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Abstract Abstract 
An analysis is made to investigate the effect of inclined magnetic field on Casson nanofluid over a 
stretching sheet embedded in a saturated porous matrix in presence of thermal radiation, non-uniform 
heat source/sink. The heat equation takes care of energy loss due to viscous dissipation and Joulian 
dissipation. The mass transfer and heat equation become coupled due to thermophoresis and Brownian 
motion, two important characteristics of nanofluid flow. The convective terms of momentum, heat and 
mass transfer equations render the equations non-linear. This present flow model is pressure gradient 
driven and it is eliminated with the help of potential/ambient flow condition. Surface condition is 
characterised by Newtonian heating/cooling. The numerical solution by Runge-Kutta method with 
shooting technique results in important findings: formation of inverted boundary layer is to be regulated 
by adjusting the relative shearing effect of plate and free stream, increase in angle of inclination and 
thermal radiation ascribe to low flow rate and higher thermal diffusion, in presence of Newtonian heating 
at the bounding surface the temperature of the nanofluid decreases with the higher values of Casson 
fluidity; this may have a therapeutic application to control the temperature of blood or any biological fluid. 
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1. Introduction

The boundary layer flow over a stretching/shrinking
sheet has many usages in various manufacturing/in-
dustrial processes such as paper production, extraction
of polymer sheets, wire coating, etc. The flow and heat
transfer due to stretching sheet of an incompressible
fluid have several engineering applications such as
polymer processing, cooling of electronic devices, and
blood flow problems etc. Ibrahim and Shankar [1]
studied the flow and heat transfer of a nanofluid past a
permeable stretching sheet with slip boundary condi-
tions. Bhukta et al. [2] considered the effect of non-
uniform heat source/sink on MHD mixed convection
flow over a stretching sheet. Ahmed [3] explored the
impact of slip flow analysis of Casson nanofluid over a
stretching sheet with chemical reaction. Moreover,
investigations are enriched on flow of Casson nanofluid
over stretching sheet on different fluid models by
Mustafa and Khan [4], Hayat et al. [5], Afify [6] and
Abd EI-Aziz et al. [7].

To enhance the thermal conductivity of common
fluids, such as water and ethylene glycol etc., nano-
particles (metals/metallic oxide) are mixed with a
base fluid to enhance the thermal transport of the
nanofluid, which increases the rate of heat transfer.
This is due to the higher thermal conductivity of the
nanoparticles and associated Brownian motion. Rah-
man and Eltayeb [8] have examined the effect of
thermal radiation on hydromagnetic nanofluid flow.
Ibrahim [9] studied the stagnation point flow of
nanofluid past a stretching sheet. Swain et al. [10]
have observed the impact of non-uniform heat source/
sink and viscous dissipation on MHD Williamson
nanofluid. They have considered linear/non-linear
stretching sheet in their study. Goyal and Bhargava
[11] and Seth et al. [12] have studied nanofluid flow
over an inclined stretching sheet. Yadav et al. [13e15]
have contributed significantly to enrich the literature
on nanofluid convection. Further, they studied the
transient Soret driven MHD convection flow with
nanoparticle suspension. They also accounted for Hall
current flow through porous medium. Yadav and Lee
[16] considered the MHD nanofluid convection with
Hall current effect. Further, the surge of interest of
Yadav [17,18] laid the author to work on nanofluid
flow in an isotropic/anisotropic medium with rotation
and variable gravity in presence of non-uniform
heating and chemical reaction.

