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KEYWORDS Abstract In this study, the feature of stagnant Sutterby nanofluid towards a wedge surface is ana-
Sutterby nanofluid; lyzed under the impact of a variable external magnetic field. Instead of the traditional Fourier law,
Magnetohydrodynamics; the realistic Cattaneo-Christov principle is incorporated in the energy equation to scrutinize the
Thermophoresis phe- heat flow pattern by utilizing the non-homogeneous two-phase nanofluid model. The constitutive
nomenon; flow rules are transfigured into a nonlinear differential system via feasible mathematical alterations.
non-Fourier heat flux Methodologically, the bvp4c numerical procedure is employed properly to derive accurate numer-

ical solutions for the present boundary flow problem. By varying the values of the involved param-
eters of the governing equations, the behaviors of temperature, velocity, and concentration profiles
are described graphically and interpreted thoroughly. In this attempt, the major finding is that the
magnetic field accelerates the motion and declines the temperature and concentration fields in the
performance of suction and injection. Moreover, the nanofluid parameters upsurge the heat transfer
mechanism and decline the mass transport and the effect of drag forces in both situations of wall-
through flow (i.e., suction and injection effects). Furthermore, the nanofluid concentration profile
decays due to the strengthening in the thermophoresis phenomenon. As a useful application, the
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Nomenclature

A First tensor of Rivlin Erickson
A Second invariant tensor

C Concentration

C, Wall concentration

Cy Ambient concentration

Dp Brownian diffusion coefficient
Dr Thermopheritic diffusion coefficient
E Dimensionless thermal coefficient
Kr Dimensionless coefficient

M Magnetic parameter

m Hartree parameter

n Material constant

Nb Brownian motion parameter
Nt Thermophoretic parameter

Pr Prandtl number

G Wall Heat flux

4 Wall Mass flux

T, Dimensional temperature

T, Wall temperature

T Ambient temperature

S Suction parameter

Sc Schmidt number

U Physical constant

Vr Thermophoresis velocity

Vi Variable wall suction
Vi, Uy Velocity components
u,(x;)  Free-stream or ambient velocity

X1, Cartesian coordinates

Greek Symbols

A Thermal relaxation time

o Thermal diffusivity

o Non-Newtonian nanofluid parameter
B Material constant

14 Pressure gradient

Y Thermal relaxation

Y Shear stress

Ho Absolute viscosity

v Kinematic viscosity

o Electrical conductivity

0 Nanofluid density

Re,, Reynolds number

T Thermophoresis parameter
Ty Surface shear stress
Superscript

3

Derivate w.r.t.n

magnetic function trend along with the thermophoresis diffusion on the nanofluid flow field may be
exerted broadly in the field of aerosol technology.

© 2020 The Authors. Published by Elsevier B.V. on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org,

licenses/by-nc-nd/4.0/).

1. Introduction

The phenomenon of heat transport plays a significant role in
several geographical mechanisms, industrial and engineering
domains. Specific kinds of such mechanisms include tissue heat
conduction, electronic device cooling, space cooling, nuclear
reactor refrigeration, etc. Because of varying temperatures,
heat is transferred inside a body or between two bodies. Heat
transport is examined via the Fourier’s law of heat conduction
over past centuries. Fourier’s conventional rule is a curved
(parabolic form) equation which demonstrates heat being
transferred through unbounded velocity. This rule is called
the paradox of transportation. In order to fix this issue, the
non-Fourier theory was presented by Cattaneo [1]. He intro-
duced time relaxation factor to Fourier’s conventional law so
that heat transfers normally by limited velocity. Later on,
Christov [2] modified Cattaneo’s concept for material-
invariant by utilizing the upper-convected Oldroyd’s model.
Many researchers use this model. Reddy et al. [3] elucidated
the cross diffusive properties on MHD flow towards a sheet
and cone wedge via the non-Fourier concept. The third-grade
nanofluidic flow features towards a Riga surface via the
Cattaneo-Christov theory is described by Naseem et al. [4].
Shafiq et al. [5] exposed the significance of the non-Fourier the-
ory on third-grade squeezed the liquid flow among two disks.

