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A steady, incompressible, and electrically conductive Casson-Maxwell nanofluid flow incorporating gyrotactic
motile microbes is analyzed. The flow under a transverse magnetic field and chemical reaction is confined in
two coaxial, parallel, and stretchable spinning disks. The Buongiorno model incorporates Brownian motion and
thermophoresis. Similarity transformations convert the flow governing equations into ODEs and subsequently
solved numerically using the bvp4c and the fourth-order RK technique to analyze the significance of the gov-
erning dimensionless parameters. The results confirmed that bioconvection promotes convective heat transfer
by fluid mixing. The Lorentz force strongly suppresses the Casson-Maxwell fluid velocity. Increasing the Cas-
son fluid parameter lowers the fluid velocity by stronger yield stress and effective viscosity. The stretching ratio
boosts the flow, improving momentum transfer within the boundary layer. The concentration profile acceler-
ates with thermophoresis but decelerates for chemical reaction and Brownian motion effects. The magnetic
effect maximizes the microbes’ density profile.
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1. Introduction

The study of slip flow of bioconvective, radiative, and
magnetized Casson—Maxwell nanofluids over stretchable
spinning disks has significant applications in various advanced
engineering and biomedical systems. Such flows are
particularly relevant in the modeling of biofluids, including
blood, where non-Newtonian characteristics and microorganism-
induced bioconvection play a crucial role in transport
phenomena. The inclusion of magnetic field effects makes the
model applicable to magnetohydrodynamic (MHD) devices,
biomedical treatments such as targeted drug delivery and
hyperthermia, and metallurgical processes involving electrically
conducting fluids. Moreover, rotating disk configurations
are widely encountered in turbines, chemical reactors, and
cooling systems for rotating machinery. The consideration
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of thermal radiation and internal heat generation enhances
the applicability of the model in high-temperature systems,
heat exchangers, and electronic cooling technologies.
Additionally, the incorporation of chemical reaction effects is
important in industrial processes such as polymer production,
catalytic reactions, and coating flows. The presence of
slip boundary conditions further extends the relevance of
this study to micro and nanoscale systems, including
microfluidic devices and MEMS/NEMS applications,
where classical no-slip assumptions are no longer valid.
Therefore, the present investigation provides a comprehensive
framework for understanding complex fluid behavior in
modern technological and industrial applications.

The role of non-Newtonian fluids is crucial in an
extensive range of commercial fluids including plastics,
wire coating, printing, engine oil (EO), polymers, glycerin,
toothpaste, pulps, and fossil fluids. Several non-Newtonian
models (Cross-fluid, Carreau fluid, rate-type fluid) have
been proposed to simulate the inspection of these liquids.
Considering the nonlinear existence of these fluids, shear
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rate and shear stress are associated with non-Newtonian
fluids. For these types of fluids, the momentum equation
includes dynamic nonlinear factors, making the problem
more difficult to tackle. The Maxwell fluid is a non-
Newtonian (rate type) viscoelastic. Rate-type models are
more realistic than experimentation, considering they
interpret both memory and elastic impacts [1]. Researchers
have been interested in the flow between stretching surfaces
because of its uses in industry, such as the extrusion of
paper production and polymer sheets, and steel and
plastic manufacturing. Because of the myriad industrial
and technological applications, the problem of fluid flow
across parallel discs is very crucial. These applications
also cover manufacturing processes of semiconductors
with rotating wafers, turbine engines, rotating machinery,
hydro-dynamical machines and apparatus, crystal growth
processes, biomechanics, computer storage devices,
geophysical, geothermal, heat and mass exchanges, lubrication,
oceanography, radial diffusers, etc.

