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Abstract: Species separation in heterogeneous porous media is a field of interest of 

many industrial activities. In our investigation, the effect of a single discrete fracture on 

the thermosolutal convection coupled with the Soret effect have been analyzed. The main 

results show that the fracture can greatly affect the behavior of the thermogravitational 

flow and might play a positive role to the separation caused by the Soret effect. 

Furthermore, the fracture tilted to the cold wall causes a large separation compared to the 

one tilted to the hot wall with the same angle. Therefore, the separation process could be 

greatly improved. 
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Nomenclature 

𝑨 aspect ratio of the porous matrix, 𝑯′ 𝑳′⁄  

𝒂 Rayleigh ratio, 𝑹𝑻𝑭 𝑹𝑻𝑷𝑴⁄  

𝑪 dimensionless solute concentration, (𝑪′ − 𝑪𝟎
′ ) ∆𝑪′⁄  

𝑪𝟎
′  reference solute concentration 

∆𝑪′ characteristic solute concentration, 𝒋′𝑯′ 𝑫⁄  

𝑫 mass diffusivity of species 

𝑫𝑻 thermodiffusion coefficient 

𝒆 aperture of the fracture, 𝒆′/𝑯′ 

𝐠⃗  gravitational acceleration vector, m/s² 

𝑯′ height of the cavity, m 

𝐣′ ⃗ constant mass flux, mole/m2/s 

𝑲 permeability of the porous medium 

𝑲𝑭 permeability of the fracture 

𝑳′ width of the cavity, m 
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𝑳𝒆 Lewis number, 𝛂/𝐃 

𝑵 buoyancy ratio, 𝜷𝒔 ∙ ∆𝑺
′/𝜷𝑻 ∙ 𝑲 ∙ ∆𝑻′ 

𝑵𝒖 Nusselt number, eq. (7) 

𝐪′⃗⃗  ⃗ constant heat flux, W/m2 

𝑹𝑻 
thermal Darcy-Rayleigh number for the porous medium, 

𝒈 ∙ 𝜷𝑻 ∙ 𝑲 ∙ ∆𝑻
′ ∙ 𝑯′/(𝜶 ∙ 𝝂) 

𝑹𝑻𝑭 
thermal Darcy-Rayleigh number for the fracture, 

𝒈 ∙ 𝜷𝑻 ∙ 𝑲𝑭 ∙ ∆𝑻
′ ∙ 𝑯′/(𝜶 ∙ 𝝂) 

𝑺 species separation parameter, 𝑪𝒎𝒂𝒙 − 𝑪𝒎𝒊𝒏 

𝑺𝑷 Soret parameter, 𝑺𝟎
′ ∙ 𝑫𝑻 ∙ 𝜟𝑻

′/(𝑫 ∙ 𝜟𝑺′) 
𝑺𝒉 Sherwood number, Eq. (7) 

𝒕 dimensionless time, 𝒕′ ∙ 𝜶/(𝑯′² ∙ 𝝈) 
𝑇 dimensionless temperature, (𝑇′ − 𝑇0

′)/𝛥𝑇′ 
𝑇0
′ reference temperature, K 

𝜟𝑻′ characteristic temperature, 𝒒′𝑯′/𝝀 

𝑢 dimensionless velocity in 𝑋 direction, 𝑢′ ∙ 𝐻′/𝛼 

𝑣 dimensionless velocity in Y direction, 𝑣′ ∙ 𝐻′/𝛼  

(𝑋, 𝑌) dimensionless coordinates,(𝑋′/𝐻′ , 𝑌′/𝐻′ )  

Greek Symbols 

𝛼 thermal diffusivity 

𝛽𝑆 solute concentration expansion coefficient 

𝛽𝑇 thermal expansion coefficient 

𝜀 normalized Porosity, 𝜀′/𝜎 

𝜀′ porosity of the porous medium 

𝜆 thermal conductivity, W/m/K 

𝜈 kinematic viscosity of the fluid 

𝜌 density of the fluid mixture 

(𝜌𝑐)𝐹 heat capacity of the fluid mixture 

(𝜌𝑐)𝑃𝑀 heat capacity of the saturated porous medium 

𝜎 heat capacity ratio,(𝜌𝑐)𝑃𝑀/(𝜌𝑐)𝐹 

𝜓 dimensionless stream function, 𝜓′/𝛼 

Superscripts 

′ for dimensional variable  

Subscripts 

F Fracture 

PM porous medium 

Opt refers to optimum value 

Max refers to maximum value 

Min refers to minimum value 

0 refers to Reference state 
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S refers to solutal 

