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ABSTRACT ARTICLE HISTORY
This research focuses on investigating the impact of magnetized nanopar- Received 8 November 2023
ticles’ heat and mass transfer process two-dimensional (2D) porous medium Revised 27 December 2023
ternary hybrid Magnetohydrodynamics (MHD) ferrofluid flow through a two  Accepted 4 February 2024
movable permeable porous surface, with a specific emphasis on the Darcy
Forchheimer effect, activation energy, and chemical reaction parameters. A o .

. . . g X . nd activation energy;
Recently, motile microorganisms have becgme a significant area of interest in chemical reaction; Darcy
the study of heat and mass transfer. This study employs colored plots to Forchheimer: heat and mass
analyze the optimum heat transfer over a double porous plate by altering transfer of microorganisms;
different physical parameters. Using the shooting technique, the study pro- porous medium; ternary
vides numerical solutions to nonlinear systems of equations by transforming hybrid ferrofluid
the partial differential equations (PDE) into ordinary differential equations
(ODEs) via the dimensionless similarity transformation. Tables and graphs
demonstrate how the governing parameters impact velocity, temperature,
mass concentration profiles, and motile microorganisms, as well as physical
quantities like skin friction coefficient, Nusselt number, Sherwood number,
and motile number. Ternary hybrid ferrofluid exhibits a significantly improved
heat transfer rate compared to both Ferro and hybrid ferrofluid. The convect-
ive flux of heat and mass transfer experiences a decrement with an escal-
ation in the values of the activation energy (E) parameter. The presence of
positive values for both the similarity variable (n) and Exothermic/
Endothermic parameter (1) leads to an enhancement in the flow of thermal
transfer on both porous surfaces. This research will have far-reaching implica-
tions in various fields, including coolant technology in the manufacturing
industry, heat dissipation in electronic modules, high-performance computing
cooling facilities, the automotive sector, and space applications.

KEYWORDS

1. Introduction

Motile microorganisms are single-celled organisms that are capable of movement. They can move
spontaneously under various stimuli such as density, light, food, chemicals, oxygen, and gravita-
tion. Motile microorganisms play an important role in many biological processes, including
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Nomenclatures
Fy Ferrofluid (Cp)winga  Specific Heat of Ternary Hybrid
HFyp Hybrid ferrofluid Ferrofluid
Trihffd ~ Ternary Hybrid ferrofluid Kiringa Thermal conductivity of Ternary Hybrid
kyy Shape factor for thermal conductivity base ferrofluid
fluid N Size of particles
Hyp Dynamic viscosity of the base fluid u,v Velocity components
Py Water density (base fluid) Ps1> Ps2> Ps3 Densities of Ferro particles 1, 2, and 3
Hyf Water dynamic viscosity kg1, ko, kg Thermal conductivities for 1% 2°¢ and 3™
X,y Coordinate axis naoparticles
v Kinematic viscosity n Independent similarity variable
u Dynamic viscosity ©,,®,, ¢, Ferro particle’s 1%, 27431 yolume
p Density fraction
pcp Specific heat capacity
T Temperature

nutrient cycling, decomposition, and disease. They have also been studied extensively in the field
of microfluidics, where they can be used to enhance mass transfer and microscale mixing in vari-
ous nanofluids. Many studies have investigated bioconvection phenomena. For example,
Algehyne et al. [1] investigated the flow of nanofluid with motile microorganisms over a vertical
permeable surface with thermal slip conditions. Maatoug et al. [2] investigated the bioconvective
Homann flow of tangential hyperbolic nanofluid across a revolving plate with convection and
minimum mass flux limitations. With an emphasis on the consequences of the chemical reaction
and heat production, Ahmad et al. [3] examined the mass as well as heat flow of gyrotactic
microorganisms and nanomaterials across a porous medium. Puneeth et al. [4] explored the influ-
ence of gyrotactic microorganism movement on the heat and mass transfer properties of Casson
nanofluid. Madkhali et al. [5] examined the impact of nanoparticles on flow behavior in the
presence of motile microorganisms. Elayarani et al. [6] investigated the effects of gyrotactic
microorganisms on heat and mass transfer in Magnetohydrodynamics (MHD) Carreau nanofluid
flow, while Nisar et al. [7] analyzed the effects of motile gyrotactic microorganisms in the biocon-
vection peristaltic flow of Carreau-Yasuda bionanomaterials. Al-Bossly et al. [8] studied the flow
of a stratified MHD Eyring-Powell fluid containing gyrotactic microorganisms through a stretch-
ing sheet with mixed convection. Sravanthi et al. [9] analyzed the impact of magnetic field and
activation energy on nanofluid flow containing gyrotactic microorganisms on a stretching surface,
while Pourrajab et al. [10] analyzed the bioconvection of nanofluid past a stretching sheet in a
porous medium with gyrotactic microorganisms and Newtonian heating. Ahmad et al. [11]
presented a numerical study of nanofluid flow containing gyrotactic microorganisms through a
porous medium using the finite element method. Mondal et al. [12] studied the computational
methods of the bioconvective stream of nanofluid containing gyrotactic microorganisms across a
sheet of nonlinear stretching using the homotopy analysis approach.

Ferrofluid is a type of liquid that consists of small magnetic particles suspended in a carrier
fluid, such as water or oil. Due to the magnetic properties of the particles, ferrofluids can be con-
trolled by an external magnetic field, which makes them useful for various applications, such as
in speakers and medical devices. A hybrid ferrofluid is a type of ferrofluid that contains both
magnetic and non-magnetic particles, resulting in unique properties and behavior compared
to traditional ferrofluids. They are of great interest in various fields, including biomedicine,
energy, and materials science. A ternary hybrid ferrofluid refers to a type of magnetic fluid that
consists of three components, typically a magnetic solid, a nonmagnetic liquid, and a surfactant.
These types of fluids have unique properties that make them useful in a variety of applications,
including heat and mass transfer. When a ternary hybrid ferrofluid is exposed to a magnetic field,



