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Abstract In this paper, we investigated the effects of
aligned magnetic field, thermal radiation, heat generation/
absorption, cross-diffusion, viscous dissipation, heat source
and chemical reaction on the flow of a nanofluid past an
exponentially stretching sheet in porous medium. The
governing partial differential equations are transformed to
set of ordinary differential equations using self-similarity
transformation, which are then solved numerically using
bvp4c Matlab package. Finally the effects of various non-
dimensional parameters on velocity, temperature, concen-
tration, skin friction, local Nusselt and Sherwood numbers
are thoroughly investigated and presented through graphs
and tables. We observed that an increase in the aligned
angle strengthens the applied magnetic field and decreases
the velocity profiles of the flow. Soret and Dufour numbers
are helpful to enhance the heat transfer rate. An increase in
the heat source parameter, radiation parameter and Eckert
number increases the mass transfer rate. Mixed convection
parameter has tendency to enhance the friction factor along
with the heat and mass transfer rate.
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Introduction

Presently, convective heat transfer in nanofluids has wide
range of applications, and plays a pivotal role in both
sciences and engineering. They have many applications in
almost every technology requiring heat transfer fluids
(cooling or heating), solar energy, nuclear reactors, etc. So
from the last few years the researchers of fluid dynamics
are showing a keen interest in the study of nanofluids due
to their applications in various fields. Heat, mass and
momentum transfer over a stretching surface plays an
important role in industries like polymer engineering,
aerodynamics, wire drawing, stretching of plastic films,
etc., as shown in the study by Altan et al. (1979). The
boundary layer flow of a nanofluid past a stretching sheet
was discussed by Makinde and Aziz (2011); in this study,
they used convective boundary conditions to analyze the
effects of physical parameters on the flow. Hady et al.
(2012) have studied the radiation effect on viscous nano-
fluid over nonlinear stretching sheet using Runge—Kutta
fourth-order technique. Heat and mass transfer of stagna-
tion point flow over a stretching sheet in porous medium
by considering heat source was discussed by Hamad and
Ferdows (2012). The thermal conductivity of solid parti-
cles is several times more than that of the base or con-
vectional fluids was concluded by Das et al. (2007) in the
book nanofluids science and technology. Buongiorno
(2006) presented different theories on the enhanced heat
transfer characteristics of nanofluids and concluded that
the thermal dispersion phenomenon cannot explain fully
about the high heat transfer coefficients in nanofluids. The
researchers Kumaran and Ramanaih (1996), Elbashbeshy
(2001) proved that the stretching is not necessarily being
linear and they extended their research on flow over a
quadratic stretching sheet and nonlinearly stretching sheet,
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respectively. Rana and Bhargava (2012) used a finite ele-
ment and finite difference methods for nonlinear stretching
sheet problem. Effect of linear thermal stratification in
stable stationary ambient fluid on steady MHD convective
flow of a viscous incompressible fluid over a stretching
sheet in presence of heat and mass transfer and magnetic
field effect was discussed by Rushi Kumar (2013). A free
convection MHD thermophoretic flow over an isothermal
inclined plate was analyzed by Noor et al. (2012) and
presented results for suction and injection cases. Kumari
and Nath (2009) have proposed an analytical solution
called homotopy analysis to discuss the unsteady MHD
flow and heat transfer of a Newtonian fluid induced by an
impulsively stretched plane. They used two lateral direc-
tions for this study. Ece (2005) has investigated the sim-
ilarity analysis for the laminar-free convection boundary
layer flow in the presence of a transverse magnetic field
over a vertical down-pointing cone with mixed thermal
boundary conditions. Many researchers like Oztop and
Abu-Nada (2008), Mohan Krishna et al. (2014), Sandeep
et al. (2013) have discussed the heat transfer characteris-
tics of nanofluids by immersing the high-conductivity
nanomaterials in the base fluids and concluded that the
effective thermal conductivity of the fluid increases
appreciably and consequently enhances the heat transfer
characteristics by suspending the high thermal conductiv-
ity of nanomaterials in the base fluids. Prasad et al. (2010)
considered viscoelastic fluid over a stretching sheet and
analyzed the momentum and heat transfer characteristics
of the boundary layers of an incompressible electrically
conducting fluid. Andersson (1992) discussed the magne-
tohydrodynamic flow of a viscoelastic fluid over a
stretching surface. A mathematical analysis to find the
momentum and heat transfer characteristics of an incom-
pressible, electrically conducting viscoelastic fluid over a
linear stretching sheet was proposed by Abel et al. (2008).
A clear investigation on nanofluid thermal properties was
done by Philip et al. (2008). Wang and Mujumdar (2007)
have given good literature on heat transfer characteristics
of nanofluids.

