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Abstract

The onset of double diffusive Rayleigh-Benard (DD-RB) convection 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
is obtained for Linear (LSP), Parabolic (PSP), Inverted parabolic (IPSP), Salted from below
(SFB) and step function (SF) salinity profiles. The effects of variation of different
dimensionless parameters on the onset of DD-RB convection is discussed.
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1 Introduction

The Soret effect or thermal diffusion is the mass flux that is caused by gradients in
temperature. The Soret effect plays a crucial role in modulating the interaction between
temperature and solute concentration gradients in DDRB convection. This phenomenon has
significant applications across various fields, such as, Saline groundwater transport, Polar ice
sheets, heat recovery in geothermal reservoirs, migration of radioactive contaminants,
separation process, cellular transport mechanisms, climate modeling, astrophysics and space
sciences. Platten and Chavepeyer (1973) have investigated oscillatory motion both
theoretically and experimentally in Benard cells resulting from the Soret effect. Caldwell
(1976) has investigated thermosolutal convection in a solution with high negative Soret
coefficient. The sufficient condition for the coincidence of the linear and nonlinear stability
parameters of the stationary state in a thermo-diffusive fluid mixture problem was established
by Rionero and Mulone (1987). Examining the Benard convection in binary mixes with the
Soret effect, Zimmermann et al. (1992) carried out experiments on amalgams of ethyl alcohol
and water. Straughan and Hutter (1999) investigated the structural stability of Soret-induced
double-diffusive convection problem. Alex et al. (2001) examined the influence of variable
gravitational field on Soret-driven thermosolutal convection inside a porous material. The
experimental findings of Soret effect was reviewed by Platten (2006). Kaffel et al. (2008)
provided numerical and analytical investigation of Soret effect on thermohaline convection in
a square enclosure containing binary mixture. Deepika (2018) explored how the Soret
parameter affects the initiation of double-diffusive convection (DDC) in a fluid-saturated
porous layer. Altawallbeh et al. (2018) expanded on this research by including local thermal
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non-equilibrium, deriving both linear and nonlinear stability criteria. Recently, Sumithra et al.
(2022) analyzed the impact of thermal diffusion on DDC in a composite system using Darcy-
Brinkman-Rayleigh-Benard model. The onset of thermosolutal Marangoni convection in an
anisotropic porous layer stacked underneath fluid layer with Soret effect has been investigated
by Gangadharaiah (2023). Internal heat sources/sinks are crucial in various fields including
engineering, electronics, manufacturing and biology. Applications include thermal
management systems using heat sinks, coolers, and active or passive cooling methods, energy
harvesting through thermoelectric generators, managing heat in consumer electronics for
performance and safety, maintaining temperature-controlled environments in manufacturing,
and utilizing internal heat in medical treatments and space exploration. The literature on
internal heat source/sink has evolved significantly over the years (Tveitereid (1978), Yu and
Shih (1980), Ames and Straughan (1990), Shankar et al. (2019)). The unsteady, laminar double-
diffusive convection in a isotropic porous rectangular cavity with temperature dependent heat
source or sink applying cooperating heat and mass gradient was studied by Chamka (2002).
The linear and nonlinear stability assessments of double-diffusive convection in a fluid-
saturated porous layer with a concentration-based internal heat source without or with the soret
effect were investigated by Hill (2005) and Israel-Cookey (2018) respectively. The initiation
of thermosolutal convective instability in a horizontal porous layer filled with a power-law
fluid, which is influenced by concentration-based internal heat sources and the Soret effect,
was examined by Kumari and Murthy (2019).

Recent advancement in modern technology have sparked increased interest among
researchers in studying transport phenomena in both natural and engineered systems. One area
of focus is the investigations of heat and mass transfer within composite systems, where a fluid
and a porous medium are both saturated with the same fluid. These studies have gained
momentum in recent years due their broad applicability in various natural and industrial
processes, including geothermal energy extraction from reservoirs, fumigation of stired grains,
cooling of aluminum billets, filtration and so on. The issue of the initiation of finger convection
in a porous layer situated beneath a fluid layer has been examined through linear stability
analysis by Chen and Chen (1988). Chen and Lu (1991) studied the impact of temperature-
dependent viscosity on buoyancy-driven salt-finger convection, dentifying two effects: a
viscous sublayer that stabilizes through multicellular convection and reduced viscosity that
facilitates convection onset Chen (1992) investigated salt-finger instability in a fluid layer
above an anisotropic and inhomogeneous porous medium using linear stability analysis. Al-
Qurashi (2012) explored salt-finger convection in a rotating system, showing that non-linearity
does not affect stationary instability in a magnetofluid above a porous layer, but significantly
impacts overstability. Gangadharaiah (2013) analyzed double diffusive convection with
Marangoni instabilities in a fluid-porous structure. The impact of both uniform and non-
uniform salinity gradients on the initiation of double-diffusive convection in a composite layer
is examined by Komala and Sumithra (2019). Sumithra and Komala (2020) observed how
surface tension, magnetic fields, and salinity gradients affect the onset of double-diffusive
buoyancy-driven convection in a fluid-porous composite system under a vertical magnetic
field.

