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Abstract

This paper deals with the theoretical investigation of the heat
and mass transfer effects on the marginal stability of a rotating ferrofluid
heated below saturating a porous medium. For a flat fluid layer con-
tained between two free boundaries, an exact solution is obtained using
a linear stability analysis theory normal mode analysis method. For the
case of stationary convection, the effect of various parameters like medium
permeability, dust particle coupling parameter and conduction parameter
has been analyzed. The critical thermal Raleigh number for the onset of
instability is also determined numerically. Results are depicted graphi-
cally. It is observed that the critical thermal Rayleigh number is reduced
because the heat capacity of clean fluid is supplemented by that of the
dust particles. The principle of exchange of stabilities is found to hold
true for the ferrofluid with internal angular momentum saturating porous
medium in the absence of dust particles, coupling parameter and micro
inertia. The oscillating modes are introduced due to the presence of
dust particles, coupling parameter and micro inertia, which were nonexistent
in their absence. The sufficient conditions for the non existence of sta-
bility are also obtained.

Key words: Ferro fluid/Internal angular momentum/Porous
medium/Heat and mass transfer.

Nomenclature d: thickness of the ferrofluid layer(m)
Latin Symbols:

D
——: The substantial derivative(s™)
b:  Subscripts; basic state Dt

C.: Specific heat at constant volume (KJ/m®K) g : acceleration due to gravity(m/s?)
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k - Unit vector in the Z-direction

k :the resultant wave number, k =4/k; +k;

k,: The wave number along x-direction (m™)

k, :The wave number along y-direction (m?)

ki: medium permeability (m?)

K1: thermal conductivity (W m™K™)

p : Fluid pressure (Pa)

p’ : Perturbation in pressure (Pa)

g : Darcian (filter) velocity of the Ferro fluid
(mf/s)

q": (u,v,w); the perturbation in fluid velocity
(0,0,0) (m/s)

0, : Velocity in dust particles

Qi : The perturbation in dust velocity

t :time(s) T : Temperature (K)

T, :Constant average temperature at the

d
bottom surface=— > (K)

T, : Constant average temperature at the
d
upper surface=+5 (K)

_ (TL +TU) .
A=, ¢ Average temperature (K)
Greek letters:

a : Coefficient of thermal expansion (K™)
B: a uniform temperature gradient
dc &
dz

[* a uniform concentration gradient F
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. Microrotation (1/S)
: The perturbation in micro inertia (1/s)

Shear kinematic viscosity co-efficient (m?/s)

Coupling viscosity coefficient vortex viscosity

(m?/s)

A Bulk spin viscosity coefficient (m?/s)

. Shear spin viscosity co-efficient (m?/s)

. heat conduction co-efficient (Wsm1K1)

: Moment of inertia (micro inertia constant)
(kg/m?)

p : Fluid density

p,: density at the ambient temperature (kg/m®)

ps: density of solid (Porous matrix) material

(kg/md)
0: the perturbation in temperature T(K)
p” the perturbation in density p (kg/m?)

V : Gradient operator (m™)
€
()

T3 e g

- o 3

: medium porosity (m%/ m)
. the growth rate(s™)

Non-Dimensional Parameters :

Da: Medium permeability parameter (Darcy
number)

N, : Coupling parameter (Coupling between
verticity and spin effects)

N. : Heat conduction parameter (Coupling
between spin and heat fluxes)

R, : Modified Rayleigh number

: Dimensionless wave number

. Concentration parameter of Dust particles

*: Non-dimensional temperature

*: Non-dimensional concentration of the

species
Q*: Non-dimensional rotation parameter.
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Introduction

The literature is replete with copious
examples of research work on sysnthesization
of ferrofluids and characterizing them. Numerous
ferrofluids have been prepared tailor-made for
requisite applications in various industries.
Mechanical engineering industries use them
as fluids in vibration dampers, shock absorbers
and vacuum seals. The most famous application
of magnetic fluids is the sealing of rotating
shafts. Computational industries use them as
fluids stepper motors. The use of magnetic
fluids as a heat transfer medium that may be
magnetically held in certain position is now a
day’s commercially most important branch of
ferrofluid manufacturing. The major application
in this field is cooling of loud speakers, enabling
a significant increase of the maximum
acoustical power without any geometrical
changes of the speaker system. Electrical and
electronic industries use them to improve hi-fi
loud speakers, fluids as transformer coolants
and in miniaturizing inductive components that
eluded electrical industries for a long time.

