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ABSTRACT: In the presence of chemical reaction, the Soret effect and Dufour effect on heat and mass transfer over a
stretching cylinder embedded in a porous medium have been studied numerically. A set of coupled ordinary differential
equations are obtained from the governing nonlinear partial differential equations which are then solved numerically by
using MATLAB’s built in solver bvp4c. The effects of material parameters like the Reynolds number, Darcy number,
chemical reaction parameter, Schmidt number, Dufour number, Soret number, Prandtl number and order of the
chemical reaction on temperature and concentration distributions are discussed through graphs. Also the local Nusselt
number and local Sherwood number for various values of the above mentioned parameters are tabulated. It is
concluded that chemical reaction parameter and order of the chemical reaction play crucial role in the solution.
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. INTRODUCTION

Free convection heat and mass transfer through porous media has many important applications in the field of large
storage systems of agricultural products, petroleum extraction, control of pollutant spread in groundwater, solar power
collectors, heat recovery from geothermal systems and porous material regenerative heat exchangers. Many researchers
such as Nield and Bejan[1], Vafai[2] and Ingham and Pop[3, 4] have made comprehensive reviews in this area.

In several processes, there is a great importance of chemical reactions in the combined heat and mass transfer problems
and have therefore attracted a considerable amount of attention in the last several decades. Chemical reactions are
either homogeneous or heterogeneous processes. The reaction is homogeneous, if it occurs uniformly through a given
phase. In well mixed system, it takes place in the solution while a heterogeneous reaction occurs at the interface i.e. ina
restricted region or within the boundary of a phase. If the rate of reaction is proportional to the n™ power of
concentration then the chemical reaction is said to be of order ‘n’. Chemical reaction between a foreign mass and the
fluid occurs in many industrial applications such as polymer production, the manufacturing of ceramics or glassware
and so on.

1. RELATED WORK

A first order chemical reaction in the neighbourhood of a horizontal plate have been analyzed by Chambre and
Young[5]. Das et al.[6] have discussed the effects of chemical reaction and mass transfer on flow past an impulsively
infinite vertical plate with constant heat flux. The flow and mass diffusion of a chemical species with first order and
higher order reactions over a linearly stretching surface have been analyzed by Andersson et al.[7]. Anjalidevi and
Kandasamy[8] have studied the steady laminar flow along a semi infinite horizontal plate in the presence of a species
concentration and chemical reaction. Chamkha[9] presented the analytical solutions for the overall heat and mass
transfer on MHD flow of a uniformly stretched vertical permeable surface with the effects of heat generation/
absorption and chemical reaction. Rashad et al.[10] have analyzed the coupled heat and mass transfer by mixed
convection about solid sphere saturated porous medium in the presence of chemical reaction effect. Jyothi Bala and
Vijaya Kumar[11] have discussed the unsteady MHD heat and mass transfer by a semi infinite vertical porous moving
plate in the presence of heat generation and chemical reaction.
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In chemical engineering, Soret and Dufour effects are important for intermediate molecular weight gases in coupled
heat and mass transfer in binary systems. Abd EI-Aziz[12] studied the thermal diffusion and diffusion thermo effects on
the heat and mass transfer characteristics of free convection past a continuously stretching permeable surface in
presence of magnetic field and radiation. The influence of chemical reaction on heat and mass transfer by natural
convection from vertical surfaces embedded in fluid saturated porous medium considering Soret and Dufour effects
was discussed by  Postelnicu[13]. The Soret and Dufour effects on natural convection heat and mass transfer from a
vertical cone in a porous medium were studied by Cheng[14]. Sharma et al.[15] discussed the influence of chemical
reaction, heat source, Soret and Dufour effects on separation of a binary fluid mixture in MHD natural convection flow
in porous media. Wang[16] discussed the flow of the fluid due to a stretching cylinder. Chamkha et al.[17] have studied
the effects of thermal stratification on flow and heat transfer due to stretching cylinder with uniform suction/ injection.
The present paper deals with the two dimensional steady, laminar boundary layer flow of an incompressible viscous
fluid over a stretching cylinder embedded in a porous medium in the presence of chemical reaction. The main aim of
this paper is to study the influence of the order of chemical reaction, Soret effect and Dufour effects on the fluid. The
present study is an extension of the work of El Kabeir[18] by considering the chemical reaction of order n and using the
impervious boundary condition for concentration at the surface of the cylinder.

