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ABSTRACT: The double diffusive effect of magnetic field dependent (MFD)
viscosity on Soret driven thermoconvective instability in a ferrofluid, saturating
a densely packed rotating anisotropic porous medium has been investigated
theoretically. The horizontal fluid layer is assumed to be heated from below and
salted from above and the Darcy model is used. The effect of salinity has been
combined in the magnetization and density of the ferrofluid. An exact solution
is obtained for the case of two free boundaries. The critical thermomagnetic
Rayleigh number for onset of instability is also determined numerically for
sufficient large values of buoyancy magnetization parameter M and results are
depicted graphically. The onset of Soret driven ferrothermohaline convection is
analyzed both by stationary as well as oscillatory modes using a linear stability
analysis and a normal mode technique. In all the cases, it is found that the
rotation and MFD viscosity tend to stabilize the system whereas destabilization
of the system occurs due to the non-buoyancy magnetization parameter Ms.
Further, the ratio of mass transport to heat transport decides the stabilizing
factor.

KEY WORDS: Coriolis force, Darcy model, Soret effect, MFD viscosity, fer-
romagnetic fluid, anisotropic porous medium.

1 INTRODUCTION

To apply Darcy law, the inertia term in Navier-Stoke’s equation is neglected resulting
in the fluid motion to be very slow. When the non-dimensional permeability coeffi-
cient is greater than 103, Brinkman model is used. When it is less than 10~3, Darcy
model is used. Walker and Homsy [1] gave a note on the convective instabilities in
Boussinesq fluids and porous media. They also discussed the domain of permeability
distinguishing the application of Brinkman and Darcy models. When a fluid perme-
ates through a porous material, the flow is analyzed by macroscopic law, called the
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Darcy law as referred by Lapwood [2]. Tyvand et al. [3] analyzed the onset of con-
vection in an anisotropic porous medium with oblique principle axes. Venkatasubra-
manian et al. [4] examined the effect of rotation on the thermo convective instability
of a horizontal layer of ferrofluids. Alex et al. [5] studied the thermal instability in
an anisotropic rotating porous medium. McKibbin et al. [6] studied the effects of
anisotropy and surface boundary conditions of thermal convection in a porous layer.
Parthiban et al. [7] analyzed the effect of inclined temperature gradient on thermal
instability in an anisotropic porous medium. Vaidyanathan et al. [8-10] discussed the
effect of magnetic field dependent viscosity on ferroconvection in sparsely distributed
porous medium with and without rotation.

Sekar et al. [11] investigated the stability analysis of Soret effect on thermohaline
convection in dusty ferrofluid saturating a Darcy porous medium. Nanjundappa et
al. [12] investigated the influence of coriolis force on onset of thermomagnetic con-
vection in ferrofluid saturating a porous layer in the presence of a uniform vertical
magnetic field using both linear and weakly nonlinear analysis. Andrey Ryskin [13]
investigated theoretically the influence of a magnetic field on the Soret effect domi-
nated thermal convection in ferrofluids. Ramanathan et al. [14] studied the effect of
magnetic field dependent viscosity and anisotropy porous medium on ferroconvec-
tion. Alam et al. [15] carried out Dufour and Soret effects on mixed convection flow
past a vertical porous flat plat with variable suction. Nazmul Islam ez al. [16] investi-
gated the Dufour and Soret effects on steady MHD free convection and mass transfer
fluid flow through a porous medium in a rotating system. Suslov [17] discussed
the thermomagnetic convection in vertical layer of ferromagnetic fluid. Gaikwad et
al. [18] studied an analytical study of linear and non-linear double diffusive con-
vection in a fluid saturated anisotropic porous layer with Soret effect. Malashetty et
al. [19] studied the thermal convection in a rotating viscoelastic fluid saturated porous
layer. Sunil et al. [20] analyzed the nonlinear stability analysis of onnset of Darcy-
Brinkman ferroconvection in a rotating porous layer using a thermal non-equilibrium
model. Hemalatha et al. [21] carried out the effect of a magnetic field dependent
viscosity on ferroconvection in an anisotropic porous medium in the presence of a
horizontal thermal gradient.