The next important field of magnetic
fluids is their use in biomedical applications.
For example their use as a contrast medium in
X-ray examinations and for positioning tapenade
for retinal detachment repair in eye surgery
has been reported. Furthermore the applications
of magnetic fluids for the purpose of cancer
treatment either by hyperthermia; using the
change of magnetization in AC field to heat
the tissue or by drug targeting are obviously
challenging possibilities. Experimental and
theoretical physicists and engineers gave
significant contributions to Ferro hydrodynamics
and its applications.
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Ferro hydrodynamics (FHD) deals
with the mechanics of fluid motions influenced
by strong forces of magnetic polarization.
Ferro hydrodynamics concerns usually non
conducting liquids with magnetic properties and
constitutes an entire field of physics close to
magneto hydrodynamics; but still different.
Magnetic fluids also called ferrofluids are
electrically non conducting colloidal suspense
of tiny particles of solid ferromagnetic material
in non electrically conducting carrier fluid like
water, kerosene, hydrocarbon etc. A typical
ferrofluids contains 102 particles per cubic
meter. These fluids behave as a homogeneous
continuum and exhibit a variety of interesting
phenomenon. Ferromagnetic fluids are not
found in nature but are artificially synthesized.
The ferromagnetic nano particles are coated
with a surfactant to prevent their agglomeration.
Rosenweigh? in his monograph and review
article, provides a detailed introduction to this
subject. Chandrasekhar® has given a detailed
account of thermal convection problems of
Newtonian fluids. The theory of convective
instability of ferrofluid begins with Finlayson*
and interestingly continued by Lalas and Carmi®,
Shilomis®, Stilesand Kagan’, Venkatasubramanian
and Caloni®, Sidheswar®and Sunil and
coworkers®, where as the non linear stability
analysis of magnetized ferrofluid be heated
from below has been discussed by Sunil and
Mahajan*2t3, where by introducing a generalized
energy functional, a rigorous non linear stability
result is derived for a thermo convective
magnetized ferrofluid.

Micro polar fluids are fluids with
internal structures in which coupling between
the spin of each particle and the macroscopic
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velocity is taken into account. They represent
fluids consisting of rigid, randomly oriented of
spherical particles suspended in viscous medium
where the deformation of fluid particles is
ignored. Micro polar fluid theory was introduced
by Eringen'* in order to describe some physical
systems, which do not satisfy Navier-stokes
equations.

The generation of the theory including
thermal effects has been developed by Kazakia
and Ariman®® and Eringen’®. The theory of
thermo — micro polar convection began with
Datta and Satrry*”and interestingly continued
by Ahmadi!8, Bhattacharya and Jena'® and
Sharma and Kumar?®?!, In the absence of

applied magnetic field, the particles in the
colloidal suspensions are randomly oriented and
thus the fluid has no net magnetization.

Abraham? observed that the micro
polar ferrofluid layer heated from below is
more stable as compared with the classical
Newtonian ferrofluid. Recently Sunil et al.1°
have studied the convection problems in
ferrofluid with internal angular momentum
saturating a porous medium.

In geographical situations, the fluid is
often not pure but contains suspended particles.
Saffman?® has studied the stability of laminar
flow of a dusty gas. Scanlon and Segel?* have
considered the effect of suspended particles
on the onset of Benard convection. The effect
of dust particles on non-magnetic fluids have
been studied by many authors®3!, Thermal
convection in porous media is also of interest
in geographical systems, electrochemistry,
metallurgy, chemical technology, geophysics
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and bio-mechanics. A porous medium of very
low permeability allows us to use the generalized
Darcy’s model including the inertial forces.
This is because for a medium of very large
stable particle suspension, the permeability
tends to be small justifying the use of generalized
Darcy’s model including the inertial forces.

