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Abstract

The influence of the Non-Darcian effect and Diffusion — Thermo (Dufour effect) effect on Two-
Component Rayleigh Benard Marangoni (TCRBM) convection in a composite layer, has been investigated
analytically. For the fluid layer, the upper boundary is free with surface tension depending on both
concentration and temperature, for the porous layer, the lower boundary is rigid and both boundaries are
insulating to both heat and mass. At the interface, the normal velocity, normal stress, shear stress, mass,
mass flux, heat, heat flux are assumed to be continuous. The Darcy-Brinkmann model term and the Dufour
term are employed for the momentum and energy equation respectively. The impact of various physical
parameters on the onset of TCRBM convection is investigated in detail and results are presented
graphically.

Keywords:Rayleigh Benard Marangoni Convection, Dufour effect, Two — Component Convection,
Composite layer.

INTRODUCTION

Rayleigh Benard Marangoni Two-Component convection has wide applications in industries such as
solidification, crystal growth, waste disposals, solar ponds, energy reservoirs and etc. In a Composite
layered system, the exchange of light fluid particles to its top and heavy fluid particles to its bottom this
process will happencontinuously because of the presence of gravitational forces. Y.H. Gangadharaiah
(2015) has considered composite layer to investigate Benard Marangoni Convection (BMC) in detail in a
porous medium, which is anisotropic. The upper boundary of the composite layer is atmospheric-free and
assumed to be deformable by making use of the Regular Perturbation Method, he solved the eigenvalue
problem with perturbed parameter as "a" and also conclude that parameters of both thermal anisotropic and
mechanical anisotropic enhanced by the influence of stabilizing factors and destabilizing factors. Alexander
Alexeev et.al (2005) has considered heated walls in thin liquid films to investigate the most important

[JCRT2409562 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org |


http://www.ijcrt.org/

www.ijcrt.org © 2024 1IJCRT | Volume 12, Issue 9 September 2024 | ISSN: 2320-2882

concepts of heat transfer and Marangoni Convection along with topography has been done both
numerically and experimentally. For fluid that is incompressible, they are developed an algorithm relates to
the finite difference method to investigate Navierstokes and energy equations. This method is used to
investigate the film rupture and flow patterns affected by the forces of thermo capillary finally, they were
found that in liquids enhancement of heat transfer occurs because of thermo capillary convection so this
type of effect purely depends on the wall surface shape. M.C.Tsai and Sindo Kou (1984) have done very
good work on Marangoni Convection with the help of weld pools which is surface free, they were
developed a two-dimensional model for steady state to investigate fluid flow and heat transfer of heat with
the effects of Marangoni in the weld pools. Sumithra.R et.al ( 2021) have considered a Composite layered
system to investigate the impacts of both the Thermo diffusion effect (Soret effect) and Non-Darcian
effects on Rayleigh Benard Convection, Both the boundaries of the Composite layered system are assumed
to be rigid. The thermal critical Rayleigh number is found by approaching the regular perturbation
technique which was the main criterion for convection finally they concluded that a composite layered
system is stabilizes in the presence ofa thermal diffusion effect. Malashetty et.al (2011) have been
investigated the impacts of cross-diffusion effects means the combined effect of the Dufour effect and
Soret effect on two-component (double diffusion) convection, for this binary Maxwell fluid is considerable
and also they were investigatedanalytically by making use of stability analysis (linear and nonlinear)
generally the technique of normal mode and truncated representation of Fourier series is used to analyze
the stability of linear and nonlinear respectively. The impacts of the normalized porosity parameter,
relaxation parameter, lewis number, vadasz number, Dufour parameter, Solutal Rayleigh number and Soret
parameter on both stationary and oscillatory convections are depicted graphically.

MATHEMATICAL FORMULATION

The physical model under the consideration of composite layer system with a horizontal two — component
fluid saturated, incompressible, isotropic and sparsely packed porous layer is of thickness d,,, and a fluid
layer of thickness d. Both the boundaries of the composite layer system are considered to be rigid and
these boundaries are acts like heat and mass insulators along with maintained, distinct concentration and
temperature.

