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ABSTRACT

In the present paper, heat and mass transfer effects on the unsteady flow
of an incompressible, homogeneous, electrically conducting, viscous fluid
through a time dependent porous medium past an infinite porous vertical plate
with time dependent suction velocity under the influence of uniform magnetic
field is studied. It is considered that the permeability of the porous medium
decreases exponential with time. Using perturbation technique suggested by
Lighthill (1954), the solutions for primary velocity, secondary velocity,
temperature field and concentration field are obtained. In addition, expressions
for skin-friction, rate of heat transfer, rate of mass transfer are also derived.
The effects of important parameters on primary velocity and secondary
velocity are observed with the help of figure. The effects of various parameters
on skin-friction due to primary velocity and secondary velocity are discussed
with the help of tables.
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1. Introduction:-

In nature and in industries, many transport processes exists, where the
transfer of heat and mass takes place as a result of combined buoyancy effects of
thermal diffusion and diffusion of chemical species. The phenomenon of heat and
mass transfer also takes place in chemical processing industry such as food
processing and polymer production. Due to application in engineering and
technology, heat and mass transfer effects in flow of fluids have been investigated
by so may authors.

A comprehensive study on the theory of rotating fluids has been presented
by Greensapan (1968). Several authors including Shivprasad et. al. (1986),
Hatzikonstantinou (1990), Jha (1991), Singh & Kulshreshta (1993), Singh (1994)
Sattar and Slam (1995) Seth & Benerji (1996), Singh et al. (1999). Recently Singh et.
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al. (2001) have presented an analysis on free connection effects in the unsteady
flow of an incompressible, electrically conducting, viscous, rotating liquid in a
homogeneous porous medium, past an isothermal vertical porous plate with
constant suction velocity normal to the plate under the influence of uniform
magnetic field applied perpendicular to the flow. More recently, Singh et al. (2002)
have studied unsteady oscillatory flow of an incompressible, electrically conducting
and viscous liquid through a porous medium past an infinite vertical porous plate
with constant suction and transverse uniform magnetic field. In this study the
suction velocity and the permeability of the medium is assumed constant. Mishra
(2003) was discussed a joint effects of magnetic field and electric field an
generalized coutte flow with heat transfer.

In the present paper, heat and mass transfer effects on the unsteady flow of
an incompressible, homogeneous, electrically conducting, viscous fluid through a
porous medium with time dependent permeability past an infinite porous vertical
plate with time dependent suction velocity under the influence of uniform magnetic
field is studied. It is considered that the permeability of the porous medium
decreases exponential with time. Using perturbation technique suggested by
Lighthill (1954), the solutions for primary velocity, secondary velocity, temperature
field and concentration field are obtained. In addition, expressions for skin-friction,
rate of heat transfer, rate of mass transfer are also derived. The effects of
important parameters on primary velocity and secondary velocity parameters on
skin-friction due to primary velocity and secondary velocity are discussed with the
help of tables.

2. Formulation of the Problem:-

Consider an unsteady oscillatory free and forced convective flow of an
electrically conducting, homeogeneous, incompressible, viscous liquid through a
porous medium past an infinite porous vertical plate in the presence of uniform
magnetic field. Under Cartesian coordinate system (x, y, z), the plate is considered
in z-plane. Initially, when t < 0 the plate and the fluid are assumed to be at the

same temperature Tooand the foreign mass is assumed to be uniformly in the flow

region such that it is every where COO. When, t>0, the temperature of the plate is

instantaneously raised to T, and the species concentration is also raised to C,, and
thereafter maintained constant. In addition, the analysis, the analysis is based on
the following assumptions:
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(i) The liquid and the plate both are in a state of rigid body rotation with
uniform angular velocity {2 about z-axis.

(ii) The x-axis and y-axis are in the plane of two dimensional infinite vertical
porous plates and z-axis is normal to these axes at the point of intersection.

