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heat radiation, chemical changes, and suction is investigated. The nonlinear slip condition
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for the Maxwell fluid is put into account herein. The diffusion model for mass and heat
transfer introduced by Cattaneo and Christov is incorporated in the modelling process.
The partial differential equations that regulate the system are reduced into a more
fundamental form via similarity transformations. Mathematica's NDSolve technique is
implemented to do a numerical treatment of the dimensionless equations once they have
been translated. The upsides of this strategy lie in its ability to automatically track errors
and select the best algorithm. Assessments are taken of velocity, temperature,
concentration, skin friction, Nusselt number, and Sherwood number, among others.
Graphs are used to quickly illustrate and clarify how various material qualities affect the

Keywords: flow of mass and heat transmission. Thermal relaxation and chemical reaction parameters
Upper-convected Maxwell fluid; minimize temperature and concentration fields. It is observed that greater Maxwell
inclined stretching surface; nonlinear parameters implies a rise in the intensity of skin friction, whereas a spike in the slip
velocity slip; thermal radiation; parameter generates a decrease. Nusselt and Sherwood numbers diminish with Maxwell
suction parameter.

1. Introduction

Over the past few years, scientists and engineers have discovered that adding a modest quantity
of nanoparticles can significantly improve the thermal characteristics of the underlying fluids.
Boundary layer flows of non-Newtonian as well as Newtonian fluids over stretched surfaces are
of relevance in metallurgy, chemical processing, and ecosystems. Nuclear reactor cooling down,
packed platform catalytic reactors, fibre and wire coating, processing of food, fluidization in reactors,
cooling by evaporation, elevated oil recovery, and reservoirs of geothermal energy are all examples
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of such programmers. Non-Newtonian fluid activity is evident in a broad spectrum of commercial
fluids, including molten polymers, synthetic fibres, blood, polymetric liquids, and food-related
substances. Nanofluids are fluids that include nanoparticles, often minerals or oxides of metal. In
addition to improving the efficiency of heat transfer, nanoparticles improved the thermo-physical
phenomenon. The type of nanoparticle material, shape, scattered particle, and other factors affect
how effectively heat is transferred. In nanofluids, thermophoresis and Brownian diffusion are
essential slip mechanisms. Non-Newtonian Williamson fluid is a pseudo-plastic fluid that does not
rely on the passage of time. Industrial and technological applications of non-Newtonian nanofluid
boundary flow on a linear surface include photography and polymer surface extraction. Several
nanoparticles, including multi-walled carbon nanotubes (MWCNT), fullerene, copper oxide and
silicon dioxide, have been employed to create nanofluids in this work by Hwang et al., [1] to improve
thermal conductivity and lubricity. Oil, ethylene glycol and DI water have all been utilised as base
fluids. Thermal conductivity has been examined in order to look into the thermo-physical
characteristics of nanofluids. Jalili et al., [2] assess the heat transfer processes of the nanofluid stream
via the microchannel heat sink with a magnetic field using Al,Os-water nanofluid for cooling. Arshad
et al., [3] studied viscous nanofluid flow with heat and mass transfer over a porous flat surface in a
continuous magnetic field, also Brownian motion, thermophoresis, and viscous dissipation are
among the other parameters taken into account. Jalili et al., [4] computationally and theoretically
explained the transient squeezing flow of 2D Magnetohydrodynamics (MHD) with Casson fluid under
solar irradiance. Tracking the heat and mass transfer phase in the solar irradiance process helps
reduce solar unit energy use. This problem assumes temperature-dependent mass and heat
diffusivity. Using exponentially expanding sheets to generate magnetic fields, Anwar et al., [5]
simulated fluid flow with varying thermal conductivity and investigated the effects of thermophoresis
and Brownian motion on viscous dissipation and chemical changes. Esfe and Afrand [6] researched
on the techniques for producing nanoparticles and several approaches for figuring out how thermally
conductable they are. Reddy and Sreedevi [7] looked at both steady and unsteady instances of
nanofluid flow over a stretched surface contained in a porous medium and employed a variety of
criteria to infer how heat and mass transfer happened.