Z-axis
_____________________________________________ Z =1
FLUID LAYER d | o
--------------------------------------------- Z=0
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The origin point of the Cartesian coordinate system is taken exactly at the intersection of porous and fluid
layer along with direction of z — axis is vertically upwards. In addition to that, for the effect of density
variation, Boussinesq approximation is included. Under these following assumptions, the governing
equations are, the continuity, momentum, temperature, concentration and state equations as follows.

For Region — 1(fluid layer)

VFL' V)FL =0
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am’ —_ [— _ 2 _ —~
PFLO TFL + (VFL -VFL) Ver| = =VerPrp + e, VrLVEL — PrL GrL K
T + (VFL -VFL)TFL = ke Ve, Tr + kppr Ve, Cry
FL
ot + (VFL -VFL)CFL = Kpps vzFLCFL
FL

pr. = Prro [ 1+ aprs (Crr — Crro) — Qrre(TrL — Trpo)]

For Region — 2(porous layer)

Vem-Vim =0
PFmo aV_)F Hrm — 7
= = = —VemPrm — = Vim+ .uFmVZFmV Fm — Prm 9rm Kﬁ?n
QFm atFm K
] —
A [at m] + (V Fm.va)TFm = KpmVemTrm + Kemr VlngFm
Fm

dCp Y
@Fm e m] = (V Fm.VFm)CFm = KFmVFgm Crm
Fm

Prm = Prmol 1 — @pem (Tem — Trmo) + @psm (Cpm — Crmo)]

Where, V' = (u,v,w) is fluid layer velocity vector, t is the time, pgois referring fluid density, ug;, is the
viscosity of fluid,Pg; is pressure, pg; is the density of fluid, g is the gravity, Tx, is the temperature, k is the
thermal diffusivity, kgis the solutal diffusivity, kg is the Dufour coefficient, Cr; IS the concentration,
apr is the thermal expansion coefficient agis the solutal analog of agz;, @, is the porosity of the porous
medium, K is the permeability of the porous medium, ug,, is porous medium effective viscosity, A =
(PFLOCFD),,
(prL CFp)f
referred by the subscriptsp.

is the heat capacities ratio, Cpp is the specific heat. In the porous medium the quantities are

LINEAR STABILITY THEORY

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 g is zero, where, the

mass and heat are transferred only by conduction. Let V =[u v, w] =0 and [Ts,, Pr;, CrL, prLl =

[Trrb(ZrL), Prib(2rL), Crop(ZrL), Prip (Zrp)] for sparsely porous layer, VFm = [Upm, VPm» Wrm] = 0

and  [Tem, Pems Crms Prm] = [Trmb (Zrm)s Prmb (Zem)s Cemp(Zrm), Prmp(Zrm)]  finally  we  get
temperature and concentration distributions for both fluid and porous layer by substituting the above basic
states to equations (1) to (10).

Temperature and concentration distribution in fluid layer (0 < z < d)

Triw — Trro)Z 11

Ty (ZFL) = (Trru FL0)ZFL +T, (1D
dr

Crry — C Z 12

Cryp (ZFL) =( FLu ; FL0) ZFL +C, (12)
FL

Temperature and concentration distribution in porous layer (—d;, <2z,< 0)
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T —-T Z 13
Tpmb(ZFm) — ( Fmo d FmL) Fm + TO ( )
Fm
C -C VA 14
Cpmb(ZFm) — ( Fmo d FmL) Fm + Co ( )
Fm
Where,
_ kpLdeLTrry + dep KeomTrL 4 dermkrrr Crry + ke Trim dry Cry,
0 Kep depm + d kppm kd,+dk,
—C (dFL Kp Trim + dppm kFLT)
0 kpy dppm + dpp kppm
And

Co = krrs Crrulrim + drp KpsmCrme

° drr kpsm + dpm Krs
are the interface temperature and concentrations respectively. In order to analyze the stability of the basic
state solution, an infinitesimal perturbations are introduced and the perturbed quantities areof the form.

