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Abstract

Temperature dependent viscosity and thermal conducting heat and mass transfer
flow with chemical reaction and periodic magnetic field past an isothermal oscillat-
ing cylinder have been considered. The partial dimensionless equations governing
the flow have been solved numerically by applying explicit finite difference method
with the help Compagq visual 6.6a. The obtained outcome of this inquisition has been
discussed for different values of well-known flow parameters with different time
steps and oscillation angle. The effect of chemical reaction and periodic MHD para-
meters on the velocity field, temperature field and concentration field, skin-friction,
Nusselt number and Sherwood number have been studied and results are presented
by graphically. The novelty of the present problem is to study the streamlines by
taking into account periodic magnetic field.

Keywords
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Thermal Conductivity

1. Introduction

In recent, the study of unsteady free convective flows through an oscillating cylinder
evinces a vital role in chemical engineering, turbo machinery, and aerospace technology.
The occurrence of heat and mass transfer is too general in chemical process industries
such as the production of polymer and food processing. The study of MHD incompres-
sible viscous flows has several vital engineering applications in devices such as MHD

power generators, electrical components transmission lines, cooling of nuclear reactors,
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geothermal systems, forming metal, crystal growing, aerodynamic processes, and heat
exchange designs. The focus of a huge number of researchers has drowned by MHD
due to its various applications such as pumps, bearings. Implicit finite-difference scheme
of Crank-Nicolson type has been used to solve radiation and mass transfer effects on
unsteady MHD free convection flow of an incompressible viscous fluid past a moving
vertical cylinder which has been analyzed by Reddy et al (2009) [1]. When the radia-
tion parameter increases the velocity and temperature decrease in the boundary layer
which has been founded by them. Unsteady natural convection of air with a variable
viscosity over an isothermal vertical cylinder has been solved with the help of implicit
finite-difference method by Rani et al (2010) [2]. The objective of the work was to in-
vestigate the viscosity effects on the free convective flow of the air along a semi-infinite
vertical cylinder and by analyzing they found that velocity profiles near the wall de-
crease with the increasing kinematic viscosity variation parameter also noticed that the
decrease in the viscosity-variation parameter leads to the increase in the average heat
transfer rate and to the decrease in the average skin friction. Conduction-radiation ef-
fects on periodic MHD flow along a vertical surface have been analyzed by Siddiga et al.
(2012) [3]. Radiation, chemical reaction, and magnetic parameters have been used by
Machireddy (2013) [4] to investigate chemically reactive species and radiation effects
on MHD convective flow past a moving vertical cylinder. By using implicit finite dif-
ference method he founded that the transient velocity increases with an increase in
thermal Grashof number or mass grashof number. With the increasing values of mag-
netic field, parameter decreases the transient velocity. Gauss-Seidel iteration method
has been used by Babu et al. (2014) [5] to investigate the effects of chemical reaction
and radiation and by considering two concentric cylinders of different radius. They
worked on the effects of chemical reaction and radiation absorption on mixed convec-
tive flow in a circular annulus at constant heat and mass flux.

Unlike other fluid, Cintaginjala et al. (2014) [6] considered the Jeffrey’s fluid, By
taking Jeffrey’s fluid Gauss-Seidel iteration method have been used to investigate the
effects of chemical reaction and radiation absorption on mixed convective heat and
mass transfer flow through a cylindrical annulus with heat generating sources and non-
linear density temperature relation which have been done by Cintaginjala et al (2014)
[6] and they also used two concentric cylinders to investigate the problem. An explicit
finite numerical analysis has been carried out by taking temperature as a variable by
Mondal et al. (2015) [7]. By using magnetic parameter, permeability parameter, Schmidt
number, thermal Grashof number, mass Grashof number and accelerated parameter
they worked on free convection and mass transfer flow through a porous medium with
variable temperature. Also, they assumed that there were no effects of temperature and
concentration on the fluid. The velocity increases with the decreasing of the magnetic
parameter and Schmidt number whereas the velocity profiles increase with increasing
the Permeability parameter, thermal Grashof number, mass Grashof number and acce-
lerated parameter in case of cooling of the plate which has been investigated by Mondal/

