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Abstract. The induced magnetic field is used to control the fluid motion and heat transfer in a variety of applications, such as in
MHD devices, microfluidics, electrically conducting fluids in channels and in circular pipes, and clinical applications such as drug
delivery and cooling of nuclear reactors. Henceforth this investigation aims to elucidate the behavior of viscoelastic (second-grade
fluid) ternary nanofluid flow through a permeable stretching sheet with an induced magnetic field. The stretching surface is
subjected to the Cattaneo-Christov heat and mass flux model to investigate heat and mass transfer properties. Solutions of reduced
governing equations are obtained numerically via the shooting method and computed using the bvp-4c algorithm. The impacts of
diverse active parameters such as porous medium, magnetic parameter, reciprocal magnetic Prandtl parameter, stretching
parameter, HSS parameter, and relaxation time parameter for heat and mass flux are studied graphically. In addition, the values of
significant engineering factors are calculated and comparative analysis is presented through bar graphs. It is seen that regular heat
sink/source promotes thermal distribution and relaxation time for mass flux enhances the mass transfer rate between fluid flow
and solid surface.

Keywords: Ternary nanofluid; Porous medium; Heat source/sink; Induced magnetic field; Modified Cattaneo-Christov model.

1. Introduction

The word nanofluid refers to a developed colloidal blend of a base fluid and a mono sort of nanoparticle. Choi and Eastman [1]
were the first researchers to do a study regarding the thermal properties of this theory. Highly developed electronics, radiators,
photovoltaic cells, and technical micro apparatuses are constantly constrained by inefficient thermal control approaches, which
are mostly caused by sporadic thermal production in the system. Hence a better understanding of ternary nanofluid has gained the
attention of many eminent scholars that attributed to its remarkable upgrades of thermal performance and efficiency in
the transmission of heat and it seems that the results of numerous studies [2-4] appeared captivating and informative. Recently,
Maranna et al. [S] explored the impacts of radiation and HSS on ternary viscoelastic fluid.

Porous media pique the interest of academics and researchers not only because of their composition but also because several
approaches have been proposed to improve their efficacy and speed up heat transmission. A lot of scholars are interested in the
applications of fluid motion and heat transfer through a porous medium in a broad range of industrial and physiological areas such
as filtration, oil extraction, and purification [6-7]. Mahabaleshwar et al. [8] considered permeable stretching/shrinking sheet for the
investigation of the effect of MHD and radiation over an axisymmetric non-Newtonian flow. The heat source/sink plays a key part
in forecasting the heat transfer characteristics of fluid flows. As a result, it has become a prominent concept in heat transport
analysis [9-12]. Awaludin et al. [13] examined a heat and mass transfer analysis over a porous stretching /shrinking surface in
proximity to the stagnation point with HSS effects. Acharya and Mabood [14] carried out a comparative analysis of the hydrothermal
properties of HNF and NF past a smooth bent surface with the influence of HSS. Sneha et al. [15] investigated a study of entropy
generation in the presence of HSS, and radiation over a MHD stretching sheet with CNT.

A magnetic field has industrial applications in proton chemical shifts in aromatic compounds, the magnetism of macroscopic
devices, and biomedical operations such as MRI and MRT [16-17]. Using the Darcy Brinkman model, Kopp et al. [18] explored thermal
convection in a porous media under an external magnetic field. In their research for better thermal performance, they considered
the combination of nanofluids and microorganisms. Utilizing a magnetic field, Khan et al. [19] conducted a study on blood flow
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incorporating gold nanoparticles over a curved permeable surface in the vicinity of partial slip and radiation. Sheremet et al. [20]
investigated the natural convection of an unstable fluid flow in a wavy-walled chamber under the influence of a magnetic field
using the mathematical nanofluid model given by Buongiorno.

Many researchers are showing fantastic energy in exploring heat propagation applications in engineering and industrial
operations, such as the cooling of nuclear reactors and of spacecraft, energy production, use of magnetic drugs for drug delivery,
food technology, and many others. Over 200 years ago, Fourier [21] was a pioneering researcher who investigated heat
transport behaviour in many different situations. Cattaneo [22] proposed an extension of Fourier's law to heat conduction in an
inflexible body. To propose the Maxwell-Cattaneo law, he modifies Fourier's law by incorporating the thermal relaxation time term.
Christov [23] developed a material invariant version of Cattaneo's model with the aid of Oldroyd's upper-convected derivative.
Jamshed et al. [24] investigated the effects of radiative flux, shape effects, and entropy analysis upon a heated slippery unstable
surface containing HNF. In his research, he used Cattaneo—Christov heat flux model. In the presence of chemical reaction and
radiation, Rehman et al. [25] inspected the effects of Cattaneo-Christov heat flux over Darcy-Frochheimer of Sutterby nanofluid flow
over a stretching sheet.

