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layer, the lower boundary is rigid. At the interface, the normal velocity, normal stress,
shear stress, mass, mass flux, heat, and heat flux are continuous. The regular
Keywords: perturbation method is used to solve the resulting ordinary differential equations
Dufour effect; two component obtained from normal mode expansion. The effect of different physical parameters on
convection; Rayleigh number; composite  the Rayleigh number versus depth ratio is discussed and results are presented
layer graphically.

1. Introduction

The Rayleigh Benard convection (RBC) is a type of natural convection, happening in a fluid layer,
which placed horizontally and heated from underneath, wherein the layers fluid explores some
common regular patterns corresponds to convective cells referred to as cells of Benard. RBC is one
of the most typically studied convective phenomena due to its experimental as well as analytical
accessibility. The problem we desire to analyse is one of Rayleigh-Benard (RB) Marangoni Convection
in a system such as a porous layer underlying a fluid layer wherein there may be magnetic field
through the device. The problem of fluid glide over a porous medium is encountered in an extensive
variety of industrial and geophysical programs, along with flows in gas cells, filtration methods, the
extraction of oil from underground reservoirs, and floor-water pollutants.

A detailed overview is given with the aid of Nield and Bejan [11] then Rana and Thakur [15] have
explored the recent innovations in Double Diffusive (DD) convection in a viscoelastic fluid, which is
placed in Darcy porous medium. For the porous medium, the Darcy Brinkman (DB) version is
modelled moreover in Walters’s analysis approach, the dispersion relation has been derived and
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solved analytically. It is found that the rotation, strong solute gradient, suspended debris, gravity field
and viscoelasticity introduce oscillatory modes. The outcomes of rotation, stable solute gradient,
suspended particles, Darcy number and medium permeability have also been investigated. Bhandaru
and Vijaya [4] have been investigated heat and mass transfer by the impact of thermal conductivity
and variable porosity regime in a rotating system. The governing equations for the boundary layer
flow corresponding to species and energy are modified in the ODE system with the help of similarity
transformation method and numerical methods (Shooting and Runge Kutta techniques) to solve the
resulting system of ODEs. The impact of physical parameters thermal conductivity, concentration
local skin friction and temperature are depicted graphically. Pal et al., [13] have explored the recent
innovations on Soret and Dufour effects along with the impact of variable thermal conductivity,
magnetic field and ohmic dissipation. The numerical method (Runge-Kutta-Fehlberg) is used to solve
the governing equations, they were concluding that enhance the Prandtl number then we observe
the reduction in the micro rotation, velocity and temperature profiles and also species distribution is
increased by decreasing or increasing the Dufour-Soret parameter. The numerical study of the self-
diffusion of nanoparticles is very limited, Tan et al., [7] demonstrated that the DPD method can be
used to predict the diffusivity of nanoparticles. A good agreement between 3% and 30% can be
obtained by comparing both previous experimental results and the Einstein correlation. Apart from
that, the DPD method also managed to correctly simulate the Brownian motion of nanoparticles
suspended in the base liquid. It is also worth noting that higher numbers of nanoparticles generally
decrease diffusivity. Upcoming work will be done with more test cases with different parameters to
improve the accuracy of the simulation. Altawallbeh [1] has considered a viscoelastic fluid to analyze
the combining effect of diffusion thermal, thermal diffusion and internal heat source. On a saturated
porous layer, Old Royd-type modified Darcy law is modelled for the momentum equation. The effect
of internal heat, Soret, Dufour, relaxation and Rayleigh number on stationary and oscillatory
convections are represented graphically and also mass transfer and heat are also depicted graphically
in terms of Sherwood and Nesslet numbers respectively. Moreover, he discussed both linear and
nonlinear stability. The role of the finite element method to find the solution of Darcy Brinkman
Forchheimer’s (DBF) equation of irregular flow has been investigated by Murali et al., [9] the solution
of nonlinear PDEs is obtained from the finite element approach (Gauss seidel and quasi linearization
method) and the corresponding method is equipped with the help of some programming packages
moreover they get the 10~° accuracy in the final solution. The onset of Darcy-Rayleigh convection in
a viscoelastic, doubly diffusive, binary fluid layer saturated in an anisotropic porous material with
temperature-dependent viscosity is analyzed numerically. Abidin et al.,, [12] has discussed the
Rayleigh number from the doubly diffusive binary fluid was obtained using the Galerkin expansion
method. The impacts of strain lag and thermal anisotropy parameters slow heat transfer formation
as their values increase and stabilize the system. Meanwhile, the stress relaxation, Darcy-Prandtl,
and mechanical anisotropy parameters rapidly enhanced the heat transfer mechanism in convection
as the values increased, thereby destabilizing the system.

