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We study the forced flow of an electrically conducting viscous
incompressible fluid bounded by the porous medium and an
infinite impervious rotating disk. A uniform magnetic field is
applied in the direction normal to the flow. It is assumed that
the flow between the disk and the porous medium is governed
by the Navier—Stokes equations and that in the porous medium
by the Brinkman equations. The flows in the two regions are
matched at the interface by assuming that the velocity and stress
components are continuous at it. At the interface (the boundary
between the porous medium and the clear fluid), a modified set of
boundary conditions suggested by Ochao—Tapia and Whittaker is
used. The analytic expressions for the velocity and the shearing
stress are obtained, and the effects of various parameters on them
are examined.

1. Introduction

The requirements of modern technology have stimulated
the interest in the studies of fluid flows which involve
the interaction of several phenomena. In the present
work, we consider the case where a viscous fluid flows
over a porous surface because of its importance in many
engineering problems (e.g., the flow of a liquid in a
porous bearing [1] and the water flow in river beds),
in petroleum technology (the movement of natural gas,
oil, and water through the oil reservoirs), in chemical
engineering (the processes of filtration and purification),
etc. Cunningham and Williams [2] also reported several
geophysical applications of flows in porous media, viz.
porous rollers and its natural occurrence in the flow of
rivers through porous banks and beds, and the flow of
oil through underground porous rocks.

The mathematical theory of the flow of a fluid
through a porous medium was initiated by Darcy [3].
For a steady flow, he assumed that viscous forces were
in equilibrium with external forces due to the pressure
difference and the body forces. Later on, Brinkman [4]
proposed a modification of the Darcy’s law for porous
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media. In most of the examples, the fluid flows through
the porous medium have two regions. In region I, the
fluid is free to flow and, in region II, the fluid flows
through the porous medium. To link the flows in two
regions, the matching conditions are required at their
interface. Coupled flows of this type with different
geometries and several kinds of matching conditions
have been examined by several authors, viz. William
[5] and Ochoa-Tapia et al. [6-7]. Srivastava et al. [§]
discussed the flow and the heat transfer of a viscous
fluid confined between a rotating plate and a porous
medium, by assuming that the flow in the porous
medium was governed by the Brinkman equation [4]
and the free flow is described by the Navier—Stokes
equations. The problem (in which the liquid occupies
the semiinfinite region on one side of the disk and
the motion is axially symmetric) concerning the steady
forced flow of an incompressible viscous fluid against
a rotating disk was studied in [9]. A complete review
of this paper and some related works has been given
in [10]. Recently, Chaudhary et al. [11] discussed the
flow of a viscous incompressible fluid confined between
a rotating disk and a porous medium. The subject of
hydromagnetics has attracted the attention of many
authors due not only to its own interest, but also due
to many applications to the problems of geophysics
and astrophysics. It is desirable to extend many of the
available viscous hydrodynamic solutions to include the
effects of a magnetic field in those cases where the
viscous fluid is electrically conducting. In view of the
wide applications in industrial and other technological
fields, the problem of a flow near a rotating disk has been
extended to hydrodynamics initially by Sparrow et al.
[12] and Katukani [13]. Kumar et al. [14] and Watanabe
et al. [15] studied a MHD flow near a rotating disk. The
computational analysis of a MHD flow near a rotating
disk was carried out by Ariel [16].
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Fig. 1. Schematic of the problem

v disk near it. The gap between them is filled with
an incompressible electrically conducting fluid. In what
follows, we will describe the variations in the velocity
and the shear stress in the flow induced in the fluid by
the rotating disk in the presence of a magnetic field.

2. Formulation of the Problem

We consider the steady flow of an incompressible viscous
fluid confined between a rotating disk and a porous
medium fully saturated with the fluid. Let (r*, 6*, z*) be
the set of cylindrical polar coordinates, and let the disk
rotate with angular velocity 2 about an axis r* = 0 and
be positioned at z* = d. A uniform magnetic field B is
applied in the direction normal to the flow. The problem
we consider here is represented geometrically by Fig. 1.
We assume that the magnetic Reynold’s number is small
so that the induced magnetic field can be neglected.
The conductivity of the fluid is not very large. Since,
no external electric field is applied, and the effect of
polarization of the ionized fluid is negligible. Thus, it
can be assumed that the electric field is zero. The region
z* < 0 is filled with the porous material and is fully
saturated with the liquid. The region 0 < z* < d is
called region I, the region z* < 0 is called region II, and
z* = 0 is the interface between the two regions.