Due to its widespread use in engineering and physics, research in Maxwell nanofluid flow on a
stretched surface surged recently. Nuclear power plants, aeroplanes, combustion chambers, fuel
cells, glass fibre manufacture, and paper producing are all examples of places where these techniques
are used. Motsa et al., [8] examine the passage of the magnetohydrodynamic (MHD) boundary layer
flow of an incompressible upper-convected Maxwell (UCM) fluid through a porous, stretched surface.
While considering the numerical consequences of a large number of parameters, Shateyi and
Marewo [9] studied the flow of an upper-convected incompressible Maxwell fluid over a stretched
sheet, complete with heat and mass transmission. The continuous laminar boundary layer flow and
heat transmission past a stretched sheet were investigated by Hayat et al., [10] treating the Upper
convected Maxwell fluid as a rheological model.

Due to its many uses, magnetohydrodynamics with heat, mass, radiation, and diffusion has drawn
the attention of many scholars. It is used in astrophysics and geophysics to study star and sun
structures, ionosphere radio transmission and other phenomena. Engineering usage include MHD
pumps, bearings, and others. Theoretical theories on star structure include mass transfer, which may
affect the sun's surface. Free convection flow in liquid metals, electrolytes, and ionised gases depends
on magnetic field research. Power engineering is affected by hydromagnetic mass transfer thermal
physics. Radiative fluxes occur in industrial and environmental processes. Heating and cooling
chambers, fossil fuel combustion, evaporation from enormous open water reservoirs, astrophysical
fluxes, solar power technologies and space craft re-entry are examples.An interesting kind of
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viscoelastic fluid that may illustrate the characteristics of fluid relaxation time is the upper convected
Maxwell fluid. It allows for the emphasis to be placed on the effects of fluid elasticity on the
characteristics of its boundary layer while excluding complex effects of shear-dependent viscosity.
Kodi et al., [11] studied implications of Dufour's law and variable thermal conductivity in maxwell
nanofluid magnetohydrodynamic (MHD) mixed convection flow in a vertical cone with porous
material. Several theoretical as well as experimental studies on the thermal conductivity of
nanofluids were published and examined in the work by Ahmadi et al., [12]. The effects of thermal
emissions on the heat transmission and movement of non-Newtonian fluids in a channel were looked
into by Khan et al., [13]. Several aspects affecting mass transfer processes were considered by Shah
et al., [14] in their investigation of upper-convected Maxwell (UCM) nanofluid flow across an inclined
stretched sheet subject to a magnetic field. With a constant heat flux and a non-uniform heat source
and sink, Das [15] investigated the impact of different fluid characteristics on heat and mass transport
through an inclined permeable plate. Raghunath [16] studied the heat and mass transfer of an
unsteady, MHD incompressible water based nanofluid flow considering thermal radiation effects. Ali
et al., [17] investigated how slip impacts magnetohydrodynamic unsteady Maxwell nanofluid flow
through a stretched, permeable sheet with heat radiation, thermo-diffusion, and chemical reaction.
Numerous industrial processes, such as those used to create polymers or lasers for medical
procedures, rely on an understanding of magnetohydrodynamics (MHD) with heat transmission flow
via a permeable stretching or shrinking sheet. Raftari and Yildirim [18] employed the homotopy
perturbation technique (HPM) to determine the analytic flow through the boundary layer of an
upper-convected Maxwell (UCM) fluid via a porous stretched sheet. Farooq et al., [19] used the
Buongiorno model to investigate non-Newtonian Maxwell fluids including nanoparticles on an
exponentially growing surface. Slip impact on UCM fluid flow was studied by Ibrahim and Negera [20]
under conditions of chemical reaction and magnetic field. Three-dimensional fluid over a stretched
surface has been investigated by Hayat and Awais [21]. Over a Cattaneo and Christov-modified
extended surface heat flux model, Tausif et al., [22] have studied the flow of a nanofluid boundary
layer at the surface. Nandeppanavar et al., [23] looked over the flow of a magnetohydrodynamic
(MHD) liquid that is incompressible in a two-dimensional boundary layer towards a non-linearly
moving flat surface with velocity and temperature slip. Using a Casson nanofluid, heat
generation/absorption, and a magnetic field, Narender et al., [24] propose a computer model to
investigate implications for the flow near the MHD stagnation point due to radiation. Awan et al,,
[25] analyzed a two-dimensional stagnation point flow of a poor grade fluid, where the fluid impinges
on the oscillatory stretching surface at an angle. The thermal and related properties of a Casson
nanofluid near a stagnation region in a porous media were investigated by Kumar et al., [26].
Employing a two-dimensional Darcy-Forchheimer model, Hosseinzadeh et al., [27] studied the
chemically reactive radiating flow. Unsteady magnetohydrodynamic Maxwell nanofluid flow with
chemical reactions was the focus of a study by Patil et al., [28].

