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Abstract: The effects of viscous dissipation, Joule heating and chemical reaction on demixing of a binary mixture of
incompressible viscous electrically and thermally conducting fluids in two dimensional steady boundary layer flow
with temperature dependent viscosity and thermal conductivity due to a continuously moving surface under the
influence of weak uniform transverse magnetic field is investigated. The momentum , energy and concentration
equations are reduced to non-linear coupled ordinary differential equations by similarity transformations and are solved
numerically by using MATLAB’s built in solver bvp4c. These numerical results are exhibited graphically from which
it has been found that the effects of various parameters are to separate the components of the binary mixture by
collecting the lighter and rarer component near the surface of the plate and throwing the heavier one away from it. The
effects of various parameters on the local skin friction, the Nusselt number and the Sherwood number have been shown
in tabular form.
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L INTRODUCTION

Processes of separation of the components of an electrically conducting binary mixture of incompressible viscous fluids
under the influence of magnetic field are considered to be of significant importance due to their applications in many
engineering problems such as nuclear reactors and those dealing with liquid metals. This frequently occurs in
agriculture, engineering, plasma studies and petroleum industries. The problem of free convection under the influence
of the magnetic field has attracted the interest of many researchers in view of its applications in geophysics and
astrophysics. The MHD has also its own practical applications. For instance, it may be used to deal with problems such
as the cooling of nuclear reactors by liquid sodium and induction flow meter, which depends on the potential difference
in the fluid in the direction perpendicular to the motion and to the magnetic field. In many chemical engineering
processes, chemical reactions take place between a foreign mass and the working fluid which moves due to the stretch
of a surface. The order of chemical reaction depends on several factors. One of the simplest chemical reactions is the
first order reaction in which the rate of the reaction is directly proportional to the species concentration. Chemical
reaction can be classified as either homogeneous or heterogeneous processes, which depends on whether it occurs at an
interface or as a single—phase volume reaction. In most cases of chemical reactions, the reaction rate depends on the
concentration of the species itself. A reaction is said to be of first order if the rate of the reaction is directly proportional
to the concentration.

Separation processes of components of a binary fluid mixture wherein one of the components is present in extremely
small proportion are of much interest due to their applications in science and technology. Besides environmental
engineering applications, convection mass transfer alone constitutes the backbone of many operations in chemical
industry. Separation of isotopes in its naturally occurring mixture is one such example. The composition of binary
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mixture is described by the concentration C;, defined as the ratio of mass of rarer and lighter component to the total
mass of the mixture in a given volume. The concentration C, of heavier and abundant component is given by C, =1 —
C,. A binary mixture subject to the temperature gradient can generate thermal diffusion i.e. the temperature gradients
cause solute fluxes. This phenomenon is known as Soret effect. In the flow of such a mixture the diffusion of individual
species takes place by three mechanisms namely concentration gradient, pressure gradient and temperature gradient.
The diffusion flux 7 is given by Landau and Lifshitz [1] as:

U= —pD[VC; + k,VP + k;VT] 1
where p is the density of the fluid, k,, D is the pressure diffusion coefficient and kD is the thermal diffusion coefficient.
The ordinary diffusion contribution to the mass flux is seen to depend in a complicated way on the concentration
gradient of the components present in the mixture.
Sakiadis [2] studied the boundary layer flow over a stretching surface moving with constant velocity, while Tsou et al.
[3] ascertained experimentally the results of Sakiadis by analyzing the effects of heat transfer on a continuously moving
surface with constant velocity. Whereas, Soundalgekar and Murty [4] studied the heat transfer problem by assuming the
plate temperature to be variable.Sakiadis work was again extended by Erickson et al. [5] to include suction or injection
at the stretching sheet on a continuously moving surface with constant speed and investigated its effects on the heat and
mass transfer in the boundary layer region. Pop et al. [6] obtained similarity solutions by considering viscosity as an
inverse function of temperature and assuming constant velocity and temperature of the plate. Howell et al. [7] and Rao
et al. [8] studied the momentum and heat transfer on a continuous moving surface in a power law fluid. Kumari and
Nath [9] discussed the problem of MHD boundary layer flow of a non-Newtonian fluid over acontinuously moving
surface with a parallel free stream. Fang [10] studied similarity solutions of thermal boundary layer for a moving plate.
Soundalgekar et al. [11] investigated the flow of incompressible viscous fluid past a continuously moving semi-infinite
plate by considering variable viscosity and variable temperature. Ibrahim et al. [12] studied the combined effect of wall
suction and magnetic field on boundary layer flow with heat and mass transfer over an accelerating vertical plate.
Makinde [13] analysed the magnetohydrodynamics boundary layer flow with heat and mass transfer over a moving
vertical plate in the presence of magnetic field and a convective heat exchange at the surface with the surrounding.
Makinde et.al [14] studied the effect of temperature dependent viscosity on free convective flow past a vertical porous
plate in the presence of a magnetic field, thermal radiation and a first order homogeneous chemical reaction. Recently
Jat et al. [15] studied hydromagnetic flow and heat transfer on a continuously moving surface. He has studied the effect
of parameters such as reference temperature, exponent, magnetic, Prandtl number and Eckert number on heat transfer.
Sharma and Singh [16, 17, 18], Sharma and Nath [19] and Sharma et al. [20, 21] studied the effect of magnetic field on
demixing of a binary fluid mixture. Sharma and Singh [22, 23] studied the effect of temperature gradient on demixing
of species in hydromagnetic flow of a binary mixture of incompressible viscous fluids between two parallel plates, first
taking the plates horizontal and second by taking the plates vertical. They found that the effect of temperature gradient
is to separate the components of the binary mixture and the magnetic field increases the effect of species demixing.
Geetha et al. [24] studied MHD boundary layer flow of heat and mass transfer on a continuously moving surface with
chemical reaction.

