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Abstract: The objective of this work is to analyze the chemical reaction and heat generation or absorption
effects on MHD stagnation-point flow of a nanofluid over a porous stretching sheet. The uniform magnetic field
strength B is applied in the direction normal to the flow. A highly nonlinear problem of nanofluid is modeled
for the modified Bernoulli's equation of an electrically conducting nanofluid by incorporating the effects of
embedded flow parameters such as Brownian motion parameter, thermophoresis parameter, velocity ratio
parameter, heat generation/absorption parameter, suction or injection parameter, chemical reaction parameter,
Hartmann number, Prandtl number and Lewis number. A system of nonlinear partial differential equations is
reduced to nonlinear ordinary differential equations and then solved using finite difference scheme known as
the Keller-box method. A parametric study of the involved physical parameters is conducted and a set of
numerical results is illustrated in graphical and tabular forms. A comparison with published results is also
provided.
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INTRODUCTION showed that the natural convective heat transfer is lower

During the past decades, study of boundary layer convection heat transfer coefficient increases with particle
flow of nanofluid is a hot area for several investigations concentration. Kuznetsov and Nield [6] presented
and a literature on nanofluid is continuously growing up. similarity solutions to study natural convective boundary
Currently, researchers are taking keen interest in their layer flow of a nanofluid past a vertical plate. Moreover,
studies not only that nanofluid is less explored compare these flows induced by a stretching surface are of much
to other fluids but also due to vital role of nanofluid in importance in manufacturing processes of artificial films
industrial and medical fields and their various practical and wires, glass manufacturing and paper production [7].
applications [1,2]. Few of these applications are found in In fluid mechanics problems, the point in the flow
magnetic cell separation, drug delivery, hyperthermia and field where local velocity of the fluid becomes zero is
constant enhancement in magnetic resonance imaging [3]. called a stagnation-point. This point exists at the surface
Further, the thermal conductivity of nanofluid has a of the object where the fluid is brought to be at rest
significant impact on the heat transfer coefficient between because of a force exerted by the object. Bernoulli
the heat transfer medium and heat transfer surface [4]. equation shows that the total pressure in terms of static
Putra et al. [5] were the first to study natural convection pressure called stagnation pressure is at maximum value
flow of nanofluid by using water as a base fluid. They when the fluid velocity is zero [8]. In conjunction with

in nanofluid than in pure water. This decrease in natural
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heat  and  mass  transfer,  a  primary interest on
stagnation-point flow towards a stretching sheet has
drawn a considerable attention for several researchers.
The conjugate effects of heat and mass transfer play an
important role in designing of chemical processing
equipment, chemical reactor process engineering,
geochemical systems, formation and dispersion of fog,
distribution of temperature and moisture over agricultural
fields and groves of fruit trees and crop damage due to
freezing and environmental pollution [9-11]. Mustafa et al.
[12] investigated the steady two dimensional stagnation-
point flow of a nanofluid towards a stretching sheet.
 In most of the chemical engineering processes, there
is a chemical reaction between a foreign mass and the
fluid. These processes take place in numerous industrial Fig. 1: Physical model and coordinate system.
applications such as manufacturing of ceramics, food
processing and polymer production [13]. biomedicine, electronics, glass fiber, hot rolling, food and
Muthucumaraswamy [14] studied the effects of chemical transportation [24, 25]. To the best of author’s knowledge,
reaction on vertical oscillating plate with variable such studies are not reported in the literature and all the
temperature whereas Muthucumaraswamy and included results are new.
Manivannan [15] investigated first order chemical reaction
on isothermal vertical oscillating plate with variable mass Problem Formulation: A steady two-dimensional
diffusion. Chamkha and Issa [16] investigated chemical boundary layer stagnation-point flow of a nanofluid past
reaction, heat generation or absorption effects on MHD a permeable stretching sheet in the presence of a chemical
boundary layer flow over a permeable stretching surface. reaction is considered, where fluid motions are influenced
However, such studies for nanofluid are rarely available by heat generation or absorption effects. The stretching
in the literature especially when conjugate effects of heat and free stream velocities are assumed to be of the forms 
and mass transfer are considered [17].
 Alsaedi et al. [18] analyzed the stagnation-point flow
of nanofluid near a permeable stretching surface. In
additions, MHD flows have applications in MHD power
generators, MHD pumps, flow meters and accelerators,
plasma studies, nuclear reactor using liquid metal coolant
and geothermal energy extraction as well as in flight
magnetohydrodynamics [19-21]. Ouaf [22] studied the
effect of thermal radiation on MHD axi-symmetric flow of
an electrically conducting fluid past a permeable
stretching sheet. Hamad and Ferdows [23] studied a
stagnation-point flow of a nanofluid over a permeable
stretching sheet in porous medium with heat generation
or absorption effects.
 Having in mind the above motivation, the present
work of nanofluid concentrates on the simultaneous heat
and mass transfer in the presence of chemical reaction,
heat generation or absorption when the MHD stagnation-
point flow of a nanofluid is considered over a porous
(permeable) stretching sheet. This area of research has
important applications in nuclear reactor cooling  systems,