2 Mathematical Analysis

Consider an infinite horizontal incompressible fluid saturated porous layer of thickness
dunderlying a layer of the same fluid of thickness d with Soret effect and constant heat
sources. The upper 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
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boundaries are taken as T; and Ty respectively, with Ty < T;,. The solutes of the lower and
upper boundaries are taken as C; and Cy respectively, with Cy < C;.
The equations governing the fluid layer are:

V-q;=0 @.1)
. <a;+ @ v)qf> _ VP, + uv?q; - pgk 22)
oty 2.3)

Bt Lt (a7 V)Ty = 1,92T, + @y
aac;f + (g5 - V)Cf = K V?Cs + Kr V2T 24)
p = po[1—ar(T;—Ty) + as(C; — Cy)] (2.5)

The equations governing the porous layer are:

Vin* Gm = 0 (2.6)
1;0 (a;;tm e mﬁ) —_v.p, - % i pogk (2.7)
Aaait + (@m V)T = K VT + Qi (2:8)
®— + (@ Vi) Com = KemVECo + Ky VET (2.9)
Pm = Poll — apm(Tm — To) + A (Cp — Co)] (2.10)

Where q; = (u, v;,ws) and G = (Um, Uy, W) are the velocity vectors, u is the fluid
viscosity, P is the total pressure, t is the time, @ is the porosity, k; and k,, are respectively the
(Po p)
(p Ocp)
C, 1s the specific heat, Ty and T, respectively denote the temperatures in the fluid and porous
layers. Qrand Q,, denotes heat sources, K denotes permeability of the porous medium, p, is
the fluid density at the reference temperature T, g is the acceleration due to gravity acting
vertically downwards. Crand C,, are species concentrations in fluid and porous layers
respectively, k. and k., are the solute diffusivities in fluid and porous layers respectively. Ky
and k,,r 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.

a5 =45, = 0. Py = Pyy(zs), Cr = Cpp(2y), Ty = Tyn(2y) (2.11)
dm qmb 0,P, = Pmb(zm)s Cn = Cmb(zm)a T, = Tmb(zm) (2.12)

thermal diffusivities of the fluid and porous medium, A = is the ratio of heat capacities,
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The temperature distributions Tg,, (zf) and T,,; (z,,)are found to be

be(Zf) = TO + df + 21
Ty—T;)z Z,(d, —z 2.14
Tmb(zf) — To + ( 0 dmL) m + Qm m;'cr:ln m) ( )

Where the interface temperature T, is given by

2(1Tydy, + K Tidy) + Qpdidy, + dQd?, (2.15)
2(Kkpdy + Kpdy)

The concentration distributions Crj, and Gy, are found to be

C C A d;— (2.16)
Cfb(zf) —Co+ I( Uu— O)Zf szf( f Zf)l f(zf)

T():

(2.17)

Cmb(zm) — C() I(CO CL)Z QO m(d

m)lfm( m)

where f (Zf) and f,,,(z,,) are dlmenswnless gradient functlons, and C, the interface

concentration is given by

2(dpk Cy + dskyCr) — Ak Qi d? — dpKpy A Qmd, (2.18)
(dem + Kmdf)

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

form:

45 =qp + a5 Py = Ppp(zs) + Py, Cp = Cpp(2f) + 57, Tf = Tp(25) + 05 (2.19)

Wn) = m + Wn)l’Pm = Piup(Zin) + Pin, Cn = Cinp(Zim) + S,
Ty = Trmp(Zm) + O (2:20)

Co=

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:
K d? V;

(s, vpwy) = d—f(“f: vj,wy),0p = (To — Ty)B}, ty = ks by, Vy = a,’ (2.21)

(x5, ¥7.2f) = ds(x}, ¥}, 27). 57 = (Co — Cy)sf

2
m

K
(um: vm: Wm) = d_m (u;n; V;n: W;n)r em = (TL - TO)BTTU tm - t:nr (222)
m m

*

Vin = d_m, (Xm Ymr Zm) = Ay (X, Y Zm — 1), Sm = (€ — Co) sy
m
The linearized non-dimensional equations are:
1 a(Viwy)* (2.23)
_ vt 2 2
Prf atf = Vf Wf + RaTVZfo — Ra5V2fS