By accounting for thermal and concentration relaxation durations, Cattaneo-Christov double
diffusion models generalize Fourier and Fick's equations of heat and mass diffusion. Suction is an
approach to boundary layer control that seeks to reduce energy losses in channels and drag on bodies
in external flows. Suction is used to enhance the efficiency of diffusers with high working fluid
compression ratios (with large convergence angles) by postponing the separation of the boundary
layer. Identifying the minimum amount of suction fluid requires to maintain a laminar boundary layer
is essential for applying suction because using an excessive amount of suction fluid could
considerably increase power consumption, thereby nullifying the power savings from a reduction in
drag. Mustafa et al., [29] analyse upper-convected Maxwell (UCM) fluid flow and heat transmission
in rotating frames, considering temperature-dependent thermal conductivity fluid. A non-Fourier
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heat flux term with thermal relaxation effects models heat transmission and Cattaneo—Christov and
Fourier models are also compared. A stretched porous cylinder was studied by Sheikholeslami [30]
for nanofluid flow and heat transfer. It was observed that the Nusselt number increases with
nanoparticle volume fraction, suction parameter, Reynolds number, and nanofluids. Shah et al., [31]
analysed hybrid nanofluid dynamics using type | and type Il hybrid models, focusing on the
differences and highlighting that Suction and dual stretching affect hybrid nanofluid boundary layer
flow [32]. Models chemically reactive Maxwell nanofluid for axisymmetric flow using Cattaneo-
Christov heat flux model and updated nanofluid model. Arrhenius activation energy and magnetic
field are also mentioned. Omowaye and Animasaun [33] studied an upper-convected Maxwell (UCM)
fluid flow over a melting surface situated in hot environment is studied. The influence of melting heat
transfer and thermal stratification are properly accounted for by modifying the classical boundary
condition of temperature to account for both.

Four novel aspects served as the basis for our current effort. The primary goal of this study was
to simulate and analyse the two-dimensional chemically radiative MHD flow of a Maxwell nanofluid.
The second objective is to examine the dynamics of this flow over an inclined surface. The third step
is to examine characteristics of the slip effects, Brownian motion, and thermophoresis. As a fourth
goal, we intend to use the NDSolve method to generate numerical solutions for the velocity,
temperature, and concentration fields. Also, graphical analyses of the skin friction coefficient and the
local Nusselt and Sherwood numbers have been performed. None of the previous works considered
the analysis of the MHD Maxwell nanofluid flow over an inclined surface under these effects using
NDSolve. This paper is then an endeavour to fill this gap. As research in this area continues, it is likely
that we will see even more applications for these techniques in the future.

2. Mathematical Formulation

A laminar, constant, and incompressible flow of an electrically conducting UCM nanofluid
towards an inclined stretching surface has been taken. The surface has an angle Q relative to the
vertical position. Thermal radiation and suction are now taken into consideration in the energy
equation.

In order to construct the coordinate axes as seen in Figure 1, the X axis is taken along the flow
direction while the y axis is normal to it. Thermophoresis and Brownian motion, as well as the effects

of chemical reactions and suction and non-Newtonian velocity slip, have also been considered. The
velocity of the stretching sheet has been taken as U=U, =aX. The temperature near and distant

from the surface are denoted as T, and T, respectively, while concentration C, and C, also

respectively. The fluid is subjected to a magnetic field of intensity B that is normal to the flow when
the flow analysis is being done.
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Fig. 1. Physical flow

Under the premise of weak magnetic fields, Reynolds number facilitates ignoring the induced
magnetic field. Following are the boundary layer equations given the above mentioned restrictions

