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Abstract: Oscillatory Hartmann flow of a viscous, incompressible atetteically conducting fluid in a rotating channel with
magnetized walls in the presence of a uniform transversenatigfield is studied. Exact solution of the governing eoprat is
obtained in closed form. Mathematical formulation of thelgem contains four pertinent flow parameters, namely, rtgparameter
am, Ekman numbeE, frequency parametep and magnetic Prandtl numbBy,. Solutions in the limit of vanishing magnetic Prandtl
numberPy and small finite magnetic Prandtl numb&y are also obtained. Asymptotic behavior of these solutisasalyzed for large
values of frequency parameterto gain some physical insight into the flow pattern. Expi@ssifor the shear stress at the plates due to
primary and secondary flows and mass flow rates in the primathsacondary flow directions are also derived. The numevaaks

of the fluid velocity and induced magnetic field are displageaphically whereas that of shear stress at the plates duénary and
sezcondary flows and mass flow rates in the primary and segpfider directions are presented in tabular form for varioukiea of

a5 andw.

Keywords: Rotation, magnetic field, oscillations, hydromagnetickBssEkman boundary layers.

1 Introduction Hide and Robertsl], Nanda and Mohanty2], Gupta B],
Acheson §], Seth and Janéb], Sarojamma and Krishna
Theoretical/experimental investigation of [6], Sethet al. [7,8,9,10,11,12], Seth and Ghoshif],

magnetohydrodynamic flow of an electrically conducting Raptis and Singh1[4], Nanousis 15, Chandranet al.
fluid assumes considerable importance due to occurrendd g], Singh et al. [17], Nagy and Demendyl[g], Singh

of various natural phenomena which are generated by th¢l9], Hayatet al. [20,21,22,23], Ghosh and Pop24, 25|,
action of Coriolis and magnetic forces. It is widely Ghoshet al.[26], Guria et al. [27], Das et al. [28] and
accepted that the Coriolis force has considerable influenc€hauhan and AgrawaRp)]. It may be noted that the fluid
on hydromagnetic flow in Earth’s liquid core. A large transient may be expected in many MHD devices,
number of astronomical bodies (i.e. Sun, Earth, Jupiternamely, MHD energy generators, MHD pumps, induction
magnetic stars and pulsars) possess fluid interiors and (aype pumps used in nuclear reactors, MHD flow meters,
least surface) magnetic field. In addition to its applicatio MHD accelerators etc. Keeping in view the importance of
in geophysical and astrophysical problems of interestsuch phenomena Seth and Jard, [Sarojamma and
such studies may find applications in various areas oiKrishna [g], Sethet al.[7,8,9,10,11,12], Seth and Ghosh
science and technology e.g. turbo machines, vortex typ€l3], Chandraret al. [16], Singhet al. [17], Singh [19],
MHD power generators, nuclear reactors using liquidHayatet al.[20,21,22,23], Guriaet al.[27] and Daset al.
metal coolant, material processing etc. Keeping in view[28] studied unsteady hydromagnetic flow of a viscous,
the importance of such studies a number of researclincompressible and electrically conducting fluid in a
investigations of hydromagnetic flow in a rotating rotating system considering different aspects of the
medium are carried out during past few decades by manyroblem. In all these investigations induced magnetic
researchers. Mention may be made of research works dield generated by fluid motion is neglected in comparison
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Fluid velocity g and induced magnetic fiel@ are
given by

¥ — T=(,V,00 and B = (B|,B|Bo). 1)

Q
e - ‘.“"" B, prvaRY FLOW . 8 .
ax These assumptions are in agreement with the

- X
H I fundamental equations of MHD in a rotating frame of
¥ reference.