2. Mathematical Formulation

The physical model under the consideration of a 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. The origin point of the Cartesian coordinate system is taken exactly
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at the intersection of porous and fluid layer along with the direction of z — axis vertically upwards as
shown in Figure 1.

Z-axis
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Zrr =0 i
— Y-axis
kxR k ok kkk kx g ok k kxkkx  Zppy =1
*********/*********
POROUS LAYER d,, *******%**********
******/************ Zrm =0

/

X-axis
Fig. 1. Physical model of composite layer/two-layer system

The governing equations are, the continuity, momentum, temperature, concentration and state
equations as follows.

For Region — 1 (fluid layer)

V.37 =0 (1)
Por [ + (Gof V)| = —VPos + 1 V2T = oy G K 2)
a;:f + (Grf- V)T = Kpp V2Top + Kprp V2Crp (3)
2 (@) V)Cog = Kyoy V2 oy (4)
pri = Por[1+ arf(Cry = Cor) — azp (Try — Tof)] (5)

For Region — 2 (porous layer)

Vrm-m =0 (6)
] S = o~ e Tt T = Pr Gy ;
bl 3ty rmPrm Ko GrmTlrmYrm Qrm — Prm Yrf (7)
aTrm — 2 2
A [_atrm] (@) o = KV Tom + Ky V2 G @)
9Crm —
¢ [6trm] + (@rmVrm) Crm = Krem Vr?m Crm (9)
Prm = Pof[l - a?‘m(TTm - TOf) + aZm(Crm - COf)] (10)
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where,

_ (pof Cp)m
B (prf Cp)f
the fluid layer velocity vector, time, viscosity of fluid, pressure, density of fluid, gravity, temperature,
thermal diffusivity, solutal diffusivity, Dufour coefficient, concentration, thermal expansion
coefficient, a solutal analog of a,f, porosity of the porous medium, permeability of the porous
medium, porous medium effective viscosity, heat capacities ratio, specific heat and referring fluid
respectively. In the porous medium, the quantities are referred to by the subscripts m.

Basic/Primary state conditions are implemented to the governing equations which are in the
form of partial differential equations (PDEs) to discover the answers to the basic state. The set-up
is taken into consideration by undergoing super-imposition with infinitely small perturbations. The
equations are then linearized using the units of perturbations after that resulting equations are going
to be non-dimensionalised with the help of non-dimensional variables and normalized which turns
PDEs are reduced to a system of ODEs [11].

W: t, u, Prfi prfi grfi Trf: Krfl KTSf'KTf’ Crf' ¢m! KrmJ Hrm) arfl armlA 'CPI pOf are

For Region - 1 (fluid layer)

[Drf* = arf?](Drs® = @rf?)Wrp = Ry Grf® 6r — Rerp @rf” Spp (11)
(Drfz — arfz)@ + er + DR(Der — arfz) Srf =0 (12)
[2(Drs? = arp?)] Sypp + Wrp = 0 (13)

For region — 2 (porous layer)

[ B?(Dim — afy) — 1(Dfm — afn) Wi = Ryn@ym*0rm — Rerm@rm®Syrm (14)

(D} — aFm)Orm + Wrm + Dyr(Diy — Fn)Srin = 0 (15)

[Tpm (Dén — aZm)] Srm + Wy = 0 (16)
dy

L is the differential operator with respect to z,,

where, for the fluid layer, D, = —
rf

pr = kL is the Prandtl number,

rf

T= ka is the ratio of thermal diffusivity to solute diffusivity,
rsf

v = s the kinematic viscosity,

Pof

R, — ga’rf(Tof_Trf) a3
rf —

is the Rayleigh number,
V Ky
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g azp(Cop—Cry) d®
V Ky f

