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Abstract — In the present paper we shall discuss unsteady flow, with heat and mass transfer, in an

incompressible, electrically conducting, and viscous fluid through a time dependent porous medium past
an infinite porous vertical plate with constant suction/injection in the presence of a uniform magnetic field
applied perpendicular to the flow region. It is considered that the plate is subjected to a constant
suction/injection velocity normal to the plate the flow is through a non-homogeneous porous medium. The
effects of various parameters on primary velocity, secondary velocity, temperature field and concentration
field have been discussed with the help of figures while the effects of important parameters on in skin-
friction due to primary and secondary velocities, rate of heat and mass transfer have been discussed with

the help of tables.
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INTRODUCTION

Free convection problem have attracted a
considerable amount of interest because of its
importance in atmospheric and oceanic circulations,
nuclear reactors, power transformers etc. several
authors viz. Sturat (1954), Greenspan (1969), Jana &
Dutta (1977), Sinha & Gupta (1980), Gupta et al.
(1983), Purohit & Sharma (1986), Palec & Daguenet
(1987), Singh (1994) have discussed rotating flows,
Seth & Banerjee (1996) have studied combined free
and forced convection flow of a viscous fluid in rotating
channel in the presence of a uniform transverse
magnetic field applied parallel to the axis of rotation.
Gebhart (1973), Debnath (1973), Acheson and Hide
(1973), Reynolds (1975 a, 1975b), Khare (1977),
Srinivasan & Kandaswami (1984), Kumar & Mala
(1992) Varshney and Johri (1993), Sharma (1995),
Varshney and Varshney (1996) etc. have discussed
flow in rotating system in presence magnetic field.
Singh et al. (2001) have studied free convection in
MHD flow of a rotating viscous liquid in porous
medium past a vertical porous plate. Dhiman (2000)
have studied a uniform rotation and uniform magnetic
field in thermohaline convection. Recently, Kumar et
al. (2001) have presented a study of the hydrodynamic
lubrication of a micropolar fluid between two rotating
rollers. More recently, Singh et al. (2002) have
studied hydromagnetic oscillatory flow of a viscous
fluid past a vertical plate in a rotating system. Johri
(2003) was investigated approximate solution of the
miscible fluid flow through porous media using
collocation method.

In the present paper we shall discuss unsteady flow,
with heat and mass transfer, in an incompressible,
electrically conducting, viscous fluid through a time
dependent porous medium past an infinite porous
vertical plate with constant suction/injection in the
presence of an uniform magnetic field applied
perpendicular to the flow region. It is considered that
the plate is subjected to a constant suction/injection
velocity normal to the plate and the flow is through a
non-homogeneous porous medium. The effects of
various parameters on primary velocity, secondary
velocity, temperature field and concentration field have
been discussed with the help of figures while the effects
of important parameters on in skin-friction due to
primary and secondary velocity, temperature field and
concentration field have been discussed with the help of
figures while the effects of important parameters on in
skin-friction due to primary and secondary velocities,
rate of heat and mass transfer have been discussed
with the help of tables. There are two figures showing
effects of the important parameters on primary and
secondary velocities and six tables showing the effects
of various parameters on skin-friction due to primary
velocity, secondary velocity, rate of heat transfer and
rate of mass transfer.

NOMENCLATURE
uVv,w - The velocitise along x, y and z axis.

Q _

Uniform angular velocity
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BO - Uniform magnetic field

Q — Constant heat source

p - Density of a linear function

g - Accleration due to gravity

BO - Volumetric coefficient of thermal
expansion

o - Electric permeability

Me - Magnetic permeability

Ho - Constant Magnetic Field

Ko - Constant permeability

Tl - Coefficient of viscosity

K - Thermal conductivity

Cp - Specificant at constant pressure
T - Temperature

T, - Plate temperature

T® - Temperature far away the plate
Cw - Concentration of species at plate
C - Concentration of species far away
from plate

Ny - Nusslet No.

