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Abstract 

 
The onset of double diffusive Rayleigh-Benard convection (DD-RBC) in a composite system 

comprising an incompressible fluid saturated densely packed porous layer over which lies a 

layer of the same fluid with Soret effect and constant heat sources is investigated. The lower 

rigid surface of the porous layer and the upper free surface of the fluid layer are insulating to 

heat and mass. The resulting eigen value problem is solved using regular perturbation technique 

with wave number as a perturbation parameter. The expression for the Critical Rayleigh 

number(CRN) is obtained for Linear (LSP), Parabolic (PSP) and Inverted parabolic (IPSP) 

salinity profiles. The effect of variation of different dimensionless parameters on the onset of 

DD-RBC is discussed. 

 

Keywords: Double diffusive convection, Composite system, Soret effect, Heat source. 

 

1 Introduction 

 
Double diffusive Rayleigh-Benard convection in a composite fluid-porous system 

involves buoyancy-driven flow due to gradients in both temperature and solute concentration. 

This phenomenon has several practical applications across various scientific and engineering 

disciplines, such as, mantle convection, groundwater contamination and transport, saline 

intrusion in coastal Aquifers, carbon sequestration, salt fingering and layering, crystal growth 

and material processing. The onset of finger convection in a porous layer beneath a fluid layer 

has been examined by Chen and Chen (1988) using linear stability analysis. Chen (1992) 

investigates salt-finger instability in a fluid layer, bounded above by a rigid wall and below by 

anisotropic and inhomogeneous porous media, using linear stability analysis. Chen and Su 

(1992) investigated double diffusive convection with surface tension effects and showed that 

at low gravity levels, the stability boundary changes drastically due to buoyancy effects, and 

salt-finger instability may onset in an overstable mode due to the stabilizing effect of surface 

tension. Gobin et al. (1998) investigated buoyancy driven thermosolutal in a fluid-porous 

system, using a one-domain formulation. The numerical results on thermosolutal natural 

convection in a binary fluid contained in a rectangular enclosure, partitioned into porous and 

fluid vertical layers. Singh et al. (1999) examined heat and mass transfer in a composite fluid 

- porous cavity, using the Brinkman-Forchheimer-extended Darcy model where vertical walls 

are isothermal, and horizontal walls are adiabatic. Mahrazi et al. (2000) investigated 

numerically the natural thermosolutal convection in a cavity with central porous layer flanked 

by two binary fluid regions, with permeable interface considering extended Darcy-Brinkman 

law. Zhao and Chen (2001) discussed the results of thermal and salt-finger convection using 
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one-model equation determining the onset of thermosolutal convection in fluid-porous system. 

Using one-domain approach and linear stability analysis, Hirata et al. (2009) investigated the 

onset of double diffusive buoyancy driven convection in a superposed fluid and sparsely 

packed porous layer, and found that at large wave number, convective instability is confined to 

fluid layer and at small wave number the instability is confined to porous cavity. Thermal 

gradients and horizontal solutal effects in a fluid-porous composite medium with impermeable, 

adiabatic walls are analyzed using the Darcy-Brinkman-Forchheimer model and single domain 

approach has been studied by Jena et al. (2013). Gangadharaiah (2021) investigated double-

diffusive Marangoni convection in a system consisting of a horizontal binary fluid layer over 

an anisotropic porous matrix. 

 The presence of heat sources or sinks can significantly impact the flow characteristics, 

stability and energy transport within the system. Its presence in DD-RBC significantly impacts 

the flow characteristics of the system. This effect is relevant in geophysical, astrophysical, and 

engineering applications, such as magma dynamics, nuclear reactor cooling, and oceanic 

convection. Haajizadeh et al. (1984) and Rao and Wang (1991) investigated a homogeneous 

heat-generation term inside an enclosure characterised by isothermal vertical walls and 

adiabatic horizontal walls. The initiation of convection in a fluid permeating a horizontal layer 

of an anisotropic porous media with an internal heat source, influenced by an inclined 

temperature gradient, was examined by Parthiban and Palil (1997). Chamka (2002) numerical 

investigated the double-diffusive convective laminar flow of a binary gas-particle mixture 

within a rectangular porous enclosure, considering cooperating temperature and concentration 

gradients along with heat generation or absorption effects. Numerical and analytical 

investigation of double-diffusive convection with solute-based heat source in a densely packed 

fluid-saturated porous medium was conducted by Hill (2005). Joshi et al. (2006) provided an 

analytical solution for low Rayleigh numbers in a finite container with isothermal walls and 

homogeneous heat production in the porous medium. Magyari et al. (2007a, b) investigated 

boundary-layer flows in porous media characterized by substantial Rayleigh numbers and 

internal heat production. Teamah (2008) utilized a horizontal magnetic field to study heat and 

mass transfer by natural convective flow of a heat-generating fluid inside a rectangle container 

under steady-state condition. Bhadauria (2011) investigated linear and nonlinear stability 

analysis of double diffusive convection in an anisotropic porous layer with an internal heat 

source, heated and salted below using Darcy model. Capone et al. (2011) examined double-

diffusive penetrative convection modelled by internal heating in an anisotropic porous medium 

with throughflow. Effect of non-uniform temperature gradients on thermosolutal convection 

with Marangoni effects and constant heat source in a composite system was studied by 

Manjunatha et al. (2021). Sumithra et al. (2022) investigated double diffusive Marangoni 

convection in a fluid-porous system with variable heat sources. The Soret effect is most often 

observed in binary mixtures, where different components move in response to a temperature 

gradient leading to concentration variations across the fluid. The Soret effect is essential in a 

wide variety of fields, such as, oceanography, chemical and petroleum engineering, 

microfluidic devices, food processing and geophysics. The linear stability theory on the onset 

of two-component convection in a fluid layer with Soret effect has been studied by Schechter 

et al. (1972) and Takashima (1976). Hardin et al. (1990) and Hardin and Sani (1993) 

investigated linear and weakly non-linear thermosolutal instabilities of binary fluid in a vertical 

circular cylinder with Soret effects using Galerkin technique. The solutocapillary and 

thermocapillary instabilities under microgravity in a binary fluid with Soret effect has been 

analyzed by Joo (1995). Parvathy and Patil (1997) investigated the impact of thermal diffusion 

on an unbounded, vertically stratified, thermohaline convection in a fluid layer with horizontal 

salinity and temperature gradients, exploring both stationary and oscillatory modes. The impact 

of cross diffusion on the double diffusive convection in a two-component system that is 
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unbounded and vertically stratified, with compensating horizontal heat and solute gradients 

was investigated by Malashetty and Gaikwad (2002). The Soret effect in a shallow horizontal 

porous layer with vertical temperature gradient is studied theoretically using Brinkman–

Hazen–Darcy model by Bourich et al. (2004). Kim et al. (2007) investigated the convective 

instabilities of Dufour and Soret effects in a binary nanofluid using linear stability theory. Free 

convection in a binary mixture with a variable Soret coefficient is analysed linearly by Mojtabi 

et al (2007). The effects of thermal diffusion on double diffusive Marangoni convection and 

Rayleigh-Benard convection in a composite system for Darcy and Darcy-Brinkman models, 

respectively, were investigated by Sumithra et al. (2020, 2022). 