et al. (2015) [7]. A numerical study on unsteady natural convection flow past an iso-
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thermal vertical cylinder with temperature dependent viscosity has been analyzed by
Hossain et al. (2015) [8]. They also worked on the effect of viscosity variation parame-
ter on isotherms and streamlines. By taking binary fluid mixture a regular perturbation
method has been used to solve MHD flow, heat and mass transfer due to auxiliary
moving cylinder in the presence of thermal diffusion, radiation and chemical reactions
by Sharma et al. (2015) [9]. They used regular perturbation method to solve the above
problem and with the increases in the value of magnetic field parameter decreases ve-
locity which has been concluded by Sharma et al (2015) [9]. In a porous medium by
using Darcy-Forchheimer model the main aim of that work was to investigate the ef-
fects of radiation, chemical reaction, thermal-diffusion and diffusion-thermo on MHD
heat and mass transfer free convection flow near the lower stagnation point of an iso-
thermal horizontal circular cylinder. In the presence of Soret and Dufour effects, hy-
dro-magnetic flow of viscoelastic fluid over porous oscillatory stretching sheet with
thermal radiation has been investigated by Ali ef a/. (2016) [10]. An implicit finite-dif-
ference method of Crank-Nicolson type have been employed to investigate the chemical
reaction and temperature oscillation effect on unsteady MHD free convective flow over
moving semi-infinite vertical cylinder by Rajesh et al (2016) [11]. They found that ve-
locity increases with the increasing thermal Grashof number, mass Grashof number
and decreases with the increasing values of the magnetic parameter, Prandtl number,
Schmidt number. Recently, MHD flow and heat transfer of couple stress fluid over an
oscillatory stretching sheet with heat source/sink in porous medium have been car-
ried out by Ali et al (2016) [12]. Chemical reaction and radiative MHD heat and
mass transfer flow with temperature dependent viscosity past an isothermal oscillat-
ing cylinder have been investigated by Ahmed ef al (2016) [13]. Recently, magnetic
field and thermal radiation effect on heat and mass transfer of air flow near a moving
infinite plate with a constant heat sink has been investigated by Arifuzzaman et al
(2016) [14].

By considering temperature dependent viscosity and thermal conducting heat and
mass transfer flow with chemical reaction and magnetic field past an isothermal oscil-
lating cylinder have been studied. Unlike other researchers, we have used magnetic field
periodically. The main aim of this paper is to investigate the effects of chemical reaction,
periodic magnetic field on velocity field, temperature field and concentration field,
skin-friction, Nusselt number, Sherwood number and stream-lines with different time
steps, oscillation angle and also compared with the absence of a non-periodic magnetic
field. The partial dimensionless equations governing the flow are solved numerically by

using explicit finite difference method with the help of Compaq visual 6.6a.

2. Mathematical Model

In the presence of periodic magnetic field unsteady two-dimensional free convective
flow of a viscous incompressible electrically conducting fluid past a semi-infinite oscil-
lating cylinder of radius 7, have been investigated. Here, the x-axis is taken along the

axis of cylinder in the vertical direction and the radial coordinate r is considered as
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normal to the cylinder. Initially the fluid and the cylinder are at the same temperature
T, and concentration C/,. At time #'the cylinder starts moving in the vertical direc-
tion with a uniform velocity u,

The temperature of the surface of the oscillating cylinder is increased to T, concen-
tration C/ are maintained constantly thereafter. A uniform periodic magnetic field
(B,) is imposed to the oscillating cylinder which is presented in Figure 1. It is further
assumed that there is no applied voltage, so that electric field is absent [4]. It is also as-
sumed that there exists a homogeneous first order chemical reaction between the fluid
and species concentration. But here we assume the level of species concentration to be
very low and hence heat generated during chemical reaction can be neglected. Hence,
any convective mass transport to or from the surface due to a net viscous dissipation
effects in the energy equation are assumed to be negligible. It is also assumed that all
the fluid properties are constant except that of the influence of the density variation
with temperature and concentration in the body force term. The foreign mass present
in the flow is assumed to be at low level, and Soret and Dufour effects are negligible. By
considering the above assumptions, the boundary layer equations governing flow past
an oscillating cylinder with Boussinesq’s approximation can be expressed in the fol-

