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The present analysis is focused on the study of the magnetic effect on coupled heat and mass transfer by
mixed convection boundary layer flow over a slender cylinder in the presence of a chemical reaction. The
buoyancy effect due to thermal diffusion and species diffusion is investigated. Employing suitable similarity
transformations, the governing equations are transformed into a system of coupled non-linear ordinary differential
equations and are solved numerically via the implicit, iterative, second order finite difference method. The
numerical results obtained are compared with the available results in the literature for some special cases and the
results are found to be in excellent agreement. The velocity, temperature, and the concentration profiles are
presented graphically and analyzed for several sets of the pertinent parameters. The pooled effect of the thermal
and mass Grashof number is to enhance the velocity and is quite the opposite for temperature and the
concentration fields.
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1. Introduction

Magnetohydrodynamic (MHD) convective flow has numerous applications in technological industry
such as MHD pumps, MHD generators, magnetic suppression of molten semi conducting materials, MHD
couples and bearings, magnetic control of molten iron ore in steel industry, magneto-hydrodynamic electrical
power generation, etc.
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In view of these applications, many researchers (Chakrabarti and Gupta [1], Andersson et al. [2],
Vajravelu and Nayfeh [3], Cortell [4], Ishak et al. [5], Chien-Hsin [6], Prasad et al. [7], Elbashbeshy and
Aldawody [8], Sweet et al. [9], Abbasbandy et al. [10] and Prasad et al. [11]) have analyzed these problems
by considering magnetic field with different geometry and physical situation, but in recent years, the study of
the diffusion of spices with chemical reaction in the boundary layer flow has gained momentum because of
its universal occurrence in many branches of science and engineering. These applications include water and
air pollutions, fibrous insulation, atmospheric flows and many other chemical engineering problems.
Considering these applications, Chambre and Young [12] examined the development of a first-order reaction
in the neighborhood of a flat plate by considering two types of chemical reaction. In one of the cases the
reactant is destroyed; in the other, it is generated. Das et al. [13] examined the effect of mass transfer on flow
over an impulsively started infinite vertical plate in the presence of constant heat flux and chemical reaction.
Further, Prasad et al. [14] concentrated on a porous medium, obtained numerical solutions and analyzed the
diffusion of chemically reactive species of a non-Newtonian fluid immersed in a porous medium over a
stretching sheet, and brought out several motivating aspects of the problem. Akyildiz et al. [15] observed the
flow and mass transfer of a chemically reactive species of a non-Newtonian fluid immersed in a porous
medium over a stretching sheet, using the proper sign for the material constant a>0 and obtained the
concentration ¢ of the reactive species as a solution to a nonlinear boundary value problem over the infinite
domain (0, +o0). Chamkha et al. [16] presented an analysis to investigate the effects of chemical reaction on
unsteady free convective heat and mass transfer on a stretching surface in a porous medium. Vajravelu et al.
[17] extended the work of Akyildiz et al. [15] to non-Newtonian UCM fluid over a permeable surface by
taking the magnetic effect into account. Recently, Mabood et al. [18] obtained the chemical reaction effects
on MHD stagnation point flow and heat transfer toward a stretching surface with suction/injection using
homotopy analysis method (HAM).

All the above investigators restricted their analyses to two dimensional fluid flow over a flat
plate/vertical plate. Flow over cylinders is considered to be two-dimensional when the radius of the cylinder
is large compared to the boundary layer thickness. For a thin cylinder the radius of the cylinder may be of the
same order as that of the boundary layer thickness. Therefore, the flow may be considered as axisymmetric
instead of two-dimensional. In this case, the governing equations contain the transverse curvature effect. This
may have a strong influence on the velocity, temperature, and the species diffusion fields. The effect of
transverse curvature is important in certain applications such as wire or fiber drawing, where accurate
prediction of flow heat and mass transfer characteristics is required and a thick boundary layer can exist on
slender or near slender bodies. In view of this, Lin and Shih [19; 20] analyzed the laminar boundary layer
and heat transfer along cylinders moving horizontally and vertically with constant velocity and established
that due to the curvature effect of the cylinder similarity solutions could not be obtained. Ganesan and
Loganathan [21] analyzed the effects of heat and mass transfer on the natural convection flow of an
incompressible viscous fluid past a semi-infinite isothermal vertical cylinder. Further, Bachok and Ishak [22;
23] investigated the steady mixed convection flow along a permeable vertical/horizontal cylinder with
prescribed surface heat flux. Recently, Vajravelu et al. [24] studied the effects of transverse curvature and
the temperature dependent thermal conductivity on the MHD axisymmetric flow and heat transfer
characteristics of a viscous incompressible fluid induced by a non-isothermal stretching cylinder in the
presence of internal heat generation/ absorption. Very recently, Hayat et al. [25] considered the effects of
variable thermal conductivity and variable surface temperature and analyzed the flow of a viscoelastic fluid
due to an impermeable stretching cylinder using the homotopy analysis method (HAM).