The engineers and researchers have been attracted by the
novel investigation of flow via the stagnant region. Examples
of such flow are flow occurrence among the edges of submari-
nes, oil ships, rockets, and aircraft. Moreover, here two differ-
ent stagnation point flow (SPF) categories termed orthogonal
and oblique. The flow may arise as inviscid, steady, and in sev-
eral other forms within the stagnation point region. At this
point of view, Hiemenz [6] introduced the stagnant point
stream analysis and established its exact solution. Mahapatra
and Gupta [7], scrutinized the flows about a stagnant point
along the stretchable surface by using heat phenomena. Haq
et al. [8] stated slip SPF of MHD nanoparticles via radiative
stretchable surface. The SPF of Walters” B liquid induced by
radiative expanding Riga surface was demonstrated by Shafiq
et al. [9]. Khan et al. [10] studied the importance of mixed con-
vective flow (MCF) on a hybrid (SiO,—MoS,/H,0) nanoliquid
with the thermal radiation phenomenon via a stagnation point
flow. Mabood et al. [11] studied the second-grade stagnant
point fluid flow towards a porous non-horizontal stretched
cylinder via heat transfer. The magneto-nanoparticles flow of
fluid which is (non-Newtonian) deformed through the
stretched phenomenon in the stagnant point region was con-
sidered by Tian et al. [12]. Mishra et al. [13] scrutinized the
impact of heat source on the free convective flow of a non-
Newtonian fluid from a shrinking surface. Ismail et al. [14]
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analyzed dissipative impacts in a stagnant-point flow along a
shrinking surface. Soomro et al. [15] examined the
stagnation-point flow involving nanofluid through a moving
sheet with nonlinear radiation and heat generation/absorption.
Ijaz Khan et al. [16] investigated chemically a reactive CNTs
flow in the stagnation point region. Shafiq et al. [17] conducted
an analytical investigation on the importance of SPF of a Wil-
liamson fluid under the melting phenomenon. Wakif [18] tack-
led numerically a steady MHD convective non-Newtonina
flow probelem over a horizontal irregular stretching sheet by
assuming temperature-dependent propreties and considering
the preence of thermal radiation.

A novel numerical procedure for simulating steady MHD
convective flows of radiative Casson fluids over a horizontal
stretching sheet with irregular geometry under the combined
influence of temperature-dependent viscosity and thermal
conductivity

The aspect of thermophoresis causes tiny materials that are
obsessed away from a warm sheet to a cold surface. The tiny
materials like dust with temperature gradient while scattering
in a gas, occurrence a force in a contrary way to the field of
temperature. This aspect has several applications in eradicat-
ing tiny materials through gas streams; in shaping drain the
trajectories of the gas element from burning devices, and in
exploring the particulate substance acknowledgment on blades
turbine. In several industries, the symphony of dispensation
gases may hold any of an indefinite particle range, fluid, or gas-
eous impurities and can be prejudiced through unrestrained
factors of humidity and temperature. Epstein et al. [19] inves-
tigated the free convective flow through a vertical surface with
the deposition of thermophoretic particles. Goren [20] focused
on the configuration of the horizontal surface in the existence
of thermophoresis. The transport of thermophoretic tiny par-
ticles in the natural convective flow from a vertical cold surface
with erratic flow properties was conferred by Jayaraj et al. [21].
Selim et al. [22] examined the thermophoresis on MCF from a
vertical heated flat porous plate with the surface of mass-flux.
Wang [23] scrutinized the combined impacts of thermophore-
sis, diffusion, and inertia through a stagnation-point from a
wavy surface. The free MCF in the occurrence of deposition
of the thermophoretic of particles through a flat vertical plate
immersed in a porous media was Chamkha and Pop [24].
Postelnicu [25] dealt with the impact of thermophoresis on
the free convective through a flat horizontal solid surface sat-
urated in the porous medium. The influences of thermophore-
sis and chemical reaction on MHD flow of nanofluid immersed
in a non-Darcy permeable source via a wedge with mixed con-
vection and erratic stream-condition were explored clearly by
Muhaimin et al. [26]. A comprehensive meta-analysis on the
important role of the haphazard motion and thermo-
migration of tiny particles in the enhancement of the heat
and mass transport characteristics of non-homogeneous media
were reported recently by Animasaun and his co-worker Wakif
in [27,28]. Zaib and Shafie [29] examined the time-dependent
MHD flow from a shrinking surface with microrotation and
thermophoresis. Recently, Jain and Choudhary [30] discussed
the Soret and Dufour numbers of impacts on magneto flow
through a nonlinear stretched surface with thermophoresis
and chemical reaction.

Nanofluid technology plays a vital role in natural phenom-
ena and industrial processes in several fields involving public
health, chemical engineering, physics, biology, and chemistry.