The Navier-Stokes equations and the continuity
equation in region I look as

plu*ul +wrul — v r*] =
= —pi + p[V3u* —u* /r*?] — o B*u*, (1)
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plut vl + w* vl —uv* r] =

= —p5/r" + plVv" =" /r*?] — o B2, (2)

(r'u*)./r* +wi =0 (3)

where p is the density, p is the pressure, o is the electrical
conductivity and B is the intensity of the magnetic field.
The velocity components are u*, v*, and w* in the r*, 6%,
and z* directions, respectively. The porous region z* < 0
is called region II, and the flow in this region is governed
by the Brinkman equations [4]. These equations together
with the continuity equation are given by

—PF 4 po (VAU —U* Jr*?) — uU* Jk — o B*U* = 0,
(4)

— Py /7 + pe(VEVE =V ) -y V¥ [k — o B*V* =0,
(5)

(r*U*)/r*+ W =0 (6)

where k is the porous medium permeability, u. is the
effective viscosity for the Brinkman flow model, which
is different from u, the viscosity of the fluid, P* is the
pressure in the porous medium, and U*, V*, and W* are
the velocity components in the porous medium in the r*,
0*, and z* directions, respectively. Givler and Altobelli
[17] have determined experimentally u. for a steady
flow through the wall-bounded porous medium, and
their result shows that p. = (7.5757)u. The boundary
conditions of the problem are

* * *

u=ar*, v'=r"Q, w*=0, at 2*=d, (7)

U*—0, V*—0, as z"— —oc. (8)
We use the matching condition at the interface as
suggested by Ochao-Tapia and Whittaker [6-7]. These
conditions, which are investigated theoretically and
experimentally, state that the equation requires a
discontinuity in the shear stresses, while retaining the
continuity of the velocity. The steady fully developed
laminar flow in the parallel plate and the cylindrical
channel partially filled with the porous medium and
partially with the clear fluid was investigated by
Kuznetsov [18] using the matching conditions from [6-7].
Using these conditions, Srivastava [19] has also discussed
the flow of a viscous fluid confined between a torsionally
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oscillating disk and the porous medium fully saturated
with the liquid. At the interface of the porous medium
and the clear fluid z* = 0, we assume the velocity
components and the pressure are continuous and the
jumps in the shear stresses 7,9 and 7, as given by
Ochao—Tapia and Whittaker [6-7]. In our notation,
these assumptions can be written as

u* =U* v =V* w=W* p*=P* at z* =0,
peUr — pus = BuU* /Vk,
Ve — i = puV* /Vk, at 2* = 0.
(9)

3. Equation of Motion

We assume that the velocity components in region I have
the form

u* =1*Qf'(y), v* =1r"Qg(y), w* = —2dQf(y), }
p*=—pp(y), y==2"/d,

(10)

where the prime denotes the differentiation with respect
to y. This form of the velocity components satisfied the
equation of continuity (3). Substituting Eq. (10) in Egs.
(1) and (2), we get the following equations of motion in
the directions of r and 6, respectively:

R[(f/Z) _ 2ff// _ 92] — f/// _ ‘2\42']017 (11>

2R[f'g — fg'] = ¢ — M?g,

where R (Reynolds number) =
oB2d2
=,
direction of z serves merely to determine the axial
pressure gradient and hence is not given. We assume

the following form of velocity components for region II:

(12)

pQd?/pu, and M

(Hartmann number) = The equation in the

U*=r*QF'(y), V*=r*QG(y),

W* = —2dQF(y), P* = —uQPi(y). (13)
The forms of velocities in Eq. (13) are chosen so that
the equation of continuity (6) is satisfied. Substituting
Eq. (13) in Egs. (4) and (5), we get the equations in the
directions of r and 6, respectively:

,YQF/// _

(02 + M*)F' =0, (14)

V2@ — (0? + M?)G = 0. (15)
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Here, 0 ( Darcy number) = d/vE, and 72 = p./p.
The boundary conditions (7), (8), and (9) at interface
can be written as

f:Ov f/:Sa g:17 at y:17 (16)
F'—0, G—0, as y— —oo, (17)
f=F, f =FyF"—f"=BoF, at y=0
g=G, G —g¢ =poG, at y=0 ’
(18)

where S = a/ is the dimensionless forced parameter
assumed to be small (S < 1).

