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ARTICLE INFO ABSTRACT

Article history: The significance of this study lies in the exploration of the effects of thermal radiation
Received 16 June 2023 and convective boundaries on magnetohydrodynamic slip flow over a nonlinear porous
Received in revised form 18 July 2023 stretching surface. Applications range from aiding heat transfer enhancement in
Accepted 20 August 2023 electronic devices and renewable energy systems to facilitating understanding in
Available online 12 December 2023 magnetic confinement fusion research and liquid metal cooling systems. The primary
goal of this study is to determine how thermal radiation and convective boundaries
affect the upper Maxwell Casson convected nanofluid boundary layer flow's
magnetohydrodynamic slip flow over a nonlinear porous stretching surface. From the
controlling PDEs, nonlinear ODEs are obtained by applying compatible similarity
transformations. The quantities related to scientific and engineering concepts, such as
skin friction, Sherwood number, and heat exchange, as well as other effects on

Keywords: momentum, temperature, and material concentration, are shown and explained in
Casson fluid parameter; Upper- diagrams. The numerical solution of the current study and the shooting technique is
convected Maxwell fluid; Nanofluid; achieved using the Runge-Kutta Fehelberg method. According to the results, increasing
chemical reaction parameter; MHD; the magnetic field causes a decrease in velocity profiles. Additionally, as the velocity slip
slip effects parameter increases, the local Nusselt number and the local Sherwood number fall.

1. Introduction

Potential applications of non-Newtonian fluid flow on porous stretched surfaces include
bioscience, engineering, and blood flow. Casson is a shear-thinning fluid. It may show yield stress. If
the applied yield stress is larger than the applied shear stress, the applied material behaves as a solid;
otherwise, it behaves as a liquid and begins to move. Raju et al., [1-3] and Vyakaranam et al., [4] have
discussed the Casson fluid application. The magnetohydrodynamic Carreau and Casson fluids'
exponential heat source/sink, momentum, and thermal transport over the spinning paraboloid have
all been examined by Kumaran et al., [5]. As the base fluid is implanted with the silver and upper
nanoparticles, Sobamowo et al., [6] have examined the impacts of additional control attributes on
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stream and heat transfer attributes to the nanofluids. Unsteady Carreau-Casson fluids in a solution
of dust and graphene nanoparticles with non-Fourier heat flux over a radiating shrinking layer have
been explored by Santosh et al., [7]. Santoshi et al., [8] have studied the computational examination
of 3D Casson-Carreau nanofluid flow. A colloidal postponement called nano fluid contains
nanoparticles in a base fluid. Nanofluids have a wide range of uses in engineering, from the
automotive industry to the medical sector. They are used in nuclear reactors, power plant cooling
systems, geothermal energy extraction, automotive applications, electronic applications like cooling
microchips, and biomedical applications like cancer therapeutics and nano cryosurgery, among other
things. Due to these actual characteristics, nanofluids are relevant to the study, as shown by the
references [9—14] in this debate.

The non-Newtonian fluid flow across a mixed stretchable surface has been studied with different
variables by Chandra and Sandeep [15], Reddy et al., [16], and Oke et al., [17,18] looked at how
thermal radiations affected MHD 3D flow across a stretching surface. A nano-liquid film's Eyring-
Powell slip flow has been studied by Oke [19].

