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Abstract

Combined free and forced convection flow of a viscous incompressible electrically conducting fluid in a rotating channel is
studied. Analytical solution for the velocity and induced magnetic field is obtained in closed form. Asymptotic behavior of the
solution for the velocity and induced magnetic field is analyzed for large values of magnetic parameter M? and rotation
parameter K? to gain some physical insight into the flow pattern. The expressions for the shear stress and critical Grashof
number at both the plates and mass flow rates are also derived. Numerical values of rate of heat transfer at both the plates are
obtained with the help of MATLAB software. The numerical values of velocity and induced magnetic field are displayed
graphically whereas that of shear stress at the upper plate, mass flow rate, critical Grashof number and rate of heat transfer at
both the plates are presented in tabular form for various values of flow parameters.

Keywords: Wall conductance, free and forced convection, magnetic field, rotation, Ekman-Hartmann boundary layer, modified
Ekman boundary layer.

1. Introduction

The study of hydromagnetic flow of a viscous incompressible electrically conducting fluid in a rotating medium is of
considerable importance due to occurrence of various natural phenomena and for its application in various technological situations
which are directly governed by the action of Coriolis and magnetic forces. In order to increase basic understanding of such fluid
flows, several researchers including Hide and Roberts (1960), Nanda and Mohanty (1971), Soundalgekar and Pop (1973),
Soundalgekar and Gupta (1975), Debnath (1974,1975), Acheson (1975), Mazumder (1977), Datta and Jana (1977), Seth et al
(1982, 2009, 2010), Raptis and Singh (1986), Singh et al (1994), Ghosh (1993), Nagy and Demendy (1995), Seth and Banerjee
(1996), Ghosh and Bhattacharjee (2000), Singh (2000), Ghosh and Pop (2003, 2004), Hayat et al. (2004a, 2004b, 2004c) Seth and
Singh (2008), Seth and Ansari (2009), Das et al (2009), Guria et al. (2009) investigated the problems of hydromagnetic flow in
rotating medium under different conditions and configurations. Mazumder (1977) studied steady flow of a viscous incompressible
electrically conducting fluid in a rotating channel with arbitrary conducting walls. Mazumder (1977) also investigated the heat
transfer characteristics of the flow due to forced convection taking viscous and Joule dissipations into account. It is well known
that the fluids with low Prandtl number are electrically conducting apart from being more sensitive to the gravitational field than
fluids with high Prandtl number. Hence the interplay of buoyancy force with the electromagnetic force determines the ultimate
behaviour of an electrically conducting fluid with low Prandtl number under a transverse magnetic field. Keeping in view this fact,
Seth and Banerjee (1996), Ghosh and Bhattacharjee (2000), Seth and Singh (2008) and Seth and Ansari (2009) studied combined
free and forced convection flow of a viscous incompressible electrically conducting fluid in a rotating channel considering
different aspects of the problem. In all these investigations the walls of the channel are considered either non-conducting or
perfectly conducting.

The purpose of the present paper is to study combined free and forced convection flow of a viscous incompressible electrically
conducting fluid in a rotating channel with arbitrary conducting walls, in the presence of a transverse magnetic field, under the
action of a uniform pressure gradient. Analytical solution for the velocity and induced magnetic field is obtained in closed form.
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The solution for the velocity and induced magnetic field, in dimensionless form, contains four pertinent flow parameters, namely,
M? (square of Hartmann number), K? (rotation parameter which is the reciprocal of Ekman number), G (Grashof number) and ¢
and ¢, (wall conductance ratios). The asymptotic behavior of the solution is analyzed for large values of M? and K? to gain some

physical insight into the flow pattern. The expressions for the shear stress at both the plates due to the primary and secondary
flows, mass flow rates and Critical Grashof number at both the plates due to the primary as well as secondary flows are obtained.
Heat transfer characteristics of the flow is considered taking viscous and Joule dissipations into account when the plates of the
channel are heated or cooled due to uniform temperature gradient. The numerical values of the rate of heat transfer at both the
plates are obtained with the help of MATLAB software.