NUMERICAL HEAT TRANSFER, PART A: APPLICATIONS . 3

it forms a pattern of convection cells. By using a ternary hybrid ferrofluid, it is possible to create
a more efficient system that can transfer heat and mass more effectively than traditional methods.
Opverall, the use of ternary hybrid ferrofluids in heat and mass transfer applications is an exciting
area of research that has the potential to revolutionize the way we think about energy conversion
and industrial processes. Khashi'le et al. [13] determined the flow of hybrid ferrofluid 3D over a
permeable shrinking sheet under the impact of thermal production, momentum, and thermopho-
resis. The flow of a hybrid ferrofluid across a stretched surface at a stagnation point in the
presence of a magnetic field and ferrofluid flow was studied by Rosli et al. [14]. The analysis is
relevant for biomedical applications, such as drug delivery using magnetic nanoparticles. Anantha
et al. [15] examined the effects of an erratic heat source and sink on the movement of a hybrid
terrofluid’s radiative thin film. The findings have implications for the design and optimization of
heat transfer systems in engineering applications. Zainodin et al. [16] studied the movement of a
hybrid ferrofluid across a progressive flexibility training medium with thermal radiation and
velocity slips under the impact of a varied magnetic parameter field. The flow and heat transfer
properties of the ferrofluid are significantly influenced by the magnetic field and slip parameter,
according to the results. The shifting Legendre collocation approach was proposed by Saranya
et al. [17] for addressing the unsteady viscous-Ohmic dissipative hybrid ferrofluid flow across a
cylinder. The results show that the method provides accurate solutions for the hybrid ferrofluid
flow, and can effectively capture the effects of the magnetic field, viscous dissipation, and Ohmic
heating. Hosseinzadeh et al. [18] explored the flow of micropolar hybrid ferrofluid across a
vertical plate while taking into account different base fluids and nanoparticle form parameters.
The study used numerical methods to investigate the impact of various factors on flow and
energy transfer. Bilal et al. [19] studied the unsteady flow of a ternary hybrid nanofluid between
two parallel plates while taking electro-viscosity, chemical reaction, and activation energy into
account. The study analyzes the fluid’s behavior using numerical techniques and discovers that
the presence of nanoparticles and chemical reactions dramatically modify the flow properties
For a ternary nanofluid that is flowing around a rotating disk, the effects of Hall currents to
understand irradiation mechanism via Homotopy Analysis Method (HAM), and electromagnetic
forces to analyze flow convergences are agreed in Shamshuddin et al. [20], and Shahzad et al.
[21]. Entropy generation refers to the irreversible increase in disorder or randomness within the
physical system due to frictional losses, and heat transfer. Hybrid nanofluid flow under various
conditions such as thermal dissipation and MHD have been investigated to extrapolate the
thermal and profiles of the flow and it is well established in Salawu et al. [22], and Patil et al.
[23]. Shamshuddin et al. [24], studied the heat exchange of Williamson fluid flow’s chemical
interaction and thermophoretic diffusion outcomes around a Riga plate porous media with nonli-
nearity radiation flux. While, Islam et al. [25], analyzed the Sisko fluid modeling and numerical
convective heat transport dismissal over a stretching aperture with eradiation and thermal squan-
dering. Ternary hybrid nanofluids, interfacial nanolayer and hybrid nanofluids flow under various
magnetic forces, morphology, gyrotactic microorganisms while passing through a porous surface,
in addition to the influences of chemical reaction, and activation energy is quite important to
comprehensively understand the full picture of recent flow problems in fluids’ flow [26-29].
Magnetohydrodynamics (MHD) has gained wide popularity in scientific and engineering applica-
tions in recent decades. Many studies have been carried out to examine the behavior of MHD under
various situations. For instance, Tlili et al. [30] studied the influence of asymmetry temperature
rapid rise on the MHD hybrid ferrofluid film flow to comprehend its behavior in MHD systems,
which may have significant uses in cooling and heat transfer technologies. Anuar et al. [31] exam-
ined the flow of a hybrid ferrofluid over a permeable surface under the influence of a magnetic field
and a heat source/sink in the stagnation point region. Zainodin et al. [16] analyzed the flow of heat
and mass transfer effect of MHD mixed convection in a hybrid ferrofluid flow over a porous
surface. Sandeep et al. [32] investigated the effects of radiation and magnetic field on the flow and
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heat transfer behavior over a stretching sheet. Ferdows et al. [33] analyzed the effects of magnetic
field and gyrotactic microorganisms on heat and mass transfer during nanofluid flow over a stretch-
ing/shrinking sheet. Hossain et al. [34] studied MHD heat and mass transfer flow in a high porosity
medium and revolving system, taking into account Hall and ion-slip currents effects. Chamkha
et al. [35] investigated the time-dependent flow of MHD heat and mass transfer in the forward stag-
nation region of a rotating sphere using mixed convection flow at different wall conditions. Rauf
et al. [36] determined the impact of MHD flow of heat transfer in hybrid ferrofluid with nonlinear-
ity and flow characteristics. Anantha et al. [15] studied the effect of irregular heat source/sink on
the radiative thin film flow of MHD hybrid ferrofluid and provided a mathematical model to
predict the fluid flow under the given conditions.

Darcy-Forchheimer is a mathematical model that describes fluid flow through porous media.
It is an extension of Darcy’s law that takes into account the effect of inertial forces on the flow,
which is significant when the flow velocity is high. The model includes two terms: the Darcy
term, which describes the flow due to pressure gradients, and the Forchheimer term, which
accounts for the drag force due to the fluid’s motion through the porous media. The Darcy-
Forchheimer model is commonly used in the study of fluid flow in porous media, such as in the
petroleum industry, groundwater hydrology, and filtration systems. The flow of nanofluid through
porous media has been extensively studied due to its numerous applications in industrial and
environmental systems. Taseer et al. [37] investigated the Darcy-Forchheimer flow of nanofluid
through a porous non-Darcian medium, while Sheikholeslami et al. [38] investigated the flow of
a non-Darcy Fe;O4-water nanofluid in the influence of an external magnetic field across an
unstable permeable medium. Saif et al. [39] analyzed the Darcy-Forchheimer flow of viscous
nanofluid over a curved stretchable surface. Majeed et al. [40] investigated the Darcy-
Forchheimer flow of an MHD viscous fluid across a linear extensible medium. Punith et al. [41]
studied the flow of an incompressible dusty hybrid nanofluid across a stretched cylinder while
taking the Darcy-Forchheimer porous medium and viscous dissipation into attention.
Mallikarjuna et al. [42] designed a mathematical model of a two-phase dusty hybrid nanofluid
flow over a stretching sheet with heat transfer in a porous medium, taking into account the
Darcy-Forchheimer flow, viscous dissipation, and melting effect. Alshehri et al. [43] analyzed the
flow of comparison on hybrid nanofluid and nanofluid impact of Darcy-Forchheimer across a
slick nonlinear, non-uniform starching surface. Nasir et al. [44] investigated the reactive MHD
Darcy-Forchheimer fluid movement with radiation impact on a stretching exponential porous
medium. The impact of temperature conduction and Brownian motion on combined convection
heat and mass transport of nanofluid through a porous plate in a Darcy-Forchheimer flow were
explored by Essam et al. [45]. Sindhu et al. [46] studied the Darcy-Forchheimer flow of a double-
hybrid nanofluid approaching a Riga plate in the presence of radiation and heat source/sink influ-
ences. Upreti et al. [47] investigated the two different movable surfaces 3-D flow of heat transfer
in the nanofluid Darcy-Forchheimer flow model. Mkhatshwa et al. [48] examined the electromag-
netic flow of Carreau hybrid nanofluid in the direction of a stretch sheet in a Darcy-Forchheimer
permeable material with the occurrence of slip boundary conditions.

