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ABSTRACT

The present paper deals with the flow, heat and mass transfer characteristics of magneto hydrodynamics in carreau
nanofluid over a permeable stretching sheet with convective boundary conditions in the presence of non-linear
thermal radiation and suction\injection effects. The non-linear partial differential equations that govern the flow
were transformed to nonlinear ordinary differential equations by using similarity variables and solved numerically
by employing Runge-Kutta technique along with shooting method. The numerical results are obtained to discuss the
behaviour of velocity, temperature and nanoparticle volume fraction profiles for various parameters of interest were
discussed and present through graphs. Also the numerical values of skin friction coefficient, local Nusselt and Sher-
wood numbers are tabulated.
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INTRODUCTION

Nanofluids are the materials that consist of small quantities of nano meter-size particles, known as nanoparticles.
Typically, the nanoparticles are made of oxides like alumina, titania and copper oxide, carbides and metals including
copper and gold. Diamond and Carbon nanotubes have also been utilized in nanofluids. These particles have ability
to increase thermo physical properties of the base liquids. The base fluids include oil, ethylene glycol, water, bio
fluids, polymer solutions and some lubricants. Choi [1] was the first one who introduced this colloidal suspension.
Buongiorno [2] studied the convective transport phenomena in nanofluid. He constructed a mathematical model to
study the nanofluid flow comprising Brownian motion and thermophoretic dispersion of nanoparticles. The two di-
mensional stretched flow of nanofluid is conducted by Khan and Pop [3]. Makinde and Aziz [4] extended this analy-
sis by considering convective boundary conditions. They demonstrated that convective heating significantly affects
the thermal boundary layer. Having such facts in mind, many engineers and scientists are busy in the investigations
of flows of nanofluid via various aspects. Few representative studies in this direction can be seen in the attempts [5—
10].

The range of non-Newtonian fluids is very large because of their presence in the engineering and industrial pro-
cesses. Such fluids are quite commonly used in the manufacture of coated sheets, foods, optical fibres, drilling
muds, plastic polymers, etc. It is well known that all the non-Newtonian fluids, because of their diverse charac-
teristics, cannot be described by a single constitutive relationship. Hence several models of non-Newtonian fluids
have been suggested. The governing equations for the flows of non- Newtonian fluids, in general, are much compli-
cated, more nonlinear and of higher order than the Navier-Stokes equations. Unlike power-law fluid, the Carreau
model is one of the non-Newtonian fluid models for which constitutive relationship holds at both low and high
shear rates. Due to this fact, it has achieved wider acceptance at present. Hayat et al [11] investigated the boundary
layer flow of Carreau fluid over a convectively heated stretching sheet. Ali and Hayat [12] discussed the peristaltic
transport of Carreau fluid in an asymmetric channel. Heat and mass transfer in hydromagnetic flow of Carreau
fluid past a vertical porous plate with thermal radiation and thermal diffusion is addressed by Olajuwon [13].
Tshehla [14] studied the flow of Carreau fluid down an inclined free surface.
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The investigation of the magnetic field has critical reasonable applications in medical and engineering sciences.
Numerous mechanical sorts of supplies, for example, pumps, bearing, MHD generators, and boundary layer flow
control are influenced by the connection between a magnetic field and electrically conducting fluid. A. Malvandi et.
al. [15] studied is the behaviour of the flow firmly relies on upon the intensity and orientation force of the magnetic
field. The essential finds out about MHD liquid flow was coordinated by Alfven et al [16] who won the Nobel Prize
for his work. Sheikholeslami et al [17] analyzed the effect of magnetic field in the nanofluid flow in a porous chan-
nel. Jashim et al [18] demonstrated the mathematical modelling of MHD thermo solute nanofluid flow in porous
medium under the influence of convection slip conditions.

