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ABSTRACT: The objective of this study is to numerically and theoretically model the coupled 
heat and mass transfer in a porous, isotropic and saturated medium filled with a Casson nanofluid 
containing aluminium nanoparticles, taking into account the effects of radiation, chemical 
reactions, a magnetic field and the Soret and Dufour effects. The analysis is conducted for 
various parameters relevant to the model, including the chemical reaction parameter (ranging 
from 0–20), the radiation parameter (0–2), the Casson fluid parameter (0.1–1), the Soret 
and Dufour numbers (0–1), the conductivity ratio (1–3), the Hartmann number (0–100) 
and the thrust ratio (1–2). The horizontal boundaries of the cavity are maintained at constant 
temperature and concentration, while the vertical walls are assumed to be rigid, impermeable 
and adiabatic. The flow of the Casson nanofluid in the porous medium is governed by the 
extended Brinkman–Forchheimer–Darcy law. The system of equations is solved using the 
finite volume method. The findings reveal that the heat transfer rate increases with the chemical 
reaction parameter, geometric aspect ratio, Casson fluid parameter, thermal conductivity and 
thrust ratio. Conversely, the heat transfer rate decreases with higher Hartmann and Dufour 
numbers. Regarding mass transfer, it increases with higher thermal conductivity, thrust ratio 
and geometric aspect ratio, but decreases with higher Hartmann number, Soret effect and 
chemical reaction parameter.
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1.	 INTRODUCTION

The influence of chemical reactions on heat and mass transfer processes plays a crucial 
role in a variety of applications, including drying, evaporation from water bodies 
and flow in desert coolers. Such flows are also significant in numerous industrial, 
geophysical and engineering contexts, which has stimulated increased research 
interest in recent years. Chemical reactions can be categorised as either heterogeneous 
or homogeneous processes. Consequently, there has been growing attention on 
modelling double-diffusive convection in porous media.¹

Numerous studies have aimed to elucidate the fundamental mechanisms of heat 
and mass transfer in double-diffusive convection within porous media. For example, 
Zhang et al. examined Marangoni thermosolutal convection with heat generation 
and first-order chemical reactions.² Al-Mudhaf et al. explored similarity solutions 
for Marangoni thermosolutal convection over flat surfaces under the effects of heat 
generation or absorption.³ El Hamma et al. conducted theoretical and numerical 
investigations of thermosolutal convection in cylindrical porous cavities filled with 
nanofluids, accounting for the Soret and Dufour effects.⁴,⁵ Other notable contributions 
include Al-Sulaimi et al., who investigated nonlinear energy stability in Brinkman 
thermosolutal convection with chemical reactions.⁶ Mohamed et al. analysed the 
impact of thermal radiation and chemical reactions on free convective flow of polar 
fluids through porous media with internal heat generation.⁷ El Hamma et al. also 
examined the influence of radiation absorption and the Soret and Dufour effects on 
magnetohydrodynamics (MHD) thermosolutal convection in a porous cylindrical 
cavity filled with Casson nanofluid.⁸ Qadan et al. studied MHD mixed convection 
heat transfer for a horizontal circular cylinder embedded in a micropolar Casson fluid 
with thermal radiation.⁹ Sharma et al. investigated the effects of homogeneous and 
heterogeneous chemical reactions on non-Newtonian fluids around a permeable, 
inclined, stretching cylinder.¹⁰ Similarly, Patil et al. and Elattari et al. analysed the 
influence of chemical reactions on free convective flows through porous media and 
cylindrical cavities filled with Casson fluid, incorporating the Soret and Dufour 
effects.¹¹,¹² Laxmaiah et al. investigated the influence of thermal radiation and 
chemical reactions on the MHD flow of a Williamson nanofluid over an exponentially 
porous stretching sheet in the presence of a non-uniform heat source and sink.¹³ 
Ahad et al. investigated MHD thermosolutal convection of hybrid nanofluids along a 
vertical corrugated surface with wall heat and mass flux.¹⁴ El Haroui et al. predicted 
thermosolutal convection in porous media, incorporating Soret–Dufour and chemical 
reaction effects.¹⁵ The work of El Hamma et al. and Choukairy et al. focused on 
similar modelling of convection in porous cavities with Casson nanofluids, alongside 
numerical and analytical analysis of heterogeneous porous media convection.¹⁶,¹⁷ 
other significant contributions include studies by Venkatadri et al., Swapna et al. 
and Hussein et al., who explored various aspects of MHD convection and nanofluid 



