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Abstract: The thermosolutal instability of a couple-stress fluid in porous
medium is studied in the presence of uniform horizontal magnetic field to
include Hall currents and suspended particles. The stable solute gradient,
suspended particles, Hall currents, Couple-stress and magnetic field
introduce oscillatory modes in the system, which were non-existent in
their absence. For stationary convection, the stable solute gradient,
magnetic field, couple-stress have stabilizing effects whereas suspended
particles and Hall currents have a destabilizing effects on thermosolutal
instability of couple-stress fluid. The effects of stable solute gradient,
suspended particles, Hall currents, couple-stress and magnetic field have
also been shown graphically.
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1. Introduction

A detailed knowledge of thermal instability of fluid layer with adverse
temperature gradient by heating the underside plays a significant role in
geophysics, interior of the Earth, oceanography and atmospheric physics.
Chandrasekhar' has put forward a detailed account of the theoretical and
experimental study of the onset of Benard convection in Newtonian fluid
under varying assumption of hydrodynamics. The investigations on such
fluids are gaining importance with growing desirability of Non-Newtonian
fluids in modern technology and industries.

Stokes® proposed and postulated the theory of couple-stress fluid.
Synovial joints have become the object of scientific research which involves
the application of couple-stress fluid. According to the theory of Stokes?,
couple-stresses are found to appear in noticeable magnitude in fluids with
very large molecules. The Hall effect is possibly important in the flows of
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laboratory plasma, geophysical and astrophysical situations. Sherman and
Sutton® have put forward the theory of effect of Hall currents on the
efficiency of a magneto-fluid-dynamic generator. Gupta® studied the thermal
instability of fluid in the presence of Hall currents. The unsteady flow of a
dusty elastico-viscous Rivlin-Ericksen fluid through channel of different
cross-sections in the presence of time dependent pressure gradient was
studied by Srivastava and Singh’. The thermal instability of the fluid layer
under varying gravitational field have been studied by Pradhan, Samal and
Tripathy®. Sharma and Thakur’ have studied the thermal convection in
couple-stress fluid in porous medium in hydromagnetics. Sharma and
Sharma have studied the effect of suspended particles on couple-stress fluid
heated from below in the presence of rotation and magnetic field. The
thermosolutal instability of Walters (Model B') visco-elastic rotating fluid
permeated with suspended particles and variable gravity field in porous
medium has been studied by Sharma and Rana.

In this paper we have considered the Hall effect on thermosolutal
instability of couple-stress fluid with suspended particles in porous medium
following Sharma and Sharma® and Sharma and Rana’.

2. Formulation of the Problem and Perturbation Equations

Consider an infinite, horizontal, incompressible couple-stress fluid layer
of thickness d, heated and soluted from below so that, the temperatures,
densities and solute concentrations at the bottom surface z = 0 are Ty, po and
Co and at the upper surface z = d are Ty, pq and Cq respectively, and that a
uniform temperature gradient B (= |dT/dz|) and a uniform solute gradient [3'
(= |dC/dz|) are maintained. The gravity field g(0,0,—g) and a uniform

horizontal magnetic field (0,0, H) pervade the system.

Letp,p, T, C, o, &', v, W', g, M, Ue and g (u,v,w) denote, respectively,
pressure, density, temperature, solute concentration, thermal coefficient of
expansion, an analogous solvent coefficient of expansion, kinematic
viscosity, couple-stress viscosity, gravitational acceleration, resistivity,
magnetic permeability and velocity of the fluid. K' = 6mpvn', n' being
particle radius, is the stokes’ drag coefficient, x = (x, y, 2),

E :8+(1—8)(£3‘—2) is constant and E' is a constant analogous to E but
corresponding to solute rather than heat; k, k' are the thermal diffusivity and
solute diffusivity respectively; ps, Cs, po, Cr denote the density and heat

capacity of solid (porous) matrix and fluid, respectively; ¢, (X,¢)and
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N(x,t) denote filter velocity and number density of the suspended particles,
respectively, the suffix zero refers to the values at reference level z=0.
The equations expressing the conservation of momentum,

temperature mass balance equations of the couple-stress fluid (Stokes® and
Chandrasekhar') are

oG 1 | | KN
—+(GV)g |=—| — |Vp+g| 1+— +—(qd -q)
ot Py Py ) Py
2.1)
+| v—-V V2c?+ He (Vxﬁ)xl—?
Py 47p,)
(2.2) VgG=0,
mN
(2.3) EiT-i-(Ej.V)T—i- Cpt {giJr(jd.V}T:szT,
ot pocf ot
, 0 _ mNe [ & . )
(2.4) E'—C+(GV)C+ e—+q,V|C=kVC,
ot PoC ot
(2.5) p=po [l —a (T -Tp) + o' (C—-Cy)].