Nanofluids are scattered in liquids during processing, handling,
production, and undesirable and/or unintentional discharge to
the environment. The tiny size of nanomaterials composes it
probably to balance their properties of transport to the liquid
itself. The Brownian diffusion of particles is one of the signifi-
cant leading mechanisms to rates of the transport. Physically,
Buongiorno [31] elucidated the enhancement of irregular con-
vective heat transport seen in nanofluids. Kuznetsov and Nield
[32] scrutinized the natural convective flow involving nanofluid
through a vertical surface and discussed the importance of
Brownian motion and thermophoretic parameters. Uddin
et al. [33] investigated the slip flow for nanoliquid flow compris-
ing bio-convection. By adopting the generalized Buongiorno’s
nanofluid model, Wakif et al. [34] scrutinized the thermo-
magneto-hydrodynamic stability of alumina-copper oxide
hybrid nanofluids by including the surface roughness and ther-
mal radiation effects. Similarly, Zaydan et al. [35] utilized the
classical non-homogenous nanofluid model to examine the sig-
nificance of suction and blowing impacts on the occurrence of
convective flow in confined nanofluidic media surrounded by
a uniform magnetic field. Afterward, several explorations are
presented to examine the enhancement of heat transport rate
of heat characteristics in the flow field comprising nanofluids
through different geometries, such as Rashidi et al. [36], Sheik-
holeslami et al. [37], Khan et al. [38] and Zahid et al. [39].
Ramezanizadeh and Alhuyi Nazari [40] applied the artificial
neural network and correlation to examine the thermal conduc-
tivity of water-based silver nanoparticles. Besthapu et al. [41]
investigated the impacts of radiation and MHD on the slip flow
of a Casson nanofluid from a nonlinear heated stretched sheet.
The rotatory Casson nanofluid through a rigid disk with a mag-
netic force was examined by Rehman et al. [42]. Aman and Al-
Mdallal [43] applied the fractional derivative to investigate the
Sodium Alginate with Cu nanoparticle and second-order slip.
The influence of an erratic heat sink/source on the 3D flow
involving Fe;04/Al,05; nanomaterials through a Riga surface
with distinct base liquid was explored by Ragupathi et al.
[44]. Khan et al. [45] inspected the zero flux condition on the
significant impacts of MHD flow of a non-Newtonian nano-
fluid driven by a stretched/shrinking surface. Ghalandari
et al. [46] discussed the nanofluid applications regarding solar
energy by employing carbon nanotubes. Recently, Saranya
and Al-Mdallal [47] discussed the time-dependent flow of Cas-
son ferrofluid through a contracting cylinder with an externally
applied magnetic field. They discussed three kinds of ferropar-
ticles namely, Manganese—Zinc, Cobalt ferrite, and Nickel—
Zinc ferrite.

In physiological and industrial processes, the non-
Newtonian liquids are more recognized than viscous fluids.
Nature contains a diversity of non-Newtonian fluids. Gener-
ally, there is no unified constitutive rheological relation that
can classify all non-Newtonian liquids according to their
diverse characteristics (e.g., shear thinning, shear thickening,
viscoelasticity, viscoplasticity, pseudoelasticity, and so on).
Therefore, several constitutive rheological models of non-
Newtonian liquids were proposed. Among those, the Sutterby
rheological model is one that describes the aqueous solutions
exhibiting a higher level of polymer concentration. So far,
many scientists have paid enormous attention to the Sutterby
fluid flows. Despite this concern, the motion of Sutterby
nanofluids still has not been discussed yet by the researchers
for the non-Newtonian flows over a wedge surface. The main
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effort here is to venture further in this topic by adopting the
non-Fourier heat flux along with the Brownian motion and
thermophoresis aspects to study the suction and injection
impacts on MHD stagnation point flow of Sutterby nanofluid
over the permeable surface of a static wedge. To the best of the
author’s knowledge, no such analysis has been presented
before. For this purpose, an enhanced non-homogeneous
two-phase nanofluid model has been proposed in this investi-
gation to simulate numerically a steady MHD Falkner-Skan
convective flow for Sutterby nanofluids in the sense of
Cattaneo-Christov heat flux theory. Based on strong theoreti-
cal frameworks and assumptions, the system of conservation
equations was established properly along with their appropri-
ate hydrodynamic, thermal, and concentration boundary con-
ditions. After some simplifying transformations, the resulting
nonlinear differential system was solved numerically by utiliz-
ing the bvpdc numerical procedure. It is important to noting
that the Generalized Differential Quadrature Method
(GDQM) [48-53], the Chebyshev-Gauss-Lobatto spectral
method (CGLSM) [54-56], as well as the Spectral Element
Method (SEM) [57-61] can be also exploited as powerful tech-
niques to solve the governing nonlinear differential equations
of the present flow model. Finally, the obtained findings (i.e.,
velocity, temperature, concentration, as well as heat and mass
transport rates) are discussed thoroughly and elucidated phys-
ically via various graphical and tabular demonstrations show-
ing the interesting features of the present non-Newtonian
boundary flow problem.