The available literature on the convective flow, heat and mass transfer with chemical reaction over a
stretching sheet/cylinder reveals that not much work has been carried out for convective flow heat and mass
transfer over a vertical slender cylinder. Buoyancy is one of the important phenomena in an environment
where the difference between land and air temperatures can give rise to complicated flow patterns Therefore;
the authors study the combined effects of buoyancy and the homogeneous first order chemical reaction on
the axisymmetric flow over a vertical slender cylinder in the presence of transverse magnetic field. In the
present analysis, we have considered MHD heat and mass transfer mixed convective axisymmetric flow over
a slender cylinder with chemically reactive species (in contrast to the work of Bachok and Ishak [23]). The
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transformed systems of equations with the appropriate boundary conditions are solved numerically by a
second order finite difference scheme for different values of the physical parameters. The effects of the
physical parameters on the velocity, temperature, concentration fields are presented graphically and the local
skin friction coefficient, the local Nusselt number and the Sherwood number are presented in Tables.

2. Mathematical formulation

Consider a steady, two-dimensional convective flow of a viscous, incompressible fluid, with a
chemical reaction, past an impermeable vertical slender cylinder of constant radius R. Also, a uniform
magnetic field of strength B is applied in the positive y-direction, which produces magnetic effect in the x-
direction. The magnetic Reynolds number is assumed to be small and also assumed that there is no applied
electric field and the Hall effect is neglected. The physical model and coordinate system of the problem are
shown in Fig.1.

g | ——
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Fig.1. Physical model and coordinate system.

Here, the radial coordinate » is measured from the axis of the cylinder and the axial coordinate x is measured
upwards such that x=0 corresponds to the leading edge, where the boundary layer thickness is zero. The
radius of the slender cylinder is the same as the order of the boundary layer thickness and hence the flow is
taken to be axisymmetric. The cylinder is stretched linearly along the axial coordinate, keeping the origin

fixed. The vertical slender cylinder is assumed to have the linear stretching velocity U, (x), the prescribed
surface temperature 7, (x) and the prescribed species diffusion C, (x), which are of the form
U,(x)=a(x/l), T, (x)=T, +b(x/l),and C,,(x)=C, +c(x/I), respectively. Here, a is the stretching rate,

[ is the reference length; b and ¢ are constants whose values depend on the properties of the fluid. The
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fluid at the edge of the boundary layer is maintained at a constant temperature 7, and the surface of the

cylinder has a uniform temperature 7, (7, or <I , i.e., the cylinder is either heated or cooled). An

o0

appropriate mass transfer analog to the problem would be the flow along a slender cylinder that contains
species A4 that is slightly soluble in fluid B. Let C, be the concentration at the surface of the cylinder and the

solubility of 4 and B and the concentration of 4 far away from the cylinder is C,. Also, let the reaction of

species A with B be a first-order homogeneous chemical reaction of rate constant ;. It is assumed that the

concentration of the dissolved 4 is small enough and the physical properties are virtually constant throughout
the fluid. The viscous dissipation effects and the pressure gradient term along the boundary layer are
negligible in the energy equation, due to the slow stretching motion of the slender cylinder. All the physical
properties are assumed to be constant except for the density in the buoyancy force term which is given by the
usual Boussinesq approximation. Further, the level of species concentration is taken to be very low and
hence the heat generated during chemical reaction can be neglected. Under these assumptions, the basic
boundary layer equations governing the flow, heat and mass transfer in the usual notations are

