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ABSTRACT

An analytical investigation is carried out to examine the onset of modified Darcy—Brinkmann two-component
Marangoni convection in the presence of Dufour and magnetic effects within a two-layer fluid—porous
composite system subjected to free-free boundary conditions. The system consists of a fluid layer overlying a
sparsely packed porous layer saturated with the same fluid. The surface tension is assumed to depend on both
temperature and concentration variations, while Dufour cross-diffusion and magnetohydrodynamic effects are
incorporated into the governing model. Using linear stability theory, an exact analytical expression for the
critical thermal Marangoni number is derived. The influences of the Darcy number, magnetic parameter,
Dufour parameter, diffusivity ratios, viscosity ratio, and solutal Marangoni number on the onset of convection
are examined in detail. The results reveal that magnetic effects, diffusivity ratios, and wave number stabilize
the system, whereas Darcy number and solutal Marangoni effects promote instability. Furthermore, the Dufour
effect significantly modifies the instability threshold through diffusion—thermal coupling. The present study
provides new insight into thermocapillary transport phenomena in composite fluid—porous systems relevant to
crystal growth, material processing, geothermal engineering, and energy technologies.

Keywords: Modified Darcy—Brinkman model, Magneto hydrodynamics, Two-layer composite system, Dufour
effect, Double Diffusive Convection, Marangoni Convection.

INTRODUCTION

Two-component convection in fluids, caused by interacting temperature and concentration gradients that
diffuse at different rates, plays a significant role in several engineering, industrial, and geophysical
applications. Marangoni convection occurs due to variations in surface tension induced by thermal and solutal
gradients, accompanied by simultaneous heat and mass transfer within the fluid system. In a two-layer
composite configuration comprising a fluid layer overlying a porous medium, the interaction among thermal,
solutal, magnetic, and porous medium effects becomes increasingly complex, particularly under non-Darcy
flow conditions and free-free boundary configurations.

The coupling between heat and mass transport through thermodynamic interactions leads to the diffusion—
thermal phenomenon, commonly referred to as the Dufour effect, where concentration gradients generate an
additional heat flux. Moreover, the application of an external magnetic field alters the flow dynamics and
stability behavior through hydromagnetic forces acting on the conducting fluid. Considerable research has
been devoted to Marangoni convection influenced by Dufour diffusion and magnetic fields in fluid layers,
porous media, and boundary layer flows. Nevertheless, the stability analysis of non-Darcy two-component
Marangoni convection in the presence of combined Dufour and magnetic effects within a two-layer composite
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system with free-free boundaries remains an important topic of study because of its wide relevance in crystal
growth technologies, material processing, geothermal energy systems, and chemical engineering processes.

A brief literature on Darcy Brinkmann Double Diffusive Marangoni convection with diffusion thermal effect
for different flows like boundary layer flows, convection flows in a two-component fluid/porous layer is
available. Chen and Chen (2006) investigated convection in superposed fluid and porous layers and
demonstrated the importance of interface conditions and porous medium properties on the onset of instability.
Their work provided a theoretical basis for analysing convection in composite fluid—porous systems involving
Darcy and non-Darcy effects. Shivakumara et al. (2010) studied Brinkman—Bénard—Marangoni convection in a
magnetized ferrofluid-saturated porous layer and showed that the applied magnetic field suppresses convection
by stabilizing the system. Their study highlighted the influence of hydromagnetic forces on thermocapillary
instability in porous media. Manjunatha and Sumithra (2019) analyzed the effects of non-uniform temperature
gradients on triple-diffusive Marangoni convection in a composite layer system and reported that thermal
gradients and porous medium properties significantly affect the stability characteristics of convection. Further,
Manjunatha et al. (2021) investigated Darcy—Bénard double-diffusive Marangoni convection in a composite
fluid—porous system with internal heat generation and non-uniform temperature gradients, emphasizing the
role of Darcy number, porosity, and heat source parameters in controlling the onset of convection. Yellamma
et al. (2023) examined Brinkman—Bénard triple-diffusive magneto-Marangoni convection in a two-layer
system and concluded that magnetic fields generally delay the onset of convection, whereas diffusion-related
mechanisms may destabilize the system depending on the governing parameters. Srinivasacharya and Surender
investigated non-Darcy mixed convection in doubly stratified porous media with Soret—Dufour effects and
demonstrated that diffusion—thermal coupling significantly modifies heat and mass transfer characteristics in
porous systems. Arifin and Pop (2009) studied the stability of Marangoni convection in a composite porous—
fluid system with finite conductivity boundaries using linear stability analysis and showed that thermal
conductivity ratios and boundary conditions strongly influence the critical Marangoni number. Nield and Bejan
(2017) provided a comprehensive foundation on convection in porous media, highlighting how Darcy and non-
Darcy models govern flow behavior in porous structures. Their work established the significance of
permeability and inertial effects in the stability analysis of layered systems. Vafai (2015) discussed transport
phenomena in porous media and emphasized the importance of coupled heat and mass transfer effects,
including Dufour and Soret mechanisms, in engineering and geophysical applications. Pearson (1958)
presented the classical theory of Marangoni convection driven by surface tension gradients caused by
temperature variations, and his pioneering work laid the foundation for later studies on thermo capillary
instability in fluid and composite systems.