lowing form. Then, the flow under consideration is governed by the following system of

equations:
0
(ru)+6(rv):0 W
OX or
A X
=
=
-]
[ ]
[—]
=
s
L u, Boundary Layer
B, —* =
=
(=]
=] '
= g T
= .
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(=]
=
| e |
/I\
.
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Figure 1. Flow model and physical co-ordinate.
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With boundary conditions,
t'<0:u=0,v=0,T'=T/,C'=C., forall x>0andr>0
t'>0:U =u, +U,cos(wt'),v=0,T'=T),C'=C, atr=r,

u=0,v=0T =T/, C =C.
u—>0,T ->T/, C'—>C.

(5)

atx=0andrz=>r,
asr — o

It is necessary to make the Equations (1) to (4) with boundary conditions (5) dimen-
sionless. For this intention we introduce the following dimensionless quantities
T -7, c'-C, , w
2 1! ' ' W= 2,2
L C,-C, A°r

Vot

! 2
Al r,

udu,
1

X

Al

R=—" X
AL,

U=

(6)

If y and ¢ denotes the non-dimensional viscosity variation parameter and thermal
conductivity then x(T)=p,(1+yT) and a(T)=a,(1+T). By putting the non-
dimensional quantities of (6) (Sadia et al [3]) into the Equations (1) to (4) along with
(5), then we obtain the following no-dimensional Equations (7) to (10) with boundary

conditions (11).

j LNV

—t—+—== (7)
oX oR R
2
y U£+Vﬂ:GrT+GcC+(1+;/T) _6Li+£ﬂ + lﬂﬂ—Msin(;rX)U (8)
ot oX oR oR R OR R 6R OR
2
ﬂ+U£+Vﬂ:i 6T2+lﬂ(1+ eR ﬂj (9)
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The corresponding boundary conditions in terms of non-dimensional variables are

t<0:U=0,V=0T=0,C=0,
t>0:U =1+cos(wt),V =0, T=1 C=1
U=0,T=0,C=0
U—>wo, T—>0 C—>0

forall X >0and R>0
atR=1

at X=0andR>0
asR—w

(11)

Skin friction coefficient, the rare of heat transfer rate and Sherwood number are ex-

pressed as follows
1

C =]

0

(ﬂj dx
R ),

(12)
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_ 1 6Tj

Nu=-[|—1 dXx (13)
(%),

- e

Sh=- (—] dX (14)
E[ aR R=1

3. Numerical Technique

An explicit finite difference method has been devoted to solve the nonlinear partial dif-
ferential Equations (7)-(10) along with boundary condition (11). The finite difference
equations for the Equations (7)-(10) have been recounted by the Equations (15) to (18)
respectively
U (i, j)—U (i-1, j) +V (i,j)-Vv (i -1 j) N \Y (i, i) _
AX AR 1+(j -1)AR
u'(i, j)-U (i, j)+U ( j)U (i,j)-U(i-1, j)+v(i’ j)U (i, j+1)-U (i, j)
AT AX AR
=GrT (i, j)+GcC(i, j)-Msin(zX)U (i, j) - [1+ 7T (i, j)]
- B . _— - g 16
Xl:U(l,J+1) 20 (i, j)+U (i, j-1) 1 U(i,j+1)-U(i j)| «e)

(15)

(aR)? " [1+(j-1)AR] AR
T(i,i+1)-T(i,j)u (i, j+1)-U(i,j)
AR AR
T'(i, j)A—TT(i, j)+U G j)T(i, j)—A;(i—l, j)+v(i’ j)T(i, j)—ATR(i—l, j)
ZL{T(i,jﬂ)—zT(i,j)+T(i,j—1)} )
Pr (AR)?
NES T<u>—T(i—1,J>{ R T<i,i>—T(i—1,J>+1}
Pr1+(j-1)AR] AR 1+6T AR
C'(i,j)A—TC(i, j)+U(i, j)C(i,j)—Ai(i—l, j)+V(i,j)C(i, j)—ACR(i—l,j)
1[ 1 C(i,j+1)—C(i,j)+C(i,j+1)—ZC(i,j)+C(i,j—1)} (18)
1+(

k(e l|
()5 i-1)AR AR (AR’

