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Abstract— In this study we investigated the magnetohydrodynamic (MHD) boundary layer flow of Powell-Eyring nanofluid
over a non-linear stretched surface of adjustable viscosity. We considered an electrically conducting fluid with magnetic field
applied transverse to the surface. The mathematical expressions are obtained by the boundary layer approximation with the help
of the non- dimensional quantities. The flow exploration is exposed to a newly conventional boundary conditions which require
zero nanoparticles mass flux. Acceptable transformations were employed to reduce the partial differential equations to some
ordinary differential equations. Solutions of the governing non- linear flow of momentum, temperature and nanoparticles
concentration have been executed in maple. Visual analysis of pertinent parameters is dispersed by graphical illustrations and
tabular values. It is investigated that higher values of the suction and injection parameter results in the increase of Sherwood
number distribution, which on the other hand decreases the temperature of the fluid. Effects of heat generation/ absorption
parameter on temperature and concentration profiles are qualitatively similar. Both the temperature and concentration profiles

are enhanced for higher values of the fluid parameter.

Keywords— Heat generation/absorption, Powell- Eyring, Variable thickness surface, Suction/injection.

1. Introduction

Nanofluids are the materials that consist of small quantities of
nanometer-size particles, known as nanoparticles. Typically
the nanoparticles are made of oxides like alumina, Titanium
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
thermophysical properties of the base liquids. The base fluids
include oil, ethylene glycol, water, bio fluids, polymer
solutions and some lubricants. Furthermore, magnetic
nanofluid is a single material having both the magnetic and
liquid properties. Magnetic field interaction with nanofluids is
useful to deal with the situations such as cooling of nuclear
reactors via liquid sodium. The magneto nanofluids have
remarkable involvement in nonlinear optical materials,
optical switches, optical modulators, tunable optical fiber
filters, magnetic resonance imaging, optical grating, blockage
removal in the arteries, drug delivery and hyperthermia etc.
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 dimensional stretched flow of nanofluid is conducted by
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Khan and Pop [3]. Makinde and Aziz [4] extended this
analysis 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 (see [5- 13]. In real world, most of the fluids such as
water, kerosene oil, ethylene, glycol, and others are poor
conductors of heat due to their lower values of thermal
conductivity. To cope up with this problem and to enhance
the thermal conductivity or other thermal properties of these
fluids, a newly developed technique is used which includes,
addition of Nano-sized particles of good conductors such as
copper, aluminum, Titanium, iron and other oxides to the
fluids. (See [14, 15, and 16]). Here are some of the studies
which are used in the applications of magneto-physiological
flow devices and manufacture of electrically conducting bio-
polymeric fluids. The Buongiorno’s nanofluid flow with
thermal radiation effect was presented by Tarakaramu et al.
[17], Sudarsana et al [18]. The non-newtonian fluid flow over
different physical aspects was developed by Hayat et al. [19],
Sarojamma et al. [20], Mabood et al [21] and Hassan [22].
The non-newtonian fluid flow over a rotating disk was
developed by Uma Devi and Mabood [23], Shehzad et al.
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[24], Naz et al [25], Yadav [26]. The prime goal of Hussaini
et al. [27] was to analyze the effect of Heat
generation/absorption on an existing mathematical model.
Asghar et al. [28] analyzed the effects of heat generation and
absorption, and the slip velocity through a vertically
shrinking sheet. A two-dimensional magnetic nanofluid is
numerically considered for convection. They considered
Al,O3—Cu/water composite nanofluid, where water is deemed
the base liquid and copper (Cu) and alumina (Al,Os) are the
solid nanoparticles. Modern composite nanofluids improve
heat transfer efficiency. Using the Tiwari-Das model, they
examined the effects of the solid volume fraction of copper,
heat generation/absorption, MHD, mixed convection, and
velocity slip parameters on velocity and temperature
distributions. Soliman et al. [29], studied a numerical
estimation of the double-diffusive peristaltic flow of a non-
Newtonian Sisko nanofluid through a porous medium inside a
horizontal symmetric flexible channel under the impact of
Joule heating, non- linear thermal radiation, viscous
dissipation, and heat generation/ absorption in the presence of
heat and mass convection, considering effects of the
Brownian motion and the thermophoresis coefficients.
El-Arabawy [30] conducted an analysis to study the effect of
suction and injection on the flow and heat transfer
characteristics for a continuous moving plate in a micro polar
fluid in the presence of radiation. The boundary layer
equations are transformed to non-linear ordinary differential
equations. Numerical results are presented for the distribution
of velocity, micro rotation and temperature profiles within the
boundary layer. The effects of varying the Prandtl number,
the radiation parameter and porosity parameter are
determined. The heat and mass transfer characteristics in
boundary layer flow about a stretching sheet in a porous
medium filled with TiO,- water and Al,O5;- water- based
nanofluids, in the presence of internal heat generation or
absorption and viscous dissipation with variable suction or
injection effects is numerically studied by Kannan et al. [31].
The analysis of the features of nanoparticles in MHD flow of
Powell-Eyring fluid over a stretching sheet with variable
thickness, in which they considered the influences of
Brownian motion and thermophoresis together with more
realistic boundary conditions imposed at the boundary, the
relevant mathematical formulation is established under
boundary layer approach. They applied Homotopic technique
for the convergent series solutions, Hayat et al. [32]. Alkinidri
et al. [33] described the influence of mass and heat transfer on
magnetohydrodynamic (MHD) bioconvective peristaltic
transport of Powell- Eyring nanofluid through a curved
channel with radius dependent magnetic field. Modified
Darcy’s, Ohmic heating, motile gyrotactic microorganism,
thermal radiation, variable properties, Brownian and
thermophoresis motion are also considered. Hussaini [34]
discussed the effects of heat generation/absorption on MHD
nanfluid flow over a stretching surface. He also discussed
extensively on the influence of other parameters over the
profiles of momentum, temperature,  nanoparticle
concentration as well as Nusselt number. He focused his
study on the effects of heat generation/absorption, magnetic
field, sun radiation and other parameters.
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2. Methodology

