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The effect of magnetic field dependent (MFD) viscosity on Soret driven ferrothermohaline convection in a
densely packed anisotropic porous medium has been studied. The Soret effect is focused on the system. A linear
stability analysis is carried out using a normal mode technique and a perturbation method is applied. It is found that
a stationary mode is favorable for the Darcy model. Vertical anisotropy tends to destabilize the system and the
magnetization effect is found to stabilize the system. It is also found that the MFD viscosity delays the onset of
convection. Numerical computations are made and illustrated graphically.
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1. Introduction

A fluid (liquid or gas or plasma) is a substance that continuously deforms (flows) under an applied
shear stress. Generally, fluids are classified into four categories: real and ideal fluids, Newtonian and non-
Newtonian fluids. The flow of real fluids exhibits viscous effect, that is they tend to stick to solid surfaces and
have stresses within their body. Examples of real fluids are heavy oils (motor oil), syrup, etc. Ideal fluids are
those which are incapable of sustaining any tangential force (shearing stresses) or action in the form of pressure
acting between the adjoining layer, which means that an ideal fluid offers no internal resistance to change its
shape. Ideal fluids are known as inviscid fluids (zero viscosity) or frictionless fluids or perfect fluids. Examples
of ideal fluids are gasoline (low viscosity and faster flows), air, water, etc.

Ferro fluids are suspensions of magnetic particles of diameter approximately /0 nm stabilized by
surfactants in carrier liquids. The large magnetic susceptibility of ferrofluids allows the mobilization of
ferrofluid through permeable rock and soil by the application of strong external magnetic fields. Suspensions
of magnetic nano-particles exhibit normal liquid behaviour coupled with super paramagnetic properties. This
leads to the possibility of controlling the properties and the flow of these liquids with moderate magnetic fields.
The magnetic control enables the design of various applications as well as basic experiments in
hydrodynamics. Ferro fluids and their general properties will be introduced and as an example the control of
their viscous properties by means of magnetic fields will be discussed to show the potential of magnetic fluid
control.

The effect of uniform distribution of heat source on the onset of stationary ferroconvection was
investigated by Rudraiah et al. [1]. The effects of a magnetic field and non-uniform temperature gradient on
Marangoni convection was analysed by Rudraiah et al. [2]. The effect of a magnetic field dependent (MFD)
viscosity on ferroconvection in an anisotropic porous medium was carried out by Ramanathan and Suresh [3].
Vaidyanathan et al. [4] discussed the effect of a magnetic field dependent viscosity on ferroconvection in a
sparsely distributed porous medium. Paras Ram et al. [5-6] discussed the ferrofluid flow with a magnetic field
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dependent viscosity due to a rotating disk with and without a porous medium. The effect of a magnetic field
dependent (MFD) viscosity on ferroconvection in a rotating disc with and without a porous medium was
studied by Vaidyanathan et al. [7-8]. The effect of a magnetic field dependent viscosity on the onset of
convection in a ferromagnetic fluid layer heated from below and cooled from above in the presence of a vertical
magnetic field with constant heat flux was investigated by Nanjundappa et al. [9].

Hemalatha [10] analysed the effect of a magnetic field dependent viscosity on a Soret driven
ferrothermohaline convection in a rotating porous medium. The comparison of theoretical and computational
ferroconvection induced by a magnetic field dependent viscosity in an anisotropic porous medium was
analyzed by Suresh ef al. [11]. A nonlinear stability analysis for a thermoconvective and duble-diffusive
magnetized ferrofluid with MFD viscosity was investigated by Sunil et al. [12-13]. Sunil et al. [14] studied
theoretically the effect of a magnetic field dependent viscosity on the thermal convection in a ferromagnetic
fluid layer with or without dust particles. Vaidyanathan et al. [15] investigated the effect of a horizontal thermal
gradient on ferroconvection. Vasanthakumari et al. [16] studied differential equations in stability analysis of
ferrofluids. Gaikwad et al. [17] analysed the effect linear stability on double diffusive convection in a fluid
saturated anisotropic porous layer with the Soret effect. Selvaraj ef al. [18] investigated convective instability
of strongly magnetized ferrofluids. Sekar et al. [19] carried out the stability analysis of the Soret effect on
thermohaline convection in a dusty ferrofluid saturating a Darcy porous medium.