o - Heat source parameter

E - Rotation parameter

n - Frequency parameter

FORMULATION OF THE PROBLEM

We consider an unsteady heat and mass transfer flow
of an incompressible, electrically conducting, viscous
liquid flowing through porous medium, which depends

on time such that k(t):k0(1+ee”“ past an infinite,
vertical, porous plate with constant heat source in the
presence of transverse uniform magnetic field. Further
we consider a Cartesian coordinate system choosing
x-axis and y-axis in the plane of the porous plate and

z-axis normal to the plate with velocity components
u,v, w in these directions respectively. Both the liquid
and the plate are considered in a state of rigid body

rotation about z-axis with uniform angular velocity Q.
We also assume that the uniform magnetic field
By = 1. H , Where H _(0’0’ HO) is applied in
the z-direction and the magnetic Reynolds number is
small. The constant heat source Q is assumed at z =
0. We take the heat source of absorption type

Q - QO (T _TOO). The suction velocity at the plate

is W="Wo yhere Wo s a positive real number and

negative sign indicates that the suction is towards the
plate. In this analysis buoyancy force, hall effect, effect
due to perturbation of the field, induced magnetic field
and polarization effect are ignored. Initially at t < O the

plate and the fluid are at the same temperature T, and

species concentration is uniformly distributed in the flow
region such that it is everywhere C-. When t > 0 the

temperature of the plate is raised to T.+<e™) and the

int
concentration level is raised to Cw(1+€e ) For
formulation of mathematical equations the following
assumption have been made :

® The physical properties of the fluid are
constant excluding density in the buoyancy
force term in the momentum equation.

(i) The density is a linear function of
temperature and species concentration given
by p=pll-B(T-T.) +pT-T,)] so that
Boussinesq's approximation is taken into
account.

Following, Gebhart & Pera (1971), the species
concentration is very low so that the Soret and Dofour
effects are negligible.

0] The induced magnetic field and the heat due
to viscous dissipation are negligible.

(i) The plate is infinite in length so that the
physical quantities involved in the governing
equations depend on z and t only.

(i) The magnetic field is not strong enough to
cause Joule heating so that the term due to
electrical dissipation is neglected in energy
equation.

Under above stated restrictions the equations of motion
and energy are :

ou au GRT
E_WOE_ZQV = Uaziz-i_ gﬁO(T _Tso)+ gﬂ(c _Coo)
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olreem)’ Tt (1)
o ov R v C 2.2
oW, ——2v=0v— — V- — 4 H
a o TNV mv et (2)
T K PT Q-T,)
ot o uC, 2t L, 3)
€, E_pic
ot oz ot (4)

The boundary conditions relevant to the problem are :

u =U0(1+eei"t),v:0, T=T, (1+ eeint)’

C=C,(l+ece™psz=0

u=U(t)—>0, v->0, T-HT,

cC->C,,

2.
P LI UL TSI S BV
v v U, Wy U,
2
. 3 . - -
kO:W00 c=-L-C and T =t
v Cc,-C T,-T

Using the above stated non-dimensional quantities,
the equations (1), (2), (3) and (4) after ignoring the
stars over them, reduce to :

U éu % ) 1
———-2Ev="—+G,T+G,C~|M _
ot oz Y 522+ Pl S { +k0(1+ee'“‘)}u ______ (6)
2
gtv—ZV—ZEu=2\ZI—{M2+k . 1 = }v
z
z oFEeT)l L )
aT o1 107
A R
et oz prot (8)
oC oCc_10°C
e A2
a o S.o" 9)
p - _v
where " K (Prandtl number), D (Schmidt
number)

G = gﬂOU(TW _Too)

r 2
Uowo (Grashof number)
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G — gﬁU(CW_Cw)

m 2
U  (modified Grashof number),

E = —

M2 = O'ﬂezHgU
- 2
ANy (Magnetic parameter)
2
oy = QOU

- 2
Kwg (Heat source parameter)
Using g = u +iv in (6) and (7), we obtain

aq oq

) 1 ) 0%
+| M+ T t2E|d=——F+GT+G,C
ot oz koll+ €™ oz

.o (10)

The equation (8) can be written in the following form :