To study the effects of magnetic field, rotation, free convection and wall conductance profiles of velocity are drawn versus

channel width variable 7 for various values of M?,K?,G and ¢ = ¢ +¢, while the numerical values of induced magnetic field

are depicted graphically versus 7 for different values of M? K?2,G, @ and ¢, . The numerical values of the primary and
secondary shear stress components at the upper plate 7 =1 and rate of heat transfer at both the plates are presented in tabular form

for various values of M? K? G and ¢ whereas that of mass flow rates and critical Grashof number are given in tables for
different values of M?,K? and ¢.

2. Formulation of the problem and its solution

Consider combined free and forced convection flow of a viscous incompressible electrically conducting fluid between two
horizontal parallel finitely thick arbitrary conducting plates z ==L in the presence of a uniform transverse magnetic field H,
applied parallel to z-axis. The fluid and channel rotate in unison with a uniform angular velocity Q about z- axis and fluid flow
within the channel is induced due to uniform pressure gradient applied in x-direction. The plates of the channel are cooled or
heated by uniform temperature gradient acting along X-direction so that temperature varies linearly along the plates. Since plates
are infinite along x- and y- directions and flow is assumed to be steady and fully developed, all physical quantities, except pressure
and temperature, depend on z only. Geometry of the problem is presented in Fig. 1.

The fluid velocity § and induced magnetic field H are assumed as
G=@,Vv,0), H=(H/,H/  Hp). (1)

This assumption is compatible with the fundamental equations of magnetohydrodynamics in a rotating medium.
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Fig. 1. Geometry of the Problem

Under the above assumptions equation of motion and induction equation for the magnetic field reduce to
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where p,T,, p,0, 1,0, ' and g are, respectively, modified hydromagnetic pressure including centrifugal force, temperature in
reference state, density, kinematic coefficient of viscosity, magnetic permeability, electrical conductivity, coefficient of thermal
expansion and acceleration due to gravity.

Since plates of the channel are cooled or heated by uniform temperature gradient acting along x-direction so the fluid
temperature is considered as

T’—T0 :A1X+HI(Z)’ (7)

where T', A, and 0,(z) are, respectively, fluid temperature, uniform temperature gradient acting along x- direction and arbitrary
function of z.
Eqn. (4), after integration, is given by
B =-qz _&(HX’2 + Hy’2 + H02)+ gIB’J(T’—TO)dZ-i- le , (®)
p 2p
where K| is the uniform pressure gradient acting along x-direction with which fluid flow is generated within the channel.
Eqn. (2), with the help of (7) and (8), reduces to

Hy dH,’ 2
1+/Je 0 X_,’_Udu

-2Qv'=-gpAz-K . 9
95 A dz dz? ®
The boundary conditions for the velocity field are
u'=v' =0 at z=+L. (10)

It is assumed that the plates of the channel are of finite thickness and of arbitrary electrical conductivity, the boundary conditions
for the magnetic field (Mazumder (1977)) are

' ' dH,” oH,/
aH, , oHy =0, —+— =0atz=L,
dz oh, dz ohy
(11
! ! dH, oH,/
dH, _ oHy =0; Y _— Y —0atz=-L,
dz  o,h, dz  o,h,
where o}, h; and o5, h, are, respectively, electrical conductivity and thickness of the upper and lower plates.
Introducing non-dimensional variables
n=2/L, u=uljv, v=vL/v, H, = H, JouoH, and H, = H,' [opoH,, (12)
the eqns. (3), (5), (6) and (9), in dimensionless form, are given by
dH,
LECVEL L e Gn+R, (13)
i dz
dH
RVELLI PP E N (14)
dn dn
d?H du
_ - X — , (15)
dn dn
d*H
v (16)
dn dn
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where M ? = yg?H ?L? (o/pv) is magnetic parameter which is square of Hartmann number, K? =QL2/U is rotation

parameter which is the reciprocal of Ekman number, G = gf'A L / v* is Grashof number and R = L° K, / v® is non-dimensional

pressure gradient.

