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Abstract

The unsteady MHD free convective two immiscible fluids flowing in a horizontal channel
with heat and mass transfer, with the assumptions that the upper channel and lower channel
are porous and non-porous respectively have been studied. The governing equations of the
flow were transformed to ordinary differential equations by a regular perturbation method,
and the expression for the velocity, temperature and concentration for each fluid flow were
obtained. The effects of various governing parameters like Grashof numbers for heat and
mass transfer, Prandtl number, Viscosity ratio, conductivity ratio, Radiative parameter,
Schmidt number etc. on the velocity, temperature and concentration fields have been
presented graphically and discussed quantitatively. Also, the coefficient of skin friction,
Nusselt number and Sherwood number have been calculated and tabulated.
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List of Symbols

U,V Velocity components Cw2  Fluid concentration at lower wall
t Time Gr Grashof number

P Pressure Re Reynolds number

Bo Coefficient of electromagnetic field M2 Hartmann number

F Thermal Radiation parameter Pr Prandtl number

0 Dimensionless temperature Sc Schmidt number

K Permeability of porous medium a Ratio of viscosity

9 Kinematic viscosity B Ratio of thermal conductivity

v Fluid viscosity Y Ratio of thermal diffusivity

A Real positive constant ® Frequency parameter

g Acceleration due to gravity € Coefficient of periodic parameter
Cop Specific heat at constant pressure ot  Periodic frequency parameter

Twi  Fluid temperature at upper wall Subscripts 1, 2: Region | & Il
Twz  Fluid temperature at lower wall Respectively.

Cw1  Fluid concentration at upper wall
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INTRODUCTION

Magneto hydrodynamic (MHD) is the science of motion of electrically conducting fluid in
presence of magnetic field. Some of these fluids include liquid metals (such as mercury,
molten iron) and ionized gases known by Physicist as Plasma, an example being the solar
atmosphere. The dynamo and motor is a classical example of MHD principle. The unsteady
Magnetohy drodynamics (MHD) free convective flows in a horizontal channel have over the
years been subjected to numerous studies. These scientific investigations are based on the
fact that the studies of such flows have numerous applications in different fields that are
scientifically motivated. These applications include MHD power generators, MHD pumps,
liquid metal cooling of reactors, Magnetic drug targeting etc. Several Scholars and Authors
have contributed their quota since the study of MHD was first initiated by the Swedish
electrical engineer Hannes Alfven (1942). Shercliff (1956), Sparrow and Cess (1961), Singh
and Ram (1978), Abdulla (1986), Singh (1993) among others have studied several motions
of these electrically conducting fluids.

Such flows with heat and mass transfer have a wide variety of applications in engineering
and geophysical processes such as geothermal reservoirs, underground energy transport,
enhanced oil recovery, packet-bed reactors, etc. Among several studies, Chamkha (2003)
studied the Unsteady MHD convective heat and mass transfer past a semi-infinite vertical
permeable moving plate with heat absorption. Seethamahalakshmi et al (2011) studied the
unsteady MHD free convection flow and mass transfer near a moving vertical plate in the
presence of thermal radiation. Kumar and Jain (2013) investigated the influence of mass
transfer and thermal radiation on unsteady free convective flow through porous media
sandwiched between viscous fluids. Joseph et al (2014) then studied the slip effect on MHD
oscillatory flow of fluid in a porous medium with heat and mass transfer and chemical
reaction.

In the petroleum industry, plasma physics, magneto-fluid dynamics, most of the flows that
occur are multi fluid flows. When these fluids are immiscible, the significance of their study
becomes exceptional in petroleum extraction and transport. Hence among other scholars and
Authors, Chamkha (2000) considered the flow of two-immiscible fluids in porous and non-
porous channels. Chamkha et al (2004) investigated the oscillatory flow and heat transfer of
two immiscible fluids. Umavathi et al (2008) investigated the unsteady
magnetohydrodynamic two fluid flows and heat transfer in a horizontal channel. Umavathi et
al (2010) also considered the unsteady flow and heat transfer of porous media sandwiched
between viscous fluids. Sivaraj (2012) analyzed the MHD mixed convective flow of
viscoelastic and viscous fluids in a vertical porous channel. Simon and Shagaiya (2013)
studied the convective flow of two immiscible fluids and heat transfer with porous along an
inclined channel with pressure gradient.