Chemical reactions and activation energy refer to the study of chemical reactions that occur
within a fluid or at the interface between two fluids. Activation energy is the energy required to
initiate a chemical reaction. In fluid mechanics, activation energy is an important parameter that
governs the rate at which reactions occur. Higher activation energies typically result in slower
reaction rates, while lower activation energies result in faster reaction rates. Activation energy can
be affected by various factors, such as temperature, pressure, and the presence of catalysts.
This area of study is important for a variety of applications, including chemical processing,
combustion, and environmental engineering. Overall, the study of chemical reactions and activa-
tion energy in fluid mechanics is essential for understanding and optimizing a wide range of
industrial and environmental processes. According to Li et al. [49], magnetohydrodynamic flow
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in a horizontal channel with revolving plates was investigated concerning the impacts of activa-
tion energy and chemical reaction. The effects of numerous conditions on fluid flow across por-
ous materials are investigated in such research. Xiu et al. [50] investigated the joint influence of
Lorentz force, component micro-rotation, and particle thermo-migration on the dynamics of
micropolar fluids with nonlinear thermal radiation and Kinetics chemical reaction correlated to
the activation energy. Khan et al. [51] looked at the temperature profile of a bioconvective flow
of Maxwell nanoparticles in a porous media across an expanding and rotating cylinder, where the
fluid flow reacts with chemically reactive activation energy. Hussain et al. [52] conducted a math-
ematical and analytical investigation to investigate the combined impact of activation energy and
chemical reaction on the flow of nanofluids caused by a thin vibrating needle. Dessie et al. [53]
explored the MHD flow of a Maxwell fluid in a moving frame and the way chemical reactions,
activation energy, and thermal radiation impact it. Under activation energy, Hussain et al. [54],
studied effects of thermal and stratifications-based of the polymeric nanofluids flow. Waqas et al.
[55], inclusively investigated the role gyrotactic microorganisms, magnetohydrodynamics and
stratifications on bioconvective Casson nanofluids. Tabrez and Khan [56], prospected the viscous
dissipation leverages and magnetic-field polarity on an exotic ferromagnetic-polymeric-nanoliquid
flow to gain insights on the physical system characteristics. Eyring Powell modified nanofluid
flow has received considerable research efforts under various conditions and assumptions includ-
ing activation energy, bioconvection dynamics, ferromagnetic effects and chemical reaction due to
the gap discovered in literature as in Anjum et al. [57]. It can also be thoroughly found in Irfan
et al. [58], some aspects of non-Fourier heat flux analysis for ferromagnetic Powell-Eyring fluid
under chemical reaction conditions. The influence of bio-convection and thermal conduction on
activation energy and chemical reaction kinetics in ternary magnetized nanofluid flows has
become a major area of focus in recent years. However other research focused on and investi-
gated magnetized various nanofluids flow models under many different physical conditions,
coordinates and fluidic parameters [59-63]. Activities of gyrotactic microorganisms, nanoparticles
on viscoelastic fluids, stratification phenomena, prominence of heat generation in chemically
reactive, and melting heat transport characteristics effects on nanofluids’ as to gain an enhanced
hydromagnetic and stratification-based entropy fluids’ flow have been an incredible research
realm for in very recent years [64-69] to further understand the complex flow also, under dissipa-
tion aspect and Robin conditions.

The objective of this current research is to examine how the presence of Darcy-Forchheimer’s
double porous medium affects the flow characteristics of an incompressible, two-dimensional, lam-
inar, ternary hybrid ferrofluid. This investigation encompasses the dynamics of heat and mass trans-
fer in the context of motile microorganisms. In an extension of prior studies, we performed a
numerical analysis to understand the behavior of the tri-hybrid ferrofluid during its flow.
To facilitate this analysis, we applied the Shooting technique, a method that transforms the arrange-
ment of partial differential equations (PDEs) into ordinary differential equations (ODEs). Solving
these ODEs numerically allowed us to gain insights into the intricate behavior of the system. The
outcomes of our study are presented through numerical and graphical representations, illustrating
the contributions of various model factors. These factors include velocity, temperature, concentra-
tion, and motile profiles. Furthermore, our numerical analysis delved into examining key physical
parameters associated with the flow over the porous surface. This investigation encompassed an
exploration of skin friction coefficients, Nusselt number, Sherwood number, and the motile number.

2. Mathematical formulation

Porous medium 2 dimensional Darcy Forchheimer tri hybrid ferrofluid flow of heat and mass
transfer with activation and chemical reaction are moving across two permeable plates. The classical
liquid water in this work is viewed as a based liquid and three different magnetic nanoparticles.
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The ternary hybrid ferrofluid is suspected to be incompressible and the flow is laminar. The porous
channels, translate above the surface and below the surface with uniform velocity ¢/(¢) and are at a
variable distance 2¢(t). The geometry of the current issue exhibits the cartesian coordinates founda-
tion, with the beginning point at the middle of the channel and absorbent walls that can allow fluid
to influx or emit as the channel walls widen or contract. In addition, the y-axis is orthogonal to the
channel walls. The induced magnetic field is ignored because of the low Reynolds number assump-
tion. The fluid flow of the velocity field is used by v = (u(x, y,t),v(x, y,t)). The flow is directed
from left to right. Thermal equilibrium is considered to exist between the liquid (water) and the
tri-hybrid ferrofluid. Figure 1 depicts the physical difficulty of the flow idea and coordinates. The
concept expressions are, thus, presented as follows:

Qu, vy 1)
ox oy
Ou Ou Ou_ pc Pu Pu\  Vuinga 1, 0.B}
+u +v + Vi +—==]- u)— F (M2> -2 > (2)
ot ox 8}’ thf Vg <3 >0y ) k (v) Prrinfd Prrinfd
@+u@+v@ b +v O @ (3)
ooy T e 02 T )
oT 9T 9T T 0T 1 NARY (—E)
U Ve = Ot | o oy | — ~-G), (4
o T T Yoy = tenfi <8x2 + 6)/2) + oo (ﬁkr) <T2> *exp | 1o (C-G), ¥
ac ~ aCc  aC oCc c\ (T ( -E, )
W + Ma + Va—y = (Db)trihﬂd (@ + 8—)/2> - kr (E) *exp T (C Cz) (5)
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Where Pirihnf> Oe> Bg, Oltrihng > (Db)trihnf’vfrihnf’p’ T,C, N, (Db)trihﬂd’ (D”)trihnf’ E. k% B, kf shows the
density, electrical conductivity, strength of the magnetic field, thermal diffusivity, Diffusion
coefficient of mass transfer, kinematics viscosity pressure, temperature, Concentration, motile
microorganism, mass diffusion coefficient, bio convection diffusion coefficient, activation energy
Boltzmann constant, Exothermic/endothermic co-efficient and Chemical reaction fixed parameter
of a ternary Hybrid ferrofluid.
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Suction
Fez 04 (Magnetic particles) . CoFe>0; (Magnetic particles) .