and  respectively, where a, b are constant

parameters and x is the coordinate measured along the
stretching surface. A uniform transverse magnetic field of
strength B is imposed in the y- direction normal to the flat
sheet. It is assumed that the induced magnetic field due to
the motion of an electrically conducting fluid is negligible.
Further, it is also assumed that the external electrical field
is zero and the electric field due to the polarization of
charges is negligible [11]. The temperature T and the
nanoparticles fraction C take constant values T  and Cw  w

respectively, whereas the ambient values of temperature
T  and the nanoparticles fraction C  are attained as y4     4

tends to infinity as shown in Fig. 1.
By neglecting viscous dissipation, the boundary

layer equations governing the flow are given as follows

(1)

(2)
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(3)

(4)

where   u  and  v  are  the  velocity  components   in  the x
and   y-directions   respectively,  µ  is the viscosity, D  isf

the density of the base fluid, F is the electrical
conductivity, B  is the uniform magnetic field strength,0

(Dc)  is the heat capacitance of the base fluid, Q  is thef         0

heat generation or absorption coefficient, c  is the specificP

heat, (Dc)  is the heat capacitance of the nanoparticles, DP        B

is the Brownian diffusion coefficient, D  is theT

thermophoresis diffusion coefficient and R  is the0

chemical reaction coefficient. The associated boundary
conditions are
 

(5)

By introducing a stream function R = R (x,y) the
continuity Eq. (1) is satisfied identically for

(6)

Following Khan and Pop [26], similarity
transformation is defined as follows

(7)

On substituting Eq. (7) into Eqs. (1), (2), (3) and (4),
we get the coupled system of ordinary differential
equations,

(8)

(9)

(10)

where

(11)

Here g is the velocity ratio parameter, < is the kinematic
viscosity of the fluid, M is the magnetic parameter called
Hartmann number, Pr is the Prandtl number, 8 is the heat
source (8 > 0) or sink parameter (8 < 0), Le is the Lewis
number, Nb is the Brownian motion parameter, Nt is the
thermophoresis parameter, R is the is the chemical
reaction parameter and S is the suction (S > 0) or injection
or blowing parameter (S < 0). The corresponding
boundary conditions are transformed into

(12)

where  is the suction (S > 0) or injection (S < 0)

parameter. The special interests and significance of the
present problem of nanofluid for the conjugate effects of
heat and mass transfer are the Nusselt number, Sherwood
number and skin-friction defined as

(13)
where

(14)

The associated expressions of dimensionless reduced
Nusselt number , reduced Sherwood number 

and skin-friction coefficient  are defined as

[15]

 (15)

Where Re  = u (x)/< is the local Reynolds number basedx  w

on the permeable stretching sheet. The transformed
system of nonlinear ordinary differential Eqs. (8)-(10)
subjected to the boundary conditions (12) is solved
numerically by means of Keller-box method [26].
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RESULTS AND DISCUSSION

This section deals with the numerical solutions of the
transformed nonlinear ordinary differential Eqs. (8)-(10)
subjected to the boundary conditions (12) by using finite
difference scheme known as the Keller-box method [26].
Results for physical parameters of interest such as
Brownian motion parameter Nb, thermophoresis parameter
Nt, chemical reaction parameter R, heat generation or
absorption parameter 8, suction or injection parameter S,
velocity ratio parameter g, Hartmann number M, Prandtl
number Pr and Lewis number Le are shown in Tables 1, 2
and displayed graphically through Figs. 2 to 14. Table 1
shows  the   comparison   of   the   present      results
(when M, S, R, 8 and g are equal to zero) for the reduced
Nusselt number  and the reduced Sherwood number

 with the results obtained by Khan and Pop [28] and

found in a good agreement.
Table 2 is prepared for different values of Nb, Nt, Pr,