The aim of this present study is to investigate the effect of unsteady MHD free convective
flow of two immiscible fluids, where these two immiscible fluids flow in a horizontal
channel with heat and mass transfer.

FORMULATION OF THE PROBLEM
The geometry considered here consists of two immiscible fluids having specific heat at
constant pressure C, with porous upper channel and non-porous lower channel bounded by
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two infinite horizontal parallel plates extending in the X- and Z- directions, with the Y-
direction normal to the plates. The regions 0 <y <h and —h <y < 0 are denoted as Region-I
and Region-11 respectively. The fluid flowing through Region-I is having density ps1, dynamic
viscosity i, thermal conductivity ki, thermal diffusivity D1, while that flowing through
Region-II is having density p;, dynamic viscosity pp, thermal conductivity k,, thermal
diffusivity D,

All the variables are functions of y’ and t’ only, due to the bounding surface being infinitely
long along the x’-axis. The flow is assumed to be fully developed and that all fluid properties
are constants. The magnetic field Reynolds number is assumed very small. Hence the
governing equations of the fluid flow for the two different regions are:

Geometry Configuration. Y
CW1 h TW1
---—---RegieRd---—1 :::::::jﬁa::::::::::::::
__________________________ I"_"""""_"? X
Region |l 0
CWZ -h TWZ
REGION-I:
Porous Region
A
=0 (1)
aU, / 9U, 0’u; oP : : : . [ :
P1 (a_tl + 1 a_yl) = /v‘1?,z1 T ax UBgU1 + P1g.3f1(T1 - Twl) + Plgﬁcl(Q - Cwl)
, (2)
aT, AT\ _ , 8°Ty  dqr
plC,p (g + V1 P) ) kl ayz ay (3)
oci , yroci _ p o
et £ ay' b, ay"” 4)
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REGION-II:

Clear Region
ovy _
ay' 0

()

U, ' oU 9%2u, opP' ' : : .
Pz( — + Vz 2) Hy—%— 5= — UBgUz_ %U2+ Pzgﬁfz(Tz_Twz)‘*‘

ay' ox
ngﬁcz(Cz sz)

aT, ' OT- %1, dq

C, (S2+ v 2)—k—2——r
P2 2 2 57> 3y
’ azc/

2 2
— =Dy—
y dy

(6)

(7)
(8)

Assuming that the boundary and interface conditions on velocity are no slip, given that at the

boundary and interface, the fluid particl
velocity to varnish at the wall.

es are at rest, prompting the x’- component of the

Therefore, the boundary and interface conditions on the velocity for both fluids are:

U;(h)=0
U,(—h) =0
U;(0) = U,(0)

oU, aU, r
.U1ay = K25 aty =0

\

- 9)

J

The boundary and interface conditions on the temperature field for both fluids are:

Ti(h) =Ty, )
T,(=h) =T,, "
T,(0)=T,0) | (10)

kl aTl kz aTZ at y == OJ

The boundary and interface conditions on the concentration field for both fluids are:

C;(h) = Gy, )
C,(=h) = C,,
Ci(O) = C,(0)

v

(11)

Dlay —Dzac2 aty’' =0,

The continuity equations (1) and (5) implies that V, and V, are independent of y', they can be
at most a function of time alone. Hence we can write

= Vo(1 + ede'®?)

(12)

IIMCR www.ijmcr.in| 3:5|May|2015|954-972 | 957



Assuming that vV, =V, =V
€ is a very small positive quantity such that eA<1. Here, it is assumed that the transpiration

velocity V' varies periodically with time about a non-zero constant mean velocity, V.
By using the following dimensionless quantities:

U; ' t9 T 7 —h2 (9P’ T,-T,,
Ui:_l7 y:l, t:—zl’ V:_Vlz_’ P:—(—,)’ 9":”'—‘”'1’
u h h 91 Vo uiu \90x Tyw,—Tw,
H1Cp U ks P2 D, Bra Be,
Pr =—-=, a, =—, :81:_! T, ==, Y1 =—, m; =—%, 1 ===,
k1 M1 kq P1 Dy Bf1 Bey
h2 9 c;—Cy, oh?B? 41'n? ]
Kz:? ’ SC:D_I’ Cl:ﬁ ,M2: 0’ F=_"21 ’%_
1 w»p wiq Hq kl y
! 4 4 plgh ﬁfl(TV'Vz_TV,V ) 1 P1
WI-To) Gr = LN

Hiu T1 P2

Co = p1gh?BE, (Coy—Cuy)
Hiu .