2. Physical description and modeling

A 2D steady MHD boundary layer flow involving a Sutterby
nanofluid over the permeable surface of a static wedge is pre-
sented through the non-Fourier heat flux theory. The erratic
magnetic field of strength B is applied perpendicularly to the
wedge surface as shown in Fig. 1.

According to Patil et al. [62] and Hayat et al. [63], the Sut-
terby rheological stress tensor is defined as

s [sinh™ ()
Si=2 |—— | A, (1)
=5 l: " 1
where
A, = (grad V) + (grad V)7, (2)
33333 Nanofluid Vit

Fig. 1

Geometry of the problem.
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Y = (Z 27117’,1)- = (A)iv 3)
A’ = trace[(grad V) + (grad V)T]z. (4)

In the above expressions, n and B, 7', i, A; and A’, respec-
tively signify the materials constants, the shear stress, the abso-
lute viscosity, the first tensor of Rivlin Erickson and the second
invariant tensor.

For 7 << 1, we have
/N3
. — /! y
sinh ™' (1) = y—(16)7 (5)

The relation of viscosity for the Sutterby liquid is
st ] T B
b= || =M —. 6
0|: ﬁl,y 0 6 ( )

The leading relevant PDEs by applying boundary-layer
assumptions are [62-65]
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with the boundary conditions

m—1 -1
u = 07 Vi = Vw(-xl) = 7V0x( ’ )(%‘*”")) 27
_ _ , _ (11)
Tl - Tm Cl - Cw at N 707
up — u, = Ux{', Ty — T, C; — Cy as y; — oo.

As shown above, the physical quantities Cy, T;, v, ¢/, p and
o signify the concentration, the temperature, the kinematic vis-
cosity, the electrical conductivity, the density, and the thermal
diffusivity, respectively. (vi,u;) denote the components of
nanofluid velocity in the (y,,x;) directions, respectively, A,
marks the thermal relaxation time, 7, and C, designate the



MHD falkner-skan-sutterby nanofluid flow

4855

wall temperature and concentration, u,(x;) represents the free-
stream or ambient velocity, C., and T, show the ambient con-
centration and temperature, v,, highlights the variable wall suc-
tion, U symbolizes a physical constant, ¢ stands for the
pressure gradient Hartree parameter,m characterizes a power
index appeared in the expression of the suction velocity v,,
where m = 6/(2 — 0) and 6 = Q/=n, Dy elucidates the thermal
diffusion, Dp describes the Brownian diffusion, E defines a
dimensionless thermal factor, and Vy= (vKy/T,)(0T,/dy,)
gives the analytical expression of the thermophoresis velocity
Vr. Here, the thermal quantity 7, corresponds to a reference
temperature and K7 indicates a dimensionless coefficient

Further, this analysis can be eased by utilizing the following
similarity variables as

0= 3 [Ty —

A F(), 0n) = D=L

1(n) = 5:_:%;» = Ux}'F, (12)
" = —[M} F 4 (=,

g =2 ,,B BT A, = Fr.

Publicizing the transformations in the leading PDEs, one
gets the ODE:s in the following dimensional form

1 171
|:1 _u (m+l) FI/:| Fm _nogp (m+1)2|:1 7% (mTJrl)gFl] F/F//
— ity (F? = 1) + FF' = 24 (F = 1) =0,
(13)

" ; m—3 , m+1\ , .,
0" +Pr|FO —y TFFOf > F0

+ 0 (¥ Nb + Ni0')

=0, (14)
1 ! Nt /! 0 /!
2+ ScFy +m(9 —1Sc(y'6 + y0") =0, (15)
with the boundary conditions

F(n) =0, Fin) =S, 0(n) =1, y(n) =1atyn=0, (16)

F(n)—1, 00n) — 0, x(n) — 0 as n— oo,

where o) = [3(2) URel,{ % is the non-Newtonian nanofluid parame-
ter, Rey, = u,x,/v is the Reynolds number, M = o’B}/pU is
the magnetic number, Pr=v/a is the Prandtl number,
Nb = EDg(C,, — Cy) /0 is the Brownian motion,
Nt = ED1(T,, — Tx)/Two is the thermophoretic parameter,
S=2v/Uv(l +m) >0 1is the suction parameter and
S = 2v/Uv(1 +m) < 0 is the injection parameter, y = A, U is
the thermal relaxation, Sc=v/Dp is the Schmidt number
and 1 = K¢(T,, — T,,)/T, is the thermophoresis parameter.