For fluid layer

[0, Pery(ZrL)s Tron(ZrL) Crob(ZrL), PrLb (ZFL)]}

[VFL;PFL'TFL; CFLrpFL] = { +[q, P'.6,S, p']

For porous layers

[0, Pemb(Zrm)s Trmb (Zrm)s Crmp (Zrm)s meb]}

V em» Pem, T, = &
[V P P Tems Crm. me] { +[qrms Prms Orms Sems Prm’ |

Substitute equations (15)and (16)into equations(1) — (10)and apply two times curl on the momentum
equations to eliminate the pressure term.The resulting equations are linearized for (1) — (10), then they

5, Co — Cyy, d andT, — T, for time, velocity,

. . . . . d?
are non-dimensionalized, the variables using — -

2
concentration, length and temperature respectively in region — 1 and Zi’, Zi’, Crr.— Co, dyand Ty p — Ty
P P
are the corresponding scale factors in region — 2.Applying normal mode expansions to the perturbed non-
dimensionalisedquantities (following Sumithra [21]) result in the following ordinary differential equations,

For region — 1(Fluid layer)

D?p, — a’p, +£r (D?py, — @’ )Wry = Rp@®pr0pL — Rp1s@®p Sy a7
(D?p, — ap + 1)8p, + Wiy, + Dy (D?p, — a%p) Spp, = 0 (18)
[T (D?pr, — @%pL) + 1Sy + Wr, =0 (19)
For region —2(porous layer)

BB (Db = ) + 72" — 1| (O, = Wi @0

= RpmQpm”Orm — Resm@rm*Sem
(D3 — afm + 1y A)Opy + Wiy + Dy (DEy — a2n)Sem = 0 (21)
[Tem (DEm — akm) + ¢ 1y |Sem + Wem = 0 (22)
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For a particular set of various parameters, the principle of exchange instability is set up to be exactly true
for fluid or porous layer problemsseparately and it is assumed that the principle holds for this case also, so,
lettingn = n,, = 0, equations (17) — (22) becomes

For region — 1(Fluidlayer)

(DZFL - azFL)2 Wrgy, = RFLazFL OrL — Rpps aZFL SrL (17)
(D2, — @%pL) O + Wep + Dppy (D?g, — a%p) Spp = 0 (18)
[ tpr (D*pL — @%pL)] Spp + Wr, =0 (19)

For region —2 (porouslayer)

[ﬁFmBZFm(Dlgm - a%‘m) - 1] (D}%m - al%"m)WFm = RFmaszeFm - RFsmaFmZSFm (20)
(ng - a??m)QFm + Wim + Dpmy (Dlgm - aI%m)SFm =0 (21)

[TFm(DI%m - alz?m)]SFm + WFm =0 (22)
The technique of regular perturbation method is used to solve the above differential equations with
corresponding suitable boundary conditions.

BOUNDARY CONDITIONS

At the upper boundary, zg;, = 1
Wey (zpL) = 0, DZFLWFL(ZFL) + M 0r; (zp) + Ms Sgp, (2p,) = 0, Dpy0pL(2FL) = 0,
DpSpL(zpL) =0

At the interface, z;; = 0 and zg,, = 1
TeLWrL(2) = Wi (Zpm), 'fl«"\LaFLDFLWFL(Z) = DemWrm(Zem), Opm(Zem) = T Opy (Zrn)s
Dpm Orm(Zpm) = Dpm®pm(Zpm), SpL(zrL) = SFmSFm(ZFm)’ D Sp1(zp) =
DpmSpm (Zrm)
TFLa§FL:82FL [D3 p Wiy, (2) — 3% p, Dy Wiy, (2)]
= —DpWem(Zem) + inB oy [D? rmWem (Zem) — 30° g Wem (Zem)]
Trrd? e (D% + a%p ) Wiy (2)] = Apm (D + aFm) Wi (Zpm)

At the lower boundary, zg,, = 0
w Fm(ZFm) =0, Dp, W Fm(ZFm) =0, DFmeFm(ZFm) =0, DFmSFm(ZFm) =0
Where,

ka T _ szm

a sz

z Az[TFL_T0]§=[CFL_CO]
s’ To — Tryl’ Co — Cry
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REGULAR PERTURBATION METHOD

For the consistent mass and heat fluxes, expanding the physical parameters in terms of horizontal wave
number "a" and "a,"

WrL 2 WeLs Wem 2 W,
BpL | = ZGZJFLfr OrLs | & | Orm | = ZaZJFmr OFmj (23)
SFL j=0 SFLs SFm j=0 Sij

Equation(23)are substituted into the equations (17) — (22)and considering only the coefficients of a?
which are like powers. The equations at zero order are solved with respect to the corresponding zero order
boundary conditions and the obtained the zero order final solution as given below.