Ty

To get the finite difference equations the region of the periodic MHD flow is divided
into the grids or meshes of lines parallel to X and R is taken normal to the axis of the
=20.0zie X
varies from 0 to 20 and regard R, = 50.0 as corresponding to R > oo. In the above Eq-

oscillating cylinder. Here we consider that the height of the cylinder is X ,,
uations (15) to (18) the subscripts 7/ and j designate the grid points along the X and R
coordinates, respectively, where X = /AXand R=1+(j-1)AR, Machireddy [4], Rani
et al [2] and Hossain et al. [8]. M =300 and N = 450 grid spacing in the Xand R direc-
tions respectively. The level AX = 0.067, AR = 0.111 and the time step A= 0.001. We
have been fixed to analyze. In this case, spatial mesh sizes are reduced by 50% in one

direction, and then in both directions, and the results are compared. It is regarded that,
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when the mesh size is decreased by 50% in both the direction. The computer takes too

time to compute the numerical values, if the size of the time-step is small.

4. Results and Discussion

In order to obtain the corporal insight of the problem of the study, the velocity profile,
temperature profile and concentration profile are reveal by assigning numerical values
to different parameters encountered into the corresponding equations. The value of
Schmidt number (S¢) are chosen for Hydrogen gas diffusing in electrically-conducting
Air (Sc = 0.20), Helium (Sc¢ = 0.30), steam (Sc = 0.60), Oxygen (Sc = 0.66), NH; (Sc =
0.78),CO, at 250C (Sc = 0.94), Methanol (Sc = 1.00) and high viscous fluid (Sc = 5.00).
The value of Prandtl number (Pr) are chosen for air (Pr = 0.71), Nitrogen (Pr = 0.78),
water (Pr=7.0) and water at 40C (Pr= 11.62).

With the increases of viscosity variation parameter () the velocity decreases which
elucidates in the Figure 2. Peak velocity for y = 2.00 is 12.0615% greater than peak ve-
locity for y = 5.00. Similarly, peak velocity for y = 1.00 is 29.564%greater than peak ve-
locity for y = 2.00. It has been noticed that there is a major change of peak velocity
for y = 1.00, y = —0.50 which occurs very drastically and that is 113.629%. However,
there is no effect of viscosity variation parameter () on the velocity at R = 4.5 (ap-

proximately) which is indicated by the circle. Figure 3, evinces the velocity curve for

i l".
35k, i
FL i R v =5.00
HER
':: H _
sHii — =200
F: N s
i ——— y=100
- 1
25 | ey =—0.50
~ [ in
S | [
> 2 ‘
‘o
°
S15

l
1 2 3 4 5 6 7
Radial Co-ordinate(R)

Figure 2. Velocity profiles for different values of y.
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Velocity (U)
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1 2 3 4 5 6 7 8 9 10 11 12 13
Radial Co-ordinate (R)

Figure 3. Velocity profiles for different values of time steps(#) and M.

different time steps. The velocity of the fluid is increasing with the increasing of time
steps and low periodic magnetic field indicates more smooth curves than the higher
magnetic field. Due to the increasing values of Prandtl number (£r) and Scmidth num-
ber (S¢) increases the viscosity of the fluid and decrease the molecular diffusivity which
decreases the velocity of fluid. For the increasing values of Prandtl number (Pr),
Scmidth number (S¢) and magnetic parameter (A4) the velocity curves let on a different
shape and its decreasing which have been indicated in Figure 4. The black long dashed
line shows that there is no effect of the periodic magnetic parameter and the smooth-
ness is decreasing with the increasing of the magnetic parameter (M). With the de-
creases of viscosity variation parameter (), thermal conductivity (&) and magnetic pa-
rameter (M) the velocity increases which appeared in the Figure 5. Figure 6, indicates
the velocity profile for different values of oscillation angle (¢), Gr, Gc and M. we have
taken the oscillation range, /4 <¢ < /2. When the oscillation angle ¢ = n/2 then the
highest velocity is 1.94659 (started from 1.00) which is presented through the red long
dashed line. 2.25630 is the highest velocity at ¢ = n/3 which is displayed in the Black
solid line and it started from 1.50. Finally, when the oscillation angle is ¢ = n/4 then
the highest velocity is 2.38459 which is started from 1.7071. With the increasing of
time, the velocity of the fluid is also increasing gradually which is indicated in the Fig-