In this study, we analyzed the effects of aligned mag-
netic field, thermal radiation, heat generation/absorption,
cross-diffusion, viscous dissipation, heat source and
chemical reaction on the flow of a nanofluid past an
exponentially stretching sheet in porous medium. The
governing partial differential equations are transformed to
set of ordinary differential equations using self-similarity
transformation, which are then solved numerically using
bvpdc Matlab package. Finally the effects of various non-
dimensional parameters on velocity, temperature, concen-
tration, skin friction, local Nusselt and Sherwood numbers
are thoroughly investigated and presented through graphs
and tables.
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Mathematical formulation

Consider a quiescent, incompressible, electrically con-
ducting nanofluid in a porous medium past an impermeable
vertical stretched sheet coinciding with the plane x = 0 and
y axis is normal to the surface. An aligned magnetic field is
applied in the y direction. Heat generation/absorption,
radiation, viscous dissipation, chemical reaction and cross-
diffusion effects are considered. The boundary layer
equations that govern the present flow subject to the
Boussinesq approximations can be expressed as

u o _
ox dy
ou Ou 1 < o’u

My (2l T-T

0 (1)

(2)

+(pB)a8(C — Ca) — %u — 6B(x) sin? @)
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The boundary conditions of Eqgs. (1)—(4) are
v=0, T=T, C=C,ay=0
u—0, T—>Ty, C—Cyx asy— o0

U = Uy,

(5)

where u and v are the velocity components in the x and y
directions, respectively, T is the temperature, C is the
concentration, T, and C, are the ambient temperature and
concentration, respectively, vr is the kinematic viscosity of
the fluid, k' is the permeability of porous medium, g is
acceleration due to gravity, u,; dynamic viscosity of the
nanofluid, (pf),;, (pB'),; are the expansion coefficients
thermal and concentration, respectively, B(x) is the applied
magnetic field, ¢ is the aligned angle, p,; is nanofluid
density, ¢ is electrical conductivity, kps is the thermal

conductivity of nanofluid, (cp) is specific heat capaci-

nf
tance of nanofluid (see [16] for nano and base fluid rela-
tions), ¢, is the concentration susceptibility. D,, is the mass
diffusivity, K7 is the thermal diffusion ratio, 7}, is the mean
fluid temperature, K, is the rate of chemical reaction.
Using Roseland approximation, the radiative heat flux ¢,

is given by
4¢* OT*

qr = —S?E (6)

where ¢ is the Steffen Boltzmann constant and £* is the
mean absorption coefficient. Considering the temperature
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differences within the flow sufficiently small such that T*
may be expressed as the linear function of temperature,
then expanding T* in Taylor series about 7, and
neglecting higher order terms takes the form

T* ~ 473 T - 3T (7)
In view of Egs. (6) and (7), Eq. (3) reduces to
oT T  ky OT  vu (0u\’ D,Kr O°C
U—+v_—= 5+ = N Aa
o T o)y 07 () &) TTe), O
165*T3, O*T
et T (T T)
3pck* By (pcp)

(8)

A similarity solution may be obtained by assuming the
magnetic field term B(x) as of the form

B(x) = Bye"/* 9)

where By is the constant magnetic field. The similarity
solutions of Egs. (1)-(4) and (8) can be simplified by
introducing the stream function  where

oy oY
u= % and v= o (10)
With transformations
b = VIRene ' (n), =2 \ oo,
(T - TOO)/(TW - Too>7 (]5(’7) = (C - Cx)/(Cy — Cx),
T — Too = Toe*"'0(y), C — Co = Coe®™' (1)
(11)