The Casson-Maxwell fluid models have been used in
several investigations. Shehzad ef al. [2] interpreted the
Casson fluid stream while assuming the radiation effect.
Khan et al. [3] examined the outcomes of chemical reactions
on the Casson fluid stream through a stretchable surface.
Farooq et al. [4] implemented the phenomenon of porous
media to examine a 2-dimensional Casson fluid flow. The
attribution of entropy generation in the boundary layer of the
Casson fluid stream was studied by Sohail and Shah [5].
Rashid et al. [6] discussed the Maxwell liquid flow across a
stretchy surface incorporating Arrhenius activation energy.
Khan et al. [7] portrayed an investigation on the effectiveness
of Maxwell nanofluid stream through a spinning disk
incorporating chemical reactions. For assessing the
thermophoretic motion, Shehzad et al. [8] applied Fourier's
law generalized theory to the magnetized Maxwell fluid
stream. The consequences of bioconvective non-Newtonian
Maxwell fluid flow induced by a spinning cylinder were
outlined by Wagqas et al. [9]. Gowda et al. [10] studied the
deposition of thermophoretic particles on a hybrid nanofluid
flow passing over a rotating disk that expands and contracts.
Jayadevamurthy et al. [11] examined the hybrid fluid
flow through spinning disks under chemical reactions and
bioconvection. The MHD fluid flow by a stretching disk
was elucidated by Turkyilmazoglu [12]. Ahmed et al.
[13] revealed a flow analysis of the Maxwell fluid across
the dual stretchable spinning disks.

Heat is a type of energy that can be transferred to a
region of reduced concentration. Transformation sources
of heat include radiation, conduction, and convection,
with numerous applications in several manufacturing and
industrial processes, like heating phenomena, cooling
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chambers, engines, and drying processes. Nanotechnology
makes a significant contribution to meet the increasing
demands of energy and responding to energy concerns
currently. The suspension of nanomaterials in a base fluid
productively increases its thermal transmission rate, including
the thermal properties. The nanoparticles are used
extensively in many applications related to heat exchangers,
cooling transformers, electronic devices’ cooling systems,
nuclear reactors, space cooling systems, and cancer therapy.
Choi [14] is the first one who presented the terminology
“nanofluid”, and he considered it for cooling purposes in
different technologies. According to Buongiorno [15],
Brownian movement and thermophoretic mechanisms have
a key influence in upgrading the thermal aspects of the base
fluid. Turkyilmazolglu [16] used an analytical approach to
conclude the transport of heat and flow from momentum
and energy equations of flow. Pourmehran [17] considered
Al,O; and Cu nanomaterials to monitor the mass and heat
transmission in microchannels. Hatami ez al. [18] investigated
the thermal transmission in nano-liquids incorporating
natural convection. Nadeem et al. [19] reported the Oldroyd-
B fluid containing nanomaterials through a stretching sheet
surface. Aziz and Afify [20] studied non-Newtonian
nanofluids using the Lie group approach. Yang et al. [21]
used Buongiorno Models for nanofluids to investigate the
convective heat transfer in the concentric annulus.

There are several applications for fluid flow with wall
slip conditions. The fluid flow problems with no-slip
conditions have already been investigated enormously.
Furthermore, the use of slip conditions in the flows has
specific implications in biology and polymers. Hence,
several studies associated with various fluids under slip
constraints have been carried out. Hayat et al. [22] highlighted
the features of double stratification fluid flow when the slip
boundary constraints deployed to the magnetohydrodynamic
nanofluid stream. The magnetohydrodynamic stream of
Williamson fluid with Cattaneo-Christov’s double diffusion
and slip constraint was analyzed by Khan ez al. [23]. The
entropy causing in magnetohydrodynamic nanofluid with
slip constraints was assessed by Qayyum et al. [24]. The
impression of Cattaneo-Christov thermal flow rate intensity
on a 2D nanofluid stream along with velocity slip was
studied by Reddy et al. [25].