The expressions of Skin friction factor, Nusselt number,
and Sherwood number are given as

Cr= s,
X14w
Nuy, = A(Tu-T)? (17)
— X19m
Shy = preen -

Additionally, the surface shear stress 1,,, the wall heat flux
q,, , and the wall mass flux ¢,, are computed as

/;’2 p no.
==L @)
— e (910
4o = kG (18)
qn = _DB(%) |}'I:0‘
Then, the dimensional forms of the physical quantities of
major interest are

RECr = (5! [1 =% () P O)] F(0),

Re-"3 Nuy, = — ()3 (0),
x| X1 ( 2 ) ( ) (19)

R(:,;IO.SShX1 — _ (m2 l)%xl(o)7

1)

¢
Ux
Re, =

3. Results and discussion

The simulation of a two-phase model comprising a Sutterby
nanofluid flow through a static wedge with the thermophoresis
and magnetic field is performed numerically. In order to work
out numerically the transmuted ODEs (13)-(15) with restric-
tions (16), a bvpdc is utilized. The effects of the non-
Newtonian nanofluid parameter, the magnetic parameter, the
wedge parameters, the Brownian motion parameter, the ther-
mophoretic parameter, the thermal relaxation parameter, as
well as the thermophoresis mechanism on the studied nano-
fluid flow are reported clearly with its heat and mass transfer
characteristics considering the existence of suction and injec-
tion. To authenticate the exactness of the current outcomes,
a comparison is made with the established solutions of Yih
[66] and Yacob et al. [67] in a specified limiting case. This
assessment depicts an outstanding harmony as shown in
Table 1.

3.1. Effect of the magnetic parameter (M)

Figs. 24 explore the effect of the magnetic factor on the veloc-
ity, temperature, and concentration profiles, respectively.
These figures are individually plotted and show the variations
for suction which is represented by the solid green lines and
consequently the dashed red lines show the variations for the
injection. Fig. 2 shows that the velocity has been detected to
amplify for both the suction (SUC) and injection (INJ). The
velocity behavior is augmented in both phenomena of SUC
and INJ as we upsurge the impact of the magnetic parameter.
This fact is explained by the negative sign of the Lorentzian

Table 1 Comparison of the numerical values of F’(0) for
distinct m when o = M = 0.

m Yih [66] Yacob et al. [67] Present
0 0.469600 0.4696 0.4696
/11 0.654979 0.6550 0.6550
0.2 0.802125 0.8021 0.8021
1/3 0.927653 0.9277 0.9277
0.5 e 1.0389 1.0389
1 1.232588 1.2326 1.2326
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term %32 (u; — u,) that appears in Eq. (8). For the velocity pro-
file, the impacts are so prominent, but a closer view of the cur-
rent scenario addresses that the suction effect is more

dominant than the injection impact. The behavior of the tem-
perature and concentration profiles are decreasing for the SUC
as well as INJ owing to the effect of the higher magnetic
parameter are highlighted in Figs. 3 and 4, respectively. Phys-
ically, the conception of Lorentz forces via an increment in the
magnetic parameter creates a noticeable boost in the flow,
which ultimately declines the temperature as well as the con-
centration due to the colling effect of the free-stream flow.
Moreover, it is noteworthy to observe that the deviation of
the temperature behavior in each curve is a little bit less for
suction as matched to the injection while for the field of con-
centration the deviation in each curve is distinct in terms of
behavior (like temperature distribution) from the case of suc-
tion and as well as for injection. Table 2 expresses that the
increasing rate of the (M) on the skin factor is 20.70% for
the suction, whereas for the injection it is 35.49%.