Equations (2), (3), (4), (6), (7), and (8) becomes

REGION-I
aUl + (1 4+ ge™or) =2 aU1 =2 U1 + P — M2U, + Gro, + GcC,
(13)
00
Yy — 4 (1+ ee“”t)
1 0291 Fé, »
~ Pr dy? Pr 14)
ac
= 4 (1+ ee“"t)
19 01 .
~ Sc dy? (15)
REGION-II
aUZ + (1 + Selwt)— = 161 a U2 + Elp €'1M UZ - a1€1K2U2 + Grmlez + GCT]1C2
(16)
00
T 24 (1+ ee“”t) 6y
020 FE& 0
_ B1é1 2 10, 17)
Pr 0dy? Pr
2
aCZ +(1+ ee“"t) aCZ —hiG (18)

Sc 0y?

The boundary and interface conditions in dimensionless form are given as follows:
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U,(1) =0 )
U,(=1) =0
U1(0) = U,(0) (19)

AUy AU, _
5y =M, aty-O)

6:(1) =1 \
0,(-1) =0
0,(0) = 6,(0) (20)
90, 90,

g=ﬁlg Clty=0

c,(1) =1
C,(=1) =0
C,(0) = C,(0) (21)

METHOD OF SOLUTION/SOLUTION OF THE PROBLEM

In order to solve the governing equations (13) to (18) under the boundary and interface
conditions (19) to (21), we expand U, (y,t), 8, (y, t), C,(y,t), U,(y,t), 8,(y,t), C,(y,t) as a
power series in the perturbative parameter &. Here, we assumed small amplitude of
oscillation (¢ « 1), thus,

Ui(y,t) = Up(y) + Sef.thu(Y)
0:(y,0) = 010(¥) + £€'“ 01, (¥)
C1(y,t) = C1o(y) + ee'“ €11 (¥)
Uz (3, 1) = Upo(y) + €€ U1 ()
0:(y,t) = O20(y) + "0, (¥)
Co(y,t) = Cro(y) + €'t Cyy ()
By substituting the above set of equations into equations (13) to (18), equating the periodic

and non-periodic terms, and neglecting the terms containinge?, we obtain the following set
of ordinary differential equations:

REGION-I

Né)n-Periodic Terms:

aa;];" — ag;o — M2Uyy = —P — Grf,, — GcCyy (22)
a;ye;‘) — a;“’ —FO,,=0 (23)
a;ycio B ac')Cy =0 (24)
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Periodic terms:

— — (M?>+iw)U
ayz ay ( ) 11
== aUlO - GT’911 - GCC]_]_ (25)
dy
920 90 ) 90
ayzl — Pr a;l — (F +iwPr)6,, = Pr 6;0 (26)
— Sc — iwScC
dy? dy o 1
10
=S 27
5 (27)
REGION-II
Non-Periodic terms:
dy? a;$; 0y ;& 20
_ _ﬂ B Grm, B Geny c (28)
a; a1 & 20 a1, 20
dy? p1é1 0y b1 20
-0 (29)
0%Cyq _ Eaczo —0 (30)
dy? yp Oy
Periodic Terms:
dy? a1, a)l’ oU c a1, c 21
rm cn
= 2 - : 21 — _1621 (31)
a;$; 0y a1, a1,
0%0,, Pr 00,, F& + inr)H
dy? p1é1 0y P1é1 21
_ Pr 06,, (32)
p1é1 0y
02C,q B EGCZl B iwSc
dy> vy 0y oy
_ 5¢0C (33)
Y1 0y

The equations (22) to (33) are ordinary linear coupled differential equations with constant
coefficients. The corresponding boundary and interface conditions then become:
Non-Periodic terms:
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Upp(1) =0 \
Uzo(—l) =0
U10(0) = U0(0) (34)

Uy Uy
= aty =0
oy 1 dy y )

010(1) =1 \
920(—1) =0
910(0) = 920(0) (35)

