and mass buoyancy forces are opposing:

 At low temperature difference (∆T=5°C, mass forces are dominant), the nongray gas radiation essentially modifies the temperature field (isotherms tilted inside the cavity and a strong (negative) horizontal temperature gradients created in the center). Furthermore, the parietal gradients of temperature are weakened all along vertical walls, and the boundary layers are slowed down (without any significant disturbance of the streamlines and iso-concentration patterns).

 At higher ∆T values (50°C, thermal forces are dominant), the non-gray gas radiation modifies all the fields structures. The strongly accelerated fluid flow tends to homogenize the temperature and the concentration in the cavity core.

Here, the parietal gradients of temperature (and concentration) are weakened on one part of the vertical walls and enhanced on the other part.

 Regarding the heat and mass transfers, at ∆T=5°C, non-gray gas radiation reduces (strongly) the convective heat transfer (due to weakening of the parietal gradients of temperature and slowing down of boundary layers) as well as the global heat transfer across the cavity. With increasing ∆T to 50°C, this trend (reduction of convective and total transfer) tends to be somewhat damped, due to the acceleration of the fluid and the (partial) enhances of temperature gradients at walls. On the other hand, in two cases (∆T= 5°C and 50°C), the mass transfer is weakly affected (slightly decreased) by the presence of an absorbing species.

 All the radiative effects recorded with an air-H2O mixture are similar to those obtained with air-CO2 but in a more pronounced way (H2O participates more to radiation than CO2).

 Overall, the results obtained with transparent gas are far from those of a (real) non-gray gas, so neglecting gas radiation is not suitable even at a low value of ∆T. The use of the gray gas model for analyzing the dynamic, thermal and mass behavior of a real gas remains reasonable (for the range of variation considered in this case study), since it reproduces the main features of the real radiative behavior gas mixture.

Tables Table 1. Average Nusselt (radiative and total) number for different opacity of a gray gas: Ra = 5×10 
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Figure 7 .

 7 Figure 7. Dimensionless isotherms (a), streamlines (b) and iso-concentration (c) at wall temperature differences ∆T = 5°C and 50°C for air-H2O mixture considered as Transparent gas (A), non-gray gas (B) or gray gas (C).
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 8 Figure 8. Dimensionless temperature (a) and concentration (b) for air-H2O mixture, at ∆𝑇 = 5°C and 50°C.
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 9 Figure 9. Dimensionless vertical (v*) and horizontal (u*) velocity profiles in different planes of the cavity, for air-H2O mixture, at ∆T = 5°C (a) and 50°C (b): 𝑣 * = 𝑣(𝑔𝛽 𝑇 ∆𝑇𝐿) -0.5 , 𝑢 * = 𝑢(𝑔𝛽 𝑇 ∆𝑇𝐿) -0.5
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 10 Figure 10. Local convective Nusselt number along the hot (a) and cold (b) walls for air-CO2 mixture, at ∆T = 5°C and 50°C.
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 11 Figure 11. Local convective Nusselt number along the hot (a) and cold (b) walls for air-H2O mixture, at ∆T = 5°C and 50°C.
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 2 6 , Pr = 0.71, Pl = 0.02, 𝑇 0 / ∆𝑇 = 1.5 Average convective Nusselt and Sherwood numbers: Ra = 10 7 , Pr = 0.71,

			Present work	Ref. [22]	
	τ	SN	𝑁𝑢 ̅̅̅̅ 𝑟	𝑁𝑢 ̅̅̅̅ 𝑡	𝑁𝑢 ̅̅̅̅ 𝑟	𝑁𝑢 ̅̅̅̅ 𝑡
	1	S8	31.25	38.81	31.28	38.93
	5	S4	23.57	31.59	23.64	31.76
	0.2	S4	37.40	46.05	37.40	46.11

Table 3 .

 3 Dimensionless numbers relating to the problem

	Pollutant	ΔT	N	Ra	Pr	Le	Pl
	CO2	5°C 50°C -0.538 -5.38	1.597×10 6 1.597×10 7	0.718	1.22	3.024×10 -3
	H2O	5°C 50°C -0.444 -4.44	1.354×10 6 1.354×10 7	0.752	0.78	3.062×10 -3

Table 4 .

 4 Average convective Nusselt numbers as function of ∆T, for air-CO2 and air-

	H2O mixtures: (A) Transparent gas, (B) Non-gray gas and (C) Gray gas
					𝑁𝑢 𝑐 ̅̅̅̅̅		
	Mixture	∆𝑇		Hot wall			Cold wall
			(A)	(B)	(C)	(A)	(B)	(C)
		5°C	14.39	9.85	9.37	14.39	8.99	9.46
	Air-CO2		(46.1%)		(4.9%)	(60.1%)		(5.2%)
		50°C	15.54	14.36	12.90	15.54	14.73	14.85
			(8.2%)		(10.2%)	(5.5%)		(0.8%)
		5°C	13.87	7.90	8.95	13.87	9.16	9.07
	Air-H2O		(75.6%)		(13.3%)	(51.4%)		(0.9%)
		50°C	14.73	12.25	11.54	14.73	14.30	14.00
			(20.2%)		(5.8%)	(3%)		(2.1%)

(%): relative deviation from the case of a Non-gray gas (B)

Table 5 .

 5 Average total Nusselt and Sherwood numbers as function of ∆T, for air-CO2 and air-H2O mixtures: (A) Transparent gas, (B) Non-gray gas and (C) Gray gas

				𝑁𝑢 𝑡 ̅̅̅̅̅			𝑆ℎ ̅̅̅	
	Mixture	∆𝑇	(A)	(B)	(C)	(A)	(B)	(C)
			234.07	217.85 219.69	15.86	15.51	15.56
	Air-CO2	5°C	(7.5%)		(0.8%)	(2.3%)		(0.3%)
			235.65	225.96	226.37	16.82	16.50	16.14
		50°C	(4.3%)		(0.2%)	(1.9%)		(2.2%)
			230.76	209.29	209.26	12.45	12.06	12.13
	Air-H2O	5°C	(10.3%)		(0.01%)	(3.2%)		(0.9%)
		50°C	232.06	218.54	216.86	12.73	13.32	12.86
			(6.2%)		(0.8%)	(4.4%)		(3.5%)

(%): relative deviation from the case of a non-gray gas (B)
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