References [20-23] that provide more in-depth research on this subject looked at non-
Newtonian Maxwell fluids under a range of physical conditions, including viscous dissipation,
Newtonian heating, homogeneous—heterogeneous chemical reactions, and thermal stratification
over different stretching surfaces. According to their research, temperature, and heat transmission
rate both decreased as the Prandtl number increased. Abuzar et al., [24] looked at how radiation and
convective border restriction affected the non-Newtonian nano fluids' oblique stagnation point past
the stretching layer. In consideration of the inclined stretched sheet, Yasin et al., [25] numerically
analysed the stagnation point flow of nanofluid. The effects of slip on MHD flow have been studied
by certain researchers [26, 27] using a variety of non-Newtonian nanofluid models, such as Casson
fluid and Jeffery nano-fluid, across a flexible sheet with varied physical limits. lbrahim et al., [28]
investigated the influence of chemical reactions on mass and heat transfer characteristics. However,
the sources covering chemical reactions and slip influences are addressed in the references [29-47].
The slip impact of MHD heat transmission of nanofluids above a stretching surface with a chemical
reaction has been studied. Khan et al.,[48] have studied the MHD Flow and Heat Transfer of Double
Stratified Micropolar Fluid over a Vertical Permeable Shrinking/Stretching Sheet with Chemical
Reaction and Heat Source. Hamrelaine et al., [49] investigated an Analysis of MHD Jeffery Hamel Flow
with Suction/Injection by Homotopy Analysis Method. The analysis of the MHD stagnation point flow
of upper-convected Maxwell fluid with chemical reaction is not considered by any of the
aforementioned researchers due to the effects of nanoparticles with slip effects. Therefore, using the
Runge-Kutta Fehlberg method and the shooting technique, the current paper aims to investigate the
impact of nanoparticle and chemical reaction on MHD slip stagnation point flow, boundary layer flow,
and heat and mass transfer of upper-convected Casson and Maxwell fluid above a stretching sheet.

The current research possesses novelty in its comprehensive investigation of non-Newtonian fluid
flow over a porous stretched surface with the inclusion of various significant factors. Previous studies
have explored different aspects of non-Newtonian fluids, such as Casson and Carreau fluids, with a
focus on heat source/sink, momentum, and thermal transport. Additionally, nano fluids' applications
in the engineering and medical sectors have been extensively studied. However, this research goes
beyond previous works by combining nanoparticles, chemical reactions, and slip effects in the
context of MHD slip stagnation point flow and boundary layer flow. Notably, the study specifically
examines the upper-convected Casson and Maxwell fluids, incorporating the impacts of nanoparticle
and chemical reactions, using advanced numerical methods like the Runge-Kutta Fehlberg method
and the shooting technique. The investigation of these novel interactions in upper-convected MHD
Casson and Maxwell fluids sets this research apart, contributing to a deeper understanding of
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complex fluid dynamics and heat transfer phenomena with potential applications in diverse fields of
science and engineering. The objectives of this paper are to;

i.  Explore the interactions of nanoparticles and chemical reactions in MHD slip stagnation
point flow and boundary layer flow.
i.  Analyse the heat and mass transfer characteristics in the presence of slip effects in upper-
convected Casson and Maxwell fluids.
ii.  Utilize advanced numerical methods to obtain accurate numerical solutions for the
investigated fluid dynamics and heat transfer phenomena.

2. Methodology
2.1 Mathematical Formulation

Consider the 2D motion of non-Newtonian nanofluid time-dependent and incompressible MHD
slip flow of upper convected Maxwell Casson nanofluid with the thermal radiation and chemical
reaction along a porous stretching surface with convective conditions. The rheological design for non-
Newtonian fluid is stimulated by;

1

1 1

T;ﬂ = Tgﬂ + ]'/ﬁ (1)
2(;13 +\/%)eij, T > T,
T = (2)

Dz
2(;13 +E)eij, T < T,
The analytical estimate of m is dependent on the non-Newtonian replica, the plastic dynamic
viscosity of the non-Newtonian fluid, alongside the yield stress of the stream is denoted by ~_, 13, P,

respectively. Here z=e;e; and the deformation rate (i, j) the component is &j Tt is the product of

part of the deformation rate with itself. The investigators have proposed the estimate for n as 1. But
this estimate is more than 1 in several uses. The linear stretching produces flow. The Carreau fluid’s
extra stress tensor is defined as;

Tij =MNo [1 + %(n — 1)(rl7)2] Vij (3)

Here the extra stress tensor, zero shear rate viscosity, time constant and power-law index are
denoted by ;ij,no, I' ,nand y is given by;

&\/%Zi 2, ﬁ%:\gn )