Wrmo(Zrm) = 0, Wgo(zp,) = 0, Spro(zp,) = §’SFmO(ZFm) =1,0p,0 = T'HFmO (Zpm) =1
The equations at first order are given below.

For region — 1(Fluid layer)

D4FL Wr1(2) — Ry, TFL i RFLS§FL =0 (30)

DZFL Opr1 + Wrp1(2) + DFLr(DZFLSFLl —Sp1) — Ty 3D
=0

TFLDZFL Spr1 + Wep1 — Try '§FL =0 (32)

For region —2(porous layer)

Hl?TnBZFmD4FmWFm1 (Zrm) — DszWle (Zrm) — Rrm (33)
+ RFsm = O
D? e Orm1(Zem) + Wemi (Zem) + Deyy D2 pmSema (34)
S _ )
Tem Dem” Sem1 + Wems — Tem = 0 (35)

Boundary conditions corresponding to first order equations in a?are as mentioned. below.

At the upper boundary, zp;, = 1
Wr11(Zp11) = 0, DZFLWFLI(Z) + M 84(2) + MsS, (2) =0, Dpy, Op11(2p,) = 0,

DrSp11(zp) = 0
At the interface, zg,, = 0 and zg,,, = 1

TFmWle(ZFm) = EﬁFmWFm1 (Zrm),

TemDrm Wemi (Zem) = dFmDFmWle (Zrm)s Orm1 (Zpm) = d? Fm TrmOrm1 (Zem),

Dpm Opm1(Zpm) = aiFmDFmeFm1 (Zrm),  Sem1(Zpm) = gFmdAszSle (Zrm),
DSpm1(Zrm) = dAszDFmSle(ZFm)

TFmCZFm,BZFmDBFmWle (Zem) = —DpmWrm1(Zpm) + :aFm,szm [DFm3WFm1 (ZFm)]

At the lower boundary,zg,,, = 0

W pm1(Zrm) = 0, DpmW pmi(Zem) = 0, DemOpmi1(Zem) = 0, DemSrmi(Zpm) = 0

The equations (30) and (33) solved using the relevant boundary conditions then we get velocity
distributions as below,

TrLRrL — SkiRpLs
24

Wr1(2zpL) = l ] (Cy + Cyzpp + C32% 5y + Co2%p + 2%5))
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Rpsm — Rpm)z? Rgsm — R
WFL1(ZFL) — CS+C6 ZFL+C7 eP ZFm ++Cge_szm +( Fsm Fm) Fm_l_( Fsm Fm)

2 P2
24 d? e P(Rs, —R,)
= ——— C,(1—pe™P—eP)+CeeP(~1+p+eP)+ il
1 T(TR — SRy)e—P 7( p ) 8 ( p ) 2
C, = =—— 24? [C;(p —pe™P) + Cgpe P(1—eP)+eP(Rs, —R,)]
T(TR — SRs)e™? v
12 it
C; = —— = C,P? + CgP?e™?? + e7P(R,, — R
3 T(TR—SRS)e‘P[ 7 8 (Rsp = Ry)]
4
ChL= ———— ~ C,ple™®+(p—1))+Cgpe??(1—p—eP) +
4 TdﬁZ(TR—SRS)e_p[ 7 D( (p ) 8P ( b ) + Q]
(Rsp —R,)
Cs = _C7_C8_%' Ce = —p C7 +pCs, Q =e‘p(RS;,—R3,)
C' _ T(TR SA 5)6 p(bz - (M T + MSS + 12)612) + (RS;J ;,)(a3b2 - a2b3)
T aby — a;b,
c T(TR - SRs)e (M T + MsS + 12)a; — by ) + (Rs, — R,)(a;bs — azby)
8 =

ayb, — a; b,

COMPATIBILITY CONDITION

The differential equations corresponding to concentration and temperature, along with corresponding
boundary conditions gives the compatibility condition as below.

