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Abstract: This study delves into the complex flow dynamics of magnetized bioconvective
Ellis nanofluids, highlighting the critical roles of viscous dissipation and activation energy.
By employing a MATLAB solver to tackle the boundary value problem, the research offers a
thorough exploration of how these factors, along with oxytactic microorganism’s mobility,
shape fluid behavior in magnetized systems. Our findings demonstrate that an increase in the
magnetization factor (M) leads to a decrease in both velocity and temperature due to
enhanced interparticle resistance from the Lorentz force. Additionally, streamline analysis
reveals that higher mixed convection parameters (X) intensify flow concentration near
surfaces, while increased slip parameters reduce shear stress and boundary layer thickness.
Although isotherm analysis shows that higher Ellis fluid parameters enhance heat conduction,
with greater porosity values promoting efficient thermal dissipation. These insights
significantly advance our understanding of nanofluid dynamics, with promising implications
for bioengineering and materials science, setting the stage for future research in this field.

Keywords: Ellis nanofluid; activation energy; darcy-forchheimer; magnetic field; numerical
scheme

1. Introduction

Nanotechnology is an area of applied sciences and technology that includes
atomic and molecular-scale manipulation of matter, usually below 100 nanometers.
So, unlike their macroscale equivalents, these materials have special features because
of the elevated surface-to-volume ratio and other novel physiochemical properties
such as solubility, strength, diffusivity, magnetic, thermodynamic, etc. At present,
various industries use fluids to increase production by increasing/reducing the flow
of energy to the system. In this regard, nanofluids are of great significance.
Nanofluids consist of sparse liquid suspensions of nanoparticles. Previous research
suggests that nanofluids exhibit superior thermophysical properties. Contrasted with
base fluids such as oil or water, nanofluids exhibit enhanced properties entailing
thermal characteristics, thermal diffusivity, viscosity, and convective heat transfer
coefficients. Typically, nanoliquids utilize nanomaterials derived from metals (such
as Ag, Al, Cu, Fe, Au), non-metals (including carbon nanotubes and graphite),
metallic oxides (like Al,Os, CuO, TiO,, SiO,, FeO), carbides/nitrides (such as TiC,
SiC, TiN, SiN, AINC, AIN), and layered materials (e.g., Al + Al>O3, Cu + C), with
conventional liquids like water, glycol, and engine oil commonly employed as base
fluids in the nanofluid formation process.

The development of nanotechnology has significantly enhanced modern living.
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Owing to the beneficial use of nanoparticles, we have seen their valuable
applications span across the disciplines of engineering, chemistry, mechanics, and
biology. Nanoparticles are employed to enhance cooling in diverse heat exchange
processes, including metal strip cooling, chemical transformations, automobile
engines, welding machinery, microwave tubes, nuclear reactions, computing devices,
and assorted engineering equipment, owing to their enhanced thermal characteristics
[1]. In another article, Turkyilmazoglu [2] explored the thermal behavior of
nanofluid flow in a wall jet employing five distinct nanoparticle varieties. He aimed
to figure out how different nanofluids affect the heat and flow behavior of the wall
jet. Arafa et al. [3] conducted a study on entropy generation in nanofluid flow with
changing porosity along complex vertical duct. It has been noted that using
nanoparticles results in very good improvement. It has been noted that the
application of nanoparticles results in remarkable improvement. A comparable
estimated resolution for fully established nanofluid flow is derived in Hussain et al.’s
paper [4]. For the examination of heat and mass transfer phenomena, a vertical
conduit with composite permeable medium has been used. A few significant studies
on nanofluids are mentioned in Abbas et al. [5], Nadeem et al. [6], and Amjad et al.’s
[7] works. In the comprehensive work, the authors delve into advanced mathematical
approaches for understanding the behavior of nanofluids and complex fluid systems
[8]. This resource offers critical insights into various fluid dynamic models,
emphasizing their practical applications in both theoretical and engineering contexts.