Sekar et al. [22-24] investigated the ferrothermoconvective instability in Soret
driven convection saturating a densely packed anisotropic porous medium with and
without coriolis force. Sangita et al. [25] discussed the natural convection in a
spherical porous annulus using Darcy model. Nanjundappa et al. [26,27] analyzed
the effect of temperature dependent viscosity on the onset of Benard-Marangoni
convection with and without porous layer. Nanjundappa et al. [28] investigated
the effects of cubic temperature profile and MFD viscosity on onset of Benard-
Marangoniferroconvection with a convective surface boundary condition. Gaikwad et
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al. [29] studied linear stability analysis of double diffusive convection in a horizontal
sparsely packed rotating anisotropic porous layer in presence of Soret effect. Sekar
et al. [30] investigated the effect of Sparse Distribution Pores in Thermohaline Con-
vection in a Micropolar Ferromagnetic Fluid. Kumar et al. [31] carried out the linear
stability analysis for ferromagnetic fluids in the presence of magnetic field, compress-
ibility, internal heat source and rotation through a porous medium. Rahman et al. [32]
examined the thermomagnetic convection in a layer of ferrofluid placed in a uniform
oblique external magnetic field. Malashetty et al. [33] investigated the effect of ro-
tation on the onset of double diffusive convection in a sparsely packed anisotropic
porous layer. Saravanan et al. [34] discussed the floquet instability of a gravity mod-
ulated Rayleigh-Benard problem in an anisotropic porous medium. Shivakumara et
al. [35] examined the boundary and thermal non-equilibrium effects on convective
instability in an anisotropic porous layer. More recently, Sekar et al. [36] carried
out the linear stability effect of densely distributed porous medium and coriolis force
on soret driven ferrothermohaline convection. Most recently, Sekar et al. [37] in-
vestigated the stability analysis of ferrothermohaline convection in a Darcy porous
medium with Soret and MFD viscosity effects.

In this paper, the effect of magnetic field dependent viscosity on Soret-driven
ferrothermohaline convection in the presence of densely packed rotating anisotropic
porous medium is studied. The overriding Soret effect on the salinity equation is also
studied. Linear stability analysis is used. The conditions for the onset of stationary
and oscillatory instabilities are obtained.

2  MATHEMATICAL FORMULATION OF THE PROBLEM

An infinitely spread layer of Boussinesq ferromagnetic fluid of thickness, d, rotating
with uniform constant angular velocity 2 = (0, 0, ) and anisotropy along the ver-
tical direction, is taken as z-axis. The entire system is heated from below and salted
from above. The temperature and salinity at the bottom and top surfaces z = +d/2
are Tp = AT /2 and Sy = AS/2, respectively. Both the boundaries are taken to be
free and perfect conductors of heat and solute. Considering the Soret effect on the
temperature gradient, the mathematical equations governing the above investigation
are as follows: The fluid is assumed to be incompressible fluid having a variable vis-
cosity, given by © = p1(1 + 6 - B), where p is taken as viscosity of the fluids when
the applied magnetic field is absent. The variation in the coefficient of the magnetic
field dependent viscosity d has been taken to be isotropic, that is, 6 = §; = d9 = J3.
Hence the component wise 1 can be written as i, = p1(14+0B1), py = p1(14+0B2)
and i, = p1 (1 + 0Bs).
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GEOMETRICAL CONFIGURATION

G Salted from above
T R AN

g=00 94 T.C
Incpn"mpresmb}e ferrqmagnetlc o H=(0.0.H )T
fluid in an anisotropic porous =0
medium with MFD viscosity X - axis

2=-d2 rreteteet z.c

y - axis Heated from below
The continuity equation for an incompressible fluid is
(1) V.q=0.
The momentum equation is

D 1+6-B
) poﬁ = —Vp+pg+V-(HB)+2po(q><Q)+%V(\Q X r\2)_”1(k)q.

The temperature equation for an incompressible ferrofluid is

oM dr oM dH
® [POCV’H ~HoH - (m)m} a T (57 )y = KT o

The mass flux equation is

(4) DS _ K,V?S + SrV°T,
Dt

where po, ¢ = (u,v,w), g = (0,0,—g), t, p, po, p. k, H, B, Cy g, T, M, K1, S,
Kg, St and ¢ are the density, velocity, acceleration due to gravity, time, pressure,
magnetic permeability, viscosity (variable), permeability of the porous medium, mag-
netic field, magnetic induction, heat capacity at constant volume and magnetic field,
temperature, magnetization, thermal conductivity, salinity, mass diffusivity, Soret co-
efficient and viscous dissipation factor containing second-order terms in velocity,
respectively.
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Maxwell’s equations are

Q) V-B=0, VxH=0.
Further B, M and H are related by

(6) B = (M + H).

Using Maxwell’s equation for non-conducting fluids one can assume that the mag-
netization is aligned with the magnetic field and depends on the magnitude of the
magnetic field, temperature and salinity, so that

H
(7) M= ZM(HT,S).

The magnetic equation of state is linearized about the magnetic field Hy, the av-
erage temperature 1 and the average salinity Sy to become

(8) M = Mo+ x(H — Ho) — K(T —Tp) + Ka(S — So),

where x = (OM/OH)u, 1, is the susceptibility, K = —(0M /0T, 1, is the pyro-
magnetic coefficient and Ky = (OM/0S) s, is the salinity magnetic coefficient.
The density equation of state for a Boussinesq two-component fluid is

) p=po[l — (T —Tp) + (S — So)],

where o, = —(1/p)(9p/0T) is the thermal expansion coefficient and
as = (1/p)(0p/05S) is the solute analog of «.