The objective of the present problem is to investigate the effects of uniform and 

nonuniform salinity gradients on the onset of double-diffusive Rayleigh-Benard convection in 

a composite system. This system is bounded by rigid-free boundaries, incorporates the Soret 

effect (temperature-induced solute diffusion), and uses the Darcy model for fluid flow through 

porous media, with constant heat sources in both the layers. 

 

2 Formulation of the Problem 
 
Consider an infinite horizontal incompressible fluid saturated porous layer of thickness 

𝑑𝑚underlying a layer of the same fluid of thickness 𝑑 with Soret effect and constant heat 

sources. The upper free and lower rigid boundaries are subjected to adiabatic temperature and 

concentration boundary conditions. A Cartesian coordinate system is chosen such that the 

origin is at the interface and z-axis vertically upwards. The temperatures of the lower and upper 

boundaries are taken as 𝑇𝐿 and 𝑇𝑈  respectively, with 𝑇𝑈 < 𝑇𝐿. The solutes of the lower and 

upper boundaries are taken as 𝐶𝐿 and 𝐶𝑈 respectively, with 𝐶𝑈 < 𝐶𝐿. 

The equations governing the fluid layer are: 

𝛁 ∙ 𝒒𝒇⃗⃗⃗⃗ = 𝟎 (2.1) 

𝝆𝟎 (
𝝏𝒒𝒇⃗⃗⃗⃗ 

𝝏𝒕
+ (𝒒𝒇⃗⃗⃗⃗ ∙ 𝛁)𝒒𝒇⃗⃗⃗⃗ ) = −𝛁𝑷𝒇 + 𝝁𝛁

𝟐𝒒𝒇⃗⃗⃗⃗ − 𝝆𝒈�̂� 
(2.2) 

𝝏𝑻𝒇

𝝏𝒕
+ (𝒒𝒇⃗⃗⃗⃗ ∙ 𝛁)𝑻𝒇 = 𝜿𝒇𝛁

𝟐𝑻𝒇 + 𝑸𝒇 
(2.3) 

𝝏𝑪𝒇

𝝏𝒕
+ (𝒒𝒇⃗⃗⃗⃗ ∙ 𝛁)𝑪𝒇 = 𝜿𝒄𝛁

𝟐𝑪𝒇 + 𝜿𝑻𝛁
𝟐𝑻𝒇 

(2.4) 

𝝆 = 𝝆𝟎[𝟏 − 𝜶𝑻(𝑻𝒇 − 𝑻𝟎) + 𝜶𝒔(𝑪𝒇 − 𝑪𝟎)] (2.5) 

 

The equations governing the porous layer are: 

 

𝛁𝒎 ∙ 𝒒𝒎⃗⃗ ⃗⃗  ⃗ = 𝟎 (2.6) 

𝝆𝟎
∅
(
𝝏𝒒𝒎⃗⃗ ⃗⃗  ⃗

𝝏𝒕
+ (𝒒𝒎⃗⃗ ⃗⃗  ⃗ ∙ 𝛁𝒎)𝒒𝒎⃗⃗ ⃗⃗  ⃗) = −𝛁𝒎𝑷𝒎 −

𝝁

𝑲
𝒒𝒎⃗⃗ ⃗⃗  ⃗ − 𝝆𝒎𝒈�̂� 

(2.7) 
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𝑨
𝝏𝑻𝒎
𝝏𝒕

+ (𝒒𝒎⃗⃗ ⃗⃗  ⃗ ∙ 𝛁𝒎)𝑻𝒎 = 𝜿𝒎𝛁𝒎
𝟐𝑻𝒎 + 𝑸𝒎 

(2.8) 

∅
𝝏𝑪𝒎
𝝏𝒕

+ (𝒒𝒎⃗⃗ ⃗⃗  ⃗ ∙ 𝛁𝒎)𝑪𝒎 = 𝜿𝒄𝒎𝛁𝒎
𝟐𝑪𝒎 + 𝜿𝒎𝑻𝛁𝒎

𝟐𝑻𝒎 
(2.9) 

𝝆𝒎 = 𝝆𝟎[𝟏 − 𝜶𝑻𝒎(𝑻𝒎 − 𝑻𝟎) + 𝜶𝒔𝒎(𝑪𝒎 − 𝑪𝟎)] (2.10) 

 

Where 𝑞𝑓⃗⃗⃗⃗ = (𝑢𝑓 , 𝑣𝑓 , 𝑤𝑓)  and 𝑞𝑚⃗⃗ ⃗⃗  ⃗ = (𝑢𝑚, 𝑣𝑚, 𝑤𝑚)  are the velocity vectors, 𝜇 is the fluid 

viscosity, 𝑃 is the total pressure, 𝑡 is the time, ∅  is the porosity, 𝜅𝑓 and 𝜅𝑚 are respectively the 

thermal diffusivities of the fluid and porous medium, 𝐴 =
(𝜌0𝐶𝑝)𝑚
(𝜌0𝐶𝑝)𝑓

 is the ratio of heat capacities, 

𝐶𝑝 is the specific heat, 𝑇𝑓 and 𝑇𝑚 respectively denote the temperatures in the fluid and porous 

layers. 𝑄𝑓and 𝑄𝑚 denotes heat sources, 𝐾 denotes permeability of the porous medium, 𝜌0 is 

the fluid density at the reference temperature 𝑇0, 𝑔 is the acceleration due to gravity acting 

vertically downwards. 𝐶𝑓and 𝐶𝑚 are species concentrations in fluid and porous layers 

respectively, 𝜅𝑐 and 𝜅𝑐𝑚 are the solute diffusivities in fluid and porous layers respectively. 𝜅𝑇 

and 𝜅𝑚𝑇 represents Soret coefficients in fluid and porous layers respectively. The subscripts  

′𝑚′, ‘𝑓’and ‘𝑠’refer to the porous, fluid and solid mediums respectively. 

The basic steady state is assumed to be quiescent, and pressure, concentration, temperature are 

functions of 𝑧 only. We consider the solution in the form. 

𝒒𝒇⃗⃗⃗⃗ = 𝒒𝒇𝒃⃗⃗ ⃗⃗ ⃗⃗  = 𝟎, 𝑷𝒇 = 𝑷𝒇𝒃(𝒛𝒇), 𝑪𝒇 = 𝑪𝒇𝒃(𝒛𝒇), 𝑻𝒇 = 𝑻𝒇𝒃(𝒛𝒇) (2.11) 

𝒒𝒎⃗⃗ ⃗⃗  ⃗ = 𝒒𝒎𝒃⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝟎, 𝑷𝒎 = 𝑷𝒎𝒃(𝒛𝒎), 𝑪𝒎 = 𝑪𝒎𝒃(𝒛𝒎), 𝑻𝒎 = 𝑻𝒎𝒃(𝒛𝒎) (2.12) 

 

The temperature distributions 𝑇𝑓𝑏(𝑧𝑓) and 𝑇𝑚𝑏(𝑧𝑚)are found to be 

𝑻𝒇𝒃(𝒛𝒇) = 𝑻𝟎 +
(𝑻𝑼 − 𝑻𝟎)𝒛𝒇

𝒅𝒇
+
𝑸𝒇𝒛𝒇(𝒅𝒇 − 𝒛𝒇)

𝟐𝜿𝒇
 

(2.13) 