(ru), +(rv), =0, 2.1)
-1 * 2 (2.2)

uu, +vu, =V(urr +r ur)+gB(T—TOO)+gB (C-C,)—0Bj (x)u,
pc, (uTx + vT,) =t (k(T)rTr )r , (2.3)
(2.4)

uC, +vC, =r"'(D(CO)rC,) —k (C-C,)

where u and v are the fluid velocity components measured along the x and y directions of the slender
cylinder, respectively. Here, v is the kinematic viscosity of the fluid, g is the acceleration due to gravity,
is the thermal expansion coefficient, B* is the concentration expansion coefficient, o is the electric

conductivity, B, is the uniform magnetic field, p is the density of the fluid, ¢, is the specific heat at

constant pressure, I' is the fluid temperature, C is the species concentration in the fluid and &, is the
reaction rate constant of a first-order homogeneous and irreversible reaction. Here, k(T") is the temperature
dependent thermal conductivity and D(C)is the chemical molecular diffusion coefficient of the diffusing

species in the fluid, which are assumed to vary as linear functions of temperature and concentration,
respectively, in the following forms

k(T)=k, (1 +eg, (TT :; B and D(C)=D, [1 +e, (%n (2.5)

where €; and ¢,, respectively, are the variable thermal conductivity and the variable mass diffusivity. The

subscripts w and oo, respectively, denote the conditions at the surface of the cylinder and faraway from the
cylinder. It is further assumed that the surface of the cylinder is maintained at temperature 7, and

concentration C . The appropriate boundary conditions for the problem are
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u=U v=0, r=71,, C=C, at r=R,

w?2

(2.6)
u—>0, T->T,, C>C, as r—ow.

The particular forms of U, T, and C,, are chosen to devise a similarity transformation, which
transform the governing partial differential Eqs (2.2) - (2.4) into a set of ordinary differential equations. It is
convenient to reduce the number of equations from four to three and to transform them to a dimensionless
form. This can be done by applying the following transformations (See for details Bachok and Ishak [22])

1
2 2 > 1
P -R*(U,): ! T-T. c-C
— —w e - U )R , B(M) = ©_ = ©_ 2.7
R (ij v =(vxU,)2 Rf (n), O(n) o1 YW= 2.7

In Eq.(2.7), v is the stream function defined as u=r""y, and v=—r‘1\ux, which identically
satisfies the continuity Eq.(2.1) By defining n in the above form, the boundary condition at » = R reduces

to the boundary condition at n=0, which is more convenient for analytical/numerical computations.
Substituting Eqgs (2.5) - (2.7), into Egs (2.2) - (2.4), we get

((7+207) f") =(f') + 7"+ Gro+Ged— Mnf" =0, 2.8)
(1+2my)((1+€,0)8') +2(1+5,0)y0'~Pr( 6~ 16')=0, (2.9)
(1+2m7)((1+2,0)) +2(1+e,0)7¢' ~Se( /o~ f9')~8Sch =0 (2.10)

where a prime denotes differentiation with respect to n. The corresponding boundary conditions (2.6)
become

2.11)
f'=0, 06=0, ¢=0 as n— 0.

The parameters v, Gr, Gc,Mn Pr, Sc and 8 are the transverse curvature, the thermal Grashof

number, the mass Grashof number, the magnetic parameter, the Prandtl number, the Schmidt number and the
reaction rate parameter, respectively, and are defined as

Iv gBbI’ V12 gp'dl 6B}l
Y= —2, Gr:7, Gec= 7 > Mn = b ,
aR ka a p
(2.12)
C
Pr:“—", Se=—  and 5:M.
ke, D, a

From the mass diffusion Eq.(2.10), we can see the following three cases:
(1) d > 0, implies the destructive chemical reaction;
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(i) 8 =0, implies no chemical reaction; and
(i) & <0, implies the generative chemical reaction.
The physical quantities of interest are the skin friction coefficient C, , the local Nusselt number

Nu, and the local Sherwood number Sh, which are defined by

! Nu,=— “w gy = Ym (2.13)

C :—W’ . , L=
e ko (T, =T, D,(C,=Cy)

where the surface shear stress, the surface heat flux and the surface mass flux are given by

ou oT oC
Ty = “(5) ) qw = _koo (Ej ’ qm = Ly (Ej ’ (214)

with p being the viscosity and k_ is the thermal conductivity, respectively. Using the similarity variables
(2.7), we obtain

X

éC (Re!?=f"(0),  Nu,Re;’?=-0'(0) and Sh,Re;"’ =—¢'(0) 2.15)

where Re, =U,,x/Vv is the local Reynolds number.

