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The aim of current investigation is to report the impact of convective boundary conditions, heat generation,
viscous dissipation, porous medium and activation energy on Eyring-Powell nanofluid over Riga plate. We have
used the Darcy-Forchheimer model to characterized the effects of porous medium. The Riga plate describes as an
electromagnetics actuator that is made of permanent magnets and recurring behavior of electrodes pointed on
plane of surface. Mathematical formulation is derived with viscous dissipation, heat generation and activation

energy. The numerical code of shooting method is developed based on Range-Kutta Method of order four to get
the fast convergence and accurate results. It is analyzed that the temperature field shows an increasing behavior
by varying the values of Eckert number (Ec) radiation parameter (Rd). The Eckert number and modified Hartman
number Q accelerate both velocity and temperature profiles, respectively. The nanoparticle concentration profile
increases with Eckert number. The walls shear stress is increases and decreasing behavior for the values of
modified Hartmann number and Eyring-powell parameter.

1. Introduction

Present study ensures that nanofluids have great importance in in-
dustrial and technological process. A fluid which contains the nano-
sized particles (Nanoparticles) is called a nanofluid. The word Nano is
derived from Latin word which means gnome. These nanoparticles are
generally made of oxide ceramic-Al,O3, metal carbides-Sic, nitrides-
ALN, SIN, metals-Al, Cu and nonmetals- Graphite, carbon nanotube. Its
major use in pharmaceutical nanotechnology which is based on nano-
size particles like polymer nanoparticles, magnetic nanoparticles, li-
posomes, carbon nanotube and metallic nanoparticles. These nano-
particles stay hanged for a long period of time in the base fluid. Choi [1]
presented the nanofluid and described that nanofluids have great im-
portance in medical field like healing of cut, unblocking/opening the
vessels, hyperthermia etc., are completely dependent on the char-
acteristics of nanofluids. Nanofluids are favorable in mass and heat
transfer characteristics particularly in heat exchanger, aerospace tech-
nology, refrigeration and micro processing etc. Rasool et al. [2] re-
ported that the nanoparticles can hanged in the fluid for a long period
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of time that have size less than 100 nano-meter and concluded that the
velocity field of the nanofluid particles and the modified Hartman
number have direct proportional relation. Buongiorno [3] used the
concept of nanofluid and derived a mathematical model to observe the
thermal applications of base fluids. The base of this model depend on
two parameters, thermophoresis parameter (Nt) and Brownian motion
parameter (Nb). Various investigations have been performed and
available in the literature to report the applications of nanofluid in
different geometries [4,5-10].

In branch of fluid mechanics, the magnetic field have great im-
portance due to its different properties in augmentation of thermal-
physical properties of a fluid. A magnetic field is a vector field that
elaborates the magnetic effect of electric charges in relative motion and
magnetized materials. It is used in electric motors, electric generators,
electric transformers and magnetic resonance imaging (MRI). Waqas at
el. [11] discussed the behavior of magnetic dipole and activation en-
ergy for nanofluid over the stretchable surface to identify the im-
portance of fluid under the establishment of magnetic field. They also
considered the Brownian and thermophoresis conditions of liquid and
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Nomenclature

s dynamic viscosity

P density of base fluid
v kinematic viscosity
7, ¢ material constant

G electric-conductivity
@ thermal diffusivity

k thermal conductivity
@)y heat capacity of fluid
55 Brownian motion

thermophoresis diffusion

temperature distribution

concentration distribution

density of applied current

magnetization in magnet

width of magnet and electrodes

ratio between productivity of heat capacity of fluid and
nanoparticles

radiative heat flux

N u"zagzc el ﬁl?z

=

action of activation energy on the flow field. Lielausis and Gailities [12]
firstly was made this type of development in Riga and assigned a name
of Riga plate. The Riga plate describes as an electromagnetics actuator
that is made of permanent magnets and recurring behavior of electrodes
pointed on surface plane. Magyari et al. [13] described the inverse
relation between the Hartman number and transverse velocity through
the mixed convective flow over a Riga plate. Chamkha et al. [14]
analyzed the Marangoni convection of nanofluid under the effect of
Lorentz force. Balazadeh et al. [15] discussed the flow of non-New-
tonian fluid through a Riga plates under the impact of magnetic field
and joule heating.

In fluid mechanics, various types of the chemical reaction are
happened in the complex system of fluids, such as: heterogeneous re-
actions and homogeneous reaction etc. Seyedi et al. [16] reported the
applications of chemical reaction over a stretching wall under the
consider of radiative heat flux. Viscoelastic fluid over a stretch sheet
under the impact of homogeneous-heterogeneous reaction were nu-
merically analyzed by Khan et al. [17]. Squeezed flow was considered
by Hayat et a. [18] to highlight the impact of chemical reaction and
convective conditions to report the importance of various physical
parameters on the involving unknown physical quantities. Williamson
nanofluid with variable thickness, thermal radiation, chemical reaction
and Lorentz force was taken by Kumar et al. [19].