Rgp = is the solute Rayleigh number and

k Cor—C
DR _ Trf( of rf)

= is Dufour coefficient.
kyr (Tof—Trf)

drm . . . .
For the porous layer, D,.,,, = dﬂ is the differential operator with respect to z,,,

Zrm

Drm = :’v is the Prandtl number,

™™m

B2 = Krm _ D, is the Darcy number,

din

Tom = k"” is the ratio of thermal diffusivity to solute diffusivity,

rsm

k Crm—Cof) . -
Dyr = Krmt (Crm=Cor) is the Dufour coefficient,

krm (Trm_TOf)
R _ 9 arf(Trm_TOf) a . h leigh b

m = _—o— is the Rayleigh number,
Crm—Cor) d® W . . . .

Ry = 9 @zm(Crm=Cor) is the solute Rayleigh number and ji = ”TT’” is the viscosity ratio.

V Krm
3. Boundary Conditions

The appropriate non-dimensionalized and normalized boundary conditions for both upper and
lower boundaries, at interfaces, are mentioned below.

er (1) =0, Drfer(l) =0, Drf® rf(]-) =0, Drf Srf(l) =0
Ter(O) = W (1), TaDrfer(O) = DrmM/rm(l)r 0 rf(O) =T0 rm(l):
D;r® rf(o) = Dy 0 (1), Srf(o) = SASrm(l)' D Srf(o) = Dym Srm (1)

_Drmw/rm(l) }

T d3B2[D,2W, -(0) — 3a2D, W, (0 ={ .
oLy WO = 30 Dr W O) =14 2200, W (1) — 361Dy W (D]

Td2[(Dys2 + a? )Wy (0)] = A(DEn + aZ) Wi (1)

w rm(O) =0, DrmW rm(O) =0, Drm@ ™m (0) =0, Drerm(O) =0

where,
-t godobn g bom 4 g [T g [ Om =G
d T krf krsf S TOf - Trf COf - Crf
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4. Regular Perturbation Technique

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

er d ) eri Wim @ ) Wimi
0= Z anZL Orfi| & |9 | = z Arm®" | Ormi
Srf i=0 Srfi Srm i=0 Srmi

To find the Solution of zero order equations using the arbitrary factors as mentioned below

ero (er) =0, Wrmo(zrm) =0, SrfO(er) = gr SrmO(Zrm) =10 rfO(er) = T,@ rmo (Zrm) =1

First-order equations For the Fluid layer (z,5 € [0,1]) are mentioned below

Dyf*Wypy — R T+ Rgp S =0 (17)
Drf?0,p1 + Wypy + Dr(Dyf Sy —S$) =T =10 (18)
D, 2Spp1 + Wopr —78 =0 (19)

First-order equations for the porous layer (z,,,, € [0,1]) are mentioned below

ﬁﬁZDrm4Wrm1 - DrmZWrml — Ry + Ry =0 (20)
Dy O@rm1 + Wym1 + DypDyn*Symy — Dy — 1= 0 (21)
TmDrmZSrml + Wi — T =0 (22)

Boundary conditions related to 15¢ order equations are given below.

er1 D=0, Drflwrfl(l) =0, Drf1® rfl(l) =0, Drf1 Srf1(1) =0

TWy1(1) = d® W1 (0), TDrps Wip1 (1) = d Dypa Wyna (0), © 11 (1) = d? T0 1.1 (0)
Drf19rf1(1) = dZDrml G)rml(o)'srfl(l) =S aZSrm1(0)r Drf1Srf1(1) = Dym1 Syrm1(0)

T dﬁZDrf13er1(1) = _Drmlwrml(o) + ﬂﬁZ[Drm13Wrm1(O)]'Drmlsrml(o) =0

T Drf12er1(1) =f Drm12W rm1(0), W 1m1(0) = 0, Dyppy W 13:421(0) = 0, Dypy1 © 1nq (0) =0