Under the above assumptions the governing equations

SECONDARY FLOW for flow of a viscous, incompressible and electrically
conducting fluid in a rotating system are given by
Fig. 1: Physical Model of the problem / 20 /
M _pgy—_1oP, 00 Bo B )
ot p OX 072  ple 0z
2 /
to the applied one. This assumption is valid becauseé’_\/+zgu/:vg+ﬂ@, (3)
magnetic Reynolds number is very small for liquid metals ot 0z pHe 0z
and slightly ionized fluids (Cramer and PaBQ]). 19 1
However, for the problems of astrophysical andg= =2 {p+ _(5;24_ B’y2+ B%)} , (4)
geophysical interest magnetic Reynolds number is not p oz 2u

very small. Therefore, induced magnetic field plays a

significant role in determining the flow patterns of such ‘9_B§< - 0‘9_u/ + Vm@ (5)
fluid flow problems. Taking into consideration this fact 0t 0z 072’

Ghosh B1], Seth et al. [32] and Ansariet al. [33] OB pr

considered oscillatory hydromagnetic flow of a viscous, L'V - Boﬂ + vm_BV (6)
incompressible and electrically conducting fluid in a ot 0z 02"’

rotating channel under different conditions taking indilice wherep.,v,e and vy, are, respectively, fluid density,
magnetic field into account. kinematic coefficient of viscosity, magnetic permeability

and magnetic viscosity of the fluid.
The purpose of the present study is to investigate
oscillatory hydromagnetic flow of a viscous, Equation (4) shows the constancy of the modified
incompressible and electrically conducting fluid in a pressure along z-axis i.e. axis of rotation. There is a net
rOtating Channel with magnetized Wa”s in the presence OfCI’OSS ﬂOW in y_direction SO the pressure gradient t%ﬂ
a uniform transverse magnetic field. Fluid flow within the is not taken onto account in equation (3).
channel is induced due to an oscillating pressure gradient

applied along the channel walls. Since plates of the channel are assumed magnetized,

boundary conditions for the velocity and induced magnetic

> Math ical Analvsi fields are
athematical Analysis U=V =0 at z=+L,
Consider oscillatory flow of a viscous, incompressible § Bx = B (@9t el (7)

and electrically conducting fluid within a parallel plate (Bj,=0 at z=+L.
channel z £L in the presence of a uniform transverse Introduci di ional iables — L
magnetic fieldBy which is applied parallel to z-axis.Both ntroducing non-dimensional - vanablex = 15 ’
the fluid and channel rotate in unison in a counterZ= NL, U = QLu, V' = QLv, B} = 0leBoL(vQ)2B,
clockwise direction with a uniform angular veloci@ B, = oueBoL(vQ)%By, T = Qt andp = pQ23L2%p*, the
about z-axis. Fluid flow within the channel is induced due equations (2), (3), (5) and (6), in non-dimensional form,
to a periodic pressure gradiemg—f(’ = R cosw't whichis  become