Casson fluid is a non-Newtonian (visco-inelastic)
fluid with yield stress which represents blood flow in
narrow arteries. When blood flows from larger diam-
eter arteries at high shear rates it shows Newtonian
character. But it exhibits non-Newtonian behaviour
when it flows through small diameter arteries at low
shear rates (Rathod and Tanveer [19]). Also, viscosity
of blood is found to increase at low rates of shear as the
red blood cells tend to aggregate into the Rouleaux
form. This non-Newtonian behaviour of blood flow
presents a flattened parabolic velocity profile rather
than the parabolic velocity profile of a Newtonian fluid.
The non-Newtonian characteristic is due to yield stress.
The yield stress values for normal human blood is
between 0.01 and 0.06 dyn/cm2 (Krishnan et al. [20]).
The blood flow in narrow arteries at low shear rates
represents Casson fluid characteristics (Blair [21]).
Further, Casson [22] studied the validity of Casson
fluid model in his studies relating to the flow of blood
and observed that at low shear rates the yield stress for
blood is nonzero. Such analysis of Merrill et al. [23]
supports the Casson fluid model of blood flow in tubes
with the diameter of 130e1000 m. The Casson fluid
model representing blood flow through narrow arteries
at low shear rate is well supported by the experiment
made by Charm and Kurland [24]. Chaturani and Samy
[25] examined the pulsatile flow of Casson fluid
through stenosed arteries using the perturbation
method. Madhu and Kishan [26] have considered the
flow over a wedge. Kalaivanan et al. [27] have
considered the MHD flow Casson nanofluid inspired
by aligned magnetic field. Jain and Parmar [28] and
Ganga et al. [29] have examined the slip flow of
Casson fluid over a stretching sheet. Several authors
[30e34] have studied the effects of thermal radiation
and chemical reaction on MHD Casson fluid over
stretching/shrinking sheets. Recently, Senapati et al.
[35] have numerically investigated the Casson nano-
fluid flow over a stretching sheet.

Hayat et al. [36] studied the nanofluid flow over a
stretching surface with Newtonian heating. Uddin et al.
[37] considered the influences of Newtonian heating
and thermal radiation on boundary layer flow of
nanofluid over a stretching sheet through a porous
medium. Ahmad et al. [38] examined the Casson
nanofluid flow past a wedge considering Newtonian
heating. Ullaha et al. [39] explored the effect of
Newtonian heating on flow of Casson fluid over a
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nonlinearly stretching sheet embedded in a porous
medium.

In the present paper we have considered the effect
of inclined magnetic field whereas [39] have consid-
ered transverse magnetic field which can be derived as

a particular case of the present paper forg ¼ 900.
Most importantly, they [39] have considered the free
stream velocity as well as pressure gradient as zero.

The pressure gradient term � vp
vxs0which has been

accounted for with the help of non-zero potential flow
U∞ðxÞ; outside the boundary layer. Moreover, consid-
eration of additional mechanisms of fluid particle slip
during convection of nanofluids contributed to ther-
mophoresis and Brownian diffusion effects as

DT

T∞

�
vT
vy

�2
and DB

vC
vy

vT
vy respectively (Boungiorno [40])

which are taken care of in the present discussion.
Further [39], have not considered the energy losses due
to thermal radiation, viscous dissipation, and Joulian
dissipation in heat equation but the present study also
takes interest of those losses. Moreover, they have
considered only Casson fluid. The present study fo-
cuses on nanofluid flow with thermophoresis and
Brownian diffusion. In boundary conditions, they have
considered the velocity slip at the plate whereas in the
present case the plate is subjected to a linear stretching
along x-direction ðUwðxÞ ¼ axÞ. The additional

boundary condition DB
vC
vy þ DT

T∞
vT
vy ¼ 0; is due to

Brownian diffusion and thermophoresis effects have
been considered in the present study also.

Nanoparticles are found in several organisms. Silver
andFe3O4nanoparticles are found in bacteria. An
important aspect is that all the metal nanoparticles can
be extracted and resuspended. Thus, this process helps
to make large quantities of nanoparticles at less cost.
Magnetic nanoparticles are important in ferrofluidics,
magnetic refrigeration, information storage and mag-
netic drug delivery.