The basic state is assumed to be the quiescent state and taking the components
of the magnetization and magnetic field in the basic state to be [0,0, My(z)] and
[0,0, Ho(z)] the basic state quantities obtained are

qZQbZO, p:pb(Z),

oT a8
- =be=>Ty=To— Bz, = =Ps= Sp= S0+ sz,
0z 0z
(10) _ K(T, —Ty) _Kg(Sb—So) -

Hy(2) = [Ho + T+x T+ x [

K(T, — T Ko(Sp — Sp)7»
Mb(Z): |:M07 ( b 0) 2( b 0)}]{:

1+ x 1+x

where [3; and g are non-negative constants and k= (0,0, 1) is the unit vector along
vertical direction.
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3 LINEARIZATION OF THE PROBLEM

The basic state is disturbed by a small thermal perturbation, consider a perturbed state
such thatq = ¢, p = py(2) +p', = pp(2) + 1/, T = Ty(2) + 1", H = Hy(2) + H',
M = My(2) + M', where ¢, p/, i/, T', H', and M’ are perturbed variables and are
assumed too small. The perturbed state temperature and solute are T' = Ty — B3z + 1"
and S = Sy + Bsz + S’. Let the components of the perturbed magnetization and the
magnetic field be (M7, M, My(z) + M}) and (H{, HY, Ho(z) + H}), respectively.

M, ,
/ - _— / =

(11) H + M! = (1+ Hﬂ)HZ (i=1,2),

(12) Hi+ My = (1+x)Hy — KT' + K2S8'+ SpKT'.

Let (B, Bg, B3) denote the components of B, using Eq. (5), one gets the result
B; = po(M] + H!) and Egs. (11) and (12) become

H
(14) Bs = [(1+ x) Hy — KT' + K28 4+ StKT' + My + Hy) .

M,
(13) Bi=po(1+ 2 ) (i=1,2)

The procedure for finding the perturbation equation is given in Appendix A.

4 NORMAL MODE ANALYSIS

We now proceed to a normal mode analysis of the above stability problem. Let us
take

flz,y,2,t) = f(zvt)ei(kfxl’—‘rkyy) ’
(15) ¢ = ¢(z,t)ekerthuy) w = w(z, t)eiksa+huy)
T — 9(2, t)ei(kszrkyy) , S = S(Z, t)ei(kzx+kyy)

with the wave number k§ = k7 + k.
The non-dimensional numbers can be written using

K 1/2 1 K 1/2
t*:’it, w*:wfd, T*:(L) : ¢*:(( +x)KaR ) ,
d? v poCv,mBrvd K poCv,m Brvd?
z 0 K aR1/2
=2 a=ked, D=-2, §= (2%
z d’ a 0, 92+’ (,OOCV7HBSVCZ> )

~ kl:d7;7 k2:ﬁ7 0" = podHo(1+ x) -
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The non-dimensional form of constitutive equations can be written as

)
16) 2o (D* —a’)u =aR[MD¢" — (14 Mi(1 - S7))T"]
+ aRY?MMsD¢* — aRY? M, M5(1 — Sp)T*
2 2
1/2 Myy o (D7 a%y
+aRy [1+M4+MJS (kﬁf kg)w
—|—a72M 5* _( )1/2D£*
/6‘2* 3 ’LU a 3
9 1/2 *
(24 D)e o
T*
(18) P [%t* My 62* (Dﬁb*)} = (D* = a®)T* +aR'?(1 — My — My Ms)w*,
o5, o Rs\U2 o o
(19) P%-=r(D*~a’)s" —aRy* Mew* +ST(M6)( R) (D?—a®)T*,
1/2
(20) D2* — Mya2p* — (1 — Sp)DT* + 25 ( 1 ) DS* =0,
Rgs

where the magnetic numbers are given in Appendix B.

5 ANALYSIS OF SOLUTION AT FREE BOUNDARIES

The free-free boundary conditions on velocity, temperature and salinity are
21) w*=D*w*=T*=D¢*=8"=¢" =D =0 at 2* = £1/2.
The exact solutions satisfying above Eq.(21) are

* * *
w* = Ae cosmz*, T* = Be’" cosmz*, S* = Ce’t cosmz*,
(22) E
* * .
D¢* = Ee°t cosmz*, ¢ = =€t sinmz*,
T

where A, B, C and F are constants. These functions substituted in the set of Egs.
(16) — (20) give the following four linear homogeneous algebraic equations in the
constant A, B, C' and E are obtained upon k3 = k] and removing the asterisks for
our convenience, where ¢ is non-dimensional parameter governing anisotropy leads
to:

7r26—|—a2) T7r2
(

1 2
M;s| A
ke ot 1k Ret R

(23) {0(%2 +a?) + (
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— aR1/2 [1 + Ml(l — ST) + M1M5(1 — ST)} B
+aRY*(1+ My + MM M)C + aRY2M, (1 + Ms)E =0,
(24) aRY*(1 — My — MyM3)A — (7% + a®> + P.o)B + P,oMyE = 0,
12 Ms\ (Rs
@) ary*Med+ 5137 ) (5

26) — RY*7*(1 — Sp)B + RV?*x*MsM;'C + RY*(7* + o> M3)E = 0.

1/2
) (72 + a®)B + [r(n® + a*) + o P,)C = 0,

For the existence of non-trivial Eigen functions, the determinant of the coefficients
of A, B, C and F in Egs. (23) — (26) must vanish. Following the techniques and
analysis of Sekar et al. [22-24], Egs. (23) — (26) lead to

27) Us* + Vo + Wo?+ Xo+Y =0.
The coefficients U, V, W, X, and Y are given in Appendix C.

6 STABILITY BEHAVIOUR OF STATIONARY CONVECTION AND OSCILLATORY
CONVECTION AND MATHEMATICAL APPROACH USED FOR INVESTIGATION

To obtain stationary instability, the time-independent term Y = 0. Equation (27)
helps one to obtain Figenvalue Rgc for which a solution exists:

N,
Rgo = —
SC D'r’ )
where
2 2 1
Ny = (n% +a?) (Tun?hy + % 4 a2 Mo
Ekl €]€1
M, M
2 -1 4 5
— 1+M — — M
a’Rgt < + 4+M5> [ST <M6> + 6]

and
Dy =a®[1+ (1 —St)M; (1 + Ms)]

2 2
2@ M; (1 + M5) M5 1 B 1
T |: 2+ a2M3 St Mg T 4+ (1 ST) + M5t .

For M very large, one gets the results for the magnetic mechanism, and the
critical thermo magnetic Rayleigh number for stationary mode is obtained using
N,

Nsc = MiRsc = D
T
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where
2 2 1
N, = (772 + a2) T, 7%k + ertan + —a’M;36
Ekl Ekl
M. M
2 -1 4 5
- 1+M — — Mg
a’Rst < + 4+M5> [ST <M6>+ 6]

and
D, = a®[(1 - St) (1 +Ms)]

2 2
o fa(1+Ms) Ms\" _ ~1
7T |: 21 a2M3 St M, T "+ (1 ST) + M5T .

The conditions for the onset of oscillatory stabilities are obtained as follows. Tak-
ing 0 = io and 0> > 0, in Eq. (27) and following the analysis and techniques
of Sekar et al. [22-24], the critical Rayleigh number for oscillatory mode has been
calculated using
Roc = Co Az + By Do

A2 + B2

The Soret-driven thermoconvective instability of ferromagnetic fluid layer heated
from below and salted from above rotating a densely packed anisotropic porous
medium with magnetic field dependent (MFD) viscosity has been analyzed using
Darcy model. Perturbation method is applied and Normal mode analysis is adopted.
In the perturbation method, due to the application of magnetic field, the system is per-
turbed from the basic state (quiescent state). Accordingly, the governing and other
equations are modified. Linear stability analysis is considered. 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
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
Rgc is obtained. Varying the values of the parameters in the allowable range and
getting the corresponding Rgc values, we get the stability pattern.

7 RESULTS AND DISCUSSIONS

Before discussing the significant results of the convective system, we turn our atten-
tion to the possible range of values of various parameters arising in the study. The
Prandtl number P, is assumed to be 0.01. The Soret parameter St is assumed to take
values from -0.002 to 0.002, the salinity Rayleigh number R is varied from -500 to
500. The values of ratio of the mass transport to heat transport 7 is assumed to be
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0.03, 0.05, 0.07, 0.09 and 0.11. The Taylor number T'a is assumed from 10 to 10°.
The coefficient of MFD viscosity ¢ is assumed from 0.01 to 0.09. The magnetization
parameter M is assumed to be 1000; for a very large value of M7, the effect of mag-
netic mechanism is very large, when compared to buoyancy effect. For such fluids,
M is assumed to have negligible value and hence taken to be zero. M3 is varied
from 1 to 25 because M3 cannot take a value less than one. My is taken to be 0.1.
My is the effect on magnetization due to salinity. This is allowed to vary from 0.1 to
0.5 taking values less than the magnetization parameter M3. M5 represents the ratio
of the salinity effect on magnetic field and pyromagnetic coefficient. This is varied
between 0.1 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 and 0.0001 (Darcy numbers).