𝑻𝒎𝒃(𝒛𝒇) = 𝑻𝟎 +
(𝑻𝟎 − 𝑻𝑳)𝒛𝒎

𝒅𝒎
+
𝑸𝒎𝒛𝒎(𝒅𝒎 − 𝒛𝒎)

𝟐𝜿𝒎
 

(2.14) 

 

Where the interface temperature 𝑇0 is given by 

𝑻𝟎 =
𝟐(𝜿𝒇𝑻𝑼𝒅𝒎 + 𝜿𝒎𝑻𝑳𝒅𝒇) + 𝑸𝒇𝒅𝒇

𝟐𝒅𝒎 + 𝒅𝒇𝑸𝒎𝒅𝒎
𝟐

𝟐(𝜿𝒇𝒅𝒎 + 𝜿𝒎𝒅𝒇)
 

(2.15) 

The concentration distributions 𝐶𝑓𝑏 and 𝐶𝑚𝑏 are found to be 

𝑪𝒇𝒃(𝒛𝒇) = 𝑪𝟎 + [
(𝑪𝑼 − 𝑪𝟎)𝒛𝒇

𝒅𝒇
−
𝝀𝑸𝒇𝒛𝒇(𝒅𝒇 − 𝒛𝒇)

𝟐
] 𝒇(𝒛𝒇) 

(2.16) 

𝑪𝒎𝒃(𝒛𝒎) = 𝑪𝟎 + [
(𝑪𝟎 − 𝑪𝑳)𝒛𝒎

𝒅𝒎
−
𝝀𝒎𝑸𝒎𝒛𝒎(𝒅𝒎 − 𝒛𝒎)

𝟐
] 𝒇𝒎(𝒛𝒎) 

(2.17) 

where 𝑓(𝑧𝑓) and 𝑓𝑚(𝑧𝑚) are dimensionless gradient functions, and 𝐶0, the interface  

concentration is given by 

𝑪𝟎 =
𝟐(𝒅𝒎𝜿𝒄𝑪𝑼 + 𝒅𝒇𝜿𝒎𝑪𝑳) − 𝝀𝜿𝒄𝑸𝒇𝒅𝒎𝒅𝒇

𝟐 − 𝒅𝒇𝜿𝒎𝒄𝝀𝒎𝑸𝒎𝒅𝒎
𝟐

(𝜿𝒇𝒅𝒎 + 𝜿𝒎𝒅𝒇)
 

(2.18) 

To investigate the stability analysis of the basic solution, perturbations are superimposed in the 

form: 

𝒒𝒇⃗⃗⃗⃗ = 𝒒𝒇𝒃⃗⃗ ⃗⃗ ⃗⃗  + 𝒒𝒇⃗⃗⃗⃗ ′, 𝑷𝒇 = 𝑷𝒇𝒃(𝒛𝒇) + 𝑷𝒇′, 𝑪𝒇 = 𝑪𝒇𝒃(𝒛𝒇) + 𝒔𝒇, 𝑻𝒇 = 𝑻𝒇𝒃(𝒛𝒇) + 𝜽𝒇 (2.19) 
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𝒒𝒎⃗⃗ ⃗⃗  ⃗ = 𝒒𝒎𝒃⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝒒𝒎⃗⃗ ⃗⃗  ⃗
′
, 𝑷𝒎 = 𝑷𝒎𝒃(𝒛𝒎) + 𝑷𝒎

′ , 𝑪𝒎 = 𝑪𝒎𝒃(𝒛𝒎) + 𝒔𝒎,

𝑻𝒎 = 𝑻𝒎𝒃(𝒛𝒎) + 𝜽𝒎
} 

  

 

(2.20) 

The above equations are substituted in equations (2.1) to (2.10) and linearized in the usual 

manner. By taking curl twice on equations (2.2) and (2.7), the pressure terms are eliminated, 

only the vertical components are retained. Separate length scales are used for the fluid and 

porous layers in order to render the equations non-dimensional, ensuring that both layers have 

a unit depth and are: 

(𝒖𝒇, 𝒗𝒇, 𝒘𝒇) =
𝜿𝒇

𝒅𝒇
(𝒖𝒇

∗ , 𝒗𝒇
∗ , 𝒘𝒇

∗), 𝜽𝒇 = (𝑻𝟎 − 𝑻𝑼)𝜽𝒇
∗ , 𝒕𝒇 =

𝒅𝒇
𝟐

𝜿𝒇
𝒕𝒇
∗ , 𝛁𝒇 =

𝛁𝒇
∗

𝒅𝒇
,

(𝒙𝒇, 𝒚𝒇, 𝒛𝒇) = 𝒅𝒇(𝒙𝒇
∗ , 𝒚𝒇

∗ , 𝒛𝒇
∗), 𝒔𝒇 = (𝑪𝟎 − 𝑪𝑼)𝒔𝒇

∗

} 

 

(2.21) 

(𝒖𝒎, 𝒗𝒎, 𝒘𝒎) =
𝜿𝒎
𝒅𝒎

(𝒖𝒎
∗ , 𝒗𝒎

∗ , 𝒘𝒎
∗ ), 𝜽𝒎 = (𝑻𝑳 − 𝑻𝟎)𝜽𝒎

∗ , 𝒕𝒎 =
𝒅𝒎
𝟐

𝜿𝒎
𝒕𝒎
∗ ,

𝛁𝒎 =
𝛁𝒎
∗

𝒅𝒎
, (𝒙𝒎, 𝒚𝒎, 𝒛𝒎) = 𝒅𝒎(𝒙𝒎

∗ , 𝒚𝒎
∗ , 𝒛𝒎

∗ − 𝟏), 𝒔𝒎 = (𝑪𝑳 − 𝑪𝟎)𝒔𝒎
∗

}
 
 

 
 

 

 

(2.22) 

The linearized non-dimensional equations are: 

𝟏

𝑷𝒓𝒇

𝝏(𝛁𝒇
𝟐𝒘𝒇)

𝟐

𝝏𝒕𝒇
= 𝛁𝒇

𝟒𝒘𝒇 + 𝑹𝒂𝑻𝛁𝟐𝒇
𝟐 𝜽𝒇 − 𝑹𝒂𝑺𝛁𝟐𝒇

𝟐 𝒔 

(2.23) 

𝝏𝜽𝒇

𝝏𝒕𝒇
−𝒘𝒇 − 𝑸𝒇

(𝟐𝒛𝒇 − 𝟏)𝒅𝒇
𝟐𝒘𝒇

𝟐𝜿𝒇(𝑻𝟎 − 𝑻𝑼)
= 𝛁𝒇

𝟐𝜽𝒇 
(2.24) 

𝝏𝒔𝒇

𝝏𝒕𝒇
−𝒘𝒇 +

𝝀𝑸𝒇𝒅𝒇
𝟐(𝟐𝒛𝒇 − 𝟏)𝒘𝒇

𝟐(𝑪𝟎 − 𝑪𝑼)
= 𝝉𝒇𝛁𝒇

𝟐𝒔 + 𝝉𝑻
(𝑻𝟎 − 𝑻𝑼)

(𝑪𝟎 − 𝑪𝑼)
𝛁𝒇
𝟐𝜽𝒇} 

(2.25) 