The macroscopic convection movement of fluids created by
a density gradient due to the directional collective swimming
of motile microbes is referred to as bioconvection. These
microbes are multicellular organisms that can be found in
animals, humans, and plants, and are classified as gyrotactic,
oxytactic, gravitactic, or chemotactic, subject on the cause
of their movement. Bioconvection is yet another intriguing
research topic of bioengineering and physical science, and
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is found in multiple domains, including biological polymer
synthesis, the pharmaceutical industry, biosensors,
biotechnology, water treatment plants, microbial improved oil
recovery, purified cultures, and sustainable fuel cell-related
technologies. Suspension of microorganisms in nanofluids
can be utilized to provide stability to improve thermal
transportation. The introductory work based on nanoparticle
bioconvection was outlined by Kuznetsov [26]. Khan et
al. [27] highlighted the relevance of bioconvection in the
field of bioengineering by unveiling the investigation of
the unsteady flow of Eyring-Powell nanofluid with different
thermal characteristics. Chu ez al. [28] discussed the Maxwell
nanofluid over a 2-directional accelerated surface together
with gyrotactic microbes and the heat creation. Khan er
al. [29] examined the benefaction of slip causes in Oldroyd-B
nanofluid in existence of gyrotactic microbes. Ramzan et
al. [30] visualized the chemical reaction impacts for the
magnetized and radiative nanofluid flow accommodating
motile microorganisms. Shehzad ef al. [31] employed the
modified flow rate relations to investigate the crucial
bioconvection phenomenon for micropolar nanofluids.
Zohra et al. [32] investigated the thermal properties of
water-based nanomaterial in the existence of motile microbes
incorporating multiple slip conditions and Stefan blowing
properties. Khan et al. [33] addressed how to use radiative
phenomena and activation energy to outline the bioconvective
attributes in the flow of micropolar nanoparticles restricted
by the spinning disk. Nadeem et al. [34] analyzed the
thermal efficiency of ferromagnetic nanomaterials with
magnetic dipole and motile microbes. Ramachandru et al.
[35] investigated the role of bioconvection and activation
energy on MHD flow of Maxwell’s nanofluid with gyrotactic
microorganisms in porous media. Uddin ef al. [36] examined
the particle swarm optimization for exploring Darcy-
Forchheimer flow of Casson fluid between co-axial rotating
disks with the Cattaneo-Christov model. Beg et al. [37]
addressed the CFD simulation of the aqueous humour in
healthy or glaucomatous conditions. Bhatti [38] explored
the numerical simulation and visualization of Newtonian and
non-Newtonian hemodynamics in a stenotic blood vessel.
Some relevant studies are also presented in [39-44].

The determination of this analysis is to traverse a three-
dimensional, steady, incompressible, and electrically
conductive Casson-Maxwell nanofluid flow accommodating
gyrotactic motile microorganisms. The Buongiorno fluid
model is implemented to scrutinize the Brownian motion
and thermophoretic aspects. The contribution of
microorganisms is analyzed through the bioconvection
phenomena, which provide strength to thermal transportation.
This study also explores the features of multiple slip
constraints on the non-Newtonian fluid flow. The similarity
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transformations are employed to manage the fundamental
equations of partial differentials to non-dimensional equations
of ordinary differentials. These transformed ODEs, along
with the boundary constraints, are approximated using the
bvp4c solver and the RK4 method.

2. Mathematical Formulation
of the Flow

A three-dimensional incompressible, steady, and electrically
conductive Casson-Maxwell nanofluid flow accommodating
gyrotactic motile microorganisms is assumed. Bioconvection
is used to accommodate the contribution of gyrotactic
motile microbes. To analyze the thermophoretic and Brownian
motion effects, the Buongiorno model is applied to this
non-Newtonian nanofluid stream. The fluid flow against a
transverse magnetic field is confined in two coaxial,
parallel, and stretchable disks apart a finite distance 24.
Also, the governing equations of the flow model compiling
the significance of thermal radiation and a heat source to
the energy Eq. (7), and chemical reaction consequences to
the concentration Eq. (8), are assumed. The bioconvection
of motile microorganisms is modeled in Eq. (9). The
upper and lower disks are considered fixed at positions z
= h and z = —h with stretching rates of s, and sy, respectively.
The impressions along the tangential axis are ignored as
the fluid flow is axisymmetric. The magnetic field
induced is also ignored against extremely low magnetic
Reynolds numbers. Assume (7.9.z) the cylindrical
coordinates, V' = (u, v, w) a velocity field. The concentration

Z - axis

Nanoparticles «

Microorganisms « 2h

U= YUpstS;, w=0

Fig. 1. (Color online) The flow model geometry.
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of nanoparticles, temperature of nanofluid, and gyrotactic
microorganisms’ density at the top and bottom disks are
denoted by (G, T», N,) and (C, Ty, NVy), respectively. Fig. 1
depicts the flow model geometry.

