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Abstract: A theoretically investigation has been performed
to study the effects of thermal radiation and chemical reac-
tion on MHD velocity slip boundary layer flow and melting
heat transfer of nanofluid induced by a nonlinear stretch-
ing sheet. The Brownian motion and thermophoresis ef-
fects are incorporated in the present nanofluid model. A
set of proper similarity variables is used to reduce the
governing equations into a system of nonlinear ordinary
differential equations. An efficient numerical method like
Runge-Kutta-Fehlberg-45 order is used to solve the resul-
tant equations for velocity, temperature and volume frac-
tion of the nanoparticle. The effects of different flow pa-
rameters on flow fields are elucidated through graphs and
tables. The present results have been compared with exist-
ing one for some limiting case and found excellent valida-
tion.
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1 Introduction

Heat, mass and momentum transfer in the laminar bound-
ary layer flow over a stretching sheet is relevant to sev-
eral industrial and engineering processes in the field of
metallurgy and chemical engineering processes. These
applications involve the cooling of continuous strips or
filaments by drawing them through a quiescent fluid.
Flow past a stretching surface with different stretching ve-
locity, namely linear [1], exponential [2], non-linear [3],
quadratic [4], hyperbolic [5], radially [6] and even oscil-
latory [7] has also been addressed previously. However
studies on heat and mass transfer in the laminar bound-
ary layer flow over a non- linear stretching sheet is very
less. It is well known to the all research community that
the stretching is not necessarily linear in many indus-
trial applications. The problem of non-linear stretching
sheet for different cases of fluid flow has also been ana-
lyzed by different researchers. Rana and Bhargava [8] nu-
merically investigated the steady, laminar boundary fluid
flow which results from the non-linear stretching of a flat
surface in a nanofluid. Mondal et al. [9] carried out an
analysis to study the mixed convective heat and mass
transfer of nanofluids over a non-linear stretching sheet
under the influence of suction/injection parameter, mag-
netic parameter and thermophoresis parameter. Mustafa
et al. [10] obtained the analytical and numerical solu-
tions for axisymmetric flow of nanofluid due to a non-
linearly stretching sheet. Effects of nanoparticle migration
and asymmetric heating on forced convective heat transfer
of alumina/water nanofluid in microchannels in presence
of a uniform magnetic field was theoretically presented
by Malvandi and Ganiji [11]. Khan et al. [12] studied the
three-dimensional flow of nanofluid over an elastic sheet
stretched non-linearly in two lateral directions and the re-
sults of their study reveal that penetration depths of tem-
perature and nanoparticle volume fraction are decreasing
functions of the power-law index. Dhanai et al. [13] numer-
ically investigated the problem of magneto-hydrodynamic
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boundary layer flow of nanofluid induced by a power-
law stretching/shrinking permeable sheet using shooting
method, by taking the effect of viscous dissipation. Ma-
bood et al. [14] obtained numerical results for MHD lam-
inar boundary layer flow with heat and mass transfer
of an electrically conducting water-based nanofluid over
a nonlinear stretching sheet with viscous dissipation ef-
fect. Recently, Malvandi et al. [15] numerically investigated
the thermal performance of hydromagnetic alumina/water
nanofluid inside a vertical microannular tube by consid-
ering the different modes of nanoparticle migration. Mal-
vandi [16] examined the anisotropic behavior of thermal
conductivity and its effects on flow field and heat trans-
fer characteristics at film boiling of MNFs over a vertical
cylinder in the presence of a uniform variable-directional
magnetic field.

