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« © The effect of uvmform transverse magnetxc field is mvestlgated on the ﬂow formed, when a strmght channel
formed by two parallel porous walls through which liquid is flowing wnder a constant pressure gradient, is rotated
about an axis ‘perpendicular to the walls. The flow dependsonthe Taylor’s number &, Pressure gradient P, the
suction Reynolds.number B and the Hartmann. number 3f: When 6—>0 such that- P.is finite, thin bou;xdary
layers are formed. in the vicinity of the porous walls and the effect of the magnetio field is 10 reduce the thickness
of the boundary layers. A method for setting up an.experime-t 0, test the theoretlcal conclusions of the paper
has been suggested.

The fundamental dificulty in solving the Navier-Stokes efquatlons eithér exactly or apprommately
is the non-linearity  introduced by the convection terms in the .momentum equations. There exist,
however, non-trivial problems in which the convection terms vanish and these provide the simple class
of solutions of the equations of motion. One such flow has besn considered recently by Vidyanidhi and
Nigam! who have studied the secoudary flow when a straight channel formed by two parallel walls,
through which liquid is flowing under & constant pressitre, gradlent 1s rotated about an axis perpendi-
cular to the walls. This problem was later extended by Vfd.yamdhl“‘ in the frame-work of hydromagne-
tics.

Recently, the problem of fluid ﬂow through porous d.ucts has beca,use of its apphcatlon to the
cases of transpiration cooling, gaseous diffusion, ete., become a subject of study by numerous authors.
The effect of suction in rectangular channels was studied by Berman® and, later extended by Surya
Prakasa Rao%, Terrill and Shrestha’ etc., in the frame-work of hydromagnetics, neglecting theinduced
magnetic field. Similar work due to Reddy and Jain8, Vidyanidhi and Ramana Rao? has also been fourd
in- literature. The effects of uniform suctien fOIk the Karman problem of flow and other flows in
rotating frame of reference have been discussed by numercus authors Stuar.®, Gupta®, Debnath and
Mukherjee'®, and Singh and Sathi'!. Recently Vidyanidhi, Bala Prasad and Ramana Rao!® have studied
theeffects of uniform suction and injection on ‘the flow. mvestlgated by Vidyanidhi and Nigaml, Ip all

 these problems dealing with suction and injection, it is seen that, even if the convection terms in the
momentum equation do not vanish, yet they d.ld not introduce serious complications. as they jare linear
in the unknown variables.

The object ofthepresentpaperlsas such to extend our earlier pro’blem12 in the frame-work of hydro-
magnetics, neglecting the induced magnetic field, following the works .of several authorst7. ..It is
of interest to examine the nature of the secondary flow which is set up.due to the interaction between
the pressure gradient and Coriolis forces. Further it affords a simple picture of the way in which
the thickness of the boundary layers that arise'in a rapidly rotating system is reduced as an effect of the
ntagnetic- field. :

THE BASIC EQUATIONS AND SOLUTIONS

The basic equations which express tlie interactions between the fluid motlons and the magne‘rlc
fields are Maxwell’s equations and the Navier-Stokes equations. The steady motion of an incompressible
conducting fluid in the presence of a magnetic field in a rotating frame of reference 0' X' Y’ 2’ is govern-
ed by the following equations (in rationalized MKS- syst;em of units).

Maxwell’s equations :
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Ohm’s law for moving media can be written as

> Y )
J=0o (84 U X B). , ‘ 3)
The equation of continuity is
= ._)I . ‘
vV .U0=0 (4)
The momentumni equations are ‘
) O e > -t > ' :
(U . VY0428 XU=—p=2 V' + vV U+p1(JXB) (5)

_ , A vt T T A - )

Heren' =p'—% p | Q X r | and U, Q and r are the velocity, angular velocity and position vector
respectively. Also the other symbols used here have their usual meanings. g, is the magnetic
permeability, o the electrical conductivity and » the kinematic viscosity of the fluid.

- We choose a right handed cartesian system such that z’-axisis perpendicular to the motion of the
liquid under the action of a constant pressure gradient P (i.e., — 3 #'/3 #’) ir the di*ec’ion of #’-axis
between two parallel porous walls 2’ = + L (Stationary rela‘ive to 0’ X’ ¥* Z), '

Assuming that ' is-independent of y' and 2/, ' is given by
- » ’ o ‘
o =».(2“‘*5£‘2 ) & . e
where p'; and p’y stand for the pressures on the planes 2’ = 0 and 2’ = D respectively.