3.2. Effect of the wedge parameter (m) and wedge angle (Q)

Figs. 5-7 are portrayed to perceive the influences of either (m)
or (Q) on the velocity, temperature, and concentration profiles
for both the suction and injection. Fig. 5 shows that the flow
velocity is increasing for the INJ and SUC owing to the larger
impact of either (Q) or (m). Physically, owing to the suction
process, the warm nanofluid is depressed towards the surface
of the wedge where the forces can progress to augment the
nanofluid velocity. Additionally, it is noticed that the deviation
in each curve for the injection is a little bit larger as matched
with the solutions of SUC. Fig. 6 shows the augmentation in
the temperature distribution for the suction due to the higher
values of the parameter either (m) or (Q) while consequently,
the temperature behavior depreciated for the injection. More
precisely, the variation in each curve for the suction is wider
than the injection as we can see the clear, concise behavior in
the plot of the temperature profile. The field of concentration
is sealed in Fig. 7 where the behavior is deliberately shown a
decreasing trend for both the SUC and INJ owing to the
boosted values of either (m) or (Q). The gap in each curve
for the suction as well as injection are approximately looking
the same in the concentration profile while a very change
gap is noticed in the comparison of velocity field and temper-
ature distribution for both suction and injection. From Table 2,
it is apparent that for the three distinct values of the parameter
either (m) or (Q)displays that the skin factor is growing with
the rate of 6.21% for the suction, while for the injection it
boosts up with the concentration rate of 8.02%. On the con-
trary side, the Nusselt number owing to the percentage-wise,
it is increased up to 11.93% in the injection while for the case
of suction it is 0.09% which is comparatively very low like the
skin friction.

3.3. Effect of the non-Newtonian nanofluid parameter (o)

Fig. 8 demonstrates the impact of the non-Newtonian nano-
fluid parameter (o) on the field of velocity. The motion of
the nanofluid flow is detected inclined for both the suction
and injection owing to the elevation in the parameter (o). It
is reflected from the plot that the momentum boundary layer
thickness is more dominant for the SUC as we compared to
the INJ. Similarly, the gap between the individual curves is
slightly bigger for the suction in the response of injection.
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Table 2 The numerical values of the friction factor for distinct values of M,m and o«  when
n=Sc=t1=y=Nb=Nt=0.5,S=0.0l.

M m o Suction Injection
0.3 0.5 0.3 1.3057 0.8199
1.0 1.5760 1.1109
1.5 1.7402 1.2829
0.3 0.4 0.3 1.2293 0.7590
0.5 1.3057 0.8199
0.6 1.3776 0.8767
0.3 0.5 0.1 1.3132 0.8253
0.5 1.2978 0.8142
0.9 1.2806 0.8024

The skin friction values for both the phenomenon decelerate
for augmenting (o) as shown in Fig. 9. From Table 2, it is
detected more critically that the reduction rate of the skin fac-
tor for the parameter (o) is 1.34% for the injection, whereas
for the suction it is 1.17%. Physically, as we boost up the value
of the factor (o), the viscosity of the nanofluid is diminished
and as outcomes, the field of skin friction decrements, and
the velocity of the field elevates. Furthermore, the impact of
the non-Newtonian nanofluid parameter on the Nusselt and
the Sherwood number versus the magnetic parameter are high-
lighted in Figs. 10 and 11, respectively. The Nusselt number
elevates for both the suction and as well as for injection owing
to the bigger values of the parameter (o), while a contrary
behavior (like Fig. 10) is observed for the rate of mass transfer.
The outcome values of the rate of heat transfer for the suction
are bigger than the case of injection and this current scenario is
behaviorally sealed in the graph (Fig. 10) while the Sherwood
number outcomes are very low for the suction as compared to
injection (see Fig. 11). In other words, the gap among the
curves for the suction and injection for both Nusselt and Sher-
wood numbers are slightly the same but behaviorally different.

3.4. Effect of the Brownian parameter (Nb) and thermophoretic
parameter (INt)

Figs. 12-15 reveal the influence of the Brownian motion
parameter (Nb) and the thermophoresis parameter (N)
against the similarity variable (1) for the specific numerical val-
ues of suction and injection. Fig. 12 depicts the deviation of the
parameter Nb on the temperature distribution. The tempera-
ture field is an augmenting function for the suction as well as
for injection owing to the larger values of Nb. As expanding
the phenomenon of Brownian motion which accelerates the
process of collision of nanomaterials and particles of liquid
moving fast, this collision slaughters the particles’ mechanical
energy that transmuted into thermal form, and consequently,
the nanofluid temperature upsurges. Very similar behavior is
noticed (like Fig. 12) for the impact of the thermophoresis
parameter on the temperature filed as represented in Fig. 13.
As thermophoretic force thrusts the particles of the hot nano-
fluid far from the wedge surface, this procedure hastens the
thermal energy transportation into liquid far from the wedge
surface. Consequently, the liquid temperature uplifts very
quickly for both the values of suction and injection. Moreover,
the gap between the curves is comparatively very small due to
the influences of Nb and Nt on the temperature field and we