For an incompressible Casson fluid stream, the rheological
expression imparted as [45]:

2(\/%+fz/,uﬂ)éij T, <7,

:, ()
2(\/g+fz/uﬁ)éij7rc >

where 7.,6,,7=¢,¢,,7. and us denote the critical
values based on the product of the non-Newtonian fluid
model, rate of deformation, the product of deformation
rate component by itself, plastic dynamic viscosity, and
yield stress, respectively.

The fundamental equation for the Maxwell fluid is [46]:

o(V- V)V =V-S-Vp+JxB ©)

Here p, p,I},§,J , and B determine the density of
fluid, pressure, velocity vector, stress tensor of Maxwell
fluid, current density, and magnetic field, respectively.
The stress tensor of Maxwell fluid can be computed from
_uA , where 1, A;, A and D/Dt
1+ 4 D/ Dt
represents the dynamic viscosity, relaxation time, first
tensor of Rivlin-Ericksen, and upper convected material
derivative that is given by the expression
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According to the nonlinear thermal radiation Rosseland’s

approximation [49], the net radiative heat flow is given
as:
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Implementing on energy Eq. (7) leads to
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The assumed boundary limitations for the flow model
under discussion are [5,50]:

u=yu, +rs,,w=0,T=y,T.+T,,C
=y,C.+C,N=y,N . +N,, atz=-h
u=rs,,w=0,T-7,=,C-C,=0, N-N, =0,

at z=h.

(13)
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Here (u, v, w) the velocity components, (u,, w,) etc.
the partial derivatives of velocity components w.r.t “r”
and “z”, respectively, v the kinematic viscosity, py the
fluids’ density, p, the nanoparticles’ concentration, o,
the microorganisms’ density, (pc,), the base fluid heat
capacity, r the radius of disk, g the gravity, p the
pressure, ¢, the specific heat, & the thermal conductivity, k"
the mean absorption coefficient, A, the time relaxation,
p the Casson fluid parameter, £, the magnetic field
strength, ﬁ * the coefficient of thermal expansion, o,
the electrical conductivity, o the Stefan-Boltzmann
constant, 7 the nanoparticles’ heat capacity and base
fluid ratio, 7; the heat flow rate relaxation time, 7 the
mass flow rate relaxation time, ' the average volume
for the microorganism, y; the coefficient of velocity
slip, 5> the thermal slip coefficient, y; the centration
slip, 7 the microorganisms slip coefficient, K, the
reaction rate constant, Q" the heat source, Dy the Brownian
diffusion parameter, Dy the thermophoretic diffusion
parameter, D, the microbes diffusion coefficient, Wc
the maximum swimming speed of microbes, and T, the
mean temperature, respectively.

2.1. Similarity Transformation Functions

The suitable similarity transformation functions [51] are
used to convert PDEs (5,6,8,9,12) to a dimensionless
form of ordinary differential equations.

rs, ' _ _T_T‘z

S @@

c-C N-=N. - (14)
¢(§): CI—CZ > l(g):Nl—Nz N where g:;

The equation of continuity (4) is verified under (14),
and transformed dimensionless equations after elimination of
the pressure term, we have
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"= x'(LbRef + Peg')—Ped"(x+Ns)=0 (18)

with transformed boundary limitations

F'(-1)=a,F"(-1)+2,F(-1)=0,
0(-1)=a,0'(-1)+1L,(-1) = ayp' (1) +1,
2(-)=a,z'(-1)+1

&
F'(1)==2a,,F(1)=0,6(1)=0,¢4(1)=0,
z(1)=0.

(19)

The main engineering quantities to measure the heat,
mass, and motile microbes’ fluxes, namely the local
Nusselt, Sherwood, and the density numbers of microbes,
respectively, at both disks are described as [52]:

Shiy, =~¢'| . Shy, =—¢' 20)

