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Abstract

Objectives: Current manuscript focuses on examination of chemical reaction
and heat generation impacts on 3D MHD non-Newtonian nanofluid flow with
convective boundary conditions induced by permeable sheet. Additionally,
Brownian motion, non-Newtonian heating and thermophoretic processes as
used for this study. Methods: A computational programme, MATLAB has
been used for solving the system of O.D.Es with the help of ODE45 solver.
The Runge Kutta Fehlberg approach is implemented to calculate the answer
to the expression for temperature, velocity, and nanoparticle concentration
after the shooting process. Findings: For a variety of fluid parameters, the
temperature, concentration of nanoparticles, and dimensionless velocities are
shown and examined, including permeability parameter K; (0.1 <K; <0.4),
magnetic M(1.0 < M < 4.0), stretching ratio parameter ¢(2.0 < ¢ < 8.0), Lewis
number Le(1.0 < Le < 4.0), Brownian motion Nb(1.0 < Nb < 4.0) and Prandtl
number Pr(0.2 < Pr < 0.8), thermal Biot number 7, (0.1 <, <0.7), Casson fluid
parameter $(0.2 < 8 <0.8), chemical reaction parameter ¢, (1.0 < ¢;, <4.0). The
temperature is found to increase with an enhance in the thermal Biot number
and to reduce with a greater Prandtl number and stretching ratio parameter.
Novelty: Although the immense significance and frequent use of nanofluids in
industries and technology, no effort has been made to explore the chemical
influence on MHD Casson fluid flow using a three-dimensional permeable
sheet. Through similarity transformations, the Runge-Kutta Fehlberg technique
converts mass, momentum, and energy conservation equations into ODEs
and incorporates boundary conditions. Skin friction and the heat transmission
rate past an extending surface, which have an impact on technology and
production, can be predicted using the results of this study.

Keywords: Chemical reaction; Buongiorno’s model; Nanofluid; Biot numbers;
3D permeable sheet
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1 Introduction

Many industries related to manufacturing grew in the early 20th century, such as substances and chemical compounds,
petroleum and natural gas, beverages and food, fabric and the printing process, polyester extrusion, material for glass swaying,
quickly apply cooling, microelectronics cooling, and extinction in metal manufacturing facilities, and refrigerant/lubricant
mixtures to serve heating and cooling. These sectors are crucial, as are many others, including innovative and various fields such
as cancer treatment, better surgery, heat pumps, and micro-channel thermal sinks. The concept of “nanofluid” is used to signify a
mixture of various base fluids (e.g., liquids, gasoline, oil for engines, ethylene, and tri-ethylene alcohol) with nanoparticles (such
as metallic substances, oxides, carbides, nitric oxide, and graphite fibers). Choi(!) was the first to undertake an experimental
investigation and inform the researchers about the improvement of nanofluids’ thermal conductivity. Ibrahim and Anbessa®)
discussed the Hall and Ion effects with varying slip circumstances in MHD nanofluid flow induced by 3D exponential sheet.
3D MHD flow generated by expanding surface with the impact of radiation in a porous medium using RKF technique has been
evaluated by Mallikarjuna et al. ®). Goyal et al. ) discussed the triple diffusive effects along with regression analysis induced by
power law extending surface employing the GFEM method.

The study of magnetohydrodynamics, or MHD, describes how a magnetic field affects a fluid. The fundamental idea of
MHD is that fluid motion causes the magnetic field to produce forces that have the potential to induce magnetic induction.
The crucial and inevitable benefits of MHD nano liquid movement and heat transport, such as rehabilitation, disinfection of
equipment, stomach medicines, and significant roles in procedures like targeted drug release, cancer therapy, asthma treatment,
immunological synergy, magnetically charged cell separation, MRI, and tumor elimination through overheating, especially
among others. Arulmozhi et al.®) investigated influence of energy and chemical process utilizing Roseland approximation
along with comparative analysis. Cassini oval contained in porous medium influenced via Buoyancy effects in MHD nanofluid
flow has been analyzed by Jalili et al.(®). By using response surface technique, Hussain et al.(”) following SRM technique by
considering Al,O3 water-based nanoparticles to investigate MHD nanofluid flow. By following FEM technique, Ali et al.®
discussed the features of Cattaneo Christov utilizing MATLAB programming. By utilizing Buongiorno’s model, Makkar et
al.©) addressed the influence of source of energy and chemical process influenced via nonNewtonian nanofluids in presence of
heat radiation.