2

AL

oz oz oo~ L (11)
0°C oC oC

T2 48, 2 -8, —==0

2 Ca A

The boundary conditions (5) are transformed to :

g=1+ee™, T=lrele™ C=l+elLe™,  atz=0

q-0, T-0, C-0, 810 (13)

where L =—% and L, = Cu
T,-T ¢, -C

w )

SOLUTION OF THE PROBLEM

In order to solve the equations (10), (11) and (12), we
assume the velocity, temperature and concentration in
the neighbourhood of the plate as follows:

int

q(z,t)=0,+eqy(z)e

..... (14)
T(zt)=To+eT (2™ (15)
and  Clzt)=Cp+eCz)e™ (16)

Using equation (14), (15) and (16) in equations (10),
(11) and (12), we obtain following equations :

95(2)+ do(2)— (M + 2iB)qo(2) = -G, To(2) - G Co(2)
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A5(2)+ do(2)~[M; + (2B +n)ly(2) = -G T,(2)

~G,C.(2)- - a(2)
o (18)
To(2)+PTo(2)-aTe(z)=0 (19)
T(@2)+RT(2)-(inP, +a Ty (z)=0 (20)
Ci(2)+ScCo(2)=0 1)
Ci(z)+S.Ci(z)inscCi(z)=0 (22)

Using (14), (15) and (16) in (13) the boundary
conditions are reduced to :

%=L =L T=L T=L, Cg:l. C1=|.2 atz=0
qOZO' qlzov TOZOr T1:Oy COZO, atZ—)OO“." (23)

The solution of equations (17) to (22), under the
boundary conditions (23) are :

_ a—Hoz
To(z)=e ™ (24)
—Hyz
T(z)=Le ™ (25)
_ —Scz
Colz)=e> (26)
—Ryz
C(z)=Le™ (27)
w@)=e" +D T e R e ) (28)
ang (2)=Doe "2 + De ™™ + D!
+R.e R £ R e 4 Re M
+(1-D,-D3—-D,—-Rg—R, —Rgle™ (29)

Substituting the values of qq (z) and q; (2) in (14), the
values of Ty (2) and T, (2) in the equation (15) and the
values of Cy (z) and C; (2) in the equation (16) we
obtain.

Q(Z,t)z e—Hez + Dl(e—sz _e—H52)+ Rs(e—scz _e_Hez )%—Hez

—Ryz

Scz —Hgz
+Rge™ + R, + Rge

+(1-D,-D;—D,—R; —R, —Rg e "¢
T(z,t)=e " +€ [Lle‘H42 ]e"‘t

Clz,t)=e %"+ e|Le ™ |
..... (32)

From (30), the steady part of the primary velocity (up)
and the steady part of the secondary velocity (vo) are :

Uy(z)= Re 2" + Pe %’ —e (P, cosB,z +Q, sin B,z)

+ efAZZ(COS B,z-F;cosB,z—-F sin BZZ) (33)

and Vo(2)=Fee "2 +Q,e 5" —e™**(Q, cosB,z + P, sin B,2)

—e "*(sin B,z — F; cosB,z — F;sin B,z) (34)

From (30), the unsteady part i.e. time dependent part of
the primary velocity (u;) and time dependent part of the
secondary velocity (v;) are :

u,(z)=(FycosB,z + Fyysin B,z )e " (F,y cosB,z + Fy,sin B,z )e
+(F3c08B,z — Fy,sin Byz)e ™™ + Fre H?

+e " (PcosQ,z + Q,5inQ,z) + P,e5¢?
+ (P, cosB,z + Qg sin B,z)e "’
v;(2)=(F,ocosB,z + F,sin B,z )e ™" +(F,,c0sB,z + F;;5in B,z )e ™"

—(FL4 08B,z + Fygsin Byz)e ™ + Fpe 2

+e " (Q,c0sQ,z — PysinQ,z)+ Q,e%¢?
+(Q,cosB,z — Pysin B,z )e "%

Therefore substituting these values of ug (2), Vo (2), Uy
(2) and v; (2) the primary velocity u (z, t) and secondary
velocity v (z, t) can be written as

u(z,t) = uy(z )+ e (u, cosnt —v, sin nt) (37)

v(z,t) = vy (z )+ € (v, cosnt —u, sin nt) (38)