T refers to thermal  

1. Introduction 

Due to the thermodiffusion effect [1], a mass fraction gradient is 

spontaneously created when a liquid or gas mixture is subjected to a temperature 

difference. The thermodiffusion effect, also called Soret effect [2], or Ludwig-

Soret effect [3] causes a separation of components, where generally the heavier 

or larger molecular species concentrate near the colder surface. Coupling of this 

Soret effect with natural convection magnifies the primary separation coming 

from the Soret effect. This is known as the thermogravitational phenomenon. 

Clusius and Dickel [4] invented the thermogravitational column (TGC) in order 

to separate isotopes, which was developed theoretically by Furry et al. [5] and 

extended for liquids by DeGroot [6]. However, the developed TGC was declined 

due to the operating features and so researchers are encouraged to combine the 

TGC technique with other separation mechanisms and modified cell designs [7]. 

Lorenz and Emery [8] promoted the idea of filling the thermogravitational cells 

with a porous medium, which allows working with large dimension cells. In this 

regard, many works have recently been carried out to buttress these phenomena. 

For instance, Lee et al. [9] investigated the effect of various forms of non-uniform 

basic temperature gradients on thermogravitational convection in an isotropic 

porous layer using non-equilibrium models. Two-field temperature models were 

used for the energy equation and the Forchheimer-extended Darcy model to 

describe the flow. It is found that the linear temperature profile provides a 

reinforcement of stability, compared with the non-uniform temperature gradients. 

Abahri et al. [10] studied the thermogravitational separation of a binary liquid 

mixture in a horizontal porous annulus space heated isothermally from the inner 

cylinder. Theoretical and numerical results reveal that the separation can be 

increased for small values of Rayleigh number. Grigor’ev and Rivin [11] used 

the thermogravitational column to determine thermodiffusion factors of organic 

liquids mixture. A comparison of the calculated values of the Soret coefficient 

and the experimental data obtained has been presented with a satisfactory 

agreement. In terms of the separation ratio, and the cross-diffusion, Lewis and 

Rayleigh numbers, Mutschler et al. [12] suggests two analytical models to 

describe the thermogravitational separation of N-component mixtures in a 

vertical cavity filled by a porous medium. Their theoretical model supports 

strongly the experimental results. Recently, Mojtabi et al. [13] studied the 

influence of the thickness and the nature of the bounding horizontal plates on the 

separation of a binary mixture in a horizontal porous cavity. Authors found that 

the ratio of the plate to the porous layer thickness and the ratio of their thermal 
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conductivity greatly affect the species separation. The analytical results were 

confirmed by direct numerical simulations. Kozlova and Ryzhkov [14], studied 

the transient separation of a multicomponent mixture in a cylindrical 

thermogravitational column. The evaluation of separation in vertical direction is 

solved analytically and compared with two-dimensional numerical simulation of 

binary and ternary mixture, where a good agreement is observed. Hashemipour 

et al. [15] performed an experimental and numerical study to separate toluene/n-

heptane mixture by TGC. Good concordance can be seen between experimental 

and numerical results. The separation factor can reach 1.17 when the optimal 

conditions are achieved (feed flow rate, cut, temperature gradient). In a packed 

thermogravitational cell, maximum separation is associated with an optimal 

permeability of porous medium as it was a subject of interest to most researchers 

[16], [17]. 

Thermosolutal convection in vertical porous cavity can be driven either by 

double diffusion (the solute gradient is induced by the solute boundary condition), 

or by cross diffusion (the solute gradient is induced by thermal boundary 

condition via Soret effect) [18]. However, in many practical applications, the 

thermosolutal convection is driven by both double diffusive convection and Soret 

effect [19]. In this wise, Amahmid et al. [20] studied the double diffusive 

convection in a vertical cavity subjected to horizontal gradient of heat and mass. 