W =k ay=0)
Cio(D) =1 A
Ca(-1) =10
C10(0) = C50(0) (36)

dC1o 9Cz0
= aty =0
dy V1 dy y

Periodic Terms:
U1 (1) =0 \
U21(_1) =0
U11(0) = U1(0) (37)
U1 Uz,

oy M1, aty =0

911(1) =1

921(—1) =0 ]
911(0) = 921(0) (38)
669;1 _ ﬁl 66932’1 aty =

C11(1) =1
621(—1) =0
C11(0) = C»1(0)

6C11 _ 6C21 _
dy =" 3y aty—O)

(39)

The analytical solutions of the differential equations (22) to (33) are readily obtainable under
the boundary conditions (34) to (39). They are:

U10()’) = Csem5y + C6em6y + K1 + Kzemly + ngmzy + K4em3y + K5em4y (40)
Uzo(¥)

- C17em17y + Clgemlsy + Kzo + K21em13y + K228m14y + K23em15y

+ K, eM16¥ (41)
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010(y) = C ™My

+ Cyemay (42)
050(y) = Cy3eM3Y

+ C  e™Msy (43)
C10(y) = Cze™sY

+ C,e™sy (44)
Cao(y) = Cyge™isy

+ Cge™MieY (45)

Ui1(y) = C1e™MY + Cpe™M2y + K, je™MY 4+ Ky e™M2Y + Ky,e™sY + K 3™V 4 Ky, e™sy
+ K se™eY + K, ,e™7Y + K;-e™sY + K, ge™oY
+ K oe™M10¥ (46)
U1 (y)
— C236m23y + C24em24y + K296m13y + K306m14y + Kglemlsy + K323m16y_|_ K33€m17y
+ K3 e™M18Y 4+ Kase™MoY + Kje™20y + K, eM21y

+ K3ge™z2¥ (47)
311()/) - C7em7y + Cgemgy + K6em1y
m
+ K,e™M2Y (48)
—_ m m m
021 (y) = Cige™19Y + Cype™20Y + K,seM13Y
m
+ K,,e™M14Y (49)
—_ m m m
Ci1(y) = Coe™oY 4 C;ne™10Y 4 Kge™s¥
+ Kge™4+Y (50)
—_ m m m
C1(y) = Cy1e™M2Y + Cy e™M22Y + K, eMsY
m
+ K,ge™16Y (51)
Where
. . . Pr F Sc
V, =F+ioPr, V,=inSc, V;=M?+io, V4_B§ VS:B_’ Ve=—, V, =
151 1 Y1
1 g M%ta,E K? __ F& +ioPr V.. = ioSc v &, M?+0,& K2 +io
—, Vg=———— , Vg = ———, Vio = 11 — g
U'lé.)l 0'1&;1 Blél Y]_ O('1E.>1
Pr+vVPr2+4F Pr—vVPr2+4F 1+V1+4M2
1=f, m2=f, m3=0,m4=Sc, m5=T,
1-V1+4M?2 Pr+,/Pr2+4v, Pr—./Pr2+4v; Sc+,/Sc2+4V,
Mg =—"7,—  My=—"——— Mg=—"———— Mg =—"———""—,
2
_ Sc—/Sc2+4V, _1+,/1+4V;, _1-/1+4V, _ Vat [VataVs
myo = - 5, mqp = - 5 mp; = - 5 mp3 = - 5,
V- /Vﬁ+4v5 V,+ /V$+4v8 V,— /V%+4v8
My =—-—» M5 = 0, mg=Ve, my; = myg = —2 )
Va+t /Vi+4V9 /V4+4v9 V6+ /V6+4V10 - /Vg+4v10
Mg =———-——, Myy = my, = —1

2
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V,+ /V§+4V11 V,— /V§+4v11
y Mpyz = ————— =0

. , rp=e M r,=1- e(m;—my)
ry = e(m14—m13) -1 ’

r, = mye ™2, ry=m; — mye™ M)
re = Bl(m14e(m“_m13) —my3),

r, = e ™M rg=1-— eMs M)
1,
— —m — ms3—m — mqieg—M
rjp = mge ™, r;; =mz — mue™ ™) ), = Yl(mme( 167M1s) — ),
ri3 = 1— e(ms_m6) , g = e(m18_m17) -1 , TIjg = Mg — m6e(m5_m6) ,
g = al(mlse(mw—mﬂ) — m17) , T17 = 1 — e(my—mg) , Tig = e(Mmzo—Mmyo) _ 1 ’
— m-—m — mMyp—mMm — mMg—m
rig = my; — mge™ ™) | 1y =B (myeel™207™19) —myg), 1y =1 — e™o™M0)