Novelty Statement

To the best of the authors’ knowledge, a comprehensive analytical investigation of modified Darcy—
Brinkmann two-component Marangoni convection incorporating simultaneous Dufour and magnetic effects in
a two-layer fluid—porous composite system with free-free boundaries has not been reported. The present work
derives an exact closed-form expression for the critical thermal Marangoni number and systematically
examines the influence of permeability, magnetic field strength, Dufour diffusion, diffusivity ratios, and
solutal Marangoni effects on the onset of convection.

Mathematical modeling

The physical configuration considered in the present study consists of a horizontal two-component composite
layer system comprising an incompressible, isotropic fluid layer of thickness ds; overlying a sparsely packed
porous layer of thickness d,,; , saturated with the same fluid. Both the upper and lower boundaries are
assumed to be free, non-deformable, thermally insulated, and solutally insulated. The interface separating the
fluid and porous layers is treated as permeable and satisfies the appropriate continuity conditions. A Cartesian
coordinate system is adopted with the origin located at the fluid—porous interface and the (z)-axis directed
vertically upward. The Boussinesq approximation is employed, whereby density variations are considered only
in the buoyancy terms arising from temperature and concentration differences. Under these assumptions, the
governing equations for continuity, momentum, energy, concentration transport, and magnetic induction are
formulated for both regions.

Page 1461

www.rsisinternational.org


https://rsisinternational.org/journals/ijrias
https://rsisinternational.org/journals/ijrias
http://www.rsisinternational.org/

FNly
Y '-‘.

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN APPLIED SCIENCE (IJRIAS)

ISSN No. 2454-6194 | DOI: 10.51584/1JRIAS |[Volume XI Issue VII July 2026

For fluid iayer,

Continuity Equation :
Vi qr =0

Solenoidal Property of the Magnetic Field:
Vii-Hei =0

Momentum Equation :

aﬁ+(aﬁ.

pOfi [atﬁ

Energy Equation :

+ (a7

Concentration Equation for Species :

anl
atf

aCf
6tfl + (qfl Vfl)cfl - kalVfl Cfl
Equation of Magnetics Induction Equation:

6H

oty = Vfl X qfl X Hfl + vflVfl Hfl

For porous layer,

Continuity Equation :

Vfi)q_ff] = = ViPri + g Yy Qb (Hpi Vi)

Vfl)Tfl - kfl Vflel + kalVflel

(1)

2)

)

“4)

)

(6)

Vini * Qi = 0 )
Solenoidal Property of the Magnetic Field:
Momentum Equation:
mi 9qm1 mi
(2;)7) azmi = _Vmipmi - (li )qm1+ .um]VmJQm] + .ump (Hml vmi) (9)
Energy Equation :
0T mi — 2 2
Aml Tml + (le le)Tml—k ‘7 T it kTmiVmiCmi (10)
Concentration Equation for Species :
acmz 2
¢ml + @m1 " Vi) Cmi = K ViniCmi (11)
Equation of Magnetics Induction Equation:
aﬁml 2
EY = Vini X Qmy X Hml + VmiViniHimi (12)
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Notations:
qn = (ufi, Vg ,Wfl-): velocity vector in the fluid layer
qm:: velocity vector in the porous layer
tri,tmi: time
Py;, Ppi: pressures in the fluid and porous layers
Poy;: reference fluid density
Pri» Pmi: fluid and porous layer densities
U5 ir Ui dynamic viscosities in the fluid and porous layers
Tf;, Tryi: temperatures in the fluid and porous layers
Cri, Cm;: solute concentrations in the fluid and porous layers
kfi, ki thermal diffusivities in the fluid and porous layers
kcfis Kemi: solutal diffusivity
krfikcmi: Dufour coefficient
ar: thermal expansion coefficient
a.: solutal expansion coefficient
@i porosity of the porous medium
ki permeability of the porous medium

— (Pon)m

Ami B (pcp)f

: ratio of heat capacities

Cp: Specific heat

Pr; = Pri + Eri fzi'total ressure
fi fi 2 p

Ve = L. magnetic viscosit
fi Mpo" g y

1% . . . . . .
Vi = ?f: effective magnetic viscosity in the porous medium

Stability Analysis

Consider the basic state, in the composite layer system the fluid layer is stable and also assumed it is inactive,
means quiescent. Therefore there is no motion, so, set the velocity vector q_f{ is zero, where, the mass and heat

are transferred only by conduction.