00, (22 - V)djw; (2.24)
= V7o,
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ds AQsd%(2z, — 1)w To—T (2.25)
05\ 42U 7(22,—1) f — 2v2s + 7 r0 ~ Tu) }gf}
at 2(Co—Cy) (Co— Cy)
B? ow (2.26)
Pro at"‘ = —ViWp + Ry, V5,0 — Rasy VS
a0, 2z, +1 2.27
A__WQO( m )=ant9m (2.27)
at ZKm(TL - To)
s A d2 22, — Dw — 2.28
_om —w,, QO ( m ) m _ chglsm + TCT( 0 )V%lem ( )
at,, 2(C,—Co) (Co— Cy)
_ _ _ Kk _ arg(To—Ty) _ v _ amg(TL—To)dmK
where Pry = = Da = PR Rar = T Pr, = = Ra,, = BEE—
_ 3
Rag = M Rag, = W 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 v = pﬁ and v, is effective viscosity in porous layer.
0

Normal Mode Expansion

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

Wy W (z)
[*’f = | 0y(zy) | g (xy. yp)em 22)
11 184(zy)
Wi  [Wr(Zm) (2.30)
[em - Gf(zm) gm(xm' ym)eﬂmtm
Sm Sf (Zm)
Subsequent ordinary differential equations obtained are:
2 Ny 2.31
(D} — af) We(zf) + Pr; (Df — af)Wg(z) 23D
= af[Ra;0.(z;) — RasSs(zf)]
Qsdf (22, — 1)
((D} - af) +m5) 0,(27) + Wy(z) + 25, (T — Ty) Wy(zf) = 0 (2.32)
QrAd} (22, — 1)
(zs(DF — af) + np)Ss(2)f (z) + 25, (Co — Co) Wi(z){ _, (2.33)
+W(zf) + Sr(Df — af)0s(zy)
[F - 1] (DZ - am)wm(zm) = am[Ram m(zm) RaSm m(zm)] (2_34)

Qumds (22, + 1)
(D% = k) + G1im) O () + Win(zm) + 3 225" Winzm) =0 (235)
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QumAnd% (22, + 1)

(T (D = am) + PN) S (Zm) fim (Zm) —— e (Co— C) Wi (Zm) (2.36)
AW (2p) + ST (D2, — a2)0,,(2,)
-0
Where A = 257 and 2, = RimSTm
‘L'f Tm

Since the principle of exchange of stability holds for the given problem, time derivatives are
neglected. That is, ny = 1,, = 0. Thus, the convection manifests itself as stationary convection
directly, and the equations (2.31) to (2.36) reduces to the following form:

(Df - “?)ZWf(Zf) = af[Rar@(zf) — RasSs(zy)] (2.37)
(Df — af)0y(z) + Wy(zy) + Ri(22 — 1)Wy(zf) = 0 (2.38)
1

(DF — af)Sp(z7)f (zf) + T [1+4(22, - 1)|Wy(2) “o (2.39)

+S14(Df — af)®f(z)
(Dgn - a?n)wm(zm) = a?n[RamG)m(Zm) - RaSmSm(Zm)] (240)
(D%, — a2)0,,(zy) + W (2,) + R}, (22 + W, (2,,) = 0 (2.41)
(Drzn - arzn)sm(zm)fm(zm) + % [1 - Am(zzm + 1)]Wm(zm) -0 (2'42)

+Srm (Dgn - arzn)em(zm)

. _ Q fd/% « _ Qmdk . . . )
where R; = 2 To-T0) and Rj,, = T (Tt € respectively modified internal Rayleigh
. . _ tr(To—Ty) _ tcr(TL=To) .
numbers in fluid and porous layers, Sy = % (Co—Co) and S, = T(CLCo) 1€ respectively Soret

parameters in fluid and porous layers. Dy and D,, are differential operators with respect to z¢
and z,,. If the matching of the solution in the two layers is possible, the wave number must be
. d
the same for the fluid and porous layer, so that we have Z—f =L
m m

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:

W;(1) = 0;D;W;(1) = 0; exdW;(0) = W,,(1); Dy W,,(0) = 0
d3er(DF + af)W;(0) = (D%, + aZ)W,,(1);
d*erDa(D} —3a;Df)W;(0) + D, W, (1) =0
Temperature boundary conditions are:
D;0;(1) = 0; ©,(0) = der0,,(1); D0£(0) = D,,0,,(1); D,;,0,,,(0) = 0 (2.44)