The viscous drag force is negligibly
small in comparison with the Darcy’s resistance
due to the large particle suspension. Generalized
Darcy’s law governs the flow of ferrofluid
through isotropic and homogeneous porous
medium. However to be mathematically
compatible and physically consistent with

Navier—stokes equations. Brinkman®2 heuristically

proposed the introduction of the term gvzq

n
(now known as the Brinkman term),[k_jq ,
1

in addition to the Darcian term but the main
effect is through the Darcian term; the brinkman
term contributes a very little effect for flow
through a porous medium. Therefore generalized
Darcy’s law is proposed heuristically to govern
the flow of this ferrofluid through porous
medium. Comprehensive review of the literature
concerning convection in porous medium may
be found in the book by Nield and Bejan®:.
Recently, Sunil et al.1%3* have studies the
thermal convection problems in ferrofluid
saturating a porous medium.

In view of the recent increase in the
number of non isothermal situations wherein
magnetic fluids are put to use in place of
classical fluids, we intend to extend our work
to the problem of thermal convection in
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ferrofluid with internal angular momentum in
the presence of dust particles saturating a
porous medium. Sunil et al.>® have studied the
influence of dust particles and the effect of angular
momentum parameters on stability in ferrofluid
heated from below. But they have not considered
the effects of species concentration on the flow
pattern. In this paper, an attempt has been made
to analyze the problem of Sunil et al. with
varied species concentration and without
magnetic field.

Mathematical formulation of the problem:

Here we consider an infinite, horizontal
layer of thickness‘d’ of an electrically non-
conducting in compressible thin ferrofluid with
suspended particles heated frombelow saturating
a porous medium. The temperature T at the

1
bottom and top surfaces Z = iEd are Tp

and Ty, respectively and a uniform temperature

: ary. . :
gradient 8 = d_Z is maintained. (See figure)

Z=d/2 - = - -
Incompressible
ferro fluid with = = g=(8,0,-g)
suspended b
dust particles
saturatinga = @
porous media

PR
[

T X-axis

) S zar - N N
<y -axis ‘ [ ! ; H H

Heated from below

Both the boundaries are taken to be
free and perfect conductors of heat. The gravity
field g= (0, 0,-g) pervade the system.

This fluid layer assumed to be flowing
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through an isotropic and homogeneous porous
medium of porosity € and medium permeability
Kj, where the porosity is defined as the fraction
of the total volume of the medium that is
occupied by void space.

The mathematical equations governing
the motion of ferrofluid with suspended dust
particles saturating porous medium for the
above model are as follows:

The continuing equation for an incompressible
ferrofluid is

V-G=0 (1)

The momentum and internal angular
momentum equations for generalized Darcy’s
model including the inertial forces [Sunil et
al.°, Wooding™] are:

o 1. # KN _
PO +=@-V)Ia =~V + pg +—— (0, ~0)
e ot ¢ g

- )+ 25V X E) 2

1

o 1 _ - 1 _ -
Poll—+=(0-V)o =25(=V x( - 20)

ot ¢ &
+n'V(V-0)+n'V?o (3)

Since the force exerted by the fluid
on the particles is equal and opposite to that
exerted by the particles on the fluid, there must
be an extra term equal in magnitude but
opposite in sign, in the equations of motion for
the particles. The buoyancy force on the
particles is neglected. Inter particle reactions
are also ignored, since we assume that the
distances between particles are quite large
compared with their diameters. The effects
due to pressure, gravity, Darcian force on the
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particles are negligibly small and therefore
ignored. If mN is the mass of the particles per
unit volume, then the equations of motion and
continuity of the dust particles, under the above
assumptions are:

15, _ - o
[ +§(qd V)d,]=KN(@-d,). (4)
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P = po[l_a(T _Ta)_a*(cl_cz‘aa)]v (8)

The basic state is assumed to be quiescent
state and is given by,

0y, = (0,0,0), (qd )b = (01010)’a)b =(0,0,0)