Journal of Physical Science, Vol. 37(2), 1–16, 2026	 3

behaviour in different porous media and geometries.¹⁸–²⁰ Essalhi et al. compared the 
thermal performance of two solar air collectors for an indirect solar dryer.²¹ Zhu 
et al. investigated numerical methods for unsteady convection–diffusion problems, 
combining compact difference schemes with Runge–Kutta methods.²² Bin Turabi et 
al. studied natural convective flow of hybrid nanofluid in a triangular enclosure with a 
heated wavy wall and a cold obstacle.²³ Ahmad et al. conducted numerical simulations 
of MHD double-diffusive natural convection in a cavity with non-uniformly heated 
walls.²⁴ Munir et al. performed computational analyses of thermal enhancement 
and flow dynamics in lid-driven staggered cavities with uniform and non-uniform 
temperature walls.²⁵

The present study distinguishes itself by modelling coupled heat and mass transfer 
within a porous cylindrical cavity saturated with a Casson nanofluid composed of a 
binary base fluid. This work incorporates the effects of radiation absorption, chemical 
reactions, thermodiffusion (Soret and Dufour effects) and the influence of a vertically 
aligned magnetic field.

2.	 FORMULATION OF THE PROBLEM 

2.1	 Geometry of the Flow 

A cylindrical enclosure filled with an isotropic porous medium and saturated with 
a Casson nanofluid is employed to investigate the phenomenon of thermosolutal 
convection. Both the lower and upper bases of the enclosure (see Figure 1) are 
maintained at uniform temperatures and concentrations, while the side walls are 
assumed to be adiabatic and impermeable. The results are obtained under the following 
assumptions: steady-state flow, the use of a non-Newtonian fluid, symmetry and two-
dimensional flow, and a laminar and stable flow field. The Boussinesq approximation 
is applied to model density variations, and the thermophysical properties of the 
base fluid and nanoparticles (aluminium nanoparticles) are considered constant. 
Furthermore, the nanoparticles are assumed to be uniformly distributed within the 
base fluid, with consistent size and shape. Thermal equilibrium is assumed between 
the base fluid and nanoparticles, with no slip between the two phases and viscous 
dissipation is neglected. 
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.

Figure 1: Geometrical configuration of the problem under study.

2.2	 Dimensional Governing Equations

The mathematical description of the studied phenomenon is provided by the 
conservation equations of continuum mechanics. The flow of the nanofluid within 
the porous medium is governed by the Darcy–Brinkman–Forchheimer equations.

2.2.1	 Continuity equation

The continuity equation in dimensional form is expressed as:
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2.2.2	 Momentum conservation equation

The momentum conservation equation in dimensional form is expressed as:
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2.2.3	 Conservation of energy equation

The energy conservation equation in dimensional form is expressed as:
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For optically thick nanofluids exhibiting self-absorption, the radiative heat flux in the 
energy equation is modelled using the Rosseland approximation, as follows:

Tq
3
4 4d
d
v=-
r 	 (4)

We assume that the temperature variations within both the fluid and the porous 
medium are small enough for T4 to be approximated as a linear function of temperature 
around a reference temperature T0 using a Taylor expansion. Higher-order terms are 
neglected, yielding the following expression:
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2.2.4	 Conservation of concentration equation

The concentration conservation equation in dimensional form is expressed as:
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2.2.5	 The current function equation

The current function equation in dimensional form is expressed as:
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2.3	 Dimensionless Equations

The previously derived equations are expressed in dimensionless form as: 
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By defining the following dimensionless variables :
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2.4	 Dimensionless Boundary Conditions
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2.5	 Heat and Mass Transfer