1. MATHEMATICAL FORMULATION

Consider a two dimensional laminar, steady flow of a viscous incompressible binary fluid mixture over a stretching
tube embedded in a porous medium. As shown in fig.1, the radius of the stretching tube is taken as ‘a’ in the axial
direction, the z - axis is measured along the axis of the tube and the r - axis is measured in the radial direction in a fluid
at rest. The ambient temperature far away from the surface of the cylinder is T, and the surface of the tube is
maintained at constant temperature Ty, such that Ty, > T,. The surface of the cylinder is considered to be impervious
and the concentration of the binary fluid mixture far away from the plate is considered to be C,. It is assumed that the
physical properties of the fluid mixture are constant. It is also assumed that homogeneous chemical reaction of order n
takes place in the flow.

Fig. 1: Physical model and coordinate system

Under the above assumptions, the governing equations describing the conservation of mass, momentum, energy and
concentration can be written as follows:

et = )

2
s =v (S —gw @
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where u and w are fluid velocity components along the z- and r- directions respectively, v is the kinematic viscosity, p
is density, K is permeability of porous medium, Ky is the thermal diffusion ratio, o is the thermal diffusivity, D is the
mass diffusivity, T is temperature, C is concentration, C, is the specific heat capacity, C, is the concentration
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susceptibility, T, is the mean fluid temperature, K; is the dimensional chemical reaction parameter, n is the order of the
chemical reaction, p is the pressure.
The boundary conditions are

u=0,w=Wy, T=Ty, %+:—T‘;—Z=O atr=a
w->0,T>T, C>C, as 71> (6)
where Wy, = 2cz, ¢ is a positive constant.
We now introduce the following dimensionless variables:
2 @) : T—Te C—Ceo

n=(5) u=—ca(KL) w =221 ), 6(n) = 72, 00 = = )

Introducing the relation (7) into the equations (2), (4) and (5), we obtain the following equations:
" " 1 ’ " ’

nf" 4 f =5 f +Re[ff —f7]=0 ®)

n0" +6 +DiPr(ngd” + @) + RePrf =0 9)

ng" + ¢ + ReScfop +SrSc(8 +16") —ySco™ = 0 (10)

where Re is Reynolds number, Pr is Prandtl number, Sc is Schmidt number, Da is Darcy number, Dy is Dufour number,
Sr is Soret number and vy is dimensionless chemical reaction parameter and are defined as

2
Re==-,Pr=2,Sc=~>,Da =%,
2v a D a
_DKr _ Cw _ DKr(Tw~Tw) _ _ Kia®
f T csep vTw-Tw) " T vTwCe T T 4w (a1
The boundary conditions (6) are now transformed to
f=0,f=10=1,¢'+SrScod ' =0atn =1 }
f— 0,6 >0,¢ — 0asy — o (12)
Also the pressure p can be determined from equation (3) in the form:
PPo _ _R_efz —f (13)

2cpv 2n
The system of ordinary differential equations (8)-(10) under the boundary conditions (12) have been solved numerically
by using MATLAB’s built in solver bvp4c. From the process of numerical computations, the skin friction coefficient,
the Nusselt and the Sherwood numbers which are respectively proportional to " (1), —8 (1) and — ¢ (1) are also
worked out and their numerical values are presented in a tabular form.