Mn — ZnFe; 04 (Magnetic particles)

Fez04+ CoFe>O4+ Mn — ZnFe>04+ HyO = Ternary hybrid ferrofluid

Figure 1. Physical model.
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The boundary conditions are,

y=—c (Hu=0v=-Ad(t)T = T;,C= C;,N = Nyand }

y=c (Hlu=0v=A/(H)T=T, T=T,,C=C,,N=N,. @

Temperature variations within a fluid flow are insufficient to allow for a linear formulation
of the function T". T" can be extended using Taylor’s series for temperature T, by omitting
higher-order components, yielding the following approximation:

T"=(1-n)Ty +nT'T,
T
(Tl)n:(l—n)Jrn—- ®)
2 T2

The derivative a(t) concerning time t is represented by a'(t), where A corresponds to the wall
permeability index. Following the removal of the pressure factor from the controlling equation,
we apply the transformation of similarities (9) to the aforementioned Egs. (2-6).

T-T, = C-G N—Nz} o)

) XVf _ _
7T1—T2’)“1 7C1—C2’¢(11)7N1—N2

i
}7:Z,u:_C_ZFﬂ(n)t))V:7F(n’t)’6

The results are,

0
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vy Prtrinffd Prtringrd (10)
CzF}mt
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0 ———Pr| (=@, =, —@3)+ ¢ —+ +o no — Ref )0’ —
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T (ingwpr) 0 Kt Fog (1 + (m9)0[m]) (1 = E + (Bx)0[m]) 2] = O, (11)
Kiringa knga kga
2
a
7"+ Sc(noe — Ref )y — oL + (Scx0) (L4 (nxy)0[m)) (1 - E+ (Exy)0[n]) x[n]) = 0 (12)
(Do) gingat” =+ vp (o = 2EW" = K2, = bW (W 7 + "1+ Noy) = 0, (13)
With boundary condition
n=-1,F=—-Re,F,=0,0=1x=1Ly =1, (14)

and n = 1,F = Re, F; =0,0=0,y=0,y =0,

Here T and T, (with T7>T;) are the fixed temperatures of the lower and upper channel Ci,

C;, Nj and N, are denotes the concentration and motile microorganisms of upward and down-

ward porous medium respectively, F = xF' Darcy porous medium parameter, o = <) s the wall

/ X v
expansion ratio, Re = A%f(t) is the permeability Reynolds number, r = = Porous medium param-
% Prandtl number. Thermal diffusivity tri hybrid ferrofluid stands

, exothermic/endothermic parameter shown by 1 = %, temperature
p

eter, Eckert number, Pr =

Kvinga
for Oliri — _ Mtrinffd
trihnf (ﬂcp ) trihffd
T,-T,
T,

, magnetic field parameter is demonstrated M =
k(1-y)
Cc

difference parameter represented by y =

0.B}s*

, the dimensionless reaction rate is shown by ¢ = , magnetic field parameter is dem-

Vf
(D) tringa

B2 .
onstrated M = Juf"c , Sc= (Dbl)’f o represent the Schmidt number for mass transfer, Sb =
tril
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represent the Schmidt number for Bio convection, Pe = (Db)W”W is denoted by the Peclet number,
n/tril
E= klf“T denoted the dimensional activation energy parameter.

Thus, we put F =f Re, G = gRe and keeping in view the instance of Majdalani et al. [70] in
which o is a constant, f =f (),0 = 0(n), x = (), and Yy = (n) that process to give 0; = 0,
Sfmt =0, x; = 0 and ¥, = 0. Hence the following equations are achieved:

Vtrinffd Pr
Z—f (Fonnn — tfan) + “(3fﬂn + ”Lfmm) + Refy;fn (1 +2 F) - Mfyy — Reﬁmm =0, (15)

Prringrd Ptrinnf

Pe S Peps, Pq S3
Op + | (1= (@1 + @ + @3)) + ((Pl)( - ) + (92) (—p) + (93) <i)
Pepbf Pepbf Pepbf

(khffdkﬂ]wpr(“ﬂ - Ref)9"> + (o) PB4 40t (1= E -+ (B0 2] = O,

kovinga knga kga keringa knga Kga
(16)
2"+ Sc(noc = Ref )y + (Sexo)(1 + (nxy)0[n]) (1 — E + (Exy)0[n])z[n] = 0, (17)
(" + b an = 2fRe)y’ — Pe(Y'y + Y"1 + Noy") = 0, (18)
n=-1, f=-1, f,=0,0=1, y=1, y=1landy =1, f=1,£,=0, 0 =0, =0, ¥
=0.
(19)

3. Numerical method

The Runge-Kutta (RK) method is a family of numerical methods used for solving ordinary
differential equations (ODEs) and systems of ODEs. It provides a systematic way to approximate
the solutions of differential equations by iteratively updating the dependent variable at
discrete time steps. The term “shooting techinque” likely refers to a technique used to find
the appropriate initial conditions for the ODE such that the solution satisfies a specific boundary
condition. This is often required when dealing with boundary value problems.In summary,
the combination of the Runge-Kutta method and shooting procedures allows for a numerical
solution to the differential equation governing the current flow scenario. The RK method handles
the time discretization, while shooting procedures help determine the initial conditions for the
problem.

3.1. Applying ternary hybrid ferrofluid thermophysical properties convert into numerical
modeling

Shape equation numbers (15) and (18) to change the differential equation of nonlinear particles
into a pair of highly non-linear ordinary differential equations.