We consider steady two-dimensional (2D) flow of an
incompressible Powell-Eyring nanofluid over a non- linear
stretchable sheet. The flow is bounded by a non- linear
stretchable sheet. Brownian motion and thermophoresis
effects are accounted. Convective heat and mass conditions
are imposed at the boundary. It is further considered that the
surface of the sheet is heated through the hot fluid having

T,,C, as temperature and concentration respectively. Fluid

is taken electrically conducted via non-uniform magnetic
field B (x) in the y—direction (see Fig. 1). Effects of electric
field and Hall current are neglected. Induced magnetic field is
not considered subject to small magnetic Reynolds number.
We adopt the Cartesian coordinate in such a manner that
x—axis is taken along the stretching sheet and y—axis normal
to the sheet. The sheet at y = 0 is stretched along the
x—direction having velocity u,(X) = ax” where a and n are the
positive constants.

y CoTo
X Nanofluid
Cfo
A
—>
B

Figure 1: Geometry of the problem

The equations for two-dimensional (2D) boundary layer flow
of Powell-Eyring nanofluid in the present situation are given
as follows [32]:
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Where (A > 0) is the heat generation parameter, (A < 0) is the
u—>0,v—->0T->T,,C—>C_ asy—x, heat absorption parameter, N is the fluid parameter, (S > 0) is
the suction parameter, (S < 0) is the injection parameter, M
. . (6) represents the magnetic parameter, N and A stand for the fluid
Here u and v are the corresponding velocity components  harameters Nb the Brownian motion parameter, Pr the Prandtl
parallel to x- and y-directions respectively, V= H designates number, Nt the thermophoresis parameter, Le presents Lewis

the kinematic viscosity, o the fluid density, d and £ are the
material liquid parameters of Powell-Eyring model, o is the
electrical conductivity, B is the Magnetic field, p,; is

densisty of the nanofluid, ¢ is the for thermal diffusivity, n

the thermal diffusivity of liquid, 7 the ratio of the heat
capacity of fluid of the nanoparticles material to the effective
heat capacity of the base fluid, Dg indicates the Brownian
diffusion coefficient, Dy represents the thermophoretic
diffusion, Q denotes the Heat flow, T the temperature of the

fluid, C the nanoparticles concentration, T, and T are the

sheet and ambient fluid temperatures and C_ the ambient

fluid nanoparticles concentration. Transformations are
expressed as follows [32]:
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Incompressibility condition is satisfied identically and Egs.
(2)- (6) take the following forms:
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number and prime indicates differentiation with respect to n.
The non-dimensional parameters are

3 2
No-t 4= (xypf™ M2=20 pro ¥
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v VT, Dy
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Surface drag coefficient and surface heat transfer
are expressed as follows:

C, = By, = DN ([# ij(lu_ 1 [au]sj
pU: kT, -7 pd) oy epa oy

oT
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These are the dimensionless quantities:

C,Re'?=.2(n+1 )((1+ N)f"(0) -

Nu, Re;"? =— /”7”9'(0),
(14)

Where Re, =U (x+b)/V. designates the local Reynolds
number.