According to the above-mentioned review, the TNF has significant applications in various domains (engineering and industrial)
because of its greater heat transfer rate compared to the conventional fluids. This work is the extension of the study conducted by
Hayat et al. [26] where they have explored the influence of induced magnetic field over second grade fluid over a stretching surface
with a convective boundary. However, the previous researchers did not consider the CC heat flux model. The novelty of the present
research is to explore the combined impacts of induced magnetic field and CC heat fluxing over Second-grade TNF fluid flow. The
authors have investigated the model with Ni—ZnFe,O,, Mn - ZnFe,0,, and Fe,0, suspended with ethylene glycol and water. This
study is a worthy combination due to the following advantages:

e The above-mentioned ferromagnetic nanofluids have the potential to enhance heat transfer such as in heated pipes and

fin-tube heat exchangers.

e The ferromagnetic nanofluids have advantages over conventional fluids in heat transfer analysis due to their additional

advantage property i.e., external magnetic field.

2. Mathematical Model and Solution

Here a steady, laminar, C-C heat flux, conducting second-grade fluid with three nanoparticles Ni— ZnFe,0,, Mn — ZnFe,0,, and
Fe,0, over a stretching surface is taken into account. The temperatures at the surface and at ambient fluid are T=T, and T=T,_.
C=C, and C=C_ denote the wall concentration and concentration at the far field, respectively. The geometry of the present study
is presented in Fig. 1. In the physical problem, the following considerations are given:

e Horizontal linear permeable stretching sheet with uniform velocity u,(x).

e Induced magnetic field aspects are considered.

¢ Heat source/sink is valid.

The main governing PDEs are [26-28]:
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Fig. 1. The geometry of the present study.
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The relative BCs. are given by:
OH
u=U,, v=0, 8y1:H2:0, T=T,, C=C,, at n=0, @)
ou _0

u—u,(x), 8—)’— , H —H,, T—T_, C—C_, as n— oc. ®)

From Egs. (1-8), the terms u and v represent the velocity components along x and y directions, respectively. v, x, and p are
the kinematic viscosity, effective dynamic viscosity, and density, respectively. (H,,H,) are the components of induced magnetic
field and H, is the ambient estimation for magnetic field. K’ is the permeability factor and ¢, denotes the magnetic diffusivity.
er and ¢, represent the relaxation time for heat and mass flux, respectively. K and C, are the thermal conductivity and specific
heat component and Qo is the HHS parameter.

The effective characteristics of ternary nanoparticles are as follows [29]:
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The employed similarity transformations are:

1=\, w=ax(n), v=—iaf(), =1,

©
X:CC_—CCOC , H, =Hyxg'(n), sz—Ho\/%g('r/).
After using Eq. (9), we have:
A S R2r S ) g 197 =0, (10)
9"+ fg"—af" =0, (12)
2—:%9'4fe'—%(ff'e'+f29")+z—ja:o, (12)
1 " ' ro 2.
<X +fx'=n (ffx+ X" =0. (13)
and corresponding obtained BCs. are:

at n=0: f'(0)=1, f(0)=0, g(0)=0, g"(0)=0, (14)
as n=—o00: f'(co)=A4A, g'(cc)—=1, f"(c0)=0, 6(c0)=0, x(c0)=0. (15)

where,
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where,

A=< stretching parameter,
a

A~ .
k =—= - second grade nanofluid parameter,

vp
2
B = @ - magnetic parameter,
4mcpy
¢ =+ - reciprocal magnetic Prandtl number,
v
f
va :
e= ral porosity parameter,

v

Pr = — - Prandtl number,

v, =¢e.a and v, =e.a are thermal and concentration relaxation parameters, respectively,

Ni= LTI HSS parameter,
a(pCp);

Sc= % - Schmidt number.