applied in x-direction.R|,«/,t and p are amplitude, gy ap* 2u ,_10B,
frequency of oscillations, time and modified pressure g+ —2V=— 9z +Ea—nz+2"mEZW’ (8)
including centrifugal force respectively. Physical model )
of the problem is presented in figure-1. Since plates of the ﬂ L ou= Eﬂ + 202E3 0_ 9)
channel are of infinite extent in x and y-directions, all oT an? mTan’
physical quantities except pressure dependzosnd t B p) 2°B
only. P =E3 S0 ¢ —, (10)
oT on on
0By 1 0V 9%By
Pn—==E2—+E——= 11
moT an "anz (1)
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whereE = g1 is the Ekman numbeRy, = % = OV iS Using equations (16) to (18) in equations (13) and (14),
the magnetic Prandl number aog = \/%—5 = (ZPLQ)%BO wezobtam
is the magnetic interaction parameter. E‘Zn':zl i(w+2)F — —202E} % B %’ (19)
. 1 .
Since dlE = ()2 is the Ekman depth and Ed2|:2 i (@—2)Fm —ZaZE%% R 0)
dH = (%)2 is the Hartmann depth, therefore, there ratio ~ dn2 o ™ dn 27
0
given by v2ap, is the ratio of Ekman and Hartmann d?b; . ~ c1dR
v £lm 15 U an daf . E—— —iwPpby = —E2—, (21)
depths.This ratio is independent of viscosity and from its dn? dn
position in equations (8) and (9),a8, measures the d2b, =
strength of electromagnetic body force relative to Cosioli EW +iwPpby = —E2 an (22)
force. Also for physical situations of interest bdhand n n
P are smaller than unity. The boundary conditions (15) with the help of (17) and
(18) reduce to
The boundary conditions (7), in non-dimensional
form, become Fil=FR=0 at n=+1, (23)
bj_:bz:g at n=+1
u=v=0 at n=4=41,
By = g(éwT e ioT), (12) Solving equations (19) to (22) subject to the boundary
_ _ conditions (23), we obtain the solution for velocity and
By=0 at n=%1
’ induced magnetic field which are presented in the
whereR= — R is a non-dimensional constant following form
O le(vQ) 2 BolL F(n,T) = —>——[Ri{Ci(cosha
andw= ¢ is frequency parameter. (mm) =~ ey R{Cal 1N
- Sﬁimg coshazn)
Combining equations (8) and (10) with equations (9) | +(1— 005“72’7)}
d (11 tivel btai coshz
and (11) respectively, we obtain +RGy(sinha1n
o +2F =G 19 — Sinas Sinhazn)je " 28
+Eg_n§ +2020E? %, + 510z (Ra{as(cosiBun
_%Cosmzn)
0b 1 aF 02b Cosmzcosfﬁzn
Pmﬁ:E2%+Eﬁ—nz, (14) +(1 -}
hereF = u-+ivandb = By +iB +Rap(sihPun
whereF = u-+ivandb= iBy. i . i
T — ShrssinhBan ) e,
Boundary conditions (12), in compact form, become
b(n,T) = Ry[R1(C1{k;sinha
F(n,T)=0 at n==+1 (n*co)shxl Z[I‘é( 1k *sinfjﬁgn
b(n,T) = §(@T +eieT) (as) | MoesmmSNRN} Mg )
’ 2 +RG{K;coshoyn — mi; S0 coshy,n }eWT
at n — :l:l 1 1smha2 (25)
| | " . +Ra[Ru(an {kisinhBun — ms 2B sinhg,n }
Since the fluid flow within the channel is induced due | . sinhg,n )+ Ray{kscostB
to oscillatory pressure gradient applied in x-directidmg t %Sﬁgfﬁfﬁz 212 o 1N
pressure gradient term(%—‘?), fluid velocityF (n,T) and —Ms g, CoStBan He ™

induced magnetic fieldb(n,T) are assumed in the
following form

—‘;—? = %(é“ﬁ +eem), (16)
F(n.T)=Fu(n)e®T +Fa(n)e T, 17)
b(n,T) =b1(n)e“T +ba(n)e T, (18)

R, . . .
whereR; = pQ—12|_ is non-dimensional constant.
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where are small orders of magnitude, fluid flow becomes

Ro = 1/4w(w+ 2).Pna2, boundary layer type. For thfe boundary layer flow adjacent

1/40(0— 2).Pra? to thg upper platen = 1, mtroduqng bounplary Iayer
Rs = 1/ ) m-m coordinateé = 1 —n, the expression for fluid velocity
m = 3 [205 + i{w(1+ Pw) +2}], (28) assumes the form
np = 3[202 —i{w(1+ Py) —2}],

; 1
q1:|{w(w+2)Pm}i, (n T) =R cogwT - 1)
G2 = i{w(w—2)Pn} 2, —sle ase s sin(wT — B3¢) (29)
ke, My = [Ny (nf — )22, e sin(wT — B4€ )],
ke, mp = [np + (ng — q3)¥/2)1/2,
Q1,02 = Eil/z(klv ml)a V(an) = E_i)[e_asé COS(C{)T - 335) (30)
B1, B2 = E"2(ky,my), —e % cog wT — )],
a* = {202 +i(w+2)}Y/2,