3. Numerical Scheme

In the current study, a BVP4C and the fourth-order RK
technique are adopted to solve the transformed nonlinear
ODEs (15-18) according to the boundary constraints (19).
The graphical and numerical findings show the consequences
of flow constraints on velocity, temperature, concentration,
and the microorganisms’ concentration profiles. For this
purpose, first, we lessen the order of these equations by
establishing a few supplementary variables as
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Here, De represent the Deborah number, Re the stretching
Reynolds number, Pr the Prandtl number, and M the
magnetic parameter, N» the buoyancy ratio, A the mixed
convection, Rd the thermal radiation, Nc the bioconvection
Rayleigh number, Nb the Brownian motion parameters, O
the heat source, Nt the thermophoresis parameter, Sc the
Schmidt number, Kc the chemical reaction, and Le, Lb,
Pe are the Lewis, the bioconvective Lewis and, the Peclet
numbers, Ns the motile microbes’ density difference, 4,
the thermal time-relaxation Deborah number, A; the
concentration time-relaxation Deborah number, y the stretching
ratio parameter of disks, (¢, o, ) the velocity, thermal and
concentration slips, and ¢y the gyrotactic microorganisms
slip. These quantities are defined respectively as

2 2
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4. Results and Analysis

The implication of several associated parameters of the
system on dimensionless velocity (axial, radial), temperature,
concentration, and the gyrotactic motile microbes’ density
fields is the primary focus of this section. For this purpose,
Figs. 2(a)-4(f) are induced to analyze the behavior of
these productive parameters. The physical ranges of
associated constraints are assumed based on the physical
importance of these parameters [53, 54]. Here, the two
cases that represent the Casson-Maxwell nanofluid flow
(CMNF) and Casson nanofluid flow (CNF) are displayed
graphically. Table 1 provides a lucid comparison of current
findings to those published in the literature, revealing a
good match.

Figs. 2(a-b) outline the prominence of the stretching
ratio parameter y on the radial and axial velocities
(F'(g“ )F(g“)) for both fluids, respectively. In Fig. 2(a),
the axial velocity escalates against increasing stretching
ratio parameter ranges. Physically, the top disk will exhibit
more fluid axially, where a greater amount of radially
incoming fluid near the fast-spinning disk is thrown out.
Hence F(¢) boosted up but slightly slower as compared to
the Casson fluid. Fig. 2(b) depicts the impression of the
stretching ratio on the radial velocity for both fluids. It
can be acknowledged that the radial velocity is enhanced
near the bottom disk. Physically, the stretching produces
more pressure on the surface, which concludes in an
upturn of the velocity profile. These velocity profiles are
parabolic. Further, the symmetric parabolic profiles are
obtained when y = 1, and hence resemble those in the
case of stationary non-stretchable disks [55].

Figs. 2(c-d) reveal how the magnetic parameter M
behaves on the axial and radial velocities for both fluids,
respectively. The upsurge in magnetic parameter values
diminished the radial and axial velocities of the two
fluids. It can be analyzed from the graphical results that
the axial velocity of Casson nanofluid is influenced by M

Table 1. A comparative analysis of the local Nusselt number
for distinct Pr with y= A = Nr = Nc = Rd = Lb = Pe = 0.

pr Ahmad et al. Shevehuk Present

[36] [43] outcomes
0.41 0.2264970 0.2264 0.226474
0.51 0.262336 0.2624 0.262300
0.61 0.2942853 0.2945 0.294358
0.71 0.3258596 0.3258 0.325861
0.72 0.328573 0.3288 0.328620
0.82 0.3494468 0.3497 0.349446
0.90 0.3737099 0.3739 0.373653
1.0 0.3963238 0.3964 0.396340
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more rapidly as compared to the Casson-Maxwell nanofluid
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case of the radial velocity. The fluid

velocities are physically opposed by the resistive force
(Lorentz drag force) produced by the magnetic field that
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Fig. 3. (Color online) (a) Impression of Nc on F”, (b) Impression of  on F”, (c) Impression of Pr on 6, (d) Impression of Rd on 6,

(e) Impression of Pr on 6, (f) Impression of Pr on ¢.

respectively. The graphical results show that a depreciation in
the velocity profiles can be observed corresponding to the
magnifying magnitudes of Nr, and Nc. Physically, for
increasing the bioconvection Rayleigh number, the buoyancy

force caused by bioconvection results in decreased velocity.
The momentum boundary layer becomes thinner, leading
to a reduction in the fluid velocity. Therefore, higher
values of the bioconvection Rayleigh number weaken the
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velocity field due to the intensified bioconvective buoyancy
effects.