Hence, from (31) and (32), the primary and secondary
T

» nt==
velocities at 2 are:
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{22 ) ula)r-ent)
..... (39)
V(Z, J_VO(Z)—Gul(Z)
..... (40)
P +P? +4a, 2, 1
sziY MIZM +—,
2 ks
H4:A1+i81:%[P,+\/Wl
H,=A +i8,= [+ [P am, e
Hy = A +18,= 2L BT am, < 12E + )]
R, =P +iQ =[5, + 57 +idns. ]
_ -G
R, =P, = v '
Y S VY=
_ ~-G L
R =P — m—2 ,
=B = e e M. Zi2E 4 1)
_ -R
R,=P = . '
, =P, +1Q, ko[Sé—Sc_Ml_(2E+n)]
_ -R
R:P = 5 L]
» =R +IQ, k[F, —i(2E +n)]
D, =F, +iF, = __=G
[F -i2E]
_ -D
D:F Fz—ll
2= T i RE )]
GL
D,=F +iF,=r— 2,
o= [EZiRE 1 n)
kL. . —@-D)
D“_F“HF“_k[FA—i(2E+n)]’
A= F[J(Pf e} <1609 + (B + 4a)| |
B, :7[\/ (P? +4a, ) +16n°P" — (P’ + 4“0)}2*

7+—\/1+4M ) +64E* + 1+4M]l,
1 2

BZ=—1/1+4M1 Y+ 64E7 —(1+4M,)[
242

1
7+7
2

A = [\/1+4M) +16(2E +n) + @+ am,)]”,

0,1 |fvan 16(ae + oy ~san, )|,

S 1
H:;+ZEEJ§?EF+QY,
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1 /2
Q=—1[s. /57 +16n" 57",
242
_ -G,d, 0 - -2G E
?df+4EY Pod+4E?
-G Ld G Ld
P — m 2 2, — m—2 3l
T d ©
-d —d
P, = et o= et
Y k,|d? +(2E +n) Q k,|d2 +(2E +nY’
P d, 0. - d,
*kjaz+(2E+n-b,)[ * kja?+(2E+n-b,)|
F1:H22_H2_M1' F2=kO(H22—H2—M1),
=(a, +ib)=H2-H,-M,, F,=(a, +ib,)=HZ -H,-M,,
-G, _ -2G,E
* T R2+4E ° T F2+4E
_ —F,F, +k,F,(2E+n) _ —-F,F,—k,F,(2E+n)
T R 4k2(2E+n) *T R +K(E+n)
- —GLka _~GL(2E+n-b)
* a+(E+n-bY ©® a2 +(E+n-b)’
£ _%(F-1)-F(E+n-b,)
11— ’
k,JaZ +(2E+n—b, )|
a,F, +(F, -1)(2E+n—-bh,)
Fe = B+ @Enob)]
0 az +( +Nn-— 1)
F,=1-F-FK-F,-P-P-FR,

F,=FR+FR+F,+Q,+Q,+Q,

a=A-B-A-M, a,=A-B/-A-M,
b =2AB,-B, b, =2A,B, - B,
d,=S?-S,-M,, d,=P?-Q? -
d,=2PQ,-Q -2E-n, d, =P,d, —Q,(2E +n),

d, =Q,d, — P,(2E +n), d, =P,a, -Q,(2E+n-b,),
and 97 =@, — P,(2E +n—by,),

SKIN — FRICTION AND HEAT TRANSFER

The non-dimensional skin-friction at the plate is :

SR (R

Hence, primary skin-friction (“?) due to primary velocity
is :

a
oz

%o
oz

o4
% )1
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7, = Fs+ € (R, cosnt + Fgsinnt) Table -1

(z.) Skin friction due to primary velocity
Also, secondary skin-friction \%s) due to secondary

velocity is : (Cooling case G, > 0)

7, = Fe—e(Rgcosnt—F,sinnt) (43) atn=5.0,t= 1.0 and € = 0.002)