It is well-known that the Navier stokes equations cannot be support
to understand the complex rheological fluids like, typical oil, human
blood, polymer solution, various paints and grease etc. Because, in
these fluid models, a highly nonlinear relation between shear stress and
strain is observed. To understand the behavior of such type of fluids,
various non-Newtonian models have been presented including Powell-
Eyring fluid which is taken in this investigation. This fluid model pro-
duct the non-Newtonian behvaiour at an intermediate stress rate and
behave like viscous fluid against the highly shear stress rate. Moreover,
this model is derived from the constitutive expression obtained by the
kinetic theory of gases instead of empirical formula. This model has
significant applications in industrial processes (polymer solution) and
chemical engineering process. For this, Ali et al. [20] discussed the
Powell-Eyring fluid through a pipe under the effects of variable liquid
properties. They used the numerical and analytical techniques to
handle the developed nonlinear system of equations. Alsaedi et al. [21]
expressed the energy loss of thermodynamic system by using the
stretchable surface in MHD Eyring-Powell nanofluid and explained the
thermal conductivity of the system raised by using nanoparticles in the
ordinary liquid. Nazeer et al. [22,23] analyzed the flow behavior of
non-Newtonian fluid under the impact of space and temperature de-
pendent viscosity models. Recently, Khan et al. [24] investigated im-
pact of modified homogeneous-heterogeneous reactions in flow of
Casson liquid towards a stretched surface. The results are computed
thorugh built-in-Shooting method.

The motive of this attempt is explained in three main phase. In first
phase, the development of Eyring-Powell nanofluid over a Riga plate in
the presence of heat generation, viscus dissipation and chemical reac-
tion with activation energy is elaborated. There is no literature review

is presented on such development in the past. In second phase, to de-
monstrate the impact of different parameters like Prandtl number,
Lewis number, Eckert number, thermophoresis and Brownian motion
by Riga surface on temperature, velocity and concentration profiles.
Finally, to remark the interpretation of Nusselt number, skin friction
and Sherwood number which have great importance in industrial
characteristics of nanofluids.

2. Mathematical formulation

We take an Eyring-Powell nanofluid flow along a Riga surface under
the consideration of the convective boundary conditions for heat and
mass transfer. Riga plate is heated with the help of the hot fluid that
have an initial temperature T, with concentration of particles 5np in-
creases the heat and mass transport of the coefficients hy and h, re-
spectively. By observing when Lorentz force created by Riga plate as
well as the nanoparticles immersion in the fluid then the fluid behaves
electrically conducting along y-axis. Choose x-axis along the surface of
the Riga plate and y-axis normal to it. The flow equations in the form of
partial differential equations for the presented investigation are given
by
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with the given boundary conditions
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By using the concept of Taylor series expansion and Roseland's ap-
proximation, we have:

_ 4ot
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Using Eq. (8) into eq. (4, 5) and (7), we get the following nonlinear
complex boundary value problem as:
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Here Q represent the modified Hartman number, Pr is used for
Prandtl number, Rd is known as radiation parameter, B is the symbol
for dimensionless parameter, N't is used for thermophoresis parameter,
Nb represent the Brownian motion, K and X are fluid parameter, G;and
&, are the heat-mass transfer Biot factor, I’Zl stand for chemical reaction,
Te is used for Lewis number, G is used for chemical reaction rate con-
stant, & show temperature difference variable, D)and D,is used for non-
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dimensional porous medium parameters, g is used for heat source/sink,
Ec is used for Eckert number and Sc¢ represented the Schmidt number,
respectively. Mathematically, we have the following results
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The important physical quantities namely, Nusselt number (heat
flux), Skin-friction (drag force) and Sherwood number (mass flux) are
listed below,

~ —19 ~ ~ ~1!
Re, *Niu, = —(1 + %Rd)@ 0)

~ =i~ o 1oyt
Re, *Cy = ((1 +K)f (0) - gKA )

~ —1 ~ ~/!
Re, 5% = - 0 (15)

and R, presented the local Reynolds number.
3. Results and discussion

This section explore the effects of different immersed parameters
and dimensionless numbers on velocity function f(5), temperature
function 6(;) and concentration function ¢(;) have been discussed. To
construct the graphs, we have removed the tilde symbol for the sim-
plicity. We have presented the graphs of velocity, temperature and
concentration against the physical parameters. The effects of non-di-
mensional parameter of porous medium D; on velocity field is sketched
in Fig. 1. It has a leading impact on the motion of the flow. Ordinarily
the defiance in the path of flow is due to porosity, which show the
decline behavior of the velocity for the motion of the flow. Actually, for
increasing the value of D; leads to enhance the number of porous holes
which produce defiance in the motion of the flow and decrease the