Applying no-slip boundary condition, many authors
have obtained both numerical and analytical solutions to
heat, mass, and momentum transfer in the laminar bound-
ary layer flow over a stretching surface. No-slip condition
is inadequate for most non-Newtonian liquids, as some
polymer melt often shows microscopic wall slip and that
has a controlling influence by a nonlinear and mono-
tone relation between the slip velocity and the traction.
Partial velocity slip may occur on the stretching bound-
ary when the fluid is particulate such as emulsions, sus-
pensions, foams and polymer solutions. In various indus-
trial processes, slip effects can arise at the boundary of
pipes, walls, curved surfaces etc. A usual approach in
studying slip phenomena is the Navier velocity slip con-
dition. Boundary layer slip flow problems arises in pol-
ishing of artificial heart valves and internal cavities. Re-
cently many authors obtained analytical and numerical
solutions for boundary layer flow and heat transfer due to
a stretching sheet with slip boundary conditions. Ibrahim
and Shanker [17] commented on MHD boundary layer flow
and heat transfer of a nanofluid past a permeable stretch-
ing sheet with velocity, thermal and solutal slip boundary
conditions. Malvandi and Ganji [18] theoretically investi-
gated the laminar flow and convective heat transfer of alu-
mina/water nanofluid inside a circular microchannel in
the presence of a uniform magnetic field. Nadeem et al. [19]
analyzed combined effects of magnetic field and partial
slip on obliquely striking rheological fluid over a stretch-
ing convective surface. Das [20] performed a numerical in-
vestigation, to study the problem of boundary layer flow
of a nanofluid over non-linear permeable stretching sheet
at prescribed surface temperature in the presence of par-
tial slip. The effects of velocity slip, thermal slip and mag-
netic field on MHD boundary layer mixed convection flow
and heat transfer of an incompressible viscous fluid over
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a vertical plate of very small thickness and much larger
breadth in the presence of suction/blowing are presented
by Mukhopadhyay and Mondal [21]. The investigation on
developing the transport phenomenon of the nanofluids
falling condensate film, taking into account the effects of
nanoparticle migration has been presented by Malvandi et
al. [22].

In the context of space technology and in the pro-
cesses involving high temperatures, the effect of radia-
tion plays a vital role. Yazdi et al. [22] presented numeri-
cal solution for MHD liquid flow and heat transfer over a
non-linear permeable stretching surface in the presence of
chemical reactions and partial slip. Pal and Talukdar [24]
analyzed the combined effect of mixed convection with
thermal radiation and chemical reaction on MHD flow of
viscous and electrically conducting fluid past a vertical
permeable surface embedded in a porous medium. Hady
etal. [25] studied the flow and heat transfer characteristics
of a viscous nanofluid over a nonlinearly stretching sheet
in the presence of thermal radiation which is included in
the energy equation, and variable wall temperature. Pal
and Mandal [26] obtained the numerical solution by fifth-
order Runge—Kutta—Fehlberg method with shooting tech-
nique for magnetohydrodynamic boundary layer flow of
an electrically conducting convective nanofluids induced
by a non-linear vertical stretching/shrinking sheet with
viscous dissipation, thermal radiation and Ohmic heating.

Over the last few years a considerable amount of ex-
perimental and theoretical research has been carried out
to determine the role of natural convection in the kinetics
of heat transfer accompanied with melting or solidification
effect. Processes involving melting heat transfer in non-
Newtonian fluids have promising applications in thermal
engineering such as oil extraction, magma solidification,
melting of permafrost, geothermal energy recovery, ther-
mal insulation, etc. Roberts [27] was the first to describe
the melting phenomena of ice placed in a hot stream of air
at a steady state. Epstein and Cho [28] studied melting heat
transfer in steady laminar flow over a flat plate. Krishna-
murthy et al. [29] presented the numerical results to study
the effect of chemical reaction on MHD boundary layer
flow and melting heat transfer of Williamson nanofluid in
porous medium.

Based on the aforementioned literature survey, we in-
tended to perform a theoretical investigation of MHD ve-
locity slip boundary layer flow and melting heat transfer
of nanofluids induced by a nonlinear stretching sheet un-
der the influence of thermal radiation and chemical reac-
tion. The Brownian motion and thermophoresis effects are
considered in the present flow analysis. Reduced govern-
ing nonlinear ordinary differential equations are solved
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numerically by means of Runge-Kutta-Fehlberg-45 order
method. The effects of different flow parameters on flow
fields are elucidated through graphs and tables.

2 Mathematical Formulation

Consider a steady two dimensional flow of water-based
nanofluid induced by a nonlinear stretching surface. The
sheet is extended with velocity uw (x) = ax™ with fixed ori-
gin location, where n is a nonlinear stretching parameter,
a is a constant and x is the coordinate measured along the
stretching surface. The flow is along x-axis and y is normal
toit as shown in the Fig. 1. A magnetic field of strength B(x)
is applied normal to the stretching sheet.