. 26 where

- (2 i -2 2o
k* =k (K2 — ) ml = ml(m§ a*?), . 2
ké—kz(kz n.% a*Z a3:(%)f(1+(i%+:ﬁ;n)v
kg = ko (K2 — 3*2 m3 mp (M2 — B*2) Bs= (%)?1(1+5—3";), (31)
C,— mltanhaz o= (£)2(1- L4 m),

kismml—mlcosmltanmz By—(L)3(1—1 O'_nzw).

20(w+2)Pna?, 2 w
Co= k;costa, — misinha; cothay” The expressions (29) anq (3'0) reveal thaF fluid flow
mltanf‘ﬁz has three modes of oscillations. The first mode
a = ksinhB; — Mycosip tanhﬁ corresponds to pure oscillations of frequergyhich are
5 1 mZZ o L 2 due to applied pressure gradient and fill the entire fluid

Q= 6(®— 2)Plt . region. The other two modes of oscillations correspond to

kcosiB; — mzsinhB;cothp, the modified hydromagnetic Stokes flow and are confined

We shall now discuss some particular cases of interesithin double boundary layers of thickne®{ ;) and
of the general solution (24) to (26) to gain some physicalQ( 4) These boundary layers may be recognized as

insight into flow pattern. hydromagnetic Stokes-Ekman boundary layers. In the
absence of magnetic field these boundary layers may be
identified as Stokes-Ekman boundary layers. It is also
evident from expressions in (31) that the thickness of

) ) ) these boundary layers decreases with increase in either
WhenP, — 0in equations (24) to (26), we obtain  magnetic  interaction parameten, or frequency

n = %[2a%+ i(w+2)], parametew or both whereas it increases with increase in

N = 1202 —i(w—2)] Ekman numberE. The exponential terms in the

2em ’ expressions (29) and (30) damp out quickly &s

Case-l: Oscillatory Hydromagnetic Flow in the Limit
of Vanishing Magnetic Prandtl number (i, — 0)

G — 0,00 —0, (27)  increases. Whené > L ie. outside the modified
m — 0,m — 0, hydromagnetic Stokes-Ekman boundary layer region, we
ki = (n) Y2 ko = ()2, obtain
F(n,T) R n
Rirl1— coStE~ Zky )geT ~ 61 cogwT — 3)’\/% 0. (32)
= 2z 1
4 coshE ™ 2ky (28) It is observed from (32) that in the central core, given

+1a- M)e“m]. by & > a% about the axis of the channel, the secondary
& costE " 2k velocity vanishes away while the primary velocity persists
It may be noted that magnetic Reynolds number isand has phase lag % over it.

very small in the case of vanishing magnetic Prandtl

numberRy,. Therefore, the induced magnetic fidlth, T) It is appropriate to mention here that in the limit of
produced by fluid motion is negligible in comparison to Py, — 0, my andnm, become zero which implies that for
applied one (Cramer and P&(]). large w the thickness ofm; and mp boundary layers,

which may be recognized as magnetic diffusion boundary
When the frequency parameter is large and both layers, tends to infinity implying thereby that the
Ekman numbeE and magnetic interaction parametgg; magnetic diffusion region extends up to the central line of