In this piece of work we investigate the effect of variations of viscosity and thermal conductivity on separation of the
components of an electrically and thermally conducting binary mixture of incompressible viscous fluids set in steady
motion due to a continuously moving surface under the influence of weak uniform transverse magnetic field.

II. MATHEMATICAL FORMULATION

We consider the separation of a binary mixture of a chemically reacting electrically conducting incompressible viscous
fluids in a two-dimensional steady boundary layer flow past a continuously moving surface with uniform velocity U in
presence of a weak uniform transverse magnetic field of strength B, by taking the x-axis along the surface and y-axis
normal to it as shown in Figure. 1. The magnetic Reynolds number is assumed to be small so that the induced magnetic
field can be neglected. It is assumed that the induced magnetic field, the external electric field and the electric field due
to the polarization of charges are negligible. All the fluid properties are assumed to be constant, except for the fluid
viscosity and thermal conductivity which are assumed to be inverse linear functions of temperature, Lai and Kulacki
[25], as given by
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Figure 1 : Co-ordinate system for continuously moving surface.
c= 14y (T = T)] ®
o e 14 @
or,-=a (T-T,) (3
wherea = ML and T, =T, —)l/ ; )
and
= [+ k(T =T §)
or, % =e(T—T,) (6)
wheree = kL and T, = T, —% . 7

Here p be the coefficient of viscosity, p. is a reference viscosity, ¥, k are constants, T and T,, are the temperatures of
the fluid near and far away from the moving plate, a, ¢, T,., T, are constants and their values depend on the reference
state and the thermal property of the fluid i.e. yand k , k is the thermal conductivity and k,, is a reference thermal
conductivity. i.e., in general, a > 0 for liquids and a < O for gases. Under these assumptions, the governing equations

describing the problem are:
Bu

P 5 =0, ®)
ou ou 10 ou UeBOu
uax+vay pay( 6y) O)

BT_I_ oT _ L_( ) N (au) + UeBOu . (10)

ox dy  pcpdy oy
ac ac a%¢c ac oT
w2 +vit=p|2 1+5Taiay+sTcla ] ky(Cy = Ca), (11)

Where u and v are the velocity components in the x and y directions, g, is the electrical conductivity, ¢, is the specific
heat at constant pressure, D is the molecular diffusion coefficient, S; is the Soret number and k; is the chemical
reaction parameter.

The corresponding boundary conditions are:

u=U,v=0,T=T,,C; =C,aty=0

u—0,T-T,,C —C, as y—o. (12)

The continuity equation (8) is satisfied identically by introducing the stream function 1(x, y), such that
_ =_%

u=3 and v=—_= (13)

The momentum, energy and concentration equations (9), (10) and (11) can be transformed to the corresponding
ordinary differential equations by introducing the following similarity transformations (Blasius [26]):
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Y = Uxve, f(m), (14)

n=y |-, (15)

T—Too

o) = Tw_Twand (16)
o) = (17)

The equations (9)-(11) are coupled non-linear partial differential equations. Introducing the relation (13)-(17) into the
equations (9)-(11) we obtain the following coupled non-linear ordinary differential equations:

1= (525) 0" = (GeE) " + Re () £ = 0, (18)
0" - (9 —19) 6" + EcPr (e 2rer) (9 ;eee)fuz ~ Req Ec Pr (9;_393)](,2
—Pr (HZZE) fo =0, (19)
¢" +ta{®'0" + $0"} — v1Re,S. ¢ +55.f ' = 0 (20)
where Re,, = B, \[% is the magnetic parameter, Ec = > TwT) is the Eckert number, y; = v‘;’f L is the chemical