It is noticed from equation (7) that positive or negative value of A, corresponds to heating or cooling of channel walls along x-
direction. Therefore, it follows from the definition of G that G >0 or G < 0 according as the channel walls are heated or cooled in
axial direction.

The boundary conditions (10) and (11), in dimensionless form, become

u=v=0 at 5==+I, (17)
dH, H
B P S D g o n=1,
dn ¢ dn 4 (18)
dH, H
dH_X_i:(); —Y_Y_0at n=-1,
dn ¢ dp ¢,

where ¢ =oh /oL and ¢, =o0,h, /oL are dimensionless wall conductance ratios for the upper and lower plates respectively.

The eqns. (13) to (16) are presented in compact form as

2

d F+M2d—H—2iK2F:Gn+R, (19)
d772 dn

2

d';' d_F:(), (20)
dp® dpg

where F=u+iv andH =H, +iH,.

The boundary conditions (17) and (18) become

F=0 at 5=z, @
d_H+i:() at n=1, d—H—EIO at n=-1. (22)
dn ¢ dn ¢,

The solution of eqns. (19) and (20) subject to the boundary conditions (21) and (22) are given by

coshAn G (sinhAn
() ( cosh A j ,12( sinh A 77) @3)
sinh An G(1l , coshipy
Hp) =C| —L—p |+—=| =n* ——LL|-Cp+C,, 24
() [sinh/i '7)+,12(2'7 ﬁ,sinh/lj 17+ %)
where A=a+if, (25a)
RA(g+2

c_ (¢+2) (25b)

[2M? (2~ tanh 2)~(g+2)2* |

d=¢+0, (25¢)
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2R(A—tanh 1)

_ 25d
' oM?(tanh 21— 4)+(g+2) A’ (25d)
C,=LC (4 -g) - (A—-200th 1) (25¢)
2_2 1 2 2/13 s
oz,ﬁ:L (M4+4K4)%iM2 E. (251)
2

2.1 Shear stress at the upper and lower plates

The non-dimensional shear stress components 7, and 7, at the upper and lower plates, due to the primary and secondary flows

respectively, are given by

(rx s ) _Casinh(dn) G ° (/Icosh(/in) 1) 26)

Y =1 cosh(4) sinh(1)
2.2 Critical Grashof number

The Critical Grashof numbers G, and Gy, for which shear stress at the plates due to the primary and secondary flows respectively
vanishes, are given by

. CA’sinh? (1)
(G +iGy) | =+

, . 27)
n=%1 cosh(A4) [/1 cosh(1)— smh(ﬂ)]

2.3 Mass flow rate

The non-dimensional mass flow rates Q,/pv and Q,/pv, in the primary and secondary flow directions respectively, are given by

[QX+iQyJ 1 C(1+24e* cosh(2) —(e*)? ) (28)

pL 2 ret cos(A)
3. Asymptotic Solutions

Now asymptotic behavior of the solution given by (23) and (24) is to be discussed to gain some physical insight into the flow
pattern.

CaseI: M>>> 1 and K2>> 1

When both M? and K? are large, boundary layer type flow is expected. For the boundary layer flow adjacent to the upper plate
n =1, introducing boundary layer coordinate &=1-7, the asymptotic solution for the velocity and induced magnetic field are
obtained from (23) and (24) which are presented as

(a2+ﬁ2)2 {[m—ﬂzj{ (f—l]—R}+[G+R)e_aég{[az_lgzjcosﬁ§—2aﬂsinﬁ§ﬂ, (29)
[Zaﬁ{R ~G(£-1)}-(G+R)e {(az -p )sinﬂ§+ 2aﬂcosﬂ§}], (30)