Besides, the radiative heat transfer has wide occurrence in various applications, such as in nuclear power plants, gas
turbines, propulsion devices for space vehicles, missiles and aircraft etc. In view of these applications, many re-
searchers [19-23] have considered the influence of thermal radiation effect with different physical situations. To
simplify the radiative heat, flux the Rosseland approximation has been employed. Further, they have assumed small
temperature differences within the flow to make out the linear radiative heat flux. But in recent years, many authors
have an interest in the study of non-linear thermal radiation effect (see [24-27]). However, aforementioned studies
are restricted to linearly stretching sheet. It is important to note that in many practical applications, the stretching of
the sheet is not necessarily linear. It may be quadratic, exponential or non-linear. Keeping this in view, the effects of
various parameters on the two dimensional flow towards a nonlinearly stretching sheet have been studied by many
authors [28-31].

For physical situations, the average behaviour of heat generation or absorption can be expressed by some simple
mathematical models because its exact modelling is quite difficult. Heat generation or absorption has been assumed
to be constant, space dependent, or temperature-dependent. Sparrow and Cess [32] investigated the steady stagnation
point flow and heat transfer in the presence of temperature dependent heat absorption. Later, Azim et al [33] dis-
cussed the effect of viscous Joule heating on MHD-conjugate heat transfer for a vertical flat plate in the presence of
heat generation. One of the latest works is the study of the heat transfer characteristic in the mixed convection flow
of a nanofluid along a vertical plate with heat source/sink studied by Rana and Bhargava [34].

The suction or injection of a fluid flowing through a bounding surface can significantly change the flow field. Suc-
tion is applied to chemical processes to remove reactants, cool the surface, reduce the drag, prevents corrosion in the
fluid. The injection of fluid finds applications in film cooling, polymer fiber coating, a coating of wires etc. Nayak
[35] examined the influence of suction and injection on the velocity and temperature profiles in the second order and
second-grade fluid flow past a stretching sheet. Hayat et al [36] described the influence of suction and injection on
the MHD flow of nanofluid over a permeable stretching sheet in presence of convective boundary conditions. This
investigation reveals that the increase in suction draws more amount of fluid particles into the sheet resulting a de-
crease in velocity field and the reverse effect is observed when the injection is applied to the fluid.

The present objective is to attempt a mathematical model of heat and mass transfer in carreau nanofluid flow over a
permeable stretching sheet with convective slip conditions in the presence of magnetic field, heat source\sink and
nonlinear thermal radiation. To achieve this study, the suitable transformation is used to transform the partial differ-
ential equations to a system of ordinary differential equations together with boundary conditions the resulting system
of ordinary differential equations are solved using the well-known Runge-Kutta technique along with shooting
method.

MATHEMATICAL FORMULATION

Let us consider the steady, two-dimensional boundary layer flow of an incompressible Carreau nanofluid bounded
by a permeable stretching surface at y = 0. The x- and y-axes are taken parallel and transverse to the stretched sur-
face. The fluid is considered as electrically conducting and a uniform magnetic field of strength B, applied in the x-
direction. Non-linear thermal radiation along with heat source\sink effects is taken into account. Further, it is as-
sumed that the magnetic Reynolds number is very small and so that the induced magnetic field is neglected. We are
also considered the velocity, thermal and solutal slip conditions. It is assumed that the sheet is considered along x-
axis with stretching velocity and y-axis is normal to it with the flow is confined to y > 0..The extra stress tensor for
carreau fluid is given by

n-1

7y = [ + Gro-nen)[1 + (2T 2 |7 ()

Where t;; is the extra stress tensor, 7, is the zero shear rate viscosity, 7, is the infinity shear rate viscosity, 4 is the
time constant, n is the power law index and y is defined as follows

y = /%Ziijijyji = \/%T_[ 2

Here I is the second invariant of strain-rate tensor. We consider the constitutive equation when 7., = 0 so equation
(1) becomes
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1y = [l + 9?7 |y 3)

Using equation (3) and the boundary layer equations governing the conservations of mass, momentum, energy and
nanoparticle concentration for the Carreau nanofluid in the present flow consideration are

Bty 0 4)
v =y Pty (B2 (L) ]+ ve - 02l (2) [1+ () 2 () ]- 2Bu=0 @)
u3—2+vg—§:a%—$%—$ [ BZ_;Z_; %:(Z—;)Z] (pc) — (T —T,)=0 (6)
u3—5+vz—;:D32—;+gT2yz @)