Substituting (9) and (11) in the governing equations
gives

" 4" = 2% +21(0 + Ny ) — (M sin? & + l)f’ =0

K
(12)
% (#) 0" +£0' — (4f' — Q)0 + Ec(f")*+ Dy = 0
(13)
%df’ +f¢' —4f'¢ +S5.0" —2Kip =0 (14)
The boundary conditions (5) reduce to
f0)=S, f0)=1, 00)=1, ¢0)=1 s)

f'(n) =0, 0(n) — 0,

where Gr, is the Grashof number, 7 is the mixed
convection parameter, Re is the Reynolds number, N; the
buoyancy ratio, M is the magnetic field parameter, ¢ is the
aligned angle, K porous medium parameter, Pr is the

¢(n) — 0 asn— oo

Prandtl number, R is the radiation parameter, Q is the heat
generation/absorption parameter, Ec is the viscous
dissipation parameter, Dy is the Dufour number, S, is the
Soret number, Sc is the Schmidt number and K, is the
chemical reaction parameter. These are given by

o _ SR TP
Iy = #7 =
przf nf f
(pﬁ’)nfCO 20B31 X 20,y pr_ Y
1 = —’ = 5 = 5 = —
(pﬂ)nfTo pilfuo uWkl af
R_ 40’*]30 o = kf _ 00Ty
Kk (pcl’)f vf (pcp)nf
Fe— u} _ DuKrCo . _ DuKrTo
(Cp)fTO i CSCpl)fT(] e TmeCO ’
Vf ol G
Sc:—f7 Kl:L,T: r;
D,, Ug Re
(16)

The mixed convection parameter 7 in Eq. (12) represents
aiding buoyancy if T > 0 and opposing buoyancy if 7 <0.
The coefficient of skin friction Cg, Nusselt and Sherwood
numbers Nu,, Sh, are given by

. 2 (Ou | 2x
X or xRe
Nuy=——"[— = —y /20
3 (Tw —Tw) (ay)y—o 2 70 (17)
X oC xRe
Shy=——"—-| — = —4/ 29'(0
(Cw = Cx) (aY>y—() 21 @

where Re, = u,x/vs is the local Reynolds number.

Results and discussion

Equations (12)—(14) with the boundary conditions (15)
have been solved numerically using bvp4c solver Matlab
Package. Equations (12)—(14) are transformed into system
of first-order differential equations. We have checked the
accuracy of the assumed missing initial condition, by
comparing the calculated value of the different variables at
the terminal point with the given value by the existence of
the difference in improved values so that the missing initial
conditions must be obtained. The calculations are carried
out by the program using Matlab. The results presented
here were obtained for ¢ = /3 that represents aligned
angle, M = 2 for magnetic field, Pr = 0.71 which corre-
sponds to air and the Schmidt number Sc = 0.22 for
hydrogen. The results obtained show the influences of the
non-dimensional parameters, namely aligned magnetic
field, thermal radiation, heat generation/absorption, cross-
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Fig. 1 Velocity profiles for different values of . Ec = 0.5,Df =
03,5, =02,1=15N=1,K=02,K,=2,0=R=05
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Fig. 2 Temperature profiles for different values of . Ec = 0.5,D; =
03,5, =02,7=15N,=1,K=02,K=2,0=R=05
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Fig. 3 Concentration profiles for different values of . Ec=0.5,Df =
0.3,5,=02,7=15,N;=1,K=02,K;=2,0=R= 0.5

diffusion, viscous dissipation, chemical reaction and por-
ous medium on velocity, temperature, concentration, skin
friction, local Nusselt and Sherwood numbers.
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Fig. 4 Velocity profiles for different values of R. Ec =0.5,D; =
03,5, =02,7=15N,=1,K=02,K=2,0=05

Fig. 5 Temperature profiles for different values of R. Ec =
05,0, =0.3,5,=02,71=15N =1,K=02,K=2,0=0.5

Fig. 6 Concentration profiles for different values of R. Ec =
0.5,D,=03,5,=02,7=15N,=1,K=02,K=2,0=0.5