ure 7. By descending order of time (?), the difference of velocity between two curves is
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71.512%, 19.57% respectively. Figure 8, let on a different shape for different values of
thermal conductivity parameter. It has noticed that with the increasing values of ther-
mal conductivity the values of velocity are also increasing. At £ = 2.00 then the height
velocity is 1.36589. 1.34891 for ¢ = 1.00. Height velocity 1.34481 at £ = 0.50 and so on.
For the increasing of Scmidth number decreases the molecular diffusivity. That’s why
velocity curves downward due to increasing the Schmidt number (S¢) which is revealed
the Figure 9. According to the descending order of Scmidth number 1.538, 1.905 and
45.455 through percentages are the difference of velocity between two curves.

Figure 10, evinces the temperature profile for different values of Prandtl number
(Pr). With the increases of Prandtl number results in low thermal conductivity, as a re-
sult, conduction even thermal boundary layer thickness decreases. That’s, result to de-
crease the temperature. There is a significant effect of Pron the temperature profile at
R = 1.55556 (approximately). From above, by ascending order of curves at same point
R = 1.55556, percentages of the difference of temperature between two curves are
35.514, 8.513 and 0.688 respectively. Figure 11, elucidates the temperature profiles for
different values of thermal conductivity parameter. By descending order of thermal
conductivity (&), the difference of temperature between two curves is 13.497%, 12.942%
and 16.52% respectively. Temperature profiles decreases for the combine increasing
values of Pr, Sc and M which is indicated in Figure 12. When the values of Scmidth
number (Sc) changes then the concentration curves let on different curves for the fixed

values of the rest parameters as shown in Figure 13. By investigating Figure 13, it is

——— c=2.00
——— e=1.00
—¢€=0.50
e © = —().5

o
(&)
|\III||III|\III|I\II|\I\\ll\\ll\lllll\lll\l\l

o

Radial Co-ordinate (R)

Figure 8. Velocity profiles for different values of &.
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Figure 10. Temperature profiles for different values of Pr.
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Figure 13. Concentration profiles for different values of Sc.

apparent that the curves are upward direction with the decreasing values of Scmidth
number (S5¢). By descending order of Scmidth number (S¢) at same point R = 2.333, the
difference of temperature between two curves are 6.9225%, 38.56% and 23.18% respec-
tively.

Increase of chemical reaction (K) significantly alerts the concentration boundary
layer thickness but does not alerts momentum boundary layer. Due to the increasing
values of S¢, Prand K the concentration curves let on different curves for fixed values
rest parameters as shown in Figure 14. By analyzing Figure 14, it is apparent that the
curves are upward direction with the decreasing values of S¢, Prand K. So, our pre-
sented problem indicates the destructive chemical reaction problem. Velocity gradient
increases with the increases of Prandtl number (Pr) and Scmidth number (S¢). As a re-
sult, with the increasing values of Prandtl number (Pr) the values of skin-friction de-
creases which are exhibited in Figure 15. The percentages of the difference of skin-
friction as the descending order of Prandtl number are 1.9769 and 2.68054. Skin fric-
tion increases for the increasing values of Scmidth number (Sc¢) while it decreases with
an increase in magnetic parameter (M), through-out the transient period which has
been indicated as in the Figure 15. The real fact is that the magnetic Field results in
damping effect on velocity of the fluid by creating drag force ie. the increase values of
magnetic parameter create a drug force known as Lorentz force that opposes the fluid
motion which is indicated in Figure 16. Also the boundary layer thickness decreases