10
y=A(x+b)Z

(13)

(n+1) NA,,,
> 3 —(f (0))j

3. Results and Discussion

Figures 2- 23 are organized to discuss the features of non-
dimensional momentum, temperature as well as the
nanoparticles concentration for divergent values of evolving
parameters such as heat generation (A > 0) and heat
absorption (A < 0), the thermal conductivity k, fluid
parameters N and A, Prandtl number Pr, magnetic parameter
M, Lewis number Le, velocity index parameter n, suction (S
> 0) and injection (S < 0). The influence of heat generation
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parameter on the temperature profile is depicted on in figurel.
It is clearly displayed that increasing values of the parameter
results in the progression in the fluid temperature. In fact
larger values of heat generation parameter correspond to
temperature rise due to stretching of wall and hence the
temperature profile increases. The effects of heat generation
parameter over the nanoparticle concentration is depicted on
figure 2. It can clearly be observed that for any increase in the
parameter it also produce an increase in the nanoparticle
concentration profile.
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Figurel: E ffect of heat generation on Concentration profile
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Figure3: E fiect of thermal conductivity (k) on momentum profile.

Furthermore, figure3 displayed the effects of thermal
conductivity k on the momentum profile. It is seen here, that
for any increment in the parameter in accelerates the
momentum of the fluid. Similarly, on figure 4 shows the
variation of temperature solutal boundary-layer with the
effects of the thermal conductivity parameter k. It is noticed
that the thermal and solutal boundary layer thickness
increases with an increase in the thermal conductivity
parameter. Physically, this can be explained as follows, as the
thermal conductivity parameter increases, this give rooms for
more entrance of heat into the Casson flow. As the heat
increases, the temperature profiles also become affected and
tend to increase. It is worthwhile to note that the
concentration and temperature increases with the increase in
values of thermal conductivity parameter k as shown on
figure 5.

0.10 4

Lol
([T T
A e 2

0.054

0 T T T T Al
0 0.2 04 0.6 0.8 1

n
Figure4: E ffect of thermal conductivity (k) on Temperature profile.

54



Int. J. Sci. Res. in Mathematical and Statistical Sciences

« k=0
o k=1
k=3
o k=S5
@ k=7
0 02 04 0.6 08 1
n
Figure5: E ffect of thermal conductivity (k) on Concentration profile.
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Figuret: E ffect of fluid parameter (i) on Momentum profile.

On figure 6 we have seen that the momentum profile
diminishes for larger values of the fluid parameter 2,
contrarily, the temperature and nanoparticle concentration
profiles are observed to be increased with the increase in the
fluid parameter A, this is clearly visible on figure 7 and figure
8 respectively. The variation of Lewis number Le on
nanoparticle concentration is described in Figure 9. It is
perceived that the concentration of the fluid decreases with
rising values of the Lewis number, hence couple stress fluid
is more useful in many engineering applications such as air
conditioning, food industry, waste heat recovery, refrigeration
and automobile radiators due to enhanced heat transfer.
Influence of various values of magnetic field parameter M on
the nanoaparticle concentration is depicted on figure 10, with
the higher numerical values of the magnetic parameter, it is
clear that the rate of heat transfer for couple stress nanofluid
motion is more than the pure fluid, the mass transfer rate is
more significant in the present study while compared to the
boundary layer thickness also enhances. Hence,
magnetohydrodynamic couple stress fluid plays key role
solicitations in engineering processes like blood pumping
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machines, peristaltic MHD compressor exit. Physically, the
magnetic field parameter depends upon the Lorentz force and
the higher values of M yields a stronger Lorentz force. Such
stronger Lorentz force causes amplify of the nanoparticle
concentration profile.
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FigureT: E ffect of flnid parameter (i) on Temperature profile.
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FigureS8: E ffect of fluid parameter (i) on Concentration profile.
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Figure9: E ffect of Lewis numb er (Le) on Concentration profile
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Figurel0: E ffect of Magnetic parameter (M) on Concentration Figurel2: E fiect of velocity power index parameter (n) on
profile. Temperature profile.