Le, M, R, S and 8 to show the variations of ,  decreases for the increasing values of M and S
and C (0). It is observed that  increases for thefx

increasing values of Pr, g, S > 0, 8 < 0 and decreases for
the increasing values of Nb, Nt, Le, R, S < 0 and 8 > 0. On
the other hand, it is found that  decreases for the
increasing values of S < 0, 8 < 0 whereas increases for the
increasing values of Nb, Nt, Pr, Le, R, S > 0, 8 > 0 and g.
Also, it is noted that  and  decreases for the

increasing values of M when g < 1 whereas increases for
the case when g < 1. Moreover, it is observed that C (0)fx 

decreases for the increasing values of g and S < 0 whereas
increases for the increasing values of M and S > 0 when
g  <  1.  Further,  it  is  noted that  C (0)  decreases  for  thefx

Table 1: Comparison  of  the  reduced  Nusselt  number   and the

reduced Sherwood number  when M = g = S = 8 = R = 0

and Pr = Le = 10.

Khan and Pop [28] Present Results
------------------------- -----------------------------

Nb Nt

0.1 0.1 0.9524 2.1294 0.9524 2.1294
0.2 0.2 0.3654 2.5152 0.3654 2.5152
0.3 0.3 0.1355 2.6088 0.1355 2.6088
0.4 0.4 0.0495 2.6038 0.0495 2.6038
0.5 0.5 0.0179 2.5731 0.0179 2.5731

increasing values of M and S < 0 whereas increases for
the increasing values of S > 0 when g > 1. It is interesting
to note that ,  and C (0) show quite oppositefx 

behavior for the increasing values of M in both cases of
g < 1 and g > 1.
 Figs. 2 and 3 show the effects of M and S on 

when g < 1 and g > 1. From these Figs. it is noticed that

when g < 1 while an opposite effect is noted for the case
when g > 1. This behavior is due to the fact that
increasing values of M increases the resistive forces on
the sheet which reduces the fluid velocity and hence the
motion of the fluid is slow down. It is further noticed that
increasing values of M and S give no change in 

which shows that the momentum boundary layer is not
influenced in the case when external stream velocity
becomes equal to the stretching velocity. This causes for
a frictionless flow called the Hiemenz flow [27]. It is also
observed from these Figs. that  increases for

increasing values of g.

Table 2: Variations of the reduced Nusselt number , the reduced Sherwood number  and skin-friction coefficient C (0).fx

Nb Nt Pr Le M R g S 8 C (0)fx

0.1 0.1 1.0 10 0.1 1.0 0.1 0.1 0.1 0.4918 4.4601 1.0568
0.5 0.1 1.0 10 0.1 1.0 0.1 0.1 0.1 0.3376 4.4872 1.0568
0.1 0.5 1.0 10 0.1 1.0 0.1 0.1 0.1 0.3978 4.5693 1.0568
0.1 0.1 10 10 0.1 1.0 0.1 0.1 0.1 0.9272 4.6867 1.0568
0.1 0.1 1.0 20 0.1 1.0 0.1 0.1 0.1 0.4902 6.7375 1.0568
0.1 0.1 1.0 10 2.5 1.0 0.1 0.1 0.1 0.3909 4.4195 1.7660
0.1 0.1 1.0 10 2.5 1.0 1.1 0.1 0.1 0.7250 4.5434 -0.2328
0.1 0.1 1.0 10 0.1 3.0 0.1 0.1 0.1 0.4905 6.4806 1.0568
0.1 0.1 1.0 10 0.1 1.0 0.6 0.1 0.1 0.6196 4.4890 0.5921
0.1 0.1 1.0 10 0.1 1.0 1.1 0.1 0.1 0.7226 4.5403 -0.1728
0.1 0.1 1.0 10 0.1 1.0 1.6 0.1 0.1 0.8112 4.6047 1.1656
0.1 0.1 1.0 10 0.1 1.0 0.1 0.5 0.1 0.7554 7.1516 1.2638
0.1 0.1 1.0 10 0.1 1.0 0.1 -0.5 0.1 0.1672 1.8471 0.8050
0.1 0.1 1.0 10 0.1 1.0 1.1 0.5 0.1 0.9695 7.1997 -0.1963
0.1 0.1 1.0 10 0.1 1.0 1.1 -0.5 0.1 0.4069 1.9175 0.1417
0.1 0.1 1.0 10 0.1 1.0 0.1 0.1 0.3 0.2539 4.5312 1.0568
0.1 0.1 1.0 10 0.1 1.0 0.1 0.1 -0.5 0.7765 4.3508 1.0568
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Fig. 2: Variations of velocity profiles along 0 for various Fig. 6: Variations of temperature profiles along 0 for
values of M. various values of S.

Fig. 3: Variations of velocity profiles along 0 for various Fig. 7: Variations of temperature profiles along 0 for
values of S. various values of 8.