4. Solution of the Problem

The solutions of Egs. (14) and (15) satisfying the
boundary conditions (17) are given as

F'(y) = Ae™, F(y) = (A/a)e™ +C,
G(y) = Be™, (19)
where o = % The integration constants A, B,

and C can be determined from the matching conditions
(18). In our present effort, we use the approximation of
the small Reynold’s number for the equations involving
the viscosity. We consider the distance d between the
rotating disc and the porous interface as small, hence
Reynold’s number may be also taken small. For small
values of R, a regular perturbation scheme can be
developed for Egs. (11) and (12) by expanding f and
g in powers of R as

f=> R'fn, g=> R'gn.
n=0 n=0

As f and g have to be matched with equation (19) at
the interface, the constants A, B and C must also be
expanded in power of R as:

(20)

A= i R"A,, B= i R"B,, C= i R"C,,.
n=0 n=0 n=0 (21)

Using this perturbation scheme, we get the solutions of
Egs. (11) and (12) for region I as

f'(y) = aze™? + ase ™Y + R[(k1 — disy)e™V+
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+(ka + digy)e MY — dyze®™MY + dyge™?MY — dyq),  (22)

fly) = eV = Tre MY +as+

di3 diy _
_762My 2. 2My

Wi Wi dyry + k3

, (23)

9(y) = a1e™¥ + aze™™Y + R[(hy + doy)e™? +

+(hg — dsy)e ™Y — dy], (24)

and the solutions of Eq. (19) in the porous medium are
given by

M 1
Fl(y) = e [(GS - a4); + Re®Y a(/ﬁM — ko M —

—2Mdi3 —2Mdys — dis + dig) |, (25)

ac

S\Naa M 4 ace M 5

ey 1
—d ——(2k1 M — 2ko M —
o 20+2M2( 1 2

Fly) = e [(ag - a4>M] -

+R

1
—di3M — dyaM + 2dy5 — 2d16 + 2M?k3) — aad%] ;

(26)
G(y) = 2Me™ /[(a + M)eM + (M — a)e M+
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1
+R€ay E(th — th — d5 + d@) 5 (27)
where
a«= V@I, a=ra— o,

a1 = (a+ M)/[eM(a+ M)+ e M(m - a)],
az = (M —a)/[e™(a + M) + e (m — a)],
az = S(M + a)/[e™(M + a) + e M (M — a)),

ay=S(M —a)/eM(M +a) + e ™M(M - a),

as = (age™ — aze™) /M,

d1 = 4&2@3 + 4a1a4, dg = 2a2a5M,
d3 = 720,10,5M, d4 = dl/M2,
d5:d2/2M, d(;:dg/2]\47 d7:d5—d6—ad4,

hy = [da(M + a) +ds(M + a)e™ — dg(M + a)eM —
—h3(M + a)e™]/[eM (M +a) + e (M — a)] + hs,
hy = [dy(M — a) + ds(M — a)e™ — dg(M — a)eM —
—d7eM)/[eM (M + a) + e M (M — a)),

hs = dr/(M — a),

2 .2 2 2
dg = ai + a3, do = a3+ 3ay,

dio = 2azasM, di1 = 2a4a5M,

di2 = 2a1a2 + 2a3aq, diz = ds/3M?,
dia = do/3M?, di5 = d1o/2M,
d16 = d11/2M7 d17 = dl?/M27
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y

Fig. 2. Radial (F) velocity components in the porous medium for
B =05and R=0.2

dis = d13(2M — a) + d14(2M + a) + d15 — d1g — ady7,
dig = dize®™ — dyge™*M + dyse™ — dige™ + di,

ki = (M? —a*)dyg/[eM (M +a) + e M(M — a)+
+dige™] + dis/(M — a),

ky = (M — a)dig/[eM (M + a)+

+e M(M — a) + digeM],

ks = [eM(2di5s M — 2dy5 — 2ki M) + e M (2ko M +
+2d16 M + 2dy6) + disMe*M + dyyMe M 4
+2M?3dy7]/2M?,

doo = ks M — koM — 2Mdys — 2Mdyy — dys + dig.

Having determined the velocity fields, we can
calculate the shear stresses at the rotating disc as

udr
d

_ pldr

fﬂ(y) d 1 (1)a

(28)

[Trz]zzl =

where

(1) = asMeM — agMe™™ + R[M(k; — dy5)e™ —
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y

Fig. 3. Axial (—F) velocity components in the porous medium for
B =0.5and R=0.2

—d15€M — M(kz + d16)€_M + dlﬁe_M—

—2Md13€2M - 2Md14672M}7

and

[729]221 = 79 (1)? (29)

where

g (1) =aMeM —agMe ™ 4 R[M (hy + dg)e™ +

dﬁeM — M(hg — d5)67M - d5671w].