For the fluid layer, basic state is mathematically represented as follows:
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[ar . pri Ty cri Hyd] = (0,070 (200), Trin (270, cran (270), Hpan (25
For the porous layer, basic state is mathematically represented as follows:
[@mo Prmis Trmis Cmis Hmil = [0, Pmib (Zmi)s Tmin (Zimi) Cmin (Zmi)s Hmip (Zmi)]

For both fluid and porous layer, the temperature distribution and concentration distributions are
Trip (zfi), Trmib (Zmi)andCrip (Zf;),Conip (Zm; Jrespectively are mentioned in below table

Distributions | Fluid layer Porous layer

Temperature (T, — Ty) (Ty — T.)

distribution | Trin(Zri) =To + <ud— Zf Toniv (Zmi) = To + —g. ) %m

fi mi

Species Crin (251) Crmiv (Zmi) = Cinio

distribution (Criw — Crio) N (Cmio — Cnir) .
= Cin + d—fl Zfi dmi mi

Where

kri dmiTy + d ki T, A Kpir Criy + kT d Cmiq

_ kridmi + dsi kKimi kfidmi + dsi Kmi
° _C. (dfikfiTmi + d;; kfiT)
rio kfidmi + dsikm; )

kmi Crivdmi + dsi Kmi Ciir,

Coin =
Jio dfi Kimi + dmi ki

are the interface temperature and concentrations respectively. It is evident that the interface temperature
depends on interface concentration due to Dufour effects. To analyze the stability of the basic state solution, an
infinitesimal perturbations are introduced and the perturbed quantities are of the form.

For fluid layer

[0, Prin (1), Trin (21), Cran (25:), %’]}

[q_ﬂ)'Pfi'Tij'Cfi'H_ﬂ)]:{ e T
+ Qfltpfirefilsfi'Hfl]

For porous layer

—

Amu Pmir Tmis Cmir Hmi | =

—

[ —>] {[ 0, Pmib (Zmi)' Tmib (Zmi)' Cmib (Zmi)' Hmlb]
+ [q—ml),r Pr,ni ’ r’ni'Sr’ni , Hml

Substitute above perturbations into equations (1) — (12) and apply two times curl on the momentum
equations to eliminate the pressure term. The resulting equations are linearized for (1) — (12), then they are
dei® kg

fi ) dfi )
dh  km

species, length and temperature respectively in region — 1 and 7 Cmio = Cmir» dm and T, — T, are the
m m

corresponding scale factors in region — 2. Applying normal mode expansions to the perturbed non-
dimensionalised quantities (following Sumithra [10]) result in the following ordinary differential equations,

non-dimensionalised using the following variables Criv — Crio, dpiandTy — Ty, for time, velocity,

For Fluid layer,
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(D% - a)%i)ZWfi = QD% Wy, (13)
(szl - a]%i)@fi + Wflf(zfl) + duf (szl - a]%i)Sfi =0 (14)
Tlfi(szi - aj%i)sﬁ + Wfl =0 (15)

For Porous layer,

[ﬂﬁml(DmL - aml) - 1] (Dml - amL)Wml =0 (16)
Tlmi(Drzni - a?ni)Smi + Wi =0 (18)
Where, for fluid layer, p, = —1s the Prandtl number, 7 = Ker Lis the ratio of species diffusivity to thermal
kyi ki
. .. _ Hfi . . . . . _ kflT(Cflo_Cfiu) . .
diffusivity, v = o 18 the kinematic viscosity and d, s = Ty s Dufour coefficient. For the porous
Ofi fi Lo~ {u

. K - . .
layer, pym = ;f—r: is the Prandtl number, B2, = % = D, is the Darcy number, 71,,; = kmz is the ratio of species

Hmi -

Kmi (Comis—C
mit Cmir=Comd) i the Dufour coefficient and a=

1s the viscosit
kmi (TL—To) Hri y

diffusivity to thermal diffusivity, dy;, =

ratio.