noticed this observation more clearly from the graph, but
numerically we can differentiate their differences in the tabular
form for suction and injection. From Table 3, the reduction
rate of the Nusselt number for the suction is 3.21% and
1.93%, while for the injection it is 6.37% and 10.24% owing
to the parameter Nband Nt, respectively. Thus, the rate of
reduction due to the parameter Nt is more for the suction as
compared to the impact of the parameter Nb while it is oppo-
site for the injection. Fig. 14 describes the impact of the con-
straint Nb on the concentration field for the SUC as well as
for the INJ. The concentration field is a reduced function with
the augmentation values of Nb for the positive and negative
values of S. In fact, when the Nb grows, the collision between
the particles of the nanofluidic medium improves and ensures a
lower mass transport phenomenon from the heated sheet
towards the cold nanofluidic region. Therefore, the concentra-
tion field shows decelerating behavior for both SUC and INJ.
Additionally, the concentration profile is more dominant for
the suction as compared to the injection owing to the impact
of Nb. Fig. 15 portrays that the concentration field behaves
totally opposite (like Fig. 14) for the suction and injection as
we augmented the values of the parameter Nz. Augmenting
behavior of the field of concentration is observed for dominant
values of Nt for both suction and injection. Moreover, it is per-
ceived that the boundary layer concentration increases for the
larger Nt. The boundary layer of the field of concentration is
thinner in injection as compared to suction. Table 4 defines
the numerical values for the distinct parameters; here we espe-
cially focused on the impact of Nb where the increasing rate of
the concentration for the suction is 74.36%, whereas the
decreasing rate of the concentration for the injection is
11.93%. On the other hand, the variation of the parameter
Nt for the three distinct values numerically explained that
the concentration rate is decelerated for the suction by
88.64%, while accelerated with the rate of 17.73% for the
injection as shown in Table 4.

3.5. Effect of the thermal relaxation parameter ()

Figs. 16 and 17 represent the variation of the thermal relax-
ation parameter on the temperature and concentration fields
versus the similarity variable (1), respectively. The nanofluid
flow behavior for the field of temperature and concentration
is detected in the case of suction as well as in the case of injec-
tion. The individual influence of the parameter on the temper-
ature field is revealed in Fig. 16. The thermal boundary layer
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and its associated flow of the temperature are elevated for the
suction and decelerate for the injection as we augmented the
value of the parameter y. Further, it is observed that the gap
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in each of the individual curves for the suction is a little bit
more than the injection. More generally, owing to the bigger
value of y, the molecules of the substantial quantity require
more time to conduct heat to its adjacent particles, but due
to the presence of the stagnation point, it helps and reduces
the time to transport heat. Precisely, for higher y, and influence
of the stagnation point the material displays a conducting
characteristic for the case of suction which is accountable in
the escalating of temperature distribution while in the case of
injection the material shows a non-conducting behavior and
as a consequence, the temperature field is decaying. The
numerical outcomes of the Nusselt number owing to the
parameter y which is defined in Table 3, where the reduction
rate is 8.06% for the suction and the increasing rate is
7.89% in the injection. Fig. 17 displays the impact of the
parameter y on the field of concentration. In fact, the concen-
tration field is initially decreased and then increased for the
suction in the response of the thermal relaxation parameter
while for the injection it is decelerating. Therefore, the field
of concentration and its associated concentration boundary
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layer is showing an increment for the suction and decrement
for the injection.

3.6. Effect of the thermophoresis parameter(t) and Schmidt
number (Sc)

Figs. 18 and 19 explored the deviation of the parameter (Sc)
and (t) on the field of concentration for both the cases of
the mass flux parameter. Fig. 18 shows the concentration lines
for the suction as well as for the injection. The concentration
field falls off in both cases. Physically, this happens owing to
a diminution in the Brownian diffusion coefficient. From
Table 4, it is detected that the Sherwood number increases with
the rate of 50.21% in the suction while in the injection, it is
3.27%. The impact for the parameter t on the concentration
profile for both the cases is revealed in Fig. 19. It is perceived
that the nanofluid concentration declines with the rise of the
thermophoresis parameter, whereas the variation in the pro-
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files of velocity and temperature is not significant with the
increase in the thermophoresis parameter. Especially, the
increase of the parameter 7 is restricted to growing vaguely

the slope of the wall of the concentration but declining the
boundary layer of concentration as well. This fact is true in
the case of a small amount of Sc¢ where the Brownian impact
is greater compared to the influence of convection. But, for a
higher amount of Se, the effect of diffusion is smallest com-
pared to the effect of convection and thus, thermophoresis
impact is estimated to modify significantly the concentration
boundary-layer. This work is consistent with the results of
Goren [20] on the thermophoresis of aerosol particles within
a laminar boundary layer flow on a flat surface. The Sherwood
number reduction rate for the thermophoresis parameter in the
case of injection is 6.44%, while the increasing rate in the suc-
tion is 65.26% as portrayed in Table 4.