[33]
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In order to analyse concentration as well as temperature diffusion, in the present research revised
versions of Fourier's and Fick's laws have been included. The combined version of the Fourier and
Fick's laws, as proposed by the Cattaneo-Christov heat flow theory, looks like this:

q+4, (%q+(v.v)q +V.Vq —q-VV] =—kVT, Gl
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J+2, (%Jr(vv)hvw vaj -D,VC, (6)

where V is the velocity field, q and J are used, respectively, for the normal heat and mass fluxes.
The temperature dependence of the thermal conductivity is assumed to be linear. Using the Taylor
series, we can linearize the T* in radiative heat flux g, about T, as follows.

oq, 16T.°%" o°T
¥ o 7

Simplifying the Eq. (3) to Eq. (6) by using incompressibility V.V =0 and the steady flow conditions
aq

0J . .
E' E equal to zero we arrive at the following form
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The associated boundary conditions are

u=u, +u, —ax+Aa—u—/1 ( a—u—au+va—u],v:—VW,(T,C):(TW,CW)at y=0,
oy ox oy
ou

u—>0,5—>0,(T,C)—>(Tw,COO) as y — oo,

(10)

Where V,, is the velocity suction (> 0) or injection(<0).

The mathematical model is converted into the non-dimensional form using the local similarity
transformations listed below:

:\Ey, u=axt'(n), v=—Vavt(m), y =Javxf (1), c-C, =¢(c,~C.),

T-T,=0(T,-T,), (11)

where y is the stream function.
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Using the Transformations on Eq. (2), Eq. (8), Eq. (9) we get

e A(2fFF = £287) = £72 - MF'+(1+ MATE") + (40 + 4,¢)cosQ =0, (12)

1 " " (¥al4 ! 1! !

So(L+(413)R) 0" =y, (170" + £0')+ 10"+ (NbO'g + Nt0"*) + Q0 =0, (13)

¢"+ﬁ9"+3c fg'—Scy,(f%"+ ff'¢')-ScC,¢=0. (14)
Nb C r

Subject to (11) the corresponding boundary conditions becomes

£(0)=S,f'(0)=1+1"(0)-A[ £2(0)-1'(0)],6(0)=14(0) =1 (15)
f'(n),0(n),¢(n) >0 as n—x.
The dimensionless quantities used in Eq. (12) to Eq. (15) are
w8, A(L-T)9 , Ael(C-Co o Q . (PC),

pa a’x 7 a’x T pCal (pC),

3 _*

Nb:AJL:GrXa,GCX:/Iha,g:A\/g,Nt: Dy ,R:4T°°f : (16)

v(C,-C,) v v, (T, -T,) k k
Cr=KC,Pr=L,SC:L’}/c:X’ma’S= VW

a' q Dy Jav

3. Methodology for Solution

Mathematica's NDSolve package was used to find a solution to the system of non-dimensional
standard differential Eq. (12) to Eq. (14) subject to boundary conditions (15).

The above common nonlinear differential equations are numerically solved in this study using
Mathematica's NDSolve command. This approach is unconditionally stable and converges. The
default convergence criteria for NDSolve are an absolute tolerance of 1e-6 and a relative tolerance
of 1le-3. These values are typically sufficient for most problems. The maximum step size 0.01 is used
in the current numerical computations to get the numerical solution with six orders of local accuracy
for the approach as a criterion of convergence. For evidence of the numerical scheme's preciseness,
the latest results of —9'(0) and —¢'(0) are assessed against Shah et al., [34] outcomes in Table 1.
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Table 1

Comparison of the numerical values of —(1+ %j 0'(0)and —¢'(0) for different values of

M, Nb, Nt when
A=03A4=4=6=01y,=y.=R=05Pr=6.2,Q0=0.2,S=0.0,
Sc=1.2,C, =1.0,Q=7x/3.

