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Abstract: MHD free convection and mass transfer flow of an incompressible viscous fluid past a continuously
moving infinite vertical porous plate is made in the presence of joule heating and thermal diffusion. The
corresponding momentum, energy and concentration equations are made similar by introducing the usual
similarity transformations. These similarity equations are then solved analytically by employing the
perturbation technique. The solutions are obtained for the case of large suction. The effects of the various
parameters entering in to the problem on the velocity field are shown graphically.
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Introduction

Free convection flow is often encountered in cooling of nuclear reactors or in the study of the
structure of stars and planets. Along with the free convection flow the phenomenon of mass
transfer is also very common in the theories of stellar structure. The science of
magnetohydrodynamics (MHD) was concerned with geophysical and astrophysical problems for a
number of years. In recent years the possible use of MHD is to affect a flow steam of an
electrically conducting fluid for the purpose of thermal protection, braking, propulsion and
control. From the point of applications, model studies on the effect of magnetic field on free
convection flows have been made by several investigators. Some of them are Georgantopoulos
(1979), Nanousios et al. (1980) and Raptis and Singh (1983). Along with the effects of magnetic
field, the effect of transpiration parameter, being an effective method of controlling the boundary
layer has been considered by Kafousias et al. (1979) and Singh (1982).

Along with these studies, the effect of thermal diffusion on MHD free convection and mass
transfer flows have also been considered by many investigators due to its important role
particularly in isotopic separation and in mixtures between gases with very light molecular weight
(Hz, Hg) and medium molecular weight (N,, air) (Eckert and Drake, 1972). Considering these
aspects, model studies were carried out by many investigators of whom the names of Kafousias
(1992) and Sattar and Alam (1994), are worth mentioning.
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In the above studies, the effect of Joule heating was neglected due to low fluid velocity. The effect
of joule heating was, however, considered by Hossain (1990) for MHD forced and free convection
flow. Thus considering the importance of Joule heating along with viscous dissipation and thermal
diffusion, our aim is to study the effects of viscous dissipation as well as joule heating on steady
MHD free convection heat and mass transfer flow of an electrically conducting viscous
incompressible fluid past an impulsively started vertical porous plate with variable concentration.
The similarity solutions of the governing equations are obtained by employing the perturbation
technique based on large suction as has been demonstrated by Singh and Dikshit (1988) and
Bestman (1990).

Governing equations of the flow

Consider a steady MHD free convective heat and mass transfer flow of an electrically conducting
viscous incompressible fluid past an infinite vertical porous plate (y =0) in presence of

transverse magnetic field with the effects of viscous dissipation and joule heating. The flow is
assumed to be in the X -direction which is taken along the plate in the upward direction and y -

axis is normal to it. A uniform magnetic field By is taken to be acting along the y -axis. The plate

is impulsively started in its own plane with a constant velocity U, and the plate temperature and
concentration quickly raised from 7 and C to T, and C,,respectively. The uniform magnetic
field is assumed to be negative so that B = (0, B,0) . The equation of conservation of electric

charge V.J =0 gives J,, = constant, where J = (J,,J,,,J,) . Since the plate is electrically non-

y ye
conducting, this constant is zero and J y = 0 everywhere in the flow.

It is assumed that the plate is infinite in extent and hence all physical quantities depend on X
and y . Thus accordance with the above assumptions and Boussineq’s approximation, the basic

equations relevant to the problem are:

ou Ov
L2, (1)
ox Oy
2 2
ou ou 0 u * oBy u
UV —=v—s +80B(T -Ty)+ggh (C—Cy) - ’ )
ox oy oy P
2 2 22
or or k 0T v [ ou oBy u
u—+v— = St — | — | t— 3)
Ox oy pCp oy Cp oy pCp
oC oC 62C 62T
u—+v—=D—2+DT—2, (4)
ox Oy oy oy

where, (u,v)are the velocity components along x,y directions respectively; T andC are
respectively the temperature and concentration of the fluid, v is the kinematic viscosity of the

fluid, p is the density of the fluid, K is the thermal conductivity, C p is the specific heat at a

%
constant pressure, £ is the volumetric co-efficient of thermal expansion, g is the volumetric co-
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efficient of expansion for concentration, g, is the acceleration due to gravity, o is the electrical

conductivity, D is the molecular diffusivity and Dy is the thermal diffusivity.
The boundary conditions for the problem are:
u=Uy, v=vy(x), T=T, C=C(x) at y=0,

&)
u—>0, T>T,, C—C, as y — o,
where U, is the constant velocity, v, (x) the velocity of suction and C(x) is a variable
concentration at the plate.

