Alexandria Engineering Journal (2021) 60, 2127-2137

Alexandria University

Alexandria Engineering Journal

www.elsevier.com/locate/aej
www.sciencedirect.com

Numerical and scale analysis of non-Newtonian »
fluid (Eyring-Powell) through pseudo-spectral
collocation method (PSCM) towards a magnetized
stretchable Riga surface

Yu-Ming Chu™”, Fayyaz Ahmad ¢, M. Ijaz Khan ", Mubbashar Nazeer °,
Farooq Hussain', Niaz B. Khan?, S. Kadry ", Liquan Mei'

& Department of Mathematics, Huzhou University, Huzhou 313000, PR China

> Hunan Provincial Key Laboratory of Mathematical Modeling and Analysis in Engineering, Changsha University of Science

& Technology, Changsha 410114, PR China

¢ Department of Applied Sciences, National Textile University Faisalabad, Pakistan

4 Department of Mathematics and Statistics, Riphah International University, I-14, Islamabad 44000, Pakistan

¢ Department of Mathematics, Institute of Arts and Science, Government College University Faisalabad, Chiniot Campus, Pakistan
f Department of Mathematical Sciences (FABS) BUITEMS, Quetta 87300, Pakistan

& School of Mechanical and Manufacturing Engineering, National University of Sciences and Technology, Islamabad, Pakistan

Y Department of Mathematics and Computer Science, Beirut Arab University, Beirut, Lebanon

1 School of Mathematics and Statistics, Xi’an Jiaotong University, Xi'an, Shaanxi 710049, PR China

Received 21 September 2020; revised 21 October 2020; accepted 16 December 2020
Available online 31 December 2020

KEYWORDS Abstract A numerical simulation of a two-dimensional Eyring-Powell nanofluid flow is carried out
Mixed convection flow: through a Riga plate with radiative walls. Simultaneous contributions of chemical reaction and acti-
Heat transfer; vation energy have also been taken into account on the mixed convection flow. Lubrication effects
Sherwood number; are applied by considering second order slip boundary condition in order to reduce the role of skin
Pseudo-spectral method; friction. A set of highly nonlinear and coupled differential equations are tackled with the help of
Riga plate “Pseudo-spectral collocation method” by developing numerical code on MATLAB. A detailed para-

metric study is performed that reveals that more energy adds to the system in response to slip

parameter and Brownian motion of the nano-particles. Numerical results have also been compiled

and tabulated. This is worth noticing that skin friction coefficient reduces due to modified Hart-

mann factor while heat flux is an increasing function of Prandtl number. However, there is a promi-

nent increase in mass flux against all parameter, except activation energy.
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1. Introduction

Non-Newtonian fluids have broader features as compared to
Newtonian fluid. For such fluids demonstrate solid and liquids
properties, besides, a highly nonlinear relationship between
shear stress and shear rate. Therefore, such fluids have a fre-
quent use in the industrial and technological processes. Many
prominent research endeavors from the exiting literature, can
be cited which analyze of such behaviors of non-Newtonian
fluids [1-10], including Powell-Eyring fluid model and some
other fluid models [11-15], on stretching surfaces having differ-
ent configurations. Seyedi et al. [16] used the spectral numeri-
cal method for non-Newtonian flow of Eyring Powell fluid
bounded within stretching walls. The numerical solution
obtained by the spectral method is validated with the help of
another numerical technique i.e., Runge-Kutta method. The
comparison shows that both numerical solutions are in good
agreement. They maintained that squeezing number results
to accelerate temperature, velocity and concentration profiles.
Nanofluid flow of an Eyring Powell fluid over a Riga surface is
investigated by Rasool and Zhang [17]. Natural convection is
the main contributor of bi-phase flow. The effects of magnetic
field, thermal radiation and convective boundary conditions
are also incorporated which impart a significant impact on
physical quantities. They conclude that the efficiency in the
flow and heat transfer is enhanced by suspension of the
nanoparticles. Bhatti et al. [18] provide an approximate solu-
tion for a non-Newtonian flow caused by the expansion of
the flat surface. Again, the main carries are Eyring-Powell
which undergoes the effects of entropy generation. Besides,
graphics numerical results have also been tabulated that
describe the contribution of main parameters such as, Nusselt
number and Sherwood number, in particular.