T, -T
oN =po(2),P=R,(2).p=——— ,
N v ng,) =0 5 ° Po(2),P=R(2).f=—4
The temperature equation for an in compressible T,(2)=-pZ+T,,C,(2)=-p*Z2+C,
ferrofluid is, ©)
[P,y Tor +(-8)psCs %erNCP(S%Jrqd V), Where the subscript * b’ denotes the basic state.
—K,V2T +8(Vx@)-VT, (6) The perturbation equations:
pE =D'V2C', ) We shall analyze the stability of the
Dt basic state by introducing the following
The density equation of state is, perturbations:
=0, +0.q, =(04)+q 0=0, + @ (10)
p=p,+p P=P(Z)+P" T=T,(2)+6,C'=C,(2)+C]|
Where §'=(u,v,w),q, =(I,r,s),0'= (o, ov
1 Al P Ll[————(§+n)V+2§Q]
o,,0,),p',0and C are perturbations in e ot oy
4,qy,®, P, T and C' respectively. mN, v
The change in density p”, causedmainlyby ~ . g’ (13)
the perturbation 6 in temperature, is given by
— P 1 .
p'=—pyad, (11) P MW L e w2
0 1 at [ K, (&+n) 80,1

Py U _ Ll[———i(§+n)u+2§ﬂll
& 8’[
mN, ou

e a (2

mN, ow
+gap,L,0+ga*p,L,C— 80_’ (14)

ot
8u8v8w

oy Tw (15)



Heat and mass transfer effects on---through a porous medium.

2l %0 = 2§[EV x§'-26'1+n'V(V-0')+1'Ve',
&

(16)

00
L(pC, +emN,C,i) 1= L[K,V?6

— 5PQ,1+mN BC W, (17)
oC 9
— =D'V“C,

P ot (18)

Where pC, =¢p,C, +(1—-¢)p.C,
m o , D
pPC, = poC,, L, = (?E"‘l)ag =(Q,,9Q,,

Q) =(Vx&'
Eliminating u,v, P between equations (12-14)
u, sing equation (15), we have,
mN
[Ll(&i+ﬂ) +—°2]V2a)
g ot K, g ot
= L[p,9aV?0 + p,ga*V?C + 25V°Q,],

(19)
Taking curl once on and considering only 3
component, we obtain,

2! 8;3 = —25(%V2a) +20Q,) +1n'VQ,,
(20)

The constants involved in the above equations
are omitted here in order to save space.

Normal mode analysis method :

Analyzing the disturbances into normal
modes, we assume that the perturbation quantities
are of the form:
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(w,0,Q;) =[W(Z,1),0(Z,1),Q,(Z,t)]exp-

I(K x+K.,y), (20)

Where K,,K, the wave is numbers along
the x and y directions respectively and

K =K} + K7 is the resultant wave number.

On applying (20), equations (19), (20), and (17)
in dimensionless form becomes,

(L0 LN, f 0
&

*

1(D? —a*)W

=
ot K, g ot

— L[-aR/2T" +2N,(D? —a?)Q}, (21)
oQ,

*

= —2N1[3(D2 —a® )W’ +2Q.]
&

+N,(D? -a*)Q;, (22)
Li[he, S 1= LID* - at)T”
+aR™2W T+ aR 2hW ", (23)
and

%zaz_c 24
‘ot oz (24)

where the following non dimensional parameters
and non dimensional quantities are introduced.

4
< M W*:Wd’R:gaﬁd pCZ’T*

t :—2,
d 1% WK,
%

_ KR g ackdz =2 0= k=
pC,pvd d oz d
Pr _ VPC1 ,Sgl :E’Nl :é,NS — 52 ’

K, P n nd
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| . Q. d mv
I':—’Q = 3 S’T: ,
g2’ v Kd?
* N mN,C
U =@Zgn),f =™ p_ Mozn
ot Po pC,

The conditions at the free boundaries are:

W' =DW =T " =Q;=C"=0 atZ:i%,

(25)
Thus the exact solutions of the system (25-
28) subject to these boundary conditions are:

W" =Ae* cosI1Z",T" =Be® coslIZ",Q,

- D,e™ cosIZ",C" =B,e* cosmz’, (26)

Where A ,B,,B,,D, constants and c are is

the growth rate which is in general, a complex
constant.

Substituting solution (26)in equations
(21-23)(dropping asterisks for convenience),
we get, the equations involving coefficients of

A, B,,B,andD,.