1

(1= (o1 + 2+ 903))2'5 <<1 — Q1= 0= @3) + @ (%) + ¢, (%) + (@3)(%))

(fnrmn - rf’?’?) + a(3ﬁ7’1 + ’7fmm) - Reﬁmm



NUMERICAL HEAT TRANSFER, PART A: APPLICATIONS . 9

1

142 F | Ref fu
( (((1_%—@02 9"3)+‘/’1(p,f>+¢2(phf>+((p3)(%>))) W

i ! M7 [r) = o 0
(((1—([)1—(/)2 (/)3)+(P1< >+p2<be>+(p3)<Z”f>>) 1

0"y + ((1 —(P1+ P2+ 93) + ((P1)<pcps ) () (@) i %)<§:—IIZ‘>>

Pepbf Pepbf
ke + (13 = Dknga + @5 (knga — ks3) ko + (12 = Dkuga + @5 (kngra — ks2)
ks + (13 = Dknga — (13 = 1) @3 (kngu — ks3) | \ ka2 + (12 = Dknga — (12 = 1)@ (kngra — ks2)

ko + (m = Dker + @ (kor — ko)
ksl -+ (f’l] - l)khf - (n1 - 1)@1 (kbf - ksl)

, ke + (13 = Dknga + @5 (knga — ks3)
(Pr(om-Ref[W])@ [+ (kﬁ T (s = kg — (1 = )y (kg = ks3)>

ko + (12 = Dkga + @, (kgu — ks2)
ko + (ny = Dkga — (ny — 1), (kﬂd - ksZ)

kg + (m = Dks + ¢, (kbf - ksl) o
(ksl + (n — l)kbf —(m - 1)@, (kbf - k51)> (Pr 2)
((1 + (yxm)0[n]) (1 = E+ (y=E)0[n]) x[n] = 0, 1)
7"+ Sn(no— Ref )y’ + (Scxa)(1 + (nxy)0[n)) (1 — E + (Exy)0[n])z[n] = 0, (22)
" + Sb(om — 2fRe)y' — Pe(y'y' + ¥y + Noy") =0, (23)

! (24)

03) + 01 () + 02(32) + (93) (%>>) ,

B 1
W, = (((1 — 01— P — P3) + ¢ (pbf) + @, (pbf) + (93) (pbf)>)’ (25)
e T T A )

W, — ke + (13 = Dknga + @5 (knga — ks3)
P ke + (13 = Do — (3 — 1) (kuga — ks3) )

W1 =
(1= (g1 + 95+ <p3>>“’(<1 -y

(27)
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ko + — Dksy + kg — ks
Ws = - 2+ (m ) ffd (Pz( ffd z) (28)
2+ (n2 = Dkga — (n2 = 1)@ (kpa — ko)
ka + — Dkyr + kpr — ks
W = - 1+ (m )k (Pl( bf 1) ’ (29)
51+ (n1 — l)khf (nl — l)gol(kbf - ksl)
B = W, Ws W, (30)

When the values (24), (25), (26), (27), (28), (29), and (30) are entered into Egs. (20, 23), the
outcome is

Wi (Fypnn = tfan) + 0‘(3f1m + ’7fmm) + RefJnri(l +2W; F) - Reﬁ‘mm - MWZf”[’?] =0, (31)
0" [n] + W3B(Pr(om — Ref[n])0'[] + (Prxa * 2)B((1 + (y+n)0[n])(1 — E + (yE)0[n]) z[n] = 0,

(32)

74 Se(no = Ref )y + (Sexa) (1 + (nx7)0[n]) (1 — E 4 (Exy)0[n]) x[n] = 0, (33)

" + Sb(on — 2fRe)yy’ — Pe(Y'y' + 4"y + Noy") = 0. (34)

3.2. Solution of the problem

To start the procedure, the following changes must be made:

n= firn= frs= f'mra=f"nrs= 0[nl,re = O[], r7 = xn)rs = L' M) re = Y[ r10 = ¥'[1]-

Lastly, alter the model as given in Eqs. (31-35).
71 =y (=3 )+ ") + Ref D)o - of "] = (1 4+ 2WaE )R bl O] = MWf ). (36)

0"n) = —(W3sBPr(oup — 2Ref [])0' [n]

+ (Axa+Pr)B(1 + (nxr)0[n])(1 — E + (Exr)0[n))xln] ) (37)
X”[ﬂ] = —(Sc(noc - Ref);{'[i’]] + (Sc*a)(l + (n*y)@[n]) (1 —-E+ (E*y)@[n])x[r]]), (38)
Y (1) = Sb(=on + 2fRe)y’ (] + Pe(Y' [} [n] + V" ][] + Nz [1)), (39)
The following system is obtained by employing the replacement contained in Eq. (35):
— rr/ - r r -
ry "3
ry £
ry I (—ot(3r3 + nry) + Re(ryrs) + rr3 + Re(1 + 2W2F*)r2r3 — MW,r3)
1‘;, — ! Te
r;‘: —(W;3BPr(onp — 2Rery)rs + (A% 6 % Pr)B(1 + (nx r)rs)(1 — E+ (E* 1)rs)r7)
7’; ry
rg - (Sc(noc — Rery)r; + (Scxa) (1 + (n*y)r6) (1-E+ (E*y)ré)m)
ry o
| "0 | Sb(—om + 2Rery) 10 + Pe(riors + " 17 + Noy/")




NUMERICAL HEAT TRANSFER, PART A: APPLICATIONS . 1

Consequently, the initial condition is:

r -1

r; 0

3 1

r 0

rs 1

r =10 (40)
rs 1

rg 0

rs 1

o L 0 ]

The aforementioned problem is now solved using mathematics and a correct starting
condition. Both the RK approach and the numerical “shooting techinque” were explored in
this scenario. This approach simplifies the processing of the required dimensionless ordinary
differential equations. In the beginning, we employ the shooting strategy to establish the starting
state, making sure that the border conditions are satisfied and that the requisite degree of
accuracy is obtained.

3.3. Practical and engineering interests

In upper and lower porous mediums all variables are investigated including the physical parame-
ters that are required in engineering to represent equipment at the nano level as Skin friction,
Nusselt number, Sherwood number, and Motile number.