The associated boundary conditions are

_ ou o _p 9T _ _ o« _ _ -
u—UW(x)+Lay,v—vW, kay—hl(TW T),DBay—hz(Cw C) at y—O} @®)

u—->0T->T,,C—>C, asy —>

Where U,,(x) = ax, u and v represent velocity components in the x-and y-directions, A is the time constant,

T (: EZZ;”) is the ratio between the effective heat capacity of the nanoparticle material and heat capacity of the fluid,
f

Dy for thermophoresis diffusion constant, D, for Brownian diffusivity constant, T for temperature, C for Nanopar-

ticle volume fraction, v <= i) stands for kinematic viscosity, a <= L) is the effective thermal diffusivity, k is the

Pf Pcp
thermal conductivity of the fluid, p is the fluid density, c, is the specific heat, g, = oy is the radiative heat

flux, k* is the mean absorption coefficient, ¢*is the Stefan-Boltzmann constant, the term Qu.(T — T,) is as-
sumed to be the amount of heat generated or absorbed per unit volume Q, as the coefficient constant, which may
take on either positive or negative value. When the wall temperature T exceeds the free stream temperature T, the
source term Q, > 0 and heat sink when Q, < 0.

160’ T3 9T

To converting the governing equations into ordinary differential equations, we introduce the following similarity
transformations

Y =xvavf (), T = To(1+ (6, — DO()),n = y\F

9)
P =
(wWith 6, = :—m is the temperature difference parameter so that T,, > T,, )
By using above similarity transformations the equations (4) - (7) reduces to
o+ () e +2[(5) me?] [t + (52 | + £ = 2 = mf =0 (10)
{1 +Nr[1+ (6, — 163 }9 ) + Pr(f6’ + Nb8'¢' + Nt6'?) + Q8 = 0 (11)
¢ + LePrf¢’ + 9” = (12)
and the boundary conditions (8) are reduces to
fl0l =s, f'[0] = 14 vy,£"(0), 0'[0] = —y,(1 —6[0]),$'[0] = —y5(1— ¢[0]).} (13)
f'leo] =0, 6[e0] - 0, ¢[oo] - 0.

Where prime denotes differentiation with respect ton. A, is he material parameter, Pr is the Prandtl number, M is
the magnetic parameter, Nt is the thermophoresis parameter, Nb is the Brownian motion parameter and Le for
Lewis number, Nr is the radiation parameter, y;,v,,v5 are velocity, thermal and solutal slip parameters respective-
ly and s is for mass transfer parameter with s > 0 for suction and s < 0 for injection.

These parameters are defined by

uc Dg(Cm—C. o 160*TS |4
Pr="% 3, = 22q2, Np = 28En=C) 7 gz np 10T o Vw
k 3kk* Vva (14)
D7 (Tm—Too) a a hy |v hy, |v
Nt=—2 2" e =— =1 |= =21 |= =2 |=
TooV ) DB'V1 v ’]/2 k a’]/3 DpAla
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Expressions for the local skin friction co-efficient Cr,., local Nusselt number Nu, and local Sherwood number Sh,

are defined as,

2Ty

pUR’

_ Xqw
Koo (Tm—Too)’

Xqm

hx - Dp (Cm_coo)

(15)

Where k,, isthe thermal conductivity of the nanofluid, in which wall shear stress t,,, q,, and q,, are the heat and

mass flux, respectively given by

v

ax

=204 2 (55 (352
Qw = Ko (g_;)yzo + (qT’)W
an=-Ds(3) |

(au
oy

")

(16)

)

Applying similarity transformations (8) for skin friction coefficient and Nusselt number and Sherwood number are

converted to
1/2

Re
Re,zl/zNux =

Where Re, = @ is local Reynolds number.

G = (142 () (@),

1
—(1+ Nr63)6'(0),Re, 2Sh, = —¢'(0).

(17)

NUMERICAL RESULTS AND DISCUSSION

This section deals with the theoretical and graphical behaviour of different physical quantities which are involving
in the present flow problem. The set of equations (10) - (12) are highly nonlinear and coupled hence it cannot be
solved analytically. The dimensionless mathematical problems given in equations (10) - (12) subject to the boundary
conditions (13) are obtained using the Runge-Kutta fourth order based on shooting technique. For the purpose of
discussing to provide physical insight into the present problem, comprehensive numerical computations were carry-
ing out for various values of the flow parameters which describe the flow characteristics and the results are illustrat-

ed graphically. For computational purposes, the reason of integration 77 is consider as 0 to 77,

is equivalent to 5,

where 77, corresponds to77 — oo which lies very well outside the momentum and thermal boundary layer.