For the existence of non trivial solutions,
the determinant of the coefficients of A, B,

B, & D, mustvanish.
This determinant on simplification yields,
+iX,0, + X, =0, (27)

With X, , X are written in
appendix.
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Discussion of Results

When the instability sets inas stationary
convection, the marginal state will be charac-

terized by o; = 0 [Chandrasekhar®], then the
Rayleigh number is given by,

2
1+ Xl)z[(1+ N;)(4N; +bN;) 4N, b]
_ Da £

! 2N, N '
X1[4Nlhl +b(h1N3 - : 5)]

(28)
which expresses the modified Rayleigh number

R as a function of the dimensionless numbers
Xl,Da,hl,Nl,Ng, and Ns.

R

The classical results in respect of
Newtonian fluids can be obtained as the limiting
cases of present study.

Limiting cases:

Setting N;=0, in the absence of dust
particles(h;=0) and keeping N3 arbitrary in
(28),we get,

@+ X))?
1= W’ (28a)
(Which is exactly the equation obtained by
Sunil et al.1)

which is the classical Rayleigh Benard result
in porous medium for the Newtonian fluid case.

To investigate the effect of dust
particles, medium permeability, coupling parameter
and heat conduction parameter, we examine

dR, dR, dr, dR,

, , , ,and
dh, dDa dN, dN,

the behavior of

Rl

analytically.
5

Equation (28) gives,
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b? L[M AN, | gNz (———)][4N +b]
Da  Da

ar, _
dh,

X, L,[4N,h, +b(h, — 2NN 5)]
(29)

1 b
Which is al tive if —>—, (30
ich is always negative if >~ (30)

This shows that the dust parameters have a
destabilizing effect when condition (30) holds.
Here we observe that, In non-porous medium,

d
dh1 is always negative, implying there by the
destabilizing effect of dust particles.

From (28), we also find that,
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Which is always negative if N, > M, (32)
&

In the absence of coupling parameter
Nj, the medium permeability always has a
destabilizing effect on the system. Thus in
ferrofluid heated from below saturating a
porous medium, there is a competition between
the destabilizing role of medium permeability
and stabilizing role of coupling parameter, but
there is a complete destabilization with the
above inequality given by (32). Thus, the
destabilizing behavior of medium permeability
is virtually unaffected by magnetization
parameters but is significantly affected by
internal angular momentum parameters i.e.

dr b2L, 1+ N,)[b+ 4N
. o+ N,)Ib+ 2N1]N . N,,N,andN..
X1D§L3[4N1h1+b(h1_ 5)]
(31)
i DL N san, (L DN, vboun, - NNy
dN, 2N NS (33
X;L3[4N;h, +b(N;h, - —=2)]?

Which is always negative if i > E and
Da ¢
2NN,
g

This shows that coupling parameter has a
stabilizing effect when conditions (34) hold.

N, > , (34)

dR
In a non-porous medium, (34) yields that W
1

is always positive, implying thereby the
stabilizing effect of coupling parameter. Thus

the medium permeability and porosity have also
a significant role in developing condition for
the stabilizing behavior of coupling parameter.

In the absence of external magnetic
field, the variation of Rayleigh number with
the change of heat conduction parameter is
obtained from equation (28) as,

(1+N;)N,b
Da

(1+ xl){ +4Nf(1—b)}

} 2b (35)

R, _
dN

° fo{4N1h1+b(N3h 2NN)
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1
Which is always positive if — > E (36)
Da ¢

This shows that the heat conduction
parameter has a stabilizing effect when
condition (36) holds. Here we also mark that
d—Rlis always

N5

in a non-porous medium,

positive, implying thereby the stabilizing effect
of heat conduction parameter.

Figure-1 shows the effect of Da on

ﬂ . Itis observed that the increase in Darcy’s
1
number reduces the modified Raleigh number.

In general ﬂ falls with the increase of h;.
1

Figure-2 shows the effect of species

R
L . From the

concentrations (h;) on

profiles of

dR, ~Da it is marked that the
dDa ’

increase in hy reduces the variation of Rayleigh
number with respect to Darcy’s number. In
Rl

general falls with the increase of Da

for N;=0.0.

In Figure-3, the profiles of dr, _
dDa

Da are plotted, varying the concentration of
dust particles. The profiles exhibit that the
variation of Rayleigh number with respect to

the Darcy’s number falls as h; rises taking
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N;=0.2. But the nature of the curves (I-V) of
figure-3 remains same as that of figure-2.