5. Discussion

We have determined the velocities and the shear stress
of the MHD flow of a viscous, incompressible, electrically
conducting fluid through a porous medium induced by
an impervious rotating disk. This enables us to carry out
the numerical computations for the velocities and the
shear stress at the rotating disk for various values of the
Hartmann number (M), ratio of viscosities (v?), forced
parameter (S), and Darcy number (o). The velocity
components in the porous medium against the distance
from the interface (—y) have been plotted in Figs. 2,
3, and 4 for various values of the parameters which are
consistent with the results in [17,19]. Figure 2 reveals
that the radial velocity components (F”) are maximum
at the interface and decay exponentially, as we enter the
porous medium, by vanishing at a large distance from
the interface. It is observed that the radial velocity
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Fig. 4. Transverse (—G) velocity components in the porous
medium for 8 = 0.5 and R = 0.2

component increases with the magnetic parameter (M)
and the forced parameter (S), but it decreases with
increase in o. The radial velocity falls sharply with
increase in the Darcy number. We conclude that the
radial velocity in the porous medium increases if the
magnetic field is strong. The depth of penetration is
greater for 72 = 1 as compared to that for 42 = 5.
The axial velocity component in the porous medium has
been shown in Fig. 3. We have drawn (—F') against the
distance from the interface for R = 0.2 and 8 = 0.5,
by taking the different values of v, M, S, and 0. As
seen, the axial velocity component at a large distance
from the interface does not vanish. A boundary layer is
formed at the interface, whose thickness is reduced with
increase in o and attains a constant value. It decreases
with increase in M and o, but it increases with 72 and
S. As the large parameter grows, its magnitude increases
sharply. It is concluded that the rotation of a disk near a
porous medium fully saturated with a fluid extracts the
fluid from the porous medium. This fact may be used
by geologists to extract fluids from the porous ground
or rocks. We have plotted the graph of the transverse
velocity (—@G) in the porous medium (Fig. 4) against the
distance from the interface for R = 0.2 and g = 0.5,
taking the different values of ¥2, M, S, and o. It is

The shear stress components [f;/(1)] and [g’(1)] for R =
0.2 and 8= 0.5

| S |M/o fe) g'(1)

3 [ 5 | 7 3 [ 5 | 7
2 05 05 02101 0.2029 0.1989 0.4979 0.4810 0.4708
2 07 05 0382 03776 0.3733 0.7741 0.7563 0.7137
5 05 05 14160 1.4048 1.3975 4.9239 4.8575 4.8298
2 05 08 03291 0.3223 03220 14641 1.4069 1.3216
644

observed that the transverse velocity decreases
exponentially, as we enter the porous medium. It
decreases with increase in both M and o, whereas
the inverse effect is observed for 42 and S. Further,
we observed that if the magnetic field is strong, the
transverse velocity in the porous medium decreases. It
is concluded that the flow in the porous medium in the
transverse direction reaches a maximum value at the
interface and decays exponentially, as we enter into the
porous medium, by vanishing as y — oc.

In the Table, we have presented the shear stress
components at the rotating disk. The Table shows that
they increase with 72, S, and M but decrease with
increase in o. Further, it is observed that if we take
72 =1,8=0, M =0, and S = 0 in our analysis and
¢ =X =1and a =1 in work [20], the results of both
the studies are comparable. Further, if we take M = 0
and S = 0 in our analysis, the results reduced to those
in [11].

One of the authors, A.K. Jha is grateful to UGC for
awarding a S.R.F.
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PYX IMPOBIJIHOI B’43KOI PIJIMHU KPI3hb [IOPYBATE
CEPEJOBUIIIE ¥V MAT'HITHOMY IIOJII,
CIIPUYMHEHU OBEPTAHHAM JINCKA

B.K. Hlapma, A.K. [owcza, P.C. Yayozrapi
PeszowMme

JocmiazkeHo pyX eJIeKTPONpPOBiAHOI B’SI3KOI HECTUCIUBOI PiIMHU,
06MeXKEHOT ITOPYBATHM CEPEOBUIIEM Ta HPOTS?KHUM HEIIPOHUK-
HUM JMCKOM, 110 obepTraerhbesi. Best cucrema nepebyBae B OHOPII-
HOMY MAarHiTHOMY IIOJIi, IEPIEHIUKYJISIPHOMY 0 HAIPSIMKY IIOTO-
Ky. BBaxkaeTbcs, mo pyx piiuHU ONUCY€TbCsi piBHsiHHsIMU Hap’e—
Crokca, a nopysare cepeJioBuIle — piBHAHHAMU Bpinkmana. Teqil
B JBOX O0OJIACTSIX IIOB’S3aHi yMOBaMU Ha MeXi, sIKi BHMAaralTb
HEIIEPEPBHOCT] MIBUKOCTI Ta 3CyBHUX HanpyzKeHb. Ha mexi mosi-
Jy “mopyBaTe CepeoBUIlle — YUCTa PiAuHA’ BUKOPHCTAHO TAKOXK
moaudikoBani mexxosi ymoBu Ouao—Tamia Ta Yirrekepa. Omep-
2KaHO aHAJITHYHI BUpa3W JJIsl MIBUJIKOCTEN I 3CyBHUX HAIPYKEHb
Ta JOCJIi/I?KEHO BIIUB Ha IIi BEJIMYUHU Pi3HUX ITapaMeTpiB.
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