They focused on the situation in which thermal and solutal buoyancy forces are 

opposed to each other and found that multiple steady state solutions are possible. 

Er-Raki et al. [21] studied the Soret effect on double diffusive boundary layer 

flowing in a vertical porous layer. Based on the parallel flow approximation, an 

analytical solution was developed which allows a detailed parametric study of the 

governing parameters effect on the convective flow and on heat and mass transfer 

characteristics. These analytical results were compared with the numerical 

solution. Jiang et al. [22] examined numerically the effect of natural convection 

on the Soret effect in a vertical cavity heated laterally. They used the 

mathematical model of Shukla and Firoozabadi to calculate molecular diffusion, 

thermodiffusion, and pressure diffusion coefficients as functions of temperature, 

pressure, and other physical properties of the binary mixture at each point of the 

grid. As a function of separation factor, their results indicate that as permeability 

increases, separation increases until it peaks at 10 md (md: millidarcy, a non-S.I. 

unit of the permeability), then decreases. Jiang et al. [23] examined using the 

same mathematical model the effect of medium heterogeneity in a stratified 

porous vertical cavity. They found that the Soret effect is strongly dependent on 

medium heterogeneity; the authors announced that the separation in 

heterogeneous porous medium is always greater than in homogeneous one. Their 

declaration is further elaborated in the results section of this paper. Jaber [24] 

thereafter studied the effect of the permeability in a fractured porous medium 
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cavity filled with a ternary mixture with the consideration of likely 

thermodiffusion effect. The system was set at 10 md for the permeability of the 

porous medium, while the permeability of the fracture was varied from 10 to 1000 

md. The outcome showed an increasing of the flow field in the fracture, which 

affects the behavior of each component.  

Limited studies considered the Soret effect while investigating the 

thermosolutal convection phenomenon in heterogeneous porous media. This 

study has the objective of investigating the role of a discrete fracture on 

thermosolutal convection coupled with the Soret effect in an isotropic porous 

media saturated by a binary fluid. The fracture has been considered as another 

porous medium with slightly higher permeability. More precisely, the influence 

of the fracture characteristics (permeability, positioning, thickness) on the fluid 

flow and heat and mass transfer is examined in terms of the separation parameter 

“S”, which is defined as the difference of the maximum concentration in the hot 

wall and the minimum concentration in the cold wall [25]. 

2. Problem formulation 

The problem studied in this paper is performed using a numerical finite 

difference method. Within a rectangular cavity, the thermosolutal convection is 

coupled with the Soret effect in a two-dimensional fractured porous media 

saturated by a binary fluid. The same configuration is used as the one presented 

in [21]. Neumann boundary conditions for solute and temperature are applied to 

the vertical walls of the cavity such that it is heated and salted from the right-end, 

while the horizontal walls are adiabatic and impermeable (Fig. 1). Darcy’s law is 

governing the flow which is assumed laminar and incompressible. The 

thermophysical properties of the mixture are considered constant. Note that for 

this study, the Soret parameter is assumed constant, the negligible effect of the 

mass concentration variation on the heat transfer (Dufour effect) is not 

considered. Using the Boussinesq approximation, the dimensionless governing 

equations of the mathematical model are as follows [26]: 

 
2 2

2 2 T

T C
R N

x y x x

     
      

    
, (1) 

   
 2 21

P

u C v CC
C S T

t x y Le


   
       
  

, (2) 

    2
uT vTT

T
t x y

 
  

  
. (3) 
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Figure 1: Geometry of the physical system 

Introducing the stream function (the flow velocity components can be 

expressed as the derivatives of the scalar stream function), the dimensionless 

velocity components are calculated as follows:  

;u v
y x

  
  
 

 . (4) 

The non-dimensional governing parameters appearing in the equations are the 

thermal Darcy-Rayleigh number, RT, the Lewis number Le, the buoyancy ratio N, 

the Soret parameter, Sp, and the aspect ratio, A. They are defined in equation 5. 
 