— a(mz;—m — Mg —Im — my,—m
Iy = e( 22— Mzq) _ 1, Iy3 = Mg — mlOe( 9—M1o) , Ty = Yl(mzze( 22— Mzq) _ m21) ’
Iys = 1 — e(Mi1—my3) , T

g = e(Mie—Mys) _

26 = e(m24—m23) -1 ’

—_ mqi1—Im

Iy7 = Myy — MypelMuMa),
— r{Irg—r3r

Iyg = 0‘1(rr1249(m“ mz3) — my3), C =—"—"=

, CZ = e_mZ — Cle(ml_mz) ,

Ir3ls—Izrle
__ Iyrqp—Tqol'11 _ .—m ms;—m _ =Gy _ mj,—m
CB_—1 C4_e 4_C3e(3 4)’ C13_—,C14__C13e( 14 13)’
Igr'11—Tgl12 c b rC
—TI7;—L3Ig (m4g—my5) — — |
Coo=—2—238 (C,,=—=CieeMems) K =_—_ K, = ——2L _
15 r9 1 16 15 1 1 MZ 1 2 m%_ml_MZ 1
GrC2
K3 = T 2
m5—m,—M
GCC3 GCC4 PrC1m1 Prszz
K4=_2—2’ K5=_2—2’K6=2—’ K7=2—’
m3-m3z—M miz—my—M mj—-Prm; -V, m5—Prm,—-V;
SCC3m3 _ SCC4_m4_ _ szl_GrK6 _ K3m2—GrK7
Kg = ———% 9= m oo Kio= S5 —— K= —F"7"7""
m3—-Scms—V, mi—Scmy—V, mi—m;—Vs3 m5—m;—Vs
K4m3—GCK8
K12 = 2
m3—m3—V3
Koo = — V,Grm;Cy4 Koo = — V7Gen, Cqs K. — — V7Gen, Cqe
22 m%,-V,mq,—Vg’ 23 m%5-V,m;5-Vg ’ 24 m%,—V,myg—Vg '
Koo = V4Ciz3mg3 K., = V4Ciamyy K. = VeCismys
25 — 2 -V . ' 26 — 2 -V -V ' 27 — 2 -V -V !
miz—V4MmMi3z—Vog Mmis—VaMis—Vg mis—VeMis—Vig
Koo = VsCi6Mye Koo = V7(Ky1my3—GrK;smy)
28 — 29 —

mig—Vemyg—Vip m3;—-Vymy3—Vqq ’
_ V7(Kyomqy—GrKyemy)
K30 -

2
my,—V;ymys—Vqq

K. = V;(Kz3my5—GeKyom, )
' 31 — 2 _ _ )
mis—Vymy5—Vyq
Al B Kl + Kzem1 + K3em2 + K4em3 + K5em4 y
AZ = KZO + KZle_m13 + Kzze_m14 + K23e_m15 + K24e_m16 y
Ay = 01 (Kpymy3 + Kaomyy + Kpzmys + Kpymye) — (Kpmy + Kzm, + Kymg + Ksmy) |
A5 = 1 - (K6em1 + K7em2) y A6 = Kzse_m13 + K26e_m14 y A7 = K25 + K26 - (K6 +
K7),
Ag = B, (Kysmys + Kyemyy) — (Kemy + Kymy), Ag =1 — (Kge™: + Kqe™) |
Ajp = Kpye™™M1s + Kyge™™6 Ay = Ky; + Ky — (Kg +Ko)
A =7, (Kyymys + Kygmyg) — (Kgmg + Komy), Qq = Az + Aje™™e — Aje™Ms |
Q = Ayryy + Ajryymge™™6 — 0 Ayryumyge™s
Q4 = Aglig — Asrigmge™ ™8 — B, Agrygmyoe™20

V7 (Kz4m16—GCcKzgn,)
K3, =

2 )
mig—Vymie—Vyq

Q3 = A7 - A5e_m8 - A6em20 )
— —m m
Qs = Ay —Age™ 10 — Ay pe22
_ -m m _ Q-Qqry6
Q6 = Aalzp — Aglppmyge™ 10 — 1y Ajglpmypet?2 . Cg = —————

