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This study presents the stagnation point boundary layer flow of copper—water based nanofluid subject
to the applied magnetic field. The flow is caused by the presence of an exponentially stretching
porous wall. Heat transfer analysis is also taken into account along with the thermal radiation and
Joule heating effects. Mathematical modeling is performed to convert the physical system into a set
of mathematical equations which are further simplified by using suitable variables. Exact solutions
for the velocity and temperature profiles are computed and interpreted for various physical
parameters of interest. It is observed that by increasing the magnitude of the solid volume fraction of
nanoparticles, the velocity profile is accelerated. The results also indicate an increment in the Eckert
number increases the temperature and the thermal boundary layer thickness.

Keywords: nanofluid, thermal radiations, magnetic field, prescribed surface temperature, exact

solution, shape factor
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1. Introduction

In recent years, the interest of engineers and mathematicians
is focused on the valuable and fascinating applications of
copper nanoparticles in medical, chemical, and in engineering
industry. Few of these applications are: copper nanoparticles
acts as an anti-biotic, anti-microbial, anti-fungal agent when
added to plastics, coatings, textiles, high strength metals, heat
sinks, highly thermal conductive materials, electronics, and
displays. The basic purpose of nanoparticles is to enhance the
thermal abilities of base fluid. Because conventional heat
transfer fluids, including oil, water, and ethylene glycol
mixture are poor heat transfer fluids, since the thermal con-
ductivity of these fluids plays an important role on the heat
transfer coefficient between the heat transfer medium and the
heat transfer surface. Dramatic heat transfer and high thermo
physical properties of nanofluids make them significant in
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research field in recent years. Nanofluids play key role in
many industries such as in power generators, micro-electro-
mechanical systems, microprocessors and biotechnology
(particularly for drug delivery). Choi [1] in 1995 first time
incorporate the nano materials in the conventional fluids and
termed it as nanofluids. After which many researchers
investigated nanofluids experimentally and theoretically
[2-5]. Nield and Kuznetsov [6] previously studied the flat
surface nanofluid system to find the combined effect of
Brownian motion and thermophoresis on the boundary layer
flow. Kakac and Pramuanjaroenkij [7] investigated nano-
fluidsfor their convective transport. Maxwell model for
nanofluids was applied by Srinivas and Vinod [8] to explore
the influence of heat generation or absorption on the boundary
layer flow. Recently more advance and relevant study on
nanofluids was carried out [9-16].

Stretching surfaces under the influence of magnetic field
is a topic of great interest because of its potential applications
in engineeringand industrial processes such as crystal
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growing, manufacturing of paper, glass fiber drawing, gen-
eration of plasma, geothermal and petroleum industries.
Crane first time [17] gives the idea of boundary layer flow of
viscous incompressible fluid produced by a stretching surface
in 1970. Later on, Anderson et al [18] presented the study of
the magnetohydrodynamic viscous flow on a linear stretching
surface. Wang [19] studied the Newtonian flow induced by a
stretching surface with slip and suction effects. Andersson
et al [20] investigated an exact analytical solution for slip
flow over a stretching surface. Fang et al [21] examined the
MHD flow of viscous fluid under a slip condition past a
stretching surface. Later on various researchers used the
philosophy of Crane with more innovative ideas such as
nonlinearly and exponentially stretching surfaces, which was
found very useful in industrial and engineering processes. In
this regard, Alinejad and Samarbakhsh [22] studied the flow
of Newtonian fluid past a nonlinear stretching plate with
viscous dissipation phenomenon. Kumbhakar and Rao [23]
studied the boundary layer flow of thermally radiating surface
over a nonlinear stretching sheet. Seth and Mishra [24] ana-
lyzed the transient flow of nanofluid induced by a nonlinear
stretching sheet. Jayarami et al [25] investigated the mixed
convective flow of chemically reactive Cassion fluid past a
nonlinear stretching. Magyari and Keller [26] investigated the
exponential temperature distribution past an exponentially
stretching surface. Elbashbeshy [27] examined the effects of
suction on laminar flow over an exponentially stretching
surface. El-Aziz [28] studied the mixed convective flow of
micro-rotating fluid driven by an exponentially stretching
surface. Mandal and Mukhopadhyay [29] studied the mixed
convection flow of micro-rotating fluid with fluid friction
phenomenon induced by an exponentially stretching surface.
To our knowledge, the stagnation point boundary layer
flow of copper—water based nanofluid subject to the magnetic
field due to an exponentially stretching porous wall is still not
investigated. Further, the thermal radiation and the Joule
heating effects are also taken into consideration in the energy
equation as a body force. Analytical solutions are attained for
the momentum and heat equations adopting confluent
hypergeometric function of 1st kind which is known as
Kummer’s function. Graphical results are prepared and por-
trayed to analyze the emerging parameters behavior. The
coefficient of local Nusselt number and local skin friction are
perused through numerical computations and graphs.