Assuming uniform particles size, spherical shape and small relative
velocities between the fluid and particles, the presence of particles adds an
extra force term, in the equation of motion (2.1), proportional to the velocity
difference between particles and fluid.

The force exerted by the fluid on the particles is equal and opposite to
that exerted by the particles on the fluid. Interparticle reactions are ignored
for we assume that the distances between the particles are large compared
with their diameters. If mN is the mass of the particles per unit volume, then
the equations of motion and continuity for the particles are

6 mN{%%.V)@d}_m(m),
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ON .

(2.7) —+ V.(qu ) =0
ot

The Maxwell’s equations yield

dH L 2 - c - -
(2.8) S (AN)G+nV H - Vx[(Vx Hyx 7]
dt 47Ne
and
(2.9) V.H=0,

d 0 . ..
where — = — + 4.V stands for the convective derivative.
dt ot

The initial state of the system is taken to be a quiescent layer (no
settling) with a uniform particle distribution Ny. The initial state is

(210) q = (0,0,0), éd = (0,0,0)’ T= _BZ + TO, — _B'Z + CO
p = po (1+aPz — a'B'z), Ny = constant

is an exact solution to the governing equations.
Let 0p,op,0,7,q(u,v,w) and q ;(l,r,s) denote, respectively, the

perturbations in density p, pressure p, temperature 7, solute concentration C,
fluid velocity (0,0,0) and particle velocity (0,0,0). The change in density dp
caused by perturbation 0 and y in temperature and solute concentration is
given by

(2.11) Op = - po(aB - a'y).
Then the linearized perturbation equations become

oG 1 B , KNy .
_:__V5p—g(a9—ay)+—0(qd -4)
a  py o

2.12) ,
+ v—ivz V2(§+&(Vxﬁ)xﬁ,
Po 7P
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(2.13) V.g=0,
2.14 (ﬂﬁﬂj” =g
( . ) K ot qd =9q °
2.15) (E+bg)?:ﬂ(w+bs)+kV20,
t
(2.16) (E’+b’g)% = p(w+b's)+ kv2y
t

2.17) V=0
and

dn . 2 - c ..
(2.18) S V)G v H -——Vx|[(vxh)x ]

dt 47Ne

3. The Dispersion Relation

Analyzing the disturbances into normal modes, we assume that the
perturbation quantities are of the form

G /w0 ph, ¢ o] =W, OF), 1), K@), 2(z), X(2)]

xexp[ik," + iky + nt],

where k. and k, are the wave numbers along the x- and y- directions,
1/2
respectively. k= (kx2 +ky2) is the resultant wave number and n is the

growth rate, which is, in general, a complex constant £ = (0v/0x - du/dy) and
¢ = (0hy/Ox - Oh,/0y) are the z-components of the vorticity and current
density respectively.

Equations (2.11)—(2.16) with the help of eq. (2.11) and eq. (3.1) in non-
dimensional form become
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{a(u M ]+F(D2 —a®)? —(D? az)}(p2 —dAw
rlo+1

22 2
d Hd

£ 8T gy et 2 2
v 47[va

) 2
M ki, Hd
(33)  |of1+ L F(D% —a?)? — (D% — 4%y |z = T3t
Tj0+1 47zp0v

(3.2)

2
d< | B+7,0
3.4) (Dz—az—Elplo')@:—'B— 1 W,
k 1+z’10'
w2\ B +t,0
(3.5) (02—~ Elgio = | 24 1% by
k' l+70
5 3 ik Hd* ik ccHd*
(3.6) D™ —a” —p,o K=~ W+ X
n 47Nen
and
. 2 .
k. Hd kcH
3.7) (Dz_az_pza))(:{z X ]Z—(Z € j(Dz_az)K’
n 47Nen
where we have put a = kd, o= ndz/v, F=V'/d2, x/d=x*, y/d=y*, z/d=z*, =%
rlzd—ﬂ; ,M:mzvo B = btl, B=1b" +1, E; = E+ bg, E/' = E' + bls,

!