3.3.1. Skin friction coefficients
Permeable porous medium upward and downward skin friction coefficients are represented by
Cr1 and Cy_; expressed as

Cy';:—l 1
Croy = 21— = (1), (41)
/ pr(cA?  Re(1- o, —,)*°
&ly= 1
Cfl _ Y=t 2,5f//(1)-

pr(¢A)  Re,(1- ¢, —@,)

local Reynolds numbers are shown by Re, = (f) (Rle>2 or the upper and lower shear stress porous
medium in radial velocity direction

Ou Haof AW
& = tari ( ) - = ( ) (-1),
y trihffd ay)|" 1 (1= —¢,— (/)3)2.5 3 f

ou Hpf mf) 1
= . —_— _ = — 1 5
& = Huringa (6‘y) U TR ———— <C3 f(1)

3.3.2. Nusselt number
The flow of heat transfer rate in the below and top porous medium Nusselt number is
demonstrated by Nu,_; and Nu,, are given as
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cd Kiringa
Nuyy=——2 | =~ 0(-1),
Uy—1 Kf(Tl — Tz) |17:—1 kf ( )
_ cd, ~ keinga
Nuyl = m |’1:1 = — kf (%) (1) (42)

d, stand for heat flux is follows as

orT T, - T
dyl——y = —Keringa (8)/) =1 = —%ktrihﬂd()/(—l),

oT T, -T
dyl,—1 = —kuringa (8)/) =1 = —¥kmhﬁd0/(1),

3.3.3. Sherwood number
The proportion of diffused mass transfer to convectional mass transmission is known as the

Sherwood number. The rate of mass transfer (Sherwood number) Sh|,__, as well as Sh|,_, at the
top and bottom surfaces of the surface contain the said mathematical equation,

kq.
Sh o = o = — / —1 )
b=t (Do) ringia (Cr = C2) e = =221
kq
Sh|,_, = £ _ =—7(1). 43
bt (Db) ringia(Cr = C2) bt = =2 ) )

Where

ocC C-C
qz‘n:—l = _(Db)trihﬂd (E) |1]:—1 = _(Db)trihﬂd%xl(_l)’

aC c,-¢C
ql|n:1 = _(Dh)trihffd (5) |;1:1 = _(Db)trihﬂd(I—kZ)X/(l)’

3.3.4. Motile density number
Both porous surfaces are represented by Nn|,__, and Nn|,_, of motile number are expressed as

_ kdn i
N1 = (D) ringra (N1 = N2) hrems = =W (1)
kq, ,
Nn|,_, = 1 W (). (44)

(D) ingra(N1 — N2) bt = -

Here

n=—1= _(Dn)trihffd M Y (-1),

ON
CIZ|;7:—1 = _(Dﬂ)trihffd (E)

n=1= —(Dn)mhﬁdwlﬁ/(l))

ON
Qz|,,:1 = _(Dﬂ)trihﬁd Oz
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4. Results and discussion

In this mathematical model research, the finally transformed Eqgs. (30-33) are derived to establish
a nonlinear boundary problem. The analytical solution for such equations is difficult to obtain so
to solve this a numerical approach is used which is the application of the Runge-Kutta method.
The effects of related physical factors Peclet number, magnetic field, Prandtl number, Reynolds
number, the volume of friction, density ratio motile microorganisms, shape factor, Schmidt num-
ber, expansion ratio parameter regarding velocity, temperature, concentration, as well as mobile
microorganisms are shown in Figures (2-18). The numeric impact of these physical parameters is
shown in Tables (1-5). Table 1 represents the base fluid (water) and different types of magnetic
ferrofluid particles and Table 2 shows the thermophysical properties of ternary hybrid ferrofluid.
It can be seen from Table 3 that the value of the skin friction coefficient varies but Reynold’s
number is fixed. First of all, if Reynold’s number is less than the values of Darcy porous medium
(F), porous medium (r), and magnetic parameter then the flow of skin friction is enhanced in
both porous surfaces but the expansion ratio (o) values are lies form — ve to 4+ ve so flow of
shear stress is reduced in the upper and lower porous surface. Furthermore, Reynold’s numbers

Table 1. Different magnetic nanoparticles and base fluid thermophysical properties.

Title Hzo (bf) F€304((p1) COF6204 ((/)2) Mn — ZnFEzO4 ((/)3)
p (kg m™) 997.0 5180 4907 4900
GUkgk™) 4180 670 700 800

x (wm=k") 0.6071 9.7 37 5

Table 2. Tri-hybrid ferrofluid thermophysical properties.

Properties Trihffd Fe304+ CoFe,04 + Mn — ZnFe;04 /water
Density (kgm™3) Puingia = 9105, + 205 , + 9305, — (1= 01 = 03 = 93)pyy

Heat capacity (JK™") (P ringa = P1(PG)s, + 92(0Gp), + @3(pGp)s, + (1= @1 = 92 = 03)(PGp)
Viscosity (Nsm™") eringid = (1_%_‘;#

. o Ko (n3 = ga—(13—1) 03 (knga—ks
Thermal Conductivity k (Wk="m™") Kepingra = ﬁfﬁ (nz)—};/[)dkh;:iwj((lsﬁ(d ffi;) 2 o

_ ka+(m=1)kga—(n2=1) @, (kga—ks2)
Kngra = ks2 +(n2=1)kga +; (ka—ks2) ki

Where

k 7ka+<m—1>kh/—(nl—1)¢1(kh/—kn)k
fd = ke (m =1k 1 (kyy —ker) bf

Table 3. Numerical effect in skin friction coefficient for both porous medium on Darcy porous medium (F), porous medium
parameter (r), and magnetic field parameter (M) for tri hybrid ferrofluid (Fe;04+ CoFe;O4 + Mn — ZnFe;04/water).

Re=—1/2 Re=1/2
F r M o |Criy——1)| |Cry—| |Co——n)| |Cri—)|
1 1 1 1 2.5521 25521 22029 22029
2 26878 26878 1.9947 1.9947
3 28169 28169 17643 17643
4 2.9403 2.9403 15052 15052
15 2.6406 2.6406 23212 23212
2 27271 27271 24353 24353
25 28116 28116 2.5456 2.5456
3 28943 2.8943 26523 26523
3 26751 26751 2.4686 2.4686
5 27323 27323 25415 25415
7 2.7886 2.7886 26127 26127
9 2.8441 2.8441 26825 26825
—05 3.7879 3.7879 3.7972 3.7972
0 3.4564 3.4564 3.4094 3.4094
05 3.1958 3.1958 3.1039 3.1039

1 2.8441 2.8441 2.6825 2.6825
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are fixed and greater than zero therefore the flow of skin friction coefficient acts opposite on F,
o, and M in both porous surfaces.

Table 4 shows that with the increases in the rate of Activation energy (E), the flow of the
Nusselt number is enhanced but the flow of the Sherwood number acts vice versa in both porous
mediums. Enhance the values of dimensionless reaction ratio (¢), density ratio of motile number,
and similarity variable parameter the flow of upward and downward Nusselt and Sherwood num-
ber are numerical effect show in opposite. Furthermore, by growing the values of Reynold num-
ber and expansion ratio parameter the flow of energy transfer acted vice versa but the flow of
mass transfer are gradually enhanced in both porous medium. From Table 5, it is clear that by
raising the Schmidt number (Sc) while keeping the Peclet number (Pe) and density ratio (y) con-
stant, the density of Motile microorganisms for both porous disks decreases so varies inversely.
Also, if the value Pe is increased while keeping Sc and 7y constant, the Motile microorganisms’
density for the upper permeable disk is decreased while in lower porous it is increased. Now the
same calculations are being done while increasing the value of y and keeping Sc and Pe constant.
The results show that the density of Motile microorganisms for both porous disks decrease and
varies inversely with the increasing value of y. We validated our findings by comparing them
with results from previously published research articles Quershi et al. [71] using Table 6 before

Table 4. Nusslet and Sherwood Number effect on different dimensionless parameters on both porous medium in ternary
hybrid ferrofluid.