Mathematical formulations

We now introduce the usual similarity technique to reduce the governing equations (1)-(5). For the
reasons of similarity, the suction velocity at the plate and the plate concentration are assumed to be

VUO UOx

fyy and C(x) = Cp, +(Co —Cy)
2x 14

vo(x) = - where f,, is the dimensionless suction

velocity and Cis considered to be the mean concentration. We now introduce the following

similarity variables:

Uy
n=>
2w

/
u=Uyf (1),

(6)
T =T, + (T, — T,,)0(n),
Upx
C(x) = Cop +(Cp = Cop) ——9(1).
\4
Thus introducing (6) into equation (1), we obtain:
vU /
v= =t - . (7)
2x

Further, introducing the relations (6) and (7) in equations (2)- (4) we respectively have the
following nondimensional equations:
1 A /
A +G.0+Gé-M =0, ®)

2
sy =o, ©)

/

Vi / /
0" +P.f0" +J,P.(f

/!

# —2Scf/¢+SCf¢/ +SOS69/ =0, (10)

*
g0 BTy, — T )2x gpf (Cg —Cy)2x
where G, | = Ow—zoo the Grashof number, G, | = 0 0 3 -
Yo Yo

the modified

vpC
Grashof number, p.| = L the Prandtl number, s, [: L) the Schmidt number,
D
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2
(T, —~Tyw) Dp 20B x .
Sg| =————— | the Soret number, M| = the magnetic parameter and
(Cop—Cop) v pU,
2
Uy .
Jp, the Joule heating parameter.

€, (T, ~Ty)

The corresponding boundary conditions are:

F=fu sl =1 0=1 4=1 a n=o,

/ (11)

f =0, 6=0, ¢=0 as n— o,

where f,, = -v((x) is the transpiration parameter and is obtained from equation (7). The

VUO

primes denote derivatives with respect to 7. Here f,, < 0 indicates the suction and f,,> O the

injection. The solutions of the equations (8) - (10) subjected to the boundary conditions (11) are
now sought by using perturbation technique and are presented in the following section.

Solutions
Since the solutions are sought for large suction, further transformations are made as: (for making
LDE)

2 2
c=nfy. f) =/ ,F&). 0(n)=1f, HS, ¢ =1, PG . (12)
Substituting (12) in equations (8)-(10), we have:

P GrG+GmH—MF/ =0, (13)
1 g2 2

" +PrFG/ +JhPr(—F// o mr! j:o, (14)
€

" —ZSCF/H+SCFH/ +SOSCG// =0, (15)

with the boundary conditions:

/
F=1 F =, G=€, H =e at ¢=0,

; (16)

where, e=—>5. a7

Now for large suction f,,> 1, so that e is very small. Therefore, F, G and H can be expanded

interms of small perturbation quantity e as:

2 3

F(g)=1+e F()+ € Fy(o)+e F3(5)+.... (18)
2 3

G(s) =€ G()+ € Gy(g)+ € Gz(g)+ . (19)
2 3

H(g) =€ H{()+ € Hy(c)+ € Hz(5)+.... (20)

Then substituting F(¢), G(s) and H(s) from (18)-(20) in equations (13)-(15), we get the following
set of ordinary differential equations and the boundary conditions for F;(¢),G;(¢) and H;(¢),
(i=123,.);
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First order o(e):

e
F +FH =0, (21)
2
/" / /"
Gy +P.G +J,PF =0, (22)
/" / /"
Hy +S,H| +8¢5,G; =0, (23)