HooCp

reaction parameter, Pr = is the Prandtl number, S, = %is the Schmidt number, Re, = g_x is the local Reynolds

1 1
¥ (Tw—Too) and 96 - K (Tw—Too)
dimensionless parameters characterizing the influence of viscosity and thermal conductivity respectively.
The boundary conditions (12) reduce to
f=0 f'=16=1¢=1atn=0
f'—>0,8 ->0,¢p - 0as n—oo. (21)

number , ty; = Sr(T, — T,) is the thermal diffusion number, 6, = — are the

III. RESULTS AND DISCUSSION

Since the solutions of the set of non-linear coupled ordinary differential equations (18) — (20) under the boundary
conditions (21) cannot be obtained in a closed form therefore we have solved these equations numerically with
MATLAB’s built in solver bvp4c.

Numerical calculations have been carried out for concentration of the rarer and lighter component
of the binary fluid mixture for various values of the parameters Re,,, y1, tq,6,, S.,Pr,Re,, 8,and Ec, and are
plotted against 1 in Figures 2-10. The Prandtl number is taken to be Pr = 0.72, which corresponds to air, the value of
Schmidt number (S, ) is chosen to be 0.24 that represents diffusing chemical species of most common interest in air
like H,.

Figures 2 to 10 show that the concentration of the rarer and lighter component of the binary mixture is more at the
surface of the plate and decreases exponentially as 1 increases to 5. After then in the region n > 5 no variation in ¢ is
observed. It is observed from the figures that the separation of the binary mixture takes place mostly in the region 0 <n
< 5 and thereafter separation is found to be negligible.

Figures 2, 4, 5, 7 and 9 depict that the concentration of the rarer and lighter component of the binary mixture increases
with increase in the values of the parametersRe,, ,ty, 0, ,Pr,and 8,. It is evident from these figures that the rate of
separation can be enhanced by decreasing the values of Re,, ,t;, 6, ,Pr,and 6, .

From Figures 3, 6, 8 and 10 we observed that the concentration of the rarer and lighter component of the binary mixture
decreases with increase in the values of the parameters y;,S. ,Re, and Ec. It is evident from these figures that the
rate of separation can be enhanced by increasing the values of y,;,S. ,Re, and Ec.

Figure 11 depict that the Sherwood number increases by increasing local Reynolds number (Re,) in the region 0 <
tq < 0.14 and reverse effects is observed when t; > 0.14.
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Thus we conclude that the effects of all these parameters is to demix the binary mixture by collecting the rarer and
lighter component of the binary fluid mixture near the surface of the plate plate and throwing the heavier component
away from it. From the process of numerical computation, the local skin friction, the Nusselt number and the Sherwood
number, which are respectively proportional to f''(0), —0'(0) and —¢’(0), are also worked out and their numerical
values are presented in a tabular form in Table 1.

0 1 2 3 4 5 6 7 8 9 10

Figure 2. The graph of ¢ against Pr=0.72, Ec =0.3, y; = 0.5, Re, = 5,5, = 0.24,t; = 0.001,
6, = 1.5andf, = 1.5 for various values of Re,, .

Figure 3. The graph of ¢ against nPr=0.72, Ec =0.3, Figure 4. The graph of ¢ against nPr=0.72,
Re,, =0.5,Re, = 5,5, = 0.24,t; = 0.001,6, = 1.5 Ec =0.3,Re,,, = 0.5, Re,, = 5,5, = 0.24,y,=0.5,
andf, = 1.5 for various values of y, . 0, = 1.5andf, = 1.5 for various values of ¢, .
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Figure 5. The graph of ¢ against n Pr=0.72, Ec =0.3, y; = 0.5, Re, = 5,5, = 0.24,t, = 0.001,
Re,, = 0.5 andf, = 1.5 for various values of 8,..
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Figure 6. The graph of ¢ against  Pr=0.72, Ec =0.3, y; = 0.5, Re, = 5,Re,, = 0.5,t; = 0.001,
6, = 1.5andf, = 1.5 for various values of S, .
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Figure 7. The graph of ¢ against Re,, =0.5, Ec =0.3, y; = 0.5, Re,, = 5,5, = 0.24,t; = 0.001,
6, = 1.5andf, = 1.5 for various values of Pr .

7 8 9 10

Figure 8. The graph of ¢ against n Pr=0.72, Ec =0.3, y; = 0.5, Re,,, = 0.5,5, = 0.24,t, = 0.001,
6, = 1.5andf, = 1.5 for various values of Re,.