To understand the influence of the physical flow parameters on the non-dimensional velocity, temperature and na-
noparticle volume fraction profiles along with the skin friction coefficient, as well as local nusselt number and local
sherwood number is present and discuss for different flow parameter values.

The influence of power law index(n) on velocity, temperature and nano particle volume fraction profiles are shown
in Fig. 1(a)-1(c), respectively for both suction (s > 0) and injection(s < 0) cases. It is clear from Figs that increas-
ing in the power law index(n) rises the fluid velocity in both cases. The opposite trend is noticed for the temperature
and nanoparticle volume fraction profiles in both cases. Fig. 2(a)-2(c) illustrated the effect of the velocity slip pa-
rameter(y;) on the velocity, temperature and nanoparticle volume fraction profiles respectively for both suction
(s > 0) and injection (s < 0) cases. It is evident that the fluid velocity decreases for larger values of the velocity slip
parameter(y,). It is also seen that increasing the values of velocity slip parameter(y;) enhances the temperature and

nano particle volume fraction profiles for both cases.

Pr=t, M=l =01 Kt= 05, Nb=0.3, 0= 02

\ 8,=12, N=1, Le=1, y =02, ;=012 y3=02
A

Solid Line:Suction

i

n
1(a) Velocity

I Diesh Line Injection
1 1 - '=‘=-=—|-E_
b 1 1 3 4

869

1

08

0.6

04

02

Pr=f, M=1,41=0.1 Nb= 0.5, Ni=0.3, f =12
Nr=l,p=l5, Q=02L1Le=], y2=02, y3=02

Solid Line: Suction
Diash Line Injection

¥1 =02, 04, 0.6

N
2(a) Velocity




025

0z

Fig. 1 Variation of the Power law index n on Velocity, Temperature and

Reddy and Naikoti

Euro. J.

Adv. Engg. Tech., 2017, 4(11): 866-877

02

Pr=f, M=1_1;=0.1, Nt = 0.5, Nb= 0.5, 0 =02
fy=12, W=1, Le=1_y1=02 32=02 y3=02

Solid Line-Suction
Dash Line:Injection

N
1(b) Temperature

Pr=i, M=, 41=0 1, M= 05, Nb=10.5, @=02

=12, Nr=1,Le=1,y1 =02, y2=02, y3=02

Solid Lime: Suction
Diash Line Injection

U
1(c) Nanoparticle volume fraction

Nanoparticle volume fraction profiles

0.6

04

03

Pr=h, M=1, =01 Nb = 0.5, Ni= 0.5, f = 1.2
MNr=1l,p=1.5Q=02Le=] y1 =02, y3=02

Splid Line:Suction

Dash Line- Injaction
02
01
0 -
] 3

n
3(a) Temperature
Fig. 3 Variation of thermal slip parameter y,on Temperature and Nanoparticle volume fraction profiles

0z

= 015

0l

02

02

Pr=f, M=l =01 Wb =035 Mr=05 & =12
v

. Nrel,e=l 5, Q=02Le=] 32 =02, y3=10.

Solid Line:Sucton
Dash Line Injection

U
2(b) Temperature

i Br=h, M=L =01, Wb =05, M= 0.5,y =12
"'i\_:‘:wt MNr=l,p=1.5 Q=02Lel, y2=02, y3=02

n
2(c) Nanoparticle volume fraction
Fig. 2 Variation of velocity slip parameter y,on Velocity, Temperature and
Nanoparticle volume fraction profiles

P=i, M=l =01 Hb=05, Mt =05, & =12
Nl =15, Q=021e=] y1 =02, y3=02

Solid Line:5uction
Diash Line: Injectioz

04,06

i
3(b) Nanoparticle volume fraction

Figs 3(a)-3(b) &4(a)-4(b) present the effects of thermal and solutal slip parameters (y,), (y3) on temperature and
nanoparticle volume fraction profiles for both suction (s > 0) and injection (s < 0) cases respectively. It is ob-
served that an increase in the values of thermal and solutal slip parameters is to enhances the temperature and na-

noparticle volume fraction profiles for both cases.