) (24)
F -0, G, >0, H —0, as ¢ —> o
2
Second order o(e”):
" /" /" /
Fy +F +FRFR +G.Gy+G,H -MF =0, (25)
I I "o /2
Gy +P.(FG| +Gy )+J,P.2F F, +MF )=0, (26)
/" / / / /"
Hy —2S.FfH|+S,(F{H| +Hy )+5,5.G, =0, (27)
Fj =0, Fy=0, Gy =0, Hy=0, a ¢=0
2 =Y 2 =Y 2 =Y 2 =Y =Y
) (28)
Fy >0, Gy >0, Hy >0, as ¢ — ©
. 3
Third order o(c™):
' " " /
Fy +F +FF +FRF) +G.Gy+G,Hy+4RGy - MF, =0, (29
" / / / "2 "o /o
Gy +P.Gy +P.(FyG +FGy )+ J,P.(F, +2F F3 +2MF F, )=0, (30)
/" / / / / / "
Hy +S,Hy +S,(F{Hy —2F Hy)+S.(FyH|; —2FyH{)+835.G3 =0, (31
B —0 B0, Gy=0. Hy=0 0
3 =0, f3=0, G3=0, H3=0, a ¢=0,
(32)

/
3 -0, G3 >0, H3 >0, as ¢ — o,
etc.
The solutions of the equations up to order 3 under the prescribed boundary conditions are obtained

in a straightforward manner and are
S

R=l-e7, (33)
-2¢ -Ps

Gl = Ale + Aze r 5 (34)
=Scs -2¢ -Prg

Hl :B6e ¢ —B3e 7Bse r , (35)

1 _
- - -2¢ -Fg Ses
F2 = D9 +D10€ —Dlge +:D2€ +D7E r +D8€ ¢ 5 (36)
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—Pr¢ -3¢ —2¢ —2¢ —(B-+Dg —(Sc+Dg
Gy = Byye - Bge - Bpge - Bjze - Bjpe +Bje R 37
-Se -2 -3 —Se - -P, —(BP-+1
H, =Gpe Cg+Ge g+Ge g—Gge °g+Ggeg—Ge rg+Ge(r+)g
2 10 9 2 3 5 4 7 (38)
— 1
- Gge (Sc+ )g’
- - 2 13 1 2 1 -2 -Scs
F3 =T1 +T2€ +T3§€ +T4€ —_03€ —_04§ e +_05g€ +T5€
18 2 4 (39)
-Bc =Ses =(S¢+Dg —(P-+Dg
+ Tge — 040 45 —0909y3e —0190p4e s
-2¢ -3¢ —4¢ -2¢ 2 2¢ -3¢ —Prs
G3 = V24€ —V25€ —V3€ —V26g€ —V8g e —V6g€ +V0€ r
-bBs —2Prc -28¢6 —(B+g —(B+Dg
+V27g€ r —V13€ r —V14€ ¢ —V28€ r —Vl7g€ r (40)
—(B+2)¢ —(Se+g —(Sc+Dg —(Sc+2)¢g —(S¢+Fr)s
- V16€ - V29€ - Vzoge - V22€ - V23€ 5
-2¢ -3¢ —4¢ =Scs —28c¢ ~Fs
H3 =Z43€ +Z44€ +Z3223€ +251€ +212233€ +Z45€
-2h¢ -2¢ -3¢ 2 -2¢ —Scs
+Zl3Z34€ +Z46g€ +25222g€ +Z6221g e —Z47g€
! 2 =S¢ ~Prg ~(Sc+Ds ~(Pr+)g ~(Sc+Ds
75282429- e + Z g6 + Zyge +Zs5ge +Z17Z365¢
—(P+Dg —(Sc+2)¢ —(B+2)¢ —(Sc+Fr)s
+ZI6Z35g€ +218239€ +Zng4Oe +220241€ ,
(41)
where, the constants Aj, Bj.D;. E;, Gj. Oj, Ti W, Vj,and Z;,are shown in Appendix 1. The

velocity, the temperature and the concentration fields can be calculated from the combinations of
(6), (12) and (18)-(20) as:

L:f/(f]):Fl/Jrer/Jrez F3/, (42)
Ug

O(n) = G+ € Gy+ € Gs. (43)
¢(77):Hl+eH2+62 Hsy. (44)

Thus with the help of the solutions (33)-(41), the velocity, temperature and concentration
distributions can be calculated out from (42)-(44). However, the results of the velocity
distributions, temperature and concentration distributions are put forward graphically in Figs. 1- 9.