The magnetic field plays an integral role in fluid mechanics
due to its vast application to increase the thermo-physical
behavior of the fluid. Fields namely, earth sciences and astrol-
ogy etc. encounter various type of fluids which are not good
conductors of the electricity. In this situation, the external fac-
tor is always required to increase the heat transfer mechanism
with superior conductivity and other associated thermo-
physical properties. The external factor may be a magnetic
bar or permanently group of such magnets with alternating
electrodes. Such agents were brought under consideration by
Gailitis and Lielausis [19] and named as Riga plate. The con-
figuration of Riga plate makes it demanding in short span of
time that earned the its’ use in industrial and engineering pro-
cesses including fluid flow phenomenon. Bhatti et al. [20] have
considered Riga surface for electrohydrodynamics (EHD). The
numerical solution obtained with the help of shooting tech-
nique features that nanoparticle, play a highly supportive role
in heat enhancement. Similarly, Abbas et al. [21-22] focus on
nanofluid flows through Riga respectively, porous and non-
porous surfaces, numerically. The flow of viscous nanofluid
under the account of entropy generation is tackled by using
shooting method.

Recent developments show that nano-sized metallic parti-
cles are in frequent use in various industrial and engineering
processes. Such particles are added in various types of fluid
which help to enhance thermal conductivity. The reason for
choosing micro level particles suggests that these easily sus-
pend in any base liquid well, as compared to larger particles.

Various significant applications in the list [23-25] have been
reported by renowned researchers that highlight the use of tiny
particles such as, micro production, ventilation, chemical pro-
cesses, power generation, heating and cooling etc. Krishna and
Chamkha [26-27] discussed the boundary layer flow of nano-
fluid under the effects of Hall and ion slip through a rotating
disc and presented some important results. Chamkha et al.
[28] considered the single and double nanoparticles to highlight
the phase-changing material through a square closed enclosure
that heats up a circular cylinder at the middle part of the con-
duit. The numerical solution was obtained by using the finite
element method and constructed the graphs in term of
contours.

In view of diverse applications of nanofluid and Riga sur-
faces, the exiting literature suggests that no attention has been
given to mixed convection flows through the concerned geom-
etry. The only existing evidence pertains to natural convection
flow of Eyring-Powell. However, no noteworthy research can
be reported which addresses beyond the presented theoretical
analysis. Therefore, this manuscript deals with the Eyring-
Powell fluid suspended with nano particles through Riga sur-
face. Besides, the suspension of nano particles, contribution
of activation energy has been incorporated in order to improve
thermo-physical properties of nanofluid. System of nonlinear
differential equations is solved numerical by using pseudo-
spectral collocation method and a detailed parametric study
is carried out Eyring-Powell nanofluid under the influence of
thermal radiation and viscous dissipation.

2. Mathematical formulation

We have considered the mixed convection flow of an Eyring-
Powell nanofluid through a Riga surface. We also assumed
the thermal conductivity and viscous is not varying with
respect to temperature of pressure. The convective boundary
conditions of heat and mass transfer are also taken. The gov-
erning equations in term of partial differential equations are
given by

ou Ov

x =0 (1)
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The boundary conditions of the consider problem is given
by
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Chebyshev polynomials. The Chebyshev polynomials form a
Sh. — X g, = — Dgafc 9) sequence of orthogonal polynomials over the closed interval
* Dg (Cp—Cx) ™™ ay’ [—1, 1]. After the discretization of system of nonlinear ordinary
Define the followine transf: G differential equations, we solve the algebraic system of nonlin-
chne the loflowing transiormation ear equations by using Newton method with dumping. We also
a T—T C—-C, compared our results with the previous published data in ref.
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The non-dimension form with boundary conditions is given
by
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The physical quantities, skin friction, heat transfer rate and
Sherwood number is defined by