Eg. (17) and Eqg. (20) are solved using the relevant boundary conditions then we get velocity
distributions as below,

WTfl(ZTf) = [W] (Cl + CZZT'f + Cngfz + C4,er3 + er4) (23)

126



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 101, Issue 2 (2023) 121-136

Wymi1(Zrm) = C5 + C62pp, + C7eP?rm + +(C8e P?rm + M (24)
— 2 -
M = (Rsrm=Rrm)Zrm + (Rsrm Zer) (25)
2 P

5. Compatibility Condition

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

1 1
Jo Wesr(2rp) dzpp = DTR Jo Wep1(2rr) f(2r5)d2r _ Tt 06
+CTZ\ fol Wrml (Zrm) erm - % CTZ\ fol Wrml (Zrm) g( Zrm)dzrm

In the above expression, f(zrf) and g(z,,) are taken according to basic salinity gradients.
5.1 Linear Salinity Profile (LSP)

The Rayleigh number is obtained by substituting f(z,) = 1 and g(z,,) = 1in Eq. (26).

R, = {[roe o] * [ ons ) * o))

where,

C=e%1=e%C = B*d) ' = Da)'/?% g = (up?) ™% 6; = 12uC — 4CC,

F; = 24dC + 24uC — 12CCy; F, = 24dCg(1 — C) + 24g%uC? + 6,; hs = A;(N3F, — N, F3);
6, = 12gC*(1 — g — )Cy; F; = 24dg(1 — C) + 24¢°u + 6,; h, = A, TC(4N; —F));

0, = 12g(C+ g — 1)C;; N3 = 12 d%C + 24Cd + 05; N, = 24 d?(g — 1 + C)C + 24dgC + 6,;
0, = 12g%uC? + 4C?g(1 — g — )Cy; N; = 24 d*(—Cg + 1 — C) + 12uC? + 65;

05 = 24&9(1 —C) +49(g—1+C)Cy; hg = AZ(NlFS — N3Fy); fi, = N;F, — N, F,;

B e P P ToDe o g Bs e g C(F, — 4N,)
1 ]’e Y 1 hz hz 120 ) 2 3 hz hzl 3 1 2 2
T— DR o hll hlld 1 (T - DR)d g-(l - (C)
hy=— ;A3 =h h —_— - = hy, =—:
TS oactape e 7ot ==t ==ty 7 12 5C
R _g(1-0)
Ay = hy hg + hohyg + Ryghyp + Ryqhys — Ry — Ay + Ay6(C — 1); fl19——2 ;
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Az = hy hyy + h9h18 + Ay g9 + Ayghpg — ys + A5 + 1yC — Ry Ry = d(g» + (C) - d}

(1-¢C—-C)d Td? — Dy d? g>
hug == g = g* Gl = g = g(g — 1+ O
Tm C
g(tnd? — Dy d?) (tmd? — Dyg d?)
hys = =g = i fy = g(1 =g~ DG
m m

5.2 Parabolic Salinity Profile (PSP)

The Rayleigh number is obtained by substituting f(zrf) = 2 2,5 and 9(Zym) = 2 Zyy in Eq. (26).

R, = {[f(mjzthz)] + [Rsr%n(im(f—/[fll:mfg)@)] I:(Ml—:lle):l}

where,
B2d3 hs h, 37T, — 3DgT,
hf=——; M, =—+— ;
L= M T T T T 360
o hs hg g(C+g—-1)
M, = A —+ —hy ==
2 =Bt g ity il C
. td®t,, 1d?D
Az =hyg—hg+ hyp + hpy + “ MR:
6 4
_(TTm 2Dptn 5 —1_ oo
hg_(T— : )(mﬁ d) he= g7C;
A1 = hy hs + h9h10 + Ay hyp + h13 + gy — 2h15TCZZDMRJ