3. Exact solutions for some special cases

Here, we present the exact solutions in certain special cases: Such solutions are useful and serve as
baseline results for comparison with the solutions obtained via the numerical scheme. For Gr=0 and
Gc=0,Mn =0, Eqgs (2.8) and (2.9) reduces to the flow considered by Rekha and Naseem [26]. While, in the
presence of transverse curvature and 8 =Gr=Gc=¢; =¢, =Mn=0.0, Eqs (2.8) - (2.10) reduce to those of
Bachok and Ishak [23] , where the closed-form solution is given by

—e™m
F=12C 0 (m>0)  where m=~TtMa. 3.1)

m

Perturbation analysis for heat and mass transfer in the absence of transverse curvature parameter

The solution to the heat and mass transfer Eqs (2.9) and (2.10) can be analyzed in terms of the
perturbation analysis

e(n)=90(n)+8191(n)+81292(1’])+ .......... , (3.2)

(|>(n):¢0(n)+82¢](n)+822¢2(n)+ ........... (3.3)

Substituting this into Eqs (2.9) and (2.10) and equating like powers of €; and €, ignoring quadratic
and higher order terms in €; and €, , we obtain
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0, +Prf6, —Prf'6,=0, (3.4)

o, +Scfo, —Sc(f'-8)d, =0, (3.5)

with boundary conditions

0, (0)=1, 0(0)=1, 8y(0)=0, dy(0)=0. (3.6)
Also

0, +Prf0, —Prf'0,=-6,0," -0,"7, (3.7)

4)1” +Scf¢,’ —Sc(f'—6)¢1 =—¢0¢0” - 0'25 (3-8)

with the boundary conditions
0,(0)=0, 6,()=0, ¢,(0)=0, ¢;()=0. (3.9)

Equations for 6, and ¢, can be solved explicitly in terms of confluent hypergeometric series,
namely Kummer’s function M(a,b,z) (see for details Abramowitz and Stegun [27] ) and are given by

60 (n) = C4 eXp(—Prm TI)M(a1,b1,Z), z =—Pr/m2 exp(—mn)’

CizM(a,,b,,—Pr), a;=(Pr=1), b =1+Pr, (3.10)
4

b
Oy (n) :eXP[—MJM(Gu’bHTSW_m )/M(a”,b”,—Sc)

2
+by -2
where ay =Sc, b0:\/Scz+4SSc, aH:aoTO, b =1+b,.

4. Numerical procedure

Equations (2.8) - (2.10) are highly non-linear and coupled ordinary differential equations with
variable coefficients. Exact analytical solutions are not possible for the complete set of Eqs (2.8) - (2.10).
Hence, we use the efficient numerical method with second order finite difference scheme known as the
Keller-box method. The boundary value problem (2.8) - (2.10) is reduced to a system of seven simultaneous
ordinary differential equations of first order for seven unknowns following the method of superposition. To
solve the system of first order equations we require seven initial conditions whilst we have only two initial
conditions on f and one initial condition of each of ©Oand¢. The three initial conditions

7"(0),6'(0) and ¢'(0) are not known. However, the values of f'(n), 6(n) and ¢(n) are known as n — .

Now, we employ the Keller-box scheme where these three boundary conditions are utilized to produce three
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unknown initial conditions at n=0. To select n,,, we begin with some initial guess value of the unknown
initial conditions and solve the boundary value problem to obtain /”(0), 8'(0) and ¢'(0). Let a,, Byand v,
be the correct values of f; (0),9 5 (0) and ¢, (0), respectively and integrate the system using the fourth order
Runge-Kutta method and denote the values of f3(0),8,(0) and ¢, (0), respectively. The solution process is
repeated with another larger value of m, until two successive values of unknown conditions differ only

according to the desired accuracy. The last value of 1, is chosen as an appropriate value for that particular

set of parameters. Then solve the system of equations by the Keller-box method (See for details Cebeci and
Bradshaw, [28]; Keller [29]; Vajravelu and Prasad [30]). The numerical solutions are obtained in the
following four steps:

reduce Eqs (2.8) - (2.10) to a system of first-order equations;

write the difference equations using central differences;

linearize the algebraic equations by Newton’s method, and write them in a matrix-vector form; and
solve the linear system by the block tri-diagonal elimination technique.