Fig. 4: Variations of temperature profiles along 0 for Fig. 8: Variations of temperature profiles along 0 for
various values of Nb. various values of Pr.

Fig. 5: Variations of temperature profiles along 0 for Fig. 9: Variations of temperature profiles along 0 for
various values of Nt. various values of R.
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Fig. 10: Variations of temperature profiles along 0 for Fig. 14: Variations of concentration profiles along 0 for
various values of M. various values of 8.

Fig. 11: Variations of concentration profiles along 0 for Fig. 15: Variations of concentration profiles along 0 for
various values of Nb. various values of R.

Fig. 12: Variations of concentration profiles along 0 for Fig. 16: Variations of concentration profiles along 0 for
various values of Nt. various values of Le.

Fig. 13: Variations of concentration profiles along 0 for Fig. 17: Variations of concentration profiles along 0 for
various values of S. various values of M.
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Figs. 4 to 9 illustrate that  increases for the differential equations were transformed into nonlinear

increasing values of Nb, Nt and 8 whereas decreases for
the increasing values of Pr, S and R. Such behaviour of Pr
depends upon the formation of nanofluid which is a
combination of the base fluid (water, oil and ethylene
glycol) and nanoparticles (Cu, Aluminium, Titanium)
influences on. The increasing values of Pr increase the
viscosity of the base fluid which results for a decrease in
the thermal boundary layer thickness and consequently
heat  transfer  decreases  for  the  larger  values  of  Pr.
This is due to the reason that highly viscous nanofluid
(with large values of Pr) results for low thermal
conductivities affecting the conduction phenomenon to
shorten the thermal boundary layer thickness. Also, the
suspended nanoparticle motions are more affected in the
highly viscous nanofluid due to less colloidal forces
among each other. Fig. 10 shows that  increases for

the increasing values of M when g < 1 whereas decreases
when g > 1. It is worth mentioning here that, the large
values  of  M  and  R  show  minimal  changes  in 

when g > 1.
 Figs. 11 to 17 are plotted for  to analyze the

effects of Nb, Nt, M, S, R, 8 and Le in both cases of g < 1
and g > 1. It is observed from Figs. 11 to 16 that 

decreases for the increasing values of Nb, S, 8, R and Le
but increases for the increasing values of Nt. Fig. 17
illustrate that  increases for the increasing values of

M when g < 1 while decreases for the case when g > 1.
Also, the above discussed Figs. show that concentration
boundary layer thickness is greater for the case when g <
1 as compare to the case when g > 1. Also, the large
values of M shows a minimal change in  when g > 1.

Since all the above discussed profiles descend smoothly
in the free stream satisfying the boundary conditions that
ensure the accuracy of the obtained numerical results.

CONCLUSION

In the present study, chemical reaction and heat
generation/absorption effects on MHD stagnation-point
flow of a nanofluid over a porous sheet were investigated.
The presented nanofluid model incorporates the effects of
Brownian motion parameter Nb, thermophoresis parameter
Nt, Prandtl number Pr, Lewis number Le, Hartmann
number M, velocity ratio parameter g, heat source or sink
parameter 8, suction or injection parameter S and chemical
reaction parameter R. The governing nonlinear partial

ordinary differential equations by using similarity
transformation and then solved numerically using an
implicit finite difference scheme known as Keller-box
method. The numerical results depending upon
incorporated flow parameters were presented in tables and
Figs. For the accuracy purpose, the present results were
compared with already published results of Khan and Pop
[28] and found in a good agreement. The main
conclusions are as below:

C The magnitude of skin-friction coefficient C  (0) isfx

zero for g = 1. However, for increasing values of M
and S, velocity profiles were observed in inverted
manner for both cases of g < 1 and g > 1 but these
profiles were found increased for the increasing
values of g. The results showed that C  (0) decreasesfx

for the increasing values of M and S < 0 whereas
increases for the increasing values of S > 0.

C Further,  increases for the increasing values of

S > 0, 8 < 0 and decreases for increasing values of R,
S < 0 and 8 > 0. Whereas,  decreases for the

increasing values of S < 0, 8 < 0 and increases for
increasing values of R, S > 0 and 8 > 0.

C It is noted that increasing values of M showed quite
opposite behavior in C (0),  and  for bothfx 

cases of g < 1 and g > 1.
C Also, increase in  and  against M, 8 and

R is less in the case of g < 1 compared to g > 1.
C Momentum, thermal and concentration boundary

layers are found shortened and approaching to zero
more rapidly in the case of g > 1 compared to g < 1.
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