𝜷𝟐

𝑷𝒓𝒎

𝝏𝒘𝒎

𝝏𝒕𝒎
= −𝛁𝒎

𝟐𝒘𝒎 + 𝑹𝒂𝒎𝛁𝟐𝒎
𝟐 𝜽𝒎 − 𝑹𝒂𝒔𝒎𝛁𝟐𝒎

𝟐 𝒔𝒎 
(2.26) 

𝑨
𝝏𝜽𝒎
𝝏𝒕𝒎

−𝒘𝒎

𝑸𝒎(𝟐𝒛𝒎 + 𝟏)

𝟐𝜿𝒎(𝑻𝑳 − 𝑻𝟎)
= 𝛁𝒎

𝟐𝜽𝒎 
(2.27) 

𝝓
𝝏𝒔𝒎
𝝏𝒕𝒎

−𝒘𝒎 +
𝝀𝒎𝑸𝒎𝒅𝒎

𝟐 (𝟐𝒛𝒎 − 𝟏)𝒘𝒎

𝟐(𝑪𝑳 − 𝑪𝟎)
= 𝝉𝒄𝛁𝒎

𝟐 𝒔𝒎 + 𝝉𝒄𝑻
(𝑻𝟎 − 𝑻𝑼)

(𝑪𝟎 − 𝑪𝑼)
𝛁𝒎
𝟐𝜽𝒎 

(2.28) 

 

where 𝑃𝑟𝑓 =
𝜇

𝜌0𝜅𝑓
, 𝛽2 = 𝐷𝑎 =

𝐾

𝑑𝑚
2 , 𝑅𝑎𝑇 =

𝛼𝑓𝑔(𝑇0−𝑇𝑈)

𝜈𝜅𝑓
, 𝑃𝑟𝑚 =

𝜙𝜈

𝜅𝑚
, 𝑅𝑎𝑚 =

𝛼𝑚𝑔(𝑇𝐿−𝑇0)𝑑𝑚𝐾

𝜈𝑚𝜅𝑚
,  

𝑅𝑎𝑠 =
𝑔𝛼𝑠(𝐶0−𝐶𝑈)𝑑𝑓

3

𝜈𝜅𝑐
, 𝑅𝑎𝑠𝑚 =

𝛼𝑠𝑚𝑔(𝐶𝐿−𝐶0)𝑑𝑚
3

𝜈𝑚𝜅𝑐𝑚
 are Prandtl number in fluid layer, Darcy number, 

thermal Rayleigh number in fluid layer, Prandtl number in porous layer, thermal Rayleigh 

number in porous layer, solute Rayleigh number in fluid layer, and solute Rayleigh number in 

porous layer. Here 𝜈 =
𝜇

𝜌0
 and 𝜈𝑚 is effective viscosity in porous layer. 

 

 Normal Mode Expansion 
 

Carrying out the following normal mode analysis on the dimensionless equations, the  

[

𝒘𝒇

𝜽𝒇
𝒔𝒇
] = [

𝑾𝒇(𝒛𝒇)

𝚯𝒇(𝒛𝒇)

𝑺𝒇(𝒛𝒇)

]𝒈(𝒙𝒇, 𝒚𝒇)𝒆
𝜼𝒇𝒕𝒇 

 

(2.29) 
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[

𝒘𝒎

𝜽𝒎
𝒔𝒎
] = [

𝑾𝒇(𝒛𝒎)

𝚯𝒇(𝒛𝒎)

𝑺𝒇(𝒛𝒎)

]𝒈𝒎(𝒙𝒎, 𝒚𝒎)𝒆
𝜼𝒎𝒕𝒎 

(2.30) 

 

Subsequent ordinary differential equations obtained are: 

 

(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐)
𝟐
𝑾𝒇(𝒛𝒇) +

𝜼𝒇

𝑷𝒓𝒇
(𝑫𝒇

𝟐 − 𝒂𝒇
𝟐)𝑾𝒇(𝒛𝒇)

= 𝒂𝒇
𝟐[𝑹𝒂𝑻𝚯𝒇(𝒛𝒇) − 𝑹𝒂𝑺𝑺𝒇(𝒛𝒇)] 

(2.31) 

((𝑫𝒇
𝟐 − 𝒂𝒇

𝟐) + 𝜼𝒇)𝚯𝒇(𝒛𝒇) +𝑾𝒇(𝒛𝒇) +
𝑸𝒇𝒅𝒇

𝟐(𝟐𝒛𝒇 − 𝟏)

𝟐𝜿𝒇(𝑻𝟎 − 𝑻𝑼)
𝑾𝒇(𝒛𝒇) = 𝟎 

 

(2.32) 

(𝝉𝒇(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐) + 𝜼𝒇)𝑺𝒇(𝒛𝒇)𝒇(𝒛𝒇) +
𝑸𝒇𝝀𝒅𝒇

𝟐(𝟐𝒛𝒇 − 𝟏)

𝟐𝜿𝒇(𝑪𝟎 − 𝑪𝑼)
𝑾𝒇(𝒛𝒇)

+𝑾𝒇(𝒛𝒇) + 𝑺𝒓𝒇(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐)𝚯𝒇(𝒛𝒇)

} = 𝟎 

 

(2.33) 

[
𝜷𝟐

𝑷𝒓𝒎
− 𝟏] (𝑫𝒎

𝟐 − 𝒂𝒎
𝟐 )𝑾𝒎(𝒛𝒎) = 𝒂𝒎

𝟐 [𝑹𝒂𝒎𝚯𝒎(𝒛𝒎) − 𝑹𝒂𝑺𝒎𝑺𝒎(𝒛𝒎)] 
 

(2.34) 

((𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 ) + 𝝓𝜼𝒎)𝚯𝒎(𝒛𝒎) +𝑾𝒎(𝒛𝒎) +
𝑸𝒎𝒅𝒎

𝟐 (𝟐𝒛𝒎 + 𝟏)

𝟐𝜿𝒎(𝑻𝑳 − 𝑻𝟎)
𝑾𝒎(𝒛𝒎) = 𝟎 

 

(2.35) 

(𝝉𝒎(𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 ) + 𝝓𝜼𝒎)𝑺𝒎(𝒛𝒎)𝒇𝒎(𝒛𝒎) −
𝑸𝒎𝝀𝒎𝒅𝒎

𝟐 (𝟐𝒛𝒎 + 𝟏)

𝟐𝜿𝒎(𝑪𝟎 − 𝑪𝑼)
𝑾𝒎(𝒛𝒎)

+𝑾𝒎(𝒛𝒎) + 𝑺𝒓𝒎(𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 )𝚯𝒎(𝒛𝒎)

}

= 𝟎 

 

(2.36) 

 

Since the principle of exchange of stability holds for the given problem, time derivatives are 

neglected. That is, 𝜂𝑓 = 𝜂𝑚 = 0. Thus, the convection manifests itself as stationary convection 

directly, and the equations (2.31) to (2.36) reduces to the following form: 

 

(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐)
𝟐
𝑾𝒇(𝒛𝒇) = 𝒂𝒇

𝟐[𝑹𝒂𝑻𝚯𝒇(𝒛𝒇) − 𝑹𝒂𝑺𝑺𝒇(𝒛𝒇)] 
(2.37) 

 

(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐)𝚯𝒇(𝒛𝒇) +𝑾𝒇(𝒛𝒇) + 𝑹𝑰
∗(𝟐𝒛𝒇 − 𝟏)𝑾𝒇(𝒛𝒇) = 𝟎 (2.38) 