)
F14T15—T13T16
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— — Q4—Q3r
Ce = —A; e M6 — Cee(Ms™Me) (= —2 <320
r18r19—T170'20
Co = Qg —Qsr24
? 122193 =T21124 |
_Q—Cosrys
Cpyp=——,

Cs = Ase™s — Cpe™ ™)

Co = Ag e™™0 — C9e(m9—m10) ’

I'i4
= —A,eMs — (myg—my7) _ Q=Cyryy
Cig = =A™ — Cyqe ’ Cio = I8
Cyp = —Age™0 — Clge(mm—mw) Cy = Q5—Coray
! ’
9]
- Csms Cemg
Co = —A ™2 — O, M2 m) g — _
” C 0 2 c ’ 14 mg—ms—\%c P m2ome-vs .
UGy HUCg [11Cy 00Cqe
Kie = _m%—m7—V3 K= _mé—mg—w - Kig = _mg—mg—w  Kig = _m%o—mzo—w
_ V;Cy7my7 _ V;Cigmg _ V7Grm; C,q
K33 T om2 ) 34 — 2 ) K35 = —
mi;=Vym7—Vy; mig—Vymig—V;;

L. m%9—V7m19—\\’]11G ’ .
V,Grm, C 7Gen, 7Gen,
K36 = _méo—V7mzoiOVu K= _mﬁl—wmzlil\’u o Kas = _mﬁz—Vﬂnzzilel ’
Az =K o™ + Kje™ + Kppe™ + Kize™ + Kiye™ + Kyse™ + Kjge™ + Kyze™ +
K ge™ + K qe™o
Ay = Ko™ + Kyoe ™4 + Ky 7™ 4 Kype ™6 + Kyze ™7 4 Kayge ™ + Kyge ™9 +
Kice™ ™20 + Kye™™2 4 Kyge M2
Aps = Ky + K3 + K31 + K3y + K3z + Ky + Kss + K3 + K7 + Kag — (Ko + Ky +
Ky + K3 + Ky + Kys + Kig + Ky7 + K3+ Kyg)
A = o (Kygmy3 + Kzomyy + K3ymys + Kspmy + Kyzmy; + Kyamyg + Kssmyg +
Ksemyg + Kyymy; + Kagmy,y) — (Kjomy + Kyymy + Kjpm3 + Kj3my + Kyyms + K;smg +
Hyemg + Lmg + Kygmg + Kyomyg ) , Q; = Ajs + A ™2 — Ajye™

_ Qg—Qr28
— m m — 8 7
Qg = Ayl + A13r26m126 12 — o Ajyrpempue™ . Cyp = ——
261277125128
— -m (mp—mp2) _ Q;=Cuins _ m (mp4—my3)
Cip = —Ape ™2 = Cye , Cp3 = T e Coy = =A™t — Cpe :

The coefficient of skin friction, Nusselt number and Sherwood number are given as:

Ce(U) = [DDM] + DDD[D[—DD”]
! R I D=l

00
00, 00,;
Ci(L) = [ =0 Jo=—s + DDWV[—DD =1
00
Nu(U) = [ “’] + DDD[D[ ”]
=1 NS IS
00
20 000 21
Nu(L) = 00
u(L) [ 00 ][:_,Jr [ 00 ][:_,
0 00
Sh(U) = [ ’0] + DDD[D[ ”]
00 1o, 00
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BNy aoo [B U1
h(L) = DDDD[—]
S ( ) [DD ]D=—l+ DD N==]

RESULTS AND DISCUSSION

The degree of diversity of the velocity, temperature and concentration of the unsteady
movement of two electrically conducting free convective immiscible fluids flowing in a
horizontal channel with heat and mass transfer by assigning different numerical values to the
varying parameter when Gr=5Gc=5Pr=1,Sc=078F=3K=5M=1,0, =
LB, =Ly, =Lw=10,§, =1,¢,=1,n,=1,P=1,0t=30were  conducted  using
MATLAB and the following are the results obtained.

Figure 1 and 2 depicts the effect of Grashof numbers ([10J LI [J0]) for heat and mass
transfer respectively on the velocity field. In both figures, it can be seen that the velocity
increases as the domination of buoyancy force over viscous force increases. Also, it can be
clearly seen that, this increase occurs in the porous region and upper part of the clear region.
However, it would be worthy to note that the Grashof number for mass transfer
(UJL1) increases the velocity of the fluid more than the Grashof number for heat transfer
().