For numerical calculations, a uniform step size of An=0.0/ is found to be satisfactory and the

shooting error was controlled with an error tolerance of 707° in all the cases. The physical domain in this
problem is unbounded, whereas the computational domain has to be finite and due to this reason, we apply
the far field boundary conditions for the similarity variable n at a finite value denoted by n,,, . A value of
Nmax =12 1s found to be sufficient to achieve the far field boundary conditions asymptotically for all values

of the parameters considered. To assess the accuracy of the present method, a comparison of the skin friction
and the wall-temperature gradient between the present results and the previously published results is
presented, for special cases, our results are found to be in good agreement with those of the results available
in the literature, which is shown in Tabs 1, 2 and 3. It is obvious from the Tab.3 that the relative percentage

error occurred in the heat transfer rate 9'(0) of the above mentioned references is due to the similar

transformation used in their papers for Newtonian fluid case.

Table 1. Comparison of —/"(0) for y=Ge=Gr=0.0, Pr=1.0.

-/"(0)
Mn | Exact solution AE;T;OS:O: it ;ll' Vajravelu et al. [24] Present values
0.0 1.000000 1.00000 1.000001 1.00000
0.5 1.224745 1.2249 1.224745 1.224745
1.0 1.414214 1.4140 1.414214 1414214
L5 1.581139 1.58100 1.581139 1.581139
2.0 1.732051 1.73200 1.732051 1.732051
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5. Results and discussion

Employing the above numerical method, the governing equations of the problem are solved for
several sets of values of pertinent parameters, namely, the transverse curvature parameter vy, the thermal
Grashof number Gr, the mass Grashof number Gc, the magnetic parameter Mn, the variable thermal
conductivity parameter ¢;, the Prandtl number Pr, the variable mass diffusivity parameter €,, the Schmidt
number Sc and the reaction rate parameter 8. In order to analyze the salient features of the problem, the

numerical results are presented graphically in Figs 2-6. Also the numerical results for the skin friction
coefficient, the Nusselt number and the Sherwood number are presented in Tab.4.

Figures 2a through 2c elucidate the effect of increasing values of y and Mnon f ’(n),e(n) and ¢(n)

. It is clear from all the three profiles that there is an increase in the magnitude of velocity, temperature and
concentration boundary layer thickness for increasing values of y. That is, the boundary layer thickness is
higher for non-zero values as compared to the zero value of y . Figure 2a shows that f'(n) decreases for

increasing values of Mn and this is because of the induction of the transverse magnetic field (normal to the
flow direction) which has a tendency to induce a drag, known as the Lorentz force, which tends to resist the

flow whereas in the case of G(n) and ¢(n) the effect of Mn is quite opposite (See Fig.2b and Fig.2c). A

similar trend can be observed for the skin friction, wall temperature gradient and mass concentration gradient
for increasing values of Mn (See Tab.4 for details).
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1.0

0.6 -
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0 2 4 n 6 8 10

Fig.2a. Velocity profiles for different values of y with Pr=1.0, Sc=0.96, Gr=0.5, Ge=0.5, €, =0.1, €, =0.1
and 6=0.1.
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Fig.2b. Temperature profiles for different values of y and Mn with Pr=1.0, Sc=0.96, Gr=0.5, G¢=0.5,
€,=0.1,¢,=0.1 and 6=0.1.
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Fig.2c. Concentration profiles for different values of y and Mn with Pr=1.0, Sc=0.96, Gr=0.5, G¢=0.5,
€;=0.1,¢,=0.1 and 6=0.1.