Boundary conditions

At the upper boundary.
Wri (1) =0, Dfi@f(1) =0, Dg;Sri(1) =0,
Wri(1) = Mpa®s; 05 (1) — Mg a?s; Spi(1) = 0

At the interface

¢ Es er
W (0) = S_Wmi(o): S7i(0) = ?Smi(o)f 05, (0) = - 0mi(0),

T

Df;i0¢;(0) = Dpyi01i(0), Df;S5i(0) = Dpy;Siyi (0),

2
¢
Dfini(O) = S_Dmini(O): Dfi (O) = DmiSmi (O)
T

2 4-

) Dmlel(0)+ ~ (D730}, Domi] Wiy (0)

a

[D3fl 3(1 fi Dfl]Wfl(O) -
At the lower boundary
Wmi(_l) =0, Dmini(_l) =0, Dmigmi(_l) =0, DmiSmi(_l) =0

Where
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90 (To-Ty)d 00 (Crio—Crin)dsi )
M = -2 Lo Wi , M, = _ 99 (Crio=Cru)dyi are the thermal and solute Marangoni numbers,
oT kg Os Hics;
. kg 1 ki 1 . .. . .. . ..
respectively.ep = L= —, g, = - = are the ratios of salinity diffusivity to thermal diffusivity for

kei  Tipi kmi  Timi

both fluid and porous layers respectively and ¢ = % is the depth ratio.

Solution by Exact Method
Velocity distribution for fluid and porous layer

The final solutions of the differential equations (13) and (16) are not depend on 8;(z;), ©mi(Zmi)s Smi(Zmi)-
The expressions for wy; and w,y,; are solved by using the velocity boundary conditions and are obtained as
below,

— [COSh([mﬂﬂ]) + CzSinh(m1 Zfi)] +
Wfi(Zfi) = A { [C3C05h(mzzfi) +C, Sinh(m2 zﬁ)] }

And
Wini(Zmi) = By Cosh(a,iZm;) + B, Sinh(a,,;zm:) + Bs Cosh(8z,,;) + B4Sinh(6z,,;)
Where
_ —D,D;D, _ DsD; _ D,D;D, _ DyD, N DsD, ]
27 D3DgDy 8 Dg Cosh[8] ~>lD;DgDs DgDg ' Dg 8 Cosh[6]
¢Di ¢ ¢ D, D, D,
C—B( —) -1, B=B<— —)
37 73 \erDy  €7) ' €rDs 17 73\D, + D,
] 1
C4 = (_CZ Slnh[ml] - Cg COSh[mz] - COSh[ml]) (W)
B, = — 2207 _ [%_ﬁ] — __DPuBs __ Di
2 D3Dg 31Dspg  Dgl’ % 8 Cosh[§] & Cosh[8]
(D1/D3) — C5 (E_T) - (E_T) E E E
B. = s S D:i__SD:_Z_lD:_‘l‘_i
3 1—(D,/D5) LT T Ey' 2T Ey T Ey €T

¢28Eq

2
__ ¢“amikEy
D, =—

—m,E D: =
T 210 5

—myEyy, Dg = myEg — myEj,
D, = § Cosh[6]Cosh[ a,,;] — ay; Sinh [a,,;] Sinh[6],
Dg = a,,;Coshla,,;|1Sinh[6] — Sinh[a,,;] § Cosh[&],

Ami Sinh[ami]DZ _ amiCOSh[ami]D2D7
Ds D3Dg

Dy = §(Cosh[8])? — §(Sinh[8])?, Dyy = —

amiSinh [ami]Dl _ Ami COSh[ami]DlD7 Ami COSh[ami]D9
Ds D3Dsg Dg

— & Sinh[6]

Dy = —

b = _DDsDy DDy _ DiD;Dy  DyDy N DsD,
12 D3DgDg 6D Cosh[8]’ ™~ D3DgDy DgDg D6 Cosh[5]
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Species Concentration distribution for fluid and porous layer

The concentration distributions S¢;(z;) and Sy (2y;)are getting from the Differential Equations (14) and
(17) by substituting the algebraic expressions for Wr;(zs;) andWp,;(z,,;)and are solved using the concentration
boundary conditions and are as below.