Figure 3 and 4 which describes the effect of Prandtl number ([1[)) and Permeability
parameter (L1) respectively on the velocity field shows that as the momentum diffusivity
(kinematic viscosity) gradually dominates the thermal diffusivity, the velocity of the flow
decreases with slight alteration in the porous region while the variation in the velocity is not
significant even if the Prandtl number ([17) increases for region Il. In the case of Figure 4,
the velocity is low for a less than unity Permeability parameter while further increase above
unity causes a rapid increase in the velocity.

Figure 5 and 6 shows the effect of Viscosity ratio and Radiation parameter on the velocity of
the flow. It is observed that as the viscosity ratio increases, the velocity decreases with lager
velocity boundary layer in region Il as compared to region I. this observation concurs with
the fact that increase in the thickness of a fluid reduces the velocity of that fluid. For Figure
6, the Radiation parameter has no significant effect on the velocity field as it can be seen,
although an increase in the Radiation parameter decreases the velocity in the porous region.
Figure 7, 8 and 9 highlights the effect of the Hartmann number, Schmidt number and
diffusivity ratio respectively on the velocity field. Figure 7 shows that as the electromagnetic
force increasingly dominates over the viscous force, the velocity decreases in the upper
region while near the interface, the velocity profiles cut across each other in order to cause
an increase in the velocity in the lower region, hence the reverse of what happens in the
upper region is seen in the lower region. The decrease in the velocity in the upper region can
be attributed to the presence of magnetic field applied transverse to the flow which would
suppress turbulence thereby causing decrease in the velocity. Figure 8 depicts that gradual
domination of the viscous diffusion rate over the molecular (mass) diffusion rate contributes
to a decrease in the velocity field in region | and upper part of region Il while increase in the
Schmidt number has no significance on the velocity in the lower part of region Il. In figure 9,
it can be seen that as the diffusivity ratio increases, the velocity of the flow barely decreases
in the porous region and upper part of the clear region while no contribution is made to the
velocity at the lower part of the clear region.
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Fig 1: Effect of Gr on velocity profile.
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Fig 3: Effect of Pr on Velocity profile.
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Fig 5: Effect of oy on Velocity profile
Fig 6: Effect of F on Velocity profile.
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Figure 10, 11 and 12 demonstrates the effect of Prandtl number, Radiation parameter and
Thermal conductivity ratio respectively on the temperature field. It is generally observed that
the temperature decreases with increase in the aforementioned parameters. Increase in the
Prandtl number causes a decrease in the temperature which is more evident in the upper
region where this increase causes the profile to assume a parabolic shape. The effect is also
seen in region Il but not as evident as in region I. increase in the radiation parameter causes a
decrease in the temperature but this decrease is less when compared to that for Prandtl
number as the distance between profiles is less in figure 11 considering the values used to
obtain that for the radiation parameter. Increase in the thermal conductivity ratio causes a
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slight decrease in the temperature near the lower part of region | and upper part of region I,
while it has no much significance on the upper part of region I and lower part of region Il
and near the walls.

Figure 13 and 14 depicts the effect of Schmidt number and diffusivity ratio respectively on
the concentration field. It is observed that for the same value of viscous diffusion rate and
molecular (mass) diffusion rate, the profile assumes a linear shape in both regions, but as the
viscous diffusion rate dominates, the profile assumes a parabolic shape and in general causes
the concentration to decrease. Also, increase in the diffusivity ratio causes a decrease in the
concentration with the profiles assuming a linear shape all through in both regions while
distances between the profiles continue to decrease towards the walls in both situations.

Fig 9: Effect of y; on Velocity profile.
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The table for the skin friction shows that the coefficient of skin friction at the upper plate in
case of unsteady flow is greater than that of the mean flow while opposite behavior is noticed
at the lower plate. Also, it is observed that increase in the Hartmann number increases the
coefficient of skin friction at both plates while increase in the Prandtl number, radiation
parameter, Schmidt number, viscosity ratio, thermal conductivity ratio and diffusivity ratio
all cause an increase in the coefficient of skin friction at the upper plate while opposite
behavior is noticed at the lower plate except for the Prandtl number which has little effect at
the lower plate. However, increase in the thermal and mass Grashof numbers and the
permeability parameter all cause a decrease in the skin friction coefficient at the upper plate
with opposite behaviors at the lower plate where the permeability parameter has the highest
effect on the coefficient of skin friction.