R _ Da
dDa ’

is slower than that of the case for N;=0.2.

However when N1=0.0, the fall of

Figure-4 illustrates the effect of species
concentrations (h;) on modified Rayleigh

R,

number. The profiles of ~Da reveal that

Rl
dDa
to 2. But the curve (111-V) becomes close as
h; takes higher values. The fall of modified
Rayleigh number with respect to Darcy’s
number is similar for variation of dust particles

concentration taking N1=0.4.

reduces quickly when h; varies from 1

In Figure-5, the effect of dust particle

1

concentration (h1) on :S have been exhibited
a

taking coupling parameter (N1=0.6). It is

R,

noticed that falls rapidly with Da for
a

h;=(Curve-1). But, increase in the value of h;
from 2 to 6, produces no effect on

dr,
dDa

Da

In Figure-6, the effect of heat conduction

dr, . . .
parameter N5 on —21 j.e. it deals with the
5

variation of Rayleigh number with the change
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(VIN=0 .4 Da=0.003
(VI)N,=0 .4 Da=0.004

Figure 1. Graph between

dR

—Lon

dh,

12000000
10000000
80000000
dR,/dD
a
60000000

40000000

20000000

M N0 h=1
) N0  h=2
) N,=0 h,=3
(V) N0  h=4
(V) Nz=0  hs=5

Vi) N=0

Figure 2. Graph between
dDa

dR, _

Da for N;=0
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30000000

25000000

20000000

15000000

dR,/dD
a,

10000000
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() Nz=02
(I N=0.2
() N=0.2
(V) N,=0.2
(V) N=02
(Vi) Nz=0.2

Figure 3. Graph between
dD

dR,

. ~Da for N;=0.2

1.ae+0y
1.26409

M N=04 h=1

1E+09 ) N=04 h3=2

() N=04 h=3

(W) N=04 hz=4

V) Ne04 hs=5

(V) N=04 h=6
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dR,/dD

a

600p0000
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0

0 9

Figure 4. Graph between 5

dr,
Da

~Da for N;y=0.4



480

1.4E+11

1.2E+411

1E+11

) N=06 h
8E410 () Ns=06 h
() N,=06 h
(IV) Nz=0.6 h;
(V) N=06 h
(V) Nz=0.6 h

E+10

E+10

Figure 5. Graph between gﬁ ~

Da for N1=0.6
Da

in heat conduction parameter for various
values of h;= Concentration parameter of dust
particles, N;=Coupling Parameter, Da=
Medium Permeability Parameter (Darcy’s
number) taking spin diffusion parameter
N3=2.0. It is observed that the increase in

R
Darcy’s number reduces the value of L,

5

It is interesting to record here that the
rise in the value of h; rapidly decreases the value

R
of —1

, Where the profile becomes parallel
5

to the axis of N5 for h;=3.0.

Further it is marked that the increase
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1200000

M h=10 N=01
Da=0.001
) h=1.0 N=0.1
Da=0.002
() h=10 N=0.1

1000000

800000 V) h=20 Nz=0.1

Vv) h=30 N=01
dR,/dN|

. (Vi) h=3.0 N=0.2
600000 Da=0.003
(Vi) h=3.0 N,=0.4

400000

200000

-200000

dR
Figure 6. Graph between dTl ~Ns for N3=2.0

5

. R
in Ny, decreases ——

to a great extent, where
5

Rl

attains negative value as Ns for
5

increases from 7 to 8 for N1=0.4. At N5=8, the
profile sharply rises in positive direction of
dR,

dN,

Conclusion

Following conclusions are drawn from
the above analysis of the marginal stability of
rotating dusty ferrofluid flowing through porous
medium.

(i) Increase in Darcy's number reduces



the modified Raleigh number.

(i) Increase in the concentration parameter
of dust particles (h;), reduces the
variation of Raleigh number with respect
to Darcy's number.

(i)

The variation of Raleigh number with
respect to the Darcy's number falls as
concentration parameter of dust particles
(hy) rises taking coupling parameter
N;=0.2.