The wall temperature Ty and the nanoparticle frac-
tion Cy are assumed as constant at the stretching surface.
When y tends to infinity, the ambient values of tempera-
ture and nanoparticle fraction are denoted by Teo and Ceo,
respectively. Further, let the temperature of the melting
surface as Ty, and temperature in the free-stream condi-
tion as Teo, Where Teo > Tm. The considered physical sys-
tem is of importance in modern nano-technological fabri-
cation and thermal materials processing. It is important to
note that the constant temperature and nanoparticle frac-
tion for the stretching surface T\, and Cy are assumed to
be greater than the ambient temperature and nanoparticle
fraction Te, Ce, respectively.

The governing equations of momentum, thermal en-
ergy and concentration can be written as, Khan and
Pop [30],
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We assume that the variable magnetic field B(x) and is of
the form B (x) = Box"Z [30-33].
The boundary conditions for velocity, temperature
and nanoparticle fraction are considered as [8]:

y=0: u=uw+Klg—; v=0, T=Tmn, C=Cy,
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Fig. 1: Schematic representation of the flow diagram.
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Ki= A,/ % is the velocity slip factor and A is the di-
mensionless velocity slip parameter. Using Rosseland ap-

proximation for radiation, the radiative heat flux is simpli-
fied as,
4a" T

qr - _W Ty 3 (7)
where ¢” is Stefan-Boltzmann constant and k" the mean
absorption coefficient. The temperature differences within
the flow are assumed to be enough small so that T* may
be expressed as a linear function of temperature T using a
truncated Taylor series about the free stream temperature
T and neglecting the higher order terms, we get,

T* ~ 4TT2, - 3T2, (8)

Substituting (7) and (8) in (3), we have
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Rana and Bhargava [8] introduced the following transfor-
mations so that equation (1) is satisfied identically.

U=YV;%;UX?,u=aﬂfm%
1 n-1 -
. _\/@)ﬁ (f(n)+ T 1nf’(n)> :

T-Tm
0 =7-—7
The governing equations (2), (4) and (9) are reduced into
the following set of equations with the aid of equation (10)
as follows:

C-Cw

d(n)= Co=Cu (10)

2n
n+1

(1)
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(1 + %m) %9” +f0 +NbO' ¢ +Nt2+Ecf 2 =0, (12)

¢;” + Lefqb/ + %9” -y¢p =0. (13)
The transformed boundary conditions are
Prf(0)+ M6 (0)=0, £ (0)=1+Af (0),
0(0)=0, ¢(0)=0atn=0,
f)—o0, 60)—1, ¢ —lasn—os, (14)

where primes denote differentiation with respect to n, A is
the velocity slip parameter and the involved physical pa-
rameters are defined as:
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which is a combination of the Stefan number M and
M for the liquid and solid phases, respectively. Here,
Pr,Le, Nb, Nt, H, Ec, Nr, y and M denote the Prandtl num-
ber, the Lewis number, the Brownian motion parameter,
the thermophoresis parameter, magnetic parameter, Eck-
ert number, Radiation parameter, chemical reaction pa-
rameter and melting parameter, respectively. This bound-
ary value problem reduces to a classical flow problem of
heat and mass transfer due to a stretching surface in a vis-
cous fluid when n = 1 and Nb = Nt = 0 in equations (12)
and (13).

DE GRUYTER

The quantities of practical interest, in this study, are
the local skin friction coefficient Cy,, Nusselt number Nux
and the Sherwood number Shy and are defined as,

Hf ou X4qw
Chx = s Nuy = =
fx prud, (ay)y_o Ux k(Too — T)
___ Xqm
She= by (Coo = Cw)’ .

where k is the thermal conductivity of the nanofluid, and
qw, qm are the heat and mass fluxes at the surface, respec-
tively and are given by

oT oC
G -~k (f) . dm=-Dg <f> .
ay y=0 ay y=0
Using (10) and (17) in (16) , we obtain
_1 n+1 »
Rexchx= P f (0),
-1 n+1,.
Rey?Nuy = - 3 0 (0),
Re,?Shy = - ";14{ ), (18)
UwX

where Rey = is the local Reynolds number.

vf

3 Method of Solution and
Validation

The system of non-linear ordinary differential equations
(11)-(13) with boundary conditions (14) have been solved
using Runge-Kutta-Fehlberg fourth-fifth order method
along with Shooting technique. In this system of differen-
tial equations f is of third orderand 8 and ¢ are of second
order. In the first step, f, @ and ¢ are reduced to a system
of seven simultaneous differential equations of first order
as follows:

fi = fa,
fr=fs,

© ( 2n 2 H
A= (55)F, v n= 1

fu=fs,
o= (s ) [ Nofufy g3 + ef3).
fo = fr,
iy = yfs - Leffy - NLF,
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wherefi = f,fo=f',fs=f ,fa=0.fs=0,fc = . fr = ¢’
and prime denotes a derivative of the function with respect
to n.