The critical thermal Rayleigh number is calculated for both stationary and oscilla-
tory modes. When the salinity Rayleigh number Rg = 0, the critical Rayleigh num-
ber obtained by Finlayson [38] for single component ferrofluid. When M; = 1000,
the classical Rayleigh problem for buoyancy-induced convection is and obtained
Chandrasekhar [39]. When k& — oo, the critical Rayleigh number exactly same
as Sekaret al. [40]. When 6 = 0, ¢ = 0, T, = 0 and k1 — oo this tends to criti-
cal Rayleigh number obtained by Vaidyanathaner al. [41]. When § = 0, ¢ = 1 and

—=—R_=-500 Pr=0.01

987 —e—R_=-100 M, M, M_=0
—h— RS =0

196 —
—v—R_ =100 k=0.0001
—e—R_ =500

194 -

?

o

192

190

188 T T T T T T T T T
-0.002 -0.001 0.000 0.001 0.002

ST

Fig. 1. Critical thermal Rayleigh number Rs¢ versus Soret coefficient St for different values
of Salinity Rayleigh number Rg with 7 = 0.03, € = 10, Sp = —0.002 and M3 = 5.
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T, = 0, the thermal Rayleigh number is identical to Sekarer al. [42]. When 6 = 0,
one gets the critical Rayleigh number calculated for Sekar et al. [43]. When all the
magnetic parameters M to Mg vanish, this reduces to double diffusive convection
(Baines and Gill, [44]).

Figure 1 shows variation of Rgo with St for different values of Rg, keeping
the values of M3 fixed as 5, k as 0.0001 and 7 as 0.03. It has been observed that
as St increases, the system gets stabilized, whereas when salinity Rayleigh number
Rg increases, the system gets destabilized. When increasing effect of salt on the
convective system, the system gets high energy and it is dominated by Soret effect on
the onset of instability.

Figure 2 depicts variation of Rgc with Rg for different]}M3, keeping the values
of St to be fixed as -0.002, k& as 0.0001 and 7 as 0.03. It has been observed that
the system gets destabilized as M3 increases. Due to an increasing of non-buoyancy
magnetization parameter M3, convection is not much pronounced.

From Fig. 3 it is seen that the vertical anisotropy of the permeability of the porous
medium destabilizes the system. This is because of the decrease in Rgc when ¢ is
increased. As far as the magnetization M3 is concerned, the increase in M3 (5, 10,
15, 20, 25), decreases Rsc for a fixed €. This is because the high magnetization tends
to release large energy to the system causing instability to set earlier. The same effect
is found when ¢ is increased from 10 to 70. This indicates the destabilizing nature of
the system.

200

—=—M,=5 Pr=0.01
—e—M,=10 M, M, M =0.1
——M, =15 k=0.0001

—v—M3=20

195 —+
190 —+
185 —+

+M3=25

180 —

Rsc

175 —+
170 —+
165 —

160 —

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

Fig. 2. Critical thermal Rayleigh number Rg¢ versus Salinity Rayleigh number R, for dif-
ferent values of M3 with 7 = 0.03, £ = 10, Rg = —500 and S = —0.002.
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200 —=—M,=5  Pr=0.01
—e—M,;=10 M, M_,M_=0.1
——M_=15 k=0.0001
180 v— M,=20
—— M,=25
)
160 -
140 -
120 -

10 20 30 40 50 60 70
&

Fig. 3. Critical thermal Rayleigh number Rgc versus anisotropic parameter € for different
magnetization parameter M3 with Rg = —500, S = —0.002, § = 0.01 and 7 = 0.03.

200 —=— S =-0.002 Pr=0.01
1 —e— S.=-0.001 M,, M, M, =0.1
190 —4—S =0 k=0.0001
160 —v— S =0.001
] —e— S =0.002
170
T 160 -
150
140
130
120 T T T T T T T T T T T T T
10 20 30 P 40 50 60 70

Fig. 4. Critical thermal Rayleigh number Rgc versus anisotropic parameter ¢ for different
Soret coefficient S with Rg = —500, 6 = 0.01, M3 = 5 and 7 = 0.03.
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Figure 4 shows the variation of Rgc with ¢ for different Soret coefficient St (-
0.002, -0.001, 0, 0.001, 0.002), while keeping the values of M3 fixed as 5, Rg fixed
as -500, k fixed as 0.0001 and 7 as 0.03. It has been noticed that as € increases, the
system gets destabilized. The increase in anisotropic favours the onset of instability.
But negligible change is observed as St increases from -0.002 to 0.002. Anyhow the
trend is slightly upward thereby stabilizing the system with respect to St. This is be-
cause, increase in St provides additional temperature gradient due to cross diffusion
of salinity on temperature.