Figures 3a and 3b are the graphical representation of the axial velocity f'(n) for different values of

Gr and Gc. From these figures, it is observed that the axial velocity profile decreases monotonically and
tends asymptotically to zero as the distance increases from the slit. These figure demonstrates that an
increase in Gr leads to an increase in the axial velocity in the absence of species diffusion. This phenomenon
is even true in the presence of species diffusion. Further, an increase in Gr means an increase in the
temperature gradient leading to the enhancement of the axial velocity, due to enhanced convection.
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Physically, Gr<0 corresponds to an externally heated plate because the free convection currents are carried
towards to the plate, Gr>0 corresponds to an externally cooled plate and Gr=0 corresponds to the absence of
free convection currents. A comparison of the curves in Fig.3a reveals that the introduction of chemical
species diffusion leads to an increase in the axial velocity in both cases of heating and cooling of the fluid.

This is due to the fact that Ge depends upon C, — C and here we assume it to be positive. That is, the level

of concentration is higher near the plate than that away from the surface. This observation is even true for
non-zero values of the curvature parameter shown graphically in Fig.3b. The effects of buoyancy parameters
namely, Gr and Gc on the temperature profiles for zero and non-zero values of y are shown graphically in
Figs 4a and 4b, respectively. The general trend is that the temperature distribution is unity at the surface; but
with changes in the physical parameters the temperature decreases with the distance from the slender
cylinder. It is observed that the effect of increasing values of Gr results in a decrease in the thermal boundary
layer thickness; this is associated with an increase in the magnitude of the wall temperature gradient and
hence results in an increase in the surface heat transfer. This is true even with Gc. Effects of species diffusion
and the curvature parameter are shown graphically in Fig.4b. A comparison with Fig.4a reveals that the
presence of vy is to increase the temperature and hence to enhance the thermal boundary layer thickness. The
dimensionless concentration profiles are presented in Fig.5. The behaviors of the buoyancy parameters,
namely, Gr and Gc are depicted graphically in Fig.5a. It is noticed that the effect of Gr is to decrease the
concentration distribution; as the concentration species dispersed away are largely due to the temperature
gradient. A comparison of the curves reveals that the effect of Gc is to decrease the concentration profile
significantly in the case of cooling of the fluid. This is because of the fact that the concentration gradient
accelerates the dispersion of the species. Figure 5b demonstrate the effect of Sc and ¢, on ¢(n). The effect
of Sc is to decrease the concentration distribution in the boundary layer. This is due to the thinning of the
concentration boundary layer with the introduction of chemical species diffusion. This holds true even in the
presence of ¢,. The effect of ¢, is to increase the species profile which in turn increases the concentration
boundary layer thickness. The concentration profile ¢(n) across the flow field is plotted in Fig.5¢ for

different values of the reaction rate parameter & and Gc. From this figure we observe that the effect of
increasing the value of J is to decrease the concentration in the flow field. However, the values for the mass
concentration are higher for negative values of & as compared to positive values of 8. Physically, <0
represents a generative chemical reaction, i.e., the species which diffuses from the stretching surface is
produced by a chemical reaction in the free stream; and &> 0 a destructive chemical reaction, i.e., one that
reduces the thickness of the concentration layer and increases the wall transfer, as shown in the figure. The
combined effect of buoyancy parameters is to reduce the temperature profile significantly in the flow field.
The effects of Pr and €; on the temperature distribution are depicted graphically in Fig.6. We notice that an
increase in Pr is to decrease the temperature distribution. This is due to the fact that the presence of
temperature-dependent thermal conductivity results in reducing the magnitude of the transverse velocity by a
quantity 0K (T') / oOr and this can be seen from the energy Eq.(2.3).

The values of the skin friction, the Nusselt number and the Sherwood number for various values of
the physical parameters are recorded in Tab.4. f ”(0), 9'(0) and ¢'(0) are found to decrease with an increase
in y in the absence of buoyancy effects. An increase in buoyancy parameters leads to an increase in the skin
friction and a decrease in the Nusselt number as well as the Sherwood number. It is interesting to note that
the magnitude of the surface mass transfer increases with Sc and & for non-zero values of y . The effect of

the variable thermal conductivity parameter is to enhance the rate of heat transfer. But the effect of Pr is to
decrease the wall-temperature gradient for zero and non-zero values of the buoyancy parameters.
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Fig.3a. Velocity profile for different values of Gr and Ge¢ with Pr=1.0, Mn=0.5, Sc=0.96, €, =0.1, €, =0.1
and 6=0./ when y=0.0.