(2.43)

Salinity boundary conditions are:
Dfo(l) =0 Sf(o) = de;S,(1); Dfo(O) =DpSnu(1); D;S;,(0) =0 (2.45)
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5 dm . : : o e : :
where d = d—m is the depth ratio, € = :—f is thermal diffusivity ratio, €5 = KKC is solute
f

m cm

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 al%, as follows:

2 (3.1)
(Wy(zr), 05(2f),Sr(2f) ) = Z(a%) (Wri(zf), 07(21), Spi(2f) )
i=0
(Won(Z), Om(Zn), S(@m) ) = ) (@22) Woni(Z), Ous(Za), Smi(Zm)) (32
i=0

Substituting the above equations into equations (2.37) to (2.42) yields a sequence of equations
for the unknown functions (Wﬁ(zf), G)ﬁ(zf),Sﬂ(zf) ) and (W, (), Omi (Zim), Smi(Zm) )

fori =0,1,2,3,.....

The solutions to zeroth order equations satisfying zeroth order boundary conditions are:
Wfo(zf) =0= Wmo(zm)' ®fo(zf) = dET'} (3:3)
Om,(Zm) = 1,55, (2f) = deg, Sy (zin) = 1

The solutions of the velocity equations (2.37) and (2.40) of order a]%, satisfying corresponding

boundary conditions (2.43) of the same order are:
s, 3 64
W (2zf) = Fs + Fezp + F1z7 + Fgz} + -1 (erRay — €;Ray)

2
z
Win, (Zm) = Fg + F19Zyp + 7f (Ra,, + Ragy) (3.5

where Fg = —2F, — = (e7Rar — €,Ras) — 3Fy, F; = —— (R + Rasy), Fip = 0,
T

d(Ram+Rasm)
2

(Ram+Rasm)
6d2erDa

d(erRar—esRas)

F8= s

,F5=F7+2F8+ ,F9=ETF5—

The boundary conditions (2.45) and differential equations for concentration (2.39) and (2.42)
of order a]% establish the following solvability condition:

1

d? ! S
+ T—f [1 + A2z + DW oy (Z3) fr (Z1) dzm] =d+ deg
mJo

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

Salinity profile Gradient function Critical Rayleigh
number
Linear (LSP) f(zf) =1,f.(z,) =1 Rar,
Parabolic (PSP) f(z¢) = 225, fin(2zm) = 22, Rar,
. f(zr) =2(z; - D),
Inverted Parabolic (IPSP) fin(Zm) = 2(2y — 1) Rars
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Salted from below (SFBP) 0<z<e

o1
o= e2i 2
(el 0<z,<enp Rar,
fm(zm)_{ 0 e&,<z,<1
Step function (SFP) f (zf) =94 (zf - 8) Rars
fm (@) = 6 (2 — €p)

3.1 Linear Salinity Profile (LSP):
d(es + Srrer) + d?(1 + Sty,) — Bsy — Bgg
BT1 + Bml

Rar; =
3.2 Parabolic Salinity Profile (PSP):
d(es + Srrer) + d?(1 + Sty,) — Bs; — Bgmz
Brz + B

Rar, =

3.3 Inverted Parabolic Salinity Profile (IPSP):

d(es + Srrer) + d?(1 + Sty,) — Bgz — Bgs
Brz + Bins

3.4 Salted from Below Salinity Profile (SFBP):

RaT3 =

d(es + Srrer) + d?(1 + St) — Agy — Agima
A7y + Ay

Rar, =

3.5 Step Function Salinity Profile (SFP):

d(es + Srrer) + d?(1 + Stip) — Age — Asme

Rars = A + Ame
Where Bry = {Cra + Cra (557) + €1 (557) = Cre (SZ?) b O = G 2
Bamy = %(—055(1 =24, + Sy g, = B (0 (- 22, + 2229,
Boi = {—Coa + Cos (57) + €t (57) — G (%)}, Cry = 22sd _ Bom,
b= (52) 2 s (2) (2 - 500,
B,, = d2 (CTS 3- Z)Lm) n (5- 13/1,:())6Td4ua) By = 2;&2(_655 (3—2/‘1,,1) n (5—13/113)Ra5m)

2 3+1 242 5+31 3+21 (7+52)degRa Dad3e
By, = _{_654( )+ CS3( )+ CSl( 20 ) CSZ( 15 )_ 10085 S}’ Crs = 2 -,

b =2 (o (52)+ 2 0 (55) - 0 (5) + 2200

2d2 (B-5Am) , (5-111,)e?d*Da _2d? (3-54m) ., (5-11A)Rasm
_(CT s T 60 ) sm3 — _(_CSS s T 40 )’