Skin-friction coefficients, Nusselt number and Sherwood number

The quantities of chief physical interest are the skin friction coefficients, Nusselt number and the
Sherwood number. The equation defining the wall skin frictions is:

0
T.=H & , hence from (42) we have, rxocf// (0)

oy y=0
where
A 2 2 2
f (O)=—1+E[D11 +Dz +D7PI" +D8SC ]+€ [—T7 —Tg +2T9 —1/205 (45)
—1/203 +T10SC +T11PV +T12 +T13 _Tl4(SC +1)_T15(P}" +1)]
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or
The local Nusselt number, denoted by ~,, is proportional to - (—j , hence from (43) we
y=0

o
have, N, oc- 9/ (0), where,
6’/(0) =24 — AyP.+ € [-By4F,. +3Bg — B|p +2Bj3 + B (5. +1) = B (S, + D]
+ 62 (204 +3V5 + 4V = Vo = Vg = VB + Vg + 21136, + 20148, + Vg (B +1) The

“N7 + Vg (B +2) + Va9 (S, +1) = Vo +Vpp (S, +2) + Vp3(S,. + B (46)

local Sherwood number denoted by S, is proportional to — (Ej . Therefore from (44) we
oy y=0
have, ShOC—¢/(O) where,
¢/(0) = -BgS, +2B3 + BsP.+ € [-G||S, —2Gg —3G, — G3 + G5 + G| P,
S Gy (B, + 1)+ Gg(S, + D € [-2243 — 3744 — 47373 — 75,5,
=22137338c ~Zashy — 221372348, +Z46 + Zs5Zpy —Za7 +Zyg —Z49 (S +1) (47)
=750 (B + D)+ 217236 + 216735 = 218239 (S¢ +2) = Z19Z49 (5 +2)
~Z50Z41 (S, + P
Thus the values proportional to the skin friction coefficients, the Nusselt number and the

Sherwood number are respectively obtained from (45)- (47). These values are not shown for
brevity.

Results and Discussion

The velocity, temperature and concentration profiles, obtained in the form of dimensionless
velocity (f /), temperature ( 9(») ) and concentration ( ¢(») ), are presented in Figs. 1-9 for different
values of M, f,,, S., P, Sy and J,. The values of M and G, are taken to be large, since

these values respectively correspond to a strong magnetic field and to a cooling problem that is
generally considered in nuclear engineering in connection with the cooling reactors. Negative

values of G, and G,,, which indicates the heating of the plate, are also taken into account. Three
values of Prandtle number (P, ) are considered such as 0.71, 1.01 and 7.0. Here P.= 0.71
represents air at 20° C, P.=1.01 corresponds to electrolyte solutions (such as salt water) and P.=
7.0 represents water. Three values of Schmidt number (S ), 0.60, 0.22 and 0.75 are considered
where the values 0.60, 0.22 and 0.75 represent for water vapour, carbondyoxide (Co,) and
oxygen (0, ) respectively. The values of G,,, M, f,,,and J, are however chosen arbitrarily.

With the above flow parameters, it is thus observed from Fig. 1 that the velocity profiles increase
with the increase of Soret number (S ) for cooling plate while decreases with the increase of
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Fig. 1. Velocity profiles (cooling and heating plate) for

different values of M and Se. Fig. 1. Velocity profiles (cooling and heating plate) for

different values of J, and f.
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Fig. 7. Concentration profiles for different values of M

and Se. Fig. 8. Concentration profiles for different values of J,

and fy.
magnetic parameter (M ) keeping ., S., G,, G, f,,,and J j, constant. While incase of

heating of the plate the velocity is just reverse. These effects indicate that for cooling of the plate,
when thermal diffusivity is introduced into the flow field, it entrances into the velocity field which
decreases the velocity incase of heating of the plate. From Fig. 2, the usual effects of the suction of
the boundary layer control are observed. It is also observed from this figure that the joule heating

parameter (/) reduces the velocity at a particular y -position of the boundary layer while incase

of heating of the plate, the velocity is just opposite. From Fig. 3 for cooling of the plate, we
observed that the velocity profiles decrease for P.=7.0 with compared to P.= 0.71 but it

increases with the increase of Schmidt number (S, ). From Fig. 4, we observe that temperature
profile decreases with the increase of S, and M . From Fig. 5, we see that with the increase of
Joule heating parameter (J}, ), the temperature profiles increase. On the contrary, opposite effect is

observed for suction parameter. From Fig. 6, we observe that temperature profile decreases with
the increase of Prandtl number (P, ) with compared to