In table 2, it can be observed that the Nusselt number at the upper and lower plate in case of
unsteady flow is greater than that of the mean flow. The Nusselt number at the upper plate
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increases due to increase in the Prandtl number, radiation parameter and thermal
conductivity ratio with opposite behavior noticed at the lower plate except for the thermal
conductivity ratio which increases the Nusselt number at the lower plate.

Table 3 shows that the Sherwood number at the upper plate and lower plat in case of
unsteady flow is greater than that of the mean flow. The Sherwood number at the upper plate
increases due to increase in the Schmidt number and diffusivity ratio with opposite behavior

noticed at the lower plate.

Fig 11: Effect of F on Temperature profile.
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Table 1: Values of the coefficient of skin-friction at the upper plate and lower plate for
various values of physical parameters, where ® = 10,§, = 1,0, = I,n, = ,P = 1,0t = 30

E Gr|Gc |Pr|F| K|M| S | o | |, C¢(U) Ce(L)

0 5 5 1135 |1]078]| 1 1 | 1 | -33.6810 | 120.1005
0.025 | 5 5 1 13|51 1]078 |1 1 | 1 | -33.5524 | 120.0800
0025 | 10 | 5 1135 ]1]078]|1 1 | 1 | -35.0286 | 120.0900
0025 | 5 110 |1 3] 5|1 ]078] 1 1 | 1 | -35.3561 | 120.1000
0.025 | 5 5 2 13| 5]1]078 |1 1 | 1 | -33.3219 | 120.0800
0.025 | 5 5 1|55 |1]078 |1 1 | 1 | -33.3832 | 120.0800
0.025 | 5 5 113101 ]078 | 1 1 | 1 | -129.0300 | 965.6400
0.025 | 5 5 1 13|5 |3 ]078 |1 1 | 1 | -14.0563 | 181.7600
0.025 | 5 5 1 13| 5]1]262]|1 1 | 1 | -32.9818 | 120.0700
0.025 | 5 5 1 13| 5]11]078)| 2 1 | 1 | -19.3303 61.2309
0.025 | 5 5 1 13|51 ]078| 1] 2| 1| -335269 | 120.0800
0.025 | 5 5 1 13|5|1]078 |1 1 | 2 | -33.4237 | 120.0700

Table 2: Values of Nusselt number at the upper plate and lower plate for various values of
physical parameters, where o = 10, &, =1, ot =30

E Pr F B, Nu(U) Nu(L)
0 1 3 1 2.3054 0.0361
0.025 1 3 1 2.3616 0.0364
0.025 2 3 1 3.0816 0.0100
0.025 1 5 1 2.8456 0.0174
0.025 1 3 2 2.3826 0.0465

Table 3: Values of Sherwood number at the upper plate and lower plate for various values of
physical parameters, where ® = 10, ot = 30

g Sc Y, Sh(U) Sh(L)
0 0.78 1 1.3069 0.0611
0.025 0.78 1 1.3605 0.0615
0.025 2.62 1 2.9072 0.0008
0.025 0.78 2 1.4775 0.0089

SUMMARY, CONCLUSION AND RECOMMENDATION

The unsteady MHD free convective two immiscible fluid flows in a horizontal channel with
heat and mass transfer been studied. The governing equations, that is, the momentum, energy
and species concentration equations are written in a dimensionless form using the
dimensionless parameters. A perturbation method has been employed to evaluate and solved
for the velocity, temperature and concentration distribution, the skin frictions, Nusselt
numbers and Sherwood numbers.
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It can be concluded that increase in the Hartmann number decreased the velocity, while
increase in the heat and mass Grashof numbers both support the increase of the flow velocity
whereas increase in the viscosity ratio as expected supports the decrease in velocity. The
temperature decreases with increase in the Prandtl number, Thermal conductivity ratio and
radiation parameter while the concentration decreases with increase in Schmidt number and
diffusivity ratio.

This study is expected to be useful in understanding the concept of double phase flow and
the effect of heat and mass transfer on MHD free convective two immiscible fluid flows in a
horizontal channel.

Finally, the study has potential applications in MHD power generators, MHD pumps, liquid
metal cooling of reactors and magnetic drug targeting etc.
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