Bm3 -

a - A
Ary = _{CT4H1 + Cr3Hy + CrqHz — CrpHy + st}, Cry = DadZET(6CT1 - dZET),

Aps = _(CTSHmZ +

Agy = ;{C53H2 + Cs1Hz + Cs;Hy — CouHy —

dz Ra
HmS)e Agma = ﬁ (_CSSHmZ + % Hm3)a

s 1) 1, = ft + 2 - D

er Da
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H, = €2 E+%(4£—3)],H3 = g3 E+§(38—2)],H4=£4E+%(8$—5)],

1.2 1 A
Hs = &® [E + E(Se - 3)]: Hp = gm[l - Am(gm + 1)]5 Hpp = E,?n [E - ?(4‘Sm + 3)]7
Hing = &5 [+ 72 (3 + 1], 6 = (1= 1+ 222), Gy = (1 = Ay — 2AmEm).
G d? 244D G 44
A = T—{CTsem 42 8,2,1}, Arg = ;{CM + Cp3& + Cpp€% — Cppe3 + 5 2:T},
Gmaz Rasm G 4d sR
Asme = T_{_CSS + (12 erzn}a Age = ;{Cslgz + Cs36 — Cg4 — CSZSS + %}

dcs, n &eTDa,
€T 2

A d
Csz = — (6Dad?erCgy + Ragy,), Coq = Z_ET(ZCSZ + Rasm), Cry =

esdRag erd

”» , Crs = Cry + Cr3 — Cpy o

CsS = Csl + CS3 + Cs4 -
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 rigid-rigid velocity boundary conditions. The Critical Rayleigh numbers
(CRN) Rarq, Rary, Rarz, Rars, and Raps are obtained respectively for Linear (LSP),
Parabolic (PSP), Inverted Parabolic (IPSP) salinity profiles in terms of depth ratio d, and salted
from below (SFBP), step function (SFP) salinity profiles in terms of saline depth ¢.

In all the graphs considered below i.e., from (4.2) to (4.10), and (4.12) to (4.18), red curve is
for the least value, followed by blue, green, cyan and finally, black curve, is for the highest
value of the varying parameter.

250f|

100

Critical Rayleigh Number Rar

43}
o
T

08 10 12 14 16 18 20
Depth Ratio d

Figure 4.1: Comparison of CRN versus d for LSP,

PSP and IPSP
Figure 4.1 represents comparison of Linear (LSP), Parabolic (PSP) and Inverted Parabolic
(IPSP) salinity profiles for critical Rayleigh number (CRN) versus depth ratio d, for the default
parameters Ry = Rj,,, = 0.5,Da = 0.3,er = €, = 1,Rag = 5,51 = S1, = =0.1, 7 = 1y, =
0.25. From figure 4.1, the CRNs Rarq, Rar, and Rars respectively for LSP, PSP and IPSP
increases gradually with depth ratio d. It is observed that IPSP is most stable one and LSP is
the most unstable salinity profile. Also, the graph reveals that for lower d values the curves
are diverging, indicating that the profiles are significant in fluid layer dominant composite
(FLDC) system.
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Figure 4.2: Effects of Darcy number Da
Figures 4.2a, 4.2b and 4.2¢ respectively shows CRN versus d for different values of Darcy
number, Da = 0.01, 0.1, 0.2, 0.3 and 0.4 and default values Ry = R},,, = 0.5, e = €5, =1,
Rag =5, Sy = St = —0.1, 77 = 75, = 0.25. for LSP, PSP and IPSP. The CRNs Rarq, Rar,
and Rar; increase with increase in Da. The graphs exhibit dual effect, that is, for smaller d

values, the system is stabilized and for larger values of d the system is destabilized. That is,
the onset of DDRB convection can be delayed or hastened depending on the range of depth

ratio, d.
1401 LSP 1 PSP - IPSP
& 120} g200p Ja
b T x
2 q00p | Rr--105.0.05.1 5 ol 3 20N Ry=-1.-05.0.05.1
3 =3
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= eo0f Z 100F =
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© 20t © O 50F
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Figure 4.3: Effects of modified fluid internal Rayleigh number R;

Figures 4.3a, 4.3b and 4.3c illustrates the CRN versus d for LSP, PSP and IPSP by varying
modified fluid internal Rayleigh number, R; = —1,—0.5,0,0.5,1 and the parameters R;,,, =
0.5, Da = 0.3, ey = €, = 1, Rag = 5, Sry = S1, = —0.1, 77 = 755, = 0.25 are unaltered. No
effect is observed in case of LSP. In case of PSP, a dual effect is observed. For 0 < d < 1.66,
the system is stabilized, delaying the onset of DDRB convection, and for d > 1.66, the system
is destabilized, hastening the onset of DDRB convection. In case of IPSP, increase in R;
decreases CRN showing destabilizing effect and hastening the onset of DDRB convection.
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Figure 4.4: Effects of modified porous internal Rayleigh number R},