10
08
D{=0.02,03, 04
— 06
>
S~ 04
02
00
0 1 2 3 4 5

n

Fig. 1. Impact of D; on velocity field.
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Fig. 4. Impact of D; on 6(y)

whole motion of the fluid. Generally, the number of perforations in the
porous medium increased with the augmented values of D,. Passing
through these perforations the nanoparticles faced many obstacles.
Therefore, it is clear that the velocity profile show decline behavior for
the augmented values of D;. The flow pattern shows decline behavior
due to the effect of dimensionless parameter § as illustrated in Fig. 2.
Actually, the fluid viscosity increases by the increasing values of
which show the decline behavior of flow pattern. Temperature profile
under the action of heat generation/absorption is shown in Fig. 3. Ac-
tually the loss of heat for the flow of fluid is due to the heat generation
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Fig. 7. Impact of Q on velocity field

which behaves like a heat generator. The effect of porous medium
parameter D; on temperature profile is interpreted in Fig. 4. It is noticed
that temperature profile showing increasing behavior for the aug-
mented values of porous medium parameter D;. It is due to the mount
of thermal boundary layer that increase with the augmented values of
porous medium parameter D;. The temperature profile under the action
of radiation parameter Rd is displayed in Fig. 5. Thermal radiation plays
a dominant role in heat transfer for the small value of the convective
heat coefficient. The enhancement in the temperature profile is due to
the increasing behavior of thermal radiation parameter. This increment
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Fig. 10. Impact of Nt on 6(17)

illustrates the low rate of cooling effect in the flow of nanofluid. The
effect of Prandtl number on temperature profile is illustrated in Fig. 6.
Substantially, for the low value of Pr, the thermal diffusivity is rising
behavior for nanofluid but it shows the reverse behavior for higher
values of Prandtl number that's why the temperature show decline
behavior for liquid. Substantially, Pr and thermal diffusivity have in-
verse relation. Velocity profile under the action of modified Hartman
number Q is displayed in Fig. 7. It is observed that the velocity shows
increasing behavior for the increasing values of modified Hartman
number Q. Substantially, enhancement in the values of modified
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Hartman number is show contrasting behavior under the effect of
magnetic parameter. Magnetization surrounded by plate, enhanced due
to the enhancement in the values of modified Hartman number Q,
which also help to increase the flow speed of the fluid this is because of
magnetic field which is under the action of Lorentz magnetic pull force.
This property is completely connected with Riga plate. So, when the
modified Hartman number Q vanishes the velocities show decline be-
havior and in this position Riga plate changes into the straight plate.
The Prandtl number effect on concentration is displayed in Fig. 8. It is
observed that concentration and Prandtl has inverse relation, which
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Fig. 16. Impact of & on ¢(;))

show that enhancement in the Prandtl number decreases the con-
centration profile. Temperature profile under the impact of Brownian
motion Nb is illustrated in Fig. 9. It is observed that enhancement in the
Brownian motion parameter enhance the temperature and also in-
creases the thermal boundary layer thickness. Motion of the particles
increases randomly under the action of increasing values of Brownian
motion parameter which is the cause of produce more heat. So, tem-
perature profile increases. Observation of thermophoresis effect on
temperature profile is displayed in Fig. 10. Increases values of Nt show
the leading behavior for both thermal boundary layer thickness and
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Fig. 19. Impact of Ec on ¢(;)

temperature. Thermophoresis is a process in which heated particles
moved towards cold place from hot surface, under this behavior tem-
perature of the fluid increases. Analysis of Lewis number on con-
centration profile is sketched in Fig. 11. For the small values of Lewis
number, the concentration profile shows leading behavior. Decline
behavior of concentration profile is due to decrease in mass diffusivity
which is under the impact of enhancement in the Lewis number. The
effect of Eckert number on temperature profile is displayed in Fig. 12.
Temperature increase as Eckert number increases because the viscous
dissipation increases for the higher values of Eckert Number. Ob-
servation of temperature profile under the impact of modified Hartman
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number is elucidated in Fig. 13. The temperature field shows decline
behavior for the increasing values of modified Hartman number Q. In
the increment of the values of modified Hartman number the thermal
boundary layer shows decline behavior. Description of fluid parameter
K on the temperature profile is displayed in Fig. 14. It is seen that for
the fluid parameter K temperature profile show decline behavior. Be-
cause the augmented values of K reduce the dynamic viscosity which
result in decreasing the temperature profile. Fig. 15 reported the impact
of chemical reaction on the concentration profile. It is observed that
concentration profile reduces for the augmented values of chemical
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Table 1

Variation of Drag force via non-dimensional parameters.