Since the classical Newtonian liquid hypothesis is unable to fully estimate the
significance of fluid characteristics involving suspended molecules, non-Newtonian
flow, and heat transfer processes, it has garnered considerable attention. Not only are
non-Newtonian fluid flows valuable from a technological standpoint, but their
governing equations also display interesting mathematical properties. The
physicochemical properties of Newtonian fluids are incredibly complex, and there
isn’t a single constitutive relation that can be universally applied to all non-
Newtonian fluids. In the articles by Yahya et al. [9], Ahmad et al. [10], Gul et al.
[11], and Abdal et al. [12], a number of noteworthy studies on these flows have been
presented. All of the aforementioned studies investigate the dynamics of flow, heat,
and mass transfer of assorted non-Newtonian fluids through a comprehensive
literature review. Nevertheless, there has been no endeavor to characterize the flow
dynamics of magnetized bioconvective Ellis nanofluids while considering the
ramifications of viscous dissipation and activation energy. The Bingham
(viscoelastic) and Power law models are generalized by the Ellis model. At elevated
shear stresses, it demonstrates power-law behavior, transitioning to Newtonian
characteristics at lower shear forces. The constitutive equation of the Ellis model
serves as a foundational framework for deducing the constitutive equation of the
Bingham model. The Ellis fluid model approach is flexible in adjusting viscosity
rheological data across various non-Newtonian fluids and geometries. Hence, the
Ellis fluid pattern can be regarded as a fusion of the Bingham, power-law, and
Newtonian fluid models. It offers a helpful infrastructure for assessing the rheology
of various biofluids, including blood, chyme, pulmonary mucus, cervical mucus, etc.
Furthermore, several notable studies have explored the application of the Ellis fluid
model in plentiful designs for flow analysis [13-16].
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Analyzing heat and mass transfer spectacles in fluid flow deformable cylinders
has attracted significant attention in light of its relevance in engineering and
industry. Shaheen et al. [17] explored the interaction between Soret and Dufour
phenomena in the flow of Casson nanofluid around a deformable cylinder,
considering dynamic properties and integrating Arrhenius activation energy. Hayat et
al. [18] interrogated magnetohydrodynamic axisymmetric flow characteristics of a
third-grade fluid adjacent to a stretching cylinder. Also, Grigoriadis et al. [19]
ventured the MHD flow behavior around a cylindrical object employing the
Immersed Boundary Method to comprehensively analyze the fluid dynamics. Anuar
et al. [20] assessed how magnetohydrodynamics (MHD) affected the steady-state (2-
D) mixed convection flow in carbon nanotubes that was caused by a nonlinear
surface. When using carbon nanotubes of both single and multi-wall varieties
(CNTs), kerosene and water are utilized as the base fluids. Ramesh et al. [21]
presented a detailed computational analysis on radiative non-Newtonian Carreau
nanofluid flow in a microchannel under magnetic properties. In an innovative study,
Mebarek-Oudina et al. [22] explored the role of a quadratic linearly radiating heat
source with Carreau nanofluid and exponential space-dependence past a cone and a
wedge, highlighting its implications for medical engineering and renewable energy
applications. Khan et al. [23] examined nonlinear radiation effects in
magnetohydrodynamic flow around a cylinder containing chemically reactant
species by using the shooting technique.

Understanding the swimming capability of oxytactic microorganisms is vital for
elucidating various biological characteristics related to bioconvection. The
dispersion of oxytactic swimming microorganisms in a constricted space is referred
to as bioconvection. Bioconvection entails convective fluid motion at the nanoscale
level brought on by the density gradient and the concurrent swimming of motile
microorganisms. Furthermore, the use of microorganisms in fluid mechanics has
increased recently in order to enhance heat transport while reducing nanoparticle
agglomeration. Kuznetsov and Avramenko [24] and Geng and Kuznetsov [25]
originally scrutinized bioconvection in the existence of nanoparticles. Afterwards,
the concept of suspending nanoparticles with gyrotactic microorganisms was
proposed by Kuznetsov [26], using Buongiorno’s principle. Bég et al. [27] conducted
numerical analysis regarding the bioconvection phenomenon of nanofluid flow
through porous media. In a detailed study, Mebarek-Oudina et al. [28] investigated
the hybrid nanofluid magneto-convective flow and the role of porous media in
contributing to entropy generation. Dharmaiah et al. [29] numerically investigated
the magnetic dipole effect on a radiative ferromagnetic liquid flowing over a porous
stretched sheet that provides crucial insights into the interaction between magnetic
fields and fluid flow dynamics.