𝑅𝑇 =
𝑔𝛽𝑇𝐾𝛥𝑇

′𝐻′

𝛼𝜈
; 𝐿𝑒 =

𝛼

𝐷
; 𝑁 =

𝛽𝑆𝛥𝐶
′

𝛽𝑇𝛥𝑇
′

𝜀 =
𝜀 ′

𝜎
; 𝑆𝑝 =

𝐷𝑇𝐶0
′ 𝛥𝑇 ′

𝐷𝛥𝐶 ′
; 𝐴 =

𝐻′

𝐿′
= 5

. 
(5) 
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Note, that the classical separation ratio φ is related to Sp and N by the relation 

Sp= φ / N [26]. In terms of dimensionless variables, the boundary conditions are 

defined in (6) [21]. 

The heat and mass transfer rates, quantified in terms of the Nusselt and 

Sherwood numbers, can be calculated from the following expressions: 

   

   

1 1

', ' 2 0, ' 2

1 1

', ' 2 0, ' 2

Nu
T T L H T H

Sh
C C L H C H

 
 

 
 

  (7) 

The mathematical model is applied to the entire cavity. Moreover, a specific 

permeability is applied to the fracture, which is expressed by a different Rayleigh 

number (RTF). 

3. Numerical method 

The governing equations are discretized using a central finite difference 

scheme and solved with the alternate direction implicit (ADI) method, using a 

(Fortran 90) numerical code software. A first order forward scheme is used for 

the transitory term in the Darcy equation, which is solved with the successive 

over relaxation (SOR) method. A second order forward or backward scheme is 

used for Neumann boundary conditions. The results are obtained when the system 

satisfies the convergence criteria (the relative error corresponding to T, C, and Ψ 

between successive time steps for each node is less than 10-9). The effect of the 

grid size on the results was analyzed using uniform rectangular mesh. Table 1 

indicates satisfying results when using a grid with at least 171×171 nodes. The 

maximum relative errors for Nu, Sh, and S do not exceed 1.5%. 

 

 
  

{
 

 𝜓 = 0,
𝜕𝑇

𝜕𝑥
= 1,

𝜕𝐶

𝜕𝑥
= 1 − 𝑆𝑝 for 𝑥 ∈ {0,

1

𝐴
}  ; 𝑦 ∈ [0, 1],

𝜓 = 0,
𝜕𝑇

𝜕𝑥
= 0,

𝜕𝐶

𝜕𝑥
+ 𝑆𝑝 ∙

𝜕𝑇

𝜕𝑦
= 0 for 𝑥 ∈ [0,

1

𝐴
]   ; 𝑦 ∈ {0,1}.

 

 

(6) 
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4. Results and analysis  

The aim of this study is to understand the effects of a discrete fracture on heat 

and mass transfer in porous media. More attention is given to determine the 

optimum fracture conditions that gives a higher separation for an aspect form 

A = 5, and a buoyancy ratio N = 0.4. To achieve this objective, an inclined fracture 

passed across the center of the cavity was established as depicted in Fig. 1. The 

latter is characterized by an angle θ, an aperture e, and a specific Rayleigh number 

RTF as determined by the fracture permeability. Furthermore, the ratio of the 

fracture Rayleigh number RTF over the porous medium Rayleigh number RT is 

calculated and denoted as, a=RTF/RT. For all simulations, a mono-cellular flow 

occurred in the cavity. 

4.1  Validation 

The mathematical model and resolution process need to be validated using a 

known case. For this purpose, the boundary conditions were modified to 

reproduce the results of Khadiri et al. [26] in which the authors studied the Soret 

effect on double-diffusive convection in a square porous cavity heated and salted 

from the bottom Fig. 2 shows the comparison of the concentration profiles in the 

mid-width of the cavity corresponding to a bi-cellular flow obtained with 

different values of Soret parameter Sp from this study and that of [26], good 

agreement could be seen. Results show that at Y = 0.18, the concentration remains 

unchanged when Sp is varied. This behavior was denominated by [26] as a neutral 

position and has not been explained. However, using a small Rayleigh number 

RT = 50 (for example), the Soret effect becomes more important and dominates 

convection forces, for which these neutral positions disappear. This outcome is 

shown in Fig. 3 even though such results were not presented by [26]. 

 

 

 

Table 1: Effect of the grid size for RT = 50, RTF = 150, Le = 10, Sp = 0.5, and  θ = 70. 