(@ +ﬂ2)2
g%

H, :{—%5(2—§)+ R(1—§—¢3)}5—ﬁ(6+R)[(a5+ﬂ7)008ﬁ§+
(a +p )
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+(ﬂ5—a;/)sinﬂ§]+(a2i—ﬂz)(aé‘+,b’}/)(G+R¢3), €2}
G+R
Hy={—%5(2—§)+R(l—§—¢3)}7——((Z:ﬁz)e“f[(a5+ﬂy)sinﬂ§+
o
+(,85—a;/)cosﬂf]+W(a7—ﬂé‘)(G+R¢3), (32)
a
where
5:(052_,32)’7:_ 208 ’%:2(1—§)+(¢2—¢1)' (33)
(a2 + 2 )2 (a2 + 2 )2 (4+2)

It is evident from the expressions (29) to (32) that flow is divided into two regions, namely, boundary layer region and central
core region. The boundary layer region is confined to the boundary layer of thickness O(1/a) which arises adjacent to the upper
plate of the channel. This layer may be recognized as modified Ekman-Hartmann boundary layer and can be viewed as either a
classical Ekman boundary layer modified by magnetic field or a classical Hartmann boundary layer modified by rotation.

For M? >> K this boundary layer reduces to the Hartmann boundary layer and for M> << K* it becomes Ekman boundary layer.
A similar type of boundary layer appears near the lower plate. The exponential terms in (29) to (32) damp out quickly as &

increases. When & > 1/« , i.e. in the central core region, (29) to (32) reduce to

ur— (e -p){e(-1)-R}], ve—2% _TRr-G(s-1)], (34)
(a2+,82) |:( ){ }:| ((Z2+ﬂ2) I: :|
[ G, CR(1_ £ +(a5+ﬂ7/)(G+R¢3)
Hx~{ S ¢(2-¢)+R(1-¢ %)}5 (s (35)
[ G, CR(_£— +(a7/—,85)(G+R¢3)
L B G )

Expressions (34) to (36) reveal that, in central core region, fluid flows in both the primary as well as secondary flow directions and
has considerable effects of rotation and magnetic field. The effect of free convection on the velocity become insignificant near the
central line of the channel (i.e. 7 =0). The fluid velocity varies linearly with n in both the directions. The induced magnetic field

components H, and Hy have considerable effects of rotation, magnetic field, wall conductance and free convection. Also Hy and H,
vary with 1 but the variation is non- linear due to the presence of free convection. In the absence of free convection fluid flow is
uniform in the central core region while induced magnetic field varies linearly with n.

Case II: K* >> 1 and M*~ O(1)

In this case also fluid flow becomes boundary layer type. For the boundary layer flow near the upper plate, the expressions
for the velocity and induced magnetic field, derived from (23) and (24), are given by

u= _%e_a@ sin 3,&, (37)
v:zé2 [(R+G)(1—e‘“l§ cosﬁlg)—eg], (38)
sz_ﬁ{(% +G)—\/§(R+G)e‘“1§cos(ﬂlé—%ﬂ, (39)
H, =_4}1<2 [zR{@ +1=O}-BE2-8)++ {(Rpy +8) +V2 (R+G)xe ™ sin(ﬂ@—%)H, (40)
where

2 2
aI:K{H‘mz},ﬂl:Kl}—:&z}. (41)
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The expressions (37) to (40) show that the fluid flow is divided into two regions viz. boundary layer region and central core region.
The boundary layer region is confined to the boundary layer of thickness O(1/a;) which appears near the upper plate. This
boundary layer may be identified as modified hydromagnetic Ekman boundary layer and can be viewed as a classical Ekman
boundary layer modified by magnetic field. A similar type of boundary layer appears near the lower plate. The thickness of the
boundary layer decreases with the increase in either K> or M. In the central core region, the expressions (37) to (40) reduce to