Figures 1, 2, and 3 show the effect of aligned angle on
velocity, temperature and concentration profiles, respec-
tively. It is evident that an increase in the aligned angle
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Fig. 7 Velocity profiles for different values of Q. Ec =0.5,Df =
0.3,5,=02,7=15N,=1,K=02,K,=2,R=0.5
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Fig. 8 Temperature profiles for different values of Q. Ec=
0.5,D;=03,5,=02,1=15N =1,K=02,K;=2,R=0.5
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Fig. 9 Concentration profiles for different values of Q. Ec =
05,0, =03,5,=02,7=15N,=1,K=02,K5=2,R=0.5

decreases the velocity profiles and increases the tempera-
ture and concentration profiles of the flow. It may happen
due to the reason that an increase in the aligned angle

1.4

12} g

Fig. 10 Velocity profiles for different values of  Dy.
Ec=05,5,=02,1=15N=1,K=02,K=2,0=R=05
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Fig. 11 Temperature profiles for different values of Dy. Ec =
05,8, =02,1=15N=1,K=02,K,=2,0=R=05

Fig. 12 Concentration  profiles  for  different values of
Dy.Ec=05,5,=0.2,1=15,N;=1,K=02,K;=2,0=R=0.5

strengthens the applied magnetic field. Generally, an
increase in the magnetic field generates the opposite force
to the flow, called Lorentz force. This force has tendency to
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Fig. 13 Velocity profiles for different values of .

Fig. 16 Velocity profiles for different values of Ec. Q = 0.5,Df =
Ec=05D;=03,1=15N,=1,K=02,K;=2,R=0.5

03,5, =02,7=15N, =1,K=02,K =2,R=05
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Fig. 14 Temperature profiles for different values of .
Ec=05,D;=03,1= 15N, =1,K=02,K =2,R=0.5 Fig. 17 Temperature profiles for different values of Ec. Q=
05,0, =0.3,5,=02,1=15N,=1,K=02,K;=2,R=0.5

Fig. 15 Concentration profiles for different values of S,. Fig. 18 Velocity profiles for different values of N;. Q = 0.5,Df =
Ec=05,D;=03,7=15N, =1,K=02,K =2,R=0.5 03,5, = 02,7 = 1.5 Ec = 05,K =02,K, = 2,R = 0.5

reduce the velocity profiles. Figures 4, 5, and 6 illustrate  these figures that with the increase in the radiation
the effect of radiation parameter on Velocity, temperature parameter we noticed a raise in the Ve]ocity and tempera-
and concentration profiles, respectively. It is observed from ture profiles of the flow but reduces the concentration
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Fig. 19 Temperature profiles for different values of N;. Q=
0.5,D;=0.3,5,=02,1=15Ec=05K=02,K;,=2,R=05

o(n)

Fig. 20 Concentration profiles for different values of N;. Q=
0.5,D;=03,5, =02,7=15,Ec=05K=02,K,=2,R=05
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Fig. 21 Velocity profiles for different values of 7. Q =0.5,D =
03,5, =02,Ny =1,Ec=0.5,K=02,K,=2,R=0.5

profiles of the flow. Increase in radiation parameter releases
heat energy to the flow; this energy helps to increase the
temperature as well as velocity profiles of the flow.
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061 1=-0.2,-0.1,0.1,0.2
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0.4}
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Fig. 22 Temperature profiles for different values of 7. Q = 0.5, Dy =
03,5, =02,Ny=1,Ec=05K=02,K,=2,R=0.5
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Fig. 23 Concentration profiles for different values of 7. Q=
0.5,D;=03,5, =02,N; =1,Ec=05,K=02,K,=2,R=05

Fig. 24 Velocity profiles for different values of K;. Q =0.5,D; =
03,5, =02,Ny=1,Ec=05K=02,7=15R=0.5

Figures 7, 8, and 9 depict the effect of heat source
parameter on velocity, temperature and concentration
profiles, respectively. We observed the similar type of
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Fig. 25 Concentration profiles for different values of K;. Q=
0.5,D;=0.3,5, =02,N; =1,Ec=05,K=02,7=15R=05

Fig. 26 Velocity profiles for different values of K. Q = 0.5,Df =
03,5, =02,Ny =1,Ec=05,K,=2,7=15,R=0.5

effects as we have seen for radiation parameter. It obeys
the physical fact that the increase in the heat source
parameter reduces the thermal boundary layer thickness
and improves the heat transfer rate.