Grid Nu Sh S Relative error % 

71×71 2.5400 11.59 0.3837 4.93 

101×101 2.5430 11.8 0.3916 2.97 

131×131 2.5480 11.91 0.3956 1.98 

171×171 2.5510 11.97 0.3976 1.48 

301×301 2.5540 12.05 0.4015 0.52 

501×501 2.5548 12.09 0.4035 0.02 

601×601 2.5549 12.09 0.4036 0 
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Figure 2: Vertical profiles of concentration at X=0.5 for A=1, RT=200, Le=10, N=0.1, 

and various values of Sp 

 

 

 

 

 

 

 

Figure 3: Vertical profiles of concentration at X = 0.5 for A = 1, RT = 50, Le = 10, 

N = 0.1, and various values of Sp 
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4.2. Soret parameter effects 

The contribution of the convection with the Soret coefficient depending on the 

permeability of the medium can lead to a higher separation of the mixture 

constituents. The effect of Soret parameter is investigated for an extent Rayleigh 

number scope. Fig. 4 shows that the separation for all the Soret parameter has the 

same pattern, in which three different zones are distinguished: at low Rayleigh 

number (RT < 0.01) the permeability of the porous medium is low, and only 

diffusion and thermodiffusion effects cause the mass transfer (purely diffusive 

regime). Augmenting RT leads to growth in convection forces, the contribution of 

the convection forces with the Soret effect performs the peak of the separation at 

an optimal Rayleigh number RTopt and creates a diagonal concentration gradient 

in the cavity. At high values of Rayleigh number, convection forces dominate the 

process, mixing the constituents of the binary fluid, where thermodiffusion is 

considered as a secondary phenomenon displays no significant effect, and the 

separation in this zone is less than in purely diffusive regime zone. Furthermore, 

the separation is also affected by the Soret parameter sign. Generally, for positive 

Soret value, the bigger and heavier components migrate to the cold wall of the 

cavity (left end) and might give a negative Sherwood number. However, for 

negative value of Soret parameter, thermodiffusion effect is opposing diffusion 

effect (in our case), were the heavier component moves towards the hot wall of 

the cavity (right-end) and withhold the gradient of concentration, which explains 

the higher separation values. More results are shown in Table 2. For RT = 0.01, 

the gradient of concentration is made horizontally and (the difference of 

concentration calculated at the middle of the cavity) is almost the same as S, but 

for RT = 1, the concentration gradient is diagonal, and the separation becomes 

more important. Note that depending on the reference value in the dimensionless 

process, the separation can be higher than 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Separation as function of RT for Le=10, N=0.4, and various values of Sp 
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Figure 5. Separation in fractured PM vs. Homogeneous PM for θ = 70°, Sp = 0.5, 

α = 30, and different values of Le 

 

Table 2. Effect of Soret parameter (Sp) sign at different RT for Le=10 and 

homogeneous porous medium 

RT Sp Min
 Max

 
Nu Sh 

Sh
C

1


 
S 

0.01 

-5 0.0E+00 4.2E-04 1.000 0.167 5.995 6.792 

-2 0.0E+00 2.7E-04 1.000 0.335 2.985 3.253 

0 0.0E+00 1.7E-04 1.000 1.000 1.000 1.005 

2 0.0E+00 7.5E-04 1.000 -1.000 -1.000 1.024 

5 -7.5E-04 0.0E+00 1.000 -0.250 -4.000 4.093 

1 

-5 0.0E+00 1.9E-01 1.018 0.446 2.242 17.139 

-2 0.0E+00 1.7E-01 1.013 0.748 1.337 8.859 

0 0.0E+00 1.5E-01 1.009 1.803 0.555 2.923 

2 0.0E+00 9.4E-02 1.004 -1.470 -0.680 3.121 

5 -4.9E-02 0.0E+00 1.001 -0.281 -3.559 9.691 

450 

-5 0.0E+00 2.6E+00 4.884 6.336 0.158 0.818 

-2 0.0E+00 3.0E+00 5.523 7.703 0.130 0.515 

0 0.0E+00 3.4E+00 5.809 14.870 0.067 0.296 

2 0.0E+00 3.8E+00 5.611 -13.990 -0.071 0.110 

5 -3.2E-01 5.9E+00 5.008 -2.191 -0.456 1.542 
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Figure 6. Diagonal profiles of concentration (with & without Fracture) for 