(iii) The components of velocity in these directions are u,v, w respectively.

(iv) The suction velocity at the porous plate is time dependent i.e.

W=—WO(1+€eint) where n is real and wg real and positive.

(v) The porous medium is time dependent i.e. k(t)k0(1+€e'nt) where n is real
and positive.

(vi) A uniform magnetic field By =gH so that [H =(0,0,H0)is the applied
magnetic field vector] acts in the z-direction i.e. normal to the flow of fluid.

(vii) The magnetic Reynolds number is very small so that induced magnetic field is
negligible in comparison to applied magnetic field.

(viii) No external electric field is applied in the flow region so that the effect of
polarization of ionized fluid is negligible.

(ix) The Hall Effect and viscous dissipation effect have been ignored.

(x) Only electromagnetic body force (Lorentz force) is considered.

(xi) The heat source parameter is absorption type QZQO(T —TOO).

(xii) The usual Boussinesq's approximation is taken into account.
(xiii) The foreign mass is present at low level and uniformly distribution in the
flow region.

Under the above stated assumptions, the equations of continuity is V.q=0

Where G =(u,v,w) and W:—W0(1+eeim)

Hence, the governing equations for the present configuration are:

2
%”—wo(u e e"‘t)%—ZQv —v= ZZ—‘Z‘+ gB*(T-T,)+p(C-C,)

v O 2,,2
_mu_;ﬂeHou v (1)
0
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v O 2,42
- —V—— i Hgu
koil+ ce™)’ p Helo

(2)

) 2
N _ wo(1+ € e'“‘)@ —-2Qu = ua—\zl
ot 0z Z

@—wo(uee”")m: K a'g_Q(T T.)

ot oz vpC, 0z <,
oC - \OC 0°C
= wllree™) = =D (3
o ol e )82 oz? )

*
where U is the kinematic coefficient of viscosity, ,B is the volumetric

coefficient of thermal expansion, ,Bis the volumetric coefficient of thermal
expansion with concentration, O is the electrical conductivity of the liquid, O is
the density of the liquid, o is the density of the liquid, u. is the magnetic
permeability, Hy in the uniform magnetic field ko is the constant permeability of the
porous medium, K is the thermal conductivity, C, is the specific heat at constant
pressure, T is the temperature T,, is the plate temperature, C, is the concentration

at the plate, C_ is the concentration of species far away from the plate, TOO is the

0]
temperature far away from the plate, D is the thermal diffusivity and other symbols
have their usual meaning.

The boundary conditions for the present problem are:
u=0, v=0, T =TW(1+ ee'”‘) C :CW(1+ ee'”‘) atz=0 .. (a)

u—-0 v—->0 T->T, C—->C, as zZz—ow )

We introduce the following non-dimensional quantities:

2 2
« u « Vv «  WyZ « Wt « WK
u =— V =— VA :L’ t :—0’ K = 02 ,
U, U, v v v
2
«  Wok « [ u v «_on x -T
ke =—5%, W' =|—+i—| n=— and T = -
v Uy U Wo w ™l
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Using these non-dimensional quantities, the equation (1), (2), (3) and (4)

reduce to :

ou - \ou o%u 1

= Mt ee™) = _2Ev=GT=G.CZ——-|M?+ __|u (6
ot ( - )az ' " or® ko(L+ e &™) ©)

oV ; u
T ree™) = _2EU="" —|M?+ __ v (7
ot ( - )82 oz° ky(L+ e e™) )

ot ine)OT _ 8°T
P _Pllree™)f—==__¢oT (8
oC - \0C  9°C
S.—~-S . [l+ee™)==""> (9
C at C( € )az 622 ( )

where Pr :Tp (Prandtl number),

v
SC :B (Schmidt number)

Gr — Ugﬂ (IW _Too)

(Grashof number),
WoU,

G = Ugﬂ*(cw _COO)