Flow of bioconvection through symmetrical conduit infused with nanoparticles
was considered by Akbar [30], and a bio-nano-engineering model was presented.
The impetus of varying magnetic field on a model of blood clotting was also
investigated by Bhatti et al. [31], employing the Jeffrey fluid model in conjunction
with nanoparticles and microorganisms. Dharmaiah et al. [32] explored bio-
convection phenomena within a slippery two-phase Maxwell nanofluid as it moves
past a vertically induced magnetic stretching regime. This analysis is particularly
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relevant to applications in biotechnology and engineering, where the interactions
between magnetic fields and fluid dynamics play a crucial role. The magnetized
laminar flow via a porous medium with non-Darcy flow characteristics of nanofluid
and gyrotactic microorganisms was observed by Abbas and Palani [33]. The
extrinsic magnetic effect and bioconvection flow were researched by Chakraborty et
al. [34] with nanoparticles subjected to convective boundary conditions. Umar et al.
[35] utilized the shooting technique to examine slip effects on a stretching sheet in
fluid dynamics, considering 3-D Eyring-Powell fluid with activation energy.
Incorporating the importance of gyrotactic microorganisms and thermal radiation,
Khan et al. [36] discussed Oldroyd B fluid flow. This study employs a bioconvective
flow of an Oldroyd-B nanofluid via stretching sheet undergoing oscillations. In the
analysis of bioconvective electro-magnetohydrodynamics (EMHD) and dissipative
Williamson nanofluid over a three-dimensional Riga plate, Akolade et al. [37]
explored the effects of Joule heating in complex fluid flows. This study is pivotal for
understanding how magnetic fields, heat dissipation, and fluid properties interact,
particularly in industrial and technological applications. These phenomena are
associated with several successful studies [38—41].

In a novel case study, Hiba et al. [42] conducted a thermal and streamline
analysis in a grooved enclosure filled with Ag-MgO/water hybrid nanofluid using
the Galerkin finite element method (FEM). The findings highlighted the potential of
such nanofluids to enhance heat transfer efficiency in various engineering
applications. In a significant work, Sharif and Mohammad [43] explored natural
convection in cavities with constant flux heating at the bottom wall and isothermal
cooling from the sidewalls. This study provided a comprehensive analysis of the
thermal and flow patterns within such cavities. Based on the preceding studies, this
paper aims to explore thermal and mass transfer properties within a steady, 2-
dimensional MHD flow of Ellis nanofluid containing oxytactic microorganisms. The
impact of thermal radiation, Darcy-Forchheimer, and magnetization via deformable
cylinder are also covered in this study. The study employs the Buongiorno nanofluid
model, integrating thermophoresis and Brownian motion phenomena.

Ellis nanofluid containing oxytactic microorganisms plays a crucial role in
Thermal Science and Engineering by significantly enhancing heat transfer efficiency
and thermal management across diverse applications. Its distinctive properties,
coupled with the dynamic motion of microorganisms, facilitate improved convective
heat transfer and lower thermal resistance. This advancement aligns with the
journal’s mission to further knowledge in thermal science, foster sustainable energy
solutions, and investigate innovative materials that optimize thermal processes in
engineering systems.

2. Model analysis

The characteristics of thermo-transfer within a steady, 2-dimensional
magnetohydrodynamic (MHD) flow of Ellis nanofluid containing oxytactic
microorganisms have been examined. This study also encompasses the impacts of
magnetization, Darcy-Forchheimer, and radiative heat transfer over a deformable
cylinder as depicted in Figure 1, subjected to boundary conditions tailored for
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appropriate transport within the geometry. Consider 7 and w as the velocity aspects
along the cylinder’s horizontal (z — axis) and radial (r — axis) axes, respectively.
The cylinder experiences stretching as described by the velocity equation u,,(Z) =

ufz_, where L represents the length of the cylinder and a is a constant value. A radial

magnetic field B, is imposed. The study employs the Buongiorno nanofluid model,
incorporating Brownian motion and thermophoresis phenomena. Based on these
considerations, the governing equations for the specified problems are as follows