Here the second invariant strain Tensor isI1. The Free stream velocity U,(X) and the stretching
velocity U, (X) are of the forms U, (X) =ax and U, (x) =bx where c and d are constants. The x-axis

is along the sheet and normal to the sheet y-axis is chosen. The concentration is represented by C,
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and the temperature is represented by T, and the ambient concentration and ambient temperature
are represented by C_ andT_ . Figure 1 shows the sketch of the physical model.
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Fig. 1. Sketch of the physical model
The flow expressions are defined as:
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The Navier slip conditions, convective conditions and Nield boundary conditions are assumed as
follows:

u:UW+AL%U,v:O,T:TW+AZ%,C:CW+A3% aty=0 ()

u—->U, (x)=bx,y>0T 5T ,C>C, as y—>w

where u and v are the velocity components along the x and y directions, p, is the density of the base
fluid, @ — is the thermal diffusivity, ¢ is the relaxation time parameter of the fluid, B, is the strength

of the magnetic field, Vv is the kinematic viscosity of the fluid, K1 is the permeability parameter,y is
the Casson fluid parameter, D; is the Brownian diffusion coefficient, D, is the thermophoretic

diffusion coefficient, 7 is the ratio between the effective heat capacity of the nanoparticle material
and heat capacity of the fluid, Cis the volumetric volume expansion coefficient, and p is the density

of the particle, Kr is the chemical reaction rate, A1, A2, and As are the velocity slip, thermal slip and
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concentration slip conditions respectively. The radiation heat flux (gr) is modelled by using the
Rosseland approximation given in Eq. (10).

4"\ oT*
q ——[ e ] s (10)

Here o represents the constant of Stefan-Boltzmann,k, which gives the coefficient of mean
absorption. It is also assumed that if the difference in temperature within the flow is T4, then T* can

be expressed as a linear combination of the temperature by expanding the T*by Taylor’s series about
T to obtain Eq. (11):
T* =Tk +4AT2(T —Ty) + 6TE(T — Tsp)? +-- (11)

If we neglect the higher order beyond the first degree 1 in (T —TOO) this series and opening
brackets on the right-hand sides of Eq. (11) we obtain Eq. (12):

T~ 3T +.4T°T (12)

Substituting the right-hand side of Eq. (12) into Eq. (10) for T*yield Eq. (13):

g, = — (‘3‘;) % - — (‘3‘%) :—y (=3T% + 4T3T) = — (%)Z—; (13)

The rate of change in radiative heat flux with respect y is given by Eq. (13)

aq 16T0" \o°T
L= | 2 | — 14
o [ % Jayz (1)

The partial differential equations Eq. (6), Eq. (7), Eq. (8) and Eq. (14) are transformed into ordinary
differential equations by introducing the dimensionless variables given by Eq. (15):

w =~ev i (n),0(n)= ((TTW_—:Z)) Bn)- (((;—_%m)) e %y -

The stream function velocity i can be defined as;

0y 0y
U=—,v=——

dy dx
so that Eq. (5) satisfies the continuity equation. f(7)denote the injection and suction, 7 the
dimensionless space variable, 9(r7) and ¢(7) the dimensionless of temperature and concentration

of the fluid respectively.
Given the above-mentioned transformations equations Eq. (6), Eq. (7) and Eq. (8) are reduced to
the following ODEs:
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(1+1j fr+ ff" -2 +E*+(M +1/K)(E-f")+5(2fff"—f")=0 (16)
e

(l+%j9"+Pr £6'+PrNbg'@’ + Nt + PrQg =0 (17)
" ’ Nt "

§+Leg'+ 0"~ Krleg =0 (18)

The transformed boundary restrictions are

f(n)=8t'(n)=1+L1"(n).0(n) =1+ L,0'(n).¢(n) =1+ L#'(n) at =0
(19)
f'(n)—>E,0(n)—>0,¢(n) >0 as n—>w

Where f’ is dimensionless velocity, © is dimensionless temperature, ¢ is dimensionless
concentration, and 7 is the similarity variable. The prime denotes differentiation with respect to#.
The skin friction C, , local Nusselt number Nu, and Sherwood number Sh_are the important physical
guantities they can be defined as follows:

Xq Xq
Co=w Ny = gy o
' puw k(Tf -T ) DB (Cw _Coo)

©

Here TW:,u(1+ﬂ)%J is the surface shear stress, qW:—k[a—Tj +0, the surface heat flux and

y=0
oC
oo [2)
B 6y o

Using the similarity transformation in Eq. (15) we have the following relations:

1 -1 -1

1 - 4 —
CrReZ =f'(0), NuyRe? =-— (1 + 3_R> 6'(0), ShyRe? =—¢'(0)

where Re, is the local Reynolds number.
3. Numerical Solution

The R-K fourth order based on shooting technique (see Oke [50]) is used to solve the converted
ODE Eq. (16) through Eq. (18) subject to the boundary constraints Eq. (19). This work emphasises the
characteristics of motion, heat, and mass transmission. The field of velocity, energy, and
concentration profile, as well as friction factor, Nusselt number, and Sherwood number, are all
properly investigated.
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4. Results and Discussion

In this section, the successive outcomes for physical variables are evaluated by using the values
chosen in the references [2, 4, 9, 13] as;

M=10=01y=01Pr=20Le=20,Nb=0.1,5=0.1,
Nt=01,R=01Kr=0.1,Q =0.0,E =0.1.

For this study, the successive outcomes for physical variables are evaluated.

Figure 2 illustrates the impact of the magnetic field's properties on the flow velocity. The
magnetic parameter generates the Lorentz force, which leads to a reduction in the fluid's velocity. As
the magnetic parameter values increase, the velocity profile rises, indicating a decrease in fluid
velocity. For example, in the context of a conducting fluid flowing through a magnetic field, the
presence of the Lorentz force may slow down the flow velocity, affecting its behaviour in the
surrounding environment. Figure 3 displays the variation of velocity profiles concerning different
permeability parameter values (K) that represent the presence of porous media. The inclusion of
porous media increases the values of fluid flow, resulting in an acceleration of the fluid. Thus, as the
permeability parameter values increase, the fluid velocity intensifies, and the fluid flow becomes
more vigorous. This enhanced fluid velocity subsequently leads to the thickening of the thermal
boundary layer. For instance, in the context of fluid flow through a porous material, an increase in
the permeability parameter indicates the porous material's higher flow permeability, causing the
fluid to flow more rapidly and leading to changes in the temperature distribution near the boundary
layer.

In Figure 4, the Casson effect is observed to reduce the fluid's velocity. This reduction is due to
the nature of the Casson fluid, where the yield stress decreases. As the Casson parameter increases,
the yield strain is minimized, leading to an increase in the liquid's plastic dynamic viscosity. This, in
turn, causes a thickening of the momentum boundary layer. Thus, in the case of a Casson fluid flowing
over a surface, an increase in the Casson parameter would imply a decrease in the fluid's ability to
flow easily, resulting in a decrease in its velocity and a change in the boundary layer's thickness.
Figure 5 presents the temperature curves for various estimations of the thermal radiation parameter.
With the upgrade in thermal radiation calculations, both the temperature profile and the thickness
of the temperature boundary layer increase. For instance, in a scenario where thermal radiation is
considered in a heat transfer process, an increase in the thermal radiation parameter would indicate
a higher contribution of radiation heat transfer. This increased thermal radiation would lead to
changes in the temperature distribution and the boundary layer thickness in the surrounding
environment.

Figure 6 demonstrates how the temperature and thermal boundary layer thickness reduced when
the estimations of Pr were improved and thermal diffusivity decreased, resulting in a decrease in the
temperature profile. When Pr is higher, heat diffuses more slowly and more quickly than when Pr is
lower, controlling the relative thickness of momentum and thermal boundary layers. Figure 7
demonstrates how the thermal boundary layers are enhanced by temperature profiles with rising Q
values. The energy is released to the flow when a heat source is present. The thermal boundary layers
are improved by the energy. As the thermophoresis parameter values increase, the concentration
seen in Figure 7 drops.