E o v n Re o |Nul,_| |Nul,a| |Shly—al |Sh]i |

1 0.3 0.1 0.5 0.5 -0.5 3.4438 23391 0.69423 0.71597
2 15.776 9.2149 0.98364 0.5448

3 25.477 18.071 1.2185 0.42511

0.4 3.5971 2.2008 0.69008 0.71786

0.5 1.0499 4.5572 0.66899 0.73143

0.6 0.37027 5.1978 0.65534 0.73993

0.2 4.09701 1.7581 0.67517 0.72396

0.3 1.6147 5.8189 0.59854 0.74187

0.4 0.26735 7.6542 0.58203 0.76895
0.6 3.4459 2.3373 0.6941 0.7161

0.7 1.9727 3.6927 0.68839 0.71992

0.8 1.96551 3.6994 0.68822 0.72001

0.6 4.1496 2.5301 0.72078 0.74184

0.7 0.7383 6.7266 0.73359 0.77851

0.8 3.987 12.329 0.74279 0.81921

-0.6 1.9736 4.0851 0.70945 0.74249

-0.7 1.8971 4.5604 0.7304 0.76593

-0.8 1.7283 5.1333 0.75147 0.79016

Table 5. Motile microorganisms the effect of Schmidt number of motile density (Sb), Peclet number (Pe), and motile density
ratio parameter (y) for both porous mediums.

Sb Pe V ‘Nn|11:—1 ‘ ‘Nn|n:1 ‘

0.2 0.5 2 0.52419 0.28903
0.4 0.35885 0.2247
0.6 0.22276 0.1675
0.8 0.11305 0.1172

0.2 0.6 0.54596 0.25264

0.7 0.57345 0.21468

0.8 0.61073 0.17469

0.9 0.67007 0.13173
0.5 2.2 0.51603 0.2848

2.4 0.50786 0.28058

2.6 0.49978 0.27635

2.8 0.49153 0.27212
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visualizing the outcomes. An excellent coincidence was observed, confirming the method’s
validity.

It can be observed from Figure 2 that the Expanding/Contracting ratio parameter (o) affects
the radial velocity profile. The graphic shows that the momentum border layer thickness amount
is the smallest on the lower and upper porous surface of plates and maximum at the center of
the surface. Figure 3 reveals that the concentration profile is dependent on the Expanding/
Contracting ratio parameter (o) while the physical parameters such as Reynold number (Re), vol-
ume fraction (¢, @,, ¢3), the diameter of nanoparticles (dp,,dp, and dp,) and Magnetic flux
parameter (M) constant. The value of the mass transfer is highest at the top porous plane of the
plate and depleted at the lower porous surface of the plate. The analysis shown in Figure 4 exhib-
its the effect of @ on the motile profile. The value of the motile profile is high on the upper por-
ous surface of the plate and keeps decreasing at the center of the plate and the minimum value is
at the lower porous surface of the plate. Figure 5 illustrates the influence of the magnetic field

(M) on the radial velocity outline. The radial velocity profile is at the lowest value at both por-
ous surfaces of plates and peaks in the middle of the wall. Figure 6 shows the effect of Darcy por-
ous material parameter and porous material parameter when varies from positive in the axial
velocity profile. If we increase the values of F, then momentum boundary layer thickness also
shows a gradually increasing trend at the wall center of the upper permeable surface. The use of
permeable materials is intended to improve fluid resistance physically. Movement; reduces the
thickness of the boundary layer as well as flow viscosity and momentum. According to Figure 7,
if we raise the influence of the Darcy permeable material parameter F over the radial velocity
profile, the thickness of the border layer at the core of the wall flow of momentum will decrease,
while the top, as well as bottom porous flow of velocity, will rise. The values of the porous
medium parameter (r) are shown in Figure 8 to be lying between negative and positive on the
radial velocity gradient. The flow of the momentum border layer is rising in both porous materi-
als, while the flow of tri-hybrid ferrofluid in the middle of the wall is very low.

From Figure 9, it can be concluded that the Exothermic/endothermic parameter (1) impacts
the temperature profile. The diagram reveals that the value temperature profile parameter

Table 6. Evaluating the heat and mass transfer rates at the lower porous surface, a comparison of results is conducted for the
conditions of Re = 0,E = 0,n = 0,Pr = 0,and M = 0.

Quershi et al. [73] Present Results
x o(=1) 2(=1) 0(=1) 2(=1)
-15 1.80925 0.84674 1.80927 0.84676
-1 0.94617 0.62276 0.94620 0.62279
0 0.16084 0.31088 0.16087 0.31090
15 0.00558 0.14104 0.00561 0.14106

fg)

0.5 0.0 0.5 1.0

Figure 2. Expanding/contracting ratio parameter a effect on radial velocity profile for Re =1,¢, = ¢, = ¢; = 0.02,dp, =
dp, =dp3=1,M=4.
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Xl

7

Figure 3. Expanding/contracting ratio parameter a effect on concentration profile for Re =1,¢; = ¢, = ¢; = 0.02,dp, =
dp, =dp; =1,M=4.

#lal

Figure 4. Expanding/contracting ratio parameter a effect on motile profile for Re=1,¢, = ¢, = ¢; =0.02,dp; =
dp, = dp; = 1,M = 4.

f17]
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g8
e e
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Figure 5. Magnetic field M effect on radial velocity profile for Re =1,¢, = ¢, = @3 =0.01,dp; =dp, =dp; =1, a = 1.

increases as it approaches from the lower porous plate to the middle of the wall and it reaches
the lowest value at the upper porous surface of the plate. The temperature gradient also seems
to be affected by the change in the Dimensionless reaction rate parameter (o) as shown in
Figure 10. The border layer thickness of heat is less at the both porous surface of the plate and
more in the middle of the wall at various values of ¢. Figure 11 clarifies the effect of the
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Similarity variable parameter (n) on the thermal border layer thickness of motile microorganisms.
As seen from the diagram the border layer thickness of heat rises as we move from the lower
porous surface of the plate to the middle of the wall but it decreases as we approach the upper
porous surface of the plate. It can be derived from Figure 12 that the temperature profile is
affected by the variation in Activation energy (E) while keeping the physical parameters such as
Reynold number (Re), volume fraction (¢, ®,,¢;), Prandtl number (Pr), Exothermic/