4. Results and discussion

This segment of the article is dedicated to examine the influ-
ence of various fluid parameters on the flow profiles as shown
in Figs. 1-14. The pertinent variables and constants that con-
tribute mainly are dimensionless parameter f3, fluid parameter
K, Lewis number Le, modified Hartman factor Q, Brownian
motion parameter N, Thermophoretic parameter N,, radia-
tion parameter Rp, Prandtl number Pr, second order slip
parameter L;, and Biot numbers o; and o,, respectively.
Variation of f§ are examined in Fig. 3. It is noted that by
increasing the numerical values of dimensionless parameter
brings more shear thinking effects to suspension. Therefore,
the nanofluid is retarded with the increase f. Similarly, veloc-
ity of the suspension reduces subject to more lubrication at
the edges of the Riga plate as shown in Fig. 4. The fluid par-
ticles close to the boundary of the channel find hard to get
momentum due to slippage which results in vivid decline in
the velocity by increasing slip parameter L;. Fig. 4 shows
the variation of fluid parameter on the velocity of nanofluid
suspension. The diagram depicts that fluid gains extra
momentum at the center of Riga plate when K is increased

i 1 . numerically. This increase trend in the velocity can be attrib-
P05 _ _ b 3
CRe™ = 2<(1 +k)f11(0) 3 KA(f1(0)) )’ (14) uted to shear thinning effects. Since, equation clearly describe
that fluid parameter is inversely related to the viscosity of the
4 base liquid. Therefore, grater fluid parameter, lesser the vis-
—0.5 __ o - / bl bl
NuyRe, ™ = (1 + 3Rd)9 (0); (15) cosity. Hence, faster the nanofluid flow. Whereas, the initial
Table 1 Comparison with previous study.
Rasool and Zhang [17] Present
i Re %> Nuy Re %3S, Re % Nuy Re %3Sh,
0 0.3459 0.3469 0.3459 0.3469
0.5 0.3305 0.3363 0.3305 0.3363
1 0.3252 0.3327 0.3252 0.3327




2130

0.9 v T v
" —B=01
-——F=02
o7 —— =103
06 ——8=04
_ 05 — =05 |
.,
0.4
03
02
0.1
16 18 20
Fig. 1  Effects of § on velocity of the fluid.
1 v . v
09k —L,=0
085\;‘\‘ —-—L1=01 1
B L, =02
061 _._L1=0.3 ]
., 05
0.4
03|
02
01
0 .
0 2 4 6 8 0 12 14 16 18 20
7
Fig. 2 Effects of L; on the velocity of the fluid.
—K=02
-—K=05
-—K=038
-——K=11
-—K=14
Er e
6 7 8 9 10

Fig. 3  Effects of K on velocity of the fluid.

0.5

0.4
0.4
0.35[
03f
025}
02f

0.15
01f

0.05

Y.-M. Chu et al.
—0=02 |
-——0=04 |
-——0=06 |

-—0=038
— Q=10
‘F:-mh--_m.
6 18 20

Fig. 4 Effects of Q on the velocity of the fluid.

—Ll =0.1
— LI =02 1
_._LI =03
e LI =04
—Ll =05

1 2 3 4 5 6 7

n
Fig. 5 Effects of L, on temperature.

—a, = 0.1 .
——a, = 0.2
——a,= 0.3 |
——a, = 0.4 _
—a, =05

10 12 14 16 18 20

Fig. 6 Effects of o; on temperature.



Numerical and scale analysis of non-Newtonian fluid (Eyring-Powell) 2131
0.6 - . . 0.9
—Nh =0.2 0.8, —Pr=20.2 |
e __N =051 sl ——Pr=205
b ' ——Pr=08
04\ _'_Nb=0'8 T 06x ——Pr=11
_._Nh=1.1 - 05 —Pr=14 |
o3} | Y
——Nb =14 04
02 03t
0.2
017
01Ff
0 "M ) — T
0 05 1 15 2 25 3 35 4 45 14 16 18 20
n
Fig. 7  Effects of N, on temperature. Fig. 10  Effects of Pr temperature.
0.6
—a, = 0.2
0.5 B l
——a,= 0.5
04t -—a,=08
——a,= 1.1
o3} _ ]
—a, =14
2
027
01 -
0 L L
25 3 35 4
Fig. 8  Effects of N, temperature. Fig. 11  Effects of o, on concentration of the particles.
0.7 . . . 0.35
— R, =02 K =02
0.6 D 1 03 1
h — RD =05 . K] =05
0.5 P\ _ 1 0.25 f; | _
AR —-—RD 0.8 _—KI 0.8
D 0.2 — K1 =11
-
D 0.15 | ——K1 =14
01}
0.05 |
0 L
3 4 5 6

Fig. 9  Effects of Rp on temperature.