[44,45]:
u—>0w—->u K, —=-h (T, -T),N=N,
or
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Figure 1. Visual depiction of the model’s geometry.
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The boundary conditions of problem typically match the configurations under
investigation, as stated below:

_ _ _ aT o aC_ Dy 0T
F=R u=0, Ww=u,, kf§=—hw(Tw—T), N =N, DB(ﬁ)+T—(§)=O, (6)
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Ff—-o0, u—-0 C->C, T-Ts N-N,
The provided similarity transformations below are employed.

r? — R? B _ R Uolls
§= R \/; f(f)— ——;f(f),/T

N, —N

_ (7)
0@¢) =— ¢©) = —¢ x(@) =
TOo Co — CW ’ Ny — N,

In Equatlon (7), € signifies the local transformation variable, f'(§) represents
the dimensionless velocity function, and 8(§) denotes the non-dimensionalized fluid
temperature. Moreover, ¢ (&) represents the dimensionless volume fraction of
nanoparticles, while y (&) represents a motile microorganism lacking dimensional
attributes. Equation (1) is identically satisfied. After the utilization of the above-
mentioned transformation Equations (2)—(5), we got a subsequent scheme of ODEs.

a(1+2y)[1+ 2B +y[1+ @ - B = [+ B H2IMSf - [

4B Ry f 4 [+ BRI = F(F)? = (F)?] + N[ — Nep = Nox] ®

ng[(1 + (6w — DOP1(1 + 2y$)6" + 4RA(0")?[(1 + (6, — 1)0)*(6y, — D] + 28" + N,6'd" + N, (6)? ©)
+Prfe' =0

"+ 1o Le ¢ + Lef¢' + (9” +y6") —LeQ(1 +Y* 9)"exp(1 +§ 9)¢ =0 (10)

X'+ Lb(fx +&f’ x) + Pe[6:¢" — (v61 + X)¢"] + Lbx'p = 0 (11)

The subsequent boundary conditions are provided as:
Whené =0; f(§) =0, f'(§) =1,
N
8'(§) = —Bi[1-06(], ¢'() + N—Zé"(s‘) =0, x(§) =1 (12)
When & - 0; f(§) » 0, 6(§) » 0, ¢(§) >0, x(§) - 0.

Additionally, the dimensionless numbers and parameters within the above
equations are as follows:

_ 0fB3z _ Cp _1 ’Lﬁ 4erc>0 udz2r2? _ ZUf . hy _
M= pqu,Fr—\/E;V—R ) )8 2T§R2L3ﬂf'o-1_k*uw’Bl_kﬂf uo vf;Pr_
ve(Cp)s N _ Bc(Coo— Cw)(pp Pf) _ (Pm—pPf)Y* (Noo—Ny)
ks T (1=Coo) Tao=Tuw)Bepf’ € (1=Coo) (Teo—Tw)Bepf’
Gre (1= C)Beg(Tew = Tp)z> 1y (2) Dp(Ceo — Cyy) Eq (13)
N:—Z’ rt = > ’Rexz ’sz ’E:
Rej 2vf vf Vr KTy
™D (T, — Tyy) Ty v zkr?r Ur Noo To — Ty
N=——~">6,=—,L , Q= ,Lb=—,6 = Y'=—
¢ VrTen wE T Dt T u R? Dy * TN, —N, T,

Here, M symbolizes the magnetic term, F,. is the Forchheimer number, y
represents the curvature parameter, Rd indicates the thermal radiation parameter, 3
signifies the Ellis fluid parameters, ; denotes the porosity parameter, Bi stands for
the thermal Biot number, Pr signifies the Prandtl number, and N, represents the
buoyancy force parameter. Bioconvection Rayleigh number N, X is the parameter
for mixed convection, G,; are the Grashof number, Re, is the local Reynolds
number, E activation energy parameter, N 0,,,Le are the parameter of
thermophoresis, temperature ratio parameter, Lewis number respectively.
Furthermore, (2 represents the coefficient of chemical reaction, Lb stands for the
bioconvection Lewis number, §; denotes the parameter of bacterial concentration,