Because non-Newtonian fluids have so many uses in the chemical, petroleum, and engineering industries, researchers are
very interested in studying them. Casson liquid is a special kind of non-Newtonian liquid with many uses in the food processing,
metallurgy, drilling, and bioengineering industries, among other fields. Suresh et al.!?) studied Casson nanofluid circulation,
heat, and transport of mass across an exponentially expanded surface. Investigation comprised the energy of stimulation, Hall
voltage, radiant heat, thermal source/sink, thermophoresis, and Brownian motion. Ragupathi et al.!)) examined an analysis on
the flow of a three-dimensional Casson nanofluid across an extended sheet. The study considered the impacts of the energy of
Arrhenius activation and exponential sources of heat. A non-isothermal extending sheet has been studied by Ramesh et al. !?)
for stagnation-point movement of an incompressible non-Newtonian liquid. Among two stationary porous disks, Madhukesh
et al. ' explored an unchanging, inflexible magnetic Casson-Maxwell non-Newtonian nanofluid. In a bidirectional nonlinear
extending sheet, Puneeth et al.!¥) explored the influence of mixed convection, Brownian motion, and thermophoresis on
Casson hybrid nanofluid movements. For Casson and micropolar nanofluids, Ramesh et al. 1>) studied inflexible, time-varying
squeezing movement. Under gyrotactic bacteria on permeable surface, Madhukesh et al. !®) studied Marangoni convention
Casson nanoliquid movement.

This research introduces a novel approach in the field of permeable extending surfaces. It utilizes the Runge-Kutta Fehlberg
45 procedure and a shooting technique to obtain numerical answers for the movement of a 3D MHD non-Newtonian
liquid. The study also incorporates chemical reactions and heat generation. This analysis is based on appropriate graphs and
numerical information presented in tables. The subsequent part presents the mathematical model and provides its explanations.
The subsequent section outlines the suggested numerical methodology. Subsequently, the acquired outcomes are analyzed,
incorporating visual depictions and their corresponding physical explanations. Lastly, the conclusions of the article are offered,
emphasizing the most noteworthy findings achieved.

2 Methodology

Considered three-dimensional model comprises MHD movement of non-Newtonian nano liquid as well as heat generation and
chemical reaction mixed in a porous sheet with heat and concentration Biot numbers. Figure 1 shows the physical depiction.
At7 >0, flow is impeded and at 7 = 0, flow is situated among stretching velocities U,, = ax&V,, = by; where a&b are constants.
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The governing equations are 17-1);
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The various elements of velocity across the X,y and 7 axes are indicated through #,vand w in preceding equation. C denotes
the fluid concentration, p stand for fluid density, 7 denotes the fluid temperature, v stands for kinematic viscosity, k denotes the
permeability, K, denotes the chemical reaction parameter, Dp designates the Brownian motion, Dr designates the coefficient
of thermophoresis diffusion and C,, represents the specific heat capacity.

I I I B g ABHEIE
“ /7

/////// S

U. =ax

Fig 1. Physical diagram

where 7., denotes the ambient temperature, T, designates the surface temperature, C.. stand for ambient concentration
and C,, denotes the nanoparticle concentration at the surface, appropriately, where wall temperature is greater than ambient

temperature.
Using similarity variables ) :

R T-T. C—Co
nz\/fz, o) = 7—7 *(n) = yu=aif(n),v=>byg(n) (6)
and w = —/av[f(n) +cg
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Associated B.C’s are:

_kf<8£>:hf(fw—?), —DB<3§> h (Co=C) at 2=0 )
V= a

Final transformed D.E’s are:

(1+;3>f’"—f/2+(f+cg)f"—{M+K1 (Hé)}f’ﬂ ®)

<1+1>g —cg?+(f+eg)g —{MHQ( )} =0 ©)
B iy
@"+Pr((f—l—cg)@,—|—Nb®/<l>/+Nt®/2+Q®} =0 (10)

@ + LePr(f +cg)® + (N

Nb>® —LePrC,® =0 (11)

Reduced B.C’s are:

Fe1 =1 @) =—n(1-0E). F(E)=—all-0(E). )

=0, g—=0 0620 &—=0
where dashes denote the differentiation about & and Pr denotes the Prandtl number, Le denotes the Lewis number, 3 designates
the parameter of Casson fluid, #, denotes thermal Biot number, Nt stands for the parameter of thermophoresis, ¢; stands for
concentration Biot number, M denotes the parameter of magnetic, and Nb denotes the Brownian motion parameter described
in the following way:

B 2 C ©Dp (6 —@,)
g=F fom, M= pr_ P . ,
Dz ap k v
D71 (fw — io) h h (13)
Lezg,Ntz — , Iy = f , Ch = s
Dgp vT. a a
—ky —Dp
v v
Dimensionless representations of physical quantities are:
—5 aC % [oT T
Shi=————~ |5 | o Nu=7——~ | 55 | oo, CH = 5 and Cfy = 14
x (Cw—cm) <3z> o (TW—TN) <91> v PU topU? (14)
- _ 1 1
ShiRe, '? = —@/(0),NugRe; '/* = —@/(0),Cf;Re}/* = <1+B>g (0) and CfiRe}” = <1+ﬁ>f 0) (15

Here Sh, denotes Sherwood number, Nu, stands for Nusselt number, Cf,&Cf, denotes skin friction coeflicient in y&x
directions. Re, is local Reynolds number.
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2.1 Numerical Scheme

In order to acquire numerical solutions, the step size is constrained to 0.01 and the maximum value is set to 10. The Shooting
technique is superior than other numerical methods due to its fifth-order truncation error. It is also easier to calculate the
solution than other numerical approaches. Using the RKF process and the ODE45 solver in MATLAB R2014a, the arrangement
of D.E’s Equations (8), (9), (10) and (11) with B. C’s Equation (12) is mathematically handled. These conditions are then
converted into ten first order D. E’s as

5(1) =5(2) (16)
0(2) =4(3) (17)
o(3) = i fﬁ) 0(2)2 —{o(1) +co(4)}o(3) + Mo (2) + K, (1 + [13) 5(2)} (18)
o(4) =o(5) (19)
o(5) = o(6) (20)
OB fﬁ) {CNO(S)Z —{0(1) + co(4)}5(6) + Ma(5) + BK (1 + ;) 5(5)} 1)
o(7) = o(8) (22)
Non-dimensionalization of BVP
[ BOUNDARY VALUE PROBLEM J
l
[ SHOOTING TECHNIQUE ]
Guess 1n 1 imitial conditions
[ INITIAL VALUE PROBLEM ]
RKF45 Method
Fig 2. Flow chart (Shooting technique)
5(8) = —Pr [{5(1) +co(4)}6(8) + Nba(8)5(10) + Ne5(8)?] (23)
https://www.indjst.org/ 1717
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where,

!

5(9) = 5(10)

5(10) = —LePr{3(1) +co(4)}3(10) — (N’> 3(8)’

3 Results and Discussion

(24)

(25)

(26)

In results and discussion part, tables and graphs are produced by MATLAB programming that adheres to the RKF method
and uses the shooting algorithm. Table 1 addresses results are compared for different Pr with Nadeem & Hussain et al.®?,
Mankinde and Aziz?? and Mabood et al.?®) along with residual error.Table 2 illustrates values of f* (0)&g" (0) for different
B, K and M. Table 3 shows values of -0 (0) for different #,, ¢, Pr and Q. Table 4 shows values of - (0) for different ¢, Le, Nb

and ¢y,

Table 1. Comparison of results for different Pr with Hussain et al. *!), Makinde and Aziz?? and Mabood et al. ®® along with residual

error

Pr Nadeem & Hus- Residual Mankinde Residual Mabood et Residual Present result
sain 2V error and Aziz®?  error al. (23 error
2 0911 -0.0004 09114 0.0000 09114 0.0000 09114
20 - - - - 3.3539 0.0000 3.3539
70 - - - - 6.4622 0.0000 6.4622
Table 2. Values of f (0)&g’ (0) for different 8, K; and M
B K, M 70) <)
0.2 0.1 1.5 -0.795438997570700 -0.862266383279772
0.4 - - -1.006891311142385 -1.097115497396029
0.6 - - -1.140037893261985 -1.244509161174477
0.8 - - -1.233703833454660 -1.348054410136592
0.1 0.1 - -0.624727280196918 -0.671375151909698
- 0.2 - -0.699843393413229 -0.741817920658436
- 0.3 - -0.767758999806563 -0.806222825242935
- 0.4 - -0.830194848542521 -0.865899477591088
- 0.1 1.0 -0.587505650247634 -0.636853775397441
- - 2.0 -0.659908803333436 -0.704250292235119
- - 3.0 -0.725265977898990 -0.765856344335151
- - 4.0 -0.785274633517415 -0.822923495273280
Table 3. Values of —® (0) for different 7;,,c, Prand Q
ty c Pr Q —0'(0)
0.1 2.0 0.7 0.5 0.089039205765280
0.3 - - - 0.217101784005240
0.5 - - - 0.302783717173519
0.7 - - - 0.363192593091559

Continued on next page
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Table 3 continued