1
U~0.v~——(R+Gy).
2K2( + ’7)

(42)
1
sz—m(R(ﬁS +G), (43)
1 1
Hyz—4K2BZR(%+77)—G(1—772)}+K(R¢3+G)} (44)

It is evident from the expressions (42) to (44) that, in the central core region, fluid flows in a direction normal to the directions of
applied pressure gradient and axis of rotation. Fluid velocity is unaffected by the magnetic field and varies linearly with 1. The
effect of free convection on fluid flow is insignificant near central line of the channel. The induced magnetic field persists in both
the directions due to free convection and wall conductance in this region and has considerable effects of rotation, wall conductance

and free convection. Induced magnetic field Hy varies linearly with n whereas variation in induced magnetic field Hy is non-linear
with n due to the presence of free convection.

Case ITI: M*>> 1 and K* ~ O(1)

In this case also boundary layer type flow is expected. For the boundary layer flow near the upper plate, the expressions for the
velocity and induced magnetic field, obtained from (23) and (24), are given by

R+G
u=%{e_M§cosﬁ2§—l}+%, (45)
R+G
V= (MLZ)e-Mf sin B,&, (46)
1 1 2 2 _
Hx=‘2Mz{m(l‘ﬁj%+G(1_ﬁj‘{2R+G(1—§)}(1—§)+W(R+G)e "% cos B |, “7)
R+G
Hy:( '\;IL3 )e S sin f,€, (48)
where
By = KM ()

It is evident from the expressions (45) to (48) that fluid flow is divided into two regions, namely, boundary layer region and
central core region. The boundary layer region is confined to Hartmann boundary layer of thickness O(1/M) which arises near the

upper plate of the channel. A similar type of boundary layer appears adjacent to the lower plate. In the central core region, the
expressions (45) to (48) reduce to

u z—#(677+ R), v~0,

(50)
Hy o~ 2R(1—L]¢3+G(l—iJ—(2R+Gn)n (51)
I VE M M o
HyzO, (52)

The expressions (50) to (52) reveal that, in the central core region, the velocity and induced magnetic field vanish away in the
secondary flow direction while it persist in the primary flow direction and are unaffected by rotation. The primary velocity u varies
linearly with 1 and the effect of free convection on it is insignificant near the central line of the channel. The variation in induced

magnetic field Hy is non-linear with 1 due to the presence of free convection and it has considerable effects of magnetic field, wall
conductance and free convection.
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4. Heat Transfer Characteristics

Energy equation for steady fully developed flow of a viscous incompressible electrically conducting fluid taking viscous and Joule
dissipations into account is

2 2
T'-T, 2(T' =T, % "\ ' dH,’
p

oX PC, Vo Cp dz dz opC dz dz

where K and C, are, respectively, thermal conductivity and specific heat at constant pressure.

Since plates z ==L are cooled or heated by a uniform temperature gradient A, along x - direction, therefore, boundary

conditions for fluid temperature are assumed as
T'=T, +AX+6,, atz=L; (54)
T'=T, +Ax+86,, atz=-L,

where 0,

v, and 6, are constants.

Energy equation (53), in dimensionless form with the help of (7) and (12), becomes

2 2 2 2 (dH, Y
LI SPRCY 3 IR I U I SVED e I il B (55)
dn? dn dn dn dn

where T = g 'L’ («91 ~ Oy, ) / v? is dimensionless fluid temperature. B = puC, / K is Prandtl number and E, = gg'L/c, is

Eckert number.

Boundary conditions (54), in dimensionless form, become
T=0atn=1, T=gpL (lez O, )/u2 =0, (say) at n=—1. (56)
For solving eqn. (55), the eqn. (55) is combined with the following equation

2
erv=3¥ (57)
dn

with boundary conditions

wv=0an==%1, (58)
where A=T +iy .
The resulting equation is presented as

, _ _
d—fzeer-PrE, dF dF |, 2 9H dH , (59)
dn dn n dn dn

where Fand H are complex conjugates of F and H respectively.
Boundary conditions (56) and (58), in combined form, become

A=0atn=1, A=6,atn=-1. (60)
The numerical solution of energy equation (59) subject to the boundary conditions (60) can be obtained by MATLAB software.
The numerical values of rate of heat transfer at both the plates are obtained with the help of MATLAB software.