Figures 10, 11, and 12 represent the effect of Dufour
number on velocity, temperature and concentration profiles
of the flow. It is noticed that an increase in the Dufour
number enhances the velocity, temperature profiles of the
flow and the trend was reversed on the concentration pro-
files. From these we conclude that an increase in Dufour
number enhances the velocity and thermal boundary layer
thicknesses. Figures 13, 14, and 15 display the effect of
Soret number on velocity, temperature and concentration
profiles, respectively. It is evident from the figures that an
increase in the Soret number enhances the velocity and
concentration profiles and decreases the temperature pro-
files of the flow. It is due to the fact that the increase in
temperature difference and decrease in the concentration
differences causes a change in Soret parameter. Figures 16
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Fig. 27 Concentration profiles for different values of K. Q=
0.5,D=0.3,5, =02,N; =1,Ec=05,K;=2,7=15R =05

and 17 depict the effect of viscous dissipation parameter on
velocity and temperature profiles, respectively. It is
observed that an increase in the dissipation parameter
increases the velocity as well as temperature profiles of the
flow. Generally, increase in viscosity enhances the thermal
conductivity and this will lead to boost the velocity profiles
of the flow.

The effect of buoyancy ratio on velocity, temperature
and concentration profiles are, respectively, shown in
Figs. 18, 19, and 20. It is clear that an increase in buoyancy
ratio develops the fluid velocity and depreciates the tem-
perature and concentration profiles of the flow. The reason
for this is buoyancy force acts along the fluid flow and it
causes to generate the flow more effectively. But it reduces
the thermal and concentration boundary layers. Figures 21,
22, and 23 illustrate the effect of mixed convection
parameter on velocity, temperature and concentration
profiles of the flow, respectively. We noticed an interesting
result that with the increase in the mixed convection
parameter initially we observed a hike in the velocity
profiles and depreciation in the temperature and concen-
tration profiles of the flow. At n = 2 onwards these pro-
files have taken reverse action. This is due to the fact that
an increase in the mixed convection parameter depreciates
the momentum boundary layer thickness and enhances the
thermal and concentration boundary layer thicknesses at
free stream. This shows the domination of the mixed
convection parameter on thermal and concentration
boundary layers near the free stream. This domination
causes to enhance the heat and mass transfer rate along
with the friction factor at free stream. The effect of
chemical reaction parameter on velocity and concentration
profiles is displayed in Figs. 24 and 25, respectively. It is
evident from figures that increase in chemical reaction
parameter enhances the velocity and concentration profiles
of the flow. This obeys the general physical behavior of
chemical reaction parameter that an increase in the
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Table 1 The effect of various parameters on skin friction, heat and mass transfer coefficients

¢ Pr T S, Dy M K K 0 R Ec 1"(0) —6'(0) —¢'(0)
/6 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.052485 1.434867 0.822273
/4 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.236290 1.399982 0.799093
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.407899 1.366555 0.777833
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.407899 1.366555 0.777833
n/3 3.0 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.679381 2.928141 0.563259
n/3 11.4 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.800010 5.752317 0.083688
/3 0.71 0.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —1.312067 1.161234 0.662892
n/3 0.71 1.0 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.842860 1.283294 0.729140
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.407899 1.366555 0.777833
n/3 0.71 1.5 0.3 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.403292 1.367728 0.745954
n/3 0.71 1.5 0.4 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.398605 1.368910 0.713800
n/3 0.71 1.5 0.5 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.393836 1.370102 0.681366
n/3 0.71 1.5 0.2 0.3 2 0.5 0.3 0.5 0.2 0.1 —0.415310 1.387963 0.773976
n/3 0.71 L.5 0.2 04 2 0.5 0.3 0.5 0.2 0.1 —0.422878 1.409388 0.769898
/3 0.71 1.5 0.2 0.5 2 0.5 0.3 0.5 0.2 0.1 —0.430636 1.430848 0.765546
n/3 0.71 L.5 0.2 0.2 1 0.5 0.3 0.5 0.2 0.1 —0.146033 1.417238 0.810429
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.407899 1.366555 0.777833
n/3 0.71 1.5 0.2 0.2 3 0.5 0.3 0.5 0.2 0.1 —0.646070 1.318968 0.749084
n/3 0.71 1.5 0.2 0.2 2 0.2 0.3 0.5 0.2 0.1 —0.409759 1.365992 0.788451
n/3 0.71 1.5 0.2 0.2 2 0.4 0.3 0.5 0.2 0.1 —0.408524 1.366366 0.781391
n/3 0.71 1.5 0.2 0.2 2 0.6 0.3 0.5 0.2 0.1 —0.407268 1.366745 0.774256
n/3 0.71 1.5 0.2 0.2 2 0.5 0.2 0.5 0.2 0.1 —0.374466 1.373127 0.781942
n/3 0.71 1.5 0.2 0.2 2 0.5 0.4 0.5 0.2 0.1 —0.440912 1.360037 0.773793
n/3 0.71 1.5 0.2 0.2 2 0.5 0.6 0.5 0.2 0.1 —0.505731 1.34716 0.765910
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.6 0.2 0.1 —0.425673 1.431268 0.773842
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.7 0.2 0.1 —0.414063 1.388558 0.776419
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.8 0.2 0.1 —0.401464 1.344076 0.779343
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.6 0.1 —0.407899 1.366555 0.777833
n/3 0.71 L.5 0.2 0.2 2 0.5 0.3 0.5 0.7 0.1 —0.374876 1.233443 0.796503
/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.8 0.1 —0.348277 1.131775 0.810875
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.1 —0.407899 1.366555 0.777833
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.2 —0.405208 1.358510 0.778955
n/3 0.71 1.5 0.2 0.2 2 0.5 0.3 0.5 0.2 0.3 —0.402550 1.350594 0.780061