We suppose that the normal velocity at the wall 2" = — L is w/y ( 'y > 0 ) so that this represents
a porous walll® through which liquid is forced into the channel with a uniform velocity. It is further
assumed. that this rate of injeotion at the lower wall is equal to the suction rate at the-upper wall, The
liquid velocity is then represented by o o ,

U=[ u’a,(z!),q'.y,(z'),;u'u]’ ‘ . . - {7) )
o _— . . . - R v ) .
2=1(0,0,2'). ®)

Let B, bethe intensity of the magne‘ic field acting perpendicular to the plates. We shall assume that
i - - > ’ : ;
the con‘ribution to the ponderomo‘ive force vector J X B of the z'-component as well as y'-com-

> , ,
- ponent of the vector B is negligible. Furthermore we assume that the elec:ric field in a system of reference
fixed relative to the moving body is zero; this seems to he-a reasonable assump'ion since no external
elec'ric field is applied and the effec’ of polarization of the conducting fluid may be expected to be small
if two-dimensional conditions ogeur in the ionized layerlt, With these assumptions the “retarding”
magnetic forces acting on each fluid element per unit volume in the «’ and y' directions are equalto o B2, «’,
and o B2 u'y respectively. - 0%
Introdueing the non-dimensional quantities
> -—> ‘ P 12 PI? o ﬁv

= Ly = o Wy = g U= e, =
M=ByL(c/[p), : ©)
the eq. (5) reduces to " | e
dul dz 4
' B . 7;' — 2“2 Uy = 2 + a:a - M2 U, : ‘ (10)
d Y dz A
P T¥u= g W M
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We seek the sblution of eqs. (10) a d (11) subject to the boundary conditions - - ’ ,
: : ty =uy=0atz= 41 (13)
The solution is given by B 5 o

oh M2 cos L mny.
§'nh e M?co_§2 cosh 3 )

B .
k2 cosh -E-
(2 + ) ’sinh22ﬂ+cosz—gﬁl TN 2 - kz

m - no i"n oom
GO§ §——{-—M’2 sin —2- sinh -2—)

~ .. CO8 _g_z cosh _Ez_ — ( P cosy 3
: - . sinh 5~
- gn _g_z sinh in- 1'+“ s 2 e ' (‘ 2¢3. cos —-f—:— - sinh n +
I sinh? - - sin? —= S &
2gn ook ) sin M M (g in T Mo
+ M?sn cosh 5 ) in 7 S 5 (2«.. sin — cosh 5
7 m nz e | C M3
___Aﬂm—z-i_ sinh 3. ).M 008 —5- 8inh 5 + (I T &) , (13)
Bz . , . o T
2e 1. ~cosh—§ _ ,’ ; " Tt n S
- = ' aoos . cosh Lt sin X sk e? ) .
Uy (M* 1 4a4) i '—7-"4»—|—cos2 0 ( ’ oc‘ cos cosh = +M sln, 5 sinh 5 )
N ;hog,- % coslr1> ﬁ;— ( 2agsin smh 5 ——HM’ cos° %-—.;‘césh‘ -1% ) .
.om o me l smh,—2- Co . ( i n om
*gn — sinh — }— . 202 siIn ~== cOSh 5 ==
: 2 2 inht NP § 2 2
J 8 9 +sin 2 - St
v ——Mcos:_;'_. - sinh —g } sin -’; ~cosh —4"2‘—2 + ( 2a2 003 5 sirh -gj-? +
. - ne niz ?] i Y T
- M? gin 3 cosh - ) oos> 5 Slnh 5 ]j = (I en (14)
where : -
_ [\/54 T TR BFO  Edot J 32 LM ]* T
: , , 2 .
n =,[\/ﬁ‘+1sM4+8/32M“ T o — (B + 402 ]*, 16)
. , »
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For smail_wialues of ﬂ and «, we obtain - - -