Figures 4.4a, 4.4b and 4.4c illustrates the CRN versus d for LSP, PSP and IPSP by varying
modified porous internal Rayleigh number, Ry, = —1,—0.5,0, 0.5, 1 (increasing from sink to
source) and unaltered parameters Ry = 0.5, Da = 0.3, €7 = €, = 1, Rag = 5, Sry = Sy, =
—0.1, 7y = 7, = 0.25. In case of LSP, the curves are converging for lower and higher values
of d indicating that R},, is prominent in the midrange of d. A dual effect is observed in case of
PSP, i.e., for lower d values, the system is stabilized and for higher values of d, the system is
destabilized. In case of IPSP, the system is destabilized hastening the onset of DDRB

convection.
LSP 800+ PSP b 1200 IPSP
& 600 & & 1000}
o 5 600} 5
e] = 2
§ é é soof
= 2 2
£, 400 Ras = 5. 10, 15. 20, 25 5 400l 5 oo Rag =5, 10, 15, 20. 25
@ — -
= % Rag =5, 10, 15, 20, 25 %
i o &
3 ® = 400l
£ 200 S 200+ 2
° © O 200t
Ot Ok ok

og 10 12 14 18 18 20 cg 10 12 14 186 18 20 D_IS 1_I0 1_‘2 1.4 1.‘6 118 2:0

Depth Ratio d Depth Ratio d Depth Ratio d
(2) (b) (©)

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

Figures 4.5a, 4.5b and 4.5¢ illustrates the CRN versus d for LSP, PSP and IPSP by varying
Solute Rayleigh number in the fluid layer, Rag = 5,10, 15, 20 25, and the fixed parameters
Ry =R}, =05 Da=03, e =¢,=1, Sty = St = —0.1, 77 = 1, = 0.25. The CRNs
Rary, Rar, and Ray, increase with increase in d, showing stabilizing effect and delaying the
onset DDRB convection. Also, the curves are converging for larger d values indicating that
this parameter is crucial in fluid layer dominant composite (FLDC) system.

Figures 4.6a, 4.6b and 4.6¢ illustrates the CRN versus d for LSP, PSP and IPSP by varying
Soret parameter in the fluid layer, Sy = —0.3,—0.1,0,0.3,0.35 when the other physical
quantities Rj = R, = 0.5, Da = 0.3, e = ¢, = 1, Rag =5, 51, = —0.1, 7, = 7, = 0.25
are fixed. Increase in Sty decreases CRNs Rarq and Rar, as shown in figures 4.6a and 4.6b.
That is S7r destabilizes the composite system and hastens the onset of DDRB convection for

LSP and PSP. In case of IPSP, a dual effect is observed, i.e., for 0 < d < 1, increase in Sty
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increases CRN, Rars showing stabilizing effect and for d > 1, increase in Sty decreases CRN,

Rars showing destabilizing effect. This indicates that d plays a crucial role and this parameter
is sensitive to changes in d. Therefore, by selecting suitable salinity profile and range of d, the
composite system’s onset of DDRB convection can be delayed or hastened.
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Figure 4.6: Effects of Soret parameter in fluid layer Sty

Figures 4.7a, 4.7b and 4.7c¢ illustrates the CRNs, Rar,, Rar, and Rar3 versus d for LSP, PSP
and IPSP by varying Solute diffusivity ratio, €, = 0.2,0.4, 0.6, 0.8, 1 and the parameters R; =
Rim = 0.5,Da = 0.3,€er = 1,Ra; =5, Sry = 51, = —0.1, 7 = 7, = 0.25 are default. It is
observed that as €s increases, the CRNs Rarq, Rar, and Rar;decrease showing destabilizing
effect and hence hastening the onset of DDRB convection for LSP, PSP and IPSP. Further, the
curves are converging for larger values of d indicating that es is significant in FLDC system.
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Figure 4.7: Effects of solute diffusivity ratio €

Figures 4.8a, 4.8b and 4.8c illustrates the CRNs Rar,, Rar, and Rays versus d for LSP, PSP
and IPSP by varying thermal diffusivity ratio, e = 0.2,0.4, 0.6, 0.8, 1 and unaltered physical
quantities R; = Rj,, = 0.5, Da = 0.3, ¢, = 1, Ra; = 5, Sry = S1,, = —0.1, 77 = 7, = 0.25.
It is observed that as er increases the CRNs Rar;, Rar, and Rarz decrease, showing
destabilizing effect and hence the onset of DDRB convection occurs faster for LSP, PSP and
IPSP. Also, the curves are converging for larger values of d indicates that €T is significant in
FLDC system.