(Modified Grashof number)

m
WU
E =— (Rotational parameter),
Wo

H, |ov

M :M —— (Hartmann number)
Wo VP
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2
W

and a, (Heat source parameter)

Combining (6) and (7) and using u + iv =W, we obtain

W rce™) WV oiEws[M2y 1
ot oz koil+ee'” )
2
:aavll +G,T+G.C ....(10)
yA

The boundary condition (5) reduced to

W=0 T=I+elLe™ C=l+relLe™ at z=0

W-—->0, T-—>0, C -0, as Z—> o e (11)
L1=T—W and Lzzi
TW_TOO CW_Coo

3. Solution of the Problem:-

Following Lighthill (1954), we assume the velocity and temperature of
the liquid in the neighbourhood of the plate as:

W(z,t)=W,(z)}+ eW,(z)e™ . (12)

T(z,t)=T,(z)+ T, (2)e™ renr(13)

C(z,t)=C,(z}+eCy(2)e™ (14)

Using (12), (13) and (14) in (8), (9) and (10), we obtain:

W,(2)+W,(z) - (M, + 2IEW,(z)=-G,T,(2) - G,.C,(2) .. (15)
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[/ ! [/ 1
W2(2)+W2(z)—[M1+(2E+n)}Nz(z):—GrTz(z)—GmCZ(z)—Wl(z)k—Wl ... (16
0
T(2)+PT(z)— ,T,(2)=0 . (17)
T,)(z)+ PT,;(z)-(inP, + o, JT,(2)=—P.T,(2) ... (18)
Cl(z)+S:.Ci(z)=0 .. (19)
Cy(z)+ScCh(2)inS.C, =—S.C;(z) ... (20)
1

where M1:M2+—
0

Using (12), (13) and (14) in (11) the boundary conditions become:
W, =0, W,=0, T,=1 T,=L, C,=1 C,=L, atz=0
W, =0, W, =0, T,=0, T,=0, C,=0, C,=0, asz=o0 ... (21)

The solution of the coupled equations (15) — (20) under the boundary
conditions (21) are :

T(z)=e" o (22)

Tz(z): (Ll - Fl)e_MA'Z + Fle_MZZ e (23)

Cl(z):e_scz er (24)

C,(z)=L,e "™ + %(e‘R3Z —e‘SCZ) o (25)
2

W,(z)= F(e"\"2Z —e‘MﬁZ) e (26)

and W,(z)=F,e ™ + F,e ™ 4 Fe™™¢
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+Re " + ReMe* + R e >

where R; =

+(F;+F, +F + Ry + R; + R, e ™™’ e (27)
S, ++/SZ +4inS, , 1
0

P +P?+4a,

2 = 2 ’
M4:A1+iBl:Pr+\/Pr2+24(inPr+aO),
. 1+, /1+4M, +8iE
M, =A, +iB, = ,
2
1+./1+4M, +4i(2E
M8=A3+iB3=+\/+ 12+ i +n)’
F, =(A, +iB,)= Mo P

(MZ2-M,P, —a, )-i(nP,)’

-G,

F, =(As "‘iBs):(

Fy =(As +iBg )=

MZ-M, M, )-i(2E)’

_ (koMz _1)F2 —koG, F,

Ko[(MZ =M, =M, )-i(2E +n)|

F :(A +iB ): Gr(Fl_Ll)l
T M2 =M, My )-i(2E +n)]
F =(A +iB ): Gr(Fl_Ll)l
T M2 =M, — M, )—-i(2E +n)]
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S, ++/SZ +4inS,

R; =P +1Q, = 5 :
-G
R, =P, +iQ, = m ,
fTr T2 g2 g M, —i2E
Re = P, +iQ. = -nG, L, +iG,S,
* 7 n[RZ —RyM, —i(2E +n)]’
R. =P, +i0, = — (Mgky +1)R, _
T kM2 =M =M, —i(2E +n)]’
. —nR,kyS, —NR, —iG, KyS
R7:P5+|Q5: 4™ 0%c 4 m"™0%~c

nko[SZ —S. —M, —i(2E +n)]