The corresponding boundary conditions will become

Prfi+Mfs =0, f,=1+Af3 f,=0, fe¢=0atn=0

f2=0’ f4=15

The shooting technique is employed to find the val-
ues of f3 (0), f5 (0) and f7 (0), since they are unknown. We
start with some initial guess for some particular set of pa-
rameters to obtain f3 (0), f5 (0) and f7 (0). The procedure
is repeated with another value of n.. until two successive
values of f3 (0), f5 (0) and f7 (0) are differ only by the de-
sired accuracy. We have compared the calculated values
of f',0&¢ at = 10 with the given boundary conditions
and adjusting the estimated values of i (0), 6 0) & ¢/ 0)
to give a better approximation. One has to take infinity con-
dition at a large but finite value of 1 where negligible
variation in velocity, temperature and so on occurs. Our
bulk computations are considered with the value at ne =
8 or 10, which is sufficient to achieve the far field boundary
conditions asymptotically for all values of the parameters
considered.

After fixing finite value for 1., integration is carried
out with the help of Runge-Kutta-Fehlberg-45 (RKF-45)
method. This method has a procedure to determine the so-
lution if the proper step size h is being used. At each step,
two different approximations for the solution are made
and compared. If the two answers are in close agreement,
the approximation is accepted otherwise, the step size is
reduced until to get the required accuracy. For the present
problem, we took step size An = 0.001, 1. = 80r 10 and
accuracy to the fifth decimal places. To have a check on
the accuracy of the numerical procedure used, first test
computations for 6’(0) are carried out for viscous fluid
for various values of Pr and compared with the available
published results of Nadeem and Hussain [34], Gorla and
Sidawi [35] and Goyal and Bhargava [36] in Table 1and they
are found to be in excellent agreement.

fe=1asn — oo.

4 Results and discussion

A theoretical investigation of MHD velocity slip boundary
layer flow and melting heat transfer of nanofluids over a
nonlinear stretching sheet under the influence of thermal
radiation and chemical reaction has been performed. The
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governing differential equations of the present formula-
tion were solved numerically by means of Runge-Kutta-
Fehlberg-45 order method. In order to study the behavior
of velocity, temperature distribution and nanoparticle vol-
ume fraction profile for slip parameter (4), Eckert number
(Ec), magnetic parameter (H), chemical reaction param-
eter (y), nonlinear stretching parameters (n), melting pa-
rameter (M), Radiation parameter (Nr), Brownian motion
(Nb) and thermophoresis parameter (Nt), graphs are plot-
ted and physical reasons behind the trend of the graphs
are discussed.

1.0

H=03,n=2,M=0.5Ec=2,Nb=Nt=0.1,
Nr=1.5Le=5Pr=6,y=0.01

0.8

Tm 3
1 1

0.2+

0.0 . ,

(@)

A=0,051,15

H=0.3,n=2,M=0.5,Ec=2,Nb=Nt=0.1,
Nr=15,Le=5,Pr=6,y=0.01

0.0

: : : : . :
0 2 4 n 6 8
(b)

Fig. 2: (a) Effect of A on dimensionless velocity; (b) Effect of A on
dimensionless temperature.
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Table 1: Comparison table for -6 (0) (viscous case) with n =1, H = Nr = Ec= M =0, Nb = Nt = 107, Le = 10.