Figures 4.9a, 4.9b and 4.9c illustrates the CRNs Rarq, Rar, and Rar; versus d for LSP, PSP
and IPSP by varying solute to thermal diffusivity ratio in fluid layer, 7 = 0.2,0.4,0.6,0.8, 1
and Rj = Ry, = 0.5, Da =03, e = €, =1, Rag =5, Sry = 51, = —0.1, 1,5, = 0.25 are
unaltered. It is observed that as 7 increases, the CRNs Rary, Rar, and Rar; decrease showing
destabilizing effect and hence the onset of DDRB convection occurs faster for LSP, PSP and
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IPSP. In addition, the curves are diverging for lower values of d indicating that this parameter
is substantial in FLDC system.
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Figure 4.8: Effects of solute diffusivity ratio €y
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Figure 4.10: Effects of solute to thermal diffusivity ratio in porous layer 7,,

Figures 4.10a, 4.10b and 4.10c illustrates the CRNs Rarq, Rar, and Rar; versus d for LSP,
PSP and IPSP by varying solute to thermal diffusivity ratio in porous layer, 7, =
0.2,0.4,0.6,0.8,1and R; = Rp,, = 0.5,Da = 0.3, = €, = 1,Ra; =5, Sry = Sr, = —0.1,
T, = 0.25 are unaltered. It is observed that as tm increases the CRNs Rar,, Rar, and Rap;
increase showing stabilizing effect and hence the onset of DDRB convection is delayed for
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LSP, PSP and IPSP. Also, the curves are converging for lower and higher values of d indicating
that this parameter is sensitive in the mid-range of civalu;:s.
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Figure 4.11: Comparison of Salted from below (SFB) and Step
function (SF) salinity profiles

Figure 4.11 illustrates the comparison of Salted from below (SFB) and Step function (SF)
salinity profiles. In both the profiles, the curves rise with saline depth. Also, the graph reveals
that Step function is the most stable one and Salted from below is the most unstable salinity

profile.
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Figure 4.12: Effects of Darcy number Da

Figures 4.12a and 4.12b illustrates the CRNs Rar, and Rars versus Saline depth, € for SFBP
and SFP by varying Darcy number, Da = 0.01,0.05,0.1,0.12,0.15. The curves rise with
saline depth €. In case of SFB profile, the Darcy number initially destabilizes the composite
system for very small range of saline depth, i.e., 0 < & < 0.1 and for € > 0.1, the Darcy
number stabilizes the composite system. In case of SFP, increase in Da increases CRN, Rars
showing stabilizing effect and thus delaying the onset of DDRB convection. As Da increases,
the flow becomes more dominated by fluid motion rather than resistance by porous medium.
This enhanced fluid motion improves mixing and diffusion, reducing concentration gradients
that drive convection, thus stabilizing convection and suppressing large-scale convective
motion.
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Figure 4.13: Effects of modified internal Rayleigh number in fluid layer R}

Figures 4.13a and 4.13b illustrates the CRNs Rar, and Rars versus Saline depth for Salted
from below and Step function salinity profiles by varying modified internal Rayleigh number
in fluid layer (from sink to source), R; = —1,—0.5,0, 0.5, 1. Both SFBP and SFP exhibit dual
effects. In case of SFBP, the system is destabilized in 0 < € < 0.7 and for € > 0.7, the system
is stabilized. similarly, in case of SFP, the system is destabilized in 0 < € < 0.5 and for € >
0.5, the system is destabilized. Therefore, this parameter is sensitive to saline depth, that is, the
onset of DDRB convection can be hastened or delayed depending on the range of saline depth.
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Figure 4.14: Effects of modified internal Rayleigh number in fluid layer Ry,
Figures 4.14a and 4.14b illustrates the CRNs Rar, and Rays versus Saline depth for SFBP and
SFP by varying modified porous internal Rayleigh number (from sink to source), R; =
—1,-0.5,0,0.5,1. Both the graphs exhibit dual effect. In case of SFBP, the system is
destabilized in 0 < € < 0.82 and for € > 0.82, the composite system is stabilized. Similarly,
in case of SFP, the system is destabilized in 0 < & < 0.55 and for € = 0.55, the composite
system is stabilized. Thus, the onset of DDRB convection can be augmented or suppressed by
varying the range of saline depth.
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Figure 4.15: Effects of Solute Rayleigh number in fluid layer Rag