Where P, Sc M Ky oy G, G E Ts
F.=AF, -B,F,-H,F, - A, +P,(A, -S,)-B,Q,, 071 [ 066 | 1.0 [ 200 | 1.0 | 500 | 80 [ 1.0 [439557
F.=AF, —B,F. —H,F.—-B, +Q,(A, -S,)+B,P,, 7.00 [ 066 | 1.0 [ 200 [ 1.0 [ 500 [ 80 [ 1.0 [3.02178

0.71 0.78 1.0 20.0 1.0 5.00 8.0 1.0 | 4.19363
F17 = A3F13 - B2F14 - H2F7 - A1F9 + B1F11 - A2F11 + BzFul

0.71 | 0.66 2.0 20.0 1.0 5.00 8.0 1.0 |2.33361

F.=B,F,-AF,+H,F, +BF +AF, +B,F, +AF,,
8 sFs — AR, 28 Fo + AR, Fut AR, 071 | 066 | 1.0 | 400 | 1.0 | 500 | 80 | 1.0 |4.40933

The rate Of heat tranSfer at the plate in terms Of 0.71 | 0.66 1.0 20.0 2.0 5.00 8.0 1.0 [4.14551

Nusselt number (N) is : 071 | 0.66 | 1.0 | 200 | 1.0 | 1000 | 80 | 1.0 |6.39133

0.71 | 0.66 1.0 20.0 1.0 5.00 12.0 1.0 | 6.52598

Nu:(a-r) ei”t:[[a.ro) +ie(aT1J }ei”t 071 | 066 | 1.0 [ 200 [ 1.0 [ 500 | 80 | 20 [248726
% Jyg % Jrvo % )0 (44)

Hence, considering that real part only is of Table -2

significance, the rate of heat transfer is : . . .
9 Skin friction due to secondary velocity

_ _ _ B int i
N, =-H,-<[AL cosnt - B L sinnt™ (45) (Cooling case G, > 0)
The rate of mass transfer at the plate in terms of (n=5.0,t= 1.0 and € = 0.002)
Sherwood number (S;) is
P, Sc M ™ o G, | Gu E Ts
Sh:(aacj e"“:{[aécoj +i€(5§1j }e‘”t 071 | 066 | 1.0 | 200 [ 1.0 | 500 [ 80 | 1.0 | -3.4703
Z ),_ Z _ Z _

=0 =0 =0 h (46) 7.00 0.66 1.0 20,0 1.0 5.00 8.0 1.0 -2.88124
Hence Considering that real part only iS Of 0.71 0.78 1.0 20.0 1.0 5.00 8.0 1.0 -3.22668
significance, the rate of mass transfer is : 071 1066 1 20 1200 | 10 3500 | 20 | 1.0 | -142073

. i 0.71 0.66 1.0 40.0 1.0 5.00 8.0 1.0 -3.50291
S, =-S.—<[RL,cosnt —Q,L,sinntfe™ (47)

0.71 | 0.66 1.0 20.0 2.0 5.00 | 8.0 1.0 | -3.30506

0.71 0.66 1.0 20.0 1.0 10.00 | 8.0 1.0 | -4.11685

0.71 | 0.66 1.0 | 200 1.0 5.00 [ 120 | 1.0 | -4.50417

0.71 | 0.66 1.0 | 20.0 1.0 5.00 | 8.0 2.0 | -3.99068
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Table -3

Skin friction due to primary velocity

(Heating case G < 0)

(n=5.0,t= 1.0and € = 0.003)

[ Sc M ko o G, G E Ts
071 [ 0,66 | 1.0 [ 200 ] 1.0 | -5.00] 8.0 1.0 |0.40407
7.00 [ 066 [ 1.0 [ 200 | 1.0 [ -5.00 ] 8.0 1.0 [1.77784
071 [ 078 ] 1.0 [200] 1.0 [-5.00] 80 1.0 |0.20212
071 [ 0,66 | 2.0 [ 200 | 1.0 | -5.00 | 8.0 1.0 | -0.8868
071 [ 0,66 | 1.0 [ 400 | 1.0 | -5.00] 8.0 1.0 [0.41182
071 [ 0.66 | 1.0 [ 200 | 2.0 | -5.00] 80 1.0 [0.65414
071 [ 066 | 1.0 [200] 1.0 [-1007] 80 1.0 [-1.5916
071 | 066 | 1.0 [ 200 [ 1.0 [ -5.00 | 12.0 | 1.0 [2.53447
071 [ 0,66 | 1.0 [ 200 | 1.0 [-500] 80 | 2.0 |-0.7074