Anitha et al. [20] investigated the application of differential equation in stability analysis of dependent
viscosity of thermohaline convection in a ferromagnetic fluid in a densely packed porous medium. Ravisha et
al. [21] studied the thermomagnetic convection in porous media with the effect of anisotropy and local thermal
nonequilibrium (LTNE). The weakly nonlinear oscillatory convection in a viscoelastic fluid saturated porous
medium with through flow and temperature modulation was studied by Kiran et al. [22]. The combined effects
of Soret and Dufour on MHD flow of a power-law fluid over a flat plate in slip flow regime was investigated
by Saritha et al. [23]. Raju [24] investigated the effect of a temperature dependent viscosity on
ferrothermohaline convection saturating an anisotropic porous medium with the Soret effect using the Galerkin
technique. Sekar et al. [25] carried out the stability analysis of ferrothermohaline convection in a Darcy porous
medium with Soret and MFD viscosity effects. Sekar et al. [26] studied the linear stability effect of densely
distributed porous medium and Coriolis force on the Soret driven ferrothermohaline convection. Arunkumar
et al. [27] investigated the effect of MFD viscosity on Benard-Marangoni ferroconvection in a rotating
ferrofluid layer. Prakash et al. [28] investigated the ferromagnetic convection in a sparsely distributed porous
medium with a magnetic field dependent viscosity. More recently, Sekar et al. [29] made a linear analytical
study of Coriolis force on the Soret driven ferrothermohaline convection in a Darcy anisotropic porous medium
with MFD viscosity. Most recently, Prakash ez al. [30] derived the effect of a magnetic field dependent
viscosity on ferromagnetic convection in a rotating sparsely distributed porous medium.

2. Mathematical formulation

We consider an infinite, horizontal layer of incompressible Boussinesq ferromagnetic fluid of
thickness ‘d ’ saturating a densely packed anisotropic porous medium heated from below and salted from
above. Further, the whole system is assumed anisotropic along the vertical direction which is taken as the z

axis (Fig.1). The fluid viscosity is assumed to be magnetic dependent in the form U = |, (1 +0.8B ) , where U,
is viscosity of the fluids when the applied magnetic field is absent. The temperature and salinity at the bottom
and top surfaces are z==*d /2 are T, AT /2 and S, AS /2, respectively. Both the boundaries are taken
to be free and perfect conductors of heat and solute. The Soret effect on the temperature gradient is considered.
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Fig.1. Geometrical configuration.

The variation in the coefficient of the magnetic field dependent viscosity 0 has been taken to be isotropic, that

is, =9, =9, =98;. Hence the component |1; can be written as

W, =, (/+3B;), w, =4, (1+8B,) andp, =p,; (1+8B;).
The continuity equation is

V.q=0.
The modified Navier-Stokes equation is

D w,(/+0.B
poF‘f=—Vp+pg+V-(HB)—¥q-

The modified thermal diffusivity equation is

|:p0CV,H _HOH.[aMJ :l ar +M0T(8Mj d_H:K1V2T+¢-
V.H

Ty | T T\Gr ),

Fick’s diffusion equation is

aa—‘j+(q.V)S=KSVZS+STV2T.

Maxwell’s equations are

V.B=0,VxH =0.

2.1)

(2.2)

2.3)

(2.4)

(2.5a,b)
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Further, B, M and H are related by

B=u,(M+H). (2.6)
Combining Eqs (5a) and (6), we get

V. M+H)=0. (2.7)

The magnetization is aligned with the magnetic field and depends on the magnitude of the magnetic field,
temperature and salinity, so

H
M ="M (H.T.S). (2.8)

The magnetic equation of state is
M=My+y(H-Hy)-K(T-T))+K,(S-S)) (2.9)

Whel‘e XZ(BM/BH)H(),TO, K=—(aM/aT)H0’T0 al’ld K2 =(aM/aS)H0’S0

The density equation of state for an incompressible two-component fluid is
p=po[ /- (T-T))+a, (S-5))] (2.10)

where o, =—(1/p)(dp/0T) and o =(1//p)(dp/9S).