Copyright to IJIRSET www.ijirset.com 6521



¢

[JIRS

[y

1 ISSN: 2319-8753

International Journal of Innovative Research in Science,
Engineering and Technology
(An ISO 3297: 2007 Certified Organization)
Vol. 2, Issue 11, November 2013

N —
Figure 9. The graph of ¢ against n Pr=0.72, Ec =0.3, y; = 0.5, Re,, = 5,5, = 0.24,t; = 0.001,
0, = 1.5 andRe,, = 0.5 for various values of 6,.
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Figure 10. The graph of ¢ against n Pr=0.72, Re,, =0.5,y, =0.5, Re, = 5,5, = 0.24,t; = 0.001,
0, = 1.5andf, = 1.5 for various values of Ec
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Figure 11. The graph of —¢' against t; Pr=0.72, Ec =0.3, y; = 0.5, Re,, = 0.5,S, = 0.24,n =0,
6, = 1.5andf, = 1.5 for various values of Re,.
Finally, the effects of the local skin friction, the Nusselt number and the Sherwood number are tabulated in Table 1.
The behaviours of these parameters are self — evident from the Table 1 and hence any further discussion about them
seems to be redundant.

Table 1: Numerical values of f"' (0), —6'(0) and —¢'(0) .

Ren| 71 tq 0, S. | Pr

0.1 105 |0.001 |15 |024]0.72
0.5 [ 0.5 |0.001 |15 |0.240.72
09 [ 0.5 |0.001 |15 |0.240.72
0.5 | 0.1 |0.001 |15 |024]0.72
0.5 [ 03 |0.001 15 |0.240.72
0.5 105 0001 |15 |024]0.72

e 0, |Ec | f"(0) | =6'(0) | —¢'(0)
1.5 [03 [-0.2105 | 0.2656 | 0.8073
1.5 [03 [-03127 | 0.2308 | 0.8057
1.5 [03 [-04994 | 0.1670 | 0.8031
15 |03 |-0.3127 [ 0.2308 | 0.4013
1.5 [03 [-03127 | 0.2308 | 0.6377
15 [03 [-0.3127 | 0.2308 | 0.8057

| | | || nxy
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0.5 105 0001 |15 |024]0.72
05 105 |05 1.5 1024 | 0.72
05105 |1 1.5 1024 | 0.72
0.5 105 0001 |15 |024]0.72
05 105 000116 |024]0.72
0.5 105 |0.001| 1.8 |024]0.72
05 105 (000115 |03 |0.72
05 105 (000115 |06 |0.72
0.5 105 (000115 |09 |0.72
0.5 105 0001|115 |024]0.72
0.5 105 (000115 |024]1

1.5 |03 |-0.3127 | 0.2308 | 0.8057
1.5 |03 |-0.3127 | 0.2308 | 0.7640
1.5 (03 |-0.3127 | 0.2308 | 0.7288
1.5 |03 |-0.3127 | 0.2308 | 0.8057
1.5 |03 |-0.3420 | 0.2285 | 0.8053
1.5 |03 |-0.3875 | 0.2250 | 0.8047
. 0.3 |-0.3141 | 0.2320 | 0.9019
1.5 |03 |-03141 | 0.2320 | 1.2786
1.5 (03 |-03141 | 0.2320 | 1.5679
1.5 |03 |-03127 | 0.2308 | 0.8057
1.5 |03 |-0.3047 | 0.2793 | 0.8055
05105 1000115 |024]15 1.5 103 |-0.2951 | 0.3494 | 0.8053
0.5 105 0001 |15 |024]0.72 1.5 |03 |-0.3127 | 0.2308 | 0.8057
05105 (000115 |024]072 (10|15 |03 |-03127 | 0.2308 | 1.1189
05105 (0001|115 ]024)072|15|15 |03 |-03127 | 0.2308 | 1.3613

(O IRV IRV IRV, RV, IRV, RV, RV, L R, RV, R, RV, )]
—_
W

05105 (0001 |15 ]0241072|5 |15 |03 |-03127 | 0.2308 0.8057

05105 (0001|115 ]024]072|5 1.6 |03 |-03070 | 0.2781 | 0.8055

05105 (000115 |024]072|5 |18 |03 |-0.2975|0.3736 | 0.8053

05105 (0001 |15 |024]072|5 |15 |03 |-03127 | 0.2308 | 0.8057

05105 (0001|115 ]024]072|5 1.5 |05 |-03154 | 0.2032 | 0.8057

05105 (0001 |15 |024]|072|5 |15 |08 |-03196|0.1609 | 0.8058
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