M Nb Nt Shahetal., [34] Present Outcomes
! ’
—(1+ﬁj9'(o) #(0) —(1+ﬁj9'(o) #(0)
3 3

0.5 0.5 0.1 0.564694 1.301828 0.564694 1.301828
1.5 05 0.1 0.472342 1.280714 0.472342 1.280714
25 05 0.1 0.400706 1.266277 0.400706 1.266277
0.5 03 0.1 0.953515 1.263584 0.953515 1.263584
0.5 0.7 0.1 0.307091 1.307904 0.307091 1.307904
0.5 0.5 0.2 0.467093 1.347080 0.467093 1.347080
0.5 0.5 0.3 0.384389 1.401479 0.384389 1.401479

4. Results and Discussion

In this section, we look at how the parameters alter the temperature, concentration and flow
fields. This was accomplished by using the MATHEMATICA NDSolve function to numerically solve the
governing Eq. (11) to Eqg. (14) and condition (15). The leading parameters are given fixed values for
all computations:

A=03M=03S=c=Nt=y, =y, =4 =4 =01, R=05Pr=6.2,Nb=05Q=0.25Sc=12,
C, =1.0.

The impact of the magnetic field M on the velocity and temperature profiles can be witnessed
in Figure 2 and Figure 3 respectively. The velocity profile drops as M increases, while the
temperature profiles broaden. The Lorentz force always challenges fluid movement and the larger
M vyields to it. As a result, we see a lessening impact here. The magnetic field also has features that
make the temperature profiles better.

1 E T 5
——M=00
o8y - M=03"
lllllllllll M ey 0.5
06
<
~
= 04 -
0.2 ,
ol _
4 6

Fig. 2. Effect of M on velocity profile
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Fig. 3. Effect of M on temperature profile

Figure 4 demonstrates the manner in which the Maxwell parameter A alters the velocity. When
A gets larger, velocity impedes down. For viscoelastic materials, the Maxwell parameter, or fluid
relaxation parameter, is significant. When the Maxwell parameter is petite, the fluid behaves like a
Newtonian and viscous one, whereas when it is enormous, the fluid takes on non-Newtonian
features. Thus, the velocity as well as its boundary layer thickness alleviate for rising levels of 4.

1 4 T T T T
— =01
08 e =027
_ o6-\ LT 1=023 l
<
~—"
< 04 -
0.2 -
ol
3 4 5

Fig. 4. Effect of A on velocity profile
Figure 5 illustrates the impact thermal buoyancy factor 4, has on the velocity. When is 4, raised,

the velocity also improves. This is because buoyancy, affects particles of fluid as a result of
gravitational force and in turn boosts the fluid's velocity.
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Fig. 5. Effect of A, on velocity profile

Expanding the solutal buoyancy factor 4., which is apparent in Figure 6, improves the velocity

profile. The buoyancy parameter, in a physical sense, lowers the viscous forces that trigger the
velocity to go up.

f(n)

Fig. 6. Effect of A, on velocity profile

The velocity profile changes due to suction parameter S are shown in Figure 7. As S parameter
increases, the velocity trend appears to be dropping, indicating the common fact that suction
maintains the boundary layer's growth and consequently reduces the formation of the highest points
in the velocity outline.
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f(n)

Fig. 7. Effect of S on velocity profile

Figure 8 shows how velocity profile changes with angle of inclination Q. The Lorentz force
escalates with angle of inclination because magnetic fields affect fluid particles more. So, velocity
profile drops. For Q =0, the magnetic field has no influence on the speed profile, and for Q=7/2
the fluid particles encounter the greatest possible resistance.

1 L : :
0.8
__ 06
<
~—"
= 04 -
0.2 1
% 1 2 3 4
n

Fig. 8. Effect of Q2 on velocity profile

Figure 9 depicts the impacts of surface slip & on the velocity. Close to the wall, higher readings
of the slip parameter cause a reduction of velocity, whereas the reverse is true further from the wall.

The asymptotic pattern of velocity to 1 is found in the no-slip (5 = 0) situation.
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1 3 3 T
c=0.0
08-\ - e=05]
\ lllllllllll —
06 ﬁ\\ c=1.0
= N\
:z *.’u\\
[ % N\ .
04 DN
0.2 R |
O r r r
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Fig. 9. Effect of & on velocity profile

Figure 10 implies thermal relaxation parameter y,-dependent temperature fluctuation. In close
proximity to the surface, the increased heat flow relaxation time raises the temperature and
lengthens the thermal boundary layer, while the opposite is true in deeper layers. When thermal
relaxation parameter y, =0, the model approaches Fourier's law.