The basic state is assumed to be the quiescent state

oT
q=q, =0, p=p,(2), gz—Btzﬂ,:Yb—Btz,

a—S=BS =8, =8p +B,2,
oz
(2.11)
K(T, —T K — A
I+ I+
K(T, -T K,(S,-S,) [~
I+ I+

3. Linear stability theory

The basic state is disturbed by a small thermal perturbation. Consider a perturbed state such that
q=9q, p=p, (z)+p', }.Lz},tb(z)+},t', T=T, (z)+T', H:Hb(z)+H', M=M, (z)+M'a where ¢’, p’,

W, T', H and M’ are perturbed variables and are assumed to be small
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C M

Hi+M,=|1+=—2 |H, (i=1,2), 3.1
HO

Hi;+M;=(1+y)H; —KT +K,S +S;KT . (3.2)

Let B = (BI, B,, B3) be the magnetic induction, using Eq.(2.6), one gets the result B, =, (M , +H, , ) and Eqs
(3.1) and (3.2) become

B, :u0(1+%]H{ . (i=12), (3.3)
HO
By =pg| (1+X) H} —KT'+K,8'+StKT'+ M, +Hy | (3.4)

when Eq.(2.5) is used in Eq.(2.1) and resulting equation are linearized with B; (i =123 ) given by Egs (3.3)
and (3.4), we obtain in the following components

du _ dp oH; U

—=—X4u,(M,+H L _ZLy, 3.5
Pos =750 o (M +Hy)— 3 k]” (3-)

Jdv  dp o, W,

— =, (My+ Hy))—=2-"Ly, 3.6
Po ot ay HO( 0 0) oz k] v ( )

w oH, , ; ep o RoKB T
Po§=—g+M0(Mo+H0) 823 +UoH 3 KB —pgH; KBtJrO]th(]_ST)jL

, ’ 2 ’
_MKKRT ) gy HoKKBS MRS o pogor,s Bl 3.7
1+y I+ I+ -k

_%6“'0 (MO +H0)W
2

Differentiating Egs (3.5)-(3.7) with respect to x, y and z, respectively, and adding, the following equation is
obtained upon using Eq.(2.1):

J OH, WK’ o,
VZPZMO(M0+H0)8 (V-H') + 1K By 3 +H Bt(l Sr)

1+ az
HoKK,B, o7’ Hz[awj H0K2|33 9" 8H3
———(1-5 — woK 3.8
I+ (1=Sr)%; oz oz I+ 2z HoKB =5 (3-8)
MOKKZBI aS M[ (BWJ aT, aS, “1 aW
- 8 M,+H
I+ P K\ 2 PogO 9% Po8%s =— 9%z Ko (M 0)8

where H’ has the components (H},H5,H}).
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From Eq.(2.5b), H =V where ¢ is a scalar potential. Upon elimination of p from Eqs (3.5)-(3.7) and using
Eq.(3.8), we get

Po 2(VZW) =K By aa_z(qu)) —Pyg0, V1S +pygo, VT 1 KB, %(qu)) +

ot
2
KB gy By, WKKGB g vy (3.9)
I+ ks, I+
2 2
1 Gy (M, + Hy ) Vi BBy g2g KK gog iy | 0w
2 2 2
where V7 :8_2+8_2 and V? =Vf+a—2.
ox* dy oz

4. Normal mode analysis

The normal mode solution of all dynamical variables can be written as

f(x, v, z, l‘) = f(Z, Z)ei(kxX+kyy), q):q)(Z, Z)ei(kxx+kyy)’

4.1
w=w(z, t)ei(kxx+kyy)’ T’ =0(z, t)ef(kxx+kyy)’ §'=5(z t)ei(kxx+kyy).
The wave number &, is given by
ky =k +k;. (4.2)

Using Eqgs (4.1) and (4.2) in Eq.(3.9), one gets the vertical component of the momentum equation which can
be written as

afa’ Hy KB { d0 } 2 LloKB,[ J0
G192 \w=R022P D ks [k B (14 ) D
poatLBZZ OJW I+ ( +X)az+ 29 |k + I+ (1+x) -t

Wy KK, _ _ 5
I+ [BS(] Sr)e BIS]kO + 4.3)

-K6(1-S; )]kg —Pp20,kj O+ pygoky S —

W (7w M2
+—kyw— w+—k, oW, (M, + H,)w.
K, 0 , {azzj K, 2y (M, 0)