Le = 2, 10, 70 at (a) RT = 0.14, (b) RT = 17 

4.3 Effect of the Lewis number 

Fig. 5 shows the separation parameter S for different value of Le for an 

inclined fracture of θ = 70°, e = 0.038, and a Rayleigh ratio a = 30, solid lines 

correspond to homogeneous porous medium (HPM), and dotted ones correspond 

to heterogeneous (fractured) porous medium (FPM). It is clearly demonstrated 

that the more the Lewis number is increasing (Le), the convection forces becomes 

more effective, which moves forward the optimal Rayleigh number RTopt, and 

makes the peak of separation more pointed. Similar results were found by [27] in 

horizontal cavity. 

The fracture behavior towards different Le values is almost the same, adding 

a fracture (characterized by a higher permeability) to the porous medium, leads 

to improving the entire permeability of the medium, which favors more the 

convection forces, and gives a better separation S as long as is less than RTopt. For 

Rayleigh numbers RT more than RTopt, the fracture decreases the separation. 

However, a slight difference is observed for higher Lewis numbers, the fracture 

has more negative effect on the separation when Rayleigh number RT is more than 

RTopt. This could be referred to the nature of the fluid, in the literature Le = 2 for 

gas [27], Le = 10,70 for liquid [28]. 
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Fig. 6 shows the concentration profiles at the diagonal for homogenous and 

fractured porous media for a fracture of θ = 70°, e = 0.038, and Rayleigh ratio 

a = 30. At the center of the cavity, the mixture persists homogeneous for different 

Rayleigh and Lewis numbers, deviation is more observed in the cavity extremes. 

The optimal Rayleigh number for Le = 70 is RT = 0.14, what explains a higher 

concentration gradient for Le = 70 as seen in Fig. 6 (a), for Le = 10, the fracture 

plays a positive role, raising the total permeability of the medium and augmenting 

the separation S by 19.2%. However, for Le = 2, and RT = 0.14, there are no 

convection forces in the cavity, the fracture has no significance effect, and the 

concentration profiles represent the boundary conditions effect. Fig. 6 (b) shows 

a higher concentration gradient for Le = 2, since RT = 17 corresponding to the 

optimum. However, for Le = 10, and 70, RT = 17 is higher than the optimal, and 

the convection forces cause a homogeneous mixture. 

4.4. The fracture’s permeability effects 

In order to better understand and confirm the effect of the fracture’s 

permeability on the separation, different Rayleigh numbers were set to the 

fracture RTF, for different values of porous medium Rayleigh number RT. Three 

different values of RT were investigated vis-à-vis; less than, equal, and higher 

than the optimum correspond to (a), (b), and (c) respectively (Fig. 7). Comparing 

the separation caused by the fracture with that caused by the homogeneous porous 

medium, when the porous medium permeability is less than the optimal (a), the 

fracture plays an important role, raising the separation by 93% at its peak RT = 3, 

then it starts decreasing. However, when the porous medium’s permeability is 

higher than or equal to the optimal as in (b) and (c), the fracture can apply a 

negative effect on the separation. The fracture existence strongly affects the 

behavior at the optimal Rayleigh number Ropt. For a heterogeneous porous media, 

it was stated by [23] that due to heterogeneity condition of the problem, the 

separation ratio in heterogeneous porous media is always higher than that in 

homogeneous porous media. However, throughout these results, their statement 

is valid when the total porous medium permeability is less than the optimal, and 

this does not contradict with their results. 



 Thermosolutal Convection in a Porous Medium Cavity Subjected to Heat and Mass Flux 99

 

 

 

Figure 7: Effect of the fracture’s permeability on the separation for Le = 10, θ = 90°, 

e = 0.038, and different Rayleigh numbers (a) RT = 0.1, (b) RT = 1, (c) RT = 10 

4.5. The fracture’s orientation (θ) effect 

Separation of component by Soret effect becomes more important when it is 

accompanied by low convection forces. For a better understanding of how these 

two effects contribute together, a special attention is given to the region that 

follows the onset of the convection forces. We traced the separation at low 

Rayleigh number (RT) for e = 0.038, Sp = 0.5, Le = 10, and α = 30 for different 

fracture’s angles (Fig. 8). The results show that for RT less than 0.5, the separation 

in fractured porous media is always better than in homogeneous ones. As 

predicted, fractures precede the optimal RT for the separation whatever the angle. 