2. Problem statement

A steady, two dimensional, incompressible flow of Cu—water
nanofluid passed a permeable exponentially stretching sheet
has been considered. The x-axis is taken along the stretching
sheet in the direction of flow and y-axis is considered normal
to the flow direction can been seen in figure 1. The fluid
occupies the space y > 0. The sheet is stretched in the
x-direction with a velocity u = uge*/L. Moreover, the
magnetic field By is applied normal to the fluid flow. Effects
of Joule heating and thermal radiation phenomena are further
examined in the energy equation. The elementary equations

y
ked  Bricks
] Platelets

wm Cylinders

Nanoparticle

Wall Suction/Injection

Figure 1. Geometry of the problem.

governing the two dimensional MHD flow are:
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where u, v represent the velocity components along x- and
y-directions respectively, B(x) the magnetic parameter, p,r the
density, pi,¢ the dynamic viscosity, a,¢ the thermal diffusivity,
vpr the kinematic viscosity, (pc,)nr the specific heat capaci-
tance of the nanofluid. Hamilton and Crosser model (1962) to
consider different shaped particle by presenting a shape fac-
tor. As per this model, when the thermal conductivity of the
nanoparticles is 100 times bigger than that of the host fluid,
the thermal conductivity can be shown as:
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In the above equations, prand (pc, ); are the density and the
effective heat capacity of the host fluid, ¢ the solid volume
fraction, oy and o, expressed the electrical conductivity of the
host and nanofluid, k the thermal conductivity of host fluid,
kn¢ the thermal conductivity of nanoparticles. The suitable
boundary conditions for the problem defined above are [30]:

y=0,

} )
y — Q.
To non-dimensionalize the variables, following similarity
variables have been introduced [30].

J

u=upe’t, v=v, at

u— u, = ue*’t as
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After using equation (5), the equations (2) is reduced to
fl// +A1A2ﬁw + K(A _f/) _ 2A]A2f/2
— AMf! + 24447 = 0, (6)

subject to the boundary conditions:

fm=s,  fop=1 at n=0,
flop — = =4 as ) — oo. 0
U
In the above equations (6) and (7), uq represents the reference
2
velocity, u, the stagnation-point flow velocity, M, = —ZL:B % the

k
Hartmann number and K = "L” 0

the permeability parameter.
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and A; = (1 — ¢)>°. Chakrabarti and Gupta [31] acquired the

analytical solution for these type of 3rd order nonlinear diff-
erential equations.

f) =a+be . ®)

By using equation (7) in (8), We obtain

In the above equation (14), 7, = pu, f (g—;’) is the stress at
y=0

the Reynolds number.
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3. Heat transfer analysis

In this segment, the Heat transfer analysis in the presence of
the thermal radiation and Joule heating phenomena has been
presented. The elementary equation is given bellow:

or  or T 1 Oq,  ouB(X)?
U—— + V— = Qp—— — — T = u,
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(15)
where
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Here ay¢ the thermal diffusivity, T express the temperature
field, (C,)ns the specific heat, k* denote the mass absorption
coefficient and o* the Stefan—Boltzmann constant. Using
equation (16) into equation (15), we get
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By using equation (9) in equation (6), we have Ot B(x)? w2, a7
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where a, b and ) are constants with A > 0. Now, using the
above constant in equation (9), we get the following velocity
profile

f(n)=S+[

1
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where T, expresses the constant reference temperature, L the
characteristic length, 7, the temperature of the sheet and T,
represents the free stream temperature. The similarity variable
for the temperature field is given as [30]:

T — Ty
Tw_ Too.

The following dimensionless energy equation is obtained
after utilizing the similarity variables defined in equations (5)

0(n) = (19)
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Here Ec the Eckert number, N the radiation parameter and Pr
the Prandtl number. The reduced boundary condition are:

0 =1 t =0,
() a n 22)
0(n) — 0 as n — 00.
Now, putting equation (9) into (20), it is easy to get
— e M
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Any linear differential equation of second order can be
reduced to Kummer’s ordinary differential equation. For this
purpose new variable is introduced

Pre=
wN?