( 1 )
jWFLl(ZFL) dzp, — T j WFLl(ZFL)f(ZFL) dzpy
X »=d2+T  (38)
+d2meWFm1(ZFm) dZpm — d%pm FmrfWle(ZFm)g(ZFm) dzZpm

\ 0 J

Here f(zr,) and f(zg,) take different forms according to the uniform and non-uniform temperature
gradients.

Linear Temperature Profile (LTP)
f(zp) = 1and f(zpm) =1
Parabolic Temperature Profile (PTP)

f(zpL) = 2zp, and f(Zpm) = 22Zpm

Now to find Critical Rayleigh number substitute (36) and (37) in equation (38) then solving for the critical
Rayleigh number, we get

; [;;FLTFT;)] + 42+ Rs [CFL Co] (¥, -\, W,)
L=

[ (= 2 ¥y)
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o] g 2] (v,

Rp = Try
[ (9 = AWy
Where,
H —[;262341—T_DT+H3+H‘“1J s He A N=(MT 4 MsS + 12
V=T T 0 e, ey TR, e, T N=( S )

HZ = C2b1 - Clbz, H3 = A].’T1 * e_p(bz - N Cz), H4 == Azrfe_p(N Cl - bl)
T— DF

H: = A;(cab, — cyb2), Hs = A,(cib3 — c3bq), H =——
5 1(32 23) 6 2(13 31) 7 24‘TTdﬁ2

A; = H;Hg + HoHyo + Hy;Hyp + HyyHy3 — Hyy —Hys + Hige™ = 1)

A, = H;Hy7 + HoHyg + HigHyg + HygHyo — Hyy + Hys + Hige™ — Hyg

Hyy H11a 1 p—1+eP)p (t—Dp)i
Az =H; +Hg + > + > c’ 8 e , 9 e
2 3 p
D _ (t—Dp)d _RpfEEe?) (1—pe?—eP)d
Hio S mpn 11 = TSm0 Hiz = S — oD
Tm622 = DFM622 P(Tmczz = DFMaZ) (dez 3 DFMdZ)
Hyy = ) Hys = ) Hie =
Tm 2Ty, PTm
_ o, _p(1—e™P) p— 2 4
Hi; =p(1—-p—eP)e’?, Hig = p®e7?, H19—T»H20—d(17+e )—=d
" = 4 + P
¢ =24d*(1—eP(p—-1)+24dp(l—eP)+ 12 ap? +%ﬁ21)'1’1 =eP=1
_ 4pe~?P(1 =p —eP
C, = 24d?(P, + p)e P + 24pe P (1 — e P) + 12p*e %P + 2 (dﬁz F )
12d?e P +24de P+ 12fieP de bs = 24fie7? 2467
Ca = e e eP ———, = eP ——
3 u d p? 3 u g
24e7P _ 24pe™P
by=244p?+—, p=(ap? Y2, f=vDab,=24iip?e P + 1

d,BZ &'32
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RESULTS AND DISCUSSIONS

The influence of Non-Darcian effect and Diffusion — Thermo (Dufour effect) effect on Two-
ComponentRayleigh Benard Marangoni (TCRBM) convection in a composite layer, has been investigated
analytically with regular perturbation techniques. The solutions are obtained in terms of most relevant
various physical quantities such asthe Darcy number, the thermal diffusivity ratio, ratio of solutal
diffusivities, viscosity ratio, solutal Rayleigh number, Marangoni number, thermal Marangoni number and
the Dufour parameter of both fluid and porous layer. Plot the graph Rayleigh number(R) versus depth ratio
(d) and for fixed values of other parameters such as D, = 0.0001,k = 2,R, = 1000,4 = 2,7 =
0.25,7,, = 0.75,Dr = 1,Dppyy, = 1,S =1,T =1,M =10 and M, = 1000 are presented.

Figure — 1, illustrates that the influence of Darcy number for D, = 0.0001,0.0019and 0.01 on TCRBM
convection. The Rayleigh number de-escalates as escalating the values of D, = [K/ d?,,], the composite
system is destabilized by the Darcy number.