The following relations describe the average heat and mass transfer at the horizontal 
active wall: the Nusselt number (Nu) and the Sherwood number (Sh).
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z dr2

z0

1

02
2=-

=

# 	 (23)

Sh A C
z dr2

z0

1

02
2=-

=

# 	 (24)

3.	 RESOLUTION PROCESS

3.1	 Resolution Method

Thermosolutal convection is a phenomenon governed by a system of strongly coupled, 
nonlinear partial differential equations, which precludes an analytical solution. This 
necessitates the use of numerical methods. In the present study, the finite volume 
method is employed.²⁶,²⁷ The resulting algebraic equations are solved using the double 
sweep technique, with the boundary conditions fully incorporated. To solve the 
current function equation, the Simultaneous Over-Relaxation method is applied.²⁸,²⁹ 
The convergence coefficient is expressed as follows:
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3.2	 Validation of Results

A grid convergence test in a Fortran code is conducted across multiple grid levels, with 
the following parameters held constant: Hartmann number (Ha) = 0, buoyancy ratio 
(N) = 1, geometric aspect ratio (A) = 3, Prandtl number (Pr) = 6.8, Lewis number (Le) 
= 2.5, volume fraction of nanoparticles (ϕ) = 0.05, Darcy number radiation parameter 
(Da) = 0.001, R = 0.5, Casson fluid parameter (β) = 0.1, conductivity ratio (χ) = 1, 
chemical reaction parameter (ξ) = 5, Soret number (Sr) = 1 and Dufour number 
(Du) = 1. The results are presented in Table 1. For this analysis, the average heat and 
mass fluxes are calculated. The results show that at a grid size 161 × 161, the solution 
converges.
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Table 1: Grid independency study

Size of the grid Nu Error %

131 × 131 2.75010084081 0.33

141 × 141 2.74099083980 0.1

151 × 151 2.73810083970 4.3 × 10–3

161 × 161 2.73798084076 4.3 × 10–3

171 × 171 2.73786310759 –

The results obtained are in excellent agreement with those of authors who have 
addressed the same problem.¹⁶ This comparison is based on the average Nusselt 
number as a function    of the Casson fluid parameter, under the following conditions: 
A = 3, Thermal Rayleigh number of the nanofluid (RT,nf) = 104, N = 1, Prnf = 6.8,  
Le = 2.5, ϕ = 0.05, Da = 0.001, χ = 1, ξ = 0, R = 0, Sr = 1 et, Du = 1, as shown in 
Table 2.

Table 2: Comparison of the numerical procedure with reference¹⁶

β Nu [16] Sh [16] Nu (This study) Sh (This study)

0.1 2.71589 2.67435 2.71357 2.67419

0.2 2.72472 2.68326 2.72357 2.68322

0.4 2.72808 2.68668 2.72516 2.68352

0.6 2.72913 2.68774 2.72813 2.68480

0.8 2.72964 2.68826 2.72851 2.68720

1.0 2.72995 2.68857 2.72663 2.68850

4.	 RESULTS AND DISCUSSION

4.1	 Impact of the Chemical Reaction Parameter, Soret and Dufour 
Effect

The influence of the chemical reaction parameter and the Soret effect on heat and 
mass transfer is illustrated in Figure 2. The parameters are set as follows: A = 3,  
RT,nf = 104, N = 1, Prandtl number of the nanofluid (Prnf) = 6.8, Le = 2.5, ϕ = 0.05,  
Da = 0.001, β = 0.5, χ = 1, R = 1, Ha = 50, Du = 1.
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Figure 2: The effect ξ and Sr on the Sherwood Number (Sh).

With the chemical reaction parameter varying from 0–20 and the Soret effect ranging 
from 0–1, it can be observed from this figure that mass transfer decreases as the 
chemical reaction parameter increases. This reduction in mass transfer is attributed to 
the decline in species concentration caused by the chemical reaction, which weakens 
the concentration-driven buoyancy effects. Consequently, the flow rate within the 
cavity is reduced, leading to a further decrease in mass transfer. Conversely, an increase 
in the Soret coefficient, which governs the thermodiffusion phenomenon, also results 
in a reduction in mass transfer.

Figure 3: The effect of ξ and Du on the Nusselt Number (Nu). 

Figure 3 illustrates the effect of the chemical reaction parameter and the Soret effect 
on heat transfer, with the parameters set as follows: A = 3 , RT,nf = 104, N = 1, Prnf = 6.8,  
Le = 2.5, ϕ = 0.05, Da = 0.001, β = 0.5, χ =1, R = 1, Ha = 50, Sr = 1. The results 
indicate that heat transfer is largely unaffected by the chemical reaction parameter. 
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However, it is observed that heat transfer decreases with an increase in the Soret 
number, which characterises the thermodiffusion phenomenon. This reduction is 
attributed to the influence of thermodiffusion as the Soret number increases.