Sfi(Zfi) = C5 Cosh[afl-zfl-] + Cﬁ Sinh[aﬁ Zfi] + Fl(Zfi) + FZ(Zfi)

And
Smi(Zmi) = B6COSh[amizmi] + B7 Sinh[amizmi] + Gl(Zmi) + GZ (Zmi)
Where
F(z) ———(Coshfm; 7] - C; Sinh[m, z.])
1Z' = - oS mlz‘_ 2 mn m]_Z‘
n T1fi(m12 - afiz) N n
Fa(zp) (€, Coshm, 27,] — C, Sinh[m; 77,
Zsi - osh|lm, z¢; | — inh|m, z¢;
2\4fi Tlfi(mzz _ afiz) 3 2 4fi 4 2 4fi
Gi(zm) = —[BzCosh[aml ij] + BlSlnh[aml Zm]]]
zafl im;
B; B, .
Gy (Zmi) = — CoshlamiZm;] — > Sinh[am;Zm;]
T1m1(6 afl) Timi (6 afl )
Where
Cs = iBs +E; C¢=—F>———[-EsBs—E;], B; = ice +E,
c asiCoshlas] Ami

—Qr; Cosh[ami]E7 + Qri Cosh[ami] E8

B, =
6 [ES Qri Cosh[ami] + Qi Ami Cosh[aﬂ] Slnh[aml]]
& B3 1 Cs
Es =—-(3) + +
(8 —af)  rru(mi—af) v (md - afy)
_ m; C, myCy B, B,
E4_ - -

- + +
Tritmi(mi —a%)  tipiam(mi —af)  20riTipiami 115(62 - af)

ar;Sinh(ar; )e
Eo =-L {( ri) >, E; = ap;Sinh(as;)Es — Ey, Eg = apmiCosh(am)E, + E,

m,Sinh(m,) B m,C,Cosh(m,) B m,C3Sinh(m,) B m,C,Cosh(m,)
tp(mi—af) wp(mi-af) vwp(mi-—af) wp(mi-df)

1:

1 1
E, =—|—a,,;B,Sinh ; :B.Cosh i —|B,Cosh i
2 Zafiflfi [ aml 2 in (aml) + aml 1 0s (aml)] + Zafiflfi [ 2 oS (aml)]
a.,iB AmiBy
Eyq = [B,Sinh(any;)] + mzl  _Sinh(an) — +Cosh(aml)
t1,,(6% - af;) t17:(8% - af;)
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Temperature distribution for fluid and porous layer

The temperature distributions®y; (Zfi)and@mi(zmi)are getting from the Differential Equations (15) and (19) by
substituting the algebraic expressionsWﬁ(zﬁ), Wini(Zmi), Sfi(Zf;) and Sp,;(zpy;) and are solved by the make
use of temperature boundary conditions and are as follows .

H(Zfi ) = C7Cosh[afi Zfi] + CBSth[afl Zfi] + F5 (Zfi) + F6(Zfi) + F7(Zfi) + FB(Zfi) + F9(Zfl')
And

Omi(Zmi) = Bg COSh[Qum; Zmi] + Bo Sinhay; zm) + F3(25:) + Fa(25:) + Fra(25:)

_ dufm% uf a’fl )
T1fi (mf - azfl) T1f1(m1 azfl
duf m% uf a )

- Tlfi(m% - azfl) Tlfl(ml - azfl

C osh m1 zfl

S mh[ml Zfl

_ duf m% ufafl )
Tlfi(m% - azfl) Tlfl(mz — a? fl

C osh m2 zfl

C d, rm? a?
——4<1— ur 72 dus O, Smh[mzzﬁ

Tlfi(m% - azfl) Tlfl(mz - azfl

Fg(Zfi) = dyys Zf (C5Sinh[aﬁ Zfi] + C6Cosh[afi Zfi]
Bj B,
F3(Zfi) = (62—> Cosh[ 6 z,,;] — <62—> Sinh[ § z,,;]
ml ml

Z .
Fy(zp;) = %(31 Sinh[ ami Zmi] + By Cosh[ am; zm;])

mi
FlO(Zfi) = % ( Zmi Bg Sinh[ am; Zmil + B7 Cosh[ am; Zmil)
Fll(zﬁ) =3 a::n‘fmu (B, Sinh| a; zmil + By Cosh| apm; Zm;])
Fi, (zﬁ) = ﬁ(& Sinh[ a,,; Zymi] + By Cosh| ap; Zm;])

2
amj

F13(Zfi) = Tlmi(52 _ az . (B4 Sinh[ Ami Zmi] + B3 COSh[ Ami Zmi])
mi

Fia(zi) = Fio(770) + Fi1(2:) + Fua(25) + Fia(2f:)

Eqp _ amiBoCosh[a,,] + X5
g =

a E;
Cq =< "”> By ——,C, = —CgSinh[a;] -

ag; ag; Cosh[aﬁ] ’ A Sinh[a,,]

Eyy = Lo+ Lig + L1; + Ly
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1 d,r m? dys af;
< _ ”1; ! — — ufz Ji - )Cosh [m,]
ag; T1fi(m1 - afi) 1'1fi(ml - afi)

dys mi duy af;