Fig. 3(b) is considered to argue the contribution of £ the
Casson fluid parameter on the velocity gradient F'(¢)
for the two distinct cases of velocity slip ;. The velocity
gradient is de-escalated for higher values of £. Physically,
a greater Casson parameter value lowers the yield stress
of fluid, therefore it weakens the shear developed at the
disk surface. Consequently, the momentum transfer from
the stretching disk to the adjacent fluid is reduced, leading
to a declined velocity gradient. Further, with the incorporation
of a velocity slip constraint, the declination rate is too
fast.

Figs. 3(c-e) are illustrated to emphasize the implications
of Prandtl number Pr, thermal radiation Rd, and heat
source Q on the dimensionless temperature field &¢) for
both fluids. Fig. 3(c) depicts the variable behavior of &)
against the growing Pr magnitudes. The temperature
decreases due to weak thermal diffusivity corresponding
to increasing Pr magnitudes, so the thermal profile
behaves as a decreasing function. The rate of declination
in the temperature profile is slightly rapid in the Casson
nanofluid as compared to the Casson-Maxwell nanofluid.
Fig. 3(d) displays that the electromagnetic waves’ radiations
accelerate the flow streams by increasing fluid particles’
kinetic energy and hence elevates the temperature further.
However, closer to the surface of the disks, the temperature
drops with a greater thermal radiation effect. A comparison
between the two fluids (Casson-Maxwell and Casson)
under the impact of Rd can be discerned from the graph
(see Fig. 3(d)). In Fig. 3(e), it can be examined that the
augmenting magnitudes of the heat source O comprehensively
raise the temperature at all localities between the disks.
This feature represents hot spots in the processing of
materials that can be harnessed to stimulate heat energy
during manufacturing procedures [56].

The Prandtl number Pr evaluation on nanomaterials
concentration ¢ is deliberated using Fig. 3(f). The enlarging
Pr magnitudes abate the volumetric concentration profile
throughout the boundary layer. Physically, larger values
of the Prandtl number correspond to lower thermal
diffusivity, which weakens thermal transport within the
fluid. Consequently, the coupled heat and mass transfer
mechanisms become less effective, leading to a thinner
concentration boundary layer and a reduction in the
nanoparticle concentration. Fig. 4(a) demonstrates the
chemical reaction response through the parameter Kr. The
nanomaterials’ concentration f{(¢) declines with rising
chemical reaction response. Physically, this occurs due to
the reduced molecular diffusivity against boosting the
chemical reaction parameter, as a result, nanoparticles
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concentration decreases. The Brownian motion for both
fluids against the density field can be examined in Fig. 4(b).
For increasing the Brownian motion parameter Nb, a
diminishing behavior of the concentration field can be
observed. The decreasing rate of concentration gradient is
slightly rapid for the Casson nanofluid (in the absence of
concentration slip parameter ;). Physically, higher
Brownian motion increases the fluid’s temperature, and
the nanomaterials move away from a hot to a relatively
cold region, which brings down the concentration profile
as well. It is analyzed in Fig. 4(c); the volumetric concentration
is boosted parallel to the boosting thermophoretic parameter
Nt values in both fluids. Further, the increasing rate is
marginally agile for the Casson-Maxwell nanofluid. Physically,
particles migrated towards a comparatively low warm
region by rising N¢ values that optimize the nanoparticles’
volume fraction f(¢).

Fig. 4(d) shows that accretion in the magnetic parameter M,
maximize the motile microorganisms’ density in both fluids.
The increasing rate is slightly quicker for the Casson-
Maxwell nanofluid in contrast to the Casson nanofluid.
Physically, an additional resistive force generated by the
magnetic field boosted the motility rate, and hence the
motile microbes’ density is increased. Fig. 4(e) demonstrates
the consequences of bioconvective Peclet number (Pe) on
the concentration field of gyrotactic microbes (&) of both
fluids. The Peclet number of bioconvection has a direct
impression on the microorganisms’ concentration and
hence significantly dominates the concentration of gyrotactic
motile microbes. The Peclet number of bioconvection
assists in boosting the momentum of motile microbes, and
so the microbes’ density is declined near the surface.
Physically, bioconvection Peclet number represents the
ratio of microorganism advection to microorganism diffusion.
It determines how microorganisms are transported by the
rotating flow. Also, it influences nutrient and oxygen
transport in biological systems. It is important for optimizing
photobioreactors and fermentation equipment, and controls
microorganism dispersion in rotating biological devices. The
impression of the microbes’ density profile of bioconvection
Lewis number Lb is argued from Fig. 4(f). A sharp decline in
the profile can be noticed as the bioconvective Lewis
number resists the fluid stream. For higher Lb magnitudes,
the diffusivity of microbes’ declines, and so does the density.
The rate of decrease in y(¢) (for Pe and Lb) is barely faster
in the Casson-Maxwell nanofluid as compared to the Casson
nanofluid. Bioconvection Lewis Number is the ratio of
thermal diffusivity to microorganism diffusivity. So,
physically, it governs the interaction between heat transfer
and microorganism transport. It is important in systems
where temperature affects microorganism distribution,
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Fig. 4. (Color online) (a) Impression of Kc on ¢, (b) Impression of Nb on ¢, (c) Impression of N on ¢, (d) Impression of M on y,
(e) Impression of Pe on y, (f) Impression of Lb on y.