F="" —, D*=d 4 =dD and p; = v/k is the thermal prandtl number
Pod v dz

p2 = v/n is the magnetic prandtl number, ¢, = v/k' is the Schmidt number

and the superscript * is suppressed.
Eliminating ©, I', Z, X and K between eqgs. (3.2) — (3.7), we have

(3.8) {/c d20(D* —a® - pyo) +ky 2a2m(D? — 4%
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M
ol 1+ +F(D2—a2)2—(D2—a2) -
rlo'+l
(D% — 42 —pzo—)zlo[u M ]+F(D2 _a®)? —(D? —az):l}
110'-4—1
+B
Ra2 nore (D2—a2—p20')
1+rla

(D2 —a2 —E'lq'la)— (D2 —az)(D2 —a2 —pza)(D2 —a2 - E|pjo)

l:o-[l+ M ]+F(D2 —az)2 —(D2 —a2):|
1+110'

B' +1,0

(Dz—az—E'q’O')—Sa2 — (Dz—az—p G}Dz—az—Ep o)r—

171 1 2 141
+7,0

{/fxzszW(Dz ~a*)D? —a? —Eypyo)D* - a? —pza)(DZ —a? —Eiqio)}

(D% — 42 —pza)[0[1+ J+F(D2 —a®? —(p? —az)} _ok ),

110+1

H*d?
where, QO = ZQ—J is the Chandrasekhar number,
PV
4
R=|% ai d J is the thermal Rayleigh number,
V.
K
S = %J is the analogous solute Rayleigh number,
V.
2
and, M = (4 v j is the non-dimensional number accounting for Hall
nNen
currents.

Consider the case in which both the boundaries are free as well as
maintained at constant temperatures while the adjoining medium is perfectly
conducting. The case of two free boundaries is a little artificial but it enables
us to find analytical solution and to make some qualitative conclusions. The
appropriate boundary conditions, with respect to which the egs. (3.2) — (3.7)
must be solved are (Chandrasekhar")
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(3.9) W=D’W=0=T" =DZ=0, at z=0 and [ and h,, h,, h. are continuous.

On the perfectly conducting boundaries DX=0 and K=0.The case of two
free boundaries though little artificial, is the most appropriate case for stellar
atmospheres (Spiegel'”). Using the above boundary conditions, it can be
shown that all the even order derivatives of W must vanish for z =0 and z
=1 and hence proper solution of equation (26) characterizing the lowest
mode is

(3.10) W =W,sinnz,

where W) is constant. Substituting the proper solution W = W) sinnz in eq.
(3.8) and letting x = a%/n%, R, = R/n, S| = S/n*, Q; = Q/n%, io=0/n%,
F=F1/n2, and k,=kcos0, we obtain the dispersion relation

3.11)

5 (1+x)(1+x—E} pjioy)| io] 1+L2 +F (14x) 2 +(14x)
R rjioyr” +1 Tlio T+l

I rlialzrz +B X

' .2 :
. SI(B +1)ioy7 )(1+x+E1p110'1)

(rlialﬂz + B) (I+x+ El’q'ial)
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{Q1 cos” O(1+ x)(1+ x + E; pic, )}

M
(l+x+p2i0'1) io] 1+72 +F1(l+x)2+(l+x)
Tyioyw +1

{ rliclﬂz +1 +Q1xcos2 9]
+

rlialﬂz +B

0pxcos” O(1+x + p,icy)+ Mrcos® O(1 +x)

. M 2
io) 1+—2 +F1(1+x) +(1+x) [+
Tlidlil' +1

. 2| M 2
(1+x+p2101) io] 1+72 +F1(l+x) +(1+x)
l+i0'12'17r

Equation (3.11) is the required dispersion relation studying the effects of
suspended particles, couple-stress fluid, magnetic field, stable solute
gradient and Hall current of the system.