A = P_+%[\/(Pr2 +4a, )2 +16n°P? +(P|r2 +4a, )]1/2,

1/2
B, = %[\/(Pf +4a, ) +16n°P7 —(P? +4a0)} ,

A, = E+—N 1+4M, f +64E2 +(1+4M, )}/2,

1 > 5 /2
Bzzm[\/(1+4Ml) +B4E —(1+4|v|1)} ,

A, = %Jr% [J(1+ aM, f? +16(2E +n) +(1+ 4|v|1)]“2,

B, = % [\/(1+ 4M, ¥ +16(2E +n) —(1+ 4|v|1)]“2,

/2
H:S—+—[S \/SZ +16n? +S} :

2
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1 /12
Q :m[sc SZ +16n° —sf]l ,
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_GmGl
P=— 2
G +4E
G
P = 24 2)’

niGl +G3i
G
Pr== 10 2
Gs + Gy
PS_ Gl4

nko[G12+(2E+n)2]’
G, =S2-S.,—M,,

G, = 2PQ, —Q, —2E —n,
G, = —G,,G,S, + G,,Gsnl,,

G, = ky,(2A,B, — B, —2E —n)
Gy = (Aky +1)Q, — B,K,Q,,

Gl3 = nQZ(kOSc +1)+ GkaSw
G5 = G136, — GlZ(ZE + n)’

—2G,E

= GriaE?

Gs

%= ez a?)

G, = -G, G,nL, + G, G,S,,

Go = ko(AZ—BZ — A, — M),

Gy = (Azko +1)P2 — BykoQ5,
Glo == GGGB =+ G7G9,

G;, = —nP,(k,S, +1),

G4 = G1,G, + G3(2E +n),

M > Pr a, nM 2 P
= —7, B - L )
A a5 +n°p? a2 +n?p?
N _ —2G.E
bg +4E”" > b +4E”’
d; d
= T 2| ] B = T 4 2| ]
& ko[0Z + (2E +n)?| " kolb2 +(2E +n)|
A = _ B = _b2
2 ! 2 !
a; +by a; +by
2 2 2 2
a; +b; a; +b;
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Ag =A;+A, +A; +P; +P, + P,

By =Bg+B; +Bg +Q; +Q, +Qs,

ao:Mzz_szr_ao’ b0:M22_M2Pr_M1’

a, =A’-BZ-A -M,, b, =2AB, —B, —2E —n,

a, :Gral(A4 - L1)+GrB4b1’ b, =G,B,a, _Grbl(A4 - Ll)’

a3:A5_ko(A2A5_BzBs)’ b3:B5_ko(BzBs_A2A5)’

a, =k, (A2—BZ-A,-M,) b, =k,(2A,B, — B, —2E —n)

dlsz(MZAS—GrA4)—A5, dzzko(MzB5_GrB4)_B5'

d, =b,d, —d,(2E +n), d, =b,d, +d,(2E +n),

Substitution Tl(Z),TZ(Z),Cl(Z),CZ(Z),Wl(Z), and WZ(Z)in (12) - (14), we

obtain:

T(zt)=e M7+ e[, - F)e ™ + Fe M2 p™ o (28)
—S.z —-Rjz S —Raz —S.z int

C(z,t)=¢" +e[L2e 3 +ﬁ(e ¥ e )}e ..(29)

|

T

+e [Fge"\"22 +F,e ™M 1 Fe Mo

R M Sez

+R;e " +Rge " +Rse

—(Fy+F,+F;+ Ry + Ry + R, ) Mo it -(30)

From (30), the steady part of the primary velocity u;(z) and the steady
part of the secondary velocity vi(z) are :
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u(z)= Ae™?* —(A cosB,z + B;sin B,z )e "%