Fig. (5) depicts the effect of material parameter(4,) on velocity profile for both suction (s > 0) and injection (s <
0) cases respectively. It is seen that by increasing the values of material parameter(4,) is to enhances the velocity
profile in both cases. Fig. 6(a)-6(c) respectively, depicts for the influence of magnetic field parameter (M) on ve-
locity, temperature and nanoparticle volume fraction for both suction (s > 0) and injection (s < 0) cases. It is no-
tice that the impact of magnetic field is to reduce the velocity profile whereas enhances the temperature and nano-
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particle volume fraction profiles for both cases. Physically as magnetic parameter (M) increases there is an increase
in Lorentz forces, due to the influence of Lorentz force which provides resistance and opposes the flow. Conse-
quently, the momentum boundary layer thickness is a decreasing function of the magnetic parameter (M), further the
influence of magnetic field is decrease the momentum boundary layer thickness and enhances the thermal and nano-
particle boundary layer thickness.
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Fig. 6 Variation of Magnetic field parameter M on Velocity, Temperature and Nanoparticle volume fraction profiles

Fig. 7 delineates the effect of nonlinear thermal radiation parameter (Nr) on temperature profile for both suction
(s > 0) and injection (s < 0) cases respectively. It is observed that the temperature distribution and associated
thermal boundary layer thickness increases for larger values of nonlinear thermal radiation parameter (Nr) in both
cases. This is due to fact that the surface heat flux increases under the impact of nonlinear thermal radiation which
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results in larger temperature inside the boundary layer region. Fig. 8(a)-8(b) discloses the effect of Prandtl number
(Pr) on temperature and nanoparticle volume fraction profiles for both suction (s > 0) and injection (s < 0) cases,
respectively. It is demonstrated through this Fig. that as increasing Pr is leading to decrease the temperature profiles
as well as thermal boundary layer thickness in both cases. It is also seen that intensifying the Prandtl number decel-
erates the nanoparticle volume fraction profile and the associated concentration boundary layer in both cases. This is
due to the fact that for small values of Pr are equivalent to larger values of thermal conductivities and therefore it is

able to diffuse away from the stretching sheet.
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Fig. 9(a)-9(b) plotted the influence of Thermophoresis parameter Nt on temperature and nanoparticle volume frac-
tion profiles respectively, for both suction (s > 0) and injection (s < 0) cases. Thermophoresis mechanism in which
small particles are pulled away from hot surface to cold surface due to this the transportation temperature of the fluid
arises. Therefore, the effect of thermophoresis parameter Nt is to enhances the temperature profiles in both cases.
Physically, the thermophoresis force increments with the increase in the thermophoresis parameter which tends to
move nanoparticles from hot to cold areas and hence increases the nanoparticle volume fraction profile. Fig. 10(a)-
10(b) shows that the effect of Brownian motion parameter Nb on Temperature and nanoparticle volume fraction
profiles for both suction (s > 0) and injection (s < 0) cases. It is observed that the temperature enhances by uplift-
ing the Brownian motion parameter and it is also seen that the large values of Brownian motion parameter then de-
creases the nanoparticle volume fraction profile as well as concentration boundary layer thickness in both cases.
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The influence of the temperature ratio parameter 6,, on the temperature profiles are depicted in Fig. (11) for both
suction (s > 0) and injection (s < 0) cases respectively. From the Fig. it is clear that an enhancement in the temper-
ature ratio parameter corresponds to higher wall temperature as compare to ambient fluid. As a consequence of that
the temperature of the fluid arises in both cases. Moreover, we perceive that the thermal boundary layer thickness
increases for large values of the temperature ratio parameter for both cases. Fig. (12) shows the effect of the heat
source/sink parameter (Q) on the temperature profiles for both suction (s > 0) and injection (s < 0) cases respec-
tively. The temperature profiles significantly increase as the heat source/sink parameter increases in both cases. Fig.
(13) portray that the influence of Lewis number (Le) on nanoparticle volume fraction profiles for both suction (s >
0) and injection (s < 0) cases, respectively. It is observed from the Fig. that an increase in the values of Lewis
number (Le) depreciates the nanoparticle volume fraction profile of the flow as well as concentration boundary layer
thickness in both cases.