Fig. 12 Effects of K; on concentration of the particles.



2132

Y.-M. Chu et al.

0.6 . .
Le=102
0.5f ——Le=105 1
-—Le=038
04} -——Le=11
L\\ —Le=14
03 k\-.\\\
1
WA
02\
W\ A
‘}‘\\ \
011 \\ N
\\\ \.
\1\.\\\ T~

Fig. 13  Effects of Le on concentration of the particles.

0.6 . .
Pr=102
) ——Pr=205 1
-—Pr=08
0,4-1\ ——Pr=11
-,1\\ —Pr=14
03 f"l\
f
v'\‘\
0.2 M\
I
W\
ty
011 \\‘ \
1R
N
N
O S S L. 3 X 1 1 "

o 2 4 6 8 10 12 14 16 18 20
7

Fig. 14  Effects of Pr on concentration of the particles.

retardation indicates the application boundary slip condition.
In the same way, momentum of the nanoflow also increase
due to Hartmann factor in Fig. 5. The higher values of Q
accelerate the flow. This is important to know that Riga pate
produces Lorentz force along the surface which ultimately
introduces more surface tension to the system. Then this sur-
face tension improves the momentum boundary layer of
nanoflow.

Thermal profile of boundary layer with respect to various
parameter is plotted in Figs. 5-10. More heat is added to the
system in response to slip parameter. Since, L, resists the flow
and force of friction between adjacent fluid particles gets enor-
mous. Then more hear is generated. Therefore, thermal bound-
ary layer starts bulging out in Fig. 5. Temperature profile also
rises for o; which can be witnessed in Fig. 6. The Biot factor
aggravates the transport of heat and contribution of nanopar-
ticles makes the convection, further strong. Therefore, temper-

ature rises for ;. Fig. 7 shows the influence of N, on the heat
transfer. Variation in Brownian motion parameter expedites
the random motion of nanoparticles that allows them to per-
sistently collide with one another. This mutual collision of par-
ticles releases energy and thermal profile rises in return.
Moreover, thermal boundary layer thickness expands due to
Thermophoretic parameter as observed in Fig. 8. By varying
N, Thermophoretic force between the particles gets stronger
which allow the heated nanoparticles to transmit heat form
the region of high temperature to region of lower temperature.
Consequently, thermal boundary layer thickness increases.
Similar type of expansion in thermal energy results for Rp in
Fig. 9 which is because of strong heat source. On the contrary,
thermal boundary layer reduces in size due to high Prandtl
number. Physically, thermal conductivity of Powell-Eyring
fluid reduces subject to increase in Pr, as seen in Fig. 10.

Concentration of nanoparticles is discussed in Figs. 11-14.
Influence of Biot factor in nanoparticle concentration is exam-
ined in Fig. 11. It is to keep in mind that a,corresponds to
strong convection of nanoparticles. The variation of the
parameter intensifies the mass convection which contributes
in the rise of concentration profile. Therefore, concentration
of the particles is higher when Biot number is strong. This is
the main cause of an increase in concentration of boundary
layer thickness. However, an opposite behavior is observed
in Figs. 12-14 in the concentration profile. Chemical reaction
has a negative impact on mass convection. In Fig. 12 as chem-
ical reaction is aggravated then mass convection of the parti-
cles reduces near the surface of Riga plate. This squashes the
concentration boundary layer thickness. In the same way,
the concentration of nanoparticles reduces subject to rise in
Lewis number and Prandtl number in Fig. 13 and Fig. 14,
respectively.