T T T T
1.0 | .
0.5( =

= on

=

- F=1
- F=15
—osl =] F=2 i
— ] F=25
[=] F=3
~ F=35
- F=4
-t0F =l
L 1 L L
-1.0 -0.5 0.0 0.5 1.0
a

8]
n
T

L

m

BRWN NS
m o
1

U

(I I L T I T )

=10 -0.5 0.0 0.5 1.0
7

Figure 8. Porous medium parameter (r) effect on radial velocity profile for « = 2,F = 2,Re = 1, ¢, = ¢, = 3 = 0.01.
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o mnmnnmn
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Figure 9. Exothermic/endothermic parameter 1 effect on a temperature profile for Re =1,¢, = ¢, = @3 =0.02,Pr =
6.2,6=01,n=0.1 a=1.

al7]

Figure 10. Dimensionless reaction rate parameter ¢ effect on a temperature profile for Re = 1,¢, = ¢, = @3 = 0.02,Pr =
6.2,A=1,n=0.1,E=05 a=-1.

Figure 11. Similarity variable parameter (n) effect on a temperature profile for Re =1,¢, = ¢, = ¢; =0.02,Pr =6.2,A =
1, E=056=0.1a=1.
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Figure 12. Activation energy (E) effect on a temperature profile for Re=1,¢, =¢, =¢; =0.02,Pr=62,A=1,n=
0506=0.1a=1.
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Figure 14. Schmidt number for mass transfer (Sc) effect on concentration profile for Re=1,E=1,A=1,n=1056 =
0.1, a=1.
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endothermic parameter (1), Similarity variable parameter (1), Dimensionless reaction rate param-
eter (), and Expanding/Contracting ratio parameter () as constant. The thermal boundary layer
thickness at the lower porous surface of the plate is higher in comparison to the upper porous
surface. In Figure 13, it can be seen that Activation energy (E) also affects the Concentration

Sb=-3 7
Sb=-2
Sb = =1
Sb=0
Sb=1
Sb=2
Sb=3

08

muung|

Pe=0.1
Pe=0.15
Pe=02
Pe=0.25
Pe=03
Pe=0.35
FPe=0.4 i

| T I
wo o

L R 1]

©wawo

08

U
FFEEEFF

nonn

o8l

#l9)

Figure 17. Chemical reaction parameter (N,) effect on Motile profile for Re = 1,Pe = 0.7,5b =1, = 1.
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Figure 18. Different magnetic nanoparticles comparison effect on a temperature profile for Re = 1,Pe =0.7,5b = 1,a = 1.

profile. The value of the concentration profile is the highest at the lower porous area of the plate
and minimum at the topside porous area of the plate. The pattern shows symmetrical flow.

Figure 14 describes the effect of varying Schmidt numbers (Sc) for mass transfer on the con-
centration profile. The highest value of the concentration profile is observed at the bottom side
porous surface while the lowest value is observed at the upper porous surface of the plate. From
Figure 15, it can be noted that a change in the Schmidt number for Bioconvection (Sb) causes a
change in the Motile profile. The results of this change are obtained at the constant values of
physical parameters (Re = 1,Pe = 0.1, N, = 4,2 = 1). The Motile profile value is at its peak value
at the lower porous surface while the minimum value is observed at the upper porous surface.
The motile profile shown in Figure 16 exhibits its dependency on the Peclet number (Pe). As the
flow moves from the lower porous surface to the upper porous surface, the value of the motile
profile also decreases. So the maximum value is observed at the lower porous surface and the
minimum at the upper porous surface of the plate. The Chemical Reaction parameter (N;) also
have an impact on the motile microorganism profile which is evident from Figure 17. The lower
porous surface has the peak value of the motile microorganisms profile and as flow moves toward
the upper porous surface the value of the profile diminishes. Figure 18 explains the comparison
of Nano ferrofluid (Fe;O4/water), hybrid ferrofluid (Fe;Os+ CoFe,Os/water) and ternary hybrid
ferrofluid (Fe;044 CoFeyO4+Mn — ZnFe,O4/water) on the thermal profile. The flow of heat
transfer rate is much better in ternary hybrid ferrofluid as compared to nano ferrofluid and
hybrid ferrofluid.

5. Conclusions

In this study, we employed the advanced numerical shooting method to derive a solution for the
intricate two-dimensional Darcy-Forchheimer tri-hybrid ferrofluid system. This investigation
delves into the complexities of coupled heat and mass transfer, featuring the presence of motile
microorganisms, over an unsteady, incompressible porous surface subjected to activation energy
and chemical reactions. Rigorous evaluation, both mathematically and graphically, was conducted
to ascertain the precision of the numerical shooting methodology in comparison to the numerical
model, confirming its robust compatibility with empirical data. Subsequent to this validation, our
exploration extended to scrutinizing the nuanced impacts of various advanced physical parame-
ters, including Darcy porous medium (F), Reynolds number (Re), Prandtl number (Pr), Peclet
number (Pe), thermal activation energy (a), and species volume friction coefficient parameters
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(@1, @5, @3), among others. These analyses shed light on the intricate relationships between these
parameters and key flow variables such as velocity, temperature, concentration, and the signifi-
cance of motile microorganisms. The results are visually presented, and the quantitative impact is
concisely summarized in tabular form, elucidating parameters such as Skin Friction, Nusselt
Number, Sherwood Number, and Motile Number. This study unequivocally concludes that:

e Augmented values of the Darcy porous medium (F) correspond to an intensified skin friction
coefficient in both porous mediums.

e As the Peclet number (Pe) values increase, there is an enhancement in the flow of the Motile
number on the lower porous surface, while a reduction is observed on the upper surface.

e FElevating the values of the porous medium parameter (r) leads to an enhancement in shear
stress, thereby positively influencing both the thickness of the momentum boundary layer.

e Increasing the activation energy (E) parameter values results in a decline in the convective
flux of heat and mass transfer.

e As the Schmidt number attains its highest values, denoted as (Sc or Sb), there is a gradual
reduction observed in the flow of mass and motile microorganism transfer.

e The variables o and Re directly influence the components of shear stress and heat transfer,
wherein an increase in o and Re corresponds to a reduction in both shear stress and heat
transfer.

e The presence of positive values for both the Similarity Variable (n) and Exothermic/
Endothermic parameter (4) leads to an enhancement in the flow of thermal transfer on both
porous surfaces.

e In comparison to Ferro and hybrid ferrofluid, the heat transfer rate is notably superior in
ternary hybrid ferrofluid.

e An increase in the values of the magnetic parameter corresponds to an enhanced flow of
momentum boundary layer thickness in the radial velocity profile for both porous surfaces.
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