Thermal Science and Engineering 2024, 7(3), 8615.

and Y* signifies the temperature gradient.
3. Physical quantities

3.1. Drag force acting on the surface

The skin friction coefficient is characterized as:

¢ =—v
= 14
f pfugv (14)
where 1, represents the apparent shear stress, defined as follows:
Ur ou
= — o = 0
v [1 + (ia_u)a—l aZ]lr (15)
V212 0z
The provided similarity transformation enabled us to acquire:
G =rez (L O (16)
R (R T
3.2. The heat transfer rate
The Nusselt coefficient at a specific point is calculated as:
Xqm
Nuy = ————F—
S T — Ty a
Therefore, the surface heat flux is expressed as:
aT 160* _, dT
= —ke(—)|ep — T3(—)|.._ 18
dm f(ar)lr—o 3k (ar)lr—o (18)

The dimensionless form of the aforementioned equation is obtained by

employing Equation (7) as follows:
1
= 4
Nu = —ReZ(1+ §Rd)9’(0) (19)

3.3. Motile microorganisms

The quantity of motile microorganisms within the local density is described as:

NTl = L 20

* = Dy (Ner — M) 20
where, motile microorganism flux defined as
N

n = _DNﬁlrzo (21)

The equation is expressed in its non-dimensionalized form as:
1
Nn = —ReZx'(0) (22)

4. Details of numerical procedure

Given the intricate nature of analytically solving ordinary differential equations
(ODEs), we turn to numerical methods like the shooting method implemented
through MATLAB’s bvp4c software to tackle the governing equations. The core of
bvp4c lies in its ability to transform the BVP into an IVP through the proposal of an
initial solution. Numerous physical models involve nonlinear differential equations
requiring numerical solutions, and the shooting method excels in achieving high
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accuracy. This technique transforms boundary value problems into initial value
problems, iteratively adjusting initial conditions and integrating using methods like

Runge-Kutta. Its effectiveness in solving complex flow models yields precise

insights into fluid behavior. Consequently, we utilized this approach to address

Equations (8)—(12). Shampine et al. [46] furnished a comprehensive description of
Bvp4c. Figure 2 shows the flow chart of the current investigation. Additionally,

several new variables were introduced, outlined as follows:
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Together with the associated boundary conditions:

N,
p1(0) =0, p,(0) =1, ps(0) = —Bi[1 — p,(0)], p7(0)+N—;p5<0) =0,
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Formulation of Problem

)Pe

Boundary Conditions

Governing Equat

ions

Applying Suitable Similarity Transformat

ion

Unit less Boundary
Conditions

Ordinary Diffe
Equation

rential
s

Shooting
Procedure-
MATLAB bvpdc

|

Graphical Interpretation

|

Discussion of Outcomes

Figure 2. Flow chart for current problem.

(23)

24)

(25)

(26)
27

(28)

(29)



Thermal Science and Engineering 2024, 7(3), 8615.

5. Results and discussion

This part elucidates the graphs of physical characteristics such as distribution of
velocity component f'(§), distribution of temperature 6(§) , distribution of
concentration of nanoparticles ¢(&) , and distribution of motile oxytactic
microorganisms y (§). In the process of altering the physical variables of our interest,
the variables left behind have been assigned these values 0.5 <M < 3.5, 0.4 <
Bi<45,05<Rd<1,02<y<08,m=3,0<0,<1,05<6,<2,4<
Fr<15,1<pB <5 Pr=1andn=1.