The novelty of the present study rests upon the fol-
lowings. The study takes care of the nanofluid flow with
Casson fluid as the base fluid and suspended nano-
particles. The important mechanism such as Brownian
diffusion and thermophoresis are taken care of to char-
acterise the nanofluid flow. The inclined magnetic field is
a generalised approach to simulate the magnetic lines of
force acting at-a-distance. It also includes the case of
transverse magnetic field. The flow is subjected to an
additional body force due to the presence of porous

matrix. The concentration variation of reactive diffusing
species is another aspect of the study. Most importantly,
the surface condition imposes a Newtonian heating/
cooling mechanism considering the conductivity of solid
surface andbasefluid.Another imposed surface condition
takes care of thermo and mass diffusive fluxes. Besides
the above criteria, the flow is due to stretching of
bounding surface and pressure gradient driven. The
objective is to simulate the effect of important parameters
on flow, heat and mass transfer phenomena.

2. Mathematical formulation

Consider a steady, two dimensional, incompressible,
laminar and electrically conducting Casson nanofluid
flow past a stretching sheet along positive x-direction. An
inclined magnetic field of strength B0 sin gwith an acute
angle ðgÞis applied along y-axis. Atg ¼ 900the magnetic
field acts as a transverse magnetic field. The fluid flow is
restricted toy> 0which is caused by the linear stretching
of the sheet with velocityUwðxÞ ¼ ax from a slit keeping
the origin fixed as shown in Fig. 1. The velocity of the
ambient fluid layer set to beU∞ ¼ bx. It is assumed that.

� the magnetic Reynolds number of the fluid is very
small so that the effect of induced magnetic field is
neglected.

� there is no slip between base fluid and the
bounding surface.

� the fluid has constant properties and the flow is
subjected to constant pressure gradient along x-
direction which has been determined by ambient
flow velocity.

� the porous medium is homogeneous and fully
saturated.

� the base fluid is exposed to metallic or metallic-
oxides nanoparticles which contributes a complex
heat transfer phenomena.

� the heat transfer takes care of viscous dissipation
due to internal resistance, Joule heating due to a
resistance to passage of electric current.

� the flow phenomena also considers mass transfer of
a chemical reactive species with first order chem-
ical reaction.

� the flow, heat and mass transfer phenomena are
subject to boundary conditions such as stretching
of bounding surface, Newtonian heating, thermo-
phoresis and Brownian motion.

323L. Panigrahi et al. / Karbala International Journal of Modern Science 6 (2020) 322e331



Under the above assumptions, the MHD boundary
layer equations for steady flow of Casson nanofluid
following [27,41] are given by

vu

vx
þvv

vy
¼ 0; ð1Þ

u
vu

vx
þ v

vu

vy
¼U∞

vU∞

vx
þ yf

�
1þ 1

b

�
v2u

vy2

�
�
sB0

2

rf
sin2gþ yf

Kp*

�
ðu�U∞Þ; ð2Þ

u
vT

vx
þ v

vT

vy
¼ a

v2T

vy2
þ t

�
DB

vC

vy

vT

vy
þDT

T∞

�
vT

vy

�2�

� 1

ðrcÞf
vqr
vy

þ m

ðrcÞf

�
1þ 1

b

��
vu

vy

�2

þsB2
0ðu�U∞Þ2
ðrcÞf

sin2gþ q
000

ðrcÞf
;

ð3Þ

u
vC

vx
þ v

vC

vy
¼DB

v2C

vy2
þDT

T∞

v2T

vy2
�Kc

*ðC�C∞Þ: ð4Þ

The appropriate boundary conditions are

u¼ Uw ¼ ax;v¼ 0;�k
vT

vy
¼ hf ðTw � T∞Þ;DB

vC

vy
þDT

T∞

vT

vy
¼ 0 at y¼ 0;

u/U∞ ¼ bx;T/T∞;C/C∞ as y/∞;

9>=
>; ð5Þ

where t ¼ ðrcÞp
ðrcÞf is the ratio of the nanoparticle heat ca-

pacity to the base fluid heat capacity.