+ Pe > —(P,cosB,z +Q,sin B,z)e "2 .(31)

v;(z) = Bse™™2? —(By cosB,z + A sin B,z )e "%

From

+Q,e >” —(Q,cosB,z + P,sin B,z )"’ ...(32)

the unsteady part i.e. time dependent part of the primary

velocity u,(z) and the unsteady that i.e. time dependent part of the

secondary velocity v,(z) are :

u,(z)= (A, cosB,;z + B,sinB;z)e ™" —(A;cosB,z + Bysin B,z )e "%’

—(Ayc0OsB,z + Bysin B,z Je 8% + Ae M2

+(P,cosB,z +Q,sin B,z)e "?” + P,e >’

—(PycosQz +QysinQz)e ™™ (33)

V,(z)=(B, cosB,z— A sinB;z)e ™" + (B cosB,z — Aysin B,z )e "%

—(BycOSB,z — Aysin B,z)e %" + Be ™2’

+(Q,cosB,z + P,sin B,z)e™*?? + Q. >

_(Qs cosQ,z + P;sin le)e_PlZ —.(34)

Therefore, for these values of wu; (z), vi (2), uy(z) and v,(z), the primary
velocity u (z,t) and secondary velocity v (z,t) can be written as :

u(z,t)=u,(z )+ € (u, cosnt — v, sin nt) ...(35)
v(z,t)=v,(2)+ e (v, cosnt —u, sinnt) ...(36)
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4. SKin-Friction, Rate of Heat Transfer and Mass Transfer:-
The non-dimensional skin-friction (T) at the plate at z =0 is:

T=|— =| —= +ee | —= =7, +17, e (37)
oz z=0 oz z=0 oz z=0

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

= A+ < (A cosnt — B sinnt) ....(38)

Hence, secondary skin-friction (Z's) due to secondary velocity is:

7, = B,y+ e (B, cosnt — A, sinnt) ....(39)
where

Ay = As(A, =M, )= B,Bs + P, (A, =S )-Q,B,,

B,, = Bs(A, -M, )+ A;B, +Q,(A, =S, )+P,B,,

A =A3A —B3Bg —A A, + B B; —AA; +B,Bg — M, A,
—P Py +Q,Q; - AP, —B,Q, =S P
And B, =B;A — ABy —BA + AB;, —B,A + AAB; — M,B,

-QR+PQ;-B,R, —AQ,—S.Qs

Also, the rate of heat transfer at the plate at z=0 in terms of Nusselt

number (N,) is:

(6T) (GT ) im(asz
N, =| — +ee| —= ....(40)
0z ), oz 0z ), o

Hence, considering that the real part only is of significance, we get:

N, =-M,—e[A,cosnt — B,,sinnt] . (41)
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where
A = ALy —A )+ BB, + M A,
B, =B (L — A )+ A B, +M,B,,

Also, the rate of mass transfer at the plate at z = 0 in terms of Sherwood
number (Sn) is:

(L) () veer()
Z )10 2 z=0 oz z=0

Hence, considering real part only, we get:

S, =—S.— € [Acosnt — B, sinnt] ...(43)
Where A13 = PlL2 + SCQl
n
By = QL — i3, S
3 12 n n

Table -1
Skin friction (t,) due to primary velocity

(t=10,L,=1.0,L, =1.0and € = 0.002)