V. RESULTS AND DISCUSSION

Numerical calculations have been carried out for various values of the parameters Re, Da, Sc, Dy, Sr, Pr, y and n. Eight
cases are considered:

Case | :Re=(1,2,3,4),Da=1,Sc=1.6,D;=0.15,Sr=0.01,y=0.02,n=4,Pr=7

Casell :Re=1,Da=(1,5,10,10%),Sc=1.6,D;=0.15Sr=0.01,y=0.02,n=4,Pr=7
Caselll :Re=1,Da=1,Sc=(050.9 16,22),D;=0.4,Sr=0.04,y=0.02,n=2,Pr=7
CaselV :Re=1,Da=1,Sc=16,D;=(0.15,04,60.6,0.8), Sr=0.04,y=0.02,n=1,Pr=

7
CaseV :Re=1,Da=1,Sc=16,D;=0.2, Sr=(0.01,0.03, 0.05,0.07),y=0.02,n=2,Pr=7

CaseVI :Re=1,Da=1,Sc=16,D;=0.15Sr=04,y=(0.01,1,25,4),n=1,Pr=7

Case VIl :Re=1,Da=1,5c=1.6,Df=0.15Sr=0.01y=0.02,n=(1,2,4,6),Pr=7

Case VIl :Re=4,Da=4,Sc=16,D;=0.15,Sr=0.01,y=0.02,n=2,Pr=(0.7,4, 7, 13.2)

The numerical results for velocity, temperature and concentration profiles are displayed in Figures (2) - (9).

Case I

Figure 2 (a) - (c) exhibit velocity, temperature and concentration profile for various values of Re. It is observed that the
velocity and temperature decreases exponentially from its maximum value at the surface to its minimum value at the
end of the boundary layer. The value of the concentration of the rarer and lighter component is less near the surface
than its value at the edge of the boundary layer but increases sharply, attends its maximum value at about n = 2 and
then decreases slowly and attains a fix value at the end of the boundary layer. It is also noticed that with an increase in
the values of Reynolds number Re, the velocity and temperature of the binary fluid mixture decreases sharply. The
concentration increases near the surface of the cylinder with an increase in the values of Re but reverse effect is
observed away from the surface.
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(a) (b) (c)
Fig. 2 : Effect of Reynolds number Re on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles

Case II:

Figure 3 (a)-(c) exhibit velocity, temperature and concentration profile for various values of Da. It is observed that the
velocity and temperature decreases exponentially from its maximum value at the surface to its minimum value at the
end of the boundary layer. The value of the concentration of the rarer and lighter component is less near the surface
than its value at the edge of the boundary layer but increases sharply, attends its maximum value at about 1 = 2 and
then decreases slowly and attains a fix value at the end of the boundary layer. It is also noticed that with an increase in
the values of Darcy number Da, the velocity of the binary fluid mixture increases sharply while the temperature of the
binary fluid mixture decreases slightly. On the other hand the concentration remains same near the surface of the
cylinder with an increase in the values of Da but after attaining its maximum value at about n = 2 the concentration
decreases.
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Fig. 3 : Effect of Darcy number Da on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles

Case IlI:
Figure 4 (a) - (c) exhibit velocity, temperature and concentration profile for various values of Sc. It is noticed that the
velocity and temperature decreases exponentially from its maximum value at the surface to its minimum value at the
end of the boundary layer. The value of the concentration of the rarer and lighter component is less near the surface
than its value at the edge of the boundary layer but increases sharply, attends its maximum value at about n = 2 and
then decreases slowly and attains a fix value at the end of the boundary layer. It is also observed that the temperature of
the binary fluid mixture decreases while the velocity decreases very minutely with the increase in the values of Schmidt
number Sc. The concentration decreases near the surface of the cylinder with an increase in the values of Sc but the
effect gets reversed after n = 1.5 i.e. away from the surface.
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Fig. 4 : Effect of Schmidt number Sc on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles
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Case IV:

Figure 5 (@) - (c) exhibit velocity, temperature and concentration profile for various values of D; There is an
exponential decrease in the velocity and temperature from its maximum value at the surface to its minimum value at the
end of the boundary layer. The value of the concentration of the rarer and lighter component is less near the surface
than its value at the edge of the boundary layer but increases sharply, attends its maximum value at about n = 2 and
then decreases slowly and attains a fix value at the end of the boundary layer. It is also observed that the temperature of
the binary fluid mixture decreases sharply while the velocity decreases very minutely with the increase in the values of
Dufour number Dy. At first it is noticed that the concentration at the surface remains same but as the fluid moves away
from the surface the concentration increases with an increase in the values of D; and the effect gets reversed after n = 2
i.e. further from the surface.
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Fig. 5 : Effect of Dufour number Dy on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles

Case V:

Figure 6 (a) - (c) exhibit velocity, temperature and concentration profile for various values of Sr. It is observed that the
velocity and temperature decreases exponentially from its maximum value at the surface to its minimum value at the
end of the boundary layer. The concentration is less near the surface than at the edge of the boundary layer but
increases near the surface, attends its maximum value at about 1 = 2 and then decreases slowly and attains a fix value at
the end of the boundary layer. It is also noticed that with an increase in the values of Soret number Sr, the velocity
decreases negligibly while the temperature of the binary fluid mixture decreases. The concentration decreases at and
near the surface of the cylinder with an increase in the values of Sr but reverse effect is observed after n = 1.5.
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Fig.6: Effect of Soret number Sr on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles

Case VI:

Figure 7 (a) - (c) exhibit velocity, temperature and concentration profile for various values of y. It is noticed that the
velocity and temperature decreases exponentially from its maximum value at the surface to its minimum value at the
end of the boundary layer. The concentration is less near the surface than its value at the edge of the boundary layer. It
increases sharply near the surface, attends its maximum value at about n = 1.65 and then decreases slowly and attains a
fix value at the end of the boundary layer. It is also observed that the temperature of the binary fluid mixture increases
while the velocity decreases very minutely with the increase in the values of chemical reaction parameter y. The
concentration is nearly same near the surface of the cylinder with an increase in the values of y but decreases after n =
1.3.
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Fig.7: Effect of chemical reaction parameter y on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles
Case VII:

Figure 8 (a) - (c) exhibit velocity, temperature and concentration profile for various values of n. There is an exponential
decrease in the velocity and temperature from its maximum value at the surface to its minimum value at the end of the
boundary layer. The concentration is less near the surface than its value at the edge of the boundary layer. It increases
sharply near the surface, attends its maximum value at about 11 = 2 and then decreases slowly and attains a fix value at
the end of the boundary layer. It is also observed that the temperature decreases slightly while the velocity decreases
very minutely with the increase in the order of the chemical reaction n. At first it is noticed that the concentration at the
surface remains flearly same but after n = 2 it increases slightly with an increase in the values of n.
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Fig.8: Effect of the order of the chemical reaction n on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles
Case VIII:

Figure 9 (a) - (c) exhibit velocity, temperature and concentration profile for various values of Pr. It is observed that the
velocity and temperature decreases exponentially from its maximum value at the surface to its minimum value at the
end of the boundary layer. The concentration is less near the surface than at the edge of the boundary layer. It increases
near the surface, attends its maximum value at about n = 1.5 and n = 2 and then decreases slowly and attains a fix value
at the end of the boundary layer. It is also noticed that with an increase in the values of Prandtl number Pr, the velocity
decreases negligibly while the temperature of the binary fluid mixture decreases sharply. The concentration increases at

and near the surface of the cylinder with an increase in the values of Pr but reverse effect is observed after the
attainment of the maximum value.

(a) (b) (c)
Fig.9: Effect of Prandtl number Pr on (a) the velocity profiles, (b) the temperature profiles, (c) the concentration profiles
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Finally, the skin friction coefficient, the Nusselt and the Sherwood numbers for the various parameters are shown in
Table — 1.The behaviour of these parameters is self — evident from the Table - 1 and hence further discussion about
them seems to be redundant.
Table — 1. Numerical values for f"(1), 6'(1) and @'(1).