5. Results and Discussion

To study the effects of buoyancy force, rotation, magnetic field and wall conductance on the fluid velocity and induced magnetic
field profiles of the velocity and induced magnetic field are drawn versus channel width variable 7 in Figs. 2 to 10 for various
values of G,K*,M?,¢ and ¢, taking R=—1. It is evident from Figs. 2 to 10 that profiles of the velocity and induced magnetic
field are asymmetric and there arises reverse flow in the primary and secondary flow directions due to the presence of free
convection(G # 0). It is evident from Fig. 2 that free convection tends to accelerate fluid flow in the primary flow directions

whereas it accelerates secondary flow in the lower half of the channel and its characteristics are changed in the upper half of the
channel. Fig. 3 reveals that free convection has tendency to increase primary as well as secondary induced magnetic fields H, and
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H, throughout the channel. Fig. 4 shows that rotation retards fluid flow in both the directions in the region away from the upper

plate whereas, in the region near the upper plate, its characteristics are changed due to flow reversal.
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Fig. 2. Profiles of primary and secondary velocities
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It is noticed from Fig. 5 that rotation reduces primary induced magnetic field H, whereas it tends to increase secondary induced
magnetic field H . However, characteristics of H, near the upper plate and of H, near the lower plate are changed due to

rotation. Fig. 6 shows that magnetic field retards fluid flow in both the directions. Fig. 7 reveals that magnetic field reduces
primary and secondary induced magnetic fields. However, characteristics of H, is changed near the upper plate and that of H, is

changed near the lower plate of the channel. It is evident from Fig. 8 that, with the increase in ¢ = ¢ +¢, , primary velocity u

increases whereas secondary velocity v decreases. This implies that wall conductance tends to accelerates fluid flow in the primary
flow direction and has tendency to retard fluid flow in secondary flow direction. It is also noticed from Fig. 8 that primary velocity

u is minimum when channel walls are non-conducting (i.e. o= O) and it is maximum when the channel walls are perfectly
conducting (i.e. o= oo) . Secondary velocity v is maximum for non-conducting walls and it is minimum for perfectly conducting
walls. Figs. 9 and 10 show that both the primary and secondary induced magnetic fields increase with the increase in ¢l whereas it

decrease with the increase in ¢,. This implies that wall conductance of lower plate increases both the induced magnetic fields
whereas wall conductance of the upper plate reduces both the induced magnetic fields.
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Fig. 10. Profiles of primary and secondary induced magnetic fields when G=4, K’=5
M?=4 and ¢ =1.

The numerical values of primary and secondary shear stress components at the upper plate are presented in tabular form in
Tables 1 and 2 for various values of M?,K*,G and ¢ taking R =—1 whereas that of critical Grashof numbers G, and G, for

which separation takes place at the upper plate in the primary and secondary flow directions respectively and mass flow rates
Q,/pv and Q, / pv in the primary and secondary flow directions respectively are provided in Tables 3 to 6 for various values of

M? K? and ¢. It is evident from the Tables 1 and 2 that the primary shear stress 7, at the upper plate increases with the increase
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in G whereas secondary shear stress 7 y at the upper plate decreases, attains a minimum and then increases in magnitude with G

which implies that there exists flow separation at the upper plate due to free convection in the secondary flow direction. Primary
shear stress 7, increases, attains a maximum and then decreases with the increase in K? when G =2 whereas it decreases on

increasing K> when G =4and 6,. On increasing K’, secondary shear stress 7, decreases when G =2 and it increases in

magnitude when

Table 1. Primary and secondary shear stress components at the upper plate =1 when M? = 4 and ¢ =1.