0.3 2.0 - - 0.217101784005240
- 4.0 - - 0.237617338613509
- 6.0 - - 0.247510825975642
- 8.0 - - 0.253688746202321
- 2.0 0.2 - 0.156717457123504
- - 0.4 - 0.194508918188927
- - 0.6 - 0.211440778932070
- - 0.8 - 0.221698735155712
- - 0.7 0.0 0.228925653259389
- - - 0.5 0.217101784005240
- - - 1.0 0.195947901900813
- - - 1.5 0.139687026785950
1 1
(a) ——p=0.2 () —— p=0.2
0.8 — =04 0.8 — p=0.4
—— p=0.6 5=0.6
=0° p=08 | %6 $=0.8
* 04 0.4
02 0.2
0 0
0 2 4 6 8 0 2 4 6 8
T ° 1 ]
(c) ——K1=0.1 (d) ——K1=0.1
0.8 ——Ki=02 0.8 ——K1=02
—  K1=03 ——K1=03
_ 06 K1=04 - 06 K1=04
= 04 © 04
0.2 0.2
0 0
0 2 4 6 8 0 2 4 6 8
g 4
1
e,
0.8 (e)
—M=10
o 96 —M=20
= 04 ——M=30
M=4.0
0.2
% 2 4 6 8 i

Fig 3. Axial and transverse velocity profile for (a, b)S, (¢, d) K| and (e, f) M

Figure 3 manifests impact of axial and transverse velocity distribution against Casson fluid parameter f3, permeability
parameter K; and parameter of magnetic M. Figure 3(a) and (b) exhibits influence of axial velocity £ (€) and transverse
velocity g/(o’,‘) against Casson fluid parameter f3 in the range 0.2 < 8 < 0.8. It is found that higher 8 produces sheer stress
that simultaneously falls down velocity distribution as visualized in Figure 3(a) and (b). Figure 3(c) and (d) manipulates the
effects of f'(£) and g (&) against permeability parameter K; (0.1 < K; < 0.4). Velocity profile decreases in both the cases as
noticed in both the Figure 3(c) and (d) respectively and simultaneously skin friction along x&y direction falls down. Figure 3(e)
and (f) shows axial and transverse velocity distribution under the consequence of magnetic parameter M(1.0 <M < 4.0). Due
to presence of magnetism, Lorentz force produces, thusly velocity escalates as shown via Figure 3 (e) and (f) serially.

Figure 4(a)-(d) manifests the influence of distribution of temperature against fluid parameters #, (thermal Biot number), ¢
(stretching ratio parameter), Pr (Prandtl number) and Q (heat generation parameter) respectively. Figure 4(a) presents graphs
for ©(&) against 7, in the range 0.1 <, < 0.7. This plot shows augmentation in temperature distribution with augmentation in
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Table 4. Values of —®’ (0) for different c;,,Le, Nb and ¢,

Cp Le

Nb

Ch

—@'(0)

1.0 2.0
3.0 -
5.0 -

0.1 1.0

- 4.0
- 2.0

0.1

0.1
0.2
0.3
0.4
0.1

0.7

1.0
2.0
3.0
4.0

0.528429129081087
0.925995503657038
1.090020721434213
1.179569699941275
0.060212616290614
0.077757989232873
0.084354751259548
0.087854311390063
0.077757989232873
0.086259452003076
0.089093320857230
0.090510290289214
0.080714403892159
0.087067836209325
0.090574272038795
0.092725041464002

0.35

Fig 4. Temperature distribution for (a)z,, (b) ¢, (c) Prand (d) O

https://www.indjst.org/

1720


https://www.indjst.org/

Dang et al. / Indian Journal of Science and Technology 2024;17(16):1713-1723

1 0.5
@ c, =10 () Le=1.0
0.8 c, =30 0.4 Le=20
’ b ) =3.0
c, = 5.0 =4.0
of b oF
=
0.4 e 0.2
0.2 0.1
0 -
o 1 2 3 OO 2 4
< 5
0.25 0.25
(©) —Nb=1.0 (d) c,=10
0.2
__0.15
E2i
© 0.1
0.05
o
[0} 1