From figure 11 it is observed that in the case of velocity
power index (n) the velocity profiles and momentum
boundary layer thickness decreases which is in best
agreement with the previously published results. Both
temperature and nanoparticle concentration profiles increases
with an increase in the velocity power index (n) just as
displayed on figures 12 and 13 respectively. The
characteristics of momentum profile for different values of 0.5
fluid parameter (N) is depicted in Figure 14. The axial '
velocity of the fluid hike and transverse velocity increase

with rising values of (N). Also, more heat transfer is observed
in the presence of couple stresses.
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Figurel 3: Effect of velocity power index parameter (n) on
Concentration profile
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On the other hand, figures 15 and 16 explains the effects of
fluid parameter (N) on the temperature as well as the
nanoparticle concentration profiles. Such that, for any
increase in the fluid parameter (N) it yields an increase in
both the profiles of temperature as well as the nanoparticle
concentration. Figure 17 displays the characterisation of
Prandtl number (Pr) for temperature profile. It is seen that, the
rising values of Pr yields a deteriorated of heat transfer rate.
In addition, the rate of heat transfer in presence of nanofluid
Figurell: Effect of velocity power index parameter (n) on is more than couple stress fluid near the stretching surface
Momentum profile. area. Physically, Pr is inversely proportional to thermal
diffusivity. The greater values of Pr implies a stronger heat
transfer rate which yields due to high thermal diffusivity.
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Figurel4: Effect of fluid param eter (N) on Mom entum
profile.
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Figurel5: Effect of fluid parameter (N) on Temperature
profile.
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Figurel6: Effect of fluid parameter (ON) on Concentration
profile.
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Figurel7: Effect of Prandtl number (Pr) on Concentration

profile.
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Figurel9: Effect of suction/ injection parameter (S) on
Nusselt number profile

The influence of Suction (S > 0) and injection (S < 0)
parameter on the Nusselt number profile is depicted on figure
19, in this case it is recorded differently, for the case of
suction, any increase in the parameter produces a rise in the
Nusselt number profile, It is clear that the reverse directions
for the injection parameter is observed. Regardless of suction
(S > 0) or injection (S < 0), increase in the parameter
significantly rises the Sherwood number profile, this is
depicted on figure 20, which is on the characterization of
suction/injection parameter on the Sherwood number profile.
Similar but reversed result is observed on figure 22, which is
on the influence of suction/ injection parameter on the
temperature profile. In this case, irrespective of suction/
injection parameter, an increase in the parameter decreases
the temperature.
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Figure20: Effect of suction/ injection parameter (S) on
Sherwood number profile.

¢ ¢ ¢ ¢

n
Figure22: Effect of suction/ injection parameter (5) on
Temperature profile.
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Figure2l: Effect of suction/ injection parameter (S) on
Momentum profile.
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Figurell: Effect of suction/ injection parameter (S) on
Momentum profile.
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Figure23: Effect of suction/ injection parameter (S) on
Concentration profile

Additionally, figure 21, is all about the influence of suction/
injection parameter on the momentum profile, in this case, it
is observed that for any increase in the parameter it slows
down the fluid’s momentum regardless of suction (S > 0) or
injection (S < 0). Figure 23, displays the influence of suction/
injection parameter on the concentration profile, in the same
vain, its observed that the concentration profile is increased
with both cases of suction (S > 0) and injection (S < 0).

4. Conclusion

We scrutinized the feature of MHD stretchable fluid flow of
Powell- Eyring nanofluid over a sheet with variable
thickness. Main results are unambiguously itemized
underneath:
1. Momentum profile is increase with an increase in k
and N parameters, while the reverse in observed with
an increase in n and A parameters.
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2. The temperature profile is increased with an increase
in both heat generation and heat absorption
parameter (A), A, n as well as Pr parameters. The
temperature is observed to decline with an increase
in k, N, as well as both suction and injection
parameter (S).

3. The parameters of heat generation and heat
absorption (A), A, n, as well as suction injection
parameters (S) rises the fluid’s nanoparticle
concentration, but it declined with an increase in k
and N.

4. The Nusselt number is seen to increase with
injection parameter (S < 0). While it decreases
Suction parameter (S > 0).

5. Sherwood number is an increasing function with
suction and injection parameter.
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