The influence of the thermophoresis parameter on the temperature profiles is shown in Figure 8
The thermal and concentration boundary layer thickness increases as Nt increases. When the Nb
concentration and temperature curves in Figures 9 and 10 increase. The thickness of the thermal
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boundary layer may be seen to rise at the surface. Figures 11, 12, and 13 show the impacts of the
velocity ratio parameter on the stream velocity, temperature, and concentration profiles. The
estimates of the velocity ratio increase the thickness of the boundary layer and the stream has a
boundary layer structure. When the free flow velocity ratio equals the velocity of stretching the sheet
when the velocity ratio is 1, the graph of velocity is feasible. The thickness of the thermal boundary
layer, however, decreases as the velocity ratio parameter rises. The concentration profile for various
Kr levels is shown in Figure 14. It has been observed that the concentration profile declined with Kr
upgrading. This demonstrates that a drop in the chemical reaction parameter results in a decrease in
the concentration profile by significantly thickening the concentration boundary layer. Figure 15
shows how the Lewis number affects concentration profiles. The figure shows that the concentration
graph and the concentration boundary layer are thinner at higher Lewis number values. Figures 16,
17, and 18 showed how the values of L1, L2, and L3 increase as the velocity, temperature, and
concentration profile decline. Figure 19 shows the characteristics of velocity profiles with changes in
the suction parameter S. The output of the velocity profile increases as the values of S do.

Table 1 compares the variance of the skin coefficient to the results of another investigation for
various values of the magnetic field parameter M. According to the values, our results are admirably
consistent with the findings of researchers Shravani Ittedi et al., [45] and Ibrahim et al., [46] on a
small scale. Additionally, a comparison of the heat and mass transfer rate for various values of L1 and
L2 is made in Table 2 and we have discovered an admirable agreement with him to check the accuracy
of the numerical solution with Shravanilttedi et al., [45] and lbrahim et al., [46]. We are therefore
confident that the numerical approach is appropriate for the analysis of our issue.

Table 1
Comparison of skin friction coefficient — f "(O) for different values of magnetic
field parameter M when E=0,B=0,Le=2.0,Pr=2.0,and Kr=0.1

M Shravanilttedi [45] Ibrhim et al., [46]  Present study
0.0 1.2104 1.2105 1.210502
0.3 1.3578 1.3578 1.357780
0.5 1.1175 1.4478 1.447569
1.0 1.6500 1.6504 1.650392

Table 2
Comparison of Nusselt number —6'(0)and Sherwood number —¢'(0)for different values of thermal
slip parameter L1 and concentration slip parameter L2 when E=0,8=0, Le=2.0,and Pr=2.0

L1 L Shravanilttedi [45] lbrhim et.al., [46] Present study
Nu Sh Nu Sh Nu Sh

0.0 0.1 0.5721 0.5958 0.5720 0.5957 0.57205 0.59575
0.3 0.1 0.5874 0.6881 0.5873 0.6880 0.58735 0.68805
0.5 0.1 0.5125 0.7304 0.5120 0.7304 0.51225 0.73040
1.0 0.1 0.3886 0.8009 0.3886 0.8008 0.38861 0.80085
0.1 0.1 0.6810 0.7401 0.6810 0.7401 0.68100 0.74012
0.1 0.3 0.6984 0.4648 0.6984 0.4648 0.69840 0.46481
0.1 0.5 0.7062 0.3424 0.7062 0.3423 0.70621 0.34235
0.1 1.0 0.7191 0.1433 0.7190 0.1432 0.71905 0.14325

For different values of S, E, L1, and 3, the variation of —f”(0), —8'(0)and —¢'(0)is given in Table
3. From the table, we see that the skin friction coefficient increases but decreases with an increase
in the velocity ratio E and the velocity slip parameter A as the suction-injection parameter S and
Deborah numberd increase. In addition, the table shows that as the values of S and E increase and
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decrease with an upsurge of Deborah number and velocity slip parameter L;, the local Nusselt
number and the local Sherwood number of the flow area.