(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐)𝑺𝒇(𝒛𝒇)𝒇(𝒛𝒇) +
𝟏

𝝉𝒇
[𝟏 + 𝝀(𝟐𝒛𝒇 − 𝟏)]𝑾𝒇(𝒛𝒇)

+𝑺𝒓𝒇(𝑫𝒇
𝟐 − 𝒂𝒇

𝟐)𝚯𝒇(𝒛𝒇)

} = 𝟎 

 

(2.39) 

(𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 )𝑾𝒎(𝒛𝒎) = 𝒂𝒎
𝟐 [𝑹𝒂𝒎𝚯𝒎(𝒛𝒎) − 𝑹𝒂𝑺𝒎𝑺𝒎(𝒛𝒎)] (2.40) 

 

(𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 )𝚯𝒎(𝒛𝒎) +𝑾𝒎(𝒛𝒎) + 𝑹𝑰𝒎
∗ (𝟐𝒛𝒎 + 𝟏)𝑾𝒎(𝒛𝒎) = 𝟎 (2.41) 

(𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 )𝑺𝒎(𝒛𝒎)𝒇𝒎(𝒛𝒎) +
𝟏

𝝉𝒎
[𝟏 − 𝝀𝒎(𝟐𝒛𝒎 + 𝟏)]𝑾𝒎(𝒛𝒎)

+𝑺𝒓𝒎(𝑫𝒎
𝟐 − 𝒂𝒎

𝟐 )𝚯𝒎(𝒛𝒎)

} = 𝟎 

 

(2.42) 

 

where 𝑅𝐼
∗ =

𝑄𝑓𝑑𝑓
2

2𝜅𝑓(𝑇0−𝑇𝑈)
 and 𝑅𝐼𝑚

∗ =
𝑄𝑚𝑑𝑚

2

2𝜅𝑚(𝑇𝐿−𝑇0)
 are respectively modified internal Rayleigh 

numbers in fluid and porous layers, 𝑆𝑟𝑓 =
𝜏𝑇(𝑇0−𝑇𝑈)

𝜏𝑓(𝐶0−𝐶𝑈)
 and 𝑆𝑟𝑚 =

𝜏𝐶𝑇(𝑇𝐿−𝑇0)

𝜏𝑚(𝐶𝐿−𝐶0)
 are respectively Soret 

parameters in fluid and porous layers. 𝐷𝑓 and 𝐷𝑚 are differential operators with respect to 𝑧𝑓 
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and 𝑧𝑚. If the matching of the solution in the two layers is possible, the wave number must be 

the same for the fluid and porous layer, so that we have 
𝑎𝑓

𝑎𝑚
=

𝑑𝑓

𝑑𝑚
 

Boundary conditions 
 
To solve the equations (2.37) to (2.42), we impose the following boundary conditions (after 

implementing non-dimensionalization and normal mode analysis). 

Velocity boundary conditions are: 

𝑾𝒇(𝟏) = 𝟎;𝑫𝒇
𝟐𝑾𝒇(𝟏) = 𝟎; 𝝐𝑻�̂�𝑾𝒇(𝟎) = 𝑾𝒎(𝟏); 𝑾𝒎(𝟎) = 𝟎

�̂�𝟑𝝐𝑻(𝑫𝒇
𝟐 + 𝒂𝒇

𝟐)𝑾𝒇(𝟎) = (𝑫𝒎
𝟐 + 𝒂𝒎

𝟐 )𝑾𝒎(𝟏);

�̂�𝟒𝝐𝑻𝑫𝒂(𝑫𝒇
𝟑 − 𝟑𝒂𝒇

𝟐𝑫𝒇)𝑾𝒇(𝟎) + 𝑫𝒎𝑾𝒎(𝟏) = 𝟎

} 

 

   (2.43) 

Temperature boundary conditions are: 

𝑫𝒇𝚯𝒇(𝟏) = 𝟎; 𝚯𝒇(𝟎) =  �̂�𝝐𝑻𝚯𝒎(𝟏); 𝑫𝒇𝚯𝒇(𝟎) = 𝑫𝒎𝚯𝒎(𝟏); 𝑫𝒎𝚯𝒎(𝟎) = 𝟎  (2.44) 

 
Salinity boundary conditions are: 

𝑫𝒇𝑺𝒇(𝟏) = 𝟎; 𝑺𝒇(𝟎) =  �̂�𝝐𝒔𝑺𝒎(𝟏); 𝑫𝒇𝑺𝒇(𝟎) = 𝑫𝒎𝑺𝒎(𝟏); 𝑫𝒎𝑺𝒎(𝟎) = 𝟎  (2.45) 

where �̂� =
𝑑𝑚

𝑑𝑓
 is the depth ratio, 𝜖𝑇 =

𝜅𝑓

𝜅𝑚
 is thermal diffusivity ratio, 𝜖𝑠 =

𝜅𝑐

𝜅𝑐𝑚
 is solute 

diffusivity ratio. 

3 Solution by regular perturbation technique: 

 
To validate tiny wave number analysis, the dependent variables in both fluid and porous layers 

are presented in powers of  𝑎𝑓
2, as follows: 

(𝑾𝒇(𝒛𝒇),𝚯𝒇(𝒛𝒇), 𝑺𝒇(𝒛𝒇) ) =∑(𝒂𝒇
𝟐)
𝒊
(𝑾𝒇𝒊(𝒛𝒇), 𝚯𝒇𝒊(𝒛𝒇), 𝑺𝒇𝒊(𝒛𝒇) )

∞

𝒊=𝟎

 
(3.1) 

(𝑾𝒎(𝒛𝒎), 𝚯𝒎(𝒛𝒎), 𝑺𝒎(𝒛𝒎) ) =∑(�̂�𝟐𝒂𝒇
𝟐)
𝒊
(𝑾𝒎𝒊(𝒛𝒎), 𝚯𝒎𝒊(𝒛𝒎), 𝑺𝒎𝒊(𝒛𝒎) )

∞

𝒊=𝟎

 
 

(3.2) 

 

Substituting the above equations into equations (2.37) to (2.42) yields a sequence of equations 

for the unknown functions (𝑊𝑓𝑖(𝑧𝑓), Θ𝑓𝑖(𝑧𝑓), 𝑆𝑓𝑖(𝑧𝑓) ) and (𝑊𝑚𝑖(𝑧𝑚), Θ𝑚𝑖(𝑧𝑚), 𝑆𝑚𝑖(𝑧𝑚) ) 

for 𝑖 = 0, 1, 2, 3, … .. 
The solutions to zeroth order equations satisfying zeroth order boundary conditions are: 

𝑾𝒇𝟎(𝒛𝒇) = 𝟎 = 𝑾𝒎𝟎
(𝒛𝒎), 𝚯𝒇𝟎(𝒛𝒇) = �̂�𝝐𝑻,

𝚯𝒎𝟎
(𝒛𝒎) = 𝟏, 𝑺𝒇𝟎(𝒛𝒇) = �̂�𝝐𝒔, 𝑺𝒎𝟎

(𝒛𝒎) = 𝟏
} 

(3.3) 

 

The solutions of the velocity equations (2.37) and (2.40) of order 𝑎𝑓
2, satisfying corresponding 

boundary conditions (2.43) of the same order are: 