Fig 5. Concentration profile for (a)c, (b) Le,(c) Nb and (d) ¢,

1, (thermal Biot number). As the Biot number rises, the fluid’s resistance drops, leading to an upsurge in temperature. Impact
of temperature distribution against ¢ (stretching ratio parameter) has been displayed via Figure 4(b). It is found that higher
¢(2.0 < ¢ <8.0), values of @(&) falls down as visualized in Figure 4(b). Figure 4(c) manifest impact of ®(& ) under the influence
of Pr (Prandtl number) within the range 0.2 < Pr < 0.8. With increase in Pr, a drop in the values of temperature distribution
has been determined as shown in Figure 4(c) and it turns out that the distribution of energy drops. A lower Prandtl number
in a liquid state reduces thermal conductivity which results enhance in the rate of energy transmission. Figure 4 (d) shows
influence of heat generation parameter Q in the range 0.0 < Q < 1.5 (i.e., in the absence and presence of heat generation) over
nanoparticle temperature distribution and it is found that temperature enhances with higher Q. The formation of heat occurs
when the value of Q is positive, whereas the absorption of heat occurs when the value of Q is negative. An external heat supply
is responsible for producing the heat that causes the temperature to rise.

Figure 5(a)-(d) presents the influence of concentration profile against fluid parameters concentration Biot number ¢, Lewis
number Le, Brownian motion Nb and chemical reaction cj, respectively. In Figure 5(a), with rise in concentration Biot number
¢p (1.0 < ¢, < 7.0), concentration distribution rises. A bigger Biot number results in a higher concentration since it improves
the heating region. Figure 5(b) manifests concentration profile against Lewis number Le. It is found that, augmentation in Le
in the range 1.0 < Le < 4.0 falls down concentration distribution. Influence of Brownian motion Nb(1.0 < Nb < 4.0) over
nanoparticle concentration has been visualized in Figure 5(c). The results show that the concentration profile and thickness of
boundary layer are both reduced when the Brownian motion value increases. As the mass label grows, the Brownian motion
flow rate drops. Figure 5(d) shows impact of ®(&) under the influence of ¢, (Chemical reaction parameter) in the range
¢p (1.0 < ¢ <4.0). According to the facts, both are inversely proportional, which means that the concentration profile falls
as the ¢;, value rises. Figure 6(a)-(d) shows the influence of skin friction coefficient against #,&c,c&cp, c&Nt, and c&Pr
respectively via contour plots. Figure 6(a) manifests skin friction against thermal Biot number #, (1.25 <17, < 1.50) and
stretching ratio parameter ¢(1.25 < ¢ < 1.50) and it has been noticed via this contour plot that with increase in both #,&c, skin
friction rises up as visualized in this contour plot. Figure 6(b) presents contour plot of skin friction over ¢(1.35 < ¢ < 1.45)
and ¢ (1.35 < ¢ < 1.45) and it manifests that skin friction falls down with rise in both c&cj. In a similar way, Figure 6(c)
and (d) show same impact as of Figure 6(b). Both the contour plots of skin friction show that skin friction declines with higher
¢(1.25 < ¢ < 1.50)&(1.25 < Nt < 1.50) and ¢(1.40 < ¢ < 1.50)&Pr(1.40 < Pr < 1.50) respectively as visualized in Figure 6
(c) and (d).
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https://www.indjst.org/

Dang et al. / Indian Journal of Science and Technology 2024;17(16):1713-1723

Fig 6. Skin friction coefficient against (a)t,&c, (b) c&cp, (¢) c&Nt, and (d) c&Pr

4 Conclusion

The present study examines the radiation, mass, and mobility transmission of magnetohydrodynamic (MHD) Casson nano
liquids with convective boundary circumstances on a three-dimensional permeable sheet. The current study’s findings include
the significance of chemical process and heat generation impacts, the profile of the flow velocity of the MHD Casson fluid, the
distribution of temperatures, and the nanoparticle concentration. The latest study is summarized by the following key findings:

« Skin friction coefficient falls down for permeability parameter K; (0.1 < Kj < 0.4) while rises up for Casson fluid
parameter (0.2 < 8 < 0.8) due to produced shear stress.

« Velocity profile escalates down for Magnetic parameter M (1.0 < M < 4.0) due to produced Lorentz drag force when rises
in the value of M.

« Higher value of thermal Biot number #;, and heat generation parameter Q augmented temperature distribution while
opposite trend is observed for ¢ and Pr.

o With increase in both ¢ (stretching ratio parameter) and ¢; (concentration Biot number), skin friction coeflicient escalates.

o Concentration mounted for concentration Biot number ¢;, while declines for greater chemical reaction parameter cy,.

Opver stretched surfaces, it is intended that the current study will act as a catalyst for the development of technical applications
among researchers. It is quite tough to hit and award an initial approximation in shooting method. As a consequence of this,
the step is time-consuming. It is possible to extend this comparison to include Cattaneo-Christov heat flow, changing sheet
thickness, and melting heat transfer.
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