Lip = 1- -
10 m;f — a]%i< T1fi(mf - a]%i) Tafi (mf - a]%i)

)th [m4]

C dy s m3 dyuy af;
Ly, = _%<1 - ufz - 2\ ufz - 2 )COSh[mZ]
m; — Qg T1fi (mz - afi) Tafi (mz - afi)

Ca

2

L —__ M (4 duf m% _ dufa%]
12 — m2 — q2. ( 2 _ 2) ( 2 _ 2
2 i Tiri\Mz — Af;)  Tepi\My — Ay

)> Sinh[m,]

Lz = dys(CsSinha + CsCosha)

X21 Qi Sinh[am;] — X, Coshlag;]

Bg = — >
a. . .
( ;m) Smh[aﬂ]Slnh[ami] + @ Coshlap,;] Cosh[as]
X19:— - 42 + 2+um mi 7+ m12+L1
(62 —am;) ~ 2am 2 201iT1mi
B Byay;
Ll - 2am'ilmi T1imi (tsz_arzni + m1X16 + m2X18 o dqu6

Sinh[ay]
X21\ = —Cosh[aﬁ]XM + COSh[afi]X13 - X19 — |+t X12

afi
6B4 [amiBl COSh[ami] - amiBZ Sinh[ami]]

20 = ZB;iSlnh[6] - 2 2 - + LS
6% = mi 6% — Ami 2amj

L5=L2+L3 +L4+L6+L7+L8

1

= [_arzniBl sinh[a,;] + arzniBZ cosh[a,;]]
2ami":lmi

Lg = dym Qi (B6 am; Cosh [ami] — am; B7 Sinh[ami])

[—B; sinh[a,,;] + B, cosh[a,,;] ] N dym Ami[—Be sinh[a,,;] + B, cosh[a,,;]]

L, =

6 20, 2
Ly = i

* Tlmi(62 - a’?ni)[_amiB3 Sinh[ami] + B4ami COSh[ami]]
Ly = =~ [B, coshlam] — By sinhlam]]

2= =5 ——IB cosh[a,,; 1 sinh[a,,;

L. = [_amiBZ Sinh[ami] + amiBl COSh[ami]]
3 =

2 AmiTimi
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To obtain the Eigenvalue, the thermal Marangoni number

The thermal Marangoni number is obtained by using the coupled boundary condition at the upper fluid
boundary which is free with Marangoni effects, which is

Df; Wri(1) = Maf;05,(1) — Mggy afiSpi(1) = 0
By solving for M, by substituting all the known quantities, we get

Y1 — Mgy a]%i L2
a%i Y3

M

Where,
Y, = m? Cosh[m,] + C,m? Sinh[m,] + C3m3 Cosh[m,] + C,m3 Sinh[m,]

Cosh[m,] C,Sinh[m,]

V2 = Cs Coshlan] + o Stmhlay | =y ™ 2oy — )
i l

C;Cosh[m,] C,Sinh[m,]
Tlfi(m% - a;%i) Tlfi(m% - a)%i)

14

l/)3 = C7C05ha + CSSinha + L15 + L16 + L17 + L18 + ng

1 d,r m? a?
L15:—ﬁ<1— ufz : > i )Cosh m ]
ml — afi Tlfi (ml - afl-) Tlfl (m1 a l)
c d,r m? a?
L16=_%<1— ufz : > dus )Slnh [m,]
my — Qg T1fi (m1 - afi) T1fj (m1 afl
c d,r m3 a?
L17:_%<1— ufz 2 - dus >Cosh m,]
m; — Qg T1fi(mz - afi) Tifi (mz afl
c d,r m? a?
Lig = %(1 — ufz = dus )Slnh [m,]
m; — Qg T1fi (mz - afi) T1fi (mz afl

Lig = dys( Cs Sinh [a};] + Co Cosh [af;])
Graphical Interpretations

The thermal Marangoni number (M), which serves as the eigenvalue of the stability problem for modified
Darcy—Brinkmann two-component Marangoni convection in the presence of Dufour and magnetic effects
within a two-layer composite system with free-free boundaries, is obtained in closed form as a function of
several governing physical parameters. These parameters include the Darcy number, Brinkmann viscosity
parameter, diffusivity ratio, viscosity ratio, Dufour parameter, magnetic parameter, concentration ratio, and the
depth ratio of the fluid and porous layers.