Pr  Nadeem and Hussain (HAM method) [34]

Gorla and Sidawi [35]

Goyal and Bhargava (FEM Method) [36]  Present (RKF45 Method)

0.2 0.169 0.1691 0.1691 0.1702
0.7 0.454 0.5349 0.4539 0.4544
2 0.911 0.9114 0.9113 0.9113
1.8905 1.8954 1.8954
20 3.3539 3.3539 3.3539
0.7
1.0 — A=05n=2M=05Ec=2,Nb=Nt=0.1,
7 0.6 1 Nr=1.5,Le=5,Pr=6,y=0.01
0.8 1
Ec=0,1,2,3
0.6
=
<
0.4
0.2
A=05H=03,n=2,M=05Nb=Nt=0.1,
1 Nr=15,Le=5,Pr=6,y=0.0l
0.0 T T T T T T T T T
0 2 4 n 6 8 8
. ) . (@)
Fig. 3: Effect of Ec on dimensionless temperature.
The variations in velocity field and temperature dis- 1.0 /_._—-—!
tribution for various values of the slip parameter (4) are o
presented in Figs. 2(a) and 2(b). These figures shows that 3 -
the effect of increasing value of A is to reducing thickness e
of the momentum boundary layer. Therefore, the effect of 3 e
slip parameter is to decrease the boundary layer velocity 'z_?_
while the temperature increased with increase in the slip  Z 1
parameter. 0.4
Fig. 3 shows the effect of dimensionless temperature
profiles for Eckert number (Ec).This figure shows that the 02
te'mperature profile 1nc¥eases for increasing vah.les of Ec. A=05,n=2M=05,Ec=2 Nb=Nt=0.1,
Figs. 4(a) and 4(b) depicts the effect of magnetic param- Nr=15,Le=5, Pr=6,y=0.0l
eter (H) on dimensionless velocity and temperature dis- 0.0 " T r T r T , T
tributions, respectively. It is clear from these Figs. that 0 2 4 n 6 8
(b)

the velocity decreases, whereas the temperature increases
with increase in the magnetic parameter. This is due to
the fact that the application of transverse magnetic field in
an electrically conducting fluid produces a resistive force
known as Lorentz force, which slow down the motion of
the fluid in the boundary layer and thus reduces the ve-
locity. The additional work done in dragging the conduct-
ing nanofluid against the action of the magnetic field, B, is
manifested as thermal energy. Thus, the presence of mag-
netic field decreases the momentum boundary layer thick-

Fig. 4: Effect of H on dimensionless (a) velocity, (b) temperature.

ness and increases the thermal boundary layer thickness.
The warming of the boundary layer therefore also aids in
nanoparticle diffusion which causes a rise in nanoparticle
volume fraction.

The effect of chemical reaction parameter (y) on
nanoparticle volume fraction profile is depicted in
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1.0 4
e 1.0
0.8
0.8 4
v=0,0.02,0.04, 0.06 Z] +=0,-0.02, -0.04, -0.06
0.6 -
= 0.6
b=
0.4 4 0.4
0.2 4 0.2+
A=05H=03,n=2M=05Nb=Nt=0.1, A=05H=03,n=2,M=0.5,Nb=Nt=0.1
Nr=15,Le=5Pr=6,Ec=2 Nr=15,Le=5,Pr=6,Ec=2
0.0 . , . , . , . , 0.0 ' . . ;
0 2 4 6 8 0 2 4 g 6 8 10
(@) (b)
Fig. 5: (a) Effect of y on constructive dimensionless concentration. (b) Effect of y on destructive dimensionless concentration.
0.7
A=05H =03,n=2,Le=5 Nb=Nt=0.1, 1.0
0.6 Nr=1.5, Pr=6,Ec=2,y=0.01 )
0.8
M=0,05,1,2
E 0.6
c E
< 1
0.4
0.2 4
A=05H =03,n=2,Le=5Nb=Nt=0.1,
Nr=1.5, Pr=6,Ec=2,y=0.01
T 0.0 T T T T T T T
6 8 0 2 4 n 6 8
€Y (b)

Fig. 6: Effect of M on dimensionless (a) velocity, (b) temperature.

Figs. 5(a) and 5(b) for species consumption and gener-
ation cases. It is observed that the nanoparticles volume
fraction decreases for constructive chemical reaction pa-
rameter and increases for destructive chemical reaction
parameter on melting surface.

Figs. 6(a) and 6(b) reveals that velocity and tempera-
ture distributions for different values of melting parameter
(M). It is observed that for increasing values of M, the ve-
locity and the boundary layer thickness increases and de-
creases the temperature distribution. This is because, an
increase in M will increase the intensity of melting which

act as blowing boundary condition at the stretching sur-
face and hence tends to thicken the boundary layer.