4. Stability of the System and Oscillatory Modes

In this section, we consider the possibility of oscillatory modes, if any,
on the Couple-Stress fluid due to the presence of suspended particles,
magnetic field, stable solute gradient and Hall current.

Multiplying eq. (3.2) by W*, the complex conjugate of W, and using
equations (3.3)-(3.7) together with the boundary conditions (3.9), we obtain

gazak( 1+ Tlo'

M
4.1 1 1 F[I 1,]- I, +E *
( )|:O{ +1+110'J:|[1]+ [2]+[3] vpB B+‘L’10'j[4Jr 1219 5]+
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ga'k'a2 l+7,0

M
[] +Eiqi0*]7]+d2 o*l 1+ — [18]+d2F[I9]
vp' B+T1 l+7,0*
2 HeTl Hell
Vv 47rp0v
where,
|
42) I, = j(|DW|2 a2 w? )dz,
0
|
J(|D3W| 3a? | D2w )2 3a® 1 pw )P b (W |2)dz,
0
1
- f(|D2W 2 247 | pw > +a* W |2)dz,
0
1 2 2. 2 YIRS
4= 1pe? +a? 10 ), I5=((of ).
0 0
1 I 1
1o=(or a0 Pl 1= i(r 2k = i(2P )
0 0 0
1
_ IQD22|2 4% |7 | +a* |Z|2)dz,
0
| | 5
:jQDZ| ta |Z|)d I, = jQDX| 2 x| )dz,
0 0

=P

1
fUDzK’ +24° | DK | +a |K|j
0

Il
O

Iy = QDK| +a |K|)d

O'—.»—

which are all positive definite.
Substituting o = i6y where oy is real in equation (4.1), and equating the
imaginary parts, we obtain

2
M+1+(TIO'0) 2 gakaz
1+ (r10() vf

o
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7 (B-1) B+(1'1C70)2 ke
(5-5) 2 714~ 5P pREE R
, ) 2 2
(B =1) ., B'+(r10¢) u,nd
2 7l —E191—5 S RA 4e Pyl
B +(rlc70) B +(rlo'O) PV
—4”677 P2114:|:0.
oy

Equation (4.3) yields 6y = 0 or oy # 0, which means that modes may be
non-oscillatory or oscillatory. In the absence of suspended particles, stable
solute gradient, magnetic field, Hall currents and couple-stress, eqn.(4.3)
reduces to

and terms in bracket are positive definite. Thus oy = 0, which means the
modes are non-oscillatory and the principle of exchange of stabilities is
satisfied for a porous medium in the absence of suspended particles,
magnetic field, stable solute gradient, couple-stress and Hall currents. The
oscillatory modes are introduced due to the presence of suspended particles,
magnetic field, stable solute gradient, couple-stress and Hall currents, which
were non-existent in their absence.

5. The Stationary Convection

For stationary convection, the marginal state will be characterized by
o = 0; substituting c = 0, the dispersion relation (3.11) reduced to

1 F1(1+x)4+(1+x)3 ’
(5.1) R, :E +8,B
X

2
O1F 1+ x)5 cos2 0+ (+ x)4Q1 cos2 0+ x(1+ x)le cos4 0
+

x(1+x)0; 0052 0+ x(1+ x)3MF1 cos2 0+ x(1+ x)ZMcos2 o+ (1+ x)4F1 +(1+ x)3
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To investigate the effects of suspended particles, stable solute gradient,
Hall currents, magnetic field and couple-stress, we examine the behaviour

R, dR 'R 'R dR
aR, , —, aR, , R nd R analytically. Eq. 5.1 yields
dB’ dS,’ dM’ do  dF,
R, 1| 0+0) F 4] S
52 — = +8;B'+
(5-2) dB 32 X 1