As a result equation (23) becomes Kummer’s ordinary diff-
erential equation:

%9 00 o PrMy
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where h= (1 — P), P = %(s + i) and g = —2. The
boundary conditions are taken as

0 =1, 0(0) = 0. (26)

The exact solution of equation (25) with (26) in terms of
Kummer’s functions [32], is
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In the above equation (27), M represents the confluent
hypergeometric function of Ist kind. The Kummer function of
equation (27) are defined as follows
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Accordingly, the above equation initiated the non-
dimensional wall temperature. The local Nusselt number can
be written as:

()
tr 9 y=0 k

Nu = — 22 Re!726,(0). 30
ky (T — Toc) ke /0 .
In the current study, it is acquired as:
ky ~1/2
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Figure 2. (a) Influence of ¢ (§ = —0.3) on velocity profiles. (b) Influence of ¢ (S = 0.3) on velocity profiles.
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Figure 3. (a) Influence of S(injection) on velocity profiles. (b) Influence of S(suction) on velocity profiles.

4. Results and discussion

In this part, the effect of several emerging parameters on the
velocity profiles and temperature profiles has been shown in
order to envision the conduct of these parameters. In this
regard, figures 2—-18 are prepared. The graphs showed in
figures 2(a) and (b) are plotted to visualize the behavior of
velocity of the nanofluid for the nanoparticle concentration ¢
in the presence of suction and injection phenomena sepa-
rately, while keeping the other the parameters constant. It is
examined in these figures that the velocity profile enhances
with an increment in the solid volume fraction. Influence of
the suction/injection parameter is depicted in figures 3(a) and
(b). It can be seen in figure 3(b) that the velocity profile

increases for the mass blowing (S < 0) and a quite opposite
behavior of the same profile is recorded for the mass suction
(§ > 0) in figure 3(b). An increment in the velocity ratio

u .
parameter A = —< strongly accelerates the velocity profile
MU

(see figure 4). Moreover, it is also perceived that the boundary
layer thickness and velocity rise with an increment in A, while
the stretching velocity is higher than the stream velocity. The
stagnation point flow is found zero, when velocity ratio
parameter is taken zero.

Physical insight of the temperature profile with respect to
the mass suction/injection, the Eckert number Ec, perme-
ability parameter K, the Prandtl number Pr, the Hartmann
number M,, the nanoparticles concentration ¢ and the
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Table 1. Thermophysical properties of host fluids and nanoparticle.

14 9% k
Item kgm>  JkgT'K  wmIK
Base fluid Water 997 4179 0.613

Nanoparticle ~ Copper (Cu) 8933 385 400

Table 2. Shape of Nanoparticle with their shape factor is given by
Elena et al [33].

Nanoparticles Shape Shape factor
Bricks 3.70
Cylinders I 4.90
Platelets P 5.70
Table 3. Comparison table.
S>0 35 4 4.5 5

Bhattacharyya et al ~ 0.666 67 1.00000 1.22871 1.43426
(34]
Present study 0.66667 1.00000 1.22871 1.43426

velocity ratio parameter A are plotted in figures 5-11
respectively. Figure 5 shows the influence of the suction/
injection parameter on the temperature profile. The temper-
ature profile decreases for increasing the value of suction
parameter. Physically, the effect of suction is to make the
temperature distribution more uniform within the boundary
layer. Imposition of fluid suction at the surface has a tendency
to decrease the thermal boundary layer thickness, which
consequently reduces the temperature field. On the other
hand, the thermal boundary layer thickness increases with
injection which causes a decrease in the rate of heat transfer.
Figure 6 portrays the impact of the Eckert number on temp-
erature profile. It is observed that with an increase in the
Eckert number there is a gradual decrease in the fluid energy.
Here, it is seen that the temperature and thermal boundary-
layer thickness increases for increasing values of the Eckert
numbers, because heat energy is stored in the liquid due to the
frictional heating. Such increase in the Eckert number
enhances the temperature at any point in the thermal bound-
ary-layer region. Figure 7 influences the behavior of the
permeability parameter on the temperature field. As the per-
meability of fluid increases there is increase in the fluid
temperature, which is obvious. Physically the presence of a
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Table 4. Numerical values of the local skin friction coefficient f” (0).