Table -4

Skin friction due to secondary velocity

(Heating case Gr < 0)

(n=5.0,t= 1.0 and e = 0.002)

P, Sc M ™ o G, Gy E T

071 [ 066 | 1.0 [ 200 ] 1.0 [-500] 80 | 1.0 | -2.17660
700 [ 066 | 1.0 [ 200 [ 1.0 [-300] 80 [ 1.0 | -276316
071 [ 078 | 10 [ 200 | 1.0 [-500] 80 | 1.0 |-1.93319
071 [ 066 | 20 [ 200 | 1.0 | -500] 80 | 1.0 | -0.92693
071 | 066 | 1.0 | 400 | 1.0 | -5.00 | 80 | 1.0 | -2.19954
071 [ 066 | 1.0 [ 200 | 2.0 [ -500] 80 | 1.0 |-234162
071 [ 066 | 1.0 [ 200 | 1.0 [-100] 80 | 1.0 |-1.52985
071 066 | 1.0 [ 200 ] 1.0 [-500] 120 [ 1.0 |-3.21067
071 [ 066 | 1.0 [ 200 [ 1.0 [ -500] 80 | 2.0 | -2.49533

Table -5

Rate of heat transfer in terms of Nusselt Number

(e = 0.005)
S.No. P, n 1 N,

1 0.71 5.00 1.0 -1.42517
2. 0.025 5.00 1.0 -1.01767
3. 7.00 5.00 1.0 -7.18105
4 11.4 5.00 1.0 -11.5488
5 0.71 10.0 1.0 -1.42642
6. 0.71 5.00 2.0 -1.42457

Table - 6

Rate of mass transfer in terms of Sherwood Number

(e - 0.005)
S.No. P, n 1 N,
1. 0.66 5.0 1.0 -0.67355
2 0.22 5.0 1.0 -0.22733
3. 0.30 5.0 1.0 -0.30869
4. 0.60 5.0 1.0 -0.61283
5 0.78 5.0 1.0 -0.79493
6. 0.66 10.0 1.0 -0.67654
7 0.66 5.0 2.0 -0.67229

DISCUSSION AND CONCLUSION

We have observed the effects of Prandtl number
parameter (P,), Schmidt number (Sc), constant
permeability parameter (ko), heat source parameter

(ao) magnetic parameter (M), grashof number (G,)),
modified Grash of number (G,,) and rotation parameter
(E) on primary and secondary velocities. These effects
are shown in figures. The effects of important
parameter on rate of heat transfer, rate of mass transfer
and skin-friction due to primary and secondary
velocities have also been observed. These effects are
computed in table.

Figure -1 shows effects of magnetic parameter (M),
Grahsof number (G,), modified Grashof number (O.)
and rotation parameter (E), on primary velocity (u) at
P=0.71, S.=0.66, ky=20.0, #,=1.0, n=5.0, t=1.0, and ¢
= 0.005. It is observed that primary velocity (u)
increases as z increases and after attaining a maximum
value near the plate, it decreases rapidly as z
increases. It is also noted that an increase in M, G,, or
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G, results in an increase while an increase in E result
in a decrease in primary velocity.

Figure-2 shows effects of Prandtl number (P,), Schmidt
number (Se), permeability parameter (k,) and heat
source parameter ao on secondary velocity (v) at M =
1.0, G=5.0, G,=8.0, € =1.0, n=5.0, t=1.0, and € =
0.005. It is observed that secondary velocity (v)
decreases as z increases and after attaining a
maximum value near the plate, it increases rapidly as
Z increases. It is also noted that an decrease in P, or
k, results in an decrease and an increase in secondary
velocity respectively while an increase in «,, ko or S
result in an increase in secondary velocity.