Ty Ty

G, K2, | 3 5 7 3 5 7
2 0.1367 | 0.1905 | 0.1860 | 0.1675 | 0.0723 | 0.0165
4 0.6266 | 0.6239 | 0.5679 | 0.0454 | -0.0922 | -0.1650
6 1.1165 | 1.0573 | 0.9498 | -0.0767 | -0.2566 | -0.3465

Table 2. Primary and secondary shear stress components at the upper plate n =1 when K?=5 and G=4.

Ty -Ty

s, M2, | 2 4 6 2 4 6
0 0.6695 | 0.6395 | 0.6049 | 0.1408 | 0.0586 | 0.0093
1 0.6611 | 0.6239 | 0.5835 | 0.1567 | 0.0922 | 0.0433
3 0.6558 | 0.6168 | 0.5778 | 0.1695 | 0.1186 | 0.0829
0 0.6500 | 0.6134 | 0.5823 | 0.1885 | 0.1555 | 0.1333

G =6. Also 7, decreases, attains a minimum and then increases in magnitude with the increase in K* when G =4. 7, and 7,
decrease on increasing M>. 7, decreases with the increase in ¢ when M’ =2 and 4 and it decreases, attains a minimum and
then increases with the increase in ¢ when M* =6. 7 y increases on increasing ¢ . It is found from Tables 3 and 4 that critical

Grashof number G

G, , for which separation takes place at the upper plate in the secondary flow direction, decrease on increasing either K? or ¢

for which separation takes place at the upper plate in the primary flow direction, and critical Grashof number

cX 2

which implies that rotation and wall conductance induce flow separation at the upper plate in both the primary and secondary flow
directions. G, and G, are minimum when @ = o (i.e. perfectly conducting walls) and these are maximum when ¢ =0 (i.e.
non-conducting walls). This implies that separation takes place early at the upper plate in both the directions for perfectly

conducting walls. G, and G, increase with the increase in M * which implies that magnetic field prohibits flow separation at the

X
upper plate in both the directions i.e. it suppresses any turbulence present in the fluid flow to maintain laminar flow characteristics
of the fluid. It is observed from the Tables 5 and 6 that mass flow rate Q,/pv in the primary flow direction increases with the

increase in either M? or ¢ and it decreases with the increase in K*. Mass flow rate Q, / pv in the secondary flow direction

decreases with the increase in either M* or K* or ¢.

Table 3. Critical Grashof numbers at the upper plate n =1 when M? = 4,

Gex “Gey

5, K2, | 3 5 7 3 5 7
0 1.6538 | 1.3306 | 1.2297 | 1.0778 | 0.7425 | 0.5536

1 1.6350 | 1.3423 | 1.2388 | 0.7749 | 0.5832 | 0.4481

3 1.5762 | 1.3306 | 1.2350 | 0.5770 | 0.4655 | 0.3672
0 14553 | 1.2878 | 12139 | 0.3525 | 0.3116 | 0.2555
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Table 4. Critical Grashof numbers at the upper plate n =1 when ¢ =1.

Gex 'ch
M 2¢ KZA 3 5 7 3 5 7
2 1.4816 | 1.2559 | 1.1902 | 0.7315 | 0.5021 | 0.3723
4 1.6350 | 1.3423 | 1.2388 | 0.7749 | 0.5832 | 0.4481
6 1.7717 | 1.4313 | 1.2927 | 0.7916 | 0.6477 | 0.5153

Table 5. Mass flow rates in the primary and secondary flow directions when M? = 4,

Qu/pv -Q/pv
@, Kz» 3 5 7 3 5 7
0 0.0608 | 0.0270 | 0.0155 | 0.1101 | 0.0773 | 0.0582
1 0.0688 | 0.0332 | 0.0194 | 0.0925 | 0.0713 | 0.0556
3 0.0714 | 0.0369 | 0.0221 | 0.0796 | 0.0661 | 0.0532
o0 0.0714 | 0.0407 | 0.0254 | 0.0634 | 0.0584 | 0.0493

Table 6. Mass flow rates in the primary and secondary flow directions when ¢ =1.