As the plate is subjected to linear stretching we have
assumed u ¼ Uw ¼ ax at y ¼ 0 and v ¼ 0represents
that the plate is impermeable. As the heat flux be
transported to the body by the conduction, the
following boundary condition holds good.

�k
vT

vy
¼hf ðTw�T∞Þ

Here k is the thermal conductivity of the solid not
the fluid at the wall, hf is the heat transfer coefficient of
the fluid [42].

The free stream imposes the balance between the
heat flux and mass flux on the bounding surface with
thermophoretic diffusion and Brownian motion.
Therefore, the free stream condition is self-explanatory
as the free stream stretching is subjected to linear
stretching and constant temperature and concentration.

Consider the stream function jðx; yÞ ¼ ffiffiffiffiffiffiffi
ayf

p
xf ðhÞ;

such that

u¼vj

vy
;v¼�vj

vx
ð6Þ

and dimensionless similarity transformations

h¼
ffiffiffiffi
a

yf

r
y;qðhÞ ¼ T � T∞

Tw � T∞
;fðhÞ ¼ C�C∞

Cw �C∞
: ð7Þ

Using Rosseland approximation [10], the radiative
heat flux qr is given by

qr¼ � 4s*

3k*
vT4

vy
¼�16s*

3k*
T3
∞
vT

vy
; ð8Þ

where s* StefaneBoltzmann constant, k* is the mean
absorption coefficient.

The non-uniform heat source/sink q
000
is modeled as

q
000 ¼ kUw

xyf
½A*ðTw�T∞Þf 0 þB*ðT�T∞Þ�; ð9Þ

whereA*and B*are the coefficients of space and tem-
perature dependent heat source/sink respectively.

Therefore, equation (3) becomes

u
vT

vx
þ v

vT

vy
¼ a

v2T

vy2
þ t

�
DB

vC

vy

vT

vy
þDT

T∞

�
vT

vy

�2�

þ16s*T3
∞

3k*ðrcÞf
v2T

vy2
þ m

ðrcÞf

�
1þ 1

b

��
vu

vy

�2

þsB2
0ðu�U∞Þ2
ðrcÞf

sin2gþ q
000

ðrcÞf
;

ð10Þ

Fig. 1. Flow geometry.
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In view of equations (6) and (7), equations (2), (4),
(5) and (10) become�
1þ1

b

�
f
000 þ ff

00 � f 02þl2þ�
Msin2gþKp

�ðl� f 0Þ¼0;

ð11Þ

�
1þ4

3
R

�
q
00 þPr

2
4
f q0 þNbq0f0 þNtðq0Þ2þ�
1þ 1

b

�
Ecf

00 2 þEcMsin2gf 02

3
5

þðA*f 0 þB*qÞ¼0;

ð12Þ

f
00 þScff0 þ Nt

Nb
q
00 �KcScf¼ 0; ð13Þ

f ðhÞ ¼ 0; f 0ðhÞ ¼ 1;q0ðhÞ ¼ Bi½qðhÞ � 1�;Nbf0ðhÞ
þNtq0ðhÞ ¼ 0 at

h¼ 0; f 0ðhÞ/l;qðhÞ/0;fðhÞ/0 as h/∞:

�

ð14Þ

where M ¼ sB2
0

arf
;Kp ¼ aKp*

yf
;Sc ¼ yf

DB
;l ¼ b

a;Pr ¼ yf
af
;

R ¼ 4s*T3
∞

kk*
;Bi ¼ hf

k

ffiffiffiffi
yf

a

r
;

Nb¼tDBðCw �C∞Þ
yf

;Nt¼tDTðTw � T∞Þ
yf T∞

;Kc¼Kc
*

a
;

Ec¼ U2
w

cf ðTw � T∞Þ:

The temperature field is dependent on Biot
number ðBiÞ when heat transfer takes place into the
fluid. The Biot number has the same form as the
Nusselt number. There is however one significant
difference, k in the Biot number is the thermal
conductivity of the solid whilst in Nusselt number,
kf is the thermal conductivity of the fluid. The
Nusselt number serves as a dimensionless represen-
tation of heat transfer coefficient whereas Biot
number describes the boundary conditions in a solid
body [42].