The linearized perturbed temperature equation is
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00 o 7
Cy y — —WKT, K, |— -k |6+
PoLy H EY Mo at[a ) ](822 0
K2T2B, W KK,T,B @4
+|:p0CV,HBz_u0[ 0 t+H0 24y s:|w
+% 1+
Where poC = pOCV,H + MoKHo.
The salinity equation is
aS 0’ 0’
—+ =K —ky |S+S -k |D. 4.5
ot Bsw s(az 0) TLaZ 0] ( )
The magnetic potential equation is
az¢ My 00 oS 00
1+ K o-K—+K +S;K—=0. 4.6
(I+0)=> 0z° ( H, 00- 2 o o (46)

The above equations can be written in dimensionless form using

. . . K,aR'"?
D LI :W_d’ T :(LJG’ a=kyd, 2 =§

a’>’ v PoCy uBivd
(1+%)K,aR"? M . ki .k
= —2 ’Y:—’ k] :—2’ k2 :—2’
KPOCV,HBtVd Po d d

1/2
. :[ K,aR!

_ W g 8 = SH, (1+7).
orCy By dJ HdH ) (1+7%)

Following the normal mode analysis, the linearized perturbation dimensionless equations for the thermosolutal
convection due to the Soret effect in a ferrofluid are

2
M
i(D2 —a’ )w*=aR"”M M;Do*+-—— M ;5% w *+aR1/2{]+M4 +M—4}S*+

ot* ko ®
2 D25 , 4.7)
a
—aR1/2M1M5(]_ST)T*+aR]/2[MID¢*_(1+M1(1—ST))T*:|—(F—k2*]W*’
aT* a 2 1/2
Pr|:at* -M, at*(D(i) )} ( —-a )T*+aR (1=M,—M,Ms)w*, (4.8)
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1/2
aS * 2 2 1/2 M; | Rs 2 2
P =1(D° —-a")S*—aR{“" M w*+S,| — || = D° —a")T*, 4.9
 Sw = D7 S RS M eS| T 22 (D7) (4.9)
v (R 1/2
D*0*-M;a’¢*—(1-S;)DT*+—2| — | DS*=0 (4.10)
Mg\ Rg
where the non-dimensional parameters used are
2 2
__ WK"B, L= KoK Tp M, = KB, M, = 1+M,/H,
(1+%)Pogoy (7+7)PoC.. KB, I+
K’ K K C
M, = Ho BS ’ M6=_S’ szOCv,H(_Sj’ Przu V,H,
(1+%)Pogo K, K, K;
Ro— PoC,, nBso,gd” R PoC,, yBogd’
S VK¢ ’ VK,

where Rgis the salinity Rayleigh number, R is the thermal Rayleigh number, P. is the Prandtl number and
other parameters describe non-dimensional parameters.

5. Mathematical Analysis
The boundary conditions on velocity, temperature and salinity are
wE=D’wk=T*=Do*=S*=(0 at z¥=+]/2. (5.1)
The exact solutions satisfying above Eq.(5.1) are
wh= 4e% cosmz*, T*=Be® cosmz*, S*=Ce™ cosmz*,

(5.2)

D¢* = Ee® cosmz*,  ¢*=—e° sinmz*
T

where 4, B, C, E are constants and k,* =gk, *.

In this part, all the partial derivatives and asterisks are removed with the use of exact solutions to find the solution
of the system of homogeneous equations in (5.3) to (5.6). Using Egs (5.2) in Egs (4.7) to (4.10), we get

2 2
o(n’ +a?)+| T v LM s [ A—aR" [14 M, (1-5, )+
ke ke

(5.3)
+M M (1=Sp)|B+aR§? (1+M,+M,M5')C+aR" M, (1+M;)E=0,

aR"? (1-M, —M2M5)A—(1t2 +d’ +EG)B+RGM2E =0, (5.4)
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12
M;s \(R
1/2 5 S 2 2 2 2 _
aRyg M6A+ST( J[ J (1: +a )B+[’E(TC +a )+GP,]C 0, (5.5)

~R{’ (1-S7)B+R"’ B MsM5'C+ R{? (17 +a’M; ) E=0. (5.6)

The determinant of coefficients 4, B, C and E vanish for the existence of non-trivial Eigen functions.
Equations (5.3)-(5.6) lead to