Table -1 is portrayed to indicate the influence of material parameter(1,), magnetic parameter (M), velocity slip pa-
rameter(y;) and power law index (n) on the local skin-friction coefficient for both suction (s > 0) and injection
(s < 0) cases respectively. From this table, it is revealed that the local skin friction coefficient decreases by increas-
ing the values of material parameter(4,), magnetic parameter (M) and power law index (n) for both suction(s > 0)
and injection(s < 0) cases. The skin friction coefficient is an increasing function of velocity slip parameter in both
cases.

Table -1 Numerical values of local skin friction coefficient Re}’*C,for various values of 1,,M, y;and n when pr=0.72,Nr=1, 8,, = 1.2,

Nb=0.1,Nt=0.1,Le=1,y, = y5 = 0.1, Q=0.1

A M Y1 n s=0.01 s=-0.01
0.2 0.5 0.1 15 —1.0769642 —1.0693711
04 —1.0985946 —1.0910103
0.6 —1.1241754 —1.1164972
0.2 0.5 —1.0769642 —1.0693711
1.0 —1.2261880 —1.2188560
15 —1.3530748 —1.3459733
0.5 0.1 —1.0769642 —1.0693711
0.2 —0.9570577 —0.9508117
0.3 —0.8630009 —0.8577338
0.1 15 —1.0769642 —1.0693711
25 —1.1066607 —1.0993597
35 —1.1320887 —1.1250871

Table -2 Numerical values of local Nusselt number Re,"/*Nu, for various values of Nr, 8,,, Pr, Nt, Nb, Q when n=1.5, M=05, y, = 0.1,

Le=1,and 2, =0.2

Nr 0, Pr Nt Nb Q Y2 s=0.01 s=-0.01
1.0 1.2 0.72 0.1 0.1 0.1 0.1 0.1958032 0.1939297
1.2 0.2153230 0.2134878
14 0.2355429 0.2337653
1.0 1.2 0.1958032 0.1939297
1.4 0.2571375 0.2543595
1.6 0.3317462 0.3278508
1.2 0.72 0.1958032 0.1939297
14 0.2284311 0.2270605
21 0.2400758 0.2389569
0.72 0.1 0.1958032 0.1939297
0.3 0.1942447 0.1923142
0.5 0.1926306 0.1906408
0.1 0.1 0.1958032 0.1939297
0.3 0.1946720 0.1927531
0.5 0.1935239 0.1915590
0.1 0.0 0.2288358 0.2283148
0.2 0.2142357 0.2133236
0.4 0.1790764 0.1769538
0.1 0.1 0.1958032 0.1939297
0.2 0.2938545 0.2893872
0.3 0.3477758 0.3414253
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Table -3 Numerical values of local Sherwood number - ¢'(0) for various values of Pr, Nt, Nb, Le, y3 when n=1.5, M=0.5, 4; =
0.2Nr=1,0,=1.2,y; =y, =0.1,0 = 0.1

Pr Nt Nb Le Y3 s=0.01 s=-0.01
0.72 0.1 0.1 1 01 0.0773865 0.0774423
14 0.0801620 0.0798948
21 0.0839110 0.0835954
0.72 0.1 0.0773865 0.0774423
0.2 0.0738050 0.0742398
0.3 0.0705344 0.0713654
0.1 0.10 0.0773865 0.0774423
0.15 0.0787160 0.0786532
0.20 0.0793808 0.0792587
0.1 1 0.0773865 0.0774423
2 0.0842134 0.0841087
3 0.0876279 0.0874744
1 0.1 0.0773865 0.0774423
0.2 0.1304725 0.1302373
0.3 0.1691514 0.1685366

Table -2 is constructed to demonstrate the influence of the radiation parameter(Nr), the temperature difference pa-
rameter(8,,), the prandtl number(Pr), the thermophoresis parameter (Nt), the Brownian motion parameter (Nb), the
Lewis number( Le), the heat source/sink parameter (Q) and the thermal slip parameter(y,) on the local Nusselt
number for both suction (s > 0) and injection (s < 0) cases respectively. On the evident of table4, an enhancement
in the radiation parameter, temperature difference parameter, thermal slip parameter and prandtl number grows the
local Nusselt number both in suction and injection cases. It is also examined that the local Nusselt number is a de-
creasing function of the thermophoresis parameter, Brownian motion parameter and the heat source/sink parameter
in both cases.