(@© 2016 NSP
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the channel as it happens in the limit— 0 andPy, # 0. following form
Case-Il: The Case of Small Finite Magnetic Prandtl [ F(1; ;rl;) (w+2 [Rl{cll(corimlln
Number(i.e0 < Py < 1) — Goshas coshazon) + (1 — Herl) }
. . . . +RGa(sinha
It is noticed from Case-I that in the limR, — 0 and S.nﬁfl(l smholrln et
for large w the flow-field is divided into two regions, J ~ sinhaz 221 (36)
namely, (i) hydromagnetic Stokes-Ekamn layer region | + 25— [Ri{a1(coshBun
and (i) the spatially and temporally uniform region —gg:%lcosmzzn)ﬂ%l—%)}
beyond hydromagnetic Stokes-Ekamn layer region i.e. 2 22
. o . . +Rapy(sinhB11n
magnetic diffusion region. Now we consider more sinhByy CioT
realistic (but less tractable) situation in which magnetic | —smngs SINB2211)Je™"*",
Prandtl numbeRy, is still smaller than unity but greater
than zero. From Case-l it is also evident that magnetic b(n,T) = My (me,—k2))
diffusion region (MDR) is always thicker than ’  4w(w+2)Pmad o
hydromagnetic Stokes-Ekman layer region. Therefore, for | x[Ri(Ci1coshayy +1) %
case of interest MDR should be relatively inviscid. The | 1 RG, 23"120’11 coshagon €@t
basis for an approximation valid within the MDR could y n%'z ‘;25 (37)
now be the inviscid approximation toy and ny, itself " Zw(w—2)Pmad _
(Benton and Loper34]) which can be found from the [ x[R;(a;;coshBy;+ 1)%
inviscid version of the equations (19) to (23) as sinhByy Sl
. +R@25inh322 COShBZZU]e ’
m1:m11:i[W]?,
24i(wr2) (33) where
Mp = Mpp = i[M]% .
20f-i(w-2) 011,022 = E7 2 (Kg1,myg),
1
Now expanding full expression fég,, andmy ,» in the Bi1, B2z = E 2 (K2, Mp2,)
1 _
expressions (26) in power &, we obtain C11 = —sedayy,
Cor— 200(w+2)Pma?, (38)
ky = [20%+i(w+ 2)]% 22 my1(m8,—kZ,) sinhayg cothag, ’
x[1+ @u(Pm) + O(P3)] o= _Seiﬁzil’z)P a2
m
=ku[l+ @+ O(Pr%)]v 2 Mpo(MB,—k3,) sthchothﬁzz

ke = [202—i(w—2)]2

X [1— @(Pm) + O(PZ)]
= koo[1— @+ O(R3)],

Whenw is large ancE anda?, are of small orders of
magnitude, the fluid flow represents boundary layer type
flow. For the boundary layer flow near the upper plate

my = i[w]% (34) g, introducing boundary layer coordinafe= 1 —n, the
1 2am +'|é‘*’+2) O(P2 expressions for fluid velocity and induced magnetic field,
*[1 = @(Pm) + O ?)] obtained from (36) to (38), are presented in the following
= mll[}am—( <P124>r ?(Pm)]a form
W w— =
M2 =[50z 102 ° u(n,T) = BlcogwT — 2)
*[1+ @(Pm) + O(P3)] —e % [R(Hn)1/2g2(1 - 2)
=mp[1+ @+ O(R3)], x{Cos T — € + sin(wT — o)}
where + R sin(wT — Bsé)]
Pm(iwad) +e a4 [R(E—Z“,)l/za%(lﬂL %) (39)
A= oz (35) x {cos(wT — Ba&) + sin(wT — Bak)}
_ Pm(lwo{,%) .
® = GZaz—i(w-22 sin(wT — Baé)]
. . . R(Pn)1/2q2e-asd
The expressions df,» andm,» are substituted in the 2w 2w
equations (24) and (25) and coefficient function in these { * [COS@T — Bs§) + sin(wT — Bs§)],

1
equations are expanded in powersRf. When terms
1
only up to ordeiR3 are retained, the resulting solution for

velocity and induced magnetic field are expressed in the
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v(n,T) = e ¢ [R(51)Y 202,
x(1—2){cogwT — Bs¢)
—sin(wT — B3&)}
+2R—(},cos(wT —B3¢)]

third region of flow, that beyond both hydromagnetic
Stokes-Ekman layer region and magnetic diffusion
region. This outer most region i.e. central core region is
called current free region which extends up to the central