2
1+ x)SQlFl cos2 0+ (1+ x)4Q1 cos2 0+ x(1+ x)ZQl cos4 0

x(1+x)0; cos2 0+ x(1+ x)3F1M cos2 0+ x(1+ x)chos2 0+ (1+ x)4F1 +(1+ x)3

dR, |:B’:|
(53) L=
dSl B
x(1+ x)gFlel cos4 0+ 2x(1+ x)7 FIQI cos4 0+ x2(1 + x)5 F1Q12 cos6 [
(54) ﬁ7 1 +x(l+x)6Q1 cos40+x2(l+x)4Q12 c0560
am B ¥(1+ )0 cos > 0 + x(1+ x)° FM cos > 0 + x(1+ x)> M cos > 0 + ?
(1+x)4F1+(1+x)3 ]
(5.5)
i x2 1+ x)3Q12 cos6 0+ x(1+ x)gFle cos4 0+ 2x(1+ x)7F1M cos4 0+
262 (14 1) oM cos® 0+ x(1+ 0% Mcos? 0+ 2621+ ) 0 M cos® 0 +
1+ x)9F12 0052 9+ 2(1+ x)SFl 0052 0+ 2x(1+ x)6Q1F1 cos4 g+ (1+ x)7 0052 0+
dR; 1 2x(1+x)5Q1 cos4 0
dg; B {x(l + 00 cos” 0 + x(1 + x)3F1M cos” 0+ x(1+x)> Mcos> 0+ (1 +x)4F1 4+ }2
and

(5.6)




Hall Effect on Thermosolutal Instability of Couple-Stress 55

2 2
x3(1 +x)6Q1 c0s4 0+ 2x3(1 + x)ngFlM cos4 0 +x3(1 + x)lOFl M2 cos4 0+
Zx3 1+ x)7Q1M cos4 0+ 2x3(1 + x)9F1M2 cos4 0+ x3 1+ x)gM2 cos4 0+
2
2x2(1 + x)()FlQl 0052 0+ 2x2(1 + x)HFl M0052 0+ 4x2(1 + x)lOFlM 0052 0+

2
x(1+ x)12F1 + 2x2(1 + x)8Q1 cos2 0 +2x2(1 + x)9Mcos2 6+ 2x(1 +x)11F1 +

10 4 5.2 6
dR; 1 x(I+x) " —x (1+x)" Q) Mcos 0

2
1B {x2(1+x)Q1 cosz0+x2(1+x)3F1Mcosz0+x2(1+x)2MC0520+}

x(1+ x)4F1 +x(1+ x)3

For stationary convection, magnetic field, stable solute gradient and
couple-stress have a stabilizing effect whereas the Hall current, and
suspended particles have a destabilizing effect on thermosolutal instability
of couple-stress fluid with suspended particles.

The dispersion relation (5.1) is analysed numerically. Graphs have been
plotted by giving some numerical values to the parameters, to depict the
stability characteristics. In Fig. 1, R; is plotted against B for F; = 0.6, B' = 2,
S;=6, Q;=30,0= 450, M =30 for fixed wave numbers x = 0.5 and x = 1.0.
For the wave numbers x = 0.5 and x = 1.0, suspended particles have a
destabilizing effect. In figures 2, R, is plotted against S, for F; = 0.6, B' =2,
Q; =30, 6= 450, M =30 and B =3 for fixed wave numbers x = 0.5 and x
= 1.0. For the wave numbers x = 0.5 and x = 1.0, stable solute gradient has a
stabilizing effect. In figures 3, R; is plotted against M for F; = 0.6, B'=2, S;
=6,Q;=30,0= 450, B = 3 for fixed wave numbers x=0.5 and x = 1.0. This
shows that the Hall current has a destabilizing effect. In figures 4, R; is
plotted against Q; for F; = 0.6, B'=2,S, =6, 0 = 450, M=30, B =3 for fixed
wave numbers x = 0.5 and x = 1.0. For both the wave numbers R; increases
as Q; increases implying the stabilizing effect of magnetic field.
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Fig. 2 The variation of R, with S, for a fixed F,=0.6, B’=2, Q,=30,
6=45°, M=30, B=3 and for a fixed wave number x=0.5 and x=1.0
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9:450, M=30, B=3 and for a fixed wave number x=0.5 and x=1.0
In figures 5, R; is plotted against F, for B'=2, S; = 6, Q; = 30, 0 = 450,
M=30, B = 3 for fixed wave numbers x = 0.5 and x = 1.0. This shows that
couple-stress has a stabilizing effect.