Uo’ +Vo’ +Wo+ X =0,

U=(n2 +a2)(n2+a2M3)P,2,

2, 2
v =(n’ +a2M3)|:(n2 + a2)2 (1+7)+P, {M+La2M35HP,,
ek; ek,

W:(nz+a2M3)(n2+a2)[1(n2+a2)2 +pr(1+r>[%+imsaﬂ+

+a’RP, (1 +a’ My )[ 1+ M, (1+M;)(1-Sp) ]+ (5.7)

—~a’ RET M, (1+ M) (1= Sy )+ M; |+ a’R P, (w0 +a2M3)£1+M4 +%]M6’
5

X=r(n2 +a2M3)(n2 +a2)2 [?+éazM38j+
1 I

—azRa:(n2 +aZMj)(n2 +a2)[1+(1—ST)M, (1+M;) ]+

2
+a2R(TC2+a2)M1(]+M5)TC2 ST[%J +1(1-Sp)+M; |+
5

~&’R, (nz +a2M3)(n2 +a2)[1+M4 +%)[s{%]+m}

5 6

6. Stationary Convection

For the steady state (i.e., the validity of the principle of exchange of stability), we have ¢ =0 at the
margin of stability. Then Eq.(5.7) helps one to obtain Eigen value Ry~ for which a solution exists;

N

r

D

7

Rge =

where
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2 2

i M M

N, =(n’ +d?) e ra Loy —atra | 1emy, + M s [ Ms | om,
ek, ek, M, M

and
D, =a’[1+(1-Sp)M, (1+M;)]+

2 2

5| @M, (1+Mj;) M; | -1

| ——— || S| —= | T+ ([=S7)+MT .
[ n° +a’M, T (1=S1)+M;

For M, very large, the critical magnetic thermal Rayleigh number Ng- = R¢-M; for stationary mode could
be simplified as

N
Ngc =RgeM, =D—r

r

where
2, 2
Nr:(n2+a2) M+LazM36 —a’R! 1+M4+& St Ms +M,
ek, ek; ] M M,
and
D, =a’[(1-Sp)(1+M;)]-? (1 Ms) | o (M) T (1-Sp)+MyT!
. =a - - | ——— — |1 - T
T 5 TCZ+(,I2M3 T M6 T 5
7. Overstability

Taking 6=1i0and 0’ >0, in Eq.(5.7), one gets the real value of the Rayleigh number because the
Rayleigh number is not a complex number (i.e., ImR,. =0), implies that R, is a real number. Therefore, the
critical Rayleigh number for oscillatory mode has been calculated using

UV’ +(UU, -V V;)6” —U Y,

Ui +Vic’

Roc =
where

2
Ulzaz(n2+a2)M1(]+M5)“2 ST[%J +1(1=S7)+M; |+
6

—az‘t(nz +aZM3)(11:2 +a2)[1+(1—ST)M1(1+M5)]’

2, 2
U, :(n2 -|raZM3)P{(1t2 +a2)2(1+r)+P,[M+LazM35H,
ek; ek;

U; =(7c2 +a2M3)(n2 +a2)PrZ,
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Vi =@M, (1+M;) B [(1=Sp)+M; |=a’ B (77 + "My ) 1+ M, (1+M;) (1= S1) |,

NN
v, :r(n2 +a2M3)(Tc2 +a2) M+La2M36 +
ek; ek;

_ast (T[2 +a2M3)(T[2 +a2)(]+M4 +ﬁ—jj|:ST(x—zj+Mé:|,

V= +a2M3){r(n2+a2)3+(n2+a2)(1+f)g(ﬂ+%m35}

M
—a’R,| 1+ M, +—% |M4P. |,
M5

62 — Uz =rv, )
UIU3 _U2VI

If oscillatory instability exists, the time factor 6=i0. Since U, V', W and X are real, Eq.(5.7) could be
satisfied for 6 =i0 if and only if 6=0. R,- and Rq- are critical Rayleigh numbers for the oscillatory and
stationary convection system.