relevant to solar bioreactors, biofuel production, and

thermal bioprocesses.

To describe the flow behavior adequately, streamlines

are drawn for different emerging parameters across the
domain of the model (see Figs. S5(a-d). Fig. 5(a) shows that the
streamline contours display a smooth and symmetric
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Fig. 5. (Color online) (a) Streamlines for f= De = 0.3, (b) Streamlines for CNF and MNF = 0, (c) Streamlines when M = 0.5 and
y =0 for CMNF, (d) Streamlines when M = 0.5 and y = 0.4 for CMNF.

distribution around the rotating disks, which indicates a
stable boundary layer flow. In Fig. 5(b), the comparatively
greater spacing between adjacent streamlines portrays a
weaker momentum interaction. Fig. 5(c) explains that the
magnetic impact compresses the streamline contours towards
the disk surface. The Lorentz force retards the motion of
nanofluid, suppressing fluid convection and reducing the
momentum boundary-layer thickness. Consequently, the
flow becomes more ordered and remains free from

recirculation. In the absence of Lorentz force (see Fig. 5(d)),
disk stretching enhances the transport of fluid away from
the surface. Consequently, the streamlines spread further into
the flow domain and exhibit greater curvature, indicating
stronger convective transport.

5. Conclusions

A three-dimensional, steady, incompressible, and electrically
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conductive Casson-Maxwell nanofluid flow across the
parallel and stretchable disks implementing the Buongiorno
model is analyzed. The present bioconvective nanofluid
model further accounts for the influences of thermal
radiation, chemical reaction, and heat source effects.

By employing similarity transformations, the governing
partial differential equations are reduced to non-dimensional
ordinary differential equations. The resulting system is
then solved numerically using the bvp4c solver together
with the fourth-order Runge—Kutta (RK4) method.

This study clearly demonstrates that the combined
effects of yield stress and viscoelasticity produce markedly
different transport characteristics in the Casson—-Maxwell
fluid compared with the Casson fluid. A comparative
analysis further discloses that the fluid elasticity changes
the response of the flow under magnetic and thermal
effects, leading to different momentum and heat transfer
characteristics for the Casson—Maxwell fluid. The concluding
remarks are summarized as:

+ The velocities of both fluids towards axial and radial
directions decreases with increasing magnetic effects.
The axial velocity of the Casson nanofluid is affected
more rapidly by M as compared to the Casson-Maxwell
nanofluid, and a contrary pattern is noticed in the case
of the radial velocity profile.

* Increasing the Casson fluid parameter changes the
intrinsic rheological properties of the fluid by changing its
yield stress and effective viscosity, so the velocity
profile declines. This declination rate is too fast in the
presence of a velocity slip constraint.

» Bioconvection affects the thermal transmission
characteristics of the fluid. Particularly, rising bioconvection
parameter values change the temperature distribution,
that is an increase in local Nusselt number (as calculated
in Table 1), which clearly indicates the enhancement
of heat transfer.

 The higher magnitudes of the stretching ratio y boost
the fluids’ flow as robust disk stretching improves
momentum transfer within the boundary layer.

 The accelerating thermal radiation Rd and heat source
Q parameter values comprehensively raise the
temperature at all localities. The thermal profile of the
Casson-Maxwell fluid is boosted rapidly compared to
the Casson fluid. The Casson—Maxwell fluid demonstrates
a thicker thermal boundary layer than the Casson
fluid.