chemical reaction causes to improve the concentration
boundary layer which indirectly helps to develop the
velocity profiles. Figures 26 and 27 represent the effect of
porosity parameter on velocity and concentration profiles,
respectively. It is clear from these figures that porosity
parameter has capability to depreciate the velocity and
improves the concentration profiles.

Table 1 displays the effects of non-dimensional
parameters on friction factor, Nusselt and Sherwood
numbers. From these we noticed that an increase in the
aligned angle, magnetic field parameter and porosity
parameter reduces the friction factor, rate of heat and mass
transfers. But mixed convection parameter shows reverse
action to above case. An increase in the heat source
parameter, radiation parameter and viscous dissipation

parameter increases the skin friction coefficient, mass
transfer rate but decreases the heat transfer rate. Soret
number and chemical reaction parameter improve the
friction factor and Nusselt number but depreciate the
Sherwood number. Prandtl and Dufour numbers have
capability to enhance the heat transfer rate and reduce the
friction factor and rate of mass transfer.

Concluding remarks

The present model has exploited a number of simplifica-
tions to focus on the principal effects of aligned magnetic
field, thermal radiation, heat generation/absorption, cross-
diffusion, viscous dissipation, heat source and chemical
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reaction of a nanofluid past an exponentially stretching
sheet in porous medium. Our observations have been based
on effects of pertinent parameters on velocity, temperature
and concentration profiles. We have also summarized
observations based on skin friction, local Nusselt and
Sherwood numbers through graphs and tables.

The findings of the numerical results are summarized as
follows:

e An increase in the aligned angle strengthens the
magnetic field parameter and depreciates the velocity
profiles.

e A rise in the values of radiation parameter, heat source
parameter and Eckert number reduces the heat transfer
rate and improves the mass transfer rate.

e Porosity parameter, Prandtl and Soret numbers have
tendency to reduce the skin friction coefficient.

e Chemical reaction parameter does not show significant
difference in friction coefficient but it reduces the heat
transfer rate as well as the concentration profiles.

e Mixed convection parameter shows variations in
velocity, temperature and concentration profiles and
helps to enhance the heat and mass transfer rate along
with friction factor.

e Buoyancy parameter helps to enhance the velocity
profiles of the flow and depreciates the temperature and
concentration profiles.

Acknowledgments Authors from the Gulbarga University
acknowledge the UGC for financial support under the UGC Dr. D. S.
Kothari Post-Doctoral Fellowship Scheme (No.F.4-2/2006 (BSR)/
MA/13-14/0026).