8. Method of Solution

The Soret-driven thermoconvective instability of a ferromagnetic fluid layer heated from below and
salted from above saturating a densely packed anisotropic porous medium with a magnetic field dependent
(MFD) viscosity has been analyzed using the Darcy model. The perturbation method is applied and normal
mode analysis is adopted. In the perturbation method, due to the application of a magnetic field, the system is
perturbed from the basic state (quiescent state). The governing and other equations are modified. Linear
stability analysis is considered. Then normal mode analysis is taken, non-dimensional analysis is carried out
and the exact solutions satisfying the appropriate boundary conditions are taken yielding algebraic equations.
For getting a non-trivial solution for the system of linear homogeneous equations, the coefficients of the
dynamic variables are equated to zero and on simplification, the expression for Rg is obtained. Varying the

values of the parameters in the allowable range and getting the corresponding Rg- values, we get the stability
pattern.

9. Results and Discussion

Before discussing the significant results of the convective system, we turn our attention to the possible
range of values of various parameters arising in the study. The anisotropic parameter €, takes the values from

10 to 70. The value of the Prandtl number is P, is 0.01. The values S; starts from -0.002 to 0.002, R; is
varied from - 500 to 500. The values of 7T are assumed to be 0.03, 0.05, 0.07, 0.09 and 0.11. The coefficient of
MFD viscosity 6 is assumed from 0.0/ to 0.09. The magnetization parameter M ; is 1000; for a very large
value of M, the effect of magnetic mechanism is very large, when compared to the buoyancy effect. For such
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fluids, M, is assumed to have a negligible value and hence taken to be zero. M; is varied from / to 25
because M ; cannot take a value less than one. M is taken to be 0.1. M, is the effect of magnetization due
to salinity. This is allowed to vary from 0./ to 0.5 taking values less than the magnetization parameter M ;.
M s represents the ratio of the salinity effect on the magnetic field and pyromagnetic coefficient. This is varied

between 0./ and 0.5. The permeability of porous medium k& is assumed to take the values
0.001, 0.003, 0.005, 0.007, 0.009.

26

24

22 4

RSC

20

18 1

16

Fig.2. Critical thermal Rayleigh number Rg- versus anisotropic parameter€ for variousd,
1=0.03, S; =-0.002, k=0.001, R¢ =—500 and M;=>5.

28 -
27 -
26 -
25

24 ]

23 ]

22

0.00 0.02 0.04 0.06 0.08 0.10

Fig.3. Critical thermal Rayleigh number Rg- versus coefficient of MFD viscosity 6 for various M3,
Rg =-500, ©=0.03, Sy =—0.002, £¢=10 and k=0.001.
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Figure 2 shows that the vertical anisotropy of permeability of the porous medium destabilizes the
system. This is because of the decrease in Ry~ when € is increased. As far as the MFD viscosity 0 is

concerned, the increase in 8,(0.001, 0.005,0.005,0.007,0.009) , increases Rg- for a fixed €. The same effect

is found when ¢ is increased from /0 to 70. This indicates the stabilizing nature of the system.

25
—=—¢=10 e—c=50
—e—¢=20 € £=60
—4&— =30 =70
—v—e=40
Q
n:w 20 /’
— v
I
w
15 i | I | | | | | |
0.00 0.02 0.04 0.06 0.08 010
d

Fig.4. Critical thermal Rayleigh number Rg- versus coefficient of MFD viscosity & for various &€,
Rg =-500, S; =-0.002, k=0.001, tT=0.03 and M; =35.

25

20

154

RSC

104

T T T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010

Fig.5. Critical thermal Rayleigh number Rg- versus permeability of porous medium k for various €,
Ry =-500, Sy =—0.002,6=0.01,7=0.03 and M;=35.

Figures 3 and 4 illustrate the variation of Ry~ versus 0 for different values of M; and € . From Figs
3-4, one can find that as the coefficient of a magnetic field dependent viscosity is increased from 0.0/ to 0.09,
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the critical thermal Rayleigh number increases. This means that the system is stabilized through viscosity
variation with respect to the magnetic field. This leads to the conclusion that the magnetic field dependent
viscosity delays the onset of convection for a ferrofluid in a densely distributed porous medium. Figure 3
illustrates that as M ; increases, the values of Rg- decrease for small values of 8, whereas for higher values

of 8, Ry decreases for lower values of M ;, and then increases for higher values of M.