+e o [R() Y202 (1 2) (40)  line of the channel. However, in the former case there

{coqwT — Bz&) — sin(wT — Bz&)} exist two regions only, namely, hydromagnetic

—%cos(wT —B3&)] - ZR(S—T,)l/ZUr% Stokes-Ekman layer region and magnetic diffusion region

« e 0sé [cos{wT — Psé) extending up to the central line of the channel.

—sin(@T - Bs&)],

3 Shear stress at the plates
Bx = Re %% cogwT — Bs&), By =0, (41)
where The non-dimensional shear stress compongrasdty at
) both the upper and lower plates= +1 due to primary
{015 = (Yn)1/2(1 %:), 42) and secondary flows respectively, are given by
_ (wWPm\1/2 Im . i
Bs = (%2°) / (1+2). (Tx+'Ty)nilz_m

The expressions (39) to (42) reveal that the oscillatory
flow has four modes of oscillations. The first mode
corresponds to pure oscillations of frequerwydue to
applied oscillatory pressure gradient which persist into i .
entire fluid region. The other three modes correspond to| ™22 [=Re{as(Bysinhp,
the modified hydromagnetic Stokes flow and are confined| —BzcostBitanhB,) — BotanhB,}

within triple boundary layers of thicknes3(4),0(4:) +Ra(B1costBy
and O(¢). Two of the layers of thicknes®(:) and —BpsinhBicothBy)|e et

O(%) may be identified as modified hydromagnetic 4 Mass flow rate

x [£R1{C1(a1sinhay
—apcostotanhay) — astanha;}

+RG(arcostuy — axcothay)]e@r (4)

a.
Stokes-Ekman boundary layer similar to that of Case-I.
The expression for non-dimensional mass flow radgs

Since the magnetic interaction parametef, is  andQy, due to primary and secondary flows respectively,
independent of viscosity and it is noted from the js given by
expressions in (42) thats is independent of viscosity and
depending instead only on the magnetic diffusivity or , iRy sinhay
resistivity. Henceforth, it is referred as an inviscid Qx+1Qy= T 012 [Ca( 0y
magnetic diffusion boundary layer or magnetic diffusion —C"S'“}]ﬂ) +(1- ‘a[‘j{ﬂ)]t—:i‘*’T
region of thicknessO(aiS) and it is thicker than LRy fa (Siﬂh@l_cosrﬁlztankﬁz)
hydromagnetic Stokes-Ekman layer region. The thickness @-2 L P P

tanhBy \1 —iwT

of this region increases with increase in eito€jor E or +(1- T)]e :
both. The exponential terms in the equations (39) and
(40) damp out quickly a& increases.

(45)

5 Results and discussion
Whené > 1/as, we obtain
" To study the effects of oscillations and magnetic field on
u= ZtecofwT —T11/2), v=0, the flow-field, the numerical values of both the primary
Bx~0, By~0. and secondary fluid velocities and primary and secondary
induced magnetic fields, computed from the analytical
It is evident from (43) that the central core, given by solution (24) to (26), are displayed graphically versus
& > L about the axis of the channel i.e. outside thechannel width variable] in figures-2 to 9 for various
hydromagnetic Stokes-Ekman layer region and magnetizvalues of frequency paramet@rand magnetic interaction
diffusion region, is a current free zone in which fluid has parameten? taking Ekman numbeE = 0.04 , magnetic
a velocity in the primary flow direction and it oscillates Prandtl numberP, = 0.7 (i.e. ionized hydrogen),
with the same frequency as the pressure gradient but R=R; = 1 andwT = 7 . Figures-2 and 3 illustrate the
has a phase lag eg over it. influence of oscillations on the primary velocity and
secondary velocity. It is evident from figures-2 and 3
It is observed in Cases-l and Il that the main that the primary velocity increases on increasirgnear
difference between the flow wher, — 0 and the lower and upper plates of the channel and is of
0 < Pn < 1 is that, in the latter case magnetic diffusion oscillatory character in the region.1¥ < n < 0.47.
region has a finite thicknes@(ais) and also there is a Secondary velocity decreases on increasing in the