To investigate the influence of these parameters on the stability characteristics of the system, the eigenvalue
corresponding to the thermal Marangoni number is plotted as a function of the depth ratio for different values
of the governing physical parameters. The graphical analysis provides a comprehensive understanding of the
effects of magnetic field strength, Dufour-induced cross-diffusion, porous medium permeability, Brinkmann
viscous corrections, and diffusivity ratios on the onset of Marangoni convection. The results reveal how the
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interaction between fluid and porous layers, together with magnetic and Dufour effects, modifies the stability
behavior of the composite system and either delays or promotes the onset of convection depending on the

parameter regime considered.
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Figure 7: Impact of Chandrashekar number Qg of | Figure 8: Impact of Chandrashekar number Q,,; of
fluid layer on the Thermal Marangoni number M the porous layer on the Thermal Marangoni number M

Figure 1 illustrates the variation of the thermal Marangoni number Mwith the horizontal wave number ay;. It
is observed that the critical thermal Marangoni number increases with increasing values of ay;, indicating that
the system becomes more stable. Physically, a larger wave number corresponds to shorter wavelength
disturbances and smaller convection cells. Such disturbances experience stronger viscous dissipation and
thermal diffusion, which suppress the growth of convective motions. Consequently, a larger surface-tension
force is required to initiate instability. As a result, the onset of convection is delayed, and the system remains
stable over a wider range of thermal gradients. This stabilising influence of wave number agrees with the
classical work of Pearson (1958), who showed that short-wavelength disturbances require higher Marangoni
numbers for instability. Similar trends were reported by Nield and Bejan (2017) and Rudraiah et al. (1985) in
porous and layered convection systems.

Figure 2 shows the influence of the Darcy number Da on the thermal Marangoni number M. The results
reveal that increasing Da decreases the critical thermal Marangoni number, thereby destabilising the system.
The Darcy number represents the permeability of the porous medium. Larger values of Da indicate less
resistance to fluid motion within the porous matrix. As permeability increases, fluid circulation becomes
easier, and convective disturbances can grow more readily. Consequently, convection begins at lower thermal
gradients, resulting in a reduction of the critical thermal Marangoni number. This destabilising effect has been
observed in classical porous-medium convection studies by Lapwood (1948) and later in Darcy—Brinkman
analyses by Vafai and Tien (1981). Similar conclusions were reported by Ghosh and Mukherjee (2021) for
non-Darcy porous systems.

Figure 3 depicts the effect of the Dufour number duy on the thermal Marangoni number M. It is observed that
variations in the Dufour number significantly alter the critical condition for convection. The Dufour effect
represents heat transport induced by concentration gradients. Increasing duy enhances cross-diffusion heat flux
and modifies the temperature field within the fluid layer. This additional heat transport changes the interfacial
temperature gradient and, consequently, alters the surface-tension forces that drive Marangoni convection. The
Dufour mechanism couples thermal and concentration fields, making the instability process more complex.
Therefore, even small changes in the Dufour number can significantly influence the onset of convection.
Similar observations were reported by Postelnicu (2004), Srinivas Acharya and Kaladhar (2012), Chamkha
and Rashad (2014), and more recently by Zhao et al. (2024), who demonstrated that Dufour effects play an
important role in multicomponent convective systems.

Figure 4 illustrates the variation of M with the thermal-solutal diffusivity ratio €;. The graph indicates that
increasing e stabilises the system. Physically, larger values of e imply that thermal diffusion dominates over
solutal diffusion. Enhanced thermal diffusion smoothens temperature gradients and suppresses the
amplification of thermal disturbances. Consequently, greater thermal forcing is required to initiate convection.
This stabilising effect has been observed in thermosolutal convection studies by Nield (1968), Poulikakos
(1985), and Kuznetsov (2022)
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Figure 5 demonstrates the influence of the Solutal Marangoni number Ms¢, on the thermal Marangoni number
M. The graph shows that increasing M, reduces the critical thermal Marangoni number and destabilises the
system. The Solutal Marangoni number quantifies the strength of concentration-induced surface-tension
forces. Larger values of M, increase interfacial tension gradients and generate stronger thermocapillary flows.
These flows enhance fluid motion and promote instability. Therefore, concentration gradients act as an
additional driving mechanism alongside thermal gradients, causing convection to occur more easily. Similar
destabilising effects were reported by Sternling and Scriven (1959), Bergman and Keller (1983), and
Siddheshwar et al. (2019).

Figure 6 illustrates the variation of the thermal Marangoni number Mwith 7,f;. The graph indicates that
increasing T, s; increases the critical thermal Marangoni number, thereby stabilising the system. Larger values
of 7,f; correspond to enhanced diffusion of the first solute component. As concentration gradients dissipate
more rapidly, concentration-induced surface tension forces become weaker. This reduces thermosolutal

convection and delays instability. Similar stabilising effects were observed by Poulikakos (1985), Pearlstein et
al. (1989), and Rionero (1997).