with an increase of magnetic parameter. Smaller values of Prandtl number (Pr) are
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equivalent to increase the thermal conductivities and therefore heat is able to diffuse
from the cylinder more rapidly than higher values of Prandtl number. For the increas-
ing values of Prandtl number the values of Nusselt number increases which is displayed
in Figure 17. Nusselt number increases with the increases of Prandtl number (7r),
Scmidth number (S¢) and thermal conductivity (&) which is uncovered in the Figure 18.
At time £ = 0.99900 the values of Nusselt number as the ascending order of curves are
0.96152, 0.87027 and 0.79517. Figure 19, Elucidates the Sherwood number for different
values Prandtl number (Pr), Scmidth number (Sc). Sherwood number are decreasing
for the decreasing values Prandtl number (Pr), Scmidth number (Sc) and there is a sig-
nificant effect of Sherwood number at #= 0.1(approximately). Figure 20 and Figure 21
show the streamlines for different values of the magnetic parameter. The smooth solid
lines in Figure 19 indicates the value of A/ = 0.00 ie, there is no effect of the periodic
magnetic field. Higher magnetic field (M) indicates the non-smooth curves which are
indicated in the Figure 21. With the increases of viscosity variation parameter (y) and
thermal conductivity (&) increases the values of the stream which as spectacled in Fig-
ure 22 and Figure 23. Streamlines for y = 2.0 is 6.08% higher than y = —0.5 and at the
same point streamlines decrease for the increasing values of thermal conductivity (¢).
Streamlines for &€= 2.0 is 0.40% lower than £=0.5.

Finally, a comparison of the present results with the published results (Machireddy
[4]) is elucidated in Table 1. The desired accuracy of the present results is qualitatively

as well as qualitatively good in case of flow parameters.
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Figure 21. The streamlines for different values of M.
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Figure 22. The streamlines for different values of y.
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Figure 23. The streamlines for different values of &.

Table 1. Comparison of the accuracy of the present results with the previous results.

Previous results given by Machireddy [4]

Present results

M Dec Dec Dec Dec Dec Dec

Pr Dec Dec Not Given  Not Given Dec Dec Dec Inc

N Dec Inc Not Given Not Given

K Dec Dec Dec Dec

Sc Not given Dec Dec Inc Dec Dec Dec Inc
5. Conclusions
An elaborated numerical analysis has been performed for the effects of the chemical
reaction of the first order on the periodic MHD free convective flow for a gas past a
moving semi-infinite oscillating cylinder with variable kinematic viscosity and thermal
conductivity. The partial dimensionless equations governing the flow have been solved
numerically by applying explicit finite difference method with the help Compaq visual
6.6a. The obtained outcome of this inquisition has been discussed for different values of
well-known flow parameters with different time steps and oscillation angle. By analyz-
ing the problem, the concluding remarks have been carried out as follows:
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The velocity decreases with an increase of Scmidth number (Sc¢), Prandtl number
(Pr) and periodic magnetic field (44) also higher magnetic field indicate more non-
smooth curves than the lower periodic magnetic field (M). ie. the wavy curves oc-
curs only when we impose the magnetic field (A1) periodically.

Higher oscillation angle (¢) indicates the lower point on the wall than lower oscilla-
tion angle (¢) at which the initial velocity starts.

With the decreasing of chemical reaction parameter (K), viscosity variation para-
meter (), result to increasing the velocity profiles while velocity increases with the
increases of thermal conductivity (&).

For the decreasing values of Scmidth number (S¢) and Prandtl number (Pr), the
temperature increases while temperature increases for increasing values of thermal
conductivity ().

The concentration increases with the decreasing values of Scmidth number (Sc),
Prandtl number (Pr) and chemical reaction parameter (X).

Nusselt number increases for the increasing values of Prandtl number (Pr), Scmidth
number (S¢) and skin-friction decreases for the increasing values of the periodic
magnetic field (M), Prandtl number (7).

Sherwood number increases with the increasing values of Scmidth number (S¢).
With the increases of viscosity variation parameter () and thermal conductivity (&)
increases the values of stream-lines also lower periodic magnetic field (A4) indicates

the more smooth streamlines than the higher periodic magnetic field ().
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