The plots 4.15a and 4.15b illustrates the CRNs Rar, and Rars versus saline depth for SFBP
and SFP by varying solute Rayleigh number in fluid layer, Rag = 5,5.2,5.4,5.6,5.8. The
curves rise with saline depth €. Higher Rag values (moving from red to black curves), results
in higher, Rar, and Rays indicating a stabilizing effect. Thus, the composite system is
stabilized and the onset of DDRB convection is delayed. Further, the curves show a monotonic
increase in CRNs as saline depth increases from O to 1. This indicates that as the saline layer
becomes thicker, the system requires a higher thermal driving force to trigger convection, thus

showing stabilizing effect.
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Figure 4.16: Effects of Soret parameter in fluid layer Sty

Figures 4.16a and 4.16b illustrates the CRNs Rar, and Rars versus saline depth for SFBP and
SFP by varying Soret parameter in fluid layer, Srr = —0.3,—0.1,0, 0.3, 0.5. Both the profiles
exhibit dual effect. In case of SFB profile, the system is destabilized in 0 < ¢ < 0.8 and for
€ > 0.8, the system is stabilized. similarly, in case of SF salinity profile, the system is
destabilized in 0 < & < 0.6 and for € > 0.6, the system is destabilized. Therefore, this
parameter is sensitive to saline depth, that is, the onset of DDRB convection can be hastened
or delayed depending on the thickness of saline depth. That is, both the profiles enhance density
stratification, making it harder for convection to occur as the saline layer thickens.

Page 397 https://doi.org/10.5281/zenodo.15469200



Periodico di Mineralogia Volume 94, No. 2, 2025
ISSN: 0369-8963

aoF
SEP

Mo
o
T

(%)
o
T

[~
o
T

St,, =-0.3.-0.1,0, 0.1, 0.15

(%)
o
T

S, =-0.3,-0.1, 0, 0.1, 0.15

Critical Rayleigh Number Rary
Critical Rayleigh Number Rars

251

0.0 0.2 0.4 06 0.8 1.0
Saline depth e

00 02 04 06 08 10
Saline depth e
(a) (b)
Figure 4.17: Effects of Soret parameter in fluid layer Sy,

Figures 4.17a and 4.17b illustrates the CRNs Rar, and Rars versus saline depth for SFBP and
SFP by varying Soret parameter in porous layer, Sr,, = —0.3,—0.1,0,0.1,0.15. Both the
salinity profiles exhibit dual effects. In case of SFBP, the system is destabilized in 0 < ¢ <
0.87 and for € = 0.87, the system is stabilized. similarly, in case of Step function salinity
profile, the system is destabilized in 0 < € < 0.56 and for € > 0.56, the system is destabilized.
At € = 0.56, the curves intersect, highlighting a transition zone where the Soret effect shifts
from weak to strong influence.
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Figure 4.18: Effects of solute diffusivity ratio €

Figures 4.18a and 4.18b illustrates the CRNs Rar, and Rars versus saline depth for Salted
from below and Step function salinity profiles by varying solute diffusivity ratio in, €5 =

0.5,0.6,0.7,0.8, 1. As €s increases, the CRNs, Rar, and Rars decrease showing destabilizing
effect, implying that less thermal energy is required to trigger the DDRB convection.

5 Conclusion

1. The Inverted parabolic salinity profile is the most stable one and linear salinity profile
is the most unstable salinity profile.
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2. The parameters R, R}, Ras, T and 7, are crucial in porous dominant composite
system.

3. The parameters Rag and 1, stabilizes the composite system, delaying the onset of
DDRB convection.

4. The Soret parameter in the fluid layer S7y destabilizes the system for Linear and

Parabolic salinity profiles, whereas stabilizes the system for Inverted Parabolic salinity
profile. 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 St 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 R; shows destabilizing effect of the composite system for Inverted
Parabolic salinity profile, dual effect for Parabolic salinity profile and no effect for
Linear salinity profile.

7. The step function salinity profile is the most stable one and Salted from below salinity
profile is the most unstable salinity profile.

8. Solute Rayleigh number, Rag is destabilizing the composite system for both Salted from
below and Step function salinity profiles, whereas Darcy number is stabilizing the
system only for step function salinity profile.

9. The parametersR;, Ry, S7¢, Sty and Da (only for SFB profile) exhibit dual effect. That
is, these parameters are sensitive to saline depth.

10. By varying the thickness of the saline depth, the onset of DDRB convection can be
augmented or delayed.
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