𝑾𝒇𝟏(𝒛𝒇) = 𝒃𝟓 + 𝒃𝟔𝒛𝒇 + 𝒃𝟕𝒛𝒇
𝟐 + 𝒃𝟖𝒛𝒇

𝟑 +
�̂�𝒛𝒇

𝟒

𝟐𝟒
(𝝐𝑻𝑹𝒂𝑻 − 𝝐𝒔𝑹𝒂𝑺) 

(3.4) 

𝑾𝒎𝟏
(𝒛𝒎) = 𝒃𝟗 + 𝒃𝟏𝟎𝒛𝒎 +

𝒛𝒇
𝟐

𝟐
(𝑹𝒂𝒎 + 𝑹𝒂𝑺𝒎) 

 

(3.5) 

 

where 𝑏5 =
�̂�

𝜖𝑇
𝑏10 +

�̂�

2𝜖𝑇
(𝑅𝑎𝑚 + 𝑅𝑎𝑆𝑚), 𝑏7 =

1

2�̂�𝜖𝑇
(𝑅𝑎𝑚 + 𝑅𝑎𝑆𝑚), 𝑏9 = 0, 

𝑏7 + 3𝑏8 =
�̂�

4
(𝜖𝑠𝑅𝑎𝑆 − 𝜖𝑇𝑅𝑎𝑇), 𝑏10 = −(6�̂�

2𝜖𝑇𝐷𝑎)𝑏8 − (𝑅𝑎𝑚 + 𝑅𝑎𝑆𝑚), 
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𝑏5 + 𝑏6 + 𝑏7 + 𝑏8 = −
�̂�

24
(𝜖𝑇𝑅𝑎𝑇 − 𝜖𝑠𝑅𝑎𝑆) 

 

The boundary conditions (2.45) and differential equations for concentration (2.39) and (2.42) 

of order 𝑎𝑓
2 establish the following solvability condition: 

𝟏

𝝉𝒇
∫ [𝟏 + 𝝀(𝟐𝒛𝒇 − 𝟏)𝑾𝒇𝟏(𝒛𝒇)𝒇(𝒛𝒇) 𝒅𝒛𝒇]
𝟏

𝟎

+
�̂�𝟐

𝝉𝒎
∫ [𝟏 + 𝝀𝒎(𝟐𝒛𝒎 + 𝟏)𝑾𝒎𝟏

(𝒛𝒎)𝒇𝒎(𝒛𝒎) 𝒅𝒛𝒎] = �̂�
𝟏

𝟎

+ �̂�𝝐𝒔 

 

(3.6) 

Equation (3.6) is solved for the following salinity gradient functions: 

Salinity profile Gradient function Critical Rayleigh 

number 

Linear 𝑓(𝑧𝑓) = 1, 𝑓𝑚(𝑧𝑚) = 1 𝑅𝑎𝑇1 

Parabolic 𝑓(𝑧𝑓) = 2𝑧𝑓 , 𝑓𝑚(𝑧𝑚) = 2𝑧𝑚 𝑅𝑎𝑇2 

 

Inverted Parabolic 
𝑓(𝑧𝑓) = 2(𝑧𝑓 − 1),   

𝑓𝑚(𝑧𝑚) = 2(𝑧𝑚 − 1) 

 

𝑅𝑎𝑇3 

 

3.1 Linear Salinity Profile (LSP): 

𝑅𝑎𝑇1 =
�̂�(𝜖𝑠 + 𝑆𝑟𝑓𝜖𝑇) + �̂�

2(1 + 𝑆𝑟𝑚) − A𝑠1 − A𝑠𝑚1

A𝑇1 + A𝑚1
 

A𝑇1 =
1

𝜏𝑓
{𝐶𝑇4 − 𝐶𝑇5 (

3+𝜆

6
) + 𝐶𝑇3 (

2+𝜆

6
) − 𝐶𝑇1 (

5+3𝜆

20
) +

(3+2𝜆)�̂�𝜖𝑇

360
}, 𝐶𝑇1 =

𝜖𝑇�̂�

12
+
𝐷𝑎�̂�3𝜖𝑇

6
 

A𝑠𝑚1 =
�̂�2

𝜏𝑚
(𝐶𝑠2 −

(3−7𝜆𝑚)

6
+
(2−5𝜆𝑚)𝑅𝑎𝑠𝑚

12
), A𝑚1 =

�̂�2

𝜏𝑚
(𝐶𝑇2 −

(3−7𝜆𝑚)

6
+
(2−5𝜆𝑚)𝜖𝑇

2�̂�4𝐷𝑎

12
), 

A𝑠1 =
1

𝜏𝑓
{𝐶𝑠4 − 𝐶𝑠5 (

3+𝜆

6
) + 𝐶𝑠3 (

2+𝜆

6
) + 𝐶𝑠1 (

5+3𝜆

20
) −

(3+2𝜆)𝑅𝑎𝑆𝜖𝑠�̂�

360
}, 𝐶𝑠1 =

𝑅𝑎𝑆𝜖𝑠�̂�

12
−
𝑅𝑎𝑠𝑚

6�̂�𝜖𝑇
, 

𝐶𝑠3 =
𝑅𝑎𝑠𝑚

2�̂�𝜖𝑇
, 𝐶𝑇3 =

𝐷𝑎�̂�3𝜖𝑇

2
, 𝐶𝑇2 =  𝐷𝑎�̂�

2𝜖𝑇(6𝐶𝑇1 − �̂�
2𝜖𝑇), 𝐶𝑠2 = − (6𝐷𝑎�̂�2𝜖𝑇𝐶𝑠1 + 𝑅𝑎𝑠𝑚) 

𝐶𝑠4 =
�̂�

2𝜖𝑇
(2𝐶𝑠2 + 𝑅𝑎𝑠𝑚), 𝐶𝑇4 =

�̂�𝐶𝑠2

𝜖𝑇
+
�̂�𝜖𝑇𝐷𝑎

2
, 𝐶𝑠5 = 𝐶𝑠1 + 𝐶𝑠3 + 𝐶𝑠4 −

𝜖𝑠�̂�𝑅𝑎𝑆

24
, 

 𝐶𝑇5 = 𝐶𝑇4 + 𝐶𝑇3 − 𝐶𝑇1 +
𝜖𝑇�̂�

24
   

 

3.2 Parabolic Salinity Profile (PSP): 

𝑅𝑎𝑇2 =
�̂�(𝜖𝑠 + 𝑆𝑟𝑓𝜖𝑇) + �̂�

2(1 + 𝑆𝑟𝑚) − A𝑠2 − A𝑠𝑚2

A𝑇2 + A𝑚2
 

A𝑇2 =
2

𝜏𝑓
{𝐶𝑇4 (

3+𝜆

6
) +

2+𝜆

6
𝐶𝑇5 + 𝐶𝑇3 (

5+3𝜆

20
) + 𝐶𝑇1 (

3+2𝜆

15
) +

(7+5𝜆)�̂�𝜖𝑇

1008
},  

A𝑚2 =
2�̂�2

𝜏𝑚
(𝐶𝑇2

(2−5𝜆𝑚)

6
+
(5−13𝜆𝑚)𝜖𝑇

2�̂�4𝐷𝑎

40
) , A𝑠𝑚2 =

2�̂�2

𝜏𝑚
(𝐶𝑠2

(2−5𝜆𝑚)