- 2 2 cosh Mz o - .cosh Mz - 5 sinh M cosh Mz + 7 cosh Mzw i+
Ya = [( e ) T \T M T M5 cosh* M “M® cosh M
2 sinh? M cosh Mz #cosh Mz besinh Mz ~_cosh Mz __ _§_ '
M*cosh® M M cosh M - M5 cosh M Meoosh M — M®
. 2sinh M sinh M2 L _ sinh Mz 2 cosh Mz ) . ( sinh Mz
T . Micosh® M + A M7 sinh M M“ cosh M T 6M%snh M
) cosh? M sinh Mz sinh M sm,h Mz sinh Mz " b cosh M sinh Mz
T T e iV oMM T Mcom i eMoemb M
' 38 sinh Mz + 2 cosh M cosh Mz 2% sinh M2 + “bz cosh Mz _
" 2M°®sinh M M4 sinh? M T 2M¢ sinh M 2MPsinh M
22 sinh M ginh Mz L2 sinh M cosh Mz __ 3*sinh M2 - 3z cosh Mz
T 2M* cosh® M 2M5 cosh? M 2M5cosh M~ 2M°cosh M
28 cosh Mz - | ' |
+ _ 8M*cosh M ) ] o )
_ 2"' " 4cosh Mz 4 . 2sinh M cosh Mz " % sinh Mz ) "
Yy =4 Mfoosh M - M ° cosh? M M® cosh M
I . . cosh M sinh Mz z cosh Mz zsinh M cosh Mz
+ B [ « ( T M®gnh? M - M3sinh M + M3 cosh®* M +
22 cosh Mz - 2% sivh M2 __ 2sinh My (18)
+ I cosh M M3 cosh M Mtsinh M
The drag D, in the direction of z-axis per unit area on the boundaries z = :1: 1is found to be _
2sinh M . ( _8sinh® Y i 3sich M 3 2ginh® M 2ginh M '
Mo M — ¢ M% cosh® M M5cosh M - M* T MScosts M M cosh M )
e 8 [ __——cosh M- o 1 n sith M, ( 2 cosh M ~ cosh® M
- Msmh M ' M2 ' Moosh M SMSemh M~ MP snk® M
g2y 8  Boosh®M L cosh M + sivh M sinh M
ToML__ 2M° . 2MAsinh® M Mosoh M - 3MF cosh M~ M?cosh M
sinh? M oo B ) ’ '
T 2M¢ cosh? M) ] ‘ (19)

For latge ©* such that (P[a?) remains ﬁmte and for a fixed B, We obtain from egs. (13) and (14) for
12z>0

Uy Q j:—g e(a"'ﬁlz)(z'—l)sin{?‘(l—z)} » , (20)

uy Q :[ o0-+812) (=—1) cos{qsgl—z)} —1 ] . e
andfor0 >z > —1, o o o '

' GO o O—EROAY, g {¢( +z)} - (22)

i dj,s‘_z % [_«1 4+ e—w——ﬁﬂ)(l +2  cos {¢(1 + z)}] (23)
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Where
— =M, 0p=a?

Puttmg B=)1in eqs. (20, 21), wWe Tecaver egs. (3+ 11 of Vldya,md.lu2 Similarly when M = 0 in e‘qs. (20 to
' 23) We recover egs. (217 to 2¢ 20) of qur earlier Work12 : ' g B

NUMERICAL CALC:ULAT;IQNS AND DISCU‘SSION

Symmetry of the Flow

If we replace the suction Reynolds number 8 by their nega,tlve values and z by —2, the expressions for
both the primary and secondary velocity distributions as given by eqs. (13) and (14) respectively donot
change. This shows that when there is uniform injection at the lower wall, the primary and the secondary
flow distributions in the lower half are the same as in the upper half for the case of uniform injection at
the upper wall and vice-versa. Hence in the numerical computations involved in this problem, we have
considered the positive values of the suction Reynolds numbers.

The normalized veloclhy distributions for the primary, secondary flows, when =0 841 B=1 and
M=0, 2 have been shown in Figs. 1 and 2 toillustrate the effect of porosity. For constant suction Reynolds
numbers, the velocity profiles tend to the symmetrical position about the central line with increasing
values of Hartmann number M, as in the case of Hartmannl® where the syction and injection are absent.
But for constant Hartmann number, as we increase the value of B, this sort of behaviour is slender.