However, comparing vertically symmetrical fractures, curves are identical for 

θ = 70° and θ = 110°, but they become different for angles near the horizontal. In 

(a)                                                               (b) 

(c)  
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order to understand the main cause of this variance, the heat and mass transfer 

represented by Nusselt and Sherwood numbers are presented in Fig. 9 (a) and (b) 

respectively. For a vertical fracture, the mass transfer is almost the same as in 

homogeneous porous medium (without fracture) with some slight decrease, while 

the horizontal fracture significantly increases it. As explained in [29], the 

horizontal dynamics in the Clusius and Dickel thermogravitational column is 

governed by Soret effect, and at low Rayleigh number RT weak convection forces 

exist, thus, the mass transfer is made horizontally by diffusion and 

thermodiffusion effects. Therefore, the more the fracture is inclined towards the 

horizontal, the higher mass transfer is. The same observation can be seen for 

Nusselt number (Fig. 9 (a)) since the same boundary condition are applied for 

heat and mass transfer. 

 

Figure 8: Effect of the fracture’s orientation on the separation for Le=10, e=0.038, 

Sp=0.5, and α=30 at low Rayleigh numbers 
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Figure 9: Nusselt (Nu) and Sherwood (Sh) numbers for Le=10, e=0.038, Sp=0.5, and 

α=30 at low Rayleigh numbers 

The heat and mass transfer made by vertically symmetric fractures of an 

inclination of θ and π-θ is the same in most cases, but it becomes more 

differentiated for small θ (closely horizontal fracture). Note that the length of the 

fracture is variable with the angle, but it is the same for vertically symmetric 

fractures. 

The difference between the vertically symmetric fracture behavior towards 

heat and mass transfer is a result of a combination of several effects including the 

direction of convection circulation, the gravity acceleration, boundary conditions, 

and the Soret parameter sign in our case, for positive Soret parameter, the mass 

transfer for the heavier component is made towards the cold wall (left end) by 

both diffusion and thermodiffusion effects. However, with the same counter 

clockwise convection flow direction, fractures inclined towards the cold wall 

(left-end) and heated from the bottom have more important convection forces 

than the ones inclined toward the hot wall (right-end) and heated from the top. 

For inclined fracture near the vertical, this difference no longer persists, for 

instance θ = 70°, and θ = 110°.  
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5. Conclusion 

Thermosolutal convection in porous media is significantly affected by the 

contribution of Soret effect and convection forces, where the permeability of the 

medium is the dominant parameter. The fracture effect on the thermosolutal 

convection, considering the Soret effect has been rarely studied before. In this 

investigation, a fractured porous medium from the center of the cavity is 

considered and characterized by slightly higher permeability to improve the TGC 

separation technique. 

Deducing from the analysis carried out in this study, we conclude that the 

fracture in the porous medium strongly influences the behavior of the 

thermogravitational flow and the corresponding heat and mass transfer 

performance in the cavity, which has effects on the separation. 

At low Rayleigh numbers RT, the Soret effect dominates the mass transfer 

process, and the addition of a fracture to the porous medium plays an important 

role in enhancing convective forces, which leads to increase heat and mass 

transfer and promotes better separations (depending on its permeability and 

position). However, the fracture can cause a negative effect on the separation 

when the Rayleigh number of the porous medium is higher or equal to the optimal 

value. 

Particular attention is given to the orientation of the fracture. It comes from 

the analysis, that at low Rayleigh number RT, the more the inclination of the 

fracture is close to the horizontal; the more it favors the heat and mass transfer. 

Furthermore, due to the heating source, fractures inclined towards the cold wall 

have higher convection forces than the ones inclined towards the hot wall. This 

could increase or decrease the separation depending on RT and 𝛼. 
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