The effects of the parameter namely Prandtl number
(P,), Schmidt number (S.), magnetic parameter (M),
permeability parameter (k,), heat source parameter
Grashof number (G,), modified Grashof number (G,)
and rotation parameter (E), at n=5.0, t=1.0, and € =
0.005, on skin friction ( ;) due to primary velocity and
skin-friction (ts) due to secondary velocity. In the
computation of numerical values for skin-friction due to
primary velocity and secondary velocity, in the
computation of numerical values for skin-friction due to
primary velocity and secondary velocity. We have
taken two important cases namely cooling case and
heating case. These cases are of immense importance
in astrophysical problems and industrial technology,
where heating and cooling of the plates have
economic applications. Therefore the cases of
externally cooled plate (G,>0) and externally heated
plate (G,<0) are studied taking numerical values of
various parameter encountered in the equations of the
skin-friction. The value of Prandtl number (P,) is
chosen as P,=0.71 which corresponds to water, which
correspond to air. The numerical values of the
remaining parameters are choosen arbitrary. These
effects are shown in tables (I to 4). The effects of
Prandtl number (P,), frequency parameter (n) and time
parameter (t) on rate of heat transfer [expressed in
terms of Nusselt number (N,)] and the effects of
Schmidt number (S.), frequency parameter (n) and
time parameter (t) on rate of mass transfer [expressed
in terms of Sherwood number (Sy)] are numerically
expressed in table-5 and table-6 respectively.

Table-l represents the skin-friction (7 ;) to show the
effects of Prandtl number (P,), Schmidt number (S,),
magnetic parameter (M), permeability parameter (kg),
heat source parameter («,) Grahsof number (G)),
modified

Grashof number (G,,) and rotation parameter (E), at n
= 5.0, t =1.0, and e = 0.005 for cooling case. It is
observed an increase in P,, S., M, «, or E decreases
skin-friction due to primary velocity while an increase
in k,, G, or Gy, increases skin-friction due to primary
velocity in cooling case.

Table-2 represents the skin-friction (z) due to
secondary velocity to show the effects of Prandtl
number (P,), Schmidt number (S;), magnetic
parameter (M), permeability parameter (ko), heat
source parameter («,) Grashofnumber (G,), modified
Grashof number (G,,) and rotation parameter (E), at n
= 5.0, t=1.0, and € = 0.005 for cooling case. It is
observed increase in P, S, M or ¢, increases skin-
friction due to secondary velocity while an increase in
ko, G, Gn or E decreases skin-friction due to
secondary velocity in cooling case.

Table-3 represents the skin-friction ( 7,) due to primary
velocity to show the effects of Prandtl number (P)),
Schmidt number (S;), magnetic parameter (M),
permeability parameter (ko), heat source parameter («,)
Grashof number (G,), modified Grahsof number (G.)
and rotation parameter (E), at n=5.0, t=1.0, and € =
0.005 for heating case. It is observed an increase in P,
ko, a4 or Gy, increases skin-friction due to primary
velocity while an increase in S¢, M, G,, or E decreases
skin-friction due to primary velocity in heating case. For
G,, we are considering magnitude only due to heating
case.

Table-4 represents the skin-friction (z) due to
secondary velocity to show the effects of Prandtl
number (P,), Schmidt number (S.), magnetic parameter
(M), permeability parameter (ko), heat source parameter
(a) Grahsof number (G,), modified Grashof number
(Gm) and rotation parameter (E), at n=5.0, t=1.0, and ¢
= 0.005 for heating case. It is observed an increase in
S.. M or G, increases skin-friction due to secondary
velocity while an increase in P, k,, o G, or E
decreases skin-friction due to secondary velocity in
heating case. For G,, we are considering magnitude
only due to heating case.

The effects of P,, n and t on the rate of heat transfer,
expressed in terms of Nusselt number at € = 0.005 are
numerically represented in table-5. It is observed that a
decrease in P, increases the rate of heat transfer and
vice-versa. It is also observed that the effects of
increase in n or t are opposite to each others.

Table-6 shows the effects of Sc, n and t on the rate of
mass transfer, expressed in terms of Sherwood number
at € = 0.005. It is observed that a decrease in Sc
increases the rate of mass transfer. It is also observed
that the effects of increase in n or t mass transfer are
reciprocal to each other.
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