Figure 5 represent the variation of Rgc versus anisotropic ratio € for various
values (-500, -100, 0 100, 500), of salinity Rayleigh number Rg. It has been observed
that as ¢ increases from 10 to 70, there is decrease in Rgc. It is clear that the system
gets destabilized. As Rg increases from -500 to 500, the critical thermal Rayleigh
number Rgc values tend to decrease leading to destabilization. This is because,
adding salt from above makes the system heavier at the bottom, thereby delays the
onset of convection.

Figure 6 give the variation ofcritical thermal Rayleigh number R g with anisotropic
ratio ¢ for different values (0.03, 0.05, 0.07, 0.09, 0.11), of the ratio of the mass
transport to heat transport 7, where the value of salinity Rayleigh number R; is fixed
as -500, the magnetization parameter M3 as 5 and Soret parameter St is fixed as
-0.002. It has been observed that increase in € decreases Rsc and thereby destabi-

—=—R_=500 Pr=0.01
200 - —e—R=100 M, M, M, =0.1

180 +

120 +

Fig. 5. Critical thermal Rayleigh number Rgc versus anisotropic parameter ¢ for different
values of Salinity Rayleigh number R with S = —0.002, § = 0.01, M35 = 5 and 7 = 0.03.



312 A Linear Analytical Study of Coriolis Force on Soret-Driven ...

—=— =0.03 Pr=0.01

200 +

180

120

10 20 30 40 50 60 70

Fig. 6. Critical thermal Rayleigh number Rg¢ versus anisotropic parameter ¢ for various T,
Rg = —500, = 0.01, M3 = 5 and S = —0.002.

60000

50000
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30000
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10000

T T T T T T T T T T T T T
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€

Fig. 7. Critical thermal Rayleigh number Rg¢ versus anisotropic parameter ¢ for various 7,
7 =0.03, ST = —0.002, kK = 0.001, R = —500 and M3 = 5.
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lizes the system. This is because the increase in anisotropic ratio results in instability
irrespective of the increasing values of mass transport to heat transport. Therefore
the system has a destabilizing behavior with respect to the mass transport to heat
transport 7.

Figure 7 shows variation of Rg¢ versus ¢ for different 7, (10, 102, 103, 10, 105).
When T, increases there is no notable variation. But increase in Taylor number
T, increases the critical thermal Rayleigh number Rgc. Therefore the system gets
stabilized. For different T;, the curves do not show major difference.

Figure 8 shows that the vertical anisotropy of the permeability of the porous
medium destabilizes the system. This is because of the decrease in Rgc when e
is increased. As far as the MFD viscosity § is concerned, the increase in § (0.001,
0.003, 0.005, 0.007, 0.009), increases Rgc for a fixed . The same effect is found
when ¢ is increased from 10 to 70. This indicates the stabilizing nature of the system.

Figure 9 shows the variation of Rgc versus § for different values of €. From
Fig. 9, one can find that as the coefficient of magnetic field dependent viscosity is
increased from 0.01 to 0.09, the critical thermal Rayleigh number increases. This
means that the system is stabilized through viscosity variation with respect to mag-
netic field. This leads to the conclusion that the magnetic field dependent viscosity
delays the onset of convection for ferrofluid in a densely distributed porous medium.
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Fig. 8. Critical thermal Rayleigh number Rg¢ versus anisotropic parameter € for various 4,
7 =0.03, S = —0.002, £ = 0.001, Rg = —500 and M3 = 5.
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Fig. 9. Critical thermal Rayleigh number Rgc versus coefficient of MFD viscosity ¢ for
various ¢, Rg = —500, ST = —0.002, k = 0.001, 7 = 0.03 and M3 = 5.
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Fig. 10. Critical thermal Rayleigh number Rg¢ versus permeability of porous medium % for
various ¢, Rg = —500, ST = —0.002, 6 = 0.01, 7 = 0.03 and M3 = 5.
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Figure 10 indicates the variation of critical Rayleigh number Rgc with respect to
the permeability of the porous medium £ for different €. It is clear that the system
destabilizes as the permeability of the porous medium k increases. This is indicated
by a decrease in Rgc 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 figure that the
effect of anisotropic parameter ¢ is to destabilize the system.

Figure 11 represents the variation of Rgc versus Rg for different values of .
When the salinity Rayleigh number Rg increases from -500 to 500, the critical ther-
mal Rayleigh number Rgc decreases. Therefore the system gets a destabilizing be-
haviour. It is observed from figure that anisotropic parameter ¢ is found to destabilize
the system.