Sc ko n O Gm ],p

P M Gr E

0.71 0.22 1.0 10.0 5.0 1.0 6.00 12.0 1.0 | 9.97997

7.00 0.22 1.0 10.0 5.0 1.0 6.00 12.0 1.0 | 8.35971

0.71 0.60 1.0 10.0 5.0 1.0 6.00 12.0 1.0 | 8.92422

0.71 0.22 2.0 10.0 5.0 1.0 6.00 12.0 1.0 | 8.00216
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0.71 0.22 1.0 40.0 5.0 1.0 6.00 12.0 1.0 |9.97137
0.71 0.22 1.0 10.0 {10.0 | 1.0 6.00 12.0 1.0 | 9.98468
0.71 0.22 1.0 10.0 5.0 2.0 6.00 12.0 1.0 |9.68307
0.71 0.22 1.0 10.0 5.0 1.0 12.0 12.0 1.0 12.3661
0.71 | 0.22 1.0 10.0 | 5.0 1.0 6.00 18.0 1.0 | 13.7757
0.71 | 0.22 1.0 10.0 | 5.0 1.0 6.00 12.0 2.0 | 6.86091
Table - 5
Skin friction (1) due to primary velocity
(t=10,L,=1.0,L,=1.0and € = 0.002)
Sc ko n o7 Gm 1
Pr M Gr E
0.71 0.22 1.0 10.0 5.0 1.0 6.00 12.0 1.0 -5.84201
7.00 0.22 1.0 10.0 5.0 1.0 6.00 12.0 1.0 -5.13736
0.71 0.60 1.0 10.0 5.0 1.0 6.00 12.0 1.0 -4.00917
0.71 0.22 2.0 10.0 5.0 1.0 6.00 12.0 1.0 -1.83152
0.71 0.22 1.0 40.0 5.0 1.0 6.00 12.0 1.0 -6.03315
0.71 0.22 1.0 10.0 | 10.0 | 1.0 6.00 12.0 1.0 -5.83082
0.71 0.22 1.0 10.0 5.0 2.0 6.00 12.0 1.0 -5.64763
0.71 0.22 1.0 10.0 5.0 1.0 12.0 12.0 1.0 -6.58272
0.71 0.22 1.0 10.0 5.0 1.0 6.00 18.0 1.0 -8.39266
0.71 0.22 1.0 10.0 5.0 1.0 6.00 12.0 2.0 -5.16182
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5. Discussion and Conclusions:-

The effects of Schmidt number (S.), magnetic parameter (M), Grashof
number (G.), modified Grashof number (G,) and rotation parameter (E) on primary
velocity (u) and secondary velocity (v)at P, =0.71m, k, = 10.0, n=10.0, o, =1.0, L,
+1.0, L, =1.0,t =1.0 and ¢ = 0.002 are numerically observed and are shown in Fig-
1 and Fig- 2. The effects of Prandtl number (P,), Schmidt number (S.), magnetic
parameter (M), permeability parameter (k,), frequency parameter (n), heat source
parameter (a,), Grashof number (G,), modified Grashof number (G,) androtation
parameter (E) on skin-friction (t,) due to primary velocity and skin-friction (1) due
to secondary velocity at the plate at L; = 1.0, L, =1.0, t = 1.0 and ¢ = 0.002 are
observed numerically and are represented in Table-1 and Table-2 respectively. The
conclusions of the study are as follows:

1. Anincrease in G, or Gm increases primary velocity while an increase in Sc, M
or E decreases the primary velocity.

2. Anincrease in G, and M both, the primary velocity decreases.

An increase in G, and E both, the primary velocity decreases.

4. The primary velocity increases near the plate and after attaining a maximum
value it decreases as z increases.

5. An increase is S;,, M or E increase secondary velocity while an increase in G,
or G, decreases the secondary velocity.

6. Anincrease in G, and M both, the secondary velocity increases.

7. Anincrease in G, and E both, the secondary velocity increase.

8. The secondary velocity decreases near the plate and after attaining a
minimum value it increase as z increases.

9. Anincrease in P,, S., M, n, oy or E decreases the skin-friction due to primary
velocity while an increase in ko, G, or G, increases the skin-friction due to
primary velocity,

w

Increases in ky, G, or G,, increase the skin-friction due to secondary velocity while
an increase in P, S, M, n, oo or E decreases the skin friction due to secondary

velocity.
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