1 E T T T
—7,= 0.2
0.8r =04/
0.6 R e
= or \\\ ........... 7/6 =0.6
“ >
04+ “{\ 7
t‘}\
N
0.2+ N '
0°- r r ...""::.“..‘.nn_-__ 3
0 0.5 1 15 2
n

Fig. 10. Effect of 7, on temperature profile

Figure 11 exhibits the way Prandtl number Pr determines fluid temperature. Prdiminishes fluid
temperature. Thermal boundary layer thickness falls further. For stronger Pr, thermal diffusivity
shrinks, lowering temperature and boundary layer thickness.
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Fig. 11. Effect of Pr on temperature profile

In Figure 12, we can see how the radiation parameter R affects the overall temperature pattern.
When the R value goes up, the temperature profile goes up too. This is because the Fluid has become
hotter than usual because of the R.

1 : :
——R=05
08-% e R=10"
O 6 i \‘;‘;“‘ ---------- R - 1.5
’S . \";“‘
= 04 x .
AN
\\"‘
0.2 N ,
0 SO .
0 2 4 6
n

Fig. 12. Effect of R on temperature profile

Figure 13 clarifies the way the heat generation parameter Q governs temperature distribution.
Heat generation parameter promotes temperature distribution while heat absorption parameter
minimizes it.

Figure 14 and 15 show how the Brownian motion factor Nb modifies temperature and
concentration curves. The wider range of ND boosts nanoparticle kinetic energy, allowing more
particles to transition beyond the surface, resulting in higher temperatures but lessening
concentration.
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Fig. 14. Effect of ND on temperature profile
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Fig. 15. Effect of ND on concentration profile
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Thermophoresis factor Nt modifies temperature and concentration patterns in Figure 16 and 17.
The thermophoresis force drives nanoparticles from hot to cold, evolving the temperature profile.

Also Nt alters concentration profile similarly.
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Fig. 17. Effect of Nt on concentration profile

Concentration curves drop with a rise in concentration relaxation parameter . . This is depicted

in Figure 18.
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Fig. 18. Effect of ¥, on concentration profile

Figure 19 shows how the Schmidt number Sc alters concentration profiles. As SC values rise,
however, concentration tends downward. The concentration and the corresponding thickness of the
concentration boundary layer both reduce as the Sc expands, which makes physical sense.
Concentration and the thickness of the concentration boundary layer decline as SC grows, as would
be expected from a physical perspective.
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Fig. 19. Effect of SC on concentration profile

In Figure 20, we look into how the parameter C. in a chemical process alters the concentration

of nanoparticles. As the repercussions of a chemical reaction grows the concentration profile
diminishes. When a chemical reaction takes place, the rate of intermolecular mass transfer rises,
resulting in a volume reduction of the nanoparticles.
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Fig. 20. Effect of C, on concentration profile

Figure 21 illustrates the manner in which ¢ and A alter - f (0) . The figure shows that A 's rising

values raise f "(0), but & reduces it greatly.
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Fig. 21. Effect of A and & on —f "(0)

Figure 22 demonstrates the ways A and Q alter Nusselt number. The magnitude value Nu,
lessens as 4 and Q evolve.
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Figure 23 illustrates the manner in which C, and A alter Sh. . The figure shows that A's rising

values diminish Sh, , but C, accelerates it greatly.
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5. Conclusions

This study aims to investigate the phenomenon of upper-convected Maxwell (UCM) nanofluid
flow caused by an inclined stretching sheet passing through a magnetic field. The modelling
methodology incorporates Cattaneo and Christov's diffusion model for mass and heat transmission.
The following are the primary conclusions:

i.  Velocity declines with the enhancing values of M, S and 4.

ii. Magnetic parameter M upsurge its temperature profiles.

iii.  Heat flow relaxation time at the surface elevates temperature.

iv.  Temperature field decays for higher values of Pr, Q.

v.  Concentration curves drop with a rise in concentration relaxation parameter.
vi.  Temperature rises with the radiation parameter R.
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vii.  The thermophoresis parameter elevates as a function of both the temperature and
concentration patterns.
viii.  Greater Maxwell parameters implies a rise in the intensity of skin friction, whereas a spike

in the slip parameter generates a decrease.
ix.  Nusselt and Sherwood numbers diminish with Maxwell parameter.
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