. . . . . ~
air and water. Also minor increase is observed with the %91 /' | ¢_u0, ayes0, =10, d-0005, £-30, M=05
. . . . 1/ \
increase of Schmidt number (S, ). From Fig. 7, it is = , | 1 T gk
. . . 1' \ 23 3 om o2

seen that the concentration profiles increase with 230 . TZ2 2 om o
. . . 1! \
increasing the Soret number () and decrease with 104, \

\
. . . . 1
increasing the magnetic parameter (M ) keeping other ""m], \
parameters fixed. From Fig. 8, it is observed that the 1 \
concentration profiles increase with the increasing of ] S
joule heating (/) and decrease with the increase of
suction parameter ( f,,). In Fig. 9, minor effect is

-10 T T T T T,

observed for P,.= 0.71 and 7.0 where S.= 0.60. On ° Rl
X . Fig. 8. Concentration profiles for different
the contrary, a drastic change is observed for S.=0.75  yajues of P,and S..

(in the case of oxygen) where P, =0.71.
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Appendix 1
Jp P B, 2
Al =——,A2 =1_A1’Bl =1, 82 =4A1S0Sc, B3 =" B4 =S()SCA2P}, )
4-2p, 4-25,
By
BS =, 86 =BI+B3+35,D1=—1, D2 :1+GrA1_GmBS> D3 :GVAZ_GmBS7
P.(P, - S,)
D, P DyS D D
3°r 4°c 3 4
Dy =Gpbgs Ds ="~ Dg=—3 —, Dj=—5 — Dy=—5 ———,
P (P. -1 S (S, -1 P (P. -1 S. (S, -1

1 1
D9 =D1 +:D2 +D5 +D6 —D7 _DS’DIO =—D1 —;Dz _D5 _D6’D11 =2D1 +D10,

3
Dyy = —2A\P, —=2J,P.Dy}), D3 = 24P, —2DyJ P, , D1y = 2D;J P, , D15 = -2D7J P, ,

2 Dy Dy3 D4 (4-2P) D5
Dyg =2DgJyP.S, »B7 = »Bg = »Bg = 2 s B0 = )
4-2pP, 9-3P, (4-2P,) P, +1
By = Pis By, = D1 Byx =B~ +Bg,Biy =By +Bg +Bg + B B
1= s P12 = » P13 = b7 + B9, B4 = b7 +Bg + 59 + 519 ~ By
(S, +DA+S, - P.) 4-2pP,

2 2 2
Ey = Bi4F, ,Ey =9Bg,Ey = 4By, E, = 4By —4Bj3,Es = Bjg(F. + 1), Eg = B|; (S, +1)",

2
E7 = 2B3SL +E4SOSC’ ES :E2SOSC’ E9 =B6SC 5 EIO =BSSCPV +E1SOSC’

128



Alam, M.M,; Islam, M.R. and Mondal, R.N. 2006. Viscous and joule heating effects on MHD free convection and mass transfer
flow with thermal diffusion and large suction. Khulna University Studies, 7(2): 119-132.

2
Ell = E3S0SC,E12 = BSSCPV _2B5SC +E5S0SC N E13 = B6SC +E6S0SC _2B6SC

E E E E E E{1(4-5.)
7 8 9 10 11 11 c
Gl = ,Gzi ,G3 = ,G4: 2 ,GS = ,G6: 2 9
4-25, 9-3S, S, P -s,P. 4-28, (4-25,)
£12 £13
Gy = Gg = , Gg =Gg —Gy, Gjg =~Gg — Gy + Gy —G7 +Gg,

» Ug
(B +DA+ P, =S.) Se +1
Oy =-Dg +Dy1,0; =-Dyg = Dy + Dy = B|3G,. +GoGy
1 2
03 =1D2 +D2 +38Gr —G2Gm,04 = _Dl ,05 = —2D1 —Blzcr +G5Gm 706 = Dgsc +G10Gm 5