5. Numerical results and validation

Since, the current study is a numerical investigation of nano-
flow through Riga plate. Numerical simulation is carried out
with the help of “Pseudo-spectral collocation method” by
developing numerical code by using MATLAB. Therefore,
numerical data has also been computed expressed through
graphs. Besides, the visual study that numerical results have
been compiled and tabulated to analyze the behavior of dif-
ferent dimensionless quantities such as skin friction coeffi-
cient, Nusselt number and Sherwood number. Table 2 is
constructed for drag force against different parameters. It is
noted there is a prominent increase in the drag due to K
and /. On the other hand, drag force coefficient declines sub-
ject to L;, A and Q, respectively. Variation in heat flux
against significant parameters is accumulated in Table 3.
The data presented shows that Nusselt number is an increas-
ing function of Prandtl number, radiation parameter and Biot
factor respectively. Whereas, it decreases as Brownian motion
parameter and Thermophoretic parameter are increased.
Mass flux at different points of the domain are compiled in
Table 4. The dimensionless number is inversely proportional
to activation energy. On the contrary, Sherwood number
increases in response to the variated parameters.
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Table 2 Variation of skin friction coefficient.

K

L,

—ReYC,

0

0.5
1.0
0.3

0.5

0.0
0.2
0.5
0.25

0.0
0.5
1.0
0.25

0.5
0.8
1.0
0.25

0.1

0.0
0.1
0.15

0.8478
0.9665
1.0580
1.7240
1.2107
0.9405
1.1802
1.1781
1.1759
0.9141
0.5512
0.3250
1.2179
1.2498
1.3032

Table 3 Variation of Nusselt Number.

Np

Ny

Rp

o1

0.5
Re °Nu,

0.5
1.0
1.5
0.3

0.3

0.5
1.0
1.5
0.3

2.0

0.5
0.8
1.0
2.0

0.3

0.5
1.0
1.5
0.4

0.5

0.1
0.4
0.7

0.3612
0.3406
0.3198
0.3570
0.3239
0.2886
0.2296
0.2798
0.3031
0.4216
0.5376
0.6371
0.1304
0.3523
0.4601

Table 4 Variation of Sherwood number.

Le

ky

[£5)

Ey

Re%3Sh,

0

0.5
1.0
0.3

0.5

0.0
0.5
1.0
0.25

0.3

0.1
0.2
0.3
0.15

0.3

0.0
0.25
0.5
0.15

0.5

0.0
0.5
1.0

0.2012
0.2240
0.2355
0.1524
0.1821
0.1975
0.0797
0.1326
0.1703
0.1104
0.1089
0.1076
0.1074
0.1076
0.1077
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6. Convergence criteria and accuracy of the numerical results

For the grid-convergence, we first take n = 10 grid-points and
solve the system of nonlinear equations by using dumped New-
ton method. In this case we take the initial guess zero vector
and dumping factor was 0:001. The stopping criteria for the
dumped Newton method is 1.0 x 10~°in all numerical simula-
tions. Fig. 15 shows the profiles of fand 6 for n = 10. By

observing Figs. 16-19, we can say that as we increase the num-
ber of grid-points we have the convergence in the numerical

solution.

7. Conclusion

This a numerical investigation of nanofluid flow. Eyring-
Powell fluid model is used as the base liquid. The mixed con-
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Fig. 18 Profiles of £, 0 and ¢ for n = 40 gird-points. The vector of zeros is taken as initial guess for dumped Newton method.

vection fluid flow through radiative Riga plate comes under
the effects of activation energy and viscous dissipation. Second
order slip condition are applied to add lubrication effects.
Mathematical modeled partial differential equations are con-
verted into a set of ordinary differential equations with the
help of symmetry transformation method. The pseudo-
spectral collocation method is picked and developed a
MATLAB code to solve the system of nonlinear complex ordi-
nary differential equations. A detailed parametric study is per-
formed that highlight the following most prominent features:

6 Velocity of nanofluid reduces due to lubricated walls of the
Riga whereas, thermal boundary thickness increases.

6 Radom motion of nanoparticles contribute to extra energy
to the system.

% Due to thermophoretic force heated tiny particles transmit
form higher region of concentration to lower region of
concentration.

6 Prandtl number has an analogous effect on heat flux and as
well as, mass flux.
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6 Each profile
asymptotically.

approaches the free stream values
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