4.2	 Influence of Radiation Parameter, Casson Fluid Parameter and 
Hartmann Number

Figures 4 and 5 illustrate the effect of the radiation parameter, Casson fluid parameter 
and Hartmann number on heat and mass transfer, with the parameters set as follows: 
A = 3, RTnf =104, N = 1, Prnf = 6.8, Le = 2.5, ϕ = 0.05, Da = 0.001, χ = 1, ξ = 5,  
R = 1, Sr = 1, Du =1. 

Figure 4: The effect of R, Ha and β on the Nusselt Number (Nu). 

Figure 5: The effect of R, Ha and β on the Sherwood Number (Sh).

It is observed that heat transfer increases with the radiation parameter (R), which 
can be attributed to the enhanced intensity of the radiative flux as R increases. In 
contrast, mass transfer decreases slightly with increasing R, due to the intensified 
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thermodiffusion phenomenon. Both heat and mass transfer are also found to 
increase with the Casson fluid parameter (β), as this enhancement in thermosolutal 
transfer arises from the reduction in fluid viscosity associated with higher β values. 
Furthermore, both heat and mass transfer decrease as the Hartmann number (Ha) 
increases. This behaviour is explained by the resistive Lorentz forces induced at higher 
Ha, which reduce the kinetic energy of the fluid particles and consequently diminish 
both heat and mass transfer.

4.3	 Influence of Geometric Aspect Ratio, Thermal Conductivity Ratio, 
and Thrust Ratio Parameters

Figures 6 and 7 illustrate the impact of varying the geometric aspect ratio, thermal 
conductivity ratio and thrust ratio on heat and mass transfer, with the parameters 
set as follows: RT,nf = 104, Ha = 50, Prnf = 6.8, Le = 2.5, ϕ = 0.05, Da = 0.001, ξ = 5,  
R = 1, Sr = 1, Du = 1 

Figure 6: The effect of A, χ and N on the Nusselt Number (Nu).

Figure 7: The effect of A, χ and N on the Sherwood Number (Sh).
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The results indicate that both heat and mass transfer increase with higher values 
of the thermal conductivity ratio and geometric aspect ratio. This enhancement is 
attributed to the strengthened thermal and solutal buoyancy forces. Moreover, the 
figures show that as the buoyancy effects become more pronounced, the flow within 
the enclosure intensifies due to the combined influence of thermal and concentration-
driven buoyancy, resulting in a significant increase in the average Nusselt and  
Sherwood numbers.

5.	 CONCLUSION

Natural thermosolutal convection in cylindrical cavities filled with a Casson nanofluid, 
under the combined influence of chemical reactions, radiation and magnetic fields, 
leads to the following findings:

1.	 Mass transfer decreases as the chemical reaction parameter increases, resulting in 
a reduction in species concentration.

2.	 Both the average Sherwood and Nusselt numbers decrease with increasing Soret 
and Dufour numbers, which characterise the thermodiffusion phenomenon, 
leading to reductions in both mass and heat transfer.

3.	 Heat transfer increases with the radiation parameter due to the strengthened flux 
intensity. In contrast, mass transfer decreases slightly with increasing radiation, 
which can be attributed to the enhancement of thermodiffusion effects.

4.	 Higher values of the Casson fluid parameter result in increased heat and mass 
transfer, which can be explained by the stronger flow intensity associated with 
higher Casson parameters.

5.	 Conversely, both heat and mass transfer decrease with increasing Hartmann 
number (Ha), with a more pronounced reduction at higher Ha values. This 
is caused by resistive Lorentz forces in the flow field, which reduce the kinetic 
energy of the fluid particles.

6.	 Heat and mass transfer are also enhanced by increases in the thermal conductivity 
ratio and geometric aspect ratio, due to the strengthening of thermal and solutal 
buoyancy forces.

7.	 Finally, the combined effects of thermal and concentration-driven buoyancy 
induce stronger flow within the enclosure, resulting in a notable rise in the average 
Nusselt and Sherwood numbers.
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