2 2
07 =D7P." +G,Bly —G4G,, ,0g = -G3G,, ,0g = Dg + DgS,” — B| |G, +GgG,, ,

2 1 1 1 1
010 = D7 + Db +B196r =G0y 011 =~ 55012 =503 = 0 ="""">
s, 3 Se(1-S,) P.(1-P,)
o _ 0p o 1 0435, -2)
015 = » 016 = 017 = 25018 = 2°019=" 5 >
(1-S.) (1-PB.) (S, +1) (P, +1) (1-5,)
01, (3P, - 2) 1 1 1
Oy = 7 2021 = »0pp = » O3 ="
(1-P) S.(S. +1) P.(P, +1) S.(S, +1)
1
Oy =—""" 73>
P.(P. +1)

1 1 1

1 1 1
T, =-0; —;02 +g03 —-204 +;05 — 05 + 0013 + 07014 —0g015 —O0g0q9g

+090,1 + 01907,

1 1
Ty = -0, -204, T, ::02 +;05, Ts = —040;5 + 0g0g, Tg = ~07014, Ty =T — Ty,

1
Iy =T3+ 04, Ty =21 *ZOSa Tip =75Sc + 080155 T11 = TPy » Tip = 0g0155c 5

2
Wl = —2A1D9Pr _BIZP}" +2313Pr +D11 JhPr +2T7JhPV +2T8JhPr’

W2 = —2A1D10Pr +338PI" +B12Pr —2313P}, + 2D2D11JhP}" _4T9JhP}" +05JhPr’
1 2
W3 = _;A1D2P}’ _3BSPV +D2 JhP}" +O3JhPV’W4 = ZBIZPV _2D1D11JhPV _2T8JhP}" _2O4JhP}’7

2
Ws = 24\D\P, = 2By P, —2D|DyJ P, —=205J 4P,y W =Dy J )P, +O0y4J Py,

129



Alam, M.M,; Islam, M.R. and Mondal, R.N. 2006. Viscous and joule heating effects on MHD free convection and mass transfer
flow with thermal diffusion and large suction. Khulna University Studies, 7(2): 119-132.

2 2 2 2 5 2 4
W7 = _A2Pl" D9 _BI4P}" ’WS = —A2D7Pr +D7 ‘]hPr ,Wg = DS JhPVSC 9
2 2 3 2
Mo =—4A2D108 +Bioh (B + 1)+ By B +2D9 Dy Jy B =20 Jy B =203 B
1 2 3
Wy, = -24,D7P, —ZAZDZP,, ~ ByoF. (P, +1) + 2Dy D7J 4B, +2Ty5J , P, (P, +1),

2 3 2
2
W3 = By P, (S, + 1)+ 2DgDy J , P.S,. = 2T0J .S, — 2Ty J Py
2
W14 = _2D1D8JhP}"SC +2T12JhPrSc’
2
Wys = —24\DgP, + By P, (S, +1)+2DyDgJ , P.S,. +2Ty4J P (S, +1),
2 2 3
W16 =—A2D8P}, +2D7D8Jhsc P}, N

VO =V1+V2 +V3 +V5 +V7 +V9 +V11+V13 +Vl4 +V15 +V16+V18 +Vl9 +V21+V22+V23,

4 w w. W, Wy(4-P.)
| 2 3 4 4 r
"= , Vy = , V3 = , Vg = Vs =,
4-2P, 9-3P, 16 - 4P, 4-2p, (4-2P,)
W, W (9-P.) W, W, We(4-P.)
V. = 5 Vo = 6 r Vo = 6 Ve = 6 % =_u
6 V7 278 Vo 22710 2
9-3P, (9-3P.) 4-2p, (4-2P) (4-2P,)
2
om0t W Wy W
= 2 V=T o3 =5 = »Ns = )
(4-2P,) P, 2P, 25,28, - P.) P o+1
W, W, Wy, (P, +2) W,
11 12 12 (5 13
e = g = Vg = 2 Mo = ’
2(P. +2) P +1 (B +1) S, +D(S, - B+
M4 Was 2Sc =B +2) "s
V0 = Va1 = 2 7V = )
(S, +1)S, — P, +1) (S. +D (S, — P, +1) (S, +2)(S, ~P. +2)
o Me 5 _ v _
Vo3 = 2Vog =N+ Vs =209 + V1) Vos =V +V7,V06 =Vq =2V105 Vo7 = V12 + 1155
S.(S, +P)