» For larger magnitudes of the Brownian motion Nb
parameter, a diminishing behavior of the concentration
profile can be observed. The decreasing rate of
concentration gradient is slightly rapid for the Casson
nanofluid (neglecting the concentration slip o3 parameter).
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* For rising thermophoretic parameter Nt values, the
volumetric concentration profile is boosted for both
fluids. Further, the increasing rate is marginally agile
for Casson-Maxwell nanofluid.

* It is found that aggrandizing the magnetic parameter
M values causes the motile microorganisms’ profile
to be maximized, while a contrary trend is noticed for
the bioconvective Peclet and the bioconvective Lewis
numbers for both fluids. The rate of decrease in y(&)
(for Pe and Lb) is marginally faster in the Casson-
Maxwell nanofluid as compared to the Casson nanofluid.

These findings provide useful insight into the coupled

transport mechanisms in rotating non-Newtonian nanofluids.
Potential engineering applications include rotating disk
reactors for chemical processing, turbine and gas-engine
cooling, magnetic cooling and flow control devices,
polymer coating and spin-coating technologies, rotating
heat exchangers, nuclear and solar thermal energy systems,
electronic cooling of rotating machinery, biomedical
centrifugal devices, microbial bioreactors, and wastewater
treatment systems. The incorporation of thermal radiation,
heat generation, chemical reactions, and bioconvection
further extends the applicability of the model to high-
temperature manufacturing processes, catalytic reactors,
renewable energy technologies, and bio-inspired thermal
management systems.
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Nomenclature
C Concentration of nanoparticles, molL™
G Skin friction coefficient
C Concentration of nanoparticles (at lower disk)

G Concentration of nanoparticles (at lower disk)
u, v, w Velocity vectors
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Dp Coefficient of Brownian diffusion, m*s™

D,,  Microorganisms’ diffusivity, m*s™

De  Deborah number

Dy Coefficient of Thermophoresis diffusion, m?s™
Lb Bioconvective Lewis number
Le Bioconvection Lewis Number
N Density of microorganisms, m~
Nb  Brownian diffusion parameter
T Mean fluid temperature

Kr Reaction rate constant

3

M Magnetic parameter

We  Maximum cell swimming speed

1 Dimensionless volume fraction of nanoparticles

4 Similarity variable

P Microorganism particles density

(pc)r  Heat capacity of base fluid, Jm™ K™

A Mixed convection parameter

A1 Time relaxation parameter

A Deborah number caused by time of thermal
relaxation

Aa Deborah number caused by time of microorganisms’
relaxation

7 Average volume of the microorganism

£ Casson parameter

k Thermal conductivity

7 Thermal slip coefficient

7% Microorganisms slip coefficient

g Acceleration due to gravity, m*s™

7 Heat flow relaxation time

b Chemotaxis constant

S Lower disk stretching rate

N Microorganisms’ concentration (at lower disk)

N, Microorganisms’ concentration (at upper disk)
Pe Bioconvection Peclet number

Pr Prandtl number

W.  Maximum cell swimming speed

Cp Specific heat at constant pressure

Nc  bioconvection Rayleigh number

(0] Heat sourse

Nr Buoyancy ratio parameter

Rd  Thermal radiation parameter

Ns  Microorganisms’ concentration difference parameter
Nt Thermophoresis number

S, Microorganisms’ density number

T Temperature of fluid, K

Kce Chemical reaction parameter

S Dimensionless heat source
o Dimensionless temperature
X Dimensionless microorganisms’ density function

Pr Density of fluid, kgm™
(oc), Heat capacity of nanoparticles, Jm> K
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)7 Dynamic viscosity of nanoliquid, Nsn™

/4 Stretching ratio parameter

F" Thermal expansion coefficient

A3 Deborah number caused by time of concentration
relaxation

ol Stefan-Boltzmann constant

)2 Pressure

Do Strength of magnetic field

% Velocity slip coefficient

7% Concentration slip coefficient

O, Electrical conductivity

T Ratio between heat capacity of nanoparticles
and base fluid

- Mass flux relaxation time

r Radius of disk, m
52 Upper disk stretching rate
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