10) A M, S K=0 0.3 0.5 0.6 0.7
0 0.1 2 03 -215062 —221700 —-2.26009 —2.28131 —2.30232
0.1 —1.81798 —1.89506 —1.94465 —1.96895 —1.99294
0.2 —1.51348 —-1.60419 —-1.66180 —1.68983 —1.71739
01 0 —1.82206 —-190731 —-196196 —198870 —2.01525
0.2 —-1.80567 —1.87483 —191947 —194138 —1.96303
0.3 —1.78496 —1.84634 188609 —1.90563 —1.92497
01 O —1.28712 —-139628 —1.46420 —1.49691 —1.52887
0.3 —1.38091 —1.48266 —1.54651 —1.57740 —1.60765
0.5 —143978 —1.53735 —1.59887 —1.62869 —1.65795
2 -1 —1.39512 —-1.47083 —1.51961 —1.54352 —1.56714
—0.5 —1.54363 —1.62046 —1.66990 —-1.69413 —1.71806
0 —-1.70973 —-1.78695 —-1.83662 —1.86096 —1.88499
05 —1.89371 —197054 —-2.01999 —-2.04422 —-2.068 14
1 —2.09529 217100 221977 —224369 —2.26731

Table 5. Numerical values of the local Nusselt number —6/(0) for Ec = 0.3, m = 3.7, Pr = 6.2 and N = 0.5.

10) A M, S K 0 0.3 0.5 0.6 0.7
0 0.1 2 0.3 284561 2.83761 2.83228 2.82962 2.82696
0.1 223592 222624 221988 221672 2.21359
0.2 1.79357 1.78282 1.77582 1.77236 1.768 94
0.2 -1 0.79397 0.78026 0.77093 0.76620 0.761 42
—0.5 1.03029 1.01304 1.00157 0.99584 0.990 12
0 145259 143890 142994 142551 142112
0.5 2.05087 2.04192 203609 2.03321 2.03037
1 2777434 276883 276524 276347 2.76171

A M, K S ¢ 0 0.4 0.6 0.8 0.9
0.1 2 0 0.3 284561 120728 0.83785 0.55033  0.38538
0.6 2.82962 1.18081 0.79936 0.48324 0.29552
1.2 281374 1.15666 0.76676 0.43666 0.24875
1.6 280325 1.14168 0.74765 041302 0.228 54

10) K M, Ec S A 0 0.4 0.6 0.8 1

01 03 0 0.5 0.3 259080 2.63142 2.68149 2.76509 2.96722
1 230028 232387 235076 2.38898 2.43592
2 2.04229 2.05482 2.06778 2.08285 2.09071
3 1.80866 1.81346 1.81718 1.81822 1.80690

porous medium causes higher restriction to the fluid flow
which, in turn, retards the fluid velocity, and due to which
there is increase in the temperature. Figure 8 is prepared to
analyze the effect of the Prandtl number on temperature field.
It is seen that the temperature and the thermal boundary layer
thickness decreases effectively with an increment in the
Prandtl number. Physically it signifies that an increase in the
Prandtl number means an increase of fluid viscosity, which
causes a decrease in the temperature distribution. The influ-
ence of the magnetic parameter on the temperature field is
portrayed in figure 9. It is observed that with an increment in
the magnetic parameter the fluid energy increases sig-
nificantly. Actually, magnetic parameter strongly depends
upon the Lorentz force. The higher magnetic parameter has
the stronger Lorentz force and the lower magnetic parameter

corresponds to the weaker Lorentz force. The stronger Lor-
entz force generates more heat in the fluid motion which
shows an increment in the temperature and thermal boundary
layer thickness. The variations of the solid volume fraction
with combine effect of the suction/injection parameter is
plotted on the temperature field in figure 10. It is seen that
with an increase in the solid volume fraction the fluid temp-
erature increases for suction and decreasing trend is noticed
for the injection parameter. The behavior of the velocity ratio
parameter on the temperature field is plotted in figure 11. The
fluid temperature decreases effectively with an increase in the
velocity ratio parameter.

To capture the heat transfer rate, the local Nusselt num-
ber is plotted against the variations in the Eckert number, the
magnetic parameter, the permeability parameter and the
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Table 6. Numerical values of the local Nusselt number —§/(0) for Ec = 0.3, m = 4.9, Pr = 6.2 and N = 0.5.