Figs. 7(a) and 7(b) exhibits the effect of nonlinear
stretching parameters (n) on the dimensionless velocity
and temperature distributions. It is observed that the ve-
locity profile of the nanofluid is insignificantly reduces
and temperature profile increases with increasing values
of n. The effect of Lewis number (Le) on temperature
and concentration profiles are illustrated as in Figs. 8(a)
and 8(b). It is clearly observed that the temperature pro-
files decreases and the nanoparticles volume fraction as
well as its boundary-layer thickness increases consider-
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0.7 A=05M=05H =03,Le=5Nb=Nt=0.1, 10
Nr=1.5, Pr=6,Ec=2,y=0.01 ’
0.8+ n=0,05,1,2
- 0.6 -
= .
= >
G ; -
0.4 -
0.2 -
A=05M=05H =03,Le=5 Nb=Nt=0.1,
Nr=1.5, Pr=6,Ec=2,y=0,01
' 0.0 T T T T T T T
8 0 2 4 n 6 8
(@) (b)
Fig. 7: Effect of n on dimensionless (a) velocity, (b) temperature.
1.0 5 1.0
0.8 0.8 -
Le=5, 10,20, 50 L = 5 10,:20:50
0.6 0.6
4 G
=) = 1
0.4 0.4 -
0.2 1 0.2 4
A=05H =03,n=2,M=0.5Nb=Nt=0.1, A=05H =03,n=2,M=0.5Nb=Nt=0.1,
Nr=1.5, Pr=6,Ec=2,y=0.01 | Nr=1.5, Pr=6,Ec=2,y=0.01
0.0 T T T T T T T 0.0 T T T T T T v T
0 9 4 n 6 8 0 2 4 n 6 8 10
(@) (b)

Fig. 8: Effect of Le on dimensionless (a) temperature, (b) concentration.

ably as Le increases. Physically, Le expresses the rela-
tive contribution of thermal diffusion rate to species diffu-
sion rate in the boundary layer regime. An increase in Le
values will reduce thermal boundary layer thickness and
will be accompanied with a decrease in temperature and
mass transfer rate increases as Le increases. It also reveals
that the concentration gradient at surface of the plate in-
creases.

Fig. 9 explains the effect of radiation parameter (Nr)
on temperature profiles. It is observed that, the tempera-
ture profile decreases for increasing values of Nr. This is

because, an increase in the radiation parameter Nr leads
to decrease in the boundary layer thickness and enhance
the heat transfer rate on melting surface in the presence
of constructive chemical reaction parameter. The radia-
tion parameter Nr being the reciprocal of the Stark num-
ber (also known as Stephan number) is the measure of rel-
ative importance of the thermal radiation transfer to the
conduction heat transfer. Thus larger values of Nr show
a dominance of the thermal radiation over conduction.
Consequently larger values of Nr are indicative of larger
amount of radiative heat energy being poured into the sys-
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Fig. 9: Effect of Nr on dimensionless temperature. (@
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Fig. 10: Effect of Pr on dimensionless temperature.

tem, causing a rise in 6(n). Fig. 10 depicts the effect of
Prandtl number (Pr) on temperature profiles. In the pres-
ence of melting parameter, an increase in Pr, increases
the temperature profiles. Physically, larger Prandtl num-
ber possess weaker thermal diffusivity and smaller Prandtl
number have stronger thermal diffusivity. This change in
thermal diffusivity creates a reduction in the temperature
and thermal boundary layer thickness.

The effects of Brownian motion (Nb) and ther-
mophoresis parameter (Nt) on temperature and concen-
tration profiles are depicted in Figs. 11(a) and 11(b), 12(a)
and 12(b) respectively. From these plots, it is observed that
the effect of increasing the values of Nb increases tem-
perature profiles and decrease the concentration profiles

Fig. 11: Effect of Nb on dimensionless (a) temperature, (b) concen-
tration.

whereas increasing values of Nt increases both the pro-
files.

Fig. 13 shows the effect of magnetic parameter (H) with
velocity slip parameter (A) in the presence and absence of
melting effect and nonlinear stretching parameter on skin
friction coefficient. From this figure, it is observed that the
skin friction coefficient increases for increasing values of
magnetic parameter, while it decreases with velocity slip
parameter. This tendency is observed in the presence and
absence of melting parameter and nonlinear stretching pa-
rameter.