Boundary Layers for Large o ond Fzmte M and B

We note from eq. (20) that the amplitude of u, is positive and that the function sin {¢ (1 — 2 } can
take positive or negative values. For #-—>00, such that (P/o?) is finite, the disturbance is confined to regions
of order L/(§48/2) in the vicinity of the suction wall and L/(6—8/2) in the vicinity of the ln]ectlon wall,
- the thickness of the boundary layers being of order

(_ _ A/ 9; 2 )—-1 a,nd ( . .'ilﬂ_ + J Q’ + IL"JH02 )—l

2pv 2v v 2pv
This shows that in the absence of the ma.gneticv field, suction causes thinning of the boundary layer3, while
injection causes a thickening of the boundary layer®. The effect of the magnetic field on a rapidly rotat-
ing system is to reduce the thickness of the boundary layer at both the suction and injection walls and

more at the injection wall than that the suction wall. This is pronounced from the nature-of gra,phs of
Figs. 1 and 2 close to the vicinity of walls.

P 1.2
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Fig. 1—Normalized velgoity rofiles’of the primaryJfow, ‘ Fig, 2—~Normalized velooity profiles of the seeéndaﬁ ﬁo"w.
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Stresm Iines 4

The stream lines can be exa.m.med at this qta,ge In the non-magnetic case the stream lines are no
longer confined to planes parallel to the walls implying that a particle of liquid once in a plane Jeaves it in
its subsequent motion. Due to uniform suction and injection, the effect of the magnetic field is to retard
- and confine the stream lines to planes parallel to the walls implying that a particle of liquid once in a
plane does not leave it in its subsequent motion. For small values of «, 8 and M the angle ¢, which the
projection of the stream lines makes with the z-axis decreases from

tan—1 | —a? (%- —_ %‘ﬁ)]at 2=20 to "

SN 14012 | 4 8M2 -
-1 —_— 2 — ey ————n— ot st ) — 3
tan o {3 5 + 5(45‘ 315 )” at‘zA 1 and to

T 2 14 4 8
—1 Y 1 N —_— o -
tan' oc;3 5 ' 5(45/ 315.)}]atz 1

It is found for fixed « and B, e decreases as M increases.

Drag, Mass Flow Rate and the Resistance Co~fficient

Fig. 3 shows the caloulated values of the drag at either wall and based on eq. ( 19).. 1t is concluded
that for fixed values of ¢ and B, the effect of the magnesic field is fo decrease the drag at both the walls
while for fixed @ and M, the drag at both the walls increases as 8 inoreases!®.

3v75' : ‘
%z 0.8 Lo : « =0.84),8 =

-5 - - e} . Oe254r . N

© 05 1.0 Q- 1.0 2.0
" ™
Fig. 3—Drag at the walls, : Pig. 4—Maas flow rate along z-axis.

For fixed values of « and B, as Mi inoreases, we observed (1 from Fig. 4, the mass flow rate a.long the
z-axig deoreases (ii) from the table given below the resistance coefficient? ( r /I’) or (Q/Q,)* where Q a,nd
~ Q, denote the flux for flows mthouf and with rotation, decreases,
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VALUES OF THE RESISTANCE COEFFICTENT FoR 0L = 0-841, f =1

M 0 1 e

r,r : 1:613 : S0 T 14897 ) ‘ 1-111

Sujjestions for Experimental Vemﬁcwiion

It may be possible to perform experiments by rotating & channel of finite width B which is great com-
pared with the dep h2L. In such a channel the conditions-close to the walls 2’==4-L are not given by tLe
above calculations but if the side walls are in such a direction, that there is no total flow across them,
then the conditions can be attained approximately over most of the channel. It is necessary tokeep the
side walls at an angle “—A’ with a’-axis where »

1 1
tanA=~—fuyd,/fu,,d,
' —1 —1

It is con>ludel from Fig. 5 that for fixed & and B, this angle 4 decreases as M increases. The

(=4

effect of the magnetic field is ‘o inhibit the secondary flow through the side walls. -

e

asT

x=084 , A=

i )
(o] §+0 2.0
M

" Fig. §—The angle 4 as a funotion of the parameter M.
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