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://cre-
ativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Abel MS, Sanjayanand E, Nandeppanavar MM (2008) Viscoelastic
MHD flow and heat transfer over a stretching sheet with viscous
and ohmic dissipations. Commun Nonlinear Sci Numer Simul
13:1808-1821

Andersson HI (1992) MHD flow of a viscoelastic fluid past a
stretching surface. Acta Mech 95:227-230

igllase clloll dvao .
KACST 3.0:50lq rog sl @ Springer

Altan T, Oh S, Gegel H (1979) Metal forming fundamentals and
applications. American society of metals, Metals Park, Ohio

Buongiorno J (2006) Convective transport in nanofluids. J Heat
Transf 128:240-250

Das SK, Choi SUS, Yu Pradeep T (2007) Nanofluids science and
technology. Willey, New Jersey

Ece MC (2005) Free convection flow about a cone under mixed
thermal boundary conditions and a magnetic field. Appl Math
Model 29:1121-1134

Elbashbeshy EMA (2001) Heat Transfer over an exponentially
stretching continuous surface with suction. Arch Mech
53:641-651

Hady FM, Ibrahim FS, Abdel-Gaied SM, Eid MR (2012) Radiation
effect on viscous flow of a nanofluid and heat transfer over a
nonlinearly stretching sheet. Nano Scale Res Lett 7:299. doi:10.
1186/1556-276X-7-229

Hamad MAA, Ferdows M (2012) Similarity solution of boundary
layer stagnation-point flow towards a heated porous stretching
sheet saturated with nanofluid with heat absorption/generation
and suction/blowing: a lie group analysis. Commun Nonlinear
Sci Numer Simul 17:132-140

Kumaran V, Ramanaih G (1996) A note on the flow over stretching
sheet. Arch Mech 116:229-233

Kumari M, Nath G (2009) Analytical solution of unsteady three-
dimensional MHD boundary layer flow and heat transfer due to
impulsively stretched plane surface. Commun Nonlinear Sci
Numer Simul 14:3339-3350

Makinde OD, Aziz A (2011) Boundary layer flow of a nanofluid past
a stretching sheet with convective boundary condition. Int J Ther
Sci 50:1326-1332

Mohankrishna P, Sugunamma V, Sandeep N (2014) Radiation and
magnetic field effects on unsteady natural convection flow of a
nanofluid past an infinite vertical plate with heat source. Chem
Process Eng Res 25:39-52

Noor NFM, Abbasbandy S, Hashim I (2012) Heat and mass transfer
of thermoporetic MHD flow over an inclined radiate isothermal
permeable surface in the presence of heat source/sink. Int J Heat
and Mass Transf 55(7-8):2122-2128

Oztop HF, Abu-Nada E (2008) Numerical study of natural convection
in partially heated rectangular enclosures filled with nanofluids.
Int J Heat Fluid Flow 29:1326-1336

Philip J, Shima PD, Raj B (2008) Nanofluid with tunable thermal
properties. Appl Phys Lett. 92.043108

Prasad KV, Pal D, Umesh V, Rao NSP (2010) The effect of variable
viscosity on MHD viscoelastic fluid flow and heat transfer over a
stretching sheet. Commun Nonlinear Sci Numer Simul 15:331-344

Rana P, Bhargava R (2012) Flow and heat transfer of a nanofluid over
a nonlinearly stretching sheet: a numerical study. Commun
Nonlinear Sci Numer Simul 17:212-226

Rushi Kumar B (2013) MHD boundary layer flow on heat and mass
transfer over a stretching sheet with slip effect. J Naval Archit
Mar Eng 10(2):16-26

Sandeep N, Sugunamma V, Mohankrishna P (2013) Effects of
radiation on an unsteady natural convective flow of a EG-
Nimonic 80a nanofluid past an infinite vertical plate. Adv Phys
Theor Appl 23:36-43

Wang XQ, Mujumdar AS (2007) Heat transfer characteristics of
nanofluids: a review. Int J Thermal Sci 46:1-19


http://dx.doi.org/10.1186/1556-276X-7-229
http://dx.doi.org/10.1186/1556-276X-7-229

	Aligned magnetic field and cross-diffusion effects of a nanofluid over an exponentially stretching surface in porous medium
	Abstract
	Introduction
	Mathematical formulation
	Results and discussion
	Concluding remarks
	Acknowledgments
	References