5.1. Velocity profile

The persuasion of the slip parameter a, the magnetization factor M, the thermal
radiation parameter Rd, the microorganism concentration difference constant 2, and
the parameter for buoyancy ratio Nr on the fluid speed f'(€) is depicted in Figure
3a—e. The effects of the magnetization factor M on velocity graph f'(§) is
manifested in Figure 3a. A declining behaviour is prominent for velocity
distribution by increasing the magnetization factor M. For higher values of (M = 0.5,
1.5, 2.5, 3.5), Figure 3a shows a decreasing trend of f'(¢). Because it depends on
Lorentz force, the interparticle resistance increases as increases, which reduces
f'(&). The consequence of the slip parameter a on the velocity graph f'(§) is shown
in Figure 3b. By increasing &, an increase in velocity distribution is observed.
Because, the presence of slip effectively increases the speed of particles in fluid.
Similarly, the results for the radiation parameter Rd shown in Figure 3c. As the
radiation constant Rd increases, the velocity distribution f'(¢) raises. Solar radiation
can help in improving different heat and thermal moulding procedures in the twenty-
first century. Figure 3d shows the effects of the microorganism concentration
difference constant (2. It is evident from the graph that there is a decline in velocity
profile for changing values of . The graphical results for the parameter for
buoyancy ratio Nr is shown in Figure 3(e). As the values of the parameter for
buoyancy ratio Nr increases, the velocity distribution f'(§) also shows an increasing
trend.
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(d)

A N §

(e
Figure 3. Influence of (a) M; (b) a; (¢) Rd; (d) Q; (e) Nr on f(&).

5.2. Temperature distribution profile

The influences of the magnetization factor M, the thermal radiation parameter
Rd , the thermophoresis parameter Nt , the curvature parameter y and the
bioconvention Peclet number Pe on the fluid speed 8(§) is shown in Figure 4a—e.
Effects of the magnetization factor M on temperature field 8(§) is portrayed in
Figure 4a. A declining behaviour is prominent for temperature distribution by
increasing the magnetization factor M. For higher values of (M = 0.5, 1.5, 2.5, 3.5),
Figure 4a shows a decreasing trend of 6(¢). Because it depends on Lorentz force,
the interparticle resistance increases as it increases, which reduces 8(¢). The results
for and the thermophoresis parameter Nt, as well as the thermal radiation parameter
Rd is illustrated in Figure 4b,c respectively. For Nt, a declining behaviour of (&)
observed in Figure 4b. The thermophoresis phenomenon is important in many
processes because it involves migrating nanoparticles in a low temperature zone due
to temperature differences. Similarly, the results for the radiation parameter Rd
shown in Figure 4c. As the radiation constant Rd increases, the temperature
distribution 8(¢) changes. In Figure 4d,e, the effects of the bio convention Peclet
number Pe and the curvature parameter y are plotted. By altering Pe, a retarding
behavior is discovered; this tendency establishes because Pe develop a reverse
relationship with temperature field. 8(¢) reduced as a result of this inverse
relationship. Figure 4e demonstrates how the curvature parameter impacts the
temperature profile of Ellis nanofluid. The temperature profile 8(¢) decreases as the
curvature parameter y increases, leading to a reduction in the heat transfer rate.

10
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Figure 4. Influence of (a) M; (b) Nt; (¢) Rd; (d) y; (e) Pe on 6(S).

5.3. Concentration profile significance

To examine changes in profile for concentration of nanoparticles ¢ (&) opposite
different values of magnetization factor M, the thermal radiation parameter Rd, the
Brownian movement parameter Nb, Lewis number Le and the Forchheimer number
Fr Figure 5a—e are made. Effects of the magnetization factor on ¢(§) is displayed
in Figure 5a. An increasing behaviour is prominent for ¢p(§) by increasing the
magnetic parameter M. For higher values of (M = 0.5, 1.5, 2.5, 3.5), Figure 5a
shows an increasing trend of ¢ (§). Figure Sb indicates how the effects on ¢(£) on
Ellis nanofluid increases as the amounts of the Fr rise. Similarly, the results for the
radiation parameter Rd are shown in Figure Sc. As the radiation constant Rd
increases, the temperature distribution ¢(§) first increases then shows a declining
trend. The ramifications of yet two other crucial parameters, the Lewis number Le
and the Brownian movement parameter Nb are shown in Figure 5d,e respectively.
Although the concentration of nanoparticles decreases with Le but for Nb the profile
for concentration of nanoparticles improves.

11
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Figure 5. Influence of (a) M; (b) Fr; (¢) Rd; (d) Le; (e) Nb on ¢(¢).