(43)
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— w=6

0.2 0.4
N - - -—w6 ___ai‘::,,
/ -
0.15 ; \ w=8 03 s
/ A - - —w=10 N =
\
- - —w=12 / \ a2
0.1 o ! \ i 0.2 w29 , . o2=7
2N W= / \ 2N m / \ ~ o=
4 ~——=8 / s Y /o 2, / P o a =
0.05 N _ ! 0 0.1 s ST e e
VAT w=10 ! VAN 1= 0 25 ’// '-\\\
- D W -
/R A ST N ///,\ RN " v 77N A
> Op ARVRWY /// AT s v\ ‘ > of / o4 e \y\ 7|
/! Moy s TN VW f [~ NL T \\\\\\
v/ gLl R -~ v WS
—0.05} \Q/ e ’ Vo ‘\,l 01 o?=3 NN 7 /’ NN
w=12 Ve o ) Vo /,l O~ - , \ ‘\ ’1
\ - -
\ ] \ \ !
—01 \ , [N 02 \\ / .,
\ / \ ! N N
\ / \ ! -
-0.15 N v ~03
N N/
-0.2 . . . ~04 . . .
-1 -0.5 0 0.5 1 - -0.5 0 05 1
Nn——> n—>
Fig. 3: Secondary velocity profiles wheaf, = 5 Fig. 5: Secondary velocity profiles when=8

regions—1<n < -05and 05<n <1 anditis of magnetic fieldBy. It is seen from figures-6 and 7 that the
oscillatory nature in the central region of the channel.primary induced magnetic fielx increases on increasing
This implies that oscillations tend to accelerate fluid flow w near the lower and upper plates of the channel and is of
in the primary flow direction near the lower and upper oscillatory nature in the region-0.5 < n < 0.5.
plates of the channel whereas it has reverse effect on th8econdary induced magnetic fielB, decreases on
fluid flow in the secondary flow direction the regions increasingw near the lower and upper plates of the
—-1<n<-05and05<n<1. channel and it is of oscillatory character in the region
Figures-4 and 5 depict the effects of magnetic field on—0.7 < n < 0.7. This implies that oscillations tends to
the primary velocityu and secondary velocity. It is enhance induced magnetic field in the primary flow
revealed from figures-4 and 5 that both the primarydirection whereas it has reverse effect on the induced
velocity u and the secondary velocity increase on magnetic field in the secondary flow direction near the
increasinga? throughout the channel. This implies that lower and upper plates of the channel.
magnetic field tends to accelerate fluid flow in both the  Figures-8 and 9 exhibit the influence of magnetic field
primary and secondary flow directions throughout theon the primary induced magnetic fieR} and secondary
channel. It may be noted that from figures-2 to 4 thatinduced magnetic field,. It is observed from figures-8
there exists reverse flow in both the primary andand 9 that the primary induced magnetic fieR)
secondary flow directions on increasing eitheor a2, increases on increasirag, the lower and upper plates of
the channel and is of oscillatory nature in the region
Figures-6 and 7 show the effects of oscillations on the—0.57 < n < 0.57. Secondary induced magnetic fidg
primary induced magnetic fiele and secondary induced increases on increasing? near the lower and upper
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Fig. 7: Secondary induced magnetic field profiles wiug= 5 Fig. 9: Secondary induced magnetic field profiles when- 8