254

204

T T T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010

k

Fig.6. Critical thermal Rayleigh number Rg- versus permeability of porous medium k for various 9,
Rg =-500,1=0.03, S =—0.002,€=10 and M;=3.
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Fig.7. Critical thermal Rayleigh number Rg- versus salinity Rayleigh number Rg for various M3,
0=0.01,7=0.03, S; =—0.002, €=10 and k=0.001.
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Figures 5 and 6 indicate the variation of the critical Rayleigh number R~ with respect to permeability
of the porous medium % for different € and d. It is clear that the system destabilizes as permeability of the
porous medium k£ increases. This is indicated by a decrease in Rg- values. The reason is that as the pore size

increases, it becomes easier for the flow to destabilize the system. It is observed from the figures that the
anisotropic parameter € is to destabilize the system and the dependent viscosity & is found to stabilize the
system.

-600 -400 -200 0 200 400 600

Fig.8. Critical thermal Rayleigh number Rg- versus salinity Rayleigh number Ry for various €,
0=0.01, S; =—0.002, k =0.001, t=0.03 and M; =35.

26 4

24

22 4

RSC

20 +

T T T T T T T T T T T
-600 -400 -200 0 200 400 600
R

S

Fig.9. Critical thermal Rayleigh number Rg- versus salinity Rayleigh number R, for various 9,
1=0.03, Sy =—0.002, k=0.001, e=10 and M;=35.
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Fig.10. Critical thermal Rayleigh number Rg- versus Soret parameter S; for various €,
0=0.01, Ry =-500, k=0.001, ©=0.03 and M; =35.
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Fig.11. Critical thermal Rayleigh number Rg- versus Soret parameter S; for various 9,
R¢ =-500,71=0.03, k=0.001,e=10 and M; =35.

Figures 7, 8 and 9 represent the variation of Rg- versus Rg for different values of M3, € and 6. When the
salinity Rayleigh number Rg increases from -500 to 500, the critical thermal Rayleigh number Rg-~ decreases.

Therefore the system shows a destabilizing behaviour. It is observed from Figs 7 and 8 that the magnetization
parameter M ; and anisotropic parameter € are found to destabilize the system. Also, the stabilizing trend of

MFD viscosity 8 is seen in Fig.9.
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Figures 10 and 11 indicate the variation of the critical Rayleigh number Rg-~ with respect to the Soret
parameter Sy for various € and & . It is found that the increase in the Soret effect stabilizes the system, thereby
delaying the onset of convection. Both figures exhibit a stabilizing trend. This is due to the fact that the
modulation of the salinity gradient by temperature gradient promotes stabilization. Positive values of Sy

stabilize the system more. The destabilizing trend of € is seen from Fig.10 and stabilizing behaviour of d is
seen from Fig.11, as would mean adding salt from top.

24

22

16

14

Fig.12. Critical thermal Rayleigh number Rg- versus ratio of the mass transport to heat transport T for
various €, 0=0.01, R¢ =—=500, k=0.001, S; =—0.002 and M; =35.
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Fig.13. Critical thermal Rayleigh number Ry~ versus ratio of mass transport to heat transport T for various
O, Ry =-500, S; =—-0.002, k=0.001, e=10 and M; =35.
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Fig.14. Critical thermal Rayleigh number Rg- versus magnetization M; for various
€, 0=0.01, R¢=-500, k=0.001, Sy =—0.002 and t=0.03.
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Fig.15. Critical thermal Rayleigh number Rg- versus magnetization M; for various 9,
Rg =-500, Sy =-0.002, k=0.001, tT=0.03 and €=10.

Figures 12 and 13 show the variation of the critical Rayleigh number Ry~ versus the ratio of mass
transport to heat transport T for different € and J. It is seen from the figures that the system destabilizes as
the ratio of mass transport to heat transport T increases. This is shown by a fall in Rg- values. It is observed
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from the figures that the anisotropic parameter € is found to destabilize the system and the magnetic field
dependent viscosity  is found to stabilize the system.