6. Summary

For stationary convection, the magnetic field has a stabilizing effect
whereas the Hall current has a destabilizing effect on the system. The
suspended particles destabilize the layer. The stable solute gradient and
couple-stress are found to have stabilizing effects on the system. In the
presence of magnetic field, stable solute gradient, suspended particles, Hall
currents and Couple-stress oscillatory modes are introduced in the system.
The effect on motion of the particles is shown graphically.
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Abstract: The thermosolutal instability of a couple-stress fluid in porous medium is studied in the presence of uniform horizontal magnetic field to include Hall currents and suspended particles. The stable solute gradient, suspended particles, Hall currents, Couple-stress and magnetic field introduce oscillatory modes in the system, which were non-existent in their absence. For stationary convection, the stable solute gradient, magnetic field, couple-stress have stabilizing effects whereas suspended particles and Hall currents have a destabilizing effects on thermosolutal instability of couple-stress fluid. The effects of stable solute gradient, suspended particles, Hall currents, couple-stress and magnetic field have also been shown graphically.
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1. Introduction


A detailed knowledge of thermal instability of fluid layer with adverse temperature gradient by heating the underside plays a significant role in geophysics, interior of the Earth, oceanography and atmospheric physics. Chandrasekhar1 has put forward a detailed account of the theoretical and experimental study of the onset of Benard convection in Newtonian fluid under varying assumption of hydrodynamics. The investigations on such fluids are gaining importance with growing desirability of Non-Newtonian fluids in modern technology and industries. 



Stokes2 proposed and postulated the theory of couple-stress fluid. Synovial joints have become the object of scientific research which involves the application of couple-stress fluid. According to the theory of Stokes2, couple-stresses are found to appear in noticeable magnitude in fluids with very large molecules. The Hall effect is possibly important in the flows of laboratory plasma, geophysical and astrophysical situations. Sherman and Sutton3 have put forward the theory of effect of Hall currents on the efficiency of a magneto-fluid-dynamic generator. Gupta4 studied the thermal instability of fluid in the presence of Hall currents. The unsteady flow of a dusty elastico-viscous Rivlin-Ericksen fluid through channel of different cross-sections in the presence of time dependent pressure gradient was studied by Srivastava and Singh5. The thermal instability of the fluid layer under varying gravitational field have been studied by Pradhan, Samal and Tripathy6. Sharma and Thakur7 have studied the thermal convection in couple-stress fluid in porous medium in hydromagnetics. Sharma and Sharma have studied the effect of suspended particles on couple-stress fluid heated from below in the presence of rotation and magnetic field. The thermosolutal instability of Walters (Model B') visco-elastic rotating fluid permeated with suspended particles and variable gravity field in porous medium has been studied by Sharma and Rana.



In this paper we have considered the Hall effect on thermosolutal instability of couple-stress fluid with suspended particles in porous medium following Sharma and Sharma8 and Sharma and Rana9.


2. Formulation of the Problem and Perturbation Equations


Consider an infinite, horizontal, incompressible couple-stress fluid layer of thickness d, heated and soluted from below so that, the temperatures, densities and solute concentrations at the bottom surface z = 0 are T0, (0 and C0 and at the upper surface z = d are Td, (d and Cd respectively, and that a uniform temperature gradient ( (= |dT/dz|) and a uniform solute gradient (' (= |dC/dz|) are maintained. The gravity field 
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 and a uniform horizontal magnetic field 
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Let p, (, T, C, (, (', v, (', g, (, (e and 
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 (u,v,w) denote, respectively, pressure, density, temperature, solute concentration, thermal coefficient of expansion, an analogous solvent coefficient of expansion, kinematic viscosity, couple-stress viscosity, gravitational acceleration, resistivity, magnetic permeability and velocity of the fluid. K' = 6((((', (' being particle radius, is the stokes’ drag coefficient, 
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 is constant and E' is a constant analogous to E but corresponding to solute rather than heat; k, k' are the thermal diffusivity and solute diffusivity respectively; (s, cs, (0, cf denote the density and heat capacity of solid (porous) matrix and fluid, respectively; 
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denote filter velocity and number density of the suspended particles, respectively, the suffix zero refers to the values at reference level z=0. 


The equations expressing the conservation of momentum, temperature mass balance equations of the couple-stress fluid (Stokes2 and Chandrasekhar1) are

(2.1)                
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(2.5)                (= (0 [1 ( ( (T (T0) + (' (C (C0)].



Assuming uniform particles size, spherical shape and small relative velocities between the fluid and particles, the presence of particles adds an extra force term, in the equation of motion (2.1), proportional to the velocity difference between particles and fluid.