The surface conditions of practical interest such as
the skin friction coefficient, local Nusselt number and
local Sherwood number are given by

Cf ¼ tw

rU2
w

0Cf

ffiffiffiffiffiffiffi
Rex

p ¼
�
1þ 1

b

�
f
00 ð0Þ;

Nux¼ xqw
kf ðTw � T∞Þ0

Nuxffiffiffiffiffiffiffi
Rex

p ¼ �
�
1þ4

3
R

�
q0ð0Þ;

Shx¼ xqm
DBðCw �C∞Þ0

Shxffiffiffiffiffiffiffi
Rex

p ¼ �f0ð0Þ;

where wall shear stress tw ¼ mf

�
vu
vy

�
y¼0

; wall heat

fluxqw ¼ � kf
�
vT
vy

�
y¼0

þ ðqrÞy¼0; wall mass

fluxqm ¼ � DB

�
vC
vy

�
y¼0

, and Rex ¼ Uwx
yf

is the local

Reynolds number.

3. Results and discussion

The dimensionless coupled nonlinear ordinary differ-
ential equations 11e14 are solved numerically byRunge-
Kutta fourth order method with shooting technique using
MATLAB code with step length Dh ¼ 0:01and the error
tolerance10�5. In this method, the equations are reduced
to a set of first order differential equations:

y1
0 ¼ y2;

y2
0 ¼ y3;

y'3¼
	 �b

1þ b


�
y1y3� y22þl2þ �

Msin2 gþKp
�ðl� y2Þ

�

y4
0 ¼ y5;

y5
0 ¼

� �3

3þ 4R

�264Pr
8><
>:

y1y5 þNby5y7 þNty25þ�
1þ 1

b

�
Ecy23 þEcMsin2 gy22

9>=
>;

þA*y2 þB*y4

3
75;

y6
0 ¼ y7;

with the initial conditions

325L. Panigrahi et al. / Karbala International Journal of Modern Science 6 (2020) 322e331



y1ð0Þ¼0;y2ð0Þ ¼ 1;y4ð0Þ ¼ Biþ y5ð0Þ
Bi

;y7ð0Þ

¼ Nt

Nb
y5ð0Þ:

Now, the initial value problem is solved by appro-
priately guessing the missing initial values i.e.
y3ð0Þ; y5ð0Þ; and y6ð0Þ as �1:0;�0:5 and 0:1 respec-
tively using shooting technique for various sets of pa-
rameters. There is an inbuilt self corrective procedure
in the MATLAB coding to correct the unknown guess
values. During calculation we fix the parameters as
Pr ¼ 10; Sc ¼ 5;g ¼ 600;R ¼ Nt ¼ 0:3;M ¼ Kp ¼
l ¼ b ¼ Nb ¼ Kc ¼ 0:5;A* ¼ B* ¼ Bi ¼ Ec ¼ 0:1
unless otherwise the values are mentioned. A com-
parison is made with previously published works of
Mahapatra and Gupta [43] and Ibrahim et al. [44] as
shown in Tables 1 and 2. It is found that our numerical
results are in excellent agreement.

Fig. 2 exhibits the effects of two important param-
eters such asb (Casson fluid parameter exhibiting the
rheological property) and l (the ratio of stretching
velocity of free stream and lower plate). It is seen that
when stretching rate of free stream exceeds to that of
lower plateðl > 1Þ, an increase in b accelerates the
velocity contributing to slightly thicker boundary layer.
On the other hand, forl< 1, the inverted boundary
layer symmetrical to l ¼ 1(equality of stretching
rates) is being exhibited with opposite affect causing a
flow reversal. The reason of this flow characteristic can
be attributed to over powering of shearing effects

between plate and free stream. Consequently, mo-
mentum transport between the layers adjacent to free
stream and solid surface gets altered.