Table -3 provides a sample of our numerical results of the reduced Sherwood number for selected values of the
Prandtl number, thermophoresis parameter, Brownian motion parameter, Lewis number and solutal parameter for
both suction (s > 0) and injection (s < 0) cases, respectively. From this table, it can be seen that the local shear-
wood number enhances by uplifting the Prandtl number, Lewis number, Brownian motion parameter and solutal slip
parameter in both cases. It is also noted that rise in thermophoresis parameter depreciate the mass transfer rate in
both cases.

CONCLUSIONS

In this article, a numerical investigation is carried out for analysing the heat and mass transfer in carreau nanofluid
flow over a permeable stretching sheet with convective boundary conditions in the presence of nonlinear thermal
radiation, magnetic field, heat source\sink and suction\injection. The main conclusions have been summarized as
follows:

¢ The dimensionless temperature and nanoparticle volume fraction profiles were dispirited as increasing of power
law index for both suction and injection cases.

e The dimensionless temperature was enhanced for the higher values of nonlinear thermal radiation, temperature
difference parameter and heat source/sink parameter for both suction and injection cases.

e The dimensionless temperature and nanoparticle volume fraction profiles were enhanced by uplifting velocity,
thermal and solutal slip parameters in both suction and injection cases.

e The dimensionless velocity decreases for large values of magnetic field parameter and velocity slip parameter in
both cases.

e It is found that larger values of thermophoresis parameter and Brownian motion parameter lead to increases in
temperature profile for both suction and injection cases.

e The dimensionless nanoparticle volume fraction profiles decelerate as increasing in Brownian motion parameter,
prandtl number and lewis number for both suction and injection cases. It is also seen that temperature profile is
to decelerate by uplifting prandtl number in both cases.

e The skin friction coefficient decreases with the increase of magnetic field parameter, power law index and mate-
rial parameter and it increases with the increase of velocity slip parameter.

e The local nusselt number increases by uplifting nonlinear thermal radiation, temperature difference parameter,
prandtl number and it decreases with the increase of thermophoresis parameter, Brownian motion parameter and
thermal slip parameter.
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e The local Sherwood number increases with the larger values of prandtl number, Brownian motion parameter,
lewis number and solutal slip parameter and it decreases with the increase of thermophoresis parameter.
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Nomenclature

distance along the surface Re local Reynolds number
distance normal to the surface Ay first Rivlin—Ericksen tensor
velocity component in x—direction n power law index

velocity component in y—direction B(t) time dependent magnetic field
velocity field By intensity of magnetic field
temperature field p density of fluid

concentration field v kinematic viscosity

Cauchy stress tensor ay effective thermal diffusivity
pressure U, stretching velocity

identity tensor T, surface temperature

zero shear rate viscosity C surface nanoparticle concentration

infinite shear rate viscosity V, mass fluid velocity

apparent viscosity T, ambient fluid temperature

shear rate C., ambient fluid concentration

time material constant D thermophoresis diffusion coefficient
local similarity variable D Brownian diffusion coefficient
dimensionless velocity k thermal conductivity

dimensionless temperature specific heat capacity

§;hﬁw3§-e.q:\vls?~<-tgt;:—-cﬁo—|<< c < X
®

dimensionless concentration ;p constant
magnetic parameter v uniform suction/injection velocity
Prandtl number Ntf[ thermophoresis parameter
mass transfer parameter Nb Brownian motion parameter
local skin friction coefficient Le Lewis number
local Nusselt number T wall shear stress
Sh, Iocgl _Sherwood number q‘” wall heat flux
radiative heat flux W wall mass flux
ZZ mean absorption parameter gm temperature difference parameter
o* Stefan-Boltzmann constant NVF nonlinear thermal radiation parameter
Q heat source\sink parameter
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