6
+
(5−13𝜆𝑚)𝑅𝑎𝑠𝑚

40
), 

A𝑠2 =
2

𝜏𝑓
{𝐶𝑠4 (

3 + 𝜆

6
) − 𝐶𝑠5 (

2 + 𝜆

6
) + 𝐶𝑠3 (

5 + 3𝜆

20
) + 𝐶𝑠1 (

3 + 2𝜆

15
) −

(7 + 5𝜆)�̂�𝜖𝑠𝑅𝑎𝑆
1008

} 

 

3.3 Inverted Parabolic Salinity Profile (IPSP): 

𝑅𝑎𝑇3 =
�̂�(𝜖𝑠 + 𝑆𝑟𝑓𝜖𝑇) + �̂�

2(1 + 𝑆𝑟𝑚) − A𝑠3 − A𝑠𝑚3

A𝑇3 + A𝑚3
 

 

A𝑇3 =
2

𝜏𝑓
{𝐶𝑇4 (

3−𝜆

6
) +

𝐶𝑇5

6
+ 𝐶𝑇3 (

5+𝜆

60
) − 𝐶𝑇1 (

3+𝜆

60
) +

(7+3𝜆)�̂�𝜖𝑇

5040
},  
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A𝑚3 =
2�̂�2

𝜏𝑚
(𝐶𝑇2

(1−2𝜆𝑚)

6
+
(5−11𝜆𝑚)𝜖𝑇

2�̂�4𝐷𝑎

120
), A𝑠𝑚3 =

2�̂�2

𝜏𝑚
(𝐶𝑠3

(1−2𝜆𝑚)

6
+
(5−11𝜆𝑚)𝑅𝑎𝑠𝑚

120
), 

A𝑠3 =
2

𝜏𝑓
{𝐶𝑠4 (

3 − 𝜆

6
) − (

𝐶𝑠5
6
) + 𝐶𝑠3 (

5 + 𝜆

60
) + 𝐶𝑠1 (

3 + 𝜆

60
) −

(7 + 3𝜆)�̂�𝜖𝑠𝑅𝑎𝑆
5040

} 

 

4 Results and discussion 
 
The effects of uniform and nonuniform salinity gradients on the onset of double diffusive 

Rayleigh-Benard convection in a composite system with Soret effect and constant heat sources 

is investigated for upper free and lower rigid velocity boundary conditions. The Critical 

Rayleigh numbers (CRN) 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 𝑅𝑎𝑇3 are obtained respectively for Linear (LSP), 

Parabolic (PSP) and Inverted Parabolic (IPSP) salinity profiles. 

 

 

 
Figure 4.1: Comparison of CRN versus �̂� for 

LSP, PSP and IPSP 

 
Figure 4.1 represents comparison of Linear (LSP), Parabolic (PSP) and Inverted Parabolic 

(IPSP) salinity profiles for CRN versus �̂� when the fixed parameters are 𝑅𝐼
∗ = 𝑅𝐼𝑚

∗ = 0.5, 

𝐷𝑎 = 0.0001, 𝜖𝑇 = 𝜖𝑠 = 𝑅𝑎𝑆 = 1, 𝑆𝑟𝑓 = 𝑆𝑟𝑚 = −0.1, 𝜏𝑓 = 𝜏𝑚 = 0.25.  From the figure, the 

CRNs, 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 𝑅𝑎𝑇3 respectively for LSP, PSP and IPSP increases gradually with �̂�. 

It is observed that Parabolic salinity profile (PSP) is most stable one and Inverted Parabolic 

(IPSP) is the most unstable salinity profile. Also, the graph reveals that for larger �̂�  values the 

curves are diverging, indicating that the profiles are significant in porous layer dominant 

composite (PLDC) system. 
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(a) Linear (b) Parabolic (c) Inverted Parabolic 

Figure 4.2: Effects of Darcy number 𝐷𝑎 

 

Figures 4.2a, 4.2b and 4.2c respectively shows CRN versus �̂� for different values of 𝐷𝑎 =
0.0001, 0.0003, 0.0005, 0.0008, 0.001 for LSP, PSP and IPSP. The curves are merging for 

smaller values of �̂� and diverge for larger �̂� values. This indicates that the impact of this 

parameter is substantial in PLDC system which is obvious. Also, the CRNs 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 

𝑅𝑎𝑇3 increase with increase in Da. That is, Da shows stabilizing effect of the composite system 

and hence the onset of DD-RBC is delayed. 

 

   
(a) Linear (b) Parabolic (c) Inverted Parabolic 

Figure 4.3: Effects of modified internal Rayleigh number in fluid layer 𝑅𝐼
∗ 

 

Figures 4.3a, 4.3b and 4.3c illustrates the CRN versus �̂� for LSP, PSP and IPSP by varying, 

𝑅𝐼
∗ = −1,−0.5, 0, 0.5, 1. In case of LSP and PSP, increasing from sink to source, 𝑅𝐼

∗ increases 

CRN, showing stabilizing effect and delaying the onset of DD-RB convection. In case of IPSP, 

increase in 𝑅𝐼
∗decreases CRN showing destabilizing effect and hastening the onset of DD-RB 

convection. In figures 4.3(a)and 4.3(b), the curves are merged initially and diverge slightly for 

larger values of depth ratio indicating that this parameter is crucial in PLDC system. 

 

Figures 4.4a, 4.4b and 4.4c illustrates the Critical Rayleigh number (CRN) versus depth ratio 

�̂� for Linear, Parabolic and Inverted Parabolic salinity profiles by varying modified internal 

Rayleigh number in the porous layer, 𝑅𝐼𝑚
∗ = −1,−0.5, 0, 0.5, 1(increasing from sink to 

source). In figures 4.4(a), 4.4(b)and 4.4(c), the curves are merged initially and diverge for larger 

values of depth ratio, indicating that this parameter is crucial in porous dominant composite 

system for all the three profiles. Also, increase in 𝑅𝐼𝑚
∗  increases CRNs for all the three profiles 

showing stabilizing effect and delaying the onset DD-RB convection. 

   
(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.4: Effects of modified internal Rayleigh number in porous layer 𝑅𝐼𝑚
∗  
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Figures 4.5a, 4.5b and 4.5c illustrates the Critical Rayleigh number (CRN) versus depth ratio 

for Linear, Parabolic and Inverted Parabolic salinity profiles by varying Solute Rayleigh 

number in the fluid layer, 𝑅𝑎𝑆 = 1, 1.4, 1.8, 2.2, 2.5. In figures 4.5(a), 4.5(b)and 4.5(c), the 

curves are merged initially and diverge for larger values of depth ratio indicating that this 

parameter is crucial in porous dominant composite system for all the profiles considered. Also, 

increase in 𝑅𝑎𝑆 increases CRNs for all the three profiles showing stabilizing effect and delaying 

the onset DD-RBC convection. 