Fig. 3 shows the effects of permeability of the
isotropic medium (Kp) and resistive electromagnetic
force, known as viscous breaking force (M). For
isotropic medium permeability Kp is a scalar otherwise
it is a second order tensor and it depends upon the
geometry of the medium and its dimension isðlengthÞ2.
It is observed that an increase in Kpand M gives rise to
low flow rates. The reason is trivial due to additional
resistive forces. From Fig. 4 it is seen that an increase
in the angle of inclinationðgÞ decreases the velocity.
The same effect is observed by Ref. [27]. Since sin g is
an increasing function when0<g< 900, the strength of
magnetic field B0 sin g also increases. It is further
observed that an increase in Casson parameter ðbÞ
decreases the velocity as higher values of blead to
decrease the yield stress.

Fig. 5 depicts the variation of thermal boundary
layers i.e. the layers depicting the transfer of thermal
energy between the no slip and free stream. The higher
values ofPr, reduce the rate of heat transfer since it
contributes to low heat conductivity. The effect of ra-
diation parameter ðRÞ is to increase the thermal energy
transport significantly contributing to thicker thermal
boundary layer as it accelerates the process of diffusion
of thermal energy across the layers. This phenomenon
ascribes to higher thermal diffusion.

Table 2

Comparison of�q0ð0Þ for various values of land Pr when.Kp ¼ Nt ¼
A* ¼ B* ¼ Sc ¼ Ec ¼ Kc ¼ Nb ¼ 0;b/∞:

Pr l Ibrahim et al. [44] Present results

1.0 0.1 0.6022 0.602157

0.2 0.6245 0.624468

0.5 0.6924 0.692449

1.5 0.1 0.7768 0.776800

0.2 0.7971 0.797122

0.5 0.8648 0.864794

y7
0 ¼ �

2
666664
Scy1y7 þ Nt

Nb

� �3

3þ 4R

�
2
666664
Pr

8>><
>>:

y1y5 þNby5y7 þNty25þ

�
1þ 1

b

�
Ecy23 þEcMsin2gy22

9>>=
>>;

þA*y2 þB*y4

3
777775
�KcScy6

3
777775
;

Table 1

Comparison of f
00 ð0Þ for various values of lwhen.M ¼ Kp ¼ Nt ¼

A* ¼ B* ¼ Sc ¼ Ec ¼ Kc ¼ Nb ¼ 0;b/∞:

l Mahapatra and

Gupta [43]

Ibrahim

et al. [44]

Present results

0.1 �0.9694 �0.9694 �0.969385

0.2 �0.9181 �0.9181 �0.918106

0.5 �0.6673 �0.6673 �0.667263

2.0 2.0175 2.0175 2.017501

3.0 4.7293 4.7292 4.729277

326 L. Panigrahi et al. / Karbala International Journal of Modern Science 6 (2020) 322e331



Figs. 6 and 7 show the effects of Casson parame-
terðbÞ, angle of inclinationðgÞ and Biot numberðBiÞ. It
represents the heat conduction at the interface solid
surface as well as fluid medium for Bi> 0(Newtonian
cooling) and Bi< 0(Newtonian heating) cases. From
Fig. 6 it is observed that the higher rate of Newtonian
cooling increases the temperature of the fluid. It is seen
that the increasing values of angle of inclinationðgÞ
increase the temperature profile as observed by
Ref. [27]. Further, temperature enhances with the
increasing values of Casson parameterðbÞ. The same
result is obtained in the present studyðBi > 0;
Newtonian cooling) and [39] but the present study
reveals that in presence of Newtonian heating
ðBi < 0Þand Casson parameter ðbÞdecreases the tem-
perature (Fig. 7). Since the plate gets heated, the

thermal energy is drawn from the fluid mass resulting
fall of temperature. This case was not studied in earlier
published works. Thus, it is concluded that in presence
of Newtonian heating at the bounding surface, the
temperature of the nanofluid decreases with the higher
values of Casson fluidity. This may have a therapeutic
application to control the temperature of blood or any
biological fluid. Further, by comparing the present
work with that of [39] temperature increases as Biot
number increases.