Q./pv - Qy/pv
M 2¢ K2_> 3 5 7 3 5 7
2 0.0624 | 0.0285 | 0.0166 | 0.1048 | 0.0750 | 0.0570
4 0.0688 | 0.0332 | 0.0194 | 0.0925 | 0.0713 | 0.0556
6 0.0721 | 0.0370 | 0.0220 | 0.0809 | 0.0671 | 0.0539

n=1

and (dT/ dn) __,» respectively, are

presented in Tables 7 and 8 for various values of M?*,K*,G and ¢ taking R=-1,P, =0.025 and E, =2 . It is evident from Tables
7 and 8 that rate of heat transfer at the upper plate (dT/d7)

either K* or ¢. (dT/dn)

,- increases with the increase in G and decreases with the increase in

- increases with the increase in M when ¢ # 0 and it decreases on increasing M? when ¢ =oo.

Rate of heat transfer at the lower plate i.e. (dT /d 77)”:71 decreases with the increase in G and increases with the increase in either

K? or ¢. (dT /d 77)”:7 , decreases with the increase in M > when ¢ =0and increases with the increase in M* when ¢ # 0 . Thus

we conclude that free convection tends to increase rate of heat transfer at the upper plate whereas it has reverse effects on the rate
of heat transfer at the lower plate. Rotation and wall conductance have tendency to reduce rate of heat transfer at the upper plate
whereas it has reverse effects on the rate of heat transfer at the lower plate. Magnetic field tends to increase rate of heat transfer at
the upper plate when both the plates are either non-conducting or finitely conducting and it has tendency to reduce rate of heat
transfer at the lower plate when both the plates are either finitely conducting or perfectly conducting.
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Table 7. Rate of heat transfer at the upper and lower plates when M2 =4 and p=2.

~(d0/dn)y ~(d0/dn)y -

G, K2, | 3 5 7 3 5 7
2 0.5058 | 0.5045 | 0.5034 | 0.4946 | 0.4961 | 0.4970
4 0.5137 | 0.5120 | 0.5096 | 0.4928 | 0.4936 | 0.4948
6 0.5299 | 0.5262 | 0.5210 | 0.4881 | 0.4889 | 0.4907

Table 8. Rate of heat transfer at the upper and lower plates when K? =5 and G=4.

(do/dn), - (do/dn),
g M2, | 2 4 6 2 4 6
0 0.5119 | 0.5141 | 0.5159 | 0.4926 | 0.4924 | 0.4918
1 0.5108 | 0.5120 | 0.5128 | 0.4932 | 0.4936 | 0.4939
3 0.5102 | 0.5107 | 0.5110 | 0.4935 | 0.4942 | 0.4948
0 0.5094 | 0.5094 | 0.5093 | 0.4937 | 0.4947 | 0.4954

6. Conclusions

Combined free and forced convection flow of a viscous incompressible electrically conducting fluid in a rotating channel is
investigated. Asymptotic behavior of the solution for the velocity and induced magnetic field is analyzed for large values of M?
and K? to gain some physical insight into the flow pattern. Free convection causes reverse flow in the primary and secondary flow
directions and tends to accelerate primary flow and has tendency to accelerate secondary flow in the lower half of the channel.
Free convection tends to increase primary and secondary induced magnetic fields throughout the channel. Magnetic field retards
fluid flow in both the directions. Wall conductance accelerates fluid flow in the primary flow direction and it retards fluid flow in
the secondary flow direction. There exists flow separation at the upper plate due to free convection in the secondary flow direction.
Free convection tends to increase rate of heat transfer at the upper plate whereas it has reverse effects on the rate of heat transfer at
the lower plate. Rotation and wall conductance tend to reduce rate of heat transfer at the upper plate and have reverse effects on the
rate of heat transfer at the lower plate.
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