(iv) The fall of modified Raleigh number

with respect to the Darcy's number is
similar for variation of dust particle

concentration taking N1=0.4.

(v) Increase in the value of concentration
parameter of dust particles (h;) from

2 to 6 produces no effect on dR, ~Da,
dDa

where 'Da’ is the Darcy's number.
(vi) The variation of modified Raleigh
number with the heat conduction
parameter falls with Darcy's number.

References

1. R.E. Rosenweig, Ferro hydrodynamics.
Cambridge University Press, Cambridge,
(1985).

. R.E. Rosenweig, Magnetic Fluids, Rev.
Fluid Mech., 19, 437 (1987).

. S. Chandrasekhar, Hydrodynamic and
Hydromagnetic Stability. Dover Publication:
New York (1981).

4. B.A. Finlayson, J. Fluid Mech, 40, 753,

Heat and mass transfer effects on---through a porous medium.

10.
11.
12.
13.

14.
15.

16.
17.
18.
19.

20.

21.
22.

23.

481
(1970).
D.P. Lalas and S. Carmi, Phys Fluids, 14,
436, (1971).

M.1. Shliomis, Sov Phys Usp, 17, 153,
(1974).

P.J. Stiles and M. Kagan, J. Magn Magn
Mater, 85, 196, (1990).

S. Venkatasubramanian and P.N. Kaloni,
Int J Eng Sci, 32, 237, (1994).

P.G. Sidheswar, J. Magn Magn Mater,
149, 148, (1995).

Sunil, A. Sharma, P.K. Bharti and R.G.
Shandil, J. Geophys Eng, 3, 338, (2006).
Sunil, P. Chand, P.K. Bharti and A. Mahajan,
J. Magn Magn Mater, 320, 316, (2008).
Sunil, and A. Mahajan, Proc Royal Soc
A, 464, 83, (2008).

Sunil, and A. Mahajan, Trans Porous
Media, 76, 327, (2009).

A.C. Eringen, J. Math Mech, 16, 1 (1966).
Y. Kazakia and T. Ariman, Rheol Acta,
10, 319, (1971).

A.C. Eringen, J. Math Anal Appl, 38,
480, (1972).

A.B. Datta ad V.U.K. Sastry, Int J Engng
Sci, 14, 631, (1976).

A. Ahamdi, Int J. Engng Sci, 14, 81,
(1976).

S.P. Bhattacharyya and S.K. Jena, Int J.
Engng Sci, 21, 1019, (1983).

R.C. Sharma and P. Kumar, J. non-
equilibrium thermodynamics, 20, 150,
(1995).

R.C. Sharma and P. Kumar, Czech J. Phy,
47,637, (1997).

A. Abraham, Int J. Eng Sci, 40, 449,
(2002).

P.G. Saffman, J. Fluid Mech, 13, 120,
(1962).



482

24.

25.

26.

27.

28.

29.

J.W. Scanlon and L.A. Segel, Phys Fluids,
16, 1573 (1973).

R.M. Barron and M.H. Hamdan, Applied
Mathematics and Computation, 37, 149,
(1990).

M.H. Hamdan and R.M. Barron, Applied
Mathematics and Computation, 54, 65,
(1993).

M.H. Hamdan and R.M. Barron, Applied
Mathematics and Computation, 54, 81,
(1993).

R.C. Sharma and K. Prakash & S.N. Dube,
Acta phys Hung, 40, 3, (1976).

R.C. Sharma and K.N. Sharma, J. Math

30.

31

32.

33.

34.

35.

Ultra Scientist Vol.24(3)B, (2012).

Phys Sci, 16, 167, (1982).

Sunil, R.C. Sharma and R.S. Chandel, Int
J. Appl Mech, 8, 693, (2003).

Sunil, R.C. Sharma and R.S. Chandel, J.
Porous Media, 7, 9, (2004).

H. C. Brinkman, Appl. Sci. Res, Al, 27,
(1947).

D.A. Nield and A. Bejan, Convection In
Porous Media, Springer: New York,
(2006).

Sunil, Divya and R.C. Sharma, J. Geophys
Eng, 1, 277, (2004).

Sunil, D. Sharma and R.C. Sharma, J.
Magn Magn Mater, 288, 183, (2005).