Fig. 8 reveals the effects of space dependent heat
source/sink ðA*Þ and temperature dependent heat
source/sinkðB*Þ. The higher values of A*and B*

enhance the temperature in all the layers contributing

Fig. 4. Velocity profiles for different values of b and g

Fig. 5. Temperature profiles for different values of R and Pr

Fig. 2. Velocity profiles for different values l and b

Fig. 3. Velocity profiles for different values M and Kp
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to thicker thermal boundary layer. Fig. 9 exhibits the
effects of Eckert number ðEcÞand thermophoresis
parameterðNtÞ. It is seen that both EcandNt;contribute
to rise in temperature distribution. The reason is
trivial. The Eckert number is interpreted as the
addition of heat due to viscous dissipation. Similarly,
Nt depends on thermal diffusivity as well as differ-
ence of temperature between wall and ambient state.
Hence, an increase in Nt enhances the temperature
also.

Fig. 10 shows the concentration level depletes with
higher rate of destructive reaction ðKc > 0Þ as well as
for low Schmidt number ðScÞ i.e. for lighter diffusing
species ðSc¼ 5Þ otherwise for higher values of Sc it
increases. Fig. 11 depicts the effects of Brownian
motion ðNbÞ and thermophoresis parameterðNtÞ. The Fig. 8. Temperature profiles for different values of A* and B*

Fig. 9. Temperature profiles for different values of Ec and Nt

Fig. 10. Concentration profiles for different values of Sc and Kc

Fig. 6. Temperature profiles for different values of b;g and Bi> 0

Fig. 7. Temperature profiles for different values of b and Bi< 0
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concentration profile shows an abrupt variation from
�0.35 to 0.4 within a few layers near the plate for low
values of Brownian motion parameter Nb ¼ 0:1 and
relatively high value of thermophoresis parameter
Nt ¼ 0:5. The fluctuation of concentration level

decreases as Ntincreases from 0.1 to 1.0. It is inter-
esting to note that for high values of NbðNb¼ 1:0Þ
and low values of NtðNt ¼ 0:1Þ, concentration level
reduces smoothly. Therefore, coupling of low Nb with
higher Nt is not desirable for solutal stability. It is also
to note that an increase in Nt increases the concen-
tration level for a fixed Nb.

Table 3 shows the negative values of skin fric-
tion and mass flux but positive values of heat flux.
The negative values of the skin friction and mass
flux at the surface indicate a downward drag and
mass flows from the fluid to the plate respectively.
Further, positive values of heat flux shows that the
heat flows from the plate to the fluid. It is seen that
an increase in Casson parameter ðbÞ, angle of
inclination ðgÞ and ratio of stretching rate ðlÞ
enhance the skin friction coefficient as well as
surface heat flux �q0ð0Þ at the stretching sheet.
This is in conformity with Reynolds analogy of
skin friction and surface heat flux [45]. Further, it
is to note that the parameters R; Kc; Sc; A

*and B*

have no significant effect on skin friction. On the
other hand radiation parameter ðRÞand chemical
reaction parameter ðKcÞ enhance the heat flux,

Table 3

Computation of

�
1 þ 1

b

�
f
00 ð0Þ, �

�
1 þ 4

3
R

�
q0ð0Þand �f0ð0Þ when. M ¼ Kp ¼ Nb ¼ Nt ¼ Bi ¼ 0:5;Pr ¼ 10;Ec ¼ 0:1:

l b g R Sc Kc A* B*

�
1 þ 1

b

�
f
00 ð0Þ �

�
1 þ 4

3
R

�
q0ð0Þ � f0ð0Þ

0.1 1 30+ 0.1 1 0.1 0.1 0.1 �1.863182 0.307212 �0.162642

0.5 1 30+ 0.1 1 0.1 0.1 0.1 �1.174292 0.354355 �0.187600

1.5 1 30+ 0.1 1 0.1 0.1 0.1 1.339129 3.272751 �1.733986

0.5 2 30+ 0.1 1 0.1 0.1 0.1 �1.016967 0.357798 �0.189422

0.5 3 30+ 0.1 1 0.1 0.1 0.1 �0.958805 0.359119 �0.190121

0.5 3 45+ 0.1 1 0.1 0.1 0.1 �0.936804 0.374789 �0.198418

0.5 3 60+ 0.1 1 0.1 0.1 0.1 �0.879416 0.413926 �0.219137

0.5 3 60+ 0.5 1 0.1 0.1 0.1 �0.879416 0.590325 �0.212517

0.5 3 60+ 1 1 0.1 0.1 0.1 �0.879416 0.799035 �0.205466

0.5 3 60+ 1 2 0.1 0.1 0.1 �0.879416 0.795908 �0.204662

0.5 3 60+ 1 5 0.1 0.1 0.1 �0.879416 0.789917 �0.203121

0.5 3 60+ 1 5 �0.1 0.1 0.1 �0.879416 0.787821 �0.202582

0.5 3 60+ 1 5 �0.2 0.1 0.1 �0.879416 0.785795 �0.202061

0.5 3 60+ 1 5 0.3 0.1 0.1 �0.879416 0.790756 �0.203337

0.5 3 60+ 1 5 0.5 0.1 0.1 �0.879416 0.791004 �0.203401

0.5 3 60+ 1 5 0.5 �0.3 0.1 �0.879416 0.905355 �0.232805

0.5 3 60+ 1 5 0.5 �0.5 0.1 �0.879416 0.962524 �0.247506

0.5 3 60+ 1 5 0.5 0.3 0.1 �0.879416 0.733820 �0.188696

0.5 3 60+ 1 5 0.5 0.5 0.1 �0.879416 0.676628 �0.173990

0.5 3 60+ 1 5 0.5 0.5 �0.3 �0.879416 0.698998 �0.179742

0.5 3 60+ 1 5 0.5 0.5 �0.5 �0.879416 0.709242 �0.182376

0.5 3 60+ 1 5 0.5 0.5 0.3 �0.879416 0.664391 �0.170843

0.5 3 60+ 1 5 0.5 0.5 0.5 �0.879416 0.651370 �0.167495

Fig. 11. Concentration profiles for different values of Nb and Nt
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indicating more amount of heat flows from the
plate to the fluid and Scdecreases it. Thus, the ef-
fects of radiation and chemical reaction are
important in augmenting the surface conditions in
the presence of Newtonian cooling. Careful anal-
ysis reveals that mass flux increases with an in-
crease in R; Sc; A*and decreases with l; bandg.
Therefore, it is remarked that mass flux acts
adversely to those of heat flux and force coefficient
at the plate in respect of l; bandg. These remarks
serve as the guideline for obtaining the desired
result.

4. Conclusions

From the current investigation the major finding are:

� Formation of inverted boundary layer is to be
regulated by adjusting the relative shearing effect
of plate and free stream.

� Increases in angle of inclination of magnetic field
and thermal radiation ascribe to low flow rate and
higher thermal diffusion.

� The slight change in Biot number leads to abrupt
rise/fall in temperature in cases of Newtonian as
well as Casson fluid (Figs. 6 and 7).

� Brownian motion has a reducing effect on con-
centration variation. Slight higher values of ther-
mophoresis parameter leads to sharp rise in solutal
concentration (Fig. 11).

� Increase in angle of inclination reduces the velocity
in the boundary layer (Fig. 4).

� Concentration remains invariant in a layer close to
the plate irrespective of heavier/lighter species
(Fig. 10).

� In presence of Newtonian heating at the bounding
surface the temperature of the nanofluid decreases
with the higher values of Casson fluidity; this may
have a therapeutic application to control the tem-
perature of blood or any biological fluid.
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