3.7. Variation of the Nusselt and Sherwood numbers

Fig. 20 depicts the impact of Nb and Nt on the Nusselt num-
ber, while Fig. 21 displays the influence of Nt and 7 on the
Sherwood number. Fig. 20 explains that the thermophoretic
and Brownian motion parameters have declined the Nusselt
number. In addition, the change in the rate of heat transfer
is detected to be larger for a smaller amount of Nb. Fig. 21 sug-
gests that the Sherwood number augments due to ther-
mophoresis parameter and declines due to Nt. Interesting

Table 3 The numerical values of the Nusselt number for distinct values of y,m,Nb and Nt when
n=Sc=1=0.5,5=0.01,M=0.3,0, =0.3.
y m Nb Nt Suction Injection
0.5 0.5 0.5 0.5 1.8475 0.0722
0.7 1.6985 0.0779
0.9 1.5857 0.0825
0.5 0.4 0.5 0.5 1.8458 0.0645
0.5 1.8475 0.0722
0.6 1.8523 0.0797
0.5 0.5 0.5 0.5 1.8475 0.0722
0.7 1.7881 0.0676
0.9 1.7303 0.0633
0.5 0.5 0.5 0.5 1.8475 0.0722
0.7 1.8117 0.0684
0.9 1.7766 0.0648
Table 4 The numerical values of the Sherwood number for distinct values of Sc¢,7,Nb and Nt when
n=y=m=0.5,8=0.01,M=0.3,0, =0.3.
Sc T Nb Nt Suction Injection
0.5 0.5 0.5 0.5 —0.6440 0.3880
0.7 —0.3206 0.4007
0.9 —0.0242 0.4009
0.5 0.5 0.5 0.5 —0.6440 0.3880
01 —0.2237 0.3630
1.5 0.1829 0.3408
0.5 0.5 0.5 0.5 —0.6440 0.3880
0.7 —0.1651 0.3417
0.9 0.0939 0.3157
0.5 0.5 0.5 0.5 —0.6440 0.3880
0.7 —1.2349 0.4568
0.9 —1.7986 0.5271
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the existence of suction and injection. The patterns portray
that the streamlines are more obscured and split into two
regions in the choice of INJ, while in the choice of SUC; the

patterns are simple and follow the flow field.
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Fig. 22  The patterns of streamlines in the case of suction when
n=05M=051=050=01m=1.
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Fig. 23  The patterns of streamlines in the case of injection when
n=05M=051=050=0.1,m=1.

4. Final remarks

In the current paper, the impact of thermophoresis deposition
on the flow of Sutterby nanofluid through a wedge geometry
was examined. An efficient technique namely bvpdc is
employed to obtain the numerical results of ODEs. The
impacts of pertinent parameters on the flow field with mass
and heat transport characteristics were examined. From this
research, the following significant points are extracted.

e The velocity field augments have enhancing nature for the
greater magnetic number in both SUC and INJ, while the
temperature and concentration profiles and its relevant
thickness of boundary-layer have decreasing nature.

e Due to the wedge parameter, the fluid velocity upsurges,
whereas the concentration declines in both suction and
injection. On the contrary, the temperature distribution
augments in suction and declines in injection.

e The non-Newtonian parameter accelerates the fluid velocity
in both cases.

e The friction factor and the Sherwood number in both cases
decline due to the non-Newtonian parameter, while the
Nusselt number augments.

e The thermophoretic and Brownian motion parameters
upsurge the temperature of the fluid in both cases, whereas
the concentration uplifts due to thermophoretic and decli-
nes due to Brownian motion.

e The relaxation parameter enhances the concentration and
temperature in the case of SUC and declines in the case
of INJ.

e The concentration of nanoparticle shrinks due to the ther-

mophoresis factor and Schmidt number in both cases.

The Nusselt number declines due to Nb and Nt.

Due to Nb, the increasing rate of the concentration in the

suction is 74.36%, whereas the decreasing rate in the injec-

tion is 11.93%.

e Due to Nz, the concentration rate is decelerated in the suc-
tion by 88.649%, while accelerated with the rate of 17.73%
in the injection.
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