Figure 12 indicates the variation of the critical Rayleigh number R g with respect
to the Soret parameter St for various €. It is found that the increase in Soret effect
stabilizes the system, thereby delaying the onset of convection. The figure exhibits a
stabilizing trend. This is due to the fact that the modulation of the salinity gradient
by temperature gradient promotes stabilization. Positive values of St stabilize the
system more. The destabilizing trend of ¢ is seen from figure, as would mean adding
salt from top.
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Fig. 11. Critical thermal Rayleigh number Rgc versus salinity Rayleigh number R, for
various ¢, 6 = 0.01, S = —0.002, £k = 0.001, 7 = 0.03 and M3 = 5.
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Fig. 12. Critical thermal Rayleigh number Rgc versus Soret parameter St for various &,
6 =0.01, Rg = —500, k = 0.001, 7 = 0.03 and M3 = 5.
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Fig. 13. Critical thermal Rayleigh number Rgc versus ratio of the mass transport to heat
transport 7 for various €, 6 = 0.01, Rg = —500, k = 0.001, ST = —0.002, and M3 = 5.



R. Sekar, D. Murugan 317

24

22 1

20

RSC

18

16

14 T T T T T T T T T

Fig. 14. Critical thermal Rayleigh number Rgc versus magnetization M3 for various e,
0 =0.01, Rg = —500, k = 0.001, S = —0.002, and 7 = 0.03.

It is very clear from Fig. 12 that the system gets destabilizing effect with respect
to Soret coefficient St for different anisotropy parameter €. Thus, the system is
dominated by Soret coefficient.

Figure 13 shows the variation of critical Rayleigh number Rgc versus the mass
transport to heat transport 7for different €. It is seen from the figure that the system
destabilizes as the mass transport to heat transport 7 increases. This is shown by a
fall in Rgc values. It is observed from the figure that the anisotropic parameter ¢ is
found to destabilize the system.

Figure 14 gives the variation of the critical Rayleigh number Rgc versus the non-
buoyancy magnetization parameter M3 for different anisotropic parameter €. The fig-
ure indicates destabilizing trend of anisotropic parameter €. Magnetization releases
extra energy which adds up to thermal energy to promote convection.

Figure 15 shows the plot of critical thermal Rayleigh number Rgc versus Tay-
lor number 7, for various values of anisotropic ratio €. As Taylor number 7} in-
creases, the critical thermal Rayleigh number Rgc is almost constant. But increase
in anisotropic ratio ¢ increases the critical thermal Rayleigh number Rgc. Therefore
anisotropy leads to stability of the system.
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Fig. 15. Critical thermal Rayleigh number Rgc versus Taylor number T, for various
anisotropic parameter ¢, § = 0.01, Rg = —500, k£ = 0.001, ST = —0.002, and 7 = 0.03.

8 CONCLUSIONS

The linear stability of Soret-driven thermohaline convection in ferromagnetic fluid
layer heated from below and salted from above rotating a densely packed anisotropic
porous medium subject to a transverse uniform magnetic field has been considered
with magnetic field dependent (MFD) viscosity using Darcy model. In this analysis,
we have investigated the effect of various parameters like permeability of the porous
medium, anisotropic parameter, MFD viscosity parameter, non — buoyancy magne-
tization, Prandtl number, thermal Rayleigh number and salinity Rayleigh number on
the onset of convection. The thermal critical magnetic Rayleigh numbers for the onset
of instability are also determined numerically for sufficient large values of buoyancy
magnetization parameter /{1 and results are depicted graphically. Also the principle
of exchange of instability is applied to find out the mode of attaining instability. In
order to investigate our results, we must review the results and physical explanations.
It is well known that in case of Newtonian fluid the rotation introduces vorticity into
the fluid. Then, the fluid moves in the horizontal planes with higher velocities. On
account of this motion, the velocity of the fluid perpendicular to the planes reduces,
and hence delays the onset of convection. When the fluid layer is assumed to be
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flowing through an isotropic and homogeneous porous medium, free from rotation
or small rate of rotation, then the permeability of porous medium has a destabiliz-
ing effect. As permeability of porous medium increases, the void space increases
and as a result of this, the flow quantities perpendicular to the planes will clearly
be increased. Thus, increasing Darcy’s number leads to decrease in critical thermal
Rayleigh number. In case of high rotation, the motion of the fluid prevails essentially
in the horizontal planes. This motion is increased as permeability of porous medium
increases. Thus the component of the velocity perpendicular to the horizontal planes
reduces, leading to delay in the onset of convection. Hence permeability of porous
medium has a stabilizing effect in the case of high rotation.

In this investigation, it is clear that the system gets destabilized with respect to

(1) variation in magnetization parameter M.

(2) variation in salinity Rayleigh number ;.

(3) variation in an anisotropic parameter €.

(4) variation in the ratio of the mass transport to heat transport 7.