B K Q ﬁE;l/zﬁfx
0.0 0.3 0.3 0.9282
0.5 0.9909
1.0 1.0267
1.1 0.0 0.3 1.1434
0.5 0.9723
1.0 0.8592
1.1 0.3 0.0 1.1412
0.5 0.9607
1.0 0.7866

Table 2

Variation of Nusselt number and Sherwood number via non-dimensional
parameters.

> q Be Br Rd Re v, Re s,
0.2 0.3 0.4 0.5 0.3 0.7914 0.2120
0.5 0.8003 0.2104
0.6 0.8095 0.2088
0.2 0.1 0.2 0.5 0.3 0.7639 0.2171
0.2 0.7691 0.2162
0.4 0.7800 0.2141
0.3 0.5 0.2 0.5 0.3 0.7876 0.2130
0.4 0.7895 0.2128
0.5 0.7913 0.2127
0.6 0.5 0.2 0.6 0.3 0.7837 0.2087
0.7 0.7744 0.2050
0.8 0.7654 0.2015
0.6 0.5 0.2 0.9 0.4 0.8360 0.1980
0.5 0.9156 0.1978
0.6 0.9954 0.1977

reaction due to riddling between the particles of the fluid towards the
surface increases for the augmented values of K; which leads to de-
crease the corresponding boundary layer. The characteristics of tem-
perature difference parameter § and chemical reaction rate constant o
on concentration profile ¢(#) is elaborated in Figs. 16 and 17, respec-
tively. We analyzed that for different values § and o concentration
profile shows decline behavior. Because the rate of destructive chemical
reaction increases. In Fig. 18, we observed that an enhancement in heat
source parameter q reduce the nanoparticles concentration ¢(;). This
occurs under the impact of the boundary layer thickness gain energy
from the thermal boundary layer as a result reduce the concentration
profile. Concentration profile under the impact of Eckert number is
displayed in Fig. 19. We analyzed that an increment in the values of
Eckert number decreases the concentration profile. Temperature profile
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under the impact of a;is demonstrated in Fig. 20. Stronger convection
creates due to the augmented values of a;which result in raising be-
havior of temperature profile. It is due to the related boundary layer
mount for the augmented values of a;. Descriptive of a, on temperature
profile is elaborated in Fig. 21. Mass convection increased by an in-
crement in the values of a,. This augmented conclusion in arise of the
identical boundary layer and temperature profile. Impact of a, on
concentration profile is elucidated in Fig. 22. The concentration profile
enhanced for the augmented values of a,. Mass convection is connected
to the Biot factor. Augmented values of concentration profile is due to
the stronger mass Biot factor. Non-dimensional porous medium para-
meter D; effect on concentration profile is subjected in Fig. 23. It is
noticed that for the augmented values of non-dimensional porous
medium parameter the concentration profile show rising behavior. It is
due to an increment in the values of the non-dimensional porous
medium parameter that increases the thickness of the solutal boundary
layer. Substantially, it is elaborated as enhancement in the non-di-
mensional porous medium parameter gives more spaces for the en-
trance of heat in the flow of the fluid. The numerical values of im-
portant physical quantities are listed in Table 1. It is observed that the
drag-force is increases for increasing the values of § while an reverse
trend is observed against K and Q.

The obtaining results for Sherwood numbers and Nusselt number for
different pertinent parameters are displayed in Table 2. From this table
it is noted that the values of heat transfer rate showing the increasing
trend via Dy, ¢, Ec and Rd while opposite behavior is observed via Pr.
Moreover, the values of Sherwood number predicting the decreasing
behavior via Dy, q, Ec, Rd q and Ee.

4. Conclusions

In this study we explored the effects of activation energy, thermal
radiation, heat generation, porous medium and chemical reaction on
Eyring-Powell nanofluid flow along the Riga surface. The set of partial
differential equations are converted into ordinary differential equation
by using the suitable similarity transformation and solved them nu-
merically. The concluding note about this study are elaborated below:

® For the augmented values of porous medium parameter and mag-
netic field the velocity decreases.

e The temperature profiles accelerate against the Prandlt number
while an opposite trend is observed via heat generation and radia-
tion parameters.

e Temperature and concentration profiles show decline behavior for
the augmented values of fluid parameter.

e For an increasing values of modified Hartman number temperature
show decline behavior.

e Eckert number declines the temperature and nanoparticles con-
centration profiles.

e For an increasing values of heat source parameter ¢ > 0 tem-
perature show raising behavior but for heat sink parameter ¢ < 0 it
show decline behavior.

e Sherwood number predicting the decreasing behavior via Dy, §, Ec,
Rd{ and Ec.
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