A2 = hs h16 + h10h17 + h12h18 + h19 + hzo - ZhlsTczzDMRi

TT 2Dgt d
i = 9= Ol = (2 -2 (r); as = 91— O

2 3 T

dz(l - g’c - (C)(TTm - DRTm)

hyz = 7C shie=gC(1—g—1);
B dz(—1+g+C)(Trm—DRTm)_h _ d* (1t = DrTp)
19 — E » 1822 — EN )
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D R -1
hio = (”—m— RTm) (i);hm = TT,,d* (—1 —g-i-—);

3 2 J\2T 2 g
—-3—-2g gl—-1+1
hys = 6 + 7 hyy = g% Ghyg = g(1-C);

5.3 Inverted parabolic Salinity Profile (ISP)

The Rayleigh number is obtained by substituting f(z,) = 2(1 — z,) and g(z,;m) = 2(1 — Zy,)
in Eq. (26).

%, = {[ro s + s -+ [emms))

where,
B2d3 h:s h, 6-—2Dg . hs hg 10 — 4Dy
h=—— M=—4+—F— M, =A3+—+—; h) = ——F;
TR Y h, " h, 720 277 Thy T hy 7T 240 dTR2
2 iz d? d*Dyg 1(2 — Dg)
= hg — —+————;h5=¢g(C - D hg = ——;
Az =hg—Nh; + Ny + > + 6 127, @ g¢(C+g— 1 hy 712

A 5 e
A]_ = fl7 flg + flgfllo + hllhlz + fl13h14 + dz(hls + h16); th = T’

Ry = hg Ry + Ryohyy + Riphyg + Mo + Rog — 2Ry5TA?Dyyg;

d(3 — 2DR) N d?(1-Dg) " dz(1 - D)

hyy = : —Dr) ,
11 &7 o7 13 -
Dyrg Dur(l—g—1)2
fe = - S hig = g2 Clyy = g C(1— g — );
e T3 T G2 18 = & 17 =g C( g—1)
C—1 D D Dur (¢ + € — 1)2
h21:—1+%——+ MR, mr 9 Dur (g ) ;
2 g Tm Tm3 ng‘z

hoo=—1+g+Chyg=g(1 - O hyp = g(—C+ DI;

6. Graphical Interpretations

The physical configuration of the problem of Darcy Brinkman Rayleigh Benard Two-Component
(DBRBTC) Convection in a two-layered system has been investigated for linear, parabolic and inverted
parabolic salinity gradients with the Dufour effect. To find the eigenvalue for dimensionless factors
such as Darcy number (D,), viscosity ( i ), Solutal Rayleigh number(R;), Dufour number for fluid

129



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 101, Issue 2 (2023) 121-136

layer (Dg), Dufour number for porous layer (Dyr), variations in the Rayleigh numbers R;, Rp and
R; against the depth ratio (d) for all three gradients for concentration are plotted. Now set D, =
0.0001,u = 2,R, = 1000,k = 2,7 = 0.2,7,, = 0.75,Dx = 5,Dpyy = 75,5 = 1,T = 1.

Figure 2, Figure 3 and Figure 4 show the difference in critical Rayleigh numbers R;, Rp and R,
versus depth ratio for different values of D, = 0.0001,D, = 0.001 and D, = 0.01 for LSP, PSP and
ISP. The graph shows that D, has a destabilizing influence on DBRBTC convection because of R;, Rp
and R; de-escalate as the value of D, increases, permeability of the medium is improved for
improved values of D, so the system is unstable for all the three salinity profiles.

LINEAR PROFILE PARABOLIC PROFILE
6.000
w o 6805
: :
E e
g £ osnot
S.8E5
6.880
00 02 0s os 01 Lo 00 CER ¥ 06 s 0
DEDTH RATIO DEPFTH RATIO
Fig. 2. Linear salinity profile for the effect Fig. 3. Parabolic salinity profile for the
of D, on Rayleigh Number R effect of D, on Rayleigh Number R