¢ A M, S K 0 0.3 0.5 0.6 0.7
0 0.1 2 0.3 284561 2.83761 2.83229 282962 2.82697
0.1 215082  2.14093 2.13444 2.13123 2.12804
0.2 167977 1.66883 1.66172 165821 1.65474
0.2 ~1 076347 0.74858 0.73844 0.73330 0.728 12
-0.5 098201 096436 095265 094682 0.94100
0 136928 135542 134637 134190 1.33747
0.5 191354 190438 1.89842 1.89549 1.89259
1 257009 2.56436 256064 2.55880 2.55699

A M, K S ¢ 0 0.4 0.6 0.8 0.9
0.1 2 0 0.3 284561 1.09403 074879 049469 0.35128
0.6 282962 1.06754 0.71025 042592 0.25879
1.2 281374 1.04358 0.67826 038091 021513
1.6 280325 1.02882 0.65976 0.35865 0.19679

6 K M Ec S A 0 0.4 0.6 0.8 1

01 03 0 0.5 03 249260 253332 258355 2.66747 2.87037
1 221331 223741 226499 230452 235425
2 196554 197882 199278 2.00961 2.02079
3 174136 174707 175197 175501 1.747 19

Table 7. Numerical values of the local Nusselt number —6/(0) for Ec = 0.3, m = 5.7, Pr = 6.2 and N = 0.5.

0] A M, S K 0 0.3 0.5 0.6 0.7
0 0.1 2 0.3 284561 2.83761 2.83229 282962 2.82697
0.1 2.09827 2.08826 2.08170 2.07845 2.07522
0.2 1.61263 1.60161 1.59445 1.59092 1.58743
0.2 -1 0.74435 0.72876 0.71813 0.71275 0.707 33
—0.5 0.95256 0.93470 0.92287 091698 091111
0 1.31960 130566 1.29657 1.29208 1.287 64
0.5 1.83296 1.82370 1.81769 1.81473 1.81180
1 245136 244552 244173 243986 2.43801

A M, K S ¢ 0 04 0.6 0.8 0.9
0.1 2 0 0.3 2.84561 1.03073 0.70034 0.46474 0.33306
0.6 2.82962 1.00434 0.66200 0.39546 0.23961
1.2 281374 098060 0.63055 0.35160 0.197 84
1.6 280325 096604 0.61249 0.33023 0.180 56

o} K M, Ec S A 0 0.4 0.6 0.8 1

01 03 0 0.5 0.3 243202 247279 252312 260725 2.81062
1 2.15961 2.18401 221202 225235 2.303 80
2 191810 193184 194640 196430 197752
3 1.69970 1.70597 1.71158 1.71584 1.71017

suction/injection see figures 12—15. It is seen that the Nusselt
number is directly proportional to the Eckert number, the
magnetic parameter and the permeability parameter.
Figure 15 shows that for the injection parameter the heat
transfer rate is high as compared to the suction parameter. It is
noticed through figure 16, that the local skin friction coeffi-
cient is decreased for the mass suction parameter and
increased for the mass blowing parameter. In figure 17, the
local skin friction coefficient is observed to grow gradually

with an increment in the solid volume fraction. A decrement
in the local skin friction coefficient for the increasing values
of the Hartmann number is concluded through figure 18.
Table 1, represents the thermophysical properties of the
base fluid (water) and nanoparticles (copper). Table 2 deals
the numerical values of nanoparticle shape factor m. Results
for code verification are presented in table 3. Table 4 display
the values of the local skin friction f” (0). The values of local
Nusselt number —6/(0) owing the different emerging
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parameters for different shape factors of nanoparticles shown
in tables 5-7. Furthermore, the negative amount of the local
skin friction in table 4 describe the effect of the drag force on
the sheet.

5. Conclusion

This article examined the radiative and hydromagnetic
nanofluid flow with the suction/injection effects over an
exponentially stretching surface. The main findings of the
analysis have been wrapped up in the following text:

L]

The velocity profile is an increasing function of the solid
volume fraction, velocity ratio parameter and the mass
blowing whereas it has an opposite behavior for the mass
suction parameter.

The temperature profile accelerates with the growth of the
Eckert and Hartmann numbers.

It is seen that the temperature field decreases by
increasing the Prandtl number and the velocity ratio
parameter.

An increment in the suction parameter is found
responsible for an augmentation in the rate of heat
transfer.

The impact of shape factor for Platelets is greater then
that of cylinder and bricks against temperature variation.
Nusselt number is the increasing function of Eckert
number, magnetic parameter and permeability parameter.
Local skin friction coefficient increase with an increase in
the solid volume fraction factor.
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