plates of the channel and it is of oscillatory character ina2 = 7. Fora = 7, it increases, attains a maximum and
the region—0.8 < n < 0.8. This implies that magnetic then decreases on increasing. This implies that
field tends to enhance induced magnetic field in both theoscillations have tendency to reduce primary shear stress
primary and secondary flow directions near the lower andand also secondary shear stress except wifes 7 at the
upper plates of the channel. lower plate of the channel. Magnetic field tends to
The numerical values of the primary shear strgss enhance primary shear stress whe 8 and secondary
and secondary shear stress at the lower and upper shear stress at the lower plate of the channel. It is
plates of the channel, computed from the analyticalobserved from table-2 that both the primary shear stress at
expression (44), are displayed in tabular form in tables-1the upper platéty),—1 and secondary shear stress at the
and 2 while that of mass flow rate in the primary flow upper plate(ty),—1 increase on increasing?,. Primary
direction Qx and mass flow rate in the secondary flow shear stress at the upper plate),—1 decreases on
direction Qy, computed from analytical expression (45), increasingw whereas secondary shear stress at the upper
are presented in tabular form in table-3 for various valuesplate(ty),—; decreases on increasingwhena? < 5 and
of w anda?. It is revealed from table-1 that the primary it increases, attains a maximum and then decreases on
shear stress at the lower plate,),—_1 decreases on increasingw when a2 = 7 and 9. This implies that
increasingw whereas it increases on increasimgwhen ~ magnetic field tends to enhance both the primary and
w > 8 and it increases, attains a maximum and thensecondary shear stress at the upper plate of the channel.
decreases on increasing, whenw = 6. Secondary shear Oscillations tend to reduce primary shear stress and
stress at the lower plai@y),- 1 increases on increasing secondary shear stress whef) < 5 at the upper plate of
a? whereas it decreases on increasiogexcept when the channel. It is evident from table-3 that mass flow rates
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in the primary flow directiorQyx and mass flow rate in the magnetic field in the secondary flow direction near the
secondary flow directiorQ, decrease on increasin. lower and upper plates of the channel. Magnetic field
Mass flow rate in the secondary flow directicy  tends to enhance induced magnetic field in both the
increases on increasireg, whereas mass flow rate in the primary and secondary flow directions near the lower and
primary flow directionQy increases on increasing?, upper plates of the channel.

whenw > 8 and it increases, attains a maximum and then

decreases on increasing, whenw = 6. This implies that Oscillations have tendency to reduce primary shear
oscillations tend reduce the mass flow rate in both thestress and also secondary shear stress except when
primary and secondary flow directions. Magnetic field a2 = 7 at the lower plate of the channel. Magnetic field
tends to enhance mass flow rate in the primary flowtends to enhance primary shear stress wien 8 and

direction wherw > 8 and mass flow rate in the secondary secondary shear stress at the lower plate of the channel.
flow direction. Magnetic field tends to enhance both the primary and

secondary shear stress at the upper plate of the channel.
Oscillations tend to reduce primary shear stress and

Table-1: Primary and secondary shear stress at the lower plate
y y P secondary shear stress whef) < 5 at the upper plate of

aplw— (t)n=—1 —(typ=—1 . : .
6 8 10 ] 12 6 8 10 [ 12 | the channel. Oscillations tend reduce the mass flow rate in
3 1.4894 | 1.2591 | 1.1226| 1.0216| 1.1817 0.9803 0.8207 | 0.7086 . . . .
5 | 17054| 13321 | 11884| 10700| L7801 Lesie | 1asee| 11751 DOth the primary and secondary flow directions. Magnetic
7 | 1.9299] 13079 | 1.2588) 11194 2.1504] 23315 | 1.9235] 1.6321) fig|d tends to enhance mass flow rate in the primary flow
9 1.8844| 1.4751 | 1.3394| 1.1696 | 3.0384 2.7161 2.6056 | 2.0673

direction whenw > 8 and mass flow rate in the secondary
flow direction.
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6 8 0 2 6 8 0 2
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