V28 =Vi5 Vg V31 =71 + 723,
Zy = 2GS, + G5S, +2B3DgS, + 4S50S, +4V2550S, — 2V3S0S, »
Z, = -3G,S, +Gs5S, —2B3S5,Dy —~ 95505, +6VS0S, »
1
Z3 =3G,S, - 2G5S, —;B3SCD2 ~ 1673805, »
Z4 = _2G5SC - 4V26SOSC + 8V8S0SC ’ZS = _4G5SC - 9V6S0SC’Z6 = _4V8S0SC 9
2 2
27 ==G105¢ =~ G35c ~BeD9Sc » 78 = G35¢ »

2 2
Z9 = +G4PI’SC +B5D9S0Pr + VOSOSCPI" —2V27S0S P, ZlO = V27SOSCPV 5

c'r?

130



Alam, M.M,; Islam, M.R. and Mondal, R.N. 2006. Viscous and joule heating effects on MHD free convection and mass transfer
flow with thermal diffusion and large suction. Khulna University Studies, 7(2): 119-132.

Zyp

Z14

215

Z16
Zy7

Z18

Z19

2
= G3S

= yZag =5, Zag = ————— ,Zyp =

2 3 2
= BgDgS. —4V14S0Se 5213 = —BsD7B.S. —4V3850S. B
:*G7SC(P’, +1)+G4SCP’,, +2G4SC +B5D10SCP’,, *2B5SC(D1 +D10)

2
7V28SOSC(PV +1) +2V17SOSC(PV +1),

2 2
= GSSC(SC +1)+G10SC +G3SC _2G10SC‘ _86D10SC +2B6SC (Dl +D10)

2
V24S0SC(SC +1) +2V20S0SC(SC +1),
2
= —BlescP}, +2BSD1SC - V17S0Sc (Pr +1) N

2 2
¢ +2G3S. +BgD|S, —2BgD|S. —Vy0SeS. (S, +1)7,

1 2
= GgS, (S, +1)+2GgS, - BgD,S, (ZSC —1) = 2B3DgS (S, +1) = VS¢S, (S, +2)°,

1 2
= -G9S, (P, +1)=2G7S,. +2B3D7S, + B5D,S, (;P, ~1)=2B3D7S P, —V16SoSe (B +2)°,

2 2 2
=-BgD7S,. +BsDgS P, +2BgD7S.P. —2BsDgS. —V3505.(S. +P.) ,

1 1 1 4-5,
= 52y = 5Zp3 = 5Zp4 =T 5

4-25, 935, 16 - 45, (4-25.)

2

_6-5, ; 1 ; 4-5, (-8 ) 1
= 527 7> 35208 = 35229 = >

(9-35,) (4-25,) (4-25,.) (4-25,) P.(P. - S,)

2

S -2P L 1 L (S, —2P,)
= 2 5 s 431 = 2 2 »43) 3 )

P (P, -5,) P (P -5,) P (P, -S.)

1 1 1 1

=T 5234 =T »Z35 = »Z36 = >

25, 2P, (2P, - 5,) (P, + 1)1+ P, - S,) (S, +1)

2P, - S, +2) S, +2 1 1

2 2 >%38 2 2439 »Z40 )
(P, +1) (P, =S, +1) (S, +1) 2(S, +2) (P, +2)(P, =S, +2)

1 1
sZ4p = 5243 =212y +ZyZyy ~2ZZog + 226208,
P.(P, +S,) S,

=227y 252255745 = 29729 ~ 2107305246 = Z4%21 * 2267275
=272y +228733,248 = 2102295249 = 215236 + 2172385 250 = 214235 + 216737
= =212y ~ZpZyy ~ 23293 —~ZyZoy ~ 25295 ¥ 226206 — 226207 —2Z6Zng ~Z9gZng

+ 210230 ~ 212233 ~ 213234 — 214235 — 215236 — 216237 ~ 217438 ~ 218%39

=219Z40 —Z20Z41

131



Alam, M.M,; Islam, M.R. and Mondal, R.N. 2006. Viscous and joule heating effects on MHD free convection and mass transfer
flow with thermal diffusion and large suction. Khulna University Studies, 7(2): 119-132.

132




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