   
(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.5: Effects of Solute Rayleigh number in fluid layer 𝑅𝑎𝑆 

 

 

   
(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.6: Effects of Soret parameter in fluid layer 𝑆𝑟𝑓 

 

 

Figures 4.6(a), 4.6(b)b and 4.6(c) illustrates the Critical Rayleigh number (CRN) versus depth 

ratio for Linear, Parabolic and Inverted Parabolic salinity profiles by varying Soret parameter 

in the fluid layer, 𝑆𝑟𝑓 = −0.5, −0.3, 0, 0.3, 0.5. Increase in𝑆𝑟𝑓 increases CRNs, 𝑅𝑎𝑇1 and 𝑅𝑎𝑇3 

for Linear and inverted parabolic salinity profiles as shown in figures 4.6(a) and 4.6(c). That 

is, 𝑆𝑟𝑓 stabilizes the composite system and delays the onset of DDRB convection for Linear 

and Inverted Parabolic salinity profiles. In case of Parabolic salinity profile, a dual effect is 

observed, i.e., for  0 ≤ �̂� ≤ 2, increase in 𝑆𝑟𝑓 increases CRN, 𝑅𝑎𝑇2 showing stabilizing effect 

and for 2 ≤ �̂� ≤ 2.6, increase in 𝑆𝑟𝑓 decreases CRN, 𝑅𝑎𝑇2  showing destabilizing effect. This 

indicates that depth ratio plays a crucial role and this parameter is sensitive to changes in depth 

ratio. Therefore, by selecting suitable salinity profile and range of depth ratio, the composite 

system onset of convection can be delayed or hastened. Also, in fig 4.6(a), the curves are 

converging for larger values of depth ratio, indicating that this parameter is crucial for fluid 

dominant composite system in case of LSP. 
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(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.7: Effects of Soret parameter in porous layer 𝑆𝑟𝑚 

 

Figures 4.7a, 4.7b and 4.7c illustrates the Critical Rayleigh numbers (CRNs) 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 

𝑅𝑎𝑇3 versus depth ratio for Linear, Parabolic and Inverted Parabolic salinity profiles by varying 

Soret parameter in the porous layer, 𝑆𝑟𝑚 = −0.25,−0.1, 0, 0.25, 0.3. All the graphs show dual 

effect. In figures 4.7(a) and 4.7(b), increase in 𝑆𝑟𝑚 increases 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 in the range 0 ≤ �̂� ≤

2.2  showing stabilizing effect and decreases in the range 2.2 ≤ �̂� ≤ 2.6 showing destabilizing 

effect. In figure 4.3(c), i.e., for IPSP, increase in 𝑆𝑟𝑚, increases CRN, 𝑅𝑎𝑇3  in the range 0 ≤

�̂� ≤ 2.3 showing stabilizing effect and decreases in the range 2.3 ≤ �̂� ≤ 2.6 showing 

destabilizing effect. Thus the onset of DD-RB convection can be suppressed or augmented 

depending on the range of the depth ratio for all the three profiles considered. 

   
(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.8: Effects of solute diffusivity ratio 𝜖𝑠  
 

Figures 4.8a, 4.8b and 4.8c illustrates the Critical Rayleigh numbers (CRNs) 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 

𝑅𝑎𝑇3 versus depth ratio for Linear, Parabolic and Inverted Parabolic salinity profiles by varying 

Solute diffusivity ratio, 𝜖𝑠 = 0.1, 0.3, 0.5, 0.7, 1. The curves are uniformly spaced for all the 

three profiles. It is observed that as 𝜖𝑠  increases the CRNs 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 𝑅𝑎𝑇3 also increases 

showing stabilizing effect and hence delaying the onset of DD-RB convection for all three 

profiles. 

 

Figures 4.9a, 4.9b and 4.9c illustrates the Critical Rayleigh numbers (CRNs) 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 

𝑅𝑎𝑇3 versus depth ratio for Linear, Parabolic and Inverted Parabolic salinity profiles by varying 

thermal diffusivity ratio, 𝜖𝑇 = 0.35, 0.5, 0.6, 0.8, 1. The curves are uniformly spaced for all the 

three profiles. It is observed that as 𝜖𝑇 increases, the CRNs 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 𝑅𝑎𝑇3also increases 

showing stabilizing effect and hence delaying the onset of DD-RB convection for Linear, 

Parabolic and Inverted Parabolic salinity profiles. 
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(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.9: Effects of thermal diffusivity ratio 𝜖𝑇  
 

 

 
  

(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.10: Effects of solute to thermal diffusivity ratio in fluid layer 𝜏𝑓 

 

 

   
(a)Linear (b)Parabolic (c) Inverted Parabolic 

Figure 4.11: Effects of solute to thermal diffusivity ratio in porous layer 𝜏𝑚 

 
Figures 4.10a, 4.10b and 4.10c illustrates the Critical Rayleigh numbers(CRNs) 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 

and 𝑅𝑎𝑇3 versus depth ratio for Linear, Parabolic and Inverted Parabolic salinity profiles by 

varying solute to thermal diffusivity ratio in fluid layer, 𝜏𝑓 = 0.1, 0.15, 0.2, 0.25, 0.3. It is 

observed that as τf increases the CRNs 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 𝑅𝑎𝑇3 also increases showing stabilizing 

effect and hence delaying the onset of DD-RB convection for Linear, Parabolic and Inverted 

Parabolic salinity profiles. Also, the curves are diverging for larger values of depth ratio 

indicating that this parameter is significant in PLDC system. 
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Figures 4.11a, 4.11b and 4.11c illustrates the Critical Rayleigh numbers (CRNs) 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 

and 𝑅𝑎𝑇3  versus depth ratio for Linear, Parabolic and Inverted Parabolic salinity profiles by 

varying solute to thermal diffusivity ratio in porous layer, 𝜏𝑚 = 0.25, 0.35, 0.4, 0.5, 0.6. It is 

observed that as 𝜏𝑚 increases the CRNs 𝑅𝑎𝑇1, 𝑅𝑎𝑇2 and 𝑅𝑎𝑇3  decreases showing destabilizing 

effect and hence the onset of DD-RB convection is quickened for LSP, PSP and IPSP. Also, the 

curves are diverging for larger values of depth ratio indicating that this parameter is significant 

in PLDC system. 

 

4.1 Conclusion 
 

1. The parabolic salinity profile is the most stable one and inverted parabolic salinity 

profile is the most unstable salinity profile. 

2. The parameters 𝐷𝑎, 𝑅𝐼
∗, 𝑅𝐼𝑚

∗ , 𝜏𝑓 and 𝜏𝑚 are crucial in porous dominant composite 

system. 

3. The parameters 𝐷𝑎, 𝑅𝐼𝑚
∗ , 𝑅𝑎𝑆, 𝜖𝑠 and 𝜏𝑓 stabilize the composite system. 

4. The Soret parameter in the fluid layer 𝑆𝑟𝑓 stabilizes the system for Linear and Parabolic 

salinity profiles. For inverted parabolic salinity profile, the onset of DDRB convection 

can be delayed or hastened depending on the range of the depth ratio. 

5. The Soret parameter in the porous layer 𝑆𝑟𝑚 is also depth ratio sensitive. That is, 

depending on the range of the depth ratio, the onset of convection can be suppressed or 

augmented. 

6. The strength of heat source (sink) in the fluid layer represented by modified internal 

Rayleigh number 𝑅𝐼
∗ shows stabilizing effect of the composite system for Linear salinity 

profile, destabilizing effect for Inverted Parabolic salinity profile and dual effect for 

parabolic salinity profile. 

7. By choosing appropriate salinity profile and the range of the depth ratio, the onset of 

double diffusive Rayleigh-Benard convection can be delayed or hastened. 
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