Fig.3b. Velocity profile for different values of Gr and Ge¢ with Pr=1.0, Mn=0.5, Sc=0.96, €, =0.1, €, =0.1
and 6=0.I when y=1.0.
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Fig.4a. Temperature profile for different values of Gr and Ge¢ with Pr=1.0, Mn=0.5, Sc=0.96, €; =0.1,

€,=0.] and 6=0.I when y=0.0.

1.0

Gr= -0.2,----Gr= 0.0,

0.6 —

0 (n) 1

0.4 —

0.0 T

Fig.4b. Temperature profile for different values of Gr and Ge¢ with Pr=1.0, Mn=0.5, Sc=0.96, €; =0.1,

€,=0.] and 6=0.I when y=1.0.
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12

Fig.5a. Concentration profile for different values of Gr and Gc with Pr=1.0, Mn=0.5, Sc=0.96, €; =0.1,
€,=0.] and 6=0.I when y=1.0.

1.0
g, =0.2,- - g, =04

0.8 fk%.

0.6 -

¢ (n)

0.4 4

=5.0, 2.0, 1.0, 0.71,0.22

0.0

0 2 4 6 7 8 10 12

Fig.5b. Concentration profiles for different values of Sc and €, when Mrn=0.5, y=0.5, Pr=1.0, Gr=0.5,
Ge=0.5, ¢;,=0.1 and 6=0.1.
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Fig.5c. Concentration profile for different values of 6 and Gec with Pr=1.0, Mn=0.5, , Sc=0.96, €; =0.1,
€, =0.1 and Ge=0.5 when y=0.5.
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Fig.6. Temperature profile for different values of Pr and €¢; when Mn=0.5, y=0.5, Sc=0.96, Gr=0.5,
Ge=0.5, €, =0.1 and 86=0.1.

6. Conclusion

The numerical results obtained via the second order finite difference method and their analysis lead
to some of the following conclusions:
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e The velocity boundary layer thickness increases with an increase in vy, Gr and Gec.
e The effect of increasing values of Gr, Gc and Pr is to decrease the temperature profiles. But the trend is
reversed with parameters y and €;.

e An increase in Mn leads to a decrease in velocity boundary layer thickness and an increase in thermal as
well as concentration boundary layer thickness.
e Concentration profiles decrease with increasing values of Gr, Gc¢, Sc and &, but increase with increasing

values of y and €, .

e The Nusselt number increases with increasing Mn,y, €;, Sc and §; but decreases with increasing
Gr, Ge, Pr and ¢,.

e The effect of increasing Mn,y, Pr and €, enhance the Sherwood number and the opposite is true with the
parameters Gr, Gc, €;, Sc and 9.
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Nomenclature
a,b,a, by,

270> _ constants
arby

B, —uniform magnetic field
C - concentration of the fluid
C, - skin friction coefficient

C, —concentration at the surface

C, - concentration of the fluid far away from the wall

c, specific heat at constant pressure

D(C) - concentration dependent diffusion coefficient
D, — diffusion coefficient far away from the wall

f —dimensionless stream function
Gc — mass Grashof number
Gr — thermal Grashof number
g —acceleration due to gravity
k(T) - temperature-dependent thermal conductivity
k, — thermal conductivity at the wall
k; — chemical reaction parameter
k, ~—thermal conductivity far away from the wall
| —reference length scale
M — Kummer’s function
Mn — magnetic parameter
Nu, —local Nusselt number
Pr — Prandtl number

R —radius of the cylinder
Re, - local Reynolds number
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r —radial coordinate
Sc — Schmidt number
Sh_ —local Sherwood number

, — surface temperature

T —fluid temperature
T,
T,

U. - stretching velocity

w

— ambient temperature

u — axial velocity component
v —radial velocity component
x —axial coordinate
B — thermal expansion coefficient
B" — concentration expansion coefficient
y —transverse curvature
8 —reaction rate parameter
g, — variable thermal conductivity
¢, — variable diffusivity
n — similarity variable
6 — dimensionless temperature
p  — dynamic viscosity
v —kinematic viscosity
p — density
o - electric conductivity
¢ — dimensionless concentration
y — stream function

Subscript

w — conditions at the stretching sheet
o — condition at infinity

Superscript

' — differentiation with respect to n
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