The engineering gradients of current problem are C; (Skin-friction), Nu (Nusselt number), and Sh (Sherwood number) which
are defined as [27]:
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Utilizing Eq. (9) and Egs. (14-16), yields:
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k
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Nu, (Re) " = kf 6'(0), (20)
Sh, (Re) " = —x'(0). (22)

3. Computational Procedure

The computational tool bvp-4c followed by shooting method was utilized to find the solution of reduced Egs. (10-13) and
boundary conditions (14-15). The simplified equations are reduced to first order system. For this, we have considered:

f=h(1),f'=h(2),f"=h(3),f" =h(4)
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}"l(Z)OC —A h(6>x -1, ]’1(3)3C =0, h(8>x =0, l"l('.l.O)OC =0. (27)

The transformed IVP equations (22)-(27) are solved numerically by using bvp-4c package using thermophysical properties of
base fluid and nanoparticles given in Table 1. Additionally, identical results were obtained when the numerical solutions are
compared to those from earlier studies in Tables 2 and 3. The computation is carried out by varying parameters A=1, 3*=0.1,
e=0.3, (=0.1, Ni=0.5, 4, =v,=0.1, and Sc=0.6.

4, Results and Discussion

The variations in the fluid velocity profile (f') for the diverse magnitudes of porosity parameter () is indicated in Fig. 2. The
values of f' decline gradually with an augmentation in the values of ¢. Lower permeability is caused primarily by a rise in a value
of the porosity variable, which results in an overall reduction in velocity. Physically, an increase in the porosity characteristic causes
the porous material to hinder the flow of liquid, slowing its movement. As a result, the thickness of the boundary layer decreases,
and the velocity profiles drop fast. It is seen that decrease in water is more when compared to ethylene glycol (Eg). The effect of
variation in §* over f' and g' are examined in Fig. 3 and Fig. 4. It depicts that f' and g' decelerates for upsurge values of 3* in
both water and Eg. From a physical stand point, an increase in the magnetic parameter builds resistance in the flow due to the
Lorentz force generation. Impact of 8* is more in water than in Eg.

Table 1. Thermophysical characteristics of nanoparticles and base fluid [30-31].

Properties  Ni-ZnFe;0s  Mn- ZnFe,Os Fe;:O,  H,0 Eg
p(kgm™) 4800 4700 5180 997.1 11166
Cp(J / kgK) 710 1050 670 4179 2382
k(W / mk) 6.3 3.9 9.7 0.613  0.249
Pr - - - 6.2 204

Table 2. Validation of the code for f"(0) and different values of Awhen A, = A, =1, k=p*=c=0.

f"(0)[32]  f"(0) Present study

A
0.10 -9694 -9692
0.20 -9181 -9180
0.50 -0.6673 -0.6671
2.00 2.0175 2.0174
3.00 4.7293 4.7292

Table 3. Validation of the code for —'(0) and different values of Awhen A, = A, =1, v, =Ni=0.

—6'(0) [32] —0'(0) Present study
Pr Pr
A 0.05 0.5 1.0 1.5 0.05 0.5 1.0 15
0.1 0081 0383 0603 0777 0.080 0.382 0.604 0.775
0.2 0.099 0408 0625 0.797 0.010 0.406 0.624 0.796
0.5 0136 0473 0692 0.863 0.135 0471 0.691 0.862
1.0 0178 0563 0796 0.974 0.177 0562 0.795 0.972
20 0241 0709 0974 1171 0.242 0.707 0.973 1.170
3.0 028 0829 1124 1.341 0.288 0.827 1.121 1.340

A\V’A Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2024), 1-10



6 K.M. Nihaal et al., Vol. x, No. x, 2024

1.00 1.00
Dasﬁ - Ethylene glycol Dash - Ethylene glycol
Solid - Water Solid - Water 0.9170
0.92
0.9165
0.98 1 0.919 0.98
0.9160
e 0.9155
0.917 0.9150
= W\ _ .
0.96 0.80 0.85 0,90 0.95 1.00 02 1
0.86 0.90  0.96 1.00
s f!
0.94 0.94
£=0.1,0305 B*=0.1,0305
0.92 0.924
0.90 T T T T 0.90- T T T T
0 0.5 1 1.5 2 25 0 0.5 1 1.5 2 2.5
n n
Fig. 2. Velocity curve for differente. Fig. 3. Velocity curve for several 3.
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Fig. 4. Induced magnetic curves for varied . Fig. 5. Velocity curves for numerous stretching parameter A.