Figure 7 shows the effect of the Chandrasekhar number Qy; of the fluid layer on the thermal Marangoni
number M. It is observed that increasing Qf; increases the critical thermal Marangoni number, indicating
stabilisation. The magnetic field produces Lorentz forces that oppose fluid motion and dissipate kinetic energy
associated with convective disturbances. As the magnetic field becomes stronger, fluid motion is increasingly
suppressed. Consequently, larger thermal gradients are required to initiate convection. This magnetic damping

effect is a well-established feature of magnetohydrodynamic stability theory and agrees with the studies of
Chandrasekhar (1961), Rudraiah et al. (1987), Nield and Kuznetsov (2019), and Pranesh and Kiran (2020).

Figure 8 depicts the influence of the Chandrasekhar number Q,,; of the porous layer on the thermal Marangoni
number M. The results show that increasing Q,,; stabilises the system. In the porous layer, the magnetic field
acts together with porous-medium drag resistance. The combined effect strongly suppresses fluid motion and
reduces the growth rate of convective disturbances. Therefore, the onset of convection is delayed, and larger
thermal gradients are needed to trigger instability. The observed trend agrees with the findings of Vafai and
Tien (1981), Shivakumara and Rudraiah (2002), Nield and Bejan (2017), and Rionero (2021), who reported
that magnetic forces enhance the stability of fluid—porous composite systems.

CONCLUSIONS

The stability characteristics of non-Darcy three-component Marangoni convection with combined Dufour and
magnetic effects in a two-layer composite system have been investigated through the variation of the critical
thermal Marangoni number Mwith different governing parameters. The major conclusions drawn from the
study are as follows:

1. The horizontal wave number (as;) has a stabilising effect on the system. An increase in the wave
number increases the critical thermal Marangoni number, indicating that smaller convection cells
experience stronger viscous and thermal damping, thereby delaying the onset of convection.

2. The Darcy number (Da) exhibits a destabilising influence. Higher permeability reduces the
resistance offered by the porous medium, facilitating fluid motion and causing convection to occur at
lower thermal gradients.

3. The Dufour number (duy) significantly modifies the convection threshold. The Dufour effect

introduces heat flux due to concentration gradients, coupling the thermal and solutal fields and altering
the interfacial temperature distribution responsible for Marangoni instability.

4. The thermal-solutal diffusivity ratio (er) stabilises the system. Enhanced thermal diffusion
smoothens temperature gradients and suppresses the growth of disturbances, thereby increasing the
critical thermal Marangoni number.
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The Solutal Marangoni number (M,f,) destabilises the system. Stronger concentration-induced

surface-tension gradients increase interfacial shear stresses and promote thermocapillary motion,
resulting in earlier onset of convection.

The solutal diffusivity ratio (7,5;) has a stabilizing influence. Increased solutal diffusion weakens
concentration gradients and reduces solutal surface-tension effects, thereby delaying instability.

The Chandrasekhar number of the fluid layer (Qf;) stabilizes the system. The applied magnetic
field generates Lorentz forces that oppose fluid motion and suppress convective disturbances, requiring
larger thermal gradients to initiate convection.

The Chandrasekhar number of the porous layer (Q,,;) also stabilises the system. The combined
action of magnetic damping and porous-medium resistance strongly suppresses fluid motion and delays
the onset of convection.

9. Among the destabilising parameters, the Darcy number and Solutal Marangoni number play a
dominant role in promoting convection, whereas the wave number, diffusivity ratios, and magnetic
parameters act as stabilising mechanisms.

10. The combined effects of non-Darcy permeability, Dufour cross-diffusion, solutal surface-tension
forces, and magnetic fields significantly influence the stability characteristics of the composite
system. The results demonstrate that magnetic fields can effectively control convection, while Dufour
and solutal effects strongly modify the instability threshold.

11. The present findings are in good qualitative agreement with previously published results on
Marangoni  convection,  porous-medium  convection, triple-diffusive  instability, = and
magnetohydrodynamic convection reported by Pearson (1958), Chandrasekhar (1961), Nield and Bejan
(2017), Sternling and Scriven (1959), Pearlstein et al. (1989), and other researchers.

12. The study provides a better understanding of heat and mass transfer processes in fluid—porous
composite systems and may be useful in applications such as crystal growth, materials processing,
geothermal systems, chemical engineering, energy storage devices, and multicomponent transport
phenomena in porous media.
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