Figures 14 and 15 give the variation of the critical Rayleigh number Rg- versus the non-buoyancy
magnetization parameter M ; for different anisotropic parameter € and magnetic field dependent viscosity
parameter d. It is seen from Fig.15 that as the value of M3 increases from 5 to 235, the value of Rg- degreases
for a small value & =0.01, thus destabilizes the system for d =0.01. whereas for higher values of & (0.05, 0.07
and 0.09). Ry~ gets increasing values. In this situation, the system shows a stabilizing behavior which is
increasing slowly. The destabilizing trend of the anisotropic parameter € is also seen from Fig.14, when M;
increases Ry~ decreases indicating the onset of instability. This is because high magnetization tends to release
large energy to the system causing instability to set in earlier.

10. Conclusions

The critical thermal Rayleigh number is calculated for both stationary and oscillatory modes. When

Ta =0the thermal Rayleigh number is identical to the results obtained by Sekar et al. [29]. When

0=0,e=0,Ta=0 and k; — oo this tends to critical Rayleigh number obtained by Vaidyanathan et al. [31].

When 8=0, e=1 and Ta=0 the thermal Rayleigh number is identical to the results obtained by Sekar et al.
[32]. When 8=0, one gets the critical Rayleigh number calculated in Sekar et al. [33].

For the stationary convection, the coefficient of MFD viscosity & has a destabilizing behavior for
various values of, Ry, T, € M; and k& which are studied in Figs 2-10, 12-15. But, the convective system has
a stabilizing effect which is analyzed in Fig.11 for the Soret parameter Sy . It is evident from Fig.3 that lower
values of Rg- are needed for the onset of convection with an increase in M ; for smaller values of 6, whereas
higher values of Ry~ are needed for the onset of convection with an increase in M ; for smaller values of 9§,
hence justifying the competition between the destabilizing effect of the magnetization M ; and the stabilizing
effect of the MFD viscosity 0. It is very clear from Fig.10 that the Soret coefficient S; for different values of
the anisotropy parameter € has a destabilizing effect on the system. But, due to the effect of the Soret
coefficient S; and salinity Rayleigh number Ry, the system shows a stabilizing behavior which is plotted in

Figs 9 and 11. Thus, the system is dominated by the Soret coefficient.
The MFD viscosity always has a stabilizing effect, whereas the permeability of the porous medium
always has a destabilizing effect on the onset of convection. In the absence of MFD viscosity (6 =0) (which

means the viscosity is constant), magnetization always has a destabilizing effect. In the presence of MFD
viscosity, nothing specific can be said, since there is a competition between the destabilizing role of the
magnetization M; and the stabilizing role of the MFD viscosity 8. Thus magnetization destabilizes the system
and the coefficient of field dependent viscosity stabilizes the system for both modes. This leads to the
conclusion that the MFD viscosity delays the onset of convection for a ferrofluid saturating a densely
distributed anisotropic porous medium.

Nomenclature

B — magnetic induction
C.u — effective heat capacity at constant volume and magnetic field (kJ/m*K)
D/Dt - convective derivative s/ [D/ Dt =09/ dt+¢.V]

d — thickness of the fluid layer m
g — gravitational acceleration (0, 0, -g) ms~
H — magnetic field amp/m
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K — mass diffusivity
K — pyromagnetic coefficient [E —(0M/9T) H(),ToJ

K; —thermal diffusivity W/mK
K, — salinity magnetic coefficient [E (IM / 9S) Ho,ToJ

K, — concentration diffusivity W/mkg
k — permeability of the porous medium

ky —resultant wave number (ko = W ) m!

kx, k, — wave number in the x and y direction m”!
M — magnetization Ampm™!
M,y — mean value of the magnetization at H = Hypand T=T,
p — hydrodynamic pressure (N/m?)
q — velocity of the ferrofluid (u, v, w) ms™
S — solute concentration kg
Sr — Soret coefficient
T — temperature K
t —times
o, - coefficient of thermal expansion K-/

o, — analogous solvent coefficient of expansion K’

s
B, — uniform temperature gradient Km!
B, — uniform concentration gradient kgm™/
6 — perturbation in temperature (K)
u — dynamic viscosity kgm s
K, — magnetic permeability of vacuum
p — density of the fluid kgm™
p, — mean density of the clean fluid kgm™
o — growth rate s/
¢ — viscous dissipation factor containing second order terms in velocity

¢ — magnetic scalar potential 4Amp
¥ — magnetic susceptibility [E (OM/0H) HoﬂroJ

& — MFD viscosity
V - Hamilton operator [=i(d/dx)+,(d/dy)+k(d/0z)]
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