INVERTED PROFILE
T T

z D, = 0.0001
» D, = 0.001

685 / B
/ » D, = 0.01

G.80

se0

EAYLEIGH NUMEER

L L L
0.0 0.2 0.4 0.8 0.8 1o
DEPTH RATIO

Fig. 4. Inverted parabolic salinity profile
for the effect of D, on Rayleigh
Number R
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Figure 5-Figure 7 show the difference in critical Rayleigh numbers R;, R, and R; versus depth
ratio for different values of Dy = 25,Dyr = 50 and Dy = 75 for LSP, PSP and ISP. The graph
shows that the Dufour parameter for porous layer Dy has a stabilizing influence on DBRBTC
convection because of R;, Rp and R; escalate as the values of Dy, increases. Resistance of flow is
increases for improved values of Dz so the system is stable for all the three salinity profiles. And
also, the Dufour parameter for fluid layer Dy plays a same role compared to Dufour parameter for
porous layer Dy,r has shown in the Figure 8-Figure 10.

LINEAF. PROFILE PAFRABQLIC PROFILE
T T T T

8820
6.000
R o
o o 6.805 -
E 6016 E
2 2
g E oo
E 6814 Z_t:
"1 =1
G.8B5
8011
6.880
6210
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
DEFTH RATIO DEFTH RATIO
Fig. 5. Linear salinity profile for the effect  Fig. 6. Parabolic salinity profile for the
of Dpy on Rayleigh Number R effect of Dy on Rayleigh Number R
INVERTED PAFRABOLIC 1INEAFR. FROFILE
el : : : :
6.0002
6.85 | Dpap =30 seue
B o Dry =25 E ss0m
= ” :
= T 6.0086
R =]
2 5
z ; 6.0084
] 6.0082 g
875 E 1
) 8.5080 4
1 1 1 1 -D.I-D — -D.IJ -:l.l4 — {).IS {).IS I 1.‘-:)
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Fig. 7. Inverted parabolic salinity profile Fig. 8. Linear salinity profile for the effect
for the effect of Dpy on Rayleigh of Dp on Rayleigh Number R
Number R
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Fig. 9. Parabolic salinity profile for the
effect of Dy on Rayleigh Number R
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Fig. 10. Inverted parabolic salinity profile
for the effect of Dp on Rayleigh
Number R

Figure 11-Figure 13 show the difference in critical Rayleigh numbers R;, Rp and R; versus depth
ratio for different values of u = 1,u = 2 and u = 3 for LSP, PSP and ISP. The graph shows that u has
a destabilizing influence on DBRBTC convection because of R;, Rp and R; de-escalate as the values
of u increases, so the system is unstable for all the three salinity profiles.
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sosl T T T T .
G835l
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Fig. 11. Linear salinity profile for the effect
of u on Rayleigh Number R
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Fig. 12. Parabolic salinity profile for the
effect of u on Rayleigh Number R
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Fig. 13. Inverted parabolic salinity profile
for the effect of 4 on Rayleigh Number R

Figure 14-Figure 16 show the difference in critical Rayleigh numbers R;, Rp and IR; versus depth
ratio for different values for LSP, PSP and ISP. The graph shows that Solutal Rayleigh number (Ry)
has stabilizing influence on DBRBTC convection because of R;, Rp and R; escalate as the values of
R, increases so the system is stable for all the three salinity profiles.

EAYLEIGH NUMBER
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Fig. 14. Linear salinity profile for the effect
of R on Rayleigh Number R
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Fig. 15. Parabolic salinity profile for the
effect of Rg on Rayleigh Number R
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Fig. 16. Inverted parabolic salinity profile
for the effect of R; on Rayleigh Number R

7. Conclusion

The effect of LSP, PSP and ISP on the onset of DBRBTC Convection in a two layer/Composite
system along with Dufour effect has been explored. The expressions for the LSP, PSP and ISP Rayleigh
numbers are found as functions of various dimensionless quantities and their influence on the
stability of the system is depicted graphically. And the following findings are made from the study.

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

i. Solute Rayleigh number (R;) is more effective for the least values of the depth ratio (d)
compared to all other physical parameters in all three salinity profiles.

ii. The cross-diffusion effects like Dufour effects play a vital role in DBRBTC convection. The
effect of Dufour parameters ( Dy, Dyg) in both fluid and porous layers are stabilizing the
composite system more effectively.

iii. Both the viscosity ratio (¢) and Darcy number (D,) hasten the development of DBRBTC.
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