Figures 5 and 6 show the nature of f' and g' for rising estimations of velocity ratio A. In Fig. 5, it has been discovered that when
the parameter A level’s rise, so does the flow of fluid. In “fact, for larger A, the stretching rate at infinity will be larger than the
stretching rate at the surface. It is observed that flow in water is escalated more than the flow in Eg. Whereas the reverse behaviour
is noticed in g' in Fig. 6. Effect of ¢ on induced magnetic profile g' is portrayed in Fig. 7. It is depicted that rising ¢ corresponds
to decrease in the g'. It is due to the fact that rise in the ¢ can lead hindrance in growth rate of fluid viscosity causing boundary
layer thickness to deplete thereby reducing g'. From Fig. 7, the curves of g' is showing more drop in water (base fluid) than in Eg.
Figures 8 and 9 demonstrate the temperature gradient profile for Ni (HSS) and thermal relaxation parameter ~,. It is clear from the
profile that HSS increases the temperature. Physically, the impact of the HSS augments extra energy within the boundary layer,
which ultimately causes rise in the temperature. In Fig. 9, the heat profile of liquid hampers with the growth of the in v, both water
and Eg. Nanoscale material particles seek a longer duration to transfer heat to their neighbouring particles as v, is increased. In
Fig. 10, the influence of concentration relaxation parameter v, on concentration profile y for water and Eg is discussed. Due to
physical properties of ~,, the fluid particles will seek more time to diffuse causing declination in y. Figures 11 to 13 are plotted to
discuss the variations in engineering coefficients Cf,, Nu,, and Sh, for porosity (¢), HSS (Ni), and concentration relaxation
parameters (v,). As ¢ grows, the surface drag force falls as this produces opposition to the fluid flow due to an increase in the pore
size of the medium. Hence the drop in Cf, is observed in both water and Eg when ¢ is decreased in Figs. 11a and 11b. Due to
physical properties of both base fluids, the drop in Cf, is witnessed more in water than Eg. Effect of skin-friction is studied in many
industrial applications such as in boundary layer transitions and heat transfer in hypersonic flow.
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Fig. 8. Role of HSS over temperature gradient. Fig. 9. Role of ~, over temperature gradient.

Figures 12a and 12b are plotted to show the variations in Nu, for varied values of Ni for water and Eg base fluids. On rising
Ni values, increase in Nu, is seen. Physically, the increase in the Ni generates heat energy in heat transfer process near the
thermal boundary layer. Due to varied fluid characteristics of both base fluids the impact of Ni is effective in water than in Eg. Local
Nusselt number is used to determine the heat transfer coefficient in fluid flow and used in missiles and spacecrafts for better
thermal protection system.

Figures 13a and 13b exhibit the effect of concentration relaxation parameter (v,) upon Sh, for both water and Eg. A spike in
the Sherwood number due to varying v, is noticed. Physically, as v, gets larger, the pace of mass transfer between a solid surface
and a fluid flow accelerates. Hence an effective mass convection is seen at the surface in water compared to Eg base fluid due to its
thermophysical properties. It has many industrial applications such as in distillation, extraction, drying, and absorption.

5. Conclusions

The effect of induced magnetic field and C-C heat flux model over a TNF flow on stretching sheet with porous medium and HSS
was examined numerically. The presented graphs illustrated the impact of physical parameters on distinct profiles. All the graphs
were plotted for both water and ethylene glycol base fluids. The results have been validated by the previously accessible results.
Through the aforementioned findings, we acquired the following important details:

1. Velocity curves shows decreasing nature for increasing « parameter.

2. Both velocity and induced magnetic profile displays increasing nature for varied 3* parameter.

3. Onrising stretching parameter, it is witnessed that f' shows increasing behaviour but g' shows opposite nature.
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4. Induced magnetic profile drops due to the effect of reciprocal magnetic parameter (.

5. Itis found that HSS promotes thermal distribution across boundary.

6. Improving relaxation time for both heat and mass flux decreases the concentration profile.

The impressive result of the current investigation could be significant and beneficial in scholarly study, particularly in clinical
applications like as drug administration and electromagnetic casting.
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Fig. 12. Influence of Ni on Nuy in (a) water and (b) in Eg.
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Fig. 13. Sherwood number graphs for v, in (a) water and (b) in Eg.
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