5.4. Density of motile microorganism profile

Figure 6a—e shows the changes in the profile for independently moving
microorganisms y(§) for various parameters such as thermal Biot number Bi,
stretching parameter 5, magnetization factor M, Prandtl number Pr and Lewis
parameter Lb on profile for independently moving microorganism y (§). Figure 6a is
prepared to depict the physical impact caused by thermal Biot number Bi on y(§). It
is easy to observe that y (&) is a decreasing function of (Bi= 0.4, 1.5, 3.0, 4.5). As
thermal Biot number has a connection to the coefficient of heat transfer, that causes a
decrease in the independently moving microorganisms x(§) . An increasing
behaviour is prominant for y(§) by increasing the magnetic parameter M. For higher
values of (M = 0.5, 1.5, 2.5, 3.5), Figure 6b shows an increasing trend of y (). The
stretching parameter § for the dimensionless independently moving microorganisms
x(&) is graphed in Figure 6c¢. The profile for independently moving microorganisms
x(&) decreases as 8 increased. Figures 6d,e are prepared to depict the physical
impact caused by Pr and Lb on independently moving microorganisms y(§). It is
easy to observe that y(§) is a decreasing function of (Pr = 10, 12, 14, 16). Further, a
distinguishing motile microorganism profile y(¢) is found when the value of Lb
increases. The physical reasoning is that a bigger deviation in Lb is connected with
reduced motility of motile bacteria, which decays (&) as a result of this.
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Figure 6. Influence of (a) Bi; (b) M; (¢) f5; (d) Pr; (e) Lb on y(&).

5.5. Streamlines patterns in Ellis nanofluid flow

This subsection illustrates the streamlines for the mixed convection parameter
and slip parameter, as shown in Figure 7a—d. The graphs demonstrate the significant
impact of both the mixed convection parameter Xand the slip parameter @ on fluid
dynamics. When X = 0.7 the streamlines are densely packed near the surface,
indicating a sharper velocity gradient and stronger convective flow due to buoyancy
forces. In contrast, a lower mixed convection value X = 0.2 results in smoother, less
curved streamlines, highlighting the dominance of viscous forces. Regarding the slip
parameter «, increasing it from 1.5 to 2.5 reduces boundary layer thickness and
curvature of the streamlines, suggesting less friction and shear stress at the boundary,
which enhances flow efficiency. This effect is particularly beneficial for applications
like microfluidics, where minimizing drag is crucial. Conversely, lower a values
result in thicker boundary layers and greater resistance, slowing down the fluid flow
(see Figure 7c,d). Overall, mixed convection controls the intensity of surface flow,
while the slip parameter governs flow resistance, both essential for optimizing fluid
dynamics in systems that require precise control, such as microfluidic devices.
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Figure 7. Streamlines for (a) X=0.7, (b) X =0.2, (c) a =2.5, (d) a = 1.5.

5.6. Isotherm patterns in Ellis nanofluid flow

The isotherm patterns depicted in Figure 8a—d offer profound insights into the
thermal dynamics of Ellis nanofluid flow, particularly with respect to the Ellis fluid
parameter § and porosity parameter o;. In Figure 8a, where (f = 0.7), the closely
packed isotherms near the center indicate a steeper temperature gradient, signifying
enhanced heat transfer and thermal conduction within the fluid. On the other hand,
Figure 8b, with a lower (§ = 0.5), shows more widely spaced isotherms, suggesting
a gentler temperature gradient and reduced heat conduction, which reflects a decline
in thermal efficiency. Focusing on the porosity parameter, Figure 8¢ illustrates that a
higher (g, = 1.5) results in a well-structured, periodic isotherm pattern, promoting
more effective thermal dissipation throughout the fluid. In contrast, Figure 8d,
where (o0 = 1.1), reveals elongated and less organized isotherms, indicating
diminished heat transfer efficiency due to increased thermal resistance at the
boundaries. These findings highlight the critical roles of elevated 8 and o; values in
optimizing heat conduction and distribution within the Ellis nanofluid flow.
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5.7. Tabular discussion and validation

To validate this research, we compared the skin friction values with those
reported by Rooman et al. [47] and Awan et al. [44] under specific conditions where
M varies and all other parameters are set to zero, ensuring optimal heat and mass
transfer in our model. The results demonstrate excellent agreement with existing
literature (see Table 1).