The force exerted by the fluid on the particles is equal and opposite to that exerted by the particles on the fluid. Interparticle reactions are ignored for we assume that the distances between the particles are large compared with their diameters. If mN is the mass of the particles per unit volume, then the equations of motion and continuity for the particles are

(2.6)               
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(2.7)                      
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The Maxwell’s equations yield


(2.8)                     
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and

(2.9)  
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 stands for the convective derivative. 


The initial state of the system is taken to be a quiescent layer (no settling) with a uniform particle distribution N0. The initial state is


(2.10)     
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 T = ((z + T0, C = (('z + C0

                ( = (0 (1+((z ( ('('z), N0 = constant 

is an exact solution to the governing equations.


Let 
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denote, respectively, the perturbations in density (, pressure p, temperature T, solute concentration C, fluid velocity (0,0,0) and particle velocity (0,0,0). The change in density (( caused by perturbation ( and ( in temperature and solute concentration is given by


(2.11)                (( = - (0((( - ('().








Then the linearized perturbation equations become


(2.12)             
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3. The Dispersion Relation

Analyzing the disturbances into normal modes, we assume that the perturbation quantities are of the form

(3.1)       [w, (, (, hz, (, (] = [W(z), ((z), ((z), K(z), Z(z), X(z)]

                                              ×exp[ikxx + ikyy + nt],


where kx​ and ky are the wave numbers along the x- and y- directions, respectively.  
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 is the resultant wave number and n is the growth rate, which is, in general, a complex constant ( = ((v/(x - (u/(y) and ( = ((hy/(x - (hx/(y) are the  z-components of the vorticity and current density respectively.


Equations (2.11)–(2.16) with the help of eq. (2.11) and eq. (3.1) in non-dimensional form become

(3.2)           
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 (3.3)      
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and

 (3.7)          
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where we have put a = kd, (= nd2/v, F=v'/d2, x/d=x*, y/d=y*, z/d=z*, (=
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 and p1 = v/k is the thermal prandtl number


p2 = v/( is the magnetic prandtl number, 
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 = v/k' is the Schmidt number and the superscript * is suppressed.


Eliminating (, (, Z, X and K between eqs. (3.2) – (3.7), we have


(3.8)            
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where, 
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 is the Chandrasekhar number,
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 is the thermal Rayleigh number,
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and,  
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 is the non-dimensional number accounting for Hall currents.

Consider the case in which both the boundaries are free as well as maintained at constant temperatures while the adjoining medium is perfectly conducting. The case of two free boundaries is a little artificial but it enables us to find analytical solution and to make some qualitative conclusions. The appropriate boundary conditions, with respect to which the eqs. (3.2) – (3.7) must be solved are (Chandrasekhar1)


(3.9)      W=D2W=(=(=DZ=0, at z=0 and 1 and hx, hy, hz are continuous.




On the perfectly conducting boundaries DX=0 and K=0.The case of two free boundaries though little artificial, is the most appropriate case for stellar atmospheres (Spiegel10). Using the above boundary conditions, it can be shown that all the even order derivatives of W must vanish for z = 0 and z =1 and hence proper solution of equation (26) characterizing the lowest mode is


(3.10)        W = W0 sin(z,


where W0 is constant. Substituting the proper solution W = W0 sin(z in eq. (3.8) and letting x = a2/(2, R1 = R/(4, S1 = S/(4, Q1 = Q/(2, i(1=(/(2, F=F1/(2, and kx=kcos(, we obtain the dispersion relation 


(3.11)          
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Equation (3.11) is the required dispersion relation studying the effects of suspended particles, couple-stress fluid, magnetic field, stable solute gradient and Hall current of the system.

4. Stability of the System and Oscillatory Modes

In this section, we consider the possibility of oscillatory modes, if any, on the Couple-Stress fluid due to the presence of suspended particles, magnetic field, stable solute gradient and Hall current. 


Multiplying eq. (3.2) by W*, the complex conjugate of W, and using equations (3.3)-(3.7) together with the boundary conditions (3.9), we obtain


(4.1) 
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where, 
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which are all positive definite.