Dy Sc Sr Y Pr | n f'@a |- | -®@

Py
@
W)
©

1 015 ] 16 0.01 | 0.02 -1.6271 | 1.9693 | -0.0315
1 015 ] 16 0.01 | 0.02 -1.9376 | 2.7904 | -0.0446
1 015 ] 16 0.01 | 0.02 -2.2012 | 3.4130 | -0.0546
1 015 ] 16 0.01 | 0.02 -2.4344 | 3.9349 | -0.0630
1 015 ] 16 0.01 | 0.02 -1.6266 | 1.9693 | -0.0315
5 015 ] 16 0.01 | 0.02 -1.2897 | 2.0508 | -0.0328
10 | 015 | 16 0.01 | 0.02 -1.2393 | 2.0629 | -0.0330
10" [ 015 | 1.6 0.01 | 0.02 -1.1863 | 2.0755 | -0.0332

015 ] 16 0.04 | 0.02
0.4 1.6 0.04 | 0.02
0.6 1.6 0.04 | 0.02
0.8 1.6 0.04 | 0.02
0.4 0.5 0.04 | 0.02
0.4 0.9 0.04 | 0.02
0.4 1.6 0.04 | 0.02
0.4 2.2 0.04 | 0.02
0.2 1.6 0.01 | 0.02
0.2 1.6 0.03 | 0.02
0.2 1.6 0.05 | 0.02
0.2 1.6 0.07 | 0.02
015 | 16 0.4 0.01
015 | 16 0.4 1

015 | 16 0.4 2.5
015 | 16 0.4 4

-1.6271 | 2.0327 | -0.1301
-1.6271 | 2.1937 | -0.1404
-1.6271 | 2.3480 | -0.1503
-1.6271 | 2.5335 | -0.1621
-1.6271 | 2.0151 | -0.0403
-1.6271 | 2.0748 | -0.0747
-1.6271 | 2.1937 | -0.1404
-1.6271 | 2.3123 | -0.2035
-1.6271 | 19761 | -0.0316
-1.6271 | 2.0327 | -0.0976
-1.6271 | 2.0935 | -0.1675
-1.6271 | 2.1589 | -0.2418
-1.6271 | 3.7005 | -2.3683
-1.6271 | 3.8114 | -2.4393
-1.6271 | 3.9542 | -2.5307
-1.6271 | 4.0631 | -2.6004

EN] ENIEN] EN] ENT EN] EN] EN] EN] EN] BN EN] ENT EN] EN] ENT EN] EN] EN] ENT EN] EN]ERI BN

e L L N N N N e o e e e e [ T T e T TN e T N N N I I I EN NI
I EN LIS ICT T V) PR I JEN JEN § RY DT DT DTN T EOT V) PSR RN PR N N N N NG NS NG N

RlRRrRrAa NSNS R RPRRRPRRPRIRPRRPRRPRIR R PR PR P~

015 | 16 001 | 0.02 | 0.7 -2.2487 | 1.0496 | -0.0168
015 | 16 0.01 | 0.02 4 -2.2487 | 2.9201 | -0.0467
015 | 16 0.01 | 0.02 7 -2.2487 | 3.9782 | -0.0637
015 | 16 0.01 | 0.02 | 13.2 -2.2487 | 5.6193 | -0.0899
015 | 16 0.01 | 0.02 7 -1.6266 | 1.9693 | -0.0315
015 | 16 |0.01 0.02 7 -1.6266 | 1.9693 | -0.0315
015 | 16 0.01 | 0.02 7 -1.6266 | 1.9693 | -0.0315
015 ] 1.6 0.01 | 0.02 7 -1.6266 | 1.9693 | -0.0315

V. CONCLUSION

The temperature of the binary fluid mixture decreases with the increase of Reynolds, Darcy, Schmidt, Dufour,
Soret and Prandtl numbers and order of the chemical reaction whereas increases with the increase of dimensionless
chemical reaction parameter. Concentration of the rarer and lighter component of the binary fluid mixture increases to
its maximum value and then decreases with the increase of Reynolds, Darcy, Dufour and Prandtl numbers and
dimensionless chemical reaction parameter whereas decreases to its maximum value and then increases with the
increase of Schmidt and Soret numbers and order of chemical reaction. It is hoped that the present work will serve as a
motivation for future experimental work which seems to be lacking at the present time.
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