Table 1. A comparison of f'(0) for different inputs of M.

M Rooman et al. [47] Awan et al. [44] Current result
0.0 —0.821821 —0.8266554 —0.8267556
0.4 —0.924421 —0.9186823 —0.9286826
0.8 —1.018311 —1.0488087 —1.0588092

6. Conclusion

Numerical analysis was conducted to explore the steady mixed convection of
Ellis nano-liquid flow over a stretching cylinder, incorporating Darcy-Forchheimer
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and nonlinear thermal radiation effects. The numerical solution of this model

involves formulating a system of partial differential equations, which is subsequently

computed by utilizing the bvp4c function available in MATLAB. The acquired
outcomes are visually presented and analyzed. The following observations have been
made after a thorough examination of the problem:

o Increasing the magnetization factor M results in a decreasing velocity profile
f'(&) due to the stronger Lorentz force increasing interparticle resistance.

e An augmentation in the Peclet number (Pe) and thermophoresis value results in
a decline in the thermal layer.

e  The Ellis fluid parameter 8 results in a decrease in the motile density profile
x().

e Brownian motion enhances the thermal profile, while saturation in
thermophoresis values leads to a decrease in flow.

e It has been uncovered that an increased approximation of the Forchheimer
number results in an enlargement of the concentration profile ¢ (£).

e  Our study demonstrates that varying the radiation parameter (Rd) provides
valuable insights into the behavior of Ellis nanofluids under magnetized
bioconvective conditions, emphasizing the significance of considering multiple
factors for a comprehensive understanding of the fluid dynamics.

e Lower mixed convection values allow viscous forces to dominate, leading to
smoother, less curved streamlines.

o Increased porosity parameter o; values produce well-structured isotherms,
promoting efficient thermal dissipation throughout the fluid.

Future research in this domain should explore the ramification of variable
activation energy on the behavior of oxytactic microorganisms within magnetized
bioconvective Ellis nanofluids, alongside extending studies to three-dimensional
systems for a more comprehensive understanding. Experimental validation is
essential to enhance credibility, while investigating additional dissipative processes
like thermal diffusion could provide deeper insights. Further applications in
bioengineering and materials science should be explored, considering the impact of
external fields and conducting optimization studies to maximize efficiency in
practical applications. These endeavors would significantly advance the
understanding and application of magnetized bioconvective Ellis nanofluids.
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Nomenclature

7, Z: Cylinderical coordinates (-)
Velocity component along horizontal axis (z-axis) (m/s)

s s

: Velocity component along radial axis (r-axis) (m/s)

~J

: Temperature of particles (K)

k: Nanofuid thermal conductivity (W/mK)
M: Magnetic parameter (-)

C: Concentration of particles (mol/m3)
N: Microorganism’s density (-)

T,,: Surface temperature ((T)

F,: Forchheimer number (-)

C,,: Surface concentration (mol/m3)
Rd: Thermal radiation parameter (-)

N,,,: Surface microorganisms (-)

Bi: Thermal Biot number (-)

Pr: Prandtl number (-)

N,.: Parameter of buoyancy force (—)

N_.: Bioconvection Rayleigh number (—)
G,¢: Grashof number (—)

T»: Ambient temperature (-)

Co.: Free stream concentration (mol/m?)
Ny : Ambient microorganisms (-)

Re,: Local Reynolds number (-)

Dy, Microorganism’s difusion coefcient (-)
E: Activation energy parameter (-)

N;: Thermophoresis parameter (-)

Le: Lewis number (-)

Lb: Bioconvection Lewis number (-)

Dg: Brownian motion coefcient (m?/s)

Greek symbols

y: Curvature parameter (-)

v: Kinematic viscosity (m?/s)

B Ellis Fluid parameters (-)

w: Dynamic viscosity (g/ms)

o01: Porosity parameters (-)

0,,: Temperature ratio parameter (-)
Q: Coefficient of chemical reaction (-)
a: Slip parameter (-)

py: Density of the fluid (kg/m?)

61: Bacterial concentration parameter (-)
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