For the case of stationary convection, the porosity and anisotropy effects have
destabilizing behaviour in the absence of MFD viscosity and rotation. The destabi-
lizing behaviour of medium permeability is virtually unaffected by magnetization pa-
rameter. The presence of MFD viscosity and rotation have stabilizing behaviour.From
the above investigation, one can conclude that the variable viscosity and rotation tend
to stabilize the system, when compared with the constant viscosity of the system.
The increase in magnetization tends to destabilize the system. The MFD viscosity,
rotation and anisotropicity have a profound influence on the onset of convection in a
porous medium.

APPENDIX A

When of Eq. (5) is used in Eq. (1) and resulting equation is linearized with B;
(t =1, 2,3) given by Egs. (13) and (14), we obtain the following components:

(A.1) Po% = —% + po(Mo + Ho)aaz{ + 2pov2 — %U,

(A2) pooe = —gz oMy + Hy) 2 pu - By,

(A.3) ﬂo%: = —gi + p1o(Mo + Ho)a;ié — poH3 K By + MolKj/BtT/(l — S1)
+ poH3 K fBs + pogaT' — Molfl_iftg + Mofiﬂ;sl_
— W(l — ST) — pogasS’ — Z—;w — %6MO(M0 + Hp)w.
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Differentiating Eqs. (A.1) — (A.3) with respect to x, y and z, respectively, and
adding, the following equation is obtained upon using Eq. (2):

0 8H’ BH
(Ad) V?p = po(Mo + Ho) 75— (V - H') + po K28, =5~ 2
o K2 By oT" K KzfBs oT’ Mngﬁs a8’
— = U TrAPs el
+ 1+x(1 ST)@Z 1+ x ( ST)@Z 1+x 0z
_ uoKKgﬂtaiS/ n 8T’ _ 85/ <8w)
v P i R A
p1 (Ow [ ow
— P22 — Elsug (Mo + Ho)— + 2p09
kg(@Z) k25uo( 0+ 0)824' poS2

where H' has the components (Hj, H}, H}).
From Eq. (5), H' = V¢ where ¢ is a scalar potential. Elimination of p from Eq.
(A.1) = (A.3) and using Eq. (A.4), we get

0 0
o (Vw) = 10K2Bs 5-(Vig) — noK By (Vio)

,LLOK Bt 2t 2t oK Ko Bs 2t
1—-Sr)ViT + VT — ——==(1—-857)ViT
1+X( T)Vi pog Vi T+ x ( T)Vi

NOKQQBS V%S/ . oK Koy
14+ x 14 x

0
(A.5) poo;

_l’_

+ V2S' — pogasVis'
9

0w 75— 1 2
o ( ) —Viw — ~=dpo(Mo + Ho)Viw — 2P0982 ,

822 kz k‘z

2 2 2
where V3 = 88 5 + 8(9 and V2 = V37 + 882

APPENDIX B

Using Eq. (20) in Eq. (A.5S), one gets the vertical component of the momentum
equation, which can be written as

(B.1) ,008(82 %) 7@[(1+ 02 _

at\az2 ")V T Ty 2

KO(1 — Sr)| k% — pogaik3o

po KB 0¢ ,UOKK2
1

+pogaskS + B2 (16075

[B5(1=57)0 — B:S]k3

w1 0%w W1 o p1 o o€
N A P Y At + Ho)w — 200028
T (822 )w T kiw o k§omo (Mo + Ho)w — 2pp 5
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o p\, ow
(B.2) (poa + E)f 20005

The modified Fourier heat conduction equation is

82
K <a2 k:0>9

Lo K2TE B, MOKKQTO/Bs}w
1+x 1+x ’

a¢)

00
(B.3) ,OOCVHa MOKToat (8

+ [POCV,Hﬂt -

where poC' = poClv, i + oK Ho.
The salinity equation is

oS 0?
(B.4) S+ Bew = K5

The magnetic potential equation is

k0>S+ST(§; K)o,

0?¢ 00 oS 00
B.S 1 (1 —)k KE 4+ 1,22 1 ik =0,
(B.5) ( +X)8z2 + o 09— 5, T K2y, TSTK o
where the non-dimensional parameters used are
My = 10K By ,— po KT L= 14+ Mo/ Ho
(1+x)pogae ’ (1+x)poCom (I+x)
10K Bs K5 fs Kg Kg
B.6) My = M0 Ps  ap C Mg==2_ 1=p0C (7>7
T (T )pogas ° T KB, STk T TP,
P - NCU,H Re — pOCv,H/Bsasgd4 R— POCU,HﬁtOéth#
r Kl ) S I/KS ) VK1 )

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

APPENDIX C

U = (7 + a*)(n® + a®>M3) P?
V = (7% + a®Ms) [(79 +a?)2(1+7)
em? + a? 1
P, ———— + —a’M30 ) | P,
* </€1(7T ta )+ E]Cl +Ek’1a 3 >} ’
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APPENDIX D
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