5 6 7 8
0 1 2 3 4 5 6 7 8 5 6 7 8
1 1
Fig. 2. Velocity profile for various values of M Fig. 3. Velocity profiles for various values of K
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Fig. 6. Temperature Profile for various values of Pr
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Table 3

The estimates of skin friction factor, Nusselt number, Sherwood number for different values of M, K, B, R, Pr,
Q, Nt, Nb, E,Kr,Le,L1,L2,L3 for Casson fluid

B Q N N E Kk Ll w1 1 1 s —f"(0) -0(0) -¢(0)
05 01 01 01 01 01 01 01 01 01 01 0953373 0544371 0755949
1 1141696  0.557614  0.770806
15 1236429 0579709  0.795489
2 1294181  0.624631  0.845122
04 02 01 01 01 01 01 01 01 01 01 0957216 0.623708 0.844095
01 0957216  0.717864  0.928702

0 0957216  0.799163  1.002185

0.1 0957216  0.871248  1.067662

01 0 01 1 01 01 01 01 01 01 01 0957216 0.190038 0.462225
0.3 0957216  0.287873  0.479390

0.5 0957216  0.352388  0.488595

1 0957216  0.439896  0.495879

01 0 01 01 01 01 01 01 01 01 01 0957216 0439896 0.462225
0.3 0957216  0.585888  0.512357

0.5 0957216  0.650337 0581223

1 0957216 0717864  0.928702

01 0 01 01 01 01 01 01 01 01 01 0672554 0717864 0.928702
0.2 0.771461 0744028  0.954732

0.3 0.866380  0.767799  0.978855

0.4 0957216  0.789891  1.001656

01 0 01 11 01 05 01 01 01 01 01 0957216 0.000001 0.614295
1 0957216  0.000001  0.769625

15 0957216  0.000001  0.891445

2 0957216  0.000002  0.993966

01 0 01 11 01 01 05 01 01 01 01 0957216 0.000000 0.437074
1 0957216  0.000000  0.663644

15 0957216  0.000001  0.842443

2 0957216  0.000004  0.993947

01 0 01 11 01 01 05 05 01 01 01 0309825 0000001 0351836
1 0.375416  0.000002  0.361417

15 0.477157  0.000002  0.375832

01 0 01 11 01 01 05 05 0 01 01 0658061 0000003 0.400170
0.5 0957216  0.000002  0.270932

1 0957216  0.000042  0.313497

15 0957216  0.000308 0371921

01 0 01 11 01 01 05 05 01 0 01 0957216 0001246 0.457090
0.5 0957216  0.000042  0.313497

1 0957216  0.000308 0371921

15 0957216  0.001246  0.457090

01 0 01 11 01 01 05 05 01 01 0 0942680 0.000003 0.407666
0.5 1020500 0.000012 0.561738

1 1113429 0000033 0.728104

15 1226358  0.000071  0.899954
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Fig. 18. Concentration profile for various values Fig. 19. Velocity profile for various values of S
of L3

5. Conclusions

This study illustrates the MHD slip effect and Casson upper convected Maxwell fluid stagnation
point flow with a chemical reaction on a stretchy sheet. A similarity solution is obtained depending
on the governing variables, including the velocity ratio, suction-injection parameter, Lewis numbers,
Deborah number, magnetic field, Brownian motion parameter, thermophoresis parameter, chemical
reactions parameter, thermal radiation parameter, velocity slip parameter, thermal slip parameter,
singular slip parameter, Casson fluid parameter, and heat source parameter. The following details of
the current work are displayed:

i.  The effect of the magnetic field parameter's increase on the velocity field is lessened.

ii.  The velocity field increases with rising thermal conductivity, while it decreases with rising
solutal slip values.

iii.  Concentration profiles are lowered by raising the values of Brownian motion, chemical
reaction, Lewis number, thermal slip parameter, and singular slip parameter.

iv.  Thermal radiation increased the thermal boundary layer's thickness.

v.  The characteristics of velocity profiles with the suction parameter lead to a weakening of
the velocity field.

vi.  Depreciation of the velocity, temperature, and concentration profiles occurs as L1, L2,
and L3 values increase.
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