The effect of Brownian motion (Nb) with ther-
mophoresis parameter(Nt) in the presence and absence of
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-1.8
-1.9
. . . 2.0
melting parameter on Nusselt number is illustrated respec- 2.1
. . . . 2.2
tively in the Figs. 14(a) and 14(b). From these Figs. we ob- 53]
served that the Nusselt number decreases with Nt and Nb %‘5‘ E
on both melting and non-melting surfaces. Further, wecan 5 26 ]
observe that the variations in Nusselt number is more in  .® j'gf
. ; & 29
the presence of melting parameter when compared to its S g:g: Nb=12
absence. £ 31
Figs. 15 and 16 shows the effect Eckert number (Ec) ;i E
and radiation parameter (Nr) with Prandtl number (Pr) 3.4 Nb=09
. 3.5
on heat transfer rate. From these Figs. we observed that 3.6
the Nusselt number decreases for increasing values of Ec -3.7 o o VR o T
and increases for increasing values of Nr with Pr when ®) ' ' ' ’ ' '

M=0.5,n=2andM=n=0.

The effect of chemical reaction parameter (y) with
Lewis number (Le) inthe presence and absence of melting
and nonlinear stretching parameter on Sherwood num-

Fig. 14: Variation of heat transfer rate with Nb and Nt when (a)
M=0,(b) M=0.5.
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ber is shown in the Fig. 17. From these figures it is ob-
served that the concentration gradient increases when

M =

Y.

0.5, n = 2and M = n = O for increasing values of

5 Conclusion

MHD boundary layer slip flow and melting heat transfer of
a water-based nanofluid induced by a nonlinear stretch-
ing sheet with thermal radiation, chemical reaction and
viscous dissipation has been investigated numerically. The
effects of governing parameters on the flow, concentration
and melting heat transfer characteristics are presented
through graphs and tables. The main observations of the
present study are as follows:

The velocity decreases and the temperature will in-
crease for velocity slip parameter.

For increasing values of melting parameter, the ve-
locity increases and temperature decreases.

An increase in Brownian motion parameter and ther-
mophoresis parameter is to increase the temperature
in the thermal boundary layer which consequently
reduces the heat transfer rate at the surface when
both M =0 and M = 0.5.

Both in the presence and absence of nonlinear
stretching parameter and melting parameter, the
skin friction coefficient increases, where as the re-
duced Nusselt numbers decrease for increasing val-
ues of magnetic parameter and velocity slip parame-
ter.

The Nusselt number decreases for Eckert number
and increases for radiation parameter when M =
0.5, n=2andM=n=0.

6 Nomenclature

Cs
Cw

stretching rate of the sheet (s71)
dimensionless velocity slip parameter
magnetic field of strtength

induced magnetic field

rescaled nanoparticle volume fraction
specific heat coefficient of fluid
UJ/kgK)

skin friction coefficient

specific heat coefficient of nanoparti-
cles (J/kg K)

heat capacity of the solid surface
concentration at the wall (kg/m?3)
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ambient nanofluid volume fraction
(kg/m3)
Brownian diffusion coefficient
thermophoresis diffusion coefficient
Eckert number
magnetic parameter
thermal conductivity (W/mK)
chemical reaction coefficient
velocity slip factor
mean absorption coefficient (W/mK)
Lewis number
melting parameter
nonlinear stretching parameter
Brownian motion parameter
thermophoresis parameter
radiation parameter
Nusselt number
Prandtl number
radiative heat flux (Wm™2)
surface heat flux
local Reynolds number
Sherwood number
fluid temperature (K)
solid surface temperature (K)
uniform wall temperature
temperature of the melting surface
ambient Surface temperature (K)
velocity components along the x and
y axis (ms™1)
stretching velocity
coordinates (m)

Greek Symbols
thermal diffusivity (m2 s71)

latent heat of the fluid

dimensionless similarity variable
chemical reaction parameter
kinematic viscosity (m?s™1)
dimensionless nanoparticle volume
fraction

density of the base fluid (kgm?)
density of the nanoparticles (kgm?3)
electrical conductivity
Stefan-Boltzmann
(Wm=2K™*)
dimensionless temperature variable

constant

ratio between the effective heat ca-
pacity of the nanoparticle material
and heat capacity of the fluid
surface shear stress

Subscripts
infinity
sheet surface

Scheme[F.No.43-419/2014(SR)].
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