Substituting ( = i(0 where (0 is real in equation (4.1), and equating the imaginary parts, we obtain
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Equation (4.3) yields (0 = 0 or (0 ( 0, which means that modes may be non-oscillatory or oscillatory. In the absence of suspended particles, stable solute gradient, magnetic field, Hall currents and couple-stress, eqn.(4.3) reduces to
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and terms in bracket are positive definite. Thus (0 = 0, which means the modes are non-oscillatory and the principle of exchange of stabilities is satisfied for a porous medium in the absence of suspended particles, magnetic field, stable solute gradient, couple-stress and Hall currents. The oscillatory modes are introduced due to the presence of suspended particles, magnetic field, stable solute gradient, couple-stress and Hall currents, which were non-existent in their absence.

5. The Stationary Convection

For stationary convection, the marginal state will be characterized by 

( = 0; substituting ( = 0, the dispersion relation (3.11) reduced to


(5.1)          
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To investigate the effects of suspended particles, stable solute gradient, Hall currents, magnetic field  and couple-stress,  we examine the behaviour of 
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 analytically. Eq. 5.1 yields
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(5.3)                    
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(5.5)
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For stationary convection, magnetic field, stable solute gradient and couple-stress have a stabilizing effect whereas the Hall current, and suspended particles have a destabilizing effect on thermosolutal instability of couple-stress fluid with suspended particles.


The dispersion relation (5.1) is analysed numerically. Graphs have been plotted by giving some numerical values to the parameters, to depict the stability characteristics. In Fig. 1, R1 is plotted against B for F1 = 0.6, B' = 2, S1 = 6,  Q1 = 30, ( = 450, M =30 for fixed wave numbers x = 0.5 and x = 1.0. For the wave numbers x = 0.5 and x = 1.0, suspended particles have a destabilizing effect. In figures 2, R1 is plotted against S1 for F1 = 0.6, B' = 2, Q1 = 30,  ( = 450,  M =30 and    B = 3 for fixed wave numbers x = 0.5 and x = 1.0. For the wave numbers x = 0.5 and x = 1.0, stable solute gradient has a stabilizing effect. In figures 3, R1 is plotted against M for F1 = 0.6, B'=2, S1 = 6, Q1 =30, ( = 450, B = 3 for fixed wave numbers x=0.5 and x = 1.0.  This shows that the Hall current has a destabilizing effect. In figures 4, R1 is plotted against Q1 for F1 = 0.6, B'=2, S1 = 6, ( = 450,  M=30, B = 3 for fixed wave numbers x = 0.5 and x = 1.0.  For both the wave numbers R1 increases as Q1 increases implying the stabilizing effect of magnetic field. 
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Fig. 1 The variation of R1 with B for a fixed F1=0.6, B’=2, S1=6, Q1=30, 


θ=450, M=30 and for a fixed wave number x=0.5 and x=1.0
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Fig. 2 The variation of R1 with S1 for a fixed F1=0.6, B’=2, Q1=30, 


θ=450, M=30, B=3 and for a fixed wave number x=0.5 and x=1.0
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Fig. 3 The variation of R1 with M for a fixed F1=0.6, B’=2, S1=6, Q1=30, 


θ=450, B=3 and for a fixed wave number x=0.5 and x=1.0
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Fig. 4 The variation of R1 with Q1 for a fixed F1=0.6, B’=2, S1=6, 


θ=450, M=30, B=3 and for a fixed wave number x=0.5 and x=1.0
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Fig. 5 The variation of R1 with F1 for a fixed B’=2, S1=6, Q1=30, 


θ=450, M=30, B=3 and for a fixed wave number x=0.5 and x=1.0

In figures 5, R1 is plotted against F1 for B'=2, S1 = 6, Q1 = 30, ( = 450, M=30, B = 3 for fixed wave numbers x = 0.5 and x = 1.0. This shows that couple-stress has a stabilizing effect.

6. Summary

For stationary convection, the magnetic field has a stabilizing effect whereas the Hall current has a destabilizing effect on the system. The suspended particles destabilize the layer. The stable solute gradient and couple-stress are found to have stabilizing effects on the system. In the presence of magnetic field, stable solute gradient, suspended particles, Hall currents and Couple-stress oscillatory modes are introduced in the system. The effect on motion of the particles is shown graphically. 
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