Figure — 2, illustrates the influence of Diffusivity ratio k = 0.5, 1 and 2 on TCRBMconvection in a
composite layer. For fixed value of depth ratio d, Rayleigh number R rises up it means flow resistance
increases for increased values of k, hence the effect of this parameter is to stabilize the system and to
postpone the onset of TCRBM convection . And thecurves are converging at one end and diverges at other
end.

Figure — 3 illustrates the influence of ratio of viscosityji = 1,1.5 and 2 on TCRBM convection. For fixed
value of depth ratio d, Rayleigh number Rfalls down for increased values of £, hence the effect of this
parameter is to destabilize the system and to prepone the onset of TCRBM convection . And also the
curves are converging at one end and diverges at another end. Figure — 4 illustrates the influence of
Solutal Rayleigh number R, = 250,250.1 and 250.2 on TCRB convection, Rayleigh number Rrises up, it
means flow resistance increases for increased values of R .Hence TCRBM convection can be postponed
with the large values of Solutal Rayleigh number. And the curves are diverges at the both ends.

S00 RO - S00 RO -

D, =0.0001

EAYLEIGH NUMEER
EAYLEIGH NUMEER

1 L L L L L 1 L L 1
0.0 0.2 0.4 0.8 0.8 1o 12 14 o 0.2 0.4 0.8 (2] 10 1.2 14

Figure — 1:The impact of D, on Figure — 2:The impact of £ on
Rayleigh Number(R) Rayleigh Number(R)
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Figure — 5 illustrates the influence of Dufour parameter of the fluid layer (Region-1) D = 1,1.2 and 1.4
on TCRBM convection in composite layer. Here the critical Rayleigh number R rises up it means flow
resistance increases for increased values of Dy. That is the impact of the Dufour coefficient is to stabilize
the two component system and to prepone the onset of TCRBM convection. Figure — 6 demonstrates the
significance of Dufour parameter of the porous layer (Region —2) D), = 1,2 and 3 plays same role on the
onset of TCRBM Convection. The higher values of this parameter prepones the onset of TCRBM
Convection and hence its effect is to stabilize the system.

Figure — 7 illustrates the influence of the ratio of salinity diffusivity to thermal diffusivity of the fluid
layert = 0.5, 0.55 and 0.6 on TCRBM convection in composite layer.. Here the critical Rayleigh number
R falls down it means flow resistance decreases for increased values of 7. And also for porous layer t,,, =
0.25,0.5 and 0.75 on TCRBM convection in composite layer plays a same role on the onset of TCRBM
Convection is portrayed in Figure — 8. The higher values of this parameter postpones.the onset of TCRBM
Convection and hence its effect is to destabilize the system.

Figure — 9 illustrates the influence of thermal Marangoni number M = 250,500 and 750 on TCRBM
convection in composite layer. Here the critical Rayleigh number R rises up it means flow resistance
increases for increased values of M. That is the impact of the Marangoni number is to stabilize the two
component system and to prepone the onset of TCRBM convection. Figure — 10 demonstrates the
significance of Solutal Marangoni number Mg = 500,750 and 1000 plays same role on the onset of
TCRBM Convection. The higher values of this parameter prepones the onset of TCRBM Convection and
hence its effect is to stabilize the system.
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CONCLUSION

TCRBMConvection in a Composite layered system with Dufour effect is solved in closed form using
Regular Perturbation method and the following deductions are made from the study.

All the parameters except for the Solutal Rayleigh number, Marangoni number and Thermal
Marangoni number are effective for smaller values of the depth ratio, that is, they are all effective
for fluid layer dominant composite layers

The impact of viscosity ratio(u), Darcy number(D,)andthe ratio of salinity diffusivity to thermal
diffusivity of the fluid layer and porous layer (7, t,,) is to prepone the onset of TCRBMconvection
and larger values of these parameters are preferred in the situations demanding more heat transfer.

The effect of Dufour parameters for both fluid and porous layer (Dg, D), thermal diffusivity
ratio(k) and Solutal Rayleigh number(Ry), thermal Marangoni number (M) and solutal Marangoni

number (Mg)is to postpone the onset of TCBRM Convection and larger values of these parameter is
preferred in the situations where in the convection has to be controlled.

Dufour effect (Diffusion-Thermo) play a vital role on TCRBM convection. The effect of Dufour
parameter in both fluid and porous layer is stabilizing the composite system.
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